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Abstract

Silenes and germenes are trivalent compounds cdamged Si=C double bond or a Ge=C double bond
respectively. Unlike the alkenes, silenes and geemdiave to be kept under inert atmosphere (argon
or nitrogen) and ambient conditions, otherwise tlibsnerize intermolecularly or they simply
decompose. The high reactivity of these derivatipesvented their isolation for a long time.
Meanwhile, however, a number of different silened germenes with kinetically and/or electronically

stabilized double bonds have been isolated andctaized.

This thesis reports on the synthesis and charaatem of such cyclic silenes and germenes. Most
silenes and germenes are acyclic molecules. Assegoience of the fact that Graz is a historic cente
for cyclic polysilane synthesis, we synthesizedlayalysilanes containing endo- or exocyclic M=C
(M = Si, Ge) double bonds. In the literature itwell known that oligo- and polysilanes exhibit
interesting photophysical and electrochemical pridg® caused by delocalizedelectrons along the
silicon backbone. In this work we investigated ithteraction between our exo- or endocyclic double

bonds with delocalized-electrons of the cyclopolysilane rings.

Therefore, the previously unknown cyclic acylsils@ad germanes have been synthesized according

to standard procedures for polysilane synthesis.

For the synthesis of silenes, two synthetic prdclave been applied. The first was the
photochemical synthesis of silenes. In this metlibé,cyclic acylsilane precursors were photolyzed
with A > 300 nm radiation and depending on the substitaethe carbonyl moiety either endo or
exocyclic silenes were obtained. The second syiotregiproach was the reaction of our cyclic
acylsilanes with K@Bu to yield silenolates. Subsequently silenolaték aryl substituents attached to

the carbonyl C atom reacted with chlorosilanetmfexocyclic silenes.

For the synthesis of germenes the photochemicaé nvas not successful. Instead we observed the
formation of germyl radicals, which undergo gerniamigermanium bond formation. The first
examples of exocyclic germenes which could be fedland fully characterized as in the case of
silenes, however, were obtained by the reactionowf cyclic acylgermanes with KBu and

subsequently with chlorosilanes.

According to spectroscopical data and time-depend¥#l calculations, our cyclic silenes and
germenes show minor conjugation between the detechi-electrons along the silicon backbone and

then-electrons of the exo- and endocyclic double bonds.

Keywords: cyclic acylsilanes, exo- or endocyclic silenetersilates, cyclic acylgermanes, exocyclic

germenes, germenolates



Kurzfassung

Silene und Germene sind trivalente Verbindungea, alhe Si=C Doppelbindung oder eine Ge=C
Doppelbindung aufweisen. Im Gegensatz zu Alkenersserii Silene und Germene unter inerten
Bedingungen (Argon oder Stickstoff) und bei niedrigTemperaturen gelagert werden, da sonst
intermolekulare Dimerisierung oder Zersetzung bebtst wird. Mittlerweile wurde jedoch eine
Reihe von Silenen und Germenen durch kinetische/oded elektronische Stabilisierung der

Doppelbindung isoliert und vollstandig charakteiti

Die meisten Silene und Germene sind acyclische Kidde In der vorliegenden Arbeit wird nun
erstmals Uber die Synthese und Charakterisierungy@lopolysilanen mit exo- oder endocyclischen
M=C (M = Si, Ge) Doppelbindungen berichtet. In déeratur ist bekannt, dass Oligo- und Polysilane
interessante photophysikalische und elektrochemiséigenschaften aufweisen, welche auf die
delokalisiertenc-Elektronen entlang des Siliziumgrundgerists zurlfikhren sind. Die mdgliche
Interaktion der exo- oder endocyclischen Doppelbivgd mit den delokalisierten-Elektronen des

Cyclopolysilanrings sollte untersucht werden.

Fir die Darstellung der Silene wurden zwei Syntimethoden angewandt. Die erste Methode stellt
die photochemisch induzierte Silensynthese dartiDatirden die cyclischen Acylsilane mit> 300

nm bestrahlt und abhangig vom Substituenten arCddvonylgruppe exo- oder endocyclische Silene
beobachtet. Die Silensynthese via Silenolatinteiatedar die zweite Darstellungsmethode. Die dabei
gebildeten Silenolate wurden im nachsten Reaktabmigs mit Chlorsilanen umgesetzt. Im Falle von
aromatischen Substituenten an der Carbonylgruppatka die gewilnschten exocyclischen Silene

isoliert werden.

Die photochemisch induzierte Germensynthese wademitAcylgermanen nicht moglich. Stattdessen
bildeten sich Germylradikale, welche eine Germanmermmanium Bindungskniipfung ausbilden. Nur
bei der Germensynthese via Germenolatintermedidt nathfolgender Reaktion mit Chlorsilanen
konnte eine Germenbildung nachgewiesen werdeniwfealle der Silene wurden auch die Germene

vollstandig isoliert und charakterisiert.

Die erhaltenen spektroskopischen Daten und aucldidigefunktional (DFT) Berechnungen zeigen
jedoch nur eine geringe Interaktion der exo- oaetoeyclischen M=C (M = Si, Ge) Doppelbindungen

mit den delokalisierten-Elektronen entlang des Silizium-Grundgerusts.

Schlagworter: cyclische Acylsilane, exo- endo-cyclische SileB#enolate, cyclische Acylgermane,

exocyclische Germene, Germenolate



Introduction

Oligo- and polysilanes exhibit interesting photogibgl and electrochemical properties caused by
delocalizeds-electrons along the silicon backbone. The so-daftedelocalization gives rise to
surprising bathochromic shifted light absorptiomds of oligo- and polysilanes. The absorption

maxima are found in the near UV and in some castheadge of the visible regién.

West et al. showed thab-delocalization is not only apparent in linear sys$, but also in cyclic
polysilanes of the type (M8i),.2 In many respects, furthermore, these cyclic déxiga behave like

aromatic compounds such as benzene and toluene.

In contrast to polysilanes silenes and germenegacom-electrons. Stable derivatives of these
substance classes are known since the mid-eigMiest silenes and germenes, however, are acyclic
molecules while stable species with Si=C or Ge=@bt® bonds with the unsaturated silicon or

germanium atom incorporated into cyclic polysilatreictures are not known.

As a consequence of the fact that Graz is a histamter for cyclic polysilanes, it was obvious figr

to attempt the synthesis of cyclopolysilanes coimgi either endo- or exocyclic M=C (M = Si, Ge)
double bonds. Thus, the major target of this thess to elaborate suitable synthetic approaches
towards the doubly bonded specleand?2 depicted in Scheme 1 and to characterize the ptedvith

a variety of spectroscopic methods. Further atterghould be given to the interaction of the exwd a
endocyclic double bonds with the delocalizegklectrons of the cyclopolysilane rings. For the
synthesis ofl and2, finally, it was necessary to develop synthetithpays to previously unknown

starting materials, namely the cyclic acylsilaned agermane8 and4.

?iMe3
R R
R 0] .
MesSi, R Me;Si o) Me;Si o)
| \ / 3N 391\

/M\ /M:C\ ./Si\ . . Ge\ .
Me,Si SiMe, Mezsi (l) Mezsi ?IM62 Mezsi/ ?nMe2
Me,Si~_ _SiMe, MeSi SiMe,  MeySi___SiMe, Me,Si__ _SiMe,

M M—SiMe > Ge
/\ v 2 AW AN
MezSi  SiMes MesSi~ | Me;Si  SiMe, MesSi SiMe,
SiMe;
1 2 3 4
M = Si, Ge M = Si, Ge

Scheme 1Target molecules and used starting materials

In the first part of this thesis a literature ovew on the chemistry of silenes and germenes isngiv
Part two consists of the articles published in peerewed journals, which were submitted during thi

thesis.



1. Literature Overview

1.1 Silenes

1.1.1 Introduction

After a series of unsuccessful attempts to syntkesisilicon carbon double bond, Frederick Stanley
Kipping, one of the fathers of organosilicon chdmisstated that a silicon and a carbon atom could
never be united with a double bond. His observatiod the findings of other working groups who
attempted to synthesize multiply-bonded compouriddemments outside the first row of the periodic
table led to the development of the double bindirlg. This rule states that elements with a prialcip
guantum number greater than two do not form matiinds with themselves or with other eleménts.
Double binding rule was shattered in 1967, wheneBGnikov and Flowers reported the first evidence

for the existence of a silene obtained by a theysi®lreaction (1,1-dimethylsilere Scheme 2).

H3C

HaC\\Si— AT Hac\
— SI==CH, |+ H.C==CH,
/

Hi;C 6

AN

Si Si
H3C/ \/ \CH3

5

Scheme 2Thermolysis of 1,1-dimethyl-1-silacyclobutathe

This result inspired chemists all over the world itvestigate these species. An outstanding
breakthrough was accomplished by Adrian Brook i8119vho reported the preparation of the first
relatively stable silene (Scheme 3). The X-ray tatystructure of8 revealed a Si=C double bond
length of 1.764 A, somewhat longer than the catedlavalue of ~1.700 A. This significant

lengthening arises from the ylidic electron domafimm the oxygen atom into the double bénd.

MesSi 0 Me;Si O0—SiMe,
\ < by \
Megsi—/Si —— /Si
MesSi Ad Me;Si Ad
7 8

Scheme 3Synthesis of the Brook silene

Only three years later, the first donor free silam@s isolated by Wiberg and his grduphe so-called
Wiberg-Silene was obtained by a route involvingantolecular LiF elimination and showed a normal
Si=C double bond length of 1.702 A. The chemisfrgienes has evolved remarkably in the last 30

years. New synthetic methods were applied to sgitben variety of new silenes. Worth mentioning



are the syntheses of the stable sil@riey Apeloig and co-workergia a Sila-Peterson type reaction,
and of the first endocyclic silerd®, which was obtained by the rearrangement of desig/® Tokitoh

et al. published a series of papers on stable silaaroronathpounds such as the 2-silanaphthaleine
and Kiraet al. isolated and structurally characterized the 4satulvenel2.°'° In 2008, Apeloig and
Bravo-Zhivotovskii isolated the first example ofstable metal-substituted bissilef8.!* Recently,
Scheschkewitz and Sekiguddial. reported on the formation of the cyclic Brook tygikenel4.” The
first charged silenes were described by Sekigethi., who synthesized the silyl-anion-substituted

silenel5.® In addition, Ottosson et al. isolated the firstob¢ 2-silenolaté6.*

SiMes 5
t-Bu
tBuMes,Si Thbt tBuMe,Si
N AN g N
/SI Si—SiMes /S-
MesSi P tBuMe,Si
SiMes t-Bu
Me3Si
12
0 10 11
. . - K +
PrsSi SiiPrs Tot tBuMe,Si Me;Si o]
Tot o L
Si—Hg—si Tot— L o Lt /S'
iPr;Si0 / \ OSiPrs | {BuMe,Si——Si MesSi +8u
o—¢C \
Ad Ad \Ad SiMestBu
13 14 15 16

Scheme 4:Selected silenes



1.1.2 Reactivity of Silenes

Properties and synthesis of silenes have been stipamian several recent reviewsThus, in the
following only a brief account on silene chemistll be given which is mainly based on this

comprehensive material already available.

Starting from the simplest silene$i=CH,, which has a transient existence, a huge varfetyfferent
silenes have been synthesized. Stable silenesecdirdetly characterized under ambient temperature
and inert atmosphere (nitrogen, argon). The stghifi silenes is strongly influenced by the sizel an
the electronic nature of the substituents. By iasieg the size of the substituents the stabilityhef
silene is enhanced. The Si=C double bond is a igethidouble bond. One can distinguish between
naturally polarized silenes, that display &8> bond polarity and those that display reverséd Si
=C* bond polarity (Scheme 5).

R\5+ & /R R\s' 8 /R

/Si—C\ /Si—C\
R R R R
Silene with natural polarity Silene with reversed polarity

Scheme 5Polarity of the Si=C double bond

As a consequence of their high reactivity, silemesvaluable starting materials for further synithes
Silenesl7 react regioselectively with reagents of the typ¢ (R= OH, OR, NR etc.) to give silanes
18. The addition of alkoxysilanes to the Si=C doublend gave rise to new alkoxysilan&s.

Carbanion0 were formed by the reaction of silenes with orgaetallic reagents (Scheme'8Y:*®

R! R?
RH
——> R*—Si—C—H
R! R?
18
R' R? R! R?
R3;SiOR* ) .
Si——¢ Kl » RYO—Si—C—SiR%
1 RZ
= R2 R 19
17 R! R2
MR3 /
————> R—Si—C—M
A

Scheme 6:Reactivity of silenes with standard trapping redage



The reaction between silenes and other double bt as alkenes, ketoneskynes dienes etc.)
were also thoroughly investigated. The productrithstion is strongly influenced by the polarization
of the silene and by the organic reagent. Thusen&l& react with silenes not only by [2+2]
cycloaddition to give?l, but also under the formation of ene-addition pats, if the alkene has
hydrogens. Ketones on the other hand react regsetly with silenes under the formation of the

oxasiletane22 (Scheme 7§78

>_< R’ R?
R3 R4 R1\\S|I_T/ R?
—
re— 6T G—pe
R/3 \R“
R! R? 21
\Si:C/ —
/N
R' R?
' j\ R R2
R TR R1\\T_ T/ R2
O_C\\R3

22
Scheme 7:Reactivity of silenes with other double bonds

Dienes and naturally polarized silenes afford mieguof [4+2]-, [2+2]- cycloadducts and ene-adducts
in the presence ai-hydrogens. On the other hand, reversed polaridedes and dienes primarily
give the [4+2] cycloadducts (Scheme'8).

s

Silene with natural polarity

R" R?
1 2
R\S' 5t /R ; i R\S!i_l/R
Si——C

R/ \R —

Silene with reversed polarity

Scheme 8Reactivity of silenes with dienes



In the absence of a trapping reagent transienneslereact intermolecularly. The manner of
dimerization, head to hed&8 or head to taiP4, is strongly influenced by the substitution pattand

by the polarity of the silicon-carbon double bdhd.

R' R?
R’ \ / R?
~si—c—
— |
R1/S| C\\ R2
R' R?
R’ R? 23
si—¢ —
R' R?
17 R\1 /R2
R’ R2
~si—c—
—_—

Scheme 9Reactivity of transient silenes in the absenceayffiing reagents

1.1.3 Spectroscopic and Structural Properties of Silenes

Selected important spectroscopic and physical degadepicted in Table 1. All values are strongly

influenced by the substitution pattern of the SddLible bond.

Table 1: Spectroscopic and physical properties of the Sietbte boné?22324

Spectroscopic and Physical properties values
Si=C bond length 1.702-1764 A
n-bond strength ~160 kJ-mot
#Si-NMR shifts 41-144 ppm
Characteristic absorption (z-a* transition) 320-340 nm
Si=C stretching band 1003-1135 cm




1.1.4 Preparation of Silenes

Since the first evidence for the formation of sédenn 1967, a number of general synthetic pathways

towards silenes have been developed. The most caraymihetic strategies are summarized below.

1.1.4.1 Thermolysis Reactions

This synthetic method was used in order to syntketie first transient silenes by Gusel’nikov and
Flowers (Scheme Z)Generally the strong ring strain in silacyclobesivas used to obtain transient
silenes under very mild conditiofisWith this building block, most of the fundamentark in silene
chemistry has been conducted. For more complebeniaition, the reader is referred to the review by
Raabe and Mich¥.

In the last twenty years thermolysis reactionsttethe formation of transient silenes with one amin
group attached to the carbon atom forming the Sletble bond (Variation 1). Further developments
has been implemented by the group of Y. Apeloigpvidolated the first stable bissilene via the
thermolysis of mercury-bis(acylsilanes) (Variatidpy Both variations used a thermal [1,3]-silyl shif

to obtain the corresponding silenes.

1.1.4.1.1 Variation 1: Thermolysis of Carbamoylpolysilanes

Ottossonet al. exploited the thermal [1,3]-trimethylsilyl shifb iorder to synthesize the 2-amino-2-
siloxysilene25. The thermolysis of the carbamoylpolysila?@ was performed at 65-180°C. Due to
the reversed polarization of the Si=C fragme§i, reacted exclusively with dienes to give [4+2]
cycloadducts (Scheme 9). Interestingly, this cydtbéon is followed by a MgSiO-MeSi-[1,2]-

transpositiort!

MesSi 0 MesSi O0—SiMes H —
2 '\ 100 °C, 2h \

Meaoi Si Si 3

‘ C—Si
MesSi NPh
Me3Si NPh, 3 2 MesSi” l l “SiMes

26 25 NPh,  OSiMes

Scheme 10Thermolysis of carbamoylpolysilanes



1.1.4.1.2 Variation 2: Thermolysis of Mercury-(ll)-bis(acylahes)

The thermal [1,3]-silyl rearrangement from mercdiy-bis(acylsilane)27 to mercury-(Il)-bis(2-
siloxysilene)13 was found by Apeloigt al.?® Silene formation was possible only with two stalic
demanding triisopropylsilyl-groups at the two cansilicon atoms. Compouri®B is the first literature

known representative of a bissilene (Scheme 11).

iPr3Si SiiPr:
o SiPrs SiPrs o oot s
85°C, 1h
Si—Hg—Si
Si—Hg—Si ’
N | | " iPrSSio—</ \>—osmvr3
SiiPry SiiPrs
Ad Ad
27 13

Scheme 11Synthesis of the first bissilene

1.1.4.1.3 Variation 3: Thermolysis of tris(trimethylsilyl)atsflanes

It is also possible to induce a thermal “Brook-raagement”. The thermolysis of neat acylpolysilanes
gives rise to a mixture of different compounds, Wwith the addition of standard trapping agents, the
reaction proceeds much cleaner. Brookt al. showed that the thermolysis of
pivaloyltris(trimethylsilyl)silane28 in the presence of 1-phenylpropyne yields the @egitlobutene
29, which indicates the thermolytic formation of &ikene30(Scheme 123

Me;Si +Bu piMes
MesSi \ 0 o MesSi \ O0—SiMes O——;_-— Megsi\\Si_ ; P
o e X
Me3SI/ t-Bu ‘ Me3Si t-Bu H3C/ \Ph
28 30 29

Scheme 12Thermolysis of tris(trimethylsilyl)acylsilanes

10



1.1.4.2 Photochemical Synthesis

1.1.4.2.1 Variation 1: Photolysis of Acylpolysilanes

The photochemical silene synthesis is inextricatiynected to Adrian Brook and his so-called
“Brook-Rearrangement”. He and his group worked aeres of acylsilane3l, which underwent a
photochemically induced 1,3-trimethylsilyl migratido form the intermediate siloxycarbeng2.

After C-H insertion, the siloxyalken&8 were formed (Scheme 13).

R R
— sl—r R 0—Ssi—R
R\ P hv /0 SI\ C-H Insertion
R—/S| —_ > :C R —— C=——CH R
R CHR, CHR, R
31 32 33

Scheme 13Photolysis of acylpolysilanes

In a related manner the tris(trimethylsilyl)acydsies34 afforded the corresponding silen&s when
photolyzed with UV light of. > 300 nm (Scheme 1#)2

Me;Si piMes

g

MesSi 0 MesSi 0—SiMes MesSi—_) 5 40
® \ hy \ s§i—<¢
MesSi—Si e Si—— _ l l
/ / Messi— 5 G ~wg
Me3Si R Me3Si R 3 / :
Me3Si O—_ ..
34 35 36 SiMes

Scheme 14Photolysis of tris(trimethylsilyl)acylsilanes

The stability of these silenes is strongly influeddy the substituents at the carbonyl moietyhin t
case of the phenyl substituted derivative, compldimerization occurs to yield the 1,2-
disilacyclobutanes36. At room temperature thebutyl substituted silene forms a dynamic monomer-
dimer equilibrium in solution. The synthesis of thheadamantyl substituted acylsilanes, finally,
brought the historic breakthrough. The highly sty demanding 1-adamatyl group suppresses
dimer formation, which enabled Brook and his codeos to isolate and fully characterize the first

room temperature stable sileBg(R = 1-adamantyl}
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This methodology was further exploited by Brook amany other siloxysilene37 with a variety of
different substituents were prepared. Nearly all tbése silenes were characterized by NMR
spectroscopy and isolated as their trapping or daoakon product. Furthermore, photolysis of these
acylsilanes34 afforded mixtures of the-37 andZ-37 isomers (Scheme 15%°

Mej3Si

. Io) R! 0
Me3SI\ (0] v \Sl_ \Sl_
MesSi Si —_— i i—
e3Si / i / /
R R2 R
34 E-37

—SiMe3 —SiMe3

R’ 2 MesSi R?

Zz-37
Scheme 15Photolysis of bis(trimethylsilyl)acylsilanes

1.1.4.2.2 Variation 2: Photolysis of Silyldiazoalkanes
The photolysis of silyldiazoalkaneZ8, leads to the formation of transient disilylcareeB9. This

intermediate carbene undergoes a 1,2-silyl mignatielding silenedQ.363"3839

N, SiMes
hv Me, .. 1.2 trimethylsilyl-shift
Measi—giez—c// —>  MesSi Si —¢C _— Me,Si——C
R R R
40
38 39

Scheme 16Photolysis of silyldiazoalkanes

Although none of these silenes were isolated, nsleyes isolated later such as the Wiberg silene,

were observed by NMR spectroscopy in the courgki®feaction in solution.

1.1.4.3 Salt Elimination reactions

The salt elimination reaction is one of the mospadmant synthetical tools in inorganic chemistry.
Also in the chemistry of silenes, this synthetipryach led to very important breakthroughs, such as
the synthesis of the first donor-free silene by &ipand his groupOther important salt elimination
reactions, which are still widely used, are thea-$ieterson alkenation and the silene synthéais
silenolate intermediate.
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1.1.4.3.1 Variation 1: Intramolecular Salt Elimination
Wiberg et al. exploited the intramolecular salt metathesis feacin order to synthesize various
donor-free "Wiberg type" silene&l”’ For this purpose the halotrissilyimethad®was metalated at

the carbon position to yield compou#8dfollowed by thermal 1,2-LiF elimination (Scheme 17

i Me SiR
M SiR ] Me, SiR3 3
© A t-Bu-Li \ -
F—Si—C——H B — F—Si—C—Li /S|_C
Mé SiRs Me SiRy Me SiRs
4 43 41

Scheme 17Synthesis of the Wiberg silene

The temperature and the used solvent are very apomparameters in order to observe an
intramolecular salt metathesis reaction and thendtion of the desired silene. Among many other
silenes prepared by Wibegyal., Me,Si=C(SiMe)(SiMe(t-Bu),) is of particular importance, because
it turned out to be stable enough to obtain itstatystructure?

1.1.4.3.2 Variation 2: Sila-Peterson Alkenation

This method was simultaneously introduced by OehAmeloig and Ishikaw&:34+454647484950 |¢
involves the reaction of an organo- or silyllithiwsagent with carbonyl compounds or the reaction of
B-silyl alcohols with bases to lithium salts of typé which undergo spontaneous rearrangement to
form 45 and subsequently after elimination of lithiumsdkate the silend6.

§iR“3
o R“aSi—SIi—Li
/“\ SiR%;
R R? R3 =SiR%;
R4.Si 0 SiR% o Li* +  OsiR4 R? R
3 R2Li | Li iR"3 /
R43Si——Si R®—Si R2 ——> R3—_s|i | R? si—c¢
3 cind -LiOSiR%; \
4 o R —SIR
R%3Si R4 3 R? R! R® R! R3 R2
44 45 46
SiR% OH
base
R3—Si | R?
R® R'

Scheme 18Sila-Peterson alkenation reactions

The introduction of Sila-Peterson alkenation dispththe intramolecular salt metathesis reaction due

to two improvements. The starting materials aréeeas synthesize and the reaction has a higher
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tolerance to functional groups as compared to tlileeWy method. Many of the ‘Apeloig-Ishikawa-
Oehme’ type silenes are only transient speciesy Tha be trapped by standard trapping reagents or
dimerize in a head to head fashion. Room tempezasteible silenes likd7 were successfully
synthesized by Apeloig and Bravo-Zhivotovskii b tieaction of very bulky polysilyl anions with 2-

adamantone.

0]

) RMe,Si
RMeZS|\ \
MesSi—Si—Li —— Si—cC
/ - LiOSiMes /

t-BuMe,Si t-BuMe,Si

R=Me, 1-Bu 47

Scheme 19Silenesynthesis via Sila-Peterson alkenation

1.1.4.3.3 Variation 3: Silene Synthesis via a Silenolate imiediate
Two different types of silenolates are possible, iksilenolates and the 2-silenolates. However; onl

the 2-silenolates have been observed thus far.

R2 o R2\ 0
>7S| Si4<
R? R R3 R

1-silenolates 2-silenolates

Scheme 20Types of silenolates

As in the case of enolates, two tautomeric strestwf silenolates can be drawn: the keto form with
the negative charge residing predominantly on theos atom (1), while in the enol form (ll) the

negative charge is located primarily on the oxygemm (Scheme 2%).

R? 0 R? 0
\N. / \N_/
Si—C ~ Si—C
R3 R1 R3 \R1

keto-form enol-form
1 1

Scheme 21Tautomeric structures of silenolates

For metal enolates, the dominant structure is ti@ @rm, which is preferably formed in the solid
state as well as in solutiGhSilenolates on the other hand show a significafierint tautomeric
equilibrium. The position of the equilibrium isatgly influenced by the used alkali metal, the satv

and the substituent of the carbonyl moféty.

The first synthesized silenolates were the lithgilanolates in the early 1990’s. Four scientistslena

valuable contributions to this field of researcamely Bravo-Zhivotovski#, Apeloig, Ishikawa and
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Ohshitd®*® However, the low thermal stability of these Liesiolates prevented their general use as
reagents for further derivatization. In Scheme #% reactivity of Li-silenolates with various
electrophiles is summarized. Li-silenolates reaith wWiel, Bzl, Phl and acid chlorides to give the
alkylated acylpolysiland8. Interestingly, lithium silenolates with alkyl amadyl groups attached to the
carbonyl moiety exhibit different reactivity pattsr versus chlorosilanes. With alkyl- or alkoxy
groups, the corresponding acylpolysilad@sare isolated, while aryl substituents give ris@xggen
carbon bond formation yielding the silen®3 Although none of the silenes were isolated a® pur

compounds, this method will gain particular impada in the course of this thesis.

+

MesSi o L R 0
RX
si—¢ - > MeSi—Si
RX = Mel, H,0,CIOR .
MesSi R’ z MesSi R
48
Et:Si 0
R! = alkyl, alkoxy
> Me;Si—Si
MesSi o L MesSi Ri
Et;8iCl o
Si—¢
. 1
MesSi R Me,Si 0—SiEt,
— Si—C¢
R!'= aryl

Me;Si R'

50

Scheme 22Reactivity of silenolates towards electrophiles

Li-silenolates were also trapped with dienes akgreds. Ohshitat al. found that the Li-silenolatesl

react with 2,3-dimethylbutadiene exclusively unftemation of the [4+2] cycloaddu&®.>®
Me3Si
o L H Measl\sli

R! = 1-Ad, -Bu, Mes, o-Tol

R4
OH

Me;Si

51 52

Scheme 23Reactivity of silenolates towards dienes
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The reaction 0651 with phenyl-substituted acetylenes, PR’ (R*> = Ph, Me), cleanly afford the
lithium ethenylsilenolate$3, which reacts with D or Mel to give the corresponding silicon

substituted productS4. In contrast, the same silanides reacts with olitanes to the O-silylated

52f
productss5.
MesSi
R30H R I )J\
R‘ H, Me
. MesSi
i Li
Meas'\ /O Ph R3 s|Me3
Si—c¢C 54
/ \ =Ph, Me
sicl Me;Si S|Et3
R! = 1-Ad, +-Bu, Mes, o-Tol Li SlMe3 | BsSA
51 53 )\

SIM63

55
Scheme 24Reactivity of silenolates towards alkynes

Significant improvements were made by the replacgmtlithium by potassium as the counter-ion in
silenolates reported by Ottosson and cowork&rsyho abstracted one of the three trimethylsilyl
groups in56 with KOtBu (Scheme 25). The cleavage of asBiepolysilanyl bond with K@Bu is

widespread in polysilane chemistry and was firsbiuced by Marschnet al .>>°¢

+

MesSi o KOLBU MesSi o K
MesSi—Si Si—C
Me3Si Ry MesSi R’
R'=#Bu

57
56

Scheme 25Synthesis of potassium silenolates

These potassium silenolaté3 could be kept under inert atmosphere and amb@anpérature for
three months without any notable decomposition. futhe enhanced stability in comparison to the
Li-silenolates, Ottossoé al. were able to obtain the molecular structur®ffwhich adopts the keto-
type resonance structure with a strongly pyramigatral silicon atom and unusually long Si-C single
bond?>%

The reactivity of these K-silenolates closely relk® the reactivity observed for the Li-silenolates
53. Thus, trapping 067 with Mel yields the silicon methylated produd, the reaction 067 with
2,3-dimethylbutadiene also proceeds identicallyaurfdrmation of the [4+2] cycloaddition product
52.
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1.1.4.4 Silylene-Silene Carbene-Silene Isomerization

Silylenes and carbenes can undergo [1,2]-hydrogeft,2]-silyl-migration reactions to yield silenes
Many working groups investigated this isomerizatiand found a dynamic equilibrium between
silylenes, carbenes and the corresponding sifén&s.ideal starting materials;-diazidosilanes or
diazomethanes were used. Mamiral. showed that by the irradiation of diazomethanethat
appropriate wavelength, silyler8 was formed.Upon prolongedhotolysis at. = 488 nma [1,2]-
hydrogen shift occurs and sileB8 was obtained. Photolysis 6B atA = 248 nm caused a reversed

[1,2]-hydrogen shift under back-formation of thiyleine 58.%2

Me
hv Me 488 nm Me

Me——Si—N; ———> Si: ~=— /SiH
248 nm /
Me HC
N3

58 59
Scheme 26Silylene-Silene Carben-Silene Isomerization

Only in the case of compoun@l an irreversible silylene-silene isomerization ocedr Upon
moderate heating of the silylene, which is incogped into a ring system, the stable sil&2ewas

formed. This silene generated by [1,2]-silyl migwatwas also the first isolated endocyclic sil&he.

