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Abstract

Abstract

Thesynthesis of tw®-dopedanthracendase molecules possessing red/pink colour was achieved. These
molecules were found to possess high sensitivity to air and, according to literature, react with single
oxygen?®® In addition, an aistable Qdoped naphthaledeased molecule, 3,10di-tert
butylbenzo[3,4]isochromenol[7,8rhna]xanthene was synthesisedising a CuO mediated cyclisation
reaction.A short investigation into the selectivity of the reaction using a nederenolecule was carried

out. This demonstrated that both pyrano and furano product formation was equally fadti@ragis to
synthesise a second naphthaleased molecule2,6,9,13tetratert-butylxantheno[2,1,9nna]xantheng

led to the isolation of difurano molecule in 17 % yield and trace amounts of pyramanc molecule

The spectroelectrochemical analysi3gf0-di-tert-butylbenzo[3,4]isochromeno[7,8rhna]xanthensvas
performeddemonstrang a reversible colour change from yellow to blua abtential of 0.9 V in solution.
A drop-cast prototype ECIDsingandFTO-glass was constructeghdgave rise to a device which exhibited

the colour change described above at a potential of 2.0 V.

3,10-di-tert-

butylbenzo[3,4]isochrome 3,10-di-tert-butyldibenzo[3,4:5,6]
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xantheno[2,1,9-mnalxanthene butylbenzo[1,2,3-k/:4,5,6-

k'lINdixanthene
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Introduction

1. Introduction

1.1  Electrochromism and Electrochromic devices (ECDSs)

Electrochromism is the ability of a material to reversibly change its optical properties through redox
processe$? Over the past 30 years, this afachemistryhas experienced increased interest, especially
with respect to organic electroniddectrochromic devices (ECDs) have become greatly sought after in
recent years, and have led toitheclusion in themanufactureof devices such asmart wndows, displays,
motorbike helmet visorsand in particularanti-glare rear view mirr@®3° The increase in popularity of
ECDs can be attributed to their low operating potentials, the ability to retain colour after removal of the
applied potential, #ir nonremissive naturethe greater viewing angle when compared to liquid crystal
devices (LCDs)and the possibility to tune the colour using the potential appliddtypical ECD(Figure

1) is made up of seven layers and works through application of adii@sen tweelectrodes whiclsauses
oxidationor redution of the electrehromic layeythus leading to optical chang&%The change in optical
propertieof a devicarises from thedifferent absorptiomassociated with the accessed oxidisedduced
stateof the deposited electrochromiéhe first material whiclwas shown to exhibibis phenomenon was
tungsten oxidewhenDebet al.demonstratethat athin film of WOs deposited on a gold electrode adopted

a deep blue colour when a potential of 2 V was apglied.

_~ Electrode
Electrochromic layer

- Electroactive layer
_- Electrode
Subs

Figurel: Simple schematic of a typical multicomponent electrochromic window produced by our collaborators, YHvisible.

Since this discovery,tungsten oxidehas become one of the most prominentemak applied to the
fabricationof ECDs and studpf electrochromism® 1° More modern research has exploited ottearsition
metal oxides such as: Nick&2> Vanadium?®2’ Molybdenum?®2° as well as mixed metal oxidé$to

produce a wide array of devices.
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More recently, organic substrates have experienced increased intetest@abden found farovide many
advantages over their inorganic counterp&tsne of these advantages are as followsganic substrates
can be deposited onto flexible materials allowimgmanufacture of flexible devicési) the propertiesf
the electrochromic substratan be tuned through introduction of heteroatomsther synthetic methods
iii) production oforganic electronics is said to be more egfé¢ctive tharanalogousnorganicelectronics
as thg do not require energy intense methods of purification (e.g. the refining of sdiebectronic grade

silicon) and ofterthe materials armoreeasily proessedor manufacturg?!

1.2  Electrochromic Polymers

Much of the research utilisimgyganic substrates exploitipgplymers for the fabrication of ECDs has been
based on polythiopheneghis is becauseney offer materials which possess fast switching times, good
colouration efficiency, andasier processing for device fabricati@nen compared to the equivalent metal
oxides®? As well as these advantages, polythiopheaesbecasly synthestedand possssgood chemical

stability 24

There are numerous examples in the literatudiffgfrent colour transitiondemonstrated by polythiophene
derivativesUnsubstituted polythiophene appears red in its neutral state and blue in its oxidisetiestate
a potential of + 0.3 V or greater is applfett>3Tuning the monomer unity addition of different R groups

at the3- and 4- positiors has led to a extensiverange of coloured materials becoming available, for
examplethe polymerpoly(3,4ethylenedioxythiophenejPEDOT) (1) possesses a blue neutral state and a
lighter blue oxidised statehen a potential 0f0.25V is applied®3* A simpler polythiopheneexample
which demonstrates the tailoring of colour by variation of R gratiffse 3- position is the polythiophene
derivative poly(3methythiophene) (P3MT). This derivative possessesrangered neutral state, similar

to that of unsubstituted polythiophe, howeveat 0.72V the oxidised state igransparenlight blue312>

Further expansion of & work led to the synthesiof an orange polythiophene, poly(3,4
bis(ethylhexyloxy)thiophene), and expansion of the range of colours accessed lwatégery of
electrochromic materiatiirough tailoring of the auxiliary R group$The synthesised polymer was found
to transition from its neutral orange state to a transmissive oxidised state at + Rs#A&Y and Reynolds
observed anothecolour trangtion demonstrated by a polythiophene derivatvben, in 1996, they
synthesized PEDOT14H29 (2) T a combination of tailoringroperties usinghe extension of R groups and
the addition of the ethylene dioxy moigapotential of +0.3 V was used to reversibly oxidise the polymer,
leading to a transition of the material frehe deep purpl®f its neutral statéo atransparent light greesf

the oxidised stat&’ More recently work completed by Sonmez et al. synthesized and applied gneew
polythiophene: poly(2,3-di(thien3-yl)-5,7-di(thien-2-yl) thieno[3,4b]pyrazine) (PDDTP)(3), to the
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fabrication of an ECD. It was combined with tether polymersliscussed earliePEDOT andP3MT (4)
andusedto producea devicewhich gaventense coloursred from P3MT, the green PDDTP, and the blue

of PEDOTin their neutral statetJpon oxidatiorat+0.58V the deviceanoved towards transparen@yigure

2).32
(0] O (0] O 0 O 0 O
7\ ]\ Oxidation N L\ ®\
\ / \ / M Reduction ® — n
(0] 0 (0] 0
0] O 0] O

C14H29 C14H29

\ /
C14H2g C14H2g
2 3 4

Figure2: PEDOT (1nlong with thestruicture of itsoxidised staté® along with the structures of other examples discussed in
the text: PEDOTC14H29 (2), poly(2,3-di(thien3-yl)-5,7-di(thien-2-yl) thieno[3,4b]pyrazine)(PDDTP (3), and P3MT (4).

As mentioned earlier, polythiophenes dominate the electrochromic fieldeaircls however, they are not
the only polymers shown to exhibit electrochromigmother class of polymesshich have been applied

to the fabrcation of electrochromic devices are polypyrroles. Poly{@&Hylenedioxypyrrole) (PEDOP)
(10) was found to exhibit similar electrochromic properties to PEDOT, its thiophene an&fotpee
polymer appears red in its neutral state and upon oxidatiel5 V transtions to a bluegray colour.
PEDOP was also shown to be more readily oxid{se@®5 V for PEDOT) this thought to be du& the
more electrosrich nature of the polymer backbone when compared to PEB&IThetrivalentnature of

the nitrogen atomvithin the polypyrrole backbone has allowed a different method for tailoring colour to

be exploredwhen compared to the polythiophene analoguesdification of R groups bound to the
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nitrogen. An example of this method for tailoring colour can be seeneirwbrk ofDiaz et al, who
synthesisea series of Nsubstituted polypyrrole@igure 3)*°
H Kf \
O ©
H l\ll \N N N m\
Ut YO YOh YOk YO Ty

E% 020V 045V 045V 0.50V 0.60V -0.50 vV
7 8 9 10

5 6
N
<5 L \MO ;
N_ 7
CN O)\©\No ° o4 ‘

2
Red-to-Blue Pale Green-to-Gray O _

11 12 |
Green/Yellow-to-Grey/Green

EC: 0.50 V 0.60 V 0.39V

Figure3: Polypyrroles synthesised by Diarzal and their oxidation potentials-Q); Thesturcture of PEDOP with its
oxidation potential 10); Other polypyrroles synthesised in lieterature along with their oxidation potentials and the reported
colour changesi(-13).

This showedhat substitution at this positi@isohad a significanéffect on theoxidation potential of the
polymer; +0.45 V for polyN-methylpyrrole compared te.2 V of unsubstituted polypyrrole. Further
researchby various group$asled to more complex polymers encompassing many different types of
substituentsuch asnethyl, ethyl, butyl, and phenydound to the nitrogen ato(figure 3). This has given
access t@a large selection of colours and devices possflben the redto-blue transition ofl1, to the

yellow-to-brown of unsubstituted polypyrrofé 44

This is not anexhaustive reviewof polymeric electrochromic materials, for examples such as

polycarbazoleé®*° polyfurans®*>?polyanilines>¥>” extensive reviews may be found in the literature

Though electrochromic polymers have greatly furthered the stughgcifochromism and development of
electrochromic devicesecently a new strategy which utilises the synthesis and tailoring of small molecules

to obtain electroalomic properties has come to the fore

1.3  Electrochromic Polycyclic Aromatic Hydrocarbons

The use of small molecule electrochromic materials has become a viable strategy to fabricate ECD
Polycyclic aromatic hydrocarbons (PAHS) electrochrongcas giveaccess to an extensive range of

10
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colours®® and elective doping of heteroatoms durititgir synthesis caallow for precisetailoring of
colour: this is a topic which will be covered in more depth Ig&exction 1.3.1)In some cases, PAHgth
electrochromic propertiesccur naturally, thus removing the need for complex synthesis asdagédor
some polymers. The solubility issues polymaten experiencean be avoided as many PAHSs are readily
soluble in commororganic solvents this allows for more straightforward processing and building of
devices using techniques such as sjp@sing.>*® For these reasoi®AHs have beehrought to the fore

of organic electronics recent years

Multilayer graphenes are one of the largest PAHs to have been applied to the fabrication of ECDs, as se
in the work by Polagt al®! The authors were able to produce several devices that possessedam grey
transparent colour transition at a potential of $Wbrk fromJi et al built upon this as the authdebricated

an ECD usingfunctionalisednanographeneéigure 4) moving towads smaller moleculesyith the
chemical formula o€13H3s(COOH) adsorbed on the surface of the electrode 124/€his gave a device
which showed colour chan@®@m orangeto brown(see figure4) on application of anuch lowermotential

(+1.27V) when compared to the multiyered graphengevice of Polaget al®?

Fullereneganalsoexhibitsome electrochromic behavioun 1993 Cordoba de Torregit al demonstrated

this by applying a current to a film okgfullerene using lithium ions as the charge carriers. They observed

a change in absorption spectrum in the siefiared which they attributed to the formation of the'C
specie$?® Other work from 1994 confirmed these findings and was able to produce a visitieatmnge:

from light brown to dark browff Although this early work demonstrated the electrochromic natureqof C
fullerenes, more recent research has been focussed on the incorporation of fullerenes into devices whi
utilise other electrochromic matials to enhance properties such as colouration efficiency and switching

time 65,66

Figure4: Electrochromic graphene molecule discussed on pati4) 5adsorped to narcrystalline ITO and thdevice
fabricated using this molecule.

11
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Fabrication of an ECD usirgmall moleculd?AHs can be found in the work of Stec etvahoseresearch
produced an almost transparent device using perylene which could be turned royaBiuWé) (to olive

(+ 4.0 V) on application of a potentigFigure5a).>® The colour change arose from the insertion or removal

of an electron from the HOMO or LUMO respectivelfis device requires an unusually high potential for

an ECD due to the formation pfasmonic states causing thelourlessto-blue and colourles-olive

colour change® Anotherexampleof electrochromic propertissemonstrated by a PAgan be found in

the work of Ishigakiet al®’ The authors designed a highly strained phenanthrene deriyBiiuge 5c)

which underwent bortrealageupon application of a potenti@#0.95V), leading to a highly colouraed
dication state. The initial strained phenanthrene derivative could thesgbeerated by application of a
negative potentialleading to GC bond formation and obtaining of the origimalourless material once
again®’ In recent vork by Correntet al.a number of electrochromic molecules based on dibenzonfulvene
were produce@Figure 5b)°® These molecules covered a range of different colours: colourless, pale pink,
pale orange, oranged, etc. The authors used modification of substituents at the aixoityvene bond

to tune the absorption and band gap of the synthesized moletiuteagh their work, they were able to
fabricate several ECDs whigiossess transitions from a coloured or colourless state to a blackigitate
good cyclability(>10,000cycles)®® These various examples demonstrate the great range of colours and
devices which can be accessed by PAHSs so far, research is still ongoing and acts to expand the list of kno

electrochromic materials.

12
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” (JC

15
35V +4V

< RICE < [RIGE

b) /

ov 0.5V

- 2e”

COLOURLESS COLOURED

Figure5: a) The device fabricated by Steat.al with the colour changes .5 V and +4.0 V demonstratelo) One of the
dibenzofulvene derivatives synthesised by Correnhtd and its associated ECD; c) The sturcture of a phenanthrene derivative

fromlshigakiet aland the proposed structureitsfcoloured dication.

