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Over the last decade, particular attention has been brought to long unsubstituted acenes (longer than pentacene) from both experimental and theoretical points of view. [START_REF] Dorel | Strategies for the Synthesis of Higher Acenes[END_REF] The nature of their electronic structure such as gap stabilization [START_REF] Korytár | Signature of the Dirac cone in the properties of linear oligoacenes[END_REF][START_REF] Schmitteckert | Incommensurate quantum-size oscillations in acene-based molecular wires-Effects of quantum fluctuations[END_REF][START_REF] Krüger | Electronic Resonances and Gap Stabilization of Higher Acenes on a Gold Surface[END_REF] and open shell singlet ground state for longer acenes is still actively discussed. [START_REF] Plasser | The Multiradical Character of One-and Two-Dimensional Graphene Nanoribbons[END_REF][START_REF] Hachmann | The radical character of the acenes: A density matrix renormalization group study[END_REF][START_REF] Jiang | Electronic Ground State of Higher Acenes[END_REF][START_REF] Malrieu | Can a Topological Approach Predict Spin-Symmetry Breaking in Conjugated Hydrocarbons?[END_REF][START_REF] Yang | Nature of ground and electronic excited states of higher acenes[END_REF] Furthermore, longer acenes can be seen as the narrowest zig-zag graphene nanoribbons (ZGNR) and could display spin-polarized edge-states of interest for carbon-based spin electronics. [START_REF] Fujita | Peculiar Localized State at Zigzag Graphite Edge[END_REF][START_REF] Ruffieux | On-surface synthesis of graphene nanoribbons with zigzag edge topology[END_REF] However, acenes longer than pentacene are challenging to prepare and to handle. First, intermolecular - stacking between these planar and rigid molecules rapidly limits their solubility as their sizes increase. Second, acenes possess only one Clar aromatic sextet spread over the whole skeleton, leading to a decrease of the HOMO-LUMO gap with an increasing number of benzene rings, and therefore to an increase of the chemical reactivity. Although photooxidation with molecular oxygen can be avoided by working under argon, rapid dimerization in solution even at low concentration might become a problematic limitation.

Several strategies have been pursued to prepare long acenes, all relying on the same concept: masked stable and soluble precursors are prepared and purified by standard in-solution chemistry techniques and, in a final step, the masking groups are removed in the solid state or at low temperature in very dilute conditions on surfaces or in matrices. In particular Neckers, Bettinger and coworkers have explored the photogeneration, in stabilizing matrices, of hexacene, 12 heptacene [START_REF] Mondal | Photogeneration of Heptacene in a Polymer Matrix[END_REF][START_REF] Bettinger | Stable photoinduced charge separation in heptacene[END_REF][START_REF] Einholz | Heptacene: Characterization in Solution, in the Solid State, and in Films[END_REF][START_REF] Mondal | Stability, and Photochemistry of Pentacene, Hexacene, and Heptacene: A Matrix Isolation Study[END_REF] , octacene, nonacene [START_REF] Christina | Photogeneration of Octacene and Nonacene[END_REF] , and undecacene [START_REF] Shen | Evolution of the Optical Gap in the Acene Series: Undecacene[END_REF] by photodecarbonylation of precursors comprising two bridging -diketone groups, following Yamada's concept [START_REF] Yamada | Photochemical Synthesis of Pentacene and its Derivatives[END_REF] using the Strating-Zwanenburg 20 reaction. Long acenes can also be prepared by on-surface synthesis in Ultra High Vacuum (UHV) and observed at liquid helium temperature and their electronic structures mapped by Scanning Tunneling Spectroscopy (STS). Higher acenes up to undecacene have been obtained by deoxygenation of epoxides, [START_REF] Krüger | Electronic Resonances and Gap Stabilization of Higher Acenes on a Gold Surface[END_REF][START_REF] Krüger | Imaging the electronic structure of on-surface generated hexacene[END_REF][START_REF] Krüger | Decacene: On-Surface Generation[END_REF] dehydrogenation of partially saturated precursors, [START_REF] Zuzak | Nonacene Generated by On-Surface Dehydrogenation[END_REF][START_REF] Zuzak | Higher Acenes by On-Surface Dehydrogenation: From Heptacene to Undecacene[END_REF] or thermal or photo decarbonylation of diketone adducts. 25- 27 However, both types of generation, in stabilizing matrices or on surfaces in UHV only give minute amounts of materials and cannot be used for macroscopic amounts of materials needed for applications. Indeed, the preparation of acenes longer than pentacene in a pure state is very recent despite 70 years of claims, [START_REF] Sanjio | Heptacene and Beyond: The Longest Characterized Acenes[END_REF] and so far limited to hexacene and heptacene. In 2012, Chow and coworkers isolated hexacene by decarbonylation of a monoketone precursor in the solid state and its structure was determined by X-ray diffraction. [START_REF] Watanabe | The synthesis, crystal structure and charge-transport properties of hexacene[END_REF] They demonstrated that a field-effect transistor made with a single crystal of hexacene showed a hole mobility significantly higher than pentacene. In 2017, Bettinger et al. have reported the formation of heptacene in the solid state by thermal cycloreversion from a mixture of diheptacenes obtained in solution. [START_REF] Einholz | Heptacene: Characterization in Solution, in the Solid State, and in Films[END_REF] More recently, we have also obtained heptacene and benzohexacene by cheletropic decarbonylation at moderate temperature, confirming the thermal stability of these higher acenes. [START_REF] Jancarik | A Practical General Method for the Preparation of Long Acenes[END_REF] The preparation of even longer acenes in bulk form has been indeed an attracting challenge since Clar's prediction in 196 claiming that the synthesis of octacene (and beyond) was a remote target. [START_REF] Clar | Polycyclic Hydrocarbons[END_REF] And in a recent review, C. Tönshoff and H. F. Bettinger conclude that "It is not even clear if acenes larger than that of heptacene can exist outside the special environment provided by matrix isolation or on-surface synthesis". [START_REF] Tönshoff | Pushing the Limits of Acene Chemistry: The Recent Surge of Large Acenes[END_REF] To answer this question, we present here the synthesis of nonacene 1 and demonstrate its surprising stability. 

