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Introduction

In 1912, the famous Italian chemist Giacomo Ciamician (1857 -1922) published his vision on a sustainable nonpolluting, a clean chemical industry in which chemical transformations are mainly carried out with light as it is done by green plants. 1 Four years before, he exposed even more precise ideas on sustainable chemistry. In a lecture before the French Chemical Society, he stated:

Mais, outre les ferments, il y a un autre agent qui est de la plus grande importance, pour les plantes du moins, et dont l'influence sur les processus organiques mérite une étude profonde : c'est la lumière. 2 In this way, he established a link between enzymatic (catalytic) and photochemical reactions. This event is considered as the beginning of green chemistry. 3 Almost in the same time Emanuele Paternò also recognized the interest of reactions induced by light absorption for organic synthesis. [START_REF] Paternò | I nuovi orizzonti della sintesi in chimica organica[END_REF] The interest of photochemical reactions in connection with sustainable chemistry and organic synthesis has then been neglected for a long time. However, since about ten years in the academic research and since about three years in industrial research [START_REF] Bonfield | Photons as a 21st century reagent[END_REF] , we observe a bright renaissance of this research domain. Photocatalytic reactions with visible light play an important role in this development. [START_REF] Stephenson | Visible Light Photocatalysninois in Organic Chemistry[END_REF] Photochemical reactions of organic compounds are characterized by the fact that these compounds change their electronic configuration when they are excited by light absorption. [START_REF] Klán | Photochemistry of Organic Compounds[END_REF][START_REF] Turro | Photochemical Reactions as a Tool in Organic Synthesis[END_REF] Consequently, their chemical reactivity is considerably modified and compounds or compound families become available which cannot or difficultly be synthesized using classical organic reactions. 9,[START_REF] Beeler | Photochemistry in Organic Synthesis[END_REF] Thus the photon has to be considered as a reagent which does not only increase the reactivity but which also modifies it. [START_REF] Turro | Photochemical Reactions as a Tool in Organic Synthesis[END_REF] The traditional strong links between organic and physical photochemistry permits a profound understanding of such reactions which also facilitates their optimization. 11 Photochemical reactivity of a functional group is often complementary to the corresponding ground state reactivity.

In connection with sustainable chemistry, it is important to note that the photon is a traceless reagent. [START_REF] Hoffmann | Photochemical reactions of aromatic compounds and the concept of the photon as a traceless reagent[END_REF][START_REF] Oelgemöller | Green photochemistry: Production of fine chemicals with sunlight[END_REF] Its application reduces the formation of side products and waste. The impact for green chemistry is particularly high when these reactions are carried out with sunlight as renewable energy resource. [START_REF] Oelgemöller | Green photochemistry: Production of fine chemicals with sunlight[END_REF][START_REF] Oelgemöller | Solar Photochemical Synthesis: From the Beginnings of Organic Photochemistry to the Solar Manufacturing of Commodity Chemicals[END_REF] Photochemical reactions can also be induced using different kinds of photosensitization. [START_REF] Michelin | Photosensitization and Photocatalysis -Perspectives in Organic Synthesis[END_REF] In such cases, the light absorbing compound transfers its excitation energy onto the substrate which reacts at its excited state. Other forms of sensitization such as processes involving electron or hydrogen transfer between the sensitizer and the substrate or reaction intermediates are also observed and frequently applied.

In this chapter we mainly focus on photochemical rearrangements resulting from direct light absorption. Owing their interest in many domains such as the synthesis of biological active compounds or material science, mainly transformations with heterocyclic compounds will be discussed. Nevertheless, it should be mentioned that a lot of photochemical rearrangements leading to complex isocyclic compounds have been and are currently studied. [START_REF] Riguet | Comprehensive Organic Synthesis[END_REF] As in the case of many photochemical reactions, the concept of the photon as traceless reaction is particularly well applied in such rearrangements. [START_REF] Hoffmann | Photochemical reactions of aromatic compounds and the concept of the photon as a traceless reagent[END_REF] 

Photochemical position isomerization of heterocycles

Five membered heterocyclic compounds are encountered in many biologically active compounds.

Especially in the case of two or more heteroatoms, the position of these atoms as well as the substitution pattern significantly affect their properties. This can nicely been showed for the case of the heteroaromatic compounds imidazoles and pyrazoles possessing two nitrogen atoms. In the first case, both nitrogens are in positions 1 and 3 while in the second case, they are in positions 1 and 2. Typical examples of different biological activity of both position isomers are depicted in Figure 1. The phosphodiesterase 5 (PDE) inhibition is increased when the pyrazole ring in 1 is replaced by an imidazole ring in 2. [START_REF] Haning | [END_REF] Different activities have been observed for purine (3) and corresponding pyrazole (4) derivatives as inhibitors of RNA or DNA glycosylase activity of shiga toxin 1. [START_REF] Brigotti | 4-Aminopyrazolo[3,4-d] as a novel inhibitor of the RNA and DNA depurination induced by Shiga toxin 1[END_REF] Figure 1.

The pyrazole derivative 1 possesses a higher activity than the corresponding imidazole derivative 2. Similar effects are observed when replacing a purine compound 3 by its pyrazole position isomer 4.

