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Résumé en francais de la thése de doctorat :
Distorted arenes by Scholl cyclizations, towards twisted carbon nanoribbons
Soutenue pafnirban Pradhan, le 23 septembre 2013 au Centre de Recherchd”Bacél.

Co-encadrement par Dr Harald Bock et Dr Fabien @uro

Les nanorubans de carbone présentent aujourd’hugrand intérét en tant que
segments de graphéne aux propriétés électroniqodslables. Alors que des techniques de
synthese destructiveésp down donnent des rubans de trés grande taille, d’at@@miques
constructivesbottom up, par synthese organique, pourraient former desroaans bien
définis de géométries contrdlées. Dans cette optida réaction de Scholl est un outil
chimique précieux car elle permet la graphénisatierlongs précurseurs flexibles de type
polyphényléne.

Afin de mieux maitriser la réaction intramolécutaide Scholl, bien connue mais
néanmoins encore assez incomprise, sa régiosé@civeté déterminée par I'étude de la
réactivité des moléculed et 4 qui portent des substituants encombrants et piEsen
différentes possibilités de cyclisations : en pos# trans vers un composeé pla2)( ou en
positionscis vers des produits de type [5]hélicéBee{5 respectivement).

isoméres

racémique racémique

peu trés ey 1Ea s
soluble soluble % [5]hélicénes <% [5]hélicénes
3 (P) et (M) T 5 (P) et (M)

Etonnamment, des structures distordues peuvenbBtemues majoritairement méme
si des isomeres plans moins encombrés sont a fma@iisés. Nous avons ainsi montré que
contre toute attente méme un encombrement stéinop@rtant n’a aucun effet notoire sur la
régiosélectivité de la réaction de Scholl et qus demposés aromatiques polycycliques
courbés peuvent étre préférentiellement forméssiAdes structures particulierement tordues,

tel que I'hexabenzotriphénylené (HBTP) peuvent étre facilement obtenues a pamir d
précurseurs de type polyphénylene.



énantioméres (PPP) et (MMM)

Apres avoir découvert cette régiosélectivité radue, nous en avons tiré parti pour
former des composés de type polyhélicene. Plusidergatives de formation de
I’hexaphénanthrotriphénylene (HPTP) furent infrettses a cause de problemes de réactivité
lors des synthéses des précurseurs flexibles pamdants. En mettant au point une stratégie
de synthese versatile fondée sur un précurseur commiusieurs substrats flexibles de
symétrie G (8, 10 et 12) ont été synthétisés puis soumis a la réactioBa®Il. Des produits
de réarrangement (9) ont cependant été obtenudtament des [6]hélicenes attendus.

Toutefois, un HBTP 11) fonctionnalisé par des groupements TMS a pu étre
efficacement préparé, montrant la compatibilitéelies fonctions avec la réaction de Scholl.
De méme, un hexabenzocoronéne (HBI3) & été formé, dont I'exceptionnelle solubilité est
due a la distorsion du coeur aromatique sous |'éffstgroupements encombrants situés dans
les régions baie.

tBu

T™S O

D LT e ey
® o

PO S I

tBu O

T™MS 10




Le fragment [S]hélicene a priori tres favoriséndire été incorporé dans la formulation
de nanorubans de carbone tordus, alors composég duccession de ce motif. Dans ce
projet, des fragments naphtaléne sont utilisés oerbnique centrale pour complétement
empécher les cyclisations en posititrasns

En tant que réaction test, la synthése du mononwrespondant a été effectuée avec
un excellent rendement et le composé résult@tgntierement caractérisé.

racémique
< [5]hélicénes
15 (P) et (M)

Une stratégie adaptée a été développée pour théesmdu précurseur flexiblég) du
dimere. Dans ce cas, la principale difficulté a @éétrouver les conditions réactionnelles
optimales pour le dernier couplage croisé de typrul§ entre les intermédiaird$ et17. Le
court rubarnl9 a néanmoins été obtenu avec un bon rendememiti@teenent caractérise.

Les structures des monomeres et diméres ont eténdaée par diffraction de rayons
X sur monocristaux et ont apporté d’intéressantgiinations complémentaires quant a leurs
configurations.



Une stratégie plus générale a enfin été dévelogpéaptimisée pour la synthese
systématigue d'oligomeéres plus longs de nanorulsEnsarbone tordus. En utilisant cette
technique les trimére2B) et tétramere2b) correspondants ont été synthétisés et caracérisé
par spectrométrie de masse.

Les propriétés électrochimiques de ces moléculesasauellement étudiées, ainsi que
leurs propriétés de coordination avec certains mxétde transition. Récemment, des
complexes sandwiches de ruthénium, mono- et diéairels, ont été préparés a partir du
HBTP 7, ouvrant ainsi la voie vers des composés aux [@@gr intéressantes de valence
mixte ou de magnétisme.



Abstract

Carbon nanoribbons are today of great interest raphgne segments with modulable
electronic properties. Whilst top down techniquege ggiant ribbons, bottom-up organic
synthesis may lead to exactly designed nanoriblmdnsontrolled geometries. The Scholl
reaction is a precious chemical tool for that psgaince it yields efficiently to the

graphitization of long and flexible polyphenyleregursors.

Surprisingly, twisted structures may be obtaineefgrentially even if less crowded isomers
are also feasible. It has been shown that, agaihskpectation, even a strong steric hindrance
has no marked effect on regioselectivity and hidghligted polycyclic aromatic hydrocarbons
are sometimes preferentially formed, whereas thairand more symmetrical isomers are
only obtained in minority. Highly twisted structgrsuch as hexabenzotriphenylene (HBTP)

may then be obtained very easily from flexible pphenylene precursors.

After discovering this unexpected regioselectivitye used it on purpose to form
polyhelicenic species. Attempts to prepared hexaphiarotriphenylene (HPTP) were
unsuccessful due to reactivity issues when syreghmgsihe corresponding flexible precursor.
By using a new versatile strategy leading to anaaded common precursor, several C3-
symmetrical flexible substrates have been syntkdsand submitted to Scholl reaction. The
expected [6]helicenes were not obtained and regedhproducts were formed instead, but
TMS-bearing HBTP could be prepared, as well as walhenzocoronene (HBC) which
exceptionnal solubility is due to the distortiontbé aromatic core under the effect of bulky

tert-butyl substituents in bay regions.

The easily formed [5]-helicene fragment has beeorporated in the design of twisted carbon
nanoribbons that would be composed of a succesdignch motifs. As a test reaction, the
corresponding monomer and dimer have been syndwesvith an excellent yield and fully
characterized. Their X-ray structures have evennbdetermined, giving interesting
informations about their configuration. A more geal strategy has then been developed and
optimized for the systematic synthesis of longeist®d nanoribbons. Using this technique,

the trimer and tetramer have been synthesized lza@cterized by mass spectrometry.
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Abreviations

CHP - hexaiodo-cyclohexa-m-phenylene
CNT - Carbon nanotube

COSY - Correlation spectroscopy

CPP - Cyclop-phenylenes

DBU - 1,8-Diazabicyclo[5.4.0Jundec-7-ene
DCM - Dichloromethane

DDQ - 2,3-Dichloro-5,6-dicyano-1,4-benzoquinone
DFT - Density functional theory

DMA - N,N-dimethylacetamide

DMAD - Dimethyl acetylenedicarboxylate
DMSO - Dimethyl sulfoxide

DTPA - Dimethylmethylene-bridged triphenylamine
FD - Field desorption

FET - Field-effect transistor

FI - Field ionization

FVP - flash vacuum pyrolysis

GNRs - Graphene nanoribbons

HBC - Hexabenzocoronene

HBTP - Hexabenzotriphenylene

HPTP - Hexaphenanthrotriphenylene

HRTEM - High-resolution transmission electron rogcopy
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IUPAC -International union of pure and appliecatistry
JohnPhos - 2-(Dicyclohexylphosphino)biphenyl
LED - Light-emitting diodes

MALDI - Matrix-assisted laser desorption ionizatio
MS - Mass spectrometry

MWCNT - Multi-walled carbon nanotube

NBS - N-bromosuccinimide

NMR - Nuclear magnetic resonance

NOESY - Nuclear overhauser effect spectroscopy
ORTEP - Oak ridge thermal-ellipsoid plot

PAC - Polycyclic aromatic

PAH - Polycyclic aromatic hydrocarbon

PMMA - Poly(methyl methacrylate)

SPhos - 2-Dicyclohexylphosphino-2',6'-dimethoxyiapyl
STM - Scanning tunneling microscope

SWCNT - Single-walled carbon nanotube

TEM - Transmission electron microscope

THF - Tetrahydrofuran

TLC - Thin layer chromatography

TMS - Trimethylsilyl

TOF - Time-of-flight mass spectrometry

UV - Ultraviolet
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Chapter I: Carbon rich molecules and macromolecules

Carbon is one of the most abundant elements irreéll place in the universe, but only"15
place in earth’s crust and "L place in whole eartHf For a long time, only three allotropes of
carbon were known: amorphous carbon, graphite, @adond. The crystalline forms

(graphite and diamond) vary in physical propertias to their atomic structure.

The reason why carbon assumes many structural fisrthat a carbon atom can form distinct

types of valence bond8.

In sg hybridization, the carbon atoms are arranged henally in honeycomb lattices
parallel to each other. In graphite, the sheetsteked in an ABAB sequerfo@igure 13).

wh
Wi
)
)

Carbon Nanotube

d

Buckyball, Cg

Layers of Graphite Diamond

a b c

Figure 1. Different allotropes of carbon

This layered configuration makes graphite a daolt saterial, where as diamon#igure
1b) is transparent and is one of the hardest knowtenmas. In diamond the carbon atoms are

bonded tetrahedrally, in this configuration thenasaexhibit sphybridization.

In 1985 the discovery of gg(Figure 1¢) (buckminsterfullerene, a molecule constituted of 60
carbon atoms arranged in a truncated icosaheduatste) triggered the revolution of carbon
nanostructure$ Then, several other carbon nanostructures hasrepented, such as single-
wall carbon nanotubés(Figure 1d), nano-oniony nanoconésand nanoribboris More
recently, single layers of graphite, called graghérave been isolated and stufljéeading to
the physics Nobel Prize in 2010.
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1.1 Graphene and graphene nanoribbons.

1.1a. Introduction.

Graphene, a novel allotrope of carbon with a sirgflemic layer, has unique electronic
properties, as first reported by Geim, Novoselad ao-workers in 2004 Soon after, great
attention was devoted to the exploring of the funéeatals and applications of this unique
two-dimensional (2D) material. The single-atom-#hicrystal has many novel electronic,
physical and chemical properties. These intrigupngperties of graphene have inspired
exploration of its applications in electronic antdofnic devices, sensors and as strong
materials.

Graphene nanoribbons (GNRs) are narrow stripes raphgne. GNRs could also be
understood as unrolled carbon nanotubes. Thedratwestigation of GNRs could be traced
back to 1996, when Nakada et al. first reportedeitige effects in narrow GNRs. However,
intensive experimental efforts have only startef@wa years ago, after people realized their

potential in future electronics.

1.1b. Structure of graphene nanoribbons.

The presence of open edges is an important featu®\R lattice structure, which is absent
from rolled up carbon nanotubes. The edge strustdrave significant effects on the
properties of GNRs. There are two primary typeeddes in GNRs: armchair and zigzag
(Figure 2). Their crystallographic orientations differ by°3 graphene. Since the carbon
atoms on the edges have unsaturated chemical libatisncrease the total energy of the
system, they are usually terminated by certain dtenspecies in theoretical frameworks.
Hydrogen is the most commonly used passivation mrioutheoretical calculations. Other
groups, including hydroxyl group (-OH), carboxybgp (-COOH), amine group (-N§ are
also used in theoretical calculations. As one maeet, even for GNRs with the same shape,

different termination groups may lead to differetgctronic properties.
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Figure 2. Edge structures of GNRs. (a) scheme of a zigzggee@GNR. (b) scheme of a
armchair-edged GNR.

Very few examples of formation of GNRs from grapaeme reported in the literatut®ue
to their long geometries, carbon nanotubes areooliy better candidates for the formation
of GNRs.

1.1c. Top-down synthesis of graphene nanoribborilom carbon nanotube.

In principle, a single-walled carbon nanotube (SW{Nan be viewed as a folded or zipped
GNR (Figure 1d). It is thus natural to seek the reverse prodbss,is, unzipping SWCNTSs to
synthesize GNRs. Many attempts have been deditateghthesizing GNRs experimentally,
&},12

including plasma etchintf,chemical attack™?intercalation and exfoliatiot?:** (Figure 3)

but also sonochemical unzippiftg-®laser irradiatiort; electrochemical unzippint,catalytic
cutting under microwave radiatibtf® or by transition metal particles (e.g. Co, Ni Fa)?'?
hydrogen treatmerit,in situ STM manipulatio?f and electrical unwrapping of CNT3.

In the strong oxidant approath??a suspension of MWCNTS in sulfuric acid is treatéth
potassium permanganate under heatiigure 4). The GNRs obtained are well soluble in
polar solvents due to a multitude of carboxylicdaand ketone edge groups introduced by the
procedure. It may be presumed that in a first stelpuble bond on the nanotube is opened
into a diketone, which creates sterical strain eigimbouring bonds and thus transforms these
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into preferred sites for further attack, which agdragilizes the environment, leading
eventually to a clean slicing of the tube in londihal direction. The nanoribbons obtained
display uniform widths inherited from the parenthatbes, predominantly straight edges
and, of course, oxidized defects, which makes tle&utronically much less homogeneous

than graphene sheets.

Sulphuric acid and potassium
permanganate

Selective

R

R X .‘(I3raphene
H'LLKT.TS“ sheet

Carbon nanotube

Figure 3. Methods for unzipping carbon nanotulsés

Vega-Cantu and co-workers synthesized GNRs by todgially unzipping MWCNTs
through intercalation of lithium and ammonia folleavby exfoliatioh® (Figure 3c). The final
products consist of multilayered GNRs, partiallyeppd MWCNTSs, and graphene flakes.
Although this method is not very promising for higield GNR synthesis, it provides a new
possibility to realize longitudinal unzipping of K.

Terrones and co-workers and Srivastava and co-we®rketh exploited transition metal
particles (e.g. Co, Ni, or Cu) as chemical scisgorcut MWCNTS??? In the cutting
procedure, the metal particles serve as catalgdiseak HH and CC bonds and as solvents
for etched C atoms. These processes do not inarlyeaggressive chemical treatment, and
thus smooth graphitic edges can be easily achieved.
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22-70°C| KMnO,
2h HzSO4

Figure 4. a) The proposed chemical mechanism of nanotubeping. b) TEM images of
MWCNTSs (top) and the result of the transformatinto ian oxidized graphene nanoribbons

(down).

In the embedded plasma etching apprddchWCNTs are embedded in a poly(methyl
methacrylate) (PMMA) layer, and then the polymeselais thinned by plasma etching until
the uppermost rim of the nanotube is etched awagniog the outermost wall of the
MWCNT. Etching may be continued for various periocaléowing to obtain single-, bi- and
multilayer GNRs. The remaining PMMA film with emhkseti GNRs may then be contact

deposited on a solid substrate and the polymervethwith solvent vapoHigure 5).
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Figure 5. Schematic illustration of making GNRs from CNTSAay\WCNT was used as the
starting raw material. b) The MWCNT was depositetb@ Si substrate and then coated with
a PMMA film. ¢c) The PMMA-MWCNT film was peeled fribin Si substrate, turned over, and
then exposed to an Ar plasma. d—g) Several pospiol@ucts were generated after etching
for different times: GNRs with CNT cores were atedi after etching for a short time t1 (d);
tri-, bi- and single-layer GNRs were produced afteiching for times t2, t3, and t4,
respectively (t4>t3>t2>t1; e—g). h) The PMMA wasmeved to release the GNRE.

The edges of these ribbons produced by matrix egcare very smooth and, as before, their
widths (of the order of 10nm) are quite uniformcassequence of the uniformity of the CNTs
used. Field effect transistors made with theseonisbshowed charge carrier mobilities only

one order of magnitude smaller than those obsemittdarge graphene sheets.

Top-down techniques for GNRs syntheses are vergiait when forming large GNR
molecules. Nevertheless there are some major deksba these techniques because of the
polydispersity of the obtained GNRs. In contrasittdim-up organic synthesis approaches
have been developed which may serve as an indiaplentol to create structurally defined
nanographenes and nanoribbons.
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1.2 From polycyclic aromatic hydrocarbons (PAHSs) ormpolycyclic aromatic

compounds (PACs) to organic nano-graphenes.

1.2a. About PAHSs.

Polycyclic aromatic hydrocarbons (PAHS) are a claissinique compounds that consist of
fused conjugated aromatic ringsThese compounds can be point source (e.g., oi) spil
non-point source (e.g., atmospheric deposition) esavh the most widespread organic
pollutants. Some of them are known or suspectedrzagens, and are linked to other health
problems. They are primarily formed by incompletanbustion of carbon-containing fuels
such as wood, coal, diesel, fat, tobacco, or ine&h8 Tar also contains PAHSs. Different
types of combustion yield different distributiorisindividual PAHs which can also give rise
to isomers. Hence, those produced from coal condsusire in contrast to those yielded by
motor-fuel combustion, which differ from those pooéd by forest fires. Some PAHs occur
within crude oil, arising from chemical conversioh natural product molecules, such as
steroids, to aromatic hydrocarbons. They are asad in the interstellar medium, in comets,
and in meteorites, and are candidate moleculesttasaa basis for the earliest forms of fife.
As defined by the International Union of Pure arpked Chemistry (IUPAC), the simplest
PAHSs are phenanthrene and anthracene but we ggnamakider that naphthalene belongs to
PAHs. PAHs may contain four-, five-, six-, or sevaembered rings, but those with five or
six are most common. PAHs comprised only of six-finerad rings are called alternant
PAHs. PAHs containing up to six fused aromatic siage often known as “small” PAHs, and
those containing more than six aromatic rings atked “large” PAHs. Due to the availability
of samples of various small PAHs, the main researcPAHs has been focused on those of
up to six rings. Examples of well-known PAHs arewh in figure5. In graphene, the PAH
motif is alternant and extended to large 2D shewtd,represents one of the most intensively
investigated class of compounds in synthetic chigynad materials science. The systematic
study of PAHs and their application as materialgehspurred scientist for several decades,

however, only a few selective synthetic methodssHaeen established so far.
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Naphthalene Anthracene Tetracene Pentacene
Chrysene Phenantherene Pyrene Benzo[a]pyrene Triphenylene
Corannulene Coronene Perylene Picene

Figure 6. Examples of different small PAHs (including napkeha).

Fundamental contributions to the directed synthesid characterization of polycyclic
aromatics were pioneered by R. Scholl, E. Clar,Mndander, who achieved the synthesis of
numerous aromatic compounds under drastic conditeinhigh temperatures with strong
oxidant.***” The synthetic breakthrough was achieved as atresyrogress of analytical
techniqgues and made the selective synthesis obu&ariPAHs under mild conditions
possible®® One of the intrinsic properties of the PAHSs isitla@omaticity, which has attracted
great interest in theoretic chemistfydifferent theoretical methods have been applied to
estimate the electronic properties of graphite é@asePAHs with increasing size and varying
topologies. As a result of the development of oigaemiconductors’® PAHs with unique
electronic and optoelectronic properties have weckigreat attention in the scientific
community. Large PAHs terminated by hydrogen, akybstituents, and functional groups,
which endow a facile solution processing, are psimgi candidates in organic devices such as
light-emitting diodes (LEDs), field-effect trangiss (FETs), and photo-voltaic cell:*
Additionally, 2D all-benzenoid graphitic moleculesith appropriate substituents are
fascinating due to their highly stable columnar opdgses, which are desirable for device

processing’*® Furthermore, well-defined nanostructures resulfiogn supramolecular self-
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assembly of PAHs, such as nanotubes and nanowhiage a great potential in

nanotechnology***°

According to Clar’s rule, the Kékulé resonance cttrite with the largest number of disjoint
aromaticr-sextets, i.e. benzene- like moieties, is the nmpbrtant for the characterization
of the properties of polycyclic aromatic hydrocartbdPAHS). Aromatia-sextets are defined
as sixm-electrons localized in a single benzene-like reggparated from adjacent rings by
formal C-C single bonds. For instance, applicabbmhis rule to phenanthrene indicates that

the resonance structureAdure 7) is more important than resonance structure 1.

=0 = 20

a%alate e

Figure 7. Two of the five Kékulé resonance structures of phdgmene and their
corresponding Clar aromatig-sextets indicated with a circle. The structurehvithie largest

number of aromatie-sextets is the so-called Clar structure.

In contrast, in anthraceneFigure 8a) the number of sextets is only one and aromaticity
spreads out. This difference in number of sexteteflected in the UV absorbance spectra of
these two isomers. Phenanthrene has a highestemayklabsorbance around 290 nm, while
anthracene has a highest wavelength bands arouhdm38Three Clar structures with two

sextets are present in chryser@(re 8b) and by superposition the aromaticity in the outer

ring is larger than in the inner rings.
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a) Anthracene b) Chrysene

Figure 8. Representation of the Clar structures of anthracane chrysene.

Depending on their geometry, the concave regiontme@fperiphery of PAHs have different
usual namesHgure 9). Three fused benzene rings can form a bay redour, can form a
fiord region whereas a wider concavity is calledecegion’’ These positions have different

electronic properties and therefore different cloateactivities.

Benzopyrene Dibenzophenanthropentaphene Dibenzopyrene

Figure 9. Representations of bay region, cove region andiffegion.

1.2b. Surface-mediated synthesis of porous graphene

Mullen, and co-workers reported another exampla pbrous graphene network based on the
on surface polymerization of tribromo-substitutechethylmethylene-bridged triphenylamine
(heterotriangulene), DTPAFigure 10 a) on Ag(111)*® A coordination polymer was first
formed by treatment of DPTA at 20G.
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Figure 10. a) Structure of CHP and DTPA. b) Structural relaship of the polyphenylene
superhoneycomb network (blue lines) and graphepédigh-resolution STM image of an
edge of the porous graphene network based on CHE) Model and STM simulation of a
coordination polymer with Ag atoms and covalentvoek based on DTPA, respectively.

As noted before, the top-down methods for graplsgnéhesis seem to suffer from drawbacks
such as uncontrollable sizes and irregular edgetsitres. This kind of problem can be solved
by bottom-up synthesis. Such surface-mediated sge#) on gold or silver, are very efficient
and impressive, mainly because the obtained mascalle very large and don’t need to be

soluble.
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1.2c. Surface-mediated synthesis of graphene nanlobions.

If the cyclodehydrogenation reactions for graphegethesis carried out in solution, thus
making the solubility of oligophenylene precursansd their compatibility with reaction
conditions crucial parameters. In contrast, graphemlecules and graphene nanoribbons
with and extended aromatic core always suffer fgirong intermoleculat—r stacking and
poor solubility in conventional organic solventshish make solution processing for
electronic device applications difficult. The thenevaporation of either these molecules or
ribbons is generally difficult in view of their €z To surmount these obstacles, on-surface
covalent synthesis routes would serve as a powaltielinative for the bottom-up creation of

graphene structures.

Extended straight and chevron-type GNRs withodulslising substituents have been
obtained by the dehydrogenation of polyanthrylend polyphenylene precursors on gold
surfaces at 400 to 440°C and observed by SHigufe 11).*°

Figure 11. a) Reaction scheme for conversion of bianthryl moes to GNRs. b) STM image
taken after suface-assisted C-C coupling at 200and DFT-based simulation of the STM
image (right) with partly overlaid model of the poler. c) Overview STM image after

cyclodehydrogenation at 40C.



@ O O 440°C

Figure 12. Chevron-type GNRs from tethraphenyl-triphenylenenoneers. a) Reaction
scheme for conversion of tethraphenyl-triphenyler@nomers into chevron-type GNRs. b)
Overview STM image of chevron-tpye GNRs fabricateé Au(111) surface. ¢) Schematic
model of the junction fabrication process. d) Mo(l#le C; white H) of the colligated and

dehydrogenated molecules forming the threefoldtjanoverlaid on the STM image.
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1.2d. Solution synthesis of nanographenes.

Usual organic synthesis techniques, in solution,lm®used to form large PAHs but solubility
is quickly a limiting factor. For this reason, soilizing groups such as long alkyl chains are
generally functionalizing the edges of the flexilgeecursors and final rigid compounds.
Many examples are reported in the literature anly tew examples are discussed in the

following section as an illustration.
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Figure 13. Examples of some organic syntheses of nanographenes
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The Scholl reaction has been developed as a poweduto produce various all-benzenoid
PAHs %L A typical example is the synthesis of heeri-hexabenzocoronenes (HBCs) and
their derivatives Figure 138 from substituted hexaphenylbenzene precursorgdatment
with iron(lll) chloride. Nuckolls and co-workers y&a developed a novel approach toward a
phase-forming, distorted hexatahexabenzocoronene derivatigigure 13b)°%, whereby
the decisive step is accomplished by the photargttin. According to the definition,
graphene molecules with a size between 1 and 5 am lie considered as small
nanographenes. By far, the largest synthesized digperse nanographene molecule consists
of 222 carbon atoms with a disk diameter of 3.2 (Rigure 13c), while one of the smallest
and most frequently investigated nanographene ml@ec hexa-peri-hexabenzocoronene
(HBC), has a size of approximately 1.4 rifigire 133).>®

1.2e. Solution synthesis of graphene nanoribbons.

Fully benzenoid armchair-edge nanoribbons of tetracwidth (4 fused benzene rings in a
row) with solubilising alkyl substituents have bestained by K. Millen and co-workers,

R

laxe) 8
" \_
ale B

85%l

R = H, alkyl
Figure 14. Synthesis of fully benzenoid armchair-edge grapmameribbons by

cyclodehydrogenation with Fefl
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using parallel dehydrocyclizations, with ferric chte, of polyphenylene precursors having a

length of around 20 phenylene uniigure 14)>*in four steps overall 37% vyield.

Figure 15. Synthesis of short fully benzenoid zigzag-edgehga@ nanoribbons by
cyclodehydrogenation with Fefl

One-dimensional short zigzag-edge graphene narmriblwere also synthesized by K.
Mullen and co-workers, still using intramoleculaxidative cyclodehydrogenation of other
soluble branched polyphenylené&sgure 15). While the insolubility of the resulting graphit

ribbonsprecluded standard spectroscopic structure eluoratheir electronic and vibrational
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properties were probed by solid-state UVvis, Ranan] infrared spectroscopy and their

morphology was studied by high-resolution transmisglectron microscopy (HRTEM).

1.3 Non planar PAHSs.

1.3a. Geodesic PAHSs.

Nanographenes are by definition large PAHs virfuadixtract from graphene. As a
consequence, they are composed of fused benzeyseomty and are flat. But some PAHs are
not planar and cannot be called nanographenes. tBuieir special geometries, their
syntheses are mainly done following bottom-up tepes, except for few exceptions such as
fullerenes that can be obtained from graphite uhded conditions®,

Half-buckminsterfullerene (HB) £gH1o is a perfect half of § when the terminating hydrogen
atoms are taken away. The investigation of otherdgsic PAHs is fundamental to the
understanding of the stability and formation of ldtEnes®®” One of the unique
characteristics of geodesic PAHs and fullerenesthisir nonplanar distortions, which
introduces remarkable strain energi&® For this reason, the formation of these compounds

generally needs hard conditions such as Flash-\radyrolysis.

Figure 16. Example of geodesic polyarenes that have been ey FVP.
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Flash vacuum pyrolysis (FVP) is a method for heptimolecules in the gas phase to very high
temperatures for a very short tifffé? The hot zone typically consists of a horizontaig
tube heated by an electric furnace to temperaturethe range of 500-1100 °C. Under
vacuum, the sample is sublimed, the vapors passighra hot zone, and the products are

collected in a cold trap.

1.3b. Examples of synthesis of geodesic PAHs.

The synthesis of corannulene illustratedFig(re 17) provided a striking first validation of
the strategy that Scbttand Siegéf had envisioned for preparing geodesic polyarenes by
distorting flat PAHs with heat and then “catchinge deformed ring systems by C-C bond

forming reactions at the rim.

I
Br2C ‘ CBr2

OO 23% FVP
o
w7 18% ‘Sk “
o‘o

Figure 17. Synthesis of Corannulene by FVP.

The first chemical synthesis of buckminsterfullexe€R,, by L. T. Scott, in isolable quantities

also relied on FVP to zip up a conventional polparand introduce the geodesic curvature

(Figure 18).%°:%®
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Figure 18. Synthesis of buckminsterfullereng 6y FVP

Another strategy, developed by A. M. Echavarrefieseon a very similar triflate precursor
but it involves a microwave promoted reaction (200 10 min) in the presence of

[PACL(PPh),], LICI and DBU in DMA. It leads to a mixture of @ducts that was analyzed
by mass spectrometrifigure 19).

PACI 5(PPhs)s, LiCl Other

products

+

DBU, DMF
MW, 200W, 10min

Figure 19. Synthesis of buckminsterfullerene C60 by palladiatalyst.

Geodesic PAHs are non planar due to the presenserohexagonal rings in their structure.

Nevertheless, another category of PAHs can presentplanarity with only 6-membered
rings in their molecular structure.
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1.3c. Helicenes.

Helicenes are polycyclic aromatic compounds with panar screw-shaped skeletons formed
by ortho-fused benzene or other aromatic rfi§& The first helicenes were synthesized by
Meisenheimer and Witte in 1963During the next few decades, little was discovexbdut
the chemistry of helicenes, except for the synthe$isome helicenesigure 20).° After
Newman and co-workers reported the synthesis awution of hexahelicene in the 1950s,
however, the study of the chemistry of helicenedlyetook off. During the following 30
years, Wynberd? Martin,”® Laarhover;* and KatZ> carried out pioneering studies of the
synthesis, spectral properties, and structures etitdnes. In the 1990s, the Diels-Alder
synthetic approach after Martin’s photochemical hods brought another important
breakthrough in the preparation of helicenes cargel scalé® and based on this approach, a
large number of helicene derivatives have beerhsgited.” Since the late 1990s, more and
more new strategies for the synthesis of helicem#s good yields and enantioselectivities
have been develop&lgespecially by utilizing organometallic cataly&tsvioreover, with the
help of the theoretical studies using a varietynethod<>”"°the properties of helicenes have

also become much clearer.

a b
SN >N o o
Oy QO T AC
J °
[4]helicene [5]helicene
d

[6]helicene
[7]helicene

Figure 20. Examples of different helicenes (a)and Qzholz et al. 1967, (c) Newman et al.
1955,(d) Martin et al. 1967.
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+ or P helicity - or M helicity

Figure 21. Helicity of helicenes.

This particular geometry of helicenes renders themral even though they have no
asymmetric carbons or other chiral centers. Onbisis of the helicity rule proposed by
Cahn, Ingold, and Prelog in 1966, a left-handedaxhsldesignated “minus” and denoted by
“M” whereas a right-handed one is designated “phrsd denoted by “P'Rigure 21).%°

1.3d. Synthesis of helicenes.

1.3d.i. Photocyclization.

Photocyclization has become one of the most impont@ethods for the synthesis of many
helicene homologues (from [5]- to [14]helicene) aledivatives.
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[5]-Heliphos [6]-Heliphos [6]-Helixol

Figure 22. Some 2,2-disubstituted helicenes prepared by phdiaation.
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The photoreaction of 1,4-phenylene bis(phenylmakntydride) Figure 223 afforded
photocyclized product in 88% vyield; The first haligphosphane ligands heliphdsigure
22b, 22¢, which have become important ligands in asymretatalysis, were prepared
independently by Brunner’s grotipand Reetz’s grofpin 1997. Four years later, Reetz and

Sostmann reported another important ligand he(ixigure 22d) 23

1.3d.ii Diels-Alder reaction.

The breakthrough in large-scale preparation oickaks was made by the pioneering work of
Katz and Liu in 1990 utilizing a Diels-Alder methaidgy.”” They obtained [5]helicene with
two quinone moieties in reasonable yield and gramles quantities by the Diels-Alder
reaction between p-divinyloenzene and p-benzoqendnoreover, the presence of four
carbonyl groups in the resulting [5]helicene allowsnvenient functionalization of the

terminal rings Eigure 23).”
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Figure 23. Helicenes prepared by Diels-Alder methodology.
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1.3d.iii. Friedel-Crafts reaction.

A Friedel-Crafts-type sequence leading to helicewas described by Ichikawa and co-
workers Figure 24).83* The presence of two ortho-methyl groups is imprta facilitate the
domino cyclization. They not only direct the reantito form a helical structure but also
enhance the nucleophilicity of the aromatic mogeti/ith the help of magic acid (F3D
Sbk) and PRCBF,, double ring closure and dehydrogenation proceatdidently, giving
(Figure 24) 6, 11-dimethyl[6]-helicene in good yield. On tbhasis of this route, different

helicenes can be conveniently synthesized by vgryia aryl groups.

CF2 Friedel - Crafts O O
QL () -
O Q Aromatisation O

62%

Figure 24. Helicenes Friedel-Crafts reaction.

1.3d.iv. Paladium (Pd)-catalyzed cyclizations.