Me;Si Me;Si i SiMe;
® SiMe; SiMe;
BT CK.THF AT
si —_— sit — SiMe;
~
Br
i SiMe: | SiMe;
MesSi SiMes MesSi 3 Me3Si
61 62

Scheme 27First isolated endocyclic silene
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1.1.4.5 Silaaromatic Compounds

Silaaromatic compounds are far more reactive agpaosa to related species with nonconjugated Si-C
double bonds. For instance, it has been reportdddkl et al. that even 1,4-di-butyl-1-silabenzene
63 readily dimerizes at 0°C to give the correspondit¥f] dimer64.%°

‘ A 0°C = Si ‘
SI/ X }v\
63 64

Scheme 28Reactivity of 1,4-dit-butyl-1-silabenze63

The decisive breakthrough was achieved by Tokétadl. who used the extremely bulky and effective
protection group Tbt (2,4,6-tris[bis(trimethylsiigiethyl]phenyl to synthesize and to isolate a sasfe
stable silaaromatic compounds, such as silaber@&hel- and 2-silanaphtalene8gf? and67°) and

9-silaanthracenég8®.

SIo®I0
Si/ Si/ / Si\Tbt Si/
| | i

Tht Tht

65 66 67 68

Scheme 29isolated silaaromatic compounds

The high planarity and other structural feature§®b68indicate a delocalizeg-system. Tokitolet al.

also examined the similarities and differences betw silaaromatic compounds and the parent
aromatic hydrocarbons by measuring the UV-Vis amgnBn spectra 085-68 They were able to
show that the replacement of one of the ring casldmn a silicon atom has minor influence on

conjugation within the aromatic ring.
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1.2 Germenes

1.2.1 Introduction

The outstanding breakthroughs in silene chemistigoeraged scientists in the field of organo-
germanium chemistry to synthesize the corresponidingvalent germanium compounds. The first
stable germenes were reported nearly simultanednystywo working groups in 1987. Escudital.
synthesized dimesityl(fluorenylidene)germesdteby a route involving intramolecular lithium flude
elimination (Scheme 30j,while Berndtet al. employed the coupling of the cryptocarb&@eawith the
stable germylenegla,bto prepare the stable germef@a,b(Scheme 31%

69

Scheme 30Synthesis of germer&9 via intramolecular salt metathesis

:Ge[N(SiMej3), ],

71a
— >

|t-Bu

Me3Si B
N \C

Me3Si/ \B/

tBu
T2a

=—Ge[N(SiMe;),],

Bu Bu

¢ £
| I
MesSix__ /B\ _ /N\

C Ge SiMe,

Me3Si/ AN /C AN

~—,

——Z
@©
<

72b

Scheme 31Synthesis of germenes via coupling reactions lextveegermylene and a carbene
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Since then new synthetic methods were applied mthegize a variety of new germenes. Worth
mentioning are the synthesis of the stable gerri8r®y Tokitoh and co-workerga the reaction of a
germylene with C§ and the synthesis of the first endocyclic germéady Sekiguchi’'s group®®
Tokitoh et al. published a series of papers on stable germaaimmampounds such as the 2-
germanaphthaleng5 and germabenzer#& " In addition, Schumansat al. isolated and structurally

characterized the 4-germatriafulveng™

SiMe(t-Bu),
Tbt
Tbt\ /S\ o (t- Bu)zMeS|\ / /Ph \Ge/
—O< N _
Tip Sl SiMe(t-Bu),
Tip/ s o
SiMe(t-Bu),
73 74 s
ot NPT,
X Ge/ (Me3Si)
| Ge=——
7 (Me3Si),N
NiPr,
76 77

Scheme 32Selected germenes

1.2.2 Reactivity of Germenes

Starting from the simplest germeneG¢=CH, which has a transient existence, a huge variéty o
different germenes have been synthesized. Stalbieeges can be directly detected under ambient
temperature and inert atmosphere (nitrogen, argdm.stability of germenes, like for the silenes, i
strongly influenced by the size and the electrawture of the substituents. By increasing the sfze
the substituents the stability of the germeneseimes. The Ge=C double bond is a polarized double
bond. The positive charge is located at the geramaritom while the carbon atom carries the negative
charge (Scheme 3¥®)Reverse-polarized germenes are unknown so far.

R
\ Y
Ge——C

\

R

Germene with natural polarity

Scheme 33Polarity of the Ge=C double bond
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As a consequence of their high reactivity, germeswes valuable starting materials for synthesis.
Germeneg8 react regioselectively with reagents of the typé (R= OH, OR, HCI, HF, etc.) to give
the germane39. Disulfides add to the double bond to form thewutompound80. Carbanions81

are formed during the reaction of silenes with aaraetallic reagents (Scheme 34).

R’ R?
R3H
—————> R*—Ge—C—H
1 R2
R 79
R’ R? R’ R?
MeSSM
Ge_C/ ¢ ¢ » MeS—Ge—C——SMe
\ 1 )
R? R2 R 80 R
78 R R2
MR3 \
——— > R*—Ge—C—M
R’ R?

Scheme 34Reactivity of germenes with standard trapping estsg

The reaction between germenes and other doubleslisodh as alkenes, ketonai&ynes dienes etc.)
were most intensively investigated. Ketones andlaldes react nearly regioselectively with germenes
under the formation of the oxagermetaBg¢Scheme 35) while nitrosobenzene reacts with geemen
by [2+2] cycloaddition to givé3.™

R3 RS R1\Ge—C//R2
—— |
N—C—_
R® \R4 R
R’ /R2 83
Ge——C ]
R \R2
s j\ R1 R2
R3 R® R1\\Si—c//R2
S ——
C|)—(!‘,\\R3

82

Scheme 35Reactivity of germenes with other double bonds
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Dienes,a-ethylenic aldehydes and germenes afford the [4¢y2leadducts4a,h In the literature no
evidence exists for the formation of the [2+2]-©adducts, which are often found in the reaction of

dienes with silenes (Scheme 36).

R'" R?

R1
Sd e
R® R®
—

~ | | P
R® R®

84a

R4
R1/ \RZ NG R' R2
4
78 § R | _ | ~ Re
. /Ge C -

Scheme 36Reactivity of germenes with dienes

In the absence of a trapping reagent transient ey@em react intermolecularly. The manner of
dimerization, head to hed&b or head to taiB6, is strongly influenced by the substitution pattand

by the polarity of the germanium-carbon double b@fid

R' R?
R1\ée—c// R
— | |
R _—-Ge C\\ R2
R’ R?
R’ /R2 85
Ge——C I
/N
R' R?
78 R A
R1\ée—c// R
— ]
R /C Gi\ R
R? R’
86

Scheme 37Reactivity of transient germenes in the absendeapping reagents
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1.2.3 Spectroscopic and Structural Properties of Germenes

Selected important spectroscopic and physical de¢adepicted in Table 2. Again all values are

strongly influenced by the substitution patterriref Ge=C double bond.

Table 2: Spectroscopic and physical properties of the Geeible bond®

Spectroscopic and Physical properties values
Ge=C bond length 1.771-1827 A
n-bond strength ~134 kJ-mot
*C-NMR shifts 79-115 ppm
Characteristic absorption (z-a* transition) 262-396 nm
Ge=C stretching band 988-1018 crit

1.2.4 Preparation of Germenes

The first evidence for the formation of germenes weovided in the 1960s and 1970s by the isolation
of their corresponding trapping products. Since titae, a number of general synthetic pathways

toward germenes have been developed. The most cosynthetic strategies are summarized below.

1.2.4.1 Thermolysis reactions

In 1970s, Gusel'nikov and Flowers reported thattttegmal fragmentation of 1,1-dimethylgermetane
87 in the gas phase significantly differs from theqgbysis of the corresponding silicon and carbon
analogue$’ They expected 1,3-digermacyclobut&@&as a product. Instead, they found considerable
qguantities of cyclopropane, propene and 1,2-digeyeiapentane89 and postulated a reaction
mechanism including the initial formation of properyclopropane and dimethylgermyled which
subsequently inserts into the germanium-carbon kufnthe starting materia87 to give the 1,2-

digerma-cyclopentango.

\\ AT AT Ge—
G|e__(|;e\ > < Dei\ . A N+ <:(;|e\\
\

88 87 89

Scheme 38Thermal fragmentation of 1,1-dimethylgermetane
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Insertion into 87 —
> A + /\ + 1GeMey, —— Ge
G

e—_ Ge——
\

87 90 89

Scheme 39Postulated mechanism of the thermal fragmentatidnl-dimethylgermetane

Only three years later, Bart@hal. demonstrated that the thermolysis of the bicystiiacture91 leads
to the formation of 1,1,3,3-tetraethyl-1,3-digery@obutaned2. As an intermediate of this reaction

they postulated the transient germé&i3g®

(E;z CHs Et
HaC. ¢ FaC al Et Et—
CF3 AT Ge
J1L_ ) + Ge==CH, _—
cl CHa r, FaC CH; Et G ~gt
Et
91 93 92

Scheme 40Thermolysis of the bicyclic structugd

Khabasheskuet. al. performedthe spectroscopic characterization of the transieftdimethyl-1-
germene94 in a rigid matrix.94 has been obtained by the pyrolysis of 1,1-dimelhgkerma-3-
thietane95 or 1,1,3,3-tetramethyl-1-germacyclobutd@ In contrast to the work of Gusel'nikov and
Flowers no evidence was found for the formatiordimhethylgermylenedQ. Instead they observed

clean formation of the transient germene and isdl#s intermolecular trapping prod@3°

H M
S—| AT \ ©
—_— /C:S + Ge=CH2 —_—
Ge
\ Me H Mé
Me \
—3a
95 94 e_l
——
Ge—_
Me
M
Me —_ & AT e Me\ 88
—— C—CH, + Ge=—CH, -
Ge—_
\ Me Mé Mé
Me
96 94

Scheme 41Spectroscopic characterization of the transiendiniethyl-1-germen®&4
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The thermolysis reactions of a series of acylgeanamere investigated by Ishikawgal..®*®* In the
presence of trapping reagents, such as butadigheispbserved the clean formation of the respectiv
cycloadduct®7. Interestingly, in the absence of trapping reagiehiermolysis afforded large amounts
of nonvolatile and smaller amounts of volatile wmtfied products. Therefore, they stated that the
formed germene88 are unstable under these conditions and deconipdke absence of a trapping

reagent to uncharacterized products.

MesSi  OSiMes
w Measi\ l R

SiMes Me;Si 0SiMe R?2 R? Ge
0 AT ¢ :

) - = — _—

Megsl—Ge—C\ /Ge C
T=140°C 2 .
_ - MesSi - R2=Ph, Me
SiMeg
98 R?2 97 R?
R!=#Bu, 1-Ad

|

unidendified products

Scheme 42Thermolysis of acylgermanes

1.2.4.2 Photochemical Synthesis

Although the photochemical silene synthesis is iy waportant synthetic strategy to isolate stable
silenes, no light induced germene formation reastiare apparent in the literature. This arises from
the fact that acylgermanes do not undergo photoicdaénBrook-type rearrangement reactiéhs.
Instead, acylgermanes react under irradiation lgy tbmolytic cleavage of the Ge-C bowic a
Norrish type | reactiof’. In line with this picture Broolet al. showed that the photolysis of the
tris(trimethylsilyl)acylgermaned9 gives a complex product mixture due to extensigkod-up

reactions of the initially formed germyl radic&ls.

SiMez ¢ SiMe3

(o]
Me;3Si G C L» MeaSi Ge * + .k —_— complex
e;Si——Ge— e.Si— Ge e
¢ AN 2> 360 nm ® ‘Ad product mixture
Ad
SiMe; SiMe3

99

Scheme 43Photolysis of tris(trimethylsilyl)acylgermanes
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1.2.4.3 Salt Elimination reactions

As mentioned previously for silenes, the salt eliation reaction is one of the most important
synthetic methods in inorganic chemistry. Alsoha themistry of germenes this synthetical approach
led to very important breakthroughs, such as tmhgis of the first stable germene by Escudié and

his group.

1.2.4.3.1 Variation 1: Intramolecular Salt Metathesis

Escudiéet al. exploited the intramolecular salt metathesis reacin order to synthesize different
germenes of the typ@&9.%5%%¢” Therefore, chloro- or fluorogerman&80were metalated at the carbon
position to yield compounti01 The best results were generally obtained witbrilgermanes. After a
subsequent thermal 1,2-LiX-elimination step germéfewas formed. The use of a bulky lithio

compound is necessary to prevent direct alkylatiothe germanium atom.

R! = Mes, tBu, [(Me;Si),CH],

Scheme 44Synthesis of germer&9 via intramolecular salt metathesis reaction

1.2.4.3.2 Variation 2: Addition-Elimination Reactions

This synthetic strategy was first published by 3oaed adopted by Auner for the synthesis of
silenes®® By the use of the bulky mesityl groupouret et al. were able to isolate and to characterize
the stable dimesitylneopentylgermei@®2 102 represent the first example of a germene bearing a

prochiral carbon center.

Mes, . Mes, Mes,
A - _50)°
G i F \G g CH,tB e > \G C CH,tB
F—Ge—CH=—CH, _— ——Ge—C——CHj,tBu ] e—C——CH,tBu
78°C / | -LiX VAl
Mes Mes Li Mes

102

Scheme 45Synthesis of germeri2bearing a prochiral carbon center
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1.2.4.3.3 Variation 3: Germa-Peterson Alkenation

This method was introduced by Apeloig and Bravovatovskii (compare Scheme 4@)ke Sila-
Petersoralkenation, it involves the reaction of a germiiliim derivative with a carbonyl compound.
After rearrangement and elimination of lithiumsidéate the transient germend®3 is formed. This
germene, however, is not stable and gives the sporeling head-to-head dimEd4in the absence of

trapping reagents.

SiMes

-
MegSi o SiMe; g Li w O Me3SI\
\ I _ g —
MesSi—Ge—Li + —> MesSi—Ge —> MesSi—Ge — Ge
/ | | - LiOSiMey /

Me;Si SiMes SiMej; Me;Si

MesSi SiMes

Me3S|\Ge_Ge/SiMe3

104

Scheme 46Germa-Peterson alkenation reaction

1.2.4.4 Coupling between a Germylene and a Carbene

Germylenes and carbenes can undergo coupling eeadi yield germenes. Berrgttal. introduced
this synthetic approach in order to synthesizeglrenene§0a,b(see Scheme 31), which are stable at
room temperature and in solution. The presence gdrenanium-carbon double bond was confirmed
by X-ray diffraction analysis of0a® The significantly elongated Ge=C double bond (Z(82 A),

the short distance between the tricoordinated cadmal the boron atoms (152.3 (6) A to 153.4 (7) A)
and the higher shielding of the boron atoms'BrNMR compared to the staring material indicates

considerable ylid character. In Scheme 47, adldlpossible ylid resonance structures are depicted.

. I‘-Bu Megsi\ ‘t-Bu Me3S|\
N " B. N Me.Si B N Me.Si B. N
Me3s'\c/ N Tsives Meﬁs’\c/ N+ / sive, €3 '\C/\ + /T siMes 3 >C/ >c—:3e/ sives
N/ \N/SiM93 Me:Si/ \B/ \N/SiMea Me3Si/ N/ \N/S'Me3 Me,Si \B{ \N/SIM63
2

-Bu MesSi t-Bu MesSi

-Bu Me3Si Bu Me3Si

Bu MesSi

70a A B c

Scheme 47Three possible ylid resonance structuredQ
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The synthesis of the germeh@5 by the reaction of the sterically protected digeymylenel06 with
CS; was reported by Tokito&t al. The planar germanium-carbon double bondid6 exhibits a bond
length of 1.771 (16) A, which is the shortest deubbnd length among all structurally characterized

germenes. Due to the very bulky Tip and Tbt grod is surprisingly inert. Even in refluxing
benzene, no reaction with methanol was foind.

. Ti
Tbt B LiNp — Tot_ CS, p\ . SQ _Tip
_Ge —_— _Ge: —> Ge—< Ge_
L Tip o bt
106 105

Scheme 48Synthesis of germerkd5

Another germene forming an ylid structure was @iigdd by Schumanet al., who reacted the stable
bis(amino)germylen&07 with the transient cyclic carbed@8, to give the germent09%

(Pr)N - N(iPr),
(Me3Si)N kN
\Ge: + : —_— Ge=
(Me3Si)N
(Pr)N N(iPr)
107 108 109

Scheme 49Synthesis of germerkD9

As mentioned abov&09 exhibit properties of the ylid structul®9y. This is apparent from the long
Ge-C bond length of 2.085 (3) A, which is even lenthan a normal Ge-C single bond, and the high
pyrimidalization angle of the germanium atom. Farthore, the*C-NMR resonances of the carbon

atoms forming the three-membered ring are chaiiatitefor a cyclopropenylium compound.

N(iPr),
N(/Pr)2 . 2
Tip Tip

Tot Tht
N(iPr)» N(Pr)2

109 109y

Scheme 50Resonance structures of compo0®
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1.2.4.5 Germaaromatic Compounds

As in the case of silaaromatic compounds Tokitoth lais coworkers made valuable contributions to
this field with the synthesis and the characteiorabf the first stable germabenzeh&0 and 2-
germanaphthalen&11°*** The high planarity and other structural featuredidate a delocalized-
system. Tokitohet al. also examined the similarities and differenceswbeh germaaromatic
compounds and the parent aromatic hydrocarbonsgaguning the UV-Vis and Raman spectrd bd
and 111 and observed only minor impact of the endocycételbatom on the aromatiesystem in

close analogy to the silicon case.

PIo®
Gie/ /Ge\Tbt

Tht

110 111

Scheme 51isolated germaaromatic compounds
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2.1.1 Abstract

Acylcyclohexasilanes are interesting starting mateifor the formation of cyclic silenes. Employing
standard cyclopolysilane synthetic procedures Yipusly unknown acylcyclohexasilanes were
synthesized and characterized by NMR- and UV-Viscspscopy and by X-ray crystallography in

order to elucidate substituent influences of thgr&4p attached to the carbonyl C-atom.
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2.1.2 Introduction

Acylsilanes have attracted considerable atteniirestheir discovery in 19%5because of their unique
spectroscopic properties and synthetic utility igamic chemistry.The spectral data of acylsilanes are
well described in several reviewdicylsilanes exhibit significantly longer wavelehgtR and UV
absorption and downfield shiftedC NMR resonances of the carbonyl-carbon as compuaittd
simple ketones and aldehydes. Furthermore, X-ragtsire analysis studies revealed that acylsilanes
possess abnormally long Si-CO bonds relative toateogous bond length in C-CO compounds.
These properties have been ascribed to considenadhletive effects of the silicon atom on the
properties of the carbonyl group. The resultinggdabathochromic shift of m transitions gives
simple acylsilanes a green or yellow-green coloilevbonjugated species such as aroylsilanes and
a,pf-unsaturated acylsilanes are bright yellow and gensitive to light. Very recent studies performed
in our laboratories showed the possibility to sysihe Brook-type cyclic silenes by the use of
acylcyclohexasilanes as starting mateflaBecause the previously unknown cyclic acylsilanes
themselves turned out to have interesting propenve decided to investigate in detail their stcgtt
and spectroscopic features. Herein we would likeejmort the initial results of the corresponding

studies using NMR- and UV-Vis spectroscopy and Ka@ystallography.

2.1.3 Results and Discussion

2.1.3.1 Synthesis

The acylcyclohexasilanega-i were synthesized in order to study the influeniceasious substituent
groups R attached to the carbonyl function on $edestructural and spectroscopic properties. The
target compounds were straightforwardly preparedleying standard procedures for cyclopolysilane
synthesis®® In the first reaction step a -SiMegroup was removed from 1,1,4,4-
tetrakis(trimethylsilyl)cyclohexasilanedd with KOtBu to give the potassium silanid2 which
subsequently was reacted with equimolar amounggidfchlorides CICOR in diethyl ether solution at
—-80 °C to the air-stable and crystalline compouBas in yields > 60% (cf. Scheme 1). Analytical

data obtained faBa-i were fully consistent with the proposed structures

A

LN o K o SR

Si Si Si

KO'Bu RCOCI

I: :I — Me;SiOBu ( :I - KCl I: :I

Si Si Si
¢« Do ¢ 2\. ¢« o

1

. . 3a: R = 1-adamantyl 3b: R = phenyl 3c: R = 2-methylphenyl
® =SiMe,; SiMe;  34: R = 2-fluorophenyl 3e: R = 2-MeO-phenyl 3f: R = 2,4-
dimethylphenyl 3g: R = 2,3-dimethylphenyl 3h: 2,6-dimethylphenyl
3i: 2,4,6-trimethylphenyl

Scheme 1Synthesis of acylsilan&a-i
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Table 1*°C- and®*Si NMR chemical shifts of the Si-C=0 group and Udsarption data o3a-i

3a 3b 3c 3d 3e
R 1-Ad Ph 2-MePh 2-FPh 2-MeOPh
8t 248.22 236.21 239.77 234.45 238.92
8%°sf° -72.14 -64.28 -66.79 -61.74 -66.03
Amax (€)° 371 (270) 424 (205) 414 (240) 404 (180) 385 (220)
3f 3g 3h 3i
R 2,4-MePh 2,3-MePh 2,6-MePh  2,4,6-MgPh
8t 240.46 241.27 245.95 246.17
8%°sf° -66.71 -67.24 -71.23 -71.14

Amax (€)° 416 (220) 410 (230) 393 (200) 394 (230)

“measured in §Dg solution at 22 °C3 values in ppm relative to ext. TM3neasured in hexane
solution, ¢ = 5-1®mol- L' Anax Values in nmg values in L-mot-cm?*

Table 1 lists the characteristfdC- and *Si-NMR chemical shifts of the Si-C=0 moiety Bei.
Consistent with literature data obtained for aaydcylsilanes BRSIC(O)R 3ai exhibit markedly
downfield shifted**C resonances as compared to simple ketamep Me;CCOBu: §°C = 215 ppm;
Me;SiCOBuU: §3C = 249 ppmi)’. This is usually explained by the enhanced elaateteasing nature
of silicon which favors resonance structures withoaitively charged and less shielded carbonyl C
atom resulting in more positive"*C values. Apparently this effect is considerablyakened by
aromatic substituents at the C=0 group by reduttiregamount of positive charge on the carbonyl
carbon atom thus shifting the carbonyl resonaneessiderably upfield relative to the aliphatic
analoguesg g. Me;SiCOPh:6*C = 233.6 pprhor 3aand3bin Table 1).

Our data, furthermore, show that the cardegZI resonances exhibit a slight downfield shift ie th
order3d — 3b — 3e— 3c which correlates with the electron withdrawingreleasing power of the
substituent attached to the aromatic ring and bomates the picture drawn above. Additionally the
8"°C values depend on the number and the positiomeo§ubstituent groups (compare the dat&fer
3i). Interestingly thé®Si resonances are shifted downfield in the revecsddr with the less shielded

Si atom in the fluoro derivatived.
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2.1.3.2 X-ray Structure Analysis

Despite all attempts, onBa-c¢ 3eand3i afforded crystals of sufficient quality for singteystal X-ray
crystallography. The structures 24, 3c and3i were already reported in previous publicatidfgure

1 shows ORTEP diagrams for compouiisand 3¢ selected structural data for all compounds are

summarized in Table 2.

Figure 1 ORTEP diagrams for compoundb (left) and3e (right). Thermal ellipsoids are depicted at the?60
probability level. Hydrogen atoms are omitted ftarity.

The cyclohexasilane ring adopts the expecteir conformation ir3i andtwisted boat conformations

in 3a-cand3e Si-Si bond lengths between 2.34 and 2.37 A agedkbwith typical Si-Si single bond
distances in cyclopolysilansThe observed C=0 distances are close to the ang=lfin simple
organic ketones, carboxylic acids and etfeFse silicon carbonyl group bond lengths at 1.942 —
1.974 A are considerably elongated just as obseeagtier for other acylsilanes. Usually, silicon
carbon single bonds fall in the range 1.85 - 1.90FAr steric reasorb and3c exhibit significantly
smaller dihedral anglesbetween the C=0 group and the aromatic ring péesneompared t8e and3i
which allows increased conjugational type inte@di between the C=0 and the aromatgystems

in 3b and3c.
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Table 2 Selected crystallographic data for compouBals;, 3e and3i

34 3b 3¢ 3e 3i°
R 1-Ad Ph  2-MePh 2-MeOPh 2.4.6-MePh
d C(1)-0(1) 1226 1222 1223  1.225 1.221
d C(1)-Si(1) 1.062 1.063 1.042  1.074 1.967
v O(1)-C(1)-C(ph)- 903 2565  -59.08 66.89

C(ph)

2 data taken from ref. 48data taken from ref. 4b

2.1.3.3 UV-Vis Spectroscopy

The experimental UV-Vis absorption spectra3afi are depicted in Figure 2, the longest wavelength
absorption maximan.x are presented in Table 1 together with the extinatoefficientse. All spectra
exhibit long-wavelength, low-intensity absorptioanbls between 360 and 420 nm due to type
excitations of the C=0 fragment. The exact positbthe na* absorption band is nearly independent
of the substituents attached to thsilicon atom. Thus, for instance, quasi identical values are
observed for3b (424 nm) and MgSICOPh (425 nm) or RBICOPh (424 nmj Considerable
substituent effects on the absorption propertiesyever, are apparent upon variation of the organic
group R at the C=0 moiety. In line with literatutata it can be clearly seen from Table 1 and Figure
(left) that aromatic substituents produce a battmuit shift of the ne* band as compared to
aliphatic side groups caused oyt conjugation of the carbonyl group with the aromaitng. The first
absorption maximum of the adamantyl derivaBaeati.x = 371 nm, therefore, is shifted by 53 nm to
the red in the phenyl substituted compo@hd Furthermore, the hypsochromic shift observechin t
order3b — 3c — 3i [13eroughly correlates with the torsion angléetween the plane of the phenyl
ring and the C=0 moiety which increases from 9.(B) to 25.65° 8c), 59.95 8¢€) and 66.89° Ji).
This correlation is conclusive, because smalleneslofy enhance phenyl/C=@ n conjugation thus
reducing the HOMO-LUMO gap and shifting the cori@sging UV maximum to the red. This picture
is supported further by the observation that bp#ces with two ortho methyl groups attached to the
phenyl ring 8h and 3i) which are also likely to have similar and largesional angleg for steric
reasons exhibit nearly identical and relatively Brivg.x values.3c, 3f and 3g with no or only one
ortho methyl group and presumably smallalues, on the contrary, absorb at significardlyger and
also similar wavelengths. Finally, the nature ajugs attached to the phenyl ring also affects\the
values (compare the absorption dat8lot-€), although it is difficult to see any reliable fah at the

present stage of the investigation without anyhiertheoretical and experimental studies.
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Figure 2 UV-Vis absorption spectra & (n-hexane solution, ¢ = 1-301. Left: First UV absorption band of
acylcyclohexasilanes with aliphati8d) and aromatic3b,c,d,e) substituents at the C=0 group. Right: First UV
absorption band of acylcyclohexasilanes with sif8d|c,f,g) and large h, i) torsion angles between the plane
of the phenyl ring and the C=0 moiety
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2.2.1 Abstract

Previously unknown 1,1,4-tris(trimethylsilyl)-4-ddpdecamethylcyclohexasilanes (}8.SisMe;,
(MegSi)COR (6a R =t-butyl, 16b: R = 1-adamantyl) have been synthesized by thetiogaof the
potassium silanides (M8i),SisMe;(Me;Si)K with acid chlorides CICOR and their photocheahi
rearrangement reactions have been studied. Theeulatestructures df6a,bas determined by single-
crystal X-ray diffraction analysis exhibit an unabsiwist boatconformation of the cyclohexasilane
ring. Whenl6a,bwere photolyzed witih > 300 nm radiation, they underwent Brook type 3i3-O
migration reactions to generate the cyclohexasild@,b with exocyclic Si=C bonds along with
smaller amounts of the ring enlarged spedi@s,b with endocyclic Si=C double bonds. Whil&a,b
were stable enough to allow characterization by Ntid UV absorption spectroscopy, the less stable

productsl9a,bcould only be observed in form of their metharddécts.
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2.2.2 Introduction

Silenes with various structures have been isolatedi characterized since Brook and subsequently
Wiberg about 30 years ago reported on the firdblstapecies which contain Si=C double bonds
(compare Chart I).Brook utilized a photochemical 1,3-SO shift of a SiMe group of the
acylpolysilane (MgSi);SiCOAd (Ad = 1-adamantyl) to generate the siléhevhile Wiberg obtained
the donor free speciea by a route involving intramolecular lithium flude eliminatior?. Further
advances in Si=C double bond chemistry includesthrghesis of the stable sileBeby Apeloig and
coworkersvia a sila-Peterson type reactiband the synthesis of the endocyclic sildnebtained by
rearrangement of a silyleAdn addition, stable 1-silaallen&sand6 have been reported by the groups
of West and Pietschriigvhile Okazaki and Tokitoh published a series qfgva on stable silaaromatic

compounds such as 2-silanaphthaléne

Only a few years ago, Kirat al. isolated and structurally characterized the 4wsitulvene8.2 Even
more recently, the first example of the stable irsmiastituted silen® was synthesized by Bravo-
Zhivotovskii and Apeloiget al.® while Scheschkewitz and Sekiguehal. reported on the formation of
the cyclic Brook-type silend0 from the disilenide TigBi=SiTipLi (Tip = 2,4,64PrCsH,) and
AdCOCI Charged silenes have been described by Sekigtichi who synthesized the silyl anion
substituted silend.1** and by Ottossomt al. who succeeded in the isolation of the first staPl
silenolate12'? In the most recent paper, finally, Iwamatbal. reported on the synthesis of the
exocyclic silenel3 showing a distinct intramolecular charge transfensition from ther orbital of
the Si=C double bond to th orbital of the anthryl moiety?
Chart 1: Selected stable silenes (Tip = 2,488;CsH,; Tbt = 2,4,6-bis(trimethylsilyl)phenyl; Dmp = 2,6-
dimesitylphenyl; Ad = 1-adamantyl); Ant = 9-anthryl
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Data on substituted silenes clearly demonstratetieastability of silenes is strongly influenceglthe
choice of the substituents attached to the Si=Cety&i As already has been realized by Brook the
steric bulk of the substituents on the carbon atoertainly a key factor in the kinetic stabilipat of
silenes with regard to dimerization. Additionallsli#y is gained in silenes influenced by reversed
(Si"=C") bond polarization effected bydonor substituents on the carbon atéfReverse-polarized
silenes such as Brook-type silenksthe silatriafulvene8 are less reactive towards moisture and
alcohols than naturally polarized silenes™t8t™), and addition of alcohol often proceeds by C-O
instead of Si-O bond formation. In contrast to tfaurally polarized silenes, which give [2+2] and
-ene adducts as well, the reverse-polarized silee&st selectively with dienes to yield only [4+2]

adducts.

