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Abstract

The methyl substituted germacyclohexane was synthesized and the conformational behaviour
of the compound, in terms of axial and equatorial chair conformers, was investigated by
means of dynamic nuclear magnetic resonance (DNMR) measurements. The result from the
NMR experiment showed the axial/equatorial ratio to be 44/56 mol % at 114 K correspond-
ing to an A value (A = G, — G,,) of 0.06*/,,;. The average free energy of activation (AG*)
for the temperature range 106-134 K was found to be 5.0 + 0.1%/_ ;. These results are in
good agreement with the quantum chemical calculated values, A value of 0.02 %/, and AE
of 0.01 %/ at 0 K.
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Scheme 1: Equatorial and axial conformers for 1-methyl-1-germacyclohexane.

Several compounds of monosubstituted 1,3,5-trisilacyclohexane were synthesized in order to
investigate the conformational behaviour by utilizing DNMR, temperature-dependent Raman
spectroscopy and gas electron diffraction (GED). Attempts to observe directly the axial and
equatorial conformers by freezing the inversion on the NMR time scale failed because of the
low barrier for inversion and the flexibility of the compounds. The temperature-dependent
Raman measurement for methyl substituted 1,3,5-trisilacyclohexane indicated a more pref-
erence to the equatorial conformer. Results from Raman measurements for the other deriva-
tives did not produce useful data for conformational analysis. The investigations by means
of GED are still ongoing and result from these measurements are expected in the near future.
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Figure 1: Monosubstituted 1,3,5-trisilacyclohexane.

Two monosubstituted 1-silacyclohexanes (CN and t-Bu) were also investigated with respect
to their conformational properties using the same methods as described above. DNMR mea-
surements for 1-cyano-1-silacyclohexane showed the axial/equatorial ratio to be 35/65 mol
% at 120 K corresponding to an A value of 0.14 %/ ... The average free energy of activation



(AG*) for the temperature range 110-145 K was found to be 5.6+0.1 %\ The enthalpy dif-
ference from the Raman spectra for 1-tertbutyl-1-silacyclohexane indicated equatorial pref-
erence.

During this project three 1-silacyclohexane derivation were synthesized with the purpose to
be investigated by means of dissociative electron attachment measurements. These measure-
ments were performed by prof. O. Ingélfson’s research group at the University of Iceland.



Utdrattur

Efnasmidi 4 1-methyl-1-germacyclohexane voru framkvamdar og stellingajafnvegi pess
skodad med dherslu 4 jafnvaegi milli aslegs og pverlegs stélforms sameindarinnar med
laghita kjarnar6fs malingum (DNMR). Nidurstodur NMR mealingarinnar syndu ad hlut-
fallid milli 4slegs og hlidlegs stellingarforms var 44/56 mél % vid 114 K sem samsvarar
ad A gildi (A = G,y — G,,) $é 0.06%,5. Medal virkjunarorkan (AG¥) fyrir 106-134 K
var reiknud 5.0 + 0.1*, . Pessar nidurstédur eru { g6du samrami vid skammtafraedilega
reiknudu gildin A gildi uppé 0.02*/ 4 og AE = 0.01 ¥, 4 vid 0 K.
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Skema 1: Pverleg og dsleeg stelling 1-methyl-1-germacyclohexane

Nokkar sameindir af einsetnum 1,3,5-trisilacyclohexane voru smidadar { peim tilgangi
til ad rannsaka stellingarjafnvegi peirra med pvi ad nota DNMR, hitastigshddar Raman
titringsréfagreiningar og med beygju rafeindageisla i gasham (GED). Tilraunir til pess ad
mela beint dslegu og pverlegu stellingarnar med pvi ad frysta stellingajafnvaegid 4 NMR
timaskalanum tékust ekki vegna lagra virkjunarhéla og vegna sveigjanleika sameindanna.
Hitastigshadu Raman melingarnar fyrir methyl setinn 1,3,5-trisilacyclohexane hring bentu
til pess ad sameindin hefdi meiri tilhneigingu til pess ad vera 4 pverlegu formi. Aztlud
gildi fyrir varmabreytingu hinna afleidanna fengust hins vegar ekki ttfrd nidurstodum Ra-
man malinganna. GED rannsoknirnar eru enn { gangi og er nidustodur fra peim melingum
ad venta i fljotlega.
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Mynd 1: Einsetinn 1,3,5-trisilacyclohexane

Stellingarhverfur tveggja einsetinna 1-silacyclohexanes (CN og t-Bu) voru einnig rannsakadar
med pvi ad nota somu adferdir og var lyst hér ad ofan. DNMR mealingarnar 4 1-cyano-1-
silacyclohexane syndu ad hlutfall dslegra og hlidlegra stellingaforms var 35/65 mél % vid
120 K sem samsvarar ad A gildi sé 0.14%%/ . Medal virkjunarorkan (AG*) var reiknud
5.6 + 0.1kl o fyrir 110-145 K. Mat 4 varmabreytingu ttfrdi Raman melingum fyrir 1-
tertbutyl-1-silacyclohexane bentu til pess ad sameindin hefdi meiri tilhneigingu til pess ad
vera 4 pverlegu formi.



A medan verkefninu st6d voru prjar 1-silacyclohexane afleidur smidar { peim tilgangi ad vera
rannsakadar med pvi ad mela dlagningu rjifandi rafeinda. Pessar malingar eru famkvamdar
af ranns6knarhép proéf. O. Ingdlfssonar vid Haskola Islands.



Table of contents

[List of Schemes| xi
[List of Figures| xiii
[List of Tables| XV
[Abbreviations xvii
[Numbered compounds| Xix
[Acknowledgements| xxi
(I__Introduction| 1
[2 Synthesis of germacyclohexane, 1,3,5-trisilacyclohexane and their |
L derivatives| 3
[2.1 Introduction of I-methyl-1-germacyclohexane|. . . . . . . . ... ... .. 3
[2.2  Synthesis of germacyclohexane derivatives|. . . . . . .. .. ... ... .. 4
[2.2.1  Synthesis of 1-methyl-1-germacyclohexane (1) . . . . .. .. ... 4

[2.2.2  Attempted synthesis of 1-trifluoromethyl-1-germacyclohexane| . . . 6

[2.3  Introduction of 1,3,5-trisilacyclohexane (ISCH)|. . . . . .. ... ... .. 8

9

[2.4  Synthesis of starting materials for TSCH derivatives|. . . . . . .. ... ..
[2.4.1  Synthesis of 1,1,3,3,5,5-hexachloro-1,3,5-trisilacyclohexane (2)| . . 9
[2.4.2  Synthesis of 1,3,5-trisilacyclohexane 3)|. . . . . .. ... ... .. 12
[2.4.3  Synthesis of 1-bromo-1,3,5-trisilacyclohexane (4)[. . . . . . . . .. 13
[2.5 Synthesis of monosubstituted 1,3,5-trisilacyclohexanes| . . . . . . . . ... 14
[2.5.1 Synthesis of 1-methyl-1,3,5-trisilacyclohexane () . . .. ... .. 14
[2.5.2  Synthesis of 1-methoxy-1,3,5-trisilacyclohexane (6)[ . . . .. . .. 16
[2.5.3  Synthesis of 1-dimethylamine-1,3,5-trisilacyclohexane (7) . . . . . 17
[2.5.4  Synthesis of 1-phenyl-1,3,5-trisilacyclohexane (8)] . . . . . . . .. 18
[2.5.5 Attempted synthesis of other monosubstituted 1,3,5-trisilacyclohexane| 19
2.6 Discussion|. . . . . . ... e 20
3 Other reactions| 23
4 Conformational investigation and analysis| 25
4.1 neral information|. . . . . . .. ... . L 25
4.2 Dynamic nuclear magnetic spectroscopy (DNMR)[. . . . . . ... ... .. 26
4.2.1 Low temperature "C-NMR measurement| . . . . ... ....... 28
4.3 Raman spectroscopy| . . . . . . . . ... e 32
4.3.1 Temperature-dependent Raman measurements| . . . .. ... ... 35
4.4  Quantum chemical calculations (QC)|. . . . . . . ... ... ... ..... 35

iX



45
5.1 Projectoverview| . . .. ... .. .. ... 45
5.2 Resultsummary|. . . .. ... ... ... ... .. 45

[6  Experimental section| 47
6.1 Generalinformationl. . . . . . . ... ... oL Lo 47
6.2 Expermmental] . . ... .. ... o 47

Bibliograp 55

Append 59
[Appendix A: NMR spectraof 1| . . . . . ... ... ... ... ......... 61
[Appendix B: NMR spectraof 2] . . . ... .................... 63
Appendix C: NMRspectraof 3| . . . . . . . . . . . it 65
[Appendix D: NMRspectraof 4 . . . . .. ... ... ... ... ........ 67
Appendix E: NMR spectraof §f . . . . ... ... ... ... . 71
[Appendix F: NMR spectraof 6] . . . .. ... ... ... .. .......... 75
[Appendix G: NMR spectraof 7| . . . . ... ... ... L 0oL, 77
[Appendix H: NMR spectraof 9| . . . . . ... ... .. ... ... ....... 81
Appendix I: NMR spectraof 10| . . . . . . . ... ... ... ... ....... 85
Appendix J: NMR spectraof 11| . . . . . . .. ... ... oo, 87
[Appendix K: DNMR analysis: measured spectrafor1| . . . . .. ... ... .. 89
[Appendix L.: DNMR analysis: measured spectrafor 13| . . . .. ... ... .. 91
[Appendix M: Calculated and measured Raman spectrafor6|. . . . . . ... .. 93
[Appendix N: Calculated and measured Raman spectrafor 7| . . . . . ... ... 95
[Appendix O: Calculated and measured Raman spectrafor 13| . . . . . .. . .. 97
[Appendix P: Chemical shift calculationsfor 1f. . . . . . .. .. ... ... ... 99




List of Schemes

21

Attempt to synthesize compound 1-methyl-1-germacyclohexane (1), . . . .

2

4
[2.2  Synthesis of 1,1-dichloro-1-germacyclohexane] . . . . . ... ... .. .. 5
[2.3  Attempt to synthesize compound 1-chloro-1-methyl-1-germacyclohexane| . 5
[2.4  Synthesis of germacyclohexane|. . . . . . . ... ... 00000, 6
2.5 Synthesisof compound 1| . . . . . .. ... ... ... L. 6
[2.6  Attempt to synthesize trifluormethyl-germacyclohexane|. . . . . . . . . .. 7
[2.7  Attempt to synthesize trichloro(trifluoromethyl)germanel . . . . . . . . .. 7
[2.8  Synthesis of compound 2 onasmallscalel . . .. ... ... ........ 10
[2.9  Synthesis of compound 2 on a largescale| . . . ... ... ... ... ... 11
2.10 Synthesisof compound 3| . . . . . . ... ... ... ... . ........ 12
211 Synthesisof compoundd| . . . . . .. ... .. ... ... ......... 13
[2.12 Synthesis of compound S by reacting TSCH with MeLy| . . . . . . . .. .. 14
[2.13 Synthesis of compound 5 by reacting compound 4 with MeLi|. . . . . . .. 15
[2.14 Synthesis of compound 5 by reacting compound 4 with MeMgl|. . . . . . . 16
[2.15 Synthesis of compound 6 . . . . . . .. ... ... ... L. 16
[2.16 Synthesis of compound 7| . . . . . . . ... ... 0oL, 17
[2.17 Synthesisof compound 8| . . . . . ... ... ... ... ... ..., 18
[2.18 Synthesis of 1-fluoro-1,3,5-trisilacyclohexane| . . . . . . . . ... ... .. 19
[2.19 Synthesis of 1-trifluoromethyl-1,3,5-trisilacyclohexane| . . . . . . . .. .. 20
3.1 Reactionof compound 9| . . . . ... ... ..o oo L. 23
[3.2 Reaction of compound 10]. . . . . . . .. ... ... ... .. .. ... .. 24
3.3 Reaction of compound 11}. . . . . . . .. .. ... ... L. 24

X1



Xii



List of Figures

2.1 Ring mversion barriers of cyclohexane, sila- and germacyclohexane| . . . . 4
2.2 'H-NMRspectrumfor1| . . ... ... ... ... .. ........... 7
2.3 Molecul reof TSCHI . . . . .. ... o oL 8
2.4 Setup for the reaction on small scale synthesis of compound2] . . ... .. 10
[2.5 Setup for the reaction on large scale synthesis of compound 2. . . . . . . . 11
2.6 Explanatory digram for purificattionof 3| . . . . . . . ... ... ... 13
2.7 Coupled ®Si-NMR spectrum ford{ . . . . . ... .. ... ......... 14
2.8 Magnified 'H-NMR spectrum ford{. . . . .. ... ............. 15
2.9 'H-NMR spectrumfor5| . ... ... ... ... ... ........... 16
2.10 '"H-NMR spectrum for 6 . . . . ... ... ... ... .. ......... 17
2.11 '"H-NMR spectrumfor7| . . . ... ... .. ... .. ... ........ 18
2.12 '"H-NMR spectrum for 8 . . . .. .. ... ... ... ... ........ 19
2.13 PC-NMR spectrumfor8| . . . . .. ... .. ... .. ... ........ 20
3.1 "H-NMR simulationfor9J . . ... ... ... ... ... ......... 24
4.1  Conformations of cyclohexane.| . . . . . . ... ... ... ......... 25
4.2 Diagram for the free energy of activation|. . . . . . ... ... ... .... 27
4.3  Simulation of °C-DNMR spectra of 1-methyl-1-germacyclohexane (1) . . 29
4.4 Plot of the Gibbs free energy (AG*) versus temperature (T) . . . . .. . .. 29
4.5 DNMRspectrafor6.| . . . ... ... .. ... ... ... ... 30
4.6 DNMRspectrafor7. . . .. ... ... ... ... ... 31
4.7 DNMR spectra for 1-tertbutyl-1-silacyclohexane.| . . . . . .. ... .. .. 32
4.8  Simulation of ?*C-DNMR spectra of 1-cyano-1-silacyclohexane (13)| . . . . 33
4.9 Plot of the Gibbs free energy (AG*) versus temperature (T) . . . . .. . .. 33
4.10 Energy level digram to explain Raman scattering| . . . . . . ... ... .. 34
.11 Calculated Raman spectrum for 1-methyl-1,3,5-trisilacyclohexane (5)] . . . 36
4.12 Raman spectrum for 1-methyl-1,3,5-trisilacyclohexane (S)[ . . . . . . . .. 36
4.13 Van't Hoff plot of the band pair 544/554 c¢cm™' for 1-methyl-1,3,5-trisila- |

cyclohexane () using peaksareal . . . . . . ... .. ... .00 37
.14 Calculated Raman spectrum for 1-tertbutyl-1-silacyclohexane (12) . . . . . 37
.15 Raman spectrum for 1-tertbutyl-1-silacyclohexane (12)| . . . . . . . . . .. 38

