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For the past forty years, there has been a significant commercial interest in liquid crystals 
and during this time there has been an emergence of many different applications for them. 
In consequence, many new materials have been synthesised to fulfil the requirements of the 
different types of application. In this Thesis, three areas have been researched; chiral 
dopants available in both enantiomeric forms, high helical twisting power chiral dopants for 
use in Surface Stabilised Cholesteric Texture (SSCT) display applications and polymerisable 
liquid crystals to form nematic and chiral nematic polymer networks. 
Many chiral dopants occur naturally in one enantiomeric form and usually the other 

enantiomeric form is not readily available. In order to obtain the other enantiomer, it is often 
necessary to carry out chiral separations, which are both time consuming and expensive. 
There are, however, some examples of materials that are commercially available in both 
handedness and two such materials were identified, namely butane-2,3-diol and menthol. A 
range of diesters were synthesised from butane-2,3-diol and their virtual mesophase 
behaviour and physical characteristics were determined. These materials were not suitable 
chiral dopants due to a lack of mesomorphism and poor solubility. Esters of menthol were 
synthesised and these materials were much more suitable as chiral dopants because 
although they exhibited no mesomorphism, they had increased solubility and it was therefore 
possible to formulate selectively reflecting mixtures in the visible region of the 
electromagnetic spectrum. 

For SSCT applications, there is a need to synthesise chiral dopants, which have good 
solubility but also have wavelength insensitivity to temperature for the operating range of the 
device. A range of diesters based on isosorbide were synthesised, both symmetric and non-
symmetric, and their virtual mesophase behaviour and physical characteristics were 
determined. A number of materials were identified as potential candidates for use in SSCT 
mixtures, showing good solubility and low wavelength sensitivity with temperature. 
A range of liquid crystal epoxides were synthesised, both nematic and chiral nematic 

compounds and their mesophase behaviour and physical characteristics were determined. 
Epoxides undergo cationic polymerisation, which leads to low shrinkage and good adhesion 
to a plastic substrate. Cationic polymerisation does not suffer from oxygen inhibition and it is 
therefore possible to form polymer networks in air. From the compounds that were 
synthesised it would be possible to prepare both nematic polymer films and coloured chiral 
polymer films. 
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Chapter 1. Introduct ion 

1.1. General introduction 

Until just over one hundred years ago, it was generally accepted that there were 

three states of matter, namely - solid, isotropic liquid and gas. At specific 

temperatures characteristic for a particular material, transitions occurred between 

these three states. The common example of this is water, existing as a solid below 

0°C, an isotropic liquid between 0°C and 100°C and as a gas above 100°C. 

However, in 1888, a fourth state of matter was discovered, namely the liquid 

crystalline state Reinitzer observed that on heating a sample of cholesteryl 

benzoate, a mobile but turbid fluid was formed at 148°C. On further heating to 179°C 

the cloudiness was lost and a clear isotropic liquid remained. These observations 

were recorded on heating the material. On cooling, the liquid crystalline phase was 

reformed before crystallisation occurred. Liquid crystal phases that are observed on 

both heating and cooling cycles are classed as enantiotropic phases. Monotropic 

phases are the other class and are only observed on cooling cycles. This may be 

exemplified by cholesteryl acetate, which melts directly from a solid to an isotropic 

liquid. However, on cooling from the isotropic liquid, supercooling occurs and at a 

temperature some 22°C below the melting point, the liquid crystal phase is observed. 

In 1922, Friedel published work relating to the classification of liquid crystalline 

phases, differentiating between nematic, smectic and cholesteric (chiral nematic) 

mesophases. The structures of these mesophases will be discussed in detail later in 

this Chapter. The two materials described previously are both derivatives of the 

naturally occurring, optically active sterol, cholesterol. Originally, the cholesteric 

phase was named as such due to all the compounds exhibiting this phase having 

structures based on cholesterol. However, since the advent of research into the field 

of liquid crystals, many chiral mesogens have been synthesised that are not based 

on cholesterol but form the cholesteric phase, which is the chiral version of the 

nematic phase and hence a more suitable name for this liquid crystal phase is the 

chiral nematic phase. An example of an optically active material that has been used 

in the synthesis of chiral mesogens is (S)-(-)-2-methylbutan-1-ol. In much of the 

standard literature, the terms cholesteric and chiral nematic are used inter-

changeably. 

For the next forty years, research was carried out in the field of liquid crystal science 

establishing most of the basic principles of liquid crystalline behaviour. Liquid 

crystals were only of interest as examples of a new state of matter with fascinating 
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and unusual properties and until the 1960's most of the research carried out was 

centred around the synthesis of homologous series of compounds based on a 

common core structure and a determination of the physical properties which included 

transition temperatures and mesophase type. The classes of liquid crystalline 

phases observed at that time was limited mainly to nematic and smectic A, B or C 

phases which will be described later. However, from the mid 1960's onwards, with 

the realisation of the use of liquid crystal materials in electro-optic devices, significant 

growth in the investigation of liquid crystals took place. Nematic and chiral nematic 

liquid crystals are now used in technological applications. Nematic liquid crystals are 

used for the twisted nematic device and chiral nematic materials have found a wide 

range of applications, which include thermometry. Other applications of these 

materials will be discussed later in this Chapter. 

All the liquid crystal phases discussed so far have fitted into the group of 

thermotropic liquid crystals. Indeed, liquid crystals may be divided into two groups, 

thermotropic and lyotropic. Thermotropic liquid crystals are formed by thermal 

effects and exist with a dependence on the temperature. A material may exhibit 

several liquid crystal phases, each phase will exist over a certain temperature 

interval. On the other hand, lyotropic liquid crystals are usually composed of two or 

more components, i.e. amphiphile and solvent, and are strongly concentration 

dependent, as well as temperature dependent. An example is a soap (the alkali 

metal salt of a long chain aliphatic acid) and water. Certain compounds may be able 

to form both thermotropic and lyotropic phases. These types of materials are termed 

amphotropic liquid crystals. This Thesis is solely concerned with thermotropic liquid 

crystals, and lyotropic systems will not be considered further. 

Thermotropic liquid crystals may be further sub-divided according to the molecular 

geometry of the material. The liquid crystal material may be formed from rod-like 

molecules, giving phases that are termed calamitic. The molecules may also be 

disc-like producing discotic liquid crystals. A third type of molecular structure is 

board-like producing so-called sanidic liquid crystals. In all cases under discussion in 

this Thesis, the mesogenic molecule will have a rod-like structure, allowing the 

molecules to align parallel to one another in a calamitic phase. Calamitic liquid 

crystals themselves can be sub-divided according to the degree of long range 

positional and orientational order of the molecules with respect to one another. 

There are three basic types of calamitic mesophases that can exist: nematic, chiral 

nematic and smectic, which have been mentioned previously. This Thesis will 



concentrate on nematic and cliiral nematic materials with particular emphasis on their 

applications. The initial work discussed will be based on low molar mass materials; 

however, this will lead into work where the materials contain a polymerisable end 

group. Such materials can be photopolymerised to produce polymer networks where 

the liquid crystallinity is frozen into the structure. As well as the formation of polymer 

networks, it is also possible to produce side-group liquid crystalline polymers. This 

class of material uses conventional polymer backbones. The mesogenic group is 

attached to the backbone by means of a flexible spacer. Several applications have 

used these types of materials, including a ferroelectric smectic C display. Side-group 

liquid crystalline polymers tend to exhibit smectic phases. No further mention of this 

class of liquid crystal will be made in this Thesis. 

1.2. Calamitic Liquid Crystal Phases 

A liquid crystal phase is an intermediate phase of matter that exists between the solid 

and isotropic liquid phases. Due to this, liquid crystals exhibit some properties, which 

are associated with an ordered crystalline solid and in others, are associated with a 

disordered isotropic liquid. The nature of ordering in the common liquid crystal 

phases will be discussed in Sections 1.2.1-1.2.4. 

1.2.1. The Nematic Phase 

The nematic phase is the least ordered liquid crystal p h a s e a n d is the most similar 

to an isotropic liquid. It is commonly bounded at low temperatures by a smectic or 

crystalline phase and at high temperatures by the isotropic liquid. In the nematic 

phase, the rod-shaped molecules move rapidly, as in normal liquids. However, they 

do not move totally randomly, and because the rod-like molecules are fairly rigid the 

long axes of the molecules have a disposition to lie roughly parallel to one another 

even when separated by long distances. 

The nematic phase has only short-range positional order, but does have long-range 

orientational order. The molecules are not of course, strictly parallel, but they tend to 

align locally in a preferred direction called the director, which is denoted by the unit 

vector, n. The director is randomly arranged in the bulk phase, but its directional 

changes always occur in a continuous manner from one part of the bulk to another, 

except at certain points, walls or lines which give rise to very characteristic optical 

discontinuities (defects) that may be observed microscopically. It is indeed these 

types of optical defects in the different liquid crystal phases that are used to identify 

the different phases. This will be discussed in greater detail later in this Chapter. 



The discontinuities in the director that are observed can be removed by applying a 

small electric or magnetic field to the nematic phase and this is sufficient to align the 

director much more uniformly. This is a characteristic property used in the majority of 

the electro-optic liquid crystal devices that are used commercially 

It is possible to define an orientational order parameter, S, for a nematic liquid 

crystal; 

S = 1/2<3cos^6-1>, 

where 0 is the angle between the molecular long axis and the director. An order 

parameter of 1 would mean that all the molecules' long axes would be parallel to the 

director and this would describe perfect orientational order and alignment (6 = 0°). 

However, in practice this is not the case and fluctuations occur between the 

molecular long axis of molecules and the director. Typical values for the order 

parameter for the nematic phase are between 0.75 - 0.30 depending on the 

temperature. Approaching the transition from the nematic phase to the isotropic 

liquid, the order parameter decreases in a non-linear manner as the amount of 

orientational ordering decreases. 

There is rotational symmetry about the director, n, and the symmetry of the nematic 

phase is taken to be uniaxial, D«,h. A pictorial representation of the nematic phase is 

shown in Figure 1.1 

W' 
Figure 1.1. Schematic representation of the nematic phase, molecules lying in a 

preferred direction. 



Closely related to the nematic phase is the chiral nematic phase, whose constituent 

molecules have a chiral structure. 

1.2.2. The Chiral Nematic Phase 

The chiral nematic phase is the optically active analogue of the nematic phase and 

has a helical structure superimposed on the nematic ordering. A material that 

exhibits a chiral nematic phase cannot also exhibit a nematic phase. It is normally 

bounded at high temperatures by the isotropic liquid, however, this is not exclusively 

the case. Some materials exhibit blue phases that occur over a very small 

temperature range, less than 1 °C, between the chiral nematic phase and isotropic 

liquid (see later). At lower temperatures the chiral nematic phase can be bounded by 

either an underlying smectic phase(s) or the crystalline solid. The nematic phase can 

be thought of as a special case of the chiral nematic phase in which the pitch of the 

helix is infinitely long. 

On a molecular scale, it is impossible to differentiate between the nematic and chiral 

nematic phases. However, the macroscopic structure of the chiral nematic phase is 

very different from that of the nematic phase. Consider a thin slice of the bulk phase; 

here the structure is identical to that of the nematic phase, the near parallel 

molecules tending to align in a preferred direction. However, in neighbouring slices 

of the bulk phase, although the same structure occurs locally, the preferred axial 

direction will have undergone a slight rotation. The cumulative effect of this is that 

the director is twisted into a helix. The distance travelled in a direction at right angles 

to the director in making a 360° rotation is termed the pitch of the helix. 

I 
Pitch 

Figure 1.2. Representation of the director in the chiral nematic phase. 



If the pitch (p) is of the order of the wavelength of visible light and the refractive index 

(n) of the material is about unity, selective reflection of light incident upon the phase 

can occur and so it becomes coloured. Light is reflected in a narrow waveband, AX = 

Anp. 

As the temperature is elevated, the pitch decreases and hence the colour changes, 

passing in certain cases through a visible spectrum of colours (red - violet). In 

materials that are simply chiral nematic, the changes occur gradually over a wide 

temperature range. However, on cooling towards an underlying smectic phase, e.g. 

a smectic A phase, or on heating into the chiral nematic phase from a smectic phase, 

the changes in pitch are rapid (due to the pre-transitional effects associated with 

unwinding or winding up of the structure respectively) and a very rapid colour 

response with temperature occurs, in some cases, from red to violet in less than 1 °C. 

This thermochromic property has found many applications that will be described later 

in this Chapter. 

A nematic phase may be converted into a chiral nematic phase simply by the addition 

of an optically active material which m a y o r may n o t b e liquid crystalline. Also, 

the nematic phase that is formed by a racemic mixture may be resolved into its two 

enantiomers, each of which will exhibit a chiral nematic phase. The helical twist 

sense of the two chiral nematics formed by the enantiomers will, however, be of 

opposite sign. It is, therefore, not surprising, to note that the chiral nematic to 

isotropic transitions for optical isomers occur at the same temperature as the nematic 

clearing temperature for the racemic mixture. 

1.2.3. Blue phases 

Some chiral nematic materials with small pitches undergo the chiral nematic to 

isotropic liquid phase transition via an intermediate state consisting of one or more 

blue phases. Three such phases are known to exist, denoted BP(I), BP(II) and 

BP(III). They are characterised by a very short temperature range, usually less than 

1 °C, and a chiral material may exhibit one, two or all three blue phases. 

Chiral nematic materials that have low chirality can be described as slightly twisted 

nematics. However, if the chirality of the material is increased a double twist 

structure rather than a single twist structure is formed. It is this structure that leads to 

the formation of body centred cubic (BP(I)), simple cubic (BP(II)) and amorphous 

phases (BP(III)). All three phases are optically isotropic, selectively reflect circularly 



polarised light at discrete wavelengths (Bragg reflections) and it is possible to grow 

single crystals that show distinct crystal facets. However, no practical use has been 

found for these particular liquid crystal phases. 

Figure 1.3. The blue phase BPI, of (S)-(+)-4-(2-methylbutyl)phenyl 4'-hexyloxy-

biphenyl-4-carboxylate at 140.0°C and 128X magnification. 

1.2.4. The Smectic phases 

As in the nematic phase, smectic phases all have orientational order, but there is 

also some variable degree of translational order. From a structural viewpoint, all 

smectic mesophases have a layered structure. There are many polymorphic forms 

of the smectic phase, but the main types of smectic that we need discuss here are 

those denoted A and C. They differ from each other either by the symmetry of the 

phase or by the extent of the translational order. It is this extra degree of structural 

order that gives rise to the ten or more recognised smectic or smectic-like phases. 

The Smectic A Phase 

The smectic A phase SmA, is the most disordered of the smectic phases being 

bounded at high temperatures by either the nematic phase or the isotropic liquid. As 

in the nematic phase, the molecules tend to lie in a preferred direction termed the 

director, n As well as this orientational order, there is a degree of translational order, 

in that the molecules form a layered structure. The director, n, within each layer is 

parallel to the layer normal, z. For the smectic A phase, molecular diffusion is 

anisotropic, it is possible for the molecules to diffuse between layers and within a 



layer. Diffusion is generally more difficult than in the nematic phase and this results 

in the smectic phase being more viscous. The smectic A phase is uniaxial about the 

director or layer normal, this being readily demonstrated optically for thin films with 

layers parallel to the substrate. 

Figure 1.4. Schematic representation of Smectic A phase layers. 

X-ray studies have shown that in some cases, the lamellar spacings (d) are 

considerably shorter than the corresponding molecular lengths (I), the ratio of d:l 

equalling 0.8:1. However, in other cases, the lamellar spacings are greater than the 

corresponding molecular lengths, the ratio of d:l equalling 1.4:1. In the cases where 

the lamellar spacing is less than the molecular length, it is generally accepted that 

the molecules are randomly tilted within a layer, normally demonstrating a tilt angle 

between 10-25° or that the terminal alkyi groups of the molecules are interdigitated. 

As the tilt direction is totally random, the situation averages out to give a mean 

orthogonal, uniaxial arrangement of the molecular long axes. In the cases where the 

lamellar spacing is greater than the molecular length, it is accepted that a bilayer 

structure is adopted. Bilayer structures generally occur when one of the terminal 

groups is polar, such as a cyano group. For the well-known 4-alkyl and 4-alkyIoxy-4'-

cyanobiphenyls the average lamellar spacings are 1.4 times the molecular length. 

For other cyano containing systems the lamellar spacings vary between one and two 

times the molecular length. 

The Smectic C Phase 

Once again forming a layered structure, the smectic C phase differs from the 

smectic A phase by the fact that the director is tilted by an angle, 9, to the layer 

normal. Within a layer there is a constant tilt angle. In another layer, the tilt angle 

will remain constant but the tilt may be in a different direction. In this situation, there 



is a random distribution of tilt direction; i.e. there is no correlation of the tilt direction 

between layers. It should be noted, however, that aligned samples of smectic C 

phases can be obtained, and in these there is a correlation of the tilt direction through 

many layers. The main contrast between the smectic A and smectic C phases is 

therefore the biaxial symmetry of the smectic C phase necessitating three directors. 

A schematic representation of the smectic C phase is shown in Figure 1.5: 

Figure 1.5. Schematic representation of Smectic C phase. 

Other Smectic Phases 

Many other smectic phases exist, however they will not be mentioned here, as they 

have no relevance to the work carried out in this thesis. For more information the 

reader is referred to the book, Smectic Liquid Crystals - Textures and Structures by 

G.W. Gray and J.W. Goodby 

Chiral Smectic Phases 

Three such phases exist, namely the chiral smectic C, F and I Only a brief 

discussion of the chiral smectic C phase will be given here. 

If a material that exhibits a smectic C phase is made chiral, that material will exhibit a 

chiral smectic C phase. The phase is essentially the same as the achiral smectic C 

phase except for the distribution of the director tilt directions. In one layer of the 

smectic C phase, the tilt director will be in a particular direction. In adjacent layers, 

the tilt angle will have turned through a small angle in opposite senses with respect to 

the tilt director of the central original layer. This leads to a helical structure similar to 

that of the chiral nematic phase. This gives rise to a pitch length for the chiral 



smectic C phase, which is temperature dependent. Consequently, the optical 

properties of the chiral smectic C phase vary with temperature. 

If the pitch of the chiral smectic C phase is of a suitable length, then as in the chiral 

nematic phase, the phase will selectively reflect light in the visible region of the 

spectrum. However, the colour sequence is opposite to that observed for the chiral 

nematic phase. At high temperatures, the chiral smectic C phase selectively reflects 

red and on cooling, it selectively reflects blue light. This can be explained due to an 

increasing tilt angle and decreasing pitch length for the chiral smectic C phase as the 

temperature is reduced. Chiral smectic C phases are well-known for exhibiting 

ferroelectric properties and this is the main use for materials of this type. 

Twist Grain Boundary Phases 

When materials that exhibit the smectic A phase are made chiral, this does not lead 

to a formation of a chiral smectic A phase as for smectic C materials. However, a 

chiral analogue of the smectic A phase does exist namely the twist grain boundary A 

phase, TGB A phase. This phase was predicted theoretically and observed 

experimentally about ten years ago. 

The TGBA phase is observed in materials that exhibit high molecular chirality. 

Normally but not exclusively, the TGB A phase is observed between the chiral 

nematic phase and the achiral smectic A phase. Examples of materials that exhibit 

the TGB A phase are shown in Figure 1.6 as well as their phase behaviour. The 

phase occurs as a result of the competition between forming a helical structure with 

the helical axis perpendicular to the director as in the chiral nematic phase and a 

layered structure as observed in the smectic A phase. A schematic representation of 

the architecture of the phase is shown in Figure 1.7. 

p 

o - ( 
CJHL '13 

SmC* 89.7°c TGB A 93.8 I 

CyH,,0 

Cr 86.0°C SmF* 86.1°C SmI* 92.4=0 SmC* 120.8°C TGB A 121.1°C N* 133.2°C I 

Figure 1.6. Examples of materials that exhibit twist grain boundary phases 
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Figure 1.7. Schematic representation of a twist grain boundary phase (20) 

As well as the twist grain boundary A phase, a twist grain boundary C phase has 

also been theoretically predicted and experimentally observed. However, this is only 

mentioned here for completeness. 

Other Smectic-Like Phases 

In other smectic-like cases, there is additional long-range positional correlation of the 

molecules over many layers, thus making the phase structurally like a crystal and not 

a true liquid crystal phase. However, the phases exhibit shear and flow properties 

under stress, precisely reversible phase transitions, little or no supercooling and, for 

homologous series, regular trends in transition temperatures are observed - all 

characteristics usually for true liquid crystals. Such three dimensionaily ordered 

smectics are, however, really soft crystals and that analogous to the smectic B phase 

would be designated a crystal B phase. Other crystal phases of a similar type found 

in many liquid crystal materials are crystal G, H, J and K. 

1.3. Identification of Phases 

Liquid crystal phases may be identified and phase transition temperatures measured 

by the use of polarising optical microscopy. Liquid crystal transition temperatures 

may also be determined using differential scanning calorimetry. However, several 

liquid crystal phases may have rather similar optical textures and some subtle 

changes in optical texture do not necessarily signify a change of phase. Such factors 
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make characterisation of materials by polarising optical microscopy alone difficult 

except for the expert. 

Indeed, it is often best to use differential scanning calorimetry to determine the 

reversible phase transitions that occur. Knowing the temperature ranges of each 

phase, polarising optical microscopy can then be used more readily for phase 

characterisation. Fortunately, very low enthalpy phase transitions are usually marked 

by obvious textural changes, e.g. smectic A to smectic C and vice-versa. 

It is generally accepted therefore, that a combination of differential scanning 

calorimetry and polarising optical microscopy need to be used to determine a 

material's liquid crystal properties. Sometimes however, uncertainties remain and X-

ray diffraction may be required to provide supplementary structural data to establish 

the phase type involved. 

These three techniques mentioned will now be discussed in more detail. 

1.3.1. Polarising Optical Microscopy 

Liquid crystals are found to be birefringent due to their anisotropic nature. That is for 

uniaxial phases, they have two principal indices of refraction or in the case of biaxial 

phases, they have three principal indices of refraction. When light enters a 

birefringent material, it does not travel at the same velocity in all directions. If a 

uniaxial phase, such as a nematic liquid crystal, is considered there are two principal 

indices of refraction, no and ng. The ordinary refractive index, n^ is observed for the 

light ray with its electric field vibrating perpendicular to the optical axis. The optical 

axis of a nematic liquid crystal is parallel to the director. The extraordinary refractive 

index. He, is observed for the light ray with its electric field vibrating parallel to the 

optical axis. Because the two components travel at different velocities, the waves 

become out of phase. Therefore, when the rays recombine after exiting the 

birefringent material the polarisation state is changed due to the phase difference. 

The birefringence. An, is defined as the difference between the extraordinary 

refractive index, ng, and the ordinary refractive index, no: 

An = ne - no. 
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When ne> no, this describes a positive uniaxial material. Nematic liquid crystals fall 

into this category. Typically no is approximately 1.5 and the maximum difference. An, 

may range between 0.05 and 0.5. The birefringent nature of liquid crystals leads to 

numerous distinct textures that are observed by polarising microscopy and it is 

these textures that allow identification of the numerous liquid crystal phases. 

The Nematic Phase 

The nematic phase is the most fluid of the liquid crystal phases. When viewed 

between crossed polarisers, a thin film of the nematic phase appears to shimmer. 

This effect is caused by the Brownian motion of the director. On cooling into the 

nematic phase from the isotropic liquid, a characteristic feature is the formation of 

spherical birefringent droplets in the field of vision. The coalescence of the droplets 

can lead to the formation of several possible characteristic textures. The two main 

textures that are formed by the nematic phase are homeotropic and schlieren 

textures. 

If the director of the nematic phase is aligned homeotropically, that is the director is 

perpendicular to the substrates, when viewed with a polarising optical microscope, 

the phase appears optically extinct. That is it appears to be the same as the isotropic 

liquid. However, on mechanically disturbing the top substrate, the texture will flash 

and show birefringent colours briefly. The homeotropic phase, shown in Figure 1.9, 

is normally observed when the interactions between the director and the glass are 

weak. 

If the director of the nematic phase is aligned uniform planar, i.e. the director is 

parallel to the substrates, the natural or schlieren texture, shown in Figure 1.8, is 

observed. This texture is highly birefringent and exhibits optically extinct 'string-like' 

strands. These strands are distorted crosses of extinction, which centre around 

points or lines of optical discontinuity (disclinations). The black bands, which emerge 

from the centres of these crosses are referred to as 'brushes'. The schlieren texture 

is also observed in certain smectic phases, such as the smectic C phase. However, 

it is possible to discriminate between the nematic schlieren and the smectic schlieren 

textures. In the case of the nematic schlieren texture, the centres exhibit either two or 

four brushes. However, the smectic schlieren texture only exhibits centres with four 

brushes. 
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For completeness, it also should be mentioned that two further nematic textures 

exist. They are the threaded texture and the marbled texture. However, these 

textures are not frequently observed. 

Figure 1.8. The natural or schlieren texture of the nematic phase, of 4-pentyi-4'-

cyanobiphenyl at 33°C and 128X magnification 

Figure 1.9. The texture of the nematic phase when aligned homeotropically, of 4-

pentyl-4'-cyanobiphenyl at 33°C and 128X magnification 
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The smectic phases 

With the numerous smectic liquid crystalline phases that exist, more than one 

smectic phase may adopt a particular texture. The subtle changes that may occur at 

a particular phase transition may be unrecognisable to an inexperienced eye. The 

main types of textures adopted by smectic liquid crystals are homeotropic, focal 

conic, homogeneous, mosaic and schlieren. The schlieren texture has already been 

described and only a description of the smectic A phase homeotropic and focal conic 

textures will be given here. 

As is the case for the nematic homeotropic texture, the smectic A phase homeotropic 

texture appears optically extinct when viewed between crossed polarisers. The 

director is once again perpendicular to the glass support, and therefore the plane 

polarised light passes along the director without being refracted. The texture occurs 

due to the weak interactions between the glass surface and the director and the 

birefringence of the phase, however, it is possible to apply aligning agents to the 

glass surfaces and orient the liquid crystal in a different texture, which does not 

appear optically extinct. Use of aligning agents is beneficial, as obviously, a phase 

transition cannot be determined between two optically extinct phases. 

The focal conic texture is normally formed on cooling from the isotropic liquid into a 

liquid crystalline phase. It arises when smectic layers are no longer flat but curved. 

The focal conic texture appears as a fan-like texture caused by discontinuities when 

the growing focal conic regions encounter the glass substrate. The focal conic 

texture, as shown in Figure 1.10, is typical of the smectic A phase. However, other 

smectic phases, e.g. smectic B, also exhibit this texture, and when cooling a material 

it may be possible to miss a smectic-smectic phase transition because they have the 

same texture. 
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Figure 1.10. Focal conic texture of a smectic A phase. 

The chiral nematic phase 

The chiral nematic phase adopts three distinct optical textures: focal conic, 

Grandjean planar and fingerprint textures. 

On cooling from the isotropic phase, the focal conic texture, as shown in Figure 1.11, 

is formed. In this texture, domains are formed with the helical axes arranged in 

different directions. This random arrangement of the helical axes leads to this texture 

causing light scattering and hence it appears opaque between crossed polarisers. It 

is also possible to achieve this texture, by using surface treatment on the substrates 

with materials such as lecithin and HTAB; these surfactants induce homeotropic 

alignment. Typically, the surfactant in a suitable solvent (e.g. ethanol) is applied to 

the substrate and the solvent is allowed to evaporate. The polar head groups of the 

surfactant stick to the substrate and the hydrocarbon tails point perpendicularly into 

the cell. When the liquid crystal is filled into the cell, it interacts with the hydrocarbon 

chains and homeotropic alignment is achieved. However, it is possible to convert 

this texture to a second texture associated with chiral nematic materials, namely the 

Grandjean planar texture, by mechanical perturbation of the substrate. 

In the Grandjean planar texture, as shown in Figure 1.12, the helical axes are 

uniformly arranged perpendicular to the substrate. This texture is particularly 

important, as it can selectively reflect light. If the pitch of the chiral nematic material 

is of the order of the wavelength of light, it is possible to observe highly iridescent 

colours. It is this texture that is utilised in thermochromic applications that will be 

discussed later. 
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Uniform planar alignment in chiral nematic materials is normally achieved by three 

well-known techniques: (1) SiO evaporation, (2) polymer rubbing or (3) micro-

grooved surfaces. The most common technique used is polymer rubbing. In this 

technique, a polymer such as polyimide is spin coated onto the substrate and then 

rubbed with a velvet cloth in a unique direction. When the chiral nematic is filled into 

the cell, the director is aligned in the rubbing direction. 

A third texture exhibited by chiral nematic materials is the fingerprint texture. It is 

mentioned here for completeness. In the fingerprint texture, the helical axes are 

arranged uniformly parallel to the substrate. Normally, surfactants are used to 

promote this texture. The texture may or may not be uniform depending on the 

degree of alignment control at the surface. 

Figure 1.11. The focal conic texture in the chiral nematic phase of (S)-(+)-4-(2-methyl-

butyl)phenyl 4'-hexoxoybiphenyl-4-carboxylate at 135°C and 128X magnification 
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Figure 1.12. The Grandjean texture of the chiral nematic phase of (S)-(+)-4-(2-methyl-

butyl)phenyl 4'-hexyloxybiphenyl-4-carboxylate at 135°C and 128X magnification 

1.3.2. Differential Scanning Caiorimetry 

Differential scanning caiorimetry, DSC, cannot be used to determine phase types but 

is used to determine the temperatures at which phase transitions occur. These 

transitions may be crystal to crystal, crystal to liquid crystal, liquid crystal to liquid 

crystal, liquid crystal to isotropic liquid or crystal to isotropic liquid if the material is not 

mesomorphic. 

Generally, two heating cycles and one cooling cycle are performed. The first heating 

cycle determines any crystal to crystal transitions, the compound's melting point and 

any enantiotropic liquid crystal phases. Crystal to crystal transitions may arise 

depending on whether the sample has been obtained from solution or from melting. 

The cooling cycle determines any monotropic liquid crystal transitions. A second 

heating should confirm the transitions observed on the first heating, however, 

sometimes crystal to crystal transitions are not always observed on the second heat. 

It may be necessary to carry out a third heat if discrepancies arise between first and 

second heat enthalpy profiles. 

On the first heat of a material, that is the material has not been previously heated, a 

melting enthalpy may be determined The enthalpy of melting is generally the 

largest enthalpy because there is a very distinct difference in structure between an 
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organised crystal structure and either a liquid crystal phase or a disorganised 

isotropic liquid. On further heating, the material may undergo one or more liquid 

crystal phase transitions, which show much smaller enthalpies because the phases 

have much more similar structures. The final enthalpy shown on a DSC trace is that 

at the clearing point. This is when the liquid crystalline phase transforms into the 

isotropic liquid. 

A second heating cycle should be consistent with the first heating cycle. However, 

discrepancies may arise if the sample is not uniform in the DSC pan. This results, if 

any sample has been trapped between the pan and its lid. A third heat would then 

need to be run to confirm the validity of the second heating cycle. On the second 

heat, the contact between the sample and the pan are maximised. Another 

discrepancy will occur between first and second heating cycles if the material being 

studied undergoes crystal to crystal transitions. This will manifest itself as giving a 

different melting point and melting enthalpy. A peak will completely disappear in the 

second heat if crystal to crystal transitions have occurred. It is also possible for a 

peak to disappear completely if the compound decomposes. 

Heating cycles are used to determine transition temperatures of enantiotropic liquid 

crystal phases. However, some materials show only monotropic liquid crystal 

phases. It is necessary therefore to carry out cooling cycles as well as heating 

cycles. Cooling cycles are used to determine the transition temperatures of 

monotropic liquid crystal phases. It is also possible for liquid crystal phases to be 

supercooled and reveal new liquid crystal phases below the melting point (as 

determined by the heating cycles), which may lead to the material being able to be 

stored without crystallisation. 

It is possible by the size of the enthalpies and entropies to obtain some insight into 

the liquid crystal phases that may be involved in the phase transition. The values 

obtained for enthalpies of transitions vary and a more useful correlation which gives 

some indication of the type of specific phase change is a comparison of the entropy 

of transition, AS where; 

A S — AHtransit lon / Ttransition 
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1.3.3. X-Ray Diffraction 

It is not always possible to elucidate the type of liquid crystal phases exhibited by a 

material from polarising optical microscopy alone. Often very subtle differences exist 

in the textures of more than one liquid crystal phase. In these ambiguous cases, X-

ray diffraction is used to determine the molecular organisation in the liquid crystal 

phase. This is particularly useful for smectic phases as there are so many. X-ray 

diffraction can also be used to determine layer spacings present in the smectic 

phases. The major problem associated with this technique is the ability to obtain a 

suitably well aligned sample for analysis. Many methods are available for getting a 

liquid crystal sample into the path of the X-ray beam. The most widely used method 

is a glass capillary tube with overall diameters in the range 0.5-2.0 mm. Typically, it 

is necessary to have a minimum diameter of 1.0 mm for liquid crystal materials in 

order to achieve sufficient diffraction. Although X-ray diffraction is used mainly to 

discriminate between the various smectic phases, it is also possible to use this 

technique for nematic and chiral nematic phases. 

1.4. Liquid Crystal Structure-Property Relationships 

All liquid crystalline materials of the calamitic class have a characteristic geometric 

shape, described as rod-like, which gives rise to anisotropic intermolecular forces, with 

the interactions between the ends of the molecules being weaker than the lateral 

associations. 

Consider a typical liquid crystal molecular structure: 

Figure 1.13. Typical molecular structure of a liquid crystal 

A and C are the terminal groups, B represents the linking group, n is related to the core 

length and D represents a lateral substituent. The effect on phase behaviour and 

transition temperatures of mesogenic molecules will now be discussed. 
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1.4.1. Core length 

Any structural unit that extends the molecule along the molecular axis without 

increasing the breadth of the molecule significantly should be conducive to liquid crystal 

formation. 

Consider the following ring systems, consisting simply of phenyl rings: 

C71.0OCI C212.0OC I 

C 300.0 oc I 

Figure 1.14. Examples of ring systems 

The melting points of these non-liquid crystalline compounds become very high, but if 

we go to quinquephenyl or sexiphenyi, liquid crystal order can still persist above the 

very high melting points. For sexiphenyi, a mesophase is formed and persists for more 

than 30°C above the melting point of the crystals at 435°C. 

1.4.2. Terminal Group 

By adding flexible alkyl chains to the ends of the ring systems (shown above), the 

molecular length is extended as well as the molecular breadth because of the chain 

flexibility, and the melting points are lowered enough to access enantiotropic liquid 

crystal phases for the simpler 2, 3 and 4 ring materials: 

/ " A 

Cr 26.0°C E 47.6°C SmB 52.2°C K̂B) 
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Cr 192.0=0 SmA213.0°C I 

C.H 
5' '11 ^ / ~ \ / r ~ \ / / % /"CsH,, 

Cr 297.0°C SmA 352.0°C I 

Figure 1.15. Effect of terminal groups on ring systems. 

In the above examples, alkyi groups have been used as terminal groups, but other 

groups may be employed. The terminal group efficiency order that has been compiled 

for a range of groups for nematic and chiral nematic phases in aromatic systems is: 

Ph > NHCOCH3 > CN > OCH3 >N02 > CI > Br > N(CH3)2 > CH3 > F > H 

Figure 1.16. Terminal group efficiency order. 

The clearing temperature of a 4'-substituted 4-cyanobiphenyl will therefore be higher 

than that of the corresponding 4'-substituted 4- chlorobiphenyl. 

1.4.3. Linking group 

Inter-ring linking groups, which preserve the linearity of the molecule, can also be used 

to extend the molecular length and induce liquid crystal formation. Suitable linking 

groups which would raise the mesophase thermal stability of a biphenyl (no linking 

group) are: 

CH =CH — 1 — , —CH—N— , — C H ~ N-

/ O 

N = N — . — N = N — , — 
o — 1 O 

Figure 1.17. Examples of inter-ring linking groups. 
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The unsaturation of these linking groups increases the conjugation between the 

aromatic rings and so helps to preserves the linearity of the molecule due to the 

restricted rotation. 

Linking groups such as - CH2CH2- and CH2O- are also used for purely alicyclic systems 

or for use between an alicyclic and an aromatic system. However, they are poor linking 

groups when used within purely aromatic systems as they interrupt the conjugation 

between the rings and reduce the molecular rigidity. 

1.4.4. Lateral Substituents 

The effect of lateral substituents is to broaden the molecule, and this results in transition 

temperatures being depressed. Fluorine is a typical lateral substituent Due to its 

small size, it has least effect on the nematic clearing point, giving often a depression of 

only a few degrees, and a maximum observed decrease of 50°C. However, it has a 

much greater effect on the smectic thermal stability. The lateral substituent perturbs the 

efficiency of packing of the molecules in layers. A larger lateral substituent is chlorine, 

and the example: 

Cr192.0°C Sm 213.0°C I 

is used to illustrate its effect 

//---XL 

Cr 56.0°C N 60.0°C I 

(supercools to 25°C as N phase) 

Figure 1.18. Effect of lateral substituents on transition temperatures. 

Here, the clearing point has been depressed by 153°C and the smectic thermal stability 

by at least 188°C. The lateral substituent is exerting particularly marked effects here 

because it is twisting the molecule about an interannular bond, as well as increasing the 

molecular breadth. Twisting a molecule strongly depresses the clearing point and 
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inhibits smectic packing because it prevents close packing of the molecules and 

prevents a layered structure being attainable. 

A molecular broadening effect also stems from alkyi chain branching in terminal alkyi 

groups with similar consequences for nematic-isotropic transition temperature. This 

point is especially relevant for chiral alkyi mesogens. 

It should be stated that since the chiral nematic phase is closely allied to the nematic 

phase, the same rules relating molecular structure to liquid crystal properties apply to 

the chiral phases. 

1.5. Liquid Crystal Polymers 

All the structures described so far have contained terminal chains that are fully 

saturated. However, a terminal polymerisable group, e.g. an acrylate group can be 

incorporated into a liquid crystal molecule. On polymerisation of the monomer, a liquid 

crystal polymer can be obtained. Two types of liquid crystal polymer exist, namely 

main chain liquid crystal polymers and side group liquid crystal polymers. Schematic 

representations of these two types of polymers are shown in Figure 1.19. 

1.5.1. Main chain liquid crystal polymers 

Main chain calamitic liquid crystal polymers are formed when rod-like monomers 

attach to one another to form a long chain. The individual monomers will often be 

mesomorphic and when the polymer is formed the transition temperatures will be 

enhanced. More than one monomer type may be used to form copolymers and the 

monomers may all be mesomorphic or some may be non-mesomorphic. 

1.5.2. Side group liquid crystal polymers 

For side group liquid crystal polymers the mesogenic moiety is not integrated into 

the polymer backbone. In the case of calamitic mesogenic moieties, these radiate 

around the polymer backbone to which they are normally attached via a flexible spacer. 

There are two main types of side group liquid crystal polymer depending on how the 

rod-like monomers are appended to the polymer backbone - terminally or laterally 

The main impetus of work on side group liquid crystals has concerned terminally 

attached species Therefore, information on side chain liquid crystal polymers is 

almost exclusively based on systematic investigations carried out on terminally attached 

polymers. Such side group liquid crystal polymers tend to form smectic mesophases 

24 



due to the ready formation of layered structures, but quite the reverse is true for liquid 

crystal polymers with laterally attached mesogenic groups. These predominantly exhibit 

nematic phases. 

Recently, more work has been carried out on laterally attached polymers and when a 

copolymer is produced, by mixing laterally and terminally attaching monomers, it is 

possible to produce nematic phases in the resulting polymer. By using more than one 

monomer, copolymers can be produced that have intermediate properties between the 

two homopolymers. If in addition to this, one of the monomers is made chiral, then 

chiral nematic phases can be produced. 

Main chain liquid crystal polymer 

Mixed main chain and side group liquid crystal polymer 

Terminally attached side group 
liquid crystal polymer 

Laterally attached side group 
liquid crystal polymer 

Discotic side group liquid crystal polymer 

Figure 1,19. Schematic diagram of the structures of liquid crystal polymers. 
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1.6. Optical behaviour of chirai nematic liquid crystals 

1.6.1. Chiraiity 

An object that cannot be superimposed on its mirror image is said to be chirai (Greek 

cheir, the hand). As suggested by the Greek origin, a common example of an object 

that cannot be superimposed on its mirror image is a hand. If you consider a right hand, 

and hold it up to the mirror, the image looks like a left hand. It is not possible to 

superimpose a right hand on its mirror image and hence a right hand is chirai. By the 

same reasoning, a left hand is also chirai. This is also the case for molecules. A 

molecule that can be superimposed on its mirror image is said to be achiral, as is 

illustrated in Figure 1.20 and a molecule that cannot be superimposed on its mirror 

image is said to be chirai, as is illustrated in Figure 1.21. 

CI 

H' 

mirror plane 

Figure 1.20. Example of a molecule that is superimposable on its mirror image and 

hence, achiral. 

ir 

CI 

mirror plane 

Figure 1.21. An example of a molecule that is non-superimposable on its mirror image 

and hence, chirai. 

For achiral molecules, the molecule and its superimposable image are the same 

compound and are not isomers. However, for chirai molecules, the molecule and its 
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non-superimposable mirror image are clearly not the same compound and represent a 

pair of stereoisomers called enantiomers. 

Several structural features give rise to chirality in molecules, however, the most 

common one is the case in which a molecule contains an sp^ carbon, commonly termed 

an asymmetric carbon, with four different groups attached to it. A molecule containing 

such an sp^ carbon and its mirror image are not superimposable and hence they exist 

as a pair of enantiomers as illustrated in Figure 1.21. It is also possible for a molecule 

to be chiral without having a chiral centre, if the compound is sufficiently sterically 

hindered. The steric hindrance restricts free rotation around a certain bond and it may 

exist as two enantiomers. Compounds that exhibit this type of behaviour are known as 

rotamers. Examples of such compounds that exhibit this type of molecular chirality are 

substituted biphenyls and spiro compounds. 

The structures of a pair of enantiomers are the same with the exception of chirality. 

Physical properties, such as melting and boiling points, will be the same for the two pure 

enantiomers. There are only two properties, which differ in a pair of enantiomers; 

(i) interactions with other chiral materials, 

(ii) interactions with polarised light. 

Plane polarised light can be regarded as a combination of two forms of circularly 

polarised light propagating around the axis of the light rays motion. One form of the 

circularly polarised light amounts to a left handed helix and the other form amounts to a 

right handed helix. Therefore, when plane polarised light interacts with a chiral 

molecule, the right handed helical component interacts to a greater or lesser extent than 

the left handed component. If plane polarised light is passed through a solution 

containing a single enantiomer, the plane of polarisation will be rotated (see Figure 

1.22). For a pair of enantiomers, a solution of one of the enantiomers will rotate the 

plane polarised light a specific angle to the left and a solution of the other enantiomer 

will rotate the plane polarised light by the same specific angle to the right. The rotation 

of plane polarised light is called optical rotation and hence enantiomers are said to be 

optically active. 
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Plane polarised light Solution of 
an enantiomer 

Rotated 

Figure 1.22. The rotation of plane polarised light by a single enantiomer. 

It is possible to prepare molecules that contain an asymmetric carbon, which exhibit 

liquid crystal phases. Such materials exhibit chiral liquid crystal phases, such as the 

chiral nematic phase, which have been described previously. For chiral liquid crystals, 

there is two-fold optical activity: (i) molecular and (ii) supramolecular. The 

supramolecular optical activity, often called form chirality, is associated with the helical 

structure. When plane polarised light propagates through a chiral liquid crystal, the 

plane of polarisation is rotated as has been described. However, the resultant rotation is 

much greater, of the order of 10^°/mm. 

1.6.2. Pitch 

The pitch of a chiral nematic liquid crystal is equal to the distance that the director 

travels to rotate through 360°. When the pitch length is equal to the wavelength of the 

incident light, then selective reflection occurs: 

A, = np 

where n = refractive index and p = pitch length. 

This produces bright colours that have been used in many chiral nematic devices. The 

pitch of chiral liquid crystals may be determined, as described in the next section, and 

from this materials can be designed to have desired properties. 
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1.6.3. Determination of pitch and helical twisting power 

The measurement of the pitch of a chirai nematic phase can be determined by the 

Grandjean-Cano wedge technique The chirai nematic material is prepared as a 

solution in an achiral nematic host solution (Merck E63) and then flow-filled into a glass 

wedge cell. The inner surfaces of the cell have been treated with a rubbed polyimide 

alignment layer to induce uniform planar alignment to the cell surface and the pitch axis 

tends to align perpendicular to the glass substrates. At certain positions in the wedge, 

an integer number of half turns of the helix will fit exactly between the glass substrates. 

At either side of these positions, the helix will distort in order to fit an integer number of 

half turns of the helix. In some cases, the pitch will be increased, in other cases the 

pitch will be contracted to fit the integer number of half turns in. 

At certain positions within the wedge, the liquid crystal forms n disclination lines at 

regular intervals as illustrated in Figure 1.23. 

Figure 1.23. Observation of pitch lines observed under a polarising microscope, 128X 

magnification. 
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Figure 1.24. Section of objective micrometer (0.01mm spacings), 128X magnification 

Tlie distance between these lines can be measured using an eyepiece graticule (as 

shown in Figure 1.24), with a knowledge of the wedge angle (9), the distance (d) 

between the two surfaces at each of the defects can be calculated. The distance 

between the disclination lines can then be used to determine the helical twisting power 

and the helical pitch according to: 

p = d . (sine) 

HTP = 1 / p 

In this thesis, pitch is calculated using w / w % values where [w /w %] is the weight / 

weight percentage of the test compound in the host mixture. 

The colour due to selective reflection also changes between the lines. This is due to the 

pitch slowly changing as the distance between the two substrates increases or 

decreases. 

It is also possible to determine the pitch of a chiral material by preparing a mixture of the 

chiral compound in a nematic host that is selectively reflecting in the visible region of the 

electromagnetic spectrum using the equation: 

A, = n . p 
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where X is the reflection wavelength of the mixture and n is the average refractive index 

of the mixture. The average refractive index for a chiral nematic mixture is the mean of 

no and n .̂ 

1.6.4. Gray-McDonnell Rules 

The first chiral nematic liquid crystal was discovered over one hundred years ago in a 

derivative of the naturally occurring, optically active alcohol, cholesterol. Since then, 

several hundreds of derivatives of the alcohol have been synthesised. The majority of 

this work was encouraged by the potential use of the thermochromic properties of these 

materials. However, there was one major drawback with these materials and with other 

materials prepared from various naturally occurring sterols in that they did not have the 

chemical and photochemical stability that is associated with the biphenyi nematic liquid 

crystals and that has become a criterion for technologically useful liquid crystals. 

The solution to this problem was to synthesise optically active compounds that were 

structurally more closely related to the biphenyi nematogens. The chemical key to the 

synthesis of these non-sterol chiral nematic materials was the availability of S-(-)-2-

methylbutan-1-ol in high optical purity. Using synthetic routes that preserve the optical 

activity, materials were prepared with the centre of asymmetry introduced into the 

terminal alkyi chain (see Figure 1.25). An example is: 

CH3CH2CHCH2— 

CH3 

Cr 4.0°C (Sm -54.0°C N* -30.0°C) I 

Figure 1.25. Structure of 4-(2-methylbutyl)-4'-cyanobiphenyl. 

The advantages of the new non-sterol chiral nematic materials are 

1. materials which are more chemically and photochemically stable; 

2. colour play and colour/temperature linearity control by dilution of optical purity with 

the available racemic material; 

3. a wider range of materials for the production of long pitch chiral nematic materials 

for displays and for the prevention of reverse twist areas in twisted nematic displays. 

With the increased variety of available chiral nematic materials, a systematic study was 

made of molecular structural effects on pitch length and twist sense. As already noted. 
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liquid crystal behaviour relative to molecular structure of chirai nematic materials is 

governed by identical rules to those described for nematic materials. However, it is the 

chirality of the materials that affects the optical properties. 

Amongst the first chirai nematic materials to be synthesised were the chirai 4'-n-alkyl-4-

cyanobiphenyls in which the chirai centre is separated from the core by a spacer 

of variable length, n; 

CH3CH2CH(CH2)n—4 ^ ^ ^ C N 
CH3 

n = 1,2,3 

Figure 1.26. Structure of chirai 4-alkyl-4'-cyanobiphenyls. 

As expected, the chain branching depresses the transition temperatures, but a number 

of important points concerning the position of the chirai centre in relation to the aromatic 

core of the molecule were established. These are 

1. the closer the chirai centre to the rigid core of the molecule, the shorter is the 

pitch; 

2. chirai alkyi groups give much shorter pitches than the corresponding chirai 

alkyloxy groups; 

3. there is a correlation between absolute configuration, position of the chirai 

centre and optical twist sense. This led to the formulation of the Gray-

McDonnell Rules 

Gray McDonnell Rules 

Right Handed Left Handed 

chirai nematic helices chirai nematic helices 

SED SOL 

ROD REL 

Figure 1.27. The Gray-McDonnell rules. 
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where S and R refer to the absolute configuration at the chiral centre of the molecule 

and not to the sign of the optical rotation measured by a polarimeter. Chiral 

molecules, including chiral liquid crystals are nowadays structurally defined by the 

Cahn-lngold-Prelog rules which assigns their absolute configuration as being either 

-R or - S on the basis of ranking of the substituents around a chiral centre from one to 

four. A compound is either -R or -S, depending on which way (clockwise or anti-

clockwise) the substituents are arranged in increasing order. D and L refer to the 

senses of the helical rotation, dextro and laevo respectively, of the chiral nematic phase. 

D is a left handed helix and L isa right handed helix. The helical rotation sense of a 

mesogen may be determined by the contact method. E and O refer to the point of 

asymmetry being at an even or odd number of atoms from the ring system. 

The rules may be illustrated by the following example: 

C H g C H g ^ H C H g — ^ ^ ^ ^ C O g C H g C H C H g C H g (+) 
I 
C 

Figure 1.28. Structure of material containing one chiral centre. 

CH3 CH3 

The asterisk designates the single chiral centre in the molecule. This molecule has an 

absolute configuration of S since S-(-)-2-methylbutylbutan-1-ol was used to prepare the 

ester, and the synthesis preserves the absolute configuration. The chiral centre is at 

the fourth atom from the aromatic core. Hence, it is an even number of atoms away 

from the core, E. Therefore, we can deduce that the helical twist sense will be dextro, D 

and this is indeed confirmed experimentally. 

Table 1.1 demonstrates that as the chiral centre is moved away from the rigid core the 

pitch length increases and the optical twist sense of the helix alternates successively 

from right- to left- to right-handed. These results are based on the properties of the 

chiral nematic biphenyls whose generic structure is shown in Figure 1.29: 

CHaCHgCHCCHg);̂ —^ ^ ^ 
CH3 

Figure 1.29. Chemical structure of 4-alkyl-4'-cyanobiphenyls. 

33 



N Tm/°C Tm/°C TsmAN' / °C Z / |im Optical Twist Sense 

1 4.0 (-30.0) (<-50.0) 0.15 D 

2 9.0 (-14.0) (-22.0) 0.30 L 

3 28.0 (-10.0) (-20.0) 0.40 D 

Table 1.1. Properties of chiral nematic biphenyls. 

Table 1.2 below illustrates the effect of attaching the chiral group to different cores: 

X A B Y Ta,/°C Tm/°C Z/jnm Optical Twist Sense 

2MB Ph Ph OCeHia 22X) (17.0) 0.23 D 

CeHisO Ph Ph 2MB 38.0 (36.7) 0.23 D 

2MB Cy Ph OCeH-ia 50.0 (29.5) &43 D 

C3H7 Cy Ph 2MB 2GL5 (1.0) 0.23 D 

2MB BCO Ph OCeHia 4&0 50.0 0.36 D 

CeHia BCO Ph 2MB 49.5 (36.5) 0.23 D 

D = right-handed; () = monotropic transition; 2MB = CH3CH2*CH(CH3)CH2-

Ph = — ^ Cy = — ^ ^ — BCO = — 

Table 1.2. Effect of attaching chiral group to different cores. 

For all these examples, the chiral group is attached directly to the ring system. As the 

chiral group is 2-methylbutyl in all cases, this means that the optical twist sense of the 

helix is unaltered and right-handed. The first two compounds show that the pitch is 

unaffected by whether the chiral alkyi group is present in the phenol moiety or the 

aromatic acid moiety. However, depending on whether the chiral group is attached to a 

benzene, cyclohexane or bicyclo-(2,2,2)-octane ring, its pitch can change by a factor of 

two. 
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This gives the following order of efficiency in developing the pitch of an attached chiral 

group; 

Figure 1.30. Order of pitch 

This order would appear to relate to ring flexibility or rigidity of the ring system involved. 

A material may have more than one chiral centre in its structure. This can lead to either 

an additive or subtractive effect upon the twisting power, depending on whether the 

centres induce a similar or opposite helical handedness. 

CH3 

Figure 1.31. Generic chemical structure of ester compounds containing two chiral 

centres. 

A TcM/°C TsmAN* / °C Tm/°C Z / |im Optical Twist Sense 

2MB 103.0 - 115.5 0.10 D 

2MB0 88.0 124.0 145.0 0.46 D 

D = right-handed: 

2MB = CH3CH2*CH(CH3)CH2- : SED; 

2MB0 =CH3CH2*CH(CH3)CH2- : SOL 

Table 1.3. Properties of esters containing two chiral centres. 

The first material, in Table 1.3, has two SED chiral centres and this results in an additive 

effect to give a short pitch length. The second material has one SED chiral centre (the 

2-methylbutyl group) and one SOL chiral centre (the 2-methylbutyloxy group) which 

results in a cancellation effect, the influence of the SED chiral centre which is closer to 

the ring system being dominant, resulting in a net helical twist sense which is right-

handed (type: dextro) for the chiral nematic phase, but a pitch which is quite long. 
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These qualitative rules outlined fulfil two useful functions; 

1. they assist in the design of new materials; 

2. they provide guidelines for the formulation of thermochromic and other 

chiral nematic mixtures. 

It must be emphasised that the work on structural/optical twist sense relations was 

carried out mainly on chiral nematic materials containing chiral alkyi groups and 

therefore, the rules are related specifically to such systems. 

Recently, the rules have required extension, because Good by and his co-workers 

found some exceptions. If the two structures: 

R R 

Et Et 

(A) (B) 

Figure 1.32. Chiral structures with electron donating or withdrawing substituents. 

are considered. (A) has a methyl group which has a positive, electron donating, 

inductive effect, +1, and (B) has a chloro- substituent which has a negative, electron 

withdrawing inductive effect, -I. In the case where the distribution of electrons about the 

chiral centre was diminished by the chlorine, the twist sense of the helix was changed. 

Therefore for the chloro- system, the Gray-McDonnell rules were inverted to give SEL, 

SOD and ROL, RED combinations. 

However, more recently Japanese wo rke rshave shown that the inductive effect of 

substituents at the chiral centres in a series of biphenyls does not affect the helical twist 

sense. They report two examples with -I substituents that obey the original Gray-

McDonnell rules. It must be noted that these are different systems from those studied 

by Good by et al and so, although Goodby et al found exceptions to the empirical 

rules, the effects they found are not consistent for all systems with -I substituents on the 

chiral centre. Indeed, the same Japanese workers have now examined some other 

systems containing two vicinal chiral centres, and have again found that they behave 
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according to the Gray-McDonnell rules even when a -I substituent (again chloro) is 

involved Clearly, further studies are needed to clarify the situation. 

1.7. Applications of Chlral Nematic Liquid Crystals 

Chiral nematic liquid crystals have been used for a wide range of applications. These 

applications can be divided into two categories: 

• Display applications. 

• Applications related to the selective reflection properties of short pitch chiral 

nematic liquid crystals. 

For display applications, chiral nematic liquid crystals are used as dopants in twisted 

nematic displays in concentrations of less than 1 % by weight to remove reverse twist 

defects. Chiral nematic compounds are also used in chiral nematic to nematic dyed 

phase change displays, where they are used in concentrations of less than 10% by 

weight to enhance contrast by preventing wave guiding. Chiral nematic compounds 

have found uses in other display applications such as the Surface Stabilised Cholesteric 

Texture applications, which will be discussed further in Chapter 4. It is also possible to 

prepare polymerisable chiral nematic mixtures, which can be used to prepare polymer 

thin films. Applications for this type of film include the potential to prepare colour filters 

for displays based on chiral nematic films. In the last few years, a large amount of work 

has been carried out in this area although this application has not yet been 

commercially realised. 

For applications relating to the selective reflection properties, chiral nematic liquid 

crystals are not very workable in their neat form. The liquid crystal has a very greasy 

nature and its properties are easily contaminated by impurities. Typically, for these type 

of applications, the chiral nematic mixture is microencapsulated Applications 

associated with the selective reflection properties are temperature-sensing devices and 

they can be placed into the following categories: 

1.7.1. Thermometry 

In terms of volumes of liquid crystal, thermometry is the main application of chiral 

nematic liquid crystals. Thermometers are constructed from a number of legends which 

each displays a particular temperature Each legend contains a green selectively 

reflecting chiral nematic liquid crystal. The numeric value displayed on a particular 

legend coincides with the temperature at which that legend will selectively reflect a 

green colouring thus allowing the temperature to be easily read. 
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The forehead thermometer is one of the most commonly used chiral nematic liquid 

crystal thermometers. It is used for determining core temperatures in sleeping children 

and also in post operative patients still under anaesthetic. Another application is in 

maximum thermometers. This application relies on the fact that chiral nematic liquid 

crystals are able to form two distinct textures, one, which is not selectively reflecting, 

and the other that produces selective reflection of coloured light. When a chiral nematic 

liquid crystal is heated above its chiral nematic to isotropic liquid transition temperature 

and then cooled, the chiral nematic phase is regenerated in its non-reflective texture 

(focal conic). This property may be used for freeze/thaw indicators and clinical 

thermometers. The thermometer may be recharged by mechanical alignment that 

converts the chiral nematic phase back to the Grandjean texture, selectively reflecting 

coloured light. 

1.7.2. Medical Thermography 

A change in temperature is the normal response of the body to disease, and medical 

thermography is a very important diagnostic tool used to identify tumours and other 

medical conditions. Infra-red imaging is one technique used to produce thermal maps, 

and the infra-red camera is flexible and can be used to produce computer generated 

thermal maps of body areas. However, this technique is expensive and due to this is 

not widely available. 

Chiral nematic liquid crystals can also be utilised to produce thermal maps. The liquid 

crystal devices are of low cost and therefore, are able to make medical thermography a 

more widely available technique. The liquid crystal device employs a plastic film coated 

with an encapsulated liquid crystal that has the necessary black underlayer. This film is 

then stretched or pressed against the part of the body under investigation to ensure 

good thermal contact. This technique has been developed further, in its use as a 

diagnostic tool for identifying breast cancer tumours In this case, a fabric-based 

device has been developed which the patient can wear to detect possible tumours. 

The liquid crystal itself may of course be applied directly to the skin, but the skin must 

be suitably degreased to avoid contamination of the liquid crystal leading to 

inaccuracies. A water based black underlayer is usually applied to the skin first, 

followed by the film of chiral nematic material, but this is not a particularly attractive 

procedure to patients. 

The disadvantage of the chiral nematic device is that each liquid crystal composition 

only monitors over a narrow temperature range (a few degrees). If the environment or 
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the part of the body under investigation is particularly hot or cold, the liquid crystal film 

would need to be varied to compensate for the fluctuations. This gives infra-red 

imaging an advantage, since it can be used when there is a fluctuation in temperature 

caused by the environment or the absolute body temperature without any adverse 

effects or inaccuracies. 