Results and discussion

As nonacene was expected to be highly insoluble and reactive, our strategy is based on pure soluble and chemically stable masked nonacene, that could be deprotected quantitatively by heating at medium temperatures in the solid state. In previous contributions, we have shown [START_REF] Jancarik | A Practical General Method for the Preparation of Long Acenes[END_REF][START_REF] Holec | A Large Starphene Comprising Pentacene Branches[END_REF] that 7,7-dimethoxy-2,3,5,6-tetramethylenebicyclo[2.2.1]-heptane (further in the text as tetraene) (scheme 1), which can be prepared at the tens of grams scale, 35 can undergo successive Diels-Alder reaction with arynes to provide non-planar, soluble, and not fully delocalized acene precursors. In these compounds, one of the benzene rings is bridged by a dimethyl ketal group.

Scheme 1. Schematic strategy of the preparation of various acenes starting from 7,7-dimethoxy-2,3,5,6tetramethylenebicyclo[2.2.1]-heptane. Diels-Alder addition (a) with arynes, followed by aromatization gives a non-planar bridging dimethylketal, which can be deprotected (b) to yield a polyaromatic precursor bridged by a carbonyl group. (c) Solid state thermal or photochemical decarbonylation gives the acene with only carbon monoxide as by-product.

Cleavage of this ketal yields the corresponding polyaromatic acene precursors comprising norbornadiene-7-one moieties, mentioned simply as ketone precursors in this report. These compounds are at least partially soluble, chemically stable and can be purified by standard insolution techniques such as chromatography or recrystallization. They are stable enough to be stored in the dark for long period of time. The final step is a thermal or photochemical cheletropic decarbonylation in the solid state yielding the corresponding acenes in quantitative yields without any non-volatile by-products. It has been shown that this method of decarbonylation was very effective to prepare sensitive high quality materials, such as pentacene and hexacene, [START_REF] Watanabe | Acenes Generated from Precursors and Their Semiconducting Properties[END_REF] for opto-electronic devices.

Our exploration of nonacene 1 commenced with the synthesis of such a carbonylated precursor 7a/7b which can be easily transformed in the solid-state form to the nonacene by simple heating.