4.16 Magnified part of the Raman spectrum for 1-tertbutyl-1-silacyclohexane (12) 38
4.17 Van't Hoff plot of the band pair 571/604 ¢cm™" for 1-tertbutyl-1-silacyclo- |

hexane (12) using peaks heights| . . . . . . ... ... ... ... ..... 39
4.18 Van't Hoff plot of the band pair 571/604 cm~' for 1-tertbutyl-1-silacyclo- |
hexane (12) using peaksarea] . . . . . .. .. ... ... ... .. ... 39
4.19 Minimum energy pathway of the chair-to-chair interconversionof 1| . . . . 40

Xiil



Xiv



List of Tables

[2.1 ~ Comparison of fundamental geometric parameters of TSCH, cyclohexane

and cyclohexasilane| . . . . . . ... oo o 9
4.1  Conformational properties of compound 1| . . . . . . . .. ... ... ... 41
4.2 Conformational properties of methyl substituted cyclohexane, sila- and ger-

macyclohexane.| . . . . . ... o oo 41
4.3 Comparison of A values for 12, 13 and their cyclohexane analogous.| . . . . 43

XV



XVi



Abbreviations

DMG
DNMR
GCH
GED
MCH
MGCH
MSCH
NMR
QC
SCH
TBPC
TSCH

1,1-dimethyl-1-germacyclohexane
dynamic nuclear magnetic spectroscopy
germacyclohexane

gas electronic diffraction
1-methylcyclohexane
1-methyl-1-germacyclohexane
I-methyl-1-silacyclohexane
nuclear magnetic resonance
quantum chemical calculation
silacyclohexane

tert-butyl phosphonium chloride
1,3,5-trisilacyclohexane

XVvil



XVviii



Numbered compounds

Si

Clsi\_-SiCh

H_ ,Ph
\N_7

HaSi Stz

Br

Si
[ e

11

XiX

H>
Si

HaSi Stz

H, ,OCH;

N

H,Si SiH
2 \/ 2



XX



Acknowledgements

First and foremost I would like to thank my advisor, Prof. Ingvar Arnason for his guidance
and supervision during my work on this project.

I would also like to thank following people at the University of Iceland:

e Prof. Agiist Kvaran my co-supervisor for the DNMR analysis.

e Dr. Sigridur Jonsdéttir for help provided during NMR spectroscopy measurements and
for DNMR measurements.

e Sverrir Gudmundson for providing glassware and glassblowing.

e Svana H. Stefansdéttir for providing solvents and starting materials.

At the Graz University of Technology, Austria, I would like to thank:
e Prof. Karl Hassler and Dr. Thomas Kern for Raman analysis.

At the Max Planck Institute for Chemical Energy Conversion, I would like to thank:
e Dr. Ragnar Bjornsson for quantum chemical calculation.

I would also like to thank:

The Icelandic Centre for Research (RANNIS) for financial support, grant No 100040022.

Isak Sigurjén Bragason for his help regarding IATEX among other things.

Stefan Bragi Gunnarsson for proofreading this work.

e My group co-workers Isak Sigurjén Bragason and Katrin Lilja Sigurdardéttir for great
company, helpful assistance and discussions.

e My parents, Ragna Jéna Helgadéttir and Jon Valdimar Gunnbjornsson, for all their
help and support throughout my studies.

XX1



XXxil



1 Introduction

Both silicon and germanium belong to the same group as carbon, one of the most inves-
tigated element, and therefore share with it some characteristics but nonetheless still have
notable differences from carbon. Silicon is not freely available in nature and is generally
combined with oxygen. Because of its great affinity for oxygen, silicon was not isolated as a
free element until 1823, although silicon compounds had been utilised for centuries. It was
the Swedish chemist J.J. Berzelius that accomplished this by reducing K,SiF, with molten
potassium. The first organosilicon compound was synthesized in 1863 by C. Friedel and
J. M. Crafts but extensive development in that area didn’t take place until in the first three
decades of the 19th century. Over 100.000 organosilicon compounds have been synthesized
and organosilicon chemistry is still an active field of investigation. Thermal stability and
chemical inertness are characteristics for many of these compounds, which are consistent
with the considerably strong Si—C bond, 360 ¥/, resembling 368 ¥/, for the C—C bond."

Carbosilanes constitute one part of organosilicon chemistry and interest in investigations
in this field has increased in the last decades because of their potential applications in op-
tical,?* ceramic,** conducting”® and electronic materials.”""' Carbosilanes are defined as
compounds with a skeleton of alternating carbon and silicon atoms and are not to be found
in nature. The tetravalent state characteristic of both those atoms is the reason for stable
linear, cyclic or polycyclic compounds that are expected to be formed. The bond length be-
tween carbon and silicon is longer than between two carbons and therefore the C—C bond has
greater stability. Electronegativity is another factor that shows the main difference between
those related elements (Si = 1.8, C = 2.5, H = 2.1), this means that the silicone compounds
are customarily more polar than their corresponding carbon analogues.'?

Germanium, however, has not been known by the mankind for as long as the other elements
of group 14. The gap between silicon and tin was only filled in 1886 by C. A. Winkler when
he was analysing the rare mineral argyrodite, Ag,GeS,, and discovered a new element which
he named in honour of his fatherland, Germany. Prior to that, chemists had predicted prop-
erties of the missing element. Germanium is very rare and therefore relatively expensive, it
is usually recovered from flue dust from smelters processing Zn ores by a complicated pro-
cedure. The largest use for germanium is in transistor technology but its use is decreasing
now while use of Ge in optics is increasing. At room temperature electrical resistivity of
Ge is similar to Si, though with considerably smaller band gap. The melting point, boiling
point and the associated enthalpy changes for Ge are lower than for Si. One property of
germanium is its transparency in infrared light and therefore it is practical in uses in infrared
windows, prisms and lenses. Organogermanium chemistry resembles the one of organosil-
icon compounds. Germanium compounds are generally more chemically reactive and have
less thermal stability than their corresponding silicon analog.

Conformational analysis of six-membered rings have been investigated in great detail es-



pecially for the cyclohexane compound. Some investigations have been done on silicone-
containing six-membered rings but research of conformations of germanium rings are rela-
tively insubstantial. Conformational behaviour of cyclohexane is well known and its mono-
substituted derivatives, that have been investigated, all tend to have equatorial conformation
with one exception, when mercury is bonded to the ring. The change in the free energy, AG®,
between axial and equatorial forms in monosubstituted cyclohexane is accepted as a mea-
sure of the inherent conformational parameters of the substituent."*"'* Winstein and Holness
defined an A value which is reported in ¥/, ; and positive number of the A value indicates
that equatorial conformer is preferred over axial (Scheme. [1.1)."

[~ = U
a e
A =-AG® = RT In(K)

Scheme 1.1

Conformational studies on numbers of monosubstituted silacyclohexanes have been done by
Arnasons group’®?® but the germacyclohexanes (GCH) have yet to be investigated by his
group. In this work we are going to synthesize a monosubstituted GCH and analyse it in
very cold surroundings using dynamic nuclear magnetic resonance (DNMR) technique in
order to determine which conformer, equatorial or axial, is preferable for the compound.
These measurements have been tried before for methyl substituted GCH but accurate mea-
surements for the A value was not achieved, however axial preference of the molecule was
estimated from their results.“*>? We hope, with the experience the group has gathered over
the years from conformational investigations of monosubstituted silacyclohexanes and due to
the instrument available to us, that we can improve those measurements and get an accurate
A value for this compound.

Extensive research of 1,3,5-trisilacyclohexane (TSCH) and mono-, di-, and trisubstituted
TSCH have been done by Arnason and co-workers in the last fifteen years.“®**Y Quantum
chemical calculations (QC) and gas electronic diffraction (GED) were used to analyse the
compounds and variable chemical shift in NMR spectra ('H and '*C) were recorded for dif-
ferent substituents. It is the intention by this work to synthesize several selected derivatives
of isolated monosubstituted TSCH and analyse their conformational behaviour using the
DNMR, Raman and GED techniques. TSCH is more flexible than cyclohexane and silacy-
clohexane and has lower activation energy barrier which means that it may by more difficult
to freeze the conformers during the low temperature NMR measurements than for its carbon
and monosila analogs.

All the Raman measurements were performed at the University of Technology in Graz, Aus-
tria and the DNMR measurements were preformed here at the Science Institute, University of
Iceland. The GED measurements were performed at the Ivanovo State University of Chem-
istry and Technology in Russia, but those measurements are still ongoing and therefore not
covered in this thesis.



2 Synthesis of germacyclohexane, 1,3,5-

-trisilacyclohexane and their
derivatives

2.1 Introduction of 1-methyl-1-germacyclohexane

Cyclohexane and its derivatives play an important role in organic stereochemistry and con-
formations of monosubstituted cyclohexane, silacyclohexane and germacyclohexane have
been investigated to a varying degree. Substituted cyclohexanes generally prefer the equa-
torial conformation, over the axial, with one rare exception having mercury bonded to the
cyclohexane.* In the early 1970’s Anet et al. measured the A value of 1-methylcyclohexane
(MCH) directly by low temperature '*C NMR spectroscopy for the first time and reported
the value of 1.6%?/ ;% Later, in a more precise measurement the A value was found to be
slightly higher or 1.74*< . and the fraction of the axial conformer to be only about 0.6
%.33

The energy barrier for the ring inversion of a silicon-containing ring system is much lower
than that for the corresponding cyclohexane derivatives, typically 5—6 %@, vs 10—12 Xl o
(Fig.[2.1)), therefore traditionally low-temperature solvents are not able to detect separate sig-
nals for the axial and equatorial conformations. Arnasons group solved this problem by using
a solvent mixture of Freons and managed to get successful measurements. 1-Methyl-1-sila-
cyclohexane (MSCH) has been investigated by Arnason et al. and shown to have equatorial
preference (by GED, '*C-DNMR, MW and supported by QC calculation)?**4> and thereby
disproving earlier investigations performed with room temperature NMR spectroscopy=® and
molecular mechanics calculation*”*® which predicted that MSCH would prefer axial con-
formation. Results from these investigation showed that the conformational behaviour of
MSCH (A value = 0.23) is in agreement with that of MCH, both prefer equatorial confor-
mation but MSCH has much lower A value.* In Walleviks master thesis, the behaviour
of monosubstituted cyclohexane and silacyclohexane is explained in a simplified way, that
increasing bond length between the substituents and the ring, stabilizes the axial position.
Which would indicate lower A value and thereby less tendency for equatorial conformer in 1-
methyl-1-germacyclohexane (MGCH) (Ge—CH,=1.957 A)* than for MCH (C—CH,=1.528
A)# and MSCH (Si—CH,=1.868).3*

Research of germacyclohexane has not been practised to the same degree as cyclohexane
or silacyclohexane. Takeuchi and his group investigated several derivatives of methyl sub-
stituted germacyclohexane,**?* they were able to estimate from the '*C- and *Ge-NMR
spectroscopy data that MGCH was ca. 60% in axial conformation. However, they failed to
observe directly by freezing the inversion on the NMR time scale because of the very low
barrier to inversion.
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Figure 2.1: Ring inversion barriers of cyclohexane, sila- and germacyclohexane. Methods
used to obtain given parameters; [(p)|two diffrent NMR methods: line-shape anal-
ysis and double resonance, [(q)] Quantum chemical calculation method; RI-DFT
and ((r)| published value for inversion barrier of germacyclohexane has not yet
been available to the best of the authors knowledge.

The purpose of this investigation was to add to the knowledge of conformational behaviour of
substituted hetero six-membered rings. In order to do so, MGCH was synthesized, analysed
and investigated by DNMR. Synthesis of 1-trifluoromethyl-1-germacyclohexane was also
tried.

2.2 Synthesis of germacyclohexane derivatives
2.2.1 Synthesis of 1-methyl-1-germacyclohexane (1)

Several methods were tried before synthesis of the desired product, 1-methyl-1-germacyclo-
hexane (1) was accomplished. Initially we reacted a di-Grignard with previously synthe-
sized MeGeCl, in order to get 1-chloro-1-methyl-1-germacyclohexane, which could then be
treated with LiAlH, (Scheme [2.1). NMR result of the product did not confirm existence
of 1-chloro-1-methyl-1-germacyclohexane so treatment with LiAlH, was not proceeded.
Takeuchi used similar method to obtain 1 by using MeGeHCl, instead of MeGeCl, but it
gave really low yield (6%) so they also shifted to a different method.%
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A promising precursor for germacyclohexane derivatives, 1,1-dichloro-1-germacyclohexane,
was prepared with modified method previously described by West.*? Synthesis for these
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reactions are shown in Scheme[2.2] Dibromopentane was converted into di-Grignard reagent,
which was reacted with tetrachlorogermane to give 1,1-dichloro-1-germacyclohexane. It
should be pointed out that a mixture of chlorinated and brominated derivatives is obtained
by this method because of the halogen exchange between the reagent and the product.

The next attempt in the synthesis of 1-methyl-1-germacyclohexane (1) was to replace one
chlorine atom for a methyl group by reaction of 1,1-dichloro-1-germacyclohexane with one
equivalent of the Grignard MeMgl (Scheme 2.3)). The result from NMR spectra showed that
the product was mostly 1,1-dimethyl-1-germacyclohexane instead of 1-chloro-1-methyl-1-
germacyclohexane. Obviously this method was not suitable.

At last we decided to use a similar method as we used to add a methyl group to 1,3,5-trisila-
cyclohexane (3) (TSCH), which will be covered later in this chapter. First 1,1-dichloro-1-
germacyclohexane is treated with LiAlH, in great excess , then the product is reacted with
bromine to get 1-bromo-1-germacyclohexane. Finally it would be easy to switch the bromine
out for the methyl group provided by the Grignard agent MeMgl. Hydrogenation of 1,1-di-
chloro-1-germacyclohexane was first tried with LiAlH, in 25% excess but did not show
great success. However when the quantity of LiAlH, was increased to over 50% excess,
the reaction gave better results. The reaction is described in Scheme [2.4] The initial idea
was, however, to replace only one chlorine atom of 1,1-dichloro-1-germacyclohexane for a
hydrogen atom and then react the second chlorine with the Grignard but when it was figured
out that LiAIH, had to be used in such excess that idea was soon aborted and the bromination
step, which is easier to control, was added.