Various synthesis methods have been developed to prepare imidazoles, pyrazoles or similar heterocyclic compound families. [START_REF] Yet | Rive-Membered Ring Systems: With More Than One N Atom[END_REF] Of course, the scope of each of these methods is limited.

Photochemical rearrangements, in particular the transformation of one family into the other could significantly extend the structural diversity. Pyrazole derivatives can be easily transformed into corresponding imidazoles (Scheme 1). 20 In a sequence of photochemical electrocyclization steps, bicyclic intermediates 8, 9 and 10 are generated from 5 involving [π2+σ2] electrocyclic reactions (blue arrows) and 1,3-sigmatopic shifts (red arrows). In a 1,3-sigmatropic shift, final compounds 6 and 7 are formed. The product ratio strongly depends on the reaction temperature. Thus the pyrazole 13 was transformed into compounds 14, 15 and 16 in different ratios (Scheme 2). [START_REF] Connors | Temperature-Dependent Phototransposition Chemistry of 1,5-Dimethylpyrazole and 1,2-Dimethylimidazole[END_REF] Intermediates such as 8, 9 or 10 (compare Scheme 1) are involved in the formation of 14 and 15

while intermediates such as 11 or 12 are involved in the formation 16. More generally in such reactions, a competition between both mechanisms is discussed. [START_REF] Pavlik | Photochemistry of 4-and 5-Phenyl Substituted Isoxazoles[END_REF] All these reactions are part of the larger family of circumambulatory rearrangements. [START_REF] Childs | Circumambulatory rearrangements[END_REF] Scheme 1. Photochemical rearrangements of the pyrazole and imidazoles derivatives.

Scheme 2.

Temperature dependence of the product ratio 14/15.

Similar reactions have been carried out with benzopyrazoles such as 17 (Scheme 3). [START_REF] Tiefenthaler | Photoisomerisierung von Pyrazolen und Indazolen zu Imiedazolen bzw. Benzimidazolen und 2-Amino-benzonitrilen[END_REF] Photochemical position isomerization yields the corresponding benzo imidazole derivatives 18.

Much better yields were obtained in the corresponding reaction of isomers 19 carrying an alkyl substituent on the nitrogen atom in 2 position. This compound can also be considered as being derived from ortho-benzoquinone. Compounds 19 were efficiently transformed into the benzoimidazoles 20. In this reaction, intermediates 21 and 22 are most probably involved. 25 In a reaction at low temperature (-60°C), the formation of compound 21 was observed. Upon warmup, 21 yielded again the starting product 19. For this reason, the formation of an additional intermediate (22) was discussed.

Scheme 3. Photochemcial transformation of benzopyrazoles into corresponding benzoimidazoles. The irradiation has been carried out with high pressure Hg-vapor lamps.

Isoxazoles possess a similar structure than pyrazoles in which one nitrogen is replaced by an oxygen atom. Consequently, similar position isomerizations are observed with this compound family. Upon irradiation, compound 23 was transformed into compounds 24, 25 and 26 along with small amounts of benzoylacetone (Scheme 4). [START_REF] Sauers | Photochemistry of 4-acylisoxazoles[END_REF] In an extended mechanistic study, the azirine compound 24 was irradiated at λ = 300 nm, yielding the isoxazole 7). Especially in cases of intramolecular reactions which are faster than inter conversion processes, such infringes are observed. Similar reactions has been carried out with corresponding benz-or naphthisoxazoles. [START_REF] Grellmann | Photolysis of benz-and naphth-isoxazoles: evidence for the intermediate formation of azirines[END_REF] Azirines are interesting synthesis intermediates. For example, in situ addition of β-dicarbonyl compounds leads to highly substituted pyrroles. 28 Scheme 4. Photochemical rearrangement of an acylisoxazole compound.

Also sulfur analogue isothiazoles were transformed in the same way. Upon irradiation 4methylisothiazole 27 yielded 4-methylthiazole 28 (Scheme 5). [START_REF] Lablache-Combier | Etudes photochimiques-XIV : Photoréactions des méthylisothiazoles[END_REF][START_REF] Su | A model study on the photochemical isomerization of isothiazoles and thiazoles[END_REF] In an acidic medium protonation may occur at the nitrogen atom. Under these conditions, the reaction is reversible.

Under similar reaction conditions, a migration of the phenyl substituent in the thiazole 29 took place leading to the regioismer 30 along with small amounts of the isothiazole 31. [START_REF] Pavlik | Phototransposition Chemistry of Phenylisothiazoles and Phenylthiazoles. 1. Interconversions in Benzene Solution[END_REF] As shown by a computational study bicyclic intermediates (compare 8, 9 and 10 in Scheme 1) are involved in the main reaction. [START_REF] D'auria | Ab initio study on the photochemical isomerization of thiazole derivatives[END_REF] Such migrations of substituents are also observed in photochemical rearrangements of oxazoles. Thus the positions of the aryl substituents in 32 have been exchanged leading to the formation of 33 (Scheme 5). [START_REF] Maeda | Photorearrangements of Phenyloxazoles[END_REF] In this case, substantial amounts of the isoxazole 34 were also obtained.

