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This thesis is concerned with the synthesis, characterisation and physical properties of
liquid crystal materials which (i) improve the switching speeds and multiplexability of twisted
and supertwisted nematic display devices, (ii) exhibit the smectic C phase and are suitable for use
as host materials for ferroelectric display dévices, (1i1) exhibit the nematic phase and have high
polarisabilities and high optical anisotropies (birefringence).

(1) 4-Alkoxy- or 4-alkyl- 4'-cyanobiphenyls and 4-cyanophenyl 4-alkoxy- or 4-alkyl-
benzoates have a positive dielectric anisotropy which is required to be large in order to provide
fast switching speeds in twisted nematic display devices. The use of lateral fluoro-substituents
can provide high dielectric anisotropies by breaking up antiparallel associations of the parent
systems and by adding to the dipole. A range of fluoro-substituted cyanophenyl benzoate esters
was prepared to provide dopants of high positive dielectric anisotropy and to provide information
as to which fluoro-substitution patterns provide the most favourable results.

(ii) Ideal host materials for the ferroelectric display device are very difficult to obtain
because of the need for low melting points, large smectic C ranges, low viscosities and large
negative dielectric anisotropies. Excellent ferroelectric host materials have been prepared by
utilising two ortho difluoro-substituents in terminal alkoxy- and alkyl- substituted
1,1':4',1"-terphenyls. This arrangement of lateral fluoro-substituents provides a narrow
molecule which minimises viscosity and upholds smectic C phase thermal stability whilst
providing a lateral dipole which leads to negative dielectric anisotropy.

(iii) A 2,6-disubstituted naphthalene moiety has been used in conjugation with an ethynyl
linking group to give nematic materials of very high optical anisotropy.

The synthesis of the compounds included in this thesis required the development of
extremely useful and interesting palladium-catalysed cross-coupling procedures including some
novel selective couplings. This convergent approach to synthesis is very advantageous and

provides high product yields.
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Summary of Thesis submitted for PhD degree
by Michael Hird, BSc, CChem, MRSC
on
The Synthesis and Properties of Liquid Crystals
for Twisted Nematic and Ferroelectric Displays

Liquid crystal display devices have only recently become widely available and
represent a tremendous technological advance in providing both small, high contrast
display devices of low power consumption for use in portable equipment and larger,
back-lit, public information display devices. More recently miniature colour television
displays utilising liquid crystals have become available based on twisted nematic
technology. The ferroelectric display device is potentially important due to the promise of
very fast switching speeds and high level multiplexability in large and small displays.

This thesis is concerned with the synthesis, characterisation and physical properties
of liquid crystal materials which (i) improve the switching speeds and multiplexability of
twisted and supertwisted nematic display devices, (ii) exhibit the smectic C phase and are
suitable for use as host materials for ferroelectric display devices, (iii) exhibit the nematic
phase and have high polarisabilities and high optical anisotropies (birefringence).

(i) 4-Alkoxy- or 4-alkyl- 4'-cyanobiphenyls and 4-cyanophenyl 4-alkoxy- or
4-alkyl- benzoates have a positive dielectric anisotropy which is required to be large in
order to provide fast switching speeds in twisted nematic display devices. The use of
lateral fluoro-substituents can provide high dielectric anisotropies by breaking up
antiparallel associations of the parent systems and by adding to the dipole. A range of
fluoro-substituted cyanophenyl benzoate esters was prepared to provide dopants of high
positive dielectric anisotropy and to provide information as to which fluoro-substitution
patterns provide the most favourable results.

(ii) Ideal host materials for the ferroelectric display device are very difficult to obtain
because of the need for low melting points, large smectic C ranges, low viscosities and
large negative dielectric anisotropies. Excellent ferroelectric host materials have been
prepared by utilising two ortho difluoro-substituents in terminal alkoxy- and alkyl-

substituted 1,1:4',1"-terphenyls. This arrangement of lateral fluoro-substituents provides



a narrow molecule which minimises viscosity and upholds smectic C phase thermal
stability whilst providing a lateral dipole which leads to negative dielectric anisotropy.

(iii) The use of a 2,6-disubstituted naphthalene moiety in conjugation with an
ethynyl linking group and other moieties conducive to high polarisability provides nematic
materials of very high optical anisotropy.

The synthesis of the compounds included in this thesis required the development of
extremely useful and interesting palladium-catalysed cross-coupling procedures including
some novel selective couplings. This convergent approach to synthesis is very

advantageous and provides high product yields.
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INTRODUCTION



1.1 Historical Background

The discovery of liquid crystalline states of matter occurred in 1888 when the
Austrian botanist Reinitzer! observed that cholesteryl benzoate melted at 145.5 °Cto a
turbid, milky fluid. The melt only became clear and transparent at 178.0 °C (a transition
which was found to be exactly reversible on cooling). Physicist Lehmann?# was also
working on a similar investigation at this time and in 1889 he described the unusual
appearance as consisting of 'living crystals' and established that it involved a new state of
matter which he called the liquid crystal phase.

The existence of this new phase surprised the scientific community and was met
with some disbelief, being passed off as colloidal effects due to the suspension of small
crystals in the isotropic liquid or as impurities causing an emulsion.

In 1922, as the result of detailed microscopic studies, Friedel was able to
characterise three distinct types of liquid crystal phase. He named them ‘nematic’ (after the
Greek term nematos meaning thread-like), ‘cholesteric’ (because, at the time, most
compounds exhibiting this phase were derivatives of cholesterol) and ‘smectic’ (after the
Greek term smectos meaning soap-like). Although Friedel did not identify the existence of
more than one smectic phase, this general classification still remains today.

In 1964 Fergason®.7 reported on the use of cholesteric liquid crystals as temperature
indicators, an area which still attracts much research attention today. However, the main
driving force behind liquid crystal research was the realisation in the 1960s that liquid
crystals could be used in flat-panel electrooptic display devices; the first such device was
demonstrated by the Radio Corporation of America but only functioned at 80 °C. In 1968
Heilmeier?: demonstrated a liquid crystal display device operating at room temperature and
in 1971, Schadt and Helfrich!10 invented the twisted nematic display device. The discovery
of the cyanobiphenyls by Gray et al.11:12 in 1973 provided stable, room-temperature
nematic materials which enabled the manufacture of marketable twisted nematic display
devices (see also Applications of Liquid Crystals, p 23). Today, most research and
development in the liquid crystal field is connected with display devices, but there is

increasing research interest in liquid crystal polymers.



1.2 General Aspects of Liquid Crystals

A material is defined as a crystalline solid when the structure has long-range order
of the molecular positions in three dimensions. A fully ordered crystal will also have

long-range orientational ordering of its constituent molecules.13

T P

T2 T4 . . To - ,\
—> > - \
N [ V=
Crystal (K) Smectic (S) Nematic (N) Isotropic liquid (1)
T5
Possible Ph Transition n rM ni mpoun
Figure 1

When a fully ordered molecular crystal is heated the thermal motions of the
molecules within the lattice increase and eventually the vibrations become so intense that the
regular arrangement of molecules is broken down with the loss of long-range orientational
and positional order to give the disorganised isotropic liquid (T1, Figure 1). The
temperature at which this process occurs is called the meliing point and the heat absorbed
by the molecules is the latent heat of fusion. However, this process, which takes a
compound from being very well ordered to being totally disordered in one step is a very
destructive one, which is not universal for all compounds. For many compounds, this
process occurs by way of one or more intermediate phases as the temperature is increased.
These phases are called mesophases and some of these mesophases are liquid crystalline.
Liquid crystal phases have properties which are intermediate between those of the fully

ordered crystalline solid and the isotropic liquid; liquid crystal mesophases are fluids



3
which, due to partial orientational ordering of the constituent molecules, have material
properties such as permittivity, refractive index, elasticity and viscosity which are
anisotropic.

Mesogenic (i.e. mesophase-producing) compounds generally consist of long,
narrow, lath-like and fairly rigid molecules (see Figure 1). In the crystal state (K), the
molecules are held together by strong intermolecular forces of attraction which due to the
lath-like structure are anisotropic (i.e. their magnitude will differ from one direction to
another). In simple terms, the smectic phase arises if the lateral intermolecular forces of
attraction are stronger than the terminal forces and so, on heating, the terminal forces
breakdown first, in-plane translational order is lost and this results in a lamellar
arrangement of molecules in which the layers can slide over each other (T2). Due to
possible correlations within the layers and between the layers there are five smectic
modifications and a further six quasi-smectic disordered crystal mesophases (see p 7). T3
illustrates the loss of both in-plane and out-of-plane translational order to leave a
statistically parallel arrangement of molecules (orientational order) in the nematic phase.
When the smectic phase is heated either out-of-plane translational ordering 1s lost (T4),
which produces the nematic phase, or additionally orientational ordering is lost (T5), which
gives the isotropic liquid. T6 represents the loss of orientational ordering of the nematic
phase to give the isotropic liquid. The cholesteric phase simply represents the nematic
phase for chiral molecules, but a racemic mixture will give a nematic phase.

An important feature of mesophase-mesophase and mesophase-isotropic liquid
phase transitions is that they are exactly reversible (to within ~0.5 °C), whereas
crystal-crystal, crystal-mesophase and crystal-isotropic liquid phase transitions are not
because supercooling occurs. This can be useful in determining the presence of a
mesophase and since supercooling occurs on cooling to the crystal state then mesophases
may be revealed on cooling and not on heating. Such mesophases are called monotropic
and the temperatures at which they occur are given in round brackets (). Monotropic
mesophases always occur below the melting point, whereas mesophases which occur

above the melting point are formed on both heating and cooling and are called enantiotropic



mesophases.

Sometimes, compounds intended for possible use in liquid crystal mixtures will not
be mesogenic. In order to determine how liquid crystalline such compounds are, a virtual
(extrapolated) value is obtained but this process is usually only reliable for the nematic
phase thermal stability. The procedure involves the mixing of the test compound in known
compositions with a nematic host material of known Ty value. A graph is plotted of Ty
value vs. transition temperature and the straight line is extrapolated to the composition point
representing 100% of the test compound. The virtual Ty value is conventionally given in

square brackets [].

1.3 Classification of Mesophases

Mesogenic materials are generally classified as shown in Figure 2.

Mesogens
/ \
Thermotropic Lyotropic
Polymers Low molar mass
/ \ /\
Main chain  Side chain Calamitic  Discotic

Figure 2
There are two main classes of mesophase:
(1) thermotropic, where mesophases are generated purely by heating or cooling;

(i1) lyotropic, where mesophases arise from the process of dissolution of an
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amphiphilic solid in a solvent (usually water).

Lyotropic,4 polymeric,!5-18 and discotic!9-29 mesophases are beyond the scope of
this thesis which is solely concerned with thermotropic, low relative molecular mass,
calamitic mesogens21-23 which are sub-divided into nematic liquid crystals21-23
(cholesteric24 for chiral molecules), smectic liquid crystals!3:25 and quasi-smectic

disordered crystals13.25 according to Figure 3.
Y g g

Thermotropic, Calamitic Mesogens

|

Quasi-Smectic Liquid Crystals

S. S, Sa
St S« Sh

Y
Smectic Liquid Crystals

Sa Sc
Ss S Sk '
Nematic Liquid Crystals
(Cholesteric when chiral)
lassification of Calamiti h
Figure 3

1.3 (a) The Nematic Phase2!1-23

The nematic phase is the least ordered and technologically the most important liquid
crystal phase due to its highly fluid nature. The nematic phase is a non-lamellar anisotropic
liquid. The molecular positions show only short-range order in all directions but the
molecules do possess quasi-long-range orientational order of their long molecular axes
which takes the form of a statistically parallel arrangement of molecules (see Figure 4).

In 1927, Zocher26 proposed the continuum theory of mesomorphic states which
has been updated by Zocher27 himself (1933), Oseen28 (1933) and Frank2% (1958). The
continuum theory can be used to explain the existence and properties of the nematic phase

and can be extended to include cholesteric and smectic mesophases. Maier and Saupe30-3!
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reported the molecular statistical theory which suggests that the occurrence of mesophases

is due to the anisotropy of molecular polarisability which is in turn determined by the

molecular geometrical anisotropy.

/
'//\'l/\”/l

The Molecular Arrangement of Nematic Ph

Figure 4

1.3 (b) The Cholesteric Phase24

.

1/2 Pitch

@

QOO

v
r
Figure 5
The cholesteric phase is a modification of the nematic phase and is exhibited only
by compounds composed of optically active molecules. The racemic modifications of

cholesterogens are known to exhibit nematic phases, but a slight excess of one optical

isomer over the other will cause the mixture to become cholesteric. In fact, a nematic phase
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can be converted into a cholesteric phase by the addition of an optically active compound
which need not be liquid crystalline.

The optic axis of a cholesteric material is orthogonal to the long molecular axis and
so the cholesteric phase is optically of negative uniaxiality. The cholesteric phase is
generally accepted as having a spontaneously twisted nematic structure (see Figure 5) and
is often called the chiral nematic phase. The basic structure of the cholesteric phase can be
envisaged as a sheet of molecules arranged horizontally, with their long molecular axes
statistically parallel in the same direction. If the sheet immediately above is considered then
these molecules will point in a slightly different direction which is skewed at a slight angle.
The angle of rotation on passing to the adjacent sheet is small but the overall effect through
successive sheets is to describe a helix (see Figure 5). The direction of rotation of the helix
is opposite for each enantiomer and the length on going through 360° of the helix is called
the pitch length. The helical structure is responsible for the unique optical properties of the
cholesteric phase (see Applications of Liquid Crystals, p 23).

1.3 (c) The Smectic Phases and guasi-Smectic Disordered Crystal Phases13-25

When the smectic phase was first recognised by optical microscopy in 1917 by
Grandjean32 the sample (later shown to be S ) showed stepped edges which indicated that
the smectic phase was lamellar in nature.

The first point to deal with is the difference between the true smectic liquid crystal
mesophases and the disordered crystal (quasi-smectic crystal) mesophases. The Sp, Sy,
SG. Sg» Sk and Sy phases are crystalline because of long-range positional order of the
constituent molecules in three-dimensions and are often denoted by omitting the S and
denoting them L, J, G, E, K and H because they are not smectic liquid crystals. However,
these crystals do possess considerable disorder of molecular orientation and are therefore
mesophases. In this thesis the S prefix has been retained in order to avoid confusing K
(fully ordered crystal) with K (quasi-smectic, disordered crystal) and to avoid confusing
the smectic (hexatic) B liquid crystal phase with the disordered crystal B mesophase, the

latter has been denoted as L in the suffix (see Figure 3).
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The S, and S¢ phases are the least ordered of the smectic phases and they are both
of technological importance in electrooptic display devices (see Applications of Liquid
Crystals, p 23).

The S phase possesses quasi-long-range orientational order of the molecular long
axes in one dimension in the same way as the nematic phase. However, the S phase has a
distribution function which confers long-range positional order in one dimension which
means the molecules are arranged in layers which are not well defined (see Figure 6). The
Sc phase is the same as for the S 4 phase except that the molecules are tilted in a preferred
direction at an angle (8) to the layer normal (see Figure 6).

In many cases the presence of a strongly polar group (e.g. cyano) either in a pure
compound or mixtures including such compounds confers additional ordering. This gives
a tendency for the molecules to order themselves in a definite anti-parallel arrangement
which leads to four 'different’ types of S and Sc as follows:

Sa1.Sc1 conventional phases with completely random head-to-tail arrangements;
Sa2. Sca bilayer phase with head to head arrangements and a layer spacing of around

2x the molecular length;
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Sad> Scd semi-bilayers with an inter-digitated head-to-head arrangement and a layer
spacing of around 1.5x the molecular length;
Sa~ Sc~ so-called antiphase behaviour with a modulated bilayer arrangement which
gives a 'ribbon' structure.

The existence of these 'different’ phases often leads to reentrant behaviour of
phases giving sequences such as S5 1-N-Saq-N.

The Sg liquid crystal phase consists of hexagonal arrays which have a repeat
positional order over ~150-600 A (this is formally short-range positional order but is ~10x
longer than for the S, phase) within the layers. However, the hexagonal symmetry
('bond' orientational ordering) is found to be long-range in three dimensions. The Syand
Sk phases are as for the Sg phase except that the molecules are tilted at an angle (9) to the
layer normal. Due to the hexagonal symmetry this tilting can take two forms; if the
hexagonal net tilts towards the apex then this gives the Sy phase, a tilt towards the edge of

the hexagon produces the Sg phase (see Figure 7).

SF
The Molecular Arrangement of the Smeclic B, Smectic | and Smectic F Ph
Figure 7
The Si, crystal mesophase (often called the B phase) is directly derived from the Sy
liquid crystal phase by the development of long-range positional order of the hexagonal

arrays within the layers which necessarily brings long-range positional order between the
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Figure 8 shows the excellent, concise summary (Gray and Goodby?3) of the
molecular ordering in each of the smectic modifications (crystal B is referred to as
quasi-smectic L in this thesis). The blackened figures show the side elevation and the
outlined figures represent a plan view. In the plan views, the circles and triangles represent
rotational freedom of the molecules with triangles indicating the tilt direction. Ellipses
represent the restricted rotation of molecules in a herringbone arrangement and if the
molecules are tilted, then the tilt direction is shown by arrows. The points represent lattice
positions for a crystalline solid.

Clearly shown is the orthogonal nature of the Su, Sg, Sy and Sg mesophases and
the tilted nature of the S¢, S, Sg, S;, Si;, Sk and S;; mesophases. The plan views also
show the hexagonal packing in the Sg, Sy, Sr-, Sy, Sy and S¢; mesophases and the

herringbone packing arrangement of the molecules in the Sg, Sk and Sy mesophases.
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layers. The tilted Sy and S phases are similarly derived from the Sy and Sg phases
respectively.

The highly ordered Sg phase and the tilted analogues Sk and Sy can be visualised
as a contraction of the hexagonal net of the Sy phase and its tilted analogues Sy and S
respectively. This contraction gives orthorhombic symmetry and a 'herringbone’ packing
arrangement which creates restricted rotation of the molecules. Two recent texts give
excellent accounts of smectic mesophases.13:25 The relative ordering of the various

smectic and guasi-smectic mesophases are shown in Figure 8.25

1.4 Molecular Structure and Mesophase Thermal Stability33-35

No really useful predictive method is available to relate molecular structure to
mesophase type and thermal stability. However, a very large number of mesogenic
materials have now been prepared which has led to many reviews on the subject. The
structure of a mesogenic compound must be fairly rigid with a lath-like shape and most

mesogenic compounds are covered by the general formula below (Figure 9).

Rl

A General Formula for Mesogenic Materials
Figure 9
A and B are rings which provide the main core of the structure which may be
extended by the use of a linking group (X) and R and R' represent the terminal
substituents. At least two rings are normally required to stabilize a calamitic liquid crystal
phase except for compounds which dimerise to achieve liquid crystal phase thermal stability
(e.g. compound I). Compound II represents a genuinely acyclic mesogen, examples of

which are extremely rare.
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Aromatic rings are most common in mesogenic systems due to their relative ease of
synthesis but cyclohexane and bicyclo[2.2.2]octane rings support mesophase thermal

stability to a greater extent (compare compounds III, IV and V).

(11T CsHﬁCN N-I=35.0 °C
(IV) CsH11—<:>-—©—CN N-1=55.0°C
(V) CsH11—@—©—CN N-I=100.0 °C

Systems including aromatic and alicyclic rings are possible but regions of high
polarisability should not be separated by non-polar regions. Compound (VI), for example,
has the aromatic ring separated from the cyano-substituent by a cyclohexane ring with the
consequence of a very low Ty value.

(VI)  CsHyy CN N-I = (-25.0 °C)

:

The mesophase thermal stability is raised by extending the core system by the use
of extra rings (compound VII) or by the use of a suitable linking group which maintains the
rigidity and linearity of the molecule (compounds VIII and IX). However, the breaking up

of polarisability by a linking group dramatically reduces the Ty value (compound X).
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om ot S Y Hon Na-290°C
(VIIT) Can—@—COg—@—CN N-I = 55.5 °C

(IX) C5H11—©—CEC—-©—CN N-I=70.5°C
X) CsH11—©—CHQCH2—©—CN N-1=[-24.0 °C]

The choice of terminal substituent has a crucial effect on mesophase type and
thermal stability. Generally one polar terminal group (e.g. cyano) will produce nematic
phases (compound VII) but as the alkyl or alkoxy chain length increases then a smectic
phase eventually replaces the nematic phase (see Material Requirements for the Smectic A
Display Devices, p 48). Where both terminal groups are alkyl or alkoxy then such

non-polar compounds tend to be highly smectic in character (compounds XI and 296).

(XD
K 26.0 Sg 47.6 Sy 522 1

(296)
K 192.0 S, 213.0 I

The efficiency order of terminal groups for promoting nematic phase thermal
stability has been found to be as follows:
Ph > NHCOCH3 > CN > OCH;3>NO,>Cl>Br> N(CH3), > CH3>F>H.

Broadening the core by lateral substitution generally depresses nematic phase
thermal stability in proportion to the size of the substituent but independent of its polarity
and if the lateral substituent causes a steric effect (i.e. an inter-annular twist) then
mesophase thermal stability is depressed even more. Generally, lateral substitution will
depress smectic phase thermal stability more than nematic phase thermal stability, perhaps
because the substituent affects the lamellar packing. However, if the lateral substituent is

highly polar then this polarity, to some extent, counteracts the size effect and helps to
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support the smectic phase.

A lateral fluoro-substituent is frequently used in liquid crystal compounds to modify
their physical properties. The fluoro-substituent is so useful for this purpose because of its
very high electronegativity and its very small size. In many cases a lateral
fluoro-substituent enables melting points to be reduced considerably and eliminates
undesirable smectic phases from mixtures used in the nematic-based display devices (see
also Material Requirements for Display Devices, p 45). A lateral fluoro-substituent ortho to
a terminal cyano-substituent tends to break up antiparallel correlations and create
compounds with higher positive dielectric anisotropy values whereas compounds of
negative dielectric anisotropy can be obtained by the use of lateral fluoro-substituents.
Compounds with lateral substituents are a large feature of this thesis and therefore further
discussion is found in Sections 1 and 2 of the Results and Discussion (p 237 and p 262).
Two notable texts exist which list the transition temperatures of many mesogenic

compounds.36.37

1.5 Physical Properties of Nematogens

The nematic phase has received the most attention as regards to physical property
measurements and this is because the physical properties of nematogens have major
consequences for their use in display devices. The physical properties discussed below
can, however, be applied to other liquid crystal phases.

1.5 (a) Order Parameter

It was mentioned earlier that the constituent molecules of the nematic phase align,
on average, parallel to one another but that there is considerable disorder of molecular
orientation (see Figure 4, p 6). The order parameter, S, is a measure of the microscopic
local ordering that exists within the system and is a measure of the efficiency of the
molecules to align parallel to the nematic director (n); it is defined by Equation 1, where 6

S=0.5<3cos?0-1> (1)
is the angle between the dircctor (n) and the long molecular axis and < > imply a space-time

average over a large number of molecules. For a perfectly crystalline solid, 6 is zero and
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so S = 1, for the isotropic liquid phase S = 0. For nematics, typical values for S are in the

range 0.4 10 0.7.

1.5 (b) Optical Properties

The anisotropic nature of liquid crystals gives rise to interesting optical properties.
The most important optical property of liquid crystals is that of double refraction
(birefringence). The refractive indices of nematic liquid crystals may be measured by using
an Abbe refractometer where the nematic director is perpendicular to the direction of
propagation of the light beam. Under these circumstances an incident light beam will be
split into an ordinary and an extraordinary ray polarised respectively perpendicular and
parallel to the nematic director (n). The two rays are deflected through different angles and
travel at different velocities. The optical anisotropy is the difference between the two
refractive indices (Equation 2).

An = nj-ng (2)

In nematic and smectic liquid crystals the director is always parallel or nearly
parallel to the optic axis of the phase; this presents an easy pathway for propagation of
polarised light and so nj > n and An is always positive. In the cholesteric phase the
director is perpendicular to the optic axis, and so the two refractive indices are almost equal
(n €n,) and An is negative.

On a molecular level, the refractive indices are determined by the electronic
polarisability. Consequently, nematic liquid crystals consisting of aromatic rings
(especially when conjugated with other moieties of high polarisability, for example an
alkoxy terminal chain or an ethynyl linking group) tend to give high values of An (as high
as ~0.45). Values of An close to zero can be achieved by avoiding the use of groups of
high polarisability and by using saturated alicyclic rings.

1.5 (c) Dielectric Anisotropy

The anisotropy of dielectric constants in the nematic phase mirrors that of the
refractive indices. The dielectric anisotropy (Ae) of liquid crystals is defined as the
difference between the dielectric permittivity values measured parallel (g and

perpendicular (€ ) to the director (n) according to Equation (3).
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Ae=¢g—¢g| 3)
The nematic director (n) tends to orientate itself parallel (positive A€) or
perpendicular (negative Ag) to the electric field (E) and the sign and magnitude of the
dielectric anisotropies are dependent on the strength and orientation of any dipole moments.

Dipole

—————————————

(I11)
Ae = +12

F F

(160)
Ae =-4.2

The dielectric anisotropy (Ae€) is proportional to the square of the dipole moment
(D) (Equation 4). Compound III exhibits positive dielectric anisotropy and compound 160
is of negative dielectric anisotropy.

Ag o< D2 @)

Positive and negative dielectric anisotropies are discussed further on p 254 and p
298 respectively.

A high positive dielectric anisotropy is a desirable feature of nematic mixtures used
in the twisted nematic display device because this reduces the threshold voltage (V) as

given in Equation 3.

Ky + (Kag - 2kpp) / 4 172

Ve = T (5)
€, A€

Where k11, koo, k33 are the elastic constants associated with splay, twist and bend
deformations respectively (see p 16) and g is the dielectric permittivity of free space.
However, since a low Ae / € is essential for a good threshold sharpness and good

multiplexing performance, the optimum values of Ae are between 2.5 and 5.0.
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1.5 (d) Elastic Constants

Liquid crystals are unique among fluids in their elastic behaviour. Since liquid
crystals are fluids a static shear stress is impossible but it is possible for liquid crystals to

transmit a torque stress.
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Figure 10

Ideally, the molecules in the nematic phase orientate themselves in a preferred
direction of lowest energy to minimise elastic torque. The distortion of this state requires
energy but even in the absence of external forces, boundary conditions can provoke
configurational deformations. Three types of distortion are possible in the nematic liquid
crystal phase, these are splay, twist and bend (see Figure 10) and these distortions are

opposed by the corresponding elastic constants, k1, Kop, k33 respectively.

Y1
TON = (6)
2 2,2

Torr = -, 7
K
1
Vg o< (8)
K33 Age
+
K11 €

Where 7, is the twist viscosity, E is the applied electric field, K is an average of the
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elastic constants and d is the cell thickness.

The elastic constants (or their ratios) are important to the reponse times and the
sharpness of the threshold voltage (V) of the twisted nematic display device (Equations 6,
7 and 8). It can be seen that low values of K are required for fast response times and that a
low value of k33 / k1 is essential for good threshold sharpness and good multiplexing
performance.

1.5 (e) Viscosity

The viscosity of a nematic material is strongly affected by temperature (see Figure
11). As the Ty transition is approached on heating there is a large increase in viscosity
which peaks at the Ty value. If the nematic and isotropic liquid regions of the plot are
extrapolated, it is seen that the nematic viscosity is lower than the viscosity of the isotropic
liquid. This is not surprising since the molecules of a nematic phase are aligned parallel in
flow fields giving better flow characteristics than for the randomly arranged molecules in
the isotropic liquid phase. As can be seen from Equations 6 and 7, a low viscosity in a
nematic mixture is essential for fast response times in the twisted nematic display device.
The viscosity of the nematic phase is much lower than the viscosity of smectic liquid crystal
mesophases and the nematic phase is therefore much better suited for display device use

which involves the movement of the molecules to produce an optical effect.

Viscosity

Nematic Isotropic Liquid

T
Temperature

he Effect of he Viscosi matic Liqui i

Figure 11
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1.6 Identification of Mesophase Type

The nematic phase and its chiral analogue the cholesteric phase are the least ordered
mesophases and their identification is quite simple. However, in recent years the study of
smectic liquid crystals (and quasi-smectic crystals) has grown in complexity. For positive
identification of some smectic materials it is essential to use a combination of several
techniques. These include optical microscopy, thermal analysis, miscibility studies and
X-ray diffraction. However, for most purposes the combination of optical microscopy and
thermal analysis is sufficient for the experienced worker to identify the mesophase types.
1.6 (a) Optical Microscopy (see also photomicrographs, p 319)

Optical microscopy is the first line in mesophase identification and is a very
important tool. Major contributions in the identification of smectic phase types by
polarising microscopy have been made by Sackmann and Demus38:39 and Gray er al 2540

A thin film of material on a microscope slide gives a characteristic texture when
viewed between crossed polarisers. Each mesophase type has its own distinctive texture or
textures which arise from the different molecular organisation of the material. A texture
developed from cooling of the isotropic liquid is termed a natural texture, whereas a texture
derived from the cooling of another mesophase type is called a paramorphotic texture.

The nematic phase is very fluid and this aids microscopic identification; dust
particles within the sample are seen to undergo intense Brownian motion and when the
coverslip is displaced (which is very easy) the sample will shimmer. Perhaps the most
characteristic feature of the nematic liquid crystal phase is the way it develops on cooling
the isotropic liquid phase. Spherical birefringent droplets appear against a black
background of the optically extinct isotropic liquid phase (see Plate 1). As the temperature
falls these droplets coalesce rapidly to give a texture which depends on the thickness of the
sample and the nature of the supporting surfaces. The highly coloured homogeneous
texture results when attractive forces with the glass are strong. If the sample is thick then a
threaded texture is formed on cooling the isotropic liquid and when most of the sample is
homeotropic a marbled texture may be seen. The schlieren texture (see Plate 2) is produced

near the Ty value and is a highly birefringent texture which consists of distorted crosses
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with either 2 or 4 black bands, called brushes, emerging from the centre.

(a) Homogeneous Alignment
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Possible Motecular Alignment in the Nematic Phase

i
T

l‘l (b) Homeotropic Alignment

Figure 12

For these birefringent textures, the molecular alignment is homogeneous [see
Figure 12 (a)]. The homeotropic texture results from homeotropic alignment [see Figure
12 (b)] and because the light shines down the optic axis of the molecules then this texture is
optically extinct (this texture is also seen for the orthogonal smectic mesophases when the
molecules are similarly aligned).

By using certain techniques uniform alignment of a sample is possible and these
alignment orientations may be interchanged by the application of an electric field which is
the basis behind electro-optic display devices (see Applications of Liquid Crystals, p 23).
A polyimide layer rubbed in a unidirectional manner for example gives a uniform
homogeneous alignment. Homeotropic alignment is achieved by using very clean glass
surfaces or by using a thin coating of lecithin or dimethylpolysiloxane.

Plate 3 shows the appearance of batonnet on cooling to the S 5 phase which on
further cooling coalesce to give a focal conic fan texture (Plate 4). The cholesteric phase
exhibits two distinctive textures by optical microscopy; these are called the focal conic fan
texture and the Grandjean planar texture (see Plates 5 and 6). The textures of blue
phases4143 which sometimes appear between the cholesteric phase and the isotropic liquid
phase for cholesteric materials of short pitch are beyond the scope of this thesis.

The identification of smectic liquid crystal and quasi-smectic crystal mesophases by
optical microscopy without experience is difficult but it is possible in some cases.

However, in many cases it is virtually impossible for all but the most experienced workers
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to determine beyond doubt the identity of the mesophase. In many cases textures of the
smectic phases are very similar (in fact almost identical) which makes identification difficult
when using conventional glass slides and coverslips. However, a technique using a
free-standing film#4 can greatly aid mesophase identification. This involves the pulling of a
thin film of S5 or S¢ material over a hole in an aluminium plate. When viewed under a
polarising microscope this technique works very well for identifying tilted smectic
mesophases. Orthogonal mesophases appear black due to homeotropic alignment of the
molecules (i.e. the layers are suspended across the hole in the plate).

The subject of smectic textures is excellently covered in a recent text23 and therefore
the following discussion is based on the author's experience of compounds covered in this
thesis only. By using a free standing film the S phase is orthogonal and so appears black,
an underlying Sc phase (see Plate 7) will appear as a schlieren texture which is very sharp
and highly birefringent. Many areas of extinction appear as four black brushes (schlieren
brushes) which meet at a point of sin gulan'ty (a point of singularity is clearly seen in Plate
8) (in nematics either two or four brushes are possible). If an Sy phase (see Plate 9)
appears below the Sc phase then this will be very similar to the Se texture (both schlieren).
However, the Sy phase is clearly difficult to focus on and has a dull appearance. A
free-standing film gives such an excellent view of a texture that the Sy phase can be
distinguished from the normally very similar Sg phase. The schlieren texture of an Sg
phase has mosaic boundaries (the compounds covered by this thesis do not exhibit the Sg
mesophase). When using conventional glass slides for smectic phase identification it is
beneficial to obtain the S phase with focal conic fans and homeotropic texture in the same
region. This enables the underlying S¢ phase to be seen as broken fans and schlieren
textures respectively (see Plates 11 and 12), although an underlying Sy phase will be
difficult to detect. |

Several compounds prepared for this thesis show an S mesophase below either an
Sa, Sc or an Sy mesophase. By using the free-standing film technique, the Sg mesophase
appears as the growth of dendrites from the periphery to the centre of the film over the

black homeotropic texture (S5 or Sy ) or the birefringent schlieren texture (Sc). The
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dendrites grow and eventually form the mosaic texture (see Plate 10). The S j mesophase,
however, does not grow dendritically but grows as rounded mosaics which are less
crystalline than for the S mesophase with a few lines appearing within the mosaics.

An Sy or an Sy phase is very difficult to detect when appearing below an S 5 phase
because the textures are virtually identical but changes in the appearance of the fans at the
transition temperature may enable the underlying Sg or Sy phase to be identified. Atthe Sy
to Sy transition, transition bars appear across the fans and then disappear on further
cooling. Atthe S, to Sy transition, no transition bars are seen, instead there is a slight
change in the birefringence colour and in the radial lines of the fans. The Sp and the S|
mesophases are distinguishable by the shapes of the focal-conic fan domains. For the §;
phase, the domains are angular, instead of curved, because the Sy phase has long-range

molecular ordering in three dimensions and so the layers are not curved or bent easily.

1.6 (b) Thermal Analysis4>

Differential scanning calorimetry (DSC) uses resistive heaters to determine the
energy input to (or taken from) the sample to maintain isothermal conditions between the
sample and the reference (AlyO3). On heating and cooling of the sample, phase transitions
are accompanied by an enthalpy change and the DSC instrument records this enthalpy
change as a peak. The temperature at which the peak occurs is the phase transition
temperature and the area underneath the peak represents the enthalpy change. Mesophase
detection is possible because all transitions between mesophase and mesophase or between
mesophase and the isotropic liquid phase are reversible. Therefore, by performing a
heating and a cooling cycle the reversible peaks can be attributed to mesophases. DSC
analysis simply reveals the presence of a mesophase at a particular temperature and gives
the enthalpy change of the transition; it does not enable the direct identification of
mesophase type. However, the magnitude of the enthalpy change can sometimes provide
information as to the phase type involved.

When smectic phases which are difficult to detect by optical microscopy are
involved, their presence can be initially revealed by DSC analysis which 'pin-points' the

temperature ranges of the mesophases. Once the temperature at which the mesophase
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Figure 13 shows typical DSC traces for compound 160. The upper figure gives the
cooling trace (dashed line) above the heating trace, an arrangement which clearly shows the
mesophase - mesophase and mesophase - isotropic liquid transitions to be reversible. The
lower figure shows an expansion of the S¢- - S4, S4 - N and N - I transition peaks. The

enthalpy change associated with each transition is given which illustrates the very small

enthalpy change for the S¢ - S 4 transition.
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exists is known then a more detailed examination by optical microscopy can be made close
to the transition temperatures.

The enthalpy changes occuring at transition temperatures are often useful in phase
identification. Transitions to and from the Sy and Sg phase are usually characterised by
large enthalpy changes (~4-8 kJ mol-!) and are first order transitions, however, transitions
to the Sp phase may be second order in nature. The transition of the S 4 phase to the
isotropic phase or the nematic phase is usually accompanied by an enthalpy change of ~4-6
kJ mol'l. The nematic or S 4 phase transitions to the S phase often show a very small
enthalpy change (<1 kJ mol-!) and sometimes an S to S transition will be undetected by
even the most sensitive of instruments. However, such transitions are easy to detect by
simple optical microscopy. For compounds prepared for this thesis, the S to Sy
transitions gave extremely small enthalpy changes but in most cases they were detected by
the DSC instrument; the S¢ to nematic transitions were always detected. Typical DSC
heating and cooling traces for a compound showing the phase sequence K - Sc - S5 - N -
I are shown in Figure 13.

1.6 (¢) Miscibility Studies

Earlier, it was stated that it is often difficult to distinguish between the various types
of quasi-smectic and smectic mesophases. Sackmann and Demus3? have shown that the
various types of smectoid mesophases can be classified by the concept of continuous
miscibility between identical mesophases. The method depends on the fact that complete
miscibility of two mesophases over the entire composition range is only possible if both
phases have the same structure. However, the test is one of miscibility not immiscibility
and so if two mesophases are not miscible it does not necessarily mean that they are not of
the same mesophase type.

This technique works well for the nematic mesophase and orthogonal smectoid
mesophases, but these are easily identified by using optical microscopy. Tilted smectoid
mesophases, which are most difficult to identify by using optical microscopy cannot be as
reliably assigned as orthogonal mesophases by miscibility studies.

In some cases two compounds mixed together may give a smectic phase which is
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not exhibited by either of the two pure compounds, such phases are called injected phases.
In some other cases, both the compounds may exhibit a smectic phase which disappears for
certain compositions of the binary mixture.
Therefore, this technique requires the use of a wide range of compounds and a lot
of experience.

1.6 (d) X-ray Diffraction

This technique has been applied to liquid crystals since 192340 and is the ultimate in
mesophase type identification as it actually provides structural information of the phase.
The results can be used to determine the tilt angle for tilted mesophases, the molecular
length and the layer spacing.

The diffraction pattern of the nematic phase usually consists of a diffuse inner-ring,
corresponding to the molecular length and the minimal order in the direction of the
molecular long axes. In contrast, X-ray diffraction patterns for smectic phases show a
sharp inner-ring which is indicative of a periodic layer structure; the outer ring or rings give
information about the molecular arrangement within the smectoid layers.4748 X-ray
diffraction studies on carefully aligned samples provided the evidence that the Sy, Sy, S,
Sk, Sk and Sy mesophases are not liquid crystalline but are true crystals which possess

considerable disorder of molecular orientation.25

A combination of these identification techniques has been used to classify smectic
and quasi-smectic mesophases into the correct group; most notably the distinction between
the hexatic B (Sg) and the crystal B (S )49:30 and the classification of the tilted phases into
miscibility groups with standard nomenclature.23-21-55 The most probable order of thermal
stability for smectic mesophases has been reported® to be as follows:

K Sg Sk Sg Sg S5 Sg Si S; S Sc¢ Sux L

1.7 Applications of Liquid Crystals

1.7 (a) Display Devices

Liquid crystals are fluids in which, due to partial orientational ordering of the

-
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constituent molecules, the material properties such as permittivity and refractive index are
anisotropic; because of this, their potential for use in flat-panel electronic displays has been
known for a long time. In the 1960s, compounds incorporating a conjugating

linking-group between aromatic systems were thought to be essential for liquid

crystallinity.
(X1 O
K 220 N 470 1 (XIID)

K 43.0 N 76.0 1

(XIV) (111)
K 460 N 62.0 1 K 225 N 350 1

Compounds XII and XIII gave room temperature nematic liquid crystal mixtures
which were used to demonstrate dynamic scattering [Heilmeier”-8 (1968)] and so showed
the potential of nematic liquid crystals for display device purposes. However, high
voltages and high power consumption were disadvantages of the dynamic scattering
devices and when the twisted nematic display devicel0 was demonstrated using compound
X1V interest in liquid cyrstal displays became very intense. Since compounds XII, X111
and XIV are either coloured, or are photochemically or hydrolytically unstable, the
chemical research centred around the development of chemically stable nematic liquid
crystal materials of positive dielectric anisotropy which could be used to formulate a room
temperature nematic mixture. In 1973 Gray er al.11.12 discovered the cyanobiphenyl class
of compound (IIT) by removing the linking group in compounds of type XIV. This was
the most important breakthrough in the history of liquid crystals as it provided the material
with which to realise a marketable nematic liquid crystal display device and also it
stimulated a lot of research and development into the wider field of liquid crystals.

Today, almost all liquid crystal display devices are still based on the nematic phase.
This is because of the wide availability of suitable nematic materials and the fact that the

nematic phase is more fluid and therefore inherently less viscous than other mesophases.
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This gives low power consumption, which is less than 1 uW cm2 for the twisted nematic
display devices, making them ideal for battery-powered, portable applications which are
generally operated at low drive voltages (3-5 V). Modern displays incorporate advanced
nematic liquid crystal material mixtures which have excellent physical properties and a wide
operating temperature range to suit their application and they are inherently long lived and
offer exceptional reliability. Being essentially a passive, light modulating (as opposed to
light emitting) device, liquid crystal displays give excellent performance in high ambient
lighting. Also, because of the diversity of this flat-format device and its high reliability, the
liquid crystal display device is increasingly being used in situations where back-lighting is
required. Display devices based on the smectic A and smectic C phases have also been
developed; the ferroelectric display device based on the chiral smectic C (Sc*) phase is an
extremely important development and will be discussed in detail later (see p 38).

1.7 (a) (i) Nematic Phase Display Devices

Light Light

Polarisers
Electrodes
Nematic

N material
Electrodes
Polarisers

Bright Off-State Dark On-State
The Operation of the Twisted Nematic Display Device

Figure 14
The Twisted Nematic Display DevicelO (see Figure 14) consists of two parallel

glass plates spaced ~5-10 um apart, the gap being filled with a nematic liquid crystal. Each
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glass plate carries a transparent, electrically conducting layer [indium oxide and tin oxide
(ITO)] which is etched to leave the switchable areas of the display. The surfaces are then
coated with a special molecular orientation layer (usually polyimide) which is rubbed with
nylon or velvet in a unidirectional manner and the nematic molecules align parallel to this
direction and are inclined slightly to the glass plate. This inclination angle is called the
'surface tilt angle’ or 'pretilt angle and is usually ~1-3°. The rubbing directions of the
upper and lower glass plates are arranged mutually perpendicular and because of the fluid
nature of the nematic phase a 90° twist of the nematic director is induced over the cell
thickness. The twist direction is ensured by a very small amount of a chiral dopant>’
which prevents the formation of opposing twist senses which otherwise often occur in this
device. The cell is placed between crossed-polarisers which are parallel to the rubbing
direction (and therefore to the nematic director). The plane of polarised light entering the
cell will be guided through 90° by the twisted nematic liquid crystal material if the product
of birefringence (An) and cell spacing (d) is large compared with half the wavelength of the
incident light; this condition is known as the Mauguin limit.>8 For values of An x d of
greater than 1 pum, the light guiding properties of the cell are almost independent of cell
thickness and most twisted nematic devices are constructed to this specification. However,
for some displays intended for applications where a wide angle of view is important (e.g.
in TFT active-matrix-driven twisted nematic devices, see p 32), the cells are constructed
with a An x d value of ~0.48 um which is referred to as a 'first minimum' display>%:%Y and
a good appearance is dependent on the accurate control of the cell thickness. Light is able
to pass through the lower polariser and therefore in the 'off-state' the cell appears bright.
Applying an electric field (‘on-state’) via the ITO electrodes, the molecules tend 1o align
parallel to the electric field (except for a monolayer which is held by surface forces) and so
destroy the twist (see Figure 14). They do this because they are of positive dielectric
anisotropy (i.e. &> €) due to the net terminal dipole of the molecules (e.g.
cyanobiphenyls). In this ‘on-state' the polarisation of the incident light remains unchanged
throughout the cell and the light is consequently absorbed in the second (crossed) polariser,

giving the dark ‘on-state’. The use of two parallel polarisers instead of crossed ones gives
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a dark 'off-state’ and a bright 'on-state’. The critical voltage (V) required to produce the

reorientation effect is given by Equation 5,

Kyq + (Kag - 2kpp) / 4 /2

Vo = T (5)
€, AE

were ki1, koo and k33 are the elastic constants which measure the stiftness of the director
against splay, twist and bend deformations respectively (see p 16); Ae = g —€,, where g
and € are the permittivities measured parallel and perpendicular to the nematic director
respectively (see p 14), and g, is the permittivity of free space. When the field is removed
the surface forces (aided by the monolayer next to the surface) restore the original twisted
conformation of the 'off-state'.

In order to develop the discussion of display applications further it is necessary to
discuss the methods of addressing displays. The simplest type of method is Direct (Static)
Addressing which involves individual connections for each pixel and, because of the bulk
and intricacy of the display caused by this, only the most simple displays can be addressed
directly. This direct drive is, however, advantageous in that it has a broad temperature
range, little dependence on the angle of view, short switching times and little sensitivity to
fluctuations in the addressing voltage. The obvious drawback is that the number of
connections is very large even for a simple display. A dot-matrix display of N rows and M
columns would need N x M connections for N x M pixels. To solve this problem the
pixels are addressed by the Time Multiplex Process (Multiplex Addressing)1-63 which
requires only N + M connections and the individual segments are addressed by means of
suitably staggered signals. For a twisted nematic device the transmission (or extinction)
versus voltage curve is rather flat (see Figure 15). This is no problem for direct addressing
as the 'off-voltage' can be zero and the 'on-voltage' can be several times the threshold
voltage (V). However, for multiplex addressing this flat curve (see Figure 15) is a

problem.
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The 'off-voltage' is now termed the non-select voltage (Vs) and the ‘on-voltage'
is called the select voltage (Vg). The ratio Vg / Vg has been derived by Alt and Pleshko®!
and is given by Equation 9,

Vs / Vng = [(NO5 + 1) / (NOS - 1)]05 ©)
where N is the maximum number of addressable rows. So when the device consists of
100 rows the difference between Vg and Vg is only 11% and with a flat electrooptical
characteristic the pixels will never be completely on or off. Therefore, in order to use
multiplex addressing for a display of even a moderate number of rows without
compromising the contrast, the electrooptical characteristic must be of nearly infinite slope
(i.e. very steep, see dashed line in Figure 15). Although steeper electrooptical curves can
be obtained by optimising dielectric properties, elastic constants and optical path difference
(An x d), multiplex addressed twisted nematic devices of good contrast are limited to ~ 32
TOWS.

In order to develop liquid crystal displays with higher information content (larger
displays) it is necessary to either change the addressing system (see active matrix

addressing, p 32) or use a different electrooptic effect. In 1982 Raynes et al.b4 reported



31

60°

30° —

1.0 1.5 2.0 2.5 3.0
Voltage (Volts)

The Electr i I ristic for Vari r f Twi

in Twi Nematic an i Nematic Display Devi

Figure 16
that more tightly twisted configurations have a sharper threshold. A twist angle of 270°
gives an electrooptical characteristic with infinite slope. Such devices with twist angles of
greater than 90° are termed Supertwisted Nematic Liquid Crystal Display Devices. Such
large twist angles can be achieved by adding large amounts of a chiral (not necessarily
liquid crystalline) dopant (as opposed to the small amount added to the twisted nematic
device, see p 26); a twist angle of 270° is obtained for a cell spacing (d) to pitch (p) ratio of
0.75.

Figure 16 shows the change in electrooptical characteristic as a function of twist
angle [note: Figure 16 shows the tilt angle in the middle of the layer (6y,) as a function of
the applied voltage rather than % transmission (Figure 15)]. A twist angle of 270°
represents an optimum infinite threshold slope and beyond this the slope shows hysteresis
(i.e. bistability).63,66

The first supertwisted nematic devices were based on the guest-host mode of
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operation67:68 (see p 34), but it was quickly realised that a two-polariser mode similar to
that of the twisted nematic device was preferable and this became known as the
Supertwisted Birefringent Effect.69-7! Since the twist angle is higher than for the twisted
nematic device, the guiding of the light is imperfect (it is not totally perfect for the twisted
nematic device) and so the optical effect is very much an interference effect between the
ordinary and the extraordinary rays. This means that the cell thickness must be constant
within a tolerance of 20.1 um. Depending on material and cell parameters, the
supertwisted birefringence effect can be obtained from twist angles of between 180 and
270°. The 270° twist gives the best angle of view and due to a steeper electrooptical
characteristic enables better multiplexability. However, with such a tight twist a pretilt
angle of at least 5° is required if the formation of scattering effects due to other director
configurations of similar free energy is to be avoided. Such large pretilt angles could only
be obtained by oblique evaporation of SiO, a technology incompatible with modern liquid
crystal display device mass production, and so most supertwisted birefringence effect
devices have twist angles of between 180 and 240°. However, new polyimides have been
developed which by standard rubbing techniques enable pretilt angles of up to 10° to be
achieved and this should permit the mass production of better supertwisted birefringent
effect display devices.

The construction of the supertwisted birefringent effect display is very similar to the
twisted nematic device (see Figure 14), although stricter manufacturing tolerances are
required. Assuming a twist of 270°, the rubbing directions (nl and n2) (see Figure 17) are
mutually perpendicular (as for the twisted nematic device). Placing one polariser (P2) at
60° to the rubbing direction of one plate and the other polariser (P1) at 30° to the rubbing
direction of the other plate allows the positive contrast 'yellow mode' to be obtained (dark
blue/black figures on a yellow background). By rotating one polariser through 90° the
negative contrast 'blue mode' is obtained (white/grey figures on a blue background).

These supertwisted birefringent effect devices have the distinct disadvantage of
being coloured. Although multi-coloured displays are desirable, it is advantageous to have

a black and white display and then any colour can be achieved by the use of coloured
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filters. The much sharper threshold curve of the supertwist device means that the whole
curve lies closer to the threshold voltage (V) than for the twisted nematic device and the
phenomenon of ‘critical slowing down' in the region close to V¢ leads to the supertwisted
device having inherently slower response times than for the twisted nematic device; a
further disadvantage is the need to make cells with very accurately defined and uniform
thickness. The supertwisted birefringent effect device does have the advantage of being
highly multiplexable at high contrast and has a good angle of view, but even these devices
have limits on size and the maximum so far produced has been 400 x 640 pixels.

In 1987 Leenhouts and Schadt’? reported the development of a supertwisted
nematic device which gave the desired neutral black and white appearance and was called
an Optical Mode Interference Device (OMI). For normal supertwisted nematic devices
(SBE) the optical path difference (An x d) is adjusted to be between 0.8 and 1.0 um but the
reduced optical path difference of between 0.4 and 0.6 um and the small wavelength
dependence on transmission for the OMI device are responsible for its neutral black and
white appearance. The small dependence of wavelength on transmission means that cell
spacing and birefringence need not be so closely controlled as in a standard supertwisted

nematic device and this makes production easier; however, OMI devices have the



34
disadvantage of poor brightness (less than half the brightness of a standard supertwisted
nematic device). The OMI device has a twist angle of 180° with one polariser in line with
the nematic director and the other at 45°.

Standard supertwisted nematic devices can be made to give a perfectly neutral black
and white appearance and this is achieved by placing a second (colour-compensating) cell
between the active display cell and the front polariser.”3 The compensating cell does not
need electrodes because it is not switched but it clearly adds to the cost of the display and
its fabrication occupies production capacity. The second cell has the same magnitude but
the opposite sense of twist to the active cell and this means that the optical path difference
(An x d) of the compensating cell cancels that of the active cell giving an effective optical
path difference of zero; the system therefore has no birefringence and gives the desired
neutral black and white appearance. These devices are termed Double Layer Black and
White Supertwisted Nematic (DST) and are already commercially available and are much
brighter than the OMI device but also more expensive.

For applications requiring a very large number of pixels (100000 to 1232640, i.e.,
250x400 to 960x1284) and a fast response time (e.g. colour televisions up to 14 inch
diagonal) then the limitations of multiplex addressed supertwisted nematic devices are
revealed. A form of addressing called Active-matrix Addressing™ has been developed
where a non-linear switching element is integrated into each picture element (pixel). The
non-linear switching element can either be a two-terminal device like a diode or MIM
(metal-insulator-metal), or a three terminal device such as a TFT (thin-film transistor);
TFTs offer the best performance but are more expensive. The use of an active non-linear
switching element, brings us back to a situation we had for the directly addressed twisted
nematic device and so the voltage levels in the select and non-select states are no longer
restricted and so the performance of a TFT-addressed twisted nematic device does not
deteriorate with an increasing number of pixels, in contrast to multiplex addressed devices.
The active-matrix system can be used to drive a variety of liquid crystal display devices but
most attention has been devoted to twisted nematic devices. Active-matrix addressed

twisted nematic devices are invariably used for colour televisions with colour being
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introduced by the use of (red, green and blue) colour filters located on the inner surface of
the non-active-matrix plate of the cell, under the ITO electrode layer. Such colour displays
require grey-scale and this is why a flat electrooptical characteristic is preferred (this
contrasts with the steep electrooptical characteristic required by a mutiplex addressed
device). TFT-addressed twisted nematic devices operate in the 'first minimum'>9:60 which
means that the optical path difference (An x d) is adjusted to ~0.48 um which gives a wide
angle of view; such devices offer good contrast, full colour and a fast response time.
Liquid crystal materials for this device are required to have a high resistivity and to be of
low birefringence and the device needs to be strongly back-lit since, due to the combination
of colour filters and polarisers, as little as 5% of the luminous energy is transmitted. A 14
inch diagonal colour television display with 960 x 1284 pixels has been publicly
demonstrated and S inch devices are now on sale. TFTs offer the best overall performance
currently available and are expected to develop quickly into big selling devices as airline
companies are already installing these devices into the backs of aircraft seats for the
entertainment and business requirements of passengers.

Another nematic liquid crystal display device, called the Electrically Controlled
Birefringence device (ECB) was first described in 197175-77 but could not compete with
the twisted nematic device. The ECB device needs homeotropic surface alignment and the
nematic liquid crystal mixture must have negative dielectric anisotropy and both these
conditions have been difficult to achieve in the past. The operating principles of the ECB
device are shown in Figure 18. The homeotropically aligned 'off-state’ has no
birefringence (light is shining down the optic axis) and so when viewed in conjunction with
crossed-polarisers, a dark appearance results. When the applied voltage exceeds V then,
because the molecules are of negative dielectric anisotropy, the homeotropic configuration
is distorted to a tilted 'on-state’ which is now birefringent and light can be transmitted; the
small pretilt angle of 1° ensures a uniform switching. A small variation in the applied
voltage generates a significant change in transmission; the resulting steep electrooptical
characteristic means that the ECB device can cope with high multiplex ratios.”8-80 The

smaller the pretilt angle the steeper the threshold, but pretilt angles of less than (.5° lead to
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the appearance of inversion walls; a large optical path difference (An x d) also gives a
steeper electrooptical characteristic. In order to obtain the steep electrooptical characteristic
required for high multiplex ratios, combined with fast response times and a wide viewing
angle, the following are required: a thin cell (d<5 {im), a small pretilt angle (0.5-1.0°), a
large optical path difference (An x d ~1.0 pm), a large ratio of k33/k; 1 (>1.5) and a smalil
lAel / g (<0.5).

The expense of polarisers and the loss of brightness resulting from their use
combined with the black and white nature of the twisted nematic display device has led to
the development of Guest-Host displays.81-84 Liquid crystal materials have the property of
being able to align rod-shaped solute molecules which do not themselves show
mesophases. This guest-host effect of the nematic phase has been exploited for a solute
which is a dye. Indichroic (anisotropic) dyes the absorbance (A) will be different for light
polarised parallel (Ay) and perpendicular (A ) to the transition moment director and an
optical order parameter is defined by Equation 10.

Sop=Ay-AD /(A +2A)) (10)
Dichroic dyes for use in nematic mixtures for guest-host diplays must have a large

Sop (~0.8), have a high absorption coefficient, have high solubility, be stable, pure and of



37
high resistivity. Azo dyes tend to offer better order parameters, larger extinction
coefficients and better solubility in nematic mixtures, whereas anthraquinone materials

generally have better photochemical stability.
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Figure 19

In Single Polariser Guest-Host devices8! (see Figure 19) the director is electrically
switched between configurations in which plane polarised light propagating through the cell
experiences either Aj or A |. In the original homogeneous alignment (‘off-state') the dye
molecules cause the polarised light to be coloured due to absorbance. However, when the
nematic mixture is of positive dielectric anisotropy and a voltage is applied, the alignment
becomes homeotropic and the dye molecules do not absorb light and so a colourless
appearance occurs. The effect will also work for a twisted nematic device in which the

polariser is aligned parallel to one of the rubbing directions. It should be noted that the cell
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has to be homeotropically aligned throughout the whole of the cell and this means that
higher voltages have to be used than for the twisted nematic device. This device cannot be
multiplex addressed because of its flat electrooptic characteristic.

Single polariser guest-host devices have found successful use in public information
displays (at railway stations, airports and stock exchange dealing halls). These types of
display are made up in dot matrix format but they are so large that individual connections
for direct drive is not a problem and neither are the higher voltages because the displays
need to be back-lit. Low maintenance costs, high reliability, elimination of one polariser,
good angle of view and a bright appearance are the advantages of this display.

Another guest-host display which avoids the need for polarisers altogether is called
the Dyed Phase-Change device34 which involves doping the guest-host mixture with
cholesteric material; there are also versions of this device and of the single polariser
guest-host device which use fluorescent dyes but none of these will be discussed in this
thesis.

1.7 (a) (ii) Smectic Phase Display Devices

The use of even the least ordered smectic phases (A and C) in display devices has
been restricted by their high viscosity relative to that of the nematic phase. The high
viscosity means that dielectric coupling of the phase requires a large field strength in order
to bring about an orientational effect although a device based on the Sc* phase is being
developed which looks very promising and it will be discussed in detail later. The first
display device based on smectic materials was reported by Kahn®> in 1973. Two types of
display device based on the S 5 phase have been developed and although not relevant to any
compounds prepared for this thesis a brief discussion is still thought to be important.

Both the S5 devices work on the principle of switching between the optically
extinct homeotropic alignment and the focal conic texture which contains a multiplicity of
small domains where the director orientation varies rapidly and therefore scatters light
strongly. The Thermally Addressed Smectic A device86.87 consists of homeotropically
aligned S A material of positive dielectric anisotropy which gives a transparent 'off state'

(which appears black due to a black backplate). A low powered, computer-controlled laser
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beam is used to heat an area into the isotropic phase through a small-range nematic phase,
and when the beam passes on the written areas cool and the S5 phase is regenerated in the
thermodynamically stable, light-scattering focal conic texture. This gives white information
on a black background which can be stored for any length of time without additional energy
expenditure. The stored information can be selectively erased by rewriting the data in the
presence of an electric field (cooling now regenerates the homeotropic S 4 texture); total
erasure is achieved by heating the whole cell above the Ty value and cooling with an
electric field applied. This device gives a bright display of high resolution with built-in
memory; the information can be projected onto a large area screen. There are, however,
problems associated with temperature control and slow writing times.

The Electrically Addressed Smectic A device was developed by Crossland and
Ayliffe8® and is very similar to that described above except that the homeotropically aligned
S A phase is doped with ionic material so that when a low frequency voltage (50-80 V) is
applied, electrohydrodynamic turbulence occurs giving the light-scattering focal conic
texture. Dyes may be added to enhance the scattering effect and to add colour. When a
high frequency signal is applied the effect is reversed, due to the positive dielectric
anisotropy of the S  material. The sharp threshold characteristic for the scattering voltage
combined with the memory make high level multiplex addressed, large flat-panel displays
possible; the image quality is excellent and there is no viewing angle limitation. High
voltages mean it cannot be used in portable equipment but it can easily compete with
monochrome cathode ray tube (CRT) displays and has the advantage of having better image
quality, flat-format and on-screen memory.

The Ferroelectric (Chiral Smectic C) display device is so called because of the
nature of the chiral smectic C (S¢*) mixture used in the device.89-92 The S¢ phase has a
structure in which the constituent molecules are arranged in layers and are tilted at a
temperature dependent angle [B(T)] with respect to the layer normal. For a chiral smectic C
(Sc*) phase the molecular tilt direction changes slightly on going through the layers,
eventually describing a helix (see Figure 20) which is analogous to the helix given by the

cholesteric phase (see Figure 5, p 5). A material is termed ferroelectric if, in the
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absence of an applied field, it possesses two or more orientational states, and by applying
an electric field it can be switched from one of these orientational states to another. Should
the material be capable of retaining these orientational states in the absence of an applied

field this means that the device is bistable.93:94
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The relationship between polarisation (P) and electric field (E) for a ferroelectric

mixture (see Figure 21) clearly shows its bistable nature in the form of a hysteresis loop. It
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is from this loop that the spontaneous polarisation (Pg) of the mixture can be measured.
Of fundamental importance for ferroelectric behaviour is the symmetry of the 'unit

cell' (the unit cell being part of a single smectic layer). Ferroelectric properties can only
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arise if the unit cell is of low symmetry e.g. monoclinic or orthorhombic, where a centre of
symmetry is absent (see Figure 22). The presence of a centre of symmetry means that a
dipole in any direction will always be cancelled by an equal and opposite polarisation. The
tilted achiral S phase possesses three elements of symmetry: (i) a two-fold axis of rotation
(normal to the tilt axis), (i) a mirror plane (in the plane of the tilt axis) and (iii) a centre of
symmetry. However, when the molecules are chiral the mirror plane and the centre of
symmetry have disappeared and the only element of symmetry present is the polar two-fold
axis of rotation (see Figure 22). Symmetry considerations led Meyer et al 95(1975) to
establish that ferroelectric properties could be exhibited by the low symmetry, chiral
smectic C phase (S¢*).

A system has been proposed by Raynes? to explain why the two orientational
states exist in the Sc* phase. Figure 23 (a) shows the four possible tilted orientations of a
chiral molecule and illustrates that only molecules of like-polarisation can align within the

constraints of the layer when all are tilted in the same direction (as in the smectic C phase).



Figure 23

Hence, in the perfect situation the molecules can only be arranged as shown in Figure 23
(b) or (c) if the layers are not to be disrupted. It can also easily be seen how the molecules
in Figure 23 (b) will move when switched to the orientational state shown in Figure 23 (¢)
[i.e. they will swivel about their axis through twice the tilt angle, ideally 45° (2 x 22.5°),
with no interaction with each other].

Other chiral smectic mesophases can also be considered ferroelectric by the same
argument.97 The Sp* and Sg* phases are both more ordered and more viscous than the S¢*
phase and therefore switching speeds between the two orientational states are much slower

but the states are more stable.

Since the direction of the spontaneous polarisation (Pg) changes with the tilt
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direction through 360°, then in the bulk sample the Pg cancels out to zero; so whilst a chiral
Sc layer is ferroelectric the bulk sample is not. In order to make use of the ferroelectric
properties of the Sc* the helix has to be unwound. This has been done by several methods
in the past e.g. by the application of an electric field normal to the helix and parallel to the
smectic layers8 and as the field increases the pitch length increases until it becomes
unwound; or by using very thin cells (~2-3 um) so that surface forces effectively unwind
the helix and give the so-called surface-stabilized ferroelectric liquid device (Clark and
Lagerwall%%). However, the currently favoured method is to use chiral molecules of very
long pitch length (~12 um) in combination with very thin cells (e.g. ~2-3 um; cell
thicknesses of even 1.5 um are now used, see p 44).

In the quasi-smectic disordered crystal mesophases which exhibit ferroelectricity
(Sy*, Sg*, Sx*, Sy*) the formation of a helical structure is suppressed by the long-range
inter-layer positional ordering of the constituent molecules.100:101 However, only
mono-domain samples of these crystal mesophases exhibit ferroelectric behaviour;
multi-domain structures dominate and reduce ferroelectric properties. These very ordered
crystal mesophases will be very viscous and have extremely slow switching speeds;
however, they may show high levels of bistability which may provide a use as a storage
medium, 101,102

The cell construction for a ferroelectric (Sc*) display device is very similar to that
for the twisted nematic display device (see p 25) in that it consists of a thin (1.5-3 um)
sandwich of liquid crystal (Sc*) material between two glass plates which have been
specially treated (ITO electrode layer below a rubbed polyimide alignment layer). The
mode of operation is shown in Figure 24 where the liquid crystal cell is placed between the
two crossed-polarisers; in (a) the top polariser is in line with the long molecular axis of the
constituent molecules (i.e. the direction of polarisation coincides with the optic axis, ideally
tilted at 22.5° with respect to the layef normal) and the lower polariser is placed at 90° and
therefore no light is transmitted (cell appears dark). When the field is removed nothing
happens, and this illustrates the bistability of the device. If the field is reversed, then the

Pg couples with the field and the molecular tilt direction changes through twice the tilt angle
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Figure 24
(ideally 2 x 22.5°). The mode of switching in this device is interesting because in the
twisted nematic device the molecules have to move through 90° about an axis at right angles
to the molecular axis and in order to do so they encroach on the volume occupied by other
molecules. The molecules in the ferroelectric device rotate on the surface of a cone through
45° and so they do not interfere with other molecules, the switching is much easier [see
Figure 24 (a) and (¢)]. The long molecular axis is rotated through 45° with respect to the
polarisers and in effect the material becomes a half wave plate which rotates the plane of
incident polarised light through 90° and allows light to be transmitted (cell appears bright).
The lower section of Figure 24 illustrates the same principles and shows the two different

orientational states in a plan view and side elevation; the alignment and layer arrangements

can be seen in more detail.
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Switching time (7) can be represented according to Expression 10;
ysin®
T ~ —T—— (10)
PsE
where 7y is the viscosity of the ferroelectric material, 6 is the tilt angle, Pg is the
spontaneous polarisation and E is the electric field strength.103

The intensity of the transmitted light [Figure 24 (c)] strongly depends on the optical

path difference (d x An), where d is the cell thickness99:104 and is given by Equation 11.

ntdAn
I = I, sin® (40) sin®| —— (11)

A

I, is the intensity of light, of wavelength A, passing through the cell in figure 24 (c)
but with the analyser turned parallel to the polariser.

In order to obtain a fast switching time (t), 8 should be made as small as possible;
however, this would have a disastrous effect on the contrast (since contrast is a maximum
when I = 1) and so 0 is ideally kept at around 22.5 °. Increasing the field strength (E)
would give a shorter switching time and as E = V /d (where V is the voltage applied to the
cell) this can be achieved by increasing the voltage or by decreasing the cell thickness.
Finally, short switching times can be obtained by a high spontaneous polarisation or a low
viscosity. However, a problem arises from high Pg in that current (A) flowing through the
cell is induced by the switching process and is equal to the change in Pg per unit time.
Therefore A o< Pg /1 and from Expression 10, A o< P52 /7. Itis desirable to minimise A
and since the current increases with the square of Pg then faster switching times are better

obtained by aiming for low viscosity mixtures rather than mixtures of high Pg.
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Of great importance to the success of this device is the alignment in the cell which is
ideally achieved by having the cooling phase sequence of I-Ch*-S 5-Sc* for the mixture. 105
The supporting glass surfaces are treated with polyimide which is rubbed in a unidirectional
manner with nylon, this gives good homogeneous alignment of the cholesteric phase
[Figure 25 (a)]. The cooling of this well aligned state facilitates the formation of a well
aligned layered S phase giving the so-called bookshelf alignment [Figure 25 (b)]. On
further cooling it is the molecules within the layers that tilt to give the Sc* phase which is
required for the ferroelectric display device [Figure 25 (c)].

The state of the art method of formulating Sc* mixtures is to first formulate a
eutectic mixture of achiral compounds (host materials) and dope this with ~5-10% of a long
pitch chiral compound (which does not necessarily exhibit an Sc* phase, but obviously
must not depress the Sc* phase thermal stability too much) to give a chiral Sc mixture (see
also p 48).

The ferroelectric display device (which was first demonstrated by Clark and
Lagerwall®? in 1980) has the advantage of sub-microsecond response times combined with
a good viewing angle and bistability. This suggests potential for large area, complex
displays with very high multiplexing capacity. The main advantage of the ferroelectric
device is that due 1o the bistability it has high level multiplexability. In order to obtain an
optical path difference (d x An) of 0.28 for maximum contrast with materials of An = (.19,
d needs to be 1.5 um. Accordingly, most ferroelectric devices are now constructed with a
cell spacing of 1.5 pm and are reported106 to give good white-coloured clear written
information which remains at least for many weeks and up to several months. However,
one disadvantage of a 1.5 um cell spacing is that some bistable states are separated by only
12-14° which gives a low contrast ratio (8:1) in comparison to a directly driven device but
nevertheless their appearance is good. Multiplexing in the inverse mode (i.e. on the
'upturn’ of the electrooptical characteristic) enables better discrimination between on and
off data signals to be made, and this allows a broader range of multiplexing conditions to
be used making the device easier to drive. Since the discrimination is improved it is also

possible to reduce the 'data’ voltage and hence reduce the optical noise it produces on the
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device giving a better appearance. The use of thin cells also has the advantage that the
birefringence of the Sc* mixture need not be as low as with thicker cells. Ideally the
optical path difference (An x d) should be 0.28 wm and since all reasonable S¢ materials of
high negative dielectric anisotropy at the present time have birefringence (An) values of
(.15-0.20 then a cell thickness of 1.5 to 2.0 wm is necessary. This requirement contrasts
with the high optical path difference (An x d) needed for the ECB device (see p 35).

Introducing colour to ferroelectric display devices is a straightforward matter of
using colour polyimide filters with best brightness results for devices with the indium oxide
and tin oxide (ITO) electrodes deposited on top of the filters. Lack of grey scale is the main
obstacle for a full colour ferroelectric display but it can be introduced using either of two
possible techniques (time dither or spatial dither); time dither is presently favoured.

Several companies have manufactured demonstrator devices which look very
promising but much work still has to be done in order to develop a display which can be
mass produced. Difficulty arises from the need for thin cells made to very exact tolerance
levels, especially if large panels are to be made to exploit the inherent high level
multiplexability. Besides their use for fast-switching high-level multiplexed display
devices, ferroelectric mixtures have potential use in fast switching light shutter devices for
example in non-impact printers107,108 which can replace laser printers.

1.7 (b) Liquid Crystal Material Requirements for Display Devices

1.7 (b) (i) Nematic Display Devices!09

The success of nematic-based display devices is due entirely to the discovery of the
cyanobiphenyls and their terphenyl analogues!1,12.110-112 by Gray ez al. Early twisted
nematic devices used eutectic mixtures of these compounds to achieve a nematic range of
~-10 to ~+60 °C with a positive dielectric anisotropy of ~11.0. Such mixtures were
perfectly adequate when used solely for directly connected twisted nematic devices which
are a ‘forgiving' technology. However, when displays became slightly more complex (but
still simple, e.g. watch and calculator displays) multiplex addressing was required (see p
29). This meant that nematic mixtures had to have their physical properties much more

finely tuned to be used successfully, but a compromise is necessary, as improving one
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aspect is very often detrimental to another. For instance, A needs to be high to obtain a
fast response time with minimal voltage and power comsumption, yet Ae / €, has to be low
to give a sharp electrooptical characteristic which is essential for multiplex addressing. The
disadvantage to the use of terminal cyano-substituted compounds as sole components of a
twisted nematic mixture is that antiparallel correlation occurs which reduces Ae and gives

high values of k33/ k{1 whereas a minimal value of k33/ k{; is most important for a steep

electrooptical characteristic.

