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AllylOH Allyl alcohol 
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1988 
Calc Calculated value 
CC Coupled cluster  
CCSD(T) Coupled cluster single and double 

excitations augmented by perturba-
tive corrections for the connected
triple excitations 

cc-pVTZ Correlation consistent polarized val-
ance triple-ξ basis set of Dunning 
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Comp. Compound 
Conv. Conversion 
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DFT Density functional theory 
DMF N,N-Dimethylformamide 
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spacing in a cubic cell 
ECP Effective core potential 
EDG Electron donating group 
Et Ethyl 
EtOH Ethanol 
EJ Coulomb energy 
ET Kinetic energy 
EV Potential energy 
EWG Electron withdrawing group 
EXC Exchange-correlation energy 
Exp. Experimental value 
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depending on the content 
HOMO Highest occupied molecular orbital 
h Hours 
IEadia Adiabatic ionization energy 
IEvert Vertical ionization energy 
Ion/Ioff Ratio between on and off currents 
LANL Los Alamos National Laboratory 
LCAO Linear combination of atomic orbitals 
LDA Lithium di-iso-propylamine 
LUMO Lowest unoccupied molecular orbital 
LYP The correlation functional of Lee,

Yang and Parr 
min Minutes 
Me Methyl 
MeOH Methanol 
MO Molecular orbital 
MPn n:th order of Møller-Plesset perturba-

tion theory 
OctOH Octanol 
o.n. Over night 
PBE0 Hybrid DFT method by Perdew,

Burke and Ernzerhof 
PBE1PBE Another acronym for PBE0 
PhOH Phenol 
iPrOH Iso-Propanol 
R Alkyl 
r.t. Room temperature  
SDB The Stuttgart-Dresden-Bonn effective

core potential 
Sym. Symmetry 
TBDMS tert-Butyldimethylsilyl 
TBDMSCl tert-Butyldimethylsilylchloride 
TEA Triethylamine 
TFT Thin-film transistor 
TIPS Tri-iso-propylsilyl 
TMS Trimethylsilyl 
TMSCl Trimethylsilylchloride 
TMSH Trimethylsilane 
TRMC Time-resolved microwave 

Conductivity 
TTMSS Tris(trimethylsilyl)silyl 
TPS Triphenylsilyl 
TPSH Triphenylsilane 
Triflate Trifluormethanessulfonate 



 

UPS Ultraviolet photoelectron 
spectroscopy 

UV Ultraviolet irradiation 
Vis Visible irradiation 
XRD X-ray diffraction 
βgem Geminal resonance integral 
βvic Vicinal resonance integral 
β1,4 Resonance integral between hybrid

orbitals 1 and 4 
β= C-C double bond resonance integral 
β- C-C single bond resonance integral 
ΔεHL Orbital energy difference between

HOMO and LUMO 
ε Molecular extinction coefficient 
εHOMO Orbital energy of HOMO 
εLUMO Orbital energy of LUMO 
λi = λ0 + λ+ Internal reorganization energy 
λmax Wavelengths for peak maximum

absorption  
μFET Field effect mobility 
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Introduction 

Materials such as metals, alloys and dyes were made by the old Egyptians 
(3400 B.C.) and can be seen as the early beginning of chemistry by man. 
Making new and better materials is still one of the driving forces in chemi-
stry. The studies of carbon compounds, that was the beginning of modern 
organic chemistry, has been known for 180 years.1 

Organic compounds that contain the heavier group 14 (tetrel) elements 
silicon (Si), germanium (Ge) and tin (Sn), herein denoted with E, are less 
explored and the heavier tetrel alkenes are still a matter of fundamental re-
search.2-6 

1.1 Differences between carbon compounds and 
heavier analogues 

This thesis is mainly concerned with the differences in bonding between 
carbon and its heavier analogues. As all elements in the periodic table except 
the noble gases, the tetrel atoms form �-bonds. The �-conjugation increases 
when comparing the well-known alkanes with their heavier group 14 perme-
thylated analogues. The heavier �-conjugated polymers are by no means 
optimal because the conjugation is very dependent upon conformation.7 The 
Si, Ge and Sn bridgehead connected oligo (bicyclo[1.1.1]pentanes) have 
larger through space �-interactions between their bridgehead atoms than the 
all carbon analogue.8 The interaction between tetrel single bonds and double 
bonded systems are generally larger than in the all carbon case. In both cases 
the geometry relationship between the �- and the π-fragment are important 
for the interaction as further discussed in Chapter 2. 

Compounds that have the ability to form silenes and germenes i.e. com-
pounds with C=Si and C=Ge double bonds are still a matter of fundamental 
research.3,9-12 For a long time, the common opinion was that it was not possi-
ble to form multiple bonds for the heavier group 14 elements. This was 
proven to be wrong in 1973,13 and up until today double bonds have been 
formed between all of the tetrel elements, except Pb=Si and Pb=Sn.2,12,14-17 
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1.2 Molecular wires 
Conjugated organic compounds have a further potential as molecular wires 
which could connect different components in molecular electronics device.18 
The molecular wires are therefore important devices, the key requirement of 
such is the ability to transport charge effectively with small loss of energy. 
The wires are categorized into metallic conductors or semiconductors de-
pending on their conductivity. There needs to be a strong coupling between 
the wire and the device i.e. the MO’s of the two devices need to overlap and 
be of the same symmetry and energy.19,20 

The conduction through wires would utilize different kind of MO-
interactions depending on the material. For example, in metals it is d-
orbitals, in π-conjugated organic molecules it is π-orbitals, and �-bonded 
system such as polysilanes and polystannes are �-conjugated. Mixed �/π-
conjugated molecules are still largely unexplored. 

In this thesis �- and �/π-conjugated systems are analysed. All types of 
conjugation are dependent on the conformation of the molecule. One com-
plete volume in Chemical Reviews was devoted to �- and π-delocalization, 
which indicates how important conjugation and electron delocalization are 
from many perspectives.21 

1.3 Idea and project objectives 
So far, the majority of organic molecular electronics components, in one way 
or the other, utilize π-conjugation as their means for charge transport. To 
design and synthesise π-conjugated system that are conformationally inde-
pendent and still possess good π-conjugation is challenging. Is it possible to 
instead create components that rely on �-conjugation or mixed �/π-
conjugation, which are conformationally independent or lock it to conform-
ers with good MO overlap? A part of the answer is found in (Chapters 2, 4, 
5, 6 and 7). 

The different conjugated systems discussed in this thesis, are all based on 
the heavier tetrels (Si, Ge, and Sn). The heavier group 14 elements are well 
suited to enhance �- and �/π-conjugation in molecular wires.24 

1.3.1  �-Conjugated systems 
In 1964, Sakurai and Kumada noted that “it is reasonable to assume that the 
Si-Si bond is essentially a chromophore”.22 One year later, Gilman et al. 
showed an ultraviolet redshift in oligosilanes when increasing the number of 
Si atoms in the chain.23 

Polysilane, -germane, and -stannanes are all �-conjugated polymers where 
the conjugation is dependent of the backbone conformation.24 Our aim is to 
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construct �-conjugated compounds that are conformationally more rigid than 
those. Good �-conjugated molecules, which are better than oligosilanes are 
challenging to synthesize.25-28  

According to quantum chemical calculations, novel �-conjugated poly-
mers as illustrated in Figure 1, have a range of interesting properties. This 
novel tetrel-containing polymers, so-called heavy [n]staffanes resemble oli-
gomers of bicyclo[1.1.1]pentanes. Their conjugation rely on alternating tet-
rel-tetrel �-bonds and tetrel…tetrel through-space interactions. This should 
also lead to a stronger coupling through the system compared to the carbon 
analogue. The Si-Si distance between two bridgehead bonded 1,3-
disilabicyclo[1.1.1]pentane monomers is 2.415 Å and the through-space 
Si…Si distance in the monomer cage is 2.290 Å, according to 
CASSCF(4,4)/6-31G(d) calculations. The through-space distance between 
the Si atoms can be tuned with variously long bridges -(CH2)n- and introduc-
tion by other elements.29 

This rigid construction of the tetrel atoms as given in Figure 1, should re-
duce the trapping of charges (Anderson localization)30,31, that has been found 
to occur in doped polysilanes. Could this allow the design of rigid �-
conjugated molecular wires? In Chapter 4, different bicyclo-monomer units 
are computationally evaluated as synthetic targets and as a step towards 
heavy [n]staffanes. 

 
Figure 1. Interaction of the sp3(E) hybrid orbitals along the backbone of a 1,3-
ditetrelbicyclo[1.1.1]pentane pentamer. 

1.3.2 Mixed-�/π conjugated molecules 
Mixed �/π-conjugated systems are based on overlap between fragment orbi-
tals of π- and �*-symmetry, or vice versa. This type of conjugation is rare 
because the π-orbital of the double bond needs to overlap with the �-orbital 
of a neighbouring atom and its substituent. A classical type of �/π-
conjugation is hyperconjugation where a bonding �-orbital donates electron 
density into an adjacent empty or partly filled nonbonding p-orbital or anti 
bonding π-bond.32 

However, in 1963 Sakurai was convinced that there were interactions be-
tween the single Si-Si bond and the phenyl group in phenylpentamethyldisi-
lane.33 Although �/π-conjugation has been known for long time, as long as 
�-conjugation, the latter has been more investigated.24 However, the interest 
for �/π-conjugated systems has increased during the last years,34 and the 



 14 

mechanism behind this type of conjugation is not as well studied as for the 
pure �-conjugation. 

Ohshita et al. studied the conjugation in silicon-bridged oligothiophenes 
which are conformationally very flexible, and these did not show any nota-
ble red-shift as the chain length increases, supporting that the orientation 
between the �- and the π-orbitals is crucial.35 They also studied more rigid 
systems based on polydithienosiloles (λmax = 561 nm, 2.21 eV) where the �- 
and π-fragments are locked in good positions to each other to enhance con-
jugation.36,37 The UV/Vis absorption maximum of this silole or formally 
silacyclopenta-2,4-diene-based polymer is more than 100 nm (0.49 eV)  red-
shifted compared to the poly(3-hexylthiophene) (λmax = 458 nm, 2.71 eV). A 
development of these compounds is the star-shaped oligothiophenes (Figure 
2), which were analyzed in collaboration with Ohshita and co-workers. 

 
Figure 2. Molecules with interesting hole-transport capabilities, examined in Chap-
ter 5. 

The star-shaped molecules show more thin-film transistor (TFT) activity 
than linear molecules containing the same oligothiophene units.35 The 
strongly �/π-mixed systems illustrated in Figure 3 are analyzed in Chapter 6, 
which is based on 1,4-disilacyclohexa-2,5-diene molecules with chloro (6-1), 
methyl (6-2) and trimethylsilyl (6-3) substituents at the Si atoms. 
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Figure 3. Mixed �/π-conjugated systems based on 1,4-disilacyclohexadienes are 
discussed in Chapter 6. 

1.3.3 Comprehensive study of substituent effects in siloles and 
1,4-disilacyclohexa-2,5-diene 

As the result of the combined experimental and theoretical study of the 1,4-
disilacyclohexa-2,5-dienes presented in Chapter 6 gave interesting results on 
the lowest electronic excitations, a computational follow-up study was per-
formed where substituent effects were analyzed and compared with the ef-
fects of the same substituents on the excitation energies of siloles. 

 
Figure 4. The 1,4-disilacylohexa-2,5-dienes and siloles, with the 18 different substi-
tuents. 

1.3.4 Silenes and silyl protecting group chemistry 
New reagents and reactions are necessary for the development of synthetic 
organic chemistry. The protection of functional compounds, such as alco-
hols, thiols and carboxylic acids, is necessary in the synthesis of both new 
and old compounds in good yields. The results presented in Chapter 8 
represents a continuation of the study in the Ottosson group of the transient 
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2-amino-2-siloxy-silenes (C=Si double bonded compounds), which are 
formed thermally from carbamylpolysilanes.38 The observations open for a 
new method to protect different substrates with trialkyl-, triaryl-, and 
tris(trialkylsilyl)silyl groups (Figure 5). 

 
Figure 5. The carbamyl(poly)silanes used in Chapter 8. 

That the thermally formed transient silene is indeed present during the silyl 
ether formation between 8-1 and alcohol is also demonstrated. 

Addition of alcohols or water to normally polarized silenes (Siδ+=Cδ-) oc-
curs with addition of the O-atom to the Si side, while reversed polarized 
silenes (Siδ-=Cδ+) may add opposite. The polarization of the Si=C bond is 
increased with π-donor/σ-acceptor groups at the Si-atom and decreased with 
π-donors at the C-atom. 39-41 The usefulness of reverse polarization is that the 
stability of these silenes towards moisture is increased, according to compu-
tations by Apeloig and co-workers,42 and indirectly verified experimentally 
by the Leigh,39-41 Kira, and Sekiguchi groups.43,44 Our thermally formed si-
lenes are strongly influenced by the zwitterionic reverse polarized resonance 
structure II and III (Scheme 1) because in this species the Si-atom is mar-
kedly pyramidal (336.6°) and it has a Si=C double bond of 1.870 Å, which is 
close to a Si-C single bond, according to B3LYP/6-31G(d).45 π-Acceptor/σ-
donor substituents at the Si-atom and π-donor/σ-acceptor groups at the C-
atom enhance the reversed polarization. 

 
Scheme 1. 
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2 Molecular orbital theory of conjugated 
molecules 

π-Conjugation of polyenes with alternating C=C double and C-C single 
bonds, and �-conjugation of oligo- and polysilanes, is manifested by the red-
shift in the lowest ultraviolet and visible (UV/Vis) of these oligo- and poly-
mers upon elongation of the conjugated path. Generally, oligo- and polysi-
lanes absorb UV-light at low energies due to the electropositive character of 
Si relative to that of the substituents.46 Thereby, Si dominates the frontier 
orbitals and the HOMO-LUMO gap is rather small. Peralkylated trisilanes 
and longer linear oligosilanes show a ��*-transition as their lowest excita-
tion, whereas the corresponding disilane has a �π*-transition which is quite 
unique.47 

2.1 π-Conjugation of polyenes 
If all bond lengths in a polyene were equal, the resonance integrals between 
adjacent C atoms would be equal, β-/β= = 1 (Figure 6). This implies that 
there is perfect bond and electron delocalization, and the π-conjugation is 
maximal. However, in reality every second C-C bond lengths in a polyene 
bond will be longer, and the corresponding resonance integrals will decrease. 
Consequently, the delocalization of the electrons is only partial. 

