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Abbreviations:

Colp
DME
DMF
DMSO
Col,

S¢

Sx
TCNE
TCNQ
TG

TLC
TMEDA

Motice:

Acetylacetonato

Benzy!l

Cyclopentadienyi
Pentamethylcyclopentadienyl
N,N"-Dicyclohexylcarbodiimide
2,3-Dichloro-5,6-dicyano-1,4-bezoquinone
Hexagonal Columnar Phase
Dimethoxyethane

Dimethylformamide

Dimethylsulfoxide

Hexagonal Rectangular Phase
Differential Scanning Calorimetry

Fast Atom Bombardment

Ferrocenyl

Mass Spectroscopy

Nematic Phase

Chiral Nematic (Cholesleric) Phase
Nematic Discotic Phase

Nuclear Magnetic Resonance
Trifluoromethanosulphonate
p-Toluenosulfonate

4-Pyrrolidino pyridine

Smectic A Phase

Smectic C Phase

Smectic X Phase (not identified smectic phase)
Tetracyanoethylene
7,7,8,8-Tetracyanoquincdimethane
Thermal Gravimetry

Thin Laver Chromatography
N,N,N',N'-Tetramethyl ethylendiamine

Numbers which inctude a letter {example: 27a) generally describe ferrocenium

derivatives.



Structures of ferrocene precursors:
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Structures of mesogenic permethylated ferrocene-derivatives:
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Structures of mesogenic ferrocenium-derivatives: -
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Structures of mesagenic ferrocene-derivatives (1):
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Structures of mesogenic ferrocene-derivatives (2):
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Structures of chiral ferrocene- and ferrocenium-derivatives:
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Recent studies have shown that ferrocene can be a suitable building block for
incorporation in liquid crystals [1). Although ferrocene has been widely used as
an electron-donor in redox-active systems [2-4]. Nevertheless, its capability to
be oxidised in connection with liquid-crystalline systems has only received
little attention [5-8] and the role of the oxidation process on the mesophase
behaviour has not been investigated. Therefore, in the major part of this thesis
the oxidation of ferrocene containing mesogens to ferrocenium-salts (Fig. 1.1.)
and its influence on the mesomorphic properties has been investigated. The
latter species can be used to understand electrostatic effects on the mesophase
behaviour in thermotropic liquid crystals. Although the influence of size and
shape of the counterion on the formation of mesophases has been studied.

~Es,—r— - OCHom1

Fe

=

Reduction ” Chemical Oxidation

)1(9 %z——{ f OCH o

Rigid Part: Mesogenic Group

Anion .
Flexible Spacer Alkyl Chain
Figure 1.1. Major structural parameters of ferrocenium containing liguid crystals to be examined in
this thesis

A peralkylated ferrocene derivative was selected as an electron donor
because of the ease of oxidation of such a species (and related peratkylated
compounds) in comparison .with less substituted structures (Figure 1.2.).
Therefore the main idea behind the use of decamethylferrocene (1) or
pentamethylferrocene (2) as key-intermediates in the synthesis was to obtain a
molecule bearing an easy oxidisable ferrocene unit. Silver salts were found to
oxidise these persubstituted ferrocene derivalives without affecling the
mesogenic core and delivering at the same moment a counter-anion.
Ferrocenium derivatives containing several counterions such as tosylate,
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triflate, heptafluorobutyrate, pentafluoropropionate, trifluoroacetate or organic
radical anions (TCNE, TCNQ) have been synthesised.

= = @
= B ©

Figuré 12 Decamethylferrocene (1), pentamethyiferrocene (2) and ferrocene (3)

In conclusion, the occurrence and stability range of the thermotropic liquid-
crystalline phases in ferrocenium derivalives depended strongly on the
structure of the promesogenic core and the type of counter-anion.

Upon the oxidation process of ferrocene derivatives (mesomorphic or non-
mesomorphic) the thermal behaviour changes. Liquid-crystalline phases of the
related oxidised species are either induced, stabilised or transformed. The
mesophases found in oxidised species were smectic A, smectic C and/or
columnar. Organic  counterions such as p-toluenesulphonate or
heptafluorcbutyrate were found to be favourable to the develepment of
mesophases. Small counterions, however, such as hexaflucrophosphate or
triflate did not favour the formation of mesophases because of high
crystallinity and consequently high transition temperatures. A large
supercooling and/or strong dependence on the thermal history were observed
as typical features for all oxidised substances. Figure 1.3. summarises the
relationship between structural parameters and mesophase behaviour
obtained for oxidised species.
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A very long spacer favors the for-
mation of smectic phases;

no difference between "reduced"”
and "oxidised" form

ot s

: Fe : 1
) X \ The bulky permethylated Long alkyl-chains decrease
ferrocene unit is unfavorable the iso/S-transition
in calamitic mesophases temperatures

i - A structure ¢ontaining 2 aromatic units
The presence of small inorganic | |does not form a liquid-crystalline

anions Increases the stability compound:
of crysta!lr'ne phases, 3 units: monaotropic phases;
"best" anion: tasylate 4 units: enantiotropicphases.

Figure 1.3. Structural parameters and their influences on the liquid-crystalline properties

The second part of this thesis deals with monosubstituted ferrocene
derivalives and a more close lock of mesophase behaviour of such
compounds. In this part, the structural parameters of the rigid core such as the
number of aromatic rings or the length of the terminal alkyl chain were varied
and their influence on the liquid-crystalline properties was examined.

Different experimental fechniques have been used in this thesis, in order to
study the type and the formation of various liquid-crystalline phases:
* optical polarising microscopy;
* differential scanning calorimetry (DSC);
¢ X-ray investigations;
* cyclovoltametric measurements and
¢ magnetic susceptibility measurements.
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In the first part of the general considerations a brief introduction of
structures of liquid crystalline phases is given. The second part will focus on
fertocene with special regard to chemical, structural and electronic features of
the ferrocene/ ferrocenium-system, The third part gives a short overview of
experimental techniques used for the investigation of synthesised compounds.
Finally, in the fourth part a literature overview is given on related mesogenic
compounds.

2.1 Classification of Liquid Crystals

When heated most substances undergo a single transition from the salid
phase to the isotropic liquid phase. In contrast, some compounds pass through
one or more phases in going from the crystalline solid to the isotropic liquid
state {and or vice/versa). The intermediate phases are known as mesophases or
liquid-crystalline phases and the compounds which exhibit this behaviour are
known as mesomorphic compounds or liquid crystals or mesogens. Twa main
classes of thermotropic liquid crystals are usually distinguished: calamitic and
columnar.

Lyotropic phases are formed by molecules in a solvent and the appearance of
the phase is controlled by the temperature as well as the concentration.

Nematic phases

The less ordered mesophase is the nematic phase (N). In this phase the
rodlike molecuies align approximately paraliel to each other, along a direction
defined b)-r the director, n. The transition enthalpy from the crystalline to the
nematic phase (cryst=+N} is normally high, which is a reflection of the fact that
nematic phases are fluid, whereas the enthalpies of the nematic to isotropic
(N-+iso) transition usually is small (some k] mol-1). Introduction of a chiral
centre into a nematic molecule leads to chiral nematic (N°, cholesteric) phase
behaviour, where the director n is helical. Figure 2.1. shows the structure of the
nematic and the discotic nematic phases.
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W ==
"

l‘/{l\f e

L
= disk like mesogene
nermatic phase discotic nematic phase
Figure 2.1. Schematic representation  of the structure of the nematic phase (N) and of the
discotic nematic phase (Np)

Swurectic phases

In the smectic phases the rodlike molecules order their main axis parallel to
the director n and form layers. These layers can be perpendicular to the director
[example smectic A (Sa) phase] or not {example smectic C (S¢) phase]. Both
phases are the less ordered smectic phases. A high molecular mobility and a
low viscosity are associated with these mesophases, whereas thera are other
types of smectic phases that show tri-dimensional order. These phases are
associated with restricted molecular mobility and greater viscosity. Therefore
they are known as crystalline mesophases. Figure 2.2. shows the structure of
the smectic A and smectic C phases.

o 1.
VU / 1

smectic A phase smectic C phase
Figure 22 Schemotic representation  of the structure of the smectic A (5,4)
and smectic C{SC) phases

Columnar Liguid-Crystalline Phases

Disc-like molecules can arrange themselves in parallel columns, which
form a periodic two-dimensional array. As significant examples the hexagonal
columnar (Colyy) and the rectangular columnar (Cols) phases are shown in
Figure 2.3.
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0
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hexagonal columnar phase hexagonal rectangular phase
Figure 23, Schematic representation of the hexegonal columnar (Coly) and

rectangular columnar (Coly) phases

2.2, Physical and Chemical Properties of Ferrocene and the
Ferrocenium-lon

221, Synthesis of Substituted Ferrocenes

There are two main routes for the synthesis of substituted ferrocenes (Fig.
2.4.). Generally the formation of substituted ferrocenes from the corresponding
substituted cyclopentadienes is difficult, especially for the preparation of
ferrocenes bearing two different ligands (bileptic compounds){9,10].

This synthetic route, however, is related to the formation of ferrocene itself.
For example decamethylferrocene is formed on treating FeCl, with
lithiumpentamethyl cyclopentadienide (LiCp'). The second route to
substituted ferrocenes wuses electrophilic substitution or metallated
intermediates and is refated to organic chemistry. Ferrocene undergoes facile
electrophilic substitution, but often a common side reaction is the oxidation to
the ion [Fe(CsR5)al* (R=H, alkyl).

Ry Ay
Fe(t) &5
@ —
u® R = H, alky) X

Lewis Acid
<< RCOCI <5
Fe » Fe

< =

Figure 24, Two principal synthetic pathicays for the synthesis of substituted frrrocenes
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222, Ionic Dicyclopentadienyl-Tron Compounds

Many inorganic oxidising agents such as Ag*, I, FeCl3 or NO* can be used
for oxidation of ferrocene [4] (Fig. 2.5.). The use of organic electron acceptors
like TCNQ, TCNE or DDQ leads to deeply coloured ferrocenium charge-
transfer complexes [7,11-16). These compounds contain organic radical counter-
anions and they are predominantly synthesised in order to investigate their
magnetic properties, e.g. cooperative magnetic properties like bulk meta- and
ferromagnetism. The reversible nature of the ferrocene-ferrocenium
interconversion has been established electrochemically [17,18].

Fe

: reduction

18e 17e
Figure 2.5. Oxidation and reduction of ferrocene

= oxidation . f‘_ Fe: :
h <>

The presence of electrophiles catalyses readily the oxidation of
dicyclopentadienyl iron(Il} to dicyclopentadieny! iron(ill), which is of blue or
green colour. Strong non-oxidising acids lead to the protonation of ferrocene.
Therefore, in terms of oxidation, ferrocene is stable to hot concentrated
hydl"ochloric acid. Recently, protonation, and more generally, the electrophilic
subslitution mechanism has been studied by Mueller-Westerhoff [19] using
H/D-exchange experiments. As a result the authors found that substitution
should occur by exo-attack on the ring, followed by transfer of the proton to the
metal (Fig. 2.6.). In the back-reaction the proton is transferred back to either one
of the two rings.
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E = glectrophil, H*
Figure 2.6,Endo (path o) and Exo (path b) atlack pathways for the electrophilic substitution of
Serrocene discussed by Muclier-Weskerhoff (19)

For protonated ferrocene, a rapid equilibrium between ring- and metal-
prolonated species exists and the use of deuterated acids leads to rapid and
complete H/D-exchange. When bound to.the metal the proton transfers almost
all of its charge to the ferrocene. This species is best described as having an
almost neutral hydrogen atom attached to a ferrocenium system.

223, Substituent Effects on the Redox-Potential of Ferrocene

Substitution plays a significant role on the electrochemical behaviour of
ferrocene derivatives. Aromalic substituents attached to the cyclopentadienyl
rings can increase the redox-potential of ferrocene due to the mesomeric
stabilisation of the negative charge of the cyclopentydienyl ring. Other electron-
withdrawing groups sttached to the Cp-ring are also known to increase the
oxidation-potential. .

In contrast, the introduction of electron-donating functions to ferrocene
leads to a decrease of its redox-potential. For example, each alkyl group
decreases the half-wave potential Eyy2 by 47 mV. This decrease occurs whether
or not the alkyl groups are introduced successively at the same or different
rings. Furthermore, the positions within the ring have no influence either.
While alkyl, e.g. methyl groups favour oxidation, electron withdrawing groups
stabilise ferrocene with respect to the ferrocenium ion. For example carboxy or
ester groups increase the oxidation potential. Table 2.1. shows the redox-
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potentials of some substituted ferrocenes depending on the type and number of
substituents.

Table 2.1. Polarographic half wave potentials (E1/2) of various ferrocene derivatives versus a
Saturated Calomel Electrode {SCE) [16-18,20)

Compound Eip3 (mV}) Compound Egs2 (mV)
[CpaFe] +0.44 [(CpCOHNCpCaMe)Fe)l +0.85
[Cp" CpFe] +0.13 [{MeCp)zFe] +0.24
[Cpz’ Fe] -0.12 [(CpCOsH)CpFe] +0.62

224, Nature of Bonding in Ferrocene and Ferrocenium-lIon

Ferrocene is an 18-e~-system, whereas upon mono-oxidation results a 17-e"-
system. In ferrocene eight electrons occupy four strongly bonding orbitals that
are largely m-ring-orbitals in character. Four electrons reside in two bonding
orbitals, which provide the d-n interactions between the ring elg and the metal
dyx; and dy; orbitals. The remaining six electrons fill the nonbonding molecular
orbitals, which are the d;2 {a1p), and the dyy and d,(z.),2 {ezg) orbitals of the metal
centre.

For ferrocene it was found that the bond energy to ec!iﬁsed ferrocene (D5
symmetry) or any other rotamer (Ds-symmetry) is equal and consequently
nearly invariant to rotation. The presence of specific conformations is
therefore not governed by electronic effects but packing forces or by repulsive
effects of peripheral substituents.

The highest occupied orbitals are ajg and ez, with the lowest unoccupied
being e1p. The electronic ground state of diamagnetic ferrocene is a singlet, ‘Alg
(9234. 3132) and the electronic ground state of the paramagnetic ferrocenium-ion
is a doublet, 2Ep, (a15?, ezg?). The three highest filled and the two lowest empty
orbitals in both ferrocene and ferrocenium-ion are localised for the greater part
on the metal atomn (see Table 2.2.).
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Tabte 2.2 Electron configurations and energetic order of orbitals

in ferrocene and the ferrocenium-ion

componnd electron-configiuration energetic order of frontier
{ayg)?, (agu)2, (e1ol, (er, 1 orbitals
Fe{ep)2 (e2g)%, (ag)? elg > aig >ey
[Fe(cp)al* (a1g)?, (ee)’ el > €gg> aly

Upon ionisation the sequence of certain MO orbitals in ferrocene invert,
This means that the MO scheme is not static and modified with the charge of
the cyclopentadienyliron-complex.

The fowest two ionisation potentials at 6.85 and 7.20 eV in the photoeleciron
spectrum of ferrocene are due to the removal of electrons from the ey and alg
orbitals. These orbitals are assumed to be localised on the iron atom. One
would thus expect that the sequence of orbitals in ferrocene is ajg<ezg, which
means that the energy associated with the ajg orbital is larger. The reason is
found in the different extent of the electronic rearrangement which occurs
upon ionisation, depending on the nature of the orbital involved in the
ionisation process. For a ligand orbital (e, or eyg or a) there is little electronic
rearrangement upon ionisation. For a metal arbital (a1g or ezg) there is a
remarkable rearrangement upon ionisation: while these orbitals include a
small amount of ligand orbitals for the neutral molecule, they become nearly
pure metal orbitals for the ion.
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Figure 2.7. Qualitative MO diagram for ferrocene in its staggered conformation [21]

2.25. Molecular Geometry of Ferrocene and Ferrocenium-lon

The cyclopentadienyl ligands in ferrocene are flat and arrange themselves
co-planar 1o each other. The distance of 3.3 A between them is comparable to
the vertical van-der-Waals radius in an aromatic ring system. For example, the
interplanar distance of crystalline arenes was determined te be ¢a. 34 A,
Therefore, the ferrocene structure is best described as a dimer of two aromatic
ring systems incorporating an iron{ll) atom.

The two cyclopentadienyl] rings can nearly rotate freely and consequently a
very low rotation barrier is found. It is about 4-8 kJ mol'! depending on the
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substitution pattern of the ligands. The adoption of either staggered (Dsy) or
eclipsed (Dsp) conformations seems to be possible, whereas the eclipsed
conformation is a marginally preferred against the staggered conformation

(22,23}.

1= SR

Fe Fe
staggered eclipsed
Dsg Dsn

Figure 2.8. The hwo principle conformations of ferrocene

With such a small barrier there are various factors which can make the
staggered form more stable.’For example decamethylferrocene (1) both in the
gas phase and the crystal phase adopts the staggered conformation. In this case
repulsions of the methyl groups could be responsible for the difference. Apart
from the different conformations both ferrocene (3) and decamethylferrocene
(1) are very similar in' their structural parameters. Table 2.3. lists some
significant structural parameters of various ferrocenes and ferrocenium
compounds,

Table 2.3. Structural Data for some Ferrocene and Ferrocenium Compounds

Fe-C C-Cinring  Exocyclic el
{Al [A] C-C or
C-H{A]
|Fe{CsHs)al 2.064 1.440 1.104 +3.7
[Fe(CsM es)3] 2.064 1.439 1.503 -34
[Fe{CsHs) I TCNQ} 2.090 1.400 1.515 -
[Fe(CsHaMeX 3] 2.073 1.401 - -

Upon oxidation the cyclopentadienyl rings remain eclipsed in [Fe{CsHs);]* as
in ferrocene, whereas [Fe{CsMes);] undergoes an internal rolation from the
staggered to the eclipsed form upon oxidation. The Fe-C bond increases small
but significantly in going from ferrocene to ferrocenium. This is a reflection of
the fact that the ey orbilals are only weakly bonding but there is also a small
increase in the inter-ring distances on oxidalion as expected for the removal of
an electron.
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The influence of the counterion on the electronic structure and the
conformation of the two cyclopentadienyl rings in ferrocenium-cations has
been studied using Raman, Infrared, Low-Temperature Electronic Absorption,
and EPR-measurements [20,24]. X-ray investigations of various ferrocenium-
salts have been determined and show an average Fe-C-distance of 2.07 A for
different counterions. The authors condude, that such electron removal does
not defragment the original ferrocene framework and that the constancy of the
Fe-C-distance means that there is only little change due to the counterion.

23 Experimental Methods

231 Differential Scanning Calorimetry

Differential Scanning Calorimetry is an experimental method for the
investigation of phase transition processes in chemical compounds and
especially in liquid-crystalline substances. The main objective is to determine
the transition temperature and the transition enthalpy associated with a
process, The latter is measured by recording a heat flow, which is the result of a
constant heating rate. A small sample is heated or cooled such that the
temperature is a linear function of time. As the reference an empty sample pan
is heated or cooled at the same rate, that there is no temperature difference
between the sample and the reference pan. In the DS5C experiment the
difference of heat flow AQ is measured, which means the difference between
%ample the power to the sample, and QReferences the power to the reference.
(8Q-Q5ample-Qsample). AQ) is determined as a function of temperature. Any
endothermic process (example: melting, phase transition on heating from a
higher ordered LC state to a lower ordered LC state) will give tise to a peak in
one direction and any exothermic process (example: crystallisation, exotherme
reaction) will give rtise to a peak in the opposite direction. The onset
temperature is the characteristic temperature of the transition process and it is
determined by the intersection of the baseline prior to the thermal event and
the tangent of the peak. The parameters to consider in a DSC experiment are
the size of the sample, the heating rate and the temperature range in the case of
strong dependence of the thermal history. Usually the experiment is driven
under protection gas such as nitrogen. Normally heating rates of a few °C min
1 are chosen.
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23.2 Thermal Gravimetry

Thermal gravimetry is a experimental method for the determination of the
mass of a sample as a function of .temperature. A mass loss can indicate a
chemical process, for example the loss of a portion of the sample like a volatile
compound. Another example of a mass loss can be a chemical decomposition.
The parameters to consider in a thermogravimeiric analyses are the size of the
sample, the heating rate and the composition of the pure gas. The variation of
the heating rate can lead to superior resolution. Normaily heating rates
between 10 and 20°C min-! are chosen.

24. Literature Survey

In 1910 Vorlinder [25] reported the first thermotropic metal-containing
liquid crystals. The synthesised alkali carboxylates of type R-COzNa
(R=aliphatic or aromatic) displayed lamellar phases, which are typical for
amphiphilic molecules. In the meantime various different compounds were
synthesised and investigated. These efforts are focused in reviews by Giroud-
Godquin and Maitlis (1991)[26,27], Espinet et al. (1992} (28], Polishchak and
Timofeeva (1993) {29], Hudson and Maitlis (1993} [30] and recently by Neve
(1996) {31] dealing with transition metal based ionic mesogens. '

In this Chapter a literature overview will be presented concerning two
subjects. Firstly, various ferrocene- or ferrocenium-containing compounds will
be described. Especially, the influence of the substitution pattern on the
thermal stability of the ferrocene will be discussed. Attention will be alsa paid
to the mesomorphic properties.

