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Distorted arenes by Scholl cyclizations, towards twisted carbon nanoribbons

Switzerland for the attempts of separation of the enantiomers of the propeller. Thanks to Dr.

Christie Aroulanda from University Paris Sud for the NMR experiments in oriented phases.

"Dream is not that which you see while sleeping it is something that does not let you sleep." -A. P. J. Abdul Kalam Après avoir découvert cette régiosélectivité inattendue, nous en avons tiré parti pour former des composés de type polyhélicène. Plusieurs tentatives de formation de l'hexaphénanthrotriphénylène (HPTP) furent infructueuses à cause de problèmes de réactivité lors des synthèses des précurseurs flexibles correspondants. En mettant au point une stratégie de synthèse versatile fondée sur un précurseur commun, plusieurs substrats flexibles de symétrie C 3 (8, 10 et 12) ont été synthétisés puis soumis à la réaction de Scholl. Des produits de réarrangement (9) ont cependant été obtenus au détriment des [6]hélicènes attendus.

Toutefois, un HBTP (11) fonctionnalisé par des groupements TMS a pu être efficacement préparé, montrant la compatibilité de telles fonctions avec la réaction de Scholl. De même, un hexabenzocoronène (HBC) (13) a été formé, dont l'exceptionnelle solubilité est due à la distorsion du coeur aromatique sous l'effet des groupements encombrants situés dans les régions baie. Le fragment [5]hélicène a priori très favorisé a enfin été incorporé dans la formulation de nanorubans de carbone tordus, alors composés d'une succession de ce motif. Dans ce projet, des fragments naphtalène sont utilisés comme brique centrale pour complètement empêcher les cyclisations en positions trans En tant que réaction test, la synthèse du monomère correspondant a été effectuée avec un excellent rendement et le composé résultant (15) entièrement caractérisé.

Une stratégie adaptée a été développée pour la synthèse du précurseur flexible (18) du dimère. Dans ce cas, la principale difficulté a été de trouver les conditions réactionnelles optimales pour le dernier couplage croisé de type Suzuki entre les intermédiaires 16 et 17. Le court ruban 19 a néanmoins été obtenu avec un bon rendement, et entièrement caractérisé.

Les structures des monomères et dimères ont été déterminée par diffraction de rayons X sur monocristaux et ont apporté d'intéressantes informations complémentaires quant à leurs configurations.

Abstract

Carbon nanoribbons are today of great interest as graphene segments with modulable electronic properties. Whilst top down techniques give giant ribbons, bottom-up organic synthesis may lead to exactly designed nanoribbons of controlled geometries. The Scholl reaction is a precious chemical tool for that purpose since it yields efficiently to the graphitization of long and flexible polyphenylene precursors. Surprisingly, twisted structures may be obtained preferentially even if less crowded isomers are also feasible. It has been shown that, against all expectation, even a strong steric hindrance has no marked effect on regioselectivity and highly twisted polycyclic aromatic hydrocarbons are sometimes preferentially formed, whereas their flat and more symmetrical isomers are only obtained in minority. Highly twisted structures such as hexabenzotriphenylene (HBTP) may then be obtained very easily from flexible poly-phenylene precursors.

After discovering this unexpected regioselectivity, we used it on purpose to form polyhelicenic species. Attempts to prepared hexaphenanthrotriphenylene (HPTP) were unsuccessful due to reactivity issues when synthesizing the corresponding flexible precursor.

By using a new versatile strategy leading to an advanced common precursor, several C3symmetrical flexible substrates have been synthesized and submitted to Scholl reaction. The expected [6]helicenes were not obtained and rearranged products were formed instead, but TMS-bearing HBTP could be prepared, as well as a hexabenzocoronene (HBC) which exceptionnal solubility is due to the distortion of the aromatic core under the effect of bulky tert-butyl substituents in bay regions.

The easily formed [5]-helicene fragment has been incorporated in the design of twisted carbon nanoribbons that would be composed of a succession of such motifs. As a test reaction, the corresponding monomer and dimer have been synthesized with an excellent yield and fully characterized. Their X-ray structures have even been determined, giving interesting informations about their configuration. A more general strategy has then been developed and optimized for the systematic synthesis of longer twisted nanoribbons. Using this technique, the trimer and tetramer have been synthesized and characterized by mass spectrometry. Carbon is one of the most abundant elements in nature (4 th place in the universe, but only 15 th place in earth's crust and 12 th place in whole earth). 1a For a long time, only three allotropes of carbon were known: amorphous carbon, graphite, and diamond. The crystalline forms (graphite and diamond) vary in physical properties due to their atomic structure.
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The reason why carbon assumes many structural forms is that a carbon atom can form distinct types of valence bonds. 1b In sp 2 hybridization, the carbon atoms are arranged hexagonally in honeycomb lattices parallel to each other. In graphite, the sheets are stacked in an ABAB sequence 2 (Figure 1a).

Figure 1. Different allotropes of carbon

This layered configuration makes graphite a dark, soft material, where as diamond (Figure 1b) is transparent and is one of the hardest known materials. In diamond the carbon atoms are bonded tetrahedrally, in this configuration the atoms exhibit sp 3 hybridization.

In 1985 the discovery of C 60 (Figure 1c) (buckminsterfullerene, a molecule constituted of 60 carbon atoms arranged in a truncated icosahedral structure 3 ) triggered the revolution of carbon nanostructures. 4 Then, several other carbon nanostructures has been reported, such as singlewall carbon nanotubes 4 (Figure 1d), nano-onions 5 , nanocones 6 and nanoribbons 7 . More recently, single layers of graphite, called graphene, have been isolated and studied 8 , leading to the physics Nobel Prize in 2010.

Graphene and graphene nanoribbons.

1.1a. Introduction.

Graphene, a novel allotrope of carbon with a single atomic layer, has unique electronic properties, as first reported by Geim, Novoselov, and co-workers in 2004. 8 Soon after, great attention was devoted to the exploring of the fundamentals and applications of this unique two-dimensional (2D) material. The single-atom-thick crystal has many novel electronic, physical and chemical properties. These intriguing properties of graphene have inspired exploration of its applications in electronic and photonic devices, sensors and as strong materials.

Graphene nanoribbons (GNRs) are narrow stripes of graphene. GNRs could also be understood as unrolled carbon nanotubes. Theoretical investigation of GNRs could be traced back to 1996, when Nakada et al. first reported the edge effects in narrow GNRs. However, intensive experimental efforts have only started a few years ago, after people realized their potential in future electronics.

1.1b. Structure of graphene nanoribbons.

The presence of open edges is an important feature in GNR lattice structure, which is absent from rolled up carbon nanotubes. The edge structures have significant effects on the properties of GNRs. There are two primary types of edges in GNRs: armchair and zigzag (Figure 2). Their crystallographic orientations differ by 30° in graphene. Since the carbon atoms on the edges have unsaturated chemical bonds that increase the total energy of the system, they are usually terminated by certain chemical species in theoretical frameworks.

Hydrogen is the most commonly used passivation group in theoretical calculations. Other groups, including hydroxyl group (-OH), carboxyl group (-COOH), amine group (-NH 2 ), are also used in theoretical calculations. As one may expect, even for GNRs with the same shape, different termination groups may lead to different electronic properties. Very few examples of formation of GNRs from graphene are reported in the literature. 9 Due to their long geometries, carbon nanotubes are obviously better candidates for the formation of GNRs.

1.1c. Top-down synthesis of graphene nanoribbons from carbon nanotube.

In principle, a single-walled carbon nanotube (SWCNT) can be viewed as a folded or zipped GNR (Figure 1d). It is thus natural to seek the reverse process, that is, unzipping SWCNTs to synthesize GNRs. Many attempts have been dedicated to synthesizing GNRs experimentally, including plasma etching, 10 chemical attack, 11,12 intercalation and exfoliation, 13,14 (Figure 3) but also sonochemical unzipping, 15,16 laser irradiation, 17 electrochemical unzipping, 18 catalytic cutting under microwave radiation 19,20 or by transition metal particles (e.g. Co, Ni, or Fe), 21,22 hydrogen treatment, 23 in situ STM manipulation 24 and electrical unwrapping of CNTs. 25 In the strong oxidant approach, 26,27a a suspension of MWCNTs in sulfuric acid is treated with potassium permanganate under heating (Figure 4). The GNRs obtained are well soluble in polar solvents due to a multitude of carboxylic acid and ketone edge groups introduced by the procedure. It may be presumed that in a first step a double bond on the nanotube is opened into a diketone, which creates sterical strain on neighbouring bonds and thus transforms these
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n n into preferred sites for further attack, which again fragilizes the environment, leading eventually to a clean slicing of the tube in longitudinal direction. The nanoribbons obtained display uniform widths inherited from the parent nanotubes, predominantly straight edges and, of course, oxidized defects, which makes them electronically much less homogeneous than graphene sheets. Vega-Cantu and co-workers synthesized GNRs by longitudinally unzipping MWCNTs through intercalation of lithium and ammonia followed by exfoliation 13 (Figure 3c). The final products consist of multilayered GNRs, partially opened MWCNTs, and graphene flakes.

Although this method is not very promising for high-yield GNR synthesis, it provides a new possibility to realize longitudinal unzipping of CNTs.

Terrones and co-workers and Srivastava and co-workers both exploited transition metal particles (e.g. Co, Ni, or Cu) as chemical scissors to cut MWCNTs, 21,22 In the cutting procedure, the metal particles serve as catalysts to break H _ H and C _ C bonds and as solvents for etched C atoms. These processes do not involve any aggressive chemical treatment, and thus smooth graphitic edges can be easily achieved. In the embedded plasma etching approach, 10 MWCNTs are embedded in a poly(methyl methacrylate) (PMMA) layer, and then the polymer layer is thinned by plasma etching until the uppermost rim of the nanotube is etched away, opening the outermost wall of the MWCNT. Etching may be continued for various periods, allowing to obtain single-, bi-and multilayer GNRs. The remaining PMMA film with embedded GNRs may then be contact deposited on a solid substrate and the polymer removed with solvent vapor (Figure 5). tri-, bi-and single-layer GNRs were produced after etching for times t2, t3, and t4, respectively (t4>t3>t2>t1; e-g). h) The PMMA was removed to release the GNR 27c .

The edges of these ribbons produced by matrix etching are very smooth and, as before, their widths (of the order of 10nm) are quite uniform as consequence of the uniformity of the CNTs used. Field effect transistors made with these ribbons showed charge carrier mobilities only one order of magnitude smaller than those observed with large graphene sheets.

Top-down techniques for GNRs syntheses are very efficient when forming large GNR molecules. Nevertheless there are some major drawbacks in these techniques because of the polydispersity of the obtained GNRs. In contrast, bottom-up organic synthesis approaches have been developed which may serve as an indispensable tool to create structurally defined nanographenes and nanoribbons.

1.2 From polycyclic aromatic hydrocarbons (PAHs) or polycyclic aromatic compounds (PACs) to organic nano-graphenes.

1.2a. About PAHs.

Polycyclic aromatic hydrocarbons (PAHs) are a class of unique compounds that consist of fused conjugated aromatic rings. 28 These compounds can be point source (e.g., oil spill) or non-point source (e.g., atmospheric deposition) some of the most widespread organic pollutants. Some of them are known or suspected carcinogens, and are linked to other health problems. They are primarily formed by incomplete combustion of carbon-containing fuels such as wood, coal, diesel, fat, tobacco, or incense. 29,30 

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

Fundamental contributions to the directed synthesis and characterization of polycyclic aromatics were pioneered by R. Scholl, E. Clar, and M. Zander, who achieved the synthesis of numerous aromatic compounds under drastic conditions at high temperatures with strong oxidant. [32][33][34][START_REF] Clar | Polycyclic Hydrocarbons[END_REF][START_REF] Clar | [END_REF][START_REF] Zander | Handbook of Polycyclic Aromatic Hydrocarbons[END_REF] The synthetic breakthrough was achieved as a result of progress of analytical techniques and made the selective synthesis of various PAHs under mild conditions possible. [START_REF] Hagen | [END_REF] One of the intrinsic properties of the PAHs is their aromaticity, which has attracted great interest in theoretic chemistry, 39 different theoretical methods have been applied to estimate the electronic properties of graphite based on PAHs with increasing size and varying topologies. As a result of the development of organic semiconductors, [START_REF]Handbook of Conducting Polymers[END_REF] PAHs with unique electronic and optoelectronic properties have received great attention in the scientific community. Large PAHs terminated by hydrogen, alkyl substituents, and functional groups, which endow a facile solution processing, are promising candidates in organic devices such as light-emitting diodes (LEDs), field-effect transistors (FETs), and photo-voltaic cells. [START_REF] Watson | [END_REF]42 Additionally, 2D all-benzenoid graphitic molecules with appropriate substituents are fascinating due to their highly stable columnar mesophases, which are desirable for device processing. [START_REF] Watson | [END_REF][42][43] Furthermore, well-defined nanostructures resulting from supramolecular self- [44][45][46] According to Clar's rule, the Kékulé resonance structure with the largest number of disjoint aromatic π-sextets, i.e. benzene-like moieties, is the most important for the characterization of the properties of polycyclic aromatic hydrocarbons (PAHs). Aromatic π-sextets are defined as six π-electrons localized in a single benzene-like ring separated from adjacent rings by formal C-C single bonds. For instance, application of this rule to phenanthrene indicates that the resonance structure 2 (Figure 7) is more important than resonance structure 1. In contrast, in anthracene (Figure 8a) the number of sextets is only one and aromaticity spreads out. This difference in number of sextets is reflected in the UV absorbance spectra of these two isomers. Phenanthrene has a highest wavelength absorbance around 290 nm, while anthracene has a highest wavelength bands around 380 nm. Three Clar structures with two sextets are present in chrysene (Figure 8b) and by superposition the aromaticity in the outer ring is larger than in the inner rings. Depending on their geometry, the concave regions of the periphery of PAHs have different usual names (Figure 9). Three fused benzene rings can form a bay region, four can form a fjord region whereas a wider concavity is called cove region. 47 These positions have different electronic properties and therefore different chemical reactivities. As noted before, the top-down methods for graphene synthesis seem to suffer from drawbacks such as uncontrollable sizes and irregular edge structures. This kind of problem can be solved by bottom-up synthesis. Such surface-mediated syntheses, on gold or silver, are very efficient and impressive, mainly because the obtained molecules are very large and don't need to be soluble.

1.2c. Surface-mediated synthesis of graphene nanoribbons.

If the cyclodehydrogenation reactions for graphene synthesis carried out in solution, thus making the solubility of oligophenylene precursors and their compatibility with reaction conditions crucial parameters. In contrast, graphene molecules and graphene nanoribbons with and extended aromatic core always suffer from strong intermolecular π-π stacking and poor solubility in conventional organic solvents, which make solution processing for electronic device applications difficult. The thermal evaporation of either these molecules or ribbons is generally difficult in view of their size. To surmount these obstacles, on-surface covalent synthesis routes would serve as a powerful alternative for the bottom-up creation of graphene structures.

Extended straight and chevron-type GNRs without solubilising substituents have been obtained by the dehydrogenation of polyanthrylene and polyphenylene precursors on gold surfaces at 400 to 440°C and observed by STM (Figure 11). 

R R R R R R R R R R R FeCl 3 /CH 3 NO 2 DCM R= H, alkyl a R R R R R R R R hν ν ν ν b c -108H
The Scholl reaction has been developed as a powerful tool to produce various all-benzenoid PAHs 50,51 . A typical example is the synthesis of hexa-peri-hexabenzocoronenes (HBCs) and their derivatives (Figure 13a) from substituted hexaphenylbenzene precursors by treatment with iron(III) chloride. Nuckolls and co-workers have developed a novel approach toward a phase-forming, distorted hexa-cata-hexabenzocoronene derivative (Figure 13b) 52 , whereby the decisive step is accomplished by the photocyclization. According to the definition, graphene molecules with a size between 1 and 5 nm can be considered as small nanographenes. By far, the largest synthesized monodisperse nanographene molecule consists of 222 carbon atoms with a disk diameter of 3.2 nm (Figure 13c), while one of the smallest and most frequently investigated nanographene molecules, hexa-peri-hexabenzocoronene (HBC), has a size of approximately 1.4 nm (Figure 13a). 53 1.2e. Solution synthesis of graphene nanoribbons.

Fully benzenoid armchair-edge nanoribbons of tetracene width (4 fused benzene rings in a row) with solubilising alkyl substituents have been obtained by K. Müllen and co-workers,

Figure 14. Synthesis of fully benzenoid armchair-edge graphene nanoribbons by cyclodehydrogenation with FeCl
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using parallel dehydrocyclizations, with ferric chloride, of polyphenylene precursors having a length of around 20 phenylene units (Figure 14) 54 in four steps overall 37% yield.

Figure 15. Synthesis of short fully benzenoid zigzag-edge graphene nanoribbons by cyclodehydrogenation with FeCl 3 .

One-dimensional short zigzag-edge graphene nanoribbons were also synthesized by K.

Müllen and co-workers, still using intramolecular oxidative cyclodehydrogenation of other soluble branched polyphenylenes (Figure 15). While the insolubility of the resulting graphite ribbons precluded standard spectroscopic structure elucidation, their electronic and vibrational
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properties were probed by solid-state UVvis, Raman, and infrared spectroscopy and their morphology was studied by high-resolution transmission electron microscopy (HRTEM).

Non planar PAHs.

1.3a. Geodesic PAHs.

Nanographenes are by definition large PAHs virtually extract from graphene. As a consequence, they are composed of fused benzene rings only and are flat. But some PAHs are not planar and cannot be called nanographenes. Due to their special geometries, their syntheses are mainly done following bottom-up techniques, except for few exceptions such as fullerenes that can be obtained from graphite under hard conditions 55 .

Half-buckminsterfullerene (HB) C 30 H 10 is a perfect half of C 60 when the terminating hydrogen atoms are taken away. The investigation of other geodesic PAHs is fundamental to the understanding of the stability and formation of fullerenes. 56,57 One of the unique characteristics of geodesic PAHs and fullerenes is their nonplanar distortions, which introduces remarkable strain energies. [58][59][60] For this reason, the formation of these compounds generally needs hard conditions such as Flash-Vacuum Pyrolysis.

Figure 16. Example of geodesic polyarenes that have been prepared by FVP.

Flash vacuum pyrolysis (FVP) is a method for heating molecules in the gas phase to very high temperatures for a very short time. 61,62 The hot zone typically consists of a horizontal quartz tube heated by an electric furnace to temperatures in the range of 500-1100 °C. Under vacuum, the sample is sublimed, the vapors pass through a hot zone, and the products are collected in a cold trap.

1.3b. Examples of synthesis of geodesic PAHs.

The synthesis of corannulene illustrated in (Figure 17) provided a striking first validation of the strategy that Scott 63 and Siegel 64 had envisioned for preparing geodesic polyarenes by distorting flat PAHs with heat and then "catching" the deformed ring systems by C-C bond forming reactions at the rim.

Figure 17. Synthesis of Corannulene by FVP.

The first chemical synthesis of buckminsterfullerene C 60 , by L. T. Scott, in isolable quantities also relied on FVP to zip up a conventional polyarene and introduce the geodesic curvature (Figure 18). 19). Helicenes are polycyclic aromatic compounds with non planar screw-shaped skeletons formed by ortho-fused benzene or other aromatic rings. 67,68 The first helicenes were synthesized by Meisenheimer and Witte in 1903. 69 During the next few decades, little was discovered about the chemistry of helicenes, except for the synthesis of some helicenes (Figure 20). 70 After Newman and co-workers reported the synthesis and resolution of hexahelicene in the 1950s, 71 however, the study of the chemistry of helicenes really took off. During the following 30 years, Wynberg, 72 Martin, 73 Laarhoven, 74 and Katz 75 carried out pioneering studies of the synthesis, spectral properties, and structures of helicenes. In the 1990s, the Diels-Alder synthetic approach after Martin's photochemical methods brought another important breakthrough in the preparation of helicenes on a large scale, 76 and based on this approach, a large number of helicene derivatives have been synthesized. 77 Since the late 1990s, more and more new strategies for the synthesis of helicenes with good yields and enantioselectivities have been developed, 67 especially by utilizing organometallic catalysts. 78 Moreover, with the help of the theoretical studies using a variety of methods, 67,79 the properties of helicenes have also become much clearer. This particular geometry of helicenes renders them chiral even though they have no asymmetric carbons or other chiral centers. On the basis of the helicity rule proposed by Cahn, Ingold, and Prelog in 1966, a left-handed helix is designated "minus" and denoted by "M" whereas a right-handed one is designated "plus" and denoted by "P" (Figure 21). 80 1.3d. Synthesis of helicenes.

1.3d.i. Photocyclization.

Photocyclization has become one of the most important methods for the synthesis of many helicene homologues (from [5]-to [14]helicene) and derivatives. The photoreaction of 1,4-phenylene bis(phenylmaleic anhydride) (Figure 22a) afforded photocyclized product in 88% yield; The first helical phosphane ligands heliphos (Figure 22b, 22c), which have become important ligands in asymmetric catalysis, were prepared independently by Brunner's group 81 and Reetz's group 82 in 1997. Four years later, Reetz and Sostmann reported another important ligand helixol (Figure 22d) . 83 1.3d.ii Diels-Alder reaction.

The breakthrough in large-scale preparation of helicenes was made by the pioneering work of Katz and Liu in 1990 utilizing a Diels-Alder methodology. 77 They obtained [5]helicene with two quinone moieties in reasonable yield and gram scale quantities by the Diels-Alder reaction between p-divinylbenzene and p-benzoquinone. Moreover, the presence of four carbonyl groups in the resulting [5]helicene allows convenient functionalization of the terminal rings (Figure 23). A Friedel-Crafts-type sequence leading to helicenes was described by Ichikawa and coworkers (Figure 24). 84 The presence of two ortho-methyl groups is important to facilitate the domino cyclization. They not only direct the reaction to form a helical structure but also enhance the nucleophilicity of the aromatic moieties. With the help of magic acid (FSO 3 H-SbF 5 ) and Ph 3 CBF 4 , double ring closure and dehydrogenation proceeded efficiently, giving (Figure 24) 6, 11-dimethyl [6]-helicene in good yield. On the basis of this route, different helicenes can be conveniently synthesized by varying the aryl groups. Several routes for the synthesis of helicenes by Pd-catalyzed coupling reactions have been reported in a review dedicated to helicenes by F. Chen. 85 A double C-H arylation reaction was employed in the synthesis of [5]-and [6] helicenes in moderate to good yields under the optimized conditions (with Ag 2 CO 3 as the additive, PCy 3 3HBF 4 as the ligand) (Figure 25). Pd-catalyzed cyclotrimerization of arynes consists in generating in situ an aryne precursor and make it react with a well adapted catalytic system. It can often be achieved under mild conditions via a fluorine-induced elimination from a trimethylsilyl group in ortho position to a triflate group onto an aromatic ring. [2π+2π+2π] co-trimerization easily occur in the presence of a Pd(0) catalyst, an aryne and an alkyne 86 . Guitian, Pérez and coworkers have widely explored the efficiency of a simple catalyst, 87 the lightly coordinated Pd 2 (dba) 3 , in CH 3 CN and in the presence of CsF. One of their most impressive results is the first efficient syntheses of polysubstituted twisted triphenylene (Figure 26a) and especially the propeller-shaped hexabenzotriphenylene. 88 

1.3e. Applications of the helicenes chirality.

Since Bredig first reported the preparation of mandelonitrile in <10% ee by utilizing quinine as a catalyst, asymmetric catalysis has continued to develop over nearly 100 years. 89 Although many different kind of chiral ligands and chiral catalysts have been developed so far, it is surprising that no ligands bearing helical chirality were used in asymmetric catalysis until 1997. 82 Before that, however, Martin and co-workers utilized substituted [7]helicenes as chiral auxiliaries or chiral reagents in five different diastereoselective reactions, including reduction of α-keto esters, 90 hydroxyamination 91 and epoxidation 92 of olefins, synthesis of atrolactic ester, 93 and the ene reaction 94 (Figure 27).

Figure 27. Helicene catalysed asymmetric reaction.

Helicenes have chiroptical properties due to strong metal-ligand electronic interactions.

Jeanne Crassous and co-workers have recently developed [6]helicene-based chiroptical switches. In this example (Figure 28) the electro-active Ru centers allow the achievement of the first purely [6]helicene-based redox triggered chiroptical switches 95 (Figure 28). Graphene has emerged as a material with interesting low-dimensional physics and potential applications in electronics [1][2][3][4] . GNRs, if made into quasi-one-dimensional structures with narrow widths (≤~5nm) and atomically smooth edges, are predicted to exhibit band gaps useful for room-temperature transistor operations with excellent switching speed and high carrier mobility (potentially even ballistic transport). [5][6][7][8][9] Recent theoretical work predicted that quantum confinement and edge effects make narrow graphene nanoribbons (width w≤~5nm) into semiconductors, 5,6 which differs from single-walled carbon nanotubes (SWCNTs) that contain ~ 1/3 metallic species.

Lithographic patterning of graphene sheets has yielded GNRs down to widths of ~20nm thus far 9 but there are difficulties in obtaining smooth edges (for example, with roughness< ~5 nm) and reaching true nanometer-scale ribbon width. Chemical approaches and self-assembly processes may produce graphene structures with desired shape and dimensions for fundamental and practical applications.

As explained before, the top-down methods for graphene synthesis seem to suffer from drawbacks such as uncontrollable sizes and irregular edge structures. In contrast, bottom up organic synthesis approaches may serve to create structurally defined graphenes.

In the previous section we observed that in such approaches, the last step is always a rigidification of a flexible precursor. For this purpose, one specific reaction is very often used:

The intramolecular oxidative cyclodehydrogenation of adjacent benzene rings with Lewis acids, i.e. the intramolecular Scholl reaction.

The Scholl reaction.

2.1a. Definition.

The Scholl reaction 10 is a coupling (C-C bond formation) reaction between two arene compounds and has been extensively used for intramolecular oxidative cyclodehydrogenation of various polybenzenoid hydrocarbons (Figure 29). This reaction has been especially efficent for the oxidative cyclodehydrogenation of a variety of (substituted) hexaarylbenzenes and ortho-terphenyls to produce the corresponding planar polycyclic aromatic hydrocarbons (PAHs), i.e., hexa-peri-hexabenzocoronenes (HBCs) and triphenylenes, respectively. 11

2.1b. Examples of different Scholl reactions.

The Scholl reaction can be accomplished by using various oxidants. FeCl 3 in nitromethane is the most commonly used oxidant but many other examples can be found in the literature. For instance, hexa-tert-butyl-hexa-peri-hexabenzocorene has been formed by R. Rathore in 2009 using DDQ in MeSO 3 H 12 (Figure 30). In 1971, J. A. Campbell has reported a Scholl reaction using AlCl 3 and SnCl 4 in CF 3 CO 2 H to form dibenzopyrene from 1-phenylbenz(a)anthracene 13 (Figure 31). In 2007, B. T. King has described a triphenylene synthesis involving a Scholl reaction with C 6 H 5 I(O 2 CCF 3 ) 2 ("PIFA") and BF 3 -OEt 2 in DCM (Figure 32). Nevertheless, a recurring problem is the oligomerization of the product which can be prevented by tert-butyl substituents. 14a Activating groups such as methoxy improve yield and selectivity and in such cases, a soft oxidant such as MoCl 5 17 can be used, as reported by B. T. King in 2007 (Figure 33). 14a 

86%

An exhaustive list would be very long but some interesting other reacting systems are triethyloxonium hexchloroantimonate (Et 3 O + SbCl 6 -), 15 SbCl 5 , 16 Tl(O 2 CCF 3 ) 3 . Moreover, the Scholl reaction can also be effected by electrochemical oxidation. 18 

2.1c. Mechanism of the Scholl reaction.

The reaction depicted in Figure 29 is the simplest intramolecular Scholl reaction and will be used as a model to describe its mechanism. Interestingly, its nature is still very controversial and two different models are in opposition. The involvement of cation radical intermediates (formed by one electron oxidation) in biaryl synthesis has been carefully probed by Parker and co-workers. 19 A detailed mechanism of oxidative biaryl synthesis involving cation radical intermediates is presented in (Figure 34).

A recent series of papers by King and co-workers 20,21 have advocated that Scholl reaction occurs via diamagnetic arenium ion intermediates (see Figure 35) owing to the presence of adventitious acids in various oxidizing systems [23][24][25] utilized for Scholl reaction. It is further suggested by King and coworkers 20 that these reactions are accelerated as they proceed because of the formation of 2 equivalents of acid per C-C bond formation. Interestingly, however, no evidence has been forthcoming for such a time-dependent acceleration which, if true, can be taken advantage of by added acids (Figure 35).

Figure 35. Arenium ion (or proton transfer) mechanism for the Scholl reaction.