 
Figure 6. A schematic figure of the orbital interaction in a polyene. 

2.2 Bonding between the Si atoms of linear 
polysilanes 

The d-orbitals on Si are considered not to be needed in the description of the 
MO’s that are occupied in the ground state of organosilicon compounds, and 
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also not for the low-energy unoccupied MO’s.48 The simplest way to de-
scribe the �-orbitals of the polysilane backbone is to construct them as a 
linear combination of the sp3 hybrid orbitals of Si. The interaction described 
with the resonance integral (βvic, Figure 7) between two sp3(Si) orbitals on 
two adjacent Si atoms directed toward each other gives rise to one bonding 
�SiSi-orbital and one antibonding �*SiSi-orbital. There is also a weaker (βgem) 
interaction between two sp3-hybrid orbitals on the same Si atom. This reso-
nance integral describes the interaction between �SiSi-bond orbitals so that 
these orbitals become partially delocalized along the oligomer/polymer 
backbone, giving rise to �-conjugation.24 

Non-neighbouring resonance integrals are also significant for polysilanes, 
particularly β1,4 (Figure 7). As the β1,4 resonance integral varies with the Si-
Si-Si-Si dihedral angle it leads to a conformational dependence of the �-
conjugation. 

 
Figure 7. Si hybrid orbital interaction in a linear oligosilane. 

Polysilanes have the same nodal pattern as a π-conjugated system (Figure 
8). The delocalized bonding orbitals have only nodes at the Si atoms, and 
they can be visualised as linear combinations of localized �SiSi-bond orbitals. 
The lowest occupied �-MO has no nodes, whereas HOMO has nodes on 
every silicon atom. The delocalized antibonding orbitals can be viewed as 
linear combinations of the localized �*SiSi-bond orbitals, with increasing 
number of nodes between the Si-Si bonds as the orbital energy increases.  

 
Figure 8. Derivation of the �-orbitals of the polysilane backbone chain. 
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2.3 Mixed �/π-conjugation 
A well-known effect in silicon organic chemistry is the �-effect,49 which 
stabilises carbanions with Si in the �-position the C atom with negative 
charge by electron delocalization from C to Si atom. A similar effect is in-
volved in the mixed �/π-conjugation. 

In alkylvinylsilanes, mixed �/π-conjugation is achieved when the π-bond 
orbitals are almost parallel to the bond between the Si-atom and one of its 
alkyl or silyl substituents. The πC=C mixes with the �*SiR orbital, or even 
better with a �*SiSi orbital if present, forming a new lower-energy MO.50 This 
is illustrated in Figure 9 where the π-electrons are donated towards the 
�*SiMe orbital, given with best MO overlap possible. As long as the vinyl 
group and the alkyl substituent are in the right position there is a �/π-
conjugation. The conjugation is easily broken since the vinylsilane single Si-
C bond has a low rotation energy barrier, noted with θ in Figure 9. When 
any other conformer except the conformer in Figure 9 is dominant, the MO 
overlap vanishes. Keeping the overlap between πC=C and �*SiR as large as 
possible is therefore necessary. 

 
Figure 9. �/π-Conjugation in oligomeric vinyl linked polysilanes, the same structure 
from two different angles. 

The MO overlap between the πC=C and the �*SiMe is maximimal when the 
molecule is locked into the configuration where the overlap is the greatest. 
By using a rigid molecule structure, as the one given in Figure 10, this will 
be fulfilled. 

 
Figure 10. �/π-Conjugation in 1,4-disilacyclohexa-2,5-diene, the same configuration 
from two different angles. On the right hand side, one of the two double bonds is 
omitted for clarity. 

There is also a destabilizing interaction between two occupied fragment or-
bitals of the same symmetry, which could increase the energy of HOMO. 
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3 Computational quantum chemical 
methods 

The following chapters that concern σ- and σ/π-conjugated molecules con-
tain quantum chemical calculation to various degrees. This present chapter is 
therefore included for a brief overview of the quantum chemical calculations 
that follows. More comprehensive treatises of computational quantum che-
mistry can be found in the books by F. Jensen and C. Cramer.51,52 

Computational quantum chemical methods can be divided into two 
classes: First the methods based on wave functions and the Schrödinger equ-
ation (�Ψ = EΨ) such as semiempirical and ab initio methods, the other 
category on density functional theory (DFT), methods which use the electron 
density. 

3.1 Hartree-Fock (HF) and post-HF methods  
The wavefunction-based methods use the LCAO-MO technique, i.e., the 
molecular orbitals (MOs) are constructed as linear combinations of atomic 
orbitals (AOs). The wavefunction must satisfy the Pauli principle and change 
sign upon permutation of the positions of two electrons. To achieve this be-
havior the wavefunction is written as a sum of all possible permutations of 
the electron-orbital occupations, and this sum can be condensed as a deter-
minant, as so-called Slater determinant. The optimum wavefunction corres-
ponding to the lowest absolute electronic energy is found through a varation-
al minimization. In computations, the lowest electronic energy of the system 
that is possible to find is reached via self-consistent field (SCF) iterations 
where one starts with an initial guess of the wavefunction. 

The ab initio methods can be divided into the HF and post-HF electron 
correlated methods. Examples of the latter are MP2, i.e., second-order 
Møller-Plesset perturbation theory, and CCSD(T), i.e., coupled cluster (CC) 
theory with single, double and perturbative triple excited configurations. As 
no CC methods are used in this thesis, this type of method will not be furthur 
discussed here. 

In HF theory there are two types of electron-electron interactions: the ex-
change interaction, which is properly treated, and the Coulomb interaction 
which is poorly described, especially when electrons are close to each other. 
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The two post-HF theories mentioned above both improve the description of 
this interaction by expanding the Slater determinant wavefunction from HF 
with excited configurations (determinants). 

Møller and Plesset proposed a way for the treatment of electron correla-
tion through many-body perturbation theory (MBPT) whereby the “true” 
Hamiltonian is expressed as a sum of the zeroth-order Hamiltonian and a 
perturbation factor that corrects for the electron correlation. The MPn me-
thods (n > 1) are not varational and sometimes oscillate towards the true 
energy (or other property) of the system. Even orders (n = 2, 4, 6, …) of the 
perturbation expansion tend to overestimate the correlation effect, whereas  
odd orders (n = 3, 5, 7, …) reduce the exaggeration introduced by the pre-
vious order. 

3.2 Density functional theory (DFT) methods 
An alternative computational approach to obtain information on the molecu-
lar electronic structure is the density functional theory (DFT) which has be-
come gradually more popular in chemistry since the early 1990’s. Today the 
large majority of quantum chemical calculations are performed with various 
DFT methods. The electron density ρ(r) of a molecule is connected to all of 
its properties, including the energy, that can be calculated. When ρ is known, 
it is simpler to calculate the total energy, as compared to using the wave-
function approach in HF. 

Unfortunately, the exact formula that relates ρ(r) to the energy is un-
known. Instead one has derived approximate expressions. The total energy 
of the system can be divided into four terms. The sum of the kinetic (ET), 
potential (EV), and Coulomb energies (EJ) corresponds to the classical ener-
gy of the charge distribution. The exchange-correlation energy (EXC) is a 
purely quantum mechanical entity. Each term corresponds to a separate func-
tion. 

Another advantage of DFT methods is that the electron correlation is in-
cluded implicitly in the EXC term as compared to ab initio methods based on 
wavefunctions. The EXC functional is commonly divided into one exchange 
and one correlation part. The EXC functional treats the electron density either 
as local density approximation (LDA) or a generalized gradient approxima-
tion (GGA). The LDA is based on the ansatz of a uniform electron gas, 
while GGA also include the gradient of the local density and can therefore 
better treat nonuniform electron density distributions. The GGA methods are 
generally concluded to be necessary for molecules. 

A common exchange functional is the Becke functional from 1988 
(B88),53,54 and a common correlation functional, LYP, was developed by 
Lee, Yang and Parr and contains local and nonlocal terms for treating the 
electron correlation.55 In this context a local term only takes the electron 
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correlation at a specific point into account, while nonlocal term also takes 
the gradient of that point. Becke’s experimentally parameterized hybrid 
HF/DFT functional from 1993 contains two exchange functionals of which 
one is B88, and three correlation functionals where one is the LYP function-
al. The contribution of these functionals is least-squares fitted with three 
variables a, b, and c against atomization energies, ionization potentials, pro-
ton affinities and atomic energies to the best possible agreement with the 
experimental values. These three parameters are the reasons for the “3” in 
the B3LYP method acronym, and this is nowadays the most commonly ap-
plied DFT method among organic chemists. 

Another hybrid DFT method is PBE1PBE developed by Perdew, Burke 
and Ernzerhof, often also abbreviated as PBE0.56 The “0” in the acronym 
tells that the method is parameter free, and it uses a 3:1 mixture of DFT and 
exact (HF) exchange energies. 

The time- and disk-requirements of DFT calculations are similar to those 
of HF calculations, with the drawback that they are not variational. Moreo-
ver, DFT methods often overestimate bond lengths to Si, Ge or Sn with ap-
proximately 1%.57 

3.3 Basis sets and effective core potentials (ECP) 
In Chapters 4, 5, 6, and 7, compounds containing heavier elements such as 
Ge and Sn are calculated, and for these the ECP/basis set LANL2DZp,58,59 
was used. The basis sets by Pople and colleagues were also used.60 

Slater-type orbitals (STO) are good but approximate tools to describe the 
atomic orbitals (AO). However, this description leads to integrals that are 
difficult or impossible to solve when utilized in ab initio calculations. In-
stead, linear combinations of Gaussian-type functions (GTF) are used to 
describe the orbital distribution. A minimum of three GTF:s are required to 
sufficiently well describe each STO, where each AO is described by only 
one basis function. However, in a minimal basis set, a so-called simple zeta 
(ζ) basis set, the minimal number of basis functions, needed to describe the 
system, is used. A minimal basis set is not optimal for description of the 
non-spherical electron distribution around each atom. In order to increase the 
flexibility of the atomic wavefunction each AO can be described by two, 
three or more basis functions, abbreviated as double-ζ, triple-ζ etc. 

An improvement when compared to minimal basis set is to increase the 
number of functions used to describe the valence AO’s, whereas the core 
AO’s each are described as single basis functions. This leads to a split-
valence multiple-ζ basis set. For example, 6-31G is a split valence double-ζ 
basis set, six uncontracted GTF make up one basis function that describes 
each of the core AO:s, and the valence atomic orbitals are each described by 
two basis functions, the first described by three and the second by one GTF. 
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By increasing the order of the orbital type used, i.e., adding p orbital charac-
ter to s orbitals or d orbital character to p orbitals it becomes easier to de-
scribe anisotropic electron distributions. This leads to a polarization func-
tion, and when utilized on all atoms except hydrogen it is denoted in the 6-
31G basis set as * or (d). In LANL2DZ one instead appends p, which here 
stands for polarization. 

To describe anions, electronically excited states, and electron lone-pairs 
not located on a certain atom, highly diffuse basis functions are used. This is 
denoted with a +, meaning that one extra single set of diffuse s- and p-type 
Gaussian functions is added. The ++ sign indicates that diffuse Gaussian 
functions are applied on hydrogen as well as on the heavier elements. 

A common approach for heavier elements is to describe the core electrons 
as an ECP. The ECP is an analytical function that describes all core electrons 
as a potential. The second ECP of Los Alamos National Laboratory 
(LANL2), accounts for relativistic effects for all atoms except the first row. 
The ECP basis set used herein was LANL2DZ, where the DZ indicates a 
double-ζ basis set for the valence AOs. ECPs save computer time when 
compared to calculations in which all electrons are explicitly included, and 
secondly, to properly account for the relativistic effects of the heavier atoms. 

3.4 Methods for determination of molecular 
properties 

In Chapter 5 and 6 vertical excitation energies are calculated with TD-
PBE1PBE/6-31+G(2d) and TD-PBE1PBE/6-31+G(2d,p), respectively; time-
dependent-DFT (TDDFT) methods which give good results for early excita-
tion energies. In Chapter 5, outer valence Green function (OVGF) calcula-
tions were performed to obtain ionization energies to be compared with 
those from ultraviolet photoelectron spectroscopy (UPS). The OVGF is an 
ab initio propagation method based on the equation-of-motion theory. 

3.4.1 Time-dependent density functional theory (TDDFT) 
For determination of dynamic properties such as excitation energies and 
photoabsorption spectra, TDDFT is generally considered a good choice. 
Moreover, TDDFT calculations are generally easy to perform. Molecules 
with significantly smaller excitation energies than their ionization potentials 
(at least 1 eV below), and where the receiving excited Kohn-Sham orbitals 
have negative eigenvalues, are generally well-suited for TDDFT-
calculations.61 

DFT is based on the Hohenberg-Kohn (HK) theorem from 1964,62 while 
TDDFT is based on the Runge-Gross (RG) theorem from 1984.63 The HK-
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theorem and the RG-theorem are based on the same theoretical concept. 
Both theorems have their foundation in that at any given point they return 
the properties of a many-electron-system of the ground state, described by 
the electron density. Additionally, the TDDFT solution also needs to return 
the electron density at any given interacting system included excited states. 
To describe the effective potential of the fictitious non-interacting system is 
more complex than to describe the effective potential described by the ex-
change and correlation interactions in DFT.64 

3.4.2 Outer-valence Green function (OVGF) 
The outer valence Green function theory makes it possible to calculate the 
pole frequency-dependent polarizability without calculating all the necessary 
excited-state wave functions and the corresponding state energies.  
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4 Computational evaluation of ring strain 
and bridgehead-bridgehead distances in 
1,3-ditetrelbicyclo[1.1.1]pentanes (Paper I) 

The aim of this study was to clarify which 1,3-dimethyl-1,3-ditetrel-
bicyclo[1.1.1]pentanes have low ring strain energies, yet, still have short 
non-bonded bridgehead-bridgehead distances. As noted in the introduction 
Sandström and Ottosson postulated that such compounds should be interest-
ing as repeat units in novel molecular wires.29 

4.1 Background 
The heavier 1,3-dialkyl-1,3-ditetrelbicyclo[1.1.1]pentanes have been chal-
lenging synthetic aims for chemists for almost half a century.65 A few bicyc-
lic systems of this class with functional groups or anionic charges at the 
bridgehead atoms of the bicyclic cage structure have been synthesized,65-72 
however, compounds with methylene bridges have not been synthesized so 
far. In addition, some bicyclic species have been investigated computational-
ly,73-77 however no applications of the heavier bridgehead bicyclic units have 
been put forward. There are no earlier computational studies that have fo-
cused on the bridgehead-bridgehead distance and compared this property 
with the ring strain energy of the bicyclic unit. 