The synthesis of the precursors 7a/7b leading to nonacene 1 follows the route shown in scheme 2 with four synthetic steps starting from the diene 2, which can be prepared in two steps from the tetraene shown in scheme 1 above. 34 The key reaction of the synthetic sequence is the double Diels-Alder reaction of the diene 2 and the in situ generated bis(aryne) obtained by fluoride-induced decomposition of 2,5bis(trimethylsilyl)-1,4-phenylene bis(trifluoromethanesulfonate) 3. [START_REF] Yoshida | The Renaissance and Bright Future of Synthetic Aryne Chemistry[END_REF][START_REF] Pe˜na | Bottom-up Approaches to Nanographenes through Organic Synthesis[END_REF][START_REF] Rodríguez-Lojo | Straightforward Synthesis of Novel Acene-Based Aryne Precursors[END_REF] Alternatively, the Diels-Alder reaction can be carried out from the aryne precursor 4 (synthesized from the same tetraene in three steps in 33% yield), with the diene 2. The formed mixture of these two isomers syn and anti 5a/5b can be easily separated on silica gel. As expected the NMR spectra of the two isomers are almost identical and owing to their symmetry and to the distance between the ketal groups, it is not possible to assign their structures by proton and carbon NMR spectroscopy. Fortunately, slow evaporation of a solution of the isomer 5b in a mixture of solvents (hexane/EtOAc) provided suitable crystals for X-ray analysis (Fig. 1).

Fig. 1. Ortep representation of isomer 5b

It shows that the two naphthalene ends of the anti-isomer 5b are perfectly parallel to each other and the angle between naphthalene and anthracene units is 105.5°.

Surprisingly, these products 5a and 5b were formed in the ratio 1:2 in favour of synisomer 5a. Indeed, considering the distance between the reactive sites, a statistical ratio 1:1 was initially expected. In order to investigate the stereoselectivity of the Diels-Alder reactions between the diene 2 and the benzyne compounds in acetonitrile, their transition states (TS) were determined by using density functional theory (DFT). 40 By using Gaussian 16, Revision C.01, 40 the geometries of TS were optimized with QST3 method at the B3LYP/6-31+G(d,p) level of theory with the polarizable continuum model (PCM) to include solvent effects (acetonitrile). Subsequently, single point energy calculations of TS were calculated at the M06-2X/6-31+G(d,p) level of theory with PCM (acetonitrile). [START_REF] Pieniazek | Sources of Error in DFT Computations of C C Bond Formation Thermochemistries: π→σ Transformations and Error Cancellation by DFT Methods[END_REF] Based on the activation energy determined by the calculations, anti/syn ratio was estimated to 1/1.64, which is consistent with the observed stereoselectivity in the experiment (anti/syn = 1/2) (See supporting information for details).

The isomers 5a and 5b underwent smooth aromatization by DDQ at room temperature in almost quantitative yield. Then, the two dimethylketal groups of 6a/6b were cleaved by trimethylsilyl iodide, which afforded the corresponding carbonyl isomers 7a and 7b in 94% and 95% yield, respectively. The anti-isomer 7b is less soluble in many organic solvents than its counterpart 7a, likely due to the ability to pack in quasi one-dimensional chains with efficient π-π stacking, which is not the case for U-shape isomer 7a. Both isomers are colourless chemically stable compounds.

Decarbonylation of 7a/7b in the solid state can be followed by thermal gravimetric analysis (TGA) as shown in Fig. 2. A weight loss of 11.9% for syn-isomer and 13.0% for anti-isomer (calcd 10.5%) correspond to the loss of two carbonyl groups per molecule. The full decarbonylation occurred below 190°C in a one step process for both isomers. However, in the case of syn-isomer 7a, the TGA thermogram consists of a gradual weight loss starting at about 60°C. This can be explained by a lower thermal stability compared to the anti-isomer (starting around 180°C). The decarbonylation is accompanied by a colour change from white to anthracite and the formation of nonacene. Under these conditions, nonacene is surprisingly thermally stable up to almost 500°C. The formation of nonacene 1 by loss of two carbonyl groups is also evident during the high-resolution ESI MS measurement of 7a/7b in which only a peak at m/z 478.1731 from 7a or 478.1727 from 7b corresponding to the formula C38H22 (calcd m/z: 478.1722) was recorded.

The decarbonylation process was also followed by FTIR experiments (Fig. 3), where the stretching vibration of carbonyl peak at 1780 cm -1 disappear after heating the carbonyl precursor in KBr pellet.

Fig. 3. FTIR spectra (KBr pellets) of the carbonylated precursors 7b (in blue) with a strong CO peak at 1781 cm -1 and of the resulting nonacene 1 (in red) after 1 min. heating at 350°C in glovebox.