The main medical conditions studied by liquid crystal thermography are tumours, e.g. 

breast cancer, circulatory disorders, conditions producing inflammation and placental 

location A cautious approach must be taken when using chiral nematic liquid 

crystals in the above types of diagnosis due to the fact that in many cases 

thermographic diagnosis is not wholly reliable. The cause of the unreliability is that in 

order to ensure good thermal contact and visualisation, either the liquid crystal must be 

painted on top of a black background or it must be stretched in an elastic film over the 

area of investigation. With the latter method, the applied pressure and stretching of the 

films can lead to inaccuracies in the thermographic map. 

1.7.3. Engineering Applications 

Chiral nematic liquid crystals may also be used in engineering applications due to their 

ability to map small temperature gradients. The main competitor is again infra-red 

imaging. However, chiral nematic liquid crystals are often preferred due to the fact that 

they can be visually observed from behind normal glass and plastic windows, which 

may be opaque in the infra-red region of the spectrum. 

Thermal mapping is used to detect design faults and provide diagnostic information, 

and some examples are; 

- heat transfer effects in aerodynamic models 

- hot spots in electrical circuits indicating potential shorts; 

- detection of structural flaws 

- hot plate warning indicators 

- battery test strips. 

1.7.4 Decorative/Novelty Applications 

For the decorative/novelty applications market, there is a vast range of uses for chiral 

nematic liquid crystals, e.g. mood rings. Several fashion ideas have been explored 

including slogans on fabrics and clothes produced from materials that have been 

coated with thermochromic liquid crystals. Dresses have been manufactured that 

change colour depending on the temperature of the surroundings. In this case, the 
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successful application of chiral nematic liquid crystal depends upon the ability to screen 

print the microencapsulated chiral nematic material as a very thin film onto the material 

(or paper). Liquid crystals derived from cholesterol are of too low birefringence to be 

effective, but the much higher birefringence of 2-methylbutyl derivatives of say aromatic 

esters enables bright colours to be obtained from very thin films and screen printing in 

one pass can be used to produce highly effective thermochromic films on fabric or 

paper. 

1.8. Aims of Research 

Many different thermotropic mesophases have been discovered, however, it is only 

the nematic and chiral nematic phases that have been significantly exploited 

commercially. For the majority of liquid crystal display applications, the nematic 

phase is utilised in some way and the main non-display application relates to the use 

of chiral nematic materials for use in thermochromic applications. However, in more 

recent years there have been further technological developments, which utilise the 

chiral nematic phase such as Surface Stabilised Cholesteric Texture displays. This 

particular application will be discussed in more detail in Chapter 4. 

With the ever evolving field of liquid crystals, there is a necessity to design and 

synthesise new compounds that have specific improved properties such as increased 

mesophase thermal stability and higher helical twisting powers to name two 

examples. Within this thesis, two separate areas were investigated, one area related 

to the synthesis of new chiral compounds that were either liquid crystalline or could 

be utilised as chiral dopants in a nematic host mixture. The other area related to the 

synthesis of polymerisable materials that exhibited both nematic and chiral nematic 

liquid crystal phases. 

In Chapter 2, the aim of the research was to design and synthesise novel chiral 

compounds that were available in both enantiomers. A large range of chiral 

compounds have been synthesised and studied for use in chiral nematic 

applications. Typically, only one of the enantiomers is readily available and the other 

enantiomer can only be obtained by lengthy synthesis often involving chiral 

separation. The aim of this research was to identify chiral pre-cursors that were 

commercially available in both handednesses. To fulfil this pre-requisite, butane-2,3-

diol was chosen. Initially, the racemic compounds were synthesised as this would be 

more cost-effective and would allow the system to be fully investigated. 
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Unfortunately, the butane-2,3-diol system showed an almost complete lack of 

mesomorphic behaviour. Due to this, an alternative system was sought. Menthol is 

an alternative chiral pre-cursor, which is available in both enantiomers. This 

particular material has been previously studied for preparing chiral dopants for use in 

ferroelectric mixtures. It was decided to further investigate this system, to produce 

chiral dopants suitable for use in chiral nematic applications. A number of 

compounds were made in both handednesses and this work is reported in Chapter 3. 

During the course of this Thesis, the direction of the work was changed due to the 

commercial interests of Merck Chemicals Ltd and the emphasis was changed to 

finding chiral dopants that were suitable for SSCT applications. Ideally, compounds 

were required that had high helical twisting power, good solubility in specific nematic 

hosts and the selective reflection wavelengths of the mixtures should be temperature 

independent within the temperature operating range, 0° to 60°C. For this particular 

application, chiral dopants were synthesised based on isosorbide and this work is 

reported in Chapter 4. 

The final topic that was studied was the synthesis of polymerisable liquid crystal 

compounds. The aims of this work was to synthesise materials that could be 

formulated into chiral nematic mixtures and then prepare polymer films from these 

mixtures by in-situ photopolymerisation by UV light. This type of system was first 

demonstrated in1984 by Shannon Since then, many other research groups have 

synthesised new compounds and further demonstrated this process. Potentially, this 

type of polymeric film could be used to prepare many different types of optical films 

that could be used as components in liquid crystal displays. Examples of the types of 

optical films are retardation films, broad-band cholesteric polarisers and chiral 

nematic colour filters. Two types of polymerisable groups were considered and this 

work is reported in Chapter 5. 

As has previously been mentioned, the course of the research was directed to some 

extent by the commercial interests of Merck Chemicals Ltd and the less commercially 

successful areas of study were sometimes stopped in favour of more promising 

areas. 
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Chapter 2. Synthesis of both enantiomers of new chiral compounds for 

use in chiral nematic applications 

2.1 Introduction 

Chiral nematic liquid crystals are used in many applications, some of which have 

been described in the previous Chapter. From these materials, it is possible to 

formulate chiral nematic liquid crystal mixtures such that their pitch length is of the 

order of the wavelength of visible light so that they produce highly iridescent colours. 

The helical structure of a chiral nematic liquid crystal mixture allows it to reflect 

circularly polarised light. However, plane polarised light can be regarded as a 50:50 

mixture of left and right-handed circularly polarised light and so it is only possible for 

50% of the light to be reflected; this is illustrated in Figure 2.1. 

V 
Cholesteric film with right-handed helix and 
pitch length corresponding to green light 

Figure 2.1. Illustration of cholesteric reflection. 

In Figure 2.1, plane polarised light of all wavelengths is reflected onto a right-handed 

cholesteric layer that has a pitch length corresponding to green light. The right-

handed circularly polarised green light is reflected by the cholesteric layer to a 

maximum of 50% intensity. The left-handed circularly polarised green light is 

transmitted along with all the other wavelengths. It is therefore only possible to 

achieve 50% intensity using a single cholesteric layer. Similarly, if plane polarised 

light of all wavelengths is reflected onto a left-handed cholesteric layer that has a 

pitch length corresponding to green light, the left-handed circularly polarised green 

light is reflected by the cholesteric layer to a maximum of 50% intensity. The right-

handed circularly polarised green light is transmitted along with all other 

wavelengths. 
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To overcome this problem and achieve 100% intensity one method is to prepare 

two cholesteric layers on top of each other with the two layers being of opposite 

handedness as shown in Figure 2.2: 

V 
ded cholesteric film 

Left handed cholesteric film 

Figure 2.2. Illustration of cholesteric reflection in double layers. 

In Figure 2.2, plane polarised light of all wavelengths is incident initially on a right-

handed green cholesteric layer. As before, the right-handed circularly polarised 

green light is reflected by the cholesteric layer to a maximum of 50% intensity. The 

left-handed circularly polarised green light is transmitted along with the circularly 

polarised light of all other wavelengths through the first layer. However, this 

remaining circularly polarised light is then incident on the second layer, which is a 

left-handed cholesteric layer. In this case, the left-handed circularly polarised green 

light, which has been transmitted through the first layer, is now reflected by the 

second cholesteric layer to a maximum of 50% intensity. In this case, all the green 

circularly polarised light has now been reflected to a maximum of 100% from the two 

layers. The circularly polarised light of all other wavelengths is again transmitted 

through the second layer. Transmission spectra for single cholesteric layers and a 

double cholesteric layer with the two layers of opposite handedness are shown in 

Figure 2.3 to demonstrate the concepts just described: 
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Figure 2.3. Transmission spectra for single and double cholesteric layers. 

This use of double layers would allow the reflectance of chiral nematic layers to be 

doubled. This would be very beneficial in many applications of chiral nematic liquid 

crystals. With this in mind, the aim of the work reported in this Chapter was to find 

examples of chiral compounds that are readily available in both enantiomers. 

Previously, the majority of chiral liquid crystal materials have been based on 

cholesterol or 2-methylbutanol. Cholesterol is a naturally occurring chiral material 

that is left-handed and 2-methylbutanol is a right-handed chiral material. In both 

cases, the opposite enantiomer is not readily available. 

2.2. Experimental Techniques 

2.2.1 Design strategy and synthesis of materials 

An example of a chiral intermediate that is available commercially in both 

enantiomeric forms is butane-2,3-diol, and it was decided to make a range of 

compounds based on this material. The design strategy that was chosen was to 

make a range of diesters from this chiral building block. The ester linking group does 

not appear to be detrimental to mesophase stability as can be seen from the 

following examples 

C s H r C O r - O - A // CN 

Cr 78.2°C (N 74.7°C) I 

CN 

Cr 74.5°C (N 64.0°C) I 

/J 
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Cr 34.5°C N 65.0°C I 

Cr 78.0°C (N75.5°C) I 

Figure 2.4. Comparison of compounds with ester and ether linking groups between 

mesogenic core and terminal group. 

In the examples shown in Figure 2.4, the ester linking group has similar mesopahse 

stability to the ether linking group. For the propyl terminal group, the nematic-

isotropic transition temperature is some 10°C higher for the compound with an ester 

linking group. However, the reverse is true for the compounds with a butyl terminal 

group, with the compound with the ether linking group having a nematic-isotropic 

transition temperature some 10°C higher than the compound with the ester linking 

group. However, due to the effect that the ester linkage contributes two atoms to the 

terminal chain length whereas the ether linkage only contributes one atom to the 

terminal chain length, for the compounds that have the same number of atoms in the 

terminal chain, the nematic-isotropic transition temperature are very similar. The only 

cautionary comment that should be made is that the ester linking group will be in the 

opposite direction for the compounds synthesised from butane-2,3-dioi. This is 

illustrated in Figure 2.5: 

Figure 2.5. Generic structure of compounds to be synthesised from butane-2,3-diol 

The synthesis and purification of all the compounds reported in this Chapter was 

performed using standard organic methods and techniques, as described in the book 

by Vogel Although many methods of esterification exist, including acid chloride 

and trifluoroacetic anhydride, the DCC'® '̂ esterification method was used. This is a 

mild one pot esterification method and as the aim was to prepare chiral materials it 

was thought that this would be the most suitable method to avoid any risk of 

racemisation of the compounds. The majority of the acids that were used in the 
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synthesis of the compounds were readily available from the Merck production facility 

and in many cases this is the main rational for using them. 

2.2.2 Chemical purity and chemical structure analysis 

The following techniques were used to characterise chemical intermediates and final 

compounds. 

2.2.2.1 High performance liquid chromatography (HPLC) 

The chemical purity of all chemical intermediates and final compounds containing a 

chromophore was determined using high performance liquid chromatography. Either 

a Hewlett Packard HP 1090 HPLC using a diode array detector or a Hewlett Packard 

HP1050 HPLC using a variable wavelength detector was used. These HPLCs 

contain a Merck Spm Lichrospher™ RP18 250mm column. The samples were 

dissolved in a mixture of tetrahydrofuran (HPLC grade) and acetonitrile (HPLC 

grade). The sample was injected and the HPLC column was eluted with graduated 

mixtures of water and acetonitrile at 40°C. Analysis of carboxylic acids used the 

same HPLC column but elution was with mixtures of acetonitrile and 2% acetic acid 

in water. Chemical purities reported have an accuracy of + 0.1%. 

2.2.2.2 Gas chromatography 

The chemical purity of chemical intermediates and final compounds that did not 

contain a chromophore were determined by gas chromatography, using a Perkin-

Elmer 8500 GC fitted with a flame ionisation detector. Analysis was performed on an 

SGE systems BP1 20m capillary column, using helium as the carrier gas. Chemical 

purities reported have an accuracy of + 0.1%. 

2.2.2.3 Analytical thin layer chromatography. 

Analytical thin layer chromatography, using Merck 60 F254 silica coated glass plates, 

was used as a technique to monitor the progress of reactions. Reaction mixtures 

were spotted onto TLC plates and eluted with various solvent mixtures of 

dichloromethane, petroleum spirit b.p. 40-60°C and ethyl acetate. Visualisation of 

the compounds, once separated on the TLC plates, was achieved by development in 

iodine vapour or by illumination with UV light {X = 254nm). 

46 



2.2.2.4 Nuclear magnetic resonance spectroscopy. 

Nuclear magnetic resonance spectroscopy was performed on chemical 

intermediates where appropriate and all final compounds using a Jeol PMX60S1 

spectrometer. Tetramethylsilane was employed as the internal standard (5 = 0). 

Samples were dissolved in an appropriate fully deuteriated solvent, typically 

deuteriated chloroform. Abbreviations used in the quotation of spectral results are s 

= singlet, d = doublet, t = triplet, q = quartet, mult = multiplet. 

2.2.2.5 Infra-red spectroscopy. 

Infra-red spectroscopy was performed on chemical intermediates where appropriate 

and all final compounds using a Perkin Elmer Spectrum One Fourier Transform infra-

Red spectrometer fitted with a Golden Gate ATR (attenuated total reflection) 

attachment. This allows direct measurement of the infra-red spectra of both solids 

and liquids. 

2.2.2.6 Differential Scanning Calorimetry 

Transition temperatures and enthalpies and entropies of transition were determined 

using a Perkin Elmer DSG7-UNIX differential scanning calorimeter (DSC) 

incorporating a -70°C intercooler for sub-ambient temperatures. The calorimeter 

was calibrated with indium (AH = 28.45Jg"\ Tonset = 156.6°C) and zinc 

(AH = 106.7Jg'\ Tonset = 419.47°C). Samples were prepared in closed lid aluminium 

pans (5-1 Omg of compound). Heating and cooling cycles were performed at a rate of 

10°C/min under a nitrogen atmosphere. The temperature accuracy of this technique 

was +0.2°C. Enthalpies of transition are to an accuracy of+10%. 

2.2.3 Identification of mesophases. 

Following initial DSC assessment, polarising optical microscopy, using an Olympus 

polarising microscope model CH-2 in conjunction with a Mettler FP52 hotstage and 

Mettler FP5 temperature control unit, was used to identify the mesophases that were 

exhibited by the final compounds. Samples were prepared between glass 

microscope slides and examined between crossed polarisers. Using this technique, 

distinct optical textures were observed which could be compared to known textures 

to determine the mesophase. In some cases, it was necessary to use an aligning 

agent on the glass microscope slides to promote either uniform planar (director 

parallel to the slides) or homeotropic alignment (director normal to the slides) to 
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assist in tine recognition of mesophases. Tlie temperature accuracy of tliis teclinique 

was + 0.2°C. 

2.2.4 Physical characterisation of final compounds 

2.2.4.1 Measurement of virtual nematic - Isotropic transition 

The measurement of a virtual nematic - isotropic transition temperature was carried 

out for all compounds that did not exhibit a monotropic or enantiotropic clearing point. 

This measurement was carried out by preparing two mixtures using a standard Merck 

nematic mixture, ZLI-3086 and doping this with the test compound at two different 

concentrations between 1-5%. The clearing points were determined for the nematic 

host mixture and also for the doped mixtures using a polarising microscope in 

conjunction with a temperature controlled hotstage as described in section 2.2.3. 

The virtual nematic - isotropic transition temperature is determined from: 

T[NI]VIRTUAL = T[N|]PURE + ((T[NI]D0PED - T[NI]PURE) / ( w / w % / 1 0 0 ) ) 

Where T[n.ijvirtual is the virtual nematic - isotropic transition temperature, T[n-i]pure is 

the nematic - isotropic transition temperature of the nematic host mixture, T[n-i]doped 

is the nematic - isotropic transition temperature of the doped mixture containing the 

test compound and w/w% is the weight:weight percentage of test compound in the 

nematic host mixture. 

2.2.4.2. Measurement of helical pitch length and helical twisting power in the 

chiral nematic phase. 

The helical pitch and helical twisting power in the chiral nematic phase of final 

compounds was determined by using the Grandjean-Cano wedge cell method. The 

chiral test compound is doped into a standard Merck nematic host mixture and flow-

filled into a glass wedge cell of a known angle. The inner surfaces of the wedge cell 

have been pre-treated with an aligning layer, to enable the liquid crystal director to 

align planar to the cell surfaces. The filled cell is left to align and in doing so forms n 

disclination lines at regular intervals that are proportional to the pitch of the chiral 

nematic. It is possible to determine the distance between the n (or n/2) disclination 

lines using polarising optical microscopy in conjunction with a video camera linked to 

a video printer. A photomicrograph is taken both of the parallel, uniform spaced n (or 

nil) disclination lines and a 1mm objective micrometer under the same magnification. 
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The spacing of the disclination lines can then be determined and from this the helical 

pitch and helical twisting power can be calculated from: 

p = D . (sin 6) and HTP = 1 / p 

where D is the distance between the parallel n disclination lines, 9 is the angle of the 

wedge cell (typically between 1-5°) and [w/w%] is the weight:weight percentage of 

test compound in the nematic host mixture. 

2.3. Results and discussion 

2.3.1. Introduction 

The aim of the work undertaken was to find two optical enantiomers of identical 

structure and of reasonably low cost for brightness enhancement in thermochromic 

displays. Butane-2,3-diol was chosen as a precursor for this study as both 

enantiomers are commercially available. In the interests of economy, the decision 

was made to assess the liquid crystal potential of derivatives of the diol by initially 

studying the racemic system. When the study of the diol system was complete, this 

would then lead to the synthesis of the optically active analogues of the preferred 

embodiments. Characterisation of the chiral behaviour of the materials could then be 

undertaken. 

2.3.2. Symmetrical diesters 

Initially, six diesters of butane-2,3-diol were synthesised. The mesophase behaviour 

and physical properties of these materials are shown in Table 2.5. Compounds 8 

and 9, shown in Figure 2.6, were synthesised first from simple single ring acids: 

c , H i r - ( 2 ) - c o r C H - c h - o , c — 

Me Me g 

Cr 66.1°C I; AHFUSION: 7.6 kJmol [T Î]VIRTUAL- -87.6°C 

C4H9O-Q-CO2-CH -CH-OgC — 

Me Me 9 

Cr 104.1X 1; AHFUSION: 13.2 kJmoM; [TN&IRTUA,: -128.4°C 

Figure 2.6. Comparison of the properties for compounds 8 and 9. 
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Neither of these compounds showed mesomorphic behaviour and when the virtual 

nematic-isotropic transition temperatures were measured, the values were extremely 

low, of the order of -100°C. It must be noted here, that the materials were 

particularly insoluble in the desired nematic host, and only 1% of the compounds 

were soluble. Therefore the virtual nematic-isotropic transition temperatures were 

calculated from only one mixture and an extremely large extrapolation was involved. 

It is therefore likely, that the accuracy of these measurements is at least + 10%. 

Although the compounds themselves did not need to be mesomorphic as they could 

be used as chiral dopants, their poor solubility and poor mesomorphic behaviour in a 

nematic host would potentially limit their use unless they exhibited relatively high 

helical twisting powers. If the materials had low helical twisting powers, then a high 

concentration of the dopant would be required to prepare mixtures that were 

selectively reflecting in the visible region of the electromagnetic spectrum and this 

would be very detrimental to the properties of the nematic host and it would be 

necessary to find an alternative nematic host in which these dopants would show 

improved solubility. 

To try to overcome this potential problem with the mesomorphic properties of the 

butane-2,3-diol moiety, two rings acids were esterified with the diol to promote liquid 

crystallinity. Additional rings in the system would increase the molecular length 

without increasing the molecular breadth and should therefore increase the molecular 

polarisability. 

Compounds 10, 11,12 and 13, shown in Figure 2.7, were synthesised as examples 

of four ring diesters: 

- c h - O , C - Q - ^ C . H „ 

Me Me 

Cr 141.2°C Cn 146.7=C I; AHpusioN: 7.4 kUmoM; [TNi]viA«i: 38.6''C 

c . H r - C M O - c o r C H - C H - 0 , C - O - O - C , H , 

Me Me 

Cr 142.7°C Cri 171. rC 1; AHfusion: 5.8 kJmoM; [TNiWuai: 33.6°C 

50 



^ ) - C O f - C H -CH-OgC— 

Me Me ^2 

Cr 140.4°C I; AHfusion: 13.2 kJmoM; [iNilvirtuai: 49.0°C 

Me Me 

Cr 141.3°C I; AHfusion- 9.6 kJmol \ [TNi]viriuau 35.4°C 

Figure 2.7. Comparison of the properties for compounds 10,11,12 and 13. 

Once again these materials did not exhibit liquid crystalline behaviour, however, the 

virtual nematic-isotropic transition temperatures were significantly improved. 

Comparing compound 9 with compound 12, the increase in the virtual nematic-

isotropic transition temperature has been increased by some 175°C. The 

disadvantage of increasing the number of rings in the system was the increase in 

melting point observed for these materials and also an increase in the enthalpy of 

fusion. This may be detrimental to the solubility of the compounds in a nematic host. 

Compounds 10, 11,12 and 13 have very similar melting points. This may be due to 

the molecules having reasonably similar molecular lengths and breadths. Comparing 

compounds 10 and 12, compound 12 has a higher virtual nematic-isotropic transition 

temperature which would be expected as alkyloxybiphenyls normally have higher 

transition temperatures than alkylbiphenyls 

In order to attempt to depress the melting points and access the liquid crystalline 

phases of materials based on the butane-2,3-diol moiety, it was decided to prepare 

non-symmetrical diesters. By reducing the symmetry in the system, it should be 

possible to perturb the molecular order and therefore reduce the melting points and 

molar enthalpy of fusions. A range of these materials was synthesised and their 

properties are discussed below. 

2.3.3. Non-symmetrical diesters 

2.3.3.1. Two ring non-symmetrical diesters 

Two two-ring non-symmetrical diesters were synthesised. The mesophase 

behaviour and physical properties of these materials are shown in Table 2.6. 

Compound 23 was prepared as the hybrid of compounds 8 and 9. 
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- C H -O jC — 

Me Me g 

C R 6 6 . 1 ° C I; AHfusion- 7 . 6 kJmol \ [TNIJVIRTUAI- - 8 7 . 6 ° C 

C^HgO-^^COj -CH - C H - O j C — 

Me Me 9 

Cr 104.1°C I; AHFUSION' 13.2 kJmol \ [T|VII]VIRTUAI- -128.4°C 

C s H u — - C H - O j C — 

Me Me 23 

Cr 52.7°C I; AHfusion- 8.2 kJmol \ [T î]virtual- -103.2°C 

Figure 2.8. Comparison of the properties for compounds 8, 9 and 23. 

This material exhibited a lower melting point than the two symmetrical diesters as 

would be expected due to the reduction in symmetry in the molecule. However, this 

material still did not exhibit liquid crystalline phases. The virtual nematic-isotropic 

transition temperature was an intermediate value between the two symmetrical 

diesters. The arithmetic mean value for the virtual nematic-isotropic transition 

temperature for compounds 8 and 9 is -108°C. This material was not particularly 

non-symmetrical, so to increase the asymmetry of the molecule, compound 24 (see 

Table 2.6) was synthesised in which the material had two rings on one side and an 

a Iky I chain on the other. It was envisaged that this would further reduce the melting 

point compared to compound 23. This was indeed the case but the melting point 

was depressed by a significant amount such that the material was an isotropic liquid 

at room temperature. The extrapolated nematic-isotropic transition temperature was 

similar to that of compound 23. 

2.3.3.2. Four ring non-symmetrical diesters 

It was not thought that any further structural modifications to the two ring non-

symmetrical diesters would yield materials with liquid crystalline properties. It was 

decided therefore to increase the number of rings in the structure and consider four 

ring non-symmetrical diesters. Seven four ring non-symmetrical diesters were 

synthesised. The mesophase behaviour and physical properties of these materials 

are shown in Table 2.7. 
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Compounds 33 and 34 were prepared as hybrid compounds of symmetrical four ring 

diesters previously synthesised. Compound 33 Is the hybrid of compounds 10 and 

11; 

Me Me io 

Or 141.2''C Cri 146.7°C 1; AHpusioN: 7.4 kJmoM; [TNi]v,nu=i: 38.6°C 

C 5 H , , - - 0 - 0 - C O . - C H - C H - 0 , C - 0 - 0 - C , H , 

Me Me 33 

Cr 113.0°C I; AHfusion: 113 kJmor\ [TNi]virtuei: 31.7=0 

C , H f - O - O - C 0 r C H - C H - 0 , C - Q - Q - C , H , 

Me Me 11 

Cr 142.7°C Cri 171.rC I; AHfusion: 5.8 kJmol"'; [TNikrtuai: 33.6°C 

Figure 2.9. Comparison of the properties for compounds 10,11 and 33. 

By synthesising the non-symmetrical hybrid of compounds 10 and 11, it was possible 

to suppress the melting point by 36.5°C compared to compound 10 and 58.1°C 

compared to compound 11. whilst maintaining a similar virtual nematic-isotropic 

transition temperature. A similar trend can be observed for compound 34: 

C « H „ 0 - Q - O - C 0 r C H - C H - 0 , C - O - Q - 0 C , H „ 

Me Me 12 

Cr 140.4°C I; AHpusioN: 13.2 kJmoM: [TNi]vMuai: 49.0''C 

Me Me 34 

Cr 125.7°C I : AHfusion: 6 . 6 kJmol"'; [TNi]V,RTUAI: 42.2°C 

c , H , r - 0 - 0 - ' : o r C H - C H - o , c - Q - 0 - c , H „ 

Me Me 13 

Cr 141.3°C I; AHfusion: 9.6 kJmol \ [T î]virtual: 35.4°C 

Figure 2.10. Comparison of properties for compounds 12,13 and 34. 
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In the case of compound 34, the melting point has been suppressed by a minimum of 

20°C and the virtual nematic - isotropic transition temperature has been maintained 

and is intermediate between that for the two symmetrical diesters. 

Compound 35 was synthesised in a further attempt to promote liquid crystallinity. 4'-

Hexyloxybiphenyl-4-carboxylic acid of compound 34 was replaced with 

trans, frans-4'-pentylbicyclohexane-4-carboxylic acid to prepare compound 35. The 

bicyclohexane moiety is known to enhance liquid crystallinity compared to the 

biphenyl moiety. The pentyl chain was chosen in this example in preference to the 

propyl chain to suppress any possibility of forming smectic phases. For 4-alkyl trans, 

/rans-4'-cyanobicyclohexanes, unusually, the smectic thermal stability decreases with 

increasing chain length. Compound 35 did not exhibit any liquid crystallinity and its 

properties were in fact similar to that of compounds 33 and 34. 

Compound 37 was synthesised to incorporate the cyano group as one of the terminal 

groups. For aromatic systems, the cyano group is one of the most efficient terminal 

groups for promoting nematic and chiral nematic phases in aromatic systems. This 

compound was synthesised from two acids that were fully aromatic, however, no 

liquid crystal phases were observed for this material. 

None of the four ring non-symmetrical diesters that were initially synthesised showed 

liquid crystalline properties. In a further attempt to promote liquid crystallinity, three 

further four ring non-symmetrical diesters were synthesised with structures that were 

more non-symmetrical. Compound 36 was synthesised with three rings on one side 

of the structure and one ring on the other side in an attempt to suppress the melting 

point and make the liquid crystallinity of the molecule more accessible. The melting 

point of this material was similar to the melting points of the other four ring non-

symmetrical diesters that had previously been synthesised. However, the virtual 

nematic-isotropic transition temperature had increased significantly, by more than 

40°C, compared to the other compounds. Although this increase was observed in a 

mixture, the pure compound did not exhibit liquid crystallinity. 

Two other compounds were synthesised, compounds 38 and 39, which incorporated 

an ester linkage between the rings on one side of the molecule. The main difference 

between these two materials was the structure of the two ring acid with an ester 

linkage between the rings. In compound 38, the acid contains two benzene rings 

separated by the ester linkage whereas in compound 39, the acid contains a 
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benzene ring and a cyclohexane ring separated by the ester linkage. There is a 

significant difference in the melting points of these two materials, with compound 38 

melting some 45°C higher than compound 39. However, once again no liquid crystal 

phases were observed for these materials and even with the reduction in symmetry 

in the molecules this was not sufficient to reduce the melting points of the materials 

to access the liquid crystal phases. In an attempt to access the liquid crystalline 

phases of these materials it was decided to synthesise some examples of three ring 

non-symmetrical diesters where it may be possible to increase the liquid crystallinity 

of the molecules without increasing the melting points too significantly. 

2.3.3.3 Three ring non-symmetrical diesters 

Four three ring non-symmetrical diesters were synthesised. The mesophase 

behaviour and physical properties of these materials are shown in Table 2.8. In the 

case of these three ring unsymmetrical diesters, both the melting points and the 

virtual nematic-isotropic transition temperatures are intermediate between that of the 

two ring and four ring unsymmetrical diesters. The melting points have not been 

suppressed sufficiently and the transition temperatures have not increased 

sufficiently to access the liquid crystal phases of these materials. 

Compound 26 is the hybrid of compounds 8 and 10: 

^ 5 H h - 0 " C O - C H -CH - O , C - Q - C , H , , 

Me Me g 

Cr 66.1 °C l| AHFUSION- 7.6 kJmol \ [T^JVIRTUAI- -87.6°C 

Me Me 26 

Cr 66.7°C I; AHFUSION- 5.6 kJmol \ [Tni]virtual- -21.5°C 

c . " , r - 0 - Q - c o r C H - C H - O , C - Q - Q - C , H „ 

Me Me io 

Cr 141.2°C Cri 146.7°C I; AHFUSION: 7.4 kJmol '; [TNijvirtuai: 38.6X 

Figure 2.11. Comparison of properties for compounds 8,10 and 26. 
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Compound 26 has a similar melting point to compound 8 and its virtual nematic -

isotropic transition temperature has been elevated by some 66°C. In comparison 

with compound 10, the replacement of one of the biphenyl acid moieties in 

compound 10 with a simple cyclohexane acid in compound 26 has led to the melting 

point being decreased by some 78°C, whereas the virtual nematic - isotropic 

transition temperature has been suppressed by 61 °C. However, this is still not 

sufficient to access the liquid crystal phases of this material. 

Compound 27 is the hybrid of compounds 9 and 13: 

C ^ H g O - ^ ^ C O r C H -CH-O jC— 

Me Me 9 

Cr 104.rC I; AHFUSION: 13.2 kJmoM; [TNi]V,RTUAI: -128.4°C 

Me Me 27 

Cr 87.1°C I; AHFUSION- 14.4 kJmol [T̂ Jvirtuai- -22.1°C 

C 7 " i 5 - - O ~ O " ^ ° 2 " C H - C H - 0 2 C — 

Me Me 13 

Cr 141.3X I; AHFUSION: 9.6 kJmor\ [TNi]virtuai: 35.4°C 

Figure 2.12. Comparison of the properties for compounds 9,13 and 27. 

In the case of compound 27 the hybrid of compounds 9 and 13, the melting point is 

lower than both the two ring compound 9 and the four ring compound 13. Its virtual 

nematic - isotropic transition temperature has been elevated some 106°C compared 

to compound 9 but has been depressed some 57.5°C compared to compound 13. It 

has still not been possible to access the liquid crystal phases of this material. 

Synthesis of compounds containing up to four rings did not yield compounds that 

exhibited liquid crystallinity. Many dimeric systems have previously been 

synthesised that exhibit mesomorphic behaviour and this would suggest that the two 

methyl groups that are present in the central spacer must be perturbing the 

mesophase stability. The methyl groups are probably affecting the molecular 

packing. The strength of long-range interactions is affected by the molecular 

separation and this is governed by steric factors. The methyl groups are probably 
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preventing close packing and suppressing mesophase stability. One final attempt 

was made to prepare compounds based on this system that would exhibit liquid 

crystallinity by increasing the number of rings to five rings. 

2.3.3.4 Five ring non-symmetrical diesters 

Two five ring non-symmetrical diesters were synthesised. The mesophase behaviour 

and physical properties of these materials are shown in Table 2.9. Both materials 

exhibited liquid crystallinity. The simpler five-ring compound 41 exhibited a nematic 

phase over 29°C. In the case of compound 42, which incorporates an extra ester 

linkage, both smectic A and nematic phases are observed. The smectic A phase 

exists over 16.3°C and the nematic phase exists over 10.7°C. With the increased 

asymmetry of the molecules, it was possible to maintain melting points similar to the 

four-ring compounds. For compounds 41 and 42, the nematic-isotropic liquid 

transition temperature has been increased by some 130°C. 

There are two possible conclusions to be reached based upon the weak liquid 

crystallinity displayed by these butane-2,3-diol derivatives: 

1. The extensive 6 atom bridging unit is responsible for the disastrous effect 

upon the liquid crystalline properties. In other words, the central part of 

the molecules is too long and flexible. This does not seem likely as there 

are many examples of dimeric structures with much longer spacers. 

2. The lateral methyl groups seriously depress the mesophase stability. The 

lateral methyl group perturbs the packing in the molecules such that it is 

not possible to maintain any long-range orientational or positional order. 

It would be possible to explore this argument by considering similar 

structures that did not contain the lateral methyl groups. 

2.3.3.5. Ethylene glycol and propane-1,2-diol analogues 

In order to determine whether the weak liquid crystalline properties are due to the two 

methyl groups, two approaches were adopted: 

1. Ethylene glycol analogues of two of the butane-2,3-diol esters 

(compounds Hand 12) and a propane-1,2-diol analogue of one of the 

butane-2,3-diol esters (compound 11) were synthesised. Although the 

butane-2,3-diol analogue was known not to be liquid crystalline, the 
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comparative compounds were to be syntliesised to see whether the 

different linking groups enhanced the liquid crystal properties. If need be, 

the comparison would be made using extrapolated values for the nematic-

isotropic transition temperatures. 

2. The ethylene glycol analogue of compound 42 would be synthesised. If 

the compound were mesomorphic, this would give a direct measurement 

of the effect of the two methyl groups on the transition temperatures. 

For the first approach compounds 44, 45 and 49 were synthesised. The mesophase 

behaviour and physical properties of these materials are shown in Table 2.10. These 

materials were again lacking in liquid crystallinity, and in order to gain some data for 

comparison, extrapolated nematic-isotropic transition temperatures were obtained 

from mixtures. A comparison of compounds 12, 45 and 49 is shown in Table 2.1: 

Compound Melting point /°C [ T N - l ] v i r t u a l / C 

45 17&0 -2GU5 

49 1 5 6 . 8 5 . 7 

12 1 4 0 . 4 4 9 . 0 

Table 2.1. Comparative data for different bridging groups. 

As the number of methyl groups is increased in the central bridging group, the 

melting point is decreased, suggesting that the system based on butane-2,3-diol is 

more rigid. The virtual nematic-isotropic transition temperature is increased, with the 

increased number of methyl groups in the central bridging unit. This would suggest 

that the methyl groups are not having a detrimental effect on mesophase formation 

and that indeed, they are contributing to producing a more rigid molecule that is more 

rod-like. 

A further comparison can be made between compounds 11 and 44 which is shown in 

Table 2.2: 

Compound Melting point /°C [TN-l]virtual / C 

4 4 1 4 4 . 7 - 4 . 9 

11 1 7 1 . 7 3 3 . 6 

Table 2.2. Comparison of the properties of compounds 11 and 44. 
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For this comparison, compound 11 based on the butane-2,3-diol bridging group has 

a higher melting point and virtual nematic-isotropic transition temperature compared 

to compound 44 based on the ethylene glycol bridging group. The higher virtual 

nematic isotropic transition temperature, is consistent with the previous comparison 

suggesting that the two methyl groups are not having a detrimental effect on 

mesophase stability. 

A cautionary comment that should be made is the fact that the mixtures used to 

obtain these values were again only 1% by weight of the diesters in the host ZLI-

1132 and therefore, a large extrapolation was involved. The reason for the use of 

only 1% weight concentrations was, of course, the low solubility of the diesters. 

The second approach to the problem was to synthesise the five-ring ethylene glycol 

triester, compound 47. A comparison of this compound could be made with the 

butane-2,3-diol analogue, compound 42. Synthetic problems clearly make it difficult 

to obtain any measure of the effect of one methyl group by using propane-1,2-diol 

because of the asymmetry of the triester structure. Table 2.3 exhibits the 

comparative data of compounds 42 and 47: 

Compound Transition temperatures (°C) A H F U S I O N / kJ mol ^ 

42 Cr 120.4 Cn 143.1 SmA 159.4 N 170.1 1 6.6 

47 Cr 153.4 N 211.2 1 7.6 

Table 2.3. Comparative data for five ring non-symmetrical diesters. 

The ethylene glycol analogue, 47, has a large nematic range of 57.8°C. The butane-

2,3-diol analogue, 42, has a much reduced nematic range of 10.7°C, due to its 

reduced isotropisation temperature. However, compound 42 also exhibits a smectic 

A phase. This would suggest that the two lateral methyl groups are contributing to a 

more rigid structure and this is conducive to a lamellar molecular packing. Whereas, 

the ethylene glycol spacer is very flexible and therefore does not encourage the 

molecules to adopt a conformation or conformations such that they align in layers. 

From the comparative compounds synthesised from ethylene glycol, propane-1,3-diol 

and butane-2,3-diol, it is difficult to make any definitive conclusions as to the reasons 

for the poor mesomorphic properties of compounds synthesised from butane-2,3-

diol. It does not appear that the two lateral methyl groups are having a deleterious 
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effect on mesophase behaviour and from the vast amount of work carried out on 

dimeric systems, it is unlikely that the poor mesomorphic behaviour would be due to 

the length of the bridging groups. To further investigate this type of system, one 

could envisage synthesising compounds with an ether linking group and determining 

the mesophase behaviour of this type of compound. 

2.3.3.6 Use of chiral analogues of butane-2,3-diol dtesters as chiral dopants in 

a nematic mixture 

The absence of liquid crystal properties in the butane-2,3-diol esters is not 

necessarily detrimental to their use provided that the materials could function as 

chiral dopants in such a way as to provide cholesteric phases with pitch values such 

that selective reflection of visible light occurred at room temperature. Therefore, 

further studies of mixtures were carried out using the chiral versions of compounds 

24 and 42 to obtain values for the helical twisting power of the chiral butane-2,3-diol 

esters. 

In order for a compound to function as a chiral dopant, it would be desirable for the 

material to have an extrapolated chiral nematic-isotropic liquid transition temperature 

above 0°C and be soluble at a minimum of 10% in an appropriate nematic host. 

From the results obtained from the compounds that were synthesised, it would be 

necessary to have at least four rings in the structure to obtain an extrapolated 

cholesteric-isotropic transition temperature above 0°C. Unfortunately, it had already 

been shown that the solubility of these materials was very poor in a nematic host. 

The only compound that would be able to be dissolved in a nematic host at 

concentrations of 10% would be compound 24, as this material was an isotropic 

liquid and would not therefore crystallise out of the nematic host. 

Compound 52, the chiral version of compound 24, was synthesised. Although this 

material had a very low extrapolated chiral nematic-isotropic liquid transition 

temperature of -105.7°, it would be possible to put a maximum of 25% by weight of 

this material into the nematic host ZLI-1132 and maintain a liquid crystal phase at 

room temperature. Compound 52 was dissolved into the nematic host ZLI-1132 at 

weight concentrations of 10% and 20%. The pitch values for these mixtures were 

determined and are as follows in Table 2.4; 
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% Weight concentration Pitch / pm 

10M9 1.75 

20.00 0.78 

Table 2.4. Pitch values for compound 52. 

From these values, this gives an extrapolated pitch length of 0.156)Lim for the pure 

chiral material if it possessed a chiral nematic phase. This would suggest that to 

prepare a mixture that was selectively reflecting at room temperature, it would be 

necessary to have 28% by weight of the chiral dopant in the mixture. However, at 

this concentration the liquid crystal phase would not be thermally stable due to the 

very low extrapolated chiral nematic-isotropic transition temperature of compound 52. 

It would therefore not be possible to use this material as a chiral dopant. 

The pitch value was also determined for compound 54, the chiral analogue of 

compound 42 from mixtures containing 1 % and 2% weight concentration of 

compound 54 in the nematic host, ZLI-1132. Reflection of coloured light (full colour 

play blue to red on cooling) had been observed for this material as the cholesteric 

phase was cooling in its Grandjean planar texture. The extrapolated pitch value for 

compound 54 was determined as 0.5pm. This is a moderately short pitch material, 

although the value would suggest that if the material could exhibit a cholesteric 

phase at room temperature, the light reflected would be in the infra-red, i.e. not 

coloured. 

Comparing the pitch values for the two chiral materials, compound 52 has a much 

tighter pitch than compound 54. However, the comment must be made that a much 

larger experimental error is involved with the pitch calculation of compound 54 

compared to compound 52 due to the very limited solubility. 

2.4. Conclusions 

A range of 2, 3, 4 and 5 ring materials were made using butane-2,3-diol as the inter-

ring linking group. It was not possible to obtain liquid crystal phases in the pure 

materials until the structure incorporated five rings. The pitch of the chiral materials 

was not sufficiently short to be useful as chiral dopants in an appropriate nematic 

host and the solubility was also very poor. 
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2.5. Synthetic procedures. 

2.5.1. Synthesis of symmetrical dtesters of butane-2,3-diol. 

Six different symmetrical diesters of racemic butane-2,3-diol were synthesised 

according to ttie route shown in Reaction Scheme 1. 

H O — C H - C H - O H 

Ah, 

Compound 

CH, 

Acid 
DCC, DMAP, DCM 
Room Temp. 

V 

R - C O J - C H — C H - O J C - R 

C H g C H 3 

2 

3 

4 

5 

6 

7 

Acid 

C , H „ - 0 - C 0 2 H 

C A O - Q - C O ^ H 

C s H , r - G ^ - 0 - C O , H 

( 2 ) - C 0 2 H 

Compound 

8 C s H „ - 0 ~ 

9 

10 

11 C s H r - O O -

12 C 6 H , 3 0 - 0 " H Q -

13 

Reaction Scheme 1. Synthesis of symmetrical diesters of racemic butane-2,3-diol. 

2,3-/)/s(frans-4-Pentylcyclohexylcarboxylic acid) butyl ester (8). 

Trans-4-pentylcyclohexylcarboxylic acid (2) (4.39g, 0.022mol), 2,3-butanediol (1) 

(1.0g, 0.011 moi), N,N-dicyclohexylcarbodiimide (5.04g, 0.024mol), 4-dimethyl-

aminopyridine (0.05g, catalyst) and dichloromethane (20ml) were combined and 

stirred at room temperature with the exclusion of moisture (CaCIa guard tube) for 24 

h. N,N-Dicyclohexylurea was filtered off and the filtrate was washed with water 
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(4x50ml), dried witii anhydrous Na2S04 and the solvent removed under reduced 

pressure using a rotary evaporator. The crude product was flash column 

chromatographed over MERCK 40-63(j,m silica gel, eluting with dichloromethane. 

The columned material was recrystallised from ethanol (15ml) and dried in a vacuum 

oven at 25°C for 24 h; 3.50g (70.1%) yield. 99.0% pure by GLC. 

NIVIR (60IVIHZ, CDCI3) 6 / ppm: 0.6-2.2 (48H, mult), 5.0 (2H. d, J = 6Hz). 

IR: v m a x / cm-\ 2955, 2921, 2855 (-CHg), 1722 (C=0), 1449, 1376, 1332, 1319, 1271, 

1216, 1196, 1167, 1137(CXC^, 1100, 1042, 979, 934, 863, 831,775, 724, 567. 

2,3-b/s(4-Butyloxybenzoic acid) butyl ester (9). 

Preparation of 2,3-jb/s(4-butyloxybenzoic acid) butyl ester (9) was performed as a 

cognate preparation to that of 2,3-ib/s(^rans-4-pentylcyclohexylcarboxylic acid) butyl 

ester (8), using 4-butyloxybenzoic acid (3) (4.31g, 0.022mol). The crude product was 

flash column chromatographed over MERCK 40-63)am silica gel, eluting with 

dichloromethane. The columned material was recrystallised from ethanol (15ml) and 

dried in a vacuum oven at 25°C for 24 h; 3,25g (66.3%) yield. 99.0% pure by HPLC. 

NMR (60MHz, CDCI3) 6 / ppm: 0.8-2.0 (20H, mult), 4.0 (4H, t), 5.4 (2H, d), 6.9 

(4H, d), 8.0 (4H, d). 

IR: vmax / cm-\ 3077 (aryl-H), 2996, 2962, 2932, 2905, 2870 (-CHg), 1709 (C=0), 

1608(benzenerH%^. 1512,1473,1463,1421,1375, 1346,1313,1295,1252,1169, 

1116,1102,1028,1005.909,882,852,830,811,767,746,693,649,631. 

2,3-fe/s(4'-Pentylbiphenyl-4-carboxyllc acid) butyl ester (10). 

Preparation of 2,3-b/s(4'-pentylbiphenyl-4-carboxylic acid) butyl ester (10) was 

performed as a cognate preparation to that of 2,3-ib/s(frans-4-pentylcyclohexyl-

carboxylic acid) butyl ester (8), using 4'-pentylbiphenyl-4-carboxylic acid (4) (5.94g, 

0.022mol). The crude product was flash column chromatographed over MERCK 40-

63(j.m silica gel, eluting with dichloromethane. The columned material was 

recrystallised from ethanol (20ml) and dried in a vacuum oven at 25°C for 24 h; 4.77g 

(72.9%) yield. 99.5% pure by HPLC. 

^H NMR (60MHz, CDCI3) 5 / ppm: 0.6-2.0 (24H, mult), 2.6 (4H, t), 5.4 (2H, d), 7.3 

(4H, d), 7.6 (8H, d of d), 8.0 (4H, d). 

IR: vmsx / cm"': 2953, 2926, 2860 (-CHg), 1710 (C=0), 1606 (benzene ring), 1579, 

1529,1495,1453,1422,1400,1374,1339,1293,1258,1209,1178,1099,1033, 

1003,982,884,847,814,769,751,698,629. 
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2,3-bis(trans, fra/7s-4'-Propylbicyclohexane-4-carboxylic acid) butyl ester (11). 

Preparation of 2,3-bis{trans, fra/7s-4'-propylbicyclohexane-4-carboxylic acid) butyl 

ester (11) was performed as a cognate preparation to that of 2,3-bis{trans-4-

pentylcyclohexylcarboxylic acid) butyl ester (8), using trans, fra/7S-4'-propylbicyclo-

hexane-4-carboxylic acid (5) (9.03g, 0.036mol). The crude product was flash column 

chromatographed over MERCK 40-63(xm silica gel, eluting with dichloromethane. 

The columned material was recrystallised from ethanol (30ml) and dried in a vacuum 

oven at 25°C for 24 h; 6.04g (60.4%) yield. Single spot by TLC. 

'H NIVIR (60IVIHZ, CDCI3) 5 / ppm: 0.8-2.2 (60H. mult), 5.1 (2H, d. J = 5Hz). 

IR: vrnax/cm"': 2908, 2848 (-CHg), 1721 (C=0), 1438, 1378, 1324, 1259, 1227, 1202, 

1178, 1148 (C-O), 1103, 1050, 982, 949, 934, 907, 880, 864, 790, 772, 735, 701, 

621, 566. 

2,3-b/s(4'-Hexyloxybiphenyl-4-carboxylic acid) butyl ester (12). 

Preparation of 2,3-ib/s(4'-hexyloxybiphenyl-4-carboxylic acid) butyl ester (12) was 

performed as a cognate preparation to that of 2,3-bis(trans-4-penty\cyc\o-

hexylcarboxylic acid) butyl ester (8), using 4'-hexyloxy-biphenyl-4-carboxylic acid (6) 

(9.17g, 0.031 mol). The crude product was flash column chromatographed over 

MERCK 40-63/a,m silica gel, eluting with dichloromethane. The columned material 

was recrystallised from ethanol (50ml) and dried in a vacuum oven at 25°C for 24 h; 

6.53g (65.3%) yield. 98.3% pure by HPLC. 

NMR (60l\/IHz, CDCI3) 6 / ppm: 0.7-2.0 (28H, mult). 4.0 (4H, t), 5.4 (2H. d), 7.0 

(4H, d), 7.6 (8H, d of d), 8.1 (4H, d). 

IR: vrnax/cm'^ 3043 (-CHg), 2991, 2928, 2861 (-CHg), 1710 (C=0), 1603,1581,1525, 

1497, 1467, 1425, 1398, 1371, 1339, 1296, 1268, 1245, 1189, 1112, 1035, 1014, 

1000, 983, 935, 903, 851, 829, 817, 766, 720, 696, 644, 633. 

2,3-fe/s(4-(fra/7s-4'-Heptylcyclohexyl)benzoic acid) butyl ester (13). 

Preparation of 2,3-b/s(4-(^rans-4'-heptylcyclohexyl)benzoic acid) butyl ester (13) was 

performed as a cognate preparation to that of 2,3-ib/s(^rans-4-pentylcyclohexyl-

carboxylic acid) butyl ester (8), using 4-(fra/?s-4'-heptylcyclohexyl)benzoic acid (7) 

(9.18g, O.OSOmol). The crude product was flash column chromatographed over 

MERCK 40-63)a.m silica gel, eluting with dichloromethane. The columned material 

was recrystallised from ethanol (50ml) and ethyl acetate (5ml) and dried in a vacuum 

oven at 25''C for 24 h; 5.88g (58.8%) yield. 98.7% pure by HPLC. 
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'H NMR (60MHz, CDCI3) 8 / ppm: 0.8-2.1 (56H, mult), 5.4 (2H, d, J = 5Hz), 7.3 (4H, 

d, J = 8Hz), 8.0 (4H, d, J = 8Hz). 

IR: vmax / cm"": 3041 (aryl-H). 2954, 2917, 2870, 2848 (-CHg), 1709 (C=0), 1610, 

1575, 1510, 1448, 1418, 1347, 1293, 1261, 1181, 1118, 1100, 1034, 1018, 984, 963, 

947, 912, 846, 814, 777, 767, 722, 705, 680, 635, 570. 
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2.5.2. Synthesis of non-symmetrical diesters of butane-2,3-diol. 

2.5.2.1. Synthesis of monoesters of butane-2,3-diol. 

Synthesis of six different monoesters of racemic butane-2,3-diol was carried out 

according to the route shown in Reaction Scheme 2. The approach to achieving 

monosubstitution of butane-2,3-diol was to use a large excess of the diol. Some 

symmetrical diester was synthesised as a side product in the reaction but it was 

possible to separate the monoester and the diester by flash column chromatography. 

HO—CH-CH-OH 
& 

CH3CH3 

Acid 
DCC, DMAP, DCM 
Room Temp. 

R-CO,—CH—CH-OH 
I I 

CH3 CH3 

Compound 

2 

4 

6 

7 

14 

15 

Compound R 

16 

17 C 5 H , r - 0 ~ 0 ~ 

18 C e H ^ O - Q - Q -

19 OArO-O-
20 

21 

Acid 

C 5 H , r ^ - 0 - C O , H 

C = H , , - 0 - O c o , H 

Reaction Scheme 2. Synthesis of monoesters of racemic butane-2,3-diol. 
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frans-4-PentylcyclohexyIcarboxylic acid 2-hydroxy-1-methyl propyl ester (16). 

ifrans-4-Pentylcyclohexylcarboxylic acid (2) (10.99g, 0.055mol),2,3-butanediol (1) 

(10.0g, 0.111 mol), N,N-dicyclohexylcarbodiimide (11.46g, 0.055moi), 4-

dimetliylaminopyridine (0.05g, catalyst) and dichloromethane (200ml) was stirred at 

25°C with the exclusion of moisture (CaClg guard tube) for 24 h. N,N-

Dicyclohexylurea was filtered off and the filtrate was washed with water (4x100ml), 

dried with anhydrous Na2S04 and the solvent removed under reduced pressure using 

a rotary evaporator. The crude product was flash column chromatographed over 

MERCK 40-63)iim silica gel, eluting with dichloromethane. The flash columned 

material was recrystallised from petroleum spirit b.p. 40-60°C and dried in a vacuum 

oven at 25°C for 24 h; 8.9g (59.3%) yield. Single spot by TLC. 

NMR (60IVIHZ, CDCI3) 5 / ppm: 0.7-2.0 (27H, mult), 3.7 (2H. q), 4.7 (1H, t). 

IR: vmax / cm ': 3445 (-0H stretch), 2924, 2854 (-CHg), 1711 (C=0), 1450, 1377 (-0H 

bend), 1316, 1248, 1173, 1142, 1084, 1042, 1008, 938, 919, 900, 867, 737, 704, 

561. 

4'-Pentylblphenyl-4-carboxyl[c acid 2-hydroxy-1-methyl-propyl ester (17). 

Preparation of 4'-pentylbiphenyl-4-carboxylic acid 2-hydroxy-1 -methyl-propyl ester 

(17) was performed as a cognate preparation to that of frans-4-pentylcyclohexyl-

carboxylic acid 2-hydroxy-1-methyl propyl ester (16), using 4'-pentylbiphenyl-4-

carboxylic acid (4) (23.65g, 0.088mol). The crude product was flash column 

chromatographed over MERCK 40-63pm silica gel, eluting with dichloromethane. 

The flash columned material was recrystallised from petroleum spirit b.p. 40-60°C 

and dried in a vacuum oven at 25°C for 24 h; 14.58g (48.6%) yield. 97.1% pure by 

HPLC. 

'H NMR (60IVIHZ, CDCI3) 8 / ppm: 0.4-2.4 (17H, mult), 3.7 (2H, q), 4.7 (1H, t), 7.3 

(2H, d), 7.6 (4H, d of d), 8.0 (2H,d). 

IR: vmax / cm \ 3314 (-0H stretch), 3030 (-CHg), 2929. 2856 (-CHg), 1709 (C=0), 

1670, 1641, 1605 (benzene ring), 1557, 1523, 1495, 1452,1422, 1399, 1375 (-0H 

bend), 1356,1329,1306,1266,1188,1174,1098,1069,1004, 942, 878, 866, 834, 

814, 787, 771, 760, 738, 718, 702, 648, 625. 

4'-Hexyloxybiphenyl-4-carboxylic acid 2-hydroxy-1-methyl-propyl ester(18). 

Preparation of 4'-hexyloxybiphenyl-4-carboxylic acid 2-hydroxy-1-methyl-propyl ester 

(18) was performed as a cognate preparation to that of frans-4-pentylcyclohexyl-

carboxylic acid 2-hydroxy-1-methyl propyl ester (16), using 4'-hexyloxybiphenyl-4-
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carboxylic acid (6) (24.16g, 0.081 moi). The crude product was flash column 

chromatographed over MERCK 40-63pm silica gel, eluting with dichloromethane. 

The flash columned material was recrystallised from petroleum spirit b.p. 40-60°C 

and dried in a vacuum oven at 25°C for 24 h; 16.59g (55.3%) yield. 98.2% pure by 

HPLC. 

'H NMR (60MHz, CDCI3) 8 / ppm: 0.7-2.0 (17H, mult), 3.7 (4H, q), 4.7 (1H, t), 7.0 

(2H, d), 7.6 (4H, d of d), 8.1 (2H, d). 

IR: Vmax / cm \ 3235 (-0H stretch), 2980, 2931, 2872 (-CH2), 1709 (C=0), 1605 

(benzene ring), 1582, 1525, 1498, 1474, 1449, 1426, 1396, 1373 (-0H bend), 1340, 

1291, 1251, 1189, 1119 (C-0), 1094, 1033, 1001,988, 928, 886, 864, 821,804, 771, 

721, 701, 642, 629, 572. 

4-(frans-4'-Heptylcyclohexyl)benzoic acid 2-liydroxy-1-methyl-propyl ester (19). 

Preparation of 4-(/rans-4'-heptylcyclohexyl)benzoic acid 2-hydroxy-1-methyl-propyl 

ester (19) was performed as a cognate preparation to that of /ra/7S-4-pentylcyclo-

hexylcarboxylic acid 2-hydroxy-1-methyl propyl ester (16), using 4-(frans-4'-heptyl-

cyclohexyl)benzoic acid (7) (24.22g, 0.080mol). The crude product was flash column 

chromatographed over MERCK 40-63)u,m silica gel, eluting with dichloromethane. 

The flash columned material was recrystallised from petroleum spirit b.p. 40-60°C 

and dried in a vacuum oven at 25°C for 24 h; 16.20g (54.0%) yield. 99.4% pure by 

HPLC. 

^H NMR (60MHz, CDCI3) 5 / ppm; 0.8-2.3 (31H, mult), 3.7 (2H, q), 4.7 (1H,t), 7.3 

(2H. d), 8.0 (2H. d). 

IR: Vmax / cm ': 3348 (-0H stretch), 2920, 2852 (-CH2), 1709 (C=0), 1672, 1644, 1610 

(benzene ring), 1522, 1466, 1450, 1415, 1375 (-0H bend), 1356, 1334, 1309, 1300, 

1277, 1247, 1227, 1182, 1115 (C-0), 1082, 1040, 1018, 1007, 969, 943, 924, 890, 

877, 840, 806, 788, 761, 725, 707, 678, 643, 576, 567. 

trans, frans-4'-Pentylbicylohexane-4-carboxylic acid 2-hydroxy-1-methyl-propyl 

ester (20). 

Preparation of trans, frans-4'-pentylbicylohexane-4-carboxylic acid 2-hydroxy-1-

methyl-propyl ester (20) was performed as a cognate preparation to that of trans-4-

pentylcyclohexylcarboxylic acid 2-hydroxy-1-methyl propyl ester (16), using trans, 

frans-4'-pentylbicyclohexane-4-carboxylic acid (14) (11.93g, 0.043mol). The crude 

product was flash column chromatographed over MERCK 40-63^m silica gel, eluting 

with dichloromethane. The flash columned material was recrystallised from petroleum 
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spirit b.p. 40-60°C and dried in a vacuum oven at 25°C for 24 h; 7.15g (47.7%) yield. 

Single spot by TLC. 

'H NMR (60MHz, CDCI3) 8 / ppm; 0.7-2.7 (37H, mult), 3.9 (2H, s), 4.8 (1H, q, J = 

3Hz). 

IR: vmax / cm-\ 3300 (-0H stretch), 2917, 2847 (-CHg), 1720 (C=0), 1448, 1375, 

1342, 1323, 1259, 1212,1172 (-0H bend), 1146 (C-0), 1103, 1046, 1006, 978, 952, 

939, 917, 899, 871, 763, 723, 621, 570. 

4'-Cyanobiphenyl-4-carboxyiic acid 2-hydroxy-1-methyl-propyl ester (21). 

Preparation of 4'-cyanobiphenyl-4-carboxylic acid 2-hydroxy-1 -methyl-propyl ester 

(21) was performed as a cognate preparation to that of frans-4-pentylcyclohexyl-

carboxylic acid 2-hydroxy-1-methyl propyl ester (16), using 4'-cyanobiphenyl-4-

carboxylic acid (15) (2.23g, 0.01 Omol). The crude product was flash column 

chromatographed over MERCK 40-63|Lim silica gel, eluting with dichloromethane. 

The flash columned material was recrystaliised from petroleum spirit b.p. 40-60°C 

and dried in a vacuum oven at 25°C for 24 h; 1.70g (57.6%) yield. 96.6% pure by 

HPLC. 