1.3.1 Heteroatom Doped PAHs

Much of thesynthesis oheteroatom daogd PAHSs hasbeen usedto engineermolecules which possess
reversible oxidation or reductigerocessesa crucial property for electrochromic materi@dse classof
heteroatorrdoped PAH which hebeen investigated thoroughly are viologé$hiese compounds consist
of two pyridinium noietiesoften bound to oneanother at the -position. Groups bound to the nitrogen
atomsas well as the counter anioassociated with the pyridiniuran be tailoredo allow access to
different colourghroughmodification ofthe HOMGLUMO gap® Thedication form of these molecules

can be reversibly reduced upon application of a polewfi@n starting at a colourless statansitioning

13
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to ahighly coloured radical catiooften a shade purpleencet h e n a me The/raddl catipe cad .

then befurther reducedto an uncharged state following a second electron trangtierstructure of these
three oxidation states can be seen in figuré€®6

a) Ri

b)

® ®
¢ _~~\ 2N 2N
S ) + e S ) +e° SN
/ \ -e / N _e' / /
o '\é S NH SN
18** 18" 18

Figure6: a) The common redox stages of an example violpggA prototype electrochromic device in the bleached and
coloured statefabricated using the viologet¥;5? c) The structure of the hefal viologen synthesised by Zhnagal
discussed in section 1.34.

A specific example odn ECD fabricated using viologeoan befound inwork doneby Zhanget al. who
synthesised a helical viologéh8'*) with the pyridinium moieties provided bycuinoline’® Viologens
have also beerutilized as polymers to avoidolubilisation of the electrochrome addfusion of colour

throughout the supporting electrolyte in ECDs, a common problem when using small molecule
electrochromic materiafs

Another example of electrochromicddped PAHs can be found in thenk of Takaseet al In 2007the
authorssynthesised a hexaazacoronene derivdfi9ewhich was also found to possessverakeversible
oxidation state$! By performing cyclic voltammetry, the authors were able to demonstrate that the
synthesised molecule had four reversible oxidation states at 0.355 V, 0.520 V, 1.52 V, and 1.88 V. Upo
oxidation of the neutral species to its monocation, the material ttoaresl from an orange to a green,
further oxidation to the dication state gave access to agitagn material®
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19 19**

Figure7: The hexaazacoronene example discussed in section 1.3.1 along withsegrgsmnance structure of its dication
state.

Phosphorous is another heteroatom which has been exploited by researengisderelectrochromic
PAHs. Examples such #ise large phosphorous containing molecules synthesized by Rbitetooet al.

in 20112 in this workthey describelendritic molecules which were the firstBped molecules shown to
exhibit electrochromism(Figure 8a) Further developments by Baumgartnet al incorporated a
phosphorous atom in viologdype molecule$®’ In this work, the authors were able to demonstrate
reversible reductions at low operating potentiai3.1 V), and appliethe synthesised molecules (Figure

8b) to the fabrication of prototype ECPachieving colourless to blue and colourless to green devices.

Other heteroatoms such aslphur™ selenium’® andtellurium’”"® have also been used to great effect to
synthesisd® AHs possessing electrochromic propertigarticular focus will now be payed tioe O-doped

examples.
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Figure8:a) Dendritic molecule synthesised by RombBlieto et aland the associated device which shows a colour transition of
orangeto-green at potentials >+1.6 V; b) An example of a phosporous containing vietiggeemolecule synthesised by
Baumgartneet aland the associated ECD demonstrating a colouttebie transition.

1.3.2 O-doped PAHs

The insertion of oxygen atomsimilarly to doping of other heteroatomsan lead to a tailoring of the
HOMO-LUMO gap andthus the colour of the materidh particdar, O-doping has been used to great
effect in the area of organic electronics to produce materials devices such as organic light emitting diode

and field effect transistorg:8°

Well-known exampls of electrochromic @loped PAHs can be found in quingn®uinones as well as

other Gdoped PAHshave been known for their wide range of colours andrudges for many years:82

Some of the earliest research investigating the electrochromic properties of these materials was perform
by DestineMonvemayet al in 1989% This work found that a variety of different quinop@scluding
tetrachlorel,2-benzoquinone 22), possessed reversibleduction peaks which gave rise to different

absorption spectnahen compared to the neutral speéiea range of quinones, from simple reolles to

16
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more complex org such ashe extende@nthraquinonelerivative(24) synthesised by Yaet al,®* have

been investigated with respecttheir electrochromic properties

a) o)

22

25 26

Figure9: a) The structure tetrachlofig2-benzoquinone investigated by DestiMenvemayet alwith respect to its
electrochromical properties; b) The pyrenedione functionalised in thedsiions synthesised during the work of Kebiér
al; ¢) The extended anthraquinone derivati®4) Syntheised by Yaet aland discussed in section 1.3.2;Tayo pyrilium
containing molecule26 and26) synthesised by Anamimoghadaatnal.

All of thequinonespeciesnvestigatedake part ima reversible reduion to form aradical anion species as
well asdianionsin some cases such maphthalend.,4,5,8tetrone and pentaceie7,12,14tetraone®> 87

Similar systems to the quinongiscussd; pyrene diketones, werevestigated byeller et al in 2013 for

their possible application to electrochromic devie$he authors demonstrated that the colour of the

molecules could be tailored by the positioning of eleetihdrawing groups within the molecule

Electron withdrawing groups at ti2e7- gave rise to a dedpue colour 4,5 led to a yellow materigR3),

andthel,8- derivative was purplel'he synthesised molecules all possessed electrochromic properties, with

both reduction and oxidation peaks observidte observed oxidation peaks were attributed to the loss of

an electron from the HOMO of the moleculghich appeared to be localised to the nitregentaining
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electronwithdrawing groups. The reduction peaks arose from alyowg LUMO which was localised

around the pyrendionecomponenbf the molecule&®

Researchers have begadopting theapproach of incorporating the oxygen atoms within six membered
rings of the PAHS, substituting them for a carbon ateithin a fully aromatic systemSeveral recent
articles have synthesisegyrylium containing PAHs which have exhibitedversible reductio peaks
caused by the reduction of the cation pre&&tiMolecules synthesised bynamimoghadaret al(25and

26) were reduced at0.43 V and-0.59 V respectivelyThesemolecules also demonstrated a second
reduction peak at more negative potentialsyédner these oxidation statappear to beinstable under

aerobic condition&®

o+

OO -e” OO e O‘ ®
o . 0 . o) o
ROORERCCIIERNGS

o+

27 28 28 28**

Schemel: Scheme demonstrating the transition from-antimatic to the aromatic system on oxidation of PXX, its carbon
only analogue can be seen for comparison.

While stable pyrylium containing PAHs have been a recent development, electrochromic materials
possessg pyrano moieties have been investigated for many yeafi€88 Dettlinget. al synthesized a
derivativeof perixanthenoxanthend&X) which was found tde reversibly oxidised by application of a
potential (Scheme P}.Frenking et al. demonstrated the same process with the unsubstituted PXX and
described the colour change segzllow to blue to violet? In its neutral stat€XX (28) possesses a 24
electron antaromatic system, while its carbamly analogue 47) possessean aromatic system. The
disruptionof the electron clouttadsa molecule which hdscalised aromaticityn its neutral state, arah
entirely aromatic structurepon oxidation this givesa greatly reeshifted absorption spectrummpon
oxidation® This antiaromatieto-aromatic transitiorhas also been observed byo r L' etwal. Who in
2017,synthesized PAHs wittmoreextended aromatic systems containingapp moieties?® The authors
synthesized molecul&8, 29, and30 by performing Suzuki cross coupling with idbromopyrene, 1;8

diiodopyrene, and 1;8ibromopyrene respectively.
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Figurel.O-doped PAHs synthesized by horlLevil et al. with the

effect oxidation has on the aromaticity of the molecule. NICS of carbon analogues can also be seen for c8fparison.
The intermediates then underwent an oxidative-clogure to give the final products. These molecules
were all shown to experience a significant-sbaft of their absorption spectra wheridisedto their +2
states similar to the PXX examples disceslsearlier It was reasoned that this was due tofihe o ¢ a |
anti ar omat i &capsedby therpbyano ringsmprésasdemonstrated biMICS studies.
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Figurell: a) Thestructures of molecules synthesized by Miletic et al. demonstrating the ability to tailor colour through
adjustment of conjugatioi) Results of preliminary electrolysis experiments, demonstrétieglectrochromic properti€i
possesse¥:®

A series of PXXderived molecules with colours tailored by extension of the conjugation were synthesised
by our group in 2017 (Figure 133This workdemonstrated thaixtension of conjugation within a molecule

is an invaluable mearfer tailoring the colou of the materiaf” It demonstrated that throughodification

of conjugation and number pfrano or furano moietiespresent a mol ecul edés col our

and can lead tolarge range oflifferentcolours

Recently, this work has been exmpled upon again Wyr. Tanja Mileti from our groughrough evaluation

of the potential application &1 to the fabrication of ECD$reliminary cyclic voltammetry tests found

that in solution, the molecule appeared blue and on reduction changesktoreversiblyFigure 11)*®
Thoughseveralpyrano containing molecules have been synthesised, few have been applied to the area
electrochromismThe ability of Gdoping to tune both colours and electrochemical properties of a molecule

makes it of ereme importance to the area of small molecule electrochromic materials.

14  Aim of the Project
The work of this MPhil aims teynthesise an electrochromic small molecule which possesses a trarsparent
to-red transition. In doing this tHérary of O-doped PAHs whichmay be applied to the fabrication of
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ECDswill be expanded greatly. The colourless to red transition is an extremely desirable one because, n
only has it not been reported time literature, but it may also lead to the mamuaft ur e of Oel e
pi xelsd and thus t he apgndrgydisplays. 8yprodutingia tegice using threeo |
electrochromic materials which possess transitions from transparent to red, green, and blue respectively
is possiblea produce colour which covers the entire visible part of the EM spectrum. The colours obtained
can then be tuned by careful control of the potential applied to the device, similar to the current technolog
used in LCDs.

In order to achieve the colourlesafisparent to red transitiotme molecule must initially absorb in either
the ultraviolet (UV) or infrared (IR) parts of the EM spectrum and upon oxidation experience a shift of their
absorption into the visible region.

27 33

PALE YELLOW

Figure 12: O-doped PAHs which demonstrate the progression of colour with the restriction of conjugation within the molecule.

As discussed in section 1.3.2, restricting the extent of conjugation of a molecule leads to an increase
HOMO-LUMO gap and thus a hypsochromic shift of the absorption spedtignre 12 demonstrates that
progressively wusing s ma ldbpedPAldsHends to a shift tosacds unaoloured s
materials travelling from the vivid blue of the perylene based males 31), to the yellow of the pyrere
based molecule29), and through to the uncoloured naphthalene comp@&8)d (
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Figure13: a) The general synthetic strategy for achieving the desimdécules with restricted conjugation; b) Six proposed
mol ecul es based on an d6ant hr aebeamnses dodo rnmod ;e cau)l eTswd opr cspyonst eh
the positions at which the intramolecular etherification will take place, fnisrthe nomenclature used throughout this thesis

is derived.

Eight new Gdoped PAHs have been propose of these molecules are based on naphthalene aacks
the remaining six on anthracene co@mthesis of these compounds will be achieved byise copper
mediated intramolecular etherification reaction develdmedur group and applied to the work of Dr
Miletic;°* as well as many other various synthetic methodologfiesbelieved that theroposed molecules
will absorb in the UV region ahthus possess an uncoloured neutral stiten oxidationthe molecules
shouldexperience a red shift into the visible light portias has been demonstrated by othetoped

PAHSs discussed in section 1.3IRwas also speculated that the aromatic camepts of these molecules
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would give high absorption coefficients and thus good coloration efficiency on application to the fabrication
of a device.Upon successful synthesis of the proposedoPed PAHs their spectroelectrochemical
properties will be invagyated fully, after which they will be used to fabricate an ECD using theasip
method. The final aim of this project is to then build a working ECD prototype using thecgaayg
technique, followed by the full characterisation of the device;simyaion of its cyclability, colour

efficiency, and switching time

Herein the attempted synthesissef/erabf thesearget moleculesHigurel3) is described, as well as the

electrochemical characterisation and applicatiaécfabrication of prototypECDs.

2. Results andDiscussion
2.1 Synthesis

2.1.1 1,4cyclised AnthraceneTarget Molecule(34)

The first target molecule to be synthesized wWas proposed 1;4yclised anthracene isome34, the
synthetic strategy adopted can be sedfigurel4. Examples of both this anthracene target mole@#g (
and the 1,&yclised anthracene target molecule (see section 2.1.2) wereifotimediterature®® However,
neither had been synthesised using the new intramolecular etherification strategy nor had the investigati
of their possible electrochromic propertieen reportedt was envisioned that these molecules would lead
to a red eletrochromic materiallTo obtain34 an intramolecular etherification reaction developedbgo

et. al% and refined by Stasset. al®® could be performedsing35. To obtain tle precursor molecul8s,

the dehydration aénthracenaliol 36 may becarried out It was thought that the synthesis3@would be
possible by nucleophilic addition 87 to commercially available 9,1@nthraquinoneMolecule37 may

be synthesizeftom 38 using a halogen exchange reaction witroaganolithium spe@s such as-BulLi

or tert-BuLi. To obtain38 the bromination reaction of commercially availabkt&tbutyl)phenol was

envisaged.
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Figurel4: Retrosynthetic analysis for the target mole@4e

The synthesis @38 was achievedsing modified conditions based those developed Ihuet. al;* Br.
was addedo a solution ofert-butyl-phenolin DCM at 0°C, followed by instantlyquenching the reaction
with saturatedNaS03 aqueous solutiarThis gave the desired product3a%yield. Theinitial attempts

at the nucleophilic addition reaction to form36, following a procedure found in literatut®’, were
unsuccessfulThis reaction was attempted usitige addition of 2 eq. ofn-BuLi to a solution ofthe
bromopheno(38) at-78 °C. After warming to room temperature for 0.5 h a suspension of anthraquinone
in C4HsO was added slowly and the reaction was left to stir overnidiig.reaction did not yield the desired
product andtiwas believed thateprotonation of thaydroxyl groupon addition oin-BuLi to 38 hindered
the formation of the desired organolithium which was required for the reaction to probeegkaction
was repeated using 3.2 eq.mBuLli, again the desired product was not obtaifdedsolvethis issue, the
hydroxyl moietywas protected using a methyl grodjis was doneydeprotonation othe bromophenol
species 8) with Ko.COs followed by reaction witiMel under anhydrous conditioA®: This gavethe
methoxybenzene derivative9q) in 78% yield, which then successfully took part in the nucleophilic
addition reaction to forrthe desired anthracekol (40). This reaction was performed in accordance with

conditions found in literatur€® andled to the formatiomf 40in 77% yield
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t-Bu
1) n-BuLi O
Br C4HgO HO
OH Br, OH -78°C to rt. on
_—
CH,CI, 2) anthraquinone O@O
t-Bu 0°C t-Bu C4HgO, HO
0,
91% 58 rt. 24 h O
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36
Mel DMF

K,CO, | 55°C. 24N
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1) n-BuLi
Br Etzo
O -78°C to r.t.