Several routes for the synthesis of helicenes bgd®alyzed coupling reactions have been
reported in a review dedicated to helicenes byten® A double C-H arylation reaction was
employed in the synthesis of [5]- and [6] helicemesnoderate to good yields under the
optimized conditions (with AgCO; as the additive, PGBHBF, as the ligand)Rigure 25).

/XD Pd(OAc) », 10mol%
MeO X PCy3HBF 4 (20mol%)
0 -
MeO ' i}- K>CO3/ Ag,CO3
\X)@' DMA, 130 °C, 14h

[G]helicene [6]helicene
X=Br,75% X=Br, 30%

Figure 25. Pd-catalysed helicene formation by C-H arylation.
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Pd-catalyzed cyclotrimerization of arynes condistgenerating in situ an aryne precursor and
make it react with a well adapted catalytic systdincan often be achieved under mild
conditionsvia a fluorine-induced elimination from a trimethylsiyroup inortho position to a
triflate group onto an aromatic rin@na+2n+2nr] co-trimerization easily occur in the presence
of a Pd(0) catalyst, an aryne and an alf§n&uitian, Pérez and coworkers have widely
explored the efficiency of a simple catal§5the lightly coordinated R¢Hba), in CHCN
and in the presence of CsF. One of their most isgive results is the first efficient syntheses
of polysubstituted twisted triphenylen&igure 269 and especially the propeller-shaped

hexabenzotriphenylerf&.
a
—»
—— | | —
O oTf MeCN, RT O 68%

b

(]
o G :‘O‘ ) O‘O

O OTf MeCN, RT
v, C o0
2.7:1

60%

[5]helicene derivative [4]helicene derivative

Figure 26. Pd-catalysed helicene formation [##2+2] cyclo-addition.
1.3e. Applications of the helicenes chirality.

Since Bredig first reported the preparation of neouitrile in <10% ee by utilizing quinine
as a catalyst, asymmetric catalys#s continued to develop over nearly 100 y&h#dthough
many different kind of chiral ligands and chiratalgists havebeen developed so far, it is

surprising that no ligands bearing helical chiyalitere used in asymmetric catalysis until
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1997%2 Before that, however, Martin and co-workers ugitizsubstituted [7]helicenes as
chiral auxiliaries or chiral reagents in five diéat diastereoselective reactions, including
reduction ofa-keto ester§? hydroxyaminatiof and epoxidatioff of olefins, synthesis of

atrolactic este? and the ene reactidigFigure 27).

NC QOQ o 0 H,NOC QQQ

pH=8(KHCO j3)

4 oPha,, 0y A\
MeOH PR Ph
OO 92%. >99% ee OO

Figure 27. Helicene catalysed asymmetric reaction.

Helicenes have chiroptical properties due to stromgfal-ligand electronic interactions.
Jeanne Crassous and co-workers have recently geeklf6]helicene-based chiroptical
switches. In this examplé-igure 28) the electro-active Ru centers allow the achievemné

the first purely [6]helicene-based redox triggetkitoptical switche® (Figure 28).

cl R'Prs
RZ/_R.U ‘CO

QOO

HRu(CO)CI(PiPr 3),

CH,Cl, RT, Ar %O

(a) R1=R%=H 90% Pipr3

Ru
_ /- 7CO %
(b) R1: _H' R2: / P'Pr3 80%

Figure 28. Synthesis of enantiopure Ru(ll)-capped helicenes.
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Chapter Il: Project - Carbon nanoribbons by Schollreaction.

Graphene has emerged as a material with interektimglimensional physics and potential
applications in electronid. GNRs, if made into quasi-one-dimensional strieguwith
narrow widths £~5nm) and atomically smooth edges, are predictedxtobit band gaps
useful for room-temperature transistor operationth wxcellent switching speed and high
carrier mobility (potentially even ballistic trarmp).>® Recent theoretical work predicted that
guantum confinement and edge effects make narraphgne nanoribbons (widtl<~5nm)
into semiconductors® which differs from single-walled carbon nanotulf€$VCNTSs) that

contain ~ 1/3 metallic species.

Lithographic patterning of graphene sheets haslgtelGNRs down to widths of ~20nm thus
far’ but there are difficulties in obtaining smooth esligfor example, with roughness< ~5 nm)
and reaching true nanometer-scale ribbon width.n@i¢ed approaches and self-assembly
processes may produce graphene structures withredeshape and dimensions for

fundamental and practical applications.

As explained before, the top-down methods for geaphsynthesis seem to suffer from
drawbacks such as uncontrollable sizes and irregulge structures. In contrast, bottom up

organic synthesis approaches may serve to creatfistlly defined graphenes.

In the previous section we observed that in sugbragehes, the last step is always a
rigidification of a flexible precursor. For this fuose, one specific reaction is very often used:
The intramolecular oxidative cyclodehydrogenatidnadjacent benzene rings with Lewis

acids, i.e. the intramolecular Scholl reaction.

2.1 The Scholl reaction.

2.1a.Definition.
The Scholl reactiol! is a coupling (C-C bond formation) reaction betwe®o arene

compounds and has been extensively used for intemolar oxidative cyclodehydrogenation
of various polybenzenoid hydrocarboisgure 29).
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© Oxidant O 3
H H — > + 2H" + 2e
Figure 29. Oxidative cyclodehydrogenation reaction.

This reaction has been especially efficent fordkielative cyclodehydrogenation of a variety
of (substituted) hexaarylbenzenes amtho-terphenyls to produce the corresponding planar
polycyclic aromatic hydrocarbons (PAHS), i.e., hgeai-hexabenzocoronenes (HBCs) and
triphenylenes, respectively.

2.1b. Examples of different Scholl reactions.

The Scholl reaction can be accomplished by usimpwa oxidants. Feglin nitromethane is
the most commonly used oxidant but many other exasngan be found in the literature. For
instance, hexa-tert-butyl-hexa-peri-hexabenzocoblasebeen formed by R. Rathore in 2009
using DDQ in MeSGH"? (Figure 30).

DDQ
DCM + MeSOzH

99%

Figure 30. Scholl reaction using DDQ as an oxidant.

In 1971, J. A. Campbell has reported a Scholl reacising AIC and SnCjin CRCO:H to
form dibenzopyrene from 1-phenylbenz(a)anthrati¢Rigure 32).
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oy E T oY

Figure 31. Scholl reaction using AlgISnC}, as an oxidant.

In 2007, B. T. King has described a triphenylenetlsgsis involving a Scholl reaction with
CsHsl(O.CCR)2 (“PIFA”) and BR-OEtL in DCM (Figure 32). Nevertheless, a recurring
problem is the oligomerization of the product whican be prevented by tert-butyl

substituents'*?

PIFA
BF;.Et,0

DCM
86%

Figure 32. Scholl reaction using PIFA as an oxidant.

Activating groups such as methoxy improve yield aetectivity and in such cases, a soft
oxidant such as Mogt’ can be used, as reported by B. T. King in 208@yre 33).}42

Figure 33. Scholl reaction using Moghs an oxidant.
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An exhaustive list would be very long but some reséing other reacting systems are
triethyloxonium hexchloroantimonate ¢EX SbCk ),*> SbCk,*® TI(0.CCF)s. Moreover, the
Scholl reaction can also be effected by electroét@mxidation'®

2.1c. Mechanism of the Scholl reaction.
The reaction depicted in FiguB® is the simplest intramolecular Scholl reaction anlll be
used as a model to describe its mechanism. Integstits nature is still very controversial

and two different models are in opposition.

OXIDANT

Figure 34. Cation radical (or electron transfer) mechanison the Scholl reaction.

The involvement of cation radical intermediategr{fed by one electron oxidation) in biaryl
synthesis has been carefully probed by Parker angotkers'® A detailed mechanism of

oxidative biaryl synthesis involving cation radicatermediates is presented idure 34).

A recent series of papers by King and co-worKeérshave advocated that Scholl reaction

occurs via diamagnetic arenium ion intermediate® Fsgure 35) owing to the presence of
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adventitious acids in various oxidizing systéfifs utilized for Scholl reaction. It is further
suggested by King and coworkérghat these reactions are accelerated as they gitoce
because of the formation of 2 equivalents of a@d @¢-C bond formation. Interestingly,
however, no evidence has been forthcoming for suttime-dependent acceleration which, if
true, can be taken advantage of by added aEidsife 35).
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H H H H
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Figure 35. Arenium ion (or proton transfer) mechanism fog ®choll reaction.

The arenium-ion mechanism, depicted kiig(ire 35), demands that C-C bond formation be
accomplished only if the protonation occurs atasiereferred site, i.e., meta to an electron-
releasing phenyl substituent (i.e., red arrowFigure 35) and finally producing a non

aromatic cyclohexadiene derivative. Furthermore, thechanism of aromatization of the
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cyclohexadiene derivative is overlooked in thesedis€®?* and supposedly is rapid and
proceeds via an ECEC mechani¥h? It is further noted that no experimental evideixe
available from these studies for the time-dependeoeéleration of the Scholl reaction or the

acid-catalyzed formation of the non aromatic cyelddiene derivatived:?*

2.1d. Drawbacks of the Scholl reaction.

Many oxidants used in intramolecular Scholl readi@re metal chlorides. This generally
involves creation of hydrochloric acid during theaction, which can easily react, in the
conditions present, with the polycyclic aromatienpmunds, leading to unwanted chlorinated
products. For this reason, it is often necessargottstantly degas the solution during the
reaction, to eliminate HCI from the reacting mix@ur

In addition, intramolecular Scholl reactions suffeom unpredictable rearrangements on

some substrates, as described by King and cowoffkignsre 36) 1"

OMe

OMe

MeO
MeO i O l OMe
MeO O OMe

OMe
OMe

PIFA
BF3 Et,0| 47%
DCM, RT

OMe

MeO
MeO i l! l OMe
MeO O OMe

OMe

MeO

Figure 36. Example of rearrangement during Scholl reaction
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2.2. Initial Projects.

Figure 37. Project of synthesis of thin GNRs by Scholl reactio

(@) Principle from orto-phenylene chains. (b) laltproject.

The initial project of my PhD at the Centre de Reche Paul Pascal was to develop the
organic synthesis of thin, flat and well definecdgnene nanoribbons. For this purpose, we
first focused on poly-ortho-phenylene chains agilile precursors, which had then to be

rigidified, or graphitized, by intramolecular Schotaction Figure 373). In order to keep
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these molecules soluble, it was obvious that slhig groups would be necessary and we
decided to introduce tert-butyl groups on sevedaleepositionsKigure 37b). The interest of
tert-butyl compared to other alkyl chains is thatmg de-tert-butylation reactions exist and

would finally allow us to obtain fully aromatic nambbons.

2.2a. Synthetic strategy.

As ortho-phenylene oligomers are the flexible precursortheffinal Scholl reaction, we first
envisioned the following retro synthesiBiqure 38). The ortho-phenylene oligomerd
should be obtained by multiple coupling reactiormf two different disubstituted biphenyl
compounds, one also bearing solubilizing tert-bgggups. These two biphenyl molecules

should be prepared by bromination, and boronicatorone of them, of the corresponding

unsubstituted biphenyl compoundSdure 38).

1y Elemental bricks

X,Y =Br, |, OTf,
Boronic ester or acid

Figure 38. Retrosynthesis of poly-ortho-phenylene precursors.

Before synthesizing large and complicatetho-phenylene oligomers, we needed a clear idea
of how to carry on the Scholl-reaction on smalleitsiof theseortho-phenylene oligomers.
Therefore, our first objective was the synthesisroéller flexible test molecules, followed by

a close study of their Scholl reaction.

66



2.2b.Tests reactions.

First, 4,4'-di-tert-butylbipheny8 was brominated by a very simple but new procedaréhe
presence of bromine in chloroform at 70°C withooy aatalyst, to give 2-bromo-4,4'-di-tert-
butylbiphenyl 4 in good yield. The bromo substituent is then regtaby a boronic acid
function, following a classical procedure involviag organolithium intermediate, and giving
compound5a. This latter reacts with 2-bromo-4,4'-di-tert-dbiphenyl 4, in classical
conditions for Suzuki cross-coupling reactions witd(PPh), as a catalyst, and gives the
expected hydrocarbdhin excellent yield (95%)Rigure 39).

S S S
a B b B(OH c
» r (OH),
3 4 ba

Figure 39. Synthesis of test compouéd

(a) Bry, chloroform, 70°C, 16h, 69%. (b) BuLi, THF, -78°Timin, then B(OMeg) THF, -
78°C to RT, 1h,1(M) HCI, 75%, c) Pd(P§h NaCO;, PhMe + HO + EtOH, 90°C, 48h,
95%.

Finally, precurso6 was submitted to Scholl reaction conditioRsgure 40) by dissolution
first in dry and degassed dichloromethane and #lew addition of a FeGlsolution in
nitromethane, under strong bubbling of argon toaenHCI from the mixture. Then, the
reaction is quenched with an alcohol (methanoltieamol) and the crude products is analyzed
by thin layer chromatography (TLC) to show severaly close spots, none of them being
frankly dominant. As a result it was very difficulio separate them by column
chromatography. It appeared to us that during thertstime of the Scholl reaction

chlorination happens.
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Figure 40. Scholl reaction of compour@l

Several attempts to obtain the graphitized compauindm the Scholl precurs@ were done
by applying differentreaction conditions. Always in the presence ofrgirargon bubbling,
we changed the temperature of the reaction mixtora room temperature (RT) to’C. We
also changed the reaction time from 30 minutes tooG@rs, but unfortunately a complex

mixture was always obtained.

Our conclusion was that the presence of very citasecally hindering t-butyl groups on the
smallortho-phenylene unié may lower its reactivity in Scholl conditions. Weeh decided to

try this reaction on another test molecule, alhésdered isomer of the former one.

This time, 4,4'-di-tert-butylbiphenyd (Figure 41) was twice brominated in the presence of
bromine and iron powder as a catalyst in £&lroom temperature, to give 2;d2bromo-
4,4'-di-tert-butylbiphenyl8 in good vyield. Then 2;alibromo-4,4'-di-tert-butylbiphenyB
reacts with 4-tert-butylphenylboronic addin classical conditions for Suzuki cross-coupling
reactions with Pd(PRJy as a catalyst, and gives the hydrocarb@im excellent yield (80%).
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Figure 41. Synthesis of flexible compoub@d

(a) Fe, B, chloroform, 70°C, 16h, 75%. (b) Pd(P®h NaCO;, PhMe + HO + EtOH,
90°C, 48h, 80%.

Then the precursdO is exposed to various Scholl reaction conditidrnysdissolution first in
dry and degassed dichloromethane followed by slaldit@n of a Fed solution in
nitromethane, under strong bubbling of argon. Atnnatemperature, after quenching with an
alcohol (methanol), the crude product is analyzed’bC to show several very close spots
corresponding to chlorinated compounds. NeverteelMben the reaction was carried out at

0°C after 30 minutes one main spot appears on TLC.

Scholl

= S

2
=
=

Figure 42. Scholl reaction of less hindered compoud
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Unfortunately, after purification by column chrormgtaphy, the expected product was not
formed but instead some unpredicted rearrangemexd wobserved Figure 42). This

rearranged compound was the major product, obtamgebductively in 75% vyield, and has
been easily identified bjH-NMR (Figure 43). Only one C-C bond was formed, instead of

two, and one t-butyl group was removed, which wahér confirmed by mass spectrometry.

On the'H-NMR spectrum Figure 43) only three different signals of t-butyl group che
observed in the aliphatic region, which indicatesat the molecule is asymmetrical and that
one t-butyl group was removed in compouril In addition, two large doublets indicate the

presence of one unreacted 4-t-butyl phenyl group.

18.40

16 1s 14 13 \ /

Figure 43. *H NMR spectrum of compourg displaying the aliphatic signals above (1.3 to
1.6 ppm) and the aromatic signals below (7.5 toghf).

Our conclusion was then that palytho-phenylene chains may not be well suitable for the
Scholl reaction conditions to give graphene nammiis. A new design of the flexible

precursor seemed to be necessary.
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2.3 Evolution of the project.

In order to make the flexible poly-phenylene preouiess sterically hindered, we designed a
new motif having one spacing para-phenylene urtivéen the ortho-disubstituted biphenyl
units Figure 44). This time, the edge geometry of the correspanpdianoribbons has a
zigzag geometry and incorporates cove regions, sallabilizing tert-butyl substituents on

external positions.

2.3a Modified project.

Figure 45. Retro-synthetic fragmentation of zigzag GNR premurs
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Another advantage of that strategy is that it imesl only one type of substituted para-
terphenyl unit Figure 45). Again, the retro-synthesis consists in usingptiog reactions of
aryl compounds to form the desired disubstitutephtenyl monomer.

2.3b Test reactions.

Again, it was preferable to confirm this new stggtdy a test reaction on the simplest motif
of this new ribbon. In order to form this tetrabenthracene core by sterically forcing a
transoid double cyclisation, we have synthesizedtéfra-substituted zig-zag quinquephenyl
16, where bulkytert-butyl groups generate a strong steric hindrancenvthe molecule is in

cisoid conformationKigure 46).

Figure 46. Synthesis of tetra-tert-butyl tetrabenzanthracénand highly distorted tetra-tert-
butyl dibenzo[5]helicené8: (a) Pd(PPh)4, N&xCOs, PhMe + HO + EtOH, 90°C, 48h, 80%.
(b) FeCk, MeNQ + CH,Cl,, Ar bubbling, room T, 1h, EtOH, 80% fb8, 8% forl7.
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We were puzzled to find that this considerableicteindrance seems to have only a weak, if
at all, influence on the regioselectivity of thisarficular Scholl reaction since
tetrabenzanthracent7 is surprisingly formed with only 8% yield, wheretge sterically
disfavored dibenzopicene (or dibenzo[5]helicelf®)s obtained with 80% yield.

bond
rotation

..........

Figure 47. Proposed reaction pathway for the formatioridfand 18 by a Scholl reaction.

The formation of the congested compour@i(Figure 47) can be rationalized by a first ring
closure leading to a partially closed intermediatkich has two opposite conformatiol®a
and17a Suprisingly, the most sterically hindered conferrh8a is more likely tharl7ato
undergo one more oxidative ring closure to form fbfhelicenel8 instead of its planar

isomerl?.

This result has been asserted without any ambighity'H-NMR since 17 is more

symmetrical tharl8, and because a significant shielding effect (sbift0.4 ppm) can be
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observed on the protons of the teast-butyl groups at the helicene bay entrancd ®fnd
proves that these substituents are facing an aronnag (Figure 48).
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Figure 48. 'H NMR spectra of (a) planar tetrabenzanthracéfg(b) helicenic dibenzopicene

18.
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It appears that the reactivity and regioselectiatyintramolecular Scholl reactions remain
only partially predictable. Shortly after we cowtserve this result, a similar selectivity has
been reported by Mulléh (Figure 49). In that case, the structure of the penta-pheeyle
chain is identical but the substituents don't inelsteric hindrance in any conformation. Very
similarly, in spite of a slightly higher steric hirance, the intramolecular Scholl condensation
of compound A” was reported to lead exclusively to the more @ms#d tribenzoperylene
“C” instead of the equally benzenoid tetrabenzandmad®”.

R = CqzHas FeCls l

Figure 49. Regioselectivity of the Scholl reaction on o,p,@quephenyl, reported by Mullen

and coworkerg®

According to the authors, this experimentally fouadioselectivity remains unexplained.

2.3c Attempts of protections.

To avoid the formation of such unexpectedly favopeoducts, we decided to protect two of
the four cyclization positions on the central berezeing. A first test was done with methyl
groups using first dibromo-dimethylbenzeh® to form the protected Scholl substr&e
(Figure 50). Unfortunately, after the partial analysis of ®eholl reaction’s main produ2t.

we could observe that methyl groups have indeediced a transoid graphitization but
benzylic protons are too reactive in these conastiand one of the methyl substituents has

probably been chlorinate&igure 50).
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This result leads to an interesting conclusion thatalkyl groups on the central arene moiety
are non-innocent substituents while the tert-bgtglups on the extremities of the molecule

remain unchanged.

S 19

X, Y =H, Cl, OH, OMe...

21
(partially determined structure)

Figure 50. First attempt of protection for the Scholl reactiof 0,p,0-quinquephenyl.

(@) Pd(PPR)4, N&COs, PhMe + HO + EtOH, 90°C, 48h, 84%. (b) FeZMeNQ + CH,Cl,,
Ar bubbling, RT, 1h, EtOH.

As a second attempt of protection, the exact sana¢egy was used with methoxy groups
instead of methyl groups. Dibromo-dimethoxybenz2gevas submitted to a double Suzuki
cross-coupling reaction with two equivalents of droc ester5b to give the protected
quinquephenyl23 (Figure 51). But disappointingly, after complete analysis tbé only
product of Scholl reactioB4 we observed that in spite of the protection, #giaselectivity
has been maintained by removal of one of the pdeidrprotecting groups and formation

again of a [5]helicene-based compound.
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Figure51. Second attempt of protection for the Scholl reactf o,p,0-quinquephenyl.

(a) Pd(PPR)4, N&,COs, PhMe + HO + EtOH, 90°C, 24h, 82%. (b) FeZMeNQ + CH,Cl,,
Ar bubbling, RT, 1h, EtOH, 89%.

The helicenic compoun®4 has been analyzed without any ambiguity’'ByNMR, NOESY
and MS. Its'H-NMR spectrum is very similar (with some doublégnsls) to the one of

compoundL8, where the remaining methoxy group is replaced hydrogenKigure 52).
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Figure 52. *H NMR spectrum of compourdd displaying the aliphatic signals right (1.7 to
0.9 ppm) and the aromatic signals left (9.6 to@@n).

Shortly after, similar investigations were carrieat by Hilt and coworker& They tried to

protect the quinquephenyl molecules already desdridy Mullen with methoxy groups and

D', FG = 0OCHj,
D', FG=F

F', FG = OCHg 74%
F'.FG =F, 55%

Figure 53. Investigation of the Scholl regioselectivity bytldnd coworkers.
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then could observe the same phenomenon, i.e. tisevy@ance of the regioselectivity with
elimination of one protecting grougi@ure 53). The same result was obtained when fluorine
atoms were used instead of methoxy fragments. ditiad, they showed that changing the
Scholl oxidant has no marked effect on the finalule except on the yield. They finally
conducted theoretical studies on this particulaactigity, assuming a radical cation
mechanism and using quantum-chemical calculatibtiseaDFT level to estimate the relative
energies of the different transition states whea GAC bond is already made and for the two
opposite pathwaysFgure 54). It indicates that the barriers towards the eixpentally
observed product X1 (via radical cation GJ) are indeed favored in the case of all

substituents X”.

Figure 54. Free energies for the selectivity determining traos states relative to AX (X=H,
F, OMe (underlined values); R = Me).

2.3d Efficient synthesis of hexabenzotriphenylend¢i8TP).

After observing this strong regioselectivity, amagihg the evidence that we would not be able
to avoid it, we decided to take advantage of it texplore this new path of access to highly
distorted polycyclic aromatic cores. We have fitstned our attention to molecules

incorporating several helicene parts and more qaaily to hexabenzotriphenylene (HBTP)
79



25, which is the smallest molecule that includes éhfg]helicene units. Due to its triple

300 \when the three helicene

helicity, HBTP presents four diastereoisomeFg(re 55).
fragments have the same configuration, (+) ortf®, HBTP has a Psymmetry, and these
two enantiomers are propeller-shaped molecules.Vdhe helicene is different from the two

others, the two HBTP enantiomers have,a@nmetry.

25(+ ++)

25(—+-)

Figure 55. The four isomers of hexabenzotriphenylene (HBTP).

The synthesis of unsubstituted HBTP has already Hescribed” an efficient way follows a
completely different strategy based on a Pd-catalyzyclotrimerization of a polycyclic
aryne®’® Substituted HBTPs have not yet been reported, artiap Scholl reactions on

hexaphenylbenzene-based species have never Ie8ite 3
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By taking advantage of the discovered non-sengititdé steric hindrance of the Scholl
reaction, hexaert-butyl-hexabenzotriphenylenéBls-HBTP) 28 (Figure 56) is quickly and
easily obtained after a four-step synthesis frormmoercially available products. Then
synthesis of 2-(4,4'-di-tert-butylbiphenyl-2-yl)445,5-tetramethyl-1,3,2-dioxaborolangb
from commercially available starting materigl'-di-tert-butylbiphenyl3 has already been
described. Then 2-(4,4'-di-tert-butylbiphenyl-2-iy,5,5-tetramethyl-1,3,2-dioxaborolane
5b reacts three times on 1,3,5-tribromobenz26éein classical conditions for Suzuki cross-
coupling reactions with Pd(PBh as catalyst, and gives the hydrocarbon compdihth
very good yield (76%), despite the triple reaction.

Figure 56. Synthesis of highly distorted hexa-tert-butyl-herawtriphenylena8.

(@) Pd(PPh)s, N&aCOs, PhMe + HO + EtOH, 90°C, 48h, 76%. (b) FeMeNQ + CH,Cl,,
Ar bubbling, room T, 1h, EtOH, 63% 28, 25% for29.
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Finally, precursor27 is submitted to well-established Scholl reactioonditions, by
dissolution first in dry and degassed dichlorome¢éhand then slow addition of a FeCl
solution in nitromethane, under strong bubblingaojon to remove HCI from the mixture.
After one hour, the reaction is quenched with aolal (methanol or ethanol) and the crude
product is purified by chromatography on column.oclvery closely migrating products were
isolated and identified. The major product is a&raic mixture of pure three-bladed propeller-

shapedBug-HBTP 28, obtained in 63% yield.

Figure 57."H NMR spectrum of tBtHBTP 28.

Its high D; symmetry makes it easy to identify from #4$-NMR spectrum of only 4 signals
(Figure 57). C2 symmetric isomers &8 have not been observed. The global yield, over 4
steps, for the formation &8 is 25%. The minor produ@9, obtained with a yield of 25% on
the last step, is a tetrabenzanthracene resultorg & transoid second dehydrocyclisation,
which has statistically 1 chance out of 3 to ocdunis structure has been determined by 2D
'H-NMR (COSY and NOESY) analysis. This side prodiscsurprisingly substituted by an
alkoxy group during the quenching of the reactioithwan alcohol. The origin of this
substituent has been confirmed by changing ther@atiuthe quenching alcohol, which leads

to a different alkoxy group o29.

82



Figure58. Crystal structure of tB4HBTP 28 : two different views of a single molecule.

In spite of its very good solubility in many soltensingle crystals dBus-HBTP 28 could be
obtained as large yellow needles by slow diffusainmethanol into a dichloromethane
solution. Analysis by X-ray diffraction of theseystals has been possible and evidenced the
distortion of theBus-HBTP molecule28 in the solid stateHigure 58).

Figure 59. Portion of the crystal structure o£8-3CH,CI, illustrating the packing
arrangement along the (a,b) plan. Carbon and cleratoms are represented by grey and

green spheres respectively. Hydrogen atoms areexhfior clarity.
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In single crystals 028 + 3 CHCl, the compound crystallizes in the centrosymmetrRcP
space group and is composed of a racemic mixtuteeofwo enantiomers. The structure of
the molecule is similar to the one reported for HBWith additionakert-butyl groups. The
centre of the molecule is on a three-fold crystabphic axis. Each mean plane formed by the
blade is tilted by an angle of 47° with respeceaah other. Surprisingly, in spite of the bulky
tert-butyl groups, this tilt angle is very similar toetlone found in unsubstituted HBTP (49°-
50°)°2 The bond distances are consistent with six perglteomatic rings (C-C distances
between 1.368(4) and 1.414(4) A and dihedral angk&C-C less than 1.6°) connected to a
distorted central benzene ring (C-C distances 493(5) and 1.439(5) A and dihedral angles
up to 19.2°) by quite long C-C bonds consistentisingle bonds (1.471(3) A). The three
resulting 6-membered rings are twisted with C-C-@H@dral angles of up to 31.3°.
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Chapter llI: Towards hexa-phenanthro-triphenylene (HPTP).

3.1. Introduction.

Hexabenzotriphenylene HBTP could be considereti@seécond generation dendrimer of the
triphenylene series. In fact, it is virtually olstead by the fusion of two distinct benzo groups
on each external benzene ring of the triphenyleakecuale, which is itself the result of such a
triple fusion from benzeneFigure 60). The next element of this series would be the
TriPhenanthroTriphenylene, where each of the sberobenzene rings of the HBTP is fused
with two distinct benzo groups. The resulting male¢ exceptionally crowded due to the
presence of three [5]helicene and three [7]heliagmes, has never been synthesized but its
configuration has been predicted theoreticathy the PM3 (Parametric model number 3) level

due to its great size {(GHas).

Benzene Triphenylene HBTP HexaPhenanthroTriPhenylene

Generation 0 Generationl Generation 2 Generation 3

Figure 60. Generations in the triphenylene dendrimer series.

Given our newly acquired insights into the Schethation and the facility of the synthetic
technique we just developed for the formation of TR we naturally decided to apply this
technique to the synthesis of a tBu-substituted PIPWhich is a much more challenging

molecule.
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The first step of the retro-synthetic study is é@edmine the structure of the flexible precursor
which will be submitted to intramolecular Schollctiyations to hopefully give the desired
compound. In the case of the targeted HEBDPwhich is substituted by several tert-butyl
groups to avoid complete graphitization and to mirtiie previous HBTP synthesis, we
decided that on the flexible precursgt biphenyl units should be first linked to a central
triphenylene unit on less hindering external pos#i Figure 61). Then two possible
pathways are reasonable for the formatioBIfThe most obvious one (in blue Brgure 61)
consists in hexa-coupling reactions on a hexadubesti triphenylene. The second one (in red
on Figure 61) consists in forming the central triphenylene byyalatrimerization of three

identical aryne-like compounds.

31

X, Y = aryne generating functions X=Cl, Br, |, OTf
Y = Boronic ester, acid

Figure 61. Retro-synthetic study for the synthesis of HBUP
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3.2 Hexa-coupling strategy from hexabromotriphenylae.

Given the only few steps of synthesis and sincealseady knew how to form the boronic
acid5a, we logically decided to first explore the strateglying on the hexa-Suzuki coupling
reaction on commercially available hexabromotripteme 32. Unfortunately, in addition to
the very poor solubility of the latter, severalfidifilties occurred, probably because of the
strong steric hindrance felt by the last coupliegations. In fact, several catalytic systems
were usedTable 1) but each attempt gave a complicated and unphidgfimixture containing

partially reacted molecules and even dehalogerategbounds.

O Br

Br

ba

Figure 62. First attempts to form compouidd.
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Table 1. Different reaction conditions tried for the synthesis of compound 31.

Attempt Catalyst Base Sovents Conditions
1 Pd(PPB)4 NaCOs PhMe/HO/EtOH 90°C, 96h
2 Pd(OAc) SPhos LiOH THF/HO 70°C, 120h
3 Pd(PP), 1(M) NaOH THF 70°C, 96h
4 Pd(dbay SPhos K3POy PhMe/HO 90°C, 96h

Considering all these problems, and especially umxaf the impossibility to isolate the
expected compoundl from a mixture containing other apolar hydrocab@oming from
unwanted dehalogenation reactions, we decidedvioup this one-step strategy and focus on

a longer but more controllable approach.

3.3 Stepwise strategy from hexahydroxytriphenylene

Our first concern was to solve the problem of tad bolubility of the hexabromotriphenylene
32. For that purpose, we decided to use solubilizinfiate groups instead of bromo
substituents. Nevertheless, the synthesis of h@kdftriphenylene 35 is not decribed in the
literature but according to our experience we waggefident in being able to form it from
commercially available hexahydroxytriphenyleB@ In addition, boronic aciéa being too
hindering to successfully react six times on theesanolecule, we also decided to proceed
stepwise and to use only substituted phenyl rikggufe 63). Again, methoxy, hydroxyl and
triflate groups are used as substituents, not tp the solubility, but to make the targeted
molecules more polar and thus easier to purifylrpmatography. This strategy still relies on
a first sixfold Suzuki cross-coupling reaction, lwith a less hindering methoxy-substituted
phenylboronic acid. Then the six methoxy groupd halve to be deprotected and changed
into triflate substituents. Finally, a second dfSuzuki cross-coupling reaction will have to

be done to replace every triflate by a tert-butglpyl fragment.
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36 35 34

Figure 63. Retrosynthetic strategy for the stepwise formatibcompoundl.

As expected, the commercially available starting tema 2,3,6,7,10,11-
hexahydroxytriphenylene 36 was successfully transformed into 2,3,6,7,10,11-
hexa(triflyl)triphenylene 35 under usual triflation conditions in the presenaf triflic
anhydride in anhydrous pyridin€igure 64), with an excellent yield85%) given the six
reactions. in parallel the methoxy-substituted barcacid 34 was easily formed from the
corresponding brominated compound under usual tiondi(details in experimental section).
Hexatrifloxytriphenylene35 is then submitted to the first six fold Suzuki €secoupling
reaction with 6 equivalents of boronic add. For this purpose, we used specific reaction
conditions developed by Buchwald and coworkerinvolving Pd(OAc) and the very
efficient SPhos (2-Dicyclohexylphosphino-2',6'-dilhmexybiphenyl) ligand as a catalytic

system, in the presence offO, as a base in a mixture of THF and water.
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Figure 64. Synthesis of hexa-triflate compousi

(a) TRO, pyridine in CHCI,, RT, 16h, 85%. (b) Pd(OA¢)SPhos, KPO, in THF/H,O, 67°C,
48h, 75%. (c) BBrin CH,Cl,, RT, 16h, 99%. (d) 7®, pyridine in CHCI,, RT, 16h, 95%.