The bromination had to take place in very cold surroundings to ensure that only one hydro-
gen atom of the molecule would switch out for the bromine atom. Acetone cooling bath
was used and the temperature was maintained at -50 °C. A lower reaction temperature was
useless because the bromine solution would freeze in the reaction flask (Scheme [2.5). NMR
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result showed the product of this reaction to be a mixture of 1-bromo-1-germacyclohexane
(85%) and the starting material, germacyclohexane (15%). This product was then reacted
with MeMgl in dry diethylether at 0 °C (as is described in Scheme [2.5)) and stirred at room
temperature for 48 hours.

'H- and "*C-NMR spectroscopy analysis showed that 1 had been synthesized in 27% yield
but about 15% of the product consisted of the starting material, germacyclohexane (GCH)
and the side product, 1,1-dimethyl-1-germacyclohexane (DMG). The '"H-NMR spectra are
shown in Fig[2.2]and in Appendix [A]|

2.2.2 Attempted synthesis of 1-trifluoromethyl-1-germacyclohex-
ane

In an attempt to synthesize trichloro(trifluoromethyl)germane to react with the di-Grignard in
a similar way as shown in step three in Scheme[2.1] we used a similar method to one used by
Beckers and his group to synthesize the silicon analogue.** They realized that it was essential
to react and isolate the product at low temperature in vacuo because the P(NEt, );C1Br formed
as a byproduct tends to decompose the product while they also found that dichloromethane
worked best as solvent. The intention was to accomplish a nucleophilic trifluoromethylation
with a reagent prepared by P(NEt,); and CF;Br, which is assumed to involve the reactive
intermediate [P(NEt,),Br]*CF; which could displace a chlorine atom for the CF; group.

The reagents, GeCl,, P(NEt,); and CF;Br are used in the ratio 1:1:1 to ensure that only one
chlorine atom is displaced. The CF;Br gas was condensed into a flask containing GeCl, in
CH,Cl, and after warming to —78 °C. P(NEt,), was added slowly. The reaction mixture
slowly warms up to room temperature and was stirred for 48 hours (Scheme [2.6). The re-
action solution was condensed off the salts and an effort was made to distill the solvent and
the product apart but that only gave one portion at 40 °C which NMR spectra showed to be
only the solvent. In light of these result we figured that it could be possible that some of
the product might still be in some salt that remained after the distillations. The salts were
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Figure 2.2: YH-NMR spectrum for 1. The integration and shift for each peak are listed in
the table in the upper left corner of the figure. The doublet for the methyl group
is magnified to show the coupling caused by the single proton connected to the
germanium atom better. Signals for the starting material, GCH, and the side
product, DMG, are marked in the spectra but not listed in the table.

CH,Cly, -78°C

GeCl, + P(NEt +  CFsBr >
4 (NEt2)3 3 [P(NEL,)Br]*CI-

GeCl;CF;

Scheme 2.6

dissolved in a nonpolar solvent and filtered. When the solvent was removed the few drops
that remained were analysed by NMR spectroscopy but the *C-NMR spectra did not show
the distinctive signal for the CF, group.

This method was tried again but this time we used 1,1-dichloro-1-germacyclohexane instead
of tetrachlorogermane to form, hopefully, 1-chloro-1-trifluoromethyl-1-germacyclohexane
which should be easier to isolate from the solvent because of its higher boiling point. Similar
synthesis was carried out in Sunna Olafsdéttir Wallevik’s master thesis where she used 1-
methyl-1-chloro-1-silacyclohexane as reagent to successfully synthesize 1-trifluoromethyl-
1-methyl-1-silacyclohexane.“® This reaction was carried out in a similar manner as before
(Scheme[2.7). NMR spectra showed a complex mixture but did not confirm the presence of
the desired product.

Further attempts were not carried out with this synthesis due to time factor, but it would
be interesting to see if it would be possible to get there by having a reagent with only one
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halogen to switch out as has shown to be one factor in the synthesis of 1.

2.3 Introduction of 1,3,5-trisilacyclohexane (TSCH)

Cyclohexane is an essential part in organic stereochemistry and has been investigated both
experimentally and theoretically for decades'® and calculations for the structure of its silicon
analogue cyclohexasilane, have been reported.**#/#3 An interesting intermediate between
those two is 1,3,5-trisilacyclohexane (TSCH) and its derivatives are valuable to the chemistry
of carbosilanes as they are described in an extensive review written by Fritz and Matern."*

It would be reasonable to assume that TSCH showed similar conformational behaviour as cy-
clohexane and cyclohexasilane and its properties should be “midway” between them. How-
ever TSCH is predicted to be the flattest one of the three, followed by cyclohexane and
then cyclohexasilane. This flatness is mainly explained by the large Si—C—Si bond angle
(113.0 — 113.5°) within the ring. However, when the energy difference between the chair
and twisted boat conformers are compared, the TSCH’s properties lies much closer to cy-
clohexasilane than cyclohexane. The calculated AE for cyclohexane is 6.49 %<, but it is
only less than half that value for both TSCH and cyclohexasilane (2.17 and 1.89 kel ) 27
Comparison for the energy difference, bond length and the endocyclic bond angles between
those three molecules is shown in Table 2.1

The most effective method to synthesize carbosilane compounds was reported to be the direct
reaction between an alkyl chloride and silicon, commonly catalysed by copper. Recently
Jung et al. published another method to synthesis TSCH, which is intended to have a higher
utility value for the larger scale production, using a new type of phosphine-catalysed Si-C
coupling reaction of Cl,HSiCH,SiCl, and afforded mainly the cyclic and linear cabosilanes
(SiCl,CH,), and (SiCl;CH,),SiClL,.*’

Studies of alkyl substituted TSCH were done by Arnason et al. and they made the assumption
from their results that the most favourable conformation for the ring was the chair form and
the equatorial position for the alkyl substituents was more favourable than the axial one, as
is similar to cyclohexane. The A value for methyl substituted TSCH, among others, was esti-
mated to be 0.12%/_ | and the conformational equilibrium would be in favour of equatorial
(55%).%%3" Attempt to observe a frozen conformational equilibrium with low temperature
13C-NMR measurements and conventional solvents have failed because of the low energy

Figure 2.3: Molecular structure of TSCH



Table 2.1: Comparison of theoretical calculations of fundamental geometric parameters of
TSCH, cyclohexane and cyclohexasilane. All values are obtained from published
article.?? Values for the bond lengths are in A, angles in deg and the energy dif-
ference between the chair and the twisted boat conformers in *“/,,,,.

A-B A-B-A B-A-B AE

L7 15378 1115 111.5* 6.49

Si~—Si

Lsi/ 1.893>  113.5 110.1°  2.17

Si-g-Si

si-SRsi 2.360°  111.0¢ 111.0° 1.89

*A=B=C
®A=Si,B=C
CA=B=Si

barrier.

The intention of this work was to build up a collection of 1,3,5-trisilacyclohexane (3) deriva-
tives and analyse them with NMR, Raman and GED. Attempts should be made using special
freon mixture as solvents to freeze the conformational equilibrium in DNMR experiments
and distinguish if the molecule preferred equatorial or axial conformer. The substituents
which we looked into were the following; CH;, OCH;, N(CH;),, CHs, F and CF;. All
of these groups have been synthesized for the silacyclohexane analogue before and most
of them were synthesized and investigated in Wallevik’s master thesis.*' It is interesting to
continue in this field of investigation, to expand the knowledge of conformations of silicon-
containing six-membered rings further.

2.4 Synthesis of starting materials for TSCH deriva-
tives

2.4.1 Synthesis of 1,1,3,3,5,5-hexachloro-1,3,5-trisilacyclohexane
(2)

The inorganic lab had in its possession a mixture of chlorocarbosilanes, mostly Cl,Si—CH,—
SiCl; and Cl,HSi—CH,-SiCl;, a side product from another production few years earlier,
which we hoped that would be useful to us in light of Jung’s recent research. We came across
information about his work before the article was published* and started synthesizing the
carbosilane ring on a smaller scale than is described in the article.

The mixture of the chlorocarbosilanes and the catalyst [Bu,P]"CI, (tetrabutyl)-phosphonium
chloride (TBPC) are heated at 160 — 170 °C. The byproduct, tetraclorosilane, is collected in
a receiving flask under nitrogen gas flow. When all the SiCl, had been collected, it was
necessary to change the receiving flask to collect the product. The temperature was kept the
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same but the pressure was reduced to almost full vacuum. A few problems came up during
this procedure; first the heat source, we used an oil bath to heat but the oil wasn’t clean and
started to boil at this high temperature. Then we tried a heating mantel but it wasn’t possible
to set the temperature accurately with the equipment available at that time. Another problem
we came across was that crystals fregently got stuck in the tube on the way over and use of
a heat gun was necessary to solve that problem. The time factor was also an issue in this
reaction, the distillation took a long time, first to get all of the SiCl, and then the remaining
product. The setup for this procedure is a simple bulb to bulb distillation but with no cooling
condenser between the flasks, only an ice bath under the receiving flask. The setup is shown
in Fig. [2.4]and the reaction is shown in Scheme [2.§]

A mixture was obtained that contained a mixture of 2, (Cl;S1),CH, and (Cl;SiCH,),SiCl,
in the ratio 25:48:27. The product, white crystals, was recrystallized in hexane and cooled
down by using a chlorobenzene cooling bath at =38 °C. The recrystallization was repeated
once and we got fine white needle like crystals shown to be analytically pure by NMR spec-
troscopy, the spectra are shown in Appendix [B}

When Jung’s research was published we decided to try their way of synthesizing the com-
pound, which appeared to be a more convenient method. We started to try this out in a
500 mL autoclave and later in a 3.5 L autoclave. The catalyst and the disilylmethane mixture
in an equal amount of toluene were placed in the autoclave under nitrogen gas flow. The
autoclave was sealed and put in a heating cabin at 180 °C for three hours. The setup for this
reaction is shown in Fig. [2.5]and the reaction is shown in Scheme[2.9]

The reaction mixture consisted of two layers, of an organic phase and catalyst, which were
separated, filtered if needed, and the solvent distilled off. This method was repeated for
a few times. In the latter attempts it was often difficult to see the difference between the
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layers while more precipitate formed that needed to be filtered from the reaction mixture.
The average ratio of known chemicals in the reaction mixture was about 48% of the desired
compound 2, 28% of the byproduct, (Cl;SiCH,),SiCl, and 24% of the unreacted starting
material (Cl;S1),CH,. It should be pointed out that these numbers count only for the known
chemicals in the reaction mixture but the actual yield for 2 is much lower. The exact amount
of 2 formed could not be decided because the reaction products were mixed together and had
a variable ratio of the starting materials. We found the yields to be too low and the method in
the whole too time-consuming to keep going. More 2 and 1,3,5-trisilacyclohexane (3) was
purchased to be able to continue with this project.

The reagent mixture used was leftovers from other reactions and thereby not as pure as would
be preferred. Purification of the reagents was very time-consuming and while distillation got
rid off most of the impurities it was not possible to separate the penta- and hexachloro car-
bosilanes and they had to be used mixed together in the reactions. This could be a reason why
the reactions did not go as well as was hoped for and as it was described in the literature.*”
The autoclave reaction (Fig. [2.5)) preferred the pentachloro carbosilanes while for the small
scale reaction (Fig. [2.4), hexachloro carbosilane was thought to be the better reagent. How-
ever, a part of the hexachloro carbosilane remained after the reaction but all the pentachloro
carbosilane had been used, it shows that the pentachloro carbosilane is also the better reagent
for the smaller scale reaction. We tried to replace one chlorine atom for a hydrogen by react-
ing the mixture with L1AIH, but the hydrogen seemed to prefer to react with a molecule that
already contained hydrogen, opposite to what we expected. The result of this prodecure was
that the amount of pentachloro carbosilane decreased and other derivatives were gained, like
(HCL,S1),CH,, C1,SiCH,SiH, and HC1,SiCH,SiH,.

2.4.2 Synthesis of 1,3,5-trisilacyclohexane (3)

Hydrogenation of 2 was done by reacting it with LiAlH, in dry diethylether, the reaction is
shown in Scheme [2.10]and is described in the Experimental chapter.

The product is purified by using chlorobenzene (—45 °C) and liquid nitrogen (—196 °C) cool-
ing bath. The ring was withheld in the C¢H;C1/N, ) cooling bath but the solvents gathered
in the N, ;, cooling bath. An explanatory diagram for the purifying process is shown in Fig.
'"H-NMR and "*C-NMR for 3 are shown in Appendix

Si Si
2 + 3LAH, —20 5 2
a,Sie_Sicl, HoSi_ SiHz
3
Scheme 2.10
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Figure 2.6: Explanatory digram for purification of 3. The ring is collected in the first trap at
—45 °C and solvent and other impurities are gathered in the second trap in the
N, cooling bath.

2.4.3 Synthesis of 1-bromo-1,3,5-trisilacyclohexane (4)

1-Bromo-1,3,5-trisilacyclohexane (4) was found to be a good starting material for 1,3,5-tri-
silacyclohexane derivatives during this work and was synthesized as is described in Arna-
son’s doctor thesis®! and the reaction is shown in Scheme 2.11

NMR investigations confirm that the preparation of 4 was successful and '"H-NMR, 3C-
NMR and *’Si-NMR spectra are shown in Appendix [D}

The decoupled 2°Si-NMR spectrum has two signals, one at 2.92 ppm and another with higher
intensity at -36.7 ppm. The signal for the silicon connected to the bromine atom should
have resonance at lower field, hence higher ppm value, because of the electronegativity of
the halogen. The splitting of the peaks in the coupled NMR spectra confirms this, where
the signal at lower field splits into two peaks and the signal at higher field split into triplet

H_2 H\ IBr
Si . Br, Pentane Si . HBrg)
sti\/Sin HZSi\/Sin
4
Scheme 2.11
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Figure 2.7: Coupled *Si-NMR spectrum for 4.

because of coupling with the two protons (see Fig. When the peak for the single proton
is examined we see the same coupling constant as in the silicon spectrum as is demonstrated
in Fig. [2.§), The coupling for the SiH, protons with the silicon are not quite clear due to
some impurities in the sample.

2.5 Synthesis of monosubstituted 1,3,5-trisilacyclo-
hexanes

2.5.1 Synthesis of 1-methyl-1,3,5-trisilacyclohexane (5)

A methyl substituted 1,3,5-trisilacyclohexane had been synthesized before and investigated
where TSCH was reacted with methyl lithium in excess and a reaction mixture of mono-, di-
and trimethyl substituted ring was obtained.”” We decided to use the same method, but only
used equal amount of MeLi, in order to get the monosubstituted 1-methyl-1,3,5-trisilacyclo-
hexane (5) (Scheme [2.12).