Ol O

(XV) (XVI)
F
= OO
| (XVID)
CSH7—<}-CHQCH03H7
(XVIII)

K 67.0 S, 119.0 N 1440 I

F

(XIX)
K 40.0 N 108.0 I

F

(XX)
K 59.0 (S5 34.0) N 108.0 I

It is now universal practice!13 to use mixtures for multiplex-addressed twisted
nematic devices which include both large and small positive Ae materials. An excellent
practice is to use a host mixture of mainly non-polar (Ae = ~0) compounds (e.g.
compounds XV-XX) which will give a low k33/ky1, alow Ae/ €, and a low viscosity;

this mixture can then be doped with small amounts of a material with a very high positive
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Ae which ensures that the mixtures have a good electrooptical characteristic combined with
reasonably fast reponse times.

The problem arising from mixing large and small positive Ae materials is that,
although none of the individual components may have a smectic phase, certain
compositions of the mixture may have what is called an injected smectic phase (usually Sp)
often persisting over wide temperature and composition ranges (see Figure 26). This
smectic phase has an important influence on the nematic mixture and limits its lower
operating temperature. However, an advantageous consequence is that as the smectic
phase is approached, k33 / k11 decreases markedly!14-117 and this improves the
multiplexability of displays. It is therefore desirable to formulate mixtures which are

almost smectic but actually remain nematic at all temperatures (i.e. to choose a composition

at the side of the smectic hump in Figure 26).118

Isotropic liquid

Nematic
Smectic A
100% A 100% B
Injection of ic Pri ies in Mixtur Purely Nemati mpoun
ot High and Low Dielectric Anisotropy
Figure 26

A lateral fluoro-substituent is often employed to subtly modify the properties of
liquid crystal materials (see also p 14). Compound XVIII has a large smectic range and a
smaller nematic range, but by using a lateral fluoro-substituent (compounds XIX and XX)
the smectic tendency has been vastly reduced and the compounds have low melting points
and wide nematic ranges. Also the lateral fluoro-substituent will simultaneously reduce

Ae/ €) (by increasing € ) and reduce k33 / kqq (by increasing the width to length ratio).
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Mixtures used for the supertwisted birefringent effect device can be those used for
the multiplex addressed twisted nematic device because only the display parameters have
changed. The only alteration is the addition of the chiral dopant to induce the required
degree of twist (see p 29).

1.7 (b) (ii) Smectic A Display Devices!19

The cyanobiphenyls and terphenyls used in the twisted nematic device are again the
basis for mixtures used in the display devices utilising a smectic A mixture of positive

dielectric anisotropy.

L e OO

(XXI) R=CgHy (XXIII)
(XXIT) R =CjH,,

RO
Do OO
RO (XXIV)

The higher homologues have moderate S 4 ranges with small nematic ranges, a
mixture of XXI and XXII has transition temperatures of K 5.0 S5 40.0 N 43.0 L1.120
Mixtures with wide S 5 ranges can be made by using compounds XXI, XXII and XXIII as
a base mixture, compound XXIV being used to reduce the nematic range. 12!

1.7 (b) (iii) The Ferroelectric (Chiral Smectic C) Devicel19

This section is of particular reievance to the synthetic work reported in this thesis
because of the emphasis on the preparation of host materials for the S¢* device and it
should be read in conjunction with the results and conclusions section (p 298).

The first Sc* device was operated using compound XXV (DOBAMBC)?? as the
sole component but like most Sc*-exhibiting chiral compounds its Pg is very low.

Compound (XX VI)122 was then used and has a much higher Pg123 but a shorter

Sc* range. Schiff's base type compounds (Mora compounds!24) were prepared in an
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CHa

I
CioHa1 O—O—CH =N—©—CH =CHCO,CH, _EH—C2H5

(XXV)
K 76.0 (Sf* 63.0) Sc* 95.0 S, 117.0 1
Cl

I
C6H13—©—CH=N—©—CH =CHCO,CHp —CH—CHs

(XXVI)
K 650 Sp* 745 Sc* 81.0 S, 1360 I

CH3
Csz—CH— (CHo)s O—Q—
—< >""CBH17

(XXVID)
K 12.0 Sc* 970 1

attempt to produce room temperature Sc* materials (e.g. compound XX VII) but these
compounds have low Pg and tilt angles of only 8°. The conclusion drawn from this early
work was that room temperature, wide Sc* range compounds of high Pg are very unlikely
to be found. It was shown in 1980125 that an achiral S¢ phase doped with chiral molecules
such as L-menthol gave a ferroelectric (S¢*) phase. Therefore ferroelectric
mixtures are now formulated by preparing an achiral eutectic host mixture with all the
desirable properties such as low melting point, wide S¢- range (with short S and short
nematic phase ranges above), negative A€, low viscosity and very low optical path
difference (An x d). A chiral dopant of very high Pg is chosen (which will probably not
show an Sc phase due to the molecular structure required to give the high Pg) which will
induce chirality into the mixture. Only 5-10% or less of this dopant is required and this
should not significantly alter the desirable properties of the host mixture. Compound
XXVIII is currently one of the best chiral dopants.126

This method of formulating ferroelectric mixtures has become extremely successful
because the physical property requirements are easier to obtain and can be changed easily
by using different proportions or by introducing new compounds into the mixture.

Host materials used include compounds of types 301127130 and XX1X13! and the
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?N
C8H17COQ —C;H —CH(CHg)2
(XXVIID)
K 670 1
F
(301)

K 47.0 (S; 40.0) S; 535 S¢ 116.5 S, 1300 N 1550 I

F

(XXIX)
K 49.0 Sc 121.0 S, 128.0 N 164.5 1

homologues chosen represent low melting compounds with large Sc ranges. Formulating
mixtures of different homologues with an appropriate chiral dopant (e.g. compound
XXVIII) enables room temperature Sc* mixtures to be obtained. The compounds of type
XXIX (called MBF esters) have been most successful because they have Ae values of
~-1.5 and the absence of an underlying smectic phase. The monofluoroterphenyls (301)
are adequate in producing Sc* mixtures and have a much lower viscosity than the MBF
esters, but they are of slight positive Ae and underlying smectic phases can cause
problems.

The field of ferroelectric liquid crystal display devices is attracting much attention at
present and the results and conclusions of some novel ferroelectric host materials prepared
in this work are discussed on p 298.

1.7 (c) Temperature Measurements and Surface Thermography24

This technology employs cholesteric liquid crystal materials. The structure of the
cholesteric phase was discussed on p 6 and was shown to consist of a helical structure.
The pitch length of the helix is temperature dependent and the helical structure causes
selective reflection of light. Therefore, if the pitch len gth is of the order of the wavelength
of visible light, then spectacular colour changes in the reflected light are seen on varying

temperature. The wavelength of the reflected light decreases with increasing temperature so
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a blue colour indicates a higher temperature than a red colour (see Figure 27). This
provides a means of monitoring changes in ambient or surface temperatures by observing
the colour changes of cholesteric materials. Since the cholesteric temperature range 18
limited in single compounds, mixtures of compounds are used to give wide
operating ranges.

In practice, the cholesteric material is made into an 'ink' by encapsulating132 it in a
polymer. Two encapsulation techniques are used; (i) gelatin microencapsulation!33
involves encasing droplets of cholesteric material in polymer shells, these shells are then

added to a water/polymer solution to give a slurry; (ii) the polymer dispersion
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Figure 27
technique!34-136 is similar but the droplets of cholesteric material are directly dispersed into
a polymer without a precoating process. These cholesteric inks are usually sandwiched
between a transparent supporting substrate and a black absorbing layer and are seen in the

form of a plastic sheet. The main use of these plastic sheets is for digital thermometers,
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and the temperature is indicated by a green selective reflection occurring beneath a fixed
legend.

The colour change effect is sensitive enough to be used for medical applications!3’
to detect skin disorders, subcutaneous tumors, breast cancer and blood clots by measuring
slight temperature differences over the affected areas. Cholesteric inks are either painted on
top of a black stain or are stretched in a black elastomeric film over the area of
investigation. Either way, medical thermographic diagnosis is not totally reliable and has
disadvantages when compared to the use of infra-red diagnostic techniques.

The technique is also important in engineering applications where components (¢.g.
turbine blades) can be coated with cholesteric materials (which are often required to
withstand very high temperatures) to detect local heating. This enables engineers to
develop better cooling systems for engines. Cholesteric mixtures also allow the
non-destructive testing!38 of welds and electronic circuits and the investigation of
turbulence and laminar airflow over surfaces. The use of cholesteric materials is a
practical, low-cost way to detect radiation. The effect of impurities on the selective
reflection wavelength has been investigated to show the potential use of cholesterogens in
the detection of atmospheric pollution.

However, the largest market for cholesteric materials is for novelties. They are
used to make commodities more attractive to purchasers (e.g. in cosmetics). Clothing,
paints and wall-papers use cholesteric materials to reveal a colour change with changing
temperature. Plastic sheets incorporating cholesteric mixtures make very accurate
thermometers which are useful as well as having a novelty value.

1.7 (d) Structure Elucidation and Analysis

The use of a nematic liquid crystal as a solvent in nuclear magnetic resonance
studies139:10 of certain organic compounds can yield a much greater level of structural
information than is conventionally possible. This is because the nematic solvent molecules
tend to orientate the solute molecules to the extent that all of the dipole-dipole interactions
are not reduced to zero as is normally the case with conventional isotropic solvents.

Therefore, by use of computer processing, information of molecular ordering, chemical
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shifts and bond lengths and angles can be obtained.

The use of both nematic and smectic liquid crystals as stationary phases in
gas-liquid chromatography!4! has achieved considerable success; particularly for the
separation of geometrical isomers where conventional methods have failed. This 1s
possible because the anisotropic nature of the liquid crystal material makes it particularly
sensitive to small differences in the geometrical shapes of molecules and consequently this
gives better resolution.

1.7 (e) Applications of Liquid Crystal Polymers!6.17.18

The field of liquid crystal polymers is relatively new and is the subject of intense
research at the present time. The field is beyond the scope of this thesis but some important
applications need to be mentioned.

Liquid crystal main chain polymers!0-17 (mesogenic units form part of the polymer
backbone), in general, show nematic phases at certain compositions in suitable solvents
(lyotropic nematic). However, obtaining a thermotropic nematic mesophase can lead to
problems. 16

The most important property of liquid crystal main chain polymers in the nematic
phase is the ease of homogeneous orientation of shear. This macroscopic orientation gives
rise to a lower viscosity than the isotropic liquid phase (despite the lower temperature).
Therefore the extrusion or fibre spinning of such polymers in the nematic phase is
technologically important as processing temperatures can be reduced and mould filling
facilitated. The macroscopic orientation which exists on processing remains in the
solidified material and confers outstanding mechanical properties such as high tensile
strength, high flexural strength and improves flexural moduli and impact strength. The
absence of shrinking and low coefficients of thermal expansion are other features which
make liquid crystal main chain polymers attractive for use as fibres, extrudates and
reinforced resins. Kevlarl6:17:142 ig the most well known liquid crystal main chain
polymer and forms a nematic phase in sulphuric acid. Kevlar was developed by Du Pont
and is a light and very strong material which has found many uses including uses in the

manufacture of motor vehicles, aircraft and in bullet-proof vests.
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The ever increasing demand for light-weight, very strong materials to replace
conventional materials means an exciting future is in prospect for main chain liquid crystal
polymers.

Liquid crystal side chain polymers!6:17.18 (mesogenic units are attached as side
chains from the polymer backbone) may exhibit nematic or smectic mesophases which
depend solely on the structure of the side chain and they exhibit the same optical properties
as conventional low molar mass liquid crystal materials. Liquid crystal side chain
polymers, in contrast to their main chain analogues, do not possess any particular
outstanding mechanical properties. Side chain liquid crystal polymers form a glass as the
liquid crystalline melt is cooled and this results in the molecular orientation of the liquid
crystalline state being retained in the glassy state. In the liquid crystal phase the molecular
director can be changed by an electric or magnetic field in the same way as for low molar
mass materials and on cooling this orientation is frozen in.143

The combination of these characteristics (the glassy state and the anisotropic
physical characteristics) indicates potential applications in linear and non-linear optics!44

and in optical storage devices.14

1.8 Carbon-Carbon Bond-forming Cross-coupling Methods

Perhaps one of the most desirable synthetic processes in organic chemistry is the
formation of a carbon-carbon bond. Such a process is extremely useful because large
molecules can be prepared via small, more easily managed units which are subsequently
coupled together to give the desired product. The long, lath-like molecular structure of
most liquid crystalline compounds makes cross-coupling reactions very important in such a
fast-moving area of synthetic organic chemistry where display device engineers are
demanding more advanced materials. Complications, however, can arise from
homocoupled products which are often difficult to separate from the desired cross-coupled
product and selectivity is usually required where two reactive sites exist, to enable a second

cross-coupling reaction to be carried out and so facilitate the efficient synthesis of multi-unit

compounds (e.g. p-terphenyls).
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Since Corriul46 and Kumadal47 reported in 1972 that cross-coupling of Grignard
reagents with aryl and alkenyl halides could be catalysed by nickel-phosphine complexes, o
wide variety of coupling reactions has been developed and some are of great synthetic
importance. The synthetic utility of a variety of cross-coupling reactions has been
demonstrated by work which shows that organometallics containing zinc,148-151
aluminium,152.153 zirconium, 154,155 {in,156-158 and boron159-164 can undergo
cross-coupling reactions using a palladium catalyst.

The following account represents a short review of carbon-carbon bond formation
methods which the author has considered during work on the synthesis of liquid crystalline
compounds.

Fouquet and Schlosser!65 (1974) reported the coupling of primary tosylates with a

variety of Grignard reagents (e.g. alkyl, aryl).

Li,CuCly,
THF

R-OH — » R_Tos —‘——> R-R'

R'- MgBr

The principal reason given for the occurrence of reaction is the chelation of the
tosylate with the copper catalyst after the latter's interaction with the Grignard reagent.
They also reported that a carbon-carbon bond can be formed by the replacement of allylic
and benzylic acetate groups with Grignard reagents, presumably because a similar chelate
complex can be formed. The author has attempted this procedure several times without any
success (see attempted preparation of compound 32, Method A) despite the excellent yields
reported and the success of this method in some other systems. 166

A more general cross-coupling method involving the nickel-phosphine
complex-catalysed coupling of alkyl, aryl and alkenyl Grignard reagents with aryl and

alkenyl halides was reported by Kumada et al.167 (1976) and several nickel-phosphine

complex catalysts were reviewed.

Ni(dppp)Cl,
R-MgBr + O— Cl — O— R

Ether

Generally the best catalyst is found to be nickel bis(diphenylphosphine)propane
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dichloride [Ni(dppp)Cl;] and it is reported that fluorides, chlorides, bromides and iodides
all undergo replacement. With this particular catalyst, the order of reactivity is unusual
[PhI>PhCI>PhBr>PhF]; however, with this catalyst where there is competition for
replacement and with nickel bis(diphenylphosphine)ethane [Ni(dppe)Cl,] in all cases, the
usual order of reactivity [PhI>PhBr>PhCI>PhF] is observed. However, dehalogenation
occurs during the coupling process in the order PAF<PhCl<<PhBr<Phl and when THF is
used as the solvent the rate of dehalogenation is much greater than when diethyl ether is
used. Therefore, the coupling reactions are best catalysed by Ni(dppp)Cl; and carried out
on aryl chlorides in diethyl ether to give the best compromise of low dehalogenation and
high reaction yields. Despite the quantitative yields quoted, several attempts at this type of
coupling have proved to be complete failures (see the attempted preparation of compound
32, method B) although Chan!27 used the reaction with some success.

It was reported by Negishi, King and Okukado!48 (1977) that aryl bromides or
iodides can be cross-coupled with aryl- or benzyl- zinc chlorides in the presence of 5 mol%
of Ni(PPh3)4 or Pd(PPh3)4 [prepared from Pd(PPh3),Cl; and 2 equiv. of

di-isobutylaluminium hydride (DIBAL) and triphenylphosphine].

Pd(PPhg),

Ar—=2ZnCl + - - Ar-Ar
C Ar'-Br THF

The arylzinc chloride is readily prepared by the reaction of the corresponding
aryllithium with zinc chloride and good yields of the desired cross-coupled product (with
less than 5% homo-coupled product) are reported.

In 1978 Negishi and King!50 reported the very useful palladium
tetrakis(triphenylphosphine)palladium(0) [Pd(PPh3)4] catalysed cross-coupling of
alkynylzinc chlorides with aryl iodides and activated (i.e. by electron-withdrawing
substituents, e.g. cyano) aryl bromides at room temperature in good yields. Recent work
by the author (reported in this thesis) has shown that non-activated and even deactivated

aryl bromides can undergo cross-coupling at elevated temperatures (~67 °C).

I Pd(PPh3)4
R-C=C-Zn + Ar'-Br > R-C=C-Ar
(A7) 1) THF (A
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This has led to a highly successful method of selective cross-coupling to
1-bromo-4-iodobenzene by use of an initial cross-coupling to the iodo-substituent at room
temperature followed by another cross-coupling at elevated temperature. It has also been
found by Chen and Hel68 (1987) and by the author (1988) that phenolic triflate derivatives
(see Experimental Discussion, p 234) couple to alkynylzinc reagents under similar
conditions to aryl bromides. This cross-coupling reaction of triflates i1s important because it
enables a carbon-carbon bond to be formed at a phenolic site (or from vinyl triflates
obtained from carbonyl compounds) which is useful where halogen-containing starting
materials are unavailable (e.g. in natural product chemistry; see also the synthesis of the
naphthalene derivatives discussed in this thesis, p 234).

The method developed by Negishi and King is similar in its end result to the earlier
cross-coupling method of Sonogashira et al.169 (1975) which involves a direct coupling
process of a terminal alkyne to an aryl iodide or an aryl bromide catalysed by either
Pd(PPh3)4 or Pd(PPh3),Cl; and copper(I) iodide. The latter procedure appears to be better
than the equivalent zinc coupling method in that there is no need to make the alkynylzinc
chloride, but the crude products are usually much more difficult to purify than those from
the zinc coupling procedure.

The most recent and by far the best overall method of preparing unsymmetrical
biary!l or multi-aryl systems was developed by Suzuki et al 161 (1981) and later this method

provided excellent results for Miller and Dugar62 (1984) and the authorl63.164 (1986).

Benzene, ethanol,
2M-N32003
Ar=B(OH), + Ar-Br —> Ar- Ar'
1) Pd(PPhg),

This procedure involves the cross-coupling of an arylboronic acid with an aryl
bromide or aryl iodide. The boronic acid can be easily prepared in excellent yield from an
aryllithium or an aryl Grignard reagent by treatment with tri-isopropyl borate in dry THF at
-78 °C under dry nitrogen (trimethyl borate gives lower yields), followed by the hydrolysis
of the borate ester (in situ) with 10% hydrochloric acid.170 The arylboronic acids are stable

in air and are not sensitive to moisture; they can be prepared in large quantities, stored and
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used when required. The spectra of the 'boronic acids' frequently gives no confirmation of
a boronic acid structure and the product often appears to be a mixture of anhydrides and
boronic acid; the nature of the products is further complicated by their tendency to
coordinate with THF, which accounts for their soft waxy nature and their poorly resolved
nmr spectra. Addition of aqueous 10% potassium hydroxide to the product, removal of
any impurity by an ether wash (e.g. any material produced by moisture reacting with the
intermediate lithium or Grignard reagent or coordinated THF), followed by acidification
and extraction into ether gives a crystalline solid with a well resolved nmr spectrum
(although the -OH protons are still often not revealed); any anhydride originally present is
converted into the boronic acid by this treatment. The coupling reaction is carried out in a
two-phase medium of benzene or toluene and aqueous 2M sodium carbonate. The boronic
acid is added 1n 10-20% excess and the reaction is catalysed by 3 mol% of
tetrakis(triphenylphosphine)palladium(0) [Pd(PPh3)4]. The reaction is carried out under
nitrogen to protect the catalyst and the stirred mixture is heated under reflux until glc
analysis reveals a complete reaction (usually ~3-4 hours, but often overnight for
convenience).

It has recently been found by the author that aryl triflates can be coupled with
arylboronic acids in the same manner as aryl iodides and aryl bromides (see also
Experimental Discussion, p 225 and 230). Aryl iodides react much faster than aryl
bromides which are similar in reactivity to phenolic triflates; those compounds with
electron-withdrawing groups (e.g. cyano-substituents) tend to react faster than others and
overall yields are always high. By using iodo, bromo and triflate functional groups,
selective coupling can be achieved which enables a subsequent coupling to be carried out
(see Experimental Discussion, p 225, 230 and 235).

The boronic acid coupling reaction offers the advantages of high yields, clean
products with no homocoupling, no necessity for anhydrous conditions and the boronic
acid can be pre-prepared, stored and used when convenient.

A useful palladium-catalysed cross-coupling reaction which the author has not

carried out is the vinylation of organic halides171 (commonly referred to as the 'Heck



61
Reaction’). This is a convenient method for forming carbon-carbon bonds at unsubstituted

vinylic positions as shown in the equation below.

oy Pd(PPhy), A,
/C=C\ + Ar-Br > C=C

THF / N\

The organic halide employed is restricted to aryl, heterocyclic, benzylic or vinylic
types with a bromo- or an iodo- substituent (although it seems reasonable that aryl or vinyl
triflates as used in other coupling processes would also couple).

Much work on the palladium-catalysed cross-coupling of organo-tin reagents with
vinyl and aryl triflates has recently been reported by Stille.157:158 This type of
cross-coupling appears to be very versatile as alkyl, vinyl, alkynyl and aryl tin reagents are
all reported to couple in the presence of lithium chloride (3 equiv.) and 2 mol% Pd(PPhs),
or Pd(PPh3),Cl; in high yields under mild conditions. Both catalysts are reported to give
good results; although shorter reaction times and/or milder conditions apply to the latter, the
former enabled selectivity to be achieved where two different reactive sites existed. The
presence of lithium chloride is essential to the formation of the arylpalladium chloride (see
Mechanism Suggestions, p 62) and this applies to all other cross-coupling procedures
involving triflates.

On surveying the available literature it appears that although organometallic reagents
of methyl, aryl, alkenyl, benzyl or alkynyl moieties have been successfully used for
cross-coupling, those involving alkyl groups containing B-hydrogen atom(s) have not
always given satisfactory results due to B-elimination. The cross-coupling of secondary or
tertiary alkyl reagents has been found to be especially difficult because it is accompanied by
isomerization of the alkyl group and/or the reduction of the halides.

Hayashi et al.172 (1984) reported the development of a catalyst capable of
facilitating the cross-coupling of secondary and primary alky! Grignard reagents and

alkylzinc reagents with aryl or alkenyl halides.

Pd(dppf)Cl,
R-MgBr + Ar-Br — R-Ar
(ZnCl) THF

The catalyst for this process is
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dichloro[1,1'-bis(diphenylphosphino)ferrocene]palladium(Il) {Pd(dppf)Cl,] and is
reported to produce the desired cross-éoupled product in exceedingly high yield. The
catalyst is thought to perform the reductive elimination process (see mechanism) much
faster than B-elimination because of a large P-Pd-P angle and a small CI-Pd-Cl angle.

More recently Castle and Widdowson!73 have reported the cross-coupling of alkyl

Grignard reagents with alkyl iodides.

Pd(dppf)Cl,,
DIBAL
R-MgBr  + R'—I — R-R'
THF

Good yields are made possible by pre-reducing the Pd(dppf)Cl, catalyst using
di-isobutylaluminium hydride (DIBAL) which enables a faster oxidative addition process

(see mechanism) (normally very slow for alkyl halides) and good yields are reported.

Mechanism Suggestions

Mechanisms for metal-catalysed cross-coupling reactions are not yet fully
understood and few detailed proposals are available in the literature with even fewer
experimentally proven mechanisms.

The mechanism suggested by Kumada et al.167 (1976) for the nickel-phosphine
complex-catalysed Grignard coupling is given in Figure 28.

This mechanism (Figure 28) shows a pre-cycle step which produces 1mol of
homo-coupled product (from the metal derivative) for every mol of catalyst and therefore,
cannot be applied to the coupling procedures involving arylboronic acids or alkynylzinc
reagents because absolutely no such homo-coupled product has ever been identified (or
even suspected).

A mechanism (Figure 29) presented by Scott and Stille!57 (1986) is based on
experimental evidence of intermediates involved in the procedure and is consistent with a
lack of homo-coupled products but it is quite similar in some respects to the mechanism
suggested by Kumada e al.167 (1976). Although this mechanism is based on findings for
the vinyl triflate coupling with organo-tin reagents, it is easily adapted to account for others

(e.g. arylboronic acid and alkynylzinc coupling reactions to aryl halides or aryl triflates).
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ith Aryl and Alkenyl Hali
Figure 28

The mechanism shown in Figure 29 illustrates the much used arylboronic acid
coupling with an aryl bromide and the aryl triflate example is shown in brackets to illustrate
the essential role of the lithium chloride.

As a further illustration, Figure 30 shows the possible movement of electrons in the
steps of the mechanism which form the product.

Step (a) shows the oxidative addition of the aryl bromide with the loss of two
triphenylphosphine ligands to give the palladium(Il) species. Step (b) is a simple

transmetallation step and step (c) is the reductive elimination which regenerates the catalyst
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and yields the desired cross-coupled product.

Ar-Ar (LiC])
0) Ar-Br
PdL, (OT)
C
2L ©) (a)
L 2L
10 +(LIOTHY)
Ar-Pd-Ar'
' L
L ()
Ar-l?d—Br
(Cl)
(b) L
Br-B(OH), Ar'-B(OH)s
(Cl)
L = PPhg
Mechani h - ling of Iboronic Aci
with Aryl Halides or Aryl Triflates

Figure 29
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Figure 30
In summary, the use of cross-coupling reactions such as those outlined in this
section is essential for the viable future synthesis of liquid crystals. By the use of selective
cross-coupling procedures, complex moieties can be synthesised and then coupled together
in a high-yielding final step. The possible use of particular units for several different

synthetic processes permits a fast, economic and systematic method of synthesis.



EXPERIMENTAL
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2.1 Aims

The broad aim of the work was to synthesise novel liquid crystal materials of
specific structure to enable their use in contemporary technological devices (mainly display
devices).

More specifically, the work can be divided into three main areas of the liquid crystal
field: (i) the esters with a terminal cyano-substituent (Schemes 1-9) were intended to be
nematic materials of very high positive dielectric anisotropy (Ae€) values for potential use as
additives in nematic mixtures for display devices; (ii) the biphenyls and terphenyls with
lateral fluoro-, cyano- or trifluoromethyl- substituents (Schemes 10-32) were expected to
give smectic C materials of negative dielectric anisotropy which would make excellent host
materials in the ferroelectric (chiral smectic C) display device; (iii) the materials
incorporating a 2,6-disubstituted naphthalene moiety (Schemes 33-37) were intended to be
nematic materials (ideally with low melting points) which show a high optical anisotropy
(An) and a high polarisability. Such compounds have a potential use in a new technology
non-display device.

The aims are discussed in more detail in the appropriate Results and Conclusions

sections.

2.2 Assessment of Materials

2.2 (a) Determination of Transition Temperatures

2.2 (a) (1) Optical Microscopy

The transition temperatures of all mesogens were determined using an Olympus
BH2 polarising microscope in conjunction with a Mettler FP52 heating stage and FP3
control unit. This allows fast or slow heating and cooling of samples over the range -20 to
300 °C with an accuracy of £0.2 °C. Cooling from just above room temperature down to
-20 °C s achieved by passing a precooled (in liquid nitrogen) stream of nitrogen through
the stage and over the sample.
2.2 (a) (ii) Differential Scanning Calorimetry (DSC)

All mesogens were subjected to thermal analysis by using a Perkin-Elmer DSC-2C
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differential scanning calorimeter with a data station (see also Identification of Mesophase
Type, p 22). In some cases samples were heated and then cooled at an initial rate of 20 °C
per minute to enable the sample to settle in the DSC pan and then repeated at 10 °C per
minute. However, this is not necessary for low relative molecular mass materials and often
has a detrimental effect in melting a sample which will not readily crystallise or will
crystallise to a different crystal form. This may make the 10 °C per minute cycle
unrepresentative of the material. One cycle carried out at 10 °C per minute gave well
defined, sharp peaks with accurate transition temperatures and is much less time consuming
than performing two runs per sample.

The cooling in most cases was provided by using liquid nitrogen, however, in
some cases a Perkin-Elmer intracooler provided the refrigeration. A static nitrogen
atmosphere was used in the furnace and the reference material was aluminium oxide
(Al,O3). Indium metal was used as the standard for callibration purposes.

2.2 (a) (ii1) Virtual Transition Temperatures

When a 'final' compound intended for use in a liquid crystal environment did not
exhibit any enantiotropic or monotropic mesophases then a virtual or extrapolated Ty |
value was determined. This was achieved by preparing a series of binary mixtures, of
known composition, of the test compound with a standard nematogenic mixture of known
Ty value. The standard used was supplied by our collaborators (BDH Chemicals
Limited) and is called E7. This commercial mixture contains 4-cyano-4'-n-alkylbiphenyls
and 4-cyano-4'-pentyl-1,14',1"-terphenyl and has a Ty value of 60.0 °C. By
extrapolating the straight line produced to the 100% test compound composition the Ty g

value is determined and is conventionally given in square brackets [].

2.2 (b) Chromatography Techniques

2.2 (b) (i) Analytical Thin-Layer Chromatography (tlc)

The tlc plates used were aluminium sheets coated with silica gel 60 F254 (Merck).

2.2 (b) (ii) Column Chromatography

Column chromatography was carried out using standard grade silica gel (Fisons,
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60-120 mesh) or flash chromatography 174 grade silica gel (Merck 9385) unless otherwise

stated.

2.2 (b) (iii) Gas-Liquid Chromatography (glc)

The progress of many reactions was followed by using a Perkin-Elmer 8320
capillary gas chromatograph equipped with a BP1 capillary column.

2.2 (b) (iv) High Performance Liquid Chromatography (hplc)

The hplc system used to check the purity of all 'final' compounds consisted of the
following modules: (i) a Kontron 420 Pump; (ii) a Must Multi-port Stream Switch; (iii) a
Perkin-Elmer ISS-100 Auto Sampler; (iv) a Dynamax Microsorb C18 Reverse Phase
Column; (v) a Spectroflow 757 Absorbance Detector; (vi) a Chessell Chart Recorder; (vii) a

Perkin-Elmer Data Station.

2.2 (¢) Spectroscopy

2.2 (¢) (i) Nuclear Magnetic Resonance Spectroscopy (nmr)

A Jeol INM-GX270 nmr spectrometer (270 MHz) was used to obtain high
resolution 'H nmr spectra for every compound which was prepared.

2.2 (¢) (i1) Infra-Red Spectroscopy (ir)

Infra-red spectroscopy was carried out using a Perkin-Elmer 783 infra-red

spectrophotometer.

2.2 (c) (iii) Mass Spectrometry (ms)

A Finnigan-MAT 1020 gc/ms spectrometer was used to record mass ion data.

2.2 (d) Purity of Compounds Synthesised

All the compounds prepared were subjected to high resolution (270 MHz) 1H nmr
spectroscopy and a perfect IH nmr spectrum was one consideration of purity.
All compounds prepared were subjected to glc analysis (where possible) and/or tlc

analysis and satisfactory results were obtained.

The purity of all the 'final' compounds was checked by hplc analysis and they were

found to be greater than 99.5% pure except were stated otherwise.
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2.3 Abbreviations and Nomenclature

Abbreviations used and their meaning are as follows: mp = melting point; bp =
boiling point; K = crystalline solid phase; I = isotropic liquid phase; N = nematic liquid
crystal mesophase; Ch = cholesteric liquid crystal mesophase; S = smectic liquid crystal
mesophase (with subscript letters A, B, C, F and I) or quasi-smectic crystal mesophase
(with subscript letters E, G, H, J, K and L); * = chirality in a phase (e.g. chiral smectic C
is denoted by Sc*); THF = tetrahydrofuran; DMF = dimethyl formamide.

Generally the IUPAC system of nomenclature has been followed but in some cases
deviations have been allowed in the interest of clarity. All terphenyls prepared are of the

1,1:4',1" type (i.e. p-terphenyls) and this prefix has therefore been omitted from the

compound names in the text.
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Scheme 1 (p 107-111)

1

1A‘ 1D l
F
CHgO—®— B(OH)2
2

12 F
1A ... () Mg, THF: (i) (PrO)sB, THF: (iii) 10% HCI.
1B ... NBS, CH.Clo.
iC ... Bry, HOAC
1D .. (i) NaNO3, HaSOy; (ii) CuS04.5H,0, KCN.
1E ... Pd(PPhg)4, benzene, EtOH, 2M-Na,CO3.
1F ... BBra, CH,Clo,
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Scheme 2 (p 111-113)

F F
2A
CH30 —>  CH3z0 COxH
F F
13 14
2B
F
F
15
‘20
F
CH30QCONH2
F
16
Xm
F F
2E
HO CN ~—— CH30 CN
F F
18 17

2A ... (i) nBuLi, THF; (ii) CO, (solid), Et,0.
2B ... Oxalyl chloride, DMF, benzene.

2C ... 35% Ammonia.

2D ... Thionyl chloride, DMF.

2E .. AICl, NaCl.
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Scheme 3 (p 113-116)

3A
HO—@— CoH —m——— C4Hgo—®— CO,H

19 20

F F
3C

21 22

F F
3C
C5H11—©—CN CsHﬁ—@—COgH

23 24
F F F
3E 3C
HO CN — CHg0 CN — C4HgO CO-H
25 26 27

3A ... (i) C4HgBr, EtOH; (ii) water, NaOH; (iii) 36% HCL.

3B ... (i) Pent-1-yne, nBuLi, THF; (ii) ZnCl,, THF; (iii) Pd(PPhg)s, THF.
3C ... conc. HoSOy4, water, HOAG.

3D ... 5% Pd/C, EtOH, Hy.

3E ... C4HgBr, KoCOg, acetone.
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Scheme 4 (p 116-120)

4A or 4D

4B or 4C
—O—SQ;CszH ——— Compound 32
2

9
Compound 32 4E

F

()Q

30 F

4Fl
F

31 F
4G

C5H11‘Q _— C5H11—QCOQH
F
F F F
Al 4E
HO ’ C4HgO —_—  C4Hg0 CO-H
34 F 35 F 36 F

4A ..... (i) Mg, ELO; (i) LioCuCly, THF.

CaH;,CH=CH

4B ... (i) CsHy1MgBr, Et,0; (ii) Ni(dppp)Clo, Et20.
4C ... (i) Mg, THF; (ii) CsHy1Br, CuCl, THF.

4D ... (i) Mg, THF; (i) CuCl, THF.

4E ... (i) Mg, THF; (ii) C4HgCHO, Et,0.

4F ... P>0s, pentane.

4G ... 5% Pd/C, pentane.

4H ... (i) nBuLi, THF; (ii) CO, (solid), Et20.

4 ... C4HgBr, KoCQO3, acetone.
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Scheme 5 (p 120-122)

CaH7—O— CH,COCI + @_ B

37 38

5A

03H7—O— CHaCO @—Br

39

l 58
CsH7—<} CHecHe"@— Br
40

5C

caH7—O- CHQCHZ-Q—CO2H
41

5A ... Aluminium chloride.
BB ... Et3SiH, CF3CO2H.

5C ... (i) nBuLi, THF; (i) CO2 (solid), Et»0.
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Scheme 6 (p 122-126)

F
(i), (iv)
X—< >— COoH x—@— COZQ CN
F

42, X=a; 20,X=b

44, X =a; 45, X=b

F
(), (v
- x—@— cog—O— CN

46, X =a; 47, X=b
F F F
(i), (iv)
X COxH - X CO, CN
24, X =a; 27,X=b 48, X =a; 49, X=b
F F
(i), (iv)
X CO, CN
F
50,X=a; 51,X=b
L F
(0), (iv)
- <l Hcord H-on
F
52,X=a; 53, X=b
F F F
(i), (iv)
X COzH > X CO, CN
F F
33, X=a; 36,X=b 54, X = a; 55,X=b
F
(i), () F
F F
56, X =a; 57, X=b
F F
() HO—@—CN (43) (i) Ho-@-m (25) (i) Ho-Q—CN (18)
F

(iv) N,N-Dicyclohexylcarbodi-imide, 4-(N-pyrrolidino)pyridine, CHoCla.

Key: a=CsHyq, b=C4HgO
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Scheme 7 (p 122, 127-131)

(ii), (i
AT avats
59, X=a; 60, X=b

F
42,X=a; 20,X=b (iii), (iv)
a x—@—coch

61, X=a; 62, X=b F

63, X=2a; 64, X=b
F F F
(i), (iv)
X CO-H X CO» Q Q CN
24 X=a; 27,X=b 65, X=2a; 66,X=0
F F
(i), (iv)
- x{DrcoA{ D _Yon
67, X=a; 68, X=D F
- F
(i), (iv)
69, X=a; 70, X=Db
F . F F
(ii}, (iv)
s ool Cro
F
33, X=42a; 36, X=b 71, X=a; 72, X=b

F F
(i), (V)
- X—Q- coz CN
F F

73, X=a; 74, X=b

F F
(M HOCN {ii) HOCN (iif) HoCN
58 11 12 F

(iv) N,N-Dicyclohexylcarbodi-imide, 4-(N-pyrrolidino)pyridine, CHoClo.

Key: a = CgHyy, b =C4HgO
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Scheme 8 (p 122, 131, 132)

CsH7"<__—>‘ CH20H2—©— CO.H

41

(i), (iv)
A Oy en o
75

F
(ii), (iv)
CgH7—O' CHQCHQ"@" COs, CN
76

F
(i), (iv)
C3H7—C>" CHECHZ—O— CO» CN
77 F

43 25

F F
0 HO—@—CN (i Ho—©-CN i) HO-Q—CN
18 F

(iv) N,N-Dicyclohexylcarbodi-imide, 4-(N-pyrrolidino)pyridine, CHClo.
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Scheme 9 (p 122, 132, 133)

F

(i), (iv)

79
CsH11CO-H

78 F

(i), (i)

oo

80 F

i), (iv)
C7H150CH5CO5H - C7H1500H2002 CN

81 82
F
0o Yl Heon 0 wod Sl o
58 11
F
@ o Y Yon
12 F

(iv) N,N-Dicyclohexylcarbodi-imide, 4-(N-pyrrolidino)pyriding, CHoClo.
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Scheme 10 (p 134-138)

10A 10B
HO—@—Br _— RO—@—Br _— RO—@—B(OH)Z

83 84, R =CgHis 86, R = CgHig
85, R=CgHy7 87, R =CgHy7
10C 10D

@-—Br —— RCO—@—Br _— R—@-—Br
38 88, R = C4Ho 91, R = CsHi4
89, R =CgHia 92, R=CyHss
90, R = CgHy7 93, R = CgHig

10B
94, R = CsHy1

C5H11Br _® . CsH11B(OH)g

95 96

10A ... RBr, K2CQOg, acetone.
10B ... (i) Mg, THF; (i) (PrO)3B, THF: (iii) 10% HC!.
10C ... RCOCI, aluminium chloride.

10D ... Hydrazine hydrate, KOH, diethylene glycol.
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Scheme 11 (p 138-142)

RO—@— B(OH), + CsHHBr

86, R=CgHy3 95
87, R =CgHy7
l1 1A

97, R =CgH13
98, R = CgH17

F F
11B 100, R = CgH
89
96
F

102, R=CgHi3
103, R = CgH17

F F
11B
105, R = CeH
B [ ) 613
HOO— r RO—O—Br 106, R = CgHy
104
11A CanB(OH)g

96
avarat™

107, R=CgHi3
108, R = CgHy7

11A ... Pd(PPha)4, benzene, EtOH, 2M-Na>COs.

11B ... RBr, KoCO3, acetone.
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Scheme 12 (p 142-146)

.
R—@—B(OH)Z + CsHﬁBr
94, R = CsHy 109
o Rocoe 12
.
oA
110, R = CsHi

111, R =CgH430
112, R=CgH; 70

F F F
12B 12C
| Br ————= C3H,~C=C Br — = CsHyy Br

114 115

l1ZD
F

95, R=CsHyq 12 116
117, R=CgH130
118, R = CgH70

F

119, R =CsH1;q
- 5B

121, R = CgH470

12A ... Pd({PPhj)4, benzene, EtOH, 2M-Na>COs.

(i) Pent-1-yne, nBuLi, THF; (ii) ZnClo, THF; (iii) Pd(PPhg)s, THF.
12C ... PtO,, EtOH, Ha.

12D ...... (i) Mg, THF; (i) (PrO)3B, THF; (jii) 10% HCI.
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Scheme 13 (p 146-149)

F F F
13A 13B
NH, ——= Br NHy —— Br{‘!} 4‘!»
F o122 F 123

F 124
13C
F F
13D
Br Q CsHy4 “ Br Q Q COC4Hg
F 126 F 125
13— R—@-—B(OH)Q
86, R =CgH130
F
F
F
127, R = CgHyq

128, R =CgH130

13A ... NBS, CHxClo.

13B ... Isopentyl nitrite, benzene.

13C ... C4HgCOCI, aluminium chloride, CHoCls.
13D ... Et3SiH, CF3CO,H.

13E ... Pd{PPh3)4, benzene, EtOH, 2M-NaxCOs.
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Scheme 14 (p 149-151)

F F
14A
CsHy — CgHyy B(CH),
392 F 129 F

95, R =CgHij 14B
117, R = CgHy30

]

130, R =CgHyq
131, R =CgHy30

C6H130_©— B(OH)Z
86

F
B Br—Q
29 F

w@@—~wggw

132 F 133

oA

F 134
14A ..... (i) nBuLi, THF; (i) (PrO)sB, THF: (iii) 10% HCI.

14B ... Pd(PPhg)4, benzene, EtOH, 2M-Na,COs.
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Scheme 15 (p 152-154)

F F
15A
CeH130 Br ———> CgHi30 B(OH)2
105 135
F
}
109 F F
oS-y
136
F F
15C
TS O TR, 0, W
109 137

F |
C8H17O‘®'— Br l 158
106

138

F F
RO—@- Br  + 05H11B(OH)2
100, R = CgHis 137

101, R = CgHy7
,158

F F
139, R=CeHa

15A ... (i) nBuLi, THF; (i) (PrO)sB, THF:; (iii) 10% HCI.
158 ... Pd(PPha)4, benzene, EtOH, 2M-NayCOs.

15C ...... (i) Mg, THF; (i) (PrO)sB, THF: (iii) 10% HCI.
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Scheme 16 (p 154-156)

F.F FF
16A
—_— B(OH)2
142

141
o
16B
91, R = CsHi
93, R = CgHio
FF
143, R = CsHy4
R 144, R = CgH1g
16A
F F

145, R = CsH
RB(OH)Z 146, R = CoHyg

...... (i) NBuLi, THF; (ii) ( PrO)aB, THF:; (iii) 10% HCI.

Pd(PPhgz)4, benzene, EtOH, 2M-NasCOa.
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Scheme 17 (p 156-158)

F F

C5H11B(OH)2

FF
17A
147, R =CgHqa
RO_O—Br 148, R = CgHy7

84, R = CgHis
85, R = CgHy7

F F

CsH11B(OH)2

F F
145 17A

— e~ )OO
R_@_Br 149, R = CsHyy

150, R = C7H1s
91, R=CgHy4 151, R =CgH1g
92, R = C7Hys
93, R = CoHie
F F
ch19 B(OH), ——
146

17A

F F
C7H15—©—Br 152

92

Pd(PPhg)4, benzene, EtOH, 2M-Na,COs.
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Scheme 18 (p 159-162)

F F F F
18A
B(OH)y ———— OH
142 153
‘188
F F

154, R = CgHy3
RO 155, R = CgHy7
1180
F F
156, R = CgH13
RO B(OH), 157, R=CgHy7
& l%OOw

168

i18D

F F F F
s Ta T § U W O
159, R = CgHys 161, R = CgHy7
160, R = CgH1y7

18A ... 10% H205, Et20.
18B ...... RBr, KoCO3, acetone.
18C ... (i) nBuLi, THF; (ii) (iPrO)gB, THEF; (iii) 10% HCI.

Pd(PPhg)4, benzene, EtOH, 2M-Na,COs.
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Scheme 19 (p 162-168)

F F F F
19A 198
—  RCH(OH) ——  RCH=CH
141 162, R=C4Hg 165, R = CaHy
163, R=CgHi3 166, R = CsHy;
164, R=CgHy7 167, R=C7Hqs
19C
F F F F
18D
R B(OH)2 R
171, R = CsH14 168, R = CsHy4
172, R=C7Hys 169, R =C7Hy5
173, R = CgHyg 170, R = CgHjg
OO —
174, R'=CgH7
95, R'=CsHy4
158, R'=C7His5 18E
117, R'=CgH130
118, R' = CgH{70
r 175, R =CsHqy, R'=CsHyy

F F 176, R=CsHy1, R =CgHy30

177, R=CsHyq, R =CgH470
R O Q Q R 178, R =CsHyy, R'=C7Hys5

179, R = C7Hy5, R'=CgHyq

180, R = CgHjg, R =CgHy

181, R =CgHyg, R'=C7H15

19A ... (i) nBuLi, THF; (i) RCHO, THF.

19B ... P»0Os, pentane.

19C ... 5% Pd/C, pentane, Ho.

19D ... (i) nBuLi, THF; (ii) (iPrO)gB, THEF; (iii) 10% HCI.

19E ... Pd(PPhg)4, benzene, EtOH, 2M-NasCOs3.
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Scheme 20 (p 169, 170)

20A
AMH —@—Br — = 4MH

182

20

18
B

3

e
184

4MH Br

FF

CsHy4 _G' B(OH)2

171
I 20B

185

F F

CQH170‘©— B(OH)»

157
20B l

|

186

4MH = (£)-4-Methylhexyl

|
SN N N

187

(i) nBuLi, THF; (ii) (PrO)sB, THF; (iii) 10% HCI.

Pd(PPhg)s, benzene, EtOH, 2M-Na,COs.
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Scheme 21 (p 170-172)

F F F

CgH170‘@ B(OH)Z + C5H11 Br

157 109
21A

F F F

oo J- Ao
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Scheme 22 (p 172-174)

F F
C8H17O‘©'B(OH)2 ] F E
157 22A
2 ool S

191, R = CsH1;q
R‘@'B’ | 192, R = CyHs
91, R =CgHyq
92, R = C/Hqs
F F F F
22A
R B(OH)2 CsH11 Q Q OCgH17
171, R = CsHy 193
172, R =C7H;5
173, R = CoHyg F F
22A
- end 3o
194
FF
22A
R‘@-—Br = CgHig Q Q OCgHy7
91, R=CsHyy 195
85, R = CgHy;0

22A ... Pd(PPha)4, benzene, EtOH, 2M-Na>CO3
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Scheme 23 (p 174, 175)

05H11—<___>'CH2COC| —
23A
196 — 05H11—<:>—CH200 O—Br
@—Br —_— 197

38
23B
C5H11—O—CH2CH2—®— Br
198
F F |
CgH170‘©— B(OH),
157 23C
F F
199
23A ... Aluminium chloride.

23B ... Et3SiH, CF3COoH.

23C ... Pd(PPhg)s, benzene, EtOH, 2M-Na>CO3.



93

Scheme 24 (p 175-178)

24 A
CsHyy —<}' CHCOH  ———— CsHyy —O CH,CHO

200 . £ 201
o —
141 F F
CSHH_O'CHQCH(OH)-@

202

l24c
FF

F F
CsHyy —Q‘CHZCHQG B(OH)» - CgHyy —Q‘ CHQCHQ‘@
204 203

24E ‘— c8H17o—©—Br
85

F F
CsHy1 —O— CHZCHZ OCgHj7

205

24A ... (i) Oxalyl chloride, DMF, pyridine; (ii) LiA|H(OtBU)3, Cul.

24B ... (i) nBuLi, THF; (i) compound 201, THF.

24C ... Et3SiH, CF3CO.H or (i) PoOs, pentane; (ii) 5% Pd/C, pentane (see text).
24D ... (i) nBuLi, THF; (i) (PrO)aB, THF: (i) 10% HCI.

24E ...... Pd(PPhs)4, benzene, EtOH, 2M-Na,CO;.
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Scheme 25 (p 178, 179)

25A
C7H15_O_ CHOH —— C7H15_'<:>_ CH-Br

206 207

HO—@— Br
25B

83
C7H15—C>" CHgo—Q— Br
208
F F |
CsHi1 ‘OB(OH)z ‘250
171
F F
209

25A ... 49% HBr, 98% H»SOy4.
25B ... KoCOQOg3, cyclohexanone.

25C ... Pd(PPhgz)4, benzene, EtOH, 2M-Na>CQOs3.
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Scheme 26 (p 179-181)

C7H15—<:>— CH.Br

F F 207
A o
153 ‘ FF
et proriod Y
210
268 | [260
i |
F F F F
07H15-<:>—CH20—©— B(OH)2 C7H15_<}'CH20—©— Br
211 212
Can"Q‘B(OH)z ———X%D
94
F F
213
26A ... KoCOj, cyclohexanone.

26B ... (i) nBuLi, THF; (i) (PrO)gB, THF; (iii) 10% HCI.
26C ...... Bry, CHCIg.

26D ...... Pd(PPhg)y, benzene, EtOH, 2M-Na,COs3.
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Scheme 27 (p 181-183)

27A
o ——— = Br
corti—_Y-si0m; cattso—d_Y-siom

94

86

27Bi

i27B

CN CN

oA o Ao

216 217
CN
BF—Q—BI’ + C5H11—®-B(OH)2
215 94
27B
CN
218

csniod H-siom, |

27B
86

CN

coso{ A

219

27A ... A|C|3, Brz.

27B ... Pd(PPhg)4, benzene, EtOH, 2M-Na,COs.
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Scheme 28 (p 183-186)

CN CN
28A
NH, —————— Br NH,
220 221
\288
CN
-
222
CsHqq —Q_B(OH)Q RO—@— B(OH)»
94 86, R =CgHy3
87, R =CgHy7
| .
27C l ‘270
CN CN
218 223, R = CgHi3
(See also Scheme 27) 224, R =CgHy7

28A ... NBS, CH.Cl,.
28B ... (i) NaNO»,, 36% HCI: (ii) K.

28C ... Pd(PPhg)4, benzene, EtOH, 2M-Na,CO3.
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Scheme 29 (p 186, 187)

CN

S W W

226, R =CgHy3
227, R =CgHy7

20A ... Pd(PPhgs)4, benzene, EtOH, 2M-Nas,CO3
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Scheme 30 (p 187-190)

CN CN

30A
HO ——— RO

228 229, R =CgHys
230, R = CgHy7

'SOB

CN

gt

231, R=CgH13
232, R =CgHq7

CanB(OH)z 30C

96
CN

T W W e

233, R = CgHy3
234, R = CgHy7

30A ... RBr, KoCO3, acetone.
30B ...... Brg, CHC|3.

30C ... Pd(PPhg)4, benzene, EtOH, 2M-Na>COs.
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Scheme 31 (p 190-192)

CN F
CgH17O—©— Br  +  CgHy B(OH),
232 137

l31A
F

CN

235
F COgH
107, R=CgH13 236, R =CgHy3
108, R = CgHq7 237, R = CgHy7
1310
CONH: F COClI
240, R = CgH13 238, R =CgHjya
241, R =CgHq7 239, R =CgHj~
31E

F CN
242, R = CgH13
243, R = CgHy7

31A ... Pd(PPhs)s, benzene, EtOH, 2M-Na,CO;3.
31B ... (i) nBuLi, THF; (i) COx(solid), Et,O.

31C ... Oxalyl chioride, DMF, benzene.

31D ... 35% Ammonia.

31E ... Thiony! chloride, DMF.
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Scheme 32 (p 192-194)

CF3 CF3

32A
NH, ————> Br NH»

244 245

lszs

CF3

coneA Yoot

248

32A ... NBS, CH,Cly.
32B ...... (i) NaNOy, 36% HCI; (i) K.

32C ... Pd(PPh3)4, benzene, EtOH, 2M-NaxCOa3.
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Scheme 33 (p 194-198)

33B
HO Q ﬂ» RO —— C4HgO O
as as D)oo

249 250, R = CHjs 252

251, R=C4Hg
33D Br—Q_CN 33C
253
RO Q C4HgO
(- Sadz

255, R = CHg 254
256, R = C4Ho

1335
ROCEC_H

257, R = CHa
258, R = C4Hg

259, R = CHs
260, R = C4Ho

33A ... Dimethy! sulphate, KOH, water (R = CH3) or C4HgBr, acetone, KoCO3.

33B ... (i) nBuLi, THF; (i) (PrO)sB, THF; (iii) 10% HCI.

33C ... Pd(PPhg)4, benzene, EtOH, 2M-Na,CO3.

33D ..... KI, Cul, HMPA,

33E ...... (i) Lithium acetylide ethylenediamine complex, ZnCl,, THF; (ii) Pd(PPha)s, THF.

33F ...... (i) nBuLi, THF; (ii) ZnCly, THF; (iil) Pd(PPhg)s, THF.
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Scheme 34 (p 198-201)

34A 348
HO—@—l———» C4HgO—©—I —_— C4H90—®—CEC-H

261 263

262
34C 34B
C5H11—©—NH2 —_— C5H11—©—| C5H11—©'-CEC'H
264 265 266

263, R = C4HgO
266, R = CsHi

coo-) |
Q ! ‘340
256
e
arsas

267, R = C4HgO
268, R = CsHy4

C4HgO—©-CEC- H

263

o) |
s o
250
oo}
Ay
269

34A ... C4HgBr, acetone, KoCOs3.

34B ... (i) Lithium acetylide ethylenediamine complex, ZnClo, THF; (i) Pd(PPha)4, THF.

34C ... (i) NaNO3, 36% HCI; (ii) KI.

34D ... (i) nBuLli, THF; (it) ZnClp, THF; (iil) Pd(PPha)4, THF.



104

Scheme 35 (p 202-204)

35A
I—Q—Br — C3H7—CEC—©—Br

270

CaHy— CEC—@- Br C4HgO Q
y-ones
35B

270, X = H
114 X=F V 258
X
o)
Q CsC C=C~CaHy
271, X = H
272, X = F
F F

35C
HO Br C4Hg0O Br

]
O:
w
b 3

273
cno{)
ar
358 258

\
F
oo
Q c=C OC4Hs
274
35D
CgH7"CEC"®— C=C~-H

270 275
(i) Pent-1-yne, nBuLi, THF; (ii) ZnCly, THF; (iiiy Pd(PPhg)4, THF.

(i) nBuLi, THF; (ii) ZnClp, THF; (iii) Pd(PPhg)4, THF.
C4HgBr, butanone, KoCOj3.

(i) Lithium acetylide ethylenediamine complex, ZnCl,, THF; (i) Pd(PPha)4, THF.
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Scheme 36 (p 204-207)

CH30 O 36A CH30 Q
as as

250 276

lss

ve)

36C

CF3S020 O HO Q
Do s
278 277
36D
263, R =C4HgO
266, R = CsHyq

279, R = C4HgO
280, R = CsHy4

CF350,0 Q
s

278

cro< )
N-ceo
258

ool
C:C Oy

281
36A ... CuCN, DMF.
36B ... BBr3, CHoCl».
36C ...... N-Phenyltriflamide, EtzN, CH>Clo.

36D ...... (i) n BuLi, THF; (ii) ZnClp, THF; (iii) Pd(PPha)g, LiCl, THF.
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Scheme 37 (p 207-210)

HO Q 37A CF3S0,0
oy
249 282
CsH11—‘©—CEC'H 37B

266

o —{_Hcac ~
CHSOI 37¢ HO -_

255
37A
CF3SOZ
5
37D
CF3S0,0
C—C'C3H7
86
R—@— czC-H is
263, R = C4HgO
266, R =CsgHy4 R CsC

287, R = C4Hg0
288, R = CsHyy

37A ... N-Phenyltriflamide, EtsN, CHxCls.
37B ... (i) nBuLi, THF; (ii) ZnCl,, THF; (iii) Pd(PPh)g)s, LiCl, THF.
37C ... BBrs, CH2C|2.

37D ... (i) Pent-1-yne, nBuli, THF; (ii) ZnClp, THF; (iii) Pd(PPhg)s, THF.
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2.5 Synthetic Methods

4-Methoxyphenylboronic acid (2)

A solution of the Grignard reagent, prepared from compound 1 (80.0 g, 0.43 mol)
and magnesium (11.96 g, 0.49 mol) in dry THF (300 ml) was added dropwise to a stirred,
cooled (-78 °C) solution of tri-isopropyl borate (161.7 g, 0.86 mol) in dry THF (50 ml)
under dry nitrogen. The stirred mixture was allowed to warm to room temperature
overnight and was then stirred at room temperature for 1 h with 10% hydrochloric acid
(300 ml). The product was extracted into ether (twice), the combined ethereal extracts were
washed with water and dried (MgSQy). The solvent was removed in vacuo to give a
cream-coloured solid (58.5 g) which was recrystallised from water to yield colourless
crystals.

Yield 27.7 g (43%); mp 201-202 °C (lit.,175 202-204 °C); 'H nmr (CDCls) 8

3.90(3H, s), 5.50(2H, s), 6.85(2H, d), 7.80(2H, d); ir (KCI) v,5x 3600-3100,

2990, 2870, 1610, 1360, 1250, 1170, 1110, 1020, 1010 cm™!; ms m/z 152(Mt),

134.

A cream-coloured oil was separated during the above recrystallisation which
solidified on cooling to give a cream coloured solid (the trimeric boronic acid anhydride).

Yield 17.5 g IH nmr (CDCl3) & 3.70(3H, s), 6.95(2H, d), 8.10(2H, d); ir (KCI)

Vmax 2990, 2870, 1610, 1360, 1250, 1170, 1110, 1020, 1010; ms m/z 402(M*),

201, 134.

4-Bromo-2-fluoroaniline (5)

N-Bromosuccinimide (160.4 g, 0.90 mol) was added in small portions to a stirred,
cooled (-10 to 0 °C) solution of compound 3 (100.0 g, 0.90 mol) in dry dichloromethane
(400 ml). The mixture was stirred at O °C for 45 min (glc analysis revealed a complete
reaction), washed with water and dried (MgSOy,). The solvent was removed in vacuo to
give a red solid which was steam distilled to yield a colourless solid.

Yield 120.0 g (70%); mp 41-42 °C; 1H nmr (CDCl3) 8 3.70(2H, s), 6.65(1H, q),

7.04(1H, oct), 7.14(1H, q); ir (KCI) vy 3410, 3320, 1630, 1580, 1500, 1210
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cml; ms m/z 191(M*), 189(M*), 110, 94,

4-Bromo-2.,6-difluoroaniline (6)

A solution of bromine (130.0 g, 0.81 mol) in glacial acetic acid (200 ml) was added
slowly, dropwise to a stirred solution of compound 4 (101.5 g, 0.79 mol) in glacial acetic
acid (500 ml) at ~0 °C. The mixture was stirred at room temperature for 2 h (glc analysis
revealed a complete reaction); sodium thiosulphate (50 g), sodium acetate (125 g) and water
were added and the mixture was cooled in a refrigerator overnight. The product was
filtered off, extracted into ether, the ether extract was washed with water, 5% sodium
hydroxide, water and dried (MgSQy). The solvent was removed in vacuo to give a pale
yellow solid which was steam distilled to yield a colourless solid.

Yield 117.9 g (72%); mp 67-68 °C; IH nmr (CDCl3) 6 3.65(2H, s), 7.20(2H, d);

ir (KC1) vy 3420, 3330, 1640, 1610, 1580, 1500, 1430 cm-1; ms m/z 209(M™),

207(M™), 128, 108, 101.

4-Bromo-2-fluorobenzonitrile (7)

Concentrated sulphuric acid (60 ml) was added dropwise to a stirred mixture of
compound 5 (75.0 g, 0.39 motl), water (150 ml) and glacial acetic acid (185 ml). The clear
solution was cooled to -5 °C (a suspension formed) and a solution of sodium nitrite (30.0
g, 0.44 mol) in water (100 ml) was added dropwise; the stirred mixture was maintained at
-5 °C for 15 min.

A solution of potassium cyanide (128.3 g, 1.98 mol) in water (300 ml) was added
dropwise to a stirred solution of copper(Il) sulphate pentahydrate (118.1 g, 0.48 mol) in
water (300 ml) and ice (300 g) at 10 to 20 °C. Sodium hydrogen carbonate (265.1 g, 3.16
mol) and cyclohexane (450 ml) were added, the temperature was raised to 50 °C and the
cold diazonium salt mixture was added in portions with rapid stirring. The mixture was
cooled, the organic layer was separated and the aqueous layer was washed with ether
(twice). The combined organic extracts were washed with water, 10% sodium hydroxide,

water and dried (MgSOy). The solvent was removed in vacuo to afford a dark brown solid
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which was steam distilled to yield an off-white solid.
Yield 59.2 g (76%); mp 69-70 °C; 'H nmr (CDCly) 8 7.44(1H, d), 7.47(1H, d),
7.52(1H, q); ir (KCI) vpax 2240, 1600, 1570, 1480, 1400, 1230, 1060, 890, 860,
820 cmrl; ms m/z 201(M+), 199(M+), 120, 100.

4-Bromo-2.,6-difluorobenzonitrile (8)

A stirred mixture of compound 6 (56.0 g, 0.27 mol) and concentrated sulphuric
acid-water (1:1, 250 ml) was heated until a solution was obtained. The mixture was cooled
to -10 °C and a solution of sodium nitrite (30.9 g, 0.45 mol) in water (70 ml) was added
dropwise. The mixture was stirred at -5 °C for 2.5 h.

A solution of potassium cyanide (97.5 g, 1.50 mol) in water was added dropwise
to a stirred solution of copper(Il) sulphate pentahydrate (86.5 g, 0.35 mol) in water (200
ml) and ice (130 g). Sodium hydrogen carbonate (300 g), cyclohexane (1200 ml) and
glacial acetic acid (130 ml) were added, the temperature was raised to 50 °C and the cold
diazonium salt mixture was added in portions with rapid stirring. The mixture was cooled,
the organic layer was separated and the aqueous layer was washed with ether (twice). The
combined organic extracts were washed with water, 10% sodium hydroxide, water and
dried (MgSO4). The solvent was removed in vacuo to afford a dark brown solid which
was steam distilled to yield a light-orange solid.

Yield 31.7 g (54%); mp 79-80 °C; TH nmr (CDCl3) 6 7.30(d); ir (KCI) vpay 3050,

2250, 1610, 1560, 1480, 1430, 1200, 1040 cm'l; ms m/z 219(M+), 217(M*),

138, 87.

4-Cyano-3-fluoro-4'-methoxybiphenyl (9)

A solution of compound 2 (10.64 g, 0.070 mol) in ethanol (90 ml) was added
dropwise to a stirred mixture of compound 7 (12.00 g, 0.060 mol) and
tetrakis(triphenylphosphine)palladium(0) (2.10 g, 1.82 mmol) in benzene (125 ml) and
2M-sodium carbonate (100 ml) at room temperature under dry nitrogen. The stirred

mixture was heated under reflux (95 °C) for 4.5 h (i.e., until glc analysis revealed a
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complete reaction). The mixture was cooled and stirred for 1 h at room temperature with
30% hydrogen peroxide (2 ml). The mixture was further cooled to 2 °C, and the product
was filtered off and washed with water. The product was dried (CaCl,) in vacuo to yield a
yellow powder.

Yield 11.90 g (88%); mp 153-154 °C; IH nmr (CDCl3) 8 3.90(3H, s),

7.00(2H, d), 7.38(1H, q), 7.44(1H, q), 7.55(2H, d), 7.65(1H, q); ir (KCI) vjnax

2220, 1610, 1490, 1250, 1170, 820 cm1; ms m/z 227(M™*), 212, 195, 184, 158.

4-Cyano-3,5-difluoro-4'-methoxybiphenyl (10)

Quantities: compound 2 (11.50 g, 0.076 mol), compound 8 (15.00 g, 0.069 mol),
tetrakis(triphenylphosphine)palladium(0) (2.38 g, 2.06 mmol).

The experimental procedure was as described for the preparation of compound 9.

Yield 14.10 g (84%); mp 206-207 °C; IH nmr (CDCl3) 8 3.90(3H, s),

7.00(2H, d), 7.20(2H, d), 7.50(2H, d); ir (KCl) v, 2800, 2240, 1630, 1600,

1560, 1490, 1440, 1410, 1290, 1230 cm-}; ms m/z 245(M+), 230, 213, 202.

4-Cyano-3-fluoro-4'-hydroxybiphenyl (11)

A solution of boron tribromide (12.0 ml, 31.8 g, 0.13 mol) in dry dichloromethane
(100 ml) was added dropwise to a stirred, cooled (-78 °C) solution of compound 9 (14.00
g, 0.062 mol) in dry dichloromethane (250 ml) under dry nitrogen. The stirred mixture
was allowed to warm to room temperature overnight (glc analysis revealed a complete
reaction). Water was carefully added and a yellow precipitate was produced. The product
was extracted into ether (twice), and the combined organic extracts were washed with water
and dried (MgSQOy). The solvent was removed in vacuo to yield a pale-yellow powder.

Yield 13.10 g (100%); mp 201-202 °C; 'H nmr (CDCl3) & 6.95(2H, d),

7.40(2H, 2xq), 7.45(2H, d), 7.65(1H, q), 9.45(1H, s); ir (KCI) vyax 3400-2900,

2240, 1630, 1610, 1560, 1490, 1450, 1410, 1370, 1270, 1180, 820 cml; ms m/z

213(Mt), 184, 164, 158.
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4-Cyano-3,5-difluoro-4'-hydroxybiphenyl (12)

Quantities: compound 10 (12.22 g, 0.050 mol), boron tribromide (25.0 ml, 61.5
g, 0.25 mol).

The experimental procedure was as described for the preparation of compound 11.

Yield 13.30 g (100%); mp 230-231 °C; 1H nmr (CDCl3) 8 6.60 (2H, d),

6.95(2H, d), 7.13(2H, d), 9.20(1H, s); ir (KCI) vihax 3390, 2250, 1630, 1610,

1590, 1490, 1460, 1420, 1280, 1230 cm}; ms m/z 231(M¥), 211, 202.

2.6-Difluoro-4-methoxybenzoic acid (14)

A solution of n-butyllithium (25.0 ml, 10.0M in hexane, 0.25 mol) was added
dropwise to a stirred, cooled (-78 °C) solution of compound 13 (35.9 g, 0.25 mol) in dry
THF (200 ml) under dry nitrogen. The stirred mixture was maintained under these
conditions for 2.5 h and then poured into a slurry of solid carbon dioxide and dry ether.
The product was extracted into 10% sodium hydroxide (twice), the combined basic extracts
were acidified with 36% hydrochloric acid. The product was extracted into ether (twice),
the combined ethereal extracts were washed with water and dried (MgSOy). The solvent
was removed in vacuo to yield a colourless solid.

Yield 46.5 g (99%); mp 184-185 °C; 1H nmr (CDCl3) 6 3.85(3H, s), 6.50(2H, d),

11.00(1H, s); ir (KCI) vipax 3200-2500, 2680, 2550, 1700, 1630, 1570, 1450,

1420, 1360, 1330, 1290, 1160, 1050, 850 cm™}; ms m/z 188(M*), 171, 141, 126,

97.

2.6-Difluoro-4-methoxybenzoyl chloride (15)

A solution of oxalyl chloride (36.5 g, 0.29 mol) in dry benzene (50 ml) was added
dropwise to a stirred solution of compound 14 (25.50 g, 0.136 mol) and dry DMF (40
drops) in dry benzene (500 ml) at room temperature. The mixture was stirred at room

temperature overnight and the excess of oxalyl chloride and benzene were removed in

vacuo.
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2.6-Difluoro-4-methoxybenzamide (16)

The crude acid chloride (15) was dissolved in dry diglyme (60 ml) and added
dropwise to gently stirred 35% ammonia (750 ml) at room temperature. The resulting
precipitate was filtered off and dried (CaCly) in vacuo to give a colourless solid.

Yield 21.20 g (81%); mp 158-159 °C; IH nmr (CDCly) 6 3.85(3H, s),

6.50(2H, d), 7.25(2H, d); ir (KC1) vax 3400, 3200, 1640, 1580, 1440, 1400,

1350, 1200, 1160, 1140, 1050, 1030, 830 cm}; ms m/z 187(M*), 171, 149, 121,

118.

2.6-Difluoro-4-methoxybenzonitrile (17)

A solution of thionyl chloride (139.0 g, 1.17 mol) in dry DMF (150 ml) was added
to a stirred solution of compound 16 (20.00 g, 0.107 mol) in dry DMF (250 ml) at room
temperature. The mixture was stirred at room temperature overnight and then poured onto
ice-water. The product was extracted into ether (twice), and the combined ethereal extracts
were washed with water, aqueous sodium hydrogen carbonate, water and dried (MgSQOy).
The solvent was removed in vacuo to give off-white crystals.

Yield 17.70 g (95%); mp 59-60 °C; IH nmr (CDCl3) 8 3.90(3H, s), 6.55(2H, d);

ir (KCI) vipax 3090, 2250, 1640, 1580, 1500, 1440, 1370, 1210, 1200, 1040, 960

cml; ms m/z 169(M+), 139, 132, 126, 120.

2.6-Difluoro-4-hydroxybenzonitrile (18)

A stirred, homogeneous mixture of finely powdered, compound 17 (17.0 Og,
0.101 mol), aluminium chloride (29.40 g, 0.220 mol) and sodium chloride (7.10 g, 0.121
mol) was heated to 180 °C over 25 min and then at 180 °C for 1.25 h (glc and tlc analysis
both revealed a complete reaction). Ice-water was added, and the product was extracted
into ether (twice). The combined ethereal extracts were washed with water, and the
product was extracted into 10% sodium hydroxide (twice) and the combined basic extracts
were acidified with 36% hydrochloric acid. The product was extracted into ether (twice)

and the combined ethereal extracts were washed with water and dried (MgSO,). The
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solvent was removed in vacuo to give a fawn-coloured solid.
Yield 14.60 g (94%); mp 119-120 °C; 'H nmr (CDCl3) 8 6.50 (2H, d),
10.90(1H, s); ir (KCI) vipax 3300, 2250, 1640, 1600, 1510, 1480, 1270, 1160,
1040, 850 cml; ms m/z 155(M+), 127, 107, 100.