The result was beyond our expectations since theedksix-times coupled compoufd has
been obtained with an excellent yield of 75% and easily purified by chromatography due
to the presence of polar functions. Then the sixhme groups were quantitatively
deprotected in usual conditions using BBINd the hexaphenol intermedié@8 was then
submitted to usual triflation conditions to giveetbxpected hexa-triflate compouB8d with

still an excellent yield (95%).

94



JE

20 1o " |

(. ol o
8 | % =] =
e 7\ 9| “‘ | @

=7 \Jv\zusﬁ_f N A — = N = “‘x ~

T T T T T T T T T T T T T T T T T T T T T T T T T T
90 89 88 87 86 85 84 83 82 81 80 79 78 77 76 715 74 73 12 71 70 69 68 67 66 6.5

Figure65. *H NMR spectrum of compouB8, On top are aliphatic signals (2.0 to 0.8 ppm)
and bellow aromatic signals (9.0 to 6.5 ppm).

Due to its high symmetry, compouB8 has been easily characterized'byNMR, as shown
in (Figure 65). In fact, only one aliphatic singlet (tert-bugrloups) has been observed and the
aromatic region is also very simply interpretedhwainly one singlet (triphenylene) and the

three usual signals (doublet, thin doublet, dodloleblet) ofo,p-trisubstituted phenyl rings.

In addition, we were lucky enough to obtain anabeasingle crystals of compourg8 and
the X-ray analysis Kigure 66) undoubtedly confirmed the structure of molecda.
Interestingly, the orientation of the phenyl ringslisordered in this X-ray structure, which is

confirmed by the complicatéti NMR showing several stable conformers.
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Figure 66. X-ray structure of hexa-triflate compouBa.

The final step for the formation of the flexibleH®d precursor is another six fold Suzuki
cross-coupling reaction to change every triflateugs of compound33 into para-tert-
butylphenyl fragmentsHigure 67). For this purpose, the same catalytic systemth@dame
conditions than the previous hexa-coupling reactware used, in presence of the
commercially available para-tert-butylphenylbororacid. Unfortunately, we were very
surprised to realize that in this case not any logpvas observed and the starting compound
33 was almost completely recovered. Other reactiomditons were tried with the same
catalyst Table 2), varying the solvent and using a boronic estat,none of them gave any

positive result, even after several days.
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R = H or pinacol

Figure 67. Failure of the final step for the synthesis of coommd31.

Table 2. Different reaction conditions tried for the synthesis of compound 31 from hexa-
triflate compound 33.

Attempt Catalysts Base 33+ Reactants Sovent | Conditions
Pd(OAc), _ _
1 K3PQOy | 4-tert-Butylphenylboronic acid THFA® | 70°C, 96h
SPhos
Pd(OAc), _ _
2 K3sPQOy | 4-tert-Butylphenylboronic aciq THF 70°C, 120h
SPhos
Pd(OAc), 4-tert-Butylphenylboronic
3 KsPOy ) THF/H,O | 70°C, 96h
SPhos pinacol ester

Facing this very disappointing result, and assuntirag a too important steric hindrance will
always be problematic for multiple Suzuki crossqdng reactions, we decided to give-up
these triphenylene-based strategies and to focstead on a cyclotrimerization-based

approach.
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3.4 Aryne-based strategy.

3.3a Principle.

Arynes, i.e. aromatic rings having two adjacentaald, are extremely reactive species that
must be generated in sititCommon methods employed for the generationrdfo-arynes,
are based either on the generation of aryl anigngdatment of a strong bases ortho to a
leaving group or by treatment obrtho-dihalogenobenzene in the presence of metals lige M
Li®> or n-BuLi® to promote metal-halogen exchange followed di§+elimination. Another
methodology is based on the thermal or photochdrd@somposition of zwitterionic species
or oxidation of 1-aminobenzotriazol derivatives viaitrene species that undergo
decomposition leading to benzyr@’). Although these methods are useful for the gdioera
of benzynes, their tolerance to certain functiogedups is limited. In 1983, Kobayashi
described a mild and versatile method for the tin greparation of benzyn®f) through the

fluoride-induced 1,2- elimination afrtho-silylaryltriflates “D” (Figure 68).2

TMS = ©\ - OTf ©|
©i TMSF OTf

oTf

Figure 68. Genaration of benzyne intermediate.

In 1998, Guitidn and co-workers reported the trimaion reaction obrthosilylaryltriflates

in the presence of palladium(0) catalysts for §mlsesis of triphenylene derivativesigure
69).° The best results, with yields between 70% and 3@éte obtained in the presence of 10
mol% of [Pd(PP¥).], CsF om-BusNF as fluoride sources, in GEIN at room temperatut®

R
//|
F | P kD) 3
O O] T+
OTf |
A
R

Figure 69. General Pd-catalyzed cyclotrimerization of arynes.
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The mechanism proposed for the cyclotrimerizatibargnes shown inHigure 70) is similar

to the mechanism for [2+2+2]-cycloadditions of alkg*

Pd(PPh3),

G, — QO

O @.:--pd(PPh3)2 |©
5o

SN Y O

Pd(PPhs), / \ Pd(PPh;),

J n=1or2
Pd(PPh3)n

Figure 70. Global mechanism of a Pd-catalyzed cyclotrimer@atf arynes.

In order to apply this cyclotrimerization techniqgte the synthesis of the flexible Scholl
precursor3l, which is a hexa-substituted triphenylene, theossithetic study consists in
designing the structure and the synthesis of thpeabased compoundrifure 71). Being

inspired by the previous work of Guitian and covwesg® the structure of the aryne-

generatingortho-silylaryltriflate compound was obvious and its $yegis was logical from
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the corresponding phenol, following the usual seé steps (alpha-bromination, double
silylation, deprotection and triflation) describéa the literature. Concerning the phenol
compound, it should be obtained by usual Suzukssrooupling reactions between 3,4-

dibromoanisoletl and boronic aciéa, followed by a deprotection of the methoxy group.

Figure 71. Retrosynthetic study for the formation3dfby cyclotrimerization of arynes

3.4b First difficulties.

3,4-dibromoanisole41l was quantitatively prepared from commercially &kde 3,4-
dibromophenok2 by simple methylation with methyl iodide and,®0; as a baseFgure

72). Unfortunately, the next step was already probligersince we did not succeed in making
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a double Suzuki cross-couplig reaction on the 3Mednoanisolet1 with the boronic aciéa,
even after several days of reaction. We assumetdttigadouble coupling on two ortho
positions is again highly disfavored, even on g/ \&mple molecule.

HO Br MeO Br
T = O
Br

Figure 72. Failing reaction on 3,4-dibromoanisole.

(a) K.COs, Mel in Acetone, 58°C, 16h, 100%. (b),N&s, Pd(PPh)s in PhMe/HO/EtOH,
90°C, 48h.

3.4c Second method.

Facing this early difficulty, we decided to make@npromise and to follow a very similar
procedure on less hindered 2,4-dibromoanig@énstead of 3,4-dibromoanisofel, hoping

that such a change would not affect too much thklyf the trimerization step.

2,4-dibromoanisoled5 was also quantitatively prepared from commercialailable 3,4-
dibromophenol4 by simple methylation with methyl iodide and,@0O; as a baseFgure
73). Then it efficiently reacts with boronic ack#, in classical conditions for Suzuki cross-

coupling reactions with Pd(PBhas a catalyst, and gives the expected compdaii@80%).
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Figure 73. Synthesis abrtho-silylaryltriflate compoundbl.

(@) Ko.COs, Mel in Acetone, 58°C, 16h, 100%. (b).8&;, Pd(PPh), in PhMe/HO/EtOH,
90°C, 48h, 80%. (c) BBrin CH,Cl,, RT, 16h, 94%. (d) NBS, i-PrNH in CHCl,, RT, 1h,
84%. (e) BuLi, THF, -78°C, 15min, then TMSCI, 1QnRi again BuLi, -78°C, 15min, then
TMSCI, -78°C to room T, 3h, 80%. (f) 1(M) NaOH, TH¥T, 16h, 99%.(g) BuLi, THF, -
90°C, 15min, then 7®, -78°C to room T, 3h, 80%.
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Its methoxy group is then deprotected by actioBBfs, leading quantitatively to the phenolic
intermediate47. Selectiveortho-bromination was then achieved in very good yi&d%) by
reaction of48 with N-bromosuccinimide (NBS) in the presence of a catalgmount of
diisopropylamine. Sequential treatment of the t@sgbrominated compoundB with n-BulLli
and TMSCI (2 equivalents) in one pot afforded tbaldy silylated (one on the oxygen, the
other on the carbon) compoudd in good yield (80%). The trimethylsilyl ether @® was
then quantitatively and selectively deprotectedabtyon of a 1M NaOH solution to afford the
phenolic compoun&0, which then reacts with-BuLi and T{O to give the expecteartho-
silylaryltriflate compound1in 80% yield, and a very satisfying overall yiekD¢o) for this
7- step sequence.

In order to proceed to the final cyclotrimerizatiamd thus form the new Scholl precurs@r
ortho-silylaryltriflate compoundb1 hasbeen treated with CsF in the presence ofdti) as

a catalyst in a refluxing mixture of acetonitriledadichloromethane during four days. After
work-up and purification, one single product hasrbeolated with a good yield (65%) and
analyzed by*H-NMR, giving a clear spectrum, consistent with thevected compoun83.
Unfortunately, analysis by mass spectrometry rexkab us that instead of the expected
trimer, only a dimer was formedriure 748, which *H-NMR spectrum Figure 75) is
logically similar. This disappointing result hasebeconfirmed by*C-NMR, where we could
observe signals around 159 ppm, witnessing theepoesof a 4-membered ring containing
biphenylene unitKigure 75).
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Figure 74. Failed attempt of cyclotrimerization of compoutid

(9 CsF, Pd(dba) in MeCN/DCM, 40°C, 96h, 65%. (b) Reaction interratsel'E”
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This unexpected reactivity could be explained bwysitering the cyclic Pd complek
(Figure 74b). This highly hindered intermediate in the catalytycle of the trimerization
probably does not allow the third aryne to get €leaough to the catalytic center to react as
expected. Instead of this, the Pd complex certaintyergoes a reductive elimination to expel

the Pd and thus form a biphenylene compound, dénar instead of a trimer.
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Figure 75. Top *H NMR spectrum of compour®8 displaying the peaks of aliphatic(1.6 to
1.1 ppm) and aromatic (7.9 to 6.7 ppm) range. Beld@® NMR spectrum of compoursd
displaying the peaks in aromatic region (159.0 1& ppm).

Nevertheless, even if not expected, compda®das still an interesting flexible precursor for
Scholl reaction. It was therefore submitted to USehnoll reaction conditions, by dissolution
first in dry and degased dichloromethane and tHew sddition of a FeGl solution in

nitromethane, under strong bubbling of argon. Wmahe reaction was quenched with an

alcohol (methanol) and the crude product was aedly® TLC, unfortunately showing many
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very closely migrating spots. This made us conchindé biphenylene compounds may not be
stable under Scholl reaction conditions.

Figure 76. Failed Scholl reaction on biphenylene-based compd&an

We finally stopped our investigations on the sysibeof the HPTP at that point.
Nevertheless, one remaining strategy could stilrdesonable, even if representing a lot of
work. In fact, a stepwise synthesis could easilyirbagined for the formation of the first
targetedorthosilylaryltriflate compound (from 3,4dibromoanisofd), which is a lot less
hindering than its isomebl, and therefore would still have a chance to unaerg
cyclotrimerization to give the HPTP precur8dr

Before spending a lot of time and energy on thiglsynthesis, we first decided to investigate
better the Scholl reaction, on simpler precursarsheck if the formation of higher order than
[5]helicenes is possible by this technique.
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Chapter IV: Investigation of the Scholl reaction on Cs-symmetrical

precursors.

We attempted to synthesize multiple [7]helicenesSbioll reaction but faced big challenges
making the flexible precursor. We therefore triedntake some multiple [6]helicenes from

simpler molecular precursors.

4.1.General strategy for preparing common precursor.

A quick and simple synthetic strategy towards tighly distorted propeller-shaped heteat
butyl-hexabenzotriphenylenéB(-HBTP) 28, from the flexible precurso2?7 obtained by
trisubstitution of triboromobenzers (Figure 56) with three biphenylic blades-igure 77),
has already been described as proof of the effigief the Scholl reaction to form multiple

helicenic compounds

Figure 77. Formation of trisubstituted substrates for intrdewular Scholl reactions.

We have then developed a systematic and versatdeegy to synthesize a family of such
flexible C3-symmetrical substrates for subsequeoho® treatment. This new method
involves more steps than in the case28fbut gives access to several series of compounds
from a single common trifunctionalized precursat by only changing the nature of the

arylboronic acid added in the last step.
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Figure 78. Synthesis of common precurdsf. (a) Na&COs, Pd(PPh), in PhMe/HO/EtOH,
90°C, 48h, 95%. (b) BBrin CH,Cl,, RT, 16h, 99%. (c) T®, pyridine in CHCI,, RT, 16h,
96%.

The formation of the common precurser (Figure 78) relies on a trisubstitution afym
triboromobenzene26, by a very efficient (95% vyield) Suzuki cross-cbog reaction in
classical conditions. This tinf26 is not reacted with a complete blade (boronicresitg but
with the shorter methoxy substituted arylboroniid &%, which was synthesized in two steps
following existing procedurésThe three methoxy groups of the resulting compldgfare
then deprotected by action of BBteading quantitatively to the triphenolic interiege 56.
The phenol functions are then transformed intdatef groups in excellent yield to give the
common precursds?.

Due to the important steric hindrance of the re@csites on this substraf, optimized
catalytic conditions had to be established for ltet trisubstitution step by Suzuki cross-
coupling reaction. A very satisfying catalytic st developed by Buchwald’s groups

based on Pd(OAg) SPhos (2-Dicyclohexylphosphino-2',6'-dimethoxyiapyl) as ligand and
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K3PQ, as base in a mixture of THF and water. Commeycalhilable arylboronic acids were
then used to give trisubstituted flexible Scholbstmates in excellent yields (between 92% and
98%).

4.2.Phenanthrene based strategy.

The triple Suzuki reaction between 9-phenanthrdbengnic acid58 and tris-triflate 57
affords the flexible but sterically very congesteanpounds9 (Figure 79).

Figure 79. Synthesis and Scholl reaction of phenanthrenedasecursoiso.
(@) Pd(OAc), SPhos, KPO, in THF/H,O, 67°C, 48h, 95%. (b) Feg€in MeNQ/ CH.Cl,, RT,
1.5h, 73%.
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This molecule, if represented in 2D, shows sevevalrlaps of carbons and has two stable
conformers at room temperature, as indicated bgriaie temperaturtH NMR (Figure 80)

study with coalescence reached around 125°C in DMS$SO
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Figure 80.Temperature variantH NMR spectrum of compour® displaying the peaks in

top aliphatic (1.5 to 0.5 ppm) and aromatic (9.06t0 ppm) range.

The Scholl reaction on this substr&&was predicted to form 3 new C-C bonds, between the
central benzene ring and position 10 of each phtarname part, to give a symmetrical triple
[6]helicene. Nevertheless, we were surprised toodgcibly obtain, after purification, an
asymmetrical major produ@&0 (Figure 79) whose formula, (unambiguously confirmed by

mass spectrometry), indicates that 8 hydrogen at@addeen removed, implying the creation
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of four instead of three C-C bonds. Fortunately,wege able to crystallize this compound by
slow diffusion of diisopropyl ether in Cgland the analysis by X-ray diffraction on single

crystals revealed the unexpected structure of afigee60 (Figure 81).

Figure 81. (a) Two different views of the crystal structufele strongly distorted
[5]helicene- and hexa[7]circulene-based compo@dd(b) ORTEP-type view 6D at 120 K
with thermal ellipsoids at 50 % probability levelydrogen atoms and iRD solvent

molecules are omitted for clarity, only one of thwe positions of the disordered t-butyl

groups is represented.
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The latter is highly distorted due to two differesttuctural ingredients: a) one [5]helicene,
whereas [6]helicenes where expected; and b) oneeribrared ring that is part of a
hexa[7]circulene fragment. This final structure che explained by two successive
rearrangements during the Scholl process. One Ifkdde onFigure 79) cyclizes as expected
on the central benzene ring, with the second blgdeen onFigure 79 migrating to an
adjacent yet hindered carbon and also cyclizingtlen central benzene ring to form a
[5]helicene. The phenanthrene part of the thirdibléed onFigure 79) then migrates to an
adjacent carbon on the benzene part of the blad#aw its previous position to cyclize onto
another phenanthrene (blue) to form the 7-membwngd Finally a fourth cyclization occurs
between two phenanthrene parts (red and blue). fHpsoducible and very efficient, yet
absolutely unpredicted, outcome tells us that allaigvisted [5]helicenic fragment (between
blue and green blades) bearinge®-butyl groups on hindered positions, is apparendyy
favored by the Scholl reaction. This is becaudgeitefits from regioselectivity (Chapter-Ii,
Figure 46) but even rearrangements might have occurred @gept its formation. The 7-
membered ring formation by Scholl reaction is atsdeworthy since known examples of
such heptagonal structures are exceedingly ratteereivith only sp-hybridized carborfsor

even including one tetrahedral apex

4.3 Naphthalene based strategy.

When 2-naphthylboronic acifll is used to form another flexible substré&t (Figure 82),

two adjacent carbons are free on the 2-naphthylmgréherefore each blade can theoretically
cyclize on the central benzene ring in two difféneays. Nevertheless a unique compo68d

is isolated (90% vyield) after Scholl treatment. sTproduct has the same greenish color as
compound60, a very similar'H NMR spectrum with several identical peaks, are rimss
spectrum also indicates that 4 C-C bonds where ddrnror these reasons we hypothesize
that the structure o83 is comparable to the one 60. Unfortunately, we are not able to

crystallize63 and thus cannot give any clear evidence of itesire.
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63

unidentified structure but:
same colour
similar *H NMR spectrum
4 C-C bonds are also formed

Figure 82. Synthesis and Scholl reaction of 2-naphthalersetarecursob2.
(@) Pd(OACc), SPhos, KPO, in THF/HO, 67°C, 48h, 92%. (b) Fe€in MeNQ/ CH.Cl,, RT,
1.5h, 90%.

By storing crystallization tubes @3 for three months in a mixture of DCM and methanol,
without protecting it from light, we finally obtaiorystals of a surprising rearranged, spiro,
methoxy and halogenated compou®8a (Figure 83). Nevertheless, we are not able to
pretend that this molecule is a degradation prodfi68, it could as well be an impurity of the

Scholl reaction on precurs6g.
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Figure 83. Structure and crystal structure of the stronglgtdited63a.

The 1-naphthylboronic acié4 has also been used to form another flexible sates@5
(Figure 84). Here only one adjacent carbon is free on thagdhthyl group for cyclizations,
but complete cyclizations, leading to a non-helicéAH are possible.

Figure 84. Synthesis 085, Pd(OAc), SPhos, KPO, in THF/H,O, 67°C, 48h, 90%.
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Compound65 still has two stable conformers at room tempeeatis indicated by a variable

temperaturéH NMR (Figure 85) study with coalescence reached around 125°C irSDM
ds.

100°C

75°C

8.0 7.5 7.0 6.5 6.0 1.5 1.0

Figure 85. Variable temperature'H NMR spectrum of compouisd displaying the peaks in
top aliphatic (1.5 to 1.0 ppm) and aromatic (8.06t0 ppm) range.

The Scholl reaction of compour@b was predicted to form 3 to 6 new C-C bonBgy(re
86), first between the central benzene ring and osR of each naphthalene part, and maybe
then between the position 3 of each naphthalenetlagbhenyl ring of its adjacent blade.

Unfortunately after several Scholl reactions inalstonditions but varying the reaction time,
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very complex mixtures were obtained and not anyomayoduct was clearly identified,

making us think that some rearrangements occugatha

Figure 86. Scholl reaction of compoursb. FeCk in MeNQ/ CH,Cl,, RT, 1.5h (Complex

mixture).

Intramolecular rearrangements when trying to fofh¢licenes by Scholl reaction have
already been report®énd our results unfortunately confirm that thiaatéon may not be

suitable to make helicenes with more than five baezings in the helix.

4.4 Scholl reaction on TMS bearing precursors.

Given the surprising rearrangements observed dtni@gcholl reaction of precursd@9 and
probably compound§2 and 65, we were intrigued to find out whether such reawi also
occurred, but with no visible consequences, wheatizigg the fully symmetrical propeller-
shaped-Bus-HBTP 28. In order to dissymmetrize its flexible precur@drwithout changing
the global shape of the molecule, we coupled #afthylsilyl)phenylboronic acié6 on tris-
triflate compoundb7 to obtain the flexible substraéy. Substraté7 differs from27 only by
the replacement of three carbons by three silidoma. The Scholl reaction of this TMS-
substituted compoun@l7 leads as expected (with a comparable yield) tahemagoropeller-
shaped HBTRS, still bearing six tetrahedral substituerfEg(re 87).
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B(OH),

TMS

66

Figure 87. Synthesis and Scholl reaction of TMS-substitypetursor 67. (a) Pd(OACQ),
SPhos, KPO, in THF/H,O, 67°C, 48h, 96%. (b) Fe€in MeNQ/ CH,Cl,, RT, 1.5h, 65%.

This new oligoaren®8 has been crystallized as a racemic mixture, amdyaed by single
crystal X-ray diffraction. The propeller shape&d has thus been confirmeBigure 88) but
the TMS and-Bu groups are indistinguishable in the crystal&trie because of orientational
disorder of the molecules in the unit cell (quadeynC fromt-Bu and quaternary Si from
TMS show 50/50 occupancy). Nevertheless, the extrsimplicity of the'H NMR spectrum

of 68 (only 6 aromatic and 2 aliphatic signals) can dmyassigned to a highly symmetrical
molecule, i. e. a C3 symmetrical product, showimgt ho rearrangement occurred during the

Scholl reaction.
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Figure 88. (a) Two different views of the crystal structufergply helicenic TMS-bearing
hexabenzotriphenylerg8. (b) ORTEP-type view @8 at 120 K with thermal ellipsoids at 50
% probability level. Only one of two molecules prgsin the asymmetric unit shown.

Hydrogen atoms and GBI, solvent molecules are omitted for clarity.

The compatibility with TMS groups of this Schollaetion is also noteworthy as no other

examples are known within the literature.

To investigate this compatibility more and to ch&ckMS-substituted substrates obey to the
same reactivity rules as theert-butylated counterparts, we synthesized pentapbanyl3

(Figure 89) following a similar strategy used for tri-subgtéd substratesy.
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Figure 89. Synthesis and reactivity in Scholl conditions iSFbearing pentaphenyle@8.
(@) NaCO;s, Pd(PPh)4 in PhMe/HO/EtOH, 90°C, 48h, 90%. (b) BBm CH.Cl,, RT, 16h,
99%. (c) T4O, pyridine in CHCI,, RT, 16h, 95%. (d) Pd(OA¢)SPhos, KPO, in THF/HO,
67°C, 48h, 90%. (e) Fe€in MeNQ/ CH,Cl,, RT, 1.5h, 91%.
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Figure 90. Crystal structure of flat oligoarenss.

Contrary to pentaphenylents which mainly leads to [5]heliceng8 by Scholl reaction
(Figure 46), the silylated versio73, under the same conditions, very quickly losesvits
TMS groups and fully cyclizes to give the flat @agener4 (Figure 89), whose structure was
perfectly determined by NMR, mass spectrometry awkn single crystal X-ray
crystallography Figure 90). The compatibility of TMS groups with the Scha#action
cannot be generalized since they may also be exprlifavor of certain bond formations.

4.5 Synthesis of a soluble hexabenzocoronene.

Scholl cyclizations of 1,3,5-tris(2-biphenyl)ylbeame species have already been studied by
Miillen’s groug but were only successful in the case of unsuliedttiexible precursors, or
with iodides on non-hindering positions. When thesactivating iodides are located on
hindering positions, the reaction remains incongplet

The triple Suzuki cross-coupling reaction of triflate 57 with simple phenylboronic acids
gives the flexible precursof6, with only threetert-butyl substituents located on hindered
positions. Submitted to Scholl reaction conditiathss molecule fully cyclizes by forming six
C-C bonds, in a good vyield (72%) to give 1,7,134ri-butylhexabenzocoronern® (Figure

91). This hexabenzocoronene, triply substituted by Weilky groups in bay regions has been
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unambiguously characterized by mass spectrométtyand **C-NMR. Unfortunately we
were not able to grow crystals suitable for X-rayalgsis to determine the solid state
structure. In fact, this undoubtedly distorted oligene shows unusually high solubilities in

many organic solvents compared to other flat hexaf&oronenes.

B(OH),

75

Figure 91. Synthesis and Scholl reaction of TMS-substitptedursor76.
(@) Pd(OAc), SPhos, KPO, in THF/H,O, 67°C, 48h, 98%. (b) Fe€in MeNQ/ CH,Cl,, RT,
1.5h, 72%.

123



When attempting to crystallize hexabenzocoronéneve could obtain a few single crystals
from a crystallization tube containing an impuracfion of 78 (about 10% impurities).
Disappointingly, X-ray analysis revealed that thesgstals were only composed of
unexpected rearranged produ@® and 80 (Figure 93), co-crystallizing together (in a 3:2
ratio). In this case, again, one blade migrates antadjacent carbon of the central benzene
ring to form the usual [5]helicene. In addition tHBu group on the fully cyclized third blade
is removed and replaced by a chloriBé)(or two opposite hydroxyl groupg9) (Figure 92).
Such a loss of &Bu group on the symmetrical main prod@d8tand the presence @9 and80

has also been observed by mass spectrometry.

Figure 92. Scholl reaction o076 also gives traces of rearranged compouiadsr9, 80.
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Figure 93. ORTEP-type view of9 (left) and 80 (right) as found in79-80 at 120 K with
thermal ellipsoids at 50 % probability level. Carochlorine and oxygen atoms are
represented in grey, green and red. Note that th@sanolecules occupy the same position in
the crystal structure with relative occupancie€d/0.4. Only one of the two positions of the
disordered t-butyl groups is represented. Hydroggmms are omitted for clarity.

We developed a versatile synthetic technique ferfirmation of a family of flexible yet
strongly crowded gsymmetrical poly-aromatic chains as substratesgfaphitization by
intramolecular Scholl reaction. We found that tbenfation of [6]helicenes appears precluded
with this approach because of surprising rearramgesnieading to hexa[7]circulene species.
Nevertheless, under the same conditions, strorghgested [5]helicenes with bulky groups
on hindered positions seem to be highly favorechevieen a labile TMS group replaces one
of the two t-Bu substituents. Finally, a distorted and solublay-bubstituted
hexabenzocoronene can efficiently be synthesized ®gholl reaction on a
tris(biphenyl)ylbenzene precursor bearing threeivatihg t-Bu groups on congesting

positions.
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Chapter V: Twisted Carbon Nanoribbons.

The initial project of my PhD thesis was the orgasynthesis of soluble GNREigure 44).

For that purpose we did several test reactidgiigufes 46 and 94 but we surprisingly
observed some unexpected regioselectivity of tHelBceaction. We then planned to take
advantage of this unusual reactivity and to expthie new path of access to highly distorted
polycyclic aromatic cores. We have turned our aitb@nto molecules incorporating several
helicene parts and successfully prepared hexabgrtzenylene (HBTP)28, which is the
smallest aromatic core that includes three [5]leekc units. After that we tried to use this
regioselectivity to synthesize higher ordered lesles but instead we observed some
rearrangementsk{gure 79), making us think that higher order helicene fdiores seem

impossible with this strategy.

Nevertheless, we did not give up our initial goadawve then planned to focus on the

synthesis of helicene-incorporting carbon nanonishdhat is to say twisted GNRs.

Figure 94. Unexpected regioselectivity of the Scholl reactleading to distorted arenes.

5.1. Design of the twisted carbon nanoribbons.

The simplest [5]helicene motif accessible by su@®choll reaction is the dibenzo-piceb@

(Figure 95). On this compound, some additional functionai@atan be imagined on the two
lateral biphenyl fragments. In fact, by a mind vjaivseverall8 units are fused together,
having in common one biphenyl part with each adjacait, this would lead to a linear chain

of fully conjugated upside down [5]heliceneBigure 95).
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Two lateral positions for additional functionalizans:

Figure 95. Design of twisted carbon nanoribbons with compoi®ds a repeat unit.

The first part of the retrosynthetic study is tdedlmine which C-C bonds should be formed

by Scholl reaction during the last step. In thise;aby considering the previous results on
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dibenzopicend, it is obvious that on each helicene unit of doib the same central bonds
should be formedHigure 96). It is now interesting to consider the correspogdiexible
precursors and realize that they are in fact olig@nwith a linear di-tert-butyl-triphenyl unit
as a monomer (in blue drigure 96).

Figure 96. Twisted carbon nanoribbons.

We could observe during the Scholl reaction of peata-phenylene compourid that the
transoid double cyclization, giving the flat tetemzanthracen#?, is still possible with a low
yield of 8% EFigure 94). Nevertheless, this transoid reaction will becomach more
problematic on the flexible oligomers to make hoergpus twisted carbon nanoribbons. For
this reason, we decided to change the structutheoimonomer and to replace the central
para-phenylene fragment by a 1,4-naphthylene, whexe adjacent positions are now

protected, leaving only one possibility for the dieucyclization reactionHigure 97).
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Figure 97. New design of the twisted GNRs, with protectedizatabn positions (one

monomer is drawn in blue).

5.2. Test reaction on the monomer, synthesis @&u,-tribenzopicene.

In order to be sure that the naphthalene does matge the reactivity, compared to the
benzene fragment, during the Scholl reaction, is wacessary to do a test reaction on the
precursor 82) of the “shortest twisted carbon nanoribbon”, tieato say a flexible chain
composed of one monomer functionalized with twoagart-butylphenyl groups as ending
fragments.

The Suzuki coupling of commercially available 1j8xdmo-naphthalen81 with previously
synthesized boronic est&b under classical conditions with Pd(BRhas a catalyst gave
compound82 after 2 days in 90% vyield={gure 98). Interestingly, after only 16 hours with
these classical Suzuki conditions, the reactioy pnbduces the asymmetrical mono reacted

compound4 (Figure 105.
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Figure 98. Synthesis of flexible precurs82: Pd(PPhy)4, N&CQO; in Tolune/EtOH/HO,
90°C, 48h, 90%.

The purification of compound2 by column chromatography was nevertheless a little
confusing because two distinct luminescent spattdccearly be seen on TLC but they were
impossible to separate by this technique. In aotditihe’H-NMR spectrum of the mixture of
these two products looks like the spectrum of @amer mixture since several peaks seem
doubled Figure 99), but an isomerization reaction is hardly imagieain such conditions.
The only explanation is that compou®@ has two different stable conformers at room
temperature and on NMR timescale, that can exchasitjeeach other on a chromatography
timescale, which would justify that they are nofpa®ble. This hypothesis has been

confirmed by a square TLC analysis.

S _

T T T T T T T
75 74 7.3 72 71 70 6.9 T4 13 1z 11

Figure 99. *H NMR spectrum of compour@? displaying the peaks in aliphatic (1.4 to 1.1
ppm) and aromatic (7.6 to 6.8 ppm) range.
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Explanation of the square TLC technique:

The sample is spotted at one corner of a square glate which is first developed in one
direction, air-dried, then rotated by 90° and edute second timeF{gure 100. It is also
possible to gently heat the plate after the filgtien to accelerate the possible reactions and
exchanges happening on silica. Usually, three tsitusare then possible:

- If there are only spots on the diagonal then thiaal is reproducible and no reaction
or exchange occurred on silica.

- If there is a spot on one side of the diagonaltesmonding to a spot giving the other
one before the™ elution, then this first product is probably utééeon silica and the
second one is the degradation product.

- If there are spots on both sides of the diagonadl # the plate is symmetrical
according to this diagonal then both compounds exehanging with each other
between the two elutions. This is the usually thesec of isomerizations or

conformational exchanges.

No degradation,

° no exchange
on silica
[ )
2" glution
—_— &
[ ) [ ]
c
o Degradation
: ° : ° ° e
3 on silica
Q
®
- ] ° )
[ ] [ ]
s e Exchange
on silica

Figure 100. Schematic presentation of the principle of a sqUELE.
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In the present case, the third situation, corredpanto chemical exchanges on silica, has
very clearly been observe#igure 101, confirming that compoun@2 presents two stable
conformers.

2 elution ——————— =

15" elution

Figure 101.Chemical exchange between two conformers of cong®fian silica.