The arenium-ion mechanism, depicted in (Figure 35), demands that C-C bond formation be accomplished only if the protonation occurs at a least preferred site, i.e., meta to an electronreleasing phenyl substituent (i.e., red arrow in Figure 35) and finally producing a non aromatic cyclohexadiene derivative. Furthermore, the mechanism of aromatization of the cyclohexadiene derivative is overlooked in these studies 20,21 and supposedly is rapid and proceeds via an ECEC mechanism. 18,19 It is further noted that no experimental evidence is available from these studies for the time-dependent acceleration of the Scholl reaction or the acid-catalyzed formation of the non aromatic cyclohexadiene derivatives. 20,21 

2.1d. Drawbacks of the Scholl reaction.

Many oxidants used in intramolecular Scholl reactions are metal chlorides. This generally involves creation of hydrochloric acid during the reaction, which can easily react, in the conditions present, with the polycyclic aromatic compounds, leading to unwanted chlorinated products. For this reason, it is often necessary to constantly degas the solution during the reaction, to eliminate HCl from the reacting mixture.

In addition, intramolecular Scholl reactions suffer from unpredictable rearrangements on some substrates, as described by King and coworkers (Figure 36 The initial project of my PhD at the Centre de Recherche Paul Pascal was to develop the organic synthesis of thin, flat and well defined graphene nanoribbons. For this purpose, we first focused on poly-ortho-phenylene chains as flexible precursors, which had then to be rigidified, or graphitized, by intramolecular Scholl reaction (Figure 37a). In order to keep these molecules soluble, it was obvious that solubilizing groups would be necessary and we decided to introduce tert-butyl groups on several edge positions (Figure 37b). The interest of tert-butyl compared to other alkyl chains is that some de-tert-butylation reactions exist and would finally allow us to obtain fully aromatic nanoribbons.

2.2a. Synthetic strategy.

As ortho-phenylene oligomers are the flexible precursors of the final Scholl reaction, we first envisioned the following retro synthesis (Figure 38). The ortho-phenylene oligomers 1 should be obtained by multiple coupling reactions from two different disubstituted biphenyl compounds, one also bearing solubilizing tert-butyl groups. These two biphenyl molecules should be prepared by bromination, and boronication for one of them, of the corresponding unsubstituted biphenyl compounds (Figure 38).

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

Before synthesizing large and complicated ortho-phenylene oligomers, we needed a clear idea of how to carry on the Scholl-reaction on smaller units of these ortho-phenylene oligomers. Therefore, our first objective was the synthesis of smaller flexible test molecules, followed by a close study of their Scholl reaction.

X X Y Y +

Elemental bricks

Coupling reaction

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

2.2b.Tests reactions.

First, 4,4'-di-tert-butylbiphenyl 3 was brominated by a very simple but new procedure, in the presence of bromine in chloroform at 70°C without any catalyst, to give 2-bromo-4,4'-di-tertbutylbiphenyl 4 in good yield. The bromo substituent is then replaced by a boronic acid function, following a classical procedure involving an organolithium intermediate, and giving compound 5a. This latter reacts with 2-bromo-4,4'-di-tert-butylbiphenyl 4, in classical conditions for Suzuki cross-coupling reactions with Pd(PPh 3 ) 4 as a catalyst, and gives the expected hydrocarbon 6 in excellent yield (95%) (Figure 39). Several attempts to obtain the graphitized compound 7 from the Scholl precursor 6 were done by applying different reaction conditions. Always in the presence of strong argon bubbling, we changed the temperature of the reaction mixture from room temperature (RT) to 0 0 C. We also changed the reaction time from 30 minutes to 3 hours, but unfortunately a complex mixture was always obtained.

Our conclusion was that the presence of very close sterically hindering t-butyl groups on the small ortho-phenylene unit 6 may lower its reactivity in Scholl conditions. We then decided to try this reaction on another test molecule, a less hindered isomer of the former one.

This time, 4,4'-di-tert-butylbiphenyl 3 (Figure 41) was twice brominated in the presence of bromine and iron powder as a catalyst in CCl 4 at room temperature, to give 2, 2ʹ-dibromo-4,4'-di-tert-butylbiphenyl 8 in good yield. Then 2,2ʹ-dibromo-4,4'-di-tert-butylbiphenyl 8

reacts with 4-tert-butylphenylboronic acid 9, in classical conditions for Suzuki cross-coupling reactions with Pd(PPh 3 ) 4 as a catalyst, and gives the hydrocarbon 10 in excellent yield (80%). Unfortunately, after purification by column chromatography, the expected product was not formed but instead some unpredicted rearrangement was observed (Figure 42). This rearranged compound was the major product, obtained reproductively in 75% yield, and has been easily identified by 1 H-NMR (Figure 43). Only one C-C bond was formed, instead of two, and one t-butyl group was removed, which was further confirmed by mass spectrometry.

On the 1 H-NMR spectrum (Figure 43) only three different signals of t-butyl group can be observed in the aliphatic region, which indicates that the molecule is asymmetrical and that one t-butyl group was removed in compound 12. In addition, two large doublets indicate the presence of one unreacted 4-t-butyl phenyl group. Our conclusion was then that poly-ortho-phenylene chains may not be well suitable for the Scholl reaction conditions to give graphene nanoribbons. A new design of the flexible precursor seemed to be necessary. 

Evolution of the project.

In order to make the flexible poly-phenylene precursor less sterically hindered, we designed a new motif having one spacing para-phenylene unit between the ortho-disubstituted biphenyl units (Figure 44). This time, the edge geometry of the corresponding nanoribbons has a zigzag geometry and incorporates cove regions, with solubilizing tert-butyl substituents on external positions. Another advantage of that strategy is that it involves only one type of substituted paraterphenyl unit (Figure 45). Again, the retro-synthesis consists in using coupling reactions of aryl compounds to form the desired disubstituted terphenyl monomer.

2.3a Modified project.

2.3b Test reactions.

Again, it was preferable to confirm this new strategy by a test reaction on the simplest motif of this new ribbon. In order to form this tetrabenzanthracene core by sterically forcing a transoid double cyclisation, we have synthesized the tetra-substituted zig-zag quinquephenyl 16, where bulky tert-butyl groups generate a strong steric hindrance when the molecule is in cisoid conformation (Figure 46). We were puzzled to find that this considerable steric hindrance seems to have only a weak, if at all, influence on the regioselectivity of this particular Scholl reaction since tetrabenzanthracene 17 is surprisingly formed with only 8% yield, whereas the sterically disfavored dibenzopicene (or dibenzo [5]helicene) 18 is obtained with 80% yield. This result has been asserted without any ambiguity by 1 H-NMR since 17 is more symmetrical than 18, and because a significant shielding effect (shift of 0.4 ppm) can be observed on the protons of the two tert-butyl groups at the helicene bay entrance of 18 and proves that these substituents are facing an aromatic ring (Figure 48). It appears that the reactivity and regioselectivity of intramolecular Scholl reactions remain only partially predictable. Shortly after we could observe this result, a similar selectivity has been reported by Müllen 26 (Figure 49). In that case, the structure of the penta-phenylene chain is identical but the substituents don't induce steric hindrance in any conformation. Very similarly, in spite of a slightly higher steric hindrance, the intramolecular Scholl condensation of compound "A" was reported to lead exclusively to the more condensed tribenzoperylene "C" instead of the equally benzenoid tetrabenzanthracene "B".

Figure 49. Regioselectivity of the Scholl reaction on o,p,o-quinquephenyl, reported by Müllen

and coworkers. 26 According to the authors, this experimentally found regioselectivity remains unexplained.

2.3c Attempts of protections.

To avoid the formation of such unexpectedly favored products, we decided to protect two of the four cyclization positions on the central benzene ring. A first test was done with methyl groups using first dibromo-dimethylbenzene 19 to form the protected Scholl substrate 20

(Figure 50). Unfortunately, after the partial analysis of the Scholl reaction's main product 21

we could observe that methyl groups have indeed induced a transoid graphitization but benzylic protons are too reactive in these conditions and one of the methyl substituents has probably been chlorinated (Figure 50).

This result leads to an interesting conclusion that the alkyl groups on the central arene moiety are non-innocent substituents while the tert-butyl groups on the extremities of the molecule remain unchanged. As a second attempt of protection, the exact same strategy was used with methoxy groups instead of methyl groups. Dibromo-dimethoxybenzene 22 was submitted to a double Suzuki cross-coupling reaction with two equivalents of boronic ester 5b to give the protected quinquephenyl 23 (Figure 51). But disappointingly, after complete analysis of the only product of Scholl reaction 24 we observed that in spite of the protection, the regioselectivity has been maintained by removal of one of the pretended protecting groups and formation again of a [5]helicene-based compound. The helicenic compound 24 has been analyzed without any ambiguity by 1 H-NMR, NOESY and MS. Its 1 H-NMR spectrum is very similar (with some doubled signals) to the one of compound 18, where the remaining methoxy group is replaced by a hydrogen (Figure 52). Shortly after, similar investigations were carried out by Hilt and coworkers. 29 They tried to protect the quinquephenyl molecules already described by Müllen with methoxy groups and 

2.3d Efficient synthesis of hexabenzotriphenylene (HBTP).

After observing this strong regioselectivity, and facing the evidence that we would not be able to avoid it, we decided to take advantage of it and to explore this new path of access to highly distorted polycyclic aromatic cores. We have first turned our attention to molecules incorporating several helicene parts and more particularly to hexabenzotriphenylene (HBTP) 25, which is the smallest molecule that includes three [5]helicene units. Due to its triple helicity, HBTP presents four diastereoisomers (Figure 55). 30b When the three helicene fragments have the same configuration, (+) or (-), the HBTP has a D 3 symmetry, and these two enantiomers are propeller-shaped molecules. When one helicene is different from the two others, the two HBTP enantiomers have a C 2 symmetry.

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

The synthesis of unsubstituted HBTP has already been described; 30 an efficient way follows a completely different strategy based on a Pd-catalyzed cyclotrimerization of a polycyclic aryne. 30c Substituted HBTPs have not yet been reported, and partial Scholl reactions on hexaphenylbenzene-based species have never led to HBTP. 27,31 By taking advantage of the discovered non-sensitivity to steric hindrance of the Scholl reaction, hexa-tert-butyl-hexabenzotriphenylene (tBu 6 -HBTP) 28 (Figure 56) is quickly and easily obtained after a four-step synthesis from commercially available products. Then Finally, precursor 27 is submitted to well-established Scholl reaction conditions, by dissolution first in dry and degassed dichloromethane and then slow addition of a FeCl 3 solution in nitromethane, under strong bubbling of argon to remove HCl from the mixture.

After one hour, the reaction is quenched with an alcohol (methanol or ethanol) and the crude product is purified by chromatography on column. Two very closely migrating products were isolated and identified. The major product is a racemic mixture of pure three-bladed propellershaped tBu 6 -HBTP 28, obtained in 63% yield. Its high D 3 symmetry makes it easy to identify from its 1 H-NMR spectrum of only 4 signals (Figure 57). C2 symmetric isomers of 28 have not been observed. The global yield, over 4 steps, for the formation of 28 is 25%. The minor product 29, obtained with a yield of 25% on the last step, is a tetrabenzanthracene resulting from a transoid second dehydrocyclisation, which has statistically 1 chance out of 3 to occur. This structure has been determined by 2D 1 H-NMR (COSY and NOESY) analysis. This side product is surprisingly substituted by an alkoxy group during the quenching of the reaction with an alcohol. The origin of this substituent has been confirmed by changing the nature of the quenching alcohol, which leads to a different alkoxy group on 29. In spite of its very good solubility in many solvents, single crystals of tBu 6 -HBTP 28 could be obtained as large yellow needles by slow diffusion of methanol into a dichloromethane solution. Analysis by X-ray diffraction of these crystals has been possible and evidenced the distortion of the tBu 6 -HBTP molecules 28 in the solid state (Figure 58). In single crystals of 28 + 3 CH 2 Cl 2 the compound crystallizes in the centrosymmetric P-3c1 space group and is composed of a racemic mixture of the two enantiomers. The structure of the molecule is similar to the one reported for HBTP, with additional tert-butyl groups. The centre of the molecule is on a three-fold crystallographic axis. Each mean plane formed by the blade is tilted by an angle of 47° with respect to each other. Surprisingly, in spite of the bulky tert-butyl groups, this tilt angle is very similar to the one found in unsubstituted HBTP (49°-50°). 15a The bond distances are consistent with six peripheral aromatic rings (C-C distances Chapter III: Towards hexa-phenanthro-triphenylene (HPTP).

Introduction.

Hexabenzotriphenylene HBTP could be considered as the second generation dendrimer of the triphenylene series. In fact, it is virtually obtained by the fusion of two distinct benzo groups on each external benzene ring of the triphenylene molecule, which is itself the result of such a triple fusion from benzene (Figure 60). The next element of this series would be the TriPhenanthroTriphenylene, where each of the six outer benzene rings of the HBTP is fused with two distinct benzo groups. The resulting molecule, exceptionally crowded due to the presence of three [5]helicene and three [7]helicene units, has never been synthesized but its configuration has been predicted theoretically 1 Given the only few steps of synthesis and since we already knew how to form the boronic acid 5a, we logically decided to first explore the strategy relying on the hexa-Suzuki coupling reaction on commercially available hexabromotriphenylene 32. Unfortunately, in addition to the very poor solubility of the latter, several difficulties occurred, probably because of the strong steric hindrance felt by the last coupling reactions. In fact, several catalytic systems were used (Table 1) but each attempt gave a complicated and unpurifiable mixture containing partially reacted molecules and even dehalogenated compounds. Considering all these problems, and especially because of the impossibility to isolate the expected compound 31 from a mixture containing other apolar hydrocarbons coming from unwanted dehalogenation reactions, we decided to give up this one-step strategy and focus on a longer but more controllable approach.

Stepwise strategy from hexahydroxytriphenylene.

Our first concern was to solve the problem of the bad solubility of the hexabromotriphenylene

32.

For that purpose, we decided to use solubilizing triflate groups instead of bromo substituents. Nevertheless, the synthesis of hexa(triflyl)triphenylene 35 is not decribed in the literature but according to our experience we were confident in being able to form it from commercially available hexahydroxytriphenylene 36. In addition, boronic acid 5a being too hindering to successfully react six times on the same molecule, we also decided to proceed stepwise and to use only substituted phenyl rings (Figure 63). Again, methoxy, hydroxyl and triflate groups are used as substituents, not to help the solubility, but to make the targeted molecules more polar and thus easier to purify by chromatography. This strategy still relies on a first sixfold Suzuki cross-coupling reaction, but with a less hindering methoxy-substituted phenylboronic acid. Then the six methoxy groups will have to be deprotected and changed into triflate substituents. Finally, a second six fold Suzuki cross-coupling reaction will have to be done to replace every triflate by a tert-butylphenyl fragment. The result was beyond our expectations since the desired six-times coupled compound 37 has been obtained with an excellent yield of 75% and was easily purified by chromatography due to the presence of polar functions. Then the six methoxy groups were quantitatively deprotected in usual conditions using BBr 3 and the hexaphenol intermediate 38 was then submitted to usual triflation conditions to give the expected hexa-triflate compound 33 with still an excellent yield (95%). Due to its high symmetry, compound 38 has been easily characterized by 1 H-NMR, as shown in (Figure 65). In fact, only one aliphatic singlet (tert-butyl groups) has been observed and the aromatic region is also very simply interpreted with only one singlet (triphenylene) and the three usual signals (doublet, thin doublet, double doublet) of o,p-trisubstituted phenyl rings.

In addition, we were lucky enough to obtain analyzable single crystals of compound 33 and the X-ray analysis (Figure 66) undoubtedly confirmed the structure of molecule 33.

Interestingly, the orientation of the phenyl rings is disordered in this X-ray structure, which is confirmed by the complicated The final step for the formation of the flexible Scholl precursor is another six fold Suzuki cross-coupling reaction to change every triflate groups of compound 33 into para-tertbutylphenyl fragments (Figure 67). For this purpose, the same catalytic system and the same conditions than the previous hexa-coupling reaction were used, in presence of the commercially available para-tert-butylphenylboronic acid. Unfortunately, we were very surprised to realize that in this case not any coupling was observed and the starting compound 33 was almost completely recovered. Other reaction conditions were tried with the same catalyst (Table 2), varying the solvent and using a boronic ester, but none of them gave any positive result, even after several days. Facing this very disappointing result, and assuming that a too important steric hindrance will always be problematic for multiple Suzuki cross-coupling reactions, we decided to give-up these triphenylene-based strategies and to focus instead on a cyclotrimerization-based approach.

Aryne-based strategy.

3.3a Principle.

Arynes, i.e. aromatic rings having two adjacent radicals, are extremely reactive species that must be generated in situ. 3 Common methods employed for the generation of ortho-arynes, are based either on the generation of aryl anions by treatment of a strong bases ortho to a leaving group 4 or by treatment of ortho-dihalogenobenzene in the presence of metals like Mg, Li 5 or n-BuLi 6 to promote metal-halogen exchange followed by α,β-elimination. Another methodology is based on the thermal or photochemical decomposition of zwitterionic species 7 or oxidation of 1-aminobenzotriazol derivatives via nitrene species that undergo decomposition leading to benzyne (Dʹ). Although these methods are useful for the generation of benzynes, their tolerance to certain functional groups is limited. In 1983, Kobayashi described a mild and versatile method for the in situ preparation of benzyne (Dʹ) through the fluoride-induced 1,2-elimination of ortho-silylaryltriflates "D" (Figure 68). In 1998, Guitián and co-workers reported the trimerization reaction of orthosilylaryltriflates in the presence of palladium(0) catalysts for the synthesis of triphenylene derivatives (Figure 69). 9 The best results, with yields between 70% and 30%, were obtained in the presence of 10 mol% of [Pd(PPh 3 ) 4 ], CsF or n-Bu 4 NF as fluoride sources, in CH 3 CN at room temperature 10 .

Figure 69. General Pd-catalyzed cyclotrimerization of arynes.

The mechanism proposed for the cyclotrimerization of arynes shown in (Figure 70) is similar to the mechanism for [2+2+2]-cycloadditions of alkynes. 11 

3.4b First difficulties.

3,4-dibromoanisole 41 was quantitatively prepared from commercially available 3,4dibromophenol 42 by simple methylation with methyl iodide and K 2 CO 3 as a base (Figure 72). Unfortunately, the next step was already problematic since we did not succeed in making 

3.4c Second method.

Facing this early difficulty, we decided to make a compromise and to follow a very similar procedure on less hindered 2,4-dibromoanisole 45 instead of 3,4-dibromoanisole 41, hoping that such a change would not affect too much the yield of the trimerization step.

2,4-dibromoanisole 45 was also quantitatively prepared from commercially available 3,4dibromophenol 44 by simple methylation with methyl iodide and K 2 CO 3 as a base (Figure 73). Then it efficiently reacts with boronic acid 5a, in classical conditions for Suzuki crosscoupling reactions with Pd(PPh 3 ) 4 as a catalyst, and gives the expected compound 46 (80%). Unfortunately, analysis by mass spectrometry revealed to us that instead of the expected trimer, only a dimer was formed (Figure 74a), which 1 H-NMR spectrum (Figure 75) is logically similar. This disappointing result has been confirmed by 13 C-NMR, where we could observe signals around 159 ppm, witnessing the presence of a 4-membered ring containing biphenylene unit (Figure 75). 

L n Pd

This unexpected reactivity could be explained by considering the cyclic Pd complex E (Figure 74b). This highly hindered intermediate in the catalytic cycle of the trimerization probably does not allow the third aryne to get close enough to the catalytic center to react as expected. Instead of this, the Pd complex certainly undergoes a reductive elimination to expel the Pd and thus form a biphenylene compound, i.e. a dimer instead of a trimer. We finally stopped our investigations on the synthesis of the HPTP at that point.

Nevertheless, one remaining strategy could still be reasonable, even if representing a lot of work. In fact, a stepwise synthesis could easily be imagined for the formation of the first targeted ortho-silylaryltriflate compound (from 3,4dibromoanisole 41), which is a lot less hindering than its isomer 51, and therefore would still have a chance to undergo cyclotrimerization to give the HPTP precursor 31.

Before spending a lot of time and energy on this long synthesis, we first decided to investigate better the Scholl reaction, on simpler precursors, to check if the formation of higher order than [5]helicenes is possible by this technique.

Chapter IV: Investigation of the Scholl reaction on C 3 -symmetrical precursors.

We attempted to synthesize multiple [7]helicenes by Scholl reaction but faced big challenges making the flexible precursor. We therefore tried to make some multiple [6]helicenes from simpler molecular precursors.

General strategy for preparing common precursor.

A quick and simple synthetic strategy towards the highly distorted propeller-shaped hexa-tertbutyl-hexabenzotriphenylene ( t Bu 6 -HBTP) 28, from the flexible precursor 27 obtained by trisubstitution of tribromobenzene 26 (Figure 56) with three biphenylic blades (Figure 77), has already been described as proof of the efficiency of the Scholl reaction to form multiple helicenic compounds 1 .

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

We have then developed a systematic and versatile strategy to synthesize a family of such flexible C3-symmetrical substrates for subsequent Scholl treatment. This new method involves more steps than in the case of 28 but gives access to several series of compounds from a single common trifunctionalized precursor 57 by only changing the nature of the arylboronic acid added in the last step. 

Phenanthrene based strategy.

The triple Suzuki reaction between 9-phenanthracenylboronic acid 58 and tris-triflate 57 affords the flexible but sterically very congested compound 59 (Figure 79). The Scholl reaction on this substrate 59 was predicted to form 3 new C-C bonds, between the central benzene ring and position 10 of each phenanthrene part, to give a symmetrical triple [6]helicene. Nevertheless, we were surprised to reproducibly obtain, after purification, an asymmetrical major product 60 (Figure 79) whose formula, (unambiguously confirmed by mass spectrometry), indicates that 8 hydrogen atoms had been removed, implying the creation of four instead of three C-C bonds. Fortunately, we were able to crystallize this compound by slow diffusion of diisopropyl ether in CCl 4 , and the analysis by X-ray diffraction on single crystals revealed the unexpected structure of oligoarene 60 (Figure 81). The latter is highly distorted due to two different structural ingredients: a) one [5]helicene, whereas [6]helicenes where expected; and b) one 7-membered ring that is part of a hexa [7]circulene fragment. This final structure can be explained by two successive rearrangements during the Scholl process. One blade (blue on Figure 79) cyclizes as expected on the central benzene ring, with the second blade (green on Figure 79) migrating to an adjacent yet hindered carbon and also cyclizing on the central benzene ring to form a [5]helicene. The phenanthrene part of the third blade (red on Figure 79) then migrates to an adjacent carbon on the benzene part of the blade to allow its previous position to cyclize onto another phenanthrene (blue) to form the 7-membered ring. Finally a fourth cyclization occurs between two phenanthrene parts (red and blue). This reproducible and very efficient, yet absolutely unpredicted, outcome tells us that a highly twisted [5]helicenic fragment (between blue and green blades) bearing 2 tert-butyl groups on hindered positions, is apparently very favored by the Scholl reaction. This is because it benefits from regioselectivity (Chapter-II, Figure 46) but even rearrangements might have occurred to prevent its formation. The 7membered ring formation by Scholl reaction is also noteworthy since known examples of such heptagonal structures are exceedingly rare, either with only sp 2 -hybridized carbons 4 or even including one tetrahedral apex 5 .

Naphthalene based strategy.

When 2-naphthylboronic acid 61 is used to form another flexible substrate 62 (Figure 82), two adjacent carbons are free on the 2-naphthyl group. Therefore each blade can theoretically cyclize on the central benzene ring in two different ways. Nevertheless a unique compound 63 is isolated (90% yield) after Scholl treatment. This product has the same greenish color as compound 60, a very similar 1 H NMR spectrum with several identical peaks, and the mass spectrum also indicates that 4 C-C bonds where formed. For these reasons we hypothesize that the structure of 63 is comparable to the one of 60. Unfortunately, we are not able to crystallize 63 and thus cannot give any clear evidence of its structure. By storing crystallization tubes of 63 for three months in a mixture of DCM and methanol, without protecting it from light, we finally obtain crystals of a surprising rearranged, spiro, methoxy and halogenated compound 63a (Figure 83). Nevertheless, we are not able to pretend that this molecule is a degradation product of 63, it could as well be an impurity of the Scholl reaction on precursor 62. The 1-naphthylboronic acid 64 has also been used to form another flexible substrate 65 (Figure 84). Here only one adjacent carbon is free on the 1-naphthyl group for cyclizations, but complete cyclizations, leading to a non-helicenic PAH are possible. The Scholl reaction of compound 65 was predicted to form 3 to 6 new C-C bonds (Figure 86), first between the central benzene ring and position 2 of each naphthalene part, and maybe then between the position 3 of each naphthalene and the phenyl ring of its adjacent blade.

Unfortunately after several Scholl reactions in usual conditions but varying the reaction time, very complex mixtures were obtained and not any major product was clearly identified, making us think that some rearrangements occurred again. Intramolecular rearrangements when trying to form [6]helicenes by Scholl reaction have already been reported 6 and our results unfortunately confirm that this reaction may not be suitable to make helicenes with more than five benzene rings in the helix.

Scholl reaction on TMS bearing precursors.

Given the surprising rearrangements observed during the Scholl reaction of precursors 59 and probably compounds 62 and 65, we were intrigued to find out whether such reactions also occurred, but with no visible consequences, when cyclizing the fully symmetrical propellershaped t-Bu 6 -HBTP 28. In order to dissymmetrize its flexible precursor 27 without changing the global shape of the molecule, we coupled 4-(trimethylsilyl)phenylboronic acid 66 on tristriflate compound 57 to obtain the flexible substrate 67. Substrate 67 differs from 27 only by the replacement of three carbons by three silicon atoms. The Scholl reaction of this TMSsubstituted compound 67 leads as expected (with a comparable yield) to another propellershaped HBTP 68, still bearing six tetrahedral substituents (Figure 87). To investigate this compatibility more and to check if TMS-substituted substrates obey to the same reactivity rules as their tert-butylated counterparts, we synthesized pentaphenylene 73 (Figure 89) following a similar strategy used for tri-substituted substrates 57. Contrary to pentaphenylene 16 which mainly leads to [5]helicene 18 by Scholl reaction (Figure 46), the silylated version 73, under the same conditions, very quickly loses its two TMS groups and fully cyclizes to give the flat oligoarene 74 (Figure 89), whose structure was perfectly determined by NMR, mass spectrometry and even single crystal X-ray crystallography (Figure 90). The compatibility of TMS groups with the Scholl reaction cannot be generalized since they may also be expelled in favor of certain bond formations.

Synthesis of a soluble hexabenzocoronene.

Scholl cyclizations of 1,3,5-tris(2-biphenyl)ylbenzene species have already been studied by Müllen's group 7 but were only successful in the case of unsubstituted flexible precursors, or with iodides on non-hindering positions. When these deactivating iodides are located on hindering positions, the reaction remains incomplete.

The triple Suzuki cross-coupling reaction of tris-triflate 57 with simple phenylboronic acid 75

gives the flexible precursor 76, with only three tert-butyl substituents located on hindered positions. Submitted to Scholl reaction conditions, this molecule fully cyclizes by forming six C-C bonds, in a good yield (72%) to give 1,7,13-tri-tert-butylhexabenzocoronene 77 (Figure 91). This hexabenzocoronene, triply substituted by very bulky groups in bay regions has been unambiguously characterized by mass spectrometry, 1 H and 13 C-NMR. Unfortunately we were not able to grow crystals suitable for X-ray analysis to determine the solid state structure. In fact, this undoubtedly distorted oligoarene shows unusually high solubilities in many organic solvents compared to other flat hexabenzocoronenes. When attempting to crystallize hexabenzocoronene 77, we could obtain a few single crystals from a crystallization tube containing an impure fraction of 78 (about 10% impurities).

Disappointingly, X-ray analysis revealed that these crystals were only composed of unexpected rearranged products 79 and 80 (Figure 93), co-crystallizing together (in a 3:2 ratio). In this case, again, one blade migrates onto an adjacent carbon of the central benzene ring to form the usual [5]helicene. In addition the t-Bu group on the fully cyclized third blade is removed and replaced by a chlorine (80) or two opposite hydroxyl groups (79) (Figure 92).

Such a loss of a t-Bu group on the symmetrical main product 78 and the presence of 79 and 80 has also been observed by mass spectrometry. We developed a versatile synthetic technique for the formation of a family of flexible yet strongly crowded C 3 -symmetrical poly-aromatic chains as substrates for graphitization by intramolecular Scholl reaction. We found that the formation of [6]helicenes appears precluded with this approach because of surprising rearrangements leading to hexa [7]circulene species.