4-Butoxybenzoic acid (20)

1-Bromobutane (22.60 g, 0.165 mol) was added dropwise at room temperature to a
stirred mixture of compound 19 (15.00 g, 0.109 mol) in ethanol (60 ml) and sodium
hydroxide (10.60 g) in the minimum amount of water. The stirred mixture was heated
under reflux overnight (tlc analysis revealed a complete reaction), and then the ethanol was
removed in vacuo and an equal volume of water was added. The mixture was boiled to
give a solution, cooled, washed with ether and the separated basic layer was acidified with
36% hydrochloric acid. The cooled product was filtered off, washed with water and dried
(CaCly) in vacuo to give a colourless solid which was recrystallised from ethanol to yield
colourless crystals.

Yield 12.10 g (57%); transitions (°C) K 147.0 N 160.0 I; 1H nmr (CDCL) 8

1.00(3H, 1), 1.50(2H, sext), 1.80(2H, quint), 4.00(2H, t), 6.80(2H, d),

8.00(2H, d); ir (KC1) vppax 3300-2500, 2980, 2890, 2670, 2550, 1680, 1610,

1590, 1520, 1300, 1260, 1170 cm-L; ms m/z 194(M*), 138, 121, 65.

2-Fluoro-4-pent-1'-ynylbenzonitrile (21)

A solution of n-butyllithium (10.0 ml, 10.0M in hexane, 0.10 mol) was added
dropwise to a stirred, cooled (-5 to 0 °C) solution of pent-1-yne (6.80 g, 0.100 mol) in dry
THF (50 ml) under dry nitrogen. This mixture was stirred for 10 min and then a solution
of dry zinc chloride (13.63 g, 0.100 mol) in dry THF (100 ml) was added dropwise at -3
to 0 °C. The mixture was stirred at room temperature for 15 min and a solution of
compound 7 (20.00 g, 0.100 mol) in dry THF (100 ml) was added dropwise at -5 to 0 °C
followed by the addition of tetrakis(triphenylphosphine)palladium(0) (2.31 g, 2.0 mmol).

The mixture was stirred at room temperature overnight (glc analysis revealed a complete
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reaction) and poured into 10% hydrochloric acid. The product was extracted into ether
(twice), and the combined ethereal extracts were washed with aqueous sodium hydrogen
carbonate and dried (MgSQOy). The solvent was removed in vacuo to afford an orange
liquid which was filtered through a short alumina column eluted with dichloromethane, the
solvent was removed in vacuo and the residue was distilled to yield a pale-yellow oil.

Yield 17.60 g (94%); bp 100-105 °C at 0.1 mmHg; 'H nmr (CDCls) & 1.05(3H, v),

1.65(2H, sext), 2.40(2H, t), 7.18(1H, q), 7.24(1H, q), 7.50(1H, q); ir (KCl)

Vmax 2980, 2950, 2880, 2240, 1620, 1550, 1500, 1420, 1180, 1120 cml; ms mi/z

187(M), 172, 158, 152, 145, 131.

Attempted Preparation of 2-Fluoro-4-pent-1'-ynylbenzoic acid (22)

A mixture of concentrated sulphuric acid (165 ml) and water (165 ml) was added
dropwise to a stirred solution of compound 21 (14.00 g, 0.075 mol) in glacial acetic acid
(330 ml) at room temperature. The stirred mixture was heated under reflux for 72 h,
cooled and the product was extracted into ether (twice). The combined ethereal extracts
were washed with water and the product was extracted into 10% sodium hydroxide
(twice). The combined basic extracts were acidified with 36% hydrochloric acid and the
product was extracted into ether (twice). The combined ethereal extracts were washed with
water and dried (MgSQy). The solvent was removed in vacuo to give an off-white solid
(2-fluoro-4-pentanoylbenzoic acid).

Yield 5.62 g (33%); mp 114-115 °C; 'H nmr (CDCl3) 8 0.95(3H, t),

1.45(2H, sext), 1.65(2H, quint), 3.00(2H, sext), 7.75(2H, q), 8.10(1H, 1); ir

(KCI) viax 2960, 2940, 2880, 2660, 1700, 1690, 1620, 1570, 1430, 1410, 1290,

1240, 1170, 1080 cm-l; ms m/z 224(M+), 182, 167, 154.

2-Fluoro-4-pentylbenzonitrile (23)
A stirred mixture of compound 21 (16.00 g, 0.085 mol) and 5%
palladium-on-charcoal (4.00 g) in ethanol (100 ml) was hydrogenated at room temperature

and atmospheric pressure for 8 h (glc analysis revealed a complete reaction). The catalyst
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was filtered off and the solvent was removed in vacuo to yield a pale-orange solid.
Yield 15.35 g (95%); mp 20 °C; H nmr (CDCl3) 6 0.85(3H, 1), 1.30(4H, m),
1.60(2H, quint), 2.65(2H, t), 7.10(2H, m), 7.60(1H, q); ir (KCL) v;pax 2960,
2880, 2250, 1640, 1570, 1510; ms m/z 191(M1), 134.

2-Fluoro-4-pentylbenzoic acid (24)

A mixture of concentrated sulphuric acid (150 ml) and water (150 ml) was added
dropwise to a stirred solution of compound 23 (15.00 g, 0.078 mol) in glacial acetic acid
(300 ml). The stirred mixture was heated under reflux for 48 h, cooled in a refrigerator
overnight and the product was filtered off. The product was dissolved in ether, extracted
into 10% sodium hydroxide (twice). The combined basic extracts were acidified with 36%
hydrochloric acid and the product was extracted into ether (twice), and the combined
gthereal extracts were washed with water and dried (MgSO4). The solvent was removed in
vacuo 1o give a brown crystalline solid.

Yield 11.50 g (70%); transitions (°C) K 85.0 N 91.0 I 'H nmr (CDCl3) 3

0.90(3H, t), 1.30(4H, m), 1.60(2H, quint), 2.65(2H, t), 6.96(1H, q),

7.05(1H, q), 7.94(1H, t); ir (KCI) vyax 3300-2500, 1693, 1670, 1630, 1570,

1500, 1450, 1300, 1210, 1160 cm-l; ms m/z 210(M*), 193, 175, 167, 154.

4-Butoxy-2-fluorobenzonitrile (26)

A solution of 1-bromobutane (18.00 g, 0.130 mol) in acetone (30 ml) was added
dropwise to stirred refluxing mixture of compound 25 (15.00 g, 0.109 mol) and potassium
carbonate (46.0 g, 0.33 mol) in acetone (300 ml). The stirred mixture was heated under
reflux for 24 h (i.e., until glc analysis revealed a complete reaction). The potassium
carbonate was filtered off, water was added to the filtrate and the product was extracted into
ether (twice). The combined ethereal extracts were washed with water, 5% sodium
hydroxide, water and dried (MgSOy4). The solvent and the excess of 1-bromobutane were

removed in vacuo to yield a pale orange solid.

Yield 19.50 g (93%); mp 25-26 °C; 'H nmr (CDCly) 8 1.00(3H, 1),
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1.50(2H, sext), 1.80(2H, quint), 4.00(2H, t), 6.80(1H, q), 7.00(1H, q),
7.80(1H, q); ir (KCI) vypax 2960, 2880, 2250, 1640, 1570, 1510, 1460, 1440,
1340, 1300, 1250 cmr'l; ms m/z 193(M*), 188, 149, 120.

4-Butoxy-2-fluorobenzoic acid (27)

Quantities: compound 26 (19.00 g, 0.098 mol).

The experimental procedure was as described for the preparation of compound 24.
Yield (pale-yellow crystals) 18.70 g (90%); transitions (°C) K 108.0 N 125.0 [,
1H nmr (CDCls) 8 1.00(3H, t), 1.50(2H, sext), 1.80(2H, quint), 4.00(2H, 1),
6.65(1H, q), 6.75(1H, q), 7.97(1H, t); ir (KCI) v;pax 3300-2500, 2960, 2880,
1680, 1620, 1575, 1455, 1420, 1400, 1340, 1275, 1245, 1180, 1150, 1040 cm'};
ms m/z 212(M), 188, 179, 168, 156, 139.

Pentvl tosylate (28)

Toluene-4-sulphonyl chloride (19.50 g, 0.010 mol) was added in small portions to
a stirred, cooled (0 °C) solution of pentan-1-ol (6.10 g, 0.069 mol) in chloroform (60 ml)
and pyridine (10 ml). The mixture was stirred for 2.5 h at room temperature (tlc analysis
revealed a complete reaction). Ether and water were added, the organic layer was washed
successively with water, 10% hydrochloric acid, water, aqueous sodium hydrogen
carbonate, water and dried (MgSO,). The solvent was removed in vacuo and the residue
was purified by column chromatography [silica gel / petroleum fraction (bp 40-60 °C) -
ether, 49:1] to yield a colourless liquid.

Yield 14.20 g (85%); 'H nmr (CDCl3) § 0.90(3H, 1), 1.30(4H, m),

1.60(2H, quint), 2.50(3H, s), 4.00(2H, t), 7.40(2H, d), 7.85(2H, d); ir (film)

Viax 2970, 2950, 2880, 1600, 1500, 1475, 1360, 1180, 1100 cm™!; ms m/z
242(MH), 190, 173, 155, 107.
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Attempted Preparation of 1,3-Difluoro-5-pentylbenzene (32)

Method A

A solution of compound 28 (0.9879 g, 4.08 mmol) was added dropwise to a
stirred, cooled (-15 °C) mixture of the Grignard reagent, prepared from compound 29
(1.0129 g, 5.25 mmol) and magnesium (0.1414 g, 5.82 mmol) in dry ether (5 ml), and a
portion of a catalyst solution (2 ml), prepared from lithium chloride (0.2202 g, 5.00
mmol), and copper(Il) chloride (0.3403 g, 2.5 mmol) in dry THF (25 ml). The stirred
mixture was allowed to warm to room temperature and was stirred at room temperature for
20 h (glc analysis revealed an absence of the desired product). This procedure was
repeated at -78 °C with the same result.
Method B

A solution of the Grignard reagent, prepared from 1-bromopentane (1.0105 g, 6.69
mmol) and magnesium (0.1778 g, 7.32 mmol) in dry ether (5 ml) was added dropwise to a
stirred, refluxing mixture of compound 29 (1.0782 g, 5.59 mmol) and Ni(dppp)Cl,
(0.1908, 0.35 mmol) in dry ether (5 ml) (glc analysis revealed an absence of the desired

product).
Method C

Copper(I) chloride (0.1012 g, 1.01 mmol) was added to a solution of the Grignard
reagent prepared from compound 29 (1.2355 g, 6.40 mmol) and magnesium (0.1670 g,
6.87 mmol) in dry THF (5 ml) followed by dropwise addition of a solution of
1-bromopentane (1.1463 g, 7.60 mmol) in dry THF (4 ml). The stirred mixture was
heated under reflux for 1.5 h (glc analysis revealed a presence of the desired product),
cooled and poured into 20% hydrochloric acid (45 ml). The mixture was washed with
dichloromethane, and the organic layer was washed with water and dried (MgSO4). The

residual mixture was distilled at atmospheric pressure but isolation of the desired product

proved impossible.
Method D
Copper(I) chloride (0.1000 g, 1.01 mmol) was added to the solution of the

Grignard reagent prepared from compound 29 (2.0125 g, 0.010 mol) and magnesium
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(0.2484 g, 0.010 mol) in dry THF (5 ml) followed by dropwise addition of a solution of
compound 28 (4.7741 g, 0.020 mol) in dry THF (3 ml). The stirred mixture was heated
under reflux for 6 h (glc analysis revealed a presence of the desired product), cooled and
poured onto 36% hydrochloric acid (25 ml) and ice (200 g). The mixture was washed with
dichloromethane, and the organic layer was washed with water and dried (MgSQy). The
residual mixture was distilled at atmospheric pressure but isolation of the desired product

proved impossible.

1-(3,5-Difluorophenyl)pentan-1-ol (30)

A solution of pentanal (19.00 g, 0.221 mol) in dry ether (75 ml) was added
dropwise to a stirred solution of the Grignard reagent at room temperature, under dry
nitrogen, prepared from compound 29 (50.2 g, 0.26 mol) and magnesium (7.25 g, 0.300
mol) in dry THF (100 ml). The stirred mixture was heated under reflux for 2 h, cooled and
aqueous ammonium chloride (300 ml) was added. The product was extracted into ether
(twice), and the combined ethereal extracts were washed with water and dried (MgSOy).
The solvent was removed in vacuo to give a pale-orange liquid which was distilled to yield
a colourless liquid. [Smaller quantities of crude product were purified by column
chromatography (silica gel / dichloromethane) to yield a colourless liquid (92%)].

Yield 35.8 g (69%); bp 90 °C at 0.5 mmHg; H nmr (CDCl3) 8 0.75(3H, 1),

1.25(4H, m), 2.10(1H, s), 3.65(2H, q), 4.70(1H, t), 6.80-7.10(3H, m); ir (film)

Vimax 3500-3100, 2960, 2940, 2860, 1630, 1600, 1485, 1275, 1205, 830 cml; ms

miz 200(M*), 151, 143, 127.

1,3-Difluoro-5-pent-1-enylbenzene (31)

Phosphorus(V) oxide (64.5 g, 0.45 mol) was added in portions to a stirred solution
of compound 30 (35.0 g, 0.175 mol) in dry pentane (150 ml) at room temperature. The
mixture was stirred at room temperature overnight (glc analysis revealed a complete

reaction) and filtered.



119

1.3-Difluoro-5-pentylbenzene (32)

5% Palladium-on-charcoal (4.0 g) was added to the above filtrate [i.e., compound
31 in pentane (150 mi)} at room temperature. The stirred mixture was hydrogenated at
room temperature and atmospheric pressure for 4 h (i.e., until glc analysis revealed a
complete reaction) and the mixture was filtered. The majority of the pentane was removed
in vacuo and the final traces of pentane were distilled off (760 mmHg) at 38 °C and the
residue was then distilled to yield a colourless liquid.

Yield 23.40 g (73%); bp 200 °C at 760 mmHg; 'H nmr (CDCl5) 8 0.90(3H, 1),

1.30(4H, m), 1.60(2H, quint), 2.60(2H, t), 6.60(3H, m); ir (film) v,y 2980,

2930, 2870, 1630, 1600, 1640, 1330, 1140, 1120 cm™}; ms m/z 184(M™), 168,

141.

2.6-Difluoro-4-pentylbenzoic acid (33)

A solution of n-butyllithium (2.70 ml, 10.5M in hexane, 0.028 mol) was added
dropwise to a stirrred, cooled (-78 °C) solution of compound 32 (5.10 g, 0.028 mol) in
dry THF (30 ml) under dry nitrogen. The stirred mixture was maintained under these
conditions for 2.5 h and then poured onto a slurry of solid carbon dioxide and dry ether.
The product was extracted into 10% sodium hydroxide and the separated ether layer was
washed with 10% sodium hydroxide, and the combined basic extracts were acidified with
36% hydrochloric acid. The product was extracted into ether (twice), and the combined
ethereal extracts were washed with water and dried (MgSQOy). The solvent was removed in
vacuo to yield a colourless solid.

Yield 5.80 g (91%); mp 75-76 °C; 1H nmr (CDCl3) 8 0.90(3H, 1), 1.35(4H, m),

1.60(2H, quint), 2.65(2H, t), 6.80(2H, d), 7.30(1H, s); ir (KC1) vpax 3300-2500,

2680, 2550, 1690, 1640, 1570, 1490, 1440, 1410, 1285, 1210 co-l; ms m/z

228(M), 186, 172, 155.

1-Butoxy-3.5-difluorobenzene (35)

Quantities: compound 34 (9.10 g, 0.070 mol), 1-bromobutane (11.00 g, 0.080
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mol), potassium carbonate (30.0 g, 0.22 mol).
The experimental procedure was as described for the preparation of compound 26
and the crude product was distilled.
Yield 11.70 g (90%); bp 204 °C at 760 mmHg; H nmr (CDCl3) & 1.00(3H, 1),
1.50(2H, sext), 1.75(2H, quint), 3.95(2H, t), 6.40(3H, m); ir (film) v, 2980,
2880, 1630, 1470, 1350, 1130 cm-l; ms m/z 186(M+), 138, 130, 112, 100.

4-Butoxy-2.6-difluorobenzoic acid (36)

Quantities: compound 35 (7.00 g, 0.038 mol), n-butyllithium (3.60 ml, 10.5M in
hexane, (0.038 mol).

The experimental procedure was as described for the preparation of compound 33.

Yield 8.30 g (96%); mp 110-112 °C; 1H nmr (CDCl3) 8 1.00(3H, v),

1.50(2H, sext), 1.80(2H, quint), 4.00(2H, t), 6.50(2H, d), 7.30(1H, s); ir (KCl)

Vmax 3300-2500, 2980, 2880, 2650, 2550, 1690, 1630, 1570, 1440, 1370, 1270,

1230, 1050 cmY; ms m/z 230(M+), 226, 213, 187, 174.

1-Bromo-4-(trans-4-propylcyclohexylacetyl)benzene (39)

trans-4-Propylcyclohexylacetyl chloride (9.00 g, 0.044 mol) was added dropwise
to a stirred, cooled (0 °C) mixture of compound 38 (40 ml) and aluminium chloride (6.85
g, 0.050 mol). The mixture was stirred at 0 °C for 1 h, heated at 70 to 80 °C, cooled and
poured into 18% hydrochloric acid. The product was extracted into chloroform (twice),
and the combined organic extracts were washed with water. The chloroform was removed
in vacuo and the residue was steam distilled to remove the excess of bromobenzene. The
residue was extracted into chloroform (twice) and the combined organic extracts were
washed with water and dried (MgSQy). The solvent was removed in vacuo 1o yield a
light-brown solid (12.05 g) which was recrystallised from ethanol to yield colouriess
crystals.

Yield 7.80 g (55%); mp 95-96 °C; 1H nmr (CDCl3) 8 0.85(3H, 1), 0.95(3H, m),

1.15(4H, m), 1.30(2H, quint), 1.75(4H, M), 1.90(1H, m ), 2.80(2H, d),
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7.60(2H, d), 7.80(2H, d); ir (KCI) v 2960, 2940, 2860, 1690, 1585, 1400,
1205, 1070, 1010, 990, 815 cm™L; ms m/z 324(M), 322(M+), 183, 181.

1-Bromo-4-(trans-4-propylcyclohexylethyl)benzene (40)

Triethylsilane (5.00 g, 0.043 mol) was added slowly dropwise to a stirred, cooled
(0 °C) solution of compound 39 (5.50 g, 0.017 mol) in trifluoroacetic acid (30.0 g, 0.26
mol). The mixture was stirred at room temperature for 3.25 h (i.e., until glc analysis
revealed a complete reaction) and poured into water. The product was extracted into ether
(twice) and the combined ethereal extracts were washed with water and dried (MgSOy).
The solvent was removed in vacuo and the brown liquid residue was distilled (Kugelrohr at
0.1 mmHg) to remove volatile impurities. The residue was purified by column
chromatography [silica gel / petroleum fraction (bp 40-60 °C) - dichloromethane, 3:1] to
give a colourless solid.

Yield 4.30 g (82%); mp 38-39 °C; IH nmr (CDCl3) 8 0.85(7H, m), 1.15(4H, m),

1.30(2H, quint), 1.45(2H, m), 1.75(4H, m), 2.55(2H, t), 7.05(2H, d),

7.35(2H, d); ir (KC1) vipax 2920, 2850, 1490, 1450, 1075, 1015, 805 cm!; ms

m/z 310(M), 308(M™), 230, 171, 169.

4-(trans-4-propylcyclohexylethyl)benzoic acid (41)

A solution of n-butyllithium (5.20 ml, 2.5M in hexane, 0.013 mol) was added
dropwise to a stirred, cooled (-78 °C) solution of compound 40 (4.00 g, 0.013 mo}) in dry
THF (90 ml). The mixture was maintained under these conditions for 35 min (i.e., until
glc analysis revealed a complete reaction) and then poured into a slurry of solid carbon
dioxide and dry ether. The product was extracted into 10% sodium hydroxide (twice) and
the combined basic extracts were acidified with 36% hydrochloric acid. The product was
extracted into ether (twice), the combined ethereal extracts were washed with water and
dried (MgSOy). The solvent was removed in vacuo to yield a colourless solid.

Yield 3.50 g (98%); mp 205-206 °C; 'H nmr (CDCl3) 6 0.90(7H, m),

1.15(4H, m), 1.30(2H, quint), 1.50(2H, q), 1.75(4H, m), 2.65(2H, 1),
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7.20(2H, d), 7.95(2H, d); ir (KCI) vyax 3600-3200, 2920, 2860, 1680, 1610,
1425, 1320, 1295, 1180, 1130, 1025, 950, 765, 705 cm1; ms m/z 274(M™), 257,
242,230, 219.

Fluoro-substituted 4-cyanophenyl 4-pentyl- and 4-butoxy- benzoates (44-57)

and fluoro-substituted 4-cvanobiphenyl-4'-yl 4-pentyl- and 4-butoxy- benzoates (59-74)

A solution of N,N-dicyclohexylcarbodi-imide (DCC) (1.15 mol equivalent) in dry
dichloromethane (40 ml) was added dropwise to a stirred solution of the appropriate
carboxylic acid (1 mol equivalent), the appropriate phenol (1 mol equivalent) and
4-(N-pyrrolidino)pyridine (0.30 mol equivalent) in dry dichloromethane (50 ml) at room
temperature. The mixture was stirred at room temperature overnight and the
N,N’-dicyclohexylurea (DCU) was filtered off. The filtrate was washed successively with
water, 5% acetic acid, water and dried (MgSOy). The solvent was removed in vacuo and
the residue was purified by column chromatography (silica gel / dichloromethane) to give a

solid which was recrystallised from ethanol to yield colourless crystals.

The quantities of acids and phenols used are given in Tables 1 and 2 which show

the phenol quantity as the upper figure and the acid quantity as the lower figure.
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Table 1
nities of Aci nd phenol mmol in the Preparation of Fluoro- i
4-cyanophenyl 4-pentyl- and 4- xy- benz (44-57)
F F
PHENOL
HO—@—CN HO CN H CN
ACID 43 25 18 F
1.0012 (6.46)
Can—@-COzH 44
42 1.2404 (6.46)
1.1711 (7.56)
CMO—@-COzH 45
20 1.4579 (7.51)
F
0.7651 (6.43) 0.7832 (5.70) 1.1041 (7.12)
Cshhy COzH 46 48 50
24 1.3500 (6.43) 1.2010 (5.70) 1.4987 (7.14)
F
0.7578 (6.37) 0.8737 (6.38) 1.1202 (7.23)
27 1.3507 (6.37) 1.3517 (6.38) 1.5325 (7.23)
" 1.0891 (7.03)
0.6614 (5.56) 0.7511 (5.49 .0891 (7.
05H11-QCOQH 59 54( ) =6
33 F 1.2512 (5.50) 1.2511 (5.49) 1.6017 (7.03)
F
0.5121 (4.30) | 0.7521 (5.49) 1.0729 (6.92)
C4HO CO:H 53 55 57
s F 0.9812 (4.26) | 1.2513 (5.44) 1.5946 (6.93)

4-Cyano-3,5-difluorophenyl 4-pentylbenzoate (44)

Yield 0.70 g (33%); transitions (°C) K 29.5 (N -8.0) I; H nmr (CDCl3) 8

0.90(3H, 1), 1.35(4H, m), 1.65(2H, quint), 2.70(2H, 1), 7.05(2H, d),

7.35(2H, d), 8.05(2H, d); ir (KC1) vy, 2980, 2940, 2860, 2240, 1740, 1640,
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1610, 1580, 1490, 1450, 1420, 1260, 1180, 1050, 1020 cm-; ms m/z 329(M™),
272, 175.

4-Cyano-3.5-difluorophenyl 4-butoxybenzoate (45)

Yield 1.96 g (79%); transitions (°C) K 71.5 [N 7.5] I; 'H nmr (CDCl3) &
1.00(3H, 1), 1.50(2H, sext), 1.80(2H, quint), 4.05(2H, 1), 6.98(2H, d),

7.05(2H, d), 8.10(2H, d); ir (KCI) vy,x 2960, 2940, 2880, 2240, 1730, 1600,
1450, 1260, 1170, 1140, 1050, 1000 cm-1; ms m/z 331(M*), 288,274, 177, 121.

4-Cyanophenyl 2-fluoro-4-pentylbenzoate (46)

Yield 0.81 g (41%); transitions (°C) K 65.5 (N 32.0) I; IH nmr (CDCl3) &
0.90(3H, t), 1.35(4H, m), 1.65(2H, quint), 2.65(2H, t), 7.04(1H, q),

7.10(1H, q), 7.38(2H, d), 7.74(2H, d), 8.00(1H, t); ir (KCI) Vax 2950, 2860,
2230, 1750, 1730, 1630, 1600, 1500, 1220, 1170, 1050 cm}; ms m/z 311(M™),
282, 268, 254, 242, 226.

4-Cyanophenyl 4-butoxy-2-fluorobenzoate (47)

Yield 1.08 g (54%); transitions (°C) K 90.0 (N 61.0) I; 'H nmr (CDCl3) &
1.00(3H, t), 1.50(2H, sext), 1.85(2H, quint), 4.05(2H, t), 6.70(1H, q),

6.80(1H, q), 7.38(2H, d), 7.74(2H, d), 8.05(1H, t); ir (KCI) V4 2960, 2880,
2240, 1750, 1730, 1620, 1600, 1510, 1280, 1220, 1180, 1130, 1040, 1010 cm};
ms m/z 313(M*), 270, 256, 231, 195.

4-Cyano-3-fluorophenyl 2-fluoro-4-pentylbenzoate (48)

Yield 0.46 g (25%); transitions (°C) K 39.5 (N -3.0) I; IH nmr (CDCl3) &
0.90(3H, 1), 1.35(4H, m), 1.65(2H, quint), 2.65(2H, t), 7.05(1H, q),

7.12(1H, q), 718-7.25(2H, m), 7.70(1H, q), 8.00(1H, t); ir (KCI) Vpax 2980,
2940, 2860, 2240, 1750, 1730, 1620, 1590, 1500, 1470, 1290, 1250, 1150, 1040
cmrl; ms mfz 329(M*), 272, 193, 179, 136, 108.
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4-Cyano-3-fluorophenyl 4-butoxy-2-fluorobenzoate (49)

Yield 1.46 g (69%); transitions (°C) K 55.0 (N 21.5) I; 'H nmr (CDCl3) 8
1.00(3H, 1), 1.50(2H, sext), 1.85(2H, quint), 4.05(2H, t), 6.70(1H, q),

6.80(1H, q), 7.16-7.26(2H, m), 7.65(1H, q), 8.00(1H, t); ir (KCI) v.x 2970,
2880, 2240, 1750, 1730, 1620, 1590, 1510, 1440, 1350, 1250, 1150, 1030, 1010
cml; ms m/z 331(M¥), 287, 274, 246, 218.

4-Cyano-3,5-difluorophenyl 2-fluoro-4-pentylbenzoate (50)

Yield 1.10 g (44%); transitions (°C) K 55.0 (N -20.5) I; 'H nmr (CDCl3) 3
0.90(3H, t), 1.30(4H, m), 1.65(2H, quint), 2.65(2H, 1), 7.05(1H, q),

7.07(2H, d), 7.12(1H, q), 7.95(1H, t); ir (KCI) vy ax 2960, 2940, 2860, 2240,
1750, 1640, 1620, 1580, 1500, 1470, 1290, 1250, 1040 cm™L; ms m/z 347(Mt),
290, 193.

4-Cyano-3,5-difluorophenyl 4-butoxy-2-fluorobenzoate (51)

Yield 1.80 g (71%); transitions (°C) K 68.5 [N -6.0] I; H nmr (CDCl3) &
1.00(3H, t), 1.50(2H, sext), 1.80(2H, quint), 4.05(2H, t), 6.70(1H, q),
6.79(1H, oct), 7.05(2H, d), 8.00(1H, t); ir (KCI) v,x 2960, 2880, 2240, 1755,
1620, 1450, 1350, 1240, 1220, 840 cm1; ms m/z 349(M*), 306, 292.

4-Cyanophenyl 2.6-difluoro-4-pentylbenzoate (52)
Yield 1.44 g (80%); transitions (°C) K 74.5 [N -18.0] I; IH nmr (CDCl3) &
0.90(3H, 1), 1.35(4H, m), 1.65(2H, quint), 2.65(2H, 1), 6.86(2H, d),
7.38(2H, d), 7.75(2H, d); ir (KCI) v, 2940, 2240, 1750, 1635, 1600, 1500,
1440, 1295, 1260, 1140, 1070, 1040 cm-1; ms m/z 329(M*), 272, 211, 195.

4-Cyanophenyl 4-butoxy-2.6-difluorobenzoate (53)

Yield 0.86 g (61%); transitions (°C) K 101.0 [N 25.0] I; !H nmr (CDCl3) 8
1.00(3H, 1), 1.50(2H, sext), 1.80(2H, quint), 4.00(2H, t), 6.55(2H, d),
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7.35(2H, d), 7.70(2H, d); ir (KC1) vpax 2950, 2900, 2250, 1750, 1640, 1600,
1580, 1500, 1450, 1360, 1260, 1160, 1080 cm™1; ms m/z 331(M+), 213, 157.

4-Cyano-3-fluorophenyl 2.6-difluoro-4-pentylbenzoate (54)

Yield 1.05 g (55%); transitions (°C) K 32.0 [N -45.0] I; 1H nmr (CDCl3) &
0.90(3H, t), 1.35(4H, m), 1.65(2H, quint), 2.65(2H, t), 6.86(2H, d),
7.20-7.28(2H, m), 7.70(1H, q); ir (KCl) vypax 2950, 2880, 2250, 1750, 1640,

1500, 1440, 1430, 1250, 1150, 1070, 1040 cm™!; ms m/z 347(M*), 210, 188,
181, 167, 154.

4-Cyano-3-fluorophenyl 4-butoxy-2.6-difluorobenzoate (55)

Yield 1.04 g (55%); transitions (°C) K 56.0 (N -1.5) I, 'H nmr (CDCl3) &
1.00(3H, t), 1.50(2H, sext), 1.80(2H, quint), 4.00(2H, t), 6.55(2H, d),
7.18-7.24(2H, m), 7.70(1H, q); ir (KCI) vpax 2980, 2880, 2240, 1750, 1640,

1620, 1580, 1500, 1440, 1360, 1250, 1150, 1050 cm1; ms m/z 349(M*), 330,
306, 292, 264, 244.

4-Cyano-3.5-difluorophenyl 2.6-difluoro-4-pentylbenzoate (56)

Yield 2.22 g [87% (not recrystallised)]; transitions (°C) K 36.5 [N -67.0] I,
TH nmr (CDCly) 3 0.90(3H, t), 1.30(4H, m), 1.65(2H, quint), 2.65(2H, 1),
6.87(2H, d), 7.09(2H, d); ir (KCI) vp,ax 2960, 2880, 2240, 1760, 1640, 1580,
1450, 1250, 1130, 1050 cml; ms m/z 365(M™), 322, 308, 281.

4-Cyano-3,5-difluorophenyl 4-butoxy-2,6-difluorobenzoate (57)

Yield 1.47 g (58%); transitions (°C) K 63.0 [N 31.5] I; 'H nmr (CDCl3) &
1.00(3H, 1), 1.50(2H, sext), 1.80(2H, quint), 4.00(2H, t), 6.55(2H, d),

7.05(2H, d); ir (KCI) vy, 2960, 2880, 2240, 1735, 1630, 1570, 1450, 1350,
1260, 1170, 1140, 1050 cm™; ms m/z 367(M+), 324, 310.
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Table 2
ntiti f Aci nd Phenol mmol in the Preparation of Fluoro- i
4-cyanobiphenyl-4'-yl 4-pentyl- and 4- xy- ben (59-74)
PHENOL . .
HO-L )~ )-on | Ho-{ D~ F-on| Ho-L)—{-cn
ACID 58 11 12 F
1.0012 (4.69 .8910 (3.85

0.9011 (4.69)

61
0.7403 (3.85)

C4HeO CORH

1.3004 (6.10)
60
1.1820 (6.08)

1.4012 (6.06)
62
1.1700 (6.03)

| e

CsHy4 CO-H

@

0.9753 (5.00)
63
1.0651 (5.07)

1.1176 (5.25)
65
1.1004 (5.24)

1.1118 (4.81)
67
1.0120 (4.82)

F
C4Hgo—©' COsH

N

1.2517 (6.42)
64
1.3458 (6.37)

1.2501 (5.87)
66
1.2411 (5.85)

1.3591 (5.88)
68
1.2497 (5.89)

CeHy COzH

L3

w

1.0267 (5.27)
69
1.2012 (5.26)

1.0811 (5.07)
71
1.1503 (5.04)

1.2201 (5.28)
73
1.2001 (5.26)

C4HgO
36 F

COH

&,

0.8157 (4.18)
70
0.9621 (4.18)

1.0707 (5.04)
72
1.1606 (5.04)

1.2591 (5.45)
74
1.2519 (5.44)

4-Cyano-3-fluorobiphenyl-4'-yl 4-pentylbenzoate (59)

Yield 1.40 (77%); transitions (°C) K 123.5 N 198.5 I; 'H nmr (CDCl3) &

0.90(3H, 1), 1.40(4H, m), 1.60(2H, quint), 2.60(2H, 1), 7.32(2H, d),

7.35(2H, d), 7.43(1H, q), 7.48(1H, q), 7.64(2H, d), 7.68(1H, q), 8.12(2H, d);
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ir (KCI) Vinax 2940, 2890, 2250, 1740, 1620, 1560, 1480, 1260, 1210, 1170,
1060, 1030 cmL; ms m/z 387(M*), 329, 314, 297, 286.

4-Cyano-3-fluorobiphenyl-4'-yl 4-butoxybenzoate (60)

Yield 1.75 g (74%); wansitions (°C) K 135.0 N 237.0 I;}H nmr (CDCl3) 3
1.00(3H, 1), 1.55(2H, sext), 1.85(2H, quint), 4.05(2H, t), 7.00(2H, d),
7.35(2H, d), 7.43(1H, q), 7.48(1H, q), 7.63(2H, d), 7.70(1H, q), 8.15(2H, d);
ir (KCD) viax 2980, 2880, 2240, 1720, 1600, 1510, 1490, 1270, 1210, 1170,
1060 cm-1; ms m/z 389(M+), 346, 304, 177, 121.

4-Cyano-3,5-difluorobiphenyl-4'-yl 4-pentylbenzoate (61)

Yield 0.95 g (61%); transitions (°C) K 96.5 N 150.5 I, IH nmr (CDCls) §
0.90(3H, 1), 1.35(4H, m), 1.70(2H, quint), 2.702H, 1), 7.28(2H, d),

7.33(2H, d), 7.37(2H, d), 7.62(2H, d), 8.10(2H, d); ir (KC1) Vypax 2950, 2250,
1735, 1640, 1610, 1560, 1490, 1205, 1175, 1070, 1050 cml; ms m/z 405(M*),
391, 373, 361, 348, 333.

4-Cyano-3.5-difluorobiphenyl-4'-yl 4-butoxybenzoate (62)

Yield 2.15 g (88%); transitions (°C) K 114.0 N 195.0 I; 'H nmr (CDCl3) 6
1.00(3H, 1), 1.55(2H, sext), 1.85(2H, quint), 4.05(2H, t), 7.00(2H, d),
7.28(2H, d), 7.35(2H, d), 7.62(2H, d), 8.15(2H, d); ir (KCI) vyax 2980, 2940,
2250, 1720, 1630, 1560, 1510, 1490, 1270, 1210, 1170, 1060 cm1; ms m/z
407(M), 230, 177, 121.

4-Cyanobiphenyl-4'-yl 2-fluoro-4-pentylbenzoate (63)

Yield 1.55 g (79%); transitions (°C) K 103.0 N 225.0 [; IH nmr (CDCl3) &
0.90(3H, t), 1.35(4H, m), 1.65(2H, quint), 2.70(2H, 1), 7.04(1H, q),

7.11(1H, q), 7.35(2H, d), 7.65(2H, d), 7.70(2H, d), 7.75(2H, d), 8.02(1H, t);
ir (KCI) vipax 2960, 2940, 2860, 2240, 1750, 1730, 1620, 1610, 1490, 1200,
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1050 cml; ms m/z 387(M™), 373, 221, 209, 193.

4-Cyanobiphenyl-4'-yl 4-butoxy-2-fluorobenzoate (64)

Yield 1.80 g (73%); transitions (°C) K 94.0 N 259.5 I, H nmr (CDCl3) &
1.00(3H, t), 1.50(2H, sext), 1.85(2H, quint), 4.05(2H, t), 6.70(1H, q),
6.80(1H, q), 7.35(2H, d), 7.65(2H, d), 7.70(2H, d), 7.75(2H, d), 8.05(1H, 1);
ir (KCI) vinax 2970, 2880, 2240, 1740, 1720, 1620, 1490, 1270, 1240, 1170,
1010 cm-1; ms m/z 389(M+), 346, 332, 304.

4-Cyano-3-fluorobiphenyl-4'-yl 2-fluoro-4-pentylbenzoate (65)

Yield 0.80 g (38%); transitions (°C) K 112.5 N 187.5 I; H nmr (CDCly) &
0.90(3H, 1), 1.35(4H, m), 1.65(2H, quint), 2.70(2H, t), 7.05(1H, q),

7.11(1H, q), 7.37(2H, d), 7.43(1H, q), 7.49(1H, q), 7.64(2H, d), 7.70(1H, q),
8.02(1H, t); ir (KCL) vyax 2980, 2940, 2860, 2240, 1750, 1730, 1620, 1490,
1200, 1020 cm1; ms m/z 405(M™), 348, 212, 193.

4-Cyano-3-fluorobiphenyl-4'-yl 4-butoxy-2-fluorobenzoate (66)

Yield 1.17 g (49%); transitions (°C) K 115.0 N 219.5 I; 'H nmr (CDCl3) &
1.003H, 1), 1.50(2H, sext), 1.85(2H, quint), 4.05(2H, t), 6.72(1H, q),
6.80(1H, q), 7.35(2H, d), 7.42(1H, q), 7.48(1H, q), 7.63(2H, d), 7.70(1H, q),
8.05(1H, t); ir (KCI) Vppax 2980, 2940, 2880, 2240, 1730, 1710, 1620, 1490,
1270, 1210, 1190 cm-l; ms m/z 407(M™), 364, 322, 212, 195.

4-Cyano-3,5-difluorobiphenyl-4'-yl 2-fluoro-4-pentylbenzoate (67)

Yield 1.82 g (89%); transitions (°C) K 98.0 N 143.5 I, 'H nmr (CDCly) 8
0.90(3H, 1), 1.35(4H, m), 1.65(2H, quint), 2.65(2H, t), 7.05(1H, q),

7.11(1H, q), 7.28(2H, d), 7.38(2H, d), 7.63(2H, d), 8.02(1H, t); ir (KCl) Viyax
2960, 2940, 2860, 2240, 1750, 1730, 1630, 1490, 1290, 1200, 1050 cm-!; ms
miz 423(M), 366, 352, 338, 322.
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4-Cyano-3.5-difluorobiphenyl-4'-yl 4-butoxy-2-fluorobenzoate (68)

Yield 1.72 g (69%); transitions (°C) K 104.0 N 184.0 I, 'H nmr (CDCl) &
1.00(3H, 1), 1.50(2H, sext), 1.85(2H, quint), 4.05(2H, 1), 6.70(1H, q),
6.80(1H, q), 7.28(2H, d), 7.38(2H, d), 7.63(2H, d), 8.05(1H, 1); ir (KCI) Vi
2980, 2880, 2240, 1735, 1710, 1630, 1480, 1280, 1260, 1040 cn1-l; ms m/z
425(M*), 382, 340.

4-Cyanobiphenyl-4'-yl 2.6-difluoro-4-pentylbenzoate (69)

Yield 1.81 g (85%); transitions (°C) K 109.5 N 191.0 I, 'H nmr (CDCl3) &
0.90(3H, 1), 1.35(4H, m), 1.65(2H, quint), 2.65(2H, 1), 6.85(2H, d),

7.38(2H, d), 7.64(2H, d), 7.68(2H, d), 7.75(2H, d); ir (KCI) Vipax 2960, 2880,
2240, 1740, 1640, 1495, 1260, 1200, 1075, 1040 cm-1; ms m/z 405(M*), 347,
211, 194.

4-Cyanobiphenyi-4'-yl 4-butoxy-2.6-difluorobenzoate (70)

Yield 0.92 g (54%); transitions (°C) K 94.0 N 223.0 I; !H nmr (CDCl3) &
1.00(3H, t), 1.50(2H, sext), 1.80(2H, quint), 4.00(2H, t), 6.55(2H, d),
7.35(2H, d), 7.64(2H, d), 7.68(2H, d), 7.75(2H, d); ir (KCl) vjax 2980, 2880,
2240, 1740, 1640, 1620, 1450, 1260, 1200, 1050 cm™1; ms m/z 407(M+), 364,
350, 336, 258.

4-Cyano-3-fluorobiphenyl-4'-yl 2.6-difluoro-4-pentylbenzoate (71)

Yield 1.31 g (61%); transitions (°C) K 116.5 N 158.0 I; IH nmr (CDCl3) 6
0.90(3H, 1), 1.35(4H, m), 1.65(2H, quint), 2.65(2H, 1), 6.85(2H, d),

7.38(2H, d), 7.43(1H, q), 7.48(1H, q), 7.65(2H, d), 7.70(1H, q); ir (KCD Vyax
2980, 2940, 2880, 2250, 1740, 1640, 1490, 1260, 1200, 1070, 1040 cm™1; ms
miz 423(M), 211, 184, 154.
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4-Cyano-3-fluorobiphenyl-4'-yl 4-butoxy-2,6-difluorobenzoate (72)

Yield 1.69 g (79%); transitions (°C) K 103.0 N 194.0 I, IH nmr (CDClz) &
1.00(3H, 1), 1.50(2H, sext), 1.80(2H, quint), 4.00(2H, t), 6.55(2H, d),

7.38(2H, d), 7.43(1H, q), 7.48(1H, @), 7.65(2H, d), 7.70(1H, q); it (KC) Vyyax
2980, 2890, 2240, 1740, 1640, 1450, 1260, 1200, 1050 cm1; ms m/z 425(M+),
382, 368, 340.

4-Cyano-3.5-difluorobiphenyl-4'-yl 2 6-difluoro-4-pentylbenzoate (73)

Yield 1.93 g (83%); transitions (°C) K 89.0 N 121.0 I; IH nmr (CDCl3)

0.90(3H, 1), 1.35(4H, m), 1.65(2H, quint), 2.65(2H, 1), 6.86(2H, d),

7.28(2H, d), 7.40(2H, d), 7.64(2H, d); ir (KC1) vipax 2950, 2930, 2860, 2250,
1740, 1640, 1490, 1260, 1200, 1070, 1040 cm-!; ms m/z 442(M*), 384, 340,

211.

4-Cyano-3.5-difluorobiphenyl-4'-yl 4-butoxy-2.6-difluorobenzoate (74)

Yield 1.51 g (63%); transitions (°C) K 102.0 N 161.5 I !H nmr (CDCl;) &
1.00(3H, 1), 1.50(2H, sext), 1.85(2H, quint), 4.05(2H, t), 6.55(2H, d),

7.28(2H, d), 7.40(2H, d), 7.64(2H, d); ir (KCl) vy, 2980, 2880, 2240, 1735,
1640, 1440, 1260, 1200, 1080, 1040 cm1; ms m/z 443(M™), 400, 244, 230, 213.

4-Cyanophenyl 4-(trans-4-propylcyclohexylethyhbenzoate (75)
Quantities: compound 41 (0.90 g, 3.28 mmol), compound 43 (0.40 g, 3.36
mmol).
See p 122 for experimental procedure.
Yield 0.67 g (54%); transitions (°C) K 90.0 N 194.0 I; 'H nmr (CDCl3) 6
0.85(7TH, m), 1.15(4H, m), 1.30(2H, quint), 1.55(2H, m), 1.80(4H, m),
2.10(2H, v), 7.32(2H, d), 7.37(2H, d), 7.76(2H, d), 8.10(2H, d); ir (KCI) Vjpax
2960, 2940, 2860, 2240, 1745, 1605, 1500, 1265, 1210, 1180, 1065, 1020, 890,
560 cm1; ms m/z 257, 250, 236, 227.



132

4-Cyano-3-fluorophenyl 4-(trans-4-propylcyclohexylethyl)benzoate (76)

Quantities: compound 41 (1.15 g, 4.20 mmol), compound 25 (0.58 g, 4.23
mmol).

See p 122 for experimental procedure.

Yield 1.24 g (75%); transitions (°C) K 59.0 N 167.0 I; 1H nmr (CDCly) &

0.90(7H, m), 1.15(4H, m), 1.30(2H, quint), 1.55(2H, m), 1.80(4H, m),

2.75(2H, t), 7.20(2H, m), 7.34(2H, d), 7.70(1H, q), 8.09(2H, d); ir (KCI) vy 5«

2960, 2940, 2850, 2240, 1750, 1610, 1590, 1500, 1435, 1240, 1180, 1150,

1105, 1050, 1020, 970, 905, 885, 700 cm1; ms m/z 257, 241, 227, 213, 199.

4-Cyano-3.5-difluorophenyl 4-(trans-4-propylcyclohexylethyl)benzoate (77)

Quantities: compound 41 (1.15 g, 4.20 mmol), compound 25 (0.66 g, 4.26
mmol).

See p 122 for experimental procedure.

Yield 0.78 g (45%); transitions (°C) K 55.0 N 134.5 I, H nmr (CDCl3) &

0.85(7H, m), 1.15(4H, m), 1.30(2H, quint), 1.55(2H, m), 1.80(4H, m),

2.70(2H, 1), 7.06(2H, d), 7.34(2H, d), 8.06(2H, d); ir (KCI) v,x 2960, 2920,

2850, 2250, 1750, 1735, 1645, 1610, 1590, 1500, 1450, 1255, 1135, 1060, 1020

cmrl; ms m/z 257, 241, 227,213, 155.

4-Cyano-3-fluorobiphenyl-4'-yl hexanoate (79)

Quantities: compound 78 (0.7068 g, 6.09 mmol), compound 11 (1.3000 g, 6.10
mmol).

See p 122 for experimental procedure.

Yield 1.29 g (68%); transitions (°C) K 35.5 (N 25.0) I; !H nmr (CDCl3) 8

0.95(3H, t), 1.35(4H, m), 1.80(2H, quint), 2.55(2H, t), 7.20(2H, d),

7.40(2H, q), 7.60(2H, d), 7.70(1H, q); ir (KCI) Vnax 2960, 2940, 2880, 2240,

1760, 1620, 1560, 1490, 1210, 1140 cm-1; ms m/z 311(M*), 213, 195, 184.
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4-Cyano-3.5-difluorobiphenyl-4'-yl hexanoate (80)

Quantities: compound 78 (0.6761 g, 5.83 mmol), compound 12 (1.3502 g, 5.84
mmol).

See p 122 for experimental procedure.

Yield 1.10 g (57%); transitions (°C) K 58.0 I; IH nmr (CDCl3) 8 0.95(3H, 1),

1.35(4H, m), 1.80(2H, quint), 2.55(2H, t), 7.25(4H, 2xd), 7.55(2H, d); ir (KCI)

Vmax 2960, 2940, 2860, 2240, 1755, 1635, 1560, 1490, 1440, 1400, 1210, 1150,

1040 cm-l; ms m/z 329(M+), 231, 213, 202.

4-Cyanobiphenyl-4'-yl heptoxyethanoate (82)

Quantities: compound 81 (1.0910 g, 6.27 mmol), compound 58 (1.2231 g, 6.27
mmol).

See p 122 for experimental procedure.

Yield 0.60 g (27%); transitions (°C) K 51.5 (S4 40.5 N 41.5) I; 'H nmr

(CDCl3) 8 0.90(3H, 1), 1.30(8H, m), 1.65(2H, quint), 3.65(2H, 1), 4.35(2H, s),

7.25(2H, d), 7.60(2H, d), 7.65(2H, d), 7.75(2H, d); ir (KC1) v,,x 2940, 2860,

2240, 1775, 1760, 1495, 1135, 825 cml; ms m/z 351(M™), 323, 293, 195.
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1-Bromo-4-hexoxybenzene (84)

Quantities: compound 83 (71.0 g, 0.41 mol), 1-bromohexane (60.0 g, 0.36 mol),
potassium carbonate (120.0 g, 0.87 mol).

The experimental procedure was as described for the preparation of compound 26
and the crude product was distilled.

Yield 79.4 g (86%); bp 100-110 °C at 0.1 mmHg; 'H nmr (CDCl3) 8 0.90(3H, v),

1.50(6H, m), 1.80(2H, quint), 4.00(2H, t), 7.00(2H, d), 7.70(2H, d); ir (film)

Vmax 2960, 2940, 2880, 1590, 1490, 1290, 1250, 1170, 1070, 1000, 820 cm™!;

ms m/z 258(M*), 256(M+), 174, 172.

1-Bromo-4-octoxybenzene (85)

Quantities: compound 83 (64.5 g, 0.37 mol), 1-bromo-octane (60.0 g, 0.31 mol),
potassium carbonate (103.5 g, 0.75 mol).

The experimental procedure was as described for the preparation of compound 26
and the crude product was distilled.

Yield 86.5 g (98%); bp 145 °C at 0.1 mmHg; 'H nmr (CDCls) 8 0.90(3H, v),

1.30(8H, m), 1.40(2H, quint), 1.75(2H, quint), 3.95(2H, t), 6.75(2H, d),

7.35(2H, d); ir (film) va4 2950, 2860, 1600, 1585, 1495, 1475, 1290, 1250,

1175, 1080, 1003, 835 cm1; ms m/z 286(M*), 284(M+), 174, 172.

4-Hexoxyphenylboronic acid (86)

A solution of the Grignard reagent, prepared from compound 84 (72.0 g, 0.28
mol) and magnesium (7.75 g, 0.319 mol) in dry THF (220 ml) was added dropwise to a
stirred, cooled (-78 °C) solution of tri-isopropyl borate (109.0 g, 0.58 mol) in dry THF (40
ml) under dry nitrogen. The stirred mixture was allowed to warm to room temperature
overnight and stirred with 10% hydrochloric acid (320 ml) at room temperature for 1 h.
The product was extracted into ether (twice), and the combined ethereal extracts were

washed with water and dried (MgSO,). The solvent was removed in vacuo to afford a

colourless solid.



135
Yield 61.2 g (99%); mp 80-85 °C; 1H nmr (CDCl3) & 1.00(3H, t), 1.40(6H, m),
1.80(2H, quint), 4.10(2H, t), 7.20(2H, d), 8.40(2H, d), no obvious OH
absorption; ir (KCI) vy,ax 3500-3100, 2960, 2940, 2880, 1600, 1570, 1420, 1380,
1350, 1250, 1170, 1030, 840 cm-l; ms m/z 382, 359, 342, 306, 298, 290, 281,
253, 239, 223, 214, 205.

4-Octoxyphenylboronic acid (87)

Quantities: compound 85 (42.0 g, 0.15 mol), magnesium (4.12 g, 0.170 mol),
tri-isopropyl borate (53.3 g, 0.29 mol).

The experimental procedure was the same as for compound 86.

Yield 36.1 g (98%); H nmr (CDCl3) & 0.85(3H, t), 1.30(8H, m),

1.45(2H, quint), 1.80(2H, quint), 4.00(2H, t), 6.95(2H, 1), 7.75(1H, d),

8.15(1H, d), no obvious OH absorption; ir (KCI) v 2950, 2860, 1610, 1360,

1255, 1180 cm}; ms m/z 280, 265, 248, 232, 222, 213, 206, 196, 185.

1-Bromo-4-pentanoylbenzene (88)

Pentanoyl chloride (50.0 g, 0.41 mol) was added dropwise to a stirred, cooled
(0 °C) mixture of compound 38 (150 ml) and aluminium chloride (62.0 g, 0.46 mol). The

mixture was stirred at 0 °C for 1 h, heated at 80 °C for 2 h, cooled and poured into 18%
hydrochloric acid. The product was extracted into chloroform (twice), the combined
organic extracts were washed with water and steam distilled to remove chloroform and the
excess of bromobenzene. The residue was extracted into chloroform (twice), the combined
organic extracts were washed with water and dried (MgSQy). The solvent was removed in
vacuo and the residue was distilled to yield a colourless solid.

Yield 78.1 g (78%); bp 180-184 °C at 20 mmHg; !H nmr (CDCl3) 6 0.90(3H, 1),

1.60(4H, m), 3.00(2H, 1), 7.80(2H, d), 8.00(2H, d); ir (KC) V;;ax 2960, 2880,

1685, 1585, 1400, 1070, 1010, 980 cm-l; ms m/z 242(M+), 240(M+), 213, 198,

185.
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1-Bromo-4-heptanoylbenzene (89)

Quantities: heptanoyl chloride (60.0 g, 0.40 mol), compound 38 (150 ml),
aluminium chloride (62.0 g, 0.46 mol).

The experimental procedure was as described for the preparation of compound 88.

Yield 107.0 g (99%); bp 130-135 °C at 0.1 mmHg; !H nmr (CDCl3) 8 0.90(3H, v),

1.35(6H, m), 1.75(2H, quint), 2.95(2H, t), 7.60(2H, d), 7.85(2H, d); ir (KCl)

Vmax 2980, 2950, 2910, 2880, 1680, 1590, 1470, 1400, 1200, 1070, 1010, 980,

840, 800, 730 cm1; ms m/z 270(M™), 268(M*), 213, 200, 183, 157, 132.

1-Bromo-4-nonanoylbenzene (90)
Quantities: nonanoyl chloride (13.90 g, 0.079 mol), compound 38 (55 ml),
aluminium chloride (12.10 g, 0.091 mol).
The experimental procedure was as described for the preparation of compound 88.
Yield 23.00 g (98%); bp 138-140 °C at 0.1 mmHg; 'H nmr (CDCl3) 8 0.85(3H, v),
1.30(10H, m), 1.70(2H, quint), 2.90(2H, t), 7.60(2H, d), 7.80(2H, d); ir (KCI)
Vinax 2940, 2860, 1690, 1590, 1470, 1380, 1070, 1005, 810 cm™!; ms m/z
298(M™), 296(M+), 200, 198, 185, 183, 157, 155.

1-Bromo-4-pentylbenzene (91)

A mixture of compound 88 (77.1 g, 0.32 mol), hydrazine hydrate (46.4 g, 0.93
mol) and potassium hydroxide (59.0 g, 1.05 mol) in diethylene glycol (250 ml) was heated
at 130 °C for 2 h, the excess of hydrazine hydrate was distilled off and the temperature was
raised to 200 °C for 2 h. The cooled mixture was poured into 18% hydrochloric acid, the
product was extracted into ether (twice), and the combined ethereal extracts were washed
with water and dried (MgSQy). The solvent was removed in vacuo and the residue was
distilled to yield a colourless liquid.

Yield 58.1 g (80%); bp 145-148 °C at 20 mmHg; 'H nmr (CDCl3) 8 0.90(3H, 1),

1.30(4H, m), 1.60(2H, quint), 2.60(2H, t), 7.10(2H, d), 7.50(2H, d); ir (film)

Vmax 2960, 2930, 2880, 1490, 1410, 1075, 1015, 830 cm™1; ms m/z 228(M™),
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226(M*), 193, 185, 171.

1-Bromo-4-heptylbenzene (92)
Quantities: compound 89 (106.0 g, 0.39 mol), hydrazine hydrate (56.5 ml, 58.20
g, 1.16 mol), potassium hydroxide (74.0 g, 1.32 mol).
The experimental procedure was as described for the preparation of compound 91.
Yield 59.0 g (58%); bp 105-115 °C at 0.1 mmHg; 'H nmr (CDCly) 8 0.90(3H, v),
1.25(8H, m), 1.55(2H, quint), 2.50(2H, t), 7.00(2H, d), 7.35(2H, d); ir (film)
Vinax 2950, 2860, 1490, 1410, 1075, 1015, 800 cm™1; ms m/z 256(M*),
254(M™), 169, 103, 91.

1-Bromo-4-nonylbenzene (93)

Quantites: compound 90 (22.00 g, 0.074 mol), hydrazine hydrate (10.70 ml,
11.00 g, 0.22 mol), potassium hydroxide (13.70 g, 0.245 mol).

The experimental procedure was as described for the preparation of compound 91.

Yield 8.38 g (40%); bp 124-126 °C at 0.1 mmHg;'H nmr (CDCl3) 8 0.90(3H, 1),

1.25(12H, ), 1.55(2H, quint), 2.55(2H, t), 7.03(2H, d), 7.38(2H, d); ir (film)

Vmax 2960, 2940, 2860, 1595, 1490, 1470, 1405, 1250, 1075, 1015, 820, 800

cml; ms m/z 284(M), 282(M™), 171, 169.

4-Pentylphenylboronic acid (94)

Quantities: compound 91 (24.00 g, 0.106 mol), magnesium (2.95 g, 0.121 mol),
tri-isopropyl borate (39.8 g, 0.21 mol).

The experimental procedure was as described for the preparation of compound 86.

Yield 19.30 g(95%); 1H nmr (CDCls) 8 0.90(3H, t), 1.40(4H, m),

1.65(2H, quint), 2.70(2H, t), 7.35(4H, m), no obvious OH absorption; ir (KCI)

Vmax 3600-3200, 2960, 2940, 2860, 1610, 1410, 1370-1240, 1310, 1180, 1020,

700 el ms m/z 247, 233, 230, 217, 211, 207.
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4'-Pentylbiphenyl-4-ylboronic acid (96)

Quantities: compound 95 (25.00 g, 0.083 mol), magnesium (2.25 g, 0.093 mol),
tri-isopropyl borate (31.0 g, 0.16 mol).

The experimental procedure was as described for the preparation of compound 86.

Yield 21.00 g (98%); 'H nmr (CDCl3) 8 0.90(3H, t), 1.35(4H, m),

1.65(2H, quint), 2.65(2H, t), 7.25(2H, d), 7.50-7.60(4H, m), 7.65(1H, d),

7.90(1H, d), no obvious OH absorption; ir (KCl) viax 3600-3100, 2960, 2940,

2860, 1610, 1450-1300, 1005, 815 cm; ms m/z 446, 389, 293, 240, 224, 195,

183, 167, 152.

4-Hexoxy-4"-pentylterphenyl (97)

A solution of compound 86 (1.12 g, 5.05 mmol) in ethanol (15 ml) was added to a
stirred mixture of compound 95 (1.15 g, 3.80 mmol) and
tetrakis(triphenylphosphine)palladium(0) (0.2646 g, 0.23 mmol) in benzene (30 ml) and
2M sodium carbonate (30 ml) at room temperature under dry nitrogen. The stirred mixture
was heated under reflux (~100 °C) for 23 h (i.e., until glc and tlc analysis revealed a
complete reaction). The product was extracted into ether (twice) and the combined ethereal
extracts were washed with brine and dried (MgSQOy). The solvent was removed in vacuo
and the residue was purified by column chromatography [silica gel / petroleum fraction
(bp 40-60 °C) - dichloromethane, 3:1] to give a colourless solid which was recrystallised
from ethyl acetate to yield colourless crystals.

Yield 0.96 g (63%); transitions (°C) K 205.0 Sg 216.0 S5 228.5 I

TH nmr (CDCl3)  0.90(6H, 2xt), 1.35(8H, m), 1.45(2H, quint), 1.65(2H, quint),

1.80(2H, quint), 2.65(2H, t), 4.00(2H, t), 6.98(2H, d), 7.27(2H, d),

7.55(2H, d), 7.57(2H, d), 7.64(4H, 2xd); ir (KCI) vypax 2960, 2940, 2860, 1610,

1495, 1250, 810 cm-; ms m/z 400(M+), 371, 357, 343, 332.

4-Octoxy-4"-pentylterphenyl (98)

Quantities: Compound 95 (1.15 g, 3.80 mmol), compound 87 (1.25 g, 5.00
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mmol), tetrakis(triphenylphosphine)palladium(0) (0.2401 g, 0.21 mmol).

The experimental procedure was as described for the preparation of compound 97.
The crude product was purified by column chromatography [silica gel / petroleum fraction
(bp 40-60 °C) - dichloromethane, 3:1] to give a colourless solid which was recrystallised
from ethyl acetate to yield colourless crystals.

Yield 1.02 g (63%); transitions (°C) K 194.5 Sp 211.0 S5 2215 [

TH nmr (CDCly) 8 0.90(6H, 2xt), 1.30(12H, m), 1.45(2H, quint),

1.65(2H, quint), 1.80(2H, quint), 2.65(2H, t), 4.00(2H, t), 6.98(2H, d),

7.27(2H, d), 7.55(2H, d), 7.57(2H, d), 7.64(4H, 2xd); ir (KCl) V5 2960,

2940, 2860, 1610, 1495, 1255, 805 cml; ms m/z 428(M™), 411, 400, 385, 371,

329, 316.

1-Bromo-3-fluoro-4-hexoxybenzene (100)

Quantities: compound 99 (10.00 g, 0.052 mol), 1-bromohexane (10.37 g, 0.063
mol), potassium carbonate (14.50 g, 0.105 mol).

The experimental procedure was as described for the preparation of compound 26
and the crude product was distilled.

Yield 13.71 g (96%); bp 110-112 °C at 0.1 mmHg; H nmr (CDCl5) 8

0.90(3H, t), 1.30(4H, m), 1.45(2H, quint), 1.80(2H, quint), 4.00(2H, 1),

6.80(1H, t), 7.15(1H, oct), 7.20(1H, q); ir (film) vypax 2980, 2950, 2880, 1595,

1510, 1475, 1420, 1315, 1290, 1275, 1140, 1030, 885, 870, 810 cm1; ms m/z

276(M™), 275, 274(M™), 273, 202, 189.

1-Bromo-3-fluoro-4-octoxybenzene (101)

Quantities: compound 99 (10.00 g, 0.052 mol), 1-bromo-octane (12.00 g, 0.062
mol), potassium carbonate (14.5 g, 0.105 mol).

The experimental procedure was as described for the preparation of compound 26

and the crude product was distilled.

Yield 15.40 g (98%); bp 120-122 °C at 0.1 mmHg; 1H nmr (CDCl3) 6
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0.90(3H, t), 1.30(8H, m), 1.45(2H, quint), 1.80(2H, quint), 4.00(2H, 1),
6.80(1H, v), 7.15(1H, oct), 7.20(1H, q); ir (film) vy, 2980, 2940, 2860, 1505,
1480, 1410, 1310, 1270, 1210, 1170, 1030, 885, 870, 800 cm*}; ms m/z
304(M), 302(M™), 192, 190.

3-Fluoro-4-hexoxy-4"-pentylterphenyl (102)

Quantities: compound 100 (1.00 g, 3.64 mmol), compound 96 (1.27 g, 4.74
mmol), tetrakis(triphenylphosphine)palladium(0) (0.2424 g, 0.21 mmol).

The experimental procedure was as described for the preparation of compound 97.
The crude product was purified by column chromatography [silica gel / petroleum fraction
(bp 40-60 °C) - dichloromethane, 5:1] to give a colourless solid which was recrystallised
from ethanol-ethyl acetate (1:1) to yield colourless crystals.

Yield 0.77 g (51%); transitions (°C) K ? Sg 160.0 S¢ 162.0 S 201.0 L

1H nmr (CDCl3) 8 0.90(6H, 2xt), 1.35(8H, m), 1.50(2H, quint), 1.65(2H, quint),

1.80(2H, quint), 2.65(2H, t), 4.05(2H, t), 7.03(1H, t), 7.27(2H, d),

7.33(1H, q), 7.37(1H, q), 7.55(2H, d), 7.58(2H, d), 7.65(2H, d); ir (KCI) Viax

2960, 2940, 2860, 1620, 1500, 1400, 1375, 1350, 1190, 1140, 805 cm™1; ms m/z

418(M), 334, 300, 277, 243.

3-Fluoro-4-octoxy-4"-pentylterphenyl (103)

Quantities: compound 101 (1.36 g, 4.49 mmol), compound 96 (1.45 g, 5.41
mmol), tetrakis(triphenylphosphine)palladium(0) (0.2101 g, 0.18 mmol).

The experimental procedure was as described for the preparation of compound 97.
The crude product was purified by column chromatography [silica gel / petroleum fraction
(bp 40-60 °C) - dichloromethane, 5:1] to give a colourless solid which was recrystallised
from ethanol-ethyl acetate (2:1) to yield colourless crystals.

Yield 1.75 g (87%); transitions (°C) K ? Sg 146.0 Sg 158.0 S 195.0 L;

TH nmr (CDCl3) 3 0.90(6H, 2xt), 1.35(12H, m), 1.45(2H, quint),

1.65(2H, quint), 1.80(2H, quint), 2.65(2H, t), 4.05(2H, t), 7.02(1H, 1),
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7.26(2H, d), 7.33(1H, q), 7.37(1H, q), 7.54(2H, d), 7.58(2H, d), 7.64(2H, d); ir
(KCI) vipax 2960, 2940, 2860, 1625, 1525, 1500, 1485, 1405, 1305, 1275, 1250,
1195, 1140, 880, 810 cm1; ms m/z 446(M*), 389, 334, 277.

1-Bromo-2-fluoro-4-hexoxybenzene (105)

Quantities: compound 104 (9.00 g, 0.047 mol), 1-bromohexane (9.33 g, 0.057
mol), potassium carbonate (13.50 g, 0.098 mol).

The experimental procedure was as described for the preparation of compound 26

and the crude product was distilled.

Yield 12.71 g (98%); bp 100-105 °C at 0.1 mmHg; 'H nmr (CDCly) 8
0.90(3H, t), 1.30(4H, m), 1.40(2H, quint), 1.75(2H, quint), 3.90(2H, 1),
6.55(1H, oct), 6.65(1H, q), 7.35(1H, t); ir (film) v,x 2950, 2880, 1610, 1590,

1490, 1470, 1330, 1300, 1260, 1170, 1020, 840, 650 cm~1; ms m/z 276(M™),
274(M1), 190, 173, 161, 151.

1-Bromo-2-fluoro-4-octoxybenzene (106)

uantities: compound 104 (6.00 g, 0.031 mol), 1-bromo-octane (7.30 g, 0.038
mol), potassium carbonate (10.00 g, 0.072 mol).

The experimental procedure was as described for the preparation of compound 26.

and the crude product was distilled.
Yield 9.01 g (96%); bp 140-142 °C at 0.1 mmHg; 'H nmr (CDCl3) &
0.90(3H, t), 1.30(10H, m), 1.70(2H, quint), 3.90(2H, t), 6.55(1H, oct),

6.65(1H, q), 7.35(1H, t); ir (film) v, 2940, 2860, 1605, 1585, 1490, 1470,
1325, 1295, 1170, 1145 cm-l; ms m/z 304(M+), 302(M*), 191, 189.

2-Fluoro-4-hexoxy-4"-pentylterphenyl (107)

Quantities: compound 105 (1.50 g, 5.45 mmol), compound 96 (1.90 g, 7.10
mmol), tetrakis(triphenylphosphine)palladium(0) (0.5010 g, 0.43 mmol).

The experimental procedure was as described for the preparation of compound 97.
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The crude product was purified by column chromatography [silica gel / petroleum fraction
(bp 40-60 °C) - dichloromethane, 3:1] to give a colourless solid which was recrystallised
from ethanol-ethyl acetate (2:1), to yield colourless crystals.

Yield 1.46 g (64%);

transitions (°C) K 83.5 (Sg 48.5 Sy 62.0) S¢ 105.0 N 166.0 [,

H nmr (CDCly) 8 0.90(6H, 2xt), 1.30(8H, m), 1.45(2H, quint), 1.65(2H, quint),

1.80(2H, quint), 2.65(2H, 1), 3.95(2H, 1), 6.72(1H, q), 6.78(1H, q),

7.27(2H, d), 7.38(1H, 1), 7.54(2H, d), 7.58(2H, d), 7.64(2H, d); it (KCI) vax

2960, 2940, 2860, 1625, 1500, 1400, 1335, 1320, 1240, 1175, 1120, 1030, 810

cm-l; ms m/z 418(M™), 361, 334, 277.

2-Fluoro-4-octoxy-4"-pentylterphenyl (108)

Quantities: compound 106 (2.00 g, 6.60 mmol), compound 96 (2.30 g, 8.58
mmol), tetrakis(triphenylphosphine)palladium(0) (0.6003 g, 0.52 mmol).

The experimental procedure was as described for the preparation of compound 97.
The crude product was purified by column chromatography [silica gel / petroleum fraction
(bp 40-60 °C) - dichloromethane, 3:1] to give a colourless solid which was recrystallised
from ethanol-ethyl acetate (2:1) to yield colourless crystals.

Yield 2.30 g (78%);

transitions (°C) K 69.0 (S 25.0 Sy 43.0) S¢ 119.0 N 1580 [;

1H nmr (CDCly) 8 0.90(6H, 2xt), 1.30(12H, m), 1.45(2H, quint),

1.65(2H, quint), 1.80(2H, quint), 2.65(2H, t), 3.95(2H, 1), 6.72(1H, q),

6.78(1H, q), 7.27(2H, d), 7.38(1H, 1), 7.54(2H, d), 7.58(2H, d), 7.64(2H, d);

ir (KCI) vipax 2960, 2940, 2860, 1640, 1500, 1400, 1335, 1320, 1240, 1175,

1120, 810 cm!; ms m/z 446(M), 418, 403, 389, 361, 334, 277.

2-Fluoro-4.4"-dipentylterphenyl (110)

Quantities: compound 109 (1.10 g, 3.43 mmol), compound 94 (0.8721 g, 4.54
mmol), tetrakis(triphenylphosphine)palladium(0) (0.2212 g, 0.19 mmol).
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The experimental procedure was as described for the preparation of compound 97.
The crude product was purified by column chromatography [silica gel / petroleum fraction
(bp 40-60 °C) - dichloromethane, 5:1] to give a colourless solid which was recrystallised
from ethanol-ethyl acetate (2:1) to yield colourless crystals.

Yield 0.89 g (67%); transitions (°C) K 72.5 S¢ 80.0 N 136.5 I;

TH nmr (CDCly) 6 0.90(6H, t), 1.35(8H, m), 1.65(4H, quint), 2.60(4H, 2x1),

6.99(1H, q), 7.03(1H, q), 7.27(2H, d), 7.38(1H, 1), 7.55(2H, d), 7.61(2H, q),

7.66(2H, d); ir (KCl) vy 2960, 2940, 2860, 1625, 1490, 1400, 1260, 1135,

1010, 810 cm™!; ms m/z 388(M™), 345, 331, 274.

2-Fluoro-4"-hexoxy-4-pentylterphenyl (111)

Quantities: compound 109 (1.10 g, 3.43 mmol), compound 86 (1.10 g, 4.75
mmol), tetrakis(triphenylphosphine)palladium(0) (0.2217 g, 0.19 mmol).

The experimental procedure was as described for the preparation of compound 97.
The crude product was purified by column chromatography [silica gel / petroleum fraction
(bp 40-60 °C) - dichloromethane, 3:1] to give a colourless solid which was recrystallised
from ethanol-ethyl acetate (2:1) to yield colourless crystals.

