University of Iceland
Faculty of Science
Department of Chemistry
August 2008

Conformational behaviour of

substituted silacyclohexanes

Rannsdknir a stellingajafnvaegi setinna silacyclohexan afleida

M.sc. thesis
Sunna Olafsdéttir Wallevik

Supervisor: Prof. Ingvar Helgi Arnason
Co-supervisor: Prof. Agust Kvaran












Academic Dissertation

Submitted to the Department of Chemistry, Facultg@ence, University of Iceland

This work was carried out at the Science InstitUteiyersity of Iceland

M.Sc. Committee
Prof. Ingvar Arnason (supervisor),

Department of Chemistry, University of Iceland

Prof. Aglst Kvaran (co-supervisor),

Department of Chemistry, University of Iceland

Prof. Mar Masson (external examiner),

Department of Pharmacy, University of Iceland






| hereby declare that this thesis is based on my olservations, is written by me

and has neither in part nor as whole been submitied higher degree.

Sunna Olafsdéttir Wallevik






Hér med lysi €g pvi yfir ad ritgerd pessi er samimeér og ad hun hefur hvorki ad

hluta né i heild verid 16gd fram adur til haerri ggvadu.

Sunna Olafsdéttir Wallevik



Vi



Abstract

The monosubstituted silacyclohexanegd GSiHX with X = F, Cl, Br, I, SiH, OMe,
N(Me),, ‘Bu, CN and N (3-12) were synthesized with the main aim of investiggti
the molecular structure of their axial and equatochair conformers as well as the
thermodynamic equilibrium between these speciessdluerivatives were intended
for investigations by means of gas electron difftac (GED), dynamic nuclear
magnetic resonance (DNMR) and temperature deperrEman spectroscopy. This
work is an ongoing project and has as of yet nanbeompleted for all the
derivatives. When possible these experimental t®salthe gas and liquid phase
were compared to the quantum chemical calculateveilable (MP2, DFT and
composite methods) and to results for analogoufologgane derivatives. Tha
values for the monosubstituted silacyclohexaneg vi@ind to be substantially lower
than for the corresponding cyclohexane analoguédsirarall cases except for one,

they show a preference of the axial conformation.

The following 1,1-disubstituted silacyclohexaneganGH;oSiXY with X = Me and
Y=F, X=MeandY =Cfas wellas X =SifFand Y = F 13, 14 and 16) were
also synthesized, so as to be investigated witpertsto their conformational
properties, using the same methods as describe aBd1,,SiXY with X = Me and

Y = D (15) was synthesized in order to be investigated bm&aspectroscopy to
complete the investigation ofsB,,SiHMe (1). The available results indicate that a
simple additive model, which assumes that the comdtional properties derived
from the relevant monosubstituted rings are eitt@nplementary or competitive,

cannot be applied and more sophisticated modebjsired.

CRMe,SiSiMe,CF; (17) was synthesized and its seemingly unusual corgtbomal
properties were investigated by gas electron difioa (GED), temperature
dependent Raman spectroscopy and quantum cheralcalations (QC). The results
indicate that there is only one conformer in theegais phase, while three rotamers
were observed in the liquid phase. The novel comgey{GH10SiH),NMe (19) and
(CsH10SiH)NH (24) were also synthesized and the process of confana

analysis was initiated by performing preliminary @&culations.
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Agrip

Einsetnar afleidur silacyclohexanssHzoSiHX med X = F, ClI, Br, |, Sikl OMe,
N(Me),, 'Bu, CN og N (3-12) voru smidadar, med &herslu & ad rannsaka
sameindarbyggingu asleegra og pverleegra stolfornm@apeg jafnframt akvarda
varmafreedilegt jafnvaegi peirra & milli. Lagt vampumed ad rannsaka pessar afleidur
med beygju rafeindageisla i gasham (GED), hitdsdds Raman
titringsrofagreiningu og laghita kjarnaréfs meelinguDNMR). Petta verkefni
stendur enn yfir og sumar afleidurnar hafa enn eidid rannsakadar med 6llum
tilteekum adferdum. Pegar moguleiki var &, voru re&dur tilrauna bornar saman
vid spagildi skammtafraedilegra reikninga (MP2, D&J sambeaerilegar adferdir) og
vid samsvarandi cyclohexan afleidur. Nidurstédutnada a um ad gildi einsetnra
silacyclohexan afleida séu toluvert laegri en fgamsvarandi cyclohexan afleidur og
allar peer afleidur sem rannsakadar voru i verketfrimed einni undantekningu, hafa
tilhneigingu til pess ad vera & pvi formi par sedhraeira er af sameindinni med

sethopinn i aslaegri stoou.

Eftirtaldar 1,1-tvisetnar silacyclohexan afleioGgH10SiXY med X = Me og Y = F,
X =Me og Y = CR og jafnframt X = Sigkog Y = F (3, 14 0og 16) voru smidadar, i
pbeim tilgangi ad vera rannsakadar med somu adferégnvar lyst hér ad ofan.
Afleidan GH10SiXY med X = Me og Y = D 15) var einnig smidud og rannsékud
med Raman titringsréfagreiningu, til pess ad ggha fannsokn & GHi0SiHMe (1).
Paer nidurstodur sem liggja fyrir benda til pesseadalt likan, par sem gert er réd
fyrir ad haegt sé ad leggja saman stellingajafnveemjgleika hverjar einsetinnar

afleidu fyrir sig, gildi ekki, heldur purfi floknarlikan til.

CRMe,Si-SiMe,CR; (17) var smidad og ohefdbundnir stellingajafnveegisnégkar
pbess voru rannsakadir med beygju rafeindageislasham (GED), hitastigshadri
Raman litr6fsgreiningu og skammtafraedilegum reignim. Nidurstédurnar benda til
pess, ad einungis ein ramhverfa sé til stadar fiagad7, a medan prjar ramhverfur
fundust i vokvafasa pess. Einnig voru nystarlequasgdmbondin (§H10SiH),NMe
(19) og (GH10SiH),NH (24) smidud og rannsokn stellingajafnvaegis peirranhaled

skammtafraedilegum reikningum.
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1 Introduction

Silicon, the eighth most common element in the ersg, is traditionally known as
the less reactive chemical analogue of carbon. &adnd silicon occupy the first
two seats of group 14 and over the last decadeastbeen standard practice in
organosilicon chemistry to illustrate the similest and differences between
analogous carbon and silicon compounds. By nowctiemistry of organosilicon
compounds is well known and over a hundred thoushfferent substances have
been synthesized and studied [1,2]. Thermodynatalnlgy and chemical inertness
are typical characteristics for many of those safists, as a consequence of the
relatively strong Si-C bond (both these elemengsteiravalent and are able to form
strong covalent bonds). Siliconcarbide (SiC) ieaample of the strength of the Si-C
bond, as it is nearly as hard as diamond and hay oseful properties [1].

The structural similarities associated with carbamd silicon counterparts are
especially pronounced when looking at the struttoafiguration of saturated chain
and ring systems. There are many examples of thke for instance ;o and
C4Hio which both exist as mixtures of anti and gauchefamwners at ambient
temperature and the analoguessMgh/CsMerr, CeH12/CsSiHi, and S§H1/CeHao
which all have chair-conformation as the global imum [3-12]. However, when
replacing a carbon atom with a silicon atom in stesy under investigation, there are
some notable effects which must be considered. Gdmads associated with the
substituted silicon will be longer than they are floe carbon congener, along with
being somewhat weaker. The torsional force constam also be lower, giving

overall lower barriers for associated rotations.

Knowledge of the conformational preferences andrdies of the ring inversion
processes of saturated six-membered rings are iemgofor determining the
chemistry of such systems. The potential energgidrarof chair-chair or chair-twist
interconversions in a large number of saturategsricontaining nitrogen, oxygen,
sulphur and selenium have usually been found tsifbédar and in some cases even
greater than for the corresponding cyclohexanevaives [13-23]. However, there

exists considerably less information regarding ¢baformational dynamics of the



analogous silicon rings and even less for germaniimand lead six-membered

rings.

Six-membered cyclic Si-containing systems (analegte cyclohexanes having
either 1, 2, 3 or 6 silicon atoms replacing the samount of carbon atoms) are
expected to exhibit chair conformations that areenftexible and coplanar than the
corresponding cyclohexane derivatives. This has b&®own in comprehensive
conformational investigation of these system owerlast decades [8,9,24-38]. This
can be attributed to the longer C-Si bond lengththé rings in comparison to the C-
C bond length, which effectively distorts the ovletaond distances of the rings
making the ground state conformation already ctosa possible transition state of
the ring reversal. Another possible factor for ttamformational flexibility could be
lower torsional force constants than in the analsgoyclohexane systems. This is
supported by the comparison of the rotational besrbof methylsilane and ethane.
Ethane has a rotational barrier of 2.9 kcal/mollevimethylsilane has substantially
lower barrier of .7 kcal/mol [39,40].

The impetus for the work leading to this thesis eafrom a comprehensive
investigation of silacyclohexanesHtSiH, and two of its derivativeSsH;,SiHMe
and GH10SIHCR;, performed during the last decade by Arnason asdroup at the
Science Institute, University of Iceland [8,9,32:3]. This work provided very
interesting results, different to previous expeaotet which will be discussed further
in the respective chapter. This created a gooddation for further studies of
different derivatives and also generated intenetst whether analogous germanium
systems would behave in similar way. Studies ofseéhaystems may provide

important clues to what mechanisms are causingliberved behaviour.

Thus, at the beginning of this project, the intemtiwas to synthesize selected
derivatives of monosubstituted 1-silacyclohexames &germacyclohexanes and to
investigate their conformational properties withtable methods available. As the
project developed, the emphasis of the work chareyedl further collaboration
projects with Universities abroad became feasiBlerthermore the synthesis of
monosubstituted silacyclohexanes generated inateiaserest for the investigation

on various 1,1-disubstituted silacyclohexanes. Tnesrictions therefore required

2



that the studies of the germanium derivates hdmktplaced on hold (although some
synthesis attempts were made), while efforts wereentrated on the investigations
of the silacyclohexane systems. Nevertheless, etusfi the germanium systems are
still thought to be worthwhile and future studiefstoem would without a doubt
provide very interesting information that would atld the understanding of the
conformational behaviour of saturated six membened systems. This project is
therefore focused on silicon containing system&dpminantly silacyclohexane
derivatives. The systems examined in the preserk ar@ outlined here below.

Monosubstituted and 1,1-disubstituted silacyclonesawere synthesized with the
main aim of investigating the molecular structufetheir chair conformers. These
derivatives were intended for investigations by nseaf gas electron diffraction

(GED), dynamic nuclear magnetic resonance (DNMR) wmperature dependent
Raman spectroscopy. When possible these experihrestdts in the gas and liquid
phase were compared to the quantum chemical catmdaavailable (MP2, DFT

and composite methods) and to results for analogyabhexane derivatives, to
examine the effect that such a substitution hashenconformation properties of

these systems.

During the progression of this work, collaboratipnojects were launched, as
mentioned before. One of these projects, involtirgsynthesis and conformational
analysis of a highly substituted disilane, will likscussed in detail herein.
Furthermore, during synthesis required for thissie interesting results were
encountered that led to the attempt of some notéwoexperimental work
concerning the synthesis of series of silacyclohegalinked by nitrogen and

phosphorous. These attempts and their resultaisdl be discussed.

The GED measurements in the present work were noeefib by collaborators at
Saint-Petersburg State Technological Institute atritie lvanovo State University of
Chemistry and TechnologpNMR measurements were performed at the Science
Institute, University of IcelandRaman measurements were performeateinstitute

of Inorganic Chemistry, Graz University of Techrpfoand the author had the

opportunity to go there and perform a great des#the$e measurements herself.



The general structure of this thesis is as followisst the main concept used in this
thesis will be discussed, namely “Conformationalalgsis”. The general

methodology behind it will be outlined along withet specific methods used to
investigate it. Then the synthetic methods willdescribed and the conformational
analysis results will be introduced. As of yet, aditresults are available for each
derivative, however, the results that have beemiobt will be presented herein.
These results will be discussed and attempts willtade to identify any general

trends of intrinsic behaviour.



2 Conformational analysis

2.1 General information

The term “conformation” refers to the spatial agaments of atoms within a
molecule, i.e. the movement of the atoms relativeach other, without changing the
chemical bonding of that particular system. Thentéconformer” refers to a stable
molecular structure, which corresponds to a localimmum on the potential energy
hypersurface of a given molecule. Conformationalmers or conformers are
therefore phenomena that belong to a molecule and the same structural formula,
but these conformers are distinguishable as haalagively different energies. It is
possible, however, that a molecule has two or ncordormers of the same energy
(cyclohexane has for example two equivalent chaifarmers and six equivalent
twist conformers of higher energy). Conformers ltd same energy are related by
rotation or pseudorotation within the molecule. Thast common path between two
conformers is via the rotation around a single bdrieese kinds of stable rotational
conformers are named rotamers and are separatedabipnal barriers. A rotational
barrier is the activation energy required to jumpnf one conformer to another
[11,41,42].

Conformational analysis is therefore the study dncumentation of the structure of
the various conformers of a molecule, along wita tietermination of the energy

difference and the rotational barriers between tfEhv1,42].

The first considerations of this matter were putds by Sachse and Bischoff in the
end of the 19th century. Bischoff was the firsineestigate ethane derivatives and
tried to rationalise the staggered conformatioretbfane derivatives from some of
their reactions [43]. Meanwhile Sache was the fdetson to predict the chair shape
of cyclohexane and he also realised that such digbien would lead to the two

chemically different axial and equatorial confors\@44,45]. Unfortunately Sache

also predicted that observation of these distifgadschair forms should be possible
at ambient conditions. His ideas were not acceptathly because all attempts to

experimentally detect these different chair forragetl. The general misconception



that cyclohexane was geometrically flat continuedthe next sixty years as no one
realised that ring inversion between the axial aqdatorial conformers would be a
very rapid process, difficult to detect at room pemature. In the year 1918 Mohr
revisited the subject and amongst other thingssuidpted that the interconversion of
cyclohexane would occur via boat and twist confagion [46]. However, it wasn'’t
until 1950 that Derek Barton brilliantly explainethe connection between
conformation and reactivity for the first time, whiearned him, along with Odd
Hassel, the Nobel prize in chemistry in the yea&9lfr his contribution to the field
of conformational chemistry [47-49]. After Bartopsiblication this field attracted
enormous interest, both from the world of chemistngl physics and their work is
still today the foundation for all the extensive nwathat has been performed
concerning various organic and inorganic systemersiing to various more

complicated systems [47].

Since then conformational analysis has been widplylied throughout chemistry.
Linear alkanes and cyclohexane are the two systeithsthe most conformational
analysis results published to date. Linear alkamils their eclipsed and gauche
conformers and cyclohexane with its chair and lwoaformers. Atropisomers have
also been under the microscope recently, with niateyesting results coming to the
surface [50-52]. Another example of conformatiois@merism that has received a
lot of interest of late is the folding of proteinshere some shapes are stable and

functional, but others are not.

2.1.1 The science behind conformational analysis

When examining a conformer, the interactions wittiie molecule that affect the

stability of the conformer usually fall within theegroups:

1. Interactions of orbitals belonging to adjacent atom
2. Steric repulsion.
3. Electrostatic effects, mainly due to polar bonds.



In a large collection of molecules, the number oleoules possessing conformers of
a certain energy can be calculated using statisticechanics. The population
distribution of particles between energy levels bardescribed using the Boltzmann
distribution,

| T
= B (2.1.1.1)

where N is then number of particles occupying energy state(having the
degeneracy;y N is the total number of particles; ks the Boltzmann constant and g
is the partition function. The Boltzmann distrilartican be modified into equation

2.1.1.2, which calculates the ratio of two conforspéand |.

N, -AG

—K =ex —j (2.1.1.2)
N T

Here AG is the free energy difference between i and j. sKai constant that

incorporates amongst other things entropy and dage.

An interesting aspect of conformational analysiat thften has to be considered is
how the lifetime of the conformers affects the nueasents made by the various
spectroscopic methods. This can be illustrateddaynening a system possessing two
conformers, A and B. The average lifetime of theseformers is the average time
that the system exists as either A or B, beforeramnverting into the other
conformer. The energy barriers between conformenstral the corresponding
reaction rate, the higher the barrier is, the highe average lifetime of the two
conformers. If the average lifetime of conformeydarger than the timescale of the
spectroscopic method, then two separate signalsbeilobserved, whereas if the
average lifetime is smaller, an averaged out spectwill be observed. The
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broadening of the signals for fast decaying congrcan also be predicted by the

energy-time uncertainty principle (equation 2.1)1.3

AEAT=h  of Apars 1 (2.1.1.3)
27

The shorter the lifetime of the conformer, the moneertainty there is regarding its
energy, hence the broadening of its signal. Wheritetime is of similar magnitude
as the timescale of the spectroscopic method, angeriblur’ is measured. This
phenomenon is called the coalescence of the spbatnds.

2.1.2 Conformational analysis methods

The spectroscopic methods used in this work spharge timescale range. NMR
spectroscopy is generally considered the slowe#tadewith a typical time scale in
the range of 18to 10* s. Microwave spectroscopy and Raman spectros@piyto
the mid range with timescales of 1@nd 10" s respectively. The fastest method
used was gas electron diffraction, which is amdrgfastest methods available, with

a time scale of 1€/ s.

Quantum chemical calculations (QC) play a key mlenodern day conformational
analysis. They are used both as a tool to aid erpetal conformational analysis
and also to verify experimental results. With timereased computational power
available today, especially due to the computestehs that have been set up,
guantum chemical calculations are becoming morerate and accessible for all

those who wish to use them.

In the following subchapters, these experimentdltheoretical methods will be
discussed in more detail.



2.2 Dynamic nuclear magnetic spectroscopy (DNMR)

NMR spectroscopy is one of the most valuable tdotsdiagnosing structure and
stereochemistry of molecules and has been founuktespecially useful for both
thermodynamic and kinetic studies.

NMR analysis of the characteristic time dependenénomena at or near the
»coalescence” point for chemical exchange processesaditionally referred to as
»dynamic nuclear magnetic resonance“ (DNMR). Thehuod concerns itself with
environmental changes of magnetic nuclei, due tthaxge between different sites
with different chemical shifts and/or different g@ng constants [53]. Energy
differences between conformations of substituteclotyexanes as well as their site
exchange processes have for instance been extgnsieasured by this technique,
since it is a very convenient method for studiecafiformational equilibrium of
rotational barriers which lie between 5 and 25 koal [47,53].

One of the main benefits of the DNMR method is thatlows the determination of
the characteristic rate constant k for interconee processes (stereomutation),
usually brought about by measurements at varisgetpératures. When these rate
constants fall in the range of the NMR timesca#de rconstants of first order or
pseudo-first-order in the range 10 1¢ s, can be measured [54]. Thus a single
averaged out spectrum (i.e. statistically weighaedrage with respect to chemical
shifts and coupling constants) will be obtainethéd magnitude of the rate constant is
large with respect to the NMR time scale. Convegrsklthe rate constant of an
exchange process of species in equilibrium, is lsmigh respect to the NMR time
scale, two signals will be shown for the individwadtities in the NMR spectrum.
Broadened spectra will, however, be observed fterinediate rates of exchange
[2,53-55].

The desired thermodynamic and kinetic informati®rusually obtained by analysis
of exchange broadened spectra using the band shethed, although other methods
are also available [53,56]. The rate constant kefacthange processes due to two

conformers is dependent on temperature and caneberided as a single rate



constant at the coalescence temperature by thedsyequation 2.2.1, also named

the activated complex theory;

k = k(kgT/h) exp (AG*/RT) (2.2.1)

where x is the transmission coefficientg ks the Boltzmann’s constant, h is the
Planck’s constant, R is the universal gas constaistthe temperature ands® is the
free activation energy. Here k is the measured fifyamsed to calculate the Gibbs
free energy of activatiom\G*) for each temperature valugH* andAS* can now be

further calculated by plotting equation 2.2.2 farieus temperature values [53].