Most silenes are acyclic molecules. To the besiunfknowledge, in addition to the silaaromatics 1-
and 2-silanaphthalene, 9-silaanthracene and Yksitemtrened4 and 10 are the only stable silenes
with the unsaturated silicon atom incorporated icyolic structures which have been isolated and
structurally fully characterized so far. AccorditgDFT calculations on small model compounds the
slight pyramidalization of the tricoordinate Siimtdn 10is due to reverse (SFC”*) bond polarization
rather than steric congestion around the Si=C d@ohbbhd. In line with reverse polarizati@f turned
out to be remarkably stable. In contrast to Brosk&nel it reacts only slowly with air and moisture

and does not react with MeOH at any appreciabk'tat

Larger cyclopolysilanes containing either endo-emocyclic Si=C double bonds have not been
described in the literature before. Because weimterested in substituent effects on polysilane
frameworks in generdt,we now want to report on the outcome of our attsntp synthesize the

previously unknown Brook-type cyclic silen&¥a,b by the photolysis of the acylcyclohexasilanes
16a,b which we prepared successfully for the first tismaploying standard procedures for cyclo-

polysilane synthesis (Scheme'1).
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Scheme 1Synthetic approach towards exocyclic silenes
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2.2.3 Results and Discussion

2.2.3.1 Synthesis of Acylcyclohexasilanes

According to Scheme 1, the potassium silariéecleanly reacts with equimolar amounts of acid
chlorides CICOR (R #-Bu, Ad) in diethyl ether solution at —80 °C to githe air-stable and
crystalline acylcyclohexasiland$a,bin yields of >60%. Analytical data obtained fia,b (see the
Experimental Section) are consistent with the psegdostructures. Substitution of one SiMeoup in
14 produces four magnetically nonequivalent endocysilicon atoms. Thus, tH&Si NMR spectra of
16a,bexhibit two resonance lines near —38 ppm for theoeyclic SiMe groups, one signal for the Si
atom bearing the acyl group near =70 ppm and arekfor the tertiary Si atom around —-130 pim.
The methyl and SiMgsubstituents, furthermore, can be attached etibanr trans relative to the acyl
group which leads to five non equivalent methyl émee non equivalent SiMgroups. The resulting
number of resonance lines actually appears in #peramental NMR spectra, although sori

signals are too close to each other to be completeblved.

Single crystals suitable for X-ray structure anslysould be grown from compound$ab. The
obtained molecular structures are depicted in Egur and 2 together with selected bond distances,
bond angles, and dihedral anglééab crystallize in the monoclinic space group,/A2and in the
triclinic space group P-1, respectively. In bottustures the cyclohexasilane ring adopts a twistt bo
conformation, which is rather unusual, because rogpsibhexasilanes studied so far feature a chair
conformation of the cyclopolysilane cycfeThe geometry around the endocyclic silicon atoms i
approximately tetrahedral with Si-Si-Si bond angbdsse to the respective angles found in other
cyclohexasilane structur& although Si(1) exhibits some distortion due to $heric bulk of the

attached-Bu or Ad group.

Figure 1. ORTEP diagram for compound 16a. Thermal ellipsoids are depicted at the 50 % probability level.
Hydrogen atoms are omitted for clarity. Selected bond lengths [A] and bond and torsional angles [deg] with
estimated standard deviations: ~ Si-Si (mean) 2.356, C(1)-O(1) 1.213(2), Si(1)-C(1) 1.970(1), Si-Cyyetny1 (mean)
1.880, Si(6)-Si(1)-Si(2) 111.73(2), Si(3)-Si(2)-Si(1) 111.88(2), Si(4)-Si(3)-Si(2) 113.50(3), Si(5)-Si(4)-Si(3)
112.03(2), Si(4)-Si(5)-Si(6) 113.04(2), Si(5)-Si(6)-Si(1) 114.46(2), O(1)-C(1)-C(2) 120.2(1), O(1)-C(1)-Si(1)
113.9(1), C(2)-C(1)-Si(1) 125.9(1), C(1)-Si(1)-Si(7) 120.8(5), C(1)-Si(1)-Si(6) 99.1(5), C(1)-Si(1)-Si(2)
101.2(5), C-Si-C (mean) 107.6, O(1)-C(1)-C(2)-Si(1) 177.2(2).
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Figure 2. ORTEP diagram for compound 16b. Thermal ellipsoids are depicted at the 50 % probability level.
Hydrogen atoms are omitted for clarity. Selected bond lengths [A] and bond and torsional angles [deg] with
estimated standard deviations: Si-Si (mean) 2.358, C(1)-O(1) 1.226(3), Si(1)-C(1) 1.962(2), Si-Cyetmy (mean)
1.883, Si(6)-Si(1)-Si(2) 111.73(3), Si(3)-Si(2)-Si(1) 115.54(3), Si(4)-Si(3)-Si(2) 113.61(3), Si(5)-Si(4)-Si(3)
111.67(3), Si(4)-Si(5)-Si(6) 114.40(3), Si(5)-Si(6)-Si(1) 112.18(3), O(1)-C(1)-C(2) 119.9(2), O(1)-C(1)-Si(1)
113.2(2), C(2)-C(1)-Si(1) 126.9(2), C(1)-Si(1)-Si(9) 121.78(7), C(1)-Si(1)-Si(6) 102.07(7), C(1)-Si(1)-Si(2)
99.12(7), C-Si-C (mean) 107.6, O(1)-C(1)-C(2)-Si(1) —176.9(3).

Si-Si bond lengths between 2.34 — 2.37 A were olskrthe average Si-Si bond distance of 2.36 A is
typical for Si-Si single bonds in cyclopolysilaffend agrees well with the Si-Si covalent bond lengt
of 2.34 A. The sum of the bond angles around thibarg/l C atom inl6a,bis close to 360° and
reflects the trigonal planar geometry within th&@SEO moiety. Unexceptional carbonyl C=0 bond
lengths of 1.21 and 1.23 A were measufadhile the silicon carbonyl group bond distanced.a
and 1.96 A are considerably elongated relativeh® length of an average Si-Clspond® as
observed earlier for other acyl silariédn order to minimize steric congestion the butkgu or Ad
groups are oriented towards the outside of the cotde which brings the carbonyl oxygen atoms in
16a,bin rather close contact to the endocyclic Si-Sidgystem with non-bonding distances to the
plane defined by Si(1), Si(2) and Si(6) of only®#nd 2.65 A, respectively. This structural feature
will gain importance because it can be used t@matize the unprecedented course of the photolysis

experiments described in the next section of thjzep.
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Figure 3. ?°Si NMR spectrum after photolysis @Bb in CsDg solution with a 150 W mercury lamp

through Pyrex glass for 4h at room temperaturaidioly assignment of the resonance lines.

2.2.3.2 Photolysis of Acylcyclohexasilanes

When the acylsilane$6a,b in ds-benzene solution (€D.07 M) in the absence of any other reactant
were photolyzed witih > 300 nm radiation, yellow solutions were obtaifd¥R analysis performed
after an irradiation time of four hours showed ttvenation of the exocyclic silend¥a,balong with
unreacted starting material. Figure 3 present$’8ieNMR spectrum of the photolysis product derived
from 16b including the assignment of the observed resonéines. The remaining spectra can be
found in the Supporting Informatiof’Si and**C NMR chemical shift data df7a,bare summarized

in Table 1.°C and®°Si NMR signals characteristic of Si=C were obsermedr 215 and 37 ppm,
respectively, while thé’Si signal near 13 ppm is easily assigned to thevi@Sinoiety formed by the
photochemical 1,3-trimethylsilyl shift. These vadumompare reasonably well with those measured for
the acyclic Brook-type silenes (NV&i),Si=C(OSiMe)R (R =t-Bu, Ad)? The'H NMR spectrum of the
photolysis product oi6a contains, in addition to poorly resolved signagéweens 0.2 and 0.6 ppm
for the SiMg and SiMe groups, absorptions at1.26 and 0.96 ppm for the C(gklsubstituents in
16a and17a respectively. By integration of these signalsl@ns/acylsilane ratio of approximately
40:60 could be estimated.
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Table 1.*%C and®Si chemical shift data of silenégaand17b (CsDg solution, vs. ext. TMS, ppm).

R = -Bu (17a) R = 1-Ad (17b)

Bc  si=C 214.39 215.93

-R 42.70, 30.49 45.04, 42.15 36.78, 29.03

-SiMe; 3.27,1.17 3.29, 1.43

-SiMe,-  —0.60, —1.49 —1.66, —2.54 —0.32, —1.43 —1.62, —2.47
¥Si Si=C 37.00 37.45

-OSiMe;  13.16 13.27

-SiMe; —8.79 ~8.69

-SiMe,-  —34.41,-36.81 —37.44,-37.58  —34.68,-36.75 —37.40, —37.48

SiSiy ~132.43 —132.38

8h

ppm

Figure 4. '"H NMR spectrum after photolysis of 16b with a 150 W mercury lamp through Pyrex glass for 0, 4, 6

and 8 h at room temperature.

The interesting observation that it is possiblgéneratel 7a,b photochemically with two competing
chromophores in the acylcyclopolysilane, the cyelasilane moiety and the acyl group, can be
rationalized on the basis of the UV spectral®fand15. While 14 does not absorb above 3002Am
16a,b exhibit weak absorption bands near 370 ara 200 |- mot*- cmi*) which are easily assigned to
the na* transition of the C=0 group in accordance witk therature? Thus, the acyl group ih6 is
selectively excited upon irradiation with 360 nighli while the endocyclie(SiSi) electron system is
not affected which leads to the observed Brook tsgaection course. Further irradiation afforded

increasing amounts of unidentified polymeric decosifion products at the expense bfa,b
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illustrated by the appearance of broad signal ggdypical for polymers containing (SiMep O to

0.6 ppm) and-Bu (Ad) ( 1.0 to 2.0 ppm) groups in tHel NMR spectra of the resulting photolysis
solutions (compare Figure 4). Apparenflya,b are less stable under photolytic conditions than
Brook's open chained compounds presumably as @&goesce of the presence of the cyclohexasilane
cycle. Cyclohexasilanes like ¢8le;, have been shown earlier to undergo silylene exinuand ring
contraction reactions when photolyzed with 254 nghtP® Although experimental evidence is
missing?’ it is not unlikely thatl6a,b exhibit similar reactivity upon irradiation at 3&@ because the
wavelength for the onset of the photoinduced gilglextrusion might be considerably red-shifted due
to conjugation of the exocyclie(Si=C) chromophore with the endocyckgSiSi) system. Thus,
SigMe1, does not absorb light of wavelengths > 270 nm Jenvtiie UV absorption spectra @a,b
show absorption bands at 362 and 302 nm of coratemtensity (Figure 5). It is also interesting t
note that there is no evidence for the presendeadl-to-head dimers arising from 2+2 cycloaddition
reactions ofl7a,b which are the decomposition products of most Briyple silenes such as
(MesSi),Si=C(OSiMe)t-Bu.® This is conclusive because the formation of healdead dimers of
17a,b would cause severe steric strain due to the cwttiecture of the polysilane backbone which
apparently totally inhibits dimerization. Since doners were present in the photolysis mixtures,
attempts were made to crystalliz@a,bfrom the photolysis mixtures obtained after aadration time

of four hours. Removal of solvent in vacuo, howewgave viscous yellow oils which contained

mainly polymeric material of undefined composite@ong with unreacteti6a,h
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Figure 5. UV absorption spectra recorded after irradiatiba solution ofL6b in CsHy, with a 4W 366 nm lamp
(c=5-10°mol- L% t = 0, 5, 30, 50 min).
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As mentioned earlier, solutions of the siled@s,bare yellow. UV absorption spectra recorded after
irradiation of a diluted hydrocarbon solutiond#b with A = 366 nm radiation in a quartz cuvette are
presented in Figure 5. Thguasi-identical spectra obtained fa6a may be found in the Supporting
Information. After an irradiation time of 5 min twabsorption bands appear centerell,gt[(B00 nm
and Amax (860 nm which were not present prior to photoly$ise latter band tailing into the visible
region is easily assigned tatar* transition within the Si=C fragment. Quite remabky it is shifted

to the red by 20 nm with respect to the relatedtlargilenes (MgSi),Si=C(OSiMg)R (R =t-Bu, Ad)
which haven-n* absorptions around 340 nfriThe bathochromic shift of the-n* absorption band
observed forl7a,b very likely might be explained by enhanced confimabetween the endocyclic
o(Si-Si) bond system with the exocyclic Si=C doulilend. The data presented in Figure 5,
furthermore, also reflect the instability df7a,b under photolytic conditions. Upon prolonged
irradiation the intensity of the 300 and the 360 absorption bands decreases until nearly complete
photo bleaching occurs after about 20 min and 50 fori 17a and17b, respectivelyl17b, therefore,
seems to be slightly more stable which is alsoentidrom the relative intensities of the signalshe

NMR spectra of the obtained photolysis solutions.

2.2.3.3 Trapping Experiments

Alcohols are known to be very effective trappingiaig for Brook-type silenésThus, photolysis of
acyltris(trimethylsilyl)silanes in the presenceM#OH to which a trace of weak base such as pyridine
or EgN has been added usually affords the 1,2-addittodyzt across the Si=C double bond with the
RO- group attached to silicon and the alcoholicttdched to carbon (Scheme 2). Earlier work on the
photolysis of acylsilanes has shown that in theeabs of base subsequent acid-catalyzed C-O or Si-O
bond cleavage reactions of the initially formegpiag products occur which leads to the formatibn o
complex mixtures of "solvolysis" productsThe acid catalysts appeared to be byproducts ef th
photolysis reaction. In contrast to the behavioscdbed in Scheme 2 photolysis of the cyclic acyl
silanes16a,b in CD¢/MeOH 2.5 : 1 gave only about 80 % of the adduida,b expected from
trapping of the silene$7a,b which already have been observed in the absentraming reagents.
Rather surprisingly, about 20 % of the cyclosiloa®20a,bwere also obtained which are the trapping
products of the silenei9a,h

M?3SI\A O hy>300nm  MesSi,  OSiMes MeOH Me3S|l OSiMes
MesSi—Si—<& ———— si=( — > MeSi—Si H R = t-Bu, Ad
/ R Me;Si R |

Megsi Me3Si R

Scheme 2Photolysis of acyltris(trimethylsilyl)silanes inetpresence of methanol

These results are presented in Scheme 3 and cleditiate that photochemical rearrangement of
acylcyclohexasilanes to species containing Si=Cb#obonds can occur in two different ways. In

addition to the "normal" Brook-type rearrangemerdliding a 1,3-Si O trimethylsilyl shift to give
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silenes17a,b with exocyclic Si=C bonds (reaction path A) an agedented rearrangement takes
place including ring scission and a 1,3-% dimethylsilyl shift under formation of the ringlarged
silenesl9a,bwith endocyclic Si=C double bonds (reaction pajhlikely the formation ofl9a,bcan

be interpreted as arising from the molecular stmecof the acyl silanes6a,b,because reaction path

B might become a favorable process, due to lashbuteast due the close proximity of the carbonyl
oxygen atom to the adjacent endocyclic Si-Si baidsady mentioned above (compare Figures 1 and
2). Furthermore, it is obvious th&®a,b are not stable under photolytic conditions in &ésence of
trapping reagents because they were not detectied fhotolysis was carried out in pure hydrocarbon

solvents.

Pure 18a and 20a could be isolated from the crude photolysis solutby column chromatography
over silica gel with heptane as an eluant follovisdcrystallization from acetone. Pul8b was
obtained as the less soluble product from the mextwith 20b by repeated crystallization from
acetone. Slightly impure crystals 20b were isolated in low yield from the combined mathguors
after concentration and repeated crystallizatiomfiacetone at —30 °C. Nevertheless, the identity of
the individual adductsl8ab and 20ab was established by NMR and high resolution mass
spectroscopy. Analytical data are summarized irEkgerimental Section, and experimeritalNMR
spectra can be found in the Supporting Informatidhadducts showed nin€Si resonances, in line
with the presence of nine magnetically inequivaklinton atoms. For the six membered cyd8s,b
four signals for the endocyclic SiMgroups between —32 and —41 ppm, two SiMEsonances near
-6 and -9 ppm and one signal for the OSjigmup near +15 ppm were detected. The iso2@ash

by contrast had three SiMsignals between —32 and —44 ppm and one signahéo®SiMe group at
significantly lower field (3+19 ppm.) while three SiMesignals appeared near —8.5 (2 signals) and
-19 ppm. In*C NMR eight lines appear at the high field end teé spectra for the magnetically

nonequivalent methyl groups attached to the endiocsiticon atoms.
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Scheme 3Photolysis of acylcyclohexasilanes 16a,b in trespnce of methanol/ &t
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Figure 6. ORTEP diagram for compouritBb. Thermal ellipsoids are depicted at the 50 % poditya level.
Hydrogen atoms are omitted for clarity. Selecteddbtengths [A] and bond and torsional angles [deigh
estimated standard deviations: Si-Si (mean) 2.862)-O(1) 1.434(3), Si(1)-0(2) 1.679(2), Si(2)-O@p51(2),
Si(1)-C(1) 1.930(3), Si-fethyi (Mean) 1.877, Si(7)-Si(1)-Si(3) 110.14(3), Si(1(8%Si(4) 107.90(3), Si(3)-Si4)-
Si(5) 115.20(4), Si(4)-Si(5)-Si(6) 112.25(3), SKSi(6)-Si(7) 117.05(3), Si(6)-Si(7)-Si(1) 107.56(3)(1)-0(2)-
C(15) 121.7(2), C(1)-O(1)-Si(2) 128.4(2), C-Si-Cemm) 107.8.

Figure 7. ORTEP diagram for compourzDa Thermal ellipsoids are depicted at the 50 % podiba level.
Hydrogen atoms are omitted for clarity. Selecteddotengths [A] and bond and torsional angles [deijh
estimated standard deviations: Si-Si (mean) 2.8%8)-O(1) 1.448(3), Si(4)-0(2) 1.672(2), Si(5)-0Mp57(2),
Si(4)-C(1) 1.929(2), Si-fetnyi (Mmean) 1.879, Si(6)-Si(1)-Si(2) 112.35(3), Si(1(2pSi(3) 119.26(3), Si(2)-
Si(3)-Si(4) 122.98(3), Si(5)-Si(6)-Si(1) 115.00(J)(4)-O(2)-C(23) 124.0(2), C(1)-O(1)-Si(5) 128.4(2-Si-C
(mean) 107.4, Si(1)-Si(6)-Si(5)-O(1) —41.4(1), $iG(4)-C(1)-O(1) 38.0(1).
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Figure 8. ORTEP diagram for compound 20b. Thermal ellipsoids are depicted at the 50 % probability level.
Hydrogen atoms are omitted for clarity. Selected bond lengths [A] and bond and torsional angles [deg] with
estimated standard deviations: Si-Si (mean) 2.361, C(1)-O(1) 1.458(3), Si(1)-O(2) 1.673(2), Si(6)-O(1) 1.654(2),
Si(1)-C(1) 1.925(3), Si-Cemyi (mean) 1.883, Si(1)-Si(2)-Si(3) 123.28(4), Si(2)-Si(3)-Si(4) 120.49(4), Si(3)-
Si(4)-Si(5) 111.26(4), Si(4)-Si(5)-Si(6) 114.57(4), Si(1)-O(2)-C(20) 124.6(2), C(1)-O(1)-Si(6) 128.5(2), C-Si-C
(mean) 107.6, Si(4)-Si(5)-Si(6)-O(1) 44.2(1), Si(2)-Si(1)-C(1)-O(1) —37.9(2).

The molecular structures df8b, 20ab in the solid state as determined by single-cry3tahy
diffraction are presented in Figures 6 — 8 togethigh selected bond distances, bond angles, and
dihedral anglesl8b crystallizes in the monoclinic space group/Pvith the cyclohexasilane ring in
a slightly distorted chair conformation and unexaegl bond lengths and angl&fa,bcrystallize in
the triclinic space group P-1. The eight memberetkriocycle adopts a boatlike conformation. The
most prominent feature of the molecular structufe®0a,bis the position of the endocyclic oxygen
atom, which is oriented towards the center of thg in order to allow an exocyclic arrangement with
minimum steric congestion for the bulky R groupC4t). 20a,b contain two chiral centers. In both
cases one molecule of the S,S and one moleculleeoR{R enantiomer are present in the unit cell,
which are related by an inversion center (compagarg 9). Obviously the diasteromeric species with
R,S and S,R configuration were not formed, becatiserwise a second set of NMR signals should
have been observed.

Figure 9. Unit cell of compound 20a containing one S,S- and R,R enantiomeric pair which can be interconverted
through an inversion centre between the molecules.
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2.2.3.4 Photolysis of Acylbicyclo[2.2.2]octasilanes

In contrast to the behavior described above forattycyclohexasilanek6a,bthe photolysis of the 1-
trimethylacyl-4-(trimethylsilyl)Jdodecamethyl-bicyafP.2.2]octasilane cage2l in a MeOH/GDs
mixture gave rise to the formation of the silenetmaol adduc22 along with polymeric material of
unknown structure, with no evidence for the preseat products derived from photochemically
induced MgSi migration (Scheme 4). When it was photolyzegdure GDe, 21 reacted very slowly to
give unidentified polymeric decomposition producbis finding is not surprising, becau2# does
not contain a MgSi group ino position to the acyl functionality. The Brook-tyde3-SiMe shift

under formation of an exocyclic silene, thus, @y not possible.

//O hv >300 *si o] MeOH Si o
>300 nm = SiMe,: Si
&—Si Si—C =5 | E— | ® = SiMe,; SiMe;
Neo—e7/ \ CeDg c Et;N HC
Bu 2" Bu 7 tBu
Si Si
21 22 OMe

Scheme 4Photolysis of acylbicyclo[2.2.2]octasila@4d in the presence of methanol{Ht

Although pure22 could not be isolated so far from the obtainedlerproduct mixture its structure is
established by NMR and GC-MS analysis. Analyticatadare summarized in the Experimental
Section. GC-MS showed only one volatile produchveitsignal corresponding to the molecular ion at
m/e 594. Due to the presence of nine inequivaldicbs atoms niné°Si resonances were found at
-130.5 §Siy), —43.7, -43.5, -40.5, -37.4 and -36.7 (SjMe5.6 (SiMg), +8.6 (SiOMe) and +18.3
ppm (SiMe)0). Consistent with the proposed structtHeNMR showed a one proton singletsa®.68
ppm HCOMe), a three proton singlet &t3.47 ppm (O€l;), a nine proton singlet & 0.99 ppm
(C(CH3)3) and a poorly resolved signal group&0.18 — 0.32 ppm (Sid;) besides some minor

impurities and some polymeric background.

2.2.4 Conclusion

In summary, we have demonstrated that acylcycldilexees which contain a M8 group ina
position to the acyl substituent upon photolysisengo Brook-type rearrangement reactions to give
products with Si=C double bonds. In contrast to ble@avior of branched open-chain substrates as
studied extensively by Broddt al. in the past, however, we observed the formatfdwo products: a
cyclohexasilane with an exocyclic Si=C double banding from 1,3-Si. O shift of a SiMe group

and a ring enlarged silene with an endocyclic Sidlible bond arising from an unprecedented
rearrangement including ring scission and insertibthe Si=C-O fragment into the cyclohexasilane
ring. The exocyclic product was stable enough towaldetection by NMR and UV absorption
spectroscopy while the less stable endocyclic mbdould only be observed in form of its methanol

adduct. Photolysis experiments involving acylbioy212.2]octasilane cages, furthermore, indicated
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that in the absence ofSiMe; groups exclusively the endocyclic product is attdi Further studies

with the primary aim to isolate related speciesweibthanced stability are currently underway.

2.2.5 Experimental Section

2.2.5.1 General Considerations

All experiments were performed under a nitrogenogphere using standard Schlenk techniques.
Solvents were dried using a column solvent putificasysteni® Commercial K@Bu (97 %), CIC®

Bu (99 %), CICOAd (98 %) were used as purchasefl B9 %) was dried by distillation from solid
KOH, commercial anhydrous MeOH was dried with 3Alecalar sievel4 and15 were synthesized
as previously reported.*H (299.95 MHz) *C (75.43 MHz) and®Si (59.59 MHz) NMR spectra were
recorded on a Varian INOVA 300 spectrometer ipgor CDCE solution and referenced versus TMS
using the internaH-lock signal of the solvent. Mass spectra weregitiner on a HP 5971/A/5890-I
GC/MS coupling (HP 1 capillary column, length 25 miiameter 0.2 mm, 0.33um poly-
dimethylsiloxane) or on a Kratos Profile mass speceter equipped with a solid probe inlet. Infrared
spectra were obtained on a Bruker Alpha-P DiamoriR ASpectrometer from the solid sample.
Melting points were determined using a Buechi 53%aaatus and are uncorrected. Elemental analyses
were carried out on a Hanau Vario Elementar EL egipa. Photolyses were performed by using a
150 W medium pressure mercury lamp (Heraeus TQ. E#Ohple solutions were photolyzed under an
atmosphere of nitrogen in Pyrex Schlenk or NMR sulmemersed in cold water to ensure ambient
sample temperature and to prevent irradiation Vigit of wavelengths. < 300 nm. UV absorption
spectra ofl7a,bwere recorded on a Perkin Elmer Lambda 5 spectenadter irradiation of diluted
cyclohexane solutions df6a,b (c = 5-10° mol- L") with a 4 W 366 nm lamp at room temperature in

quartz cuvettes.

Synthesis of 1-Trimethylacyloctamethyl-1,4,4-tris(ti-methylsilyl)cyclohexasilane (16a)

A solution of15in 20 mL of DME was freshly prepared from 1.743¢0(mmol) ofl4 and 0.37 g (3.3
mmol) of KOBu and slowly added to a solution of 0.40 g (3.3abhnof CICO--Bu in 50 mL of
diethyl ether at —80 °C. Subsequently the mixtuas wtirred for another 30 min at —80 °C, allowed to
warm to room temperature and finally stirred fodiidnal 60 minutes. After aqueous work up with
100 mL of 3 % sulfuric acid the organic layer waparated, dried over B&O, and the solvents were
stripped off with a rotary evaporator. Drying incu® (0.02 mbar) and crystallization from acetone
solution by slow evaporation of the solvent at raemperature afforded 1.37 g (77 %) of analytically

purel6aas colorless crystals.

mp: 159 - 161 °C. Anal. Found: C, 44.15; H, 9.82Calc. for C22H600Si9: C, 45.52; H, 10.19 %.
2Si-NMR (CDs, TMS, ppm): -7.77, —8.62, —11.55Kle;); —-37.04, —-38.02 YMe,); —71.86
(SCOtBu); —131.46 G(SiMes),). *C-NMR (C:Ds, TMS, ppm): 245.41 (§i=0); 48.77 C(CHy)y);
24.75 (CCHg)g), 3.75, 3.70, 2.55 (m:(Hg)g), -0.74, -0.87, —2.20, —-2.26 (Sleg)g) 1H'NMR (C6D6,
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TMS, ppm, rel. Int.): 0.96 (9H, s, CKg);); 0.50, 0.36, 0.35, (6H each, s, Silf),); 0.32 (15H, s,
Si(CH3), + Si(CHs)3); 0.29, 0.28 (9H each, s, SKE). IR (neat):v(C=0) = 1623 (m) cim UV

absorption (hexane solutiorf); 367 nm ¢ = 190-mot-cni®), absorption shoulder at 255 nim €

11000- mot-cm?). HRMS: calc. for [C22H600Si9] (M"): 592.2568; found: 592.2603.

Synthesis of 1-Adamantylcarbonyloctamethyl-1,4,4-ts(trimethylsilyl)cyclohexasilane (16b)

The procedure followed was that used I6a with 2.91 g (5.0 mmol) ofi4, 0.62 g (5.5 mmol) of
KOtBu and 0.99 g (5.0 mmol) of CICOAd. Yield: 2.0260(%) of analytically puré&6b as colorless

crystals.

mp: 148 - 151 °C. Anal. Found: C, 49.91; H, 9.72Calc. for C28H660Si9: C, 50.07; H, 9.91 %.
Si-NMR (CDCk, TMS, ppm): -7.60, —8.30, —10.9Kle;); —36.80, —37.96 $Me,); —72.06
(SCOAd); —131.32 §(SiMes),). *C-NMR (CDCk, TMS, ppm): 248.22 (8=0); 51.50 (ACCO);
36.99, 36.69 (Ad=H,); 28.03 (AdCH); 3.86, 3.83, 2.83 (SWH3)3); —0.69, —-0.92, -1.68, -2.01
(Si(CHs),). *H-NMR (CDClL, TMS, ppm, rel. Int.): 2.06 (3H, b, AdHD; 1.72, 1.67 (6H each, b, Ad-
CH,), 0.35, 0.30 (6H each, s, SKg),); 0.28, 0.25 (15H each, s, SHg); + Si(CH3),); 0.23 (9H, s,
Si(CHs)3). IR (neat):v(C=0) = 1621 (m) cm UV absorption (hexane solutiorf)j 371 nm ¢, =
200-mof'-cm?), absorption shoulder at 250 nme, (= 12000-mot-cm?). HRMS: calc. for
[C28H660SI9]" (M™): 670.3037; found: 670.3065.

Photolysis of 16a,b in hydrocarbon solution

A solution of 0.05 mmol of the acylsilan&éaor 16b in 0.7 mL of @-benzene in an NMR tube was
photolyzed with a 150 W mercury lamp at 25 °C foh.4At this time'H- and *Si-NMR analysis
showed the formation of the silengsa or 17b, respectively, along with unreacted starting mater
For 16a/l7aa silene:acylsilane ratio of approximately 40:60the resulting yellow solution was
estimated by integration of the Gfg); signals in theH NMR spectra. Further irradiation afforded
increasing amounts of polymeric decomposition potglat the expense t&¥a,h Attempted removal

of the solvent in vacuo after an irradiation time4ohours also gave rise to extensive product

decomposition.