Nevertheless, under the same conditions, strongly congested [5]helicenes with bulky groups on hindered positions seem to be highly favored even when a labile TMS group replaces one of the two t-Bu substituents. Finally, a distorted and soluble bay-substituted hexabenzocoronene can efficiently be synthesized by Scholl reaction on a tris(biphenyl)ylbenzene precursor bearing three activating t-Bu groups on congesting positions.

Chapter V: Twisted Carbon Nanoribbons.

The initial project of my PhD thesis was the organic synthesis of soluble GNRs (Figure 44).

For that purpose we did several test reactions (Figures 46 and94) but we surprisingly observed some unexpected regioselectivity of the Scholl reaction. We then planned to take advantage of this unusual reactivity and to explore this new path of access to highly distorted polycyclic aromatic cores. We have turned our attention to molecules incorporating several helicene parts and successfully prepared hexabenzotriphenylene (HBTP) 28, which is the smallest aromatic core that includes three [5]helicene units. After that we tried to use this regioselectivity to synthesize higher ordered helicenes but instead we observed some rearrangements (Figure 79), making us think that higher order helicene formations seem impossible with this strategy.

Nevertheless, we did not give up our initial goal and we then planned to focus on the synthesis of helicene-incorporting carbon nanoribbons, that is to say twisted GNRs. 

Design of the twisted carbon nanoribbons.

The simplest [5]helicene motif accessible by such a Scholl reaction is the dibenzo-picene 18

(Figure 95). On this compound, some additional functionalization can be imagined on the two lateral biphenyl fragments. In fact, by a mind view, if several 18 units are fused together, having in common one biphenyl part with each adjacent unit, this would lead to a linear chain of fully conjugated upside down [5]helicenes. (Figure 95). dibenzopicene 18, it is obvious that on each helicene unit of a ribbon the same central bonds should be formed (Figure 96). It is now interesting to consider the corresponding flexible precursors and realize that they are in fact oligomers with a linear di-tert-butyl-triphenyl unit as a monomer (in blue on Figure 96).

Figure 96. Twisted carbon nanoribbons.

We could observe during the Scholl reaction of the penta-phenylene compound 16 that the transoid double cyclization, giving the flat tetrabenzanthracene 17, is still possible with a low yield of 8% (Figure 94). Nevertheless, this transoid reaction will become much more problematic on the flexible oligomers to make homogeneous twisted carbon nanoribbons. For this reason, we decided to change the structure of the monomer and to replace the central para-phenylene fragment by a 1,4-naphthylene, where two adjacent positions are now protected, leaving only one possibility for the double cyclization reaction (Figure 97). 

Test reaction on the monomer, synthesis of t Bu 4 -tribenzopicene.

In order to be sure that the naphthalene does not change the reactivity, compared to the benzene fragment, during the Scholl reaction, it was necessary to do a test reaction on the precursor (82) of the "shortest twisted carbon nanoribbon", that is to say a flexible chain composed of one monomer functionalized with two para-tert-butylphenyl groups as ending fragments.

The Suzuki coupling of commercially available 1,4-dibromo-naphthalene 81 with previously synthesized boronic ester 5b under classical conditions with Pd(PPh 3 ) 4 as a catalyst gave compound 82 after 2 days in 90% yield (Figure 98). Interestingly, after only 16 hours with these classical Suzuki conditions, the reaction only produces the asymmetrical mono reacted compound 84 (Figure 105). The purification of compound 82 by column chromatography was nevertheless a little confusing because two distinct luminescent spots could clearly be seen on TLC but they were impossible to separate by this technique. In addition, the 1 H-NMR spectrum of the mixture of these two products looks like the spectrum of an isomer mixture since several peaks seem doubled (Figure 99), but an isomerization reaction is hardly imaginable in such conditions.

The only explanation is that compound 82 has two different stable conformers at room temperature and on NMR timescale, that can exchange with each other on a chromatography timescale, which would justify that they are not separable. This hypothesis has been confirmed by a square TLC analysis.

Figure 99. 1 

Explanation of the square TLC technique:

The sample is spotted at one corner of a square TLC plate which is first developed in one direction, air-dried, then rotated by 90° and eluted a second time (Figure 100). It is also possible to gently heat the plate after the first elution to accelerate the possible reactions and exchanges happening on silica. Usually, three situations are then possible:

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

-If there is a spot on one side of the diagonal, corresponding to a spot giving the other one before the 2 nd elution, then this first product is probably unstable on silica and the second one is the degradation product.

-If there are spots on both sides of the diagonal, and if the plate is symmetrical according to this diagonal then both compounds are exchanging with each other between the two elutions. This is the usually the case of isomerizations or conformational exchanges. In the present case, the third situation, corresponding to chemical exchanges on silica, has very clearly been observed (Figure 101), confirming that compound 82 presents two stable conformers.

Figure 101.Chemical exchange between two conformers of compound 82 on silica.

Intramolecular Scholl reaction of flexible precursor 82 with FeCl 3 at 0 °C (15 minutes) provided very efficiently (95% yield) the single [5]helicene 83, which can be seen as a monomer of the targeted graphene nanoribbons (Figure 102). This compound has been fully characterized by NMR and mass spectrometry. Compound 83 is well soluble in common organic solvents, such as THF, toluene and dichloromethane. The good solubility can be attributed to the introduction of t-butyl groups on the aromatic periphery and to the non planar geometry that avoids π-stacking and reduces aggregation in solution.

In spite of its very good solubility in many solvents, monocrystals of 83 could be obtained as large yellow needles by slow diffusion of methanol in cyclohexane. Analysis by X-ray diffraction of these crystals has been possible and evidenced the distortion of the molecules of 83 in the solid state. Suprisingly, these molecules are not at all symmetrical in this crystal phase. In fact, a biphenyl unit on one side is strongly bent whereas the one on the other side stays straight. This allows the naphthalene part to bend, not to twist, with the two bulky tertbutyl groups on the same side (Figure 103). 

Synthesis of the dimer.

The first test reaction being a success, a second one was necessary in our opinion to prove that a doubly substituted di-tert-butyl-biphenyl unit reacts correctly -without rearrangements-in Scholl conditions. For this reason, we also decided to synthesize a dimer (91) of the twisted nanoribbons, from its flexible precursor 89 incorporating two naphthalene-based monomers and two ending tert-butylphenyl groups.

Two retro-synthetic ways are possible for the synthesis of the flexible precursor 89. The faster one would rely on a central bifunctional di-tert-butylbiphenyl but we preferred the second strategy, when the central bond is cut and the final step is a true dimerization, because this approach is closer to what would be done for the synthesis of oligomers (Figure 104).

Figure 104. Retro-synthetic strategies for compound 89.

The formation of the brominated compound 84 relies on a Suzuki coupling mono-reaction of commercially available 1,4-dibromo-naphthalene 81. As discussed before, the reactivities of the two bromines are not equivalent and this mono-substitution can be done efficiently (75% yield) in classical conditions with the boronic ester 5b, which was synthesized similarly in two steps following existing procedures (see Chapter II, Figure 39). Then another Suzuki coupling of compound 84 with 5-tert-butyl-2-methoxyphenylboronic acid 34 under classical conditions with Pd(PPh 3 ) 4 as a catalyst gave the methoxy substituted compound 85 in 95% yield. The methoxy group is then deprotected by action of BBr 3 , leading quantitatively to the phenolic intermediate 86, whose phenol function is then transformed into a triflate group by action of triflic ahydride in usual conditions to give the precursor 87 in excellent yield (92%).

The conversion of the aryl triflate 87 to the boronic ester 88 was carried out by Miyaura coupling reaction of the triflate with bis(pinacolato)diboron using PdCl 2 (dppf) as a catalyst with KOAc as a base (Figure 105). Finally, triflate compound 87 has to couple with boronic ester 88 to form the expected dimeric flexible precursor 89. We were aware of the disfavored conditions for such a coupling with two sterically hindered compounds, but this was even more difficult than what we expected.

Several reaction conditions were tried (Table 3) unsuccessfully because of the interfering hydrogenation of both triflate and boronic acid which was much faster than the coupling reaction, leading to inert and useless compound 90 (Figure 106). After four attempts with different catalytic systems, developed by Buchwald's group 1 and known to react efficiently on hindered positions, we finally found that Pd(OAc) 2 as a palladium source, SPhos as a ligand, K 3 PO 4 as a base in a mixture of THF and water are excellent reaction conditions for this kind of highly hindered coupling. In fact, the result is even beyond our expectations since the coupling of compounds 87 and 88 in these conditions leads to the dimeric flexible precursor 89 with a yield of 80%, and no traces of the difficultly separable hydrogenated compound 90. The conclusion of this is that every detail can be crucial for such difficult reactions. In fact, changing the base or few substituents on the ligand can have drastic effects on the reactivity.

The difficulty when synthesizing the dimer precursor Contrary to its flexible precursor 89, the 1 H-NMR spectrum of the rigidified compound 91 is very simple and can easily be interpreted (Figure 109). This is even surprising if we consider- that compound 91 incorporates two helicenic parts and therefore has three diastereoisomers: the (+ +) and (--) double helicenes are enantiomers whereas (+ -) and (-+) are the same meso achiral isomer (Figure 110) that should have a similar but different NMR spectrum. Yet, the 1 H-NMR spectrum of compound 91 is simple enough to allow us to conclude that the Scholl reaction, in these conditions, has selectively formed either the achiral meso (+ -) compound, or both chiral (+ +) and (--) enantiomers, but not all of these three stereoisomers. Even if compound 91 is highly soluble in many organic solvents, monocrystals of it were obtained as yellow needles by slow diffusion of methanol in DCM. Analysis by X-ray diffraction of these crystals has been possible and allowed the determination of the stereochemistry of compound 91, which appeared to be a racemic mixture of enantiomers (+ +) and (--) (Figure 111).

It is interesting to note that similarly to the monomer's structure, here both naphthalene parts are bent, not twisted, so that for each of them the two close tert-butyl groups are on the same side. In such a configuration, the three biphenyl units have different geometries: The two on the extremities are straight whereas the central one is strongly bent. It is noteworthy that this bending is comparable to the curvature of the phenyl rings in a [8]cyclo-para-phenylene (CPP) macrocycle (Figure 112).

Apparently, one parameter is important to lower the distortion of the twisted carbon nanoribbons, which may thus influence the nature of their most stable configuration. The naphthalene parts seem to prefer to bend, not to twist, which forces the two close tert-butyl groups to be on the same side of the naphthalene. Each naphthalene facing a helicene part, with two opposite tert-butyl groups, this will automatically force the two biphenyl parts of this helicene to adopt different geometries: One straight and one strongly bent. Since internal biphenyl units are shared by two helicenes in twisted carbon nanoribbons, having bent instead of twisted naphthalene parts has therefore an important consequence on their global structure: The di-tert-butylbiphenyl units are alternatively straight and strongly bent along the ribbon. We can assume that the more stable configuration of the molecule is certainly the one with the lowest distortion, so the highest number of straight biphenyl units. In the case of short twisted ribbons with an even number of helicenes, there is an odd number of biphenyl units, alternatively straight and bent. Therefore, the most stable configuration should be the one with straight biphenyl parts on the extremities.

This hypothesis concerning the bending of the naphthalene parts, that we cannot completely prove yet, applied to the case of the dimer 91, brings us to the experimentally confirmed conclusion that the meso (+ -) configuration is more distorted and, as a consequence, less favored than the chiral (+ +) and (--) molecules.

Synthesis of the trimer.

In order to prepare a more systematic synthetic strategy for longer flexible precursors of twisted carbon nanoribbons, it was useful to test the reactivity of bifunctional monomers, such as bis-triflate compound 94 or bis-boronic ester 95 (Figure 114). For that purpose, we decided to synthesize the trimer 111 of the twisted carbon nanoribbons, given that a symmetrical strategy for the synthesis of its flexible precursor 110 would imply the use of a bifunctional central monomer (Figure 113).

Figure 113. Retro-synthesis of the trimer's flexible precursor 110.

Similarly to what has been done before, commercially available The first attempt for the synthesis of the flexible precursor 110 of the trimer twisted nanoribbon implied a double Suzuki cross-coupling reaction between one central bis-triflate monomer 94 and two identical monomers 88 functionalized by one boronic ester (Figure 115) and one tert-butylphenyl ending group. The reaction has been carried on using the efficient "Buchwald conditions", specifically for hindered substrates, with Pd(OAc) 2 as a palladium source, SPhos as a ligand, K 3 PO 4 as a base in a mixture of THF and water, at reflux during several days. Unfortunately, the first coupling reaction seems to work well since the monoreacted product 96 can be observed, but the second one, leading then to the desired compound, seems to be a lot more difficult. In fact, hydrogenated compound 90 and 97 could be isolated in large quantities, showing that these conditions are not adapted to this double reaction. Thinking that these interfering hydrogenation reactions are due to the presence of water in the reaction mixture, we decided to find new reaction conditions involving only dry organic solvents. Nevertheless, boronic esters need to be hydrolyzed before reacting with Suzuki coupling catalysts and therefore need the presence of water, which is not the case of boronic acids. For this reason, we then tried to hydrolyze beforehand the two boronic esters 88 and 95

to form boronic acids (Figure 117). Unfortunately, several unsuccessful attempts were performed, using oxidative, acidic or basic conditions, but the starting compounds were always fully recovered. At that point, we decided to change our synthetic strategy in order to reduce the global steric hindrance of the coupling precursors. For that purpose, we developed the synthesis of monomer compounds substituted by a methoxy group on one side and an active function, either triflate (101) or boronic ester (102), on the other side (Figure 118). In addition to being less hindering than tert-butylphenyl groups, the methoxy substituents have other advantages.

They induce some polarity in the molecules, which will be very helpful during the purifications by column chromatographies, and they are versatile substituents that can easily be deprotected into phenols, which can then be changed into triflates and even boronic esters. Starting the chain formation from an end, the first Suzuki coupling reaction implies the monofunctional monomer 88 as a boronic ester and the methoxy-triflate-monomer 101.

Because of the steric hindrance of the reacting site on substrate 88, the optimized catalytic conditions (Pd(OAc) 2 / SPhos / K 3 PO 4 / THF + H 2 O) are used and the methoxy-substituted flexible dimer 108 is obtained with a very good yield (75%). Then, as usual, demethylation is performed with BBr 3 to give the corresponding phenolic product 109 (95% yield), which is then changed into the mono-triflate flexible dimer 96 under standard conditions using triflic anhydride, with an excellent yield (96%) (Figure 121). For the final critical step, the same boronic acid 88 is used again but this time with the monotriflate flexible dimer 96, in the same optimized catalytic conditions. Fortunately, the expected product, the flexible trimer precursor 110, is finally formed with an excellent yield (74%) (Figure 122).

It is important to point out that, again, all flexible compounds constituted of at least two monomer units were impossible to fully characterize by 1 H-NMR because of all the stable conformers. In fact, only mass spectrometry (FD-MS) was satisfying for a reasonnable identification of these compounds. 19 F-NMR was also used as a fluoride sensor in order to check the appearance or the disappearance of triflate substituents. In the case of flexible hydrocarbons with at least four degrees of liberty (disubstituted ortho-phenylene fragments) such as the flexible dimer or trimer, NMR was even absolutely useless and field desorption mass spectrometry was the only reliable analysis. Having not succeed yet in growing analyzable single crystals of trimer 111, we have to be careful when announcing the result of this important synthetic work: The fully graphitized twisted trimer 111 has been formed (confirmed by FD-MS) and we could separate a reasonable fraction of the crude mixture which is containing it in majority. Nevertheless, the too complicated NMR does not allow us to determine if that compound is pure, with different stable stereoisomers, or not.

This conclusion is not really satisfying but focusing on the synthesis of a trimer, in second thought, was not really relevant. In fact, if we consider the "bent naphthalene rule" that we assumed after getting the structure of the dimer 91, the only conclusion on the trimer 111 is that stereoisomers +-+ and -+-should be disfavored, letting 4 other favored configurations.

On the other hand, the tetramer of such twisted nanoribbons has an even number of helicenes, therefore an odd number of biphenyl units, two of them being bent and shared by helicenes having the same helicity. So only three configurations should be favored: ++++ and ----which are symmetrical enantiomers and ++--which is an achiral meso compound. As a consequence, the analysis and structural study of such a tetramer should be easier and we decided to focus on its synthesis.

Synthesis of the tetramer.

Keeping in mind that only strategies involving mono-coupling reactions seem to be efficient, and given the already obtained compounds for the previous syntheses, the retro-synthetic study of the twisted tetramer 117 and its flexible precursor 115 has two possible ways (Figure 124). First, dimer triflate 96 can be coupled with its boronic ester counterpart, or a more systematic but longer stepwise approach can be developed from it via the monofunctional trimer triflate 114.

Figure124. Retro-synthetic study of tetramer 117. Blue way: Homocoupling. Red way: systematic and stepwise approach.

In order to demonstrate a proof of principle for the global stepwise syntheses of longer oligomers, we decided to develop the second approach (Figure 125). For the final step, boronic ester 88 is coupled by Suzuki reaction with the mono-triflate flexible trimer 114, in the same optimized catalytic conditions. The expected product, the flexible tetramer precursor 115, is partially formed but unfortunately an important amount of triflate trimer 114 stayed unreacted in the crude mixture (Figure 126). Since these 2 products are of comparable size and apolar, they are unseparable by chromatography. In addition, they have similar non interpretable 1 H-NMR spectra, and 19 F-NMR can only confirm the presence of the triflate substrate. Therefore, this problem could be solved by following the progression of the reaction by 19F-NMR but hydrogenation of the triflate compound giving hydrocarbon 107 is also observed by FD-MS.

We think that the too important size similarity between trimer compounds 111 and 107, and tetramer precursor 115 is making the purification even more difficult so we decided to try the other synthetic strategy described in figure 127. In fact, in this approach the main impurity to fear is the hydrogenated dimer 97, which size is half the one of the desired flexible tertramer.

We hope that this size and structural difference would allow an easier purification. First the conversion of the dimer triflate 96 to the corresponding boronic ester 116 is carried out by Miyaura coupling reaction with bis(pinacolato)diboron using PdCl 2 (dppf) as a catalyst and KOAc as a base, with a good yield (80%) (Figure 127). It is finally coupled with dimer triflate 96 under optimized catalytic conditions (Pd(OAc) 2 / SPhos / K 3 PO 4 / THF + H 2 O) for 2 days. Fortunately, this time the crude product can be purified and the flexible tetramer 115 is obtained pure (as confirmed by FD-MS) with a very good yield. To conclude this part, the results of test reactions were successful and the studies of the monomer and dimer crystal structures gave some interesting, yet incomplete, information about the general configuration of the targeted twisted carbon nanoribbons. Unfortunately, they also taught us that the organic synthesis of such flexible precursors become more and more difficult when their size is extended. In fact, NMR of the monomer flexible precursor was not trivial whereas the NMR of the dimer flexible precursor was already non interpretable and almost useless, making very specific analytical techniques (FD-MS) absolutely necessary.

In addition, it appears that long stepwise strategies are necessary therefore polymerization of 115 117 bifunctional monomers is compromised. Added to the highly complicated purifications, due to the non polarity of the mixed compounds, the development of long flexible oligomeric precursors of twisted carbon nanoribbons is therefore an extremely difficult project. Finally, the Scholl reactions on the trimer and tetramer precursors are promising but the reaction conditions are not optimized enough for the moment to lead to clear conclusions. It is then very likely, to our disappointment, that this project will not be continued. rearrangements did not occur when synthesizing TMS-containing HBTP or distorted and soluble hexabenzocoronene (HBC) when t Bu groups are in the bay regions.

If [6]helicenes may not be synthesizable by Scholl reaction, it appears that [5]helicenes are highly favored since even rearrangement occur to form them. We finally designed twisted carbon nanoribbons incorporating this [5]helicene as a repeated motif. The synthesis of the monomer was easy but analytical difficulties were already felt when making the dimer.

Nevertheless, X-ray structures of both compounds provided interesting information about the global structure of the twisted carbon nanoribbons. Syntheses of the trimer and tetramer flexible precursors were exceptionally long and tedious, mainly because of purification and analysis problems. The Scholl reaction on these two compounds gave promising results but the reaction conditions still have to be optimized.

The electrochemical properties of all these new polyaromatic molecules are currently studied.

Perspectives

In spite of the changes in the initial project, we kept in mind that our first goal was the organic synthesis of flat carbon nanoribbons. Having developed an efficient, though difficult, synthesis for flexible precursors of twisted carbon nanoribbons, we decided to use these results and keep the same aromatic part for the design of fully graphitized nanoribbons. The incomplete Scholl reaction leading to helicenic parts is due to the steric hindrance between the too close tert-butyl groups. Removing these bulky groups and adding other solubilizing substituents somewhere else on the molecule would therefore certainly give fully cyclized and flat ribbons (Figure 129). Parallelly, another apparently easier approach has been explored, involving pyrene-based monomers (Figure 131). In fact, in the previous project depicted in figure 44 (chapter II), if the para-phenylene linkers are replaced by a 1,6-pyrenylene fragments then there is only one possibility for the Scholl reaction and no interfering regioselectivity would occur.

One test reaction has been done to verify that this is true and that no rearrangement is interfering with the expected reactivity (Figure 132). The short symmetrical precursor 119 has been first obtained by a double Suzuki cross coupling reaction with the commercially available 1,6-dibromopyrene 118 and the boronic ester 5b.

Figure 131. Design of pyrene-based nanoribbons.

It then reacted by intramolecular Scholl reaction to efficiently give the expected aromatic polycyclic compound 120, proving that this strategy is a reasonable approach for the formation of carbon nanoribbons. For the most complex molecules, NOESY and COSY experiments were performed to complete the assignments. In the assignments, the chemical shift (δ in ppm) is given first, followed, in brackets, by the multiplicity of the signal (s: singlet, d: doublet, t: triplet, q: quadruplet, dd: double doublet, m: multiplet), the number of protons involved, the value of the coupling constants (in Hertz) if applicable.

ESI mass spectra were performed by the CESAMO (Bordeaux, France) on a QStar Elite mass spectrometer (Applied Biosystems). The instrument is equipped with an ESI source and spectra were recorded in the positive mode. The electrospray needle was maintained at 4500 V and operated at room temperature. Samples were introduced by injection through a 10 µ L sample loop into a 200 µL/min flow of methanol from the LC pump.

MALDI mass spectra were performed by the CESAMO (Bordeaux, France) on a Voyager mass spectrometer (Applied Biosystems). The instrument is equipped with a pulsed N 2 laser (337 nm) and a time-delayed extracted ion source. Spectra were recorded in the positive-ion mode using the reflectron and with an accelerating voltage of 20 kV. Samples were dissolved in CH 2 Cl 2 at 10 mg/ml. The dithranol matrix (1,8-dihydroxyanthrone) solution was prepared by dissolving 10 mg in 1 ml of CH 2 Cl 2 . A MeOH solution of cationisation agent (NaI, 10 mg/ml) was also prepared. The solutions were combined in a 10:1:1 volume ratio of matrix to sample to cationisation agent. One to two microliters of the obtained solution was deposited onto the sample target and vacuum-dried.

Field Desorption High Resolution Mass Spectra (FD-HRMS) were performed by the CESAMO (Bordeaux, France). The measurements were carried out on a TOF mass spectrometer AccuTOF GCv using an FD emitter with an emitter voltage of 10 kV. One to two microliters solution of the compound is deposited on a 13 m emitter wire.

Chromatographic supports

Thin-layer chromatographies were performed using aluminum sheets coated with silica. They were examined under the UV lamp (luminescent compounds) or after oxidation with iodine.

Column chromatography was carried out on silica gel (Carlo Erba, 35-70 µm).

The crystallographic data were collected with a Bruker APEX II diffractometer, equipped with a graphite monochromator centred on the path of MoK α . Single crystals were coated with Paratone N-oil and mounted on a fiber loop followed by data collection at 120 K. The program SAINT was used to integrate the data, which was thereafter corrected for absorption using SADABS. All structures were solved by direct methods and refined by a full-matrix least-squares method on F 2 using SHELXL-97. Non-hydrogen atoms were refined with anisotropic displacement parameters. Hydrogen atoms were placed at calculated positions using suitable riding models. Their positions were constrained relative to their parent atom using the appropriate HFIX command in SHELXL-97

Preparation of 2-bromo-4,4'-di-tert-butylbiphenyl (4)

4,4'-Di-tert-butylbiphenyl (10.64 g, 40.0 mmol) 3 was dissolved in chloroform (80 mL). A solution of bromine (4.53 mL, 88.0 mmol) in chloroform (20 mL) was added very slowly over 1 h. The solution was heated at 70 °C for overnight. After cooling to room temperature water was added to the reaction mixture. The organic layer was then decanted and the aqueous layer was extracted 2 times with diethyl ether. The combine organic layer was washed with brine solution, dried (Na 2 SO 4 ), and evaporated in vacuo. The residue was purified by recrystallization from ethanol. (white solid, 9.50 g, 69% 

Compound 5a

2-Bromo-4,4'-di-tert-butylbiphenyl 4 (10.0 g, 28.98 mmol) in THF (100 mL) at -80 °C was added a solution of n-butyllithium in hexanes (6.71 mL, 18.10 mmol) After stirring for 5-15 min at -80 °C, trimethyl borate (11.80 mL, 31.89 mmol) was added, the reaction was allowed to 1h. Upon reaching room temperature the reaction was quenched by the addition of water and few drops of concentrated HCL (Upto pH 1), then extracted with ethyl acetate. The extract was washed with water, dried with sodium sulfate, filtered and concentrated in vacuo.

The crude product was purified by chromatography on silicagel by using pet. ether / EtOAc (20%) as the eluent to give the title compound 5a (white solid, 7.20 g, 80%). reaction was allowed to 1h. Upon reaching room temperature the reaction was quenched by the addition of water, then extracted with ethyl acetate. The extract was washed with water, dried with sodium sulfate, filtered and concentrated in vacuo. The crude product was purified by chromatography on silicagel by using pet. ether / EtOAc (5%) as the eluent to give the title compound 5b (white solid, 2.54 g, 74.5% 

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

Compound 10 (300 mg, 0.344 mmol) was dissolved in 50 mL of unstabilized dichloromethane and degassed with an argon stream for 15 minutes. Then a solution of 1.12 g FeCl 3 (6.88 mmol) in 10 mL nitromethane was added dropwise while continuously degassing with an argon stream. After 1 h the reaction was stopped by adding 100 mL of ethanol.Then the organic phase was extracted with water two times and dried with anhydrous sodium sulfate. The solvent was removed in vacuo and The crude product was purified by chromatography on silicagel by using pet. ether / CH 2 Cl 2 (1%) as the eluent to give the title compound 12 (yellow solid, 122 mg, 75% 

Compound 20

1,4-Dibromo-2,5-dimethylbenzene 19 (500 mg, 1.89 mmol), 2-(4,4'-di-tert-butylbiphenyl-2yl)-4,4,5,5-tetramethyl-1,3,2-dioxaborolane 5b (1.57 g, 4.0 mmol) and Na 2 CO 3 (2.0 g, 18.9 mmol) were dissolved in toluene (30 mL), water (10 mL) and ethanol (5 mL). The solution was degassed three times, Pd(PPh 3 ) 4 (218.2 mg, 0.189 mmol) was added under an Ar stream and the mixture was degassed three times again. The solution was heated at 90 °C for 48h. The organic layer was then decanted and the aqueous layer was extracted 2 times with CH 2 Cl 2 . The combine organic layer was washed with water and evaporated. The crude product was purified by chromatography on silicagel by using pet. ether / CH 2 Cl 2 (5%) as the eluent to give the title compound 20 (white solid, 981mg, 84% 

Compound 21

Compound 20 (100 mg, 0.157 mmol) were dissolved in 50 mL of unstabilized dichloromethane and degassed with an argon stream for 15 minutes. Then a solution of 585.7 Y X mg FeCl 3 (3.61 mmol) in 5 mL nitromethane was added dropwise while continuously degasing with an argon stream. After 1 h the reaction was stopped by adding 100 mL of ethanol.Then the organic phase was extracted with water two times and dried with anhydrous sodium sulfate. The solvent was removed in vacuo and The crude product was purified by chromatography on silicagel by using pet. ether / CH 2 Cl 2 (1%) as the eluent to give the title compound 21 (yellow solid, 62 mg, 63%) 

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

Commercially available 1,4-dibromo-2,5-dimethoxybenzene 21 (296 mg, 1.0 mmol),

dioxaborolane 5b (823 mg, 2.1 mmol) and Na 2 CO 3 (1.06 g, 10 mmol) were dissolved in toluene (24 mL), water (8 mL) and ethanol (4 mL). The solution was degassed, Pd(PPh 3 ) 4 (115 mg, 0.1 mmol) was added under an Ar stream and the mixture was degassed again. The solution was heated at 90°C overnight. The organic layer was separated and the aqueous layer was extracted with CH 2 Cl 2 . The combine organic layer was washed with water and evaporated. The crude product was purified by chromatography on silica gel by using petroleum ether / CH 2 Cl 2 (20%) as the eluent to give the title compound 23 (white solid, 547 mg, 82% Compound 23 (100 mg, 0.15 mmol) was dissolved in 30 mL of unstabilized dichloromethane and degassed with an Ar stream for 15 minutes. A solution of FeCl 3 (145 mg, 0.89 mmol) in 5 mL of nitromethane was added drop wise while continuously degassing with an Ar stream. After 30 minutes the reaction was stopped by adding 100 mL of methanol. The organic phase was then washed twice with water and dried over anhydrous Na 2 SO 4 . The solvent was removed in vacuo and the crude product was purified by chromatography on silica gel by using petroleum ether / CH 2 Cl 2 (8%) as the eluent to give the title compound 24 (yellow solid, 84 mg, 89% were dissolved in toluene (30 mL), water (10 mL) and ethanol (5 mL). The solution was degassed three times, Pd(PPh 3 ) 4 (183.7 mg, 0.159 mmol) was added under an Ar stream and the mixture was degassed three times again. The solution was heated at 90 °C for 48h. The organic layer was then decanted and the aqueous layer was extracted 2 times with CH 2 Cl 2 .