Scheme 5. Photochemical rearrangement of heteroatoms and migration of a substituent in isothiazole, thiazol and oxazole derivatives.

More complex isoxazolone compounds such as 35 also provide an access to oxazole derivatives.

The irradiation (λ = 300 nm) of this compound efficiently yielded the oxazole 36 (Scheme 6). [START_REF] Prager | Chemistry of 5-oxadihydroisoxazoles. Part 18. Synthesis of exazoles by the photolysis and pyrolysis of 2-acyl-5-oxo-2,5-dihydroisoxazoles[END_REF] The reaction can be carried out either in acetonitrile or acetone as solvent. In the latter case, triplet sensitization should be considered. After photochemical excitation, decarboxylation takes place and the intermediate 37 is formed. Cyclization leads to the final product 36. Similar transformations have been performed using pyrolysis conditions. Scheme 6.

Photolysis of an isoxazolone compound leading to an oxazole derivative.

Oxazoles or thiazoles play a key role in many biologically active compounds. For example, they are encountered in cyclopeptides such as bistratamide C or complex molecules such as theonezolide A (Figure 2). [START_REF] Jin | Muscarine, imidazole, oxazole and thiazole alkaloids[END_REF][START_REF] Wipf | Synthetic Studies of Biologically Active Marine Cyclopeptides[END_REF] Reactions depicted in Scheme 5 may be applied to isomerization of partial structures in such compounds or to the synthesis of them or similar active compounds. 37 Five-membered aromatics with three heteroatoms also play an important role in the domains of bioactive compounds or the preparation of new materials. [START_REF] Pace | The new era of 1,2,4-oxadiazoles[END_REF] Photochemical reactions similar to those previously discussed have been performed with such compounds. [START_REF] Su | Theoretical Investigation of the Photochemical Isomerizations of Indoxazene and isooxazole[END_REF] Often the cleavage of N-O bonds play a key role in such transformations. 40 The heteroatoms as well as the substituents change their places. Under photochemical conditions, the heteroatoms in compound 38 rearrange leading to the position isomer 39 (Scheme 7). [START_REF] Buscemi | Heterocyclic photorearrangements. Photochemical behavior of some 3,5-disubstituted 1,2,4-oxadiazoles in methanol at 254 nm[END_REF] A urea function is transformed into a carbamate.

When irradiated at longer wavelengths, the isoxdiazole derivative 40 was efficiently transformed into triazole derivative 41. [START_REF] D'auria | Photochemical isomerization of aryl hydrazones of 1,2,4-oxadiazol into the corresponding triazoles[END_REF] Possessing a substituent at the middle nitrogen (position 2), it is a rather unusual triazole isomer. An attack of amine nitrogen atom of the side chain hydrazone on the nitrogen in 2 position (42) with formation of intermediate 43 was discussed as key step in this photochemical reaction.

Scheme 7.

Photochemical rearrangements with isoxadiazole derivatives.

Currently, photoredox catalysis and its application to organic synthesis considerably contributes to the renaissance of organic photochemistry. [START_REF] Stephenson | Visible Light Photocatalysis in Organic Chemistry[END_REF] Rearrangement reactions of heterocyclic compounds have also been carried out under these conditions. [START_REF] Xuan | Visible-Light-Driven Photoredox Catalysis in the Construction of Carbocyclic and Heterocyclic Ring Systems[END_REF] When the isoxazolone derivative 44 is irradiated in the presence of the photoredox catalyst fac-Ir(ppy)3, the oxazole derivative 45 is obtained in high yield (Scheme 8). [START_REF] Mei | Divergent Conversion of N-Acyl-isoxazol-5(2H)-ones to Oxazoles and 1,3-Oxazin-6-ones Using Photoredox Catalysis[END_REF] Also in this case (compare Scheme 6), decarboxylation is involved. When the organic photoredoxcatalyst 4DPAIPN is used and in the presence of trimethylamine, the ring-extension product 46 is obtained. In this case, it has been suggested that decarboxylation is avoided by electron transfer from the amine to a corresponding carboxyl radical intermediate. The reactions have been carried out with a large variety of substrates.

Numerous corresponding thiocarbonyl derivatives have been transformed in the same way, however by direct light absorption. [START_REF] Prager | The chemistry of 5-oxodihydroisoxazoles. Part 19. The syntheisis and photolysis of N-thioaceulisoxazol-5(2H)-ones[END_REF] No photocatalysis was necessary in this case.

Scheme 8. Photoredox catalytic rearrangements of an isoxazolone derivative.

Photochemical rearrangements induced by electron and hydrogen atom transfer (HAT).

Hydrogen transfer play a key role in many chemical [START_REF] Nechab | 1,n-Hydrogen-Atom Transfer (HAT) Reactions in Which n≠5: An Updated Inventory[END_REF] and biochemical processes. [START_REF] Nakano | Biocatalytic hydrogen atom transfer: an invigorating approach to free-radical reactions[END_REF] Radical intermediates are generated which can rearrange or react with other compounds leading to final products. Photochemical conditions provide sustainable methods to generate such intermediates.