Yield 1.02 g (71%); transitions (°C) K 115.0 S¢ 131.5 N 166.5 I;

IH nmr (CDClg) 8 0.90(6H, 2xt), 1.30(8H, m), 1.45(2H, quint), 1.65(2H, quint),

1.80(2H, quint), 2.65(2H, t), 4.00(2H, t), 6.98(2H, d), 7.04(2H, m),

7.38(1H, t), 7.57(2H, d), 7.63(4H, d); ir (KCI) v,y 2960, 2940, 2860, 1605,

1510, 1490, 1470, 1400, 1290, 1250, 1210, 1180, 820 cm1; ms m/z 418(M™),

400, 376, 361, 347, 334, 277.

2-Fluoro-4"-octoxy-4-pentylterphenyl (112)

Quantities: compound 109 (1.10 g, 3.43 mmol), compound 87 (1.17 g, 4.68
mmol), tetrakis(triphenylphosphine)palladium(0) (0.2610 g, 0.23 mmol).
The experimental procedure was as described for the preparation of compound 97.

The crude product was purified by column chromatography [silica gel / petroleum fraction
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(bp 40-60 °C) - dichloromethane, 3:1] to give a colourless solid which was recrystallised
from ethanol-ethyl acetate (2:1) to yield colourless crystals.
Yield 0.90 g (59%); transitions (°C) K 102.0 (S; 99.5) S¢ 137.5 N 160.0 L,
TH nmr (CDCl3) 8 0.85(6H, 2xt), 1.30(12H, m), 1.45(2H, quint),
1.65(2H, quint), 1.80(2H, quint), 2.65(2H, t), 4.00(2H, 1), 6.98(2H, d),
7.04(2H, m), 7.38(1H, 1), 7.57(2H, d), 7.63(4H, d); ir (KCl)v,4 2960, 2940,
2880, 1610, 1495, 1400, 1290, 1250, 1210, 1185, 1130, 815 cm'l; ms m/z
446(Mt), 418, 389, 347, 334, 277.

1-Bromo-3-fluoro-4-pent-1-ynylbenzene (114)

Quantities: pent-1-yne (5.00 g, 0.074 mol), n-butyllithium (7.40 ml, 10.0M in
hexane, 0.074 mol), zinc chloride 10.10 g, 0.074 mol), compound 113 (20.00 g, 0.066
mol), tetrakis(triphenylphosphine)palladium(0) (2.31 g, 2.0 mmol).

The experimental procedure was as described for the preparation of compound 21.

Yield 14.04 g (79%); bp 128-132 °C at 15 mmHg; 'H nmr (CDCl53) 8

1.05(3H, t), 1.65(2H, sext), 2.40(2H, t), 7.18-7.27(3H, m); ir (film) V.«
2960, 2940, 2880, 2250, 1605, 1565, 1490, 1410, 1220, 1125, 1075, 870, 805
cml; ms m/z 242(M*), 240(M*), 213, 211.

1-Bromo-3-fluoro-4-pentylbenzene (115)

A solution of compound 114 (9.95 g, 0.041 mol) in ethanol (180 ml) was
hydrogenated over platinum(IV) oxide (0.45 g) at room temperature and atmospheric
pressure for 5 h (glc analysis revealed a complete reaction). The catalyst was filtered off,
the solvent was removed in vacuo and the residue was distilled to yield a red liquid.

Yield 9.52 g (95%); bp 122-124 at 15 mmHg; 'H nmr (CDCl3) 8 0.90(3H, v),

1.30(4H, m), 1.55(2H, quint), 2.60(2H, t), 7.04(1H, 1), 7.17(2H, m); ir (film)

Vimax 2960, 2940, 2860, 1610, 1580, 1490, 1410, 1270, 1225, 1135, 1070, 830,

860, 820 cm-l; ms m/z 246(M), 244(M), 189, 187.
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3-Fluoro-4-pentylphenylboronic acid (116)

Quantities: compound 115 (9.00 g, 0.037 mol), magnesium (1.00 g, 0.041 mol),
tri-isopropyl borate (14.10 g, 0.075 mol).

The experimental procedure was as described for the preparation of compound 86.

Yield 7.50 g (97%); 'H nmr (CDCl3) 6 0.85(3H, t), 1.35(4H, m),

1.65(2H, quint), 2.65(2H, t), 7.30(1H, t), 7.76(1H, d), 7.86(1H, d) no obvious

OH absorption; ir (KC1) vp,ax 3700-3100, 2960, 2940, 2860, 1415, 1400-1300,

1100, 1040, 895, 675 cml; ms m/z 234, 229, 221, 207, 193, 177, 165, 161, 149,
135.

3-Fluoro-4,4"-dipentylterphenyl (119)

Quantities: compound 95 (1.56 g, 5.15 mmol), compound 116 (1.30 g, 6.19
mmol), tetrakis(triphenylphosphine)palladium(0) (0.2120 g, 0.18 mmotl).

The experimental procedure was as described for the preparation of compound 97.
The crude product was purified by column chromatography {silica gel / petroleum fraction
(bp 40-60 °C) - dichloromethane, 5:1] to give a colourless solid which was recrystallised
from ethanol-ethyl acetate (5:1) to yield colourless crystals.

Yield 1.54 g (77%); transitions (°C) K ? Sg 156.5 S5 1855 I;

1H nmr (CDCl3) 8 0.90(6H, t), 1.35(8H, m), 1.65(4H, m), 2.65(4H, 2xt),

7.25-7.31(4H, m), 7.34(1H, q), 7.56(2H, d), 7.63(2H, d), 7.68(2H, d); ir (KCI)

Viax 2960, 2940, 2860, 1575, 1495, 1400, 1140, 1010, 910, 880, 810 cm™1;

ms m/z 388(M), 331, 274.

3-Fluoro-4"-hexoxy-4-pentylterphenyl (120)

Quantities: compound 117 (1.60 g, 4.80 mmol), compound 116 (1.21 g, 5.76
mmol), tetrakis(triphenylphosphine)palladium(0) (0.1979 g, 0.17 mmol).

The experimental procedure was as described for the preparation of compound 97.
The crude product was purified by column chromatography [silica gel / petroleum fraction

(bp 40-60 °C) - dichloromethane, 5:1] to give a colourless solid which was recrystallised
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from ethanol-ethyl acetate (1:3) to yield colourless crystals.
Yield 1.57 g (84%); transitions (°C) K ? Sg 176.0 S, 210.0 I;
TH nmr (CDCl3) 8 0.90(6H, 2xt), 1.35(8H, m), 1.45(2H, quint), 1.65(2H, quint),
1.80(2H, quint), 2.65(2H, t), 4.00(2H, t), 6.98(2H, d), 7.25(1H, 1), 7.29(1H, q),
7.34(1H, @), 7.57(2H, d), 7.62(4H, s); ir (KCI) vy 2960, 2940, 2860, 1610,
1495, 1405, 1290, 1255, 1185, 1040, 880, 815 cm1; ms m/z 418(M™), 361, 334,
277.

3-Fluoro-4"-octoxy-4-pentylterphenyl (121)

Quantities: compound 118 (1.62 g, 4.49 mmol), compound 116 (1.15 g, 5.48
mmol), tetrakis(triphenylphosphine)palladium(0) (0.2167 g, 0.19 mmol).

The experimental procedure was as described for the preparation of compound 97.
The crude product was purified by column chromatography [silica gel / petroleum fraction
(bp 40-60 °C) - dichloromethane, 4:1] to give a colourless solid which was recrystallised
from ethanol-ethyl acetate (1:5) to yield colourless crystals.

Yield 1.76 g (88%); transitions (°C) K ? Sg 170.5 S¢c 176.5 Sp 2025 I;

1H nmr (CDCl3) 8 0.90(6H, 2xt), 1.30(12H, m), 1.45(2H, quint),

1.65(2H, quint), 1.80(2H, quint), 2.65(2H, t), 4.00(2H, 1), 6.98(2H, d),

7.24(1H, t), 7.29(1H, q), 7.34(1H, q), 7.56(2H, d), 7.61(4H, s); ir (KCl) Vjax

2960, 2940, 2860, 1610, 1495, 1400, 1290, 1260, 1185, 1035, 1005, 815 cm™1;

ms m/z 446(M+), 389, 334, 277.

4-Bromo-2,5-difluoroaniline (123)

N-Bromosuccinimide (42.0 g, 0.24 mol) was added in small quantities over 1.5 h
to a stirred, cooled (-10 to 0 °C) solution of compound 122 (31.0 g, 0.24 mol) in dry
dichloromethane (180 ml) under dry nitrogen. The mixture was stirred at 0 °C for 2 h (glc
analysis revealed a complete reaction ), and the red solution was washed with a large
amount of water (twice) and dried (MgSQy). The solvent was removed in vacuo to afford

a red solid.
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Yield 47.4 g (95%); mp 74-75 °C; 'H nmr (CDCl3) 8 3.80(2H, s), 6.55(1H, (),
7.10(1H, q); ir (KC1) vipay 3415, 3340, 1630, 1500, 1420, 1230, 1190, 1170,
870, 800, 740 cmr1; ms m/z 209(M+), 207(M+), 127, 108, 101.

4-Bromo-2.5-difluorobiphenyl (124)

A solution of compound 123 (47.4 g, 0.23 mol) in dry benzene (200 ml) was
added dropwise over 1.5 h to a stirred, cooled (0 °C) solution of isopentyl nitrite (33.6 g,
0.29 mol) in dry benzene (200 ml). The mixture was heated under reflux for 1.5 h and
cooled. Ether was added and the organic phase was washed with water, aqueous sodium
hydrogen carbonate, 10% hydrochloric acid and water, and dried (MgSQy). The solvent
was removed in vacuo and the crude product was steam distilled to give a brown-black
solid. This was further purified by column chromatography (silica gel / dichloromethane)
to give a dark brown low-melting solid.

Yield 13.20 g (22%); 1H nmr (CDCl3) unresolved multiplet at & 7.00-7.80;

ir (KCI) vimax 3100, 2920, 1610, 1480, 1390, 1340, 1270, 1180, 880, 850, 790,

600 cm-1; ms m/z 298, 283, 270(M*), 268(M+), 201, 188, 168.

4-Bromo-2,5-difluorg-4'-pentanoylbiphenyl (125)

Aluminium chloride (25.40 g, 0.190 mol) was ground and added to a stirred,
cooled (0 °C) solution of pentanoyl chloride (34.9 g, 0.29 mol) in dry dichloromethane
(120 ml). A solution of compound 124 (13.20 g, 0.049 mol) in dry dichloromethane (120
ml) was added dropwise over 2 h at O °C. The mixture was stirred at room temperature for
48 h and poured onto crushed ice / 36% hydrochloric acid. The separated aqueous phase
was washed with dichloromethane (twice); the combined organic layers were washed with
water, aqueous sodium hydrogen carbonate and water, and dried (MgSQOy). The solvent
was removed in vacuo to afford a dark brown oil which was distilled under reduced
pressure (0.1 mmHg, temperature not recorded) and was further purified by column
chromatography (silica gel / dichloromethane) to give a low-melting brown solid.

Yield 8.00 g (46%); H nmr (CDCl3) 8 1.00(3H, 1), 1.40(2H, m), 1.70(2H, m),
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3.00(2H, 1), 7.25(1H, q), 7.40(1H, q), 7.602H, q), 8.00(2H, q); ir (KCI) V;pa
2900, 1680, 1610, 1480, 1390, 1180, 860, 780 cm-1; ms m/z 310, 297, 188.

4-Bromo-2.5-difluoro-4'-pentylbiphenyl (126)

Triethylsilane (7.00 g, 0.06 mol) was added dropwise over 2 h to a stirred, cooled
(0 °C) solution of compound 125 (8.00 g, 0.023 mol) in trifluoroacetic acid (40 ml). The
reaction mixture was stirred at room temperature overnight and poured into aqueous
sodium hydrogen carbonate. The product was extracted into ether (twice) and the
combined ethereal extracts were washed with water and dried (MgSOy). The solvent was
removed in vacuo and the residue was distilled to give a red oil.

Yield 5.50 g (70%); bp (short path), 110-120 °C at 0.1 mmHg; H nmr (CDCly)

0 0.80(3H, t), 1.30(4H, m), 1.60(2H, m), 2.70(2H, 1), 7.00-7.40(6H, m);

ms m/z 340(M+), 338(M*), 283, 201.

2'.5'-Difluoro-4.4"-dipentylterphenyl (127)

Quantities: compound 126 (1.25 g, 3.69 mmol), compound 94 (0.8604 g, 4.48
mmol), tetrakis(triphenylphosphine)palladium(0) (0.1404 g, 0.122 mmol).

The experimental procedure was as described for the preparation of compound 97.
The crude product was purified by column chromatography [silica gel / peroleum fraction
(bp 40-60 °C) - dichloromethane, 1:1] to give a colourless solid which was recrystallised
from ethanol to yield colourless crystals.

Yield 0.56 g (37%); transitions (°C) K 63.0 N 85.5 I; IH nmr (CDCl3) &

0.90(6H, 1), 1.40(8H, m), 1.65(4H, quint), 2.65(4H, t), 7.20 (2H, q),

7.25(4H, d), 7.50(4H, d); ir (KCI) v, 2960, 2920, 2860, 1630, 1480, 1390,

1270, 1170, 1120, 1020, 880 cml; ms m/z 406(M*), 349, 292, 203.

2',5'-Difluoro-4-hexoxy-4"-pentylterpheny! (128)

Quantities: compound 126 (1.25 g, 3.69 mmol), compound 86 (0.9806 g, 4.42
mmol), tetrakis(triphenylphosphine)palladium(0) (0.1392 g, 0.121 mmol).
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The experimental procedure was as described for the preparation of compound 97.
The crude product was purified by column chromatography [silica gel / petroleum fraction
(bp 40-60 °C) - dichloromethane, 3:1] to give a colourless solid which was recrystallised
from ethanol to yield colourless crystals.

Yield 0.72 g (45%); transitions (°C) K 51.0 N 117.0 I; IH nmr (CDCl3) 8

0.90(6H, 2xt), 1.35(8H, m), 1.45(2H, quint), 1.65(2H, quint),

1.80(2H, quint), 2.65(2H, 1), 4.00(2H, t), 7.00(2H, d), 7.18(1H, q),

7.23(1H, q), 7.27(2H, d), 7.48(2H, q), 7.53(2H, q); ir (KCI) vyax 2960, 2940,

2870, 2860, 1610, 1530, 1490, 1390, 1260, 1170, 1030, 890 cm!; ms m/z

436(M), 397, 379, 366, 352, 295, 282.

2.6-Difluoro-4-pentylphenylboronic acid (129)

n-Butyllithium (2.70 ml, 10.4M in hexane, 0.028 mol) was added dropwise to a
stirred, cooled (-78 °C) solution of compound 32 (5.00 g, 0.027 mol) in dry THF (60 ml)
under dry nitrogen. The reaction mixture was maintained under these conditions for 2.5 h
and then a previously cooled solution of tri-isopropyl borate (10.22 g, 0.054 mol) in dry
THF (50 ml) was added dropwise at -78 °C. The reaction mixture was allowed to warm to
room temperature overnight and then stirred for 1 h with 10% hydrochloric acid (30 ml).
The product was extracted into ether (twice), and the combined ethereal extracts were
washed with water and dried (MgSQy4). The solvent was removed in vacuo to yield a
colourless solid.

Yield 7.00 g (100%); 1H nmr (CDCl3) § 0.90(3H, t), 1.35(4H, m), 1.60(2H, m),

2.60(2H, t), 5.45(2H, 1), 6.65(2H, d); ir (KCD) vpax 3350, 2960, 2940, 2850,

1640, 1555, 1440, 1330, 1200, 1130, 1010, 1000, 860, 810 cm1; ms m/z

228(MH), 211, 200, 185, 171, 153, 143, 128, 108.

2.6-Difluoro-4.4"-dipentylterphenyl (130)
Quantities: compound 95 (1.40 g, 4.62 mmol), compound 129 (1.37 g, 6.00
mmol), tetrakis(triphenylphosphine)palladium(0) (0.2614 g, 0.226 mmol).
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The experimental procedure was as described for the preparation of compound 97.
The crude product was purified by column chromatography [silica gel / petroleum fraction
(bp 40-60 °C) - dichloromethane, 1:1] to give a colourless liquid which contained a solid.
The solid was filtered off and washed with petroleum fraction (bp 40-60 °C). The solvent
was removed from the filtrate and washings in vacuo to give a colourless liquid; two
impurities were removed using a Kugelrohr distillation apparatus (0.1 mmHg) to leave a
colourless solid which was recrystallised from ethanol to yield colourless crystals.

Yield 0.19 g (10%); transitions (°C) K 50.0 N 82.0 I, 'H nmr (CDCl3) &

0.90(6H, 2xt), 1.35(8H, m), 1.65(4H, m), 2.60(4H, 2xt), 6.80(2H, d),

7.25(2H, d), 7.50(2H, d), 7.55(2H, d), 7.65(2H, d); ir (KCI) vjpax 2980, 2950,

2880, 1640, 1580, 1480, 1430, 1400, 1200, 1020, 1010, 860 cm!; ms m/z

406(M+), 349, 292.

2.6-Difluoro-4"-hexoxy-4-pentylterphenyl (131)
Quantities: compound 117 (1.30 g, 3.90 mmol), compound 129 (1.10 g, 4.82
mmol), tetrakis(triphenylphosphine)palladium(0) (0.1579 g, 0.137 mmol).
The experimental procedure was as described for the preparation of compound 97.
The crude product was purified by column chromatography [basic alumina / petroleum
fraction (bp 40-60 °C) with the gradual addition of dichloromethane] to give a colourless
solid which was recrystallised from ethanol to give colourless crystals.
Yield 0.20 g (20%); transitions (°C) K 61.0 N 122.5 I; !H nmr (CDCl3) &
0.95(6H, 2xt), 1.35(8H, m), 1.50(2H, quint), 1.65(2H, quint), 1.80(2H, quint),
2.60(2H, 1), 4.00(2H, 1), 6.80(2H, d), 6.95(2H, d), 7.50(2H, d), 7.55(2H, d),
7.65(2H, d); ir (KCI) vax 2950, 2860, 1640, 1610, 1580, 1510, 1490, 1290,
1250, 1210, 1020, 820 cm-1; ms m/z 436(M+), 352, 295.

3.5-Difluoro-4'-hexoxybiphenyl (132)

Quantities: compound 29 (5.00 g, 0.026 mol), compound 86 (7.50 g, 0.03 mol),
tetrakis(triphenylphosphine)palladium(0) (1.50 g, 1.30 mmol).
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The experimental procedure was as described for the preparation of compound 97.
The crude product was purified by column chromatography [silica gel / dichloromethane] to
yield a colourless solid.

Yield 7.40 g (98%); mp 42-43 °C; 'H nmr (CDCl3) 8 0.90(3H, t), 1.35(4H, m),

1.45(2H, quint), 1.80(2H, quint), 3.95(2H, 1), 6.70(1H, 3xt), 6.95(2H, d),

7.05(2H, d), 7.45(2H, d); ir (KCI) vax 2960, 2920, 2880, 2860, 1630, 1610,

1600, 1580, 1530, 1470, 1450, 1290, 1260, 1210, 1110, 990, 840, 830, 810,

670, 630 cm1; ms m/z 290(M¥), 206, 178, 151.

3.5-Difluoro-4'-hexoxybiphenyl-4-ylboronic acid (133)
Quantities: compound 132 (7.30 g, 0.025 mol), n-butyllithium (10.0 ml, 2.5M in
hexane, 0.025 mol), tri-isopropyl borate (9.40 g, 0.050 mol).
The experimental procedure was as described for the preparation of
compound 129.
Yield 8.35 g (100%); 'H nmr (CDCl3) 6 0.90(3H, t), 1.30(4H, m),
1.45(2H, quint), 1.80(2H, quint), 3.95(2H, t), 6.95(2H, d), 7.05(2H, d),
7.50(2H, d), no obvious OH absorption; ir (KC1) vipax 3700-3100, 2950, 2860,
1630, 1610, 1550, 1530, 1440, 1400, 1290, 1250, 1180, 1120, 1060, 1020,
830 cml; ms m/z 367, 354, 344, 330, 318, 306, 290, 282, 270, 254, 246, 233.

Attempted preparation of 2'.6'-difluoro-4"-hexoxy-4-pentylterphenyl (134)

Quantities: compound 91 (1.30 g, 5.73 mmol), compound 133 (2.40 g, 7.18
mmol), tetrakis(triphenylphosphine)palladium(0) (0.2491 g, 0.21 mmol).

The experimental procedure was as described for the preparation of compound 97.
The crude product was purified by column chromatography [silica gel / petroleum fraction
(bp 40-60 °C) - dichloromethane, 3:1] to give a colourless solid which was identified as
compound 132.

Yield 2.05 g (98%); mp 42-43 °C; H nmr, ir and ms data were as for
compound 132.
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2-Fluoro-4-hexoxyphenylboronic acid (135)

Quantities: compound 105 (9.00 g, 0.033 mol), n-butyllithium (3.30 ml, 10.0M in
hexane, 0.033 mol), tri-isopropyl borate (11.28 g, 0.060 mol).
The experimental procedure was as described for the preparation of
compound 129.
Yield 7.80 g (99%); 'H nmr (CDCl3) 6 0.90(3H, 1), 1.35(4H, m),
1.45(2H, quint),1.80(2H, quint), 3.95(2H, t), 5.00(<2H, d), 6.55(1H, q),
6.75(1H, q), 7.70(1H, t); ir (KCI) vjnax 3350, 2950, 2880, 1630, 1570, 1430,
1380, 1340, 1320, 1270, 1160, 1010, 1000 cm™1; ms m/z 240(M+), 233, 225,
128, 112.

2,2"-Difluoro-4-hexoxy-4"-pentyliterphenyl (136)

Quantities: compound 109 (1.45 g, 4.50 mmol), compound 135 (1.30 g, 5.42
mmol), tetrakis(triphenylphosphine)palladium(0) (0.1691 g, 0.146 mmol).

The experimental procedure was as described for the preparation of compound 97.
The crude product was purified by column chromatography [silica gel/ petroleum fraction
(bp 40-60 °C) - dichloromethane 3:1] to give a colourless solid which was recrystallised
from ethanol to yield colourless crystals.

Yield 0.31 g (16%); transitions (°C) K 45.0 N 131.0 I; 'H nmr (CDCl3) &

0.90(6H, 2xt), 1.40(8H, m), 1.45(2H, quint), 1.65(2H, quint), 1.80(2H, quint),

2.65(2H, t), 4.00(2H, 1), 6.72(1H, q), 6.78(1H, q), 6.99(1H, q), 7.04(1H, q),

7.38(2H, 2xt), 7.60(4H, s); ir (KCI) vy.44 2960, 2940, 2860, 1620, 1490, 1390,

1310, 1250, 1230, 1160, 1020 cr-l; ms m/z 436(M+), 352, 295, 266, 185.

2-Fluoro-4-pentylbiphenyl-4'-ylboronic acid (137)

Quantities: compound 109 (9.90 g, 0.031 mol), magnesium (0.8710 g, 0.036
mol), tri-isopropyl borate (11.66 g, 0.062 mol).
The experimental procedure was as described for the preparation of compound 86.

Yield 8.85 g (100%); H nmr (CDCl3) 8 0.90(3H, t), 1.30(4H, m),
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1.60(2H, quint), 2.60(2H, t), 7.00(2H, d), 7.35(2H, m), 7.50(1H, d),
7.60-7.80(2H, m), no obvious OH absorption; ir (KCI) v;,.x 3600-3200, 2980,
2960, 2860, 1640, 1620, 1580, 1535, 1405, 1390-1320, 1140, 840 cml; ms m/z
368, 356, 320, 311, 299, 286(MH), 285, 272, 262, 258, 252, 237.

2.2"-Difluoro-4-octoxy-4"-pentylterphenyl (138)

Quantities: compound 106 (1.45 g, 4.79 mmol), compound 137 (1.75 g, 6.12
mmol), tetrakis(triphenylphosphine)palladium(0) (0.2979 g, 0.26 mmol).

The experimental procedure was as described for the preparation of compound 97.
The crude product was purified by column chromatography [silica gel / petroleum fraction
(bp 40-60 °C) - dichloromethane, 6:1] to give a colourless solid which was recrystallised
from ethanol to yield colourless crystals.

Yield 1.57 g (55%); transitions (°C) K 42.5 N 121.5 I; 'H nmr (CDCl3) &

0.90(6H, 2xt), 1.35(12H, m), 1.45(2H, quint), 1.65(2H, quint), 1.80(2H, quint),

2.65(2H, t), 4.00(2H, t), 6.72(1H, q), 6.78(1H, q), 6.99(1H, q), 7.04(1H, q),

7.38(2H, 2xt), 7.60(4H, s); ir (KCI) vpax 2940, 2860, 1630, 1495, 1480, 1405,

1325, 1315, 1170 cm'; ms m/z 464(M*), 351, 335, 320, 306, 294.

2.3"-Difluoro-4"-hexoxy-4-pentylterphenyl (139)

Quantities: compound 100 (1.35 g, 4.91 mmol), compound 137 (1.77 g, 6.19
mmol), tetrakis(triphenylphosphine)palladium(0) (0.2991 g, 0.26 mmol).

The experimental procedure was as described for the preparation of compound 97.
The crude product was purified by column chromatography [silica gel / petroleum fraction
(bp 40-60 °C) - dichloromethane, 6:1] to give a colourless solid which was recrystallised
from ethanol-ethyl acetate (10:1) to yield colourless crystals.

Yield 1.10 g (51%); transitions (°C) K 96.0 S¢ 1055 N 139.0 I, 'H nmr

(CDCl3) 6 0.90(6H, 2xt), 1.35(8H, m), 1.50(2H, quint), 1.65(2H, quint),

1.85(2H, quint), 2.65(2H, 1), 4.05(2H, t), 7.00(3H, m), 7.35(3H, m),

7.60(4H, s); ir (KCI) vipax 2970, 2940, 2880, 1625, 1590, 1520, 1470, 1405,
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1305, 1140, 810 cm™1; ms m/z 436(M+), 379, 352, 295.

2.3"-Difluoro-4"-octoxy-4-pentylterphenyl (140)

Quantities: compound 101 (0.80 g, 2.64 mmol), compound 137 (1.00 g, 3.50
mmol), tetrakis(triphenylphosphine)palladium(0) (0.1621 g, 0.14 mmol).

The experimental procedure was as described for the preparation of compound 97.
The crude product was purified by column chromatography [silica gel / petroleum fraction
(bp 40-60 °C) - dichloromethane, 5:1] to give a colourless solid which was recrystallised
from ethanol-ethyl acetate (5:1) to yield colourless crystals.

Yield 0.96 g (78%); transitions (°C) K 75.5 Sc 107.0 N 132.0 [

IH nmr (CDCl3) & 0.90(6H, 2xt), 1.35(12H, m), 1.50(2H, quint),

1.65(2H, quint), 1.80(2H, quint), 2.65(2H, t), 4.05(2H, t), 7.00(3H, m),

7.35(3H, m), 7.60(4H, s); ir (KCI) v, 2960, 2940, 2860, 1620, 1520, 1500,

1570, 1400, 1300, 1275, 1245, 1190, 1140, 870, 805 cm™!; ms m/z 464(M*),

407, 352.

2.3-Difluorophenylboronic acid (142)

Quantities: compound 141 (7.50 g, 0.066 mol), n-butyllithium (6.60 ml, 10.0M in
hexane, 0.066 mol), tri-isopropyl borate (24.82 g, 0.132 mol).
The experimental procedure was as described for the preparation of
compound 129.
Yield 9.80 g (94%); mp 234-237 °C; 1H nmr (CDCl3) 8 7.10(q), 7.15(),
7.50(s, broad), 7.65(t); ir (KCl) vy,q, 3700-3000, 1625, 1470, 1360, 1270, 1045,
905 cml; ms m/z 158(M*), 140, 125, 114.

2.3-Difluoro-4'-pentylbiphenyl (143)

Quantities: compound 91 (3.80 g, 0.017 mol), compound 142 (3.50 g, 0.022
mol), tetrakis(triphenylphosphine)palladium(0) (0.6510 g, 0.56 mmol).

The experimental procedure was as described for the preparation of compound 97.
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The crude product was purified by column chromatography [silica gel / petroleum fraction
(bp 40-60 °C) - dichloromethane, 3:1] to yield a colourless liquid.
Yield 4.30 g (99%); 1H nmr (CDCl3) 8 0.90(3H, t), 1.35(4H, m),
1.65(2H, quint), 2.60(2H, t), 7.05-7.15(3H, m), 7.25(2H, d), 7.45(2H, q); ir
(film) V% 2960, 2940, 2860, 1480, 1265, 1100, 895, 780 cm1; ms m/z
260(M), 203.

2.3-Difluoro-4'-nonylbiphenyl (144)

Quantities: compound 93 (3.50 g, 0.012 mol), compound 142 (2.35 g, 0.015
mol), tetrakis(triphenylphosphine)palladium(0) (0.72 g, 0.62 mmol).

The experimental procedure was as described for the preparation of compound 97.
The crude product was purified by column chromatography [silica gel / petroleum fraction
(bp 40-60 °C) - dichloromethane, 5:1] to give a colourless liquid.

Yield 2.93 g (77%); 1H nmr (CDCl3) 8 0.85(3H, t), 1.25(12H, s), 1.60(2H, 1),

2.60(2H, t), 7.06-7.18(3H, m), 7.27(2H, d), 7.46(2H, q); ir (film) v, 2960,

2860, 1630, 1595, 1520, 1485, 1410, 1315, 1265, 1225, 1100, 900, 780 cm-1;

ms m/z 316(M+), 203, 183.

2.3-Difluoro-4'-pentylbiphenyl-4-ylboronic acid (145)

Quantities: compound 143 (4.00 g, 0.015 mol), n-butyllithium (1.50 ml, 10.0M in
hexane, 0.015 mol), tri-isopropyl borate (5.70 g, 0.030 mol).

The experimental procedure was as described for the preparation of
compound 129.

Yield 4.50 g (99%); H nmr (CDCls) 8 0.90(3H, 1), 1.30(4H, m),

1.65(2H, 1), 2.65(2H, 1), 5.20(2H, d), 7.25-7.35(3H, m), 7.50(2H, q),

7.60(1H, sext); ir (KCI) vipay 3600-3000, 2960, 2940, 2860, 1625, 1520, 1450,

1355, 1220, 915 cmr'l; ms m/z 304 (M), 260, 203.
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2.3-Difluoro-4'-nonylbiphenyl-4-ylboronic acid (146)

Quantities: compound 144 (2.71 g, 8.58 mmol), n-butyllithium (3.44 ml, 2.5M in
hexane, 8.60 mmol), tri-isopropyl borate (3.30 g, 0.018 mol).
The experimental procedure was as described for the preparation of
compound 129.
Yield 3.10 g (100%); 'H nmr (CDCly) 3 0.85(3H, t), 1.30(12H, m),
1.60(2H, quint), 2.65(2H, t), 7.20(2H, m), 7.27(2H, d), 7.47(2H, q), no obvious
OH absorption; ir (KC1) vp,ax 3700-3100, 2960, 2940, 2860, 1630, 1525, 1455,

1420-1300, 1225, 1165, 1100, 1035, 915, 895, 830, 810, 755 cm-1; ms m/z 332,
316, 307, 280, 203.

2'.3'-Difluoro-4-hexoxy-4"-pentylterphenyl (147)

Quantities: compound 84 (1.30 g, 5.06 mmol), compound 145 (2.00 g, 6.58
mmol), tetrakis(triphenylphosphine)palladium(0) (0.3121 g, 0.27 mmol).

The experimental procedure was as described for the preparation of compound 97.
The crude product was purified by column chromatography {silica gel / petroleum fraction
(bp 40-60 °C) - dichloromethane, 6:1] to give a colourless solid which was recrystallised
from ethanol to yield colourless crystals.

Yield 1.10 g (50%); transitions (°C) K 54.0 S¢ 67.0 N 1490 [ IH nmr

(CDCl3) 6 0.90(6H, 2xt), 1.30(8H, m), 1.45(2H, quint), 1.65(2H, quint),

1.80(2H, quint), 2.65(2H, t), 4.00(2H, 1), 7.00(2H, d), 7.22(2H, m),

7.30(2H, d), 7.50(2H, q), 7.52(2H, q); ir (KCI) v;pax 2960, 2930, 2855, 1605,

1480, 1460, 1405, 1250, 1105 cm-1; ms m/z 436(M*), 379, 352, 295.

2'.3-Difluoro-4-octoxy-4"-pentylterphenyl (148)

Quantities: compound 85 (1.40 g, 4.91 mmol), compound 145 (1.90 g, 6.25
mmol), tetrakis(triphenylphosphine)palladium(0) (0.3102 g, 0.27 mmol).

The experimental procedure was as described for the preparation of compound 97.

The crude product was purified by column chromatography [silica gel / petroleum fraction



157
(bp 40-60 °C) - dichloromethane, 5:1] to give a colourless solid which was recrystallised
from ethanol-ethyl acetate (4:1) to yield colourless crystals.
Yield 1.75 g (77%); transitions (°C) K 48.5 Sc 95.0 N 141.5 I, IH nmr
(CDCl3) 8 0.90(6H, 2xt), 1.30(12H, m), 1.45(2H, quint), 1.65(2H, quint),
1.80(2H, quint), 2.65(2H, t), 4.00(2H, t), 7.00(2H, d), 7.22(2H, m),
7.28(2H, d), 7.50(2H, q), 7.53(2H, q); ir (KCI) vmax 2980, 2940, 2880, 1625,
1540, 1500, 1470, 1420, 1260, 1190, 1115, 915, 810 c-}; ms m/z 464(M),
407, 394, 352.

2'.3'-Difluoro-4,4"-dipentylterphenyl (149)

Quantities: compound 91 (1.30 g, 5.73 mmol), compound 145 (2.10 g, 6.90
mmol), tetrakis(triphenylphosphine)palladium(0) (0.3267 g, 6.90 mmot).

The experimental procedure was as described for the preparation of compound 97.
The crude product was purified by column chromatography [silica gel / petroleum fraction
(bp 40-60 °C) - dichloromethane, 5:1] to yield a colourless solid which was recrystallised
from ethanol to give colourless crystals.

Yield 1.27 g (55%); transitions (°C) K 60.0 N 120.0 I; 'H nmr (CDCl3) &

0.90(6H, 2xt), 1.35(8H, m), 1.65(4H, quint), 2.65(4H, t), 7.22(2H, m),

7.28(4H, d), 7.50(4H, d); ir (KCI) Vipax 2960, 2930, 2855, 1480, 1460, 1405,

1105 cml; ms m/z 406(M), 349,

2'.3-Difluoro-4-heptyl-4"-pentylterphenyl (150)

Quantities: compound 92 (1.27 g, 4.98 mmol), compound 145 (1.82, 5.99
mmol), tetrakis(triphenylphosphine)palladium(0) (0.3069 g, 0.266 mmol).

The experimental procedure was as described for the preparation of compound 97.
The crude product was purified by column chromatography [silica gel / petroleum fraction
(bp 40-60 °C) - dichloromethane, 20:1] to give a colourless solid which was recrystallised

from ethanol to yield colourless crystals.

Yield 0.86 g (40%); transitions (°C) K 36.5 (Sc 24.0) N 1115 I;
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IH nmr (CDCl3) & 0.90(6H, 2xt), 1.30(12H, m), 1.65(4H, quint), 2.65(4H, 1),
7.24(2H, m), 7.28(4H, d), 7.52(4H, d); ir (KCI) vjpax 2960, 2940, 2860, 1490,
1410, 1205, 1020, 910, 895, 795 cm’1; ms m/z 434(M+), 377, 363, 349, 292.

2'.3'-Difluoro-4-nonyl-4"-pentylterphenyl (151)

Quantities: compound 93 (3.10 g, 0.011 mol), compound 145 (4.25 g, 0.014
mol), tetrakis(triphenylphosphine)palladium(0) (0.5118 g, 0.44 mmol).

The experimental procedure was as described for the preparation of compound 97.
The crude product was purified by column chromatography [silica gel / petroleum fraction
(bp 40-60 °C) - dichloromethane, 2:1] to give a colourless solid which was recrystallised
from ethanol (+ 5 drops of ethyl acetate) to yield colourless crystals.

Yield 1.86 g (37 %); transitions (°C) K 42.5 S¢ 66.0 N 110.0 I;

1H nmr (CDCl3) 8 0.90(6H, 2xt), 1.35(16H, m), 1.65(4H, quint), 2.65(4H, t),

7.24(2H, m), 7.28(4H, d), 7.50(4H, d); ir (KCI) Vax 2960, 2940, 2860, 1490,

1465, 1410, 1320, 1205, 1105, 910, 895, 800 cm-!; ms m/z 462(M*), 405, 349,

292.

2'.3"-Difluoro-4-heptyl-4"-nonvlterphenyl (152)

Quantities: compound 92 (1.00 g, 3.92 mmol), compound 146 (1.65 g, 4.58
mmol), tetrakis(triphenylphosphine)palladium(0) (0.2398 g, 0.208 mmol).

The experimental procedure was as described for the preparation of compound 97.
The crude product was purified by column chromatography [silica gel / petroleum fraction
(bp 40-60 °C) - dichloromethane, 10:1] to give a colourless solid which was recrystallised
from ethanol-ethyl acetate (10:1) to yield colourless crystals.

Yield 0.71 g (37%); transitions (°C) K 49.0 S¢c 77.0 S5 93.0 N 1085 L

TH nmr (CDCl3) 8 0.85(6H, 2xt), 1.30(20H, m), 1.65(4H, quint), 2.65(4H, v),

7.24(2H, m), 7.28(4H, d), 7.52(4H, d); ir (KC1) vppax 2960, 2940, 2860, 1490,

1410, 12085, 1105, 1020, 910, 895, 800 cm-!; ms m/z 490(M™), 446, 405, 392,

377, 316, 292.
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2 3-Difluorophenol (153)

10% Hydrogen peroxide (30 ml, 0.088 mol) was added dropwise to a stirred
refluxing solution of compound 142 (4.40 g, 0.028 mol) in ether (30 ml). The stirred
mixture was heated under reflux for 2.5 h and cooled. The ether layer was separated and
the aqueous layer was washed with ether. The combined ethereal layers were washed with
10% sodium hydroxide and the separated aqueous layer was acidified with 36%
hydrochloric acid. The product was extracted into ether (twice), and the combined ethereal
extracts were washed with water and dried (MgSQy). The solvent was removed in vacuo
to give an off white solid.

Yield 2.90 g (80%); mp 34-36 °C; 'H nmr (CDCls)  5.35(1H, s),

6.65-6.80(2H, m), 6.95(1H, q); ir (KCl) 3700-3000, 1630, 1540, 1515, 1490,

1480, 1350, 1310, 1250, 1190, 1020 cm; ms m/z 130(M+), 110, 101.

1,2-Difluoro-3-hexoxybenzene (154)

Quantities: compound 153 (7.00 g, 0.054 mol), 1-bromohexane (10.72 g, 0.065
mol), potassium carbonate (17.40 g, 0.126 mol).

The experimental procedure was as described for the preparation of compound 26

and the crude product was distilled.
Yield 11.10 g (96%): bp 122 °C at 15 mmHg; 'H nmr (CDCl3) 8 0.903H, 1),
1.30(4H, m), 1.40(2H, quint), 1.80(2H, quint), 4.00(2H, t), 6.75(2H, m),
6.95(1H, m); ir (KCI) vy, 2980, 2940, 2880, 1635, 1525, 1495, 1325, 1300,
1265, 1090 cm-1; ms m/z 214(M*), 130.

1.2-Difluoro-3-octoxybenzene (155)

Quantities: compound 153 (7.00 g, 0.054 mol), 1-bromo-octane (12.55 g, 0.065
mol), potassium carbonate (17.40 g, 0.126 mol).

The experimental procedure was as described for the preparation of compound 26

and the crude product was distilled.

Yield 8.90 g (68%); bp 150 °C at 15 mmHg; 'H nmr (CDCl3) 3 0.85(3H, v),



160

1.25(8H, m), 1.45(2H, quint), 1.80(2H, quint), 4.00(2H, 1), 6.75(2H, m),
6.95(1H, m); ir (KCI) vyax 2950, 2880, 1630, 1525, 1490, 1485, 1325, 1300,
1265, 1090 cm-1; ms m/z 242(M*), 171, 156, 130.

2.3-Difluoro-4-hexoxyphenylboronic acid (156)

Quantities: compound 154 (10.00 g, 0.047 mol), n-butyllithium (4.70 ml, 10.0M
in hexane, 0.047 mol), tri-isopropyl borate (17.70 g, 0.094 mol).

The experimental procedure was as described for the preparation of

compound 129.
Yield 12.10 g (100%); 1H nmr (CDCl3) 8 0.90(3H, 1), 1.30(4H, m),
1.45(2H, quint), 1.80(2H, quint), 4.00(2H, t), 6.70(1H, t), 7.55(1H, 1), no

obvious OH absorption; ir (KCI) vy 3650-3100, 2960, 2940, 2860, 1630, 1525,
1470, 1360, 1310, 1225, 1035 cm1; ms m/z 258(M*), 174.

2,3-Difluoro-4-octoxyphenylboronic acid (157)

Quantities: compound 155 (7.50 g, 0.031 mol), n-butyllithium (3.10 ml, 10.0M in
hexane, 0.031 mol), tri-isopropyl borate (11.66 g, 0.062 mol).

The experimental procedure was as described for the preparation of
compound 129.

Yield 9.00 g (100%); *H nmr (CDCl3) & 0.90(3H, t), 1.30(8H, m),

1.45(2H, quint), 1.80(2H, quint), 4.05(2H, t), 6.80(1H, t), 7.80(1H, t), no

obvious OH absorption; ir (KCl) vpay 3600-3100, 2980, 2940, 2880, 1635, 1530,

1475, 1365, 1315, 1230, 1090, 1035 cm-l; ms m/z 286(M*), 271, 258, 241.

2,3-Difluoro-4-hexoxy-4"-pentylterphenyl (159)

Quantities: compound 95 (1.40 g, 4.62 mmol), compound 156 (1.50 g, 5.81
mmol), tetrakis(triphenylphosphine)palladium(0) (0.2868 g, 0.248 mmol).

The experimental procedure was as described for the preparation of compound 97.

The crude product was purified by column chromatography [silica gel / petroleum fraction
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(bp 40-60 °C) - dichloromethane, 3:1] to give a colourless solid which was recrystallised
from ethanol-ethyl acetate (10:1) to yield colourless crystals.
Yield 1.65 g (82%); transitions (°C) K 97.5 Sc 145.5 N 166.0 I; 'H nmr
(CDCl3) 8 0.90(6H, 1), 1.35(8H, m), 1.45(2H, quint), 1.65(2H, quint),
1.85(2H, quint), 2.65(2H, 1), 4.05(2H, t), 6.80(1H, sext), 7.15(1H, sext),
7.25(2H, d), 7.54(2H, d), 7.57(2H, q), 7.65(2H, d); ir (KCI) vjpax 2990, 2960,
2880, 1645, 1525, 1505, 1475, 1405, 1310, 1205, 1120, 1090, 805 co}; ms m/z
436(Mt), 351, 334, 322, 306, 294.

2.3-Difluoro-4-octoxy-4"-pentylterphenyl (160)

Quantities: compound 95 (1.54 g, 5.08 mmol), compound 157 (1.75 g, 6.12
mmol), tetrakis(triphenylphosphine)palladium(0) (0.3090 g, 0.268 mmol).

The experimental procedure was as described for the preparation of compound 97.
The crude product was purified by column chromatography [silica gel / petroleum fraction
(bp 40-60 °C) - dichloromethane, 3:1] to give a colourless solid which was recrystallised
from ethanol-ethyl acetate (4:1) to yield colourless crystals.

Yield 1.97 g (84%); transitions (°C) K 93.5 Sc 144.0 Sp 148.0 N 159.0

1H nmr (CDCl3) 8 0.90(6H, 2xt), 1.30(12H, m), 1.45(2H, quint),

1.65(2H, quint), 1.80(2H, t), 2.65(2H, t), 4.05(2H, 1), 6.80(1H, sext),

7.15(1H, sext), 7.25(2H, d), 7.54(2H, d), 7.57(2H, q), 7.65(2H, d); ir (KCl)

Vimax 2980, 2940, 2880, 1645, 1525, 1505, 1475, 1405, 1310, 1090 cm™}; ms m/z

464(M), 351, 321, 307, 294.

2.3-Difluoro-4-octoxy-4"-heptylterphenyl (161)

Quantities: compound 158 (1.54 g, 4.65 mmol), compound 157 (1.80 g, 6.29
mmol), tetrakis(triphenylphosphine)palladium(0) (0.2717 g, 0.23 mmol).

The experimental procedure was as described for the preparation of compound 97.
The crude product was purified by column chromatography [silica gel / petroleum fraction

(bp 40-60 °C) - dichloromethane, 3:1] to give a colourless solid which was recrystallised
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from ethanol-ethyl acetate (4:1) to yield colourless crystals.
Yield 1.72 g (75%); transitions (°C) K 89.5 S 148.0 S5 151.5 N 1540 [;
TH nmr (CDCl3) 6 0.90(6H, 2xt), 1.30(16H, m), 1.45(2H, quint),
1.65(2H, quint), 1.85(2H, quint), 2.65(2H, t), 4.05(2H, t), 6.81(1H, sext),
7.13(1H, sext), 7.27(2H, d), 7.54(2H, d), 7.57(2H, q), 7.65(2H, d); ir (KCI)
Vmax 2960, 2940, 2860, 1635, 1505, 1470, 1400, 1305, 1200, 1210, 1085, 900,
805 cm~1; ms m/z 492(M+), 435, 408, 380, 295.

1-(2.3-Difluorophenyl)pentan-1-ol (162)

n-Butyllithium (10.50 mi, 10.0M in hexane, 0.105 mol) was added dropwise to a
stirred, cooled (-78 °C) solution of compound 141 (12.00 g, 0.105 mol) in dry THE
(80 ml) under dry nitrogen. The mixture was maintained under these conditions for 2.5 h
and a solution of pentanal (9.03 g, 0.105 mol) in dry THF (50 ml) was added dropwise at
-78 °C. The mixture was allowed to warm slowly to room temperature overnight.
Aqueous ammonium chloride was added and the product was extracted into ether (twice);
the combined ethereal extracts were washed with water and dried (MgSOy). The solvent
was removed in vacuo and the residue was distilled to yield a colourless oil.

Yield 18.25 g (87%); bp 182-184 °C at 0.1 mmHg; TH nmr (CDCl3) 8

0.85(3H, t), 1.30(4H, m), 1.75(2H, m), 2.80(1H, s), 4.95(1H, t), 7.05(2H, m),

7.18(1H, m); ir (film) vy, 3500-3100, 2960, 2940, 2860, 1630, 1600, 1485,

1275, 1205, 830 cm'1; ms m/z 200(M™), 149, 143, 127, 115.

1-(2.3-Difluorophenylheptan-1-ol (163)

Quantities: compound 141 (12.00 g, 0.105 mol), n-butyllithium (42.00 ml, 2.5M
in hexane, 0.105 mol), heptanal (11.97 g, 0.105 mol).

The experimental procedure was as described for the preparation of
compound 162.

Yield 20.70 g (86%), bp 106-108 °C at 0.1 mmHg; 1H nmr (CDCl3) 6

0.90(3H, 1), 1.30(8H, m), 1.75(2H, m), 2.45(1H, s), 5.00(1H, t),
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7.02-7.08(2H, m), 7.16-7.22(1H, m); ir (film) v, 3600-3100, 2960, 2940,
2860, 1630, 1600, 1485, 1280, 1205, 1065, 935, 835, 790, 730 cm-1; ms m/z
228(MH).

1-(2.3-Difluorophenyl)nonan-1-ol (164).
Quantities: compound 141 (12.00 g, 0.105 mol), n-butyllithium (10.50 ml,
10.0M in hexane, 0.105 mol), nonanal (14.91 g, 0.105 mol).
The experimental procedure was as described for the preparation of
compound 162.
Yield 19.61 g (73%); bp 118-122 °C at 0.1 mmHg; H nmr (CDCly) &
0.85(3H, t), 1.25(12H, m), 1.75(2H, m), 2.95(1H, s), 5.00(1H, t), 7.05(2H, m),
7.18(1H, m); ir (film) v,y 3600-3100, 2940, 2860, 1630, 1600, 1485, 1275,
1205, 1060, 825, 785 cm-1; ms m/z 256(M+), 238, 216, 203, 142.

1,2-Difluoro-3-pentylbenzene (168)

Phosphorus(V) oxide (34.1 g, 0.24 mol) was added to a stirred solution of
compound 162 (16.00 g, 0.08 mol) in pentane (100 ml). The mixture was stirred at room
temperature overnight (glc analysis revealed a complete reaction ) and the mixture was
filtered. 5% Palladium-on-charcoal (1.85 g) was added to the filtrate and the stirred
mixture was hydrogenated for 4 h at room temperature and atmospheric pressure (glc
analysis revealed a complete reaction). The palladium-on-charcoal was filtered off, the
pentane was distilled off and the product was distilled to yield a colourless liquid.

Yield 10.45 g (71%); bp 206-208 °C; H nmr (CDCl3) 8 0.90(3H, v),

1.35(4H, m), 1.60(2H, quint), 2.65(2H, t), 6.90-7.00(3H, m); ir (film) vy«

2960, 2940, 2860, 1630, 1600, 1490, 1285, 1210, 1110, 1060, 995, 835, 780,

730 el ms m/z 184(M+), 143,127, 115, 101.

1.2-Difluoro-3-heptylbenzene (169).

Quantities: compound 163 (19.70 g, 0.086 mol), phosphorus(V) oxide (37.0 g,



164
0.26 mol), 5% Pd/C (2.00 g).

The experimental procedure was as described for the preparation of
compound 168.

Yield 10.72 g (59%); bp 124-126 °C at 15 mmHg; 'H nmr (CDCl3) &

0.90(3H, t), 1.30(8H, m), 1.60(2H, quint), 2.65(2H, t), 6.92-7.00(3H, m); ir

(film) vipay 2960, 2940, 2860, 1630, 1600, 1490, 1285, 1210, 980, 825, 780,

730 ey ms m/z 212(MY), 169, 153, 143, 128.

1,2-Difluoro-3-nonylbenzene (170)

Quantities: compound 164 (18.50 g, 0.072 mol), phosphorus(V) oxide (32.0 g,
0.23 mol), 5% Pd/C (2.00 g).

The experimental procedure was as described for the preparation of
compound 168.
Yield 11.16 g (65%); bp 146-148 °C at 15 mmHg; 'H nmr (CDCl3) &
0.90(3H, t), 1.60(12H, m), 1.60(2H, quint), 2.65(2H, t), 6.92-7.00(3H, m);
ir (film) vipax 2980, 2960, 2860, 1630, 1600, 1490, 1285, 1210, 1040, 995, 825,
780, 730 cm1; ms m/z 240(M), 197, 182.

2.3-Difluoro-4-pentylphenylboronic acid (171)

Quantities: compound 168 (9.85 g, 0.054 mol), n-butyllithium (5.40 ml, 10.0M in
hexane, 0.054 mol), tri-1sopropyl borate (21.00 g, 0.111 mol).
The experimental procedure was as described for the preparation of
compound 129.
Yield 12.30 g (100%); 'H nmr (CDCl3) 8 0.90(3H, 1), 1.30(4H, m),
1.60(2H, quint), 2.65(2H, t), 6.95(1H, m), 7.45(1H, m), no obvious OH
absorption; ir (film) v 4, 3600-3100, 2980, 2940, 2860, 1640, 1460, 1400-1280,

1220, 1140, 1000, 960 cm1; ms m/z 228(M), 211, 205, 197, 193, 184, 171,
153, 149, 143.
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2.3-Difluoro-4-heptylphenylboronic acid (172)

Quantities: compound 169 (9.80 g, 0.046 mol), n-butyllithium (4.60 ml, 10.0M in
hexane, 0.046 mol), tri-isopropyl borate (18.0 g, 0.096 mol).
The experimental procedure was as described for the preparation of
compound 129,
Yield 11.75 g (100%); H nmr (CDCl3) 8 0.90(3H, t), 1.25(8H, m),
1.60(2H, quint), 2.65(2H, t), 6.96(1H, m), 7.40(1H, m), no obvious OH
absorption; ir (KCl) vy, 3600-3100, 2960, 2940, 2860, 1635, 1455, 1435-1250,
1220, 1135, 670 cm™1; ms m/z 298, 270, 256(M™), 239, 228, 220, 212, 199,
185, 171, 155, 142, 127.

2.3-Difluoro-4-nonylphenyliboronic acid (173)

Quantities: compound 170 (10.15 g, 0.042 mol), n-butyllithium (4.20 mi, 10.0M
in hexane, 0.042 mol), tri-isopropyl borate (16.00 g, 0.085 mol).
The experimental procedure was as described for the preparation of
compound 129.
Yield 11.90 g (100%); 'H nmr (CDCl3) 8 0.90(3H, 1), 1.30(12H, m),
1.60(2H, m), 2.65(2H, 1), 7.00(1H, m), 7.40(1H, t), no obvious OH apsorption;
ir (KC1) vpax 3600-3200, 2960, 2940, 2860, 1635, 1460, 1400-1335, 1320, 1135
cml; ms m/z 284(M™), 267, 256, 213, 199, 184, 172.

2.3-Difluoro-4.,4"-dipentylterphenyl (175)

Quantities: compound 95 (1.60 g, 5.28 mmol), compound 171 (1.45 g, 6.36
mmol), tetrakis(triphenylphosphine)palladium(0) (0.3767 g, 0.326 mmol).

The experimental procedure was as described for the preparation of compound 97.
The crude product was purified by column chromatography [silica gel / petroleum fraction
(bp 40-60 °C) - dichloromethane, 4:1] to give a colourless solid which was recrystallised
from ethanol-ethyl acetate (10:1) to yield colourless crystals.

Yield 1.70g (79%); transitions (°C) K 81.0 S¢c 115.5 S, 131.5 N 1420 [;



166
'H nmr (CDCl3) 8 0.90(6H, t), 1.35(8H, m), 1.65(4H, quint), 2.65(4H, 2xt),
7.00(1H, sext), 7.15(1H, sext), 7.28(2H, d), 7.56(2H, d), 7.60(2H, q),
7.68(2H, d); ir (KCI) vax 2960, 2940, 2860, 1490, 1465, 1400, 900, 805 cm'1;
ms m/z 406(M+), 361, 349, 337, 305, 292.

2.3-Difluoro-4"-hexoxy-4-pentylterphenyl (176)

Quantities: compound 117 (1.67 g, 5.02 mmol), compound 171 (1.40 g, 6.14
mmol), tetrakis(triphenylphosphine)palladium(0) (0.3420 g, 0.296 mmol).

The experimental procedure was as described for the preparation of compound 97.
The crude product was purified by column chromatography [silica gel / petroleum fraction
(bp 40-60 °C) - dichloromethane, 3:1] to give a colourless solid which was recrystallised
from ethanol-ethyl acetate to yield colourless crystals.

Yield 1.30 g (59%); transitions (°C) K 101.5 S¢ 156.5 Sp 167.0 N 171.5 [;

IH nmr (CDCl3) 8 0.90(6H, 2xt), 1.35(8H, m), 1.45(2H, quint),

1.65(2H, quint), 1.80(2H, quint), 2.65(2H, t), 4.00(2H, t), 6.98(2H, d),

7.00(1H, sext), 7.14(1H, sext), 7.56(2H, d), 7.59(2H, q), 7.63(2H, d); ir (KCl)

Vmax 2960, 2940, 2860, 1605, 1510, 1490, 1465, 1290, 1255, 1185, 1120, 900,

835, 805 cm-l; ms m/z 464(M¥), 435, 420, 408, 390, 379, 366, 352.

2.3-Difluoro-4"-octoxy-4-pentylterphenyl (177)

Quantities: compound 118 (1.70 g, 4.71 mmol), compound 171 (1.30 g, 5.70
mmol), tetrakis(triphenylphosphine)palladium(0) (0.3127 g, 0.271 mmol).

The experimental procedure was as described for the preparation of compound 97.
The crude product was purified by column chromatography [silica gel / petroleum fraction
(bp 40-60 °C) - dichloromethane, 3:1] to give a colourless solid which was recrystallised
from ethanol-ethyl acetate (3:1) to yield colourless crystals.

Yield 1.60 g (73%); transitions (°C) K 89.0 S 155.5 S, 165.0 N 166.0 L.

TH nmr (CDCl3) & 0.90(6H, 2xt), 1.30(12H, m), 1.45(2H, quint),

1.65(2H, quint), 1.80(2H, quint), 2.65(2H, t), 4.00(2H, t), 6.98(2H, d),
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7.00(1H, sext), 7.14(1H, sext), 7.57(2H, d), 7.60(2H, q), 7.64(2H, d); ir (KCI)
Vnax 2960, 2940, 2860, 1610, 1510, 1490, 1400, 1290, 1255, 1185, 920, 900,
830, 810 cm-l; ms m/z 464(MY), 435, 420, 408, 390, 379, 366, 352.

2 .3-Difluoro-4"-heptyl-4-pentylterphenyl (178)

Quantities: compound 158 (1.64 g, 4.95 mmol), compound 171 (1.35 g, 5.92
mmol), tetrakis(triphenylphosphine)palladium(0) (0.3211 g, 0.278 mmol).

The experimental procedure was as described for the preparation of compound 97.
The crude product was purified by column chromatography {silica gel / petroleum fraction
(bp 40-60 °C) - dichloromethane, 5:1] to give a colourless solid which was recrystallised
from ethanol-ethyl acetate (10:1) to yield colourless crystals.

Yield 1.52 g (71%);

transitions (°C) K 65.5 S§; 74.5 S¢ 118.5 S5 1350 N 137.0 L

IH nmr (CDCl3) 8 0.90(6H, 2xt), 1.35(12H, m), 1.65(4H, quint),

2.65(4H, 2xt), 7.00(1H, sext), 7.15(1H, sext), 7.28(2H, d), 7.56(2H, d),

7.60(2H, @), 7.67(2H, d); ir (KCI) vppax 2960, 2940, 2860, 1490, 1465, 1400,

1315, 1120, 895, 805 cm-1; ms m/z 434(M™), 421, 391, 377, 362, 349, 336.

2.3-Difluoro-4-heptyl-4"-pentylterphenyl (179)

Quantities: compound 95 (1.50 g, 4.95 mmol), compound 172 (1.52 g, 5.94,
mmol) tetrakis(triphenylphosphine)palladium(0) (0.3421 g, 0.296 mmol).

The experimental procedure was as described for the preparation of compound 97.
The crude product was purified by column chromatography [silica gel / petroleum fraction
(bp 40-60 °C) - dichloromethane, 5:1] to give a colourless solid which was recrystallised
from ethanol-ethyl acetate (10:1) to yield colourless crystals.

Yield 1.54 g (72%); transitions (°C) K 56.0 Sc 105.5 S 131.0 N 1365 L

TH nmr (CDCl3) 8 0.90(6H, 2xt), 1.35(12H, m), 1.65(4H, quint), 2.65(4H, 2x1),

7.00(1H, sext), 7.15(1H, sext), 7.28(2H, d), 7.56(2H, d), 7.602H, g),

7.68(2H, d); ir (KCI) vipax 2960, 2940, 2860, 1490, 1465, 1400, 1220, 1185,
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1125, 900, 810 cm1; ms m/z 434(M+), 420, 405, 390, 377, 363, 349.

2.3-Difluoro-4-nonyl-4"-propylterphenyl (180)

Quantities: compound 174 (1.37 g, 4.98 mmol), compound 173 (1.75 g, 6.16
mmol), tetrakis(triphenylphosphine)palladium(0) (0.3167 g, 0.274 mmol).

The experimental procedure was as described for the preparation of compound 97.
The crude product was purified by column chromatography [silica gel / petroleum fraction
(bp 40-60 °C) - dichloromethane, 5:1] to give a colourless solid which was recrystallised
from ethanol-ethyl acetate (10:1) to yield colourless crystals.

Yield 1.78 g (82%);

transitions (°C) K 63.0/80.0 S¢c 84.5 S5 117.0 N 1315 [

'H nmr (CDCl3) 8 0.85(3H, t), 0.95(3H, 1), 1.30(12H, m), 1.65(4H, quint),

2.65(4H, 2xt), 7.00(1H, sext), 7.16(1H, sext), 7.28(2H, d), 7.56(2H, d),

7.60(2H, q), 7.66(2H, d); ir (KCI) vax 2960, 2940, 2860, 1490, 1465, 1400,

1120, 900, 805 cm-1; ms m/z 434(M+), 405, 334, 321, 305, 292.

2.3-Difluoro-4-nonyl-4"-heptylterphenyl (181)

Quantities: compound 158 (1.53 g, 4.62 mmol), compound 173 (1.80 g, 6.34
mmol), tetrakis(triphenylphosphine)palladium(0) (0.2696 g, 0.23 mmol).

The experimental procedure was as described for the preparation of compound 97.
The crude product was purified by column chromatography [silica gel / petroleum fraction
(bp 40-60 °C) - dichloromethane, 10:1] to give a colourless solid which was recrystallised
from ethanol-ethyl acetate to yield colourless crystals.

Yield 2.00 g (88%); transitions (°C) K 44.0 S; 55.0 S¢ 105.0 S5 127.0 I

TH nmr (CDCl3) 8 0.90(6H, 2xt), 1.35(20H, m), 1.65(4H, quint), 2.65(4H, 2x1),

6.99(1H, sext), 7.15(1H, sext), 7.27(2H, d), 7.55(2H, d), 7.59(2H, q),

7.67(2H, d); ir (KCI) vyax 2960, 2940, 2860, 1490, 1465, 1400, 1125, 1010,

900, 805 cm}; ms m/z 490(M+), 405, 377, 292.
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4-(4-Methylhexyl)phenylboronic acid (183)

Quantities: compound 182 (7.90 g, 0.031 mol), n-butyllithium (3.10 ml, 10.0M in
hexane, 0.031 mol), tri-isopropy! borate (12.00 g, 0.064 mol).
The experimental procedure was as described for the preparation of
compound 129.
Yield 6.80 g (100%); 'H nmr (CDCl3) 3 0.85(7H, m), 1.15(2H, m), 1.35(2H, m),
1.65(2H, quint), 2.65(2H, 1), 7.30(2H, d), 8.10(2H, d), no obvious OH
absorption; ir (film) vy, 2960, 2940, 2880, 1615, 1565, 1520, 1500-1270, 1185,
1025 el ms m/z 221, 219, 205, 192, 185, 176, 165, 149, 135, 131, 125, 107,

4-Bromo-4'-(4-methylhexylbiphenyl (185)

Quantities: compound 184 (3.50 g, 0.012 mol), compound 183 (3.30 g, 0.015
mol), tetrakis(triphenylphosphine)palladium(0) (0.70 g, 0.61 mmol).

The experimental procedure was as described for the preparation of compound 97
except that the reaction mixture was carefully monitored by glc and tlc analysis and heated
under reflux for 1.5 h. The crude product was purified by column chromatography [silica
gel / petroleum fraction (bp 40-60 °C) - dichloromethane, 5:1] to give a colourless solid.

Yield 3.75 g (94%); mp 78-79 °C; H nmr (CDCls) 8 0.85(7H, m),

1.15(2H, m), 1.35(2H, quint), 1.60(2H, quint), 2.60(2H, t), 7.25(2H, d),

7.43(2H, d), 7.47(2H, d), 7.54(2H, d); ir (KCI) Va4 2960, 2940, 2880, 2860,

1485, 1465, 1390, 1380, 1080, 810 cm-1; ms m/z 332(M™), 330(M+), 247, 245,
232, 198, 167, 165.

2.3-Difluoro-4"-(4-methylhexyvl)-4-pentylterphenyl (186)

Quantities: compound 185 (1.15 g, 3.47 mmol), compound 171 (0.96 g, 4.21
mmol), tetrakis(triphenylphosphine)palladium(0) (0.2117 g, 0.183 mmol).

The experimental procedure was as described for the preparation of compound 97.
The crude product was purified by column chromatography [silica gel / petroleum fraction

(bp 40-60 °C) - dichloromethane, 5:11 to give a colourless solid which was recrystallised
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from ethanol-ethyl acetate (10:1) to yield colourless crystals.
Yield 0.90 g (60%); transitions (°C) K 64.0 S¢ 86.0 N 100.5 I;
TH nmr (CDCl3) 6 0.90(9H, m), 1.20(2H, sept), 1.35(7H, m), 1.65(4H, quint),
2.70(4H, 2xt), 7.00(1H, sext), 7.15(1H, sext), 7.28(2H, d), 7.56(2H, d),
7.60(2H, q), 7.67(2H, d); ir (KCI) vp.x 2960, 2940, 2860, 1490, 1465, 1400,
1315, 1220, 1185, 1120, 900, 805 cm1; ms m/z 434(M+), 377, 362, 349.

2.3-Difluoro-4"-(4-methylhexyl)-4-octoxyterphenyl (187)

Quantities: compound 185 (1.49 g, 4.23 mmol), compound 157 (1.46 g, 5.10
mmol), tetrakis(triphenylphosphine)palladium(0) (0.2618 g, 0.227 mmol).

The experimental procedure was as described for the preparation of compound 97.
The crude product was purified by column chromatography [silica gel / petroleum fraction
(bp 40-60 °C) - dichloromethane, 5:1] to give a colourless solid which was recrystallised
from ethanol-ethyl acetate (10:1) to yield colourless crystals.

Yield 1.16 g (56%); transitions (°C) K 72.0 S¢ 120.0 N 128.0 T

TH nmr (CDCls) 8 0.85(9H, m), 1.15(2H, sept), 1.30(11H, m), 1.45(2H, quint),

1.65(2H, quint), 1.85(2H, quint), 2.65(2H, t), 4.05(2H, 1), 6.81(1H, sext),

7.14(1H, sext), 7.28(2H, d), 7.54(2H, d), 7.57(2H, q), 7.66(2H, d); ir (KCI)

Vmax 2960, 2940, 2880, 1630, 1500, 1470, 1300, 1200, 1110, 1085, 900, 795;

ms m/z 492(M™), 446, 421, 407, 380, 295.

2,3.2"-Trifluoro-4-octoxy-4"-pentylterphenyl (188)

Quantities: compound 109 (1.40 g, 4.36 mmol), compound 157 (1.50 g, 5.24
mmol), tetrakis(triphenylphosphine)palladium(0) (0.2717 g, 0.235 mmol).

The experimental procedure was as described for the preparation of compound 97.
The crude product was purified by column chromatography [silica gel / petroleum fraction
(bp 40-60 °C) - dichloromethane, 3:1] to give a colourless solid which was recrystallised
from ethanol-ethyl acetate (10:1) to yield colourless crystals.

Yield 1.60 g (76%); transitions (°C) K 58.0 Sc 61.5 N 119.5
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'H nmr (CDCl3) 8 0.90(6H, 2xt), 1.30(12H, m), 1.45(2H, quint),
1.65(2H, quint), 1.85(2H, quint), 2.65(2H, t), 4.05(2H, 1), 6.82(1H, sext),
7.00(1H, q), 7.04(1H, q), 7.14(1H, sext), 7.38(1H, t), 7.57(2H, q),
7.63(2H, q); ir (KCl) vpax 2960, 2940, 2860, 1635, 1515, 1500, 1470, 1400,
1300, 1195, 1130, 1110, 1090, 900, 805 cm!; ms m/z 482(Mt), 425, 370, 313.

4'-Bromo-2,3-difluoro-4-octoxybiphenyl (189)

Quantities: compound 184 (3.50 g, 0.012 mol), compound 157 (4.30 g, 0.015
mol), tetrakis(triphenylphosphine)palladium(0) (0.70 g, 0.61 mmol).

The experimental procedure was as described for the preparation of compound 97
except that the reaction mixture was carefully monitored by glc and tlc analysis and was
heated under reflux for 2.25 h. The crude product was purified by column
chromatography [silica gel / petroleum fraction (bp 40-60 °C) - dichloromethane, 5:1] to
yield a colourless solid.

Yield 4.00 g (84%); mp 39-40 °C; 'H nmr (CDCl3) 8 0.90(3H, 1),

1.30(8H, quint), 1.45(2H, quint), 1.80(2H, quint), 4.05(ZH, 1), 6.76(1H, sext),

7.02(1H, sext), 7.36(2H, q), 7.53(2H, d); ir (KCI) vypax 2960, 2940, 2860, 1635,

1520, 1495, 1470, 1395, 1315, 1300, 1205, 1075, 1015, 1005, 900, 8335,

800 cml; ms m/z 398(M™), 396(M+).

2.3.2".3"-Tetrafluoro-4-octoxy-4"-pentylterphenyl (190)

Quantities: compound 189 (1.70 g, 4.28 mmol), compound 171 (1.35 g, 5.92
mmol), tetrakis(triphenylphosphine)palladium(0) (0.2671 g, 0.23 mmol).

The experimental procedure was as described for the preparation of compound 97.
The crude product was purified by column chromatography [silica gel / petroleum fraction
(bp 40-60 °C) - dichloromethane, 5:1] to give a colourless solid which was recrystallised
from ethyl acetate to yield colourless crystals.

Yield 1.10 g (51%); transitions (°C) K 111.5 N 120.5 I; IH nmr (CDCl3) 0

0.90(6H, 2xt), 1.30(12H, m), 1.50(2H, quint), 1.65(2H, quint), 1.85(2H, quint),
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2.70(2H, t), 4.10(2H, t), 6.84(1H, sext), 7.02(1H, sext), 7.15(2H, 2xsext),
7.60(4H, s); ir (KCI) vipax 2960, 2940, 2860, 1630, 1520, 1470, 1405, 1305,
1200, 1130, 980, 895, 805 -1; ms m/z S00(M™+), 443, 388.

2 3-Difluoro-4-octoxy-4'-pentylbiphenyl (191)

Quantities: compound 91 (1.25 g, 5.51 mmol), compound 157 (1.90 g, 6.64
mmol), tetrakis(triphenylphosphine)palladium(0) (0.3424 g, 0.296 mmol).

The experimental procedure was as described for the preparation of compound 97.
The crude product was purified by column chromatography [silica gel / petroleum fraction
(bp 40-60 °C) - dichloromethane, 6:1] to give a colourless liquid which was distilled
[Kugelrohr, 210 °C (maximum) at 0.1 mmHg] to yield a colourless liquid.

Yield 1.20 g (56%); transitions (°C) K 14.0 (N 13.5) I; IH nmr (CDCly) 8

0.90(6H, 2xt), 1.30(12H, m), 1.45(2H, quint), 1.65(2H, quint),

1.80(2H, quint), 2.60(2H, t), 4.00(2H, 1), 6.76(1H, sext), 7.08(1H, sext),

7.24(2H, d), 7.40(2H, q); ir (film) vy 2960, 2940, 2860, 1635, 1505, 1470,

1315, 1295, 1200, 1110, 1080, 900, 800 cm"; ms m/z 388(M+), 360, 345, 331,
318, 276.

2.3-Difluoro-4'-heptyl-4-octoxybiphenyl (192)

Quantities: compound 92 (1.32 g, 5.18 mmol), compound 157 (1.78 g, 6.22
mmol), tetrakis(triphenylphosphine)palladium(0) (0.3217 g, 0.279 mmol).