AG* = AH* - TAS (2.2.2)

By using this approximation for the thermodynamibIRl analysis, theAS’ values
unfortunately tend to be a bit inaccurate due ® tbstricted temperature range
approachable in NMR spectroscopy. However, A& values are not affected by
this limitation and are found to be fairly accurpt@].

DNMR spectroscopy can also be used to calculateah@ormational populations of
a given system and therefore the free energy difige AG) of its conformers, using
equation 2.2.3. It must be kept in mind that bate and K are temperature

dependent.
AG = - RTIn(K) (2.2.3)
K =n/neg N = molar fraction

Several magnetically active nuclei can be affecadthe same time in many
exchange processes, for examftte °C, *°F and®'P. The analysis of an exchange
process can be made much simpler by choosing teppate type of nucleus to be
studied [2]. In the work leading to this thesiswldemperature®*C-DNMR

measurements were performed to investigate sitbagmge processes between the
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axial and equatorial conformers of mono- and l1slHotituted silacyclohexanes.
Whenever F-atoms were part of the substituéf;DNMR measurements were

preferred.

The energy transition threshold for flipping onaicho another in silicon containing
ring systems is considerably lower than for analsgaarbon systems. For
silacyclohexanes this barriers is typically 5-6 lkoal vs. 10-12 kcal/mol for
cyclohexanes [10]. It is therefore necessary tovsbiown the conformational
equilibrium sufficiently by extensive cooling, whe®NMR is used for
conformational analysis (often down to at least K18nd even further) in order to
observe distinguished conformers. However, manyblpros can arise when
measuring at such extremely low temperatures. Tmeber of suitable solvents at
such low temperatures is limited. A suitable sotveimould have a low viscosity,
even at very low temperatures and the solubilityhef sample must be sufficient.
Special solvent mixtures have therefore been dpeedldased on Freon substances,
which have the ability of being liquids at very Idamperatures, as well as keeping

the substance under investigation solvated.

One of the Freon mixtures that has been developedists of CDRCI, (for locking
purpose) and the gaseous solvents; CHBRGH CHECI, in the respective 1:1:3 ratio.
That mixture was for example used in th€-DNMR measurements of 1,1-
dimethyl-1-silacyclohexane, dodecamethylcyclohdgasi and 1,1,4,4-tetramethyl-
1,4-disilacyclohexane at temperatures down to 1081 Krder to investigate the
conformational properties of these species [26-28].

In some cases, for example when systems have ewar inversion barriers than
mentioned above, the Freon mixture becomes inseffiian keeping the substance
under investigation in solution. In the work leaglio this thesis such a situation was
encountered in one case. This problem was tackjedepeating the”*C-DNMR
measurement by using the gaseous pyrophorig, 8the solvent. We reasoned that
SiD, could possibly keep the substance under invesiigatissolved at the low
temperatures required for the analysis as wellcisagas the locking agent. This
attempt was found to be very successful and coaldrbinteresting alternative for

other research groups when facing similar problems.
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2.3 Gas Electron diffraction (GED)

GED has been found to be very effective methodd&iermining the gaseous phase
structure of molecules. It can also be used to exarhe structure of one or more
conformers of a given molecule, as long as oné®ftbnformers does not dominate

the population distribution.

Molecules in the solid state are affected by intdenular interactions (so called
packing effects). Using X-ray diffraction to inviggtte solid state structures has
some noted drawbacks. Not only is the informatitwamed relevant to the solid
phase of the substance which is not always of pinmerest, but also the distances
measured are not between nuclei, as X-ray diffsactmeasures the distances
between areas of high electron density. By utigz@ED, however, internuclear
distances which define the molecular structureaapeirately measured. These results
can relatively easily be compared to theoreticallts, as the gas phase structure of
the species under investigation is readily simdlatey quantum chemical

calculations [57].

GED is based on the dualism of the electron. Amnmag electronic beam with a
wavelength similar to the scale of the internucléiatances will be diffracted as it
passes between two atomic cores. The diffractettreles of all the pairs of cores
interfere and the sum of the interference pattesr @ll molecules in the gas area
will be displayed as a pattern on a photographatepin the detector, consisting of
concentric rings. With the knowledge of the wavgtarof the incoming electrons as
well as the classification of the distances ofdh#&action maxima obtained from the

experiment, one can determine the internucleaanicsts.

During the evaluation of the data, one must alstsicter that the core pairs are not
stationary, the relative distance between them aastantly changing due to
molecular vibration. The average intramoleculartatise over one vibration will
therefore be measured, which is smaller than theahdistance. This effect is known
as the shrinkage effect and disturbs the spectlawfrequency torsional vibrations
with large amplitudes [57]n the present work the shrinkage effect was cteceby
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use of a program called SHRINK [58,59]. The leagtiases refinement of the
structural parameters and analysis of the expetehelata was done by use of the
SARACEN (Structure Analysis Restrained by Ab ini@alculations for Electronic
diffractioN) method, with ab initio calculations gplying the initial values for the

optimizing parameters along with the associatesgsvand vibrations [58,60-63].

The molecular scattering intensity is higher foawe cores and for internuclear
distances in the region of the bond lengths. Thigvident from equation 2.3.1,
where £ and Z are the nuclear charge numbers of the atom, wjtlasr the
momentary bond length between atoms i ang jsthe multiplicity of j. The radial
distribution functionP(r)/r, corresponds to the surface area A under the petie

respective diffraction and is expressed as;

i (2.3.1)

An overall scheme depicting how the radial disttitau function is obtained is
shown in figure 2.3.1.
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Figure 2.3.1:a) shows the raw scattering data (the total intersiittering curve) which is converted
into the molecular intensity scattering curve. lgws the molecular intensity scattering curve after
the background and the atomic scattering has hd#rasted from the total intensity scattering curve
¢) the radial distribution curve obtained by Foutransformation of the Molecular Intensity curve
[57].

When studying a system with multiple conformersasafed by sufficiently large
energy barriers, the diffraction intensities wi# determined by a weighted average
of all the conformers. This means that it is pdssiio calculate the ratio of the
conformers along with the associated free enerfjgrdnce, by means of calculating
theoretically the radial distribution curves foetimdividual conformers, then fitting
them to the experimental result. However, this méy qossible if the calculated

curves are sufficiently different for the fittingqeess to be viable.
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2.4 Raman spectroscopy

Raman spectroscopy is a technique used to studwtmbal, rotational and other
low-frequency modes in a system and is often seenara alternative to IR
spectroscopy. When the frequency of the scatteredoshromatic radiation is
analysed, most of the incident radiation is eladiiic scattered (i.e. Rayleigh
scattering), but a relatively small amount of tadiation (approximately only 1*10
of the scattered photons) is inelastically scatteramely the Raman scattering. The
source of this monochromatight is normally a laser which is used to illumiea
samples. The process leading to this inelasti¢estoag is the so called Raman effect,
which occurs when photons bump into a molecule iatetact with the electron
cloud of its chemical bonds. This kind of a scatigrcan occur with a change in
vibrational, rotational or electronic energy of alacule. The shift in wavelength of
the inelastically scattered photons supplies tleribal and structural information of
the molecule which is being radiated. The vibradiostate of the molecule which is
being studied, causes the Raman scattered phatoos either higher or lower in
energy, referred to as Stokes or anti-Stokes Rastattering (see figure 2.4.1

below).

Virtual
Energy
States

Excitation Rayleigh Stokes Anti-Stokes
Energy Scattering Raman Raman
Scattering Scattering

Vibrational
Energy
States

=N W B

IR
Absorbance

o

Figure 2.4.1:Energy level diagram demonstrating the elastic-iaathstic scattering of photons. The
different signal strengths of the transitions dreven in an approximate manner.

Stokes radiation occurs at a longer wavelengththackfore has lower energy than
the Rayleigh radiation and anti-Stokes radiatios h&her energy. The energy

difference between the incident photon and the Rascattered photon is due to the
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vibrational energy levels in the ground electrostite of the molecule and therefore
the wavenumber of the Stokes and anti-Stokes laresa direct measure of the

vibrational energies of the molecule.

/ RAYLEIGH

STOKES
ANTI-STOKES

Figure 2.4.2:0ne can see that the Stokes and anti-Stokes Ireesgaidistant from the Rayleigh line.
That is because one vibrational quantum of enesgpined or lost for the both of them.

The anti-Stokes line is considerably smaller thenS3tokes line (see figure 2.4.2), as
a consequence of the fact that only moleculesahatibrationally excited prior to
irradiation can give rise to the anti-Stokes line®nce, in Raman spectroscopy,
usually only the more intense Stokes line is mesabais the Raman scattering is a
relatively weak process and the number of photoasidéh scattered is quite small,
making detection of anti-Stoke lines difficult. Hewer, there are several processes

which can be used to enhance the sensitivity cimd measurement [64].

2.4.1 Raman Selection Rules and Intensities

Many of the factors of Raman band intensities camxplained by simple formulas
for the classical electromagnetic field. The dipamlement, P, induced in a molecule
by an external electric field E, is proportional ttee field as shown in equation
2.4.1.1.

P=aE (2.4.1.1)

The proportionality constantt is the polarizability of the molecule, i.e. a
measurement of how easily the electron cloud cadisterted. Molecular vibration

can change the polarizability of a molecule and #ucounts for the occurrence of a

oa
Raman scattering. The change is described by therizability derivative —,

os

wheregk is the normal coordinate of the vibration. Theestbn rule for a Raman-
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active vibration is given in equation 2.4.1.2.t#tes that for a vibration to be Raman

active, the polarizability must change during tit@ation.

60/0q # 0 (2.4.1.2)

The square of the polarizability derivative is podjponal to the scattering intensity
of the vibration and therefore the square of tliuoed dipole. Vibrations of bonds
with a highly distributed electron cloud are thepitglly the strongest Raman
scatterers, as the electron cloud is easily deslotiy an external electric field.
Bending or stretching of the bond associated whik vibration changes the
distribution of electron density substantially armuses a large change in induced

dipole moment.

The Raman selection rule is comparable to the onar infrared-active vibration,
which states that during the vibration there muestabnet change in the permanent
dipole moment for the vibration to be IR active.o@p theory concludes that if a
molecule has a centre of symmetry, then IR actibeations will not show up in

Raman and vice versa.

2.4.2 The history of Raman spectroscopy

The first spectra occurring in the visible rangetloé electromagnetically spectra
were discovered by Sir William Herschel around 1886vertheless it wasn't until
the early days of quantum chemistry that it becgossible to explain the exact
cause and the theoretical background of UV, Vis lhdpectra. It was in the year
1928 that Raman and Krishnan discovered the inelasattering of photons (the
Raman effect), at which time they were only ablentgestigate vibrational spectra
using vis-sources of light. Raman spectroscopy, évan only became widely
utilised around 1960 due to the development ofrtass ideal sources of light, in
combination with D.H. Rank’s development of photdtipliers as detectors [64,65].

It soon became obvious that IR-absorption integsitand Raman-emission
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intensities were very different and all symmetridatomic molecules gave strong

signals in Raman spectra but gave no signals spdttrum.

2.4.3 Infrared vs. Raman

An advantage of Raman spectroscopy in comparisdR tgpectroscopy is the fact
that the samples are relatively simple in prepanatas laboratory cuvette glassware
can normally be used. Another advantage is thatiditymand oxidation-sensitive
substances are not as problematic. Polar solvets & water can be used, which
would disturb IR measurements due to strong sedbagdion. This is of interest
when examining the stability of individual conforraeof a substance in different
solvents and also as it may allow more accuratecatiion of individual spectral
bands. If one of the conformers has a higher dipmenent than the others, then it is
better stabilized in polar solvents than in norapsblvents. Intensive spectral bands
in a spectrum for a polar solvent can be assigodtié conformer with the higher

dipole moment [66].

2.4.4 Experimental determinations of enthalpies and enengbarriers between

different conformers with Raman spectroscopy

Raman spectroscopy has been found to be a verablalimethod for determining
the conformational composition of either neat ldguior solutions in a wide
temperature range. If an enthalpy difference exisetween two (or more)
conformers, then the intensities of their respectspectral bands will vary with
temperature. The timescale of the method is mucbrteah than in NMR
spectroscopy. This is beneficial from a dynamiapof view, as the mean life-times
of the conformers need to be larger than the ticaéesof the method. If the molecule
which is being examined, possesses two conformeasd 2), each corresponding to
a local minima on the potential energy hypersurfand an energy barrier exists
between them, which is larger than 0.60 kcal/mbR@ K), then conformers 1 and
2 will demonstrate distinguishable signals in therational Raman spectrum. A

wavenumber difference of about 10-20 ¢mis usually enough to achieve

18



distinguishable signals. A smaller wavenumber diffee between the conformers
will result in overlapping of the signals, leading an averaged out spectrum.
Quantum chemical calculations are used in ordassign signals to conformers and
also in the search for a suitable solvent whent®wis are being measured (to make
sure that observed signals for the solvents dantetfere with Raman signals that

are being studied). Quantum chemical calculatiorsaso used to select a suitable
vibrational mode for the investigation by van’t Hahalysis and to make sure that
no overlapping bands are associated with thatquaati vibrational mode. It must be

noted that the calculated wavenumber values arallysa little bit lower than the

measured wavenumber values.

The population of the two conformational statesntl & varies with temperature
according to Boltzmann statistics. The quantitatiletermination of the enthalpy
difference AH, between conformer 1 and 2, is calculated using et Hoff

equation:

AH = -RIT [nn(ij+c
A (2.4.4.1)

WhereAH and the scattering coefficients anda, are assumed to be temperature
independent oy, o and S are part of the constant term C). ahd A are the
intensities of the vibrational bands for conformets and 2. Either the
deconvolutionised heights or areas of the banddeamsed for the AA; ratio. The
analysis of the deconvolutionised spectral bandshis work was accomplished

using the software Labspec [67].

By measuring the intensity difference of these temh various temperatures the
value of the enthalpy differenckH can be obtained from the slope of the plot
In(A1/A,) against T. Raman spectroscopy is, however, limited to offiamingAH

values, since simple integration of the spectralkpedoes not determine the molar

19



fraction of distinguished conformers. Raman speacivpy does therefore not provide

as much thermodynamic information as DNMR and GED.

2.5 Quantum chemical (QC) calculations

The execution of the quantum chemical calculati@®) is not within the scope of
the work leading to this thesis, except for sonegdiency calculations required for
the Raman analysis. It is, however, extremely useficompare the experimental
results with the QC calculations using various lew# theory, as this both helps to
identify anomalous experimental result and to ralise experimental conclusions.
Herein the QC calculations results being referredwere performed by other
members of the Arnason group or otherwise availaddelts. However, derivations
and explanations of the methods will not be covéree.
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3 Conformational investigation of silacyclohexane sysms

3.1 Introduction and purpose of the investigation

The conformational behaviour of saturated six-meawmdbering systems is
considerably well understood and plays an impontaletin organic stereochemistry,
making it widely utilized in the pharmaceutical apolymer industry. Cyclohexane
iIs an example of such a system and has often hmesidered as the cornerstone of
cyclic conformational analysis, as it has been rmsitely studied along with its
derivatives. Considerably less data has until noeenb available on the
conformational properties of one of its closestl@gzes, silacyclohexane, of which
only a few representative derivatives have beeriocorationally studied in recent

years in the Arnason group at the Science Instituiéversity of Iceland [32-36].

The main stereochemical analysis performed on bgslane is the examination of
the ring inversion process. The global minimum yflehexane is well known to be
the chair conformation and a ring inversion is swdhave occurred when each
hydrogen atom goes from being in the equatorialth axial position to the
respective opposite. The reaction path of this skehange process has to pass
through a transition state of half-chair or sokelconformation, which then relaxes
into a twist conformer. From there the moleculespasagain through a second
equivalent transition state before it ends up ie timverted chair. A boat
conformation, a saddle point between two twist oomers, can but must not, be a
part of the inversion pathway for cyclohexane [1242]. This is demonstrated in
figure 3.1.1. Ring interconversion for other satedasix-membered ring systems
follow a similar process to this, although the nemand types of stable conformers
encountered between the chair conformations cap fram the ones mentioned
above. This has also been found to be the castdanterconversional process for
silacyclohexane systems which have been studiefirbgson and his group [8-10].
The intermediate conformers encountered for silatygxane were the boat and the
twist conformers and the ring flipping process vi@sd to be the following; chair

— half-chair— twist — boat— twist — boat— twist — half-chair— chair [8-10].
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Figure 3.1.1:An energy profile for the ring interconversion gttohexane, showing the stable
intermediate conformers.

As mentioned in the introduction, saturated six foerad carbon rings become more
flexible with the substitution of @y Si atoms. This increased flexibility is a sign
that the barrier for the site exchange reactiorappreciably lower than for the
analogous carbon systems. This phenomenon is vatyllwstrated when comparing
the ring inversion barriers of ring systems coritggran increasing number of silicon
atoms (see scheme 3.1.1). Scheme 3.1.1 clearlysshow the inversion barriers
decrease as a function of the number of silicomatdt also shows that the largest

decrease per substituted silicon atom occurs whiname carbon atom is replaced.

Si Si Si Si Si .—Si
[T [ s s sy

i) 10.8 kcal/mol i) 5.7 kcal/mol i)ikt.6 kcal/mol iv) 5.5 kcal/mol v) 3kgal/mol

Scheme 3.1.1The ring inversion barriers of various silicon t@ining six-membered ring systems in
comparison to cyclohexane. Quantum chemical caiounlanethods used; i) DFT [47], ii) RI-DFT
(SV(P)) [8], iii) mPW1PW91(6-311G(2df,p)[68], iv)MM3[29] and v) MP2 (6-31G*) [69].

When investigating the ring inversion of monosubs#id six membered rings, new
terminology for the conformers of the ring has ® ibtroduced, as the two chair
conformers are no longer equivalent. The substitudheither posses the equatorial

22



or the axial position. Therefore the two chair @ynfers are termed the equatorial
conformer €) or the axial conformemj. Determination of the free energy difference
of these two conformers and therefore the enerfjgrdnce associated with the ring
inversion, allows the calculation of the relativenformer populations of the two

conformers (see scheme 3.1.2).

X

S~ N

a A =-AG° = RTIn(K) e

Scheme 3.1.2Representative ring flipping process showing tipailibrium between the axiah) and
the equatoriald) conformers and definition of thevalue. It should be noted that in this theAiG, .,
andA will both be used to denote the same value.

For cyclohexanes a general preference for the egaktconformer is found,
resulting in a positivéA value (see Scheme 3.1.2 for the definitionAbf with the
rare exception of having mercury or alkali metadstiae substituent (where ti#e
value is close to zero or even negative) [47]. Bulkand heavier substitutents

generally result in highek values.

In monosubstituted silacyclohexanes, this geneeadt does not seem to apply, as
the Arnasons group have previously shown in studiglsmethyl-1-silacyclohexane
(1) and 1-trifluoromethyl-1-silacyclohexang) (32,34,35,68].

Compoundl was shown to have equatorial preference (by GED,DNMR, MW
and supported by QC calculation), thereby disprpwarlier investigations using
MM2 and older force field methods and room tempeetH-NMR spectroscopy
studies [70-72]. These two methods predicted peefs of the axial conformation of
1. However, the studies performed by Arnason etahcludedA values of; 0.45
kcal/mol (GED), 0.23 kcal/mof{C-DNMR at 110 K) and values ranging from 0.46-
0.6 kcal/mol (QC depending on the level of theor)microwave spectroscopy
study resulted in AE value of 0.0 = 0.2 kcal/mol. Thevalues on the other hand for
the analogous cyclohexane, namely methylcyclohexhaee been reported to be
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considerably higher in the range of 1.8-2.0 kcal/fii8]. Arnasons group therefore
showed thatl in fact has a positivéd value albeit a much lower one than its

cyclohexane analogue.