After analysing the NMR data for the product it was clear that the reaction mixture contained
mono-, di- and trimethyl-trisilacyclohexane along with unreacted TSCH. This means that
when one methyl group has bonded to the ring the reactivity of the remaining SiH, groups
towards MeLi is enhanced compared to unreacted TSCH.

H X,
Ho 0 290C si X1 =X,=X3=H or
+ Meli @ £2022°C o ) X1=CH3, Xo=X3=H or
H-Si iH -LiH H‘Si Si’H X1=X2=CH3’ X;=Hor
2SI S PN X;=X,=X3=CH,
3 X3 X2

Scheme 2.12: First method of synthesizing 1-methyl-1,3,5-trisilacyclohexane.
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Figure 2.8: Magnified 'H-NMR spectrum for 4. The signal for the SiH proton is magnified
to detect the coupling with the silicon atom it is connected to.

H Br H X
Y o 00 si X1=Xp=X3=H or
N+ Mel —E20.0%C o ) X;=CHsz, X=X3=H or

-LiBr H\IS SI’H X;=X,=CH; X,=H or

HaSi~_ SiH2 X, =X,=X5=CHs

X X
4 3 2

Scheme 2.13: Second method of synthesizing 1-methyl-1,3,5-trisilacyclohexane, now using
1-bromo-1,3,5-trisilacyclohexane as starting material.

Because we only wanted the monosubstituted ring it was necessary to find a way to ensure
that the methyl group connected only to one silicon of the ring. The brominated compound
1-bromo-1,3,5-trisilacyclohexane (4) seamed to be promising candidate because the Si—Br
group is more reactive than Si—H and we hoped that the methyl would only replace the Si—Br
group. Despite our predictions the result of this reaction was the same as before. Scheme
[2.13]shows the reaction of 1-bromo-1,3,5-trisilacyclohexane (4) and MeLi.

Methyl lithium is highly nucleophilic due to the partial negative charge on the carbon and that
is probably the reason why it reacts so vigorously despite attempts to control it by placing a
halogen on one of the silicon atoms in the ring. A Grignard reagent is less reactive towards
the electrophilic silicon and it would be more likely to get controlled reaction with the silicon
connected to the halogen in the ring system. A solution of methyl magnesium iodine was
prepared by common methods and it was reacted with 4 (Scheme [2.14). After purifying the
reaction mixture it yielded 23% of colourless liquid that was investigated by NMR, DNMR
and Raman spectroscopy and a sample was sent to Ivanova State University of Chemistry and
Technology in Russia for gas electron diffraction (GED) but result from that investigation are
yet to be complete. The results of the DNMR and the Raman investigation will be briefed in
the Conformational investigation and analysis chapter.

The '"H-NMR spectrum shows a doublet peak for the methyl group and the integration fits
well to the ring (Fig. [2.9). This spectrum clearly confirm that we have successfully synthe-
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Scheme 2.14: Third method for synthesizing 1-methyl-1,3,5-trisilacyclohexane, using 4 and
Grignard reagent as starting materials.
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Figure 2.9: 'H-NMR spectrum for 5. The peak for the methyl group is extended to show the
splitting of the signal clearly. The integration for each peak is listed in the table
on the upper left corner of the figure.

sized the desired compound along with spectrum for '*C and #Si (Appendix [E).

2.5.2 Synthesis of 1-methoxy-1,3,5-trisilacyclohexane (6)

Silicon is known to have a great affinity for oxygen" and for that reason we have great
expectations for a Si-O formation to occur without much difficulties. The same method as
has been proven to be effective to synthesize 1-methoxy-1-silacyclohexne was used to add
the methoxy group to TSCH.*> Compund 4 was reacted with two equivalents of triethylamine
and two equivalents of methanol using diethylether as solvent. (Scheme: [2.15).

H Br H OCH;
§i/ Et20 \Si/
+ 2EtsN *+ 2CH:OH ————»
-EtsNH™Br
4 6

Scheme 2.15
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Figure 2.10: 'H-NMR spectrum for 6. The integration and shift for each peak are listed in
the table in the upper right corner of the figure.

The reaction was successful and the product 6 was investigated by 'H-, *C-NMR, DNMR,
Raman spectroscopy and GED measurements, the last one is still ongoing investigation.
The results of the DNMR and the Raman investigation will be covered later in this thesis.
The '"H-NMR spectrum is shown in Fig. and in appendix [F along with the *C-NMR
spectrum.

2.5.3 Synthesis of 1-dimethylamine-1,3,5-trisilacyclohexane (7)

1-Dimethylamine-1,3,5-trisilacyclohexane (7) was prepared according to standard prepara-
tion of series of (dimethylamino)silanes with slight variations.”” The dimethylamine was
condensed into a reaction flask containing pentane as a solvent. 1-Bromo-1,3,5-trisilacyclo-
hexane (4) in pentane was added dropwise, while stirring and maintaining the temperature at
—78°C by using a dry ice/ethylacetate condenser for 12 hours (see Scheme: [2.16)

The product was investigated by 'H-, 13C- and ?°Si-NMR, DNMR and Raman spectroscopy,
investigation by GED is still in process. All the NMR spectra for 7 are given in appendix
but the 'H-NMR spectrum is also shown in Fig. which includes a brief explanatory
table for the spectrum. The result from the DNMR and the Raman analysis are discussed in
the Conformational investigation and analysis chapter.

Si HsC entane Si
+ 2 3TSNH E —>
| ) H5C -(CH3),NH,*Br ! .
HZS|\/S|H2 stl\/Sle
4 7
Scheme 2.16
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Peak Shift [ppm] Int.
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Figure 2.11: "H-NMR spectrum for 7. The integration and shift for each peak are listed in
the table in the upper right corner of the figure.

2.5.4 Synthesis of 1-phenyl-1,3,5-trisilacyclohexane (8)

The procedure for synthesis of 1-phenyl-1,3,5-trisilacyclohexane (8) involved two steps.
First we reacted the Grignard agent MgBrPh with equimolar of compound 2 which gives
a mixture of phenyl substituted ring and 2. Since some of the starting material did not re-
act with the Grignard we couldn’t be sure if the substituted ring had one phenyl group or
more. After hydrogenation of the reaction mixture we should be able to answer that question
by analysing the proton NMR spectra. The scheme for the two-step synthesis is shown in

Scheme 2171

In the '"H-NMR spectra the signals for the phenyl group are present and the signals for the
SiH protons confirm the presence of one Si—H and two Si—H, and from this informations
we can conclude that we have a mono-substituted ring. The NMR spectrum is shown and
explained in Fig. and the *C-NMR spectrum is shown in Fig. The reaction
mixture was approximately 50/50 mixture of 8 and TSCH wich was set up for purification
by distillation over a column but in that process the compound pyrolysed. Unfortunately we

Cl, cl, ph cly
Si Et20, 0°C Si Si
+ MgBPh —mmm» I/ +
! - -MgBrCl | .
CiSi_ SiCl; ClaSis_ SiCl2 ClSi_ SiCl,
CI\S"X Et,0 H\s-’Ph &2
2 ! + 3LAH; ——— : .
ClySin_SiCl, HaSin_SiH> H,Si_ SiH,
X=Cl or Ph 8
Scheme 2.17
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Peak Shift [ppm] Int.

A (Si-H) 4.61 1
benzene B(CH;) 736759 6
C(CH,) 0.05-0.45 6
D (SiH,) 4.18-438 4
TSCH
B TSCH
——
unknown
CDCls D c
»-\)J\.J‘“J¥ A i
L L B B N B
8.0 7.0 6.0 5.0 4.0 3.0 2.0 1.0 0.0
5 (ppm)

Figure 2.12: 'H-NMR spectrum for the reaction mixture that contains 8 and TSCH. The in-
tegration and shift for each peak are listed in the table in the upper right corner

of the figure.

didn’t have time to repeat the synthesis and hence were not able to investigate the conforma-
tional behaviour of this compound. Also it is likely that this synthesis can be done in one
step by reacting the Grignard agent with 4 instead of 2 as has been shown to be effective with
compounds 5-7.

2.5.5 Attempted synthesis of other monosubstituted 1,3,5-trisila-
cyclohexane

In the original plan for this project we wanted to connect few groups to the TSCH, -CHj;, -
OCHj;, -N(CH,), and -C4Hs, which synthesis we have already discussed. In addition to these
we had interest in two other groups, -F and -CF;. All these compounds have in common that
they all have an analog for cyclohexane and silacyclohexane and have been prepared and
investigated with similar technique that we apply.1822132:341355201505

The attempted synthesis of 1-fluoro-1,3,5-trisilacyclohexane was carried out in a similar way
as is described by Schott et al.”® Compound 4 was reacted with an equimolar of hydrofluoric
acid at —35°C (see Scheme [2.18). The two phase reaction mixture was separated and the
organic layer worked up in a traditional way. This synthesis was carried out both by using
diethylether as a solvent and without a solvent as is described in the original literature.”® The
NMR spectra for the product does not confirm a successful synthesis by either attempt.

H Br H F
si 35°C si
HF ————
_ T “HBr
H,Si_SiH, H,Si Sty
Scheme 2.18
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Figure 2.13: *C-NMR spectrum for the reaction mixture that contains 8 and TSCH. A signal
at 128.5 ppm for benzene impurity due to the solvent used in the reaction and
is not marked in the figure. The benzene pollution also show a signal in the
'H-spectra and is marked there.

ch a, o
+ PH(NEL)s + CFBr  —oCh o (s'
. . -[P(NEt,)3Br]Cl
Cl,Sin_ ST Cl,Sia_ SiCl,

Scheme 2.19

1-Trifluoromethyl-1,3,5-trisilacyclohexane was another compound of interest. In this prepa-
ration bromotrifluoromethane gas was condensed into a flask containing 2 and CF;Br.
P(NEt,), was added slowly while stirring and the temperature kept at =78 °C (see Scheme
. In the '*C-NMR spectrum we would expect to see a quartet peak for the CF; carbon,
because the three fluorine atoms would split the signal into four lines, but there was no sign
of any signal for the CF; group. At the time that this reaction was carried out we hadn’t yet
found out that using TSCH with one halogen substituent as a starting material works better
to connect the methyl group to the ring and it would have been interesting to try that for this
reaction but there was not enough time to make another attempt on this reaction.

2.6 Discussion

Synthesis of 1 had to be done in several steps, because attempts to form the methyl substi-
tuted GCH by reacting the Digrignard straight to CH;GeCl; did not succeed. Two precur-
sors were tried, 1,1-dichloro-1-germacyclohexane and 1-bromo-1-germacyclohexane. The
reaction of the first one with CH;Mgl afforded 1,1-dimethyl-1-germacyclohexane despite
attempts to control the reaction to only replace one halogen. However, the latter one where
we had only one halogen to replace resulted in compound 1. In attempts to synthesize tri-
chloro(trifluoromethyl)germane, 1,1-dichloro-1-germacyclohexane was again used as pre-
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cursor and as before no sign of CF; substituent was found. However, it might be possible to
achieve this reaction by using 1-bromo-1-germacyclohexane as reagent, organogermanium
chemistry closely resembles organosilicon chemistry! and the corresponding silacyclohex-
ane analog had been synthesized before by using a precursor with one halogen.*?

Synthesize of starting materials for the TSCH derivatives did not meet our expectations.
The procedure itself, described in a recently published article,*” was rather simple but the
outcome from every run was never the same, variable constitution of the reaction product
and precipitate seemed to increase with each attempt. The main reason for these difficulties
is probable the fact that the reaction mixture was not as pure as would have been needed.
Hydrogenation of 2 was successful but the yields from the procedure mentioned before was
extremely low and more 3 had to be purchased.

All the derivatives of TSCH that we accomplished to synthesize were 4 was used as the
starting material except 8 but the use of 4 was not tried for that synthesis. A Grignard agent
was reacted straight to 2 and treated with LiAlH, which afforded a mixture of 8 and 3. When
preparing 5, both MeLi and MeMgBr were tried as a reagent. Methyllithium have proven to
be suitable reagent when the corresponding silacyclohexane is synthesized but doesn’t work
as well with TSCH. A less nucleophilic Grignard agent does, however, work as suitable
reagent to synthesize 5. Procedures to prepare 6 and 7 both resemble procedures for their
corresponding silacyclohexane analogues.

Two different attempts were undertaken to react 4 with hydrofluoric acid using similar meth-
ods as were used to synthesize 1-fluoro-1-silacyclohexane. These methods did not result in
formation of 1-fluoro-1,3,5-trisilacyclohexane. When we attempted to add CF; to 2 we used
the same method as when we tried to add that group to the germanium ring, without any
success. Again it would be interesting to repeat this reaction and then use 4 as precursor.
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3 Other reactions

During the work for this thesis, some synthesis were performed for another researching group
at the Science Institute of University of Iceland. Prof. O. Ingélfsson’s group had found an
interest in using silacyclohexane (SCH) and its derivatives in their researches, dissociative
electron attachment measurements. By this method decomposition is measured when one
electron hits the compound. Some of these derivatives were prepared by the author of this
thesis and syntheses of those compounds are described in this chapter.

The reaction for 1,1-dichloro-1-silacyclohexane (9) divides in two steps, preparing of a di-
Grignard agent which is the precursor for the ring closure of the silicon compound. This is
done by a known method of West,* the reaction is shown in Scheme

The reaction mixture was distilled and fractions collected at 112 — 114 °C (145 torr) and at
105 — 106 °C (100 torr) gave the desired compound. The first one was confirmed to be ana-
lytical pure by NMR spectroscopy but the fraction collected at the lower temperature showed
that a small amount of 1-bromo-1-chloro-1-silacyclohexane was present which is a common
side product, due to a halogen-halogen exchange during the reaction. The 'H-NMR spectrum
was simulated by using Perch NMR software (Fig. [3.1) resulting in a good agreement with
the measured spectrum. The coupling constants calculated from the simulation are listed in
a table in Appendix [H|along with all the NMR spectra for the compound.

