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Abstract

Research into chiral nematic dopants has incresigiestantially due to the lure of potential
application. Two avenues of research are geneadibpted: the development of high twist
nematic dopants and determination of the mechahismhich chirality is transferred to the
host liquid crystal, and the development of switdbabistable) dopants for liquid crystal

phase control.

The work described in this thesis (Chapter 2.1)ceams the design and development of a
range of high twist nematic dopants based on tiraldfinaphthalene skeleton. Transition of
the molecular shape, through structural elongatibrthe binaphthalene 2,2’ and 6,6'-
positions was successful in producing dopants #natamong the most effective in the
literature. In addition, the substituent effectsreveatalogued, providing an insight into the
mechanism of chiral induction. Linear extension viasnd to generally induce higher
helical twisting powers, whilst extension of thendgphthalene core with linear aromatic
substitutents proved effective at inducing heliveiting powers up to 239 A large
disparity in helical twisting power between lineard non-linearly extended dopants, led to

the proposal of an alternate mechanism of chiduation.

The disparity in helical twisting power, betweemelar and non-linearly extended
binaphthalene dopants, was exploited to developv&lrswitchable dopant (Chapter 2.2).
Initial efforts attempted the synthesis of an arae@e based derivative, which ultimately
proved unsuitable for application. The successkitetbpment of a conceptually similar
stilbene derivative induced substantial effectghmn chiral nematic phase upon irradiation.

In addition, further evidence for an alternate naxdtm of chiral induction was obtained.

A study into the feasibility of a switchable dopamtased on the switching between
enantiomeric states upon irradiation with circylgsblarised light, was conducted (Chapter
2.3). The study utilised the chiral binaphthalengséy structure, employing strategic
placement of donor and acceptor substituents tacim@ helical conjugation pathway, which
would induce effective switching. The preliminamgtd (CD, UV) failed to provide evidence
for the helical conjugation pathway, with a limitgdhotoresolution of less than 0.1%
calculated. A second dopant design, based on @dyphaphthalene parent structure, led to
the discovery of an unexpected chemical reactioa ofaphthalene boronic acid. Further
investigation determined the product to be the ltesua boronic acid oxidation to the
corresponding naphthol and subsequent dimerisafitve. stoichiometric conversion of
electron-rich naphthalene boronic acids was cadiyt observed, under catalyst free
conditions, in alkali reaction media. Electron riebnzene boronic acids were also found to

be susceptible to oxidation, although to a less&mg.
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Chapter 1

Introduction



1.1- Liquid Crystals
1.1.1 — The Mesophase

Liquid crystals constitute a unique state of matidrich exhibit properties between
those of a conventional liquid (isotropic liquid)daa crystalline solidRigure 1.J).
Occasionally referred to as teurth state of matterthe liquid crystalline phase is
more commonly termed thmesophaseThe mesophase exists due to anisotropy
within the phase; all molecular directions are mguHvalent as opposed to a
conventional liquid where isotropic distributionabserved. Molecular order within
a crystal is typically both positional and oriergatl, whilst in contrast an isotropic
liquid is devoid of molecular order, with randonifdsion throughout the sample. In
the mesophase, molecules possess a degree ofatideat, and occasionally
positional, order due to weak anisotropic intexatdi however the order is only a
fraction of that observed in a crystalline soligésulting in the observed fluidity. The
unique properties of the mesophase have led tantasest in the fields of chemistry
and physics.

Temperature

Crystalline Solid Liquid Crystal (Mesophase) Is@ioLiquid

Figure 1.1 — States of matter

1.1.2 — Historical Perspective*

In 1888 a novel state of matter was discovered bhgtdan botanist (biochemist)
Friedrich Reinitzer at the German University of gRra. Reinitzer was attempting to

determine the chemical formula of cholesterol anticed some spectacular colour



changes upon the cooling of cholesterol benzoase @hbove the solidification
temperature. A number of previous studies had w#eé similar observations with
cholesterol acetate, which Reinitzer himself conéd®® Most prominently,
Reinitzer observed that cholesterol benzoate apddarhave two melting points; at
145.5 °C the crystalline solid melted to an opalimad, which at 178.5 °C became
transparent. The phenomenon was also observed tevbesible, and that dramatic
colours were apparent near the transition tempesitiReinitzer sent samples to
professor of physics and notorious crystallograph®tto Lehmann, at the
polytechnical School of Aachen, and after some aiason, published the resulfts.
Whilst Friedrich Reinitzer's involvement in the Ifie declined, Otto Lehmann
conducted extensive research into the observedopmema. Lehmann postulated that
the opaque liquid constituted a unique phase ofanatith the properties of both a

liquid and a crystal (crystals that flow).

Lehmann discovered further materials which display@milar properties to
cholesteryl benzoate, and materials that exhildiffidrent phases, which he termed
Fliessende Krystalléflowing crystals) andristalline Flussigkeit(crystalline fluid).
Lehmann’s proposals were not without scepticisrmfrihe scientific community.
Gustav Tammann and Walther Nernst proposed thailiberved phenomena were a
result of a colloidal suspension of one liquid mother. Although now known to be
incorrect, the theory formed a plausible explamatb the so far unsolved property
of birefringence.

In 1903, Daniel Vorlander, professor of chemistrythee University of Halle began
intense research which would propel him to thefforg of the field for the next 30
years. Vorlander determined that liquid crystallibehaviour was a result of
molecular shape, with the liquid crystal phase garity formed by molecules with a
rod-like structure. His research culminated in the discow#tyundreds of materials
with liquid crystalline properties, and revealeatthiquid crystalline materials can

exhibit more than one liquid crystal phase.

In 1922, Georges Friedel published an articl&mmales de Physiglrecriticising the

terms liquid crystal and ‘crystalline fluid proposed by Lehmann, on the basis that
the materials were neither true crystals or trgeitls and constituted an entirely new
phase of matter. The termesophasevas proposed to avoid any confusion as to



their nature. Friedel also sought to clarify therte describing the phases to provide
an unambiguous description that omitted the tetigaid’ and ‘crystal’. The terms
smectic(derived from the Greek worsmectosmeaning soap-likeé) for Lehmann’s
‘flowing crystal§ due to their soap-like texture appearance uragpolarising
microscope, antiematic(derived from the Greek wondematosmeaning thread-
like’) for the ‘crystalline fluid, due to the appearance of thread-like (defec@dj

were introduced.

Research on liquid crystals continued into the $%8@d 1940s, mainly focussing on
physical properties. Interest in the field slowbctined following the Second World
War as the once vibrant field lacked practical aapion. Interest in the field was
revived in the United States, United Kingdom and/i®oUnion during the mid-

1950s. US chemist Glenn Brown wrote a reviewf the current literature and
established the Liquid Crystal Institute (LCI) a¢r€ State University in 1965, now

named in his honodf.

The 1960s also saw the first display applicatiooppsed by Richard Williams and
George Heilmeier based on the dynamic scatterindentpSM) effect* **This led
to the first practical liquid crystal display (LCRpplicatiort® which, compared to
display devices of the time offered lower voltagel gower consumption, smaller
scale, and ease of manufacturéigire 1.J. However, the requirement for

continuous current flow limited their applicatianbattery operated devices.

Figure 1.2 — Dynamic scattering liquid crystal disy’

Pioneering work by George Gray and co-workers atithiversity of Hull led to the
discovery of the cyanobiphenyl class of nematiaitgcrystals, which exhibited
electrochemically stable nematic phases at ambéemperature$® This enabled the
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successful implementation of a new type of liquiglstal display. Independently
devised by James Ferguson and co-workers, and Wgfdeilfrich and Martin

Schadt'® the new display was based on the twisted nemahy éffect discovered

by Charles-Victor MauguinFigure 1.3.%° Twisted Nematic liquid crystal displays
offered significant advantages over other dispé&hhologies of the time, including
low power consumption and small size, making theleal for battery operated,
hand-held devices. This has culminated in the d¢ld@D market reportedly

surpassing the $90 billion mark in 2088.

Unpolarized
White Light

Polarizer
Glass Substrate
MO Film
TFT
Orientation Film
Liguid Crystal
Orientation Fim
Color Filter
ITO Film
Glass Substrate

Polarizer

Figure 1.3 — Twisted nematic TFT-LED
1.1.3 — Classes of Liquid Crystat*

Molecules of vastly differing shape and propertes able to form liquid crystal
phases; the common feature they share is moleaueotropy. Essentially the
molecules possess one axis vastly different froenothers, or exhibit differences in
solubility between sections of the molecule. Molacuanisotropy encourages
intermolecular interactions, producing a degreerdér in the system.

Liquid crystalline materials can be divided intootwlistinct classes: thermotropic
and lyotropic liquid crystals. Thermotropic liquidystals exhibit phase stability over
a specific temperature range. Temperatures abaveattige (clearing point) result in



thermal motion disrupting the delicate moleculatesy with the material reverting to
a regular isotropic liquid. At lower temperaturelse t material returns to a
conventional, though anisotropic, crystalline solithermotropic liquid crystals are
conventionally divided further into two sub-classealamitic and discotic liquid

crystals.

Calamitic liquid crystals are the most frequentlpserved liquid crystalline
materials, and are formed by elongated rod-likeemdes, such ak(one molecular
axis longer than the others). Discotic liquid cayst such a2, are conversely
formed by molecules possessing one molecular &ostex than the others (disc-
shaped). Lyotropic liquid crystals are distinctrnfrahermotropic liquid crystals in
that they form liquid crystal phases upon solvatwith phase stability affected by
both concentration and temperature. Anisotropyearisot from molecular shape but
from the varying degree of solubility within the hacular structure, generally
comprising hydrophilic ‘head’ groups and hydroplwtail’ groups (e.g.3). The
amphiphillic nature of the molecules promotes aréegf order upon solvation in

both polar and non-polar solveni&dure 1.4.

HMCCN —

Calamitic LC

1 OCGH,, )
OCH,, Thermotropic LC
H,,C;O O
— Discotic LC

H,.C,0 O

2 OCqH,;

OC6H13
(o]
HZQCM)LQ’ Na O~~~ Lyotropic LC
3

Figure 1.4 — Classes of liquid crystal

Calamitic and discotic mesogens are capable ofifgmany different liquid crystal
phases. The most common of these is the nemat®epkich possesses limited
orientational order whilst positional order is afisé.iquid crystal phases which also
exhibit a degree of positional order are observadbbth calamitic and discotic
liquid crystals. The smectic A and smectic C phasesthe most common and least
ordered of the smectic phases observed for catadmtiiid crystals. The smectic

phases possess the orientational order observabdearematic phase, however they
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also possess a degree of positional order prodaclagered (lamellar) arrangement.
In the smectic A phase the director is, on averadigned perpendicular to the
layers, whilst in the smectic C phase the direddilted at an angle other than 90°
(Figure 1.9. It should be noted that no positional order seyved within the
individual layers. The increased molecular orderthd smectic phases generally
results in phase formation at lower temperaturems tthe nematic phase, with
increased viscosity. A number of smectic phasest @xth a higher degree of order
than the smectic A and C phases, such as the sm@gbhase, which forms a
hexagonally ordered structure.

|
Wil
ey

Smectic A () Smectic C (9

Figure 1.5 — Smectic A and smectic C phases

Positional order in the discotic phase manifesslfitthrough the tendency of the
molecules to adopt a columnar molecular arrangensemewhat analogous to the
smectic phases. The columnar arrangement usuatigteé two-directional lattice

structure, such as that of a rectangular or hexadomm Figure 1.9.

Nematic Discotic Columnar Hexagonal

Figure 1.6 — Nematic and columar discotic phases



1.1.4 — Liquid Crystal Phases*
1.1.4.1 — The Nematic Phase

The nematic liquid crystal phase (N) is both themest liquid crystal phase, in
terms of molecular order, and the most common. Kgndin isotropic liquid, where
molecular order is absent, the molecules in theatierphase align with their longest
axis orientated in a preferred direction known las director (n) Eigure 1.7. The

resultant lack of positional order promotes fredauoolar diffusion throughout the

sample, and a high degree of fluidity.

Nematic Calamitic Nematic Discotic

Figure 1.7 — Molecular order in the nematic phase

The nematic phase can be identified from its chiarestic optical textureKigure
1.8). The distinctive dark lines, known as disclinatiines, are line defects in the
unaligned nematic phase where a director cannaddfi@ed. Both calamitic and
discotic liquid crystal mesogens are capable ahfog the nematic phase; however

the two phases are non-miscible, and thereforeeopivalent.



Figure 1.8 — Schlieren texture of the nematic phase

The structural features required to form a liqurgistal capable of exhibiting the
nematic phase can be effectively modelled. Theorialy of specific structural
features allows for modification of the liquid ctgsphysical properties. The most
essential feature required is a rigid core unitjcwhmaintains shape anisotropy.
Typically the core is aromatic in nature (e.g. piefy biphenyl5, naphthyl6),
however, non-aromatic (e.g. cyclohexy) and heterocyclic structures (e.g.
pyrimidyl 8) can also be employed. Molecular axes can be eatetidough the use
of terminal functionalities, which also alter thlaygical properties of the nematic
phase. Linear, flexible functionalities, such aslkyl and n-alkyloxy groups,
increase mesophase stability and lower the mefimigt of the materials, which is
essential for ambient temperature applications. Jthategic positioning of lateral
substituents, either polar (e.g9FCN, CRk) or non-polar (e.g. C#), located on the
core unit or the terminal chains, can be used taifyahe physical properties
(Figure 1.9.

4 5
H11C5
OO, O
CN
6 7
N
H,,C: 7\ CN
b H11C5 C5H11
N
8 FF
9

Figure 1.9 — Structural features of typical liquidystal mesogens



1.1.4.2 — The Chiral Nematic Phase

The chiral nematic phase (N*) is traditionally knowas the cholesteric phase, from
the cholesterol derivatives from which it was fiostserved: ° It is now known that
there are many compounds, besides cholesteroladiesg, that exhibit the chiral
nematic phase.

Essentially, the chiral nematic phase is a nemphase, in which molecular
asymmetry induces a slight and gradual rotatiothefdirector in a helical fashion,
generating a helical supramolecular structdf@yre 1.1Q. The supramolecular
structure has both sign (indicated by the directibhelical rotation) and magnitude,
which is determined by the pitch length),(with the pitch length being the distance
through which a 360° rotation of the director (B)éffected. No layering exists

within the phase, with molecular diffusion obsertiesbughout the sample.
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Figure 1.10 — The chiral nematic (cholesteric) phas

Again the chiral nematic phase can be identifienimfrits characteristic optical
fingerprint texture Figure 1.1). The distance between dark bands is equal to half
the pitch length (180° rotation). The texture olisdris, however, dependent on the
phase alignment in reference to the propagatinigt Ispurce. Orientation of the
helical axes parallel to the slide surface produbesdistinctive fingerprint texture;
whereas alignment of the helical axes perpendidaléne slide surface produces the
planar texture. A third alignment, where alignmehtthe helical axes is random,
produces the focal conic texture.
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| /
\ Glass Slide Surfac

a) Fingerprint; b) Planar; c) Focal Cofiic
Figure 1.11 — Structure and optical texture of dméral nematic (cholesteric) phase

The helical macrostructure possesses the abilitgelectively reflect light with
wavelengths equal to the pitch length, upon alignnoé the helical axes parallel to
the direction of the propagated light. The tempemtdependence of the pitch
length, and therefore the temperature dependentkeoreflected light wavelength,
forms the basis for the optical technologies thaisa the chiral nematic phase, such

as thermo-responsive pigmenigure 1.13.

Figure 1.12 — Thermo-optical liquid crystal appltzans

The chiral nematic phase can also be induced byasoh of a small quantity of

chiral, non-racemic, guest material (dopant) inteeanatic liquid crystal host. The

11



guest material is not itself required to exhibiuiid crystalline properties. The
induced chiral nematic phase is highly dependenthenproperties of both of the

dopant and the nematic liquid crystal host.

The ability of a chiral dopant to induce the chin@matic phase is expressed as a
parameter known as the helical twisting powr)( which is intrinsic to every chiral
compound. Although similar in nature to the propert optical rotation, the origin

of both are inherently different; with optical rotan a consequence of interaction
between light and matter, and helical twisting poweresult of solute-solvent
interactions. The pitchp] of the induced chiral nematic phase was deterhiaée
inversely proportional to the dopant concentratfoyy the helical twisting power

(Bu), and the enantiomeric excess)(->>

p=(c.Pu-ee)’

The handedness of the induced chiral nematic pisatsbelled as? for a right-
handed helix an¥ for a left-handed helix. Both the sign and magietof the helix

are required for a complete quantification of tleéidal twisting power.

Advantages of the induced chiral nematic phase stenmly from the ability to
selectively tune the pitch length as desired. This be achieved through alteration
of the dopant concentration or enantiomeric excebs; latter being heavily
researched as a potential application for opticameries and display devices. The
physical properties of the mesophase, such aslé¢aery point and viscosity, tend
to be negatively affected upon the introductiofooéign materials.

1.1.5 — Chiral Nematic Dopants

In 1922, Georges Friedel determined that solvadioa small amount of chiral non-
racemic material in a nematic liquid crystal hognerated the chiral nematic
phase:! Despite the significance of the discovery, furttesearch on the subject was
not published until the 1960s, when Buckingham regub that irreversible
conversion of a nematic phase occurred upon théi@adf small quantities of
chiral materials, which were themselves not liqeiigstalline?® Research continued
on the induction of the chiral nematic phase, v@tlegemeyer inducing the chiral
nematic phase with chiral non-liquid crystallinetetals?® whilst further research

into liquid crystalline dopants was conducted bg&der and Labéeg.
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It was later discovered by Stegemeyer that magetadking an asymmetric chiral
carbon centre, such as the atropisomeric diazdeib€O 10 (Figure 1.13, were
able to induce the chiral nematic phase with greetéciency than any materials
studied previously?

10
DDCO fy = 32 unt

Figure 1.13 — Chiral induction with an axially clirmaterial

The potential of the chiral nematic phase, andqaarly the induced chiral nematic
phase, for application in display devices, dyegnynts, and optical memory
devices, has led to vast interest in chiral liqoigstals and in particular chiral

nematic dopants.
1.1.5.1 — Dopants with Chiral Carbon Centres

The first chiral dopants were naturally based oolesterol derivatives such 44°*
%4 due to their liquid crystalline properties. Theativery that non-liquid crystalline
materials induced the chiral nematic phase leet$earch into other centrally chiral
materials, commonly based on natural products sisch)-mentholl2*® %° (Figure
1.14.

Cholesteryl Chloride 11 (-)-Menthol -12

Figure 1.14 — Natural products as chiral dopants

Aside from the cholesterol derivatives, the majordtf chiral natural products
possess poor helical twisting powers, and only eedile chiral nematic phase with

13



long pitch lengths. It has typically been observbét dopants possessing a
stereogenic chiral carbon centre exhibit low hélteasting powers, most probably
due to the lack of structural similarity betweenpdot and host. In cases where
respectable helical twisting powers have been dathrstructural modification with
a group resembling a liquid crystalline materialegogenic functionalisation) was

required to promote interactions with the host n&r(&cheme 1)1

o
NH, + ngc 0
O JR—
/:/ H

13py = ~ Ount

(0]
H19C Mesogenic
0 \

Functionalisation
N

14 fy = 43.2 prit (K15)

HllCCN

K15 -15
Scheme 1.1 — Enhanced helical twisting power visogenic functionalisation

An interesting example exists in the case of chaetatric acid derivatives such as
TADDOLs 16, and 3,4-diaryl-1,2-dioxolanek?, which display chirality as a result
of stereogenic carbon centres. TADDOLs in particilave been found to be
effective at inducing the chiral nematic phase wgtical twisting powers in excess
of 100 pm'* and up to 534 p(Figure 1.19.3°3?The mechanism by which chirality
is transferred is unproven experimentally, howeitehas been suggested that
chirality may potentially be transferred by a senilmechanism to the more

effective, axially chiral dopants discussed in tgedetail later in the chapter.

Ar Ar

><O:|><OH ><O:|/Ar
.., _OH 2
O~ "y o

A
Ar/<Ar '
TADDOL - 16 Dioxolane -17

Figure 1.15 — Stereogenically chiral dopants poss&shigh helical twisting powers
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1.1.5.2 — Atropisomeric Dopants

Atropisomeric compounds have been extensively rebed due to their unique
properties. Their chirality is not based on thespree of an asymmetric chiral
carbon centre, but a result of a conformationatigl atereogenically restrained axis
of rotation. Whilst not all cases are due to retd rotation about an aryl-aryl bond,
chiral biaryls are by far the most utilised axiatiitiral materials. In the case of
biphenyls 18 and 19, restricted rotation is generated through stenieraction
between theortho-substituents on each aryl ring, preventing intevewssion of the
two isomers. Substituents of sufficient size arguneed to induce a high energy
barrier of rotation, and prevent racemisation. &iry, axial chirality is also
exhibited by 1,1’-binaphthaler20 (although not at ambient temperatures) through
hindered rotation about the pivotal C(1)-C(1’) aayyl bond, as a result of steric

interactions between the 2,2’ and 8,8’-hydrogematg-igure 1.16.

Figure 1.16 — Axially chiral biphenyl and binaphtiepmpounds

Configurational stability is known to be furthercreased upon the introduction of
substituents in thenetaposition to the aryl-aryl bond, which prevents feignt
bending of the ortho-substituents to induce racemisation. The Kkinetafs
binaphthalene racemisation have been extensivetjest with an energy barrier to
racemisation of 99.6 kJ mblfor 20, and up to 192.5 kJ miblfor the 2,2’-diiodo
derivative 21.3* Despite the apparent stability towards racemisatimder certain
conditions racemisation can be induced. 1,1’-Biépimthol)22 is known to remain
stable at temperatures of up to 100 °C for 24 hourgeutral conditions. Lowering
the pH of the system induces racemisatior2@in less than 24 hours via cationic
specie®3 (Scheme 1)2
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Scheme 1.2 — Racemisation of 1,1’-bi(2-naphthodicidic media

Whilst axially chiral materials have found extergsiapplication in asymmetric
synthesis and asymmetric catalysis, nature haseptwited this unique form of

1,340 anti-leukaemia compound

chirality. The glycopeptide antibiotic vancomy@
(9-steganon&@5,>” and anti-tumor compound@)tknipholone26,*® are a select few

of many natural products that incorporate axiataihty (Figure 1.17.

OH O OH

Vancomycin- 24 (9-Steganone 2& (9-Knipholone- 26
Figure 1.17 — Examples of naturally occurring axthirality

Since Stegemeyer’s discovery that atropisomericenas, lacking an asymmetric
chiral carbon centre, were able to induce the theaatic phase, research into their
respective design and mechanism of chiral inductitas escalated rapidly.
Motivation for research is driven by the lure ofnihelical twisting power materials,
capable of inducing pitch lengths in the visiblevel@ngth region and their synthetic

accessibility.

The mechanism through which chirality is transfér®m the dopant to the nematic
host solvent has attracted numerous experimentbtheoretical studies. It has been
accepted that high helical twisting powers are plesefor dopants sharing structural

similarities with the host nematic (e.g. biphenydpents in biphenyl nematic
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hosts)®® The first studies into the induction of chiraliby axially chiral materials
resulted in a model proposed by Gottarelli and &sid, whereby chirality was
transferred from dopant to host via chiral confaiores for dopants and host
nematics of similar nature (e.g. biphenyl). In thrabdel the biphenyl host molecules
are described as inherently chiral conformers pidranterconversion. Interaction
with the chiral dopant induces stabilisation and thduction of chirality into the
system. Chirality is therefore transferred from ftpgest dopant to the nearest
nematic solvent molecule, which in turn transfergatity to the next producing the
helical macrostructure. This mechanism has beeerebg for both biphenyl and
39, 40

binaphthyl dopants in biphenyl nematic hogtg(re 1.18.

Dopant

N N N
Il Il Il
|‘ SN
b o
_ —
NS

Figure 1.18 — Transfer of chirality by chiral binhihalene dopants

Spectroscopic evidence of the nematic host molecoigentation, with respect to
the guest dopant, has revealed the alignment afiehsatic director to be parallel to
the C(1)-C(1') aryl-aryl bond® ** The transfer of chirality via this mechanism has
been determined to be highly dependent on the dhhexhgle between the aryl
planes, with theoretical predictions suggestinglemgfé = 45° and 135° equate to

maximum helical twisting powers, with a value of@atd = 90°# %3

Control of the dihedral angle is therefore consdezssential for the design of biaryl
dopants of high helical twisting power. Efforts toduce binaphthalenes with
optimum angles have led to specific structural giesi either through the
incorporation of substituents that maintain anraptn angle via hydrogen bonding,
steric repulsior27, or more effectively, via covalent bonding of tfwe aryl planes
into a fixed geometrg8 (Figure 1.19.
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Sterically Hindered 27 Bridged -28

Figure 1.19 — Structural methods of dihedral angpatrol

Recent research has primarily focused on the compleractions between solute
and solvent, often using theoretical simulationsatimpt accurate predictions of
helical twisting powers and the sign of helicitycamplete understanding remains
elusive?* Significant progress has, however, been madedrattempts to generate
materials capable of high twist induction. Mostmmently this has been achieved
using the aforementioned chiral TADDOL and 1,3-di@axe compounds, which

display a ‘pseudo-axial’ chirality.

Despite the chirality in such compounds not beitigopasomeric in nature, in
specific cases it has been predicted that theithar@sm of chirality transfer is of
similar origin. The dioxolane and TADDOL derivatsrghat display impressive
helical twisting powers are highly functionalisedttwlarge aromatic substituents,
whose steric bulk is believed to force the moledoleadopt a sterically hindered,
helical configuration. The helically orientated muatic planes are predicted to
induce chirality through chiral conformations, vian stacking interactions in
biphenyl liquid crystal hosts, similar in naturettat of the axially chiral dopants
(Figure 1.20. It remains to be seen if the true nature ofathyr transfer is via this

proposed mechanism.

N N
Il 1|1

Ar Ar A
O
., OH O O > <
(e} (e} 4
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O O offset stack_ed
TADDOL 1,3-Dioxolane n-n interaction
O o Ar
3 zé;i = @ X
<> H
O edge-to-face
Quasi gauche Staggered n-m interaction

Figure 1.20 — TADDOL / 4,5-diaryl-1,3-dioxolane igal configuration and transfer
of chirality®™
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1.1.6 — Bistable Dopant§™’

The development of nanotechnology and molecular hinacy has attracted
significant attention in recent yedrsOne essential component of such technologies
is the molecular switch. The molecular switch coisgs a molecule capable of
existing in one of two or more stable states (bisitg)), with access to individual
states by means of physical stimuli. Numerous systeave been developed which
display bistability and meet the specific requiretseof a molecular switch; these
include azobenzenes, sterically overcrowded alkerfakyides, diarylethenes,
spiropyrans and stilben&%In certain systems chirality is inherent to thetiucture,

in others it can be incorporated, rendering thepotétically applicable as chiral
nematic dopants. Whilst switching is possible usiagous external stimuli such as
heat, magnetic and electric fields, pH and pressara liquid crystal environment
light offers the most potential due to its non-desive nature and tuneable

wavelength (chiroptical switch).

The development of molecular switching systems iregucertain factors to be
addressed. Primarily, it is required that two orenstable molecular states exist, and
that non-destructive access to the individual st&eachievable. Thermal stability
over the entire applied temperature range, andjuatiresistance through many
switching cycles are also of critical importanceheTapplication of molecular
switches as chiral nematic dopants also requiresctimsideration of liquid crystal
compatibility, in order to induce sufficient chasg the helical macrostructure

upon switching.

Chiroptical molecular switches can be classifiei ithree distinct classes: Type 1
molecular switching concerns that between enantiens¢ates; Type 2 switching is
between diastereomeric states; and in Type 3 sesttie switchable unit is remote
from what is essentially a chiral auxiliary coupléml a switchable functionality

(Figure 1.21.
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Type 1 (Enantiomeric switching) P - Helicity M - Helicity

Type 2 (Diastereomeric switching) P’ - Helicity —____ _ M’- Helicity

Type 3 (Chiral Auxiliary) X*-Y - X*-Z

* Chrial Auxiliary

Figure 1.21 — Classes of chiroptical molecular Wit
1.1.6.1 — The Switching of Enantiomers (Type 1 Swites)

The bistable states of a Type 1 switch are enamtiemin nature, with
interconversion between the individual states tghouhe action of circularly
polarised light (CPL). Irradiation of a racemic Byd bistable compound with
circularly polarised light, of a certain handednessan induce a partial
photoresolution through preferential excitationooke enantiomer over another. The
degree of photoresolution is dependent on the Karsotropy factog, whereAg is
the ratio of the circular dichromism, aathe extinction coefficient:
_9x Ag

€epss = 27 2e
The magnitude ofy, typically does not exceed 1%, producing a smafjrele of
photoresolution and enantiomeric excesses thalyramgrpass 0.59%° The ee
generated is sufficient enough, however, to induoematic to chiral nematic phase
transition. Linear (LPL) or unpolarised (UPL) lighin be used to regenerate the
racemate and therefore permit switching betweenn@traatic and chiral nematic
phases, as well as between phases of differentedaeds. To produce materials
capable of enantiomeric switching, a number ofdecimust initially be addressed.
Fundamentally the materials must possess bistahilgon irradiation, with a
sufficient Kuhn anisotropy factor to induce the ida$ enantiomeric excess. The
materials must also exhibit thermal stability aratigue resistance. In their
application as chiral nematic dopants, it is aksguired that adequately high helical
twisting powers are obtained, to induce the chimamatic phase at such low

enantiomeric excess.
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The concept of enantiomeric switching was experialgnproven by Feringa and
co-workers for sterically overcrowded alkefi2dhe upper segment of the molecule
consists of an unsymmetrical unit, generally a phémacene, naphthopyran or
naphtho(thio)pyran, linked to a lower symmetricalitu commonly a xanthene,
thioxanthene or fluorene. The two units are corewdiy a stilbene type alkene
bond, producing both as andtrans configuration within the same molecule. Axial
molecular chirality is generated through structudatortion as a result of steric
interactions, similar in nature to that of 1,1’-aphthalene&’ The steric bulk of the
upper section is sufficient to prevent rapid racation, whilst retaining a degree of
conformational flexibility to inhibit excessive distion, which would also result in
racemisation. At selected wavelengths, the alkemelergo acis-transisomerism
similar in nature to that of stilbenes, with photdesation prevented by careful

structural desigfl’

The switching of enantiomeric overcrowded alkeregsasents a three-stage switch.
Irradiation of racemate9, with circularly polarised light of either handexhs,
produced theP-29 or M-29 enantiomer in excess. Conversion between the two
enantiomers was shown to be possible upon irradiatiith left or right-handed
circularly polarised light, with enantiomeric exses of 0.07% generated for each
enantiomer. Racemi29 was regenerated by irradiation with linear pokdidight
(Figure 1.23. Despite the feasible nature of the system, ¢hre Kuhn anisotropy
factor and prolonged irradiation times were proldém Their application as liquid
crystal dopants also proved disappointing, with loglical twisting powers of 0.1
um™* producing only large pitch lengths at 0.07% emanéric excess. Despite the
low ee, coupled with the low helical twisting powtre system proved sufficient to

induce nematic to chiral nematic phase transitions.
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Figure 1.22 — Sterically overcrowded alkenes agcvable dopants

A second class of enantiomeric switches were deeeldy Schuster and co-workers
based on cycloalkenones, intended for liquid ctyapmlication Figure 1.23.%°3

Again axial chirality is generated through heliodistortion of the structure.
Incorporation of a styrene or acrylic ester fung#lity induces racemisation of the
material upon irradiation induced isomerism. Agkirge Kuhn anisotropy factors

were necessary to induce sufficient enantiomeroesses.

(0]
CPL
_—
@) (0]
30
0 O

Figure 1.23 — Axially chiral cycloalkenones as dptical switches

Initial efforts with methyl este81 led to rapid racemisation; however, both styrene
compounds31 and 32 were found to undergo competing photodegredatasnyell

as possessing low Kuhn anisotropy valtleshe design features were improved by
Schuster with derivative80 and 33, through separation of the light-absorbing and

photoisomerisation units. High Kuhn anisotropy eslwvere also generated through
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positioning of a ketone with forbiddem= transitions. Photoresolution 80 was
successful in producing an enantiomeric excess.4%0with switching between
enantiomeric states also possible. Substantialipdri enantiomeric excesses were
reported for compound34; however photoresolution proved excessively slow
(Figure 1.23.3

| 0 o)
0s_O Os__Ph % %
o)
74
| 5
\ \ Ph
Ar Ar O
31 32 33 30 34

Figure 1.24 — Axially chiral cycloalkenone moleausavitches

Despite the potential of the cycloalkenones towaiglsd crystal application, their
success has been limited. Nematic to chiral nenpditdse transitions were observed,
but reversible switching to regenerate the nentase was not. The issue of liquid
crystal compatibility, producing poor helical twisj powers gy = 5.5 unt for 30),

again proved a limiting factor in their applicatias a switchable dopant syst&ht>

1.1.6.2 — The Switching of Diastereomers (Type 2 8ahes)

The concept of diastereomeric switching is agairseda on the sterically
overcrowded alkene class of compound, similar micstire to the overcrowded
alkenes previously detailed. Irradiation producesilaene typecis-transisomerism

and a resultant change in helix handedness, whgsbtecting against
photocyclisation through careful structural desi(figure 1.29."° Barriers to

racemisation are readily optimised through theratiten of the bridged groups,
namely the X and Y heteroatoms. The diastereonmmtare is produced by the
additional functionalities incorporated into theeoall structure. The near mirror-
image isomers, however, display closely matchecutar dichromism spectra, and
so they are considergiseudeenantiomeric in nature. The nature of the sulestitsi

presents the opportunity to selectively tune thevelength of absorption, for
increased control over the switching process. Cagaan the application to liquid

crystal systems is limited by the low helical twigt powers observed. However,
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mesogenic functionalisation of the structure, whimmaintaining the optimal
properties of the switch, may potentially lead mereased compatibility with the

nematic host and improve the switching system.

P Helix M Helix
Figure 1.25 — Overcrowded alkenes as diastereonmedlecular switches.
1.1.6.3 — Type 3 Switches

The previously detailed switching systems have Iwvea control of the molecular
chirality. In contrast, Type 3 switches are fornfemm a combination of a chiral
auxiliary and a switchable unit. This results iry awitching process excluding the
chiral auxiliary itself, and instead inducing chanig the molecular structure, and
therefore the chiral properties of the entire molez®®°

Azobenzenes form the majority of Type 3 switchest ire commonly encountered.
Large changes in molecular shape are associateld thi cis-trans (E-2)
isomerisation of azobenzenes upon irradiation \sélective wavelengths of light.
The sensitivity of liquid crystal systems to chamgemolecular structure means that
the Type 3 switches are ideally suited to liquigistal application, either as liquid
crystal mesogens themselves, or as chiral nemapards. Theransazobenzene
isomer 35 is rod-like in its structure, and as such is cépatself of forming a
nematic phase, or stabilising the nematic phasa gsest material. In contrast the
cisisomer36 has a bent conformation, which serves to dessahiie nematic phase
through the generated disord&igure 1.2§. Switching between isomers therefore

presents an effective mechanism for control oflitheéd crystal system.
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Trans35 Cis-36

Figure 1.26 — Effects of cis-trans isomerism oniticcrystal phase

Chiral nematic dopants comprising a chiral auxyliand switchable azobenzene
functionality have shown great promise in their asechiroptical nematic dopants.
As with the previously discussed axial and centreliral dopants, the azobenzene
dopants also exhibit modest helical twisting powewngen incorporating an
asymmetrical chiral carbon centr&7, in comparison to their axially chiral
counterparts39 (Figure 1.273.54°* Whilst disruption of the liquid crystal phase is
observed for theis-4,4’-substituted azobenzenes, altering the suibistit pattern by
introducing 3,3’-substituents reverses the trersljmthe case of compour@B,
where thecis isomer exhibits a higher twisting power due to mere rod-like

molecular shap&

6 13

Trans- 37 fy = 12 punt Cis -37 By = 2 pnmt

o%/g £> <£ E\%o

H,Cyn_O Na J\ \

! 3\‘/ \é/ N 0~ “cH, H,Cs— SCH,
N=N $

Trans- 38 Sy = 3.1 unt Cis—38 Sy = 8.9 unt

Trans- 39 i Cis—39

R = HigCoO,C- fu = 144 pnt (E7) R Sw = Unknowr
Figure 1.27 — Bistable azobenzene based chiral tierdapants
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Despite the development of numerous switching systa the literature, only the
diarylethene and fulgide classes of compound eklilie essential property of
thermal stability at elevated temperatures (~100 &pon irradiation, diarylethenes
undergo a reversible ring closing cyclisation, hasg in distinct changes in
molecular structure. Diarylethenes also display aewsbkd fatigue resistance,
maintaining satisfactory performance for ring ahmgbpening cycles of up to 10
The change in molecular structure permits theitiegon as chiral nematic dopants
upon the incorporation of chiral substituents. lighjorystal phase switching is based
on either the open or closed structure producihgyler helical twisting power than
the other. A chiral nematic to nematic phase chawmage observed for compoud@
upon irradiation with UV light, as a result of tlextremely low helical twisting
power of the ring-closed form being insufficientitmluce chirality. Irradiation with
visible light reversed the process, regenerating fthiral nematic phase.
Deterioration of the liquid crystal phase was obsdrafter six switching cycles
(Figure 1.29.%"

F F
F F
F F
/\ / N\
/ S S
Ph—_—N
Ring Open 40y 13 pm* (K15) Ring Closed 404y ~0 um"* (K15)

Figure 1.28 — Diarylethene employed as a chiral aBendopant

The conceptually similar fulgide family of compouwnavere first synthesised by
Stobbe™® Heller introduced structural measures to limit thermal reversibility of
ring closure. The overcrowded structural featuresegate an axially chiral helical
configuration, which is lost upon irradiation tario the centrally chiral ring cyclised
product Figure 1.29.°% In the case of4l, the P-41 and M-41 axially chiral
compounds generate tBet1l andR-41 enantiomers respectively.
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Enantiomer

S41
Figure 1.29— Chiroptical switching of fulgides

In their application as chiral nematic dopants,ngfes in chiral nematic pitch lengths
have been reported independently by the groups abfuser and Yokoyama.
Schuster reported the use of fulgi#izas a co-dopant, with binaphthaletfin K15,
with reversible switching producing changes in Ipitength up to 12 prh®®
Yokoyama employed binaphthol fulgide derivatd4 achieving a change in pitch
length from 15.8 pfto 2.6 pn (Figure 1.30.7°

44
Figure 1.30 — Fulgides as chiral nematic dopants

The development of compounds capable of switchingtie molecular level is

currently in its infancy. Despite some significaatdvances in the field, problems
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with thermal stability, fatigue resistance, andeotkey aspects need to be addressed.
In addition to the immense efforts required, thedpiction of materials capable of
simple molecular switching is complicated furthgrtbe additional requirements for
the successful switching of liquid crystal systems.