The combine organic layer was washed with water and evaporated. The crude product was purified by chromatography on silicagel by using pet. ether / CH 2 Cl 2 (4%) as the eluent to give the title compound 27 (white solid, 1.05 g, 76% 

Hexa-tert-butyl-hexabenzotriphenylene 28

Compound 27 (300 mg, 0.344 mmol) were dissolved in 50 mL of unstabilized dichloromethane and degassed with an argon stream for 15 minutes. Then a solution of 1.12 g FeCl 3 (6.88 mmol) in 10 mL nitromethane was added dropwise while continuously degassing with an argon stream. After 1 h the reaction was stopped by adding 100 mL of ethanol. Then the organic phase was extracted with water two times and dried with anhydrous sodium sulfate. The solvent was removed in vacuo and The crude product was purified by chromatography on silicagel by using pet. ether / CH 2 Cl 2 (1%) as the eluent to give the title compound 28 (yellow solid, 187 mg, 63%). Mp >400 °C; 

Compound 33

To the compound 38 (278 mg, 0.25 mmol) dissolved in 10 mL of anhydrous CH 2 Cl 2 were added 5 mL of pyridine and the solution was cooled to 0°C. Trifluoromethanesulfonic anhydride (0.50 mL, 2.98 mmol) was added drop wise and the mixture was warmed to room temperature and stirred overnight. The solvent was removed under vacuum. The crude product was purified by chromatography on silica gel by using petroleum ether / CH 2 Cl 2 (40%) as the eluent to give the title compound 33 (white solid, 454 mg, 95% 

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

2-bromo-4-tert-butyl-1-methoxybenzene 69 (4.0 g, 16.45 mmol) in THF (50 mL) at -80 °C was added a solution of n-butyllithium in hexanes(6.71 mL, 18.10 mmol) After stirring for 5-15 min at -80 °C, trimethyl borate (2.05 mL, 18.10 mmol) was added, the reaction was allowed to 1h. Upon reaching room temperature the reaction was quenched by the addition of water and few drops of concentrated HCL (Upto pH 1), then extracted with ethyl acetate. The extract was washed with water, dried with sodium sulfate, filtered and concentrated in vacuo.

The crude product was purified by chromatography on silicagel by using pet. ether / EtOAc (8%) as the eluent to give the title compound 34 (white solid, 3.08 g, 90%). 

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

To compound 71 (1.50 g, 4.0 mmol) in 100 mL of anhydrous CH 2 Cl 2 were added 3.5 mL of pyridine and the solution was cooled to 0°C. Trifluoromethanesulfonic anhydride (1.7 mL, 10 mmol) was added drop wise and the mixture was warmed to room temperature and stirred overnight. The solvent was removed under vacuum. The crude product was purified by chromatography on silica gel by using petroleum ether / CH 2 Cl 2 (15%) as the eluent to give the title compound 72 (white solid, 2.43 g, 95%). Mp 180-181°C; 1 

1,4-bis(5-tert-butyl-2-(4-trimethylsilylphenyl)phenyl)benzene (73)

Compound 72 (600 mg, 0.94 mmol), 4-(trimethylsilyl)phenylboronic acid 66 (460 mg, 2.4 mmol) and K 3 PO 4 (1.6 g, 7.5 mmol) were dissolved in a mixture of THF (10 mL) and water (2 mL). The solution was degassed, Pd(OAc) 2 (21 mg, 0.09 mmol) and 2dicyclohexylphosphino-2',6'-dimethoxybiphenyl SPhos (46 mg, 0.11 mmol) were added under an Ar stream and the mixture was degassed again. The solution was heated at 70°C for 48h. The organic layer was then decanted and the aqueous layer was extracted twice with CH 2 Cl 2 . The combine organic layer was washed with water and evaporated. The crude product was purified by chromatography on silica gel by using petroleum ether / CH 2 Cl 2 (10%) as the eluent to give the title compound 73 (white solid, 540 mg, 90%). Mp 305-306°C; 1 

2,13-di-tert-butyltribenzo[fg,ij,rst]pentaphene (74)

Compound 73 (200 mg, 0.31 mmol) was dissolved in 50 mL of unstabilized dichloromethane and degassed with an Ar stream for 15 minutes. Then a solution of FeCl 3 (610 mg, 3.8 mmol) in 5 mL of nitromethane was added drop wise while continuously degassing with an Ar stream. After 1h the reaction was stopped by adding 100 mL of methanol. The organic phase was then washed twice with water and dried over anhydrous Na 2 SO 4 . The solvent was removed in vacuo and the crude product was purified by chromatography on silica gel by using petroleum ether / CH 2 Cl 2 (4%) as the eluent to give the title compound 74 (yellow solid, 139 mg, 91% 

1,3,5-tris(4-tert-butylbiphenyl-2-yl)benzene (76)

Compound 57 (430 mg, 0.47 mmol), phenylboronic acid 75 (230 mg, 1.9 mmol) and K 3 PO 4 (1.2 g, 5.7 mmol) were dissolved in a mixture of THF (10 mL) and water (2 mL). The solution was degassed, Pd(OAc) 2 (15.8 mg, 0.070 mmol) and 2-dicyclohexylphosphino-2',6'dimethoxybiphenyl SPhos (35 mg, 0.084 mmol) were added under an Ar stream and the mixture was degassed again. The solution was heated at 70°C for 48h. The organic layer was then decanted and the aqueous layer was extracted 2 times with CH 2 Cl 2 . The combine organic layer was washed with water and evaporated. The crude product was purified by chromatography on silica gel by using petroleum ether / CH 2 Cl 2 (10%) as the eluent to give the title compound 76 (white solid, 322 mg, 98%). Mp 263-264°C; 1 H NMR (400 MHz, CD 2 Cl 2 ): δ 7.36 (dd, 3H, J = 2.0, 8.0 Hz), 7.31-7.21 (m, 12H), 7.00 (d, 6H, J = 7.2 Hz), 6.91 (d, 3H, J = 2.0 Hz), 6.77 (s, 3H), 1.28 (s, 27H); 13 

1,7,13-tri-tert-butyl-hexa-peri-hexabenzocoronene (77)

Compound 76 (150 mg, 0.21 mmol) was dissolved in 50 mL of unstabilized dichloromethane and degassed with an Ar stream for 15 minutes. Then a solution of FeCl 3 (690 mg, 4.3 mmol) in 10 mL of nitromethane was added drop wise while continuously degassing with an Ar stream. After 1h the reaction was stopped by adding 100 mL of ethanol. The organic phase was then washed twice with water and dried over anhydrous Na 2 SO 4 . The solvent was removed in vacuo and the crude product was purified by chromatography on silica gel by using petroleum ether / CH 2 Cl 2 (5%) as the eluent to give the title compound 77 (yellow solid, 106 mg, 72%). Mp > 400°C; 1 (30 mL), water (10 mL) and ethanol (5 mL). The solution was degassed three times, Pd(PPh 3 ) 4 (230.8 mg, 0.20 mmol) was added under an A r stream and the mixture was degassed three times again. The solution was heated at 90 °C for 24h. The organic layer was then decanted and the aqueous layer was extracted 2 times with CH 2 Cl 2 . The combine organic layer was washed with water and evaporated. The crude product was purified by chromatography on silicagel by using pet. ether / CH 2 Cl 2 (5%) as the eluent to give the title compound 82 (white solid, 1.20 g, 91% (30 mL), water (10 mL) and ethanol (5 mL). The solution was degassed three times, Pd(PPh 3 ) 4 (159.31 mg, 0.138 mmol) was added under an Ar stream and the mixture was degassed three times again. The solution was heated at 90 °C for 48h. The organic layer was then decanted and the aqueous layer was extracted 2 times with CH 2 Cl 2 . The combine organic layer was washed with water and evaporated. The crude product was purified by chromatography on silicagel by using pet. ether / CH 2 Cl 2 (10%) as the eluent to give the title compound 85 (white solid, 737 mg, 95% (36.42 mg, 0.045 mmol) were dissolved in dry dioxane (10 mL).The mixture was heated at reflux and stirred under Ar overnight. After the solution was cooled down at room temperature, 20 mL of water and 20 mL of CH 2 Cl 2 were added. The organic layer was then decanted and the aqueous layer was extracted 3 times with CH 2 Cl 2 . After drying (Na 2 SO 4 ) the solvent was evaporated and the residue was purified by column chromatography on silica gel using petroleum ether or mixtures of petroleum ether and CH 2 Cl 2 as eluent to give the title compound 88 (white solid, 204 mg, 70% reaction mixture was then poured into ice water, organic layer was then decanted and the aqueous layer was extracted 2 times with CH 2 Cl 2 . The combine organic layer was washed with water and dried over anhydrous Na 2 SO 4 . The solvent was removed under vacuum, yielding 93 (928.50 mg, 99%) as a brown-red solid, which was judged pure enough by TLC to be used in subsequent steps without further purification. Mp 126-127 °C; 1 13 C NMR (100 MHz, CD 2 Cl 2 ): δ 150.9, 150. 8, 143.5, 143.4, 135.7, 135.6, 135.5, 132.4, 128.3, 128.2, 128.1, 128.0, 127.9, 126.9, 126.8, 126.6, 126.5, 126.4, 126.3, 125.6, 125.5, 125.4, 115.1, 115.0, 114.9, 34.1, 34.0, 31.4, 31.32. ESI HRMS calcd (M+) 424.24, found 424.10.

Compound 94

To the 2,2'-(naphthalene-1,4-diyl)bis(4-tert-butylphenol) 93 (900 mg, 2.12 mmol) in anhyd CH 2 Cl 2 was added pyridine (1.707 mL, 21.20 mmol) and the solution was cooled to 0 °C. Trifluoromethanesulfonic anhydride (0.897 mL, 5.30 mmol) was added dropwise and the mixture was warmed to room temperature and stirred overnight. The solvent was removed under vacuum. The crude product was purified by chromatography on silica gel by using petroleum ether / CH 2 Cl 2 (20%) as eluent to give the title compound 94 (white solid, 1.40 g, 96%). Mp 152-153 °C; 1 

Compound 95

Compound 94 (1.1 g, 1.60 mmol), dppf (88.54 mg, 0.159 mmol), bis(pinacolato)diboron (1.62 g, 6.39 mmol), potassium acetate (940 mg, 9.58 mmol) and Pd(dppf)Cl 2 ,CH 2 Cl 2 (130.42 mg, 0.159 mmol) were dissolved in dry dioxane (10 mL).The mixture was heated at reflux and stirred under Ar overnight.After the solution was cooled down at room temperature, 20 mL of water and 20 mL of CH 2 Cl 2 were added. The organic layer was then decanted and the aqueous layer was extracted 3 times with CH 2 Cl 2 . After drying (Na 2 SO 4 ) the solvent was evaporated and the residue was purified by column chromatography on silica gel using petroleum ether or 

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

1,4-dibromonaphthalene 81 (4.27 g, 14.9 mmol), 5-tert-butyl-2-methoxyphenylboronic acid 34 (2.8 g, 13.57 mmol) and Na 2 CO 3 (7.2 g, 74.6 mmol) were dissolved in toluene (54 mL), water (18 mL) and ethanol (9 mL). The solution was degassed three times, Pd(PPh 3 ) 4 (626.5 mg, 0.59 mmol) was added under an Ar stream and the mixture was degassed three times again. The solution was heated at 90 °C for overnight. The organic layer was then decanted and the aqueous layer was extracted 2 times with CH 2 Cl 2 . The combine organic layer was washed with water and evaporated. The crude product was purified by chromatography on silicagel by using pet. ether / CH 2 Cl 2 (20%) as the eluent to give the title compound 98 (white solid, 4.40 g, 80% were dissolved in toluene (24 mL), water (8 mL) and ethanol (4 mL). The solution was degassed three times, Pd(PPh 3 ) 4 (162.42 mg, 0.141 mmol) was added under an Ar stream and the mixture was degassed three times again. The solution was heated at 90 °C for 48h. The organic layer was then decanted and the aqueous layer was extracted 2 times with CH 2 Cl 2 . The combine organic layer was washed with water and evaporated. The crude product was purified by chromatography on silicagel by using pet. ether / CH 2 Cl 2 (50%) as eluent to give the title compound 100 (white solid, 1.16 g, 94% 
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 3d7948961 Figure 1. Different allotropes of carbon.

Figure 2 .

 2 Figure 2. Edge structures of GNRs. (a) schematics of a zigzag-edged GNR. (b) schematics of a armchair-edged GNR.

Figure 3 .

 3 Figure 3. Methods for unzipping carbon nanotubes.

Figure 4 .

 4 Figure 4. a) The proposed chemical mechanism of nanotube unzipping. b) TEM images of MWCNTs (left) and the result of the transformation into an oxidized graphene nanoribbons (right).

Figure 5 .

 5 Figure 5. Schematic illustration of making GNRs from CNTs.

Figure 6 .

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

Figure 7 .

 7 Figure 7. Two of the five Kekulé resonance structures of phenanthrene and their corresponding Clar aromatic π-sextets indicated with a circle. The structure with the largest number of aromatic π-sextets is the so-called Clar structure.

Figure 8 .

 8 Figure 8. Representation of the Clar structures of anthracene and chrysene.

Figure 9 .

 9 Figure 9. Simple schematic representations of bay region, cove region, fjord region.

Figure 10 .

 10 Figure 10. a) Structure of CHP and DTPA. b) Structural relationship of the polyphenylene superhoneycomb network (blue lines) and graphene. c) High-resolution STM image of an edge of the porous graphene network based on CHP. d, e) Model and STM simulation of a coordination polymer with Ag atoms and covalent network based on DTPA, respectively.

Figure 11 .

 11 Figure 11. a) Reaction scheme for conversion of bianthryl monomers to GNRs. b) STM image taken after suface-assisted C-C coupling at 200 0 C and DFT-based simulation of the STM image (right) with partly overlaid model of the polymer. c) Overview STM image after cyclodehydrogenation at 400 0 C.

Figure 12 .

 12 Figure 12. Chevron-type GNRs from tethraphenyl-triphenylene monomers.

Figure 13 .

 13 Figure 13. Examples of some organic syntheses of nanographenes.

Figure 14 .

 14 Figure 14. Synthesis of fully benzenoid armchair-edge graphene nanoribbons by cyclodehydrogenation with FeCl 3 .

Figure 15 .

 15 Figure 15. Synthesis of short fully benzenoid zigzag-edge graphene nanoribbons by cyclodehydrogenation with FeCl 3 .

Figure 16 .

 16 Figure 16. Examples geodesic polyarenes that have been prepared by FVP.

Figure 17 .

 17 Figure 17. Synthesis of Corannulene by FVP.

Figure 18 .

 18 Figure 18. Synthesis of buckminsterfullerene C 60 by FVP.

Figure 19 .

 19 Figure 19. Synthesis of buckminsterfullerene C 60 by palladium catalyst.

Figure 20 .

 20 Figure 20. Examples of different helicenes (a)and (b) Scholz et al. 1967, (c) Newman et al. 1955, (d) Martin et al. 1967.

Figure 21 .

 21 Figure 21. Helicity of helicenes.

Figure 22 .

 22 Figure 22. Some 2, 2-disubstituted helicenes prepared by photocyclization.

Figure 23 .

 23 Figure 23. Helicenes prepared by Diels-Alder methodology.

Figure 24 .

 24 Figure 24. Helicenes Friedel-Crafts reaction.

Figure 25 .

 25 Figure 25. Pd-catalysed helicene formation by C-H arylation.

Figure 26 .

 26 Figure 26. Pd-catalysed helicene formation by [2+2+2] cyclo-addition.

Figure 27 .

 27 Figure 27. Helicene catalysed asymmetric reaction.

Figure 28 .

 28 Figure 28. Synthesis of enantiopure Ru(II)-capped helicenes.

Figure 29 .

 29 Figure 29. Oxidative cyclodehydrogenation reaction.

Figure 30 .

 30 Figure 30. Scholl reaction using DDQ as an oxidant.

Figure 31 .

 31 Figure 31. Scholl reaction using AlCl 3 -SnCl 4 as an oxidant.

Figure 32 .

 32 Figure 32. Scholl reaction using PIFA as an oxidant.

Figure 33 .

 33 Figure 33. Scholl reaction using MoCl 5 as an oxidant.

Figure 34 .

 34 Figure 34. Cation radical (or Electron Transfer) mechanism for the Scholl reaction.

Figure 35 .

 35 Figure 35. Arenium ion (or Proton Transfer) mechanism for the Scholl reaction.

Figure 36 .

 36 Figure 36. Example of rearrangement during Scholl reaction.

Figure 37 .

 37 Figure 37. Project of synthesis of thin GNRs by Scholl reaction. (a) Principle from ortophenylene chains. (b) Real project.

Figure 38 .

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

Figure 39 .

 39 Figure 39. Synthesis of test compound 6.

Figure 40 .

 40 Figure 40. Scholl reaction of compound 6.

Figure 41 .

 41 Figure 41. Synthesis of flexible compound 9.

Figure 42 .

 42 Figure 42. Scholl reaction of less hindered compound 10.

Figure 43 .

 43 Figure 43. 1 HNMR spectrum of compound 12 displaying the aliphatic signals above (1.3 to 1.6 ppm) and the aromatic signals below (7.5 to 8.9 ppm).

Figure 44 .

 44 Figure 44. New design of a flexible precursor and its corresponding nanoribbons.

Figure 45 .

 45 Figure 45. Retro-synthetic fragmentation of zigzag GNR precursor.

Figure 46 .

 46 Figure 46. Synthesis of tetra-tert-butyl tetrabenzanthracene 17 and highly distorted tetra-tertbutyl dibenzo[5]helicene 18.

Figure 47 .

 47 Figure 47. Proposed reaction pathway for the formation of 17 and 18 by a Scholl reaction.

Figure 48 . 1 H

 481 Figure 48. 1 H NMR spectra of (a) planar tetrabenzanthracene 17, (b) helicenic dibenzopicene 18.

Figure 49 .

 49 Figure 49. Regioselectivity of the Scholl reaction on o,p,o-quinquephenyl, reported byMüllen and coworkers.26 

Figure 50 .

 50 Figure 50. First attempt of protection for the Scholl reaction of o,p,o quinquephenyl.

Figure 51 .

 51 Figure 51. Second attempt of protection for the Scholl reaction of o,p,o-quinquephenyl.

Figure 52 . 1 H

 521 Figure 52. 1 H NMR spectrum of compound 24 displaying the aliphatic signals above (1.7 to 0.9 ppm) and the aromatic signals below (9.6 to 8.9 ppm).

Figure 53 .

 53 Figure 53. Investigation of the Scholl regioselectivity by Hilt and coworkers.

Figure 54 .

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

Figure 55 .

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

Figure 56 .

 56 Figure 56. Synthesis of highly distorted hexa-tert-butyl-hexabenzotriphenylene 28.

Figure 57 .

 57 Figure 57. 1 H-NMR spectrum of tBu 6 -HBTP 28.

Figure 58 .

 58 Figure 58. Crystal structure of tBu 6 -HBTP 28 : two different views of a single molecule.

Figure 59 .

 59 Figure 59. Portion of the crystal structure of 28-3CH 2 Cl 2 illustrating the packing arrangement along the (a,b) plan. Carbon and chlorine atoms are represented by grey and green spheres respectively. Hydrogen atoms are omitted for clarity.

Figure 60 .

 60 Figure 60. Generations of triphenylene dendrimers series.

Figure 61 .

 61 Figure 61. Retro-synthetic study for the synthesis of HPTP 30.

Figure 62 .

 62 Figure 62. First attempts to form compound 31.

Figure 63 .

 63 Figure 63. Retrosynthetic strategy for the stepwise formation of compound 31.

Figure 64 .

 64 Figure 64. Synthesis of hexa-triflate compound 33.

Figure 65 . 1 H

 651 Figure 65. 1 H NMR spectrum of compound 38. On top are aliphatic signals (2.0 to 0.8 ppm) and bellow aromatic signals (9.0 to 6.5 ppm).

Figure 66 .

 66 Figure 66. X-ray structure of hexa-triflate compound 33.

Figure 67 .

 67 Figure 67. Failure of the final step for the synthesis of compound 31.

Figure 68 .

 68 Figure 68. Genaration of benzyne intermediate.

Figure 69 .

 69 Figure 69. General Pd-catalyzed cyclotrimerization of arynes.

Figure 70 .

 70 Figure 70. Global mechanism of a Pd-catalyzed cyclotrimerization of arynes.

Figure 71 .

 71 Figure 71. Retrosynthetic study for the formation of 31 by cyclotrimerization of arynes.

Figure 72 .

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

Figure 73 .

 73 Figure 73. Synthesis of ortho-silylaryltriflate compound 51.

Figure 74 .

 74 Figure 74. Failed attempt of cyclotrimerization of compound 42.

Figure 75 .Figure 76 .

 7576 Figure 75. Top 1 HNMR spectrum of compound 53 displaying the peaks of aliphatic(1.6 to 1.1 ppm) and aromatic (7.9 to 6.7 ppm) range. Below 13 CNMR spectrum of compound 53 displaying the peaks in aromatic region (159.0 to 115 ppm)

Figure 77 .

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

Figure 78 .

 78 Figure 78. Synthesis of common precursor 57.

Figure 79 .

 79 Figure 79. Synthesis and Scholl reaction of phenanthrene-based precursor 60.

Figure 80 .

 80 Figure 80. Temperature variant 1 H NMR spectrum of compound 59 displaying the peaks in top aliphatic (1.5 to 0.5 ppm) and aromatic (9.0 to 6.0 ppm) range.

Figure 81 .

 81 Figure 81. (a) Two different views of the crystal structure of the strongly distorted [5]helicene-and hexa[7]circulene-based compound 60. (b) ORTEP-type view of 60 at 120 K with thermal ellipsoids at 50 % probability level. Hydrogen atoms and iPr 2 O solvent molecules are omitted for clarity, only one of the two positions of the disordered t-butyl groups is represented.

Figure 82 .

 82 Figure 82. Synthesis and Scholl reaction of 2-naphthalene-based precursor 62.

Figure 83 .

 83 Figure 83. Structure and Crystal structure of the strongly distorted 63a.

Figure 84 .

 84 Figure 84. Synthesis of 65.

Figure 85 .

 85 Figure 85. Variable temperature 1 H NMR spectrum of compound 65 displaying the peaks in top aliphatic (1.5 to 1.0 ppm) and aromatic (8.0 to 6.0 ppm) range.

Figure 86 .

 86 Figure 86. Scholl recation of compound 65.

Figure 87 .

 87 Figure 87. Synthesis and Scholl reaction of TMS-substituted precursor 67.

Figure 88 .

 88 Figure 88. (a) Two different views of the crystal structure of triply helicenic TMS-bearing hexabenzotriphenylene 68. (b) ORTEP-type view of 68 at 120 K with thermal ellipsoids at 50 % probability level. Only one of two molecules present in the asymmetric unit shown. Hydrogen atoms and CH 2 Cl 2 solvent molecules are omitted for clarity.

Figure 89 .

 89 Figure 89. Synthesis and reactivity in Scholl conditions of TMS-bearing pentaphenylene 73.

Figure 90 .

 90 Figure 90. Crystal structure of flat oligoarene 74.

Figure 91 .

 91 Figure 91. Synthesis and Scholl reaction of TMS-substituted precursor 76.

Figure 92 .

 92 Figure 92. Scholl reaction of 76 also gives traces of rearranged compounds 78, 79, 80.

Figure 93 .

 93 Figure 93. ORTEP-type view of 79 (left) and 80 (right) as found in 79-80 at 120 K with thermal ellipsoids at 50 % probability level. Carbon, chlorine and oxygen atoms are represented in grey, green and red. Note that these two molecules occupy the same position in the crystal structure with relative occupancies of 0.6/0.4. Only one of the two positions of the disordered t-butyl groups is represented. Hydrogen atoms are omitted for clarity.

Figure 94 .

 94 Figure 94. Unexpected regioselectivity of the Scholl reaction, leading to distorted arenes.

Figure 95 .

 95 Figure 95. Design of twisted carbon nanoribbons with compound 18 as a repeat unit.

Figure 96 .

 96 Figure 96. Twisted carbon nanoribbons.

Figure 97 .

 97 Figure 97. New design of the twisted GNRs, with protected cyclization positions (one monomer is drawn in blue).

Figure 98 .

 98 Figure 98. Synthesis of flexible precursor 82.

Figure 99 . 1 H

 991 Figure 99. 1 H NMR spectrum of compound 82 displaying the peaks in aliphatic (1.4 to 1.1 ppm) and bellow aromatic (7.6 to 6.8 ppm) range.

Figure 100 .

 100 Figure 100. Schematic presentation of the principle of a square TLC.

Figure 101 .

 101 Figure 101.Chemical exchange between two conformers of compound 82 on silica.

Figure 102 .

 102 Figure 102. Synthesis of [5]helicene 83.

Figure 103 .

 103 Figure 103. Crystal structure of compound 83 : two different views of a single molecule.

Figure 104 .

 104 Figure 104. Retro-synthetic strategies for compound 89.

Figure 105 .

 105 Figure 105. Syntheses of hindered triflate and bononic ester compounds 87 and 88.

Figure 106 .

 106 Figure 106. Synthesis of flexible dimer precursor 89.

Figure 107 .

 107 Figure 107. 1 HNMR spectrum of compound 89 ; right: aliphatic (0.8 to 1.6 ppm), left: aromatic (6.0 to 8.0 ppm) range.

Figure 108 .

 108 Figure 108. Synthesis of the dimer 91 of twisted GNRs.

Figure 109 . 1 H

 1091 Figure 109. 1 H NMR spectrum of compound 91.

Figure 110 .

 110 Figure 110. The three different stereoisomers of compound 91.

Figure 111 .

 111 Figure 111. Crystal structure of 91: two different views of a single molecule.

Figure 112 :

 112 Figure 112: Similar curvatures in compound 91 and [8]CPP.

Figure 113 .

 113 Figure 113. Retro-synthesis of the trimer's flexible precursor 110.

Figure 114 .

 114 Figure 114. Synthesis of bifunctional monomers 94 and 95.

Figure 115 .

 115 Figure 115. First attempt of synthesis of the trimer precursor 110.

Figure 116 .

 116 Figure 116. Second attempt of synthesis of the trimer precursor110.

Figure 117 .

 117 Figure 117. Attempts of hydrolysis of boronic esters 88 and 95.

Figure 118 .

 118 Figure 118. Synthesis of methoxy-substituted monomers 101 and 102.

Figure 119 .

 119 Figure 119. Synthesis of bis-triflate flexible trimer 105.

Figure 120 .

 120 Figure 120. Third attempt of synthesis of the trimer precursor 106.

Figure 121 .

 121 Figure 121. Synthesis of the mono-triflate flexible dimer 96.

Figure 122 .

 122 Figure 122. Succesful fourth attempt of synthesis of flexible trimer precursor 110.

Figure 123 .

 123 Figure 123. Formation of the trimer twisted carbon nanoribbon 111.

Figure 125 .

 125 Figure 125. Systematic and stepwise synthesis of flexible oligomers, application to triflate trimer 114.

Figure 126 .

 126 Figure 126. Attempt of synthesis of flexible tetramer 115.

Figure 127 .Figure 128 .

 127128 Figure 127. Synthesis of tetramer flexible precursor 115.

Figure 129 .

 129 Figure 129. New design of flat nanoribbons.

Figure 130 .

 130 Figure 130. Synthetic strategy for the formation of bifunctional monomers of flat carbon nanoribbons.

Figure 131 .

 131 Figure 131. Design of pyrene-based nanoribbons.

Figure 132 .