Having the methyl group replaced by a trifluoronyétroup @), gavethe following
experimental values; —0.19 kcal/mol (GED at 293 K) and 0.4 knal (°F-DNMR

at 113 K). QC calculations supported these seemingtonsistent findings by
modelling both the gaseous and the solvent phdge®mpound therefore seems
to prefer the axial positioRa in the gaseous phase while the equatorial confitmma
2eis favoured in the liquid phase at low temperagufiéis is very unusual behaviour
and opposite to what is known for the cyclohexanenalague
trifluoromethylcyclohexane where thfevalue was found to be substantially higher,
or 2.5 kcal/mol (by°F-DNMR at 300 K) [74].

The above examples show that monosubstituted si@ogxanes do not necessarily
follow the trend set by the corresponding cyclomexderivatives. ThA values from
the results above were found to be substantiallyeicand it can be seen that going
from the gaseous phase to the liquid phase candmaedfect on the conformational
properties. However, a general trend cannot beatifrom these two examples so
further investigation was deemed necessary. Weefibrer set out to investigate a
number of monosubstituted silacyclohexane systenth whe overall aim of
determining the general trends which these sysfeittsv, along with finding out

some of their intrinsic conformational properties.

1,1-Disubstituted saturated ring systems share nwinthe properties described
above. They also follow a similar ring inversioropesses and the global energy
minimum of the systems is expected to be a ch#&e Iconfiguration. 1,1-
Disubstituted cyclohexane rings have previouslynhegestigatedtherefore making
studies of the analogous silicon systems intergsilong with presumptively being
the first conformational analysis of such system®-78]. Investigations of
disubstituted silacyclohexanes may also providefhklinsights into the general
conformational behaviour of substituted silacyckdrees.

24



3.2 Synthesis of starting materials for silacyclohexamderivatives

Chlorosilacyclohexanes and chloromethylsilacycl@mes (prepared as described by
West), were in most cases used as the startingialdte the synthesis of the mono-
and 1,1-disubstituted silacyclohexanes in the pteserk [79]. Their syntheses are
shown in schemes 3.2.1 and 3.2.2. It should betg@iut that a mixture of
chlorinated and brominated derivatives is obtaibgdhis method. Thus typically up
to 30% of the bromo derivative is formed becaushadbgen exchange between the
di-Grignard BrMg(CH)sMgBr (or the MgBrCl reaction salt) and the halogeda

silane reactant during the reaction.

Chlorosilacyclohexane was prepared as a startirtgrrmbfor most of the synthesis
of the monosubstituted silacyclohexanes in thiskwé@ di-Grignard (after being
prepared in a traditional way by the reaction &dipromopentane and magnesium
shavings in diethyl ether) was reacted with tricbédlane as described in scheme
3.2.1.

Br(CH,)sBr + 2Mg _ B0 BrMg(CH,)sMgBr
|
Et,0, 0°C Si
BrMg(CH,)sMgBr  +  HSiCl, ETDX» % X
) X =Cl, Br
Scheme 3.2.1

Chloromethylsilacyclohexane was prepared as argjamaterial for the synthesis of
all but one of the 1,1-disubstituted silacycloheesrby the reaction of a di-Grignard

and trichloromethylsilane (see scheme 3.2.2).

Br(CH,)sBr  +  2Mg _ B0 BrMg(CH,)sMgBr
B
o Si
BrMg(CH,)sMgBr  +  CH,SiCl; ———200%C % ~x
- 2MgX,
X=Cl,Br
Scheme 3.2.2
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In the following chapters when referring to chlolasyclohexanes and
chloromethylsilacyclohexanes as reactants, theyl wllvays consist of the

halogenated mixture described above.

Descriptions for typical runs of these starting enials are given in the experimental

chapter.
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3.3 Conformational properties of monosubstituted silagclohexanes

3.3.1 Synthesis of monosubstituted halosilacyclohexanes

1-Fluoro-1-silacyclohexane3) was prepared according to a general procedure
described by Schott et al., by the reaction of ditacyclohexane and hydrofluoric
acid at —30 C° (see scheme 3.3.1.1) [80].

I|{ I|{
Si—_ Ft,0 Si—0_
X e F
m —— -30°C, -HX %
X =Cl, Br 3

Scheme 3.3.1.1

Two different methods (both found to be successfill)be introduced herein for the
synthesis of analytically pure 1-chloro-1-silacy®aane 4). The former involves a
gas condensation reaction of hydrogen chloride lptienyl-1-silacyclohexane in
vacuo at —78 °C (as can be seen in scheme 3.3ela@v)}) based on a similar
description by Fritz [81]. 1-Phenyl-1-silacycloheeawas formed by the reaction of
chlorosilacyclohexane and a phenylgrignard. Thenplgeignard was prepared in a
traditional way, by the reaction of phenylbromid& anagnesium shavings dissolved

in diethyl ether.

Et,O

PhBr + Mg PhMgBr
| |
Si : ° Si
% ~x +  PhMgBr Et,0, 0 °C m ~—Ph
- MgBrX
X=Cl,Br
| |
Si~—_ Ph . HCl Vacuum, - 78 °C %Si\(:l
- Benzene

Scheme 3.3.1.2
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The latter method of preparing analytically pdres technically easier since it does
not involve a gas condensation reaction nor a Btep overall synthesis. 1,5-
dichloropentane was now used as the starting mahtéor the synthesis of
CIMg(CH,)sMgCl, instead of 1,5-dibromopentane to avoid obtaining lk#romo-1-
silacyclohexane as a by-product due to the haldbgémgen interchange. The di-
Grignard was reacted with trichlorosilane obtainpuge 1-chloro-1-silacyclohexane
(4) (see scheme 3.3.1.3).

CCH)Cl  +  aMg 20 CIMg(CH,)sMeCl
|
° S
- 2MgCl,
4

Scheme 3.3.1.3

The drawback of this synthesis was that it gaverg low total yield in comparison

to the former method (16% vs. 58%). However, thiscpdure has not yet been
repeated to see if something went awry during daetion process or whether using
1,5-dichloropentane (instead of the conventionalged 1,5-dibromopentane as
described by West) reduces the yield, due to idé&ss reactive in the di-Grignard

reaction.

Analytically pure 1-bromo-1-silacyclohexan®)(was prepared according to the
former method of synthesizing as a five step synthesis, again having the gas
condensation reaction of hydrogen bromide and Iwikhe-silacyclohexane in vacuo

at —78 °C as the critical step. This process caseba in scheme 3.3.1.4.
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Et,O

PhBr  + Mg PhMgBr
| |
Si ‘ o Si
% ~x + PhMgBr M» % ~~ph
-MgBrX
X=Cl, Br
| |
Si~pp . g  veewm -78°C %Si\ Br
- Benzene

Scheme 3.3.1.4

1-lodo-1-silacyclohexané) was prepared according to similar proceduresribest
by Metz et al. and by Negrebetsky et al., by trectien of chlorosilacyclohexane
and iodomethylsilane in dichloromethane (see scH&®&.5) [82,83].

H H

SI\X ¢ MesSil CH,Cl, SI\I
- Me;SiX

X=Cl, Br 6

Scheme 3.3.1.5
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3.3.2 Synthesis of monosubstituted silacyclohexanes hagitX = SiH;, OMe,
N(Me),, '‘Bu, CN and N

The 1-chloro-1-trichlorosilyl-1-silacyclohexane dsas the starting material for the
synthesis of 1-silyl-1-silacyclohexan&), was prepared in slight variation to the
general preparation of silacyclohexanes descrilydd/ést [79]. First the di-Grignard
was prepared (in the traditional way described t@@fahich was then reacted with
hexachlorodisilane dissolved in diethyl ether. Agai mixture of chlorinated and
brominated derivatives is obtained by that methoe @ halogen exchange between
the di-Grignard BrMg(Ch)sMgBr (or the MgBrCl reaction salt) and 4SIi-SiClk,
during the reaction. The resulting 1-chloro-1-thebsilyl-1-silacyclohexane from
that step, which contained ~ 25-30% impurities aftly brominated products, was

now reacted further with lithiumaluminiumhydride taiming the hydrogenated

species.
Et,0
Br(CH2)5Br + ZMg Bng(CHz)SMgBr
|
Et,0 Si .
BrMg(CH,)sMgBr  +  Cl3Si-SiCls . % six,
0°C
X=Cl,Br
>|< H
Si . ° Si .
% 1\SIX3 + L1A1H4 Et,0, 0°C % I\SIH3
- LiAIX,
X=Cl,Br 7

Scheme 3.3.2.1

1-Methoxy-1-silacyclohexane8) was prepared according to a general procedure
described by Welsh et al.(the synthesis of (t-BuHSiOMe) [84].
Chlorosilacyclohexane was reacted with two equiMaleof triethylamine and

methanol using diethyl ether as a solvent (seemsel&3.2.2).
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H H

Si ) Si
JCTTX e ama e 2cmon e /T oc,
- EL,NH'X

X =CI, Br 8

Scheme 3.3.2.2

1-Dimethylamine-1-silacyclohexan®)was prepared in slight variation to a standard
preparation of EBIN(Me), and similar silanes [85]. This synthesis again ives a
gas condensation reaction since dimethylamine wadensed under vacuum into a
reaction flask containing cyclohexane, which wagdugs a solvent during the
reaction. Chlorosilacyclohexane was then reactedh wivo equivalents of
dimethylamine using a cooler maintained at —78 6C12 hours. This reaction can

be seen in scheme 3.3.2.3.

H H
éi\X + 9 HI\T/CH3 Cyclohexane, -78°C éi\N/CHS
\CH - (CH3),NI,"CI % |
X=Cl, Br 3 9 CH,

Scheme 3.3.2.3

1-Tertbuthyl-1-silacyclohexand @) was prepared according to a general procedure
described by Gompper [86]. A Pentane solution abtghyllithium (1.5 M) was
slowly reacted with chlorosilacyclohexane dissolvedliethylether at —78 °C. This

reaction can be seen in scheme 3.3.2.4.

Iil Iil
Si 0 g e &
m 1 \X . tBuLi ]:120;‘ 78 °C % 1~ tBu
- LiX

X =Cl, Br 10

Scheme 3.3.2.4
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1-Cyano-1-silacyclohexanell) was prepared according to a novel approach of
heterogeneous reactions of trialkylsilyl chloridegh inorganic salts catalysed by
PEG400 (polyethylene glycol) and zinc iodif#/7]. The reaction productl was
formed by vigorously stirring a solution of anhydso sodium cyanide,
chlorosilacyclohexane, PEG400, zinc iodide andldrdmethane, for 24 hours. This

reaction is shown in scheme 3.3.2.5.

H H

| Znl,, PEG400, CHLCl, | .

mSI\X ¥ NaCN mSI\CN
- NaX

X=Cl, Br 11

Scheme 3.3.2.5

1-Azide-1-silacyclohexane1l®) was prepared by means of the same reaction
conditions asll, by vigorous stirring of a solution of anhydrousdsim azide,
chlorosilacyclohexane, PEG400, zinc iodide and Idrdmethane for 1 week. This
reaction is shown in scheme 3.3.2.6. Since thisqatore did not yield sufficiently
pure 12, the synthesis will have to be repeated with artehostirring time to

hopefully attain puret2.

H H

| Znl,, PEG400, CTLCl, | .

[T e [T
- NaX

X=Cl,Br 12

Scheme 3.3.2.6

In the next subchapters the conformational analg$iS-5 and 7-9 by various
methods will be covered. To illustrate the expentaé conformational analysis of
the monosubstituted silacyclohexane syste8nwas chosen, as the most extensive
data from each experimental method exists at thist gor 3. Data which has very
recently been published by our group [33,36]. Hosveno experimental data exists
yet for6 and10-12, as these compounds have only very recently besgraped.
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3.3.3 Low temperature **F- and **C-NMR spectroscopy.

3.3.3.1**F-DNMR measurements

The low temperatur€F-NMR spectra foB were recorded at regular intervals from
room temperature down to 112 K. At temperatures rddaw about 135 K the
equilibrium between the axial and equatorial comier (a and 3e) was still
relatively fast compared to the NMR timescale givanly an averaged spectrum for
the two conformers. At temperatures below 135 K dogilibrium is obviously
slowing down and considerable broadening of theadigan clearly be seen as the
temperature drops. At 126 K it becomes evidenttthatsets of peaks corresponding
to the Si-F signal are forming, indicating the éxiEe of a major and a minor
conformer of 3. According to a trend which appears to generalbplya for
cyclohexanes, the resonance signal appearing ar ln@quency (lowep value),
when studying chemical exchange, can be assignétetaxial conformer [88-90].
Based on this trend as well as the results forctileulated geometric parameters
(using the B3LYP/6-31G(d,p) and the MP2/6-31G(d,5)¢ more intense signal was
assigned to the axial conform8s, while the smaller signal was assigned to the
equatorial conforme3e[36]. At 112 K the peaks have become well separatetian
obvious intensity difference can be seen betweenwo signals. At this stage it can
therefore be estimated that at 112 K more molecnde€spossesses the axial chair

conformer3athan the equatorial chair forge

Through DNMR-simulation of the spectra, the freergy of activation £G¥) and
the total free energy chang@&Q@) of the interconversion process 8f can be
determined via calculations of the rate constard #me equilibrium constant
respectively, as a function of temperature. Botd #xperimental and simulated
spectra at various temperatures are depicted imefi§.3.1At 112 K it was found
thatAG*e 2 = 5.0 kcal/molKea= 1.79 andAGe_,o = —0.13 (2) kcal/mol, giving 64%
(2) preference of the axial conformer. Determimatif AH* and AS' of 3 using

equation 2.2.2 can be seen in figure 3.3.2.
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Figure 3.3.1: Experimental (on the left) and simulated (on tiyati °F NMR spectra o8 in a 1:1:3
mixture of CQCl,, CHFCL and CHRECI at various temperatures.

Figure 3.3.2: The Gibbs free energies of activatiahG() of 3 for the interconversion between the
equatorial and axial conformation. Averagid” andAS' values were calculated from the linear fit of
the expressionG” = AH* — TAS' for the temperature range 110 — 130 K.
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3.3.3.2%C-DNMR measurements

3Cc- DNMR measurements of were first performed using the Freon solvent
mixture, which was used for all other DNMR measuzata in the work leading to
this thesis. Unfortunately crystallized out of the solvent mixture beforeal@ag the
coalescence temperature of any of the carbon sigoal/, making the DNMR
analysis of7 impossible in Freon solvents. Another solvent W& chosen, namely
the pyrophoric Silp which could possibly keep dissolved at the sufficiently low
temperatures required for the analysis as wellcisagas the locking agent. This
proved to be correct and successful low temperdti@eNMR measurements af
using SiD,4 as the solvent were made. At 100 K it was found @G, ., = 0.12(3)
kcal/mol, giving 35% (3) preference of the axiahfarmer.At this pointAG*._., and

k have not yet been evaluated.

Attempts were made to measure low temperat@eNMR spectra o8 and9 using
the Freon solvent mixture, but to little avail sngoth these derivatives crystallized
out of the solvent mixture before reaching the esetnce temperature of any of the
carbon signals, making tH&C-DNMR analysis impossible. No further attempt have
been made at this point, however, using the pyropt®iD, as the solvent for the
DNMR measurements may lead to positive resultsassgen for.

Samples for low temperaturéC- DNMR measurements of and 5 have been

prepared in the Freon mixture, but not yet beensorea. They will hopefully be

measured as soon as possible.
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3.3.4 Gas electron diffraction (GED) analysis

Gas electron diffraction was performed by shooting a beam of electrons at a
molecular stream d3. After analysis of these measurements the “rati&tibution
function” (RDF) of3 was obtained. This function describes the intesadbetween
atoms within a molecule as a function of the distabetween them (see figure
3.3.3). The measured function obtained shows aheigaverage of the axial and

the equatorial chair forms.

Figure 3.3.3: Theoretical and experimental radial distributiandtions for3. The experimental curve
is indicated by dots while the calculated curvehiewn by solid lines.

Figure 3.3.3 also shows the calculated RDF cureesbbth the axial and the
equatorial chair forms. It can be seen that thgdsgdifference between the curves
is in the regiorr > 3 A, due to the nonbonded interaction between lth@ihe atom
and carbon atoms within the ring. By fitting thessculated functions in various
ratios with the experimentally obtained functiontilithe least square method gave
the lowest R value possible, the percentage of ehalr form was obtained. These
simulations predicted the population of the axiahformer 3a to be 63 (8) %
abundant in the vapour & at 293 Kcorresponding to ai value of -0.31(20)

kcal/mol.
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The GED measurement and analysis Towas performed in a similar way as
described for3. According to the GED data the axial confornTer has 57(7)%
abundance in the vapour ofat 321 K and therefore the equatorial conforifewas
43(7)% abundant for the same conditions. This valueesponds to aA value of
-0.17(15) kcal/mol.

GED measurements dfand5 have been performed, but their GED data has not yet
been fully evaluated. Samples®and9 have been prepared for GED measurements,

but unfortunately not yet been measured.
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3.3.5 Low temperature Raman measurements

Temperature-dependent Raman measurements werernpedfofor 3 in the
temperature range of 300-210 K (neat liquid), 3@D-K (pentane solution) and 293
— 200 K (dichloromethane solution). The room terapge spectrum of puiin the
range of 100-2450 cincan be seen in figure 3.3.4.

i)

100 350 600 850 1100 1350 1600 1850 2100 2350

|
Wavenumbers / cm

Raman intensity / arbitr. units

Figure 3.3.4:Raman spectrum of pure liqugdat room temperature.

Quantum chemical frequency calculations (B3LYP/&@1,p)) were performed for
the axial and equatorial conformers3f3a and3e respectively). They revealed that
the symmetrical Sigvibration @sSiC;) was themost useful vibration for the low
temperature Raman analysis30fThe calculate@SiC,-vibrations values fa8 were;
620 cm® for 3a and 652 crit for 3e Figure 3.3.5 shows the actual experimental
values for the symmetrical Si@ibrations ¢sSiC,) of 3, appearing a630 cm* and
658 cm' for the axial and equatorial conformers respedfivéls expected, the
calculated values turned out to be a bit lower tham experimental values but
nevertheless gave a correct overall picture of vieational Raman spectra and

made the spectral interpretation possible.

From the low-temperature Raman spectra it becaeas tihat the intensity of the
vsSiC, equatorial chair conformer (appearing at the higteevenumber) decreases

with a decrease in temperature (see figure 3.3.5).
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Figure 3.3.5:Raman spectra for the axial (630 tnand equatorial (658 ¢ conformers
corresponding to the symmetrical $i@Gbrations of pure liquid® at different temperatures.

The experimental enthalpy differenceH) was determined by the van't Hoff plot of
3 (see figure 3.3.7) from equation 2.4.4.1, usingdbeonvolutionized peak heights
and peak areas of the Raman spectra of the bamd6p@i658 crit. The band

deconvolution is shown in figure 3.3.6.

620 640 660 680
wavenumbers / cm™

Figure 3.3.6Band deconvolution of the symmetrical $i@bration of3.

The enthalpy of the ring inversion process3ofvas found to beAHe ., = -0.26
kcal/mol (peak areas) aftH. ., = -0.25 kcal/mol (peak heights).
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Figure 3.3.7:Van't Hoff plots of the band pair 630/658 ¢rof pure3 using peak areas (above) and
peak heights (below).

The same behaviour was observed at decreasing rtatmes for3 in pentane (see
figure 3.3.8) and CkCl; solutions.

The evaluated enthalpy values f®rin pentane solution were found to Béle 5,
heights = -0.21 kcal/mol an@\He .4, areas= -0.24 kcal/mol by using deconvolutionised

peak heights and peak areas, respectively.
The evaluated enthalpy values ®in CH,CI, solution were on the other hand found

to be AHea, heights = -0.30 kcal/mol and\He .4, areas = -0.25 kcal/mol by using

deconvolutionised peak heights and peak aregsecteely.
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Figure 3.3.8:Temperature-dependent Raman spectra at 300K (ahode)35K (below ) of3 in
pentane solution showing theSiC, vibrations at 600 — 700 ¢

Temperature-dependent Raman measurements haveeaisperformed fa3-5 and
7-9 in the temperature range of 300-210 K (neat ligugD0-210 K (heptane
solution) and 293-210 K (THF solution).