17a #Si-NMR (GDs, TMS, ppm): 37.00 $=C), 13.16 (GMe;), -8.79 (SiGMe,),), —34.41,
-36.81, —37.44, -37.5&8Me,), —132.43 H(SiMe;),). **C-NMR (CGDgs, TMS, ppm): 214.39 (SiB),
42.70 C(CHg)3), 30.49 (CCH3)3), 3.27 (Si(SiCH3)3),), 1.17 (OSIiCHa)3), —0.60, —1.49, -1.66, —2.54
(Si(CH3)2). "H-NMR (CgDg, TMS, ppm, rel. Int.): 1.26 (s, CKG)s); 0.55 - 0.28, (several overlapping
signals, Si(Ely)).

17b ®Si-NMR (G:Ds, TMS, ppm): 37.45 §=C), 13.27 (GiMes), -8.69 (SifiMes),), —34.68,
-36.75, —37.40, —37.4&(Me,), —132.38 H(SiMey),). *C-NMR (CsDs, TMS, ppm): 215.93 (SE),
45.04, 42.15, 36.78, 29.03 (AT} 3.29 (Si(SiCH3)s)s), 1.43 (OSIi(CH),), —0.32, -1.43, -1.62, —2.47
(Si(CHs),). 'H-NMR (CsDs, TMS, ppm, rel. Int.): 1.98 (b, Ad#d); 1.89, 1.65 (b, Ad-8,); 0.57 -
0.29 (several overlapping signals, Sig}).
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Photolysis of 16a/Methanol

A solution of 0.50 g (0.84 mmol) df6aand 3 drops of anhydrous;Btin 5 mL of benzene and 2 mL
of methanol was photolyzed with a 150 W mercurydaat 25 °C over 10 h. At this time NMR
analysis showed that the starting material had bmsnpletely consumed. After removal of the
volatile components on a rotary evaporator 20 miperfitane were added and the resulting solution
was filtered over silica gel. Evaporation of pemtafforded 0.46 g of a semi solid residue contginin
approximately 80 % ofi8a and 20 % of20a Pure and colorless crystals a and 20a could be
isolated from the crude product by column chromatply (heptane, silica gel) followed by

crystallization of the individual components frooetone at —30 °C.

18a Yield: 0.1 g (20 %). mp: 124 - 127 °&Si-NMR (CGDs, TMS, ppm): 16.13, 14.9550Me,
OSMe;); —6.49, -9.23 (SHMe;),); —33.06, —33.23, —39.57, —41.09le,); —132.22 S(SiMey),).
¥3C-NMR (GsDs, TMS, ppm): 80.12QH(t-Bu)OSi); 53.40 (@H,); 35.07 CCHa)s); 28.33 (CCHa)a);
3.96, 3.92, 0.85 (SiHs)s); —0.25, -0.54, —-1.34, -1.54, —-3.02, —-3.15, —-3.23,81 (SiCH3),). *H-
NMR (CsDs, TMS, ppm, rel. Int.): 3.55 (1H, s,HGt-Bu)OSi)); 3.28 (3H, s, 0B;); 0.93 (s, 9H,
C(CHs)3); 0.55, 0.47, 0.41, 0.405, 0.37, 0.31, 0.30, @28 each, s, Si(8:),); 0.35, 0.345, 0.252 (9H
each, s, Si(B5);). HRMS: calc. for [C23H6402Si8](M*): 624.2830; found: 624.2814.

20a Yield: 0.05g (10 %). mp: 136 - 138 °@Si-NMR (CDs, TMS, ppm): 19.61, 16.78 @Me,,

SOMe); -8.41, -8.45 (S§Mey),); —19.67 (MeOSHMes); —32.25, —41.54, —43.15Me,); —130.64
(S(SiMey),). *C-NMR (C:Dg, TMS, ppm): 80.96 (OHSit-Bu); 53.39 (QCH;); 34.61 CCH,)s); 28.92
(CCHy)s); 3.72, 3.54, 1.48 (SiHa)s); 3.22, -0.10, -1.105, -1.11, -1.50, -2.10, -2.78,11
(Si(CHs),). *H-NMR (CsDs, TMS, ppm, rel. Int.): 3.55 (1H, s, ®{Sit-Bu); 3.28 (3H, s, O8,); 0.93
(s, 9H, C(®3)3); 0.55, 0.47, 0.41, 0.405, 0.37, 0.31, 0.30, (&8 each, s, Si(8s),); 0.35, 0.345,
0.25 (9H each, s, Sif€)s). HRMS: calc. for [C23H6402Si8](M*): 624.2830; found: 624.2855.

Photolysis of 16b/Methanol

A solution of 0.40 g (0.60 mmol) dféb and 3 drops of anhydrous;Btin 5 mL of benzene and 2 mL
of methanol was photolyzed at 25 °C with a 150 Wamey lamp over 10 h. At this time NMR
analysis showed that the starting material had bmmnpletely consumed. After removal of the
volatile components on a rotary evaporator 20 miperitane were added and the resulting solution
was filtered over silica gel. Evaporation of pemtafforded 0.38 g of a semi solid residue contginin
approximately 80 % o18b and 20 % of20b. Small amounts of pure and colorless crystald 8§
could be isolated as the less soluble product affeeated recrystallization from acetone solution.
White crystals of slightly impur@0b were isolated in low yield from the combined matliquors

after concentration and repeated crystallizatiomfacetone at —30 °C.

18b: mp: 186 - 188 °C**Si-NMR (CDCk, TMS, ppm): 16.26, 14.850Me, C8Me;); —6.06, —9.08
(Si(SMes),); —32.55, —32.74, —39.23, —40.68le,); -131.93 §(SiMey),). *C-NMR (CDCk, TMS,
ppm): 81.45 CH(Ad)OSi), 53.50 (@H,); 40.87, 37.15, 37.10, 28.66 (Ad); 4.10, 4.07,61.0
(Si(CHa)s); -0.13, -0.57, -1.38, -1.53, -2.82, —2.93, -3.28,94 (SiCH3),). 'H-NMR (CDCl,
TMS, ppm, rel. Int.): 3.74 (1H, s,HEAd)OSI); 3.37 (3H, s, OB,); 1.99 (3H, b, Ad-El), 1.7- 1.5
(12H, b, Ad-CH,); 0.35 (3H, s, Si(83),), 0.30 (6H, b, Si(E3),); 0.27, 0.25 (3H each, s, SKk),);
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0.26 (15H, s, Si(B); + Si(CHa).); 0.22 (12H, s, Si(Ba); + Si(QHa),); 0.125 (9H, s, Si(H)s).
HRMS: calc. for [C29H7002Si9](M™): 702.3300; found: 702.3335.

20b: ?°Si-NMR (CDCk, TMS, ppm): 19.30, 16.69 @Me, SOMe); —8.37, —8.45 (SHMey),);
-19.74 (MeOSEMe;); —-32.23, -41.36, —42.939Me,); —130.52 6(SiMey),). *C-NMR (CDCE,
TMS, ppm): 81.85 (FH(Ad)OSi); 53.66 (CH-); 41.30, 37.00, 36.72, 28.63 (Ad); 3.83, 3.6211.8
(Si(CHa)3); 3.62, —0.02, -1.05, —1.14, —1.38, -2.15, —2:8894 (SiCH,),). *H-NMR (CDCk, TMS,
ppm, rel. Int.): 3.47 (1H, s, |{O)Ad); 3.41 (3H, s, O8,); 1.97 (3H, b, Ad-El); 1.7 — 1.4 (12H, b,
Ad-CH,); 0.38, 0.31, 0.27, 0.20, 0.17 (3H each, s, Big); 0.25 (6H, b, Si(Els),); 0.28, 0.26 (9H
each, s, Si(85)s3), 0.24 (12H, s, Si(Bs) + Si(CHs)3). HRMS: calc. for [C29H7002Si9] (M™):
702.3300; found: 702.3348.

Photolysis of 1-Trimethylacyl-4-(trimethylsilyl)dodeca-methylbicyclo[2.2.2]octasilane (21) in
Methanol

A solution of 40 mg (0.071 mmol) &1 and 3 drops of anhydrous;Btin 0.3 mL of benzene and 0.3
mL of methanol in an NMR tube was photolyzed with5® W mercury lamp at 25 °C for 10 h. At
this time NMR and GC-MS analysis showed the fororatof methanol adduc22. Attempted
purification by crystallization of the oily cruderquluct obtained after evaporation of the solvents

failed to yield a crystalline solid.

#Si-NMR (CDCk, TMS, ppm): 18.35 (SMe,), 8.63 G§OMe), -5.65 GMe;); —36.71, —37.38,
-40.48, -43.54, -43.78(Me,); —130.53 GSi,). *C-NMR (CDCkL, TMS, ppm): 76.31CH(O)t-Bu);
54.53 (ACH3); 35.50 C(CHa)s); 28.17 (CCH3)3), 3.82 (SiCHa)3), 3.75, —0.05, —-0.25, -0.36, —-0.66,
-1.08, —-1.48, -1.68, -2.23, —-3.32, —3.85, —-4.07GB%),). '"H-NMR (CDCl, TMS, ppm, rel. Int.):
3.68 (1H, s, EI(O)tBu); 3.47 (3H, s, O8y); 0.99 (9H, s, C(65)3); 0.32, 0.30, 0.29, 0.27, 0.24, 0.18
(3H ea.Ch, S, S|(Bg)2), 0.31 (6H, S, S|(Eg)3 + S|(O‘|3)2), 0.28 (9H, S, S|(83)3 + S|(O‘|3)2), 0.26
(12H, s, Si(®l3); + Si(CHs),). MS (m/e (relative intensity)): 594 (0.7 %, M

2.2.5.2 X-ray Crystallography:

For X-ray structure analysis suitable crystals waminted onto the tip of glass fibres using mineral
oil. Data collection was performed on a Bruker Kagjpex Il CCD diffractometer at 100 K using
graphite-monochromated MooK(A = 0.71073A) radiation. Details of the crystal datad structure
refinement are provided as Supporting Informatibhe SHELX version 6.1 program package was
used for the structure solution and refinemiemtbsorption corrections were applied using the
SADABS progrant? All non-hydrogen atoms were refined with anisoitogisplacement parameters.
Hydrogen atoms were included in the refinementatuated positions using a riding model as
implemented in the SHELXTL program. Crystallograptiata (excluding structure factors) have been
deposited with the Cambridge Crystallographic Daémtre as supplementary publications CCDC-
964365(16a) CCDC-96436616b), CCDC-96436718b), CCDC-96436820a) and CCDC-964369
(20b). Copies of the data can be obtained free of changepplication to The Director, CCDC, 12
Union Road, Cambridge CB2 1EZ, UK (fax (internaty44-1223/336-033; e-mail

deposit@ccdc.cam.ac.uk
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2.3.1 Abstract

In the present study we have examined photochentieaisformations of acylcyclohexasilanes
(MesSi),SisMe;(MesSi)COR (1) with aromatic substituents attached to the carb@gatom. When
photolyzed at wavelengths above 300 nm in hydramarkolvents,la-c (a: R = o-Tol; b: 2,3-
Me,CgHs; c: 2,4-MeC¢H3) afforded the previously unknown eight-memberetétoeyclopolysilanes
3a-c which feature endocyclic Si=C double bonds witmaekable selectivity. If two ortho-alkyl
groups are present at the aromatic ring the primpesglucts of typ& (d: R = Mes;e: 1,6-MeCgHj; f:
2,4,64Pr;CgHy) are photochemically unstable and undergo intramdér C-H bond addition reactions
of a ortho-CH; group to the Si=C double, which leads to the fdromaof spirobenzocyclobutenes.
When photolysis was performed in the presence dhamel, the expected 1,2-addition products
(compound4) of the Si=C double bond were obtained quantigdyivn all cases4a (R =o-Tol) and

4b (R = Mes) were isolated by crystallization fronetame and fully characterized spectroscopically
and by single-crystal X-ray crystallography. Instiregly 4b was obtained as an isomeric mixture
arising fromsyn andanti addition of methanol to the endocyclic Si=C bonklilev exclusively syn

addition was observed in the caselaf
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2.3.2 Introduction

Silenes with double bonds between one silicon ams @arbon atom were considered unstable and
only existent in reactive intermediates until Broekorted on the isolation of the first stablersen
1981 Brook photolyzed acylpolysilanes (Mg&);SiC(R)=0 (R = alkyl) and observed the formation of
silicon-carbon unsaturated species {8IpSi=C(OSiMe)R, which were stable at room temperature if
bulky groups such as l-adamantyl substituents \w#sehed to the carbonyl C atom. Alternative
approaches to stable silenes published since thelude intramolecular salt elimination of
lithiofluorosilanes’ the Sila-Peterson reaction of ketones with alkadtahsilanideSand the reaction

of lithium silenolates with chlorosilanes;®CI* In addition, more specialized methods have been
used for the synthesis of complex molecules suctstable 1-silaallenessilaaromatics, metal-
substituted or charged silefiesr heteroatom substituted silene speliBmwadays the literature
contains numerous experimental and theoreticaliegufbcused on the topic, hence, extensive
knowledge exists on the synthesis and reactivitgtable silenes and also on the nature of the Si=C
double bond itselft.

So far, only selected examples of stable Si=C-bdnsleecies that feature Si-Si bonds and the
unsaturated silicon atom incorporated into cyclicucures have been synthesized and fully
characterized In our laboratories we currently investigate cyebdsilanes that contain multiply
bonded silicon atoms. In the course of these studiee discovered that the photochemical
rearrangement of acylcyclohexasilanes with bulkigylalgroups, such 1l-adamantyl substituents,
attached to the carbonyl C atom leads to the foomaif species containing Si=C double bonds and
follows two competing pathways (compare Schemdésides a "normal” Brook-type rearrangement
including a 1,3-Si O trimethylsilyl shift that gives the methyleneayaexasilan& (reaction path A)
the ring enlarged speci@was generated by photochemically induced ringsgmisand subsequent
1,3-Si- O migration of the resulting terminal SiMgroup (reaction path B). HoweveéX,and3 were
not stable under the applied photolytical condidioWherea® could be detected directly by NMR
and UV/Vis spectroscopy in a mixture with unreacteatting material and polymeric by-produ@g,

was only observed in form of its methanol adddct.
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Scheme 1Photolysis of alkyl substituted acylcyclohexasdan

More recently we reported on the synthesis and ftkelation of the first stable
methylenecyclohexasilan2b, which is stabilized by a mesityl group at the €p atom, using a
different approacf¥ In the present study we have examined photochémnizesformations of various
aryl-substituted acylcyclohexasilanes, which shoveedprisingly different reactivity patterns. A
Proper choice of the substituents attached tontwatic ring, thus, enabled the selective synthefsis
stable endocyclic silenes of ty@ewhich represent, to the best of our knowledge,fits¢ directly

observed examples for cyclopolysilanes with endiecygi=C double bonds.
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2.3.3 Results and Discussion

2.3.3.1 Synthesis of Acylcyclohexasilanes
The acylcyclohexasilaneka-f, which have different substitution patterns of #rematic ring, were
synthesized easily according to Scheme 2 by udiagdard procedures that had previously been

applied for the successful preparation of the aflerivativelg.™

o)

\\
LN o« K o [S—R
Si Si Si
KOtBu RCOCI
I: I - Me,SiOtBu I :I -Kcl I: I
Si Si Si
o« Do o Do « Do

1a: R = o-tolyl 1b: R = 2,3-dimethylphenyl
1c: R =2,4-dimethylphenyl 1d: R = mesityl
1e: R = 2,6-dimethylphenyl 1f: R =2,4,6-
triisopropylphenyl 1g: R = 1-adamantyl

® = SiMe,; SiMe,

Scheme 2Synthesis of acylcyclohexasilanes.

The air-stable target compounds were isolated ideraie to good yields after crystallization from
acetone solution as slightly yellow crystals. Ih alses, the analytical and spectroscopic data (for
details consult the Experimental Section) are &best with the proposed structures and with

literature data of related compourids.

2.3.3.2 Photolysis of 1la-c

The photolysis ofia-c in hydrocarbon solution afforded the endocycliarrangement produca-c
with remarkable selectivity (Scheme 3). After ingttbn of approximately 0.2 M solutions d&-cin
CsDs at wavelengths > 300 nm radiation for 30 min th&rteng materials had been consumed
completely. °*C- and *°Si NMR spectra of the resulting deeply yellow swolog showed signals
characteristic of Si=C bonds near 200 and 49 ppspeactively, whereas the signals of the SiC=0
moiety near 240 and —67 ppm have vanished. Theaulalestructures oBa-c were unambiguously
assigned byH-, **C- and®Si-NMR spectroscopy (see Experimental Section)aAxample, Figure

1 presents th&’Si NMR spectrum of the photolysis product &, including the assignment of the
observed resonance lines. Residual NMR spectrairenleded in the Supporting Information.
Furthermore, 3a-c showed extraordinary photochemical stability aitérdlly unchanged NMR

spectra, even after prolonged photolysis times.
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Figure 1.2°Si NMR spectrum recorded after photolysislaf(CsDs solution, ¢ = 0.2 mdI'’, T = 25 °C) with a
600 W mercury lamp through Pyrex glass for 30 miiuding assignment of the resonance lines.

Compounds3a-c were obtained along with small amounts of a stmadly closely related by-product
of unknown constitution, as indicated by the apaeee of additional NMR signals. Unfortunately,
pure3a-c could not be isolated from these mixtures, becafiskeir reluctance to crystallize. F8a,
integration of théH spectra recorded in fPtoluene (with the residual solvent peakdat 2.08 ppm

as an internal standard) exhibited a constant sitienatio of standard and product peaks before and
after photolysis. However, attempts to estimate yted of 3a from the 'H-NMR spectra were
unsuccessful, because significant signal overlapegorted the assignment of individual signals to the

product or by-product especially in the Si-Me regio

The mechanism of the photolysis reaction proposeficheme 3 was supported further by trapping
experiments. For instance, wha dissolved in @Dg was photolyzed for 60 min in the presence of
MeOH, to which a trace amount of weak base suglyadine or E{N had been addédthe expected
1,2-addition product of the Si=C double boAd was obtained quantitatively. Puda could be

isolated by crystallization from acetone and fuharacterized spectroscopically and by single afyst
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X-ray crystallography. The analytical and structutata are unexceptional and compare excellently

with the ones measured earlier for the correspanaitamantyl derivative.

As mentioned earlier, solutions of the sile@asc are yellow.3a showed an intense UV absorption
band af\,.x = 360 nm £ = 12200). It is considerably red-shifted relativehe corresponding bands in
the spectra of the acyclic silene (}88,Si=C(OSiM&)Ad (A = 340 nm,e = 7400} and of the
endocyclic silene [-TigBi-TipSi=C(Ad)-O-] Qumex = 354 Nm)'*® Furthermore3a an absorption band
with nearly identical wavelength and intensity las bongest wavelength absorption band observed in
the UV/Vis spectrum of the methylenecyclohexasilahd\ ., = 364 nmg = 16500)** On the Basis

of time-dependent DFT calculations performed eaftie 2b, the great similarity of the absorption
data of both compounds suggest an identical assighwf the low energy absorption band to a

Tsi=c—T* ary transition.

Although pure3a-ccould not be isolated, because they did not ditiathe fact that they are formed
with surprising selectivity is certainly of intetebecause it contrasts with the outcome of owipuss
photolysis experiments involving alkyl substitutadylcyclohexasilanes such &g, which afforded
mixtures of theexo- and theendo-cyclic rearrangement products under the same tondi The
presence of aromatic substituents at the carbongkdin apparently favors reaction path B over
reaction path A to a large extent (compare Schejnehlch very likely can be attributed to the

electronic impact of the aromattesystem.

2.3.3.3 Photolysis of 1d-f

As depicted in Scheme 4, acylcyclohexasilanes with ortho-alkyl groups at the aromatic ring
exhibit a photochemical significantly different gbochemical reactivity relative tba-c Irradiation of
hydrocarbon solutions dfd,efor 30 min afforded mixtures of the silen&s,ewith unreacted starting
material in an approximate molar ratio of 1.3, s&lenced by the growth of the appropriate sets of
new NMR signals (in particular’aC signal near 245 ppm andsi signal near 42 ppm) characteristic
of the sp-hybridized carbon and silicon atoms. During prgjed irradiation of the resulting solutions,
additional products of unknown composition wereedtd, which is illustrated by the increased
complexity of the NMR spectra. Figure 2 shows 48 NMR spectrum ofild after 0,30, and 70 min
of irradiation. Whereas after 30 min only the remwes characteristic dfd and 3d were detected
(Figure 2B) the spectrum recorded after 70min (FEgRC) showed several additional signals of

unknown origin.le behaved similarly (see Supporting Information).
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Figure 2.%°Si NMR spectrum recorded after photolysisldf(CsDg solution, ¢ = 0.2 mdl™*, T = 25 °C) with a
600 W mercury lamp through Pyrex glass for (A) @n¢B) 30 min and (C) 70 min.
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Scheme 4Photolysis ofld,e
In previous studies, acyclic mesityl-substitutedod¢type silenes were found to undergo
photochemically induced addition reactions of a ®#thd of a mesityl ortho-CHyroup to the Si=C
double bond under formation of substituted benziotydenes: Based on the observation that NMR
signals typical for Si-H groupss'H = [B.8 ppm:;52°Si = 0 -55 ppm) appear upon the extended

photolysis ofld,ea similar mechanism may be operative in this easeell (compare Scheme 4). The
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initially formed silenes3d,e are photolytically unstable and react further iseegomplex mixtures of
photolysis products possibly including spirobenzbalgutenes which cannot be isolated. This
assumption is perfectly in line with the outcomepbibtolysis experiments involving the sterically
more encumbered acylcyclohexasildiieas the starting material. In this case the phetslyeaction
proceeded much smoother and after an irradiatroa tf 30 min the spirobenzocyclobuteseewas
obtained with high selectivity and could be isothby crystallization from acetone and characterized
by the usual analytical methods (for data and asségmt consult the Experimental Section). From this
point of view the higher photochemical stability3a-cis also conclusive, because it seems likely that
the molecules adopt structures with a remote positif theortho-CH; group relative to the Si=C
moiety in order to minimize steric congestion. Beswa severely restricted rotation around thg-C
Cary bond can be assumed also in solution C-H addisiamt possible irBa-c for steric reasons. In
3d-f, on the contrary, one of the tvantho-alkyl groups is placed adjacent to the Si=C boriiciv
apparently favors the formation of the spirobenztatyutene photolysis product. Neverthel@sk
could be trapped effectively with MeOHBt Photolysis ofld in CsDg/MeOH/EEN for 90 min
exclusively afforded the expected addition prodicivithout any indication for the formation 6&
Thus, methanol O-H addition to the Si=C bond oceough faster than the intramolecular addition of
a methyl C-H bond which already had been observaediee for acyclic mesitylsilenes
R,Si=C(OSiMe)Mes*?

It is interesting to note thdtb is obtained as an isomeric mixture arising frgm- andanti-addition

of methanol to the endocyclic Si=C bond while egolaly syn-addition was observed, whéda was
photolyzed under identical conditions. Th&NMR spectrum of the crude photolysis product ki
from 1d contains, in addition to the signals for the;Bie, Me,Si- and mesityl groups, absorptionsiat
5.25 and 3.46 ppm and at 4.90 and 3.28 ppm forHhend OMe substituents attached to the 8-
membered ring iiZ- andE-4b, respectively. By integration of these signalatorof syn:anti-addition

of approximately 3:1 was estimated. Both isomersldcde separated by preparative TLC and
completely characterized including single crystalray crystallography> To the best of our
knowledge this is the first example for the suclidsseparation of cyclopolysilan&E geometrical

isomers.

2.3.4 X-ray Crystallography

Crystals suitable for single crystal X-ray struetagletermination could be obtained #fa, Z- andE-4b
and5a The obtained molecular structures are depictdeignres 3 — 6, selected bond lengths, bond

angles and dihedral angles4af and4b are summarized in Table 1
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Figure 3. ORTEP diagram for compounth (R,R-isomer). Thermal ellipsoids are depictedhat 50 % pro-
bability level. Hydrogen atoms are omitted for thar

Figure 4. ORTEP diagram for compound E-4b (R,S-isomer).rifia¢ ellipsoids are depicted at the 50 % pro-
bability level. Hydrogen atoms are omitted for thar

Figure 5. ORTEP diagram for compound 4t (R,R-isomer). The crystals contain two independeatecules
(Z-4b, Z-4b'") in the asymmetric unif Thermal ellipsoids are depicted at the 50 % priibakevel. Hydrogen
atoms are omitted for clarity.
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Table 1.Endocyclic bond lengths d (A), bond angle@leg) and selected torsional anddesleq) for

compoundsgla,b

d(Sisi)

d(CO)
d(SiO)
d(SiC)

a(SiSiSi)
a(SiSiO)
a(SiOC)
a(OCSi)
a(CSiSi)
0(Si-C-
Car‘Car)
0(Si-C-
Car'Carl)

4a E-4b Z-4b Z-4n'
2.345-2.363 2.339-2.363 2.340-2.373 2.313-2.355
(2.36 mean) (2.35mean) (2.36 mean) (2.34 mean)
1.449(4) 1,458(3) 1.440(3) 1.448(3)
1.651(2) 1,666(1) 1.670(2) 1.638(4)
1.910(3) 1,918(2) 1.921(2) 1.928(2)
111.0-123.7 112.4-119.5 111.4-119.1 110.7-120.1
(117 mean) (114 mean) (115 mean) (115 mean)
104.6(1) 103.8(1) 101.8(1) 103.5(2)
121.9(2) 123.7(2) 123.6(1) 128.7(2)
104.6(2) 107.6(1) 109.0(2) 109.5(1)
112.0(2) 104.0(2) 109.2(3) 109.6(4)
-70.6(4) 77.3(2) -84.6(3) -83.2(2)
107.6(3) -107.7(2) 92.4(2) 94.4(2)

Figure 6. ORTEP diagram for compoun8a (R,S-isomer). Thermal ellipsoids are depicted @@ 50 %
probability level. Hydrogen atoms are omitted fdarity. Selected bond lengths (A) and bond andidoed
angles (deg) with estimated standard deviationsSi§mean) 2.357, Si(1)-C(1) 1.936(1), C(1)-O(133l.(2),
Si(6)-O(1) 1.658(1), C(1)-C(14) 1.635(2), C(14)-L@516(2), C(7)-C(2) 1.382(1), C(2)-C(1) 1.526(3)(1)-
Si(2)-Si(3) 113.35(2), Si(2)-Si(3)-Si(4) 120.31(3)(3)-Si(4)-Si(5) 111.80(2), Si(4)-Si(5)-Si(6) 118(2), Si(5)-
Si(6)-O(1) 110.58(4), Si(6)-O(1)-C(1) 138.13(8),1pL(1)-Si(1) 105.08(7), C(1)-Si(1)-Si(2) 116.89(&)Y14)-
C(1)-C(2) 84.92(8), C(1)-C(2)-C(7) 94.50(9), C(2)7>C(14) 94.8(1), C(7)-C(14)-C(1) 85.36(9), Si@y1)-
C(2)-C(3) —65.3(2), Si(1)-C(1)-C(2)-C(7) 108.95(8)1)-C(2)-C(7)-C(14) 5.5(1).
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4a, 5a and E4b crystallize in the monoclinic space group2,/n and Cc, respectively. Zb
crystallizes in the orthorhombic space groupsa2; with two independent molecules in the
asymmetric unit which comprise insignificantly @ifént structural parameters The eight membered
heterocycles adopt puckered conformations with cegttonal Si-Si distances between 2.32 and 2.38
A and slightly enlarged endocyclic Si-Si-Si angtésl10.7 — 123.7°. The Si-O distances measured
between 1.64 — 1.67 A are close to the average [8#@ length of 1.63 A in compounds containing a
tetracoordinate Si bound to a dicoordinate O dtdrithe geometry around the endocyclic Si atoms is
approximately tetrahedral. In all structures thdaayclic oxygen atom is oriented towards the center
of the ring in order to minimize steric congestitmthe structures af- andE-4b the bulky mesityl
group at the endocyclic C atom occupies an equétpasition while the structure dfa exhibits the
sterically less demanding o-tolyl substituent inaadal position. Also for steric reasons the plaife
the aromatic rings are arranged roughly perpenaicwith respect to the adjacent endocyclic Si-C
bonds with torsion angles,G-Cay-C-Si of 71 - 85°. A similar arrangement was obedrvor the
benzocyclobutene moiety Ba (Si(1)-C(1)-C(2)-C(3) = —65.3°) which is approxitely planar and
contains a slightly distorted cyclobutene ring watlsignificantly elongated C(1)-C(14) bond of 1.63
A. Two chiral centers are present in the 8-membéetdrocyclesta,b and5a. In all structures the
unit cells contain two enantiomeric paiiS§ RR for 4a andZ-4b andR,S, SR for E-4b and 53).
Interestingly the corresponding diasteromeric sgeaiere not formed as indicated by the lack of a

second set of NMR signals.

2.3.5 Conclusion

In conclusion, it has been found that the courgghotochemically induced Brook type rearrangement
reactions of acylcyclohexasilanes is significantifluenced by the nature of the substituent group
attached to the carbonyl C atom. It has been deimated before, that alkyl substituted substrates,
when irradiated withh > 300 nm radiation, afford photolytically labileixtures of six- and eight
membered cyclopolysilanes with exo- and endocy8i®C double bonds formed by two competing
reaction mechanisms. In this study we were able skmw, that bulky aryl substituted
acylcyclohexasilanes, under the same conditiordusixely undergo ring scission adjacent to the Si-
C=0 group followed by 1,3-SiO migration of the resulting terminal SiMgroup to give the ring
enlarged product with an endocyclic Si=C bond. élthh the resulting endocyclic silenes could be
isolated just in <95% purity because of their losndency to crystallize they are photolytically
remarkably stable when only one ortho-£droup is attached to the aromatic ring. In thespnce of
two ortho-methyl groups the primarily formed enddoy silenes rearrange further by the
photolytically induced C-H addition to the Si=C dd®& bond under formation of substituted
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spirobenzocyclobutenes. Follow-up studies withgtimary aim to generalize the observed reactivity

pattern and to isolate related species in a pate are currently underway.