4.2 Selection of compounds and methods 
The first section focuses on which bicyclo[1.1.1]pentanes are interesting for 
this study. Thereafter follows a section where the procedure used for deter-
mining the ring strains in the various systems is discussed. 

4.2.1 1,3-Ditetrelbicyclo[1.1.1]pentanes of interest 
Previously in the Ottosson group 1,3-ditetrelbicyclo[1.1.1]pentanes have 
been analyzed by quantum chemical calculations, Figure 11.29 The strain 
energies of the tetrel systems (E = Si – Sn), were 56.7 - 57.1 kcal/mol at 
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CCSD(T)/cc-pVTZ(SDB)//MP2/cc-pVTZ(SDB) level of theory, which is 
lower than for the all-C analogue (70.2 kcal/mol). This suggests that the 
heavier analogues could be thermally stable once they are formed. 

 
Figure 11. Results of earlier ring strain investigations of 1,3-ditetrelbicyclo[1.1.1]-
pentanes. Ref. 29. 

It was then interesting to follow up the earlier study with calculations of 
similar bicyclo[1.1.1]pentanes where one of the carbon bridges was replaced 
with an oxa-, methylaza-, thia-, methylphospha-, or dimethylsi-
la/germa/stanna- (SiMe2, GeMe2, and SnMe2) bridge (Scheme 2). Differenc-
es in steric bulk and hybridization at one-carbon bridges (CH2, CMe2, CtBu2, 
C(CH2)n (n = 2 - 4)) were also of interest for the understanding of the stabili-
ty of these species. Herein, the bridges that give the lowest ring strain energy 
and the shortest through-space distance will first be determined. The strain 
and geometries of the compounds with the more promising bridge moieties 
are then further analyzed. 

 
Scheme 2. 

4.2.2 Procedure for evaluation of the ring strain 
The most common procedure for evaluation of ring strain is the homodes-
motic ring strain approach, which is the method used herein. A homodesmot-
ic equation is written so that the number of atoms and their hybridizations 
are the same on the reactant and product sides. The number of different kind 
of bonds, e.g., Si-C, C-Sn and S-Si, are the same on each side. The main 
difference between the two sides of the equation is then the ring strain. The 
energy difference between the product and reactant side is the homodesmotic 
ring strain energy.78 Similar reactions were previously used to investigate 
strained heavy tetrel bicyclo[1.1.1]pentanes.29,79 The homodesmotic equation 
used for our systems could be written as follows (Scheme 3): 
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Scheme 3. 

4.3 Evaluation of the ring strain of heavy 
bicyclo[1.1.1]pentanes 

The 1,3-dimethyl-1,3-ditetrelbicyclo[1.1.1]pentanes were used as references. 
One of the C-bridges was exchanged to another element, or alternatively the 
methylene hydrogens were exchanged to other groups (Scheme 3). 

4.3.1 Molecules with low ring strain and short bridgehead-
bridgehead distances 

The bond lengths and bond angles of the molecules in Scheme 3 are summa-
rized in Table 1. Cases in which there are bulkier substituents on one of the 
methylene bridges of the 1,3-dimethyl-1,3-disilabicyclo[1.1.1]pentane sys-
tems were also investigated and data are summarized in Table 1, including 
their homodesmotic strain energies calculated according to Formula I in 
Scheme 3. The homodesmotic ring strain energies for the other systems are 
given in Table 3 and calculated according to Formula I in Scheme 3. The 
homodesmotic ring strain energies in Table 4 were calculated from Formula 
II in Scheme 3. 

4.3.1.1 1,3-Disilabicyclo[1.1.1]pentanes 
The through-space distance between the bridgehead atoms in 1Si and 2Si at 
MP2 level were similar to that of a regular Si-Si bond (~2.34 Å)80, and the 
result at the B3LYP level differ for these values less than 0.002 Å. The same 
distances were 0.051 Å and 0.086 Å shorter in 3Si and 4Si, respectively, and 
the homodesmotic ring strain energies of these compounds were 11.9 and 
18.9 kcal/mol higher than that of 1Si. The energy differences were similar at 
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MP2 and B3LYP levels, even though the strain energies by the latter method 
were a few kcal/mol lower. 

As can be expected, bridges with second–row elements (SiMe2, PMe, and 
S) gave longer through-space distances between the Si atoms by 0.148 (5Si), 
0.074 (6Si), and 0.016 Å (7Si), when compared to the same distance in 1Si. 
The bridgehead,bridgehead distances were very similar with the DFT me-
thod. The homodesmotic ring strain energies of these were lowered by 3 
kcal/mol for 7Si where compared to 1Si and 2Si, but almost 10 kcal/mol 
lower for 5Si and 6Si. The low ring strain of 6Si and its relatively short 
through-space Si…Si distance is remarkably close to an elongated Si-Si sin-
gle bond and makes 6Si and interesting synthetic target. The dimethylsilyl 
bridged unit 5Si, was second lowest in strain energy at MP2 level, and low-
est at the B3LYP level.  
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Steric and hybridization effects of the 1,3-disilabicyclo[1.1.1]pentanes were 
further investigated by introducing di-tert-butylmethylene, or spiro rings 
with three to five carbons, as one of the bridges (Scheme 3, Formula II). The 
distances, angles and strain energies are given in Table 1 and Table 2. When 
compared to 1Si the difference of the Si…Si through-space distances of 8Si - 
11Si were less than 0.013 Å (9Si) compared to 1Si. The strain energy of 8Si, 
compared to 1Si, was lower by 2.6 and 8.7 kcal/mol at MP2 and B3LYP 
level. However, the intramolecular repulsion between H atoms was very 
large in both 8Si and the fragments used to calculate the homodesmotic ring 
strain. The spiro-(1,2-dimethylene) group forced the Si-C-Si angle to open 
up, which increased the strain by 5 kcal/mol at MP2 level, while the spiro 
compounds with larger rings (9Si and 10Si) were not as strained. Instead 
these compounds had ring strains comparable to that of 1Si. 

Table 2. Homodesmotic strain energies of 1E – 7E at MP2/LANL2DZp (normal 
print) and B3LYP/LANL2DZp (italics) levels.a 

Comp. E = Si Ge Sn 

1E 56.1, 51.1 56.3, 52.0 55.1, 51.5 

2E 56.5, 48.3 56.3, 49.2 54.0, 48.0 

3E 68.0, 62.7 66.4, 61.0 64.2, 58.9 

4E 75.0, 71.7 71.7, 68.3 69.6, 67.6 

5E 46.6, 42.2 45.8, 42.3 42.6, 40.8 

6E 47.4, 41.9 47.9, 42.8 47.4, 42.8 

7E 53.2 48.2 53.1, 48.5 52.0, 47.7 
a Strain energies in kcal/mol calculated through use of Formula I in Scheme 3. 

The best candidate for synthesis among the 1,3-dimethyl-1,3-
disilabicyclo[1.1.1]pentane was 6Si since it has the lowest ring strain and a 
relatively short through-space distance. 
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Table 3. Si…Si and Si-X distances, Si-X-Si and MeSiH2-X-SiH2Me angles, and 
homodesmotic strain energies of 8E – 11E at MP2/LANL2DZp (normal print) and 

B3LYP/LANL2DZp (italics) levels.a 

Comp. RSi…Si RSi-X Si-E-Si EStrain 

8E 2.311, 2.310 1.975, 1.980 71.6, 71.3 53.6, 42.3 

MeEH2C(tBu)2EH2Me 2.983, 2.989 1.937, 1.943 100.8, 100,6 - 

9E 2.323, 2.322 1.899, 1.903 75.4, 75.2 61.2, 54.1 

MeEH2C(CH2)2EH2Me 3.187, 3.206 1.874, 1.874 116.5, 117.6 - 

10E 2.316, 2.314 1.918, 1.923 74.3, 74.0 57.0, 46.8 

MeEH2C(CH2)3EH2Me 3.117, 3.121 1.885, 1.890 111.4, 111.3 - 

11E 2.314, 2.313 1.931, 1.926 73.9, 73.6 56.4, 48.1 

MeEH2C(CH2)4EH2Me 3.104, 3.098 1.889, 1.895 110.5, 109.6 - 
a Distances in Å and angles in degree. Strain energies in kcal/mol calculated through use of 
Formula I in Scheme 3. 

4.3.1.2 1,3-Digermabicyclo[1.1.1]pentanes 
The distances and angles discussed in the remaining part of the chapter are 
summarized in Table 2. In 1Ge the Ge…Ge distance is 2.476 Å at MP2 level 
and similar in 2Ge. An ordinary Ge-Ge single bond distance is 2.45 Å.81 On 
the other hand, the Ge…Ge distances in 3Ge and 4Ge were 0.046 and 0.078 
Å shorter, than in 1Ge. The corresponding distances are longer for 7Ge 
(0.018 Å), 6Ge (0.072 Å) and 5Ge (0.161 Å) when compared to 1Ge. The 
B3LYP distances are very similar. 

The homodesmotic strain energies of 1Ge and 2Ge are the same (56.3 
kcal/mol), and when going to 3Ge (66.4 kcal/mol) and 4Ge (71.7 kcal/mol) 
the strain energies increase. The strain energy of 5Ge was 45.8 kcal/mol 
although the Ge-Ge-Ge angle needed to distort the most when going from 
the open fragment to the bicyclic system. The strain of 6Ge was 47.9 
kcal/mol and that of 7Ge was ~5 kcal/mol higher. The degrees of angle dis-
tortions were similar, but open Ge-S-Ge fragments prefer larger angles than 
the Ge-P(Me)-Ge fragments. The most interesting compound of the 1,3-
digermabicyclo[1.1.1]pentanes was 6Ge because of the relatively low ring 
strain and relatively short through–space Ge…Ge distance. 
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4.3.1.3 1,3-Distannabicyclo[1.1.1]pentanes  
The Sn…Sn distance of 2.776 Å in 1Sn is in agreement with an ordinary Sn-
Sn single bond length (2.81 Å),82 and the corresponding distance in 2Sn is 
similar. The ring strain of 1Sn is 55.1 kcal/mol and 1.0 kcal/mol higher for 
2Sn. The bridgehead-bridgehead distances in 3Sn and 4Sn are shorter than 
that of 1Sn by 0.046 and 0.076 Å, respectively. The strain energy of 3Sn and 
4Sn are 64.2 and 71.7 kcal/mol, respectively. The through-spaces Sn…Sn 
distances were 0.025, 0.060, and 0.195 Å longer in 7Sn, 6Sn, and 5Sn than 
in 1Sn. The strain energies are lower for 5Sn (42.6 kcal/mol), 6Sn (47.4 
kcal/mol), and 7Sn (52.0 kcal/mol) compared to the all-C cases. The phos-
pha-substituted molecule is the most interesting one, with a short Sn…Sn 
distance and low homodesmotic ring strain. 

4.3.1.4 Conclusions on the one-bridge substituted 1,3-ditetrel-
bicyclo[1.1.1]pentanes 

The O- or NMe- containing bicyclo[1.1.1]pentanes compounds all have 
shorter bridgehead…bridgehead distances, regardless of bridgehead element 
E, and are higher in strain energy than the all-C bridged systems. The bicyc-
lic system 5E - 7E all had longer bridgehead…bridgehead distances com-
pared 1E, although they are all substantially lower in energy. The 1,3-
dimethyl-1,3-ditetrel-2-methylphosphabicyclo[1.1.1]pentanes (6E) are the 
most promising systems so far. 

The bicyclic systems with all bridges substituted to PMe or S (Scheme 4) 
were then calculated. The pentatetrelbicyclo[1.1.1]pentanes were also calcu-
lated, although their bridgehead-bridgehead distances were considerably 
longer than for 6E and 7E. Since two of these three systems have been syn-
thesized, it would be interesting to compare the calculated bridgehead-
bridgehead distances with those determined through X-ray crystallography. 

 
Scheme 4. 

4.3.1.5 1,3-Ditetrelbicyclo[1.1.1]pentanes with three non-C 
bridges 

The bond lengths and strain energies for compounds 12E to 14E are summa-
rized in Table 4. Our structure 12Si resembles the system synthesized by 
Masamune and co-workers,70 with the difference that their molecule had 
bulkier groups around the bicyclic cage. Their bridgehead-bridgehead dis-
tance was ~0.09 Å longer than our calculated structure. The through-space 
Sn…Sn distance of 1-iodo-3-methyl-2,2,4,4,5,5-hexakis-2,6-
diethylphenylpentastannabicyclo[1.1.1]pentanes is 3.361 Å,71, 72 which is 0.2 
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Å shorter than our calculated value of 12Sn. The difference could stem from 
the iodine and/or the bulky aryl substituents, which will force the Snbh-Sn-
Snbh angles together. The 1,3-bis(tris(-trimethylsilyl)methyl)-2,4,5-disila-
1,3-trithiabicyclo[1.1.1]pentane synthesized by Ando’s group had a through-
space distance of 2.407 Å,68 which only differ by 0.003 - 0.060 Å from our 
calculated value of 14Si. 