1.2 — Chiral Biaryls" "

It is clear that chiral biaryls, and chiral binadpdlenes in particular, are of immense
importance in the fields of natural products, asyftrin synthesis, asymmetric
catalysis and liquid crystals. It is therefore nopsise that the synthesis of axially

chiral materials has received a great deal of &ten

OO "y, OH OO ,""/P th ",/"/N H2
46

45 47
Figure 1.31 — Commercially available chiral binaphtenes

The synthesis of axially chiral compounds presemsilar challenges to that of
compounds containing an asymmetric chiral carbariree However, an additional
challenge is the absence of an axial equivalenthef ‘chiral pool’’? Chiral
resolution has therefore remained an essential tieslpite the increased access via

chiral aryl-aryl bond forming reactions.

Two approaches to chiral biaryl synthesis can beptdl. The classical method
involves synthesis of the racemic compound, folldwley subsequent chiral
resolution to afford the individual isomers. Thistimod, whilst involving a less
complicated synthetic process, usually requiresiclsimmetric quantities of,
generally expensive, chiral resolving agents, andinmited to the recovery of a
maximum 50% of each individual isomer. The secomdh@d involves construction
of the aryl-aryl axis in tandem with the inductiohmolecular asymmetry. Attempts
to induce chirality directly have extended to thee wf chiral auxiliaries, chiral
starting materials and chiral catalysis. It is éorioted that the synthesis of biaryls is

generally a sterically hindered process, which ireguorcing conditions to achieve
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respectable yields. However, the use of harshimacbnditions can result in poor

chiral selectivity, requiring a fine balance to ptaiyield with stereoselectivity.
1.2.1 — Racemic Synthesis & Chiral Resolution

The traditional method of aryl-aryl bond formatismas via the Ullmann coupling of
two aryl halides in the presence of copper metdlil$%a number of biaryl structures
have been produced via this method, the progresgckél and palladium catalysed
aryl-aryl bond forming reactions have led to thém#inn coupling, whilst remaining
effective in certain cases, becoming somewhat ebsolThe nickel/palladium
catalysed methods, including the renowned Kunfadstille,”* Negishi® and
Suzuki® coupling reactions Rigure 1.32) offer distinct advantages over the
Ullimann coupling, such as effective unsymmetricalryd synthesis, mild reaction

conditions and, in certain cases, enhanced furaltignoup tolerance.

Ullmann

o8
Suzuki Kumada

g O o O
Sy

AN
of Cr
Negishi Stille

X=Cl, Br, I; X =Br, |, OTf

Figure 1.32 — Commonly applied aryl-aryl bond fongpreactions

Whilst racemic couplings have proved effective, tleeovery of optically pure
materials is ultimately dependent on the processhofal resolution. As such,
various methods of chiral resolution have been i utilising a diverse range of
reagents such a&8-52 (Figure 1.33. The formation of diastereomeric complexes,
producing different solubility properties, can mes the opportunity for
recrystallisation of one complex preferentially ovthe other. Similarly the
formation of diastereomers via covalent bondingaothiral auxiliary offers the
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prospect of separation, either through the recliggtion of diastereomers with
different solubility properties, or through chromgtaphic separation, provided that
sufficiently different retention factors are obsenlv Despite the recovery of materials
in decent yield and enantiomeric excess, the proeeds limited by the

stoichiometric quantities of often expensive chieaolving agents.
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48 Quinine’!’ 49 (R)-N-Benzylcinchodinium chloridé&*8°50 (S)-Camphor-10-sulphony! chlorid®;

51 (1R 2R)-diaminocyclohexan& 52 Ephedrin&*
Figure 1.33 — Commonly employed chiral resolvingrag

Whilst not strictly considered a racemic couplimgdahiral resolution strategy, an
efficient method of biaryl synthesis was developgdBringmanret al. based on the
chiral cleavage of a bridging lactofre®” Formation of the biaryl is achieved in a
non-stereoselective manner from a preformed argiite ester, such as compound
53, via a standard transition metal catalysed couplgagtion. The bridging lactone
54 permits rapid interconversion of the enantioménscomparison to the ring
opened form, via a lowering of the racemisatiorribar The method of asymmetric
cleavage of the lactone bridge determines theteesuyproduct as a chiral biaryl ester
or amine56, or alcohol55, with reported yields of up to 97% in up to 90% de
(Scheme 1)3 The lactone method of biaryl synthesis has ssfaly been applied
to the total synthesis of natural products inclgdmipholone, korupensamine A and

steganone among othérs.
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Scheme 1.3 — Stereoselective lactone approactatyl lsiynthesis
1.2.2 — Asymmetric Aryl-Aryl Couplings

Asymmetric aryl-aryl couplings can be broadly gredpinto two categories:
diastereoselective and enantioselective. Diastelectsve methods typically involve
the use of a chiral bridge, often sourced from ¢hgal pool, which pre-links the
substituents, through which an intramolecular cimgpis achieved in the desired
fashion. Enantioselective methods utilise chiravieg groups, stoichiometric or
catalytic oxidative dimerisations, and transitioretal based catalytic couplings

employing catalytic quantities of chiral ligands.

The application of chiral auxiliaries in asymmetrsynthesis has been well
documented since their introduction by Corey in8.%7Their application in biaryl

synthesis is advantageous in that on occasion oméy coupling partner requires
chiral modification, presenting a sterically lesmdered coupling process that

utilises less potentially costly chiral material.

The application of chiral bridges for asymmetriargl synthesis was first introduced
by Miyanoet al, who employed chiral diesters in an intramolecWdmann-type

coupling to produce biaryls in respectable yieldgh excellent stereocontrol of up
to 100% de. Cleavage of the diester, via hydro)ysiforded the desired biaryl and
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the subsequent recovery of the chiral bridge, sdmagwnitigating the requirement

for stoichiometric quantities of chiral starting teal (Scheme 1)£°

Se

(S,9-58

(9-60 (9-59
Scheme 1.4 — Application of chiral starting matkmeachiral biaryl synthesis
Superior couplings were reported by Lipshutz udumgctionalised chiral tartrate
tethers with yields up to 78% and 100% &Heme 1)5° Despite the excellent
stereoselectivity of the protocol the recovereddgeare often moderate, with further
synthetic steps required to introduce and remoeectiral bridges using potentially

harsh reaction conditions.
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Scheme 1.5 — Asymmetric coupling employing charaldte tether

Meyers developed an efficient strategy based on rhbeleophilic aromatic
substitution ({Ar) of a methoxy grou®3 with an aryl Grignard coupling partné4
(Scheme 1)8* The ortho-chiral oxazoline facilitated displacement of thethoxy
group through stabilisation of the resulting negattharge, permitting convenient
access to unsymmetrical biargh. Inconveniences of the protocol include the
requirement for post-reaction manipulation of theral oxazoline functionality,
which introduces extra reaction steps, and thetédnfunctional group tolerance of

the Grignard coupling partner. Meyers also develope procedure to produce
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symmetrical biaryl 67 via the intermolecular Ullmann coupling 066.
Diastereoselectivity was found to be dependenthensteric bulk of the oxazoline
substituent, with up to 94% de recorded in 77%dyieking aert-butyl substituent.
The procedure again suffers economically, due éardiguirement for stoichiometric

quantities of chiral oxazoline starting materfatfieme 1)6

(9-63
tBu
Br N
I
T
(9-66

Scheme 1.6 — Chiral biaryl synthesis utilising ahauxiliaries

The increasing exploitation of asymmetric catalyss led to significant advances in
the field since its initial conception. Catalytignsheses offer significant advantages
over the previously described strategies, due émntfid reaction conditions, the
ability to tailor individual coupling partners toemt structural requirements, the
relatively easy access to unsymmetrical biarylsl, tie catalytic quantities of chiral

reagents.

Kumadaet al. reported the first successful nickel catalysedmamgtric coupling
between aryl halidé8 and aryl Grignard reagef®, using the chiral ligand$S)-(R)-
DPPFA71% and §-NAPHOS 729 % The obtained yields proved respectable in
tandem with enantiomeric excesses up to 9%éhéme 1)7 Whilst a limited
number of reported syntheses utilise this methiogl,nature of the catalyst system
has been shown to produce variable results, witlotfonal group tolerance limited

by the use of a Grignard reagént.
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Scheme 1.7 — Asymmetric Kumada coupling reaction

The lack of functional group tolerance associatéti he Kumada coupling has led
to the development of milder catalytic cross-cauplreactions. The considerable
advantages of the Suzuki-Miyaura cross-couplingctrea — including milder
reaction conditions, non-toxic reagents and higicfional group tolerance — has led
to its increased importance and application as #a@deof aryl-aryl bond formin§®
Uemura and co-workers reported the use of planasiciryl halides as an effective
method of chiral biaryl synthesis under Suzuki-Misa conditions® The first
investigations into asymmetric Suzuki-Miyaura swys#s using achiral reagents
were reported by Cammidge and Crépy. lodonaphtbal&mand boronic ester4
were employed as model substrates, with Pdé@hd a number of chiral
binaphthalene and ferrocenyl ligands as the cdtalystem. Variable yields and
enantiomeric excesses were returned, with chigdnlil 76 inducing the most

successful coupling, in 60% yield and 85% ®eheme 1)8° %
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Scheme 1.8 — First asymmetric Suzuki-Miyaura coosgling

Buchwald et al. also reported their investigations into the asymnimeSuzuki-

Miyaura coupling reaction, utilising chiral binapatene ligand30 (Scheme 1)9

The coupling of naphthyl phospha#®’ with boronic acid78 afforded biaryl

phosphater9 in excellent yield (94%) and stereoselectivity ¥@2e€), representing
the most successful asymmetric Suzuki-Miyaura dogpb date’®

G s
Et I
P(OEY), Pd(dba) / 80 P(OEY),
+ Et
Tol / KsPOy / 24 hrs
77 78
7994%, 92% ee
2

SOl

©-80
Scheme 1.9 — Asymmetric Suzuki-Miyaura couplingumhwald

NMe

The significant advances and efforts in biaryl Bgses highlight the importance of
axially chiral materials in fields such as asymimigetatalysis, asymmetric synthesis,

natural products, and liquid crystal chemistry. @&s substantial progress and
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diverse synthetic strategies towards biaryl synshes complete approach,
addressing each of the key requirements, remaunsivel Methods such as the
lactone synthesis have proved successful in the &nthesis of some natural
products; however, it is catalytic procedures whotfler the greatest opportunity for
the mild, efficient, and economic syntheses ofybiatructures. Despite the obvious
advantages of asymmetric catalytic couplings, examptilising other transition

metals (e.g. zinc/Negishi, tin/Stille) have yet realised. The asymmetric Suzuki-
Miyaura coupling has proved effective at introdgcihigh stereoselectivities in

tandem with good yield in selected cases, but #mable nature has limited the
application to date. It remains to be seen whether potential of asymmetric

catalysis will be fully realised in the synthesf<hiral biaryls.
1.3 — Project Outline

The induced chiral nematic phase has attractedtastizd interest due to potential
applications in displays, optical storage, lasdggs and pigments. The process of
inducing chirality, through the solvation of a @limon-racemic dopant into an
achiral nematic host, has its disadvantages. Taewehsufficient pitch lengths
(visible light wavelength) for particular applicatis, high dopant concentrations may
be required, which may affect the clearing poimtical properties (birefringence),
viscosity. In addition, crystallisation from the dtonematic may be observed at
increasing concentrations. These potential probleans be abated through the
careful design of dopants with elevated helicalsting powers, which can
accomplish the required pitch lengths at low cotregions. In this approach, chiral
binaphthalenes have shown considerable promiskein &pplication as high twist

nematic dopants.

Significant research has also been undertaken termdme the mechanism of
chirality induction from biaryl dopants to the hasmatic liquid crystal, either via
practical experimentation or via theoretical stedidowever, whilst a few general
predictions of the dopants’ structural effects aidal twisting power have been
reported (e.g. dihedral angle, mesogenic functisatbn, substituent location), no

detailed observations on the effects of specificfional groups have been noted.

Therefore, the main objective of this research t@adesign and synthesise a range

of high twist nematic dopants based on the axialhyral 1,1’-binaphthalene
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skeleton, and to assess the effects of substitotidmelical twisting power. Strategic
substituent placement and nature was expectedottupe elevated helical twisting
powers through mesogenic functionalisation and easing liquid crystal host
compatibility. The designed synthetic routes tohsderivatives were expected to
produce optically pure materials, and to be acbe&ssiver a minimal number of
steps to enhance the yield and ease of synthesiaddition, assessment of the
individual substituent effects on helical twistipgpwer were to be catalogued, to
provide a detailed analysis.

A secondary sub-project was to be based on a mbabncept approach to the
design of a Type 1 chiroptical molecular switchsdxh on the chiral binaphthalene
skeleton. The project was to involve the developnael synthesis of optically pure
materials, with potential for chiroptical switchingpon irradiation with circularly
polarised light (CPL). Whilst the switching processjuires only racemic materials
in order to generate an enantiomeric excess, thigatlp pure materials were

required for property analysis and concept feasybil
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Chapter 2

Results & Discussion



2.1 — High Twist Nematic Dopants
2.1.1 — The Induction of Chirality

The lure of potential applications has led to digant interest into the induced
chiral nematic phase, with the general focus oéaesh divided into two distinct
objectives. The first concerns a design-based agprto produce high twist nematic
dopants, and an understanding of the complex dépesitinteractions that generate
the chiral nematic phase. The second concerns thelapment of dopants
possessing switchable (bistable) properties foemial control over the properties of
the chiral nematic phage.The latter of the two will be discussed in greatetail
later in the chapter.

It is clear that in order to design dopants capabl@ducing a high degree of twist,

an understanding of the complex interactions betwhe dopant and nematic host
are of vital importance. Whilst it is recognisedtthihe magnitude and sign of the
helical twist is strongly dependent on factors sasttemperature, the nature of the

99-104 3 detailed

nematic host, and the origin of the dopant matsrighirality,
understanding of the mechanism by which chirabtyransferred to the nematic host

remains elusive.

To date, numerous theoretical simulation technitjd&sand proposed models have
attempted to determine the origin of the inducedatity, to enable the prediction of
the sign and magnitude of the helical twisting pofee a given dopant structure.
The work of Nordio and Ferrarini has found somecess in predicting helical
twisting power, based on theoretical mean fieldcuaktions of the interaction
between chiral dopant and nematic liquid crystath$*°® Other simulations based
on a number of complex factors such as dopant-hdstal anisotropic
interactions®” *°and dopant shape and solvent macroscopic progéttie?have

found varying degrees of success.

Gottarelli and Spada attempted to justify the higlical twisting powers observed
in their trans-stilbene oxide derivative systems through a pregasodef! Their

model suggested that chirality is transferred frive chiral guest molecules to the
nematic host via chiral conformations. The nematavent molecules were

described as existing in chiral enantiomorphic oomftions in rapid
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interconversion, which were stabilised upon inteosc with a dopant molecule.
Chirality is then transferred throughout the systdmough each chiral solvent
molecule acting as a template for its nearest teigh and so forth, inducing the
chiral macrostructure. The model was subsequemihied, with a high degree of
success, to chiral binaphthalene derivatives imybi@ematic solvents. It was later
determined, in such systems, that the binaphthal@odold symmetry axis aligns
perpendicular to the nematic director, inducing aanbchiral stabilisation of the
mesogens and deracemisation of the bulk sohFgt(e 2.1).%°

N N N
I Il Il
| 1 NN
b ! o
opant
NS

Figure 2.1 - Mechanism of chiral induction

The transfer of chirality via this mechanism, antdmately the helical twisting
power, is highly dependent on the dihedral argletween the naphthyl plan€é.
113 14 The dihedral angle itself is dictated by the ratand position of ring
substituents, most notably the 2,2’-substituentteri@lly large and unlinked
substituents are known to induce dihedral angle806f<d < 180° and a transoid
conformation. In contrast, covalently linked or hygen bonded substituents result
in dihedral angles of 0° ¥ < 90° and a cisoid conformatiorFigure 2.2.
Theoretical calculations predict maximum helicalistimg powers for dihedral
angles off = 45° or 135°, with a zero value at 90°, whereeffectively racemic
system exist§> “® Chiral induction is known to be more effective foisoid
conformations than for transoid conformations, walge helical twisting powers
observed. These predictions are experimentallyrabdefor bridged binaphthalene
dopants, where dihedral angles close to the optimproduce high helical twisting
powers. In contrast, small, unlinked 2,2’-substitigeare observed to produce low
helical twisting powers, potentially as a resultaotlihedral angle close to the 90°

zero value®
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Figure 2.2 — Binaphthalene conformatiéns

In the case of chiral biphenyls, conformity withetimodel is not consistently
observed, despite their structural analogy to Hitteglene compounds® It has
recently been proposed by Ferramial. that the orientation of the biphenyl guest
molecules in relation to the host nematic direisoshape dependeHf Substituted
biphenyl derivatives with 2,2’ and 6,6-substituemgossess a disc-like molecular
shape, and preferentially align the molecular plaeependicular to the nematic
director. The inclusion of 4,4’-substituents inda@ more rod-like molecular shape,
which displays a tendency to align the long molacualxis parallel to the nematic
director Figure 2.3. This may inevitably induce differences in theamanism of

chiral induction.

oC

11" 23

oc
81 82
Figure 2.3 — Chiral biphenyl derivatives with disiad rod molecular structure

H

11" 23

In the binaphthalene model proposed by Gottarell &pada, it is clear that the
transfer of chirality, via chiral conformations,hghly dependent on the orientation
of the dopant molecules with respect to the nemdirector. It is therefore

predictable that unsubstituted binaphthalenes, emvatives with small 2,2'-
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substituents, will conform to the proposed modetl align with the two-fold
symmetry axis perpendicular to the nematic diredtas also reasonable to assume
that structural modification of the binaphthalemees to a more rod-like molecular
shape, may induce an alternate orientation witlpeeisto the nematic director
(Figure 2.9.

Director

Director

Figure 2.4 Proposed alignment of nematic directoynf a disc-like to rod-like

molecular shape transition

Deviation of molecular orientation from that of tGettarelli-Spada model prevents
the transfer of chirality via chiral conformation&/hilst generalised predictions of
the structural effects on helical twisting powerynze predicted for the current
model (e.g. effects of dihedral angle), an altexrmatechanism of chiral induction
may not adhere to such observations, and may mgtrasmore efficient mechanism
of chirality transfer. This is supported by the emmentally observed helical
twisting power of the 1,1’-bi(2-naphthol) based di3, reported by Diederich and
Spada Eigure 2.5. The helical twisting power of 242.3 ffnis far higher than the
expected additive sum of the two individual bindgatene monomer$? It is
possible that the increased helical twisting pooteserved is a direct result of the
disc to rod-like molecular shape transitions, repreting a more efficient mechanism
of chirality transfer. Deussen and Shibaev als@megd similar increases in helical

twisting power with their 6,6’-vinyl and styryl deatives’®
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83 X = CHy(p-CeH4)CH, pw = 242.3 unt (E7)

Figure 2.5 - Potential effects of molecular elongaton helical twisting power

It was therefore envisaged that alteration of thefththalene shape would induce an
alternative mechanism for chiral induction, withigrdtial for dopants with enhanced
helical twisting powers. To investigate the proposa prototype dopant was
designed with the primary objective of modifyingetinolecular shape from that of a
disc to an elongated ‘dual’ rod-like structure. Tih@ial design was expected to
remain simplistic in its approach, limiting the emxsion of the two naphthalene core
units in both the 2,2’ and 6,6’-positions to lin@dkyl chains84 (Figure 2.9.

OO H3C(CH2)n
H;C(CH,),

Figure 2.6 - Initial prototype dopant design

" (CH,),CHy
(CH,),CH,

2.1.2 — Prototype Dopant Synthesis & Analysis

Our initial synthetic concern was the formatiortlod binaphthalene skeleton. It was
deemed possible to synthesise the desired bindphthacore structure via an
asymmetric cross-coupling reaction, or via a raceanoss-coupling reaction and
subsequent optical resolution. Despite abundargrexqce of such syntheses within
the Cammidge group; °” ***'%jt was decided that the requirement for optically
pure materials was essential, and that any potgrtalems associated with optical
resolution be avoided through the use of an opyiqaire starting material. Optically
pure 1,1’-bi(2-naphthol) has been widely utilisesdaa axially chiral starting material
in the synthesis of asymmetric ligands, with vasioiansformations prevalent in the
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literature. The relatively low cost and presencethaf easily manipulated, ideally
placed 2,2’-hydroxyl functionalities made it an aflecandidate for our dopant

syntheses.

Construction of the dopant was expected to be blessiia the retrosynthetic
disconnections shown iBcheme 2.1lin the event of success with the prototype
dopant, successful synthesis of dibrom@iewould provide access to a wide range
of structurally similar dopants. In the forward senprotection of the 2,2’-hydroxyl
functionalities under Williamson ether synthesisndiions would produceB7,
which upon regioselective bromination would gB@ A relatively straightforward
Kumada or Suzuki-Miyaura cross-coupling was expktbeafford target compound
85. The introduction of 5 and 6 membered chains vesygected to be sufficient to

induce a change in molecular shape.

" OCSH 11

OCH,,  Williamson ether
synthesis

Cross-coupling
reaction

Williamson ether
synthesis

Scheme 2.1 - Retrosynthetic analysis of the prototippanB5

It was also possible to produce dibrom#ge via initial bromination of 1,1’-bi(2-
naphthol)89 to afford 88, which would allow for protection of the 2,2’-hydeyl
functionalities with groups of varying nature. D#spihe attractiveness of large scale
synthesis of 88 providing access to a wide range of protected odilide
intermediates, initial protection of the 2,2’-hygyb groups was favoured. This was
primarily undertaken to guard against potentiaklo$ optical purity in subsequent
reaction step&> '?*It was also noted that monitoring of the reacpoogress during
the bromination 089 was limited, resulting in premature terminatiortloé reaction

and problems with the resulting product puffty.
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Protection of the 2,2-hydroxyl groups was achiewesing the non-racemising
conditions of Kellogf® %" to afford 87 in 73% isolated yield. Regioselective
bromination of the 6,6’-positions was reportedlyiagable at ambient temperatures
using elemental broming> However, complete regiocontrol was not observed at
such temperatures, with competing thermodynamicmbration of the 3,3-
positions. A reduction in temperature to -10°C wgafficient to achieve complete

regiocontrol and afford dibromidgs in 92% yield Gcheme 2)2

',/,/OCSHll

OCgHy,

OCgHy,

OCgHy,

89 87
a) n-H1,CsBr / K,COs / Acetone (73%); b) Bif DCM / -10°C / streaming N(92%)

Scheme 2.2 - Synthesis of dibromide interme&é@te

The final step to form prototype dopa8t from dibromide86 was expected to be
readily achievable via a transition metal crossptiog reaction. A Kumada
coupling was expected to provide a more simplistethod of synthesis; however, it
was decided to attempt the synthesis via Suzukihfig coupling due to the
enhanced scope for future dopant design. The syistted the prototype dopant
would offer the opportunity to examine the reactioonditions on a sterically

undemanding substrat8¢heme 2)3

OCgH,,

OCgH,,

a) n-H13CsB(OH), / PdL, / Base
Scheme 2.3 - Synthesis of prototype dop&ninder Suzuki-Miyaura conditions

The required 1-hexylboronic acifll was available from a commercial source,
however the high cost led us to synthesise it inskofrom cheaply available 1-

bromohexane90. Quenching of the Grignard reagent, formed fr@&® with
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trimethylborate and subsequent hydrolysis afforttexdcrude boronic acidls€heme
2.4).

+

b Na

/\/\/\B/OH /\/\/\Bf’OH

P NN —_— B

Br | HO OH
90 91 OH 92

a) i) Mg / EO / reflux; ii) B(OCH)s / ELO / -78°C; i) 1M HCI / rt;
b) Toluene /A / sat. NaOH

Scheme 2.4 - Synthesis of 1-hexylboronic atidnd boronate sal®2

Purification of the boronic acid proved difficulud to its waxy nature. It was
decided to purify the boronic acid by conversiontb@ boronate salf2, and

incorporate the boronate salt directly into the @irMiyaura coupling reaction, in
accordance with the protocol recently developedoby group Scheme 2)5%

Standard Suzuki-Miyaura conditions afforded prgpetgopan85in 71% vyield.

a) N-H1sCeB(OH):Na" / PACh(dppf) / Toluene / reflux (71%)

Scheme 2.5 — Synthesis of do@hemploying the boronate salt protocol

With the availability of dopan85 our attention turned to the analysis of the dopant
properties; most prominently the method by whichchétwisting power would be
determined. Nematic liquid crystal mixture E7 wadested as the host solvent,
based on the general observation that biaryl depesteal the highest twisting
powers in biaryl nematic solveritsWhilst it was expected that the solubility &5
would be adequate in E7, a simple contact expetimes first conducted to
ascertain any solubility or phase separation probleThe suitability of E7 as the
nematic host was confirmed, with no visible evided phase separatiofkigure

2.7).
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Figure 2.7 - Contact experiment of dop&atin nematic host E7
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A number of spectroscopic and non-spectroscopitnigoes have been devised to
determine the helical twisting powefy\( of a given chiral material. The studies
involve the initial determination of the helicaltgh length p) at a known
concentrationd), from which the helical twisting power can beccsted as:

Bv = (p.c)~!

The earliest spectroscopic techniques were develdpe Fergasoi?® using the
helical model of chiral nematic liquid crystals posed by Oseéff and de Vried®
It was determined that the pitch length) (could be experimentally found by
measurement of the wavelength of reflected ligh)t (vheren is the mean refractive

index:
Ao = N.p

It was later discovered by Baessler that the wangle of transmitted light could
also be used to determine the pitch lerfdttOther spectroscopic techniques were

¥® 28 29and induced circular

also devised, including optical rotator dispersi@iRD
dichroism (ICD)*? *3To ascertain the pitch length via spectroscopithot the
helical axis of the liquid crystal first requireBgament parallel to the propagated

light beam, as well as precise control of the terajpee.

Non-spectroscopic techniques generally involve yahgl the liquid crystal phase
under a polarising microscope and directly meagutire pitch length. The most
commonly utilised method is the Granjean-Cano nubtlvchereby a thin layer of
chiral nematic liquid crystal is orientated withethhelical axis parallel to the
propagating light beam in a cell of variable thieks** '* Dark lines known as
Grandjean-Cano steps are observed under a potarnscroscope, with the distance

between two lines being equal to half the pitclgtarFigure 2.9.
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Figure 2.8 - Grandjean-Cano technique for helicaisting power determinatidf

The simplest approach to helical twisting power soeement is the droplet
method"® In this method, an emulsion of doped nematic tqeriystal is suspended
in a transparent and viscous medium such as glycéhe individually formed
droplets exhibit radial disclination lines, withetllistance between two lines again
equal to half the pitch lengthiFigure 2.9. The advantage of this method stems
mainly from its simplicity, as no liquid crystalighment techniques are necessary
and only small quantities of material are requirEdese factors led us to select the

droplet method for our helical twisting power maasoents.

Figure 2.9 - Droplet method of helical twisting pawletermination
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To ensure the accuracy of our measurements, itfinssdecided to calibrate our
method through the determination of the helicakting powers of some literature
compounds, and their comparison to the literatalaes. Binaphthalene derivatives
89'% and 94'° were selected due to their availability and straitanalogy to our

compounds Kigure 2.1Q. To further enhance accuracy, measurements \a&en t

over a minimum of ten separate readings and atdifferent dopant concentrations
(e.g 0.5% & 1%). Comparison of the experimenta#tyedmined values with those in
the literature provided us with the confidence émttue using the droplet method

as our technique for helical twisting power measaet.

Derived Pw = 31pnt (K15) Derived fw = 11 um' (E7)
Literature Bv = 32 unt (K15) Literature Sw = 10.81 urit (LC 1277)

Figure 2.10 — Calibration of droplet method by camgon to literature values

The helical twisting power of dopa86 was found to be 84 pifrand superior to the
majority of conformationally flexible binaphthalempants in the literature. The
success of the prototype dopant provided a platfiema continued study into the
effects of structural elongation of the binaphthaleskeleton. In addition, it was

decided to catalogue the effects of the substitnature on helical twisting power.
2.1.3 — Design, Synthesis & Analysis of the Firse8es of Dopants

The performance of chiral nematic dopants has lveported to be dramatically
improved through the incorporation of rigid aromatubstitutents’>° This is most
evident for the inclusion of bulky aromatic or ndplene substituents onto 4,5'-
diaryl-1,3-dioxolane and TADDOL derivatives. Whilstis generally observed that
centrally chiral materials possess lower helicailstiwg powers than their axially
chiral counterparts, the inclusion of bulky aroroagroups has generated dopants
based on the TADDOL or dioxolane structure withhiygelevated helical twisting
powers of up to 534 uir 32 *¥"The influence of the aromatic groups is believed t
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induce chirality via a similar mechanism (chirahtmmations) to the axially chiral
binaphthalenes, although this has not been detedr@rperimentallyRigure 2.11.
The aromaticn-stacking interactions between dopant and host nenaae also

considered vital to improve dopant host interaction

N N
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O O g
>
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offset stacked
n—n interaction

x"j:\)(
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X X edge-to-face

Figure 2.11 — Proposed transfer of chirality fob4diaryl-2,3-dioxolane derivatives

One proven approach to enhancing helical twistingwgy is through
functionalisation with groups analogous to liquidystal mesogens (mesogenic
functionalisation)-*® It is predicted that the increases in helical tinigs power are a
result of increased dopant solubility and enhardegiant-host interactions. This is
evident in the example oR)-2-octanol95, with a helical twisting power value of 0.8
um® in nematic liquid crystal host MBBA97 (4-methoxybenzylidene-4'-
butylaniline). The lack of structural analogy withe nematic host induces an
extremely low helical twisting power value. Funci@isation with a group of
similar structure to the host nematic improves thelical twisting power
considerably to 19.4 ptnfor 96 (Scheme 2)6 To date mesogenic functionalisation
has proved limited in its effects on materials pgsgig an asymmetric chiral carbon
centre, with few examples producing exceptionalighhhelical twisting powers.
Mesogenic functionalisation of axially chiral mat¢s has proved far more

successfut® 140
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Scheme 2.6 - Mesogenic functionalisation of a ¢hiogpant

With these features in consideration, it was detittebase the first series dopant
designs on three factors, in an attempt to imprbebcal twisting power. The
primary interest was the extension of the binagbtfeamolecular core in the 2,2’-
and 6,6’-positions, which proved effective for theototype dopant. The second
design strategy was to attempt to increase dopastt-imteractions through the
introduction of aromatic substituents, enhanciagtacking interactions. Finally, a
degree of mesogenic functionalisation was to alsoirizorporated, to improve
dopant solubility and to further improve dopanttimgeractions. Although it was
considered important to improve the dopant stratti@atures, it was also noted that
a compromise was required between enhancing thentdgpructure and maintaining
a relatively low molecular weight. This would prevgossible phase separation and

minimise the effects of the foreign materials oa tiematic host propertiég: 142

The designs for the first series of dopants arevahio Figure 2.12 It was decided
to maintain the simple linear alkyl chains in th@'ositions from the prototype,
and to introduce aromatic functionalities into #&’-positions. The inclusion of
linearly, parasubstituted phenyl rings was expected to suffityemduce the
desired effects, whilst maintaining a reasonableleouwdar mass. Mesogenic
functionalisation was limited to the introductiori the linear para-alkyl/alkoxy

chains, to induce structural similarities with thiphenyl host.
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98  R=GHy R' = OGHys 102 R=(CH), R’ = OCHis
99 R = C:SHll R = C7H15

100 R =GHs R' = OCHys

101 R = C:2H5 R = C7H15

Figure 2.12 - First series dopant designs

In addition to the development of dopants with hingdlical twisting powers, it was
decided to investigate the effects of subtle stlestt changes on dopant
performance. This involved the nature of both ti#B-&ubstituents angara-phenyl
substituents. It has been previously mentioned shwatll, unlinked 2,2’-substituents
generally possess low helical twisting powers duelihedral angles close to 90°.
Dopants98 and 99 were designed to maintain the six-member chamdusive of
the oxygen atom) from the prototype dopant, widispants100 and 101 included
shortened three-member chains. It is also knownhdbalent bridging of the 2,2’-
positions produces superior helical twisting powiercomparison to the unlinked
derivatives. As the prototype dop&@% possessed a similar helical twisting power to
the bridged derivatives in the literature, we weager to ascertain whether structural
elongation would increase helical twisting powertloé bridged derivatives on the
same order of magnitude. To maintain a simpligtigraach the investigation of the
6,6’-substituents was limited to that pdra-hexyloxyphenyl angbara-heptylphenyl

groups.

Each of the syntheses was expected to be achiene@®uzuki-Miyaura cross-
coupling with the appropriate 6,6’-dibromide inteygmate. Synthesis of dibromide
103 was achieved in the same fashion as the previauglged dibromide86, in
77% over the two-stepS¢heme 2)7

53



a) HC,l / K,COs / Acetone (87%); b) B DCM / -10°C / streaming N88%)

Scheme 2.7 - Synthesis of dibromide intermediase

It was also expected that the bridged dibromidermediate would be readily
accessible via the same synthetic route. Bridgihthe 2,2’-hydroxyl groups was
achieved using the non-racemising conditions, eympdpa bis-tolylsuphonate ester
in preference to a 1,2-dihaloalkane due to theerfattvolatility and toxicity.

Bromination of the bridged compound was also attechpunder the previously
described conditions; however the reaction faitegield any bromination products
(Scheme 2)8 CompoundL04 was subjected to various bromination conditiontwi

no detection of the desired produtable 2.).

Br
OO “yy a ‘ ‘ K O l ! o 0
] ] I I Br I I

89 104 105
a) TSOCHCH,OTs / K,CO; / Acetone (42%)

Scheme 2.8 - Synthesis of bridged dibrorio

Entry Reagent Solvent Temperature Product
i Br, DCM -10°C No reaction
ii Br, DCM rt No reaction
ili Br, AcOH rt No reaction

Table 2.1 - Bromination conditions applied to susist 104

Though this was initially unexpected, it can beoralised through orbital distortion
of the bridging ether groups. The prevention ottt donation into the aromatic
ring system through orbital distortion would limhe ability of the ether oxygen

atoms to stabilise the substitution intermediaMsijer and co-workers revealed
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similar observations during their studies of the6’-@jtration of bridged
binaphthalene derivatives. Their studies reveaksttahsing reactivity towards ring
nitration with a decrease in bridging chain len(jtttreased distortionf> Analysis
of the UV/vis spectra for compoun8g and104 (Figure 2.13 confirmed a shift in
the long wavelength absorption band from 338 nn3286 nm for94 and 104
respectively. This indicated decreased conjugafitwrthe bridged compouniiO4,

consistent with the observations of Meijer.