 132 Figure 132. Test reaction for the pyrene-based approach to carbon nanoribbons.

Figure 2 .

 2 Figure 2. Edge structures of GNRs. (a) scheme of a zigzag-edged GNR. (b) scheme of a armchair-edged GNR.

Figure 3 .

 3 Figure 3. Methods for unzipping carbon nanotubes 27b .

Figure 4 .

 4 Figure 4. a) The proposed chemical mechanism of nanotube unzipping. b) TEM images of MWCNTs (top) and the result of the transformation into an oxidized graphene nanoribbons (down).

Figure 5 .

 5 Figure 5. Schematic illustration of making GNRs from CNTs. a) A MWCNT was used as the starting raw material. b) The MWCNT was deposited onto a Si substrate and then coated with a PMMA film. c) The PMMA-MWCNT film was peeled from the Si substrate, turned over, and then exposed to an Ar plasma. d-g) Several possible products were generated after etching for different times: GNRs with CNT cores were obtained after etching for a short time t1 (d);

  As defined by the International Union of Pure and Applied Chemistry (IUPAC), the simplest PAHs are phenanthrene and anthracene but we generally consider that naphthalene belongs to PAHs. PAHs may contain four-, five-, six-, or seven-membered rings, but those with five or six are most common. PAHs comprised only of six-membered rings are called alternant PAHs. PAHs containing up to six fused aromatic rings are often known as "small" PAHs, and those containing more than six aromatic rings are called "large" PAHs. Due to the availability of samples of various small PAHs, the main research on PAHs has been focused on those of up to six rings. Examples of well-known PAHs are shown in figure5. In graphene, the PAH motif is alternant and extended to large 2D sheets, and represents one of the most intensively investigated class of compounds in synthetic chemistry and materials science. The systematic study of PAHs and their application as materials have spurred scientist for several decades, however, only a few selective synthetic methods have been established so far.
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 7 Figure 7. Two of the five Kékulé resonance structures of phenanthrene and their corresponding Clar aromatic π-sextets indicated with a circle. The structure with the largest number of aromatic π-sextets is the so-called Clar structure.
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 8 Figure 8. Representation of the Clar structures of anthracene and chrysene.
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 910 Figure 9. Representations of bay region, cove region and fjord region.
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 491112 Figure 11. a) Reaction scheme for conversion of bianthryl monomers to GNRs. b) STM image taken after suface-assisted C-C coupling at 200 o C and DFT-based simulation of the STM image (right) with partly overlaid model of the polymer. c) Overview STM image after cyclodehydrogenation at 400 o C.
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 13 Figure 13. Examples of some organic syntheses of nanographenes.
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Figure 19 .

 19 Figure 19. Synthesis of buckminsterfullerene C60 by palladium catalyst.
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 2021 Figure 20. Examples of different helicenes (a)and (b) Scholz et al. 1967, (c) Newman et al. 1955, (d) Martin et al. 1967.
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 22 Figure 22. Some 2,2-disubstituted helicenes prepared by photocyclization.
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 23 Figure 23. Helicenes prepared by Diels-Alder methodology.

Figure 24 .

 24 Figure 24. Helicenes Friedel-Crafts reaction.

Figure 25 .

 25 Figure 25. Pd-catalysed helicene formation by C-H arylation.

Figure 26 .

 26 Figure 26. Pd-catalysed helicene formation by [2+2+2] cyclo-addition.

Figure 28 . 2 CH 2

 2822 Figure 28. Synthesis of enantiopure Ru(II)-capped helicenes.

Figure 29 .

 29 Figure 29. Oxidative cyclodehydrogenation reaction.

Figure 30 .

 30 Figure 30. Scholl reaction using DDQ as an oxidant.

Figure 31 .

 31 Figure 31. Scholl reaction using AlCl 3 -SnCl 4 as an oxidant.

Figure 32 .

 32 Figure 32. Scholl reaction using PIFA as an oxidant.

Figure 33 .

 33 Figure 33. Scholl reaction using MoCl 5 as an oxidant.

Figure 34 .

 34 Figure 34. Cation radical (or electron transfer) mechanism for the Scholl reaction.
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Figure 36 .

 36 Figure 36. Example of rearrangement during Scholl reaction.

Figure 37 .

 37 Figure 37. Project of synthesis of thin GNRs by Scholl reaction.
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 396 Figure 39. Synthesis of test compound 6.

Figure 40 .

 40 Figure 40. Scholl reaction of compound 6.

Figure 41 .

 41 Figure 41. Synthesis of flexible compound 10.

Figure 42 .

 42 Figure 42. Scholl reaction of less hindered compound 10.

Figure 43 . 1 H

 431 Figure 43. 1 H NMR spectrum of compound 12 displaying the aliphatic signals above (1.3 to 1.6 ppm) and the aromatic signals below (7.5 to 8.9 ppm).

Figure 44 .

 44 Figure 44. New design of a flexible precursor and its corresponding nanoribbons.

Figure 45 .

 45 Figure 45. Retro-synthetic fragmentation of zigzag GNR precursor.
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Figure 46 .

 46 Figure 46. Synthesis of tetra-tert-butyl tetrabenzanthracene 17 and highly distorted tetra-tertbutyl dibenzo[5]helicene 18: (a) Pd(PPh 3 ) 4 , Na 2 CO 3 , PhMe + H 2 O + EtOH, 90°C, 48h, 80%. (b) FeCl 3 , MeNO 2 + CH 2 Cl 2 , Ar bubbling, room T, 1h, EtOH, 80% for 18, 8% for 17.

Figure 47 .

 47 Figure 47. Proposed reaction pathway for the formation of 17 and 18 by a Scholl reaction.

Figure 48 . 1 H

 481 Figure 48. 1 H NMR spectra of (a) planar tetrabenzanthracene 17, (b) helicenic dibenzopicene 18.

Figure 50 .

 50 Figure 50. First attempt of protection for the Scholl reaction of o,p,o-quinquephenyl.

Figure 51 .

 51 Figure 51. Second attempt of protection for the Scholl reaction of o,p,o-quinquephenyl.

Figure 52 . 1 H

 521 Figure 52. 1 H NMR spectrum of compound 24 displaying the aliphatic signals right (1.7 to 0.9 ppm) and the aromatic signals left (9.6 to 8.9 ppm).

Figure 53 .

 53 Figure 53. Investigation of the Scholl regioselectivity by Hilt and coworkers.

F

  then could observe the same phenomenon, i.e. the perseverance of the regioselectivity with elimination of one protecting group (Figure53). The same result was obtained when fluorine atoms were used instead of methoxy fragments. In addition, they showed that changing the Scholl oxidant has no marked effect on the final result, except on the yield. They finally conducted theoretical studies on this particular reactivity, assuming a radical cation mechanism and using quantum-chemical calculations at the DFT level to estimate the relative energies of the different transition states when one C-C bond is already made and for the two opposite pathways (Figure54). It indicates that the barriers towards the experimentally observed product D1 X (via radical cation C1 X ) are indeed favored in the case of all substituents "X".

Figure 54 .

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

synthesis of 2 -

 2 (4,4'-di-tert-butylbiphenyl-2-yl)-4,4,5,5-tetramethyl-1,3,2-dioxaborolane 5b from commercially available starting material 4,4'-di-tert-butylbiphenyl 3 has already been described. Then 2-(4,4'-di-tert-butylbiphenyl-2-yl)-4,4,5,5-tetramethyl-1,3,2-dioxaborolane 5b reacts three times on 1,3,5-tribromobenzene 26, in classical conditions for Suzuki crosscoupling reactions with Pd(PPh 3 ) 4 as catalyst, and gives the hydrocarbon compound 27 in very good yield (76%), despite the triple reaction.

Figure

  Figure 56. Synthesis of highly distorted hexa-tert-butyl-hexabenzotriphenylene 28.

Figure 57 . 1 H

 571 Figure 57. 1 H NMR spectrum of tBu 6 -HBTP 28.

Figure 58 .

 58 Figure 58. Crystal structure of tBu 6 -HBTP 28 : two different views of a single molecule.

Figure 59 .

 59 Figure 59. Portion of the crystal structure of 28-3CH 2 Cl 2 illustrating the packing arrangement along the (a,b) plan. Carbon and chlorine atoms are represented by grey and green spheres respectively. Hydrogen atoms are omitted for clarity.

between 1 .

 1 368(4) and 1.414(4) Å and dihedral angles C-C-C-C less than 1.6°) connected to a distorted central benzene ring (C-C distances of 1.403(5) and 1.439(5) Å and dihedral angles up to 19.2°) by quite long C-C bonds consistent with single bonds (1.471(3) Å). The three resulting 6-membered rings are twisted with C-C-C-C dihedral angles of up to 31.3°.

Figure 60 .

 60 Figure 60. Generations in the triphenylene dendrimer series.

Figure 61 . 3 . 2

 6132 Figure 61. Retro-synthetic study for the synthesis of HPTP 30.

Figure 62 .

 62 Figure 62. First attempts to form compound 31.

Figure 63 .Figure 64 .

 6364 Figure 63. Retrosynthetic strategy for the stepwise formation of compound 31.

Figure 65 .

 65 Figure 65. 1 H NMR spectrum of compound 38, On top are aliphatic signals (2.0 to 0.8 ppm) and bellow aromatic signals (9.0 to 6.5 ppm).

Figure 66 .

 66 Figure 66. X-ray structure of hexa-triflate compound 33.

Figure 67 .

 67 Figure 67. Failure of the final step for the synthesis of compound 31.
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Figure 68 .

 68 Figure 68. Genaration of benzyne intermediate.

Figure 70 .

 70 Figure 70. Global mechanism of a Pd-catalyzed cyclotrimerization of arynes.

Figure 71 .

 71 Figure 71. Retrosynthetic study for the formation of 31 by cyclotrimerization of arynes.

  cross-couplig reaction on the 3,4-dibromoanisole 41 with the boronic acid 5a, even after several days of reaction. We assumed that the double coupling on two ortho positions is again highly disfavored, even on a very simple molecule.

Figure 72 .

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

Figure 73 .

 73 Figure 73. Synthesis of ortho-silylaryltriflate compound 51.

Figure 74 .

 74 Figure 74. Failed attempt of cyclotrimerization of compound 42.

Figure 75 .

 75 Figure 75. Top 1 H NMR spectrum of compound 53 displaying the peaks of aliphatic(1.6 to 1.1 ppm) and aromatic (7.9 to 6.7 ppm) range. Below 13 C NMR spectrum of compound 53 displaying the peaks in aromatic region (159.0 to 115 ppm).

  159.0 157.0 155.0 153.0 151.0 149.0 147.0 145.0 143.0 141.0 139.0 137.0 135.0 133.0 131.0 129.0 127.0 125.0 123.0 121.0 119.0 117.0 very closely migrating spots. This made us conclude that biphenylene compounds may not be stable under Scholl reaction conditions.

Figure 76 .

 76 Figure 76. Failed Scholl reaction on biphenylene-based compound 53.

Figure 78 . 57 .K 3

 78573 Figure 78. Synthesis of common precursor 57. (a) Na 2 CO 3 , Pd(PPh 3 ) 4 in PhMe/H 2 O/EtOH, 90°C, 48h, 95%. (b) BBr 3 in CH 2 Cl 2 , RT, 16h, 99%. (c) Tf 2 O, pyridine in CH 2 Cl 2 , RT, 16h, 96%.

Figure 79 .

 79 Figure 79. Synthesis and Scholl reaction of phenanthrene-based precursor 59.

  (a) Pd(OAc) 2 , SPhos, K 3 PO 4 in THF/H 2 O, 67°C, 48h, 95%. (b) FeCl 3 in MeNO 2 / CH 2 Cl 2 , RT, 1.5h, 73%.

  if represented in 2D, shows several overlaps of carbons and has two stable conformers at room temperature, as indicated by a variable temperature 1 H NMR (Figure80) study with coalescence reached around 125°C in DMSO-d 6 .

Figure 80 .

 80 Figure 80.Temperature variant 1 H NMR spectrum of compound 59 displaying the peaks in top aliphatic (1.5 to 0.5 ppm) and aromatic (9.0 to 6.0 ppm) range.

Figure 81 .

 81 Figure 81. (a) Two different views of the crystal structure of the strongly distorted [5]helicene-and hexa[7]circulene-based compound 60. (b) ORTEP-type view of 60 at 120 K with thermal ellipsoids at 50 % probability level. Hydrogen atoms and iPr 2 O solvent molecules are omitted for clarity, only one of the two positions of the disordered t-butyl groups is represented.

Figure 82 .

 82 Figure 82. Synthesis and Scholl reaction of 2-naphthalene-based precursor 62. (a) Pd(OAc) 2 , SPhos, K 3 PO 4 in THF/H 2 O, 67°C, 48h, 92%. (b) FeCl 3 in MeNO 2 / CH 2 Cl 2 , RT, 1.5h, 90%.

Figure 83 .

 83 Figure 83. Structure and crystal structure of the strongly distorted 63a.

Figure 84 .Compound 65

 8465 Figure 84. Synthesis of 65, Pd(OAc) 2 , SPhos, K 3 PO 4 in THF/H 2 O, 67°C, 48h, 90%.

Figure 85 .

 85 Figure 85. Variable temperature 1 H NMR spectrum of compound 65 displaying the peaks in top aliphatic (1.5 to 1.0 ppm) and aromatic (8.0 to 6.0 ppm) range.

Figure 86 .

 86 Figure 86. Scholl reaction of compound 65. FeCl 3 in MeNO 2 / CH 2 Cl 2 , RT, 1.5h (Complex mixture).

Figure 87 .

 87 Figure 87. Synthesis and Scholl reaction of TMS-substituted precursor 67. (a) Pd(OAc) 2 , SPhos, K 3 PO 4 in THF/H 2 O, 67°C, 48h, 96%. (b) FeCl 3 in MeNO 2 / CH 2 Cl 2 , RT, 1.5h, 65%.

Figure 88 .

 88 Figure 88. (a) Two different views of the crystal structure of triply helicenic TMS-bearing hexabenzotriphenylene 68. (b) ORTEP-type view of 68 at 120 K with thermal ellipsoids at 50 % probability level. Only one of two molecules present in the asymmetric unit shown. Hydrogen atoms and CH 2 Cl 2 solvent molecules are omitted for clarity.

Figure 89 .Figure 90 .

 8990 Figure 89. Synthesis and reactivity inScholl conditions of TMS-bearing pentaphenylene 73. (a) Na 2 CO 3 , Pd(PPh 3 ) 4 in PhMe/H 2 O/EtOH, 90°C, 48h, 90%. (b) BBr 3 in CH 2 Cl 2 , RT, 16h, 99%. (c) Tf 2 O, pyridine in CH 2 Cl 2 , RT, 16h, 95%. (d) Pd(OAc) 2 , SPhos, K 3 PO 4 in THF/H 2 O, 67°C, 48h, 90%. (e) FeCl 3 in MeNO 2 / CH 2 Cl 2 , RT, 1.5h, 91%.

Figure 91 .

 91 Figure 91. Synthesis and Scholl reaction of TMS-substituted precursor 76. (a) Pd(OAc) 2 , SPhos, K 3 PO 4 in THF/H 2 O, 67°C, 48h, 98%. (b) FeCl 3 in MeNO 2 / CH 2 Cl 2 , RT, 1.5h, 72%.

Figure 92 .

 92 Figure 92. Scholl reaction of 76 also gives traces of rearranged compounds 78, 79, 80.

77 Figure 93 .

 7793 Figure 93. ORTEP-type view of 79 (left) and 80 (right) as found in 79-80 at 120 K with thermal ellipsoids at 50 % probability level. Carbon, chlorine and oxygen atoms are represented in grey, green and red. Note that these two molecules occupy the same position in the crystal structure with relative occupancies of 0.6/0.4. Only one of the two positions of the disordered t-butyl groups is represented. Hydrogen atoms are omitted for clarity.

Figure 94 .

 94 Figure 94. Unexpected regioselectivity of the Scholl reaction, leading to distorted arenes.

Figure 95 .

 95 Figure 95. Design of twisted carbon nanoribbons with compound 18 as a repeat unit.

Figure 97 .

 97 Figure 97. New design of the twisted GNRs, with protected cyclization positions (one monomer is drawn in blue).

Figure 98 .

 98 Figure 98. Synthesis of flexible precursor 82: Pd(PPh 3 ) 4 , Na 2 CO 3 in Tolune/EtOH/H 2 O, 90°C, 48h, 90%.

Figure 100 .

 100 Figure 100. Schematic presentation of the principle of a square TLC.

Figure 102 .

 102 Figure 102. Synthesis of [5]helicene 83: FeCl 3 , MeNO 2 + CH 2 Cl 2 , Ar bubbling, RT, 15 minutes, EtOH, 95%.

Figure 103 .

 103 Figure 103. Crystal structure of compound 83 : two different views of a single molecule.

89 Figure 105 .

 89105 Figure 105. Syntheses of hindered triflate and bononic ester compounds 87 and 88.

Figure 106 .

 106 Figure 106. Synthesis of flexible dimer precursor 89: Pd(OAc) 2 , SPhos, K 3 PO 4 in THF/H 2 O, 67°C, 96h, 80%.

Figure 107 . 1 H 91 (

 107191 Figure 107. 1 H NMR spectrum of compound 89; right: aliphatic (0.8 to 1.6 ppm), left: aromatic (6.0 to 8.0 ppm) range.

Figure 108 .

 108 Figure 108. Synthesis of the dimer 91 of twisted GNRs: FeCl 3 , MeNO 2 + CH 2 Cl 2 , Ar bubbling, RT, 1h, EtOH, 65%.

Figure 109 . 1 H

 1091 Figure 109. 1 H NMR spectrum of compound 91.

Figure 110 .

 110 Figure 110. The three different stereoisomers of compound 91.

Figure 112 .

 112 Figure 112. Similar curvatures in compound 91 and [8]CPP.

Figure 115 .

 115 Figure 115. First attempt of synthesis of the trimer precursor 110: Pd(OAc) 2 , SPhos, K 3 PO 4 in THF/H 2 O, 67°C, 6 days.

Figure 116 .

 116 Figure 116. Second attempt of synthesis of the trimer precursor110: Pd(OAc) 2 , SPhos, K 3 PO 4 in THF/H 2 O, 67°C, 6 days.

Figure 117 .

 117 Figure 117. Attempts of hydrolysis of boronic esters 88 and 95.

Figure 118 .

 118 Figure 118. Synthesis of methoxy-substituted monomers 101 and 102: (a) Na 2 CO 3 , Pd(PPh 3 ) 4 in PhMe/H 2 O/EtOH, 90°C, 24h, 80%. (b) BBr 3 in CH 2 Cl 2 , RT, 16h, 99%.(c) Na 2 CO 3 , Pd(PPh 3 ) 4 in PhMe/H 2 O/EtOH, 90°C, 24h, 94%. (d) Tf 2 O, pyridine in CH 2 Cl 2 , RT, 16h, 91%. (e) Pd(dppf)Cl 2 , dppf, Bis(pinacolato)diboron, KOAc in THF/H 2 O, 67°C, 48h, 71%.

Figure 119 .Figure 121 .

 119121 Figure 119. Synthesis of bis-triflate flexible trimer 105.

Figure 122 .

 122 Figure 122. Succesful fourth attempt of synthesis of flexible trimer precursor 110: Pd(OAc) 2 , SPhos, K 3 PO 4 in THF/H 2 O, 67°C, 96h, 74%.

Figure 123 .

 123 Figure 123. Formation of the trimer twisted carbon nanoribbon 111: FeCl 3 , MeNO 2 + CH 2 Cl 2 , Ar bubbling, RT, 1.5h, MeOH, 40%.

First a

  Suzuki coupling reaction implying the monofunctional triflate dimer 96 and the methoxy-boronic ester monomer 102 has been carried out. Because of the steric hindrance of the reacting site on substrate 96, the optimized catalytic conditions (Pd(OAc) 2 / SPhos / K 3 PO 4 / THF + H 2 O) are used and the methoxy-substituted flexible trimer 112 is obtained with a very good yield (72%). Then, as usual, demethylation is performed with BBr 3 to give the corresponding phenolic product 113 (90% yield), which is then changed into the mono-114 under standard conditions using triflic anhydride, with a good yield (83%) (Figure125).

Figure 125 .

 125 Figure 125. Systematic and stepwise synthesis of flexible oligomers, application to triflate trimer 114; (a) Pd(OAc) 2 , SPhos, K 3 PO 4 in THF/H 2 O, 67°C, 48h, 72% for n=1. (b) BBr 3 in CH 2 Cl 2 , RT, 16h, 90% for n=1. (c) Tf 2 O, pyridine in CH 2 Cl 2 , RT, 16h, 83% for n=1.

Figure 126 .

 126 Figure 126. Attempt of synthesis of flexible tetramer 115

Figure 127 .

 127 Figure 127. Synthesis of tetramer flexible precursor 115: (a) Pd(dppf)Cl 2 , dppf, Bis(pinacoloto)diboron, KOAc in THF/H 2 O, 67°C, 48h, 80%. (b)Pd(OAc) 2 , SPhos, K 3 PO 4 in THF/H 2 O, 67°C, 48h, 82%.

Figure 128 .

 128 Figure 128. Synthesis of the tetramer of twisted GNRs 117: FeCl 3 , MeNO 2 + CH 2 Cl 2 , Ar bubbling, RT, 2.5 h, MeOH, 30%.

5. 6

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

Figure 129 .

 129 Figure 129. New design of flat nanoribbons.

Figure 130 .

 130 Figure 130. Synthetic strategy for the formation of bifunctional monomers of flat carbon nanoribbons.

Figure 132 .

 132 Figure 132.Test reaction for the pyrene-based approach to carbon nanoribbons.

1 H

 1 NMR (400 MHz, CDCl 3 ): δ 7.95 (d, 1H, J = 2.0 Hz), 7.50 (dd, 1H, J = 2.0, 8.0 Hz), 7.45 (d, 2H, J = 8.8 Hz), 7.33(d, 2H, J = 8.8 Hz), 7.25 (d, 1H, J = 8.4 Hz), 1.37 (s, 9H), 1.35 (s, 9H). Compound 5b 2-Bromo-4,4'-di-tert-butylbiphenyl 4 (3.0 g, 8.7 mmol) in THF (50 mL) at -80 °C was added a solution of n-butyllithium in hexanes (3.6 mL, 9.7 mmol) After stirring for 5-15 min at -80 °C, 2-Methoxy-4,4,5,5-tetramethyl-1,3,2-dioxaborolane (1.57 mL, 9.7 mmol) was added, the

  1 H NMR (400 MHz, CD 2 Cl 2 ): δ 8.33 (d, 6H, J = 8 Hz), 7.95 (d, 6H, J = 2 Hz), 7.43 (dd, 6H, J = 2, 8.4 Hz), 0.91 (s, 54H). 13 C NMR (100 MHz, CD 2 Cl 2 ): δ 147.5, 131.3, 128.7, 127.6, 127.2, 124.6, 122.8, 34.5, 30.8. ESI HRMS calcd (M+) 865.28, found 865.2. TOF MS calcd (M+Na) 887.5526, found 887.5490. Compound 29 1 H NMR (400 MHz, CD 2 Cl 2 ): δ 8.92 (d, 2H, J = 1.6 Hz), 8.51 (d, 2H, J = 8.8 Hz), 8.41 (d, 2H, J = 9.2 Hz), 8.02 (d, 1H, J = 1.2 Hz), 7.99 (d, 1H, J = 8.0 Hz), 7.87 (d, 1H, J = 7.6 Hz), 7.76 (s, 1H), 7.74 (d, 1H, J = 2.0 Hz), 7.72 (d, 1H, J = 1.6 Hz), 7.49 (dd, 1H, J = 1.8, 8.2 Hz), 7.46 (d, 2H, J = 1.6 Hz), 7.31 (dd, 2H, J = 1.8, 8.6 Hz), 7.22 (dd, 1H, J = 1.6, 8.0 Hz), 6.25 (d, 1H, J = 1.6 Hz), 3.72 (q, 2H, J = 7.2 Hz), 3.38-3.39 (m, 3H), 1.58 (s, 18H), 1.13 (s, 9H), 1.0 (s, 18H), 0.70 (s, 9H).

  H NMR (400 MHz, CDCl 3 ): δ 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 (m, 1H), 7.32 (d, 1H, J = 2.4 Hz), 7.30 (d, 1H, J = 2.4 Hz), 7.01 (d, 2H, J = 8.4 Hz), 1.33 (s, 18H).

  H NMR (400 MHz, CDCl 3 ): δ 7.63-7.58 (m, 2H), 7.55-7.54 (m, 1H), 7.53 (s, 2H), 7.51 (d, 2H, J = 2.8 Hz), 7.48 (d, 1H, J = 2.4 Hz), 7.47-7.42 (m, 3H), 7.37 (d, 1H, J = 8.4 Hz) 1.38 (s, 9H), 1.36 (s, 9H). 13 C NMR (100 MHz, CD 2 Cl 2 ): δ 152.0, 151.7, 145.4, 145.2, 134.7, 134.6, 133.1, 132.8, 132.0, 131.9, 130.5, 130.4, 127.5, 126.8, 126.4, 126.0, 125.9, 121.2, 121.1, 34.8, 34.7, 31.1. ESI HRMS calcd (M+) 688.14, found 688.10.
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65,66 CBr 2 Br 2 C TMS TMS Br Br Br Br FVP FVP FVP FVP 10% 18% 23% 15% Figure 18. Synthesis of buckminsterfullerene C 60 by FVP

  

	Another strategy, developed by A. M. Echavarren, relies on a very similar triflate precursor
	but it involves a microwave promoted reaction (200 W, 10 min) in the presence of
	[PdCl 2 (PPh 3 ) 2 ], LiCl and DBU in DMA. It leads to a mixture of products that was analyzed
	by mass spectrometry (Figure

TMS OTf CsF MeCN, RT 68% TMS OTf CsF MeCN, RT 60% [5]helicene derivative [4]helicene derivative 2.7:1 Pd 2 (dba) 3 Pd 2 (dba) 3 a b

  

a Br Br Br 63% b 5b 26 27 28 t Bu t Bu t Bu t Bu t Bu t Bu OEt 29 B O O

  

56. Synthesis of highly distorted hexa-tert-butyl-hexabenzotriphenylene 28. (a) Pd(PPh 3 ) 4 , Na 2 CO 3 , PhMe + H 2 O + EtOH, 90°C, 48h, 76%. (b) FeCl 3 , MeNO 2 + CH 2 Cl 2 , Ar bubbling, room T, 1h, EtOH, 63% for 28, 25% for 29. 3 +

Table 1 . Different reaction conditions tried for the synthesis of compound 31.

 1 

	Attempt	Catalyst	Base	Sovents	Conditions
	1	Pd(PPh 3 ) 4	Na 2 CO 3	PhMe/H 2 O/EtOH	90°C, 96h
	2	Pd(OAc) 2, SPhos	LiOH	THF/H 2 O	70°C, 120h
	3	Pd(PPh 3 ) 4	1(M) NaOH	THF	70°C, 96h
	4	Pd 2 (dba) 3, SPhos	K 3 PO 4	PhMe/H 2 O	90°C, 96h

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

 2 

	Attempt	Catalysts	Base	33+ Reactants	Sovent Conditions
	1	Pd(OAc) 2, SPhos	K 3 PO 4 4-tert-Butylphenylboronic acid THF/H 2 O 70°C, 96h
	2	Pd(OAc) 2, SPhos	K 3 PO 4 4-tert-Butylphenylboronic acid	THF	70°C, 120h
	3	Pd(OAc) 2, SPhos	K 3 PO 4	4-tert-Butylphenylboronic pinacol ester	THF/H 2 O 70°C, 96h

Table 3 . Reaction conditions for the synthesis of 89.

 3 

	Entry	Catalysts & Ligand	Conditions	% 90 % 89
	1	Pd(PPh 3 ) 4	Na 2 CO 3 , PhMe/H 2 O/EtOH, 90°C, 96h 85%	/
	2	Pd(OAc) 2, Cy-JohnPhos	LiOH, THF/H 2 O, 70°C, 96h	90%	/
	3	Pd(OAc) 2, Cy-JohnPhos	K 3 PO 4 ,THF/H 2 O, 90°C, 96h	80%	/
	4	Pd(OAc) 2, SPhos	LiOH, THF/H 2 O, 70°C, 96h	89%	/
	5	Pd(OAc) 2, SPhos	K 3 PO 4 , THF/H2O, 90°C, 96h	/	80%

  ). Mp 97-98 °C; 1 H NMR (400 MHz, CD 2 Cl 2 ): δ 7.64 (d, 1H, J = 1.6 Hz), 7.42 (d, 2H, J = 8.4 Hz), 7.36 (dd, 1H, J = 2, 8 Hz), 7.32 (d, 2H, J = 8.4 Hz), 7.23 (d, 1H, J = 7.6 Hz), 1.34 (s, 9H), 1.31 (s, 9H). 13 C NMR (100 MHz, CDCl 3 ): δ 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. ESI HRMS calcd (M+) 345.11, found 345.10.