The experimental procedure was as described for the preparation of compound 97.
The crude product was purified by column chromatography [silica gel / petroleum fraction
(bp 40-60 °C) - dichloromethane, 6:1] to give a colourless liquid which was distilled
[Kugelrohr, 230 °C (maximum) at 0.1 mmHg] to yield a colourless liquid.

Yield 1.10 g (51%); transitions (°C) K 24.0 (Sc 6.0 S5 13.0 N 23.0) I;

1H nmr (CDCl3) & 0.90(6H, 2xt), 1.35(16H, m), 1.45(2H, quint),

1.60(2H, quint), 1.80(2H, quint), 2.60(2H, t), 4.05(2H, 1), 6.77(1H, sext),

7.07(1H, sext), 7.23(2H, d), 7.41(2H, q); ir (film) vy, 2960, 2940, 2860, 1635,
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1505, 1470, 1315, 1295, 1200, 1110, 1080, 900, 800 cm1; ms m/z 416(M*)

398, 381, 364, 354, 346, 331.

2.3-Difluoro-4'-octoxy-4-pentylbiphenyl (193)

Quantities: compound 85 (1.58 g, 5.54 mmol), compound 171 (1.55 g, 6.80
mmol), tetrakis(triphenylphosphine)palladium(O) (0.3761 g, 0.326 mmol).

The experimental procedure was as described for the preparation of compound 97.
The crude product was purified by column chromatography [silica gel/ petroleum fraction
(bp 40-60 °C) - dichloromethane, 6:1] to give a colourless liquid which was distilled
(Kugelrohr, 240 °C (maximum) at 0.1 mmHg] to yield a colourless liquid.

Yield 1.69 g (79%); transitions (°C) K 8.0 Sa 12.0 N 18.0 I, IH nmr (CDCl3)

§ 0.90(6H, 2xv), 1.30(12H, m), 1.45(2H, quint), 1.65(2H, quint),

1.80(2H, quint), 2.65(2H, t), 4.00(2H, t), 6.94(1H, sext), 6.97(2H, d),

7.05(1H, sext), 7.46(2H, q); ir (film) Vax 2960, 2940, 2860, 1615, 1525, 1495,

1465, 1415, 1250, 1175, 1115, 895, 840, 815 cm'l; ms m/z 388(M™), 366, 358,

331, 309.

Z,3~Diﬂuoro—4-heptyl—4'-pentylbighenyl (194)

5.95 mmol), compound 172 (1.85 g, 7.23

Quantities: compound 91 ( 1.35 g,

mmol), terrakis(tdphenylphosphine)palladium(O) (0.3721 g, 0.322 mmol).
The experimental procedure was as described for the preparation of compound 97,

The crude product was purified by column chromatography {silica gel / petroleum fraction

(bp 40-60 °C) - dichloromethane, 10:1] to give a colourless liquid which was distilled

°C (maximum) at 0.1 mmHg] to yield a colourless liquid.

[Kugelrohr, 210
°C) K 0.5 T, IH nmr (CDCl3) § 0.90(6H, 2xt),

Yield 1.70 g (80%); transitions
2H, m), 1.65(4H, m), 2.65(4H, 2x1), 6.96(1H, sext), 7.08(1H, sext),

(2H, q); ir (film) Viax 2960, 2940, 2860, 1490, 1465, 1410,
1120, 895 cm-1; ms m/z 358(M*), 344, 330, 316, 301,

1.35(1
7.24(2H, d), 7.44
1315, 1290, 1220, 1180,
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2.3 Difluoro-4-nonyl-4'-octoxybiphenyl (195)

Quantities: compound 85 (1.40 g, 4.91 mmol), compound 173 (1.67 g, 5.88
mmol), tetrakis(triphenylphosphine)palladium(0) (0.2992 g, 0.259 mmol).

The experimental procedure was as described for the preparation of compound 97.
The crude product was purified by column chromatography [silica gel / petroleum fraction
(bp 40-60 °C) - dichloromethane, 6:1] to give a colourless liquid which was distilled
[Kugelrohr, 230 °C (maximum) at 0.1 mmHg] to yield a colourless liquid.

Yield 0.97 g (37%); transitions (°C) K 25.0 (Sc 11.5) Sp 33.0 N 34.0 [,

TH nmr (CDCl3) 8 0.90(6H, 2xt), 1.30(20H, m), 1.45(2H, quint),

1.60(2H, quint), 1.80(2H, quint), 2.65(2H, t), 4.00(2H, 1), 6.94(1H, sext),

6.97(2H, d), 7.06(1H, sext), 7.46(2H, q); ir (film) vy a4 2960, 2940, 2860, 1610,

1525, 1490, 1465,1250, 1180, 895, 815 cm'L; ms m/z 444(M+), 434, 405, 332,

321, 307.

1-Bromo-4-(trans-4-pentylcyclohexylacetyl)benzene (197)

Quantities: compound 196 (12.00 g, 0.052 mol), compound 38 (35 ml),
aluminium chloride (8.00 g, 0.060 mol).

The experimental procedure was as described for the preparation of compound 88.
The crude product was recrystallised from ethanol to yield an off-white powder.

Yield 10.05 g (55%); mp 73-74 °C; 'H nmr (CDCl3) 8 0.85(3H, 1), 0.95(4H, m),

1.15-1.35(%H, 2xm), 1.75(4H, m), 1.90(1H, m), 2.80(2H, d), 7.60(2H, d),

7.80(2H, d); ir (KCI) vpax 2960, 2920, 2850, 1690, 1585, 1450, 1400, 1200,

1075, 1010, 990, 815 cm-l; ms m/z 352(M™), 350(M+), 326, 306, 294.

1-Bromo-4-(trans-4-pentylcyclohexylethyl)benzene (198)

Triethylsilane (7.50 g, 0.065 mol) was added slowly dropwise to a stirred, ice-cold
solution of compound 197 (9.00 g, 0.026 mol) in trifluoroacetic acid (45.0 g, 0.39 mol).
The mixture was stirred at room temperature for 3.25 h (glc analysis revealed a complete

reaction) and poured into water. The product was extracted into ether (twice), the
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combined ethereal extracts were washed with water and dried (MgSQOy). The solvent was
removed in vacuo and other volatile fractions were removed by distillation (Kugelrohr) to
give a brown liquid which was purified by column chromatography [silica gel / petroleum
fraction (bp 40-60 °C) - dichloromethane, 3:1] to give a pale yellow liquid.
Yield 5.18 g (60%); 'H nmr (CDCls3) 8 0.85(7H, m), 1.10-1.30(10H, m),
1.50(2H, m), 1.75(4H, m), 2.55(2H, t), 7.00(2H, d), 7.35(2H, d); ir (film) v.x
2960, 2920, 2850, 1495, 1460, 1075, 1015, 805 cm-l; ms m/z 338(M™),
336(M+), 319, 292, 282, 280.

2.3-Difluoro-4-octoxy-4'-(trans-4-pentylcyclohexylethylbiphenyl (199)

Quantities: compound 198 (1.45 g, 4.30 mmol), compound 157 (1.50 g, 4.30
mmol), tetrakis(triphenylphosphine)palladium(0) (0.2868 g, 0.25 mmol).

The experimental procedure was as described for the preparation of compound 97.
The crude product was purified by column chromatography [silica gel / petroleum fraction
(bp 40-60 °C) - dichloromethane, 6:1] to give a colourless solid which was recrystallised
from ethanol to yield colourless crystals.

Yield 0.48 g (24%); transitions (°C) K 59.0 S, 113.5 N 124.0 [

1H nmr (CDCl3) 6 0.90(10H, m), 1.30(18H, m), 1.55(4H, m), 1.80(6H, m),

2.70(2H, ), 4.10(2H, 1), 6.82(1H, sext), 7.12(1H, sext), 7.28(2H, d),

7.46(2H, q); ir (KC1) vpax 2960, 2940, 2860, 1640, 1510, 1470, 1320, 1305,

1205, 1110, 1080, 900, 800 cm1; ms m/z 498(M™), 442, 397, 386, 331, 219.

trans-4-Pentylcyclohexylethanal (201)

Oxalyl chloride (30.00 g, 0.236 mol) was added dropwise to a stirred, cooled
(0 °C) solution of dry DMF (6.15 g, 0.084 mol) in dry dichloromethane (120 ml) under dry
nitrogen. The resulting mixture was stirred at 0 °C for 1 h and the solvent was removed in
vacuo 1o give a colourless powder. A solution of compound 200 (17.81 g, 0.084 mol)
and dry pyridine (6.65 g, 0.084 mol) in dry THF (120 ml) was added dropwise to a

stirred, cooled (-30 °C) solution of the colourless powder in dry acetonitrile (120 mi) and
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dry THF (200 ml) under dry nitrogen. The mixture was stirred at -30 °C for 1 h and then
cooled to -78 °C. Copper(I) iodide (1.60 g, 8.40 mmol) was added followed by dropwise
addition of a solution of lithium tri-terz-butoxyaluminohydride (42.75 g, 0.168 mol) in dry
THF (120 ml) at -78 °C. After stirring for 1 h (no further cooling) the reaction mixture was
quenched by the dropwise addition of 10% hydrochloric acid at -40 °C and allowed to
warm to room temperature. The product was extracted into ether (twice) and the combined
ethereal extracts were washed with aqueous sodium hydrogen carbonate, and dried
(MgSOy). The solvent was removed in vacuo and the residue was distilled to yield a
colourless liquid.

Yield 11.91 g (72%); bp 92-94 °C at 0.5 mmHg; 1H nmr (CDCl3) 3 0.85(3H, t),

0.95(4H, d), 1.15-1.35(9H, 2xm), 1.77(4H, d), 1.83(1H, m), 2.30(2H, q),

9.75(1H, ©); ir (KCI) vppax 2960, 2940, 2860, 1730, 1450, 1380, 900 cm-1;

ms m/z 152, 123, 109, 96, &1.

1-(2.3-Difluorophenyl)-2-(zrans-4-pentylcyclohexylethanol (202)

Quantities: compound 141 (4.10 g, 0.036 mol), n-butyllithium (3.60 ml, 10.0M in
hexane, 0.036 mol), compound 201 (6.80 g, 0.035 mol).

The experimental procedure was as described for the preparation of
compound 162. The crude product was purified by column chromatography (silica get /
dichloromethane) to yield a colourless solid.

Yield 9.20 g (85%); mp 42-43 °C; 1H nmr (CDCls) § 0.85(7H, m),

1.10-1.40(10H, m), 1.55(1H, m), 1.70(4H, m), 1.85(1H, m), 2.05(1H, s),

5.15(1H, @), 7.05(2H, m), 7.20(1H, m); ir (film) v 5, 2920, 2860, 1600, 1490,
1280, 1205, 790, 730 cm1; ms m/z 310(M+), 292, 143.

1.2-Difluoro-3-(trans-4-pentylcyclohexylethyl)benzene (203)

Quantities: compound 202 (8.95 g, 0.029 mol), triethylsilane (8.42 g, 0.073 mol),
rrifluoroacetic acid (49.6 g, 0.44 mol).

The experimental procedure was as described for the preparation of
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compound 126. Analysis by glc revealed a complete reaction and the presence of a
suspected silane byproduct. The crude mixture was distilled [Kugekrohr, 175 °C
(maximum) at 0.1 mmHg] in an attempt to isolate the product but the whole mixture
distilled over. Analysis by glc of the distillate revealed the presence of starting material in
addition to the components present previously. The crude product was purified by column
chromatography [silica gel / petroleum fraction (bp 40-60 °C)] to yield a colourless oil [the
desired product (compound 203); 2.20 g, 26%) and the eluent was changed to
dichloromethane to yield a colourless solid [the starting alcohol (compound 202); 4.60 g|.
Phosphorus(V) oxide (6.75 g, 0.048 mol) was added to a solution of this solid (4.60 g,
0.015 mol) in pentane (80 ml) and this mixture was stirred at room temperature overnight
(glc analysis revealed a complete reaction). The mixture was filtered and the filtrate was
hydrogenated at room temperature and atmospheric pressure over 5% palladium-on-carbon
(0.50 g) for 4 h (glc analysis revealed a complete reaction). The catalyst was removed by
filtration and the pentane was removed in vacuo to yield a colourless oil (4.25 g, 96%).

Total yield 6.45 g (76%); 'H nmr (CDCl3)  0.85-1.00(7H, m),

1.10-1.35(10H, m), 1.50(2H, q), 1.80(4H, m), 2.65(2H, t), 6.90-7.00(3H, m);

ir (film) vypax 2980, 2940, 2860, 1630, 1600, 1490, 1285, 1210, 780, 730 cm'};

ms m/z 294(M+), 274, 128.

2.3-Difluoro-4-(trans-4-pentylcyclohexylethyl)phenylboronic acid (204)
Quantities: compound 203 (5.98 g, 0.020 mol), n-butyllithium (8.10 ml, 2.5M in
hexane, (0.020 mol), tri-isopropyl borate (7.60 g, 0.040 mol).
The experimental procedure was as described for the preparation of
compound 129.
Yield 6.80 g (100%); 'H nmr (CDCls) & 0.85(7H, m), 1.10-1.35(10H, m),
1.50(2H, quint), 1.80(4H, m), 2.70(2H, t), 7.00(1H, m), 7.45(1H, m), no
obvious OH absorption; ir (film) vy, 3600-3100, 2960, 2920, 2860, 1635, 1460,

1420-1300, 1220, 1140, 1060, 1010, 905, 815, 675 cmr'}; ms m/z 338(M™), 318,
294, 274, 266, 256.
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2.3-Difluoro-4'-octoxy-4-(trans-4-pentylcyclohexylethyl)biphenyl (205)

Quantities: compound 85 (1.35 g, 4.74 mmol), compound 204 (2.10 g, 6.21
mmol), tetrakis(triphenylphosphine)palladium(0) (0.2161 g, 0.19 mmol).

The experimental procedure was as described for the preparation of compound 97.
The crude product was purified by column chromatography [silica gel / petroleum fraction
(bp 40-60 °C) - dichloromethane, 5:1] to give a colourless solid which was recrystallised
from ethanol-ethyl acetate (50:1) to yield colourless crystals.

Yield 1.06 g (45%); transitions (°C) K 32.5 S¢ 55.0 S5 83.0 N 122.0 [

TH nmr (CDCly) 8 0.85-0.95(11H, m), 1.10-1.35(16H, m), 1.45(4H, m),

1.65-1.90(7H, m), 2.65(2H, t), 4.00(2H, t), 6.94(1H, sext), 6.96(2H, d),

7.05(1H, sext), 7.46(2H, q); ir (KCI) vipax 2960, 2940, 2860, 1610, 1520, 1490,

1465, 1250, 1175, 895, 840, 815 cml; ms m/z 498(M™), 386, 219.

trans-4-Heptylcyclohexylbromomethane (207)

Compound 206 (25.00 g, 0.118 mol) was added to a mixture of 48% hydrobromic
acid (38 ml) and concentrated sulphuric acid (5 ml); the mixture was heated under strong
reflux for 6 h (glc analysis revealed ~80 % conversion). The cooled mixture was poured
onto ice and the product was extracted into ether (twice). The combined ethereal extracts
were washed with water, aqueous sodium hydrogen carbonate, water and dried (MgSOy).
The solvent was removed in vacuo and the residue was distilled to yield a colourless oil
(80% product, 20% starting material).

Yield 26.91 g (83%); bp 106-108 °C at 0.1 mmHg; no spectroscopic data were

obtained.

1-Bromo-4-(trans-4-heptylcyclohexylmethoxy)benzene (208)

Quantities: compound 207 (10.00 g, 0.036 mol; 80% pure), compound 83 (8.72
g, 0.050 mol), potassium carbonate (15.00 g, 0.109 mol), cyclohexanone (100 mi).
The experimental procedure was as described for the preparation of compound 26.

The solvent and the trans-4-heptylcyclohexylmethanol (impurity) were distilled off (0.1



179
mmHg) and the residue was purified by column chromatography [silica gel / petroleum
fraction (bp 40-60 °C) - dichloromethane, 5:1] to yield a colourless solid.
Yield 7.75 g (59%); mp 60-61 °C; H nmr (CDCl3) 8 0.90(3H, t), 1.00(4H, q),
1.30(13H, m), 1.80(5H, m), 3.70(2H, d), 6.75(2H, d), 7.35(2H, d); ir (KCI)
Viax 2960, 2940, 2860, 1590, 1580, 1490, 1470, 1290, 1245, 1175, 1030, 1005,
825, 805 cml; ms m/z 368(M), 366(M¥), 194, 174, 172.

2.3-Difluoro-4'-(trans-4-heptylcyclohexylmethoxy)-4-pentylbiphenyl (209)

Quantities: compound 208 (1.75 g, 4.77 mmol), compound 171 (1.45 g, 6.36
mmol), tetrakis(triphenylphosphine)palladium(0) (0.2761 g, 0.24 mmol).

The experimental procedure was as described for the preparation of compound 97.
The crude product was purified by column chromatography [silica gel / petroleum fraction
(bp 40-60 °C) - dichloromethane, 10:1] to give a colourless solid which was recrystallised
from ethanol to yield colourless crystals.

Yield 0.65 g (29%); transitions (°C) K 54.0 (Sg 42.0) Sp 111.5 N 116.0 [;

1H nmr (CDCl3) & 0.85(6H, 2xt), 1.00(4H, q), 1.35(17H, m), 1.65(2H, quint),

1.75(5H, m), 2.65(2H, t), 3.85(2H, d), 6.94(1H, sext), 6.79(2H, d),

7.07(1H, sext), 7.45(2H, q); ir (KCl1) vpx 2960, 2940, 2860, 1615, 1530, 1500,

1475, 1415, 1320, 1280, 1185, 1120, 1045, 900, 810 cm™}; ms m/z 470(M™),

276, 219.

1.2-Difluoro-3-(trans-3-heptylcyclohexylmethoxy)benzene (210)

Quantities: compound 207 (10.50 g, 0.038 mol; 80% pure), compound 153 (6.00
g, 0.046 mol), potassium carbonate (15.00 g, 0.110 mol), cyclohexanone (100 mi).

The experimental procedure was as described for the preparation of compound 26
and the crude product was distilled.

Yield 8.00 g (65%); mp 46-47 °C; bp 160-162 °C at 0.1 mmHg; 'H nmr (CDCl3) 3

0.90(3H, 1), 1.00(4H, q), 1.30(13H, m), 1.80(5H, m), 3.80(2H, d),

6.67-6.77(2H, m), 6.89-6.98(1H, m); ir (KCL) v,4x 2960, 2940, 2860, 1635,
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1620, 1515, 1490, 1470, 1310, 1295, 1260, 1220, 1080, 770, 730, 705 cm-1; ms
miz 324 (M*).

Attempted preparation of 2.3-difluoro-4-(trans-4-heptylcyclohexylmethoxy)phenylboronic
acid (211)

Quantities: compound 210 (7.80 g, 0.024 mol), n-butyllithium (2.50 ml, 2.5M in
hexane, 0.025 mol), tri-isopropyl borate (10.00 g, 0.053 mol).

The experimental procedure was as described for the preparation of
compound 129.
The product was identified as almost entirely starting material and a small quantity was
purified by column chromatography [silica gel / petroleum fraction (bp 40-60 °C) -
dichloromethane, 10:1] to yield a colourless solid.

Yield 2.24 g; mp 46-47 °C; spectroscopic data were identical to those for

compound 210.

1-Bromo-2.3-difluoro-4-(trans-4-heptylcyclohexylmethoxy)benzene (212)

A solution of bromine (2.00 g, 0.0125 mol) in chloroform (20 ml) was added
dropwise to a stirred solution of compound 210 (2.00 g, 6.17 mmol) in chloroform (30
ml) at room temperature. The mixture was heated under reflux for 24 h, cooled and
washed with aqueous sodium metabisulphite. The separated aqueous layer was washed
with chloroform and the combined organic extracts were washed with water and dried
(MgSOy). The solvent was removed in vacuo to give a fawn solid (glc analysis revealed
only one product peak).

Yield 2.45 g (100%); mp 62-64 °C; TH nmr (CDCl3) 8 0.90(3H, 1), 1.05(4H, @),

1.30(13H, m), 1.80(5H, m), 3.80(2H, d), 6.64(1H, sext), 7.18(1H, sext);

ir (KCI) vpax 2960, 2920, 2860, 1625, 1510, 1470, 1310, 1220, 1075, 885, 800,

740 cm1; ms m/z 404(M+), 402(M).



181

2.3-Difluoro-4-(trans-4-heptylcyclohexylmethoxy)-4'-pentylbiphenyl (213)

Quantities: compound 212 (2.35 g, 5.83 mmol), compound 94 (1.45 g, 7.55
mmol), tetrakis(triphenylphosphine)palladium(0) (0.3561 g, 0.31 mmo}).

The experimental procedure was as described for the preparation of compound 97.
The crude product was purified by column chromatography [silica gel / petroleum fraction
(bp 40-60 °C) - dichloromethane, 10:1 (followed by 20:1)] to give a colourless solid which
was recrystallised from ethanol to yield colourless crystals (98.5% pure by hplc).

Yield 1.10 g (40%); transitions (°C) K 51.0 S, 91.0 N 110.0 I;

IH nmr (CDCls) § 0.90(6H, 2xt), 1.05(4H, m), 1.30(17H, m), 1.65(2H, quint),

1.80(5H, m), 2.65(2H, 1), 3.90(2H, d), 6.77(1H, sext), 7.08(1H, sext),

7.25(2H, d), 7.42(2H, q); ir (KC1) vpax 2980, 2940, 2860, 1640, 1510, 1470,

1305, 1205, 1110, 1075, 895, 855, 800 cm1; ms m/z 470(M*), 413, 276.

2.5-Dibromobenzonitrile (215)

Bromine (44.0 g, 0.275 mol) was added dropwise to a mixture of compound 214
(10.00 g, 0.097 mol) and aluminium chloride (42.0 g, 0.31 mol) at room temperature. The
mixture was heated at 120 °C for 7 h and poured into ice/water. The product was extracted
into ether (twice), the combined ethereal extracts were washed with aqueous sodium
thiosulphate and dried (MgSQy4). The solvent was removed in vacuo to give an off-white
solid (glc analysis revealed the presence of three components) which was recrystallised
from benzene to yield colourless crystals (pure by glc analysis).

Yield 12.15 g (48%); mp 144-145 °C (lit.,176 144-145 °C); 1H nmr (CDCl3) &

7.55(1H, q), 7.60(1H, q), 7.80(1H, q); ir (KCI) vipax 3090, 3060, 2240, 1460,

1380, 1270, 1200, 1090, 1040, 830 cm™1; ms m/z 261(M™), 220, 197, 180, 168,
153.

2'-Cyano-4.4"-dipentylterpheny! (216)

Quantities: compound 215 (1.40 g, 5.36 mmol), compound 94 (2.88 g, 0.015
mol), tetrakis(triphenylphosphine)palladium(0) (0.3749 g, 0.325 mmol).
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The experimental procedure was as described for the preparation of compound 97.
The crude product was purified by column chromatography [silica gel / petroleum fraction
(bp 40-60 °C) - dichloromethane, 2:1] to give a colourless solid which was recrystallised
from ethanol to yield colourless crystals.

Yield 1.13 g (53%); transitions (°C) K 40.0 (S5 33.5 N 38.0) I;

H nmr (CDCl3) 8 0.90(6H, 1), 1.35(8H, m), 1.65(4H, quint), 2.65(4H, 1),

7.29(2H, d), 7.31(2H, d), 7.52(4H, d), 7.56(1H, d), 7.83(1H, q), 7.95(1H, d);

ir (KCI) Vpax 2950, 2920, 2850, 2210, 1600, 1480, 800 cml; ms m/z 395(M™),

338, 281.

2'-Cyano-4.4"-dihexoxyterphenyl (217)

Quantities: compound 215 (1.30 g, 4.98 mmol), compound 86 (3.33 g, 0.015
mol), tetrakis(triphenylphosphine)palladium(0) (0.3554 g, 0.308 mmol).

The experimental procedure was as described for the preparation of compound 97.
The crude product was purified by column chromatography [silica gel / petroleum fraction
(bp 40-60 °C) - dichloromethane, 2:1] to give a colourless solid which was recrystallised
from ethanol to yield colourless crystals.

Yield 0.87 g (38%); transitions (°C) K 101.5 (S¢ 61.0) S, 110.0 N 114.0 I;

1H nmr (CDCl3) 8 0.90(6H, t), 1.35(8H, m), 1.45(4H, quint), 1.80(4H, quint),

4.00(4H, v), 7.00(2H, d), 7.03(2H, d), 7.52(4H, 2xd), 7.55(1H, d), 7.80(1H, q),

7.90(1H, d); ir (KCL) vipax 2950, 2860, 2220, 1610, 1530, 1490, 1480, 1290,

1250, 1180, 1030, 830 cm'l; ms m/z 455(M*), 384, 371, 287.

4-Bromo-2-cyano-4'-pentylbiphenyl (218) (method 1)

Quantities: compound 215 (1.80 g, 6.90 mmol), compound 94 (1.20 g, 6.25
mmol), tetrakis(triphenylphosphine)palladium(0) (0.4510 g, 0.390 mmol).

The experimental procedure was as described for the preparation of compound 97
except that the reaction mixture was carefully monitored by glc and tlc analysis and was

heated under reflux for 2 h. The crude product was purified by column chromatography
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(silica gel / petroleum fraction (bp 40-60 °C) - dichloromethane, 3:1] to give two fractions:-
(a) two components; compound 216 and compound 218 (product),
(b) two components; compound 215 and 4-bromo-3-cyano-4'-pentylbiphenyl.
The product was purified by distillation (Kugelrohr at 0.1 mmHg) to yield a pale yellow
liquid.
Yield 0.42 g (20%); H nmr (CDCl3) 6 0.90(3H, 1), 1.30(4H, m),
1.60(2H, quint), 2.60(2H, t), 7.30(2H, d), 7.35(1H, d), 7.45(2H, d),
7.70(1H, q), 7.85(1H, d); ir (film) Vax 2980, 2960, 2860, 2250, 1490, 1475,
1390, 1275, 1195, 1100, 1015, 835, 845 cm’Y; ms m/z 329(M™), 327(M™), 272,
270, 190.
See p 184 for method 2.

2'-Cyano-4"-hexoxy-4-pentylterphenyl (219)
Quantities: compound 218 (method 1) (0.34 g, 1.0 mmol), compound 86 (0.44 g,
1.98 mmol), tetrakis(triphenylphosphine)palladium(0) (0.1645 g, 0.14 mmol).
The experimental procedure was as described for the preparation of compound 97.
The crude product was purified by column chromatography [silica gel / petroleum fraction
(bp 40-60 °C) - dichloromethane, 1:1] to give a colourless solid which was recrystallised
from ethanol to give colourless crystals.
Yield 0.26 g (61%); transitions (°C) K 35.5 S, 97.5 I; 'H nmr (CDCl3) &
0.90(6H, 2xt), 1.35(8H, m), 1.45(2H, quint), 1.65(2H, quint), 1.80(2H, quint),
2.65(2H, t), 4.00(2H, t), 7.00(2H, d), 7.30(2H, d), 7.51(1H, d), 7.53(2H, d),
7.55(2H, d), 7.80(1H, q), 7.90(1H, d); ir (KC1) vypax 2960, 2945, 2860, 2220,
1605, 1485, 1245, 835 cml; ms m/z 425(M*), 368, 341, 284,

2-Amino-5-bromobenzonitrile (221)

N-Bromosuccinimide (37.7 g, 0.21 mol) was added in small portions over 40 min
to a stirred, cooled (-10 to 0 °C) solution of compound 220 (25.00 g, 0.212 mol) in dry

dichloromethane (150 ml) under dry nitrogen. The mixture was stirred at O °C for 1.25 h
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(glc analysis revealed a complete reaction) and washed with a large amount of water. The
aqueous layer was washed with dichloromethane and the combined organic phases were
washed with water and dried (MgSQy). The solvent was removed in vacuo to give a
red-purple solid.

Yield 39.0 g (94%); mp 92-94 °C; TH nmr (CDCl3) 8 4.50(2H, s), 6.65(1H, d),

7.40(1H, q), 7.50(1H, d); ir (KCl) vpax 3450, 3360, 2220, 1635, 1560, 1490,

1305, 1155 cmY; ms m/z 198(M), 196(M™), 116, 90.

5-Bromo-2-iodobenzonitrile (222)

A stirred mixture of compound 221 (25.00 g, 0.127 mol) and 36% hydrochloric
acid (110 ml) was warmed gently to obtain a solution, then cooled to -5 °C and a solution
of sodium nitrite (10.50 g, 0.152 mol) in water (50 ml) was added dropwise whilst
maintaining the temperature at -5 °C. The mixture was stirred at 0 °C for 0.5 h,
cyclohexane (100 ml) was added and a solution of potassium iodide (43.5 g, 0.26 mol) in
water (100 ml) was added dropwise at between 0 and 5 °C. The mixture was stirred at
room temperature for a few hours (overnight for convenience) and the product was
extracted into ether (twice). The combined organic extracts were washed with sodium
metabisulphite, 10% sodium hydroxide, water and dried (MgSQy4). The solvent was
removed in vacuo to give an off-white solid.

Yield 35.0 g (87%); mp 113-114 °C; IH nmr (CDCls) 8 7.40(1H, q), 7.72(1H, d),

7.78(1H, d); ir (KCI) vipax 3090, 3060, 2240, 1450, 1375, 1270, 1195, 1090,

1025, 825 coorl; ms m/z 309(M+), 307(M+), 179, 125.

4-Bromo-2-cyano-4'-pentylbiphenyl (218) (method 2; for method 1 see p 182)

Quantities: compound 222 (3.50 g, 0.011 mol), compound 94 (2.53 g, 0.013
mol), tetrakis(triphenylphosphine)palladium(0) (0.6421 g, 0.56 mmol).

The experimental procedure was as described for the preparation of compound 97
except that the reaction mixture was carefully monitored by glc and tlc analysis and was

heated under reflux for 3 h. The crude product was purified by column chromatography
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[silica gel / petroleum fraction (bp 40-60 °C) - dichloromethane, 1:1] to give a pale-yellow
liquid.
Yield 2.67 g (74%); spectroscopy details were identical with those for the

compound obtained from method 1 (see p 182).

4-Bromo-2-cyano-4'-hexoxybiphenyl (223)

Quantities: compound 222 (1.80 g, 5.84 mmol), compound 86 (1.56 g, 7.03
mmol), tetrakis(triphenylphosphine)palladium(0) (0.3572 g, 0.31 mmol).

The experimental procedure was as described for the preparation of compound 97
except that the reaction mixture was carefully monitored by glc and tlc analysis and was
heated under reflux for 1.75 h. The crude product was purified by column
chromatography [silica gel / petroleum fraction (bp 40-60 °C) - dichloromethane, 1:1] to
give a colourless solid.

Yield 1.72 g (82%); 'H nmr (CDCl3) & 0.90(3H, 1), 1.35(4H, m),

1.45(2H, quint), 1.80(2H, quint), 4.00(2H, t), 7.00(2H, d), 7.35(1H, d),

7.45(2H, d). 7.70(1H, q), 7.85(1H, d); ir (KCl) vp.x 2955, 2945, 2880, 2240,

1620, 1525, 1480, 1265, 1185 crl; ms m/z 359(M), 357(M™), 275, 273, 245,

243.

4-Bromo-2-cyano-4'-octoxybiphenyl (224)

Quantities: compound 222 (2.50 g, 8.12 mmol), compound 87 (2.44 g,9.76
mmol), tetrakis(triphenylphosphine)palladium(0) (0.4927 g, 0.43 mmol).

The experimental procedure was as described for the preparation of compound 97
except that the reaction mixture was carefully monitored by glc and tlc analysis and was
heated under reflux for 2 h. The crude product was purified by column chromatography
[silica gel / petroleum fraction (bp 40-60 °C) - dichloromethane, 1:1] to give a colourless
solid.

Yield 2.50 g (80%); mp 41-43 °C; 1H nmr (CDCl3) § 0.90(3H, t), 1.30(8H, m),

1.45(2H, quint), 1.80(2H, quint), 4.00(2H, 1), 7.00(2H, d), 7.35(1H, d),
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7.45(2H, d), 7.70(1H, @), 7.85(1H, d); ir (KCI) v,y 2960, 2950, 2860, 2240,
1615, 1625, 1475, 1265, 1250, 1185, 1055, 830 cm1; ms m/z 387(M*),
385(M), 273, 271, 262, 260.

2'-Cyano-4"-octoxy-4-pentylterphenyl (225)

Quantities: compound 218 (1.30 g, 3.96 mmol), compound 87 (1.19 g, 4.76
mmol), tetrakis(triphenylphosphine)palladium(0) (0.2655 g, 0.23 mmol).

The experimental procedure was as described for the preparation of compound 97.
The crude product was purified by column chromatography [silica gel / petroleum fraction
(bp 40-60 °C) - dichloromethane, 1:1] to give a off-white solid which was recrystallised
from ethanol to yield colourless crystals.

Yield 1.18 g (66%); transitions (°C) K 33.5 S5 103.0 L 'H nmr (CDCls) &

0.90(6H, 2xt), 1.30(12H, m), 1.45(2H, quint), 1.65(2H, quint),

1.80(2H, quint), 2.65(2H, t), 4.00(2H, 1), 7.00(2H, d), 7.30(2H, d),

7.51(1H, d), 7.53(2H, d), 7.54(2H, d), 7.75(1H, q), 7.90(1H, d); ir (KCl) V4«

2980, 2960, 2880, 2250, 1620, 1500, 1260, 1200, 835 cm™; ms m/z 453(M*),

396, 341, 283.

2'-Cyano-4-hexoxy-4"-pentylterphenyl (226)

Quantities: compound 223 (1.50 g, 4.19 mmol), compound 94 (1.05 g, 5.47
mmol), tetrakis(triphenylphosphine)palladium(0) (0.3140 g, 0.27 mmol).

The experimental procedure was as described for the preparation of compound 97.
The crude product was purified by column chromatography [silica gel / petroleum fraction
(bp 40-60 °C) - dichloromethane, 1:1] to give a pale yellow solid which was recrystallised
(charcoal decolourisation) from ethanol to yield colourless crystals.

Yield 0.80 g (44%); transitions (°C) K 48.5 (S¢ 29.5) N 775 [,

IH nmr (CDCl3) 8 0.90(6H, 2xt), 1.35(8H, m), 1.45(2H, quint),

1.65(2H, quint), 1.80(2H, quint), 2.65(2H, 1), 4.00(2H, 1), 7.00(2H, d),

7.30(2H, d), 7.51(1H, d), 7.54(4H, d), 7.80(1H, q), 7.95(1H, d); ir (KCI) Viax
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2960, 2940, 2860, 2240, 1615, 1490, 1480, 1255, 1190, 830 cm'1; ms m/z
425(M+), 341, 284.

2'-Cyano-4-octoxy-4"-pentylterphenyl (227)

Quantities: compound 224 (1.48 g, 3.83 mmol), compound 94 (1.01 g, 5.26
mmol), tetrakis(triphenylphosphine)palladium(0) (0.2812 g, 0.34 mmol).

The experimental procedure was as described for the preparation of compound 97.
The crude product was purified by column chromatography [silica gel / petroleum fraction
(bp 40-60 °C) - dichloromethane, 1:1] to give a colourless solid which was recrystallised
from ethanol to yield colourless crystals.

Yield 1.16 g (67%); transitions (°C) K 35.0 S¢ 42.0 N 78.0 [;

1H nmr (CDCl3) & 0.90(6H, 2xt), 1.30(12H, m), 1.50(2H, quint),

1.65(2H, quint), 1.80(2H, quint), 2.65(2H, t), 4.00(2H, t), 7.00(2H, d),

7.30(2H, d), 7.51(1H, d), 7.54(4H, d), 7.80(1H, q), 7.95(1H, d); ir (KCI) Viax

2960, 2940, 2860, 2230, 1610, 1490, 1475, 1255, 1185, 830 cm1; ms m/z

453(M™), 396, 341, 284.

2-Hexoxybenzonitrile (229)

Quantities: compound 228 (8.10 g, 0.068 mol), 1-bromohexane (13.50 g, 0.082

mol), potassium carbonate (18.77 g, 0.136 mol).
The experimental procedure was as described for the preparation of compound 26
and the crude product was distilled.
Yield 13.11 g (95%); bp 115-118 °C at 0.1 mmHg; 'H nmr (CDCl3) &
0.85(3H, 1), 1.30(4H, m), 1.45(2H, quint), 1.80(2H, quint), 4.05(2H, 1),
6.95(2H, m), 7.50(2H, m); ir (film) v, 2980, 2960, 2880, 2250, 1610, 1595,
1505, 1465, 1300, 1270, 1175, 1120, 765 cml; ms m/z 203(M™+), 160, 146,
132.
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2-QOctoxybenzonitrile (230)

Quantities: compound 228 (7.50 g, 0.063 mol), 1-bromo-octane (14.00 g, 0.127
mol), potassium carbonate (17.50 g, 0.127 mol).

The experimental procedure was as described for the preparation of compound 26
and the crude product was distilled.

Yield 13.90 g (96%); bp 130-135 °C at 0.05 mmHg; 'H nmr (CDCls) &

0.85(3H, t), 1.30(8H, m), 1.45(2H, quint), 1.80(2H, quint), 4.05(2H, 1),

6.95(2H, m), 7.502H, m); ir (film) v, 2940, 2860, 2240, 1600, 1585, 1495,

1455, 1290, 1265, 1170, 1115, 760 e l; ms m/z 231(M*), 174, 160, 146, 125,

199.

5-Bromo-2-hexoxybenzonitrile (231)

Bromine (19.32 g, 0.121 mol) was added dropwise over 15 min to a stirred
solution of compound 229 (12.25 g, 0.060 mol) in chloroform (30 ml) at room
temperature. The stirred solution was heated under reflux for 42 h (glc analysis revealed a
complete reaction, with only one product peak). The cooled solution was washed with
aqueous sodium metabisulphite, water and dried (MgSQy). The solvent was removed in
vacuo to give an off-white solid.

Yield 16.10 g (95%); mp low, around 25 °C; 1H nmr (CDCl3) &

0.90(3H, 1), 1.30(4H, m), 1.45(2H, quint), 1.85(2H, quint), 4.05(2H, 1),

6.85(1H, d), 7.58(1H, q), 7.62(1H, d); ir (KCI) v;nax 2980, 2940, 2860, 2240,

1600, 1500, 1475, 1400, 1290, 1265, 1140, 1015, 820 cm™}; ms m/z 283(M™),

282, 281(M), 280, 199, 197.

5-Bromo-2-octoxybenzonitrile (232)
Quantities: compound 230 (13.50 g, 0.058 mol), bromine (18.70 g, 0.117 mol).
The experimental procedure was as described for the preparation of

compound 231.

Yield 17.50 g (97%); mp 36-37 °C; 'H nmr (CDCl3) 8 0.85(3H, 1), 1.25(8H, m),
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1.45(2H, quint), 1.80(2H, quint), 4.00(2H, 1), 6.85(1H, d), 7.58(1H, q),
7.62(1H, dy; ir (KCI) Vypax 2980, 2940, 2860, 2250, 1600, 1500, 1480, 1400,
1295, 1265, 1140, 1000, 835 cm'L; ms m/z 311(M*), 309(M*), 254, 252, 199,
197.

3-Cyano-4-hexoxy-4"-pentylterphenyl (233)

Quantities: compound 231 (1.55 g, 5.50 mmol), compound 96 (1.91 g, 7.13
mmol), tetrakis(triphenylphosphine)palladium(0) (0.3910 g, 0.34 mmol).

The experimental procedure was as described for the preparation of compound 97.
The crude product was purified by column chromatography [silica gel / petroleum fraction
(bp 40-60 °C) - dichloromethane, 2:1] to give a colourless solid which was recrystallised
from ethanol-ethyl acetate (2:1) to yield colourless crystals.

Yield 1.10 g (47%); transitions (°C) K 62.0 S, 163.5 I, IH nmr (CDCl3) 3

0.90(6H, 2xt), 1.35(8H, m), 1.50(2H, quint), 1.65(2H, quint), 1.85(2H, quint),

2.65(2H, t), 4.10(2H, v), 7.03(1H, d), 7.27(2H, d), 7.54(2H, d), 7.57(2H, d),

7.66(2H, d), 7.76(1H, q), 7.81(1H, d); ir (KCl) v.x 2960, 2940, 2880, 2240,

1610, 1495, 1290, 1125, 815 cmr'l; ms m/z 425(M™), 368, 341, 284.

3-Cyano-4-octoxy-4"-pentylterphenyl (234)

Quantities: compound 232 (1.55 g, 5.00 mmol), compoumd 96 (1.75 g, 6.53
mmol), tetrakis(triphenylphosphine)palladium(0) (0.3794 g, 0.33 mmol).

The experimental procedure was as described for the preparation of compound 97.
The crude product was purified by column chromatography [silica gel / petroleum fraction
(bp 40-60 °C) - dichloromethane, 2:1] to give a colourless solid which was recrystallised
from ethanol-ethyl acetate (2:1) to yield colourless crystals.

Yield 1.85 g (82%); transitions (°C) K 62.0 S, 160.0 I; 'H nmr (CDCl3) o

0.90(6H, 2xt), 1.30(12H, m), 1.50(2H, quint), 1.65(2H, quint),

1.85(2H, quint), 2.65(2H, t), 4.10(2H, t), 7.03(1H, d), 7.27(2H, d),

7.54(2H, d), 7.57(2H, d), 7.66(2H, d), 7.76(1H, q), 7.81(1H, d), ir (KCI) Viyax
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2970, 2940, 2860, 2240, 1615, 1500, 1475, 1295, 1270, 1140, 815 cm-L;
ms m/z 453(M*), 438, 425, 411, 396, 390, 284.

3"-Cyano-2-fluoro-4"-octoxy-4-pentylterphenyl (235)

Quantities: compound 232 (1.30 g, 4.19 mmol), compound 137 (1.56 g, 5.45
mmol), tetrakis(triphenylphosphine)palladium(0) (0.2769 g, 0.24 mmol).

The experimental procedure was as described for the preparation of compound 97.
The crude product was purified by column chromatography [silica gel / petroleum fraction
(bp 40-60 °C) - dichloromethane, 2:1] to give a colourless solid which was recrystallised
from ethanol to give colourless crystals.

Yield 1.45 g (73%); transitions (°C) K 48.0 S5 118.0 [, 'H nmr (CDCl3) &

0.90(6H, 2xt), 1.35(12H, m), 1.50(2H, quint), 1.65(2H, quint),

1.85(2H, quint), 2.65(2H, t), 4.10(2H, t), 7.00(3H, m), 7.38(1H, 1),

7.57(2H, d), 7.63(2H, q), 7.75(1H, q), 7.80(1H, d); ir (KCl) Va1 2960, 2940,

2860, 2240, 1625, 1610, 1490, 1290, 1130, 815 cm-}; ms m/z 471(M™), 425,

359, 341, 302.

3-Carboxy-2-fluoro-4-hexoxy-4"-pentylterphenyl (236)

n-Butyllithium (1.20 ml, 2.5M in hexane, 3.00 mmol) was added dropwise to a
stirred, cooled (-78 °C) solution of compound 107 (1.25 g, 2.99 mmol) in dry THF (80
ml) under dry nitrogen. The mixture was maintained under these conditions for 5 h and
poured onto a slurry of dry ice and dry ether. 10% Hydrochloric acid was added, the
aqueous layer was washed with ether and the combined ethereal extracts were washed with
water and dried (MgSQOy). The solvent was removed in vacuo to give a colourless solid.

Yield 1.45 g (tlc analysis revealed the presence of some starting material).

3-Carboxy-2-fluoro-4-octoxy-4"-pentylterphenyl (237)

Quantities: compound 108 (1.50 g, 3.36 mmot), n-butyllithium (0.50 mi, 10.0M

in hexane, 5.00 mmol).



191
The experimental procedure was as described for the preparation of compound 236
except that 10.0M butyllithium solution was used and the reaction time was extended to 6 h
in order to obtain a greater degree of reaction.

Yield 1.65 g (tlc analysis revealed the presence of some starting material).

3-Cyano-2-fluoro-4-hexoxy-4"-pentylterphenyl (242)

A solution of oxalyl chloride (0.80 g, 6.30 mmol) in dry benzene (30 ml) was
added dropwise to a stirred solution of compound 236 (1.45 g, 3.14 mmol) in dry benzene
(30 ml) and DMF (2 drops) at room temperature. The mixture was stirred at room
temperature overnight and the excess of oxalyl chloride and benzene was removed in
vacuo. The residue was dissolved in diglyme (10 ml) and added dropwise to gently stirred
35% ammonia (25 ml). The resulting precipitate was filtered off and dried (CaCly) in
vacuo (0.1 mmHg) to give a colourless solid (1.40 g). A solution of thionyl chloride (3.70
g, 0.03 mol) in dry DMF (30 ml) was added dropwise to a stirred solution of this solid in
dry DMF (30 ml). The mixture was stirred at room temperature overnight and poured onto
ice/water. The product was extracted into ether (twice), the combined ethereal extracts
were washed with water, aqueous sodium hydrogen carbonate, water and dried (MgSOy).
The solvent was removed in vacuo and the residue was purified by column
chromatography [silica gel / petroleum fraction (bp 40-60 °C) - dichloromethane, 2:1] 1o
give a colourless solid which was recrystallised from ethanol-ethyl acetate (2:1) to yield
colourless crystals.

Yield 0.20 g (15% based on compound 107);

transitions (°C) K 100.5 S 167.0 I; 'H nmr (CDCly) 8 0.90(6H, 2xt),

1.35(8H, m), 1.50(2H, quint), 1.65(2H, quint), 1.85(2H, quint), 2.65(2H, 1),

4.10(2H, v), 6.83(1H, q), 7.27(2H, d), 7.54(4H, m), 7.62(1H, 1), 7.68(2H, d); ir

(KCD viax 2960, 2940, 2860, 2240, 1625, 1495, 1460, 1400, 1310, 1260, 1100,

1075, 810 cm1; ms m/z 443(M*), 428, 388, 359, 331, 302.
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3-Cyano-2-fluoro-4-octoxy-4"-pentylterphenyl (243)

Quantities: compound 237 (1.65 g, 3.37 mmol), oxalyl chloride (1.00 g, 7.87
mmol), 35% ammonia (30 ml), DMF (8 drops), thionyl chloride (4.10 g, 0.034 mol).
The experimental procedure was as described for the preparation of
compound 242 except that the product was recrystallised from ethyl acetate.
Yield 0.21 g (13% based on compound 108);
transitions (°C) K 100.0 S, 163.5 I; 'H nmr (CDCl3) 8 0.90(6H, 2xt),
1.35(12H, m), 1.50(2H, quint), 1.65(2H, quint), 1.85(2H, quint), 2.65(2H, 1),
4.10(2H, 1), 6.83(1H, q), 7.27(2H, d), 7.54(4H, m), 7.62(1H, 1), 7.68(2H, d); ir
(KCD Viax 2960, 2940, 2860, 2240, 1625, 1490, 1400, 1310, 1075, 810 cml;
ms miz 471(M+), 414, 359, 302.

2-Amino-5-bromobenzotrifluoride (245)

Quantities: compound 244 (25.00 g, 0.155 mol), N-bromosuccinimide (27.65 g,
0.155 mol).
The experimental procedure was as described for the preparation of
compound 221. The crude product was distilled to yield a colourless liquid.
Yield 35.16 g (95%); bp 100-102 °C at 15 mmHg; H nmr (CDCl3) 8§ 4.15(2H, s),
6.60(1H, d), 7.35(1H, q), 7.55(1H, d); ir (KCI) vpax 3530, 3430, 1640, 1615,
15835, 1495, 1430, 1330, 1300, 1265, 1130 cm-}; ms m/z 241 (M), 239(M™),
221, 219, 194, 192,

S-Bromo-2-lodobenzotrifluoride (246)
Quantities: compound 245 (17.00 g, 0.071 mol), sodium nitrite (5.55 g, 0.080
mol), potassium iodide (23.50 g, 0.142 mol).

The experimental procedure was as described for the preparation of

compound 222.
Yield 24.00 g (98%); mp 63-64 °C; H nmr (CDClg) 8 7.30(1H, q), 7.75(1H, d),
7.85(1H, d); ir (KCI) vy, 1465, 1390, 1305, 1180, 1135, 1010, 890, 825 cm™;
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ms m/z 352(M*), 350(M*+), 225, 223.

4-Bromo-2-(trifluoromethyl)-4'-hexoxybiphenyl (247)

Quantities: compound 246 (2.80 g, 7.98 mmol), compound 86 (2.20 g, 9.91
mmol), tetrakis(triphenylphosphine)palladium(0) (0.4617 g, 0.40 mmol).

The experimental procedure was as described for the preparation of compound 97
except that the reaction mixture was carefully monitored by glc and tlc analysis and heated
under reflux for 1.25 h. The crude product was purified by column chromatography {silica
gel / petroleum fraction (bp 40-60 °C) - dichloromethane, 5:1] to give a pale orange liquid
(88% pure by glc, contains 10% starting material).

Yield 3.00 g (94%); H nmr (CDCl3) 8 0.90(3H, 1), 1.35(4H, m),

1.45(2H, quint), 1.80(2H, quint), 4.00(2H, t), 6.90(2H, d), 7.15(3H, 2xd),

7.65(1H, q), 7.85(1H, d); ir (KCI) vax 2980, 2950, 2880, 1620, 1525, 1480,

1310, 1255, 1180, 1140, 1065, 1015, 830 cm™l; ms m/z 402(M+), 400(M™), 352,

350, 333, 331, 318, 316.

4-Hexoxy-2'-(trifluoromethyl)-4"-pentylterphenyl (248)

Quantities: compound 247 (2.75 g, 6.86 mmol, 88% pure), compound 94 (1.80
g, 9.38 mmol), tetrakis(triphenylphosphine)palladium(0) (0.4761 g, 0.41 mmol).

The experimental procedure was as described for the preparation of compound 97.
The crude product was purified by column chromatography [silica gel / petroleum fraction
(bp 40-60 °C) - dichloromethane, 3:1] to give an impure orange liquid. Further purification
by column chromatography [silica gel / petroleum fraction (bp 40-60 °C) with the gradual
introduction of dichloromethane] gave an orange liquid, 37.5% of which was recrystallised
from ethanol to yield colourless crystals.

Yield 0.32 g (30% true yield); ransitions (°C) K 32.0 (S¢ 8.0) I;

H nmr (CDCl3) & 0.90(6H, 2xt), 1.35(8H, m), 1.50(2H, quint), 1.65(2H, quint),

1.80(2H, quint), 2.65(2H, 1), 4.00(2H, 1), 6.92(2H, d), 7.27(2H, d),

7.29(2H, d), 7.38(1H, d), 7.55(2H, d), 7.73(1H, q), 7.93(1H, d); ir (KCD) vipax
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2960, 2940, 2860, 1615, 1490, 1330, 1250, 1170, 1130, 1070, 1040, 830 cm™1;
ms m/z 468(M*), 449, 411, 384, 327.

2-Bromo-6-methoxynaphthalene (250)

Dimethylsulphate (33.80 g, 0.268 mol) was added to a stirred solution of
compound 249 (50.00 g, 0.224 mol) and potassium hydroxide (15.00 g, 0.268 mol) in
water (220 ml) at room temperature. The stirred mixture was heated at 70 °C for 1 h and
stirred at room temperature overnight (tlc and glc analysis revealed a complete reaction).
The product was filtered off, washed with 10% sodium hydroxide, water and dried well
and then extracted into dichloromethane. The organic extract was washed with 10%
sodium hydroxide, water and dried (MgSOy). The solvent was removed in vacuo to give a
colourless solid.

Yield 50.9 g (96%); mp 108-110 °C; H nmr (CDCl3) § 3.90(3H, s),

7.09(1H, d), 7.16(1H, q), 7.49(1H, q), 7.60(1H, d), 7.64(1H, d), 7.91(1H, d);

ir (KCl) vimax 1630, 1595, 1500, 1390, 1265, 1215, 1170, 1070, 1035, 905,

855, 820 cml; ms m/z 238(M), 236(M*), 223, 221, 208, 206, 195, 193.

2-Bromo-6-butoxynaphthalene (251)

Quantities: compound 249 (40.0 g, 0.18 mol), 1-bromobutane (50.0 g, 0.36 mol),
potassium carbonate (51.0 g, 0.37 mol).

The experimental procedure was as described for the preparation of compound 26.
The crude product was recrystallised from ethanol to yield an off-white powder.

Yield 32.2 g (64%); mp 52-53 °C; H nmr (CDCl3) 8 1.00(3H, 1),

1.55(2H, sext), 2.85(2H, quint), 4.05(2H, t), 7.08(1H, d), 7.15(1H, q),

7.48(1H, q), 7.58(1H, d), 7.63(1H, d), 7.90(1H, q); ir (KCL) vyax 2960, 2950,

2880, 1630, 1590, 1500, 1390, 1260, 1210, 1175, 1070, 920, 890, 850, 830

cmrl; ms m/z 280(M+), 278(M+), 224, 222, 195, 193.



6-Butoxynaphth-2-ylboronic acid (252)

Quantities: compound 251 (8.60 g, 0.031 mol), n-butyllithium (12.40 mi, 2.5M in
hexane, 0.031 mol), tri-isopropyl borate (12.00 g, 0.064 mol).
The experimental procedure was as described for the preparation of
compound 129 except that the lithiation was monitored by glc analysis.
Yield 8.50 g (100%) 'H nmr (CDCl3) 8 1.05(3H, 1), 1.55(2H, sext),
1.85(2H, quint), 4.10(2H, t), 7.14(1H, d), 7.22(1H, q), 7.82(1H, d),
7.96(1H, d), 8.24(1H, q), 8.72(1H, d) no obvious OH absorption; ir (KCI) v«
3600-3100, 2960, 2940, 2860, 1630, 1485, 1470, 1385, 1350, 1325, 1205, 805
cl; ms m/z 590, 579, 565, 552, 536, 522, 509, 496, 480, 465, 255, 200, 144.

2-Butoxy-6-(4-cyanophenyl)naphthalene (254)

Quantities: compound 253 (1.25 g, 6.87 mmol), compound 252 (2.01 g, 8.24
mmol), tetrakis(triphenylphosphine)palladium(0) (0.2917 g, 0.25 mmol).

The experimental procedure was as described for the preparation of compound 97
except that glc analysis revealed a complete reaction after 4 h. The crude product was
purified by column chromatography [silica gel / petroleum fraction (bp 40-60 °C) -
dichloromethane, 3:1] to give a colourless solid which was recrystallised from
ethanol-ethyl acetate (8:1) to yield colourless crystals.

Yield 1.63 g (79%); transitions (°C) K 125.0 N 159.0 I (as lit. values!77);

IH nmr (CDCly) 8 1.00(3H, t), 1.55(2H, sext), 1.85(2H, quint), 4.00Q2H, 1),

7.15(1H, d), 7.20(1H, q), 7.65(1H, q), 7.72(2H, d), 7.76(2H, d), 7.78(1H, d),

7.82(1H, d), 7.97(1H, d); ir (KCI) vipax 2960, 2940, 2860, 2230, 1630, 1605,

1500, 1470, 1395, 1255, 1205, 1195, 1135, 1030, 1010, 845, 805 cm'1; ms m/z

301(M™), 273, 245, 227, 216.

2-lodo-6-methoxynaphthalene (255)

A mixture of compound 250 (15.00 g, 0.063 mol), potassium iodide (158.0 g,
0.95 mol) and copper(l) iodide (60.5 g, 0.32 mol) in hexamethylphosphoramide (HMPA)
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(180 ml) was stirred at 160 °C under dry nitrogen for 18 h (glc analysis revealed a complete
reaction). The cooled mixture was poured into 10% hydrochloric acid (300 ml) and the
product was extracted into ether, and left at room temperature overnight. The insoluble
copper salts were filtered off and washed well with ether and the separated aqueous layer
was washed with ether. The combined ethereal extracts were washed with water, aqueous
sodium sulphite, water and dried (MgSQ,). The solvent was removed in vacuo to yield a
pale-yellow solid.

Yield 17.50 g (98%); mp 138-140 °C; 'H nmr (CDCl3) 8 3.95(3H, s),

7.07(1H, d), 7.13(1H, q), 7.46(1H, d), 7.60(1H, d), 7.65(1H, q), 8.14(1H, d);

ir (KCI) vipax 2960, 2940, 2840, 1625, 1580, 1500, 1390, 1265, 1215, 1035,

900, 855, 820 cml; ms m/z 284(M+), 269, 241.

2-Butoxy-6-iodonaphthalene (256)
Quantities: compound 251 (20.00 g, 0.072 mol), potassium iodide (180.0 g, 1.08
mol), copper(l) iodide (68.6 g, 0.36 mol), HMPA (220 ml).
The experimental procedure was as described for the preparation of
compound 255.
Yield 22.75 g (97%); mp 66-67 °C; 'H nmr (CDCl3) 6 1.00(3H, 1),
1.50(2H, sext), 1.80(2H, quint), 4.05(2H, t), 7.05(1H, d), 7.13(1H, q),
7.45(1H, d), 7.60(1H, d), 7.64(1H, q), 8.12(1H, d); ir (KCI) vax 2960, 2940,
2860, 1625, 1585, 1500, 1460, 1390, 1260, 1215, 1170, 915, 890, 855, 825
cmrl; ms m/z 326(M), 270, 200, 143.

6-Methoxynaphth-2-ylethyne (257)

A solution of zinc chloride (13.35 g, 0.098 mol) in dry THF (100 mi) was added
dropwise to a stirred, cooled (-5 to 0 °C) solution of lithium acetylide ethylenediamine
complex (9.00 g, 0.098 mol) in dry THF (100 ml) under dry nitrogen. The mixture was
stirred at 10 °C for 30 min and a solution of compound 255 (10.00 g, 0.035 mol) in dry
THF (50 ml) was added dropwise at -5 to 0 °C followed by the addition of
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tetrakis(triphenylphosphine)palladium(0) (1.62 g, 1.40 mmol). The mixture was stirred at
room temperature overnight (glc analysis revealed a complete reaction). The mixture was
poured into 10% hydrochloric acid and the product was extracted into ether (twice) and the
combined ethereal extracts were washed with aqueous sodium hydrogen carbonate and
dried (MgSOy). The solvent was removed in vacuo and the residue was purified by
column chromatography [silica gel / petroleum fraction (bp 40-60 °C) - dichloromethane,
10:1] to give a colourless solid.

Yield 4.18 g (66%); mp 97-98 °C; 1H nmr (CDCl3) & 3.10(1H, s), 3.90(3H, s),

7.09(1H, d), 7.15(1H, q), 7.48(1H, q), 7.67(1H, d), 7.69(1H, d), 7.95(1H, d);

ir (KCI) vipax 3280, 2110, 1630, 1605, 1505, 1485, 1390, 1260, 1230, 1170,

1035, 905, 860, 820 cm1; ms m/z 182(M*), 167, 139.

6-Butoxynaphth-2-vylethyne (258)

Quantities: lithium acetylide ethylenediamine complex (8.50 g, 0.092 mol), zinc
chloride (12.60 g, 0.093 mol), compound 256 (12.00 g, 0.037 mol),
tetrakis(triphenylphosphine)palladium(0) (2.15 g, 1.86 mmol).

The experimental procedure was as described for the preparation of
compound 257. The crude product was purified by column chromatography [silica gel /
petroleum fraction (bp 40-60 °C) - dichloromethane, 10:1] to yield a colourless solid.

Yield 6.76 g (82%); mp 35-36 °C; IH nmr (CDCl3) 8 1.00(3H, 1),

1.50(2H, sext), 1.80(2H, quint), 3.10(1H, s), 4.05(2H, t), 7.08(1H, d),

7.15(1H, q), 7.47(1H, q), 7.64(1H, d), 7.68(1H, d), 7.93(1H, d); ir (KC}) vpax

3320, 2960, 2940, 2880, 2120, 1635, 1605, 1505, 1470, 1395, 1270, 1230,

1175, 1125, 895, 855, 815 cm1; ms m/z 224(M*), 168, 150, 139.

1-(6-Methoxynaphth-2-y1)-2-(4-cyanophenyl)ethyne (259)

Quantities: compound 257 (3.86 g, 0.021 mol), n-butyllithium (8.50 ml, 2.5M in
hexane, 0.021 mol), zinc chloride (2.86 g, 0.021 mol), compound 253 (3.86 g, 0.021

mmol), tetrakis(triphenylphosphine)palladium(0) (0.97 g, 0.84 mmol).
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The experimental procedure was similar to that described for the preparation of
compound 21 except that the reaction mixture was heated at S0 °C for 18 h (glc and tlc
analysis revealed a complete reaction). The crude product was purified by column
chromatography [silica gel / petroleum fraction (bp 40-60 °C) - dichloromethane, 1:1] to
give a pale yellow solid (4.68 g, 79%). A small quantity (0.50 g) was recrystallised from
ethanol-ethyl acetate (10:1) to yield colourless fluorescent crystals (0.30 g).

Yield 4.68 g (79%); transitions (°C) K 144.0 N 210.0 I; !H nmr (CDCly) &

3.95(3H, s), 7.13(1H, d), 7.18(1H, q), 7.53(1H, q), 7.61(2H, d), 7.66(2H, d),

7.71(1H, d), 7.73(1H, d), 8.00(1H, d); ir (KCI) vyhax 2240, 1610, 1480, 1390,

1260, 1215, 1170, 1140, 1025, 860, 835 cml; ms m/z 283(M+), 268,

1-(6-Butoxynaphth-2-y1)-2-(4-cyanophenyl)ethyne (260)

Quantities: compound 258 (1.80 g, 8.04 mmol), n-butyllithium (3.30 ml, 2.5M in
hexane, 8.25 mmol), zinc chloride (1.15 g, 8.46 mmol), compound 253 (1.42 g, 7.80
mmol), tetrakis(triphenylphosphine)palladium(0) (0.4691 g, 0.41 mmol).

The experimental procedure was as described for the preparation of compound 21.
The crude product was purified by column chromatography [silica gel / petroleum fraction
(bp 40-60 °C) - dichloromethane, 2:1] to give a colourless solid which was recrystallised
from ethanol-ethyl acetate (20:1) to yield colourless (fluorescent) crystals.

Yield 1.45 g (57%); transitions (°C) K 106.5/111.5 N 186.0 I,

1H nmr (CDCls) 8 1.00(3H, t), 1.55(2H, sext), 1.85(2H, quint), 4.10(2H, 1),

7.12(1H, d), 7.18(1H, q), 7.52(1H, q), 7.61(2H, d), 7.66(2H, d), 7.70(1H, d),

7.73(1H, d), 7.99(1H, d); ir (KCl) vp,ax 2980, 2880, 2220, 1610, 1475, 1395,

1260, 1215, 1175, 1140, 1040, 1010, 840, 835 cm™L; ms m/z 325(M*), 269, 240.

1-Butoxy-4-iodobenzene (262)

Quantities: compound 261 (44.0 g, 0.20 mol), 1-bromobutane (45.0 g, 0.33 mol),

potassium carbonate (56.0 g, 0.41 mol).

The experimental procedure was as described for the preparation of compound 26
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and the crude product was distilled.
Yield 51.81 g (94%); bp 108-110 °C at 0.1 mmHg; 'H nmr (CDCl3) &
0.95(3H, t), 1.45(2H, sext), 1.75(2H, quint), 3.90(2H, 1), 6.65(2H, d),
7.60(2H, d); ir (film) vp,ax 2960, 2940, 2860, 1590, 1575, 1485, 1475, 1285,
1245, 1175, 1000, 820 cm1; ms m/z 276(M+), 220, 143.

4-Butoxyphenylethyne (263)

Quantities: lithium acetylide ethylenediamine complex (21.00 g, 0.228 mol), zinc
chloride (31.1 g, 0.23 mol), compound 262 (24.00 g, 0.087 mol),
tetrakis(triphenylphosphine)palladium(0) (3.17 g, 0.27 mol).

The experimental procedure was similar to that described for the preparation of
compound 257 except that the crude product was filtered through a short alumina column
to remove some of the catalyst and then distilled.

Yield 7.60 g (50%); bp 80-82 °C at 0.1 mmHg; 'H nmr (CDCl3) 8 0.95(3H, 1),

1.45(2H, sext), 1.75(2H, quint), 3.00(1H, s), 3.95(2H, t), 6.80(2H, d),

7.40(2H, d); ir (film) v,y 3300, 2960, 2940, 2880, 2120, 1610, 1510, 1475,

1295, 1250, 1175, 835 cm!; ms m/z 174(M™), 118, 89.

1-Iodo-4-pentylbenzene (265)

Quantities: compound 264 (20.00 g, 0.12 mol), 36% hydrochloric acid (110 mi),
sodium nitrite (10.50 g, 0.15 mol), potassium iodide (43.5 g, 0.26 mol).
The experimental procedure was as described for the preparation of
compound 222 and the crude product was distilled.
Yield 29.00 g (88%); bp 90-95 °C at 0.1 mmHg; 'H nmr (CDCl3) 8 0.90(3H, v),
1.25(4H, m), 1.55(2H, quint), 2.50(2H, t), 6.90(2H, d), 7.55(2H, d); ir (film)
Viax 2960, 2940, 2860, 1490, 1405, 1065, 1010, 795 cm'l; ms m/z 274(M*),
217.
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4-Pentylphenylethyne (266)

Quantities: lithium acetylide ethylenediamine complex (20.25 g, 0.22 mol), zinc
chloride (30.0 g, 0.22 mol), compound 265 (24.00 g, 0.088 mol),
tetrakis(triphenylphosphine)palladium(0) (3.12 g, 2.70 mmol).

The experimental procedure was as described for the preparation of
compound 263.

Yield 7.80 g (52%); bp 122-123 °C at 15 mmHg; 'H nmr (CDClz) 8 0.90(3H, 1),

1.30(4H, m), 1.55(2H, quint), 2.55(2H, t), 3.00(1H, s), 7.10(2H, d),

7.40(2H, d); ir (film) v,x 3320, 2960, 2880, 2130, 1620, 1520, 1480, 1125,

1030, 850, 830, 660, 655, 620, 565 cm'l; ms m/z 172(M*), 115.

1-(6-Butoxynaphth-2-y1)-2-(4-butoxyphenyl)ethyne (267)

Quantities: compound 263 (1.10 g, 6.32 mmol), n-butyllithium (2.60 ml, 2.5M in
hexane, 6.50 mmol), zinc chloride (0.90 g, 6.62 mmol), compound 256 (2.00 g, 6.13
mmol), tetrakis(triphenylphosphine)palladium(0) (0.3721 g, 0.32 mmol).

The experimental procedure was as described for the preparation of compound 21.
The crude product was purified by column chromatography [silica gel / petroleum fraction
(bp 40-60 °C) - dichloromethane, 4:1] to give a colourless solid which was recrystallised
from ethanol-ethyl acetate (20:1) to yield colourless crystals. Note: glc analysis revealed
the presence of some starting material (compound 256) which was isolated during
purification as a colourless solid (0.33 g).

Yield 0.22 g (22%); transitions (°C) K 149.0 N 178.5 I, IH nmr (CDCl3) &

1.00(6H, 2xt), 1.55(4H, m), 1.80(4H, m), 3.95(2H, 1), 4.05(2H, 1), 6.87(2H, d),

7.10(1H, d), 7.14(1H, q), 7.47(2H, d), 7.53(1H, q), 7.66(1H, d), 7.70(1H, d),

7.94(1H, d); ir (KCI) vpax 2960, 2940, 2860, 1620, 1600, 1515, 1470, 1395,

1390, 1250, 1210, 1175, 900, 865, 835 cm™1; ms m/z 372(M+), 316, 260.

1-(6-Butoxynaphth-2-yl)-2-(4-pentylphenylethyne (268)

Quantities: compound 266 (1.35 g, 7.85 mmol), n-butyllithium (3.20 ml, 2.5M in
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hexane, 8.00 mmol), zinc chloride (1.15 g, 8.45 mmol), compound 256 (2.35 g, 8.45
mmol), tetrakis(triphenylphosphine)palladium(0) (0.3101 g, 0.27 mmol).

The experimental procedure was as described for the preparation of compound 21.
The crude product was purified by column chromatography [silica gel / petroleum fraction
(bp 40-60 °C) - dichloromethane, 12:1] to give a colourless solid which was recrystallised
from ethanol-ethyl acetate (20:1) to yield colourless crystals.

Yield 1.70 g (64%); transitions (°C) K 82.0 N 143.0 [; IH nmr (CDCl3) 8

0.90(3H, t), 1.05(3H, t), 1.35(4H, m), 1.65(4H, m), 1.85(2H, quint),

2.65(2H, t), 4.10(2H, t), 7.10(1H, d), 7.14(1H, q), 7.18(2H, d), 7.47(2H, d),

7.54(1H, q), 7.67(1H, d), 7.71(1H, d), 7.96(1H, d); ir (KCD) v« 2980, 2940,

2860, 1630, 1605, 1470, 1390, 1260, 1210, 1175, 1140, 1070, 1025, 980, 965,

865, 850, 820 cr'l; ms m/z 370(M+), 355, 314, 257.

1-(6-Methoxynaphth-2-y1)-2-(4-butoxyphenyl)ethyne (269)

Quantities: compound 263 (2.50 g, 0.014 mol), n-butyllithium (5.75 ml, 2.5M in
hexane, 0.014 mol), zinc chloride (2.00 g, 0.015 mol), compound 250 (2.80 g, 0.012
mol), tetrakis(triphenylphosphine)palladium(0) (0.6939 g, 0.60 mmol).

The experimental procedure was similar to that described for the preparation of
compound 21 except that the mixture was heated under reflux (oil bath at 100 °C) for 22 h
(overnight for convenience; glc and tlc analysis revealed a complete reaction). The crude
mixture was purified by column chromatography [silica gel / petroleum fraction (bp 40-60
°C) - dichloromethane, 4:1] to give a colourless solid which was recrystallised from
ethanol-ethyl acetate (1:1) to yield colourless crystals.

Yield 2.55 g (64%); transitions (°C) K 131.0 N 185.0 I; IH nmr (CDCl3) &

1.00(3H, 1), 1.50(2H, sext), 1.80(2H, quint), 3.90(3H, s), 4.00(2H, 1),

6.88(2H, d), 7.10(1H, d), 7.15(1H, q), 7.48(2H, d), 7.53(1H, q), 7.68(1H, d),

7.70(1H, d), 7.95(1H, d); ir (KCI) viax 2960, 2940, 2880, 1600, 1515, 1485,

1390, 1260, 1250, 1215, 1170, 1035, 900, 860, 825 cml; ms m/z 330(M*), 315,
274, 259.
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1-Bromo-4-pent-1-ynylbenzene (270)

Quantities: pent-1-yne (5.28 g, 0.078 mol), n-butyllithium (7.80 mi, 10.0M in
hexane, 0.078 mol), zinc chloride (10.80 g, 0.079 mol), compound 184 (5.28 g, 0.078
mol), tetrakis(triphenylphosphine)palladium(0) (2.80 g, 2.40 mmol).

The experimental procedure was as described for the preparation of compound 21.