NMR (60MHz, CDCI3) 8 / ppm: 1.4 (6H, t, J = 6Hz), 4.1 (2H, q, J = 3.3Hz), 5.0 

(1H, q, J = 3.3Hz), 7.6 (4H, d, J = 8Hz), 8.1 (4H, d, J = 8Hz). 

IR: vmax / cm-': 3527 (-0H stretch), 3077 (-CH2), 2977, 2891 (-CHg), 2230 (-CN), 1714 

(C=0), 1606 (benzene ring), 1494, 1453, 1422, 1395, 1383, 1355, 1332, 1318, 1263, 

1183.1171,1128.1115,1089,1054.1024.1003.988.924,882,868.845.830,770. 

726,699,639.564. 
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2.5.2.2. Synthesis of non-symmetrical diesters from monoesters of butane-2,3-

diol. 

Fifteen different non-symmetrical diesters of racemic butane-2,3-diol were 

synthesised according to the route shown in Reaction Schemes 3, 4, 5 and 6. Non-

symmetrical diesters of butane-2,3-diol were synthesised to reduce the melting point 

of the compounds to try to access liquid crystal phases in this type of system. 

2.5,2,2.1. Synthesis of two ring non-symmetrical diesters. 

R-CO,—CH—CH-OH 

Me Me 

Acid 
DCC, DMAP, DCM 

w Room Temp, 

R-CO,—CH—CH—0,C-R' 
I I 

Me Me 

Compound Acid 

3 C . H , 0 - Q ^ C 0 : H 

22 

Compound R R' 

23 C 4 H , 0 - < Q -

24 

Reaction Scheme 3, Synthesis of two-ring non-symmetrical diesters of racemic 

butane-2,3-diol. 

4-Butyloxybenzoic acid 1 -methyl-2-[1 -(fra/7s-4-pentylcyclohexy[)-carbonyloxy]-

propyl ester (23). 

frans-4-Pentylcyclohexylcarboxylic acid 2-hydroxy-1-methyl propyl ester (16) (2.0g, 

0.0074mol), 4-butyloxybenzoic acid (3) (1.58g, 0.0081 mol), N,N-dicyclohexylcarbo-

diimide (1.68g, 0.0081 mol), 4-dimethylaminopyridine (O.OSg, catalyst) and 

dichloromethane (50ml) was stirred at 25°C with the exclusion of moisture (CaCb 

guard tube) for 24 h. N,N-Dicyclohexylurea was filtered off and the filtrate was 

washed with water (4x50ml), dried over Na2S04 and the solvent removed under 

reduced pressure using a rotary evaporator. The crude product was flash column 
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chromatographed over MERCK 40-63|im silica gel, eluting with dichloromethane. 

The flash columned material was recrystallised from IMS and dried in a vacuum oven 

at 25°C for 24 h; 1.91g (58.0%) yield. 99.2% pure by HPLC. 

NMR (60MHz, CDCI3) 6 / ppm: 0.5-2.3 (34H. mult), 3.9 (2H. t. J = GHz), 4.9-5.3 

(2H, mult), 6.8 (2H, d, J = 8Hz), 7.9 (2H, d, J = 8Hz). 

IR: vmax / cm-\ 2923, 2850 (-CHg), 1729, 1703 (C=0), 1607 (benzene ring), 1578, 

1510, 1450, 1423, 1375, 1339, 1290, 1263, 1197, 1168, 1142, 1113, 1099, 1043, 

1002, 969, 900, 871, 842, 800, 770, 696, 653, 630, 576. 

4'-Pentylbiphenyl-4-carboxylic acid 1-methyl-2-octanoyloxy-propyl ester (24). 

Preparation of 4'-pentylbiphenyl-4-carboxylic acid 1 -methyl-2-octanoyloxy-propyl 

ester (24) was performed as a cognate preparation to that of 4-butyloxybenzoic acid 

1-methyl-2-[1-(!?rans-4-pentylcyclohexyl)-methanoyloxy]-propyl ester (23), using 4'-

pentylbiphenyi-4-carboxylic acid 2-hydroxy-1 -methyl-propyl ester (17) (2.0g, 

5.88mmol) and octanoic acid (24) (0.93g, 6.47mmol). The crude product was flash 

column chromatographed over MERCK 40-63|im silica gel, eluting with 

dichloromethane and dried in a vacuum oven at 25°C for 24 h; 1.58g (57.8%) yield. 

98.7% pure by HPLC. 

^H NMR (60MHz, CDCI3) 8 / ppm: 0.7-2.7 (32H, mult), 5.1 (2H, t), 7.0-8.1 (8H, mult). 

IR: vmax / cm'^: 2955, 2927, 2856 (-CHg), 1716 (C=0), 1608 (benzene ring), 1526, 

1496, 1456, 1378, 1311, 1268, 1167, 1096, 1039, 1019, 1005, 900, 864, 833, 769, 

725, 701, 631, 555. 
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2.5.2.2.2. Synthesis of three ring non-symmetrical diesters. 

R—CO^CH—CH~OH 

Me Me 

Acid 
DCC, DMAP, DCiVl 
Room Temp. 

R - C O — C H — C H — O J C - R ' 

Compound Acid 

2 

3 C 4 H 9 0 - 0 ~ ' 

25 C I - Q -

Me Me 

Compound R R' 

26 

27 

28 
/ — \ / = = \ 

CsH,,— 

29 CI—^2^— 

Reaction Scheme 4. Synthesis of three-ring non-symmetrical diesters of racemic 

butane-2,3-diol. 

4'-Pentylbiphenyl-4-carboxylic acid 1-methyl -2-[1-(fra/7s-4-pentylcyclohexyl)-

methanoyloxy]-propyl ester (26). 

Preparation of 4'-pentylbiphenyl-4-carboxylic acid 1-methyl -2-(1-(fra/is-4-pentyl-

cyclohexyl)-methanoyloxy]-propyl ester (26) was performed as a cognate preparation 

to that of 4-butyloxybenzoic acid 1-methyl-2-[1-(frans-4-pentylcyclo-hexyl)-

methanoyloxy]-propyl ester (23), using 4'-pentylbiphenyl-4-carboxylic acid 2-hydroxy-

1-methyl-propyl ester (17) (3.27g, 9.62mmol) and frans-4-pentylcyclohexyl-carboxylic 

acid (2) (1.90g, 9.62mmol). The crude product was flash column chromatographed 

over MERCK 40-63)iim silica gel, eluting with dichloromethane. The flash columned 

material was recrystallised from IMS and dried in a vacuum oven at 25°C for 24 h; 

2.8g (56.0%) yield. 99.1% pure by HPLC. 

'H NMR (60MHz, CDCI3) 5 / ppm: 0.5-2.2 (36H, mult), 2.6 (2H, d, j = 7Hz), 4.8-5.4 

(2H, mult), 7.0-7.7 (6H, mult), 8.0 (2H, d, J = 8Hz). 
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IR: Vmax / cm-\ 2922, 2850 (-CHg), 1729, 1712 (C=0), 1607 (benzene ring), 1530, 

1496, 1448, 1400, 1373, 1349, 1314, 1291, 1266, 1245, 1218, 1178, 1144 (C-0), 

1098, 1043, 1004, 981, 940, 901, 861, 847, 815, 768, 753, 725, 698, 629, 575. 

4-Butyloxybenzoic acid 2-{1 -[4-(frans-4-heptylcyclohexyl)-phenyl]-

methanoyloxy}-1-methyl-propyl ester (27). 

Preparation of 4-butyloxybenzoic acid 2-{1-[4-(^rans-4-heptylcyclohexyl)-phenyl]-

methanoyloxy}-1-methyl-propyl ester (27) was performed as a cognate preparation to 

tliat of 4-butyloxybenzoic acid 1-methyl-2-[1-(frans-4-pentylcyclo-hexyl)-methanoyl-

oxy]-propyl ester (23), using 4-(frans-4'-heptylcyclohexyl)benzoic acid 2-hydroxy-1-

methyl-propyl ester (19) (1 .Og, 2.67mmol) and 4-butyloxybenzoic acid (3) (0.57g, 

2.94mmol). The crude product was flash column chromatographed over MERCK 40-

63|im silica gel. eluting with dichloromethane. The flash columned material was 

recrystallised from IMS and dried in a vacuum oven at 25°C for 24 h; 0.74g (50.3%) 

yield. 99.0% pure by HPLC. 

NMR (60MHz, CDCI3) 6 / ppm: 0.7-2.1 (30H, mult), 3.8 (4H, t, J = 6Hz), 5.3 (2H, d, 

J=5.5Hz), 6.9 (4H,d of d, J = 4, 9Hz), 7.5 (4H, d of d, J = 3, 9Hz), 7.9 (6H, d of d, J = 

5, 9Hz). 

IR: vmax / cm"": 2995, 2959, 2931, 2869 (-CHg), 1710 (C=0), 1606 (benzene ring), 

1581, 1531, 1515, 1498, 1473, 1465, 1422, 1400, 1376, 1344, 1295, 1253, 1194, 

1171, 1116, 1099, 1029, 1007, 910, 881, 852, 822, 768, 747, 730, 717, 694, 646, 

631, 575. 

frans-4-Pentylcyclohexylcarboxylic acid 2-{1 -4-[(trans-4-heptylcyclohexyl)-

phenyl]-methanoyloxy}-1-methyl-propyl ester (28). 

Preparation of frans-4-pentylcyclohexylcarboxylic acid 2-{1-4-[(trans-4-

heptylcyclohexyl)-phenyl]-methanoyloxy}-1-methyl-propyl ester (28) was performed 

as a cognate preparation to that of 4-butyloxybenzoic acid 1-methyl-2-[1-(frans-4-

pentylcyclohexyl)-methanoyloxy]-propyl ester (23), using 4-{trans-4'-

heptylcyclohexyl)benzoic acid 2-hydroxy-1-methyl-propyl ester (19) (I.Og, 2.67mmol) 

and ^rans-4-pentylcyclohexylcarboxylic acid (2) (0.58g, 2.94mmol). The crude 

product was flash column chromatographed over MERCK 40-63)j,m silica gel, eluting 

with dichloromethane. The flash columned material was recrystallised from IMS and 

dried in a vacuum oven at 25°C for 24 h; 0.87g (59.1%) yield. Single spot by TLC. 

'H NMR (60MHz, CDCI3) 5 / ppm: 0.6-2.2 (52H, mult), 4.0 (1H, t, J = 6Hz), 5.2 (1H, t, 

J = 5Hz), 7.0 (1H, d, J = 9Hz), 7.6 (2H, d of d, J = 2, 8Hz), 8.1 (1H, d, J = 7Hz). 
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IR: vmax/ cm"": 2987, 2918, 2853 (-CHz), 1731, 1712 (C=0). 1603 (benzene ring), 

1581,1531,1497,1468,1449,1429,1376,1294,1270,1245,1198,1270,1245, 

1198, 1178,1144,1098,1046,1015,992,936,901,858,827,768,719,696,647, 

633,565. 

4-Chlorobenzoic acid 1-methyl-2-[1-(frans, frans-4'-pentylblcyclohexyl)-

methanoyl] propyl ester (29). 

Preparation of 4-clilorobenzoic acid 1-methyl-2-[1-(frans, frans-4'-pentylbicyclo-

hexyl)-metlianoyl] propyl ester (29) was performed as a cognate preparation to that 

of 4-butyloxybenzoic acid 1-methyl-2-[1-(frans-4-pentylcyclohexyl)-methanoyloxy]-

propyl ester (23), using trans, frans-4'-pentylbicylohexane-4-carboxylic acid 2-

hydroxy-1 -methyl-propyl ester (20) (2.0g, 5.70mmol) and 4-chlorobenzoic acid (25) 

(0.89g, 5.70mmol). The crude product was flash column chromatographed over 

MERCK 40-63|im silica gel, eluting with dichloromethane. The flash columned 

material was recrystallised from IMS and dried in a vacuum oven at 25°C for 24 h; 

1.73g (62.1%) yield. 96.1% pure by HPLC. 

NMR (60MHz, CDCI3) 6 / ppm: 0.8-2.5 (37H, mult), 5.1 (2H, d, J = 5Hz), 7.2 (2H, 

d, J = 8Hz), 7.9 (2H, d, J = 8Hz). 

IR: Vmax / cm ': 2913, 2848 (-CHg), 1719 (C=0), 1593, 1529, 1488, 1445, 1400, 1377, 

1321,1274,1222.1212,1177,1149,1120,1105,1088,1040,1013,938,896,869, 

849,756,724,685,630,594. 
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2.5.2.2.3. Synthesis of four ring non-symmetrical diesters. 

R - C O — C H — C H - O H 

Me Me 

f 

Acid 
DCC, DMAP, DCM 
Room Temp. 

R - C O — C H — C H — O G C - R ' 

Me Me 

Compound 

5 

7 

14 

2 

6 

30 

31 

32 

Acid 

C 3 H , - 0 - 0 - C 0 2 H 

C e H i s O - Q - Q - C O ^ H 

C : . H r - ( Z ) - C 0 ; - ( ] ) - C 0 2 H 

Compound R R' 

33 C a H r O O 

34 C 7 H , 5 - 0 ~ 0 ~ 

35 

36 c = H , r - 0 -

37 C e H i s O - O ^ O " 

38 

39 C = H „ - 0 0 C 5 H , r - C H : ° r O ~ 

Reaction Scheme 5. Synthesis of four-ring non-symmetrical diesters of racemic 

butane-2,3-diol. 
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4'-Pentylbiphenyl-4-carboxylic acid 1-methyl-2-[1-(frans, fra/?s-4-pentylbicyclo-

hexyl)-methanoyloxy]-propyl ester (33). 

Preparation of 4'-pentylbiphenyl-4-carboxylic acid 1-methyl-2-[1-(/rans, trans-4-

pentylbicyclohexyl)-metlianoyloxy]-propyl ester (33) was performed as a cognate 

preparation to that of 4-butyloxybenzoic acid 1-methyl-2-[1-(frans-4-pentylcycio-

hexyl)-methanoyloxy]-propyl ester (23), using 4'-pentylbiphenyl-4-carboxylic acid 2-

hydroxy-1 -methyl-propyl ester (17) (5.0g, 0.0147mol) and trans, trans-4'-

propylbicyclohexane-4-carboxylic acid (5) (4.08g, 0.0162mol). The crude product 

was flash column chromatographed over MERCK 40-63|im silica gel, eluting with 

dichloromethane. The flash columned material was recrystallised from IMS and ethyl 

acetate and dried in a vacuum oven at 25°C for 24 h; 5.42g (64.2%) yield. 98.5% 

pure by HPLC. 

NMR (60IVIHZ, CDCI3) 6 / ppm: 0.6-2.2 (42H, mult), 2.7 (2H. t), 5.1 (2H, d), 7.3 

(2H, d), 7.6 (4H, d of d), 8.1 (2H, d). 

IR: vrnax/cm"": 2930, 2858, 1718, 1701 (C=0), 1604 (benzene ring), 1582,1563, 1528, 

1497, 1443, 1379, 1355, 1324, 1275, 1257, 1198, 1175 (C-0), 1147, 1122, 1104, 

1081, 1033, 1017, 993, 950, 901, 865, 833, 816, 770, 720, 698, 647, 632, 613. 

4'-Hexyloxybiphenyl-4-carboxylic acid 2-{1 -[4-(trans-4-heptylcyclohexyl)-

phenyl]-methanoyloxy}-1-methyl-propyl ester (34). 

Preparation of 4'-hexyloxybiphenyl-4-carboxylic acid 2-{1-[4-(trans-4-

heptylcyclohexyl)-phenyl]-methanoyloxy}-1-methyl-propyl ester (34) was performed 

as a cognate preparation to that of 4-butyloxybenzoic acid 1-methyl-2-[1-(^rans-4-

pentylcyclohexyl)-methanoyloxy]-propyl ester (23), using 4'-hexyloxybiphenyl-4-

carboxylic acid 2-hydroxy-1-methyl-propyl ester (18) (2.50g, 6.76mmol) and 4-{trans-

4'-heptylcyclohexyl)benzoic acid (7) (2.04g, 6.76mmol). The crude product was flash 

column chromatographed over MERCK 40-63|im silica gel, eluting with 

dichloromethane. The flash columned material was recrystallised from IMS and dried 

in a vacuum oven at 25°C for 24 h; 2.72g (61.7%) yield. 99.2% pure by HPLC. 

'H NMR (60MHz, CDCI3) 5 / ppm: 0.6-2.0 (42H, mult), 4.0 (2H, t, J = 6Hz), 5.4 (2H, d, 

J = 5HZ), 6.9 (2H, d, J = 9Hz). 7.2 (2H, d, J = 8Hz), 7.5 (4H, d of d, J= 2, 8Hz), 8.0 

(4H, d of d, J = 2, 8Hz). 

IR: vmax / cm-\ 2987, 2920, 2850 (-CHz), 1708 (C=0). 1609 (benzene ring), 1581, 

1523, 1497, 1467, 1449, 1417, 1379, 1341, 1296, 1265, 1243, 1180, 1117, 1102, 

1033, 1018, 1001, 982, 936, 898, 880, 850, 827, 771, 722, 704, 632. 
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trans, #rans-4'-Pentylbicyclohexane-4-carboxylic acid 2-{1-[4-(trans-4-

heptylcyclohexyl)-phenyl]-methanoyloxy}-1 -methyl-propyl ester (35). 

Preparation of trans, frans-4'-pentylbicyclohexane-4-carboxylic acid 2-{1-[4-(trans-4-

heptylcyclohexyl)-plienyl]-methanoyloxy}-1-methyl-propyl ester (35) was performed 

as a cognate preparation to that of 4-butyloxybenzoic acid 1-methyl-2-[1-(/rans-4-

pentylcyclohexyl)-methanoyloxy]-propyl ester (23). using 4-(frans-4'-heptylcyclo-

hexyl)benzoic acid 2-hydroxy-1-methyl-propyl ester (19) (1.0g, 2.67mmol) and trans, 

frans-4-pentylbicyclohexane-4-carboxylic acid (14) (0.83g, 2.94mmol). The crude 

product was flash column chromatographed over MERCK 40-63|im silica gel, eluting 

with dichloromethane. The flash columned material was recrystallised from IMS and 

dried in a vacuum oven at 25°C for 24 h; 1.20g (70.5%) yield. Single spot by TLC. 

'H NMR (60MHz. CDCI3) 6 / ppm: 0.6-2.0 (62H. mult), 4.0 (1H, t, J = 6Hz), 5.2 (1H, t, 

J = 5Hz). 7.0 (1H, d, J = 8Hz). 7.6 (2H, d of d, J = 2, 8Hz), 8.0 (1H, d, J = 8Hz). 

IR: Vmax / cm-\ 2920, 2849 (-CHg), 1729, 1713 (C=0). 1603 (benzene ring), 1581, 

1530, 1497, 1468, 1448, 1376, 1318, 1294, 1271, 1212, 1194, 1178, 1150, 1132, 

1100, 1044, 996, 954, 939, 901, 858, 827, 768, 720, 706, 696, 647, 632, 574. 

4'-(frans-4"-Pentylcyclohexyl)-biphenyl-4-carboxylic acid 1 -methyl-2-[1 -{trans-

4-pentylcyclohexyl)-methanoyloxy]-propyl ester (36). 

Preparation of 4'-(frans-4"-pentylcyclohexyl)-biphenyl-4-carboxylic acid 1-methyl-2-

[1-(^rans-4-pentylcyclohexyl)-methanoyloxy]-propyl ester (36) was performed as a 

cognate preparation to that of 4-butyloxybenzoic acid 1-methyl-2-[1-(frans-4-

pentylcyclohexyl)-methanoyioxy]-propyl ester (23), using frans-4-pentylcyclo-

hexylcarboxylic acid 2-hydroxy-1-methyl propyl ester (16) (0.64g, 0.0024mol) and 4'-

(frans-4"-pentylcyclohexyl)-biphenyl-4-carboxylic acid (32) (0.91 g, 0.0026mol). The 

crude product was flash column chromatographed over MERCK 40-63|j,m silica gel, 

eluting with dichloromethane. The flash columned material was recrystallised from 

IMS and dried in a vacuum oven at 25°C for 24 h; 1.14g (79.7%) yield. 99.2% pure 

by HPLC. 

NMR (60MHz, CDCI3) 6 / ppm: 0.6-2.2 (48H, mult), 5.2 (2H, d), 7.3 (2H, d), 7.6 

(4H, dofd), 8.1 (2H. d). 

IR: vmax/ cm \ 2919, 2849 (-CHz), 1729, 1711 (C=0), 1609 (benzene ring), 1496, 

1446, 1375, 1335, 1297, 1270, 1246, 1216, 1177, 1144, 1119, 1102, 1043, 1005, 

980, 939, 899, 864, 826, 768, 743, 699, 656, 630, 557. 
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4'-Cyanobiphenyl-4-carboxylic acid 2-[1 -(4-hexyloxybiphenyl)-methanoyloxy]-1 -

methyl-propyl ester (37). 

Preparation of 4'-cyanobiphenyl-4-carboxylic acid 2-[1-(4-hexyloxybiphenyl)-

methanoyloxy]-1 -methyl-propyl ester (37) was performed as a cognate preparation to 

that of 4-butyloxybenzoic acid 1-methyl-2-[1-(frans-4-pentylcyclohexyl)-methanoyl-

oxy]-propyl ester (23), using 4'-cyanobiphenyl-4-carboxylic acid 2-hydroxy-1-methyl-

propyl ester (21) (0.80g, 2.71 mmol) and 4'-hexyloxybiphenyl-4-carboxylic acid (6) 

(0.89g, 2.98mmol). The crude product was flash column chromatographed over 

MERCK 40-63|im silica gel, eluting with dichloromethane. The flash columned 

material was recrystallised from IMS and dried in a vacuum oven at 25°C for 24 h; 

0.68g (43.6%) yield. 99.1% pure by HPLC. 

'H NMR (60MHz, CDCI3) 5 / ppm: 0.8-2.0 (17H, mult), 4.0 (2H, t, J = 6Hz), 5.4 (2H, d, 

J = GHz), 6.9 (2H, d, J = 8Hz), 7.1-8.3 (14H, mult). 

IR: vmax/ cm'^: 3069 (aryl-H), 2929, 2858 (-CHz), 2226 (-CN), 1706 (C=0), 1603 

(benzene ring), 1558,1522, 1494, 1466,1436, 1423, 1395, 1376, 1338,1296,1261, 

1246, 1184, 1113, 1034, 1000, 984, 960, 935, 886, 865, 855, 831, 806, 768, 726, 

698,642,631,565. 

trans, frans-4'-Pentylbicyclohexyl-4-carboxylic acid 2-(1-{4-[1-(4-butylphenyl)-

methanoyloxy]-phenyl}-methanoyloxy)-1-methyl-propyl ester (38). 

Preparation of trans, frans-4'-pentylbicyclohexyl-4-carboxylic acid 2-(1-{4-[1-(4-

butylphenyl)-methanoyloxy]-phenyl}-methanoyloxy)-1-methyl-propyl ester (38) was 

performed as a cognate preparation to that of 4-butyloxybenzoic acid 1-methyl-2-[1-

(^rans-4-pentylcyclohexyl)-methanoyloxy]-propyl ester (23), using trans, trans-4'-

pentylbicylohexane-4-carboxylic acid 2-hydroxy-1-methyl-propyl ester (20) (2.50g, 

Z.IOmmol) and 4-(4-butylbenzoyloxy)benzoic acid (30) (2.0g, 6.45mmol). The crude 

product was flash column chromatographed over MERCK 40-63|im silica gel, eluting 

with dichloromethane. The flash columned material was recrystallised from IMS and 

dried in a vacuum oven at 25°C for 24 h; 2.34g (56.3%) yield. Single spot by TLC. 

^H NMR (60IVIHZ, CDCI3) 6 / ppm: 0.6-3.0 (46H, mult). 5.2 (2H, t, J = 5Hz), 7.3 (4H, 

d, J = 8Hz). 8.1 (4H, d, J = 8Hz). 

IR: vmax / cm ': 3071 (aryl-H), 2922, 2848 (-CHg). 1736, 1714 (C=0), 1605 (benzene 

ring), 1505,1444,1415, 1376, 1336,1315, 1293,1257, 1248, 1208,1167, 1148, 

1119, 1102, 1062, 1044, 1016, 983, 901, 881, 865, 839, 764, 747, 724, 696, 662, 

629, 619, 574. 
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trans, fra/7s-4'-PentylbicycIohexyl-4-carboxylic acid 1-methyl-2-(1-{4-[1-(4-

pentylcyclohexyl)-methanoyloxy]-phenyl}-methanoyloxy)-propyl ester (39) 

Preparation oUrans, frans-4'-pentylbicyclohexyl-4-carboxylic acid 1-methyl-2-(1-{4-

[1-(4-pentylcyclohexyl)-methanoyloxy]-phenyl}-metiianoyioxy)-propy! ester (39) was 

performed as a cognate preparation to that of 4-butyloxybenzoic acid 1-metiiyl-2-[1-

(^rans-4-pentylcycloiiexyl)-methanoyloxy]-propyl ester (23), using trans, trans-4'-

pentylbicylohexane-4-carboxylic acid 2-liydroxy-1 -methyl-propyl ester (20) (2.0g, 

5.70mmol) and 4-[1-(4-pentyl-cyclohexyl)-metlianoyloxy]benzoic acid (31) (1.81g, 

5.70mnaol). The crude product was flash column chromatographed over 40-63nm 

silica gel, eluting with dichloromethane. The flash columned product was 

recrystallised from IMS and dried in a vacuum oven at 25°C for 24 h; 1.77g 

(47.8%) yield. Single spot by TLC 

NIV1R (60IV1HZ, CDCI3) 6 / ppm: 0.5-2.3 (42H, mult), 4.9 (2H, d. J = GHz), 7.1 (2H, 

d, J = 9Hz), 7.9 (2H, d, J = 9Hz). 

IR: vmax/ cm'^: 2918, 2849 (-CHg), 1724 (C=0), 1604 (benzene ring), 1504, 1447, 

1378, 1319, 1294, 1259, 1249, 1220, 1180, 1160, 1145, 1104, 1050, 980, 936, 904, 

864, 827, 775, 751, 723, 693, 562. 

2.5,2.2.4. Synthesis of five ring non-symmetrical diesters. 

R - C O — C H — C H - O H 

Me IVIe 

Acid 
DCC, DMAP, DCM 
Room Temp. 

Compound Acid 

32 

40 C s H , r Q - 0 - c ° ^ - ^ Q -

R - C O r - C H — C H — O X - R ' 

IVIe Me 

Compound R R' 

41 < = 5 " i r - 0 - 0 ~ 

42 C s H , r - 0 " ^ 0 " ' = ° 2 ~ Q 

Reaction Scheme 6. Synthesis of five-ring non-symmetrical diesters of racemic 

butane-2,3-diol. 
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4'-(frans-4-PentylcyclohexyI)-biphenyl-4-carboxylic acid 1 -methy\-2-(trans, 

frans-4'-pentyl-bicyclohexyl-4-methanoyloxy)-propyl ester (41). 

Preparation of 4'-(trans-4-pentylcycloiiexyl)-biphenyl-4-carboxylic acid 1-methyl-2-

(trans, frans-4'-pentylbicyclohexyl-4-carbonyloxy)-propyl ester (41) was performed as 

a cognate preparation to that of 4-butyloxybenzoic acid 1-methyl-2-[1-(frans-4-

pentylcyclohexyl)-methanoyloxy]-propyl ester (23), using trans,trans-4'-

pentylbicyclohexane-4-carboxylic acid 2-hydroxy-1-methyl-propyl ester (20) (0.83g, 

2.37mmol) and 4'-(/rans-4"-n-pentylcyclohexyl)-biphenyl-4-carboxylic acid (32) 

(0.91 g, 2.60mmol). The crude product was flash column chromatographed over 

MERCK 40-63)^m silica gel, eluting with dichloromethane. The flash columned 

material was recrystallised from IMS and ethyl acetate and dried in a vacuum oven at 

25°C for 24 h; 0.97g (60.1%) yield. Single spot by TLC. 

IR: vmax / cm ': 2916, 2848 (-CHg), 1719, 1701 (C=0), 1607 (benzene ring), 1531, 

1497, 1444, 1401, 1379, 1354, 1340, 1323, 1278, 1211, 1174, 1161, 1148 (C-0), 

1116, 1103, 1081, 1038, 1017, 993, 938, 900, 866, 827, 771, 746, 723, 700, 657, 

646,631,614. 

4-(4"-Pentylbiphenyl-4'-carbonyloxy)benzoic acid 4-[1-methyi-2-(frans, trans-4'-

pentyl-bicyclohexyl-4-methanoyloxy)-propyl ester (42). 

Preparation of 4'-pentylbiphenyl-4-carboxylic acid 4-[1-methyl-2-(frans, trans-4'-

pentylbicyclohexyl-4-carbonyloxy)-propoxycarbonyl]-phenyl ester (42) was performed 

as a cognate preparation to that of 4-butyloxybenzoic acid 1 -methyl-2-[1 -(frans-4-

pentylcyclohexyl)-methanoyloxy]-propyl ester (23), using trans,trans-4'-penty\-

bicyclohexane-4-carboxylic acid 2-hydroxy-1 -methyl-propyl ester (20) (1.94g, 

5.50mmol) and 4-(4"-pentylbiphenylcarbonyloxy)benzoic acid (40) (2.42g, 

6.05mmol). The crude product was flash column chromatographed over 40-63^m 

silica gel, eluting with dichloromethane. The flash columned material was 

recrystallised from IMS and dried in a vacuum oven at 25°C for 24 h; 2.23g (53.6%) 

yield. 99.6% pure by HPLC. 

NMR (60IVIHZ. CDCI3) 6 / ppm: 0.8-2.8 (48H. mult), 5.1 (2H, t), 7.1-8.3 (12H, mult). 

IR: Vmax/ cm"'': 2920, 2849 (-CH2), 1714 (C=0), 1604 (benzene ring), 1529, 1504, 

1450, 1413, 1378, 1340, 1308, 1293, 1265, 1212, 1178, 1163, 1150, 1117, 1100, 

1070, 1047, 1015, 1005, 987, 954, 941, 886, 864, 828, 808, 764, 734, 722, 690, 650, 

631,615, 576. 
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2.5.3. Synthesis of dtesters of ethylene glycol. 

2.5.3.1. Synthesis of symmetrical diesters of ethylene glycol. 

Two symmetrical diesters of ethylene glycol were synthesised according to the route 

shown in Reaction Scheme 7. 

4 3 H O - C H — C H — O H 

Acid 
DCC, DMAP, DCM 
Room Temp. 

Compound Acid 

5 

0 
COgH 

6 CgH^gO-

R — C O — C H ^ C H g — O g C — R 

Compound R 

4 4 C 3 H -

4 5 CeHigO-

Reaction Scheme 7. Synthesis of symmetrical diesters of ethylene glycol. 

2,3-bis{trans, frans-4'-Propylbicyclohexane-4-carboxylic acid) ethyl ester (44). 

frans,?rans-4'-Propylbicyclohexane-4-carboxylic acid (5) (9.51g, 0.0377mol), ethylene 

glycol (43) (1.17g, 0.0189mol), N,N-dicyclohexylcarbodiimide (8.56g, 0.0415mol), 4-

dimethylaminopyridine (0.05g, catalyst) and dichloromethane (100ml) were combined 

and stirred at room temperature with the exclusion of moisture (CaCl2 guard tube) for 

24 h. N,N-Dicyclohexylurea was filtered off and the filtrate was washed with water 

(4x100ml), dried over anhydrous Na2S04 and the solvent removed under reduced 

pressure using a rotary evaporator. The crude product was flash column 

chromatographed over 40-63|im silica gel, eluting with dichloromethane. The flash 

columned material was recrystallised from toluene and dried in a vacuum oven at 

25°C for 24 h; 6.30g (63.0%) yield. Single spot by TLC. 

'H NIVIR (60IV1HZ, CDCI3) 6 / ppm: 0.4-2.3 (54H, mult), 4.2 (4H, s). 
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IR: Vrnax/cm"": 2955, 2933, 2905, 2845 (-CHg), 1730 (C=0), 1481, 1466, 1447, 1377, 

1334,1312,1285,1254,1226,1200,1173,1163,1143,1084,1045,1020,967,899, 

886,840,777,737,695,621,561. 

2,3-b/s(4'-Hexyloxybiphenyl-4-carboxylic acid) ethyl ester (45). 

Preparation of 2,3-ib/s(4'-hexyloxybiphenyl-4-carboxylic acid)-ethyl ester (45) was 

performed as a cognate preparation to that of 2,3-bis{trans, frans-4'-propyibicyclo-

hexane-4-carboxylic acid)-ethyl ester (44) using 4'-hexyloxybiphenyl-4-carboxylic 

acid (6)(9.58g, 0.016 mol); 4.19g (39.8%) yield. 97.8% pure by HPLC. 

NIVIR (BGIVIHz, CDCI3) 5 / ppm: 0.6-2.0 (22H, mult), 4.0 (4H, t), 4.7 (4H, s), 6.9 

(4H, d), 7.6 (8H, d of d), 8.0 (4H, d). 

2.5.3.2. Synthesis of a non-symmetrical diester of ethylene glycol. 

One non-symmetrical diester of ethylene glycol was synthesised according to the 

route shown in Reaction Scheme 8. 

43 H O - C H G - C H — O H 

Acid 1 
DCC, DMAP, DCM 
Room Temp. 

Compound Acid 1 

5 

46 CHg-CHg-OH 

Acid 2 
DCC, DMAP, DCM 
Room Temp. 

Compound Acid 2 

40 CsHu— 

47 OgC— 

Reaction Scheme 8. Synthesis of a non-symmetrical diester of ethylene glycol 
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trans, frans-4'-Pentyl-bicyclohexyl-4-carboxylic acid 2-hydroxy ethyl ester (46). 

?rans,^rans-4'-Pentylbicyclohexane-4-carboxylic acid (5) (12.96g, 0.0463moi), 

ethylene glycol (43) (5.75g, 0.0926mol), N,N-dicyclohexylcarbodiimide (10.50g, 

0.0509mol), 4-dimethylaminopyridine (0.05g, catalyst) and dichloromethane (150ml) 

was stirred at 25°C with the exclusion of moisture (CaCb guard tube) for 24 h. N,N-

Dicyclohexylurea was filtered off and the filtrate was washed with water (4x150ml), 

dried (Na2S04) and the solvent removed under reduced pressure using a rotary 

evaporator. The crude product was flash column chromatographed over MERCK 40-

eSĵ m silica gel, eluting with 10% ethyl acetate in dichloromethane. The flash 

columned material was recrystallised from petroleum spirit b.p. 60-80°C and dried in 

a vacuum oven at 25°C for 24 h; 10.4g (69.3%) yield. Single spot by TLC. 

'H NMR (60MHz, CDCU) 5 / ppm: 0.3-2.5 (31H,mult), 3.5-3.9 (2H. mult). 4.1 (2H. d of 

d J = 1,2Hz), 4.2 (1H, s). 

IR: Vmax/ cm ': 3429 (-0H), 2932, 2909, 2849 (-CHz), 1718 (C=0), 1470, 1438, 1379, 

1316,1250,1233,1214,1197,1182,1153,1135,1082,1040, 1028, 986,973, 952, 

929,890,879,869,845,826,800,763,724,672,563. 

4'-Pentylblphenyl-4-carboxylic acid 4-[2-(trans, fra/JS-4'-pentyl-bicyclohexyl-4-

carbonyloxy)-ethoxycarbonyl]-phenyl ester (47). 

trans, frans-4'-Pentylbicyclohexyl-4-carboxylic acid 2-hydroxy-ethyl ester (46) (0.94g, 

2.89mmol), 4-(4"-pentylbiphenylcarbonyloxy)benzoic acid (40) (1.27g, 3.18mmol), 

N,N-dicyclohexylcarbodiimide (0.66g, 3.18mmol), 4-dimethylaminopyridine (0.05g, 

catalyst) and dichloromethane (50ml) was stirred at 25°C with the exclusion of 

moisture (CaCl2 guard tube) for 24 h. N,N-Dicyclohexylurea was filtered off and the 

filtrate was washed with water (4x50ml), dried (Na2S04) and the solvent removed 

under reduced pressure using a rotary evaporator. The crude product was flash 

column chromatographed over MERCK 40-63^m silica gel, eluting with 

dichloromethane. The flash columned material was recrystallised from ethyl acetate 

and IMS and dried in a vacuum oven at 25°C for 24 h; 0.58g (28.6%) yield. Single 

spot by TLC. 

IR: V m a x / cm-\ 2917, 2849 (-CHg). 1734 (C=0), 1603 (benzene ring), 1507,1449, 

1413,1400,1377,1343,1269,1212,1193,1129,1076,1042, 1017, 1005,921,883, 

861,833,812,762,737,687,653,629. 
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2.5.4 Synthesis of a symmetrical diester of propane-1,2-diol. 

48 HO"~CH—CH—OH 

Me 

R - C O G H 
DCC, DMAP, DCM 
Room Temp. 

R—C0.7-CHO—CH — O5C—R 
T ' 
Me 

Compound R 

6 

Compound R 

49 

Reaction Scheme 9. Synthesis of a symmetrical diester of propane-1,2-diol. 

2,3-ib/s(4'-Hexyloxybiphenyl-4-carboxylic acid) propyl ester (49) 

2,3-ib/s(4'-Hexyloxybiphenyl-4-carboxylic acid)-propyl ester (49) was performed as a 

cognate preparation to that of 2,3-b/'s(4'-hexyloxybiphenyl-4-carboxylic acld)-ethyl 

ester (45) using propane-1,3-diol (48) (1.20g, 0.016mol); 6.80g (68.0%) yield. 98.4% 

pure by HPLC. 

NMR (60IVIHZ, CDCI3) 8 / ppm: 0.6-2.1 (25H, mult), 3.9 (4H, t, J = GHz), 4.5 (3H, d, 

J = 5Hz), 6.9 (4H, d, J = 8Hz), 7.5 (8H, d of d, J = 2, 8Hz), 8.0 (4H, d, J = 8Hz). 

IR: vmax / cm'^: 2954, 2933, 2863 (-CH2), 1713 (C=0), 1601 (benzene ring), 1582, 

1527, 1497, 1466, 1396, 1325, 1284, 1272, 1252, 1196, 1121, 1066, 1031, 1015, 

999, 832, 768, 732, 718, 695, 631. 
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2.5.5. Synthesis of compounds 52 and 54, the chiral version of compounds 24 

and 42. 

Synthesis of compound 52, the chiral version of compound 24, was synthesised 

according to the route shown in Reaction Scheme 10: 

50 

N,N-Dicyclohexylcarbodiimide 
4-Dimethylaminopyridine 
Dichloromethane 
Room temperature 

/ = \ .0 />-%. // 

51 / r O H 

N,N-Dicyclohexylcarbodiimide 
4-Dimethylaminopyridine 
Dichloromethane 
Room temperature 

22 

Reaction Scheme 10. Synthesis of (R,R)-4'-pentylbiphenyl-4-carboxylic acid 1-

methyl-2-octanoyloxy-propyl ester (52). 

(R, R)-4'-Pentylbiphenyl-4-carboxylic acid 2-hydroxy-1 -methyl-propyl ester (51). 

Preparation of (R, R)-4'-pentylbiphenyl-4-carboxylic acid 2-hydroxy-1-methyl-propyl 

ester (51) was performed as a cognate preparation to that of 4'-pentyl-biphenyl-4-

carboxylic acid 2-hydroxy-1-methyl-propyl ester (17) using (R,R)-butane-2,3-diol 

(50)(2.92g, 0.032mol); 4.67g (46.7%) yield. 96.8% pure by HPLC. 

NMR (60MHz, CDCI3) 6 / ppm: 0.4-2.2 (37H, mult), 3.7 (2H, q), 4.7 (1H,t). 
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(R,R)-4'-Pentylbiphenyl-4-carboxylic acid 1-methyl-2-octanoyloxy-propyl ester 

(52). 

Preparation of (R,R)-4'-pentylbiphenyl-4-carboxylic acid 1-methyl-2-octanoyioxy-

propyl ester (52) was performed as a cognate preparation to tliat of 4'-pentyl-

biphenyl-4-carboxylic acid 1 -methyl-2-octanoyloxy-propyl ester (24) using (R, R)-4'-

pentylbipiienyl-4-carboxylic acid 2-hydroxy-1 -methyl-propyl ester (51)(4.00g, 

0.012mol): 2.30g (42.0%) yield. 98.6% pure by HPLC. 

'H NIVIR (60IVIHZ, CDCI3) 6 / ppm: 0.6-2.4 (28H, mult), 2.6 (4H, t), 5.1 (2H, d), 7.2 

(2H, d), 7.5 (4H, d of d), 8.0 (2H, d). 

Compound 54, the chiral version of compound 42, was synthesised according to the 

route shown in Reaction Scheme 11: 

50 

N.N-Dicyclohexylcarbodiimide 
4-Dimethylaminopyridine 
Dichloromethane 
Room temperature 

C5H,,— 

53 /T-OH 

N,N-Dicyclohexylcarbodiimide 
4-Dimethylaminopyridine 
Dichloromethane 
Room temperature 

CO CO,H 

40 
^ ^ — 2 

P 

O 

54 

Reaction Scheme 11. Synthesis of (R, R)- 4'-pentyl-bicyclohexane-4-carboxylic 

acid 4-[1 -methyl-2-(4'-pentyl-biphenyl-4-carbonyloxy)-propoxycarbonyl]-phenyl ester 

(54). 
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{R,R)-trans, frans-4'-Pentylbicylohexane-4-carboxylic acid 2-hydroxy-1-methyl-

propyl ester (53) 

Preparation of {R,R)-trans, frans-4'-pentylbicylohexane-4-carboxylic acid 2-hydroxy-

1 -methyl-propyl ester (53) was performed as a cognate preparation to tiiat of trans, 

frans-4'-pentylbicylohexane-4-carboxylic acid 2-hydroxy-1-methyl-propyi ester (20) 

using (R,R)-butane-2,3-diol (5.0g); 8.66g (44.3%) yield. Single spot by TLC. 

NIVIR (60IVIHZ, CDCI3) 8 / ppm: 0.7-2.7 (38H, mult). 3.9 (1H, s). 4.8 (1H, q). 

(R,R)-4'-Pentylblphenyl-4-carboxylic acid 4-[1-methyl-2-(frans, fra/7s-4'-pentyl-

bicyclohexyl-4-carbonyloxy)-propoxycarbonyl]-phenyl ester (54) 

Preparation of (R,R)-4'-pentylbiphenyl-4-carboxylic acid 4-[1 -methyl-2-(frans, trans-

4'-pentylbicyclohexyl-4-carbonyloxy)-propoxycarbonyl]-phenyl ester (54) was 

performed as a cognate preparation to that of 4'-pentylbiphenyl-4-carboxylic acid 4-

[1-methyl-2-(frans, frans-4'-pentylbicyclohexyl-4-carbonyloxy)-propoxycarbonyl]-

phenyl ester (42) using (R,R)-^rans, frans-4'-pentylbicyloliexane-4-carboxylic acid 2-

hydroxy-1-methyl-propyl ester (53)(2.0g, 0.006mol); 2.14g (51.4%) yield. 99.3% pure 

by HPLC. 

NIVIR (60IVIHZ, CDCI3) 5 / ppm: 0.6-2.1 (45H, mult), 2.6 (3H, t), 4.9-5.3 (2H, mult), 

7.2 (4H. d of d), 7.6 (4H, t), 8.1 (4H, t). 
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2.6. Tables of Results. 

Table 2.5. Virtual mesophase behaviour and physical properties of symmetrical diesters of butane-2,3-diol (8, 9,10,11,12 and 13) 

Compound Number Tcr,/°C AHpusioN 1 kJ mol ^ [TN'l]virtual / °C 

-CH -O2C — 

Me Me 

8 66J 7.6 -87.6 

C ^ H g O - ^ ^ C O r C H -CH-O2C — { ^ O C ^ H g 
1 1 
Me Me 

9 104M 1&2 -128/1 

Me Me 

10 141.2 Cri 146.7 7.4 38.6 

( ^ ^ C O j - C H -CH-OgC—(2)— 

Me Me 

11 142.7 Cn 171.1 8.5 3&6 

- C H - 0 , C - Q - Q - 0 C . H „ 

Me Me 

12 140.4 13J2 49.0 

^ . " . s - O O - c o r C H - C H - O , C - Q - H Q - C , H „ 

Me Me 

13 141.3 9.6 3&4 

CO 
CO 



Table 2.6. Virtual mesophase behaviour and physical properties of two ring non-symmetrical diesters (23 and 24) 

Compound Number T c r . / ° C AH F U S I O N I kJ mol ^ [ T N ' l ] v ir tual 1 ° C 

C , H i r - ( ] ) - C O r C H - C H - O g C - ^ - O C . H , 

Me Me 

23 52J 8.2 -10&2 

— ^ ^ - C O j - C H - C H — 0 2 C ( C H 2 ) g C H g 

Me Me 

24 Liquid at room temperature - - 1 0 5 . 7 

C D 



Table 2.7. Virtual mesophase behaviour and physical properties of four ring non-symmetrical diesters (33, 34, 35, 36, 37, 38 and 39) 

Compound Number Tcr|/°C AHFUSION / kJ mol"" [TN'l]virtual / C 

c , H , r O - O - < = ° r ' = " - c " - 0 > c - O - O - < = . " 7 

Me Me 
33 113.0 11^ 31 .7 

C . H „ O - 0 - 0 - C O , - C H - C H - O , C - Q - O C , H „ 

Me Me 
34 125.7 6 .6 4 2 . 2 

Me Me 
35 121^ 6.1 4 4 . 8 

C . H , r C } - C O r C H - C H - O f - 0 - Q - Q - C , H „ 

Me Me 
36 122.0 7 .9 87 .6 

N C - 0 - 0 - < = ° r C " - C H - 0 , C - 0 - 0 - O C . H „ 

Me Me 
37 121 j 12.6 2&4 

0 " ^ 4 H 9 

Me Me 
38 121.4 9 .2 2&1 

Me Me 
39 75 .9 12.0 3&6 



Table 2.8. Virtual mesophase behaviour and physical properties of three ring non-symmetrical diesters (26, 27, 28 and 29) 

Compound Number Tcrl/°C 1 AHFUSION I KJ mol ^ [TN'llvirtual 1 °C 

^ ^ - C O Z - C H - C H - O G C — 

Me Me 

26 68.7 5.6 -21^ 

Me Me 

27 87.1 14.4 -22.1 

Me Me 

28 91.6 11^ -23L0 

Me Me 

29 74.7 6.4 -33.4 

C D 



Table 2.9. Mesophase behaviour and physical properties of five ring non-symmetrical diesters (41 and 42) 

Compound Number Transition temperatures / °C AH F U S I O N I 

kJ mol ^ 

CH—CH— 

Me Me 

41 Cr 145.5 Cri 152.4 N 181.5 1 11.6 

C s H ^ r - ^ - Q - C O ^ - Q - C O - C H - C H - O ^ C - Q - Q r c ^ H , , 

Me Me 
42 Cr 120.4 Cri 143.1 SmA 159.4 N 170.1 1 6.6 

C D N3 



Table 2.10. Mesophase behaviour and physical properties of ethylene glycol and propane-1,2-dlol analogues (44, 45, 47and 49). 

Compound Number Transition temperatures. 

rc 
AHFUSION 

/ l(J mol 1 

[Tu'llvirtual / 

°C 

44 Cr 103.4 Cri 144.7 1 13.0 -4.9 

C 6 H , 3 0 - ^ - Q - C 0 r C H ; - C H r 0 , C - ^ - Q - 0 C . H „ 45 Cr 175.0 1 14X3 -26U5 

^ - C O r C H g - C H - O g C — 

CH3 
49 Cr 156.8 1 15.7 5.7 

C 5 H , r - Q - Q - C O : - Q - C O - C H r C H r O , C - Q - Q - C , H „ 47 Cr 153.4 N 211.21 7.6 -C D OJ 



3. Synthesis of menthol derivatives as chiral dopants 

3.1. Introduction 

Alternative systems were sought of chiral moieties that were commercially available in 

both enantiomeric forms for use in liquid crystal applications. As had previously been 

stated, it is not necessary for the chiral dopant itself to be mesogenic but it is important 

that its properties are not significantly detrimental to the liquid crystal host mixture in 

which it would be doped. 

One example of a material that has previously been studied is the naturally occurring 

terpenoid, menthol. This material is commercially available in both left- and right-handed 

enantiomers and is relatively cheap for an optically active precursor. Typically, menthol 

derivatives based on long chain 4'-alkoxybiphenyl-4-carboxylic acids have been 

synthesised for use as high spontaneous polarisation dopants in chiral smectic C 

mixtures for surface stabilised ferroelectric liquid crystal (SSFLC) display applications 

For this particular application, it was found that as the size of the chiral group was 

increased, the spontaneous polarisation was also increased. A possible explanation for 

this is the free rotation becomes more sterically hindered with respect to the main 

molecular core. Several naturally occurring terpenoids exist and examples of these 

materials are shown in Figure 3.1. These materials have considerable steric hindrance 

around the chiral centre and this may be conducive to preparing compounds with 

relatively high helical twisting powers. These compounds are also soluble in liquid 

crystal hosts and this would be another benefit of this type of chiral dopant. 

HO-^ y HO-

(-)-Menthol 

(-)-Fenchol 

Figure 3.1. Examples of naturally occurring terpenoids. 
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In the case of menthol, when this is reacted with a suitable mesogenic group, the 

isopropyl group causes significant steric hindrance around the ester group and free 

rotation about the C-O-C bond is severely restricted. As a result of this, it seemed 

reasonable to synthesise derivatives of menthol and evaluate the materials as chiral 

dopants for chiral nematic applications. Menthol was chosen as the preferred terpenoid 

because in the case of the terpenoid derivatives for use in SSFLC applications, many 

systems were evaluated and the menthol derivatives proved to be the most useful as 

they produced materials that were reasonably soluble in liquid crystal mixtures and 

menthol was commercially available in both enantiomeric forms. For applications based 

on smectic phases, it is desirable to have mesogenic cores that have long terminal 

chains, so that they are structurally similar to the compounds that are present in the 

smectic liquid crystal host and will not reduce the mesophase stability. They are also 

less likely to cause phase separation if their structures are similar to the other 

compounds present. For the type of applications that are being considered, it is 

preferable to suppress smectic phases and to this end, materials were synthesised that 

were based on mesogenic cores with shorter terminal groups. In doing this, the chiral 

dopant is unlikely to induce undesired smectic phases into the liquid crystal mixture. 

3.2. Experimental techniques. 

3.2.1. Discussion of synthetic chemistry 

Synthesis of seventeen novel compounds was carried out and the generic structure of 

the dopants synthesised is shown in Figure 3.2: 

Me 

Figure 3.2. Generic structure of proposed chiral dopant. 

The number of rings is one or two and is either phenyl or cyclohexyl in nature. The 

terminal group is either alkyi or alkyloxy. For all compounds, an ester linkage is used 

between the chiral group and the mesogenic core. 
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The DCC esterification method was used to synthesise fifteen of the compounds and the 

acid chloride esterification method for two of the compounds. The DCC esterification 

method was used, as it is a mild esterification method carried out under almost neutral 

conditions. It was felt that this method would not have a detrimental effect on the chiral 

groups present in the structure and was a one-step synthesis to the final compounds. 

Subsequently, the acid chloride esterification method was used and this was not 

detrimental to the chiral centres. For the acid chloride esterifi cations that were carried 

out, the acid chloride used was commercially available and again it was a one-step 

synthesis to the final compounds and by this stage it had been decided that these 

materials were suitable chiral dopants for particular applications that were of interest to 

Merck. 

From a scale-up point of view, it was not possible to use the DCC esterification method 

in production and it was therefore necessary to use an alternative esterification method. 

The acid chloride esterification method was suitable and it seemed reasonable to use 

this to synthesise some of the initial materials although the bulk of dopants were 

synthesised by the DCC method. In all cases, the compounds were purified by flash 

column chromatography and recrystallisation. For fifteen of the compounds, the 

chemical purity was greater than 99.0% and for the other two materials, the chemical 

purity was greater than 98.0%. Details of the synthetic procedures are in section 3.5. 

3.2.2. Chemical purity and chemical structure analysis 

3.2.2.1. High performance liquid chromatography. 

3.2.2.2. Gas liquid chromatography. 

3.2.2.3. Analytical thin layer chromatography. 

3.2.2.4. Nuclear magnetic resonance spectroscopy. 

3.2.2.5. Infra-red spectroscopy. 

These techniques listed previously were used to determine the chemical purity and 

chemical structures of the final compounds reported in this Chapter. The instruments, 

apparatus and experimental conditions are the same as those described in Chapter 2, 

Sections 2.2.2.1-2.2.2.5. 
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3.2.3. Identification of mesophases 

3.2.3.1. Polarised light optical microscopy. 

3.2.3.2. Differential scanning calorimetry. 

These techniques listed previously were used to determine the mesophase type and the 

transition temperatures and enthalpies of transition for the final compounds reported in 

this Chapter. The instruments, apparatus and experimental conditions are the same as 

those described in Chapter 2, Sections 2.2.3.1 and 2.2.3.2. 

3.2.4. Physical characterisation of final compounds 

3.2.4.1. Measurement of virtual chiral nematic-isotropic transition. 

The measurement of the virtual chiral nematic-isotropic transition temperature was 

carried out for all final compounds. This measurement was carried out by preparing two 

mixtures containing 5% and 10% of the chiral dopant respectively in the nematic host 

mixture 96-780 and performing the measurements as detailed in Chapter 2, Section 

2.2.4.1. 

3.2.4.2. Measurement of helical twisting power. 

The helical twisting power was determined from selectively reflecting mixtures. A 

concentration of approximately 10% of the chiral dopant in the nematic host was flow-

filled into 50)um cells. A spectrum was recorded on a U-2000 Hitachi UV-Vis 

spectrophotometer for the wavelength range 350-1 OOOnm. The reflection wavelength for 

the mixture was determined and the average refractive index was determined for the 

mixture using an Abbe refractometer. The following equations were then used to 

determine the helical twisting power: 

Reflection wavelength = average refractive index x pitch 

Helical twisting power = (pitch)"^ x (concentration)"^ 

3.2.4.3. Measurement of specific optical rotation 

If plane polarised light is passed through a solution containing a single enantiomer, the 

plane of polarisation of light is rotated The rotation angle depends on the structure 

of the molecules, the temperature, the wavelength and the number of molecules in the 

path of the light. The solvent in which the chiral compound is dissolved can also affect 

the optical rotation 
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The specific rotation is the rotation angle by one gram of chiral compound in one miiiiiitre 

of solution in a tube with a path length of one decimetre at a specified temperature, 

wavelength and solvent. The commonly used wavelength is 589.3nm, which 

corresponds to the D line of sodium. The specific rotation for a compound at 20°C may 

be calculated from the observed rotation by the following formula; 

[a]D °̂ = a / (Ic) 

where [ajo^ = specific rotation of sodium D line at 20°C 

a = observed rotation at 20°C 

I = cell length in dm (1.0dm = 10cm) 

c = concentration of sample solution in g/ml. 

For the measurements carried out for the final compounds synthesised in this Chapter, 

the solvent that was used was spetrophotometric grade tetrahydrofuran using an AA10 

automatic polarimeter. 

3.3. Results and Discussion 

Nine compounds were synthesised from (1R, 2S, 5R)-(-)-menthol and eight compounds 

from (IS, 2R, 5S)-(+)-menthol. Fifteen of these compounds were synthesised from two-

ring acids that were readily available from the Merck facility and two compounds were 

synthesised from the commercially available 4-nitrobenzoyl chloride. The mesophase 

behaviour and physical properties of these compounds are shown in Tables 3.2, 3.3, 

3.4, 3.5 and 3.6. 

As was expected, none of the materials that were synthesised showed mesomorphic 

behaviour, however the compounds were more readily soluble in a nematic host, than 

the butane-2,3-diol compounds that had previously been synthesised and the 

extrapolated virtual chiral nematic - isotropic transition temperatures were determined 

from mixtures containing 5% and 10% of the chiral dopants. As has previously been 

stated, for the particular application, it was not necessary for the chiral dopants to be 

mesomorphic provided that they could be doped into nematic liquid crystal mixtures to 

induce chiral nematic phases with an appropriate pitch. In the case of these menthol-

based compounds, with their increased solubility in nematic hosts, it was possible to 
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prepare mixtures that were selectively reflecting at a reflection wavelength of 550nm. For 

measurement of pitch and subsequently helical twisting power, typically mixtures 

containing 10% of the chiral dopant were used. These mixtures reflected in the infra-red 

region and the reflection wavelength of the mixture could be determined by UV-visible 

spectrophotometry. 

First, only compounds synthesised from (1R, 2S, 5R)-(-)- menthol will be considered in 

an attempt to establish the structure-property relationships that are observed. Secondly, 

a comparison will be made between the two enantiomers of the compounds to determine 

whether any significant differences are observed in the melting points, molar enthalpy of 

fusions, virtual chiral nematic-isotropic transition temperatures and helical twisting 

powers. 

We began by synthesising three compounds based on 4'-alkylbiphenyl-4-carboxylic 

acids. The compounds had propyl, pentyl and heptyl terminal groups and are shown in 

Figure 3.3: 

f-Me 

Me 72 

Cr 88.3''C 1; AH: 5.4kJmor\ Mvimuai: -123.4''C: HTP 21.5nm-^ 

;-IVIe 

Me 73 

Cr GG-S-C 1; AH: 4.0l<Jmor; Mviftuai: -133.rC; HTP 20.1^im-' 

Me 

f-Me 

Me 74 

Cr44.4°C I; AH: S.OkJmoM; [Tmlvinuai: -110.3''C; HTP 18.4^mrT' 

Figure 3.3. Comparison of the properties of compounds 72, 73 and 74. 
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As the length of the flexible, terminal group was increased, the melting point was 

reduced. This is consistent with the trend in melting point observed for the 

alkylcyanobiphenyls The enthalpy of fusion is very low for the three compounds and 

this should be conducive to the solubility of the materials in a liquid crystal host. This 

was proven, as it was possible to prepare mixtures containing 5 weight % and 10 weight 

% of these materials to determine the virtual chiral nematic-isotropic transition 

temperatures. For the compounds based on 4'-alkylbiphenyl-4-carboxylic acids, the 

extrapolated chiral nematic -isotropic transition temperatures were between -110.3°C 

and -133.rC, suggesting that this type of system was not particularly conducive to the 

formation of liquid crystal phases. As all the compounds have an odd number of 

carbons, it is not possible to determine the type of trend that would be observed for the 

homologous series. However, when an odd-even effect is observed, it is normal to 

observe a smooth curve for the odd members and a smooth curve for the even 

members. Within this series of three odd members, a smooth curve is not observed and 

it is likely that there is a minimum in the series somewhere between butyl and hexyl 

terminal group. The more significant issue would be the amount of chiral dopant that 

would be required to prepare mixtures that were selectively reflecting. The helical 

twisting powers were determined from mixtures containing 10 weight % of the chiral 

dopants. These mixtures were selectively reflecting in the near infra-red region 

(~800nm). As can be seen from the three examples, as the terminal chain is increased, 

the helical twisting power is reduced from 21.5p,m"'' for the propyl homologue to 18.4(im''' 

for the heptyl homologue. This is probably related to a dilution in the chirality within the 

molecules. 