Intramolecular Scholl reaction of flexible precursg? with FeCk at 0 'C (15 minutes)
provided very efficiently (95% vyield) the single]ifielicene 83, which can be seen as a
monomer of the targeted graphene nanoribb@figure 102. This compound has been fully

characterized by NMR and mass spectrometry.

Figure 102. Synthesis of [5]heliceré8: FeCk, MeNQ + CH.Cl,, Ar bubbling, RT, 15
minutes, EtOH, 95%.

Compound83 is well soluble in common organic solvents, such T&F, toluene and
dichloromethane. The good solubility can be atteduto the introduction of t-butyl groups
on the aromatic periphery and to the non planamgy that avoids-stacking and reduces

aggregation in solution.
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In spite of its very good solubility in many solisnmonocrystals d3 could be obtained as
large yellow needles by slow diffusion of methamol cyclohexane. Analysis by X-ray
diffraction of these crystals has been possibleemdenced the distortion of the molecules of
83 in the solid state. Suprisingly, these molecules rast at all symmetrical in this crystal
phase. In fact, a biphenyl unit on one side isngityp bent whereas the one on the other side
stays straight. This allows the naphthalene pabteted, not to twist, with the two bulky tert-
butyl groups on the same sidadure 103.

Figure 103. Crystal structure of compour@8 : two different views of a single molecule.

5.3. Synthesis of the dimer.

The first test reaction being a success, a secoadvas necessary in our opinion to prove that
a doubly substituted di-tert-butyl-biphenyl unibtegs correctly —without rearrangements— in
Scholl conditions. For this reason, we also deciadesynthesize a dimeBY) of the twisted
nanoribbons, from its flexible precurs8® incorporating two naphthalene-based monomers
and two ending tert-butylphenyl groups.

Two retro-synthetic ways are possible for the sgsith of the flexible precurs80. The faster
one would rely on a central bifunctional di-tertyjgbiphenyl but we preferred the second
strategy, when the central bond is cut and thd Btep is a true dimerization, because this
approach is closer to what would be done for tmgh®sis of oligomersigure 104).
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Figure 104. Retro-synthetic strategies for compog®d

The formation of the brominated compoudirelies on a Suzuki coupling mono-reaction of
commercially available 1,4-dibromo-naphthaléie As discussed before, the reactivities of
the two bromines are not equivalent and this maras#tution can be done efficiently (75%
yield) in classical conditions with the boronicexshb, which was synthesized similarly in
two steps following existing procedures (see ChafiteFigure 39). Then another Suzuki
coupling of compoun@4 with 5-tert-butyl-2-methoxyphenylboronic ac8 under classical
conditions with Pd(PRJy as a catalyst gave the methoxy substituted contgp8arin 95%
yield. The methoxy group is then deprotected bjoaadf BBr3, leading quantitatively to the
phenolic intermediat&6, whose phenol function is then transformed intofiate group by
action of triflic ahydride in usual conditions tovg the precurso87 in excellent yield (92%).
The conversion of the aryl triflat®7 to the boronic esteB8 was carried out by Miyaura
coupling reaction of the triflate with bis(pinacmgiboron using Pd@dppf) as a catalyst
with KOAc as a basd~gure 105).
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Figure 105. Syntheses of hindered triflate and bononic estermound®87 and88.

(@) NaCQGs;, Pd(PPh), in PhMe/HO/EtOH, 90°C, 24h, 75%. (b) MNaOs;, Pd(PPh), in
PhMe/HO/EtOH, 90°C, 24h, 95%. (c) BBm CHCl,, RT, 16h, 90%. (d) T®, pyridine in
CH.CI,, RT, 16h, 92%. (e) Pd(dppf)cCldppf, Bis(pinacolato)diboron, KOAc in THFAD,
67°C, 48h, 70%.

138



Finally, triflate compoun@®7 has to couple with boronic es&8 to form the expected dimeric
flexible precursoi89. We were aware of the disfavored conditions farhsa coupling with
two sterically hindered compounds, but this washewere difficult than what we expected.
Several reaction conditions were triebable 3) unsuccessfully because of the interfering
hydrogenation of both triflate and boronic acid ethiwas much faster than the coupling
reaction, leading to inert and useless compo@@ddFigure 106). After four attempts with
different catalytic systems, developed by Buchwalgtoup and known to react efficiently on
hindered positions, we finally found that Pd(OAa$ a palladium source, SPhos as a ligand,
KsPOy, as a base in a mixture of THF and water are exuetbaction conditions for this kind
of highly hindered coupling. In fact, the resultasen beyond our expectations since the
coupling of compound87 and88 in these conditions leads to the dimeric flexiptecursor
89 with a yield of 80%, and no traces of the diffitpilseparable hydrogenated compo@ad

S
=
S

Figure 106. Synthesis of flexible dimer precursgd: Pd(OAc), SPhos, KPO, in THF/H,O,
67°C, 96h, 80%.
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Table 3. Reaction conditions for the synthesis 098

Entry | Catalysts & Ligand Conditions % 90 | % 89
1 Pd(PPB)4 Na,CO;, PhMe/HO/EtOH, 90°C, 96hh  85% /
2 Pd(OAc), Cy-JohrPhos LiOH, THF/HO, 70°C, 96h 90% /
3 Pd(OAc), Cy-JohrPhos K3POy, THF/HO, 90°C, 96h 80% /
4 Pd(OAc) SPhos LiOH, THF/HO, 70°C, 96h 89% /
5 Pd(OAc) SPhos KPQ4, THF/H20, 90°C, 96h / 809

‘ PCy, E PCy,
MeO l OMe O

SPhos Cy-JohnPhos

The conclusion of this is that every detail canchgcial for such difficult reactions. In fact,

changing the base or few substituents on the liganchave drastic effects on the reactivity.

The difficulty when synthesizing the dimer precur&®® was not only to find the right
reaction conditions. In fact, similarly to what wabserved on the NMR spectrum of the
shortest compoun82, the very flexible compoun89 presents many stable conformations at
room temperature and on the NMR timescale. Theltrésuthat 89s NMR spectra are
absolutely impossible to interpret, except by theasure of the ratio of aromatic versus
aliphatic protons. It has been very hard to corminarselves that thtH-NMR spectrum
shown on figure 107 was the one of pure comp@thgs shown on TLC). In addition, usual
mass spectrometry techniques (ES, El, Maldi) a@blento ionize and therefore to analyze
cleanly these big and apolar hydrocarbons. Forélyathe technicians of the analytical
platform we are working with (CESAMO, Univ. Bordeal) solved this problem by using an
old but very efficient technique of field desorptiFD-MS). With the flexible precurs@o,

only the good signal appeared on its FD-MS spectrum
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Figure 107. *H NMR spectrum of compour&9; right: aliphatic (0.8 to 1.6 ppm), left:
aromatic (6.0 to 8.0 ppm) range.

The flexible precurso89 was finally submitted to Scholl reaction conditipmgth FeC} in
dichloromethane and nitromethane at 0°C with argobbling for 1 hour. After quenching
with methanol, the resulting cyclized products, deners of twisted carbon nanoribbd®k
(Figure 108, have been obtained in good yield (65%). Theffation was done by column

chromatography to remove the main impurities whigte incompletely reacted compounds,
with two missing C-C bonds as shown by mass speetiy.

Figure 108. Synthesis of the dimé&l of twisted GNRs FeCk, MeNQ + CH.Cl,, Ar
bubbling, RT, 1h, EtOH, 65%.

Contrary to its flexible precurs@®9, the’H-NMR spectrum of the rigidified compourtd. is

very simple and can easily be interpretéjgre 109. This is even surprising if we consider-
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that compoun®1 incorporates two helicenic parts and thereforetheese diastereoisomers:
the (+ +) and (- -) double helicenes are enantismérereas (+ -) and (- +) are the same meso
achiral isomerFKigure 110 that should have a similar but different NMR dpam. Yet, the
'H-NMR spectrum of compoun@l is simple enough to allow us to conclude thatSkholl
reaction, in these conditions, has selectively &mtneither the achiral meso (+ -) compound,

or both chiral (+ +) and (- -) enantiomers, but albbf these three stereoisomers.

Diastereoisomers Diastereoisomers

91(+ +)

Figure 110. The three different stereoisomers of compdhd
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Figure 111. Crystal structure 091 : two different views of a single molecule.

Even if compoun®L1 is highly soluble in many organic solvents, monpstals of it were
obtained as yellow needles by slow diffusion of ma@bl in DCM. Analysis by X-ray
diffraction of these crystals has been possible atldwed the determination of the
stereochemistry of compour®d, which appeared to be a racemic mixture of enargrs (+
+) and (- -) Figure 111).

It is interesting to note that similarly to the noomer’s structure, here both naphthalene parts
are bent, not twisted, so that for each of themtwweclose tert-butyl groups are on the same
side. In such a configuration, the three biphemytsuhave different geometries: The two on
the extremities are straight whereas the centralisstrongly bent. It is noteworthy that this
bending is comparable to the curvature of the phengs in a [8]cyclopara-phenylene
(CPP) macrocycleHigure 112).

Apparently, one parameter is important to lower thstortion of the twisted carbon
nanoribbons, which may thus influence the naturgéhefr most stable configuration. The
naphthalene parts seem to prefer to bend, notiss, twhich forces the two close tert-butyl
groups to be on the same side of the naphthaleaxsh Baphthalene facing a helicene part,
with two opposite tert-butyl groups, this will aatatically force the two biphenyl parts of this

helicene to adopt different geometries:
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Figure 112. Similar curvatures in compourid and [8]CPP.

One straight and one strongly bent. Since inteoiatienyl units are shared by two helicenes
in twisted carbon nanoribbons, having bent insfavisted naphthalene parts has therefore
an important consequence on their global structlitee di-tert-butylbiphenyl units are
alternatively straight and strongly bent along tidon. We can assume that the more stable
configuration of the molecule is certainly the amih the lowest distortion, so the highest
number of straight biphenyl units. In the casehuarstwisted ribbons with an even number of
helicenes, there is an odd number of biphenyl paltsrnatively straight and bent. Therefore,
the most stable configuration should be the onhb stitaight biphenyl parts on the extremities.

This hypothesis concerning the bending of the rfegdahe parts, that we cannot completely
prove yet, applied to the case of the dirBé&y brings us to the experimentally confirmed
conclusion that the meso (+ -) configuration is endistorted and, as a consequence, less

favored than the chiral (+ +) and (- -) molecules.
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5.4. Synthesis of the trimer.

In order to prepare a more systematic synthetiategdly for longer flexible precursors of
twisted carbon nanoribbons, it was useful to testreactivity of bifunctional monomers, such
as bis-triflate compoun®4 or bis-boronic esteB5 (Figure 114). For that purpose, we
decided to synthesize the trim&dl of the twisted carbon nanoribbons, given that a
symmetrical strategy for the synthesis of its fid&iprecursod10 would imply the use of a
bifunctional central monomeFigure 113).

=
S
<

94: X = OTf 88: Y = boronic ester
95: X = boronic ester 87:Y = OTf

Figure 113. Retro-synthesis of the trimer’s flexible precur$t®.

Similarly to what has been done before, commescehailable 1,4-dibromo-naphthaleBé
reacts twice with the 5-tert-butyl-2-methoxyphemyltnic acid34 in usual conditions for
Suzuki cross-coupling reactions, with Pd(PRlas a catalyst, which leads efficiently (90%
yield) to the dimethoxylated monom®&@. Both methoxy groups are then deprotected by
action of BBg, quantitatively giving the phenolic intermedi®& These phenol functions are

then transformed, by action of triflic anhydridata triflate groups and the first bifunctional
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monomer94 is obtained in excellent yield (89%). Finally, tdeuble conversion of both
triflates functions to boronic ester groups is iegrout by Miyaura coupling 094 with
bis(pinacolato)diboron, using PdQlppf) as catalyst and KOAc as a base, which leads
efficiently (80% yield) to the second interestinfuhctional monome®5, substituted by two

boronic estersKigure 114).

Figure 114. Synthesis of bifunctional monome®4 and 95. (a) NaCOs;, Pd(PPh), in
PhMe/HO/EtOH, 90°C, 24h, 90%. (b) BBm CH,Cl,, RT, 16h, 99%. (c) T®, pyridine in
CH.Cl,, RT, 16h, 89%. (d) Pd(dppf)Cldppf, Bis(pinacolatgdiboron, KOAc in THF/HO,
67°C, 48h, 80%.
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The first attempt for the synthesis of the flexileecursor110 of the trimer twisted
nanoribbon implied a double Suzuki cross-coupliegction between one central bis-triflate
monomerd4 and two identical monome8s functionalized by one boronic est&igure 115
and one tert-butylphenyl ending group. The reachiaa been carried on using the efficient
“Buchwald conditions”, specifically for hindered sirates, with Pd(OAg)as a palladium
source, SPhos as a ligandPK, as a base in a mixture of THF and water, at reflusing
several days. Unfortunately, the first couplingcteem seems to work well since the mono-
reacted produc96 can be observed, but the second one, leading thethe desired
compound, seems to be a lot more difficult. In fagdrogenated compour@d and97 could

be isolated in large quantities, showing that theseditions are not adapted to this double

reaction.

Figure 115. First attempt of synthesis of the trimer precur$d0: Pd(OAc), SPhos, KPO,
in THF/H,O, 67°C, 6 days.
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The next attempt for the synthesis of the flexiplecursor110 of the trimer twisted
nanoribbon implied the opposite double Suzuki caaggpling reaction between one central
bis-boronic ester monom@&5s and two identical monomeg& functionalized by one triflate
and one tert-butylphenyl ending group. The reactias been carried on using the same
“Buchwald conditions” (Pd(OAg)/ SPhos / KPO, /| THF + HO) during several days.
Unfortunately again, the same observations candbe dince only hydrogenated compound
90 and97 were isolatedRigure 116).

W\

Figure 116. Second attempt of synthesis of the trimer prec@i®: Pd(OAc}, SPhos, KPO,
in THF/H,O, 67°C, 6 days.

Thinking that these interfering hydrogenation reats are due to the presence of water in the
reaction mixture, we decided to find new reacti@mditions involving only dry organic
solvents. Nevertheless, boronic esters need toydeolyzed before reacting with Suzuki
coupling catalysts and therefore need the presehe&ter, which is not the case of boronic
acids. For this reason, we then tried to hydrolygfrehand the two boronic est@&and95

to form boronic acids Higure 117). Unfortunately, several unsuccessful attemptsewer
performed, using oxidative, acidic or basic comais, but the starting compounds were
always fully recovered.
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B~OH HO-B
B~o _ O-B HO OH
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OKTXﬁO
95 95a

a) NalO4, NH,OAc, (Acetone + Water), RT
b) Conc HCI, (Acetone + Water), RT
c) 10(M) NaOH, (Acetone + Water), RT

Figure 117. Attempts of hydrolysis of boronic est8B8and 95.

At that point, we decided to change our synthetiatsgy in order to reduce the global steric
hindrance of the coupling precursors. For that psep we developed the synthesis of
monomer compounds substituted by a methoxy grouprenside and an active function,
either triflate (01) or boronic esterl02), on the other sidd={gure 118. In addition to being
less hindering than tert-butylphenyl groups, theéhmey substituents have other advantages.
They induce some polarity in the molecules, whichll we very helpful during the
purifications by column chromatographies, and they versatile substituents that can easily

be deprotected into phenols, which can then begdthimto triflates and even boronic esters.
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Figure 118. Synthesis of methoxy-substituted monor@tsand102: (a) Na,COs;, Pd(PPh),
in PhMe/HO/EtOH, 90°C, 24h, 80%. (b) BBrin CH,Cl,, RT, 16h, 99%.(c) N&O;,
Pd(PPh), in PhMe/HO/EtOH, 90°C, 24h, 94%. (d) O, pyridine in CHCI,, RT, 16h,
91%. (e) Pd(dppf)G) dppf,Bis(pinacolato)diboron, KOAc in THFA®, 67°C, 48h, 71%.

These new key intermediat&é®1 and 102 were respectively prepared in four and five steps
(Figure 118. Similarly to the syntheses of compour@¥sand88, we first take advantage of
the different reactivities of the two bromides oonunercially available 1,4-dibromo-
naphthalendl, and perform on it a Suzuki cross-coupling morecten. Compoun®8 is
efficiently (80% vyield) formed by such a reaction ithw the 5-tert-butyl-2-
methoxyphenylboronic aci@4, in classical conditions. Then follows a demettigla by
action of BBg in usual conditions, which quantitatively afforttte corresponding phen®9.

It then undergoes a second Suzuki cross-couplingction with 5-tert-butyl-2-
methoxyphenylboronic aci®4, in the same conditions, which yields the desinedno-
protected bis-phenolic compourd®0 in 94% vyield. The unprotected phenol is transfame
into a triflate function, under standard conditiarsng triflic anhydride, to give the desired
productl01in 91% yield. The conversion of the aryl trifls&k81 to the boronic estel02 was
finally carried out by Miyaura coupling reaction thi bis(pinacolato)diboron using
PdCh(dppf) as a catalyst with KOAc as a base. The divgiald over 5 steps for the

formation of the key-compouritD2is excellent: 48%.
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The first approach for the synthesis of the flexiblimer precursof10, involving the bis-
triflate monomer94, has been reproduced but this time with the I¢sscally hindering
boronic estefl02 (Figure 119. In fact, by using the very efficient catalytigssem developed
by Buchwald and coworkers (Pd(OA¢)SPhos / KPO, / THF + HO) the double Suzuki
cross-coupling reaction worked well and the dimeyhitexible trimer 103 was formed and
easily isolated with a very good yield (70%) givéime previous attempts. Double
demethylation with BBy afforded then quantitatively the correspondingghenol product

104, which was then changed into bis-triflate compo@@8 under standard conditions using
triflic anhydride, with a good yield (80%).

Figure 119. Synthesis of bis-triflate flexible trim&@5.

(a) Pd(OAc), SPhos, KPO, in THF/H,O, 67°C, 48h, 70%. (b) BBiin CHCl,, RT, 16h,
99%. (d) T4O, pyridine in CHCI,, RT, 16h, 91%. a) Pd(OA¢)SPhos, KPO, in THF/HO,
67°C, 48h, 80%.
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The final step towards the flexible trimer precurddO is another double Suzuki cross-
coupling reaction implying the bis-triflate trimet05 and two equivalents of 4-tert-
butylphenylboronic aci®. Unfortunately, even with the very efficient Buchidl's catalytic
system (Pd(OAg)y SPhos / KPQ, / THF + HO), the same problem than before occurred, the
first coupling reaction working well but the secobhding much slower, letting the second
triflate function being hydrogenated to give aneparable mixture of the partially reacted
triflate productl06 and the hydrogenated incomplete flexible trih@¥ (Figure 120).

Figure 120. Third attempt of synthesis of the trimer precursos.

Pd(OAc), SPhos, KPO, in THF/H,O, 67°C, 48h(complex mixture).

Single Suzuki cross coupling reactions on highlydiered substrates having already work
well (compound9, Figure 106), we decided to modify again the glalyathetic strategy for
the formation of the flexible trimer precursbtO by only performing single, therefore faster
than double, coupling reactions. Nevertheless, sustlepwise strategy has a major drawback:
the step sequence is logically much longer thanrbefince the length of the oligomer has to

be incremented one monomer by one monomer.
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Figure 121. Synthesis of the mono-triflate flexible din®ér (a) Pd(OAc), SPhos, KPO, in
THF/H,O, 67°C, 48h, 75%. (b) BBin CH.Cl,, RT, 16h, 95%. (c) 7®, pyridine in CHCl,,
RT, 16h, 96%.

Starting the chain formation from an end, the fi&tzuki coupling reaction implies the
monofunctional monomeB8 as a boronic ester and the methoxy-triflate-momoaL
Because of the steric hindrance of the reactirg @it substrat&8, the optimized catalytic
conditions (Pd(OAg)/ SPhos / KPO, / THF + HO) are used and the methoxy-substituted
flexible dimer108is obtained with a very good yield (75%). Thenpasal, demethylation is
performed with BBg to give the corresponding phenolic prodtit® (95% yield), which is
then changed into the mono-triflate flexible din®&runder standard conditions using triflic
anhydride, with an excellent yield (96%)jigure 121).
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Figure 122. Succesful fourth attempt of synthesis of flexitaeer precursorl10: Pd(OAc),
SPhos, KPO, in THF/H0, 67°C, 96h, 74%.

For the final critical step, the same boronic &%8ds used again but this time with the mono-
triflate flexible dimer96, in the same optimized catalytic conditions. Foately, the expected
product, the flexible trimer precurs@dg, is finally formed with an excellent yield (74%)
(Figure 122.

It is important to point out that, again, all flele compounds constituted of at least two
monomer units were impossible to fully charactetize'H-NMR because of all the stable

conformers. In fact, only mass spectrometry (FD-Mfs satisfying for a reasonnable
identification of these compoundSF-NMR was also used as a fluoride sensor in oroer t
check the appearance or the disappearance ottdrdlabstituents. In the case of flexible
hydrocarbons with at least four degrees of libédigubstituted ortho-phenylene fragments)
such as the flexible dimer or trimer, NMR was ewadsolutely useless and field desorption

mass spectrometry was the only reliable analysis.
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Figure 123. Formation of the trimer twisted carbon nanoribbathl: FeClk, MeNQ +
CH.ClI,, Ar bubbling, RT, 1.5h, MeOH, 40%.

Scholl reaction on flexible precursdrO (Figure 123 was finally carried out in usual
conditions, with FeGl in dichloromethane and nitromethane, at 0°C wibinstant argon
bubbling for 1.5 hour. After quenching with methhtivze crude product was analyzed by
TLC and several closely migrating spots were oleinAfter partial purification of all these
apolar compounds, it appeared that the main onleeicorrectly graphitized twisted trimer
111, obtained in about 40% vyield, the second one baipgrtially reacted product, with 2 C-
C bonds missing (so 4 more hydrogen atoms detégt&d-MS). Making it reacting again in
the same conditions for two more hours did not lead satisfying result since what has then
been observed by mass spectrometry is a produbt twiv less hydrogens than expected,
meaning one more C-C bond. In addition, tHeNMR spectrum is not simple even for this
rigidified molecule. The mass spectrometry is ngfuantitative technique and therefore it is
difficult for us to know if the product containinge twisted trimerl1l is impure or if the

complexity of the NMR spectrum is due to a mixtofeseveral stereoisomers. In fact, due to
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its three helicene parts, the twisted trirh&d presents 6 different stereoisomers, with 3 pairs
of enantiomers (+++ and ---, +-+ and -+-, ++- ant) which means three possibly different
NMR spectra.

Having not succeed yet in growing analyzable simagiestals of trimerl1l, we have to be
careful when announcing the result of this impdrtsynthetic work: The fully graphitized
twisted trimer 111 has been formed (confirmed by FD-MS) and we cosdgharate a
reasonable fraction of the crude mixture whichastaining it in majority. Nevertheless, the
too complicated NMR does not allow us to deternifiieat compound is pure, with different

stable stereoisomers, or not.

This conclusion is not really satisfying but foeugion the synthesis of a trimer, in second
thought, was not really relevant. In fact, if wenswler the “bent naphthalene rule” that we
assumed after getting the structure of the digierthe only conclusion on the trim&fl is
that stereoisomers +-+ and -+- should be disfaydedting 4 other favored configurations.
On the other hand, the tetramer of such twiste@miglmons has an even number of helicenes,
therefore an odd number of biphenyl units, twohefn being bent and shared by helicenes
having the same helicity. So only three configurasi should be favored: ++++ and ---- which
are symmetrical enantiomers and ++-- which is amirak meso compound. As a
consequence, the analysis and structural studydf a tetramer should be easier and we

decided to focus on its synthesis.

5.5. Synthesis of the tetramer.

Keeping in mind that only strategies involving mesaupling reactions seem to be efficient,
and given the already obtained compounds for tlewipus syntheses, the retro-synthetic
study of the twisted tetram&d.7 and its flexible precursdrl5has two possible way§igure
124). First, dimer triflate96 can be coupled with its boronic ester counterparta more
systematic but longer stepwise approach can belajga from it via the monofunctional
trimer triflate 114,
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96: X = OTf
116: X = B(OR),

Figurel24. Retro-synthetic study of tetramEt7. Blue way: Homocoupling. Red way:
systematic and stepwise approach.

In order to demonstrate a proof of principle foe tglobal stepwise syntheses of longer

oligomers, we decided to develop the second appr(pagure 125.

First a Suzuki coupling reaction implying the mamudtional triflate dimer96 and the
methoxy-boronic ester monom#&02 has been carried out. Because of the steric hindrah
the reacting site on substra®, the optimized catalytic conditions (Pd(OA¢)SPhos /
K3PO, / THF + HO) are used and the methoxy-substituted flexibhaetr 112 is obtained
with a very good yield (72%). Then, as usual, déylation is performed with BBrto give
the corresponding phenolic product3 (90% vyield), which is then changed into the mono-
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triflate flexible trimerl14 under standard conditions using triflic anhydridéh a good yield
(83%) Figure 125.

Figure 125. Systematic and stepwise synthesis of flexiblemwigys, application to triflate
trimer 114; (a) Pd(OAc), SPhos, KPO, in THF/H,O, 67°C, 48h, 72% for n=1. (b) BBm
CH.CI,, RT, 16h, 90% for n=1. (c) X, pyridine in CHCI,, RT, 16h, 83% for n=1.

Since this sequence starts with a triflate compoand ends with another, one monomer
longer, triflate compound, it is noteworthy thatsttstrategy could be generalized as a
systematic procedure for the lengthening of theoofier chain, one monomer by one
monomer.
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For the final step, boronic est88 is coupled by Suzuki reaction with the mono-ttdla
flexible trimer 114, in the same optimized catalytic conditions. Th@exted product, the
flexible tetramer precursdrls is partially formed but unfortunately an impoitamount of
triflate trimer114 stayed unreacted in the crude mixtufgy(ire 126). Since these 2 products
are of comparable size and apolar, they are unsieleaoy chromatography. In addition, they
have similar non interpretabtel-NMR spectra, and®F-NMR can only confirm the presence
of the triflate substrate. Therefore, this problemuld be solved by following the progression
of the reaction by 19F-NMR but hydrogenation of thitate compound giving hydrocarbon
107is also observed by FD-MS.

We think that the too important size similarity ween trimer compoundsl1 and107, and
tetramer precursdkl5is making the purification even more difficult @ decided to try the
other synthetic strategy described in figure 1&7akt, in this approach the main impurity to
fear is the hydrogenated dim@T, which size is half the one of the desired flexit#rtramer.

We hope that this size and structural differenceldiallow an easier purification.

Figure 126. Attempt of synthesis of flexible tetramkt5

Pd(OAc), SPhos, KPO, in THF/H,O, 67°C, 96h.

159



First the conversion of the dimer trifla® to the corresponding boronic esidi6 is carried
out by Miyaura coupling reaction with bis(pinacolgtiboron using Pd@dppf) as a catalyst
and KOACc as a base, with a good yield (80%yre 127). It is finally coupled with dimer
triflate 96 under optimized catalytic conditions (Pd(OAcBPhos / KPO, / THF + HO) for
2 days. Fortunately, this time the crude product loa purified and the flexible tetram&t5
is obtained pure (as confirmed by FD-MS) with aymgood vyield.

Figure 127. Synthesis of tetramer flexible precursdi5: (a) Pd(dppf)C4, dppf,
Bis(pinacoloto)diboron, KOAc in THFAD, 67°C, 48h, 80%. (b)Pd(OA¢)SPhos, KPO;, in
THF/H,0, 67°C, 48h, 82%.

Scholl reaction on flexible precurs@d5 was finally carried out in usual conditions, with
FeCk in dichloromethane and nitromethane, at 0°C wathstant argon bubbling for 2.5 hour.
After quenching with methanol the crude product waalyzed by TLC and only two closely

migrating spots were observed. After purificatiog bolumn chromatography twisted
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nanoribbons tetramet17 was obtained in about 30% vyieldrigure 128, the second

compound (as shown by FD-MS) being an over-regateduct, with 2 hydrogens missing so
one supplementary C-C bond. This points out a néwulty in the synthesis of such twisted
nanoribbons: The reaction conditions have to baoped for the last Scholl reaction which

advancement cannot be simply followed and whiclssate is extremely expensive.

Figure 128. Synthesis of the tetramer of twisted GNR%: FeClk, MeNQ + CH.Cl,, Ar
bubbling, RT, 2.5 h, MeOH, 30%.

To conclude this part, the results of test reastisrere successful and the studies of the
monomer and dimer crystal structures gave someestiag, yet incomplete, information

about the general configuration of the targetedtd carbon nanoribbons. Unfortunately,
they also taught us that the organic synthesisuoh dlexible precursors become more and
more difficult when their size is extended. In fadtMR of the monomer flexible precursor

was not trivial whereas the NMR of the dimer fldgiprecursor was already non interpretable
and almost useless, making very specific analyte@iniques (FD-MS) absolutely necessary.

In addition, it appears that long stepwise str@egire necessary therefore polymerization of
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bifunctional monomers is compromised. Added tohigily complicated purifications, due to
the non polarity of the mixed compounds, the dgwslent of long flexible oligomeric
precursors of twisted carbon nanoribbons is theeedm extremely difficult project. Finally,
the Scholl reactions on the trimer and tetramecymsors are promising but the reaction
conditions are not optimized enough for the monteriead to clear conclusions. It is then

very likely, to our disappointment, that this pijevill not be continued.

5.6 Reference.

1. S. D. Walker, T. E. Barder, J. R. Martinelli, S. Buchwald,Angew. Chem. Int. Ed.
2004 43, 1871.
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Conclusion

The initial project of this PhD thesis was the colkd organic synthesis of well defined
graphene nanoribbons, involving the graphitizatbrilexible polyaryl precursors by Scholl
reaction as a last step. The first approach retiedthe formation and rigidification of
substituted polwrtho-phenylene chains but some test reactions convingedhat this

geometry was not adapted.

The project has then evolved and we focused on gemally different flexible poly-

phenylene precursors, with alternating ortho- amglap connections. Nevertheless, when
doing test reactions on small molecules, we dis@a@n unexpected and counter-intuitive
regioselectivity of the Scholl reaction. In factyisted helicenic structures were obtained
preferentially to the desired less crowded isomsh®wing that the steric hindrance has a

poor impact on this reaction. Attempts of protetteere unsuccessful.

We then decided to take advantage of this seréondgpdiscovery to develop the synthesis of
highly distorted poly-helicenic species. Hexaberipbenylene (HBTP) has first been obtain,
following a very simple and efficient proceduregats structure could even be determined by

X-ray crystallography.

Hexabenzotriphenylene being seen as fgéneration dendrimer of the triphenylene series,
we then aimed at the formation of th€® 3yeneration dendrimer, which is the
hexaphenanthrotriphenylene (HPTP), an extremeltodéexi aromatic polycyclic compound
including three [5]helicenic and three [7]helicenparts. Unfortunately four different
approaches, some of them implying many steps, werd for the formation of flexible
precursors but not any was successful. Neverthedesslast strategy remains conceivable but

it involves about 12 synthetic steps.

Willing to explore the Scholl reactivity and espalyi to check if higher order than
[5]helicenes can be made by this reaction, we ggitled a family of C3-symmetrical flexible
precursors by a versatile synthetic strategy basethe formation of a common tris-triflate
precursor. Synthesis of [6]helicenes did not sutceece we observed unpredicted

rearrangements leading to the formation of hexajdjiene species. Nevertheless, such
163



rearrangements did not occur when synthesizing TuI8aining HBTP or distorted and

soluble hexabenzocoronene (HBC) wifn groups are in the bay regions.

If [6]helicenes may not be synthesizable by Schediction, it appears that [5]helicenes are
highly favored since even rearrangement occur to fthem. We finally designed twisted

carbon nanoribbons incorporating this [5]heliceseaarepeated motif. The synthesis of the
monomer was easy but analytical difficulties weheady felt when making the dimer.

Nevertheless, X-ray structures of both compoundsiged interesting information about the
global structure of the twisted carbon nanoribbd®gntheses of the trimer and tetramer
flexible precursors were exceptionally long andidad, mainly because of purification and
analysis problems. The Scholl reaction on thesedamapounds gave promising results but

the reaction conditions still have to be optimized.

The electrochemical properties of all these newamoimatic molecules are currently studied.
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Perspectives

In spite of the changes in the initial project, kept in mind that our first goal was the organic
synthesis of flat carbon nanoribbons. Having dgwetb an efficient, though difficult,
synthesis for flexible precursors of twisted carbmanoribbons, we decided to use these
results and keep the same aromatic part for thigres fully graphitized nanoribbons. The
incomplete Scholl reaction leading to helicenictp#s due to the steric hindrance between the
too close tert-butyl groups. Removing these bulkgugs and adding other solubilizing
substituents somewhere else on the molecule wbelgfore certainly give fully cyclized and
flat ribbons Figure 129.