2) anthraquinone
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39 rt. 18.5h
77%

DMSO DCM
o rt 0 140°C, 3 h. OH  -78°%Ctort.
J J G
65%
t-Bu t-Bu t-Bu
42 34 35 41
Obtained as a
mixture of

atropoisomers

Scheme2: Attempted synthesis of target molecB Yield for the formation o84 is not stated as the molecule degrades
rapidly so could not be isolatéd a pure state. Endoperoxide yield not stated as the product was lost during purificiation
attempts.

The synthesised anthracediel was then reducedollowing a modified proceduref one found in
literature'®® The experiment waperformedby dissolvingthe anthracen®,10-diol 40in THF followed by
slow addition of a saturated solution of SnGh concentrated HCIThe reaction was monitored by TLC

and after 3 hours complete conversion of the starting materialtwo new spots with similar {Rvas
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observedNMR of the crudeeaction mixtureafter work up suggested that these spots were atropoisomers
of the desired producthis was confirmedby variable temperature NMRhe spectrunmeasured at room
temperature demonstrates a singlet at arourlghb, this can be assigned to the methoxy group of the
desired molecule. HoweveXMR spectrum measured a0 °C (Figure 15)demonstratedplitting of the
singlet peakassociated witlthe methoxygroup suggesting that conversion between &tmpasomers
occuss at higher temperatures but at a relatively slow. fdpon cooling of thesample the methoxy peak
returns to its original singlethich sugges that one of the atropoisomeric configurations is favoured at

room temperature.
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Figurel5: *H NMR spectra of 9,1bis(4(tert-butyl)-2-methoxyphenyl)anthracendl) in CDCk measured at a) 293 K and b)
323 K.

Deprotection of the methoxy groups was performed using a method found in lité?aftiie.anthracene
derivative41was dissolved iDCM under an inert atmosphere. After covering the round bottom flask with
aluminium foil and cooling t678 °C BBr3 was added slowly. Following thithe flask was warmed to
room temperature and stirred overnight. This gave 65% vyield of praf@theme2) and allowed access

to the final step of this strategy.

This was performed according aditeratureprocedure”-%¢ 35, Cul, and PivOH were dissolved BVISO
and heated to 14T for 3h. The reactiorresulted in a vivid red solution whictith time and exposure to
air, lost its colourUpon heating a solution 84to 100 °C the original colour returned, suggesting dngt
possible degradation was reversibl&imilar molecules synthesised by ¥t al. have demonstrated
sensitivity t0'O..1% Theresearch by Yét al.proposed that the centrdkectronrich aromatic ring took part
in areversibleDiels-Alder-type reaction with a singlet oxygen molecutevas believe®4 behaved in the
same manner, as evidenced by its reversible colour change, due to its similar stficiiseto isoate

the endoperoxidderived from34 product by column chromatography were unsuccessful.
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Figurel6: LRMS of the crude obtained from the cyclisation reactioBof
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2.1.2 1,5Cyclised Anthracene Target Molecule(43)

In parallel tothe synthess of 34, work was undertaketo selectively synthesizanthracendased target
molecule43following a strategy similar to the one applied to the synthesis of theytléed anthracene
product To achieve the desired,5anthracenemolecule, it was proposed thathe intramolecular
etherification step could be replaced by an intramolecular nucleophilic aromatic substitution using the
dichloroanthracenderivative44. To obtain this precursor a deprotectiontted bisphenyl anthracerd®

would need to be performed, a reaction which had been used to goodieffegthe synthetic pathway

of target molecul@4. It was proposed that moleculd could be synthesized frothe dichloroanthracene

diol 46 using a dehydration reaction irsemilar mannerto the method discussed in section 2.5theme

2, Page 25). The synthesis o#46 was thought to be possible from commercially available- 1,5
dichloraanthraquinone and threethoxbenzene derivati89) usedduringthe synthesis d34 (Scheme2)

as discussed previously

t-Bu t-Bu

e L,
OO0 —— L0 o,
—— ——
Demethylation

Intramolecular

i 0 SNAr HO i

t-Bu t-Bu t-Bu

43 44

FGI|| Dehydration

©/ * Nucleophilic

t-Bu Addition

39

Figurel7: Retrosynthetic analysis of the i¢§clised anthracene target molecule 43

The synthsis began with the nucleophilic addition tife methoxy benzenspecies38 to the 9 and 10
positions of 1,&dichloroanthraquinonéSchemes, page?9). This was donby theaddition of1.1 eqof n-
BuLi to a solution oimethoxybenzene derivatia8 at-78 °C to form the required organolitlvin species
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After allowing thereaction mixtureo stir at r.t. fo10.5 ha solution of 1,&ichloroanthraquinonm CsHgO
was added slowly. The reaction was left to stir at r.t. overmigiith led to the formation ofi6 in 68%

yield.

1) n-BulLi
Br C4HgO Sncl,
O -78°Ctorit. conc. HCI
_ >
2)1,5-dichloroanthraquinone C4HgO
t-Bu C4HgO rt.3h
rt. 24 h 97%
38 68%
t-Bu
46 trans-45
CH,Cl,
BBr, | -78°Ctort.
18 h
61%
t-Bu B tBu | t-Bu

e e .
Cf)) —— | 00— O
- -

CDCl; (CH3),SO
O rt. 18 h O 140°C 3 h HO
‘ Quant. O 29% ‘

t-Bu L t-Bu ] t-Bu
47 43 44

Schemed: Synthetic pathwagpf 1,5cyclised anthracene target molecd®
The next step was the dehydration reaction using the same conditions asipliseed duringn section
2.1.1(Scheme2, page25). This methodagain gavejuantitativeyields of the desired produ@t5) as an
isotropic mixture similar to the anthracene derivaté& discussed in section 2.111is believed that the

restricted rotatiorof the phenyl moietiess caused by the steric demands placed on the molecule by th

methoxy groups being in close proximity to the chlorine atoms

The deprotection ainethoxygroups was again performed using BBrhis was done by addition of 1 M
BBr3 in DCM to a solution o#5 at -78 °C in the absence of lightpllowed by warming the mixture to
room temperatur@and allowingit to stir overnight. Purification by columchromatographygenerated
product44in 61% yield
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To achieve the synthesis of molecdl an intramolecular g\r reaction usingt4 as the starting material
was employed. This was performed by deprotonation of the hydroxyl grodgsising K:COs under inert
atmosphere. The mixture was then heated to°C40r 3 h giving a vivid red solution. Attempts to purify
the product by column were unsuccessful as it appeared to degrade in contact »atidSi(D, in a similar

manner tda4. However, purification by precipitation fromMCM/Hex was proven to be possible
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Figure18: a) LRMS of cyclisation reaction crude demonstrating the presence of both the endoperoxide (~503 m/z) and the

desired 1,&cyclised product (470.23 m/2)) *H NMR of the 1,5cyclised anthracene endoperoxide in CHCI

This yielded the produet3 as apink solid which appeared pure by TLC. The speed at which the product
degrades in chlorinated solvents did not allow for a clean NMR of the desired product to be obtained. Th

NMR spectrum acquired showed peaks which appear to correspond to the endegeoakidt47). After
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leaving the solution in the NMR tube under air overnight, a good spectrum showing only the endoperoxid
was presenfFigure Ba).

2.13 1,4cyclisedNaphthaleneTarget Molecule(56)

t-Bu t-Bu
OH
Intramolecular Demethylatlon
Etherification

t-Bu

56 57

Nucleophlllc
t-Bu Addition

Figure19: Initial retrosynthetic analysis df4-cyclised naphthalenarget molecul&8.

As boththe 1,4 and 1,5 cyclisedanthracendased target molecules synthesitieds farappear to be
sensitive to airwork wasalsostarted ora 1,4-cyclisednaphthalene target molecy6). It was believed

that the absence of the third aromaticiing t h e rmoorBeauld leatd incre@ésed stabilitin air.

It was theorised thdhe molecule would lack eaaromatic moiety electrarich enough to readily react with

a singlet oxygen molecule. Decreasing the conjugation in the molecule would also lead to blue shifte
absorption spectrum when compared#band43. It was thought that synthesis of this molecwieuld

give us access to a material which is initially transparent but appears coloured upon oxitiatiogh
retrosynthetic analysis of the target molediigure19), a similar approach adopted for the synthesis of
34 was choselfsee section 2.1.1)
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Schemed: Attempts to synthesiZg9 and58 as part of the initial synthetic pathway the 1,4cyclised naphthalene product.

The target molecule cahe obtained through intramolecular etherification lmsphenolnaphthalene
derivative57. Molecule57 can be synthesized from molec®@by a depreection method as used in the
synthesis 085 (Scheme). The samealehydratiortechniquediscussed earliersing SnGl could be applied
to the synthesis d#8 from the intermediate naphthaled®! 59. The nucleophilic addition reaction used
for the synthesis 046 (Scheme3) and40 (Scheme2) would be used to synthesiz@ from commercially

available 1,4naphthoquinone araimethoxybenzene derivativaq).

Initial attempt to synthesiz89 following the same procedure used dursegtions 2.1.1 and 2.1.2 was
unsuccessful. This method use® eq of n-BuLi added to a solution with 3 eqf methoxybenzene

derivative39at-78 °C. After stirring at room temperature for 0.5 h gwdution was cooled again {68 °C
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and a suspension of naphthoquinonel'iiF was added. The reaction led to isolation of only starting

material.

Similar naphthalenédiol molecules werdound in literature, they wersynthesised in by Dodge and
Chamberlinin 1988 andppearedo besensitiveto air1% It was believed that this may have been the reason

for the failure of the initial synthesis attempt.

To avoid problems with degradation 59, it was decided that a om®t nucleophilic addition reaction
followed by dehydration to achieve naphthalene derivéi®&ould be the best course of action. The
nucleophilic addition reaction was performed in the same manner as laddigon ofn-BuLi to the
methoxybenzene derivati\d9 at -78 °C, warming to r.t. for 0.5 h then cooling again for the addition of
naphthoquinone, warming to r.t. and allowing tleaction to stir at this temperature overnigpon
completion of this part of the reactidhge flask was covered with aluminium foil and concentratbdias

added as a reducing agent. The reaction was left overnight again then worked up and purified. This also c
not yield any of the desired productsiead unreacte®b was recoveredUnreaceéd naphthoquinone was

also found along with trace amounts5&f

It was then decided to repeat the experiment changing the method of reduction. As reduction of diols b
SnCb in conc. HCI had been used to good effect when synthesising the other target molecules, it wa
decided that it should be applied to this synth&diss reduction method did not lead to the formation of
the desired molecule being. However, it did prochegghthalene didd9 (13% yield) along with byproduct

60 (77% vyield). The formation of60 is said to be produced by loss of one molecule of water §&m
followed by a migration of the phenyl group and loss of a préfoanother explanation for the forrtian

of this product may be the nucleophilic addition to thedsition of the naphthoquinorestead of the -1
position similar to a nucleophilic addition to an enoRewever, detailed investigation and discussion of
this mechanism is beyond the scaehis project Thereforeat this point the synthetic strategy was re
evaluated and adjusted.

The formation of the target molecule was still to be accessed by an intramolecular etherification reactior
as well as57 being obtained through a demethylation reaction performed in the same manner as before
However, to bypass the naphthalene diol stage¢he pathway, a cross coupling reaction could be used to

synthesizé&8 from commercially available 1;dibrommaphthalen@and39.

1,4-dibromonaphthalené{) wassynthesised according to a procedure found in literatigesolution of
naphthalene wasooled to-35 °C, Br. was added and the reaction left to stir in the cooling bath overnight.

This gave good yield &1 which then gave access38.
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Figure20: Adjusted retrosynthetic analysis of target mole&fle
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While 61 was being synthesizethe second speciegeded for the crosoupling reaction(62) was
synthesised in parallel. This was done using a borylation metaelopedy Dordevicet. al;*® n-BulLi
was added to a solution 89 at-78 °C, this was followed by the slow addition of B(OM@nd warming
of the mixture to r.t. overnight.

Once synthesis of botB2 and61 was achieved they were applied to a Suzuki reaction using modified
conditions based on those developed by Sueulal. The initial attempt sed3 eq. of62to 1 eq. of 1,4
dibromonaphthalene6l), 4 eq. of kCOs, and 7 mol% of [Pd(PRJ], in a 5:1 toluene/kD solvent
mixture, following literature protocol$®’” The reaction yielded 37% of the desired product with a large
amount of monesubstituted product (60%). Following thike solvent mixture was changed to 5:1
dioxanéH-0, all other conditions were kept constant. This led to a reaction which gave B8ausd7%

yield along with some starting materidhe dioxanéwater mixture appeared to give greater conversion
the desired product, so was chosen as the solvent system for thapsddipon adjusting thesolvent
mixture to 4:1CoHgO2/H20 it was found that the yield markedly improvedB% of the bissubstituted
product was obtained. Following this reaction, a demethylation reaction was done using the same procedt
as described earlier. This yielded-pisenol specieS7in 78% yield which was thesubjectedo the final

step of the synthetic pathway.