For example, utilization of toxic reagents still frequently used in radical chemistry is thus avoided. [START_REF] Baguley | Flight from the tyranny of tin: The quest for practical radical sources free from metal encumbrances[END_REF] In the context of organic photochemistry often two mechanisms are generally discussed for the hydrogen atom transfer (HAT) from a donor to an electronically excited acceptor: (1) The transfer occurs in one step which means that the electron and the proton are transferred simultaneously. ( 2) The electron is transferred first and the proton follows. 50 In both cases, neutral radical intermediates are generated. In a more general context, these mechanisms are part of a large number of processes involving proton coupled electron transfer (PCET). [START_REF] Miller | Proton-Coupled Electron Transfer in Organic Synthesis: Fundamentals, Applications, and Opportunities[END_REF] In connection with investigations of photochemical cycloadditions aromatic compounds 52 also aromatic ketones have been investigated. A one-step hydrogen atom transfer is involved in the photochemical transformation 47 (Scheme 9). [START_REF] Nishio | Intramolecular Photocyclization of 2-Acylphenyl Methacrylates: a Convenient Access to 4,5-Dihydro-1,4-epoxy-2-benzoxepin-3(1H)-ones (= Benzo[c]-6,8dioxabicyclo[3.2.1]octan-7-ones[END_REF] Many hydrogen abstraction reactions have been reported with electronically excited aromatic ketones. 54 A typical example is depicted in Scheme 10. Upon irradiation, the anti-inflammatory drug ketoprofen 53 undergo macrocyclization. 55 The efficiency of this reaction and the reaction of similar compounds depends on the relative configuration in the substrate. Such reactions may cause undesired side effects such as phototoxicity or photoallergy. The present study focus on the stereoselectivity and thus on a more profound understanding of the interaction between the drug and a biochemical structure, for example an enzyme. Such interactions also significantly determine the extent of the adverse effects such as phototoxicity.

Scheme 10. Long distant 1,12-hydrogen atom transfer leading to macrocyclization.

Also α,β-unsaturated carbonyl compounds or α,β-unsaturated lactones are efficient hydrogen atom acceptors when excited to the triplet state. Such reactions are particular interesting for application to the synthesis of complex heterocyclic compounds. [START_REF] Jahjah | Stereoselective Triplet-Sensitized Reactions of Furanone Derivatives[END_REF] Various imides undergo similar hydrogen abstraction reactions. [START_REF] Wessig | Abstraction of (γ ± n)-Hydrogen by Excited Carbonyls[END_REF][START_REF] Kanaoka | Synthetic Photochemistry with the Imide System. Norrish Type II Cyclization of Alicyclic Imides[END_REF] When the anhydrogalactopyranose derivative 54 is irradiated, hydrogen abstraction occurs selectively in position 3 leading to the diradical intermediate 55 (Scheme 11). [START_REF] Thiering | Synthesis of imido-substituted glucosans and thier photocyclization towards highly functionalised heterocycles[END_REF] The succinimide moiety is the hydrogen acceptor. Radical combination yields the hydroxyl azetidine 56 which rearranges to yield the final product 57. This reaction sequence is a heterocyclic analogue of the Norrish Yang reaction. [START_REF] Wessig | Abstraction of (γ ± n)-Hydrogen by Excited Carbonyls[END_REF] The reaction has also been carried out with anhydropyranose derivative carrying the succinimide substituent in other positions. In the case compound 58, hydrogen abstraction occurs in position 2 and 4 leading to the caprolactames 59 and 60 respectively. [START_REF] Sund | Photochemical transformation of Levoglucosan Imides to Anhydrosugar-Annelated Azepanediones and Azocanediones[END_REF] In corresponding diastereoisomers Norrish-Type II elimination products were also isolated. In the case of the isomer 61, again a regioselective reaction was observed. [START_REF] Thiering | Synthesis of imido-substituted glucosans and thier photocyclization towards highly functionalised heterocycles[END_REF] Compound 62 was obtained in high yields. Concerning the reactions of compounds 54 and 61, it must be noted that in any case, hydrogen abstraction in positions 1 or 5 does not occurred. C-H bond dissociation energies at such bridge points are high because particularly unstable σ-type radicals are formed. The same reaction has been carried out with corresponding glutarimide derivatives. A lot of such reactions have been carried out with phthalimides. 61,62 Scheme 11. Photochemical transformations of succinimide substituted anhydropyranose compounds leading to annulated ketocaprolactames.