Table 4. E…E distances as well as homodesmotic strain energies of 12E – 14E at 
MP2/LANL2DZp (normal print) and B3LYP/LANL2DZp (italics) levels.a 

 E = Si Ge Sn 

Comp. RSi…Si EStrain RGe…Ge EStrain RSn…Sn EStrain 

12E 2.895, 
2.894 

39.0, 
32.7 

3.104, 
3.106 

36.9, 
32.1 

3.579, 
3.574 

28.8, 
28.6 

13E 2.188, 
2.208 

35.4, 
27.5 

2.667, 
2.709 

36.6, 
28.5 

2.950, 
2.984 

32.7, 
25.9 

14E 2.550, 
2.510 

51.2, 
46.1 

2.515, 
2.550 

49.9, 
44.1 

2.819, 
2847 

47.9, 
42.2 

aDistances in Å and strain energies in kcal/mol, the energy determined through use of For-
mula II, Scheme 3. 
 

The distance (2.518 Å) between the two Si atoms in the 1,3-dicyclohexyl-1,3-
disila-2,4,5-tri(tert-butylphospha)bicyclo[1.1.1]-pentane,67 was similar as the 
distance in 13Si. The through-space Sn…Sn distance in the dianion of Wright 
was 3.386 Å,69 compared to our uncharged bicyclic system 13Sn with a dis-
tance of 2.950 Å. The repulsion between the negative charges in Wright’s 
dianion leads to the very large deviation of 0.436 Å, when compared to our 
calculated geometry of the neutral species. 

Among the heavy bicyclo[1.1.1]pentanes, 14Si had the highest strain 
energy, even though, it is thermally very stable.68 The 1,3-dimethyl-1,3-
disila-2,4,5-tri(methylphospha)bicyclo[1.1.1]pentane (13Si) was lower in 
strain energy than the permethylated pentasilabicyclo[1.1.1]pentane 12Si, 
but the bridgehead-bridgehead distance was substantially shorter in 13Si. 
While 12Ge and 13Ge had approximately the same ring strain, 13Sn was 
more ring-strained than 12Sn. The bridgehead-bridgehead distance was 
shorter for 14E, but much higher in ring strain energy compared to 13E. 



 34 

4.3.2 The connection between the ring strain and the 
bridgehead- bridgehead distances 

The main factor which influences the ring strain is to what extent the E-X-E 
bond angle in the bicyclo[1.1.1]pentanes differs from the corresponding 
angle in the open fragment. A consequence for the electronegative-
heteroatom substituted systems is that the ring strain increases with greater 
backdonation. The lone–pair of an electronegative heteroatom is donated to 
an antibonding Si-C orbital, mainly located on the Si atom (hyperconjuga-
tion). The effect leads to a more linear E-X-E structure of the open chain E-
X-E compounds and shorter E-X bond lengths. 
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5 Star-shaped oligothiophenes with an 
organosilicon core. Effects of the core 
structures on their hole mobilities (Paper II) 

Flexible flat-panel displays and electronic papers are emerging areas based 
on thin-film transistor (TFT) technology.83,84 Normally, expanded π-
conjugated molecules or polymers are used as the semiconducting materi-
al.8590 However, in this chapter we examine molecules based on a combina-
tion of σ- and π-conjugated segments in the context of hole-transporting 
materials. 

5.1 Synthesis and TFT activity of star-shaped 
oligothiophenes 

The Si-atom centered star-shaped oligothiophene derivatives were prepared 
in the Ohshita group by classical synthetic reactions such as Stille couplings 
and nucleophilic substitution using chlorosilanes and aryllithium reagents.35 

The subsequent experimental investigations of optical spectroscopy, TFT 
activity and X-ray diffraction (XRD) data were carried out in three Japanese 
groups. 

As shown in Table 5, there is a red-shift in the UV-absorption for the star-
shaped compounds with a central Si-atom when compared to the correspond-
ing C centered molecules. This is likely due to less distinct σ/π-interaction 
through the central C atom, supported by DFT-calculations. Regardless of 
the center atom, both 3T4Si5 and 3T4Si4Ge exhibited similar λmax, in agree-
ment with our calculations. 
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Table 5. UV absorption maxima of star-shaped oligothiophenes, and TFT activitya 
and XRD data of their vapour-deposited films. 

Comp. 
λmax     
[nmb] 

μFET 
[cm2/Vs] Ion/Ioff 

d-space 
[Åd] 

3T3Si3C 

3T3Si4
e 

4T4Si3C 

4T3Si4
e 

3T3Si5 

 

3T4Si4Ge 

366 

372 

399 

403 

370 

 

370 

-c 

4.4 × 10-5 

1.2 × 10-3 

5.4 × 10-4 

2.0 × 10-4 

2.9 × 10-7 f 

7.7 × 10-7 f 

-c 

102 

104 

104 

104 

102 

10 

18.03 

21.4 

24.7 

25.7 

23.4 

-g 

-g 
a On top type devices. 
b In THF. 
c No TFT activity detected. 
d By XRD. 
e Ref. 35. 
f On bottom contact device with spin-coated films. 
g No clear peaks were observed. 
 

The on/off ratios (Ion/Ioff) and the p-type field effect transistor mobilities 
(μFET) evaluated as top-contact type TFTs of the star-shaped molecules are 
also given in Table 5. 

With increased chain lengths of the oligothiophenes and the organosilicon 
linkages, the d-space is increased in XRD measurements, when performed 
on the vapor-deposited films that showed crystallinity. This indicates that the 
films possessed similar molecular alignment and that the molecules stood on 
the substrate in a perpendicular fashion. This arrangement allows carrier 
hopping through π-stacking of the oligothiophene units, supported by no 
detectable XRD peaks when the films were prepared as spin-coated films. 
The 3T3Si4 has a significantly larger TFT activity than the 3T3Si3C, presum-
ably due to higher degree of σ/π-conjugation.  

An important factor in TFT-measurements is the geometry of the system. 
As previously shown by Ohshita’s group, the star-shaped molecules could be 
both “fan” and “fork” shaped in the solid state.35 Both intra- and inter-
molecular π-stacking leading to hole-transport by hopping is favored in the 
fork-shaped conformer. 
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5.2 Intramolecular intrinsic mobility of 3T3Si and 
3T3C 

Transient photoconductivity was measured by flash photolysis time-resolved 
microwave conductivity (FP-TRMC) measurements in the thin solids films 
of the compounds in the group of Seki. The measurements were performed 
under saturated O2-atmosphere. The hole mobility values of 3T3Si4 and 
3T3Si3C were estimated to 8.0 × 10-2 and 2.0 × 10-2 cm2V-1s-1, respectively. 

5.3 A DFT computational study 
The radical cation formation and properties related to the hole mobility were 
also examined by quantum chemical calculations at the (U)B3LYP/6-
311+G(d,p)//(U)B3LYP/6-31G(d) hybrid density functional theory level.60,91 

The selected compound can exist as several different conformers. The s-
trans conformer of 2T is considerably lower in energy (5 kcal/mol) than the 
s-cis conformer.  For 2T2Si, only one low-energy conformer was found. The 
larger systems (2T2Si2, 2T2Si2E  ER2 = CH2, SiMe2, GeMe2, as given in 
Scheme 5) can each adopt several different conformers. In all cases the cis- 
and trans-orientations of the oligothiophene units showed to be the lowest 
conformers in energy. On the other hand, whether the s-trans- or the s-cis-
conformer was lowest in energy varied from compound to compound. In 
2T2Si2, the anti arrangements of the oligothiophenes are lowest in energy and 
their mutual arrangement is trans. However, in 2T2Si3, 2T2Si2Ge, and 
2T2Si2C the trans arrangement is lower by 0.9 - 1.3 kcal/mol than the cis 
conformation. The same conformer relationship is found in the radical catio-
nic state, and the relative energies in the cationic state only differ by a few 
tenths of a kcal/mol when compared to the neutral ground state. Thus, the 
conformers of lowest energy in the ground state are also the lowest in the 
radical cationic state. The data reported below are all reported for the lowest 
conformers found. 

 
Scheme 5.  

The largest increase of the HOMO energy (εHOMO), when compared to 2T 
was found for 2T2Si2 (Table 6) The three larger systems all have similar 
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(εHOMO). The HOMO-LUMO energy gaps (ΔεHL) are rather similar and smal-
lest for 2T2Si2, 2T2Si3, 2T2Si2Ge, revealing that the σ-bond orbitals of these 
heavy alkane bridges couple with the π-orbitals of the bithiophenylgroups. 
The HOMO plots of these compounds also support the coupling between the 
σ- and the π-systems (Figure 12), although the SiMe2 bridge of 2T2Si does 
not contribute to HOMO. The HOMO of the compound with a central C 
atom (2T2Si2C) reveals significantly less σ/π-conjugation then the HOMO’s 
of the heavier analogues. 

Table 6. Frontier orbital energies (eV) of the neutral compounds. 

Comp. εHOMO εLUMO ΔεHL 

2Ta -5.86 -1.61 4.25 

2TSia -5.49 -1.37 4.12 

2TSi2
a -5.64 -1.77 3.87 

2TSi3
a -5.60 -1.71 3.89 

2TSi2Ca -5.62 -1.73 4.04 

2TSi2Geb -5.62 -1.72 3.89 
a Calculated at B3LYP/6-311+G(d,p)//B3LYP/6-31G(d) level. 
b Calculated at B3LYP/6-311+G(d,p)/LANL2DZdp//B3LYP/6-31G(d)/LANL2DZp level 
with the ECP applied to Ge only. 
 

The vertical and also the adiabatic ionization energies are lowered signifi-
cantly when going from 2T2Si to 2T2Si2 and then less when going to 2T2Si3, 
indicating that the silane bridge in the radical cation takes active part in the 
hole delocalization going towards a limiting value at a particular oligosilane 
length. 
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2T2Si        HOMO                           SOMO(α)                       LUMO(β) 

 
2T2Si2     HOMO                          SOMO(α)                    LUMO(β) 

 
2T2Si3   HOMO                         SOMO(α)                  LUMO(β) 

Figure 12. The HOMO’s of the neutral as well as the SOMO(α)’s and LUMO(β)’s 
of the radical cationic 2T2Si, 2T2Si2, and 2T2Si3 from UB3LYP calculations.  

The geometry changes when going from the ground state to the radical ca-
tionic state, e.g., the Si-Si bond in 2T2Si2 is elongated by 0.036 Å when oxi-
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dized. In 2T2Si3 and 2T2Si2Ge the Si-Si and Si-Ge bonds are elongated by 
0.020 and 0.027 Å, respectively, however the Si-C bond in 2T2Si2C, is only 
extended by 0.007 Å upon oxidation. The three largest systems (2T2Si2C, 
2T2Si3, and 2T2Si2Ge) all have similar IEvert, but the two heavier propane 
bridges provide slightly lower IEadia, indicating that these two bridges take 
part in the hole delocalization, as given in Table 7. 

Table 7. Vertical and adiabatic ionization energies and reorganization energies 
(eV). 

Comp IEvert IEadia λi 

2Ta 7.60 7.37 0.42 

2TSia 7.01 6.77 0.43 

2TSi2
a 6.74 6.61 0.29 

2TSi3
a 6.66 6.59 0.23 

2TSi2Ca 6.82 6.67 0.28 

2TSi2Geb 6.67 6.46 0.38 
a Calculated at B3LYP/6-311+G(d,p)//B3LYP/6-31G(d) level. 
b Calculated at B3LYP/6-311+G(d,p)/LANL2DZdp//B3LYP/6-31G(d)/LANL2DZp level with 
��the ECP applied to Ge only. 
 

The activation energy for the degenerate process of transporting a hole of a 
species in its cationic state to a similar ground state molecule, the so-called 
intrnal reorganization energy (λi = λ0 + λ+) as illustrated in Figure 13, is 
closely related to the hole mobility. In the solid state of organic conducting 
materials λi is the rate-limiting factor for charge transfer.92 The different 
conformers for which λi have been calculated are all similar. The 2T2Si3 has 
the smallest λi while 2T2Si2 and 2T2Si2C have slightly larger λi. This is in 
agreement with the higher TFT mobility of 3T3Si4 than of 3T2Si3C. The 
larger λi value of 3T2Si3Ge could be connected to the large change in the E-
Si-C(T)-C(T) (E = Si or Ge) dihedral angle when going from the neutral to 
the radical cation of 2T2Si2Ge as compared to 2T2Si3 (24.8 vs. 14.5°). 
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Figure 13. Schematic representation of the vertical and adiabatic ionization energies 
(IEvert and IEadia), as well as the internal reorganization energy (λi). 

5.4  Conclusions 
We carried out DFT calculations on bis(dithiophenyl) molecules with a 
bridging organosilicon-linkages, occasionally containing a central C- or Ge-
atom, that facilitate intermolecular hole transfer, in the order of SiMe2 < 
SiMe2GeMe2SiMe2 < SiMe2SiMe2 ≈ SiMe2CMe2SiMe2 < SiMe2SiMe2SiMe2. 
These results supported the experimental work of Ohshita’s group where 
different star-shaped oligothiophenenes with an organosilicon core were 
demonstrated to have potential usage as TFT active materials. The silicon-
core structures exert significant influence on the capabilities of hole-
transport of their films, depending on the chain lengths. The 3T3Si4 showed a 
much higher TFT activity than 3T3Si3C and the hole mobility was sup-
pressed by replacing the central silicon atom by carbon, according to TRMC 
measurements. 
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6 The 1,4-Disilacyclohexa-2,5-diene Cycle: 
A Molecular Building Block which Allows 
for Strong σ/π-Interaction (Paper III) 

In 1,4-disilacyclohexa-2,5-dienes, the interaction between π- and �-bonded 
segments is frozen as these compounds are conformationally  rigid in con-
trast to the flexible oligosilane-dithiophene oligomers of the previous chap-
ter. The rotational flexibility about single bonds in these last compounds 
affects the σ/π-coupling strength,93 a potential disadvantage in applications. 

6.1 Aim of this investigation 
A set of 1,4-disilacyclohexa-2,5-dienes with chloro (6-1), methyl (6-2), and 
trimethylsilyl groups (6-3) as substitutents on the Si atoms and with ethyl 
groups on the sp2 hybridized carbons (Figure 3) were synthesized and ana-
lyzed by ultraviolet (UV) absorption spectroscopy and ultraviolet photoelec-
tron spectroscopy (UPS). Time-dependent density functional theory 
(TDDFT) and outer valence Green’s function (OVGF) calculations were 
performed to facilitate the evaluation of the spectroscopic measurements. 
This chapter focuses on the �/π-interaction in 6-1 - 6-3, and how and why 
the interaction is different in the three molecules. Cyclohexa-2,5-diene (6-4) 
was also analyzed by UV-spectroscopy as reference. The stronger the inte-
raction in the 1,4-disilacyclohexa-2,5-diene becomes, the larger the red-
shifts in the absorptions can be excepted and the less energy would be 
needed for the first ionization energies in UPS measurements.  