Initial attempts to obtairb6 were unsuccessful, following the procedure used to ol34iled to little
conversion of the starting material with no desired product present. A second pragésurg another
copper source was found in literatd?BA CuCl catalystwas usedn place of the Cul/pivalic acid system

and the reaction was heatedl20°C.
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Schemeb: Synthetic pathway used to achieve the synthediseol,4cyclised naphthalene target molec(86) along withthe
ORTEP representation of the molecule obtained fpoefiminary Xray diffraction experiments. Diffraction experiments
performed by D. Rono.

This method leanly to degradation of the starting material. The next approach useth®nO, heated

to 220°C for 24 hunder air®® This reactionyielded the desired product as @angepowder which was
highly fluorescent in solutiorffor the electrochemical propertiesnd application of this molecule to
prototype ECDssee section 2)2X-ray crystallography confirmed the formation of thigoyrano product

TLC of the reaction crude also suggestieel presence of a mixture pfoducs with the same Ras the
desired product, thoughese werenot isolatedOne of the new spots searay bedue tothe 6,7-cyclised
di-furano product&3). As the dipyrano product was obtained from this reaction it was envisioned that the

reactioncould occur in two ways: a stepwise mechanism, or a simultaneous ring closure mechanism.
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Figure21: Schematic demonstration explaining the possible mechanism for ring closure oftiyelis@d naphthalene
product. The rotation of the rings and translation of the naphthalene core lead to the formation-p§taeaidifurano, and
furanopyrano posible products.Solubilising groups omitted for clarity.

The simultaneous ring closure mechanism proceeds thtbegidsorption of both hydroxy groups on to
the CuO surface, the system then wundergoeu pl
simultaneouslylt was thought that this mechanism would give rise to only two products: the desired di

pyrano56, and the dfurano moleculeé3. This selectivity is thought to be due to the translation of the
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naphthalene core across the CuO surfadbeamolecule becomes planar (Figure 21). This should lead to
both cyclisations happening on the same side of the naphthalene core, either slte hrdithe 6,7side

depending on the direction of translatitimus leading to the durano and dpyranoproducts.

The stepwise mechanism was thought to proceed by initial adsorption of one of the hydroxy moieties on t
the CuO surface, this then undergoes cyclisation at-tbe Z position depending on the direction of the
translation of the naphthalenereoFollowing this, the second hydroxy group adsorbs to the CuO surface
and takes part in the same cyclisation, which is again dependent on the translation of the naphthalene cc
This means that the second cyclisation occur at tleg 8 position, thudeading to the possibility of an

additional product: the furarmyrano molecul&4.

To investigate this reaction furthand prove anyselectivity for the pryano produadf the cyclisation
reaction, the synthesis of a molecule possessing a pyigleo moiety §5) was proposedi retrosynthetic
analysis of the desired molecd proposed that it could be synthesised using a similar strategy to that of
1,4-cyclised naphthalene produss (Schemeb). The final molecule can be obtained by an intramolecular
etherification reaction 066 following the same procedure as for the-&yslised naphthalene product

discussed earlier in this section.

This precursor may be synthesised using a demethylation reactaiswhilar that discussed in section
2.1.1. The synthesis of this molecule cbe achieved using a Suzuki crassipling reaction of
commercially available-bromonaphthalene and the boronic &2dormed during the synthetic pathway
of 56.

t-Bu t-Bu t-Bu
Intramolecular Demethylatlon Cross
Etherification Coupling B(OH)2

62

Figure22: Retrosynthetic analystf 1-naphthalen¢arget molecule.

Precurso67 was synthesised using a Suzuki reaction of commercially availdir@eronaphthalene and
boronic acids2. This reaction followed the same procedure discussed in section 2btdnanaphthalene,
boronic acid62, and KkCOs; were dissolved in a degassed mixturedidxanéH>O under an inert
atmosphere, [Pd(PB] was then added and the flask heated t6@bvernight. Upon purification of the
crudereaction mixturéoy column chromatography, the desired product was obtained in 70% yield
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Demethylation of this precursor using BBollowing the same method as previously discussed (section
2.1.1),ledto the synhesisof 66 in 88% yield which was then used to access target molébulken initial
attempt to synthesise this target molecule was performed using the same conditions as those used dur
the synthesis 056. NMR suggested that this led to a product which contained a mixture of the desired
pyrano containing molecule, and the furano containingroguct68. It was found that these isomers could

not be separated by column chromatography as they possess thetsaiien factor by TLC. Attempts to
purify by crystallization and precipitation were unsuccessful. Gel permeation chromatography was als
attempted and gave a mixture of products with a ratio of 1:0.6. Complete separation of the isomers cou

not be achieed.

t-Bu t-Bu
Br B(OH), O O
. O\ a) O/ b) OH
—_— —_—
OO
t-Bu
62 67 66
d) ‘
| o
t-Bu t-Bu t-Bu

O
65 68 65

. . 19%
Little conversion .
of starting material (approximately 1:1)

seen by TLC (Ratio measured by "H NMR)

Schemeb: Synthetic pathway used during the synthesis of target molébug) KoCOs, [Pd(PPh)4], dioxanéH»0, 85°C,
18h; b) BBg, DCM, -78°Cto r.t., 18 h; ¢c) CuOPhNO, 220°C, 24 h; d) Cul, PivOHDMSO, 160°C 16 h.

The cyclisatiorexperiment was repeated using the conditions used for the synthesis of the anthracene co
molecules discussed earlier (section 2.1.1 and 2.1.2). This was to investigate possible selectivély of the
pathway for the pyrano product. Following the reaction conditions established in section 2.1.1. led to ver
little conversion of the starting materialid believedthat more energy is required to activate thid 6ond

of the naphthalene moiety compd to the anthracene molecules discussed in section 2.1.1 and 2.1.2, thus
at lower temperatures the reaction does not take place.eA€ubased reaction investigated earlier
utilises harsherconditions this leads togreateryield of cyclisation produs. However the higher

temperatures appear ¢ause the loss of any selectivity for thesiredoyrano product.
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Figure23: *H NMR in CDCk spectrum of the 1:1 mixture of products formed during the CuO mediated cycliza@én of
2.1.5 1,5NaphthaleneTarget Molecule(63)

Following this, work moved on to the synthesighed second naphthalene target mole€@3éFigure24).

The retrosynthetic analysssiggests that the final molecule can be obtained by intramolecular etherification
reaction of naphthalerdiol 70. This precursor may be produceyl demethylatia of 71 following similar
methods discussed earlier in this sectibo.obtain the intermediatél, a crosscoupling reaction was
envisioned using the commercially availabldtdrt-butyl)phenylboronic acid and dibromonaphthalene
derivative 72. The molecule72 may be produced from 1;8imethoxynaphthalen@3 via a bromination
reaction. This precursor can be reached from commercially availabldinyd@oxynaphthalene by

performing a methylation reaction similarttee onediscussedn section 2.1.(Scheme 2).

1,5dimethoxynaphthalene was successfully synthesised in 78% yield folltvamgethylation procedure
discussed earlier in this thesis; -tliBydroxynaphthalene and.&Oz weredissolved inDMF under inert
atmosphereMel was adde@ndthe reactionwas heated t65 °C for 20 h.Following thesynthesis o7 3,

1,5dibromo5,8-dimethoxynaphthaleng2 was synthesised
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Figure24: Retrosynthetic analysis of the propode8cyclised naphthalene product.

This was doneusing a bromination reactiamsing conditions found from literatur€®?® 73 along with N-
bromosuccinimide (NBS) asdissolved in CHCN underaninert atmospherand the reaction was stirred
at momtemperaturdor 24 h. Thisgavethe desired produdt2in 53 % yield. An initial attempt to obtain
thecrosscoupledproduct {1) following the same procedure established in section 2.1.3 was unsugcessful
very little conversion was seen when monitoring tbaction with TLC, and 77% @R was recoveredt
was believed that insolubility of the starting materialed to poor conversioas the starting material never
appearedo go fully into solution After adjusting the solvent mixture to a ratio of 8idxanéH-0, the
reaction was performed once agdhe presence of the desired product wasvenby mass spectroscopy,
with 25 % vyield obtainedhfter purification However, when performing the re@act with a solvent mixture
of C4HgO/H20 (4:1), it was found thaheyield could befurther improvedThe demethylatioof 71 was
performed using the same conditions as discussgekction 2.1.1BBrz wasadded to a solution afl at -

78 °C under annert atmosphere and the darkthe reaction wathen stirred atoom temperature for 4

hours.Purification by trituration with petroleum ether gave the desired prddQcin 45% vyield.
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Schemeér: Initial synthetic pathwaypplied to thesynthesis of target molecut®.

An initial intramolecular etherificatiotest reactiomising70was conducted.ow conversion of the starting
material was observed atitk stability of precursorOwas called into questig@as on standing in air the
white crystals slowly turned blaclds such, a second synthetic strategy was proposed to achieve the
synthesis 069 (Figure25).

This new strategyproposed that the final molecul&4] could be obtained following the same
intramolecular etherification reaction discussed previously (section 2.1.4), the precursocfo@®hnay

be obtained by the demethylation# It was proposed that this kssibstituted naphthalene intermediate
could be synthesised using a Suzuki cramspling reaction between the boronic a&d)(seen in section
2.1.3 and the 1;8ibromonaphthlene derivative’6. The synthesis of this molecule may be achieved by

bromination of the commercially available 2j6tert-butyl-naphthalene.

Synthesis o7 7 was performed using literature conditions developed by Havel:'° 2,6-di-tert-butyl-
naphthalene and 1 mol% Altere dissolved iDCM. To this mixture a solution of bromine was added,
and the reaction was left to stir at room temperature for 24 h. This gave the desired product in good vyiel
without the need for purification. Thgrghesis of intermediafé6 was achieved by Suzuki cressupling

reaction following the procedure established in section 2.1.3
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Figure25: The retrosynthetic analysis of the target mole@dldenonstrating the new synthetic strategy.

Dibromonaphthalené?, boronic acidb2, and KCOs were dissolved in a degassed mixtofdioxanéH2O

under inert atmosphere, [Pd(RRhwas added, and the reaction heated t6@%or 20 h. The reaction
produced product6in 56% yield Further optimisation of the conditions is needed to achieve greater yields
of the bis substituted product.

The demethylation of6 was performed following the procedure discussed throughout this thesis; BBr
was added to a solution @6 at-78 °C before being warmed to room temperature for 4 h. This gave the
desired product in 48% vyield, giving access to the final step of the synthetic strategy. The intramolecule
etherification reaction was performed usm@uO mediated pathway, similar to that seen in section 2.1.4.
Heating a suspension 85 and CuO irPhNO:z to reflux for 24 h led to complete conversion of the starting
material and the formation of three new products, as seen by(figu@e 26) Purification by column was
attempted but unsuccessful as it appeared some of the products degraded on silica. Instead purification
precipitation from GHsCOOCH/CHsOH gave a bright yellow powdeNOESY NMR (Figure 38, see
appendices3uggests that this is the desired pyrano
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Figure26: Synthetic pathway applied to the synthesis of thecy@ised naphthalene product, along with the isolated product
78. Sketch of TLC from the reaction crude demonstrating the formation of three new products, all dfuehédte blue
under 256 nm light.

productas the spectra shows very little interaction between thand H; protons(Figure 26) A small
interaction between these peaks was expected for the desired pyrano product and a large interaction for
furano product due to the proximity of the protons to each other in space. HoXenagr diffraction
experiments proved that this was i tlesired product, instead thefaliano produc?8had been isolated
(figure 27).

t-Bu

o a
=

t-Bu

Figure27: The difurano produc?8 along withORTEP representation of the crystal strucfiawend from Xray diffraction
experimentsDiffraction experiments performed by D. Romito.

The furanepyrano product was also isolatedtiace amount®y precipitation from @HsO/CHOH, as

seen by NMRThe formation of th&,7-difuranoproductas well aghe Xpyrane3-furano producsuggests
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that the reaction may travel through a stepwise mechanism, as discussed in sectitittZelrdaction
were to proceed through a simultaneous-gloguredependent on the translation of the naphthalene core,
then only the dpyrane3-furano product would be expecteidure 28). The isolation of the diurano

product suggests that the mechanism instead gamgytina stepwise process.

Only one possible
product:
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cyclisation OO

O

)

CuO 1-PYRANO-3-FURANO
Surface PRODUCT

Three possible products from the
stepwise mechanism:

20 L Q

o 0
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Second
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0 \ 64 56 63
Second  1-PYRANO-3-FURANO  1,5-DIPYRANO 3,7-DIFURANO
pyrano- cyclisation PRODUCT PRODUCT PRODUCT

Cuo cyclisation
Surface

Figure28: Diagram demonstrating tleelectivity of the simultaneous mechansim compared to that of the stepwise mechansim.
Solubilising groups omitted for clarity.

Separation of theyclisationcrude by GPC was attempted, this was unsuccessful so HPLC was performed.
Separation using a recycling HPLC with hexane as the eluent was found to be [{bgsi@e9);small
guantities of7/8 and the pyrandurano product{9) were isolated. The presence of each was confirmed by
H NMR of the pure collected fractions. The desired molecule was not isolated using this method an

investigations into isolating4 are ongoing.
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Figure29: Chromatogram obtained during the HPLC purification of thecydisation crude. Purification was performed
using aNEXT recyclingpreparativeHPLC equipped with &)V-vis 4Ch NEXT PDAdetector, an eluent of Hexane, and a flow
rate of 10 ml/min.
2.2  Optoelectronic Characterisation

2.2.1 Spectroscopy

Normalise Absorbance
@]
Normalised emission
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Figure30: The normalised absorption (solid line) and emission (dashed litie¢ df4cyclised naphthalene product.