1 -

Absorbance

250 270 290 310 330 350 370 390

Wavelength (nm)

Figure 2.13 — UV/Vis Spectra of compousdsand 104

Due to the effects of increasing the dihedral angte helical twisting power,
increasing the length of the bridging chain was cartsidered feasible. Therefore
dibromide 105 was produced via the initial bromination of 1,1(Zsnaphthol)89,
according to the procedure of CraffiBridging of 106 with the bis-tolylsulphonyl
ester afforded dibromid&05in 57% overall yield $cheme 2)9

a) B/ DCM / -78°C (95%); b) TsOCKH,OTs / K,COs; / Acetone (60%)

Scheme 2.9 - Alternate synthesis of dibroriofe
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With the availability of the required dibromide éninediates, our attention turned to
the synthesis of the organoboron coupling partf@rsapplication in the Suzuki-

Miyaura cross-coupling. The required boronic acdsshown irFigure 2.14

OH OH
H13C60—<: :}—B\ H15C374< >—B\
OH

OH
107 108

Figure 2.14 - Organoboron coupling partners

The synthesis 0ofl07 produced few difficulties via alkylation of comneally
available 4-bromophendl09 followed by conversion to the boronic acid via th
Grignard reagent df10, to afford the product in 76% crude yielBcheme 2.0

a b OH
HOOBr — Hlscﬁo@sr — ngceo@B\
OH
109 110 . 107
?H Na+ /

H,,CeO B—OH

OH
111

a) n-H13CsBr / K,CO3 / Acetone (99%); b) i) Mg / ED / reflux; ii) B(OCH)s / THF / -78°C;
iii) 1M HCI, rt; ¢) Toluene /A / sat. NaOH

Scheme 2.10 - Synthesis of 4-hexyloxybenzene b@wdil07

The synthesis of boronic ackD8 was expected to provide more of a challenge. A
search of the literature revealed a procedure lay'®rfor the synthesis of bromide
114, involving a regioselective Friedel-Crafts acydati of 112 followed by a
modified Wolff-Kishner reduction of ketonkl3 The acylation reaction proceeded
cleanly and smoothly with complete regioselectivitya yield of 87%. The Wolff-
Kishner reduction produced bromidd4 in respectable yield; however, the time
consuming procedure, coupled with the harsh reactienditions and hazardous

reagents, led us to investigate an alternate mafgmeparation$cheme 2.71
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Ore 2= O 2 O
112 /
i) n-H13C¢COCI / AICI; / 0°C (87%); b) HN,.H,O / KOH / DEG (73%); c) i) Mg / THF / reflux;
ii) B(OCHz3)3 / THF /-78°C; iii) IM HCI / rt

Scheme 2.11 — Synthesis of boronic 4€i8via modified Wolff-Kisnher reduction

A further review of the literature uncovered a mmare by YUu“*° involving a
Kumada coupling of an alkylmagnesium bromide sewigh 1,4-dibromobenzene.
Bromide 114 was produced in 59% vyield, encountering only mipablems due to
the presence of excess 1,4-dibromobenzéhB in the crude mixture, which
prevented simple purification. Conversion to bocoacid 108 afforded the crude
product in 72% yield§cheme 2.1)2

a b OH
BrOBr T H15C74©78r - H15C74®78\
OoH

115 114 c 108
QHNJ
H15C74©7

?—OH
OH

a) n-HysC;MgBr / ELO / PACl(dppf) (59%); b) i) Mg / BEO / reflux; ii) B(OCH)s / ELO / -78°C;
iii) M HCI / rt (72%); c) Toluene A / sat. NaOH

Scheme 2.12 - Synthesis of boronic d€l8via Kumada coupling

Again the waxy nature of the boronic acids preveéntemplete purification by
standard techniques. It was decided, due to theesacof the previous dopant
synthesis and our confidence in the protocol, tia boronic acids would be
converted to their boronate salts and employecctyteThe purified boronate salts
were subsequently utilised in the Suzuki-Miyauraplmg reaction with each of the
dibromide intermediates(Scheme 2.3 The vyields of the dopants proved
respectable; however, the presence of minor quesiitf unreacted dibromide and
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mono-substituted product resulted

separation timesT@ble 2.2.

in difficult andngthy chromatographic

98 R = C:SHll R = OC6H13
99 R= C5H11 R = C7H15
100 R= CzH5 R = OC%H13
101 R= CzH5 R = C7H15
102 R= 'C"ECHZ' R = OC%H13
a) PdC)(dppf) / Toluene / Boronate salt
Scheme 2.13 — Dopant syntheses via Suzuki-Miyaugling
Entry Dibromide Boronate Salt Time (hrs) Yigld

i 86 111 48 70% 08)

i 86 116 72 71% 09)

iii 103 111 72 82% (00

iv 103 116 72 76% (L01)

v 105 111 72 69% (L02) + 11% (L17)

a) Isolated yields of column chromatographed maiteri

Table 2.2 — Dopant syntheses via boronate salti&iyaura reaction protocol

The helical twisting power for each dopant was mess using the droplet method.
As the effects of substituent on helical twistirgyyer was also a high priority, it was
decided to measure the twisting power of the paf@naphthalenes and the
brominated compounds. The measureable quantity aforsubstituted bridged
compound117 recovered from the purification of02 was also examined, to

determine its performancé&dgble 2.3.
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86 X =GCHqq Y =Br

98 X =CsHyy Y = p-H15C/(CeHy)
99 X =CsHyy Y = p-H13CsO(CeHa)
100 X =CHs Y = p-H15C7(CeHy)
101 X =GCHs Y = p-H13CsO(CeHy)
103 X =GCHs Y =Br

102 X =-CH,CHy- Y =p-H3CsO(CeHa)
Y = p-H13CsO(CeHa)

105 X=-CH,CH» Y=Br Y =Br

117 X =-CH,CHy- Y =p-H13sCsO(CeH,)
Y'=H

Entry  Parent Compound fy (um?)? Dopant Ay (um)?

I 87 26 86 45
ii 98 239
iii 99 145
iv 94 11 103 22
v 100 120
vi 101 69

Vi 104 80 105 86
viii 102 96
iX 117 95

a) Helical twisting powers recorded as an average d0 seperate measurements and
at two concentrations in nematic liquid crystalties ©3)

Table 2.3 — Dopant and parent compound helicalttagspowers

In addition to the high magnitude of helical twigfipowers observed over the series
of dopants, a number of noteworthy factors were adwvealed. Dopant38, 99 and
100 (entries ii, iii & V), in particular, display significant helical twiisty power
values exceeding most literature examples for Itieglene based compounds.
These observations are all the more remarkable tuetheir nature as
conformationally flexible dopants, which rarely @xh values superior to the
bridged derivatives. At the time of synthesis, da@8 (entry ii) displayed one of
the highest known helical twisting powers for amafix chiral dopant of any class.
This has recently been surpassed by the work ofih\kath impressive values of up
to 757 pm reported for derivativé18(Figure 2.15.*%
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"o~ (CHz)lzoW G
O
) (CH2)1204®—C>7C5H11

11€ By = 757 unt

Figure 2.15 — Conformationally flexible dopant witlighest reported helical

twisting power

A more subtle trend over the entire series of dtgpavas the effect of the 2,2'-
substituents. Previous observations have deternir@dmall, unlinked substituents
produce dopants with poor twisting ability. Our idatives revealed an interesting
property relating to chain length: Although it mbg expected that an increase in
2,2’-position chain length may induce higher hdligasting powers based solely on
the substituent size, it was revealed that the ihadg of twisting power was
directly related to the length of the chain. In leaaf the parent compounds,
dibromides and dopants, a doubling of chain lengds accompanied by an
approximate doubling of helical twisting power.Was assumed that this effect
would be finite for increasing chain lengths. Werdfore decided to synthesise
binaphthalene compouril9 and determine the effects on twisting powe€ig(re
2.16). A slight decrease in twisting power was obsergadncreasing chain length

further, suggesting a potential optimum chain langt

OCgHy, Potential Optimum

OCH,, Chain Length

94 Sy = 26 umt (E7) 1198y = 22 um' (E7)

Figure 2.16 - Effect of 2,2’-position chain length helical twisting power

Also of note was the large disparity in helical sting power observed between
dopants possessing thgara-hexyloxyphenyl éntries iii & vi) and the para
heptylphenyl éntries ii & \) 6,6’-substituents. The origin of the differensenot
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entirely clear, especially with regards to the magte. One possible explanation is
that increased electron density, due to the presehthe chain oxygen atom, may
disrupt the favoured liquid crystal alignment, asviously observed in certain liquid
crystal system&'® 149

Less impressive in terms of helical twisting powathough more intriguing, was
the application of our structural extension desigatures to that of the bridged
derivatives. Each of the conformationally flexildepants revealed a minimum two-
fold increase over the parent compound upon exdandt was expected that a
similar improvement would be associated with thelded derivatives upon their
structural elongation, producing helical twistingwer values circa 160 i The
assumption proved unfounded, with the helical twgstpower of the bridged
derivative102 similar to that of parent compoud@4 (entry viii). The results of the
mono-substituted derivativél7 (entry iX) indicated that the presence of a singly
extended naphthyl plane induced similar effectghi® di-substituted derivatives.

This assumption will be discussed in greater dé&ger in the chapter.

Whilst the results from the bridged compound resuitially proved unexpected, it
provided us with potential evidence for the thesdlis alternate mechanism of
chirality transfer. In the Gottarelli-Spada mod&k helical twisting power is closely
related to the dihedral angle between naphthylgdaas previously stated, it has
been calculated that the optimum angles for maxirhehtal twisting power are 45°
and 135°. As the alignment of the nematic mesogearsllel to the two-fold
symmetry axis prevents the transfer of chirality ghiral conformations, twisting of
the director is thought to be possible throughdatimeteraction of the two naphthyl
‘arms’, resulting in a twisted macrostructure. lmcls an orientation, an inverse
relationship to that of the Gottarelli-Spada mduoetiveen the helical twisting power
and dihedral angle would be expectétg(re 2.19. Small dihedral angles, such as
those observed for the bridged derivatives wouttliae a smaller twist angle to the
nematic director, resulting in longer pitch lengthikis is seen as a plausible origin
to the superior performance of the conformationdlgxible dopants over the

bridged derivatives.
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Higher HTP

(<

Lower HTP

Lower HTP
0 ( >_5<

Higher HTP

Director (n)

Relationship between helical twisting power (HTRY @ihedral angle for the proposed mechanism of
chiral induction (a) and the Gottarelli-Spada metisa (b)

Figure 2.17 — Mechanism of chiral induction and tie¢éationship to the dihedral

angle

Whilst a detailed insight into the substituent effewas gained through the first
series of dopants, a second series was plannedufthher examination. The
negligible effects of structural elongation of theidged derivatives led us to
abandon their further development, concentratingtesd on the successful
implementation of our structural modification toetlconformationally flexible
derivatives. We were interested in determining timportance of the extended

aromatic core, and the effects of non-linear ararsaibstitution.
2.1.4 — Design, Synthesis & Analysis of the Seco8dries of Dopants

The designs of the second series dopants are showigure 2.18 The 2,2'-

substituents would again be maintained as for tbeipus dopants, with both chain
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lengths examined. To induce rigid, linear extengb@ non-aromatic nature it was
decided to introduce long chain alkynyl derivatiieso the 6,6’-positions. This
would maintain a degree af-stacking interactions, whilst limiting the extexde
aromatic core. As for the previous linearly extahd@omatic dopants, non-linear

extension was to utilise the alkyl/alkoxy chairthe 3-position of the phenyl ring.

Figure 2.18 - Second series dopant designs

Again the synthesis was expected to be possibhe fhe dibromide intermediat&6
and 103 used in the previous syntheses. Formation of tkyng derivatives were
attempted via palladium catalysed Sonogashira @ospling, with commercially
available 1-hexyne, under standard literature dandi Gcheme 2.34°°

103 R =GHs ' 120 R=GHs 122 R=GHs
86 R= CSHll 121 R= C5H11 123 R= CSHll

Scheme 2.14 — Dopant synthesis via Sonogashirdingupaction

Initial attempts Table 2.4 proved ineffective, with only mono-substitutedgucts

122 and 123 recovered in poor yieldeftries i & ii). Increasing the number of
equivalents of 1-hexyne and reaction tineat(y iii) increased the yield of mono-
substituted122 however, productl20 was not observed. Modification of the
conditions was attempted, through the replaceméniHF as the solvent with

triethylamine as co-base and solvEfitThis resulted in the recovery of target
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compoundd20and12], albeit in poor yieldéntries iv & V. Further increases in the
number of 1-hexyne equivalents were accompaniell imitreased yield of target
compound; however, the mono-substituted derivato@sinued to be obtained as
the majority product. The increased yields withr@asing numbers of 1-hexyne
equivalents suggested problems maintaining thetilola@agent in solution. Sealed
tube reactionseftries vii & viii) further increased product yields, but the target

compounds remained as minority products, even thghtigh reagent equivalents.

EntryY Halide Solvent Base eq.1-hexyne Time (hrs) Prdduc
i 103 THF EtN 4 48 12% 122
ii 86 THF EtN 4 48 9% 123
iii 103 THF EEN 10 72 27%122
iv 86 EtN EtN 10 48 48%7123, 9% (21
v 103 EtN EtN 12 48 49%122), 20% @20
Vi 86 Et;N EtN 12 48 53%123), 16% (121)
vii € 103 Et;N EtN 15 72 48%122), 32% (20
viii ¢ 86 Et;N EtN 15 72 42%123), 39% (121

a) PAC)(PPh) catalyst system employed for each entry; b) tedlgields of column chromatographed material;
c) Sealed tube reactions.

Table 2.4 — Sonogashira coupling results

A search of the literature revealed a procedur®by* in which alkynylborate salts
were employed successfully in the Sonogashira aospling reaction. If the nature
of the problem was maintaining the volatile alkyneolution then the use of a solid

reagent was expected to produce increased yieldsgdt compound.

Preparation of the alkynylborate salt was achiev@dg the conditions of Choricf
involving lithiation of 124 to form intermediatel25 which upon quenching with
triisopropylborate gave borate saR6in good yield Scheme 2.)5The borate salt

was reported to be stable at refrigerated temp@sifor up to one month.

124 125 )\

a) n-BuLi / THF; b) (PrOB / THF (66%)

Scheme 2.15 - Synthesis of lithium 1-hexynyl(piispoxy)borate salt
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Subsequent Sonogashira coupling of borate Is#twith dibromides86 and 103
using the conditions of Oh’ afforded the desired 6,6'-dialkynyl compount20
andl121 cleanly and smoothly in 69% and 82% vyields respelgt (Scheme 2.16

120 R =GHs (69%)
121 R = GHy; (82%)

a) Pd(PP¥), / Cul / DMF

Scheme 2.16 - Sonogashira coupling employing baatd 26

Our attention then turned to the synthesis of thelmear dopants. Synthesis of the
organoboron coupling partner was first requiredvdis decided to avoid the more
problematic synthesis of the alkylphenyl derivatigespite its superior performance
to the alkoxyphenyl derivative. Thet+hexyloxybenzeneboronic acid28 was

produced from 3-bromophenol via bromiti27 (Scheme 2.17

HO H,sC,0 H13C60
O O = O
Br —> Br —_— B\
OH
127 128

a) n-H13CsBr / K,CO3 / Acetone; b) i) Mg / BD / reflux; ii) B(OCH)s / ELO / -78°C;
iil) 1M HCI / rt (69%)

Scheme 2.17 - Synthesis of boronic 4&8
Boronic acid128 proved more crystalline than the previous deriest)j allowing
purification to an acceptable standard. The boratd was therefore directly

employed into the Suzuki-Miyaura coupling with aibrides86 and 103 to afford
the target dopants29and130in 77% and 68% yield respectivelgagheme 2.18
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103 R=GHs 129 R=GHs (77%)
86 R =GHp, 130 R = GHy; (68%)

a) m-H13CsO(C;He)B(OH), / PACh(dppf) / CsF / Toluene
Scheme 2.18 — Suzuki-Miyaura synthesis of nontlish@gants129 & 130

The helical twisting powers of the second seriedagants are shown ifable 2.5
Despite the unremarkable performance of the doparntsrms of the magnitude of
helical twisting power, vital structural informatiowas acquired. As with the
previous series, the trend of increasing 2,2’-pms# chain length is maintained in
the second series of dopants, proving the non-m@ntal nature of this effect. It
was also observed that the introduction of non-atariinear substituents into the
6,6’-positions produces only limited increases @hdal twisting power. Doparit21
(entry i) was shown to produce a similar twisting powerueako that of the
prototype dopant85, revealing the significance of aromatic extensioin the

binaphthalene core unit, as shown for dop86t401

120 X= CzHS Y= H9C4CEC'
121 X =CHy Y = HyC,C=C-
129 X = QH5 Y = mH13CGO(C6H4)
130 X = (%Hll Y = mH13CGO(C6H4)

Entry  Parent Compound fy (um?)? Dopant Su (um’)?

i 87 11 120 40
ii 94 26 121 76
iii 87 11 129 13
iv 94 26 130 25

a) Helical twisting power values recorded as amaeover 10 runs and at
two different concentrations in nematic liquid dglshost E7

Table 2.5 - Second series dopant helical twistioggrs
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The results from dopant29 and130 (entries iii & iv) provide further evidence for
the proposed, alternate mechanism of chiral indactiEach of the non-linear
dopants displayed poor helical twisting powers, parable to that of the parent
binaphthalene87 and 94. It was initially deduced that the non-linear dithents
failed to effect the liquid crystal environmentany capacity; this was later deemed

to be inaccurate.

It was reasoned that free rotation about the ngpdptenyl C(6)-C(1) bond would
allow the alkoxy chains to orientate perpendicutathe two-fold symmetry axis,
and away from the molecular core. This was latenfiomed by X-ray

crystallography, as shown ifrigure 2.19 In such an orientation, the 6,6'-
substitutents are expected to increase the tendendiie nematic director to align
parallel with the naphthyl-naphthyl C(1)-C(1') bgnds per the Gottarelli-Spada
model of chiral induction. This orientation is liketo result in inefficient chiral

induction for the conformationally flexible dopants

O
=1
@
>

Figure 2.19 — Non-linear dopant structural orientat and proposed liquid crystal

alignment
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2.1.5 - Summary

A range of high twist chiral nematic dopants, basedthe chiral binaphthalene
skeleton, have been synthesised and their heluagting powers recorded. The
linearly extended dopan&8, 100 and101 all displayed helical twisting powers far
in excess of the majority of conformationally flbkd binaphthalene dopants in the

literature

In addition to the successful design and synthefstte dopant range, a number of
structural effects on the helical twisting powernrgveatalogued. This provided an in
depth analysis of certain structural features imdtice high helical twisting powers.
Most notably, these features included the subflecef of increasing 2,2’-position
chain length, in which a doubling of chain lengisulted in an approximate
doubling of helical twisting power. This effect wiaind to be finite with a possible
optimum chain length. The importance of aromatitergion was also noted, which
improved dopant-host interactions and dopant shitylzind led to enhanced chiral

induction.

Most significantly, evidence for an alternate metka of chiral induction was
proposed, differing from that of the Gottarelli-8pamodel. Linear extension of the
binaphthalene core, resulting in a disc-like to-likd molecular shape transition,
was predicted to cause alignment of the nematexctbr with the long binaphthalene
axis. Due to the prevention of chiral induction \ghiral conformations, it was
proposed that direct twisting of the director washiaved by the individual
binaphthalene ‘arms’. The proposed model accouritedthe apparent inverse
relationship between dihedral angle and helicalstimg power seen for the
Gottarelli-Spada model. The development of the Ihwearly extended dopants
provided further evidence for our proposed modsl tlze poor helical twisting

powers were indicative of chiral induction via Bettarelli-Spada model.

It is clear that further evidence is required tanfaon or disprove the alternate
mechanism of chiral induction, with a spectroscogmalysis of the liquid crystal
alignment being a possibility. This research has/iged a basis for such work and
for further insight into the structural effects loelical twisting power.
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2.2 — Type 3 Bistable Dopants

The development of ‘molecular machinery’ and nadotelogy has received
particular attention in recent tim&s.The molecular switch forms an essential
element of such technologies, resulting in the bgraent of a number of systems
that display switching at the molecular level. They concept is the ability of a
molecule to exist in two or more stable statest#bisity). Access to the individual
states is achieved through the application of eslestimuli such as heat, pressure,
pH, light, and magnetic and electric fiefds'>***>*One main avenue of research into
chiral nematic dopants is the development of bistdbpants capable of switching at
the molecular level. Incorporation of bistabilityté chiral dopants presents the
possibility of controlling the supramolecular chsetry of such liquid crystal

systems, with the potential for display and optio@mory application.

Switchable dopants can be classified into thregndisgroups’™ ®* Type 1 dopants
display switching based on an enantiomeric relatign between molecular states.
Irradiation with unpolarised light results in radsation of the dopant, from which
an enantiomeric excess can be regenerated by apmtiof circularly polarised light
(CPL). Type 2 switches are based on the similarcepn of switching between
diastereomers (pseudo-enatiomeric switching), wieee chiral properties of the
switch are inversed. Selective inter-conversiorwbken the diastereomeric states is
achieved by the application of unpolarised lighgpd@ 3 switches comprise distinct
chiral and switchable molecular fragments; whitst thiral unit of the molecule is
unaffected by switching, changes in the molecutanfarmation affect the chiral
structure and therefore the chiral properties efrtiolecule as a whol&igure 2.20.
The remainder of this sub-chapter will be concerndth Type 3 molecular

switches.
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CPL
Type 1 (Enantiomeric switching) P - Helicity M - Helicity

M
Type 2 (Diastereomeric switching) P’ - Helicity —____ M’- Helicity

Ao
M
Type 3 (Chiral Auxiliary) X*-Y - X*-Z

Ao
Figure 2.20 — Types of chiral molecular switches

2.2.1 — Proposed Bistable Dopant Switching System

The studies into the effects of substituents omcaktwisting power, as detailed in
the previous chapter, revealed that the introdaationon-linear substituents into the
6,6'-positions produced dopants with poor helio&lsting powers. This was in
contrast to the linearly substituent dopants, whiidplayed remarkably high helical
twisting powers Eigure 2.2). It was reasoned that the disparity was duefterént
mechanisms of chiral induction and that the larggpatity could be exploited to

induce successful switching of a liquid crystalteys.

1008y = 145 pnt (E7) 1298y = 13 um' (E7)

Figure 2.21 — Linear & non-linear dopant twistingyers

To achieve this, a suitably structured binaphthaletiopant, incorporating
photochromic substituents into the 6,6’-positionapable of cis-trans (E-2)
isomerism, would produce a successful switchingesys The proven compatibility

of azobenzenes with liquid crystal systems, thedinand non-linear shape of the
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trans andcis isomers, and the ability to selectively indugs-transisomerism, led

us to attempt the synthesis of a 6,6’-azobenzepardd™ *® +°°1%%

The design of the dopant was to be based on thetstal features that proved so
successful in the previous studies, so as to effdgt induce chirality and to
maximise the potential of the switching effecBBglre 2.23. Similarly designed
dopants have previously been reported in the titezaby the groups of Gottaré&fl

®3 and Li* with the focus on introduction of the switchableisties into the 2,2'-

positions.

(E,E)-131 (,2)132

Figure 2.22 — Chiroptical switchable dopant design
2.2.2 — Synthesis of an Azobenzene Dopant

The introduction of an azobenzene functionalityoafie binaphthalene skeleton has
been successfully demonstrated by Feringa and Radbeit in limited yield, via
direct azo-coupling with benzenediazonium tetrafbborate Scheme 2.39*
However, further substitution of the naphthyl ringas first required to direct the

coupling reaction, which risked inducing negati¥fe@s on the dopant performance.
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Azo-coupling

Scheme 2.19 — Azo-coupling reaction successfuiiiebby Feringa and Rosini

Our initial efforts attempted an ambitious azo-dowypof 1,1’-bi(2-naphthol$ with
benzenediazonium tetrafluoroborate, using the ¢mmdi described by Feringa and
Rosini Scheme 2.20 Unsurprisingly azobenzerf85 was not identified from the

reaction with traces of thetho-substituted product recovered.

a) Pyridine / KCO; / THF / HCgN," BF, / -10°C

Scheme 2.20 — Attempted synthesis of azo-derivi8ive

The syntheses of the 2,2’-azobenzene derivativesrted by Gottarefi? and Lf*
utilised optically pure 2,2’-diamino-1,1-binaphteae (BINAM). The successful
introduction of amine functionalities into the 6dsitions was expected to allow a
subsequent azo-coupling to form the desired stragg&cheme 2.21
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136
a) i) HCl / O / NaNG / 0°C, ii) ArOH / NaOH / HO

Scheme 2.21 — Azo-coupling of 6,6’-diamino binapletie136

It was revealed that literature examples of 6,&rtinobinaphthalenes are few, with
nitration of the 6,6-positions and subsequent o#dan employed in the vast
majority of synthetic procedures. CHehreported the synthesis of 6,6'-dinitro
binaphthalend 37 from optically pure 1,1’-bi(2-naphtho89 in good yield, followed

by reduction to the amine with no loss of opticatify. Nitration has also been
reported by Meijéf® on a number of 2,2"-protected binaphthalene dévies in

moderate yields. It was also deemed possible tthegise a 6,6’-dinitro derivative
via Zincke nitration of dibromidé06 however, regiocontrol is reportedly difficult

to achieve $cheme 2.22

a)89/ AcOH:DCM (1:1) / 100% HN@/ rt; b)94/ AcOH / 100% HNQ/ rt; ¢) 106/ NaNO, / HNO;

Scheme — 2.22 — Synthesis of 6,6’-dinitro binagbtiederivatives

The nitration of89 and 94 was attempted using the conditions of Cfiend
Meijer,**® with each set of conditions producing poor regidod and a number of
nitrated products. Separation of the expected ,3%3%'-, 8,8’-, 3,6’-, 3,8’-, and 6,8'-
isomers, also observed by Meiféf proved unsuccessful.

An alternate route was devised employing a Buchwidwig amination of
dibromide103 with a protected amine derivative. A search oflitezature revealed

a procedure by Le¥? in which diaminel36 was produced via Buchwald-Hartwig
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amination using benzylamine, followed by subsequlepirotection of the secondary

amine under palladium catalysed hydrogenation ¢mmsi Scheme 2.23

BnHN

BnHN

a) BnNH, / 'BuONa / PdL / Toluene / 100°C; b) Pd/C /,Hi MeOH

Scheme 2.23 — Synthesis of a 6,6'-diamino binajdrieavia Buchwald-Hartwig

amination

Despite the feasibility of the reaction sequenke,ihcreasing number of potentially
troublesome steps was hoped to be avoided. A fulifeeature search revealed a
procedure by Buchwal®! in which benzophenone imine was used as a masked
ammonia equivalent to introduce the free amineemtally omitting the need for a
catalytic hydrogenation to remove the protectingugr Dibromide 103 was
subjected to conditions modified from those dethiley Buchwald, using a
Pd(OAc)/dppf catalyst system to afford 6,6’-bis-imidd0in good yield. Previous
demonstration of a binaphthyl imine deprotectionalsidic hydrolysis, reported by
Buchwald and Singéf? led to our attempt to deprotet#0 using this method.
Diamine 136 was produced in almost quantitative yield, usimgpée ambient
temperature hydrolysis with dilute hydrochloricdgcand in 68% over the two steps
(Scheme 2.24 Diamine 136 was observed to oxidise fairly rapidly under stmad

atmospheric conditions.

103 140 136

a) Pd(OAc) / dppf /'BUONa / (PhYC=NH / Toluene / 80°C (72%); b) THF / 2M HCI / 84%)

Scheme 2.24 — Synthesis of diamiBévia Buchwald-Hartwig amination
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With the availability of 6,6’-diaminel36 our attention turned to the azo-coupling
with phenol. Gottarelli and Spada described then&dion of a 2,2’-azobenzene
derivative viain situ formation of the 2,2’-diazonium species, and thbsequent

coupling with phenof? Diamine136 was subjected to the conditions of Gottarelli
and Spada to afford 6,6’-bis-azopheddll in 59% vyield. Protection of the phenolic

hydroxyl groups was achieved under standard Wiklamether synthesis conditions

with bromohexane, affording the azobenzene dofd#& in 46% isolated yield
(Scheme 2.25

a) i) H,O / conc. HCI/ NaN@/ 2°C, ii) HsCsOH / NaOH / 2°C (59%);
b) n-HzCeBr / K,COs / Acetone / reflux (46%)

Scheme 2.25 — Synthesis of bis(azobenzene) deeitaft

Unfortunately it was observed that binaphthaletdd4 and 142 were prone to
decomposition, making their purification problercafDespite the initial desirability
of the azobenzene dopant class due to their prosarsible switching properties,
the instability and highly coloured nature of thexidatives made them unsuitable as
chiroptical molecular switches. This led to us m@ag&ing the synthesis of the
conceptually similar, and more stable, stilbenevdéres to assess the feasibility of

our switching system.
2.2.3 — Synthesis and Analysis of Stilbene Derivats

Due to our previous success with transition medédlgsed cross-coupling reactions,
it was decided to attempt the synthesis of the-@ 8yl derivatives via Heck reaction
of dibromide103 with a suitable acrylate or styrene derivati$el{eme 2.26 The
propensity fortrans-selectivity was also favourable, allowing for deteation of

the helical twisting power of the more effectivedar isomer.
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144 R =PhOOC
145 R =Ph

a) Pd(OAc)/ PPh/ E&N / MeCN / Styrene or Acrylate

Scheme 2.26 — Synthesis of alkene derivadveand145via Heck reaction

Synthesis of the 6,6-vinyl derivativelsi4 and 145 were attempted under standard
literature Heck condition€>*®*but no coupled products were observedthNMR

or mass spectrometry. The failure to detect anykHmpling products led us to
abandon further attempts of the synthesis viaghisicular method, and to seek an

alternative synthetic route.

Similarly structured 6,6’-divinyl derivatives havpreviously been reported by
Persoonset al, under Knoevenagle condensation and Horner-WadiwEmmons

conditions, from dialdehyd&46.%°

Despite the inclusion of an extra synthetic step
over the Heck procedure, the reportedly high adalm yields made this somewhat
redundant. The Horner-Wadsworth-Emmons reaction exqeected to provide the
predominantrans-selectivity desired, and to allow increased scigpehe tailoring

of the required phosphonate substrates, maximigjogl crystal compatibility.

a) i)n-BuLi / THF / -78°C; ii) DMF / -78°C; iii) conc. HClce (83%);

Scheme 2.27 — Synthesis of 6,6-vinyl binaphthaldagvatives via Horner-

Wadsworth-Emmons reaction

Dialdehydel46 was synthesised according to the procedure ofoPess Lithiation

of dibromide103 was followed by subsequent quenching with anhysifoMF to
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form the hemiaminal, which upon acid hydrolysisoafied the target compound in
83% vyield Scheme 2.27 With the availability of146 in respectable yield, our
attention turned to the design and synthesis optusphonates.

The design of the phosphonates took three facturs donsideration. Our initial
concern was producing a target compound with thential forcis-transisomerism.
To maximise the switching potential, a pseudo-stikb derivative was considered
essential. It was also considered necessary topocate linear substituents capable
of the appropriate interactions with the nematgild crystal host. Finally, electron
withdrawing functionalities were required to fatate the final elimination step of

the reactiort®® The final phosphonate designs are showRigure 2.23

H..C H,.C.O
15 7\©\/ 13%6 \©\ 0 (I)I
\O/\ o E\O/\
147 W 148 j

Figure 2.23 — Phosphonate design for Horner-Wads#w&mmons reaction

O—1=0

The synthesis of phosphonatd7 was achieved via reduction of commercially
available 4-heptylbenzoic acid to benzyl alcohd, and subsequent conversion to
benzyl chloride 150 upon treatment with thionyl chloride. Formation tife
phosphonate was achieved under Michaelis-Arbuzamitions in 84% vyield over
the three stepsS¢cheme 2.28

H15C7 H15C7 H15C7
a b
OH —— OH —— Cl
0 149 / 150

a) LiAIH, / THF:EO (3:1) (99%); b) SOGl DCM / rt (86%);
c) Kl / P(OEt} / Acetone:MeCN (5:3) (99%)

Scheme 2.28 — Synthesis of phosphohéie
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It was expected that the synthesis of phosphor4i® was achievable from
commercially available phendbl; however, the high cost led us to synthesise it in
house from cheaply available hydroquinone. Reactain phenol 151 with
chloroacetyl chloride afforded chloroest&b2 which afforded phosphonat48
under Michaelis-Arbuzov conditions in 42% overaélg. The majority loss of yield

was a direct result of the phenol protection si&ghéme 2.29

HO . GO , MO °
c L Jig
OH OH o)
c 152

151
13%6 \©\ o ﬁ
P.
0 o7 O
0
148 j

a) n-H13CsBr / K,COs / Acetone / reflux (46%); b) Chloroacetyl chlorilEGN / ELO / 0°C (96%);
c) Kl / P(OEt} / Acetone:MeCN (5:3) (95%)

Scheme 2.29 — Synthesis of phosphohége
Phosphonate$47 and 148 were subsequently employed with dialdeh{dé in the

Horner-Wadsworth-Emmons reaction, affording 6,6iyiderivatives153 and 154

in above average yields with complétansselectivity Scheme 2.30

a) NaH /147/ THF / 50°C (57%); b) NaH148/ THF / 0°C (64%)

Scheme 2.30 — Horner-Wadswoth-Emmons synthesisnpiozind€.53 & 154
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The 6,6’-vinyl compound4.53 and 154 were evaluated to determine their helical
twisting power before the assessment of switchiras vattempted. The helical
twisting powers were again recorded using the @topiethod, with the results
shown inTable 2.6 The positive effects of linear extension of timalphthalene core
were once again confirmed by dopab®8 and154. The high helical twisting power
values also presented the potential for a sigmficaffect on the helical
macrostructure in the event of successful isomgoisa

Entry Dopant S (um?)?
i 153 176
ii 154 172

a) Helical twisting powers recorded as an average 0 runs and at
two concentrations in nematic liquid crystal hogt(&3)

Table 2.6 — Helical twisting powers of 6,6’-divirfbpfthaphthalene derivatives

To determine the effects of switching, the heligékting power of a film of nematic
host E7 doped with binaphthaled&3 was recorded, before being subjected to a
ultra-violet light source. The effects on the halienacrostructure were visibly
apparent upon viewing under a polarising microscdipigure 2.24. Prior to
irradiation the pitch length was measured to beB?, which increased to 12.3

pm* upon irradiation/isomerisation.
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a) Pre-irradiationf{y = 3.2 unm' in E7); b) Post-irradiationg(, = 12.3 unt in E7)

Figure 2.24 — Effects of switching on helical mastracture with Ultra-Violet

irradiation

The substantial change in pitch length confirmesl éffectiveness of our switching
system on modifying the chiral nematic helical neatmucture. Dopani54 was

subjected to the same irradiation conditions; h@weslecomposition was observed
after relatively short exposure times, possibly the result of a Norrish-type

mechanism.

We were aware that the presence of the two switeh@jé’-functionalities would
likely result in a mixture oE,E, E,ZandZ,Zisomers upon irradiation. The unknown
concentration of each isomer, and unknown effetthe®E,Z isomer on the liquid
crystal environment, would potentially affect theagnitude of switching
potential’®” Our previous studies into the substituent effemtshelical twisting
power for the bridged derivative$02 and 117, suggested the difference in
performance between the mono and di-substitutesatises was negligibleRigure
2.25. It was expected that the synthesis of a monastguted vinyl derivative
would induce chirality as efficiently as the di-stibuted derivative, whilst

eliminating the presence of tkgZisomer.
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H,,C,O

1028y = 96 unt (E7) 117y = 95 pm' (E7)

Figure 2.25 — Similarity in helical twisting powdor mono and di-substituted

binaphthalene dopants
2.2.4 — Synthesis & Analysis of Mono-substituted pants

The synthesis of the mono-vinyl binaphthalene campgs first required the

synthesis of the mono-aldehyde. De Vains repotiedsynthesis of mono-aldehyde
156 from mono-bromidel55 using conditions similar to our previous aldehyde
syntheses Scheme 2.31°® The poor overall yield of 21% led us to attempe th

synthesis via an alternate method.

a) leq. Bs/ DCM /-10°C / streaming
b) i) n-BuLi / THF / -78 °C; ii) DMF / -78°C; iii) conc. HIJ Ice

Scheme 2.31 — Synthesis of monoaldeh$ée

Our initial attempt at the synthesis 156 was from dibromidel03 modifying the
conditions of the previous aldehyde synthesesall expected that lithiation D3
with two equivalents oh-BuLi, followed by quenching with one equivalent of
DMF, would form hemiaminal intermediai&8 which upon acidic work-up would
afford mono-aldehydel56 in moderate yields Scheme 2.32 Unfortunately
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aldehyde 156 was only recovered in trace quantities, with diblgtle 146 and

debrominated. 03recovered as majority products.

157

158

a) 2 eqn-BuLi/ THF / -78°C; b) 1 eq. DMF / -78°C; ¢) condCl / Ice
Scheme 2.32 — Synthesisl66 from dibromidel03

Failure to producé&56 from dibromidel03 required us to attempt the synthesis from
mono-bromidel55 The procedure reported by De Vafti®mployed one equivalent
of elemental bromine, and led to the recovery akaated starting material, mono-
bromidel55and dibromidel03 as reaction products. Due to our concerns withr poo
yield, we decided to increase the efficiency of @mcedure by ensuring the
complete consumption of starting material, whilst tandem minimising the
conversion 0of155 to dibromide103 It was expected that this would allow for
simpler chromatographic purification of the prodyctwhilst forming the
synthetically useful dibromidel03 as a reaction side producBcheme 2.33
Bromides155and103were produced in an approximately 50:50 ratio orext upon

complete consumption of starting material, as deirezd by'H NMR (Figure 2.28.
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a) Br, / DCM / -10°C / streaming N

Scheme 2.33 — Improved synthesis of mono-brobaife

3:1 ratio of 5 and 5’ protons
indicating 50:50 mixture

8 7 6 5 4 3 2 1 0 ppm
Figure 2.26 -'H NMR indicating 50:50 ratio mixture of bromid&§5and103

Chromatographic separation ©55 and 103 whilst possible, proved difficult and
time consuming due to the similay ®lues of the two compounds. It was decided to
convert the 50:50 bromide mixture directly to a tane of aldehydes, with expected
simpler separation. The aldehyde mixture was fotomde easily separable via
column chromatography and afforded mono-aldelyiiin 41% overall yield, with
the synthetically useful dialdehyd&6 also recovered in 40% yiel&¢heme 2.34
This represented a substantial increase in yielek e method reported by De

Vains16®
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155 R=Br R'=H 156 R=HCO R'=H
103 R=Br R =Br 146 R=HCO R’'=HCO

a) i) n-BuLi / THF / -78°C, ii) DMF / -78°C iii) conc. HClce (41%156) (40%146)
Scheme 2.34 — Synthesis of aldehyldiésand156

Aldehyde 156 was employed in the Horner-Wadsworth-Emmons reactiith
phosphonate$47 and148using the previously employed conditions, affogiumyl
binaphthalene$57and158in 63% and 66% yield respectivelggheme 2.35

a) NaH /147/ THF / 50°C, (63%); b) NaH148/ THF / 0°C, (66%)

Scheme 2.35 — Synthesis of vinyl derivatisand158

Prior to evaluation of the switching propertiese thelical twisting powers of the
mono-vinyl derivatived 57 and158 were recorded, as shownTiable 2.7 Contrary
to our earlier assumptions, it was discovered tihathelical twisting powers of the

mono-substituted derivatives were poor and comparad that of the parent
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compounds. Whilst this proved unexpected, the te$ulther enforced our theory of

an alternate mechanism of chiral induction.

Entry Compound Sy (um?)?
[ 157 15
ii 158 12

a) Helical twisting powers recorded as an average 0 runs and at
two different concentrations in nematic liquid dglshost E7 93)

Table 2.7 — Helical twisting powers of compou®83 and158

As previously detailed, extension of both naphtpines is expected to promote
alignment of the nematic director with the long ewllar axes of the dopants. Due
to the similarity in helical twisting power betwed¢he mono and di-substituted
derivatives102 and 117, it was assumed that extension of a single napipilape
induced a similar alignment. The previous study ,wasvever, concerned with
bridged binaphthalene derivatives, whilst the meunbstituted vinyl compounds are
conformationally flexible. The transfer of chirglits therefore likely to be affected
either by disruption of the nematic phase througimmeting alignment of the
director parallel to the naphthyl-naphthyl C(1)-§(hond, as for the Gottarelli-
Spada model, or the ineffective twisting of the aémdirector by an individual
naphthalene ‘arm’Kigure 2.27. Coincidentally, these effects were masked by the
similar helical twisting powers between the bridgldivatives and came to light on

the study of the mono-vinyl compounds.