The analysis of low temperature Raman measuremfmts3-5 and 7-9 are
summarized irtable 3.3.11t can be seen that different polarities of the meddo
not massively affect thAH values. This is to be expected as the dipole momiken
the equatorial and axial conformers should not aeatly for the compounds being

studied (see the Raman chapter).

41



A%

Table 3.3.1:Summary of obtained enthalpiH) values from low temperature Raman analysis efilonosubstituted silacyclohexan®s5 and7-9, using both

deconvolutionised peak heights and peak areadl. éasesAH is the enthalpy difference between the axial aphtorial conformers i.&H_,.

Vibrational Method of Neat liquid Pentane solution | Heptane solution | CH,CI, solution THF solution
mode deconvolution (AH) [kcal/mol] (AH) [kcal/mol] (AH) [kcal/mol] (AH) [kcal/mol] (AH) [kcal/mol]
3(-F) VsSIiC, Peak heights -0.25 -0.21 - -0.25 -
Peak areas -0.26 -0.24 - -0.30 -
4 (-Cl) vsSiCl Peak heights -0.48 - -0.35 - -0.58
Peak areas -0.69 - -0.46 - -0.62
5 (-Br) VsSiBr Peak heights -0.69 - -0.33 - -0.31
Peak areas -0.57 - -0.47 - -0.89
7 (-SiH3) VasSIiSi Peak heights -0.19 - -0.22 - -0.19
Peak areas -0.29 - -0.09 - -0.10
8 (-OMe) VsSIC, Peak heights -0.08 - -0.06 - -0.06
Peak areas -0.15 - -0.11 - -0.10
9 (-N(Me),) VSiC, Peak heights 0.27 - 0.31 - 0.29
Peak areas 0.30 - 0.27 - 0.28




3.3.6 Quantum chemical Calculations

The minimum energy path for the chair to chair icdaversion of3 has been
reported [36].t was calculated in redundant internal coordinateisig the STQN-
path method available in Gaussian 03 [91]. The lleve theory used was
B3LYP/6-311+G(d,p).

0 w 4=
L Ln Lh
1 1 1

—
wh
1

E / (keal mol ")

0.5 4

3 - Reaction coordinate / arb. unit

Figure 3.3.9: The chair-to-chair interconversion &f This minimum-energy path was calculated by
B3LYP/6-311+G(d,p). The crosses and pluses inithed correspond to the CBS-QB3 and G3B3
ZPE-corrected O K relative energies, respectivede (table 3.3.2).

In figure 3.3.9 can be seen that the path goesutjirothree intermediate

conformations during the ring inversion®fWhen starting in the axial conformation
3a, the first one encountered is tlR& twist form and from there it goes to a
relatively more stable twist forBc, which marks the half way point in the ring
inversion. The last conformer encountered befoaehimg the stable equatorial chair
conformation3e is a third twist conformeBd. The calculated energies and the
abundances for the five conformers can be seabia 8.3.2.
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Table 3.3.2:Relative energies at 0 K, free energies at 298 Kpanrtial abundanceéa—ein the
gaseous phase 81f36].

AEq / (kcal mot?) AGyogk / (kcal mot™) Partial abundance (%)

CBS-QB3 G3B3 CBS-QB3 G3B3 CBS-QB3 G3B3
3a -0.18 -0.16 -0.18 -0.16 57 56
3b 4.72 4.73 4.30 4.32 0.03 0.03
3c 3.36 3.42 3.20 3.29 0.19 0.17
3d 4.02 4.05 3.58 3.63 0.10 0.09
3e 0.00 0.00 0.00 0.00 42 43

From the same QC calculations3it was found thatAG*, e = 4.86 kcal/mol. This
is in fairly good agreement with th¥G*, e = 5.13 kcal/mol derived from thEF-

DNMR analysis.

The MP2/6-31G(d,p) level of theory gave A = -0.15 koadl indicating a 56%
abundance of the axial conform@a in the vapour phase @& at 298 K, while
B3LYP/6-31G(d,p) gave A value of -0.27 kcal/moldicating 61% abundance of the

axial conformeBain the vapour o8 at 298 K.

Only some QC-calculations are available to date7foFhese results can be seen in
table 3.3.3 in the next subchapt€C calculations fod, 5, 8 and 9 are either

currently being performed or will soon be performed
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3.3.7 Discussion

The monosubstituted silacyclohexang@d?2 were prepared with the intention of
being conformationally investigated by means of DRIgither'*F- or *C-DNMR),
GED and variable Raman spectroscopy. In the ca8gimfestigation by microwave
spectroscopy was also performed [33]t present not all the experimental
measurements have been completed, but the avaitsdléis to date will be outlined
here below. The most extensive data exisBférand7-9. However, no experimental
data exists yet fo6 and10-12, as these compounds have only very recently been

prepared.

First let us look at the results for the halositdofiexanes$-6. The A values for the
corresponding monosubstituted halocyclohexanesateres have been found to be;
0.25-0.38 kcal/mol for fluorocyclohexane, 0.51-0l@&4l/mol for chlorocyclohexane,
0.48-0.61 kcal/mol for bromocyclohexane and 0.4680. kcal/mol for
iodocyclohexane [92-99]. ThA value of compound8, 4 and5, however, were
found, as expected from previous findings, to bbstantially lower. The most
striking trend is that they all have negatiealues indicating that their equilibrium
lies toward their axial conformation. When thessults are compared to the
cyclohexasilanes &tl1:X (X = F, CI, Br and I), theilicon analogue of cyclohexane
where all the carbon atoms have been replacedibgrsiit is interesting to see that
only in the case of &HiiF is the axial conformation favoured over the equak
conformation [37]. All the other systemssi3i;X (X = CI, Br and I) favoured the
equatorial conformation. The same pattern was sedor the
undecamethylcyclohexasilane derivativegM®&h:X (X = F, CI, Br and I)studied by
the same authors. The authors explained this ffant similar to the gauche effect
which causes elongation of the Si-F bond whichiksals the axial chair form [37].
Our findings for the monosubstituted halosilacyelxdnes3, 4 and5 (havingX= F,
Cl and Br) are therefore in vast contrast to boleirt cyclohexane and
cyclohexasilane analogues, as the axial conform#reohalosilacyclohexaness is

in all cases favoured over the equatorial conforrdafortunately no data exists yet
for 6, but it will be interesting to see whether it follswhe same trend. The

halosilacyclohexanes are currently being investidatin collaboration with the
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Tormena group at the state University of CampimaBriazil, with respect to both

coupling constants and solvation effects.

The conformational study of (which represents a Si-Si systemjedicted the
equilibrium to be slightly towards the axial confation, estimated to have 57%
population of 7a by GED giving A = -0.17 kcal/mol, supported by MO06-2X
calculations which gave 53% (-0.08 kcal/mol) popala of 7a (see table 3.3.3 for
the complete summary of the results). Silylcycladrex on the other hand gake
values of 1.45 and 1.44 kcal/mol found 4 and®*C-NMR (at 188 K) respectively,
while ab initio calculations and MM3 calculationsegicted 1.90 and 1.16 kcal/mol
respectively [100,101]. GED on the other hand mtsd©0% of the equatorial
conformer at 75 °C (A value of 1.52 kcal/mol at B43102]. It is interesting to see
how the equilibrium progressively changes and hdw A value is steadily
decreasing when going from methylcyclohexane igcsitlohexane and continues to
decrease further when moving to the silacyclohesamsgenerd and 7. With this
decreasingA value the axial population of the substituent isady increasing
accordingly. This is demonstrated in scheme 3.3.THis behaviour could be
explained in an over simplified way, by the inciegsbond length between the
substituents and the ring (going from C-C to SieCSi-Si bonds), stabilizing the

axial position.

SiH; SiH;

%H %L [T T

NMR(157K): A =1.80,0.3% ax NMR(188K): A = 1.45, 2% ax NMR(110K): A =0.23,26% ax ~ NMR(100K): A =0.12, 35% ax
QCISD(298K): A =1.98,3% ax  MP2(298K): A = 1.90, 4% ax GED(298K): A =0.45,32% ax  GED(321K): A =-0.17, 57% ax
MO06-2X: A= 033,37%ax  MO06-2X: A =-0.08, 53% ax

Scheme 3.3.7.1A values and conformational populations for; metyglichexane, silylcyclohexane,
methylsilacyclohexanel] and silylsilacyclohexane’). Values forl and7 are taken from table 3.3.3,
values for methylsilacyclohexane were taken fronb&Wj et al. [73].

Another point of interest is that the two experitsefor the liquid phase of
(DNMR and Raman) seem to give contrasting restiig.A value from the DNMR

indicates a preference of the equatorial position, ahereas thaH values from the
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Raman experiment indicate that the axial confornserenergetically favoured,
behaviour that was also seen f@r For 2 it has been hypothesised that the
polarisation of the Freon solvent mixture usedtmnDNMR measurements might
have been an important factor for this observedatelr. However, a¥ also
exhibits the same propensity in a non polar ,;Sblvent, the polarisation of the
DNMR solvent does not seem to be the dominant fagdtiois apparent discrepancy
could be rationalized by extracting entropy valtresn the DNMR analysis of, to
see how large a part entropy plays in this sys#&nmonformational characteristic
that7 also shares with the previously studds that they both display a change in
conformational behaviour when going from the ligplklase to the gaseous phase.
Both prefer the equatorial conformation in the idjyhase, while the axial
conformation is preferred in the gaseous phases ddm be seen from the GED and
DNMR results in table 3.3.3.

Compounds8 and 9 have at present, only been investigated by meankvof

temperature Raman spectroscopy.

For 8 thelow temperature Raman analysis gi¥e4$. ., = -0.11 kcal/mol (neat liquid,
average of heights and areas), i.e. the axial cor@pis energetically more stable by
0.11 kcal/mol. This is in agreement with recentplished QC results predicting a
AE value of -0.15 kcal/mol fo8 [103]. TheA value of the cyclohexane analogue of
8, metoxycyclohexane, has been found to be 0.75rkoélat 180 K accounting for
only 11 % population of the axial conformer, whisbems to be at odds with the

results for8, although free energy values are neede@ forconfirm this [75].

The same analysis f& however, predicted that the equatorial conformas more
stable, withAH. ., = 0.28 kcal/mol (neat liquid, average of heightgl aareas).
Compound is therefore the only monosubstituted silacyclomexsystem studied in
this work which seems to display an equatorial gnezice, although again free
energy calculations are needed to confirm tfiise A value of the cyclohexane
analogue of9, dimethylaminecyclohexane, was found to be 1.53/ku@l (in
CRsCI3/CDCl3) and 1.31 kcal/mol (in both cases at 183 K), antiog for only 1.5%

and 2.7% of the axial conformation, respectivel®4l The indicated equatorial
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preference of9 should therefore not be surprising if its carbonalague,
dimethylaminecyclohexane, is considered. Dimethyt@cyclohexane has a very
strong equatorial preference (around 98%). Theeeforis not unusual for this
preference to be replicated Byespecially considering the bulk of the substituen

Samples o8 and9 have been prepared for GED- an@-DNMR measurements and
will be measured very soon. High level QC calcolatwill also be performed. It will
be very interesting to see whether the first residt 8 and9 will be supported, or

whether contrary values will be seen like in theecaf2 and?7.

In table 3.3.3 a summary of all available resubts35 and7-9 to date is given. QC

results seen there were recently performed by RagBprnsson [105]
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6V

Table 3.3.3:Compilation of measured conformational properie3-5and7-9, along with theoretical results (experimental restdr 1 and2 are from previous work). In
all caseq\H is the enthalpy difference between the axial andhtorial conformers i.&\H._,,. Raman values are the averages of the valueseltéiom peak heights and

peak areas.

DNMR (A[kcal/mol]
/ % axial)

GED (A[kcal/mol]
| % axial)

Raman (AH)
[kcal/mol]

MW (AE)
[kcal/mol]

QC (A[kcal/mol]
| % axial)

QC (AE)
[kcal/mol]

QC (AH)
[kcal/mol]

1 (-CHg)

0.23(2) / 26(1)%
T=113K

0.45(14) / 32(7)%
T=298K

0.0 (2)

MO06-2X: 0.33 /37 %
G3B3:0.38/34 %

B3LYP: 0.52
MP2:0.21

M06-2X: 0.19
G3B3: 0.24

2 (-CFy)

0.4(1) / 17(2)%
T=110K

-0.19(29) / 58(12)%
T=293K

-0.53 (neat)
-0.51 (pentane)
- 0.62 (CHCly,)

MO06-2X: -0.23 / 60 %

G3MP2B3: -0.06 / 53 %

M06-2X: -0.48
G3MP2B3: -0.62

3(-F)

-0.13(2) / 64(2)%
T=112K

-0.31(20) / 63(8)%
T=295K

-0.25 (neat)
-0.22 (pentane)
-0.28 (CHCIy)

-0.12 (7)

MO06-2X: -0.06 / 53 %
G3B3:-0.16 / 57 %

B3LYP:-0.31
MP2:-0.23

M06-2X: -0.14
G3B3:-0.16

4 (Cl)

-0.58 (neat)
-0.40 (heptane)
-0.60 (THF)

5(-Br)

-0.63 (neat)
-0.40 (heptane)
-0.60 (THF)

7 (-SiHy)

0.12(3) / 35(3) %
T=100K

-0.17(15) / 57(7)%
T=321K

-0.24 (neat)
-0.15 (heptane)
-0.15 (THF)

MO06-2X: -0.08 / 53 %
G3B3:0.34/36 %

M06-2X: -0.14
G3B3:0.12

8 (-OCHy)

-0.11 (neat)
-0.08 (heptane)
-0.08 (THF)

9 (-N(CHg),)

0.28 (neat)
0.29 (heptane)
0.28 (THF)




3.4 Conformational properties of 1,1-disubstituted sil&yclohexanes

3.4.1 Synthesis of 1,1-disubstituted silacyclohexanes

1-Fluoro-1-methyl-1-silacyclohexan@3) was prepared in variation to the general
preparation of (Me&SiF,.x (described by Hagen et al) [106].
Chloromethylsilacyclohexane was reacted at O °Chwian excess of

antomonytrifluoride as demonstrated in scheme 3.Aélow.

CH, (|:H3
Si Si
[T e e ~
- $bCl,
X =Cl, Br ; 13

Scheme 3.4.1.1

The main purpose of synthesizirk3 was to compare it to well documented
conformational properties of and the recently published properties f[32-
34,36,68]. The methyl group has a moderate preteréor the equatorial position
le, whereas the fluorine prefers the axial positBan(see scheme 3.4.1.2). It was
therefore very interesting to see whether thesscesffwere additive in compouig,
in such a way that these conformational preferecoesplement each other. If that

would be the case then th8econformer should have over 90% population.

| T
[T g
le 3a

CH,

Si
m o mﬁ/cm
A =-AG =RTIn(K) |

13a 13e

Scheme 3.4.1.2
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1-Trifluoromethyl-1-methyl-1-silacyclohexané&4) was prepared in slight variation
to the standard preparation of;SiCk [107]. Its synthesis involves a gas
condensation reaction of excesss:BfFin vacuo into a reaction flask containing
partly brominated chloromethylsilacyclohexane, whigvas then reacted with
equimolar P(NEfs dissolved in CHCI,, at —78 °C (see scheme 3.4.1.3).

?H3 c|*H2
Si— CH,CI, - 78 °C Si—
% X .+ PH(NEt);+ CF;Br ——2 5 % CFy
“PBrX(NEL),
X=Cl, Br 14

Scheme 3.4.1.3

Again knowing well the conformational behaviourlads well as the conformational
properties oR, we were eager to compare these results withribe torl4[35]. As
established earlighe methyl group has a preference for the equéatposition 1e,
however, the trifluoromethyl group was found ta@hktly prefer the axial positioBa

in, the gaseous phase, while in solution at vewy temperatures the equatorial
position2e was found to be more favourable (see scheme 8)411 the effects of
these groups were additive in compoutd) then conformerlde (i.e. where the
methyl group possesses the equatorial position)ldhiwave over 90% population in
the gaseous phase, whileta should be slightly preferred in solution at low

temperatures, due to the competing conformationafepences of the two

substituents.
| P |
[T LI LT
le 2a 2e
T
= P
m s 5i— ¢t
142 A=-AG =RTIn(K) lde |

Scheme 3.4.1.4
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1-Deuterium-1-methyl-silacyclohexane 15f was synthesized by reacting
chloromethylsilacyclohexane and lithiumaluminumeéeigte at 0 °C using diethyl

ether as the reaction solvent (see scheme 3.4.1.5).

I I
Si °C Si
4% I\X + LiAlD4 M» 4% I\D
CLIAIX,
X=CL Br
- 15

Scheme 3.4.1.5

The main purpose of synthesizii® was to measure its temperature dependent
Raman spectra, since the analogous spectra foveéhestudiedl was found to be

problematic.

Like mentioned in the introduction of this chaptehad previously been studied by
means of *C-DNMR, GED and MW spectroscopy and supported by QC
calculations. Low temperature Raman analysi$ wbuld present the opportunity to
compare its results in both polar and non-polavesdk to newly performed solvent

calculations ofl.

Unfortunately, when attempted, the Raman measursmanl did not give any
usable information since the wavenumber differenis@ined was not sufficient to
attain distinguishable signals for the Si-C symimatrvibration (see the Raman
chapter for further clarification). Quantum chenhitaquency calculations using the
B3LYP/6-31G(d,p) method were performed forwhich gave the wavenumbers 590
cm® and 597 cni for the SiG symmetrical stretch df, for the axial and equatorial
conformers respectively. The wavenumber differenderefore only 7 cih but a
wavenumber difference of 10-20 ¢tis usually desirable to achieve distinguishable
signals for a system such as this. The non adequa¥enumber difference fak
therefore resulted in an overlapped spectrum fdin bonformersla andle, instead
of separated vibrational signals. The same frequegalculations of the

wavenumbers for the symmetrical %i@Gbration ¢SIiC,) for 15 on the other hand
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predicted that the Raman vibrational signalslféawould appear at 594 ¢hbut at
622 cm' for the 15e conformer. This gives aavenumber difference of 28 €m
prompting the performance of the Raman analysid®fin an attempt to gain
information aboufl.. Therewas not considered to be any need to stilslgnyfurther
than that, neither with respect to QC calculation experimentally, a$ had already
been studied extensively and repetition of theggeements was not expected to

provide any additional information.

1-Fluoro-1-trifluorosilyl-1-silacyclohexanel §) was prepared with a combination of
steps from the synthesis af and 13 (see previous discussion}l-Chloro-1-
trichlorosilyl-1-silacyclohexane was first synthe=il (again having ~ 25-30%
impurities of brominated products) and used assthding material fo6. The third
step involved the reaction of 1-chloro-1-trichldhgisl-silacyclohexane and excess
antomonytrifluoride at 0 °CThis process is demonstrates in scheme 3.4.1.6diFhe

Grignard BrMg(CH)sMgBr was prepared in the traditional way described

previously.
Et,O
Br(CH2)5Br + 2Mg —_ Bng(CHz)SMgBr
|
Et,0 Si .
BrMg(CH,)sMgBr  +  CLSi-SiCl;, =~ —— 2> » % —six,
0°C
X=Cl, Br
| T
Si . 5 ~
m TSSiIXy o+ spE, 2200 S ~siF,
i - SbX;
X=ClL Br 16

Scheme 3.4.1.6

Unfortunately at this time neither experimental tioeoretical results are available
regarding the conformational behaviourld, since it has only very recently been

synthesized.
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In the next subchapters the conformational analysis8 and14 by various methods
will be covered. To illustrate the experimental fmwvmational analysis of the di-
substituted silacyclohexane systerh3was chosen, as the most extensive data from
each experimental method exists at this pointnretfor it. Data which will soon be

published by our groug:he Raman analysis @b will also be covered.