This transformation has been also followed by solid state cross-polarization magic angle spinning (CP-MAS) NMR spectroscopy. The spectrum of the precursor 7a shows (Fig. 4) three groups of signals, one at 57 ppm (bridgehead sp 3 carbons), a complex peak at 120-137 ppm (aromatic carbons) and the carbonyl carbons at 193 and 198 ppm. Despite the symmetry of the molecule, the different environments in the solid state of the two carbonyl groups is a cause of these two signals. After heating the sample for 20 minutes at 200°C under inert atmosphere, the carbonyl signals disappear and aromatic region get narrower (Fig. 4). However, a smaller and broader sp 3 signal at 54 ppm remains. We attribute this peak to partial dimerization/polymerization by of the decarbonylated compound. Upon heating at higher temperatures, this peak decreases whereas the peak attributed to the aromatic carbons gets narrower with a decrease of the shoulder at 137 ppm. The evolution of the CPMAS spectrum of the isomer 7b is very similar (see SI). This behaviour is very reminiscent to that of heptacene. [START_REF] Einholz | Heptacene: Characterization in Solution, in the Solid State, and in Films[END_REF] The latter molecule dimerizes in solution during its preparation, but cycloreversion to heptacene of the two dimers has been observed by heating for 12 min at 300°C in the solid state. However, after several weeks, some of the heptacene reacted back to the dimers.

Based on the TGA experiment, the formed nonacene is surprisingly stable almost up to 500°C, which allows to realize the extrusion of carbonyl groups at much higher temperature. In a new experiment we carried out the decarbonylation of the precursors 7a/7b at 350°C for 20 min (Fig. 6). Gratifyingly, the decarbonylation process was much cleaner with only a sharp doublet in aromatic region without any signs of dimerization. Keeping these samples in the NMR rotor at room temperature in a glove box for 2 months did not lead to any degradation or dimerization of nonacene 1 suggesting that the nonacene prepared under these conditions is stable. Alternatively, nonacene 1 can also be obtained by decarbonylation in a solvent at high temperature. For instance, the soluble precursor 7a was dissolved in chlorobenzene and the solution was thoroughly degassed. This solution was heated at 200°C for 10 minutes and the formation of a dark violet precipitate was observed. This suspension was drop-casted on an indium-tin oxide (ITO) glass slide without any matrix and dried. In a parallel experiment, the suspension was mixed with 2,5-dihydroxy benzoic acid as a matrix and then drop-casted on an ITO glass slide and dried. These ITO glass slides were introduced in a MALDI chamber, and the high-resolution mass spectra (HRMS) were recorded. Both spectra showed only the parent peak corresponding to the nonacene 1, and no trace of a dimer as was observed for heptacene. [START_REF] Einholz | Heptacene: Characterization in Solution, in the Solid State, and in Films[END_REF] These results suggest that, in contrast with heptacene, nonacene 1 is so highly insoluble that just after decarbonylation, immediate precipitation of the monomer prevents the dimerization in solution.

Summary and outlook

In summary, pure nonacene can be prepared by thermal bis-decarbonylation of precursors either in the solid state, or in high boiling point solvents. This long acene is surprisingly thermally stable up to 450°C and does not decompose at room temperature under dry argon. Our preparation procedure could as well be applied for the construction of substituted nonacenes and to even longer acenes, opening the way to OFETs and molecular spintronics applications.

Methods

Direct synthesis of 6a/6b. A well-dried Schlenk flask was charged with diene 2 (200 mg, 0.72 mmol) and CsF (480 mg, 3.16 mmol, 4.0 equiv.) under argon and then anhydrous acetonitrile (16 mL) was added. The heterogenous mixture was cooled to 0°C and then solution of aryne precursor bis(trimethylsilyl)-1,4-phenylene bis(trifluoromethanesulfonate) (298 mg, 0.58 mmol, 0.8 equiv.) in anhydrous THF (4 mL) was added dropwise. The reaction was allowed to warm to room temperature overnight. Progress of the reaction was controlled by TLC, eluent (hexane -EtOAc 3:2). Reaction time depending on a scale of the reaction (1-3 days). After the evaporation of the solvent, the residue was chromatographed on silica gel (hexane : acetone 3:1) to get the desired product as a mixture of two regioisomers as a colourless solid. This mixture (146 mg, 0.23 mmol) was dissolved in anhydrous toluene (15 mL) under argon. The solution was cooled to 0°C and then DDQ (53 mg, 0.231 mmol, 2 equiv.) was added in one portion. The reaction mixture was stirred at 0°C for 10 min. and then 6 hours at room temperature. The volume of the reaction mixture was reduced to a half and the mixture was filtered over a frita S4. The solid was washed with toluene and finally with methanol to get the first isomer 6b (40 mg) as a white solid. The mother liquor was evaporated and the residue was purified by chromatography on silica gel (hexane : acetone 3:1) to get the second isomer 6a (82 mg) as a white solid. The ratio of isomers is 1:2 and combined yield is 54 % after two synthetic steps. 6a: [START_REF] Dorel | Strategies for the Synthesis of Higher Acenes[END_REF] 