2.3.6 Experimental Section

2.3.6.1 General Considerations

All experiments were performed under a nitrogenosiphere using standard Schlenk techniques.
Solvents were dried using a column solvent putiiicasysten® Commercial K@Bu (97 %) and acid
chlorides CICOR were used as purchaseegN E99 %) was dried by distillation from solid KOH,
commercial anhydrous MeOH was dried with 3A molacsieve!H (299.95 MHz),°C (75.43 MHz)
and®Si (59.59 MHz) NMR spectra were recorded on a \fretdOVA 300 spectrometer ingDg or
CDCl; solution and referenced versus TMS using the nialefH-lock signal of the solvent.
(Me;Si);SigMeg(SiMes), and (MeSi),SisMeg(SiMe;)K™ were synthesized according to published
procedures. HRMS spectra were run on a Kratos |IBrafass spectrometer. Infrared spectra were
obtained on a Bruker Alpha-P Diamond ATR Spectremétom the solid sample. Melting points
were determined using a Buechi 535 apparatus andrarorrected. Elemental analyses were carried
out on a Hanau Vario Elementar EL apparatus. Pyggelwere performed by using a 500 W medium
pressure mercury lamp (Original HANAU). Sample siolus were photolyzed under an atmosphere of
nitrogen in Pyrex Schlenk tubes immersed in coltewt ensure ambient sample temperature and to
prevent irradiation with light of wavelengtiis< 300 nm. UV absorption spectra were recorded on a
Perkin Elmer Lambda 5 spectrometer. Preparative WaS performed on SIL G-200 Yy TLC
plates from Macherey-Nagel with heptane (ChromaBahe for HPLC, 99%) as the eluent.

Synthesis of 1-Acyloctamethyl-1,4,4-tris(trimethylgyl)cyclohexasilaneg(1a-f)

A solution of (MeSi),SisMeg(SiMez)K in 20 mL of DME was freshly prepared from 3.00(%16
mmol) of (M&Si),SisMeg(SiMes), and 0.64 g (5.67 mmol) of KiBu and slowly added to a solution of
5.67 mmol of the respective acylchloride in 50 mkthlyl ether at —80°C. Subsequently the mixture
was stirred for another 30 min at —80 °C, allowedvarm to room temperature and finally stirred for
additional 60 minutes. After aqueous work up wi@®® InL of 3 % sulphuric acid the organic layer
was separated, dried over JS&, and the solvents were stripped off with a rotargp®rator. Drying

in vacuo (0.02 mbar) and crystallization from aocetsolution at —30°C afforded the analytically pure

productsla-f as slightly yellow crystals.
1a,d: data consistent with literatufe

1b: isolated yield: 45 %. mp: 123-124 °C. Anal. Fouj:48.25; H, 9.26 %. Calc.: C, 48.68; H,
9.43 %.%°Si-NMR (GDe, TMS, ppm): —7.82, —8.59, —10.48 (SiMe—36.84, —-38.11 (SiMg; —67.24
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(SiC=0); -131.48 (Si(SiM2,). *C-NMR (C;Ds, TMS, ppm): 241.27 (C=0); 147.42, 138.05, 131.84,
131.19, 125.92, 124.53 (aryl-C); 19.72, 15.48 (@k); 3.71, 3.67, 1.77 (Si(Cht); —0.98, -1.10,
-2.36, —2.74 (Si(CH,). *H-NMR (CsDg, TMS, ppm): 7.35 (d, 1H, aryl-H); 7.01-6.87 (m, ,24yl-H):;
2.23, 1.90 (s, 3H each, aryl-GJH 0.48 (s, 6H, Si(Ch),); 0.42 (s, 12H Si(Ch),); 0.36 (s, 6H
Si(CHs),); 0.29 (s, 18H, Si(CHs); 0.20 (s, 9H, Si(CHs3). IR (neat)v(C=0) = 1616 (m) cf. HRMS:
calc. for [C26H600Si9] (M*): 640.2568; found: 640.2614. UV-VI%:[nm] (¢ [L mol™ cm]) = 257
(16500), 410 (210).

1c: isolated yield: 40 %. mp: 108-109 °C. Anal. Foui@]:48.89; H, 9.35 %. Calc.: C, 48.68; H,
9.43 %.*Si-NMR (CDCk, TMS, ppm): -7.53, -8.72, -10.20 (Sipe—-36.21, —37.69 (SiMg;
—66.71 (SiC=0); —131.39 (Si(SiMes),). *C-NMR (CDCk, TMS, ppm): 240.46 (C=0); 143.00,
140.33, 134.26, 132.42, 130.48, 125.48 (aryl-C);4@120.19 (aryl-Ch); 3.92, 2.12 (Si(CH)s);
-0.92, -1.06, —2.20, —2.58 (Si(GH). *H-NMR (CsDg, TMS, ppm): 7.61, 6.87, 6.68 (s, 1H each, aryl-
H); 2.46, 1.97 (s, 3H each, aryl-g}H0.47 (s, 12H, Si(Ch),); 0.44, 0.36 (s, 6H each, Si(gh); 0.29,
0.28, 0.25 (s, 9H each, Si(@4 IR (neat): v(C=0) = 1602 (m) ci HRMS: calc. for
[C26H600SIi9]" (M*): 640.2568; found: 640.2574. UV-VI%:[nm] (e [L mol™ cm?]) = 263 (42000),
415 (170).

le: isolated vyield: 43 %. mp: 167-168 °C. Anal. Fou@]:48.13; H, 9.26 %. Calc.: C, 48.68; H,
9.43 %.°Si-NMR (CsDg, TMS, ppm): —8.22, —8.35, —12.48 (Sipe—-37.56, —-38.42 (SiMg; -71.23
(SiC=0); -131.67 (Si(SiMg,). *C-NMR (CsDs, TMS, ppm): 245.95 (C=0); 149.58, 131.29, 128.00
(aryl-C); 19.85 (aryl-Ch); 3.68, 3.63, 1.38 (Si(Cit); —-0.83, -1.14, -2.01, —2.54 (Si(GH). 'H-
NMR (CsDe, TMS, ppm): 6.90 (t, 1H, aryl-H), 6.72 (d, 2H, BH), 2.16 (s, 6H, aryl-Ch), 0.55, 0.42,
0.36 0.35 (s, 6H each, Si(GH), 0,34, 0.29, 0.05 (s, 9H each, Si(H IR (neat):v(C=0) = 1613
(m) cni*. HRMS: calc. for [C26H600Sid] (M*): 640.2568; found: 640.2586. UV-VI%:[nm] (¢ [L
mol™* cni']) = 255 (14100), 377 (120), 393 (180), 411 (145).

1f: isolated yield: 8 o mp: 168-170 °C. Anal. Found: C, 49.91; H, 9.85CAlc.: C, 50.07; H,
9.91 %.°Si-NMR (CsDs, TMS, ppm): —8.14, -8.25, —13.16 (Sipe—-37.02, -37.90 (SiMg; —-70.79
(SiC=0); -131.78 (Si(SiM2,). *C-NMR (C;Ds, TMS, ppm): 246.25 (C=0); 149.09, 146.19, 142.73,
120.20 (aryl-C); 34.37, 29.73, 26.84, 23.94, 21d§l-CH(CH),); 3.75, 3.68, 1.51 (Si(Cit); -0.74,
-1.09, —2.20, -3.00 (Si(Ghp). "H-NMR (CsDs, TMS, ppm): 7.03 (s, 2 H, aryl-H); 2.95 (2H, sept,
CH(CHs),); 2.75 (1H, s, sept, p-CH(GMH); 1.35 (d, 6H, p-CH(CH},); 1.19 (d6H, 0-CH(CH),); 1.17

(d, 6H, 0-CH(CH),); 0.55, 0.43, 0.37, 0.36 (s, 6H each, Siga}40.59, 0.47 (s, 6H each, Si(@h);
0.38 (s, 12H Si(Ch),); 0.37, 0.31, -0.03 (s, 9H each, Si(H IR (neat):v(C=0) = 1605 (m) c.
HRMS: calc. for [C33H740Si9] (M*): 738,3663; found: 738,3680. UV-VIS:[nm] (¢ [L mol™ cm

Y) = 250 (17100), 375 (140), 391 (180), 407 (150).

Photolysis of 1a-c in @Dg

A solution of 0.10 mmol of acylcyclohexasilane it6 OnL of d-benzene in an NMR tube was
photolyzed with a 600 W mercury lamp at 25 °C fér Bin. At this time NMR analysis of the
resulting yellow solution showed that the startingterial had been consumed completely and that the
endocyclic silenes had been formed along with miaomounts of by-products of unknown
composition. Removal of the volatile componentvacuo afforded yellow oils. Attempts to isolate
the products by crystallization diethyl ether, e, diisopropyl ether or toluene did not resulthie

formation of crystalline material.
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3a °Si-NMR (CGsDs, TMS, ppm): 48.60 (Si=C); 18.01 (OSiMeg-8.59, -11.24 (SiMg; -33.67,
-34.09, -40.38 (SiMg; —130.22 (Si(SiMg,). **C-NMR (C;Ds, TMS, ppm): 200.51 (C=Si); 145.02,
136.13, 130.74, 129.77, 124.71 (aryl-C); 20.13{@t;); 3.45, 1.61 (Si(Ch)s); 0.43, 0.09, -0.45,
-1.38, —1.42 (Si(CH,). *H-NMR (CsDg, TMS, ppm): 7.32 (d, 1H, aryl-H); 7.05-6.90 (m, 3yl-H):;
2.44 (s, 3H, aryl-Ch); 0,51-0.00 (several overlapping signals, SigH

3b: #Si-NMR (GDs, TMS, ppm): 47.38 (Si=C); 17.71 (OSiMe-8.59, —11.33 (SiMg; —33.61,
-34.15, -40.27 (SiMg; —130.13 (Si(SiMg,). **C-NMR (C;Dg, TMS, ppm): 201.26 (C=Si); 145.11,
136.34, 134.53, 129.59, 129.18, 124.30 (aryl-C)94916.78 (aryl-Ck); 3.45, 1.63 (Si(ChH)s); 0.14,
-0.42, -1.38, -1.56 (Si(Ghp). *H-NMR (CsDs, TMS, ppm): 7.25 (d, 1H, aryl-H); 6.95-6.85 (m, ,2H
aryl-H); 2.37, 2.05 (s, 3H each, aryl-gH0,50-0.00 (several overlapping signals, SigiH

3¢ #Si-NMR (GDs, TMS, ppm): 47.38 (Si=C); 17.68 (OSiMp-8.59, -11.29 (SiMg; -33.72,
-34.16, —40.38 (SiMg; —130.18 (Si(SiMg),). *C-NMR (C;Ds, TMS, ppm): 200.97 (C=Si); 142.36,
137.45, 135.96, 130.88, 130.71, 125.27 (aryl-C)82020.10 (aryl-Ch); 3.44, 1.68 (Si(Ch)3); 0.50,
0.15, -0.42, -1.37, -1.57 (Si(GH). 'H-NMR (C¢Ds, TMS, ppm): 7.26 (d, 1H, aryl-H); 6.85-6.75 (m,
2H, aryl-H); 2.45, 2.07 (s, 3H each, aryl-gD,53-0.04 (several overlapping signals, SigzH

Photolysis of 1a in GD¢/MeOH

A solution of 0.50 g (0.80 mmol) dfa and 3 drops of anhydrous;Btin 5 mL of benzene and 2 mL
of methanol was photolyzed with a 600 W mercurydahrough Pyrex glass at 25 °C for 60 min. At
this time NMR analysis showed that the startingeriat had been consumed completely. After
removal of the volatile components on a rotary evar 20 mL of pentane were added and the
resulting solution was filtered over silica gel.dporation of pentane and crystallization of thederu
product from acetone at —30 °C afforded 0.44 g%84f pure and crystallinéa.

4a: mp: 123-124 °C. Anal. Found: C, 46.93; H, 9.19 @alc.: C, 47.35; H, 9.48 %°Si-NMR
(CDClz, TMS, ppm): 20.71, 18.36 &); —7.77, —8.80, —18.899Mes); —33.47, —39.86, —-43.20
(SiMe,); -130.37 G(SiMey),). *C-NMR (CDCL, TMS, ppm): 143.54, 132.65, 129.87, 126.55,
125.60, 125.32 (aryG6); 68.35 (SCHO); 53.83 (CH,); 19.83 (arylEHy); 3.77, 3.72, 0.56
(Si(CHs)3); 1.50, 0.19, 0.10, —0.49, -0.83, -1.48, —2.10,5#3(Si(CHs),). ‘H-NMR (CDCl, TMS,
ppm): 7.35 (1H, d, aryl-H); 7.16-6.98 (3H, m, aH): 5.12 (1H, s, SiEO); 3.28 (3H, s, OH3); 2.31
(3H, s, aryl-G3); 0.47, 0.37, 0.35, 0.30, 0.28, 0.26, 0.11, —-G3H each, 8 s, Si(gs),); 0.28, 0.27,
-0.04 (9H each, s, Siff);). HRMS: calc. for [C26H6202Si9](M"): 658.2673; found: 658.26509.

Photolysis of 1d,e in GDg
The procedure followed was that used for the plgsislofla-c. After an irradiation time of 30 min

'H- and**Si-NMR analysis showed the formation of the sileBdse along with unreacted starting
material. A silene:acylsilane ratio of approximgt#i3 in the resulting yellow solutions was estietht

by integration of the B; resonances of the aryl-GHgroups in the'H NMR spectrum. After
irradiation for another 40 min the solutions coméai1d,e and 3d,e respectively, in a ratio of 1:1.5
along with considerable amounts of further photslysroducts as indicated by the appearance of

additional NMR signals. Isolation of individual ghacts by crystallization failed.
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3d: #Si-NMR (GDs, TMS, ppm): 41.82%=C); 13.76 (@Me,); -8.67, —12.07 §Me;); -33.19,
-33.57, —40.04%Me,); —-129.33 §(SiMey),). *C-NMR (CsDg, TMS, ppm): 196.08G=Si); 136.78,
136.35, 128.26 (anyB); 21.29, 20.84 (aryGH,); 3.42, 1.10, 0.92, 0.13, -1.01, -1.67 ($ig),). *H-
NMR (CsDg, TMS, ppm): 6.74 (s, 2H, aryB; 2.51 (s, 6H, aryl-85); 2.06 (s, 3H, aryl-83); 0,55-
0.00 (several overlapping signals, St4},).

3e #Si-NMR (GDs, TMS, ppm): 42.13%=C); 14.13 (@Me,); -8.67, —12.48 $Me;); —33.08,
-33.52, -40.079Me,); —129.39 G(SiMey),). *C-NMR (G;Dg, TMS, ppm): 195.54G=Si); 149.58,
136.52, 131.29, 127.46 (argly; 21.34 (arylcHg); 3.41, 1.03, 0.86, —0.15, —1.05, —1.70 C5ig),).
H-NMR (CsDg, TMS, ppm): 6.91 (m, 1H, arfh); 6.72 (d, 2H, aryH); 2.52 (s, 6H, aryl-83); 0,54 -
—0.02 (several overlapping signals, Si{},).

Photolysis of 1f in GDsg

The procedure followed was that used for the plsisloflawith 15 mg (0.02 mmol) off in 0.6 mL
CesDs and an irradiation time of 30 min. Filtration difetreaction solution over silica gel, removal of
the volatile components in vacuo and crystallizatad the crude product from acetone at —-30 °C
afforded 11 mg (75 %) of pure and crystallsae

S5a mp: 162 - 164°C. Anal. Found: C, 54.21; H, 10%2 Calc.: C, 53.58; H, 10.08 %'Si-NMR
(CDCls, TMS, ppm): 10.42 (SMe,); -8.30, —8.73, —15.465(Me;); —33.46, —36.77, —43.52 (SiMe
-131.33 §(SiMes),). *C-NMR (CDCk, TMS, ppm): 150.50, 149.48, 143.68, 143.06, 122145.67
(aryl-C); 54.06 (SiHCO); 34.95, 28.75, 27.77, 26.43, 26.17, 24.50, 2423932 (iPrc); 4.03, 3.80,
0.72 (SiCHa)s); 5.81, 1.03, 0.20, —0.26, —0.82, -1.59, —1.74,972(SiCCHs),). *H-NMR (CDCl,
TMS, ppm): 6.87, 6.69 (1H, s, ari); 3.72 (1H, s, $i); 3.01, 2.82 (1H each, m,H{CHa),); 1.38,
1.37,1.32,1.29, 1.24, 1.21, 1.18, 1.17 (18 K&(€H>),); 0.47, 0.46, 0.39, 0.29, 0.27, 0.26, 0.16, 0.14,
-0.05, -0.25 (51H, s, Sifd)). IR (neat)v(Si-H) = 2063 (m) cm. HRMS: calc. for [C33H740SiY]
(M"): 738.3663; found: 738.3708.

Photolysis of 1d in GDg/MeOH

The procedure followed was that used for the plstslofla. After an irradiation time of 90 min a
mixture of the E and the Z-isomer ofb in a ratio of 1:3 was obtained. After work up &sctibed
above separation of the isomers was achieved l®ateg preparative TLC over silica gel plates with
heptane as the eluent to give 300.0 mg (57 %&y4ih and 70.0 mg (13 %) d&-4b.

Z-4b: mp: 150 - 154°C. Anal. Found: C, 49.23; H, 9.99 @alc.: C, 48.91; H, 9.67 %°Si-NMR
(CDCl;, TMS, ppm): 31.79, 17.07 @); -8.31, -8.74, -18.155Me;); —32.57, —39.82, -42.69
(SiMe,); -129.24 G(SiMey),). *C-NMR (CDCL, TMS, ppm): 137.92, 136.76, 135.15, 132.98,
129.87, 128.78 (aryG), 70.18 (SCHO), 53.79 (C@H,); 23.90, 20.81, 20.79 (ar@Hs); 3.59, 3.56,
0.12 (SiCHs)s); 0.66, 0.29, 0.04, —-0.71, -1.67, -1.68, —1.83,872(Si(CHs),). *H-NMR (CDC,
TMS, ppm): 6.73 (2H, s, aryl-H); 5.25 (1H, s, BSI); 3.46 (3H, s, O8,); 2.32, 2.25, 2.23 (3H each,
s, arylCHj); 0.45, 0.34, 0.33, 0.21, -0.19 (3H each, s, B{g); 0.30 (6H, s, Si(63),); 0.28, -0.18
(9H each, s, Si(8s)s); 0,26 (12H, s, Si(B3); + Si(CH3),). HRMS: calc. for [C28H6602Si9] (M™):
671.2751; found: 671.2748.

E-4b: mp: 145 - 147°C. Anal. Found: C, 48.10; H, 10%2 Calc.: C, 48.91; H, 9.67 %'Si-NMR
(CDCl;, TMS, ppm): 19.96, 17.22 @); -7.60, —-9.45, —-19.96SMe;); -31.97, —40.71, -42.74
(SiMe,); -129.91 S(SiMey),). *C-NMR (CDCk, TMS, ppm): 138.77, 136.72, 135.24, 132.48,
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130.67, 128.75 (aryG), 70.73 (SCHO), 54.30 (@H,); 21.76, 21.62, 20.80 (ar@Ha); 3.76, 3.69,
0.31 (SiCH3)3); 0.76, 0.46, —0.63, —1.45, -1.60, —2.26, —3.06H5),). 'H-NMR (CDCl;, TMS,
ppm): 6.75, 6.71 (1H each, s, aryl-H); 4.90 (1HOEHSI); 3.28 (3H, s, 0O85); 2.52, 2.28, 2.22 (3H
each, s, aryEHs); 0.49, 0.34, 0.33, 0.30, 0.28, 0.23, 0.11, —@3H each, s, Si(85),); 0.30 (6H, s,
Si(CHs),); 0.27, 0.25, 0.02 (9H each, s, Si{§)). HRMS: calc. for [C28H6602SiY9](M™): 671.2751;
found: 671.2754.

X-ray Crystallography

For X-ray structure analysis suitable crystals waminted onto the tip of glass fibres using mineral
oil. Data collection was performed on a Bruker Kagjpex Il CCD diffractometer at 100 K using
graphite-monochromated MooK(A = 0.71073A) radiation. The SHELX version 6.1 pargrpackage
was used for the structure solution and refinerfleAbsorption corrections were applied using the
SADABS progrant? All non-hydrogen atoms were refined with anisotcagisplacement parameters.
Hydrogen atoms were included in the refinement atutated positions using a riding model as
implemented in the SHELXTL program. In the solidtst structure of Zb parts of one of the
independent molecules were found disordered overpwsitions and were accordingly implemented
in the structural model. The ratios of occupandinesl to 0.57 : 0.43. All non-hydrogen atoms of the
disordered parts were refined anisotropically apdrbigen atoms were placed using standard AFIX
commands. CCDC-10357814d), CCDC-1035782 (Eb), CCDC-1035783 (&b) and CCDC-
1035780 %a) contain the supplementary crystallographic datathis paper. These data can be
obtained free of charge from The Cambridge Cragaiphic Data Centre via

www.ccdc.cam.ac.uk/data.reguest/cif.
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2.4.1 Abstract

The first silenolates with exocyclic structures §8i),Si(SbMe,),SIC(R)OJK™ (2a: R = 1-adamant-
yl; 2b: mesityl; 2c. o-tolyl) were synthesized by the reaction of th@responding acylcyclo-
hexasilaneda-cwith KOtBu. NMR spectroscopy and single-crystal X-ray @diftion analysis suggest
that the aryl substituted silenolat@b,c exhibit increased character of functionalized skeras

compared to the alkyl substituted derivat®aedue to the different coordination of thé sounter-ion

to the SIiC(R)O moiety.2b,c, thus, reacted with CI#r; to give the exocyclic silenes
(MesSi),Si(SbMe,),Si=C(0OSiPr)R (3b: R = Mes; 3c. o-Tol) while 2a afforded the Si-silylated
acylcyclohexasilandd. The thermally remarkably stable compoustdl which is the first isolated
silene with the spsilicon atom incorporated into a cyclopolysilamaniework, could be fully

characterized structurally and spectroscopically.
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2.4.2 Introduction

There is no doubt about the central role of alkesmas metal enolates [{RC(R)O]JM™ in organic
chemistry which has led to thorough understandinchemical and physical properties and numerous
applications of such compounds. In contrast, muess lis known about the analogous silenes
(R:Si=CR,) and silenolates [(fSiC(R)OIM" which were long considered unstable and only emtst
as reactive intermediaté$.The first stable silene (M8i),Si=C(OSiMe)Ad has been isolated by
Brook in 1981 after the photolysis of the acylpdimse (MeSi);SiC(Ad)=0? Since then a relatively
large number of stable silenes with various suligiih patterns has been synthesized by several
alternative preparative approacfi&dtudies on metal silenolates are less abundaheititerature and
only three isolable species have been preparedtamtturally characterized so far by Ottosson &t al
and by the group of Bravo-Zhivotovskii and Apeldig/aluable contributions to the field also have
been made by Oshita, Ishikawa and co-workers whthegized and characterized Li silenolates
{(MeSi),SIC(R)O]JLi* (R = tBu, 1-Ad, o-Tol, Mes) by NMR spectroscopydaimvestigated their

reactivity?*™"

Most known silenes and silenolates are acyclic oués. Compounds with the coordinatively
unsaturated silicon atom incorporated into a cyalggilane ring, in particular, have not yet been
isolated although such species are likely to exhibiisual molecular structures, electronic speatich
reactivity patterns. Recently we found that moddyat stable alkyl substituted
methylenecyclohexasilanes such3agScheme 1) can be generated photochemically asimagwith
unreacted starting material and polymeric by-présluend characterized by NMR and UV/Vis

spectroscopy.
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Scheme 1Synthesis of cyclic silenes and silenolates frogi@clohexasilanes.

Now we would like to report the synthesis, the smscopic characterization and the molecular
structures of the first cyclic silenolatea-c and the selective conversion2ij to the silene8b, which

is the first example of an isolated stable exocysiiene with the psilicon atom incorporated into a
cyclopolysilane framework. Based on structural &R data we further provide striking evidence
that the different reactivity observed for alkga] and aryl substituted?b,c) silenolates is primarily
governed by the different coordination of thedounter-ion to the SiC(R)O moiety.

2a-c were obtained with remarkable selectivity by thididon of 1.05 equiv. of K@Bu to the
acylcyclohexasilane$a-C either in THF or in toluene solution in the presemf 1.05 equiv. of 18-
crown-6 at =50 °C (Scheme %)Y he THF solutions, thus obtained, could be useecty for further
derivatization. For isolatior?a-c were crystallized from toluene/[18]crown-6 at —-30fo give red
crystals of the 1 : 1 [18]crown-6 adducts whichegfiltration, can be stored at —30°C in the alogen
of air even for prolonged periods of time. The ptd, however, immediately decomposed to

uncharacterized material upon exposure to the ghase or the attempted removal of residual solvent
and volatile components in vacuo.
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Figure 1. ORTEP diagram for compound 2a (1 : 1 adduct with [18]crown-6). Thermal ellipsoids are depicted at
the 50 % probability level. Hydrogen atoms are omitted for clarity

Figure 2. ORTEP diagram for compound 2¢ (1 : 1 adduct with [18]crown-6). Thermal ellipsoids are depicted at
the 50 % probability level. Hydrogen atoms are omitted for clarity.

2a and 2c afforded crystals of sufficient quality for singleystal X-ray crystallography. The
molecular structures are depicted in Figures 1 Znskelected bond lengths and the sum of valence

angles around the central Si-C moiety are sumnthiizdable 1.

Table 1.Selected bond lengths d [A] and sum of valencéesy(Si1) andZa(C1) [deg] for K-silenolatega,
C.

2a 2c

d C(1)-Si(1) | 1.966(2) 1.874(2)

d C(1)-0(1) | 1.244(2) 1.260(2)

d K(1)-O(1) | 2.743(1) 2.701(1)

d K(1)-Si(1) | 3.603(2) 4.935(1)

d K(1)-C(2) | 4.899(2) 3.257(2)
ZaSi(1) 316.7 326.8
2aC(1) 359.9 359.7

Surprisingly the observed molecular structuressarengly influenced by the nature of the R group

attached to the carbonyl C atoBa adopts a structure quite close to the one obsdoretthe acyclic
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silenolate [(MgSi),SiC(tBu)O] K [18]crown-6(5) by Ottosson et &l.with simultaneous coordination
of the K cation to O and Si, a C-Si bond which is even érthan typical Si-C single bonds, C-O
bond length characteristic of C=0 double b8rated a markedly pyramidal central Si atom. Based on
these structural features Ottosson concluded&hatbest described as an acyl silyl anion which is
certainly also valid for compounga (structure A in Chart 1). In comparison the stouetof 2c is
quite different: K now is coordinated to O and the aromatic ring, $€ distance is significantly
smaller, the C-O bond is slightly longer and theasaf valence anglesa(Sil) is larger by 10°. These
findings are perfectly in line with the results afrecent computational study on the effects of
counterion coordination on the structures of silates® There it has been pointed out that metal ion
coordination to the O atom results in shorter S¥dhds and a smaller degree of pyramidalization
around Si(1) as compared to the naked silenolaget@tihe increasing influence of the enol structure
(structure B in Chart 1) to overall molecular getmpeThus, aryl substituted silenolates suct?lag
apparently exhibit increased character of functiaed silenes and link the properties of Ottosson's
keto-form silenolate5 with the enol-form silenolates {&i),Si=C(Ad)OLi recently published by
Apeloig and Bravo-Zhivotovskit. This study also relates the relative contributibthe keto- and the

enol form to the structure of silenolates mainlhgdbvation effects.

Chart 1. (A) Keto- and (B) enol form of 2a-c.

Me, Me, Me, Me,
. si—si ¢ o ~ Si—Si oK*
Me;Si / \ = 7/ Me;Si / \ /
i\ /Si—C\ \ /Si= R
Me;S Me3S|
e g R e gi—si R
Me, Me, Me, Me,
A B

This picture is supported further by the NMR dattéamed for2a-c® Again in close agreement with
the corresponding data 6£°Si and**C NMR chemical shifts of the Si and C atoms of #C bond
of 8 = -92.0 and 272.2 ppm, respectively, were measimeda-[18]crown-6 For the [18]crown-6
adducts oPb,c the®Si signals of the central Si atoms are significafdiv field shifted tod = -67.1
(R =o-Tol) ands = —73.1 ppm (R = Mes) while only minor shift difeeces were found for tH&C
resonances. Similar trends were observed earlierlshykawa and Oshita for Li-silenolates
(MesSi),SIiC(OLIR (R =tBu, Ad, o-Tol, Mes) and rationalized in terms of increaseditde bond
character of the central Si-C bond in the aryl stitisd derivative® although the measurédsi NMR
shifts are still in the range typical for silyl ans!® In line with this interpretation three SiMe
resonances at 0.6, 0.5, —0.45 ppm are clearlywedoh the®C spectrum of the Mes derivatiib
while in the’H and®Si spectra the signals at 0.6 and—35.1 ppm, respbgtarising from the SiMe
groups adjacent to the central silicon atom araifsogntly broadened. This finding clearly indicate
hindered rotation around the central Si-C bond @mjgound2b which suggests enhanced” sp

character.
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The reactivity of2a-c with chlorosilanes also reflects the different mhoation of the central silicon
atom in the alkyl and the aryl derivatives (comp@ocheme 1). Whil2a with an alkyl group attached
to the carbonyl C atom smoothly reacted with ariraglar amount ofPr;SiCl at 0 °C in THF to give
the Si-silylated productd in nearly quantitative yieldSthe aryl substituted compoun@b,c under
the same conditions exclusively afforded the Olsigd silenes3b,c. This result parallels the
chemical behavior of Oshita’'s and Ishikawa's lasilates and easily can be explained by the
structural and NMR spectroscopic data discussesieabpparently the coordination of Ko O (1)
and the aromatic ring ib,c effectively withdraws negative charge from Si(lhigh makes O(1) to
the preferred reaction site for®" while 2a with the K cation coordinated simultaneously to O(1)

and Si (1) behaves more or less like a typical aitjon.