This new monomer unit should represent an interesting building block for 
the design of new molecular devices in, e.g., the molecular electronics and 
optoelectronics areas. 
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6.2 Short theory of the spectroscopic methods 
used 

Two different kinds of spectroscopic measurements were performed on 6-1 
to 6-3; vapour phase UV absorption spectroscopy and ultraviolet photoelec-
tron spectroscopy (UPS)measurements. 

6.2.1 Vapour phase UV absorption spectroscopy 
The same fundamental theory as for classical solvent UV-spectroscopy could 
be applied in vapour phase spectroscopy. The difference between solution 
and vapour phase UV measurements, and how that affects our study will be 
described briefly. The main advantage is that there is no light absorption 
from the surrounding medium at short wave lengths in vapour phase mea-
surements in vacuum. Vapour phase spectroscopy gives better agreement 
with quantum chemical calculations due to less influence with surrounding 
medium. 

6.2.2 Ultraviolet photoelectron spectroscopy (UPS) 
When photons from e.g. a helium discharge lamp hits an analyte in the va-
pour phase, the substance emits valence electrons, which can be sampled to a 
spectrum with high accuracy. The different bands in the spectrum reveal the 
MO energies of the different valence regions of the analyte.94 

6.3 Two conformers of each analyzed 
compounds 

The ethyl groups on the double bonds of 6-1 – 6-3 can be arranged in two 
different ways leading to two different conformers with similar relative 
energies according to quantum chemical calculations. The conformers adopt 
either Ci or D2 symmetry. The conformers of D2 symmetry are labeled with I 
and the Ci symmetric ones are labeled with II (Scheme 6). Note that labeling 
is opposite to the labeling in Paper III. The geometry and the relative ener-
gies of these conformers are further discussed in Section 6.7. 
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Scheme 6. 

6.4 Molecular orbital (MO) description 
This section describes the MO interactions of the general case of 1,4-
disilacyclohexa-2,5-diene (Figure 14).  
Herein, the discussion will focus on the lowest few ionizations, although the 
spectra are displayed up until higher ionization energies. The onset in the 
valence photoelectron spectrum of 6-2 is found at 7.9 eV, and the band of 
lowest energy should according to the OVGF calculation correspond to sev-
eral different ionizations. The OVGF calculations reveal slightly lower ioni-
zation energy out of the b1 symmetric HOMO (2b1u in Figure 14) than of the 
b3 orbital. A third MO of σ-character (b1) also contributes to the first 
rounded peak in the spectrum, however, this MO is not contained in the qua-
litative MO-diagram of Figure 14. Ionizations from two π-character MOs 
lowest in the MO-diagram (1b2g and 1bu) are found at 10.38 and 10.73 eV, 
respectively, and have b2 and b1 symmetry in 6-2. 

In Figure 14, the fragment orbital pair of b1u symmetry are both populated 
and are of similar energy, their interaction will be destabilizing and lift HO-
MO, if the 2b1u MO are higher in energy than the 1b3g MO. The substituents 
on Si push down or raise the pseudo-π MO located on Si with EWG or EDG, 
respectively. Moreover, the 1b3g symmetric HOMO-1 orbital is mainly unaf-
fected by the substituents on Si.  

 As the lowest unoccupied orbitals are combinations of the antibonding 
pseudo-π* and π*(CC), the substituents at Si also influence the energies of 
these MOs. Electron donating substituents as in 6-3 increase the energy of 
HOMO and lower LUMO compared to less electron donating groups. This 
MO analysis fits well with the UV-spectrum of 6-3 in which a peak at 273 
nm is revealed, i.e. more than 50 nm red-shifted compared to the same ab-
sorption in 6-1 and 6-2. 
 



 45

 

Figure 14. Qualitative molecular orbital (MO) diagrams of 1,4-disilacyclohexa-2,5-
diene with the lowest few occupied and unoccupied MOs of π-character constructed 
from suitable fragment orbitals. Red arrows indicate changes in fragment orbital 
energies in dependence of substituent R. The orbitals are labeled in accordance with 
the irreducible representations of the D2h point group. 
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6.5 Photoelectron spectroscopy 
The cationic valence electronic states of 6-2 and 6-3 have been studied by 
conventional photoelectron spectroscopy and the results are compared with 
outer valence Green’s function (OVGF) calculations. 

The valence photoelectron spectrum in the range of 7 - 16 eV of 6-2 
shows a well-defined onset at 7.9 eV followed by broad rounded bands as 
shown in Figure 15. All experimental and calculated energies are summa-
rized in Table 8 along with interpretations. 

 

Figure 15. The photoelectron spectrum of 1,1,4,4-tetramethyl-2,3,5,6-tetraethyl-1,4-
disilacyclohexa-2,5-diene (6-2) excited using HeIα radiation at 21.22 eV. The bands 
are numbered as in Table 8. Ionisation energies calculated at OVGF/6-
311+G(d)//B3LYP/6-31G(d) level are included as bars on the energy axis. 
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Table 8. Experimental (peak maximum from the photoelectron spectrum) and calcu-
lated binding energies (eV),a with assignments (term) of the 1,1,4,4-tetramethyl-1,4-
disilacyclohexa-2,5-diene (6-2) molecule with D2h symmetry. 
 

Structure 
Number 

Binding 
energy 
(Exp.) 

Binding 
energy 
(Calc.) 

Assignment 
(orbital type) 

Comment 

1 7.9   Onset 

1 8.5 8.20 b1 (π) Peak max 

  8.27 b3 (π) Shoulder 

2 8.9 8.38 b1 (σ) Peak max 

3 9.4 9.24 b3 (σ) Peak max 

4 10.3 10.11 a (σ)  

  10.26 b2u (π)  

  10.32 b2 (σ) Shoulder 

5 10.7 10.60 b1 (π) Shoulder 
a Calculated at ROVGF/6-311+G(d)//B3LYP/6-31G(d) 

 
Figure 16. The photoelectron spectrum of 1,1,4,4-tetrakis(trimethylsilyl)-2,3,5,6-
tetraethyl-1,4-disilacyclohexa-2,5-diene (6-3) excited using HeIα radiation at 21.22 
eV. The bands are numbered as in Table 9. Ionisation energies calculated at 
OVGF/6-311+G(d)//B3LYP/6-31G(d) level are included as bars on the energy axis. 
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Table 9. Experimental (peak maximum from the photoelectron spectrum) and calcu-
lated binding energies (eV),a with assignments (term) of the 1,1,4,4-
tetrakis(trimethylsilyl)-1,4-disilacyclohexa-2,5-diene (6-3) molecule with D2 sym-
metry. 

Structure 
Number 

Binding 
energy 
(Exp) 

Binding 
energy 
(Calc) 

Assignment 
(orbital type) 

Comment 

1 6.7   Onset 

2 7.1 6.76 b1 (π) Peak max 

 7.6  b3 Onset 

 8.3 8.02 b3  

  8.18 b2  

  8.28 b1  

  8.43 b3  

3 9.3 9.03 a  

  9.52 b1  

  9.98 b2 Peak max 

4 10.1 10.01 b2  

  10.06 b3  

  10.06 a  

  10.14 b3  

  10.15 b2  

  10.26 a  

  10.28 b2  
a Calculated at ROVGF/6-311+G(d)//B3LYP/6-31G(d) 
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6.6 UV absorption spectroscopy 
Vapor phase UV absorption spectroscopy was performed on a balanced total 
evaporated sample of a torched sealed cuvette 6-1 to 6-3, respectively (Fig-
ure 17). The wavelengths and extinction coefficients at the absorption peaks 
are summarized in Tables 10 - 12. As discussed above, 1,4-disilacyclohexa-
2,5-dienes with substituents at Si with poor EDG capability will only have a 
weak coupling between their π*C=C and pseudo-πSi fragment orbitals and 
such a weak coupling this is observed in the UV-spectra of 6-1 and 6-2. 
They have very similar spectral characteristic as their spectra are composed 
of two overlapping bands, in the region around 200 nm. 

 

Figure 17. UV-spectra of 6-1 (black), 6-2 (blue), and 6-3 (green) recorded in the 
vapor phase. The temperature gradients for 6-1 and 6-2 went from 240 °C (bottom) 
to 340 °C (top), and for 6-3 from 250 °C at the bottom to 350 °C at the top. The 
green dashed curve represents the UV-spectrum of 6-3 sampled at room temperature 
in cyclohexane. Compound 6-4 (red) with a high vapor pressure was measured at 
room temperature. The cuvette used for the vapor phase UV-spectroscopy shown to 
the right in the figure, where bottom and top are defined. 

Compound 6-3 with four electron donating TMS-groups has a very different 
spectra compared to 6-1 and 6-2. The most intriguing feature of 6-3 is its 
strong absorption at 273 nm (4.55 eV). The new chromophores that have 
been incorporated in 6-3 as compared to 6-1 and 6-2 are the two trisilane 
fragments, and it is apparent that these couple strongly through the two ethy-
lene C=C bonds because the first absorption of permethylated trisilane 
Si3Me8 is found at 216 nm (5.75 eV).95 The chromophore of 6-3 is thus the 
full cycle involving the two C=C bonds and the two trisilane segments. Cyc-
lohexadiene (6-4) has no absorption above 220 nm, and the molecular ex-
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tinction coefficient is significantly smaller than for the 1,4-disilacyclohexa-
2,5-dienes (6-1 to 6-3). 

 
Table 10. Vapour phase UV spectral data compared with calculateda values of 
1,1,4,4-tetrachloro-2,3,5,6-tetraethyl-1,4-disilacyclohexa-2,5-diene (6-1). 

Exp.
 
 λ    

[nm]
ε               

[dm3 mol-1 cm-1] 
Calc. λ (E)    
[nm (eV)] 

Sym.    
[D2] 

f 

- - 262 (4.72) B3 0.002 

- - 253 (4.89) B1 0.007 

(220) - 231 (5.36) B3 0.115 

- - 225 (5.51) B1 0.025 

- - 208 (5.95) A 0.000 

- - 205 (6.05) B1 0.001 

198 14500 203 (6.09) B3 0.485 
a TD-PBE0/6-31+G(2d)//B3LYP/6-31G(d). Calculations of conformer 6-1I. 

The calculated excitation energies of the three compounds (6-1I - 6-3I) all 
agree with the measured absorption peaks in Figure 17. 

According to TD-DFT calculations, the most red-shifted visible transi-
tions in compounds 6-1 to 6-3 when in conformers I are always of B3 sym-
metry. However, the first transition of 6-1 when in conformer I is also of B3 
symmetry, however, it is dark and involves excitations from HOMO-1 and 
HOMO-2 to LUMO with a λmax of 262 nm (4.74 eV). While the third transi-
tion (B3) (231 nm, 5.36 eV), which is allowed this is the only visible transi-
tion above 205 nm (6.05 eV) which is in agreement with the measured spec-
trum of 6-1. 

Compound 6-2 in conformer I has a first calculated transition (B3 symme-
try) at 240 nm with a weak oscillator strength. The fourth transition, with 
λmax of 226 nm (5.48 eV) according to TDDFT is also of B3 symmetry and 
stronger than the three earlier transitions. The most visible transition of 6-2 
is the transition at 212 nm (5.85 eV) of B1 symmetry. In conclusions, the 
measured spectrum of 6-2 and the calculated of 6-2I agree. 
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Table 11. Vapour phase UV spectral data compared with calculateda values of 
2,3,5,6-tetraethyl-1,1,4,4-tetramethyl-1,4-disilacyclohexa-2,5-diene (6-2). 

Exp. λ  
[nm]

ε                   [dm3 
mol-1 cm-1] 

Calc. λ(E)      
[nm (eV)] 

Sym.      
[D2] 

f 

-  240 (5.16) B3 0.015 

-  232 (5.35) B1 0.008 

  227 (5.46) B1 0.004 

(215)  226 (5.48) B3 0.067 

-  220 (5.63) B1 0.023 

196 12400 212 (5.84) B1 0.326 
a TD-PBE0/6-31+G(2d)//B3LYP/6-31G(d). Calculations of conformer 6-2I. 

The first excitation of 6-3I is dark at 311 nm (3.99 eV) and of B1-type be-
tween HOMO (b1) and LUMO (a).  The next excitation is allowed and of B3 
symmetry, and it occurs at 276 nm (4.49 eV). There are two relatively weak 
transitions at 252 (4.92 eV) and 254 nm (4.87 eV), however, none of these 
are of the same symmetry. Around 230 nm (5.40 eV) there are three transi-
tions of which two are relatively weak and one is stronger. The last visible 
transition above 200 nm (6.21 eV) is the B3 symmetric transition at 222 nm 
(5.55 eV).  
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Table 12. Vapour phase UV spectral data compared with calculated values of 
2,3,5,6-tetraethyl-tetrakis(trimethylsilyl)-1,4-disilacyclohexa-2,5-diene (6-3).a 

Exp.
 
λ  

[nm]
ε             

[dm3mol-1 cm-1] 
Calc. λ (E)     
[nm (eV)] 

Sym.      
[D2] 

f 

  311 (3.98) B1 0.000 

273 16200 276 (4.49) B3 0.356 

(237) 18100 254 (4.87) B1 0.039 

  241 (5.13) A 0.046 

  233 (5.33) B2 0.138 

  229 (5.41) B3 0.043 

214 25200 222 (5.55) B3 0.381 

  210 (5.90) B3 0.024 

  203 (6.10) B3 0.024 

196 26000    
a TD-PBE0/6-31+G(2d)//B3LYP/6-31G(d), selected strong transitions (f � 0.020). 