Three compounds were also synthesised based on 4'-alkoxybiphenyl-4-carboxylic acids, 

in these cases, the compounds had terminal butyloxy, pentyloxy and hexyloxy groups 

and are shown in Figure 3.4: 
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Me 
^Me 

75 

Cr 92.9°C I; AH: S.lkJmoM; TN-, -78.6°C: HTP 20.1nm"' 

Me 
^Me 

76 

Cr 71.6''C 1; AH: S.OkJmoM; TN-i -83.5°C; HTP 19.8nm"' 

M e - ^ ^ O j C — 

Me 
'f-Me 

77 

Cr SG-G-'C 1; AH: G.GkJmoM; TN-, -70.9''C: HTP 18.7^mT^ 

Figure 3.4. Comparison of the properties of compounds 75, 76 and 77. 

Once again, as the length of the terminal groups is increased within the series of 

compounds synthesised from 4'-all<oxybiphenyl-4-carboxylic acids, the melting point 

decreases. The enthalpy of fusion is very similar for compounds 73 and 77, however 

compound 71 has a somewhat higher enthalpy of fusion. However, if the entropy change 

at the melting point is calculated for the three compounds, the following values are 

obtained: 

Compound ASmelting / R 

75 1.7 

76 1.7 

77 2.4 

Table 3.1. Entropy change on me ting for compounds 75, 76 and 77. 

The entropy change at the melting point is similar for compounds 75 and 76, however 

there is larger entropy change at the melting point for compound 77, which can be 

explained by the increased flexibility in the molecule. As would be expected with the 

increased flexibility in the molecule, the melting points are reduced. 
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Based on the three homologues that have been synthesised, there appears to be an 

odd-even effect for the virtual chiral-nematic transition temperatures. Within 

experimental error, the compounds that have an even number of carbon atoms in their 

terminal chain appear to have higher virtual chiral nematic-isotropic transition 

temperatures than the compound synthesised with an odd number of carbons in its 

terminal chain. From changing from a butyloxy terminal chain to pentyloxy terminal 

chain, the molecular length will be slightly extended but the molecular breadth is also 

extended and hence a slight decrease in the virtual chiral nematic-isotropic transition 

temperature is observed. From changing from a pentyloxy terminal group to a hexyloxy 

terminal group, the molecular length is extended without any increase to the molecular 

breadth and hence there is an increase in the virtual chiral nematic-isotropic transition 

temperature. Once again, as the terminal chain length is increased, the helical twisting 

power is decreased. Again, this can probably be attributed to a dilution in the chiraiity of 

the molecules as the chain length is extended. 

Further comparisons can be made between compounds 73 and 75, where the lengths of 

the terminal groups are the same. The results are shown in Figure 3.5: 

'11 

Me 73 

Cr Gg.S'C I; AH: 4.0 kJmor; Tu'i -133.1=0; HTP 20.1 

^Me 

Me 75 

Cr 92.9''C 1; AH: 5.1 kJmor; 7^., -78.6''C: HTP 20.1 

Figure 3.5, Comparison of the properties of compounds 73 and 75. 

As is the usual trend for comparison between 4'-alkyloxybiphenyls compared to 4-alkyl-

biphenyls, compound 75 has a higher melting point and higher virtual chiral nematic-

isotropic transition temperature compared to compound 73. The alkoxy group is 

significantly more efficient as a terminal group and hence the virtual chiral nematic-

isotropic transition temperature of compound 75 is some 55°C higher than compound 
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73. A comparison of the properties of the 4-alkyi-4'-cyanobiphenyis and 4-alkyloxy-4'-

cyanobiphenyis shows a similar trend in clearing points, with the 4-alkyloxy-4'-cyano-

biphenyls having significantly higher clearing points than the corresponding 4-aikyl-4'-

cyanobiphenyls'®®^ The helical twisting powers of the two compounds are very similar 

which would probably be expected as the two compounds will have a similar molecular 

length, chiral dilution, rigidity within the molecules and orientational ordering. 

A similar comparison can be made between compounds 74 and 77 (see Figure 3.6). 

Again, the lengths of the terminal groups are the same: 

Me 74 

Cr44.4°C I; AH; 5.0 kJmol"'; Tn-i - 1 1 0 . 3 ° C : H T P 18.4|im"' 

- Q - Q - O C . H , 

^Me 
Me 77 

Cr sg-e'c 1; AH: 6.6 kJmor\ TN-, -70.9°C: HTP 18.7nm"' 

Figure 3.6. Comparison of the properties of compounds 74 and 77. 

As for the previous comparison, compound 77 based on a 4-alkyloxybiphenyl has a 

higher melting point and virtual chiral nematic-isotropic transition temperature compared 

to compound 74 based on a 4-alkylbiphenyl. Compound 77 has a virtual chiral nematic-

isotropic transition temperature some 40°C higher than compound 74. This is not as 

large as the increase between compounds 75 and 77, however this is due to the fact that 

these materials have longer terminal groups and as the chain length is increased, the 

effect is not as pronounced because there is increased flexibility in the molecular 

structure. Once again, compounds 77 and 74 have very similar helical twisting powers. 

Compound 71 was synthesised, using biphenyl-4-carboxylic acid, as an example of a 

compound with no terminal group. Its virtual mesophase properties are displayed in 

Table 3.3. Its melting point was similar to compound 76, and this compound had the 

lowest enthalpy of fusion suggesting that it should show good solubility in nematic hosts. 
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Unfortunately, its virtual chiral nematic-isotropic transition temperature was significantly 

lower than any of the compounds synthesised with a terminal group, some 70°C lower 

than compound 76 which was the worst compound prior to the synthesis of compound 

71. This must be attributed to the reduced molecular length. The entropy change of 

melting, scaled by R, for compound 71 is 1.1 and this is the lowest observed for this 

system compared to the compounds synthesised from 4'-alkylbiphenyl-4-carboxylic 

acids and 4'-alkyloxybiphenyl-4-carboxylic acids. A lower entropy change would suggest 

reduced flexibility in the molecular structure. Its helical twisting power of 20.1jj,m"\ was 

an average value for this type of system. With the combination of average helical 

twisting power and very low virtual chiral nematic-isotropic transition temperature, the 

increase in solubility due to its low enthalpy of fusion would not be beneficial. 

Compound 78 was synthesised as an example of this system with a different mesogenic 

core. Compound 78 can be directly compared with compound 72 as we can see in 

Figure 3.7: 

Me 

^Me 
Me j g 

Cr 79.3°C I; AH; 7.9kJmo|-^ T^., -95.6°C: HTP 22.4^im"' 

Me 

}-Me 
Me j 2 

Cr SS-a'C 1; AH: 5.4kJmor\ TN-i -123.4''C: HTP 21.5^im"' 

Figure 3.7. Comparison of the properties of compounds 78 and 72. 

Compound 78 has a slightly lower melting point than compound 72, which is probably 

due to increased flexibility in the molecular structure. The enthalpy of fusion is 

somewhat higher for compound 78, which may be due to close packing in the molecular 

structure. Compound 78 has a virtual chiral nematic-isotropic transition temperature 

some 28°C higher than compound 72. This is consistent with observations that have 

previously been made showing that cyclohexane rings promote mesomorphic behaviour 

more readily than benzene rings due to their rod-like nature. Compound 78 has the 
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highest helical twisting power of all the compounds that were synthesised from the 

menthol chiral moiety. 

Compound 79 was synthesised as an example of a compound made from a single ring 

acid. 4-Nitrobenzoyl chloride is commercially available and it was, therefore, a simple 

one-step reaction to prepare the ester. The nitro terminal group is also an efficient 

terminal group for aromatic systems. This compound had a similar melting point to 

compound 77 but a lower molar enthalpy of fusion. When the entropy of melting, scaled 

by R, is calculated for compound 79 (1.7), this confirms that the flexibility of this 

molecule is much lower than compound 77. The removal of one ring from the system 

was not detrimental to the helical twisting power that was measured, however, its virtual 

chiral nematic-isotropic transition temperature was some 75°C lower than any of the 

other compounds synthesised from the menthol moiety. The reduction in the virtual 

chiral nematic-isotropic transition temperature may be due to the reduced molecular 

length and reduced flexibility, which would lead to a reduction in the interaction between 

the chiral dopant and the nematic host. It would therefore not be possible to formulate a 

selectively reflecting mixture using this compound, as the clearing point would be below 

ambient temperature. 

Of the nine compounds synthesised using (1R, 2S, 5R)-(-)-menthol, eight of the 

corresponding compounds were synthesised using (1S, 2R, 5S)-(+)-menthol. For the 

eight pairs of compounds, the melting points are within 1.8°C of each other and in two of 

the eight pairs, the melting points are identical. There is not a correlation between the 

melting points and the purity. In some cases, the higher purity compound of a pair of 

compounds has the highest melting point and in other cases the reverse is true. 

For the molar enthalpy of fusion, the largest difference observed for a pair of compounds 

is 1.2kJmor\ This is observed for the compounds synthesised from 4-butyloxybenzoic 

acid. This difference equates to a 25% difference in the molar enthalpies of fusion for 

the two compounds and it is these two compounds that show the biggest difference in 

their melting points. However, the two compounds have the same purity, suggesting 

that perhaps the two compounds have different molecular packing in their crystal 

structures. For all the pairs of compounds that exhibit a difference in their molar 
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enthalpies, the compound with the higher molar enthalpy of fusion also has the higher 

melting point. 

For the virtual chiral nematic-isotropic transition temperature, the maximum difference 

between any pair of compounds is 19°C. This difference occurs for the compounds 

based on 4-nitrobenzoyl chloride and is probably not due to experimental error. The 

biggest difference for the compounds synthesised from two ring acids is 13.7°C and this 

is for the compounds based on 4-pentylbiphenyl-4-carboxylic acid. 

The helical twisting powers for the eight pairs of compounds show very good agreement, 

the maximum difference between any pair being 0.4^im'\ 

The specific rotations were also determined for all the final compounds. The literature 

value for the specific rotation of (1R, 28, 5R)-(-)-menthol is -50°g'^cm"^and of (18, 2R, 

58)-(+)-menthol is +48°g"''cm" .̂ In both cases, the specific rotation was measured in 

ethanol. The specific rotations measured for the final compounds confirmed that there 

was no inversion of the helix during the synthesis. For the compounds based on 4'-

alkylbiphenyl-4-carboxlic acids and 4'-alkyloxybiphenyl-4-carboxlic acids have similar 

specific rotations. However, the compounds based on biphenyl-4-carboxylic acid and 4-

nitrobenzoyl chloride have larger specific rotations and the compounds based on trans, 

frans-4'-propylbicyclohexane-4-carboxylic acid have smaller specific rotations. The 

largest difference in the specific rotations measured for a pair of compounds was 

1.1°g'̂ cm'̂  and this was observed for the compounds synthesised from trans, trans-4'-

propylbicyclohexane-4-carboxylic acid. 

There is some difference between the pairs of compounds but no conclusions can be 

easily drawn as to why these discrepancies arise. Typically, the only two sets of 

properties that are different for a single pair of enantiomers are: 

1. interactions with other chiral substances, and 

2. interactions with polarised light. 
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3,4. Conclusions 

A range of compounds was synthesised from the two commercially available 

enantiomers of menthol. Simple esters were prepared using the DCC esterification 

method and due to the promise that these materials showed, two compounds were also 

synthesised using the acid chloride esterification method, as a potential synthetic route 

for scale-up of the most suitable compounds for the specific applications that they were 

designed for. 

As was expected from the prior art, none of the compounds that were synthesised 

showed mesomorphic behaviour. However, a concentration of only 15% of many of 

these dopants was required to obtain a selectively reflecting mixture with a reflection 

wavelength of 550nm. These materials were very useful materials for the specific 

application, which was of commercial interest to Merck but cannot be disclosed here due 

to confidentiality issues. 

As these materials were relatively cheap to synthesise, compounds 64, 76, 65 and 77 

were scaled up for use in certain applications, which were of interest to Merck. Two 

compounds of each handedness were used to help with long-term solubility issues. 

These compounds were selected as they gave the highest yields and were homologues 

of 4'-alkyloxybiphenyl-4-carboxylic acids, which gave the highest virtual chiral nematic-

isotropic transition temperatures for all of the compounds that were synthesised. The 

esters synthesised from the 4'-alkyloxybiphenyl-4-carboxylic acids showed significantly 

higher mesomorphic stability and would have a less detrimental effect on the nematic 

host that they were used in. 
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3.5. Synthetic procedures. 

3.5.1. Synthesis of chiral dopants containing (IS, 2R, 5S)-(+)-menthol via DCC 

esterification. 

Me y"OH 

>-Me 
Me 55 

Acid 
DCC, DMAP,DCM 
Room Temp. 

Me ' - ^ ^ ' iO jC -R 

^ f - M e 
Me 

Compound Acid 
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)-Me 
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Reaction Scheme 12. Synthetic route for the preparation of chiral dopants containing 

(18, 2R, 5S)-(+)-menthol. 
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Biphenyl-4-carboxylic acid (1S, 2R, 5S)-(+)-2-isopropyl-4-methyl-cyclohexyl ester 

(60). 

Biphenyl-4-carboxylic acid (56)(17.67g, 0.089mol), (1S, 2R, 5S)-(+)-menthoi (55) 

(13.90g, 0.089mol), N,N-dicyclohexylcarbodiimide (20.23g, 0.098mol), 4-dimethyl-

aminopyridine (0.05g, catalyst) and dichloromethane (250ml) were combined and stirred 

at room temperature with the exclusion of moisture (CaCIa guard tube) for 24 hours. 

N,N-Dicyclohexylurea was filtered off and the filtrate was washed with water (4x200ml), 

dried with anhydrous Na2S04 and the solvent removed under reduced pressure using a 

rotary evaporator. The crude product was flash column chromatographed over MERCK 

40-63|j,m silica gel, eluting with 1:1 dichloromethane : petroleum spirit b.p. 40-60°C. The 

columned material was recrystallised from ethanol (40ml) and dried in a vacuum oven at 

25°C for 24 h; 12.40g (41.4%) yield. 99.9% pure by HPLC. 

'H NMR (60MHz, CDCI3) 5 / ppm: 0.6-2.4 (18H, mult), 4.6-5.2 (1H, mult), 7.1-7.7 (7H, 

mult), 8.0 (2H, d, J = 8Hz). 

IR: vrnax/cm"': 2950, 2922, 2870 (-CHg), 1708 (C=0). 1607 (benzene ring), 1565,1529, 

1487, 1451, 1404, 1370, 1343, 1325, 1312, 1288, 1265, 1203, 1180, 1161, 1115, 1038, 

1018, 1005, 982, 962, 919, 889, 855, 785, 741, 697, 684, 638, 597, 572. 

4'-Propylbiphenyl-4-carboxylic acid (IS, 2R, 5S)-(+)-2-lsopropyl-4-methyl-

cyclohexyl ester (61). 

Preparation of 4'-propylbiphenyl-4-carboxylic acid (1S, 2R, 5S)-(+)-2-isopropyl-4-methyl-

cyclohexyl ester (61) was performed as a cognate preparation of biphenyl-4-carboxylic 

acid (IS, 2R, 5S)-(+)-2-isopropyl-4-methyl-cyclohexyl ester (60) using 4'-propylbiphenyl-

4-carboxylic acid (58) (19.03g, 0.079mol). The crude product was flash column 

chromatographed over MERCK 40-63|im silica gel, eluting with 5% ethyl acetate in 

petroleum spirit b.p. 40-60°C. The columned material was recrystallised from ethanol 

(60ml) and dried in a vacuum oven at 25°C for 24 h; 16.45g (54.8%) yield. 99.6% pure 

by HPLC. 

'H NMR (60MHz, CDCI3) 8 / ppm: 0.5-2.3 (23H, mult), 2.6 (2H, t, J = 7Hz), 4.6-5.2 (1H, 

mult), 7.0-7.7 (6H, mult), 8.0 (2H, d, J = 8Hz). 

IR: vmax/cm ': 3028 (aryl-H), 2956, 2926, 2869 (-CH2), 1705 (C=0), 1605 (benzene ring), 

1578, 1529, 1495, 1456, 1424, 1399, 1369, 1343, 1328, 1287, 1264, 1217, 1195, 1181, 

1119, 1038, 1019, 981, 964, 919, 891, 859, 836, 805, 764, 720, 696, 630, 605, 571. 
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4'-Pentylbiphenyl-4-carboxyllc acid (1S, 2R, 5S)-(+)-2-isopropyl-4-methyl-

cyclohexyl ester (62). 

Preparation of 4'-pentylbiphenyl-4-carboxylic acid (1S, 2R, 5S)-(+)-2-isopropyl-4-methyl-

cyclohexyl ester (62) was performed as a cognate preparation of biphenyl-4-carboxylic 

acid (1S, 2R, 5S)-(+)-2-isopropyl-4-methyi-cyclohexyl ester (60), using 4'-pentylbiphenyl-

4-carboxylic acid (4) (19.79g, 0.074mol). The crude product was flash column 

chromatographed over MERCK 40-63|im silica gel, eluting with 5% ethyl acetate in 

petroleum spirit b.p. 40-60°C. The columned material was recrystallised from ethanol 

(75ml) and dried in a vacuum oven at 25°C for 24 h; 19.33g (64.4%) yield. 99.9% pure 

by HPLC. 

NMR (60MHz, CDCI3) 5 / ppm: 0.5-2.3 (27H, mult), 2.6 (2H, t, J = 6.5Hz), 4.6-5.2 (1H, 

mult), 7.0-7.7 (6H, mult), 8.0 (2H, d, J = 8Hz). 

IR; vmax/cm ': 3028 ( -CHG) , 2955, 2927, 2859 ( -CHG) , 1704 (C=0), 1607 (benzene ring), 

1579, 1530, 1495, 1456, 1399, 1368, 1347, 1328, 1310, 1290, 1267, 1216, 1196, 1180, 

1117, 1039, 1018, 1006, 981, 962, 919, 894, 850, 828, 766, 737, 695, 646, 629, 605. 

4'-Butyloxybiphenyl-4-carboxylic acid (IS, 2R, 5S)-(+)-2-isopropyi-4-methyl-

cyclohexyl ester (63). 

Preparation of 4'-butyloxybiphenyl-4-carboxylicacid (IS, 2R, 5S)-(+)-2-isopropyl-4-

methyl-cyclohexyl ester (63) was performed as a cognate preparation to that of biphenyl-

4-carboxylic acid (IS, 2R, 5S)-(+)-2-isopropyl-4-methyl-cyclohexyl ester (60), using 4'-

butyloxybiphenyl-4-carboxylic acid (57) (19.84g, 0.073mol). The crude product was 

flash column chromatographed over MERCK 40-63p,m silica gel, eluting with 5% ethyl 

acetate in petroleum spirit b.p. 40-60°C. The columned material was recrystallised from 

ethanol (50ml) and dried in a vacuum oven at 25°C for 24 h; 18.20g (60.7%) yield. 

99.9% pure by HPLC. 

^H NMR (60MHz, CDCI3) 8 / ppm: 0.5-2.4 (25H, mult), 4.0 (2H, t, J = GHz), 4.6-5.2 (1H, 

mult), 6.7-7.7 (6H, mult), 8.0 (2H, d, J = 8Hz). 

IR: vrnax/cm'̂ : 3320 (-CHg), 2957, 2933, 2870, 2844 (-CHg), 1706 (C=0), 1604 (benzene 

ring), 1580, 1526, 1497, 1472, 1457, 1426, 1401, 1388, 1368, 1325, 1288, 1271, 1247, 

1190, 1100, 1057, 1040, 1015, 1007, 1000, 984, 967, 919, 889, 864, 833, 772, 740, 731, 

722, 699, 644, 627, 598. 
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4'-Pentyloxybiphenyl-4-carboxylic acid (1S, 2R, 5S)-(+)-2-isopropyl-4-methyl-

cyclohexyl ester (64). 

Preparation of 4'-pentyloxybiphenyl-4-carboxylic acid (1S, 2R, 5S)-(+)-2-isopropyl-4-

methyl-cyciohexyl ester (64) was performed as a cognate preparation to that of biphenyl-

4-carboxylic acid (IS, 2R, 5S)-(+)-2-isopropyl-4-methyi-cyclohexyl ester (60) using 4'-

pentyloxybiphenyl-4-carboxylic acid (59) (28.12g, 0.099mol). The crude was flash 

column chromatographed over MERCK 40-63|im silica gel, eluting with 1:1 

dichloromethane : petroleum spirit b.p. 40-60°C .The columned material was 

recrystallised from ethanol (90ml) and dried in a vacuum oven at 25°C for 24 h; 25.80g 

(61.5%) yield. 98.2% pure by HPLC. 

'H NMR (60MHz, CDCI3) 6 / ppm: 0.5-2.4 (27H,mult), 4.0 (2H, t, J = 6Hz), 4.8-5.2 (1H, 

mult), 7.0 (2H, d, J = 8Hz), 7.5 (4H, d of d, J = 2, 8Hz), 8.0 (2H, d, J = 8Hz). 

IR; vmax/cm ': 2956, 2929, 2868 (-CH2), 1705 (C=0), 1604 (benzene ring), 1580, 1525, 

1494, 1457, 1425, 1400, 1387, 1327, 1286, 1265, 1181, 1096, 1056, 1030, 1014, 982, 

965, 918, 890, 833, 806, 771, 746, 723, 700, 643, 633, 597. 

4'-Hexyloxybiphenyl-4-carboxylic acid (IS, 2R, 5S)-(+)-2-isopropyl-4-methyl-

cyclohexyl ester (65). 

Preparation of 4'-hexyloxybiphenyl-4-carboxylic acid (IS, 2R, 5S)-(+)-2-isopropyl-4-

methyl-cyclohexyl ester (65) was performed as a cognate preparation of biphenyl-4-

carboxylic acid (IS, 2R, 5S)-(+)-2-isopropyl-4-methyl-cyclohexyl ester (60) using 4'-

hexyloxybiphenylcarboxylic acid (6) (22.54g, 0.075mol). The crude product was flash 

columned chromatographed over MERCK 40-63|im silica gel, eluting with 1:1 

dichloromethane : petroleum spirit b.p. 40-60°C. The columned material was 

recrystallised from ethanol (40ml) and dried in a vacuum oven at 25°C for 24 h; 21.98g 

(73.0%) yield. 99.8% pure by HPLC. 

'H NMR (60MHz, CDCI3) 6 / ppm: 0.5-2.4 (29H, mult), 4.0 (2H, t, J = GHz). 4.6-5.2 (1H, 

mult), 7.1 (2H, d, J = 8Hz), 7.6 (4H, d of d, J = 2, 8Hz), 8.1 (2H, d, J =8Hz). 

IR: vrnax/cm-̂ : 3044 (aryl-H), 2949, 2934, 2867, 2848 (-CHg). 1702 (C=0), 1604 (benzene 

ring), 1579, 1524, 1497, 1474, 1463, 1426, 1401, 1373, 1325, 1286, 1271, 1249, 1181, 

1100, 1056, 1037, 1014, 1000, 983, 966, 931, 918, 890, 869, 832, 772, 733, 724, 703, 

644, 634, 596, 555. 
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trans, frans-4'-Propylbicyclohexane-4-carboxyIic acid (1S, 2R, 5S)-(+)-2-isopropyl-

4-methyl-cyclohexyl ester (66). 

Preparation of trans, frans-4'-Propylbicyclohexane-4-carboxylic acid (1S, 2R, 5S)-(+)-2-

isopropyl-4-methyl-cycloliexyl ester (66) was performed as a cognate preparation to that 

of biphenyl-4-carboxylic acid (1S, 2R, 5S)-(+)-2-isopropyl-4-methyi-cyclohexyl ester (60) 

using trans, frans-4'-propylbicyclohexane-4-carboxylic acid (5) (19.37g, 0.077moi). The 

crude product was flash column chromatographed over MERCK 40-63|am silica gel, 

eluting with 5% ethyl acetate in petroleum spirit b.p. 40-60°C. The columned material 

was recrystallised from ethanol (60ml) and dried in a vacuum oven at 25°C for 24 h; 

16.2g (54.0%) yield. 99.8% pure by GLC 

'H NMR (60MHz, CDCI3) 5 / ppm: 0.3-2.2 (45H, mult), 4.3-4.9 (1H, mult). 

IR: Vmax/cm ': 2952, 2920, 2850 (-GHz), 1721 (C=0). 1454, 1442, 1386, 1370, 1343, 

1317, 1282, 1253, 1228, 1203, 1176, 1163, 1146,1132, 1099, 1083, 1059, 1042, 1014, 

996, 965, 918, 900, 844, 780, 763, 735, 689, 619, 597, 572. 

3.5.2. Synthesis of chiral dopants containing (IS, 2R, 5S)-(+)-menthol via acid 

chloride esterification. 

Me'"^ ^ O H 

V w e 
Me 

COCI 67 

Me' 

V"Me 
Me 68 

NO, 

Reaction Scheme 13. Synthesis of 4-nitrobenzoic acid (IS, 2R, 5S)-(+)-2-isopropyl-4-

methyl-cyclohexyl ester (68). 
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4-Nitrobenzoic acid (1S, 2R, 5S)-(+)-2-isopropyl-4-methyl-cyclohexyl ester (68). 

(1S, 2R, 5S)-(+)-Menthol (55)(10.0g, 0.064mol), triethylamine (7.76g, 0.077mol) and 

dichloromethane (200ml) were stirred at room temperature in a nitrogen atmosphere. 

4-Nitrobenzoyl chloride (67)(14.25g, 0.077mol) was dissolved in dichloromethane (50ml) 

and added dropwise to the reaction mixture. When the addition was complete, the 

reaction mixture was stirred at room temperature for 16 h. The reaction mixture was 

washed with dilute hydrochloric acid (300ml) and water (2x300ml). The filtrate was dried 

(Na2S04) and the solvent removed under reduced pressure using a rotary evaporator. 

The crude product was flash column chromatographed over MERCK 40-63(im silica gel, 

eluting with 5% ethyl acetate in petroleum spirit b.p. 40-60°C. The flash columned 

material was recrystallised from ethanol (50ml) and dried in a vacuum oven at 25°C for 

24 h; 12.92g (66.1% yield). 99.9% pure by HPLC. 

NMR (60MHz, CDCI3) 6 / ppm: 0.4-2.3 (18H, mult), 4.6-5.2 (1H, mult), 8.1 (4H, t). 

IR: vrnax/cm"': 3029 (aryl-H), 2955, 2922, 2868, 2843 (-CHg), 1710 (C=0), 1607 (benzene 

rk%0, 1525, 1495, 1456, 1386, 1367, 1348, 1328, 1287, 1276, 1265, 1217, 1195, 1181, 

1116,1102,1040,1016,1006,982,962,918,892,870,848,837.805,785.765.714, 

697,671,628.598.572. 
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3.5.3. Synthesis of chiral dopants containing (1R, 2S, 5R)-(-)-menthol via DCC 

esterification. 
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Reaction Scheme 14. Synthetic route for the preparation of chiral dopants containing 

(1R, 2S, 5R)-(-)-menthol. 
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Biphenyl-4-carboxylic acid (1R, 2S, 5R)-(-)-2-isopropyl-4-methyl-cyclohexyl ester 

( 7 1 ) . 

Preparation of biphenyl-4-carboxylic acid (1R, 2S, 5R)-(-)-2-isopropyl-4-methyl-

cyclohexyl ester (71) was performed as a cognate preparation to that of biphenyl-4-

carboxylic acid (1S, 2R, 5S)-(+)-2-isopropyl-4-methyl-cyclohexyi ester (60), using 

biphenyl-4-carboxyiic acid (61) (17.67g, 0.089mol) and (1R, 2S, 5R)-(-)-menthol (69) 

(13.90g, 0.089mol). The crude product was flash column chromatographed over Merck 

40-63p.m silica gel, eluting with 1:1 dichloromethane; petroleum spirit 40-60°C. The 

columned material was recrystallised from ethanol (60ml) and dried in a vacuum oven at 

25°C for 24 h; 14.62g (48.8%) yield. 99.3% pure by HPLC. 

'H NMR (60MHz, CDCI3) 5 / ppm: 0.6-2.4 (18H, mult), 4.6-5.2 (1H, mult), 7.1-7.8 (7H, 

mult), 8.1 (2H, d, J = 8Hz). 

IR; vmax/cm ': 2950, 2922, 2869 (-CH2), 1708 (C=0), 1607 (benzene ring), 1565, 1487, 

1451, 1404, 1370, 1343, 1325, 1312, 1288, 1265, 1203, 1180, 1161, 1115, 1038, 1018, 

1005, 982, 963, 919, 889, 855, 785, 741, 697, 685, 638, 597, 571. 

4'-Propylbiphenyl-4-carboxylic acid (IR, 2S, 5R)-(-)-2-isopropyl-4-methyl-

cyclohexyl ester (72). 

Preparation of 4'-propylbiphenyl-4-carboxylic acid (IR, 2S, 5R)-(-)-2-isopropyl-4-methyl-

cyclohexyl ester (72) was performed as a cognate preparation of biphenyl-4-carboxylic 

acid (IS, 2R, 5S)-(+)-2-isopropyl-4-methyl-cyclohexyl ester (60) using 4'-propylbiphenyl-

4-carboxylic acid (58) (19.03g, 0.079mol) and (IR, 2S, 5R)-(-)-menthol (69)(12.39g, 

0.079mol). The crude product was flash column chromatographed over MERCK 40-

63(im silica gel, eluting with 5% ethyl acetate in petroleum spirit 40-60°C. The columned 

material was recrystallised from ethanol (90ml) and dried in a vacuum oven at 25°C for 

24 h; 12.63g (42.1%) yield. 98.3% pure by HPLC. 

'H NMR (60MHz, CDCI3) 8 I ppm: 0.4-2.3 (23H, mult), 2.6 (2H, t, J = 7Hz), 4.6-5.2 (1H, 

mult), 6.8-7.7 (6H, mult), 8.0 (2H, d, J = 8Hz). 

IR: Vmax/cm ': 3028 (-CH2), 2956, 2926, 2868 (-CHg), 1705 (C=0), 1605 (benzene ring), 

1578, 1529, 1495, 1456, 1424, 1399, 1369, 1343, 1328, 1287, 1264, 1216, 1194, 1181, 

1119, 1038, 1019, 1005, 981, 964, 919, 891, 859, 836, 805, 764, 720, 696, 630, 605, 

571. 
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4'-Pentylbiphenyl-4-carboxylic acid {1R, 2S, 5R)-(-)-2-isopropyl-4-methyl-

cyclohexyl ester (73). 

Preparation of 4'-pentylbiphenyl-4-carboxylic acid (1R, 2S, 5R)-(-)-2-isopropyl-4-methyl-

cyclohexyl ester (73) was performed as a cognate preparation to that of 

biphenyl-4-carboxylic acid (1S, 2R, 5S)-(+)-2-isopropyl-4-methyl-cyclohexyl ester (60), 

using 4'-pentyibiphenyl-4-carboxylic acid (4) (19.79g, 0.074mol) and (1R, 2S, 5R)-(-)-

menthol (69) (11.54g, 0.074mol). The crude product was flash column 

chromatographed over MERCK 40-63)im silica gel, eluting with 5% ethyl acetate in 

petroleum spirit b.p. 40-60°C. The columned material was recrystailised from ethanol 

(90ml) and dried in a vacuum oven at 25°C for 24 h; 18.13g (60.4%) yield. 99.1% pure 

by HPLC. 

'H NMR (60MHz, CDCI3) 6 / ppm: 0.6-2.3 (27H, mult), 2.6 (2H, t, J = 6.5Hz), 4.6-5.2 (1H, 

mult), 7.0-7.8 (6H, mult), 8.1 (2H, d, J =8Hz). 

IR: Vrnax/cm"': 3028 (-CHg). 2955, 2927, 2858 (-CHg), 1704 (C=0), 1607 (benzene ring), 

1578, 1530, 1495, 1456, 1399, 1368, 1347, 1328, 1310, 1290, 1267, 1216, 1196, 1180, 

1117, 1039, 1018, 1005, 980, 961, 919, 893, 850, 828, 766, 737, 695, 646, 629, 605, 

571. 

4'-Heptylbiphenyl-4-carboxylic acid, (1R, 2S, 5R)-(-)-2-isopropyl-4-methyl-

cyclohexyl ester (74). 

Preparation of 4'-heptylbiphenyl-4-carboxylic acid, (IR, 2S, 5R)-(-)-2-isopropyl-4-methyl-

cyclohexyl ester (74) was performed as a cognate preparation of biphenyl-4-carboxylic 

acid (IS, 2R, 5S)-(+)-2-isopropyl-4-methyl-cyclohexyl ester (60) using 4'-heptylbiphenyl-

4-carboxylicacid (70)(20.45g, 0.069mol) and (IR, 2S, 5R)-(-)-menthol (69)(10.80g, 

0.069mol). The crude product was flash column chromatographed over MERCK 40-

63|im silica gel, eluting with 1:1 petroleum spirit 40-60°C: dichloromethane. The 

columned material was recrystailised from ethanol (50ml) and dried in a vacuum oven at 

25°C for 24 h; 15.26g (50.9%) yield. 99.6% pure by HPLC. 

'H NMR (60MHz, CDCI3) 6 / ppm: 0.5-2.4 (31H, mult), 2.6 (2H, t, J = 6.5Hz), 4.6-5.2 (1H, 

mult), 7.0-7.7 (6H, mult), 8.0 (2H, d, J = 8Hz). 

IR: Vmax/cm-\ 3029 (-CHg), 2956, 2924, 2853 (-CHg). 1705 (C=0), 1607 (benzene ring), 

1577, 1523, 1495, 1455, 1420, 1399, 1367, 1343, 1288, 1265, 1215, 1179, 1116, 1099, 

1060, 1039, 1018, 1006, 982, 961, 917, 891, 859, 835, 810, 770, 742, 702, 628, 599, 

576. 
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4'-Butyloxybiphenyl-4-carboxylic acid (1R, 2S, 5R)-(-)-2-isopropyl-4-methyl-

cyclohexyl ester (75). 

Preparation of 4'-butyloxybipiienyl-4-carboxylic acid (1R, 2S, 5R)-(-)-2-isopropyi-4-

methyl-cycloiiexyl ester (75) was performed as a cognate preparation to that of biphenyl-

4-carboxylic acid (1S, 2R, 5S)-(+)-2-isopropyi-4-methyl-cyclohexyi ester (60), using 4'-

butyloxybiphenyl-4-carboxylic acid (62) (19.84g, 0.073moi) and (1R, 2S, 5R)-(-)-menthol 

(69) (11.48g, 0.073mol). The crude product was flash column chromatographed over 

MERCK 40-63}im silica gel, eluting with 5% ethyl acetate in petroleum spirit 40-60°C. 

The columned product was recrystallised from ethanol (90ml) and dried in a vacuum 

oven at 25°C for 24 h; 14.53g (48.4%) yield. 99.9% pure by HPLC. 

'H NMR (60MHz, CDCI3) 8 / ppm: 0.6-2.4 (25H, mult), 4.0 (2H, t, J = GHz), 4.6-5.2 (1H, 

mult), 7.0 (2H, d, J= 8Hz), 7.5 (4H, d of d, J = 2, 8Hz), 8.0 (2H, d, J = 8Hz). 

IR: vrnax/cm ': 2957, 2933, 2870, 2844 (-CHg), 1706 (C=0), 1604 (benzene ring), 1580, 

1526, 1497, 1472, 1457, 1426, 1400, 1388, 1362, 1325, 1297, 1288, 1271, 1247, 1190, 

1100, 1057, 1040, 1015, 1007, 1000, 984, 967, 918, 890, 864, 833, 772, 740, 731, 722, 

699, 644, 628, 598. 

4'-Pentyloxybiphenyl-4-carboxylic acid (1R, 2S, 5R)-(-)-2-isopropyl-4-methyl-

cyciohexyl ester (76). 

Preparation of 4'-pentyloxybiphenyl-4-carboxylic acid (IR, 2S, 5R)-(-)-2-isopropyl-4-

methyl-cyclohexyl ester (76) was performed as a cognate preparation of biphenyl-4-

carboxylic acid (IS, 2R, 5S)-(+)-2-isopropyl-4-methyl-cyclohexyl ester (60) using 4'-

pentyloxybiphenyl-4-carboxylic acid (59) (28.12g, 0.099mol) and (IR, 2S, 5R)-(-)-

menthol (69)(15.49g, 0.099mol). The crude product was flash column chromatographed 

over MERCK 40-63|j,m silica gel, eluting with 1:1 dichloromethane : petroleum spirit b.p. 

40-60°C. The columned material was recrystallised from ethanol (100ml) and dried in a 

vacuum oven at 25°C for 24 h; 30.64g (73.1%) yield. 99.4% pure by HPLC. 

'H NMR (60MHz, CDCI3) 6 / ppm: 0.6-2.4 (27H, mult), 4.1 (2H, t, J = GHz). 4.6-5.2 (1H, 

mult), 7.0 (2H, d, J = 8Hz), 7.5 (4H, dofd, J = 2, 8Hz), 8.1 (2H, d, J =8Hz). 

IR: V rnax /cm \ 2956, 2933, 2868, 2844 (-CHg), 1706 (C=0), 1604 (benzene ring), 1580, 

1524, 1494, 1457, 1425, 1400, 1387, 1368, 1326, 128G, 12G8, 1249, 1188, 1099, 1054, 

1030, 1013, 1001, 983, 965, 918, 889, 833, 772, 745, 723, 700, 643, 633, 597. 
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4'-Hexyloxybiphenyl-4-carboxylic acid (1R, 2S, 5R)-(-)-2-lsopropyl-4-methyl-

cyclohexyl ester (77). 

Preparation of 4'-hexyloxybiphenyl-4-carboxylic acid (1R, 2S, 5R)-(-)-2-isopropyl-4-

methyl-cyclohexyl ester (77) was performed as a cognate preparation to that of biphenyl-

4-carboxylic acid (1S, 2R, 5S)-(+)-2-isopropyl-4-methyl-cycloliexyl ester (60), using 

4'-hexyloxybiphenylcarboxylic acid (6) (13.90g, 0.047mol) and (1R, 2S, 5R)-(-)-menthoi 

(69) (7.29g, 0.047mol). The crude product was flash column chromatographed over 

Merck 40-63pm silica gel, eluting with 1:1 dichloromethane: petroleum spirit 40-60°C. 

The columned material was recrystallised from ethanol (30ml) and dried in a vacuum 

oven at 25°C for 24 h; 14.1 Og (69.3%) yield. 99.7% pure by HPLC. 

'H NMR (60MHz, CDCI3) 8 / ppm: 0.4-2.4 (29H, mult), 4.0 (2H, t, J = 6Hz), 4.6-5.2 (1H, 

mult), 7.1 (2H, d, J = 8Hz), 7.6 (4H, d of d, J = 2, 8Hz), 8.1 (2H, d, J = 8Hz). 

IR: vrnax/cm"': 2950, 2934, 2867, 2848 (aryl-H), 1702 (C=0), 1604 (benzene ring), 1579, 

1524, 1497, 1474, 1463, 1426, 1401, 1373, 1325, 1286, 1271, 1249, 1181, 1100, 1056, 

1036, 1014,1000,983,966,931,918.890,869,832,772,733,724,703,644,634,596. 

trans, #ra/is-4'-Propylbicyclohexane-4-carboxylic acid, (1R, 2S, 5R)-(-)-2-isopropyl-

4-methyl-cyclohexyl ester (78). 

Preparation of frans, frans-4'-propylbicyclohexane-4-carboxylic acid, (IR, 2S, 5R)-(-)-2-

isopropyl-4-methyl-cyclohexyl ester (78) was performed as a cognate preparation of 

biphenyl-4-carboxylic acid (IS, 2R, 5S)-(+)-2-isopropyl-4-methyl-cyclohexyl ester (60) 

using trans, frans-4'-propylbicyclohexane-4-carboxylic acid (compound 5) (19.37g, 

0.077mol) and (IR, 2S, 5R)-(-)-menthol (69) (12.0g, 0.077mol). The crude product was 

flash column chromatographed over MERCK 40-63|im silica gel, eluting with 5% ethyl 

acetate in petroleum spirit b.p. 40-60°C. The columned material was recrystallised from 

ethanol (90ml) and dried in a vacuum oven at 25°C for 24 h; 19.66g (65.5%) yield. 

99.6% pure by GLC. 

'H NMR (60MHz, CDCI3) 8 / ppm: 0.4-2.4 (45H, mult), 4.6-5.2 (1H, mult). 

IR: vrnax/cm ': 2953, 2921, 2850 (-CH2), 1721 (C=0), 1455, 1442, 1385, 1370, 1344, 

1317, 1254, 1228, 1203, 1177, 1163, 1146, 1132, 1083, 1042, 1014, 996, 964, 918, 900, 

844,763.735.689,619,597,572. 
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3.5.4. Synthesis of chiral dopants containing (1R, 2S, 5R)-(-)-menthol via acid 

chloride esterification. 

Me-< )"iOH 
^ 64 

'/-Ue 
Me 

NOp-^2^COCI 67 

triethylamine, dichloromethane 

Me ' I O ^ C — N O 2 

^ M e yg 
Me 

Reaction Scheme 14. Synthesis of 4-nitrobenzoic acid, (1R, 28, 5R)-(-)-2-isopropyl-4-

methyl-cyclohexyl ester (79). 

4-Nitrobenzoic acid, (1R, 2S, 5R)-(-)-2-isopropyl-4-methyl-cyclohexyl ester (79). 

Preparation of 4-nitrobenzoic acid, (1R, 28, 5R)-(-)-2-isopropyl-4-methyl-cyclohexyi ester 

(79) was performed as a cognate preparation of 4-nitrobenzoic acid, (18, 2R, 58)-(-)-2-

isopropyl-4-methyl-cyclohexy! ester (68) using (1R, 28,5R)-(-)-menthol (69)(10.0g, 

0.064mol). The crude product was flash column chromatographed over MERCK 40-

63^m silica gel, eluting with 5% ethyl acetate in petroleum spirit b.p. 40-60°C. The 

columned product was recrystallised from ethanol (60ml) and dried in a vacuum oven at 

25°C for 24 h; 12.92g (66.1%) yield. 99.9% pure by HPLC. 

NMR (60MHz, CDCI3) 5 / ppm: 0.5-2.3 (18H, mult), 4.6-5.2 (1H, mult), 8.2 (4H, t). 

IR: vrnax/cm ': 3114 (aryl-H), 2955, 2919, 2868, 2844 (-CH2), 1713 (C=0), 1608 (benzene 

ring), 1525, 1456, 1408, 1386, 1349, 1320, 1287, 1278, 1239, 1182, 1115, 1101, 1059, 

1040, 1015, 983, 960, 918, 892, 870, 848, 837, 785, 714, 671, 628, 598. 
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3.6. Tables of Results. 

Table 3.2. Virtual mesophase behaviour and physical properties of compounds 60, 61, 62 and 63. 

Compound No Ten/ °C AHfus ion I kJmol ^ [ T N ' l ] v i r tua l 1 ° C H T P / jlim-1 [ a l D ' ° / ° g i c m 2 

M e . { 3 " 0 > C - Q - Q 

y - M e 

Me 

6 0 6 9 . 4 3 . 7 - 2 0 0 . 5 + 2 0 . 1 + 6 2 . 8 

Me " ^ 2 ) " O2C — 

pMe 
Me 

6 1 8 & 3 5 . 4 - 1 2 0 . 9 + 2 1 ^ + 5 6 . 4 

Me " ^ 2 ) " ° 2 C — 

) - M e 
Me 

6 2 6 7 . 8 4 . 3 - 1 1 9 . 4 + 2 0 . 2 + 5 2 . 7 

Me OgC — Q — 

7-Me 
Me 

6 3 9 4 . 7 6 . 3 - 8 2 . 1 + 2 0 . 3 + 5 2 . 2 

5 



Table 3.3. Virtual mesophase behaviour and physical properties of compounds 64, 65, 66 and 68. 

Compound No T c r , / ° C AHpusioN 1 kJmol ^ [ T N " l ] v i r tua l 1 C H T P / pm-1 [a]D" / "g^cm* 

Me " ( 3 " °2C— 

y-Me 
Me 

64 72 0 5.1 +19.9 +51.6 

Me " ^ 2 ) " °2C — 

7-Me 
Me 

65 60.0 6.6 -65.5 +18.7 +50.0 

„ , , Q „ O ^ C - ( 3 - Q ^ C , H , 

y-Me 
Me 

66 79.0 7.9 -92J3 +224 +38.6 

Me " - ^ " V o j C — N O 2 

/-Me 
Me 

68 62X3 4.9 -305.2 +20.5 +69.2 

hO 



Table 3.4. Virtual mesophase behaviour and physical properties of compounds 71, 72 and 73. 

Compound No T c r l / ° C AHpysioN 1 kJmol ^ [ T N * l l v i r t u a l 1 ° C HTP / urn-' [alD"" / °g 'cm " 

^Me 
Me 

71 6 7 . 7 3 . 1 - 2 1 0 . 5 - 2 0 . 1 - 6 2 . 7 

]rMe 
Me 

72 8&3 5 . 4 -123.4 - 2 1 . 5 - 5 7 . 2 

„ e - Q - 0 , C - Q - 0 - C s " . i 

)-Me 
Me 

73 6&3 4 . 0 - 1 3 3 . 1 -2&1 -5&0 



Table 3.5. Virtual mesophase behaviour and physical properties of compounds 74, 75 and 76. 

Compound No Tcrl/°C AHpusioN 1 kJmol ^ [TNNlvirtual 1 HTP / fim ' [a]D'° / °g'cm^ 

M . - Q - O , C - Q - ^ C , H „ 

^Me 
Me 

74 44.4 5.0 -110.3 -18.4 -49.3 

^Me 
Me 

75 929 5.1 -78.6 -20.1 -52.4 

M e - ( ^ 0 , C - Q h - ^ - 0 C 3 H , , 

^Me 
Me 

76 71.6 5.0 -83.5 -19.8 -52.1 K) 
00 



Table 3.6. Virtual mesophase behaviour and physical properties of compounds 77, 78 and 79. 

Compound No Tcr,/°C AHpusioN / kJmol ^ [TN'llvirtual 1 °C HTP / nm'i MD"" / og icm * 

)-Me 
Me 

77 59.6 6.6 -70.9 -18.7 -49.7 

^Me 
Me 

78 7&0 7.9 -95.6 -22.4 -39.7 

Me—^ ^ " O ^ C — — N O g 

) -Me 
Me 

79 62.5 4.7 -286.5 -20.5 -69.4 



4. Synthesis of chiral dopants based on isosorbide for use in SSCT displays 

4.1 Introduction 

Surfaces stabilised cholesteric texture (SSCT) displays are a new technology that has been 

d e v e l o p e d i n the last twelve years and are now starting to achieve their initial 

promise. This type of technology is based on bistable chiral nematic display technology 

using the naturally reflecting properties of chiral nematic liquid crystals to give displays with 

full image retention with no power, excellent daylight/ambient light readability and good 

display addressing times. One of the major advantages of this technology over earlier 

bistable chiral nematic displays is its improved manufacturability and in the near future, 

grey-scale and full colour displays. This technology is likely to be used for low power hand 

held applications such as mobile phones and pagers but could also be used for sign board 

applications. 

This technology utilises two of the textures that are exhibited by chiral nematic liquid crystals, 

planar and focal conic. The helical structure of chiral nematic liquid crystals allows incident 

light from a narrow band of wavelengths (typically 50-70nm) to be reflected as we have seen 

previously. In the case of uniform planar alignment of the chiral mesogenic directors, the 

directors are aligned parallel to the plane of the display and a brightly coloured appearance is 

observed. Conversely, in the scattering, focal conic texture the director is aligned randomly 

which leads to a virtually clear view of a black cell background. By application of an 

appropriate electric field, the material may be switched between these two states. 

Bright - on state Dark - off state 
Planar alianment Scattering alignment 

Figure 4.1 Two states of SSCT display. 

For materials with a positive dielectric anisotropy, the director in the chiral nematic phase will 

easily align parallel to an applied electric field, forming the focal conic texture and therefore 

destroying the reflective planar structure Applying an electric field leads to an 
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unwinding of the helical structure, which is a continuous process. This allows the layered 

structure of the planar on-state to be destroyed at lower applied voltages to give the focal 

conic off-state. Due to this continuous process it is also possible to produce various grey 

levels. Switching from the off-state back to the on-state is achieved by a sudden release of 

the electric field while the mixture is in the higher voltage unwound state. The mixture 

naturally adopts a planar on-state. Typical voltages required for achieving the unwound state 

are 7 V.pm"^ in standard liquid crystal mixtures, corresponding to around 35V for a Sjim cell. 

Planar ON Unwound 

Focal 
OFF state 

Increasing voltage 

Figure 4.2 Switching of SSCT displays. 

As expected, the performance of the device is dependent on the properties of the liquid 

crystal mixture that is used. The important liquid crystalline properties of the mixture for this 

type of display are the birefringence (An), the dielectric anisotropy (As) and the rotational 

viscosity (yi). The effect of these three properties is as follows: 

• the birefringence affects the brightness of the display in the 'on' state. Increasing the 

birefringence of the liquid crystal mixtures gives a brighter display. However, increasing 

the birefringence of the liquid crystal mixture also increases the residual light scattering in 

the 'off' state giving a lower contrast ratio; 

» increasing the dielectric anisotropy reduces the required switching voltage; 

• the viscosity of the mixture has an effect on the switching from the unwound state back to 

the planar 'on' state. This is the only transition that is not voltage driven and so the 

response time is primarily limited by the viscosity of the liquid crystal mixture that is used 

and the cell thickness. 
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With this in mind, one part of the liquid crystal mixture that can have a significant effect on the 

properties is the chiral dopant. Particularly, if the chiral dopant is a significant fraction of the 

liquid crystal mixture. For chiral nematic mixtures, the pitch, p, of the helix in the first 

approximation, which is sufficient for most practical applications, is inversely proportional to 

the concentration (in weight %), c, of the chiral dopant in the liquid crystal mixture according 

to 

P = J - 1 

HTP c 

The proportionality factor is the inverse of the helical twisting power (HTP)"^ of the chiral 

dopant. There are two extreme possibilities for achieving a short pitch that is required for 

applications such as SSCT where the chiral nematic mixture has to reflect selectively in the 

visible region of the electromagnetic spectrum, namely; 

• using high concentrations of a chiral dopant possessing a low HTP; 

» using a low concentration of a chiral dopant that possesses a high HTP. 

In the majority of cases of chiral dopants that have previously been synthesised, low values 

of HTP are exhibited and it is therefore necessary to use high concentrations, as much as 

50% by weight, of these materials. This is a disadvantage as typically chiral dopants are 

difficult to synthesise and this leads to an increased cost relating to the mixtures that they are 

incorporated into. Also, when it is necessary to use high concentrations of the chiral dopant, 

they often have an adverse effect on the properties of the liquid crystal host mixture, for 

example, Tn»i, the dielectric anisotropy, the viscosity and hence the driving voltage and the 

switching times. In many cases, the chiral dopants often show a high temperature 

dependence of the helical twisting power. When used in chiral nematic mixtures, this leads 

to a strong temperature dependence of the reflection wavelength of the mixture. This is 

especially disadvantageous for applications in chiral nematic displays, such as SSCT 

displays, where usually a low temperature dependence of the reflection wavelength is 

required. 

Another disadvantage of previously synthesised chiral dopants is that they show low solubility 

in the liquid crystal host mixture, which leads to undesired crystallisation at low temperatures. 

To overcome the solubility problem, typically two or more different chiral dopants have to be 

added to the host mixture. The implications of this are higher cost and the requirement for 

additional effort for temperature compensation of the mixture, as the different chiral dopants 
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have to be selected such that their temperature coefficients of the twist compensate each 

other. 

An example of a chiral precursor that can be used to prepare chiral dopants for liquid crystal 

applications with high helical twisting powers is 1,4:3,6-dianhydro-D-sorbitol (isosorbide)''̂ ®', 

whose structure is shown in Figure 4.3. 

HO H 

H OH 

Figure 4.3 Chemical structure of isosorbide. 

H 

It was decided to carry out further investigations of this system to determine whether it was 

possible to synthesise chiral dopants that would be suitable for use in chiral nematic mixtures 

for SSCT applications. That is, to determine whether it was possible to synthesise materials 

using isosorbide that show good solubility and insensitivity of wavelength to temperature for 

the desired operating range of -20°C to 80°C and more particularly between 0°C and 60°C. 

4.2. Experimental Techniques 

4.2.1. Design strategy and synthesis of materials 

A range of symmetrical diesters of isosorbide was synthesised using acid chloride 

esterification. A range of non-symmetrical diesters of isosorbide was synthesised by using 

DOG esterification to prepare monoesters of isosorbide followed by acid chloride 

esterification to prepare the non-symmetrical diesters. 

4.2.2. Chemical purity and chemical structure analysis 

4.2.2.1. High performance liquid chromatography. 

4.2.2.2. Gas liquid chromatography. 

4.2.2.3. Analytical thin layer chromatography. 

4.2.2.4. ^H Nuclear magnetic resonance spectroscopy. 

4.2.2.5. Infra-red spectroscopy. 

These techniques listed previously were used to determine the chemical purity and chemical 

structures of the final compounds reported in this Chapter. The instruments, apparatus and 

experimental conditions are the same as those described in Chapter 2, Sections 2.2.2.1-

2.2.2.5. 
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4.2.3. Identification of mesophases 

4.2.3.1. Polarised light optical microscopy. 

4.2.3.2. Differential scanning calorimetry. 

The techniques listed previously were used to determine mesophase type and the transition 

temperatures and enthalpies of transition for the final compounds reported in this Chapter. 

The instruments, apparatus and experimental conditions are the same as those described in 

Chapter 2, Sections 2.2.3.1 and 2.2.3.2. 

4.2.4. Physical characterisation of final compounds 

4.2.4.1. Measurement of virtual chiral nematic-isotropic transition. 

4.2.4.2. Measurement of helical twisting power. 

The physical characterisation of the final compounds synthesised in this Chapter was carried 

out as described in Chapter 3, Sections 3.2.4.1 and 3.2.4.2, in some cases with alternative 

concentrations. 

4.3. Results and discussion 

4.3.1 Introduction 

A range of diesters were synthesised using isosorbide as the chiral moiety. Initially, the 

materials that were synthesised were symmetrical. However, on investigation of their 

physical properties unsymmetrical materials were also synthesised and fully characterised for 

use in chiral nematic mixtures for SSCT applications. 

4.3.2 Symmetrical diesters of isosorbide 

Thirteen symmetrical diesters of isosorbide were synthesised. The mesophase behaviour 

and physical properties of these materials are shown in Tables 4.10, 4.11, 4.12 and 4.13. 

Compound 103 had previously been synthesised by Vill et a l . b u t this material was 

resynthesised to investigate its properties in nematic hosts that had been formulated 

specially for SSCT applications. All of the compounds that were synthesised were based on 

acids containing at least one aromatic ring because although these materials would not be 

mesogenic, aromatic units tend to promote mesomorphic behaviour with good thermal 

stability. This would help reduce the detrimental effects of these dopants in the nematic 

hosts as they are likely to reduce the clearing points of the host mixture. 

Initially, other homologues of compound 103 were synthesised using readily available acids 

(4-butyioxybenzoic acid and 4-methoxybenzoic acid) from our production facility. Changing 

from a hexyloxy terminal group to a butyloxy terminal group increased the melting point by 

15.6°C. This may be attributable to greater van der Waals forces between neighbouring 
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compounds of the shorter spacer length caused by smaller dilution of the aromatic core by 

the aliphatic spacers. Decreasing the spacer length also increased the molar enthalpy of 

fusion significantly. The helical twisting powers of the two compounds, measured in the 

nematic host BL087, were similar. Based on these observations, compound 103 was a 

preferable compound to compound 88 as it was likely to be more soluble in the nematic host 

and would require a similar concentration of this dopant to achieve the desired reflection 

wavelength. 

Changing to a methoxy terminal group decreased the melting point compared to both the 

butyloxy and hexyloxy homologues although it was only marginal when compared to the 

hexyloxy spacer. Its molar enthalpy of fusion was lower than both the butyloxy and hexyloxy 

homologues and consequently its entropy of melting was lower suggesting a reduced 

flexibility for this compound. More detrimentally, the helical twisting power of compound 89 

was significantly lower than compounds 88 and 103. This can be explained due to less 

flexibility in the molecule and hence a reduction in the interaction between the chiral dopant 

and the nematic host leading to less ordering in the system. 

An example of a diester based on an alkyibenzoic acid (compound 90) was also synthesised. 

4-Pentylbenzoic acid was used to allow a direct comparison with compound 88. For 

homologous series of materials containing an a Iky I chain as the terminal group, transition 

temperatures tend to be higher for members with an odd number of carbon atoms in the 

chain. This can be explained by comparing a pentyl terminal group to a butyl terminal group, 

the molecular length is increased without increasing the molecular breadth. Also, changing 

from a pentyl terminal group to a hexyl terminal group increases the molecular length but also 

increases the molecular breadth. For compound 88, with an alkoxy chain as the terminal 

group, the oxygen atom is analogous to a CH2 group and therefore for comparison a butyloxy 

terminal group is equivalent to a pentyl terminal group. Compound 90 melted some 29°C 

lower than compound 88 and had a significantly lower enthalpy of fusion. However, the 

disadvantages of compound 90 was that it had a slightly lower virtual chiral nematic-isotropic 

transition temperature, some 13.2°C lower than compound 88, this would not be significant 

as it is only necessary to have approximately 5.5% concentration of the chiral dopant in the 

nematic host. Also, compound 90 had a slightly lower helical twisting power. If the entropy 

of melting is calculated for the two compounds, compound 90 has an entropy of melting of 

2.7 and compound 88 has an entropy of melting of 3.3. These values would suggest that 

compound 88 is more flexible than compound 90 and would therefore interact more with the 

nematic host leading to a higher helical twisting power. 
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A lateral substituent on the benzoic acid was also considered. Compound 91 was 

synthesised containing a fluoro substituent in the three position and a terminal octyloxy 

group. A slightly longer terminal group was used to enhance further the transition 

temperatures. This was possible because the lateral substituent would suppress any 

smectogenic tendencies. This compound had a melting point that was 9°C lower than 

compound 103 and its molar enthalpy of fusion was significantly lower. The virtual chiral 

nematic-isotropic transition temperature was some 31.2°C higher. However, the helical 

twisting power of compound 91 was significantly lower than compound 103. 

A diester was also synthesised based on cinnamic acid (compound 100). The aim of this 

was to slightly increase the polarisability of the chiral dopants and hence increase the 

birefringence of the liquid crystal phase without increasing the number of rings in the system. 

The unsaturation in cinnamic acid increases the conjugation in the system and also 

preserves the linearity of the molecule due to the restricted rotation about the double bond of 

the cinnamate group. However, compound 100 had the highest melting point of all the 

diesters based on single ring acids and the lowest virtual chiral nematic-isotropic transition 

temperature. It also had a very low helical twisting power (29.5^m"'') compared to all the 

other single ring acid diesters that were synthesised. The entropy of melting for compound 

100 is 2.2, this is the lowest entropy observed for the compounds based on single ring acids. 

This would imply that this compound has the least flexibility and hence would interact poorly 

with the nematic host leading to poor mesophase stability and low helical twisting power. 

Of the six diesters that were synthesised from single ring acids, compound 103, showed the 

best all-round performance. To investigate this system further, seven compounds were 

synthesised based on two ring acids. Initially, a diester (compound 87) was synthesised 

using a simple biphenyl acid. Limited characterisation was carried out on this material due to 

its very high melting point. The solubility of this material in the desired SSCT nematic host, 

BL087, was low and it was not possible to prepare a mixture that was both selectively 

reflecting and did not crystallise within a few minutes of preparation. 