Figure 3. ORTEP diagram for compourgh. Thermal ellipsoids are depicted at the 50 % poiiba
level. Hydrogen atoms are omitted for clarity. 8t#d bond lengths [A] and bond and torsional angles
[deg] with estimated standard deviations: Si(1))Q(¥67(2), C(1)-O(1) 1.386(2), Si-Si (mean) 2.345,
Si-Si-Si (endo, mean) 110.2¢Si(1) 357.8XaC(1) 359.8, Si(6)-Si(1)-C(1)-C(10) 10.6(2), Si(AJ19-
C(1)-0(1) -0.8, C(11)-C(10)-C(2)-Si(2) 71.9, Si@§1)-C(10)-C(11) 71.9°, Si(1)-C(1)-C(10)-C(11)
-105.9°.

3b turned out to be thermally remarkably stable amald:be isolated as yellow crystals in 60 % yield
by crystallization from diethyl ether and fully ehaterized structurally and spectroscopic&lBg, in
contrast, was formed already along with considerabhounts of several unidentified by-products and
could not be purified by crystallization becausddtomposed further even at —70°C possibly due to

incomplete steric protection of the Si=C doubledon

Figure 3 shows the molecular structure3bfas determined by single crystal X-ray crystallpima
The geometry of the central Si-C moiety closelyenakles the one observed for Brook's acyclic silene
(MesSi),Si=C(0SiMe)Ad (6)*** with nearly identical Si=C bond lengths (1.767 ¥5/62 A) and an
essentially planar C(1) atonE{C(1) = 359.8°). As compared t® Si(1) in 3b is slightly more
pyramidalized by 2° while the twist angle arouné tBi=C bond in3b is significantly smaller as
shown by the torsion angles Si(6)-Si(1)-C(1)-C(a@y Si(2)-Si(1)-C(1)-O(1) likely as a result of the

incorporation of Si(1) into the cyclohexasilane leyc®Otherwise the $iring in 3b adopts a twisted
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conformation with unexceptional endocyclic Si-Sndadistances and Si-Si-Si bond angles. For steric
reasons, finally, the mesityl ring is arranged idygperpendicular to the adjacent Si=C double bond
with a torsion angle Si(1)-C(1)-C(10)-C(11) of 71.9

Mes

’Pr3SiO‘ /Mes iPrySio.__Mes ,C
MeO_ C~H (ﬁ Pr3Sio_ O
si Si Si
Me;Si” SiMe; ooy MeSiT SiMe; O, MeSiT  SiMe;
—
Me;Si<_ _SiMe, EWN  Me,si_ _SiMe, Me,Si<_ _SiMe,
/ I\ . / I\ " / I\ .
MesSi~  SiMeg Me;Si-  SiMej MezSi-  SiMes
4a 3b b
hv | 2>300 nm
Vor Mo, STPTs s
e e
o /SiZ—SiZO\C "
e5Si \ e
:Si\ /sa\/
Me;Si
3 Si—si 1
Me, Me,

4c
Scheme 2Reactivity of compoun@b.

NMR spectral data and the reactivity 8lh (compare Scheme 2) are also typical of a Brook-type
silene.®*C and?’Si signals characteristic of Si=C were observed(26i) = 31.2 ppm and(**C) =
200.3 ppm. ThéH, *C, and®Si NMR spectra, furthermore, display sharp distiaosorptions for
each of the four endocyclic SiMgroups present which are magnetically nonequivalieie to the
lack of freedom of rotation about the silicon-carlmouble bond. Methanol readily adds across the
Si=C bond to give the expected proddat When3b was treated with dry air for 2 h, the esterwas
formed just as observed earlier for acyclic Broget silenes? On photolysis oBb, finally, the C-H
bond of the ortho methyl group of the mesityl sitbeht added to the silicon-carbon double bond to
form the benzocyclobutente. Older studies reported similar reactions for ficymesityl substituted
Brook-type silene&® While 4a,c could be isolated and completely characterizeg slghtly impure

samples ofib were obtained due to the lack of crystallizatidn.

Silene3b showed an intense absorption band at 364anm16500) which is the longest wavelength
absorption maximum measured for a Brook-type sikméar. It is considerably red-shifted relative to
the corresponding bands in the spectra of the iacyitene6 (Amax = 340 nm,e = 7400 and the
endocyclic silene [-Tip2Si-TipSi=C(Ad)-O-I\(ax = 354 nm)*> According to time-dependent DFT
calculations at the mPW1PW91/6-31+G** level perfedrfor 3b and6° these longest wavelength
absorption bands are unequivocally assigned tei®&IO-LUMO transition with a smaller excitation
energy for3b due to slight destabilization of the HOMO and #izdtion of the LUMO. Both
compounds possess nearly identical HOMOs domirtateatien (Si-C) bond with some admixture of

the oxygen lone pair of proper symmetry. The LUMIGBphowever, primarily ist*(Si-C) of nature,
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while the LUMO of3b is localized mainly on the aromatic ring (comp&igure 4). As a resulib

shows a HOMO-LUMO transition of different origingc—n* si-c for 6 vs. ngi=c—n* 4y for 3b).

9 b ‘.‘ 0 ¢ *
3 o E 9 9 Y
23 & % 9@. &“ ;J’
9 “Ja 3 ] S 3 ™ ° 3 °
-5.03 -1.16 -511 —1.09
HOMO LUMO HOMO LUMO
3b 6

Figure 4. Frontier orbitals and orbital energies in eV for model compound of 3b and 6.

2.4.3 Conclusion

In conclusion, we were able to demonstrate thastable silenolate8a-c and the silen@b with the
coordinatively unsaturated silicon atom incorpadaténto cyclohexasilane frameworks are
synthetically accessible and can be isolated andtstally characterized spectroscopically and by X
ray crystallography. Furthermore, the disagreeiegctivites of silenolates with alkyl or aryl
substituents attached to the carbonyl C atom tasvahdorosilanes CISiRcould be related to the
different coordination of the Kcounter-ion to the SiC(R)O moiety and to the risglincreased enol
character of the aryl substituted derivatives. Uhsaption spectroscopy and DFT calculations,
finally, provide evidence for considerable conttibos of the aromatict system to the UV/vis

absorption characteristics 8b.

2.4.4 Experimental Section

2.4.4.1 General Considerations

All experiments were performed under a nitrogenogphere using standard Schlenk techniques.
Solvents were dried using a column solvent puiiice systent’ Commercial K@Bu (97 %),
CICOMes (99 %), CICOAd (98 %), ClGBTol (99 %),iPrSiCl (97 %) and [18]crown-6 (99 %) were
used as purchased.;Ht(99 %) was dried by distillation from solid KOldpmmercial anhydrous
MeOH was dried with 3A molecular sievél (299.95 MHz),**C (75.43 MHz) and’Si (59.59 MHz)
NMR spectra were recorded on a Varian INOVA 300cspeneter in @De or CDCE solution and
referenced versus TMS using the interftallock signal of the solvent. (M8i),SigMeg(SiMey),,*
(MesSi),SigMeg(SiMe;)K* and 1a® were synthesized according to published procedur#aMS
spectra were run on a Kratos Profile mass spectesmiafrared spectra were obtained on a Bruker

Alpha-P Diamond ATR Spectrometer from the solid gemMelting points were determined using a
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Buechi 535 apparatus and are uncorrected. Elemantdyses were carried out on a Hanau Vario
Elementar EL apparatus. Photolyses were perfornyedsing a 500 W medium pressure mercury
lamp (Original HANAU). Sample solutions were phgi#d under an atmosphere of nitrogen in Pyrex
Schlenk tubes immersed in cold water to ensure @mhlsample temperature and to prevent irradiation
with light of wavelengths. < 300 nm. UV absorption spectra were recorded dPekin Elmer

Lambda 5 spectrometer.
Synthesis of 1b

A solution of (MeSi),SisMeg(SiMe;)K in 20 mL of DME was freshly prepared from 3.00(916
mmol) of (M&Si),SisMeg(SiMes), and 0.64 g (5.67 mmol) of KBu and slowly added to a solution of
1.04 g (5.67 mmoal) 2,4,6-trimethylbenzoylchlorice50 mL diethyl ether at -80°C. Subsequently the
mixture was stirred for another 30 min at —80 °{veed to warm to room temperature and finally
stirred for additional 60 minutes. After aqueoughkmap with 100 mL of 3 % sulfuric acid the organic
layer was separated, dried over,8@, and the solvents were stripped off with a rotargp®rator.
Drying in vacuo (0.02 mbar) and crystallizationfr@cetone solution at -30°C afforded 3.30 g (98%)
of analytically purelb as slightly yellow crystals.

mp: 185 °C.Anal. Found: C, 49.75; H, 9.33 %Calc.: C, 49.47; H, 9.53 %°Si-NMR (CsDs, TMS,
ppm): —8.22, -8.37, —12.4@Me;); —-37.61, —-38.469Me,); —-71.14 GC=0); —-131.67 H(SiMey),).
¥C-NMR (C¢Ds, TMS, ppm): 246.17G=0); 147.19, 137.41, 131.31, 128.67 (M®B)s-20.60, 19.86
(Mes-CHy); 3.70, 3.64, 1.45 (SiH5)s); —0.83, -1.12, —-1.99, —2.51 (8i5),). *H-NMR (CsDs, TMS,
ppm): 6.55 (s, 2 H, Mekh); 2.17 (6H, s, Mes-Bs); 2.01 (3H, s, Mes-85); 0.55, 0.43, 0.37, 0.36 (s,
6H each, Si(E),); 0.34, 0.29, 0.07 (s, 9H each, S{g). IR (neat):v(C=0) = 1608 (m) cm
HRMS: calc. for [C27H620Si9] (M*): 654.2724; found: 654.275RIV-VIS: A [nm] (& [L mol™ cm
Y) = 254 (16800), 393 (230).

Synthesis of 1c

The procedure followed was that used ftr with 3.00 g (5.16 mmol) of (M&i),SigMeg(SiMe;).,
0.64 g (5.67 mmol) of KBu and 0.88 g (5.67 mmol) 2-methylbenzoylchlorideld: 3.00 g (93 %)

of analytically purelc as slightly yellow crystals.

mp: 128 °C.Anal. Found: C, 47.54; H, 9.00 %Calc.: C, 47.85; H, 9.32 %°Si-NMR (C¢Ds, TMS,
ppm): —7.66, —8.66, —10.28Me;); —36.51, —37.879Me,); —66.79 EC=0); -131.42 H(SiMey),).
¥*C-NMR (CsDs, TMS, ppm): 239.77G=0); 145.43, 134.24, 131.64, 130.10, 129.80, 124oSEol-
C); 20.09 (o-Tol€Hs); 3.74, 3.71, 1.84 (SHs)s); —0.89, —1.15, —2.34, —2.67 (Sis),). '‘H-NMR
(CeDs, TMS, ppm): 7.59 - 6.88 (4H, o-Tol-H); 2.40 (3HTol-CH5); 0.45, 0.41, 0.35, 0.28, 0.27, 0.20
(s, 51H, Si(®l3); + Si(CHy)s). IR (neat):v(C=0) = 1601 (m) cih. HRMS: calc. for [C25H580Si9]
(M"): 626.2411; found: 626.2458V-VIS: A [nm] (¢ [L mol™ cni']) = 254 (18200), 414 (240).

Synthesis of [18]-crown-6 adduct of 2a

300 mg (0.447 mmol) ofa and 0.124 mg (0.447 mmol) of [18]crown-6 were digsd in 4 mL of
toluene, cooled to -50°C and 46.9 mg (0.447 mmoéIKO@tBu were added. After stirring for
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additional 30 minutes the mixture was allowed torw# room temperature and finally stirred for an
additional hour. At this time reaction control BYSi-NMR showed that the starting material
completely had been consumed. For isolation theymtowas crystallized from toluene at —30°C to
give 210 mg of the 1 : 1 [18]crown-6 adduct2# as red crystals which after filtration contained
variable amounts of residual toluene andsM@&Bu and immediately decomposed to uncharacterized

material upon the attempted removal of the volatilmponents in vacuo.

#Si-NMR (CsDs, TMS, ppm): —8.52 §Mes); —33.10, —35.07FMe,); —-92.01 GCOAryl); -131.30
(S(SiMey),). **C-NMR (CsDs, TMS, ppm): 272.23G=0); 69.62 (CH,-CH,-O-); 50.59 (AdC-CO);
39.70, 37.65 (AdzH,); 29.30 (AdCH); 4.12 (SiCHa)s); 2.77, —0.11 (S{tHs),). *H-NMR (CsDs,
TMS, ppm): 3.23 (-€,-CH,-O-); 2.3 - 1.5 (Ad-El,, Ad-CH; partially superimposed by toluene-
CHs); 0.74, 0.62 (12H each, s, SH),); 0.48 (18H, s, Si(85)s).

Synthesis of [18]-crown-6 adduct of 2b

The procedure followed was that used #ar with 300 mg (0.458 mmol) ofb, 0.127 mg (0.481
mmol) of [18]crown-6 and 53.9 mg (0.481 mmol) of #3D. Yield: 240 mg of the 1 : 1 [18]crown-6
adduct of2b as red crystals which after filtration containeatigble amounts of residual toluene and
other minor impurities and immediately decomposedricharacterized material upon the attempted
removal of the volatile components in vacuo.

#Si-NMR (CsDs, TMS, ppm): —8.79 $Mes); —35.09 (broad), —36.405Me,); —-73.11 @C=0);
-131.13 G(SiMey),). *C-NMR (CsDs, TMS, ppm): 264.65G=0); 152.02, 133.17, 131.87 (M&;
69.82 (€CH,-CH,-O-); 20.85 (Mes=H3); 20.72 (MescHj); 4.01 (SiCHg)s); 0.59, 0.54, -0.47

(Si(CHs),). *H-NMR (CsDs, TMS, ppm): 6.78 (s, 2 H, Mdd); 3.12 (-tH,-CH,-O-); 2.67 (6H, s,
Mes-C(Hs); 2.16 (3H, s, Mes-A5); 0.66, 0.65 (s, 24H Si(ds),); 0.48 (s, 18H, Si(Hs)s).

Synthesis of [18]-crown-6 adduct of 2¢

The procedure followed was that used 2ar with 300 mg (0.478 mmol) ofc, 0.139 mg (0.526
mmol) of [18]crown-6 and 59.0 mg (0.526 mmol) of t80. Yield: 75 mg of the 1 : 1 [18]crown-6
adduct of2c as dark red crystals which after filtration con&d variable amounts of residual toluene,
MesSiOtBu and (M@Si),O and immediately decomposed to uncharacterizeceriabtupon the
attempted removal of the volatile components irueac

#Si-NMR (C¢Ds, TMS, ppm): —-8.78 $Mes); —34.26, —36.60 §Me,); —-66.95 GC=0); -131.49
(S(SiMey),). *C-NMR (CsDs, TMS, ppm): 265.07G=0); 153.68, 131.04, 129.99, 127.04, 125.67,
123.82 (0-Tol€); 69.57 (€H,-CH,-O-); 19.81 (0o-TolcHs3); 4.03 (SiCH3)3); 0.81, —0.53 (S{CTH3)y).

H-NMR (CsDs, TMS, ppm): 7.65 (d, o-Tol-H); 3.05 (H3-CH,-O-); 2.55 (3H, s, 0-ToGH,); 0.61
(S, 12H, S|(G|3)2), 0,56 (S, 12H S|(53)2), 0.45 (S, 18H, S|(83)3)

Reaction of 2a withiPr;SiCl

A solution of2a was freshly prepared by stirring a mixture of 46§ (0.447 mmol) of K@Bu and
300 mg (0.447 mmol) otain 5 mL of THF for 1 h at —=70°C. Now the resultingd solution was

warmed to 0°C and 0.10 g (0.447 mmol)iBf;SiCl were added drop wise. Immediately the solution
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turned colorless. After aqueous work up with 100 ofL3 % sulfuric acid the organic layer was
separated, dried over PO, and the solvents were stripped off with a rotargp®rator. Drying in
vacuum (0.001 mbar) and crystallization from acetenlution at —30°C afforded 270 mg (80%) of

the analytically pure acylcyclohexasilabg as white crystals.

mp: 127 °C.Anal. Found: C, 53.92; H, 10.24 %Calc.: C, 54.03; H, 10.40 %°Si-NMR (CDCl,,
TMS, ppm): —7.29, —8.559Me;); —33.80, —35.69%Me;); —69.72 GC=0); -131.35 H(SiMey),).
¥C-NMR (CDCk, TMS, ppm): 250.91 G=0); 52.00, 37.83, 36.62, 28.10 (A); 20.45 (CH-
(CHs),), 14.76 CH-(CHs),); 4.14, 4.08 (SICHs)s); 0.45, —0.18, -0.19, -0.49 (8id;),). 'H-NMR
(CDCl;, TMS, ppm): 2.05 (3H, b, Ad4d); 1.72 (12H, b, Ad-El,); 1.30 (3H, m, E-(CHy),); 1.17
(18H, d, CH-(®5),); 0.37, 0.34, 0.30, 0.29, (6H each, s, $Iff3); 0.24, 0.23 (9H each, s, SKQ)s).
IR (neat):v(C=0) = 1614 (m) c HRMS: calc. for [C34H780Sid] (M*): 754.3976; found:
754.3955.

Reaction of 2b withiPr;SiCl

162 mg (0.839 mmol) afPr;SiCl were added drop wise at 0 °C to a solutio2lmin 5 mL of THF
freshly prepared from 500 mg (0.763 mmol)ldfand 94.0 mg (0.839 mmol) of KBu according to
the procedure described above. Immediately thescddtion turned yellow. After removal of the
volatile components in vacuo the remaining yellmlidswas dissolved in heptane, filtered over dry
celite and the solvent was stripped off again. f&atflization from diethyl ether afforded 330 mg

(59%) of the analytically pure silei¥ as yellow crystals.

mp: 85-86 °C (dec.)Anal. Found: C, 53.23; H, 10.25 %Calc.: C, 53.58; H, 10.08 %°Si-NMR
(CsDes, TMS, ppm): 31.22%=C); 13.08 {Pr:90); -8.66 GMe;); —-35.57, —35.67, —37.35, -37.57
(SMe,); —132.05 §(SiMey),). *C-NMR (CsDgs, TMS, ppm): 200.31 (Si8); 142.96, 136.94, 136.64,
128.62 (MexS); 21.27, 20.99 (Me§H:); 18.31 (CHCHs),); 13.96 CH(CHa).); 3.48 (SiCHs)a);
-1.30, -1.37, -1.80, -3.12 (8#5),). '*H-NMR (CsDg, TMS, ppm): 6.73 (s, 2 H, Mdd); 2.54 (6H,
s, MesCH,); 2.07 (3H, s, Me$H;); 1.01-0.9 (21 H, b, B(CH),); 0.68, 0.40, 0.29, —0.03 (6H each,
s Si(MHs),); 0.28 (18H, Si(Bl3)s). IR (neat): v(Si=C) = 1155 (s) cth HRMS: calc. for
[C33H740Si9]" (M"): 738.3663; found: 738.3628V-VIS: A [nm] (¢ [L mol™ cmi?]) = 308 (3100),
364 (16500).

Reaction of 2¢c withiPr3SiCl

170 mg (0.876 mmol) afPr;SiCl were added drop wise at 0 °C to a solutiooin 5 mL of THF
freshly prepared from 500 mg (0.797 mmol)Xlofand 94 mg (0.876 mmol) of KBu according to the
procedure described above. Immediately the redisnlturned yellow. After removal of the volatile
components in vacuo the remaining yellow solid diasolved in heptane, filtered over dry celite and
the solvent was stripped off again. The targensiBx was formed along with several unidentified by-
products. Purification of the crude material by stajlization was not successful because it
decomposed further even at —=70°C.

#Si-NMR (CsDs, TMS, ppm): 36.659=C); 14.63 {P;S0); -8.67, —-8.73%Me;); —35.21, —35.62,
-37.33, -37.579%Me,); -132.01 §(SiMe3),).
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Reaction of 3b with MeOH

300 mg (0.410 mmol) db were dissolved in 6 mL THF and added drop wisernaxdure of 2 mL of
MeOH with 3 drops of EN. After removal of the volatile components on a rgptavaporator 5 mL of
pentane were added and the resulting solution Wiasetl over silica gel. Evaporation of pentane
followed by crystallization from acetone at —30°ffbeded 190 mg (61%) of analytically puda as

white crystals.

mp: 164-165 °CAnal. Found: C, 53.07; H, 9.60 %Calc.: C, 52.91; H, 10.16 %°Si-NMR (CDCl,
TMS, ppm): 21.5490Me); 14.76 (Pr,S0); —6.24, —9.41 §Mey); —33.96, —34.45, —-39.16, -41.59
(SMe,); —-131.73 E(SiMe;),). *C-NMR (CDCl, TMS, ppm): 138.47, 137.90, 135.42, 132.86,
130.20, 128.75 (Me€); 70.30 (SCHMesOSi); 54.49 (QH,); 22.71, 21,32, 20,80 (Me3H-); 18.27,
17.99 (CHCHs),); 12.65 CH(CH,),); 4.01, 3.84, (SiTHs)s); —0.60, —0.66, -1.71, —2.07, —3.54,
-4.43, -4.65, —4.88 (S0H3),). *H-NMR (CDCl, TMS, ppm): 6.76, 6.71 (1H each, s, Mes-H); 5.42
(1H, s, GMesOSi); 3.49 (3H, s, O); 2.42, 2.30, 2.22 (3H each, s, Meb}; 1.01 (12H, b,
CH(CH,), + CH(CHs),); 0.90 (9H, b, CH(El3), + CH(CH),); 0.29, 0.28, —0.06, -0.16 (3H each, s,
Si(CHa),); 0.25 (15H, s, Si(B3), + Si(CHs)s); 0.20 (12H s, Si(B3),); 0,19 (9H, s, Si(6l)s). HRMS:
calc. for [C32H7402Si9] (M™): 770.3925; found: 770.3910.

Reaction of 3b with G

A solution of 300 mg (0.410 mmol) @b in 6 mL of THF was stirred in contact with air @om
temperature for 2 h. After removal of the volatilemponents on a rotary evaporator the product was
chromatographed twice on silica gel, eluting withdient (heptane, toluene), to give 100 mg (32%) of

a semi-solid residue of slightly impudé.

#Si-NMR (CDCk, TMS, ppm): 9.59iPr,S0); 2.83 ((B0); -7.20, -8.64 §Me;); —35.77, —40.62
(SMe,); -132.15 6(SiMey),). *C-NMR (CDClL, TMS, ppm): 169.45 G=0); 139.12, 136.30,
130.87, 128.86 (Me€); 29.70, 21.07 (MeSH;); 18.00 (Si(CHCH,)s); 13.02 (SiCHCH,),); 3.74
(Si(CHa)s); —1.18, —1.30, -4.76, —4.84 (8¥l5),). *H-NMR (CDClL, TMS, ppm): 6.83 (s, 2 H, Mes-
H); 2.41 (s, 6H, Me€H,); 2,27 (s, 3H, Me$H,); 1.05 (18 H, b, CH(85), + CH(CH),; 0.35 (s, 6H,
Si(CHa)); 0.32 (s, 6 H Si(B5),; 0.30 (s, 6H, Si(6),); 0.26 (s, 12H, Si(B5), + Si(CHs)3); 0.25 (s,
12 H Si(tHs), + Si(CHa)s). IR (neat):v(C=0) = 1609 (s) cf1 v(Si-O(CO)R) = 1073, 1034 (s) ¢m
HRMS: calc. for [C33H7403Si9] (M"-CHs): 755.3327; found: 755.3225.

Photolysis of 3b

A solution of 300 mg (0.410 mmol) dfcin 5 mL of benzene was photolyzed with a 500 W msfc
lamp at 25 °C for 12 h. At this tim#d- and ?Si-NMR analysis showed that the starting material
completely had been consumed. After removal ofrtiatile components on a rotary evaporator 5 mL
of pentane were added and the resulting solutios filkared over silica gel. Evaporation of pentane
followed by crystallization from acetone at —30 &forded 175 mg (58 %) of analytically pufe as

white crystals.

mp: 130-131 °CAnal. Found: C, 53.30; H, 9.65 %Calc.: C, 53.58; H, 10.08 %°Si-NMR (CDCl,
TMS, ppm): 12.36 (OSi(iPs) ~7.45, —8.99 §Mey); —36.45, —36.72, —39.04, -40.75Nle,); ~56.45
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(SH); -131.85 G(SiMey),). *C-NMR (CsDs, TMS, ppm): 149.12, 139.43, 138.49, 132.54, 129.64
121.52 (aryl€); 76.31 (SC(Mes)OSi); 46.83 (arylEH,); 21.73 (arylcHs); 18.38 (CHCHj3),); 18.20
(CH(CHg3)y); 17.19 (aryl€Hs); 13.56 CH(CHsy),); 3.59, 3.47, (S{{Hs)s); —1.03, -1.12, -1.87, —-2.07,
-2.76, —4.09, -4.40, —-4.67 (8¥(5),). '‘H-NMR (CDCl, TMS, ppm): 6.74 (1H, s, aryl-H); 6.67 (1H,
s, aryl-H); 3.90 (1H, s, 8i); 3.37, 3.32, 3.21, 3.16 (2HHH,); 2.28, 2.24 (3H each, s, aigH3); 1.0
-0.9 (21H, b, EGI(CH,),+CH(CH,),); 0.34, 0.27, 0.26, 0.19, 0.18, -0,05, -0,36 (2ldhre s, Si(El3),);
0,23 (12H, s, Si(B3)s+Si(CHs),); 0,20 (9H, s, Si(Bl)s). IR (neat):v(Si-H) = 2069 (s) ci; HRMS:
calc. for [C33H740Si9] (M*): 738.3684; found: 738.3663.

2.4.4.2 X-ray Crystallography

For X-ray structure analysis suitable crystals waminted onto the tip of glass fibres using mineral
oil. Data collection was performed on a Bruker Kagjpex Il CCD diffractometer at 100 K using
graphite-monochromated MooK(\ = 0.71073A) radiation. Details of the crystal datad structure
refinement are provided in Tables S1 — S4. The SKfbrsion 6.1 program package was used for the
structure solution and refineméfit. Absorption corrections were applied using the SASA
program?* All non-hydrogen atoms were refined with anisotcaisplacement parameters. Hydrogen
atoms were included in the refinement at calculgiesitions using a riding model as implemented in
the SHELXTL program. In the solid state structufe2a the adamantyl group as well as the crown
ether molecule were found disordered over two fwostand were accordingly implemented in the
structural model. The ratios of occupancy refined0t65:0.35 (adamantyl group) and 0.60:0.40
(crown ether), respectively. All non-hydrogen atoro$ the disordered parts were refined
anisotropically and hydrogen atoms were placedgustandard AFIX commands. Crystallographic
data (excluding structure factors) have been dagabsiith the Cambridge Crystallographic Data
Centre as supplementary publications CCDC-10122d9, CCDC-101228(02a), CCDC-1012281
(2c), CCDC-101228%3b), CCDC-1012283%4c). Copies of the data can be obtained free of chamge
application to The Director, CCDC, 12 Union Roa@ntbridge CB2 1EZ, UK (fax (internat.) +44-
1223/336-033; e-mail deposit@ccdc.cam.ac.uk).

2.4.4.3 Computational Methods

All calculations were carried out using the Gaus8@aprogram packaéfeon a computing cluster with
blade architecture. For all calculations the mPWBRWybrid functional was us&dogether with the
6-31+G** basis set. After structure optimizatiohs tvibrational frequencies were calculated to ensur
minimum structures. The same combination of fumztioand basis set was used to calculate the
excited states via time dependent (TD)-DFT. Compdimwas modeled by substituting the @3}
group by OSiMe

2.4.5 References
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2.5.1 Abstract

The first germenolates with exocyclic structurédd{Si),Ge(SpMe,),GeC(R)OJK™ (5a R = Mes;5b:
o-Tol; 5¢. 1-Ad) were synthesized by the reaction of theresponding cyclic acylgermanes with
KOtBu. 5a-c could be isolated by crystallization. The rematkathermal stability ofsa-c even at
room temperature allowed full characterization byIR} and UV-Vis spectroscopy and by single
crystal X-ray crystallography. Spectroscopic amdctural features in combination with DFT quantum
mechanical calculations indicated thatc are best described as acyl germyl anions in swolnd in
the solid state as well. The reactivity sd-c versus chlorosilanes parallels the one observeth&o
structurally related silenolates. The aryl subsitiucompound®ab, thus, reacted with CISiMeo
give the exocyclic germenes (M#),Ge(SpMe,),Ge=C(OSiMg)R (6a R = Mes;6b: o-Tol), while
the alkyl substituted speciés afforded the Ge-silylated cyclic acylgermane. TODgalculations
were used to assign the UV-Vis absorption specicata gain more insight into the electronic nature
of 5a-c and6a.
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2.5.2 Introduction

While the chemistry of metal enolates is well depeld and numerous applications for such
compounds existmuch less is known about their heavier conger@&EL(R)O]M” (E = Si, Ge; M

= Li, K), namely silenolates and germenolates. Athe case of enolates, two tautomeric structures o
silenolates can be drawn: the keto-form (I) witk tiegative charge residing predominantly on the
silicon atom, while in the enol-form (Il) the netyat charge is located primarily on the oxygen atom
(Chart 1).

Chart 1. Keto (I)- and enol (l1) form of silenolates.

R\ T //O R /O
JSi-CL, <= _Si=C.
RR rRSCR
| 1]
keto-form enol-form

Apeloig et al. and later Ohshita, Ishikawa and co-workers symthdsand characterized a series of
moderately stable Li-silenolates {(M&i),SiC(R)OJLi* (R = tBu, 1-Ad, o-Tol, Mes) by NMR
spectroscopy and investigated their reactivitfowever, the low thermal stability of these Li-
silenolates prevented their structural charactkomaand their general use as reagents for further
derivatization. In 2004 Ottosson et al. reporteel $gnthesis and the molecular structure of the K-
silenolatel (structural formulae of compounds-5 are depicted in Chart 2), which is totally stable
under an inert atmosphere at ambient temperatureording to X-ray crystallograph¥ adopts a
keto-type structure with a strongly pyramidal cehsilicon atom and an unusually long Si-C single
bond (1.926 A}.More recently Bravo-Zhivotovskii and Apeloig et eéported the synthesis, isolation
and X-ray molecular structure of the first enolAfosilenolates [(RR'2Si)2Si=C(OLi)Ad] (R, R'tBu,

Me) (2) with remarkably short SiC bonds (1.819 — 1.823afy a planar environment around the
central silicon ator.In our laboratories, finally, we successfully eteld a series of cyclic silenolates
[(MesSi),Si(SbMe,),SiC(R)OTK™ (3) (R = 1-Ad, Mes,o-Tol) and investigated their chemical and

structural properties.