Secondly, attention will be paid to compounds, being similar in their
molecular architecture or shape to those molecules, to be presented in this
thesis. This overview concentrates on a discussion. of the liquid-crystalline
properties of alkylpyridinium compounds. Silverstilbazole complexes will also -
be discussed.

24.1. Ferrocene and Ferrocenium Containing Liquid-Crystalline
Polymers

In 1995 Zentel and coworkers |5 reported redox-active liquid crystalline side
group copolymers containing a ferrocene unit. The corresponding ionomers
were synthesised by oxidation of the ferrocene core with benzoquinone in the
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presence of Cu{ClO4)z or H2504 (Fig. 2.9). However, only a small amount (up to
10%) of redox active monomer (ferrocene monomer} was copolymerised with
a mesogenic monamer. '

Due to this reason, a main result observed by Zentel was that the presence of
ferrocene units had only minor influence on the liquid crystalline properties of
the side group polymers. Even the oxidation of ferrocene to ferrocenium does
not strongly influence the mesophase behaviour. A comparison of the neutral
copolymer and the oxidised copolymer shows that the phase transition
temperatures of the oxidised copolymers confaining the monoalkylated
ferrocenes are only a few degrees higher. A smectic A and a nematic phase are
therefore observed for the oxidised polymers (X=OCH3). When heated into the
Sa-phase, the ClOg salt decomposes. For X=CN nematic phases are observed
{anion=CIOy4" and S037). :

In this study copolymers with different content of ferrocene were
synthesised. The mesophase width decreased with increasing ferracene content
and the glass transition temperatures of the oxidised polymers were shifted by
a few degrees to higher values compared to the corresponding reduced form.
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Figure 2.9, Synthesis of ionomers according to Zeatel [5]

The relation of redox potential and different degrees of ring alkylation in
precursors for potentially liquid-crystalline compounds was also investigated
by Zentel et al. [B] who synthesised the ferrocene derivatives shown in Figure
2.10. The redox behaviour of the dicls was determined and the authors found
that alkylation leads to a strong decrease of the redox potential. A decrease of 45
mV per alkyl chain was calculated for a comparison between the precursors
shown in Figure 210. (R=H, Eyy2= 0.23 V,; R=CH3, Ei;2= 0.14 V). For the
peralkylated ferrocene derivative (Eyy2 = 0.0 V) the reduction of the redox
potential per alkyl group was found to be smaller.
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RS (CHe)oOH ﬁ(cwam

Fe Fe
R (Crp) 4 OH )-_‘?—L(cmm
R = H, CHy

Figure 2,10, Ferrocene precursors for the synthesis of ferrocene-containing copolyesters |8]

Condensation of the diols yielded the polyesters shown in Figure 2.11. The
redox potential increases by about 40 to 50 mV in going from the monomer to
the polymer. The authors proposed that this increase in the redox potential by
polymerisation is presumably due to a charge transfer interaction through the
space between the electron poor ester groups and the ferrocene unit.
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Figure 2.11. Polymers synthesised by Zentel [8]
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The polycondensation of the peralkylated ferrocene diol (Fig. 2.10.) with
allylmalonate and 4,4'-Bis(6-hydroxyhexyloxy}biphenyl resulied in the
formation of a liquid-crystalline main chain polymer, peralkylated at the
ferrocene unit (Fig. 2.11.). This polymer exhibited enantiotropic Sg and Sp
phases. The authors note that these results show that the ferrocene unit is
compatible with liquid-crystalline phases. However, the degree of incorporated
ferrocene containing monomer is only about 9%. In this study no attempt to
oxidise the ferrocene unit was undertaken.

Tanaka et al. [32] synthesised some monosubstituted ferrocenyl acrylates and
the corresponding polymers. Thermal properties were investigated, both for
monomers and polymers (Fig. 2.12.).

The resulting polymers were mixed with TCNE in the solid state at room
temperature to demonstrate the formation of a charge-transfer complex.
Indeed an ESR spectrum of the resulting compound showed the formation of
unpaired electrons, as indicated by a broad singlet. No further investigations of
the oxidised species such as the investigation of the liquid-crystalline
properties were undertaken.

m

W W=
S

COO -(CHan -0 O{Ci-lz}n — 00C -@
n=56 f:;

<>

ne 11

l reaction with TCNE

?

Figure 212 Side chain ferrocene containing polymers synthesised by Taonaka et ol [32]
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In 1995 Cook ]33] et al. presented an octasubstituted phthalocyanine
containing a monosubstituted ferrocenyl core in one side-chain (Fig. 2.13.).
This derivative is presented as the first example of a liquid crystalline
ferrocenyl phthalocyanine. It exhibits a single mesophase which was
characterised as a discotic cofumnar mesophase of hexagonal symmetry {Coly).

A thin film was produced by spin coating techniques. Upon treatment of this
film with jodine vapours the colour of the film changed from green to brown,
indicating the oxidation of the ferrocene core. A visible region spectrum of this
film also showed typical absorption maxima of a iron(lll)cyclopentadienyl
complex. However, after 40 min no more oxidised substance was detected.
Probably due to the increased redox potential of this compound, bearing an
electron-withdrawing COx-function at the ferrocene unit, the obtained oxidised
compound was thermodynamically not stable. No further investigations of the
oxidised species such as the investigation of the fiquid-crystalline properties
were undertaken.

R

R N~ 7\ N R
Ny
N N
H \Y
R WSS N\—,‘ A
A (CHala — e @ k
Fe

R= CgHyz

Figure 213. Ferrocene derivative showing a columnar mesophase synthesised by Cook ¢t al. (33]

2.4.2. Liquid-Crystalline Ferracenes

The first ferrocene containing liquid-crystals were prepared by Malthéte in
1976 [34]. Since 1988 different groups have started to investigate the liquid-
crystalline properties of ferrocene-derivatives [35-37). In the meantime, mainly
disubstituted ferrocenes (either ‘1,1, 1,2 or 13-position) have been studied.
Recently these results were summarised in a review by Deschenaux and
Goodby [1]. Mesogenic side groups are predominantly connected via ester
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groups to the ferrocene unit, which makes it difficult to oxidise the iron-centre
due to the increased oxidation potential of such ferrocene derivatives.

2.4.3. Liquid-Crystalline Pyridinium-Salts

The pyridinium complexes , shown in Figure 2.14. can be easily obtained by
N-alkylation of pyridine with the appropriate alkylhalogenide [38). The final
molecules contain three distinct parts: a flexible aliphatic chain, a rigid
polarisable aromatic core and a pyridinium ring. The. latter is charged
positively and associated with a negatively charged counterion like chloride,
bromide or iodide. The authors report layered mesophases for all molecules,
namely smectic in nature and A,B and/ or-E in type.

O) :N—(cve),.o—.—.—ocm

- n=§, 8,10, i2
X =l Br, |
Figure 2,14, Molecular structure of N-alkylpyridinium derivatives |38]

These subsiances show always a marked hysteresis upon cooling when
undergoing the transition from the liquid-crystalline state to the crystalline
state. This phenomena, of large supercooling periods is explained with the
increased viscosity of such ionic species in comparison with non-ionic
molecules. The present compounds are thermally stable up to 180°C. The
structure of the smectic phase is ascribed as a head to tail arrangement. 1t seems
plausible that the anions arrange themselves close to the positively charged
ring. A schematic representation of the head to tail arrangement within the
smectic layer is shown in Figure 2.15.
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O \ anion
non ionic part
/ pyridinium-rii

Figure 215, Schematic representation of the head fo tail arrangement

within the smectic layers [38)

As a result, the amphiphilic character of the molecules is associated with the
segregation phenomena which is more complex than in layered phases formed
by "usual smectogenic molecules”. The electric interactions between the jonic
parts overbalance the van-der-Waals effective repulsions. In case of these
alkylpyridinium compounds two sublayers are formed: one containing the
ionic part of the molecules and the other with the non-ionic parts, regardless of
whether these are aromatic or aliphatic in nature.

Recently Guillon and co-workers [39] investigated the influence of the
substitution pattern on the pyridinium ring in pyridinium bromides (Fig.
2.16.}. An ethyl group was therefore positioned at each of the three available
positions (2-, 3- or 4-position) at the pyridinium ring. 3-substituted derivatives
do not show mesomorphism, whereas the 2- and 4-substituted derivatives
form smectic phases (A, B or E in type) in case of a spacer length of 9 or 11
carbon atoms. The compounds with shorter spacer length such as 5 ar 7 carbon
atoms do not show mesomorphic behaviour. It is suggested - that the 3-
substituted derivatives pack more efficiently than their 2- or 4-substituted
isomers. Figure 2.17. demonstrates the proposed arrangement of synthesised
salts in the liquid-crystalline phase.

R? R?
- nwe57,9 1
Br

R = Et ( monosubstituted either in 2-, 3- or 4-positii
Figure 2.16. N-Alkyl(ethylpyridinium)bromides o-substituted with a
methoxybiphenyl group |39]
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The molecular arrangement of these compounds in the smectic phase is
similar fo the non-alkylated derivatives (Fig. 2.14). The anions are sandwiched
between the positively charged pyridinium rings in an up and down
distribution. In such an arrangement the molecules are laterally positioned
head to tail, having their long-axis perpendicular to the smectic planes. X-ray
investigations and the calculated length for the rod-like ijonic part of the
molecules in their most extended configurations indicated the single layered
arrangement as shown in Figure 2.17. In general, the authors conclude that
ethy] substitution of the pyridinium rings lowered the thermal stability of the
mesophases observed, but left the anisotropic domain unaffected.

Oﬁoﬁ OO 00000
000
[CfoLfo OKO
{a) {b) (c)

Figure 217, Schematic representation of the heed fo tail arrangement of the (o} 2-
ethylpyridinium, (b) 3-ethylpyridinium ond (c) 4-ethylpyridinium salts [39]

Jegal and Blumstein {40] studied the thermotropic mesophases of two
polymers containing pyridinium-salts in the main chain (Fig. 2.18.). The
counterions were bromide or tosylate. The polymers containing a bromide
counterion are characterised by high melting points probably due to a high
level of ionic interaction. They decompose on melting and do not display
mesomorphic behaviour. The polymer containing a tosylate anion displayed a
broad endotherm in the temperature range from 50 to 120°C on the first
heating which disappeared on subsequent heating cycles. Microscopic
investigations showed a broad enantiotropic mesophase, probably of smectic
nature.
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Figure 2.18 Pyridinium containing main chain polymers with bromide or tosylate anions [40]

The authors conclude that organic counterions favour the formation of
mesophases by lowering the melting point of the jonic polymer. The
compound which contains the bromide counterion, is characterised by a high
melting point and does not show mesophase behaviour.

Various other investigations on liquid-crystaltine pyridinium salts were
undertaken {39,41,4147). The authors discuss mainly the influence of chain
tength and the chemical archilecture of the cation bearing a pyridinium ring.
Liquid-crystalline phases found were always of layered structure.

24.4. Silver Stilbazole-Complexes

A preat variety of silverstilbazole complexes has been investigated [41,48).
For the complex shown in Figure 2.19. a systematic investigation of the
influence of the counterion on the mesomorphic properties was completed
[49]. The complexes with X=BF3y were unstable to light and heat but formed
smectic phases at high temperatures. With X=NOj smectic A and C phases
were observed. For the triflate anion a richer polymorphism was observed. The
homologues with n=1-4 showed a nematic phase whereas those for higher
homologues exhibited smectic A and C phases, and a crystal smectic G phase.
The use of the long chain dodecylsulphate (X=H35C170503) or octylsulphate
(XnH]ngOSO;) as counterions lowered considerably the melting and clearing
temperatures. These salts showed a rich polymorphism, such as a nematic,
smectic A and C and a cubic phase. In general, the compounds with the
octylsulphate counterion, showed similar mesophases.
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oy ORI

X = BFy, NO3, OTf, HasC12080 3, Hy7Ca 080 5
R = Cytana n=1-12
Figure 2.19. Silver stilbazoles synthesised by Bruce et al. [49]

2.4.5. Conclusion

In recent years, there has been continuing interest in ferrocene-containing
liquid-crystals. Most of the complexes were disubstituted ferrocenes, either in
1,1- [50] or in 13-position [3751]. Only some compounds were
monosubstituted {52-54]. While these compounds have generated many new
liquid-crystalline systems, no attempt was undertaken to oxidise the ferrocene-
core in order to study the influence of this process on the liquid-crystalline
properties.

In contrast, ferrocene was incorporated into some liquid-crystalline
copolymers and these materials were oxidised at the ferrocene core using
varying oxidants (hydroquinone / sulphuric acid, Cu{ClO4)?) [5]. However, due
to the small content of ferrocene (only up to 9% of ferrocene-ccntaining
monomer was engaged in the polymerisation), the mesophase behaviour of
the synihesised copolymers showed only minor changes upon oxidation of the
ferrocene core (isotropization temperalures were shifted some degrees to
higher temperatures). A liquid-crystalline polymer, based on a ferrocene
containing monomer was also oxidised using TCNE {32], but the paramagnetic
properties were only investigated at low temperatures. Their liquid-crystalline
properties were not investigated. Probably, this was due to the presence of a
radical anion which gives rise to decomposition upon heating.
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The general purposes of this thesis are to examine liquid-crystalline
ferrocenes and mesomorphic ferrocenium containing compounds. We will
focus mainly on the effects on the liquid-crystalline properties resulting from
the oxidation of the ferrocene unit in a mesogenic compound.

Therefore, the important questions addressed are: which are the factors
governing the formation of thermotropic mesophases in ferrocenium-
containing compounds and; what is the relation between the molecular
architecture and the formation of mesophases. Therefore, we will
independently vary the following parameters:

(i)  the length of the terminal alkyl chain;

{ii)  the length of the flexible spacer connecting the ferrocenium-unit to the
mesogenic core;

(iii) the number of aromatic rings in the mesogenic core and,

(iv) the type of counter-anion.

This will enable us to generate some structure-property relationships.

Questions addressed in this thesis are:

(i)  what is the relation between the substitution pattern of the ferrocene
core and the redox potential of these compounds and;

(ii)  which are the factors governing the formation of mesophases in such
systems.

Another point to be noticed in this work is the influence of the molecular
architecture on the mesophase behaviour in some "monosubstituted”
ferrocenes. Structural modifications of the promesogenic core will be
particularly examined.

Finally, a series of non-symmetrically disubstituted ferrocenes will be
presented. The systematic reduction in symmetry should give rise to lower
transition temperatures and an increase of the anisotropic domain.
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41 Decamethylferrocene (1) and Pentamethylferracene (2)

Substituents play an important role on the redox properties of ferrocene. They
can have either electron-donor or electron-acceptor properties. In order to vary
the redox potential of ferrocene, different degrees of substitution with methyl
and/or alkyl groups were used. These ferrocenes should be oxidisable under
mild conditions to the corresponding ferrocenium ions. Pentamethyl
cyclopentadienyl, CsMes, (Cp’), has been widely used as an electron-donating
ligand and convenient synthetic routes to CsMesH (4) have been reported
recently [2,55]. )

Halfsandwich iron({ll} complexes (CsHsFeR; R=acac, Br, Cl) are versatile
starting materials for the synthesis of bileptic dicyclopentadienyl iron{lI)
compounds. Recently such precursors have been described {9,56]. For example,
iron halide complexes are unstable in THF solution above ca. -80°C whereas
iron acetylacetonaté-complexes, due to the potentially chelating O-donor
properties, are more stable. To synthesise the bileptic pentamethylferrocene (2)
(10,57-61) and decamethylferrocene (1) [2,62,63] different literature procedures
are known. Nevertheless, the synthesis of pentamethylferrocene (2) seems to
be not well established.

1. mBui, THF, -80 to 20°C Xci
- Fe

2
2. FeCla, -10 to 45°C 2:;;
4 79%
1
1. mBuli, THF, ﬁ( Nacp DME,
-80 to0 20°C . .30 to 45°¢ N2
L, Fe
2. Fe{acac)k, o b @;
-80 to -30°C
4 AN s5% (over 2steps)
Scheme 4.1.

Pentamethylferrocene (2) has been synthesised following a literature
procedure for related ferrocene derivatives [10] (Scheme 4.1.). When a mixtute
of equimolar amounts of iron{Il} acetylacetonate [57,64] and LiCp" in THF
warmed from -78°C to -30°C, a gradual colour change from brown to dark
blue/green was observed above -40°C. This indicated the formation of the
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acetylacetonato intermediate. However, it was not possible to isolate this
intermediate. Following experimental procedures published recently {60] for
the synthesis of bileplic ferracenes, the sclution was cooled again to -78°C and
reacted with one equivalent of NaCp DME [65], resulting in
pen'iamethytferrocene (2).

Decamethylferrocene (1) was synthesised by reacting two equivalents of
LiCp" with ferrous chloride at -78°C following well established procedures {2,62]
{Scheme 4.1.).

4.2. Chemical Oxidation of Ferrocenes

The aim of this work was to investigate the oxidation of ferrocenes, specifically
of those substituted with methyl groups. The oxidation of ferracene (3) with
iodine was already reported {66,67] and represents one of the most convenient
procedures for the preparation of ferrocenium salts. The reaction leads to
ferrocenium polyiodides (5) of variable anion composition (triiodide,
pentaiodide or heptaicdide salts have been characterised) {66] (Scheme 4.2.).
Ferrocenophanes have also been oxidised with 1.

In this thesis the triiodide salt 5 was synthesised in order to study its thermal
stability. These salts are thermally not stable and decompose on heating.

Fe : X
76% (anion=ly)

@ I3, benzene <] ®|_@
Fe Xah kb

Scheme 4.2

The aim of this section is to understand the influence of meli‘ay]ation on the
redox potential of ferrocene and the search for oxidants. The use of other
oxidants should lead to ferrocenium salts containing other counterions and
therefore make it ‘possible to investigate the thermal behaviour of salts, which
are thermally more stable. The synthesis and structures of the investigated
compounds are shown in Scheme 4.3.

For example DDQ can be used for the oxidation of ferrocene [12}. The
corresponding- charge-transfer complex 11, containing a radical anion as a
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counterion, was isclated in good yieid. DSC investigations of compound 11
showed a strong exothermic signal upon heating, indicating decomposition.

In contrast the use of silver tosylate did not afford an oxidised ferrocenium
species, No change of colour was observed during the reaction period which
indicated that ferrocene (3) remained nnreacted. These observations underline
that the oxidation-potential of ferrocene (3) is too high to be oxidised with a
silver salt under these conditions.

In order to obtain further information about the oxidation of ferrocenes,
decamethylferrocene (1) and pentamethylferrocene (2} were reacted with silver
tosylate. The reaction resulted in the complete oxidation of the ferrocene
derivatives 1and 2 as visualised by a colour change of the reaction mixture
from yellow to green. Upon heating, these salts were stable until the melting
process began, For decamethylferrocenium tosylate {(6) the data obtained from a
DSC measurement showed a sharp endothermic- melting peak at 290°C. This
was followed by a smalfi exothermic peak corresponding to the decomposition
of the tosylate-salt § in the isotropic melt at about 295°C. The corresponding
pentamethylferrocenium tosylate (7) decomposed at 134°C as indicated by DSC
measurements.

Pentamethylferrocene (2) was also oxidised with Oz according to a literature
procedure [24]. In this work Duggan and Hendrickson used O3 for the oxidation
of ferrocene in the presence of trichloroacetic acid. This resulted in the
formation of a ferrocenium salt as trichloroacetic acid-adduct. The use of
pentamethylferrocene (2) under the same experimental conditions (benzene, 5
eq. of pentafluoropropionic acid) revealed a similar result. In this experiment
the adduct 10 was isolated. The elemental analyses was consistent with the
formula of the compound having structure 10. Upon heating, compound 10
decomposed at 169°C.

The use of leq. of silver heptafluorobutyrate in a mixture of CHClz/ acetone
resulted in the formation of the salt 9. The counterion was
heptaflucrobutyrate. A closer look and explanation of the decomposition
process of compound 9 upon heating will be discussed in Chapter 5.



Synthesis and Mesomorphism

“lsm e o

78% [(i) 75% | (i) 4)
> —g << <=

- ZE z
LI 2 3
CCaF 7,
éﬁ;é& v 0z, benzene, DOQ, hexane,
86% | acetons, 21%| HOCC,Fs ~ 97%| benzene,
y 1min, 25°C 10min, 25'C

F’dﬁ’z N P>
S s

02057 020CaFs HO2CCoFs
8 ‘ 10

{i) =AgOTs, CH 2Ch, acetone, 1min, 25°C
Scheme 4.3,

Table 4.1. Decomposition temperatures [°C] of salls 6-11

componnd dec. [°C]
6 290-295
? 154
9 140
10 169
11 175
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The permethylated ferrocenium derivatives containing a tosylate as
counterion seemed to be thermally more stable than those containing other
anions. The use of the tosylate counterion in ferrocenium containing liquid
crystals seemed therefore to be advantageous. Non-methylated ferrocenes can
not be oxidised using silver tosylate. For these reasons we have focused our
attention on the development of peralkylated ferrocene precursors.

4.3. The Synthesis of Ferrocene Precursors

The main problem was to develop a method which allows carbon-carbon bond
formation between a persubstituted ferrocene and a spacer group. This spacer is
believed to connect the mesogenic unit to the ferrocene core. However, in
view of the plannified oxidation of the ferroceny! moiety, an electron donating
substituent should be chosen.

As a preferable preparative method the selective oxidation of one methyl
group of decamethylferrocene (1) was found. This reaction yields as the main
product an aldehyde which itself can be engaged in the second step for carbon-
carbon bond formation.