Yield 14.20 g (82%); bp 130-134 °C at 15 mmHg; H nmr (CDCl3) 8 1.05(3H, 1),

1.60(2H, sext), 2.35(2H, 1), 7.20(2H, d), 7.40(2H, d); ir (film) vy« 2960, 2940,

2860, 1485, 1395, 1340, 1070, 1010, 1000, 820 cm-l; ms m/z 224(M+), 223,

222(M™), 221, 209, 207, 202, 200, 185, 183.

1-(6-Butoxynaphth-2-y1)-2-(4-pent-1-ynylphenyl)ethyne (271)

Quantities: compound 258 (1.60 g, 7.14 mmol), n-butyllithium (2.90 mi, 2.5M in
hexane, 7.25 mmol), zinc chloride (1.00 g, 7.35 mmol), compound 270 (1.57 g, 7.04
mmol), tetrakis(triphenylphosphine)palladium(0) (0.4129 g, 0.36 mmol).

The experimental procedure was as described for the preparation of
compound 269. The crude product was purified by column chromatography [silica gel /
petroleum fraction (bp 40-60 °C) - dichloromethane, 4:1] to yield a colourless solid which
was recrystallised from ethanol-ethyl acetate (1:1) to yield colourless crystals.

Yield 1.77 g (77%); transitions (°C) K 126.5 N 171.0 I, IH nmr (CDCl3) &

0.95(3H, t), 1.05(3H, t), 1.50(2H, sext), 1.65(2H, sext), 1.85(2H, quint),

2.40(2H, t), 4.10(2H, v), 7.10(1H, d), 7.17(1H, @), 7.37(2H, d), 7.47(2H, d),

7.52(1H, q), 7.67(1H, d), 7.71(1H, d), 7.96(1H, d); ir (KCI) Vpyax 2960, 2940,

2880, 1625, 1600, 1470, 1390, 1260, 1215, 1175, 860, 840, 820 cm™1; ms m/z

366(M), 337, 323, 310, 281.

1-(6-Butoxynaphth-2-y1)-2-(3-fluoro-4-pent-1-ynylphenylethyne (272)

Quantities: compound 258 (1.30 g, 5.80 mmol), n-butyllithium (3.65 ml, 1.6M in
hexane, 5.84 mmol), zinc chloride (0.80 g, 5.88 mmol), compound 114 (1.47 g, 6.10
mmol), tetrakis(triphenylphosphine)palladium(0) (0.2394 g, 0.21 mmol).
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The experimental procedure was as described for the preparation of
compound 269. The crude product was purified by column chromatography [silica gel /
petroleum fraction (bp 40-60 °C) - dichloromethane, 4:1] to give a colourless solid which
was recrystallised from ethanol-ethyl acetate (2:1) to yield colourless crystals.

Yield 1.31 g (59%); transitions (°C) K 102.5 S5 108.5 N 144.0 I;

TH nmr (CDCly) 8 1.00(3H, 1), 1.05(3H, t), 1.55(2H, sext), 1.65(2H, sext),

1.85(2H, quint), 2.45(2H, t), 4.10(2H, t), 7.10(1H, d), 7.16(1H, q),

7.23(1H, q), 7.25(1H, q), 7.37(1H, v), 7.51(1H, q), 7.67(1H, d), 7.71(1H, d),

7.97(1H, d); ir (KCl) vyax 2960, 2940, 2880, 2210, 1615, 1475, 1395, 1260,

1220, 1195, 1040, 1010, 890, 865, 825 cm-1; ms m/z 384(M+), 328, 299.

1-Bromo-3-fluoro-4-butoxybenzene (273)

Quantities: compound 99 (11.60 g, 0.061 mol), 1-bromobutane (10.00 g, 0.073
mol), potassium carbonate (25.0 g, 0.18 mol), butanone (130 ml).

The experimental procedure was as described for the preparation of compound 26.

Yield 9.50 g (63%); bp 80-82 °C at 0.1 mmHg; 1H nmr (CDCl3) 8 0.95(3H, 1),

1.50(2H, sext), 1.80(2H, quint), 4.00(2H, t), 6.80(1H, t), 7.14(1H, oct),

7.20(1H, q); ir (KCI) v,ax 2980, 2960, 2880, 1585, 1505, 1475, 1410, 1310,

1270, 1210, 1135, 1075, 1030, 1010, 880, 860, 805, 640, 580 cm™1; ms m/z

248(M), 246(M), 192, 190.

1-(6-Butoxynaphth-2-y1)-2-(3-fluoro-4-butoxyphenyl)ethyne (274)

Quantities: compound 258 (1.44 g, 6.43 mmol), n-butyllithium (2.60 ml, 2.5M in
hexane, 6.50 mmol), zinc chloride (0.90 g, 6.62 mmol), compound 273 (1.65 g, 6.68
mmol), tetrakis(triphenylphosphine)palladium(0) (0.3127 g, 0.27 mmol).

The experimental procedure was as described for the preparation of
compound 269. The crude product was purified by column chromatography [silica gel /
petroleum fraction (bp 40-60 °C) - dichloromethane, 3:1] to give a colourless solid which

was recrystallised from ethanol-ethyl acetate (10:1) to yield colourless crystals.
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Yield 1.22 g (49%); transitions (°C) K 132.0 N 153.0 I; 'H nmr (CDCl3) 3
1.00(6H, 2xt), 1.50(4H, sext), 1.80(4H, quint), 4.05(4H, 2xt), 6.91(1H, t),
7.09(1H, d), 7.15(1H, q), 7.27(2H, 2xq), 7.50(1H, q), 7.66(1H, d),
7.70(1H, d), 7.94(1H, d); ir (KCI) vax 2960, 2940, 2860, 1515, 1270, 1240,
1050, 1020, 830, 770 cm1; ms m/z 390(M+), 347, 334, 278.

The attempted preparation of 4-pent-1-ynylphenylethyne (275)

Quantities: lithium acetylide ethylenediamine complex (6.20 g, 0.067 mol), zinc
chloride (9.20 g, 0.068 mol), compound 270 (5.00 g, 0.022 mol),
tetrakis(triphenylphosphine)palladium(0) (1.50 g, 1.30 mmol).

The experimental procedure was similar to that described for the preparation of
compound 257 except that the reaction mixture was heated under reflux for 4 h (i.e., until
glc analysis revealed a complete reaction). The crude product was purified by column
chromatography [silica gel / petroleum fraction (bp 40-60 °C) - dichloromethane, 10:1 with
the gradual addition of further dichloromethane] to give a yellow solid which was
recrystallised from hexane to yield colourless crystals [1,2-di(4-pent-1-ynylphenyl)ethyne].

Yield 1.90 g (56%); transitions (°C) K 121.0 L 1H nmr (CDCl3) 8 1.05(6H, t),

1.60(4H, sext), 2.40(4H, t), 7.35(4H, d), 7.45(4H, d); ir (KCl) Vax 2960, 2940,

2890, 2860, 2840, 1520, 1460, 1410, 1285, 1115, 845, 550 cm-1; ms m/z

310(Mt), 295, 281.

2-Cyano-6-methoxynaphthalene (276)

A mixture of compound 250 (12.00 g, 0.051 mol) and copper(l) cyanide (5.26 g,
0.059 mol) in dry DMF (75 ml) was heated at 185 °C for 5 h (glc analysis revealed a
complete reaction). The cooled mixture was poured into 10% hydrochloric acid and the
product was extracted into ether. The insoluble salts were filtered off and the separated
aqueous layer was washed with ether. The combined ethereal extracts were washed with
brine and dried (MgSOy). The solvent was removed in vacuo and the residue was purified

by column chromatography [silica gel / petroleum fraction (bp 40-60 °C) -
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dichloromethane, 1:2] to give a pale yellow solid.
Yield 7.60 g (81%); mp 103-104 °C; H nmr (CDCl3) & 3.95(3H, s), 7.15(1H, d),
7.24(1H, q), 7.58(1H, q), 7.80(2H, d), 8.15(1H, d); ir (KCI) vp,,x 3080, 3010,
2940, 2850 (all weak), 2220, 1625, 1605, 1480, 1390, 1270, 1230, 1175, 1030,
895, 875, 815, 665, 550, 475 cm1; ms m/z 183(M*), 168, 153, 140.

6-Cyanonaphth-2-ol (277)

Quantities: compound 276 (6.90 g, 0.0377 mol), boron tribromide (24.00 g, 10.0
ml, 0.0956 mol).

The experimental procedure was as described for the preparation of compound 11.

Yield 6.40 g (100%), mp 156-157 °C; 'H nmr (CDCl3) 8 7.19(1H, d),

7.24(1H, q), 7.50(1H, q), 7.70(1H, d), 7.76(1H, d), 8.11(1H, d), 9.65(1H, s);

ir (KCI) viax 3400-3100, 2240, 1625, 1485, 1395, 910, 870 cm1; ms m/z

169(M).

6-Cyanonaphth-2-yl triflate (278)

A solution of N-phenyltriflamide (9.00 g, 0.025 mol) in dry dichloromethane (50
ml) was added dropwise to a stirred, cooled (-78 °C) solution of compound 277 (4.00 g,
0.024 mol) in dry dichloromethane (80 ml) and dry triethylamine (4.90 g, 0.049 mol)
under dry nitrogen. The stirred mixture was allowed to warm to room temperature
overnight (glc and tlc analysis revealed a complete reaction). The mixture was washed with
aqueous sodium carbonate and the separated aqueous layer was washed with
dichloromethane. The combined organic extracts were washed with water and dried
(MgSQy). The solvent was removed in vacuo and the residue was purified by column
chromatography (silica gel / dichloromethane) to give a colourless solid.

Yield 7.20 g (99%); mp 93-94 °C; H nmr (CDCl3) 6 7.52(1H, q), 7.73(1H, q),

7.83(1H, d), 7.99(1H, d), 8.03(1H, d), 8.30(1H, d); ir (KCl) vppax 3080, 2240,

1425, 1250, 1235, 1210, 1140, 1120, 940, 880, 825, 665, 625, 610 cm™1; ms m/z

301(M™), 276, 237, 168, 140.
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1-(6-Cyanonaphth-2-y1)-2-(4-butoxyphenylethyne (279)

Quantities: compound 263 (1.28, 7.36 mmol), n-butyllithium (2.95 ml, 2.5M in
hexane, 7.38 mmol), zinc chloride (1.05 g, 7.72 mmol), compound 278 (2.10 g, 6.98
mmol), tetrakis(triphenylphosphine)palladium(0) (0.4267 g, 0.37 mmol), lithium chloride
(0.6171 g, 0.015 mol).

The experimental procedure was similar to that described for the preparation of
compound 269 except that lithium chloride was added with the
tetrakis(triphenylphosphine)palladium(0). The crude product was purified by column
chromatography [silica gel / petroleum fraction (bp 40-60 °C) - dichloromethane, 1:1] to
give a pale-yellow solid which was recrystallised from ethanol-ethyl acetate (10:1) to yield
colourless (fluorescent) crystals.

Yield 1.64 g (72%); transitions (°C) K 110.5/120.5 N 195.5 [; IH nmr

(CDCl3) 8 1.00(3H, t), 1.50(2H, sext), 1.80(2H, quint), 4.00(2H, 1),

6.90(2H, d), 7.50(2H, d), 7.61(1H, q), 7.67(1H, q), 7.84(1H, d), 7.87(1H, d),

8.03(1H, d), 8.19(1H, d); ir (KCI) vyp,x 2960, 2950, 2880, 2240, 2210, 1610,

1600, 1520, 1475, 1290, 1260, 900, 850, 830 cm1; ms m/z 325(M*), 269, 240.

1-(6-Cyanonaphth-2-y1)-2-(4-pentylphenylethyne (280)

Quantities: compound 266 (1.29 g, 7.50 mmol), n-butylithium (3.00 ml, 2.5M in
hexane, 7.50 mmol), zinc chloride (1.05 g, 7.72 mmol), compound 278 (2.12 g, 7.04
mmol), tetrakis(triphenylphosphine)palladium(0) (0.4361 g, 0.38 mmol), lithium chloride
(0.6269 g, 0.015 mmol).

The experimental procedure was as described for the preparation of
compound 279. The crude product was purified by column chromatography [silica gel /
petroleum fraction (bp 40-60 °C) - dichloromethane, 2:1] to give a colourless solid which
was recrystallised from ethanol-ethyl acetate (10:1) to yield colourless crystals.

Yield 1.42 g (62%); transitions (°C) K 79.5 N 164.0 I; IH nmr (CDCl3) 6

0.90(3H, t), 1.30(4H, m), 1.60(2H, quint), 2.60(2H, t), 7.20(2H, d),

7.49(2H, d), 7.62(1H, q), 7.68(1H, q), 7.86(1H, d), 7.89(1H, d), 8.06(1H, d),
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8.20(1H, d); ir (KCl) Vmax 2960, 2940, 2860, 2240, 2210, 1625, 1510, 900, 890,
840, 815 cm1; ms m/z 323(M™), 266.

1-(6-Butoxynaphth-2-y1)-2-(6-cyanonaphth-2-yl)ethyne (281)

Quantities: compound 258 (1.60 g, 7.14 mmol), n-butyllithium (2.90 ml, 2.5M in
hexane, 7.25 mmol), zinc chloride (1.00 g, 7.35 mmol), compound 278 (2.00 g, 6.64
mmol), tetrakis(triphenylphosphine)palladium(0) (0.2621 g, 0.23 mmol), lithium chloride
(0.5812 g, 0.014 mol).

The experimental procedure was as described for the preparation of
compound 279. The crude product was purified by column chromatography [silica gel /
petroleum fraction (bp 40-60 °C) - dichloromethane, 1:1] to give a yellow solid which was
recrystallised from ethyl acetate to yield pale-yellow crystals.

Yield 1.42 g (57%); transitions (°C) K 185.0 N 270.5 I; H nmr (CDCl3) 8

1.00(3H, t), 1.55(2H, sext), 1.85(2H, quint), 4.10(2H, t), 7.12(1H, d),

7.18(1H, q), 7.56(1H, q), 7.62(1H, q), 7.70(1H, d), 7.71(1H, ¢), 7.73(1H, d),

7.87(1H, d), 7.90(1H, d), 8.02(1H, d), 8.10(1H, d), 8.21(1H, d); ir (KCI) Vux

2960, 2940, 2860, 2240, 2210, 1620, 1600, 1500, 1470, 1275, 1215, 1160,

910, 900, 880, 820, 660 cm1; ms m/z 375(M™), 319, 290.

6-Bromonaphth-2-yl triflate (282)

Quantities: compound 249 (2.80 g, 0.0126 mol), N-phenyltriflamide (4.93 g,
0.0138 mol), triethylamine (2.55 g, 0.025 mol).
The experimental procedure was as described for the preparation of
compound 278. The crude product was purified by column chromatography (silica gel /
dichloromethane) to give an off-white solid.
Yield 4.40 g (98%); mp 52-53 °C; H nmr (CDCl3) 6 7.37(1H, ¢), 7.61(1H, g),
7.69(1H, d), 7.71(1H, d), 7.79(1H, d), 8.01(1H, d); ir (KCI) vppax 1595, 1505,
1420, 1250, 1210, 1200, 1145, 1110, 920, 890, 880, 805, 720, 660, 610 cm';
ms m/z 355(M*), 353(M+), 223, 221, 195, 193.
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1-(6-Bromonaphth-2-y1)-2-(4-pentylphenyl)ethyne (283)

Quantities: compound 266 (2.30 g, 0.013 mol), n-butyllithium (5.20 ml, 2.5M in
hexane, 0.013 mol), zinc chloride (1.80 g, 0.013 mol), compound 282 (3.90 g, 0.011
mol), tetrakis(triphenylphosphine)palladium(0) (0.6357 g, 0.55 mol), lithium chloride
(0.95 g, 0.022 mol).

The experimental procedure was as described for the preparation of
compound 279. The crude product was purified by column chromatography {silica gel /
petroleum fraction (bp 40-60 °C) - dichloromethane, 10:1] to give a yellow solid which was
recrystallised from ethanol-ethyl acetate (3:1) to give colourless crystals.

Yield 1.91 g (46 %); transitions (°C) K 106.5 N 145.0 I; 1H nmr (CDCl3) &

0.90(3H, 1), 1.35(4H, m), 1.65(2H, quint), 2.65(2H, t), 7.18(2H, d),

7.48(2H, d), 7.55(1H, q), 7.59(1H, q), 7.67(1H, d), 7.71(1H, d), 7.97(1H, d),

7.99(1H, d); ir (KC1) vpy,ax 2960, 2940, 2860, 1590, 1515, 1470, 1270, 1170,

1145, 1070, 905, 895, 830, 655 cm1; ms m/z 378(M*), 376, 321, 319.

6-Iodonaphth-2-ol (284)

Quantities: compound 255 (10.00 g, 0.035 mol), boron tribromide (10.0 ml,
22.00 g, 0.088 mol).

The experimental procedure was as described for the preparation of compound 11.
Yield 9.45 g (100%); mp 129-131 °C; 'H nmr (CDCl3) § 5.15(1H, s),

7.07(1H, d), 7.09(1H, q), 7.40(1H, d), 7.61(1H, d), 7.63(1H, q), 8.13(1H, d);

ir (KCI) vipax 3500-3000, 1630, 1585, 1505, 1395, 1350, 1260, 1210, 905, 860,
815 cml; ms m/z 270(M+), 182, 143.

6-Todonaphth-2-yl triflate (285)

Quantities: compound 284 (6.00 g, 0.022 mol), N-phenyltriflamide (8.35 g, 0.023
mol), triethylamine (4.50 g, 0.045 mol).
The experimental procedure was as described for the preparation of

compound 278. The crude product was purified by column chromatography (silica gel /
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dichloromethane) to give a fawn solid.
Yield 8.80 g (100%); mp 65-66 °C; 1H nmr (CDCl3) & 7.38(1H, q), 7.60(1H, d),
7.71(1H, d), 7.80(1H, d), 7.82(1H, q), 8.30(1H, d); ir (KCI) vp,x 1500, 1420,
1210, 1200, 1145, 1110, 960, 915, 880, 805, 720, 650, 605 cm!; ms m/z
402(MH), 269, 241.

6-Pent-1-ynylnaphth-2-yl triflate (286)

Quantities: pent-1-yne (1.60 g, 0.0235 mol), n-butyllithium (2.35 ml, 10.0M in
hexane, 0.0235 mol), zinc chloride (3.20 g, 0.0235 mol), compound 285 (8.20 g, 0.020
mol), tetrakis(triphenylphosphine)palladium(0) (1.20 g, 1.0 mmol).

The experimental procedure was as described for the preparation of compound 21.
The crude product was purified by column chromatography [silica gel / petroleum fraction
(bp 40-60 °C) - dichloromethane, 5:1] to give a pale yellow oil.

Yield 6.33 g (92%); H nmr (CDCl3) 8 1.10(3H, 1), 1.70(2H, sext), 2.45(2H, 1),

7.34(1H, q), 7.53(1H, q), 7.68(1H, d), 7.75(1H, d), 7.81(1H, d), 7.92(1H, d);

ir (film) v, 2980, 2950, 2880, 2240, 1605, 1505, 1430, 1250, 1220, 1145,

1110, 960, 920, 890, 860, 810 crn-1; ms m/z 342(M+), 313, 209.

1-(6-Pent-1-ynylnaphth-2-y1)-2-(4-butoxyphenyl)ethyne (287)

Quantities: compound 263 (1.10 g, 6.32 mmol), n-butyllithium (3.95 ml, 1.6M in
hexane, 6.33 mmol), zinc chloride (0.90 g, 6.61 mmol), compound 286 (2.05 g, 6.00
mmol), tetrakis(triphenylphosphine)palladium(0) (0.2414 g, 0.21 mmol), lithium chloride
(0.5810 g, 0.014 mol).

The experimental procedure was as described for the preparation of
compound 279. The crude product was purified by column chromatography [silica gel /
petroleum fraction (bp 40-60 °C) - dichloromethane, 4:1] to give a colourless solid which
was recrystallised from ethanol-ethyl acetate (1:1) to yield colourless crystals.

Yield 1.41 g (64%); transitions (°C) K 124.0 N 172.0 I, 'Hnmr (CDCl3) 8

0.95(3H, 1), 1.10(3H, 1), 1.50(2H, sext), 1.65(2H, sext), 1.80(2H, quint),
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2.45(2H, 1), 4.00QH, 1), 6.88(2H, d), 7.45(1H, q), 7.48(2H, d), 7.54(1H, ),
7.71(2H, 2xd), 7.86(1H, d), 7.96(1H, d); ir (KC1) V.., 2960, 2940, 2860, 1610,
1600, 1520, 1475, 1290, 1250, 1180, 1110, 905, 840, 830 cr™!; ms m/z
366(M+), 281.

1-(6-Pent-1-ynylnaphth-2-yl)-2-(4-pentylphenyl)ethyne (288)

Quantities: compound 266 (1.08 g, 6.28 mmol), n-butyllithium (3.95 ml, 1.6M in
hexane, 6.33 mmol), zinc chloride (0.90 g, 6.61 mmol), compound 286 (2.05 g, 6.00
mmol), tetrakis(triphenylphosphine)palladium(0) (0.2310 g, 0.20 mmol), lithium chloride
(0.5269 g, 0.012 mol).

The experimental procedure was as described for the preparation of
compound 279. The crude product was purified by column chromatography {silica gel /
petroleum fraction (bp 40-60 °C) - dichloromethane, 5:1] to give a pale-yellow solid which
was recrystallised from ethanol-ethyl acetate (2:1) to yield colourless crystals.

Yield 1.37 g (63%); transitions (°C) K 106.5 N 129.0 I; !H nmr (CDCl3) &

0.90(3H, 1), 1.10(3H, t), 1.30(4H, m), 1.65(4H, m), 2.45(2H, t), 2.65(2H, 1),

7.17(2H, d), 7.45(1H, q), 7.48(2H, d), 7.55(1H, q), 7.71(2H, 2xd),

7.87(1H, d), 7.97(1H, d); ir (KCI) vpax 2960, 2940, 2880, 1600, 1515, 1480,

1025, 900, 830 cm'1; ms m/z 364(M), 335, 307, 278.
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2.6 Discussion of Synthetic Methods

2.6 (a) Lateral Fluoro-substituted Esters (Schemes 1-9, p 70-78)

In this section of work the aim was to synthesise a series of lateral
fluoro-substituted esters, viz fluoro-substituted derivatives of 4-cyanophenyl 4-pentyl- and
4-butoxy- benzoates (44-57), 4-cyanobiphenyl-4'-yl 4-pentyl- and 4-butoxy- benzoates
(59-74), 4-cyanophenyl 4-(trans-4-propylcyclohexylethyl)benzoates (75-77),
4-cyanobiphenyl-4'-yl hexanoates (79 and 80) and 4-cyanobiphenyl-4'-yl
heptoxyethanoate (82).

The esters themselves were all prepared by a recently reported method!78 by using
N ,N-dicyclohexylcarbodi-imide (DCC) and 4-N-pyrrolidinopyridine (catalyst). Thisis a
very convenient, one-pot, process carried out in dry dichloromethane at room temperature
and gave excellent yields (see p 122). This method is, for obvious reasons, preferable to
others!79:180 which involve the formation of the moisture-sensitive acid chloride as an
intermediate.

However, the preparation of the required acids and phenols needed careful
planning. The specific substitution patterns in the benzene rings presented many
difficulties, particularly for those with four substituents in a single ring. For many such
compounds the use of conventional aromatic substitution procedures was impossible.

4,4'-Disubstituted biphenyls (scheme 1, p 70) are extremely difficult to modify by
further substitution because all the unsubstituted ring positions are sterically hindered. The
possibilities are even more limiting when one ring is activated and the other is deactivated
towards further reaction by the 4- and 4'- substituents because reaction, if it does occur,
may involve the wrong ring.

These observations apply in the preparation of biphenols 11 and 12, which,
because of the substitution patterns required, were best obtained by coupling two
appropriately substituted, one-ring units. Several cross-coupling procedures are available,
including NiCl,.dppp catalysed reactions of Grignard reagents with aryl halides, 167
Pd(PPh3)4!81 and PdCly(PPh3),182 catalysed reactions of organo-zinc halides with aryl

halides!48 and the Pd(PPhy), catalysed reactions of aryl boronic acids with aryl
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halides!01-164 (cross-coupling reactions are discussed further in the Introduction, p 56).
The last procedure was chosen because the arylboronic acids are easily prepared (in large
quantities if required) and can be stored indefinitely to be coupled with different suitable
systems when convenient. This cross-coupling reaction reported 61,162 good yields with a
lack of homo-coupling, inertness of many functional groups (sterically hindered systems
still couple well although longer reaction times are required) and, as the reaction is carried
out in benzene and 2M sodium carbonate solution, anhydrous conditions are not required.

The boronic acid (2)175 was prepared by adding the cooled Grignard reagent of
compound 1 to a cooled (-78 °C) solution of tri-isopropyl borate in dry THF under dry
nitrogen,170 and the product purified by recrystallisation from water. During this process,
an oil separated and it was removed from the mixture (it solidified later) and dried. This
solid was identified as the trimeric anhydride of compound 2 and the pure boronic acid 2
crystallised from the water solution. However, since both the pure boronic acid and its
trimeric anhydride are equally suitable for the coupling reaction (e.g. step 1E, Scheme 1, p
70) susequent boronic acids were not purified (see also p 223).

For the bromination of compound 3, mild conditions (N-bromosuccinimide at low
temperature!83) were used to prevent any bromination in the 6-position, but this was not
necessary for the preparation of compound 6 and bromine in acetic acid was used.184

The diazotisations-cyanations!83 to give compounds 7 and 8 proved to be difficult
and involved procedures which gave moderate, variable yields. It was essential to hold the
starting amine in solution and to have accurate temperature control, hence the slight
differences in detail between the preparations of compounds 7 and 8.

Compounds 9 and 10 were prepared by a
tetrakis(triphenylphosphine)palladium(0) 18! catalysed cross-coupling reaction!61-164 which
is discussed in detail in the Introduction (p 56). For the demethylation!86 of compounds 9
and 10 excess boron tribromide was required due to the presence of the nitrile group.
These demethylation reactions were carefully monitored by glc analysis (as were most
reactions carried out) and quantitative yields were obtained.

Scheme 2 (p 71) is concerned with the preparation of
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2,6-difluoro-4-hydroxybenzonitrile (18), which, if a method for the conversion of ArBr
into ATOH in the presence of a nitrile group was available, could have been prepared from
compound 8 (see Scheme 1, p 70). However, this was not possible and so a five-step
synthesis was undertaken starting with 3,5-difluoroanisole (compound 13, available from
Fluorochem Ltd.). The metallation (with n-butyllithium) of compound 13 was crucial to
the success of this scheme (in fact crucial to the whole programme of ester preparations
since it is also used in Scheme 4, p 73) because although other methods were sought none
were suitable.

It has been reported that anisole and fluorobenzene are lithiated at the ortho
position!87 and both 3-fluoroanisole and 1,3-diflucrobenzene are metallated between the
substituents.187-190 These observations indicate that a methoxy- or a fluoro- substituent
both direct metallation to an ortho position. However, what cannot be found in the
literature is what happens when two competing systems are present in one compound, as in
3,5-difluoroanisole. Is metallation favoured between the methoxy- and fluoro- substituents
(two such positions exist in 3, 5-difluoroanisole) or is the position between the two
fluorines (only one site) preferred for metallation? The preparation of compound 14 was a
decisive test of this choice and the lithiation had to be carried out at -78 °C (or at least ~-60
°C) to avoid the formation of the highly unstable benzyne system via the elimination of
lithium fluoride; addition of the cold lithium derivative to dry ice in dry ether completed the
conversion. In fact, a pure product (compound 14) was obtained in excellent yield with no
trace of impurity and the 'H nmr spectrum of the product was conclusively different from
that expected for the other possible acid obtained by metallation at a position between the
methoxy- and fluoro- substituents. The conclusion from this result is that two fluorine
atoms ortho to a hydrogen atom cause greater acidity than one ortho-fluorine atom and one
ortho-methoxy group.

Nitrile 17 was prepared from acid 14 in good overall yield by the usual sequence
of reactions (i.e. conversion to the acid amide via the acid chloride followed by dehydration
to the nitrile).163 Demethylation of compound 17 was completely unsuccessful by the

previously used boron tribromide in dry dichloromethane method!80 (see Scheme 1, p 70)
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despite the use of reflux conditions. This is perhaps due to the strong
electron-withdrawing effect of the nitrile and the two fluorine substituents. Successful
demethylation in good yield was achieved by a method!80 using aluminium chloride and
sodium chloride at 180 °C.

Scheme 3 (p 72) shows the simple preparation of 4-butoxybenzoic acid (compound
20) and 4-butoxy-2-fluorobenzoic acid (compound 27). The preparation of
4-pentyl-2-fluorobenzoic acid (compound 24) was difficult because of the substitution
pattern required and epitomizes the often much greater difficulty in obtaining an
alkyl-substituted compound than an alkoxy-substituted homologue (e.g. compound 27).

Compound 24 had previously been prepared!! by the six-step route shown below
(Figure 31). However, although innovative, the route was unattractive due to messy

reactions and low yields.

NO, NH
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Figure 31

Compound 7 had already been prepared in quantity (see Scheme 1, p 70) and by
the use of the nitrile-tolerating alkynylzinc reagent!30 in dry THF with a
tetrakis(triphenylphosphine)palladium(0) catalyst,181 the alkyne 21 was obtained in
excellent yield (see also the general discussion of coupling reactions in the Introduction p
56). Then because it was anticipated that hydrogenation of this alkyne may affect the nitrile
group, compound 21 was hydrolysed first. The hydroysis should have given compound
22 but the conjugated triple bond was hydrated to give an enol which tautomerised to give
2-fluoro-4-pentanoylbenzoic acid. Compound 21 was therefore hydrogenated, in good

yield, with the nitrile group totally unaffected! Subsequent hydrolysis with sulphuric acid
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and acetic acid19? gave a good yield of the acid 24.

The preparation of the difluoro-substituted acids (compounds 33 and 36) in
scheme 4 (p 73) is based on the metallation between the two fluorine atoms as discussed
previously (see p 213). However, although the preparation of the butoxy derivative was
straightforward, the synthesis of the pentyl acid (33) was hampered by the troublesome
preparation of compound 32. This was due to the failure of several catalysed coupling
reactions which according to the literature!27.167.165,193 should have occurred in good
yield.

Therefore a three-step sequence of standard reactions which were operationally
simple gave a good overall yield of compound 32. Addition of pentanal to the Grignard
reagent of compound 29 gave the benzy! alcohol (30) in excellent yield (69% from
distillation or 98% from column chromatography). Initially direct hydrogenolysis of the
benzyl alcohol (30) was attempted, but although several acid catalysts were used, this
failed. Hence the use of phosphorus(V) oxide in pentane to obtain the alkene (31), which
was not isolated; hydrogenation of the filtered solution over 5% Pd/C at room temperature
and atmospheric pressure gave compound 32.

The final acid to be prepared was 4-(trans-4-propylcyclohexylethyl)benzoic acid
(41). The acid chloride (37) was supplied by our collaborators, BDH Ltd. and was
involved in a normal Friedel-Crafts acylation with bromobenzene to give the ketone 39. A
simple, efficient and mild reduction system of triethylsilane and trifluoroacetic acid!9* was
used to give compound 40. Removal of the bromine with n-butyllithium in dry THF
followed by carboxylation with dry ice in dry ether gave an excellent conversion into the
acid (41).

2-Fluoro-4-hydroxybenzonitrile (25), 4-pentylbenzoic acid (42) and
4-cyano-4-hydroxybiphenyl (58) were kindly supplied by our collaborators BDH Litd.
Tetrakis(triphenylphosphine)palladium(0) was prepared by a method of Coulson!8! and
heptoxyacetic acid (81) was kindly given by Dr I. G. Shenouda; all other starting materials
are commercially available.

The use of N,N-dicyclohexylcarbodi-imide as a condensing agent in ester synthesis
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has been the subject of several publications.178,195-198 [ 1958 Khorana and
coworkers195 suggested a mechanism similar to that shown in Figure 32. In 1963
Doleschall and Lempert196 claimed to have proved the mechanism by the synthesis of an

intermediate.

0
i
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A Mechanism for rification usin ndensing Agen

Figure 32

In 1978 Hassner and Alexanianl78 reported on the synthesis of esters of both aryl
and alkyl carboxylic acids and primary, secondary and tertiary alcohols and phenols. This
involved the use of a tertiary aminopyridine catalyst (4-N-pyrrolidinopyridine appears to be
the most effective). These workers suggested the mechanism shown in Figure 33, which
involves the conversion of two moles of acid into the anhydride by means of the
N,N-dicyclohexylcarbodi-imide which is converted into the N,N*-dicyclohexyl urea. The
catalyst then attacks the anhydride and the resultant intermediate is attacked by the alcohol
or phenol and the acid produced is recycled. The desired ester is then produced with the
regeneration of the catalyst.

Although the latter mechanism is the more recent, it does seem reasonable that both
mechanisms will occur and the balance as to which mechanism is more dominant will be
determined by the type of acid and hydroxyl (alcoholic or phenolic) compounds being used
or by the experimental procedure. If the N,N-dicyclohexylcarbodi-imide (DCC) is added

all at once to the solution containing the acid then probably all the acid will react with all the
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A Suggested Mechanism for Esterification Proceeding via a Symmetrical Anhydride

Figure 33
DCC, this leaves no further acid from which to form the anhydride and product formation
will occur via the first mechanism (Figure 32). If the DCC is added slowly to the mixture
then the second mechanism (Figure 33) may well be more dominant since anhydride
formation will be possible and this experimental procedure certainly leads to slower
reaction times.1%9 It also seems reasonable that if the hydroxyl compound is unreactive,
for example if sterically hindered acids are used then only the second mechanism (Figure

33) is applicable and the symmetrical anhydride will be isolated and not the desired ester.
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In the second mechanism (Figure 33), the catalyst plays an active role by being involved in
the formation of an intermediate; howéver, the catalyst plays no such part in the first
mechanism and presumably acts as a proton carrier. In the absence of the catalyst very low
(~10%) yields of the desired ester are obtained; in the absence of DCC no esterification
occurs. All esters prepared in this thesis were left overnight and overall yields were
excellent (~90%) after column chromatography and any low yields were accounted for by
losses on recrystallisation since several of the two ring esters (compounds 44-57) were

quite soluble in ethanol.

2.6 (b) Lateral Monofluoro- and Difluoro- substituted Terphenyls and Biphenyls

(Schemes 10-26, p 79-95)

This discussion covers the synthesis of a series of 1,1:4',1" terphenyls with alkyl
or alkoxy chains substituted at the 4 and 4" positions without lateral substituents, and with
one, two, three and four lateral fluoro-substituents. Also discussed is the preparation of
several 4,4'-alkoxy-alkyl- and dialkyl- biphenyls with 2,3-difluoro-substituents.

The basis of all the preparations is the tetrakis(triphenylphosphine)palladium(0)!8!
catalysed cross-coupling reaction of arylboronic acids with aryl halides161-164 (see also
general discussion of cross-coupling reactions in the Introduction, p 56). As explained in
section 2.6 (a), p 211, the further modification of a bipheny! unit (and even more so for a
terphenyl unit) is very difficult, and almost impossible when specific substitution patterns
are required. So small, appropriately substituted units are prepared, one being an
arylboronic acid system, the other being an aryl halide (bromide or iodide). The coupling
reaction of these two units gave the desired products in usually excellent yield. Sometimes
a lower yield was obtained because of a difficult separation during column chromatography
(but usually the crude product was very clean and very easily purified by column
chromatography) and/or because of a low return from the recrystallisation (especially for
low melting derivatives).

Scheme 10 (p 79) shows the preparation of the simple, most frequently used

1-alkyl(or alkoxy)-4-bromobenzene units (84, 85 and 91-93). These were then
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converted into the appropriate boronic acids by adding the cooled Grignard reagent to a
cooled (<78 °C) solution of tri-isopropyl borate in dry THF under dry nitrogen. 70
Complete reaction at the Grignard stage is, of course, desirable (monitored by gle analysis)
since any unconverted aryl bromide will react with the boronic acid in any future coupling
reaction. Compound 95 was supplied by our collaborators BDH Ltd.

In scheme 11 (p 80) the first two terphenyls prepared could have been synthesised
by using the boronic acid of the biphenyl unit and the 1-alkoxy-4-bromobenzenes but
biphenylboronic acids are less easily prepared than single ring derivatives and are less easy
to deal with (especially true of the 4'-alkoxybiphenyl-4-ylboronic acids which are very
insoluble and their Grignard reagent precursors are difficult to form). This opportunity for
an alternative preparation, as described above, often arose and it was resolved by choosing
the boronic acid which was more easily prepared or more readily available to couple to the
appropriate aryl bromide.

Since compounds 102, 103, 107 and 108 have a common pentylbiphenyl
section then it was sensible to make a larger quantity of one boronic acid (compound 96)
and couple this to several aryl bromides rather than make four separate boronic acids. An
additional reason was that to make the boronic acids of compounds 105 and 106 (see
compound 135, Scheme 15, p 84) the lithium derivative would have to be prepared and
used at low temperature (<-60 °C) because at the high temperatures required to form the
Grignard reagent the ortho-fluorine atom would eliminate to form a benzyne.187
Compounds 107 and 108 were prepared as a Part 11, Third Year Undergraduate Project
(1988) by Miss H. Giddings (see also p 230).

The ease of preparing compounds 110, 111 and 112 (Scheme 12, p 81) is due to
the three boronic acids (94, 86 and 87) being prepared in large quantites (for general use)
and the availability of compound 109 from our collaborators BDH Ltd. (also compounds
117 and 118)

The preparation of compound 115 was originally attempted by metallating the iodo
site of compound 113 with n-butyllithium, adding pentanal, dehydrating the alcohol

(phosphorus(V) oxide) and hydrogenating the resulting alkene using 5% Pd/C. However,



220
in the hydrogenation, the compound was also debrominated to a large extent and a much
better, more direct method was tried. This involved an alkynylzinc coupling reaction!V to
compound 113; (see also Scheme 3, p 72 and also p 232) at room temperature coupling
only occurs at the iodine site to give compound 114 in excellent yield. The problem of
debromination during hydrogenation was overcome by using PtO; in ethanol200 which
gave a clean, efficient conversion to compound 115 (compound 114 is also used in
Scheme 35, p 104). Compound 116 was simply prepared as for compounds 86, 89 and
94 (see p 218).

Scheme 13 (p 82) represents the first work leading to the synthesis of
difluoroterphenyls. The bromination of compound 122 was carried out in excellent yield
as described previously (see Scheme 1, p 70), however, the homolytic aromatic
substitution using isopentylnitrite in excess dry benzene201,202 gave a low yield of material
which was difficult to purify. A Friedel-Crafts acylation and subsequent reduction by
triethylsilane-trifluoroacetic acid194 (a mild, selective method which avoids the basic
conditions of the Wolff-Kishner reaction which can cause the loss of fluorine atoms from
aromatic systems such as compound 125) gave compound 126. The reaction sequence
leading to compound 126 was carried out by Mr N.J. Thompson as a Part II, Third Year
Undergraduate Project (1987). The subsequent coupling reactions were carried out in the
usual way (section 2.6 (a), p 211 and Introduction, p 56) to give yields of 82% and 73%
respectively for pure compounds 127 and 128 (poor returns from the recrystallisations
reduced the respective yields to 55% and 47%).

So far all boronic acids have been prepared by metallation (either by the Grignard
reagent or the lithium derivative) of a bromine site followed by the addition of tri-isopropyl
borate. However a boronic acid can also be prepared from a lithium derivative where the
n-butyllithium has removed an acidic proton. This lithiation procedure was carried out at
-78 °C (or at least below ~-60 °C) to prevent the loss of lithium fluoride and the formation
of the highly unstable benzyne derivative.187 Such an acidic proton is found in compound
32 (see Scheme 14, p 83; see also Scheme 4, p 73) between the two fluorine atoms. This

acidity is due to the high electronegativity of the two fluorine atoms stabilising the resulting
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anion. Such an acidic proton was utilised in schemes 2 and 4 to provide benzoic acids (see
Section 2.6 (a), p 213).

The coupling reactions involving boronic acids where the boronic acid group is
between two fluorine atoms were very poor indeed and compounds 130 and 131 were
produced in very poor yields. A small amount of homo-coupled product (i.e.
quaterphenyls formed by the homo-coupling of compounds 95 and 117 respectively) was
detected in each case and a significant quantity of compound 32 was isolated. It therefore
seems that the 2,6-difluoroboronic acid (129) decomposed in the coupling reaction (but not
before a small amount of cross-coupling had occurred) and the lack of boronic acid
available to cross-couple with the aryl bromides 95 and 117 led to the slight
homo-coupling of these bromides.

The cross-coupling of the 2,6-difluorobiphenylboronic acid (133) with compound
91 was very similar to those described above except that no desired product was formed in
this case. A quantitative yield of the precursor to the boronic acid was isolated (i.e.
compound 132), but no homo-coupled product was detected in this case.

The evidence from these three reactions leads to the conclusion that
2,6-difluoro-substituted arylboronic acids are hydrodeboronated under the conditions used
in a cross-coupling reaction because, although a slight trace of such boronic acid precursor
material in the boronic acid is unavoidable (because the boronic acids were not purified), it
is certain from the spectral data and solid nature of boronic acid 129 that no detectable
quantity of liquid precursor 32 is present. However, the boronic acid 133 was clearly
contaminated with its precursor material (the preparation of this boronic acid was probably
impaired by its poor solubility in dry THF at -78 °C) but this small amount (not more than
5% from the 1H nmr spectrum) does not account for the quantitative return after the
attempted coupling reaction. The subsequent absence of any cross-coupling can lead to a
homocoupled product (the usual lack of homo-coupling is an attractive feature of the
boronic acid cross-coupling method).

Scheme 15 (p 84) highlights fully the dilemma of which component should be

converted into a boronic acid and which should be left as the aryl bromide. The first
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terphenyl (compound 136) was prepared in low yield from the coupling of boronic acid
135 [which had to be prepared using n-butyllithium at -78 °C (see also 213 and p 220) to
prevent the formation of the benzyne derivative!87] to compound 109. The reason for this
low yield is because the presence of the quaterphenyl (from the homo-coupling of
compound 109) in the crude product led to a difficult separation on column
chromatography and the recrystallisation gave a poor return.

The low yield for the hexoxy derivative (compound 136) prompted the preparation
of the octoxy homologue (compound 138) the other way round. i.e. to make the boronic
acid of the bipheny! moiety and couple this in the usual way to the single ring aryl bromide
(compound 106). No homo-coupled product was formed and a good yield of the desired
product (compound 138) was obtained.

The availability of this biphenylboronic acid (compound 137) facilitated the
preparation of two further difluoro-substituted terphenyls (compounds 139 and 140). No
homo-coupling was detected in these two coupling reactions (or in any coupling reactions
discussed later) and good yields of the desired products were isolated.

Scheme 16 (p 85) begins the preparation of a large and comprehensive set of
ortho-difluoro-substituted terphenyls and biphenyls. All such ortho-difluoro-substituted
systems were originally prepared from 1,2-difluorobenzene (compound 141).

Schemes 16 and 17 show the eventual synthesis of terphenyls with the two
ortho-fluorines in the centre ring. 1,2-Difluorobenzene has two protons ortho to a fluorine
atom. These two protons are equivalent and because of the electron withdrawing effect of
the ortho fluorine atoms they are acidic.187 Treatment of 1,2-difluorobenzene with 1 mol
equivalent of n-butyllithium in dry THF under dry nitrogen at -78 °C and subsequent
stirring for 2.5 h gave the mono-lithium derivative (2.5 h is probably longer than is
needed). Treatment of the lithium derivative with tri-isopropyl borate in dry THF at-78 °C
and allowing to warm to room temperature gave the borate ester which on stirring with
10% hydrochloric acid at room temperature yielded the boronic acid. Itis worth
re-emphasising that usually the boronic acid appears (from the spectral data) to be a mixture

of the acid and its dimeric, trimeric and perhaps polymeric anhydrides (the proton nmr
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spectra are not at all clear with broad signals), the crude mixture can be used in the
subsequent coupling reaction because the basic conditions (aqueous sodium carbonate)
hydrolyse these anhydrides. Also present in the crude boronic acid mixture is a slight trace
of the precursor due to incomplete lithiation and/or the presence of a trace of moisture.
This impurity does not interfere in the coupling stage and was removed by column
chromatography or as a last resort by the final recrystallisation (or Kugelrohr distillation in
the case of ortho-difluoro-substituted biphenyls). In one case during subsequent work,
where a substantial amount of this type of impurity was identified, the impurity was
successfully removed by extracting the boronic acid into 2M-potassium hydroxide and
washing the impurity out with ether; in retrospect it seems that all boronic acids should
have been so purified. However, using the purified ortho-difluoro-substituted boronic
acids in cross-coupling reactions is not completely satisfactory as hydrodeboronated
material arising during the reaction is found in the crude product. This evidence (and the
quantitative hydrodeboronation achieved by the use of reflux conditions in just benzene and
aqueous 2M-sodium carbonate) proves that hydrodeboronation of this type of boronic acid
does occur in the conditions used in the cross-coupling reaction but this does not prevent
complete reaction and excellent yields of the desired cross-coupled product (except, of
course, where the boronic acid group is between two fluoro-substituents; discussed on p
221). More recent work has indicated that simple boronic acids (i.e. those with no
ortho-fluoro-substituents) are also hydrodeboronated during the coupling reactions but
again this does not prevent complete reaction and excellent yields from being obtained

Boronic acid 142 was coupled with aryl bromides 91 and 93 to give biphenyl
systems 143 and 144 in excellent yields. These biphenyls have an acidic proton which
can be utilised as above to obtain biphenylboronic acids; subsequent coupling with the
same or a different aryl bromide gave a selection of terphenyl systems (compounds
147-152, Scheme 17, p 86) all in excellent yield (except where poor recrystallisation
return has reduced the yield).

2,3-Difluorophenylboronic acid (142) was (see scheme 18, p 87) oxidised203.204

with 10% hydrogen peroxide in ether to the phenol 153. Alkylation of this phenol in the
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usual, simple way gave the alkoxy-substituted units (compounds 154 and 155). Both
these compounds have an acidic proton and treatment as described previously (p 222) gave
boronic acids (compounds 156 and 157). These boronic acids were then coupled in the
usual way to biphenyl bromides (compounds 95 and 158, supplied by our collaborators
BDH Ltd.) to give excellent yields of the ortho-difluoro-substituted terphenyls (compounds
159-161, the ortho-difluoro-substituents are in an alkoxy-substituted end ring). The
boronic acid 157 was also coupled to phenyl bromides 91 and 92 to give
ortho-difluoro-substituted biphenyls 191 and 192 (see scheme 22, p 91). These
biphenyls were purified by column chromatography and because of their low melting
nature, were not recrystallised but were distilled at 0.1 mmHg using a Kugelrohr
apparatus.

The route to terphenyls with two ortho-fluorine atoms in an alkyl-substituted end
ring (scheme 19, p 88) was more complicated. However, the basis behind the formation of
compounds 168-170 is similar to that described for the preparation of compound 32 in
scheme 4 (see p 73 and p 215). The aldehyde was however added to the lithium derivative
at low temperatures (<-60 °C); the use of phosphorus(V) oxide in pentane to dehydrate the
alcohol followed by hydrogenation of the filtrate at room temperature and atmospheric
pressure over 5% Pd/C gave a very efficient overall conversion of 1,2-difluorobenzene into
1-alkyl-2,3-difluorobenzenes (compounds 168-170). From this point, treatment in the
same way as the 1-alkoxy-2,3-difluorobenzenes (see Scheme 18, p 87) to give the boronic
acids and subsequent coupling gave ortho-difluoro-substituted terphenyls with the two
fluorine atoms in an alkyl-substituted end ring (compounds 175-181) and biphenyls
193-195 (see scheme 22, p 91).

Scheme 20 (p 89) shows that it is possible to selectively couple a boronic acid to
1-bromo-4-iodobenzene at the iodo site. Two products are produced (evidence provided
by gc/ms analysis), the first being the desired bromobiphenyl unit (compound 185) and a
terphenyl produced by double coupling. The other possible bipheny! product, that is the
product from coupling at the bromo site [4-iodo-4'-(4-methylhexyl)biphenyl] was not

produced at all, probably because the iodo site in that compound is so reactive that it would
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be quickly converted into the terphenyl. The selective coupling reaction was carefully
monitored by glc analysis to achieve optimum conversion into the desired product and the
product was isolated in good yield by column chromatography. Further coupling of this
compound with the appropriate boronic acid (171 or 157) gave good yields of the two
ortho-difluoro-substituted terphenyls (186 and 187). Such a selective coupling at the iodo
site, although remarkably good, did involve some competition at the bromo site which
requires careful separation (by column chromatography) of the desired compound from
some starting material and terphenyl present in the crude final mixture. This can easily be
overcome by the coupling of an arylboronic acid (e.g. compound 183) to 4-bromoanisole
followed by the demethylation of the biphenyl product to give a biphenol. It has recently
been discovered by the author (from work not included in this thesis) that aryl
triflate157,158,168,205 derjvatives will couple to arylboronic acids under similar conditions
used for aryl bromides!61-164 in similarly excellent yields (see Introduction, p 56).
Therefore, if the triflate derivative of the above biphenol is prepared it will be possible to
couple this to a different arylboronic acid (e.g. compounds 171 and157). This method
using the triflate derivative does involve more steps but does offer total selectivity. It is
highly likely that the ambivalent selective coupling to an aryl bromo-iodo- unit will, in
some cases, give mixtures of compounds which are impossible to separate; the total
selectivity offered by the novel triflate method will produce better yields of purer
compounds.

A trifluoro-substituted terphenyl (compound 188) was prepared in good yield by a
coupling reaction between two previously prepared units (see scheme 21, p 90) and this
was followed by the preparation of a tetrafluoro-substituted terphenyl (compound 190)
which involved another selective coupling reaction (similar to that described above; also
note the possibility of an alternative triflate coupling) to give an ortho-difluoro-substituted
biphenyl bromide 189 which was coupled with a different boronic acid (171) to give the
desired tetrafluoro-substituted terphenyl (190).

Schemes 23-26 (p 92-95) detail the preparation of four compounds which are

ortho-difluoro-substituted biphenyl systems with 4- and 4'- alkoxy- or alkyl- substituents,
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where a trans-substituted cyclohexane ring forms part of the alkoxy- or alkyl- substituent.

The synthesis of compound 199 was relatively straightforward as the
dimethylene-linked cyclohexylbromobenzene (198) was prepared in a similar manner to
the straight chain alkyl bromobenzenes (see scheme 10, p 79). Friedel-Crafts acylation of
bromobenzene (38) with the acid chloride (196) (supplied by BDH Ltd.) gave the ketone
(197) which was reduced to the desired dimethylene-linked cyclohexyl system by using
the mild triethylsilane-trifluoroacetic acid method; 94 the usual coupling reaction gave the
desired ortho-difluoro-substituted system (compound 199).

To obtain the isomer of this compound with the fluorines in the centre ring (i.e.
with the aromatic ring also substituted by the cyclohexyl-substituent) proved more difficult.
To obtain compound 203 by the usual method (see Scheme 19, p 88) required the
appropriate aldehyde (201). Both the acid (compound 200) and the acid chloride
(compound 196, see above) were available from our collaborators BDH Ltd. The more
usual route to aldehydes is by the reduction of the acid chloride,200:207 but yields are often
poor, especially for aliphatic systems. A method of reducing the acid to the aldehyde was
recently reported208 (Figure 34) which appears rather complicated but is operationally

straightforward and gave an excellent yield of the desired aldehyde (compound 201).
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This procedure is remarkable because usually acids are difficult to reduce and any
reagent capable of reducing the acid would normally reduce the aldehyde straight to the

alcohol. The alcohol 202 was prepared in the same manner as described previously (see p
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224). However, instead of the previously used procedure of dehydration followed by
hydrogenation it was decided to attempt a one step reduction using the triethylsilane and
trifluoroacetic acid method!94 (usually used to reduce ketones). This reaction was carried
out as usual and glc analysis revealed a complete reaction, however, after an attempt to
purify by distillation had failed (every component distilled over), glc analysis revealed the
presence of alcohol (compound 202). Purification by column chromatography gave a low
yield of the desired product and a substantial amount of the alcohol. The recovered alcohol
was then treated to the usual dehydration (phosphorus(V) oxide) and hydrogenation (5%
Pd/C) with a very good yield of the reduced product. The reason for the failure of the
triethylsilane and trifluoroacetic acid method was perhaps due to the formation of an ester
with the trifluoroacetic acid (which prevented reduction) which reversed during the
distillation to give back the starting alcohol.

Schemes 25 and 26 show the synthesis of compounds similar to the two just
discussed but both are methoxy linked cyclohexyl systems with a trans-4-heptyl-substituent
whereas compounds 199 and 205 have a trans-4-pentylcyclohexylethyl-substituted
moiety.

The preparation of the bromide (207) from the alcohol (compound 206, supplied
by BDH Ltd.) represents a standard procedure reported to give a high yield.209,210
However, despite many attempts, constant monitoring by glc analysis revealed a maximum
of 80% conversion and separation of the product from the starting material by distillation
proved impossible. What is most interesting is that a sample produced previously proved
by glc analysis to be a 1:1 mixture of starting material to product; this indicates the benefits
of glc analysis to monitor the progress of reactions. Although not ideal, the crude bromide
(80% pure) was used to alkylate both 4-bromophenol (83) and 2,3-difluorophenol (153)
as the impurity was allowed for and the appropriate excess of material was added. Both
these alkylation reactions failed when carried out in butanone but when repeated with
cyclohexanone as the solvent a complete reaction was achieved (glc analysis).

The process of making the boronic acid from compound 210 in the usual way

failed; this was half-expected since compound 210 was a solid and insoluble in dry THF at
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-78 °C. The bromination of compound 210 was, however, straightforward and glc
analysis revealed a complete reaction and the formation of a single product. The lack of
bromination in the position ortho to the cyclohexyl-substituent is probably due to steric
hindrance and it would be useful to attempt bromination of both the straight chain
homologues (e.g. compounds 154 and 168) as an alternative to low temperature lithiation
for making the boronic acid [the boronic acid of the unfluorinated moiety could be prepared
at room temperature (via the Grignard reagent), low temperature here is not critical although
yields are not as good]. This could provide a more suitable method when working on a

large, industrial scale.

Both coupling reactions in these schemes (25 and 26) were by the usual procedure

and produced the usual good yields.

2.6 (c) Lateral Cyano- and Trifluoromethyl- substituted Terphenyls (Schemes 27-32, p

96-101)

The major method of preparing a terphenyl, as used in this work, is to couple a
biphenyl system with a phenyl system; another way is to couple a phenyl system twice
(two mol equivalents) in the same reaction with another phenyl system.,

The latter approach was used here because the preparation of
2.5-dibromobenzonitrile (215, Scheme 27, p 96) was described in the literature! 76 and
was easier, in the first instance, to make than a suitable biphenyl system. Compound 215
was prepared by a 'swamping-catalyst’ method!76 (large excess of aluminium chloride) in
the absence of a solvent. The first bromine to substitute is directed by the nitrile group, as
expected, to the 3-position, but the second bromination occurs at a position para to the
bromo-substituent (i.e. the orientation of the second substitution is dominated by the first
bromo-substituent).

This compound (215) was then coupled in the usual way to give terphenyls
(compounds 216 and 217) in good yields by using double the normal amounts of the
appropriate boronic acid and catalyst. The obvious limitation to this coupling method is

that the terphenyl products can only have identical end-group substituents (compounds 216
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and 217).

The possibility that one bromo-substituent in compound 215 may be sufficiently
more reactive to coupling than the other was investigated with the hope of providing a
means to lateral cyano-substituted terphenyls with different end-group substituents.
However, careful glc analysis of such a reaction revealed the formation of both possible
biphenyl! products and the terphenyl product from double coupling with starting material.
Purification by column chromatography gave two mixtures; the first fraction consisted of
starting material and compound 218, the second fraction was a mixture of the other
possible isomer of compound 218 and the terphenyl. The removal of the starting material
from the first mixture by Kugelrohr distillation left just enough pure material (compound
218) to couple again (to compound 86) and enable the synthesis, in good yield, of the
unsymmetrical terphenyl 219.

It was obvious that a better method for synthesising unsymmetrical terphenyls such
as compound 219 was required. The best way of doing this seemed (at the time) to be to
make a bromo-iodobenzonitrile unit (Scheme 28, p 97). Such a compound was prepared
by bromination of anthranilonitrile (2-aminobenzonitrile, compound 220) with
N-bromosuccinimide which gave a near quantitative yield of compound 221 and
subsequent diazotisation/iodination gave a very efficient preparation of the vital unit
(compound 222).

The selective coupling reactions of this compound (222) with boronic acids 94,
86 and 87 worked very well. The normal coupling conditions were used and the reaction
was carefully monitored by glc and tlc analysis and the reaction was worked up when the
small amount of residual starting material was no longer being used up (usually around 2
h). The crude material contained the desired product with small amounts of starting
material and terphenyl from double coupling. Careful purification by column
chromatography was required to give remarkably good yields of the desired biphenyl
compounds 218, 223 and 224. A method offering total selectivity would perhaps be to
prepare 5-bromo-2-methoxybenzonitrile (compare with compounds 231 and 232) and

couple this with a phenylboronic acid. The demethylation of the biphenyl product,
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followed by the preparation of the triflate derivative would enable another coupling with a
difterent phenylboronic acid at the triflate site to give the desired unsymmetrical terphenyl.
This possibility of a totally selective coupling is discussed fully on p 225 as part of the
ortho-difluoro-substituted terphenyls and was discovered whilst working on the coupling
of terminal alkynylzinc chlorides to aryl triflate derivatives (see p 234). This type of
selective coupling would again involve more steps but it is a much cleaner process and will
almost certainly find many widespread synthetic applications in the future.

At this stage it is appropriate to discuss the identification of compound 218. When
compound 218 was prepared by the first method (i.e. selective coupling to compound
215) it was uncertain which possible isomer had been isolated. Both the 13C and !H nmr
spectra would be expected to be little different for either isomer but, with the expert help of
Dr D.F. Ewing, the effects of functional groups on shift values were calculated and the
correct structure of compound 218 was confirmed. This was, of course, verified by the
unambiguous preparation of the compound (218) by the second method.

The bromobiphenyl compounds prepared (218, 223 and 224) were used in
further coupling reactions to produce three more lateral cyano-substituted terphenyls
(compounds 225-227).

Scheme 30 (p 99) continues the theme of lateral cyano-substituted terphenyls,
however the aim here was to have the cyano-substituent on the edge of the aromatic core
ortho to a terminal alkoxy group. The preparation of the appropriate
2-alkoxy-5-bromobenzonitrile units may have been a problem but surprisingly the
brominations of compounds 229 and 230 produced the desired products (231 and 232)
cleanly and efficiently (glc analysis revealed the absence of any mono-brominated product
ortho 1o the alkoxy-substituent or any di-brominated material, despite the use of excess
bromine).

The boronic acid species in the subsequent coupling reactions had to be the
biphenyl unit (compound 96) because the boronic acids of compounds 231 and 232
would be difficult to make as the intermediate lithium or Grignard reagent would react with

the nitrile group.
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The first lateral cyano-fluoro-substituted terphenyl (compound 235) prepared in
scheme 31 (p 100) was simply a coupling of two units (compounds 232 and 137) which
had previously been prepared for other uses. The rest of scheme 31 was carried out by
Miss H. Giddings as a Part II Third Year Research Project (1988). It was explained
previously (see p 213) that a proton between a fluorine atom and a methoxy group is acidic.
In this case the acidic proton is part of a large, very insoluble terphenyl unit (see Scheme
11, p 80) so removal of this proton with n-butyllithium at -78 °C was expected to be a
problem. Fortunately lithiation did occur to some extent as tlc analysis of the product
revealed the presence of both starting material and what was consistent with acid products
(compounds 236 and 237) and it was decided in each case to leave the removal of the
starting material impurity until the final stage. The acids (236 and 237) were converted
into the respective nitriles in the usual efficient way via the acid chlorides (238 and 239)
and the acid amides163 (240 and 241). The final purification of the nitriles was very
simple by column chromatography with some starting material also recovered; overall
yields of around 15% (ignoring the recovered starting material) based on the starting lateral
fluoro-substituted terphenyls (107 and 108) were, however, not good.

Scheme 32 shows how what has already been stated about the selective coupling
for the lateral cyano-substituted terphenyls can be applied to lateral

trifluoromethyl-substituted systems.

2.6 (d) 2.6-Disubstituted Naphthalenes (Schemes 33-37, p 102-106)

This section discusses the synthesis of 2,6-disubstituted naphthalene compounds
including conjugated ethynyl (acetylene or tolane) groups.

One difficulty in the synthesis of such compounds (in comparison to the previously
discussed systems) is that the only commercially available 2,6-disubstituted naphthalene
starting material is 6-bromonaphth-2-ol. In the first instance this restricts one substituent to
an alkoxy-group, leaving the bromo-substituent as the site for the coupling of the ethynylic

systems (see schemes 33-35).

All the compounds prepared in this section included 2,6-naphthalene systems and
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1,4-benzene systems linked by an ethynyl group (except compound 254). Compound
254 was prepared in the first instance due to ease of synthesis by the boronic acid coupling
method (79% yield). Compound 254 was previously prepared by Zollinger et al. 177211
using the zinc coupling method in 62% yield with identical transition temperatures. It was
decided to make a terminal ethyne of one aromatic unit and couple this to the other aromatic
unit. The coupling reaction involved making the zinc derivative of the terminal alkyne and
coupling this to an aromatic iodide or an activated bromide!50 (e.g. 4-bromobenzonitrile,
compound 253) with a tetrakis(triphenylphosphine)palladium(0)!8! catalyst at room
temperature in dry THF under dry nitrogen (see also scheme 3, p 72). Another, similar
method of coupling developed by Sonogashira et al.169 (also used by Tilley and
Zawoiski200) is available which avoids the need to make the zinc derivative. However,
since the zinc derivative method!50 is a straightforward procedure (the paper also includes
the procedure used to prepare terminal alkynes without the need for protecting groups) and
was producing good yields; the use of this method was continued.

In scheme 33 (p 102) the terminal alkyne had to be part of the naphthalene system
as n-butyllithium is used (to prepare the zinc derivative) which would have affected the
nitrile group of the other aromatic system (compound 253). Since compounds 250 and
251 are non-activated aromatic bromides, the prior conversion into iodides was required.
A simple method212.213 was found which gave excellent near quantitative yields of the
iodo-substituted compounds (255 and 256); if the reaction was continued for too long
then small amounts of dehalogenated material was detected by glc analysis (confirmed by
gc/ms analysis). Two methods were used for the conversion of compounds 255 and 256
into terminal alkynes. The first involved the coupling of propargyl alcohol to the
appropriate aromatic iodide in the presence of tetrakis(triphenylphosphine)palladium(O)181
and copper(I) iodide followed by the removal of the -CH,OH protecting group with
alkaline manganese dioxide.2!4 The initial coupling reaction appeared to work (glc analysis
revealed a complete reaction) but the deprotection conditions (reflux) did not yield the
desired terminal alkyne. The second attempt involved the use of lithium acetylide

ethylenediamine complex and is based on the paper by Negishi and King!50 (see p 232).
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The zinc derivative of this complex is prepared and this is coupled to an aromatic iodide as
described previously (see p 214). This procedure gave quite good yields (variable up to
80%) of column chromatographically-purified 257 and 258 (in some cases material from
the coupling of the product with the starting material was isolated). The final compounds
in scheme 34 (p 103) provided the opportunity to make the terminal alkynes of simple
phenyl systems (compounds 263 and 266) which were more easily isolated by distillation.
Another method for the synthesis of terminal alkynes involves the coupling of
trimethylsilylacetylene to the appropriate aryl halide followed by a mild (methanolic
potassium hydroxide at room temperature) deprotection process.200:215

At this stage it was understood from Negishi et al.150 that only aromatic iodides or
activated aromatic bromides (e.g. 4-bromobenzonitrile) couple with alkynylzinc reagents,
so compounds 267 and 268 were prepared using an aromatic iodide (compound 256).
However, although this process of using the iodide was completely satisfactory, the iodide
had to be made from the bromide. So in preparing compound 269 it was discovered that
alkynylzinc reagents do in fact couple just as efficiently to normal’ aromatic bromides by
the same process as iodides except that reflux conditions are required (in fact monitoring
the reaction by glc analysis reveals that such reactions with aromatic bromides take less
time and come to completion much easier than for aromatic iodides at room temperature).

This can be considered a good breakthrough because not only does this mean that
more easily available aromatic bromides can be coupled to alkynylzinc reagents but
selective couplings should also be possible with 100% selectivity (unlike the selectivity of
boronic acids with aromatic iodo-bromo-substituted compounds) for alkynylzinc reagents
with aromatic iodo-bromo-substituted compounds.

Scheme 35 (p 104) shows that this was the case, a room temperature coupling of
pent-1-ynylzinc chloride with 1-bromo-4-iodobenzene (compound 184) gave a very good
yield of compound 270. This compound was then coupled to the zinc derivative of
compound 258 at elevated temperature (~67 °C) to give an excellent yield of the final
compound (271). Also compound 272 was prepared by a similar selective coupling

reaction (see Scheme 12 for the preparation of compound 114).
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If terminal alkynes could have been prepared from aromatic bromides then this
again would have been beneficial. However, the attempt to prepare compound 275 from
compound 270 using the zinc derivative of lithium acetylide ethylenediamine complex at
elevated temperature failed. What occurred was the coupling of the terminal alkyne as it
was formed to the aromatic bromide starting material to give a good isolated yield of
1,2-di-(4-pent-1-ynylphenyl)ethyne.

In order to provide a wider range of 2,6-disubstituted naphthalenes with ethynyl
linkages from the available precursor (6-bromonaphth-2-ol) a method to couple something
at the naphtholic (Ar-OH) site other than a simple alkylation was required. A recent
method?03 is suitable which involves the preparation of the triflate
(trifluoromethylsulphonate) derivative of the phenol or naphthol by treating the phenol with
N-phenyltriflamide in triethylamine and dichloromethane at -78 °C under dry nitrogen (an
equally suitable and much less expensive method157:158 has recently been tried by the
author, although not covered in this thesis, which uses trifluoromethanesulphonic acid
anhydride in pyridine at 0 °C). The triflate derivatives, in a similar manner to aromatic
iodides and bromides, can then be coupled to alkynylzinc reagents.168 Elevated
temperatures are required and the presence of lithium chloride in three equivalents is
essential for coupling to occur!57:158,168 (see also Introduction on coupling reactions p
56).

Schemes 36 and 37 (p 105 and 106) cover those reactions involving triflate
derivatives. Compound 250 was cyanated in good yield with cuprous cyanide!80 and the
product was then demethylated in quantitative yield by the well-used boron tribromide
method.186 The triflate derivative (compound 278) was prepared as generally described
above and purified by column chromatography in excellent yield, then, also as described
above, it was coupled to the zinc derivatives of compounds 263 and 266. Excellent yields
of the final compounds 279 and 280 were isolated and although reaction times appear to
be slightly longer than coupling to aromatic bromides this is an extremely useful and
efficient coupling reaction which should find widespread use in liquid crystal chemistry.

Compound 281 was similarly prepared in excellent yield.
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The selectivity of alkynylzinc reagent coupling to bromo-iodo- substituted aromatic
compounds was discussed earlier and the use of triflate derivatives now brings another
variable into the selectivity discussion.

Compound 282 is a bromonaphthyl triflate which when coupled to the zinc
derivative of compound 266 was expected to give compound 283 as the product; i.e.
coupling was expected to take place at the triflate site (lithium chloride was added to the
reaction mixture which was heated at ~67 °C). However, this reaction was carried out
before it was found that aromatic bromides could be coupled to alkynylzinc reagents (see p
233). The reaction was carefully monitored by glc analysis which revealed the presence of
only one monocoupled product (a small amount of starting material and the double coupled
product were detected also) which was easily 1solated by column chromatography. This
compound (283) was prepared as an intermediate with the intention of further coupling at
the bromo-site. However, compound 283 was found to be a strongly nematogenic
material and the sample was recrystallised and kept as a final compound.

It seems quite strange that such a coupling should be quite so selective towards the
triflate site. Especially when it is noted that when coupled in their own environments (see p
234) the couplings involving triflate derivatives appeared to be less reactive than those
couplings involving aromatic bromo derivatives. It could perhaps be concluded that the
triflate group deactivates the bromo site and/or the bromine activates the triflate site towards
alkynylzinc coupling reactions. It could be that selectivity would be 100% towards the
bromo site if lithium chloride was not added, however this would be impossible to
determine as lithium chloride is produced in the reaction mixture during the formation of the
zinc derivative from the lithium derivative with zinc chloride (lithium chloride is essential
for the coupling involving aromatic triflate derivatives, see p 234).

Concurrently with this work, the selectivity of the iodotriflate derivative 285
towards coupling with alkynyl zinc reagents was investigated. Since it was already known
that aromatic iodides coupled at room temperature and that aromatic triflate derivatives
coupled at elevated temperatures!98 and required the presence of lithium chloride then total

selectivity was anticipated. This was found to be the case; pent-1-ynylzinc chloride was
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coupled to compound 285 at room temperature in the absence of lithium chloride to give a
good yield of compound 286. Subsequent couplings with the zinc derivatives of
compounds 263 and 266 at elevated temperature in the presence of lithium chloride gave
excellent respective yields of the final compounds 287 and 288.
Although the selectivity of the iodo-triflate derivative is more definite, the

bromo-triflate derivative is equally attractive due to its easier preparation.

Summary of Experimental

The synthetic methods employed for this thesis represent a significant contribution
to the synthesis of liquid crystal compounds. A wide cross-section of methods has been
used including simple procedures, such as Friedel-Crafts acylations, Wolff-Kishner
reductions and O-alkylations of phenols. The use of a diazotisation/replacement of anilines
has provided vital intermediates. The DCC esterification technique proved to be very
convenient which enabled the fast synthesis of large numbers of liquid crystalline esters.

The most important aspect of the synthetic procedures was the development of
novel, selective palladium-catalysed cross-coupling reactions (see p 56). These reactions
enabled the build up of both intermediates and final, liquid crystalline compounds of
general substitution patterns. It seems almost certain that these convenient, high-yielding
procedures will be developed further and feature strongly, not only in liquid crystal

synthesis but also in general organic synthesis.



RESULTS AND CONCLUSIONS



237

3.1 Lateral Fluoro-substituted Esters163

Generally the ultimate aim in the synthesis of mesogenic materials is to obtain
compounds which are low melting and have high liquid crystal phase thermal stabilities
(e.g. low melting point and high Ty value for display devices based on nematic
materials).

However, this takes no account of the other vital physical parameters such as
dielectric anisotropy, viscosity, birefringence, order parameters and elastic constants which
are required to make the compounds suitable for use in a display device. It is, therefore,
totally unrealistic to expect a single compound to have perfect characteristics for these
display devices and several compounds need to be combined to give a mixture with an
optimum range of properties. Often included in such mixtures are compounds which do
not exhibit liquid crystal phases but have, for example, high positive values of dielectric
anisotropy and/or low viscosities. Provided such additives are used in small amounts, they
do not depress the Tyy_1 value too much and most importantly they can reduce the threshold
voltage of the device.