The keto-enol equilibrium in metal silenolates b been addressed computationally and it has been
found that in non-solvating media the enol-fornttw# silenolate dominates, while effective solvation
of the cation e.g. by crown ethers strongly favtite keto-forni. Furthermore, Ottosson et al.
observed in a related DFT study that coordinatioa solvated metal ion to the oxygen atom in t§pe
silenolates results in shorter SiC bond lengtlsnaller degree of pyramidalization around Si(1y an
lower the charge difference at the carbon and ettlicon atomAq(SiC) as compared to the naked

silenolate®
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To the best of our knowledge only two studies wéhard to germenolates have been published in the
literature by Bravo-Zhivotovskii et al. who repadteriefly on the formation of germenolate ani@ns
from the reaction of bulky acylgermanes such as;8)gGeC(OjBu with EgGelLi.” Spectroscopic
and structural data & however, were not given. Otherwise acylgermamnesrelated species recently
attracted considerable attention because of pessipplications as photoinitiators or sources for
germanium centered radicdlF.hus, based on the observation that the cyclenslates3 can be
prepared and isolated with remarkable selectivity,decided to attempt the synthesis of the related
germanium based species and to study their cheamehstructural properties. In this paper we report
on the synthesis, the characterization and thecutalestructures of the first isolated germenolates

¢ and the conversion dab to the corresponding germenes ¢Big.Ge(SpMe,),Ge=C(OSiMg)R

(R = Mes,o-Tol) 6a,b which represent the first examples of isolatethlstgermenes with exocyclic

structures.
Chart 2.
(@) R
+ ~c”
K* K- g
. H I
MeSi, = O R3S'g co Li Me,Si” “SiMe,
Si—C 1=
/ \ ./ Me,Si SiMe
MesSi Bu  ReSi Ad g
N
R = tBu, Me MezSi SiMe;
2 3a: R = Mes; 3b: R=0-Tol;
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2.5.3 Results and Discussion

2.5.3.1 Synthesis of Germenolates
Standard procedures for cyclopolysilane synthesisevemployed to prepare the cyclic acylgermanes
S2ac according to Scheme 1 following a synthetic protagliready used for the synthesis of the

corresponding acylcyclohexasilarfés.
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MesSi,SiMeg MesSi, /K+ MesSi, C—R
_Ge_  1.05eq.KOBu _Ge_ 1.05 eq. RCOCI _Ge_
Me,Si ?lMez DME MeQS: ?iMez Et,0 Me,Si SiMe,
—_— — 2
Me;Sis  _SiMe; _siMe,OBu  MesSi<_ _SiMe, -Kal Me,Si_ _SiMe,
Ge Ge Ge

/N /N / N\
MesSi  SiMej MesSi  SiMej Me3Si  SiMej

S2a: R = Mes;
S2h: R = 0o-Tol;
1 S1K S2c: R = 1-adamanty!

Scheme 1Synthesis of cyclic acylgermanggac.

The air-stable and crystalline target compoundsveditained in isolated yields of >65 %. Analytical
and spectroscopic data which perfectly supporsthectural assignment are given in the Experimental
Section together with experimental details. Theeuolar structures @2ac as determined by single-

crystal X-ray crystallography are included in theforting Information.

The reactivity pattern ofS2ac closely resembles the one found for the correspgnayclic
acylsilane$. Thus, upon the addition of 1.05 equiv. of #8D to THF solutions 0S2ac at-70 °C we
observed the facile and quantitative formationhef ¢yclic germenolatésa-c (Scheme 2) as indicated
by a[40 ppm downfield shift of the C=6C resonance line and by the disappearance dfthand
#si NMR signals of one M&i group in the regiof™Si = 1.09 — 4.47 ppm arid®C = 2.1 — 4.3 ppm.

N N
MesSi, C—R K'Y

Ge_ 1.05 eq. KOtBu, _Ge_
Me,Si~ “SiMe, THF Me;Si ?lMez

Me,Si<. _SiMe, - SiMe;OfBu Me,Si_ _SiMe,
Ge Ge

/\ N
MesSi  SiMej Me;Si SiMe3

s2 6a: R = Mes; 5b: R = o-Tol;
5c: R = 1-adamantyl

Scheme 2Synthesis of cyclic germenolatga-c.

The resulting red solutions can be used directiyfdcther derivatization or can be stored-a80 °C in

the absence of air even for several months. Upenattempted removal of the solvents and other
volatile components in vacuo, however, the prodiciediately decomposed to uncharacterized
material.

After addition of [18]crown-6 in toluene we werel@lio grow crystals of the 1 : 1 [18]crown-6
adducts ofcsb and 5c which were suitable for single crystal X-ray calkigraphy. The molecular
structures are depicted in Figure 1. Table 1 shaelected bond lengths and the sum of valence angles
around the central Ge-C moiety together with theesponding data of the structurally related K-

silenolates3b,c and calculated values derived from the B3LYP/6@(d;p) optimized structures. As
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can be seen from Table 1 excellent agreement betitee experimental and the calculated data is

observed throughout.

For cyclic silenolate8 different modes of coordination of thé Kounter ion for species with an alkyl
or an aryl group attached to the carbonyl C-atomemdy have been detecttdBased on the
significantly larger value o£aSi;(326.8 vs. 316.7°), a considerably shortengeCgibond (1.874 vs.
1.966 A) and a slightly elongated C-O bond (1.260M244 A) it has been concluded that species
with aryl groups at the carbonyl C-atom exhibitrewsed contributions of the enol-form. In contrast,
the germenolateSb,c are best described as acyl germyl anions (keto-lan chart 1) irrespective of

the nature of the R-group at the carbonyl function.

Figure 1. ORTEP diagram for compounds and5c (1:1 adducts with [18]crown-6). Thermal ellipsoiae
depicted at the 5% probability level. Hydrogen atoms are omitted dtarity.

Table 1.Experimental and B3LYP/6-31+G(d,p) calculated selédond lengths d [A] and sum of valence
angleszo(E1) [deg] and NPA charges calculated at the PCMY836-31+G(d,p) level in THF as a solvdnt
the K-silenolateq, 3b,c and the K-germenolaté&b,c.

3b 3c 5b 5¢ 1"
exp.’ calc. exp.’ calc. exp. calc. exp. calc. exp. calc.
dCi-E;  1.874(2) 1.924 1.966(2) 1.960 2.007(5) 2.003 2.063(2) 2.025 1.926(3) 1.946

dC-0; 1260(2) 1250 1244(2) 1242 1236(6) 1243 1231(3) 1238 12453) 1239

dK,-0, 2701(1) - 2743(1) - 2.7334) - 2.740Q2) -  2.846(Q2) -

dK,-E, 49351) -  3.6032) -  3.8556) - 36139 - 37141 -

dK,-C, 3257(2) - 4.8992) - 45825) - 49262) - - -
YaE, 3268 3213 3167 3105 3046 3061 3107 3107 3178  307.0
q(E1) - -0.12 - -0.16 - -0.19 - -0.22 - -0.12

3 data taken from ref. 3.data taken from ref. 5.

C-O bond lengths observed fBb,c are nearly identicalAd(C-O) = 0.005 A) with numerical values
close to the ones measured for the alkyl substitkito-type silenolatesand3c. The Ge-C; bond in
5¢ is significantly elongated relative &b (2.063 vs. 2.007 A) very likely for steric reasphscause
both values closely match the C-Ge single bonaudcsts in the acylgermang8gb,c (2.050 and 2.009

AY'. Again in close analogy tband3cthe K cation coordinates simultaneously to Ge1 and (Bbin
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and5c as well with the O atom showing a closer conthahtthe Ge atorhFurthermore, the central
Ge-atoms obb,c (ZaGe, = 304.6 and 310.7°) are even more pyramidal thancentral Si-atoms in
the molecular structures df and 3c ((ZaSi; = 317.8 and 316.7°). The natural population arnslys
(NPA) charges q(g calculated at the PCM B3LYP/6-31+G(d,p) leveTidF as a solvent, finally, are
even larger for Geof 5b,c (-0.19 e;-0.22 e) as compared to,Sif 1 (-0.12 e§ and 3c (-0.16 e)
which possibly at least to a certain extent refldbie higher electronegativity of Ge relative to Si
Alternatively, the larger concentration of electrdensity on Ge inbb,c relative to the silicon
analogues might also be attributed to a weaker Gesr@ due to poorer orbital overlap. The slightly
higher negative charge placed on Gel and Skt and3c as compared téab and3a,b, furthermore,
might also be responsible for the observed reagtoifferences between alkyl- and aryl substituted

germenolates and silenolates versus chlorosilag&i€CRmentioned below.

NMR data also support the conclusion that the dantistructure oba-c is the keto-form. In close
analogy to Ottosson's keto-type silenolatg'*Cc-o = 274.1 ppm) all three compounds exhibit very
similar **C chemical shifts for the carbonyl C atom betw&en279.5 and 281.9 ppirEurthermore,
5a-c exhibit only two sharp SiMeresonance lines iffSi-NMR at§ = —-27.9 --30.4 ppm which
clearly suggests free rotation around the-Gebond (compare Figure 2). In case of hindered igrat
due to increased Ge=C double bond character dttleasignal of the SiMegroups adjacent to Ge(1)
is likely to split up into two lines or to show serfine broadening. In fact, the germegeeactually
exhibits two individuafSi resonances for the magnetically non-equivale8tMe, groups while in
the 'H and*’Si spectra of the aryl substituted cyclic silen®laa one of the SiMgsignals appears
unusually broadened. Similar features are appaiantthe NMR spectra of Li-silenolates
(Me3Si),SIC(OLI)R (R =tBu, Ad,o-Tol, Mes) and have been rationalized in termsiofeased double
bond character of the central Si-C bond in the sugstituted derivatives.

3a,b
1a,b ’
. O\TC’MES Za,b
Ko
3a_Ge 3b
MEZS: ?iMeg
Me,Si.  _SiMe,
2a /Ge 2b
\
MesSi~ SiMes
1a 1b
2a,b
1a,b
4 _O Mes
1 Me3Si
4 3a_Ge_3b
MEZS: ?iMe; 3a,b
Me,Si.  _SiMe,
2a 536 2b
\
MesSi SiMes
..... 48 b
20 15 10 a

0 5 -0 15 20 25 -30 -3 40

Figure 2. INEPT ?°Si NMR spectra oba (top) and6a (bottom). The SiMggroups 3a,b exhibit two resonance
lines due to hindered rotation around the Ge=C bond
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2.5.3.2 Synthesis of Exocyclic Germenes

The reactivity of5a-c versus chlorosilanes parallels the one observdgkretor type 1l and3 alkali
metal silenolate&>® Thus, 5¢ with an alkyl group attached to the carbonyl mpietacted with an
equimolar amount of M&ICl at 0 °C in THF under formation of the acylgamaS2¢ while the aryl-
substituted compoundsa,b, under the same conditions, exclusively afforded®-silylated germenes
6ab (compare Scheme 3). After crystallization fromtloyé ether, we were able to obtain yellow
crystals of puréa in 95 % yield and to characterize the remarkabdple germene structurally and
spectroscopically. In contrast Ga, which can be stored aB0 °C for several months without any
noticeable decomposition, it was not possible tpasste purebb from several unidentified by-
products because it decomposed rather rapidly, evef70 °C, possibly due to incomplete steric

protection of the Ge=C double bond.

The NMR data oba are consistent with the structural assignment Byaok-type germene. Spectra
and assignment can be found in the Experimentaic®eand in the Supporting Information. ‘AC
signal characteristic of the Ge=C double bond waserved at(**C) = 210.0 ppm. ThéH and*C
spectra, furthermore, display sharp distinct aligmmp for each of the four endocyclic SiMgroups.
The #Si spectrum only shows three SiMsignals, one resonance line each fora®id Sj and one
superimposed signal forSind S§ (compare Figure 2) which are magnetically non-eajent due to

the lack of freedom of rotation around the germamaarbon double bond.

The molecular structure dfa as determined by single crystal X-ray crystallpgmais depicted in
Figure 3 together with selected bond lengths amall@nd torsion angles. The Ge=C distance of 1.84
A is similar to the values found in other germe(ieg7 - 1.86 A2

O _Ani
MesSi~~ \I(
Ge
% MeSiT SiMes
MesSi  _SiMe,
" 5
K _Y MesSi© SiMes
Ge
Me,Si~  “SiMe, CISiMes 6a R = Mes
— 6b R = o-Tol
Me,Si  _SiMe;
Ge o
/ N\
MesSi SiMes MesS! >\ Aq
\
Ge
Sac 5c Me,Si~  “SiMe,
—

Me,Si  _SiMe,
Ge
/N
MesSi  SiMes

S2c

Scheme 3Reaction oba-c with CISiMe;.
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Figure 3. ORTEP diagram for compourgh. Thermal ellipsoids are depicted at the 50 % podita level.
Hydrogen atoms are omitted for clarity. Selectesidbéengths [A] and bond and torsion angles [deghwi
estimated standard deviations: Ge(1)-C(1) 1.835(2))-O(1) 1.388(3)XaGe(1) 351.7XaC(1) 360.0, Si(4)-
Ge(1)-C(1)-C(2) —18.11, Si(2)-Ge(1)-C(1)-O(1) 9.96.

As compared to the corresponding cyclic silene @®eSi(SbMe,),Si=C(OSiPr;)Mes (7),° the
double bond irba is considerably more distorted as indicated byldinger torsion angles S6e-C;-
C, and Sj-Ge-C;-0O; and by the larger pyramidalization of GEBaGe, = 351.7° vsXaSi; = 357.8° in
7). Otherwise the F5e, ring in 6a adopts a twisted conformation with unexceptiomalaeyclic bond

distances and angles.
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2.5.3.3 UV-Vis Absorption Spectra

To gain more insight into the electronic nature5efc and 6a, UV-Vis absorption spectra were
recorded and the longest wavelength absorptionshamede assigned for the conformational minimum
structures via TDDFT-PCM calculations at the B3L&BAL+G(d,p) level. The obtained experimental

and computational data are summarized in Tablellhow reasonable agreement.

e ®
% e . ©
e < g
. o/ ¢ &
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Figure 4. UV-Vis absorption spectra &a-c (THF solution; ¢ = 5- 1 M) and6a (n-hexane solution; ¢ = 1-10
M) and frontier orbitals calculated at the TDDFTM®3LYP/6-31+G(d,p) level of theory in THF f&a-cand
heptane foba.

Figure 4 shows the experimental UV-Vis absorptipectra together with the calculated frontier
orbitals. The high intensity absorption band in thé-Vis spectrum oba centered at 368 nm is easily
assigned to a—n* transition within the Ge=C double bond. This basdesponsible for the yellow
color of 6a and appears slightly shifted to the red by 4 nmamspared to the corresponding band in
the absorption spectrum of the isostructural siferdl three germenolates exhibit an intense
absorption maximum between 422-463 nm which isstafted in the ordesc — 5a — 5b.
According to our calculations at the TDDFT-PCM B3®/%-31+G(d,p) level of theory in THF, these
bands are unequivocally assigned to the HOMQ@MO transition for 5a,b while for 5c the
calculated HOMG-LUMO+1 transition primarily contributes to the obsed absorption band. The
HOMOs of 5a-c (Figure 4) mainly correspond to the @rbital of the germanium atom with little
variation in shape and energy. Upon excitationgted@ density is displaced into thé& orbital of the
carbonyl moiety (LUMO or LUMO+1). In the LUMOs ohé¢ aryl substituted speciém,b our
calculations additionally showed considerable cgaijion of the carbonyl and the aromatisystems
which are not possible for the alkyl substitutedngenolatesc. These conjugational type interactions

are even enhanced in the cas®&lfiue to the smaller dihedral angle between the GreDp and the
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aromatic ring plane. As a consequence the empiyatsi{LUMO or LUMO+1) are stabilized in the
order5¢c — 5a — 5b which results in smaller excitation energies amdhie observed bathochromic
shifts of the corresponding absorption bands.

Table 2. Experimental and TDDFT-PCM B3LYP/6-31+G(d,p) cddtad longest wavelength absorption
maximal [nm], extinction coefficients [L- mol™*-cm?] resp. oscillator strengths f for 5a-c (THF) arad 6

(heptane).
Amax €XP.  Amaxcalc. .
Assignment
© (f) g
442 426 p,—m*
5a HOMO— LUMO
(2550) (0.1341) (CO/Aryl)
463 496 p,—n*
5b HOMO— LUMO
(2660) (0.1312) (CO/Aryl)
422 412 p,—n*
5¢ HOMO— LUMO+1
(2790) (0.0609) (CO)
368 401 T—T*
6a HOMO— LUMO

(13050)  (0.4387)  (Ge=C)

2.5.4 Conclusion

In summary, we have demonstrated that stable gedateis can be synthesized and isolated by
crystallization if the Ge atom is incorporated iatgyclohexasilane ring. In contrast to the behagio
the isostructural silenolates the resulting gerrfaee5a-c almost exclusively exhibit the character of
acyl germyl anions with a negatively charged Genata Ge-C single bond and a C=0 double bond
irrespective of the nature of the substituent agdcto the carbonyl group. This finding allows to
conclude that germenolates like most silenolatestaucturally dissimilar to enolates. Furthermdtre,
has been shown that the reaction of the aryl dubsii speciesba,b towards CISiMe
straightforwardly affords the first isolable Brookpe germenéa with an exocyclic structure. UV-Vis
absorption spectroscopy measurements, finallycatdd that light absorption and colorSaéc can be

tuned by the substitution pattern and the geonwdttige -C(O)R moiety.
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2.5.5 Experimental Section

2.5.5.1 General Considerations

All experiments were performed under a nitrogenosiphere using standard Schlenk techniques.
Solvents were dried using a column solvent putiitza systenmt® Commercial K@Bu (97 %),
CICOMes (99 %), CICOAd (98 %), ClGOrol (99 %), MeSiCl (97 %) and [18]crown-6 (99 %) were
used as purchasetd (299.95 MHz),"°C (75.43 MHz) and®Si (59.59 MHz) NMR spectra were
recorded on a Varian INOVA 300 spectrometer andregfced versus TMS using the interftdllock
signal of the solvent. 1,1,4,4-Tetrakis(trimethiyl$i2,2,3,3,5,5,6,6-octamethyl-1,4-digermacyclo-
hexasilane $1) was synthesized according to published procedfildRMS spectra were run on a
Kratos Profile mass spectrometer equipped withlid poobe inlet. Infrared spectra were obtained on
a Bruker Alpha-P Diamond ATR Spectrometer fromabkd sample. Melting points were determined
using a Buechi 535 apparatus and are uncorrectethelatal analyses were carried out on a Hanau
Vario Elementar EL apparatus. UV absorption speatese recorded on a Perkin Elmer Lambda 5

spectrometer.

Synthesis of S2a

2.00 g (2.98 mmol) o$1and 0.35 g (3.13 mmol) of KiBu were dissolved in 20 mL of DME. After
stirring for 60 minS1 was completely consumed as monitored *#8i-NMR spectroscopy. This
freshly prepared solution was slowly added to autsmh of 0.65 g (3.13 mmol) of 2,4,6-
trimethylbenzoylchloride in 50 mL of diethyl ethatr—80 °C. Subsequently the mixture was stirred for
another 30 min at —80 °C, allowed to warm to ro@mperature and finally stirred for additional 60
minutes. After aqueous work-up with 100 mL of 3 fric acid, the organic layer was separated,
dried over Na&SQ, and the solvents were stripped off with a rotargp®rator. Drying in vacuo (0.02
mbar) and crystallization from acetone solution—-80 °C afforded 1.44 g (1.93 mmol) (72 %) of

analytically pureS2aas yellow crystals.

mp: 110-112 °C. Anal. Calc. for,@s,Ge0Si: C, 43.55; H, 8.39. Found: C, 43.69; H, 8.55%88i-
NMR (CsDs, TMS, ppm): —1.09, -1.13, -2.70 (SipJe-28.37, —29.44 (SiM&. *C-NMR (CsDs,
TMS, ppm): 243.9 (GeC=0); 147.3, 137.3, 130.7, 128les-C); 20.6, 19.6 (Mes-GH 4.2, 4.1, 2.1
(Si(CHy)s); —0.3, -0.6, —1.3, —2.1 (Si(G}). *H-NMR (CsDg, TMS, ppm): 6.56 (s, 2H, Mes-H); 2.20
(6H, s, ortho-CH); 2.02 (s, 3H, para-CHt 0.59, 0.49, 0.42, 0.40 (s, 6H each, Sig}10.36, 0.34,
0.12 (s, 9H each, Si(GH); IR (neat):v(C=0) = 1635, 1623, 1608 (m) émHRMS: calc. for
[CoHeGe0SE"  (MY): 744.1628; found: 744.1638. UV-Vi [nm] (¢ [L-molt-cmi']) = 256
(39580), 365 (259), 382 (295), 400 (280).

Synthesis of S2b
The same procedure as f62awas followed with 2.00 g (2.98 mmol) &1, 0.35 g (3.13 mmol) of
KOtBu and 0.48 g (3.13 mmol) of 2-methylbenzoylchlerid¥ield: 1.38 g (1.94 mmol) (65 %) of

analytically pureS2bas yellow crystals.
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mp: 111-112 °C. Anal. Calc. for,@s:Ge0Si: C, 41.90; H, 8.16. Found: C, 42.10; H, 8.21%88i-
NMR (CsDs, TMS, ppm): —2.92, -3.22, -3.70 (SilJe—-30.05, —30.63 (SiM&. “C-NMR (CsDs,
TMS, ppm): 238.4 (GeC=0); 145.3, 133.8, 131.6, 43030.0, 125.0c(Tol-C); 20.1 6-Tol-CHy);
4.2, 2.5 (Si(CH)s); —0.4, -0.5, -1.6, —2.2 (Si(G}). *H-NMR (CsDs, TMS, ppm): 7.62-6.84 (4H)-
Tol-H); 2.42 (s, 3Hp-Tol-CHs); 0.49, 0.39 (s, 6H each Si(Gh); 0.46 (s, 12H, Si(CH),); 0.31, 0.30,
0.26 (s, 9H each Si(GM)); IR (neat):v(C=0) = 1619 (m) cm HRMS: calc. for [GsHssGe0Sk]*
(M"): 716.1315; found: 716.1324. UV-Vis:[nm] (e [L-mol™ cm’]) = 247 (15690), 288 (3198), 411
(180).

Synthesis of S2c
The same procedure as f82awas followed with 2.55 g (3.80 mmol) &1, 0.45 g (3.99 mmol) of
KOtBu and 0.79 g (3.99 mmol) of 1l-adamantoylchlorittéeld: 2.28 g (3.00 mmol) (79 %) of

analytically pureS2cas colorless crystals.

mp: 145-147 °C. Anal. Calc.for,gHesGe,OSi: C, 44.21; H, 8.75. Found: C, 44.10; H, 8.90%95i-
NMR (CsDs, TMS, ppm): -2.93, -3.76, -4.4BWe;); —30.47, —30.64 IMe,). *C-NMR (CsDs,
TMS, ppm): 243.7 (Ge=0); 51.6, 37.2, 36.6, 28.1 (A@Y; 4.3, 4.2, 3.3 (SCHs)3); -0.1, -0.3, -1.1,
-1.4 (SiCH3),). '"H-NMR (CsDe, TMS, ppm): 1.89, 1.73, 1.56 (s, 15H, At 0.54, 0.41 (s, 6H
each, Si(Els),); 0.44 (s, 12H, Si(H3),); 0.36, 0.34, 0.32 (s, 9H each, SHy); IR (neat):v(C=0) =
1635 (m) crit. HRMS: calc. for [GeHesGe0SkH]T (MY): 760.1942; found: 760.1904. UV-Vis:[nm]
(¢ [L-mol™ cm?]) = 363 (299).

Synthesis of 5a

300 mg (0.403 mmol) ofS2a were dissolved in 4 mL of THF, cooled to —80 °Cda#7.5 mg
(0.420 mmol) of K@BuU were added. After stirring for additional 30 mii@s the mixture was allowed
to warm to room temperature and finally stirred &or additional hour (the reaction mixture turned
dark red). At this time reaction control by NMR sprescopy showed clean conversion of the starting
material to the desired germenol&te Me;SiOtBu and MgSiOSiMe;. Upon the attempted removal of
the volatile components in vacba decomposed to uncharacterized degradation praducts

#Si-NMR (THF/D,O, TMS, ppm): —4.36 §Mes); —28.67, —30.38 §Me,). °C-NMR (THF/D,0,
TMS, ppm): 281.6 (Ge=0); 152.4, 133.4, 129.9, 127.8 (M€}- 20.2, 19.9 (Me€Hy); 4.1
(Si(CHs)3); 0.1, —0.3 (SiCH5),). 'H-NMR (THF/D,0, TMS, ppm): 6.72 (s, 2H, Mds); 2.36 (s, 6H,

ortho-CHy); 2.27 (s, 3H, paraids), 0.35 (b, 42H, Si(B3); + Si(CH3),). UV-Vis: A [nm] (g [L- mol
Lcmi')) = 442 (2546).

Synthesis of 5b

The same procedure as fam was followed with 210 mg (0.293 mmol) 82bin 2 mL of THF and
34.5 mg (0.308 mmol) of KtBu.

»Si-NMR (THF/D,O, TMS, ppm): —4.35 §Mey); —28.93, -29.65 §Me,). *C-NMR (THF/D,0,
TMS, ppm): 279.5 (G@=0); 153.9, 129.8, 128.9, 126.2, 125.8, 124:T¢l-C); 19.2 (MescH3); 4.1
(Si(CH3)3); 0.29, 0.31 (SITH3),). *H-NMR (THF/D,O, TMS, ppm): 7.51-7.05 (m, 4ié;Tol-H); 2.32

(s, 3H, ortho-Els); 0.34 (s, 42H, Si(Hs); + Si(CHs),). UV-Vis: A [nm] (¢ [L-mol™ cm?]) = 463
(2664).
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Synthesis of 5¢

The same procedure as foa was followed with 300 mg (0.394 mmol) 8Rcin 4 mL of THF and
46.5 mg (0.414 mmol) of KBu.

»Si-NMR (THF/D,O, TMS, ppm): —4.21 §Mey); —27.90, —29.91 §Me,). *C-NMR (THF/D,0,
TMS, ppm): 281.9 (G8=0); 51.8, 39.2, 37.5, 29.2 (Ady;, 4.2 (SiCHs)3); 1.9, 0.0 (SICH3),). *H-

NMR (THF/D,O, TMS, ppm): 0.40, 0.37 (s, 12H each $ig)3); 0.35 (s, 18H, Si(B3)3); UV-Vis: A
[nm] (e [L- mol™*-cmiY]) = 422 (2790).

Synthesis of 6a

46.0 mg (0.423 mmol) of M8iCl were added dropwise at 0 °C to a solutiod®in 4 mL of THF
freshly prepared from 300 mg (0.403 mmol)S#aand 47.5 mg (0.423 mmol) of KBu according to
the procedure described above. Immediately thesoddgtion turned yellow. After removal of the
volatile components in vacuo the remaining yellmlidswas dissolved in heptane, filtered over dry
celite and the solvent was stripped off again. {Ratlization from diethyl ether afforded 285 mg

(95 %) of the analytically pure germeBaas yellow crystals.

mp: 88-89 °C (dec.). Anal. Calc. fonE:Ge0Sk: C, 43.55; H, 8.39. Found: C, 43.32; H, 7.94 %.
#Si-NMR (CsDs, TMS, ppm): 13.88 (OSiMg —3.73 GMe;); —24.81, —26.49, —30.58Me,). **C-
NMR (CsDs, TMS, ppm): 210.0 (Ge&5); 143.9, 136.3, 134.7, 128.2 (M€$: 21.0, 20.8 (MeH,);
3.9 (SiCH3)3); 0.4, -0.8, -0.85, 1.5, —2.6 (8¥l5),). "H-NMR (CsDg, TMS, ppm): 6.73 (s, 2H, Mes-
H); 2.49 (s, 6H, orth&H,3); 2.06 (s, 3H, par&H;); 0.69, 0.43, 0.09, —-0.02 (s, 6H each $i{);
0.30 (s, 27H Si(B3)3); IR (neat)v(Ge=C) = 1134 (m) cth HRMS: calc. for [GHs:Ge0Sk]™ (M™):
744.1628; found: 744.1665. UV-Visnm] (g [L-mol™-cni']) = 369 (13054).

Synthesis of 6b

The same procedure as fia was followed with 48.0 mg (0.440 mmol) of A&Cl and a solution of
5b in 4 mL of THF freshly prepared from 300 mg (0.4téhol) of S2band 49.3 mg (0.440 mmol) of
KOtBu. The target germertgh was formed along with several unidentified by-pretd. Purification

of the crude material by crystallization was natcassful.

#Si-NMR (C:Dg, TMS, ppm): 16.09 (OSiMg -3.72 GMe;); —25.10, —30.48, —30.5&(Me,). **C-
NMR (C¢Dg, TMS, ppm): 214.8 (Ge3).

2.5.5.2 X-ray Crystallography:

For X-ray structure analysis suitable crystals waminted onto the tip of glass fibers using mineral
oil. Data collection was performed on a Bruker Kagjpex Il CCD diffractometer at 100 K using
graphite-monochromated MooK(A = 0.71073 A) radiation. Details of the crystalaland structure
refinement are provided in the Supporting InformatiThe SHELX version 6.1 program package was
used for the structure solution and refineniémibsorption corrections were applied using the
SADABS progrant? All non-hydrogen atoms were refined with anisoicagisplacement parameters.
Hydrogen atoms were included in the refinement atutated positions using a riding model as

implemented in the SHELXTL program. Disorder fongmund5b and5c was handled by modeling
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the occupancies of the individual orientations gdiee variables to refine the respective occupancy
of the affected fragment&or 5b, disordered positions for two silicon atoms witspective Ckl
groups in the main heterocycle were refined usio@® split positions. Disorder of the Sipoiety
and a CH groups was refined using split positions, 60/408 80/50 respectively. Fdic, disordered
positions for two carbon in the [18]crown-6 moietyere refined using 68/32 split positions.
Crystallographic data (excluding structure factolgve been deposited with the Cambridge
Crystallographic Data Centre as supplementary patxins CCDC-10606535g, CCDC-1060654
(S2b, CCDC-1060655 %29, CCDC-1060656 §b), CCDC-1060657 Hc), CCDC-1060658 Ga).
Copies of the data can be obtained free of changapplication to The Director, CCDC, 12 Union
Road, Cambridge CB2 1EZ, UK (fax (internat.) +443/336-033; e-mail deposit@ccdc.cam.ac.uk).