To reduce the molar enthalpy of fusion and hence increase the solubility of the diesters 

prepared from a biphenyl acid, lateral substituents were incorporated into the acid. Two 

examples were synthesised with lateral substituents, namely compounds 104 and 92: 
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^—ccx 

87 

Cr 221 .S-'C I: AHpusioN 11.9 kJ moM 

C.H_0 9- '19 

OCgĤ g 

104 

Cr 185.1°C Ij AHpusioN 11-3 kJ mol \ [T '̂i]virtual 9.2°C 

F F 

C„H„0 8' '17 

OC.H 

F F 92 

Cr 145.4°C I; AHFUSION 10.3 kJ moM; [TN-JVIRTUAI - 17 . rC ; HTP 56.9^m-' 

Figure 4.4 Comparison of the properties for compounds 87,104 and 92. 

As can be seen from the data, moving from none to one to two lateral fluorine substituents 

has depressed the melting point by some 76°C. The enthalpy of fusion has also decreased, 

and the virtual chiral nematic-isotropic transition temperature has been suppressed. A direct 

comparison on the effect on the chiral nematic-isotropic transition temperatures can only be 

made between compounds 104 and 92 because it was not possible to measure the virtual 

chiral nematic-isotropic transition temperature at all for compound 87 due to its very limited 

solubility in the nematic host. Comparing compounds 104 and 92, the melting point has been 

suppressed by 39.7°C with two lateral fluorine substituents compared to a single lateral 

fluorine substituent. Comparing the entropies of melting, scaled by R, for compounds 104 

(3.0) and 92 (2.9) suggests that compound 104 with one lateral fluorine substituent is very 

slightly more flexible than compound 92 with two lateral fluorine substituents. The 

suppression in melting between compounds 104 and 92 must be due to a perturbation of the 

molecular packing. The virtual chiral nematic-isotropic transition temperature has also been 

depressed by 26.3°C. In this system, increasing the number of lateral substituents has a 

more marked effect on the melting point than on the virtual chiral nematic-isotropic transition 
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nematic-isotropic transition temperature. Further lateral substitution was not investigated as 

one of the aims of this work was to synthesise dopants that were relatively cheap and 

synthesis of acids with an increased substitution pattern would not be conducive to this. 

To investigate diesters based on two ring acids further, two ring acids with linking groups 

between the rings were considered. Two examples (compounds 101 and 102) were 

prepared with an ester linking group between the two aromatic rings: 

Cr 221.5°C I : AHFUSION 11.9 kJ MOL'^ 

11 
101 

Cr 106.3 Cri 126.1 I ; AHFUSION 9.0 kJ moM; [TN-OVIRTUAI 34.3°C; H T P 63.9^m-

CO 

O Z 
- / — \ / — \ 

W // // ^^6^13 
^ ^ — ' 102 

Cr 115.1 Cri 139.8 I ; AHFUSION 9.9 kJ moM; [TN-OVIRTUAI 53.9°C; H T P G S . O ^ M T ' 

Figure 4.5 Comparison of properties for compounds 87,101 and 102. 

The inclusion of the ester linking group between the two aromatic rings significantly reduces 

the melting point of the compounds because although the molecular length has been 

increased, the molecular breadth has been increased more significantly, hence perturbing the 

molecular packing. For compound 101 with a terminal a Iky I group, the melting point has 

been depressed by 95.4°C compared to compound 87. For compound 102 with a terminal 

alkyloxy group, the melting point has been depressed by 81.7°C compared to compound 87. 

The ester linking group has raised the mesophase thermal stability with the virtual chiral 

nematic-isotropic transition temperatures now being above 0°C. The helical twisting powers 
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are also the highest observed for this system. Further comparisons can be made in relation 

to the diesters of single ring acids. Compound 101 can also be compared with compound 90 

to determine the effect of an additional aromatic ring and ester linking group on each side of 

the isosorbide; 

CsH,,—f ) — C O j - ^ CO 

101 

Cr 106.3 Cri 126.1 1; AHpusioN 9.0 kJ mor; [TN'i]vi,tuai 34.3'C: HTP 63.9nm 

^5^11 
90 

Cr 76.0 I; AHFUSION 7.8 kJ moM; [TN-JVIRTUEI -127.4°C; H T P 5 6 . 2 | L I M - ^ 

Figure 4.6 Comparison of the properties for compounds 101 and 90. 

The insertion of an extra aromatic ring and ester linking group on each side of the isosorbide 

has increased the melting point by 50.1°C and has increased the enthalpy of fusion but not 

significantly. The virtual chiral nematic-isotropic transition temperature of compound 101 has 

been increased by 161.7°C compared to compound 90 and this is a significantly larger 

increase than the effect on the melting point. The entropies of melting for compounds 101 

and 90 are very similar suggesting the flexibility in the molecules is similar. Incorporating the 

extra aromatic ring and ester linking group has also increased the helical twisting power by 

7.7|j,m'̂  which is probably due to the increased anisotropy of the molecule and an increased 

ordering between the chiral dopant and the nematic host. To prepare selectively reflecting 

mixtures at 550nm, would theoretically require 5.32% of compound 90 compared to 4.67% of 

compound 101. This is not a significant difference in concentration and hence compound 90 

would probably be a more suitable dopant due to its lower enthalpy of fusion which potentially 

could lead to better solubility. 

Compound 102 can be compared to compound 103. Again the difference between the two 

compounds, is the insertion of an extra aromatic ring and ester linking group in compound 

102 compared to compound 103: 
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102 

Cr 115. rC Cri 139.8''C 1; AHpusioN 9.9 kJ mor ; FN-Jvirtuai 53.9''C: HTP 

CgHisO 

^ y-0CgH^3 

103 

Cr 84.7''C Cn 89.4''C 1; AHpusioN 9.9 kJ mol '; Mvirtua, -107.8''C: HTP 56.2nm"' 

Figure 4.7 Comparison of the properties for compounds 102 and 103. 

Comparing compounds 102 and 103, the insertion of the extra aromatic ring and ester linking 

group on each side of the isosorbide has increased the melting point by 50.4°C without 

increasing the molar enthalpy of fusion. The virtual chiral nematic-isotropic transition 

temperature of compound 102 Is some 161.7°C higher than compound 103 and this is again 

a significantly larger increase than the increase in melting point. The helical twisting power 

has been increased 6.8^im'\ A similar rationale can be used for the differences in 

compounds 102 and 103 as was used for compounds 90 and 101. 

In these two comparisons , compound 90 compared to compound 101 and compound 103 

compared to compound 102, the inclusion of the extra aromatic ring and ester linking group 

on each side of the isosorbide has led to very similar changes in the properties of the 

compounds. For the two pairs of compounds, the melting points have been increased by 

50.1°C and 50.4°C. respectively and the virtual chiral nematic-isotropic transition 

temperatures have been increased by 161.7°C in both cases. The inclusion of an extra 

aromatic ring and ester linking group has not significantly increased the helical twisting power 

which may have been expected. 

The third compound that was synthesised from a two ring acid with an inter-ring linking group 

was compound 105. For this compound, the -CH2CH2- linking group was used in 

combination with one aromatic ring and one alicyclic ring. This particular linking group is not 

suitable for purely aromatic systems as it interrupts the conjugation between the rings. There 
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are many examples of systems that confirm that the introduction of cyclohexane rings 

promote mesomorphic behaviour more than benzene rings which justifies the introduction of 

this type of acid into the system. 

Comparing compounds 105 and 101: 

" 02C— 
105 

C r 1 5 7 . 2 ° C I; AHFUSION 1 0 . 4 k J m o r ; [TN-JVIRTUAI 4 2 . 5 ° C ; H T P 6 8 . 5 | A M 

C,H 
101 

C r 1 0 6 . 3 C r i 1 2 6 . 1 I ; AHFUSION 9 . 0 k J M O R \ [ T N - I U U S I 3 4 . 3 ° C ; H T P 6 3 . 9 | L I M - ^ 

Figure 4.8 Comparison of the properties for compounds 105 and 101. 

As can be seen from this comparison, the introduction of the cyclohexane ring with the 

-CH2CH2- inter-ring linking group has increased the virtual chiral nematic-isotropic transition 

temperature slightly, by 8.2°C, which is probably within experimental error. However, the 

melting point has been increased by 31.1°C and there is approximately a 14% increase in the 

molar enthalpy of fusion. Therefore, there has been no real gain from synthesising 

compound 105, because although there has been a slight increase in the virtual chiral 

nematic-isotropic transition temperature, the increased melting point and molar enthalpy of 

fusion would probably contribute to this material showing lower solubility in the desired 

nematic host. Although, one advantage of compound 105 is the increased helical twisting 

power that is observed and this would lead to a reduced concentration of this dopant in the 

nematic host to prepare the required reflection wavelength. However, all these compounds 

have high helical twisting powers so this would be a small effect. 

One final example that was synthesised from a two ring acid was compound 106. This 

compound was based on the fused ring system of naphthoic acid. Although this compound 

was the lowest melting of the diesters based on two ring acids, its virtual chiral nematic-

isotropic transition temperature was also the lowest and was comparable to the diesters that 
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were synthesised from single ring acids. Its helical twisting power was one of the lowest for 

the diesters that were synthesised from the two ring acids. 

From the thirteen compounds that were synthesised, the most promising compounds were 

90, 91 and 103. The rational for this choice was that they were the easiest and cheapest to 

synthesise. Although they had slightly lower helical twisting powers than some of the 

diesters that were prepared from two ring acids the values were not significantly lower. A 

theoretical comparison has been made based on the helical twisting power and virtual chiral 

nematic-isotropic transition temperature of compounds 90, 91 and 103 with compound 105 

that has the highest helical twisting power and virtual chiral nematic-isotropic transition 

temperature. From the helical twisting powers that have been determined for the 

compounds, it is possible to predict the concentration of chiral dopant that would be required 

to prepare selectively reflecting mixtures of a particular reflection wavelength, assuming a 

linear relationship between concentration and reflection wavelength. From this predicted 

concentration, it is also possible to predict the chiral nematic-isotropic transition temperatures 

for the mixtures prepared with these specific concentrations of chiral dopants. The predicted 

concentrations required to prepare selectively reflecting mixtures, with a reflection 

wavelength of 550nm, of compounds 90,91,103 and 104 are shown in Table 4.1 with the 

predicted chiral nematic-isotropic transition temperatures for those mixtures: 

Compound Concentration / % Tn'I / °C 

90 5.32 75.9 

91 7.11 75.6 

103 5.32 76.9 

105 4.36 85.3 

Table 4.1. Comparison of predicted properties for theoretical mixtures. 

As can be seen from these theoretical results, the lower helical twisting powers of the 

diesters prepared from single ring acids does not have a significantly detrimental effects on 

the nematic host. The theoretical mixtures were prepared and found to have the following 

properties: 
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Compound m̂ax /ifTl TN-I / °C 

90 556 75.0 

91 548 72.7 

103 558 77.5 

105 544 85X3 

Table 4.2. Comparison of properties of prepared mixtures. 

The experimental mixtures show a reasonable correlation with the predicted properties of the 

theoretical mixtures. Further testing was carried out on these compounds. An excessive 

amount of each of compounds 90, 91 and 103 was dissolved in BL087 and left to stand for 

one week at room temperature to crystallise. The mixtures were then filtered and the 

reflection wavelength was measured for the filtered mixture. From the known helical twisting 

power, it was possible to determine the maximum solubility of these compounds at room 

temperature in BL087; the results shown in Table 4.3 were obtained. 

Compound m̂ax /nill Maximum Solubility at Room Temperature 

90 447nm 8.76% 

91 436nm 14.92% 

103 422nm 6.93% 

Tab e 4.3. Comparison of maximum solubilities of compounds 90, 91 and 103 in BL087. 

For compound 91, the solubility was such that the original filtered mixture had to be diluted 

with more BL087 to produce a selectively reflecting mixture. If the entropies of melting are 

calculated for the three compounds, the values are given in Table 4.4: 

Compound A S ^ e l t i n g / JmOl '°C ' 

90 22X3 

91 1 8 . 9 

103 2A3 

Table 4.4. Entropies of melting for compounds 90, 91 and 103. 

Compound 103 has the largest entropy of melting, suggesting that it has the most flexible 

structure and therefore packs the most uniformly in its solid structure. However, it is this 

compound that has the lowest solubility in the nematic host. Whereas, compound 91 has the 

smallest entropy of melting, suggesting less flexibility in the structure and reducing the 

uniformity of the packing in its solid structure and it is this compound that has the greatest 

138 



solubility. However, the solubility of all these compounds was such that it would be possible 

to prepare selectively reflecting mixtures at 550nm that would remain in solution using a 

single dopant. The final requirement of the chiral dopant for use in SSCT applications is that 

it shows no or only a small change in wavelength with temperature, particularly in the range 

0°C and 60°C. The change in wavelength with temperature was also determined for 

compounds 90, 91 and 103; the results are given in Table 4.5. 

Compound (5^5T) / nm°C i 

90 1.12 

91 1^3 

103 0.61 

Table 4.5. Comparison of change in wavelength with temperature for compounds 90, 91 and 

103. 

For compound 103, which exhibits the smallest change in wavelength with temperature, the 

change in wavelength over the temperature operating range is some 37nm which would be 

obvious to the human eye. In the case of compound 91 which exhibited the worst change in 

wavelength with temperature, there is an 80nm shift in wavelength. 

The conclusion of this work is that none of the symmetrical diesters that were synthesised 

when used as single chiral dopants in an SSCT nematic host (BL087) fulfilled all of the 

requirements for this particular application. Although three compounds were identified which 

achieved suitable solubility in BL087 as single chiral dopants, it would be necessary to use a 

combination of two or more chiral dopants to compensate for the temperature dependence of 

the wavelength for the mixture. The aim of this work was to identify a single chiral dopant 

that showed both suitable solubility and negligible temperature dependency on wavelength. 

This was not possible from any of the compounds that were synthesised. 

4.3.3. Unsymmetrical diesters of isosorbide 

Due to the limited solubility of the symmetrical diesters of isosorbide, it was decided to 

synthesise unsymmetrical diesters based on isosorbide. By perturbing the symmetry in the 

molecules, it was thought that this might reduce the uniformity of the packing and provide 

compounds that showed increased solubility. It is possible to synthesise monoesters^^ '̂ of 

isosorbide due to a difference in reactivity between the two hydroxy groups on it: 
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The 2-position in the isosorbide is least hindered and therefore reacts preferentially. Initially 

a pair of unsymmetrical diesters of isosorbide was synthesised and fully characterised to 

determine whether there were any significant differences in their properties: 

^ —CO, 

137 

C5H11-

123 

CO, 

Figure 4.9. Chemical structures of first synthesised pair of unsymmetrical diesters of 

isosorbide. 

Compound TcM / °c HTP / ^m"̂  ^Hfusion / kJ mol ^ [Tn'Ovirtual / C (S%/6T) / nm'C' 

123 101.6 63.7 7.4 -10.8 0.17 

137 116.4 60.4 9.7 -32.6 0.16 

Table 4. 5. Physical properties of compounds 123 and 137. 

The only difference between the two compounds, is the order in which the single ring and 

two-ring acids are reacted onto the isosorbide and hence the location of the acids on the 

isosorbide. In the case of compound 123, the single ring acid was reacted first and in the 

case of compound 137, the two-ring acid was reacted first. For compound 123, 4-pentyl-

benzoic acid is reacted at the 2 position of the isosorbide and 4'-(4-pentylbenzoyloxy)benzoic 

acid is reacted at the 5 position. The reverse is true for compound 137. X-ray crystallography 
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was used to confirm the structures of compounds 123 and 137 (see Appendix 7.2). As can 

be seen from the physical properties, compound 123 has the following advantages over 

compound 137: 

• a slightly lower melting point; 

• a slightly higher helical twisting power; 

• a lower enthalpy of fusion; 

• a higher virtual chiral nematic - isotropic transition temperature. 

The change in wavelength with temperature is comparable for the two compounds 123 and 

137. The advantages of compound 123 over compound 137 were only marginal and so 

solubility tests were carried out. Compounds 123 and 137 were dissolved in the nematic host 

BL087 to produce selectively reflecting chiral nematic mixtures. These mixtures were flow-

filled into 50p,m cells and stored at -20°C, 4°C and room temperature. Initially, the cells were 

stored for three days and the following results were obtained: 

Compound Solubility 

Room temperature 4°C -20°C 

123 Yes Yes Yes 

137 No No No 

Table 4.7. Results of solubility testing of compounds 123 and 137. 

As can be seen from the results obtained, there is a significant difference in the solubility of 

the two compounds. Compound 123 has an entropy of melting of 2.4 and compound 137 

has an entropy of melting of 3.0. As was observed for the symmetrical diesters, the 

compound with the lower entropy of melting had the better solubility in the nematic host. 

Based on these results, a range of unsymmetrical diesters was synthesised with single ring 

acids in the two position and typically two ring acids in the five position. Four monoesters of 

isosorbide were also synthesised based on single ring acids, their structures are shown in 

Figure 4.10 
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Figure 4.10. Chemical structures of the monoesters synthesised from single ring acids. 

From these monoesters, fourteen unsymmetrical diesters were synthesised. The virtual 

mesophase behaviour and physical properties of these materials are shown in Tables 4.14, 

4.15, 4.16, 4.17 and 4.18. For twelve of the fourteen diesters that were synthesised, a two-

ring acid was esterified into the 5-position of the isosorbide. 

Four of the unsymmetrical diesters that were synthesised were hybrid materials of the 

symmetrical diesters that were synthesised, thus compound 123 is the hybrid of the 

symmetrical diesters , compounds 90 and 101 (see Figure 4.11); 

C a H , . - < Q - C O r ^ Q ^ C O ^ 

_ / - x 
O 2 C — ( ^ - O z C — 

^ ^ ^ ' 101 

Cr 106.3°C Cri 126.1 °C I; AHFUSION 9.0 kJ moM; [TN-ILVIRTUAI 34.3°C; HTP 63.9^im"' 

^ 5 ^ 1 1 — v 3 — C O ^ — — C O ; 

123 

Cr 101 . r c I; AHFUSION 7.4 kJ moM; [TN-JVIMUAI -10.8°C; H T P 63.7nm •1 

142 



o-
" °2C~\ 

90 

Cr 76.0°C I; AHpusioN 7.8 kJ mo|-\ [Tmlvirtuai -127.6''C: HTP 56.2pm-' 

Figure 4.11. Comparison of tine properties of compounds 90,101 and 123. 

In the case of the hybrid compound 123, its melting point is intermediate between those for 

the symmetrical compounds 90 and 101 and its enthalpy of fusion is lower than for both of 

the symmetrical diesters. With respect to the helical twisting power and virtual chiral 

nematic-isotropic transition temperature, the values for the hybrid compound are more similar 

to those for the symmetrical diester based on the two ring acid, compound 101. Solubility 

testing of compound 123 as a selectively reflecting mixture in BL087 revealed that it had a 

good solubility at room temperature, 4°C and -20°C. Compound 123 has a lower entropy of 

melting (2.4) than compound 90 (2.7) and compound 101 (2.7) and this would explain the 

good solubility observed for this compound. Over the temperature range 0°C to 60°C, a 

10nm shift in colour was observed. 

Another example of a hybrid compound is compound 129: 

o 
H O2O--& /^-CgHi 

101 

Cr 106.3°C Cri 126.rC I ; AHFUSION 9.0 kJ moM; [TW-ILVIRTUAI 34.3°C: H T P G S . G ^ I M ' 

C5H1 C O 2 — C O 2 

c^,c-

Cr 1 4 1 . O X I; AHFUSION 10.7 kJ moM; [IN-OVIRTUAI - 2 2 . 5 ° C ; H T P GS.S^im'^ 

143 



—CO2 

OC.H 

Cr Cri 89.4''C I; AHpusioN 9.9 kJ mor\ FN- iWi -lO/.S-C: HTP 56.2 îm-̂  

Figure 4.12. Comparison of the properties of compounds 101,103 and 129. 

For hybrid compound 129, the melting point and enthalpy of fusion are significantly higher 

than those for both of the symmetrical compounds 101 and 103. However, its helical twisting 

power and virtual chiral nematic-isotropic transition temperature were more similar to those of 

the symmetrical diester based on the two ring acid, compound 101, as found with the 

previous hybrid compound. When a selectively reflecting mixture was prepared with this 

compound in BL087, it showed poor solubility and so it was not possible to determine the 

change in wavelength with temperature. 

In two cases, the four monoesters were reacted with the same two ring acids. Comparisons 

can then be made between compounds 123,129,132 and 135 whose structures and 

properties are given in Figure 4.13. 

CgĤ  1—̂2̂— C O g — ^ ^ — C O 

o - r 

OgC < >—C5H11 
123 

Cr i o i . r c I; AHFUSION 7.4 kJ moM; [TN-I]VIRTUAI -10.8°C; H T P 63.7^im"' 

^ . " ^ r - 0 - c o r - 0 - c o 

OC.H 

Cr 141.0°C I; AHFUSION 10.7 kJ moM; [TN-JVIRWI -22.4°C; H T P GS.S^im'^ 
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^ OgC—^ ^—OMe 

C r 114 .5 °C 1; AHFUSION 8 .7 kJ m o | - \ U'mlmua\ - 1 2 . 8 ° C ; H T P SQ-G^rni"" 

bgC—^ ^C(CH3)3 
—^ 135 

Cr 1 1 2 . 8 X I; AHFUSION 7.9 kJ moM; M v i r t u a i - 8 6 . 0 ° C : H T P 69.8^im"' 

Figure 4.13. Comparison of the properties for compounds 123,129,132 and 135. 

Considering compounds 123,129 and 132, the order of the melting points is consistent with 

the order of the melting points observed for the symmetrical diesters of these single ring 

acids. Compound 135 has a comparable melting point to compound 132, however, its virtual 

chiral nematic-isotropic transition temperature is significantly lower which is probably due to 

the detrimental effect of the highly branched terminal group. One advantage of the branched 

terminal group appears to be its effect on the helical twisting power of that compound which 

shows the highest helical twisting power of all the compounds that were synthesised based 

on unsymmetrical isosorbide diesters. Of these four compounds, compound 123 was 

identified as the best all round compound because although it had a lower helical twisting 

power than compound 135, it also showed the lowest change in wavelength with temperature 

and was the lowest melting and had the smallest enthalpy of fusion. Compound 123 also 

had the lowest entropy of melting and this would appear to be conducive to good solubility for 

these compounds. 

Comparisons can also be made between compounds 126,130,134 and 136, shown in 

Figure 4.14: 
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C H G O — ^ — C O G — — C O 

^ — ' 126 

Or 127.6°C I; AHFUSION 10.2 kJ moM; ^N-JVIRTUAI -68.3°C: H T P 66. 

C H 3 O — — C O J - ^ ~ ^ — C O 

^ b g C — ^ O C g H ^ a 
130 

Cr 121.8°C I; AHpusioN 8.6 kJ moM; Mvirtuai -59.1 "C; HTP 67.4^im"' 

C H 3 0 - / ~ ~ ^ C 0 2 — < F ~ ~ ^ C O 

0 ; . 

^ bgC—^ ^ O M e 
^—' 134 

Cr 142.1''C 1; AHpusioN 9.1 kJ mor\ ^N-ilvirtuai -25.1''C; HTP eO.S^mT' 

C H 3 0 - O — C O 2 — O — C O 2 

o-
" O g C — ^ C ( C H 3 ) 3 

136 

Cr 144.9°C I; AHFUSION 8.9 kJ moM; [TN-Jvirtuai -82.0°C: H T P SZ.S^m"' 

Figure 4.14. Comparison of the properties of compounds 126,130,134 and 136. 

The order of melting for compounds 126,130 and 134 is not consistent with the order of 

melting observed for the symmetrical diesters of these single ring acids. The best 

combination of functionality for these materials with regard to melting point is a hexyloxy 

terminal group on the single ring acid and methoxy group on the two ring acid. This 

combination also produces the highest helical twisting power. Once again the compound 

based on the 4-te/t-butylbenzoic acid monoester, compound 136 exhibits the lowest virtual 

chiral nematic-isotropic transition temperature and unlike the other example based on the 4-

fe/Y-butylbenzoic acid the lowest helical twisting power. Of these four compounds, compound 
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130 was identified as tlie best all round material because it had the advantages as described 

previously and also had a very low change in wavelength with temperature. 

Of the fourteen unsymmetrical diesters that were synthesised, compounds 126,128,130 and 

135 were chosen for solubility testing for the following reasons: 

® compound 126 was chosen as it had a reasonably high helical twisting power and 

a relatively low change in wavelength with temperature. 

» compound 128 was chosen because although it had the lowest helical twisting 

power and a relatively poor change in wavelength with temperature it was based 

on two single ring acids and would be the cheapest to synthesise. 

» compound 130 was chosen as it had one of the highest helical twisting powers 

and the lowest change in wavelength with temperature. 

« compound 135 was chosen because although it had a relatively poor change in 

wavelength with temperature, it had the highest helical twisting power and would 

therefore use the least amount of chiral dopant in the mixture. 

These compounds were prepared as mixtures in BL087 with concentrations so that the 

mixture selectively reflected at approximately 550nm. As compound 123 had shown 

extremely good solubility at room temperature, 4°C and -20°C, these new mixtures were only 

tested at -20°C. The following results were obtained: 

Compound Solubility at -20°C 

126 Crystallised after six weeks 

128 Did not crystallise after six weeks 

130 Very localised crystallisation after six weeks 

135 Very localised crystallisation after six weeks 

Table 4.8. Results of solubility testing for compounds 126, 128, 130 and 135 in BL087. 

Compound 128 was the only material that showed as good solubility properties as compound 

123. However, when the other properties of these materials are considered, compound 123 

was chosen as the preferred material for use in SSCT mixtures. The reasoning for this was 

that compound 123 had a higher helical twisting power and virtual chiral nematic-isotropic 

transition temperature. Compound 123 had a comparable melting point to compound 128 

and when the entropies of melting was calculated for these two compounds, compound 123 

(ASmeiHng/R: 2.4) had a lower entropy of melting than compound 128 (ASmeiting/R: 2.5). 

Therefore, compound 123 should be more soluble than compound 128. However, the main 
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consideration was the lower change in wavelength with temperature exhibited by compound 

123. 

Initially, a pair of unsymmetrical diesters of isosorbide had been synthesised. From these 

two compounds, the conclusion had been drawn that unsymmetrical diesters with a single 

ring acid in the 2-position of isosorbide showed significantly better solubility than 

unsymmetrical diesters with a two ring acid in that position. It was decided that two further 

compounds would be synthesised to confirm that this was not an anomalous result. From the 

extensive testing carried out on the fourteen unsymmetrical diesters that had been 

synthesised with single ring acids in the 2-position, compounds 130 and 135 had exhibited 

the best properties. It was decided, therefore, to make the compounds based on these 

materials with the acids reacted in the reverse order. Compounds 138 and 139 were 

synthesised and the mesophase and physical properties of these materials are shown in 

Table 4.19. 

Comparing compounds 130 and 138 and compounds 135 and 139 the following observations 

can be made; 

« compounds 130 and 135, which have been synthesised from single ring 

monoesters, have lower melting points than their counterparts, compounds 138 

and 139, that have been synthesised from two ring monoesters; 

» compounds 130 and 135 have lower enthalpies of fusion; 

® compounds 130 and 135 have higher helical twisting powers; 

® compounds 130 and 135 have poorer mesophase stability although this is not a 

significant issue as with their higher helical twisting power, a lower concentration 

of these materials is required to prepare mixtures with the same selective 

reflection. 

The solubility of compounds 138 and 139 was determined and found unfortunately to be 

poor. This observation was consistent with the results obtained for the first pair of 

unsymmetrical diesters, compounds 123 and 137, that were synthesised. This result 

confirms that there is a difference in solubility relating to the order that the one ring and two 

ring acids are reacted onto the isosorbide. 

The maximum solubility of the three pairs of compounds was determined for the three pairs 

of compounds in BL087. An excess of each of the chiral dopants was dissolved in BL087 

(20% weight by weight) and the mixture was allowed to stand at room temperature for 1 week 

to see if crystallisation occurred. The results are given in Table 4.9: 
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Compound Maximum solubility at room temperature Ten/°C AH /kJ mol ^ 

123 15.3% 101.6 7.4 

137 4.2% 116.4 9.7 

130 1 ia% 121.8 8.6 

138 2.3% 129.8 11.2 

135 4M9& 112J8 7.9 

139 0.8% 140.4 8.4 

Table 4.9. Maximum solubility of compounds 123, 137,130,138,135 and 139. 

For each pair of compounds, that with the lower enthalpy of fusion has the highest solubility. 

A similar trend is observed for the melting point, that is the compound with the lower melting 

point has the highest solubility. 

4.4. Conclusions 

A range of symmetrical diesters of isosorbide have been synthesised by acid chloride 

esteriflcation. These compounds were fully characterised in the nematic host BL087 and 

were found to not give the desired properties. Although many of the compounds had high 

helical twisting powers resulting in low concentrations of the chiral dopants in the host to 

prepare selectively reflecting mixtures and, several of the chiral dopants showed good 

solubility at room temperature, they did not exhibit the desired insensitivity of the wavelength 

to temperature. To achieve all of the desired properties for use in SSCT applications, it 

would be necessary to use a combination of two or more dopants, and this was not thought 

to be desirable and so was not the aim of this work. 

To overcome this problem, it was decided to prepare unsymmetrical diesters of isosorbide. 

This is possible due to the difference in reactivity of the two hydroxy groups when 

esterification is carried out using the dicyclohexylcarbodiimide (DCC) method. An 

unexpected result was the difference in solubility of unsymmetrical diesters depending on the 

position of the one ring and two ring acids in the molecule. It was possible therefore to 

synthesise a compound (compound 123) that showed the desired solubility as a single chiral 

dopant in the SSCT nematic host BL087 and also showed a relatively low change in 

wavelength with temperature. The change in wavelength for compound 123 was 10.2nm 

over the temperature range 0°C to 60°C. 
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4.5. Synthesis of symmetrical and unsymmetrical diesters of isosorbide 

4.5.1. Synthesis of symmetrical diesters 

Synthesis of six symmetrical diesters was carried out by acid chloride esterification. The 

reaction was carried out at elevated temperatures and to facilitate this, pyridine was used as 

the base. 

80 

HQ H 

% 

H OH 

Acid chloride 
Pyridine, Toluene 
100°C 

R-CO2 H 

H 0,C—R 

Compound 

81 

82 

83 

84 

85 

86 

Acid chloride 

M e O - ^ ^ ^ ^ C O C I 

CsHn—^^^^COCI 

C s H i y O - ^ t - C O C I 

F F 

Compound R 

87 C3H — o - 'G~ 
88 C.HgO-

0 -

89 MeO-
0 -

90 C5H11-0 -

91 C8H,,0-

92 CgHiyO-

F F 

Reaction scheme 16. Synthesis of symmetrical isosorbide diesters. 
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1,6-£)/s(4'-Propylblphenyl-4-carboxylic acid) hexahydrofuro-[3,2-ij]furan-3-yl ester (87). 

Isosorbide (80) (3.32g, 0.023mol), pyridine (7.91 g, O.IOOmol) and toluene (50ml) were stirred 

at room temperature in a nitrogen atmosphere. 4'-Propyl-biphenyl-4-carbonyl chloride (81) 

(12.93g, O.OSOmol) was dissolved in toluene (100ml) and added dropwise to the reaction 

mixture. When the addition was complete, the mixture was heated to 100°C and maintained 

at this temperature for 16 h. The reaction mixture was then cooled to room temperature prior 

to washing with dilute hydrochloric acid (100ml) and water (2x100ml). The filtrate was dried 

(Na2S04) and the solvent removed under reduced pressure using a rotary evaporator. The 

crude product was flash column chromatographed over MERCK 40-63|um silica gel, eluting 

with dichloromethane. The flash columned material was recrystallised from toluene (120ml) 

and dried in a vacuum oven at 25°C for 24 h; 8.6g (64.1%) yield. 99.2% pure by HPLC. 

NMR (60MHz, CDCI3) 5 / ppm: 0.8-2.0 (10H, mult), 2.4-2.9 (4H, mult), 4.1 (6H, t), 4.5-5.5 

(2H, mult), 7.0-7.7 (12H, mult), 8.1 (4H, d). 

IR: vmax / cm"": 2956, 2930, 2871 (-CHg), 1715 (C=0). 1606 (benzene ring), 1558,1525, 

1494, 1463, 1423, 1399, 1377, 1353, 1325, 1303, 1265, 1189, 1176, 1119, 1088, 1059, 

1019, 1004, 968, 914, 897, 864, 854, 835, 815, 769, 699, 629, 613. 

1,6-6/s(4-Butyloxybenzoic acid) liexaiiydrofuro-[3,2-6]furan-3-yl ester (88). 

Preparation of 1,6-b/s(4-butyloxybenzoic acid) hexahydrofuro-[3,2-b]furan-3-yl ester (88) was 

performed as a cognate preparation to that of 1,6-b/s(4'-propylbiphenyl-4-carboxylic acid)-

hexahydrofuro-[3,2-b]furan-3-yl ester (87) using 4-butyloxy-benzoyl chloride (82)(15.0g, 

0.071 mol). The crude product was recrystallised from industrial methylated spirits (45ml) and 

dried in a vacuum oven at 25°C for 24 h; 10.55g (72.0%) yield. 99.0% pure by HPLC. 

'H NMR (60MHz, CDCI3) 8 / ppm: 0.8-2.2 (14H, mult), 4.1 (10H, d, J = 5Hz), 4.5-5.6 (2H, 

mult), 6.9 (4H, d, J = 8Hz), 7.9 (4H, d of d, J = 4, 9Hz). 

IR: vmax/cm"^: 2930, 2870 (-CHg), 1703 (C=0), 1605 (benzene ring), 1579, 1510, 1465, 

1422, 1402, 1379, 1345, 1300, 1250, 1166, 1117, 1092, 1060, 1040, 1016, 968, 913, 896, 

875, 844, 799, 768, 696, 649, 630, 613, 577, 559. 

1,6-b/s(4-[Vlethoxybenzoic acid) hexahydrofuro-[3,2-/)]furan-3-yl ester (89). 

Preparation of 1,6-6/s(4-methoxybenzoic acid) hexahydrofuro-[3,2-/b]furan-3-yl ester (89) was 

performed as a cognate preparation to that of 1,6-6/s(4'-propylbiphenyl-4-carboxylic acid)-

hexahydrofuro-[3,2-ib]furan-3-yl ester (87) using 4-methoxy-benzoyl chloride (83)(12.84g, 

0.075mol). The crude product was flash column chromatographed over MERCK 40-63|Lim 

silica gel, eluting with 20% ethyl acetate in toluene. The flash columned material was 
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recrystallised from industrial methylated spirit (50ml) and dried in a vacuum oven at 25°C for 

24 h; 4.09g (28.8%) yield. 96.3% pure by HPLC. 

NMR (60MHz, CDCI3) 6 / ppm: 3.7-4.5 (12H, mult), 4.7-5.7 (2H, mult), 7.1 (4H, d of d, J = 

2, 8Hz), 8.1 (4H, d of d, J = 3, 8Hz). 

IR: Vmax/cm-\ 2977, 2926, 2872, 2842 (-CHg), 1723, 1704 (C=0), 1607 (benzene ring), 1581, 

1512, 1455, 1439, 1422, 1373, 1348, 1317, 1302, 1259, 1218, 1190, 1165, 1123, 1098, 

1089.1065.1026.986,968,923.895,843,793,766,748,726,692,633,614. 

1,6-b/s(4-Pentylbenzoic acid) hexahydrofuro-[3,2-b]furan-3-yl ester (90). 

Preparation of 1,6-/)/s(4-pentylbenzoic acid) hexahydrofuro-[3,2-6]furan-3-yl ester (90) was 

performed as a cognate preparation to that of 1,6-6/s(4'-propylbiphenyl-4-carboxylic acid)-

hexahydrofuro-[3,2-b]furan-3-yl ester (87) using 4-pentylbenzoyl chloride (84)(30.0g, 

0.143mol). The crude product was recrystallised from ethanol twice (2x 75ml) and dried in a 

vacuum oven at 25°C for 24 h; 12.70g (45.1%) yield. 98.9% pure by HPLC. 

'H NMR (60MHz, CDCI3) 6 / ppm: 0.8-2.1 (18H, mult), 2.7 (4H, t, J =6.5Hz), 4.1 (6H, t, J = 

4Hz), 4.5-5.6 (2H, mult), 7.3 (4H, d, J = 8Hz), 8.0 (4H, d of d, J = 4, 8Hz). 

IR; vrnax/cm"': 2957, 2927, 2856 (-CHg), 1717 (C=0), 1610 (benzene ring), 1575, 1510, 1466, 

1416, 1378, 1352, 1342, 1303, 1266, 1176, 1116, 1107, 1087, 1060, 1018, 968, 945, 913. 

896.852.764.752.741.703.636.612.563. 

I,6-b/s(3-Fluoro-4-octyloxybenzoic acid) hexahydrofuro-[3,2-b]furan-3-yl ester (91). 

Preparation of 1,6-b/s(3-fluoro-4-octyloxybenzoic acid) hexahydrofuro-[3,2-6]furan-3-yI ester 

(91) was performed as a cognate preparation to that of 1,6-b/s(4'-propyl-biphenyl-4-

carboxylic acid)-hexahydrofuro-[3,2-b]furan-3-yl ester (87) using 3-fluoro-4-octyloxybenzoyl 

chloride (85)(21.38g, 0.074mol). The crude product was flash column chromatographed over 

MERCK 40-63fim silica gel, eluting with 20% ethyl acetate in toluene. The flash columned 

material was recrystallised from ethanol (50ml) and dried in a vacuum oven at 25°C for 24 h; 

I I .54g (59.8%) yield. 96.9% pure by HPLC. 

^H NMR (60MHz, CDCI3) 8 / ppm: 0.9-2.5 (30H, mult), 4.0-4.7 (10H, mult), 4.8-5.8 (2H, mult), 

7.3 (2H, t, J = 8Hz), 7.8-8.3 (4H, mult). 

IR: vmax / cm-\ 2923, 2855 (-CHg). 1715 (C=0), 1615 (benzene ring), 1586, 1514, 1468, 

1436, 1395, 1378, 1344, 1302, 1277, 1230, 1200, 1142, 1125, 1088, 1059, 1018, 978, 931, 

896.860.828.788.759.716.646.613. 

152 



1,6-ib/s(2,3-Difluoro-4'-octyloxy-biphenyl-4-carboxylic acid) hexahydrofuro-[3,2-d]furan-

3-yl ester (92). 

Preparation of 1,6-ib/'s(2,3-difiuoro-4'-octyloxy-biplienyI-4-carboxyiic acid) hexahydrofuro-[3,2-

jb]furan-3-yl ester (92) was performed as a cognate preparation to that of 1,6-d/s(4'-propyl-

biphenyl-4-carboxylic acid)-hexahydrofuro-[3,2-6]furan-3-yl ester (87) using 2,3-difluoro-4'-

octyloxy-biphenyl-4-carbonyl chloride (86)(10.51g, 0.028mol). The crude product was flash 

column chromatographed over MERCK 40-63|j,m silica gel, eluting with 20% ethyl acetate in 

toluene. The flash columned material was recrystallised from ethanol (30ml) and dried in a 

vacuum oven at 25°C for 24 h; 7.04g (76.4%) yield. 96.5% pure by HPLC. 

NMR (60IVIHZ, CDCI3) 6 / ppm: 0.8-2.0 (30H, mult), 3.7-4.3 (10H, mult), 4.6-5.7 (2H, mult), 

6.8-7.8 (12H, mult). 

IR: vmax/ cm'\ 2922, 2853 (-CHg), 1730,1715 (C=0), 1608 (benzene ring), 1522,1488, 

1462, 1410, 1365, 1346, 1301, 1252, 1232, 1216, 1182, 1162, 1147, 1097, 1057, 1043, 

1022, 1001, 979, 952, 913, 895, 865, 847, 826, 775, 749, 733, 678, 646, 626, 601, 555. 
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Reaction Scheme 17. Synthesis of symmetrical isosorbide diesters. 
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1,6-/j/s(3-PhenylacryIic acid) hexahydrofuro-[3,2-£)]furan-3-yl ester (100). 

Isosorbide (80) (5.48g, 0.038mol), triethylamine (18.2g, 0.180mol) and dichloromethane 

(50ml) were stirred at room temperature in a nitrogen atmosphere. 3-Phenylacryoyl chloride 

(93)(15.0g, 0.09mol) was dissolved in dichloromethane (100ml) and added dropwise to the 

reaction mixture. When the addition was complete, the reaction mixture was stirred at room 

temperature for 16 h. The reaction mixture was washed with dilute hydrochloric acid (100ml) 

and water (2x100ml). The filtrate was dried (Na2S04) and the solvent removed under 

reduced pressure using a rotary evaporator. The crude product was flash column 

chromatographed over MERCK 40-63(xm silica gel, eluting with 20% ethyl acetate in toluene. 

The flash columned material was recrystallised from industrial methylated spirit (50ml) and 

dried in a vacuum oven at 25°C for 24 h; 6.75g (44.3%) yield. 98.6% pure by HPLC. 

NIVIR (60IVIHZ. CDCI3) S / ppm: 4.0-4.5 (6H, mult). 4.7-5.7 (2H, mult.), 6.4 (2H, d, J = 4,), 

6.7 (2H. d, J = 4Hz), 7.3-7.8 (10H, mult), 8.0 (2H, d, J = 2Hz). 

IR: Vrnax/cm'̂ : 2980, 2904, 2863 (-CHg), 1708 (C=0), 1639, 1578, 1497, 1450, 1366, 1342, 

1313, 1281, 1205, 1159, 1112, 1090, 1074, 1062, 1030, 1010, 974, 951,938, 912, 894, 870, 

850, 839, 769, 707, 682, 615, 582. 

1,6-ib/s(4-(4-Pentylbenzoyloxy)benzoic acid) hexaiiydrofuro-[3,2-d]furan-3-yl ester 

(101). 

Preparation of 1,6-6/s(4-(4-pentylbenzoyloxy)benzoic acid) hexahydrofuro-[3,2-ib]furan-3-yl 

ester (101) was performed as a cognate preparation to that of 1,6-6/s(3-phenyl-acrylic acid) 

hexahydrofuro-[3,2-b]furan-3-yl ester (100) using 4-(4-butylbenzoyloxy)benzoyl chloride 

(94)(8.47g, 0.026mol). The crude product was recrystallised from 1:1 industrial methylated 

spirit: ethyl acetate (30ml) and then recrystallised a second time from 1:1 industrial 

methylated spirit: butanone (30ml). The recrystallised product was dried in a vacuum oven at 

25°C for 24 h; 5.38g (71.5%) yield. 96.6% pure by HPLC. 

'H NMR (60MHz, CDCI3) 5 / ppm: 0.8-2.0 (18H. mult). 2.6 (4H, t). 4.1 (6H. t). 4.5-5.6 (2H, 

mult), 7.2 (8H. d of d), 8.1 (d of d). 

IR: vmax / cm ': 2954, 2925, 2857 (-CHg), 1781,1717 (C=0). 1602 (benzene ring), 1503,1457, 

1414, 1375, 1351, 1306, 1260, 1200, 1176. 1159, 1128, 1093, 1059, 1015, 970, 925, 884, 

856, 757, 736, 689, 663, 630, 618. 

1,6-/j/s(4-(4-Hexyloxybenzoyloxy)benzoic acid) hexahydrofuro-[3,2-b]furan-3-yl ester 

(102). 

Preparation of 1,6-6/s(4-(4-hexyloxybenzoyloxy)benzoic acid) hexahydrofuro-[3,2-b]furan-3-yl 

ester (102) was performed as a cognate preparation to that of 1,6-b/s(3-phenyl-acrylic acid) 
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hexahydrofuro-[3,2-ib]furan-3-yl ester (100) using 4-(4-hexyloxybenzoyloxy)benzoyl chloride 

(95)(26.88g, 0.075mol). The crude product was recrystallised from industrial methylated 

spirit and ethyl acetate (90ml) and dried in a vacuum oven at 25°C for 24 h; 23.64g (87.8%) 

yield. 97.9% pure by HPLC. 

'H NMR (60MHz, CDCI3) 5 / ppm: 0.7-2.2(22H, mult), 3.8-4.5 (10H, mult), 4.5-5.6 (2H, mult). 

7.1 (8H, d of d), 8.1 (8H, d of d). 

IR: vmax / cm"": 3078 (aryl-H), 2933, 2870 (-CHg), 1718 (C=0). 1603 (benzene ring). 1581, 

1511, 1468, 1413, 1377, 1350, 1315, 1249, 1201, 1159, 1126, 1094, 1059, 1016, 1008, 970, 

884, 844, 760, 726, 690, 666, 629, 619. 

1,6-b/s(4-Hexyloxybenzoic acid) hexahydrofuro-[3,2-d]furan-3-yl ester (103). 

Preparation of 1,6-d/s(4-hexyloxybenzoic acid) hexahydrofuro-[3,2-b]furan-3-yl ester (103) 

was performed as a cognate preparation to that of 1,6-£)/s(3-phenylacrylic acid) 

hexahydrofuro-[3,2-6]furan-3-yl ester (100) using 4-hexyloxybenzoyl chloride (96)(24.05g, 

O.IOOmol). The crude product was recrystallised from industrial methylated spirit (100ml) and 

dried in a vacuum oven at 25°C for 24 h; 20.0g (79.4%) yield. 99.7% pure by HPLC. 

NIVIR (60IVIHZ, CDCI3) 6 / ppm: 0.7-2.2 (22H, mult), 4.2 (10H, d, J = 3Hz), 4.5-5.6 (2H, 

mult), 6.9 (4H, d, J = 8Hz), 8.0 (4H, d of d, J = 4, 8Hz). 

IR: vmax / cm'^: 2936, 2856 (aryl-H), 1718 (C=0), 1607 (benzene ring), 1584, 1511, 1467, 

1420, 1390, 1351, 1301, 1269, 1248, 1167, 1117, 1090, 1060, 1018, 993, 969, 937, 915, 

849, 814, 767, 753, 736, 694, 647, 631, 614, 560. 

1,6-d/s(3'-Fluoro-4'-nonyloxy-biphenyl-4-carboxylic acid) hexaliydrofuro-[3,2-£)]furan-3-

yl ester (104). 

Preparation of 1,6-b/s(3'-Fluoro-4'-nonyloxy-biphenyl-4-carboxylic acid) hexahydrofuro-[3,2-

b]furan-3-yl ester (104) was performed as a cognate preparation to that of 

1,6-ib/s(3-phenylacrylic acid) hexahydrofuro-[3,2-b]furan-3-yl ester (100) using 

3'-fluoro-4'-nonyloxy-biphenyl-4-carbonyl chloride (97)(16.22g, 0.043mol). The crude product 

was flash column chromatographed over MERCK 40-63pm silica gel, eluting with 20% ethyl 

acetate in toluene. The flash columned material was recrystallised from ethanol (30ml) and 

dried in a vacuum oven at 25°C for 24 h; 2.48g (15.3%) yield. 95.1% pure by HPLC. 

^H NMR (60MHz, CDCI3) S / ppm: 0.8-2.0 (34H, mult), 3.7-4.4 (10H, mult), 4.5-5.6 (2H, mult), 

6.8-7.3 (8H, mult), 7.5-8.3 (8H, mult). 

IR: vmax/ cm"": 2919, 2872, 2850 (-CHg), 1717 (C=0), 1604 (benzene ring), 1585,1566, 

1532, 1504, 1468, 1436, 1401, 1388, 1352, 1304, 1266, 1248, 1184, 1135, 1116, 1109, 

1093, 1063, 1034, 1015, 970, 925, 914, 895, 876, 853, 808, 768, 717, 696, 642, 630, 613. 
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1,6-6/s(4-[2-(#rans-4-Propylcyclohexyl)-ethyl]-benzoic acid) hexahydrofuro-[3,2-d]furan-

3-yl ester (105). 

Preparation of 1,6-ib/s(4-[2-(^rans-4-propylcyciohexyl)-ethyl]-benzoic acid) hexahydrofuro-

[3,2-6]furan-3-yl ester (105) was performed as a cognate preparation to that of 1,6-6/s(3-

phenylacrylic acid) hexahydrofuro-[3,2-b]furan-3-yl ester (100) using 4-[2-(frans-4-propyl-

cyclohexyl)-ethyl]-benzoyl chloride (98)(8.54g, 0.029mol). The crude product was flash 

column chromatographed over MERCK 40-63|im silica gel, eluting with dichloromethane. 

The flash columned material was recrystallised from ethanol and ethyl acetate (30ml) and 

dried in a vacuum oven at 25°C for 24 h; 4.93g (56.4%) yield. 97.7% pure by HPLC. 

NMR (60IVIHZ, CDCI3) 8 / ppm: 0.6-2.3 (26H. mult), 2.8 (4H, s), 4.2 (6H, d of d, J = 2, 6Hz), 

4.6-5.8 (2H, mult), 7.4 (4H, d, J = 8Hz), 8.1 (4H, d of d, J = 3. 8Hz). 

IR: vrnax/cm"': 2954, 2914, 2846 (-CHg), 1722 (C=0), 1611, 1575, 1508, 1446, 1414, 1376, 

1344, 1313, 1272, 1219, 1175, 1103, 1090, 1061, 1019, 968, 917, 896, 852, 761, 702, 637, 

613, 564. 

1.6-/)/s(6-Pentyl-naptha[ene-2-carboxylic acid) hexahydrofuro-[3,2-b]furan-3-yl ester 

(106). 

Preparation of 1,6-jb/s(6-pentyl-napthalene-2-carboxylic acid) h exahyd rof u ro-[3,2-b]f u ra n-3-y I 

ester (106) was performed as a cognate preparation to that of 1,6-b/s(3-phenylacrylic acid) 

hexahydrofuro-[3,2-b]furan-3-yl ester (100) using 6-pentyl-napthalene-2-carbonyl chloride 

(99)(10.76g, 0.041 mol). The crude product was flash column chromatographed over MERCK 

40-63|im silica gel, eluting with dichloromethane. The flash columned material was 

recrystallised from industrial methylated spirit (50ml) and ethyl acetate (50ml) and dried in a 

vacuum oven at 25°C for 24 h; 8.34g (70.4%) yield. 95.1% pure by HPLC. 

NMR (60IV1HZ, CDCI3) 8 / ppm: 0.7-2.4 (18H, mult), 3.0 (4H, s), 4.3 (6H, d of d, J = 2, 6Hz), 

4.7-6.0 (2H, mult), 7.3-8.4 (lOH, mult), 8.8 (2H, d, J = 5Hz). 

IR: vmax/ cm'^: 3053 (aryl-H), 2952, 2926, 2856 (-CHg), 1714 (C=0). 1631,1503,1479,1466, 

1455, 1412, 1390, 1374, 1345, 1313, 1296, 1279, 1237, 1194, 1136, 1123, 1096, 1050, 

1020, 979, 912, 893, 838, 808, 775, 751, 730, 670, 648, 615, 583. 
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4.5.2. Preparation of non-symmetrical diesters of isosorbide 

4.5.2.1 Preparation of monoesters 

Synthesis of monoesters was carried out using the DCC esterification method. As well as the 

desired monoester, side products from the reaction were the other monoester and the 

diester. Due to this it was necessary to column the materials as the method of purification. 

HQ H 

80 
H OH 

Acid 
DCC, DMAP, DCM 
Room temperature 

HO H 

H 6 , C - R 

Compound Acid 

107 CsH,,-
- c > -COg— { > -COgH 

108 CsH,,-< > -CO^H 

109 CeH.jO < > -COgH 

110 CH3O - { > -CO^H 

111 (CHjljC < > -COgH 

112 CH3O { > -COgH 

Compound R 

113 C5H1— -COg-< > 
114 C5H,— { > 
115 CsH^O-{ > 
116 CH3O-{ > 
117 (CHs^C-{ > 
118 CH3O-< > - c o — < 

Reaction Scheme 18. Synthesis of monoesters of isosorbide. 
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4'-(-4-Pentylbenzoyloxy)benzoic acid 6-hydroxyhexahydrofuro-[3,2-ii)]furan-3-yl ester 

(113). 

4'-(4-Pentylbenzoyloxy)benzoic acid (107)(5.00g,0.016mol), isosorbide (80)(2.34g, 

0.016mol), N,N-dicyclohexylcarbodiimide (4.95g, 0.024mol), 4-dimethylamjnopyridine (0.05g, 

catalyst) and dichloromethane (100ml) were combined and stirred at room temperature with 

the exclusion of moisture (CaCb guard tube) for 24 h. N,N-Dicyclohexylurea was filtered off 

and the filtrate was washed with water (4x100ml), dried with anhydrous Na2S04 and the 

solvent removed under reduced pressure using a rotary evaporator. The crude product was 

flash column chromatographed over MERCK 40-63^m silica gel. eluting with 40% ethyl 

acetate in toluene; 3.74g (53.0%) yield. 97.3% pure by HPLC. 

NIVIR (GOIVIHz, CDCI3) 8 / ppm: 0.8-2.0 (9H, mult), 2.6 (2H, t), 3.3 (1H, d), 4.0 (7H. d of d), 

5.4 (IN, s), 7.3 (4H. d of d), 8.1 (4H, d of d). 

4-Pentylbenzolc acid 6-hydroxyhexahydrofuro-[3,2-/j]furan-3-yl ester (114). 

Preparation of 4-pentylbenzoic acid 6-hydroxyhexahydrofuro-[3,2-£)]furan-3-yl ester (114) was 

performed as a cognate preparation to that of 4'-(4-pentylbenzoyloxy)-benzoic acid 6-

hydroxy-hexahydro-furo[3,2-b]furan-3-yl ester (113) using 4-pentylbenzoic acid (108)(48.0g, 

0.25mol). The crude product was flash column chromatographed over MERCK 40-63^im 

silica gel, eluting with 40% ethyl acetate in toluene; 28.0g (35.0%) yield. 94.1% pure by 

HPLC. 

'H NMR (60IVIHZ, CDCI3) 8/ ppm: 0.8-2.0 (9H, mult), 2.6 (2H, t), 3.3 (1H, d), 4.0 (7H, d of d), 

5.4(1H,s), 7.3(4H,dofd). 

IR: Vmax / cm"': 3297 (-0H), 2930, 2852 (Aryl-H), 1680 (C=0), 1644,1613 (benzene ring), 

1545, 1508, 1447, 1411, 1382, 1336, 1301, 1276, 1258, 1236, 1182, 1171, 1151, 1128, 

1079, 1023, 1008, 968, 944, 893, 878, 846, 812, 793, 785, 757, 724, 700, 653, 636, 627, 

609, 574, 555. 

4-Hexyloxybenzoic acid 6-hydroxyhexaiiydrofuro-[3,2-d]furan-3-yl ester (115). 

Preparation of 4-hexyloxybenzoic acid 6-hydroxyhexahydrofuro-[3,2-b]furan-3-yl ester (115) 

was performed as a cognate preparation to that of 4'-(4-pentylbenzoyloxy)benzoic acid 6-

hydroxyhexahydrofuro-[3,2-b]furan-3-yl ester (113) using 4-hexyloxybenzoic acid (109) 

(40.1g, 0.18mol). The crude product was flash column chromatographed over MERCK 40-

63pm silica gel, eluting with 40% ethyl acetate in toluene; 20.8g (33.7%) yield. 97.1% pure 

by HPLC. 

'H NIVIR (60IVIHZ, CDCI3) 8 / ppm: 0.8-2.1 (11H, mult), 2.8 (1H, d), 3.7-4.7 (9H, mult). 5.4 (1H, 

s), 6.9 (2H, d, J = 8Hz), 7.9 (2H, d, J = 8Hz). 
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4-Methoxyben2oic acid 6-hydroxyhexahydrofuro-[3,2-5]furan-3-yl ester (116). 

Preparation of 4-methoxybenzoic acid 6-hydroxyhexahydrofuro-[3,2-b]furan-3-yl ester (116) 

was performed as a cognate preparation to that of 4'-(4-pentylbenzoyloxy)-benzoic acid 6-

hydroxyhexahydrofuro-[3,2-6]furan-3-yl ester (113) using 4-methoxybenzoic acid (110) 

(46.53g, 0.306mol). The crude product was flash column chromatographed over MERCK 40-

63)j,m silica gel, eluting with 40% ethyl acetate in toluene; 36.29g (42.3%) yield. 99.2% pure 

by HPLC. 

NMR (60IVIHZ. CDCI3) S / ppm: 2.8 (1H, d, J = GHz), 3.3-5.0 (10H, mult), 5.4 (1H, s), 6.9 

(2H, d of d, J = 3, 8Hz), 7.6-8.2 (2H, mult). 

IR: vmax / cm-\ 3482 (-0H), 2927, 2858 (Aryl-H), 1698 (C=0), 1603 (benzene ring). 1508, 

1479, 1462, 1435, 1414, 1354, 1335, 1316, 1295, 1273, 1247, 1184, 1169, 1115, 1100, 

1077, 1064, 1047, 1100, 1077, 1064, 1047, 1006, 975, 949, 923, 903, 870, 846, 836, 790, 

774, 696, 651, 634, 619, 599, 574. 

4-fe/t-Butylbenzoic acid 6-hydroxyliexahydro-furo[3,2-i)]furan-3-yl ester (117). 

Preparation of 4-tert-butylbenzoic acid 6-hydroxyhexahydrofuro-[3,2-b]furan-3-yl ester (117) 

was performed as a cognate preparation to that of 4'-(4-pentylbenzoyloxy)-benzoic acid 6-

hydroxyhexahydrofuro-[3,2-b]furan-3-yI ester (113) using 4-te/if-butylbenzoic acid (111) 

(49.9g, 0.280mol). The crude product was flash column chromatographed over 40-63|am 

silica gel, eluting with 40% ethyl acetate in toluene; 31.32g (36.6%) yield. 98.5% pure by 

HPLC. 

^H NIVIR (60IVIHZ, CDCI3) 6 / ppm: 1.0-2.0 (9H. mult). 2.9 (1H, d, J = 7Hz), 3.4-4.9 (7H, mult), 

5.5 (1H, t, J = 2.5Hz), 7.4 (2H, d, J = BHz), 8.0 (2H, d, J = 8Hz). 

IR: vmax / cm'^: 3463 (-OH), 3390, 2960, 2869 (Aryl-H), 1709 (C=0). 1608 (benzene ring). 

1571, 1481. 1464, 1409, 1361, 1348. 1319, 1270, 1244, 1207. 1190, 1115, 1081, 1048, 

1007, 977, 945, 925, 886, 852, 825, 774, 718, 705, 644, 606, 581. 

4'-(4-[\/lethoxybenzoyloxy)benzoic acid 6-hydroxyhexahydrofuro-[3,2-b]furan-3-yl ester 

(118). 

Preparation of 4'-(4-methoxybenzoyloxy)benzoic acid 6-hydroxyhexahydrofuro-[3,2-b]furan-3-

yl ester (118) was performed as a cognate preparation to that of 4'-(4-pentylbenzoyloxy)-

benzoic acid 6-hydroxyhexahydrofuro-[3,2-b]furan-3-yl ester (113) using 4'-(4-methoxy-

benzoyloxy)benzoic acid (112)(8.0g, 0.029mol). The crude product was flash column 

chromatographed over 40-63^m silica gel, eluting with 40% ethyl acetate in toluene; 5.37g 

(46.3%) yield. 96.2% pure by HPLC. 
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NMR (60MHz, CDCI3) 8 / ppm: 2.8 (1H, d), 3.3-5.0 (10H, mult), 5.4 (1H, s), 6.9 (4H, d of 

d), 7.6-8.2 (4H,d of d). 