Synthesis of 7a:

In a well dried Schlenk flask, 6a (160 mg, 0.255 mmol) was dissolved in anhydrous dichloromethane (10 mL) under argon. Then trimethylsilyl iodide (109 μL, 0.766 mmol, 3 equiv.) was added dropwise and the homogeneous reaction mixture was stirred overnight at room temperature. Next day the heterogeneous reaction mixture was stirred on air at room temperature for 6 hours to complete the hydrolysis of formed iodo-methoxy intermediate. The product was collected by filtration over a glass frit filter S4, washed with mixture of solvents (hexane : dichloromethane, 4:1) to afford first portion of pure compound 7a as a white solid. The mother liquor was evaporated and the residue was purified by chromatography on silica gel (hexane : acetone 3:1) to get the second portion of the product as a white solid. The combined yield was (130 mg, 95%). [START_REF] Dorel | Strategies for the Synthesis of Higher Acenes[END_REF] H NMR (500 MHz, CD2Cl2): 4.99 (4H, s), 7.41 -7.44 (4H, m), 7.78 -7.81 (4H, m), 7.93 (4H, s), 8.04 (4H, s), 8.36 (2H, s). [START_REF] Mondal | Photogeneration of Heptacene in a Polymer Matrix[END_REF] C NMR (126 MHz, CD2Cl2): 57.55, 120.88, 121. 22, 126.57, 126.76, 128.34, 131.61, 133.31, 137.61, 137.93, 194.46 

Fig. 1 .

 1 Fig. 1. Molecular structure of nonacene 1.

Scheme 2 .

 2 Scheme 2. Synthesis of nonacene 1: a) CsF, acetonitrile/THF (4:1), room temperature, 16 h., 62 % (anti : syn 1:2); b) CsF, acetonitrile/THF (5:1), room temperature, 16 h., 98 % (anti : syn 1:2); c) DDQ, toluene, room temperature, 4 h. 94 %; d) TMSI, room temperature, 24 h., 94% for 7a and 48 h., 95% for 7b; e) neat 350 °C, 20 min., quant.

Fig. 2 .

 2 Fig. 2. TGA thermograms of 7a/7bshowing the weight loss of two CO groups (ca 12 and 13%; calcd. 10.5 %).

Fig. 4 :

 4 Fig. 4 : Evolution of the CPMAS 13 C NMR spectra of 7a (left) in function of the temperature.

Fig. 6 .

 6 Fig. 6. Evolution of the CPMAS spectra of 7a/7b by decarbonylation at 350°C for 20 min to form the nonacene 1.

  ppm. CP MAS: 56.99 (bridgehead), 120.20-137.12 (aromatic), 193.26 and 197.73 (C=O) ppm. DCI MS: 478 ([M -2 x CO] + ). HR DCI MS: calcd for C38H22 478.1722 (M -2xCO); found 478.1727.Synthesis of 7b:In a well dried Schlenk flask, 6b (25 mg, 39.89 μmol) was suspended in anhydrous dichloromethane (4 mL) under argon. Then trimethylsilyl iodide (23 μL, 159.6 μmol, 4 equiv.) was added dropwise and the heterogenous reaction mixture was stirred overnight at room temperature. Next day the heterogeneous reaction mixture was stirred on air at room temperature for 6 hours to complete the hydrolysis of formed iodo-methoxy intermediate. The product was collected by filtration over a glass frit filter S4, washed with mixture of solvents (dichloromethane : acetone, 4:1) to afford pure compound 7b(20 mg, 94 %) as a white solid. CP MAS: 55.83 (bridgehead), 119.23-136.01 (aromatic), 195.55 (C=O) ppm. DCI MS: 478 ([M -2 x CO] + ). HR DCI MS: calcd for C38H22 478.1722 (M -2xCO); found 478.1731. Preparation of Nonacene 1 Nonacene was obtained by heating 7a or 7b in the solid state at 350°C under vacuum for 15 min or as a suspension by heating a purged solution of 7a in chlorobenzene 10 min. at 200°C CP MAS: 125.5 -128.8 ppm
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