1-Silacyclohexane was among the molecules the research group had interest to investigate
and that compound can easily be prepared by treating 9 with LiAlH,. After all LiAlH, has
been added slowly to a solution of 9 in ether at 0 °C the mixture was stirred overnight and
then refluxed for three hours. After purification a colourless liquid was obtained and proven
to be analytical pure 1-silacyclohexane (10) by NMR spectroscopy. The reaction is shown
in Scheme [3.2]and all the NMR spectra are shown in Appendix [[|

1,1-dibromo-1-silacyclohexane (11) was prepared by reacting 10 with two equivalents of
bromine at —50 °C using pentane as solvent (Scheme[3.3)). NMR spectra confirm the presence
of 11 but some impurities are also present but it should be relatively easy to discard them by
distillation of the product. 'H- and '*C-NMR spectrum are shown in Appendix []

Br(CH,)sBr v+ aMg —9 o Bmg(CHyMgBr
e
BrMg(CH2)sMgBr +  SiCls _EtO, 0°C K/Si\a
9
Scheme 3.1
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Figure 3.1: 'H-NMR simulation for 9, the measured spectrum are shown in blue colour and
above it is the simulation in red colour.

i + 1/2 LiAH Et,0, 0°C I?
[/~ T TTWATT
9 10
Scheme 3.2
||—| + 2B Pentane, -50°C I?-r
L ’ 2mer e
10 11
Scheme 3.3
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4 Conformational investigation and anal-
ysis
4.1 General information

Conformational analysis of six-membered rings goes back to 1890 when Hermann Sachse
wrote an article about two conformations of cyclohexane. Rigid chair conformation (D3,
symmetry), where four carbon atoms lie in a plane and the other two carbon atoms lie one
above and one below this plan. The other was a flexible conformation which adopts the boat
form (C,, symmetry), where both of the carbon atoms that are not in the plane, lie above
it (see figure 4.T)). He also realized that the chair form would give rise to two isomers of
monosubstituted cyclohexane, one with equatorial and one with axial substituent.”” Sachse
failed however to convince the chemical society, that still believed that cyclohexane was
planar, of this new idea for cyclohexane’s conformation. About a quarter of a century later
Ernst Mohr advanced Sachse idea that cyclohexane chair forms interconvert rapidly via the
boat and twist (D, symmetry) forms as intermediates.>® It wasn’t until Derik Bartons seminal
paper was published,,”” in 1950, where he explained chemical reactivity and equilibria in
terms of conformation, that interest in the field awakened and research of six-membered
carbo- and heterocycles have developed increasingly since. Bartons contribution to the field
earned him the Nobel prise in chemistry along with Odd Hassel.

The reason that six-membered rings have been investigated so thoroughly, more than other
ring systems with different number of atoms in the ring, is that the six-membered ring is
unique because the chair conformation lies in a deep energy trough, i.e. it takes over 10
keal o1 to displace the cyclohexane molecule out of its chair conformation. This leads to the
result that the chair is quite rigid, and substituents can be described as equatorial or axial.

In this chapter a brief introduction will be given of a few techniques that can be applied to
analyse the conformational equilibrium of molecules and the result of using them for chem-
icals synthesized in this work. Few monosubstituted silacyclohexane that were synthesized
in earlier work by a former member of Arnason’s group were prepared for analysis by the
author and the result of those measurements are discussed in this thesis.*

g O

Chair form, D3q4 Boat form, C,, Twist form, D,

Figure 4.1: Conformations of cyclohexane predicted by Sachse and Mohr.
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4.2 Dynamic nuclear magnetic spectroscopy (DNMR)

NMR spectroscopy is one of the principal techniques used to obtain physical, chemical,
electronic and structural information about molecules. Many nuclei may be studied but the
hydrogen ('H) and carbon ('*C) are the most common. The NMR technique has been used in
various fields of science, e.g. magnetic resonance imaging (MRI) for medical diagnosis and
has also proven it self to be extremely useful in biological studies, analysing RNA, DNA,
proteins etc. which are often difficult to obtain in high yields and with high purity. Another
area where NMR is also used in are coal analysing, mining, polymer production, cosmetics,
food manufacturing and the petroleum industry, where NMR is used e.g. to measure rock
porosity (from a borehole) and identify pore fluids (water, oil, gas).*” Despite these interest-
ing and important uses of the NMR technique it is most widely used in organic and inorganic
chemistry, biochemistry, biophysical chemistry, pharmaceutical chemistry, reaction kinetics,
and in the elucidation of reaction mechanisms.

NMR technique can be used to detect intra- and intermolecular dynamic processes such as
hindered rotations, ring inversions and valence isomerizations. It is an applicable method
to rate processes with barrier heights between about 5 and 25 ¥, ;.12 When compounds
have so rapid interconverting stereoisomers that they are viewed as an average structure
in NMR spectrum at room temperature, the interconversion can be monitored by variable-
temperature NMR measurements, where the process is slowed down on the NMR time scale.
The biggest advantage of the DNMR technique is that it provides information about first
order, or pseudo-first-order, rate constants in the range of 107! — 10°s™! and hence the ther-
modynamic parameters, AG*, AH* and AS #0263

Temperature calibration of the NMR probe head was done by Isak Sigurjén Bragason and it
is illustrated precisely in his master thesis®*

Even though the rate of the chair-to-chair interconversion in cyclohexane is very fast, k =~
10°s~! at ambient temperature, it is possible to isolate the signals for each conformer at
sufficiently low temperature (7 < —50°C).* Integration of the peaks from the spectrum
allows assessment of the temperature dependent equilibrium constant, K and the free energy

difference, AG (eq. 4.1]and eq. 4.2).

K= %; n = molar fraction “4.1)
Neg

AG = —RT In(K) 4.2)

Individual rate constant is determined from the equilibrium constant and “the rate constant
sum” which is estimated from the temperature-depended NMR data. See equations4.3]
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Figure 4.2: A simple diagram of the free energy during the transition from one conformation
to another.
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Free energy of activation, AG*, for the conformer change from equatorial to axial form (Fig.
4.2) is found by applying the Eyrings equation, equation 4.4

k = K’%ew/m (4.4)

Here is « the transmission coefficient, which is usually taken as unity, kg is the Boltzmann
constant, 4 is the Plank’s constant and R is the universal gas constant. The rate constant is
the rate for the transformation from equatorial to axial estimated from the NMR data and
equation 4.3 for each temperature value.

The enthalpy and the entropy of activation, AH* and AS *, can be determined by plotting AG*
vs. T as is shown in equation 4.5

AG* = AH* — TAS* 4.5)

This approximation tends to give inaccurate value for the AS* because of the generally lim-
ited range of temperature approachable in NMR, also the entropy is considered to be very
low in molecules like those investigated in this thesis. This however does not affect the
measurement of AG*, which is found to be reasonably precise by the DNMR method."?
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In measurements of this kind where the sample needs to be in the liquid state at extreme low
temperatures it is essential to find appropriate solvent that will keep the sample in that state.
Former researches done by Arnason group have showed that a special mixture of Freon
chemicals fulfils these conditions, a combination of CD,Cl, for locking purpose, CHFCI,
and CHF,Cl in a ratio of 1:3:3.%4"23 Recently a mixture of CD,Cl,, CHF,Cl and CF;Br in
aratio of 1:2:2 has been found to be even more effective. This solvents mixture was used for
all DNMR measurements carried out in this work.

4.2.1 Low temperature *C-NMR measurement
1-Methyl-1-germacyclohexane (1)

Low temperature '*C-NMR spectra for 1 were recorded in a regular interval from 172 to 106
K. Down to 125 K the spectra show rapid interconversion of 1e and 1a and average spectrum
for the two conformers is obtained. With decreasing temperature, broadening of the signals
appears and the signal for carbon 3 and 5, and the signal for the methyl group divide into
two separate peaks but the signal for the methyl group is more promising for determining the
equilibrium constant. Impurities in the sample are close to the signal for carbon 3 and 5 so it
affects the simulation of the spectra. A compilation of all the spectra is shown in Appendix
[Kl Previous work in cyclohexane chemistry has established that the resonance signal for the
substituent in axial position has a lower ¢ value than when it is in the equatorial position.*?
This is also in consistence with results from QC calculations preformed for this molecule.
With this information and by doing integration of the peaks in the spectra it is safe to establish
that at 106 K the equilibrium points slightly in favour of the equatorial conformer 1e ( 56%),
rather than the axial 1a (44%).

DNMR simulation of the spectra was executed by using WinDNMR software and the result
of the simulation for the signal for the methyl group at selected temperatures is shown in
Fig. 4.3 and compared to the measured ones. The free energy difference (AG) is found to
be 0.06 *?/,..; by using equation at 114 K, which is where the singlet is on the merge of
splitting in two peaks. The sum of the rate constants is evaluated from the simulation and
keq.ax calulated by using equation The free energy of activation (AG*) of the intercon-
version is calculated and the average value for the measured temperature range 106 — 134K
is 5.0 £ 0.1 %l Determination of the enthalpy (AH*) and the entropy (AS ¥) of activation
by using equation |4.5|is shown in figure 4.4, AH* was found to be 3.2 + 0.1 %/, and AS*
=9.0 £ 1.1 .

1-methyl-1,3,5-trisilacyclohexane (5)

Attempts to measure low temperature *C-NMR spectra of 5 did not succeed, when the tem-
perature reached 152 K most of the compound had crystallized and is therefore not suitable
for DNMR measurements at this stage.
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Figure 4.3: Experimental and calculated spectra of '3 C-NMR signals for the methyl group at
low temperatures. Values of the corrected temperatures and the rate constants,
keq.ax, are given to the right of the spectra. The simulation ignores signals due to
impurities.
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Figure 4.4: The average value for AH* and AS* for 1 were calculated from the linear fit of
the expression AG* = AH* - TAS* for the temperature range 106 — 134 K.

29



Teorr[K]
163
150
141
132

123

119

115

T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T
-3.3 -3.5 -3.7 -3.9 -4.1 -4.3 -4.5 -4.7 -4.9
0 (ppm)

Figure 4.5: *C-DNMR spectra for 6 at the temperature range 115—177 K magnified to show
only the peak for the two equivalent carbons in the 1-methoxy-1,3,5-trisilacyclo-
hexane ring.

1-Methoxy-1,3,5-Trisilacyclohexane (6)

3C-DNMR was recorded for 6 at the temperature range from 177 down to 112 K. When the
temperature reached 112 K the lock signal for CD,Cl, started to disappear frequently and
therefore we were not able to measure the sample at lower temperature. When the peaks
in the spectrum are examined we see a considerable broadening in the peaks and the most
change in bandwidth is for the two equivalent carbons in the ring, the peak in the 115 K
spectrum has nearly five times more bandwidth than in the spectrum recorded at 177 K (Fig.
4.5). The peak has a steeper slope on the right side when it is cooled down and formation of
a shoulder on the left side could be possible with further cooling.

1-Dimethylamine-1,3,5-trisilacyclohexane (7)

3C-DNMR was measured for 7 at the temperature range from 167 down to 108 K. The
spectra show broadening of all the signals but we are not able to freeze the inversion on the
NMR time scale because of the very small barrier for inversion, 5.5/, ;.28 The signal for
the two equivalent carbons in the ring is magnified in Fig. [4.6] where the bandwidth of the
peak at the lowest temperature is sixfold the bandwidth at 167 K. No splitting of the peaks
was found and showed no prospects for splitting to occur at the temperature scale we have
been able to reach. The measurement was stopped at 108 K.
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Figure 4.6: '*C-DNMR spectra for 7 at the temperature range 108167 K magnified to show
only the peak for the two symmetry carbons in the 1-dimethylamine-1,3,5-trisila-
cyclohexane ring.

1-Tertbutyl-1-silacyclohexane (12)

Along with measurements of compounds prepared in this work, previously synthesized com-
pounds® were also recorded. 12 was measured with the DNMR technique at variable tem-
peratures, from 167 K down to 111 K. The compound started to get crystallized at 125 K,
therefore the following spectra are useless. The most promising signal for conformational
analysis is the peak for tertiary carbon in the tertbutyl group and that signal is magnified in
Fig. Formation of a shoulder can be seen only at 143 K and the signal starts to divide
into two peaks at 125 K. Unfortunately the compound crystallized at that low temperature but
further experiments, perhaps using a different solvent mixture might allow further analysis.

1-Cyano-1-silacyclohexane (13)

I3C-DNMR spectra for 13 were recorded in a regular interval from 159 K down to 110 K.
The only signal that shows clear separation for the axial and equatorial conformers is the
peak for carbon atoms 3 and 5. The rabid interconversion of 13a and 13e goes down to
129 K and by decreasing the temperature further the signal start to divide into two peaks. A
compilation of the spectra for this signal is shown in Appendix [[] From the spectra we can
establish that at 110 K the conformational preference lies towards equatorial conformer 13e,
(65%) rather than the axial conformer 13a, (35%).

The spectra were simulated by using WinDNMR software and the result for the simulation
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Figure 4.7: *C-DNMR spectra for I-tertbutyl-I-silacyclohexane at the temperature range
118 — 167 K magnified to show only the peak for tertiary carbon in the tertbutyl

group.

for the signal due to carbons 3 and 5 are and comparison to the measured spectra is shown
in Fig. [4.8] The free energy diffraction, AG is calculated to be 0.14 %/ . at 120 K using
equation4.2] From the simulation the rate constants sum was evaluated for each temperature
and values for k,, .. are obtained from equation These values are then used to calculate
the free energy of activation using the Eyrings equation The average value for AG* at the
temperature range 110 — 159 K was found to be 5.6 + 0.1 ¥4/, Determation of the enthalpy
(AH*) and the entropy (AS¥) is performed by plotting AG* versus T using equation The
value for AH* is estimated to be 4.3 + 0.2%/,; and AS ¥ = 10.6 + 1.6, (Fig. 4.9).

4.3 Raman spectroscopy

The Raman method is complementary to IR spectroscopy and can be used to obtain qual-
itative, structural, and quantitative information about molecular species. In a Raman spec-
troscopy experiment a laser source of visible or near-infraread monochromatic radiation is
focused on the sample, the photons interact with the molecules and are either reflected, ab-
sorbed or scattered. In these studies the scattered ones are the matter of interest.®

It was in 1928 that the physicist C. V. Raman described a new type of scattering that has a
different wavelength than the incident light and the shift in wavelenght is dependent upon the
chemical structure of the molecule.®”*® Raman earned the 1931 Nobel prize in physics for his
discovery and explanation of the phenomenon, Raman affect. The emitted radiation is mostly
Rayleigh scattering which has the same wavelength and same energy as the initial source.
Only 0.001% are due to the Raman affect, Stokes and anti-Stokes scattering. In Stokes
Raman scattering a photon is raised to the virtual state and relaxes to a vibrational state not
all the way to the ground state and therefore has less energy and a longer wavelength. In
anti-Stokes Raman scattering the molecule is in the vibrational excited state in the beginning
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Figure 4.8: Measured and calculated spectra of '*C-NMR signals for carbon 3 and 5 atoms
in compound 13 at low temperatures. Values of the corrected temperatures and
the rate constants, k., .., are given to the right of the spectra.
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Figure 4.9: The average value for AH* and AS* for compound 13 were calculated from

the linear fit of the expression AG* = AH* - TAS* for the temperature range
110 — 145 K.
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Figure 4.10: Energy level diagram explaining different forms of scattering, demonstrating
the elastic- and inelastic scattering of a photon. The difference in the signal
strength is shown with variable thickness of the lines.

and relaxes to the ground state so the photon has more energy and shorter wavelength. This
process in explained in a diagram in Fig. 4.10] In general more photons are in lower energy
state, hence more photons will be Stoke scattering and therefore the Stokes lines will be
stronger than anti-Stokes lines that in fact are often too weak to be observed.®

The Raman technique has an advantage over the IR spectroscopy in that handling of air and
moisture sensitive samples is relatively simple because the visible range is used. Capillaries
made of ordinary laboratory glass can be used as a sample holder, which can be easily sealed
under an inert atmosphere.”’ This is of course a necessary factor for the types of compounds
that are for deliberation in this thesis.