In the first step we prepared, according to a literature procedure [68-72],
nonamethyliferrocene carboxaldehyde (12)(Scheme 4.4.). The reaction
employing barium manganate resulted in the formation of a mixture of three
products: compound 12 (42%), octamethylferrocene-1,1-dicarboxdialdehyde
(1%) and octamethylferrocene-1,2-dicarboxdialdehyde (10%). The
monoaldehyde 12 was easily separated by column chromatography. The 1,1'-
and 1,2-dialdehyde could not be separated by chromatographic techniques and
.were therefore isolated as mixture. Finally, unreacted decamethylferrocene (1)
was recovered in 35% yield.

1,23 4" ,5-Pentamethylferrocene-1-carboxaldehyde (14) was prepared
according to a literature procedure by reaction of pentamethylferrocene (2) with
phosphoroxychloride and  N,N-dimethylformamide under Vilsmeyer
conditions in good vield [56].

Ferrocenecarboxaldehyde (16) is commercially available.

The Wittig reaction can be an effective method for stereoseleclive synthesis
of carbon-carbon double bonds. Aldehydes react with non-stabilised
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phosphonium-ylides to produce predominantly cis-olefines. Reaction of
ferrocene carboxaldehyde (16) with an ylide generated from PhiP*(CH2)4CO2H
Brand KO-tBu in THF, under conditions that are widely employed for Wittig-
reactions, provided a good yield of é-ferrocenyl-5-hexenoic acid (17) with a
60/40 cis/trans ratio. However, in the case of the sterical hindered
polysubstituted ferrocene aldehydes 12 and 14, only the trans-products 13 and
15 were obtained. The synthetic pathways leading to compounds 13, 15 and 17
are outlined in Scheme 4.4.
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Scheme 4.4.

Aldehydes 12 and 14 were also reacted under Wiltig reaction conditions in
the presence of (4-carboxybenzyl)triphenyl-phosphonium bromide [73]. This
reaction provided the acids 18 and 19 (Scheme 4.5.). Both reactions furnished
only the trans-isomers.
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Scheme 4.5.
4.3.1. Conclusion

Electron-donating sabstituents were introduced on the ferrocene unit to lower
its oxidation potential.

One methyl group of decamethylferrocene (1) was oxidised according to
literature procedures to give the aldehyde 12. At this step the carbony! function
in compound 12 gave way for carbon-carbon bond formation using (4~
carboxybutyl}triphenyl-phosphenium  bromide under  Willig  reaction
conditions. in view of the oxidation potential of the targeted ferracene-
derivatives it seemed advantageous to introduce a five membered spacer. This
spacer separates the electron withdrawing carboxy function.

However, in a subsequent reaction step, the double bond, in conjugation to
the ¢yclopentadienyl ring, should be transformed to a single bond.

This resulting permethylated ferrocene core displays a redox-active unit and
its oxidation potential is considerably lowered in comparison to those of
ferrocene (3). In view of calamitic liquid-crystalline phase farmation, however,
it seemed unfavourable to further increase the steric hindrance of such a
molecular fragment.
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44. Polymethylated Ferrocenes and Ferrocenium Compounds

441 Ferrocenes and Ferrocenium-Derivatives Bearing Four Aromatic
Rings in the Mesogenic Unit

A permethylated ferrocene core undergoes facile oxidation under acidic
conditions. Therefore, in the first step the esterification of the acid 13 with the
4-hydroxy-4'-benzyloxy biphenyl (20j)[74] was realised under mild conditions
{Scheme 4.6.). These experimental conditions will be used as standard
experimental conditions for esterification [75] (DCC, Ppy, CHxCly, 25°C, 3 h)
unless stated otherwise. 1t should be noted that the yields of this reaction were
normally between 60-80 %.

In the second step the protected biphenyl 21 was deprotected. The double
bond was reduced at the same time. The experimental conditions used in this
reaction will be used as standard experimental conditions for reactions
performed under I-iz-atmosphere (deprotection: Hj 4 bars, 10% Pd/C-catalyst,
CH;Cly, E¥OH, 25°C, 8 h; hydrogenation of double bond: H; 4 bars, 10% Pd/C-
catalyst, CH;Clp, EtOH, 25°C, 30 min).

The main idea behind the use of a molecular architecture bearing four
aromatic units in its rigid core, such as in compounds 24-27, is a long
promesogenic core. Instead of the bulkiness of the permethylated ferrocenyl
moiety it seemed likely that such a long system should display liquid-crystal
behaviour. However, it is known [76,77] that such systems show considerably
increased transition temperatures.

Subsequent esterification of 22 with the acids 23a-d [78,79] led to compounds
24-27. In the last reaction step the ferrocene core was oxidised with leq. of
AgOTs, AgOTf or ApO;CCiFy,  respectively, in  CHpCly/facetone. The
experimental conditions used for this oxidation will be used as our standard
oxidation procedure (AgX, [X-=OTs-, OTF, CaF7C0Oq7), CH;3Cl, acetone, 25°C,
some minutes) unless stated otherwise. After purification of . the crude
products by column chromatography and crystallisation, analytically pure
products were obtained.
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Table 4.2 Adopled numbering scheme for componnds 2427 (a-¢

" ferrocene OTs - C3HAOy | Off
[ 4 24a b -
10 25 25 Xb 25¢
14 26 . 26a i) 26¢
18 27 27a 1] 27c

“Non-oxidised” ferrocenes derivatives (compoiinds 24-27)

Ferrocenes 24-27 show mesophases with dominating nematic character and
relatively high melting and isotropisation temperatures for short alkyl chains.
The variation of the terminal groups of the mesogens shows that the alkyl
chains have a strong influence on the mesophase behaviour. For longer alkoxy
« chains both melting and clearing temperatures were lowered considerably. All
derivatives showed nematic phases with a mesophase range of about 10°C. The
mesophase was characterised by a typical schlieren texture and droplets (Figure
4.2). The octadecyloxy-derivative (27) exhibits an additional monotropic
smectic C phase as indicated by its optical texture (Figure 4.3.). The transition '
temperatures and enthalpies are summarised in Table 4.3. and the phase
diagram is shown in Figure 4.4. The DSC analysis for compound 27 is given in

Figure 4.1.

-

a&ng>

Cryst

S¢

1
100,

Figure 4.1. DSC scan oblained of compound 27; first cooling and

second heating run; scan rate 10°C min*T;
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Table 4.3. Phase trunsition temperatures {°C] and enthalpy changes [k} mol*1] of compounds 24-27

compound : n crystN Niis ¢ NS . Scferyst
2 6 199 (35.1) 215 (0.6) - -
25 10 189 (49.3) 195 (0.4) - -
26 4 167 (43.3) 183 (0.6) - -
27 18 161 (37.1) 171 (1.7) (158) (2.1) 148 (52.8)
T 220
g 210 |
@ iso
E o
2
180 N
170~
160
150 (S
140 T T )
6 10 14 18

number of carbon atoms [n}
Figure 4.4. Phasc diagram of ferrocenc-derivatives 24-27; A: melting point (% isotropisation,
&k N ~8( trunsition

Oxidised compounds (compounds 24a.b, 25a-c, 26a-c and 27a-c)

Tosylate as ceunterion (compounds 24a, 25a, 26a and 27a)

All synthesised salts containing a tosvlate counter-anion showed an
enantiotropic smectic A phase (Table 4.4.). Compound 27a showed an
additional enantiotropic smectic C phase and compound 26a exhibiled a
monotropic smectic C phase. Upon heating into the isotropic liquid, all
substances decomposed. This made it sometimes difficult to observe correct
transition temperatures and optical textures. All compounds displayed an oily
streak texture with large homeotropic domains (Fig. 4.6.). These textures are




Synthesis and Mesomorphisin 44

characteristic to smectic A phases. The smectic C phases of 26a and 27a were
idemified upon cacling the substances from the smectic A phase (without
heating before into the isotropic liquid), showing a typical sanded texture (Fig.
4.7.). The results are summarised in Figure 4.5.

Table 4.4. Phase- transition temperatures [°C] and entholpy-changes [k{ mof'llofcmpormds 24a,
25a, 26a and 27a), ¥ no enthalpy change conid be measured

compound | ”n crystiS A Sal Sc Saliso crystlise
241 [} - - (148(4.1%) 184 (71.2)
215a 10 141 (53.6} - 159 (3.5) -
26a 14 129(56.2) (100)2 170 (2.8) -
27 18 133 (59.8) 1389 180 (0.9) -
? 2001 iso
2 180 .
)
% 160
8
140 - g
\‘ E SC
120 - lSc]
100 - a
80 T T 1
6 10 14 18
number of carbon atoms [h]

Figure 4.8. Phase diagram for ferrocenium losylates 24a, 25a, 26a and 270; A: melting point ;
& isotropisation, & SC 54
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Heptafluorobulyrate as counterion (24b, 25b, 26k and 271)

When heated, all ferracenium heptafluorobutyrates showed simitar thermal
behaviour. Upan heating at about 140°C, a liquid-crystalline-like texture was
observed wherein the phase formed a webbing pattern of focal-conic-like
defects. In the bounding area decampased material and gaseous material were
observed. The substance turned slowly brown indicating a decomposition
pracess. Thermogravimetric experiments shawed a weight lass for each of the
heptafluorobutyrate salts between 120 and 130°C (for a closer look see Chapter
5). After reaching a plateau at about 200°C all compounds began to decompase
completely. The thermal behaviour of compounds 24b-27b is summarised in
Table 4.5,

Table 4.5. Decomposition temperatures [°C] of compounds 24b-27b determined by microscopic

ohservations and T mepsuremnents

compaund ‘ L . dee.
24 . L] ~120
25b 10 ~120
26b 14 ~120
m 18 ~120

T:'-a'ﬂnorosrdplmnau as counterion f(componnds 25¢, 26¢ and 27¢}

With one exception, the salts containing a triflate counterion did not display
mesomorphic behaviour. Only the derivative bearing the octadecylony
terminal chain displayed a monotropic liquid-crystailine phase. When heated,
27¢ melted into an isotropic liquid at 211°C When cooled at 192°C the
formation of batonnets was abserved, indicating the formatian of a smectic A
phase. The transition temperatures and enthalpies are summarised in Table
4.6,
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Table 4.6. Phase transition temperatures {°C] and enthalpy-changes (k] mol1]
of compounnds 25¢-27¢h

conpound " crystjferysty crystfiso Iso/54
25¢ 10 - 210(43.7)
26c 14 173 (6. 1) 207 (23.9) -
27¢ 18 168 (31.6) 211(26.5) {192) (18.9)
4.4.2, Ferrncene and Ferrocenium Derivatives Beanng Three Aromatic

Rings in the Mesogenic Core

4.4.21. Derivatives Incorpnrating a Long Spacer (compnunds 31
and 3la-g}

To obtain further information about the influence of the counterion on the
liquid-crystalline pi'operties of ferrocenium salts we investigated seven
different counter-anions. Specifically, we studied the tosylate, triflate,
trifuoroacetate, pentaflucropropicnate and heptafluornbutyrate anions and
twn radical anians (TCNE-, TCNGR).

The ferrocenium salts 31a-gwere prepared by 2 synthetic route (Scheme 4.7.)
which started with the reaction of nonamethylferrocene-hexenoic acid (13)
with 10-(4-benzyloxy-phenoxy)-decani-1ot (28)[80}] to afford the benzyl protected
phenol 29. Deprotection of 29 (see standard experimental deprolection
procedure) afforded the phenol derivative 30 {the double bond was also
reduced in this reaction step). Subsequent esterification of 30 with 4-
octad ecyloxybenzoi¢ acid-4-carboxyphenyl ester (23d), according to the standard
esterification procedure, yielded the liquid-crystalline ferrocene-derivative 31.
Oxidation of the ferrocene moiety using different oxidising agents (AgOTs,
AgOTE AgOaCF; AgOCCoFs, AgO2CCiF7, TCNQ, TCNE) afforded the
ferrocenium salts Jla-g.

Mesomorpliic  behaviour
~ When heated, compound 31 melted at 80°C to a smectic C phase which
transformed at 89°C tn a smedtic A ‘phase. The lalter cleared at 95°C into the
isotropic melt. At a scanning rate of 10°C min-! the DSC thermogram of 31
showed very broad transitions. Even at a scanning rate of 1°C min-l melting
and clearing transitions overlapped and no enthalpy changes could be
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determined. The results are compared with those obtained for the non-
nxidised ferrocene derivative 31 (see Table 4.7.).

The oxidation of compound 31 with silver tosylate gave only minor changes
in the liquid-crystalline properties. Compound 31a exhibiled the same
mesophases as compound 31. The mesophase range remained nearly
unaffected (16°C) whereas transition temperatures were approximately 10°C
higher. Figure 4.8. shows a typical example of a DSC thermogram at a scanning
rate of 2°C min-1. Upon cooling a partial crystallisation was observed whereas
also a glass transition was seen in the DSC,

The salt 31b bearing a triflate counter-anion showed a remarkably different
phase behaviour. When heated, compound 31b gave an endotherm at 131°C
which corresponded to the formation of an isetropic fluid. On cooling, an
exotherm was detected. Polarised optical microscopy revealed the formation of
a crystalline phase. .

Oxidation of compound 31 with AgOxCFz, AgOCCyFs and AgOCCiFy,
respectively, afforded the salts 31c, 31d and 31e also exhibiting a smectic C and
smectic A phase on heating. The mesophase range was slightly broader for
compounds 31d (19°C) and 3le (24°C) when compared te the non-oxidised
species. Compound 31c was amorphous. No melting peak was registered.

The use of TCNE as an oxidant led to the deeply coloured ferrocenium
charge-transfer complex 31f containing the TCNE radical-anion as the
counterion. This material was only stable if stored at -30°C, but decomposed
slowly at room temperature. DSC measurements of 31f showed only an
exothermic signal upon heating with an onset temperature of 50°C, thus
indicating decomposition. The analogous oxidation of 31 with TCNQ produced
the charge-transfer complex 31g, also not stable upon heating. This compound
showed a similar thermal behaviour as the TCNE-compiexe.

In conclusion, all liquid-crystalline salts (31a, 31c, 31d and 31e) displayed
focal conic textures growing from the isotropic phase as batonnets and/or large
homeotropic domains. A smectic C and a sinectic A phase were always
observed whereas the mesophase range was slightly broader than in the case of
the non-oxidised precursor.
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The use of a small counler-anion like triflate {compound 31b} did not favour
the formation of liquid-crystalline phases. Salts bearing radical anions as
counier-anions were thermally not stable.

At a scanning rate of 10°C min-! ali liquid-crystalline compounds showed
broad melting peaks and brood isotropisation peaks. Furthermore,
crystatlisation rarely occurred at a cooling rate of 10°C min-l. On cooling, these
salts formed glassy states rather than erystalline states.

The DSC results were thus in agreement with microscopic observations. The
transition temperatures and enthalpies, summarised in Table 4.7, were
determined either by microscopic investigations and/or DSC measurements.
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Table 4.7. Phase transition temperatures [°C) und enthalpy-changes {kf
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4.4.2.2. The Influence of Different Substitution Patterns of Ferrocenes on
the Liquid-Crystalline and Redox Properties

The synthesis of compound 34 is shown in Scheme 4.8. Compound 34 was
synthesised by esterification of ferrocenecarboxyiic acid with the phenal-
derivative 33, using the standard esterificalion method. Compounds 34-43
were synthesised by synthelic routes, shown in Scheme 4.9. The acids 13, 15, 17
and 35 [81] were converled into the esters 36, 38, 40 and 42 in the presence of
DCC and Ppy. The final ferrocene-derivatives 37, 39, 41 and 43 were achieved by
reductinn of the double bond in the presence of Ha and Pd/C eatalyst.

) 70004 00 ~_)—4_)-0Cor
f
2% @e>> 34
32

‘HO 00 —@—O—ocm
(i) = O_Ca 2 “

DCC, Ppy cat., CHpCY, 25°C, 3h

<S—coon
Fe

Scheme 4.8,
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4.4.2.2.1, Electrnchemical Behavinur

Cyclic voltammetry experiments were performed in order to study the
electrochemical properties of the seven compounds. These compounds present
ferrocene derivatives, fitted with an electroactive ferrocene group for
reversible electron exchange. All derivatives contained the same rigid core, so
that other effects than those coming from the substitution pattern of the
ferrocenyl moiety could be excluded.

All compounds undergo a one-electron reversible oxidation centred at the
iron atom. The effects of the substituents on the half-wave oxidation potential
is demonstrated in terms of their electronic properties (Table 4.8.). These
results are discussed in Chapter 5.

Table 4.8, Electrochemical data of ferrocenes derivatives differing in their substitution pattern,
compound Eina fv] E fmV}] Eap (V)irrev.
vs SCE
3 . . 0.84 140 +1.65
36 © 069 140 +1.65
37 0.53 144 +163
a8 0.51 140 +1.66
3 0.45 130 +163
41 0.18 1o +165
4 -0.07 122 +1.469

4.4.2.2.2.  Liquid Crystalline Properties

In Scheme 4.9. several mesogenic ferrocene derivatives with different
structures and their synthesis are contrasted, but all of them possess the same
promesogenic unit. The liguid-crysialline properiies of these compounds have
been studied. For compound 38 no investigations were. undertaken, because
this substance represents a cis/trans-mixture. Compound 40 was not isolated
but engaged without further purification in the folowing reaction step.
Therefore no invesligélions af the liquid-crystalline behaviour were
undertaken. The transition temperatures |°C| and enthalpy changes [k} mol-l]
are summarised in Table 4.9,
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- Compound 34 did not show liqu id-crystalline behaviour.
- Compound 36 showed an enantiotropic nematic phase.

- By contrast, when heated, compound 37 melted into an isotropic liquid at
149°C. When cooled from the isotropic liquid, a nematic phase appeared- as
droplets at 145°C. Upon further cooling a smectic C phase appeared at 117°C,

- Compound 39 showed a rich mesomorphism. When heated, compound 3%
melted at 96°C to a smectic C phase which transformed on further heating to a
nematic phase at 131°C. The isotropic phase occurred at 144°C. On cooling an
additional mesophase was observed at 96°C. X-ray diffraction spectra were
recorded for compound 39 and a smectic E phase was identified.

- Compound 41 showed the same mesophase types as compound 39,
whereas the smectic E phase became enantiotropic.

- Compound 42 did not show liquid-crystalline behaviour.

- Compound 43 did not display liquid-crystalline properties. For a more
detailed discussion of the thermal behaviour, see the following Chapter.
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Table 4.9. Plase transition temperatures (9C) and enthalpy changes [k
mal-1} of compeinds 34, 36,37, 39, 41, 42 and 43

crystl)  eryst!  crysl eryst eryst] SEf sCf )
crystl sC 5C N isg 5C W i50
M - - - - 120 - -
(33.4)
36 - - 143 156
{36.8) (3.4)
7 - - - - 149 - (117} (145)
(144.9) (8.2) {4.0)
39 - - 9% - - (96) 131 14
(90.0) 8.0 {10.9} (2.5}
41 8o 93 - - - 108 114 120
{15.2) (18.4) (n.7) (18.4) (5.6)
42 - .- - - 127 . - -
13 - - - - 154 - -
{41.5)
44,223, Preparation and Characterisation of Ferrocenium Tosylates
4la, 43a, 45a and 46a

The synthetic pathways for the synthesis of compounds 43a, 45, 46, 45a and 46a
are similar to those compounds already presented in this thesis and are shown
in Schemes 4.10. and 4.11.

43

85% l AgOTs, CH 5Ch, acetone, 25°C, 5 min

R O Sy Uy S
S

43a
Scheme 4,100
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Generally it is observed that there is a distinct difference in the thermal
behaviour between the compounds in their "reduced” form and their oxidised
form. Liquid crystallinity was only seen when the peralkylated ferrocenes were
oxidised, while none of the "reduced” species exhibited a mesophase. The
thermal behavinur of compounds 43, 45, 46, 43a, 45a and 46 is summarised in
Table 4.10.

Thermal behaviowr of compounds 43 and 43a

Compound 43 melted at 154°C into an isotropic fluid.

Upon oxidation the thermal behaviour changed dramatically. During the
first heating run the ferrocenium tosylate 43a gave an endotherm at 132°C,
which corresponded to the formation of an isotropic fluid. On cooling from the
isotropic melt, an exotherm was detected at 83°C followed by a glass transition
temperature at 33°C. Polarised oplical microscopy investigations and X-ray
investigations revealed the formation of a smectic A phase from 83°C. During
the seccnd heating, the liquid-crystalline phase formed at the glass transition
temperature (ca. 37°C) and cleared at B3°C. The DSC scan ocbtained for
compound 43a is shown in Figure 4.9,

X-Ray luvestigations of componud 43a

X-ray diffraction studies, which were performed upon cocling 43a from the
isotropic liquid in a magnetic field of 1.7 T, gave patterns typical of a smeclic A
phase (the director is parallel to the magnetic field and the layer planes
perpendicular to it) with a d-layer spacing of 39.5 A. From CPK models, an
approximate length L of 41 A was measured for 43a in its fully extended
conformation. Upon long irradiation times, solidification of the sample was
detected. This resull was in agreement with the monolropic character of the
mesophase. The isotropic phase was also identified by means of X-ray
diffraction.
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Figure 4.9. DSC scan obtained for compound 43a;

first heating, first cooling and second heating run: scan rate 16°C mim

Thermal behaviour of compounds 45 and 43a

Compound 45 represents an isomer of compound 43, whereas the -position
of the biphenyl group changes and the direction of one ester group is inverted.
Compound 45 melted at 158°C into an isotropic fluid.