54



3.4.2 Low temperature °F- and *C-NMR spectroscopy

The ®F NMR spectra forl3 were recorded at regular intervals from room
temperature down to 126 K. At temperatures dowaktout 165 K the equilibrium
between the two conformer$3aand13¢ wasstill relatively fast compared to the
NMR timescale giving only an averaged spectrum tfeg two conformers. At
temperatures below 161 K the equilibrium is obviguslowing down and
considerable broadening of the signal can cleaglyséen as the temperature drops.
At 137 K it becomes evident that two sets of peaksesponding to the Si-F signal
are forming, indicating the existence of a majod an minor conformer ofl3,
According to a trend which appears to generallyyadpr cyclohexanes, the
resonance signal appearing at lower frequency fléwalue), can be assigned to the
axial conformer [88-90]. Based on this trend theenatense signal was assigned to
conformer13a while the smaller signal was assigned to conforb3= At 126 K
the peaks have become well separated and an obwitarsity difference can be
seen between the two signals. At this stage itlcarefore be estimated that at 126 K
more molecules 0f3 possesses the conformer terndi@e (having the methyl group
in the equatorial position while having the fluaigroup in the axial position) than
thel3achair form.

Through DNMR-simulation of the spectra, the freergy of activation £G*) and
the total free energy changAQ) of the interconversion process @8, can be
determined via calculations of the rate constard #me equilibrium constant
respectively, as a function of temperature. Botd #xperimental and simulated
spectra at various temperatures can be seen iref@4.1.At 126 K it was found
that AG*13e, 132 = 5.5 kcal/mol, withA = 0.26 kcal/mol, giving 75% abundance of

the13econformer (CH equatorial, F axial).
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AGF = 5.5 Keal mol?

i
P4y

M
_Mt J_JL

IU -
AG {ppm)

Figure 3.4.1: Experimental®F NMR spectra o13 on the left and its simulated spectra on the right

C-DNMR measurements ofl4 were first performed, but unfortunately4
crystallized out of the solvent mixture before t@ag the coalescence temperature
of any of the carbon signals &, making the*C-DNMR analysis impossiblé’F-
DNMR measurements df4 were then attempted and were found to be sucdgessfu
but at this poinAG*e_., andk have not yet been evaluated. However, the prelimina
evaluation of the data strongly indicates the pegfee of the conformelrda having

the CH group in the axial position, while having the {Gdfoup in the equatorial
position.
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3.4.3 GED analysis/measurements

Gas electron diffraction was performed fb8 by shooting beam of electrons at a
molecular stream df3. After analysis of these measurements the “ratisfibution
function” (RDF) of13 was obtained. This function describes the intesadbetween
atoms within a molecule as a function of the distabetween them (see figure

3.4.2). The measured function obtained shows ahaiigaverage di3eandl3a

equarorial L), 5]

f Q;’:“f
EXNDSTIINEDT
J ) If
- tha o)

()

\‘j

0

ba
dn
=)
oo
-

Figure 3.4.2: Experimental and theoretical radial distributiondtions (RDF) ofL3 (left) and
molecular models of the axial and equatorial camfens (right).

Figure 3.4.2 also shows the calculated RDF cureesbbth the axial and the
equatorial chair forms and it can be seen thathilggest difference between the
curves is at r > 3 A, due to the interaction betwéige methyl group and carbon
atoms within the ring as well as for the nonbondestance between the fluorine
atom and ring atoms. By fitting these calculatedcfions in various ratios with the
experimentally obtained function (until the leaguiare method gave the lowest R
value possible), the percentage of each chair fwa®s obtained. These simulations
predicted the conformeir3a (having the CH atom in the axial position) to be 45(6)
% abundant, giving A = 0.11(13) at 282 K.

The GED measurements and analysis férwere performed in a similar way as
described fod 3. According to the GED data the confornide (CHz equatorial, Ck
axial), has 49(5) % abundance in the vapourddit 262 K, while the conformdda
has 51(5) % abundance. This value corresponds Aovafue of -0.02(11) kcal/mol.
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3.4.4 Low temperature Raman measurements

Low temperature spectra were recorded for dikeas well as fod3 in THF and in
hexane solution at temperatures varying from 210 BO0 K. The Raman spectrum
of pure13 at room temperature in the range 150-1450" @an be seen in figure
3.4.3.

Figure 3.4.3: Raman spectrum of pure liquid® at room temperature.

The calculated wavenumbers (based on quantum cheméruency calculations
using the B3LYP/6-31G(d,p) method) for the symneelriSiG-vibration @sSiC,) for

13 are; 585 cnfi for the conformerl3a where the F-atom possesses the equatorial
position and 597 cthfor the conformefi3ein which the F-atom possesses the axial

position.

Figure 3.4.4 shows the actual experimental valoeste vSiC, vibrations of13
appearing ab07 cm" and 614 cril. The calculated values turned out to be a bit
lower than the experimental values but neverthedase a correct overall picture of
the vibrational Raman spectra and made the speateapretation easier. In contrast
to what was seen fat, this small wavenumber difference was sufficientgtee
distinguished signals for both conformers1® However, it can be seen in figure

3.4.4 that these signals are slightly overlapping.
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Figure 3.4.4:Magnified part of the Raman spectrum of pLiBat room temperature, showing the Si-
C stretching mode for the two chair conformers. @kxding to the quantum chemical calculations the
band at the left side (607 Enbelongs to thd3aconformer. The band at the right side (614Fm
therefore belongs to tHBeconformer.

Figure 3.4.5 shows the van’'t Hoff plots (by usimgiation 2.4.4.1) of pure liquiti3
using both deconvolutionised peak heights and peef&s. The calculated enthalpy
differences from the van’'t Hoff analysis were foutwd be; AHe .4, heights= 0.50
kcal/mol using the deconvolutionised peak heighmid 8He .5, areas= 0.61 kcal/mol
using deconvolutionised peak areas. These valeeslglpredict thel3econformer

to be energetically more stable then #8a conformer. It can also be predicted that
13e(CHs equatorial, F axialjvill be conformationally preferred, assuming thae t
entropy differences between the conformers arelsmal

-0.1 3]
0.3 A
0.5
0.7 A

-0.9

In(AGITIAG14)

—#—Peak areas
—e—Peak heights

1/T*1000 [K-1]

Figure 3.4.5:Van't Hoff plot of the band pair 607/614 ¢rof pure13 using peak height8H, .., heights
= 0.50 kcal/mol and peak aredsie ., areas= 0.61 kcal/mol.
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It was interesting to see that at very low tempees the substande crystallized
completely and a Raman spectrum was obtained slyosvily one stable conformer
in the solid phase (see figure 3.4.6). The Ramawctep of purel3 at 140 K and at
110 K were identical. At these temperatures thestsuze in the capillary was
completely solid. X-ray diffraction measurementsubobe required to determine

which conformer this is.

Figure 3.4.6: Magnified part of the Raman spectrum of pligat 140 K, showing the Si-C stretching
mode for only one conformer occurring at 610cm

Compoundl3was also measured in THF and in hexane solutiorrevtinel3e
conformer was also found to be the more stablecrordr. The results are given in

table 3.4.1.
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Temperature dependent Raman measurements werernpedfofor 14 in the
temperature range of 300-210 K (neat liquid), 3Q@-K (pentane solution) and
293-210 K (THF solution). This analysis predictsin(lar to 13) the 14econformer
to be energetically more stable then 1&a conformer. This leads to the prediction
that 14e (where the methyl group possesses the equatorisitigpy will be
conformationally preferred, assuming that the entralifferences between the
conformers are small. However, the DNMR analysiscates that this is not the case
as thel4aconformer seems to be preferred in the liquid phas

Temperature-dependent Raman measurements werenpedfdor15, for neat liquid
and for15 in pentane, ChkCl, and THF solutions, in the temperature range of 300—
210 K. The resulting enthalpies (see table 3.4r&)ia good agreement with the
calculatedAH values forl seen in table 3.3.3. Conformppopulations cannot be
calculated forl5 as Raman spectroscopy does not supply informathmout the
entropies of this system. This is not of concemtre conformer population 46
should closely resemble that bf

In table 3.4.1 the results from the analysis of temperature Raman measurements
of 13, 14 and 15 are summarized. As was seen for the monosubstitute
silacyclohexanes, the different polarities of thedmm do not greatly affect thEH

values.
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Table 3.4.1: Summary of obtained enthalpxH) values from low temperature Raman analysis ofltiedisubstituted silacyclohexands, 14 and15, using both

peak heights and peak areas. All measurementsaaeslton the analysis of theSiC, vibrational modeln all cases\H is the enthalpy difference between the axial
and equatorial conformers i&H. ..

29

Method of Vibrational Neat liquid Hexane solution | Pentane solution | CH,ClI, solution THF solution

deconvolution mode (AH) [kcal/mol] (AH) [kcal/mol] (AH) [kcal/mol] (AH) [kcal/mol] (AH) [kcal/mol]
13(Me_F) Peak heights VsSIC, 0.50 0.48 - - 0.51
Peak areas VsSIC, 0.61 0.56 - - 0.60
14 (Me_CFR) Peak heights VsSIG, 0.73 0.67 - - 0.78
Peak areas VsSIC, 0.60 0.58 - - 0.61
15(Me_D) Peak heights VsSIG, 0.16 - 0.16 0.16 0.17
Peak areas VsSIG, 0.14 - 0.13 0.15 0.15




3.4.5 Discussion

The 1,1-disubstitued silacyclohexarie® 14 and16 were prepared with the intention
of being conformationally investigated by meansDMMR (either **F- or **C-
DNMR), GED and variable Raman spectroscopy. Comgdikhwas synthesized
purely to be investigated by variable Raman specbopy to complete the
investigation ofl. As previously mentioned, no experimental datatsxyet for the

newly synthesized6. The available results to date will be outlinedehieelow.

The results forl3 show that the simple additive model, presentedhipter 3.4.1.
cannot be applied to the system as 1Be conformer (CH equatorial, F axial), did
not have over 90% population. The GED results emid thatl3eis only slightly
preferred (55(5)% preference). QC calculations eupthis finding, although not
quantitively, with MP2/6-31G** and B3LYP/6-31G** pdicting 65% and 78%
preference of the 13e conformer, respectively [108]. Howevel’F-DNMR
predicted over 75% ofl3e but this has not yet been supported by theoletica
methods for the liquid phase.

Experimental results also show that the simpligtiditive model cannot be applied
to 14. If the model could be applie@l4eshould have over 90% population in the gas
phase. GED, however, predicts tlalte is 49(5)% preferred in the gas phase. QC
calculations replicate this result to a certain rdeg with MP2/6-31G** and
B3LYP/6-31G** predicting 62% and 56% preferenceldfe [108]. If the additive
model had been correct in the liquid phaka would have been slightly preferred.
Incomplete DNMR analysis indicates preference ef ¢bnformerl4a (CH; axial,
CF; equatorial) which seems to match that predictieasonably well. However,
from the above results this seems more like a a@nce rather than verification of

the credibility of the additive model.

The variable Raman spectroscopy resultslfvare found to be in good agreement
with the QC results forl. It can therefore be concluded that the approach o
performing variable Raman analysis db in order to gain thermodynamic

information about the liquid phase hfwas successful.
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Examining the Raman results f&B, 14 and 15, a general trend is noticed that the
enthalpy for the conformers possessing the mettogin the equatorial position is
lower, as was expected from the known behaviouhefrelevant monosubstituted

rings.

The results fod4 indicate a similar phenomenon that was also seecodmpound®
and 7. Comparing the Raman results with the DNMR resshiews that entropic
effects are vital in the conformational behaviotittes system, as Raman indicates
that the 14e conformation is energetically more stable, yetlipi@ary DNMR
results indicate that4ais conformationally favoured. Compounds7, and14 all
have fairly large substituents and it appears thatless hindered rotation these
groups experience in the equatorial position inutoh leads to entropic gains that
outweigh the energy gained in the energeticallypfmable, yet more hindered, axial

position.

This new accumulation of experimental and theosétitata of the conformational
behaviour and potential energy barriers of mono-d aft,1-disubstitued
silacyclohexanes facilitates further predictionsha&f origin of these barriers and their
nature i.e. with respect to hyperconjugation oristepulsion. Lately there has been
a great deal of discussion regarding hyperconjagator both cyclohexanes and
heterocyclohexanes (originally referred to as theche effect), making this data of
considerable use [109-113].
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4 Conformational investigation of disilanes
4.1 Conformational properties of CFsMe,Si-SiMe,CF;
4.1.1 Introduction

The rotational barrier of the E-E single bond betwelements of group 14 (i.esiH
EH; E = C, Si, Ge, Sn and Pb) has been extensivelgstigated over the last
decades, with various experimental methods as agetheoretical calculations. As
with ethane in organic structural chemistry, theding properties play an important
role for the understanding of the structure medmaniand energetics of the
homologous systems containing the heavier grouplddents [41,114]. It has been
established that the rotational barriers for iraénotation between the E-E bond for
this series decreases downwards through the graap].[ Obviously the most
information exists on ethane and its derivativesydver, a considerable amount of

work has also been done on various disilanes.

When investigating Si-Si systems as opposed to §sfems there are few things
that must be considered including increased bondtle higher electron density,
lower bond strength and lower torsional force cants accompanied by overall
lower barriers for internal rotation. For examgie tentral bond length in disilane is
0.84 A longer than in ethane and the barrier fertimdered rotation of ethane was
predicted to be 2.9 kcal/mol, for disilane this amis to 1.2 kcal/mol [116,117].

The rotational barriers for ##-EH; E = C, Si, Ge, Sn and Pb can now be quite
accurately calculated by theoretical methods. H@wevthere has been much
controversy regarding the origin of these barrigr2001 it seemed that a consensus
had been reached, when Goodman et al. reportedtitbaimain source of the
rotational barrier in ethane is hyperconjugatiomt steric repulsive forces as
previously thought [118]. The same authors (sumgbity Mo et al.) predicted,
however, that the hyperconjugation effect favours staggered configuration of
disilane, although they claimed that it only playsecondary role for disilane (and
for digermane as well) [119,120]. They thereforedicted that the rotational barriers

for disilane and digermane are in fact dominateelegtrostatic repulsion. However,
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more recently, Mo et al. reaffirmed that stericeeté are the major factor that
induces the rotational barrier of ethane, with ordy slight impact from

hyperconjugation stabilization [121].

A large number of publications exists to date comog the conformational
characteristics of various disilanes. It is nothmitthe scope of this thesis to give a
complete overview of all the work that has beenedonthis field, however, it is
profitable to summarise some noteworthy result$ déina relevant to the work later

presented in this thesis.

In 1972 Schleyer et al. confirmed a surprising tseh by both Mislow and Profeta
and their co-workers, that the rotational barriehexamethyldisilane M&Si-SiMe;
(1.06 kcal/mol) is almost the same as the one Herdimplest disilane 3$i-SiH;
despite the presence of the six methyl groups [P15123]. Recent NMR
investigation, however, predict the barrier to bewt 1.65-1.70 kcal/mol [124].

Theoretical as well as experimental (Raman and G&bjormational studies have
been performed over the years for more complicdigithne systems. These systems
are among others; M8iSiH;, MeX;SiSiX;Me (with X = H, F, CI, Br and 1),
CIMe,SiSiMeCl and disilanes substituted with the bulkBu-group, e.g.
'BuH,SiSiH,'Bu, 'Bu,HSiSiHBuU, and'BuX,SiSiX,'Bu [125-129].

The series Me)Si-SiX;Me (X = H, F, CI, Br and |) was examined by Hasgeal.
by means of Raman spectroscopy and ab initio clionls [130,131]. Both methods
predicted a mixture of the two rotamers, anti andafpe in the liquid phase, where
the anti rotamer was energetically preferred incalles except for X= H where the
gauche conformation was stabilized by 0.10 kcal/mol

For CIMeSi-SiMeCl, the global minimum was predicted to be the antiformer

by RHF/SBK calculations with & of the gauche conformer being 1.3 kcal/mol

[127]. These results for CIMSI-SiMe,Cl were supported by Raman spectroscopy of
both the solid (where only the anti conformer wagnid) and the liquid phase (where

Erel, gauche Was found to be 1.0 kcal/mol) of CIM&-SiMeCl [126]. GED
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measurements, however, predicted the gauche coafoton be the most stable
minimum in the gaseous phase [127].

Hassler et al. also studied very sterically hind&eX,Si-SiX,'Bu (X = H, F, CI, Br
and 1) [128,132,133]. Surprisingly, in contrastaib previous results for disilanes,
'‘BuClL,Si-SiCL'Bu was calculated to have three conformational méni however,

only the staggered (anti) conformation could bexdseGED.

In order to further investigate heavily substitutdgilanes, Hassler et al. were
interested in CiMe,Si-SiMe,CF; as a model substance. A collaboration between our
group, the Graz University of Technology and thédt of Chemistry, University

of Edinburgh was established for that purpose. Tisstigation will be presented in

the next subchapters.

67



4.1.2 Synthesis of CEMe;Si-SiMe,CF3

CRsMe,Si-SiMe,CF; (1,2-bis(trifluoromethyl)-1,1,2,2-tetramethyl-disile) (7) was,
like 14, prepared in slight variation to the standard arafjon of ECSICk [107].
CRsBr was first condensed in excess in vacuo into actien flask containing
CIMe;Si-SiMeCl  (1,2-dichloro-1,1,2,2-tetramethyl-disilane) an@H,Cl,. The
content of the flask was allowed to melt and itaggerature was then maintained at —
78 °C while it was reacted to equimolar P(NEtissolved in CHCI, (see scheme
4.1.2.1).

Cl Cl F;C CF;
-/ CH,Cl,, -78 °C o
H3C_SI_SI—'CH3 + P(NEt3)3 + CFSBI' m H3C_/SI_SI—'CH3
H,C CH; H;C CH;
17

Scheme 4.1.2.1

Earlier results forl7 had predicted the existence of three local miniaranternal
rotation of the Si-Si bond, namely the anti, gauahe ortho rotamers (in figure 4.1.1
the Newman projections of these conformers canelke)s[134]. These result were
interesting in light of the fact that they matclsaehilar findings forn-Si;Me;o andn-
C4F10, however, no experimental reports exist yet, ® llest of my knowledge, on
this particular behaviour for unstrained disilarmesl oligosilane chains [135-139].
The only exception is the preliminary result f@&uCLSi-SiCL'Bu. Michl et al.
reported thah-SisMe;o has three nonequivalent conformers with backbohedtal
angles~ +165° (anti),~ £55° (gauche) and +90° (termed ortho by the authors)
[135]. This is supported by GED [136]. The sameharg also predicted the third
ortho backbone rotamer in the nHg system by ab initio calculations, for which
Mid-IR matrix-isolation spectra directly predictethe existence of three
nonequivalent rotamers [137,138]. Likewise the sdhree backbone conformers

were computationally predicted for SnpdéMe,SiMe,SnMeg;  and
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SiMe;SiX,SiX,SiMes chains with X = H, F, CI, Br, | and experimentally Raman
matrix-isolation study for SiGEICl,SICl,SiCl;[140-142].

(@) (b) (c)
CRK CRK CRK

Ck;

Ch; CF,

Figure 4.1.1:Newman projections of the three enantiomeric pafirsonequivalent conformers af:
(a) gauche (b) orthand (c) anti.

In the following subchapters the results of therently available conformational
investigation ofl7 will be covered. These data include results frowlpeepeated
variable Raman spectroscopy, GED measurementsighddvel quantum chemical
calculation [143]. If the early predictions of tpessible presence of three pairs of

enantiomeric conformers, in the liquid state antliergaseous state, are correct, then

17 could be a useful system that could facilitatehfer elucidation of this interesting
backbone behaviour. It could also help to clarifgether the size and type of the
substituents are affecting the numbers of stabihdocmations of individual bonding
systems, as for exampheSisHip (as opposed to the previously discuss&i;Me;)

only showed two stable rotamers [144].
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4.1.3 Temperature dependent Raman measurements

Both high and low temperature-dependent Raman measmts were performed for
17 in the temperature range of 297-373 K (neat liqugf)0-225 K (cyclopentane

solution) and 297-373 K (cyclopentane solution)e Thom temperature spectrum of
17in the range of 200-1600 ¢htan be seen in figure 4.1.2.

30000

20000

Intensity (a.u.)