Upon achieving the synthesis of the -tytlised naphthalene produd6j its absorption and emissive

properties were investigatethe molecule was found to possess a strong absorption bands in the visible
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regi on ( U3molaminDCMN), frdnm350 to 500 nnmiThe moleculepossesses fuorescent
bright yellow colour in solution as demonstrated by its high absorption coffit; similar to other
el ectrochromic materi al $mosterhn ita 8+ sRt¥XQugntum yield 2 2
calculations also found the molecule to possessr y hi gh emi ssi on qguantum

2.22 Electrochemicalanalysis

An investigation of the electrochemical properties possessed by thgcliged naphthalene produ&ig]
wasthen conducted. Measurement of the CV in solution was carried out using an electrolyte solution ir
which the neutral state was soluble: 0.1 MuBBFs in DCM. The 1,4cyclised naphthalene product was
dissolved in the electrolytand nitrogen was bubbled tbugh the solution for the duration of the
experiment. The sample underwent five scénosn -1.5 V to 1.5 V and baglat a scan rate of 100 mV/s
(Figure31a). This was then repeated at scan rates of 50 mV/s, and 200 mV/s. The experiment demonstrat
that the product possesses two oxidation peaks the first of which appears to be completdbyerevers
Variation of intensity of the second oxidation peak with increasing scan rates suggests that this oxidatia
IS not completely reversible.

The reversibility of the first oxidation can be proven by plotting the square root of the scan rate against th
current Figure31b). A linear trend proves the reversible nature of the oxidation; although a good linear fit
has been achieved, a greater numbescah rates are needed to obtain a more reliable trend. Work on

performing CV at a greater number of scan rates is underway.

The behaviour of the second oxidation state and appearance of a shoulder at approximately 1.1 V cot
possibly be explained by th&tabilisation of the oxidised states through mixed valence complexes.
Molecules synthesised and investigated by Christensen et. al. also demonstrated the development of a br
shoulder during CV analysis! The authors found that this was due to the association of uncharged species
and radical cations formed upon oxidation. To confirm if this is the case with tegdiged naphthalene,
electrocrystallisation followed by XRD of the crystals could be attechpAnothemeans to confirnthe

presence of mixed valencempounds coulde EPRspectroelectrochemicatudies.
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Figure31: a)CV of 1,4cyclised nahthalene producit 50 mV/s (red), 100 mV/s (black), and 200 mV/s (bperformed in
0.1 M BwNBF, solution; b) linear trend of the square root of the scan rate vs. the cathodic currnet demonstrating the
reversibility of the ¥ oxidation of the 1,&yclised naphthalene product.

Following CV in solution,an electrolysisexperimentwas performed as a methofl demonstrahg the
colour of the two oxidation stated 56. The experiment was performeddernitrogen using a platinum
grid as the workinglectrode, a platinum wire counter electrode, no reference electrode was ragtired
current was not measured during the experiniém product appears to transition from its yellow neutral

state to a green as its first oxidation state and then @agiteerblue for the second oxidised state.
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Figure32 Pictures from the electrolysis experiment demonstrating the colour changes caused by oxidation.

Thin film cyclic voltammetry o6 wasthenattemptedoy depositings6 on a piece of indium tin oxide
coated polyethylene terephthalate (PET/ITO) then submerging the film in an electrolyte irb&iniak
insoluble Figure33). The electrochemical cell also contained a platinum wire as a counter electtbde
reference electrodd he final aim of this work is to apply the synthesized molecules to solid state ECDs,

thereforeknowledge of its behaviour as a thin film is necessary

This was then submergedan electrolyte 00.1 MLICIO4 in acetonitrile and it underweafpotentialscan
fromOV to 1.5 Vto-1.5V. It appeared thatlthough the neutral state of the molecule was inso)ubée
charged statdiffused throughouthe electrolytgFigure33). This caused a rapid loss of intendiy the
peaks on the CV as the contact with the electrochrome was lost, and therefore electrochemical proces:

would no longer occur for thmaterial which was not adhered to the PET/ITO

Figure33: Pictures of the thin film CV attempt usia®. Cycle starts at 0 V; colour change is seen from 0.5 V onward with a
very vivid blue colour observed. The original colofitlee substrate is seen once again as the potential returns to 0 V

2.2.3 Spectroelectrochemical Analysis
The measurement of change in absorption spectra for each of the oxidation gpégire 34) was

performed using a 02 mM solution of56 in 0.1 M TBABF4 usinga specially designetthin film cuvette
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i n which tanmnadsparent 6 ypl adthewarking eectiode, alereg svithja plairue d
wire as a counter electrode, and a reference dpln aplication of +0.9 V, new bands appear in the
absorption spectrum fro®m00 nm to 750 m, as well as a new peak at 250 (ffigure 34a) The peaks
attributedto the neutral species are also shown to reduce in intefi$ity. clearly demonstrateshe
conversion of the neutral spes into its first oxidised state. However, it appears that there was not complete
conversion during the timeframe of this experiment. The appearance of new bands which fall between 50

750 nm explaiathe green colour observed during the electrolysieexgnt.
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Figure34: a) Absorption spectra of thie4-cyclised naphthalene produmtd its first oxidised species upon applicatior 6f9
V for 15 minutes; b) The change in absorption spectra of the first oxidation state to the second upon application of 1.4 V. This
demonstrates a drop in intesity of the band ati5080 nm after thapplication of the potential for 3 minutes. Experiments
were performed in 0.1M BMBF, solution

Upon application of 1.4 V, the material experienaesecondchange in absorptiofFigure 34b) The
absorption speatm demonstratesn inital increase of the peaks from 5860 nm, likely due to the
formation of the first oxidised state. The peaksociated with the first oxidised stékegin to decrease
afterthree minutes at 1.4 \4nd a peak at approximately 360 nm greatly increases mmsityteAfter 20
minutes at 1.4 V, the potential was returned to 0 V. This caars@drease in intensity of peaks from 380
450 nmalong with the decrease of peaks at-300 nm and 30350 nm suggesting that the molecule
slowly returned to its neutralage.

The inherent instability of botAnthracene cyclised produ¢®! and43) meant that it was not possible to
evaluate their oxidation and reduction potentials by CV in solutsomg the same method that was applied
to 56. Whenan attempt was made performa CV experiment o3 in solution using tle discussed

conditions no oxidation peaks were seen.
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2.2.3 Prototype Electrochromic Devices
Following the spectroelectrochemical studytlod 1,4cyclised naphthalene produtiis compoundvas

chosen to fabricatéhe first prototype ECD.In order to analyse the electrochromic transition of the
compound in such a device, the dicast method was chosen. Thvas chosen becausiee technique
allows for a fast checking of the colour changéhi@ device while possessing the advantage of requiring
very small quantities of materialhe device is made by deposition of the electrochromic material onto a
substrate which is coated with an electroactive laieelectrolytewhich is provided by outollaborators
(Ynvisible) as a liquid or a solid is incorporated, and the device clgsgdre 3). The exact composition

of the electrolyte contained within the device is unknown as the recipe is currently under patent.

Initially, a device utilisingthe electrolytein the liquid phasevas constructedJpon the application cd
potential of 1.5 Mo the device, no colour change was obseritadthought that tis issuewascausedy
partial or complete solubility dhe deposited,4-cyclised naphthalen®&€) inY n v i s éldetrolgté.By
pressing on thelevice,it was shown that the dregast spots moved freely amder timetheir colour
diffused throughout the entire electrolytes@lubility testusing propylene carbonate, tm&jor component
of the electrolyte, confirmetthat56 was solublen this electrolyte mixture

Electrolyte /\/
= 2 —Adhesive

- <= Template
Copper \ —

Tape

PET/ITO

Figure35: Cross section of the dregast prototype ECD fabricated using PET/ITO and Ynvisible's electrolyte.

A second device whichtilisedY n v i s eldztrolytéas a solid electrolytevas then fabricatefFigure

35). This was don#&o determine whether the molecule remain deposited on the electroactive substrate onci
the electrolyte had undergone a polymer@atieactionPrior to device fabrication, the electrolyte was
deposited on to PET/IT@ithin an adhesive template and spreadil it filled this templateit wasthen

cured under UV light for 5 minutes. The device was then built using the constructiomdégure 36.
Appling a potential of 1.5 Mo the devicealid not result in an observable colour change. Upon increase of
the potential to 2.0 V a partial colour change of the deposited sample wass#esr. testing of the device

at 3.0 V led to the destruction of the PET/ITO substrate.
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An alternative electigte developed by A. Stopin was adopted for the fabrication of a third-astp
device!®®* The 0.1 M LiClOs in ethylene glycoklectrolyte has been applied, with great success, to the
assembly of prototype ECDs containing PXX derivatiasswell as polytiophenes Solubility tests
conducted otthe 1,4cyclised naphthalene produstethylene glycol found that it had little to no solubility.

This eliminated the possibility of device failure due to diffusion of the electrochromic material.

The deviceutilising 0.1 M LiCIO4 in ethylene glycols an electrolyte (Figure 36pbssessed the same
behaviour as that observed for the cuedgttrolyte device partial colour changef the deposited
electrochromat low potentials andevicefailure at 3.0 V. Therefore, a device which could access higher

operating potentials was envisagedthat the second oxidation state may be reached.

a)
Copper — .

Tape
Cured
Electrolyte

Adhesive &
Template

PET/ITO
b)

Figure36: a) Cross section of the cured electrolyte prototype ECD discussed b) and the observed colour change of the
deposited electrochrome.

A glass/FTO(fluorine-doped indiurrtin oxide)support was proposed as a replacement for PET/TH(.
support was chosen alet electroactive component, FTOGas demonstrated the ability to operate at
potentialshigher than ITG* A potential of 2.0 V was applied to the device. This produced a ydtiow
blue transition of the depositatectrochrome, with areas of the spot mateg its original colou Figure
37). An increase in potentia 3.0 Vled to a more intense blue colcumd a darkening of the remaining
yellow colour. Further increase of the potential to 4.0 V did not produce a second cltdoge asvas
suggested by the spectroelectrochemical stidglonged application of this potential produced small

bubbles within the electrolyte, causing device failure.
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An explanation fotheformation of bubbles may be tleéectrolysis of water prestwithin the electrolyte
aselectrolysisoccursat lower potentialg+ 1.23 V in an ideal systemAnother possible explanation may

be reaction oFTO has also been shown to take part in electrolysis potebe#dsv that of the applied
potentialll* Oxidation of ethylene glycol has been observed at potentials lower than 4.0 V and thus may by
the cause of the production gés within the devic&>!'Further device optimization and fabrication of

spraycoated device are currently ongoing.

Figure37: Prototype ECD fabricated using naphthalene targéeocute56, basecon a Glas$fTO substrate
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3. Conclusions/Perspectives

In conclusion,synthesis of twdD-dopedanthracendasel molecules possessing red/pink
colour was achieved. These molecules were found to possess high sensitivity to air and
according to liteature, react with singlet oxygéhFollowing on from this, an aistable Q

doped naphthaleAgased molecule 56) was synthesised using a copper mediated
intramolecular etherificatiorf.he reaction led to the formation of two new highly fluorescent
spots on TLC, one which was isolated and confirmed to be the desired dipyradoct,

and one which was reasoned to be the difwrpraduct. It is believed that the selectivity for

only two products from this reaction arises from the rotation of the naphthalene core. This
means that ring closure must always occur on only one side of the naphtimalesiggation

of the selectivity of this reaction then took place u€b@s a reference.his showed that

the reaction utilising CuO showed no preference to form the desired pyrano moiety over the
competing furano moiety. Attempts to synthesise a second naphtihaisee molecule led

to the isolation ofa difurane molecule 78) in 17 % yieldand trace amounts of pyrano
furane molecule 79). It was believed that this was due to the lack of an axis for the

naphthalene core to rotate around, meaning that the cyclisation could occur on either side.

The spectroelectrochemical analysisSéfwas pefformed and has demonstrated that the
molecule possesses a reversible colour change from yellow tatldygotential of 0.9 V in
solution A drop-cast prototype ECIising56 andFTO-glass was constructed utilising an
ethylene glycol electrolyteThis gaverise to a device which exhibited the colour change

described above at a potential of 2.0 V.

Further work could include thapplicationof 56 to the fabrication of a spragoated
prototype ECD. This spragoated device will allow properties such as cyclability,

colouration efficiency, and switching tino# the materiato be established.