6.7 Crystal structure and calculated geometries 
The crystal structure of 6-3 (Figure 18) reveals that this disilacyclohexa-2,5-
diene (6-3II) adopts Ci symmetry. Interestingly, a second conformer with the 
Et groups arranged in up-down-up-down fashion when going around the ring 
(conformer 6-3I, Figure 18) is merely 0.6 kcal/mol lower in energy than 
conformer 6-3II at B3LYP/6-31G(d) level, and 1.6 kcal/mol at MP2/6-
31G(d) level. Both conformers will be present at the elevated temperatures at 
which the vapor phase UV- and UPS-spectral measurements are performed. 
It should be noted that the calculated (B3LYP/6-31G(d)) structure of con-
former 6-3I is very similar to the crystal structure and therefore not shown. 
However, some calculated bond distances and angles of 6-3I are given in the 
caption of Figure 18. Noteworthy, the calculated B3LYP/6-31G(d) bond 
lengths are slightly longer than the experimentally determined ones, in line 
with earlier observations.96 
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Figure 18. Crystal structure of 6-3 (conformer 6-3II) with measured data (normal 
print), and B3LYP/6-31G(d) calculated data (in italics), and the calculated geometry 
of the conformer 6-3I (left structure, data underlined). Selected bond lengths (Å) and 
angles (deg), hydrogen atoms omitted for clarity: Si(1)-C(1) 1.8845 (1.907, 1.905), 
Si(1)-Si(2) 2.3685 (2.410, 2.402), Si(1)-Si(3) 2.3690 (2.400, 2.402), C(1)-C(2A) 
1.3456 (1.361, 1.361), C(1)-C(3) 1.5297 (1.533, 1.534), C(3)-C(4) 1.5307 (1.5421, 
1.542), Si(2)-Si(1)-Si(3) 109.33 (110.04, 110.36), Si(1A)-Si(1)-Si(2) 140.33 
(137.06, 124.82), Si(1A)-Si(1)-Si(3) 110.33 (112.90, 124.82), Si(2)-Si(1)-C(1) 
113.66 (112.51, 111.28), Si(3)-Si(1)-C(1) 104.13 (104.67, 106.21), C(1)-Si(1)-C(2) 
111.67 (111.63, 111.57), Si(1)-C(1)-C(3) 114.42 (114.96, 115.28), Si(1)-C(1)-C(2A) 
124.05 (123.65, 123.12), C(1)-Si(1)-C(2)-C(1A) 13.08 (12.11, 10.82), Si(1)-C(1)-
C(2)-Si(1A) 14.71 (13.54, 19.83). 

The bond angles in 6-3 concerning the Si atoms in the ring are regular tetra-
hedral. The C=C double bond lengths and the Si-C bond lengths are ordi-
nary. The geometry does not reveal any conjugation in 6-3 between the 
Si(SiMe3)2 segments and the C=C double bonds.  

The two conformers 6-2I and 6-2II (Figure 19) calculated at B3LYP/6-
31G(d) level have very similar bond lengths and angles, and they are Ci and 
D2 symmetric, respectively. Conformer 6-2I is 0.3 and 0.4 kcal/mol higher in 
energy than conformer 6-2II at B3LYP/6-31G(d) and MP2/6-31G(d) levels, 
respectively. When comparing the B3LYP/6-31G(d) data of 6-2I and 6-2II 
with those of 6-3I and 6-3II one can note only minute elongations of the 
C=C double bonds together with modest elongations of ~0.01 Å of the SiC 
bonds. 

6-3I 6-3II 

Si(1A) 

C(2) 

C(1) 

C(2A) 
C(3) 

C(4) 

Si(3) 

Si(1) 

Si(2) 
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Figure 19. Optimized B3LYP/6-31G(d) geometries of 6-2I (italics) and 6-2II (nor-
mal print). Selected bond lengths (Å) and angles (deg), hydrogen atoms omitted for 
clarity: Si(1)-C(1) 1.890 (1.891,), Si(1)-C(5) 1.902 (1.903), Si(1)-C(6) 1.903 
(1.903), C(1)-C(2) 1.357 (1.358), C(2)-C(5) 1.531 (1.532), C(3)-C(4) 1.542 (1.542), 
C(7)-Si(1)-Si(6) 106.54 (106.90), Si(1A)-Si(1)-C(5) 132.65 (131.77), Si(1A)-Si(1)-
C(6) 120.80 (121.33), C(5)-Si(1)-C(1) 110.56 (110.42), C(6)-Si(1)-C(1) 107.77. 
(110.14), C(5)-Si(1)-C(6) 113.33 (112.98), Si(1)-C(1)-C(3) 114.92 (115.43), Si(1)-
C(1)-C(2A) 123.02 (123.43), C(1)-Si(1)-C(2)-C(1A) 9.74 (1.00), Si(1)-C(1)-C(2)-
Si(1A) 8.88 (9.01). 

Conformer 6-1I is essentially of the same energy as conformer 6-1II as the 
energy differences are 0.2 and 0.05 kcal/mol and B3LYP/6-31G(d) and 
MP2/6-31G(d) levels, respectively. The crystal structure of 6-1, previously 
determined by Jung’s group, has the same arrangement of the ethyl groups as 
6-3II and the same symmetry (Ci) according to the CIF-file. 

6.8 Synthesis of the tetrachloro-, tetramethyl- and 
tetrakis(trimethylsilyl)-disilasubstituted 2,3,5,6-
tetraethyl-1,4-disilacyclohexa-2,5-diene 

The synthesis of 6-1 is based on Jung’s procedure in which HSiCl3 and 3-
hexyne are heated together with a catalytic amount of tetrabutyl phospho-
nium chloride in a sealed tube. This procedure produce 6-1 in a yield of 75 
% (Scheme 7).97 It should be noted that we scaled up the reaction by more 
than five times, and also used a modified approach for performing the syn-
thesis. A glass torched sealed ampoule containing the reagents, was placed in 
a steel bomb and heated (180 °C) for 10 hrs. After subsequent filtration and 
distillations, Jung’s work-up procedure was followed. Addition of four equi-
valents of MeLi to 6-1 give 6-2 with a yield of 68 %, and 6-3 is formed upon 
reaction of 6-1 with TMSCl promoted by lithium (yield 71 %). 
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Scheme 7. Reagents and conditions: i) Bu4PCl, 180 °C (bomb reaction), 10 hrs, 75 
% ; ii) MeLi, Et2O, -78 °C to r.t., 12 hrs , 68 %; iii) TMSCl, Li, THF, -78 °C to r.t., 
o.n., 71 %. 

6.9 Conclusions 
The UPS measurement and the UV-spectroscopy, as well as the OVGF- and 
TDDFT-calculations, all support the MO-theoretical statement in Section 
2.3; that there is a conjugative interaction between the π- and the pseudo-π-
orbital that stems from interactions between the C=C double bond and Si’s 
pseudo-π orbital in the ring of 2,3,5,6-tetraethyl-1,1,4,4-
tetrakis(trimethylsilyl)-1,4-disilacyclohexa-2,5-diene (6-3). In contrast the 
chloro (6-1) and methyl (6-2) substituted 1,4-disilacyclohexa-2,5-dienes 
show no conjugation. To conclude, not only the geometry of the ring is im-
portant but also the relative energies of the mixing fragment orbitals. 

The lowest electron binding energy for 6-2 is 8.5 eV in UPS-
measurement and the OVGF calculated value is 8.29 eV. The binding energy 
of 6-3 is lower by 1.2 eV. This lowering of binding energy when going from 
6-2 to 6-3 is mainly explained by the more electron donating property of the 
trimethylsilyl substituents compared to the methyl substituents. This increas-
es the B1 symmetric HOMO and also lower the lowest few unoccupied. The 
UV measurement further support this since compound 6-2 has a shoulder at 
215 nm, while 6-3 has strong absorption at 273 nm. This also shows that the 
substituents are crucial for the strength of the conjugative interaction. 
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7 A comparative computational study of 
siloles and 1,4-disilacyclohexa-2,5-dienes 
(Paper IV) 

This chapter is based on the positive results on strong σ/π-interaction pre-
sented in the previous chapter. Herein, the search for 1,4-disilacyclohexa-
2,5-dienes with even stronger σ/π-interaction by varying the substituents on 
the Si and on the double bonds is reported (7-1a - r, Figure 4). We also 
compare our results with those of the more well-known silacyclopenta-2,4-
dienes (siloles, 7-2a - r). 

7.1 Aim of this investigation 
The 1,4-disilacyclohexa-2,5-dienes can be �/π-conjugated, depending on the 
substituents on the Si atoms. Moreover, the �/π-conjugation is also depen-
dent on the relative energies of the localized orbitals at the R2Si fragments 
and the C=C double bonded fragments. 

A set of 1,4-disilacyclohexa-2,5-dienes substituted at the Si and/or at the 
C atoms (7-1a – r) were studied by quantum chemical calculations and com-
pared with the corresponding silacyclopenta-2,4-dienes, also known as si-
loles (substituents, Figure 4). However, the geometry of these compounds is 
also discussed. 

The aim is to decide how substituents at 1,4-disilacyclohexa-2,5-dienes 
(7-2a – r) affect the frontier orbitals and the vertical excitation energies and 
compare with the siloles (7-2a – r). 

7.2 Molecular orbital  (MO) description 
A schematic MO diagram of 1,4-disilacyclohexa-2,5-dienes is presented and 
discussed in Section 6.5 (Figure 14). 
A schematic MO diagram was prepared for silole. Two occupied b1 fragment 
orbitals mix and the antibonding combination becomes HOMO, as seen in 
Figure 19. The unoccupied molecular orbital LUMO is localized on the buta-
1,3-diene and has a2 symmetry. 
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Figure 19. Qualitative molecular orbital (MO) diagram of silole with the lowest few 
occupied and unoccupied MOs of π-character constructed from suitable fragment 
orbitals. Red arrows indicate changes in fragment orbital energies in dependence of 
substituent R and blue arrows indicate changes of substituent R’. The orbitals are 
labeled in accordance with the irreducible representations of the C2v point group. 

7.3 Frontier orbital analysis 
The HOMO energies for 7-1a - r span from -9.14 eV (7-1o) to -5.42 eV (7-
2h and 7-2k) with an average value of -7.37 eV. The symmetry character of 
2a – r varied significantly for HOMO and LUMO. 

All of the siloles (7-2a - r) have HOMO energies above -7.56 eV, except 
the 2,3,4,5-tetrakis(trifluoromethyl)silole (7-2o) with a lower value of -8.78 
eV. Substitution at the buta-1,3-diene fragment has the largest impact on the 
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HOMO energy. The calculated siloles were either C2v or C2 symmetric and 
their HOMO’s belong either to the irreducible representation of a2 or a, re-
spectively.  

The irreducible representations of LUMO were either b1 or b and the val-
ue was -1.89 eV. Lowest εHOMO were found for 7-1o at -3.62 eV, followed by 
7-1e and 7-1p with electron withdrawing substituents. The Si substituent’s 
have larger influences of the LUMO energy compared with the buta-1,3-
dienes substituents, however substituents at both positions are influencing. 

The HOMO-LUMO gap (ΔεHL) is given in figure 20, as seen for the si-
loles (7-2a - r) that all ΔεHL are similar while energy distribution of 7-1a - r 
are larger. 

 
Figure 20. The distribution of the ΔεHL for 7-1a – r and 7-2a – r. 

7.4 Vertical excitation energies 
For 7-1a - r the first transitions are dark or almost dark and distributed over 
3 eV. The exception is the distannylated Si-compound 7-1i, with a weak 
oscillator strength and excitation energy of 4.35 eV. The first stronger coupl-
ings, always one of the five first transitions of 7-1a - r are given in the  bar 
diagram below (Figure 21). 

 
Figure 21. Distribution of the first singlet excitation for 7-1a – r shown in the left 
panel, all are dark. The first visible excitations of 7-1a – r are found in the middle 
panel. The first excitation of 7-2a – r are to the right (all visible). 

Compounds 7-2a - r all have B or B2 symmetric state as their lowest singlet 
excited states and the excitations are allowed, except the 2,3,4,5-
tetrastannylsilole (2q) which has a lowest state which is dark. However, the 
third excitation is stronger and at 4.10 eV. Most of the siloles also have a 
strong low energy transition of A or A1 state symmetry, depending of the 
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molecular symmetry. All excitation energies are relatively similar as seen in 
Figure 21. 

7.5 Calculated geometries 
The main similarities and dissimilarities in the geometries of the 1,4-
disilacyclohexadienes (7-1a - r) and the siloles (7-2a - r) are discussed be-
low, and their geometrical data are summarized with bar diagrams in Figure 
22, a comprehensive table of bond lengths and angles are found in Table S1, 
in the supporting information of Paper IV. 

 

  
Figure 22. Distributions of chosen bond lengths of 7-1a – r (top) and 7-2a – r (bot-
tom). 

The average Si-C1 bond lengths of 1,4-disilacyclohexa-2,5-dienes is 1.874 
Å. Ten of the 1,4-disilacyclohexa-2,5-dienes (7-1a, 7-1d, 7-1f, 7-1g, 7-1i, 7-
1j, 7-1l to 7-1n, and 7-1q) have similar Si-C1 bond lengths (1.874 ± 0.006 
Å), whereas (7-1b, 7-1c, 7-1e, and 7-1k) have bonds which are shorter by 
0.014 – 0.017 Å. As also seen in Figure 23, two systems have longer bonds 
(7-1h and 7-1p), and two systems have significantly longer bonds (7-1o and 
7-1r). 
 The average C=C double bond lengths in 7-1a is 1.349 Å, and compounds 
7-1a - j have double bonds which are close to the average value. The tetraf-
luoro- and tetrachlorosubstituted 7-1l and 7-1m have shorter bond lengths 
(1.340 and 1.341 Å, respectively), whereas the compounds 7-1p - r all have 
longer bonds (1.357 - 1.361 Å). 