2.5.5.3 Computational Methods

All computational studies were executed on a comgutluster with blade architecture using the
Gaussian09 software packdfeln every listed calculation the Becke's three-paeter hybrid
functional” for exchange and the Lee-Yang-Parr nonlocal caticel functionaf (B3LYP) together
with the 6-31+G(d,p) basis &etof Pople and coworkers for all atoms were usedlebtdar
geometries of the anior3b,c and5a-c were fully optimized in the gas phase and miningiractures
were characterized by harmonic frequency calculatid’he vertical excitations of conformational
minimum structures were calculated via time-depah@¥T (TDDFT) with the same combination of
functional and basis set, additionally using théapped continuum model (PCRA)for solvation
effects. Tetrahydrofuran was used as a solventtifer germenolate structurém-¢ heptane for
germeneba. Test calculations suggested only minimal charigesalculated energies of conformers
when other hybrid functionals (i.e. mMPW1PW%#1lgrger basis sets (i.e. 6-31+G(2d,p), 6-311+G(d,p)
and 6-311++G(d,p}j or structures with potassium as the counter iorttfe germenolateSa-c were
employed. Additionally vertical excitation energiesuld not be further improved when long range
corrected hybrid functionals or larger basis setsewapplied (i.e. TDDFT-PCM CAM-B3LYP/6-
31+G(d,p)//B3LYP/6-31+G(d,p), TDDFT-PCM B3LYP/6-3G{2d,p)//B3LYP/6-31+G(d,p) and
TDDFT-PCM CAM-B3LYP/6-31+G(2d,p)//B3LYP/6-31+G(d )22 If not explicitly mentioned,
all molecular orbitals were plotted using the Gabedftware packadé with iso-values of 0.025.
Natural population analysis (NPA) charges for tleengenolatesbb,c and the silanolat@c were
calculated at the PCM B3LYP/6-31+G(d,p) level cfdhy in THF as a solvent.
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2.6 Synthesis and Characterization of the First Relatiely Stable
Dianionic Germenolates
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graphical abstract:
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2.6.1 Abstract

The previously unknown dianionic speci@a,b with exocyclic structures were synthesized by the
reaction of the corresponding cyclic acylgermangh .1 equiv. of K@Bu. The structural properties
of the resulting products were analyzed by a coatmn of NMR and UV-Vis absorption
spectroscopy, single X-ray crystallography and QjftEntum chemical calculations and it has been
found that2a-c and3b,c are best described by the keto-form (resonanaetate 1) in solution and in
the solid state as well. The reactivity 2d-c and3b,c towards a variety of selected electrophiles was

also examined.
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2.6.2 Introduction

Enolates and silenolates are widely employed inamicg and in inorganic chemistry as wéll.
However, to the best of our knowledge only a fewdis concerning relatively stable germenolates
have been published in literature thus far. Bratio/dtovskii et al. reported briefly on the formation
of the germenolate anion (NV&i),GeC(OLiYBu. Spectroscopic and structural data of the result
product, however, were not givés we have shown earlier, it is possible to syriteesind to
characterize cyclic silenolates with remarkabldiitg and to react them with various electrophiles
Based on this work, we recently succeeded in isgjatnd fully characterizing the structurally relat
germenolate®a-c and to convert them to the corresponding germehiesein, we would like to

present a related study focused on the dianiorEcieg3a,b.

2.6.3 Results and Discussion

2.6.3.1 Cyclic Germenolates
The cyclic acylgermaneka-creacted cleanly with 1.05 eq. of kBu to give the corresponding cyclic

germenolatega-c With 2.1 eq. of KEBu the dianionic specie€a,bwere obtained.

+ +
+ K--- K--.
Ao 2.1 Eq KOtBu, 1.05 eq KOtBu, / o)
K\ /o NS A DME o/ \ o DME o/ \ Y
/Ge Ge —C\ -~ ./Ge Ge _— /Ge Ge—C\
\—/ R \_/ R \0—0/ R
3a R=Mes
= 1a R=M 2a R=Mes
3b R=Ad T Rz oTol 2b R=o-Tol
1c R=Ad 2c R=Ad

® = Si(Me),
Scheme 1Synthesis of germenolat@a-cand3a,b

For 2a-c and 3ab two tautomeric structures can be drawn: one with negative charge residing

predominately on the germanium atom (l), whilehia bther one (ll) it is located on the oxygen atom.

+ + -
R K R K o
Ge c// Ge=¢’
o— =
/ A\ / ¢ \
R R R R
| ]
keto-form enol-form

For cyclic silenolates significantly, different mexlof coordination of the *Kcounter-ion for species
with an alkyl or an aryl group attached to the cagh C-atom have been detected and it has been
concluded that species with aryl groups at theararbC-atom exhibit increased contributions of the
enol form? In contrast2a-c did not show similar substituent dependenciesamdest described as
acyl germyl anions (resonance structurg Apparently the same is true for the dianionic &=e8.
Single crystal X-ray crystallography showed closallated coordination of the'Kcounter-ion to the
GeC(R)O moiety in the solid state structurelofc and3b with simultaneous coordination of thé K
cation to Ge(1) and O(1) (compare Figures 1 anah@ Bable 1). Nearly identical C(1)-O(1) and
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Ge(1)-C(1) bond distances were measured®lge and3b. Furthermore, numerical values of d(C-O)
appear in a typical range for C=0 double bonds|enthie Ge(1)-C(1) bond lengths closely match the

C-Ge single bond distances in the acylgermdies®

Figure 2 ORTEP diagram foBb (1:2 adduct with [18]crown-6)

Table 1 Selected experimental and B3LYP/6-31+G(d,p) cale bond lengths d[A], sum of valence angles
ZoGeyy and NPA charges q(@efor the K-germenolate2b,c and3b.

2b 2c 3b
exp. calc. exp. calc. exp. calc.

d C-Ge 2.007(5) 2.003 2.063(2) 2.025 2.055(3) 2.009
d G-O, 1.236(6) 1.243 1.231(3) 1.238 1.252)4) 1.244
d K;-O; 2.733(4) - 2.740(18) - 2.758(8) -
d K;-Ge 3.855(6) - 3.613(9) - 3.423(2) -

d K;-C, 4.582 - 4.926 - - -

Yok 304.6 306.1 310.7 310.7 314.02 318.3
q(Ge) - -0.19 - -0.22 - -0.25
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NMR data also support the conclusion that the dantistructure oB8a,b is the keto-form (compare
Table 2)."*C-NMR chemical shifts were observeddat 282.45 and 281.87 ppm, respectively, which
are typical forsp” hybridization and close to the ones measure@4der.” Furthermore2a-c and3a,b
exhibit only two sharp SiMeresonance lines ifiSi-NMR betweerb = —26.36 -—28.96 ppm which
clearly suggests free rotation around thg-Gebond. In case of hindered rotation due to increéase
Ge=C double bond character, the signal of the -giyieups adjacent to Ge(1) is likely to split upint

two lines or at least to show some line broadening.

Table 2 SelectedC- and®Si-NMR chemical shifts for the acylgermarieand germenolatex3

1 (ppmy 2 (ppmy 3 (ppmy
Mes Ad Mes Ad Mes Ad

3"C (C=0) | 243.85 243.73 281.60 281.87 282.45 282.78

-1.09  -2.93
5Si(SMe;) | -1.13  -3.76  -4.36 -4.21
-0.49 -0.62
-2.70  -4.47

-28.37 -30.47 -28.67 -27.90 -27.37 -26.34

8%°Si (SMe,)
-29.44 -30.64 -30.38 -29.91 -28.96 -28.75

& values relative to ext. TM$in CsDg at 22 °C? in THF/D,O at 22 °C

2.6.3.2 Reactivity towards Electrophiles

As shown in Scheme 2 the K-germenola2asc and 3a,b reacted with chlorosilanes to give either
germenes or acylgermanes depending on the natules d&?-group attached to the carbonyl C atom.
With aromatic R-groups the germerfesb and5b were obtained while aliphatic R-groups gave rise t
the formation of the acylgermangsand5a. Natural population analysis (NPA) charges cateaat
the PCM B3LYP/6-31+G(d,p) level of theory in THF assolvent (compare Table 1), showed a
slightly higher negative charge placed on the e¢i@e(1) atom irRc (-0.22 e) as compared 2b (—
0.19 e). This could be responsible for the obsemi@rent reactivites between alkyl- and aryl-

substituted K-germenolates versus chlorosilanes.
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N
SN R e Ko
~ 4 ® = Si(Me), K\ N A

Ge Ge=C Ge Ge=C
o« \ ® =Si(iPr) \
— R < — R
R = Mes, o-Tol,Ad R =Mes, Ad
Me;SiCl
CI(SiMey),Cl iPraSicl
Q O—e Q O—e
[N SN ' R
Ge Ge\. '/Ge Ge=C\ Ge Ge—e ./Ge Ge—C\
R \—/ \—/ R R \0—0/ \0—0/ R
lcR=Ad 4a R =Mes 5a R=Ad 5b R =
4b R =o-Tol Mes

Scheme ZReactivities of germenolat@s-cand3a,btowards chlorosilanes

With carbon centered electrophiles such as alklitlba or acid chloride®a-c exclusively reacted
under carbon-germanium bond formation (compare 18eh®). Apparently only the oxophilic silicon

based electrophiles lead to the formation of geesaen certain cases.

Me O
Mey, / \ Ve 2 Mel Mel o ST\ My
Ge GerC € > Ge Ge—C
e \R = \R
b -
NP i BRI
o R=Ad \G - _G/"é/ .\Ge Gé"é/ e 6c R=Ad
— e e= =i
o« \ « \
|O o o \o—/ R \0—0/ R )ol\ 2
| \ _ _
S\ A otn SN P
R et & R HR=ode ——— e e =
o« \ / \C/R I(l:/
CI)/ @ =Si(Mek 7a R=Mes O
9a R =Mes 7b R=o-Tol
9b R=Ad 7c R=Ad

Scheme 3Reactivities of germenolat@s-cand3a,btowards selected carbon centered electrophiles

Figure 3 ORTEP diagram fora. Selected bond lengths (A) and bond and torsiajean(deg) with estimated
standard deviations: Ge-Si (mean) 2.396, Si-Si (n@a3425, C-O (mean) 1.221, Ge(l)sf(mean) 2.037,
Si(1)-Ge(1)-Si(4) 111.023 (10), Si(6)-Ge(2)-Si)1.356 (12), Si(6)-Ge(2)-Si(3) 107.757 (13), SIE(2)-
Si(3) 111.360 (11), Si(2)-Ge(2)-Si(5) 108.492 (18)2)-Si(1)-Ge(1) 111.020 (13), Si(1)-Si(2)-Ge@)1.703
(13), Si(4)-Si(3)-Ge(2) 113.462 (13), Si(3)-Si(4e@) 112.820 (13)

7a, which represents the first silylated geminal by$germane, crystallizes in the monoclinic space
group P2/n. The cyclohexasilane ring adopts a twisted bboaformation. The average Ge(1)-Si bond
distance is 2.396 A, while the average Si-Ge basthace of the germanium atom attached to the

carbonyl moiety is slightly elongated by 0.024 A.dddition, the mesityl rings align parallel to leac
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other exhibiting ar- stacking interaction with a distance between thg planes of 3.46 A and an
offset of 1.54 A. These values fall within the esieel ranges for these interactions and are a well

described phenomenon in aromatic systéms.
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2.7 Photochemical Reactivity of Cyclic Acylgermanes
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graphical abstract:
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2.7.1 Abstract

After irradiation with light £ > 360 nm) the newly synthesized cyclic acylgerns@8#ec afforded the
Ge-Ge coupling producd with remarkable selectivity, which can be expldingy the enhanced
stability of the cyclic germyl radical. The previously unknown compouidwas isolated and fully

characterized spectroscopically and by single aftystray crystallography.
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2.7.2 Introduction

The photoreactivity of acylgermanes is significamifferent from that of acylsilanes due the fdwitt
acylgermanes do not undergo Brook-type rearrangemeactions. Instead, upon irradiation,
acylgermanes predominantly react via Norrish typdebhvage of the germanium-carbon béffd.
Recently acylgermanes attracted considerable mteiiecause of possible applications as photo-
initiators or sources for germanium centered rdslida the case of acyclic acylgermanes, however,
photolysis affords complex product mixtures caubgdollow-up reactions of the initially formed
germyl radicalsS. In our laboratories it has been discovered jusemdly that acylpolysilanes with
cyclic structures exhibit different photochemicahctivity patterns as compared to their open-clthine
analogue$.Based on this observation, we decided to attetmptsiynthesis of structurally related
germanium based species and to study their cheraiw@lstructural properties. In this paper we
describe the outcome of a recent photolysis staayl@ying the cyclic acylgermasilan8a—c and the

isolation and characterization of the photoprodimhich was formed with unexpected selectivity.

2.7.3 Results and Discussion

2.7.3.1 Cyclic Acylgermanes

In previous studies it has been reported that tdeDigermacyclohexasilan& reacts with 1.05
equivalents of K@Bu to give the acyl germanid2 which cleanly afforded the air stable and
crystalline cyclic acylgermané&a-c upon treatment with equimolar amounts of acid ctié&s CICOR
(R= Mes, o-Tol and 1-Ad) (SchemeE).

0
Me3Si\Ge/ \Ge _SiMe;  105eqk0Bu  Me;Si._ / \G_ _SiMe; 05 CI)LR Messi\G S\ SiMes
> e +

Ge e Ge
MesSi™ \__/ “siMe; DME MesSi™ \  / g Et20 MesSi” \ [/ \fo
R
1 2 3a R=Ad
® = Si(Me), 3b R=Mes
3c R=o-Tol

Scheme 1Synthesis of cyclic acylgermanga-c

Table 1°C- and®Si-NMR Shifts for compounds, 3a-c and5

2 3 3p° 3 5
33C (C=0) - 243.73 243.85 238.42 -
-2.93 -1.09 -2.92 -2.20
o 1o -0.86
3%°Si (SMey) 401 -3.76 -1.13 -3.22 -3.08
' -4.47 -2.70 -3.70 -4.46
-29.16  -30.47 -28.37  -30.05 -27.42
3%°Si (SMe
| (SMez) -29.90 -30.64 -29.44  -30.63 -28.82

5 values relative to ext. TMS;in CsDg at 22 °CY in THF/D,O at 22 °C
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The obtained acylgermanes were isolated and fullgracterized spectroscopically and by single
crystal X-ray crystallography. NMR data obtained 3a-c (compare Table 1) were fully consistent
with the proposed structures. The molecular strestof3a—c are depicted in Figure 1 together with
selected bond lengths and anglgesc crystallize in the monoclinic space groups P2(&ayid P2(1)/c,
respectively. Ge-Si bond lengths between 2.37 2 A 4vere measured with slightly larger values at
the Ge atom attached to the bulky carbonyl moiBhe average Ge-Si bond distance of 2.40 A agrees
well with Ge-Si single bond lengths found in rethmmpound$.Carbonyl C=0 bond distances are
also unexceptionat,while the silicon carbonyl group bond lengths dil2— 2.05 A are considerably
elongated relative to the length of typical Ge-Gdmpnds! just as observed earlier for the Si-CO
distances of acyl silanésFor steric reasons the o-Tol derivat®e exhibits a significantly smaller
dihedral angley between the C=0 group and the aromatic ring pEsxeompared to the mesitoyl
compound3b which allows increased conjugational type intecast between the C=0 and the

aromaticr-systems.

3a 3b

Figure 1 ORTEP diagrams for compoun#ia-c. Thermal ellipsoids are depicted at the 50 % poditya level.
Hydrogen atoms are omitted for clarity. Selecteddbtengths [A] and torsion anglgs[deg] with estimated
standard deviations3a: dGe(1)-C(1) 2.050(1), dC(1)-O(1) 1.210(2), dGe%i(R) 2.403(1), dGe(1)-Si(5)
2.403(1), dGe(2)-Si(3) 2.389(1), dGe(2)-Si(4) 2.3943b: dGe(1)-C(1) 2.044(2), dC(1)-0O(1) 1.217(2), dGe(1)
Si(1) 2.415(1), dGe(1)-Si(4) 2.422(1), dGe(2)-SiRB74(1), dGe(2)-Si(3) 2.380(1y0(1)-C(1)-C(2)-C(7)
-64.7(2).3c. dGe(1)-C(1) 2.009(5), dC(1)-O(1) 1.215(7), dGeBi(L) 2.400(1), dGe(1)-Si(4) 2.415(1), dGe(2)-
Si(2) 2.386(1), dGe(2)-Si(3) 2.387(¥D(1)-C(1)-C(2)-C(7)-22.8(8).
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2.7.3.2 Photochemical Reactivity

As already mentioned, acylgermanes undergo honoatigavage of the Ge-C bond via a Norrish type
| reaction when irradiated with> 300 nm light. Furthermore, Broekal. showed that the photolysis
of tris(trimethylsilyl)acylgermanes affords a complproduct mixture due to extensive follow-up
reactions of the initially formed highly reactivergnyl radicals (Scheme Z)Now we have found that
in the case of the cyclic acylgermardasc photolysis with light of wavelength> 360 nm leads to the
formation of the Ge-Ge coupling prodictvith remarkable selectivity due to the enhancedikty of

the cyclic germyl radicad (Scheme 3).

Me;Si \ o} ?iMe;», 0

4 hv I |
Me-Si—Ge—C —_— PR + . —_— complex
e3P A= 360 nm MeSi—Ge I\Ad product mixture
Me3Si Ad SiMe3

Scheme ZPhotochemical reactivity of tris(trimethylsilyl)dgermanes

. L

Messic / \ -SiMes hv MesSie / \ _SiMes
_Ge Ge (o) EE—— .Ge Ge, R
MesSi~™ \  / \f 3> 360 nm MesSi~ \  /
R )
3a R=Ad ® = Si(Me) 4 R = Ad, Mes, o-Tol
3b R=Mes
3c R=o0-Tol

Me3Si\G/ \G /SiMe3
e e .
Messi” N\ / N/ \ _SiMes
3 /Ge Ge<
MesSi” h—d SiMe;
5

Scheme FPhotochemical reactivity of cyclic acylgermar3ssc.

Interestingly, the formation of the Ge-Ge bond doabt be observed if substituents bulkier than
MesSi are linked to the Ge atom bearing the carbomglug. Thus, photolysis of acylgermane
precursors with iB6i- or tBuMeSi groups at Ge(1l) under identical conditions oafjorded
undefined product mixtures. Apparently, in this eedbe bulkya-SiR; group prevents effective
recombination of the photolytically generated gdrrmagical. Finally, treatment & with KOtBu with

the intention to generate the germanide ari@xclusively lead to Ge-Ge bond cleavage instead of

Ge-Si bond cleavage under formation of the potasgiermanide (Scheme 4).
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1.05eq KO'Bu,

MesSi” \ / \G/' B\ _-SiMeg DME
e ——

MesSi_ /  \—_-SiMes
G

._Ge Ge +
MesSi™ \  / g

2

.05 eq KO'Bu,
DME

M93Si\ / \ /SiMe3

Ge Ge .
MesSi” \  / \G/ \__SiMes
+

[ e Ge\
Messi” v—d K

6
Scheme 4Reaction ob with 1,05 eq. K@Bu

The previously unknown compouridcould be isolated straightforwardly from the crymetolysis
mixture by crystallization from acetone solution6is % yield. NMR data o6 are included in Table 1,
the molecular structure &fas determined by single crystal X-ray crystallpgnais depicted in Figure

2 along with selected bond distances.

Figure 2 ORTEP diagram for compoung Thermal ellipsoids are depicted at the 50 % podity level.
Hydrogen atoms are omitted for clarity. Selecteddbtengths [A] with estimated standard deviatictGe(2)-
Ge(3) 2.498(1), dGe(1)-Si(9) 2.398(1), dGe(1)-Si(2(8B98(1), dGe(2)-Si(7) 2.392(1), dGe(2)-Si(12398(1),
dGe(3)-Si(5) 2.407(1), dGe(3)-Si(13) 2.401(1), dBe%i(8) 2.404(1), dGe(4)-Si(11) 2.400(1).

5 crystallizes in the triclinic space group P-1 Bdtigs adopt slightly twisted chair conformatiomsla
are linked in equatorial positions. Bond lengthd angles are unexceptional, the length of the akntr
Ge-Ge bond measured at 2.498 A and the mean bstaihde of the endocyclic Si-Ge bonds of 2.40 A

exhibit typical values for singly bonded germasish'*
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2.7.3.3 UV-Vis Spectroscopy

absc

MesSi. / \ _SiMey

MesSi™ \_/ TsiMe,

Messi / \ SiMes

S Se _SiMes
Ge Ge__
MesSi” N—yd TSiMes

absorbance

waveleng® [nn)

Figure 3 UV-Vis absorption spectra &&-c (left) and1 and5 (right) (n-hexane solution, ¢ = 13 (3a<c), ¢ =

5.10°(1,5)

Table 2 Absorption maxima..x and extinction coefficients of 1, 3a-c and5 (n-hexane solution)

Amax [NM]
Assignment
(e [L-mol™-cm™))
1 240 (30160) 6—0*
3a 363 (299) n(COpn*(CO)
400 (280), 382
3b (295), 365 (259), n(CO)—-n*(aryl)
350 (132)
3c 410 (183) n(COpn*(aryl)
5 286 (25720) 6—0*

UV-Vis absorption spectra were recorded in orderestimate the extent of conjugational-type

interactions withirBa-c and5. The experimental spectra are depicted in Figu@8orption maxima

and intensities are summarized in Table 3 alonp witjualitative assignment of the absorption bands.

All acylgermanes exhibit long-wavelength, low-intég absorption bands between 360-410 nm due

to not* type excitations which are red-shifted in theem®8a—3b—3c. The bathochromic shift &b,c

as compared tB8a is caused byt-n conjugation of the carbonyl group with the aromaing. Due to

the smaller torsion angle between the plane ofatieenatic ring and the C=0 group 3t the na*
absorption band is further shifted bathochromicaéiiative to3b. The absorption spectrum 8b

117




exhibits considerable fine structure consistinghoée main bands which is not unusual and parallels
the behavior of structurally related acylsilaffes.and5 exhibit intense absorption maxima in the near
UV arising from o-c* transitions within the extended Si-Si-Ge skeletdgks in the case of
cyclopolysilane¥ we observed a bathochromic shift thas compared té caused by the larger

conjugated system.
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3. Conclusion and Outlook

In summary, we have found that acylcyclohexasilanatergo photochemically induced Brook type
rearrangement. The outcome of the reactiaigsificantly influenced by the nature of the sitbsnt
group attached to the carbonyl C atom. Thus, thatgbysis of alkyl substituted substrates afforded
photolytically labile mixtures of six- and eight mbered cyclopolysilanes with exo- and endocyclic
Si=C double bonds formed by two competing react@cthanisms. The exocyclic product was stable
enough to allow detection by NMR and UV absorpspectroscopy while the less stable endocyclic

product could only be observed in form of its metiiaadduct.

SiMes
R (o]
A \H/
Si
: Me,Si” SiM
m LhA» 2 ez + Oligomers
R MezSix.  ~SiMe;
Me3Si _,>:o) TN
2y B MesSi” SiMes
Me,Si~ ,\‘SiMeg hv
MesSi \Si/S|Me2 > 300 nm MesSi R
/N \S C/
i i i=
Me3Si  SiMes path B MeZSi/ \o
R =¢-Bu, 1-Ad | | ——» Oligomers
Me28|\ ,SiMey
Si—SiMe,
.7 \
MesSI™ Sives
l McOH/Et;N
MesSi R
MeO\Si*C/H
-/ \
Me,Si c‘>
MeSi_ SiMe,
Si—SiMe,
.7 \
MesS™ Sittes

Photolysis of alkyl substituted acylcyclohexasikne

Under the same conditions, aryl substituted acydtyexasilanes exclusively undergo ring scission
adjacent to the Si-C=0 group followed by 1,3-% migration of the resulting terminal SikMgroup

to give the ring enlarged product with an endocy&i=C bond. The resulting endocyclic silenes
could be isolated in > 95% purity and were stabieugh to allow detection by NMR and UV

absorption spectroscopy.

aryl |
i Me3Si aryl Me3Si ary
MesSi \s>' —©) Yod MeO~Y;_J—H
1 -_— / N
Mezsr ,\S‘iMeg hv Mesi©T O MeOH/E;N Me,Si o
- | | >
MesSi_ _ _SiMes 2.>300 nm Me,Si SiMe, Me,Si N ,SiMe,
Si Ne o
SN ./s\|7S|Me2 " S'/SI SiMe,
Me3Si SiMes Me;3Si SiMes 35! SiMe3

aryl = Ph, 0-Tol, Mes, etc.

Photolysis of aryl substituted acylcyclohexasilanes
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Furthermore, we were able to demonstrate that wadglexasilanes react with KBu by the
formation of stable silenolates. Subsequently, Wwseoved different reactivities of silenolates with
alkyl or aryl substituents attached to the carbddydtom. Only aryl substituted silenolates reacted
with chlorosilanes under formation of a stable gxitic silene, while alkyl substituted silenolates/g

the corresponding acylcyclohexasilane. Additionalwere able to show that the observed reactivity
differences are related to the mode of coordinaticthe K counter-ion to the SiC(R)O moiety and to

the resulting increased enol character of thesargktituted derivatives.

N
R=aryl Me,Si~ SiMe,
— | )
MeoSi ~si _SiMe,
1

R
R o AW
MesSi, }=0 Tl Messi’ ‘SiMe;
Si M Si:
MeQS?/ \?iMeQ 1.1 Aq. KO/Bu MeQSi‘/ ?iMeQ i-Pr3SiCl
—_—
Me,Si \/Si/SMez - 1-BuOSiMe; Me,Si \/Si/&Mez .
\ \
MesSi SiMes MesSi SiMes i-PrsSi. =0
\
S

i
Me,Si~  SiMe,
e | I
R = alkyl MeoSi ~si _SiMe,

/N
MeSi SiMes
Synthesis of cyclic silenes and silenolates frogi@eclohexasilanes

Moreover, we have established that stable germtm®lean be synthesized and isolated if the
germanium atom is incorporated into a cyclohexasilaing. In contrast to the behavior of the
isostructural silenolates, the resulting germemslatimost exclusively exhibit the character of acyl
germyl anions with a negatively charged Ge atonGeaC single bond and a C=0O double bond
irrespective of the nature of the substituent aetdcto the carbonyl group. This finding allowedtais

conclude that germenolates, like alkyl substitigiéeholates, are structurally dissimilar to endiate

addition, it has been shown that the reaction & #nyl substituted species towards CISiMe

straightforwardly affords the first isolable Brobpe germene with an exocyclic structure.
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Me2S|\Ge/S|Me2 - -BuOSiMe; Me,Si < e/SlMeQ
AY A R
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- €
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Synthesis of cyclic germenes and germenolates éymiic acylgermanes
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In a follow-up study, we additionally synthesizedreygously unknown dianionic 1,4-

digermacyclohexasilanes by the reaction of theesponding cyclic acylgermanes with 2.1 equiv. of

KOtBu. The structural properties of the resulting jpicid were analyzed by a combination of NMR

and UV-Vis absorption spectroscopy, single X-raystallography and DFT quantum chemical

calculations. The reactivity of thesganionic species towards a variety of selectedtelphiles was

also examined and the same reactivity as for thegeolates was observed.
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Synthesis and reactivity of dianionic 1,4-digern@oliexasilanes towards chlorosilanes

Finally we discovered that the photochemistry ofl@germanes is significantly different from that of

acylsilanes due the fact that acylgermanes do maéngo Brook-type rearrangement reactions. Upon

irradiation of cyclic acylgermanes homolytic clegeeof the Ge-C bonda a Norrish type | reaction

occurs. Subsequently the initially formed highlacgve germyl radicals recombine under formation

of germanium-germanium bonds. The resulting coggroduct is formed with remarkable selectivity

and could be isolated and fully characterized.
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Photochemical reactivity of cyclic acylgermanes
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The main targets of this work have been accompdidiyethe isolation and characterization of endo-
and exocyclic silenes and exocyclic germenes. Atingrto spectroscopic data and time-dependent
DFT calculations we finally can state that our a@ycbilenes and germenes show only minor
conjugation between the delocalize@lectrons along the silicon backbone and our ek@endocyclic
double bonds.

The results obtained in the course of this themglly, provide an excellent basis for future
investigations. 1,4-bisacylcyclohexasilanes and twresponding germanium compounds, for
instance, could be valuable starting materialstiier synthesis of hitherto unknown bissilenes and —

germenes using synthetic protocols developed gwtiork.
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Possible synthesis dissilenes and -germenes

Alternatively the Sila-Peterson alkenation reactimin 1-potassiumcyclohexasilanes with carbonyl
compounds might be a feasible way to synthesizeetid unknown stable and donor-free cyclic
silenes and germenes as we have shown that cyldiwolsites as well as -germenolates exhibit

increased stability as compared to their acyclimntcerparts.

K

o o d r R R
Me3Si\ /SiMe3 MegSi\ /K )k Megsi\ >LR \‘Mr
Mezsi/M\SiMez 1 Aq. KO/Bu Meﬁi/g\smez R™ 'R Megsr \S‘iMeQ Mezsr \S‘iMeQ
Megs‘i ~u /S‘iMSQ - -BuOSiMe; MeZSi‘ " /éiMez MeoSi \/M _SiMe, - KOSiMe; Me,Si \/M\/ SiMe,
Messi” ‘SiMes Messi” \SiMe3 Me3Si \SiMe3 MesSi~ SiMe,

M= Si, Ge

Possible Sila-Peterson alkenation of cyclic subessra
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