IR: vmax / cm-\ 3431 (-0H), 2963, 2897, 2865 (Aryl-H), 1720 (C=0), 1604 (benzene ring), 

1579, 1513, 1475, 1463, 1415, 1356, 1320, 1303, 1265, 1198, 1165, 1111, 1100, 1064, 

1037, 1008, 974, 946, 924, 885, 866, 852, 843, 832, 791, 755, 686, 654, 629, 606, 573 cm'\ 
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4.5.2. Preparation of non-symmetrical diesters 

A second esterification step was carried out to prepare the non-symmetrical diesters of 

isosorbide. This esterification was carried out by the acid chloride method, as this should not 

be affected by the steric hindrance around the second hydroxy group of the isosorbide. 

4.5.2.2. Preparation of non-symmetrical diesters synthesised from the monoester 

4-pentylbenzoic acid 6-hydroxyhexahydrofuro-[3,2-ib]furan-3-yl ester (114) 

HO 
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Room temperature 
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Reaction Scheme 19. Non-symmetrical diesters synthesised from 4-pentylbenzoic acid 6-

hydroxyhexahydro-furo[3,2-6]furan-3-yl ester (114). 
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4'-(4-Pentylbenzoyloxy)benzoic acid 6-(4-pentyl-benzoyloxy) hexahydrofuro-[3,2-fe]-

furan-3-yl ester (123). 

4-Pentylbenzoic acid 6-liydroxyhexahydrofuro-[3,2-b]furan-3-yl ester (114)(1.44g, 4.51 mmol), 

triethylamine (2.28g. 22.5mmol) and dichloromethane (20ml) was stirred at room temperature 

under a nitrogen atmosphere. 4'-(4-Pentylbenzoyloxy)benzoyl chloride (94) (1.64g, 

4.96mmol) was dissolved in dichloromethane (20ml) and added dropwise to the reaction 

mixture. The mixture was then stirred at room temperature for 24 h. The reaction mixture 

was washed with dilute hydrochloric acid (20ml) and water (2x20ml). The filtrate was dried 

(Na2S04) and the solvent removed under reduced pressure using a rotary evaporator. The 

crude product was flash column chromatographed over MERCK 40-63(xm silica gel, eluting 

with dichloromethane. The flash columned material was recrystallised from ethanol (10ml) 

and dried in a vacuum oven at 25°C for 24 h; 0.92g (33.2%) yield. 96.9% pure by HPLC. 

NIVIR (60MHz, CDCI3) 6 / ppm: 0.8-2.1 (18H. mult). 2.5-3.1 (5H. mult), 4.2 (5H, d, J = 

6Hz), 4.6-5.7 (3H, mult), 7.1-7.6 (6H, mult), 7.8-8.4 (6H, mult). 

IR: vmax / cm"': 2958, 2922, 2855 (-CHg), 1736,1717 (-C=0), 1608 (benzene ring), 1574, 

1505, 1464, 1432, 1414, 1375, 1340, 1297, 1263, 1207, 1177, 1162, 1113, 1086, 1060, 

1017, 977, 962, 916, 897, 858, 808, 751, 737, 690, 665, 635, 615. 

2'-Fluoro-4'-heptyl-blphenyl-4-carboxyllc acid 6-(4-pentylbenzoyloxy) hexahydrofuro-

[3,2-/)]furan-3-yl ester (124). 

Preparation of 2'-fiuoro-4'-heptylbiphenyl-4-carboxylic acid 6-(4-pentyibenzoyloxy) 

hexahydrofuro-[3,2-b]furan-3-yl ester (124) was performed as a cognate preparation to that of 

4'-(4-pentylbenzoyloxy)benzoic acid 6-(4-pentylbenzoyloxy) hexahydrofuro-[3,2-b]-furan-3-yl 

ester (123) using 2'-fluoro-4'-heptylbiphenyl-4-carbonyl chloride (119)(2.13g. 6.41 mmol). The 

crude product was flash column chromatographed over MERCK 40-63|im silica gel, eluting 

with dichloromethane. The flash columned material was recrystallised from ethanol (20ml) 

and dried in a vacuum oven at 25°C for 24 h; 1.2g (33.5%) yield. 99.4% pure by HPLC. 

'H NMR (60MHz, CDCI3) 5 / ppm: 0.6-1.9 (22H, mult), 2.6 (4H, t, J = 6.5Hz), 4.1 (5H, d, J = 

6Hz). 4.5-5.6 (3H, mult), 6.7-8.2 (11H, mult). 

IR: vmax/ cm'^: 2925, 2855 (-CHg), 1718 (C=0), 1610 (benzene ring), 1576,1558, 1523, 

1493, 1460, 1430, 1415, 1400, 1376, 1346, 1312, 1303, 1267, 1178, 1115, 1088, 1060, 

1019, 1008, 967, 914, 894, 864, 852, 820, 772, 752, 725, 699, 646, 635, 613, 576. 
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3'-Fluoro-4'-pentyl-biphenyl-4-carboxylic acid 6-(4-pentyl-benzoyloxy) hexahydro-furo-

[3,2-ib]furan-3-yl ester (125) 

Preparation of 3'-fluoro-4'-pentylbiphenyl-4-carboxylic acid 6-(4-pentylbenzoyloxy) 

hexahydrofuro-[3,2-6]furan-3-yl ester (125) was performed as a cognate preparation to that of 

4'-(4-pentylbenzoyloxy)benzoic acid 6-(4-pentyibenzoyioxy) hexahydrofuro-[3,2-b]-furan-3-yI 

ester (123) using 3'-fluoro-4-pentylbiphenyl-4-carbonyl chloride (120)(0.93g, 3.40mmol). The 

crude product was flash column chromatographed over MERCK 40-63)im silica gel, eluting 

with dichloromethane. The flash columned material was recrystallised from ethanol (20ml) 

and dried in a vacuum oven at 25°C for 24 h; O.SOg (43.7%) yield. 96.0% pure by HPLC. 

'H NMR (60MHz, CDCI3) 6 / ppm: 0.8-2.1 (18H, mult). 2.8 (4H, t, J =6Hz), 4.3 (5H,d, J = 

6Hz). 4.7-5.8 (3H,mult), 7.2-8.5 (11H, mult). 

IR: vmax/ cm-\ 2955, 2928, 2860 (-CHg), 1716 (C=0), 1609, 1580, 1560,1524, 1492,1460, 

1427, 1415, 1396, 1378, 1345, 1303, 1268, 1178, 1114, 1098, 1059, 1017, 967, 945, 895, 

882, 852, 824, 767, 753, 739, 698, 645, 636, 614. 

4'-(4-IVIethoxybenzoyloxy)benzoic acid 6-(4-pentylbenzoyloxy) hexahydrofuro-[3,2-i)]-

furan-3-yl ester (126). 

Preparation of 4'-(4-methoxybenzoyloxy)benzoic acid 6-(4-pentylbenzoyloxy) hexahydrofuro-

[3,2-6]-furan-3-yl ester (126) was performed as a cognate preparation to that of 4'-(4-

pentylbenzoyloxy)benzoic acid 6-(4-pentylbenzoyloxy) hexahydrofuro-[3,2-b]-furan-3-yl ester 

(123) using 4'-(4-methoxybenzoyloxy)benzoyl chloride (121)(2.0g, 6.86mmol). The crude 

product was flash column chromatographed over MERCK 40-63|im silica gel, eluting with 

dichloromethane. The flash columned material was recrystallised from ethanol (20ml) and 

dried in a vacuum oven at 25°C for 24 h; 2.16g (60.2%) yield. 99.0% pure by HPLC. 

'H NMR (60MHz, CDCI3) 5 / ppm: 0.7-2.0 (9H, mult), 2.8 (2H, t, J = 7Hz), 3.7-4.4 (8H,mult), 

4.6-5.6 (3H. mult), 6.8-7.5 (6H, mult), 8.1 (6H, d of d). 

IR: Vmax/cm-\ 2991, 2954, 2915, 2861 (-CHg), 1732, 1724, 1711 (C=0), 1601, 1510, 1455, 

1414, 1368, 1351, 1311, 1298, 1266, 1218, 1197, 1180, 1162, 1126, 1111, 1092, 1067, 

1016, 1006, 985, 969, 950, 925, 888, 857, 839, 755, 737, 688, 657, 630, 615, 597, 560. 

4'-(fra/7s-4-Pentylcyclohexyl)benzoic acid 6-(4-pentylbenzoyloxy) hexahydro-[3,2-

b]furan-3-yl ester (127). 

Preparation of 4'-(frans-4-pentylcyclohexyl)benzoic acid 6-(4-pentylbenzoyloxy) hexahydro-

[3,2-b]furan-3-yl ester (127) was performed as a cognate preparation to that of 4'-(4-pentyl-

benzoyloxy)benzoic acid 6-(4-pentyl-benzoyloxy) hexahydrofuro-[3,2-b]-furan-3-yl ester (123) 

using 4'-(frans-4-pentylcyclohexyl)benzoyl chloride (122)(1.13g, 3.86mmol). The crude 
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product was flash column chromatographed over MERCK 40-63^m silica gel, eluting with 

dichloromethane. The flash columned material was recrystallised from ethanol (20ml) and 

dried in a vacuum oven at 25°C for 24 h; 1.07g (53.2%) yield. 98.9% pure by HPLC. 

'H NIVIR (60IVIHZ, CDCIg) 6 / ppm: 0.8-2.0 (29H. mult). 2.4-2.9 (1H, mult), 4.2 (5H, d of d), 

4.6-5.7 (3H, mult), 7.2 (4H, d of d), 8.0 (4H, d of d). 

IR: vmax / cm"": 2954, 2921, 2848 (-CHg), 1720 (C=0), 1610 (benzene ring), 1575,1509, 

1457, 1415, 1378, 1342, 1311, 1269, 1177, 1115,1098, 1086, 1058, 1018, 967, 943, 913, 

895, 850, 808, 753, 737, 703, 636, 613. 

4-Methoxybenzoic acid 6-(4-pentylbenzoyloxy) hexahydro-[3,2-d]furan-3-yl ester (128) 

Preparation of 4-methoxybenzoic acid 6-(4-pentylbenzoyloxy) hexahydro-[3,2-b]furan-3-yl 

ester (128) was performed as a cognate preparation to that of 4'-(4-pentylbenzoyloxy)benzoic 

acid 6-(4-pentylbenzoyloxy) hexahydrofuro-[3,2-6]-furan-3-yl ester (123) using 4-methoxy-

benzoyl chloride (83)(0.58g, 3.40mmol). The crude product was flash column 

chromatographed over MERCK 40-63p,m silica gel, eluting with dichloromethane. The flash 

columned material was recrystallised from ethanol (7ml) and dried in a vacuum oven at 25°C 

for 24 h; 0.37g (26.2%) yield. 99.0% pure by HPLC. 

'H NMR (60MHz, CDCI3) 8/ ppm: 0.8-1.9 (9H, mult), 2.6 (2H, t, J = 6Hz), 4.0 (8H, d of d), 

4.4-5.8 (3H, mult), 7.0 (4H, d of d), 7.9 (4H, d of d). 

IR: vmax / cm"": 2932, 2872 (-CHg), 1713 (C=0), 1606 (benzene ring), 1580, 1513,1468, 

1456, 1442, 1423, 1377, 1353, 1342, 1303, 1253, 1186, 1175, 1118, 1101, 1087, 1060, 

1028, 1012, 968, 944, 913, 898, 850, 787, 770, 763, 755, 742, 696, 638, 618, 561. 
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4.5.2.3. Preparation of non-symmetrical diesters synthesised from tfie monoester 

4-hexyloxybenzoic acid 6-hydroxyhexahydrofuro-[3,2-b]furan-3-yl ester (115). 

Acid chloride 
Triethylamine, DCM 
Room temperature 
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H ^ 

Compound 
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Reaction Scheme 20. Non-symmetrical diesters synthesised from 4-hexyloxybenzoic acid 6-

hydroxyhexahydrofuro-[3,2-b]furan-3-yl ester (115). 

4'-(4-Pentylbenzoyloxy)benzoic acid 6-(4-hexyloxybenzoyloxy)-hexahydrofuro-[3,2-fj]-

furan-3-yl ester (129). 

Preparation of 4'-(4-pentylbenzoyloxy)benzoic acid 6-(4-hexyloxybenzoyloxy) hexahydrofuro-

[3,2-b]-furan-3-yl ester (129) was performed as a cognate preparation to that of 4'-(4-pentyl-

benzoyloxy)benzoic acid 6-(4-pentylbenzoyloxy) hexahydrofuro-[3,2-b]-furan-3-yl ester (123) 

using 4-hexyloxybenzoic acid 6-hydroxyhexahydrofuro-[3,2-Jb]-furan-3-yl ester (115)(2.0g, 

5.70mmol) and 4'-(4-pentylbenzoyloxy)benzoyl chloride (94)(1.93g, 6.30mmol). The crude 

product was flash column chromatographed over MERCK 40-63|im silica gel, eluting with 
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dichloromethane. The flash columned material was recrystalllsed from ethanol (20ml) and 

dried in a vacuum oven at 25°C for 24 h; 1.1 Og (29.9%) yield. 99.0% pure by HPLC. 

NMR (60IVIHZ, CDCI3) 6 / ppm: 0.7-1.9 (20H, mult), 2.8 (2H, t), 3.7-4.3 (7H, mult), 4.6-5.7 

(3H, mult), 6.7-7.6 (6H, mult), 7.7-8.3 (6H, mult). 

IR: vmax/ cm-\ 2930, 2872 ( - % ) . 1738, 1719 (C=0), 1604, 1579, 1509, 1467, 1413, 1378, 

1353, 1301, 1263, 1247, 1201, 1170, 1159, 1118, 1089, 1059, 1016, 969, 914, 892, 850, 

769, 754, 697, 651, 631, 612, 560. 

4'-(4-Methoxyben2oyloxy)benzoic acid 6-(4-hexyloxybenzoyloxy) hexahydrofuro-[3,2-

b]-furan-3-yl ester (130). 

Preparation of 4'-(4-methoxybenzoyloxy)benzoic acid 6-(4-hexyloxybenzoyloxy) hexahydro-

furo-[3,2-6]-furan-3-yl ester (130) was performed as a cognate preparation to that of 4'-(4-

pentylbenzoyloxy)benzoic acid 6-(4-pentylbenzoyloxy) hexa hyd rof u ro-[3,2-b]-f u ra n-3-yl ester 

(123) using 4'-(4-methoxybenzoyloxy)-benzoyl chloride (121)(1.62g, 6.27mmol). The crude 

product was flash column chromatographed over MERCK 40-63|^m silica gel, eluting with 

dichloromethane. The flash columned material was recrystallised from ethanol (10ml) and 

dried in a vacuum oven at 25°C for 24 h; I.BOg (52.2%) yield. 97.5% pure by HPLC. 

NIVIR (60IVIHZ, CDCI3) 8 / ppm: 0.8-2.2 (11H, mult), 3.9-4.6 (10H, mult), 4.7-5.7 (3H. mult), 

6.8-7.6 (6H, mult), 7.8-8.6 (6H, mult). 

IR: vmax/ cm"": 2930, 2874 (Aryl-H), 1732, 1717 (C=0), 1603 (benzene ring), 1580,1511, 

1462, 1422, 1413, 1379, 1350, 1304, 1252, 1200, 1159, 1120, 1093, 1059, 1016, 969, 916, 

891, 845, 762, 737, 688, 654, 630, 607, 597. 

4'-(frans-4-Pentylcyclohexyl)ben2oic acid 6-(4-hexyloxybenzoy[oxy) hexahydro-[3,2-

jb]furan-3-yl ester (131). 

Preparation of 4'-(^rans-4-pentylcyclohexyl)benzoic acid 6-(4-hexyloxybenzoyloxy) 

hexahydro-[3,2-b]furan-3-yl ester (131) was performed as a cognate preparation to that of 4'-

(4-pentylbenzoyloxy)benzoic acid 6-(4-pentylbenzoyloxy) hexahydrofuro-[3,2-/b]-furan-3-yl 

ester (123) using 4'-(ffans-4-pentylcyclohexyl)benzoyl chloride (122)(1.00g, 3.4Gmmol). The 

crude product was flash column chromatographed over MERCK 40-63nm silica gel, eluting 

with dichloromethane. The flash columned material was recrystallised from ethanol (10ml) 

and dried in a vacuum oven at 25°C for 24 h; 1.13g (60.1%) yield. 97.7% pure by HPLC. 

'H NMR (60MHz, CDCI3) 5 / ppm: 0.8-2.0 (31H, mult), 2.4-2.9 (1H, mult), 4.2 (7H, d), 4.6-5.7 

(3H, mult), 7.1 (4H. d of d), 8.0 (4H, d of d). 
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IR; Vmax/crn" ;̂ 2921, 2851 (-CHz), 1716 (C=0), 1606 (benzene ring), 1582, 1509, 1458, 

1418, 1378, 1345, 1311, 1271, 1247, 1171, 1115, 1088, 1057, 1019, 966, 940, 913, 894, 

870, 844, 814, 769, 705, 654, 631, 613, 560. 
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4.5.2.4. Preparation of non-symmetrical diesters synthesised from the monoester 

4-methoxybenzoic acid 6-hydroxyhexahydrofuro-[3,2-ib]furan-3-yl ester (116). 
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Reaction Scheme 21. Non-symmetrical diesters synthesised from 4-methoxybenzoic acid 

6-hydroxyhexahydrofuro-[3,2-b]furan-3-yI ester (116). 

4'-(4-Pentylbenzoyloxy)benzoic acid 6-(4-methoxybenzoyloxy) hexahydrofuro-[3,2-b]-

furan-3-yl ester (132). 

Preparation of 4'-(4-Pentylbenzoyloxy)benzoic acid 6-(4-methoxybenzoyloxy) hexahydrofuro-

[3,2-ib]-furan-3-yl ester (132) was performed as a cognate preparation to that of 4'-(4-pentyl-

benzoyloxy)benzoic acid 6-(4-pentylbenzoyloxy) hexahydrofuro-[3,2-b]-furan-3-yl ester (123) 

using 4-methoxybenzoic acid 6-hyd roxy hexa hyd rof u ro-[3,2-b]f u ra n-3-y I ester (116)(2.0g, 

7.10mmol) and 4'-(4-pentylbenzoyloxy)benzoyl chloride (94)(2.41g, 7.90mmoi). The crude 

product was flash column chromatographed over MERCK 40-63|am silica gel, eluting with 
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dichloromethane. The flash columned material was recrystallised from ethanol (20ml) and 

dried in a vacuum oven at 25°C for 24 h; 1.8g (43.9%) yield. 98.1% pure by HPLC. 

NIVIR (60IVIHZ, CDCI3) 6 / ppm: 0.8-2.2 (9H, mult). 2.9 (2H. s). 3.7-4.5 (8H. mult), 4.7-5.8 

(3H, mult), 7.3 (4H, d of d), 7.8-8.6 (4H, mult). 

IR: vmax / cm"': 2992, 2931, 2872, 2840(-CH2), 1725, 1702 (C=0), 1605 (benzene ring), 1512, 

1457, 1434, 1413, 1378, 1349, 1319, 1298, 1258, 1203, 1175, 1159, 1121, 1093, 1064, 

1014, 970, 923, 888, 852, 832, 808, 791, 775, 765, 753, 741, 699, 689, 663, 633, 626, 600, 

556. 

4-Pentylbenzoic acid 6-(4-methoxyben2oyloxy) hexaiiydro-[3,2-d]furan-3-yl ester (133). 

Preparation of 4-pentylbenzoic acid 6-(4-methoxybenzoyloxy) hexahydro-[3,2-b]furan-3-yl 

ester (133) was performed as a cognate preparation to that of 4'-(4-pentylbenzoyioxy)benzoic 

acid 6-(4-methoxybenzoyloxy) hexahydrofuro-[3,2-b]-furan-3-yl ester (132) using 4-pentyl-

benzoyl chloride (84)(1.66g, 7.90mmol). The crude product was flash column 

chromatographed over MERCK 40-63^m silica gel, eluting with 25% ethyl acetate in 

dichloromethane. The flash columned material was recrystallised from ethanol (20ml) and 

dried in a vacuum oven at 25°C for 24 h; 0.61g (18.9%) yield. 97.7% pure by HPLC. 

'H NMR (60MHz, CDCI3) S / ppm: 0.8-1.9 (9H, mult), 2.6 (2H, t), 4.0 (8H, d of d), 4.4-5.8 (3H, 

mult), 7.0 (4H, d of d), 7.9 (4H, t). 

IR: Vmax / cm"': 2972, 2914, 2877, 2839 (-CHg), 1743, 1707 (C=0), 1604 (benzene ring), 

1512, 1458, 1423, 1366, 1345, 1329, 1300, 1269, 1255, 1188, 1182, 1168, 1109, 1086, 

1067, 1057, 1030, 1008, 966, 918, 887, 871, 855, 847, 792, 773, 760, 709, 693, 641, 634, 

616, 598, 578. 

4'-(4-Methoxybenzoyloxy)benzoic acid 6-(4-metiioxybenzoy!oxy) hexahydrofuro-[3,2-

b]-furan-3-yl ester (134). 

Preparation of 4'-(4-methoxybenzoyloxy)benzoic acid 6-(4-methoxybenzoyloxy) hexahydro-

furo-[3,2-b]-furan-3-yl ester (134) was performed as a cognate preparation to that of 4'-(4-

pentylbenzoyloxy)benzoic acid 6-(4-methoxybenzoyloxy) hexahydrofuro-[3,2-6]-furan-3-yl 

ester (132) using 4'-(4-methoxybenzoyloxy)benzoyl chloride (121)(2.30g, 7.90mmol). The 

crude product was flash column chromatographed over MERCK 40-63|im silica gel, eluting 

with dichloromethane. The flash columned material was recrystallised from ethanol and dried 

in a vacuum oven at 25°C for 24 h; 1.84g (48.4%) yield. 99.6% pure by HPLC. 

NMR (60MHz, CDCI3) 6 / ppm: 3.8-4.3 (11H, mult), 4.4-5.4 (2H, mult). 6.7-7.4 (6H, mult). 

8.1 (6H.t). 
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IR; V m a x / c m \ 2971, 2882, 2842 (-CH2), 1738, 1716 (C=0), 1602 (benzene ring), 1581, 

1509,1458,1446,1419,1378,1345.1320.1305.1269,1250,1203.1161,1119,1088, 

1059,1017,968,915,897,878,848,808.793,756,691,657,630,619,609,598. 
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4.5.2.5. Preparation of non-symmetrical diesters synthesised from the monoester 

4-fe/t-Butylbenzoic acid 6-hydroxyhexahydrofuro-[3,2-b]furan-3-yl ester (117). 

HO 

tb 
i i r " 6 , c — < ^ ^ c ( c h 3 ) 

Acid chloride 
Triethylamine, DOM 
Room temperature 

R—CO 

O g C — ^ C ( C H 3 ) 3 

Compound Acid chloride 

94 C5H1 — 
0 

-COCI 

121 CH3O-
0 

-COCI 

Compound R 

135 CsH,,-< > -COg— < 
136 CH3O -c > - c o - < > 

Reaction Scheme 22. Non-symmetrical diesters synthesised from 4-tert-Butylbenzoic acid 6-

hydroxyhexahydrofuro-[3,2-it)]furan-3-yl ester (117). 

4'-(4-Pentylbenzoyloxy)benzoic acid 6-(4-ferf-butylbenzoyloxy) hexahydrofuro-[3,2-6]-

furan-3-yl ester (135). 

Preparation of 4'-(4-pentylbenzoyloxy)benzoic acid 6-(4-fe/t-butylbenzoyloxy) hexahydrofuro-

[3,2-£)]-furan-3-yl ester (135) was performed as a cognate preparation to that of 4'-(4-pentyl-

benzoyloxy)benzoic acid 6-(4-pentylbenzoyloxy) hexahydrofuro-[3,2-£)]-furan-3-yl ester (123) 

using 4-te/t-butylbenzoic acid 6-hydroxyhexahydrofuro-[3,2-ib]-furan-3-yl ester (117)(2.0g, 

6.50mmol) and 4'-(4-pentylbenzoyloxy)benzoyl chloride (94)(2.2g, 7.20mmol). The crude 

product was flash column chromatographed over MERCK 40-63|^m silica gel, eluting with 

dichloromethane. The flash columned material was recrystallised from ethanol (15ml) and 

dried in a vacuum oven at 25°C for 24 h; 1.44g (36.6%) yield. 99.1% pure by HPLC. 
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'H NIVIR (60IVIHZ, CDCI3) 5 / ppm: 0.8-2.0 (18H, mult), 2.7 (2H. t), 4.1 (5H, d), 4.5-5.6 (3H, 

mult). 7.4 (6H, t), 7.7-8.0 (6H, mult). 

IR: vmax/ cm-̂ : 2927, 2871 (-CHg), 1723 (C=0), 1604 (benzene ring), 1502,1463,1412, 

1362,1343,1314,1304,1261,1198.1188.1177,1160,1133,1119,1098,1086,1069. 

1015,982, 969.913,898,881,870,855,826,773,758,737,721,704.686.632,614,573, 

560. 

4'-(4-Methoxybenzoyloxy)benzoic acid 6-(4-ferf-butylbenzoyloxy) hexahydrofuro-[3,2-

jb]-furan-3-yl ester (136). 

Preparation of 4'-(4-methoxybenzoyloxy)benzoic acid 6-(4-fe/if-butylbenzoyloxy) hexahydro-

furo-[3,2-6]-furan-3-yl ester (136) was performed as a cognate preparation to that of 4'-(4-

pentylbenzoyloxy)benzoic acid 6-(4-fe/Y-butylbenzoyloxy)-hexahydrofuro-[3,2-b]-furan-3-yl 

ester (135) using 4'-(4-methoxybenzoyloxy)benzoyl chloride (121) (2.09g, 7.18mmol). The 

crude product was flash column chromatographed over MERCK 40-63p.m silica gel, eluting 

with dichloromethane. The flash columned material was recrystallised from ethanol (10ml) 

and dried in a vacuum oven at 25°C for 24 h; O.SOg (40.0%) yield. 99.9% pure by HPLC. 

NMR (60MHz, CDCI3) 6 / ppm: 1.2-1.7 (9H. mult). 3.8-4.5 (8H, mult), 4.7-5.7 (3H, mult). 

6.9-7.7 (6H. mult), 7.9-8.5 (6H. mult). 

IR: vrnax/cm"': 2969, 2873 (-CHg). 1721 (C=0). 1602 (benzene ring). 1511. 1461.1412, 

1351,1306, 1251,1202.1160.1119.1096.1059,1015.970.916.890.874.846.776.761, 

722.707.689,656.629.598. 
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4.5.2.6. Preparation of non-symmetrical diesters based on two-ring monoesters 

HO 

OgC—R 

R—COCI 
Triethylamine, DCM 
Room temperature 

R'—CO, 

H OgC—R 

Compound R R' 

137 CgHn-
• 0 

-COg-- Q -

138 CH3O. 
• 0 -

-COg-
- 0 -

139 CgHir 
0 

-COg— 
- 0 -

( C H 3 ) 3 C - ^ ^ — 

Reaction Scheme 23. Synthesis of non-symmetrical diesters based on two-ring monoesters. 

4-Pentylbenzoic acid 6-(4'-(4-pentylbenzoyloxy)-benzoyloxy) hexahydrofuro-[3,2-fc]-

furan-3-yl ester (137). 

Preparation of 4-pentylbenzoic acid 6-(4'-(4-pentylbenzoyloxy)benzoyloxy) hexahydrofuro-

[3,2-ib]-furan-3-yl ester (137) was performed as a cognate preparation to that of 4'-(4-pentyl-

benzoyloxy)benzoic acid 6-(4-pentyl-benzoyloxy) hexahydrofuro-[3,2-ib]-furan-3-yl ester (123) 

using 4'-(4-pentylbenzoyloxy)benzoic acid 6-hydroxyhexahydrofuro-[3,2-b]furan-3-yl ester 

(113)(1.0g, 2.27mmol) and 4-pentylbenzoyl chloride (131)(0.53g, 2.49mmol). The crude 

product was flash column chromatographed over MERCK 40-63)am silica gel, eluting with 

dichloromethane. The flash columned material was recrystallised from ethanol (10ml) and 

dried in a vacuum oven at 25°C for 24 h; 0.48g (33.3%) yield. 95.0% pure by HPLC. 
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IR: Vmax/ cm-\ 2926, 2858 (-CHg). 1743. 1719 (C=0), 1605 (benzene ring). 1575.1501. 

1455, 1412, 1372, 1344, 1324, 1310, 1301, 1263, 1194, 1174, 1161. 1130. 1106. 1095. 

1084. 1063, 1014. 962. 914. 885. 871. 850. 818. 754, 735, 699, 663, 635, 620, 612, 563. 

4-Hexyloxybenzoic acid 6-(4'-(4-methoxy-benzoyloxy)benzoyloxy) hexahydrofuro-[3,2-

ib]-furan-3-yl ester (138). 

Preparation of 4-hexyloxybenzoic acid 6-(4'-(4-metiioxybenzoyloxy)benzoyloxy) hexahydro-

furo-[3,2-ib]-furan-3-yl ester (138) was performed as a cognate preparation to that of 4'-(4-

pentylbenzoyloxy)benzoic acid 6-(4-pentylbenzoyloxy) hexahydrofuro-[3,2-b]-furan-3-yl ester 

(123) using of 4'-(4-methoxybenzoyloxy)benzoic acid 6-hydroxyhexahydrofuro-[3,2-b]furan-3-

yl ester (118)(1.0g, 2.50mmol) and 4-hexyloxybenzoyl chloride (96)(0.66g, 2.75mmol). The 

crude product was flash column chromatographed over MERCK 40-63|im silica gel, eluting 

with 25% ethyl acetate in dichloromethane. The flash columned material was recrystallised 

from ethanol (15ml) and dried in a vacuum oven at 25°C for 24 h; 0.68g (45.0%) yield. 

95.8% pure by HPLC. 

IR: vmax/ cm'^: 2944, 2873 (Aryl-H). 1729,1714 (C=0). 1602 (benzene ring), 1511,1463, 

1441. 1412, 1378, 1357, 1344, 1314, 1248, 1193, 1156, 1113, 1096, 1086, 1056, 1021. 

1006, 966. 914. 887. 849. 804, 793, 759, 692, 657, 647, 629, 612, 597, 560. 

4-fert-Butylbenzoic acid 6-(4'-(4-pentylbenzoyloxy)benzoyloxy) hexahydrofuro-[3,2-b]-

furan-3-yl ester (139). 

Preparation of 4-te/if-butylbenzoic acid 6-(4'-(4-pentylbenzoyloxy)benzoyloxy) hexahydrofuro-

[3,2-ib]-furan-3-yl ester (139) was performed as a cognate preparation to that of 4-pentyl-

benzoic acid 6-(4'-(4-pentylbenzoyloxy)benzoyloxy) hexahydrofuro-[3,2-b]-furan-3-yl ester 

(137) using 4-teAif-butylbenzoyl chloride (140)(0.26g, 1.34mmol). The crude product was 

flash column chromatographed over MERCK 40-63|im silica gel, eluting with 25% ethyl 

acetate in dichloromethane. The flash columned material was recrystallised from ethanol 

(10ml) and dried in a vacuum oven at 25°C for 24 h; 0.35g (52.1%) yield. 95.3% pure by 

HPLC. 

IR: V m a x / cm \ 2954. 2928, 2872 (Aryl-H), 1739,1716 (C=0), 1603 (benzene ring), 1504, 

1462, 1414, 1376, 1364, 1349, 1312, 1301, 1261, 1204, 1190, 1178, 1159. 1120, 1092, 

1064, 1014, 970, 914, 897, 880, 855, 773, 761, 721, 705, 690, 664, 635, 611. 
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4.6. Tables of Results. 

Table 4.10. Virtual mesophase behaviour and physical properties of symmetrical diesters (87, 88, 89 and 90). 

Compound Number Ten / °C HTP / pim'̂  AHpusioN 1 kJ mol ^ Tn«I I °C 

87 221^ - 11 .9 -

C 4 H 9 0 - f ^ C O , 
% H 

88 1 0 5 . 0 587 1CX3 - 1 1 4 . 4 

C H g O ^ f ^ k - C O , 
\ H 

/ = \ 

" O 2 C — O C H 3 

89 87.1 4 3 . 7 6.8 - 7 7 . 4 

C s H i r - O ^ c o ^ 

0 - 4 ^ ^ 
— "" ^ ' V 

90 76.0 5 6 . 2 7.8 - 1 2 7 . 6 

O) 



Table 4.11. Virtual mesophase behaviour and physical properties of symmetrical diesters. 

(Compounds 91, 92 and 100) 

Compound Number Ten / °C HTP / nm'i A H f u s i o n / k J m o l ^ Tnm I°C 

F 

\ H 
91 80.1 41.9 6.7 -76.6 

F F 

F F 

92 145.4 56.9 10.3 -17.1 

0 - \ - c o , 

tb 100 118.8 2&5 7.3 -136.1 

- s i 



Table 4.12. Virtual mesophase behaviour and physical properties of symmetrical diesters. 

(Compounds 101,102 and 103) 

Compound Number Ten / °C HTP / pm'̂  AHpusioN 1 kJ mo! ^ Tn-I / °C 

" " t f c _ _ 101 1 0 6 . 3 Cri 126 .1 63.9 9 . 0 34.3 

^ C| ; / = \ / = \ 
102 115 .1 Cn 1 3 9 . 8 6&0 9.9 5 3 . 9 

C g H ^ 3 0 - / ~ \ — C O g 
\ = / « H 

103 6 3 . 6 Cri 8 9 . 0 56.2 9.9 - 1 0 7 . 8 

N 
00 



Table 4.13. Virtual mesophase behaviour and physical properties of symmetrical diesters. 

(Compounds 104,105 and 106) 

Compound Number Ten / °C HTP / nm"" AHfusion / kJ m o ! ^ TN.,/°C 

' m _ _ 
" 0 , C - < Q - Q ( - 0 C , H „ 

F 

104 185.1 - 11.3 9.2 

\ _ / w . H 

105 157.2 68.5 10.4 42.5 

W V - c o , 

" 6 , C - { 3 = \ 

106 111.0 57.1 8.7 -78.1 

(O 



Table 4.14. Virtual mesophase behaviour and physical properties of non-symmetrical di esters. 

(Compounds 123, 124 and 125) 

Compound Number Ten/°C HTP / pm-1 AH FUSION / kJ mol ^ [ T u ' l j v i r t u a l ! C (6mT) / nm°C i 

c , » , r ^ Q - c o r - ( ^ c o 
\ H 

123 1 0 1 . 6 6 3 . 7 7 . 4 - 1 0 . 8 0 . 1 7 

124 8 & 9 60U3 7 . 0 - 1 5 0 . 6 &43 

F 
125 1 0 6 . 5 6 ^ 4 7 . 1 - 1 1 9 . 1 0 . 2 8 

CO 
o 



Table 4.15. Virtual mesophase behaviour and physical properties of non-symmetrical diesters. 

(Compounds 126,127 and 128) 

Compound Number Ten / °C H T P / nm'i AHfusion I kJ mol ^ R T N * l ] v i r t u a l 1 C {57JST) 1 nm°Ci 

C H J O - ^ — C O R - ^ — C O ^ 

\ H 

126 127^ 6 6 . 1 1 0 . 2 -68.3 0 . 2 4 

O2C— 

127 1 1 5 . 7 6&3 9.0 - 1 3 1 . 1 &26 

CH3O—\ 7 — COp 

128 1 0 1 . 9 4 9 . 5 7 . 7 - 1 7 8 . 0 0 . 3 1 

00 



Table 4,16. Virtual mesophase behaviour and physical properties of non-symmetrical diesters. 

(Compounds 129,130 and 131) 

Compound Number T c r l / ° C H T P / nm'i AHpgsioN / kJ mol ^ [ T N * l ] v i r t u a l / ° C {Smi) 1 nm°Ci 

c = H , r ^ ^ c o r ^ ^ c o ^ 

^2^—^_^OCgH^3 

129 141.0 63.5 10.7 -22X3 -

CH30HQ^C0,-<Q-C0 ^ 
130 12 ia 67.4 8.6 -59.1 0.09 

131 137.7 63U8 9.3 -52.1 0.10 

8 



Table 4.17. Virtual mesophase behaviour and physical properties of unsymmetrical diesters. 

(Compounds 132,133 and 134) 

Compound Number T c r . / ° C HTP / îm"̂  AHpusioN 1 kJ mol ^ [ T N « | ] v ! r t u a l / ° C (8mT) / nm°C-' 

c , H , r ^ ( y ~ c o , - { y - c o ^ 

OgC ^ OMe 

132 114.5 59.6 8.7 -12.8 0.51 

—COg 
\ = / , H 

^ OgC ^ OMe 

133 144.2 - 9.8 -6Gu2 -

C H g O - ^ ^ — C O g — — COg 

, 
^ b g C — 

134 142.1 60.5 9.1 -2&1 0.28 

00 
w 



Table 4,18. Virtual mesophase behaviour and physical properties of unsymmetrical diesters. 

(Compounds 135 and 136) 

Compound Number Tcd/°C HTP / iim-' AHfusion I kJ mol ^ U N * l ] v i r t u a l 1 ° C (5W5T) / nm°C-' 

02C-^^^C(CH , )3 

135 1128 69a 7.9 -86.0 0.38 

— C O ^ — — C O , 

136 144.9 57.5 8.9 -82X) " 



Table 4.19. Virtual mesophase behaviour and physical properties of non-symmetrical diesters. 

(Compounds 137,138 and 139) 

Compound Number Transition temperatures 

rc 
HTP 

/ nm'i 
AHfusion 

/ J mol ^ 

[ N - l l v i r t u a l 

rc 
8W6T 

/ nm/°C 

« H 

137 Cr 116.4 1 60.4 9705 -32X3 0.16 

C 6 H , 3 0 - ^ - C O 

M o 

0 = > / 
^ O C H 3 

138 Cr 129.8 1 621 11211 326 -

(CH3)3C-^^^—COg 
\ = / . H 

139 Cr 140.4 1 50.8 8363 -47.8 -



Chapter 5. Polymerisable nematic and chiral nematic liquid crystal compounds 

5.1. Introduction 

For the past decade, there has been considerable interest in the area of polymerisable 

nematic and chiral nematic liquid crystal compounds for use in the formulation of 

polymerisable mixtures that can undergo in-situ photopolymerisation. Liquid crystal 

polymers, both main chain and side group polymers have been widely studied as a means of 

using liquid crystal compounds for passive applications. However, there are several 

problems associated with using these types of materials. Main chain liquid crystal polymers 

are difficult materials to process because in general they have high transition temperatures 

and very poor solubility in most solvents. On the other hand, side group liquid crystal 

polymers tend to have lower transition temperatures and better solubility in solvents but they 

tend to be highly viscous which causes significant problems when trying to prepare uniformly 

aligned films. Also, they possess liquid crystal phases and, therefore, will undergo phase 

transitions if a wide operating temperature range is required and hence their behaviour will 

change with temperature. 

To overcome this problem, in-situ photopolymerisation of polymerisable low molar mass 

liquid crystalline compounds has been used to prepare permanently aligned liquid crystalline 

polymer f i l m s T h i s method is extremely advantageous as all the processing of the liquid 

crystal mixture, such as macroscopic alignment, is carried out prior to the 

photopolymerisation. The polymerisable liquid crystal mixture behaves similarly to a low 

molar mass liquid crystal mixture with fluidity that allows rapid alignment of the director 

before polymerising in the structure. It is possible, with suitable polymerisable liquid crystal 

compounds, to formulate mixtures that exhibit room temperature mesophases. In-situ 

photopolymerisation can be used to prepare a wide range of anisotropic polymer networks 

including n e m a t i c s m e c t i c and chiral nematic structures. It is possible to prepare 

such anisotropic networks with a variety of polymerisable groups such as acrylates 

methacrylates vinyl ethers and epoxides 

Of particular interest, is the formation of nematic and chiral nematic anisotropic networks. 

Nematic polymerisable mixtures can be uniformly planar aligned, with the director parallel to 

the substrate, and then photopolymerised to prepare retardation layers, which can be used 

as quarter wave plates or half wave plates. Chiral nematic polymerisable mixtures can be 

suitably formulated to prepare mixtures that selectively reflect in the visible region of the 

electromagnetic spectrum and the light reflecting properties will be retained on 

photopolymerisation to produce narrow bandwidth (typically 60-1 OOnm) circular polarisers. 

These polarisers will only allow light of one handedness through. Again, for selectively 
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reflecting polymerisable chiral nematic mixtures, it is necessary to align the director parallel 

to the substrate in one direction, which is typically achieved by the use of an aligning layer. 

The major area for the study of polymerisable liquid crystal compounds has been based on 

compounds containing acrylate groups as the polymerisable part. Acrylate compounds 

undergo free radical polymerisation and therefore in any polymerisable liquid crystal mixture, 

it is necessary to have a free radical photoinitiator in the mixture, which will start the 

polymerisation. The photoinitiator converts the physical energy of the incident light (typically 

a UV source) into chemical energy in the form of reactive intermediates. These 

intermediates are radicals capable of adding to the acrylic double bonds. This process is the 

initiation of the polymerisation reaction. After the initiation step, the classical picture of free 

radical polymerisation is obtained and the following steps are usually observed; 

• Propagation; the repeated addition of monomeric units in a chain reaction to produce the 

polymer backbone. 

• Chain transfer; hydrogen abstraction by the radical on the growing polymer chain to 

terminate its growth. The new radical which is formed may start another chain reaction 

and this is termed a chain transfer process. 

® Termination; the chain reaction can be terminated by various processes. One example is 

the recombination reaction between two growing polymer chains. 

However, there are some drawbacks associated with free radical curing of acrylates. 

Although the polymerisation rate is high, polymerisation can be severely inhibited by oxygen 

and the polymer films that are produced show only moderate adhesion to the substrate. To 

overcome oxygen inhibition, two approaches can be used. The first approach is to cure the 

acrylic liquid crystal mixture as a laminate between two substrates and the second approach, 

when it is desirable to produce films as open surface films, is to carry out the polymerisation 

in an inert atmosphere. The second approach is not very feasible as a production process. 

Adhesive strength is also a key consideration for certain applications where it is desirable to 

have a strong bond between the substrate and the polymer film. 

To overcome these two problems, one approach is to consider a different type of 

polymerisable group that will undergo cationic polymerisation rather than free radical 

polymerisation. The advantage of cationic polymerisation is that it is not inhibited by oxygen 

and hence polymer films can be prepared in air and generally good adhesion is obtained 

from films prepared in this way. Epoxides are an example of a type of polymerisable group 
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that undergoes cationic polymerisation and thus it was decided to prepare a range of liquid 

crystal compounds containing an epoxy group. 

5.2. Experimental Techniques 

5.2.1. Discussion of synthetic chemistry 

Synthesis of twenty-one potential liquid crystalline epoxides was carried out. The 

compounds that were synthesised were divided into three groups of compounds: compounds 

based on undec-10-enyl bromide, compounds based on undec-10-enoic acid and 

compounds based on allyl bromide. The approach to preparing these compounds was to 

synthesise compounds from relatively cheap, commercially available functionalised alkenes 

and then carry out the epoxidation of the alkenes using 3-chloroperbenzoic acid as the final 

step in the synthetic route. The rationale for this was adding the photopolymerisable group 

at the end of the synthesis would limit the amount of purification that was carried out with a 

risk of spontaneous polymerisation. 

Two of the groups of compounds studied were based on undecenyl bromide and allyl 

bromide. These compounds were chosen as the cheapest bromoalkenes that were available 

and allowed these materials to be alkylated onto hydroxy 4-methylbenzoate which could then 

be suitably deprotected to produce an alkenyloxybenzoic acid with the generic structure 

shown in Figure 5.1: 

CH==CH(CH2)nO— 

n=1 or 9 

Figure 5.1. Generic structure of the common building block for liquid crystal epoxides. 

The alkenyloxybenzoic acids were then esterified, using the DCC esterification method, with 

various phenols to prepare a range of compounds, which could then be epoxidised to 

prepare nematic monoepoxides and diepoxides and chiral nematic monoepoxides as shown 

in Reaction Schemes 25, 26, 32, 33 and 34. The DCC esterification method was used due 

to its mildness and this would not have any detrimental effect on the terminal double bond in 

the structures. The spacer lengths were quite different and it would also be possible to 

investigate whether this had any effect on the properties of the polymer films that were 

produced from these compounds. 

The third system was based on compounds synthesised from undecenoic acid. For this 

system, a range of two ring and three ring compounds were synthesised. In the case of the 
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two ring compounds, undec-10-enoic acid was simply esterified onto 4-hydroxybiphenyl and 

4'-cyano-4-hydroxybiphenyl. In the case of the three ring compounds, it was necessary to 

build up the mesogenic core first prior to esterification with undec-10-enoic acid. For the 

three ring compounds, either 4-benzyloxybenzoic acid was esterified with 4-alkylcyclohexyl 

phenol or 4-benzyloxyphenol was esterified with 4-alkylcyclohexylbenzoic acids. The benzyl 

protecting group was favoured as it is a large protecting group that tends to lead to the 

formation of crystalline products that are easier to purify. It is also relatively straightforward 

to remove. The three ring phenols that were prepared were then esterified with undec-10-

enoic acid. Once again, the final step was the epoxidation of the alkene to prepare the liquid 

crystal epoxides. For this system, six potential nematic epoxides and one chiral nematic 

epoxide were synthesised. 

Once a range of compounds had been synthesised, the aim was to then prepare chiral 

nematic epoxide mixtures, which could be photopolymerised to prepare polymer films. 

5.2.2. Chemical purity and chemical structure analysis. 

5.2.2.1. High performance liquid chromatography. 

5.2.2.2. Analytical thin layer chromatography. 

5.2.2.3. Nuclear magnetic resonance spectroscopy. 

5.2.2.4. Infra-red spectroscopy. 

These techniques listed previously were used to determine the chemical purity and chemical 

structures of the final compounds reported in this Chapter. The instruments, apparatus and 

experimental conditions are the same as those described in Chapter 2, Sections 2.2.2.1 and 

2.2.2.3-2.2.2.5. 

5.2.3. Identification of mesophases. 

5.2.3.1. Polarised light optical microscopy. 

5.2.3.2. Differential scanning calorimetry. 

These techniques listed previously were used to determine mesophase type and the 

transition temperatures and enthalpies of transition for the final compounds reported in this 

Chapter. The instruments, apparatus and experimental conditions are the same as those 

described in Chapter 2, Sections 2.2.3.1. and 2.2.3.2. 
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5.2.4. Physical characterisation of final compounds. 

5.2.4.1. Measurement of virtual nematic-isotropic transition. 

The measurement of a virtual nematic-isotropic transition for all compounds that did not 

exhibit an enantiotropic or monotropic nematic phase was performed in the same manner as 

that described in Chapter 2, Section 2.2.4.1. E63, a cyanobiphenyl based nematic host 

mixture was used as the host mixture for the measurements. 

5.3. Results and discussion 

Eight compounds were synthesised from 4-undec-10-enyloxybenzoic acid consisting of one 

nematic diepoxide, six nematic monoepoxides and one chiral nematic monoepoxide. The 

mesophase behaviour and physical properties are shown in Tables 5.7 and 5.8. 

Three of the nematic epoxides that were synthesised were prepared from 4-alkylcyclohexyl-

phenols. These phenols were chosen as they were readily available from the Merck 

production facility. The compounds had propyl, butyl and pentyl terminal groups and are 

shown in Figure 5.2: 

& 

A 

Cr 74.3°C N 165.9°C I ; AHFUSION 8 . 3 kJmol"^ 

\—f \—/ \—f 160 

Cr86.6°C N 160.8°C I; AHFUSION 115 kJmol"^ 

\—f N—' N—f 161 

Cr 71.rC SmA 101.9°C N 164.9°C I; AHFUSION 1 0 . 2 kJmoP^ 

Figure 5.2, Comparison of the properties for compounds 159,160 and 161. 

A small odd-even effect is observed in the melting point and the nematic-isotropic transition 

temperature as the terminal chain length is increased. If the entropy of melting is calculated 

for the three compounds, the following results are obtained; 
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Compound Ŝmelting 1 R 

159 2.9 

160 3.8 

161 3.6 

Table 5.1. Entropies of melting for compounds 159,160 and 161. 

As the terminal chain length is increased from propyl (compound 159) to butyl (compound 

160), there is an increase in the molecular length but there is also an increase in the 

molecular breadth. The entropy of melting for compound 160 is larger than the entropy of 

melting for compound 159 which implies a greater flexibility in the molecule which you would 

expect to manifest as a lower melting point for compound 159, which is not observed 

experimentally. This may be due to a greater interaction between the mesogenic cores. As 

the terminal chain length is increased from butyl (compound 160) to pentyl (compound 161), 

there is an increase in molecular length but not an increase in molecular breadth. The 

melting point is lower for compound 161, which is probably due to the increased chain 

flexibility. 

Compounds 159 and 160 have reasonably broad nematic ranges, compound 159 having a 

range of 91.6°C and compound 160 having a range of 74.2°C. This would be expected as 

the molecular structures are rod-like and this is conducive to mesophase stability. When the 

terminal chain length is increased to pentyl, as for compound 161, a smectic A phase is 

present for some 30°C although a relatively broad nematic range is maintained, being some 

63°C. The entropy change for the nematic-isotropic transition, ASni/R, of compound 161 is 

0.1 and this is the highest value of the three compounds synthesised from 4-alkylcyclohexyl-

phenols. This would suggest that this compound has the most ordered structure of 

compounds 159,160 and 161 and hence may explain the smectic A phase that is present in 

compound 161. The presence of the smectic A phase in compound 161 may also be due to 

microphase separation. Increasing from a butyl chain to a pentyl chain may just be sufficient 

to cause a more lamellar ordering in the compound. All three compounds synthesised from 

the alkylcyclohexylphenols have very similar nematic-isotropic transition temperatures. 

Two further compounds, compounds 171 and 172, were synthesised where the ester linkage 

between the phenyl rings was reversed. These materials were synthesised from 4-alkyl-

cyclohexyl-benzoic acids. The compounds are shown in Figure 5.3: 
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(CH2)80-& ^ O g C — ^ A C5H11 
171 

Cr62.1°C C N 69.6=0 N 1 5 7 . 9 ° C I ; AHFUSION: 6.2 K J M O R ^ 

( C H 2 ) 9 0 - / ~ ^ 0 2 C — K 
172 

Cr 79 . rC C N 101.0°C SmA130.7°CN 155.2 1; AHFUSION: 11.4 KJMOL'^ 

Figure 5.3. Comparison of the properties for compounds 171 and 172. 

As the terminal chain length is increased from pentyl to heptyl, there is a 30°C increase in the 

melting point but the clearing points for the two compounds are very similar. If the entropy of 

melting is calculated for the two compounds, the following results are obtained: 

Compound ^Smelting 1 R ASni / R 

171 2.2 0.059 

172 3.7 0.097 

Table 5.2. Entropies of melting for compounds 171 and 172. 

Compound 172 has a higher entropy of melting than compound 171, which would suggest 

more flexibility in the structure. From this, we would expect compound 172 to have a lower 

melting point than compound 171, however this is not observed experimentally. However, if 

we consider the entropy change associated with the nematic-isotropic transition, compound 

172 would appear to have a much more ordered structure and hence this is responsible for 

the formation of a smectic A phase and may explain the higher melting point. For compound 

171, a broad nematic range is observed of some 88°C whereas compound 172 has a much 

narrower nematic range of just 24°C. Probably extending the terminal chain further would 

remove any nematic behaviour completely and would lead potentially to the formation of 

other smectic phases. 

A comparison can also be made between compounds 161 and 171. For these two materials, 

the two terminal groups are exactly the same but the ester linkage in the middle of the 

molecules is in opposite directions. A comparison of their properties is given in Figure 5.4; 
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Cr 71.1 °C SmA 101.9°C N 164.9°C I; AHfusion: 10.2 kJmoM 

^ - ^ ( C H 2 ) 8 0 - ^ ^ - 0 2 C — 

Cr 6 2 . r C Cri 69.6°C N ISy.Q'C 1; AHpusioN: 6.2 kJmoM 

Figure 5.4. Comparison of the properties for compounds 161 and 171. 

As can seen from the data, reversing the ester linkage has a significant effect on the phase 

sequence and the molar enthalpy of fusion. The two compounds have similar melting 

points, however for compound 161, a smectic phase A phase is formed whilst reversing the 

ester linkage to produce compound 171 reduces the smectic tendencies and only a nematic 

phase is observed. This would suggest that the molecules adopt different geometries, one 

geometry that is conducive to a layered structure and the other that is not. 

One further nematic monoepoxide was synthesised from 4-undec-10-enyloxybenzoic acid. 

This material was synthesised from 4-methoxyphenol and in this case a two-ring compound, 

compound 158, was synthesised. Its structure and properties are shown in Figure 5.5: 

^ — ( C H 2 ) 9 0 - { ~ ^ V C 0 2 — { ^ ~ V o M e 
\— f \—f 158 

Cr 70.8 (N 67.8) 1; AHFUSION: 11.5 kJmol"' 

Figure 5.5. Structure and properties of compound 158. 

Compound 158 has a similar melting point to some of the three ring compounds that were 

synthesised, such as compounds 161 and 171; however, it only exhibits a monotropic 

nematic phase. This is not surprising as the molecular length has been significantly reduced 

and hence the molecular anisotropy will be less. This compound was synthesised as it was 

considered useful to have nematic epoxides, which had lower transitions that could be used 

to formulate mixtures with a wide range of chiral nematic-isotropic transition temperatures. 

The other two compounds that were synthesised from 4-undec-10-enyloxybenzoic acid were 

a nematic diepoxide, compound 146, and a chiral nematic monoepoxide, compound 157. 

The structures and properties of these compounds are shown in Figure 5.6: 
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^ ( C H 2 ) 8 0 - { ^ c 0 r - ( ^ 0 2 0 - ( ^ 0 ( C H 2 ) r - ^ X—, >—, 146 

Cr yg-S-C N 134.2''C I; AHpusioN: 14.5 kJmor 

^ - ^ ( C H 2 ) 8 0 - ^ ^ ^ C 0 2 — 

Cr 34.3 (SmA 12.9 N* 29.3) 1; AHFUSION: 8.7 kJmol'̂  

Figure 5.6. Structure and properties of compounds 146 and 157. 

Compound 146 exhibited a nematic range of over 50°C and compound 157 exhibited 

monotropic smectic A and chiral nematic phases. For the preparation of polymer networks, it 

is not so necessary to prepare chiral compounds with high helical twisting powers. One 

reason for producing high helical twisting power chiral dopants for low molar mass mixtures 

is to reduce the potential of the chiral dopant crystallising out of the mixture. However, 

processing of chiral nematic polymerisable mixtures tends only to take a matter of minutes 

before polymerisation is carried out and therefore it is not necessary for the mixtures to 

remain liquid crystalline for a considerable length of time. Solubility is not such an issue as 

once the mixture is polymerised, the order is locked in unlike a low molar mass mixture. 

Compound 157 exhibited a lower melting point than compound 158, which would be 

consistent with the highly branched terminal chain. A comparison can be made with similar 

materials based on 4 substituted 4'-cyanobiphenyls as shown in Figure 5.7: 

Cr 4''C (SmA-54''C N* -30''C) I 

Cr104°C (N 85.5°C)I 

Figure 5.7. Comparison of the properties for 4-substituted 4'-cyanobiphenyls. 

as can be seen from these two previously synthesised compounds, the branched 2-

methylbutyl terminal group has decreased the melting point by 100°C and reduced the 

mesophase stability by some 115°C compared to the methoxy terminal group. For 

compounds 157 and 158, the melting point has only been suppressed by 36°C and the 
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mesophase stability by 38°C with the introduction of the branched 2-methylbutyl terminal 

group compared to the methoxy terminal group. 

Only one example of a chiral nematic epoxide was synthesised based on 4-undec-10-

enyloxybenzoic acid, as the aim of the work was to consider the type of polymer films that 

could be prepared from epoxide liquid crystal mixtures and this was also the case for the 

nematic diepoxide. 

The second class of materials that were synthesised were prepared form undec-10-enoic 

acid as the source of the alkenyl group to undergo epoxidation. For this class of material, 

only monoepoxides were synthesised comprising five potential nematic monoepoxides and 

one chiral nematic monoepoxide. Three of the compounds synthesised had very similar 

structures to compounds that were synthesised using 4-undec-10-enyloxybenzoic acid and 

direct comparison will be made between these structures. 

To prepare three ring compounds using undec-10-enoic acid required the use of protection 

chemistry and so two two ring compounds were synthesised using 4-hydroxybiphenyl and 4'-

cyano-4-hydroxybiphenyl. The mesophase behaviour and physical properties of the 

compounds synthesised from undec-10-enoic acid are shown in Table 5.9. 

If the nature of the polymerisable terminal group is considered in conjunction with the phenyl 

ring that it is connected to (see Figure 5.8): 

Figure 5.8. Structure of the polymerisable terminal group. 

changing from undec-11-enyl bromide to undec-10-enoic acid has not increased the length of 

the terminal group it has just altered the linking group that attaches the terminal chain to the 

phenyl ring, either ether linking or ester linking. 
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Compound 188 can be directly compared with compound 160 to see the effect of this change 

in linking group; the structure and properties are shown in Figure 5.9 

K (CH2)80-^ / 
160 

C R 8 6 . 6 ° C N 1 6 0 . 8 ° C I; AHFUSION 11.5 kJmol"' 

O 
C^Hg 

188 

Or 68.3''C (SmA 63.5''C) N167.4''C I; AHpusiON 11 5 kUmol"" 

Figure 5.9. Comparison of the properties for compounds 160 and 188. 

Compound 188 has a lower melting point than compound 160 but the molar enthalpies of 

fusion for the two compounds are identical to within experimental error. If the entropies of 

melting are considered for the two compounds: 

Compound ASMEITING / R 

160 3.8 

188 4 . 1 

Table 5.3. Entropies of melting for compounds 160 and 188. 

Compounds 160 and 188 have similar entropies of melting. However, you would expect the 

ether link in the terminal chain to produce a more linear molecule, which would increase the 

molecular length and increase the melting point, and this is indeed what is observed 

experimentally. Incorporation of the ester linkage has also increased the smectogenic 

properties of the compounds and for compound 188 a monotropic smectic A phase is 

observed. The nematic-isotropic transition temperatures of the two compounds are relatively 

similar. 

Another comparison that can be made is between compounds 171 and 191. Once again, 

these structures differ only by the nature of the linking group relating to the polymerisable 

terminal chain. For these two compounds, the direction of the ester linkage is reversed 

compared to compounds 160 and 188. The structures and properties are shown in Figure 

5 . 1 0 
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^ - ^ ( C H 2 ) g O - ^ 2 ^ 0 2 C — 

Cr 6 2 . r c Cri 69.6=0 N 157.9°C I; AHfusion: 6.2 kJmol'̂  

— ( C H 2 ) 8 C 0 r - ^ ^ ^ ^ 0 2 C - - ^ ^ " ^ — 
N—' X—' \ — ' 191 

Cr 80.0°C (SmA 79.8°C) N 126.3°C 1; AHFUSION-' 8.9 kJmoM 

Figure 5.10. Comparison of the properties for compounds 171 and 191. 

Compound 171 has a lower melting point and molar enthalpy of fusion than compound 191. 