As already observed for compound 43, upon oxidation of compound 45 the
thermal behaviour changed dramatically. During the first heating run
compound 45a gave an endotherm at 122°C, which corresponded to the
formation an isotropic fluid. Upon cooling the formalion of a smectic A phase
was detected at 52°C. Upon further cooling no changes of heat capacity were
observed in the DSC thermogram, whereas during the second heating run a
glass transition femperature was observed at ca. 40°C. This corresponded to the
formation of the smectic A phase. On further heating an endotherm was
observed at 52°C, which corresponded to the formation of an isotropic fluid.

Thermal behaviour of compounds 46 and 46a

When heated, compound 46 melted at 133°C into an isotropic fluid. A
remarkable change in mesophase behaviour was observed in going from 46 to
46a. )
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The DSC scan of compound 46a is shown in Figure 4.12. During the first
heating 46a gave an endotherm at 124°C This corresponded to the formation of
an isotropic fluid, while during the first cooling an exctherm was registered al
85°C. In contrast, optical polarising microscopy showed on cooling the
formation of a liquid-crystalline phase at 102°C. At a siow cooling rate of 0.2°C
min an optical texture developed, indicating the formation of a columnar
phase (Figure 4.10.). This microphotograph can be a representative example of
the texture of a hexagonal columnar phase (Coln). Upon further cooling a
texture developed, shown in Figure 4.11., indicating the formation of a smectic
A phase at 85°C. A glass transition was observed at 35°C. The second heating
scan for the same compound showed a cold crystallisation at 90°C followed by
isotropisation at about 120°C (very broad melting peak). In summary the DSC
results do not show the formation of a columnar phase, detected by optical
polarising microscopy, whereas the transition Coly-5a was also observed in
the DSC thermogram.

22

HoocQ-oangm. n=1018
44

I DCC, Ppy. CHCh, 25°C, 3h
Woooo—@-o aHans1
@ n=10

4 6 n=18

l AgQTs, CH ,Ck, acetone, 25°C, 5 min

452 n= 10
46a n=18

Scheme 4.11.


Srheme4.ll
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Compound 41 was oxidised according to the standard experimenial
procedure using silver tosylate to give 41a (Scheme 4.12.).

41

38% I AgOTs, CH ,Ch, acetone, 25°C, 5 min

0?5 @ CF?\?/\/\/\coo—Q—O—ooo-@—OCmHm
ZE

41a
Scheme 4.12.

Thermal behaviour of Cowmpound 4la

When heated, compound 4la melted at B84°C into a smectic A phase
followed by isotropisation at 131°C. During further heating and cooling cycles
DSC measurements detected degradation, while microscopic observations also
showed the formation of decomposed material. Compound 4la is an example
of a liquid-crystalline salt, which exhibited enantiotropic mesomorphism.
Unfortunately, this hexa-atkylated ferrocenium-salt decomposed in the
vicinity of the smectic A phase and no characteristic enthalpy changes could be
measured. Due to this reason, upon subsequent thermal scans, no reproducible
results were obtained.

X.-ray investigations of componnd 41a

X-ray diffraction studies, which were performed upon cooling 41a from the
isntropic liquid, gave patterns typical of a smectic A phase with a d-layer
spacing of 39.5 A. When heated into the liquid-crystalline phase decomposition
was detected.
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exXo>

m

. eryst Sa iso

H
o. 50, 100. ¢

Figure 4.13. DSC scant obtained for campound ¢1a: first cooling and second heating run; scan rate
10°C min-Y; for further thermal scans a considmey.dumgr was registered dus to decompesition

of the material

4.4.3. Ferrocene and Ferrocenium Derivatives Bearing Two Aromatic
Rings in the Mesogenic Unit

This section is aimed at discovering the properties of permethylated ferrocenes
and ferrocenium salts which contain only a short promesogenic group as rigid
core. Due to the fact that these compounds show lower tendencies for liquid
crystal formation, our attention focused on only two examples. The synthetic
routes leading to compounds 51 and 52a ate shown in Scheme 4.13. The
synthetic methods are well established following esterification, hydrogenation
and oxidation experimental procedures.
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| oA

OCC, Ppy, CHCl, 25°C, 3 h

oS00 x4 )

fe

47 X=- ;R=CN
4 8 X=03C; R=0CgHnm

49 X= - ; R=CN, yield: 63%
50 X=02C; R=0C gHm,
yiald: 60%

i Hz, Pd/C, CHCh EtOH, 25'C, 30 min .
ey~

Fe

=<

' g OO

<

Scheme 4.1,

§1 X= - ;R=CN, yield: 79%
§ 2 X=0.C; R=QC gHz,
yie¥d: G7%

52a X=0,C; R=0C yyHz .
yield: 70%

Table 4.11. [setropisation temperatures {°Cl and enthalpy changes [&f ety
of compounds 51-52(a)

compoiund crystfiso
51 135(22.2)
52 10346.0)
524 104{102.0)

Both ferrocene derivatives, 51 and 52, exhibited low. melting temperatures.
No liquid-crystalline phases were observed. This behaviour confirms our

assumption that a bulky peralkylated ferrocene core is disadvantageous for the
mesomorphic properties of compounds bearing a short promesogenic core.
Compound 52 was oxidised with AgOTs giving the ferrocenium sall 52a.
When heated, compound 52a melted at 104°C into an isotropic fluid When

cooled, a glass transition was detected.
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character of oxidised compounds did not allow to obtain satisfying elemental
analyses.

The transition temperatures and enthalpies of compounds 53-56 are
summarised in Table 4.12.
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66% | (i)57 s3% | (157

IS A~
53 ‘ 55

54% 1“&) 76% ‘(ii)
°°2"‘ °°2“
_F@ | S
54 56

X =OTs, DOS. O LLaF;

X °°2“

Fe

s

§56ax-0Ts
56b X=DOS
56¢ X=02003F7

R = ’—@—coo OCH(CHa)cbOCh

(i) = DCC, Ppy cat., CH Ch, 25%C, 3h
(i) »Hy, Pd/C, CH:Ch, ETOH

HO-@—COOOCH(CHg)COOCq!‘lg '
57

Scheme 4.14.

14-61% l AgX, CHClo, acatone, 25°C, 5 mirs
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Table 412, Phose tronsifion 'temperarures [°C} and entholpy changes [] mol 1
qLcomgm-nds 53-36

conpoind crysi{N’ crystfiso N'tiso
o 144(36.6) - 221(1.0y
54 12X38.7) - 164{0.7)
55 - 146 -
56 - 166 -
45.2 Influence of the Orientation of the Ester Group on the

Mesomorphic Properties

The esterification of the acid 18 with 4-(decyloxy)phenyl 4-hydroxybenzoate
(58d) {50] resulted in the formation of compound 59, showing a nematic phase
over a temperature range of 29°C. Upon treatment of compound 59 with Hz
and Pd/C as catalyst the double bond was reduced resulting in compound 61.
Compound 61 showed a nematic phase having only a very narrow mesophase
range of 6°C. .

The ferrocene derivatives 60 and 62 were synthesised following the same
experimental procedures as for compounds 59 and 61 using the acid derivative
18 and 4-hydroxyphenyl-4(decyloxy) benzoate (48) [50]. The structural motive of
the mesogenic unit in compounds 59 and 61 shows striking similarity with the
rigid core in compounds 60 and 62, whereas the "orientation” of one ester
group is inverted. Upon heating, compound 60 gave an enantiolropic nematic
phase (AT=2°C). The subsequent reduction of the double bond led to
compound 62, showing also a very narrow nematic mesophase range (AT=3*C).
All nematic phases of compounds 59-62 were identified by a typical schlieren
texture, which developed on cooling from the isotropic melt to the liquid-
crystalline phase. The synthesis of compounds 59-62 are shown in Scheme 4.15.
and the thermal behaviour is summarised in Table 4.13,
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.J—.—cogh + HOO—X—@—OC,uHm

58d X=CCO
48 X=00C

0CC, Ppy, CH,Cl, 25°C, 3 h

g OO

59 X=C00, yield: 61%
6 0 X=00C, yield: 60%

Ha, Pd/C, EtOH, CH,Ch, 30 min, 25°C

e s

61 X=CO0O0, yield: 88%
6 2 X=00C, yield: 70%

Scheme 4.15.

Table 4.13. Phase transition temperatures [°C) and enthalpy changes [¥] mol!]
af componnds 59-62

compound X= crystiN Nliso
59 coo 143(24.3) 172(1.7)
60 o0C 179(52.9) 181(1.6)
61 coo 125(50.1) 131(1.4)
62 OOC 134(46.7) 137(1.6)

4.5.3. Variation of the Terminal Chain Length in Monosubstituted
Ferrocenes

These compounds were prepaced by a synthetic route using an
esterification/ deprotection cycle three times (Scheme 4.16.). Standard
procedures as already described in this thesis were used for all reactions. All
derivatives of the series 67 exhibited an epantiotropic nematic phase. For
compounds 67b (n=5) and 67¢ (n=10} an additional monotropic smectic A phase
was observed, whereas for those compounds incorporating longer terminal
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alkyl chains (67d, 67¢), the smectic A phase became enantiotropic. The forked
ferrocene 67f did not display mesomorphic behaviour. The thermal behaviour
of compounds 67a-f is summarised in Table 4,14, and the phase diagram of the
series 67 is shown in Figure 4.16.

(i), hydroquinone monobenzylether

=\ 0B e <N\
< <

63 3as -
as%l (it)

<N\ oH

N

64
50 l (i), 4-benzyloxy benzoic acid

\/Fg?r’\-,aaa -@—ooc —@—OBn
=R

65
87% J (i}

S e
>
66

Rl
(l) mO_mnHZnol n= 5' ?‘ 10' 14» 1BandR' = H
8% n=14andR' = OC 14Hg
44

R'
S £ Yooc LYt ot
. fe
@ n=235,7,10,14,18andR' = H
67a-t n=14 and R' = OC 14Hag

(i) =DCC, Ppy, CH:Ch, 25°C, 3 h (ii) =Hz, Pd/C, CH:Ch, EtOH, 25°C, 8 h
Scheme 4.16. (For adopted numbers sec Table 4.14.)
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Table 4.14. Phuse transition temprratures [°C] and enthalpy change [k mof‘llofcmﬂpounds 674~

67F % cold crystallisation

compound | n crysty}  erystSA  cryst/N cryst/ SAlN NiSa Niiso

cryst} ise
67a s - - 149(45.5) . - - 171{0.9)
67b 7 - - 142(44.0) - - (119}0.86)  162(0.7)
&7c 10 - 132(46.0) - - (121%0.y)  151(1.0)
67d 14 1098 110(3.5) . - 115(0.5) 138(0.8)
&7e 13 - 102(54.7) - - 121(1.2) - 132(1.2)
67f 14 - - - 87(30.0) - - -

5'3‘180-

-

5160- is0

g e |

E’_ N

£140 4

0 -

hal N

120 - |

] s,] <
100 - cryst
80 Fi T T 17T F 17T 11T 11
4 6 8 10 12 14 1 18 20

number of carbon atoms [n]

Figure 4.16. Dependence of the transition lemperatures on the number of carbon atoms of the alkyl

chain in ferrocene-derivatives 67a-87¢; A: melting point ; @ isoiropisation,

4531

Q SA N transition : BN ~5 4 transition

Oxidation of Compound 67¢ with lodine or DDQ

The ferrocene 67¢ was oxidised with iodine or DDQ in hexane/benzene 1o yield
dark-brown crystals. The charge-transfer complex 68b (anion=DDQ-") was
deeply coloured, whereas the dark green colour in the complex 68a (anion=13")
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came from charge transfer interactions in the triiodide anion. The synthesis oi
the complexes 68a and 68b are shown in Scheme 4.17.

DSC analyses were carried out for both complexes showing large exotherms
at about 150°C (68a) and 110°C (68b) indicating thermal decomposition.
Microscopic investigations also showed the formation of decomposed material.
Furthermore, upon long storage at room temperature (3-4 weeks) some
enclosures of yellow material were found in compound 68b indicating the
formation of the "reduced” component 67c. The decomposition temperatures
upon heating compounds 68a and 68b are summarised in Table 4.15.

67¢c

1.7eq. b/hexane, benzene, 10min, 25°C
1eq. DDQ/ hexane, benzene, 10min, 25°C

? @ 1—%.’\’000-@000—@—.000—@—0&0&"
<

68aXal, yield 74%
68bx = DDQ, yield: 80%

Scheme 4.17.

Table 4.15. Decemposition temperatures [°C1 of compounds 103a and 103b

compot nd anion - dec.
68a I3 150
66 DDQ- 110-118

4.6, Disubshtuted Fertocene Derivatives

Ferrocene-1,1"-dicarbonyl dichloride (69)(50] was treated with leq. of 4{decyloxy)
phenyl 4-hydroxybenzoate {50] (58d) in benzene, at reflux for 36 h. The mono-
ester intermediate 70 was isolated in moderate yield (32%) due to the
formation of the disubstituted by-product. This mono-ester intermediate was
converted into the acid chloride 71 by reaction with exalyl chloride in CH2Clp,
at reflux, in the presence of pyridine. The investigated non-symmetrically
substituted ferrocenes 72a-g were synthesised by esterification of 71 with the
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hydroxy esters 58a-g. The reactions were performed in CH2Clz under reflux in
the presence of NEt3. Purification by column chromatography and
crystallisation gave the targeted ferrocene derivatives in good yields. The
synthetic pathways are shown in Scheme 4.18.

<SS—Coa
Fe
cioc L3>

69

Ppy, benzene, reflux, 36h HQ_O.COO —Q_OC“H""
584

@_R R = COOH 70 ](m?.,NEta. Ppy

. Fe
CHzCl | reflux, 3h
Hmcwo—Q—ooc —@—OOC—@ R=COC 71 2Ck
NEt; Ppy, CH:Ch , reflux, 3k | HO —«?—COO'-<i_‘>—oc,..H-‘,,,‘\1

72% .
n=589 11,1218
58a-9

00 Dpmoo0{ -onre
Fe
Hmcmo—O—ooc-Q—ooc—@ n=58,9 11,1218

72a-g
Scheme 4.18.

The transition temperatures and enthalpy changes are‘reported in Table 4.16.
When heated, all members of the family 72 gave enantiotropic S5 phases. It is
noteworthy to point out that the derivatisation with longer alkyl chains does
stabilise the mesophase range. On increasing the alkyl chain length the smectic
A range broadened constantly (AT=2°C for n=3, AT=12°C for n=11 and AT=20°C
for n=18). The phase diagram of series 72 is shown in Figure 4.17.
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Table 4.16. Phase transition temperatures [°C) and enthalpy changes {kf mol1] of compounds 72a-
72g: @ for the symmetrically disubstituted compound see ref. [50)

compon nd n cryst!S g Siliso
72a 5 159 (59.1) 161 (5.5)
72b 8 156 (62.4) 163 (9.0)
T2 g 157 (61.0 : 164 (9.4)
72d 10 156 (70.4) 165 (9.9)
72e n 155 (72.7) 167 (10.2)
72f 12 155 (64.0) 168 (10.7)
728 18 150 (34.7 ) 170 (11.7)
= 1804 .
.‘;. . iso
£ 170 -
g
S 1604 S
§
~ 150 4
cryst
140 - Y
130 A
120 T T T T T T T T 1
2 6 10 14 18

number of carbon atoms [n]

Figure 4.17. Dependence of the transition temperatires on the carbon number of the alkyl chain in
' fetrocenes 72a-72g & melting point; @ isotropisation

4.7. Precursors

The phenol derivatives 33 and 57 were prepared using a similar experimental
procedures. The synthetic pathways are given in Scheme 4.19. The
esterification of compounds 73 [82] and 74 using the standard experimental
method led to the benzyl protected esters 75 [74] and 76. These were
subsequently reacted with Hz resulting in the deprotected phencl-derivatives
33 and 57.
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The decyloxy derivative 33 exhibited a monotropic nematic phase
characterised by its recognisable schlieren texture. For compound 57 no
mesomorphic behaviour was seen. The phase behaviour of the obtained
compounds is listed in Table 4.17.

73 R= CIOHZII
BnO—@—COOH + Ho—Q—O—OH 74R = CH{CH; )COOC 4Hg

DCC, Ppy, CHCh, 3h, 25'C

75 R = CygHyy, yield: 78%
BnO—@—COO—@—O—OR 76 R = CH{CH; JCOOC (Hg, vield: S8%

Ha. PA/C, CH,Cb, EtOH, 8h, 25°C

33 R = CyoHpy, vield: 52%
HO @ Co0 O C) OR 57 R = CH{CH, JCOOC (Mo, yield: 80%

84% Hy1Cs@0 H, DCC, Ppy, CHCL, 3 h, 25°C
77
Scheme 4.19.

Compound 77 was synthesised according to our standard esterification
procedure and exhibited three mesophases. When heated, it melted at 106°C
into a liquid<rystalline phasc (non-identified smectic phase). On further
heating, 2 smectic C phase formed at 124°C followed by a nematic phase at
166°C which cleared at 197°C into the isotropic liquid. The nematic phase was
identified by the formation of a typical schlieren texture.
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77

[kl niot1] of componnds 33, 57 and 77

Table 4.17. Phase trausition temperatares {°C[ and enthalpy changes

compan nd cryst/iso crystSy Syl Sc Sci N Nisa
33 206(51).6) . - . [204¢7.7))
57 186 - - - -
77 - 16(45.7) 124(5.9) 166(4.6} 197(2.9)
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This discussion of mesomorphic and electrochemical properties focuses
ptimarily  on  polysubstituted  ferrocene  derivatives.  Secondly,
"monosubstituted” ferrocene-derivatives are discussed, including some chiral
derivatives, Finally, a serfes of non-symmetrically 1,1'-disubstituted ferrocenes

is discussed.

5.1. Thermal Behaviour of Ferrocenium-Salts Bearing Four
Aromatic Rings in the Promesogenic Core

All the non-oxidised homologues having four aromatic rings in the
promesogenic core gave rise to enanliotropic phase behaviour. A pematic
phase was observed for all the derivatives whereas for compound 27 (n=18} an
additional monotropic smectic C phase was seen. Regarding the chain length of
the terminal alkoxy groups the mesophase range remained nearly unaffected.

In this case it was obvious that the formation of enantiotrepic [iquid-
crystalline phases was due to the long promesogenic part. Comparison with
compounds 45 and 46, which both showed no mesophase, suggested that the
bulky persubstituted ferrocene moiety decreases the tendency for formation of
liquid-crystalline phases.

Tosylate-salts (compounds 24a, 25a, 26a and 27a)

As can be seen from Figures 4.4. and 4.5., the mesophase range of the tosylate
salts was generally larger than for non-oxidised ferrocenes. All salts showed a
smectic A phase which was monotropic for 24a and enantiotropic for
compounds containing longer alkyl chains. The tetradeéyloxy derivative
{compound 26a) showed an additional monotropic smectic C phase. The
smectic C phase was enantiotropic for the derivative bearing the long
octadecyloxy chain {(compound 27a). However, none of the tosylate saits
seemed to be thermally stable in the isotropic phase as indicated by the
formation of decomposed material. Also, as revealed on subsequent thermal
cycles, DSC measurements showed a slow decomposition of all tosylate-salts in
the vicinity of the isotropic liquid. Therefore, investigations of the smeclic C
phase were undertaken on heating compounds net into the isotropic phase but
only until the smectic A phase formed.

It is proposed that steric interactions of persubstituted ferrocenium head
groups demand an antiparallel correlation in order to achieve a dense packing.
The amphiphilic properties of the ferrocenium-salts and the packing dominate
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the structure and lead to smectic A and smectic C phases of monolayer type. If
the chains are elongaled a smectic C phase results and the antiparallel
alignment is presumed to result again. A general schematic model of the
antiparallel organisation of the ferrocenium-salts in the smectic A phase is
proposed for compound 43a (Fig. 5.6.).

Heptafluorobutyrate-salts (cclampounds 24b, 25b, 26b and 27b):

When heated, ferrocenium-salts containing a heptafluorobutyrate anion
gave rise to decomposition. Microscopic investigations showed the formation
of a gaseous material upon heating. At about 120°C, bubbles formed and a
webbing pattern of oily-streak-like defects at the bounding area was seen. Upon
further heating the gaseous subslance formed vigorously. It was assumed that
upon heating the heptafluorobutyrate anion gains a proton (most probably
liberated from the cation) and concurrently the boiling point of the
heptafluorobutyric acid (bp.: 120°C) is reached.