The reaction has efficiently been applied to the synthesis of benzofuran or tetrahydrofuran compounds. Such moieties are found as core structure in many natural products. Upon UV irradiation of compound 63, a hydrogen atom is transferred to the ketofunction from the benzo tetrahydropyrane moiety either from the acetale position 3 (1,6-HAT) leading to compound 64 or the benzyl position 1 (1,8-HAT) leading to compound 65 (Scheme 12). The photochemical product 64 is a partial structure of the natural product crombenin. [START_REF] Cottet | Photocyclisations de cétoacétales aromatiques en vue d'une approche synthétique de la crombenine[END_REF] Starting from the simple symmetrical trihydroxypropiophenone derivative 66, aflatoxin M2 core structure 67 is obtained in only one step via photochemical HAT. [START_REF] Kraus | An Approach to Aflatoxins Using Type II Photocyclization Reactions[END_REF] In the cyclic ketone 68 hydrogen is abstracted from a benzyl position. Radical combination yields the furo[3,4-c]furan lignane paulownin. [START_REF] Kraus | A Total Synthesis of Racemic Paulownin Using a Type II Photocyclization Reaction[END_REF] It should be pointed out that this reaction is highly diastereoselective. The ketone function in α-keto esters are efficient hydrogen acceptors. [START_REF] Pappas | Photocyclization of Methyl-o-benzyloxyphenylglyoxylate[END_REF] Photochemical HAT in compounds 69 yields 70 in high diastereoselectivity. [START_REF] Kraus | Hydrogen-Atom Abstraction/Cyclization in Synthesis. Direct Synthesis of Coumestan and Coumestrol[END_REF] The photoadducts were transformed into the natural products coumestan and coumestrol. The reaction was also applied to the synthesis of alkaloids. In compound 71 the pyrrolidine amid moiety was added to the α-keto ester function. [START_REF] Gramain | Intramolecular Photoreduction of α-Keto Esters. Total Synthesis of (±)-Isoretronecanol[END_REF] The resulting bicyclic lactam 72 was transformed into the pyrrolizidine alkaloid isoretronecanol.

Benzoquinone or benzoquinoide structures play a key role in many syntheses (chemical or bio) of alkaloids possessing alkoxy benzene moieties such as benzo [d][1,3]dioxoles. [START_REF] Hesse | Alkaloide Fluch und Segen der Natur?[END_REF][START_REF] Micalizio | Reaction Design, Discovery, and Development as a Foundation to Function-Oriented Synthesis[END_REF] After light absorption by the quinone compound 73, hydrogen is abstracted from the methoxy group occurs (Scheme 13). [START_REF] He | A Scalable Total Synthesis of the Antitumor Agents Et-743 and Lurbinectedin[END_REF] Tautomerization and radical coupling steps lead to the formation of the benzo [d][1,3]dioxole structure 74. Such tetrahydroisoquinolines are partial structures in the very big family of isoquinoline alkaloids. In particular 74 is part of lubrinectidin. The same reaction was applied to the synthesis of tawaniaquinol A. [START_REF] Thommen | Syntheses of Tawaniaquinone F and Tawaniaquinol A via an Unusual Remote C-H Functionalization[END_REF] The transformation of 75 (tawaniaquinone F) can be carried out with sunlight.

Scheme 12. Photochemical 1,6-HAT and its application natural product synthesis.

Scheme 13. Intramolecular HAT in quinone compounds and its application to the synthesis of natural products.

HAT is also applied to the synthesis of complex nitrogen containing polycyclic compounds in which more than one photochemical key step involved. Upon irradiation the pyrrole derivative 76

first undergoes [2+2] photocycloaddition (77) (Scheme 14). [START_REF] Koovits | Conformationally Driven Two-and Three-Photon Cascate Processes in the Stereoselective Photorearrangement of Pyrroles[END_REF] In a 1,3 sigmatropic shift, the azirine compound 78 is formed. This reaction occurs in a stereospecific way. Photochemical hydrogen abstraction from the hemiaminal position to the keto function leads to 79. This transformation which is observed after a longer irradiation time resembles to a Norrish-type II reaction. After tautomerization (enol) and hydrolysis, the bridged lactam 80 (azocanone) is obtained. It is a substructure of synthesis intermediates of alkaloids such as strictamine, rhazinoline, melinonine or strychnoxanthine. 74 Similar reactions have been carried out in flow reactors. [START_REF] Elliott | Using batch reactor results to calculate optimal flow rates for the scale-up of UV photochemical reactions[END_REF] This technology is now often used for photochemical transformations. 76 It accounts for the particular challenges of chemical engineering in connection with the Lambert-Beer law. Furthermore, aspects of process safety and efficiency in connection with continuous production are addressed. Scheme 14. Synthesis of bridged azocanone, a useful synthesis intermediate for alkaloids.

In some regards, the photochemistry of imines resembles to that of carbonyl compounds. Under photochemical reaction conditions, the oxazolone derivatives 81 abstracts hydrogen from the acetale moiety leading to the diradicals 82 (Scheme 15). [START_REF] Lefebvre | Photochemically Induced Intramolecular Radical Cyclization Reactions with Imines[END_REF] Radical combination yields the azaspirobicyclooctanedioxolan and -dioxan derivatives 83. Especially in the case of the dioxolan compound (n=1), thermal decarboxylation occurs yielding the cyclic imines 84. In the same case, compound 85 with a newly formed C-N bond is also obtained. It was shown that this product results from the same intermediate 82 which was explained by the zwitterionic nature of the singlet state of 82. Compound 85 possesses a core structure of molecules used for the treatment of diabetes. 78 Similar photochemical cyclization reactions have been carried out with α,βunsaturated butyrolactone derivatives carrying an acetale or sugar substituent on the side chain. [START_REF] Jahjah | Stereoselective Triplet-Sensitized Reactions of Furanone Derivatives[END_REF]79 Scheme 15. Photochemical cyclization with oxazolone derivatives involving HAT.