The synthesis of an electroactive polymer utilisingltffecyclised naphthalene molecule as
a chromophorenay also be investigatell is believed thak polymer utilising this molecule
will give rise ta a material with lower operating potentialallowing for the use of PET/ITO
flexible substrates withoueér of device destruction, a higher absorption coefficient, and
higher insolubility in less polar electrolyte systeiredlowing for the fabrication of working

ECDs which utilise our coll aboratorés pal
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4. Experimental
General Remarks:

Thin layer chromatography (TLC) was performed using pi@ated aluminium sheets
using 0.20 mm silica gel 60 with fluorescent indicator F254 manufactured dygkM
Column chromatography was carried out using silica gel 60 (particle size&é40 ¢ m) f r
Applichemor using neutral AlOs supplied by Carlo Erba Reagentéelting Points (mp):

were measuredincorrectedon a Stuart SMP1 analogue melting point appardtuslear
Magnetic Resonance (NMR)spectra were recorded usingBauker Fourier 300 MHz
spectrometer equipped with a dual (13C, pkobeor Bruker Fourier 400 MH2zquipped

with a broadband multinuclear (BB@yobe H spectra were obtained 400 MHz or
300MHzand3C at100MHz or 75 MHzwith complete decoupling fgeroton.All spectra

were obtained abom temperaturenless otherwise specifiedhemical shifts were reported

in ppm according to the standard tetramehylsilane (TMS). The splitting of peaks
described as s (singlet),(doublet), t (triplet), dd (doublet of doublets), and m (multiplet).
Infrared spectra (IR) were recorded using a Shimadzu IR Affinity 1S FTIR spectrometer.
Mass Spectrometry (MS):High resolution ESI mass spectra (HRMS) were perforared

a Waters LCT HR TOF mass spectrometer in the positive or negative ion mode all analyse:s
were carried out at Cardiff UniversityV-Vis Absorption spectroscopy were measured
usingVarian CARY 100Bio UV-Vis spectrophotometer using quartz cell (path length of 1
cm). Spectra measured during spectroelectrochemical experiments were measured using
Varian CARY 5000 UWVis-NIR spectrometer Ultraviolet-Visible emission
spectroscopy emission spectra were recorded on an Agilent Cawlipse fluorescence

spectrofluorimeterFluorimetric measurements were performed at@5

Materials and Methods

Degassing of solutiorsolvent mixtureswas doneby bubbling of nitrogen through the
solution with sonicaton followed by sealing thesystem underan inert atmosphere
Anhydrous conditionsvere achieved through heatingroind bottom flasks t@00 °C in

the oven overnight, and allowing to cool under vacuietfowed by purging with nitrogen.
Anhydrous solvents were dried over activated molecular sieves for at least 24 hours prior tc
use. Low temperatures were achieved using low temperature b34h3C with ethyl
acetate/liquid nitrogen, T with ice/HO. Inert atmosphere was maintained usirtgogienr

filled balloons equipped with a syringe and needle which was used to pierce the silicon
stoppers used t oCharmcaldwere puechagel faom ISignsa AldriE@), k s .
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Alfa Aesar,or Flurochemand sed as supplieexceptnaphthoquinone which was purified

by recrystallization from hexane prior to use

2-bromo-5-(tert-butyl)phenol (38):%°

Br
OH

t-Bu

Commercially available-8ert-buyl phenol (5.00 g, 33.4 mmol) was weighed into an even
dried flask. The system was purged with nitrogen and>i (20 ml) was added. After
stirring for 0.5 h at.t., the flask was cooled to°@ and a solution of Br(1.7 ml, 33.2 mmol)

in DCM (5 ml) was added dropwis&he reaction was quenched with saturatedSi@s
solutionand he organic layer was then separated from the aqueousvagtred with water

(3 x 50 ml) dried over NaSQy4, and concentrateid vacuo The desired product was purified
by chromatography column (Sieluent: Hex to HeXdCM 8:2). This gave 6.999 g (30.6
mmol, 91%) ofthe desired product ascalourless oil'H NMR (400 MHz, CDC$) U4 7. 3
(d,J=8.5Hz, 1H), 7.09 (d] = 2.2 Hz, 1H), 6.86 (dd] = 8.5, 2.2 Hz, 1H), 5.52 (s, 1H),
1.31 (s, 9H)13C NMR (101 MHz, CDC}) U 2,1%.8,.134,119.2, 113, 1069, 34.7,
31.2; MS (El, m/z) fourd: 228.01, required 228.02; characterisation in accordance with

literature®®

1-bromo-4-(tert-butyl) -2-methoxybenzeng39): 11/

Br

t-Bu

2-bromao5-(tert-butyl)phenol (1.45 g, 6.3 mmol) along with overied K:COz (2.72 g, 19.7
mmol) were weighed into a round bottom flaskeTlask was flushed with nitrogemd dy

DMF (8 ml) wasadded, followed by Mel (1.87 g, 13.2 mmol). The flask Wwaated to 55

°C for 42 h after which he reaction was cooled to r.t. and any excess Mel was quenched
with 1 Mag.NaOH. The mixture wadiluted with water and the crude extracted wit®Ec

(3 x 40 ml). After this the organic layers were combined and washed with 1 M NaOH, water,
andbrine the product was dried over Mg@nd concentrateith vacuo This yielded 1.20

g (4.9 mmol, 78%) of palgellow crystalline material which required hother purification.

M.p.: 38-40°C; 'H NMR (400 MHz, CDC$) U 7J=848 HZ 1H), 6.93 (dJ=1.8

Hz, 1H), 6.87 (ddJ = 8.3, 1.9 Hz, 1H), 3.91 (s, 3H), 1.32 (s, 9#¢ NMR (101 MHz,
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CDCh) u 155. 5, 11519973108.5158.2, 3469, 31.B1% &I m/z): found

242.03, required 242.03; characterisation in accordance with litetature

9,10bis(4-(tert-butyl) -2-methoxyphenyl)9,10-dihydroanthracene-9,10-diol (40):

t-Bu

t-Bu

39 (1.17g, 4.8 mmol) was weighed into a round bottom flagkch wasflushed with
nitrogen Dry EtO was added to the flask and it was codteeB4 °C. Once cooln-BuLi

(3.0 ml, 4.8 mmol) was added and the flask was allowstirtatr.t. for 0.25 h. Asusp@sion

of anthraquinone (0.25 g, 1.2 mmol) in@twas added slowlgnd tie reaction was left to
stir for 18.5 h. The reaction was quenciath 1 M HCI, diluted with water andextracted
with DCM (3 x 40 ml) The crude was dried over Mgs@nd concentratetth vacuo The
desired product was purified by trituration with hexane and yielded 0.50 g (0.9 mmol, 77 %)
as white powder which was maisotropic mixture M.p.: could not be measured as
decomposition occurred above 160 'H NMR (400 MHz, CDC$) U 8J=82Hz( d,
2H), 7.23 (dd,)=5.9, 3.4 Hz, 4H), 7.19 (dd= 8.2, 1.7 Hz, 2H), 7.167.10 (m, 4H), 6.75
(d,J=1.5Hz, 2H), 3.11 (s, 6H), 2.98 (s, 2H), 1.32 (s, 18fQ;NMR (75 MHz, CDC}) U
1552, 151.9, 139.8, 133, 127.4, 127.3, 12%, 117.8, 1119, 71.6, 56.4, 34.7, 3%, 314.
HRMS (ES m/z): calc. for @Ha0042°Na: 559.2824, found: 559.26; IR 3 (1) 2960.73
2902.87 2866.22 2357.01 2341.58 2330.01 1610.56 1573.91 1558.48 1539.20
1506.411456.261446.61 1409.96 1286.52265.30 1251.801226.731193.94 1033.85
989.48 923.90 893.04 858.32 821.68 771.53 682.80 655.8Q 588.29
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9,10-bis(4-(tert-butyl) -2-methoxyphenyl)anthraceng(41):

t-Bu

t-Bu

40 (490 mg,0.919 mmol) was weighed into a roubdttom flask CsHsO was added,
followed by theaddition of a saturated solution of Sa@1 concentrated HCI (5 ml). The
reaction wastirred at r.t. for 1 h after which it was diluted with waliérewhite precipitate
formed was filtered ofandwashed wtih waterthen1 M HCI. This gave420 mg (0.835
mmol, 91 %) of desired product as a white powalignout further purificationM.p.: >250
°C;'HNMR (400 MHz,CDC}) U 7. 6 6 1 h24 (m46H), 7.18 @, 4HR 3.65 (s,
6H), 1.49 (s, 18H)'3C NMR (75 MHz, CDC§) U 1 5§, 1586, 13395133.7, 132.5,
132.5, 1334, 130.3, 127.1, 124.8, 124.6, 124.6, 117.7, 108.8, 558 35.11, 31.6HRMS
(ES m/z): [M+ H]* calc. for GeHsgO2: 5032950, found: 503.2952R 3 (1) 2860.73
2931.802900.942864.292357.011504.481462.04 1406.11 1386.82 284.59 1265.30
1228.661033.85945.12 856.39 815.89 767.67 669.30 655.80

6,66 (anthracene9,10-diyl)bis(3-(tert-butyl)phenol) (35):

t-Bu

t-Bu

To anovendried round bottom flaskl1 (160 mg, 0.31 mmolyvas added.After flushing

with argonthe flask wagooledto -78 °C andDCM (3.0 ml)addel. BBrz (1.2 ml, 1.2 mmol)

was added slowly and the reaction was allowed to warm tfor.8 h. The reaction was
guenched by dropwise addition of water after which the organic components were extractec
using DCM (3 x 25 ml). The organic layers were combined and washed with saturated
NaHCGQ solution (10 ml) thendried over MgS®@and concentrateish vacuo The desired
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product was obtained as 96 mg (0.20 mmol, 65 %) of awloite powder after purification

by trituration with MeOHM.p.: 12617 128°C; 'H NMR (400 MHz,CDC}) U 7 JF 8 (
6.8, 3.2 Hz, 4H), 7.43 (dd,= 6.8, 3.2 Hz, 4H), 7.3D 7.14 (m, 8H)integral inaccurate as
solvent peak overlap4.55 ps, 2H), 1.47 (s,18H); 13C NMR (75 MHz, CDC}) U 7,15 3.
1534, 1318, 1318, 130.9, 126.7, 126.2, 12, 118.0, 18.0, 34.9, 315; HRMS (ES m/z):

[M + H]* calc. for GoHzsO2: 475.2637, found: 475.2631R 3 (Y 3825.28 2954.95
2916.37 2846.93 2358.94 2341.58 1608.63 1558.48 1506.41 1456.26 1288.45
1263.37 1199.72 1186.22 1124.50 1087.85 1022.27 952.84 860.25 815.89 767.67

723.31 650.01 607.58 518.85

9,10-bis(4-(tert-butyl) -2-methoxyphenyl)1,5-dichloro-9,10-dihydroanthracene-9,10
diol (46):

t-Bu

39 (700 mg, 2.88 mmol) was weighed into a round bottom fldsie system was then put
under a nitrogen atmosphere and @siflsO was addedThe flask was cooled td8 °C and
n-BuLi (1.9 ml, 3.04 mmol) was addedfter which lhe reaction wastirred atr.t. for 0.5 h

A suspension of 1;8ichloroanthraquinone (200 mg, 0.72 mmoluHsO was added and
the mixture was left to stir at r.t. for 24 ihereaction was quenched with 1 M HCI and
diluted with water. The crude was extracted vibtM (3 x 40 ml), dried over MgSfand
concentratedh vacuo Purification by trituration with MeOH gave 300 mg (0.49 mmol, 68
%) of white powder as the desired prodidtp.: >250°C; *H NMR (400 MHz, CDC}) U
8.00 (s, 2H), 7.41 (dd} = 7.2, 2.0 Hz, 2H), 7.15 7.01 (m, 6H), 6.70 (s, 2H), 3.24 (s, 6H),
1.28 (s, 18H), OH proton peak notseé@NMR( 1 01 MHz, CDC19,3354,0 1
133.0, 131.3, 130.0, 128.0, 128.0, 127.6, 117.5, 1189611, 347, 314; HRMS (ES m/z):
calc. for GeH3s042°NaChk: 627.2045, found: 627.2046R 3  ('k 8589.53, 3560.59,
3076.46, 2960.73, 2902.82864.29 1608.63 1573.91 1566.20 1496.76 1456.26
1433.11 1406.11 1361.74 1340.53 1286.52 1265.30 1226.73 1188.15 1143.79
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1031.921004.91970.19 923.9Q 893.04 856.39 817.82 796.6Q 759.95 736.81, 704.02
686.66 653.87

9,10bis(4-(tert-butyl) -2-methoxyphenyl)1,5-dichloroanthracene (45):

t-Bu

t-Bu

46 (110 mg, 0.18 mmolvas weighed into eound bottom flaskC4HsO was then added and

the system was stirred until (PRECURSOR NUMBER) had dissolved. A saturated solution
of SnCh in concentrated HCI (3.0 ml) waslded and the reaction was stirred at r.t for 3 h.
The reaction was diluted with watand the precipitate formed was filtered off.eTh
precipitate was washed with water followed by 1 M HCI. This reaction yielded 100 mg (0.17
mmol, 97 %) of the desired product as a yellow powder. NMR showed the product to be a
mixture of two atropisomersM.p.: >250 °C tHNMR ( 4 00 MHz, CDQI=3)
8.5, 4.7 Hz, 1H), 7.45 (d,= 7.0 Hz, 1H), 7.16 7.03 (m, 4H), 6.97 (d]= 7.9 Hz, 1H), 3.74

(s, 1H), 3.70 (s, 2H), 1.45 (d= 10.1 Hz, 9H)*C NMR (101 MHz,CDC$§) U 157 . 9,
134.0,1338, 1321, 131.3, 129.2, 127.6, 127.3, 1271243, 1173, 108.1, 77.3, 77.0, 76.7,

558, 351, 317. HRMS (ES m/z): [M + H" calc. for GeHz70,°°Clz: 571.2171, found:
571.2167;IR 3 (Y 3014.74 2970.38 2858.51 2360.87 2341.58 1737.86 1683.86
1608.63 1558.48 1506.41 1456.26 1436.97 1406.11 1286.52 1228.66 1217.08
1126.431097.501035.77981.77 914.26 854.47 821.68 786.96 731.02 692.44 67.37,

526.57

6,66(1,5dichloroanthracene-9,10-diyl)bis(3-(tert-butyl)phenol) (44):

t-Bu
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45 (140 mg, 0.24 mmolyvas weighed into a twoecked round bottom flaskhich was put

under anitrogenatmosphere. y DCM was added and the flask was cooledr®°C, after

which BBr3(0.73 ml, 0.73 mmol) was added and the reactionwamed tar.t. overnight.