Most of the Si-C1 bond lengths of the 18 siloles have similar bond lengths 
and the average value is 1.870 Å (Figure 1). The siloles with electron with-
drawing substituents at Si, i.e. siloles 7-2b, 7-2c, and 7-2e have Si-Cl bonds 
which are shorter by 0.01 to 0.02 Å than the average, while 7-2d, 7-2j and 7-
2l which have Si-C1 bonds which are longer by 0.01 to 0.02 Å. The average 
C=C bond double length in 7-2a - r is 1.347 Å, and the majority of the subs-
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tituted siloles have double bonds in the interval 1.340 – 1.349 Å, indicating a 
rather poor conjugation. The formal double bonds of cyclopentadiene (3) and 
thiophene (4) are 1.347 and 1.366 Å respectively. However, the siloles with 
more EDG, i.e., siloles 7-2p, 7-2q and 7-2r, have longer double bonds 
(1.354 – 1.364 Å). In 7-2l, which has strongly electron withdrawing fluoro-
subtituents, the double bonds are shorter than average. The formal C-C sin-
gle bond in siloles is the bond which shows the largest variation from the 
mean value of 1.489 Å, although the spread is evenly distributed (Figure 1). 
Compounds 7-2a - e and 7-2j - m all have C-C bonds in the range of ±0.006 
Å to the average value. The siloles with disilyl (7-2f - h) and distannyl (7-2i) 
substituents at Si all have shorter C-C bonds (1.468 - 1.474 Å), whereas the 
tetra- and hexasubstituted EDG compounds, 7-2n - r have longer C-C bonds 
(1.497 - 1.513 Å). Clearly, the disilyl and distannyl substituents lead to the 
best conjugation in the ring; they have the shortest C-C single bonds, they 
have C=C double bonds in the elongated interval 1.350 - 1.359 Å. 

The C-H bonds are about 0.010 Å longer in 7-1a - j compared to 2a - j.  
For the other compounds the 1,4-disilacyclohexa-2,5-dienes have longer 
bonds to their substituents compared to the siloles analogues. 

The average value of the R-Si-R angle of the 1,4-disilacyclohexa-2,5-
dienes is 107.3°, which is relatively close to the angles in 7-1a - g, 7-1l, 7-
1p, and 7-1q (±2°). The smallest angles have the two NH2 containing sys-
tems 7-1j and 7-1k with 103.7 and 103.9°, respectively. The tetramethyl 
ring-carbon substituted system (7-1n) also have relatively small angle of 
104.9°.  

 

Figure 23. Distributions of the R-Si-R angles of 7-1a - r and 7-2a - r. 

The R-Si-R angles of 7-2a - r are distributed with the range 105.2 - 113.7° 
(Figure 23) and their average value is 109.7°, relatively close to the angles 
of 7-2a, 7-2c, 7-2d, 7-2l, 7-2m, and 7-2o (± 2°). The silole with electron 
withdrawing difluoro-substitution at Si 7-2b, has a small angle of 105.3° and 
this is also the case of the two NH2 substituted siloles (7-2j and 7-2k) with 
R-Si-R angles of 105.2 and 105.5°, respectively. The largest substituted si-
loles, have the largest R-Si-R angles 7-2f (113.7°), 7-2h (113.7°), and 7-2i 
(114.3°) and they are mainly electron donating, except 7-2f. 
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7.6 Conclusions 
The 1,4-disilacyclohexa-2,5-dienes (7-1a - r) are significantly more tunable 
compared to the similarly substituted siloles (7-2a - r). First the siloles all 
have HOMO’s of the same symmetry a or a2 depending of the point group of 
the substituted silole, while 7-1a - r have HOMO’s of several different 
symmetries. The same trend is also seen for LUMO. This show that 7-1a - r 
have very interesting optical properties. 

The trends from Chapter 6, where more electron donating substituents at 
Si lower LUMO and also contribute to increase the energy of HOMO, and 
that EDG substituents at the 1,3-butadiene fragment have larger influence on 
HOMO than Si substituents, are proven to be right in this chapter. 
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8. Unsuccessful attempts to add alcohols to 
transient silenes – leading to a new benign 
route for base-free alcohol protection 
(Paper V) 

8.1  Introduction 
Addition of 1,3-dienes to transient and strongly reverse-polarized silenes 
formed thermally from carbamylpolysilanes have previously been studied in 
the Ottosson group.38 The main purpose of the article behind this chapter 
was a fundamental study of formation of these silenes in the presence of 
alcohol. However, the result of the investigation was unexpected, in light of 
the fact that all previously studied silenes add alcohols very rapidly. 

Addition of moderately reverse polarized silenes add alcohol with the al-
koxy part to the C-atom and the hydrogen to the Si-atom (Figure 24).43,44 
The products formed in the reaction of alcohols with transient silenes formed 
from carbamylpolysilanes, are analyzed and discussed, and the unexpected 
results were further supported with additional experiments. However, the 
unexpected result is synthetically useful, as the carbamylpolysilanes can be 
used as protection reagents of various functional groups. 

 
Figure 24. The expected addition of an alcohol to silene. The amount of alkoxy 
addition on Si vs. C can be tuned by the polarity of the silene. 

Silyl groups are one of the most commonly used groups for protection of 
alcohols in organic chemistry.98 A huge number of different methods and 
techniques exist to introduce differently bulky silyl groups onto alcohols, 
carboxylic acids, phenols and other heteroatoms.99 Silyl protected alcohols 
are also used in separation and analysis of various compounds,100-102 and as 
steric control elements in organic synthesis.103 
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8.2 General aspects of silyl alcohol protection 
Steric and electronic effects of the substituents at the Si atom can be used to 
tune the protection and deprotection rate as well as the selectivity towards 
different substrates. The bulkiness and electronic effect of the substrate also 
strongly influence the stability of the Si-O bonds.104 An advantage of silyl 
groups is the ease of deprotection that spans basic media to concentrated 
acids,105 fluoride reagents,105,107,106 and in some cases even light.107 A large 
number of silylation reagents are widely used, each with its own abbrevia-
tion. The most frequently discussed reagents in this thesis are given in 
Scheme 8. 

 
Scheme 8. Commonly used silylation reagents and their abbreviations. 

The main factor for the stability of silyl ethers is the steric bulk of the silyl 
group.108 Electronic effects also contribute, although this is less important 
than the size of the protecting group. For example the triphenylsilyl (TPS) 
group is 400 times more stable than the trimethylsilyl (TMS) group, while 
even bulkier groups like the tri-iso-propylsilyl (TIPS) group is 7 × 105 times 
more stable under acidic conditions.109 Electron withdrawing groups on the 
Si leads to a less stable silyl ether under basic conditions, e.g., the TPS group 
possesses approximately the same stability as a TMS group at high pH.109 

The small silyl protecting groups are easily hydrolyzed and usually de-
compose on silica gel.110,111 

The protecting groups which are moderately easy to remove are stable 
towards dilute acidic, basic solutions, and weakly silaphilic fluoride rea-
gents. The protecting groups which are most difficult to remove survive 
most conditions except concentrated solutions of highly silaphilic deprotect-
ing reagents.105,112 However, the TTMSS group is easily removed photolyti-
cally (254 nm) in protic solvents.107,113 
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Many of the methods for protecting alcohols also work for the protection of 
carboxylic acids.114 Silyl protected carboxylic acids are less stable than the 
corresponding silyl ether, and silylesters are therefore seldom used. In par-
ticular, they often decompose on silica, although some of the bulkier protect-
ing moieties need diluted fluoride reagents to be removed.115 Most TTMSS 
esters are sensitive to water despite their size.116 

8.3  Silene formation from tris(trimethylsilyl)silyl- N,N-
dimethylamide and tris(trimethylsilyl)-silyl-N,N-
diphenylamide 

8.3.1 Alcohol addition 
Thermal formation of transient 2-amino-2-siloxysilenes form tris(tri-
methylsilyl)silyl-N,N-dimethylamide (8-1) in the presence of methanol (a) 
did not lead to the anticipated addition over the Si=C double bond. Instead, 
the alcohol was protected by the tris(trimethylsilyl)silyl group forming 8-1a 
and dimethylformamide (DMF, 8-5) was formed as side-product. The same 
reaction was also performed with 8-2 instead of 8-1, however, no characte-
rizable product was formed in this case.  

Seven alcohols (methanol (a), ethanol (b), iso-propanol (c), tert-butanol 
(d), allyl alcohol (e), benzyl alcohol (f), and phenol (g), in four times excess 
were separately reacted with 8-1 at 120 C° and 180 C° as given in Scheme 9 
and Table 13, yielding the TTMSS protected alcohols. 

 
Scheme 9. Reagents and conditions: i) Alcohol (a - g), PhMe, 120 °C, 4 - 11 h.; 180 
°C, 0.25 - 352 h, time depending on substrate as given in Table 14. 

The reaction between methanol and 8-1 was also performed in the presence 
of Hünig’s base (iPr2EtN) at 120 C°, but the reaction was almost ten times 
slower with base than without. The same reaction without base was also 
performed with a drop of triflic acid, which surprisingly gave complete con-
version to the product in 0.5 h at room temperature. The acid reaction proto-
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col at ambient temperature was also attempted on tert-butanol which gave 56 
% of the silyl ether. 

Table 13. Reactions of alcohols with tris(trimethylsilyl)silyl-N,N-dimethylamide (8-
1) in toluene.a 

 

Alcohol 
Temp 
(°C) 

Time 
(h) 

Conv. / Yield         
NMR / isolated (%) 

Temp 
(°C) 

Time 
(h) 

Conv. / Yield         
NMR / isolated (%) 

MeOH (a) 120 4 96 / 92 180 0.5 95 /92 

EtOH (b) 120 8 94 / 90 180 0.8 93 / 89 

iPrOH (c) 120 11 93 / 87 180 1.1 92 / 85 

tBuOH (d) 120 - - / - 180 352 - /18 

AllylOH (e) 120 1.1 - / 40 180 0.5 - /60 

BnOH (f) 120 1 76 / 68 180 0.25 89 / 84 

PhOH (g) 120 1 70 / 63 180 0.25 85 / 78 
a Conditions: Flame sealed NMR tubes, toluene-d8, [Silylamide]:[Alcohol a - g] = 1:4. 

8.3.2 Alcohol and 1,3-diene addition 
It has previously been reported that 8-1 and 8-2 reacts thermally with 1,3-
dienes and that the [2+4] cycloadducts are formed in 88 and 97 % yields, 
respectively.117 The substituents on the formed cycloadduct permute posi-
tions as shown in Scheme 10. 

 
Scheme 10. 

To demonstrate that the silene is present when the substitution reaction pre-
cedes, two reactions were performed. First, iso-propanol and 2,3-
dimethylbuta-1,3-diene were reacted with the silene 8-6, yielding both the 
protected alcohol (8-1c, 66 %) and the [2+4] cycloadduct (8-6, 27 %), as 
shown in (Scheme 11). The reaction with methanol and the same diene as 
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above together with 8-2 as transient silene source, gave exclusively 8-11 (92 
%). 

 

Scheme 11. Reagents and conditions: For 8-1 i) iPrOH, 2,3-dimethylbuta-1,3-diene, 
PhMe, 120 °C, 30 h., 8-1c (27 %), 8-6 (66 %); For 8-2 i) MeOH, 2,3-dimethylbuta-
1,3-diene, 120 °C, 4 h, 8-1a (0 %), 8-8 (92 %). 

8.4 Design and synthesis of protecting reagents and 
substrate selection 

The results in 8.3 shows that 8-1 is possible to use for protection of function-
al groups. Two more carbamylsilanes with less bulky substituents on the Si 
atom were therefore synthesized. We decided to examine the protection reac-
tions thermally without acid as this would be a catalyst-free method. Addi-
tional substrates were also included in the test. 

8.4.1 Reagents for the alcohol protection 
The bulky carbamylsilane 8-1 was already shown to be useful as an alcohol-
protecting reagent. Both 8-1 and 8-2 were synthesized according to Scheme 
12,117 building on earlier work by the Brook and Marschner groups.118,119  

 
Scheme 12. Reagents and conditions: i) tBuOK, THF, r.t., 80 min.; 8-1 ii) N,N-
dimethylcarbamyl chloride, toluene, -30 °C, 30 min, r.t., 4 h., 82%; 8-2 ii) N,N-
diphenylcarbamyl chloride, toluene, -30 °C, 30 min, r.t., 4 h., 67 %. 

Would carbamylsilanes with less sterical bulk at the Si atom undergo similar 
reactions and give silyl protected substrates and DMF? 

Trimethylsilyl-N,N-dimethylamide (8-3, Scheme 13) was chosen as one of 
the two carbamylsilanes for two reasons: The TMS group is the most com-
mon silyl group for alcohol protection and a synthetic procedure of com-
pound  8-3 was published in 2003.120 
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Scheme 13. Reagents and conditions: i) LDA, THF, -78 °C, dropwise addition over 
8 hrs, r.t., 8 h., 87 %. 

The third carbamylsilane to be included in our protection study was not that 
easily chosen. Several different methods were tried to synthesize one more 
silylamide with a steric bulk between that of 8-1 and 8-3 and that would give 
DMF (8-5) as side product, without success.121,122 

In 1983 carbamylsilanes with a -N(H)c-Hex moiety were reported 
(Scheme 14). These carbamylsilanes survived fast aqueous work up, which 
8-3 did not, a stability which might be a combination of steric and electronic 
effects of the spectator groups used by Baldwin et al.123 Unknown at this 
time was also that the reaction between carbamylsilane (8-1) and alcohol 
could be catalyzed by acid. However, this method worked and a carbamylsi-
lane with phenyl groups at Si was synthesized. 

 
Scheme 14. Reagents and conditions: i) Ph3SiLi, THF, -50 °C, 1.3 h., 73 %. 

In 2006, Bertrand’s group published an elegant procedure to synthesize car-
bamylsilanes with bulky alkyl spectator groups at the Si atom in yields 
around 80%.124 Although all synthetic chemistry of this part of the project 
had been completed in the Ottosson group before this paper was published. 

8.4.2 Substrates to be protected 
The same substrates as above (a - g), two more alcohols (n-octanol (h) and 
1-methylcyclohexanol (i)), and also isovaleric acid (j) were selected for pro-
tecting reagents 8-1 and 8-4. The smallest protecting reagent (8-3) was 
reacted with substrates c – j. Methanol and ethanol were excluded as they 
are uninteresting for protection. n-Octanol, (j) n-butylthiol (k) and four di-
functionalized substrates (l - o) were instead protected. 