  The mother liquor was recrystallised in n-pentane. White solid(79 mg, 80% yield). Mp 392-393 °C; 1 H NMR (400 MHz, CDCl 3 ): δ 8.68 (s, 2H), 8.65 (d, 2H, J = 1.6 Hz), 8.60 (d, 2H, J = 8.8 Hz), 8.17 (d, 2H, J = 1.6 Hz), 7.78 (dd, 2H, J = 1.6, 8.8 Hz), 7.52 (dd, 2H, J = 2, 8.8 Hz), 1.53 (s, 18H), 1.05 (s, 18H). 13 C NMR (100 MHz, CDCl 3 ): δ 149.8, 147.2, 130.7, 130.4, 129.1, 128.5, 128.2, 127.5, 127.4, 125.2, 124.8, 123.2, 123.0, 121.3, 119.6, 35.2, 34.5, 31.6, 30.9 (18C). Maldi-MS calcd (M+) 602.39, found 602.20.

	) .
	Mp 380-381 °C; 1 H NMR (400 MHz, CDCl 3 ): δ 8.82 (d, 1H, J = 2.0 Hz), 8.70 (d, 1H, J = 2.0
	Hz), 8.65 (d, 1H, J = 8.0 Hz), 8.62 (d, 1H, J = 8.4 Hz), 8.61 (s, 1H), 8.56 (d, 1H, J = 8.8 Hz),
	7.85 (dd, 1H, J = 1.6, 8.4 Hz), 7.75 (d, 2H, J = 8.4 Hz), 7.74-7.72 (m, 1H), 7.70 (dd, 1H, J =
	2.0, 8.4 Hz), 7.57 (d, 2H, J = 8.0 Hz), 1.50 (s, 9H), 1.49 (s, 9H), 1.41 (s, 9H). ESI HRMS
	calcd (M+) 472.21015, found 472.21104.

Compound 16

2-Bromo-4,4'-di-tert-butylbiphenyl 4 (3.80 g, 11.0 mmol), 1,4-Phenylenebisboronic acid 15 (829 mg, 5.0 mmol) and Na 2 CO 3 (10.60 g, 100 mmol) were dissolved in toluene (150 mL),

,10,15-tetra-tert-butyl-17-methoxydibenzo[f,j]picene (24)

  

	).
	Mp 172-173°C; 1 H NMR (400 MHz, CD 2 Cl 2 ): δ 7.41 (dd, 2H, J = 2.2, 8.2 Hz), 7.34 (d, 2H, J
	= 7.2 Hz), 7.33 (d, 2H, J = 2.4 Hz), 7.30 (d, 4H, J = 8.4 Hz), 7.07 (d, 4H, J = 8.4 Hz), 6.55 (s,
	2H), 3.07 (s, 6H), 1.34 (s, 18H), 1.27 (s, 18H); 13 C NMR (100 MHz, CD 2 Cl 2 ): δ 150.2, 150.0,
	149.3, 139.0, 138.6, 136.8, 130.6, 129.2, 128.6, 127.9, 124.7, 124.3, 115.2, 55.5, 34.5, 34.3,
	31.1; FD-HRMS Calcd (M+) 666.44368, found 666.44045.
	2,7

O O O

-dibromo-1-methoxybenzene (41)

  To the compound 2,3,6,7,10,11-hexahydroxy triphenylene compound 36 (200 mg, 0.62 mmol) dissolved in 5 mL of anhydrous CH 2 Cl 2 were added 5.0 mL of pyridine and the solution was cooled to 0°C. Trifluoromethanesulfonic anhydride (1.25 mL, 7.40 mmol) was added drop wise and the mixture was warmed to room temperature and stirred overnight. The solvent was removed under vacuum. The crude product was purified by chromatography on silica gel by using petroleum ether / CH 2 Cl 2 (15%) as the eluent to give the title compound 35 (white solid, 527 mg, 85%). Mp 167-168 °C;1 H NMR (400 MHz, CD 2 Cl 2 ): δ 8.57(s, 6H);19 F NMR (400 MHz, CD 2 Cl 2 ): δ -72.80;13 C NMR (100 MHz, CD 2 Cl 2 ): δ 140.9, 129.1, 119.7; FD-HRMS Calcd (M+) 1115.75909, found 1115.76078. The solution was heated at 70°C for 96h. The organic layer was then decanted and the aqueous layer was extracted twice with CH 2 Cl 2 . The combine organic layer was washed with water and evaporated. The crude product was purified by chromatography on silica gel by using petroleum ether / CH 2 Cl 2 (50%) as the eluent to give the title compound 37 (white solid, 388 mg, 75%). NMR (400 MHz, CDCl 3 ): δ 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, 54H);13 C NMR (100 MHz, CD 2 Cl 2 ): δ 154.4, 142.5, 137.4, 130.5, 129.2, 129.1, 125.9, 124.6, 110.0, 55.4, 34.0, 31.7; FD-HRMS Calcd (M+) 1201.72851, found 1201.72339.To the compound 37 (300 mg, 0.25 mmol) was dissolved in 10 mL of dry CH 2 Cl 2 under N 2 and brought to -20 °C. BBr 3 (1 M in CH 2 Cl 2 , 10.0 equiv, 2.49 mmol, 2.49 mL) was added dropwise with stirring and the reaction mixture stirred overnight, warming to room temperature. The reaction mixture was then poured into ice water, organic layer was then decanted and the aqueous layer was extracted 2 times with CH 2 Cl 2 . The combine organic layer was washed with water and dried over anhydrous Na 2 SO 4 .To a solution of 2,4-dibromophenol 44 (15.0 g, 59.54 mmol) in 100 mL of acetone was added potassium carbonate (19.5 g, 141.2 mmol) and iodomethane (7.34 mL, 119 mmol).The reaction mixture was stirred at 56 °C for overnight. The reaction mixtute was concentrated, and then it was diluted with DCM and water.The organic layer was then decanted and the aqueous layer was extracted 2 times DCM. The combine organic layer was washed with brine solution, dried (Na 2 SO 4 ), and evaporated in vacuo, yielding 45 without further purification (Colourless liquid , 15.5 g, 99%).1 H NMR (400 MHz, CD 2 Cl 2 ): δ 7.64 (d, 1H, J = 2.4 Hz), 7.38 (dd, 1H, J = 2.6, 9.0 Hz), 6.79 (d, 1H, J = 8.8 Hz), 3.84 (s, 3H). The solution was degassed three times, Pd(PPh 3 ) 4 (434.06 mg, 0.376 mmol) was added under an Ar stream and the mixture was degassed three times again. The solution was heated at 90 °C for 48h. The organic layer was then decanted and the aqueous layer was extracted 2 times with CH 2 Cl 2 . The combine organic layer was washed with water and evaporated. The crude product was purified by chromatography on silicagel by using pet. ether / CH 2 Cl 2 (22%) as the eluent to give the title compound 46 Mp 114-115 °C; 1 H NMR (400 MHz, CD 2 Cl 2 ): δ 7.45 (dd, 1H, J = 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 (d, 1H, J = 2.0 Hz), 5.22 (s, 1H), 1.32 (s, 18H), 1.26 (s, 9H), 1.25 (s, 9H). 13 C NMR (100 MHz, CD 2 Cl 2 ): δ 150.5, 150.4, 149.7, 149.5, 148.1, 138.4, 138.2, 138.1, 137.7, 137.5, 135.6, 134.7, 132.9, 132.3, 130.3, 130.1, 129.8, 129.6, 128.8, 128.2, 127.4, 125.7, 124.9, 124.7, 109.5, 34.5, 34.4, 34.3, 31.1, 29.7. FD-HRMS Calcd (M+) 700.32798, found 700.33147. BuLi (2.28 mL, 2.5 M, 6.1 mmol) was added dropwise to a solution of 48 (2.87 g, 4.1 mmol) in THF(40 mL) cooled to -78 °C. After stirring at -78 °C for 15 min, TMSCl (0.83 mL, 6.5 mmol) was added, the cooling bath was removed, and stirring was kept for 10 min at room temperature. The mixture was again cooled to -78 °C, n-BuLi (1.5 mL, 2.5 M, 4.1 mmol) was added dropwise, stirring was kept up at -78 °C for 15 min, and TMSCl (0.83 mL, 6.5 mmol) was added. Stirring at room temperature was kept up overnight, H 2 O (15 mL) was added, and the resulting mixture was extracted with Et 2 O. The combined organic layers were dried over anhydrous Na 2 SO 4 , filtered, and concentrated under reduced pressure. The crude product was purified by chromatography on silica gel by using petroleum ether / CH 2 Cl 2 (20%) as the eluent to give the title compound 49 (white solid, 2.51 g, 90%).To a solution of compound 49 (2.0 g, 2.6 mmol) in 15 mL of THF was added 20ml 1(M) NaOH (8equivalent) solution. The reaction mixture was stirred at room temperature. The reaction mixtute was concentrated, and then it was diluted with Et 2 O and water. The organic layer was then decanted and the aqueous layer was extracted 2 times Et 2 O. The combine organic layer was washed with brine solution, dried (Na 2 SO 4 ), and evaporated in vacuo. Ar stream and the mixture was degassed again, then heated at 90°C for 48h. The organic layer was decanted and the aqueous layer was extracted twice with CH 2 Cl 2 . The combine organic layer was washed with water and evaporated. The crude product was purified by chromatography on silica gel by using petroleum ether / CH 2 Cl 2 (20%) as the eluent to give the title compound 55 (white solid, 1.67 g, 95%). Mp 119-120°C; 1 H NMR (400 MHz, CD 2 Cl 2 ): δ 7.55 (s, 3H), 7.39 (d, 3H, J = 2.8 Hz), 7.33 (dd, 3H, J = 2.8, 8.8 Hz), 6.93 (d, 3H, J = 8.4 Hz), 3.79 (s, 9H), 1.30 (s, 27H); 13 C NMR (100 MHz, CD 2 Cl 2 ): δ 154.4, 143.5, 138.5, 130.0, 129.4, 128.3, 125.3, 110.6, 55.5, 34.1, 31.3; FD-HRMS Calcd (M+) 564.36034, found 564.35856. Compound 55 (1.72 g, 3.05 mmol) was dissolved in 50 mL of dry CH 2 Cl 2 under Ar and brought to -20°C. BBr 3 (1 M in CH 2 Cl 2 , 12.2 mmol, 12.2 mL) was added drop-wise with vigorous stirring, the reaction mixture was stirred overnight and finally warmed to room temperature. The reaction mixture was then poured on crushed ice, the organic layer was decanted and the aqueous layer was extracted twice with CH 2 Cl 2 . The combine organic layer was washed with water and dried over anhydrous Na 2 SO 4 . The solvent was removed under vacuum, yielding 56 without further purification (1.57 g, 99%) as a white solid. The solvent was removed under vacuum. The crude product was purified by chromatography on silica gel by using petroleum ether / CH 2 Cl 2 (15%) as the eluent to give the title compound 57 (white solid, 2.53 g, 96%).Compound 59 (300 mg, 0.3 mmol) was dissolved in 50 mL of unstabilized dichloromethane and degassed with an Ar stream for 15 minutes. Then a solution of FeCl 3 (970 mg, 6.0 mmol) in 10 mL of nitromethane was added drop wise while continuously degassing with an Ar stream. After 1h the reaction was stopped by adding 100 mL of ethanol. The organic phase was then washed twice with water and dried over anhydrous Na 2 SO 4 . The solvent was removed in vacuo and the crude product was purified by chromatography on silica gel by using petroleum ether / CH 2 Cl 2 (4%) as the eluent to give the title compound 60 (greenish yellow solid, 218 mg, 73%).Compound 62 (200 mg, 0.24 mmol) was dissolved in 50 mL of unstabilized dichloromethane and degassed with an Ar stream for 15 minutes. Then a solution of FeCl 3 (760 mg, 4.7 mmol) in 10 mL of nitromethane was added drop wise while continuously degassing with an Ar stream. After 1.5h the reaction was stopped by adding 100 mL of ethanol. The organic phase was then washed twice with water and dried over anhydrous Na 2 SO 4 . The solvent was removed in vacuo and the crude product was purified by chromatography on silica gel by using petroleum ether / CH 2 Cl 2 (4%) as the eluent to give the title compound 63 (greenish yellow solid, 178 mg, 90%). The solution was heated at 70°C for 48h. The organic layer was then decanted and the aqueous layer was extracted twice with CH 2 Cl 2 . The combine organic layer was washed with water and evaporated. The crude product was purified by chromatography on silica gel by using petroleum ether / CH 2 Cl 2 (10%) as the eluent to give the title compound 58 (white solid, 505 mg, 90%). Ar stream and the mixture was degassed again. The solution was heated at 70°C for 48h. The organic layer was then decanted and the aqueous layer was extracted twice with CH 2 Cl 2 . The combine organic layer was washed with water and evaporated. The crude product was purified by chromatography on silica gel by using petroleum ether / CH 2 Cl 2 (12%) as the eluent to give the title compound 67 (white solid, 384 mg, 96%).

	OTf OTf To the compound 2,3,6,7,10,11-hexa(trifluoromethanesulfonate) triphenylene 35 (480 mg, TfO OTf OTf TfO O B OH OH Compound 35 Compound 37 0.43 mmol), 5-tert-butyl-2-methoxyphenylboronic acid 34 (804.92 mg, 3.87 mmol) and K 3 PO 4 (2.73 g, 12.87 mmol) were dissolved in a mixture of THF (10 mL) and water (2 mL). The solution was degassed, Pd(OAc) 2 (28.90 mg, 0.129 mmol) and 2-dicyclohexylphosphino-2',6'-dimethoxybiphenyl SPhos (63.40 mg, 0.154 mmol) were added under an Ar stream and the mixture was degassed again. OMe MeO OMe OMe MeO OMe TfO TfO OTf OTf OTf OTf The solvent was removed under vacuum, yielding 38 (275 mg, 99%) as a brown-red solid, which was judged pure enough by TLC to be used in subsequent steps without further purification. Mp 274-275 °C; 1 H NMR (400 MHz, CDCl 3 ): δ 8.79 (s, 6H), 7.12 (d, 6H, J = 10.4 Hz), 7.02 (s, 6H), 6.73 (d, 6H, J = 7.2 Hz), 1.12 (s, 54H). 13 C NMR (100 MHz, CD 2 Cl 2 ): δ 150.3, 143.2, 137.4, 129.4, 128.4, 126.6, 126.3, 125.9, 115.2, 34.0, 31.5. FD-HRMS calcd (M+) 1116.62679, found 1116.62828. 3,4To a solution of 3,4-dibromophenol 42 (10.0 g, 39.69 mmol) in 100 mL of acetone was added potassium carbonate (13 g, 94.1 mmol) and iodomethane (4.90 mL, 79.34 mmol).The reaction mixture was stirred at 56 °C for overnight. The reaction mixture was concentrated, and then it was diluted with DCM and water. The organic layer was then decanted and the aqueous layer was extracted 2 times DCM. The combine organic layer was washed with brine solution, OH HO OH OH HO OH Br Br O J = 8.8 Hz), 3.81 (s, 3H). 2,4-dibromo-1-methoxybenzene (45) Compound 46 2,4-dibromo-1-methoxybenzene 45 (1.0 g, 3.76 mmol), 4,4'-di-tert-butylbiphenyl-2-ylboronic acid 5 (2.57 mg, 8.27 mmol) and Na 2 CO 3 (7.97 g, 75.2 mmol) were dissolved in toluene (60 mL), water (20 mL) and ethanol (10 mL). (white solid, 1.92 g, 80%). Mp 140-141 °C; 1 H NMR (400 MHz, CD 2 Cl 2 ): δ 7.41-7.38 (m, 2H), 7.36 (d, 1H, J = 2.0 Hz), 7.30-7.27 (m, 4H), 7.22 (s, 1H), 7.21 (s, 2H), 7.10 (d, 2H, J = 8.4 Hz), 7.03-7.02 (m, 1H), 7.00 (dd, 1H, J = 2.2, 8.2 Hz), 6.95 (d, 2H, J = 8.0 Hz), 6.55 (d, 1H, J = 8.4 Hz), 3.16 (s, 3H), 1.35 (s, 9H), 1.31 (s, 9H), 1.26 (s, 9H), 1.24 (s, 9H). 13 C NMR (100 MHz, CD 2 Cl 2 ): 155.0, O Br Br O Compound 49 n-Mp 120-121 °C; 1 H NMR (400 MHz, CD 2 Cl 2 ): δ 7.45 (d, 1H, J = 2.4 Hz), 7.40-7.37 (m, 3H), 7.31 (d, 1H, J = 8.0 Hz), 7.30-7.23 (m, 4H), 7.18 (d, 2H, J = 8.4 Hz), 7.04 (d, 2H, J = 8.4 Hz), 6.97 (d, 2H, J = 8.8 Hz), 6.79 (d, 1H, J = 2.4 Hz), 1.36 (s, 18H), 1.25 (s, 18H), -0.21 (s, 9H), -0.32 (s, 9H). 13 C NMR (100 MHz, CD 2 Cl 2 ): δ 156.1, 150.3, 149.9, 148.9, 148.7, 139.9, 139.1, 138.8, 138.7, 138.4, 137.7, 137.0, 134.5, 133.9, 132.9, 130.2, 129.8, 129.6, 128.7, 127.1, 124.7, 124.2, 124.1, 34.4, 34.2, 31.2, 0.2, -0.7. FD-HRMS Calcd (M+) 766.49652, found 766.49823. Compound 50 HO TMS (White solid, 1.80 g, 99%). Mp 140-141 °C; 1 H NMR (400 MHz, CD 2 Cl 2 ): δ 7.50 (dd, 1H, J = 2.0, 8.0 Hz), 7.43-7.36 (m, 4H), 7.30 (d, 1H, J = 8.0 Hz), 7.27 (d, 4H, J = 8.0 Hz), 7.17 (d, 1H, J = 2.4 Hz), 7.08 (d, 2H, J = 8.4 Hz), 7.02 (d, 2H, J = 8.4 Hz), 6.76 (d, 1H, J = 2.4 Hz), 4.86 (s, 1H), 1.36 (s, 9H), 1.34 (s, 9H), 1.26 (s, 18H), -0.15 (s, 9H). 13 C NMR (100 MHz, CD 2 Cl 2 ): δ 155.5, 151.2, 150.4, 150.1, 149.1, 139.8, 138.8, 138.1, 137.5, 137.1, 137.0, 134.8, 133.6, 133.0, 130.3, 129.7, 128.7, 128.6, 127.5, 127.3, 125.9, 125.0, 124.8, 124.7, 124.1, 34.6, 34.5, 34.4, 34.3, 31.2, 31.1, -1.7. FD-HRMS Calcd (M+) 694.45699, found 694.45919. Compound 51 n-BuLi (0.46 mL, 2.5 M, 1.25 mmol) was added dropwise to a solution of 50 (728 mg, 1.05 mmol) in THF (20 mL) cooled to -78 °C. After stirring at -78 °C for 15 min, Trifluoromethanesulfonic anhydride (0.35 mL, 2.09 mmol) was added, the reaction was allowed to Upon reaching room temperature the reaction was quenched by the addition of water, then extracted with ethyl acetate. The extract was washed with water, dried with sodium sulfate, filtered and concentrated in vacuo. The crude product was purified by chromatography on silicagel by using pet. ether / DCM (20%) as the eluent to give the title compound 51 (white solid, 690 mg, 80%). Mp 86-87 °C; 1 H NMR (400 MHz, CD 2 Cl 2 ): δ 7.45-7.44 (m, 4H), 7.35 (d, 1H, J = 8.4 Hz), 7.31 (d, 4H, J = 8.0 Hz), 7.21 (d, 2H, J = 8.4 Hz), 7.10 (d, 2H, J = 8.0 Hz), 7.07 (d, 1H, J = 2.8 Hz), 6.87 (d, 2H, J = 8.4 Hz), 1.38 (s, 9H), 1.34 (s, 9H), 1.26 (s, 9H), 1.25 (s, 9H), -0.15 (s, 9H). 13 C NMR (100 MHz, CD 2 Cl 2 ): δ 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, 134.5, 134.3, 134.3, 130.7, 129.8, 129.7, 129.5, 129.0, 128.8, 128.7, 128.6, 127.6, 125.6, 125.2, 125.1, 125.0, 124.8, 124.7, 34.6, 34.5, 34.3, 31.2, 31.0, 29.8, -0.59. FD-HRMS Calcd (M+) 826.40628, found 826.40930. TfO TMS Finely powdered anhydrous CsF (314 mg, 2.1 mmol) was added to a solution of 51 (570 mg, 0.69 mmol), and [Pd 2 (dba) 3 ] (63.10 mg, 0.069 mmol) in CH 3 CN/CH 2 Cl 2 3:1 (20 mL), and the mixture was stirred at 40°C for 96 h. After this time, the solvent was removed under reduced pressure and the residue was purified by column chromatography (silica gel; ether/CH 2 Cl 2 4:1), affording 53 (270 mg, 65%) as a white solid. Mp 115-116 °C; 1 H NMR (400 MHz, CD 2 Cl 2 ): δ 7.82 (d, 2H, J = 1.2 Hz), 7.75 (d, 2H, J = 7.6 Hz), 7.49(d, 2H, J = 2.0 Hz), 7.45 (dd, 2H, J = 2.0, 8.0 Hz), 7.41 (dd, 2H, J = 2.0, 8.0 Hz), 7.39 (d, 2H, J = 1.2 Hz), 7.32 (d, 2H, J = 8.4 Hz), 7.14 (d, 4H, J = 8.4 Hz), 7.01 (d, 4H, J = 8.4 Hz), 6.85 (s, 2H), 6.81 (d, 4H, J = 6.4 Hz), 6.75 (d, 4H, J = 6.4 Hz), 1.50 (s, 18H), 1.41 (s, 18H), 1.34 (s, 18H), 1.21 (s, 18H). 13 C NMR (100 MHz, CD 2 Cl 2 ): δ 158.4, 151.5, 150.3, 149.1, 144.1, 143.3, 143.2, 143.1, 139.5, 138.7, 138.5, 137.8, 132.4, 130.3, 129.4, 128.1, 126.4, 124.8, 124.7, 124.3, 124.2, 118.4, 116.3, 66.4, 62.5, 34.9, 34.5, 34.2, 32.0, 31.9, 31.4, 31.2, 31.1, 29.7. FD-HRMS Calcd (M+) 1208.81, found 1208.80. 1,3,5-tris(5-tert-butyl-2-methoxyphenyl)benzene (55) 1,3,5-Tribromobenzene 26 (1.0 g, 3.2 mmol), 5-tert-butyl-2-methoxyphenylboronic acid 34 (2.4 g, 11.5 mmol) and Na 2 CO 3 (3.4 g, 32 mmol) were dissolved in toluene (30 mL), water (10 mL) and ethanol (5mL). The solution was degassed, Pd(PPh 3 ) 4 (369 mg, 0.32 mmol) was added under an O O O 1,3,5-tris(5-tert-butyl-2-hydroxyphenyl)benzene (56) Mp 247-248°C; 1 H NMR (400 MHz, CD 2 Cl 2 ): δ 7.63 (s, 3H), 7.34 (d, 3H, J = 2.4 Hz), 7.28 (dd, 3H, J = 2.6, 8.2 Hz), 6.88 (d, 3H, J = 8.8 Hz), 5.24 (s, 3H), 1.29 (s, 27H); 13 C NMR (100 MHz, CD 2 Cl 2 ): δ 150.3, 143.9, 139.4, 128.9, 127.5, 126.9, 126.3, 115.5, 34.1, 31.3; FD-HRMS Calcd (M+) 522.31339, found 522.31410. 1,3,5-tris(5-tert-butyl-2-trifluoromethylsulfonyloxyphenyl)benzene (57) To compound 56 (1.50 g, 2.87 mmol) dissolved in 100 mL of anhydrous CH 2 Cl 2 were added 5 mL of pyridine and the solution was cooled to 0°C. Trifluoromethanesulfonic anhydride (1.9 mL, 11 mmol) was added drop wise and the mixture was warmed to room temperature and stirred overnight. OH OH HO OTf OTf TfO Mp > 400°C; 1 H NMR (400 MHz, CD 2 Cl 2 ): δ 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, 1H, J = 8.4 Hz), 8.52 (d, 1H, J = 8.4 Hz), 8.43 (d, 1H, J = 8.0 Hz), 8.15 (dd, 2H, J = 2.2, 7.8 Hz), 7.87 (d, 1H, J = 8.0 Hz), 7.75 (d, 1H, J = 8.0 Hz), 7.72-7.68 (m, 5H), 7.59 (dd, 1H, J = 2.0, 8.4 Hz), 7.50 (t, 1H, J = 8.4 Hz), 7.45-7.42 (m, 2H), 7.31 (t, 1H, J = 7.6 Hz), 7.17 (t, 1H, J = 7.2 Hz), 7.14-7.7.05 (m, 4H), 6.98 (d, 1H, J = 7.6 Hz), 6.71 (t, 1H, J = 7.0 Hz), 6.44 (d, 1H, J = 7.6 Hz), 6.43 (d, 1H, J = 7.6 Hz), 1.18 (s, 9H), 1.02 (s, 9H), 0.63 (s, 9H); 13 C NMR (100 MHz, CD 2 Cl 2 ): δ 148.1, 147.7, 147.4, 142.3, 138.2, 136.8, 136.2, 136.1, 134.9, 134.8, 133.5, 133.0, 132.4, 131.6, 131.4, 131.3, 131.1, 130.7, 130.6, 129.8, 129.7, 129.6, 129.5, 129.4, 128.8, 128.7, 128.6, 128.5, 128.4, 128.3, 128.2, 128.1, 128.0, 127.8, 127.7, 127.4, 127.3, 127.2, 126.8, 126.7, 126.6, 126.0, 125.8, 125.6, 125.5, 125.2, 125.1, 124.9, 124.7, 124.5, 124.4, 124.3, 123.9, 123.6, 123.5, 122.5, 122.2, 121.3, 121.1, 35.9, 34.7, 34.4, 32.3, 30.9, 30.5; FD-HRMS Calcd (M+) 994.45385, found 994.45604. 1,3,5-tris(5-tert-butyl-2-naphthalen-2-ylphenyl)benzene (62) Compound 57 (600 mg, 0.65 mmol), naphthalene-2-boronic acid 61 (448 mg, 2.6 mmol) and K 3 PO 4 (1.67 g, 7.82 mmol) were dissolved in a mixture of THF (10 mL) and water (2 mL). The solution was degassed, Pd(OAc) 2 (22 mg, 0.1 mmol) and 2-dicyclohexylphosphino-2',6'-dimethoxybiphenyl SPhos (48 mg, 0.12 mmol) were added under an Ar stream and the mixture was degassed again. The solution was heated at 70°C for 48h. The organic layer was then decanted and the aqueous layer was extracted twice with CH 2 Cl 2 . The combine organic layer was washed with water and evaporated. The crude product was purified by chromatography on silica gel by using petroleum ether / CH 2 Cl 2 (10%) as the eluent to give the title compound 62 (white solid, 511 mg, 92%). Mp 186-187°C; 1 H NMR (400 MHz, CD 2 Cl 2 ): δ 7.81-7.77 (m, 6H), 7.76 (s, 3H), 7.64 (d, 3H, 126.6, 126.1, 125.9, 124.4, 34.1, 30.8; FD-HRMS Calcd (M+) 852.46950, found 852.47021. Unidentified rearranged compound (63). Mp > 400°C; 1 H NMR (400 MHz, CD 2 Cl 2 ): δ 9.17 (s, 1H), 9.13 (d, 1H, J = 8.4 Hz), 9.03(d, 1H, J = 8.4 Hz), 8.78 (d, 1H, J = 9.2 Hz), 8.66 (d, 1H, J = 8.0 Hz), 8.59 (d, 1H, J = 8.8 Hz), 8.49 (d, 1H, J = 8.4 Hz), 8.45 (d, 1H, J = 8.4 Hz), 8.30 (d, 1H, J = 8.4 Hz), 8.17 (d, 1H, J = 8.4 Hz), 8.14 (d, 1H, J = 8.8 Hz), 7.87 (d, 1H, J = 8.4 Hz), 7.83 (d, 1H, J = 7.6 Hz), 7.68-7.57 (m, 6H), 7.43-7.40 (m, 2H), 7.23 (t, 1H, J = 7.4 Hz), 7.17 (t, 1H, J = 7.2 Hz), 6.80 (t, 1H, J = 7.6 Hz), 6.62 (t, 1H, J = 8.2 Hz), 1.04 (s, 9H), 0.79 (s, 9H), 0.76 (s, 9H); 13 C NMR (100 MHz, CD 2 Cl 2 ): δ 149.3, 149.0, 148.8, 132.9, 132.8, 132.7, 132.0, 132.6, 131.0, 130.8, 130.7, 130.4, 129.4, 128.8, 128.7, 128.4, 128.2, 128.0, 127.9, 127.8, 127.7, 127.5, 127.4, 127.2, 126.9, 126.8, 126.2, 125.9, 125.8, 125.6, 125.5, 125.3, 125.2, 125.0, 124.6, 124.5, 124.4, 124.2, 124.0, 123.7, 122.9, 122.4, 121.4, 121.0, 120.8, 120.0, 118.3, 39.3, 34.1, 34.0, 32.6, 30.5, 30.4; FD-HRMS found 844.40311. 1,3,5-tris(5-tert-butyl-1-naphthalen-2-ylphenyl)benzene (65) Compound 57 (600 mg, 0.65 mmol), naphthalene-1-boronic acid 64 (673.80 mg, 3.9 mmol) and K 3 PO 4 (1.67 g, 7.82 mmol) were dissolved in a mixture of THF (10 mL) and water (2 mL). The solution was degassed, Pd(OAc) 2 (22 mg, 0.1 mmol) and 2-dicyclohexylphosphino-2',6'-dimethoxybiphenyl SPhos (48 mg, 0.12 mmol) were added under an Ar stream and the 128.3, 128.1, 127.2, 127.0, 126.9, 126.8, 126.2, 125.8, 125.7, 125.6, 125.5, 125.0, 123.4, 34.4, 34.3, 31.2, 31.1; FD-HRMS Calcd (M+) 852.46950, found 852.47021. 1,3,5-tris(5-tert-butyl-2-(4-trimethylsilylphenyl)phenyl)benzene (67) Compound 57 (400 mg, 0.44 mmol), 4-(trimethylsilyl)phenylboronic acid 66 (338 mg, 1.7 mmol) and K 3 PO 4 (1.1 g, 5.2 mmol) were dissolved in a mixture of THF (10 mL) and water (2 mL). The solution was degassed, Pd(OAc) 2 (14.7 mg, 0.065 mmol) and 2-dicyclohexylphosphino-2',6'-dimethoxybiphenyl SPhos (32 mg, 0.078 mmol) were added under an Mp 254-255°C; 1 H NMR (400 MHz, CD 2 Cl 2 ): δ 7.53 (d, 6H, J = 7.6 Hz), 7.39 (dd, 3H, J = 2.0, 8.4 Hz), 7.28 (d, 3H, J = 8.4 Hz), 7.14 (d, 3H, J = 1.6 Hz), 6.98 (d, 6H, J = 7.6 Hz), 6.82 (s, 3H), 1.28 (s, 27H), 0.20 (s, 27H); 13 C NMR (100 MHz, CD 2 Cl 2 ): δ 150.5, 142.5, 141.5, 139.9, 138.1, 137.4, 132.9, 130.4, 129.6, 128.0, 124.8, 34.5, 31.1, -1.2; FD-HRMS Calcd (M+) 918.54113, found 918.54367. Si Si Si mixture was degassed again. Mp 214-215 °C; 1 H NMR (400 MHz, CD 2 Cl 2 ): δ 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, 7H), 7.14-7.08 (m, 4H), 6.63-6.57 (m, 3H), 6.51-6.47 (m, 5H), 1.20 (s, 14H), 1.15 (s, 13H); 13 C NMR (100 MHz, CD 2 Cl 2 ): δ 150.4, 150.3, 141.0, 140.7, 139.3, 135.6, 133.6, 133.5, 133.4, 132.2, 131.5, 131.2, 128.5, 128.4, Mp 200-201 °C; 1 H Compound 38 1 H NMR (400 MHz, CDCl 3 ): δ 7.52 (d, 1H, J = 8.8 Hz), 7.18 (d, 1H, J = 2.8 Hz), 6.75 (d, 1H, Compound 53 δ 150.6, 141.6, 139.8, 139.3, 137.3, 133.6, 132.0, 130.6, 129.8, 128.9, 128.1, 128.0, 127.8, 3,11
	150.2, 149.9, 149.2, 149.0, 139.7, 139.1, 138.7, 138.6, 137.5, 136.7, 134.8, 132.9, 131.0, J = 8.8 Hz), 7.47-7.40 (m, 6H), 7.31 (d, 3H, J = 8.0 Hz), 7.29 (d, 3H, J = 8.4 Hz), 6.89 (s, dried (Na 2 SO 4 ), and evaporated in vacuo, yielding 41 without further purification (Colorless liquid, 10.34 g, 100%). 130.4, 129.9, 129.6, 129.2, 128.5, 128.2, 127.9, 124.8, 124.6, 124.3, 110.5, 54.9, 34.5, 34.4, 3H), 6.84 (dd, 3H, J = 2.0, 8.8 Hz), 6.69 (s, 3H),1.01 (s, 27H); 13 C NMR (100 MHz, CD 2 Cl 2 ):
	34.3, 31.2. FD-HRMS Calcd (M+) 636.43311, found 636.43618.