If the entropies of melting, given in Table 5.4, are considered for the two compounds 

Compound A S m e l t i n g 1 R 

171 2.2 

191 3 . 0 

Table 5.4. Entropies of melting for compounds 171 and 191. 

compound 191 has a higher entropy of melting compared to compound 171. We would 

therefore, expect compound 191 to be more flexible, resulting in a lower melting point, 

however the reverse is observed experimentally. The higher melting point must be related to 

the linking group between the mesogenic core and the terminal chain in combination with the 

direction of the other ester linkage in the molecule. As in the previous pair of compounds, 

incorporation of the ester linkage has increased the smectogenic properties of the 

compounds and for compound 191, a monotropic smectic A phase is observed. For 

compounds 171 and 191 there is a reasonable difference in the nematic-isotropic transition 

temperatures with the nematic-isotropic transition temperature of compound 191 being some 

31 °C lower than that for compound 171. This behaviour was not observed for compounds 

160 and 188. Another difference in the observations made for the two pairs of compounds 

was that for compounds 160 and 188, the compound based on the ether linking group had 

the higher melting point. Whereas for compounds 171 and 191, it is the compound based on 

the ester linking group that has the higher melting point. This would suggest that the 

orientation of the two ester groups that are linked to the phenyl ring has an effect on the 

properties of the materials. 

Comparisons can also be made between compounds 172 and 192, once again revealing the 

differences relating to the nature of the linking group; the structures and properties are 

shown in Figure 5.11 
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o 
(CH2)gO-^ ^ O g C — ^ A 

172 

Cr 79. r C Cri 101.0°C SmA 130.7°C N 155.2 1; A H f u s i o n : 11.4 kJmol"̂  

^—(CHJgCOg—^ ^ O g C — ^ A 
192 

Cr 68.0X CRI 108.3°C SmA 126.3X N 164.3X 1; AHFUSION: 10.1 kJmol"̂  

Figure 5.11. Comparison of the properties for compounds 172 and 192. 

Compound 172 has a lower melting point and higher molar enthalpy of fusion than 

compound 192. The entropies of melting for the two compounds are compared in Table 5.5 

Compound ASmelting 1 R 

172 3.7 

192 3.2 

Table 5.5. Entropies of melting for compounds 172 and 192. 

Compound 172 has a higher entropy of melting compared to compound 192. We would, 

therefore, expect compound 172 to have a lower melting point and this is observed 

experimentally. There is not a significant difference in the entropies of melting, suggesting 

that both molecules are reasonably flexible with both materials having smectogenic 

tendencies. Compound 172 has a wider smectic A range, 29°C compared to 18°C, than 

compound 192. 

Two compounds were synthesised directly from undec-10-enoic acid with hydroxybiphenyls 

and the structures and properties of compounds 178 and 179 are shown in Figure 5.12 

O 

178 

Cr 49.3°C I; AHFUSION-" 7.6 kJmol" 

A . . (CH2)gC0r- \ y — ^ ^ C N 
179 

Cr 69.8X (N 64.0°C) I; AHFUSION: 10.0 kJmol"' 

Figure 5.12. Comparison of the properties for compounds 178 and 179. 
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For these compounds, there was no linking group between the two phenyl rings. Not 

surprisingly, the mesophase stability has been significantly reduced compared to the three 

ring compounds. For compound 178, synthesised from 4-hydroxybiphenyl, no mesophase 

behaviour is observed. However, when a terminal cyano group is added to the structure, a 

monotropic nematic phase is observed. This is not unexpected, as cyano is one of the most 

efficient terminal groups particularly for aromatic systems. Compound 178 has similar 

properties to compound 158, with respect to melting point and phase transitions. Comparing 

compound 179 with the corresponding 4'-alkyloxy-4-cyanobiphenyl (shown in Figure 5.13) 

A .(CH2)gC0r-^ ^ 
179 

Cr GQ-B-C (N 64.0"C) I; 

Cr 70.0°C SmAd 89.8°C I 

Figure 5.13. Comparison of the transition temperatures for compound 179 with 4-

dodecyloxy-4'-cyanobiphenyl. 

Compound 179 has a similar melting point to 4-dodecyloxy-4'-cyanobiphenyl but does not 

exhibit any smectic mesophases. This suggests that the ester linkage is more flexible and 

suppresses smectic tendencies. 

As was the case with the previous class of compounds that were synthesised from 4-undec-

10-enyloxybenzoic acid, two ring compounds were synthesised to enable a wider range of 

liquid crystal properties for the mixtures formulated from these components, such as melting 

point and nematic-isotropic transition temperature. 

A final comparison can be made between the two chira! nematic monoepoxides. The 

structures and properties of compounds 157 and 187 are shown in Figure 5.14 
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^—(CH2)gO- " -COg—^ /] 

157 

Cr 34.3°C (SmA 12.9°C N* 29.3) I; AHFUSION: 8.7 kJmol'̂  

^ — ( C H 2 ) g C 0 ^ - 4 

187 

Cr 34.5°C (N* 28.7) i; AHFUSION'- 6.4 kJmoM 

Figure 5.14. Comparison of the properties for compounds 157 and 187. 

Compounds 157 and 187 have very similar melting points and nematic-isotropic transition 

temperatures, however the ester linkage between the chain and the mesogenic core appears 

to suppress the smectic tendencies for compound 187. Comparing compounds 157 and 

158, the highly branched terminal group of compound 157 reduces the melting point 

significantly compared to compound 158 with a methoxy terminal group. The nematic-

isotropic transition temperatures of the two compounds is low, however, the majority of 

nematic epoxides have much higher nematic-isotropic transition temperatures and it will 

therefore be possible to formulate chiral nematic polymerisable mixtures that have nematic-

isotropic transition temperatures some tens of degrees above ambient. 

The third class of compounds that were synthesised was based on 4-allyloxybenzoic acid. 

These compounds would lead to the formation of polymer networks that would have 

considerably shorter spacers in the terminal chains. These materials were synthesised to 

determine whether the length of the spacer had any effect on the type of polymer films that 

were formed. Seven compounds were synthesised consisting of one nematic diepoxide, one 

chiral monoepoxide and five potential nematic monoepoxides. 

Firstly, a comparison can be made between the two nematic diepoxides that have been 

synthesised. The structures and properties of compounds 146 and 197 are shown in Figure 

5.15; 
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& _ - A 
146 

Cr 79.5°C N 134.2°C I; AHFUSION: 14.5 kJmol"' 

CH, 
q 

—CH 
p 

C H . — ^ 
197 

Cr 135.4°C N 231.1 °C I; AHFUSION: 8.0 kJmol'̂  

Figure 5.15. Comparison of the properties for compounds 146 and 197. 

The mesogenic core is the same for both nematic diepoxides that have been synthesised. 

The only difference in the two compounds is the number of CH2 units between the 

mesogenic core and the polymerisable groups. Compound 197 with a single CHz group 

between the mesogenic core and the polymerisable group has a significantly higher melting 

point than compound 146 as would be expected as compound 146 has much longer groups 

( -(CH2)9 ) between the mesogenic core and polymerisable group. If the entropies of melting 

are considered for the two compounds: 

Compound 

146 4.9 

197 2.4 

Table 5.6. Entropies of melting for compounds 146 and 197. 

Compound 146 has a significantly higher entropy of melting than compound 197 suggesting 

that the molecular structure is significantly more flexible. This is consistent with the much 

longer spacers in the terminal groups and hence a significantly lower melting point than 

compound 197. The nematic range for compound 146 is some 54°C whereas compound 

197 has a nematic range of some 95°C. 

A direct comparison can also be made between the monoepoxides, compounds 158 and 

205. Again the only difference between the two compounds is in the spacer lengths. The 

structures and properties of compounds 158 and 205 are shown in Figure 5.16 
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^ — ( C H 2 ) g O - ^ ^ C O g — ^ ^ O M e 
158 

Cr 70.8 (N 67.8) I; AHfusion: 115 kJmol"' 

^ ^ 205 

C r 9 4 . 3 ° C ( N 8 0 . 4 ° C ) I; AHFUSION: 7 . 9 KUMOL"' 

Figure 5.16. Comparison of tlie properties for compounds 158 and 205. 

as for the nematic diepoxides, the shorter spacer length in the terminal group leads to a 

higher melting point and a higher nematic-isotropic transition temperature but a lower molar 

enthalpy of fusion. Compound 206 was synthesised as another example of a phenyl 

benzoate type structure incorporating a different terminal group. For this compound a chioro 

terminal group was used. Comparisons can be drawn between compounds 205 and 206. 

The structure and properties of compound 206 are shown in Figure 5.17 

O / = \ 

206 

Cr 120.3°C I: AHfusion: 91 kJmol \ [T^Jvirtuai: 20.2°C 

Figure 5.17. Structure and properties of compound 206. 

Changing the terminal group from a methoxy to a chioro group is detrimental to the 

mesophase stability. Compound 205 with a methoxy terminal group exhibits a monotropic 

nematic phase whereas compound 206 with a chioro terminal group exhibits no 

mesomorphism. The virtual nematic-isotropic transition temperature for compound 206 has 

been measured as 20.2°C. This behaviour would be expected as the methoxy terminal group 

is more efficient as a terminal group in aromatic systems than the chioro terminal group. 

One further example of a two ring nematic monoepoxide, compound 210, was synthesised 

from 4'-cyano-4-hydroxybiphenyl. 4-Alkyloxy-4'-cyanobiphenyls exhibit good mesophase 

stability and hence the choice of 4'-cyano-4-hydroxybiphenyl as the mesogenic core. The 

structure and properties of compound 210 are shown in Figure 5.18: 

^ - ^ C H o O K v />—(\ />-CN 
/ A A \ / / 

Cr 115.4°C (N 78.6°C) I: AHFUSION: 7.1 kJmoM 

Figure 5.18. Structure and properties of compound 210. 

202 



The increased rigidity in the structure has led to an increase in the melting point compared to 

compound 205, however it has a similar monotropic nematic transition temperature. It is 

possible to compare compound 210 with 4-propyloxy-4'-cyanobiphenyl shown in Figure 5.19 

CH3(CH2)20-^^^^— 

Cr 74.5°C (N 64.0''C) I 

Figure 5.19. Structure and transition temperatures for 4-propyloxy-4'-cyanobiphenyl. 

Incorporation of the epoxy group into the structure has led to an increase in the melting point. 

The nematic-isotropic transition temperature is higher for compound 210, which would 

suggest a better mesophase stability. 

An example of a three ring nematic monoepoxide, compound 208, that was synthesised was 

based on compound 210, with an additional ring and the incorporation of an ester linking 

group. The structure and properties of compound 208 are shown in Figure 5.20: 

— ' 208 

Cr 130.4°C N 275.7X I: AHFUSION: 6.6 kJmol"^ 

Figure 5.20. Structure and properties of compound 208. 

The addition of the extra ring and ester linking group in compound 208, has increased the 

melting point by 15°C compared to the two ring compound 210. This is a small increase but 

this is probably due to the increased flexibility in the molecule. However, there has been a 

significant increase in the mesophase stability as represented by the nematic-isotropic 

transition temperature. Compound 208 exhibits an enantiotropic nematic phase over 145°C 

range, compared with the monotropic nematic phase which is exhibited by compound 210 

over 36°C range. One further nematic monoepoxide was synthesised where the cyano 

terminal group was removed from compound 208 to yield compound 207. The structure and 

properties of compound 207 are shown in Figure 5.21 
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& -CH,0 
207 

Cr 182.1°C (N 150.0°C) I: AHFUSION: 12.0 kJmol"^ 

Figure 5.21. Structure and properties of compound 207. 

The removal of the terminal group was significantly detrimental to the mesophase stability of 

compound 207. The melting point of compound 207 is some 50°C higher than compound 

208 and only a monotropic nematic phase was observed. The difference in the nematic-

isotropic transition temperatures of compounds 208 and 207 is 125°C. Compounds 207 and 

208 demonstrate how subtle changes to the molecular structure can have an extremely 

marked effect on mesophase stability. However, the comment must also be made that the 

cyano group is the most efficient terminal group for aromatic systems and that such a 

significant difference would not have been observed if a compound had been made with a 

terminal alkyi chain compared to compound 207. 

5.4. Mixture formulation of epoxides and polymer network formation. 

A diverse range of mono and diepoxides were synthesised with the ultimate aim of preparing 

chiral nematic polymerisable mixtures, which could be photopolymerised as open surface 

films in air. Only a small amount of work was carried out on this particular topic. Initially, two 

binary mixtures (shown in Figure 5.22) were prepared, consisting of a nematic diepoxide in 

combination with a chiral nematic monoepoxide. For both mixtures, the mixtures were 

formulated from one type of spacer. For mixture 1, the two epoxides that were used had a 

(CH2)9 group between the mesogenic core and the polymerisable group and for mixture 2, 

the two epoxides that were used had a single CH2 group between the mesogenic core and 

the polymerisable group. A free radical photoinitiator was incorporated into the mixture as a 

co-initiator to assist with the initiation of polymerisation. 

Mixture 1 

Compound 146 45% 

Compound 157 50% 

Cationic photoinitiator 4% 

Free radical photoinitiator 1 % 

Mixture 2 

Compound 197 45% 

Compound 204 50% 

Cationic photoinitiator 4% 

Free radical photoinitiator 1 % 

Figure 5.22. Composition of binary mixtures of nematic diepoxides and chiral monoepoxides. 

Each mixture was homogenised by heating and mixing, prior to being coated onto the plastic 

substrate, triacetyl cellulose, with a wire wound bar. Wire wound bars are used to coat films 
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of a specific thickness and in this particular case, a wire wound bar was used to give a film 

thickness of approximately 6pni. These open surfaces films were then polymerised by 

exposure for fifteen minutes under a metal halide lamp with a peak emission spectral 

maximum at 360nm. The aim of this work at this stage was not to prepare well aligned chiral 

nematic films but to prove the concept of preparing polymer films, from the liquid crystal 

epoxide compounds that had been synthesised, in the presence of air. The two mixtures 

were successfully polymerised to produce chiral polymer networks, which were selectively 

reflecting. No characterisation was carried out on the properties of the films and further work 

was necessary. 

5.5. Conclusions 

A range of monoepoxides and diepoxides were synthesised from three commercially 

available functionalised alkenes. For two of the classes of materials that were synthesised, 

bromoalkenes were attached to a phenyl ring to produce alkenyloxybenzoic acids. These 

compounds were then esterified with various phenols prior to epoxidation to give 

polymerisable monomers. Mesophase behaviour and physical properties were determined 

for all the monomers that were synthesised. The third class of materials was based on an 

alkenoic acid. For these compounds, the mesogenic core was synthesised utilising 

protection chemistry prior to reaction with the alkenoic acid and subsequent epoxidation. 

Of the twenty-one epoxides that were synthesised, eleven compounds exhibited 

enantiotropic mesophases and eight compounds exhibited monotropic mesophases. Initial 

investigations confirmed that it was possible to prepare chiral polymer films from these 

compounds as open surface films in the presence of oxygen. Further investigations are 

required to determine the full potential of these compounds. The materials that had been 

synthesised would be useful for preparing nematic polymerisable mixtures that could be used 

to prepare retardation layers such as quarter-wave films and half-wave films. It would also 

be possible to prepare chiral nematic polymerisable mixtures that were selectively reflecting 

for use as colour filters. Further work could be carried out to investigate the effect of 

changing the monoepoxide: diepoxide ratio in the mixture and how this affects the properties 

of the polymer films. 
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5.6. Synthetic Procedures 

5.6.1. Synthesis of liquid crystal epoxides from undec-10-enyl bromide. 

Synthesis of eight epoxides based on undec-10-enyl bromide was performed according to 

the routes shown in Reaction Schemes 24- 27. 

H O - ^ ^COglVIe 140 

CH^CH(CH2)gBr 141 

KgCOa 
Butanone 

C H = C H ( C H 2 ) g 0 - < R ^ C 0 2 l V l e 142 

Potassium hydroxide 
Tetrahydrofuran 
Water 

C H = C H ( C H 2 ) G 0 - ^ ^ > - C 0 2 H 1 4 3 

Reaction Scheme 24. Synthesis of 4'-undec-10-enyloxy-benzoic acid (143). 

Methyl 4-undec-10-enyloxybenzoate (142). 

iVlethyi 4-hydroxybenzoate (140)(59.3g, 0.39mol), potassium carbonate (64.7g, 0.47mol), 

undecenyl bromide (141)(100g, 0.43mol) and butanone (1.251) were combined and stirred at 

reflux for 16h. The reaction mixture was cooled to room temperature and filtered. The 

solvent was removed under reduced pressure using a rotary evaporator. The crude product 

was recrystallised from ethanol (400ml) and dried in a vacuum oven at 25°C for 24h; 86.2g 

(72.6%) yield. 98.1% pure by HPLC. 

IR: Vmax/ cm"": 3080, 2960, 2920, 2850 (-CHg), 1721(C=0), 1644, 1607 (benzene ring), 1509, 

1473, 1464, 1394, 1317, 1280, 1256, 1192, 1170, 1107, 1037, 1018, 988, 956, 912, 850, 

836, 800, 765, 748, 729, 719, 701, 647, 633. 

4'-Undec-10-enyloxybenzoic acid (143). 

Methyl 4'-undec-10-enyloxybenzoate (142)(85.0g, 0.28mol), potassium hydroxide (31.27g, 

0.56mol), tetrahydrofuran (400ml) and water (80ml) were combined and stirred at reflux for 

16 hours. The reaction mixture was cooled to 60°C and then poured into water (1000ml). 

Hydrochloric acid was then added until the reaction mixture was acidic to litmus paper. The 

reaction mixture was cooled to 0°C and the product was then filtered off and washed with 
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water (2x1000ml). The product was recrystallised from ethanol (360ml) and dried in a 

vacuum oven at 50°C for 24 hours; 73.4g (90.5%) yield. 98.6% pure by HPLC. 

IR: vrnax/cm"': 2918, 2851 (-CHg), 2558(-0H stretch), 1668 (C=0), 1645,1605 (benzene 

ring), 1578, 1514, 1467, 1431 (-0H def.), 1395, 1332, 1306, 1254(C-0 stretch), 1168, 1129, 

1107, 1064, 1037, 990, 956(-OH def.), 943, 909, 857, 844, 825, 790, 770, 719, 694, 648, 

632. 

Me 

CH2=CH(CH2)g0-^^^C02H + H O - ^ ^ ^ O H 
144 

Dicyclohexylcarbodiimide 
4-Dimethylaminopyridine 
Dichloromethane 

Me 

CH,=CH(CH2)S,0-<^^C0^HQ>-02O-I^^0(CHJ,CH=CH3 

145 
3-Chloroperbenzoic acid 
Dichloromethane 

Me 

146 

Reaction Scheme 25. Synthesis of 2,5-6/s[4'-(9-oxiranylnonyloxy)benzoyloxy]toluene (146). 

2,5-6/s[4'-(Unclec-10-enyloxy)benzoyloxy]toluene (145). 

4'-Undec-10-enyloxybenzoic acid (143)(23.88g, 0.082mol), 2,5-dihydroxytoluene 

(144)(4.64g, 0.037mol), N,N-dicyclohexylcarbodiimide (16.96g, 0.082mol), 4-

dimethylaminopyridine (0.05g, catalyst) and dichloromethane (300ml) were combined and 

stirred at room temperature with the exclusion of moisture (CaCb guard tube) for 24 hours. 

N,N-Dicyclohexylurea was filtered off and the filtrate was washed with water (4x200ml), dried 

with anhydrous Na2S04 and the solvent removed under reduced pressure using a rotary 

evaporator. The crude product was flash column chromatographed over MERCK 40-63pm 

silica gel, eluting with dichloromethane; 19.88g (79.5%) yield. 97.8% pure by HPLC. 

IR: Vmax/cm-\ 3076, 2981, 2922,1718 (C=0), 1608 (benzene ring), 1583, 1512, 1494,1466, 

1427, 1366, 1318, 1304, 1255, 1185, 1152, 1125, 1107, 1073, 1009, 998, 947, 928, 891, 

867, 843, 816, 791, 759, 690, 664, 631, 602, 569. 
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2,5-lb/s[4'-(9-Oxiranylnonyloxy)benzoyloxy]toluene (146). 

3-Chloroperbenzoic acid (46.58g, 0.27mol) was slurried in dichloromethane (200ml) and 

cooled to 0°C. 2,5-jb/s[4-(undec-10-enyloxy)benzoyloxy]toluene (145)(15.00g, 0.034mol) was 

dissolved in dichloromethane (70ml) and added dropwise to the reaction mixture. This was 

stirred at room temperature for 24 hours. The reaction mixture was filtered and the filtrate 

was washed with NaHSOa solution (1M(aq) 200ml), NaHCOs solution (1M(aq) 200ml) and 

brine solution (200ml) and then tested with starch / iodide paper to ensure that all the oxidant 

had been destroyed. The solution was dried using anhydrous Na2S04 and the solvent was 

removed under reduced pressure using a rotary evaporator. The crude product was flash 

column chromatographed over MERCK 40-63^m silica gel, eluting with 2% ethyl acetate in 

dichloromethane; 9.27g (57.6%) yield. 97.6% pure by HPLC. 

NMR (60MHz, CDCI3) 8 / ppm: 0.8-2.1 (34H, mult), 2.1-3.0 (9H, mult), 4.0 (4H, t), 6.6-7.2 

(7H, mult), 8.0(4H, dofd) . 

IR: vrnax/cm"': 2921, 2852,1726 (C=0), 1607 (benzene ring), 1582, 1511, 1495, 1468, 1421, 

1391, 1254, 1162, 1110, 1077, 1009, 958,944, 904, 852, 843, 791,762,718, 691,651,628, 

570. 
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CH=CH(CH2)g0-<^^^-C02H + R—OH 

Dicyclohexylcarbodiimide 
4-Dimethylaminopyridine 
Dichloromethane 

C H 2 = C H ( C H 2 ) g O - ^ ^ - C O r R 

3-Chloroperbenzoic acid 
Dichloromethane 

— ( C H 2 ) g O - ^ 2 ^ C O — R 

Compound 

147 

148 

149 

150 

151 

R 

OMe 

CsHy 

C4H9 

^5^11 

— ( C H 2 ) g O - ^ ^ ^ C O r - ^ ^ ^ - O I V I e 

(2)-

157 

158 

C3H7 159 

C4H9 160 

161 

Reaction Scheme 26. Synthesis of monoepoxides based on 4-undec-10-enyloxybenzoic 

acid. 

4'-Undec-10-enyloxybenzoic acid 4'-(2-methylbutyl)-phenyl ester (152). 

4'-Undec-10-enyloxybenzoic acid (143)(5.00g, 0.017mol), 4'-(2-methylbutyl)-phenol (147) 

(2.82g, 0.017mol), N.N-dicyclohexylcarbodiimide (3.91g, O.OIQmol), 4-dimethylaminopyridine 

(0.05g, catalyst) and dichloromethane (100ml) were combined and stirred at room 

temperature with the exclusion of moisture (CaCb guard tube) for 24 hours. 

N,N-Dicyclohexylurea was filtered off and the filtrate was washed with water (4x100ml), dried 

with anhydrous Na2S04 and the solvent removed under reduced pressure using a rotary 
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evaporator. The crude product was flash column chromatographed over MERCK 40-63pm 

silica gel, eluting with dichloromethane; 5.60g (77.2%) yield. 99.1% pure by HPLC. 

NMR (60MHz, CDCI3) 8 / ppm: 0.6-2.3 (25H, mult), 2.6 (2H, t, J = 7Hz), 4.1 (2H, t, J = 

6Hz), 4.8-5.3 (2H, mult), 5.6-5.9 (1H, mult), 6.9-7.3 (6H, mult), 8.2 (2H, d, J = 8Hz). 

IR: vmex/cm'̂ : 2922, 2851 ( - % ) , 1728 (C=0), 1605 (benzene ring), 1511, 1471,1422, 

1255, 1196, 1168, 1071, 1018, 1010, 990, 909, 876, 847, 763, 720, 692, 659, 650, 632, 578. 

4'-Undec-10-enyloxybenzoic acid 4-methoxyphenyl ester (153). 

Preparation of 4'-undec-10-enyloxybenzoic acid 4-methoxyphenyl ester (153) was prepared 

as a cognate preparation to that of 4'-undec-10-enyloxybenzoic acid 4'-(2-methylbutyl)phenyl 

ester (152) using 4-methoxyphenol (148) (9.39g, 0.076mol). The crude product was flash 

column chromatographed over MERCK 40-63)im silica gel, eluting with dichloromethane; 

27.99g (93.3%) yield. 99.0% pure by HPLC. 

^H NMR (60MHz, CDCI3) 5 / ppm: 0.9-2.3 (16H, mult), 3.7 (3H, s), 4.0 (2H, t, J = 6Hz), 4.7-

5.2 (2H, mult), 5.5-5.8 (1H, mult), 6.6-7.2 (6H, mult), 8.1 (2H, d, J = 8Hz). 

IR: V m a x / c m - \ 2923, 2851 (-CHg), 1730 (C=0), 1605 (benzene ring), 1509,1469,1461, 

1315, 1301, 1271, 1248, 1193, 1164, 1103, 1074, 1026, 1014, 989, 907, 869, 848, 801, 762, 

750, 725, 688, 649, 632. 

4'-Undec-10-enyloxybenzoic acid 4'-(frans-4-propylcyclohexyl)phenyl ester (154). 

Preparation of 4'-undec-10-enyloxybenzoic acid 4'-(frans-4-propylcyclohexyl)phenyl ester 

(154) was performed as a cognate preparation to that of 4'-undec-10-enyloxybenzoic acid 4'-

(2-methylbutyl)phenyl ester (152) using 4'-(frans-4-propylcyclohexyl)-phenol (149)(3.42g, 

0.016mol). The crude product was flash column chromatographed over MERCK 40-63pm 

silica gel, eluting with dichloromethane; 13.21g (86.0%) yield. 98.4% pure by HPLC. 

^H NMR (60MHz, CDCI3) 8 / ppm: 0.6-2.3 (33H, mult), 4.0 (2H, t, J = 6Hz), 4.7-5.1 (2H, mult), 

5.4-5.9 (1H, mult), 6.6-7.3 (6H, mult), 8.1 (2H, d, J = 8Hz). 

IR: Vmax/cm-\ 3419, 3069, 3042, 2915, 2848 (-CH2), 1726 (C=0), 1605, 1580, 1509, 1466, 

1448, 1425, 1363, 1313, 1278, 1256, 1200, 1169, 1120, 1105, 1079, 1010, 986, 968, 933, 

907, 877, 847, 824, 803, 779, 762, 723, 691, 662, 635, 592, 575. 

4'-Undec-10-enyloxy-benzoic acid 4'-(frans-4-butylcycloliexyl)phenyl ester (155). 

Preparation of 4'-undec-10-enyloxybenzoic acid 4'-(fraA?s-4-butylcyclohexyl)phenyl ester 

(155) was performed as a cognate preparation to that of 4'-undec-10-enyloxybenzoic acid 4'-

(2-methylbutyl)phenyl ester (152) using 4'-(frans-4-butylcyclohexyl)-phenol (150)(6.91g, 

0.030mol); 12.42g (82.8%) yield. 95.3% pure by HPLC. 
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NMR (60MHz, CDCI3) 5 / ppm: 0.6-2.2 (35H, mult), 4.0 (2H, t, J = GHz), 4.7-5.2 (2H, mult), 

5.4-5.9 (1H, mult), 6.8-7.3 (6H, mult), 8.1 (2H, d, J = 8Hz). 

IR; Vmax / cm"": 3068, 2955, 2917, 2848 (-CH2), 1723 (C=0), 1642, 1605 (benzene ring), 

1510, 1467, 1448, 1422, 1397, 1314, 1257, 1202, 1169, 1119, 1106, 1077, 1035, 1018, 

1009, 987, 968, 951, 908, 876, 847, 803, 778, 762, 721, 691, 661, 635, 605. 

4-Undec-10-enyloxybenzoic acid 4'-(frans-4-pentylcyclohexyl)phenyl ester (156). 

Preparation of 4'-undec-10-enyloxybenzoic acid 4'-(f/"ans-4-pentylcyclohexyl)phenyl ester 

(156) was performed as a cognate preparation to that of 4'-undec-10-enyloxybenzoic acid 4'-

(2-methylbutyl)phenyl ester (152) using 4'-(frans-4-pentylcyclohexyl)-phenol (151)(7.12g, 

0.029mol). The crude product was flash column chromatographed over MERCK 40-63pm 

silica gel, eluting with dichloromethane; 13.11g (87.4%) yield. 98.2% pure by HPLC. 

^H NMR (60MHz, CDCI3) 5 / ppm: 0.8-2.3 (37H, mult), 4.0 (2H, t, J = GHz), 4.7-5.2 (2H, mult), 

5.6-5.9 (1H, mult), 6.8-7.3 (GH, mult), 8.2 (2H, d, J = GHz). 

IR: Vmax/cm-\ 3081, 2917, 2848 (-CH2), 1723 (C=0), 1641, 1606 (benzene ring), 1579, 

1511, 14G8, 1448, 1421, 1397, 1379, 1315, 1258, 1206, 1199, 11G9, 1108, 1078, 1036, 

1018, 1010, 987, 968, 945, 911, 87G, 847, 821, 801, 762, 745, 721, 691, 661, 631, 605. 

4'-(9-Oxiranylnonyloxy)benzoic acid 4'-(2-methylbutyl)phenyl ester (157). 

3-Chloroperbenzoic acid (7.90g, 0.044mol) was slurried in dichloromethane (60ml) and 

cooled to 0°C. 4'-Undec-10-enyloxybenzoic acid 4'-(2-methylbutyl)phenyl ester (152)(5.00g, 

0.01 Imol) was dissolved in dichloromethane (40ml) and added dropwise to the reaction 

mixture. The reaction mixture was stirred at room temperature for 24 h. The reaction 

mixture was filtered and the filtrate was washed with NaHSOs solution (1M(aq) 100ml), 

NaHCOs solution (1M(aq) 100ml) and brine solution (100ml) and then tested with starch / 

iodide paper to ensure that all the oxidant had been destroyed. The solution was dried using 

anhydrous Na2S04 and the solvent was removed under reduced pressure using a rotary 

evaporator. The crude product was flash column chromatographed over MERCK 40-63|im 

silica gel, eluting with 10% ethyl acetate in petroleum spirit b.p. 40-60°C; 2.26g (43.6%) yield. 

97.8% pure by HPLC. 

^H NMR (60MHz, CDCI3) 5 / ppm: 0.7-2.0 (25H, mult), 2.3-3.0 (5H, mult), 4.0 (2H, t, J = GHz), 

7.0 (6H, d, J = 8Hz), 8.2 (2H, d, J = 8Hz). 

IR: vrnax/cm"': 2920, 2853 (-CH2), 1722 (C=0), 1607 (benzene ring), 1580, 1511, 1471, 

1463, 1421, 1393, 1376, 1259, 1208, 1197, 1170, 1112, 1074, 1039, 1018, 989, 967, 943, 

914, 879, 849, 830, 820, 796, 760, 739, 725, 692, 659, 631, 579, 570. 
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4'-(9-Oxiranylnonyloxy)-benzoic acid 4-methoxyphenyl ester (158). 

Preparation of 4'-(9-oxiranylnonyloxy)-benzoic acid 4-methoxyphenyl ester (158) was 

performed as a cognate preparation to that of 4'-(9-oxiranylnonyloxy)-benzoic acid 4'-(2-

methylbutyl)phenyl ester (157) using 4'-undec-10-enyloxybenzoic acid 4-methoxy-phenyl 

ester (153)(27.0g, 0.068moi). The crude product was flash column chromatographed over 

MERCK 40-63pm silica gel, eluting with dichloromethane. The flash columned material was 

recrystallised from ethanol (90ml) and dried in a vacuum oven at 25°C for 24h; 17.44g 

(62.1%) yield. 95.3% pure by HPLC. 

NMR (60MHz, CDCI3) 5 / ppm: 0.9-2.1 (16H, mult), 2.2-3.0 (3H, mult), 3.5-4.2 (5H, mult), 

6.5-7.2 (6H, mult), 8.0 (2H, d, J = 8Hz). 

IR: vrnax/cm"': 2920, 2870, 2848 (-CHg), 1723 (C=0), 1605 (benzene ring) 1583, 1511, 1470, 

1454, 1420, 1394, 1315, 1301, 1276, 1249, 1193, 1165, 1117, 1104, 1025, 1010, 957, 936, 

911, 871, 848, 824, 802, 761, 750, 722, 705, 688, 650, 631, 572. 

4'-(9-Oxiranylnonyloxy)-benzoic acid 4-(fra/7S-4-propylcyclohexyl)phenyl ester (159). 

Preparation of 4'-(9-oxiranylnonyloxy)-benzoic acid 4'-(/rans-4-propylcyclohexyl)phenyl ester 

(159) was performed as a cognate preparation to that of 4'-(9-oxiranylnonyloxy)-benzoic acid 

4'-(2-methylbutyl)phenyl ester (157) using 4'-undec-10-enyloxy-benzoic acid 4'-{trans-4-

propylcyclohexyl)phenyi ester (154)(12.0g, 0.024mol). The crude product was flash column 

chromatographed over MERCK 40-63pm silica gel, eluting with dichloromethane. The flash 

columned material was recrystallised from ethanol (40ml) and dried in a vacuum oven at 

25°C for 24h: 11.01g (88.9%) yield. 95.9% pure by HPLC. 

^H NMR (60MHz, CDCI3) 8 / ppm: 0.6-2.2 (32H, mult), 2.3-3.1 (4H, mult), 4.1 (2H, t, J = 5Hz), 

7.1 (6H, d of d), 8.1 (2H, d, J = 8Hz). 

IR: vmax/cm"^: 2917, 2847 (-CHg), 1723 (C=0), 1604 (benzene ring), 1580, 1510, 1476, 

1467, 1449, 1422, 1397, 1314, 1257, 1203, 1169, 1120, 1105, 1077, 1034, 1010, 984, 967, 

914, 876, 846, 823, 801, 762, 739, 722, 691, 661, 635, 604. 

4'-(9-Oxiranylnonyloxy)-benzoic acid 4'-(frans-4-buty[cyclohexyl)phenyl ester (160). 

Preparation of 4'-(9-oxiranylnonyloxy)-benzoic acid 4'-(/ra/7S-4-butylcyclohexyl)phenyl ester 

(160) was performed as a cognate preparation to that of 4'-(9-oxiranylnonyloxy)-benzoic acid 

4'-(2-methylbutyl)phenyl ester (157) using 4'-undec-10-enyloxy-benzoic acid 4-{trans-4-

butylcyclohexyl)phenyl ester (155)(11 .Og, 0.022mol). The crude product was flash column 

chromatographed over MERCK 40-63pm silica gel, eluting with dichloromethane. The flash 

columned material was recrystallised from ethanol (35ml) and dried in a vacuum oven at 

25°C for 24h; 10.32g (90.9%) yield. 95.4% pure by HPLC. 
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NMR (60MHz, CDCI3) 6 / ppm: 0.7-2.2 (34H, mult), 2.3-3.0 (4H, mult), 4.0 (2H, t, J = 5Hz), 

7.1 (6H, d of d), 8.1 (2H, d, J = 8Hz). 

IR: Vmax/cm-\- 2916, 2847 (-CH2), 1723 (C=0), 1605 (benzene ring), 1579, 1510, 1467, 

1449, 1421, 1397, 1315, 1257, 1202, 1169, 1119, 1106, 1077, 1033, 1009, 984, 968, 952, 

913, 876, 847, 802, 762, 721, 691, 661, 635, 605. 

4'-(9-Oxiranylnonyloxy)-benzoic acid 4-(fra/7S-4-pentylcyclohexyl)phenyl ester (161). 

Preparation of 4'-(9-oxiranylnonyloxy)-benzoic acid 4'-(frans-4-pentylcyclohexyl)phenyi ester 

(161) was performed as a cognate preparation to that of 4'-(9-oxiranylnonyloxy)-benzoic acid 

4'-(2-methylbutyl)phenyl ester (157) using 4'-undec-10-enyloxy-benzoic acid 4'-{trans-4-

pentylcyclohexyl)phenyl ester (156)(12.0g, 0.023mol). The crude product was flash column 

chromatographed over MERCK 40-63pm silica gel, eluting with dichloromethane. The flash 

columned material was recrystallised from ethanol (40ml) and dried in a vacuum oven at 

2 5 X for 24h: 11.07g (89.5%) yield. 96.0% pure by HPLC. 

NMR (60MHz, CDCI3) S / ppm: 0.6-2.0 (36H, mult), 2.1-3.0 (4H, mult), 4.0 (2H, t, J = 6Hz), 

7.0 (6H, d of d), 8.0 (2H, d, J = 8Hz). 

IR: vrnax/cm-^: 2916, 2847 (-CH2), 1723 (C=0), 1605 (benzene ring), 1579, 1510, 1468, 

1449, 1422, 1397, 1315, 1256, 1200, 1169, 1120, 1106, 1076, 1034, 1010, 984, 968, 913, 

876, 846, 802, 762, 721, 691, 661, 635, 605. 
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4-Benzyloxyphenol is commercially available as an example of a protected phenol and the 4-

alkylcyclohexylbenzoic acids, with terminal pentyl and heptyl groups, were readily available 

from the Merck production facility. 

162 

OH + 

Trifluoroacetic anhydride 
Dichloromethane 

^ // -0,0- R 

Pd/C 
Hg gas 
Tetrahydrofuran 

CH2=CH(CH2)gBr 
Potassium carbonate 
Butanone 

C H , = C H ( C H , ) , 0 - < ^ ^ 0 2 0 - ^ R 

3-Chloroperbenzoic acid 
Dichloromethane 

Compound R 

163 ^5^11 

164 

Compound R 

165 

166 

Compound R 

167 ^5^11 

168 CyH.s 

Compound R 

169 ^5^11 

170 ^7^15 

171 

172 

Reaction Scheme 27. Synthesis of 4-(frans-4-pentylcyclohexyl)-benzoic acid 4'-(9-

oxiranylnonyloxy)phenyl ester (171) 4-(fraA7s-4-heptylcyclohexyl)-benzoic acid 4'-undec-10-

enyloxyphenyi ester (172). 
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4'-{frans-4-Pentylcyclohexyl)-benzoic acid 4-benzyloxyphenyl ester (165). 

4'-(frans-4-Pentylcyclohexyl)-benzoic acid (163){19.83g, 0.072mol), trifluoroacetic anhydride 

(17.25g, 0.082mol) and dichloromethane (200ml) were combined with stirring at room 

temperature. 4-Benzyloxyphenol (162)(13.16g, 0.066moi) dissolved in dichloromethane 

(200ml) was added dropwise to the reaction mixture under an inert atmosphere (N2). The 

reaction mixture was stirred at room temperature for 24 hours. Water was added to the 

reaction mixture. The organic layer was separated off and washed with water (3x300ml), 

dried with anhydrous Na2S04 and the solvent removed under reduced pressure using a 

rotary evaporator. The crude product was flash column chromatographed over MERCK 40-

63^m silica gel, eluting with 2% ethyl acetate in dichloromethane; 24.47g (81.6%) yield. 

99,0% pure by HPLC. 

NMR (60MHz, CDCI3) 8 / ppm; 0.8-2.2 (21H, mult), 5.0 (2H, s), 6.7-7.4 (11H, mult), 8.1 

(2H, d, J = 8Hz). 

IR: vmax/ cm"": 3067, 2917, 2849 (-CHg), 1725 (C=0), 1606 (benzene ring), 1594, 1506, 

1467,1452,1418,1379,1312,1268,1240,1218,1193,1171,1103,1069,1045,1010,968, 

937,910,873,847,808,782,762,737,727,708,693,661,635,613,565. 

4'-(fra/TS-4-Heptylcyclohexyl)-benzoic acid 4-benzyioxyplienyl ester (166). 

Preparation of 4'-(frans-4-heptylcyclohexyl)-benzoic acid 4-benzyloxyphenyl ester (166) was 

performed as a cognate preparation to that of 4'-(ifra/?s-4-pentylcyclohexyl)-benzoic acid 4-

benzyloxyphenyl ester (165) using 4'-(ifra/7S-4-heptylcyclohexyl)-benzoic acid (164)(20.58g, 

0.068mo!). The crude product was recrystallised from ethanol (90ml) and ethyl acetate 

(120ml); 13.28g (44.3%) yield. 98.8% pure by HPLC. 

^H NMR (60MHz, CDCI3) 5 / ppm: 0.7-2.2 (25H, mult), 5.1 (2H, s), 6.8-7.6 (11H, mult), 8.1 

(2H, d, J = BHz). 

IR: V m a x / c m \ 3065, 2950, 2917, 2849 (-CHg), 1731 (C=0), 1609 (benzene ring), 1594, 

1505, 1454, 1418, 1384, 1311, 1299, 1273, 1238, 1189, 1175, 1104, 1071, 1041, 1026, 

1015,965,938,910,897,872,852,842,812,782,767,759,739,728,693,679,635,612, 

570. 

4'-(frans-4-Pentylcyclohexyl)-benzoic acid 4-hydroxyphenyl ester (167). 

4'-(frans-4-Pentylcyclohexyl)-benzoic acid 4-benzyloxyphenyl ester (165)(23.00g, O.OSOmol) 

was dissolved in tetrahydrofuran (300ml) and 5% palladium on charcoal (4.6g) was added. 

The reaction mixture was stirred under H2 at atmospheric pressure and room temperature 

until the theoretical amount of hydrogen (1128 ml) had been consumed. The reaction 
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mixture was filtered to remove the catalyst and the solvent was removed under reduced 

pressure using a rotary evaporator; 18.36g (99.4%) yield. 94.3% pure by HPLC. 

IR: vmax / cm"": 3390 (-0H), 2958, 2915, 2845 (-CHg), 1728,1708 (C=0), 1608 (benzene 

ring), 1507, 1454, 1418, 1362, 1312, 1274, 1243, 1188, 1178, 1095, 1074, 1013, 961, 932, 

873, 848, 819, 809, 777, 769, 722, 701, 672, 635, 594. 

4'-(fra/7s-4-Heptylcyclohexyl)-benzoic acid 4-hydroxyphenyl ester (168). 

Preparation of 4'-(frans-4-heptylcyclohexyl)-benzoic acid 4-hydroxyphenyl ester (168) was 

performed as a cognate preparation to that of 4'-(frans-4-pentylcyclohexyl)-benzoic acid 4-

hydroxyphenyl ester (167) using 4'-(frans-4-heptylcyclohexyl)-benzoic acid 4-benzyloxy-

phenyl ester (166)(22.0g, 0.045mol); 17.59g (98.2%) yield. 93.2% pure by HPLC. 

IR: Vmax/cm-\ 3386 (-0H), 2954, 2917, 2849 (-CHg), 1731, 1721, 1709 (C=0), 1608 

(benzene ring), 1507, 1453, 1418, 1368, 1312, 1275, 1240, 1177, 1095, 1072, 1014, 965, 

931, 873, 847, 810, 780, 767, 722, 700, 675, 596. 

4'-(frans-4-Pentylcyclohexyl)-benzoic acid 4-undec-10-enyloxyplienyl ester (169). 

Preparation of 4'-(frans-4-pentylcyclohexyl)-benzoic acid 4-undec-10-enyloxyphenyl ester 

(169) was performed as a cognate preparation to that of 4-undec-10-enyloxybenzoic acid 4'-

(2-methylbutyl)phenyl ester (152) using 4'-(frans-4-pentylcyclohexyl)-benzoic acid 4-hydroxy-

phenyl ester (167)(8.00g, 0.022mol). The crude product was flash column chromatographed 

over MERCK 40-63pm silica gel, eluting with dichloromethane; 6.17g (54.5%) yield. 91.4% 

pure by HPLC. 

^H NMR (60MHz, CDCI3) 6 / ppm; 0.7-2.3 (37H, mult), 4.0 (2H, t, J = 6Hz), 4.8-5.2 (2H, mult), 

5.6-5.9 (1H, mult), 6.7-7.5 (6H, mult), 8.1 (2H, d, J = 8Hz). 

IR: vrnax/cm-^: 2954, 2917, 2849 (-CHg), 1730 (C=0), 1641, 1607 (benzene ring), 1507, 

1468, 1448, 1418, 1394, 1377, 1261, 1194, 1173, 1102, 1069, 1031, 1013, 989, 968, 947, 

908, 880, 850, 820, 808, 763, 722, 699, 635, 594. 

4'-(fra/7S-4-Hepty[cyclohexyl)-benzoic acid 4-undec-10-enyloxyphenyl ester (170). 

Preparation of 4'-(frans-4-heptylcyclohexyl)-benzoic acid 4-undec-10-enyloxyphenyl ester 

(170) was performed as a cognate preparation to that of 4'-undec-10-enyloxy-benzoic acid 

4'-(2-methylbutyl)phenyl ester (152) using 4'-(frans-4-heptylcyclohexyl)-benzoic acid 4-

hydroxyphenyl ester (168)(8.00g, 0.02mol). The crude product was flash column 

chromatographed over MERCK 40-63pm silica gel, eluting with dichloromethane; 8.09g 

(72.9%) yield. 97.3% pure by HPLC. 
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NMR (60MHz, CDCI3) 8 / ppm: 0.8-2.3 (41H, mult), 4.0 (2H, t, J = GHz), 4.8-5.2 (2H, mult), 

5.6-5.9 (1H, mult), 6.8-7.5 (6H, mult), 8.2 (2H, d, J = SHz). 

IR: vrnax/cm'^: 2918, 2849 (-CHg), 1728 (C=0), 1642, 1609 (benzene ring), 1595, 1506, 

1469, 1448,1419, 1390, 1378, 1272,1242, 1194,1172, 1103,1073, 1034, 1014, 994, 966, 

936, 906, 887, 871, 846, 809, 781, 764, 721, 701, 676, 634, 581. 

4'-(fra/7s-4-Pentylcyclohexyl)-benzoic acid 4'-(9-oxiranylnonyloxy)phenyl ester (171). 

Preparation of 4'-(f/'ans-4-pentylcyclohexyl)-benzoic acid 4'-(9-oxiranylnonyloxy)phenyl ester 

(171) was performed as a cognate preparation to that of 4'-(9-oxiranylnonyloxy)-benzoic acid 

4'-(2-methylbutyl)phenyl ester (157) using 4'-(frans-4-pentylcyclohexyl)-benzoic acid 4'-

undec-10-enyloxyphenyl ester (169)(5.00g, 0.01 mol). The crude product was flash column 

chromatographed over MERCK 40-63pm silica gel, eluting with dichloromethane. The 

columned material was recrystallised from ethanol (20ml) and dried in a vacuum oven at 

25°C for 24 h; 2.50g (48.5%) yield. 96.9% pure by HPLC. 

^H NMR (60MHz, CDCI3) S / ppm: 0.7-2.1 (36H, mult), 2,2-3.1 (4H, mult), 3.9 (2H, t, J = GHz), 

6.6-7.4 (6H, mult), 8.0 (2H, d, J = SHz). 

IR: vmax / cm'^: 2917, 2850 (-CHg), 1732 (C=0), 1610 (benzene ring), 1595, 1507,1468, 

1448, 1417, 1394, 1271, 1248, 1188, 1177, 1102, 1069, 1041, 1016, 961,914, 872, 851, 

810, 780, 765, 722, 702, 678, 635, 580, 563. 

4'-(9-Oxiranylnonyloxy)-benzoic acid 4'-(frans-4-heptyicyclohexyl)phenyl ester (172). 

Preparation of 4'-(9-oxiranylnonyloxy)-benzoic acid 4'-(?rans-4-heptylcyclohexyl)phenyl ester 

(172) was performed as a cognate preparation to that of 4'-(9-oxiranylnonyloxy)-benzoic acid 

4'-(2-methylbutyl)phenyl ester (157) using 4'-(frans-4-heptylcyclohexyl)-benzoic acid 4-

undec-10-enyloxyphenyl ester (170)(7.0g, 0.012mol). The crude product was flash column 

chromatographed over MERCK 40-63pm silica gel, eluting with dichloromethane. The flash 

columned material was recrystallised from ethanol (25ml) and dried in a vacuum oven at 

25°C for 24h; 4.3g (59.7%) yield. 94.1% pure by HPLC. 

^H NMR (60MHz, CDCI3) 8 / ppm: 0.6-2.1 (40H, mult), 2.2-3.0 (4H, mult), 4.0 (2H, t, J = GHz), 

6.6-7.2 (6H, mult), 8.0 (2H, d, J = SHz). 

IR: Vmax/cm"': 2915, 2849 (-CH2), 1728 (C=0), 1610 (benzene ring), 1595, 1506, 1470, 

1448, 1418, 1393, 1273, 1245, 1195, 1180, 1103, 1076, 1042, 1018, 959, 933, 912, 870, 

846, 809, 781, 766, 721, 702, 678, 635, 581, 564. 
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5.6.2. Synthesis of liquid crystal epoxides from undecenoic acid. 

Synthesis of six epoxides based on undec-10-enoic acid was performed according to the 

routes shown in Reaction Schemes 28-30. 

CH2=CH(CH2)8C02H + R - O H 

173 
Dicyclohexylcarbodiimide 
4-Dimethylaminopyridine 
Dichioromethane 

CH2=CH(CH2)8C0—R 

3-Chloroperbenzoic acid 
Dichioromethane 

O 
^ - ^ ( C H 2 ) 8 C 0 — R 

O 
^—(CH2)gC02— 178 

^ — ( C H 2 ) g C 0 2 — C N 179 

Compound R 

174 

175 

Reaction Scheme 28. Synthesis of 4-(9-Oxiranyl-nonanoyloxy)-benzoic acid biphenyl-4-yl 

ester (178) and 4-(9-Oxiranyl-nonanoyloxy)-benzoic acid 4'-cyanonbiphenyl-4-yl ester (179). 

Undec-10-enoic acid blphenyl-4-yl ester (176). 

Preparation of undec-10-enoic acid biphenyl-4-yl ester (176) was performed as a cognate 

preparation to that of 4-undec-10-enyloxy-benzoic acid 4'-(2-methylbutyl)phenyl ester (152) 

using undec-10-enoic acid (173)(9.1g, 0.049mol) and 4-hydroxybiphenyl (174)(7.6g, 

0.045mol). The crude product was recrystallised from ethanol (50ml) and dried in a vacuum 

oven at 25°C for 24h; 12.2g (81.3%) yield. 98.4% pure by HPLC. 

NMR (60MHz, CDCI3) 8 / ppm: 1.1-2.2 (14H, mult), 2.5 (2H, d, J = GHz), 4.7-5.2 (2H, 

mult), 5.4-5.8 (1H, mult), 6.9-7.8 (9H,mult). 

Undec-10-enolc acid 4'-cyanoblphenyl-4-yl ester (177). 

Preparation of undec-10-enoic acid 4'-cyanobiphenyl-4-yl ester (177) was performed as a 

cognate preparation to that of 4-undec-10-enyloxy-benzoic acid 4'-(2-methylbutyl)phenyl 

ester (152) using undec-10-enoic acid (173)(8.4g, 0.046mol) and 4'-cyano-4-hydroxybiphenyl 
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(175)(8.1g, 0.042mol). The crude product was recrystallised from ethanol (50ml) and dried in 

a vacuum oven at 25°C for 24h; 8.3g (55.3%) yield. 98.9% pure by HPLC. 

NMR (60MHz, CDCI3) 8 / ppm: 0.6-2.0 (14H, mult), 2.3 (2H, d, J = GHz), 4.5-5.0 (2H, 

mult), 5.3-5.7 (1H, mult), 7.0 (2H, d, J = 8Hz), 7.2-7.6 (6H, mult). 

IR: vmax / cm"": 3068, 2919, 2849 (-CH2), 2224 (-CN), 1754 (C=0), 1606 (benzene ring), 

1492, 1474, 1464, 1411, 1395, 1365, 1351, 1316, 1281, 1242, 1203, 1170, 1135, 1110, 

1057,1007,923,857,839,829,820,724,644,563. 

4'-(9-Oxiranylnonanoyloxy)-benzoic acid biphenyl-4-yl ester (178). 

Preparation of 4'-(9-oxiranylnonanoyloxy)-benzoic acid blphenyl-4-yl ester (178) was 

performed as a cognate preparation to that of 4'-(9-oxiranylnonyloxy)-benzoic acid 4'-(2-

methylbutyl)phenyl ester (157) using undec-10-enoic acid biphenyl-4-yl ester (176)(10.0g, 

0.03mol). The crude product was flash column chromatographed over MERCK 40-63nm 

silica gel, eluting with dichloromethane. The columned material was recrystallised from 

ethanol (35ml) and dried in a vacuum oven at 25°C for 24h; 3.33g (31.8%) yield. 99.5% pure 

by HPLC. 

^H NMR (60MHz, CDCI3) 6 /ppm: 0.9-1.9 (14H, mult), 2.0-2.8 (5H, mult), 6.8-7.8 (11H, mult), 

8.1 (2H, d, J = 8Hz). 

IR; Vmax/cm"": 2915, 2849, 1728 (C=0), 1610 (benzene ring), 1596, 1506, 1486, 1469, 1449, 

1418,1379,1274,1244,1195,1181,1104,1076,1042,1018,949,911,870,846,816, 781, 

766,738,721,702,635,581,564. 

4'-(9-Oxiranylnonanoyloxy)-benzoic acid 4'-cyanonbiphenyl-4-yl ester (179). 

Preparation of 4'-(9-oxiranylnonanoyloxy)-benzoic acid 4'-cyanonbiphenyl-4-yl ester (179) 

was performed as a cognate preparation to that of 4'-(9-oxiranylnonyloxy)-benzoic acid 4'-(2-

methylbutyl)phenyl ester (157) using undec-10-enoic acid 4'-cyanobiphenyl-4-yl ester 

(177)(8.0g, 0.022mol). The crude product was flash column chromatographed over MERCK 

40-63pm silica gel, eluting with dichloromethane. The columned material was recrystallised 

from ethanol (30ml) and dried in a vacuum oven at 25°C for 24h; 3.65g (43.7%) yield. 99.6% 

pure by HPLC. 

^H NMR (60MHz, CDCI3) 8 / ppm: 0.8-1.8 (14H, mult), 2.0-2.8 (5H, mult), 6.9-7.8 (10H, mult), 

8.2 (2H, d, J = 8Hz). 

IR: vmax/cm"^: 2921, 2854, 2225 (-CN), 1746 (C=0), 1603 (benzene ring), 1529, 1494, 1469, 

1436, 1411, 1399, 1382, 1352, 1319, 1285, 1259, 1244, 1233, 1205, 1173, 1144, 1114, 

1105,1064,1021,1005,994,928,914,860,842,826,793,758,745,725,655,561. 
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4-Benzyloxybenzoic acid was readily available for use as a protected phenol and 4-

alkylcyclohexylphenols with either propyl, butyl and pentyl terminal groups and 4-(2-

methylbutyl)phenol was available from the Merck production facility. 

CH^O-

180 

COoH + R—OH 

Trifluoroacetic anhydride 
Dichloromethane 

CH,0 - c o R 

Pd/C 
Hg gas 
Tetrahydrofuran 

Compound R 

147 < n > - \ 147 

150 
0 0 \ — / \ / 

C4H9 

HO- CO -R 

CH2=CH(CH2)gC02H 
N,N-Dicyclohexylcarbodiimide 
4-Dimethyiaminopyridine 
Dichloromethane 

CO. 

3-Chloroperbenzoic acid 
Dichloromethane 

CO, 

K . •(CH2)SCO^ 187 

C4H9 188 

Reaction Scheme 29. Synthesis of 4'-(9-Oxiranylnonanoyl)-benzoic acid 4'-(2-methylbutyl)-

phenyi ester (187) and 4'-(9-Oxiranylnonanoyloxy)-benzoic acid 4'-(frans-4-butylcyciohexyl)-

phenyl ester (188). 
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4-Benzyloxybenzoic acid 4'-(2-methylbutyl)phenyl ester (181). 

Preparation of 4-benzyloxybenzoic acid 4'-(2-methylbutyl)phenyl ester (181) was performed 

as a cognate preparation to that of 4'-(frans-4-pentylcyciohexyl)-benzoic acid 4-benzyioxy-

phenyi ester (163) using 4'-(2-methylbutyl)-phenol (147)(8.2g, O.OSmol) and 4-

benzoyloxybenzoic acid (180)(11.4g, O.OSmol). The crude product was flash column 

chromatographed over MERCK 40-63pm silica gel, eluting with dichloromethane; 14.9g 

(79.7%) yield. 99.9% pure by HPLC. 

NIVIR (60IVIHZ, CDCI3) 6 / ppm: 0.7-2.0 (9H, mult), 2.5 (2H, t, J = 6.5Hz), 5.1 (2H, s), 6.8-

7.5 (11H, mult), 8.1 (2H, d, J = 8Hz). 

IR: vmax / cm"": 2956, 2914, 2873 (-CHg), 1722 (C=0), 1604 (benzene ring), 1580, 1509, 

1455, 1419, 1383, 1306, 1276, 1252, 1193, 1164, 1112, 1074, 1028, 1009, 987, 980, 947, 

920, 887, 850, 791, 763, 746, 715, 695, 655, 631,620, 580, 565. 

4-Benzyloxy-benzoic acid 4'-(fra/7s-4-butylcyclohexyl)phenyl ester (182). 

Preparation of 4-benzyloxy-benzoic acid 4'-(^ra/is-4-butylcyclohexyl)phenyl ester (182) was 

performed as a cognate preparation to that of 4-benzyloxy-benzoic acid 4'-(2-methylbutyl)-

phenyl ester (181) using 4'-(frans-4-butylcyclohexyl)-phenol (150)(10.51g, 0.045mol); 16.59g 

(82.9%) yield. 96.9% pure by HPLC. 

NMR (60MHz, CDCI3) 5 / ppm; 0.7-2.1 (19H, mult), 5.1 (2H, s), 6.8-7.5 (11H, mult), 8.1 

(2H, d, J = 8Hz). 

IR: V m a x / cm \ 2953, 2916, 2845 (-CH2), 1723 (C=0), 1604 (benzene ring), 1579, 1509, 

1469, 1455, 1419, 1382, 1306, 1278, 1253, 1198, 1166, 1107, 1076, 1028, 1008, 987, 980, 

951, 920, 901, 880, 849, 808, 798, 763, 748, 730, 696, 632, 612, 573. 

4-Hydroxybenzoic acid 4'-(2-methylbuty[)phenyl ester (183). 

Preparation of 4-hydroxybenzoic acid 4'-(2-methylbutyl)phenyl ester (183) was performed as 

a cognate preparation to that of 4'-(frans-4-pentylcyclohexyl)-benzoic acid 4-hydroxyphenyl 

ester (167) using 4-benzyloxy-benzoic acid 4'-(2-methylbutyl)phenyl ester (181)(15.0g, 

0.04mol); 11.2g (98.3%) yield. 98.9% pure by HPLC. 

IR: Vmax/cm"': 3399 (-0H), 2958, 2922, 2875, 2853 (-CHg), 1698 (C=0), 1604 (benzene 

ring), 1587, 1511, 1461, 1417, 1377, 1353, 1306, 1273, 1219, 1191, 1158, 1114, 1076, 1017, 

1007, 968, 887, 849, 829, 792, 765, 696, 638, 626, 568. 

4-Hydroxybenzoic acid 4'-(frans-4-butylcyclohexyl)phienyl ester (184). 

Preparation of 4-hydroxybenzoic acid 4'-(frans-4-butylcyclohexyl)phenyl ester (184) was 

performed as a cognate preparation to that of 4'-(frans-4-pentylcyclohexyl)-benzoic acid 4-
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hydroxyphenyl ester (167) using 4-benzyloxy-benzoic acid 4'-(^rans-4-butylcycloliexyl)-

phenyl ester (182)(15.0g, 0.034mol); 11.95g (100.0%) yield. 98.5% pure by HPLC. 

IR; vmax / cm"^ 3362 (-0H), 2959, 2917, 2849 (-CHg), 1692 (C=0), 1607 (benzene ring), 

1591, 1512, 1447, 1376, 1312, 1272, 1228, 1199, 1166, 1084, 1020, 968, 952, 882, 852, 

840, 825, 800, 765, 723, 694, 662, 643, 597. 