Temperature-dependent Raman spectroscopy is a valuable method for conformational stud-
ies. In Raman spectra for compounds possessing two conformational minima, it is possible
to determine the enthalpy difference between the conformers by using the van’t Hoft equation
(Eq. ??).

A
AH = —RT In A—l + constant 4.6)
2
A, AH 1
In — = ———— + constant
A, RT

A and A, are the area or the intensities of lines for each conformer. The enthalpy difference,
AH can be obtained by plotting In(A;/A,) vs. T~'. To obtain a reliable AH value it is a
prerequisite that the bands for the conformers are pure, that is their intensity is due to only
one conformer, not overlapping with other bands of the spectrum. 8
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4.3.1 Temperature-dependent Raman measurements

Several compounds were sent to the University of Technology in Graz for Raman measure-
ments. These were compound 5-7 synthesized in this work and along with them two other
compounds synthesized by a former member of Arnason’s group, 1-tertbutyl-1-silacyclo-
hexane (12) and 1-cyano-1-silacyclohexane (13).%) Unfortunately we could only identify the
enthalpy for S and 12 because a pair of matching bands with the pre-calculated wavenumbers
were not found for the other compounds. Results of the Raman measurements for the two
compounds that we were able obtain enthalpy values for are covered in this chapter and the
spectra for the other three are shown in appendices M| [N]and

1-methyl-1,3,5-trisilacyclohexane (5)

Low temperature spectra for S were recorded in the range 220 - 300 K for pure sample and
compared to the pre-calculated spectrum (see Fig. [4.11]and Fig. #.12)). When the temperature
reached 200 K the sample crystallized. In crystalline state, the sample commonly contains
only one conformer which frequently is the conformer of the lowest energy in the liquid
State.

The heights of the peaks at 544 cm™' and 554 cm™' can be used to establish difference in
the enthalpy, AH, between the two conformers by using the van’t Hoff equitation, Eq. ??.
Fig. shows the van’t Hoff plot and from it AH._,, peighe Were found to be —0.16 kealy .
The difference is not great but it predicts that the axial conformer is slightly more stable
over the equatorial one. This is in a very good agreement with the calculated value for
AE = —0.15 %, 20

1-Tertbutyl-1-silacyclohexane (12)

Compound 12 was the only substance of the five that was heated instead of cooled down
while measured with the Raman technique. The spectra were measured in the temperature
range 295 - 375 K (Fig. [4.15) and compared to pre-calculated spectrum (Fig. [4.14). The
peaks at 571 cm™! for the axial conformer and at 604 cm™' for the equatorial conformer show
a good separation and are promising candidates to calculate the AH value from both heights
of the peaks and the area under them. Magnified part of this area of the spectrum is shown

in Fig. [4.16]

The enthalpy difference is calculated from the van’t Hoff analysis (Fig. and 4.18) and
found to be; AHen height = 0.64 o1 and AHey area = 0.47 %Y1 The average value for
12 is thereby 0.56 %/ ., which is a considerable lower value than the calculated value for
AE, 1.03 kel =20

4.4 Quantum chemical calculations (QC)

Quantum chemical calculations (QC) are among other things used to determine the molec-
ular shape and structure. QC is not part of this work except in frequency calculations that
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Figure 4.11: Calculated Raman spectrum for 1-methyl-1,3,5-trisilacyclohexane (5) based on
quantum chemical frequency calculations
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Figure 4.12: Raman spectrum for 1-methyl-1,3,5-trisilacyclohexane (5) in the temperature
range 220 - 300 K
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Figure 4.13: Van't Hoff plot of the band pair 544/554 cm™" for 1-methyl-1,3,5-trisilacyclo-
hexane (5) using peaks heights.
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Figure 4.14: Calculated Raman spectrum for I-tertbutyl-1-silacyclohexane (12) based on
quantum chemical frequency calculations
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Figure 4.15: Raman spectrum for I-tertbutyl-1-silacyclohexane (12) at the temperature
range 295 - 375 K.
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Figure 4.16: Magnified part of the Raman spectrum for 1-tertbutyl-1-silacyclohexane (12)
showing the bands at 571 cm™" and 604 cm™".
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Figure 4.17: Van 't Hoff plot of the band pair 571/604 cm™" for I-tertbutyl-1-silacyclohexane
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Figure 4.18: Van 't Hoff plot of the band pair 571/604 cm™" for 1-tertbutyl-1-silacyclohexane

(12) using peak area.
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Figure 4.19: Minimum energy pathway of the chair-to-chair interconversion of 1.

were required for Raman measurements. However, some high level calculation were done
by former member of Arnason group, Dr. Ragnar Bjornsson, at the Max Planck Institute
for Chemical Energy Conversion, on compound 1 in association with an article soon to be
published and result from these calculations are discussed here.”>

Calculations of the *C shieldings show that the magnitude of the relative shielding is in
reasonable agreement with the experiment and their sign confirms that the ring nuclei are
more shielded in the axial conformer than the equatorial one and therefore show signals at
higher field (lower 6). Results from QC calculations for the chemical shifts are given in
Appendix [P|

The minimum energy pathway for the chair-to-chair inversion for 1 (Fig. {.19) was cal-
culated in redundant coordinates using the STON(Path) method available in Gaussian09,”3
the level of theory used was B3LYP/6-31G(d). Starting from the axial conformer, the path
consist of a half-chair/sofa like transition state from which the molecule can move into a
twist form of a relatively high energy. The molecule then goes through a boat transition into
a more stable twist form, which marks the half way point of the path. Then the molecule
proceeds through a boat transition state, a twist minimum, and a half-chair/sofa transition
state and finally the equatorial form.

Accurate potential energy difference between the axial and the equatorial conformers were
obtained by performing a high level ab initio calculation on MP2/cc-pVTZ optimized ge-
ometries. The results from these calculations are shown in Table §.1] and they show good
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Table 4.1: Conformational properties of compound 1

T=0K T=114K
Calculations
AE = E,, — Eeq( kcal/mol) A=Ggy - Geq( kcal/mol)
CCSD(T)/CBS -0.01 +0.02
Experiment
DNMR +0.06

i Thermal correction evaluated from B97-1/def2-TZVPP computed harmonic frequencies.

agreement with the A value obtained from the DNMR experiment.

4.5 Discussion

With our investigation on germacyclohexane we have managed to expand the knowledge
of conformational behaviour of six-membered rings with heteroatoms. We have shown by
DNMR measurement that the 1-methyl-1-germacyclohexane (1) slightly prefers the equa-
torial conformer rather than the axial one and thereby former predictions for the conformal
preference of this molecule have been proven to be wrong. The A value for the correspond-
ing cyclohexane and silacyclohexane derivatives are established to be 1.8*/ ., for MCH
and 0.23 %</, for MSCH. We found the A value for 1 to be 0.06 *?/,..; which follows the
trend of decreasing preference for the equatorial conformer down the group. A few confor-
mational properties of MCH, MSCH and MGCH are listed in Table4.2] In the table it is clear
that the change in the molecular properties are much greater when carbon atom is substituted
with silicon than when the silicon is replaced by germanium. This is in consistence with
the change in the endocyclic bond length for the compounds, again the change is smaller
between Si and Ge which may not be surprising due to great similarity between these two
elements.” Understanding of what effects influence the conformational behaviour of these
compounds is still unclear and that’s why further investigation in this field is important to

Table 4.2: Conformational properties of methyl substituted cyclohexane, sila- and germa-
cyclohexane.

" i DNMR QC

X\
K/ o X_CH3 [1&] A =Gy - Geq[kcal/mol] €q [%°] AG =Gy — Geq[kca]/mol]

X=C 1.528140 1.8040 9910 1.96%0
X=S1 1.868ii>1 0.232 742 0.422
X=Ge 1.957% 0.06 56 0.02

i Distance between X and C ' Given value for the equatorial form. Value for the axial conformer is 1.532 A
iit Given value for the equatorial form. Value for the axial conformer is 1.872 A
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enhance the information collection on this matter.

The 1,3,5-trisilacyclohexane derivatives that were synthesized and purified were all mea-
sured using the DNMR and Raman techniques. Measurements for 5 and 6, using GED
techniques, are still ongoing and sample for 7 has been prepared and is waiting to be trans-
ported.

Compound 5 crystallized very quickly when it was cooled down while recording the
temperature-dependent NMR spectra and thereby gave no usable spectra from that mea-
surement. However we were able to record Raman spectra at variable temperatures from
300 K down to 220 K. From that data, the enthalpy, AH, was calculated to be —0.16 %/,
which is in good agreement with the calculated value for AE, —0.15%2/_ ;. We still have to
wait for the GED results.

For neither compound 6 nor 7 did Raman spectra reveal a usable pair of bands to estimate the
enthalpy difference, unfortunately. For compound 6 we were able to record DNMR spectra
down to 115 K, below that the lock signal started to disappear frequently and no splitting
of the peaks had occurred. The lock signal was however not a problem when compound 7
was measured and we were able to go down to 108 K but again no splitting had occurred
and therefore no data available to estimate about the conformer equilibrium. These negative
results from the DNMR measurement were not unexpected, this can be explained by the fact
that 1,3,5-trisilacyclohexane is more flattened and flexible than its 1-silacyclohexane analog.
This is because of the large Si—C—Si bond angle and bond length within the molecule, there-
fore the compound changes from one conformation to another more rapidly which makes it
more difficult to freeze the inversion on the NMR time scale.

The DNMR spectra for 12 started to show splitting of the signal for carbon 3 and 5 at 125
K but when the temperature was lowered more the compound crystallized. Therefore we
didn’t get sufficient separation between the signal for each conformer to be able to estimate
the equilibrium preference. However the Raman spectra for 12 showed good results, now
by heating the sample instead of cooling it down. The separation between band for each
conformer was adequate to estimate the enthalpy difference from both the area and the inten-
sities, the average value was calculated to be 0.56 %/, ;. The AH is considerable lower than
the calculated value for AE, 1.03 %2/ . but both values indicate the equatorial preference is
preferred, only to a variable degree.

Temperature-dependent NMR measurement for 13 shows that the substituent group prefer
the equatorial conformer over the axial in the ratio 65/35% corresponding to an A value of
0.14*al/ .. In Wallevik’s master thesis it was shown that the A value for monosubstituted
silacyclohexanes is considerably lower then their cyclohexane analogues. The substituted
halogens, F, CI and Br, all show preference towards the axial conformer, as well as SiH,
and OCH;. Analysis for N(CH;), and Bu (this work) groups by means of Raman technique
predicts equatorial preference.*> Both 12 and 13 follow the same trend but the difference
for the CN substituent is, however, rather small. The comparison of the A value between
the compounds and their cyclohexane analogues is shown in Table The closely related
conformational behaviour of 13 and its cyclohexane analog is very remarkable and marks
the first example of this sort.
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Table 4.3: Comparison of A values for 12, 13 and their cyclohexane analogous.

H T.
Substituent A value (temp) [*¥,.;] A value (temp) [ *¥/,01]

X = Bu 4.7 (AH)™ 0.56 (AH)
X =CN 0.18 (194 K)B 0.14 (120 K)
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5 Summary

5.1 Project overview

The main purpose of this work was to synthesize selected monosubstituted 1-
germacyclohexanes and 1,3,5-trisilacyclohexanes, analyse the purified compounds and study
their conformational properties. While this project was ongoing an interest awoke in another
group at the Science Institute to investigate a few derivatives of 1-silacyclohexane. Three
compounds were synthesized for this group alongside the initial project. These tasks are
listed here below.

1. 1-methyl-1-germacyclohexane (1) was synthesized and analysed with DNMR mea-
surement and those results were supported with QC calculations.

2. 1,3,5-trisilacyclohexane substituted with CH, (5), OCH; (6) and N(CH,), (7), were
synthesized for the purpose of investigating their conformational properties using
DNMR, GED and temperature-dependent Raman spectroscopy. Attempts to synthe-
size and analyse three other derivatives were not fully successful.

3. Purification of previously synthesized compounds, 1-tertbutyl-1-silacyclohexane (12)
and 1-cyano-1-silacyclohexane (13) was preformed. Conformational properties were
investigated by means of DNMR, GED and temperature-dependent Raman spec-
troscopy.

4. Synthesis of 1,1-dichloro-1-silacyclohexane (9), 1-silacyclohexane (10) and 1,1-di-
bromo-1-silacyclohexane (11) intended to be investigated by another group at this in-
stitute. However 11 has not yet been purified.

The investigations where the GED technique is used, has not been completed yet but these
results are expected in the near future.

5.2 Result summary

We have shown that previously reported information for conformational equilibrium of 1-
methyl-1-germacyclohexane (1) is not correct. With our investigation we have found that
the methyl group prefers the equatorial conformation rather than the axial one, contrary to
a former report.?> The calculated A value for 1 and its corresponding analogues for carbon
and silicon follow a trend of less tendency for equatorial form as we go down group 14. The
same trend is present when we look at the endocyclic bondlength for the same compounds,
with less difference between Ge and Si than C and Si, due to similarity of atomic properties.
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Our findings regarding the equilibrium from the DNMR results were supported with QC cal-
culations. We have with this work improved the knowledge of the conformational properties
of MCH, MSCH and 1.

1,3,5-trisilacyclohexane substituted with CH;, OCH,, N(CHj;), and C H; (5-8) were all syn-
thesized, however purification of 8 failed. Only two of the compounds were measurable by
DNMR, 6 and 7, but neither of them show any splitting of signals when cooled. Therefore no
assumptions can be made for the conformational equilibrium of the compounds at this stage.
The only compound for which the enthalpy was estimated, using temperature-dependent Ra-
man measurements was 5. The results indicated that the axial form is slightly more preferred
which is in good agreement with prediction from published QC calculations.?"