The reaction was quenched with dropwise addition of wateithe crude was extracted
using DCM (3 x 35 ml). The organic layers were combined, dried over Mga@d
concentrateth vacuo Purificationby column chromatography (SiCeluent: HexXDCM 8:2

to DCM) yielded 80 mg (0.14 mmol, 61 %) of bright yellow powdegrp.: >250 °C
(decomp)HNMR ( 400 MHz, CDCH483dHz, &H), 7.577dB=6(8 tiz, 2H),

7.307 7.23 (m, 4H) integral inaccuratkie tooverlapping with solvent peak, 7.157.04

(m, 6H), 4.46 (s, 2H), 1.44 (s, 18HRMS (ES m/z): [M + HT calc. for GaH33ClOy:
543.1858, found: 543.1861R 3 () 3%35.52, 3495.01, 2960.73, 2899.01, 2866.22,
2360.87, 2341.58, 2331.94, 1614.42, 1570.06, 1558.48, 1541.12, 1516.05, 1506.41
1489.05, 1471.69, 1456.26, 1436.97, 1411.89, 1392.61, 1373.32, 1361.74, 1336.67
1290.38, 1236.37, 1188.15, 1147.65, 17181080.14 1024.20 977.91 929.69 894.97
860.25815.89 786.96 748.38 729.09 690.52 665.44 648.08

2,10di-tert-butylbenzo[1,2,3kl:4,5,6-k'I'ldixanthene (43):

t-Bu

t-Bu
44 (43 mg, 0.08 mmol), BCOz (43 mg, 031 mmol) were weighed into a round bottom flask.
The flask was flushed with nitrogen, DMSO added, and the reaction heated*© 4@
h. The mixture was cooled, diluted with water, extracted with DCM (2 x 50 ml), dried over
MgSQs, and concentratedh vacuo The crude was purified by filtration over alumina
(eluent: Hex) and yielded 11 mg (0.02 mp&9 %) of red solid. As the product degraded in
air quickly only*H NMR could be performedH NMR (300 MHz, CDC}) U 8. 05 (
8.3 Hz,2H), 7.24 (Id, J= 8.6, 7.7 Hz, 2H), 7.14 (d, J = 1.9 HZH), 7.10 (dd, J = 8.4, 2.0
Hz,2H), 6.95i 6.71 ps 1H)integral inaccurate as reaction into endoperoxide ociuuisg
measurementl.31 (s,18H).
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2,10di-tert-butyl-4b,12b-epidioxybenzo[1,2,3kl:4,5,6-k'I'ldixanthene (47):

t-Bu

t-Bu
43is left in CDCk under ambient conditions for 24 h. TLC shows complete conversion to a
new productM.p. > 250°C 'H NMR (400 MHz,CDCI 3) u 7. 75 (d, J
(d, J = 6.2 Hz, 2H), 7.307.23 (m, 3H), 7.09 (d, J = 8.4 Hz, 1H), 6.99 (d, J = 7.3 Hz; 1H)
13C NMR not performed due timsolubility MS (ES m/z):found: 502.23, required: 502.21.

(4-(tert-butyl) -2-methoxyphenyl)boronic acid 62):
HO. -OH

o<

t-Bu

1-bromao4-(tert-butyl)-2-methoxybenzene (510 mg, 2.1 mmol) was weighed into an-oven
dried round bottom flasWwhichwas put under a nitrogen atmosph&ney CsHgO (5 ml) was
addedand he system was cooled @8 °C, after whichn-BuLi (1.4 ml, 2.2 mmol) was
addedB(OMe) (370 mg, 3.6 mmoNlvas added andhé reaction mixture was warmed to r.t.
for 23 h The reaction was quenched with 1 M HCI then diluted with meatel the organic
components extracted using EtOAc (3 x 30 ml). The organic layers were combieed
over MgSQ, andconcentragd in vacuo Purificationby column chromatography (SiO
eluent: Hex/ELO 8:2) yielded 360 mg (1.75 mmol, 84%) tife desired product aswhite
solid. M.p.: 1057 108°C; H NMR (400 MHz, CDC$) U  7J.=7.8 Hz( 1¢4), 7.09 (dd,
J=7.7, 1.4 Hz, 1H), 6.95 (d, 1H), 5.68 (s, 2H), 3.96 (s, 3H), 1.36 (s,'SEINMR (101
MHz , CDCI63156.8i136, 6184, 107.2, 54, 35.2, 31.2MS (El, m/z) foundiIR

3 (Y 3835.52, 3419.798213.413010.882953.02866.22 2841.151610.56 1558.48,
1506.41, 1471.69, 1450.47, 1408.04, 1363.67, 1325.10, 1280.73, 1263.37, 1217.08
1199.72, 1178.51, 1159.22120.64, 1049.28, 997.20, 904.61, 850.61, 821.68, 750.31,
717.52, 667.37, 653.87, 634.58, 615.29, 567.07, 538.14.

62



Experimental

1,4-dibromonaphthalene(61):1°¢

Br

Br

Naphthalene (210 mg, 1rmol) was weighed into a round bottom flasky DCM was
addedandthe flask was cooled t85 °C in the dark. B#(740 mg, 4.7 mmol) was added
slowly andthe reaction was left in the cooling bath overnigiite temperature hatsen to
10 °C overnightso the reaction was quenched by additiosebfaq.NaoS0s. It was diluted
with water and the crude extracted witEM (3 x 30 ml). The organic layers were combined
andwashed with water, saaq. NaoS,03, and 0.1 Mag.NaOH. The crude was dried over
MgSQs, concentratedn vacuq and purified by column chromatography (SiCeluent:
Hexane). This yielded 280 mg (0.98 mmol, 61 %)haf desired product aghite crystals.
M.p.: 777 79°C; 'H NMR (400 MHz,CDC}) U 8 J=264, 33Hd, 2H), 7.747.63
(m, 2H), 7.28 (s, 2H%:3C NMR (101 MHz, CDC4)  8.0,1381, 1282, 127.8, 12%; MS
(El, m/z) found: 285.88, required: 285.88; characterisaitioaccordance with literaturé®

1,4-bis(4-(tert-butyl) -2-methoxyphenyl)naphthalene(58):

t-Bu

‘ O/
48

t-Bu

1,4-dibromonaphthalene (63 mg, 0.2 mm@&Z,(136 mg, 0.7 mmol), and KOs (122 mg,
0.9 mmol) were weighed into a round bottom flagkich was flushed with nitrogerA
degassed mixture afioxaneand water (4:1) was addédllowed by [Pd(PPh)4] (13 mg,
0.01 mmol) under a flow of nitrogen. The reaction mixture was heated 16 85 6.5 h.
The reaction mixture wasooled to r.t. thewliluted with waterandthe crude was extracted
with DCM (3 x 25 ml).The crude was dried over Mg@©@oncentrateth vacuq andpurified
by column chromatography (SiCeluent: HexXXDCM 9:1 to HexDCM 8:2). This yielded 93
mg (0.2 mmol, 93 %) athe desired product aswhite crystalline materiaM.p.: 201-204
°C; 'H NMR (400 MHz, CDC4$) U i 7.607n@ 2H), 7.44 (1= 1.9 Hz,2H), 7.38i 7.31
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(m, 2H), 7.29¢, J = 7.8 Hz, 2H), 7.25(J = 9.0 Hz, 2} 7.15i 7.05 (m, 4H), 3.74 (d] =

1.9 Hz, 6H), 1.43 (s, 18H)®C NMR (101 MHz,CDC$) & 1 3.0, 1523, 1361451363,
132.3, 1317, 127.0, 12.0, 126.9, 126, 1251, 1176, 117.5, 108.6, 108.5, 55.55.6, 35.0,
31.5;HRMS (ES m/z): [M + HT calc. for GoHs702: 4532794 found:453.2797R 3 (¢ m
1): 2951.09 2927.94 2899.01 2862.36 2831.50 2362.80 1608.63 1558.48 1498.69
1456.26 1402.25 1381.03 1361.74 1280.73 1261.45 1228.66 1145.72 1116.78
1091.711035.77974.05 904.61 852.54 842.89 817.82 767.67 655.80

6 , -@Gdphthalene 1,4-diyl)bis(3-(tert-butyl)phenol) (57):

t-Bu

t-Bu

58(119 mg, 0.2 mmol) waseighed into a flaskhen put under aitrogenatmosphereDry

DCM was added and the system was stirred until all solids had dissolved. The flask was
covered with aluminium foil and cooled t@8 °C. BBrz (1.3 ml, 1.3 mmol) was added
carefully and he reation was then allowed to stir att. overnight The reaction was
guenched with careful addition of satj.NaHCQ; solutionand diluted further with water.

The crudewasextracted usindpCM (3 x 20 ml) driedover MgSQ, and concentratiom

vacua Purification bycolumn chromatography (S#eluent:DCM) yielded 87 mg (0.2
mmol, 78 %) ofan isomeric mixture of the desired product as a white .ddlipl.: 124-126

°C;'H NMR (400 MHz, CDC4) U i 7.78&n7, 2H), 7.60 (d1 = 1.5 Hz, 2H), 7.5% 7.49

(m, 2H), 7.301 7.23 (m, 2H), 7.18 7.10 (m, 2H), 4.89 (s, 1H), 4.84 (s, 1H), 1.44 (s, 18H);
13C NMR (101 MHz,CDC4$) U 1 58 1527,135105134, 132.5, 135, 130.9, 130.7,

1282, 127.0,127.0, 126.5, 126.4, 1231179, 117.8, 112.9, 119, 348, 314; HRMS (ES

m/z): [M + H]" calc. for GoHs3O,: 424.2481, found: 424.247TR 3 (Y 856638,
3425.58, 3215.34, 2954.98902.87, 2866.22, 614.42, 1558.48, 508.33, 1500.62, 481.33,
1456.26, 1404.18, 1386.82361.74, 1311.59, 294.24, 1263.37, 1211.30, 1141.86, 1130.29,
1114.86, 1080.14, 1026.13, 977.91, 939.33, 923.90, 71.82, 48.68, 12.03, 794.67, 765.74
744.52, 702.09, 648.08.
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3,10di-tert-butylbenzo[3,4]isochromeno[7,8,Amna]xanthene(56):

t-Bu

t-Bu

57 (76 mg, 0.18 mmglwasweighedinto a round bottom flaskalong with CuO 140 mg,
1.76 mmo). Nitrobenzene wasdded,and the reaction mixture was heated to 220
overnight. The nitrobenzene was distilled off, the crude dissolvB«€M and filtered over
celite,andproduct purified by precipitation frol@CM/EtOH to give 28 mg (0.07 mmol, 37
%) of orangesolid. Orange crystals were obtained by recrystallizatiomflCM. M.p.:
>250°C; 'H NMR (300 MHz,CéDe) U 7 . 398.3(Ha,2H), 7.10 (s2H), 7.02 (dJ =
1.9 Hz,2H), 6.92 (ddJ = 8.3, 1.9 Hz2H), 6.66 (s2H), 1.18 (s,18H); 13C NMR could not
be measured due to insolubilifRMS (ES, m/z): [MT calc. for GoH2802420.2089, found:
420.2086;IR 3 (Y 2853.02 2922.16 2852.72 2360.87 2331.94 1843.95 1734.01
1716.651683.861668.431653.001635.64 1591.27570.06 1506.411463.971423.47
1369.46 1303.88 1274.95 1255.66 1234.44 1201.65 1159.22 1138.00 1093.64
1041.561020.34948.98 921.97 875.68 864.11 821.68 806.25 783.10 702.09 671.23
632.65584.43555.50536.21 UV: ma@ He x ) / n m:3motiang: 34 100),d46 (39
100), 421 (28 300), 397 (HDO), 377 (11 000), 283 (46 100), 261 (36 400).

1-(4-(tert-butyl) -2-methoxyphenyl)naphthaleneg(67):

t-Bu

‘O/

1-bromonaphthalene (74 mg, 0.36 mm@2, (109 mg, 0.52 mmol), andKOs (104 mg,
0.75 mmol) were weighed into tavo-neckeal round bottom flask which was put under a
nitrogen atmosphere. A degassed mixtureiokandwater (3.6:1) was added followed by
[Pd(PPR)4] under a flow of nitrogen. The flask was heated t6@5vernight, reaction was
cooled to r.t. and diluted with water. The crude was extracted D€ (3 x 30 ml), dried
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over MgSQ, and concentrateoh vacuo Purification by column chromatography (SiO
eluent: Hex to HeX3CM 9:1), followed by trituration vih MeOH yielded 73 mg (0.25
mmol, 70 %) of the desired product as white crystdlg.: decomposition above 16,
14 NMR (400 MHz, CDC}) U 7 J3818.9, 8.1l Hz, 2H), 7.65 (d= 8.4 Hz, 1H), 7.54
(t, J=7.6 Hz, 1H), 7.50 7.36 (m, 4H), 7.24 (d]= 7.9 Hz, 1H), 7.16 7.06 (m, 2H), 3.72
(s, 1H), 1.45 (s, 9H}*C NMR (75 MHz,CDCh) 4 156 . 91,133155133,431.4,1 3 7
128.1, 127.5, 127.4, 126.125.5, 125.5, 125.417 6, 1086, 55.6, 35.0, 31.5HRMS (EI
m/z): [M]* calc. for GiH220, 290.1671 found: 290.166/R 3 () 20856.87 2924.09
2854.65 2358.94 2330.01 1608.63 1562.34 1498.69 1456.26 1406.11 1392.61
1361.74 1280.73 1232.51 1178.51 1141.86 1097.50 1035.77 962.48 904.61 862.18
821.68 800.46 775.38 661.58 572.86

5-(tert-butyl) -2-(naphthalen-1-yl)phenol (66):

t-Bu

OH

67 (62 mg, 0.21 mmol) was addéal a round bottonflask which was put under a nitrogen
atmosphere, and diyCM was added. The flask was cooled-78 °C 1 M BBrz (1.8 ml,

1.80 mmol) was added. The reaction was warmed to r.t. for 3 h, then quenched by the
dropwise addition of water. The crude was extracted @{@M (3 x 15 ml), the organic
layers combined, dried over Mg&@nd concentratdd vacuo This reaction yielded 52 mg

(0.19 mmol, 88 %) of the desired productdste crystals without further purificationtH

NMR (300 MHz, CDC¥) 4 1 7.899rd, 2H), 7.72 (m, 1H), 7.617.43 (m, 4H), 7.24

7.19 (dd, J=7.9, 0.4 Hz, 1H), 7.12 (dd, J = 1.5, 0.4 Hz, 1H), 7.09 (dd, J = 7.8, 1.9 Hz, 1H),
479 (s, 2H), 1.41 (s, 9H®C NMR ( 75 MHz, CDCI 3) 20134051202, 1
1308, 128.7, 12&, 1283, 126.7, 1261, 1259, 125.8, 123.2, 117, 112.7, 34, 314,