10000+

04

200 400 600 800 1000 1200 1400
Wavenumber (cm-1)

FigllJre 4.1.2:Raman spectrum of pure liquid’ at room temperatur@4 °C) in the range: 200 - 1600
cm™.

Quantum chemical calculations (6-31G*/SCF) weraluseassign the active Raman
vibrational modes. TheSiC™ mode of17 was found to be extremely sensitive to the
backbone configuration. Three peaks were preditbedorrespond to theSiC™
vibrational mode in the Raman spectrunil@f calculated to appear at 354 tn364
cm™* and 377 cnf each corresponding to a different enantiomeridaromer, namely
the gauche, ortho and the anti conformer, respagtivihe three bands in the
experimental Raman spectra of pure lighidat room temperature (see figure 4.1.2),
appearing at 360 ¢ 369 cm' and 380 cnt were assigned to the gauche, ortho and
the anti rotamer, respectively. This was in agregmath the theoretical values.

The pCF; vibrational mode was also calculated to show intensignals in the
Raman spectrum ofil7. Unfortunately even though it was predicted to veho
appreciable wavenumber difference between the ardi gauche conformers, the
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wavenumber difference between the gauche and edhtormers was predicted to
be negligible. These signals were therefore véwlyito appear as one signal in the

Raman spectrum, making the van’t Hoff analysisfiat band triplet unreliable.

The experimental temperature variable Raman spett@ show that the bands for
the vSiC™ modes for the three rotamers change with tempexafihis is shown in
figure 4.1.3 forl7 in cyclopentane solution which also demonstratas @ane rotamer
could be crystallized out of the cyclopentane sofuat 225K where the band pair
corresponding to the gauche and ortho rotamerppksas completely. This reveals
that the anti conformer is clearly preferred in gw@id state. These crystals are
currently being studied by means of X-ray cryst#fraction. The results will soon
be available.

Figure 4.1.3:Magnified part of the Raman spectra of the spebialds 360/369/380 ch{belonging
to the gauche, ortho and anti conformers respdgjifer the vSiC¢ mode ofL7 in cyclopentane
solution at 300, 240 and 225K in the range: 3220 ém".

From figure 4.1.3 it can also be seen that the $&od the ortho and gauche
conformers of17 overlap enormously (hardly surprising, consideritigit the
wavenumber difference between these two conforrierenly 9 cni'). Due to
distinguishable features of the curves in figurk 3t deconvolution of the band pair
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(ortho and gauche) made their Raman analysis pesgilier deconvolution of the
spectral bands, the relative enthalpies were caledlusing the van’t Hoff equation
2.4.4.1.

Various properties currently available for the thmonformers deducted from the
newly performed analysis df7 are shown in table 4.1.1. The relative enthalpies

the three conformers are shown with anti beinddhest in energy.

Table 4.1.1: Properties of the three conformers 1af using the vSi€ mode: Wavenumber [cfi
torsion angle [°] and experimental averaddé [kcal/mol][143].

Conformer Anti Ortho Gauche

Sic” stretching band [cf]® 380 369 360
Torsion angle [9 170.8 101.1 55.7
Experimental averaglH, [kcal/mol]* 0.0 0.13 1.12

# Raman experimental values

®MP2/6-31G*

¢ Experimental average ofH [kcal/mol] values obtained from Van't Hoff plotsf 17 after band
fitting. The AH values for low-temperature (300-240K) and higmperature Raman measurements
(297-373 K)in cyclopentane solution were taken into considenatthe AH values for heights and
areas of the fitted bands were also taken intoideretion (in total fourAH values were used to get
the averag@H values shown in above table).
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4.1.4 Ab initio calculations

All ab initio calculations fol7 were performed by our collaborators at the Sclbol
Chemistry, University of Edinburgh [143]. An exteres scan of the torsional
potential energy surface @7 was performed at various levels of theory in orader

locate all potential energy minima, i.e. all statdtamers fod7.

F(24)

Figure 4.1.4:Atom labelling system of7.

By examining figure 4.1.5 which shows a compilatafrthe potential energy scans
for different methods, it can be found that at lkhweest level of theory used (HF/6-
31G*) gives one energy minimum [C(16)-Si(1)-Si(2)#/C= 180°, corresponding to
the anti position] with a further two possible nmva being the gauch{@C(16)-Si(1)-
Si(2)-C(7) = 55.7°) andortho (tC(16)-Si(1)-Si(2)-C(7) = 101.1°) positions (see
figure 4.1.4 for atomic labelling). The MP2 levd theory (6-31G*) gave three
definite conformers at similar positions to the ti@e Fock level of theory, namely
the gauche 1C(16)-Si(1)-Si(2)-C(7) = 55.7°]ortho [tC(16)-Si(1)-Si(2)-C(7) =
101.1°] andcanti [tC(16)-Si(1)-Si(2)-C(7) = 170.9°]. This is in agreemh with earlier
documented results using similar levels of thedt$4]. These three conformers,
however, did not persist at higher levels of thedviP2 (6-311G*) calculations
predicted the near disappearance of the gauchemminiwhile at the MP2 (6-
311+G*) level, both the gauche and ortho rotamed Yanished, leaving only the
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anti [tC(16)-Si(1)-Si(2)-C(7) = 171.6°] minimum. To comfirthese results MP2
calculations were performed using a doubledgmented basis set (aug-cc-pVDZ).
These calculations also yielded only the anti conér [fC(16)-Si(1)-Si(2)-C(7) =
170.0°]. Minor features were observed were the rotlwe conformational minima

used to be.

21

HF/6-31G* (Offset by 6.5 kJ mol-1)
18 -

MP2/6-31G* (Offset by 5 kJ mol-1) 7
——MP2/6-311G* (Offset by 3.5 kJ mol-1)
——MP2/6-311+G* (Offset by 2 kJ mol-1)

H
(5]
‘
\

|

—MP2/aug-cc-pVDZ (Offset by 0.5 kJ mol-1)

N\ "

0 60 120 180 240 300 360
Dihedral Angle /Degrees

[N
N
L

©
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Figure 4.1.5: Compilation of the potential-energy scans of tf&6J-Si(1)-Si(2)-C(7) torsion angle of
17 using various levels of theory.
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4.1.5 Gas electron diffraction (GED) analysis

Based on the results from the ab initio calculagjdine assumption was made that
only one real rotamer df7 exits in the gaseous phase, that being the aramert
(calculated as having ;&ymmetry). Optimisation parameters obtained frdma t
MP2 calculations were used to model the structdirth@ system, which was then
used to perform the GED measurementd ©fThe experimental radial distribution
curve and theoretical radial distribution functicalculations forl7 can be seen in
figure 4.1.6.

P(r)/r

T T T T T T T 1
0 200 400 600 800
r,/pm

Figure 4.1.6: Experimental radial distribution curve functiongiaheoretical radial distribution
function calculations fot 7, along with the difference between the experinleartd theoretical data
[143].

The results from the GED measurements supportedethdts obtained from the
high level ab initio calculations df7, indicating that only the anti rotamer is present
in the gaseous vapour d7. This is, however, in disagreement with the restrthm

the temperature dependent Raman measuremehfs of
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4.1.6 Discussion

In the introduction to this chapter the known canfational properties of
CIMe;Si-SiMeCl, the starting material fol7, were presented. Its investigations
indicate a mixture of two stable conformers gauahd anti, with the anti being

favoured. It seems, however, tiatbehaves differently.

Earlier results forl7 predicted three non-equivalent enantiomeric rotanoé 17
(gauche, ortho and anti), by performing MP2/6-31@tential-energy scans and
variable-temperature Raman measurements [134]. Megnt high level calculations
and experimental GED results, however, indicate aékistence of only the anti
rotamer [143]. New Raman measurements were thereépeated fol7, attaining
both low and high temperature Raman spectra fot ligpaid of 17 and for17 in
cyclopentane solution, again indicating a mixtufréhcee rotamers df7 in the liquid
phase. Upon solidification the spectral band cpwading to the gauche and ortho
rotamers disappeared completely (see figure 4.IcBarly demonstrating the
preference for the anti conformer in the solidestat 17 [143]. This behaviour is
similar to the surprising results fBuCLSi-SiCL'Bu mentioned previously, as GED
indicated only one conformer for the gaseous phdsspite calculations predicting
three conformational minima [128,132,133]. BdBuUCLSi-SiCL'Bu and 17 are
fairly heavily substituted and sterically hinderaad this may explain the why only

one conformer is conformationally viable in the g@ss phase.

Another possible explanation for this unfamiliahbeiour of17 could be that in the
liquid phase three rotamers do exist IGt with solvent effects stabilizing the three
conformers. When going to the gaseous phase tbem®ers may then collapse into
the potential energy minima corresponding to thie @nformation. Presently both
Onsager solvent shell calculations and X-ray chydiffraction are being performed
and those results will soon be available. The sdbsealculation ofl7 will hopefully
elucidate whether these three rotamers are fourtdgaer levels of theory (with
sufficiently large basis sets) in solvent solutialpng with providing further
information about the backbone behaviour of thsslaine.
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DNMR analysis of17 would be very interesting, as it would provide tfiar
information about what conformers df7 exist in the liquid phase along with
predicting the conformational population distriloums of the observed conformers.
The DNMR results would also allow a comparison wité results fo2 and7. Both

of those systems exhibited a conformational chamben going from the liquid
phase to the gas phase, as seems to be the cdlsé Tdrese three compounds all
contain fairly bulky substitutents (G both2 and17, and SiH in 7). Results for
17 may allow us to understand whether this liquid/gasformational change is due
to size of the substituent or whether something &sat work. Unfortunately it is
very likely that the rotational barrier df7 is too low for DNMR to be viable (as

discussed in the DNMR chapter).
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5 Nitrogen and phosphorous containing silacyclohexane

systems

5.1 Introduction

When attempting to synthesize the monosubstitutadyslohexane 1-methylamine-
1-silacyclohexane 18), there was also the possibility that bis(silaohexane)-
methyl-amine 19) couldbe the product (see scheme 5.1.1). This ignitesity as

to which product would be preferred, or whetherigtane would be observed.

SiH

SiH__ . _HSi
%N& ~7]

CH;
19 20

H

[
H

18

Scheme 5.1.1

It turned out, confirmed byH, **C{H}, and **Si{H} NMR spectroscopy, that only
product 19 was formed. These results prompted our group to embark upon a
different path of investigation, attempting to cenhthree silacyclohexanes rings to
a nitrogen atom and synthesize tri(silacyclohexam@&)e 20) as well (see scheme

5.1.2), by use of similar reaction conditions.

As mentioned earlier in chapter 3.3.2, compof@mehs successfully synthesizéske
scheme 5.1.2) and an investigation of its confoionat behaviour was a fruitful

one.
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H

9 CH,

Scheme 5.1.2

This along with the potential method of synthedisven above for the nitrogen
containing silacyclohexane series, fuelled inteessto whether any member of the
following analogous phosphorus serie&l-23) could also be synthesized (see
scheme 5.1.3).

, HSi
mSiH\P ’HS"R % SIH\T -

| SiH

CH;
22 23
|
[T
CH;
21
Scheme 5.1.3
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5.2 Synthesis of nitrogen containing silacyclohexane stems

Compoundl9was prepared under same reaction conditiodiasslight variation to
a standard preparation of ,BiN(Me), and similar silanes [61]. Gaseous
methylamine was condensed under vacuum into a ioeadtask containing
cyclohexane which was used as a solvent duringethetion. Chlorosilacyclohexane
was then reacted with 2 equivalents of methylamsiag a cooler maintained at —78

°C for 12 hours. This reaction is demonstratecchresne 5.2.1 below.

|
i Cyclol -78°C i HSi
2 %Sl\x +  4CH,NH, — %SlH‘N’ '
- 2(CH,)NH,"CI", - CH;NH, |
X =Cl, Br CH;,
19
Scheme 5.2.1

In an attempt to synthesi2®, the same reaction conditions as for the synthd<sis o
and19 were used, where anhydrous gaseous ammonia wesre®d under vacuum
into a reaction flask containing cyclohexane. Céddacyclohexane was then
reacted with 3 equivalents of the ammonia using@er maintained at —78 °C for
12 hours. In scheme 5.2.2 the desired reactiorbeaeen:

H
%éi\)( . ANH, Cyclohexane, -78°C mSiH = N/HSi
- 3NH,Cr |
X =Cl, Br SiH
20
Scheme 5.2.2

It turned out that the ammonium nitrogen only fodime&o N-Si bonds, connecting
two silacyclohexane groups instead of the deshesktduring the reaction, leading
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to the formation of Bis(silacyclohexane)amid)( The actual reaction that took

place is demonstrated in scheme 5.2.3.

H

| Cyclohexane, -78°C

. i HSi
6 SI\X . 8NH3 3 SIH\N/ 1
- SNH,"CI, -HCl |

X=Cl,Br H

24
Scheme 5.2.3

A variation of the methods was then attempted ideprto force the third
silacyclohexane group upon the ammonia. That meithazlved anhydrous Ngas
being condensed into a ampule containing chlorogilahexane. The ampule was at
that point sealed off in vacuum and placed in a *84cooling bath were it was
allowed to stand for 24 hours and slowly warm upotmm temperature. The ampule
was then left untouched for two weeks before it wpsned, to make sure that the
reactants would have enough time to fully reacterkEthis didn’t do the trick and
analysis by means dH, *C{H}, and Si{H} NMR spectroscopy as well as MS

measurements, again confirmed the formatioRdof
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5.3 An attempt to synthesize phosphorous containing

silacyclohexane systems

An attempt was made to synthesize the monosulestitsilacyclohexane having
dimethylphosphine as the substituent, namely comg@1, to further add to our
database of conformational behaviour of such syst€&@ompoun®1 was the first
attempt for the synthesis of any member of the phosus linking silacyclohexane
series. Similar reaction conditions as ®rl9 and the former method used 4
were appliednow having the reaction taking place under reduymredsure in order
to avoid all unnecessary loss of the gaseous dyipttbsphine. In scheme 5.3.1 the

desired reaction is shown.

| |
. CH
%SI\X + 2 HP/ 3 Cyclohexane, -78°C %Si\P —CH;
AN - (CH,),PH,"CT- |
X =Cl, Br CH, CH,
21
Scheme 5.3.1

Unfortunately it turned out that the silacyclohegastidn’t react with the gaseous
dimethylphosphine at all, giving no reaction pradido further attempts have been
made so far in order to synthesk 22 and23, since no suitable method for these

syntheses has yet been found.
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5.4 Preliminary conformational investigations of 19

Preliminary QC calculations have been done on tireet conformers that are
predicted to be lowest in energy 08 namely the conformer with both the rings
having the nitrogen in the axial position (ax-akg conformer with both the rings
having the nitrogen in the equatorial position éeg-and the conformer where the
nitrogen atom is in the equatorial position for eimg but the axial position for the

other ring [145]. These conformers can be seeigurd 5.4.1. The calculations were
performed at the B3LYP/(6-31+G*) level of theorydatie relative energies can be
seen in table 5.4.1. According to these prelimir@aigulations the eq-eq conformer
appears to be the most energetically stable. Oblyioumore extensive

conformational analysis is needed.

Figure 5.4.1:The calculated structures of the three conforroéi® that are predicted to be lowest in
energy.

Conformer R [kcal/mol]
eqg-eq 0
ax-eq 1.4
ax-ax 2.6

Table 5.4.1:The relative energies of the predicted three roaiformers ofL9, calculated using
B3LYP (6-31+G*).
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5.5 Discussion

Efforts were made to synthesize series of novel arobstituted silacyclohexanes

linked together by nitrogen and phosphorus.

The impetus for that work, ignited when compour®dvas formed when attempting
the synthesis 018, using the same reaction condition as for preWodsescribed®.
Attempts where then made to attach three silacgslahe rings to a nitrogen atom to
form 20, but to little avail. However, the unexpected comnpd 24 was formed

instead in all these attempts.

Conformational studies ofl9 and 24 are a noteworthy challenge. It will be
interesting to find out how many conformationaltesathese systems possesses and
to see how many of them will be populated underiantlcondition. Samples df9

and 24 intendedfor DNMR measurements, have been prepared forpigtose and
will be measured in the near future. Furthermorejiminary QC calculations for
three potentially stable conformers 9, have been performed. More extensive
theoretical investigations df9 and24 are needed, which will hopefully, along with
the possible results from the prospective DNMR ysig] elucidate conformational

properties of these novel systems.

Applying the same synthetic route as far19 and 24, in an attempt to form

analogous phosphorus series, unfortunately gavesuits.
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6 Summary

6.1 Project overview

The main target of the present work was to syngeeainumber of monosubstituted
silacyclohexanes as well as a few 1,1-disubstitgiéatyclohexanes, in order to
further improve the understanding of the conforoval behaviour of silicon
containing ring systems. In this thesis the synghasd the conformational analysis
of four kinds of silicon containing systems havetmaddressed. This is outlined here
below.

1. Monosubstituted silacyclohexanesHzoSiHX with X = F, Cl, Br, I, SiH, OMe,
N(Me),, '‘Bu, CN and N (3-12), were synthesized with the purpose of investiggti
their conformational properties by means of GED, N[N and temperature

dependent Raman spectroscopy.

2. The following 1,1-disubstituted silacyclohexanegs, GH10SiXY with X = Me
andY=F, X=MeandY =CFas well as X = SifFand Y = F 13, 14and16) were
synthesized, so as to be investigated with redpeitteir conformational properties,
using the same methods as described aboyte;,8IXY with X = Me and Y = D
(15 was synthesized in order to be investigated byn&ta spectroscopy and to

complete the investigation ofB10,SiHMe.

3. CRMesSi-SiMeCR; (17) was synthesized and its seemingly unusual
conformational properties were investigated by Gimperature dependent Raman

spectroscopy and QC calculations.

4. The novel compounds £8:0,SiH),NMe (19) and (GH10SiH):NH (24) were
synthesized and the process of conformational aisalyas initiated by performing

preliminary QC calculations fdk®.

Not all the experimental measurements have beermpleted, nevertheless it is an
ongoing project that will be finished in the nobtdistant future.
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6.2 Results summary and discussion

6.2.1 Monosubstituted silacyclohexane systems

In this thesis it has been shown that monosubstitatlacyclohexanes do not follow
the trends set by the corresponding cyclohexanwalees. TheA values for the
monosubstituted silacyclohexanes were found toulbstantially lower than for the
corresponding cyclohexane analogues and in allscaseept for one, they show a
preference of the axial conformation. Interestiagults are encountered foin the
liquid phase. DNMR and Raman seem to give configctiesults, as DNMR predicts
a preference of the equatorial conformer while RamE values indicate that the
axial conformer is energetically more stable. Theme behaviour was also
previously seen fo in the liquid phase. This indicates that entropifects are

playing a large part for both systems, but as btlyis has not been verified.

6.2.2 1,1-disubstituted silacyclohexane systems

A general trend was noticed that the methyl growgbgpred the equatorial position in
all three of the methyl containing 1,1-disubstitllacyclohexane systems as was
expected from the previous findings of the behavioti the methyl group in
monosubstituted silacyclohexanes. The results 1f8rand 14 indicate that the
additive model described previously cannot be agdpdind more sophisticatedodel

iIs required to predict the conformational behavioof 1,1-disubstituted
silacyclohexanes. The results fd4 indicate behaviour similar to what was
previously seen for bothand7. DNMR predicts that the GFsubstituent favours the
equatorial position in the liquid phase, yet Ranshows that conformation to be
energetically less favourable. As mentioned befthis, points to the key role that
entropic effects play in these systems but thanloaget been verified. GRand SiH
are both comparatively large substituents and iasdylto be able to rotate more
freely in the equatorial position. This increasetr@y may outweigh the energetic
gain obtained in the more hindered axial positibheoretical solvent calculations

are required to study this further.
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6.2.3 CF3;Me,SiSiMe,CF3

The interesting backbone behaviour of the stegicalrained disilanel7 was
investigated. The results indicated that therenly one conformer in the gaseous
phase, while three rotamers were observed in thedliphase. These contrasting
results for the liquid and gaseous phase weredserved fo2 and7. It remains to
be seen whether this is due to the size of thetisudast or whether this is purely
down to solvent effects. Theoretical solvent caltiohs are being performed to help

elucidate what is going on in the liquid phasehid system.