Raman spectroscopy measurements for 12 show preference for equatorial conformation over
the axial one. The DNMR measurements for the same compound did not provide a sufficient
spectra to estimate the conformational because of crystallization. However, promising sepa-
ration of the analysed peak had started to form before the crystallization that might indicate
that using a different solvent mixture would allow further analysis. DNMR spectra for 13 in-
dicate that the equatorial conformer is energetically more stable and its A value is estimated
remarkable close to the A value of its cyclohexane analog.
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6 Experimental section

6.1 General information

All solvents were dried using appropriate drying agents and used freshly distilled. Stan-
dard Schlenk technique and an inert atmosphere of dry nitrogen was used for all manipula-
tions. Pentane, cyclohexane, toluene and diethylether were dried by continuous distillation
over sodium wire, where benzophenone was used to indicate the dryness of the solvents.
Dichloromethane was dried over CaH,.

LiAIH,, (Bu),PCl, Mg and CH;Li were purchased from Aldrich, Br(CH,);Br and GeCl,
were purchased from ACROS, CF;Br was purchased from PFALTS & BAUER, Br, from
Merck and HF from Riedel-de Haén. The 1,3,5-trisilacyclohexane (3) and the 1,1,3,3,5,5-
hexachloro-1,3,5-trisilacyclohexane (2) in addition to what was synthesized were purchased
from JSI Silicon. The chlorocarbosilane mixture used was obtained from synthesis work
done by Ragnar Bjornsson during his MS work, while 1-tertbutyl-1-silacyclohexane (12)
and 1-cyano-1-silacyclohexane (13) was synthesized by Sunna Wallevik Olafsdéttir.

All NMR spectra were recorded on a Brucker Avance 400 MHz spectrometer. Freon solvent
mixture of CD,Cl,, CHF,Cl and CF;Br in ratio of 1:2:2 was used for the '*C low temperature
measurements. The temperature of the probe was calibrated by inserting a thermocouple of
type K (Chromel/Alumel) into a dummy tube. The accuracy of the calibration is estimated
to be within +2 K. The spectra were analysed by the data analysing program, IGOR (Wave-
Metrics) and the WinDNMR program was used to simulate the line shape of the signals.

All the temperature dependent Raman spectra were recorded with a Jobin Yvon T64000
spectrometer equipped with a triple monochromator and a CCD camera. The samples was
illuminated with green 532 nm line of a frequency doubled Nd-YAG Laser (Coherent, DPSS
model 532-20, 20 mW)

6.2 Experimental

1,1-Dichloro-1-germacyclohexane: 1,5-Dibromopentane (50.3 g, 0.22 mmol) was dis-
solved in 200 mL of diethylether and was added dropwise into a flask containing magnesium
turnings (10.8 g, 0.45 mmol) in 50 mL of diethylether while stirring. After a complete
addition, the reaction mixture refluxed for two hours and then stirred overnight. The solution
was filtered from the excess magnesium through glass wool into a dropping funnel. It was
then added dropwise to a solution of GeCl, (48.9 g, 0.23 mmol) in 120 mL dry diethylether
under stirring at 0 °C. The reaction mixture turned milky white due to the salt that was
formed during the reaction. After stirring overnight at room temperature, the solvent was
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distilled off and replaced by pentane. The precipitate was filtered off under nitrogen and
discarded. Distillation of the reaction mixture under reduced pressure (90 torr, 92 — 95 °C)
yielded 26 g (0.12 mmol, 56%) of 1,1-dichloro-1-germacyclohexane with some impurities.

Germacyclohexane: 1,1-Dichloro-1-germacyclohexane (24.3 g, 114 mmol) was dissolved
in 100 mL of dry diethylether and added dropwise into a suspension of LiAIH,(3.6 g, 95
mmol) in 100 mL of diethylether while stirring at 0°C. After the complete addition the
cooling bath was removed and the reaction mixture slowly warmed up to room temperature
and then refluxed for 1.5 hours. The reaction mixture was stirred over night and the
refluxing was continued for another 5 hours. The diethylether was distilled off and replaced
by pentane and then filtered under nitrogen. The grey salt was discarded. Distillation of the
reaction mixture over a column under reduced pressure (140 torr, 66 — 88 °C) yielded 1,8
g (19 mmol, 11%) of pure germacyclohexane confirmed by NMR spectroscopy. '"H NMR
(400 MHz, CDCl,): ¢ = 1.02-1.09 (m, 4H, CH,), 1.40-1.47 (m, 2H, CH,), 1.72-1.79 (m,
4H, CH,), 3.66 (bs, 2H, GeH,). '*C NMR (100 MHz, CDCL,): 6 = 9.29, 26.72, 29.81.

1-Bromo-1-germacyclohexane: A solution of bromine (1.92 g, 12,0 mmol) in 20 mL
of pentane was added dropwise into a flask containing germacyclohexane (1.76 g, 12.0
mmol) and 80 mL of pentane while stirring and keeping the temperature at —50 °C. After
stirring the reaction mixture over night most of the solvent was distilled off and the product
was further purified by condensation. The remaining solution was confirmed by NMR
spectroscopy to be an 85/15% mixture of 1-bromo-1-germacyclohexane and the starting
material, germacyclohexane. 'H NMR (400 MHz, CDCly): 6 = 1.40-1.55 (m, 4H, CH,),
1.64-1.78 (m, 2H, CH,), 1.83-1.95 (m, 4H, CH,), 5.43 (t, 1H, GeH). '*C NMR (100 MHz,
CDCl,): 6 = 18.39, 24.37, 28.87.

1-Methyl-1-germacyclohexane (1):

Method 1: 3M MeMgBr in diethylether (45.2 g, 131 mmol) was added dropwise into a
solution of GeCl, (30.5 g, 142 mmol) in diethylether while stirring at 0 °C. After stirring
over night the solvent was distilled off and replaced by pentane. The precipitate was filtered
off under nitrogen after washing two times with pentane. The pentane was then distilled
off and the reaction mixture was stored until a later step. Solution of 1,5-dibromopentane
dissolved in 200 mL of diethylether was added dropwise into a flask containing magnesium
turnings (6.2 g, 254 mmol) in 30 mL of diethylether while stirring. The di-Grignard solution
was stirred over a night. The solution was filtered from the excess magnesium through glass
wool into a dropping funnel. It was added dropwise and very slowly into a three-necked
flask containing MeGeCl, from the earlier step and 50 mL of diethylether while stirring at
0°C. When all of the di-Grignard had been added to the solution the stirring was continued
further over night at room temperature. The solvent was replaced by pentane and the salt was
then filtered from the solution under nitrogen. Distillation yielded 2,3 g of product but NMR
result did not confirm existence of 1-chloro-1-methyl-1-germacyclohexane so treatment with
LiAIH, was not proceeded.

Method 2: 0.79 M MeMgl in diethylether (8,2 mL, 5.93 mmol) was added dropwise into a
solution of 1,1-dichloro-1-germacyclohexane (1.38 g, 6.46 mmol) in 40 mL of diethylether
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while stirring at 0 °C. The reaction mixture turned light grey with dark grey precipitate. After
stirring at room temperature over night the solvent was condense off replaced by pentane.
The reaction mixture was filtered under nitrogen and the salt was discarded. The pentane
was removed by condensation and the remaining solution was condensed to a N, cooling
finger in vacuo which yielded 0.11 g of product which NMR measurement showed to be
1,1-dimethyl-1-germacyclohexane not the desired 1-methyl-1-germacyclohexane.

Method 3: The Grignard solution, 0.79 M MeMgl (1.36 g, 8.69 mmol) and 40 mL
diethylether was added dropwise into a solution of 85% 1-bromo-1-germacyclohexane
(2.28 g, 8.88 mmol) and 40 mL of diethylether while stirring at 0 °C. The reaction mixture
turned grey with dark grey precipitate. After stirring over night at room temperature most
of the solvent was distilled off and the remaining solvent was condensed off under nitrogen
and reduced pressure to avoid heating the product too much. A final condensation in
vacuum yielded 0.37 g (2.33mmol, 27%), NMR spectroscopy confirmed the existence of
I-methyl-1-germacyclohexane with small traces of 1,1-dimethyl-1-germacyclohexane and
germacyclohexane. '"H NMR (400 MHz, CDCl,): ¢ = 0.23 (d, 3H, *Jyu= 3.30 Hz, CH,),
0.76-0.85 (m, 2H, CH,), 1.01-1.11 (m, 2H, CH,), 1.34-1.48 (m, 2H, CH,), 1.65-1.80 (m,
4H, CH,), 1.75-1.81 (m, 1H, GeH). '*C NMR (100 MHz, CDCL,): § = -6.56 (CH;), 12.58,
26.07, 30.09.

Attempted synthesis of trichloro(trifluoromethyl)germane: CF;Br (7.4 g, 54 mmol) was
condensed onto a frozen solution of GeCl, (11.6 g, 54 mmol) in 30 mL of CH,Cl,. The
reaction flask was warmed up in a cooling bath at —78 °C and when content of the flask had
reached the temperature of the bath, P(NEt,), (13.4 g, 54 mmol) in 20 mL of CH,CIl, was
added slowly through a dropping funnel. The orange reaction mixture was slowly warmed
up to room temperature and stirred for 48 hours. All volatile components were condensed
into a schlenk flask, further purifying on the product did not give any evidence of existence
of trichloro(trifluoromethyl)germane after being analysed by NMR spectroscopy.

Attempted synthesis of 1-trifluoromethyl-1-germacyclohexane: CF,;Br (1.01 g, 7.4
mmol) was condensed under reduced pressure onto a frozen solution of 1,1-dichloro-1-
germacyclohexane(1.57 g, 7.7 mmol) in 8 mL of CH,Cl,. The reaction flask was warmed up
in a cooling bath at —78 °C and when content of the flask had reached the temperature of the
bath, P(NEt,); (1.91 g, 7.7 mmol) in 10 mL of CH,Cl, was added slowly through a dropping
funnel. The yellow reaction mixture was slowly warmed up to room temperature and stirred
for overnight. All volatile components were then condensed onto a N,(I) cold finger. The
solvent was distilled off and the remaining product was analysed. NMR spectra showed a
complex mixture but did not confirm the existence of 1-trifluoromethyl-1-germacyclohexane.

1,1,3,3,5,5-Hexachloro-1,3,5-trisilacyclohexane (2)

Small scale: A mixture of CH,(SiCl;), and CH,(SiCl;)(SiCl,H) (109.9 g, 55/45 %) and
Bu,PCl (3.32 g, 11,3 mmol) was placed in a reaction flask and heated in oil bath at 160 °C.
SiCl, was collected in a receiving flask over an air cooled distillation unit. When all SiCl,
had been collected, the receiving flask was replaced for another flask. The distillation was
continued in vacuum and the product (48.8 g) was collected and analysed. NMR showed
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that the reaction mixture contained 1,1,3,3,5,5-hexachloro-1,3,5-trisilacyclohexane (25%),
CH,(SiCly), (48%) and (Cl;SiCH,),SiCl, (27%). The mixture was recrystallized from hex-
ane two times and pure 1,1,3,3,5,5-hexachloro-1,3,5-trisilacyclohexane was obtained (3.6 g,
10.6 mmol) 'H NMR (400 MHz, CDCl,): § =1.46 (s, 6H, CH,). *C NMR (100 MHz,
CDCl,): 6 = 17.23

Large scale: A mixture mostly consisting of CH,(SiCl;),, CH,(SiCl,)(SiCl,H),
CH,(SiCl,H), (139.9 g, 22:46:22 %) and Bu,PCl (16.7 g, 56.7 mmol) in 50% toluene was
added to a 3.5 L stainless steel autoclave under nitrogen. The container was sealed and
heated to 180 °C for three hours. After the container was cooled down to room tempera-
ture the reaction mixture was transferred to a one-neck flask. The mixture consisted of two
layers, of an organic phase and catalyst. The upper layer was separated from the catalyst
by filtration. The solvent was distilled off and left a mixture that contained 2, CH,(SiCl,),
and (Cl;SiCH,),SiCl, (63:33:4 %) among other chloro-carbosilanes that were not analysed
further.

This process was repeated several times, same method with same and different combination
of starting material. No consistency was found between those attempts. These compositions
of the compound varied and sometimes no separation between the layers was visible.

1,3,5-Trisilacyclohexane (3): 1,1,3,3,5,5-hexachloro-1,3,5-trisilacyclohexane (21.9 g,
64.8 mmol) in 100 mL of diethylether was added dropwise into a solution of LiAlIH,
in 100 mL of diethylether at 0°C while stirred. After addition had been completed the
reaction mixture was stirred overnight at room temperature. The reaction mixture was
refluxed for three hours, the solvent was distilled off and replaced by pentane for better
separation from the salts. The precipitate was filtered under nitrogen and reduced pressure,
followed by removing of the pentane with distillation. Further purification was done by
fractional condensation in two cooling baths, (—35 °C and —196 °C) under vacuum. A clear
liquid collected at —35°C (1.84 g, 21.5%) and was found to be analytical pure 2 by NMR
spectroscopy. 'H NMR (400 MHz, CDCl,): 6 =0.00 (quin, 6H, CH,), 4.09 (quin, 6H,
SiH,). *C NMR (100 MHz, CDCL,): 6 = -10.39.

1-Bromo-1,3,5-trisilacyclohexane (4): A solution of bromine (7.5 mL, 145.6 mmol) in 50
mL of pentane was added dropwise into a solution of 1,3,5-trisilacyclohexane (3) (19.0 g,
143.5 mmol) in 75 mL of pentane at —50 °C while stirred. The brown colour of the bromine
solution disappear instantly when the drop react with 3. The reaction mixture was stirred
over night. The solvent was distilled off and the product collected at 75 — 79 °C in vacuo.
NMR spectra confirmed the presence of 1-bromo-1,3,5-trisilacyclohexane. 'H NMR (400
MHz, CDCl,): 6 =0.03-0.07 (m, 2H, CH,), 0.45-0.52 (m, 2H, CH,), 0.57-0.64 (m, 2H,
CH,), 3.98-4.06 (m, 2H, SiH,), 4.19-4.26 (m, 2H, SiH,), 5.07 (m, 1H, SiH). 3C NMR
(100 MHz, CDCl,): 6 = -10.96, -1.13. *Si NMR (79 MHz, CDCl,): § = -36.7 (SiH,), 9.2
(SiHBr).