HRMS (El m/z): [M]" calc. for GoH200, 276.1514 found: 276.1518R 3 (1)c 3131.36,
2964.59, 2864.29, 1618.28, 1573.91, 1506.41, 1460.11, 1409.96, 1393%1.32,
1338.60, 1294.24, 1246.02, 1207.44, 1182.36, 113408D.78 1018.41 966.34 923.9Q

862.18 831.32 821.68 800.46 779.24 740.67 707.88 651.94 567.07 520.78 511.14

480.28 420.48
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1,5-dimethoxynaphthalene(73):118

1,5dihydroxynaphthalene (100 mg, 0.62 mmol) angC&s (517 mg, 3.74 mmol) were
weighed into an ovedried round bottom flaskhich wasput under aitrogenatmosphere

Dry DMF (20 ml) was addetbllowed byMel (0.16 ml, 257 mmol) in dry DMF (5.0 ml)
and thelask was heated to 5& for 20 h The reaction mixture was cooled to r.t. and excess
Mel quenched using 0.5 M NaQHendiluted further using water. Extraction of the organic
components was performed usiDgEM (3 x 20ml). The organic layers were combined,
washed with water (2 x 30 ml), 0.5 M NaOH (1 x 30 ml), and brine (1 x 3@het) dried
over MgSQ and concentrad in vacuo Purifi cationby hot filtration using hexane as the
solvent yielded 92 mg (0.49 mmol, 78 %)tbé desired product allow crystalsM.p.:
181- 183 °C; 'H NMR (400 MHz, CDC$) U 7J=88 Hz, 2H), 7.40 () = 8.1 Hz,
2H), 6.88 (d, J = 7.6 Hz, 2H), 4.02 (s, 6MC NMR (100 MHz, CDC$) U4 155. 2,
1252, 1142, 104.5, 55.5M S (El, m/2) found: 188.08, required 188.0&haracterisation in

accordance with literaturé®

1,5-dibromo-4,8-dimethoxynaphthalene(72):199

Br O

O Br

1,5dimethoxynaphthalene2{7 mg, 1.16 mmol) was weighed into a round bottom flask
along with Nbromosuccinimide 454 mg, 2.55 mmol) and placed under a nitrogen
atmosphereMeCN (5 ml) wasadded andhe suspension formed was stirred at r.t2#h.
The precipitate was filtered off and washed with MeCN. This yiefdgdng (0.61 mmol,

53 %) of the desired product as a green sdlich.: decomposition above 16€; *H NMR
(400 MHz,CDCY) U4 7.73 (d, J = 8.4 Hz, 2H)®C 6.°
NMR ( 75 MHz, C 2,C1B337) 1264, 1084 ¥071, 55.7;MS (El m/z) found:
345.92, requires 345.98MR spectra are accordancevith literature!©®
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1,5-bis(4-(tert-butyl)phenyl)-4,8-dimethoxynaphthalene(71):

t-Bu

66 (179 mg, 0.52 mmol) was weighed into a round bottom flask, along 4thrt-
butyl)phenylboroni@cid (255 mg, 1.43 mmol), andK Oz (287 mg, 2.08 mmol). The flask
wasput under anitrogenatmospherghena degassed mixture of 3HsO/H.0 was added
followed by [Pd(PPh)4] (21 mg, 0.02 mmolunder a flow of nitrogenThe reaction was
heated to 70C for 16 h beforebeingcooled to r.t. and diluted with water. The crude was
extracted usin@CM (3 x 40 ml) dried over Ng&SQy, and concentrated vacuo Purification

by precipitation frorDCM/MeOH gavell4mg (0.25mmol, 49 %) of the desired product

as silver crystaldVl.p.: > 250 °C; 'H NMR (300 MHz, CDC}) U T 7.363n9, 4H), 7.27

i 7.24 (m, 6H), 6.82 (d] = 8.0 Hz, 2H), 3.45 (s, 6H), 1.40 (s, 18MC NMR (75 MHz,
CDCI 3) 0,048.0,343.1, 131.7, 129.1, 128125.5, 123%, 106.4, 55.5, 35, 316;

HRMS (EC m/z): [M + HJ calc. for GoHs702, 453.2794, found:453.2791R 3 (e m
2995.45, 2954.95, 2899.01, 2866.22, 2837.29, 2360.87, 2331.94, 1587.42, 1521.84
1458.18, 1361.74, 1311.59, 1234.44, 1112.93, 1082.07, 1055.06, 1014.56, 835.18, 812.0:
748.38, 659.66, 646.15, 563.21, 532.35.

4,8-bis(4(tert-butyl)phenyl)naphthalene-1,5-diol (70):

t-Bu

t-Bu

65(120 mg, 0.27 mmol) waseighed into an ovedried round bottom flaskhich was put
under a nitrogen atmosphered dryDCM (6.0 ml) was added he flask wagsovered using

aluminium foiland he solution cooled te/8 °C.1.5 ml of IM BBr3 (1.5 mmol)was added
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andthe reaction was warmed to r.t. for 4 hours before being quebgttiled careful addition
of water. The crude was extracted usdbi@M (3 x 20 ml), washed with sat. aq. 18203 (1
x 25 ml), dried over NaSQs and concentragd in vacuo Purification by trituration in
petroleum ether yielded 50 mg (0.12 mmol, 45 %) of the desired product as white crystals.
M.p.: H NMR (300 MHz, CDC}) U 1 7.51%r@, 4H), 7.46 (m, 4H), 7.15 (d= 7.9
Hz, 2H), 6.90 (dJ = 7.9 Hz, 2H), 5.78 (s, 2H), 1.40 (s, 18C NMR (75 MHz, CDCI3)
U 145181.6, 18.0, 129.8, 129.6, 128, 126.0, 123.1, 111.0, 76.6, 34.8,8HRMS (EC
m/z): [M + HJ* calc. for CsoHzsO2, 4252477 found: 425.2481JR 3 (Y 3466.08
3030.17 2970.38 2868.15 2358.94 2341.58 1739.79 1716.65 1683.86 1598.99
1558.48 1541.12 1521.84 1506.41 1471.69 1456.26 1417.68 1398.39 1363.67
1228.661217.081111.001064.711014.5627.76 844.82 33.25 758.02 732.95669.3Q
624.9

1,5-dibromo-3,7-di-tert-butylnaphthalene (77):11°

Br

t-Bu l l
t-Bu

Br
2,6-di-tert-butylnaphthaleng1.00 g, 4.16 mmol) and Al€I(3 mg, 0.02 mmol)were
dissolved inDCM (6 ml)under an inert atmospherEo this, a solution of Br(0.45 ml, 8.79
mmol) inDCM (6 ml) was added and the reaction was left to stir at room temperature for 24
h. After queching with sat. aq. b#0Os solution he organic layer was diluted wilhCM
(75 ml), washed with sat. ag. §a0s (2 x 100 ml), water (2 x 100 ml), and brine (1 x 100
ml). The product was then dried overaS& and concentrateid vacuo This yielded 1.463
g (3.67 mmol, 88 %) of the desiredoduct as a white solidl.p. 202204 °C; 'H NMR
(300MHz,CDC¥) U 8.12 (m, 2H), )FCBBMR ({5MHz CDERB), 1.
0 1501011299,11331, 1223, 35.2, 312; MS (El m/z): found: 298.00, required:
298.01.
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3,7-di-tert-butyl-1,5-bis(4-(tert-butyl) -2-methoxyphenyl)naphthalene(76):

t-Bu

t-Bu t-Bu

cis-like trans-like

71(273 mg, 0.69 mmol%2 (485 mg, 2.32 mmol), andK0Os (438 mg, 3.17 mmol) were
dissolved in a degassetxture ofdioxaneand HO (15 ml:3 ml). [Pd(PPf4] (31 mg, 0.03
mmol) was added and the reaction heated t2C3fer 20 h before being cooled and diluted
with water. The crude product was extracted iltM (3 x 50 ml), dried over N&Q,
concentratedh vacuq and purified by column chromatography (gi@luent: Pet Et to Pet
Et/DCM 8:2). This yielded 281 mg (0.39 mmol, 56 %) of the desired product as a white
solid. Characterisation Pendintyl.p. 227-228 °C;'HNMR ( 300 MHz , CDCI 3
7.57 (m, 2H), 7.51 (dd, J = 3.2, 2.3 Hz, 2H), 7.36 (d, J = 7.8 Hz, 1H), 7.32 (d, J = 7.7 Hz,
1H), 7.20i 7.10 (m, 4H), 3.81 (d, J = 3.6 Hz, 6H), 1.49 (s, 18H), 1.35 (s, F8EINMR (75
MHz, CDCI 3) 9.0 546.4, 246!, 1368,631.9, 130.1, 129.9, 18/.126.4,
1212,121.0, 115, 1174, 1084, 108.2, 55, 35.0, 34.8, 316, 313; HRMS (ES m/z) [M +

H]* calc. for GoHs30,, 565.4046 found: 565.403® 3 (1) 285302, 2900.94 2864.29
1606.70 1560.41 1521.84 1506.41 1489.05 1473.62 1458.18 1396.46 1361.74
1284.59 1267.23 1228.66 1201.65 1180.44 1155.36 1134.14 1124.50 1085.92
1037.701004.91 950.91 912.33 885.33 848.68 823.60 812.03 783.1Q 731.02 704.02
684.73659.66 576.72549.71 503.42 470.63 462.92
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6,6%-(3,7-di-tert-butylnaphthalene-1,5-diyl)bis(3-(tert-butyl)phenol) (75):

t-Bu t-Bu

t-Bu t-Bu

cis-like trans-like

70(260 mg, 0.46 mmol) was weighed into an odeied round bottom flask and put under

a nitrogenatmosphere. The flask was covered to minimigedkposure to light and the
system cooled te78 °C. BBr3 (1.8 ml, 1.80 mmol) was added and the reaction warmed to
room temperature for 4 h before being quenched by the dropwise addition of water. The
crude was extracted wilhCM (3 x 30 ml), dried over N&Qq, concentrateth vacuq and
purified by column chromitography (Si@ eluent: Pet EBCM 7:3 to Pet EDCM 3:7).

This yielded 118 mg (0.22 mmol, 48 %) of the desired product as a white solid.
Characterisation pendiniyl.p. >250 °C;'HNMR ( 300 MHz, CDCI 3) U
1.6 Hz,2H), 7.59 (d, J = 1.8 H2H), 7.27 (n, 3H due to solvent peak overlgy.171 7.09
(m,4H), 4.92 (s, 1H), 4.87 (4H), 1.42 (s18H), 1.31 (s 18H) NMR suggests a mixture of
isomers present3C NMR (75 MHz,CDCl;) U 2, 1%28 1488, 134.3, 1348, 130.8,
1308, 130.5,127.8,128,1211,1177,1127, 35.0, 348, 31.4, 312, HRMS (ES m/z)M] *

calc. for GgHasO2, 536.3654 found: 536.3658R 3 () 3847.09 3523.95 3439.08
2960.731772.581624.06 1598.991560.41 1508.331473.621458.18400.32 1361.74
1305.811267.231249.871188.151153.431130.291116.78097.5Q 1076.28 1022.27
937.4Q 920.05 891.11 875.68 783.1Q 705.95 688.59 661.58 599.86 549.71 518.85
472.56418.55
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2,6,9,13tetra-tert-butylnaphtho[2,1-b:6,5b 6 ] bi s be(gz of ur an

69 (65 mg, 0.12 mmgland CuO (186 mg, 2.26 mol) were suspende@HiNO2 The
mixture was heated to reflux for 23.5 h before the solvent was distilled off under reduced
pressure. The crude was dissolvedDi@M and filtered over celite®Precipitation from
(C2Hs5) COOCHYCH3OH gave8 mg (0.02 mmo) 17 % of the desired product as a yellow
powder.M.p. 'H NMR (300 MHz, CDC¥) U 8 . ,4H9, 8.295(d, J =283 Hz, 2HH,),
7.71(d, J =1.6 Hz, 2HH), 7.51 (dd, J = 8.3, 1.7 Hz, 2H), 1.69 (s, 18H), 1.41 (s, 188).
NMR (75 MHz, CDC}) 0 155 149.9, 136.8124771222, 121.3, 12@, 119.0,
1184, 108.6, 77.5, 77.2, 77.0, 76.6, 35.2, 35.1, 3307 HRMS (ES m/z): [M] calc. for
CssHa402, 523.3341found: 523.3340;IR 3 (Y 2954.95,2902.87 2866.22 1728.22
1627.92 1618.28 1570.06 1517.98 1462.04 1425.40 1392.61 1361.74 1307.74
1261.451236.371226.731207.441166.931120.641083.991062.781026.13925.83
66.04 808.17 763.81 736.81 675.09 657.73 601.79 547.78 505.35 459.06 414.70
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NMR Spectraof Synthesised Compounds
2-bromo-5-(tert-butyl)phenol (38)
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1-bromo-4-(tert-butyl) -2-methoxybenzeng39)
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9,10bis(4-(tert-butyl) -2-methoxyphenyl)9,10-dihydroanthracene-9,10-diol (40)
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9,10bis(4-(tert-butyl) -2-methoxyphenyl)anthracene(41)

t-Bu
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6 , -@rithracene9,10-diyl)bis(3-(tert-butyl)phenol) (35)
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6 , -@,6-dichloroanthracene-9,10diyl)bis(3-(tert-butyl)phenol) (44)
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13C NMR of 57
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1,5dimethoxynaphthalene(73)
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1,5-bis(4-(tert-butyl)phenyl)-4,8-dimethoxynaphthalene(71)
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1-(4-(tert-butyl) -2-methoxyphenyl)naphthaleneg(67)
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1,5dibromo-3,7-di-tert-butylnaphthalene (77)
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Experimental

Figure38: 2D NOESY 1H NMR of 78

L TH,
L IH.
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