6.2.4 Nitrogen and phosphorous containing silacyclohexangystems

In this part of the present work, novel compoufiisand24 were made, where two
silacyclohexane rings were linked together by aog#n atom. To date only
preliminary CQ calculations have been performedtf@se compounds. However,
more extensive conformational investigations ‘6@-DNMR and QC calculations
will be performed in the near future. Further agsnwere made to both force the
third silacyclohexane ring upon the nitrogen andadiom analogous a phosphorus

series, without success.
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7 Experimental procedures

7.1 General information

All syntheses were carried out in absence of oxyged moisture under an inert
atmosphere of nitrogen or argon, employing standgchlenk techniques for all
manipulations. All solvents were dried using appietp drying agents and were
continuously distilled prior to use. £, pentane and cyclohexane were dried by
continuous distillation over sodium wire. Benzophie® was used to indicate the
dryness of these solvents, as the product of ttiesenicals in the absence of air and
water is a dark blue ketyl. For pentane, triglymealiglyme was additionally added

to increase the solubility of the benzophenone,@}was dried over CaH

Na, MeSiC}, HSiCk, C3Si-SiCk, MgSQ,, LIAID 4, Znl,, Me;sSil, PEG400, NHMe)
and NH(Me) were purchased from Aldrich, while MeSiCBr(CH,)sBr, P(NEb)s,
MeOH, CDC}, H,SOy, 'BuLi and CDCl, were obtained from Acros. Mg (shavings),
LiAIH 4, CI(CH,)sCI, EN, HF, Sblz, PhBr, NaCN and NaiNvere purchased from
Merck. CRBr was purchased from Pfaltz & Bauer and Cl(p&&)Si(Me)Cl was
purchased from ABCR GmbH & Co. GK. HCI and HBr werechased from Fluka
and b was purchased from BDH chemicals Ltd. The gaseolwsts CHFCJ and
CHF.CI were purchased from Sigma-Aldrich. Other solsenere purchased either
from Sigma-Aldrich (pentane and ethylacetate), Acfdiglyme and triglyme),
Merck (CHCI,) or Fluka (E20). If not otherwise stated, chemical substance® we
used as purchased from the commercial sources. iCllesubstances used as
starting materials were prepared following procedufound in literature (see the

respective chapters).

Whenever chlorosilacyclohexane and chloromethylgdbbhexane were used as the
starting materials, they typically contained up 30% of the respective bromo
derivatives as reported in their synthesis chaptierghe following experimental
descriptions these substance mixtures will, howevbe referred to as

chlorosilacyclohexane and chloromethylsilacyclohmxa
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7.2 Experimental

Chlorosilacyclohexane Br(CHy)sBr (126.5 g, 550.1 mmol) disolved inEx (300-
400 mL) was added in a dropwise manner to a solwfdg (29.4 g, 1210.3 mmol)
and EtO (80-100 mL). After the complete addition, theate&an mixture was boiled
for two hours and then stirred overnight. The digBard BrMg(CH)sMgBr was
filtered with glass wool into a dropping funnel aheén slowly added to a solution of
CIsSiH (72.7 g, 536.4 mmol) and £ (300-400 mL), while stirring at 0 C°. A lot of
white reaction salt was formed during the reactiiter stirring overnight, the D
was distilled off the reaction mixture and replatgdpentane. The reaction mixture
was then filtered under nitrogen and the salt wmssatided. Distillation of the
reaction mixture at 123-136 °C and 1 atnelded 48.2 g of chlorosilacyclohexane
with ~ 10-30% impurities of partly brominated pratki

Chloromethylsilacyclohexane Br(CH,)sBr (126.5 g, 550.1 mmol) disolved inzEx
(300-400 mL) was added in a dropwise manner toliien of Mg (29.4 g, 1210.3
mmol) and E{O (80-100 mL). After the complete addition, theate@n mixture was
boiled for two hours and then stirred overnighteTh-Grignard BrMg(CH)sMgBr
was filtered with glass wool into a dropping funregid then slowly added to a
solution of C}SiMe(80.2 g, 536.4 mmol) and £ (300-400 mL), while stirring at O
C°. A lot of white reaction salt was formed duritige reaction. After stirring
overnight, the BO was distilled off the reaction mixture and repldy pentane.
The reaction mixture was then filtered under niémogand the salt was discarded.
Distillation of the reaction mixture at 137-157 4hd 1 atm yielded, 55.6 g of
chloromethylsilacyclohexane with ~ 10-30% impustief partly brominated

products.

1-Fluoro-1-silacyclohexane (3)40% HF (8 g, 160 mmol) was slowly added to
chlorosilacyclohexane (21.5 g, 160 mmol) at —30 T@e reaction mixture was
allowed to stand in the cooling bath and warm wwbl to room temperature.
Afterwards it was transferred to a separation flirthe aqueous phase was discarded
and the organic layer was dried over MgSThe desired product was collected by

distillation under reduced pressure (54 °C, 180)Tas a colourless liquid, found to
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be analytically pure by NMR spectroscopy. Yield56&.g (47.0 mmol, 29%)'H
NMR (400 MHz, CDCY): = 0.77-0.83 (m, 2H, Chhyeq), 0.87-0.97 (m, 2H,
CHaaxieq), 1.37—1.54 (m, 2H, CH, 1.67-1.84 (m, 4H, CH), 4.81 (d,J4r = 54 Hz,
1H, SiH).**c{*H} NMR (101 MHz, CDC}): o= 13.2 (d,Jr_c = 11.1 Hz), 23.2 (d,
3Jr_c = 1.0 Hz), 29.2"°F NMR (376 MHz, CDGJ): = —180.8 (dtmZJy.r = 54 Hz,
33u_r = 11.1 Hz,Ysir = 290 Hz).°Si NMR (79 MHz, CDG)): = 13.9 (d,YJsi_r =
290 Hz). MS (EI, 70 eV)m/z(%) 118 (20) [M], 99 (100) [M —F].

1-Phenyl-1-silacyclohexanePhMgBr (14.9 g, 82.0 mmol) was slowly added to
chlorosilacyclohexane (10.0 g, 74.0 mmol) dissolve&tO (90 mL), while stirring

at 0 °C. The diethylether was distilled off the atéan mixture and replaced by
pentane. The reaction mixture was then filteredeamitrogen and reduced pressure
and the salt was discarded. Distillation of thectiem mixture under reduced
pressure (112-115 °C, 25 Tosielded 12.42 g (70.0 mmol, 95%) of pure 1-phenyl-
1-silacyclohexane.

1-Chloro-1-silacyclohexane (4) method 1Anhydrous HCI (2.4 g, 66.0 mmol) was
condensed into a 100 mL ampule containing 1-phérsilacyclohexane (10.5 g,
60.0 mmol) and the ampule was then sealed off cuwa. The ampule was inserted
in a =78 °C cooling bath (methanol/dry ice bath)y ze was added to the cooling
bath on a regular basis for the next two days. ddr@ent of the ampule was then
allowed to stand in the cooling bath and slowlywarp to room temperature. After
opening the ampule, all volatile components weradeosed on a #l) cooled
finger. The desired product was collected (after bienzene by-product had been
removed) by distillation under nitrogen at 120-T22(4.68 g, 58%) as a colourless
liquid. The product was purified further using pregtive GC. Analytically pure
colourless liquid was attained, confirmed by NMReaposcopy.'H NMR (400
MHz, CDCE): 0= 0.94-1.06 (m, 2H, C§), 1.32-1.42 (m, 1H, Cihweq), 1.52-1.60
(M, 1H, Chyaxeq), 1.72—1.85 (m, 4H, C§), 4.85-4.87 (m, 1H, SiH)*C{'H} NMR
(101 MHz, CDC}): = 14.8, 23.1, 29.0°°Si NMR (79 MHz, CDC}): o= 7.9. MS
(El, 70 eV): m/z (%) 134 (90), 106 (100), 63 (76); HRMSn/z calcd for
CsH11SiCI(35) 134.0319, found 134.0312.
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1-Chloro-1-silacyclohexane (4) method:2CIMg(CH,)sMgCl (15.6 g, 82.0 mmol)
was slowly added to trichlorosilane (10.0 g, 74301 dissolved in BEO (90 mL),
while stirring at 0 °C. A lot of white reaction salas formed during the reaction.
The dietylether was distilled off the reaction mipd and replaced by pentane. The
reaction mixture was then filtered under nitrogew aeduced pressure and the salt
was discarded. Distillation of the reaction mixtureder nitrogen (120-122 °C),
yielded 1.60 g (11.9 mmol, 16%) of 1-chloro-1-sjldohexandH NMR (400 MHz,
CDCl): 0= 0.94-1.06 (m, 2H, Chl 1.32-1.42 (m, 1H, Chtweq), 1.52-1.60 (m,
1H, CHyaxieq), 1.72—1.85 (m, 4H, CH, 4.85-4.87 (m, 1H, SiH)’C{*H} NMR (101
MHz, CDCk): J = 14.8, 23.1, 29.6°Si NMR (79 MHz, CDCJ): 5= 7.9.

1-Bromo-1-silacyclohexane (5)Anhydrous HBr (5.3 g, 66.0 mmol) was condensed
into a 100 mL ampule containing 1-phenyl-1-silachexane (10.5 g, 60.0 mmol)
and the ampule was then sealed off in vacuum. Tmuke was inserted in a —78 °C
cooling bath (methanol/dry ice bath). Dry Ice wakled to the cooling bath on a
regular basis for the next two days. The conterthefampule was then allowed to
stand in the cooling bath and slowly warm up tamdemperature. After opening the
ampule, all volatile components were condensed dW,(§ cooled finger. The
desired product was collected (after the benzenprbguct had been removed) by
distillation under nitrogen at 138-140 °C (7.7878%) as a colourless liquid. The
product was purified further using preparative GKhalytically pure colourless
liquid was attained, confirmed by NMR spectroscopyNMR (400 MHz, CDGJ):

0 = 1.06-1.18 (m, 4H, CH, 1.33-1.43 (m, 1H, Chhweq), 1.54-1.62 (m, 1H,
CHogaxieq), 1.72-1.87 (m, 4H, CH), 4.84-4.86 (m, 1H, SiH)"*C{'H} NMR (101
MHz, CDCh): & = 14.7, 23.3, 29.3°Si NMR (79 MHz, CDCJ): 6= -21.9. MS (EI,
70 eV):m/z (%) 178 (79), 150 (100), 109 (54); HRM®7z calcd for GH11SiBr(79)
177.9813, found 177.9845.

1-lodo-1-silacyclohexane (6)lodotrimethylsilane (13.9 g, 69.4 mmol) was slowly
added to a solution of chlorosilacyclohexane (8.53)1 mol) in CHCIl, (220 mL)

under vigorous stirring. After complete additiohe treaction mixture was stirred for
three days, following a filtration of the reacti@alt under nitrogen and reduced

pressure. The salt was then discarded and theedesipduct was collected (after
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CH.Cl; had been removed) by distillation under nitrogedG8-110 °C and 50 Torr
(8.10 g, 35.8 mmol, 57%) as a colourless liquidinib to be analytically pure by
NMR spectroscopyH NMR (400 MHz, CDC)): = 1.16-1.24 (m, 2H, Chbweq)
1.26-1.36 (M, 2H, Chleq), 1.37-1.45 (m, 1H, Chhxeq), 1.54-1.64 (m, 1H,
CHaaxeq), 1.68-1.78 (m, 2H, CH, 1.79-1.88 (m, 2H, CH), 4.80 (s, n_si = 224.3
Hz, 1H, SiH).**c{*H} NMR (101 MHz, CDC}): d = 14.2, 23.7, 28.9°Si{*H}
NMR (79 MHz, CDC}): 0= -16.0.

1-Chloro-1-trichlorosilyl-1-silacyclohexane Br(CH,)sBr (23.5 g, 102.3 mmol)
disolved in E£O (180 mL) was added in a dropwise manner to aisolof Mg (5.7

g, 235.2 mmol) and ED (50 mL). After the complete addition, the reactmixture
was boiled for two hours and then stirred overnigfthe di-Grignard
BrMg(CH,)sMgBr was filtered with glass wool into a droppingnfel and then
slowly added to a solution of £€3i-SiCk (25.0 g, 93.0 mmol) and £ (100 mL),
while stirring at 0 C°. A lot of grey reaction saltas formed during the reaction.
After stirring overnight, the ED was distilled off the reaction mixture and repladc
by pentane. The reaction mixture was then filtarader nitrogen and the salt was
discarded. Distillation of the reaction mixture endeduced pressure (110-111 °C, 5
Torr) vyielded 17.60 g (65.6 mmol, 71%) of 1-chloro-14ttmrosilyl-1-

silacyclohexane with ~ 25-30% impurities of patipminated products.

1-Silyl-1-silacyclohexane (7):1-Chloro-1-trichlorosilyl-1-silacyclohexangl2.8 g,
47.7 mmol) dissolved in ED (60 mL) was slowly added to a solution of LiAlE2.1

g, 54.9 mmol) and E® (80 mL) while stirring at 0 °C. After boiling fat2 hours
most of the BEXO was removed from the solution and replaced bytgmen The
reaction mixture was filtered under nitrogen anduced pressure and the salt was
discarded. All volatile components were then cosdednon a Il) cooled finger.
The desired product was collected by distillatibd21-132° C and 500 Torr. Further
purification was achieved by preparative GC, aitgjnan analytically pure
colourless liquid confirmed by NMR spectroscopyeli 3.84 g (29.5 mmol, 60%).
'H NMR (400 MHz, CDCJ): 6= 0.76-0.84 (m, 2H, Chthxeq), 0.93—-1.00 (m, 2H,
CHaaxeq), 1.39-1.52 (m, 2H, CH), 1.68-1.82 (m, 4H, C#}, 3.09 (d, 3H3Jy 4 = 3.0
Hz, 3Jsin = 187 Hz, SiH), 3.91-3,95 (m, 1H, SiH)*C{*H} NMR (101 MHz,

92



CDCL): d= 9.6, 25.6, 29.6 (CH. *Si{*H} NMR (79 MHz, CDCk): J= -19.9 (s,
SiH), -102.0 (sXsi_si= 77 Hz, SiH). MS (El, 70 eV):m/z (%) 130 (22), 116 (35),
72 (100); HRMSm/zcalcd for GH14Si, 130.0634, found 130.0627.

1-Metoxy-1-silacyclohexane (8)Solution of triethylamine (30.0 g, 297.1 mmol),
methanol (9.5 g, 297.1 mmol) and,@t (120 mL) was slowly added to
chlorosilacyclohexane (20.0 g, 148.5 mmol) dissdlve ELO (400 mL) while
stirring. After continued stirring overnight, theaction mixture was filtered under
nitrogen and reduced pressure and the salt waardext. The solvents were then
distilled off and the product was collected at 2137 °C and 1 atm. Yield: 15.37 g
(118 mmol, 79%)*H NMR (400 MHz, CDC}): § = 0.77-0.81 (m, 4H, CH), 1.32—
1.49 (m, 2H, Chayeq), 1.56—-1.65 (M, 2H, Clthyeq), 1.73-1.83 (m, 4H, CH), 3.49
(s, 3H OMe), 4.50-4.51 (m, 1HJsiy = 197 Hz, SiH)."*C{’H} NMR (101 MHz,
CDCly): & = 12.4, 23.7, 29.5 (CHi 51.8 (OMe).*Si NMR (79 MHz, CDCY): =
4.3 (dg,"Jsiy = 197 Hz). MS (El, 70 eV)m'z (%) 129 (100), 102.1 (64); HRMS:
m/zcalcd for GH;,0Si 130.0814, found 130.0799.

1-Dimethylamine-1-silacyclohexane (9):(Me),NH (19.1 g, 423.7 mmol) was
condensed into a reaction flask containing cyclanel40 mL). The reaction flask
was equipped with dry ice/ethylacetate cooler andr@ping funnel containing
chlorosilacyclohexane (15.0 g, 111.4 mmol) whiclswsbwly added to the solution
under stirring. The dry ice/ethylacetate cooler wesntained at —78 °C for 12 hours.
After the complete addition the reaction mixturesvmiled for about 5 hours, still
having the dry ice/ethylacetate cooler to minimike loss of dimethylamine. The
solution was stirred further overnight, while they dce/ethylacetate cooling bath
slowly warmed up to room temperature. The reaatidtture was then filtered under
nitrogen and reduced pressure and the salt waardest. The desired product was
collected (after the cyclohexane had been remobgdjistillation under nitrogen at
144-146 °C (10.97g, 76.6 mmol, 69%) as a colouligssd. Analytically pure liquid
was attained, confirmed by NMR spectroscofty.NMR (400 MHz, CDCJ): J =
0.62-0.71 (m, 2H, Chhxeq), 0.79-0.85 (M, 2H, Clthyeq), 1.18-1.31 (m, 1H,
CHaaxeq), 1.45-1.50 (M, 1H, Cithyeq), 1.51-1.57 (m, 2H, Chhweq), 2.48 (S, 6H,
N(CHa)2), 4,22 (t, 1H,234 = 4.7 Hz,%Jsiy = 191 Hz, SiH).**C{'H} NMR (101
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MHz, CDCk): & = 11.9, 24.4, 29.8 (CH| 38,6 (N(CH),). *°Si NMR (79 MHz,
CDCL): = -5.2 (dm, sy = 191 Hz). MS (El, 70 eV)1/z (%) 143 (100), 72 (71);
HRMS: m/zcalcd for GH17NSi 143.1130, found 143.1148.

1-Tertbuthyl-1-silacyclohexane (10).Solution of'BuLi in pentane (60 mL, 90.0
mmol) was slowly added to chlorosilacyclohexane%1d, 85.4 mmol) dissolved in
Et,O (130 mL) at —78 °C (dry ice cooling bath) underieg. The reaction mixture
was allowed to stand in the cooling bath and slowdym up to room temperature
and was then additionally stirred for 12 hours. €tteer was distilled off the reaction
mixture and replaced by pentane (150-200 mL). Tdlaetien was filtered under
nitrogen and the reaction salt (after being washighd pentane) was discarded. The
desired product was collected by distillation a5-126 °C and 1 atm, as a colourless
liquid, found to be analytically pure by NMR spedcopy. Yield: 10.33 g (66.1
mmol, 77%)."H NMR (400 MHz, CDCJ): 6= 0.51-0.61 (m, 2H, Chthyeq), 0.85—
0.88 (M, 1H, Chayeq), 0.89-0.92 (m, 1H, Chhweq), 0.97 (S, 9H, C(B3)3), 1.12—
1.24 (m, 1H, Chayeq), 1.44-1.55 (m, 2H, CH), 1.65-1.73 m, 1H, Cithweq), 1.97—
2.05 (m, 2H, Ch), 3.59 (tt,*Jy_n = 6.6 Hz,3y_p = 1.5 Hz,"Jsiy = 177 Hz, 1H,
SiH). **c{*H} NMR (101 MHz, CDCh): & = 8.0, 15.9 C(CHs)s), 25.1, 27.1
(C(CHa3)3), 29.9.2°Si{*H} NMR (79 MHz, CDCE): = -0.6.