¢ ¢ ¢
O-O0-O OO0 QOO
-0 OO0 OO0 O~
W W

Figure 129. New design of flat nanoribbons.
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The external positions on the naphthalene partsdaadly located for solubilizing aliphatic
chains but such substituted naphthalene compouedsndortunately not easily accessible. A
few steps synthesis is now being develop&yure 130 to form new bifunctional
monomers, with linear chains on the naphthaleneamy, and with the same functions than
before (methoxy and boronic ester) in order to aghe same synthetic strategy to the

formation of flexible oligomers.

Br. Br Diels-
Kumada OX|d Alder
T$ 2 ) o
S MgB / \ [
gBr
s /,S\\

Reduc.

BOR), O
o< ot Ho~()—on

Figure 130. Synthetic strategy for the formation of bifunctibmonomers of flat carbon

nanoribbons.

Parallelly, another apparently easier approach deen explored, involving pyrene-based
monomers Figure 131). In fact, in the previous project depicted inufig 44 (chapter II), if
the para-phenylene linkers are replaced by a l;énylene fragments then there is only one

possibility for the Scholl reaction and no intenfigr regioselectivity would occur.

One test reaction has been done to verify that ithisue and that no rearrangement is
interfering with the expected reactivitiFigure 132. The short symmetrical precursbi9
has been first obtained by a double Suzuki crosglew reaction with the commercially
available 1,6-dibromopyreriel8 and the boronic estéb.
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Figure 131. Design of pyrene-based nanoribbons.

It then reacted by intramolecular Scholl reactionefficiently give the expected aromatic
polycyclic compound120, proving that this strategy is a reasonable ambrofor the

formation of carbon nanoribbons.

&

120

Figure 132. Test reaction for the pyrene-based approach to @ananoribbons.
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Experimental section

Instrumentation

Proton Nuclear Magnetic Resonancel NMR) and Carbon Nuclear Magnetic Resonance
(**C NMR) spectra were acquired at room temperature GfE@L ECS400 (400 MHz)
spectrometer. The spectra were referenced to @smaton-solvent referenced CD,Cly:
5.32 ppm, CDGt 7.26 ppm, DMSO-¢ 2.50 ppm;**C: CD,Cl: 54.0 ppm, CDGl 77.23
ppm). For the most complex molecules, NOESY and C@®periments were performed to
complete the assignments. In the assignments, itémical shift § in ppm) is given first,
followed, in brackets, by the multiplicity of thegrsal (s: singlet, d: doublet, t: triplet, q:
guadruplet, dd: double doublet, m: multiplet), thember of protons involved, the value of
the coupling constants (in Hertz) if applicable.

ESI mass spectra were performed by the CESAMO (BordeBrance) on &@Star Elite
mass spectrometer (Applied Biosystems). The ingniris equipped with an ESI source and
spectra were recorded in the positive mode. Thetrelgpray needle was maintained at 4500
V and operated at room temperature. Samples waxduced by injection through a 10 pL
sample loop into a 200 pL/min flow of methanol frame LC pump.

MALDI mass spectra were performed by the CESAMO (Bordelarance) on &/oyager
mass spectrometer (Applied Biosystems). The ingnins equipped with a pulsed Mser
(337 nm) and a time-delayed extracted ion sourpect®a were recorded in the positive-ion
mode using the reflectron and with an acceleratmitage of 20 kV.Samples were dissolved
in CH,Cl, at 10 mg/ml. The dithranol matrix (1,8-dihydroxylamone) solution was prepared
by dissolving 10 mg in 1 ml of Ci€l,. A MeOH solution of cationisation agent (Nal, 10
mg/ml) was also prepared. The solutions werebined in a 10:1:1 volume ratio of matrix to
sample to cationisation agent. One to twiroliters of the obtained solution was deposited
onto the sample target and vacuum-dried.

Field Desorption High Resolution Mass SpectffDHRMS) were performed by the
CESAMO (Bordeaux, France). The measurements wergedaout on a TOF mass
spectrometer AccuTOF GCv using an FD emitter withemitter voltage of 10 kV. One to
two microliters solution of the compound is depedibn a 13 m emitter wire.
Chromatographic supports

Thin-layer chromatographies were performed usingnaium sheets coated with silica. They
were examined under the UV lamp (luminescent com@syuor after oxidation with iodine.
Column chromatography was carried out on silica(@eklo Erba, 35-7Qm).

The crystallographic data were collected with akBruAPEX Il diffractometer, equipped
with a graphite monochromator centred on the patMakK,. Single crystals were coated with
Paratone N-oil and mounted on a fiber loop followmsd data collection at 120 K. The
program SAINT was used to integrate the data, whiak thereafter corrected for absorption
using SADABSAIl structures were solved by direct methods arfithee by a full-matrix
least-squares method orf Esing SHELXL-97.Non-hydrogen atoms were refined with
anisotropic displacement parameters. Hydrogen ateere placed at calculated positions
using suitable riding models. Their positions weoastrained relative to their parent atom
using the appropriate HFIX command in SHELXL-97
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Preparation of 2-bromo-4,4'-di-tert-butylbiphenyl (4)

4
; Q O
0
i

Br

4,4'-Di-tert-butylbiphenyl (10.64 g, 40.0 mmd@)was dissolved in chloroform (80 mL). A
solution of bromine (4.53 mL, 88.0 mmol) in chlavah (20 mL) was added very slowly over
1 h. The solution was heated at 70 °C for overnigfter cooling to room temperature water
was added to the reaction mixture. The organicrlases then decanted and the aqueous layer
was extracted 2 times with diethyl ether. The comalorganic layer was washed with brine
solution, dried (Ng50O,), and evaporated invacua The residue was purified by
recrystallization from ethanol. (white solid, 9.069%).

Mp 97-98 °C;*H NMR (400 MHz, CDCl,): § 7.64 (d, 1HJ = 1.6 Hz), 7.42 (d, 2H) = 8.4
Hz), 7.36 (dd, 1H, = 2, 8 Hz), 7.32 (d, 2H]) = 8.4 Hz), 7.23 (d, 1H) = 7.6 Hz), 1.34 (s,
9H), 1.31 (s, 9H)*C NMR (100 MHz, CDGJ): & 152.0, 150.3, 139.5, 138.1, 131.1, 130.2,
129.2, 124.9, 124.6, 122.5, 34.7, 31.5, 31.3. BHSMS calcd (M+) 345.11, found 345.10.

Compound 5a

HO-B,
OH

2-Bromo-4,4'-di-tert-butylbiphenyd (10.0 g, 28.98 mmol) in THF (100 mL) at —-80 °C was
added a solution af-butyllithium in hexanes (6.71 mL, 18.10 mmol) Af&irring for 5-15
min at —80 °C, trimethyl borate (11.80 mL, 31.89 aihwas added, the reaction was allowed
to 1h. Upon reaching room temperature the reaatiag quenched by the addition of water
and few drops of concentrated HCL (Upto pH 1), tleetracted with ethyl acetate. The
extract was washed with water, dried with sodiuitfese, filtered and concentratéd vacuo
The crude product was purified by chromatographysidinagel by using pet. ether / EtOAc
(20%) as the eluent to give the title compo&adwhite solid, 7.20 g, 80%).

'H NMR (400 MHz, CDCJ): & 7.95 (d, 1HJ = 2.0 Hz), 7.50 (dd, 1H] = 2.0, 8.0 Hz), 7.45
(d, 2H,J = 8.8 Hz), 7.33(d, 2HJ = 8.8 Hz), 7.25 (d, 1HJ) = 8.4 Hz), 1.37 (s, 9H), 1.35 (s,
9H).

Compound 5b

0-B
0)

IIIII

2-Bromo-4,4'-di-tert-butylbiphenyt (3.0 g, 8.7 mmol) in THF (50 mL) at —80 °C was edd
a solution ofn-butyllithium in hexanes (3.6 mL, 9.7 mmol) Afteirghg for 5-15 min at —80
°C, 2-Methoxy-4,4,5,5-tetramethyl-1,3,2-dioxabor@a1.57 mL, 9.7 mmol) was added, the
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reaction was allowed to 1h. Upon reaching room &nadpire the reaction was quenched by
the addition of water, then extracted with ethy¢tate. The extract was washed with water,
dried with sodium sulfate, filtered and concentilatevacuo The crude product was purified
by chromatography on silicagel by using pet. ethEtOAc (5%) as the eluent to give the
title compoundb (white solid, 2.54 g, 74.5%).

Mp 94-95 °C:*H NMR (400 MHz, CDCL,): & 7.64 (d, 1HJ = 2.0 Hz), 7.46 (dd, 1H] = 2.4,

8.4 Hz), 7.37 (d, 2HJ = 8.4 Hz), 7.29 (d, 1H) = 8.4 Hz), 7.26 (d, 2H) = 8.4 Hz), 1.33 (s,
9H), 1.32 (s, 9H), 1.18 (s, 12HJ)C NMR (100 MHz, CCl,): § 149.8, 148.8, 144.4, 140.1,
131.1, 128.6, 128.5, 127.1, 124.8, 83.6, 34.4,,33132, 31.1, 24.4. ESI HRMS calcd
(M+Na") 415.2778, found 415.2772.

2,6-di-tert-butyl-11-(4-tert-butylphenyl)triphenyle ne (12)

Compound 10 (300 mg, 0.344 mmol) was dissolved in 50 mL of tabsized
dichloromethane and degassed with an argon streafrbfminutes. Then a solution of 1.12 g
FeCk (6.88 mmol) in 10 mL nitromethane was added drepwyhile continuously degassing
with an argon stream. After 1 h the reaction wapstd by adding 100 mL of ethanol.Then
the organic phase was extracted with water two dirmed dried with anhydrous sodium
sulfate. The solvent was removed wacuo and The crude product was purified by
chromatography on silicagel by using pet. etheH)@, (1%) as the eluent to give the title
compoundlL2 (yellow solid, 122 mg, 75%) .

Mp 380-381 °CH NMR (400 MHz, CDC}): § 8.82 (d, 1H,J = 2.0 Hz), 8.70 (d, 1H] = 2.0
Hz), 8.65 (d, 1H, = 8.0 Hz), 8.62 (d, 1H] = 8.4 Hz), 8.61 (s, 1H), 8.56 (d, 18i= 8.8 Hz),
7.85 (dd, 1HJ = 1.6, 8.4 Hz), 7.75 (d, 2H,= 8.4 Hz), 7.74-7.72 (m, 1H), 7.70 (dd, 1H
2.0, 8.4 Hz), 7.57 (d, 2H] = 8.0 Hz), 1.50 (s, 9H), 1.49 (s, 9H), 1.41 (s, 9B HRMS
calcd (M+) 472.21015, found 472.21104.

Compound 16

2-Bromo-4,4'-di-tert-butylbiphenyd (3.80 g, 11.0 mmol), 1,4-Phenylenebisboronic ddd
(829 mg, 5.0 mmol) and M&0O; (10.60 g, 100 mmol) were dissolved in toluene (bH0,
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water (50 mL) and ethanol (30 mL). The solution wiegjassed three times, Pd(Brh
(577.70 mg, 0.5 mmol) was added under an Ar straacththe mixture was degassed three
times again. The solution was heated at 90 °C f@rroght. The organic layer was then
decanted and the aqueous layer was extracted 2 twite CHCl,. The combine organic
layer was washed with water and evaporated. Thealecrproduct was purified by
chromatography on silicagel by using pet. etheH)@, (2%) as the eluent to give the title
compoundl6 (white solid, 2.43 g, 80%).

Mp 311-312 °CH NMR (400 MHz, CRCL,): & 8.41 (d, 1HJ =2 Hz ), 7.39 (d, 1H) = 2
Hz), 7.37 (d, 2H,J = 2 Hz), 7.31 (d, 2H) = 8 Hz), 7.24 (d, 4H) = 8.4 Hz), 7.02 (d, 4H] =

8.0 Hz), 6.98 (s, 4H), 1.34 (s, 18H), 1.27 (s, 18&¢ NMR (100 MHz, CDCl,): & 150.3,
149.3, 140.3, 139.9, 138.5, 137.6, 130.2, 129.5,412127.5, 124.6, 124.5, 34.5, 34.3, 31.1.
Maldi-MS calcd (M+N4) 629.41, found 629.40.

2,7,11,16-tetra-tert-butyltribenzo[f,k,m]tetraphene (17)...

Compound 16 (100 mg, 0.165 mmol) were dissolved in 30 mL ofstabilized
dichloromethane and degassed with an argon streamlS minutes. Then a solution of
535.20 mg FeGI(3.3 mmol) in 5 mL nitromethane was added dropwibde continuously
degassing with an argon stream. Throughout the evhedction, a constant stream of argon
was bubbled through the mixture to remove HCI faitnresitu. The reaction was stirred for
25 min and then quenched by adding methanol (50. mh¢ precipitate was collected by
filtration, washed with methanol. The crude produes recrystallised by Tolune. White solid
(20 mg, 10% yield).

Mp >400 °C:"H NMR (400 MHz, CDCJ): 5 9.96 (s, 2H), 8.94 (s, 4H), 8.57 (d, 4Hs 4.4
Hz), 7.75 (d, 4HJ = 3.6 Hz) 1.58 (s, 36H):°C NMR (100 MHz, CDGJ): & 149.7, 129.3,
129.1, 127.9, 125.6, 123.3, 119.2, 117.5, 35.25.3Waldi-MS calcd (M+) 602.39, found
602.20.

... and 2,7,10,15-tetra-tert-butyldibenzo[f,j]piceng(18)




The mother liquor was recrystallised in n-pentaftite solid (79 mg, 80% vyield).

Mp 392-393 °C:*H NMR (400 MHz, CDCJ): & 8.68 (s, 2H), 8.65 (d, 2H),= 1.6 Hz), 8.60
(d, 2H,J = 8.8 Hz), 8.17 (d, 2H] = 1.6 Hz), 7.78 (dd, 2H] = 1.6, 8.8 Hz), 7.52 (dd, 2H,=

2, 8.8 Hz), 1.53 (s, 18H), 1.05 (s, 18HC NMR (100 MHz, CDG): § 149.8, 147.2, 130.7,
130.4, 129.1, 128.5, 128.2, 127.5, 127.4, 125.2,8,1223.2, 123.0, 121.3, 119.6, 35.2, 34.5,
31.6, 30.9 (18C). Maldi-MS calcd (M+) 602.39, fous@R.20.

Compound 20

1,4-Dibromo-2,5-dimethylbenzerd (500 mg, 1.89 mmol), 2-(4,4'-di-tert-butylbiphetA
yD-4,4,5,5-tetramethyl-1,3,2-dioxaboroladé (1.57 g, 4.0 mmol) and NaGOs; (2.0 g, 18.9
mmol) were dissolved in toluene (30 mL), water (D) and ethanol (5 mL). The solution
was degassed three times, Pd@P(218.2 mg, 0.189 mmol) was added under an Amastre
and the mixture was degassed three times againsdlnéon was heated at 90 °C for 48h.
The organic layer was then decanted and the aqueges was extracted 2 times with
CH.Cl,. The combine organic layer was washed with watet avaporated. The crude
product was purified by chromatography on silicdgelsing pet. ether / GBI, (5%) as the
eluent to give the title compour2® (white solid, 981mg, 84%).

Mp 180-181 °CH NMR (400 MHz, CBCl,): § 7.42-7.40 (m, 2H), 7.38-7.29 (m, 4H), 7.24-
7.20 (m, 4H), 7.07-7.05 (m, 4H), 6.85-6.79 (m, 2H)6-1.68 (m, 6H), 1.33 (s, 18H), 1.29-
1.26 (m, 18H).**C NMR (100 MHz, CRCly): & 149.9, 149.7, 149.4, 149.2, 140.7, 139.8,
139.6, 138.7, 138.5, 138.0, 137.7, 132.9, 132.@.313131.9, 129.6, 129.5, 129.1, 128.2,

128.0, 124.5, 124.3, 34.5, 34.3, 31.2, 19.3, 183l HRMS calcd (M+) 634.45385, found
634.45482.

Compound 21

Compound 20 (100 mg, 0.157 mmol) were dissolved in 50 mL ofstabilized
dichloromethane and degassed with an argon streaftbfminutes. Then a solution of 585.7
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mg FeC{ (3.61 mmol) in 5 mL nitromethane was added dropwighile continuously
degasing with an argon stream. After 1 h the reactas stopped by adding 100 mL of
ethanol.Then the organic phase was extracted waterntwo times and dried with anhydrous
sodium sulfate. The solvent was removed/acuoand The crude product was purified by
chromatography on silicagel by using pet. etheH(@, (1%) as the eluent to give the title
compound?1 (yellow solid, 62 mg, 63%)

'H NMR (400 MHz, CDC}): § 9.00 (d, 2H,J = 1.6 Hz), 8.68 (d, 2H] = 9.2 Hz), 8.66 (d, 2H,
J=8.8 Hz), 8.42 (d, 2H) = 2.0 Hz), 7.76-7.70 (m, 4H), 6.12 (s, 2H), 2.351(d), 1.72-1.71
(m, 3H), 1.56 (s, 18H), 1.53 (s, 18H).

1,4-bis(4,4'-ditert-butylbiphenyl-2-yl)-2,5-dimethoxybenzene (23)

Commercially available 1,4-dibromo-2,5-dimethoxybene21 (296 mg, 1.0 mmol), 2-(4,4'-
di-tert-butylbiphenyl-2-yl)-4,4,5,5-tetramethyl-1,3,2-dedxorolane5b (823 mg, 2.1 mmol)
and NaCGO; (1.06 g, 10 mmol) were dissolved in toluene (24 mwater (8 mL) and ethanol
(4 mL). The solution was degassed, Pd@P{115 mg, 0.1 mmol) was added under an Ar
stream and the mixture was degassed again. Theosolas heated at 90°C overnight. The
organic layer was separated and the aqueous |laagextracted with C}Cl,. The combine
organic layer was washed with water and evaporaked. crude product was purified by
chromatography on silica gel by using petroleuneethCHCl, (20%) as the eluent to give
the title compoun@3 (white solid, 547 mg, 82%).

Mp 172-173°CH NMR (400 MHz, CRCL,): § 7.41 (dd, 2H,J) = 2.2, 8.2 Hz), 7.34 (d, 2H,

= 7.2 Hz), 7.33 (d, 2H] = 2.4 Hz), 7.30 (d, 4H] = 8.4 Hz), 7.07 (d, 4H] = 8.4 Hz), 6.55 (s,
2H), 3.07 (s, 6H), 1.34 (s, 18H), 1.27 (s, 18HE NMR (100 MHz, CRCl,): § 150.2, 150.0,
149.3, 139.0, 138.6, 136.8, 130.6, 129.2, 128.8,92124.7, 124.3, 115.2, 55.5, 34.5, 34.3,
31.1; FD-HRMS Calcd (M+) 666.44368, found 666.44045

2,7,10,15-tetratert-butyl-17-methoxydibenzolf,j]picene (24)
3 \
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Compound23 (100 mg, 0.15 mmol) was dissolved in 30 mL of abdized dichloromethane
and degassed with an Ar stream for 15 minutes.létisa of FeC} (145 mg, 0.89 mmol) in 5
mL of nitromethane was added drop wise while cardusly degassing with an Ar stream.
After 30 minutes the reaction was stopped by addBd®@ mL of methanol. The organic phase
was then washed twice with water and dried overydrdus NaSQO, The solvent was
removedin vacuoand the crude product was purified by chromatdugyapn silica gel by
using petroleum ether / GBI, (8%) as the eluent to give the title compoaddyellow solid,

84 mg, 89%).

Mp 314-315°C;'H NMR (400 MHz, CDCl): § 9.56 (d, 1H,) = 2.0 Hz), 8.60 (d, 1H] = 8.8
Hz), 8.58 (s, 1H), 8.57 (d, 1d,= 9.2 Hz), 8.44 (d, 1H] = 8.4 Hz), 8.41 (d, 1H] = 8.8 Hz),
8.09 (s, 1H), 8.03 (d, 1H,= 2.4 Hz), 8.00 (d, 1H)= 2.0 Hz), 7.79 (dd, 1H] = 2.0, 8.8 Hz),
7.75 (dd, 1HJ = 2.2, 8.8 Hz), 7.52 (dd, 1H,= 1.6, 8.8 Hz), 7.47 (dd, 1H,= 2.2, 8.6 Hz),
4.31 (s, 3H), 1.54 (s, 9H), 1.50 (s, 9H), 1.0218H); *C NMR (100 MHz, CBCl,): § 157.0,
149.6, 149.1, 147.3,147.2,131.9, 130.7, 130.6,18P827, 128.4, 128.3, 128.1, 127.7, 127 .4,
126.9, 126.3, 125.2, 124.9, 124.8, 124.5, 12322,9, 122.8, 122.2, 122.0, 119.2, 102.4,
56.3, 35.0, 34.9, 34.2, 31.3,31.2, 30.6; FD-HRM&€&Vi+) 632.40181, found 632.40384.

Compound 27

1,3,5-tribromobenzeng6 (500 mg, 1.59 mmol), 2-(4,4'-di-tert-butylbipher4yl)-4,4,5,5-
tetramethyl-1,3,2-dioxaborolartsb (2.49 g, 6.35 mmol) and MNaOs; (3.36 g, 31.8 mmol)
were dissolved in toluene (30 mL), water (10 mLy a&thanol (5 mL). The solution was
degassed three times, Pd(BR183.7 mg, 0.159 mmol) was added under an Aastrand
the mixture was degassed three times again. Thei@olwas heated at 90 °C for 48h. The
organic layer was then decanted and the aqueoes \egs extracted 2 times with QEl..
The combine organic layer was washed with water @raporated. The crude product was
purified by chromatography on silicagel by using. ggher / CHCl, (4%) as the eluent to
give the title compoun@8?7 (white solid, 1.05 g, 76%).

Mp 277-278 °C}H NMR (400 MHz, CDRCly): 6 7.39 (d, 6H,) = 8.4 Hz), 7.37 (dd, 3HI= 2,
8.6 Hz), 7.26 (d, 3H) = 8.4 Hz), 7.16 (d, 3H] = 2Hz), 6.94 (d, 6HJ) = 8.8 Hz), 6.82 (s, 3H),
1.28 (s, 27H), 1.26 (s, 27HYC NMR (100 MHz, CDCl,): & 150.2, 149.2, 142.6, 139.9,
138.1, 137.3, 130.3, 129.9, 129.48, 128.0, 12424.6] 34.4, 34.3, 31.2, 31.1. ESI HRMS
calcd (M+Nd) 893.5995, found 893.6007.
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Hexa-tert-butyl-hexabenzotriphenylene 28

Compound 27 (300 mg, 0.344 mmol) were dissolved in 50 mL ofstabilized
dichloromethane and degassed with an argon streafrbfminutes. Then a solution of 1.12 g
FeCk (6.88 mmol) in 10 mL nitromethane was added drepwyhile continuously degassing
with an argon stream. After 1 h the reaction waptd by adding 100 mL of ethanol. Then
the organic phase was extracted with water two dirmed dried with anhydrous sodium
sulfate. The solvent was removed wacuo and The crude product was purified by
chromatography on silicagel by using pet. etheH(@, (1%) as the eluent to give the title
compound28 (yellow solid, 187 mg, 63%).

Mp >400 °C;*H NMR (400 MHz, CRQCL,): 6 8.33 (d, 6H,J = 8 Hz), 7.95 (d, 6HJ = 2 Hz),
7.43 (dd, 6HJ = 2, 8.4 Hz), 0.91 (s, 54H}*C NMR (100 MHz, CRCly): § 147.5, 131.3,
128.7, 127.6, 127.2, 124.6, 122.8, 34.5, 30.8. HBMS calcd (M+) 865.28, found 865.2.
TOF MS calcd (M+Na) 887.5526, found 887.5490.

Compound 29

'H NMR (400 MHz, CBCl,): § 8.92 (d, 2H,J = 1.6 Hz), 8.51 (d, 2H] = 8.8 Hz), 8.41 (d,
2H, J = 9.2 Hz), 8.02 (d, 1HJ = 1.2 Hz), 7.99 (d, 1H] = 8.0 Hz), 7.87 (d, 1H] = 7.6 Hz),

7.76 (s, 1H), 7.74 (d, 1H,= 2.0 Hz), 7.72 (d, 1H] = 1.6 Hz), 7.49 (dd, 1H] = 1.8, 8.2 Hz),
7.46 (d, 2H,] = 1.6 Hz), 7.31 (dd, 2H] = 1.8, 8.6 Hz), 7.22 (dd, 1H,= 1.6, 8.0 Hz), 6.25 (d,
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1H, J = 1.6 Hz), 3.72 (q, 2HJ = 7.2 Hz), 3.38-3.39 (m, 3H), 1.58 (s, 18H), 1.839H), 1.0
(s, 18H), 0.70 (s, 9H).

Compound 33

To the compoun@®8 (278 mg, 0.25 mmol) dissolved in 10 mL of anhydrd@iH.Cl, were
added 5 mL of pyridine and the solution was coodled0°C. Trifluoromethanesulfonic
anhydride (0.50 mL, 2.98 mmol) was added drop \&is@ the mixture was warmed to room
temperature and stirred overnight. The solvent wemsoved under vacuum. The crude
product was purified by chromatography on silica lgge using petroleum ether / G@al,
(40%) as the eluent to give the title compo@8dwhite solid, 454 mg, 95%).

Mp 180-181 °C;:*H NMR (400 MHz, DMSO):8 9.06-8.78 (br, 6H), 7.81-7.39 (br, 12H),
7.29-7.02 (br, 6H), 1.39-1.01 (br, 54HJF NMR (376 MHz, DMSO)3 -74.46, -75.78%°C
NMR (100 MHz, CDCly,): 6 151.9-151.6(br), 144.7-144.5 (br), 135.5-135.0, (b83.3-132.9
br), 131.2-131.0 (br), 129.5, 127.0-126.2 (br),.22120.6 (br), 119.9, 116.8-116.6 (br), 34.6,
30.8; FD-HRMS Calcd (M+) 1908.32249, found 1908327

5-tert-butyl-2-methoxyphenylboronic acid (34)

>

-OH
B

O OH
2-bromo-4-tert-butyl-1-methoxybenzes8 (4.0 g, 16.45 mmol) in THF (50 mL) at —80 °C
was added a solution afbutyllithium in hexanes(6.71 mL, 18.10 mmol) Afsirring for 5-
15 min at —80 °C, trimethyl borate (2.05 mL, 181hdnol) was added, the reaction was
allowed to 1h. Upon reaching room temperature ¢aetiton was quenched by the addition of
water and few drops of concentrated HCL (Upto pHH8n extracted with ethyl acetate. The
extract was washed with water, dried with sodiurtfese, filtered and concentrated vacuo
The crude product was purified by chromatographysitinagel by using pet. ether / EtOAc
(8%) as the eluent to give the title compodddwhite solid, 3.08 g, 90%).
'H NMR (400 MHz, CDCl,): & 7.79 (d, 1H,J = 2.8 Hz), 7.45 (dd, 1H] = 2.8, 8.8 Hz), 6.86
(d, 1H,J = 8.4 Hz), 5.97-5.84 (br, 2H), 3.86 (s, 3H), 1.289H).
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Compound 35
oTf

OTf
TfO O
TfO ‘ '

OTf

OoTf

To the compound 2,3,6,7,10,11-hexahydroxy triphemgl compound36 (200 mg, 0.62
mmol) dissolved in 5 mL of anhydrous gF, were added 5.0 mL of pyridine and the
solution was cooled to 0°C. Trifluoromethanesuléoanhydride (1.25 mL, 7.40 mmol) was
added drop wise and the mixture was warmed to rionperature and stirred overnight. The
solvent was removed under vacuum. The crude prosdastpurified by chromatography on
silica gel by using petroleum ether / g, (15%) as the eluent to give the title compoG6d
(white solid, 527 mg, 85%).

Mp 167-168 °C}*H NMR (400 MHz, CRCl,):  8.57(s, 6H)**F NMR (400 MHz, CDCly):

§ -72.80;°C NMR (100 MHz, CDBCl,): & 140.9, 129.1, 119.7; FD-HRMS Calcd (M+)
1115.75909, found 1115.76078.

Compound 37

To the compound 2,3,6,7,10,11-hexa(trifluoromethanesutien#&iphenylene35 (480 mg,
0.43 mmol), Stert-butyl-2-methoxyphenylboronic aci@4 (804.92 mg, 3.87 mmol) and
K3PO, (2.73 g, 12.87 mmol) were dissolved in a mixturel'bifF (10 mL) and water (2 mL).
The solution was degassed, Pd(GA@B.90 mg, 0.129 mmol) and 2-dicyclohexylphosphino
2',6'-dimethoxybiphenyl SPhos (63.40 mg, 0.154 mim@re added under an Ar stream and
the mixture was degassed again. The solution watetieat 70°C for 96h. The organic layer
was then decanted and the aqueous layer was extragice with CHCIl,. The combine
organic layer was washed with water and evaporakbd. crude product was purified by
chromatography on silica gel by using petroleunreefhCHCl, (50%) as the eluent to give
the title compoun@®7 (white solid, 388 mg, 75%).
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Mp 200-201 °C:'H NMR (400 MHz, CDCY): § 8.72 (s, 6H), 7.16-7.14 (m, 12H), 6.70 (d,
6H, J = 8.0 Hz), 3.50 (s, 18H), 1.16 (s, 54H4)C NMR (100 MHz, CBCly): § 154.4, 142.5,
137.4, 130.5, 129.2, 129.1, 125.9, 124.6, 110.04,584.0, 31.7; FD-HRMS Calcd (M+)
1201.72851, found 1201.72339.

Compound 38

To the compoun®7 (300 mg, 0.25 mmol) was dissolved in 10 mL of diy,Cl, under N
and brought to -20 °C. BBr(1 M in CHCl,, 10.0 equiv, 2.49 mmol, 2.49 mL) was added
dropwise with stirring and the reaction mixturerrsil overnight, warming to room
temperature. The reaction mixture was then pounéal ice water, organic layer was then
decanted and the aqueous layer was extracted 2 tivite CHCl,. The combine organic
layer was washed with water and dried over anhydiaSO,. The solvent was removed
under vacuum, yieldin@8 (275 mg, 99%) as a brown-red solid, which was jddgare
enough by TLC to be used in subsequent steps wiitother purification.

Mp 274-275 °C}H NMR (400 MHz, CDCJ): & 8.79 (s, 6H), 7.12 (d, 6H,= 10.4 Hz), 7.02
(s, 6H), 6.73 (d, 6H) = 7.2 Hz), 1.12 (s, 54H}’C NMR (100 MHz, CRCl,): § 150.3, 143.2,
137.4, 129.4, 128.4, 126.6, 126.3, 125.9, 115.20,381.5. FD-HRMS calcd (M+)
1116.62679, found 1116.62828.

3,4-dibromo-1-methoxybenzene (41)

Br
To a solution of 3,4-dibromophen#? (10.0 g, 39.69 mmol) in 100 mL of acetone was ddde
potassium carbonate (13 g, 94.1 mmol) and iodomet& 90 mL, 79.34 mmol).The reaction
mixture was stirred at 56 °C for overnight. Thectean mixture was concentrated, and then it
was diluted with DCM and water. The organic layersvthen decanted and the aqueous layer
was extracted 2 times DCM. The combine organicrlayas washed with brine solution,

dried (NaSQy), and evaporated imacuo,yielding 41 without further purification (Colorless
liquid, 10.34 g, 100%).
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'H NMR (400 MHz, CDCY): & 7.52 (d, 1H,J = 8.8 Hz), 7.18 (d, 1H] = 2.8 Hz), 6.75 (d, 1H,
J=8.8 Hz), 3.81 (s, 3H).

2,4-dibromo-1-methoxybenzene (45)

O/

Br

Br

To a solution of 2,4-dibromophené (15.0 g, 59.54 mmol) in 100 mL of acetone waseadd
potassium carbonate (19.5 g, 141.2 mmol) and iotlweme (7.34 mL, 119 mmol).The
reaction mixture was stirred at 56 °C for overnighhie reaction mixtute was concentrated,
and then it was diluted with DCM and water.The oigdayer was then decanted and the
agueous layer was extracted 2 times DCM. The coentaiganic layer was washed with brine
solution, dried (Ng5Oy), and evaporated imacuo,yielding 45 without further purification
(Colourless liquid , 15.5 g, 99%).

'H NMR (400 MHz, CDQCl,): & 7.64 (d, 1H,J = 2.4 Hz), 7.38 (dd, 1H] = 2.6, 9.0 Hz), 6.79
(d, 1H,J= 8.8 Hz), 3.84 (s, 3H).

Compound 46

2,4-dibromo-1-methoxybenzed® (1.0 g, 3.76 mmol), 4,4'-di-tert-butylbiphenyl-®gronic
acid5 (2.57 mg, 8.27 mmol) and NaOs; (7.97 g, 75.2 mmol) were dissolved in toluene (60
mL), water (20 mL) and ethanol (10 mL). The solatiwas degassed three times, PdgpPh
(434.06 mg, 0.376 mmol) was added under an Aastrand the mixture was degassed three
times again. The solution was heated at 90 °C &br. Zhe organic layer was then decanted
and the aqueous layer was extracted 2 times withCGHThe combine organic layer was
washed with water and evaporated. The crude prodastpurified by chromatography on
silicagel by using pet. ether / GEl, (22%) as the eluent to give the title compodfdwhite
solid, 1.92 g, 80%).