This is relevant to the aims of the lateral fluoro-substituted 4-cyanophenyl 4-pentyl-
and 4-butoxy- benzoates (44-57). These compounds were intended to, hopefully, have
low melting points but were never expected to have anything better than monotropic or
virtual values of Ty (i.e. low nematic tendency). Above all, the intention was to produce
materials with very high values of positive dielectric anisotropy. It was hoped to do this by
incorporating the lateral fluoro-substituents to break up the antiparallel correlations which
exist in the parent (non-fluorinated) systems; such antiparallel associations give lower
values of dielectric anisotropy than could be expected from the free molecules.216-221 The
fluoro-substituents will, of course, increase the positive dielectric anisotropy to some extent
simply by the expected increase in the dipole moment.

Monofluoro-substituted esters ('Kelly esters') prepared by Schad and
Kelly180,217-221 (see compounds 291 and 292 in Table 3, p 240) were shown to have
much higher values of positive dielectric anisotropy than their non-fluorinated analogues

(much higher than could be accounted for by the additional dipole due to the
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fluoro-substituent). The Kirkwood correlation (g) factor is a quantitative expression of the
extent of antiparallel correlation of a system. Essentially values less than 1 indicate a
system with antiparallel associations and values greater than 1 reveal the presence of
parallel associations; hence values of 1 are indicative of a system free of net associations.

Investigations into the g factors of these monofluoro-substituted (Kelly) esters by
Schad and Kelly218.219 showed a g factor of 1.0. However, subsequent investigations by
our collaborators R.S.R.E. (Malvern)220 have revealed (in certain homologues) values of g
of greater than one which support the concept of parallel associations as suggested by
Toriyama and Dunmur.217 Such an occurrence is extremely important since, if structural
reasons for an effect can be understood, then it may be possible to design molecular
systems with greater parallel associations of molecular dipoles which would give much
larger vaiues of positive dielectric anisotropy, with the obvious advantage of low threshold
voltages for applications in various electro-optic display devices. It was hoped that the
preparation of a coherent set of multi-fluoro-substituted esters (compounds 44-57) would
help clarify the situation.

The lateral fluoro-substituted 4-cyanobiphenyl-4'-yl 4-pentyl- and 4-butoxy-
benzoates (59-74) were prepared to produce enantiotropic nematic materials of high
positive dielectric anisotropy with the hope of much reduced melting points over the parent
systems. Also this series serves to parallel the two-ring systems (compounds 44-57) for
comparison purposes but the series of larger molecules would of course have the
disadvantages of higher viscosity and reduced solubility in nematic host materials.

As a compromise, the series of 4-cyanophenyl
trans-4-propylcyclohexylethylbenzoates (75 and 77) were prepared in the expectation of
enantiotropic Ty values whilst retaining the hoped for properties of the simple two ring
systems (low melting points, better solubility in nematic host materials and, of course, very
high values of dielectric anisotropy).

The esters (compounds 79-80) shown in Scheme 9 (p 78) were prepared to see if
they possessed more suitable properties for nematic display device purposes than their

isomeric esters (compounds 291 and 44). Compound 82 was prepared to investigate



239

reports222.223 that an ether unit in the alkyl chain of discotic systems (B-oxygen effect)
increases the mesophase range by reducing the melting point and increasing the clearing
point. Note: although the transition temperatures of compounds 79, 80 and 82 will be
discussed, no other physical property results are available.
Substituted Benzoic acids

Four of the six acids used in the preparation of the esters shown in Table 3 and 4
are themselves liquid crystalline; transition temperatures (°C) for the parent 4-pentyl- and
4-butoxy- benzoic acids have been reported previously?24 as K 88.0 N 126.5 I and
K 147.0 N 160.0 Irespectively. The transition temperatures for the 2-fluoro-4-pentyl-
and the 2-fluoro-4-butoxy- benzoic acids reported here are K 85.0 N 91.0 I and
K 108.0 N 125.0 Irespectively and the corresponding difluoro-substituted acids are not
liquid crystalline (melting points of 78-79 and 113-114 °C respectively). The effect of

monofluoro-substitution for these acids is similar to the effect for the esters themselves.

3.1 (a) Transition Temperatures (°C) for Fluoro-substituted 4-cyanophenyl 4-pentyl-

and 4-butoxy- benzoates (compounds 44-57 and 289-292, Table 3, p 240)

The transition temperatures recorded in Table 3 can be compared in many different
ways to illustrate the trends caused by the various fluoro-substituents and the following
discussion is an attempt to summarise these trends.

The melting points and the Ty values (enantiotropic, monotropic or virtual) of the
4-butoxy esters are always higher than those of the corresponding 4-pentyl esters by
approximately 15 to 40 °C and 15 to 50 °C respectively. Such differences between alkyl
and alkoxy compounds are typical of the differences seen in other systems. However, the
butoxy esters all crystallise more readily than the corresponding pentyl esters and often this
crystallisation occurs at a temperature above the N-1 transition so that in many cases virtual
values from mixtures in E7 (supplied by BDH Ltd.; see p 67) had to be obtained.
Although the Ty values for the pentyl esters are lower than those for the butoxy
homologues, monotropic Ty_j values were seen as low as -20.5 °C because the alkyl

compounds had a reduced tendency to crystallise.
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Table 3

Transition Temperatures (°C) for Fluoro- i 4-cyanophen

ntyl- and 4-butoxy- benz (44-57 and 289-292)

F F
PHENOL 3 ;(
HO—O—CN HO CN HO CN
ACID 43 25 18 F
K-l = 645 K-l = 30.5 K-l = 295
cstii—d_H—co | Nl = (555) | Nl = (245) N-I = (-8.0)
289 291 44
42
K-N = 92.0 K-l = 72.0 K-l = 71.5
C4H90-©—C02H N-1 = 104.0 N-1 = (48.5) N-l = [7.5]
20 290 292 45
F
K-l = 65.5 K-l = 39.5 K-l = 55.0
CsHi COM | N-I = (32.0) N-1 = (-3.0) N-1 = (-20.5)
4 48
04 6 50
F
K-l = 90.0 K-l = 55.0 K-l = 68.5
CaHo COMH | N-I = (61.0) N-l = (21.5) N-I = [-6.0]
07 47 49 51
F
K-l = 745 K-l = 32.0 K-l = 36.5
Can‘Q'CO:aH N-l = [18.0] | N = [45.0] N-I = [-67.0]
F
K-l = 101.0 K-l = 56.0 K-l = 63.0
C4Ho COH | N-I = [25.0] N-l1 = (-1.5) N-1 = [-31.5]
E 53 55 57
36

For a given 4-pentylbenzoate, one fluorine in the phenol ring (ortho to the nitrile
group) has the effect of lowering the melting point by 34.0 °C for a non-fluoro-substituted
benzoate (compounds 289 and 291), by 26.0 °C for a monofluoro-substituted benzoate

(compounds 46 and 48) and by 42.5 °C for a difluoro-substituted benzoate (compounds
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52 and 54). A second fluoro-substituent ortho to the nitrile group causes only a further
1.0 °C fall in melting point for compound 44 but for the monofluoro- and difluoro-
substituted benzoates (compounds 50 and 56) the melting points are increased by 15.5 and
4.5 °C respectively. The trend for the corresponding 4-butoxybenzoates is similar; the
decreases in melting point due to a fluoro-substituent in the phenol ring are 20.0, 35.0 and
45.0 °C for the non-fluoro-, monofluoro- and difluoro- benzoates respectively (compounds
290,292; 47,49; 53,55). The second fluoro-substituent in the phenol ring causes a
further lowering of the melting point for the non-fluorobenzoate of 0.5 °C (compound 45)
but for the monofluoro- and the difluoro- benzoates, increases in melting points of 13.5
and 7.0 °C respectively, are seen (compounds 51 and 57).

Comparing the values in Table 3 to discern the effect of fluoro-substitution in the
pentylbenzoate (acid) ring position of the molecule, we see that a fluoro-substituent in the
acid ring increases the melting point by only 1.0 °C for the unsubstituted cyanophenyl ester
(compounds 289 and 46) and by 9.0 and 25.5 °C for the monofluoro- and the difluoro-
cyanophenyl esters respectively (compounds 291,48; 44,50). A second
fluoro-substituent in the acid ring causes a further 9.0 °C increase in melting point for the
unsubstituted cyanophenyl ester (compound 52) whereas decreases in the melting point of
7.5 and 18.5 °C are seen for the monofluoro- and the difluoro- phenol rings respectively
(compounds 54 and 56). The trends for the corresponding butoxybenzoates are quite
different however, and contrast with those discussed above. A monofluoro-substituent in
the butoxybenzoate ring causes the melting point to fall by just 2.0 °C compared with an
unsubstituted cyanophenyl ester (compounds 290 and 47); this slight effect is similar to
that seen for the pentyl esters, but for monofluoro- and difluoro- cyanophenyl esters the
melting points are reduced by 17.0 and 3.0 °C respectively (compounds 292,49; 45,51).
Further fluoro-substitution in the acid ring now causes the melting points to rise by 11.0
and 1.0 °C for the unsubstituted and the monofluoro-substituted cyanophenyl esters
respectively (compounds 53 and 55) but for the difluorocyanophenyl ester a 5.5 °C fall in

melting point is experienced (compound 57).

The above discussion on melting points has considered the horizontal and vertical
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trends from Table 3, but a particularly striking observation emerges from the diagonal
comparisons. A monofluoro-substituent in the acid ring (compound 46) increases the
melting point by 1.0 °C whereas a fluoro-substituent in the phenol ring (compound 291)
reduces the melting point by 34.0 °C. This trend repeats itself for the other comparison
(compounds 52 and 44) and similar trends are seen for the butoxy compounds. Overall
melting points are reduced by fluoro-substitution (only compounds 52 and 53 have higher
melting points than their parent systems) but a fluoro-substituent in the acid ring tends to
increase melting points whereas a fluoro-substituent in the phenol ring reduces melting
point.

Unlike the rather erratic trends in the melting points just discussed, the Ty values
are always reduced by fluoro-substitution regardless of where the substituent is placed.
However, the magnitude of the reduction does depend greatly on the position of the
substituent.

For a given pentylbenzoate one fluorine in the phenol ring reduces the Ty value
for an unsubstituted benzoate by 31.0 °C; and by 35.0 and 27.0 °C for the monofluoro- and
difluoro- benzoates respectively (compounds 289,291; 46,48; 52,54). Substituting a
second fluorine in the phenol ring further reduces the Ty value by 32.5 °C in the case of
an unsubstituted benzoate (compound 44) (which is a similar effect to that caused by the
first substitution), but when a monofluorobenzoate is considered the further fall in the Ty
value is only 17.5 °C (which is approximately half of the first reduction, compound 50).
However, the further fall in the Tyy_j value for the difluorobenzoate is 22.0 °C (compound
56) and this is about the same as the original decrease caused by the first fluoro-substituent
in the phenol ring.

The trends for the corresponding butoxybenzoates are fairly similar to those for the
alkyl systems although reductions in the Ty values are much greater for unsubstituted or
monofluoro-substituted acids and fairly similar when two fluoro-substituents are already
present. For the butoxybenzoates, one fluoro-substituent in the phenol ring causes a big
reduction in the Ty value of 55.5 °C (compounds 290 and 292); for the mono- and di-

fluoro benzoates the reductions are only 39.5 and 26.5 °C respectively (compounds 47,49;
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53,55). A second fluoro-substituent in the phenol ring causes a smaller decrease of 41.0
°C in the Ty_j value for the unsubstituted benzoate (compound 45); the reduction is even
less (27.5 °C) for the monofluorobenzoate (compound 51) but increases to 30.0 °C for the
difluorobenzoate (compound 57); these trends are seen for the analogous pentyl
compounds discussed above.

One fluoro-substituent in the pentylbenzoate ring for an unsubstituted phenol
reduces the Tyy_p value by 23.5 °C (compounds 289 and 46), for a monofluoro-substituted
phenol the reduction is a similar 27.5 °C (compounds 291 and 48) but for a difluorophenol
the reduction is only 12.5 °C (compounds 44 and 50). A further fluoro-substituent in the
benzoate ring causes a large fall in the Ty value of 50.0 °C for the unsubstituted phenol
(compound 52) and comparably large reductions of 42.0 and 46.5 °C for the mono- and di-
fluoro- substituted phenols respectively (compounds 54 and 56).

The trend for the corresponding butoxy esters is similar for the first
fluoro-substituent in the acid ring (reductions in the Ty values of 43.0, 27.0 and 13.5 °C
respectively: compounds 290,47; 292,49; 45,51), but reductions caused by the second
fluoro-substiuent (36.0, 23.0 and 25.0 °C respectively: compounds 53, 55 and 57) are

much less than for the pentyl case discussed above.

3.1 (b) Transition Temperatures (°C) for Fluoro-substituted 4-cyanobiphenyl-4'-yl

4-pentyl- and 4-butoxy- benzoates (compounds §9-74, 293 and 294, Table 4, p 244)

In the discussion of the phenyl esters it was noted that the melting points of the
butoxy esters were always 15-40 °C higher than those of the corresponding pentyl esters
(which 1s usual for such systems). It is therefore surprising to find that, for the series of
biphenylyl esters, melting points are very similar and in a few cases the pentyl esters even
have higher melting points than their butoxy analogues.

Enantiotropic nematic phases are seen for all of these esters and a fluoro-substituent
reduces the T value by between 7 and 48 °C. The clearing points of the butoxy series are
always higher than those for the corresponding pentyl esters, and the pentyl series of esters

generally supercool further than do their butoxy analogues.
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For a given pentylbenzoate, one fluoro-substituent in the biphenol ring (ortho to the
nitrile group) raises the melting points by 14.5, 9.5 and 7.0 °C for the non-, mono- and di-
fluoro-substituted benzoates respectively (compounds 293,59; 63,65; 69,71). A second

fluoro-substituent in the biphenol ring causes the melting points to decrease by 27.0, 14.5
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and 27.5 °C respectively (compounds 61, 67 and 73) so that melting points are now even
lower than the original values by 12.5, 5.0 and 20.5 °C respectively.

The trend for the corresponding butoxy esters is similar; monofluoro-substitution in
the biphenol ring causes an elevation of the melting points for the non-, mono- and di-
fluoro-substituted benzoates by 15.0, 21.0 and 9.0 °C respectively (compounds 294,60;
64,66; 70,72). The second fluoro-substitution then causes respective falls in melting
point of 20.5, 11.0 and 1.0 °C (compounds 62, 68, 74) but the values for the latter two
systems are still above the corresponding parent systems.

For a given biphenol, one fluorine in the pentyl benzoate ring leads to a lowering of
the melting point of 6.0 and 11.0 °C for the non- and mono-fluoro-substituted esters
respectively (compounds 293,63; 59,65) but for a difluoro-biphenyl ester (compounds
61 and 67) the melting points increase slightly (1.5 °C). The second fluoro-substituent in
the benzoate ring produces an interesting effect by increasing the melting points for the
non- and mono- fluoro-substituted esters by 6.5 and 4.0 °C respectively (compounds 69
and 71) but for the difluoro-substituted case a decrease of 9.0 °C occurs (compound 73),
i.e. the effect of the second fluoro-substituent in the acid ring approximately balances the
effect caused by the first.

For the corresponding butoxy series the effect for the respective compounds as
above is one of decreases in melting points of 26.0, 20.0 and 10.5 °C (compounds
294,64; 60,66; 62,68) and for a second fluoro-substituent in the acid ring no change is
recorded for the non-fluoro compound (70) whereas further falls in melting points of 12.0
and 2.0 are seen for the mono- and di- fluoro-substituted systems (compounds 72 and
74). Just as for the phenyl esters discussed previously, these melting points are difficult to
rationalise even though they do follow a general pattern,

However, the Ty values are much more predictable to the extent that
fluoro-substitution always reduces the clearing point, but the degree of reduction (as for the
phenyl esters) does depend greatly on the other substituents present. For a given
pentylbenzoate, monofluoro-substitution in the biphenol ring reduces the clearing points

(Tn.1 values) by 39.0, 37.5 and 33.0 °C for the non-, mono- and di- fluoro-substituted



246
benzoates respectively (compounds 293,59; 63,65; 69,71). A second fluoro-substituent
in the biphenol ring again causes a reduction in the clearing points by slightly greater values
of 48.0, 44.0, 37.0 °C respectively (compounds 61, 67 and 73).

Both the trends and magnitude of the reductions are very similar for the butoxy
equivalents, these being 33.0, 40.0 and 29.0 °C (compounds 294,60; 64,66; 70,72) and
42.0, 35.5 and 32.5 °C (compounds 62, 68 and 74) in the same order as the above
comparisons.

For a given biphenol, one fluoro-substituent in the pentylbenzoate ring reduces the
Tn-1 values of the non-, mono- and di- fluoro-substituted esters by 12.5, 11.0 and 7.0 °C
respectively (compounds 293,63; 59,65; 61,67). These reductions are obviously much
smaller than the reductions seen above for fluoro-substitution ortho to the nitrile group.
However, a second fluoro-substituent in the benzoate ring brings increased and more
typical reductions in the Ty_j values of 34.0, 29.5 and 22.5 °C respectively (compounds
69, 71, 73). This interesting trend is repeated for the corresponding butoxy esters. The
decreases in Ty due to the first fluorine in the acid ring are 10.5, 17.5 and 11.0 °C
(compounds 294,64; 60,66; 62,68) and the larger, more typical reductions caused by a
second fluoro-substituent in the acid ring are 36.5, 25.5 and 22.5 °C (compounds 70, 72
and 74) for the non-, mono- and di- fluorobiphenols respectively.

Summary of Sub-sections 3.1 (a) and 3.1 (b)

The discussion of the effect of fluoro-substitution on the Ty.j values for both the
phenyl- and the biphenylyl- benzoates are summarised by three distinct substitution effects.

Firstly, monofluoro-substitution in the phenol ring (i.e. ortho to the nitrile group)
has a greater effect on the Ty values of esters than monofluoro-substitution in the acid
ring [e.g. compare compounds 289/291 (31.0 °C difference) and compounds 289/46
(23.5 °C difference); compounds 290/292 (55.5 °C difference) and compounds 290/47
(43.0 °C difference): the equivalent comparison for the biphenylyl esters shows compounds
293/59 (39.0 °C difference) and compounds 293/63 (12.5 °C difference); compounds
294/60 (33.0 °C difference) and compounds 294/64 (10.5 °C difference)].

Secondly, a second fluoro-substituent in the phenol causes a further depression in



the Ty value which is approximately equivalent to that of the first fluoro-substitution i.e.

the effects are approximately additive [e.g. compare compounds 289, 291, 44 (31.0 and

32.5 °C decrease); compounds 290, 292, 45 (55.5 and 41.0 °C decrease): the equivalent

comparisons for the biphenylbenzoates are compounds 293, 59, 61 (39.0 and 48.0 °C

decrease); compounds 294, 60, 62 (33.0 and 42.0 °C decrease)].

Thirdly, a second fluoro-substituent in the acid ring causes a larger depression in

the Tyy.1 value than that caused by a single fluoro-substituent in the acid ring [e.g. compare

compounds 46 and 52 (50.0 °C difference) and compounds 289 and 46 (23.5 °C

difference); compounds 48 and 54 (42.0 °C difference) and compounds 291 and 48 (27.5

°C difference): the equivalent comparisons for the biphenylyl esters are compounds 63 and

69 (34.0 °C difference) and compounds 293 and 63 (12.5 °C difference); compounds 65

and 71 (29.5 °C difference) and compounds 59 and 65 (11.0 °C difference)].
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These three distinct effects can be explained by considering how fluoro-substitution
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affects the breadth of the molecule. In Figure 35 (a), the natural breadth of the parent
(unfluorinated) molecule is shown by the dotted line. Monofluoro-substitution in the
phenol can give one extreme planar conformation (b) in which the substituent increases the
breadth of the molecule. There is no particular reason why this conformation or the
extreme alternative (c) produced by the rotation about the O-aryl bond would be preferred
and therefore half the molecules will have a breadth equal to the parent system. With a
second fluorine in the phenol ring it is inevitable that all molecules will be appreciably
broader than the parent system (a) and these effects will be additive. For
fluoro-substitution in the acid ring of the ester, the fluoro-substituent placed as shown in
(d) may suffer electro-static repulsion by the carbonyl oxygen atom and the alternative
conformation (e), which does not cause any broadening of the molecule, would be
preferred. The first fluoro-substituent in the acid ring should therefore have a small effect
on the Tyy_j value but a second fluoro-substituent would inevitably cause broadening of the
molecules leading to much larger reduction in the Ty value.

All these effects of fluoro-substitution can be seen at glance by reference to Figures

36-39 which reveal the trends much more clearly than the figures in Tables 3 and 4.
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The four figures each show the title esters in three separate groups where x/y on the
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abscissa refers to x fluoro-substituents in the acid ring and y fluoro-substituents in the

phenol ring (e.g. in Figure 36, 2/1 signifies compound 54).
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Figures 38 and 39 with enantiotropic Ty values more clearly (and reliably) show

the following points: (a) a narrow spread of melting points, showing a rise and then a fall
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with mono- and di- fluoro- substitution respectively in the phenol (dashed line); (b) the
approximately additive effect in the depression of the Ty values caused by mono- and
di-fluoro-substitution in the phenol ring (the almost linear arrangement of the three points
connected by full lines); (c) the smaller, then larger effect on the Ty values caused by the

fluoro-substitutions in the acid ring (one example is shown in each figure as a dotted line).
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Very similar results are revealed in Figures 36 and 37 for the phenyl bezoates but
here monotropic (and less certain virtual) values are being considered. The pattern of
melting points, however, shows a fall then a rise for fluoro-substitution in the phenol ring
[which is unlike the rise then a fall trend described in (a) above].

In conclusion, from a transition temperature point of view, fluoro-substitution in
the two-ring phenyl benzoates renders such systems completely unattractive because of the
large reductions in already low Ty values accompanied by never very great decreases in
melting points. Fluoro-substitution in the three-ring biphenylyl benzoates has been of great
benefit in certain (two fluorines in the biphenol ring) cases giving lower melting
compounds which still have high Ty_p values, however in many cases the melting points
have actually increased. Fortunately, transition temperatures are just one consideration of

the suitability of a compound for use in nematic mixtures for say a twisted nematic display
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device.

3.1 (¢) Transition Temperatures (°C) for Fluoro-substituted 4-cyanophenyl

4-(trans-4-propylcyclohexylethyl)benzoates (compounds 75-77, Table 5, p 251)

More interest has been shown in compounds with fluoro-substituents ortho to the
nitrile group, so only this type of compound has been prepared for the ethyl-linked
cyclohexyl-substituted systems.

These compounds can be directly compared with the analogous phenyl benzoates

(compounds 289, 291 and 44 respectively) and biphenylyl benzoates (compounds 293,

59 and 61 respectively).
Table 5
Transifion Temperatures (°C) for Fluoro- i 4-cyanoph
4-(frans-4-propylcyclohexylethyl)benz (75-77)
Compoun Transition Temperatures (°C)

d
cattr—_p-crote— Y-co,d Yo K 90.0 N 194.0 |
75
F
e~ perione—d Yocod S-ov K sao 1670
76

F
c3H7—QCH20Hz—Q—COQQCN K 55.0 N 134.5 |
77 F

The melting point trend is very similar to that for the phenyl benzoates; i.e. large
decrease (31.0 °C) on the first fluorination [compare compounds 75 and compound 76]
then a much smaller decrease (4.0 °C) due to the second fluoro-substituent (compound 77).
This trend is not surprising since these compounds are closely related to the phenyl
benzoates considered previously. The values of the melting points are around 30 °C higher

than those for the phenyl benzoates (compounds 289, 291 and 44) but are 19.0 °C (parent
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system), 64.5 °C (monofluoro system) and 41.5 °C (difluoro system) lower than for the
biphenylyl benzoates (compounds 293, 59 and 61).

The Ty values for compounds 75-77 (194.0, 167.0 and 134.5 °C respectively)
are all enantiotropic and are much higher (~140 °C) than those for the phenyl benzoates
(compounds 289, 291 and 44; monotropic Ty values of 55.5, 24.5 and -8.0 °C
respectively). In fact, their Ty values are only slightly less (43.5, 31.5 and 16.0 °C for
the non-, mono-, and di- fluoro-substituted systems respectively) than those for the
biphenylyl benzoates (compounds 293, 59 and 61, Ty values of 237.5, 198.5 and
150.5 °C respectively).

The reasonably low melting points and very high Ty values are exactly what it
was hoped these compounds would show i.e., they combine the low melting points of the
phenyl benzoates with the high Tyyy values of the biphenylyl benzoates. Therefore, from a
transition temperature point of view, these compounds (especially the mono- and di-
fluoro-substituted systems) could be very useful as major components in nematic mixtures

for twisted nematic and supertwisted nematic display devices.

3.1 (d) Transition Temperatures (°C) for Fluoro-substituted 4-cyanobiphenyl-4'-yl

hexanoates and 4-Cyanobiphenyl-4"-yl heptoxyethanoate (compounds 295,36 79, 80 and

82, Table 6, p 253)

The first three compounds in Table 6 are isomeric with the phenyl benzoates 289,
291 and 44 respectively but the trends in both melting point and Ty_j values are quite
different. The melting point of the parent system (compound 295, mp 53.0 °C) is lower
than that of the parent phenyl benzoate (compound 289, mp 64.5 °C) by 11.5 °C. The
monofluoro-substituted analogue (compound 79, mp 35.5 °C) has a reduced melting point
(by 17.5 °C) due to the first fluoro-substituent which is approximately half the
corresponding reduction seen in the phenyl benzoates; a second fluoro-substituent
(compound 80, mp 58.0 °C) causes a large increase in melting point to give a greater value
than the parent system (the second fluoro-substituent in the phenyl benzoates had virtually

no effect on the melting point).



Table 6

hexanoates (295,36 79 and 80) and 4-

Compound

iphenyl-4'- xyethanoate (82)

Transition Temperatures (°C)

K §3.0 N 70.5 |

K 35.5 (N 25.0) |

K 58.0 [N -13.0] |

C7Hi5OCH>CO; Q O CN

The Tng values are always reduced on fluoro-substitution (as they are in the phenyl

K 515 (S 4 40.5 N 41.5) |

benzoates) and the enantiotropic value of the parent compound 295 (70.5 °C) is higher than
that for its isomeric phenyl benzoate (289; monotropic Ty.j value 55.5 °C). However, the
Tn.1 values for the monofluoro-substituted compounds 79 and 291) are almost the same
(25.0 °C) and the difluoro-substituted compound 80 has a virtual Ty value (-13.0 °C)
which is lower than that for the equivalent pheny! benzoate (compound 44, Ty value -8.0
°C).

It appears that the biphenylyl hexanoates are inherently more nematic in character
and of lower melting point (see 295 and 289) but fluoro-substitution causes a larger
reduction in the Ty value and gives greater melting points (compare compounds 79 and
80 with compounds 291 and 44 respectively). These trends render the hexanoates even
more unsuitable for use in display devices than the phenyl benzoate systems.

For compound 82, the possibility of a reduced melting point with an increased Ty
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value in comparison with compound 295 was not realised; the Ty value is much reduced
and the melting point is little changed and an S 5 phase has been induced.

No results on the physical properties of any of these compounds (295, 79, 80 and

82) are available yet.

3.1 (e) Physical Properties of Fluoro-substituted 4-cyanophenyl 4-pentyl- and

4-butoxy- benzoates (compounds 44-57 and 289-292, Table 7, p 257)

Publications relevant to this discussion216-221 and our collaborators at R.S.R.E.
(Malvern) are primarily concerned with alkyl-substituted systems because of their lower
viscosity and greater solubility in host materials. For this reason, the results for the
4-pentyl-substituted series are mainly discussed here and those for the 4-butoxy-substituted
analogues are commented on briefly.

As mentioned in the introduction to this section (p 237) there have been several
papers in this area of work, which is still of considerable interest. It is, therefore,
surprising to note the contradictory nature of these publications. Most of the work in this
area is by Schad and Kelly (see their brief letter?18 and full paper219) whose
4-cyano-3-fluorophenyl 4-alkylbenzoates have dielectric anisotropies (Ag) much higher
than the parent systems. The heptyl homologue has a small enantiotropic nematic range (K
28.0 N 28.5 1) and is therefore the best compound to use since measurements can be
carried out on the single component or mixtures in a nematic phase. A dielectric anisotropy
value of 48.9 was reported?18.219 which was measured on the neat compound just below
the Ty value (not an extrapolated value from say a 10% mixture in I compounds; see
later). Schad and Kelly measured the g factor (see previously p 237) as 1.0, and so they
ascribed the high value of Ae to the combination of a higher dipole moment (6.1 compared
to the parent systems 5.6) and the total break-up of antiparallel correlations as compared to
the parent system (Ae of 19.9, measured on the neat material) which has a g factor of 0.7.
Toriyama and Dunmur217 however were the first to propose the possibility of parallel
associations in such monofluoro-substituted systems and our collaborators at R.S.R.E.

(Malvern)?20 have also recorded g factor values of greater than 1 adding support to this
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suggestion. Certainly Raynes, McDonnell and Smith [R.S.R.E. (Malvern)]220 believe that
high values of Ae for the 'Kelly esters', especially those with short alkyl chains (CpHs-
and C3H7-) are due not solely to the break-up of the antiparallel associations and to the
extra dipole from the fluoro-substituent but also to the formation of parallel associations
(evidence provided by g factor values greater than 1).
All the values of Ae for the compounds shown in Table 7 were measured as

extrapolated values from 10 wt% solutions in a ternary mixture of I compounds.

F

R=3,R'=2 (132) : R=3,R'=5 (I 35) : R=5, R'=2 (1 52) (1:1:1)

By comparing compounds 289 and 291 with their heptyl homologues (see above)
it can be seen what a vast difference the method of measurement can have on the A€ values.
Dipole moments are slightly lower for both the heptyl compounds and the Ae value of 40.1
for compound 289 is much higher than that for the heptyl homologue (19.9, neat material)
and in the 'Kelly ester’ case the value of 41.0 for compound 291 is slightly lower than its
heptyl homologue (48.9, neat material). The reason, of course, is that the host material (I
compounds), from which A€ measurements for compounds 289 and 291 are derived,
breaks up inter-molecular associations be they antiparallel or parallel in type. In the highly
antiparallel correlated parent system true values of ~20 are measured from the neat
compound but in the I compound host the break-up of these antiparallel associations leads
to values of ~40. In the Kelly system, which as a pure compound has no net antiparallel
correlations to break up (g factor of 1.0; see previously), the values should be similar. In
fact, a slightly lower value is produced from the I compounds which perhaps suggests that
parallel associations which exist in the neat Kelly systems [reported by Toriyama and
Dunmur?17 and by R.S.R.E. (Malvern)220] are being broken down (thus giving a reduced

Ae value).

From a practical point of view, since the ultimate destination of such high Ae
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additives would be in nematic host mixtures (e.g. I compounds), the Ae values of the pure
compounds seem of academic interest. If antiparallel correlations of such parent systems
and any parallel associations of the Kelly esters are broken up in the mixtures in which they
are intended to be used, then it seems best to carry out measurements in a wide range of
environments.

The compounds prepared for this section (44-57) have quite low nematic thermal
stabilities (see p 240) in that all T values are either monotropic or virtual (extrapolated
from up to 30 wt% mixtures in E7), and so measurements of Ae were made from 10 wt%
mixtures in the I compounds (see p 255). This rules out any discussion of g factors, since
on the basis of the arguments above, no associations will remain in such an environment.
Therefore the values of dielectric anisotropy (Ag) for the esters reported here should reflect
the very high dipole moment values, and this is generally the case. It is impossible to
provide comparisons in every way for this comprehensive set of esters (compounds
289-292 and 44-57), but there are many interesting points to mention and some notable
exceptions to the general trends.

Firstly consider the series of compounds 289, 291 and 44, the dipole moment
values (5.9, 6.6 and 7.2 respectively) rise as expected with increasing number of
fluoro-substituents ortho to the cyano group. The increase in dielectric anisotropy value (in
the I compound host) due to the first fluorine (compound 291) is negligible (0.9), but the
second fluoro-substituent of compound 44 causes the dielectric anisotropy value to
increase dramatically by 20.0.

Compound 46 with one fluorine ortho to the ester linkage has a slightly lower
dielectric anisotropy value (38.6) than its isomer (compound 291) which could be
explained simply in terms of the lower dipole moment value. Compound 52, however,
has an even lower dielectric anisotropy value 36.3 despite having a higher dipole moment
value. The situation improves if a further fluorine is substituted ortho to the nitrile group
(compound 54) but the dielectric anisotropy value of 40.0 is still far short of that expected
based on the dipole moment value of 7.4. This result is strikingly incompatible with the

result for the isomeric compound (50) which has only a marginally higher dipole moment
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Table 7
Ph | Pr Results for F| i 4-cyangphenyl
4-butoxy- and 4-pentyl- benzoates (44-57, 289-292)
C5H11‘Q' ‘Q
Physical Property Results
d Viscosity Dipole g €
(cP) D)
H 47 59 49.9 9.8
H 33 6.6 513 10.3
F - 7.2 70.7 9.7
H - 6.4 47.2 8.6
H - 7.1 61.0 10.4
F - 7.7 74.9 10.0
H 30 6.8 44.2 7.9
H 86 7.4 59.0 19.0
F - 8.0 71.1 11.8
a c
cutso-{Y-cord h-on
b d

H - - - -

H - 7.1 58.0 8.3
F - 7.8 71.0 10.2
H - 6.9 50.1 7.5
H - 7.5 64.5 10.7
F - 8.0 80.8 11.3
H - - 52.1 7.6
H - 7.9 64.1 9.9
F - 8.3 69.2 10.7

257

Ae

40.1
41.0
61.0
38.6
50.6
64.9
36.3
40.0
593

49.7
66.8
42.6
538
69.5
44.5
542
58.5
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value (by 0.3) yet has a dielectric anisotropy value of 64.9! In fact even compound 48,
with a lower dipole moment value than compound 54, and only two fluoro-substituents
has a much higher dielectric anisotropy value (50.6 vs. 40.0). The extra fluoro-substituent
ortho 1o the ester linkage in going from compound S0 to compound 56 increases the dipole
moment value slightly (by 0.3) but has reduced the dielectric anisotropy value (by 5.6).
The equivalent comparison of the extra fluoro-substituent being ortho to the nitrile group
shows the effect of dramatically increasing the dielectric anisotropy value by 19.3
(compounds 54 and 56). It appears that those compounds with more fluorine substituents
in the acid ring than in the phenol ring (i.e., compounds 46, 52 and 54) have particularly
low Ae values (38.6, 36.3 and 40.0 respectively) which are lower than the dipole moment
suggests (all slightly lower than the 40.1 of the parent system, 289). This is emphasised
by the fact that compounds 44 and 50 have larger Ae values (61.0 and 64.9 respectively)
than the 59.3 recorded for the tetrafluoro system (56); respective dipole moments are 7.2,
7.7 and 8.0. It is possible that values of Ae are being affected by interaction of the fluorine
atoms in the acid ring with the ester group; this type of intra-molecular force would perhaps
not affect the dipole moment values and would not be affected by a host material. The
results clearly indicate that fluoro-substituents ortho to the nitrile group have the effect of
increasing the dielectric anisotropy values much more than fluoro-substituents ortho to the
ester linkage (which in some cases actually reduce the values) and yet the dipole moment
values are similar in each case.

These observations are in agreement with similar trends in dipole moment values
and dielectric anisotropy values for the equivalent butoxy-substituted series of esters and
the same structural explanation may be advanced.

A few viscosity measurements are reported in Table 7 and higher values are
expected for the butoxy homologues.

Conclusion of Sub-section 3.1 (¢)

In general, bearing in mind the mode of measurement, the greater the number of

fluoro-substituents the greater the dipole moment and the greater the dielectric anisotropy

(Ae); exceptions to this generalisation have been discussed above. Clearly the compounds
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with two fluoro-sustituents ortho to the nitrile group look most interesting, especially
compound 44 and its butoxy analogue (45) which have dielectric anisotropy values of
61.0 and 66.8 respectively. Similar compounds to these, but with an additional
fluoro-substituent ortho to the ester linkage (compounds 50 and 51), have even greater
dielectric anisotropy values (64.9 and 69.5 respectively), but their higher melting points
and lower nematic phase thermal stabilities, combined with the expected lower solubility in
host materials make these compounds (50 and 51) less attractive.

In work carried out by Dr D. Coates (BDH Ltd.), compounds 45 and S1 have
recently been used as dopants (5 wt%) in a BDH commercial mixture (16817) with the
desired effect of reducing the threshold voltage without depressing the Ty value too
much. Of the two compounds, it is compound 45 which seems to be more suitable
because it lowers the Ty value less and is more soluble in host materials. These
promising preliminary results mean that tests will continue.

The trends are identical for the pentyl and the butoxy systems. The mode of
measurement greatly affects Ae values of compounds whose molecules in their pure state
are associated in some way.

The objective of high Ae values was achieved but, the poor solubility in host
materials, high viscosities and low nematic thermal stabilities, militate against this type of
compound being used in nematic mixtures for display device purposes. However, the
most recent results given above do indicate that one or two of these compounds might, in

small percentages, be of some use.

3.1 (f) Physical Properties of Fluoro-substituted 4-cvanobiphenyl-4'-yl

4-pentyl- and 4-butoxy- benzoates (compounds 5§9-74)

Our collaborators at R.S.R.E. (Malvern) had several problems with the low
solubility of these compounds in any available host material and they have reported on just
one compound (61) which has an extremely high viscosity (420 cP) and slightly lower
dipole moment (7.5) and Ae value (54.0) than the two ring system (compound 44). The

general feeling is that although these systems have very high Ty values their low
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solubility in host materials and their very high viscosities make them even less suitable than

the phenyl benzoate systems for display device nematic mixtures.

3.1 (g) Physical Properties of Fluoro-substituted 4-cyanophenyl

4-(trans-4-propylcyclohexylethyl)benzoates (compounds 75-77, Table 8, p 260)

As was hoped (and discussed on p 251), the melting points of these compounds are
quite low and the Tyy_y values are high. On this basis alone the compounds appear better
suited for nematic mixtures for display devices than both those types already discussed (p

254).

Table 8
Physical Pr Results for Fiuoro- i 4-cyanophen
4-(trans-4-propylcyclohexylethyl)benz (75-77)
a
C3H7—O—CH2CH2-©—COQ~Q—CN
b
Compound Physical Property Results
No. a b Dipole g €1 Ae  (neat material)
D)
75 H H 6.0 33.0 5.5 27.5 (-----)
76 F H 6.8 42.0 5.8 36.2 (37.0)
77 F F 7.5 580 59 52.1 (66.0)

The dipole moment and dielectric anisotropy (A€) values are shown in Table 8 and
as for other compounds discussed previously, the Ae values were obtained from
extrapolation from 10 wt% solutions in a ternary mixture of I compounds (see p 255).
However, Ag values for compounds 76 and 77 could also be obtained for the neat
materials at 60 °C and these results are shown in parenthesis in the table.

The value (37.0) for the neat material for the monofluoro compound (76) is only
very slightly greater than the extrapolated value from the I compound host (36.2); both

these values are lower than for the analogous phenyl benzoate system (48.9 and 41.0
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respectively for compound 291). This suggests that neat compound 76 is very nearly free
of all associations. The difluoro-substituted compound (77), however, reveals a
significantly higher Ae value (66.0) in the neat state for this class of system than from
measurements in the I compound host (52.1). This suggests the presence of parallel
associations in the neat material (responsible for the high Ae value) which are destroyed in
the I compound host (giving rise to a reduced Ae value). The value of 52.1 in the absence
of parallel associations is still very high compared to the values of several

multi-fluoro-substituted phenyl benzoate systems (see Table 7, p 257).

Conclusion of Sub-section 3.1 (g)

The cyclohexyl compounds (75-77) have high Ae values similar to their phenyl
benzoate analogues; however, due to these compounds having much higher Ty values,
they should be far more suitable for display device purposes (as dopants present in high
percentage). This comment applies particularly to compound 77 with its high positive
value of Ae and the added advantage of low melting point and high Ty value. However,
our collaborators at R.S.R.E. (Malvern) have reported that g relaxes too much at low
frequencies for both compounds 76 and 77 (a problem sometimes associated with
three-ring systems) and this makes them unsuitable for use in single frequency high-level
multiplexing mixtures; also, the cross-over frequency is not quite low enough for use in

two-frequency applications.
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3.2 Lateral Substituted Terphenyls and Related Systems

Much interest surrounds monofluoro-substituted terphenyls, with fluorine in the
centre ring, as prepared by Chan.127-130 The original intention of this work was to
produce materials with high Ty values for use as nematic host materials. However, the
work revealed additionally that such systems can produce tilted smectic mesophases (e.g.
Sc, Sp and so the compounds found use as host materials for ferroelectric (Sc*) mixtures
which are used in ferroelectric display devices.

Ideal host materials for ferroelectric (S¢*) mixtures would be low melting, have the
phase sequence K-Sc-S 4-N-I, with large S¢ ranges and small S5 and N ranges [the short
range S o and N phases are required to give good alignment (see Introduction, p 45)] with
no smectic phase below the Sc phase. They should have negative dielectric anisotropy
(-Ag), low viscosities and be of low birefringence. The monofluoro-substituted terphenyls
(see above) have the disadvantage of slight positive dielectric anisotropy (+A€) and often
have smectic phases below the Sc phase.

This section of work concerns the synthesis of compounds which are more suited
for use as host materials in ferroelectric (Sc*) mixtures, primarily for display device
purposes.

The work discussed here consists of five distinct sub-sections:

(a) two unfluorinated (parent) terphenyl systems to complete comparisons of
transition temperatures, and several monofluoro-substituted terphenyls with a
fluoro-substituent in every possible position of an end-ring;

(b) several difluoro-substituted terphenyls where the two fluorines are not ortho to
each other;

(c) the largest sub-section, covering ortho-difluoro-substituted systems (in addition
to the many terphenyl compounds synthesised a few analogous biphenyl systems have
been prepared and to show the effect of multi-fluoro-substitution, a trifluoro- and a
tetrafluoro- substituted terphenyl have also been made);

(d) terphenyl systems analogous to those above with a lateral nitrile substituent;

(e) one example of a terphenyl with a lateral trifluoromethyl-substituent.
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3.2 (a) Lateral Monofluoro-substituted Terphenyls and Some Parent Systems

The two parent systems (compounds 97 and 98) were prepared so that their
transition temperatures could be compared with those of the analogous fluoro-substituted
systems.

The monofluoro-substituted terphenyls (schemes 11 and 12, p 80 and 81) were
nearly all prepared after the synthesis of the ortho-difluoro-substituted terphenyls (schemes
16-20, p 85-89) in order to have a full set of monofluoroterphenyls to allow comparisons
to be made (the homologues mainly prepared are the dipentyl-substituted, pentyl-, hexoxy-
substituted and pentyl-, octoxy- substituted). Also, of course, the transition temperatures
are of interest in their own right and can be compared with those of the terphenyls prepared
by Chan (fluorine in the centre ring). No results for physical properties are available for
these compounds, however, they are expected to be similar to those terphenyls with the

lateral fluoro-substituent in the centre ring prepared by Chan.127-130

3.2 (a) (i) Transition Temperatures (°C) for Parent Terphenyls (compounds 296,36 97 and

98, Table 9, p 263)

4.4"-Dialkylterphenyls (296,3% 97 and 98)

Compound Transition Temperatures (°C)
No. R R’ K Sg Sa I
296 CsHy; CsHyy * 1920 e * 0 213.0 *

97 CsHyp CgHi30 * 2050 * 2160  * 2285 %
98 CsHyp CgHi;O  * 1945 * 2110 * 2215  *
The transition temperatures for the parent systems of the chosen homologues reveal very

high melting points (~200 °C) and as is usual the dialkyl system36 (compound 296 mp
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192.0 °C) is lower melting than the alkyl-alkoxy systems (compounds 97 and 98, mp
205.0 and194.5 °Crespectively). The dialkyl compound (296, Tg,_ value 213.0 °C)
exhibits only one mesophase (S 5) whereas the alkyl-alkoxy-substituted terphenyls
(compounds 97 and 98, Tg 41 values 228.5 and 221.5 °C respectively) also have an Sg
phase. All three parent systems have no tendency towards tilted smectic phases and have
only small liquid crystal ranges. The lower melting and clearing point of the octoxy
compound when compared to the hexoxy homologue is a trend typical of the other systems

prepared (see later).

3.2 (a) (i1) Transition Temperatures (°C) for Lateral Monofluoro-substituted Terphenyls

(compounds 297-301, Table 10, p 264; compounds 102, 103, 107 and 108, Table 11,
p 265 and compounds 110-112 and 119-121, Table 12, p 266)

Table 10

4.4"-Dipentyl- 2'-fluoroterphenyls (297-301) (all these compounds

were prepared by L.K.M. Chan?27-130)

F
Compound Transition Temperatures (°C)
No. R R' K Sg Sy SL St Sc SA N I
297 CsHyp CsHpp  * 515 —--commmmmeeee * 62,0 --m-mmmme e *109.5 *¥136.5 *
298 CsHyp CgHy30 * 70.0 * 78.0 -------- * 92,0 *93.0 *118.0 *155.0 *166.5 *
299 CsHyp CgHyj70 * 69.0 * 83.0 ---vnn-- *100.5 -------- *124.0 *158.0 *161.0 *
300 CeHi30CsHyp  * 62.5 ------ (*47.5 -------- *50.0)*113.5 -------- *162.5 *
301 CgHi70 CsHyp  * 47.0 -------- (*40.0) -------- *53.5 *116.5 *130.0 *155.0 *

The transition temperatures for the monofluoroterphenyls prepared by Chan127-130

(fluorine in the centre ring) have been included only for comparison with the systems
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reported here and so very little will be said of these systems except in other comparisons.
The most important and strikingly obvious effect of the monofluoro-substituent
(regardless of its position) is the much reduced melting points (up to 140 °C) and the very
wide range of liquid crystal phase types exhibited (especially the tendency towards tilted
smectic mesophases). This wide range of phases makes individual phase-by-phase
comparisons difficult but there are very many interesting trends which can be discussed.
Table 11
Transition Temper °C) for 4-Alkoxy-4"-pentyl- 2- or 3-

fluoroterphenyls (102, 103, 107 and 108)

a b

Compound Transition Temperatures (°C)

No. R a b K SK SG SJ SB SC SA N |

102 CgHis FH % e L) X | J——— *162.0 *¥201.0 - *
103 CgHj7 F H % ceeeee L LT J— *158.0 - LA UL — *
107 CeHi3 H F *83.5(* 48.5 - SN X() p— %105.0 -----m- *166.0 *
108 CgHj7 H F *69.0 (* 25.0 ------ L) p— L P — *158.0 *

The melting points do depend significantly on where the the fluoro-substituent is
positioned. A monofluoro-substituent (except on the edge of the core) will cause a twist in
the terphenyl system about the inter-annular bond adjacent to the fluorine atom. In the case
of compounds 298, 299, 111, 112 the untwisted biphenyl section is alkoxy-substituted
and therefore their melting points (70.0, 69.0, 115.0, 102.0 °C respectively) are higher
than for their isomeric systems (compounds 300, 301, 107, 108; mp 62.5, 47.0, 83.5,
69.0 °C respectively) which have an alkyl-substituted, untwisted biphenyl moiety. For the
same reason the equivalent liquid crystal phase transition temperatures (where a common
phase exists) are also higher for compounds 298, 299, 111, 112 when compared with

compounds 300, 301, 107, 108 respectively. However, the differences for the two sets
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of compounds are much less for the mesophase transitions than for the melting points. In
fact the clearing points (Tyy_j values) for all such comparable alkyl-alkoxy-substituted
monofluoroterphenyls (compounds 298-301, 107, 108, 111 and 112 are almost
identical but the octoxy systems have lower clearing points (155.0-161.0 °C) than the

hexoxy homologues (162.5-166.5 °C), which is usual.

Table 12

Compound Transition Temperatures (°C)
No. R a b K Sg S Sc Sa N I
110 CsHy; H F * 725 - * 80.0 ----oeeee- * 136.0 *
111 CgHi30 H F *115.0 -----m-mommmmmmmeeees *¥131.5 oo * 166.5 *
112 CgH7;O0 H F  *102.0 --------- (* 99.5) *137.5 ----oomeme- * 160.0 *
119 CH;; F H 0 * * 156.5 ----mreemmeme e * 185.5 ---m-meeee- *
120 CgH30 F H  * * 1760 -----mooemmmeeee * 210.0 ---------- *
121 CgH;;0 F H * LB /(. J— * 176.5 * 202.5 -w--o-mme- *

In the case where the fluoro-substituent is part of the untwisted biphenyl moiety
(i.e. fluorine in the centre ring, compounds 298-301; mp 70.0, 69.0, 62.5, 47.0 °C) then
melting points, and to a small extent mesophase transition temperatures, are lower than
when the fluorine atom is in an end ring and not part of the untwisted biphenyl moiety
(compounds 111, 112, 107, 108; mp 115.0, 102.0, 83.5, 69.0 °C). The same point
applies to the two dialkyl systems; compound 297 (mp 51.5 °C) is of lower melting point
than compound 110 (mp 72.5 °C) but the clearing point (Tn_p value) is identical (136.5
°C).

In the case of compounds 102, 103, 119-121 the fluoro-substituent occupies an
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outer core position and therefore cannot cause any inter-annular twisting. Accordingly,
melting points would be expected to be much higher. For this reason, and the fact that the
fluorine has more space around it (which leads to less molecular broadening), these
compounds should give much higher mesophase transition temperatures (and therefore
higher clearing points). Remarkably no melting points have been identified for such
compounds. The DSC traces show only the mesophase to mesophase and mesophase to
isotropic liquid transitions and are reversible on cooling; despite many reheats and cools
and the use of new samples, no melting peaks (on heating) or recrystallisation peaks (on
cooling to -20 °C) were seen. Optical microscopy also revealed no visible change for the
sample until the Sg to Sx transition (Sx being the appropriate mesophase above the Sg
phase). This perhaps indicates that the compounds are actually in the S phase at room
temperature and below and, bearing in mind that the S phase is not really liquid crystalline
but is a disordered crystal with no liquid properties (see Introduction, p 2), this is not
unreasonable. However, such compounds would not be expected to have such low
melting points when compared to the other compounds in the tables (see above). Possibly
another explanation is of a very gradual 'melting’ process to the disordered crystal state
(Sg) which is not detected by the DSC [similar in principle to the tilt angle gradually
changing in an S¢ phase to give an S5 phase (zero tilt); such a transition is also not always
revealed by DSC analysis).

The liquid crystal phase transition temperatures of compounds 102, 103,
119-121 are, as expected, much higher when compared to their analogues with the
fluoro-substituent positioned inside the core. These compounds also do not have nematic
phases and clear to the isotropic liquid from the S 5 phase at ~200 °C (very high S, thermal
stability). In fact the fluoro-substituent in this outer core position has not had much of an
effect and these compounds are somewhat of a compromise in character between the parent
systems and the monofluoroterphenyls with the fluorine positioned inside the aromatic

corc.
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3.2 (b) Lateral Non-orrho-Difluoro-substituted Terphenyls

This sub-section represents the first of much work on difluoroterphenyl systems
(see also later) and these compounds were prepared to determine what effect a second
lateral fluoro-substituent at a variety of positions in a terphenyl system would have on
melting points and mesophase thermal stabilities (especially the effect on the S phase
thermal stability). Systems of this type were prepared before the ortho-difluoroterphenyls
because of the more straightforward, standard synthetic routes. No Physical property
results are available from our collaborators at R.S.R.E. (Malvern) because they gave their

full attention to the ortho-difluoro-substituted systems [see section 3.2 (c), p 273].

3.2 (b) (i) Transition Temperatures (°C) for Lateral Non-ortho-Difluoro-substituted

Terphenyls (compounds 127, 128, 130 and 131, Table 13, p 269 and compounds 136
and 138-140, Table 14, p 269)

For difluoroterphenyls where the two fluoro-substituents are not ortho to each other
two possibilities arise. Either the two fluorines are in one ring and are inherently fixed with
one fluorine at each side of the molecule (Table 13, p 269) or the two fluorines are in
different rings and therefore not fixed with respect to each other (Table 14, p 269).
Obviously, for each difluoroterphenyl there are two monofluoroterphenyls with which it
could be compared (except where the two fluoro-substituents occupy equivalent positions)
and this complicates comparisons. Additionally, the consideration of differently substituted
difluoroterphenyls gives many more comparisons.

The difluoro-compound 128 (mp 51.0 °C) has a lower melting point than either of
its comparable monofluoroterphenyls (compounds 298 and 300, mp 70.0 and 62.5 °C
respectively), compound 131 (mp 61.0 °C) has a much lower melting point than its
comparable compound (111, mp 115.0 °C) and compound 130 (mp 50.0 °C), similarly
has a reduced melting point compared to compound 110 (mp 72.5 °C). Compound 127
(mp 63.0 °C), however, has a higher melting point than the monofluoro analogue (297,
mp 51.5 °C) and this may be because the second fluorine has created a perfectly

symmetrical molecule which allows better packing.
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128
130
131

No.
136
138
139
140
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Table 13

ifluoroterphenyls (127 and 128) and 4-Pentyl-4"-pentyl- or 4"-hexoxy-

2.6-difluoroterphenyls (130 and 131)

c a
db

Compound Transition Temperatures (°C)

R a b ¢ d K N [
CsHyy F F HH * 630 * 855 *
CHis0 F F H H * 510 * 117.0 *
CsHyy HHF *50.0 *  82.0 *
CcHisO H H F F ¥ 61.0 * 1225 *

Table 14

ferphenyis (136 and 138) and 4"-Alkoxy-4-pentyi-2.3"-

difluoroterphenyls (139 and 140)

c b a

Compound Transition Temperatures (°C)

R a b c K Sc N
CHiz F F H * 450 ceemeeeeeeeee * 1310
CgHi7 F F H O ) S ——— * 1215
CeHi3 F H F ¥ 900 % 1055  * 1390
CgH; F H F * 755 % 1070  * 1320
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Even lower melting points (45.0 and 42.5 °C) are seen for compounds 136 and
138 {these compounds can be compared with compounds 107 or 111 (mp 83.5 and
115.0 °C) and 108 or 112 (mp 69.0 and 102.0 °C) respectively] where the two fluorine
atoms are sited in different rings and therefore not inherently fixed with respect to each
other. Compounds 139 (mp 90.0 °C) and 140 (mp 75.5 °C) are similar to compounds
136 and 138, respectively, in that the two fluorine atoms are placed in different rings, but
one fluorine now occupies an outer core position and gives higher melting points, although
the values are lower than those for comparable monofluoroterphenyls [compounds 111
and 112 (mp 115.0 and 102 °C)).

Mesophase thermal stability is well known to be reduced by
fluoro-substitution33,127-130,163,164,180 (numerous examples are seen in every section of
this thesis) and a second fluoro-substituent in terphenyl systems has a dramatic effect on
the liquid crystal behaviour.

Where the two fluorine atoms are inherently fixed at each side of the molecule
(compounds 127, 128 and 130, 131, Table 13, p 269) a broader molecule than the
monofluoroterphenyl is produced. This has caused typical reductions (when compared to
the appropriate monofluoroterphenyls) in the Ty values of ~45-50 °C which has brought
the clearing points for this class of alkyl-alkoxy-substituted difluoroterphenyl down to
~120 °C from ~165 °C (clearing point values for the dialkyl-substituted terphenyls are ~ 35
°C lower). More importantly all the smectic phases seen in the monofluoroterphenyls have
been eliminated, which, allowing for supercooling means that the smectic phase thermal
stabilities have been reduced by at least 100 °C.

Where the two fluorine atoms are sited in different rings the net (‘time averaged')
increase in molecular breadth is not as great as for the above case and therefore for
compounds 136 and 138 the Ty_1 value reductions due to the second fluoro-substituent are
not as great (~35 °C). Additionally, where the second fluorine atom is placed on the outer
edge of the aromatic core (compounds 139 and 140) the increase in molecular breadth is
even less (also a fluorine in this outer core position does not cause inter-annular twisting)

and consequently the reductions in Ty j values are only 27.5 and 28.0 °C (compared with
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compounds 111 and 112 respectively). However, the other way of comparing
compounds 139 and 140 with monofluoroterphenyls is by considering the effect of a
second fluoro-substituent inside the core (i.e. where the first fluorine atom was sited on the
outer edge of the core). This is obviously going 10 increase molecular breadth considerably
(as well as causing an inter-annular twist which was not present in such
monofluoroterphenyls) and this correspondingly reduces the liquid crystal phase thermal
stability of compounds 139 and 140 when compared to compounds 102 and 103
respectively. The clearing points (monofluoroterphenyls 102 and 103 have Tg, _j values
and not Ty values) for the above comparisons have been reduced by around 60 °C. The
positioning of one of the two fluorine atoms in compounds 139 and 140 on the outer edge
of the aromatic core has preserved the S¢ character of the monofluoroterphenyls 111 and
112 with reduced thermal stability values of 26.0 and 30.5 °C respectively. However, the
ordered smectic phases of compounds 102 and 103 have been completely eliminated by
the siting of the second fluoro-substituent inside the core. The location of both fluorine
atoms inside the core (compounds 136 and 138) has eliminated all smectic tendencies (and
allowing for supercooling, this means that the Sc phase thermal stability has been reduced
by at least 100 °C compared to compounds 107, 111 and 108, 112 respectively).

Comparison between the different types of difluoroterphenyls clearly shows that (a)
where the two fluorines are in different rings within the terphenyl core (Table 14, p 269)
particularly low melting points are seen (~45 °C), (b) where the two fluorines are inherently
fixed one either side of the core (Table 13, p 269) higher melting points result (~50-60 °C),
(c) positioning one of the two fluoro-substituents on the outer edge of the core (Table 14, p
269) leads to higher melting points (~75-90 °C). The effect on liquid crystal phase thermal
stabilities is also very clear. Compounds with broader molecules (i.e. compounds with one
fluorine atom inherently fixed either side of the molecules; Table 13, p 269) have
particularly low Ty 1 values (~80-85 °C for the dialkyl systems and ~120 °C for the
alkoxy-alkyl systems). The narrower type of molecule of the alkoxy-alkyl-substituted type
(compounds 136 and 138) gives higher Ty values (~120-130 °C). However, both these

types of compound do not exhibit smectic phases and are purely nematogenic in character.
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For the difluoroterphenyls with one fluoro-substituent located on the outer edge of the core
(compounds 139 and 140), a special situation arises because this position causes no
inter-annular twists within the core and has more space around it (narrower molecules).
For this reason, the Ty_y values are fairly high at around 135 °C but not a great deal higher
than for compounds 136 and 138. However, it is the high S thermal stability (105.5 and
107.0 °C for compounds 139 and 140 respectively), caused by this outer edge
fluoro-substituent, that is important; despite low melting points compounds 136 and 138
show no smectic tendency.

The behaviour of the non-S¢ exhibiting compound 128 was examined by mixing
small amounts of the compound (~5-15%) with two of Chan's monofluoroterphenyls (see
p 273). The work revealed that these small amounts totally eliminated the ordered smectic
phases below the S phase whilst only slightly depressing the thermal stabilities of the S,
S A and nematic phases (see Table 15).

Table 15

Transition Temperatures (°C) for Mixtures of Compound 128 in Host Materials

EBO.5T and F9.37

COIIIpOSitiOIl K S J SI SC S A N I
100% F8O.5T * 47.0 (* 40.0) * 53.5 * 116.5 * 130.0 * 155.0 *
94% F80.5T * 50.0 (27.5) = ceeemmmmeemmeeeeee * 113.0 * 1220 * 1525 *
6% 128

90% F80.5T ¥ 48.0 (23.0) e * 1095 * 113.0 * 1505 *
10% 128

Composition K Sg Sc Sa N I
100% F9.3T * 46.0 (* 35.0) * 520 * 89.0 * 1265 *
95% F9.3T * 435(8.0) 00 e * 50.0 * 72.0 * 1250 *
5% 128

84% F9.3T ¥ 41.0 (8.0) - * 480 * 60.0 ¥ 1250 *
16% 128

This work was substantiated by subsequent work carried out by our collaborators at

R.S.R.E. (Malvern).
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F F
oo d Ao eoned AIA o
F80.5T F9.3T

Summary of Sub-section 3.2 (b) (i)

The difluoroterphenyls discussed so far are generally lower melting than their
monofluoroterphenyl analogues and their mesophase thermal stability is dramatically
reduced when compared to monofluoroterphenyls. The degree of this reduction appears to
be dependent on the broadness of the molecule and, to some extent, on the number of
fluorine-induced inter-annular twists. Where one of the two fluorine atoms is placed on the
outer edge of the terphenyl core then an Sc phase is induced with quite high thermal
stability.

The mixture work involving the non-Sc exhibiting materials with
monofluoroterphenyls shows the ability of difluoroterphenyls to eliminate ordered smectic

phases and to support Sc, S and nematic phases.

3.2 (¢) Lateral ortho-Difluoro-substituted Terphenyls and Some Biphenyl Analogues!®4

The previous work on difluoroterphenyls paved the way for this extensive
programme on the synthesis of ortho-difluoro-substituted aromatic systems and an
assessment of their suitability for use as host materials in ferroelectric (Sc*) mixtures. As
shown in the previous sub-section a narrower molecule maintains the mesophase thermal
stability more effectively. Therefore, the best difluoro-substitution pattern would be where
the two substituents are next (ortho) to each other. This means that both the fluorine atoms
are inherently fixed on one side of the molecule, giving molecules which are almost
identical in breadth to their monofluoroterphenyl analogues; and so mesophase thermal
stability should be upheld. Fixing both the fluoro-substituents on one side of the molecule
has another great advantage in that an increased lateral dipole will result and consequently
this will lead to a more negative dielectric anisotropy (-A€) (which is proportional to the
square of the dipole). This higher -Ae value will have been achieved with no further

protrusion of groups on the side of the molecules which should mean no increase in
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viscosity values (which may be lower due to the smoothing effect of the two substituents)
compared to the monofluoroterphenyls. This combination of beneficial features will be a
very important breakthrough as there is great difficulty in producing compounds with high
negative dielectric anisotropy (-Ag) which have reasonably low viscosity values and high
Sc phase thermal stability. The difficulty arises because lateral groups are required to give
a lateral dipole to ensure -Ag values. Such groups protrude from the core and a large dipole
is required to counter the positive dielectric anisotropy of the aromatic core and to give a net
-Ag (e.g. cyano-substituent, see p 291 for discussion of lateral cyano-substituted
terphenyls). This protrusion leads to high viscosities (which give lower switching speeds
and counter the negative Ag) and the resulting broader molecule reduces the S phase
thermal stability.

The use of a small lateral polar group of high electronegativity (fluorine) seems the
ideal answer, except that one fluorine is only sufficient to counter the +Ag contribution
from the terphenyl core. Hence the use of a second fluoro-substituent ortho to the first to
gain the advantages discussed above.

A smaller number of ortho-difluoro-substituted biphenyls were prepared in the
expectation that they would be much lower melting and hopefully not depress the S¢ phase
thermal stability of ferroelectric mixtures too greatly. If this were so then they would be
useful additives for ferroelectric mixtures because having one aromatic ring less than their
terphenyl analogues would give a lower birefringence, a lower viscosity and probably
higher negative values of dielectric anisotropy.

Another useful way of lowering birefringence is to replace one of the aromatic rings
of the terphenyl system with a trans-substituted cyclohexane ring. This approach enables
mesophase thermal stability to be maintained (albeit with higher melting points) when
compared to the simple straight chain biphenyls systems referred to above. However such
compounds do have a tendency towards the Sg mesophase at the expense of the S¢
phase.33225 Such compounds could still make useful additives for ferroelectric mixtures
provided that any Sg phase does not prevail in the mixture. Compounds 199, 205, 209

and 213 were prepared to test this possibility but in effect they are
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ortho-difluoro-substituted biphenyls which incorporate a cyclohexyl moiety as part of the

alkyl or alkoxy chain.

The synthesis of compounds in this section has already been detailed (p 222) and

the results and conclusions are discussed below.

3.2 (¢) (1) Transition Temperatures (°C) for Lateral ortho-Difluoro-substituted Terphenyls

(compounds 147-152, Table 16, p 275; compounds 159-161, 187, Table 17, p 278;
compounds 175-181, 186, Table 18, p 280; compounds 188, 190, Table 19, p 285)

Table 16
ition T ° r 4-Alkoxy-4"-alkyl-
4.4"-Dialkyl- 2'.3difluoroterphenyls (147-152)
F F
Compound Transition Temperatures (°C)

No. R R' K Sc Sa N I
147 CsHy; CgHi30 * 540 * 670 e * 1490 *
148 CsH;; CgHy,0 * 485 ¥ 950 e * 1415 %
149 CsH;; GCsHy; ¥ 60.0 e * 1200 *
150 CsH;; C7Hy; * 365 (* 240) e * 1115 *
151 CsH;; GCgHyg * 425 * 660 - * 1100 *

152 CgHy9 CqHis * 490 * 77.0 * 93.0 * 1085 %
The first of this class of compound to be prepared were those with the
ortho-difluoro moiety in the centre ring (compounds 147-152, Table 16, p 275). Some of
these compounds can be compared directly with the monofluoroterphenyls prepared by

Chan!27-130 (compounds 297-301, Table 10, p 264) and with the

non-ortho-difluoroterphenyls previously discussed (compounds 127 and 128, Table 13, p
269).
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The melting points of the alkyl-alkoxy-substituted compounds 147 and 148 are
quite low (54.0 and 48.0 °C respectively). Each of these compounds has two directly
comparable monofluoroterphenyls [compounds 298 (mp 70.0 °C), 300 (mp 62.5 °C) and
299 (mp 69.0 °C), 301 (mp 47.0 °C) respectively] which are generally slightly higher
melting. The dialkyl compound (149), however, melts at 60.0 °C (higher than
alkyl-alkoxy compounds 147 and 148) and this is higher than for the comparable
monofluoroterphenyl (compound 297, mp 51.5 °C). This higher than expected melting
point is due to the molecules being totally symmetrical (see also the comparison of
compound 127, mp 63.0 °C with compound 297).

The unsymmetrical dialkyl-substituted systems (no monofluoroterphenyls are
available for comparison) of this type (compounds 150-152) with longer and different
alkyl chains melt considerably lower (see later for full discussion). These lower melting
points combined with the effect from the longer alkyl chains give rise to an S¢ mesophase
which increases in thermal stability with increasing molecular length (as does the melting
point). The Ty values, however, decrease slightly with the increasing molecular length
and for the longest alkyl chain system (the Co/C7 homologue, compound 152) an Sy
phase is seen. The high melting, symmetrical compound (149) is purely nematic in
character; this is possibly due to the high melting point masking the Sc phase and our
collaborators at R.S.R.E. (Malvern) find that, in ferroelectric mixtures, this compound
behaves as though the S¢ phase thermal stability is very high (greater than 60 °C).
Interestingly, the monofluoroterphenyl analogue (compound 297), although highly
smectic, does not exhibit an Sc phase either. As expected the alkoxy-alkyl-substituted
difluoroterphenyls (compounds 147 and 148) have much higher smectic phase thermal
stabilities and this is represented purely as the Sc phase. The Ty values are also much
higher than for the dialkyl-substituted analogues.

The Ty values of compounds 147 and 148 (149.0 and 141.5 °C respectively) are
reduced by around 15.0 °C when compared to the four analogous monofluoroterphenyls
(compounds 298-301). This small Ty depression is due to the second fluoro-substituent

not broadening the molecules significantly and it contrasts with the large depressions in
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Tn.p values of ~45 °C which are seen when the two fluoro-substituents are fixed one either
side of the molecules (sub-section 3.2 (b) (1), p 268). A similar reduction in the Ty value
is seen for the dialkyl derivative (compound 149, Ty value 120.0 °C) when compared to
the monofluoro system (compound 297, Ty_1 value 136.5 °C).

For compounds 147 and 148 the S¢ phase thermal stability has been reduced (by
51.0 and 46.5 °C 147/298 and 147/300 respectively and by 29.0 and 21.5 °C 148/299
and 148/301 repectively) to 67.0 and 95.0 °C repectively with no S tendency when
compared with compounds 298-301. The thermal stabilities of all the ordered smectic
phases have been reduced by much greater amounts by the second fluorine because they
have been totally eliminated (as has similarly occurred for compound 149 when compared
with compound 297). The lower melting point, higher Tgc_ value and lower Ty value
of the octoxy-substituted compound (148) when compared to the hexoxy-substituted
homologue is typical; as well as being widespread throughout this work, the trend is also
revealed in Chan's work on central-ring-monofluoroterphenyls, 127-130

The melting points of these compounds are similar to those for the
non-ortho-difluoroterphenyls where both the fluoro-substituents are inside the core
(sub-section 3.2 (b) (i), p 268); the narrow molecule has, however, given rise to
compounds with usefully high S¢- phase thermal stabilities (especially compound 148).
This class of ortho-difluoroterphenyls (with fluorines in the centre ring) are also very
strongly nematic in character.

For those compounds with the two ortho-fluoro-substituents in an end ring there
are two possible types reported here: the ortho-difluoro unit can be part of an
alkoxy-substituted end ring with the other end ring being only alkyl-substituted
(compounds 159-161 and 187, Table 17, p 278; dialkoxy compounds of this type were
not prepared) or the ortho-difluoro moiety can be part of an alkyl-substituted end ring with
the other end ring being either alkoxy- or alkyl- substituted (compounds 175-181 and
186, Table 18, p 280). Generally, these types of difluoroterphenyls have higher melting
points, much greater smectic tendency (particularly Sc, with high thermal stabilities and

wide ranges) and smaller nematic phase ranges (but much higher Ty values) than those
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compounds with the ortho-fluoro moiety in the central ring.

It has already been shown for compounds 139 and 140 that a fluoro-substituent on
the edge of the core gives higher melting points than when positioned inside the core and,
although no melting points have been detected for monofluoroterphenyls with the
fluoro-substituent on the edge of the core, they are expected to be very high (in keeping

with their high mesophase thermal stabilities).