85



a) Disruption of nematic phase through competingnatents; b) Nematic alignment as for the
Gottarelli-Spada model; c) Inefficient inductiontb& helical twist by one naphthyl ‘arm’

Figure 2.27 — Potential effects of unsymmetricalaipihthalenes on liquid crystal

system
2.2.5 — Summary

A novel series of chiroptical dopants have beemgdesl and synthesised, with their
switching based on the linear/non-linear dopantphenon discovered in the initial
study into high twist nematic dopants. Early atte&snfp produce an azobenzene
derivative were successful, but the materials weghly coloured and prone to
decomposition, making them unsuitable for applaratas nematic dopants and
chiroptical switches. Successful synthesis of tlmceptually similar stilbene
derivatives induced significant changes to the chélimacrostructure upon

irradiation.

Efforts to reduce the number of potential isomep®ruirradiations led to the
synthesis of the mono-vinyl binaphthalenes. Thachkltwisting powers of the
conformationally flexible mono-substituted derivas were poor, and comparable

86



to the parent compounds. Inadvertently, this predidurther evidence for our

proposed, alternate mechanism of chiral induction.

Further evidence for the alternate mechanism afatimduction was also acquired
through the synthesis of the mono-substituted unsgmcal binaphthalene
derivatives, which displayed helical twisting poweomparable to that of the parent
compounds. This furthered our belief that chiralgytransferred from the extended
binaphthalene dopants through the direct twistihghe nematic director by the
extended naphthyl ‘arms’. Extension of one naphthidne was found to be
inefficient at transferring chirality, either thrglu disruption of the nematic phase
through competing alignment, or through the in&pilio effectively twist the

director.
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2.3 —Enantiomeric Chiroptical Switch Feasibility Study
2.3.1 — Enantiomeric Switching

The control of chirality has long been a significambjective in chemistry,
particularly in the case of asymmetric synthesisréMrecently the manipulation of
chirality in liquid crystal systems has been inigeged, with the potential for

application in display technologies and optical roeyrdevices.

Numerous examples of molecular switching systenmv lieeen developed to date,
some of which exhibit chirality and are theoreticadpplicable as chiral nematic
dopants. The greatest successes in chiroptical nigpan terms of design and
function, have been for the Type 3 switches preslipdetailed. However, practical
applications are limited and the systems are peemtdnchiral. The development of
Type 1 (enantiomeric) and Type 2 (diastereomermjtcbes are considered

substantially more desirable.

Type 1 molecular switches concerns the switchintgvéen bistable states which
share an enantiomeric relationship. Switching ifieed via irradiation with

circularly polarised light (CPL), inducing prefeteah excitation of one enantiomer
over the other generating an enantiomeric excesslidtion of a racemic sample
with CPL of a certain handedness generates onetieman preferentially until a

photostationary state is reached, inducing a nemtti chiral nematic phase
transition. Switching between enantiomers is pdssising CPL of the opposite
handedness, whilst irradiation with linear poladiskght (LPL) regenerates the

racemate. This represents a three-way switchingsy§igure 2.28.%°

Racemate

7\

(S)-enantiomer - (R)-enantiomer

Figure 2.28 — Three-way enantiomeric switching eyafl Type 1 switches

The enantiomeric excess achieved at the photostatiostate €e-s9 is ultimately
defined by the Kuhn anisotropy factgr whereAc¢ is the ratio of circular dichroism
and ¢ the extinction coefficierft **°® The enantiomeric excesses generated rarely
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exceed 0.5% due to the Kuhn anisotropy factorslyrarceeding 1%, except in
certain case¥’’
_9r Ae

€€pss = 5 T 2¢
The switching system was experimentally proven begiriga and co-workers for the
sterically overcrowded alkene class of compounda:.c8ssful demonstration of the
switching potential was achieved, however the systaiffered from low Kuhn
anisotropy values, producing enantiomeric excestesly 0.07% for derivativd58
(Figure 2.29. It was found that application to a liquid crysemvironment was

successful in producing nematic to chiral nematiage transitions, however the

poor helical twisting powers limited the scope ohtrol on the pitch lengtf{: *°

O ) O
LPL or UPL/ O O LPL or UPL
I CPL\

r-CPL

29 Nematic

I-CPL

r-CPL

29 P - Chiral Nematic 29 M — Chiral Nematic

Figure 2.29 — Overcrowded alkene class of Type [eontar switches

Schuster designed the cycloalkenone class of dieedpmolecular switch for the
intended purpose of liquid crystal applicatfSit® In certain cases, impressive Kuhn
anisotropy values were achieved producing enantionexcesses of up to 0.4%.
Again liquid crystal compatibility proved exceptally poor, with low helical
twisting powers limiting their application as a sassful switchable dopant system
(Figure 2.30.
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Figure 2.30 — Axially chiral cycloalkenone Typewlitshing system

In addition to the complex design features requifedd a successful chiroptical
molecular switch (Kuhn anisotropy factor, thermialbdlity, fatigue resistance, etc.),
it is clear that application to a liquid crystal veenment requires additional
challenging factors to be addressed, such as liqyistal compatibility and helical

twisting power.

Efforts to develop switching systems based upouoctires known to be liquid
crystal compatible, have led to attempts to devslejichable dopants based on the
bridged chiral binaphthalene structur€igure 2.3).*"* Racemisation of the
binaphthalenes occurs as for other 1,1’-binaphtieatierivatives, in the triplet state,
which is dependent on the activation energy bafoerthe two naphthyl rings to
adopt a planar configuration in the excited stBteotoresolution of derivatives such
as 159 and 160 were not observed, as a possible consequence ofKlokn
anisotropy values or inefficient photoracemisatidhe development of a molecular
switch based upon a structure with proven liquigistal compatibility remains

highly desirable and yet elusive.

SN GE

159 160
Figure 2.31 — Type 1 switches base on the 1,1'ghttzalene structure

The binaphthalene structure is known to adopt aiallgxchiral configuration,
corresponding to the energy minima, in which thera small but significant degree
of m-overlap between the naphthyl planes. It was resbtimat strategic placement of
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a donor and acceptor substituent on each of thiethalgne rings, would potentially
induce a low energy transition through conjugatimiween substituents-ifure
2.32. More significantly, the conjugation pathway déses a helix of opposite
handedness for each enantiomer. Such a transiagrexpected to induce high Kuhn
anisotropy values due to the low value of the etiim coefficiente and highAe
value from the CD spectrum. The main objectivehef study was the generation of
optically pure materials, and the examination efabhsorption spectra (CD and UV),
to determine the feasibility of the switching syste

M-Helix P-Helix

Figure 2.32 — Photoracemisation and optical enrieminby CPL
2.3.2 — Dopant Design, Synthesis & Analysis

Dopant design was intended to be based on thel dhiraphthalene skeleton with
strategic placement of the donor/acceptor groupsis|apparent that many
combinations of donor/acceptor group placements pargsible, which maintain
conjugation Figure 2.33. It was decided that due to the requirement fatically
pure materials, the use of an optically pure stgrtimaterial such as 1,1-bi(2-
naphthol) limited the substituents to the 2,2-fioss. This also prevented
substantial lowering of the barrier to racemisattbrough removal of the steric
interactions between the 2,2’-substituents. Alkaxgups were selected as donor
groups and nitriles for acceptor groups, due tar theven application in liquid

crystal systems.
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D D

162 163
D D

A A
164 165 166

Figure 2.33 — Possible donor/acceptor conjugatiathgvays

The synthesis of the donor/acceptor dopants wasoteg to be achieved from
optically pure 1,1’-bi(2-naphthol), via the routgsown inScheme 2.36Although it
was possible to introduce the nitrile functional@srlier in the synthesis, we were
concerned with its sensitivity towards subsequesiction conditions. The initial
step required mono-substitution of one hydroxylugroeither as the alkoxyl or
triflate. Synthesis of mono-triflat&68 has previously been reported using triflic
anhydride'’?> Mono-substitution proved successful for the sysithef the triflate
168 or methyl etherl67, however the procedures were inefficient, withldseof
37% and 47% respectively. A literature search rexka procedure by Hayod%,
which utilised the milder triflating ageni-phenylbis(trifluoromethanesulphonyl
imide). Employing the conditions of Hayosa, monééte 168 was afforded in 76%

yield, with alkylation of the remaining hydroxylaup achieved in 96%.

170 R=CH
171 R=GHus

168

a) H:Cl / K,CO; / Acetone; b) HCeBr / K-;COs / Acetone; ¢) TO / Pyridine / DCM / 0°C;
d) THL,NPh / 2,4,6-Collidine / DMAP / DCM / reflux; e) Rdba) / dppf / ZnCN / DMF

Scheme 2.36 — Synthesis of switchable dodaiig 171
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With the availability of mono-triflatel69 in decent yield, our attention turned to
installation of the nitrile functionality. The traition metal catalysed conversion of
aryl triflates to aryl nitriles is prevalent in thieerature'’® *#18zinc cyanide has
been reported to offer substantial advantages ather cyanide ion sources, such as
hexacyanoferrate, due to its low solubility prewegt formation of a
tetracyanopalladium species, which is incapablepaficipation in the catalytic
cycle!™ 179 Cyanation 0f169 was attempted using the conditions of Han&ck
affording nitriles170 and 171 in 31% and 27% yield respectivel$cheme 2.36
Despite the poor yields, the availability of thetioglly pure dopants allowed for
determination of their helical twisting power$aple 2.8 and analysis of their

absorption spectra.

170 R=CH
171 R= CGH13

Entry Dopant Sy (um-)?
i 170 20.7
ii 171 27.4

a) Helical twisting powers measured as an averageXD separate runs and at
two concentrations in nematic liquid crystal hogt(&3)

Table 2.8 — Helical twisting powers of dopah® and171

As expected, the helical twisting powers were highan any previously reported
Type 1 molecular switches and similar to the majorof 2,2’-substituted
binaphthalenes in the literature. It was expechked similar circular dichroism and
UV spectra would be obtained for each of compouhd® and 171, therefore
analysis of the methyl derivativé70 was used to assess the feasibility of the

switching system.
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Circular Dichroism (Top) / UV-Vis (Bottom) of a ®810° M solution 0f170in DCM
Figure 2.34 — Absorption spectra for compourivd

The absorption spectra of compouhtD are shown irFigure 2.34 Unfortunately,
the anticipated long wavelength helical conjugapathway is not evident from the
UV-Vis spectra, with the CD spectrum following thbsorption profile. Calculation

of the Kuhn anisotropy factor valueg € Ac/2¢), as a function of wavelength, were
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plotted Eigure 2.39,°%'% and suggested photoresolution to a maximum
enantiomeric excess (gg) of 0.029% ee at a wavelength of 290 nm. It wasrcl
that dopants based on the parent structurgé76fwere unlikely to yield materials
which could be switched effectively.

0.7 +
0.5 -

0.3 -

-0.1 A

Kuhn Anisotropy Factor g (10-3)
o
=

-0.3 -

_0.5 T T T T T
260 310 360 410 460 510 560

Wavelength (nm)

Figure 2.35 — Plot of Kuhn anisotropy factor (g)wes as a function of wavelength
for compoundL.70

2.3.3 — Revised Dopant Design

The results from dopant70 suggested an alternate structure may prove more
effective at photoresolution. It was reasoned tbatoval of the steric bulk from one
naphthyl plane may enhanaeoverlap between the aromatic rings, inducing the
helical conjugation pathway. The design of the awpmas therefore based on the
parent structurel72, maintaining the nitrile and alkoxy groups frome tprevious
design Figure 2.36.
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I I OR Revised Design ! l OR
! l CN l CN

172
Figure 2.36 — Revised design of the enantiometliioptical switch

Due to the lack of an available chiral source & 1thphenylnaphthalene structure, a
racemic coupling and subsequent optical resoluttynasymmetric coupling, was

required to produce the optically pure materiatswas decided to attempt the
synthesis ofL72 via a racemic cross-coupling, and utilise the degmted hydroxyl

group to introduce a chiral auxiliary for opticakplution.

Synthesis of the required boronic acid was achidkad commercially available 2-
methoxynaphthalene. Bromination of the protectguhttaol was achieved using the
conditions reported by Majeticfi* followed by conversion to the boronic acid under
standard conditions. Racemi@6 was obtained in poor-average yield via cross-
coupling with 2-bromobenzonitrileScheme 2.37 A highly coloured side-product

was also recovered which will be discussed in gredetail later in the chapter.

oL = O
o~ o~ o~
B

Br Ho™ 2> om
173 174 : 175
©/CN
o® /
O/
] CN
176

a) HBr / DMSO / AcOH (94%); b) i) Mg / ED / reflux; ii) B(OCH)s / ELO / -78°C;
iif) 1M HCI / rt (83%); c¢) PdC)(dppf) / KsPO, / DME (34%)

Scheme 2.37 — Racemic synthesik/@fvia Suzuki-Miyaura cross-coupling

Unfortunately, deprotection of the methyl ether wasuccessful using BEBf? and
the thiolate ion deprotection reported by Chakriad8t The coupling was attempted
utilising an alternately protected boronic acidMOM ether protecting group was

selected due to its expected resistance towardsdigling conditions and limited
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size. Synthesis of boronic ack¥9 was achieved from commercially available 1-
bromo-2-naphtholl77. Thein situ generation of a MOM chloride toluene solution
produced protected bromidE’8 which was converted to the boronic acid under
standard conditions. Coupling with 2-bromobenzdeitafforded racemicl80 in
average-good yieldScheme 2.38

a

I I OH I I OMOM OMOM
Br

/

HO™ ~OH
r 179

CN

B
O 7
OMOM

a) ~2M MOMCI in Toluene / DIPEA (94%); b) i-BuLi / EtL,O / -78°C;
if) B(OCHg)3 / ELO / -78°C; iii) sat. NHCI / rt (63%); c) PdG(dppf) / CsF / DME [ reflux (48%)

177

Scheme 2.38 — MOM protected dopant synthesis

Deprotection of the ether protecting group was etgueto be difficult due to the
sensitivity of the nitrile to various conditionsingle acid hydrolysis was attempted
at ambient temperatures with dilute hydrochloriedaevhich failed to yield the

deprotected biaryl. Nitrile hydrolysis was observgon raising the temperature.
2.3.4 — Future Studies

The failure to successfully deprotect and resotwamoundsl76 or 180, limited the
study of the adapted dopant design. Future studiesikely to be based around the
design of alternate synthetic strategies towards tdrget compounds, or the
investigation into binaphthalene based dopantsisuig alternate substitution
patterns. In particular, the bridging lactone segtith strategy may offer the
possibility to form the desired 1-phenyl-naphthalestructures in good yield and
stereoselectivitygcheme 2.39
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© CONR,

Scheme 2.39 — Potential synthesis of donor/accqmoent structure via bridging

lactone method
2.3.5 — An Unexpected Side-Product
2.3.5.1 — Initial Observations

The synthesis of the Type 1 switchable dopantsymed an unidentified, strongly
red-coloured side-product upon the routine Suzukiadra cross-coupling between
boronic acidl75 and bromidel81, along with the desired produt?5in 34% vyield

(Scheme 2.40Initial attempts to isolate the red compoundefhidue to its apparent
instability. Eventual isolation led to the stru@ubeing determined as that of

compoundLl81

Br
CN a
SO — o
(@) (@]
B CN
HO™ “OH
175 181

176

Strongly Red-Coloured
Product

182
a) PdC}(dppf) / KsPO, / Toluene / reflux

Scheme 2.40 — Routine Suzuki-Miyaura cross-coupitoglucing an unexpected

side-product

Similarly structured compounds are relatively commia the literature, being
formed via oxidative coupling and oxidative dimatien of hydroxyarenes,
employing metal salt$*% ewis acids;>® *¥¥'*aerobic oxidatio?* ***and semi-
conductor catalystS*™% Although limited, examples of the formation of poéc

species during palladium catalysed couplings, eyipdpboronic acids, have been
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reported in the literatur€/** The observed side-product appeared to be consisten
with literature reports of a palladium catalysedrdmic acid to hydroxyarene

conversion, and its subsequent dimerisatfchéme 2.41

Oxidative
OO Oxidation OO Dimerisation
-
o~ 0
Bo OH
HO™~ “OH

175 183

Scheme 2.41 — Potential synthetic route to denredt82

Jacksonet al. reported the recovery of phenolic side-productanfrpalladium
catalysed homo-coupling of boronic acids, undearage of different conditions. In
the synthesis af84, naphtholl85was recovered as the majority product, in addition
to deboronated86. Optimum conditions, for phenol formation reportgdJackson,
employed barium hydroxide as the base in an aquethiasol solution, open to the
atmosphereScheme 2.42

a
B OH 186- 10%
HO” “OH
O‘ 185- 46%
183

184- 29%
a) Ba(OH) / Pd(OAC) / H,O:EtOH (1:19)

Scheme 2.42 — Homo-coupling of naphthyl boronid aeported by Jacksdw

Whilst our original observation of the dimeriseaguct occurred in the presence of
the arylbromide coupling partner, it was expecteat it was not essential for the
formation of the hydroxyarene, and its subsequémedsation. It was decided to
attempt the purposeful synthesis of the dimerisextiyct, employing the optimal
conditions of Jacksost al, in the absence of the aryloromide coupling parté
control experiment was also conducted in the aleserfica catalytic species. The
palladium catalysed conditions afforded dini&?2 in quantitative yield, however

more significantly, compounti82was recovered in quantitative yield, in the cataly
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free control experimenScheme 2.93To our knowledge, this was the first instance

of such a transformation, and led to us investnggtihe process further.

C,

175

182

a) Pd(OAc) / Ba(OH), / Toluene:HO:Ethanol (3:1:3) / @/ rt (99%); b) Ba(OH)/
Toluene:HO:Ethanol (3:1:3) / @/ rt (99%)

Scheme 2.43 — Synthesis of dih@?

Relatively few boronic acid to phenol conversioms described in the literature,
with oxidation upon treatment with aqueous hydrogenoxide perhaps the most
commonly employed methdd®?*® Effective oxidation has also been reported
employing milder reagents such as Ox6&He,sodium perboraf® and
hydroxylamine?® Oxidation of boronic acids in atmospheric oxyges kalso been
reported, but is typically slow, with increased drac acid stability in the presence

of water?%®

Whilst it was speculated that a boronic acid tohtlapl conversion, and subsequent
dimerisation, was the origin of the dimer species,attempted to ascertain whether
our conditions would induce dimerisation on a #tgrt naphthol species.
Commercially available naphth@B7 was subjected to our boronic acid conversion
conditions to afford the strongly blue-coloured dmi88 in quantitative yield
(Scheme 2.44

187 188

a) Ba(OH) / Toluene:Water:Ethanol (3:1:3) LOrt (99%)

Scheme 2.44 — Oxidative dimerisation of naphiidal
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The rapid and quantitative conversion of the nagletie boronic acids to the
corresponding naphthols, and their subsequent diatem, under catalyst free
conditions is essentially unprecedented. It is evidthat this would have clear
implications for reaction protocols employing bamnacids. A concise and
systematic study was therefore conducted to ascdha effects of the nature of the

boronic acid, and reaction conditions which infloethe process.
2.3.5.2 — A Novel Boronic Acid Conversion

Boronic acids192 and 195 were selected for the preliminary investigatiord an
synthesised, in house, from the commercially alslanaphtholsl89 and 185 in
62% and 51% overall yield, respective§cheme 2.45

b c
OH OCH,, OCgH, 5 OCgH,5
Br _B
HO™ ~OH

189 190 191 192
oc H13 OC,H,,
OC,H,,

194 195

a) n-H13CsBr / K,CO; / Acetone / reflux (90%); b) 48% HBr / AcOH / DMS@0%); c) i)n-BuLi /
Et,O / -78°C; ii) B(OCH)3 / ELO / -78°C; i) 1M HCI / rt (77%); dn-H1sCeBr / K.COs / Acetone /
reflux (88%); e) NBS / MeCN / rt (87%); f) i) MgEt,O / reflux; ii) B(OCH)s / ELO / -78°C;

i) LM HCI / rt (67%)

Scheme 2.45 — Synthesis of boronic atRsand195

The initial investigation was primarily focused tre nature of the base. The rapid
dimerisation of the naphthols prevented their dingolation and quantification.
Their detection was therefore based purely on #eowery of the dimerised
compoundd 96 and197 (Scheme 2.46The results of the preliminary investigations

are shown imable 2.9

101



a
o,
OC6H13
B
HO OH
192
OC6H13
a
SO
/B\
HO™ "OH OCH,,
195
a) Base / Toluene:Water:Ethanol (3:1:3) / rt,/ O
Scheme 2.46 — Effects of base selection
Entry  Boronic Acid Solvent System Bdse Product
i 192 Toluene/HO/Ethanol (3:1:3) Ba(OH) 196 (99%)
ii 195 Toluene/HO/Ethanol (3:1:3)  Ba(OH) 197 (99%)
i 192 Toluene/HO/Ethanol (3:1:3) NaOH 196
iv 195 Toluene/HO/Ethanol (3:1:3) NaOH 197
v 192 Toluene/HO/Ethanol (3:1:3) KOH 196
vi 195 Toluene/HO/Ethanol (3:1:3) KOH 197
Vii 192 Toluene/HO/Ethanol (3:1:3) KCO;  No Product
viii 192 Toluene/HO/Ethanol (3:1:3)  KPO, 196 (99%)
iX 192 DCM/H,0/Ethanol (3:1:3) Ba(OH) 196 (99%)

a) 2 Eqg. base to boronic acid; b) Isolated prodwtBroduct visually identified before degredatidhStarting material
recovered

Table 2.9 — Results of base selection

It became apparent that conversion of the boratidsao the dimer compounds was
possible utilising each of the three hydroxide Bam@mployed. Quantitative recovery
of compoundsl96 and197 proved possible employing barium hydroxidmtfies i

& ii), however, upon application of potassium or soditnydroxide, visual
identification of the coloured products was follavéy rapid decomposition,

preventing their isolation eftries iii-vi). Successful recovery of the dimeric
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compound was also observed using tripotassium pladsp although the rate of

conversion was markedly slower than for the hydieXdasesefptry viii).

Despite the relative success of the conversiongast decided to attempt observation
of the predicted intermediate naphthol species. Tbaversion reaction was
attempted under anaerobic conditions, in degassedieihted solvent, to permit
monitoring by'H NMR, as shown itfFigure 2.37 The nature of the species observed
by 'H NMR was initially unclear, although the distinpeak close to 9 ppm
suggested the formation of the boronate salt ohthaate salt. Due to the rapid
formation of the dimerised compound in atmosphemygen, handling of the
formed species was difficult. Instead, the purpalséfrmation of a naphthalene
boronate salt was attempted from 1-naphthalenenimerid, under the premise that
dimerisation would not be induced on the unsubtstitinaphthalene. Treatment of 1-
naphthaleneboronic acid with barium hydroxide iatkd the formation of the
boronate salt byH NMR, as shown for naphthalene boronic adié2 under

anaerobic conditiong={gure 2.37.

9 8 7 6 S 4 3 Z 1 0 ppm

a) Treatment of boronic acit®2 with Ba(OH) under anaerobic conditions (gDOD)
b) Treatment of boronic acDOwith Ba(OH) under aerobic conditions (GDOD)

Figure 2.37 — Naphthalene boronate salt specierdened byH NMR

The initial step of the procedure was thereforeniified as formation of the

naphthalene boronate salt. Electron rich naphtleal®ronate salts are shown to
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rapidly oxidise under atmospheric conditions, te thmerised compounds. It was
expected that oxidation of the boronate salt forntieel intermediate naphthol,
however formal identification of the naphthol sgsciwas not achieved, with the
evidence based purely on the purposeful naphthohedsation experiment

previously discusse&theme 2.47

(e}

‘ OCgHy;
I ! ‘OCGH ' ! "OCH,, ' ! ~oc H13
Bl
HO™ ~OH H15Ce0

HO—B—OH
o
192 198
196
_Bo HO— B OH
HO  OH OH M+
200 201

Scheme 2.47 — Naphthalene boronic acid converseéhoronate salt
2.3.5.3 — Further Investigation

With the successful implementation of our protacolhe naphthalene boronic acids,
we were eager to assess whether structurally diffdsoronic acids, in particular, the
benzene boronic acids, also underwent conversiothenabsence of a catalyst.
Commercially available 4-butyloxybenzeneboronic dasvas selected for the
preliminary investigations and subjected to ourviesly customised conversion

conditions Scheme 2.48with the results shown ifiable 2.10

OH
ch4o@s\ — mgo@w
OH

202 203

a) Base / Toluene®:EtOH (3:1:3) / @

Scheme 2.48 — Conversion of boronic &#6@
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Entry Boronic Acid Bas@ Temp  Time (hrs) Product

i 202 Ba(OH) rt 96 Recovery 0202 (100%)
ii 202 KOH rt 96 Recovery 0202 (100%)
iii 202 Ba(OH), 60°C 120 Partial conversion 203
iv 202 Ba(OH), 100°C 120 Partial conversion 203
v 202 KOH 60°C 24 Partial conversion 203

a) Mixture of free boronic acid and boronic anhgldridentified byH NMR; b) 2 eq. hydroxide base to 1 eq. boronidac)
Phenol identified byH NMR

Table 2.10 — Results of boronic a@@d2 oxidation

Initial assessment of the boronic acid'byNMR revealed it to be a composition of
both free boronic acid and boronic anhydride. @hittonversion attempts were
conducted at ambient temperatures and failed toce@ny conversion to the phenol
(entries i & ii). At elevated temperatures, employing both baramd potassium
hydroxide as the base, partial conversion of theorio acid to the phenol was
observed byH NMR (Figure 2.38, however complete conversion was not observed

even with prolonged reaction timemnries iii-\).

8 7 6 5 4 3 2 1 0 ppm

Phenol

W

a) Boronic acid/boronic anhydride composition@DD)
b) Observation of phenol Byl NMR (CDCk)

Figure 2.38 — Boronic acid conversion to phenolered by"H NMR
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As our previous investigation had identified thenfation of the boronate salt to be
the initial step in the naphthalene boronic acichwvarsions, it was expected a
prepared sample of benzene boronate salt would rgmdeonversion to the
corresponding phenoS¢heme 2.49The isolated boronate sal®4 was subjected to
the conversion conditions, at elevated temperatwitls no conversion to the phenol
or product degradation observed 1y NMR after 168 hoursRigure 2.39. Due to
our previous observations, the stability of the Zmme boronate salt towards
conversion/oxidation was unexpected, however, tepam the literature have
suggested that coordination of water or hydroxmesito the Lewis acidic boron

atom protects against atmospheric oxidatfn.

M+
OH a PH b
mcp@a\ — HQC404©7|?—OH — HQC4OO—OH
OH OH
202 204 - Isolated Salt 203

a) Toluene / MOH; b) Ba(OHY 60°C / 168 hrs / ©

Scheme 2.49 — Attempted phenol conversion on toRyHdorate salt

a) Isolated borate séb4 (CDs;0D); b) Reaction time - 168 hours (gDD)

Figure 2.39 — Attempted conversion of borate 2a#
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Further assessment of the scope of the boroniccaeidersion was attempted with
the structurally similar, but less electron richbdtylbenzeneboronic aci@05
(Scheme 2.50Efforts to induce conversion to the phenol failedler each of the

attempted conditions, with complete recovery oftstg materials Table 2.1).

205 206

a) Hydroxide base / Toluene;®:EtOH (3:1:3)

Scheme 2.50 — Effects of substituent on borond @ddation

Entry Base Temp  Time (hrs) Product
[ Ba(OH), rt 120 Recovery 0205 (100%)
ii Ba(OH), 60°C 120 Recovery &f05(100%)
iii Ba(OH), 100°C 120 Recovery @05 (100%)
iv KOH 60°C 120 Recovery ¢f05(100%)
% KOH 100°C 120 Recovery @05 (100%)

Table 2.11 — Results of boronic a&@@5conversion

2.3.6 — Summary

The feasibility study of the chiroptical enantiomeswitching system, based on the
primary parent binaphthalene structure, revealed photoresolution would not
induce sufficient enantiomeric excess for succésgiplication. The development of
a secondary structural design was limited, dudéoinability to obtain an optically
active source. Further efforts are required to iabtlae optically active secondary

parent structure and examine the potential for emaeric switching.

Synthetic efforts to produce optically pure materigevealed an unidentified side-
product in addition to the desired compound. Theuneaof the compound was
identified to be that of an oxidative homocouplathet formed from a naphthol
species. Investigation into the process discovéredconversion of boronic acids to
the corresponding hydroxyarenes under catalyst é@aditions. This has clear

implications for reaction protocols employing bamracids in alkaline reaction

107



media. Naphthalene boronic acids have been showhetageadily and rapidly
converted to the dimerised compounds, via the mapdtupon treatment with strong

base in atmospheric oxygen.

Attempted conversion of benzene boronic acids waged in its success, with
partial conversion of electron rich benzene bor@uicls to the phenolic compound
under certain conditions. The less electron richobiz acids resisted conversion
even under harsh reaction conditions. From a mesth@perspective, it was initially
predicted that the primary step of the reaction ldvdoe the formation of the borate
salt, although this was experimentally confirmed tfee naphthalene boronic acids,
the benzene boronate salt species resisted coowergen at high temperatures and

for prolonged periods.
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Chapter 3

Experimental



3.1 — General Experimental Methods
3.1.1 — Physical Methods

'"H NMR 300 & 400 MHz andC NMR 101 MHz were recorded on a Varian
Gemini 300 Spectrometer and a Varian 400 Lambdatspeeter respectively. All
NMR spectra were carried out in solution using deted chloroform unless
otherwise stated. Signals are quoted in pp& d@wvnfield from tetramethylsilane (

= 0.00) and coupling constanfsare quoted in Hertz. Ultra-violet spectra were
recorded on a Hitachi u-3000 recording spectropheter. Circular dichroism
spectra were recorded on a Jasco J810 spectropetarifitted with a 450W xenon
arc lamp. Infra-red spectra were recorded on a iRé&dner 1720X FT-IR
spectrophotometer as thin films or Nujol mulls gsiNaCl plates or on a Perkin
Elmer Spectrum BX ATR spectrometer. Optical rotasiowere recorded on a
Bellingham and Stanley ADP440 polarimeter in thelvesats stated, with
concentrations quoted in grams per 100 mL. Lowlwi®em EI, ES, Cl and HRMS
were obtainedvia the EPSRC National Mass Spectrometry Service €eatr
Swansea University, Wales. TLC analysis was cardat on Merck aluminium
backed silica gel 6025, coated plates and were visualised by one or a ic@tibn

of the following methods: (a) viewing under UV light 254 nm or 365 nm; (b)
exposure to iodine vapour; (C) exposure to an agggmtassium permanganate
solution, containing 3 g of KMng 10 g KCO;3, 2.5 mL of aqueous 2M NaOH and
150 mL of HO; (d) exposure to a ferric chloride solution, @ning 2 g of FeGl|

50 mL of methanol and 50 mL of,B; (e) exposure to a solution of ninhydrin,
containing 0.75 g of ninhydrin, 50 mL of ethanobah5 mL of glacial acetic acid,;
() exposure to a solution of 2,4-dinitrophenylhgzine, containing 3 g 2,4-
dinitrophenylhydrazine, 15 mL concentrated sulph@tid, 50 mL ethanol and 20
mL H,O. Column chromatography was performed at ambientperature using
Davisil® chromatographic silica media LC60A 40-63um, withvent systems given
as volume ratios. Melting points are uncorrected \&ere recorded using a Reichert
Thermovar melting point apparatus with a Reicheriglhot stage. Liquid crystal

samples were observed on an Olympus BH-2 microscope
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3.1.2 — Reagents, Solvents and Reaction Conditions

Unless otherwise stated, all chemicals were obdafr@m commercial sources and
used as receivedN-bromosuccinimide was recrystallised from water 80°C.
Tetrahydrofuran, diethylether and dimethoxyethanerewfreshly distilled from
sodium and benzophenone; dichlorometh&hBtdimethylformamide, triethylamine
and n-pentane were freshly distilled from calcium hyeéridnd toluene was freshly
distilled from sodium. Other solvents were SLR-gramhd used without further
purification. Water refers to deionised water anthdé to a saturated aqueous
solution of sodium chloride. The evaporation ofveolts was carried out on a Buchi
rotary evaporator at reduced pressure. Temperatqreged in the reaction
conditions refer to that of the cooling or heatlmagh, with all reactions conducted

using flame dried glassware.

3.2 — Experimental Procedures

3.2.1 — Liquid Crystal Technique Procedures
Contact Experiment Procedure

A sample of dopant was centred on a glass coverasid was heated to its melting
point before recooling to ambient temperature. éogd smaller glass cover slip was
placed over the sample and a drop of nematic ligmdtal was added to the top
slide edge. Capilliary action was allowed to praglacdopant-liquid crystal interface

and solvation of the dopant was observed undetaipimg microscope.
Droplet Method Procedure

A sample of dopant was solvated in nematic liquigstal host E7 in a 1% or 0.5%
weight/weight ratio. The mixture was heated abdwe liquid crystal host clearing
point and mixed thoroughly on a rotamixer, with firecess repeated three times. A
small sample of the doped nematic was added toegdyavhich was thoroughly
mixed to produce an even droplet suspension. A kaoffithe suspension was added
to a single glass cover slip (without covering) astaserved under a polarising
microscope at x10 or x20 magnitude. Individual deopliameters were measured
using a micrometer and the number of dark bandsrded. The droplet diameter

was divided by half the number of dark bands tadpoe the chiral nematic pitch

111



length which was used along with the concentratdnthe doped nematic to
formulate the helical twisting power. A minimum tén separate reading were

collated in order to produce an accurate measuremen
Azobenzene/Stilbene Switching Procedure

A 1% solution of dopant in nematic liquid crystadsh E7 was prepared and the
helical twisting power of the system was recordea #in film on a glass cover slip.
The doped nematic was irradiated with a 400W Ultialet lamp, with the system

regularly observed at 60 second intervals undarariging microscope to determine

the post-irradiation helical twisting power.
3.2.2 — Synthetic Experimental Procedures

(S)-2,2'-Dipentoxy-1,1'-binaphthalene - 87

To a solution of optically pureS|-1,1’-bi(2-naphthol) (5.171 g, 18.060 mmol) in
acetone (50 mL) was added potassium carbonate 27g5157.691 mmol) and
iodopentane (10.733 g, 54.193 mmol, 7.1 mL). Thetuné was heated to reflux for
48 hours monitoring the reaction by TLC. The reattinixture was filtered, washed
with acetone (50 mL) and the solvent removed umedduced pressure. The crude
product was dissolved in dichloromethane (100 mhy avashed with dilute
hydrochloric acid (1M, 50 mL), water (50 mL) andner (50 mL). The solution was
dried (NaSQ,) and the solvent removed under reduced pressum#icBtion by
silica gel column chromatography (Hexane/DCM 2figrded thetitle compoundas

a colourless oil (5.622 g, 73%]Jp]2° -67.65(c 0.34, chloroform &y (400 MHz,
CDCls) 7.95(2H, d,J 8.99), 7.87 (2H, d] 8.22), 7.44 (2H, d] 8.99), 7.33 (2H, ddd,
J 8.06, 5.73, 2.22), 7.22 (4H, m), 3.96 (4H, m),41(4H, m), 1.04 (4H, m), 0.93
(4H, m), 0.69 (6H, tJ 7.28);5c (101 MHz, CDC}) 154.48, 134.19, 129.20, 128.96,
127.71, 125.96, 125.46, 123.31, 120.65, 115.766629.03, 27.79, 22.13, 13.87,
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miz (Cl) 444.4 (M+NH', 100%), 427.4 (39); HRMS: Found 444.2892GsNO;
(M+NH4") Requires 444.2897.

(S)-6,6'-Dibromo-2,2'-dipentoxy-1,1’-binaphthaleneg6:'*

A solution of bromine (8.421 g, 52.691 mmol, 2.7l)rim dichloromethane (25 mL)
was added dropwise to a stirred solution 8f4,2’-dipentoxy-1,1’-binaphthalene
(5.625 g, 13.187 mmol) in dichloromethane (80 mt)}10°C with streaming N
The reaction was monitored to completion by TLCdi8m metabisulphite solution
(10%, 50 mL) was added and the layers separatesl.ofdnic layer was washed
with water (50 mL), brine (50 mL), dried (b#80O,) and the solvent removed under
reduced pressure. Purification by silica gel coluthnomatography (Hexane/DCM
2:1) afforded thetitle compoundas a colourless oil (7.07 g, 92%¥]3° -64.1 ¢
0.31, chloroform)éy (400 MHz, CDCY) 8.00 (2H, s), 7.83 (2H, d,9.06), 7.40 (2H,
d,J9.03), 7.26 (2H, d] 9.06), 6.98 (2H, d] 9.06), 3.92 (4H, m), 1.40 (4H, m), 1.02
(4H, m), 0.89 (4H, m), 0.67 (6H, 4,7.27);5c (101 MHz, CDC}) 154.94, 132.78,
130.38, 129.95, 129.64, 128.58, 127.33, 120.20,411216.55, 69.71, 29.17, 28.07,
22.36, 14.12m/z (Cl) 584.2 (M+H, 74%), 444.1 (100); HRMS: Found 582.0763
CagH33Br0, (M+H™) Requires 582.0764.

1-Hexylboronic acid - 91:%

N~ PN _OH
Br —— I|3

OH
1-Bromohexane (5.029 g, 30.464 mmol, 4.3mL) in anbys diethylether (20 mL)
was added to magnesium turnings (0.815 g, 33.516lmmanhydrous diethyl ether
(30 mL) at a sufficient rate as to maintain refldter addition the reaction mixture
was heated to reflux for 2 hours. The solution wasled and added dropwise to a
solution of trimethylborate (6.331 g, 60.928 mm@I9 mL) in anhydrous diethyl
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ether (20 mL) at -78°C. After addition the mixtweas allowed to warm to ambient
temperature over 12 hours before being quenchddditiite hydrochloric acid (1M,
50 mL) and stirred for 90 minutes. The crude produ@s extracted with
dichloromethane (2x75 mL) and the organic layer hgdswith water (100 mL),
dried (NaSQ,) and the solvent removed under reduced pressuadfdad the title
compound as a white solid (2.686 g, 68%), m.p. 8%9(lit. 85-90°C).5y (400
MHz, CDCk) 1.57-1.49 (2H, m), 1.32-1.16 (6H, m), 1.04 (2H] 6.94), 0.86 (3H, t,
J 6.98).