1-Cyano-1-silacyclohexane (115o0dium cyanide (6.1 g, 123.9 mmol) was dried by
continuous heating under vacuum for 24 hours and than added to a stirred
mixture of zinc iodide (0.17 g, 0.5 mmol), polyelgye glycol (1.4 g) and
chlorosilacyclohexane (13.9 g, 103.2 mmol) disstdlwe CHCI, (35 mL). After
vigorous stirring for 24 hours, the reaction mietwras filtered under nitrogen and
reduced pressure and the salt was discarded. TVenbe@as then removed from the
reaction mixture and the desired product was citeby distillation under nitrogen
at 152-153 °C and 1 atm (9.06 g, 72.3 mmol, 70%)algtically pure liquid was
attained, confirmed by NMR spectroscopyl. NMR (400 MHz, CDCJ): d= 0.82—
0.90 (m, 2H, Chaxeq), 1.01-1.09 (m, 2H, Chthyeq), 1.24-1.34 (m, 1H, Clthyeq),
1.59-1.67 (m, 1H, Chhyeq), 1.68-1.79 (m, 2H, Cy, 1.85-1.95 (m, 2H, C}),
4.20-4.22 (MlJ_si = 222 Hz, 1H, SiH)*C{*H} NMR (101 MHz, CDC}): J= 8.5,
23.6, 28.6, 124.1 (CN¥’Si{*H} NMR (79 MHz, CDCE): = -36.1.
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1-Azide-1-silacyclohexane (12)Sodium azide (3.3, 53.5 mmol) was dried by
continuous heating under vacuum for 24 hours and then added to a stirred
mixture of zinc iodide (0.07 g, 0.2 mmol), polyelgye glycol (0.6 g) and
chlorosilacyclohexane (6.0 g, 44.6 mmol) dissolve@H,Cl, (25 mL). After stirring
of the reaction mixture for one week, the reactiarture was filtered under nitrogen
and reduced pressure and the salt was discardedsdlVentvas then removed from
the reaction mixture and the desired product wdkated by distillation under
nitrogen at 79-80 °C and 23 Torr (4.01 g, 28.4 mrédbs) as a colourless liquitH
NMR (400 MHz, CDC{): J = 0.81-0.89 (m, 2H, Chhweq), 0.92-0.99 (m, 2H,
CHaaxeq), 1.33-1.43 (M, 1H, Chthweq), 1.45-1.58 (M, 1H, Chthweq), 1.68-1.83 (m,
4H, CHp), 4.61 (M Ju_si= 216 Hz, 1H, SiH)**C{*H} NMR (101 MHz, CDC}): =
11.7, 23.4, 29.6°Si{*H} NMR (79 MHz, CDCE): d= -4.0.

1-Fluoro-1-methyl-1-silacyclohexane (13)Antimony trifluoride (2.2 g, 12.2 mmol)
was dried by continuous heating under vacuum fagettdays prior to use and was
then transferred into a 70 mL Schlenk tube comagirmhloromethylsilacyclohexane
(3.7 g, 25.2 mmol). The reaction mixture was stire@ 0 °C for a couple of hours,
with the solution soon turning red and then dawbr. The ice bath was allowed to
melt and warm up to room temperature and the swlutias stirred overnight. The
product was then condensed into a trap held at K196 a colourless liquid. Further
purification was achieved by the use of preparaBs attaining an analytically pure
substance. Yield: 2.99 g (22.6 mmol, 90%). NMR (400 MHz, CDC}). 5= 0.22
(d, °Jur = 7.4 Hz, 3H, CH), 0.58-0.68 (m, 2H, Cithweq), 0.83-0.90 (m, 2H,
CHaaxeq), 1.30-1.39 (M, 1H, Chthweq), 1.47—1.56 (M, 1H, Chyeq) 1.68-1.76 (m,
4H, CHp). *c{*H} NMR (101 MHz, CDC}): = -2.6 (d, CH, “Je_c = 14.8 Hz),
14.6 (d, CH, 2r_c = 12.7 Hz), 24.0, 29.5 (G} **F NMR (376 MHz, CDGJ): 5= —
168.4 - (-168.5) (M3J_r = 7.4 Hz, Jsir = 286 Hz).?°Si{*H} NMR (79 MHz,
CDCl): 0= 27.5 (d,"Jsi.r = 286 Hz). MS (El, 70 eV)1Vz (%) 132 (100), 89 (98).

1-Trifluoromethyl-1-methyl-1-silacyclohexane (14):CFBr (13.2 g, 88.9 mmol)
was condensed into a reaction flask containingrohdethylsilacyclohexane (10.0 g,
67.3 mmol) and CKCl, (30 mL). A =78 °C cooling bath (acetone/dry icelatvas
placed under the reaction system and when the miotehe flask had reached the
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temperature of the bath, a solution of P(NE{16.6 g, 67.3 mmol) in CKl, (20
mL) was slowly added while stirring. The coolingtbavas removed and after
continued stirring at room temperature overnighe, ¢olourless solution had turned
orange. All volatile components were then condersed N(l) cooled finger. The
solvent was distilled off and the product was aile by distillation under nitrogen
at 129.5-130.0 °C. Yield: 8.92 g, 73 %1 NMR (400 MHz, CDCJ): 0= 0.25 (s, 3H,
CHa), 0.66-0.73 (M, 2H, Chhweq), 0.97—1.03 (M, 2H, Chbeq), 1.28-1.38 (m, 1H,
CHaaxieq), 1.51-1.60 (M, 1H, Chieq), 1.67-1.83 (m, 4H, CHl. °C{'H} NMR
(101 MHz, CDC}): 0= -7.1 (d, CH, 3Jr_c = 1.3 Hz), 9.3 (d, CH °J-_c = 1.3 Hz),
23.5, 29.1 (Ch), 131.9 (q, CE “Jo.r = 323 Hz).*°F NMR (376 MHz, CDGJ): 0= —
65.4 (s,%Jsi.r = 36 Hz).?°Si{*H} NMR (79 MHz, CDC}): d= -1.5 (d,%Jsi.r = 36
Hz). MS (El, 70 eV)m/z (%) 182 (3), 113 (100), 85 (100). HRMB8vz calcd for
CeH13Si (M — CF;) 113.0787, found 113.0769.

1-Deuterium-1-methyl-silacyclohexane (15):Solution of chloromethylsilacyclo-
hexane (11.9 g, 80.3 mmol) and diethylether (180) mias slowly added to a
solution of LiAID,4 (1.0 g, 23.9 mmol) and diethylether (250 mL) wtstering at O
°C. After boiling for 12 hours most of the diethtyler was removed from the
solution and replaced by pentane. The reaction urexivas then filtered under
nitrogen and reduced pressure and the salt waardest. The solvents were then
distilled off and the product was collected at $05106.0 °C and 1 atm. Yield: 4.7 g
(31.4 mmol, 40%).

'H NMR (400 MHz, CDCJ): 5= 0.09 (s, 3H, Ch), 0.51-0.58 (m, 2H, Chhxeq),
0.78-0.85 (M, 2H, Chtweq), 1.27-1.38 (M, 1H, Chhweq), 1.44-1.53 (m, 1H,
CHaaxieq), 1.56-1.66 (m, 2H, CH), 1.71-1.81 (m, 2H, CH. “°C{*H} NMR (101
MHz, CDCk): = -5.7, 11.6, 24.8, 29.8°Si{*H} NMR (79 MHz, CDCk): J=-17.2
(t, “Jsio = 28 Hz)

1-Fluoro-1-trifluorosilyl-1-silacyclohexane (16):Antimony trifluoride Sbk (9.2 g,
51.5 mmol) was dried by continuous heating undeuuen for three days prior to
use in an 100 mL ampule. 1-Chloro-1-trichlorosilykilacyclohexane (9.5 g, 35.5
mmol) was then transferred into the $béntaining ampule and the reaction mixture

was stirred at 0 °C for couple of hours. Soon atter mixing of the reactants, the
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solution turned dark grey (almost black). The ia¢ghbwas allowed to melt and warm
up to a room temperature and the solution wasestiavernight. The product was
then condensed on ax(N cooled finger, leaving the Sbfieaction salt and the
unreacted Shfbehind in the reaction ampule. The condensatiothef reaction
mixture was repeated a couple of times. Howevepregent the product still needs
to be purified further’H NMR (400 MHz, CDCJ): d = 1.10-1.15 (m, 4H, CH)
1.39-1.49 (M, 1H, Chlweq), 1.51-1.60 (M, 1H, Chixeq), 1.64-1.81 (m, 2H,
CH,), 1.87-1.97 (m, 2H, CH. C{*H} NMR (101 MHz, CDC}): J= 14.1 (dq2Je

c = 8.7 Hz,*Jr_c = 2.8 Hz), 22.8 (d®J-c = 1.5 Hz), 28.51°F NMR (376 MHz,
CDCh): & = —121.6 (d3J_r = 9.7 Hz,"Jsi_r = 372 Hz, SiB), the other signal still
hasn't been found®Si{*H} NMR (79 MHz, CDCE): d= -62.7 (qd Jsi_r = 372 Hz,

2Jsi.r = 56 Hz), the other signal still hasn’t been found

1,2-Bis(trifluoromethyl)-1,1,2,2-tetramethyl-disilane (17): CKBr (25.1 g, 168.3
mmol) was condensed into a reaction flask contginttiMeSi-SiMeCl (15.0 g,
80.1 mmol) and CECI, (40 mL). A —78 °C cooling bath (acetone/dry icenhatas
placed under the reaction system and when the mootehe flask had reached the
bath temperature, a solution of P(ME{(39.6 g, 160.3 mmol) in Cil, (30 mL)
was added slowly under stirring. The cooling badswemoved and after continued
stirring at room temperature overnight, the colesslsolution had turned orange. All
volatile components were then condensed into ahedg at —196 °C. The solvent
was then distilled off and the product was collddbg distillation under nitrogen at
129-130 °C. Yield: 8.83 g, 44 % (colourless seniidsat room temperature}H
NMR (400 MHz, CDC}, 25 °C,TMS): & = 0.43 (s, 12 H, Ch. *C{*H} NMR (101
MHz, CDCk 25 °C,TMS): § = -7.4 (s, CH), 132.1 (q, CE, “Jcr = 322 Hz).*F
NMR (376 MHz, CDCJ, 25°C,CFCk): 6 = -61.6 (sJsi.e= 38 Hz).?°Si{*H} NMR
(79 MHz, CDC}, 25 °C,TMS): § = -13.0 (qq2Jsir= 38 Hz,3Jsi.r= 3.0 Hz).

Bis(1-silacyclohexane)-methyl-amine (19)(CH3)NH, (6.9 g, 222.8 mmol) was
condensed into a reaction flask containing cyclanex130 mL), equipped with a
cooler system. A Dry ice/ethylacetate mixture waentadded into the cooler system
and the content of the flask was allowed to meit adjust to the new temperature of

the system. A solution of chlorosilacyclohexane.Ql) 74.3 mmol) was then slowly
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added to the reaction mixture under vigorous stigriAfter the complete addition,
the reaction mixture was boiled for 5 hours stdl/img the dry ice/ethylacetate cooler
to minimize the loss of (C¥NH,. The dry ice/ethylacetate cooler was maintained at
—78 °C for additional 12 hours and then the coohlmgture slowly warmed up to
room temperature. The reaction mixture was filteovedler nitrogen and reduced
pressure and the salt was discarded. The solvesntivem distilled off the solution
and the product was collected at 135.9-137.0 °C Endorr. Yield: 6.77 g (29.8
mmol, 40%)."H NMR (400 MHz, CDGJ): 6= 0.66-0.76 (M, 4H, Chtyeq), 0.80—
0.87 (M, 4H, Chiaxeq), 1.13-1.23 (M, 2H, Chhweq), 1.41-1.61 (M, 6H, Chthyeq),
1.86-1.95 (M, 4H, Chweq), 2.53 (s, 3H, NCH), 4.30 (it, 2HJn = 5.5 Hz, Ik

= 1.2 Hz,"Jsiy = 192 Hz, SiH)C{*H} NMR (101 MHz, CDC}): d= 12.9, 24.8,
29.8 (CH), 31.3 (NCH). °Si{*H} NMR (79 MHz, CDCE): d = -7.7. MS (El, 70
eV): m/'z (%) 227 (19), 213 (100), 143 (42); HRM&/z calcd for GiH2sSibN
227.1526, found 227.1521.

Bis(1-silacyclohexane)amine (24) method: NH; was condensed into an ampule
and dried over sodium alloy for 24 hours. The ambyd NH; (2.96 g, 173.80 mmol)
was then condensed into a reaction flask contaicygohexang130 mL). The
reaction flask was equipped with dry ice/ethylatet@ooler and a dropping funnel
containing chlorosilacyclohexane (15.0 g, 111.4 mymich was slowly added to
the solution under stirring. The dry ice/ethylateteooler was maintained at —78 °C
for 12 hours. After the complete addition, the teacmixture was boiled for about 5
hours, still having the dry ice/ethylacetate codteminimize the loss of ammonia.
The solution was stirred further overnight, white dry ice/ethylacetate cooling bath
slowly warmed up to room temperature. The reaatidcture was then filtered under
nitrogen and reduced pressure and the salt waardestt. The solvent was then
distilled off the solution and the product was eoted at 100.0-100.1 °C and 8 Torr.
'H NMR (400 MHz, CDC{): J = 0.30-0.48 (bs, 1H, NH), 0.56-0.65 (m, 4H,
CHa(ax/eq), 0.80-0.89 (M, 4H, Chheq), 1.22-1.32 (M, 2H, Chheq), 1.45-1.59 (m,
6H, CHbaxeq), 1.75-1.85 (M, 4H, Chhweq), 3.35 (d, 2H,"Jsin = 193 Hz, SiH).
13c{*H} NMR (101 MHz, CDC}): J= 14.9, 24.4, 29.7 (CH *°Si{*H} NMR (79
MHz, CDCk): 0= -12.3. MS (El, 70 eV)m/z(%) 214 (100) [M], 177 (43).
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Bis(1-silacyclohexane)amine (24) method 24H3; was condensed into an ampule
and dried over sodium alloy for 24 hours. The ambyd NH; (0.61 g, 35.82 mmol)
was then condensed into a 100 mL ampule contachigosilacyclohexane (5,12 g,
38.02 mol) and the ampule was sealed off in vaculilm. ampule was then inserted
in a -84 °C cooling bath (ethyl acetate slush) weweas allowed to stand the next 24
hours and slowly warm up to room temperature. Afipening the ampule and
removing the white reaction salt, the product warsdensed on af) cooled finger
as a colourless liquidH NMR (400 MHz, CDCJ): J = 0.30-0.48 (bs, 1H, NH),
0.56-0.65 (m, 4H, Cltxeq), 0.80-0.89 (m, 4H, Chhyeq), 1.22-1.32 (m, 2H,
CHag@aweq), 1.45-1.59 (m, 6H, Cithweq), 1.75-1.85 (m, 4H, Chhweq), 3.35 (g, 2H,
Lsin = 193 Hz, SiH)*¥c{*H} NMR (101 MHz, CDC}): J= 14.9, 24.4, 29.7 (CH
29Si{*H} NMR (79 MHz, CDC}): J=-12.3.
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7.3 Measurements and experimental apparatuses

General NMR measurements:'H, *C{H} ,**F, %°Si and*°Si{H} NMR spectra
were recorded on Brucker AVANCE 400 MHz spectrome@hemical shifts are
reported ind (ppm) downfield from TMS and are referenced tovent residual
signals. NMR spectra for all the compounds syn#tegkin this work are available as
electronic supplementary material on an attached I8@he appendixH, **C{H},
1 and®*Si{H} NMR spectra for3, 13 and17 are given, and for compound9 and
24'H, BC{H} and ?°Si{H} NMR spectra are given.

Low-temperature NMR measurements:**C-DNMR and**F-DNMR spectra were
recorded on Brucker AC 250 PFT-NMR spectrometele Freon solvent mixture
was prepared in 1:1:3 ratio of @Cl,, CHFCL and CHFECI for the low-temperature
13- and®F NMR measurements &, 7, 8, 9, 13 and 14. Sufficient amount of
CD.Cl, (~0,2 mL) was placed in NMR tubes (connected towvaauum line),
containing the sample under investigation. The uameg in the NMR tubes were
degassed before proceeding further by repeatedbziing and thawing them. The
Freon substances used; CHFQp: 8.9 °C) and CHEI (bp: -40.7 °C) were then
condensed under vacuum into the NMR tubes and sbated off. The pyrophoric
SiD4 solventwas prepared prior to use and was condensed inMMR tube
(connected to the vacuum line) containing the sangbl7 and the tube was then

sealed off under vacuum.

A type K (Chromel/Alumel) thermocouple was useccatibrate the temperature of
the probe. The thermocouple was placed in a dunuing both the day before and
the day after the actual NMR readings were takes.dstimated that the temperature
is accurate within 2 K. The numerical data analys@sgram IGOR (WaveMetrics)
was used for manipulation of the NMR spectra. Satiahs of the line shapes of the
NMR spectra were performed using PC version of BiMMR program (QCPE
program no. 633; Indiana University, BloomingtaN, USA).

GED measurements:The Electron diffraction intensities & 7, 13 and 14 were

measured with a Gasdiffraktograph KD-G2, both atap8 50 cm nozzle-to-plate
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distances, with an accelerating voltage of abolk\6(146]. ZnO powder diffraction

patterns allowed the determination of the electmanelength. While the experiment
was in progress, the sample was kept at -10 °Gladozzle and inlet system were
at room temperature. An Agfa Duoscan HiD scannes wsed to analyse the
photographic plates (Kodak Electron Image Plat8z13 cm). The program SCAN3

was used to obtain the total scattering intensityes [147].

Compoundl7 was recorded using the Edinburgh gas diffractippasatus, with an
accelerating voltage of around 40 kV (correspondmm@ electronic wavelength of
ca. 6.0 pm) [148]. Both the sample and the nozzleewearintained at 293K and
nozzle-to-plate distances of 127.45 and 285.32 memewused. The scattering
intensities were recorded on Kodak Electron Imalgesf The electron wavelengths
were determined from the scattering patterns ozéea vapour. These patterns were
recorded immediately after the compound pattermsaaralysed in the same way in
an attempt to eliminate systematic errors in wawgles and camera distances. An
Epson Expression 1680 Pro flatbed scanner was tesadeasure the scattering
intensities, which were then converted to opticahgities as a function of the
scattering variable, using an established program [149&ta reduction and least-
squares refinements were carried out using the dd@d program, employing the
scattering factors of Ross et |HI50,151].

Low-temperature Raman measurementsRaman spectra for samples 356, 7-9,
13-15and17 were recorded with a Jobin Yvon T64000 spectromerjaipped with a
triple monochromator and a CCD camera. For recgrdipectra at high and low
temperatures, liquid samples were placed into 1 ¢apillary glass tubes and then
sealed off under nitrogen flow. The capillaries @vstood on a copper block, cooled
with liquid nitrogen and the temperature was mameidowith a thermocouple. The
samples were irradiated by the green 532 nm lin@ fséquency doubled Nd-YAG
Laser (Coherent, DPSS model 532-20, 20 mW). Togureany deposition of ice at
low temperatures the copper block was put in aicoats flow cryostat, Oxford

instruments OptistatCF, using liquid nitrogen for cooling.

Mass spectroscopy Compound3 was recorded using MA Varian, Saturn 2000

spectrometer. Mass spectra f@4 were obtained with a Microtof Brucker
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spectrometer from Brucker Daltonios. Interpretatioh the mass spectra was
performed by standard techniques [119]. Mass spéatd, 5, 7, 8, 9, 13 14and 19
were obtained with MASPEC Il system (1132/1235) cip@meter. All available MS
spectra to date are available as electronic sumgitary material on an attached CD.

In the appendix MS spectra f8r13, 19 and24 are given.
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Appendix A: *H NMR spectrum of 3




Appendix B: **C NMR spectrum of 3




Appendix C: *°Si NMR spectrum of 3
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Appendix F: *H NMR spectrum of 13




Appendix G: **C NMR spectrum of 13




Appendix H: 2°Si NMR spectrum of 13




Appendix I: **F NMR spectrum of 13




Appendix J: MS spectrum of 13
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Appendix K: *H NMR spectrum of 17




Appendix L: **C NMR spectrum of 17




Appendix M: %°Si NMR spectrum of 17

128



Appendix N: **F NMR spectrum of 17




Appendix O: *H NMR spectrum of 19




Appendix P: *C NMR spectrum of 19




Appendix Q: 2°Si NMR spectrum of 19
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Appendix S: High Resolution MS spectrum of 19
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Appendix T: *H NMR spectrum of 24




Appendix U: *C NMR spectrum of 24




Appendix V: %°Si NMR spectrum of 24




MS spectrum of 24
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