TG measurements were undertaken in order to prove this assumption. The
TG scan for compound 27b, typical for all salts containing a heptafluorobutyrate
anion, is shown in Figure 5.1. The D5SC scan for the first heating run of
compound 27b is shown additionally in Figure 5.2. In the thermogravimetric
experiment a weight-loss is observed between 120°C and 240°C. This effect most
probably corresponds to the formation of heptafluorobutyric acid. The
measured weight-loss of 15.1% in the given temperature range is equal to 1 eq.
of heptafluorobutyric acid (bp.: 120°C). Thus, the liberated acid evaporates
quickly at temperatures higher than 120°C. Between 240°C and 360°C an
additional weight-loss was observed (10.5%), whereas complete degradation
was seen at temperatures higher than 360°C.
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] 15,44 X
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Figure 5,1, TG scan of compound 278 at a heating rate of 20°C min-1 under Ny
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Figure 5.2 DSC scan of compound Z7b at a heating rate of 10°C min1 under N3

In contrast, the DSC measurements of compound 27b showed during the
first heating a strong endotherm at 141°C whereas oplical microscopy and
thermogravimefric investigations revealed that decomposition occurs aiready
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at temperatures higher than' 120°C. Furthermore, no investigations were
undertaken o clarify the nature of the ferrocenium-containing intermediate
which was formed at temperatures higher than 120°C. Nevertheless, from
these results it seemed evident that the thermal decomposition of
ferrocenium-salits containing a heptafluorobutyrate anion can best be described
by the following equation (Figure 5.3.):

CsFrfD?

@‘_
heat
ﬁtﬂ C3F20H
Fe —_— + decomposed material
):c? b.p.; 120°C

24, 25, 26, 27 (b)

R = \/\/\/\maozc OzC-O-'G:nHznn

n=56 10, 14, 1¢
Figure 5.3. Equation describing the thermal decomposition of componnds 24h, 25b, 26band 27b

Tite triflate-salts (compounds 25¢, 26¢ and 27¢)

With one exception this series did not show liquid-crystalline properties.
Only the ferrocene-derivative 27¢, containing the long ocladecyloxy terminal
chain, exhibited a monotropic smectic A phase. All salts melted at higher
temperatures than the corresponding tosylate-salts. Perhaps, due to the high
crystallinity of the triflate-anion, the ionic forces between the ions are much
stronger, thus resulting in non-liquid-crystalline salts with high melting
points. Only for compound 27, bearing the long octadecyloxy terminal chain,
the lateral interactions and segregation between the aromatic and aliphatic part
are sirong enough to produce a liquid-crystalline arrangement. Thus, for
compounds 25¢ and 26¢, these interactions seem to be considerably reduced.

5.1.1. UV/vis-Electronic Absbrption Spectrum of non-Oxidised and
Oxidised Compounds

Absorption spectra of ferrocene and related ferrocenium derivatives have been
investigated by several authors |24]. Of particular interest is that absorption
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bands in the visible region change upon coxidation of ferrocene to ferrocenium,
visualised by a colour change from yellow to dark-green or blue.

The bands in the visible region always have intensities of 100<e<1000,
whereas the e-values in the ultraviolet region are much higher. The
differences upon oxidation in the visible region (350-800 nm) of compounds 27
and 27a are dispiayed in Figures 5.4. and 5.5. The band positions and intensities
are given in Table 5.1

Furthermore the UV/vis-spectra of the ferrocenium-salts, either bearing a
tosylate, triflate or heptafluorobutyrate counter-anion, were all remarkably
superimposabie, which is what would be expected in view of the absence of
anion bands in the region of 350-800 nm,
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Figure 5.4, Electronic sbsorption spectrum of compound 27
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Figure 5.5, Electronic abserplion spectrum of compound 27a

Table 5.1. The electronic absorption specira of compound 27 and 27a

compound ahsorption bands 2oy [nn]
27 274 (67750); 425 (130}
27a 274 {66390); 642 (228); 705 {352); 778 (622)
1.2 Conclusion

Due to their amphiphilic characler all oxidised derivatives which displayed
liquid-crystalline properties formed layered phases {smectic A and /or smectic
C). Within the smectic phase a head-to-tail arrangement is assumed.

Upon oxidation of non-oxidised ferrocenes the mesomorphic properties
were transformed from a nematic phase to a layered phase. Furthermore, the
thermal behaviour of the resulting ferrocenium-salts depends essentially on
the type of counter-anion and the length of the terminal alkyl chain.

The thermal behaviour can be summarised as follows:

« non-oxidised ferrocenes:

- the homologous series shows a strong dependence of the transition
lemperatures on the terminai chain length;

- n=6,10 and 14: enantiotropic nematic phase;

- n=18: enanliotropic nematic phase, monotropic smectic C phase.
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*  tosylate salts:

- n=6 and 10: enantiotropic smectic A phase;

- n=14: enantiotropic smectic A phase and monotropic smectic C phase;
- n=18: enantiotropic smectic A and smectic C phases.

* heptaflugrobntyrate salts:
- n=6, 10, 14 and 18: decomposition, formation of a gaseous compound

s triflate salts:
- n=10 and 14: not liquid-crystal;
- n=18: monotropic smectic A phase.

5.2, The Influence of the Counter-Anion on the Mesophase
Behaviour (Compound 31)

In this series the influence of the oxidation and the type of counter-anion are
examined.

[n order to extend the study of liquid-crystalline ferrocenium-salts, the
synthesis of a series having different counter-anions was undertaken, These
new complexes would allow to better vnderstand the role of the counter-anion
in mesophase formation and, if possible, to evaluate some structure-property
relationships. It was thought that owing to the different size and structure of
anions, these salts would yield materials having different mesomorphism.
Previous studies on mesomorphic ionic silver stilbazoles showed that when
the counter-anion was small and globufar, such as nitrate and
tetrafluoroborate, the transition temperatures were high and the complexes
decomposed in the vicinity of the isotropic liquid }49,83}. We therefore
investigated the thermal behaviour of six salts having counter-anions with an
increased volume (CH3-CgHy-503, CF3SO3, CnF20+1002° with n=1,2 and 3) but
also the charge-transfer salts having radical anions (TCNE, TCNQ).

The - non-oxidised ferrocene-derivative 31 gave rise to enanliotropic
mesomorphism, including smectic C and smectic A phases.

Compound 31a having the tosylate counter-anion showed enantiotropic
smectic C and smectic A phases.
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In the present system, a rather small counter-anion seems to prevent the
formation of a liquid-crystalline phase. This absence of liquid-crystalline
behaviour for the triflate-salt {(compound 31b) was expected at this stage. In
comparison, only one of the ferrocenium-salts of series 25¢-27c (bearing four
aromatic rings and a triflate counter-anion) showed a monotropic p'hase
behaviour. Thus no mesophases were observed, probably due to the high
crystallinity of the triflate anion. This could be due to the attractive ionic
interactions winning out over the decreased structural anisotropy, resulting
from the presence of a smaller anion.

The mesomorphic prdperﬁes of the ferrocenium-saits having a
perfluorinated carboxylate as a counter-anion {compounds 31c, 31d and 31e)
were found to be slightly different than those found in the non-oxidised
ferrocene. Enantiotropic smectic A and smectic C phases were observed in
these systems and the melting temperatures were slightly shifted to higher
temperatures {6-8°C). The smectic A phase existed over a wider temperature
range than for the non-oxidised compound and consequently the smectic C
phase cleared at.slightly higher temperatures. However, one has lo take intc
consideration that these compounds rapidly decomposed when heated above
120°C. In contrast, if heated in several heating and cooling cycles only to 110°C,
DSC measuremnents were reversible. This indicates the thermal stability of
investigated salts at temperatures below 110°C.

Some compounds were not obtained as pewders bul rather as amorphous
solids since the DSC hardly showed the melting transition.

TG measurements were undertaken for compounds 31c-e, which revealed
the same thermal behaviour as already seen for compounds 24-27(b). Upon
heating a weight-loss was observed for all salts bearing an anion of type
CoF2n+1C07. This weight-loss corresponded most 'pfqbably to the formation af
1 eq. CaF2n+1CO2H. Optical observations suggesied that these salts also liberate a
gaseous substance when heated above 120°C. Uporni further heating (360°C)
only a minor weight-loss was observed, probably due to the formation of a
thermally more stable species.

Table 5.2. summarises the results from lhermogravirﬁelric measureinents
for compounds 31c-e.
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Table 5.2 Resuits from thermogravimetric experiments of compounds 3ic-e

cortpotind | anion weight-loss at
220°C 0C 460°C
Me CFitn 10.0% 16.7% 75.8%
31d C2F5COn 12.6% 15.4% 79.9%
31e CaF7CO; 15.4% 18.8% 814%

The two charge-transfer complexes 31f and 31g did not show liquid-
crystalline properties. It may be that the radical anion is the origin of the
decomposition process which already occurs at room terﬁperalure. When
heated, the DSC scan also revealed a constant degradation for both compounds,
as indicated by a strong exothermic signal over a large temperature range.
However, it seemed that decomposition is connected with the presence of
ester-groups in the charge-transfer complex. By contrast, the charge-transfer
salts of decamethylferrocene with TCNE or TCNQ are known to be stable [84].

5.2.1. Conclusion

The type of counter-anion and its ionic-strength governed the mesomorphism
of this series. Mesomorphic salts' were oblained with the tosylate anion and
anions of perfluorocarboxy acids. The phase behaviour of the resulting salts
showed only minor changes upon oxidation. In contrast, the oxidation of
compound 31 with silver triflate yielded a non-mesomorphic ferrocenium-salt.
The reason for the different mesophase behaviour of salts bearing
trifluorosulphonate (31b) or trifluoroacetate {31e} counter-anien is still unclear.

5.3, Thermal Behaviour of Ferrocenium-Salts Bearing Three
Aromatic Rings in the Promesogenic Core, Compounds 41(a),
43(a), 45(a) and 46(a)

The persubstituted ferrocene-derivatives 43,45 and 46 were not mesomorphic.
These materials melted to the isotropic liquid upon healing and crystallised
upon cooling. The absence of liquid-crystalline behaviour for these systems
was expected since the bulky persubstiluled ferrocene-moiety reduces the
mesogenic properties in calamitic mesogens. By contrast, the pentamethylated
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ferrocene-derivative 41 exhibited a rich mesomorphism including a smectic E,
smectic C and nematic phase.

Upon oxidation dramatic changes in the thermal behaviour are induced. All
persubstituted ferrocenium-salts (compounds 43a, 45a and 46a) gave rise to a
monotropic mesomorphism, including a layered {smectic A} and in one case'a
calumnar phase (Colp) Both phases were characterised on the basis of their
optical textures. The smectic A phases of compounds 41a and 43a were
determined by X-ray measurements. All saits showed a strong dependence of
the thermal behaviour on the thermal history. On first heating the crystals
melted directly to the isotropic liquid. On cooling, an interesting
mesomorphism was observed. Due to the ionic character of the ferrocenium-
salls, these compounds showed the tendency to form lamellar or micellar
structures, thus resulting in a monotropic behaviour. Furthermore, on
cooling, all salts showed a rather strong hindrance for crystallisation as
evidenced by strong supercooling effects but sometimes they partially
erystailised after a few hours. Most probably a large supercooling was due to the
high viscosity of salts in the liquid-crystaliine phase.

The length of the terminal alkoxy chain was found io greatly influence the
occurrence of mesophases: the mesomorphism obtained for compounds 43a
and 45a (terminal decyloxy chain} is quite comparable. Due to their ionic
character they showed strong supercooling effects and exhibited a monotropic
smectic A phase. In this system one can assume that the anions are located
close to the ferrocenium head groups. However, no precise statement about the
location of the anions can be given at this point. By X-ray investigations the
layer thickness was determined to 39.5A and this was found to be comparable
to the length of the cation (41A) in its fully extended conformation. In this
layer the molecules are estimated to organise themselves due to the electrical
repulsions antiparallel in a head-to-tail arrangement. The structure mode! of
compound 43a in the smectic A phase is shown in Figure 57. In this
representation no counter-anions are displayed. ‘
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Figure 5.6. Possible arrangement of compound 43a in the smectic A phase
5.3.1. Magnetic Measurements of Compound 43a

The aim of this section is to report on the temperature depending magnetic
susceptibility measurements of compound 43a. This measurements and
observations act as preliminary conclusions to this point and were conducted
at the University of Marburg (D).

An analysis of the magnetic susceptibility data can offer the possibility to
detect changes due to the formation of liguid-crystalline phases. The
temperature dependent magnetic susceptibilities, -the effective magnetic
moment and the magnetisation of the ferrocenium-salt 43a are displayed in
Figures 5.7. and 5.8. On heating, a phase transition at about 127°C is visible. On
cooling, an additional change in the magnetic susceptibility occurred at about
87°C. In contrast, X-ray investigations revealed clearly the existence of an
isotropic phase at this temperature upon cooling. The change in the magnetic
susceptibility may therefore be due to some degradatlon of the compound at
this temperature,

From the experimental magnetisation values (ep) the known sample mass
and the molecular weight of the sample, the molar susceptibility was calculated
to 1.1 10°3 cm3 mol-! at room temperature. Correction for the diamagnetic
contribution of the single aloms adds about 650 10-3 cm3 mol-! to this value,
yielding a final result of 1.67 10-3 cm3 moll for the molar susceptibility at
T=25°C. The inverse susceptibility shows a Curie-Weiss type behaviour up to
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temperatures of about 120°C The Curie-constant was determined to 0.516 em3 K
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Figure 5.7. Experimental magnelic susceptibility {(x) as a function of temperature for compound

43a. Date for polycrysialiine sample

5.3.2, Mesomorphism of Compound 46a

The optical textures of compounds 43a and 45a were very similar to each
other. This suggested also a smectic A phase for compound 45a. It is interesting
to note that the phase behaviour of these two ferrocenium-salts, after passing
the first thermal cycle, was completely reproducible on subsequent heating-
cooling cycles. This indicales good thermal stability of permethylated
ferrocenium-tosylate salts up to 130°C.

Compound 46a showed an interesting mesomorphism. The optical
observations suggested that upon cooling from the isotropic melt a cotumnar
phase of hexagonal symmetry (Figure 4.10.} formed. In contrast, the DSC
measurements showed no signal for the iso—+Coly, transition at 102°C. This low
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transition enthalpy could probably be due to some preorganisation effects of
the salt already in the isatropic phase.
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Figure.5.8. Magnetisation (M) of campound 43a as a fiunchion of temperature

It can be assumed that the molecutar packing in the columnar phase is as
shown in Figure 59. {anions not displayed). The ionic heads arrange
themselves in the cenire of a column, whereas the aromatic core and the
aliphatic tails fill the space around the columns, Upan further cooling, optical
observations, in addition to the DSC traces, suggested the formation of a
smectic A phase at 85°C. This mesophase was identified by its optical texture
(focal-conic texture, Figure 4.11.), which was formed in a small non-covered
droplet at a cooling rate of 0.1°C min-1. Another observation was that upon
cooling a glassy state was formed, as evidenced by DSC measurements. Most
probab]y, the high viscasity of the material in the smeclic A phase at lower
temperatures prevented crystallisation. A cold crystallisation was observed in
the second heating run.
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Figure 5.9. Scliemuatic representation of the proposed structure of compound 46a in the smectic A

phase, and in the columnar phase

Thermal behaviour of componnd 4la

The introduction of six alkyl substituents to the ferrocenyl core gave rise to a
ferrocene derivative, having also a lowered oxidation potential, when
compared to "monosubstituled” derivatives. Consequently, compound 41a was
oxidised using silver tosylate. Interestingly, upon heating an enantiotropic
smectic A phase was observed. This behaviour can demonstrale lhe steric
influence of substitution on the cyclopentadienyl ring. In comparison with
compound 43a, having a persubstituted ferroceny! core and showing only a
monotropic smectic A phase, it was indicated that the bulky ferrocenyl moiety
reduces the tendency for mesophase formation.

Another important point to discuss js the thermal stability. Whereas the
persubstituted ferrocenium-salts were thermally stable up to 150°C, the
hexasubstituted derivative 41a decomposed in the vicinity of the liquid-
crystalline phase (100°C). Furthermore, BSC scans where not reproducible on
subsequent thermal cycles.

5.3.21. Conclusion

Mesomorphic properties have been induced through the oxidation of the non-
mesomorphic ferrocene-derivatives (43, 45 and 46) with silver tosylate. The
thermal behaviour of the resulting salts depended essentially on the length of
the terminal alkoxy chain. A layered mesophase was found for all three
oxidised derivatives (smectic A phase) which was explained by the presence of
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electric charges. lonic pairs can hinder the molecules to form a nematic phase.
Upon cooling all compounds formed glassy states rather than crystalline states.
These states were evidenced by the retention of the liquid-crvstalline texture on
cooling which did not give way to a crystalline form. The increased viscosity of
liquid-crystalline salts was used to explain the formation of glassy states,

The columnar phase (Coly) was only observed for compound 46a, having
the long octadecyloxy terminal chain, but the reasons of its oceurrence still
remain uncertain at the present time. Furthermore, in order to obtain
thermally stable ferrocenium-salts, it seems necessary to synthesise derivatives
which are permethylated at the ferrocene core.

5.3, Thermal Behaviour of Ferrocenium-Salts Bearing Two Aromatic
Rings, Compounds 51, 52 and 52(a)

Only two persubstituted mesogenic ferrocene derivatives were synthesised.
The non-oxidised species were proposed to be non-mesomorphic because of
their short mesogenic part. Compounds 51 and 52 did not display
mesomorphism. Even oxidation of compound 52 with silver tosylate resulting
in 52a did not give a mesomorphic salt. Comparirg now the thermal
behaviour of compounds 25, 45 and 52 and of the related oxidised species, it
seems obvious that mesomorphism can be interpreted in terms of the length
of the rigid part. All derivalives incorporate the same terminal decyloxy chain,
but have different numbers of aromatic rings in the mesogenic part. The
results can be summarised as follows:

« 2 aromatic rings in the rigid part: not liquid crystal
* 3 aromatic rings in the rigid part: the non-oxidised derivative did not
display liquid-crystallinity. By contrast, a monoctropic mesophase was seen

for the corresponding sall.

+ 4 aromatic rings in the rigid part: enantiotropic mesomorphism was seen
for both derivatives

This demonstrates the necessity of a longer rigid part in mesogenic ferrocene
derivatives for enantiotropic liquid crystal phase formation.
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5.4. The Substitution Pattern of Ferrocene and its Influence on the
Redox-Potential and Mesomorphic Properties

In the first part of our studies we concentrated on the investigation of
structural parameters on the liquid crystalline properties. In the second part the
substitution pattern of the ferrocene core was investigaled in order lo
understand its role on the redox potentials. The molecular structures of
ferrocene-derivatives 34, 36, 37, 39, 41 and 43 discussed in this Chapter are
compared in Figure 5.11. '

This Chapter is aimed al understanding the role of struciural parameters in
both the linking unit and the ferrocene core on the mesophase behaviour.
Firstly, the linking unit will be varied. Secondly, different degrees of
methylation for the ferrocene core are used. The mesogenic part of all
molecules is consistent. Therefore, other effects than those coming from the
substitution pattern of the ferrocene core can be excluded.

5.4.1. Mesomorphic Behaviour

Starting from compound 34, which exhibited no tiquid-crystalline phase, the
intreduction of an additional linking unit between the ferrocenyl-moiety and
mesogenic group led to compound 36 which exhibited an enantiotropic
nematic phase. The elongation of the molecule in comparison to compound 34
seems to be the origin of liquid-crystallinity. In going from 36 to 37, the double
bond is reduced and the resulting molecule incorporates a more flexible
linking unit. At the same time the conjugation between the ferrocenyl-moiety
and the mesogenic core is broken. This led to a monotropic phase behaviour of
37, including smectic C and nematic phases. These refationships between the
molecular siructure and the anisotropic phase behaviour show that the liquid-
crystalline behaviour of these compounds cannot only be explained in terms of
d/L-ratio of the molecules (d=distance between the two cyclopentadienyl rings;
I=length of the rigid core). Most probably the origin of the monotropic phase
behaviour is the lowered dipole moment in compound 37.

Ferrocene derivative 38 represents a cis/trans mixture. No thermal
investigations were undertaken.

Interestingly, ferrocene derivative 39, wherein the ferrocenyl moiety is
attached to the mesogenic core by means of a five membered spacer, exhibited a
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rich mesomorphism. X-ray investigations revealed the formation of a
monotropic smectic E phase whereas the smectic C and nematic phasés were
enantiotropic. The mesophase range was 48°C, This shows that lengthening
the aliphatic spacer, located between a mesogenic group and a ferrocenyl

" moiety, causes a clear increase in the mesophase stability. The clearing point
was not affected.

Introduction of five methyl substituents (compound 41) caused two effects:
the mesophase range was decreased (AT=27°C} and the smectic E phase was
enantiotropic.

Further substitution of the cyclopentadieny! ring led to the permethylated
ferrocene-derivative 43. Consequently, this was accompanied by a loss of
liquid-crystalline properties and an inctease of the melting point.

In order to compare the influence of ferrocenyl substitution, compound 77
has been synthesised. 1t incorporates the same mesogenic core as the
compounds discussed in this Chapter whereas the ferrocenyl moiety is replaced
by a hydrogen atom. The mesophase range was considerably larger (AT=91°C)
when compared to ferrocenyl substituled compounds. When heated,
compound 77 exhibited three mesophases: a non-identified smectic phase, a
smectic C phase and a nematic phase. This shows that the mesophase stability
is additionally influenced by the size of the ferrocenyl group attached to the
five membered spacer, e.g. the ferroceny]l moiety causes a strong reduction in
mesophase stability.