Sodium 1-hexyl(trihydroxy)borate - 9%

+

Na
PN ~OH P N --OH
B —— B

i HO” ~OH
1-Hexylboronic acid (2.513 g, 19.335 mmol) was aligsd in toluene (40 mL) with
heating. The hot solution was filtered and sataratedium hydroxide solution added
dropwise until precipitation ceased. The precipitatas vacuum filtered through a
sinter and dried in a desiccator over phosphorustopale to afford the title
compound as a white solid (3.028 g, 98%), m.p. 2208, (400 MHz, BCOD)

4.83 (3H, brs), 1.13-0.96 (10H, m), 0.69 (3H] 6.89).

(S)-6,6"-Bis(1-hexyl)-2,2"-dipentoxy-1,1'-binaphthene - 85%2

(9-6,6'-Dibromo-2,2’-dipentoxy-1,1’-binaphthalene .1 g, 1.740 mmol), 1-
hexyl(trihydroxy)boronate sodium salt (1.183 g, 629 mmol) and 2mol%

PdCL(dppf) (0.0284 g, 0.0348 mmol) were dissolved ilueéae (30 mL) and the
reaction mixture heated to reflux for 72 hours. Thede material was diluted with
dichloromethane, filtered through celite and thévesat removed under reduced
pressure. Purification by silica gel column chroogaaphy (Hexane/DCM 4:1)
afforded thetitle compoundas a colourless oil (0.737 g, 71%]3°> 39.48 ¢ 0.25,
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chloroform).3y (400 MHz, CDCY) 7.89 (2H, dJ 8.97), 7.67 (2H, s), 7.42 (2H, 4,
8.97), 7.17 (2H, dJ 8.68), 7.11 (2H, dJ 8.68), 3.96 (4H, m), 2.76 (4H, 1,7.96),

1.72 (4H, m), 1.42 (16H, m), 1.06 (4H, m), 0.95H1@n), 0.71 (6H, tJ 7.21);5¢

(101 MHz, CDC#) 153.93, 137.71, 132.65, 129.43, 128.30, 127.88,0B, 125.46,
120.94, 116.01, 69.86, 35.86, 31.78, 31.32, 220980, 22.15, 14.10, 13.8W/z
(Cl) 595.6 (M+H, 45%), 594.5 (100), 55.2 (53); HRMS: Found 594%182:H5:0,

(M™) Requires 594.4431.

(S)-2,2'-Diethoxy-1,1"-binaphthalene - 94

To a solution of optically pureS-1,1’-bi(2-naphthol) (5.322 g, 15.542 mmol) in
acetone (100 mL) was added potassium carbonatél(4Q2 55.764 mmol) and
iodoethane (8.526 g, 54.664 mmol, 4.4 mL). The amxtwas heated to reflux for
48 hours monitoring the reaction by TLC. The reacttnixture was filtered, washed
with acetone (50 mL) and the solvent removed umeduced pressure. The crude
product was dissolved in dichloromethane (100 mhy avashed with dilute
hydrochloric acid (1M, 50 mL), water (50 mL) andrar (50 ml). The solution was
dried (NaSQ,) and the solvent removed under reduced pressway&allisation
from ethanol afforded the title compound as whitgstals (5.551 g, 87%), m.p.
138-139°C (lit. 139°C)éy (400 MHz, CDC}) 7.92 (2H, dJ 8.97), 7.84 (2H, dJ
8.13), 7.40 (2H, dJ 8.97), 7.29 (2H, ddd] 8.02, 6.61, 1.32), 7.18 (2H, ddii8.02,
6.61, 1.32), 4.02 (4H, m), 1.03 (6H,Jt6.98).

(S)-6,6'-Dibromo-2,2'-diethoxy-1,1'-binaphthalene103#
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A solution of bromine (2.729 g, 17.075 mmol, 0.8Z)rim dichloromethane (20 mL)
was added dropwise to a stirred solution 8FZ4,2’-diethoxy-1,1’-binaphthalene
(2.651 g, 7.742 mmol) in dichloromethane (80 mL)1&t°C with streaming N The
reaction was monitored to completion by TLC. Sodinmetabisulphite solution
(10%, 50 mL) was added and the mixture stirrecafturther 30 minutes. The layers
were separated and the organic layer was washbaduaier (50 mL), brine (50 mL),
dried (NaSQy) and the solvent removed under reduced press@ery&allisation
from ethanol afforded the title compound as whitestals (3.422 g, 88%), m.p. 160-
161°C (lit. 161-162°C) 64 (400 MHz, CDC}) 7.92 (2H, s), 7.75 (2H, d 9.05),
7.33 (2H, d,J 9.05), 7.17 (2H, dJ 9.05), 6.87 (2H, dJ 9.05), 3.95 (4H, m), 0.97
(6H, t,J6.99).

1,2-Bis(toluenesulphonyloxy)ethan®’

1,2-Ethylene glycol (2.507 g, 40.404 mmol) was al&sd in pyridine (200 mL)
and the solution cooled to 0°C. Tosyl chloride &®. g, 0.162 mol) was added in
six equal portions over a 1 hour period whist stgr The reaction mixture was
kept at 0°C for 12 hours before adding to mixtufé@:50 ice/water (1 L) and
concentrated hydrochloric acid (37%, 50 mL). Thecypitate was filtered and
recrystallised from ethanol to afford the title quoand as white crystals (14.391
g, 97%), m.p. 124-125°C (lit. 126°Gy, (400 MHz, CDC}) 7.70 (4H, d,J 7.87),
7.32 (4H, dJ 7.87), 4.16 (4H, s) 2.44 (6H, s).

(S)-2,2'-(Ethylenedioxy)-1,1'-binaphthalene - 104’

To a solution of optically pureS|-1,1’-bi(2-naphthol) (2.811 g, 9.817 mmol) in

acetone (50 mL) was added potassium carbonate8(§,/89.350 mmol) and 1,2-
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bis(toluenesulphonyloxy)ethane (4.073 g, 10.995 thnidne mixture was heated to
reflux for 48 hours monitoring the reaction by TLThe reaction mixture was
filtered, washed with acetone (50 mL) and the saivemoved under reduced
pressure. The crude product was dissolved in dighiethane (100 mL) and washed
with dilute hydrochloric acid (1M, 50 mL), waterQ5nL) and brine (50 ml). The
solution was dried (N&O;) and the solvent removed under reduced pressure.
Purification by silica gel column chromatographyeftdne/DCM 1:1) afforded the
titte compound as white crystals (1.271 g, 42%)p.nl95-197°C (lit. 197.5-
198.5°C).5y (400 MHz, CDCY) 7.98 (2H, dJ 8.79), 7.89 (2H, d] 8.17), 7.44 (2H,
d,J8.79), 7.40 (2H, dd] 8.17), 7.23 (4H, m), 4.29 (4H, m).

(S)-6,6’-Dibromo-2,2’-(ethylenedioxy)-1,1’-binaph#iene - 105:

1) In DCM at -10°C

A solution of bromine (0.499 g, 3.119 mmol, 0.16 )mh. dichloromethane (5 mL)
was added dropwise to a stirred solution @&)-4,2'-(ethylenedioxy)-1,1'-
binaphthalene (0.253 g, 0.780 mmol) in dichlororaath (40 mL) at -10°C with
streaming N. The reaction was monitored by TLC with no bronokproducts

observed and recovery of starting material.
i) In DCM at ambient temperature

A solution of bromine (0.617 g, 3.859 mmol, 0.19B)rm dichloromethane (5 mL)
was added dropwise to a stirred solution @&)-4,2'-(ethylenedioxy)-1,1'-
binaphthalene (0.313 g, 0.965 mmol) in dichlororaath (40 mL) at ambient
temperature with streaming,NThe reaction was monitored by TLC with no

brominated products observed and recovery of startiaterial.
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iii) In acetic acid at ambient temperature

A solution of bromine (0.506 g, 3.169 mmol, 0.16 )mih. acetic acid (5 mL) was
added dropwise to a stirred solution §-2,2’-(ethylenedioxy)-1,1’-binaphthalene
(0.257 g, 0.792 mmol) in acetic acid (40 mL) at anbtemperature with streaming
N.. The reaction was monitored by TLC with no bronaproducts observed and

recovery of starting material.

(S)-6,6'-Dibromo-2,2’-dihydroxy-1,1'-binaphthalene 10644

(9-1,1'-bi(2-naphthol) (2.136 g, 7.459 mmol) was sdived in dichloromethane
(100 mL) and cooled to -78°C. Bromine (2.384 9,918 mmol, 0.76 mL) was
dissolved in dichloromethane (20 mL) and added wiep to the solution over 30
minutes with vigorous stirring. The solution wadoaled to warm to ambient
temperature over 2.5 hours and stirred for a furtt hours. Aqueous sodium
metabisulphite solution (10%, 50 mL) was addedtaedmixture stirred for a further
30 minutes. The layers were separated and the ioriggrer washed with water (100
mL), brine (100 mL) and dried (N&0O,). The solvent was removed under reduced
pressure to give the title compound as a whitedg@i147 g, 95%), m.p. 197-199°C
(lit. 197-198°C).64 (400 MHz, CDC}) 8.05 (2H, s), 7.89 (2H, d,9.01), 7.39 (2H,
d,J9.01), 7.36 (2H, d] 9.01), 6.96 (2H, d] 9.01), 5.05 (2H, s).

(S)-6,6'-Dibromo-2,2'-(ethylenedioxy)-1,1'-binaphghiene - 105**’
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To a solution of §-6,6’-dibromo-2,2’-dihydroxy-1,1’-binaphthalene.(b5 g, 2.375
mmol) in acetone (50 mL) was added potassium cateo(0.988 g, 7.588 mmol)
and 1,2-bis(toluenesulphonyloxy)ethane (1.323 §7B.mmol). The mixture was
heated to reflux for 48 hours monitoring the rearctioy TLC. The reaction mixture
was filtered, washed with acetone (100 mL) andsthigent removed under reduced
pressure. The crude product was dissolved in dighiethane (100 mL) and washed
with dilute hydrochloric acid (1M, 50 mL), water(Q5nL) and brine (50 ml). The
solution was dried (N&O;) and the solvent removed under reduced pressure.
Purification by silica gel column chromatographyeidne/DCM 4:1) afforded the
titte compoundas a white solid (1.541 g, 60%), m.p. 167-168/43° 320.83 ¢
0.24, chloroform)éy (400 MHz, CDCY) 7.93 (2H, s), 7.75 (2H, d,8.88), 7.32 (2H,
d, J 8.88), 7.18 (2H, dJ 9.07), 6.95 (2H, dJ 9.07), 4.14 (4H, m)dc (101 MHz,
CDCl3) 157.02, 132.30, 131.55, 130.31, 130.25, 129.98.7B, 124.17, 123.93,
119.15, 73.13;m/z (CI) 488.1 (M+NH', 18%), 330.3 (100); HRMS: Found
467.9361 GH15Br,0, (M+H") Requires 467.9355.

1-Bromo-4-hexyloxybenzene - 118

To a solution of 4-bromophenol (15.103 g, 87.304at)rm acetone (300 mL) was
added potassium carbonate (24.187 g, 0.175 mol)lamdmohexane (28.889 g,
0.175 mol, 24.6 mL). The mixture was heated tausefor 48 hours monitoring the
reaction by TLC. The reaction mixture was filterechshed with acetone and the
solvent removed under reduced pressure. The cruddug@ was dissolved in
dichloromethane (100 mL) and the organic layer wdshith water (50 mL), brine
(50 mL), dried (NaSO) and the solvent removed under reduced pressure.
Purification by distillation (114-116°C, 1 mmHg)fafded the title compound as a
colourless oil (22.23 g, 99%j, (400 MHz, CDC}) 7.34 (2H, dJ 8.79), 6.76 (2H,
d,J 8.79), 3.90 (2H, t) 6.58), 1.75 (2H, m), 1.44 (2H, m), 1.32 (4H, mp®(3H, t,
J6.91).
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4-Hexyloxybenzeneboronic acid - 167

/OH

OH

H

1-Bromo-4-hexyloxybenzene (9.952 g, 38.701 mmalanhydrous diethylether (40
mL) was added to magnesium turnings (1.035 g, 42.8imol) in anhydrous
diethylether (30 mL) at a sufficient rate as to mi@in reflux. After addition the
reaction mixture was heated to reflux for 2 hoditse solution was cooled and added
dropwise to a solution of trimethylborate (8.043 %,.402 mmol, 8.8 mL) in
anhydrous diethylether (20 mL) at -78°C. After anbah the mixture was allowed to
warm to ambient temperature over 12 hours befoiagbguenched with dilute
hydrochloric acid (1M, 100 mL) and stirred for 90noiies. The crude product was
extracted with dichloromethane (2x75 mL) and thgaaic layer washed with water
(100 mL) and dried (N&Oy,). The solvent was removed under reduced pressure t
afford the title compound as a white solid (6.80&9%), m.p. 80-85, 89-91°Gy
(400 MHz, CDC}) 7.72 (2H, d,J 8.48), 6.93 (2H, dJ 8.48), 3.98 (2H, tJ 6.57),
1.78 (2H, m), 1.45 (2H, m), 1.32 (4H, m), 0.88 (3H,7.00).

4-Hexyloxyphenyl(trihydroxy)boronate sodium salt11:*??

oH Na’

/OH I
1&.)0@8\ —_— H13C604©7I?—OH
OH

OH

H

4-Hexyloxybenzeneboronic acid (5.013 g, 22.576 mmas dissolved in toluene
(40 mL) with heating. The hot solution was filteraxd saturated sodium hydroxide
solution added dropwise until precipitation ceas€de precipitate was vacuum
filtered through a sinter and dried in a desiccaiver phosphorus pentoxide to
afford the title compound as a white solid (5.52498%), m.p. >200°Cdy (400
MHz, DsCOD) 7.38 (2H, d,) 7.90), 6.72 (2H, dJ 7.90), 3.92 (2H, tJ 6.48), 1.73
(2H, m), 1.46 (2H, m), 1.35 (4H, m), 0.92 (3HJ 6.60).
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1-Bromo-4-heptanoylbenzene - 11%

O -
Br ——= Br

H,,C{
Heptanoyl chloride (25.153 g, 0.169 mol, 26.2 migswadded dropwise to a stirred
mixture of bromobenzene (75 mL) and aluminium ade®r(24.788 g, 0.186 mol) at
0°C. The mixture was stirred at 0 °C for 1 hourdoefheating to 80°C for 2 hours,
cooling and adding to hydrochloric acid (6M, 100 )nLhe product was extracted
into dichloromethane (2x30 mL) and the combinedhoig layers washed with water
(2x30 mL), dried (Ng&SOy) and the solvent removed under reduced pressure.
Purification by distillation (b.p. 180-183°C, 20 rkig) afforded the title compound
as white plates (39.804 g, 87%), m.p. 69°C (lit:7&@9C). 6y (400 MHz, CDCY)
7.89 (2H, d,J 8.45), 7.60 (2H, dJ 8.45), 2.87 (2H, tJ 7.79), 1.75 (2H, m), 1.32
(6H, m), 0.93 (3H, tJ 6.97).

1-Bromo-4-heptylbenzene - 114°

@)
O — O
HlSC6 H13C6

A mixture of 1-bromo-4-heptanoylbenzene (10.1220¢)376 mmol), hydrazine
monohydrate (5.648 g, 0.113 mol, 5.5 mL) and patas$ydroxide (6.751g, 0.120
mol) in diethylene glycol (50 mL) was heated to ¥3dor 2 hours. The excess
hydrazine was removed by distillation and the terafpee raised to 200°C for 2
hours. The mixture was cooled and added to hydooichacid (6M, 100 mL). The
product was extracted into diethyl ether (2x30 rahyl the combined organic layers
washed with water (2x30 mL), dried (}&0D;) and the solvent removed under
reduced pressure. Purification by distillation (hlg6-149°C, 20 mmHg) afforded
the title compound as a colourless oil (7.048 goY.3y (400 MHz, CDC}) 7.39
(2H, d,J 8.31), 7.02 (2H, dJ 8.31), 2.49 (2H, t) 7.76), 1.55 (2H, m), 1.27 (8H, m),
0.87 (3H, tJ 6.96).
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1-Bromo-4-heptylbenzene - 114°

BrOBr — H15C74®78r

1-Bromoheptane (27.225 g, 0.152 mol, 23.9 mL) inyainous diethylether (40 mL)
was added to magnesium turnings (4.072 g, 0.167 imahhydrous diethylether (60
mL) at a sufficient rate as to maintain reflux. &feaddition the reaction mixture was
heated to reflux for 2 hours. The solution was thdded dropwise to a solution of
1,4-dibromobenzene (35.859 g, 0.152 mol) and Rd@bf) (1.241 g, 1.520 mmol)
in anhydrous diethylether (80 mL) at ambient terapee. The reaction mixture was
heated to reflux for 24 hours before adding to w&t®0 mL) and filtering. The
filtrate was extracted with diethylether (100 mlgdawashed with water (100 mL),
dried (NaSQ,) and the solvent removed under reduced pressundicBtion by
distillation (b.p. 108-110°C, 0.8 mmHg) affordect ttitle compound as a colourless
oil (22.698 g, 59%)5y (400 MHz, CDCYJ) 7.35 (2H, dJ 8.25), 7.01 (2H, d] 8.25),
2.52 (2H, tJ 7.74), 1.56 (2H, m), 1.27 (8H, m), 0.87 (3H] 6.94).

4-Heptylbenzeneboronic acid - 1G8°

/OH

OH

1-Bromo-4-heptylbenzene (9.995 g, 39.188 mmol,amhydrous diethyl ether (40
mL) was added to magnesium turnings (1.048 g, #3rtol) in anhydrous diethyl
ether (30 mL) at a sufficient rate as to maintafiux. After addition the reaction
mixture was heated to reflux for 2 hours. The sotutwas cooled and added
dropwise to a solution of trimethylborate (8.144 %8.376 mmol, 8.9 mL) in
anhydrous diethyl ether (20 mL) at -78°C. After éidd the mixture was allowed to
warm to ambient temperature over 12 hours befoiagbguenched with dilute
hydrochloric acid (1M, 100 mL) and stirred for 90noites. The crude product was
extracted with dichloromethane (2x75 mL) and thgaaic layer washed with water
(100 mL) and dried (N&Oy,). The solvent was removed under reduced pressure t
afford the title compound as a white solid (6.22920%), m.p. 50-55, 67-70°Gy
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(400 MHz, CDC}) 8.13 (2H, d,J 7.64), 7.30 (2H, dJ 7.64), 2.67 (2H, t) 7.71),
1.65 (2H, m), 1.35-1.24 (8H, m), 0.87 (3H] 6.70).

4-Heptylphenyl(trihydroxy)boronate sodium salt - 8422

4-Heptylbenzeneboronic acid (4.017 g, 18.252 mma@al¥ dissolved in toluene (50
mL) with heating. The hot solution was filtered asaturated sodium hydroxide
solution added dropwise until precipitation ceas€de precipitate was vacuum
filtered through a sinter and dried in a desiccatgr phosphorus pentoxide to give
the title compound as a white solid (4.534 g, 958%). >200°C.54 (400 MHz,
DsCOD) 7.37 (2H, dJ 8.24), 6.70 (2H, d] 8.24), 3.90 (2H, tJ 6.49), 3.29 (2H, m),
1.71 (2H, m), 1.45 (2H, m), 1.34 (4H, m), 0.90 (3H),6.84).

(S)-6,6'-Bis(4-hexyloxyphenyl)-2,2'-dipentoxy-1, binaphthalene - 98‘*

(9-6,6'-Dibromo-2,2’-dipentoxy-1,1'-binaphthalene .206 g, 0.353 mmol), 4-
hexyloxyphenyl(trihydroxy)boronate sodium salt ({033, 1.410 mmol) and 2mol%
PdCL(dppf) (5.766 mg, 7.060 umol) were dissolved iru¢osle (10 mL) and the
reaction mixture heated to reflux for 72 hours. Thede material was diluted with
dichloromethane, filtered through celite and thévesat removed under reduced
pressure. Purification by silica gel column chroogaaphy (Hexane/DCM 4:1)
afforded thetitte compoundas a colourless oil (0.199 g, 71%}]3° 184.50 ¢ 0.08,

chloroform).dy4 (400 MHz, CDCY) 8.02 (2H, s), 7.97 (2H, d,9.01), 7.61 (4H, d)

8.58), 7.45 (4H, m), 7.26 (2H, d,8.58), 6.99 (4H, dJ) 8.58), 3.99 (4H, tJ 6.51),

3.94 (4H, m), 1.81 (4H, m), 1.45 (8H, m), 1.35 (8K, 1.29 (4H, m), 1.02 (4H, m),
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0.89 (6H, t,J 6.45), 0.653 (6H, tJ 7.08);5¢c (101 MHz, CDCY) 158.73, 154.72,
135.98, 133.86, 133.33, 129.78, 129.41, 128.33,2B26125.87, 125.14, 120.80,
116.42, 114.99, 70.00, 68.29, 31.83, 29.521, 2928310, 25.99, 22.81, 22.42,
14.35, 14.15m/z (Cl) 778.6 (M+H, 85%), 469.3 (21), 77.2 (24); HRMS: Found
778.4965 GHe704 (M+H") Requires 778.4956.

(S)-6,6"-Bis(4-heptylphenyl)-2,2'-dipentoxy-1,1+héphthalene - 99:%

- OC.H,,

OCgHy,

(9-6,6'-Dibromo-2,2’-dipentoxy-1,1'-binaphthalene .4@6 g, 0.729 mmol), 4-
heptylphenyl(trihnydroxy)boronate sodium salt (0.64,92.916 mmol) and 2mol%
PdChL(dppf) (0.0119 g, 0.0146 mmol) were dissolved ilueéae (10 mL) and the
reaction mixture heated to reflux for 72 hours. Thede material was diluted with
dichloromethane, filtered through celite and thévesat removed under reduced
pressure. Purification by silica gel column chroogaaphy (Hexane/DCM 9:1)
afforded thetitte compoundas a colourless oil (0.376 g, 67%]3* 170.0 ¢ 0.001,
chloroform).éy (400 MHz, CDCYJ) 8.04 (2H, dJ 1.79), 7.97 (2H, dJ 8.99), 7.59
(4H, d,J 8.09), 7.48 (2H, dJ 8.80, 1.79), 7.43 (2H, d,8.99), 7.25 (4H, dJ 8.09),
7.25 (2H, d,J 8.80), 3.96 (4H, m), 2.64 (4H, 4, 7.75), 1.64 (4H, m), 1.46-1.25
(20H, m), 1.01 (4H, m), 0.95-0.86 (10H, m), 0.64H(8, J 7.18);5¢c (101 MHz,
CDCls) 154.55, 141.74, 138.58, 136.00, 133.27, 129.48.2B, 128.79, 126.98,
125.96, 125.76, 125.36, 120.51, 116.14, 69.75,23536.82, 31.53, 29.35, 29.20,
29.06, 27.84, 22.67, 22.17, 14.12, 13.887 (Cl) 792.6 (M+NH", 39%), 618.4
(100), 279.2 (36); HRMS: Found 792.571%¢,NO, (M+NH,;") Requires
792.5714.
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(S)-6,6"-Bis(4-hexyloxyphenyl)-2,2'-diethoxy-1,1aphthalene - 100-*

(9-6,6'-Dibromo-2,2’-diethoxy-1,1'-binaphthalene %3 g, 1.146 mmol), 4-
hexyloxyphenyl(trihydroxy)boronate sodium salt 12y, 4.582 mmol) and 2mol%
PdCbL(dppf) (0.0187 g, 0.0229 mmol) were dissolved ilueoe (20 mL) and the
reaction mixture heated to reflux for 72 hours. Thede material was diluted with
dichloromethane, filtered through celite and thévesat removed under reduced
pressure. Purification by silica gel column chroogaaphy (Hexane/DCM 4:1)
afforded thetitle compoundas colourless crystals (0.581 g, 76%), m.p. 9800
[a]3°® 131.63 ¢ 0.21, chloroform)sy (400 MHz, CDCJ) 8.00 (2H, s), 7.97 (2H, 4,
9.21), 7.59 (4H, m), 7.44 (4H, m), 7.21 (2H,J®.21), 6.97 (4H, m) 4.01 (8H, m),
1.78 (4H, m), 1.45 (4H, m), 1.30 (8H, m), 1.08 (GH] 6.99), 0.90 (6H, t) 6.97);
dc (101 MHz, CDCY) 158.77, 154.47, 136.01, 133.78, 133.23, 129.728.4b,
128.38, 126.24, 125.96, 125.11, 120.71, 116.41,061%8.38, 65.41, 31.84, 29.52,
22.86, 15.23, 14.23n/z(El) 694.5 (M, 79%), 438.9 (16), 69.2 (35); HRMS: Found
694.9416 GgHs504 (M+H™) Requires 694.9442.

(S)-6,6'-Bis(4-heptylphenyl)-2,2'-diethoxy-1,1'-baphthalene - 1017

Optically pure §-6,6’-dibromo-2,2’-diethoxy-1,1’-binaphthalene 403 g, 0.946
mmol), 4-heptylphenyl(trihydroxy)boronate sodiuntt $2.476 g, 5.674 mmol) and 2
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mol% PdC}(dppf) (0.0155 g, 0.0189 mmol) were dissolved ilneoe (30 mL) and
the reaction mixture heated to reflux for 72 hodrse crude material was diluted
with dichloromethane, filtered through celite ahd solvent removed under reduced
pressure. Purification by silica gel column chroogaaphy (Hexane/DCM 1:1)
afforded thetitle compoundas a colourless crystals (0.492, 76%), m.p. 1@k
[a]3° -97.47 € 0.21, chloroform)sy (400 MHz, CDC}) 8.09 (2H, s), 8.01 (2H, d,
8.86), 7.63 (4H, dJ 8.27), 7.52 (2H, d) 8.86), 7.47 (2H, dJ 9.04), 7.29 (4H, d)
8.27), 7.27 (2H, dJ 8.75), 3.99 (4H, gJ 6.99), 2.56 (4H, tJ) 7.74), 1.57 (4H, m),
1.24 (16H, m), 1.01 (6H, t] 6.98), 0.80 (6H, tJ 6.81);6c (101 MHz, CDC})
154.60, 142.06, 138.77, 136.31, 133.50, 129.75,6829129.08, 127.25, 126.25,
126.70, 125.65, 120.71, 116.40, 65.45, 35.88, 3230978, 29.61, 29.47, 22.94,
15.27, 14.38m/z (Cl) 690.6 (M+H, 100%), 260.5 (61); HRMS: Found 690.4510
CsoHs¢0. (M+H™) Requires 690.4510.

(S)-6,6'-Bis(4-hexyloxyphenyl)-2,2'-(ethylenediox{) 1’-binaphthalene - 102%?

H,,C.,O

(9-6,6’-Dibromo-2,2’-(ethylenedioxy)-1,1’-binaphtteade (0.352 g, 0.749 mmol), 4-
hexyloxyphenyl(trihydroxy)boronate sodium salt @879, 2.988 mmol) and 2mol%
PdChL(dppf) (0.0149 g, 0.0183 mmol) were dissolved ilueae (15 mL) and the
reaction mixture heated to reflux for 72 hours. Thede material was diluted with
dichloromethane, filtered through celite and thévesat removed under reduced
pressure. Purification by silica gel column chroogaaphy (Hexane/DCM 4:1)
afforded thetitte compoundas a colourless oil (0.421 g, 85%a}]3° 466.74 ¢ 0.43,
chloroform).dy4 (400 MHz, CDCY4) 7.96 (2H, s), 7.92 (2H, d,8.80), 7.52 (4H, d)
8.76), 7.40 (2H, dd] 8.87, 1.85), 7.36 (2H, 0,8.80), 7.26 (2H, d] 8.87), 6.89 (4H,
d,J8.76), 4.32 (2H, dJ 8.95), 4.09 (2H, dJ 8.95 H), 3.90 (4H, t) 6.58), 1.71 (4H,
m), 1.38 (4H, m), 1.26 (8H, m), 0.82 (6HJt7.04);5c (101 MHz, CDC}) 158.73,
156.36, 137.03, 133.02, 131.75, 131.29, 130.81,1728127.56, 125.75, 124.99,
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124.08, 122.81, 114.82, 72.99, 68.06, 31.58, 2RB371, 22.60, 14.04n/z (Cl)
665.5 (M+H, 31%), 664.4 (65), 43.2 (100): HRMS: Found 682(B&HsNO,
(M+NH,") Requires 682.3891.

(S)-6-(4-Hexyloxyphenyl)-2,2'-(ethylenedioxy)-1, binaphthalene - 11772

H,,CO

(9-6,6'-Dibromo-2,2’-(ethylenedioxy)-1,1’-binaphtleade (0.322 g, 0.685 mmol), 4-
hexyloxyphenyltrihydroxyboronate sodium salt (0.44191.712 mmol) and 2mol%
PdCbL(dppf) (0.0112 g, 0.0137 mmol) were dissolved ilueoe (10 mL) and the
reaction mixture heated to reflux for 72 hours. Thede material was diluted with
dichloromethane, filtered through celite and thévesat removed under reduced
pressure. Purification by silica gel column chroogaaphy (Hexane/DCM 4:1)
afforded thetitte compoundas a colourless oil (0.164 g, 49%a}]3° 934.58 ¢ 0.01,
chloroform).éy (400 MHz, CDCJ) 7.95 (1H, s), 7.91 (1H, d,8.45), 7.89 (1H, d)
8.45), 7.81 (1H, dJ 8.12), 7.52 (2H, d) 8.76), 7.39-7.34 (3H, m), 7.31 (1H, ddd,
8.06, 6.67, 1.28), 7.24-7.13 (3H, m), 6.89 (2H] 8,76), 4.20 (4H, m), 3.91 (2H,1,
6.58), 1.71 (2H, qn] 6.72), 1.39 (2H, m), 0.80 (3H,1,5.90);5¢ (101 MHz, CDCJ)
158.74, 156.51, 156.36, 137.03, 133.03, 132.94,7531131.29, 130.94, 130.81,
130.72, 128.18, 128.02, 127.53, 127.09, 126.26,2126125.72, 125.00, 124.75,
124.18, 124.09, 122.79, 122.44, 114.83, 72.98,880.58, 29.24, 25.72, 22.60,
14.04; m/z (Cl) 506.3 (M+NH’, 100%), 100.2 (69); HRMS: Found 506.2698
CasH36NOs (M+NH;") Requires 506.2690.

(S)-2,2'-Bis(dodecyloxy)-1,1'-binaphthalene - 11¢"
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To a solution of optically pureS-1,1’-bi(2-naphthol) (0.519 g, 1.813 mmol) in
acetone (30 mL) was added potassium carbonate2(@7%.439 mmol) and 1-
bromododecane (2.712 g, 10.876 mmol, 2.6 mL). Theéume was heated to reflux
for 48 hours monitoring the reaction by TLC. Thaaton mixture was filtered,
washed with acetone (50 mL) and the solvent remowelr reduced pressure. The
crude product was dissolved in dichloromethane () and washed with dilute
hydrochloric acid (1M, 25 mL), water (25 mL) andriar (25 ml). The solution was
dried (NaSQ,) and the solvent removed under reduced pressumgicBtion by
silica gel column chromatography afforded the tdenpound as a colourless oil
(1.002 g, 89%)oy (400 MHz, CDCY) 7.89 (2H, d,J 8.97), 7.81 (2H, dJ 8.08),
7.31 (2H, dJ 8.97), 7.27 (2H, ddd] 8.08, 6.47, 1.47), 7.16 (2H, m), 7.12 (2H,d,
8.08), 3.89 (4H, m), 1.39-0.91 (40H, m), 0.86 (6H,6.91).

Lithium 1-hexynyl(triisopropyl)borate - 126°*

n-Butyllithium (2.5M in hexanes 67.120 mmol, 26.8 )ymas added to a solution
of 1-hexyne (5.012 g, 61.018 mmol) in anhydrousatetdrofuran (90 mL) at -
78°C. The mixture was stirred for 1 hour before miaig to 0°C and stirring for a
further hour. After re-cooling to -78°C triisoprgporate (11.476 g, 61.018
mmol, 14.1 mL) was added dropwise, with vigorousriag, and the mixture
allowed to warm to room temperature over 12 hotlire solvent was removed
under reduced pressure to afford the title compaame white solid (11.121 g,
66%), m.p. >200°Csy (400 MHz, CDCYJ) 3.92 (3H, sept) 6.17), 2.16 (2H, tJ
6.58), 1.45 (4H, m), 1.15 (18H, 36.17), 0.92 (3H, t) 6.99).
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(S)-6,6’-(1-Hexynyl)-2,2’-diethoxy-1,1’-binaphthatee - 120:

i) Using THF & 4 equivalents of 1-hexyfié

To a solution of §-6,6’-dibromo-2,2’-diethoxy-1,1’-binaphthalene §93 g, 1.386
mmol), copper(l) iodide (0.0396 g, 0.208 mmol), PgEePh), (0.0973 g, 0.139
mmol) and triethylamine (0.164 g, 2.772 mmol, Or@R) in tetrahydrofuran (10
mL) was added 1-hexyne (0.455 g, 5.544 mmol, 0.6%and the mixture heated to
reflux for 48 hours. The cooled mixture was dilutedh dichloromethane (20 mL)
filtered through celite. The solution was washethwater (25 mL), brine (25 mL),
dried (NaSQ,) and the solvent removed under reduced pressum#icBtion by
silica gel column chromatography (Hexane/DCM 4figrded the mono-substituted
derivative (0.0703 g, 12%).

i) Using THF& 10 equivalents of 1-hexyfi&

To a solution of §-6,6’-dibromo-2,2’-diethoxy-1,1’-binaphthalene 461 g, 0.922
mmol), copper(l) iodide (0.0263 g, 0.128 mmol), PgRPh), (0.0324 g, 0.0461
mmol) and triethylamine (0.109 g, 1.844 mmol, OrtB) in tetrahydrofuran (10
mL) was added 1-hexyne (0.757 g, 9.220 mmol, 1.0pand the mixture heated to
reflux for 72 hours. The cooled mixture was diluteh dichloromethane (20 mL)
and filtered through celite. The solution was wakthéh water (25 mL), brine (25
mL), dried (NaSQy) and the solvent removed under reduced pressuréicBtion
by silica gel column chromatography (Hexane/DCM )4dfforded the mono-
substituted derivative (0.105 g, 27%).

iii) Using EN & 12 equivalents of 1-hexyhé

A solution of §)-6,6-dibromo-2,2’-diethoxy-1,1’-binaphthalene 304 g, 0.748
mmol), copper(l) iodide (0.0214 g, 0.112 mmol), PgEPh), (0.0262 g, 0.0374
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mmol) in triethylamine (10 mL) was heated to 60f6€10 minutes before adding 1-
hexyne (0.737 g, 8.976 mmol, 1.03 mL) and heatorgaffurther 48 hours at 80°C.
The cooled mixture was diluted with dichloromethg2@ mL) and filtered through
celite. The solution was washed with water (25 nfitipe (25 mL), dried (N&SOy)
and the solvent removed under reduced pressurdicRtion by silica gel column
chromatography (Hexane/DCM 4:1) afforded tiitte compoundas a yellow oil
(0.0752 g, 20%) and the mono-substituted derivgves5 g, 49%).

iv) Using EtN & 15 equivalents of 1-hexyhné

To a sealed tube was addeB)-6,6’-dibromo-2,2’-diethoxy-1,1’-binaphthalene
(0.392 g, 0.784 mmol), copper(l) iodide (0.02240g118 mmol), PdG(PPh);
(0.0275 g, 0.0392 mmol) and triethylamine (10 mChe mixture was heated to
60°C for 10 minutes before adding 1-hexyne (0.9661g760 mmol, 1.35 mL) and
heating for a further 72 hours at 80°C. The mixtumas diluted with
dichloromethane (20 mL) and filtered through celifbe solution was washed with
water (25 mL), brine (25 mL), dried (B8®0O,) and the solvent removed under
reduced pressure. Purification by silica gel coluthnomatography (Hexane/DCM
4:1) afforded theitle compoundas a yellow oil (0.126 g, 32%) and the mono-
substituted derivative (0.159 g, 48%).

v) Using lithium 1-hexynyl(triisopropoxy)borate £at

To a mixture of lithium 1-hexynyl(triisopropoxy)bate (0.574 g, 2.079 mmol),
copper(l) iodide (0.0497 g, 0.0261 mmol) and 5Smé&tHU{PPhk), (0.0301 g, 0.0261
mmol) was added a solution d$){6,6’-dibromo-2,2’-diethoxy-1,1’-binaphthalene
(0.261 g, 0.522 mmol) in anhydrous,N-dimethylformamide (5 mL) and the
reaction mixture heated to 90°C for 20 hours. Tleture was diluted with toluene
(5 mL) and water (15 mL) and the layers separaféeé. organic layer was washed
with water (2x25 mL), brine (2x25 mL), dried (p&0,) and the solvent removed
under reduced pressure. Purification by silica gelumn chromatography
(Hexane/DCM 3:1) afforded théle compoundas a yellow oil (0.211 g, 82%)y]3*
51.1 € 0.04, chloroform)sy (400 MHz, CDC}) 7.85 (2H. s), 7.78 (2H, d,9.04),
7.32 (2H, d,J 9.04), 7.11 (2H, dJ 8.77), 6.95 (2H, dJ 8.77), 3.96 (4H, m), 2.36
(4H, t,J 6.95), 1.40 (8H, m), 0.97 (6H,1,6.90), 0.88 (6H, tJ 7.22);5¢ (101 MHz,
CDCl;) 154.67, 133.12, 131.01, 128.94, 128.88, 128.7%.3D, 120.15, 118.81,
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115.96, 89.98, 80.99, 65.04, 30.92, 22.02, 19.2D93, 13.66;m/z (CI) 520.3
(M+NH.*, 14%), 503.3 (34), 254.2 (100); HRMS: Found 5208XsgHNO,
(M+NH4") Requires 520.3210.