1 H NMR (400 MHz, CD 2 Cl 2 ): δ 7.79 (d, 1H, J = 2.8 Hz), 7.45 (dd, 1H, J = 2.8, 8.8 Hz), 6.86 (d, 1H, J = 8.4 Hz), 5.97-5.84 (br, 2H), 3.86 (s, 3H), 1.28 (s, 9H).

,19-tri-tert-butyl-6,14,22-tris(trimethylsilyl)hexabenzotriphenylene (68)

  Compound 67 (200 mg, 0.22 mmol) was dissolved in 50 mL of unstabilized dichloromethane and degassed with an Ar stream for 15 minutes. Then a solution of FeCl 3 (700 mg, 4.3 mmol) in 10 mL of nitromethane was added drop wise while continuously degassing with an Ar stream. After 1.5h the reaction was stopped by adding 100 mL of ethanol. The organic phase was then washed twice with water and dried over anhydrous Na 2 SO 4 . The solvent was removed in vacuo and the crude product was purified by chromatography on silica gel by using petroleum ether / CH 2 Cl 2 (2%) as the eluent to give the title compound 68 (yellow solid, 129 mg, 65%). The solution was degassed, Pd(PPh 3 ) 4 (690 mg, 0.60 mmol) was added under an Ar stream and the mixture was degassed again. The solution was heated at 90°C for 48h. The organic layer was then decanted and the aqueous layer was extracted twice with CH 2 Cl 2 . The combine organic layer was washed with water and evaporated. The crude product was purified by chromatography on silica gel by using petroleum ether / CH 2 Cl 2 (20%) as the eluent to give the title compound 70 (white solid, 2.15 g, 90%).

	1,4-bis(5-tert-butyl-2-methoxyphenyl)benzene (70)
	1,4-Phenylenediboronic acid 15 (1.0 g, 6.0 mmol), 5-tert-butyl-2-methoxyphenylbromide 69
	(3.2 g, 13.1 mmol) and Na 2 CO 3 (6.30 g, 59.5 mmol) were dissolved in toluene (48 mL), water
	(16 mL) and ethanol (8mL). Mp 165-166°C; 1 H NMR (400 MHz, CD 2 Cl 2 ): δ 7.50 (s, 4H), 7.35 (d, 2H, J = 2.8 Hz), 7.32 (dd, 2H, J = 2.6, 8.6 Hz), 6.93 (d, 2H, J = 8.4 Hz), 3.79 (s, 6H), 1.31 (s, 18H); 13 C NMR (100
	MHz, CD 2 Cl 2 ): δ 154.4, 143.5, 137.7, 129.8, 129.1, 128.0, 125.3, 110.7, 55.5, 34.0, 31.3; FD-
	HRMS Calcd (M+) 402.25588, found 402.25699.

Mp > 300°C (decomposes at 300°C);

1 

H NMR (400 MHz, CD 2 Cl 2 ): δ 8.55 (d, 3H, J = 8.4 Hz), 8.53 (d, 3H, J = 8.4 Hz), 8.29 (s, 3H), 8.14 (d, 3H, J = 2.0 Hz), 7.65 (dd, 3H, J = 1.8, 8.4 Hz), 7.60 (dd, 3H, J = 1.8, 8.4 Hz), 1.05 (s, 27H), -0.02 (s, 27H); 13 C NMR (100 MHz, CD 2 Cl 2 ): δ 148.1, 136.6, 136.5, 131.7, 130.9, 130.6, 130.2, 128.5, 128.4, 127.6, 124.5, 122.9, 122.2, 34.5, 30.8, -1.7; FD-HRMS Calcd (M+) 912.49418, found 912.49536.

Si Si Si MeO OMe 1,4-bis(5-tert-butyl-2-hydroxyphenyl)benzene (71)

  Compound 70 (1.86 g, 4.6 mmol) was dissolved in 50 mL of dry CH 2 Cl 2 under Ar and brought to -20°C. BBr 3 (1 M in CH 2 Cl 2 , 11.6 mmol, 11.6 mL) was added drop-wise with vigorous stirring, the reaction mixture was stirred overnight and finally warmed to room temperature. The reaction mixture was then poured onto crushed ice, organic layer was then decanted and the aqueous layer was extracted twice with CH 2 Cl 2 . The combine organic layer was washed with water and dried over anhydrous Na 2 SO 4 . The solvent was removed under vacuum, yielding 71 (1.71 g, 99%) as a white solid. Mp 161-162°C; 1 H NMR (400 MHz, CD 2 Cl 2 ): δ 7.59 (s, 4H), 7.29 (d, 2H, J = 2.8 Hz), 7.27 (dd, 2H, J = 2.6, 7.8 Hz), 6.87 (d, 2H, J = 8.4 Hz), 5.10 (s, 2H), 1.31 (s, 18H); 13 C NMR (100 MHz, CD 2 Cl 2 ): δ 150.3, 143.8, 137.2, 129.8, 127.3, 127.1, 126.1, 115.4, 34.1, 31.3; FD-HRMS Calcd (M+) 374.22458, found 374.22408.

  H NMR (400 MHz, CD 2 Cl 2 ): δ 7.56 (s, 4H), 7.50 (d, 2H, J = 2.4 Hz), 7.47 (dd, 2H, J = 2.0, 8.8 Hz), 7.32 (d, 2H, J = 8.4 Hz), 1.35 (s, 18H); 19 F NMR (400 MHz, CD 2 Cl 2 ): δ -74.24; 13 C NMR (100 MHz, CD 2 Cl 2 ): δ 152.1, 144.6, 136.2, 134.0, 129.5, 129.2, 126.4, 121.6, 34.8, 31.0; FD-HRMS Calcd (M+) 638.12315, found 638.12510.

	OH	HO
	OTf	TfO

  H NMR (400 MHz, CD 2 Cl 2 ): δ 7.58 (d, 1H, J = 2.4 Hz), 7.41 (d, 1H, J = 2.0 Hz), 7.39 (d, 2H, J = 1.6 Hz), 7.38 (d, 4H, J = 7.6 Hz), 7.32 (d, 2H, J = 8.4 Hz), 7.10 (d, 4H, J = 8.0 Hz), 6.99 (s, 4H), 1.35 (s, 18H), 0.22 (s, 18H); 13 C NMR (100 MHz, CD 2 Cl 2 ): δ 150.6, 141.9, 140.2, 139.9, 138.2, 137.6, 132.8, 130.3, 129.5, 129.2, 127.6, 124.6, 34.5, 31.1, -1.4; FD-HRMS Calcd (M+) 638.37640, found 638.37464.

  J = 1.6, 8.8 Hz), 1.60 (s, 18H);13 C NMR (100 MHz, CD 2 Cl 2 ): δ 150.4, 129.9, 129.7, 129.5, 127.6, 127.5, 126.4, 125.6, 124.1, 123.4, 121.3, 121.2, 120.7, 119.6, 35.2, 31.3; FD-HRMS Calcd (M+) 488.25040, found 488.25075.

	Si
	). Mp 276-277°C; 1 H NMR (400 MHz, CD 2 Cl 2 ): δ 9.06 (s, 2H), 8.87 (d, 2H, J = 7.6 Hz), 8.84 (d, 2H, J = 1.6 Hz), 8.78 (d, 2H, J = 8.0 Hz), 8.68 (d, 2H, J = 8.8 Hz), 8.95 (t, 2H, J = 8.0 Hz), 7.82 (dd, 2H, Si

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

  H NMR (400 MHz, CD 2 Cl 2 ): δ 8.94 (d, 3H, J = 8.0 Hz), 8.92 (d, 3H, J = 8.8 Hz), 8.46 (d, 3H, J = 8.0 Hz), 8.39 (d, 3H, J = 8.8 Hz), 7.92 (t, 3H, J = 8.0 Hz), 1.61 (s, 27H); 13 C NMR (100 MHz, CD 2 Cl 2 ): δ 147.2, 131.7, 130.5, 130.3, 129.5, 128.3, 123.8, 121.6, 120.7, 120.3, 120.0, 38.5, 34.4; FD-HRMS Calcd (M+) 690.32865, found 690.32689.

	1,41,4-dibromonaphthalene 81 (571.94 mg, 2.0 mmol), 2-(4,4'-di-tert-butylbiphenyl-2-yl)-
	4,4,5,5-tetramethyl-1,3,2-dioxaborolane 5b (1.65 g, 4.2 mmol) and Na 2 CO 3 ( 4.24g, 40.0
	mmol) were dissolved in toluene

  9H).13 C NMR (100 MHz, CD 2 Cl 2 ): δ 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, 129.2, 128.9, 128.8, 127.6, 127.3, 126.5, 126.4, 125.3, 125.1, 124.9, 124.8, 124.5, 124.4, 34.5, 34.3, 34.2, 31.2, 31.1, 31.0, 27.0. ESI HRMS calcd (M+) 656.40, found 656.20. Mp 152-153 °C; 1 H NMR (400 MHz, CD 2 Cl 2 ): δ 8.20 (d, 1H, J = 8.8 Hz), 7.65 (d, 1H, J = 7.2 Hz), 7.64 (d, 1H, J = 8.0 Hz), 7.53-7.50 (m, 2H), 7.42 (d, 1H, J = 8.4 Hz), 7.39-7.35 (m, 1H), 7.33 (d, 1H, J = 2.0 Hz), 7.06 (d, 1H, J = 7.6 Hz), 7.04 (d, 2H, J = 8.0 Hz), 6.95 (d, 2H, J = 8.8 Hz), 1.34 (s, 9H), 1.15 (s, 9H), 1.18. 13 C NMR (100 MHz, CD 2 Cl 2 ): δ 149.8, 149.3, 140.6, 138.7, 138.1, 137.4,133.7, 131.8, 130.1, 129.2, 128.8, 128.7, 128.6, 128.5, 127.1, 127.0, 126.6, 125.1, 124.7, 121.4, 34.5, 34.2, 31.1, 30.9. FD-HRMS calcd (M+) 470.16091, found 470.16022. -di-tert-butylbiphenyl-2-yl)naphthalene 84 (650 mg, 1.38 mmol), 2-(5-tertbutyl-2-methoxyphenyl boronic acid 34 (316.36 mg, 1.52 mmol) and Na 2 CO 3 (1.46 g, 13.8 mmol) were dissolved in toluene

	). Mp 145-146 °C; 1 H NMR (400 MHz, CD 2 Cl 2 ): δ 7.60-7.58(m, 1H), 7.56-7.50 (m, 3H), 7.49-7.46 (m, 4H), 7.47 (d, 1H, J = 8.0 Hz), 7.42 (d, 1H, J = 7.6 Hz), 7.33 (d, 1H, J = 2.0 Hz), 7.24-7.22 (m, 1H), 7.16 (s, 1H), 7.14-7.06 (m, 6H), 7.00-6.98 (m, 4H), 1.35 (s, 18H), 1.21 (s, 9H), 1.17 (s, 9H). 1 H NMR (400 MHz, CDCl 3, 50 °C): δ 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, 1H, J = 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), 1.38 (s, 7H), 1.37 (s, 11H), 1.21 (s, 11H), 1.17 (s, 7H). 1 H NMR (400 MHz, DMSO): δ 7.54-7.51 (m, 2H), 7.45-7.37 (m, 4H), 7.25 (d, 1H, J = 2.0 Hz), 7.23-7.20 (m, 1H), 7.17-7.13 (m, 3H), 7.09-7.06(m, 3H), 7.03 (d, 2H, J = 8.4 Hz), 6.94 (d, 2H, J = 8.4 Hz), 6.91 (d, 2H, J = 8.4 Hz), 1.35 (s, 9H), 1.28 (s, 9H), 1.14 (s, 9H), 1.09 (s, Compound 85 1-bromo-4-(4,4'

  / CH 2 Cl 2 (15%) as the eluent to give the title compound 87 (white solid, 690 mg, 92%). Mp 103-104°C; 1 H NMR (400 MHz, CD 2 Cl 2 ): δ 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, 4H), 1.36 (s, 9H), 1.33 (s, 9H), 1.17 (s, 2.64H) 1.13 (s, 6.36H); 19 F NMR (400 MHz, CD 2 Cl 2 ): δ -74.58; 13 C NMR (100 MHz, CD 2 Cl 2 ): δ 152.3, 144.7, 136.9, 133.8, 130.1, 129.4, 126.7, 121.4, 34.8, 30.9; FD-HRMS Calcd (M+) 672.29, found 672.30. Compound 87 (300 mg, 0.446 mmol), dppf (24.7 mg, 0.045 mmol), bis(pinacolato)diboron (226.63 mg, 0.893 mmol), potassium acetate (262.65 mg, 2.67 mmol) and Pd(dppf)Cl 2 ,CH 2 Cl 2

	Compound 88
	).
	Mp 90-91 °C; 1 H NMR (400 MHz, CD 2 Cl 2 ): δ 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, 3H), 7.09 (d, 2H, J = 8.0 Hz), 7.06-7.02 (m,
	2H), 6.97 (d, 1H, J = 8.8 Hz), 3.67 (s, 2.01H), 3.60 (s, 0.99H), 1.37 (s, 9H), 1.30 (s, 9H), 1.18
	(s, 9H). 13 C NMR (100 MHz, CD 2 Cl 2 ): δ 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, 132.1, 130.1, 129.2, 129.1, 128.8, 127.7, 127.6,
	126.7, 126.5, 125.6, 125.5, 125.3, 124.6, 113.2, 111.2, 110.3, 55.9, 34.6, 34.2, 34.1, 31.3,
	31.2, 31.0. ESI HRMS calcd (M+) 554.35, found 554.40.

MeO

petroleum ether

  To the compound 87 (196 mg, 0.29 mmol), 2-(4-tert-butyl-2-(4-(4,4'-di-tert-butylbiphenyl-2yl)naphthalen-1-yl)phenyl)-4,4,5,5-tetramethyl-1,3,2-dioxaborolane 88 (190 mg, 0.29 mmol) and K 3 PO 4 (124 mg, 0.58 mmol) were dissolved in a mixture of THF (2 mL) and water (0.5 mL). The solution was degassed, Pd(OAc) 2 (6.5 mg, 0.03 mmol) and 2dicyclohexylphosphino-2',6'-dimethoxybiphenyl SPhos (14.4 mg, 0.035 mmol) were added under an Ar stream and the mixture was degassed again. The solution was heated at 70°C for 72h. The organic layer was then decanted and the aqueous layer was extracted twice with CH 2 Cl 2 . The combine organic layer was washed with water and evaporated. The crude product was purified by chromatography on silica gel by using petroleum ether / CH 2 Cl 2 (10%) as the eluent to give the title compound 89 (white solid, 246 mg, 81%). The solvent was removed in vacuo and The crude product was purified by chromatography on silicagel by using pet. ether / CH 2 Cl 2 (1%) as eluent to give the title compound 91 (yellow solid, 76.50 mg, 65%). Mp >400 °C;1 H NMR (400 MHz, CD 2 Cl 2 ): δ 9.09 (d, 2H, J = 8.4 Hz), 8.99 (s, 2H), 8.90-8.88 (m, 4H), 8.73 (d, 2H, J = 8.8 Hz), 8.57 (d, 2H, J = 8.8 Hz), 8.31 (s, 2H), 8.13 (s, 2H), 7.87 (d, (801.57 mg, 3.85 mmol) and Na 2 CO 3 (1.85 g, 17.5 mmol) were dissolved in toluene(30 mL), water (10 mL) and ethanol (5 mL). The solution was degassed three times, Pd(PPh 3 ) 4 (202.02 mg, 0.175 mmol) was added under an Ar stream and the mixture was degassed three times again. The solution was heated at 90 °C for 48h. The organic layer was then decanted and the aqueous layer was extracted 2 times with CH 2 Cl 2 . The combine organic layer was washed with water and evaporated. The crude product was purified by chromatography on silicagel by using pet. ether / CH 2 Cl 2 (15%) as eluent to give the title compound 92 (white solid, 713 mg, 90%). Mp 102-103 °C;1 H NMR (400 MHz, CD 2 Cl 2 ): δ 7.58-7.55 (m, 2H), 7.45 (t, 1H, J = 2.6 Hz), 7.43 (t, 1H, J = 2.4 Hz), 7.41 (s, 1H), 7.40 (s, 1H), 7.36 (d, 1H, J = 2.8 Hz), 7.34-7.32 (m, 2H), 7.30 (d, 1H, J = 2.8 Hz), 7.00 (d, 1H, J = 8.0 Hz), 6.99 (d, 1H, J = 8.8 Hz), ), 3.72 (s, 3H), 3.68 (s, 3H), 1.32 (s, 18H); 1 H NMR (400 MHz, CDCl 3 ): δ 7.66-7.63 (m, 2H), 7.47 (s, 2H), 7.44 (d, 1H, J = 2.8 Hz), 7.42 (d, 1H, J = 2.4 Hz), 7.40 (d, 1H, J = 2.4 Hz), 7.36-7.33 (m, 3H), 6.99 (d, 2H, J = 8.4 Hz), ), 3.72 (s, 3H), 3.71 (s, 3H), 1.34 (s, 18H). 13 C NMR (100 MHz, CD 2 Cl 2 ): δ 155.1, 143.4, 143.3, 137.2, 137.1, 132.1, 129.3, 129.1, 128.8, 128.8, 126.9, 126.7, 126.6, 125.6, 125.5, 125.4, 125.3, 110.4, 110.3, 55.5, 34.1, 31.4. ESI HRMS calcd (M+) 452.27, found 452.20. Compound 92 (1.0 g, 2.21 mmol) was dissolved in 50 mL of dry CH 2 Cl 2 under N 2 and brought to -20 °C. BBr 3 (1 M in CH 2 Cl 2 , 2.7 equiv, 5.96 mmol, 5.96 mL) was added dropwise with stirring and the reaction mixture stirred overnight, warming to room temperature. The

	). Mp 105-106 °C; 1 H NMR (400 MHz, CD 2 Cl 2 ): δ 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, 3H), 7.24(s, 1H), 7.20 (s, 1H), 7.16-7.08 (m, 4H), 1.34 (s, 18H), 1.19 (s, 9H), 0.98 (s, 6H), 0.94-0.78 (m, 6H). 13 C NMR (100 MHz, CD 2 Cl 2 ): δ 153.5, 149.5, 149.2, 148.9, 145.9, 145.8, 141.1, 139.4, 139.3, 138.7, 138.4, 134.5, 134.4, 134.2, 133.1, 133.0, 132.6, 132.5, 130.7, 130.6, 129.8, 129.6, 129.0, 128.9, 128.8, 128.1, 127.2, 127.1, 126.6, 126.4, 125.9, 125.3, 124.8, 124.7, 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-HRMS calcd (M+) 649.43314, found 649.43444. Compound 89 B O O Mp 319-320 °C; 1 H NMR (400 MHz, CD 2 Cl 2 ): δ 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 °C; 1 H NMR (400 MHz, CD 2 Cl 2 ): δ 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, 2H, J = 8.0 Hz), 7.42-7.38 (m, 2H), 7.36-7.32 (m, 2H), 7.30-7.25 (m, 3H), 7.10 (d, 2H, J = 8.8 Hz), 7.05 (d, 2H, J = 8.8 Hz), 1.36 (s, 9H), 1.35 (s, 9H), 1.18 (s, 9H); 13 C NMR (100 MHz, CD 2 Cl 2 ): δ 151.3, 149.8, 149.2, 140.4, 139.8, 139.7, 138.8, 138.6, 138.3, 132.8, 131.7, 130.2, 129.1, 128.8, 127.9, 127.7, 127.4, 127.3, 126.8, 126.2, 125.6, 124.9, 124.7, 124.2, 34.7, 34.5, 34.2, 31.2, 31.0. ESI HRMS calcd (M+) 524.34, found 524.30. Compound 91 To the compound 4,4'-(4,4'-di-tert-butylbiphenyl-2,2'-diyl)bis(1-(4,4'-di-tert-butylbiphenyl-2-yl)naphthalene) 89 (121 mg, 0.115 mmol) were dissolved in 40 mL of unstabilized dichloromethane and degassed with an argon stream for 15 minutes. Then a solution of 374 36H). 13 C NMR (100 MHz, CD 2 Cl 2 ): δ 149.2, 147.6, 146.3, 131.7, 131.2, 130.7, 130.2, 129.4, 129.2, 128.5, 128.0, 127.9, 127.3, 127.2, 127.1, 127.0, 126.6, 126.5, 126.1, 125.9, 125.7, 125.2, 125.0, 124.8, 124.6, 123.3, 123.1, 35.1, 34.9, 34.6, 31.3, 31.0, 30.8. FD-HRMS Calcd (M+) 1038.61035, found 1038.61579. 1,4-bis(5-tert-butyl-2-methoxyphenyl)naphthalene (92) 1,4-dibromonaphthalene 81 (500 mg, 1.75 mmol), 2-(5-tert-butyl-2-methoxyphenyl boronic acid 34 O O mg FeCl 2H, J = 8.0 Hz), 7.74-7.70 (m, 4H), 7.65 (dd, 2H, J = 1.2, 8.8 Hz), 1.54 (s, 18H), 1.17 (s, HO OH

3 

(2.31 mmol) in 5 mL nitromethane was added dropwise while continuously degassing with an argon stream. After 1 h the reaction was stopped by adding 100 mL of ethanol. Then the organic phase was extracted with water two times and dried with anhydrous sodium sulfate.

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

  mixtures of petroleum ether and CH 2 Cl 2 as eluent to give the title compound 95 (white solid, 825mg, 80%). Mp 93-94 °C; 1 H NMR (400 MHz, CD 2 Cl 2 ): δ 7.72 (d, 2H, J = 7.2 Hz), 7.65-7.62 (m, 2H), 7.45-7.43 (m, 4H), 7.31-7.28 (m, 4H), 1.34 (s, 18H), 0.97 (s, 12H), 0.84 (s, 12H). 13 C NMR (100 MHz, CD 2 Cl 2 ): δ 153.3, 146.2, 141.1, 134.3, 132.9, 127.5, 126.4, 126.1, 125.1, 123.4, 83.2, 34.7, 31.0, 24.9, 24.2, 24.1. FD-HRMS calcd (M+) 642.42808, found 642.42644.To the compound 4-tert-butyl-2-(4-(4,4'-di-tert-butyl-2'-(4-(4,4'-di-tert-butylbiphenyl-2yl)naphthalen-1-yl) biphenyl-2-yl)naphthalen-1-yl)phenol 109 (440 mg, 0.47 mmol) dissolved in 20 mL of anhydrous CH 2 Cl 2 were added 0.5 mL of pyridine and the solution was cooled to 0°C. Trifluoromethanesulfonic anhydride (0.12 mL, 0.714 mmol) was added drop wise and the mixture was warmed to room temperature and stirred overnight. The solvent was removed under vacuum. The crude product was purified by chromatography on silica gel by using petroleum ether / CH 2 Cl 2 (15%) as the eluent to give the title compound 96 (white solid, 478 mg, 96%). Mp 160-161 °C; 1 H NMR (400 MHz, CD 2 Cl 2 ): δ 7.66-6.71(br, 28H), 1.45-1.01 (m, 45H);19 F NMR (400 MHz, CD 2 Cl 2 ): δ -74.58; FD-HRMS Calcd (M+) 1062.52325, found 1062.52773.