54.1.1. Conclusion

The observed mesophase types depended on the linking unit and the
substitution pattern of ferroceny! moiety. The appearance of mesophases is
generally assumed to be influenced by the d/L-ratio of the mesogens
investigated. A richer mesomorphism was observed for derivatives,
containing a five membered spacer group, which separates the ferrocenyl
moiety from the mesogenic group. In summary, liquid-crystalline materials
obizined showed a rich mesomorphism including smectic E, smectic C and
nematic phases. The rather short ferrocene derivative 34 exhibited no
mesophase. Derivatives with decreased d/L-ratio displayed mesomorphism. In
contrast, for compound 43, incorporating the bulky ferrocenyl-unit, no
mesophase was observed. The observed properties confirm our assumption
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that the d/L-ratio is of great importance in the mesophase-formation of such
molecules.

5.4.2, Electrochemical Investigations

Ferrocene complexes can lypically undergo a one-electron reversible anodic
process. The oxidation potential is dependent on the substituents. Its redox
properties and those of its derivatives have been widely studied by
electrochemical methods. The anodic behaviour of seven ferrocene derivatives
versus a saturated calomel electrode was studied by cyclic voltammetry at a Pt-
electrode in dichloroethane. Figure 5.11. displays derivatives for which
electrochemical investigations were undertaken. The voltammograms of
compounds 34, 36, 37, 39, 41 and 43 are shown in Figures 5.]2. and 513,
respeclively.
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Figure 5.11, Ferrocene derivatives for which electrochemical investigations were undertaken

Compound 34 was oxidised reversibly at 0.84 V. For this derivalive,
containing an ester group connected to the ferrocene moiety, the highest
oxidation potential of all compounds investigaled was observed. This higher
value can be attributed to the electron-withdrawing effect of the carboxy-group.
A lower value was found for compound 36 {0.69 V), incorporating a double
bond which separates the ferrocene core and the carboxy function. This lower
value, in comparison to compound 34, can be attributed to the separation of
the strongly electron-withdrawing carboxy-group from ‘the ferrocene core.
However, the effect of the electron-withdrawing -CO2R-group is transmitted by
resonance to the ferrocene core.

For compcound 37 an oxidation potential of 0.53 V was found. Firstly, the
incorporation of the saturated two-carbon bridge lowers the oxidation potential
considerably in comparison to compound 36, which contains the unsaturated
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bridge -C=C-. Secondly, the -(CH3);COOR substituent behaves as an electron
acceptor relative to hydrogen.
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Figure 512 Cyclic voltammogram for the oxidation of the ferrocene-derivatives 34, 36 and 37;
scanning rate=200 mV &1 (vs SCE)

For compound 39 an oxidation potential of 0.45 V was observed. In contrast
tc compound 37, the -(CH3)sCOOR substituent behaves as a very weak electron
acceptor refative to hydrogen (E1/2=0.44 V). This is due to the distance between
the strong electron-acceptor -COOR group and the ferrocene moiety, and to the
combined effect of the five methylene groups that have -donor properties. This
result agrees with those reported by Silva et al. [17,18] and Bolm et al. {85] for
serics of ferrocenylcarboxylic acids with interposed methylene groups
(Fe(CH2)nCOOH: n=1,2,3 or 4; dAEq /2= 0.02, -0.005, -0.02 or -0.04 mV respectively;
in comparison to non-substituted ferrocene). The authors state that the
introduction of each methylene group in the bridge (n= 1-4) results in a
cathodic shift of E1yz of ca. 20 mV. For nz2, the complex becomes easier to
oxidise than the hydrogen substituted compound. In comparison to the
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electron-withdrawing properties of the aromatic-ring connected 1o the ester
group, it can be understcod that the -(CHz)sCOOR group shows weak donor
properties.

For compound 38 a value of 0.51 V was found. Therefore, compound 38 is
harder to oxidise than compound 39 and the electron-withdrawing ability of
the double bond is displayed in the substituted ferrocene 38. Consequently, the
resonance effect of the negatively charged cyclopentadienyl ring with the
unsaturated bond is displayed by means of electrochemical investigations.
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Figure 5.13. Cyclic voltammogram for the oxidation of the ferrocene-derivatives 39, 41 and 43;

scanning rate=200 m¥ 1 tvs SCE)

Finally, compounds 41 and 43 had oxidation potentiais at considerably lower
values than the other investigated compounds. The obtained values of 0.18 V
for compound 41 and -0.07 V for compound 43 are consistent with the electron-
donaling effect of 6 respectively 10 alkyl substituents.
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5.4.2.1. Conclusion

In view aof the oxidatlion potential of investigated ferrocene derivatives only
compounds 41 and 43 should be oxidisable with silver salts. By contrast, non-
methylated derivatives, having an increased oxidation potential, should not
react under these experimental conditions. Consequently, preliminary essays
with compounds having a non-methylated ferrocene core did not yield an
oxidised species but left the ferracene derivative unreacted. However, in the
electrochemical experiments all investigated ferrocene-derivatives showed a
reversible one-electran oxidation. This is important in view of obtaining stable
ferrocenium-salts.

5.5. Variation of Structural Parameters of the Mesogenic Core

5.5.1. A Series of Monosubstituted Ferrocene-Derivatives {Compounds
67a-f) '

Only a few complexes in this series were synthesised and two types of
mesophases were observed: a nematic phase and a smectic one. Melling and
clearing points decreased on increasing the alkoxy chain length. The
temperature range exhibited by the nematic phase remained nearly constant on
increasing the alkoxy chain length. Only derivative 67e, having the
octadecyloxy chain, showed a reduced nematic phase range. Smectic A phase
formation may be due to microphase separation in which the mesogenic cores
form one region while the alkoxy chains conslitute another. Thus, for shorter
chains the smectic phase was not observed {n=5) nor was monotropic (n=7, 10).
For longer chains it was enantiotropic {n=14,18) and for compound 67e (n=18)
the smectic phase was stabilised with respect to the nematic phase.

The forked ferrocene-derivative 67f (two tetradecyloxy chains in 3- and 4-
position} was nat liquid-crystalline. In this case it was obvious that the
deslabilisalion of the liquid-crystalline properties is due to the alkoxy chain in
3-paosition. Comparison with compound 67d (one tetradecyloxy chain in 4-
pasition), which showed an enantiotropic nematic and smectic A phase,
suggested that strong steric effects may be the origin of this behaviour.
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Therefore, the lateral chain in 3-position strongly rednced the lateral
interaclions between Iwo adjacent molecnles.

£.5.1.1. Oxidised Compounds

Only some oxidants (for example: I3, DDQ, FeCly, Hz50y) are known to oxidise
ferrocene (3)(AE=0.45 V). Due to this reason only two oxidised derivatives were
synthesised. Compound 67¢ {no electrochémical investigations of this
derivative were undertaken) was chosen becanse its oxidation potential was
assumed to be nearly equal to that of compound 37 and that of ferrocene (3).
The electron-donating effect of the two methylene units is compensated by the
electron-withdrawing effect of the carboxy function (which influences the
redox-potential of the ferrocene-derivative). Thus, strong oxidants have to be
engaged in order to oxidise the ferrocene-moiety of compound 67c. Two
complexes were synthesised incorporating a 137(68a) or DDQ (68b} counter-
anion. When heated, both ferrocenium-salts gave rise to decomposition
whereas only for the triiodide salt a defined decomposition temperature was
determined. In contrast, the charge-transfer complex 68b, having a radical
anion as counter-anion, decomposed constantly when heated. Even at room-
temperature, compound 68b was nct stable as indicated by the formation of
yellow material, which formed during some weeks. This indicated that the
non-oxidised ferrocene (compound 67c) probably re-formed under these
conditions. Thus, ‘no further thermal investigations of present ferrocene-

derivatives were undertaken.

5.5.2. Compounds 59-62

The observed mesophases in ferrocene derivatives 59-62 were always nematic
whereas a remarkable difference in the thermal behaviour was seen. This
difference depended on the linkage of the ferrocenyl moiety to the core unit
and the orientation of the external ester function. Compound 59 showed the
nematic phase over a wider temperature range (AT=29°C) than compeunds 60,
61 and 62 (AT=2°C, 6°C and 3°C, respectively). It can be noted that for
compounds incorporating a flexible linking unit (61 and 62), such as -CH3-CHy,
Hquid-crystalline tendencies are lowered. In contrast, for compounds 59 and 60
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{linking unit: -CH=CH-}, a higher melting point was observed. In the case of
compound 59 a stabilisation of the mesophase was observed.

Firstly, considering the chemical structure of all compounds it can be noted
that the shape of all molecules is nearly similar. Secondly, the chemical
reduction of the double bond led to an increased molecular flexibility which
can also effect mesophase behaviour. Therefore, the phase behaviour has to be
explained from another point of view. A broader mesophase range was
observed only for compound 59. For this compound a high dipole moment is
considered. This is due to the orientation of the two ester groups and the
electron rich ferrocenyl moiety, which is in conjugation with the rigid core.
This higher dipole moment is most probably the origin of the broader
anisotropic domain when compared to compounds 60, 61 and 62. Compound
60 was prepared by hydrogenation of compound 59. In this reaction the
conjugation between the electron-donating ferrocenyl moiety and the rigid
core was broken. This caused a clear decrease in the thermal stability of the
mesophase and can demonstrate the contribution of the ferrocenyl moiety to
the dipole moment of a liquid crystal. Figure 5.14. iltustrates schematically the
resultant dipole moments of the investigated compounds. It is displayed as a
function of the orientation of the "external” ester group. Two possible
conformations are viewed for each isomer.

For ferrocene-derivatives 61 and 62 a smaller dipole moment was estimated,
as can beseen from Figure 5.14. Consequently, a decreased mesophase stability
was found for these two compounds.
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Figure 5.14. Schemalic representation of the reswltant dipole moment of compounds 59-62

depending on their conformation

5.5.3. Chiral Compounds

Chiral liquid-crystalline ferrocene derivatives have already been reported by
Deschenaux et al.186] and Imrie et al. {54]. Chiral substituents were used to give
mono- or di-substituted ferrocenes and these authors found smectic B and
smectic C phases. The possibility of planar-chiral mesogenic ferrocene
derivatives has been discussed recently {87]. This Chapter deals with the
discussion and the comparison of the mesomorphic behaviour of four chiral
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ferrocene derivatives having the same mesogenic unit but are either
monasubstituted or permethylated.

Among these four compounds only the two monosubstituted derivatives 53
and 54 displayed mesomarphic properties. Ferrocene derivative 53,
incorporating a -CH=CH- function, exhibited an enhanced liguid-crystaliine
behaviour when compared with compound 54. The temperature. range
exhibited by the chiral nematic phase is decreased on going to the -CHz-CH;-
linking unit. This behaviour may be understood by considering the role played
by the two different linking units. For the mare rigid species 53 the transition
temperatures were higher and the mesophase range was increased. Thus, a
flexible linking unit induced a more limited anisotropic phase behaviour.

Despite the rules established by Vorlinder on the necessity for the elongated
shape of the molecules to induce calamitic mesophases, the permethylated
ferrocene derivatives 55 and 56 did not show liquid crystallinity. This
behaviour was somehow unexpected because other persubstituted ferrocene
derivatives, incorporating longer promesogenic parts (such as compounds 24-
27), showed liquid crystallinity. This indicated that persubstitution can lead to a
complete loss of the mesomorphic properties. This is probably due to the
recluction of the lateral interactions and the segregation between the aliphatic
and aromatic parts of the molecules. However, preliminary essays 1o oxidise
the persubstituted derivatives 55 and 56 with silver salis (AgOTs, AgOTH,
AghCCiaF7) did not yield liquid-crystalline materials. Another point 1o be
noticed is that incorrect elemental analysis of obtained oxidised substances
indicated the presence of solvent residues. Even healing them over several
days under reduced pressure did not yield substances which gave satisfying
microanalytical data.

In conclusion, in view of liquid-crystalline phase formation the chiral butyl-
propionate group does not seem comparable with persubstituted ferrocene or
ferrocenium moieties. Even the oxidation to ferrocenium-derivatives did not

induce mesomorphic behaviour.
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5.6. Disubstituted Liquid- Crystalline Ferrocenes

A series of monosubstituted, non-symmetrically substituted ferrocenes was
synthesised (compounds 72a-g). All synthesised compounds exhibited an
enantiotropic smectic A phase, whereas for shorter chain length #n only a very
narrow anisotropic domain was observed. On going to longer alkoxy-chains
the liquid-crystalline demain broadened considerably.
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Our conclusion may be summarised as follows: structural variations that effect
the ironcyclopentadienyl core lead to changes in the mesomorphic behaviour
and the redox potentials of ferrocenes and ferrocenium salts.

Structural modifications (degree of methylation on the cyclopentadienyl
rings) have a large effect on the thermal behaviour. For persubstituted
ferrocenes it was found that incorporation of a rigid core containing two or
three aromatic rings produces non-mesomorphic derivatives. In contrast, the
use of a longer promesogenic- core bearing four aromatic rings, leads to
enantiotropic mesophases, predominantly of nematic character.

In this study electrochemical investigations were performed on several
compounds and the measured values cf the oxidation potentials agreed with
the estimated values. Interestingly, only permethylated ferrocenium salts seem
to be thermally stable upon heating, whereas pentamethyl-substitution of one
cyclopentadienyl ring leads to an axidised compound which decomposed upen
heating. Furthermore, non-methylated ferrocene-derivatives could not be
oxidised by the use of silver salts, but had to be treated with stronger oxidants
such as I3 or DDQ. The resulting ferrocenium salts were also thermally
unstable. :

The liquid-crystalline phases abserved for ferrocenium-salts were always of
layered structure; smeclic A and/or smectic € in type. These resulls were
explained by electrostatic head-group repulsions of the ferrocenium cations.
For one compound a columnar mesophase (Coly) was observed. A model of
the molecular arrangement of the salts in the layered and in the columnar
phase is proposed.

!In a further investigation the influence of the counterien on the
mesomorphic properties of ferrocenium salts was examined. Seven different
counter-anions were studied. The ferrocenium-salts containing the tosylate
counterion showed predominantly smectic phases. In contrast, for compounds
containing the smaller triflate anion, generally no mesophases were observed.
This difference between the two sulphonate counterions is explained by the
different size and in terms of their interdigitation between the ferrocenium
head groups. Sinall counterions seem therefore to be unfavourable in terms of
mesomorphic properties. All charge-transfer ferrocenium complexes which
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confain radical anions (TCNE, TCNQ, DPQ) were thermally unstable.
Therefore, due to its aromalic nature (interdigitation between ferrocenium
head groups), the size (low crystallinity of salts) and the type of ionic group
{sulphenate group as conjugate base of a strong acid) the tosylate counterion
seems to favour the most pronounced mesomorphic properties in
ferrocenium-salts.

Since we had no precise information on- the molecular structure of
investigated ferrocenium salls (crystal growth was not successful either to poor
tendency to crystallisation or decomposition of salts) it was not possible to
clarify the position of the counter-anion with respect to the ferrocenium cation
in a crystal state,

Moreover, molecules of amphiphilic type are known to show lyotropic
phase behaviour which was not studied in this thesis. In this respect it could be
interesting to compare the jyotropic mesomorphism of those salts with their
thermotropic phase behaviour.

We therefore suggest that future studies of mesomorphic redox-active
ferrocene systems should focus on the improvement of liquid-crystallinity.
This could be done either by varying the promesogenic core or by searching
further anions which favour mesophase formation.

We believe that the amphiphilic character of ferrocenium salts can give rise
to further interesting properties, namely the formation of columnar phases.
This may lead to a better understanding of the molecular organisation of
ferrocenium-salts within the liquid-crystalline state.
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7.1.  General Remarks
7.1.1 Analytical Methods and equipment

Chromatography
Column Chromatography (CC) was conducted on Silica Gel 60 (0.060-0.200 mm,
SDS). Thin Layer Chromatogeaphy (TLC) used Silica Gel Plates 60 Fzqs (Merck).

Differential-Scanning-Catorimetry (DSC) Measurements

Transition temperatures (°C) and enthalpies ¢k} moll) were determined with a
Differential Scanning Calorimeter {(Mettler DSC 30) connected to a Mettler TA
4000 processor. For the treatment of the data Mettler TA 72.2/5 Graphware was
used. The apparatus was calibrated with Indium (mp.=156.6°C, AHpusion=28.45
kJmol-Y). The DSC curves were recorded under nitrogen at a rate of 10°C min-!
if not stated otherwise. The melting +transition, isotropisation and
crystallisation temperatures are reported as onset temperatures and refer to the
second heating-cooling cycle if not stated otherwise.

Elemental-Analyses

The purity of all new compounds was verified by elemental analyses, to an
‘accurancy of within $+0.3% (C and H). Elemental Analyses were conducted in
the Analytical Department, Ciba (Marly) or at the ETH Ziirich.

Infrared-Spectroscopy
[nfrared spectra were recorded on a Perkin-Elmer 1720 FTIR spectrometer.

Magnetic Measurements

These measurements were conducted at the Universitit Marburg (D). A
powdered sample of a compound 43a was measured with a Quantum Design
‘MPMS5  SQUID  (Superconducting  Quantum  Interference  Device)
magnetometer in the temperature range 25<T<150°C and an external field of
H=5T. The sample was measured in a quartz tube for which no correction was
applied. The sample was heated to 150°C, kept there for 10 min and then cooled
for.t.
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Mass-Spectroscopy
Mass spectra were recorded on a Nermag RC 30-10 (EL: 70eV; CL: NHg*)
spectrometer. The intensities are given in brackets. The signals are given in
m/e and in percent of the basis-peak (100%). The FAB (Fast Atom
Bombardment)-spectra were recorded on a Vacuum Generators Micromass
7070 E at the Université de Fribourg (CH).

Melting points
Melling points were measured on a Bichi melting point apparatus Biichi 530

and were uncorrected.

Microscopic Investigntions
Optical studies were conducted using a Zeiss-Axioscop polarising microscope
equipped with a Linkham-THMS 600 variable temperature stage; under
nitrogen.

NMR-Spectroscopy

Proton and Carbon NMR spectra were recorded on a Varian Gemini 200
spectrometer or on a Bruker AMX 400 spectrometer. HETCOR spectra were
recorded on a Bruker AMX 400 spectra. The residual solvent peaks were used
as internal reference (CDCly & 7.26 [1H] or 77.0 [13C] ppm; CD2Cly: 8 5.32 [TH} or
53.8 [13C) ppm; dg-acetone:  2.04 [TH) or 206 [13C] ppm; d¢-DMSO: & 2.49 [1H) or
39.5|13C) ppr) Abbreviations: s: singulet; d: d-oublet,' t: triplex; q: quartet; quint:
quintet; sept: septet; m : roultiplet.-

Thermogravimetric Analyses
Thermogravimetric Analyses were performed with a Mettler TG 50
thermobalance connected to a Mettler TA 4000 processor at a rate of 20°C min-1.

UVivis Measurements
UV spectra were obtained with a uvikon 930 spectrophotometer in CHaCla,
contained in 1.0 ¢rn quarts cells. Measurernents were carried out between 200
and B0O nm.

X-ray meastrements
X-ray measurements were conducted by Dr. Anne-Marie Levelut at the
Université de Paris-Sud (F).
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7.1.2 Chemical Substances
Substance

(-)-Butyl-L-lactate, [a]p20 = -12+1
1-Bromoalkanes
2-Bromo-2-butene (mixture of cis and trans)
2,3-Dichloro-5,6-dicyano-1,4-benzoquinone
(4-Carboxybutylhtriphenylphosphonium bromide
4'-Hydroxy-4-biphenylcarbonitrile
4-Hydroxyacetophenone
4-Pyrrolidinopyperidine
4,4°-Dihydroxybiphenyl
7.7.8,8-Tetracyanoquinodimethane
a-Bromo-p-toluic acid
Bariummanganate
Benzylbromide
Borontrifluoride diethyletherate
Butyllithium 1.6M in hexane
Chromium(1V)oxide
Dicyclopentadiene
Diethylazodicarboxylate solution,
Assay 40% in toluene
Dimethylformamide
Ferrocenecarboxaldehyde
Clutaric anhydride
Hydroquinone monobenzylether
lodine
Iron(il)chloride anhydrous
Lithium, wire, high sodium
Malonic acid
N,N'-Dicyclohexylcarbodiimide
N,N,N",N'-Tetramethylethylenediamine
Oxalylchloride

Palladium on activated Charcoal (Assay 10% I’d)
Phosphorousoxychloride

Abbreviation Quality

DDQ

Ppy

TCNQ

BaMnQq
BrBn
BF3 Ei;0
in-Buli
Crs

DEAD

DMF
FcCHO

I
FeCl;
Li{Na)

TMEDA
(COClY;
Pd/C
POCH

Fluka97%
Fluka 95-97%
Aldrich 98%
Fluka 97%
Fluka 99%
Aldrich
Fluka 97%
Aldrich 98%
Fluka 98%
Fluka 98%
Fluka 98%
Fluka pract.
Fluka 98%
Fluka 98%
Aldrich
Fluka 997
Fluka 85-90%
Fluka

sds 99.8%
Fluka 98%
Fiuka 95%
Fluka 99%
Fluka 99.8
Strem 98%
Aldrich 98%
Fluka 98%
Fluka 99%
Fluka99%
Fluka 98%
Fluka
Fluka 98%
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Substance

Piperidine

Silver hexafluorophosphate
Siiver toluene-4-sulfonate

Silver trifluoromethanesulfonate
Silverheptaflucrobutyrate
Silverpentafluoropropionate
Silvertrifluoroacetate
Sodiumhydride 60% Dispersion in Mineral Oil
tert-Butyllithium 1.5M in pentane
Tetracyanoethylene
Triethylamine

Solvents

Abbreviation Quality

AgPFs
AgOTs
AgOTE
AgCCaF7
Ag0CCoFs
AgO)CF;3
NaH
t-BuLi
TCNE
NEt3

Fluka 99%
Aldrich 98%
Fluka 96%
Aldrich 99%
Aldrich 97%
Aldrich 98%
Aldrich98%
Aldrich
Fluka

Fluka 97%
Fluka 99.5%

The following solvents were distilled before use. Petroleum ether refers to the

50-110°C fraction,
Solvent

Dibutylether
Dichloromethane
Diethy] ether
Ethyl acelate
Heptane
Hexane
t-Butylmethylether
Tetrahydrofurane

Distillation over

NaH

P20s
LiAlH,
P05
Na
Na
NaH

Na, benzophencne
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7.2, Synthesis
7.2.1 Standard Experimental Procedures
7.21.1 Esterification

A solution of dichloromethane (20 ml) which contains the phenol derivative
(0.01 mol), the acid derivative (0.01 mol), DCC {0.01 mol) and Ppy (catalytic
amount: 10 mol-%) is stirred for & h under nitrogen at room temperature.
After the reaction is complete (TLC) insoluble dicyclohexylurea is filtered off
and the filtrate is evaporated. The residue is projected to column
chromatography (dichloromethane/5i02) and the ester is eluted (solvent for
column chromatography in case of alkylated ferrocene derivatives: CHzClx-
INEt3 (98:2)). The ester is recrystallised (solvent: see experimental section). The
yields are normally between 60-80%.