8.5 The protection 
The protections were performed on different scales (20 to 500 mg), and the 
yields were essentially unaffected by the scale of the reaction.  
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8.5.1 Room temperature reactions 
The protections of the substrates were performed as shown in Scheme 15, 
with good yields, as listed in Table 14. The reactivity was consistent while 
varying the solvent (THF, DMF, toluene, DCM and Et2O) as well as when 
performed neat. The protection rate decreases in the order carboxylic acid > 
BnOH > allylOH > primary alcohols > > secondary alcohols > PhOH > thiol 
> tertiary alcohols. Note that the reactivity orders of the substrates are differ-
ent compared to base promoted protection with silyl chloride. Moreover, 
there was always a good selectivity for one of the functional groups in di-
functional substrates. 

 
                
                R = Substrates (a - o) shown in Table 14 
Scheme 15. Reagents and conditions: i) Nonprotic solvents, r.t., 6 - 49 h., 81 - 97%, 
time depending in substrate used as given in Table 14. 
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Table 14. Conversions and reaction times for substrate protections with trimethyl-
silyl-N,N-dimethylamide (8-3) in CH2Cl2 or DMF. 

 

Substrate 

DMF CH2Cl2 

Yield (%)a Time (h) Yield (%)a Time (h) 

iPrOH (c) 94 / - 25 96 / - 28 

tBuOH (d) 97 / - 48 92 / - 49 

AllylOH (e) 90 / - 15 86 / - 19 

BnOH (f) 99 / - 30 81 / - 33 

PhOH (g) 97 / - 13 91 / - 16 

Octanol (h) 87 / - 18 88 / - 15 

1-Methylcyclohexanol (i) 96 / - 53 86 / - 56 

Isovaleric acid (j) 87/ - 6 91 / - 9 

nBuSH (k) 84 / - 40 82 / - 42 

PhCHOHCH2OHc (l) 96 / 85 27 91 / 82 17 

4-HOC6H6CH2OHc (m) 95 / 82 15 94 / 82 16 

HO2CHCH2OHc (n) 86 / 83 28 83 / 78 28 

HSCH2CH2OHc (o) 93 / 83 20 87 / 76 19 
a A small amount of CDCl3 was added to each sample to allow the 
  reaction to be followed by 1H NMR. 
b [Substrate (a - k)]:[8-3] = 1.0:1.3, [8-3]:[Substrate (l - m)] = 1.0:1.1. 
c In all cases main selectivity for primary alcohol. 

8.5.2 At elevated temperatures 
The reagents 8-1 and 8-4 were also used for the alcohol protection as shown 
in Scheme 16, with high yields in most cases. A potential drawback with 
these reagents is that elevated temperatures were needed. The protection 
results presented in Table 16 were mainly achieved at 180 °C. 
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R = Substrates (a - j) given in Table 9. 
Scheme 16. Reagents and conditions: For 8-1: i) PhMe, 180 °C, 1.75 - 2.5 h. For 8-
4: 2 - 27 h.  Time depending on substrate as given in Table 16. 

Refluxing 8-1 in toluene for one night was enough to silylate all chosen sub-
strates except secondary and tertiary alcohols. The yields were similar at 
different temperatures but the reaction times varied. Note the very high tem-
peratures (240 °C) required to protect tertiary alcohols with the TTMSS 
group as well as to increase the yield for phenol protection with this group. 
Reactions at 240 °C is mainly of fundamental interest, although, the earlier a 
protecting group is introduced in a synthetic sequence, the harsher can the 
method generally be. 
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Table 15. Yields and reaction times for alcohol protections with tris(trimethyl-
silyl)silyl-N,N-dimethylamide (8-1) and triphenylsilyl-N-cyclohexylamide (8-4) in 
toluene. 

 

Substrate 
8-1 8-4 

Yield (%)a Time (h) Yield (%)a Time (h) 

MeOH (a) 93 2 94 1 

EtOH (b) 96 6 93 1.5 

iPrOH (c) 89 27 88c 2.5 

tBuOH (d) 96b,c 0.17b -  

AllylOH (e) 93 4 90 1.75 

BnOH (f) 91 4 87 1.75 

PhOH (g) 73, 94b,c 3, 0.17b 85 2.5 

OctOH (h) 91 7 93 2 

1-Methylcyclohexanol (i) 92b,c 0.17b -  

Isovaleric acid (j) 95d 2 -  
a Yield at 180 °C in toluene at specified time, [Substrate a - j]:[Carbamylsilane] = 1.0:1.3. 
b Microwave irradiated at 240 °C with [toluene:quinoline] = 5:3. 
c Also protected at 180 °C in a 5:3 toluene and quinoline solvent mixture with the same yield and  
  reaction time as in pure toluene. 
d Conversion determined by NMR, not isolated yield. 

8.6 Conclusions 
The strongly reverse-polarized transient 2-amino-2-siloxysilenes (8-5 and 8-
6) formed from tris(trimethylsilyl)silyl-N,N-dimethylamide (8-1) and 
tris(trimethylsilyl)silyl-N,N-diphenylamide (8-2), did not react with  alcohols 
to form the anticipated products where the alcohol add over the Si=C double 
bond. The silenes 8-5 and 8-6 were presence since the [4+2] cycloadducts 8-
10 and 8-11 were formed in the presente of 1,3-dienes and alcohol. The al-
cohol reacted, however, with 8-1 yielding TTMSS ether and DMF (8-5).  
Two more carbamylsilanes were synthesized, trimethylsilyl-N,N-
dimethylamide (8-3), triphenylsilyl-N-cyclohexylamide (8-4), which pro-
tected substrates similar as 8-1.    
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The three protecting reagents (8-1, 8-3, and 8-4) share some common ad-
vantages and they also have some individual benefits. Their common advan-
tages are that they all give easily removable side-products, DMF (8-5) and 
N-cyclohexylformamide (8-14), and that no catalyst is needed for the alcohol 
protection. Although, the two larger protecting groups needed elevated tem-
peratures to be introduced under neutral conditions. However, the reaction 
between 8-1 and alcohol was found to be acid catalyzed. For example, tert-
butanol (d) was protected with the large TTMSS group in a moderate yield 
at ambient temperature when the reaction was catalyzed with one drop of 
triflic acid. Other acids or reaction temperatures could probably enhance this 
yield even more. Without acid, the protection of d with 8-1 required weeks 
at 180 °C and only gave a poor yield. 

A previously reported advantage is that the three protecting groups (trime-
thylsilyl, triphenylsilyl, and tris(trimethylsilyl)silyl) in theory could be re-
moved selectively when incorporated in a molecule.105-107  

When quantitative protection is achieved, using the two smaller protect-
ing reagents trimethylsilyl-N,N-dimethylamide (8-3) and triphenylsilyl-N-
cyclohexylamide (8-4), respectively, the formed silyl ether is stable in water. 
The only purification needed is aqueous extraction, drying and evaporation 
of the organic solvent. 

The excess of the largest protecting reagent 8-1 decides which purifica-
tion method is needed. If the excess is small, water extraction is often 
enough. When greater amount of the protecting reagent is used, filtration 
through a plug of silica is often enough, because of the slow (stacked on the 
silica) carbamylsilane retention in pentane with a few percent of a more po-
lar solvent. 
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Summary in Swedish 

I den här avhandlingen har kemiska ämnen med olika typer av bindningar, 
interaktioner och spektroskopiska egenskaper hos kol- (C), kisel- (Si), ger-
manium- (Ge) och tenn- (Sn) föreningar studerats. Dessa fyra grundämnen 
tillhör alla grupp 14 i det periodiska systemet. Även bly (Pb) hör dit men är 
ej studerad i denna avhandling. Dessa ämnen har normalt fyra bindningar till 
omgivande atomer. Om ämnet bildar fyra enkelbindningar, s.k. sigma (σ)-
bindningar, till fyra andra atomer t.ex. väte (H), kommer dessa vara placera-
de i var sitt hörn av en tetraeder med grupp 14 atomen i centrum. Därför 
kallas också grupp 14 för tetrel-gruppen.  

Dubbelbindingar i grupp 14 (tetrel-gruppen) 
Alkener är organisk kemiska föreningar innehållande C=C dubbel-
bindningar (π-bindningar) och är vanligt förekommande både i naturen och i 
konstgjorda material. Det var länge en vedertagen uppfattning i det kemiska 
samfundet att det inte gick att framställa dubbelbindningar mellan de övriga 
tetrel-grundämnena, enligt den så kallade dubbelbindningsregeln. En stabil 
kemisk förening syntetiserades 1976 innehållande en Sn=Sn dubbelbindning 
och dubbelbindningsregeln var därmed motbevisad. Föreningar innehållande 
Sn=Sn dubbelbindningar fick då samlingsnamnet distannener. Åtta år senare 
framställdes föreningar innehållande C=Si respektive Si=Si dubbelbindning-
ar, vilka då var de första ämnen i kategorierna silener respektive disilener. 
Fram till dags datum har dubbelbindningar mellan alla grundämnena i grupp 
14 syntetiserats och karaktäriserats, med undantag för Si=Pb och Sn=Pb 
bindningar. 
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Tillämpning av de tyngre alkenerna i syntetisk kemi 
Användandet av tetreldubbelbundna föreningar som reagens i synteskemi 
har ännu inte blivit vanligt utanför kretsen av de som kallar sig för kisel-, 
germanium- och tenn- (o)organiska kemister. Det sista kapitlet visar på att 
det är möjligt att använda silener i syntetisk organisk kemi. Två olika an-
vändningsområden påvisas:  

Först att det är möjligt att forma cykliska alkener innehållande sex atomer 
i ringen varav en atom är Si. Detta beroende på val av startmaterial, dessa 
reagerar i sin tur vidare med en närvarande 1,3-dien, en förening innehållan-
de två dubbel-bindningar i position 1 och 3 i förhållande till varandra. 

 

Det andra användningsområdet är en ny metod att skydda olika funktionella 
grupper såsom alkoholer, karboxylsyror, och tioler i syntetisk kemi. Utveck-
landet av denna nya skyddsmetod var inte planerad: vi skulle studera addi-
tion av alkohol till silen. Men alkoholen adderade inte över dubbelbindning-
en på den termiskt (med värme) formade silenen, istället bildade en kisel-
skyddad alkohol. 

 

Skyddning av funktionella grupper är viktigt inom organisk kemi för att 
”gömma” en funktionell grupp i en molekyl för att därefter göra kemi på en 
annan funktionell grupp i molekylen. 
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Konjugation 
Ett vanligt konjugerat system (π-konjugerad) består av omväxlande enkel 
och dubbelbindningar, t.ex. buta-1,3-diene (C=C-C=C). Ju längre ett konju-
gerat system är desto mer färgat är det, p.g.a. att det då kan absorbera ljus av 
längre våglängder som är mindre energirikt, såsom solljus. 

Applikationer i vardagen och i framtiden 
TV, datorskärmar och mobiltelefondisplayer är ofta uppbyggda av konjuge-
rade organiska molekyler. En fråga många datorintresserade ställer sig är hur 
Moores lag ska kunna fortsätta att gälla, vilken säger att datorkomponenter-
nas storlek halveras var 24:e månad (i verkligheten var 18:e månad). Lito-
grafin, den metod som idag används för att tillverka datorchips kommer 
inom en snar framtid (∼10 år) inte gå att utveckla mer. En helt annan metod 
behövs för att Moores lag ska fortsätta gälla. 

Syntetisk kemi kan bidra med syntes av enskilda molekyler med specifika 
egenskaper och det slutgiltiga målet är att konstruera datorhårdvara utifrån 
dessa molekyler. För att kunna förverkliga detta behövs detaljerade generella 
studier av olika former av konjugation. 

Olika sorters konjugation 
Det finns andra typer av konjugation än den klassiska π-konjugationen, t.ex. 
σ-konjugation och σ/π-konjugation, vilka båda studerats i denna avhandling. 

Analyserade σ-konjugerade system 
Enligt molekylorbitalteori och kvantmekaniska beräkningar har bicykelenhe-
terna som är studerade i avhandlingen en intressant form av σ-konjugation. I 
dett specifika fall är bakloberna av bindande σ-bindningar involverade. All-
mänt för en enkelbindning är att varje bindande σ-bindning ger upphov till 
en baklob på motsatta sidan av atomen som σ-bindningen utgår ifrån. Två 
orbitaler som binder till varandra åskådliggörs ofta genom att de har samma 
färg, medan bakloberna har komplementfärgen och i punkten där färgerna 
möts finns en nod i detta fall beläget på atomerna. 

 

Som ses i figuren ovan har alla orbitaler riktade mot varandra samma färg 
vilket medför att positiva (bindande) interaktioner kan uppstå. Kvantmeka-
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niska beräkningar kan utnyttjas för att förutse kemiska föreningars egenska-
per. Beräkningarna ligger till grund för valet av vilka föreningar som sedan 
studeras experimentellt. 

σ/π-Konjugerade system som analyserats 
Tre kapitel fokuserar på molekyler som innehåller σ/π-växelverkande eller 
konjugerade molekyler. Denna konjugation kan uppstå på flera sätt. Ett ex-
empel är den stabiliserande interaktionen som uppstår när en enkelbindning 
donerar in elektroner till en närliggande delvis eller helt tom π-orbital. Geo-
metrin mellan orbitalerna som växelverkar med varandra är viktig. En annan 
viktig faktor som påverkar interaktionen är energierna av ingående orbitaler; 
ju mer energetiskt lika de är desto starkare blir kopplingen. 
 

 

Kapitel 5 fokuserar på något större molekyler som innehåller σ-konjugerade 
och π-konjugerade segment med relativt svag koppling mellan dessa.  

Det två därpå följande kapitlena fokuserar på att optimera interaktionen 
mellan σ- och π-orbitalerna. Detta görs genom att låsa orbitalerna i förhål-
lande till varandra genom att utnyttja monocykliska molekyler och variera 
substituenterna på den cykliska ringen. Dessa molekyler uppvisar en stark 
σ/π-interaktion. Med ”rätt” substituenter kan kopplingen i molekylen juste-
ras så att de absorberar ljus i det synliga området, vilket är exceptionellt för 
en förening som inte är π-konjugerad. 
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