	Compound 96			
	OTf		TfO	
	B	O	O	B
	O			O

  ). Mp 95-96 °C; 1 H NMR (400 MHz, CD 2 Cl 2 ): δ 8.26 (d, 1H, J = 8.4 Hz), 7.81 (d, 1H, J = 7.2 Hz), 7.59-7.53 (m, 2H), 7.45-7.40 (m, 2H), 7.24 (s, 1H), 8.23 (d, 1H, J = 8.0 Hz), 6.97 (d, 1H, Hz), 3.64 (s, 3H), 1.30 (s, 9H). 13 C NMR (100 MHz, CD 2 Cl 2 ): δ 154.9, 143.6, 138.0, 137.8, 129.5, 128.9, 127.8, 127.2, 126.5, 126.0, 121.9, 113.3, 110.6, 55.5, 34.1, 31.4. FD-HRMS Calcd (M+) 368.07758, found 368.07656. -tert-butyl-2-methoxyphenyl)naphthalene 98 (1.0 g, 2.71 mmol) was dissolved in 50 mL of dry CH 2 Cl 2 under N 2 and brought to -20 °C. BBr 3 (1 M in CH 2 Cl 2 , 1.5 equiv, 4.06 mmol, 4.06 mL) was added dropwise with stirring and the reaction mixture stirred overnight, warming to room temperature. The reaction mixture was then poured into ice water, organic layer was then decanted and the aqueous layer was extracted 2 times with CH 2 Cl 2 . The combine organic layer was washed with water and dried over anhydrous Na 2 SO 4 . The solvent was removed under vacuum, yielding 99 (950.0 mg, 99%) as a brownred solid, which was judged pure enough by TLC to be used in subsequent steps without further purification. Mp 89-90 °C; 1 H NMR (400 MHz, CD 2 Cl 2 ): δ 8.31 (d, 1H, J = 8.0 Hz), 7.87 (d, 1H, J = 7.2 Hz), 7.64 (s, 1H), 7.63-7.61 (m, 1H), 7.51-7.48 (m, 1H), 7.37 (dd, 1H, J = 2.4, 8.4 Hz), 7.32 (d, 1H, J = 7.6 Hz), 7.22 (d, 1H, J = 2.4 Hz), 6.93 (d, 1H, J = 8.0 Hz), 4.64 (s, 1H), 1.30 (s, 9H). 13 C NMR (100 MHz, CD 2 Cl 2 ): δ 150.8, 143.5, 135.4, 133.2, 132.3, 129.9, 128.5, 128.1, 127.7, 127.5, 127.4, 126.7, 126.5, 125.0, 123.1, 115.1, 34.1, 31.3. FD-HRMS Calcd (M+) 354.06193, found 354.06186. Compound 2-(4-bromonaphthalen-1-yl)-4-tert-butylphenol 99 (1.0 g, 2.82 mmol), 5-tertbutyl-2-methoxyphenylboronic acid (702.6 mg, 3.38 mmol) and Na 2 CO 3 (1.2 g, 11.26 mmol)

	J = 8.8 2-(4-bromonaphthalen-1-yl)-4-tert-butylphenol (99)	
	1-bromo-4-(5Compound 100	TfO
	Br	
	O	

Table 4 .

 4 ). Mp 97-98 °C;1 H NMR (400 MHz, CD 2 Cl 2 ): δ 7.68-7.62 (m, 2H), 7.51 (dd, 1H, J = 2.0, 7.2 Hz), 7.48-7.44 (m, 2H), 7.42-7.37 (m, 3H), 7.34 (dd, 1H, J = 2.4, 9.2 Hz), 7.29 (dd, 1H, J = 2.4, 9.0 Hz), 7.00(d, 1H, J = 9.0 Hz),6.96 (dd, 1H, J = 4.0, 8.0 Hz), 4.92 (s, 0.4H), 4.88 (s, 6H), 3.69 (s, 3H), 1.32 (s, 18H).13 C NMR (100 MHz, CD 2 Cl 2 ): δ 155.0, 151.0, 143.4, 138.3, 134.4, 134.2, 132.7, 131.9, 129.1, 129.0, 128.4, 127.7, 127.3, 127.1, 126.4, 126.3, 126.2, 126.0, 125.9, 125.8, 115.0, 114.9, 110.5, 55.6, 34.1, 34.0, 31.4, 31.3. FD-HRMS Calcd (M+) 438.25588, found 438.25491. To the compound 4-tert-butyl-2-(4-(5-tert-butyl-2-methoxyphenyl)naphthalen-1-yl)phenol 100 (12.70 g, 28.96 mmol) dissolved in 100 mL of anhydrous CH 2 Cl 2 were added 23.40 mL of pyridine and the solution was cooled to 0°C. Trifluoromethanesulfonic anhydride (9.80 mL, 57.93 mmol) was added drop wise and the mixture was warmed to room temperature and stirred overnight. The solvent was removed under vacuum. The crude product was purified by chromatography on silica gel by using petroleum ether / CH 2 Cl 2 (40%) as eluent to give the title compound 101 (white solid, 15.0 g, 91%). Mp 75-76 °C; 1 H NMR (400 MHz, CD 2 Cl 2 ): δ 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, 1H, J = 2.8, 8.4 Hz), 7.00 (d, 1H, J = 8.4 Hz), 3.68 (s, 2Hz ), 3.64 (s, 1Hz ), 1.37 (s, 9Hz ), 1.34 (s, 5Hz ),1.33 (s, 4Hz); 19 F NMR (400 MHz, CD 2 Cl 2 ): δ -74.70; 13 C NMR (100 MHz, CD 2 Cl 2 ): δ 155.3, 155.0, 151.8, 145.5, 143.5, 143.4, 138.7, 133.5, 133.0, 133.0, 132.5, 132.4, 130.7, 130.4, 129.1, 128.9, 128.8, 128.6, 127.8, 127.7, 126.9, 126.6, 126.0, 125.9, 125.6, 121.2, 121.0, 111.1, 110.5, 55.8, 55.5, 34.8, 34.1, 31.4, 31.1; FD-HRMS Calcd (M+) 570.20516, found 570.20274. Compound4-tert-butyl-2-(4-(5-tert-butyl-2-methoxyphenyl)naphthalen-1-yl)phenyl trifleoromethane sulfonate 101 (3.0 g, 5.26 mmol), dppf (291.44 mg, 0.53 mmol), bis(pinacolato)diboron (2.67 g, 10.51 mmol), potassium acetate (3.1 g, 31.54 mmol) and Pd(dppf)Cl 2 ,CH 2 Cl 2 (429.30 mg, 0.53 mmol) were dissolved in dry dioxane(20 mL). The mixture was heated at reflux and stirred under Ar overnight. After the solution was cooled down at room temperature, 20 mL of water and 20 mL of CH 2 Cl 2 were added. The organic layer was then decanted and the aqueous layer was extracted 3 times with CH 2 Cl 2 . After drying (Na 2 SO 4 ) the solvent was evaporated and the residue was purified by column chromatography on silica gel using petroleum ether or mixtures of petroleum ether and CH 2 Cl 2 as eluent to give the title compound 102 (white solid, 2.0 g, 71%). Mp 115-116 °C; 1 H NMR (400 MHz, CD 2 Cl 2 ): δ 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, 2H), 7.35-7.27 (m, 3H), 7.0 (dd, 1H, J = 2.0, 8.4 Hz), 3.71-3.65 (m, 3H), 1.36 (s, 9H), 1.33-1.32 (m, 9H), 0.97-0.96 (m, 6H), 0.82-0.78 (m, 6H). 13 C NMR (100 MHz, CD 2 Cl 2 ): δ 155.2, 155.1, 153.5, 153.4, 146.1, 146.0, 143.3, 143.2, 141.4, 136.8, 136.7, 134.3, 134.1, 132.9, 132.8, 132.2, 132.1, 129.3, 129.1, 127.4, 127.2, 126.7, 126.6, 126.5, 126.4, 126.3, 126.1, 125.5, 125.4, 125.3, 125.2, 125.1, 125.0, 123.5, 83.1, 55.6, 55.5, 34.8, 34.1, 31.4, 31.3, 31.1, 24.2, 24.1, 24.0, 23.9. ESI HRMS calcd (M+) 548.35, found 548.30.Compound 94 (1.5 g, 2.18 mmol), boronicester 102 (3.30 g, 6.0 mmol) and K 3 PO 4 (2.78 g, 13.10 mmol) were dissolved in a mixture of THF (15 mL) and water (3 mL). The solution was degassed, Pd(OAc) 2 (48.90 mg, 0.218 mmol) and 2-dicyclohexylphosphino-2',6'dimethoxybiphenyl SPhos (107.29 mg, 0.26 mmol) were added under an Ar stream and the mixture was degassed again. The solution was heated at 70°C for 96h. The organic layer was then decanted and the aqueous layer was extracted twice with CH 2 Cl 2 . The combine organic layer was washed with water and evaporated. The crude product was purified by chromatography on silica gel by using petroleum ether / CH 2 Cl 2 (40%) as eluent to give the title compound 103 (white solid, 2.0 g, 75%). Mp 215-216 °C; 1 H NMR (400 MHz, CD 2 Cl 2 ): δ 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 Calcd (M+) 1232.74209, found 1232.74103. Compound 103 (2.2 g, 1.79 mmol) was dissolved in 50 mL of dry CH 2 Cl 2 under N 2 and brought to -20 °C. BBr 3 (1 M in CH 2 Cl 2 , 2.5 equiv, 4.47 mmol, 4.47 mL) was added dropwise with stirring and the reaction mixture stirred overnight, warming to room temperature. The reaction mixture was then poured into ice water, organic layer was then decanted and the Crystallographic data of 28 • 3CH 2 Cl 2 and 28 • C 4 H 8 O 2 • 2H 2 O at 120 K. 28 • 3CH 2 Cl 2 28 • C 4 H 8 O 2 • 2H 2 O

	Br
	OH

Table 11 .

 11 Crystallographic data of 33 at 120K.

	Empirical formula		C84 H78 F18 O18 S6
	Formula weight		1909.82
	Crystal system		Monoclinic
	Space group		P21/c
	Wavelength, Å		0.71073
	a, Å		15.630(5)
	b, Å		18.879(6)
	c, Å		32.000(9)
	α, °		90
	β, °		106.211(16)
	γ, °			90
	V, Å 3		9067(5)
	Z				4
	ρ calcd , Mg/m 3		1.399
	Μ, 1/mm		0.252
	Reflections collected	140976
	Independent reflections	7158
	R 1	a			0.1342
	wR 2	a		0.3681
	GoF a		1.676
	a R 1 = Σ||F 0 | -|F C ||/Σ|F 0 | and b wR 2 = [Σw(F 0	2 -F C	2 ) 2 /Σw(F o	2 ) 2 ] 1/2

Table 5 .

 5 Crystallographic data of 60 • C 6 H 14 O at 120K. Σ||F 0 | -|F C ||/Σ|F 0 | and b wR 2 = [Σw(F 0 2 -F C 2 ) 2 /Σw(F o 2 ) 2 ] 1/2

	Formula	C 78 H 58 , C 6 H 14 O
	FW (g•mol -1 )	1097.42
	Crystal color	yellow
	Crystal size (mm)	0.16 x 0.09 x 0.07
	Crystal system	triclinic
	Space group	P-1
	Temperature	120 K
	a (Å)	11.102(3)
	b (Å)	13.823(3)
	c (Å)	21.704(6)
	α (º)	78.067(9)
	β (º)	83.121(9)
	γ (º)	69.937(8)
	V (Å 3 )	3056.8(13)
	Z	2
	d calc	1.192
	µ (mm -1 )	0.068
	Absorp. correction	SADABS
	θ min -θ max	1.59° -25.52°
	Refl. coll. / unique	59514 / 11221
	Completeness to 2θ	0.983
	R int	0.0619
	Refined param./restr.	841 / 1
	a R 1 (I > 2σ(I))	0.0636
	b wR 2 (all data)	0.1993
	Goodness of fit	1.075

a R 1 =

Table 12 .

 12 Crystallographic data of 63a at 120K.

	Empirical formula	C67 H57 Cl O2
	Formula weight	929.58
	Crystal system	Monoclinic
	Space group	P21/c
	Wavelength, Å	0.71073
	a, Å	15.9372(13)
	b, Å	15.5116(12)
	c, Å	25.1760(19)
	α, °	90
	β, °	126.374(3)
	γ, °	90
	V, Å 3	5011.2(7)

Table 6 .

 6 Crystallographic data of 68 at 120K. Formula (C 63 H 72 Si 3 ) 4 , (CH 2 Cl 2 ) 2.5 Σ||F 0 | -|F C ||/Σ|F 0 | and b wR 2 = [Σw(F 0 2 -F C 2 ) 2 /Σw(F o 2 ) 2 ] 1/2

	FW (g•mol -1 )	3866.22
	Crystal color	yellow
	Crystal size (mm)	0.20 x 0.10 x 0.07
	Crystal system	triclinic
	Space group	P-1
	Temperature	120 K
	a (Å)	15.6315(37)
	b (Å)	15.9006(37)
	c (Å)	26.6120(63)
	α (º)	91.090(15)
	β (º)	105.275(15)
	γ (º)	111.548(14)
	V (Å 3 )	5885(2)
	Z	1
	d calc	1.091
	µ (mm -1 )	0.174
	Absorp. correction	SADABS
	θ min -θ max	0.80° -25.55°
	Refl. coll. / unique	79712 / 21230
	Completeness to 2θ	0.964
	R int	0.0940
	Refined param./restr.	1273 / 28
	a R 1 (I > 2σ(I))	0.0924
	b wR 2 (all data)	0.3041
	Goodness of fit	1.047

a R 1 =

Table 7 .

 7 Crystallographic data of 74 at 120K. Σ||F 0 | -|F C ||/Σ|F 0 | and b wR 2 = [Σw(F 0 2 -F C 2 ) 2 /Σw(F o 2 ) 2 ] 1/2

	Formula	C 38 H 32
	FW (g•mol -1 )	488.64
	Crystal color	colourless
	Crystal size (mm)	0.26 x 0.05 x 0.04
	Crystal system	monoclinic
	Space group	C2
	Temperature	120 K
	a (Å)	55.846(12)
	b (Å)	6.9266(14)
	c (Å)	44.338(10)
	α (º)	90
	β (º)	95.087(17)
	γ (º)	90
	V (Å 3 )	17083(6)
	Z	24
	d calc	1.140
	µ (mm -1 )	0.064
	Absorp. correction	SADABS
	θ min -θ max	1.13° -19.97°
	Refl. coll. / unique	85695 / 15455
	Completeness to 2θ	0.97
	R int	0.0808
	Refined param./restr.	2008 / 171
	a R 1 (I > 2σ(I))	0.1536
	b wR 2 (all data)	0.4437
	Goodness of fit	1.708

a R 1 =

Table 8 .

 8 Crystallographic data of 79-80 at 120K. Formula (C 50 H 35 Cl) 0.4 , (C 50 H 36 O 2 ) 0.6

	FW (g•mol -1 )			670.01
	Crystal color			orange
	Crystal size (mm)		0.19 x 0.09 x 0.06
	Crystal system			monoclinic
	Space group			P2 1 /c
	Temperature			120 K
	a (Å)			15.4016(5)
	b (Å)			8.3054(2)
	c (Å)			25.6869(7)
	α (º)			90
	β (º)			99.9220(10)
	γ (º)			90
	V (Å 3 )			3236.63(16)
	Z			4
	d calc			1.383
	µ (mm -1 )			0.112
	Absorp. correction		SADABS
	θ min -θ max			1.34° -25.39°
	Refl. coll. / unique		73668 / 5927
	Completeness to 2θ		0.996
	R int			0.0320
	Refined param./restr.		509 / 2
	a R 1 (I > 2σ(I))			0.0630
	b wR 2 (all data)			0.2124
	Goodness of fit			1.136
	a R 1 = Σ||F 0 | -|F C ||/Σ|F 0 | and b wR 2 = [Σw(F 0	2 -F C	2 ) 2 /Σw(F o	2 ) 2 ] 1/2

Table 10 .

 10 Crystallographic data of 83 at 100K.

	Empirical formula		C56 H64
	Formula weight		737.07
	Crystal system		Monoclinic
	Space group		P21/c
	Wavelength, Å		0.71073
	a, Å		28.914(3)
	b, Å		24.744(3)
	c, Å		12.3709(14)
	α, °		90
	β, °		94.195(6)
	γ, °			90
	V, Å 3		8827.1(18)
	Z				8
	ρ calcd , Mg/m 3		1.109
	Μ, 1/mm		0.062
	Reflections collected	217950
	Independent reflections	16221
	R 1	a			0.0923
	wR 2	a		0.2532
	GoF a		1.022
	a R 1 = Σ||F 0 | -|F C ||/Σ|F 0 | and b wR 2 = [Σw(F 0	2 -F C	2 ) 2 /Σw(F o	2 ) 2 ] 1/2

Table 9 .

 9 Crystallographic data of 91 at 120K.

	91 • CH 2 Cl 2
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The final step towards the flexible trimer precursor 110 is another double Suzuki crosscoupling reaction implying the bis-triflate trimer 105 and two equivalents of 4-tertbutylphenylboronic acid 9. Unfortunately, even with the very efficient Buchwald's catalytic system (Pd(OAc) 2 / SPhos / K 3 PO 4 / THF + H 2 O), the same problem than before occurred, the first coupling reaction working well but the second being much slower, letting the second triflate function being hydrogenated to give an inseparable mixture of the partially reacted triflate product 106 and the hydrogenated incomplete flexible trimer 107 (Figure 120).

Figure 120. Third attempt of synthesis of the trimer precursor 106.

Pd(OAc) 2 , SPhos, K 3 PO 4 in THF/H 2 O, 67°C, 48h(complex mixture).

Single Suzuki cross coupling reactions on highly hindered substrates having already work well (compound 89, Figure 106), we decided to modify again the global synthetic strategy for the formation of the flexible trimer precursor 110 by only performing single, therefore faster than double, coupling reactions. Nevertheless, such a stepwise strategy has a major drawback: the step sequence is logically much longer than before since the length of the oligomer has to be incremented one monomer by one monomer. 

Conclusion

The initial project of this PhD thesis was the controlled organic synthesis of well defined graphene nanoribbons, involving the graphitization of flexible polyaryl precursors by Scholl reaction as a last step. The first approach relied on the formation and rigidification of substituted poly-ortho-phenylene chains but some test reactions convinced us that this geometry was not adapted.

The project has then evolved and we focused on geometrically different flexible polyphenylene precursors, with alternating ortho-and para-connections. Nevertheless, when doing test reactions on small molecules, we discovered an unexpected and counter-intuitive regioselectivity of the Scholl reaction. In fact, twisted helicenic structures were obtained preferentially to the desired less crowded isomers, showing that the steric hindrance has a poor impact on this reaction. Attempts of protection were unsuccessful.

We then decided to take advantage of this serendipitous discovery to develop the synthesis of highly distorted poly-helicenic species. Hexabenzotriphenylene (HBTP) has first been obtain, following a very simple and efficient procedure, and its structure could even be determined by X-ray crystallography.

Hexabenzotriphenylene being seen as the 2 nd generation dendrimer of the triphenylene series, we then aimed at the formation of the 3 rd generation dendrimer, which is the hexaphenanthrotriphenylene (HPTP), an extremely distorted aromatic polycyclic compound including three [5]helicenic and three [7]helicenic parts. Unfortunately four different approaches, some of them implying many steps, were tried for the formation of flexible precursors but not any was successful. Nevertheless, one last strategy remains conceivable but it involves about 12 synthetic steps.

Willing to explore the Scholl reactivity and especially to check if higher order than [5]helicenes can be made by this reaction, we synthesized a family of C3-symmetrical flexible precursors by a versatile synthetic strategy based on the formation of a common tris-triflate precursor. Synthesis of [6]helicenes did not succeed since we observed unpredicted rearrangements leading to the formation of hexa [7] 

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

55 mmol) 5b and Na 2 CO 3 (2.70 g, 25.5 mmol) were dissolved in toluene (30 mL), water (10 mL) and ethanol (5 mL). The solution was degassed three times, Pd(PPh 3 ) 4 (295.53 mg, 0.256 mmol) was added under an Ar stream and the mixture was degassed three times again. The solution was heated at 90 °C for 24h. The organic layer was then decanted and the aqueous layer was extracted 2 times with CH 2 Cl 2 .

The combine organic layer was washed with water and evaporated. The crude product was purified by chromatography on silicagel by using pet. ether / CH 2 Cl 2 (4%) as the eluent to give the title compound 84 (white solid, 902 mg, 75%).

Br

Compound 86

1-( 

Compound 109

Compound 108 (450 mg, 0.476 mmol) was dissolved in 20 mL of dry CH 2 Cl 2 under N 2 and brought to -20 °C. BBr 3 (1 M in CH 2 Cl 2 , 1.5 equiv, 0.714 mmol, 0.72 mL) was added dropwise with stirring and the reaction mixture stirred overnight, warming to room temperature. The reaction mixture was then poured into ice water, organic layer was then decanted and the aqueous layer was extracted 2 times with CH 2 Cl 2 . The combine organic layer was washed with water and dried over anhydrous Na 2 SO 4 . The solvent was removed under vacuum, yielding 109 (420.80 mg, 95%) as a brown-red solid, which was judged pure enough by TLC to be used in subsequent steps without further purification. Mp 167-168 °C; 1 

Compound 110

Compound 96 (450 mg, 0.42 mmol), boronic ester 88 (358 mg, 0.55 mmol) and K 3 PO 4 (359 mg, 1.70 mmol) were dissolved in a mixture of THF (10 mL) and water (0.5 mL). The solution was degassed, Pd(OAc) 2 (9.50 mg, 0.042 mmol) and 2-dicyclohexylphosphino-2',6'dimethoxybiphenyl SPhos (20.80 mg, 0.051 mmol) were added under an Ar stream and the mixture was degassed again. The solution was heated at 70°C for 96h. The organic layer was then decanted and the aqueous layer was extracted twice with CH 2 Cl 2 . The combine organic layer was washed with water and evaporated. The crude product was purified by chromatography on silica gel by using petroleum ether / CH 2 Cl 2 (10%) as eluent to give the title compound 110 (white solid, 446 mg, 74%). Mp 260-261 °C; 1 H NMR (400 MHz, CD 2 Cl 2 ): δ 7.57-6.75(m, 44H), 1.44-0.94(m, 72H); FD-HRMS Calcd (M+) 1436.90770, found 1436.91285.

HO

Compound 111

Compound 110 (100 mg, 0.07 mmol) was dissolved in 50 mL of unstabilized dichloromethane and degassed with an Ar stream for 15 minutes. Then a solution of FeCl 3 (406.37 mg, 2.5 mmol) in 5 mL of nitromethane was added drop wise while continuously degassing with an Ar stream. After 1.5h the reaction was stopped by adding 100 mL of methanol. The organic phase was then washed twice with water and dried over anhydrous Na 2 SO 4 . The solvent was removed in vacuo and the crude product was purified by chromatography on silica gel by using petroleum ether / CH 2 Cl 2 (4%) as the eluent to give the title compound 111 (yellow solid, 39 mg, 40%). Mp >400 °C; 1 H NMR complex NMR spectra, FD-HRMS Calcd (M+) 1424.81, found 1424.70.

Compound 112

Compound 96 (200 mg, 0.19 mmol), boronic-ester 102 (206.30 mg, 0.37 mmol) and K 3 PO 4 (159.60 mg, 0.75 mmol) were dissolved in a mixture of THF (6 mL) and water (0.5 mL). The solution was degassed, Pd(OAc) 2 (4.22 mg, 0.019 mmol) and 2-dicyclohexylphosphino-2',6'dimethoxybiphenyl SPhos (9.3 mg, 0.023 mmol) were added under an Ar stream and the mixture was degassed again. The solution was heated at 70°C for 72h. The organic layer was then decanted and the aqueous layer was extracted twice with CH 2 Cl 2 . The combine organic layer was washed with water and evaporated. The crude product was purified by chromatography on silica gel by using petroleum ether / CH 2 Cl 2 (20%) as the eluent to give the title compound 112 (white solid, 164 mg, 65%). Mp 180-181 °C; 1 H NMR (400 MHz, CD 2 Cl 2 ): δ 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+) 1334.82, found 1334.80.

O

Compound 113

Compound 112 (250 mg, 0.19 mmol) was dissolved in 10 mL of dry CH 2 Cl 2 under N 2 and brought to -20 °C. BBr 3 (1 M in CH 2 Cl 2 , 2.0 equiv, 0.376 mmol, 0.38 mL) was added dropwise with stirring and the reaction mixture stirred overnight, warming to room temperature. The reaction mixture was then poured into ice water, organic layer was then decanted and the aqueous layer was extracted 2 times with CH 2 Cl 2 . The combine organic layer was washed with water and dried over anhydrous Na 2 SO 4 . The solvent was removed under vacuum, yielding 113 (220 mg, 90%) as a brown-red solid, which was judged pure enough by TLC to be used in subsequent steps without further purification. Mp 195-196 °C; 1 H NMR (400 MHz, CD 2 Cl 2 ): δ 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 calcd (M+) 1320.81, found 1320.80.

Compound 114

Compound 113 (248 mg, 0.19 mmol) dissolved in 10 mL of anhydrous CH 2 Cl 2 was added 0.3 mL of pyridine and the solution was cooled to 0°C. Trifluoromethanesulfonic anhydride (0.07 mL, 1.67 mmol) was added drop wise and the mixture was warmed to room temperature and stirred overnight. The solvent was removed under vacuum. The crude product was purified by chromatography on silica gel by using petroleum ether / CH 2 Cl 2 (15%) as the eluent to give the title compound 114 (white solid, 241 mg, 83%). Mp 170-171°C; 1 

HO

TfO

Compound 115

Compound 92 (354.10 mg, 0.33 mmol), dimer boronic ester 113 (520 mg, 0.50 mmol) and K 3 PO 4 (425 mg, 2.0 mmol) were dissolved in a mixture of THF (10 mL) and water (1 mL). The solution was degassed, Pd(OAc) 2 (7.45 mg, 0.033 mmol) and 2-dicyclohexylphosphino-2',6'-dimethoxybiphenyl SPhos (16.26 mg, 0.040 mmol) were added under an Ar stream and the mixture was degassed again. The solution was heated at 70°C for 120h. The organic layer was then decanted and the aqueous layer was extracted twice with CH 2 Cl 2 . The combine organic layer was washed with water and evaporated. The crude product was purified by chromatography on silica gel by using petroleum ether / CH 2 Cl 2 (10%) as eluent to give the title compound 112 (white solid, 510 mg, 82%). Mp 240-241 °C; 1 H NMR (400 MHz, CD 2 Cl 2 ): δ 7.87-6.24(m, 56H), 1.42-1.0 (m, 90H); ESI-HRMS Calcd (M+) 1827.14, found 1827.20 and ESI-HRMS Calcd (M+SiO 2 ) 1888.14, found 1888.10.

Compound 116

Compound 96 (400 mg, 0.38 mmol), dppf (20.8 mg, 0.038 mmol), bis(pinacolato)diboron (190.9 mg, 0.75 mmol), potassium acetate (221.4 mg, 2.26 mmol) and Pd(dppf)Cl 2 ,CH 2 Cl 2 (28.0 mg, 0.038 mmol) were dissolved in dry dioxane (10 mL). The mixture was heated at reflux and stirred under Ar 48 hours. After the solution was cooled down at room temperature, 20 mL of water and 20 mL of CH 2 Cl 2 were added. The organic layer was then decanted and the aqueous layer was extracted 3 times with CH 2 Cl 2 . After drying (Na 2 SO 4 ) the solvent was evaporated and the residue was purified by column chromatography on silica gel using petroleum ether or mixtures of petroleum ether and CH 2 Cl 2 as eluent to give the title compound 116 (white solid, 315 mg, 80%). 

Compound 117

Compound 115 (113 mg, 0.06 mmol) was dissolved in 50 mL of unstabilized dichloromethane and degassed with an Ar stream for 15 minutes. Then a solution of FeCl 3 (501.0 mg, 3.09 mmol) in 5 mL of nitromethane was added drop wise while continuously degassing with an Ar stream. After 2h the reaction was stopped by adding 100 mL of methanol. The organic phase was then washed twice with water and dried over anhydrous Na 2 SO 4 . The solvent was removed in vacuo and the crude product was purified by chromatography on silica gel by using petroleum ether / CH 2 Cl 2 (4%) as the eluent to give the title compound 117 (yellow solid, 30 mg, 30%). 1 H NMR (400 MHz, CD 2 Cl 2 ): 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-dibromopyrene 118 (994 mg, 2.76 mmol), 2-(4,4'-di-tert-butylbiphenyl-2-yl)-4,4,5,5tetramethyl-1,3,2-dioxaborolane 5b (2.28 g, 5.80 mmol) and Na 2 CO 3 (5.85 g, 55.20 mmol) were dissolved in toluene (48 mL), water (16 mL) and ethanol (8 mL). The solution was degassed three times, Pd(PPh 3 ) 4 (318.62 mg, 0.276 mmol) was added under an Ar stream and the mixture was degassed three times again. The solution was heated at 90 °C for 48h. The organic layer was then decanted and the aqueous layer was extracted 2 times with CH 2 Cl 2 . The combine organic layer was washed with water and evaporated. The crude product was purified by chromatography on silicagel by using pet. ether / CH 2 Cl 2 (8%) as eluent to give the title compound 119 (white solid, 1.75 g, 87%). 
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