Mp 140-141 °CH NMR (400 MHz, CBCl,): § 7.41-7.38 (m, 2H), 7.36 (d, 1K= 2.0 Hz),
7.30-7.27 (m, 4H), 7.22 (s, 1H), 7.21 (s, 2H), 7(@p2H,J = 8.4 Hz), 7.03-7.02 (m, 1H),
7.00 (dd, 1HJ = 2.2, 8.2 Hz), 6.95 (d, 2H,= 8.0 Hz), 6.55 (d, 1H]) = 8.4 Hz), 3.16 (s, 3H),
1.35 (s, 9H), 1.31 (s, 9H), 1.26 (s, 9H), 1.2494d).°C NMR (100 MHz, CRCl,): 155.0,
150.2, 149.9, 149.2, 149.0, 139.7, 139.1, 138.B.6,3137.5, 136.7, 134.8, 132.9, 131.0,
130.4, 129.9, 129.6, 129.2, 128.5, 128.2, 127.9,8,2124.6, 124.3, 110.5, 54.9, 34.5, 34.4,
34.3, 31.2. FD-HRMS Calcd (M+) 636.43311, found .@3618.
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Compound 47

S S
S $

Compound46 (1.775 g, 2.79 mmol) was dissolved in 40 mL of @,Cl, under N and
brought to -20 °C. BBr(1 M in CHCl,, 3.0 equiv, 4.18 mmol, 4.18 mL) was added dropwise
with stirring and the reaction mixture stirred avight, warming to room temperature. The
reaction mixture was then poured into ice wategaarc layer was then decanted and the
agueous layer was extracted 2 times with,Clll The combine organic layer was washed
with water and dried over anhydrous JS@y. The solvent was removed under vacuum,
yielding 47 (1.622 g, 93.4%) as a brown-red solid, which walggd pure enough by TLC to
be used in subsequent steps without further pati6o.

Mp 133-134 °C*H NMR (400 MHz, CDCl,): § 7.47 (dd, 1H,J = 2.2, 8.2 Hz), 7.38 (d, 1H,

= 8.0 Hz), 7.37 (dd, 1H] = 2.4, 8.4 Hz), 7.29-7.26 (m, 7H), 7.06 (d, 2t 8.8 Hz), 7.03 (d,
2H,J=8.0 Hz), 6.99 (d, 1H] = 2.4 Hz), 6.85 (dd, 1H] = 2.2, 8.2 Hz), 6.57 (d, 1H,= 8.0
Hz), 1.33 (s, 18H), 1.27 (s, 9H), 1.25 (s, 98E NMR (100 MHz, CBCly): & 151.2, 151.0,
150.3, 149.9, 149.2, 139.5, 138.5, 138.3, 137.4,.713134.3, 132.3, 130.6, 130.5, 130.4,
129.6, 128.8, 127.8, 125.8, 125.0, 124.8, 124.3,9,134.6, 34.5, 34.4, 34.3, 31.2, 31.1. FD-
HRMS Calcd (M+) 622.41746, found 622.41444.

Compound 48

A solution of NBS (331.70 mg, 1.86 mmol) in &, (45 mL) was added dropwise over 30
min to a solution of Compound7 (1.16 g, 1.86 mmol) andPr,- NH (0.03 mL, 0.187 mmol)

in CH.CI,. After addition was complete, the mixture wasrstirat room temperature for 1 h,
poured on HO (80 mL), and acidified to pH 1 by careful additiof concentrated $¥$0,. The
resulting mixture was extracted with g&,, and the combined organic layers were dried
over anhydrous N&Q, filtered, and concentrated under reduced press@@umn
chromatography of the residue ($jQ@:5 AcOEt/hexane) afforde4B as a white solid (1.064
g, 84%).

181



Mp 114-115 °C*H NMR (400 MHz, CRCL,): & 7.45 (dd, 1H,) = 2.4, 8.4 Hz), 7.39-7.35 (m,
2H), 7.29-7.25 (m, 7H), 7.03-6.99 (m, 5H), 6.88 1, J = 2.0 Hz), 5.22 (s, 1H), 1.32 (s,
18H), 1.26 (s, 9H), 1.25 (s, 9HYC NMR (100 MHz, CDQCl,): § 150.5, 150.4, 149.7, 149.5,
148.1, 138.4, 138.2, 138.1, 137.7, 137.5, 135.@,.713132.9, 132.3, 130.3, 130.1, 129.8,
129.6, 128.8, 128.2, 127.4, 125.7, 124.9, 124.9,51B4.5, 34.4, 34.3, 31.1, 29.7. FD-HRMS
Calcd (M+) 700.32798, found 700.33147.

Compound 49

N
N S

n-BuLi (2.28 mL, 2.5 M, 6.1 mmol) was added dropwitsea solution of48 (2.87 g, 4.1
mmol) in THF (40 mL) cooled to -78 °C. After sting at -78 °C for 15 min, TMSCI (0.83
mL, 6.5 mmol) was added, the cooling bath was resdpand stirring was kept for 10 min at
room temperature. The mixture was again cooled/® °C, n-BuLi (1.5 mL, 2.5 M, 4.1
mmol) was added dropwise, stirring was kept uyat°C for 15 min, and TMSCI (0.83 mL,
6.5 mmol) was added. Stirring at room temperatuaie kept up overnight, 4@ (15 mL) was
added, and the resulting mixture was extracted ®wif. The combined organic layers were
dried over anhydrous N8O, filtered, and concentrated under reduced pres3ime crude
product was purified by chromatography on silica lgge using petroleum ether / Géal,
(20%) as the eluent to give the title compodAdwhite solid, 2.51 g, 90%).

Mp 120-121 °CH NMR (400 MHz, CDCly): 6 7.45 (d, 1HJ = 2.4 Hz), 7.40-7.37 (m, 3H),
7.31 (d, 1HJ = 8.0 Hz), 7.30-7.23 (m, 4H), 7.18 (d, 2Hs 8.4 Hz), 7.04 (d, 2H] = 8.4 Hz),
6.97 (d, 2HJ = 8.8 Hz), 6.79 (d, 1H) = 2.4 Hz), 1.36 (s, 18H), 1.25 (s, 18H), -0.219¢4),
-0.32 (s, 9H).**C NMR (100 MHz, CRCly): & 156.1, 150.3, 149.9, 148.9, 148.7, 139.9,
139.1, 138.8, 138.7, 138.4, 137.7, 137.0, 134.8.913132.9, 130.2, 129.8, 129.6, 128.7,
127.1, 124.7, 124.2, 124.1, 34.4, 34.2, 31.2, @Z,. FD-HRMS Calcd (M+) 766.49652,
found 766.49823.

Compound 50
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To a solution of compound9 (2.0 g, 2.6 mmol) in 15 mL of THF was added 2Qi1)
NaOH (8equivalent) solution. The reaction mixturaswstirred at room temperature. The
reaction mixtute was concentrated, and then it evated with E;O and water. The organic
layer was then decanted and the aqueous layer xteected 2 times EO. The combine
organic layer was washed with brine solution, dr{d#S0O,), and evaporated imacua
(White solid, 1.80 g, 99%).

Mp 140-141 °C*H NMR (400 MHz, CDCL,): § 7.50 (dd, 1H,) = 2.0, 8.0 Hz), 7.43-7.36 (m,
4H), 7.30 (d, 1HJ = 8.0 Hz), 7.27 (d, 4H)= 8.0 Hz), 7.17 (d, 1H)= 2.4 Hz), 7.08 (d, 2H]

= 8.4 Hz), 7.02 (d, 2H) = 8.4 Hz), 6.76 (d, 1H) = 2.4 Hz), 4.86 (s, 1H), 1.36 (s, 9H), 1.34
(s, 9H), 1.26 (s, 18H), -0.15 (s, 9HYC NMR (100 MHz, CRCl,): § 155.5, 151.2, 150.4,
150.1, 149.1, 139.8, 138.8, 138.1, 137.5, 137.7,.(3134.8, 133.6, 133.0, 130.3, 129.7,
128.7, 128.6, 127.5, 127.3, 125.9, 125.0, 124.§,7,2124.1, 34.6, 34.5, 34.4, 34.3, 31.2,
31.1, -1.7. FD-HRMS Calcd (M+) 694.45699, found @%919.

Compound 51

n-BuLi (0.46 mL, 2.5 M, 1.25 mmol) was added dropvie a solution 060 (728 mg, 1.05
mmol) in THF (20 mL) cooled to -78 °C. After stmg at -78 °C for 15 min,
Trifluoromethanesulfonic anhydride (0.35 mL, 2.09not) was added, the reaction was
allowed to 1h. Upon reaching room temperature ¢aetion was quenched by the addition of
water, then extracted with ethyl acetate. The ektreas washed with water, dried with
sodium sulfate, filtered and concentratied vacuo The crude product was purified by
chromatography on silicagel by using pet. etheCMD (20%) as the eluent to give the title
compoundb1 (white solid, 690 mg, 80%).

Mp 86-87 °C:'H NMR (400 MHz, CRQCL,): & 7.45-7.44 (m, 4H), 7.35 (d, 1H,= 8.4 Hz),
7.31 (d, 4HJ = 8.0 Hz), 7.21 (d, 2H]) = 8.4 Hz), 7.10 (d, 2H) = 8.0 Hz), 7.07 (d, 1H) =

2.8 Hz), 6.87 (d, 2H) = 8.4 Hz), 1.38 (s, 9H), 1.34 (s, 9H), 1.26 (s, 9HP5 (s, 9H), -0.15
(s, 9H). °*C NMR (100 MHz, CRCl,): & 150.6, 150.2, 149.6, 149.4, 148.5, 141.8, 138.6,
138.3, 138.1, 137.9, 137.8, 135.8, 134.9, 134.8.313134.3, 130.7, 129.8, 129.7, 129.5,
129.0, 128.8, 128.7, 128.6, 127.6, 125.6, 125.8,112125.0, 124.8, 124.7, 34.6, 34.5, 34.3,
31.2, 31.0, 29.8, -0.59. FD-HRMS Calcd (M+) 826 286found 826.40930.
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Compound 53

Finely powdered anhydrous CsF (314 mg, 2.1 mmo§ agded to a solution 6fL (570 mg,
0.69 mmol), and [Pddba}] (63.10 mg, 0.069 mmol) in G&N/CH,Cl; 3:1 (20 mL), and the
mixture was stirred at 40°C for 96 h. After thin@, the solvent was removed under reduced
pressure and the residue was purified by columonshtography (silica gel; ether/GEl,
4:1), affording53 (270 mg, 65%) as a white solid.

Mp 115-116 °C*H NMR (400 MHz, CRQCL,): § 7.82 (d, 2HJ = 1.2 Hz), 7.75 (d, 2H] = 7.6
Hz), 7.49(d, 2HJ = 2.0 Hz), 7.45 (dd, 2H] = 2.0, 8.0 Hz), 7.41 (dd, 2H,= 2.0, 8.0 Hz),
7.39 (d,2H, J= 1.2 Hz), 7.32 (d, 2H) = 8.4 Hz), 7.14 (d, 4H) = 8.4 Hz), 7.01 (d, 4H] =

8.4 Hz), 6.85 (s, 2H), 6.81 (d, 4Bi= 6.4 Hz), 6.75 (d, 4H] = 6.4 Hz), 1.50 (s, 18H), 1.41 (s,
18H), 1.34 (s, 18H), 1.21 (s, 18HFC NMR (100 MHz, CRCly): 6 158.4, 151.5, 150.3,
149.1, 144.1, 143.3, 143.2, 143.1, 139.5, 138.8,5,3137.8, 132.4, 130.3, 129.4, 128.1,
126.4, 124.8, 124.7, 124.3, 124.2, 118.4, 116.3},68.5, 34.9, 34.5, 34.2, 32.0, 31.9, 31.4,
31.2,31.1, 29.7. FD-HRMS Calcd (M+) 1208.81, folr2®8.80.

1,3,5-tris(5tert-butyl-2-methoxyphenyl)benzene (55)

1,3,5-Tribromobenzen26 (1.0 g, 3.2 mmol), Jert-butyl-2-methoxyphenylboronic acig4
(2.4 g, 11.5 mmol) and N@Gs; (3.4 g, 32 mmol) were dissolved in toluene (30 miwxter
(10 mL) and ethanol (5mL). The solution was degasBe(PP¥§)4 (369 mg, 0.32 mmol) was
added under an Ar stream and the mixture was degasgain, then heated at 90°C for 48h.
The organic layer was decanted and the aqueouswagextracted twice with GEl,. The
combine organic layer was washed with water ando@eded. The crude product was
purified by chromatography on silica gel by usingirpleum ether / C¥Cl, (20%) as the
eluent to give the title compouré (white solid, 1.67 g, 95%).
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Mp 119-120°C:*H NMR (400 MHz, CBCly): & 7.55 (s, 3H), 7.39 (d, 3H,= 2.8 Hz), 7.33
(dd, 3H,J = 2.8, 8.8 Hz), 6.93 (d, 3H,= 8.4 Hz), 3.79 (s, 9H), 1.30 (s, 27H)C NMR (100
MHz, CD,Cl,): § 154.4, 143.5, 138.5, 130.0, 129.4, 128.3, 125.8,6, 55.5, 34.1, 31.3; FD-
HRMS Calcd (M+) 564.36034, found 564.35856.

1,3,5-tris(54ert-butyl-2-hydroxyphenyl)benzene (56)

Compound55 (1.72 g, 3.05 mmol) was dissolved in 50 mL of dri,Cl, under Arand
brought to -20°C. BBr(1 M in CHCl,, 12.2 mmol, 12.2 mL) was added drop-wise with
vigorous stirring, the reaction mixture was stirredernight and finally warmed to room
temperature. The reaction mixture was then pouredrashed ice, the organic layer was
decanted and the aqueous layer was extracted witlkeCH,Cl,. The combine organic layer
was washed with water and dried over anhydrougS®8a The solvent was removed under
vacuum, yieldingp6 without further purification (1.57 g, 99%) as aitehsolid.

Mp 247-248°C;:*H NMR (400 MHz, CDCly): 8 7.63 (s, 3H), 7.34 (d, 3H,= 2.4 Hz), 7.28
(dd, 3H,J = 2.6, 8.2 Hz), 6.88 (d, 3H,= 8.8 Hz), 5.24 (s, 3H), 1.29 (s, 27HJC NMR (100
MHz, CD,Cl,): 6 150.3, 143.9, 139.4, 128.9, 127.5, 126.9, 1261%.5, 34.1, 31.3; FD-
HRMS Calcd (M+) 522.31339, found 522.31410.

1,3,5-tris(54ert-butyl-2-trifluoromethylsulfonyloxyphenyl)benzene G7)

To compoundb6 (1.50 g, 2.87 mmol) dissolved in 100 mL of anhydr&HCl, were added

5 mL of pyridine and the solution was cooled to OTG@fluoromethanesulfonic anhydride
(2.9 mL, 11 mmol) was added drop wise and the mixtuas warmed to room temperature
and stirred overnight. The solvent was removed undeEuum. The crude product was
purified by chromatography on silica gel by usingirpleum ether / C¥Cl, (15%) as the
eluent to give the title compouid (white solid, 2.53 g, 96%).
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Mp 173-174°C:*H NMR (400 MHz, CDCly): § 7.65(s, 3H), 7.64 (d, 3H, = 2.8 Hz), 7.48
(dd, 3H,J = 2.6, 9.0 Hz), 7.31 (d, 3H] = 8.8 Hz), 1.36 (s, 27Hz}’F NMR (400 MHz,
CD.,Clp): & -74.21;*3C NMR (100 MHz, CRCl,): § 152.3, 144.7, 136.9, 133.8, 130.1, 129.4,
126.7, 121.4, 34.8, 30.9; FD-HRMS Calcd (M+) 9182%, found 918.16261.

1,3,5-tris(54ert-butyl-2-phenanthren-9-ylphenyl)benzene (59)

Compound57 (400 mg, 0.435 mmol) and phenanthrene-9-boronid 88 (386 mg, 1.74
mmol) and KPO, (1.11 g, 5.22 mmol) were dissolved in a mixturd bifF (10 mL) and water
(2 mL). The solution was degassed, Pd(QA¢L4.6 mg, 0.065 mmol) and 2-
dicyclohexylphosphino-2',6'-dimethoxybiphenyl SPH@2 mg, 0.078 mmol) were added
under an Ar stream and the mixture was degassed. 8de solution was heated at 70 °C for
72h. The organic layer was then decanted and theoag layer extracted twice with gEi».
The combine organic layer was washed with water @raporated. The crude product was
purified by chromatography on silica gel by usingirpleum ether / C¥Cl, (12%) as the
eluent to give the title compou®® (white solid, 414 mg, 95%).

Mp 214-215°C;'H NMR (400 MHz, DMSO0,150C): & 8.67-8.63 (m, 6H), 7.58-7.43 (m, 9H),
7.42 (d, 3HJ = 8.0 Hz), 7.31 (d, 3H] = 8.0 Hz), 7.25-7.21 (m, 6H), 7.01 (d, 30 8.4 Hz),
6.96 (s, 3H), 6.68 (s, 3H), 6.49 (s, 3H), 1.0528H); *C NMR (100 MHz, CRCl,): &
150.5,150.4, 140.8, 140.3, 138.1, 137.9, 135.4,93131.4, 130.2, 129.5, 128.7, 128.6,
128.2, 127.1, 126.6, 126.4, 126.1, 126.0, 123.2.8.2122.5, 34.2, 34.1, 31.0, 30.9; FD-
HRMS Calcd (M+) 1002.51645, found 1002.52118.

Hexa[7]circulene- and [5]helicene-based rearrangedompound (60)
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Compound59 (300 mg, 0.3 mmol) was dissolved in 50 mL of ubsized dichloromethane
and degassed with an Ar stream for 15 minutes. Bhaplution of FeGI(970 mg, 6.0 mmol)
in 10 mL of nitromethane was added drop wise whoatinuously degassing with an Ar
stream. After 1h the reaction was stopped by ad@d®® mL of ethanol. The organic phase
was then washed twice with water and dried overydrdus NaSQO, The solvent was
removedin vacuo and the crude product was purified by chromatdugyapn silica gel by
using petroleum ether / GBI, (4%) as the eluent to give the title compow@id(greenish
yellow solid, 218 mg, 73%).

Mp > 400°C;*H NMR (400 MHz, CBCly): § 9.10-9.07 (m, 1H), 8.95-8.91 (m, 1H), 8.76-
8.72 (m, 1H), 8.67-8.63 (m, 2H), 8.54 (d, 1Hs 8.4 Hz), 8.52 (d, 1H] = 8.4 Hz), 8.43 (d,
1H, J = 8.0 Hz), 8.15 (dd, 2H] = 2.2, 7.8 Hz), 7.87 (d, 1H,= 8.0 Hz), 7.75 (d, 1H] = 8.0
Hz), 7.72-7.68 (m, 5H), 7.59 (dd, 1BI= 2.0, 8.4 Hz), 7.50 (t, 1H,= 8.4 Hz), 7.45-7.42 (m,
2H), 7.31 (t, 1HJ = 7.6 Hz), 7.17 (t, 1HJ = 7.2 Hz), 7.14-7.7.05 (m, 4H), 6.98 (d, 1H=
7.6 Hz), 6.71 (t, 1HJ = 7.0 Hz), 6.44 (d, 1H) = 7.6 Hz), 6.43 (d, 1H]) = 7.6 Hz), 1.18 (s,
9H), 1.02 (s, 9H), 0.63 (s, 9H)’C NMR (100 MHz, CDCl,): & 148.1, 147.7, 147.4, 142.3,
138.2, 136.8, 136.2, 136.1, 134.9, 134.8, 133.8.(13132.4, 131.6, 131.4, 131.3, 131.1,
130.7, 130.6, 129.8, 129.7, 129.6, 129.5, 129.8.8,2128.7, 128.6, 128.5, 128.4, 128.3,
128.2, 128.1, 128.0, 127.8, 127.7, 127.4, 127.3,22126.8, 126.7, 126.6, 126.0, 125.8,
125.6, 125.5, 125.2, 125.1, 124.9, 124.7, 124.8,.4,2124.3, 123.9, 123.6, 123.5, 122.5,
122.2, 121.3, 121.1, 35.9, 34.7, 34.4, 32.3, 38®5; FD-HRMS Calcd (M+) 994.45385,
found 994.45604.

1,3,5-tris(54ert-butyl-2-naphthalen-2-ylphenyl)benzene (62)

Compounds7 (600 mg, 0.65 mmol), naphthalene-2-boronic &id448 mg, 2.6 mmol) and
K3PQO, (1.67 g, 7.82 mmol) were dissolved in a mixturerefF (10 mL) and water (2 mL).
The solution was degassed, Pd(OA@2 mg, 0.1 mmol) and 2-dicyclohexylphosphino-2',6
dimethoxybiphenyl SPhos (48 mg, 0.12 mmol) wereedddnder an Ar stream and the
mixture was degassed again. The solution was heatéd°C for 48h. The organic layer was
then decanted and the aqueous layer was extragiesl with CHCl,. The combine organic
layer was washed with water and evaporated. Thealecrproduct was purified by
chromatography on silica gel by using petroleuneethCHCl, (10%) as the eluent to give
the title compoun®?2 (white solid, 511 mg, 92%).

Mp 186-187°C*H NMR (400 MHz, CRCL,): & 7.81-7.77 (m, 6H), 7.76 (s, 3H), 7.64 (d, 3H,
J = 8.8 Hz), 7.47-7.40 (m, 6H), 7.31 (d, 3#H7 8.0 Hz), 7.29 (d, 3H) = 8.4 Hz), 6.89 (s,
3H), 6.84 (dd, 3HJ = 2.0, 8.8 Hz), 6.69 (s, 3H),1.01 (s, 27HC NMR (100 MHz, CRCL,):
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6 150.6, 141.6, 139.8, 139.3, 137.3, 133.6, 13230.46 129.8, 128.9, 128.1, 128.0, 127.8,
126.6, 126.1, 125.9, 124.4, 34.1, 30.8; FD-HRMSE&M+) 852.46950, found 852.47021.

Unidentified rearranged compound (63).

Compounds2 (200 mg, 0.24 mmol) was dissolved in 50 mL of absized dichloromethane
and degassed with an Ar stream for 15 minutes. Bhaslution of FeGI(760 mg, 4.7 mmol)

in 10 mL of nitromethane was added drop wise whiatinuously degassing with an Ar
stream. After 1.5h the reaction was stopped byrad@iDO mL of ethanol. The organic phase
was then washed twice with water and dried overydrdus NaSO, The solvent was
removedin vacuoand the crude product was purified by chromatdgyapn silica gel by
using petroleum ether / GBI, (4%) as the eluent to give the title compo@i(greenish
yellow solid, 178 mg, 90%).

Mp > 400°C;*H NMR (400 MHz, CRCL,): § 9.17 (s, 1H), 9.13 (d, 1H),= 8.4 Hz), 9.03(d,
1H,J=8.4 Hz), 8.78 (d, 1H] = 9.2 Hz), 8.66 (d, 1H] = 8.0 Hz), 8.59 (d, 1H] = 8.8 Hz),
8.49 (d, 1HJ = 8.4 Hz), 8.45 (d, 1H) = 8.4 Hz), 8.30 (d, 1H) = 8.4 Hz), 8.17 (d, 1H] =
8.4 Hz), 8.14 (d, 1HJ = 8.8 Hz), 7.87 (d, 1H) = 8.4 Hz), 7.83 (d, 1H] = 7.6 Hz), 7.68-
7.57 (m, 6H), 7.43-7.40 (m, 2H), 7.23 (t, 1H; 7.4 Hz), 7.17 (t, 1H) = 7.2 Hz), 6.80 (t, 1H,
J=7.6 Hz), 6.62 (t, 1H) = 8.2 Hz), 1.04 (s, 9H), 0.79 (s, 9H), 0.76 (s, 9¥F NMR (100
MHz, CD,Cly): 6 149.3, 149.0, 148.8, 132.9, 132.8, 132.7, 1323Q,4], 131.0, 130.8, 130.7,
130.4, 129.4, 128.8, 128.7, 128.4, 128.2, 128.0,9.2127.8, 127.7, 127.5, 127.4, 127.2,
126.9, 126.8, 126.2, 125.9, 125.8, 125.6, 125.5.312125.2, 125.0, 124.6, 124.5, 124.4,
124.2, 124.0, 123.7, 122.9, 122.4, 121.4, 121.0,82120.0, 118.3, 39.3, 34.1, 34.0, 32.6,
30.5, 30.4; FD-HRMS found 844.40311.

1,3,5-tris(54ert-butyl-1-naphthalen-2-ylphenyl)benzene (65)

Compounds7 (600 mg, 0.65 mmol), naphthalene-1-boronic &41d673.80 mg, 3.9 mmol)
and KsPO, (1.67 g, 7.82 mmol) were dissolved in a mixtureTéfF (10 mL) and water (2
mL). The solution was degassed, Pd(QARR mg, 0.1 mmol) and 2-dicyclohexylphosphino-
2',6'-dimethoxybiphenyl SPhos (48 mg, 0.12 mmolyen&dded under an Ar stream and the
mixture was degassed again. The solution was heatéd°C for 48h. The organic layer was
then decanted and the aqueous layer was extragies with CHCl,. The combine organic
layer was washed with water and evaporated. Thelecrproduct was purified by
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chromatography on silica gel by using petroleunreefhCHCl, (10%) as the eluent to give
the title compoun®8 (white solid, 505 mg, 90%).

Mp 214-215 °CH NMR (400 MHz, CBCl,): § 7.83-7.76 (m, 3H), 7.75-7.67 (m, 3H), 7.60-
7.52 (m, 3H), 7.42-7.32 (m, 5H), 7.29-7.21 (m, 7AN14-7.08 (m, 4H), 6.63-6.57 (m, 3H),
6.51-6.47 (m, 5H), 1.20 (s, 14H), 1.15 (s, 13 NMR (100 MHz, CDCl,): & 150.4,
150.3, 141.0, 140.7, 139.3, 135.6, 133.6, 133.8.413132.2, 131.5, 131.2, 128.5, 128.4,
128.3,128.1, 127.2, 127.0, 126.9, 126.8, 126.2,8,225.7, 125.6, 125.5, 125.0, 123.4, 34.4,
34.3, 31.2, 31.1; FD-HRMS Calcd (M+) 852.46950,Mfd852.47021.

1,3,5-tris(5+4ert-butyl-2-(4-trimethylsilylphenyl)phenyl)benzene (67

"

<3 Ini's;
|

Compound57 (400 mg, 0.44 mmol), 4-(trimethylsilyl)phenylboioracid 66 (338 mg, 1.7
mmol) and KPO, (1.1 g, 5.2 mmol) were dissolved in a mixture ofFFE@.0 mL) and water (2
mL). The solution was degassed, Pd(QAcj14.7 mg, 0.065 mmol) and 2-
dicyclohexylphosphino-2',6'-dimethoxybiphenyl SPh@ mg, 0.078 mmol) were added
under an Ar stream and the mixture was degassed. adee solution was heated at 70°C for
48h. The organic layer was then decanted and theocaig layer was extracted twice with
CH.Cl,. The combine organic layer was washed with watet avaporated. The crude
product was purified by chromatography on silica lgg using petroleum ether / Gal,
(12%) as the eluent to give the title compoéidwhite solid, 384 mg, 96%).
Mp 254-255°C;*H NMR (400 MHz, CDCl,): & 7.53 (d, 6HJ = 7.6 Hz), 7.39 (dd, 3H] =
2.0, 8.4 Hz), 7.28 (d, 3H,= 8.4 Hz), 7.14 (d, 3H] = 1.6 Hz), 6.98 (d, 6H]) = 7.6 Hz), 6.82
(s, 3H), 1.28 (s, 27H), 0.20 (s, 27HJC NMR (100 MHz, CBCL,): & 150.5, 142.5, 141.5,
139.9, 138.1, 137.4, 132.9, 130.4, 129.6, 128.@.81234.5, 31.1, -1.2; FD-HRMS Calcd
(M+) 918.54113, found 918.54367.
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3,11,19-tritert-butyl-6,14,22-tris(trimethylsilyl)hexabenzotriphenylene (68)

Compounds7 (200 mg, 0.22 mmol) was dissolved in 50 mL of absized dichloromethane
and degassed with an Ar stream for 15 minutes. Bhsslution of FeGI(700 mg, 4.3 mmol)
in 10 mL of nitromethane was added drop wise whiatinuously degassing with an Ar
stream. After 1.5h the reaction was stopped byrad@iDO0 mL of ethanol. The organic phase
was then washed twice with water and dried overydrdus NaSO, The solvent was
removedin vacuo and the crude product was purified by chromatdgyapn silica gel by
using petroleum ether / GBI, (2%) as the eluent to give the title compoG8dyellow solid,
129 mg, 65%).

Mp > 300°C (decomposes at 300°¢)t NMR (400 MHz, CBCl,): & 8.55 (d, 3H,J = 8.4
Hz), 8.53 (d, 3HJ = 8.4 Hz), 8.29 (s, 3H), 8.14 (d, 3Bl= 2.0 Hz), 7.65 (dd, 3H]= 1.8, 8.4
Hz), 7.60 (dd, 3HJ = 1.8, 8.4 Hz), 1.05 (s, 27H), -0.02 (s, 27fC NMR (100 MHz,
CD.Cly): 6 148.1, 136.6, 136.5, 131.7, 130.9, 130.6, 13(®8,5], 128.4, 127.6, 124.5, 122.9,
122.2, 34.5, 30.8, -1.7; FD-HRMS Calcd (M+) 912.484found 912.49536.

1,4-bis(5tert-butyl-2-methoxyphenyl)benzene (70)

1,4-Phenylenediboronic acith (1.0 g, 6.0 mmol), %ert-butyl-2-methoxyphenylbromidé9
(3.2 g, 13.1 mmol) and N@0O5(6.30 g, 59.5 mmol) were dissolved in toluene (43,mvater
(16 mL) and ethanol (8mL). The solution was degasBe(PP¥§)4 (690 mg, 0.60 mmol) was
added under an Ar stream and the mixture was dedasgain. The solution was heated at
90°C for 48h. The organic layer was then decantefitlhe aqueous layer was extracted twice
with CH,Cl,. The combine organic layer was washed with water evaporated. The crude
product was purified by chromatography on silica lgge using petroleum ether / G@l,
(20%) as the eluent to give the title compoufdwhite solid, 2.15 g, 90%).

Mp 165-166°C;'H NMR (400 MHz, CRQCL,): 5 7.50 (s, 4H), 7.35 (d, 2H),= 2.8 Hz), 7.32
(dd, 2H,J = 2.6, 8.6 Hz), 6.93 (d, 2H,= 8.4 Hz), 3.79 (s, 6H), 1.31 (s, 18K NMR (100
MHz, CD.Cl,): 6 154.4, 143.5, 137.7, 129.8, 129.1, 128.0, 128168,71 55.5, 34.0, 31.3; FD-
HRMS Calcd (M+) 402.25588, found 402.25699.
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1,4-bis(5tert-butyl-2-hydroxyphenyl)benzene (71)

Compound70 (1.86 g, 4.6 mmol) was dissolved in 50 mL of dry LCH under Arand
brought to -20°C. BBr(1 M in CHCl,, 11.6 mmol, 11.6 mL) was added drop-wise with
vigorous stirring, the reaction mixture was stirredernight and finally warmed to room
temperature. The reaction mixture was then pourgd orushed ice, organic layer was then
decanted and the aqueous layer was extracted witlkeCH,Cl,. The combine organic layer
was washed with water and dried over anhydrougS®8a The solvent was removed under
vacuum, yieldingr1 (1.71 g, 99%) as a white solid.

Mp 161-162°C;'*H NMR (400 MHz, CDRCly): & 7.59 (s, 4H), 7.29 (d, 2H,= 2.8 Hz), 7.27
(dd, 2H,J = 2.6, 7.8 Hz), 6.87 (d, 2H,= 8.4 Hz), 5.10 (s, 2H), 1.31 (s, 184jc NMR (100
MHz, CD,Cl,): 6 150.3, 143.8, 137.2, 129.8, 127.3, 127.1, 12616.4, 34.1, 31.3; FD-
HRMS Calcd (M+) 374.22458, found 374.22408.

1,4-bis(5tert-butyl-2-trifluoromethylsulfonyloxyphenyl)benzene (72)

s
-

w\

SaWaW

To compound/1 (1.50 g, 4.0 mmol) in 100 mL of anhydrous £ were added 3.5 mL of
pyridine and the solution was cooled to 0°C. Tofltmethanesulfonic anhydride (1.7 mL, 10
mmol) was added drop wise and the mixture was wartoeroom temperature and stirred
overnight. The solvent was removed under vacuune Giude product was purified by
chromatography on silica gel by using petroleuneethCHCl, (15%) as the eluent to give
the title compound2 (white solid, 2.43 g, 95%).