(S)-6,6’-(1-Hexynyl)-2,2’-pentoxy-1,1’-binaphthalen— 121:

i) Using THF & 4 equivalents of 1-hexyfie

To a solution of §-6,6’-dibromo-2,2’-pentoxy-1,1’-binaphthalene (64 g, 0.815
mmol), copper(l) iodide (0.0233 g, 0.122 mmol), PgEPh), (0.0286 g, 0.0408
mmol) and triethylamine (0.0963 g, 1.630 mmol,30rL) in tetrahydrofuran (10
mL) was added 1-hexyne (0.268 g, 3.260 mmol, 0.BY and the mixture heated to
reflux for 48 hours. The cooled mixture was dilutedh dichloromethane (20 mL)
filtered through celite. The solution was washethwvater (25 mL), brine (25 mL),
dried (NaSQ,) and the solvent removed under reduced pressum#icBtion by
silica gel column chromatography (Hexane/DCM 6figrded the mono-substituted
derivative (0.0377 g, 9%).

i) Using THF& 10 equivalents of 1-hexyfi&

To a solution of §-6,6’-dibromo-2,2’-dipentoxy-1,1’-binaphthalene.209 g, 0.512
mmol), copper(l) iodide (0.0146 g, 0.768 mmol), PgEPh), (0.0179 g, 0.0256
mmol) and triethylamine (0.0605 g, 1.024 mmol,80rAL) in tetrahydrofuran (10
mL) was added 1-hexyne (0.421 g, 5.120 mmol, 0883 and the mixture heated

to reflux for 48 hours. The cooled mixture was shth with dichloromethane (20
mL) and filtered through celite. The solution waashed with water (25 mL), brine
(25 mL), dried (NaSO;) and the solvent removed under reduced pressure.
Purification by silica gel column chromatographyeidne/DCM 6:1) afforded the
titte compoundas a pale yellow oil (0.0279 g, 9%) and the momosstuted
derivative (0.126 g, 48%)

131



iii) Using EtN & 12 equivalents of 1-hexyhé

A solution of §-6,6’-dibromo-2,2’-dipentoxy-1,1’-binaphthalene.389 g, 0.580
mmol), copper(l) iodide (0.0166 g, 0.0870 mmol)CR@PPh), (0.0203 g, 0.0290
mmol) in triethylamine (10 mL) was heated to 60f&€10 minutes before adding 1-
hexyne (0.572 g, 6.960 mmol, 0.80 mL) and heatmgaffurther 48 hours at 80 °C.
The cooled mixture was diluted with dichloromethg2@ mL) and filtered through
celite. The solution was washed with water (25 ntitine (25 mL), dried (N£Oy)
and the solvent removed under reduced pressurdicRton by silica gel column
chromatography (Hexane/DCM 6:1) afforded tiie compoundas a pale yellow oil
(0.0561 g, 16%) and the mono-substituted derivgves7 g, 53%).

iv) Using EtN & 15 equivalents of 1-hexyhe

To a solution of §-6,6’-dibromo-2,2’-dipentoxy-1,1’-binaphthalene.3@1 g, 0.635
mmol) in triethylamine (10 mL) in a sealed tube vaasled copper(l) iodide (0.0181
g, 0.0952 mmol), PdgIPPh), (0.0223 g, 0.0318 mmol). The mixture was heated to
60°C for 10 minutes before adding 1-hexyne (0.7892.§25 mmol, 1.09 mL) and
heating for a further 72 hours at 80°C. The mixtunas diluted with
dichloromethane (20 mL) and filtered through celitbe solution was washed with
water (25 mL), brine (25 mL), dried (B®0O,) and the solvent removed under
reduced pressure. Purification by silica gel coluthnomatography (Hexane/DCM
4:1) afforded thetitle compoundas a yellow oil (0.146 g, 39%) and the mono-
substituted derivative (0.136 g, 42%).

v) Using lithium 1-hexynyl(triisopropoxy)borate £at

To a mixture of lithium 1-hexynyl(triisopropoxy)bate (0.551 g, 1.996 mmol),
copper(l) iodide (4.742 mg, 0.0249 mmol) and 5m&eé§{PPk), (0.0301 g, 0.0249

mmol) was added a solution d§{6,6’-dibromo-2,2’-dipentoxy-1,1’-binaphthalene
(0.292 g, 0.499 mmol) in anhydrous,N-dimethylformamide (5 mL) and the
reaction mixture was heated to 90°C for 20 houtse Mmixture was diluted with

toluene (5 mL) and water (15 mL) and the layersassed. The organic layer was
washed with water (2x25 mL), brine (2x25 mL), drigdaSO,) and the solvent

removed under reduced pressure. Purification byasgel column chromatography
(Hexane/DCM 3:1) afforded thétle compoundas a yellow oil (0.204 g, 69%)]3°
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97.85 ¢ 0.15,chloroform).sy (400 MHz, CDCY) 7.91 (2H, s), 7.84 (2H, d,9.01),
7.37 (2H, d,J 9.01), 7.17 (2H, dJ 8.76), 7.03 (2H, dJ 8.76), 3.91 (4H, m), 2.43
(4H, t,J 7.01), 1.64-1.35 (12H, m), 1.05-0.86 (14H, m),70(6H, t,J 7.26):5¢ (101
MHz, CDCk) 154.90, 133.19, 130.97, 128.92, 128.79, 128.72%.2D, 120.19,
118.75, 115.91, 88.86, 81.04, 69.53, 30.93, 289481, 22.13, 22.01, 19.20, 13.87,
13.66; m/z (Cl) 587.6 (M+H, 46%), 586.6 (100); HRMS: Found 604.4141
C42Hs54NO, (M+NH,) Requires 604.4149.

1-Bromo-3-hexyloxybenzene - 127

To a solution of 3-bromophenol (5.002 g, 28.914 hymo acetone (75 mL) was
added dry potassium carbonate (7.992 g, 57.829 amal)1-bromohexane (9.546 g,
57.828 mol, 8.1 mL). The mixture was heated tousefor 48 hours monitoring the
reaction by TLC. The reaction mixture was filtereghshed with acetone and the
solvent removed under reduced pressure. The cruddu@ was dissolved in
dichloromethane (100 mL) and the organic layer wdshkith water (50 mL), brine
(50 mL), dried (NaSO) and the solvent removed under reduced pressure.
Purification by distillation (96-98°C, 12 mmHg) affled the title compound as a
colourless oil (6.117 g, 82%934 (400 MHz, CDC}) 7.41-7.27 (3H, m), 7.02 (1H,
dd,J 8.16, 1.24), 4.09 (2H, §,6.96), 1.78 (2H, m), 1.37 (2H, m), 1.29 (4H, mBD
(3H,t,J7.12).

3-Hexyloxybenzeneboronic acid - 128

H,.C.O H,,C.O

13~6 13~6
/OH
Br —— B\

OH

1-Bromo-3-hexyloxybenzene (5.111 g, 19.876 mmalanhydrous diethylether (20
mL) was added to magnesium turnings (0.531 g, &L.86nol) in anhydrous
diethylether (20 mL) at a sufficient rate as to mi@in reflux. After addition the
reaction mixture was heated to reflux for 2 hoditse solution was cooled and added
dropwise to a solution of trimethylborate (4.131 39.752 mmol, 4.5 mL) in
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anhydrous diethylether (20 mL) at -78°C. After anbai the mixture was allowed to
warm to ambient temperature over 12 hours befoiagbguenched with dilute
hydrochloric acid (1M, 100 mL) and stirred for 90neites. The crude product was
extracted with dichloromethane (2x75 mL) and thgaaic layer washed with water
(100 mL) and dried (N&QO,). The solvent was removed under reduced pressure t
afford the title compound as a white solid (3.063%9§%), m.p. 78-82°Cdy (400
MHz, CDCk) 7.78 (1H, d,J 7.23), 7.70 (1H, dJ 2.61), 7.39 (1H, m), 7.10 (1H, ddd,
8.19, 2.61, 0.81), 4.04 (2H,16.56), 1.82 (2H, m), 1.49 (2H, m), 1.35 (4H, mBD
(3H, t,J 7.09).

(S)-6,6’-Bis(3-hexyloxyphenyl)-2,2’-diethoxy-1,1aphthalene - 129:

(9-6,6'-Dibromo-2,2’-diethoxy-1,1’-binaphthalene 406 g, 0.951 mmol), 3-
hexyloxybenzeneboronic acid (0.843 g, 3.796 mmadesium fluoride (0.576 g,
3.796 mmol) and 2mol% Pddippf) (0.0155 g, 0.0190 mmol) were dissolved in
toluene (20 mL) and the reaction mixture heatedeftux for 72 hours. The crude
material was diluted with dichloromethane, filterdnlough celite and the solvent
removed under reduced pressure. Purification byasgel column chromatography
(Hexane/DCM 4:1) afforded thitle compoundas white crystals (0.488 g, 77%),
m.p. 108-110°Cfa]3* 79.4 € 0.03, chloroform)§y (400 MHz, CDC§) 7.99 (2H, s),
7.92 (2H, d,J 9.08), 7.40 (2H, dJ 9.24), 7.26 (2H, m), 7.17 (4H, m), 7.14 (2H, s),
6.80 (2H, dJ 8.14), 4.00 (4H, m), 3.94 (4H, 1,6.56), 1.73 (4H, m), 1.40 (4H, m),
1.26 (8H, m), 1.01 (6H, 1 6.97), 0.82 (6H, 1) 6.37);6c (101 MHz, CDC}) 159.72,
154.68, 142.91, 136.22, 133.65, 129.91, 129.70,5829126.19, 126.06, 126.01,
120.57, 119.71, 116.35, 113.68, 113.20, 68.24,%533.83, 29.52, 25.99, 22.85,
15.25, 14.29m/z(Cl) 712.6 (M+NH", 20%), 695.5 (100); HRMS: Found 712.4365
CugHseNO,4 (M+NH4") Requires 712.4360.
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(S)-6,6’-Bis(3-hexyloxyphenyl)-2,2’-dipentoxy-1, binaphthalene - 130:

(9-6,6'-Dibromo-2,2’-dipentoxy-1,1'-binaphthalene .26 g, 1.054 mmol), 3-
hexyloxybenzeneboronic acid (1.045 g, 6.325 mmadesium fluoride (0.961 g,
6.325 mmol) and 2mol% Pdgdippf) (0.0172 mg, 0.0211 mmol) were dissolved in
toluene (15 mL) and the reaction mixture heatedeftux for 72 hours. The crude
material was diluted with dichloromethane, filterdnlough celite and the solvent
removed under reduced pressure. Purification byasgel column chromatography
(Hexane/DCM 3:1) afforded thtitle compoundas a colourless oil (0.561 g, 68%),
[a]3* 80.2 € 0.04, chloroform)sy (400 MHz, CDC}) 7.98 (2H, s), 7.91 (2H, d,
8.94), 7.41 (2H, dJ 8.86), 7.37 (2H, dJ 9.02), 7.37 (2H, m), 7.27 (6H, m), 6.80
(2H, d,J 8.07), 3.69-3.84 (8H, m), 1.73 (4H, m), 1.37 (8h), 1.27 (8H, m), 0.94
(4H, m), 0.88-0.80 (10H, m), 0.57 (6H,,7.15); ¢ (101 MHz, CDC4) 159.70,
154.91, 142.99, 136.18, 133.70, 129.87, 129.61,1826126.00, 120.64, 119.71,
116.35, 113.67, 113.17, 69.93, 68.23, 31.81, 292127, 28.07, 25.97, 22.83,
22.39, 14.26, 14.15n/z (Cl) 780.6 (M+H, 15%), 779.5 (55), 778.5 (100), 207.1
(72); HRMS: Foun@78.4952 G4Hsc04 (M") Requires 778.4956.

(S)-6,6'-bis(benzeneazo)-2,2'-dihydroxy-1,1"-binaphlene - 135>

A solution of aniline (4.656 g, 49.997 mmol) in wat(20 mL) and aqueous

tetrafluoroboric acid (50%, 17 mL) was cooled taC0&nd a solution of sodium
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nitrite (3.455 g, 50.087 mmol) in water (8 mL) wadded in two equal portions over
30 minutes. The crude precipitate was filtered disdolved in acetone. The purified
salt was collected by precipitation upon the addiof diethylether as a white solid.
To a solution of $-1,1'-bi(2-naphthol) (0.258 g, 0.901 mmol) in adhgus
tetrahydrofuran (10 mL) was added potassium carieof@®373 g, 1.982 mmol) and
pyridine (0.157 g, 1.982 mmol, 0.16 mL) under argbhe solution was cooled to -
10°C and benzenediazonium tetrafluoroborate (0882.982 mmol) was added
slowly in equal portions. The reaction mixture wstgred for 48 hours before
diluting with diethylether (50 mL). The organic E&xywas washed with saturated
ammonium chloride (25 mL), water (25 mL), brine (@k), dried (NaSQ,) and the
solvent removed under reduced pressure. The ttlgpound was not observed, with

recovery of starting material.
(S)-6,6'-dinitro-2,2'-dihydroxy-1,1"-binaphthalene 137:°°

O,N

O,N

To a suspension ob)-1,1’-bi(2-naphthol) (2.502 g, 8.738 mmol) in &cecid (11
mL) and dichloromethane (11 mL) was added nitricl §600%, 1.101 g, 17.476
mmol, 0.72 mL) in acetic acid (1 mL) dropwise. Tineture was stirred at ambient
temperature for 16 hours. The mixture was addddetovater (50 mL), filtered and
washed with methanol and chloroform. Multiple rtiéch products were detected in

poor yield.
(S)-6,6'-dinitro-2,2'-diethoxy-1,1-binaphthalene 1384

O,N
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To a suspension of5)-2,2’-diethoxy-1,1’-binaphthalene (0.947 g, 2.7@®nol) in

acetic acid (7 mL) was added nitric acid (100%66.8, 5.807 mmol, 0.24 mL) in
acetic acid (2 mL) dropwise. The mixture was stirfer 16 hours at ambient
temperature before adding to water (30 mL) andaekittg with dichloromethane
(2x30 mL). The organic layer was washed with aqeguatassium hydroxide (1M,
25 mL), water (25 mL), brine (25 mL) and dried (S@)y). The solvent was removed

under reduced pressure to afford multiple nitrgestiucts in poor yield.

(S)-6,6'-Bis(benzophenoneimine)-2,2’-diethoxy-1 iiraphthalene - 140°*

Pd(OAc) (0.0141 g, 0.0628 mmol) and dppf (0.0523 g, 0.09v80l) were purged
under an inert atmospher&)-6,6’-dibromo-2,2’-diethoxy-1,1’-binaphthalene 7186
g, 1.571 mmol), benzophenone imine (1.139 g, 6:884ol, 1.1 mL), sodiunert-
butoxide (0.679 g, 7.069 mmol) and anhydrous, deghgoluene (5 mL) were
added. The mixture was heated to 80°C until consiempf starting material was
indicated by TLC. The mixture was cooled, dilutedhwethyl acetate (30 mL) and
filtered through celite. The filtrate was washedhwivater (30 mL), dried (N&O,)
and the solvent removed under reduced pressurdicRtion by silica gel column
chromatography (Hexane/Ethyl Acetate 4:1) affortiesltitte compoundas yellow
crystals (0.797 g, 72%), m.p. 180-1829@]3* 45.8 ¢ 0.23, chloroform)3sy (400
MHz, CDCk) 7.72 (4H, ddJ 7.03, 1.56), 7.64 (2H, d, 8.94), 7.43-7.35 (6H, m),
7.23 (2H, s), 7.19-7.09 (12H, m), 6.88 (2H,JdB.94), 6.62 (2H, dd) 8.94, 2.15),
3.89 (4H, m), 0.91 (6H, t) 6.99);5c (101 MHz, CDCJ) 168.33, 153.57, 146.89,
140.15, 136.55, 131.07, 130.81, 129.85, 129.52,3828126.17, 126.11, 122.15,
120.85, 118.11, 116.34, 65.48, 15.28/z (Cl) 701.3 (M+H, 100%), 537.3 (14),
332.3 (15); HRMS: Found 701.3153¢84:N-0, (M+H") Requires 701.3163.
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(S)-6,6'-diamino-2,2'-diethoxy-1,1"-binaphthalene136:%*

(9-6,6'-bis(benzophenoneimine)-2,2’-diethoxy-1,1ibphthalene (0.462 g, 0.659
mmol) was dissolved in tetrahydrofuran (2.5 mL)luB# hydrochloric acid (2M, 6
mL) was added and the solution stirred at ambiemperature until TLC indicated
complete consumption of the starting material. $okition was diluted with ethyl
acetate (30 mL) and dilute hydrochloric acid (1M, r8L) and the layers separated.
The organic layer was washed with dilute hydrodblacid (1M, 20 mL) and the
aqueous layers combined. The aqueous layer was tagle with 10% sodium
hydroxide and extracted with dichloromethane (2R80Q. The solvent was removed
under reduced pressure and the product purified régrystallisation from
isopropanol to afford the title compound as colessl crystals (0.230 g, 94%)
(400 MHz, CDC}) 7.63 (2H, dJ 8.94), 7.28 (2H, dJ 8.94), 6.99 (2H, dJ 2.38),
6.96 (2H, dJ 8.94), 6.66 (2H, ddj 8.94, 2.38), 3.92 (4H, m), 3.66 (4H, brs), 0.99
(6H, t,J 6.99).

(S)-(E,E)-6,6-Bis(4-hydroxybenzeneazo)-2,2"-dietlyek, 1'-binaphthalene - 14f*

(9-6,6'-diamino-2,2’-diethhoxy-1,1’-binaphthalene .7163 g, 2.049 mmol), was
dissolved in mixture of water (10 mL) and concetattlahydrochloric acid (37%, 1.5
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mL) and the solution cooled to 2°C. A solution odaim nitrite (0.283 g, 4.098
mmol) in water (12 mL) was added dropwise over aopeof 30 minutes and the
mixture stirred for a further 15 minutes after dmah. The resulting mixture was
added dropwise to a cooled solution of phenol @.424.508 mmol) and sodium
hydroxide (0.541 g, 13.524 mmol) in water (12 mLhe resulting suspension was
made slightly acidic (pH ~ 5) with dilute hydrochioacid and the precipitate was
filtered and dried in a desiccator over phosphgraistoxide. Purification by silica
gel column chromatography (DCM/Ethanol 10:1) afemidhetitle compoundas an
orange/black solid (0.709 g, 59%), (400 MHz, CDC}) 8.36 (2H, dJ 1.92), 8.12
(2H, d,J9.04), 7.78 (4H, d] 8.96), 7.71 (2H, dd] 9.24, 1.92), 7.54 (2H, d,9.04),
7.09 (2H, d,J 9.24), 6.87 (4H, dJ 8.94); 6¢ (101 MHz, CDCY) 8.36 (2H, s), 8.05
(2H, d,J 9.14), 7.82 (4H, dJ 8.87), 7.72 (2H, dJ 9.14), 7.41 (2H, d) 9.03), 6.87
(4H, d,J 8.87), 6.76 (2H, dJ 9.03), 5.09 (2H, s), 4.04 (4H, m), 1.03 (6H] 6.87);
d¢c (101 MHz, CDC)) 161.83, 157.11, 150.03, 147.66, 136.46, 131.98).40,
130.43, 128.61, 127.32, 125.80, 121.43, 118.12,72165.91, 15.35n/z(Cl) 582.2
(M+H", 49%), 332.3 (100), 271.2 (50); HRMS: Found 583@3sH3:N4O4
(M+H™) Requires 583.2340.

(S)-(E,E)-6,6-Bis(4-hexyloxybenzeneazo)-2,2’-die#ty-1,1’-binaphthalene -
142

To a solution of $-6,6-bis(4-hydroxybenzeneazo)-2,2’-diethoxy-1,1'-
binaphthalene (0.341 g, 0.585 mmol) in acetone 8) was added potassium
carbonate (0.243 g, 1.756 mmol) and 1-bromohexa@r#89 g, 1.756 mmol, 0.25
mL) and the mixture heated to reflux for 24 hodnse mixture was filtered, washed
with acetone and the solvent removed under redpcessure. The crude product
was dissolved in dichloromethane and washed wilthiedhydrochloric acid (1M, 30

mL), water (30 mL), brine (30 mL), dried (b80O,) and the solvent removed under
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reduced pressure. Purification by silica gel coluthnomatography (Hexane/Ethyl
Acetate 9:1) afforded thatle compoundas a yellow solid (0.204 g, 46%x]3*
148.1 € 0.24, chloroform)sy (400 MHz, CDCY) 8.38 (2H, s), 8.05 (2H, d, 9.05),
7.87 (4H, d,J 8.95), 7.74 (2H, dJ 9.20), 7.41 (2H, dJ 9.05), 7.15 (2H, dJ 9.20),
6.93 (4H, dJ 8.95), 4.03 (4H, m), 3.97 (4H, 3,6.53), 1.74 (4H m), 1.41 (4H, m),
1.28 (8H, m), 1.03 (6H, 1 6.95), 0.79 (6H, tJ 6.76);6c (101 MHz, CDC}) 155.75,
148.80, 135.39, 124.65, 117.75, 115.83, 114.72,511468.29, 64.93, 31.79, 31.44,
29.56, 29.22, 29.04, 27.84, 25.55, 22.54, 22.4475,413.94, 13.8an/z(Cl) 751.4
(M+H", 100%), 391.3 (26); HRMS Found: 751.4218HsN404 (M+H™) Requires
751.4218.

(S)-2,2'-Diethoxy-1,1"-binaphthyl-6,6'-dicarbaldelde - 146*%°

n-Butyllithium (2.5M in hexanes, 3.2 mL, 8.092 mmalas added to a solution of
(9-6,6'-dibromo-2,2’-diethoxy-1,1’-binaphthalene 920 g, 1.839 mmol) in
anhydrous tetrahydrofuran (25 mL) at -78°C. Afterrieg for 4 hours anhydrous
N,N-dimethylformamide (0.887 g, 12.138 mmol, 0.94 mids added dropwise.
After stirring for 45 minutes the mixture was addedydrochloric acid/ice (50:50)
with vigorous stirring and allowed to warm to amiiéemperature over 12 hours.
The mixture was extracted into dichloromethane (ki) and the organic layer
washed with water (2x50 mL), dried (}&0,) and the solvent removed under
reduced pressure. Purification by recrystallisatimm ethyl acetate/hexane gave
the title compound as white crystals (0.613 g, 83fb)p. 151°C (lit. 152°C)oy
(400 MHz, CDC}) 10.06 (2H, s), 8.33 (2H, s), 8.09 (2H,J9.03), 7.66 (2H, dJ
8.66), 7.47 (2H, d) 9.03) 7.15 (2H, d) 8.66), 4.08 (4H, m), 1.05 (6H,1,7.12).
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4-Heptylbenzyl alcohol - 149:

HysCr HysCq
—_—
OH OH

o

To a suspension of lithium aluminium hydride (2.3851.441 mmol) in anhydrous
diethyl ether (60 mL) was added a solution of 4tjienzoic acid (4.512 g, 20.480
mmol) in anhydrous tetrahydrofuran (20 mL) at sachate as to maintain reflux.
After the addition was complete the reaction migtuvas left to stir at ambient
temperature for 3 hours before cautiously addingew#20 mL) followed by
aqueous sulphuric acid (30%, 20 mL). The mixtures vithered and the organic
layer washed with dilute hydrochloric acid (1M, 20Q) and dried (Ng80Q,). The
solvent was removed under reduced pressure to theetitte compound as a
colourless oil (4.196 g, 99%j, (400 MHz, CDC}) 7.27 (2H, dJ 7.88), 7.18 (2H,
d,J7.88), 4.61 (2H, s), 2.62 (2H,X,7.72), 2.35 (1H, s), 1.63 (2H, m), 1.32 (H, m),
0.91 (3H, tJ 6.73).

4-Heptylbenzyl chloride - 150:

HysCr HysCr
—_—
OH Cl

To a stirred solution of 4-heptylbenzyl alcohol/@0 g, 18.371 mmol) in anhydrous
dichloromethane (100 mL) was added thionyl chlo(iti@ 928 g, 91.855 mmol, 6.7
mL) at ambient temperature. The reaction mixturs wtrred for 12 hours before
adding saturated sodium hydrogen carbonate sol(@0@ mL). The organic layer
was washed with sodium hydrogen carbonate (100 wmilyte hydrochloric acid
(1M, 100 mL), water (100 mL) and dried (}$0). The solvent was removed under
reduced pressure to give the title compound adaudess oil (3.554 g, 86%py
(400 MHz, CDC}) 7.34 (2H, d, 8.01), 7.21 (2H, dJ 8.01), 4.61 (2H, s), 2.65 (2H,
t,J7.73), 1.66 (2H, m), 1.36 (8H, m), 0.94 (3H] 6.62).
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(4-Heptylbenzyl)phosphonic acid diethyl ester - 147

To a solution of 4-heptylbenzyl chloride (3.4911h.532 mmol) and potassium
lodide (2.578 g, 15.532 mmol) in acetone (10 mLy acetonitrile (6 mL) was
added triethylphosphite (2.581 g, 15.532 mmol,raLj. The reaction mixture was
stirred at room temperature for 3 hours and theraflurther 12 hours at 50°C. The
solvent was removed under reduced pressure andrtige product dissolved in
dichloromethane, washed with water (2x50 mL), driB&SO,) and the solvent
removed under reduced pressure. Excess triethyppitesvas distilled off to afford
the title compoundas a pale yellow oil (5.018 g, 99%), (400 MHz, CDC}) 7.14
(2H, d,J 7.98, 3-H, 7-H), 7.05 (2H, dl 7.98, 4-H, 6-H), 3.94 (4H, m, 15,H16-
H,), 3.05 (2H, d2Jpy 21.42, 1-H), 2.51 (2H, tJ 8.12, 8-H), 1.52 (2H, m, 9-h),
1.23 (8H, m, 10-k 11-H, 12-H, 13-H,), 1.17 (6H, tJ 7.06, 16-H, 18-H;), 0.81
(3H, t, J 7.08, 14-H); 6c (101 MHz, CDC}) 129.44 (2-C), 129.38 (3-C, 7-C),
128.41 (5-C), 128.38 (4-C, 6-C) , 61.87 {dyc 6.85, 15-C, 17-C), 35.37 (8-C),
33.13 (d,"Jpc 138.6, 1-C), 31.65 (9-C), 31.27 (10-C), 29.04 ()1-8.99 (12-C),
22.48 (13-C), 16.18 (dJsc 6.03, 16-C, 18-C), 13.92 (14-Cin/z (Cl) 344.2
(M+NHy4", 22%), 327.2 (100); HRMS: Found 327.2082gG,0:P (M+H")
Requires 327.2084.

4-Hexyloxyphenol - 151:

HO H,5CsO
. — TQ
OH OH

To a solution of hydroquinone (5.068 g, 46.026 mmiolacetone (200 mL) was
added potassium carbonate (6.361 g, 46.026 mmadl)laoromohexane (7.598 g,
46.026 mmol, 6.5 mL). The solution was heated tituxefor 12 hours before

cooling and filtering. The reaction mixture waddied and the solvent removed
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under reduced pressure. The crude product was taxen dichloromethane (50
mL), washed with dilute hydrochloric acid (1M, 50Ln water (50 mL), dried
(Na&SQy) and the solvent removed under reduced pressurgicBtion by silica gel
column chromatography (Hexane/Ethyl acetate 10ffbyded the title product as
white crystals (4.576 g, 51%), m.p. 44-45°C (l5-47°C).6y (400 MHz, CDCY))
6.74 (4H, m), 3.86 (2H, 1] 6.53), 1.72 (2H, m), 1.41 (2H, m), 1.29 (4H, mBD
(3H, m).

4-Hexyloxyphenylacetyl chloride - 1527

H13CGO H13CGO e)
—_—
\©\ \©\ )K/O
OH o

Chloroacetyl chloride was added dropwise to a ¢ORC), stirred solution of 4-
hexyloxyphenol (2.014 g, 10.367 mmol) and triethyilze (1.44 mL, 10.367 mmol)
in anhydrous diethylether (20 mL) under an inerh@dphere. The solution was
allowed to warm to room temperature and was stifiedl hour. The reaction
mixture was diluted with diethylether (50 mL) anésked with hydrochloric acid
(1M, 2x50 mL), saturated sodium hydrogen carboii2x®0 mL) and brine (2x50
mL). The organic layer was dried (3&0,) and the solvent removed under reduced
pressure to give thetle compoundas a viscous colourless oil (2.704 g, 96%p).
(400 MHz, CDC}) 7.03 (2H, dJ 9.12), 6.88 (2H, d] 9.12), 4.27 (2H, s), 3.93 (2H,
t, J 6.54,), 1.77 (2H, m), 1.45 (2H, m), 1.33 (4H, ®P1 (3H, t,J 6.62);5¢c (101
MHz, CDCkL) 166.46, 157.40, 143.81, 122.05, 115.28, 68.59114131.78, 29.40,
25.91, 22.82, 14.25n/z (Cl) 288.2 (M+NH", 43%), 254.3 (100), 194.2 (47), 110.1
(63); HRMS: Found 288.1361,6H,3NOsCl (M+NH4") Requires 288.1361.

(4-Hexyloxyphenoxyacetyl)phosphonic acid diethyters- 148%*°

13C60 o 14\/12\/10\/0 2 8
)k/ 13 11 9 6 ) ﬁ
(0] cl - = 5 3 2 FI)\O/ls\
1

H

To a solution of 4-hexyloxyphenylacetyl chloride.7@4 g, 9.988 mmol) and
potassium iodide (1.658 g, 9.988 mmol) in acetdhen() and acetonitrile (4 mL)
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was added triethylphosphite (1.659 g, 9.988 mmal,mL). The reaction mixture
was stirred at room temperature for 3 hours and tbea further 12 hours at 50°C.
The solvent was removed under reduced pressurtharmude product dissolved in
dichloromethane, washed with water (2x50 mL), driBl&SO,) and the solvent
removed under reduced pressure to givetitttecompoundas a yellow oil (3.52 g,
95%). 6.95 (2H, dJ 8.82), 6.81 (2H, dJ 8.82), 4.17 (4H, m), 3.86 (2H, ,6.50),
3.12 (2H, d2Jpn 21.65), 1.70 (2H, m), 1.38 (2H, m), 1.33-1.27 (164, 0.84 (3H,
t, J 6.36);5c (101 MHz, CDC}) 165.07 (d?Jpc 6.70, 2-C), 157.25 (3-C), 143.98 (6-
C), 122.23 (4-C, 8-C), 115.20 (5-C, 7-C), 68.5439-63.10 (dJpc 6.20, 15-C, 17-
C), 34.63 (d,"Jpc 132.94, 1-C), 31.74 (10-C), 29.37 (11-C), 28.82-()), 22.78
(13-C), 16.56 (d3Jpc 6.20, 16-C, 18-C), 14.21 (14-Qn/z (Cl) 390.3 (M+NH;,
33%), 373.3 (36), 153.2 (100); HRMS: Found 373.17T3H30P (M+H")
Requires 373.1775.

(S)-(E,E)-6,6-bis[2-(4-heptylphenyl)-ethenyl]-2,&liethoxy-1,1’-binaphthalene -
15321

To a 60% dispersion of sodium hydride in miner&l(0i0537 g, 1.343 mmol) was
added n-pentane (10 mL) under an inert atmosphere. Theryslwas mixed
thoroughly and the supernatant removed, dryingek&lue under reduced pressure.
Anhydrous dimethoxyethane (15 mL) was added follbg the dropwise addition
of (4-heptylbenzyl)phosphonic acid diethyl ester4d88 g, 1.343 mmol). After
hydrogen evolution had ceased, the reaction mixtwas cooled to 0°C and a
solution of §-2,2’-diethoxy-1,1'-binaphthyl-6,6’-dicarbaldehyd®.214 g, 0.537
mmol) in anhydrous dimethoxyethane (10 mL) was ddttepwise over a period of
5 minutes. The reaction mixture was stirred heate@0°C for 16 hours before
quenching with dilute hydrochloric acid (1M, 50 mLJhe crude product was

extracted with dichloromethane (2x50 mL) and thgaoic layer washed with water
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(50 mL), brine (50 mL), dried (N&0O,) and the solvent removed under reduced
pressure. Purification by silica gel column chroogaaphy (Hexane/Ethyl Acetate
15:1) afforded thditle compoundas white crystals (0.228 g, 57%), m.p. 172.5-
174°C,[a]3* 412.1 € 0.19, chloroform)sy (400 MHz, CDC}) 7.89 (2H, d,J 8.90),
7.83 (2H, dJ 1.49), 7.44-7.37 (8H, m), 7.19-7.04 (10H, m), 408, m), 2.57 (4H,

t, J 7.69), 1.58 (4H, m), 1.26 (16H, m), 1.04 (6HJ] 6.98), 0.84 (6H, tJ 6.98);5¢
(101 MHz, CDC}) 154.68, 142.62, 135.19, 133.85, 132.91, 129.88,3D, 128.92,
128.11, 126.66, 126.51, 126.07, 124.00, 120.85,241®5.37, 35.94, 32.03, 31.67,
31.15, 29.49, 29.40, 22.88, 15.22, 14.847 (Cl) 760.5 (M+HH", 29%), 350.2
(63), 327.2 (77), 217.2 (100); HRMS: Found 760.503QHsNO, (M+NH4")
Requires 760.5088.

(S)-(E,E)-6,6-bis[2-(4-hexyloxyphenoxycarbonyl)ketnyl]-2,2’-diethoxy-1,1’-
binaphthalene - 154

Cc.O

To a 60% dispersion of sodium hydride in miner&l(6i059 g, 2.469 mmol) was
added n-pentane (10 mL) under and inert atmosphere. Theyslwas mixed
thoroughly and the supernatant removed, dryingek&lue under reduced pressure.
Anhydrous tetrahydrofuran (40 mL) was added folldviy the dropwise addition
of (4-hexyloxyphenoxyacetyl)phosphonic acid dietbgter (0.919 g, 2.469 mmol).
After hydrogen evolution had ceased, the reactiotiure was cooled to 0°C and a
solution of §-2,2'-diethoxy-1,1'-binaphthyl-6,6’-dicarbaldehyd®.412 g, 1.029
mmol) in anhydrous tetrahydrofuran (8 mL) was addexpwise over a period of 5
minutes. The reaction mixture was stirred at roemgerature for 16 hours before
guenching with water (100 mL). The crude productswextracted with
dichloromethane (2x50 mL) and the organic layerhedswith water (50 mL), brine
(50 mL), dried (Na&SO;) and the solvent removed under reduced pressure.

Purification by silica gel column chromatographyeftdne/Ethyl acetate 4:1)
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afforded thetitle compoundas white crystals (0.554 g, 64%), m.p. 166.5-168°C,
[a]3* 219.0 € 0.02, chloroform)sy (400MHz, acetoneg)l 8.27 (2H, d,J 1.47),
8.15 (2H, d,J 8.95), 7.98 (2H, d] 15.99), 7.70 (2H, dd] 8.95, 1.47), 7.65 (2H, d,
9.15), 7.14 (2H, dJ 9.15), 7.10 (2H, dJ 9.17), 6.96 (2H, dJ 9.17), 6.75 (2H, dJ
15.99), 4.17 (4H, qJ 6.97), 3.99 (4H, tJ 6.49), 1.77 (4H, m), 1.48 (4H, m), 1.35
(8H, m), 1.09 (6H, tJ 6.97), 0.90 (6H, tJ 7.07);6c (L01MHz, CDC}) 166.19,
156.89, 155.81, 146.66, 144.26, 135.24, 130.83,3830129.51, 128.85, 126.15,
123.88, 122.37, 120.08, 116.27, 115.86, 115.0835%&4.86, 31.45, 29.10, 25.58,
22.46, 14.72, 13.87m/z (Cl) 835.5 (M+H, 80%), 791.5 (100); HRMS: Found
835.4179 GgHs90g (M+H") Requires 835.4204.

(S)-2,2'-Diethoxy-1,1'-binaphthyl-6-carbaldehydel56:*%°

n-Butyllithium (2.5M in hexanes, 1.8 mL, 4.416 mmalas added to a solution of
(9-6,6'-dibromo-2,2’-diethoxy-1,1’-binaphthalene @04 g, 2.007 mmol) in
anhydrous tetrahydrofuran (100 mL) at -78°C. A&erring for 4 hours anhydrous
N,N-dimethylformamide (0.176 g, 2.408 mmol, 0.19 mlgsaadded dropwise. The
reaction mixture was stirred for 45 minutes befadeling to hydrochloric acid/ice
(50:50) with vigorous stirring and allowing to watmambient temperature over 12
hours. The mixture was extracted into dichlorome¢hél50 mL) and the organic
layer washed with water (2x50 mL), dried ¢gS&) and the solvent removed under
reduced pressure. Purification by silica gel coluchnomatography (Hexane/DCM
3:1) afforded the title compound as a white saidd178 g, 2%), m.p. 70-71°C, (lit.
69-70°C).64 (400 MHz, CDC}) 10.06 (1H, s), 8.33 (1H, s), 8.07 (1H,19.04),
7.93 (1H, dJ 9.04) 7.85 (1H, dJ 8.05), 7.64 (1H, dJ) 8.80), 7.47 (1H, dJ 9.04),
7.40 (1H, dJ 9.04), 7.30 (1H, m), 7.18 (2H, m), 7.06 (1HJ®B.56), 4.06 (4H, m),
1.05 (3H, tJ 6.96), 1.02 (3H, t) 6.96).
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(S)-2,2"-Diethoxy-1,1’-binaphthyl-6-carbaldehydel 56:2> *°

A solution of bromine (3.628 g, 22.708 mmol, 1.2)nrh dichloromethane (40 mL)
was added dropwise to a stirred solution 8F4,2’-diethoxy-1,1’-binaphthalene
(3.534 g, 10.321 mmol) in dichloromethane (200 rat.}10°C with streaming N
The reaction was monitored by TLC until consumptmstarting material was
observed. Sodium metabisulphite solution (10%, 30 was added and the layers
separated. The organic layer was dried,8@) and the solvent removed under
reduced pressure. The resulting, approximately &G0:5mixture of
mono/dibrominated product was dissolved in anhysirmirahydrofuran (120 mL)
andn-butyllithium (2.5 M in hexanes, 13.4 mL, 33.603 wijnwas added dropwise
at -78°C. After stirring for 4 hours anhydrodsN-dimethylformamide (3.685 g,
50.413 mmol, 3.9 mL) was added dropwise. The metumas stirred for a further 45
minutes before the mixture was added to hydroahkacid/ice (50:50) with vigorous
stirring and allowed to warm to ambient temperatwer 12 hours. The mixture was
extracted into dichloromethane (2x75 mL) and thgaarc layer washed with water
(2x50 mL), dried (Ng&SO,) and the solvent removed under reduced pressure.
Purification by silica gel column chromatography eitdne/Ethyl acetate 8:1)
afforded the title compound as white crystals (8.§741%), m.p. 69-71°C (lit. 69-
70°C). 64 (400 MHz, CDC¥) 10.06 (1H, s), 8.32 (1H, d 1.61), 8.07 (1H, dJ
9.03), 7.93 (1H, dJ 9.03) 7.84 (1H, dJ 8.08), 7.64 (1H, dd] 8.84, 1.61), 7.47 (1H,
d,J9.03), 7.40 (1H, d) 9.03), 7.30 (1H, m), 7.19 (2H, m), 7.06 (1H,J&.52), 4.05
(4H, m), 1.07 (3H, tJ 6.98), 1.02 (3H, t) 6.98).