Table 17
iti ° - -4"-alkyl-
2.3-difluoroterphenyls (159-161 and 187)
F F
Compound Transition Temperatures (°C)
No. R R' K Sc Sa N I
159 CgHy3 CsHyy * 975 * 1455 ceemeeeeeeee ¥ 1660 *

160 CgH;7 CsHyy * 935 * 1440 * 1480 * 1590 *

161 CgH,;7 C;H;s * 895 * 1480 * 1515 * 1540 *

187 CgHy7; 4MH? ¥ 720 * 1200 -eeeemeeeeeee- * 1280 %

1 = (3)-4-methylhexyl

Compounds 159 and 160 with an ortho-difluoro unit as part of an

alkoxy-substituted end ring (mp 97.5 and 93.5 °C respectively) have higher melting points
than their monofluoroterphenyl analogues whose fluorine is within the core (compounds
107 and 108, mp 83.5 and 69.0 °C respectively); this might have been expected since the
second fluoro-substituent has been placed on the outer edge of the core. What is
remarkable, though, is that the outer core second fluorine has increased the S¢- phase
thermal stabilities to 145.5 and 144.0 °C (compounds 159 and 160 respectively) from the
105.0 and 119.0 °C of the comparable monofluoroterphenyls (compounds 107 and 108

respectively) with an S5 phase being induced in the longer octoxy-substituted compound
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(160). The more ordered smectics (below the S phase) seen in the monofluoroterphenyls
are no longer a feature of these difluoroterphenyl analogues. The Ty_j values of the
difluoroterphenyls are 166.0 and 159.0 °C (compounds 159 and 160) and can be
considered to be identical to the 166.0 and 158.0 °C for their monofluoro-substituted
equivalents (compounds 107 and 108). Comparison of compounds 159 and 160 with
their other possible monofluoroterphenyls (compounds 102 and 103) is less precise due to
the undetected melting points and to the absence of nematic phases (and of an S¢- phase for
compound 103). However, from this point of view the second fluoro-substituent has been
placed inside the core and as expected reduces the smectic tendency considerably (~50 °C).
However this 1s not a direct comparison due to the monofluoroterphenyl compounds'’
tendencies towards the S5 phase (and ordered smectic phases) whereas the
difluoroterphenyl analogues are highly Sc; the ordered S and Sg phases of compounds
102 and 103 have been completely eliminated by the second fluoro-substituent.

A similar comparison can be made for compounds 176 and 177 (ortho-difluoro
moiety in an alkyl-substituted end ring). However, their melting points (101.5 and 89.5 °C
respectively) are lower than their most comparable monofluoroterphenyl analogues
(compounds 111 and 112, mp 115.0 and 102.0 °C respectively). The effect of the second
fluorine has again been to increase the smectic tendency by ~35 °C although for compounds
176 and 177 an S 4 range of around 10 °C has been induced, with the S¢ phase still
predominating. The Ty values have risen by 5.0 and 6.0 °C for compounds 176 and
177 to 171.5 and 166.0 °C respectively. Compared to their other analogues
(monofluoroterphenyls 120 and 121), compounds 176 and 177 have reduced smectic
tendency revealing a nematic phase and no tendency towards the ordered S¢; phase seen in
compounds 120 and 121. The dialkyl compound (175) shows a higher melting point
(81.0 °C) than its comparable monofluoroterphenyl (110, mp 72.5 °C). As seen above for
the alkoxy-alkyl-substituted systems (compounds 176 and 177), the dialkyl system (175)
has increased smectic tendency compared to 110) caused by the outer core
fluoro-substituent (S¢ thermal stability has increased by 35.5 °C to 115.5 °C and the Ty

value has increased by just 6.0 °C to 142.0 °C). Compared to the other
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Table 18

Transition Temperatures (°C) for 4"-Alkoxy-4-alkyl- and

4,4"-Diglkyl- 2.3-difluoroterphenyls (175-181 and 186)

F F

Compound Transition Temperatures (°C)
No. R R’ K S| Sc Sa N 1
175 CsHy; CsHyy * 810 e * 1155 * 1315 * 1420 *
176 CsHyp CgHp30 % 1015 —oomeeeeee * 156.5 * 167.0 * 171.5 *
177 CsHy; CgHyjO % 890 —ooooeeeoee * 155.5 * 1650 * 166.0 *

178 CsHy; CoHis * 655 * 745 * 1185 * 1350 * 137.0 *

179 CsH;s5 Cslipg #0560  mmmememeeee * 1055 * 131.0 * 1360 *
180 CoH;9 C3Hy #63.0/80.0 ~-=--=====--- * 845 * 117.0 * 1315 *
181 CgHpjg CqHis * 440 * 550 * 105.0 * 127.0 -ceeeeeeee- *
186 CsH;; 4MH? * 640  --memmmem-e- R ) * 1005 *

1 = ()-4-methylhexyl
monofluoroterphenyl (119), the difluoro system has a lower smectic tendency by 54.0 °C
at 131.5 °C but the monofluoro system has no S¢ phase whereas the difluoroterphenyl
analogue (compound 1785) is strongly S in nature.

To conclude comparisons of the difluoroterphenyls with their monofluoro
analogues it is worth summarising the main points of advantage of the ortho-difluoro
systems. Although melting points are little reduced by the addition of a second
fluoro-substituent, the effect of the second fluoro-substituent on the types of mesophase
and their thermal stabilities has been miraculous. The main effect has been the total
elimination of the ordered smectic phases, and the S¢ and N phases in many cases take
over from a strong S5 phase. The S¢ tendency of the inner core monofluoro-substituted

terphenyls has been fine-tuned to give ortho-difluoro-substituted compounds which in
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eutectic mixtures should give low melting points and wide S ranges (with small S, and N
ranges above to facilitate perfect alignment). From this transition temperature point of view
these difluoroterphenyls should prove to be highly suited as host materials for ferroelectric
(S¢*) mixtures for use in display devices or fast switching shutter devices.

The following is a discussion of the different types of ortho-difluoroterphenyls and
and involved are those homologues for which no monofluoroterphenyl comparison was
possible.

The compounds containing the two fluorines in the centre ring have much lower
melting points and lower phase transition temperatures than their analogues with fluorines
in either end ring. In particular, the Sp and S phases are strongly promoted by the two
fluorines being in either end ring and large S ranges are found in these compounds.

The dialkyl compound 149 is solely nematogenic and because it is symmetrical it
has a high melting point (60.0 °C), whereas compounds 147 and 148, which are
alkyl-alkoxy systems have lower melting points (54.0 °C and 48.5 °C respectively), and
they also exhibit both an S¢ phase which has a moderate range and a larger range nematic
phase. The unsymmetrical dialkyl compounds 150, 151 and 152 show much lower
melting points (36.5 °C, 42.5 °C and 49.0 °C respectively) than compound 149 and the
larger size of the alkyl groups encourages S character with some S, tendency as shown in
compound 152. This increase in smectic tendency is at the expense of the nematic phase
stability as the clearing points (T values) are around 10.0 °C lower than for compound
149. The octoxy group of compound 148 lowers the melting point, raises the Tgo.N
value and lowers the Ty value as compared to the hexoxy-compound 147. Other
examples of this lowering of melting point and raising of smectic tendency in moving from
hexoxy to octoxy have already been discussed and more will be seen later.

For the higher melting difluoroterphenyls with fluorines in the outer rings, it can be
seen that in general they have much greater smectic tendency (particularly S¢, with large
ranges) and smaller nematic ranges (but much higher Ty values) than those compounds
with fluorines in the centre ring. Compound 149 with fluorines in the centre ring has no

smectic phases but a 60 °C nematic range whereas compound 175 has S¢ and S phases
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with only a 10.5 °C nematic range. The position is clearer when we compare compounds
147 and 148 with isomeric compounds 159 and 160 respectively and with compounds
176 and 177 respectively. When the two fluorines are in an alkoxy-substituted end ring
(with an alkyl-substituent in the other end ring; compounds 159 and 160) then S¢- thermal
stability is increased by 78.5 °C (compound 159 compared to 147) and by 49.0 °C
(compound 160 compared to 148) but nematic thermal stability is increased by only 17.0
°C and 17.5 °C respectively.

The series of compounds 159-161 is quite interesting: as usual, the CgO/Cj5
homologue (160) when compared to the Cg0/Cg homologue (159) is slightly lower
melting (93.5 vs. 97.5 °C), of higher smectic tendency (148.0 vs. 145.5 °C, although
compound 160 has an S 4 phase above the S¢ phase) and of lower nematic phase thermal
stability (159.0 vs. 166.0 °C). For compound 161 (CgO/C; homologue) this is taken even
further providing a usefully lower melting point (89.5 °C) with the benefit of a very wide
Sc range and small S 4 and nematic ranges (3.5 and 2.5 °C respectively).

When the two fluorines are in the alkyl-substituted end ring (with an
alkoxy-substituent in the other end ring; compounds 176 and 177) the smectic phases
have even greater thermal stability compared to compounds 147 and 148, with an Sp
phase beginning to appear (ranges ~10 °C). The S¢ thermal stabilities are increased by
89.5 °C (compound 176) and by 60.5 °C (compound 177) but the increases in nematic
thermal stabilities are less at 22.5 °C and 24.5 °C respectively.

Mesophase stabilities are higher for compounds 176 and 177, when compared to
compounds 159 and 160, because the former compounds have an unsubstituted,
untwisted alkoxybiphenyl unit which allows greater molecular polarisability whereas
compounds 159 and 160 just have an alkylbiphenyl unit. Since the melting points for
these compounds are similar (within the range 89.0 °C to 101.5 °C), compounds 176 and
177 have larger Sc ranges (55.0 and 66.5 °C respectively) and both have the additional
benefit of small (~10 °C) S5 and very small (~1 °C) nematic ranges.

Dialkyldifluoroterphenyls (compounds 175 and 178-181) with the two fluorines

in an end ring, as expected, have reasonably low melting points and the highest melting
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point (81.0 °C), for compound 175, is perhaps accounted for by the alkyl chains being
identical; compound 178 with unsymmetrical terminal groups, melts 15.5 °C lower. The
Tgc.sa value of compound 178 has increased by 3.0 °C to 118.5 °C, the Tga.N value has
increased by 3.5 °C to 135.0 °C and the Tpy.j value has decreased by 5.0 °C to 137.0 °C.
Compound 179 melts even lower, but the S¢ tendency is also lowered (by 13.0 °C) and
the Ty_1 value is similar to compound 178. This has occurred because compound 179 has
the shorter Cq alkyl chain as part of the untwisted biphenyl section of the terphenyl with the
longer (C7) alkyl chain as part of the difluoro-substituted end ring, whereas compound
178 has the reverse situation. This is supported up by the very low Sc tendency (Tgc.ga
value of 84.5 °C) for compound 180 with a very short (C3) alkyl chain as part of the
untwisted biphenyl section and a very long (Cy) alkyl chain as part of the
difluoro-substituted end ring; yet the Ty1 value is very similar to those of compounds 178
and 179. Compound 181 has two long alkyl chains and, although the shorter (Cy) alkyl
chain is part of the untwisted biphenyl section, this give quite low S¢ thermal stability
(105.0 °C, which is similar to that for compound 179). The overall long length of
compound 181 has led to the loss of the nematic phase.

Where a long (C5) alkyl chain is part of the untwisted biphenyl section of the
terphenyl (i.e. compounds 178 and 181) then the smectic tendency is great enough for an
Sy phase to be seen. The Sy tendency is reduced by making the other alkyl chain long and
therefore reducing the imbalance in the chain lengths. Compound 178 with a Cg alky!
chain as part of the difluoro-substituted end ring has a Tgp.g¢ value of 74.5 °C, however,
when replaced by a Cg alkyl chain the Tgy_gc value has fallen by 19.5 °C t0 55.0 °C. 1t
would appear that a higher S¢ thermal stability is encouraged by a longer alkyl chain being
part of the untwisted biphenyl section of the terphenyl with a shorter alkyl chain being part
of the ortho-difluoro-substituted end ring. Unfortunately, the Sy phase is also promoted by
this arrangement of alkyl chains. The Sy phase of both compounds 178 and 181 was
revealed by DSC analysis and was identified by optical microscopy making use of the
free-standing film technique (see Introduction, p 21). The fact that the ordered Sy phase is

found in dialkyl compounds and yet not found in the alkoxy-alkyl-substituted systems (e.£.
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compounds 159-161, 176 and 177) where it might have been more expected (due to
greater polarisability) is very strange. It could be that the higher melting point of these
compounds may just be masking the appearance of this ordered, tilted smectic phase (S
phase). However if compound 178 is compared to compound 161 the melting point of
compound 161 is only 24.0 °C higher and its S¢ thermal stability is 29.5 °C higher. The
S; phase thermal stability would only have to be 15.0 °C higher than that for compound
178 for it to be seen enantiotropically in compound 161; so another explanation is
required. It could be that the lone pairs on the oxygen atom of the alkoxy chain cause
intermolecular repulsion preventing the ordering required for the formation of an Sy phase
yet making little difference to the more stable crystal state. This prevention of ordering may
make no difference to the less ordered phases (Sc, S, N) and outweigh any enhancement
of the S phase stability caused by increased polarity/polarisability. These compounds
generally give a good compromise of low melting points and high Tgc_ga values, however
compound 151 with the two fluorines in the centre ring has a very low melting point (42.5
°C) and a respectable Ty value of 66.0 °C.

In an effort to reduce melting points further without any loss of S¢ character, two
compounds (186 and 187) with a (£)-4-methylhexyl (4MH) substituent were prepared.
However, if the values for compound 186 are compared with those for compound 178 it
is clear that this approach has not been successful. A small fall in melting point (1.5 °C)
has been achieved but S¢ thermal stability has been greatly reduced (32.5 °C) and the Sy
phase has been lost giving a larger nematic range but a reduced Ty 1 value (by 36.5 °C).
Compound 187 can be compared to compound 161 and the reduction in melting point of
17.5 °C is significant but less than the reduction in S character of 28.0 °C; again the Sy
phase has been lost to leave a larger nematic range with a 26.0 °C lower Ty value.

Compounds 188 and 190 are a trifluoroterphenyl and a tetrafluoroterphenyl
respectively (see Table 19, p 285) and can be compared with compound 160 and with each
other to see the effect of additional fluoro-substitution; compound 190 can also be
compared with compound 177. The additional fluorine of compound 188 compared to

compound 160 has reduced the melting point by 35.5 °C but S¢ character has been
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affected much more markedly and has been lowered by 82.5 °C. The loss of the S 5 phase

has given a compound of large nematic range (58.0 °C) with a Ty value (119.5 °C)

Table 19

Compound Transition Temperatures (°C)

No. a K Sc N I
188 H *  58.0 * 615 * 1195 *
190 F R 1 B B T * 1205 0+

reduced by 39.5 °C. The tetrafluoroterphenyl (190) has a much increased melting point
over compound 188 (three fluorines) but this is not much higher than either of the difluoro
compounds (160 and 177). The Ty value is much the same as for the trifluoro
compound (188) which is as expected since the fourth fluorine is positioned on the edge of
the core. The fact that the Ty y value of compound 188 has not been decreased by the
fourth fluorine of compound 190 (in fact it has increased by 1.0 °C) is an example
substantiating other earlier observations that where the additional fluoro-substituent exerts
no additional broadening or twisting of the molecules (i.e. simply filling up space within
the molecular boundary) smectic and nematic phase thermal stabilities can be
increased.33:226,227 The fact that the Sc phase has disappeared altogether in compound
190 is probably due to the masking effect caused by the high melting point.

Summary of Sub-section 3.2 (¢) (i)

(a) Compounds with identical alkyl chains (compounds 149 and 175) have higher

melting points than some alkoxy-alkyl compounds.

(b) Alkyl-alkoxy compounds generally have higher melting points and higher phase

transition temperatures than diatkyl systems.
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(c) Compounds with the two fluorines in the end rings rather than in the centre ring
have higher melting points and higher phase transition temperatures with greater smectic
tendency.
(d) Compounds with the two fluorines in the centre ring tend to be more nematic in
character, although alkyl-alkoxy compounds of this type do have reasonable S thermal
stabilities. Sc character is introduced into dialkyl compounds of this type by
unsymmetrical alkyl chains; an S phase is introduced by long alkyl chains.
(e) An octoxy group reduces melting point, increases Sc character and reduces nematic
character when compared to a hexoxy group.
63 A third fluorine seems to lower melting point but S and nematic thermal stabilities
are reduced by a similar magnitude and the S 4 phase is removed.
(g) A fourth fluoro-substituent raises the melting point significantly which leads to the
loss of smectic phases. The Ty j value is unaffected by the substitution of the fourth
fluorine.

Physical property results of these compounds are discussed on p 298.

3.2 (¢) (i1) Transition Temperatures (°C) for Lateral ortho-Difluoro-substituted Biphenyls

(compounds 191-195, Table 20, p 287; compounds 199 and 205, Table 21, p 288 and
compounds 209 and 213, Table 22, p 288)

In the biphenyls the ortho-difluoro-substituents obviously have to be in an end ring.
As for the terphenyls, where the unfluorinated section contains an alkoxy group the phase
transition temperatures are higher and the compounds have greater smectic tendency
(illustrated by the comparison of compound 193 with compound 191). The melting point
of compound 193 (mp 8.0 °C) is lower than that of compound 191 (mp 14.0 °C) and it
has enantiotropic S o (thermal stability of 12.0 °C) and nematic phases (Tyj value 18.0 °C)
whereas compound 191 just shows a monotropic nematic phase (with a thermal stability of
13.5°C).

A longer alkyl chain in conjunction with an octoxy group greatly enhances phase

transition temperatures although melting points are also increased. Compounds 195 and



287
192 have similar melting points (~25 °C) and both show S¢, S5 and nematic phases but
the thermal stabilities of each of these phases (11.5, 33.0 and 34.0 °C for S¢, S and
nematic respectively) are greater in compound 195 which has the octoxy group in an
unsubstituted ring. Although not a direct comparison, compound 192 (octoxy group in the
ortho-difluoro-substituted ring) has respective thermal stability values of 6.0, 13.0 and

23.0 °C. As expected, the dialkyl compound 194 does not show any liquid crystal phases

at all and has a very low melting point (0.5 °C).

Table 20

Compound Transition Temperatures (°C)
No. R R' K SC S A N I
191 CgHy7;0 CsHyy ¥ 140 e (* 13.5) *

192 CgH 70 C;Hy5 * 240 (* 6.0 * 13.0 * 230) *
193 CsHy; GCgHy40 R J O B * 120 *18.0 *
194 C;H;s GCsHyy ¥ 05 e *
195 CygHy9 CgHy70 * 250  (* 11.5)  * 330 * 340 *
Compared with the terphenyls, these biphenyls have lower melting points and
greatly reduced liquid crystal thermal stabilities, but the five compounds in Table 20 (p
287) do constitute a most interesting group of very low melting mesogens, two of which
show enantiotropic mesophases.
The only biphenyl exhibiting an S¢ phase which can be directly compared to a
terphenyl is compound 192, which has a 65.5 °C lower melting point than compound
161, but much larger reductions in liquid crystal thermal stabilities are seen; down by

142.0, 138.5 and 131.0 °C for Sc, S A and nematic respectively. Similar reductions in
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going from a terphenyl to a biphenyl are seen in other comparisons (e.g. compond 193
compared to compound 177 and compound 191 compared to compound 160).

The two other classes of biphenyl, one with an ethyl-linked
trans-4-pentylcyclohexyl moiety as an 'alkyl chain' and the other with a methoxy-linked
trans-4-heptylcyclohexyl moiety as an 'alkoxy chain', both represent three ring systems
and therefore would be expected to have higher melting points and greater mesophase

thermal stabilities than for the straight chain biphenyl systems (compounds 191-195).

Table 21

rans-4-pentylcyclohexylethylbiphenyls (199 and 205)
a bc d
05H11—<}CH2CH2 OCgHy7
Compound Transition Temperatures (°C)
No. aandb candd K Sc Sa N I
199 H F * 500  aemeeeeeeeee- * 1135 * 1240 %
205 F H * 325 * 550 * 830 * 1220 *
Table 22
ransition Tem res (° r 2.3-Difluoro-4'-{or -4-
trans-4-h ! hexylm xy)-4-{or -4'- i Is (209 and 213)
a bc d
Compound Transition Temperatures (°C)
No. aandb candd K S SA N 1
209 H F * 540 (* 4200 * 1115 * 1160 *

213 F H ¥ 510 e * 91.0 * 1100 *
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Although, as for the simple biphenyl systems (191-195), each aromatic ring is
considered an end ring, the aromatic ring with the cyclohexyl-substituent is obviously
different to the aromatic ring containing the straight chain moiety.

Compounds 199, 205, 209 and 213 are all very similar in that they are
alkyl-alkoxy-substituted ortho-difluorobiphenyls and each compound has a cyclohexane
ring as part of the alkyl or alkoxy chain. Itis, therefore, expected that their melting points
would be very similar. However, although compounds 199, 209 and 213 melt at ~50-60
°C, compound 205 has a usefully low melting point of 32.5 °C. It is most difficult to
explain this low melting point but melting points often do not follow any distinct pattern
and unexpected values often arise.

The values for mesophase thermal stabilities are as usual more regular.

Compounds 199 and 209 have the two fluoro-substituents in the end ring and have greater
nematic (by 2.0 and 6.0 °C respectively) and smectic (by 30.5 and 20.5 °C respectively)
phase thermal stabilities than their respective isomers with the two fluoro-substituents in the
centre ring (compounds 205 and 213 repectively). Such differences are not as great as for
the similar terphenyl situation because there is not a true end ring/middle ring structure as
there is for the terphenyls.

The methoxy-linked system (209) with the two fluoro-substituents in the end ring
is sufficiently smectic in character to show a monotropic Sg phase. No such phase is seen
for its isomer (213) which is as expected since compounds with substituents in the centre
ring are always less smectic in character [sub-section 3.2 (¢) (i)]. Both these compounds
do not show an S¢ phase (or any other tilted mesophases) which is disappointing and
slightly surprising in view of the generally very strong tendency of
ortho-difluoro-substituted systems towards the Sc phase.

The dimethylene linked cyclohexyl system (compound 199) with the two fluorines
in the end ring has no ordered smectic phase below the S 4 which is beneficial, however,
this compound does not show an S either. Compound 205 (the two fluorines are in the
central ring), however, has the transition temperatures which were hoped for these

compounds. The nematic tendency is very similar to the isomeric compound (199) and
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slightly higher than for the two methoxy-linked cyclohexyl systems (209 and 213). The
S A phase thermal stability is, as expected, reduced by 30.5 °C when compared to
compound 199 but the beneficial feature of compound 205 is the enantiotropic S¢ phase
of reasonable thermal stability (55.0 °C). It does not seem likely that it is solely the low
melting point which is responsible for the appearance of the S¢ phase because the melting
points for the other three similar compounds are sufficiently low for any reasonable S¢:
character to be revealed. It could be the S¢ tendency of this compound which is
responsible for the low melting point. Why this compound should show an S¢ phase
when the others do not is difficult to explain. It seems likely that both the methoxy-linked
and the dimethylene-linked cyclohexyl-substituted moieties do not support the Sc phase
very well; however, the latter unit perhaps supports them better. The octoxy group as part
of the unsubstituted ring in compound 205 may be aiding the formation of an S¢ phase.
More work is being carried out in order to find an explanation and this will include the
synthesis of further homologues of the compounds already prepared and some
dialkoxy-substituted homologues of compounds 209 and 213.

These cyclohexyl-substituted biphenyl systems can be compared directly with the
straight chain biphenyl systems to discern the advantageous effect of the cyclohexyl moiety
upon mesophase thermal stability. If compounds 199 and 205 are compared with
compounds 191 and 193 repectively then it is clear that mesophase thermal stabilities have
been increased far more than melting points (melting points increase by 45.0 and 24.5 °C;
Tn.j values by 110.5 and 104.0 °C whilst the S 4 phase thermal stability of compound 193
has risen by 71.0 °C to 83.0 °C). Compound 195 is an excellent homologue to compare
with compound 205 due to their sharing of common liquid crystal phases. The
dimethylene-linked cyclohexyl-substituted derivative (205) has only a slightly higher
melting point (32.5 vs. 25.0 °C), however, the Sc, S5 and N phase thermal stabilities have
increased by 43.5, 50.0 and 88.0 °C respectively.

The methoxy-linked cyclohexyl-substituted systems (209 and 213) can be
compared with the straight chain biphenyl analogues (compounds 193 and 191

respectively). Like the above comparisons, much greater increases in mesophase thermal
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stabilities are seen than for melting points. Melting points have increased by ~40 °C
whereas clearing points have risen by ~95 °C.

Summary of Sub-section 3.2 (c¢) (ii)

The straight chain biphenyls have very low melting points (much lower than for
comparable difluoroterphenyls). The cyclohexyl-substituted biphenyl analogues have
higher melting points which are similar to the lower melting of the difluoroterphenyls.
Remarkably, certain of the straight chain biphenyls show S¢, Sp and N phases, but
thermal stabilities are very much lower than those of the difluoroterphenyls. The
cyclohexyl-substituted biphenyls do have greatly increased mesophase thermal stabilities
but it is only compound 205 which shows an S¢ phase.

Although little S¢ tendency is shown by the biphenyl systems our collaborators at
R.S.R.E. (Malvern) have formulated ferroelectric (S¢*) mixtures incorporating these
compounds. What effect they have on viscosity, birefringence and S¢- phase thermal

stability will be discussed later (p 298).

3.2 (d) Lateral Cyano-substituted Terphenyls

It was previously discussed (p 274) that the lateral groups necessary to bring about
negative dielectric anisotropy are usually bulky and lead to high viscosities and reduced
mesophase thermal stabilities. However, the monofluoroterphenyls generally have high
clearing points so it was hoped that the additional size of a cyano-substituent over the
fluoro-substituent would not depress the clearing point to an unacceptable level and perhaps
even retain a tendency towards the Sc phase. The actual levels of negative dielectric
anisotropy for such systems needed to be evaluated as they may be sufficient to help
counter their expected high viscosity values when considering a use in ferroelectric (S¢*)
mixtures. For these reasons compounds 216-217, 219, 225-227, 233 and 234 were
prepared. Also to achieve even more negative A€ values compounds with an additional
lateral fluoro-substituent (compounds 235, 242 and 243) were prepared. This additional
fluoro-substituent was expected to provide the more negative Ae values with no further

increase in viscosity values and with no depression in mesophase thermal stabilities.
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This interesting set of compounds was hoped to have very negative Ae values
whilst still retaining a tendency towards the S¢ phase. If the expected high viscosity values
can be tolerated then a possible use could be found in ferroelectric (S¢*) mixtures; if the
compounds turned out to be mainly nematic in character then a use in mixtures for ECB

devices could perhaps be found.

3.2 (d) (i) Transition Temperatures (°C) for Lateral Cyano-substituted Terphenyls

(compounds 216, 217, 219 and 225-227, Table 23, p 293 and compounds 233 and
234, Table 25, p 295)

Compounds 216, 217, 219 and 225-227 have the lateral cyano-substituent in the
centre ring and their transition temperatures can be compared with the appropriate parent
system and the appropriate monofluoroterphenyl (preared by Chan).127-130

Compounds 216 and 217 have identical terminal chains and although compound
217 is a dialkoxy-substituted compound (which are not usually prepared due to
unacceptably high melting points) the melting point is low enough for the S¢ phase to be
exhibited (albeit monotropically). Compound 216 being dialkyl-substituted is low melting
(40.0 °C), the cyano-substituent has therefore caused a depression in the melting point of
152 °C compared to compound 296 and the additional depression in melting point over the
monofluoroterphenyl (compound 297) is 11.5 °C. The alkyl-alkoxy-substituted
compounds (219, mp 35.5 °C and 226, mp 48.0 °C) compare with their parent system
(compound 97, mp 205 °C) and the melting point depressions caused by the lateral
cyano-substituent are 169.5 and 156.5 °C respectively. Similarly the octoxy homologues
225 and 227 have had their melting points reduced from 194.5 °C (compound 98) by
161.0 and 159.5 °C to 33.5 and 35.0 5C respectively. When compounds 219 and
225-227 are compared with their appropriate fluoro-substituted compounds (298-301
respectively) then melting points are seen to be lower for the cyano-substituted systems by
34.5, 35.5, 14.0 and 12.0 °C respectively.

The effect of the large cyano-substituent on mesophase thermal stability is much

greater than for the melting points. Compound 216, despite a low melting point can only
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Table 23

4"-Alkoxy-2'-cyang-4-pentyl-. 2'-Cyano-4.4"-dihexoxy-,

nd2'- no-4.4"-dipentyl- terphenyls (216, 217, 219 and 225-227)
CN
Compound Transition Temperatures (°C)
No. R R' K Sc S N I
216 CsHy; CsHyp % 400 —eeeeeeee (* 335 * 380) *
217  CgHy30 CgHy30  * 1015 (* 61.0) * 1100 * 1140 *
219  CgHy 30 CsHyg ¥ 355 ceeeemeeomeeee- L I B *
225 CgHy70 CsHyp  * 335 coeeeeeeee O 11 X 5
226 CsHy, CgHisO  * 485 (% 29.5)  -ereemeeeeee x 775 %
227 CsHyp CgHi;O * 350 ¥ 420 e * 780 ¢

exhibit monotropic mesophases, this équates to a reduction in S phase thermal stability of
179.5 °C (compound 296, Tg, y at 213.0 °C). Comparing compound 216 with its
fluoro-substituted analogue (297) it is seen that the Sy phase has been totally eliminated
and the S5 and N phases have been reduced by 76.0 and 98.5 °C respectively. Note that
the nematic phase has been reduced more than the smectic phase; this is presumably
because the extra dipole of the cyano-substituent upholds the smectic phase thermal stability
(such dipole effects do not affect the nematic phase).

An interesting feature revealed by compounds 219 and 225-227 is that when the
cyano-substituent is pointing towards the alkoxy-substituent (compounds 226 and 227)
then Sc and N phases are exhibited; however, when it points towards the alkyl-substituent
then the compounds (219 and 225) are purely Sy in character. For compounds 219 and
225 the Sp phase thermal stabilities of 97.5 and 103.0 °C respectively are lower than the

parent systems (compounds 97 and 98) by 131.0 and 118.5 °C respectively. The
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additional reduction over the fluoro-substituent (compounds 298 and 299 respectively) arc
57.5 and 55.0 °C respectively. Compounds 226 and 227 cannot be compared with their
parent systems but So/N phase thermal stabilities of 29.5/77.5 and 42.0/78.0 °C
respectively represent reductions from the fluoro-substituted analogues (compounds 300
and 301 respectively) of 84.0/85.0 and 74.5/77.0 °C respectively.

Promising results (Table 24, p 294) were obtained when small amounts (5-15 wt%)
of compounds 216 were mixed with two of Chan's monofluoroterphenyls (see p 273). It
can be seen that the ordered smectic phases are totally eliminated but the Sc, S5 and N

phases are only slightly depressed.

Table 24

Composition K Sy St Sc SA N 1
100% F80.5T  * 47.0 (* 40.0 * 535 * 116.5 * 130.0 * 1550 *
95% F80.5T  * 39.0 (18.0)  ---m--smmmmmmmmmmoem- * 1085 * 123.0 * 1490 *
5% 216

84% F80.ST  * 37.0 ( 8.0) = ---s-mmmmmmmmooees * 905 * 102.0 * 1375 *
16% 216

Composition K Sp Sc Sa N I
100% F9.3T * 46.0 (* 35.0) *520 *890 * 1265 *
95% F9.3T *¥425 3.0) 0 e * 480  * 800 * 1220 *
5% 216

85% F9.3T * 360 (-2.00) --emeeeee- *390 *605 * 1130 *
15% 216

These results are similar to those obtained on mixing the difluoroterphenyl
compound (128, fluorines inherently fixed either side of the molecule) with the same host
materials [sub-Section 3.2 (b) (i), p 272] and were again confirmed by our collaborators at
R.S.R.E. (Malvern).

Overall, these lateral cyano-substituted terphenyls have remarkably low melting

points and, although much reduced when compared with the fluoro-substituted analogues,
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their mesophase thermal stabilities are still reasonably high. The type of mesophase
exhibited depends on the structure of the compound and the S¢ phase is seen in certain
compounds.

Two compounds (233 and 234) were prepared with the cyano-substituent on the
outer edge of the aromatic core pointing towards the alkoxy group in the hope of higher S¢-
phase thermal stabilities. However, although these compounds melt at a reasonable 62.0
°C they only show an S 5 phase (Tga.1 values of 163.5 and 160.0 °C). The transition
temperatures of these compounds (233 and 234) can be compared with the parent systems
(compounds 97 and 98 respectively) and reductions in melting points of 143.0 and 132.5
°C respectively are seen; respective Tga_y reductions are 65.0 and 61.5 °C. No melting
points were identified for the fluoro-substituted analogues (102 and 103, p 265) but
respective clearing points are 37.5 and 35.0 °C higher than for these two cyano-substituted
compounds. The higher melting points and higher clearing points of compounds 233 and
234 when compared to compounds 219 and 225-227 are expected since the

cyano-substituent occupies an outer core position which provides more space giving less

Table 25

3"-cyano-2-fluoro-4-pentyl- terphenyls and Parent Systems (233-235, 242 and 243)
a b CN
Compound Transition Temperatures (°C)
No. R a b K SA I
233 CgH;3 H H * 620 * 1635 o+
234 CgHy7 H H * 62,0 * 1600 ¥
235 CgHj7; F H * 480 % 1180  *
242 CgH;3 H F *100.5 * 1670 *
243 CgH;7 H F *100.0 * 1635 ¥



296
molecular broadening and no inter-annular twist is possible. This parallels the results seen

when discussing the fluoro-substituted analogues (see p 263).

3.2 (d) (ii) Transition Temperatures (°C) for Lateral Cyano-fluoro-substituted Terphenyls

(compounds 235, 242 and 243, Table 25, p 295)

All three compounds (235, 242 and 243) have the cyano-substituted on the outer
edge of the core ortho to the alkoxy chain. Where the fluoro-substituent is placed in the
same ring (ortho to the cyano-substituent, compounds 242 and 243) then both the lateral
substituents are inherently fixed on the same side of the molecule. Hence the
fluoro-substituent would not be expected to affect melting points or depress mesophase
thermal stabilities significantly. However, the melting points have surprisingly increased
by ~40 °C to 100.5 and 100.0 °C respectively. Looked at another way, the
cyano-substituent which occupies the outer core position has only caused 17.0 and 31.0 °C
increases in melting points when compared with the fluoro-substituted analogues (107 and
108 respectively). It seems even more remarkable that the additional fluoro-substituent in
compounds 242 and 243 has caused the Tg, 1 values to increase (by 3.5 °C in each case)
especially since the site of occupation is on the inner core of the molecule. Such increases
in mesophase thermal stability have been reported previously220 but these cases involve the
substituent on the edge of the core, and all past evidence (including the work reported in
this thesis) indicates that additional lateral substituents within the core always reduce
mesophase thermal stability. These observations can be explained in the same terms as for
the previously reported cases that is the filling up of empty space. In this case the empty
space is created by the large size of the cyano-substituent and even though the additional
fluoro-substituent is placed inside the core mesophase thermal stabilities are slightly
increased. Compounds 107 and 108 do not show an S 4 phase, therefore comparison
with compounds 242 and 243 respectively is not possible. It is worth noting, however,
that the additional cyano-substituent has removed the S- and nematic phases to give

compounds with a pure S o phase.

When the fluoro-substituent is placed in a different ring to the cyano-substituent
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(compound 235) the two groups are not fixed on one side of the molecule and the net
breadth of the molecule is therefore increased. Accordingly the melting point is quite low
(48.0 °C) and represents a reduction of 14.0 °C when compared to compound 234; the
Tga.1 value has also been reduced by 42.0 °C to 118.0 °C. When compared to compound
112 (fluoro-substituted analogue) the cyano-substituent has reduced the melting point by
54.0 °C from 102.0 °C and again the S¢ and N phases of compound 112 have been

replaced by the S phase.

3.2 (e) Lateral Trifluoromethyl-substituted Terphenyls

In order to determine the effect of a lateral trifluoromethyl group on dielectric
anisotropy, viscosity and mesophase transition temperatures a terphenyl system has been
used. The one compound reported can be compared with the analogous fluoro- and cyano-
substituted systems in order to discern its suitability for ferroelectric mixture use. As for
the cyano-substituted system the lateral group is large and therefore a high viscosity was

expected to combine with low mesophase tendency.

3.2 (e) (i) Transition Temperatures (°C) for Lateral Trifluoromethyl-substituted Terphenyls

(compound 248)

Only one compound (248) of this type was prepared
[transitions (°C) K 32.0 (S¢ 9.0) 1]. The melting point is low (32.0 °C) (as has now
become expected of certain lateral substituted systems) and is 16.5 °C lower than for the
cyano-substituted analogue (226) and 30.5 °C lower than for the fluoro-substituted system
(300). The large trifluoromethyl-substituent has caused a large reduction (173.0 °C) in
melting point from the parent system (97) and the mesophase thermal stability has been
drastically affected (clearing point has been reduced by 219.5 °C) and no enantiotropic
mesophase is exhibited. The most surprising feature of this compound (248) is the
appearance of a lone S¢ phase (Tgcg value of 9.0 °C). The thermal stability of the Sc
phase is 20.5 °C lower than for the cyano analogue (226) and 104.5 °C lower than the
fluoro analogue (300).
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Although an S Phase 1s seen in compound 248 the trifluoromethyl-substituent
greatly reduces the mesophase thermal stability and this combined with the high viscosity
(480 cP measured as a 10 wt% solution in the I compound eutectic mixture at 30 °C) make

this type of compound of no use in ferroelectric mixtures. No further physical property

results are available.

3.2 (f) Physical Properties of Lateral ortho-Difluoro-substituted Terphenyls (compounds

147-149, 159, 160, 175, 179) and Biphenyls (compounds 195, 205)

It is clearly seen from Table 26 (p 299) that compound types which have the most
negative dielectric anisotropies are those which incorporate the difluoro moiety in an
alkoxy-substituted ring (types A and F). This is due to the push-pull effect; i.e., the
alkoxy group feeds electron density into the ring and the ortho-fluorine pulls the electron
charge from the ring. This arrangement of the two fluoro-substituents at the end of the
molecule leads to a high viscosity, which, in terms of display device response time, will
counter the high -Ae value. Compounds of type E (which have similar transition
temperatures to compounds of type A) have the immediate disadvantage of high viscosity
without the benefit of high -Ae values, hence, compounds of this type (E) have not been
used in the ferroelectric (S¢*) mixtures to be discussed later. This point is quite interesting
because it highlights the need for a compound to have good all-round properties.
Compounds of type E have very large Sc ranges but this alone is not good enough for use
in ferroelectric (Sc*) mixtures when better compounds (type A) are available. The
compounds of type B (dialkyl), however, do have the advantage of high Sc phase thermal
stability and lower viscosity. The compounds with the two fluoro-substituents in the centre
ring (types C and D) do have low viscosities and those of type C (alkoxy, alkyl) exhibit
the Sc mesophase but they also have higher viscosities than compounds of type D
(dialkyl).

Quite apart fom a large S¢ range, the mixtures to be discussed reflect the need for a
low viscositiy and a high negative dielectric anisotropy (-Ag).

Apart from Table 26 (p 299) which shows the dielectric anisotropy of the different
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Table 26
Dielectric Anisotr nd Vi ity Results for
ho-Diflugro- i Terphenyls and Bi |
Compound Dielectric Anisotropy (Ag) Viscosity (cP)

B 130
© 20 55
Ro 6 a7 -
AN om0 50

structural modifications of the orrho-difluoro-substituted terphenyls and biphenyls, all the
physical property results from our collaborators at R.S.R.E. (Malvern) centre around their
ferroelectric (S¢*) mixtures which have been prepared using the various

ortho-difluoro-substituted terphenyls and biphenyls as host materials, and a transverse
CN

[
CaHﬂCOg —%H—CH(CH3)2
(XXVIID)
K 670 1

chiral cyano dopant [compound XXVIII (chiral dopant 1)] which was first synthesised by
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Dr 1.G. Shenouda.126

This dopant was found to be ideal because it induces an S 5 phase into the host
mixtures which do not have an S 5 phase, it induces a large Pg and gives ferroelectric
mixtures with a long ‘nematic’ pitch.

ortho-Difluoroterphenyl-based ferroelectric (S*) mixtures to be discussed are
based on two eutectic non-chiral mixtures [far more were tested and more work is being
carried out in this area by our collaborators at R.S.R.E. (Malvern)]; their constitution is
shown below (Table 27, p 300).

Host mixture 1 is a eutectic mixture based on alkyl-alkoxy-substituted
ortho-difluoroterphenyls including the higher melting, high Tgc_x transition compounds
147 and 148) which have very high negative Ae values i.e. type A compounds (also of
high viscosity). Lower melting, lower Tgc.x value compounds (159 and 160) are added
in smaller amounts to reduce the melting point and S¢- phase thermal stability for the
mixture. This mixture (1) does not have an S phase but, as will be shown later, the

Table 27
h mposition of Tw: n-chi ixtures B
ho-Di I i

Host Mixture 1

Compound 147 (60OFF5T) 37.3%

Compound 148 (80OFF5T) 40.8%

Compound 159 (FF605T) 13.6%

Compound 160 (FF8O5T) 8.3%

Transition Temperatures (°C) K 24.0 S¢c 97.0 N 146.0 1

Host Mixture 2

Compound 179 (FF75T) 333%
Compound 175 (FF55T) 33.3%
Compound 149 (SFF5T) 33.3%

Transition Temperatures (°C) K 15.5 S¢ 91.5 S5 97.0 N 127.0 1
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addition of the chiral dopant Iinduces an S 5 phase into the ferroelectric (Sc*) mixture
(important for molecular alignment).

Host mixture 2 is a eutectic mixture based on the dialkyl-substituted
ortho-difluoroterphenyls. Equal amounts of three compounds are used; compounds 179
and 175 are of moderate melting point and have quite high S¢ phase thermal stabilities. Of
special interest is the use of compound 149 (SFF5T) which is not particularly low melting
(60.0 °C) and does not have an S¢ phase (purely nematogenic), however, in this mixture
(and others not discussed here) it has the ability to hold up the S¢ phase thermal stability to
a much greater degree than would be expected (i.e. Sc phase thermal stability much higher
than the 60.0 °C melting point). Compounds 150, 151 and 152 all appear to be better as
they have lower melting points and do show an S¢ phase, however, our collaborators at
R.S.R.E. (Malvern) report that they are more than satisfied with the use of compound 149
(5FF5T) which has a lower viscosity than the longer alkyl chain derivatives.

Mixture 2 has the advantage of much lower viscosity than host mixture 1 since it is
based on dialkyl-substituted systems, however, it has the disadvantage of less negative
dielectric anisotropy (-1.9 vs. -2.7). It will be revealed later how this affects the response
time when the mixtures are applied to a ferroelectric display device. A chiral dopant is
required to enable the achiral host mixtures to be used in a ferroelectric display device. In
most cases chiral dopant I is used, however, in one ferroelectric mixture a different chiral

dopant is used (II) in addition to 1.

CN
CgH19002 —é,;iH —CHs
Chiral Dopant II
K 5501

Besides inducing chirality to the whole mixture, both these chiral dopants induce
the Pg into the system which increases as the percentage of chiral dopant increases.
Racemic or chiral dopant has the effect of lowering the nematic and S¢- phase thermal
stabilities and rising the S 5 phase thermal stability. Therefore, by varying the percentage

of chiral dopant but leaving the total percentage of dopant constant (by using racemic
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Table 28

ition of Five Ferroel

ric Mixtur

nH

Mixture 1 and incorporating Chiral Dopants 1 and H

Ferroelectric Mixture A

Host Mixture 1 90.0%
Chiral Dopant I 1.0%
Racemic Dopant I 9.0%

Transitions (°C) Sc 90.5 Sp 109.5 N 133.0 I

Ferroelectric Mixture B
Host Mixture 1 90.0%
Chiral Dopant I 2.5%
Racemic Dopant I 7.5%

Transitions (°C) As for Mixture A

Ferroelectric Mixture C

Host Mixture 1 90.0%
Chiral Dopant 1 7.5%
Racemic Dopant 1 2.5%

Transitions (°C) As for Mixture A

Ferroelectric Mixture D

Host Mixture 1 90.0%

Chiral Dopant 1 10.0%
Transitions (°C) As for Mixture A

Ferroclectric Mixture E

Host Mixture 1 80.0%
Chiral Dopant I 7.6%
Chiral Dopant 11 12.4%

Transitions (°C) Sc 63.0 S, 115.0 N 124.0 I

Pg
0
(10 V um1)

(10 V umh

Pg
0
T(10V um‘l)

Pg
0
(10 V umh

3.3 nC em?
23.5°
180 ps

9.0 nC ¢cm?

23.5°

21.0nC em2
21.0°

25 us

38.0 nC ¢m2
27.0°

9 us

39.0 nC cm2

18.5°

3 us

dopant) the transition temperatures will be constant but the Pg value will vary; this enables

response times to be measured as a function of Pg. It is important for comparison to
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maintain a similar Tgc_g 4 value (~60 °C in most cases) as response times are measured at a
certain temperature (30 °C) which is so much into the Sc phase; if the Tga_gc value is
higher (~90 °C) then 30 °C is deeper into the S¢ phase and therefore not comparable.

The constitution of some ferroelectric (S¢*) mixtures prepared by R.S.R.E.
(Malvern) and their physical properties are shown in Table 28 (p 302).

It can be seen from Table 28 that in going from ferroelectric mixture A through to D
the total amount of dopant is constant and so the transition temperatures remain constant.
However, as the amount of chiral dopant increases from 1.0% to a full 10% in going from
A to D the Pg rises from 3.3 to 38.0 nC cm2 and consequently this reduces the response
time. The Tgc_ga transition is too high (90.5 °C) for these alkoxy-alkyl-substituted
mixtures to compare with the dialkyl-substituted mixtures (F-H). In order to bring the
Tgc.sa value down to ~60 °C chiral dopant IT was used in addition to chiral dopant I and
this gave ferroelectric mixture E. The twist sense of chiral dopant I is opposite to that of
chiral dopant I and a total chiral dopant of 20% is used to give a Pg value of 39.0 nC em2,

The series of dialkyl-substituted terphenyl based ferroelectric mixtures F-H (Table
29, p 304) show reduced Pg values compared to equivalent alkoxy-alkyl-substituted
terphenyl based mixtures A-E. Mixture F has just 2.5% total dopant added which is all
chiral and this gives a similar Pg value to mixture F (also 2.5% chiral dopant, but also
7.5% racemic dopant). However, the increased total dopant for mixture G increases the
S 4 phase thermal stability but reduces the S and nematic phase thermal stabilities and
because the measurements are taken at 30 °C then this is further into the S¢ phase for
mixture F and therefore the tilt angle is slightly greater. Mixture G compares with mixture
B in that they have the same dopant quantities, however, the Tgc.g value is much higher
for mixture B and so true comparison is impossible.

As mentioned previously, mixture E was specially formulated to give a Tgc.ga
value of ~60 °C in order to compare with mixture H; it is these two mixtures which are the
most important and will be discussed in more detail. In order to obtain fast-switching
ferroelectric (S¢*) mixtures the Pg needs to be high, the dielectric anisotropy (Ag) must be

highly negative and the viscosity must be low. Mixtures E and H are the fastest switching
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Table 29
Th mposition of Three Ferroelectric Mixiures B nH
Mixture 2 and Incorporating Chiral Dopant 1

Ferroelectric Mixture F

Host Mixture 2 97.5% Pg 7.0 nC cm2

Chiral Dopant I 2.5% 0 23.0°
Transitions (°C) Sc 87.0 S, 102.0 N 125.0 I 110V umly -
Ferroelectric Mixture G

Host Mixture 2 90.0% Pg 7.2nC cm2

Chiral Dopant I 2.5% 0 21.5°

Racemic Dopant I 7.5% 10 Vuml) 7ps

Transitions (°C) S¢ 60.0 S5 1055 N 116.0 I

Ferroelectric Mixture H

Host Mixture 2 90.0% Pg 30.0 nC cm2
Chiral Dopant I 10.0% 0 21.5°
Transitions (°C) As for Mixture G (10 Vum!l) 3us

ferroelectric mixtures available at the present time and they achieve these fast times in
different ways. Mixture E has a slightly higher Pg and a much more negative Ae value, yet
the switching speeds are identical [3 us (10 V um1)]; this is because mixture H has a much
lower viscosity. This lower viscosity, the use of just 10% of a single chiral dopant (chiral
dopant I) and the lower crystal tendency make mixture H the more attractive.

Until now the best host materials for ferroelectric mixtures have been the MBF
esters!31 (compounds XXX and XXXI in Table 30, p 305).

It can be seen by comparing the values in Table 30 with those in Table 26 (p 299)
that the MBF esters have much less negative Ae values and much higher viscosity values
than the ortho-difluoro-substituted terphenyls.

Table 30 also shows the fastest ferroelectric mixture based on MBF esters and it can
be seen that the switching speed is six times slower than for the directly comparable

mixtures based on the ortho-difluoro-substituted terphenyls (E and H). It is not just
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Table 30
The Dielectric Anisofr nd Vi ity Values for Alkyi- and Alkoxy-
i MBF 1S an me Physical Pr
Measurements of g Ferroelectric Mixture
Compound Dielectric Anisotropy (Ag) Viscosity (¢P)

:
ol Sl Scod Hn 13 sac
XXX
:
RCOZ—Q—R' -0.8 270

XXXI

Ferroelectric Mixture J (based on MBF esters)

Transitions (°C) S¢ 68.0 Sp 98.0 N 1300 I Pg 29.0 nC ¢cm2

0 19.0°

10V umly 18 ps
switching speeds which makes a good ferroelectric mixture as other factors need to be
satisfied, such as good alignment, ability to fill the cells (low clearing point), easily
multiplex-driven and compound stability. This is also where the difluoroterphenyl-based
mixtures are seen to be excellent host materials. Birefringence values (An = 0.19) may
appear to be high (the birefringence of the MBF esters is also high, An = 0.18) but the
trend towards thinner cells makes birefringence less important. However, the ideal optical
path difference for the ferroelectric device is ~0.28 pm which is achieved for this
birefringence by using 1.5 um thick cells (see Introduction, p 46).

It can be concluded that ortho-difluoro-substituted terphenyls are excellent host
materials for ferroelectric mixtures. Eutectic mixtures have melting points below room
temperature with broad S¢ ranges and small S 5 and nematic phases for good alignment.
They are of low viscosity with high negative Ae values and in conjunction with chiral
dopant I give high Pg mixtures which have the fastest response times known (as little as 1
ps at 30 °C).

The ortho-difluoro-susbtituted biphenyls (191-195) were prepared as lower
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melting, lower viscosity, lower birefringence additives for the analogous terphenyl-based
systems. Compound 193 (FF580B) was used in 20 wt% in host mixtures 1 and 2; with
2.5% active and 7.5% racemic dopant I in the case of host mixture 1 (ferroelectric mixture
K). In the case of host mixture 2 only 2.5% active dopant I was used in order to prevent

the Tgc.s4 transition from falling too low. The results are shown in Table 31.

Table 31
iti Ferroelectric Mixtures Incorporatin
Compound 193 and Chirgl Dopant I
Ferroelectric Mixture K

Host Mixture 1 70.0% Pg 5.7 nC el
Compound 193 (FF580B) 20.0% 0 20°
Chiral dopant I 2.5% (10 Vumly  32us
Racemic Dopant I 1.5%

Transitions (°C) S¢ 62.5 S, 845 N 1075 1

Ferroelectric Mixture L

Host Mixture 2 77.5% Pg 6.8 nC cm2
Compound 193 (FF580B) 20.0% 0 23.5°
Chiral Dopant I 2.5% (10 Vum) 10 pus

Transitions (°C) Sc 59.0 Sp 755 N 97.0 1

The inclusion of the biphenyl compounds into the terphenyl-based mixtures has not
reduced the birefringence or the viscosity of the resultant ferroelectric mixtures to any
significant degree. The response times are fast but not as good as for those mixtures
without the biphenyls, there is the benefit of lower melting points but the disadvantage of
the Sc phase thermal stability being significantly reduced.

The incorporation of a cyclohexyl moiety into the ortho-difluoro-substituted
biphenyls (compounds 199, 205, 209 and 213) was intended to increase the liquid
crystal phase thermal stability (particularly Sc) and give lower birefringence and lower
viscosity values. The anticipated higher S¢ phase thermal stability would enable larger

percentages to be included in terphenyl-based mixtures to give ferroelectric mixtures with
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lower birefringence and lower viscosity without significantly reducing the Tgc.ga
transition. Compounds 199, 209 and 213 have quite low melting points and as expected
have high liquid crystal phase thermal stabilities but they do not show an S¢ phase.
Compound 205, however, does show an S¢ phase and has a low viscosity (88 cP) so this
compound was investigated further by our collaborators at R.S.R.E. (Malvern).

A ferroelectric mixture (M) was prepared using compound 205 as the sole S¢ host

material and 2.5% of a chiral dopant (III).

C|)N
CanCOz—(iH —CH(CHa)2

Chiral Dopant III
K 89.0 (Sg 74.0 S, 75.0) 1

Table 32
Th mposition of a Ferroelectric Mixiure In ratin

Compound 205 and Chiral Dopant 111

Ferroelectric Mixture M

Compound 205 97.5% Pg 1.8 nC cm2

Chiral Dopant III 2.5% 0 14°
Transitions (°C) Sc 38.5 S, 81.0 N 114.0 1

The birefringence of mixture M is 0.13 which is significantly lower than for the
ferroelectric mixtures based on the difluoroterphenyl host mixtures (An =(0.19). The
response times for ferroelectric mixture M are similar to those of the
difluoroterphenyl-based mixtures and are around four times faster than mixtures based on
MBF esters.

When compound 205 is mixed with host mixture 2 (p 300) the Sc and S phase
thermal stabilities are depressed as shown in Table 33 (p 308).

These results clearly indicate that the S and S 4 phases of compound 205 are not
compatible with those of the ortho-difluoroterphenyl host mixture 2. The addition of a
chiral dopant to the above mixtures would reduce the Sc phase thermal stability even

further thus making such ferroelectric mixtures impractical.
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Table 33
The Incom ility of the Smectic A an Ph f

Compound 205 with those of Host Mixture 2

% Compound 20§ % Host Mixture 2 Sc Sa N I
0 100 * 915 * 970 * 1270 *
33 67 * 510 e * 1210 *
50 50 ¥ 380 --eemeeee- * 1190 *
67 33 ¥ 290 -meemeee- ¥ 117.0 *
100 0 * 550 * 830 * 1220 *

Ferroelectric mixture M looks promising and therefore work is to be continued in
this area in order to perhaps realise a ferroelectric mixture based wholly on the cyclohexyl

containing systems with a compatible S¢ phase of higher thermal stability.

3.2 (g) Physical Properties of Lateral Cyano- and Cyano-fluoro- substituted Terphenyls

(compounds 216, 225, 227, 234, 243)

The dielectric anisotropy and viscosity of this type of compound are shown in Table
34 (p 309).

The dielectric anisotropy values of the lateral cyano-substituted terphenyls are very
negative (compound 243 has an exceptionally large negative value) which is beneficial for
a ferroelectric mixture. However, the viscosity values are extremely large which, despite
large negative dielectric anisotropy values, means these compounds will be of no use in
ferroelectric mixtures. Viscosity values are larger when the cyano-substituent is positioned
on the outer edge of the aromatic core, which is the same as the trend seen for the
ortho-difluoro-substituted terphenyls [sub-section 3.2 (f)]. Also the dielectric anisotropy is
more negative when the cyano-substituent is ortho to an alkoxy group, this is due to the
effect of the alkoxy group pushing electrons towards the cyano-substituent which is pulling
them towards itself (the 'push-pull’ effect). The fluoro-substituent of compound 243 has
caused a lower viscosity than for compound 234 by filling up space and creating a

smoothing effect. Compound 234 has a similar Ae value to compound type A (Table 26,
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p 299) which indicates that in terms of Ae values two ortho-difluoro-substituents have a
similar effect to a cyano substituent but the cyano-substituent causes a much larger
viscosity.
Table 34
Dielectric Anisotr nd Vi ity Results for sel
Later no- i Terphen

Compound Dielectric Anisotropy (Ae)  Viscosity (cP)

CN

216

CN
CgH1C5H11 1.6 )

225

CN

227

CN
CanOCsHﬂ -4.7 10000

234

F CN
05H11OCBH17 -9.5 5000

243
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3.3 2.6-Disubstituted Naphthalenes

The compounds covered by this section were intended to be nematic materials of
high optical anisotropy (An). Our collaborators at R.S.R.E. (Malvern) are working on a
new technological application for high optical anisotropy (birefringence), highly polarisable
materials with, ideally, low melting points and Ty.1 values at or just above room
temperature. Briefly, the application involves the orientational switching of molecules by
the use of a laser (as opposed to the electric field switching seen in display devices). The
compounds prepared were, therefore, all based on the 2,6-disubstituted naphthalene moiety
because it is a compact, conjugated unit, and expected to provide a high birefringence.
Since this moiety is quite broad the length was required to be extended in order to obtain
nematic materials. This involved the use of a 1,4-phenyl unit which in most cases was
linked to the naphthyl moiety by an ethynyl linkage giving highly conjugated systems, with
terminal groups which are conducive to high birefringence and providing nematic
mesophases (e.g. cyano, alkoxy, alk-1-ynyl and alkyl). Inevitably, with the inclusion of
these highly polarisable functional groups, melting points were expected to be high but this
preliminary work was primarily concerned with gaining some idea about which groups and

combinations of groups gave the highest birefringence values.

3.3 (a) Transition Temperatures (°C) for Terminal Cyano- and alkoxy- or alkyl- substituted

1.4-phenyl- and 2,6-naphthyl- ethynes (compounds 254, 259, 260 and 279-281,

Table 35, p 311)

The 2,6-disubstituted naphthalene system was shown by Gray and Jones?28.229
(1954) to be conducive to liquid crystal phase formation for the series of
6-alkoxy-2-naphthoic acids. 2,6-Disubstituted naphthalene compounds with a terminal
cyano-substituent were reported by Coates and Gray!7 (1976). These were alkyl- and
alkoxy- substituted 2,6-naphthyl and 1,4-phenyl systems linked by an ester group.

In 1981 Zollinger et al.177 reported on the synthesis of
2-alkoxy-6-(4-cyanophenyl)naphthalenes (including compound 254 with identical

transition temperatures). In 1983 Gray and Lacey230 and Zollinger et al.2!! independently
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reported on 2-alkyl-6-(4-cyanophenyl)naphthalenes which are alkyl homologues of
compound 254.

Table 35

4-phenyl- and 2.6- hyl- eth (254, 259, 260 and 279-281)
Compound Transition Temperatures (°C)
C4HO
CN K 1250 N 159.0 |
254
CH3O
QQ c=C CN K 144.0 N 210.0 |
259
C4HgO
csc oN K 1065 N 186.0 |
1115
260

K 110.5 N 1955 |
120.5

CsHy4
O °~.CN K 795 N 164.0 |
C4Hg
C=C
~CN

K 185.0 N 270.5 |

Comparing the ethyne linked alkoxy-substituted compounds (260 and 279) with
the similar ester linked compounds of Coates and Gray!7? (no direct homologue
comparison is available) it is seen that melting points are ~10 °C higher and the Ty_p values

are ~35 °C higher for the ethyne linked systems. The pentyl homologue (280) is directly



312

comparable to an ester linked system and in this case the ethyne linked compound melts
17.0 °C lower and has a higher Ty value by just 9.5 °C than its ester linked analogue.

Generally the inclusion of an ethyne linkage within a molecule leads to a
significantly higher melting point, but comparing compound 254 (mp 125.0 °C) with
compound 260 the melting point is actually reduced by 13.5 °C to 111.5 °C. However, the
ethyne linkage is responsible for increasing the Tyy_y value by 27.0 °C from 159.0 °C
(compound 254) to 186.0 °C (compound 260). It is interesting that when the
cyano-substituent is part of the naphthyl moiety (compound 279, Ty 1 value 195.5 °C) then
the Tyy value is higher by 9.5 °C than the isomer with the cyano-substituent as part of the
phenyl ring (compound 260, Tyj value 186.0 °C). This can probably be explained by the
high polarisability of the cyano- and the naphthyl- substituents being in combination
(similar results were shown by Coates and Gray!7%). For perhaps the same reason, the
highest melting crystal form of compound 279 is higher by 9.0 °C than that of compound
260. It is worth mentioning the melting behaviour of compounds 260 and 279 which
initially melted to the nematic mesophase at 106.5 and 110.5 °C respectively. In both
cases, on further slow heating the compounds crystallised and on further heating melted
again to the nematic mesophase at 111.5 and 120.5 °C respectively. This indicates that for
both compounds the higher melting crystal form is stable at a temperature within the
nematic range. This behaviour is not revealed when a fast rate of heating is used because
the crystals have no time to form before the sample is above the higher melting point, or by
DSC analysis for the same reason. The methoxy homologue of compound 260
(compound 259) was prepared for increased birefringence and as expected has a much
higher melting point (by 32.5 °C) and a higher clearing point (by 24.0 °C). Again to
provide compounds of increased birefringence, compound 281 was prepared; the use of
two naphthyl-substituents has led to a very high Ty value, however, the melting point is
also very high. This substitution of a further 2,6-naphthyl-substituent in place of the
1,4-phenyl moiety in compounds 260 and 279 has caused increased melting points of
73.5 and 64.5 °C respectively and the Ty values have increased by 84.5 and 75.0 °C

respectively in going to compound 281.
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3.3 (b) Transition Temperatures (°C) for Terminal Alkoxy- and Alkyl- substituted

1,4-phenyl- and 2.6-naphthyl- ethynes (compounds 267-269 and 274, Table 36, p 313)

High melting points were a feature of the cyano-substituted systems just discussed
and so to determine if suitably high birefringent materials of lower melting point can be
achieved by the use of alkyl and alkoxy groups a selection of compounds were prepared.
Dialkoxy-substituted compounds were prepared in this section in an attempt to obtain high
birefringent materials despite the expected high melting points.

Table 36
Transition Temperatures (°C) for Terminal Alkoxy- and Alkyl- i

1.4-phenyl- an -naphthyl- ethynes (267-269 and 274)

Compound Transition Temperatures (°C)

C4HgO
CEC_Q_OCAHQ K 149.0 N 1785 |
267
e
csc—Q—CsHﬂ K 82.0 N 143.0 |
268

CHsoc:sc—O—ocmg K 131.0 N 185.0 |
269

F
C4H9
CEC.Q-OC4H9 K 132.0 N 153.0 |

274

Compound 267 has a very high melting point (149.0 °C) which is not unexpected
since both terminal substituents are alkoxy and equivalent. The fall in melting point on
substituting one alkoxy-substituent for an alkyl-substituent (compound 268) is very
pleasing (67.0 °C) since the Ty value is still very high at 143.0 °C (a fall of 35.5 °C,

which is a typical difference between alkoxy- and alkyl- substituents). The
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dialkoxy-substituted compound (269) with different terminal substituents gives a lower
melting point than compound 267 but still melts very high at 131.0 °C and the effect of the
methoxy-substituent has increased the Tyyj value by 6.5 °C to 185.0 °C.

Lateral fluoro-substitution is now a well recognised33 way to lower melting points;
the Ty value is usually lowered by a similar degree but this is not important when Ty g
values are very high for the parent systems. In view of the high melting point of
compound 267, a fluoro-substituted analogue was prepared. The decrease in melting point
(17.0 °C) was not as much as was hoped for and the decrease in the Ty value of 25.5 °C
was also less than might be expected. However, this is due to the fluoro-substituent being
on the edge of the core. Indeed a greater reduction in melting point may have been
achieved with the fluoro-substituent ortho to the ethyne linking group, however the
presence of a linking group prevents the fluoro-substituent causing any inter-annular twists
and also provides space. This means that the effects of fluoro-substituents on biphenyl!64
and terphenyl127-130,164 gystems (i.e. broadening of the molecule and inter-annular twist
induction) cannot be fully realised in these ethyne linked compounds (and probably with
other linking groups for example -CyHy- and -CH,O-).

To determine the effect of replacing a cyano-substituent with an alkyl- or alkoxy-
substituent several comparisons can be made. Where a butoxy-substituent has replaced the
cyano-substituent in compound 269 the melting point has fallen by 13.0 °C and the Ty
value by 25.0 °C compared with compound 2§89. The same comparison of compounds
268 and 280 gives a higher melting point by 2.5 °C but the clearing point has been
reduced by 21.5 °C. If compounds 267 and 260 are compared it is seen that the melting
point has risen by 37.5 °C because compound 267 now has equivalent terminal
substituents and the Ty_1 value has fallen by 7.5 °C. Compound 267 can also be compared
with compound 279 here the cyano-substituted compound (279) has a lower melting point
by 28.5 °C and a higher T value by 17.0 °C. The comparisons show that substituting a
terminal cyano-substituent for an alkoxy-substituent has little effect on melting point, often
causing an increase, yet Ty values are reduced by variable degrees (7.5-25.0 °C). The

replacement of the cyano-substituent in compound 260 (mp 111.5 °C) with a
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pentyl-substituent (compound 268, mp 82.0 °C) produced a very useful reduction in
melting point of 29.5 °C; the clearing point has fallen by 43.0 °C but is still very high at
143.0 °C. This type of substitution, however, is bound to reduce the birefringence

considerably.

3.3 (¢) Transition Temperatures (°C) for Terminal Alkoxy-, Alkyl- and Alk-1-ynyl-

substituted 1.4-phenyl- and 2.6-naphthyl- ethynes, a Lateral Fluoro-substituted Derivative

and a Terminal Bromo-substituted Derivative (compounds 271, 272, 283, 287 and 288,

Table 37, p 316)

With the exception of compound 273 (a terminal bromo-substituted compound) all
compounds in Table 37 (p 316) have a terminal pent-1-ynyl-substituent. This substituent
was used to increase conjugation of the system and therefore increase the birefringence;
whilst hopefully retaining the lower melting characteristics of the alkyl chain.

Compound 271 (mp 126.5 °C) can be compared with compound 267 (mp 149.0
°C) and the use of the pent-1-ynyl-substituent has reduced melting point by 22.5 °C which
is what was hoped for, however, the melting point is still very high at 126.5 °C which is
disappointing. The pent-1-ynyl-substituent does have the ability to support high Ty
values which is substantiated by comparing compound 271 with compound 267 where the
T value is only 7.5 °C lower for compound 271. To discern the effect of replacing a
pentyl-substituent with a pent-1-ynyl-substituent compound 268 can be compared with
compound 271. Disappointingly the pent-1-ynyl-substituent causes a higher melting point
by 44.5 °C but the Ty value increases by 28.0 °C. The use of a lateral fluoro-substituent
in compound 272 was an attempt to lower the melting point, which has been achieved (by
24.0 °C). However, as is often the case smectic phases are supported by a lateral
fluoro-substituent placed on the edge of the core33226 and an S phase has been induced
and the Ty value has fallen by 27.0 °C when compared to compound 271. Comparing
compound 272 with the other fluoro-substituted compound (274) shows the expected
lower melting point of compound 272 (by 29.5 °C) and that the lower melting point

enables an SA phase to be seen; the Tyy.j value of compound 272 is again only reduced by
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9.0 °C.

Itis found therefore that the pent-1-ynyl-substituent gives compounds with melting

Table 37

Terminal Bromo- i Derivative (271, 272, 283, 287 and 288)

Compound Transition Temperatures (°C)

C4HgO

o= —@—c—c—%m K 1265 N 1710 |

F

C4Hg0O
4 QCECQ-CEc—caHy K 1025 S, 1085 N 144.0 |
C4H90'©‘CEC

CEC-CaHv K 1240 N 1720 |

287

CsH C=
5 11"@‘ CEC-CSH7 K 106.5 N 129.0 |
288
C H11—®—CEC
5 Br K 106.5 N 145.0 |

283

points which are intermediate between those of butoxy-substituted analogues and those of
pentyl-substituted compounds. Ty values, however, are very similar to those for
butoxy-substituted compounds.

Compound 287 is isomeric to compound 271 (terminal groups interchanged) and
both compounds have almost identical transition temperatures. Compound 288 melts
higher than expected in that by exchanging the butoxy-substituent (compound 287) for a

pentyl-substituent has reduced the melting point by just 17.5 °C and the Ty value has been
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reduced by 43.0 °C (which is as expected).

Compound 283 has a terminal bromo-substituent and was intended to be an
intermediate, it was therefore a surprise to find such a high Ty value (145.0 °C). When
compared to the pent-1-ynyl-substituted compound (288, Ty_1 value 129.0 °C) compound
283 has a higher Ty value by 16.0 °C. The Ty value is very similar to that seen for the
butoxy-substituted system (compound 268, Ty_j value 143.0 °C). In fact the terminal
cyano-substituted compound (280, Ty value 164.0 °C) has a higher Ty value by only
19.0 °C. The melting point of compound 283 is identical to that of compound 288 but is

higher than for compounds 268 and 280 by 24.5 and 27.0 °C respectively.

3.3 (d) Physical Properties of 2.6-Disubstituted naphthalenes (compounds 254, 259,

260, 267-269, 271, 272, 274, 279-281, 283, 287 and 288)

The compounds in this class are the most recent prepared and therefore our
collaborators at R.S.R.E. (Malvern) are only in the preliminary stages of physical property
measurements. However, initial reports of very high birefringence values (~0.45) are
extremely encouraging, if not surprising considering the type of substituents present.

The results, when complete, will provide important information on which groups
and combinations of groups give the highest birefringence values. It will be most
interesting to compare the birefringence value of compound 260 with that for the
analogous compound without the ethyne linkage (254). Since terminal bromo-substituted
compounds are not often reported in the liquid crystal field then the birefringence value of
this compound is keenly awaited. Also the extra birefringence attributable to the second

naphthyl moiety in compound 281 over and above those for compounds 260 and 279 will

be of interest.

Summary of Section 3.3

The compounds covered by this section all have high melting points (some very
high) and high Ty values (again some very high). This is not surprising in view of the
groups used in order to achieve very high birefringence values. The core structure of these

compounds is therefore (from initial results) one which is conducive to high birefringence
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values but leads to high leads to high melting points and high Ty values. Only the use of
terminal alkyl-substituents and lateral fluoro-substituents reduce melting points to any
degree with compounds 268 and 280 having the lowest melting points (82.0 and 79.5 °C
respectively) but these compounds will probably have reduced birefringence, however, the
cyano-substituent in compound 280 should hold up the birefringence value.

The original ideal aims of high birefringence, low melting points and a Ty values
at or just above room temperature do seem to be mutually exclusive as all the moieties used
to obtain higher birefringence values seem to produce higher melting points and higher Ty
values. The best way to achieve these aims may well be to use these compounds because
of their high birefringence values and formulate mixtures with compounds of low melting
points and low (virtual) Ty values. If these aims cannot be achieved then perhaps other

uses may be found for some of these strongly nematogenic liquid crystalline compounds.
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The Formation of Nematic Droplets on Cooling the Isotropic Liquid

Plate 1

The Schlieren Texture of the Nematic Mesoohase

Plate 2
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The Formation of Smectic A Batonnet on Cooling the Isotropic Liquid

Plate 3

Plate 4
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The Focal Conic Fan Texture of the Cholesteric Mesophase

Plate 5

The Grandjean Planar Texture of the Cholesteric Mesophase

Plate 6
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The Schlieren Texture of the Smectic C Mesophase (free-standing film)

Plate 7

Four Schlieren Brushes of the Smectic C Mesophase (free-standing film)

Plate 8
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The Schlieren Texture of the Smectic | Mesophase (free-standing film)

Plate 9

The Dendritic Growth of the Smectic G Mesophase (free-standing film)

Plate 10
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The Homeotropic and Focal Conic Fan Textures of the Smectic A Mesophase

Plate 11

The Schlieren and Broken Fan Textures of the Smectic C Mesophase

Plate 12
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