1-methyl-1,3,5-trisilacyclohexane (5)
Method 1: A solution of 5 mL of 1.6 M MeLi (3.7 g, 8.0 mmol) in diethylether was slowly
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added to 1,3,5-trisilacyclohexane (1.06 g, 8.0 mmol) in 25 mL of diethylether, while stir-
ring at —22°C (CCl, cooling bath). The white reaction mixture was stirred overnight at
room temperature and then refluxed for two hours. The solvent was removed with bulb-
to-bulb distillation and replaced by pentane to get a better separation from the salt. The
precipitated LiH was filtered off under nitrogen flow and reduced pressure. The pentane
was distilled off, NMR showed that the remaining product (1.03g) was a mixture of non-
reacted TSCH, 1-methyl-TSCH, cis-1,3-dimethyl-TSCH, trans-1,3-dimethyl-TSCH, cis-cis-
1,3,5-trimethyl-TSCH and cis-trans-1,3,5-trimethyl-TSCH.

Method 2: A solution of 2.6 mL of 1.6 M MeLi (1.91 g, 4.17 mmol) in diethylether was
slowly added to 4 (0.93 g, 4.40 mmol) in 40 mL of diethylether, while stirring at 0°C.
The reaction mixture turns white and were refluxed for two hours and the stirred overnight
at room temperature. The solvent was removed with bulb-to-bulb distillation and replaced
by pentane. The precipitated LiBr was filtered off under nitrogen and reduced pressure.
The pentane was distilled off and the remaining mixture condensed onto a N,(l) cooling
finger in vacuo. NMR showed that the product (0.56 g) was a mixture of non-reacted
TSCH, 1-methyl-TSCH, cis-1,3-dimethyl-TSCH, trans-1,3-dimethyl-TSCH, cis-cis-1,3,5-
trimethyl-TSCH and cis-trans-1,3,5-trimethyl-TSCH.

Method 3: A solution of 40 mL of previously made 0.79 M MeMglI (31.60 mmol) in
diethylether was slowly added to 4 (6.44 g, 30.48 mmol) in 75 mL of diethylether, while
stirring at 0 °C. The reaction mixture which has turn grey with black precipitate, was stirred
overnight at room temperature. The solvent was removed with bulb-to-bulb distillation and
the remaining solution was condensed onto a N,(I) cold finger in vacuo, which left grey salt
on the bottom of the reaction flask. After further purifying of the solution an analytically
pure colourless liquid was attained, (1.04 g, 23%), confirmed by NMR spectroscopy. 'H
NMR (400 MHz, CDCl,): ¢ =-0.18 - -0.10 (m, 2H, CH,), -0.06 - -0.01 (m, 2H, CH,), -0.01
- 0.06 (m, 2H, CH,), 0.23 (d, 3H, 'Jyu= 3.56 Hz, CH,), 3.99 - 4.06 (m, 2H, SiH,), 4.07
- 4.13 (m, 2H, SiH,), 4.15 - 4.22 (m, 1H, SiH). *C NMR (100 MHz, CDCl,): § = -10.48
(CH;), -6.22, -1.53. ?Si NMR (79 MHz, CDCl,): § = -35.61 (SiH,), -13.29 (SiHCHy,).

1-Methoxy-1,3,5-Trisilacyclohexane (6) A solution of triethylamine (6.3 g, 62 mmol),
methanol (2.0 g, 62 mmol) and 50 mL of diethylether was added dropwise into a flask
containing 4 (6.54 g, 31.0 mmol) and 175 mL of diethylether. White precipitate forms
immediately and the solution turns light grey. After continued stirring overnight, the
precipitate is filtered off under nitrogen. The solvent was distilled off and NMR spectra
confirmed the remaining clear liquid to be 1-methoxy-1,3,5-trisilacyclohexane(3.08 g, 19.0
mmol, 61%). '"H NMR (400 MHz, CDCL,): 6 =-0.01-0.04 (m, 2H, CH,), 0.12-0.18 (m, 4H,
CH,), 3.5 (m, 3H, CH,), 3.95-4.15 (m, 4H, SiH,), 4.73 (m, 1H, SiH). '*C NMR (100 MHz,
CDCl,): 6 =51.54 (CH,), —4.16, —10.68.

1-Dimethylamine-1,3,5-trisilacyclohexane (7): (CH;),NH (4.3 g, 96.4 mmol) was con-
densed into a reaction flask containing pentane (100 mL). The reaction flask was equipped
with dry ice/ethylacetate cooler and a dropping funnel containing 1-bromo-1,3,5-trisila-
cyclohexane (4.5 g, 21.3 mmol) which was added dropwise into the reaction flask under
stirring. After complete addition the reaction mixture was stirred for another half an hour
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and then refluxed for 3.5 hours, still utilizing the dry ice/ethylacetate cooler to minimize
the loss of dimethylamine. The reaction mixture was stirred overnight and the cooler was
maintained at —78 °C for 12 hours and then let warm slowly up to room temperature.
The precipitate was filtered off under nitrogen and reduced pressure and then the solvent
was condensed off under reduced pressure. Colourless liquid was attained (2.12 g, 12
mmol, 57% ), confirmed to be analytically pure 7 by NMR spectroscopy. 'H NMR (400
MHz, CDCl,): 6 =-0.14-0.15 (m, 6H, CH,), 2.49 (s, 6H, CH;), 3.95-4.10 (m, 2H, SiH,),
4.08-4.15 (m, 2H, SiH,), 4.46 (t, 1H, SiH). *C NMR (100 MHz, CDCl,): § = 38.16 (CH,),
-5.40, -10.78. *Si NMR (79 MHz, CDCL,): 6 = -35.64 (SiH,), -7.44 (S iHN(CH,),).

1-Phenyl-1,3,5-trisilacyclohexane (8): A solution of PhMgBr (4.3 g, 23.8 mmol) in
diethylether was added slowly into a reaction flask containing 2 (8.1 g, 23.9 mmol) and
diethylether (100 mL) while stirred at 0 °C. After complete addition the reaction mixture
was refluxed and the stirring was continued over night at room temperature. The solvent was
distilled off and replaced by pentane. Then the precipitate was filtered oftf under reduced
pressure and discarded and then the pentane was distilled off. A solution of LiAIH, (1.42 g,
37.4 mmol) in 60 mL of diethylether was added slowly into a flask containing the reaction
mixture (8,1 g) and diethylether (10 mL) while stirred. After complete addition the solution
was refluxed for 1.5 hour. The diethylether was distilled off and replaced by pentane. The
precipitate was filtered off under reduced pressure and discarded, the pentane was then
distilled off and the product was further purified by condensation. NMR spectroscopy
confirmed the presence of 1-phenyl-1,3,5-trisilacyclohexane and 1,3,5-trisilacyclohexane.
Further purification was tried by distillation but pyrolyse of the product occurred. 'H NMR
(400 MHz, CDCl,): 6 =0.05-0.45 (m, 6H, CH,), 4.18-4.24 (m, 4H, SiH,), 4.31-4.38 (m,
2H, SiH,), 4.61 (t, 1H, SiH,), 7.36-7.59 (m, 5H, Ph). *C NMR (100 MHz, CDCl,): ¢ =
-10.44, -7.08, 128.12 (Ph-m), 129.60 (Ph-p), 133.99 (Ph-o0), 137.36 (Ph-i).

Attempted synthesis of 1-fluoro-1,3,5-trisilacyclohexane

Attempt 1: 40% Hydrofluoric acid (0.30 g 5.93 mmol) was added slowly into a flask con-
taining 1-bromo-1,3,5-trisilacyclohexane (1.26 g, 5.96 mmol) at —35 °C while stirred. The
reaction mixture froze so the cooling bath was removed and the stirring started again and was
continued until room temperature was reached. The reaction mixture was in two layers. At
this stage diethylether was added to the solution in order to get a clearer separation between
them. The solution was transferred into a separation funnel, the aqueous layer was discarded
and the organic layer was dried over Na,SO,(s) overnight. The salt is filtered off under ni-
trogen, washed two times with diethylether. The solvent was condensed off and the product
analysed. NMR spectra did not confirm the presence of 1-fluoro-1,3,5-trisilacyclohexane.

Attempt 2: 40% Hydrofluoric acid (0.26 g 5.01 mmol) was added slowly into a flak
containing 1-bromo-1,3,5-trisilacyclohexane (1.08 g, 5.11 mmol) and diethylether (30 mL)
at —35°C while stirred. The cooling bath is removed and the reaction mixture let warm
slowly to room temperature. The reaction mixture was transferred into a separation funnel,
the aqueous layer was discarded and the organic layer was dried over Na,SO,(s) overnight.
The salt was filtered off under nitrogen, washed five times with diethylether. The solvent was
condensed off and the orange liquid analysed. NMR spectra did not confirm the presence of
1-fluoro-1,3,5-trisilacyclohexane.
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Attempted synthesis of 1-trifluoromethyl-1,3,5-trisilacyclohexane: CF;Br (4.22 g, 30.8
mmol) was condensed onto a frozen solution of 2 (9.49 g, 28.0 mmol) and CH,Cl, (30 mL).
The reaction flask is equipped with a refluxer and a dropping funnel containing P(NEt,),
(7.34 g, 29.7 mmol) and CH,Cl, (10 mL) which was added dropwise in to the flask that
is kept in a cooling bath at =78 °C. The reaction flask was kept in the cooling bath and
allowed to slowly warm up to room temperature. The solvent was distilled off and replaced
be pentane, at this stage the texture of the product was jelly-like and further purification not
possible.

1,1-dichloro-1-silacyclohexane (9): A solution of SiCl, (91.3 g, 0.54 mol) and diethylether
(300 mL) was added slowly into a reaction flask containing freshly distilled digrignard,
BrMg(CH,)MgBr (166.6 g 0.55 mol) at 0°C with vigorously stirring. The stirring was
continued overnight and then the solvent was distilled off and replaced by pentane. The
salt was filtered off under nitrogen and reduced pressure, the precipitate was washed two
times with pentane. The pentane was then distilled off and the product was collected at
112 — 114°C at 0.19 + 0.01 atm (37.3 g, 0.22 mol, 41%). '"H NMR (400 MHz, CDCl,): §
=0.18-1.22 (m, 4H, CH,), 1.47-1.53 (m, 2H, CH,), 1.81-1.88 (m, 4H, CH,). 3C NMR (100
MHz, CDCl,): 6 = 7.98, 25.63, 29.83.

1-Silacyclohexane (10): A solution of LiAlH, (1.37 g, 36.1 mmol) in diethylether (60 mL)
was added slowly to a solution of 1,1-dichloro-1-silacyclohexane (9.31 g, 55.4 mmol) in
diethylether (75 mL) at 0 °C. After a complete addition the stirring was continued overnight
and then refluxed for three hours. The solvent was distilled off and replaced by pentane,
then the precipitate was filtered off under nitrogen and reduced pressure. The solvent is
removed by distillation and the product was further purified be condensation onto a N, (1)
cold finger. 'H NMR (400 MHz, CDCL,): § =0.75-0.81 (m, 4H, CH,), 1.39-1.46 (m, 2H,
CH,), 1.68-1.75 (m, 4H, CH,), 3.75 (quin, 2H, SiH,). *C NMR (100 MHz, CDCL,): § =
20.24, 23.97, 28.59. ¢ (79 MHz, CDCl,): § = 28.50.

1,1-dibromo-1-silacyclohexane (11): A solution of Br, (7.4 g, 46.6 mmol) and pentane (20
mL) was added slowly into a reaction flask containing 1-silacyclohexane (10) (2.27 g, 22.6
mmol) and 30 mL of pentane at —50 °C. The red reaction mixture was stirred overnight at
room temperature. The solvent was distilled off and the remaining solution had pale pink
colour. NMR spectroscopy confirmed the presence of 1,1-dibromo-1-silacyclohexane. 'H
NMR (400 MHz, CDCl,): 6 = 1.38-1.43 (m, 4H, CH,), 1.50-1.57 (m, 2H, CH,), 1.79-1.87
(m, 4H, CH,). C NMR (100 MHz, CDCL,): § = 22.41, 24.15, 28.52.
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Appendix A

NMR spectra of 1
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Appendix B

NMR spectra of 2

(%12ad ‘ZHW 00%) YN Hy
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Appendix C

NMR spectra of 3
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Appendix D
NMR spectra of 4
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Appendix E

NMR spectra of 5
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Appendix F

NMR spectra of 6
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Appendix G
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Appendix H
NMR spectra of 9
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Table 1: Coupling constants between protons in 9 calculated from the simulation.

Coupling [Hz] # Proton  Coupling [Hz] # Proton
0.1236 J#001 #001 5.7616 J #002 #004
7.3552 J#001 #002 2.5711 J#003 #004
4.3182 J#001 #003 4.0928 J#003 #004
-5.4545 J #004 #001 0.7486 J#003 #006
2.0882 J#001 #005 2.4066 J#003 #006
7.0807 J#001 #006 11.0444 J #005 #004
-2.1664 J#002 #003 6.2438 J #006 #004
13.2612 J #002 #004 -0.1061 J #005 #006

Figure 1: Compound 9 with numbered protons.



Appendix I

NMR spectra of 10
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Appendix ]
NMR spectra of 11
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Appendix K

DNMR analysis: measured spectra for 1
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Appendix L

DNMR analysis: measured spectra for 13
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Appendix M

Calculated and measured Raman spectra for 6
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Figure 1: Calculated Raman spectrum for 6
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Figure 2: Measured Raman spectrum for 6 at the temperature rang 160 - 300 K
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Appendix N

Calculated and measured Raman spectra for 7
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Figure 1: Calculated Raman spectrum for 7
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Figure 2: Measured Raman spectrum for 7 at the temperature range 160 - 300 K
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Appendix O

Calculated and measured Raman spectra for 13
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Figure 1: Calculated Raman spectrum for 13
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Figure 2: Measured Raman spectrum for 13 at the temperature range 210 - 290 K
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Appendix P

Chemical shift calculations for 1

Equatorial Axial
Atom # isotr. Shield delta Atom # isotr. Shield delta
2 C 168.5652  16.4968 2 C 169.8097 15.2523
3 C 154.8326  30.2294 3 C 156.3537  28.7083
4 C 151.4088  33.6532 4 C 151.5444  33.5176
5 C 154.8327  30.2293 5 C 156.3538  28.7082
6 C 168.5651 16.4969 6 C 169.8095 15.2525
17 C 190.1443 -5.0823 8 C 194.3882  -9.3262

Figure 2: Axial conformation of 1
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