Mp 180-181°C;*H NMR (400 MHz, CRQCL): 5 7.56 (s, 4H), 7.50 (d, 2H),= 2.4 Hz), 7.47
(dd, 2H,J = 2.0, 8.8 Hz), 7.32 (d, 2H] = 8.4 Hz), 1.35 (s, 18H)’F NMR (400 MHz,
CD,Cly): & -74.24;C NMR (100 MHz, CRCl,): & 152.1, 144.6, 136.2, 134.0, 129.5, 129.2,
126.4, 121.6, 34.8, 31.6D-HRMS Calcd (M+) 638.12315, found 638.12510.
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1,4-bis(5tert-butyl-2-(4-trimethylsilylphenyl)phenyl)benzene (73

S Naita

Si

Compound72 (600 mg, 0.94 mmol), 4-(trimethylsilyl)phenylboioracid 66 (460 mg, 2.4
mmol) and kPO, (1.6 g, 7.5 mmol) were dissolved in a mixture ofHFE@.0 mL) and water (2
mL). The solution was degassed, Pd(QAcj21 mg, 0.09 mmol) and 2-
dicyclohexylphosphino-2',6'-dimethoxybiphenyl SP#8 mg, 0.11 mmol) were added under
an Ar stream and the mixture was degassed agaesdllution was heated at 70°C for 48h.
The organic layer was then decanted and the aguaypeiswas extracted twice with GEl..
The combine organic layer was washed with water @raporated. The crude product was
purified by chromatography on silica gel by usingirpleum ether / C¥Cl, (10%) as the
eluent to give the title compour@® (white solid, 540 mg, 90%).

Mp 305-306°C;'H NMR (400 MHz, CDCl,): § 7.58 (d, 1H,) = 2.4 Hz), 7.41 (d, 1H] = 2.0
Hz), 7.39 (d, 2HJ = 1.6 Hz), 7.38 (d, 4H] = 7.6 Hz), 7.32 (d, 2H] = 8.4 Hz), 7.10 (d, 4H]

= 8.0 Hz), 6.99 (s, 4H), 1.35 (s, 18H), 0.22 (H)}8°C NMR (100 MHz, CRCly): & 150.6,
141.9, 140.2, 139.9, 138.2, 137.6, 132.8, 130.8,512129.2, 127.6, 124.6, 34.5, 31.1, -1.4;
FD-HRMS Calcd (M+) 638.37640, found 638.37464.

2,13-ditert-butyltribenzolfg,ij,rstpentaphene (74)

Compound73 (200 mg, 0.31 mmol) was dissolved in 50 mL of abdized dichloromethane
and degassed with an Ar stream for 15 minutes. Bhaplution of FeGI(610 mg, 3.8 mmol)
in 5 mL of nitromethane was added drop wise whibatimuously degassing with an Ar
stream. After 1h the reaction was stopped by ad@idt@ymL of methanol. The organic phase
was then washed twice with water and dried overydrdus NaSQO, The solvent was
removedin vacuoand the crude product was purified by chromatdugyapn silica gel by
using petroleum ether / GBI, (4%) as the eluent to give the title compouddyellow solid,
139 mg, 91%).

Mp 276-277°C;*H NMR (400 MHz, CDCly): § 9.06 (s, 2H), 8.87 (d, 2H,= 7.6 Hz), 8.84
(d, 2H,J=1.6 Hz), 8.78 (d, 2H] = 8.0 Hz), 8.68 (d, 2H] = 8.8 Hz), 8.95 (t, 2H] = 8.0 Hz),
7.82 (dd, 2HJ = 1.6, 8.8 Hz), 1.60 (s, 18H)*C NMR (100 MHz, CDCl,): § 150.4, 129.9,
129.7, 129.5, 127.6, 127.5, 126.4, 125.6, 124.3,412121.3, 121.2, 120.7, 119.6, 35.2, 31.3;
FD-HRMS Calcd (M+) 488.25040, found 488.25075.
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1,3,5-tris(4tert-butylbiphenyl-2-yl)benzene (76)

Compounds7 (430 mg, 0.47 mmol), phenylboronic adil (230 mg, 1.9 mmol) and RO,
(2.2 g, 5.7 mmol) were dissolved in a mixture of HKLO mL) and water (2 mL). The
solution was degassed, Pd(OA€)5.8 mg, 0.070 mmol) and 2-dicyclohexylphosphé*-
dimethoxybiphenyl SPhos (35 mg, 0.084 mmol) werdeddunder an Ar stream and the
mixture was degassed again. The solution was heatéd°C for 48h. The organic layer was
then decanted and the aqueous layer was extra¢te2 with CHCI,. The combine organic
layer was washed with water and evaporated. Thelecrproduct was purified by
chromatography on silica gel by using petroleunreefhCHCl, (10%) as the eluent to give
the title compound6 (white solid, 322 mg, 98%).

Mp 263-264°C;*H NMR (400 MHz, CBCly): & 7.36 (dd, 3H,) = 2.0, 8.0 Hz), 7.31-7.21 (m,
12H), 7.00 (d, 6HJ = 7.2 Hz), 6.91 (d, 3H] = 2.0 Hz), 6.77 (s, 3H), 1.28 (s, 27HIC NMR
(100 MHz, CDClyp): 6 150.4, 141.6, 141.5, 139.9, 137.7, 130.2, 139, 7, 127.8, 127.7,
126.5, 124.4, 34.5, 31.2; FD-HRMS Calcd (M+) 70232, found 702.42535.

1,7,13-tri-tert-butyl-hexa-peri-hexabenzocoronene7)

N
N

=
=

Compound76 (150 mg, 0.21 mmol) was dissolved in 50 mL of abdized dichloromethane
and degassed with an Ar stream for 15 minutes. Bhaplution of FeGI(690 mg, 4.3 mmol)
in 10 mL of nitromethane was added drop wise whdatinuously degassing with an Ar
stream. After 1h the reaction was stopped by ad@d®® mL of ethanol. The organic phase
was then washed twice with water and dried overydrdus NaSQO, The solvent was
removedin vacuoand the crude product was purified by chromatdugyapn silica gel by
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using petroleum ether / GBI, (5%) as the eluent to give the title compouidyellow solid,
106 mg, 72%).

Mp > 400°C;'H NMR (400 MHz, CBCl,): § 8.94 (d, 3HJ = 8.0 Hz), 8.92 (d, 3H) = 8.8
Hz), 8.46 (d, 3HJ = 8.0 Hz), 8.39 (d, 3H] = 8.8 Hz), 7.92 (t, 3H] = 8.0 Hz), 1.61 (s, 27H);
3%C NMR (100 MHz, CDQCL,): & 147.2, 131.7, 130.5, 130.3, 129.5, 128.3, 1232.6]
120.7,120.3, 120.0, 38.5, 34.4; FD-HRMS Calcd (/9.32865, found 690.32689.

1,4-bis(4,4'-di-tert-butylbiphenyl-2-yl)naphthalene (82)

1,4-dibromonaphthalené81 (571.94 mg, 2.0 mmol), 2-(4,4'-di-tert-butylbiplyk2-yl)-
4,4,5,5-tetramethyl-1,3,2-dioxaborola®® (1.65 g, 4.2 mmol) and N@O; ( 4.24g, 40.0
mmol) were dissolved in toluene (30 mL), water (D) and ethanol (5 mL). The solution
was degassed three times, Pd@P230.8 mg, 0.20 mmol) was added under an A eastr
and the mixture was degassed three times againsdlnéon was heated at 90 °C for 24h.
The organic layer was then decanted and the aqueges was extracted 2 times with
CH.Cl,. The combine organic layer was washed with watet avaporated. The crude
product was purified by chromatography on silicdgelsing pet. ether / GBI, (5%) as the
eluent to give the title compoui®@ (white solid, 1.20 g, 91%).

Mp 145-146 °C}H NMR (400 MHz, CRQCl,): § 7.60-7.58(m, 1H), 7.56-7.50 (m, 3H), 7.49-
7.46 (m, 4H), 7.47 (d, 1H] = 8.0 Hz), 7.42 (d, 1HJ = 7.6 Hz), 7.33 (d, 1HJ = 2.0 Hz),
7.24-7.22 (m, 1H), 7.16 (s, 1H), 7.14-7.06 (m, 6HN0-6.98 (M, 4H), 1.35 (s, 18H), 1.21 (s,
9H), 1.17 (s, 9H)'H NMR (400 MHz, CDC} 50 °C): 5 7.64-7.62 (m, 1H), 7.56-7.53 (m,
1H), 7.49-7.46 (m, 4H), 7.44 (s, 1H), 7.35 (d, 1Hs 2.4 Hz), 7.23-7.20 (m, 1H), 7.16 (s,
1H), 7.12-7.07 (m, 4H), 7.03-6.95 (m, 6H), 1.387H), 1.37 (s, 11H), 1.21 (s, 11H), 1.17 (s,
7H).*H NMR (400 MHz, DMSO0): 7.54-7.51 (m, 2H), 7.45-7.37 (m, 4H), 7.25 (d, JH;
2.0 Hz), 7.23-7.20 (m, 1H), 7.17-7.13 (m, 3H), 7006(m, 3H), 7.03 (d, 2H] = 8.4 Hz),
6.94 (d, 2H, = 8.4 Hz), 6.91 (d, 2H] = 8.4 Hz), 1.35 (s, 9H), 1.28 (s, 9H), 1.14 (s, 9HD9

(s, 9H). °*C NMR (100 MHz, CRCl,): & 149.8, 149.7, 149.2, 149.1, 139.4, 139.3, 138.9,
138.6, 138.5, 138.4, 132.4, 132.0, 129.9, 129.8.9,2128.8, 127.6, 127.3, 126.5, 126.4,
125.3, 125.1, 124.9, 124.8, 124.5, 124.4, 34.53,34.2, 31.2, 31.1, 31.0, 27.0. ESI HRMS
calcd (M+) 656.40, found 656.20.
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2,7,10,15-tetra-tert-butyltribenzo[f,j,s]picene (83

Compound 82 (100 mg, 0.152 mmol) was dissolved in 50 mL of tabdized
dichloromethane and degassed with an argon streamlS minutes. Then a solution of
567.85 mg FeGl(3.50 mmol) in 5 mL nitromethane was added dropwikile continuously
degassing with an argon stream. After 1 h the i@aavas stopped by adding 100 mL of
ethanol. Then the organic phase was extractedwathr two times and dried with anhydrous
sodium sulfate. The solvent was removed/acuoand The crude product was purified by
chromatography on silicagel by using pet. etheH(@, (1%) as the eluent to give the title
compound33 (yellow solid, 95 mg, 96%).

Mp >400 °C;*H NMR (400 MHz, CBCl,): § 8.91 (d, 2H,J = 1.6 Hz), 8.89 (g, 2H) = 3.2
Hz), 8.67 (d, 2HJ) = 8.8 Hz), 8.51 (d, 2H]) = 8.8 Hz), 7.91 (d, 2H) = 2.0 Hz), 7.79 (dd, 2H,
J=2.0, 8.8 Hz), 7.59 (q, 2H,= 3.2 Hz), 7.55 (dd, 2H] = 2.2, 8.6 Hz), 1.53 (s, 18H), 1.05
(s, 18H)."°C NMR (100 MHz, CDCl,): & 148.5, 147.1, 130.9, 130.0, 129.4, 129.3, 129.1,
128.6, 128.4, 128.3, 127.7, 127.0, 126.7, 125.8,512124.8, 124.6, 122.8, 35.2, 34.6, 31.6,
31.0. ESI HRMS calcd (M+) 652.40, found 652.20.

1-bromo-4-(4,4'-di-tert-butylbiphenyl-2-yl)naphthal ene (84)

-
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~
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-

1,4-dibromonaphthalen8l1 (1.46 g, 5.11 mmol), 2-(4,4'-di-tert-butylbipherBAyl)-4,4,5,5-
tetramethyl-1,3,2-dioxaborolane (1.0 g, 2.55 mnmadb)and NaCOs; (2.70 g, 25.5 mmol) were
dissolved in toluene (30 mL), water (10 mL) andaethl (5 mL). The solution was degassed
three times, Pd(PRh (295.53 mg, 0.256 mmol) was added under an Agasirand the
mixture was degassed three times again. The solutiss heated at 90 °C for 24h. The
organic layer was then decanted and the aqueoes \egs extracted 2 times with QEl..
The combine organic layer was washed with water @raporated. The crude product was
purified by chromatography on silicagel by using. ggher / CHCl, (4%) as the eluent to
give the title compoun84 (white solid, 902 mg, 75%).
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Mp 152-153 °C}H NMR (400 MHz, CBCly): 6 8.20 (d, 1H,) = 8.8 Hz), 7.65 (d, 1H] = 7.2
Hz), 7.64 (d, 1HJ = 8.0 Hz), 7.53-7.50 (m, 2H), 7.42 (d, 145 8.4 Hz), 7.39-7.35 (m, 1H),
7.33 (d, 1H,J = 2.0 Hz), 7.06 (d, 1H) = 7.6 Hz), 7.04 (d, 2H] = 8.0 Hz), 6.95 (d, 2H] =
8.8 Hz), 1.34 (s, 9H), 1.15 (s, 9H), 1.1 NMR (100 MHz, CRCIy): 6 149.8, 149.3,
140.6, 138.7, 138.1, 137.4,133.7, 131.8, 130.19.212128.8, 128.7, 128.6, 128.5, 127.1,
127.0, 126.6, 125.1, 124.7, 121.4, 34.5, 34.2,,33019. FD-HRMS calcd (M+) 470.16091,
found 470.16022.

Compound 85

~
-
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1-bromo-4-(4,4'-di-tert-butylbiphenyl-2-yl)naphteak 84 (650 mg, 1.38 mmol), 2-(5-tert-
butyl-2-methoxyphenyl boronic acig4 (316.36 mg, 1.52 mmol) and peO; (1.46 g, 13.8
mmol) were dissolved in toluene (30 mL), water (@Q) and ethanol (5 mL). The solution
was degassed three times, Pd@P1159.31 mg, 0.138 mmol) was added under an A&astr
and the mixture was degassed three times againsdlnédon was heated at 90 °C for 48h.
The organic layer was then decanted and the aquieges was extracted 2 times with
CH.CI,. The combine organic layer was washed with wated avaporated. The crude
product was purified by chromatography on silicagglusing pet. ether / GBI, (10%) as
the eluent to give the title compou88 (white solid, 737 mg, 95%).

Mp 90-91 °C;*H NMR (400 MHz, CRCL,): § 7.69-7.67 (m, 1H), 7.56-7.51 (m, 2H), 7.46-
7.39 (m, 3H), 7.32-7.28 (m, 2H), 7.26-7.21 (m, 3HN9 (d, 2HJ = 8.0 Hz), 7.06-7.02 (m,
2H), 6.97 (d, 1HJ = 8.8 Hz), 3.67 (s, 2.01H), 3.60 (s, 0.99H), 1.879H), 1.30 (s, 9H), 1.18
(s, 9H).**C NMR (100 MHz, CRCl,): & 155.0, 149.7, 149.2, 143.3, 139.7, 138.9, 138.7,
138.6, 138.4, 136.8, 132.5, 132.4, 132.3, 132.0,113129.2, 129.1, 128.8, 127.7, 127.6,
126.7, 126.5, 125.6, 125.5, 125.3, 124.6, 113.2,2,1110.3, 55.9, 34.6, 34.2, 34.1, 31.3,
31.2, 31.0. ESI HRMS calcd (M+) 554.35, found 554.4
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Compound 86
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1-(5-tert-butyl-2-methoxyphenyl)-4-(4,4'-di-tert4yibiphenyl-2-yl)naphthalen&5 (680 mg,
1.23 mmol) was dissolved in 40 mL of dry & under N and brought to -20 °C. BB(1 M

in CHxCly, 1.5 equiv, 1.84 mmol, 1.84 mL) was added dropwigh stirring and the reaction
mixture stirred overnight, warming to room temperat The reaction mixture was then
poured into ice water, organic layer was then diechand the aqueous layer was extracted 2
times with CHCIl,. The combine organic layer was washed with wated dried over
anhydrous Ng50O,. The solvent was removed under vacuum, yieldingrédbutyl-2-(4-(4,4'-
di-tert-butylbiphenyl-2-yl)naphthalen-1-yl)phen®b (598.67 mg, 90%) as a brown-red solid,
which was judged pure enough by TLC to be useduinssquent steps without further
purification.

Mp 94-95 °C;*H NMR (400 MHz, CRCly): § 7.73-7.69 (m, 1H), 7.62-7.58 (m, 1H), 7.55-
7.53 (m, 1H), 7.46-7.40 (m, 2H), 7.37-7.33 (m, 4AB1-7.29 (m, 1H), 7.25-7.24 (m, 1H),
7.10 (d, 1HJ = 8.4 Hz), 7.04 (d, 2H) = 9.6 Hz), 6.98 (d, 1H] = 8.0 Hz), 6.93 (dd, 1H] =
1.8, 8.6 Hz), 4.77 (s, 0.40H), 4.66 (s, 0.35H),71(8, 4.65H), 1.36 (s, 4.35H), 1.30 (s, 9H),
1.18 (s, 4.75H), 1.14 (s, 4.25HJC NMR (100 MHz, CRCl,): § 151.0, 150.8, 149.9, 149.8,
149.3, 149.2, 143.4, 143.3, 141.0, 140.9, 138.8.8,3138.5, 138.4, 138.2, 138.1, 133.9,
133.5, 133.0, 133.0, 131.9, 131.8, 130.2, 129.8.9,2128.8, 128.6, 128.3, 128.1, 128.0,
127.4,127.1, 126.4, 126.3, 126.2, 126.1, 125.8,(4,224.9, 124.7, 124.5, 114.8, 114.6, 34.5,
34.2,34.2,34.1, 31.3, 31.2, 31.0. ESI HRMS céMd) 540.34, found 540.30.

Compound 87

-
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~
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Compound86 (600 mg, 1.11 mmol) dissolved in 25 mL of anhydr@id,Cl, was added
pyridine (0.89 mL, 11.10 mmol). The solution was oledd to 0°C and
Trifluoromethanesulfonic anhydride (0.375 mL, 2.22nol) was added drop-wise and the
mixture was warmed to room temperature and stioeginight. The solvent was removed
under vacuum. The crude product was purified bymlatography on silica gel by using
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petroleum ether / CiLI, (15%) as the eluent to give the title compo@adwhite solid, 690
mg, 92%).

Mp 103-104°C;*H NMR (400 MHz, CDBCl,): § 7.75-7.68(m, 1H), 7.55-7.42(m, 5H), 7.38-
7.31(m, 5H), 7.29-7.25(m, 1H), 7.09-6.99(m, 4HB6L(s, 9H), 1.33 (s, 9H), 1.17 (s, 2.64H)
1.13 (s, 6.36H)*F NMR (400 MHz, CDCL,): § -74.58;°C NMR (100 MHz, CDCL): §
152.3, 144.7, 136.9, 133.8, 130.1, 129.4, 126.1,41234.8, 30.9; FD-HRMS Calcd (M+)
672.29, found 672.30.

Compound 88

Compound87 (300 mg, 0.446 mmol), dppf (24.7 mg, 0.045 mmbi}(pinacolato)diboron
(226.63 mg, 0.893 mmol), potassium acetate (26285, 2.67 mmol) and
Pd(dppf)C},CH,Cl, (36.42 mg, 0.045 mmol) were dissolved in dry diexg10 mL).The
mixture was heated at reflux and stirred under ¥eroight. After the solution was cooled
down at room temperature, 20 mL of water and 20ahCH,Cl, were added. The organic
layer was then decanted and the aqueous layer xtescted 3 times with CHCl,. After
drying (NaSQ,) the solvent was evaporated and the residue wasieduby column
chromatography on silica gel using petroleum ethiemixtures of petroleum ether and
CH.ClI, as eluent to give the title compou@l(white solid, 204 mg, 70%).

Mp 105-106 °C*H NMR (400 MHz, CDCly): § 7.73-7.66 (m, 2H), 7.59-7.57 (m, 1H), 7.53-
7.49 (m, 1H), 7.44-7.41 (m, 3H), 7.34-7.27 (m, 3HR4(s, 1H), 7.20 (s, 1H), 7.16-7.08 (m,
4H), 1.34 (s, 18H), 1.19 (s, 9H), 0.98 (s, 6H),400978 (m, 6H).**C NMR (100 MHz,
CD.Cly): 6 153.5, 149.5, 149.2, 148.9, 145.9, 145.8, 14139,41, 139.3, 138.7, 138.4, 134.5,
134.4, 134.2, 133.1, 133.0, 132.6, 132.5, 130.D.613129.8, 129.6, 129.0, 128.9, 128.8,
128.1, 127.2, 127.1, 126.6, 126.4, 125.9, 125.3,812124.7, 123.5, 83.6, 83.1, 34.8, 34.5,
34.3,31.1, 31.0, 24.7, 24.4, 24.3, 24.2. FD-HRMB& (M+) 649.43314, found 649.43444.

Compound 89
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To the compound7 (196 mg, 0.29 mmol), 2-(4-tert-butyl-2-(4-(4,44drt-butylbiphenyl-2-
yhnaphthalen-1-yl)phenyl)-4,4,5,5-tetramethyl- 2;8ljoxaborolane88 (190 mg, 0.29 mmol)
and KPO, (124 mg, 0.58 mmol) were dissolved in a mixturel i (2 mL) and water (0.5
mL). The solution was degassed, Pd(QAc|6.5 mg, 0.03 mmol) and 2-
dicyclohexylphosphino-2',6'-dimethoxybiphenyl SPH&4.4 mg, 0.035 mmol) were added
under an Ar stream and the mixture was degassad. ddee solution was heated at 70°C for
72h. The organic layer was then decanted and tbeoag layer was extracted twice with
CH.Cl,. The combine organic layer was washed with watet avaporated. The crude
product was purified by chromatography on silica lgg using petroleum ether / Gal,
(10%) as the eluent to give the title compo8Adwhite solid, 246 mg, 81%).

Mp 319-320 °C:*H NMR (400 MHz, CDCl,): § 7.55-6.77 (m, 32H), 1.41-0.78 (m, 54H);
FD-HRMS Calcd (M+) 1042.64165, found 1042.63854.

Compound 90

<
-
-

Mp 180-181 °CIH NMR (400 MHz, CDRCIy): 6 7.91-7.89 (m, 1H), 7.72-7.70 (m, 1H), 7.53
(dd, 1H,J=2.0, 8.0 Hz), 7.51 (s, 1H), 7.44 (d, 2Hs 8.0 Hz), 7.42-7.38 (m, 2H), 7.36-7.32
(m, 2H), 7.30-7.25 (m, 3H), 7.10 (d, 2Bl= 8.8 Hz), 7.05 (d, 2H] = 8.8 Hz), 1.36 (s, 9H),
1.35 (s, 9H), 1.18 (s, 9H§3,C NMR (100 MHz, CDCl,): 6 151.3, 149.8, 149.2, 140.4, 139.8,
139.7, 138.8, 138.6, 138.3, 132.8, 131.7, 130.3.112128.8, 127.9, 127.7, 127.4, 127.3,
126.8, 126.2, 125.6, 124.9, 124.7, 124.2, 34./,334.2, 31.2, 31.0. ESI HRMS calcd (M+)
524.34, found 524.30.

Compound 91

To the compound 4,4'-(4,4'-di-tert-butylbipheny?-2jiyl)bis(1-(4,4'-di-tert-butylbiphenyl-2-
yl)naphthalene)89 (121 mg, 0.115 mmol) were dissolved in 40 mL ofstabilized
dichloromethane and degassed with an argon streartbf minutes. Then a solution of 374
mg FeC{ (2.31 mmol) in 5 mL nitromethane was added dropwighile continuously
degassing with an argon stream. After 1 h the i@aavas stopped by adding 100 mL of
ethanol. Then the organic phase was extractedwathr two times and dried with anhydrous
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sodium sulfate. The solvent was removedrawuoand The crude product was purified by
chromatography on silicagel by using pet. ethetHb@, (1%) as eluent to give the title
compound1 (yellow solid, 76.50 mg, 65%).

Mp >400 °C;*H NMR (400 MHz, CRCl,): § 9.09 (d, 2H,) = 8.4 Hz), 8.99 (s, 2H), 8.90-8.88
(m, 4H), 8.73 (d, 2HJ = 8.8 Hz), 8.57 (d, 2H] = 8.8 Hz), 8.31 (s, 2H), 8.13 (s, 2H), 7.87 (d,
2H,J = 8.0 Hz), 7.74-7.70 (m, 4H), 7.65 (dd, 28= 1.2, 8.8 Hz), 1.54 (s, 18H), 1.17 (s,
36H).*C NMR (100 MHz, CRCL,): & 149.2, 147.6, 146.3, 131.7, 131.2, 130.7, 13(29,4],
129.2, 128.5, 128.0, 127.9, 127.3, 127.2, 127.7,02126.6, 126.5, 126.1, 125.9, 125.7,
125.2, 125.0, 124.8, 124.6, 123.3, 123.1, 35.19,34.6, 31.3, 31.0, 30.8D-HRMS Calcd
(M+) 1038.61035, found 1038.61579.

1,4-bis(5-tert-butyl-2-methoxyphenyl)naphthalene (2)

-
-
-~

1,4-dibromonaphthalengl (500 mg, 1.75 mmol), 2-(5-tert-butyl-2-methoxypllerboronic
acid 34 (801.57 mg, 3.85 mmol) and MzO;(1.85 g, 17.5 mmol) were dissolved in toluene
(30 mL), water (10 mL) and ethanol (5 mL). The $oln was degassed three times,
Pd(PPh), (202.02 mg, 0.175 mmol) was added under an Asasirand the mixture was
degassed three times again. The solution was haatl °C for 48h. The organic layer was
then decanted and the aqueous layer was extra¢ied? with CHCI,. The combine organic
layer was washed with water and evaporated. Thealecrproduct was purified by
chromatography on silicagel by using pet. etheH,@, (15%) as eluent to give the title
compound?2 (white solid, 713 mg, 90%).

Mp 102-103 °C;'H NMR (400 MHz, CRQCl,): § 7.58-7.55 (m, 2H), 7.45 (t, 1H,= 2.6 Hz),
7.43 (t, 1HJ = 2.4 Hz), 7.41 (s, 1H), 7.40 (s, 1H), 7.36 (d, DH; 2.8 Hz), 7.34-7.32 (m,
2H), 7.30 (d, 1HJ = 2.8 Hz), 7.00 (d, 1H) = 8.0 Hz), 6.99 (d, 1H]) = 8.8 Hz), ), 3.72 (s,
3H), 3.68 (s, 3H), 1.32 (s, 18HH NMR (400 MHz, CDCJ): & 7.66-7.63 (m, 2H), 7.47 (s,
2H), 7.44 (d, 1H) = 2.8 Hz), 7.42 (d, 1H] = 2.4 Hz), 7.40 (d, 1H] = 2.4 Hz), 7.36-7.33 (m,
3H), 6.99 (d, 2H,) = 8.4 Hz), ), 3.72 (s, 3H), 3.71 (s, 3H), 1.3418H).**C NMR (100 MHz,
CD.Cly): 6 155.1, 143.4, 143.3, 137.2, 137.1, 132.1, 1299,11, 128.8, 128.8, 126.9, 126.7,
126.6, 125.6, 125.5, 125.4, 125.3, 110.4, 110.35,554.1, 31.4. ESI HRMS calcd (M+)
452.27, found 452.20.

2,2'-(naphthalene-1,4-diyl)bis(4-tert-butylphenol)(93)

S
RO,

OH HO

Compound92 (1.0 g, 2.21 mmol) was dissolved in 50 mL of dry CH under N and
brought to -20 °C. BBr(1 M in CHCl,, 2.7 equiv, 5.96 mmol, 5.96 mL) was added dropwise
with stirring and the reaction mixture stirred avght, warming to room temperature. The
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reaction mixture was then poured into ice wategaarc layer was then decanted and the
agueous layer was extracted 2 times with,Clll The combine organic layer was washed
with water and dried over anhydrous JS@y. The solvent was removed under vacuum,
yielding 93 (928.50 mg, 99%) as a brown-red solid, which wag¢d pure enough by TLC to
be used in subsequent steps without further patio.

Mp 126-127 °CH NMR (400 MHz, CDCY): § 7.79-7.76 (m, 2H), 7.60 (s, 1H), 7.59 (s, 1H),
7.51-7.49 (m, 2H), 7.43-7.42 (m, 1H), 7.40-7.39 {H), 7.32 (d, 1H,) = 2.4 Hz), 7.30 (d,
1H, J = 2.4 Hz), 7.01 (d, 2HJ = 8.4 Hz), 1.33 (s, 18H)*C NMR (100 MHz, CRCly): &
150.9, 150.8, 143.5, 143.4, 135.7, 135.6, 135.2.413128.3, 128.2, 128.1, 128.0, 127.9,
126.9, 126.8, 126.6, 126.5, 126.4, 126.3, 125.6,512125.4, 115.1, 115.0, 114.9, 34.1, 34.0,
31.4, 31.32. ESI HRMS calcd (M+) 424.24, found 4D4.

Compound 94

OTf TfO

To the 2,2'-(naphthalene-1,4-diyl)bis(4-tert-buhgpol) 93 (900 mg, 2.12 mmol) in anhyd
CH.CI, was added pyridine (1.707 mL, 21.20 mmol) and dblkeition was cooled to 0 °C.
Trifluoromethanesulfonic anhydride (0.897 mL, 5.80nol) was added dropwise and the
mixture was warmed to room temperature and stioegtnight. The solvent was removed
under vacuum. The crude product was purified bymlatography on silica gel by using
petroleum ether / Cil, (20%) as eluent to give the title compo@®(white solid, 1.40 g,
96%).

Mp 152-153 °C:'H NMR (400 MHz, CDCY):  7.63-7.58 (m, 2H), 7.55-7.54 (m, 1H), 7.53
(s, 2H), 7.51 (d, 2H) = 2.8 Hz), 7.48 (d, 1H] = 2.4 Hz), 7.47-7.42 (m, 3H), 7.37 (d, 1H+
8.4 Hz) 1.38 (s, 9H), 1.36 (s, 9HYC NMR (100 MHz, CRCly): & 152.0, 151.7, 145.4,
145.2, 134.7, 134.6, 133.1, 132.8, 132.0, 131.9.5.3130.4, 127.5, 126.8, 126.4, 126.0,
125.9,121.2,121.1, 34.8, 34.7, 31.1. ESI HRM8a:é\+) 688.14, found 688.10.

Compound 95

Compound®4 (1.1 g, 1.60 mmol), dppf (88.54 mg, 0.159 mmoiy(fnacolato)diboron (1.62
g, 6.39 mmol), potassium acetate (940 mg, 9.58 mara Pd(dppf)GICH,CI, (130.42 mg,
0.159 mmol) were dissolved in dry dioxane (10 mheTmixture was heated at reflux and
stirred under Ar overnight.After the solution wamted down at room temperature, 20 mL of
water and 20 mL of C§€Cl, were added. The organic layer was then decantktheraqueous
layer was extracted 3 times with gE,. After drying (NaSQ,) the solvent was evaporated
and the residue was purified by column chromatdgyam silica gel using petroleum ether or
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mixtures of petroleum ether and g, as eluent to give the title compou®8 (white solid,
825mg, 80%).

Mp 93-94 °C:'H NMR (400 MHz, CRQCL,): & 7.72 (d, 2HJ = 7.2 Hz), 7.65-7.62 (m, 2H),
7.45-7.43 (m, 4H), 7.31-7.28 (m, 4H), 1.34 (s, 188197 (s, 12H), 0.84 (s, 12HYC NMR
(100 MHz, CDClp): 6 153.3, 146.2, 141.1, 134.3, 132.9, 127.5, 12&24,11, 125.1, 123.4,
83.2,34.7, 31.0, 24.9, 24.2, 24.1. FD- HRMS cdMd) 642.42808, found 642.42644.

Compound 96

To the compound 4-tert-butyl-2-(4-(4,4'-di-tert-e2'-(4-(4,4'-di-tert-butylbiphenyl-2-
yl)naphthalen-1-yl) biphenyl-2-yl)naphthalen-1-yignol 109 (440 mg, 0.47 mmol) dissolved
in 20 mL of anhydrous Ci€l, were added 0.5 mL of pyridine and the solution s@dled to
0°C. Trifluoromethanesulfonic anhydride (0.12 mL7D4 mmol) was added drop wise and
the mixture was warmed to room temperature ancedtimvernight. The solvent was removed
under vacuum. The crude product was purified bymlatography on silica gel by using
petroleum ether / CiLI, (15%) as the eluent to give the title compo@Bdwhite solid, 478
mg, 96%).

Mp 160-161 °C;'H NMR (400 MHz, CRQCL,): § 7.66-6.71(br, 28H), 1.45-1.01 (m, 45H
NMR (400 MHz, CDCly): 6 -74.58; FD-HRMS Calcd (M+) 1062.52325, found 1@&@Z.73.