4'-Undec-10-enoyloxybenzoic acid 4'-(2-methylbutyl)phenyl ester (185). 

Preparation of 4'-undec-10-enoyloxybenzoic acid 4'-(2-methylbutyl)phenyl ester (185) was 

performed as a cognate preparation to that of 4'-undec-10-enyloxybenzoic acid 4'-(2-methyl-

butyl)phenyl ester (152) using 4-hydroxybenzoic acid 4'-(2-methylbutyl)phenyl ester 

(183)(5.0g, 0.018mol). The crude product was flash column chromatographed over MERCK 

40-63pm silica gel, eluting with dichloromethane; 6.7g (84.6%) yield. 96.0% pure by HPLC. 

NMR (60MHz, CDCI3) 8 / ppm: 0.7-2.3 (25H, mult), 2.3-2.8 (2H, mult), 4.7-5.2 (2H, mult), 

5.4-5.8 (1H, mult), 7.1 (6H, d, J = 8Hz), 8.2 (2H, d, J = 8Hz). 

IR: Vmax / cm'^: 2967, 2923, 2852 (-CHg), 1758, 1725 (C=0), 1643, 1603 (benzene ring), 

1507, 1467, 1415, 1377, 1310, 1270, 1194, 1160, 1136, 1072, 1016, 988, 948, 907, 888, 

853, 790, 763, 723, 689, 655, 630, 566. 

4'-Undec-10-enoyloxybenzoic acid 4'-(trans-4-butylcyclohexyl)phenyl ester (186). 

Preparation of 4'-undec-10-enoyloxybenzoic acid 4'-(frans-4-butylcyclohexyl)phenyl ester 

(186) was performed as a cognate preparation to that of 4'-undec-10-enyloxybenzoic acid 4'-

(2-methylbutyl)phenyl ester (152) using 4-hydroxybenzoic acid 4'-(frans-4-butylcyclohexyl)-

phenyl ester (184)(10.95g, 0.031 mol). The crude product was flash column 

chromatographed over MERCK 40-63pm silica gel, eluting with dichloromethane; 13.83g 

(85.8%) yield. 95.0% pure by HPLC. 

^H NMR (60MHz, CDCI3) 8 / ppm: 0.7-2.3 (34H, mult), 2.6 (1H, d, J = 6Hz), 4.7-5.2 (2H, 

mult), 5.6-5.9 (1H, mult), 6.9-7.4 (6H, mult), 8.2 (2H, d, J = 8Hz). 

IR: Vmax/cm-\ 2920, 2949 (-CH2), 1758, 1728(C=0), 1642, 1601 (benzene ring), 1508, 1466, 

1446, 1414,1375, 1321,1280,1270, 1246, 1190, 1163,1145, 1107, 1076, 1014, 995, 969, 

952, 923, 909, 877, 866, 835, 803, 771, 725, 683, 631, 609. 

4'-(9-Oxiranylnonanoyl)-ben2oic acid 4'-(2-methylbutyl)phenyl ester (187). 

Preparation of 4'-(9-oxiranylnonanoyl)-benzoic acid 4'-(2-methylbutyl)phenyl ester (187) was 

performed as a cognate preparation to that of 4'-(9-oxiranylnonyloxy)-benzoic acid 4'-(2-

methylbutyl)phenyl ester (157) using 4'-undec-10-enoyloxybenzoic acid 4'-(2-methylbutyl)-

phenyl ester (185)(6.0g, 0.013mol); 2.5g (40.3%) yield. 97.4% pure by HPLC. 
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NMR (60MHz, CDCI3) 8 / ppm: 0.7-1.8 (22H, mult), 2.3-3.0 (8H, mult), 7.0-7.5 (6H, mult), 

8.2 (2H, d, J = 8Hz). 

IR: vmax/cm"^: 2926, 2852, 1758, 1725 (C=0), 1603 (benzene ring), 1508, 1468, 1413, 1378, 

1271, 1195, 1161, 1134, 1069, 1016, 965, 922, 887, 857, 843, 797, 763, 723, 687, 645, 629, 

568. 

4'-(9-Oxiranylnonanoyloxy)-benzoic acid 4'-(frans-4-butylcyclohexyl)phenyl ester 

(188). 

Preparation of 4'-(9-oxiranylnonanoyloxy)-benzoic acid 4'-(fraA?s-4-butylcyclohexyl)phenyl 

ester (188) was performed as a cognate preparation to that of 4-(9-oxiranylnonyloxy)-benzoic 

acid 4'-(2-methylbutyl)phenyl ester (157) using 4'-undec-10-enoyloxybenzoic acid 4'-{trans-4-

butyicyclohexyi)phenyl ester (186)(12.0g, 0.023mol). The crude product was flash column 

chromatographed over MERCK 40-63|am silica gel, eluting with dichloromethane. The 

columned material was recrystallised from ethanol (40ml) and dried in a vacuum oven at 

25°C for 24h; 9.28g (75.0%) yield. 96.4% pure by HPLC. 

NMR (60MHz, CDCI3) 8 / ppm: 0.8-1.8 (32H,mult), 2.0-3.0 (6H, mult), 6.8-7.4 (6H, mult), 

8.2 (2H, d, J = 8Hz). 

IR: Vrnax/cm'^: 2916, 2848, 1758, 1729 (C=0), 1603 (benzene ring), 1508,1467, 1449,1416, 

1378, 1322, 1273, 1200, 1165, 1145, 1102, 1078, 1017, 923, 880, 860, 843, 805, 769, 718, 

685, 657, 630, 609, 575. 
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HO- OgC- R 

CH2=CH(CH2)gC02H 
N,N-Dicyclohexylcarbodiimide 
4-Dimethylaminopyridine 
Dichloromethane 

CH2=CH(CH2)gC02 o , c 

3-Chloroperbenzoic acid 
Dichloromethane 

R 
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C Y H . S 1 9 2 

Compound R 

167 C5H11 

168 

Reaction Scheme 30. Synthesis of 4'-(f/'ans-4-pentylcyclohexyi)-benzoic acid 4'-(9-oxiranyl-

nonanoyloxy)phenyl ester (191) and 4'-(frans-4-heptylcyclohexyi)-benzoic acid 4'-(9-oxiranyl-

nonanoyloxy)phenyl ester (192). 

4'-(frans-4-Pentylcyclohexyl)-benzoic acid 4'-undec-10-enoy[oxyphenyl ester (189). 

Preparation of 4'-(frans-4-pentylcyclohexyl)-benzoic acid 4'-undec-10-enoyloxyphenyl ester 

(189) was performed as a cognate preparation to that of 4'-undec-10-enyloxybenzoic acid 4'-

(2-methylbutyl)phenyl ester (152) using 4'-(?rans-4-pentylcyclohexyl)-benzoic acid 4-hydroxy-

phenyi ester (167)(8.00g, 0.022mol); 11.16g (96.0%) yield. 96.4% pure by HPLC. 

'H NMR (60MHz, CDCI3) 5 / ppm: 0.8-2.2 (36H, mult), 2.5 (1H, d, J = GHz), 5.0 (2H, t, J = 

GHz), 5.4-5.8 (1H, mult), 7.0-7.4 (6H, mult), 8.0 (2H, d, J = 8Hz). 

IR: vrnax/cm-^: 2922, 2850 (-CHg), 1750, 1726 (C=0), 1641, 1610 (benzene ring), 1573, 

1503, 14G7, 1447, 1417, 1379, 1327,1275,1244, 1184, 1158,1143, 1074, 1017, 994, 962, 

947, 925, 908, 883, 852, 812, 76G, 749, 722, 703, 672, 635. 

4'-(frans-4-Heptylcyclohexyl)-benzoic acid 4-undec-10-enoyloxyphenyl ester (190). 

Preparation of 4'-(frans-4-heptylcyclohexyl)-benzoic acid 4'-undec-10-enoyloxyphenyl ester 

(190) was performed as a cognate preparation to that of 4'-undec-10-enyloxybenzoic acid 4'-
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(2-methylbutyl)phenyl ester (152) using 4'-(frans-4-heptylcycloiiexyl)-benzoic acid 4-liydroxy-

plienyl ester (168)(8.00g, 0.02mol); 11.37g (100%) yield. 95.1% pure by HPLC. 

'H NMR (60MHz, CDCI3) 8 / ppm: 0.8-2.3 (40H, mult), 2.6 (1H, d, J = GHz), 4.9 (2H, t, J = 

GHz), 5.5-5.8 (1H, mult), 6.8-7.4 (6H, mult), 8.0 (2H, d, J = 8Hz). 

IR; V m a x / c m - \ 2920, 2850 (-CH2), 1750, 1726 (C=0), 1641, 1609 (benzene ring), 1504, 

1467, 1447, 1417, 1379, 127G, 1244, 1184, 1159, 1143, 1074, 1017, 994, 9G5, 947, 925, 

90G, 882, 852, 821, 7G7, 722, 703, 672, G35. 

4'-(frans-4-Pentylcyclohexyl)-ben2oic acid 4'-(9-oxiranylnonanoyloxy)phenyl ester 

(191). 

Preparation of 4'-(frans-4-pentyicyclohexyl)-benzoic acid 4'-(9-oxiranylnonanoyloxy)phenyl 

ester (191) was performed as a cognate preparation to that of 4'-(9-oxiranylnonyloxy)-

benzoic acid 4'-(2-methylbutyl)phenyl ester (157) using 4'-(fra/is-4-pentylcyclohexyl)-benzoic 

acid 4'-undec-10-enoyloxyphenyl ester (189)(10.0g, 0.019mol). The crude product was flash 

column chromatographed over MERCK 40-63pm silica gel, eluting with dichloromethane. 

The flash columned material was recrystallised from ethanoi (35ml) and dried in a vacuum 

oven at 25°C for 24h; 7.8g (75.7%) yield. 97.1% pure by HPLC. 

^H NMR (GOMHz, CDCI3) 6 / ppm: O.G-2.2 (34H, mult), 2.2-3.1 (GH, mult), G.8-7.4 (GH, mult), 

8.0 (2H, d, J = 8Hz). 

IR: vmax/cm"^: 2919, 2852, 1755, 1733 (C=0), 1608 (benzene ring), 1503, 1470, 1455, 1417, 

1371, 1324, 12G2, 1216, 1175, 113G, 1107, 1071, 1015, 972,945, 923, 881,852, 830, 814, 

779, 757, 726, 705, G74, G3G, 59G, 555. 

4'-(fra/7S-4-Heptyicyclohexyl)-benzoic acid 4'-(9-oxiranylnonanoyloxy)phenyl ester 

(192). 

Preparation of 4'-(frans-4-heptylcyclohexyl)-benzoic acid 4'-(9-oxiranylnonanoyloxy)phenyl 

ester (192) was performed as a cognate preparation to that of 4'-(9-oxiranylnonyloxy)-

benzoic acid 4'-(2-methylbutyl)phenyl ester (157) using 4'-(frans-4-heptylcyclohexyl)-benzoic 

acid 4'-undec-10-enoyloxyphenyl ester (190)(10.0g, 0.018mol). The crude product was flash 

column chromatographed over MERCK 40-63pm silica gel, eluting with dichloromethane. 

The flash columned material was recrystallised from ethanoi (35ml) and dried in a vacuum 

oven at 25°C for 24h; 6.9g (67.1%) yield. 95.8% pure by HPLC. 

^H NMR (60MHz, CDCI3) 5 / ppm: 0.8-1.9 (38H, mult), 2.0-2.9 (GH, mult), 6.8-7.6 (GH, mult), 

8.0 (2H, d, J = 8Hz). 
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IR: vrnax/cm"': 2919, 2851, 1759, 1727 (C=0), 1610 (benzene ring), 1506, 1468, 1449, 1420, 

1368,1323,1270,1175,1130,1104,1075,1017,968,948,920,878,856,843,825,765, 

720,701,678,634,571. 

5.6.3. Synthesis of liquid crystal epoxides from allyl bromide. 

140 
HO—^ ^—COoMe 

CH^CHCHgBr 193 

K2CO3 
Butanone 

C H ^ C H C H g Q — C O g M e 194 

Potassium hydroxide 
Tetrahydrofuran 
Water 

CHg=CHCH20-4 195 

Reaction scheme 31. Synthesis of 4-allyloxybenzoic acid (195). 

Methyl 4-allyloxybenzoate (194). 

Preparation of methyl 4-allyloxybenzoate (194) was performed as a cognate preparation to 

that of methyl 4'-undec-10-enyloxybenzoate (142) using allyl bromide (193)(20.97g, 

0.173mol): 28.34g (93.6%) yield. 99.3% pure by HPLC. 

NIVIR (60MHz, CDCI3) 5 / ppm: 3.8 (3H, s), 4.5 (2H, d of d), 5.1-5.6 (2H, mult), 5.7-6.3 

(IH.mult), 6.9 (2H, d, J = 8Hz), 7.9 (2H, d, J = 8Hz). 

IR: Vmax/ cm'\ 2951, 1713 (C=0), 1604 (benzene ring), 1579 (C=C stretch), 1509, 1434, 

1276,1247,1167,1103,1011,995,926,846,768,696,667,634,607,569. 

4-Allyloxybenzoic acid (195). 

Preparation of 4-ailyloxybenzoic acid (195) was performed as a cognate preparation to that 

of 4'-undec-10-enyloxybenzoic acid (143) using methyl 4-allyloxybenzoate (194)(25.0g, 

0.13mol); 13.74g (59.3%) yield. 95.3% pure by HPLC. 
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IR: Vmax/cm-\ 2950, 2817, 2534, 1669 (C=0), 1601 (benzene ring), 1577, 1512, 1470, 

1425,1387,1318,1286,1247,1167,1129,1108,1057,1032,975,952,923,900,885,847, 

817, 772, 694, 673, 658, 638, 625. 

Me 

CH2=CHCH20 o CO,H * H O H , i 

Dicyclohexylcarbodiimide 
4-Dimethylaminopyridine 
Dichloromethane 

Me 

OH 
144 

OCHXH=CH, 196 CH =CHCH,0 CO 

O 

3-Chloroperbenzoic acid 
Dichloromethane 

Me 

A 197 C H 2 0 - ^ ^ ^ C 0 r - ^ _ ^ 0 2 C — ^ ^ ^ O C H ^ 

Reaction Scheme 32. Synthesis of 2,5-ifc)/s[4-oxiranylmethoxybenzoyloxy]toluene (197). 

2,5-ib/s(4-Allyloxybenzoyloxy)toluene (196). 

4-Allyloxy benzoic acid (195)(8.00g, 0.045mol), 2,5-dihydroxytoluene (144)(2.80g, 0.022mol), 

N,N-dicyclohexylcarbodiimide (10.20g, 0.049mol), 4-dimethylaminopyridine (0.05g, catalyst) 

and dichloromethane (150ml) were combined and stirred at room temperature with the 

exclusion of moisture (CaClz guard tube) for 24 h. N,N-Dicyclohexylurea was filtered off and 

the filtrate was washed with water (4x100ml), dried with anhydrous Na2S04 and the solvent 

removed under reduced pressure using a rotary evaporator. The crude product was 

recrystallised from industrial methylated spirit (30ml). The recrystallised product was dried in 

a vacuum oven at 25°C for 24 h; 5.1g (51.1%) yield. 98.9% pure by HPLC. 

NMR (60MHz, CDCI3) 8 / ppm: 2.4 (3H, s), 4.7 (4H, d, J = 4Hz), 5.2-5.7 (4H, mult), 5.8-6.2 

(2H, mult), 6.8-7.2 (7H, mult), 8.2 (4H, d of d). 

IR: vmax / cm-\ 3076, 2981, 2922,1718 (C=0), 1608 (benzene ring), 1512,1494,1466,1427, 

1366,1318,1304,1255,1255,1185,1252,1125,1107,1073,1009,998,928,891,843, 

791,759,690,664,631,602,569. 
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2,5-ib/s[4-Oxiranylmethoxybenzoyloxy]toluene (197). 

3-Chloroperbenzoic acid (15.50g, 0.09mol) was slurried in dichloromethane (100ml) and 

cooled to 0°C. 2,5-t)/s(4-allyloxybenzoy!oxy)toluene (196)(5.00g, 0.011mol) was dissolved in 

dichloromethane (50ml) and added dropwise to the reaction mixture. The reaction mixture 

was stirred at room temperature for 24 h. The reaction mixture was filtered and the filtrate 

was washed with NaHSOa solution (1M(aq) 100ml), NaHCOs solution (1M(aq) 100ml) and 

brine solution (100ml) and then tested with starch / iodide paper to ensure that all the oxidant 

had been destroyed. The solution was dried using anhydrous Na2S04 and the solvent was 

removed under reduced pressure using a rotary evaporator. The crude product was 

recrystallised from ethanol (45ml) and ethyl acetate (25ml); 3.09g (57.6%) yield. 97.6% pure 

by HPLC. 

NMR (60MHz, CDCI3) S / ppm: 1.9-2.5 (3H, mult), 2.5-3.1 (4H, mult), 3.1-3.6 (2H, mult), 

3.8-4.6 (2H, mult), 6.6-7.4 (8H, mult), 8.1 (4H, d of d). 

IR: Vmax/cm-\ 3052, 3004, 2928, 1717 (C=0), 1606 (benzene ring), 1513, 1494, 1458, 1430, 

1381, 1350, 1317, 1305, 1253, 1185, 1157, 1106, 1070, 1026, 1007, 946, 896, 843, 789, 

760, 721, 691, 640, 631,571. 
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CH,=CHCH.O •2 \ // —2 CO.H + R—OH 

Dicyclohexylcarbodiimide 
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Dichloromethane 
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O 
^ — C H , 0 

COr-R 

3-Chloroperbenzoic acid 
Dichloromethane 

CO—R 

Compound R 

147 
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198 - 0 - -CI 
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~ 0 " - 0 
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- ^ - C N 
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Reaction Scheme 33. Synthesis of compounds 204, 205, 206, 207 and 208. 

4-Allyloxybenzoic acid 4'-(2-methylbutyl)phenyl ester (199). 

Preparation of 4-allyloxybenzoic acid 4'-(2-methylbutyl)phenyl ester (199) was performed as 

a cognate preparation to that of 4'-undec-10-enyloxybenzoic acid 4'-(2-methylbutyl)phenyl 

ester (152) using 4'-(2-methylbutyl)-phenol (147)(7.4g, 0.045mol) and 4-allyloxybenzoic acid 

(195)(8.0g, 0.045mol). The crude product was flash column chromatographed over MERCK 

40-63pm silica gel, eluting with dichloromethane. The columned product was dried in a 

vacuum oven at 25°C for 24 hours; 9.9g (68.0%) yield. 99.6% pure by HPLC. 

NMR (60MHz, CDCI3) 5 / ppm: 0.7-2.1 (9H, mult), 2.5 (2H, t, J = 6.5Hz), 4.6 (2H, d, J = 

5Hz), 5.0-5.5 (2H, mult), 5.8 (1H, t, J = 6Hz), 7.0 (6H, d, J = 8Hz), 8.0 (2H, d, J = 8Hz). 
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IR:vm«/(%n^:3094, 3072, 3029, 2959, 2910, 2873 (-CHzX 1717 03=0). 1606 (benzene 

nrKd, 1580, 1508, 1451,1425, 1410, 1378, 1316, 1305, 1262, 1195, 1165, 1118, 1072, 1012, 

997,916,883,844,811,797,760,720,691,667,634,607,566. 

4-Allyloxybenzoic acid 4-methoxyphenyl ester (200). 

Preparation of 4-allyloxybenzoic acid 4-methoxyplienyl ester (200) was performed as a 

cognate preparation to that of 4-allyloxybenzoic acid 4'-(2-methylbutyl)phenyl ester (199) 

using 4-methoxyphenol (148)(15.8g, 0.128mol). The crude product was recrystallised from 

ethanol (150ml) and dried in a vacuum oven at 25°C for 24h; 27.4g (75,5%) yield. 99.3% 

pure by HPLC. 

NMR (60MHz, CDCI3) 8 / ppm: 3.8 (3H, s), 4.7 (2H, d, J = 5Hz), 5.1-5,6 (2H, mult), 5.7-6.2 

(1H, mult), 6.7-7.3 (6H, mult), 8.1 (2H, d, J = BHz). 

IR: Vmax/cm-\- 1730 (C=0), 1607 (benzene ring), 1579,1502, 1458, 1438,1429, 1418, 1365, 

1303,1267,1191,1166,1100,1073,1027,1007,991,944,934,872,845,821.806,763, 

749, 695, 662, 634, 601. 

4-Allyloxybenzoic acid 4-clilorophenyl ester (201) 

Sample provided by Mr A. Comely, Merck. 

4-Allyloxybenzoic acid biphenyl-4-yl ester (202). 

Preparation of 4-allyloxybenzoic acid biphenyl-4-yl ester (202) was performed as a cognate 

preparation to that of 4-allyloxybenzoic acid 4'-(2-methylbutyl)phenyl ester (199) using 4-

hydroxybiphenyl (174)(7.72g, 0.045mol). The crude product was recrystallised from ethanol 

(90ml) and ethyl acetate (60ml) and dried in a vacuum oven at 25°C for 24h; 11 .Og (73.3%) 

yield. 99.7% pure by HPLC. 

^H NMR (60MHz, CDCI3) 5 / ppm; 3.9-4.3 (2H, mult), 5.1-5.6 (2H, mult), 5.8-6.4 (1H, mult), 

6.8-7.7 (11H, mult), 8.2 (2H, d). 

IR: Vmax/cm-\ 3018, 2894, 2856, 1728 (C=0), 1608 (benzene ring), 1580,1511,1486, 1456, 

1423,1384,1259,1214,1191,1168,1112,1100,1068,1006,984,924,880,848,830,758, 

723,690,666,632,562. 

4-Allyloxybenzoic acid 4'-cyanobiphenyl-4-yl ester (203). 

Preparation of 4-allyloxybenzoic acid 4'-cyanobiphenyl-4-yl ester (203) was performed as a 

cognate preparation to that of 4-allyloxybenzoic acid 4'-(2-methylbutyl)phenyl ester (199) 

using 4'-cyano-4-hydroxybiphenyl (175)(8.24g, 0.042mol). The crude product was 
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recrystallised from ethanol (80ml) and ethyl acetate (70ml) and dried in a vacuum oven at 

25°C for 24h; 6.69g (44.6%) yield. 99.3% pure by HPLC. 

NMR (60MHz, CDCI3) 8 / ppm: 4.6 (2H, d, J = 5Hz), 5,1-5,6 (2H, mult), 5.8-6.4 (1H, mult), 

6.8-7.7 (10H, mult), 8.1 (2H, d, J = 8Hz). 

IR; Vmax/cm-^;3075, 2864, 2223 (-CN), 1731 (C=0), 1602 (benzene ring), 1578, 1509, 1492, 

1464,1422,1394,1363,1314,1286,1250,1207,1165,1121,1108,1059,1003,945,889, 

879,841,802,762,736,715,690,648,628,603,585,567. 

4-Oxiranylmethoxybenzoic acid 4'-(2-methylbutyl)phenyl ester (204). 

Preparation of 4-oxiranylmethoxybenzoic acid 4'-(2-methylbutyl)phenyl ester (204) was 

performed as a cognate preparation to that of 4'-(9-oxiranylnonyloxy)-benzoic acid 4'-(2-

methylbutyl)phenyl ester (157) using 4-allyloxybenzoic acid 4'-(2-methylbutyl)phenyl ester 

(199)(8.0g, 0.025mol). The crude product was flash column chromatographed over MERCK 

40-63pm silica gel, eluting with 20% ethyl acetate in petroleum spirit b.p. 40-60°C. The flash 

columned material was recrystallised from industrial methylated spirit (25ml) and dried in a 

vacuum oven at 25°C for 24h; 3.3g (39.3%) yield. 98.5% pure by HPLC. 

^H NMR (60MHz, CDCI3) 6 / ppm; 0.5-1.8 (8H, mult), 2.0-3.0 (5H, mult), 3.1-3.5 (1H, mult), 

3.7-4.5 (2H, mult), 6.7-7.4 (6H, mult), 8.0 (2H, d, J = 8Hz). 

IR: vmax/ cm-\ 2961, 2924, 2874 (-CHg), 1717 (C=0), 1604 (benzene ring), 1583, 1509, 

1456,1425,1377,1350,1315,1261,1196,1164,1132,1066,1024,967,915,883,864, 

843,816,761,690,671,653,632,575. 

4-Oxiranylmethoxybenzoic acid 4-methoxyplienyl ester (205). 

Preparation of 4-oxiranylmethoxybenzoic acid 4-methoxyphenyl ester (205) was performed 

as a cognate preparation to that of 4'-(9-oxiranylnonyloxy)benzoic acid 4'-(2-methylbutyl)-

phenyl ester (157) using 4-allyloxybenzoic acid 4-methoxyphenyl ester (200)(4.3g, 

0.015mol). The crude product was flash column chromatographed over MERCK 40-63pm 

silica gel, eluting with dichloromethane. The flash columned material was recrystallised from 

ethanol (15ml) and dried in a vacuum oven at 25°C for 24h; 2.4g (52.9%) yield. 98.5% pure 

by HPLC, 

^H NMR (60MHz, CDCI3) 5 / ppm: 2.6-3.1 (2H, mult), 3.1-3.5 (1H, mult), 3.5-4.6 (5H, mult), 

6.5-7.4 (6H, mult), 8.2 (2H, d, J = 8Hz). 

IR: vrnax/cm"': 2936, 2837 (-CHg), 1722 (C=0), 1602 (benzene ring), 1501,1442, 1419, 

1354,1314,1273,1242,1192,1160,1103,1070,1024,1005,958,935,915,869,845,825, 

801, 764, 750, 692, 666, 647, 633, 615. 
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4-Oxiranylmethoxybenzoic acid 4-chlorophenyl ester (206). 

Preparation of 4-oxiranylmethoxybenzoic acid 4-chloropinenyl ester (206) was performed as 

a cognate preparation to that of 4-oxiranylmethoxybenzoic 4'-(9-oxiranylnonyloxy)benzoic 

acid 4'-(2-methylbutyl)phenyl ester (157) using 4-allyloxybenzoic acid 4-chlorophenyl ester 

(201)(10.0g, 0.035mol). The crude product was flash column chromatographed over 

MERCK 40-63pm silica gel, eluting with dichloromethane. The flash columned material was 

recrystallised from ethanol (40ml) and dried in a vacuum oven at 25°C for 24h; 7.56g (71.7%) 

yield. 98.1% pure by HPLC. 

NMR (60MHz, CDCI3) 8/ppm: 2.5-3.0 (2H, mult), 3.0-3.5 (1H, mult), 3.8-4.4 (2H, mult), 

6.6-7.5 (6H, mult), 8.0 (2H, d, J = 8Hz). 

IR: Vmax/cm"^: 3061, 1729 (C=0), 1605 (benzene ring), 1581, 1508, 1485, 1450, 1432, 1419, 

1401, 1353, 1260, 1240, 1202, 1171, 1088, 1065, 1018, 1008, 916, 880, 863, 845, 815, 799, 

761, 703, 692, 674, 640, 625, 575. 

4-Oxiranylmethoxybenzoic acid biphenyl-4-yl ester (207). 

Preparation of 4-oxiranylmethoxybenzoic acid biphenyl-4-yl ester (207) was performed as a 

cognate preparation to that of 4'-(9-oxiranylnonyloxy)benzoic acid 4'-(2-methylbutyl)phenyl 

ester (157) using 4-allyloxybenzoic acid biphenyl-4-yl ester (202)(9.0g, 0.027mol). The crude 

product was flash column chromatographed over MERCK 40-63pm silica gel, eluting with 

dichloromethane. The flash columned material was recrystallised from ethyl acetate (30ml) 

and dried in a vacuum oven at 25°C for 24h; 3.04g (32.2%) yield. 99.3% pure by HPLC. 

NMR (60MHz, CDCI3) 8 / ppm; 2.0-2.4 (2H, mult), 2.7-3.1 (1H, mult), 3.9-4.3 (2H, mult), 

6.8-7.7 (11H, mult), 8.2 (2H, d, J = 8Hz). 

IR: Vmax/cm-\- 3070, 2929, 1719 (C=0), 1601 (benzene ring), 1578, 1519, 1507, 1485, 1450, 

1434, 1420,1349, 1313,1256,1209, 1166, 1118,1070,1024, 1006, 984, 965, 915, 881, 

867, 856, 820, 808, 761, 724, 713, 693, 670, 654, 638, 630, 588. 

4-Oxiranylmethoxybenzolc acid 4'-cyanob[phenyl-4-yl ester (208). 

Preparation of 4-oxiranylmethoxybenzoic acid 4'-cyanobiphenyi-4-yl ester (208) was 

performed as a cognate preparation to that 4'-(9-oxiranylnonyloxy)benzoic acid 4'-(2-

methylbutyl)phenyl ester (157) using 4-allyloxybenzoic acid 4'-cyanobiphenyl-4-yl ester 

(203)(7.0g, 0.020mol). The crude product was flash column chromatographed over MERCK 

40-63|jm silica gel, eluting with dichloromethane. The flash columned material was 

recrystallised from ethyl acetate (25ml) and dried in a vacuum oven at 25°C for 24h; 4.28g 

(58.5%) yield. 98.9% pure by HPLC. 
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NIVIR (60IVIHZ, CDCI3) 6 / ppm: 2.6-3.0 (2H, mult), 3.1-3.5 (1H,mult), 3.8-4.5 (2H, mult), 

6.7-7.7 (10H,mult), 8.1 (2H, d, J = 8Hz). 

IR: V m a x / c m - \ 3005, 2933, 2224 (-CN), 1721 (C=0), 1602 (benzene ring), 1580, 1509, 1493, 

1456, 1420, 1367, 1317, 1251, 1205, 1166, 1069, 1026, 1005, 916, 887, 839, 801, 785, 763, 

693, 672, 648, 635, 624, 563. 

175 

CH.,=CHCH,0-

CH2=CHCH2Br 193 
Potassium carbonate 
Dimethylformamide 

CN 209 

3-Chloroperbenzoic acid 
Dichloromethane 

& -CH2O-A /)—\ / - C N 
210 

Reaction Scheme 34. Synthesis of 4'-oxiranylmethoxy-4-cyanobiphenyl (210). 

4'-Allyloxy-4-cyanobiphenyl (209). 

4'-Cyano-4-hydroxybiphenyl (175)(12.44g, 0,064mol), potassium carbonate (9.70g, 

0.070mol) and dimethylformamide (20ml) were combined and heated to 90°C. Allyl bromide 

(193)(8.50g, 0.070mol) in dimethylformamide (20ml) was added dropwise to the reaction 

mixture at 90°C. The reaction mixture was stirred and heated at 90°C for 16h. The reaction 

mixture was cooled to room temperature and filtered. The solvent was removed under 

reduced pressure using a rotary evaporator and the crude product was recrystallised from 

ethanol (50ml) and ethyl acetate (20ml); 9.27g (61.8%) yield. 99.6% pure by HPLC. 

NMR (60MHz, CDCI3) 51 ppm; 3.7-4.4 (2H, mult), 5.1-5.6 (2H, mult), 5.8-6.4 (1H, mult) 

6.9 (2H, d), 7.2-7.6 (6H, mult). 

4'-Oxiranylmethoxy-4-cyanobiphenyl (210). 

Preparation of 4'-oxiranylmethoxy-4-cyanobiphenyl (210) was performed as a cognate 

preparation to that of 4'-(9-oxiranylnonyloxy)benzoic acid 4'-(2-methylbutyl)phenyl ester (157) 

using 4'-allyloxy-4-cyanobiphenyl (209)(8.0g, 0.034mol). The crude product was flash 
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column chromatographed over MERCK 40-63pm silica gel, eluting with dichloromethane; 

6.0g (70.2%) yield. 98.6% pure by HPLC. 

NMR (60MHz, CDCI3) 5 / ppm; 2.6-3.5 (3H, mult), 3.7-4.4 (2H, mult), 6.9 (2H, d, J = BHz), 

7.2-7.6 (6H, mult). 

NR:vmmJ^%n^:2996,2933,2222(-CN),1602(benzenerkx|), 1579, 1523, 1490, 1448,1424, 

1393,1339,1313,1290,1260,1180,1115,1096,1080,1034,1019,1000,970,945,911, 

856,835,816,779,761,738,716,679,661,634,565. 
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5.7. Table of Results 

Table 5.7. Mesophase behaviour and physical properties of epoxides synthesised from undec-10-enyl bromide 

(Compounds 146,159,160 and 161) 

Compound Number Transition temperatures / °C A H F U S I O N I kJmol ^ A S N I / R 

CHg 
1 4 6 Cr 79.5 N 134.2 1 14.5 0M38 

159 Or 74.3 N 165.9 1 8.3 0.075 

1 6 0 Cr 86.6 N 160.8 1 1 1 5 0.060 

1 6 1 Cr71.1 SmA 101.9 N 164.9 1 1 & 2 0.100 

N) 
CO Ol 



Table 5.8, Mesophase behaviour and physical properties of epoxides synthesised from undec-10-enyi bromide 

(Compounds 157,158,171 and 172) 

Compound Number Transition temperatures / °C A H F U S I O N I kJmol ^ A S N I / R 

157 Cr 34.3 (SmA 12.9 N* 29.3)1 8.7 0.063 

^ — ( C H 2 ) G O - ^ ^ ^ ^ C 0 2 — ^ ^ ^ - O L V I E 158 Cr 70.8 (N 67.8) I 11.5 0.088 

171 Cr 62.1 Cri 69.6 N 157.91 6.2 0.059 

172 
Cr 79.1 Cri 101.0 SmA 130.7 N 

155.2 1 
11.4 0.097 

GO O) 



Table 5.9. Mesophase behaviour and physical properties of epoxides synthesised from undec-10-enoic acid 

(Compounds 178,179, 187, 188, 191 and 192). 

Compound Number Transition temperatures / °C AHFUSION I kJmol ^ ASNI/R 

/ \ ( C H 2 ) g C 0 r - ^ ^ - ^ 2 ^ 178 Cr 49.3 1 7.6 -

^ ^ (CH2)8C0^— 179 Cr 69.8 (N 64.0)1 lOX) 0.088 

187 Cr 34.5 (N* 28.7)1 6.4 0.072 

188 Cr 68.3 (SmA 63.5) N 167.4 1 7.9 0X%9 

191 CrBO.O (SmA 79.8) N 172.2 1 8.9 0.060 

^ (CH2)8C0^— 
192 

Cr 68.0 Cri 108.3 SmA 126.3 N 

164^1 
10.1 0.060 

ro 
00 -4 



Table 5.10. Mesophase behaviour and physical properties of epoxides synthesised from allyl bromide 

(Compounds 197, 204, 205, 206, 207, 208 and 210) 

Compound Number Transition temperatures / °C A H F U S I O N I kJmol ^ A S N I / R 

' ^ '2° COg Of, -OCH2—^ 197 Or 135.4 N 231.1 1 8.0 0.130 

CII^D 210 Cr 115.4 (N 78.6)1 7.1 0.049 

207 Or 182.1 (N150.7) 1 12X) 0.048 

' ^ '2° 208 Cr 130.4 N 275.7 1 6.6 _* 

205 Cr 94.3 (N 80.4) 1 7.9 0.043 

206 Cr 120.3 1 9.1 -

204 Cr 35.2 (SmA -2.4 N* 23.4) 1 4.1 0.036 

N3 
C O 
00 

"could not be observed due to polymerisation. 



Chapter 6. Overall Conclusions 

In this Thesis, three distinct areas have been researched: chiral dopants available in 

both enantiomeric forms, high helical twisting power chiral dopants for use in Surface 

Stabilised Cholesteric Texture (SSCT) display applications and polymerisable liquid 

crystals to form nematic and chiral nematic polymer networks. For the three areas, a 

wide range of compounds have been synthesised and structure-property relationships 

have been used to explain the virtual mesophase behaviour and physical properties of 

these compounds. 

In the area of chiral dopants available in both enantiomeric forms, two distinct systems 

were studied. Initially, a wide range of compounds was synthesised from butane-2, 3-

diol using a variety of carboxylic acids. These compounds did not exhibit 

mesomorphism, however, this was not the key issue as they were intended to be used 

as chiral dopants to induce chiral phases into a nematic host mixture. The main 

drawback with this system was the very poor solubility in nematic host mixtures, which 

prevented them from being used. To overcome the problems associated with the 

butane-2,3-diol system, an alternative chiral intermediate was sought. A range of esters 

was synthesised from menthol, which is commercially available in both enantiomeric 

forms. These materials did not exhibit mesomorphism either, but they were suitably 

soluble in nematic host mixtures to allow selectively reflecting mixtures in the visible 

region of the electromagnetic spectrum to be formulated. 

For SSCT display applications, the main aim was to prepare mixtures that show 

wavelength insensitivity to temperature. A range of chiral dopants was synthesised 

using isosorbide as the chiral building block. Initially, work concentrated on symmetrical 

diesters of isosorbide and whilst this provided a range of compounds with high helical 

twisting power and good solubility in nematic host mixtures, they lacked the desired 

wavelength insensitivity to temperature. To further investigate this system, a range of 

non-symmetrical diesters of isosorbide was synthesised and from this work it was 

possible to identify compounds with the desired properties. 

The formation of polymer films can be achieved by formulating mixtures of polymerisable 

monomers and appropriate photoinitiators, which can then be prepared as thin films 

(typically 1-5pm). Thes films can then undergo in-situ photopolymerisation to obtain 
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polymer network films. A range of mesogenic mono- and di-epoxides were synthesised 

and some preliminary work was carried out into assessing the possibility of preparing 

thin films from these compounds. The advantages of using epoxide based systems are 

the potential to polymerise in air and their good adhesive properties. Preliminary results 

showed that it was possible to prepare chiral nematic polymer films from the mesogenic 

epoxide monomers. 

In conclusion, the research for this Thesis has produced a wide range of both interesting 

and useful materials for their desired applications. 
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Appendix 1: Additional higher resolution NMR data 

A selection of compounds was characterised on a Bruker AC300 NMR spectrometer. 

This has a higher field than the JEOL PMX60SI that was previously used, which 

improves the spectral resolution significantly. NMR spectra were recorded for 

nine final compounds. The samples were dissolved in deutero-chIoroform and 

normal chloroform was employed as an internal standard (5 = 7.3). Abbreviations 

used to report the spectral results are s = singlet, d = doublet, t = triplet, q = quartet, 

quin = quintet, sext = sextet, sept =septet, mult = multiplet, H(ax) = axial hydrogen, 

H(eq) = equatorial hydrogen. The proton-proton spin-spin coupling constants are also 

given. The numbers appearing after the name of each compound is that used in the 

synthesis sections elsewhere in this Thesis. The carbon atoms are numbered 

sequentially in the molecular structure and have no relationship to the numbering in 

the name of the compounds. 

4-(fra/7s-4'-Heptylcyclohexyl)benzoic acid 2-hydroxy-1 -methyl-propyl ester (19) 

" " " " ° f OH 

21 

NMR (300MHz, CDCI3) 8 / ppm; 0.85-1.65 (27H, mult, CiH, CgH, C3H, C4H, C5H, 

CeH, C/H, CgH, CgH(ax), CioH(ax), CiiH(ax), Ci2H(ax), CigH, C21H), 1.85 (2H, d, J = 

12.8Hz, C9H(eq), C i o H ( e q ) ) , 1.85 (2H, d, J = 12.8Hz, CiiH(eq), Ci2H(eq)), 2.55 (1H, t, J = 

12.8Hz, C13H), 5.35 (2H, d, J = 8.5Hz, CigH, CzoH), 7.25 (2H, d, J = 8.5Hz, C14H, 

C16H), 7.95 (2H. d, J = 8.5Hz, C15H, C17H). 
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4'-Pentylbiphenyl-4-carboxylic acid 1-methyl -2-(1-(frans-4-pentylcyclo-hexyl)-

methanoy[oxy]-propyl ester (26) 

10 11 

21 24 

22 23 25 

NMR (300MHz, CDCI3) 6 / ppm: 0.85-2.05 (35H, mult, CiH, CgH, C3H, C4H, C15H, 

C17H, CisH, C19H, C21H, C22H, C23H, C24H, C25H, CzsH, C27H, C28H), 2.25 (1H, t, 

J =12.8Hz. C20H), 2.65 (2H, t, J = 8.5Hz, C5H), 5.05-5.30 (2H, mult, C14H, CigH), 7.30 

(2H, d, J = 8.5Hz, CeH, CgH), 7.55 (2H, d, J = 8.5Hz, C7H, CgH), 7.65 (2H, d, J = 

8.5Hz, C10H, C12H), 8.10 (2H, d, J = 8.5Hz, CnH, C13H). 

4'-Butyloxybiphenyl-4-carboxyllc acid (1S, 2R, 5S)-(+)-2-isopropy[-4-methyl-

cyclohexyl ester (63) 

2 3 11_12 15^16 

6 V 13 14 17 18 19 

21 22 

^H NMR (300MHz, CDCI3) 5 / ppm: 0.80-2.30 (25H, mult, CiH, CgH, C3H, C4H, CgH, 

C7H, CeH, CgH, C10H, C20H, C21H, C22H), 4.00 (2H, t, J = 8.5Hz, C19H), 4.95 (1H, t of 

d, J = 6.4, 10.6Hz, C5H), 7.00 (2H, d, J = 8.5Hz, CieH, CigH), 7.55 (2H, d, J = 8.5Hz, 

C15H, C17H), 7.65 (2H, d, J = 8.5Hz, C12H, C14H), 8.10 (2H, d, J = 8.5Hz, CnH, C13H). 
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4'-Butyloxybiphenyl-4-carboxylic acid (1R, 2S, 5R)-(-)-2-isopropyl-4-methyl-

cyclohexyl ester (75) 

2 3 11 12 15 16 

" 21 22 

Me 

9 

NMR (300MHz, CDCI3) 8 / ppm; 0.80-2.30 (25H, mult, CiH, CgH, C3H, C4H, CgH, 

C7H. CsH, CgH, C10H, C20H, C21H, C22H), 4.05 (2H, t, J = 8.5Hz, C19H), 4.95 (1H, t of 

d, J = 6.4, 10.6Hz, CsH), 7.00 (2H, d, J = 8.5Hz, CigH, CigH), 7.55 (2H, d, J = 8.5Hz, 

C15H, C17H), 7.65 (2H, d, J = 8.5Hz, C12H, C14H), 8 .10 (2H, d, J = 8.5Hz, CnH, C13H). 

1,6-fc/s(4-Butyloxybenzoic acid)-hexahydrofuro-[3,2-ib]furan-3-yl ester (88) 

1 2 
4 5 6 

' o 

" = 9 ^ ° n i )12 
0 - 4 ^ 4 1 ^ 6 

H h e — 2 - \ / O 
^ \ — / \ 20 

17 18 19 
21 22 

NIVIR (300IVIHZ, CDCI3) 6 / ppm: 0.95 (6H, t, J = 8.5Hz, CiH, C22H), 1.50 (4H, sext, 

J = 7.2Hz CzH, C21H), 1.80 (4H, quin, J = 6.4Hz, C3H, C20H), 3.95-4.15 (8H, mult, 

C4H, CgH, C12H, C19H), 4.70 (1H, d, J = 8.5Hz, C13H), 5.05 (1H, t, J = 8.5Hz, CnH), 

5.35-5.55 (2H. mult, C10H. C14H), 6.90 (4H, t, J = 8.5Hz, C5H, C7H, CieH, CisH), 7.95 

(2H, d, J = 8.5Hz, CeH, CgH), 8.05 (2H, d, J = 8.5Hz, C15H, C17H). 

4-Methoxybenzoic acid 6-hydroxyhexahydro-furo-[3,2-fe]furan-3-yl ester (116) 

HO 

CH 9 10 CHg 
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NMR (300MHz, CDCI3) 6 / ppm: 3.60 (1H, d of d, J=7.6, 10.6Hz, -OH), 3.90-4.40 

(8H, mult, C2H, C4H, C5H, C11H), 4.65 (1H, d, J = 8.5Hz, CiH), 4.75 (1H, t, J = 8.5Hz, 

CsH), 5.30-5.50 (1H, mult, CgH), 6.95 (2H, d, J = 9.4Hz, CgH, C10H), 8.00 (2H, d, J = 

9.4Hz, C/H, CgH). 

4-(4-Pentylbenzoyloxy)benzoic acid 6-(4-pentyl-benzoyloxy)-hexahydrofuro-

[3,2-fe]-furan-3-yl ester (123) 

CO, 

iMie 17 
20 21 

H 

22 23 25 

^H NMR (300MHz, CDCI3) 5 / ppm; 0.90 (6H, t, J = 8.5Hz, CiH, CzaH), 1.30 (8H, sept, 

J = 5.7Hz, CzH, C3H, C26H, C27H), 1.65 (4H, sept, J = 7.1Hz, C4H, C25H), 2.65 (4H, 

quin, J = 7.4Hz, CgH, C24H), 4.00-4.20 (4H, mult, C15H, C17H), 4.70 (1H, d, J = 8.5Hz, 

CiaH), 5.05 (1H, t, J = 8.5Hz, CigH), 5.35-5.55 (2H, mult, C14H, C19H), 7.25 (2H, d, 

J = 8.5Hz, C21H, C23H), 7.30 (2H, d, J = 8.5Hz, C10H, C12H), 7.35 (2H, d, J = 8.5Hz, 

GeH, CgH), 7.95 (2H, d, J = 8.5Hz, C20H, C22H), 8.10 (2H, d, J = 8.5Hz, CnH, C13H), 

8.15 (2H, d, J = 8.5Hz, CyH, CgH). 

4-(9-Oxiranyl-nonyloxy)benzoic acid 4-(2-methylbutyl)-plienyl ester (157) 

14 15 21 23 

22 24 

^H NMR (300MHz, CDCI3) 5/ ppm: 0.8-1.75 (24H, mult, C3H. C4H, C5H, CgH, C7H, 

CsH, CgH, C10H, C22H, C23H, C24H), 1.85 (1H, quin, J = 7.4Hz, C21H), 2.35-2.55 (2H, 
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mult, CiH), 2.60-2.95 (3H, mult, CzH, C20H), 4.05 (2H, t, J = 8.5Hz, CnH), 6.95 (2H, 

d, J = 8.5Hz, C12H, C14H), 7.10 (2H, d, J = 8.5Hz, CieH, CigH), 7.20 (2H, d, J = 

8.5Hz, C17H, C19H), 8.15 (2H, d, J = 8.5Hz, C13H, C15H). 

2,5-ib/s[4-Oxiranylmethoxybenzoyloxy]toluene (197) 

1 2 3 6 7 14 15 16 17 18 

^H NMR (300MHz, CDCI3) 5 / ppm: 2.25 (3H, s, C9H), 2.75-2.95 (4H, mult, CiH, 

CigH), 3.45 (2H, mult, CgH, C17H), 4.00-4.45 (4H, mult, C3H, CieH), 6.95-7.20 (7H, 

mult, C4H, CeH, CgH, C10H, CnH, C13H, C15H), 8.15 (4H, t, J = 8.5Hz, C5H, C7H, 

C12H, C14H). 
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Appendix 2: X-ray crystallographic data 

X-ray crystallographic data was obtained for 4-(4-pentylbenzoyloxy)benzoic acid 6-(4-

pentylbenzoyloxy)-hexahydrofuro-[3,2-6]-furan-3-yl ester (123) and 4-pentylbenzoic acid 

6-(4-(4-pentylbenzoyloxy)-benzoyloxy)-hexahydrofuro-[3,2-jb]-furan-3-yl ester (137) from 

the EPSRC National Crystallography Service at the Department of Chemistry, University 

of Southampton. The following results were obtained; 

X-ray crystallographic data for 4'-(4-penty[benzoyloxy)benzoic acid 6-(4-pentyl-

benzoyloxy)-hexahydrofuro-[3,2-fe]-furan-3-yl ester (123) 

Identification code 00MRK010 

Empirical formula C37H42O8 

Formula weight 614.71 

Temperature 150(2) K 

Wavelength 0.71073 A 

Crystal system Monoclinic 

Space group P2i 

Unit cell dimensions a = 10.3744(3) A 

6 = 8.5827(3) A p = 92.3859(15)" 

c= 18.6299(7) A 

Volume 1657.38(10) A^ 

Z 2 

Density (calculated) 1.232 Mg/m^ 

Absorption coefficient 0.086mm"^ 

F(000) 656 

Crystal Colourless block 

Crystal size 0.30 X 0.28 X 0.10 mm^ 

8 range for data collection 3.00 - 25.02° 

Index ranges -M±h< 12, -10 </c< 10, -22 < / < 2 2 

Reflections collected 11731 

Completeness to 8=25.02° 99.5% 

Max. and min. transmission 0.9915 and 0,9747 

Refinement method Full-matrix least squares on 

Data / restraints / parameters 5247 / 1 / 407 

acid 6-(4-pentylbenzoyloxy)-hexahydrofuro-[3,2-Jb]-furan-3-yl ester (123). 
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Atoms Bond length / A Atoms Bond length / A 

C1-C2 1.482(7) 019-06 1.210(4) 

C2-C3 1.526(6) 019-05 1.343(4) 

C3-C4 1.510(5) 019-020 1.485(5) 

C4-C5 1.509(6) 020-025 1.375(5) 

C5-C6 1.517(5) 020-021 1,396(5) 

C6-C11 1.391(5) 021-022 1.383(5) 

C6-C7 1.381(5) 022-023 1.367(5) 

C7-C8 1.401(5) 023-024 1.370(5) 

C8-C9 1.381(4) 023-07 1.397(4) 

C9-C10 1.386(5) 024-025 1.375(5) 

C9-C12 1.486(5) 026-08 1.192(4) 

C10-C11 1.383(5) 026-07 1.356(5) 

CI 2-01 1.202(4) 026-027 1.488(5) 

C12-02 1.344(4) 027-028 1.380(5) 

013-02 1.443(4) 027-032 1.388(5) 

013-018 1.510(5) 028-029 1.375(5) 

013-014 1.505(5) 029-030 1.399(5) 

014-04 1.430(4) 030-031 1.380(5) 

014-017 1.542(5) 030-033 1.517(5) 

015-04 1.447(4) 031-032 1.390(5) 

015-016 1.510(5) 033-034 1.497(5) 

016-05 1.435(4) 034-035 1.510(5) 

016-017 1.543(4) 035-036 1.503(6) 

017-03 1.428(4) 036-037 1.522(6) 

018-03 1.439(4) 

Table 7.2. Bond lengths for 4'-(4-pentylbenzoyloxy)benzoic acid 6-(4-

pentylbenzoyloxy)-hexahydrofuro-[3,2-jb]-furan-3-yl ester (123). 

247 



Atoms Bond angle 
1° 

Atoms Bond angle 
1° 

Atoms Bond angle 
1° 

C1-C2-C3 114.3(4) C4-C3-C2 114.3(3) C5-C4-C3 113.0(3) 

C4.C5-C6 115.6(3) C7-C6-C11 118.0(3) C11-C6-C5 122.2(3) 

C7-C6-C5 119.8(3) C6-C7-C8 121.6(3) C9-C8-C7 119.4(3) 

C8-C9-C10 119.5(3) C10-C9-C12 121.8(3) C8-C9-C12 118.7(3) 

C11-C10-C9 120.5(3) C10-C11-C6 120.9(3) 01-CI 2-02 123.5(3) 

01-C12-C9 124.8(3) 02-C12-C9 111.7(3) 02-C13-C18 105.9(3) 

02-C13-C14 111.3(3) C14-C13-C18 102.0(3) 04-C14-C17 105.8(2) 

04-C14-C13 107.3(3) C13-C14-C17 104.6(3) 04-C15-C16 105.0(3) 

05-C16-C15 107.9(2) 05-C16-C17 109.4(3) C15-C16-C17 103.8(3) 

03-C17-C16 113.0(3) 03-C17-C14 106.0(3) C14-C17-C16 104.5(3) 

03-C18-C13 104.0(3) 06-C19-05 123.6(3) 06-C19-C2D 123.8(3) 

05-C19-C20 112.6(3) C25-C20-C21 119.5(3) C25-C20-C19 118.8(3) 

C21-C20-C19 121.7(3) C22-C21-C20 119.9(3) C23-C22-C21 118.9(3) 

C22-C23-C24 122.1(3) C22-C23-07 120.4(3) C24-C23-07 117.3(3) 

C23-C24-C25 118.8(3) C20-C25-C24 120.8(3) 08-C26-07 123.5(3) 

08-C26-C27 125.5(4) 07-C26-C27 111.0(3) C28-C27-C32 119.4(3) 

C28-C27-C26 119.1(3) C32-C27-C26 121.4(3) C29-C28-C27 120.2(3) 

C28-C29-C30 121.6(3) C31-C30-C29 117.5(3) C29-C30-C33 120.3(3) 

C31-C30-C33 122.2(3) C30-C31-C32 121.5(3) C27-C32-C31 119.8(3) 

C34-C33-C30 117.2(3) C33-C34-C35 112.6(3) C36-C35-C34 114.4(3) 

C35-C36-C37 113.6(4) C12-02-C13 117,6(3) C17-03-C18 108.0(2) 

C14-04-C15 106.3(2) C19-05-C16 114.7(2) C26-07-C23 117.8(3) 

Table 7.3. Bond angles for 4'-(4-pentylbenzoyloxy)benzoic acid 6-(4-pentylbenzoyloxy)-

hexahydrofuro-[3,2-/b]-furan-3-yl ester (123). 
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Figure 7.1. Molecular structure of 4'-(4-pentylbenzoyloxy)benzoic acid 6-(4-pentylbenzoyloxy)-hexahydrofuro-[3,2-/b]-furan-3-yl ester (123) 

from X-ray crystallographic studies. 



X-ray crystallographic data for 4-pentylbenzoic acid 6-(4'-(4-pentyl-
benzoyloxy)-benzoyloxy)-hexahydrofuro-[3,2-6]-furan-3-yl ester (137). 

Identification code 00MRK011 

Empirical formula C37H42O8 

Formula weight 614.71 

Temperature 150(2) K 

Wavelength 0.71073 A 

Crystal system Monoclinic 

Space group C2 

Unit cell dimensions a =35.4170(10) A 

b = 6.2732(3) A p = 113.626(2)" 

c= 15.6823(7) A 

Volume 3192.2(2) A^ 

Z 4 

Density (calculated) 1.279 M g W 

Absorption coefficient 0.089mm"' 

1312 

Crystal Colourless lath 

Crystal size 0.15 X 0.07 X 0.01 mm^ 

8 range for data collection 2.94 - 23.26° 

Index ranges -38 <_/?< 38, -6<k<6, -17 < / < 17 

Reflections collected 14762 

Completeness to 8=25.02° 99.7% 

Max. and min. transmission 0.9996 and 0.9867 

Refinement method Full-matrix least squares on 

Data / restraints / parameters 4555 / 223 / 407 

benzoyloxy)-benzoyloxy)-hexahyclrofuro-[3,2-ib]-furan-3-yl ester (137). 

250 



Atoms Bond length / A Atoms Bond length / A 

C1-C2 1.517(8) CI 9-06 1.2055(6) 

C2-C3 1.529(7) CI 9-05 1.342(6) 

C3-C4 1.500(7) C19-C20 1.429(7) 

C4-C5 1.525(7) C20-C25 1.374(7) 

C5-C6 1.499(7) C20-C21 1.397(6) 

C6-C11 1.388(7) C21-C22 1.374(7) 

C6-C7 1.388(7) C22-C23 1.356(7) 

C7-C8 1.370(7) C23-C24 1.392(7) 

C8-C9 1.397(6) C23-07 1.395(6) 

C9-C10 1.370(7) C24-C25 1.375(7) 

C9-C12 1.478(7) C26-08 1.184(7) 

C10-C11 1.376(7) C26-07 1.390(6) 

C12-01 1.203(6) C26-C27 1.481(7) 

C12-02 1.351(6) C27-C28 1.377(7) 

C13-02 1.437(6) C27-C32 1.377(7) 

C13-C18 1.490(7) C28-C29 1.378(8) 

C13-C14 1.550(6) C29-C30 1.375(8) 

C14-04 1.410(6) C30-C31 1.380(7) 

C14-C17 1.543(6) C30-C33 1.544(9) 

C15-04 1.443(5) C31-C32 1.374(7) 

C15-C16 1.499(7) C33-C34 1.387(9) 

C16-05 1.449(5) C34-C35 1.551(11) 

C16-C17 1.505(6) C35-C36 1.158(12) 

CI 7-03 1.426(5) C36-C37 1.524(13) 

C18-03 1.422(5) 

Table 7.5. Bond lengths for 4-pentylbenzoic acid 6-(4'-(4-pentylbenzoyloxy)-

benzoyloxy)-hexahydrofuro-[3,2-6]-furan-3-yl ester (137). 
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Atoms Bond angle 

r 
Atoms Bond angle 

r 
Atoms Bond angle 

1° 

C1-C2-C3 113.8(5) C4-C3-C2 112.7(4) C3-C4-C5 114.4(4) 

C6-C5-C4 116.5(4) C11-C6-C7 116.3(5) C11-C6-C5 123.4(5) 

C7-C6-C5 120.3(5) C8-C7-C6 123.3(5) C7-C8-C9 119.2(5) 

C10-C9-C8 118.4(5) C10-C9-C12 117.6(5) C8-C9-C12 123.9(5) 

C9-C10-C11 121.7(5) C10-C11-C6 121.1(5) 01 -C I 2 -02 123.5(5) 

01-C12-C9 124.0(5) 02-C12-C9 112.5(5) 02-C13-C18 108.9(4) 

02-C13-C14 110.0(4) C18-C13-C14 103.9(4) 04-C14-C17 107.0(4) 

04-C14-C13 113.6(4) C17-C14-C13 103.8(4) 04-C15-C16 103.5(4) 

05-C16-C15 105.5(4) 05-C16-C17 111.9(4) C15-C16-C17 102.1(4) 

03-C17-C16 107.8(4) 03-C17-C14 105.6(4) C16-C17-C14 103.3(4) 

03-C18-C13 106.2(4) 06-C19-05 124.3(5) 06-C19-C20 125.7(5) 

05-C19-C20 110.0(5) C25-C20-C21 119.1(5) C25-C20-C19 122.4(5) 

C21-C20-C19 118.4(5) C22-C21-C20 120.5(5) C23-C22-C21 119.6(5) 

C22-C23-C24 121.0(5) C22-C23-07 122.8(5) C24-C23-07 115.7(5) 

C25-C24-C23 119.3(5) C24-C25-C20 120.5(5) 08-C26-07 123.0(5) 

08-C26-C27 127.0(5) 07-C26-C27 110.0(5) C28-C27-C32 118.5(5) 

C28-C27-C26 116.9(5) C32-C27-C26 124.5(5) C27-C28-C29 119.5(6) 

C30-C29-C28 122.3(6) C29-C30-C31 117.7(6) C29-C30-C33 123.1(6) 

C31-C30-C33 119.1(6) C32-C31-C30 120.3(6) C31-C32-C27 121.6(5) 

C34-C33-C30 114.7(7) C33-C34-C35 117.1(8) C36-C35-C34 132.9(12) 

C35-C36-C37 129.4(13) C12-02-C13 114.7(4) C18-03-C17 106.8(3) 

C14-04-C15 107.3(4) C19-05-C16 117.2(4) C26-07-C23 118.7(4) 

Table 7.6. Bond angles for 4-pentylbenzoic acid 6-(4'-(4-pentylbenzoyloxy)-

benzoyloxy)-hexahydrofuro-[3,2-b]-furan-3-yl ester (137). 
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Figure 7.2. Molecular structure of 4-pentylbenzolc acid 6-(4'-(4-pentylbenzoyloxy)-benzoyloxy)-hexahydrofuro-[3,2-/b]-furan-3-yl ester (137) 

from X-ray crystallographic studies. 
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