7.21.2. Deprotection

A solution of CHpClz-EtOH (300 ml, 5:1) containing the benzyl protected
derivative (0.1 mol) and Pd/C catalyst (10% by weight) is shaken overnight
under Hj; (4 bars). The solution is filtered and the filtrate is evaporated. The
product is recrystallised {solvent: see experimental section).

7.21.3. Hydrogenation

A solution of CHClz (50 ml) containing the derivative to be hydrogenated (0.1
mol) and Pd/C catalyst (10% by weight) is shaken 30 min under Hz (4 bars). The
solution is filtered and the filtrale is evaporated. The product is recrystallised
from dichloromethane-ethanol or acetone {see experimental section).

7.21.4. Oxidation

To a solution of dichloromethane-acetone (10 mi, 1:1) containing the ferrocene
derivative (1 eq.) a solution of AgX (0.95-1 eq., X= OTs, OTf, F23+1CCO2in=1, 2,
3] in acetone (10 ml) is given dropwise at room temperature. The colour
changes rapidly from bright yellow to green, indicating the oxidation of the
ferrocene core. After 5 min the reaction is complete (TLC) and the solution is
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filtered over celite and the filtcate is evaporated. The residue is projected to
column chromatography (CH:Cl; + 2% MeOQOL) and a bright yellow zone of
unreacted ferrocene is eluted first. Using a solvent gradient (CHClz + up to
10% MeOH) a green zone containing the product is eluted. The solvent is
evaporated and the crude ferrocenium salt is recrystallised (solvent AcOE).

7.2.2. Chemical Substances

7.2.21. Decamethylferrocene (1)

=
B3

Pentamethylcyclopentadiene (4) (10 g, 0.0735 mol) under Ar in THF (100 ml} is
cooled to -78°C. 1.6 M BuLi (150 ml, 0.118 mol, 1.6 eq.) is added slowly and the
reaction mixture is allowed to warm to r.t. The mixture is cooled to -78°C and
FeCl; (14.7 g, 0.118 mol, 1.6 eq.) is added. The solution is allowed to warm to r.t.
and turns from grey to dark green colour. To insure complete reaction the
mixture is refluxed overnight. The brown mixture is poured onto water and
ether and filiered. The organic phase is separated and the aqueous layer is
washed twice with ether. The combined organic extracts are dried over Mg50,
and evaporated. The residue is recrystallised from methanol to give orange
Decamethylferrocene (1). mp: 290°C. Yield: 189 g (0.058 mol, 79%). 1H-NMR
(200 MHz, dg-acetone): & 1.67 (s, 30H). 3C-NMR (100 MHz, dgs-acetone): & 9.8
(CH3); 79.0 (Cp-C). Anal. cale. for CyoHzoFe (326.30): C 73.62 H 9.27; found: C
73.52 H 9.48,
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7.22.2.  Pentamethylferrocene (2)

<=

Fe

2

Cyclopentadien (4)

Mineral oil (100 ml} is placed in a 4 necked flask equipped with a vigreux
column, thermometer, magnetic stirring bar and dropping funnel. The vigreux
column is connected to a water cooled condenser and a second thermometer
allowing to control vapour temperature. An ice cooled trap is placed at the
oullet of the condenser.

The mineral oil is heated to 240-250°C and with fast stirring
dicyclopentadien is added through the dropping funnel with a rate of approx.
10 mi min-1. The temperature at the top of the vigreux column should not be
higher than 45°C. Cyclopentadien (4) is collected in the ice-cooled trap and is
stored at -75°C.

Cyclopentadienylsodium DAE [63):

n a 4-necked flask equipped with a reflux-condenser, thermometer, KPG-
stirrer and a dropping funnel, sodium (11.5 g, 0.5 mol) is suspended in toluene
(70 ml). The mixture is heated under reflux. After all sodium is molten the
mixlure is stirred vigorously in order to generate a fine dispersion of sodium.
Immediately after the suspension has formed the solution is cooled rapidly by
using an ice-NaCl bath. A fine suspension of sodium has formed and the
solvent is removed by using a canula an a slight positive pressure of N;. THF
{170 ml) is added to the flask and cyclopentadiene (4)(36.5 g, 0.55 mol) is
dropped to the mixture during 2h. The temperature of the mixture should not
be higher than 40°C. The solution turns to purple and is stirred for additional
2h unti! no sodium is left. Dimethoxyethane (54 g, 0.6 mol) is added to the
reaclion mixture. A precipitate forms immediately. This product is filtered off
and washed twice with small portions of hexane to give colourless
cyclopentadienylsodium-DME which is used without further characterisation.
Yield: 4.37 g (0.0246 mol, 34%).
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Bis-fron{I1}acetylacetonate

A mixture of ironpentacarbonyl (14.3 g 10 ml, 0.0732 mol, leq) and
acetylacetone (7.32 g, 0.0732 mol, 1 eq.) in dibutylether (100 mi) is heated under
reflux for 36 h. The orange solution rapidly turns dark red and a precipitate is
formed. After complete reaction the mixture is cooled under a slight pressure
of Arto 0°C and the product is filtered off. The crystals are washed twice with
small portions of ether to give yellow-orange bis-iron(il)acetylacetonate which
is engaged without further characterisation. The product is very sensitive to
moisture and air. Yield: 6.24 g (0.0246 mol, 34%).

Pentamethylferrocene
Pentamethylcyclopentadiene (4) (3.32 g, 0.0246 mol 1 eq.) in THF (20 ml) under
Ar is cooled to -78°C and 1.6 M tert-BuLi (18.1 ml, 0.027 mol) is added during 20
min. The mixture is allowed to warm to r.t. and stirred for further 10 min to
insure complete reaction. A pale yellow precipitate forms and the suspension
is cooled again to -78°C. Solid bis-iron(Il)acetylacetonate (6.24 g, 0.0246 mol, 1
eq.) is added al this temperature at once to the reaction mixture while the flask
is flushed by a strong stream of Ar in order to protect the solution from
oxidation. The mixture is allowed to warm slowly to 0°C during Th. At about
-30°C the colour changes from red-orange to brown, indicating the formation
of the pentamethylcyciopentadienyl iron([l) acetylacetonate (10} intermediate.
After reaching 0°C the mixture is cooled again to -20°C and the
cyclopentadienylsodium-DME (4.37 g, 0.0246 mol, 1 eq.) is added in the same
manner to the flak as bis-iron{ll)acetylacetonate before. The solution is
carefully heated to 40°C for 30 min.

Water (20 ml) and ether (40 ml) are added to the brown solution and the
mixture is filtered through 5i0; (6x3 ¢m). The phases are separated and the
aqueous layer is extracted with ether until the washings remain colourless. The
combined organic extracts are washed with water (3x100ml) and the solution is
dried over Mg504 and evaporated.

The residue is projected to column chromatography (hexane-ether, 1:1; 2x40
cm) and an orange zone is eluted to give after evaporation a mixture of
ferrocene (3), pentamethylferrocene (2) and decamethylferrocene (1) (1:23: 3;
determined by the integral intensities in the TH-NMR-spectra).
Recrystallisation from EtOH gives a mixture of pentamethylferrocene (2) and
decamethylferrocene (1) (11 : 1) and a second recrystallisation from EtOH-
hexane (10:1} leads to pure pentamethylferrocene (2). mp. 87-98°C. Yield: 346 g
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{0.0135 mol, 55%, calc. for NaCp DME). R¢{ether)=0.83. 1H-NMR (200 MHz,
CDCl3): 6 1.94 (5, 15 H, CH3); 3.70 (s, 5H, Cp-H). 13C.NMR: (100 MHz, CDCl3): 3
11.5 (CHa); 71.3 (Cp-C); 80.2 (fert-C). Anal. cale. for CysHagFe (256.17): C 70.33
H7.87; found: C 70.81 H 8.15.

7.223. Ferrocenium triiodide (5)

e@r@)}

I3 Fe

Ferrocene (3) is oxidised with Io. Compound § is prepared using a procedure
similar to that described for compound 68a. Amounts used: Ferrocene (3) 300
mg (1.61 mmol, leq.) in benzene-héxane (8:2) (80 mb); I> (695.4 mg, 2.74 mmol,
1.7 eq.} in benzene (100 mi). mp. 186°C (dec.). Yield: 069 g (1.22 mmol, 76%).
Anal. cale, for CigHioFel3 (566.75): C 21.19 H 1.78; found: 20.29 H 1.77.

7.22.4. Decamethylferrocenium tosylate (6) and decamethylferrocenium
heptaflucrobutyrate (9)

o
<~

X= C3F7m2, OTs

Decamethylferrocene (1) is oxidised with silver tosylate or silver heptafluoro
butyrate. The standard experimental procedure is used.

X=0Ts (compound &)
Amounts used: Decamethyiferrocene (1) (160 mg, 0.491 mmol, 1 eq.); silver
tosylate (116 mg, 0.414 mmol, 0.9 eq.). CHClz 15 ml. mp.: 243°C (dec.). Yield: 160
mg (0.322 mmol, 78%). Anal. calc. for Ca7H37FeOsS (497.49): C 65.19 H 7.50;
found: C 65.00 H 7.64.
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X=C3F;CO; (compaund 9)
Amounts used: Decamethylferrocene (1) (110 mg, 0337 mmol, 1 eq.);
silverbutyrate (97 mg, 0.303 mmol, 0.9 eq.). CH2Clz 15 ml. mp.: 140-160°C (dec,,
difficult to determine). Yieid: 120 mg (0.222 mmol, 66%). Anal. cale. for
Ca4HagF7FeQ; (539.35): C 53.45 H 5.61; found: C 53.43 H 5.70.

7.2.25. Pentamethyiferrocenium tosylate (7)
-k
=

Silver tosylate (109 mg, 0.391 mmel) is suspended in acetone (10 ml) and a
solution of pentamethylferrocene ) (100 mg, 0.391 mmel) in CHCl; {10 ml) is
added dropwise to this suspension. The stirred reaction mixture immediately
turns black. To insure complete reaction the mixture is heated under reflux for
2h. The solution is filtered over celite. The solvent is removed under reduced
pressure and the residue is carefully washed with several portions of ether.
Yield: 125 mg (0.293 mmol, 75%). mp. 154 (dec.). Anal. cale. for CyyHyFeOaS
(427.37) C 61.83 H 6.37; found: C61.29 H 7.03.

7.2.2.6. Pentamethylferrocenium pentaflvoro propionate-pentafluoro
propionic acid adduect {10)

SR
CoFs(D o CaFsCOH ?

Pentamethylferrocene (2) (105 mg, 0.410 mmel, 1 eq.) and Pentafuoropropionic
acid (202 mg, 0.128 m}, 1.230 mmol, 3 eq.) are dissolved in benzene (20 ml) and
Oy is bubbled through this solution. The colour rapidly changes to dark brown.
After 2 h this solution is poured onto hexane (50 ml). The precipitated product
is filtered off and washed several times with ether an hexane. Yield: 50 mg
(0.086 mmol, 21%). mp. 169 (dec.). Anal. calc. for Cz1Hz1F1oFeO4 (583.24): C 43.25
H 3.63; found: C 4368 H 3.64.
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7.2.2.7.  Oxidation of ferracene (3) with DDQ (compound 11)
- 4
bx l—‘ Fe
>

Ferrocene (3) is oxidised with DDQ. Compound 11 is prepared using a
procedure similar to that described for compound 68b. Amounts wused:
Ferrocene (3) (372 mg, 2 mmol); DDQ (454 mg, 2 mmel); CH2Cl2 (10mi). Yiefd:
800 mg (1.937 mmol, 97%). mp. 175°C (dec.). Anal. calc. for C1gH10Cl2FeNO;
{413.05): C 52.34 H 2.44 N 6.78; found: C51.82 H 238 N 6.93.

7.228. Oxidation of Decamethylferrocene (1) with BaMnOy
[68-72,88] (compound 12)

,2? )@ cHo J.a:fx
Decamethylferrocene (1) (19 g, 0.0583 mol} is dissolved in a mixture of ether
and benzene (1:1, 1000 ml) and powdered BaMnQOy (100 g) is added. The
suspension is heated under reflux for 6 h. After cooling to r.t. the mixture is
filtered. The sclvent is evaporated and the residue is projected to column
chromatography (CH2Cip+19%NEt3; 5x100 cm). A bright yellow zone of
unreacted decamethylferrocene (1) is eluted first The desired aldehyde 12 is

eluted as a first dark red zone. A second dark red zone is eluted containing a
mixture of the 1,1"- and 1,2- dialdehydes.

Yield: 8.0 g decamethylferrocene (2} (recovered, 0.0245 mol, 42%).

Yield: 7.0 g nonamethylferrocene carboxaldehyde (12) (0.0206 mol, 35%). m
330°C. RECHC1)=058. 1TH-NMR (200 MHz, d;-acetone) b 165 (s, 15H, CHa);
1.79 (s, 6H, CHa); 1.98 (s, 6H, CH3); 9.98 (5, 1H, CHO). Anal. calc. for CogHsFeO
(340.28): C70.59 H 8.29; found: C 70.65 H 8.39.
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Yield: 2.0 g octamethylferrocene-1,2-dicarboxdialdehyde and octamethyl
ferrocene-1,1'-dicarboxdialdehyde (0.056 mol, 10%). R(CH2Cl2)=0.19. TH-NMR
(200 MHz, d4-acetone): b 1.62 (s, 15H, y-CH3, 1,2-isomer); 1.67 (s, 6H, p-CH3, 1,1-
isomer); 1.84 (s, 3H, B-CHs, 1,2-isomer); 1.97 (s, 6H, o-CHj, 1,1-isomer); 2.10 (s,
6H, a-CHz3, 1,2-isomer); 10.01 (5, ZH, CHO, 1,1"-isomer); 10.28 (s, 2H, CHO, 1,2-
isomer).

7.2.29. 6-(1',2,2',3,3'4,4',S,S'Nonamethy]Ierroéenyl)—S-hexenoic acid (13)

N))SF_'::z\/V\COOH
EE=3

(4-Carboxybutyl) triphenylphosphonium bromide (0.98 g 221 mmol} is
suspended under N3 in THF (5 ml). A solution of potassium-tert-butoxide (0.49
g 441 mmol) in THF (4 ml) is added during 5 min at r.t. while the reaction
mixture turns from colourless to dark orange colour. After 20 min a seclution
of nonamethylferrocene carboxaldehyde (12) (0.5 g, 1.47 mmol) in THF (5 ml) is
added dropwise while the colour of the mixture turns to brown. After 3 h the
reaction is complete and the mixture is poured onto water and ether. The
aqueous layer is separated and the organic layer is washed once with water. The
combined aqueous extracts are washed once with AcOEt and acidified with HCI
{2 N) until the product precipitates. The precipitate is re-extracted with AcOEt
and the organic selution is washed with water until the aqueous layer remain
neutral. The organic layer is dried over MgSO4. The solvent is evaporated and
the residue is recrystallised from hexane to give 6-(1,22.3,344.55
nonamethylferrocenyl)-5-hexenoic acid (13). Yield: 0.5 g (1.18 mmol, 80%). mp.
116°C. Re(CH2Cl2)=0.23. IH-NMR (200 MHz, dg-acetone): & 1.63 (5, 15H, CH3);
1.65 (s, 6H, CHa); 1.78 (s, 6H, CHa); 1.78 (m, 2H, CH3), 2.18 (m, 2H, CH2), 2.37 (¢,
2H, CHjy), 5.70 {d4, 1H, sp%-C-H, ]=15.8 Hz); 6.09 {d, 1H, sp~C-H, J=15.8 Hz).

7.22.10. 1-Formyl-1',2",3' 4',5"-pentamethylferrocene (14)

<&-cHo
Fe

<
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Pentamethylferrocene (2) (0.768 g, 3 mmol, 1 eq.) is dissolved in CHClz (10 ml).
To this solution POCl3 (1.15 g, 0.69 ml, 7.5 mmol, 2.5 eq.) and DMF (0.986 g, 1.04
ml, 13.5 mmol, 4.5 eq.) are added. The mixture is heated under reflux for 24 h.
The dark purple solution is allowed 1o cool to r.t. and cold water (15 ml) and
K3003(242 g 174 mmol, 5.8 eq.) are added. This suspension is stirred for 1 h
at r.t. Ether (30 ml) is added and the organic phase is separated. The aqueous
phase is extracted twice with ether and the combined organic extracts are
washed with water and dried over Na504. The solvent is evaporated and the
residue is recrystallised from hexane to pgive 1-Formyl-1,2.3.4.5-
pentamethylferrocene (13). Yield: 0.604 g (2.13 mmol, 71%). mp. 52°C. 1H-NMR
(200 MHz, CDCl3): 8 1.84 (s, 15H, CHa); 4.17 {t, 2H, Cp-H); 4.26 (¢, 2H, Cp-H); 9.70
(s, 1H, CHO). BC-NMR (100 MHz, APT, CDCla) b 11.0 (CH3); 71.9 (Cp-C); 77.3
(Cp-C); 82.3 (Cp-tert-C); 1284 (Cp-tert-C-CHOY; 1939 (CHO). Anal. cale. for
CisHzoFeO (284.18): C 67.62 H 7.09; found: C 67.61 H 7.06.

7.2.2.11. (1'2',3,'4'5'-Pentamethylferrocenyl}-5-hexencic acid (15)

@/\\"/\/\COOH
E

==

(1,2',3,'4,5'-Pentamethylferrocenyl)-5-hexenoic acid (15} is synthesised from
pentamethyl ferrocene carboxaldehyde (14) and (4-carboxybutyljtriphenyl-
phosphonium bromide. It is prepared using a procedure similar to that
described for compound 13. The crude product was oblained. Amounts used:
(4-Carboxybutyl) triphenylphosphonium bromide 148 mg (0.334 mmol);
potassium-tert-butoxide 38 mg (0.33¢ mmol); (12,345 -pentamethyl
ferrocenyl)-5-hexenoic acid (15} 95 mg (0.334 mmol); THF 25 ml. Yield: 80 mg
(0.224 mmol, 67%}); R(AcOE)=0.72. TH-NMR (200 MHz, CDCl3): 8 1.59 (s, 15H,
Cp-CHa); 2.20-2.49 (m, 6H, CH3); 3.65-4.12 (m, 4H, Cp-H); 5.32-5.58 (m, 1H, spz-
CH); 5.69-5.91 (m, 1H, sp2-CH).
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7.22.12, 6-Ferrocenyl-5-(E/Z)-hexenoic acid (17)

™ coon
Fe
<>

{(4-Carboxybutyltriphenylphosphonium bromide (442 g, 001 mol) is
suspended under N2 in THF (15 ml). A solution of potassium-tert-butoxide
(3.52 g, 0.02 mol) in THF (10 ml) is added during 5 min at r.t. while the reaction
mixture turns from colourless to dark orange colour. After 20 min a solution
of ferrocenecarboxaldehyde (16) (2.14 g, 0.01 mol) in THF (10 ml) is added
dropwise while the colour of the mixture turns to brown. After 45 min the
reaction is complete and the mixture is poured onto water and ether. The
aqueons layer is separated and the organic layer is washed once with water. The
combined aqueous extracts are washed once with AcOEt and acidified with HCI
{10%) until the product precipitates. The precipitate is extracted with AcOEt and
the organic solution is washed with water and dried over MgSO4. The solvent
is evaporated and the residue is projected to column chromatography (AcOEL;
1x20 cm). A dark red zone is eluted to give after evaporation pure 6-Ferrocenyl-
5-hexeneic acid (17) as a mixture of cis-trans isomers (2:1). Yield: 2.1 g (0.007
mol, 70%). RE(ACOE£)=0.61. 1H-NMR (200 MHz, CDCl3): 5 1.81 {7, 2H, CHz); 2.11-
2.48 (m, 4H, -CHy-); 4.12 (s, 5H, Cp-H); 4.21 (s, 2H, Cp-H); 4.33 (s, 2H, Cp-H); 5.42
(dt, 1H, J'tis=114 Hz, sp2CH); 5.74 (d4, 1H, 'trans=15.5 Hz, sp2-CH); 6.12 (4, 1H,
sp2-H, cis- and trans-isomer). I3C-NMR (100 MHz, AFT, CDCla): 6 24.7 (CHz);
283 (CHjy); 32.2 and 33.7 (CHp, cis- and trans-isomer); 66.5 (Cp-H}); 68.6 (Cp-H);
69.2 (Cp-H); 821 (tert-C); 127.1 (5p2-C); 128.0 (spz-C); 180.0 (COCH). EI-MS (70
eV): 298 (M, 11); 84 (90); 49 (100). Anal. calc. for CigH1gFeOz (298.13). C 6445 H
6.08; found: C 64.36 H 6.16.