All previously discussed photo-induced HATs are one-step processes which means that the proton and the electron are transferred simultaneously. As mentioned above in such photochemical reactions, also a two-step HAT is often discussed. 50,[START_REF] Miller | Proton-Coupled Electron Transfer in Organic Synthesis: Fundamentals, Applications, and Opportunities[END_REF] The one-step transfer takes place when the photochemical electron transfer is endergonic (Figure 3a). However, the formation of the neural radical intermediates is exergonic. In the case of an electronically excited species, for example the hydrogen acceptor, this step enables a dissipation of the excitation energy. When the photochemical electron transfer is also exergonic, a two-step process becomes possible and the electron is transferred first and radical ion pair is formed (Figure 3b). The proton follows and the same neural radical intermediates are formed. The exergonicity of the photochemical electron transfer can be estimated with the Rehm-Weller relationship. 80 In the context of application to organic synthesis, it should be pointed out that the outcome of such reactions often significantly depends on the mechanism of the hydrogen atom transfer. Amines are efficient electron donors and a two-step process often takes place. After photochemical excitation of the azetidinyl aryl ketone 86, an electron transfer occurs from the acetitine nitrogen to the aromatic carbonyl group leading to the intramolecular radical ion pair 87 (Scheme 16). [START_REF] Padwa | Photochemical Transformations of small Ring Carbonyl compounds. XXX. Electron Transfer in the Photochemistry of Azetidinyl Ketones[END_REF] After proton transfer in the same direction, neural diradical 88a,b is gernerated.

Radical combination yields the bicyclic compound 89. Dehydration and a rearrangement yield the pyrrole derivative 90. Photocatalysis (triplet sensitization) was also applied to perform similar pyrrole syntheses. [START_REF] Scholz | Spin-Selective Generation of Triplet Nitrenes: Olefin Aziridination through Visible-Light Photosensitization of Azidoformates[END_REF] Scheme 16. Synthesis of pyrroles from azetidinyl aryl ketone using two-step HAT transfer.

As photochemical electron transfer is involved, photoredox catalysis can be used to perform such reactions. Photoinduced intramolecular addition of tertiary amines can also be carried out on numerous other unsaturated functional groups such as α,β-unsaturated lactams. In the case of quinolone compound 91 however, the electron is not transferred to the electron poor alkene of the lactam function but on the photochemical excited sensitizer (Scheme 17). [START_REF] Bauer | Catalytic enantioselective reactions driven by photoinduced electron transfer[END_REF] The radical ion pair 93 is formed. The neutral radicals 94 are then formed by proton transfer. Intra molecular addition of the nucleophilic α-aminoalkyl radical to the electron poor double bond occurs (95). In the last step, a hydrogen atom is transferred from the ketyl radical to the oxoallyl radical which leads to the final spirocyclic pyrrolizidine compound 96. Details of the mechanism have also been discussed for the intermolecular addition of simple tertiary amines to α,β-unsaturated lactones. 84,85 For some time now, such reactions are also carried out using photoredox catalysis with visible light. [START_REF] Shi | Photoredox functionalization of C-N bonds adjacent to a nitrogen atom[END_REF] A further issue of the reaction depicted in Scheme 17 is asymmetric synthesis. In this reaction chirality is induced by complexation of the substrate 92 with a chiral ligand which carries the aromatic ketone as sensitizing group. Complexation occurs via two hydrogen bonds. In this regard, the ketone also acts as shielding group in order to favor the approach of the α-aminoalkyl radical in one diastereotopic half space. The approach of the sensitizer to the substrates also facilitates the reaction steps of electron and hydrogen transfer. A lot of different photochemical reactions can be stereoselectively performed under these conditions. [START_REF] Brimioulle | Bach Enantioselective Catalysis of Photochemical Reactions[END_REF] Scheme 17. Intramolecular photoinduced asymmetric addition of a tertiary amine group to a quinolone moiety.

Macrocyclizations have also been carried out successfully with these reaction. 61,62 The αketoester 97 carrying thioether containing side chains of different lengths undergoes easily macro cyclization (98) (Scheme 18). [START_REF] Hu | Photochemical Reactions of Sulfide-Containing Alkyl Phenylglyoxylates[END_REF] Likewise tertiary amines, thioethers are efficient one-electron donors and a two-step hydrogen transfer process is involved. The efficiency in macrocyclizations might be linked to the formation of radical ion pairs. In some cases, photopinacolization products are observed. Also β-ketoesters undergo similar reactions. Starting from 99, various oxathiocanone derivatives 100 have been obtained. [START_REF] Yamazaki | Photocyclization of 2-(alkylthio)ethyl benzoylacetates via remote proton transfer following charge-transfer interaction between excited ketone carbonyl and thioether chromophore[END_REF] Scheme 18. Photoinduced macrocyclization with thioethers involving a two-step hydrogen atom transfer process.