1-bromo-4-(5-tert-butyl-2-methoxyphenyl)naphthalene(98)

~
~
~
~

1,4-dibromonaphthalen&l (4.27 g, 14.9 mmol), 5-tert-butyl-2-methoxypheroyinic acid
34 (2.8 g, 13.57 mmol) and MNaOs (7.2 g, 74.6 mmol) were dissolved in toluene (54)mL
water (18 mL) and ethanol (9 mL). The solution wlagassed three times, Pd(Br(626.5
mg, 0.59 mmol) was added under an Ar stream aadrixture was degassed three times
again. The solution was heated at 90 °C for ovétnighe organic layer was then decanted
and the aqueous layer was extracted 2 times withCGHThe combine organic layer was
washed with water and evaporated. The crude prodast purified by chromatography on
silicagel by using pet. ether / GEl, (20%) as the eluent to give the title compo@B8d¢white
solid, 4.40 g, 80%).

Mp 95-96 °C;*H NMR (400 MHz, CBCly): & 8.26 (d, 1HJ = 8.4 Hz), 7.81 (d, 1H]) = 7.2
Hz), 7.59-7.53 (m, 2H), 7.45-7.40 (m, 2H), 7.241(4), 8.23 (d, 1HJ = 8.0 Hz), 6.97 (d, 1H,
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J = 8.8 Hz), 3.64 (s, 3H), 1.30 (s, 9HJC NMR (100 MHz, CBDCl,): § 154.9, 143.6, 138.0,
137.8, 129.5, 128.9, 127.8, 127.2, 126.5, 126.0,9,2113.3, 110.6, 55.5, 34.1, 31.4. FD-
HRMS Calcd (M+) 368.07758, found 368.07656.

2-(4-bromonaphthalen-1-yl)-4-tert-butylphenol (99)

1-bromo-4-(5-tert-butyl-2-methoxyphenyl)naphthal@&(1.0 g, 2.71 mmol) was dissolved
in 50 mL of dry CHCI, under N and brought to -20 °C. BB(1 M in CHCl,, 1.5 equiv,
4.06 mmol, 4.06 mL) was added dropwise with styrend the reaction mixture stirred
overnight, warming to room temperature. The reactioixture was then poured into ice
water, organic layer was then decanted and thecagukyer was extracted 2 times with
CH.Cl,. The combine organic layer was washed with watet dried over anhydrous
NaSO,. The solvent was removed under vacuum, yiel@8g950.0 mg, 99%) as a brown-
red solid, which was judged pure enough by TLC ¢oused in subsequent steps without
further purification.

Mp 89-90 °C;*H NMR (400 MHz, CBCly): & 8.31 (d, 1HJ = 8.0 Hz), 7.87 (d, 1H]) = 7.2
Hz), 7.64 (s, 1H), 7.63-7.61 (m, 1H), 7.51-7.48 @H), 7.37 (dd, 1HJ = 2.4, 8.4 Hz), 7.32
(d, 1H,J = 7.6 Hz), 7.22 (d, 1H] = 2.4 Hz), 6.93 (d, 1HJ = 8.0 Hz), 4.64 (s, 1H), 1.30 (s,
9H). *C NMR (100 MHz, CDCl,): & 150.8, 143.5, 135.4, 133.2, 132.3, 129.9, 12&8,1
127.7, 127.5, 127.4, 126.7, 126.5, 125.0, 123.5,11134.1, 31.3. FD-HRMS Calcd (M+)
354.06193, found 354.06186.

Compound 100

Compound 2-(4-bromonaphthalen-1-yl)-4-tert-butyipple99 (1.0 g, 2.82 mmol), 5-tert-
butyl-2-methoxyphenylboronic acid (702.6 mg, 3.38ah) and NaCO; (1.2 g, 11.26 mmol)
were dissolved in toluene (24 mL), water (8 mL) attanol (4 mL). The solution was
degassed three times, Pd(BR(162.42 mg, 0.141 mmol) was added under an A&astrand
the mixture was degassed three times again. Thei@olwas heated at 90 °C for 48h. The
organic layer was then decanted and the aqueoes \egs extracted 2 times with QEl..
The combine organic layer was washed with water @raporated. The crude product was
purified by chromatography on silicagel by using. g¢her / CHCIl, (50%) as eluent to give
the title compound 00 (white solid, 1.16 g, 94%).

Mp 97-98 °C;'H NMR (400 MHz, CRCl,): & 7.68-7.62 (m, 2H), 7.51 (dd, 1H,= 2.0, 7.2
Hz), 7.48-7.44 (m, 2H), 7.42-7.37 (m, 3H), 7.34,(titl, J = 2.4, 9.2 Hz), 7.29 (dd, 1H,=
2.4, 9.0 Hz), 7.00 (d, 1HI = 9.0 Hz), 6.96 (dd, 1H] = 4.0, 8.0 Hz), 4.92 (s, 0.4H), 4.88 (s,
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0.6H), 3.69 (s, 3H), 1.32 (s, 18HYC NMR (100 MHz, CBCL): § 155.0, 151.0, 143.4,
138.3, 134.4, 134.2, 132.7, 131.9, 129.1, 129.8,4,2127.7, 127.3, 127.1, 126.4, 126.3,
126.2, 126.0, 125.9, 125.8, 115.0, 114.9, 110.%,55!.1, 34.0, 31.4, 31.3. FD-HRMS Calcd
(M+) 438.25588, found 438.25491.

Compound 101

To the compound 4-tert-butyl-2-(4-(5-tert-butyk¥thoxyphenyl)naphthalen-1-yl)phenol
100 (12.70 g, 28.96 mmol) dissolved in 100 mL of antoydr CHCI, were added 23.40 mL
of pyridine and the solution was cooled to 0°C.flliaromethanesulfonic anhydride (9.80
mL, 57.93 mmol) was added drop wise and the mixtvas warmed to room temperature and
stirred overnight. The solvent was removed undeuwvm. The crude product was purified by
chromatography on silica gel by using petroleunreefhCHCl, (40%) as eluent to give the
titte compoundL01 (white solid, 15.0 g, 91%).

Mp 75-76 °C;'H NMR (400 MHz, CBCly): & 7.64-7.60(m, 2H), 7.58-7.54(m, 2H), 7.51-
7.44(m, 3H), 7.41-7.38(m, 3H), 7.31 (dd, 1Hs 2.8, 8.4 Hz), 7.00 (d, 1H,= 8.4 Hz), 3.68
(s, 2Hz ), 3.64 (s, 1Hz ), 1.37 (s, 9Hz ), 1.345(dz ),1.33 (s, 4Hz)'*F NMR (400 MHz,
CD,Cl,): & -74.70;**C NMR (100 MHz, CRCl,): § 155.3, 155.0, 151.8, 145.5, 143.5, 143.4,
138.7, 133.5, 133.0, 133.0, 132.5, 132.4, 130.D.413129.1, 128.9, 128.8, 128.6, 127.8,
127.7, 126.9, 126.6, 126.0, 125.9, 125.6, 121.2,012111.1, 110.5, 55.8, 55.5, 34.8, 34.1,
31.4, 31.1FD-HRMS Calcd (M+) 570.20516, found 570.20274.

Compound 102

Compound4-tert-butyl-2-(4-(5-tert-butyl-2-methoxgntyl) naphthalen-1-yl)phenyl trifleoro -
methane sulfonate101 (3.0 g, 5.26 mmol), dppf (291.44 mg, 0.53 mmol),
bis(pinacolato)diboron (2.67 g, 10.51 mmol), patassacetate (3.1 g, 31.54 mmol) and
Pd(dppf)C},CH,Cl, (429.30 mg, 0.53 mmol) were dissolved in dry diexd20 mL). The
mixture was heated at reflux and stirred under ¥eroight. After the solution was cooled
down at room temperature, 20 mL of water and 20ahCH,Cl, were added. The organic
layer was then decanted and the aqueous layer xteected 3 times with CyCl,. After
drying (NaSQ,) the solvent was evaporated and the residue wasieduby column
chromatography on silica gel using petroleum ethiemixtures of petroleum ether and
CH.ClI, as eluent to give the title compoubd? (white solid, 2.0 g, 71%).
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Mp 115-116 °CH NMR (400 MHz, CBCl,): § 7.74-7.71 (m, 1H), 7.66-7.60 (m, 1H), 7.58-
7.53 (m, 1H), 7.47-7.42 (m, 3H), 7.38-7.37 (m, 2HB5-7.27 (m, 3H), 7.0 (dd, 1Kd,= 2.0,
8.4 Hz), 3.71-3.65 (m, 3H), 1.36 (s, 9H), 1.33-1(BR 9H), 0.97-0.96 (m, 6H), 0.82-0.78 (m,
6H). 13C NMR (100 MHz, CIXCly): 8 155.2, 155.1, 153.5, 153.4, 146.1, 146.0, 14313,2,
141.4, 136.8, 136.7, 134.3, 134.1, 132.9, 132.2,213132.1, 129.3, 129.1, 127.4, 127.2,
126.7, 126.6, 126.5, 126.4, 126.3, 126.1, 125.5,41225.3, 125.2, 125.1, 125.0, 123.5, 83.1,
55.6, 55.5, 34.8, 34.1, 31.4, 31.3, 31.1, 24.21,224.0, 23.9. ESI HRMS calcd (M+) 548.35,
found 548.30.

Compound 103

<
-
~

-

Compound94 (1.5 g, 2.18 mmol), boronicest&d2 (3.30 g, 6.0 mmol) and RO, (2.78 g,
13.10 mmol) were dissolved in a mixture of THF (@B) and water (3 mL). The solution was
degassed, Pd(OAc) (48.90 mg, 0.218 mmol) and 2-dicyclohexylphospk2h6'-
dimethoxybiphenyl SPhos (107.29 mg, 0.26 mmol) watded under an Ar stream and the
mixture was degassed again. The solution was heatéd°C for 96h. The organic layer was
then decanted and the aqueous layer was extragiesl with CHCl,. The combine organic
layer was washed with water and evaporated. Thealecrproduct was purified by
chromatography on silica gel by using petroleuneethCHCl, (40%) as eluent to give the
title compoundL03 (white solid, 2.0 g, 75%).

Mp 215-216 °C;*H NMR (400 MHz, CRCL,): & 7.96-7.90 (m, 2H), 7.78-6.84 (m, 34H),
3.70-3.68 (m, 6H), 1.32-1.12 (m, 54H); FD-HRMS GhI¢M+) 1232.74209, found
1232.74103.

Compound 104

~ >
S S
- ~

Compound103 (2.2 g, 1.79 mmol) was dissolved in 50 mL of dry LLH under N and

brought to -20 °C. BBr(1 M in CHCl,, 2.5 equiv, 4.47 mmol, 4.47 mL) was added dropwise
with stirring and the reaction mixture stirred avght, warming to room temperature. The
reaction mixture was then poured into ice wategaaic layer was then decanted and the
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agueous layer was extracted 2 times with,Clll The combine organic layer was washed
with water and dried over anhydrous JS@y. The solvent was removed under vacuum,
yielding104 (2.1 g, 99%) as a brown-red solid, which was judgece enough by TLC to be
used in subsequent steps without further purificati

Mp 175-176 °CH NMR (400 MHz, CBCl,): § 7.96-7.94 (m, 2H), 7.69-7.68 (m, 2H), 7.55-
7.29 (m, 30H), 6.96-6.94 (m, 2H), 4.81-4.71 (br)2H42-1.18 (m, 54H). FD-HRMS Calcd
(M+) 1204.70973, found 1204.70555.

Compound 105

Compoundl04 (2.2 g, 1.83 mmol) was dissolved in 30 mL of anmoysd CHCI, were added
1.5 mL of pyridine and the solution was cooled € OTrifluoromethanesulfonic anhydride
(0.80 mL, 4.58 mmol) was added drop wise and theéure was warmed to room temperature
and stirred overnight. The solvent was removed undeEuum. The crude product was
purified by chromatography on silica gel by usiregrpleum ether / C¥Cl, (15%) as eluent
to give the title compountlO5 (white solid, 2.55 g, 95%).

Mp 190-191 °C;'H NMR (400 MHz, CBCly): § 7.62-7.35(m, 36H), 1.40-1.17 (m, 541
NMR (376 MHz, CDCl,): 6 -74.46; FD-HRMS Calcd (M+) 1469.63021, found 1463232.

Compound 108

Compoundl01 (600 mg, 1.05 mmol), and boronic ester compdg®B21.0 mg, 1.26 mmol)
and KsPQ, (891.53 g, 4.20 mmol) were dissolved in a mixturd@ldF (12 mL) and water (1.5
mL). The solution was degassed, Pd(QAc23.57 mg, 0.13 mmol) and 2-
dicyclohexylphosphino-2',6'-dimethoxybiphenyl SPH{84.72 mg, 0.15 mmol) were added
under an Ar stream and the mixture was degassed. dde solution was heated at 70°C for
48h. The organic layer was then decanted and theoag layer was extracted twice with
CH.CI,. The combine organic layer was washed with wated avaporated. The crude
product was purified by chromatography on silica lgge using petroleum ether / G@l,
(20%) as eluent to give the title compour@@B (white solid, 724 mg, 73%).

Mp 177-178 °C;*H NMR (400 MHz, CRCL,): & 7.62-6.79 (m, 28H), 3.70-3.52 (m, 3H),
1.42-1.04 (m, 45H); FD-HRMS Calcd (M+) 944.5896dyrid 944.58711.
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Compound 109

) ‘\ :
N N s

Compoundl08 (450 mg, 0.476 mmol) was dissolved in 20 mL of @ig,Cl, under N and
brought to -20 °C. BBr(1 M in CHCl,, 1.5 equiv, 0.714 mmol, 0.72 mL) was added
dropwise with stirring and the reaction mixturerrsiil overnight, warming to room
temperature. The reaction mixture was then pounéal ice water, organic layer was then
decanted and the aqueous layer was extracted 2 tivite CHCl,. The combine organic
layer was washed with water and dried over anhydiaSQO,. The solvent was removed
under vacuum, yieldindg09 (420.80 mg, 95%) as a brown-red solid, which wakged pure
enough by TLC to be used in subsequent steps wiitother purification.

Mp 167-168 °C:*H NMR (400 MHz, CDCly): & 7.63-6.76 (m, 28H), 4.72-4.56 (m, 1H),
1.44-1.06 (m, 45H); FD-HRMS Calcd (M+) 930.57398rid 930.57278.

Compound 110

Compoundd6 (450 mg, 0.42 mmol), boronic esi@&8 (358 mg, 0.55 mmol) andsRO, (359
mg, 1.70 mmol) were dissolved in a mixture of THEO (mL) and water (0.5 mL). The
solution was degassed, Pd(OA(9.50 mg, 0.042 mmol) and 2-dicyclohexylphosphé*-
dimethoxybiphenyl SPhos (20.80 mg, 0.051 mmol) waatded under an Ar stream and the
mixture was degassed again. The solution was heatéd°C for 96h. The organic layer was
then decanted and the aqueous layer was extragies with CHCl,. The combine organic
layer was washed with water and evaporated. Thelecrproduct was purified by
chromatography on silica gel by using petroleunreefhCHCI, (10%) as eluent to give the
title compoundL10 (white solid, 446 mg, 74%).

Mp 260-261 °CH NMR (400 MHz, CBCl,): & 7.57-6.75(m, 44H), 1.44-0.94(m, 72H); FD-
HRMS Calcd (M+) 1436.90770, found 1436.91285.
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Compound 111

Compound 110 (100 mg, 0.07 mmol) was dissolved in 50 mL of abgized
dichloromethane and degassed with an Ar streani3ominutes. Then a solution of FgCl
(406.37 mg, 2.5 mmol) in 5 mL of nitromethane wasled drop wise while continuously
degassing with an Ar stream. After 1.5h the reactias stopped by adding 100 mL of
methanol. The organic phase was then washed twittewater and dried over anhydrous
NaSO;. The solvent was removeth vacuo and the crude product was purified by
chromatography on silica gel by using petroleuneetfCHCI, (4%) as the eluent to give the
title compoundL11 (yellow solid, 39 mg, 40%).

Mp >400 °C;'H NMR complex NMR spectra, FD-HRMS Calcd (M+) 1424. found
1424.70.

Compound 112

Compound96 (200 mg, 0.19 mmol), boronic-est&d2 (206.30 mg, 0.37 mmol) andsRO,
(159.60 mg, 0.75 mmol) were dissolved in a mixwird HF (6 mL) and water (0.5 mL). The
solution was degassed, Pd(OA(}.22 mg, 0.019 mmol) and 2-dicyclohexylphosph\6--
dimethoxybiphenyl SPhos (9.3 mg, 0.023 mmol) wetdeal under an Ar stream and the
mixture was degassed again. The solution was heatéd°C for 72h. The organic layer was
then decanted and the aqueous layer was extragiesl with CHCl,. The combine organic
layer was washed with water and evaporated. Thealecrproduct was purified by
chromatography on silica gel by using petroleuneethCHCl, (20%) as the eluent to give
the title compound 12 (white solid, 164 mg, 65%).

Mp 180-181 °C*H NMR (400 MHz, CRCL,): § 7.95-7.88 (m, 1H), 7.67-6.71 (m, 39H), 3.69
(s, 3H), 1.44-1.04 (m, 63H); ESI-MS Calcd (M+) 1382 found 1334.80.
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Compound 113

Compoundl12 (250 mg, 0.19 mmol) was dissolved in 10 mL of diy,Cl, under N and
brought to -20 °C. BBr(1 M in CHCl,, 2.0 equiv, 0.376 mmol, 0.38 mL) was added
dropwise with stirring and the reaction mixturerrsiil overnight, warming to room
temperature. The reaction mixture was then pounéal ice water, organic layer was then
decanted and the aqueous layer was extracted 2 tivite CHCl,. The combine organic
layer was washed with water and dried over anhydiaSO,. The solvent was removed
under vacuum, yieldind13 (220 mg, 90%) as a brown-red solid, which was @lgure
enough by TLC to be used in subsequent steps wiitother purification.

Mp 195-196 °C;'H NMR (400 MHz, CBCly): & 7.97-7.95 (m, 1H), 7.74-6.74 (m, 39H),
4.78-4.72 (m, 1H), 1.44-1.13 (m, 63H); ESI-MS ca(btt) 1320.81, found 1320.80.

Compound 114

Compoundl13(248 mg, 0.19 mmol) dissolved in 10 mL of anhydr&H,Cl, was added 0.3
mL of pyridine and the solution was cooled to 0T@fluoromethanesulfonic anhydride (0.07
mL, 1.67 mmol) was added drop wise and the mixiume warmed to room temperature and
stirred overnight. The solvent was removed undeuwvm. The crude product was purified by
chromatography on silica gel by using petroleuneethCHCl, (15%) as the eluent to give
the title compound 14 (white solid, 241 mg, 83%).

Mp 170-171°C}H NMR (400 MHz, CRQCL,): § 7.98-7.94(m, 1H), 7.74-6.75 (m, 39H), 1.37-
1.11(m, 63H)*F NMR (376 MHz, CBCl,): 6 -74.70; ESI-MS Calcd (M+) 1452.76, found
1452.70.
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Compound 115

Compound92 (354.10 mg, 0.33 mmol), dimer boronic estdi3 (520 mg, 0.50 mmol) and
K3PQO, (425 mg, 2.0 mmol) were dissolved in a mixture &fFT(10 mL) and water (1 mL).
The solution was degassed, Pd(OA@).45 mg, 0.033 mmol) and 2-dicyclohexylphosphino-
2',6'-dimethoxybiphenyl SPhos (16.26 mg, 0.040 mmare added under an Ar stream and
the mixture was degassed again. The solution watetext 70°C for 120h. The organic layer
was then decanted and the aqueous layer was extragice with CHCIl,. The combine
organic layer was washed with water and evaporakbd. crude product was purified by
chromatography on silica gel by using petroleunreefhCHCl, (10%) as eluent to give the
title compoundlL12 (white solid, 510 mg, 82%).

Mp 240-241 °CH NMR (400 MHz, CBCl,): § 7.87-6.24(m, 56H), 1.42-1.0 (m, 90H); ESI-
HRMS Calcd (M+) 1827.14, found 1827.20 and ESI-HR®&cd (M+SiQ) 1888.14, found
1888.10.

Compound 116

Compound96 (400 mg, 0.38 mmol), dppf (20.8 mg, 0.038 mmol}(fmnacolato)diboron
(190.9 mg, 0.75 mmol), potassium acetate (221.4 2\ mmol) and Pd(dppf)&CH,CI,
(28.0 mg, 0.038 mmol) were dissolved in dry dioxgh@ mL). The mixture was heated at
reflux and stirred under Ar 48 hours. After theusimin was cooled down at room temperature,
20 mL of water and 20 mL of GiEl, were added. The organic layer was then decantgd an
the agqueous layer was extracted 3 times with@H After drying (NaSQ,) the solvent was
evaporated and the residue was purified by colufmomoatography on silica gel using
petroleum ether or mixtures of petroleum ether &itdhCl, as eluent to give the title
compoundl16 (white solid, 315 mg, 80%).
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Mp 214-215 °C:*H NMR (400 MHz, CBCl): § 7.73-6.71(m, 28H), 1.43-1.10 (m, 45H),
1.03-0.72 (m, 12HED-HRMS Calcd (M+) 1039.66789, found 1039.66497.

Compound 117

Compound 115 (113 mg, 0.06 mmol) was dissolved in 50 mL of abgized
dichloromethane and degassed with an Ar streani3ominutes. Then a solution of FgCl
(501.0 mg, 3.09 mmol) in 5 mL of nitromethane wasled drop wise while continuously
degassing with an Ar stream. After 2h the reactimas stopped by adding 100 mL of
methanol. The organic phase was then washed twittewater and dried over anhydrous
NaSO;. The solvent was removeth vacuo and the crude product was purified by
chromatography on silica gel by using petroleuneetfCHCI, (4%) as the eluent to give the
title compoundL17 (yellow solid, 30 mg, 30%).

'H NMR (400 MHz, CRQCl,): Complex NMR spectra, FD-HRMS Calcd (M+) 1811.02,
found 1811.10.

1,6-bis(4,4'-di-tert-butylbiphenyl-2-yl)pyrene (119

1,6-dibromopyrenell8 (994 mg, 2.76 mmol), 2-(4,4'-di-tert-butylbipheryl)-4,4,5,5-
tetramethyl-1,3,2-dioxaborolarh (2.28 g, 5.80 mmol) and NaOs (5.85 g, 55.20 mmol)
were dissolved in toluene (48 mL), water (16 mLy a&thanol (8 mL). The solution was
degassed three times, Pd(BR(B818.62 mg, 0.276 mmol) was added under an A&astrand
the mixture was degassed three times again. Thei@olwas heated at 90 °C for 48h. The
organic layer was then decanted and the aqueoes \egs extracted 2 times with QEl..
The combine organic layer was washed with water @raporated. The crude product was
purified by chromatography on silicagel by using. ggher / CHCl, (8%) as eluent to give
the title compound 19 (white solid, 1.75 g, 87%).
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Mp 358-359 °C*H NMR (400 MHz, CRCl,): § 8.01 (dd, 2H,) = 2.4, 9.2 Hz), 7.96-7.89 (m,
4H), 7.67 (s, 1H), 7.64 (d, 1H,= 2.4 Hz), 7.55-7.54 (m, 4H), 7.52-7.51 (m, 2HQ4 (s,
1H), 7.03 (s, 1H), 6.99-6.95 (m, 6H), 1.39 (s, 18H)1 (s, 18H)*C NMR (100 MHz,
CD.Cly): & 149.8, 149.7, 149.2, 149.1, 139.0, 138.9, 1388,7, 138.4, 138.3, 138.2, 138.1,
130.3, 130.2, 130.0, 129.7, 129.6, 129.6, 129.8,112129.0, 128.9, 128.8, 127.3, 125.4,
125.0, 124.9, 124.8, 124.7, 124.6, 124.0, 123.%,34.2, 34.1, 31.2, 31.0, 30.9. FD-HRMS
calcd (M+) 730.45385, found 730.45721.

2,7,13,18-tetra-tert-butyldibenzolj,tuv]phenanthro[9,10-b]picene (120)

1,6-bis(4,4'-di-tert-butylbiphenyl-2-yl)pyrene (108g, 0.137 mmol}l19 was dissolved in 50
mL of unstabilized dichloromethane and degassel antargon stream for 15 minutes. Then
a solution of 511 mg Fe€l3.15 mmol) in 5 mL nitromethane was added dropwisile
continuously degassing with an argon stream. Aftér the reaction was stopped by adding
100 mL of ethanol. Then the organic phase was ebeavith water two times and dried with
anhydrous sodium sulfate. The solvent was remaovedduoand crude product was purified
by chromatography on silicagel by using pet. efheéH,Cl, (1%) as eluent to give the title
compoundL20 (yellow solid, 79.70 mg, 80%).

Mp >400 °C;*H NMR (400 MHz, CBQCl,): § 9.37 (s, 2H), 9.19 (d, 2H,= 9.2 Hz), 8.93 (d,
2H,J = 1.6 Hz), 8.89 (d, 2H) = 1.6 Hz), 8.63 (d, 2HJ = 8.8 Hz), 8.62 (d, 2H] = 8.8 Hz),
8.47 (d, 2HJ = 9.2 Hz), 7.8-7.76 (m, 4H), 1.57 (s, 9H), 1.5418H), 1.53 (s, 9H)**C NMR
(100 MHz, CDQCly): & 150.1, 148.6, 129.6, 128.9, 127.9, 127.6, 12728.8, 125.6, 124.8,
123.4, 123.2, 123.0, 120.2, 118.3, 35.3, 35.2,,33176. FD-HRMS calcd (M+) 726.4209,
found 726.4210.
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Table 4. Crystallographic data &8 - 3CH,CI, and28 - C4HgO, - 2H,0 at120 K.

28 - 3CHCl; 28 - C4Hg0O, - 2H,0
Empirical formula C66 H72, 3(C H2 CI2) C66 H72, 2(8), C4 H8 02
Formula weight 1120.01 989.37
Crystal system Hexagonal Monoclinic
Space group P-3C1 C2/c
Wavelength, A 0.71073 0.71073
a, A 15.6720(6) 38.0928(10)
b, A 15.6720(6) 14.9095(4)
c, A 14.3279(8) 27.1064(6)
a, ° 90 90
B, ° 90 128.1180(10)
Y, ° 120 90
v, A° 3047.6(2) 12111.8(5)
z 2 8
Pealca Mg/m® 1.221 1.160
M, 1I/mm 0.322 0.065
Reflections collected 16549 49747
Independent 2324 13868
reflections
R® 0.0856 0.1159
WR,? 0.2218 0.3406
GoF 1.208 1.313

> 26(1), Ry = Z|(|Fo| - FeDIZ|Fo|. WRe = {Z}[W(FO2 - |:C2)2]/Z[W(F02)2]} 12 GoE (goodness of
fit on F?) = {Z[w(Fo” - F/ (n-p)}*
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Table 11.Crystallographic data &3 at120K.

Empirical formula

C84 H78 F18 O18 S6

Formula weight 1909.82
Crystal system Monoclinic
Space group P21/c
Wavelength, A 0.71073
a, A 15.630(5)
b, A 18.879(6)
c, A 32.000(9)
a, ° 90
B, ° 106.211(16)
v, ° 90
v, A3 9067(5)
Z 4
Pealca Mg/’ 1.399
M, 1I/mm 0.252
Reflections collected 140976
Independent reflections 7158
R 0.1342
WR,? 0.3681
GoF 1.676

Ry = 2||R| - [RIIEIR| and®wR, = [Ew(F? — FA)7Ew(F,)*) M2
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Table 5. Crystallographic data @0 - CsH140 at120K.

Formula CrgHss, GeH140
FW (g-moft™) 1097.42
Crystal color yellow
Crystal size (mm) 0.16 x 0.09 x 0.07
Crystal system triclinic
Space group P-1
Temperature 120K
a(A) 11.102(3)
b (A) 13.823(3)
c(A) 21.704(6)
a () 78.067(9)
B°) 83.121(9)
V() 69.937(8)
Vv (A% 3056.8(13)
V4 2
Cealc 1.192
4 (mn?) 0.068
Absorp. correction SADABS
Omin - Omax 1.59° - 25.52°
Refl. coll. / unique 59514 /11221
Completeness too2 0.983
Rint 0.0619
Refined param./restr. 841 /1
Ry (I > 25(1)) 0.0636
"WR; (all data) 0.1993
Goodness of fit 1.075

Ry =Z||R| - IRIIEIR| and™wR, = [Ew(F — RA)7Ew(F,)* M
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Table 12.Crystallographic data é#3aat120K.

Empirical formula C67 H57 Cl 02
Formula weight 929.58
Crystal system Monoclinic

Space group P21/c
Wavelength, A 0.71073
a, A 15.9372(13)
b, A 15.5116(12)
c, A 25.1760(19)
a, ° 90
B, ° 126.374(3)
Y, ° 90
Vv, A® 5011.2(7)
Z 4
Peaica Mg/n? 1.232
M, 1/mm 0.124
Reflections collected 138040
Independent reflections 9178
R® 0.0807
WR,? 0.2285
GoF 1.040

Ry =Z||R| - IRIIEIR| and®wR, = [Ew(F — RA)7Ew(F,)* M
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Table 6. Crystallographic data @8 at 120K.

Formula (Ce3H72Siz)4, (CHCl2)25
FW (g-mol) 3866.22
Crystal color yellow

Crystal size (mm)

0.20x 0.10 x 0.07

Crystal system triclinic
Space group P-1
Temperature 120K

a(®) 15.6315(37)
b (A) 15.9006(37)
c(A) 26.6120(63)
a ©) 91.090(15)
5 105.275(15)
v () 111.548(14)
%) 5885(2)
Z 1
dealc 1.091
4 (mmih) 0.174
Absorp. correction SADABS
Omin - Omax 0.80° - 25.55°
Refl. coll. / unique 79712/ 21230
Completeness ta62 0.964
Rint 0.0940
Refined param./restr. 1273/ 28

R, (I > 20(1)) 0.0924

"WR; (all data) 0.3041

Goodness of fit 1.047

Ry =Z||R| - IRIIEIR| and®wR, = [Ew(F — RA)7Ew(F,)* M
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Table 7. Crystallographic data af4 at 120K.

Formula CagHs2
FW (g-mol™) 488.64
Crystal color colourless

Crystal size (mm)

0.26 x 0.05 x 0.04

Crystal system monoclinic
Space group C2
Temperature 120K

a(A) 55.846(12)
b (A) 6.9266(14)
c(A) 44.338(10)
a(©) 90
B(°) 95.087(17)
y(©) 90
Vv (A% 17083(6)
Z 24
Cealc 1.140
2 (mn?) 0.064
Absorp. correction SADABS
Omin - Omax 1.13°-19.97°

Refl. coll. / unique

85695 /15455

Completeness too2 0.97
Rint 0.0808
Refined param./restr. 2008 /171
Ry (I > 25(1)) 0.1536
"WR; (all data) 0.4437
Goodness of fit 1.708

Ry = 2||R| - [RIIEIR| and®wR, = [Ew(Fy? — FA)7Ew(F,)* M2
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Table 8. Crystallographic data af9-80at120K.

Formula (CsoH35C)o.4, (CsoH3602)0.6
FW (g-mol™) 670.01
Crystal color orange
Crystal size (mm) 0.19 x 0.09 x 0.06
Crystal system monoclinic
Space group P2/c
Temperature 120 K
a(A) 15.4016(5)
b (A) 8.3054(2)
c(A) 25.6869(7)
a(©) 90
£(°) 99.9220(10)
y(© 90
V (A% 3236.63(16)
z 4
Cealc 1.383
4 (mmih) 0.112
Absorp. correction SADABS
Omin - Omax 1.34° - 25.39°
Refl. coll. / unique 73668 /5927
Completeness ta62 0.996
Rint 0.0320
Refined param./restr. 509/2
R1 (I > 25(1)) 0.0630
"WR; (all data) 0.2124
Goodness of fit 1.136

Ry = 2||R| - [RIIEIR| and®wR, = [Ew(Fy? — FA)7Ew(F,)*) M2
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Table 10.Crystallographic data &3 at 100K.

Empirical formula C56 H64
Formula weight 737.07
Crystal system Monoclinic
Space group P21/c
Wavelength, A 0.71073
a, A 28.914(3)
b, A 24.744(3)
c, A 12.3709(14)
a, ° 90
B, ° 94.195(6)
v, ° 90
v, A3 8827.1(18)
Z 8
Pealca Mg/’ 1.109
M, 1I/mm 0.062
Reflections collected 217950
Independent reflections 16221
R? 0.0923
WR,? 0.2532
GoF 1.022

Ry =Z||R| - IRIIEIR| and®wR, = [Ew(F — RA)7Ew(F,)* M
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Table 9. Crystallographic data &1 at 120K.

91 - CHyCI,
Empirical formula C81 H80 CI2
Formula weight 1124.35
Crystal system Monoclinic
Space group Cc
Wavelength, A 0.71073
a, A 14.8956(6)
b, A 30.3740(11)
c, A 14.6293(6)
a, ° 90
B, ° 106.204(2)
Y, ° 90
v, A 6355.9(4)
Z 4
Pealca Mg/n 1.175
M, I/mm 0.147
Reflections collected 52490
Independent reflections 11699
R, 0.0625
WR,? 0.1485
GoF 1.017

Ry =Z||R| - IRIIEIR| and®wR, = [Ew(F — RA)7Ew(F,)* M
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