7.2.213. 1-Ferrocenyl-2-{4'-carboxyphenyl)ethylene (18}

oy R O COOH
Fe

i=>

1-Ferrocenyl-2-(4'-carboxyphenyljethylene (18) is synthesised from ferrocene
carboxaldehyde (16) and (4-carboxybenzyljtriphenyl-phosphonium bromide. 1t
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is prepared using a procedure similar to that described for compound 19.
Amounts used: Ferrocene carboxaldehyde (16) 137 g (8.06 mmol, leq.); (4-
carboxybenzyl)triphenyl-phosphonium bromide 5 g (1048 mmol, 1.3 eq.);
potassium-tert-butoxide 2.55 g {20.98 mmol, 2.6 eq.); THF 20 ml. Yield: 091 g
(2.74 mmol, 34%). mp. 272°C. TH-NMR (200 MHz, ds DM50): 6 4.16 (s, 5H, Cp-
H); 4.37 (¢, 2H, Cp-H), 4.62 (8, 2H, Cp-H); 6.84 (d, 1H, |=16.1Hz, sp2C-H); 7.17 {d,
1H, J=16.5Hz, sp2C~H); 7.60(d, 2H, arom-H); 7.90 (4, 2H, arom-H). Anal. calc. for
Cr9H16FeO7 (332.18): C68.70 H 4.85; found: C 68.63 H5.06.

7.22.14, 1-Nonamethylferrocenyl-2-(4"-carboxyphenyl)ethylene (19)

W e
2

{4-Carboxybenzylitriphenyl-phosphonium bromide (286 g 6 mmol} is
suspended under Nz in THF (10 ml}. A solution of potassium-tert-butoxide
{1.35 g, 12 mmol} in THF (12 m!} is added during 5 min at r.. while the reaction
mixture turns from colourless to dark orange colour. After 30 min a solution
of 1-nonamethylferrocenyl-2-(4'-carboxyphenylethylene (19} (20 g 6 mmol} in
THF (12 mD) is added dropwise while the colour of the mixture turns to brown.
The reaction mixture is heated under reflux for 4 h. After cocling to r.t. the
mixiure is poured onto water (25 ml) and ether (25 ml). The aqueous layer is
separated and the organic layer is washed twice with water. The combined
aqueous extracts are washed with AcOEt and acidified with HCl (10%). The
aquecus layer is re-exiracted once with AcOEt and the combined organic layers
are dried with MgS0O4 and evaporated. The solid residue is washed with
hexane, filtered off and dried, Yield: 0.42 g ( 0.915 mmol,15%). mp. 301°C. 1H-
NMR (200 MHz, CDCl3): 5 1.29 {5, 15H, Cp-CHa); 1.54 (s, 6H, Cp-CHj); 1.67 (s, 6H,
Cp-CH3); 6.67 {m, 2H, sp2-CH); 7.45 (d, 2H, arom-H); 8.03 (d, 2H, arom-H). EI-MS
(70eV): 459 (M., 18), 135 (100), 119 (F0), 91 (7Q).
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7.22.15. 6-Nonamethylferrocenyl-5-hexenoic acid (4-biphenyl-4'-
benzyloxy) ester (21)

xFii\/\/\COO—@—@—OBn
=

6-Nonamethylferrocenyl-5-hexenoic acid (4-biphenyl-4'-benzyloxy) ester (21) is
synthesised from ferrocene derivative 13 and 4-benzyl-4-hydroxy bighenyl {74].
It is prepared using the standard experimental procedure for esterification,
Amounts used: (1,2,2"3,34,4'.5,5 nonamethylferrocenyl)-5-hexenoic acid (13)
3.9 g (889 mmol); &-benzyl-4-hydroxy biphenyl 2.46 g (8.89 mmol); DCC 1.83 g
{8.89 mmol); Ppy 0.13 g (0.89 mmel); CH2Clz 100 ml. Recrystallisation from
EtOH-hexane. Yield: 4 g (5.85 mmol, 66%). mp. 135°C. R{CH,Cly)=0.77. 1H-
NMR (200 MHz, ds-acetone): § 1.67 (5, 15H, Fe-CH3); 1.72 (s, 6H, Fe-CH3); 1.82 (s,
6H; Fe-CH3); 1.91 (guiny; 2H; CHp); 2.29 (d1; 2H, CHy); 2.70 (¢, 2H, Op-CH3); 5.19 (s,
2H, Ar-CHp); 5.74 (dt, 1H, J=15.7Hz, sp2-CH}; 6.17 (d, 1H, J=16.1Hz, Fe-CH); 7.11
(d, 2H, j=8B.8Hz, arom-H); 7.17 {4, 2H, |=8.8Hz, arom-H); 7.33-7.65 {in, ?H, arom-
H). Anal. cale. for Cy4HsgFeQs: C 77.41 H 7.38; found: C 76.70 H 7.32.

7.22.16. 6-Nonamethylferrocenyl-5-hexenecic acid {4-biphenyi-4"-hydroxy)
ester (22) )

B W

Fe

=

6-Nonamethylferrocenyl-3-hexenoic¢ acid (4-biphenyl-4'-hydroxy) ester (22) is
synthesised from compound 21. lt is prepared using the standard experimental
procedure for deprotection. Amounts used: 21 4 g (5.85 mmeol); Pd/C 04 g
CHCl; 100 ml. Recrystallisation from hexane-EtOH. Yield: 2.9 g (4.88 mmol,
83%). mp. 181°C. Rf(CH,Cl)=0.21 TH-NMR (200 MHz, ds-acetone): § 1.34-1.44
{m, 6H, CHy); 1.67-1.71 (1, 27H, Cp-CHa); 2.24 {t, 2H, Cp-CH2); 2.57 (1, 2H, CH»-
COy); 6,94 {4, 2H, j=8.8Hz, arom-H); 7.12 (4, 2H, ]=8.8Hz, arom-H); 7.51 (d, 2H,
{=B.8Hz, arom-H); 7.63 (d, 2H, J=8.8Hz, arom-H).
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7.22.17. Compounds 24-27

oo o0 oo
Fe
ﬂ n=6, 10, 14. 18

Compounds 24-27 are synthesised from 6-nonamethylferrocenyl-5-hexenoic
acid (4-biphenyl-4"-hydroxy) ester (22} and the corresponding 4-alkyloxybenzoic
acid-4-carboxyphenyl esters (alkyl=hexyl, decyl, tetradecyl or octadecyl) 23a-d.
They are prepared using the standard experimental procedure for esterification.

Characterisation and experimental details for compound 27, (n=18): Amounts
used: 6-Nonamethylferrocenyl-5-hexenoic acid (4-biphenyl-4-hydroxy) ester
(22) 3.56 g (5.98 mmol); 4-octadecyloxybenzoic acid-4-carboxyphenyl ester (23d})
3.05 g (5.98 mmol); DCC 1.23 g {5.98 mmol); Ppy 0.088 g (0.598 mmol). Yield: 4.1
g (3.77 mmol, 63%). Recrystallisation from EtOH-CHzClp. 27. Ry (CHCly)=0.73.
1H-NMR (200 MHz, CDCl3): 6 0.89 (¢, CH3, 3H); 1.28 (m, 38H, CHp); 1.50 (m, 27H,
Fe-CH3); 1.81 (i, 2H, O-CHz-CHjy); 2.39 (t, 2H, O2C-CHy); 4.07 (¢, 2H, O-CH3); 7.00
(d, 2H, )=8.8Hz, .arom-H}; 7.17 (d, 2H, J=8.8Hz, arom-H); 7.31 (d, 2H, ]=8.8Hz,
arom-H); 7.39 (4, 2H, ]=8.8Hz, arom-H); 7.60 (d, 2H, )=8.8Hz, arom-H); 7,64 {,
2H, J=88Hz, arom-H); 817 (d, 2H, )=8.8Hz, arom-H); 8.31 {4, 2H, J=8.8Hz, arom-
Hj.

Table 7.1. Elemental analyses of compounds

compound| =n fermula MW %C % H %C %H
({calc.) (calc.) (found) {found)

24 6  Cs7HesFeQ7  918.99 7449 7.24 74.36 7.24

25 10 CeiH74FeQr  975.09 75.14 7.65 75.14 7.66

26 14 CgsHgoFeO7 103120 75.71 8.01 75.86 7.95

27 18 CgoHogFeO7  1087.31 76.22 8.4 76.26 §.38
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7.2.218. Compounds 24(a-b)}-27(a-c)

- [— Y}éi\/\/\coz05:—@}-02(: —@-OC,,H%‘
Zos e, 10,44,

X=0Ts, OTf, C 3F700;

The ferrocene derivatives 24-27 are oxidised with different silver saits (silver
tosylate, silver triflate, silver heptafluorobutyrate). Tosylate and triflate salts
crystallise well whereas the heptafluorobutyrate salts sometimes have to be
recrystallised twice in order to obtain satisfying microanalytical data. The
standard experimental procedures for these oxidations are depicted in Chapter
7.2.1.4. Whether or not the compounds crystallise well the yields of all products
are between 37-81%. All compounds are recrystallised from AcOEL :

Table 7.2. Elemental analyses of compounds

com- X n formula MW %C %H %C % H
pround {celc.) {calc.) {found) (found)

24a OTs &  CoqH7aFeOwS 109019 7051 475 70.07 6.86
24b C3FsCOn 6 Ce9HgaF7FeOg 1244.24 66.60 6.64 66.72 6.68
25a aTs 10 CogHg1FeOrip 114629 7125 712 7117 7.32
26 | CIFCO7 10 CesHpgF7FeOg 118814 6571 628 6546 6.34
25¢ OTf 10 CsaH7qF3FeO105 112417 6624 663 66.11 6.69
26a Ofs 14 CoHgFeQnp 126240 7192 746 7176 747
266 | CaF7CO2 14 CeiHesF7FeO9 113203 6472 588 64.58 5.80
26c oT¢ 14 CoeHgoF3FeO105 118028 6716 7.00 67.09 6.89
27a OTs 18 C7gHg7FeO10 125851 7253 777 7242 7.92
Zb | CaFCO2 18 CryHooF7FeOo  1300.35  67.43 698 6729 7.03
2% OT¢ 18 CrpHopF3FeO105 123639 6800 7.34 57.93 7.33
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Table 7.3. Experimental details of compounds 24-27(a-c)

Syn-

thesis Amounts used Amounts used Yield

of com- Btarting ferrocene Oxidant (AgX) Product

pound

mg mmol mg mmol me mmol o

24a 24 200 0217 AgOTs a0 0.217 140 0.134 62
24b 24 200 0.217 AEOZCCJF? 69 0.217 130 0.108 50
25a 235 [ 200 0.205 AgCTs 57 0.205 100 0.084 41
b 25 200 0.205 AgOCCaF7 65 0.205 90 0.076 37
25¢ 25 200 0.205 AgOTE 52 0.205 120 011 54
26a 26 200 0.154 AgOTs 54 0.194 190 0.157 L1 |
26b 26 200 0.194 AgOCCyF7 | 62 0.194 130 0.116 ol
26¢ 26 200 0.194 AgOTE 49 0.1%4 170 0.145 75
27a 27 | 500 0.459 AgOTs 128 0.459 330 0.266 58
byp] 27 | 200 0.184 AgOCCyF7| 59 0.184 130 0.099 54
¢ 27 | 200 0.184 AgOTE 47 0.184 150. 0.132 72

7.22.19. 10-{4-benzyloxy-phenoxy)-decan-1-o0} (28) [80|

HO‘{CHz)mo—O‘OBH

A solution of monobenzyloxy hydroquinone ether (10 g, 0.049 mol, 1 eq.),
potassium carbonate (14.8 g, 0.147 mol, 3 eq.}, and 1-bromodecanat (11.6 g, 0.049
mol, 1 eq.) in DMF (200 ml) is heated at 120°C for 3 h. After cooling to r.t.
insoluble potassium carbonate is filtered off and the solvent is evaporated. The
crude product is recrystallised from heptane and 10-(4-benzyloxy-phenoxy)-
decan-1-ol (28) is isolated as a colourless powder. Yield: 14.3 g (0.04 mol, 82%).
mp. 34°C. RCHClp)=0.16. TH-NMR (200 MHz, CDCly): 5 0.1.32 (m, 12H, CHy);
1.57 (3, 2H, CH2-CH-OH); 1.76 (q, 2H, CH2-CH2-OPh); 3.65 (t, ZH, HO-CH2); 3.91
(¢, 2H, CHz-O-Ph); 5.02 (5, ZH, Bn-CHy); 6.81-6.94 (m, 4H, arom-H); 7.35-7-43 (1,
5H, arom-H). Anal. calc. for Cz3H39O5 (356.50): C 77.49 H 9.05; found: C 7743 H

9.16.
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7.2.2.20. 6-Nonamethylferrocenyl-5-hexenoic acid (1-decyl-10 (1"
phenyloxy-4'-benzoyl)} ester (29)

WO{CH 20 —@—OBn

Fe

2

6-Nonamelhylferrocényl-S-hexenoic acid (1-decyl-10 (1'-phenyloxy-4'-benzoyl)
ester (29) is synthesised from compound 13 and compound 28. It is prepared
using the standard experimental procedure for esterification. Amounts used: 6
(1,2,2,3,3'4,4',5,5 Nonamethylferrocenyl)-5-hexenoic acid (13) 3 g (7.07 mmol,
1 eq.); 10-(4-benzy loxy-phenoxy)-decan-1-ol (28) 2.77 g (7.78 mmol, 1.1 eq.); DCC
1.6 g (778 mmol, 1.1 eq); Ppy 115 mg (0.778 mmol); CHxCl; 160 ml
Recrystallisation from EtOH-CHCly. Yield: 4.77 g (6.25 mmol, 88%). mp. 45°C.
R¢(CHzCl;)=0.68. TH-NMR (200 MHz, CDCl3x: 8 1.32 {m, 12H, CHy); 1.49 (5, 15H,
Fe-CH3); 1.56 (s, 6H, Fe-CH3); 1.63 (s, 6H, Fe-CH3); 1.76 (quint, 4H, O-CH3-CH2); g,
2H, sp2-CHy); 2.36 (t, 2H, O2C-CHa); 391 (¢, 2H, O-CHy); 4.08 (¢, 2H, O-CHy); 5.02
(s, 2H, Ar-CHy); 5.65-5.94 (m, 2H, sp2-CH); 6.81-6.94 (m, 4H, arom-H); 7.32-7.46
(mr, SH, arom-H). Anal. calc. for CygHesFeQy (762.89): C 75.57 H 8.72; found: C
75.63 H 8.56.

7.2.2.21. 6-Nonamethylferrocenyl hexanoic acid (1-decyl-10 (1™-phenyloxy-
4'-hydroxylester (30)

[CH;)“;O —@—ou

Fe

=<

6-Nonamethylferrocenyl hexanoic acid (1-decyl-10 (1'-phenyloxy-4'-hydroxy)
ester (30) is synthesised from compound 29. 1t is prepared using the standard
experimental procedure for deprotection. Amounts used: 29 4.77 g (6.25 mmol);
Pd/C 0.5 g CHCl; 250 mi. Recrystallisation from hexane. Yield: 4 g (5.945
mmol, §8%). mp. 53°C. Rf(CH2Cly)=0.19 TH-NMR (200 MHz, dg-acetone): & 1.45
(m, 18H, CHy); 1.60 - 1.73 (m, 6H, CH2); 1.62 (n, 27H, F¢-CHa); 2.27 (¢, 2H, OoC-
CH3); 3.89 (t, 2H, O-CH2); 4.03 (¢, 2H, O-CH2); 6.75 (s, 4H, arom-H). Anal. calc. for
CatHeaFeOyq (674.78): € 72.97 H 9.26; found: C 73.16 H 9.57.
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7.22.22. Compound 31

ﬁCSHmCOszHQO -@— 0L @- oL -@—ocm,

Fa

25

Compound 31 is synthesised from compound 30 and 4-octadecyloxybenzoic
acid-4-carboxyphenyl ester (23d). It is prepared using the standard experimental
procedure for esterification. Amounts used: 30 4 g (5.945 mmol, 1 eq); 4
octadecyloxybenzoic acid-4-carboxyphenyl ester (23d) 3.63 g (7.13 mmol, 1.2 eq.);
DCC 147 g (7.13 mmol, 1.2 eq.); Ppy 105 mg (0.713 mmol); CH»Ciy 150 mil.
Recrystallisation from EtOH-CH;Clz. Yield: 35 g (299 mmol, 50%).
R#{CH;Cl3)=0.89. TH-NMR {200 MHz, CDClg): & 0.89 {t, 3H, CH3); 1.27 (m, CH2)
and 1.32 (m, CH2) (3.54H); 1.57 (s, 27H; Cp-CHa); 1.80 {m 2H, CHy); 2.29 (t, 2H,
CH3-CO); 3.97 (1, 2H, O-CHy); 4.06 (1, 4H, CO7 and O-CHyy; 6.93 d, 2H, J=8.8Ha,
arom-H); 6.99 {d, 2H, J=8.8Hz, arom-H); 7.13 (d, 2H, ]=8.8Hz, arom-H); 7.36 (4,
2H, J=8.8Hz, arom-H); 8.16 (4, 2H, ]=8.8H2, arom-H); 8.27 (4, 2H, J=8.8Hz, arom-
H). Anal. cale. for Cz3H105FeOg (1167.48): C 75.10 H 9.15; found: C 75.24 H 9.26.

7.22.23. Compounds 3la-g

- b
X l—ﬁCusmszHzOOQ- OzC—©- %C-@—C’Cla*'h?
P

X=QTs, OTf ,CF300 2 ,C2F 50 2, C3F700; TCNQ, TCNE

The ferrocene derivative 31 is oxidised by different oxidants (silver tosylate,
silver triflate, silver trifuoroacetate, silver pentafluoropropionate, silver
heptafluorobutyrate, TCNE, TCNQ) to give the corresponding ferrocenium-
derivatives. The standard experimental procedures for these oxidations are
depicted in Chapter 7.2.1.4. Compounds 31a-e are recrystallised from AcOEt.
The charge-transfer salts 31f and 31g are not purified by column
chromatography but recrystallised from hexane.
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Tabie 7.4, Elemental analyses of compounds

com- anion Sformula MW %@C  %H %L % H
pound feale.) (cale.) (found) (found}
31a OTs CaoH113Fe0115 133868 7178 851 7149 863
31s OTf Cr4H100F3FeO115 131656 6751 8.1 6734 843
31c¢ CFCO» CrsH1psFaFeOq0 128050 7035 834 67.9 8.58
31d¢ | CFsCO2 C7aH106FsFeO1p 133051 6861 803 6730 833
31e€ | CFACOn Cr7H106F 7F Qg 138052 6699 774 6507 786
31f TCNGQ-2 CgsH110FeMN4Og 137168 7443 B.U8 7428  3.01
31g TCNE b C7gH1psFeNgOg 129559 7324 825 7272 838

a TCNQ: (N-analysis: cale.: 4.09, found: 4.26); P TCNE (N-analysis: cale.: 4.33,
found: 3.63); < Elemental analysis of compounds are not correct probably due to
some amount of AcOEt in the final product, as indicated by DSC

measurements.
Table 7.5, Experimental details of compounds INa-g

Syn-

thesis Amgounts used Amounts used Yield

of com- Compound 31 Cxidant Product

pound

mg mmol g mmo{ g mmol %

31a 560 0.428 AgOTs 107 0.428 420 0.316 74
3 200 0171 AgOTE 44 0.171 180 0.140 a2
31c 200 0.171 AgOCCF3 38 0171 90 0.0735 43
31d 200 0.171 || AgOCCyFs 46 0.171 130 0.103 60
3le 200 0171 | AgQaCCaF7 55 0.171 120 0.089 52
31f 100 0.0856 TCNQ 17 0.0856 70 0.0522 61
Mg 100 0.0856 TCNE 11 0.0856 80 0.0659 77
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7.2.2.24. 4-Hydroxy-benzoic acid 4"-decyloxy-biphenyl-4-yl ester (33)

HO —@—COOOCmHm

4-Hydroxy-benzoic acid 4'-decyloxy-biphenyl-4-yl ester (33) {74] is synthesised
from compound 75. It is prepared using the standard experimental procedure
for deprotection. Amounts used: Compound 75 3.0 g (5.58 mmol); Pd/C 30 mg;
CH2Cl2 250 ml. Recrystallisation from hexane. Yield: 1.36 g (3.04 mmol, 52%).
Re(CH,Cly)=0.60. TH-