Intramolecular photochemical hydrogen atom transfer (HAT) is also observed with aromatic carbonyl compounds. In such reactions, hydroxylquinodimethane intermediates are formed. They can also be considered as phototautomers. A spectacular example is shown in Scheme 19. [START_REF] Masuda | Light-Driven Carboxylation of o-Alkylphenyl Ketones with CO2[END_REF] After photochemical excitation of 101 to the triplet state, hydrogen is transferred from the methyl group to the carbonyl oxygen (102). The corresponding singlet ground state 103 possesses a dienol moiety. Such intermediates can also be trapped by electron poor alkenes in a Diels-Alder reaction. [START_REF] Nerdel | UV-Lichtinduzierte Addition von Maleinsäureanhydrid an o-Methyl-benzophenon[END_REF] In the present case, CO Numerous applications of this reaction to the synthesis of natural products and heterocyclic compounds have been reported. 92 The o-hydroxymethyl benzaldehyde derivative 108 undergoes intramolecular hydrogen abstraction at the ortho side chain yielding the dienol intermediate 109 The Witkop reaction permits the synthesis of a variety of heterocyclic compounds possessing a lactam moiety. [START_REF] Gritsch | The Witkop Cyclization: A Photoinduced C-H Activation of the Indole System[END_REF][START_REF] Hoffmann | Aromatic Photochemical Reactions[END_REF] It is mainly carried out with indole derivatives such as 111 (Scheme 21). 96 In a photochemical reaction of this compound the product 112 is generated. The Witkop reaction was also applied to the transformation of more complex compounds such as 118 in Scheme 22. [START_REF] Bennasar | Studies on the Synthesis of Mavacurine-Type Indole Alkaloids. Fierst Total Synthesis of (±)-2,7-Dihydropleiocarpamine[END_REF] Only few more steps were necessary to obtain the synthesis target 2,7dihydropleiocarpamine form the photochemical product 119. The reliability of the reaction for the synthesis of particular isomers is nicely shown for the transformation of 120 into 121 [START_REF] Sundberg | Synthesis and Oxidative Fragmentation of Catharanthine Analogs. Comparison to the Fragmentation -Coupling of Catharanthine and Vindoline[END_REF] and in the corresponding transformation of the regio isomer 122 into 123. [START_REF] Sundberg | Synthesis and Oxidative Fragmentation of Catharanthine Analogs. Comparison to the Fragmentation -Coupling of Catharanthine and Vindoline[END_REF][START_REF] Szantay | Synthesis of vinca alkaloids and related compounds XLVIII Synthesis of (+)-catharanthine and (±)-allocatharanthine[END_REF] A large variety of catharanthine derivatives has thus become available by the same photochemical key step. 

Photochemical Electrocyclic Reactions

Numerous heterocyclic compounds undergo photochemically induced electrocyclic reactions leading to constrained bicyclic moieties which are hardly accessible by conventional methods of chemical synthesis. 109,110 Pyridones such as 144 (Scheme 26) undergo photochemical [π2s + σ2s] electrocyclization. 111 According to the Woodward-Hoffmann rules 112 , this disrotatory cyclization is symmetry allowed at the excited state (Figure 4). For reasons of molecular constrain, a corresponding conrotatory process (at the ground state) in the pyridone system is not possible.

The photochemical reaction is therefore a privileged method for the preparation of bicyclic compounds such as 145 possessing a cyclobutene and a β-lactam moiety. The reaction was widely applied and especially substituted cyclization products where stable and proved to be interesting synthesis intermediates. 113 An asymmetric version of the reaction has also been Upon irradiation, the pyridinium salt 169 undergoes photoisomerization by C-C bond formation in positions 6 and 2 (Scheme 31). 122,123 In the basic reaction medium, a hydroxyl function is added to the resulting allyl carbenium ion 170. This reaction was carried out in almost quantitative yield. Cis-hydroxylation of the photochemical product 171 yielded mainly the meso isomer 172 in good yield along with minor amounts of the racemic compound 173. Such polyhydroxylated cyclic amine compounds are glycomimetics and consequently their glycosidase inhibitor activity is systematically investigated. The same photochemical reaction has been carried out with a corresponding N-allyl derivative 174. 124 Treatment under acidic conditions and in the presence of 3-pentanol of the photochemical product led to the cyclopentenylamine derivative which is acetylated (176). Further transformations yielded compound 177. This scaffold was studied as influenza neuraminidase inhibitor. Considering an industrial application, the photochemical transformation has also been carried out using a continuous flow photoreactor on multi gram scale with a productivity of 3.7 g L -1 h -1 . 125 This technique is now widely applied to organic photochemistry in order of optimize these reactions 76,126 also with a particular focus on heterocyclic chemistry. 127 Scheme 31. Photochemical electrocyclization of pyridinium salts.

As in many cases of organic photochemical reactions, no particular protecting groups are necessary. This is nicely shown for the transformation of the glucosyl pyridinium salt 178 (Scheme 32). 128 The two diastereoisomers 179a,b of the azabicyclo[3.1.0]hexenol derivative has been obtained in high yield from the photochemical electrocylization. The hydroxyl groups of the glucosyl moiety were not protected. Peracetylation after the photochemical reaction was used to separate the diastereoisomers by crystallization.