Column chromatography also yielded the 6,6-dickiblayde as white crystals
(1.658 g, 40%), m.p. 151-152°C (lit. 152°@) (400 MHz, CDCY4) 10.06 (2H, s),
8.33 (2H, s), 8.09 (2H, d,9.05), 7.66 (2H, d) 8.61), 7.47 (2H, d] 9.05) 7.14 (2H,
d,J8.61), 4.07 (4H, m), 1.05 (6H,1,7.06).
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(S)-(E)-6-[2-(4-heptylphenyl)-ethenyl]-2,2'-diethgxd,1’-binaphthalene - 157

To a 60% dispersion of sodium hydride in miner&l(0i0589 g, 1.474 mmol) was
added n-pentane (10 mL) under an inert atmosphere. Theryslwas mixed
thoroughly and the supernatant removed, dryingek&ue under reduced pressure.
Anhydrous dimethoxyethane (15 mL) was added follblwg the dropwise addition
of (4-heptylbenzyl)phosphonic acid diethyl ester481 g, 1.474 mmol). After
hydrogen evolution had ceased, the reaction mixtwas cooled to 0°C and a
solution of §)-2,2’-diethoxy-1,1’-binaphthyl-6-carbaldehyde (643g, 1.474 mmol)

in anhydrous dimethoxyethane (10 mL) was added vds®p over a period of 5
minutes. The reaction mixture was heated to 60%CL&hours before quenching
with dilute hydrochloric acid (1M, 50 mL). The cmigbroduct was extracted with
dichloromethane (2x50 mL) and the organic layerhedswith water (50 mL), brine
(50 mL), dried (Na&SO;) and the solvent removed under reduced pressure.
Purification by silica gel column chromatographyeftdne/Ethyl Acetate 12:1)
afforded thetitte compoundas white crystals (0.507 g, 63%), m.p. 76-79F@Q3*
20.9 € 0.18, chloroform)sy (400 MHz, Acetone-d6) 8.01-7.96 (3H, m), 7.89 (1H,
d,J8.76), 7.56-7.48 (5H, m), 7.33-7.17 (6H, m), 7(0H, d,J 8.56), 7.02 (1H, d]
8.76), 4.07 (4H, m), 2.59 (2H,1,7.76), 1.59 (2H, m), 1.33-1.24 (8H, m), 1.05-0.99
(6H, m), 0.85 (3H, tJ 6.90):5¢ (101 MHz, CDC}) 154.62, 154.41, 142.49, 135.09,
134.21, 133.78, 132.76, 129.48, 129.30, 129.20,1729128.77, 128.01, 127.97,
127.84, 126.48, 126.36, 126.14, 125.96, 125.52,8123123.49, 120.85, 120.61,
116.11, 115.91, 65.19, 65.10, 35.62, 31.70, 3292,6, 29.06, 22.52, 14.88, 14.82,
13.94; m/z (Cl) 560.4 (M+NH’, 100%), 543.3 (39); HRMS: Found 560.3516
CagH4eNO, (M+NH,") Requires 560.3523.

(S)-(E)-6-[2-(4-hexyloxyphenoxycarbonyl)-ethenyl]2-diethoxy-1,1'-
binaphthalene - 158

148



To a 60% dispersion of sodium hydride in miner&l(0i0415 g, 1.037 mmol) was
added n-pentane (10 mL) under and inert atmosphere. Theyslwas mixed
thoroughly and the supernatant removed, dryingek&ue under reduced pressure.
Anhydrous dimethoxyethane (15 mL) was added follblwg the dropwise addition
of (4-hexyloxyphenoxyacetyl)phosphonic diethyl e$6386 g, 1.037 mmol). After
hydrogen evolution had ceased, the reaction mixwas cooled to 0°C and a
solution of §-2,2’-diethoxy-1,1'-binaphthyl-6,6’-dicarbaldehyd®.307 g, 0.829
mmol) in anhydrous dimethoxyethane (10 mL) was ddttepwise over a period of
5 minutes. The reaction mixture was stirred at reemperature for 16 hours before
guenching with dilute hydrochloric (1M, 50 mL). Tleude product was extracted
with dichloromethane (2x50 mL) and the organic tayashed with water (50 mL),
brine (50 mL), dried (N&0O;) and the solvent removed under reduced pressure.
Purification by silica gel column chromatographyeftdne/Ethyl Acetate 15:1)
afforded thetitle compoundas white crystals (0.307 g, 66%), m.p. 99-101[wg3*
27.3 € 0.24, chloroform)oy (400 MHz, CDCY) 7.93-7.87 (4H, m), 7.80 (1H, d,
8.04), 7.39-7.34 (3H, m), 7.25 (1H, ddH8.04, 6.73, 1.26), 7.15 (1H, ddiiB8.04,
6.73, 1.26), 7.08 (1H, d,8.90), 7.04 (1H, dJ 8.45), 6.99 (2H, d] 9.04), 6.83 (2H,
d, J 9.04), 6.52 (1H, dJ 15.96), 4.00 (4H, m), 3.87 (2H, ,6.56), 1.70 (2H, m),
1.38 (2H, m), 1.26 (4H, m), 1.00 (6H, m), 0.83 (3] 7.04); &c (101 MHz,
CDCls) 166.33, 156.96, 155.97, 154.46, 146.91, 144.35.56, 134.18, 130.99,
130.26, 129.57, 129.53, 129.41, 128.98, 128.12,5126126.43, 125.41, 123.83,
123.72, 122.55, 120.94, 120.06, 116.26, 116.16,8B15115.23, 68.59, 65.35,
65.12, 31.80, 29.45, 25.93, 22.83, 15.21, 15.0Q7t4n/z (Cl) 606.3 (M+NH,
12%), 589.3 (100); HRMS: Found 589.2844H;0s (M+H") Requires 589.2949.
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(R)-2-Methoxy-2'-hydroxy-1,1'-binaphthalené®’

To a solution of R)-1,1’-bi(2-naphthol) (1.013 g, 3.538 mmol) in amat (50 mL)
was added potassium carbonate (0.538 g, 3.892 mandl)iodomethane (0.552 g,
3.892 mmol, 0.24 mL). The reaction mixture was ééato reflux for 6 hours
monitoring the reaction by TLC. The solvent was oged under reduced pressure
and the crude product dissolved in dichlorometh@fe mL), washed with dilute
hydrochloric acid (1M, 50 mL), water (50 mL) andner (50 mL). The organic layer
was dried (Ng&SOy) and the solvent removed under reduced pressur#icBtion by
silica gel column chromatography gave the title poond as white crystals (0.503
g, 47%), m.p. 150-151°C (lit. 152-153°G)4 (400 MHz, CDC}) 8.03 (1H, d,J
8.98), 7.89 (1H, dJ 8.98), 7.88 (1H, dd) 8.09, 0.60), 7.84 (1H, dd,8.09, 0.60),
7.45 (1H, d, 9.05), 7.37-7.15 (6H, m), 7.05 (1H, m), 5.26 (3}4,3.77 (3H, s).

(R)-2-Methoxy-2’-(trifluoromethanesulphonyl)oxy-1;binapthalene:

To a solution of (R)-2-methoxy-2’-hydroxy-1,1’-biplathalene (0.401 g, 1.335
mmol) in anhydrous dichloromethane (25 mL) was ddpigridine (0.158 g, 2.003
mmol, 0.16 mL) and the solution cooled to 0°C. liainhydride (0.565 g, 2.003
mmol, 0.34 mL) was added dropwise and the mixtuas allowed to cool to room
temperature over 12 hours. The mixture was dilwtgd ethyl acetate (50 mL) and
washed with dilute hydrochloric acid (1M, 100 misgturated sodium hydrogen
carbonate (100 mL), brine (100 mL), dried ¢§@y) and the solvent removed under
reduced pressure. Purification by silica gel coluthnomatography (Hexane/DCM
3:1) afforded the title compound as a pale browld90.556 g, 96%), m.p. 98.5-
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100°C (lit. 99-101°C)3y (400 MHz, CDCY) 8.06 (1H, d,J 9.04), 7.95 (1H, dJ
8.27), 7.90 (1H, dJ 9.04), 7.84 (1H, dJ 8.09), 7.54 (2H, m), 7.40 (2H, m), 7.33-
7.20 (3H, m), 6.99 (1H, d,8.40 Hz), 4.94 (3H, s).

(R)-2-(Trifluoromethanesulphonyloxy)-2’-hydroxy-1;dbinaphthalene:

i) Using triflic anhydride

To a solution of R)-1,1-bi(2-naphthol) (1.934 g, 6.754 mmol) in adhgus
dichloromethane (40 mL) was added pyridine (0.586.429 mmol, 6.0 mL) and the
solution cooled to 0°C. Triflic anhydride (2.096 4429 mmol, 1.3 mL) was added
dropwise and the mixture was allowed to cool tommae@mperature over 12 hours.
The mixture was diluted with ethyl acetate (50 mand washed with dilute
hydrochloric acid (1M, 100 mL), saturated sodiundiogen carbonate (100 mL),
brine (100 mL), dried (N&Q,) and the solvent removed under reduced pressure.
Purification by silica gel column chromatographyeftdne/DCM 1:1) afforded the
titte compound as a pale brown solid (1.371 g, 49%6p. 118-119°Cdy (400 MHz,
CDCl) 8.04 (1H, dJ 9.06), 7.95 (1H, dJ 8.27), 7.92 (1H, dJ 8.99), 7.84 (1H, dJ
8.06), 7.54 (2H, m), 7.41 (2H, m), 7.33-7.21 (3H, 699 (1H, dJ 8.56), 4.93 (1H,
S).

i) Using N-phenyl-bis(trifluoromethane)sulphonireitf

To a solution of R)-1,1'-bi(2-naphthol) (0.999 g, 3,489 mmol) in adhyus
dichloromethane (16 mL) was added 2,4,6-collidirte4Z3 g, 3.489 mmol),
dimethylaminopyridine (0.0512 g, 0.419 mmol) adgphenyl bis-trifluoromethane
sulphonimide (1.246 g, 3.489 mmol). The mixture \Wwaated to reflux for 12 hours
and the solvent removed under reduced pressurdicRton by silica gel column
chromatography (Toluene) afforded the title commbas a pale brown solid (1.112
g, 76%), m.p. 118-119°Gy, (400 MHz, CDC}) 8.05 (1H, dJ 9.07), 7.95 (1H, d)
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8.27), 7.92 (1H, dJ 8.97), 7.83 (1H, dJ 8.09), 7.54 (2H, m), 7.39 (2H, m), 7.33-
7.22 (3H, m), 6.99 (1H, d,8.40 Hz), 4.93 (3H, s).

(R)-2-Methoxy-2'-(trifluoromethanesulphonyl)oxy-1;dbinaphthalene:

To a solution of R)-2-hydroxy-2’-(trifluoromethanesulphonyl)oxy-1,1’-
binaphthalene (1.051 g, 2.512 mmol) in acetone rfBQ) was added potassium
carbonate (0.694 g, 5.024 mmol) and iodomethangl80g, 5.024 mmol). The
solution was heated to reflux for 24 hours monitgrthe reaction by TLC. The
reaction mixture was filtered and the solvent reetbunder reduced pressure. The
crude product was dissolved in dichloromethane rf25 and washed with dilute
hydrochloric acid (1M, 50 mL), water (50 mL) andner (50 mL). The solution was
dried (NaSQ,) and the solvent removed under reduced pressundicBtion by
silica gel column chromatography (Hexane/DCM 3:ayegthe title compound as a
white solid (0.983 g, 91%), m.p. 99-100.5°C (li#-801°C).dy (400 MHz, CDCY))
7.97 (1H, dJ 9.05 Hz), 7.96 (1H, d]19.07 Hz), 7.89 (1H, d] 8.18 Hz), 7.81 (1H,
d,J8.11 Hz), 7.48 (1H, d] 9.05 Hz), 7.45 (1H, dd] 8.13, 6.47 Hz), 7.37 (1H, 4,
9.11 Hz), 7.26 (3H, m), 7.17 (1H, m), 6.92 (1H)®.49 Hz), 3.74 (3H, s).

(R)-2-Hexyloxy-2'-(trifluoromethanesulphonyl)oxy-1,-binaphthalene:

To a solution of R)-2-hydroxy-2’-(trifluoromethanesulphonyl)oxy-1,1’-
binaphthalene (0.783 g, 2.114 mmol) in acetone (80 was added potassium
carbonate (0.584 g, 4.227 mmol) and 1-bromohexaré98 g, 4.227 mmol). The
solution was heated to reflux for 24 hours monitgrthe reaction by TLC. The

reaction mixture was filtered and the solvent reetbunder reduced pressure. The
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crude product was dissolved in dichloromethane rf25 and washed with dilute
hydrochloric acid (1M, 50 mL), water (50 mL) andner (50 mL). The solution was
dried (NaSQ,) and the solvent removed under reduced pressundicBtion by
silica gel column chromatography (Hexane/DCM 5:ayeathe title compound as a
colourless oil (0.989 g, 93%94 (400 MHz, CDC}) 7.97 (1H, dJ 9.05 Hz), 7.96
(1H, d,J 9.07 Hz), 7.89 (1H, d] 8.18 Hz), 7.81 (1H, d] 8.11 Hz), 7.48 (1H, d]
9.05 Hz), 7.45 (1H, dd] 8.13, 6.47 Hz), 7.37 (1H, d,9.11 Hz), 7.26 (3H, m), 7.17
(1H, m), 6.92 (1H, dJ 8.49 Hz), 3.74 (3H, s).

(R)-2-Cyano-2’-methoxy-1,1"-binaphthalene - 17¢*

To a solution of R)-2-methoxy-2’-(trifluoromethanesulphonyl)oxy-1,1’-
binaphthalene (0.196 g, 0.453 mmol) in anhydrdu¥-dimethylformamide (10 mL)
was added 4mol% R@lba) (0.0159 g, 0.0174 mmol) and 15mol% dppf (0.0377 g,
0.0680 mmol) and the mixture was heated to 70°Ceuradgon. Zinc cyanide
(0.0638 g, 0.544 mmol) was added over 2 hours ined@al portions and after
addition was complete the mixture was heated féurdner 2 hours at 70°C. The
mixture was diluted with dichloromethane (25 mL)Yarashed with water (4x25
mL), dried (NaSQy) and the solvent removed under reduced pressuréicBtion
by silica gel column chromatography (Hexane/DCM )6dfforded the title
compound as white crystals (0.0468 g, 31%), m.p°C5(lit. 145-147°C)[a]3* -
85.5 € 0.25, chloroform)dy (400 MHz, CDCY) 8.09 (1H, dJ 8.86), 7.99 (2H, m),
7.91 (1H, d,J 7.92), 7.80 (1H, dJ 8.08), 7.60 (1H, m), 7.49 (1H, d,8.86), 7.36
(3H, m), 7.26 (1H, dd) 6.92), 6.93 (1H, d] 7.92), 3.85 (3H, s).
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(R)-2-Cyano-2’-hexyloxy-1,1"-binaphthalene - 171*

To a solution of R)-2-hexyloxy-2'-(trifluoromethanesulphonyl)oxy-1;1’
binaphthalene (0.127 g, 0.253 mmol) in anhydrdiN¥-dimethylformamide (10 mL)
was added 4mol% R@lba) (9.267 mg, 0.0101 mmol) and 15mol% dppf (0.0210 g,
0.0380 mmol) and the mixture was heated to 70°Ceuad inert atmosphere. Zinc
cyanide (0.0357 g, 0.304 mmol) was added over 2shioul0 equal portions. After
the addition was complete the mixture was heatea forther 2 hours at 70°C. The
mixture was diluted with dichloromethane (25 mL)Yarashed with water (4x25
mL), dried (NaSQy) and the solvent removed under reduced pressuréicBtion
by silica gel column chromatography (Hexane/DCM )5dfforded the title
compound as a pale brown solid (0.0263 g, 27%), 6¥H-68.5°C[a]3* -33.2 ¢
0.22, chloroform)ody (400 MHz, CDC}) 8.02 (1H, dJ 9.05 Hz) 7.99 (1H, d] 8.90
Hz), 7.96 (1H, dJ 8.51 Hz), 7.89 (1H, d] 8.16 Hz), 7.78 (1H, d] 8.47 Hz), 7.59
(1H, m), 7.45 (1H, dJ 9.08 Hz), 7.33 (3H, m), 7.23 (1H, m), 6.95 (1H,Jd7.99
Hz), 4.04 (2H, m), 1.45 (2H, m), 1.01 (6H, m), O(38i, t,J 6.87 Hz);5c (101 MHz,
CDCls) 154.44, 146.51, 142.09, 134.78, 133.44, 132.80.9/, 128.87, 128.50,
128.43, 128.22, 128.15, 127.36, 127.27, 126.99,7826124.34, 123.72, 118.73,
114.61, 111.82, 69.30, 31.19, 29.10, 25.27, 2213®86;m/z(Cl) 397.3 (M+NH,',
100%), 100.1 (24), 52.2 (42); HRMS: Found 397.227:kH,oN,O (M+NH;")
Requires 397.2274.

1-Bromo-2-methoxynaphthalene - 174"

‘ ‘ ~o” ‘ ‘ o~
Br

2-Methoxynaphthalene (30.135 g, 0.190 mol) wasotiresl in acetic acid (300 mL)
and aqueous hydrobromic acid (48% solution, 150 mé&3¥ added whilst stirring.
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Dimethylsulphoxide (150 mL, 2.114 mol) was addedpgvise at room temperature
and the reaction monitored by TLC to completione Teaction mixture was diluted
with diethylether (300 mL) and the organic layellexed. The aqueous layer was
extracted with diethylether (2x50 mL) and the ongatayers combined. The
combined organic layers were washed with water @@xtL), dried (NaSQO;) and
the solvent removed under reduced pressure. Ratrdic by silica gel column
chromatography (Hexane/Ethyl Acetate 5:1) affordeel titte compound as white
crystals (42.626 g, 94%), m.p. 81-82 °C (lit. 8CGBB o4 (400 MHz, CDC}) 8.15
(1H, d,J 8.61), 7.75 (1H, dJ 9.03), 7.71 (1H, d) 8.06), 7.49 (1H, dd] 8.61, 7.06),
7.32 (1H, dd,) 8.06, 6.89), 7.20 (1H, d,9.03).

2-Methoxynaphthaleneboronic acid - 1782

CO,— OO,

B
Br Ho/ \OH

1-Bromo-2-methoxynaphthalene (2.056 g, 8.671 mmmolanhydrous diethylether
(50 mL) was added to magnesium turnings (0.232.543 mmol) under an inert
atmosphere at a sufficient rate as to maintairuxefAfter addition the reaction
mixture was refluxed for a further 3 hours. Theusoh was then added dropwise to
a cooled (-78°C) solution of trimethylborate (1.8817.400 mmol, 2.0 mL) in
anhydrous diethylether (25 mL). The reaction migtuvas warmed to room
temperature and stirred for 12 hours before addiluge hydrochloric acid (1M, 100
mL) and stirring for a further 3 hours. The aquedasger was extracted with
diethylether and the combined organic layers dris@dSO,) and the solvent
removed under reduced pressure to afford thedatepound as a white solid (1.454
g, 83%), m.p. 107-111°C (lit. 109-112°@) (400 MHz, CDC}) 7.86 (1H, dJ 9.11
Hz), 7.78 (1H, dJ 9.11 Hz), 7.52 (1H, d] 8.12 Hz), 7.41 (2H, m), 7.28 (1H, d,
9.11 Hz), 5.10 (2H, s), 3.89 (3H, s).
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1-(2-Cyanophenyl)-2-methoxynaphthalene - 176:

—_—
B CN
HO” " “OH ‘

To a solution of 1-bromobenzonitrile (0.199 g, #Q8@mol) in anhydrous toluene
(10 mL) was added 2-methoxynaphthaleneboronic &2id42 g, 2.188 mmol),
tripotassium phosphate (0.464 g, 2.188 mmol) andlZnPdC}(dppf) (17.87 mg,
21.88umol). The reaction mixture was heated to reflux48rhours before diluting
with dichloromethane (50 mL). The crude product wassed through celite and the
solvent removed under reduced pressure. Purifitatly silica gel column
chromatography (Hexane/DCM 3:1) gave tlike compoundas colourless crystals
(0.0971 g, 34%), m.p. 153-154°6, (400 MHz, CDC}) 7.96 (1H, d,J 9.11 Hz),
7.84 (2H, m), 7.71 (1H, dd,7.68 Hz), 7.52 (1H, ddl 7.68 Hz), 7.46 (1H, d] 7.73
Hz), 7.40 (1H, dJ 9.11 Hz), 7.36 (2H, m), 7.28 (1H, m), 3.92 (3H,%)(101 MHz,
CDCl3) 154.72, 140.97, 133.09, 132.45, 132.22, 130.89.1D, 128.30, 127.72,
127.07, 124.15, 123.83, 120.86, 120.17, 118.33,0115113.30, 56.46m/z (Cl)
277.2 (M+NH;", 100%), 52.2 (17);HRMS: Found 277.1336 1¢H:7N,0 (M+NHz")
Requires 277.1335.

1-Bromo-2-methoxymethyloxynaphthalene - 178

~
OO oH OO o/\o
Br

Br

To a solution of dimethoxymethane (10.356 g, 0,df#) in anhydrous toluene (35
mL) was added 0.01mol% zinc acetate (0.249 g, M&6ol). The mixture was
stirred at ambient temperature and acetyl chlofide676 g, 0.136 mol, 9.7 mL)
was added dropwise over 5 minutes under an inerogihere. The mixture was
warmed to 45°C over 15 minutes, cooled to ambiemtperature and stirred until
consumption of dimethoxymethane was complete toréfn approximately 2 M
solution of methoxymethylchloride in toluene. Toetholuene solution of
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methoxymethyl chloride (~2 M, 43 mL) at ambient p@rature and under an inert
atmosphere, 1-bromo-2-naphthol (10.106 g, 45.304 obnmand N,N-
diisopropylethylamine (8.783 g, 67.953 mmol, 11.B)mere added sequentially.
The reaction mixture was stirred for 16 hours befdituting with ethyl acetate (50
mL). Saturated ammonium chloride (100 mL) was added the mixture stirred
vigorously for 10 minutes. The organic layer wapasated and washed with
saturated sodium hydrogen carbonate (50 mL), B0emL), dried (NaSO,) and
the solvent removed under reduced pressure Puigiicdy distillation (140°C, 1
mmHg) afforded the title compound as a yellow @il.403 g, 94%)dy (400 MHz,
CDCls) 8.21 (1H, dJ 8.67 Hz), 7.72 (1H, d) 8.67 Hz), 7.71 (1H, dJ 9.05 Hz),
7.52 (1H, dddJ 8.21, 6.81, 1.12 Hz), 7.39 (1H, #9.05 Hz), 7.37 (1H, ddd,8.21,
6.81, 1.12 Hz), 5.31 (2H, s), 3.53 (3H, ).

2-Methoxymethyloxynaphthaleneboronic acid - 17%:

o® —
B
HO~ ~OH

Br

n-Butyllithium (2.5M in hexanes, 32.132 mmol, 12.9 ywas added to a stirred
solution of 1-bromo-2-methoxymethyloxynaphthale@e802 g, 29.211 mmol) in
anhydrous diethylether (90 mL) at -78°C. The solutivas allowed to warm to
ambient temperature and stirred for 2 hours. Aftercooling to -78°C
trimethylborate (3.339 g, 32.132 mmol, 3.7 mL) wadded dropwise and the
mixture allowed to warm to ambient temperature ovd€ hours. Saturated
ammonium chloride (100 mL) was added and the mexstirred for 90 minutes. The
layers were separated and the aqueous layer eedragth diethyl ether (50 mL).
The combined organic layers were dried {8&) and the solvent removed under
reduced pressure. Purification by recrystallisatioom dichloromethane/hexane
afforded thditle compoundas white needles (4.236 g, 63%), m.p. 93-94,(400
MHz, CDCk) 8.09 (1H, dJ 8.61 Hz), 7.90 (1H, d] 9.05 Hz), 7.79 (1H, d] 8.08
Hz), 7.51 (1H, ddd) 8.61, 6.81, 1.38 Hz), 7.39 (1H, m), 7.38 (1HJ®.05 Hz),
6.40 (2H, s), 5.34 (2H, s), 3.52 (3H, & (101 MHz, CDC}) 160.67, 137.56,
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133.19, 130.30, 128.43, 128.31, 127.22, 124.56,061696.15, 56.94HRMS:
Found 231.0877 gH,:.BO, (M+H") Requires 231.0834.

1-(2-Cyanophenyl)-2-methoxymethyloxynaphthalene801

O/\O/ O/\O/
B CN
HO™ “OH ‘

1-Bromo-2-methoxymethyloxynaphthaleneboronic aélB§6 g, 3.733 mmol), 2-
bromobenzonitrile (0.453 g, 2.489 mmol), caesiunoriide (0.605 g, 3.982 mmol)
and 2mol% PdG(dppf) (0.0407 g, 0.0497 mmol) were dissolved in
dimethoxyethane (20 mL) and the reaction mixturatée to reflux for 72 hours. The
crude mixture was diluted with dichloromethanetefiéd through celite and the
solvent removed under reduced pressure. Purifitatly silica gel column
chromatography (Hexane/DCM 2:1) afforded th#e compoundas colourless
crystals (0.344 g, 48%), m.p. 133-134.582 (400 MHz, CDC}) 7.92 (1H, dJ 8.94
Hz), 7.90-7.98 (2H, m), 7.70 (1H, m), 7.57 (1H,J®.12 Hz), 7.52 (1H, m), 7.46
(1H, m), 7.40-7.34 (2H, m), 7.28 (1H, m), 5.25 (1HJ 6.94 Hz), 5.15 (1H, dj
6.94 Hz), 3.38 (3H, s)dc (101 MHz, CDC4) 152.33, 141.07, 132.07, 132.60,
132.31, 130.99, 129.80, 128.40, 127.97, 127.15,56824124.42, 122.21, 118.49,
116.41, 115.03, 95.55, 56.38)/z (Cl) 307.2 (M+NH", 100%), 289.2 (10), 45.1
(15); HRMS: Found 307.1440,6H19N,O, Requires 307.1441.

3,3’-Dimethoxy-1,1'-binaphthylidene-4,4’-dione - 28

158



i) In presence of Pd(OAgL)

To a solution of 2-methoxynaphthaleneboronic a€idB11 g, 1.539 mmol) in a
toluene/HO/ethanol (3:1:3, 15 mL) mixture was added Pd(QA46)914 mg, 0.0308

mmol) and barium hydroxide octahydrate (0.971 §78.mmol). The mixture was
stirred at ambient temperature and open to the siheoe for 24 hours. The mixture
was diluted with dichloromethane and filtered thlgbucelite. The filtrate was

washed with water (3x25 mL), brine (25 mL), drieaSO,) and the solvent

removed under reduced pressure. Purification byasgel column chromatography
(Hexane/DCM 1:1) afforded the title compound ashimsering dark purple solid

(0.261 g, 98%)oy (400 MHz, CDC}) 8.37 (2H, m), 7.91 (2H, m), 7.61 (4H, m),
7.29 (2H, s), 3.99 (4H, s).

i) In absence of Pd(OAg)

To a solution of 2-methoxynaphthaleneboronic a€idiZl g, 2.084 mmol) in a
toluene/HO/ethanol (3:1:3, 15 mL) mixture was added bariumdrbxide
octahydrate (1.315 g, 4.168 mmol). The mixture st@sed at ambient temperature
and open to the atmosphere for 24 hours. The neixtwas diluted with
dichloromethane and washed with water (2x25 mLipeb(25 mL), dried (Ng&5Oy)
and the solvent removed under reduced pressuréa@ dhe title compounds a
shimmering dark purple solid (0.358 g, 99%).(400 MHz, CDC}) 8.38 (2H, m),
7.90 (2H, m), 7.60 (4H, m), 7.33 (2H, s), 4.01 (4M,

4,4’-Dimethoxy-2,2’-binaphthylidene-1,1’-dione - 88

To a solution of 4-methoxy-1-naphthol (0.215 g, 382 mmol), in a
toluene/water/ethanol mixture (3:1:3, 10 mL) wasdedl barium hydroxide
octahydrate (0.779 g, 2.469 mmol) and the mixttireesl at ambient temperature,
open to the atmosphere, until TLC indicated congionpof starting material. The
mixture was washed with water (2x25 mL), brine (8B), dried (NaSQ,) and the
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solvent removed under reduced pressure to affarditle compound as a dark blue
solid (4.217 g, 99%)%4 (400 MHz, CDC)) 8.38 (2H, s), 8.13 (2H, d,7.75), 7.76
(2H, d,J 7.75), 7.58 (2H, m), 7.45 (2H, m), 4.04 (6H, s).

2-Hexyloxynaphthalene - 190:

OH OC.H,,

To a solution of 1-naphthol (29.984 g, 0.2084 miolacetone (300 mL) was added
potassium carbonate (57.489 g, 0.416 mol) and ftrbhexane (68.666 g, 0.416
mol, 58.4 mL). The reaction mixture was heated dfiux for 48 hours before
filtering and removing the solvent under reduceelspure. The crude product was
dissolved in dichloromethane (150 mL) and washetth wilute hydrochloric acid
(1M, 100 mL), water (100 mL), brine (100 mL) andedr (N&SQy). Purification by
distillation (160-162°C, 1.5 mmHg) afforded theeticompound as a yellow oil
(42.570 g, 90%)dy (400 MHz, CDC}) 7.68 (1H, d,J 8.06), 7.65 (1H, dJ 8.96),
7.37 (1H, ddd,) 8.06, 6.93, 1.12), 7.26 (1H, dd#8.06, 6.93, 1.12), 7.11 (1H, 4,
8.96), 7.03 (1H, s), 3.94 (2H,1,6.55), 1.75 (2H, m), 1.42 (2H, m), 1.30 (4H, m),
0.89 (3H, tJ 6.65).

1-Bromo-2-hexyloxynaphthalene - 19+

— O
OCH,, OCeHi;

Br

To a solution of 2-hexyloxynaphthalene (19.666 §187 mol) in acetic acid (200
mL) was added an aqueous solution of hydrobromid @8%, 100 mL) followed

by the dropwise addition of dimethylsulphoxide (#4mol, 100 mL). The reaction
mixture was stirred until TLC confirmed completiof the reaction. The reaction
was cautiously quenched with saturated sodium lyadracarbonate and extracted
into diethylether (200 mL). The aqueous layer wasaeted with diethyl ether
(2x50 mL) and the combined organic layers washdtl water (2x100 mL), brine
(100 mL), dried (Ng5OQy) and the solvent removed under reduced pressure.

Recrystallisation from ethanol afforded the titepound as white crystals (23.813
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g, 90%), m.p. 59°C (lit. 59°Cyy; (400 MHz, CDC}) 8.21 (1H, d,) 8.60), 7.76 (1H,
d, J 9.10), 7.75 (1H, dJ 8.16), 7.54 (1H, ddd] 8.16, 6.88, 1.19), 7.37 (1H, dd,
8.01, 6.88, 1.06), 7.23 (1H, d9.10), 4.15 (2H, tJ) 6.52), 1.86 (2H, m), 1.54 (2H,
m), 1.36 (4H, m), 0.91 (3H, 4,7.05).

2-Hexyloxy-1-naphthalene boronic acid - 192?

OC H, 5 OC¢H,4

B
Br HO™ “OH

n-Butyllithium (2.5M in hexanes, 25.093 mmol, 10.Q.)hwas added to a stirred
solution of 1-bromo-2-hexyloxynaphthalene (7.0088,812 mmol) in anhydrous
diethyl ether (90 mL) at -78°C. The solution watowed to warm to ambient
temperature and stirred for 2 hours. After re-auplio -78°C trimethylborate (2.607
g, 25.093 mmol, 2.8 mL) was added dropwise andhiheure allowed to warm to
ambient temperature over 12 hours. Dilute hydraablacid (1M, 100 mL) was
added and the mixture stirred for 90 minutes. Tdeels were separated and the
aqueous layer extracted with diethyl ether (50 milf)e organic layer was dried
(N&SO;) and the solvent removed under reduced pressueficBtion by
recrystallisation from diethylether/hexane affordid title compound as white
crystals (4.840 g, 77%d, (400 MHz, CDCY) 8.93 (1H, dJ 8.68), 7.91 (1H, dJ
9.05), 7.77 (1H, dJ 8.09), 7.50 (1H, m), 7.36 (1H, m), 7.25 (1H,J®.05), 6.68
(2H, s), 4.20 (2H, t) 6.64), 1.88 (2H, m), 1.50 (2H, m), 1.36 (4H, mBD(3H, t,J
6.88).

1-Hexyloxynaphthalene - 193:

0 — O
OH

OCqHy5

To a solution of 1-naphthol (30.775 g, 0.214 maljgacetone (300 mL) was added
potassium carbonate (59.015 g, 0.427 mol) and rbhexane (70.477 g, 0.427

mol, 59.9 mL). The reaction mixture was heated dfiux for 48 hours before
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filtering and removing the solvent under reduceelspure. The crude product was
dissolved in dichloromethane (150 mL) and washeith \Wwiydrochloric acid (1M,
100 mL), water (100 mL), brine (100 mL) and driddafSQOy). Purification by
distillation (178-180°C, 3 mmHg) afforded the titempound as a colourless oll
(43.016 g, 88%)6y (400 MHz, CDC}) 8.31 (1H, m), 7.79 (1H, m), 7.51-7.34 (4H,
m), 6.79 (1H, ddJ 7.36, 0.98), 4.12 (2H, §,6.42), 1.93 (2H, m), 1.57 (2H, m), 1.39
(4H, m), 0.94 (3H, t) 7.03).

1-Bromo-4-hexyloxynaphthalene - 194# #*°

OCH,, OCeH,;
Br

To a solution of 1-hexyloxynaphthalene (20.722&,/82 mol) in acetonitrile (300
mL) was addedN-bromosuccinimide (17.385 g, 97.671 mol). The reactmixture
was stirred at ambient temperature for 32 hourerbdiltering the precipitate. The
crude product was dissolved in dichloromethane (b%l0) and washed with
saturated sodium hydrogen carbonate (100 mL). pitatton by addition of ethanol
followed by recrystallisation from ethanol affordéae title compound as white
crystals (23.802 g, 87%), m.p. 41-42°C (lit. 41°&).(400 MHz, CDC¥) 8.21 (1H,

d, J 8.31), 8.06 (1H, dJ 8.43), 7.53 (1H, dJ 8.20), 7.50 (1H, m), 7.42 (1H, m),
6.54 (1H, dJ 8.20), 3.98 (2H, t) 6.40), 1.81 (2H, m), 1.45 (2H, m), 1.28 (4H, m),
0.83 (3H, tJ 6.42).

4-Hexyloxy-1-naphthalene boronic acid - 195

OC.H,, OCgHy;
— CC
B
Br HO™ "~ ~OH

1-Bromo-4-hexyloxynaphthalene (5.311 g, 17.288 mmnocanhydrous diethylether
(40 mL) was added to magnesium turnings (0.4629¢)17 mmol) in anhydrous
diethylether (25 mL) at a sufficient rate as to mtan reflux. After addition the
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reaction mixture was heated to reflux for 2 hourke solution was cooled and
added dropwise to a solution of trimethylboraté&9®. g, 25.936 mmol, 2.9 mL) in
anhydrous diethyl ether (20 mL) at -78°C. After idd the mixture was allowed to
warm to ambient temperature over 12 hours beforagbgquenched with dilute
hydrochloric acid (1M, 100 mL) and stirred for 90nenes. The crude product was
extracted with dichloromethane (2x75 mL) and thgaoic layer washed with water
(100 mL), dried (NgS0Oy) and the solvent removed under reduced pressaéaal
the title compound as a white solid (3.161 g, 6734)400 MHz, CDC}) 8.31 (1H,

d J 8.66), 7.93 (1H, dJ 9.06), 7.69-7.58 (3H, m), 6.94 (1H, #8.20), 6.49 (2H,
brs), 4.18 (2H, tJ 6.72), 1.92 (2H, m), 1.49 (2H, m), 1.33 (4H, mPD(3H, t,J
6.76).

3,3’-Dihexyloxy-1,1’-binaphthylidene-4,4’-dione -9b:

1) Using Ba(OH)

To a solution of 2-hexyloxynaphthaleneboronic aid454 g, 1.668 mmol) in a
toluene:HO:ethanol mixture (3:1:3, 40 mL) was added bariumdrbxide
octahydrate (1.053 g, 3.337 mmol) and the mixturas wstirred at ambient
temperature, open to the atmosphere until TLC atdit complete reaction of
starting material. The mixture was diluted with daromethane and washed with
water (3x30 mL), brine (30 mL), dried (b&0;) and the solvent removed under
reduced pressure to afford ttike compoundas a dark purple solid (0.401 g, 99%).
dn (400 MHz, CDCY)) 8.35 (2H, m), 7.93 (2H, m), 7.59 (4H, m), 7.2%(3), 3.98
(4H, t,J 7.26), 1.79 (4H, m), 1.46-1.91 (12H, m), 0.82 (6H,6.72).5¢c (101 MHz,
CDCl;) 186.51, 184.77, 183.84, 183.76, 136.17, 133.62.0B, 131.32, 128.83,
127.39, 63.31, 32.97, 31.83, 25.61, 22.83, 14k, (El) 484.3 (M, 10%), 55.2
(100); HRMS: Found: 484.2603:4E360, (M") Requires 484.2608.
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i) Using NaOH

To a solution of 2-hexyloxynaphthaleneboronic a(d379 g, 1.393 mmol) in a
toluene:HO:ethanol mixture (3:1:3, 25 mL) was added solidiism hydroxide
(0.111 g, 2.786 mmol) and the mixture was stirredrabient temperature, open to
the atmosphere until TLC indicated complete reactd starting material. TLC

indicated no oxidative dimerised product with pbksproduct degradation.
iii) Using KOH

To a solution of 2-hexyloxynaphthaleneboronic a(®60 g, 3.528 mmol) in a
toluene:HO:ethanol mixture (3:1:3, 40 mL) was added solidapsium hydroxide

(0.396 g, 7.056 mmol) and the mixture was stirredrabient temperature, open to
the atmosphere until TLC indicated complete reactd starting material. TLC

indicated no oxidative dimerised product with pbksproduct degradation.

i) Using KoCOs

To a solution of 2-hexyloxynaphthaleneboronic ad71 g, 1.731 mmol) in a
toluene:HO:ethanol mixture (3:1:3, 40 mL) was added potasstarbonate (0.478
g, 3.462 mmol) and the mixture was stirred at amtbtemperature, open to the

atmosphere. No reaction occurred with completevegoof starting material.
iii) Using KsPOq

To a solution of 2-hexyloxynaphthaleneboronic aficc02 g, 1.845 mmol) in a
toluene:HO:ethanol mixture (3:1:3, 40 mL) was added tripsita® phosphate
(0.783 g, 3.689 mmol) and the mixture was stirredmbient temperature, open to
the atmosphere. The mixture was diluted with didreethane and washed with
water (2x30 mL), brine (30 mL), dried (p&0;) and the solvent removed under
reduced pressure to afford ttike compoundas a dark purple solid (0.443 g, 99%).
dn (400 MHz, CDCY)) 8.34 (2H, m), 7.94 (2H, m), 7.59 (4H, m), 7.3H(3), 4.00
(4H, 1,3 7.26), 1.77 (4H, m), 1.48-1.90 (12H, m), 0.77 (6H,6.72).

iv) Using Ba(OH) in DCM:H,O:Ethanol

To a solution of 2-hexyloxynaphthaleneboronic ad312 g, 1.147 mmol) in a
dichloromethane:bD:ethanol mixture (3:1:3, 20 mL) was added bariwdrbxide
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octahydrate (0.723 g, 2.293 mmol) and the mixturas vstirred at ambient
temperature, open to the atmosphere until TLC atdit complete reaction of
starting material. The mixture was diluted withidaromethane and washed with
water (3x30 mL), brine (30 mL), dried (b&0;) and the solvent removed under
reduced pressure to afford thide compoundas a shimmering dark purple solid
(0.276 g, 99%)oy (400 MHz, CDC}) 8.35 (2H, m), 7.95 (2H, m), 7.60 (4H, m),
7.33 (2H, s), 4.01 (4H, 1] 6.94), 1.76 (4H, m), 1.50-1.94 (12H, m), 0.79 (6H]
6.76).

4,4’-Dihexyloxy-2,2’-binaphthylidene-1,1’-dione -9I/:

OCqH,;

i) Using Ba(OH)

To a solution of 4-hexyloxynaphthaleneboronic a@@d19 g, 3.979 mmol) in a
toluene:HO:ethanol mixture (3:1:3, 40 mL) was added bariumdrbxide
octahydrate (2.510 g, 7.957 mmol) and the mixturas vstirred at ambient
temperature, open to the atmosphere until TLC atdit complete reaction of
starting material. The mixture was diluted withhdaromethane and washed with
water (3x30 mL), brine (30 mL), dried (b&0;) and the solvent removed under
reduced pressure to afford thide compoundas a dark blue-black solid (0.958 g,
99%).d4 (400 MHz, CDCY) 8.35 (2H, s), 8.11 (2H, d,7.79), 7.76 (2H, dJ 7.79),
7.59 (2H, m), 7.43 (2H, m), 4.01 (4H,X6.76), 1.69 (4H, m), 1.41-1.89 (12H, m),
0.79 (6H, tJ 6.94).

i) Using NaOH

To a solution of 4-hexyloxynaphthaleneboronic afficb26 g, 1.933 mmol) in a
toluene:HO:ethanol mixture (3:1:3, 40 mL) was added solidiism hydroxide
(0.155 g, 3.866 mmol) and the mixture was stirredrabient temperature, open to
the atmosphere until TLC indicated complete reactd starting material. TLC
indicated no oxidative dimerised product with pbksproduct degradation.
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iii) Using KOH

To a solution of 4-hexyloxynaphthaleneboronic a(id69 g, 4.174 mmol) in a
toluene:HO:ethanol mixture (3:1:3, 40 mL) was added solidapsium hydroxide
(0.468 g, 8.348 mmol) and the mixture was stirredmbient temperature, open to

the atmosphere until TLC indicated complete reactd starting material. TLC

indicated no oxidative dimerised product with pbksproduct degradation.

4-Butyloxyphenol - 203:
OC,H, OC,H,
_B- OH
HO™ “OH
1) Using Ba(OH) at ambient temperature

To a solution of 4-butyloxybenzeneboronic acid §.1g, 0.819 mmol) in a
toluene:HO:ethanol mixture (3:1:3, 15 mL) was added bariumdrbxide

octahydrate (0.517 g, 1.639 mmol) and the mixturas vstirred at ambient
temperature open to the atmosphere for 96 hourmpl&e recovery of starting

material was observed.
i) Using Ba(OH) at 60°C

To a solution of 4-butyloxybenzeneboronic acid 28.2g, 1.175 mmol) in a
toluene:HO:ethanol mixture (3:1:3, 20 mL) was added bariumdrbxide
octahydrate (0.741 g, 2.350 mmol) and the mixtuas wstirred at 60°C open to the
atmosphere for 120 hours. The cooled mixture wiasedi with dichloromethane and
washed with water (3x30 mL), brine (30 mL), drieaSO,) and the solvent
removed under reduced pressure. Partial conversiothe title compound was
observed byH NMR.

lif) Using KOH at ambient temperature

To a solution of 4-butyloxybenzeneboronic acid (829, 1.072 mmol) in a
toluene:HO:ethanol mixture (3:1:3, 15 mL) was added solidapsium hydroxide
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(0.120 g, 2.144 mmol) and the mixture was stirredrabient temperature open to

the atmosphere for 96 hours. Complete recoveryanfisg material was observed.
iv) Using KOH at 60°C

To a solution of 4-butyloxybenzeneboronic acid 97.1g, 1.015 mmol) in a
toluene:HO:ethanol mixture (3:1:3, 20 mL) was added solidapsium hydroxide
(0.641 g, 2.031 mmol) and the mixture was stirre@C open to the atmosphere
for 24 hours. The cooled mixture was diluted wiithtbromethane and washed with
water (3x30 mL), brine (30 mL), dried (p&0;) and the solvent removed under
reduced pressure. Partial conversion to the titlmpound was observed H¥A
NMR.

V) Using Ba(OHj at 100°C

To a solution of 4-butyloxybenzeneboronic acid 22.2g, 1.144 mmol) in a
toluene:HO:ethanol mixture (3:1:3, 20 mL) was added bariumdrbxide
octahydrate (0.722 g, 2.289 mmol) and the mixtuas stirred at 100°C open to the
atmosphere for 120 hours. The cooled mixture wiasedi with dichloromethane and
washed with water (3x30 mL), brine (30 mL), drieaSO,) and the solvent
removed under reduced pressure. Partial conversiothe title compound was

observed byH NMR.
C,Hyg C,H,
_B- OH
HO™ “OH

1) Using Ba(OH) at ambient temperature

4-Butylphenol - 206:

To a solution of 4-butylbenzeneboronic acid (0.2§1 1.409 mmol) in a
toluene:HO:ethanol mixture (3:1:3, 25 mL) was added bariumdrbxide
octahydrate (0.889 g, 2.819 mmol) and the mixturas vstirred at ambient
temperature open to the atmosphere for 120 howsplete recovery of starting

material was observed.
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i) Using Ba(OH) at 60°C

To a solution of 4-butylbenzeneboronic acid (0.166 0.546 mmol) in a
toluene:HO:ethanol mixture (3:1:3, 15 mL) was added bariumdrbxide
octahydrate (0.304 g, 1.092 mmol) and the mixtuas wtirred at 60°C open to the
atmosphere for 120 hours. Complete recovery ofisgamaterial was observed.

iii) Using Ba(OH) at 100°C

To a solution of 4-butylbenzeneboronic acid (0.2¢5 1.207 mmol) in a
toluene:HO:ethanol mixture (3:1:3, 15 mL) was added bariumdrbxide
octahydrate (0.762 g, 2.416 mmol) and the mixtuas stirred at 100°C open to the

atmosphere for 120 hours. Complete recovery ofistamaterial was observed.
iv) Using KOH at 60°C

To a solution of 4-butylbenzeneboronic acid (0.17 0.994 mmol) in a
toluene:HO:ethanol mixture (3:1:3, 15 mL) was added bariumdrbxide
octahydrate (0.627 g, 1.989 mmol) and the mixtuas wtirred at 60°C open to the
atmosphere for 120 hours. Complete recovery ofisgamaterial was observed.

v) Using KOH at 100°C

To a solution of 4-butylbenzeneboronic acid (0.2§0 1.404 mmol) in a
toluene:HO:ethanol mixture (3:1:3, 15 mL) was added bariumdrbxide
octahydrate (0.158 g, 2.808 mmol) and the mixtuas stirred at 100°C open to the

atmosphere for 120 hours. Complete recovery otistamaterial was observed.
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Appendix 1

X-ray Crystal Structure Data



Crystal structure analysis of §)-2,2’-diethoxy-6,6’-bis(m-hexyloxyphenyl)-1,1'-biraphthyl - 128

Crystal data: CgHs404, M = 694.9. Monoclinic, space group ;P@o. 4), a = 11.8078(12), b =
7.6226(8), c = 21.7245(19) R,= 91.263(8Y, V = 1954.9(3) A Z = 2, Dc = 1.181 g ci F(000) =
748, T = 140(1) Kp(Mo-Ka) = 0.7 cn, A((Mo-Ko) = 0.71069 A.

Crystals are colourless needles. Gr&0.50 x 0.08 x 0.05 mm, was mounted in oil on &glibre
and fixed in the cold nitrogen stream on an Oxf@iffraction Xcalibur-3 CCD diffractometer
equipped with Mo-k radiation and graphite monochromator. Intensétadvere measured by thin-
slice - andp-scans. Total no. of reflections recordedftg, = 22.5, was 19974 of which 5081
were unique (Rint = 0.102); 2967 were 'observeth Wk 2o,.

Data were processed using the CrysAlisPro-CCD &ED- (1) programs. The structure was
determined by the direct methods routines in th&ISkS program (2A) and refined by full-matrix
least-squares methods, oA'sFin SHELXL (2B). The non-hydrogen atoms werdinesl with
anisotropic thermal parameters. Hydrogen atom® wwluded in idealised positions and their Uiso
values were set to ride on the Ueq values of threnpecarbon atoms. At the conclusion of the
refinement, wi = 0.095 and R= 0.099 (2B) for all 5081 reflections weighted w[e*(F,?) +
(0.0345P9) ™ with P = (R? + 2R2)/3; for the 'observed' data only; R 0.054.

In the final difference map, the highest peek@.16 eA®) was close to H(23a).

Scattering factors for neutral atoms were takemfreference (3). Computer programs used in this
analysis have been noted above, and were run thidligGX (4) on a Dell Precision 370 PC at the

University of East Anglia.
References

(1) Programs CrysAlisPro-CCD and -RED, Oxford DiffractiLtd., Abingdon, UK (2008).

(2) G. M. Sheldrick, SHELX-97 — Programs for crystalusture determination (SHELXS) and
refinement (SHELXL)Acta Cryst,(2008) 264, 112-122.

3) ‘International Tables for X-ray CrystallographyKluwer Academic Publishers, Dordrecht
(1992). Vol. C, pp. 500, 219 and 193.

(4) L. J. FarrugiaJ. Appl. Cryst.(1999)32, 837-838 .

Legends for Figures

Figure 1. Views of a molecule of 2,2’-diethoxy-6t85(m-hexyloxy-phenyl)-1,1'-binaphthyl,
indicating the atom numbering scheme. Hydrogemathave been omitted for

clarity. Thermal ellipsoids are drawn at the 508aability level.
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Crystal structure refinement data for
binaphthyl — 128

Identification code

Elemental formula

Formula weight

Crystal system

Space group

Unit cell dimensions

Volume

No. of formula units, Z
Calculated density

F(000)

Absorption coefficient
Temperature

Wavelength

Crystal colour, shape

Crystal size

Crystal mounting

On the diffractometer:

Theta range for data collection
Limiting indices
Completeness to theta = 22.5
Absorption correction

Max. and min. transmission

Reflections collected (not including absences)

No. of unique reflections

No. of 'observed' reflections (I g
Structure determined by:
Refinement:

Data / restraints / parameters
Goodness-of-fit on ¥

Final R indices (‘observed' data)
Final R indices (all data)

Reflections weighted:

Absolute structure parameter
Largest diff. peak and hole

Location of largest difference peak

(9)-2,2'-diethoxy-6,6’-bis(m-hexyloxyphenyl)-1,1’-

chris$3S02)
C48 H54 04
694.9
Monodini
1RRo. 4)
a=11.8078A a=90°
b= 7.6226(8) A p=91.263(8) °
c=21.7245(19) Ay=90"°
1954.9£8)
2
1.181 MY/
748
0.073 Mm
140(1) K
0.71073 A
colowslasedle
0.50 8®x 0.05 mm

on a gléibre, in oil, fixed in cold M stream

3.5t0 22.5
-12<=h<=1B8<=k<=8, -23<=I<=23
99.5 %
Semi-enyal from equivalents
1.057 argd 2
19974
5081 ifRR( for equivalents = 0.102]
2967
direct methods,HEEXS
Full-matrix leagsres on £ in SHELXL
5081489
0.829
1 9R0.054, wR = 0.086
1 R0.099, wR = 0.095
w of(Fo?)+(0.0345P9 *
where P=(F6+2FJ)/3
0.0(17)
0.16 eénd6 e &
near Hj23a
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Table 1. Atomic coordinates (x 9)Gand equivalent isotropic displacement paramé#kfs 10).

U(eq) is defined as one third of the trace of tithagonalized Uij tensor. E.s.ds are in

parentheses.

X y z U(eq)
C(1) 5451(4) 6171(5) 865(18) 129(11)
C(2) 6512(4) 6724(6) 8&(19) 169(12)
0(21) 7380(3) 6406(4) 34K12) 241(8)
C(22) 8463(4) 7113(6) 369 275(13)
C(23) 9201(4) 6908(6) 3® 404(15)
C(3) 6676(4) 7590(6) 24318) 213(12)
C4) 5792(4) 7895(5) 484(19) 203(12)
C(5) 3750(4) 7667(5) B(%18) 176(11)
C(6) 2686(4) 7152(6) 88{19) 181(12)
C(7) 2519(4) 6376(5) 37119) 228(12)
C(8) 3407(4) 6065(5) 38q19) 166(11)
C(9) 4535(4) 6503(5) B80q19) 156(12)
C(10) 4681(4) 7363(5) am(18) 148(11)
C(61) 1726(4) 7395(6) 3¢2) 208(11)
C(62) 1867(4) 7209(5) BIq19) 198(11)
C(63) 967(4) 7371(6) [01222) 230(12)
C(64) -98(4) 7765(6) e0®) 336(14)
C(65) -254(4) 7968(7) 542 409(15)
C(66) 653(4) 7801(6) {0R] 289(13)
0(63) 1016(2) 7198(4) B8%(13) 296(8)
C(631) 2094(4) 7163(7) g2A117) 281(13)
C(632) 1920(4) 7516(6) B8819) 326(13)
C(633) 1251(4) 6125(7) 8ZE319) 337(13)
C(634) 1001(4) 6679(6) 8890 357(14)
C(635) 574(5) 5211(6) 208 433(15)
C(636) 224(5) 5873(7) 203 604(18)
C(11) 5278(4) 5216(6) 3ERT8) 161(11)
C(12) 4931(4) 3465(6) 3™ 176(12)
0(121) 4857(2) 2710(4) 36K 23) 241(8)
C(122) 4321(4) 1015(6) (€172 273(13)
C(123) 3056(4) 1137(6) 3&) 378(14)
C(13) 4715(3) 2553(6) aB(18) 199(12)
C(14) 4892(4) 3343(5) 59H19) 211(12)
C(15) 5527(4) 5869(6) Fifess] 220(12)
C(16) 5908(4) 7584(6) 03K19) 204(12)
c(@a7) 6012(4) 8541(6) am 231(12)
C(18) 5819(4) 7798(6) 24419) 223(12)
C(19) 5461(4) 6013(6) 2604 178(11)
C(20) 5292(4) 5069(6) 99K19) 179(12)
C(161) 6175(4) 8407(6) 41 256(13)
C(162) 6549(4) 7420(7) 12419) 310(13)
C(163) 6779(4) 8188(7) 88 335(14)
C(164) 6662(4) 10023(7) 589 362(14)
C(165) 6293(4) 10982(6) (0]122) 355(14)
C(166) 6049(4) 10212(6) 7€) 300(13)
0(163) 7157(3) 7382(5) 88014) 453(10)
C(171) 7189(5) 5511(7) 482 444(16)
C(172) 7537(4) 5052(6) -6 353(15)
C(173) 7575(4) 3085(6) -668 361(14)
C(174) 7986(4) 2653(6) -22 378(14)
C(175) 8064(4) 666(6) 28 440(16)
C(176) 8879(4) -278(7) 203 512(16)
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Table 2. Molecular dimensions. Bond lengths ar&ngstroms, angles in degrees. E.s.ds are in

parentheses.
C(1)-C(11) 1.486(5) C(11)-C(12) 1.396(5)
C(1)-C(2) 1.378(5) C(11)-C(19) 1.408(5)
C(1)-C(9) 1.407(5) C(12)-0(121) 1.360(5)
C(2)-0(21) 1.358(5) C(12)-C(13) 1.395(5)
C(2)-C(3) 1.408(5) 0(121)-C(122) 1.446(5)
0(21)-C(22) 1.423(5) C(122)-C(123) 1.501(6)
C(22)-C(23) 1.504(5) C(13)-C(14) 1.361(5)
C(3)-C(4) 1.362(5) C(14)-C(20) 1.401(5)
C(4)-C(10) 1.416(5) C(15)-C(16) 1.385(6)
C(5)-C(6) 1.357(5) C(15)-C(20) 1.415(5)
C(5)-C(10) 1.413(5) C(16)-C(161) 1.482(5)
C(6)-C(61) 1.473(6) C(16)-C(17) 1.410(6)
C(6)-C(7) 1.413(5) C(17)-C(18) 1.365(5)
C(7)-C(8) 1.363(5) C(18)-C(19) 1.430(6)
C(8)-C(9) 1.414(5) C(19)-C(20) 1.413(5)
C(9)-C(10) 1.418(5) C(161)-C(162) 1.387(6)
C(61)-C(62) 1.394(5) C(161)-C(166) 1.393(6)
C(61)-C(66) 1.390(6) C(162)-C(163) 1.362(5)
C(62)-C(63) 1.370(5) C(163)-0(163) 1.370(5)
C(63)-0(63) 1.370(4) C(163)-C(164) 1.413(6)
C(63)-C(64) 1.384(5) C(164)-C(165) 1.345(6)
C(64)-C(65) 1.377(6) C(165)-C(166) 1.380(6)
C(65)-C(66) 1.384(6) 0(163)-C(171) 1.427(5)
0(63)-C(631) 1.418(5) C(171)-C(172) 1.524(6)
C(631)-C(632) 1.514(5) C(172)-C(173) 1.519(6)
C(632)-C(633) 1.518(6) C(173)-C(174) 1.523(5)
C(633)-C(634) 1.527(5) C(174)-C(175) 1.544(6)
C(634)-C(635) 1.512(6) C(175)-C(176) 1.496(6)

C(635)-C(636)  1.546(6)

C(2)-C(1)-C(9)  118.0(4) C(13)-C(14)-C(20)  121.6(4)
C(2)-C(1)-C(11)  121.2(4) C(16)-C(15)-C(20)  121.8(4)
C(9)-C(1)-C(11)  120.8(4) C(15)-C(16)-C(161) 121.7(4)
0(21)-C(2)-C(1)  116.9(4) C(15)-C(16)-C(17)  117.5(4)
C(1)-C(2)-C(3)  121.0(4) C(17)-C(16)-C(161) 120.8(4)
0(21)-C(2)-C(3)  122.1(4) C(18)-C(17)-C(16)  122.1(4)
C(2)-0(21)-C(22)  118.0(3) C(17)-C(18)-C(19)  121.2(4)
0(21)-C(22)-C(23)  107.6(3) C(11)-C(19)-C(18)  121.9(4)
C(4)-C(3-C(2)  120.9(4) C(11)-C(19)-C(20)  120.9(4)
C(3)-C(4)-C(10)  120.6(4) C(20)-C(19)-C(18)  117.1(4)
C(6)-C(5)-C(10)  121.6(4) C(14)-C(20)-C(15) 121.8(4)
C(5)-C(6)-C(61)  121.5(4) C(14)-C(20)-C(19) 118.1(4)
C(5)-C(6)-C(7)  118.0(4) C(19)-C(20)-C(15)  120.1(4)
C(7)-C(6)-C(61)  120.5(4) C(162)-C(161)-C(16) 121.5(4)
C(8)-C(7)-C(6)  121.2(4) C(166)-C(161)-C(16) 119.9(4)
C(7)-C(8)-C(9)  122.5(4) C(162)-C(161)-C(166) 118.6(5)
C(1)-C(9)-C(8)  122.4(4) C(163)-C(162)-C(161) 121.0(5)
C(1)-C(9)-C(10)  122.0(4) C(162)-C(163)-0(163) 127.2(5)
C(8)-C(9)-C(10)  115.6(4) C(162)-C(163)-C(164) 119.7(5)
C(5)-C(10)-C(4)  121.6(4) 0(163)-C(163)-C(164) 113.1(4)
C(4)-C(10)-C(9)  117.5(4) C(65)-C(64)-C(63) 119.7(5)
C(5)-C(10)-C(9)  121.0(4) C(64)-C(65)-C(66)  120.3(5)
C(62)-C(61)-C(6)  120.9(4) C(65)-C(66)-C(61) 120.5(4)
C(66)-C(61)-C(6)  120.7(4) C(63)-0(63)-C(631) 118.5(3)
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C(66)-C(61)-C(62) 118.4(4)
C(63)-C(62)-C(61) 121.0(4)
0(63)-C(63)-C(62) 125.5(4)
C(62)-C(63)-C(64) 120.2(4)
0(63)-C(63)-C(64) 114.4(4)
C(12)-C(11)-C(1)  119.6(4)
C(19)-C(11)-C(1)  122.2(4)
C(12)-C(11)-C(19)  118.2(4)
0(121)-C(12)-C(11) 116.0(4)
C(13)-C(12)-C(11)  121.0(4)
0(121)-C(12)-C(13) 123.0(4)

C(12)-0(121)-C(122) 119.8(3)
0(121)-C(122)-C(123) 111.8(4)
C(14)-C(13)-C(12)  120.0(4)

0(63)-C(631)-C(632) 107.7(4)
C(631)-C(632)-C(633) 115.2(4)
C(632)-C(633)-C(634) 111.7(4)
C(635)-C(634)-C(633) 114.1(4)
C(634)-C(635)-C(636) 112.1(4)
C(165)-C(164)-C(163) 119.4(5)
C(164)-C(165)-C(166) 121.2(5)
C(165)-C(166)-C(161) 120.1(5)
C(163)-0(163)-C(171) 118.5(4)
0(163)-C(171)-C(172) 105.0(4)
C(173)-C(172)-C(171) 112.5(4)
C(172)-C(173)-C(174) 111.7(4)
C(173)-C(174)-C(175) 113.7(4)
C(176)-C(175)-C(174) 113.6(4)

Table 3. Anisotropic displacement parametersACQ’) for the expression:
Exp {-2IT1? (Fa*?Uy; + ... + 2hka*b*U,)} E.s.ds are in parentheses

U1l U22  U33 U23 U13 u12
c@) 143) 12(3) 133) (2B 6(2) -5(2)
c(2) 16(3) 21(3) 14(3) (22 8(2) 02
0(21) 13(2)  31(2)  29.3(19) {4B) 5.2(16) -4.0(16)
C(22) 18(3) 27(3) 39(3) (3¢ 14(2)  4(2)
C(23) 26(3) 45(4) 52(3) (3¢ 27(3) -8(3)
C(3) 21(3) 24(3) 193) (3F 4(2) -5(3)
C(4) 35(3) 14(3) 11(3) (2 -5(3) -3(3)
C(5) 31(3)  11(3) 11(3) (2% 7(3)  4(3)
C(6) 20(3) 16(3) 18(3) (2B 220 -2(2)
c(7) 20(3) 25(3) 23(3) (3P -3(3) -2(2)
C(8) 21(3) 16(3) 13(3) (2p 3(2) -1(2)
C(9) 18(3) 9(3) 203) (26 -3(2) -3(2)
C(10) 193) 10(3) 15(3) (2P -2(2) -3(2)
C(61) 18(3) 17(3) 27(3) (Y 1(2) -2(2)
C(62) 19(3) 16(3) 24(3) (22 6(2)  0(2)
C(63) 29(3) 20(3) 203) (3% 2(3) 0(3)
C(64) 22(3) 48(4) 31(3) (38 -1(3)  4(3)
C(65) 22(3) 66(4) 34(3) (3P -13) 5(3)
C(66) 25(3) 42(3) 20(3) (32 4(3)  5(3)
0(63) 24(2)  43(2) 22.5(18) (A% 5.3(16) 1.4(18)
C(631) 24(3) 39(3) 22(3) (37 5(2)  -4(3)
C(632) 33(3) 33(3) 32(3) (31 9(3) 6(3)
C(633) 27(3)  46(4) 29(3) (BB 72 -2(3)
C(634) 35(4) 40(3) 32(3) (AL 6(3)  1(3)
C(635) 47(4)  45(4) 38(4) (3BY 12(3)  2(3)
C(636) 75(5)  62(4)  46(4) (4L 27(3)  5(4)
C(11) 22(3)  14(3) 133) (2 22 -1(2)
C(12) 21(3) 19(3) 13(3) (26 3(2)  5(2)
0(121) 34(2)  14.0(19) 23.8(19) 17(12.3(15) -3.2(16)
C(122) 42(4)  143) 26(3) (26 0@)  -4(3)
C(123) 39(4) 38(3) 37(3) (31 12(3) -14(3)
C(13) 23(3) 18(3) 19(3) (32 42 -2(3)
C(14) 31(3)  20(3) 12(3) (2B 2020 -4(2)
C(15) 23(3) 28(3) 15(3) (22 0(2)  2(3)
C(16) 16(3) 27(3) 18(3) (3B 72  2(3)
C(17) 26(3) 19(3) 24(3) (8D 4(2)  -4(2)
C(18) 27(3)  25(3) 15(3) (22 3(2) -6(3)
C(19) 193) 12(3) 22(3) (22 22 -3(2)
C(20) 17(3)  21(3) 16(33) (22 1(2) -2(2)
C(161) 31(3) 29(3) 18(3) (3 11(2)  2(3)
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C(162) 393) 33(3) 223) (3¢ 5(2) -4(3)

C(163) 35(4) 43(4) 23(3) (3B 14(3) 2(3)
C(164) 38(4) 47(4) 23(3) (@  8(3) -6(3)
C(165) 44(4) 25(3) 37(3) (Ae 1(3) 1(3)
C(166) 40(4) 30(3) 20(3) (3B 6(3) 0(3)

0(163) 71(3) 41(2) 24(2) (2B  18.2(19) -2(2)
C(171) 47(4) 49(4) 38(4) (3L 16(3) 2(3)
C(172) 37(4) 48(4) 21(3) @y 8(3) 12(3)
C(173) 35(4) 43(4) 30(3) (@M  5(3) 0(3)
C(174) 43(4) 42(4) 29(3) (3 13(3) 6(3)
C(175) 32(4) 46(4) 54(4) (3P 4(3) -1(3)

C(176) 51(4) 48(4) 55(4) (b 12(3) 10(3)

Table 4. Hydrogen coordinates (x “L0and isotropic displacement parameters (A 10°). All
hydrogen atoms were included in idealised positisitk U(iso)’s set at 1.2*U(eq) or, for the methyl
groups, 1.5*U(eq) of the parent carbon atom

X y z U(iso)

H(22A) 8790 6491 3995 33
H(22B) 8395 8343 3752 33
H(23A) 9940 7375 3187 61
H(23B) 8870 7532 2750 61
H(23C) 9264 5687 2991 61

H(3) 7399 7958 4557 26
H(4) 5918 8458 5190 24
H(5) 3870 8232 5399 21
H(7) 1791 6072 4141 27
H(8) 3265 5545 3517 20
H(62) 2584 6971 6074 24
H(64) 707 7892 6313 40
H(65) 971 8218 5263 49

H(66) 544 7961 4615 35

H(63A) 2582 8053 7047 34
H(63B) 2447 6027 7165 34
H(63C) 1531 8630 7936 39
H(63D) 2656 7632 8099 39
H(63E) 1678 5038 8240 40
H(63F) 543 5911 8009 40

H(63G) 1688 7155 9078 43
H(63H) 440 7609 8877 43

H(63l) 1163 4332 9342 52
H63J)  -73 4658 9087 52

H(63K) -48 4905 10170 91

H63L) -365 6733 9884 01
H(63M) 867 6391 10139 91
H(12A) 4514 528 4121 33
H(12B) 4609 226 3410 33
H(12C) 2731 10 3689 57

H(12D) 2862 1606 3250 57
H(12E) 2767 1894 3961 57
H(13) 4451 1405 2559 24
H(14) 4744 2722 1634 25
H(15) 5422 5226 1027 26
H(17) 6219 9717 1888 28
H(18) 5922 8464 2820 27
H(162) 6645 6216 308 37
H(164) 6839 10563  -725 43
H(165) 6200 12186 72 43
H(166) 5801 10899 1001 36
H(17A) 6451 5023  -737 53
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H(17B) 7736 5062  -524 53
H(17C) 7004 5580  -1767 42
H(17D) 8278 5546  -1550 42
H(17E) 6824 2597  -1537 43
H(17F) 8077 2546  -1282 43
H(17G) 8728 3173  -2279 45
H(17H) 7474 3182  -2530 45
H(171) 7318 150  -2318 53
H(17J) 8294 497  -2781 53
H(17K) 8875  -1505  -2037 77
H(17L) 8658  -120  -1520 77
H(17M) 9627 187  -1990 77

Table 5. Torsion angles, in degreesdg.are in parentheses

C(2)-C(1)-C(11)-C(12) 113.7(5)
C(9)-C(1)-C(11)-C(12) -64.9(6)
C(9)-C(1)-C(2)-0(21) -179.3(4)
C(11)-C(1)-C(2)-0(21) 2.0(6)
C(9)-C(1)-C(2)-C(3) 0.3(6)
C(11)-C(1)-C(2)-C(3) -178.4(4)
C(1)-C(2)-0(21)-C(22) 174.0(4)
C(3)-C(2)-0(21)-C(22) -5.5(6)
C(2)-0(21)-C(22)-C(23) -168.4(4)
0(21)-C(2)-C(3)-C(4) 179.9(4)
C(1)-C(2)-C(3)-C(4) 0.4(7)
C(2)-C(3)-C(4)-C(10) -0.7(7)
C(10)-C(5)-C(6)-C(7) -3.2(6)
C(10)-C(5)-C(6)-C(61) 177.1(4)
C(5)-C(6)-C(7)-C(8) 3.4(6)
C(61)-C(6)-C(7)-C(8) -176.8(4)
C(6)-C(7)-C(8)-C(9) -0.4(7)
C(2)-C(1)-C(9)-C(8) 176.8(4)
C(11)-C(1)-C(9)-C(8) -4.5(6)
C(2)-C(1)-C(9)-C(10) -0.7(6)
C(11)-C(1)-C(9)-C(10) 178.0(4)
C(7)-C(8)-C(9)-C(1) 179.6(4)
C(7)-C(8)-C(9)-C(10) -2.7(6)
C(6)-C(5)-C(10)-C(4) -179.8(4)
C(6)-C(5)-C(10)-C(9) -0.1(6)
C(3)-C(4)-C(10)-C(5) -180.0(4)
C(3)-C(4)-C(10)-C(9) 0.3(6)
C(1)-C(9)-C(10)-C(5) -179.4(4)
C(8)-C(9)-C(10)-C(5) 3.0(6)
C(1)-C(9)-C(10)-C(4) 0.4(6)
C(8)-C(9)-C(10)-C(4) -177.3(4)
C(5)-C(6)-C(61)-C(66) 144.5(4)
C(7)-C(6)-C(61)-C(66) -35.2(6)
C(5)-C(6)-C(61)-C(62) -36.0(6)
C(7)-C(6)-C(61)-C(62) 144.2(4)
C(66)-C(61)-C(62)-C(63) 1.9(7)
C(6)-C(61)-C(62)-C(63) -177.6(4)
C(61)-C(62)-C(63)-O(63) 179.4(4)
C(61)-C(62)-C(63)-C(64) -1.5(7)
0(63)-C(63)-C(64)-C(65) -179.9(4)
C(62)-C(63)-C(64)-C(65) 0.9(7)
C(63)-C(64)-C(65)-C(66) -0.8(8)
C(64)-C(65)-C(66)-C(61) 1.2(8)
C(62)-C(61)-C(66)-C(65) -1.7(7)
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C(6)-C(61)-C(66)-C(65) 177.8(4)
C(62)-C(63)-0(63)-C(631) 12.2(7)
C(64)-C(63)-0(63)-C(631) -166.9(4)
C(63)-0(63)-C(631)-C(632) 163.2(4)
0(63)-C(631)-C(632)-C(633) 64.8(5)
C(631)-C(632)-C(633)-C(634) -173.6(4)
C(632)-C(633)-C(634)-C(635) -167.1(4)
C(633)-C(634)-C(635)-C(636) -174.4(4)
C(2)-C(1)-C(11)-C(19) -65.8(6)
C(9)-C(1)-C(11)-C(19) 115.6(5)
C(19)-C(11)-C(12)-0(121) 174.7(4)
C(1)-C(11)-C(12)-O(121) -4.8(6)
C(19)-C(11)-C(12)-C(13) -3.2(6)
C(1)-C(11)-C(12)-C(13) 177.3(4)
C(13)-C(12)-0(121)-C(122) -12.9(6)
C(11)-C(12)-0(121)-C(122) 169.3(4)
C(12)-0(121)-C(122)-C(123) -74.1(5)
0(121)-C(12)-C(13)-C(14) -174.7(4)
C(11)-C(12)-C(13)-C(14) 3.0(7)
C(12)-C(13)-C(14)-C(20) 0.1(7)
C(20)-C(15)-C(16)-C(17) -2.5(6)
C(20)-C(15)-C(16)-C(161) 178.7(4)
C(15)-C(16)-C(17)-C(18) 4.1(7)
C(161)-C(16)-C(17)-C(18) -177.1(4)
C(16)-C(17)-C(18)-C(19) -2.2(7)
C(12)-C(11)-C(19)-C(20) 0.3(6)
C(1)-C(11)-C(19)-C(20) 179.8(4)
C(12)-C(11)-C(19)-C(18) -179.9(4)
C(1)-C(11)-C(19)-C(18) -0.4(7)
C(17)-C(18)-C(19)-C(11) 178.8(4)
C(17)-C(18)-C(19)-C(20) -1.4(7)
C(13)-C(14)-C(20)-C(19) -2.9(7)
C(13)-C(14)-C(20)-C(15) 177.1(4)
C(11)-C(19)-C(20)-C(14) 2.6(6)
C(18)-C(19)-C(20)-C(14) -177.2(4)
C(11)-C(19)-C(20)-C(15) -177.3(4)
C(18)-C(19)-C(20)-C(15) 2.9(6)
C(16)-C(15)-C(20)-C(14) 179.1(4)
C(16)-C(15)-C(20)-C(19) -0.9(6)
C(15)-C(16)-C(161)-C(162) -29.2(7)
C(17)-C(16)-C(161)-C(162) 152.1(5)
C(15)-C(16)-C(161)-C(166) 150.6(5)
C(17)-C(16)-C(161)-C(166) -28.1(7)
C(166)-C(161)-C(162)-C(163) -0.7(8)
C(16)-C(161)-C(162)-C(163) 179.1(4)
C(161)-C(162)-C(163)-O(163) 179.6(5)
C(161)-C(162)-C(163)-C(164) 1.6(8)
C(162)-C(163)-C(164)-C(165) -2.0(8)
0(163)-C(163)-C(164)-C(165) 179.7(4)
C(163)-C(164)-C(165)-C(166) 1.5(8)
C(164)-C(165)-C(166)-C(161) -0.5(8)
C(162)-C(161)-C(166)-C(165) 0.1(7)
C(16)-C(161)-C(166)-C(165) -179.7(4)
C(162)-C(163)-0(163)-C(171) 8.8(8)
C(164)-C(163)-0(163)-C(171) -173.1(4)
C(163)-0(163)-C(171)-C(172) 174.9(4)
0(163)-C(171)-C(172)-C(173) -177.9(4)
C(171)-C(172)-C(173)-C(174) -176.9(4)
C(172)-C(173)-C(174)-C(175) 178.8(4)
C(173)-C(174)-C(175)-C(176) -61.4(6)
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