Scheme 32. Photochemical electrocyclization of a glucosyl pyridinium salt.

Due to its efficiency and large scope, the photochemical electocyclization of pyridinium salts is an ideal key step in the synthesis of many biological active compounds (in particular glycosidase inhibitors) and natural products, in particular cycopentylamine derivatives of nitrogen containing heterocycles. 129 Some examples are shown in Figure 5: mannostatin A 130 , trehazolin 131 , cephalotaxine 132 or lactacystin. 133 Often complex carbon skeletons such as spirocyclic compounds are generated in the photochemical key step of these syntheses. Photochemical electrocyclization of pyridine derivatives was also applied to interconversions of compounds belonging to a natural product family. Peroxidation of protoberberine yielded the zwitterion compound 180 which is an ideal precursor for a photochemical electrocyclization (Scheme 33). 134 The photochemical reaction directly led to 8,14-cycloberberine with its cyclopentanone moiety. The photochemical reaction was carried out with a variety of substrates.

Opening of the aziridine ring led to spirocyclic compounds which can be further transformed into corresponding alkaloids such as sibiricine. Stereoselective reduction of 8,14-cycloberberine with NaBH4 yields mainly the cis alcohol 181 which is a precursor of dihydrofumagiline-1. 135 Scheme 33. Application of the photochemical electrocyclization to the chemistry of berberine alkaloids.

Instead of protonation of the pyridine nitrogen, the photochemical cyclization can also be favored by N-oxidation. Such a reaction was applied to the synthesis of DNA topoisomerase I inhibitors as they are used for cancer therapy. This pharmaceutical activity was observed with camptothecin, a product from traditional Chinese medicine and isolated from Camptotheca acuminate (Figure 6). 136 In order to increase the activity, derivatives such as topotecan or irinotecan had to be synthesized. An important step of many of these syntheses is the selective for the industrial production using a series of flat-bed reactors enabling a continuous flow production. 138 This technology permits a more economic and ecologically friendly production. 126

More precisely, a higher concentrated solution of the substrate can be irradiated due to the reduced optical trajectory in flat-bed reactors. Thus the solvent quantity is significantly reduced.

Also conversion and yields, especially the space-time-yield (2 kg per day in 330 L in an industrial photoreactor system) are increased. Furthermore, processes conducted in micro-flow reactors are generally more safety. It should be pointed out that these transformations can be performed under controlled conditions so that the formation of each compound family can be addressed.

Scheme 35

Photochemical and thermal rearrangements of N-carbamylpyridines.

Photochemical cyclizations

Photochemical cyclizations involving at least two unsaturated moieties play an important role in heterocyclic chemistry. 109,140,141,142 These reactions have also been applied to the synthesis of photoswitches and photochromic compounds with various heterocyclic moieties. 143 Such a reaction can be applied to the industrial production of (S)-indoline carboxylic acid 193 (Scheme 36). 144 The process starts with the synthesis of L-Proline anilide 194. In a very convenient step, the precursor 195 for the photochemical cyclization is obtained. This efficient step leads to 196 in a stereospecific way. After hydrolysis of the photochemical product L-proline and the target compound 193 are isolated. They need to be separated. For the further production of (S)-indoline carboxylic acid 193, the latter was used as template. Thus the corresponding precursor 197 is synthesized in the same way than 195. The photocyclization of 197 is also highly efficient and the photochemical product is obtained in a stereospecific way. After hydrolysis two equivalents of (S)-indoline carboxylic acid 193 are obtained and no separation is necessary. A part of the compound is recycled in the production process. In terms of chiral induction, the present process is a case of chiral amplification as it is frequently discussed in catalytic reactions. 145 Concerning chiral induction, many of such photochemical cyclizations have been carried out using asymmetric catalysis [START_REF] Brimioulle | Bach Enantioselective Catalysis of Photochemical Reactions[END_REF] or they have been carried out in a chiral crystal matrix. 146 Scheme 36. Industrial process for the production of (S)-Indoline carboxylic acid 193.

Photochemical cyclization was used for the synthesis of carbazols 147 , dibenzofurans 148 and dibenzothiophenes 148 199 (Scheme 37). In these reactions involving 6 electrons in the π-system, a As it has already been pointed out, nitrogen containing heterocycles play an important role in as 

Conclusion

Photochemical rearrangements provide a convenient access to a large variety of organic compounds. Often photochemical products possess an unusual structure and can therefore be conceived as interesting synthesis intermediates. Although reported in the literature for a long time, the application of such photochemical rearrangements to the synthesis of heterocyclic compounds was rarely studied in a systematic way in order to determine their scope and limitations for application to organic synthesis.

Heterocyclic compounds play a key role in many domains, for example, in the search of biologically active compounds for medicine or agriculture. Also in material science, such compounds are systematically studied, for example, when they possess electronic semiconducting properties. It is therefore highly demanded to study photochemical reactions in connection with heterocyclic chemistry.

It must be particularly pointed out that most of the herein discussed reactions don't need any chemical activation. The photon is then the only reagent. It doesn't leave traces. Most of these photoreactions even don't need any photochemical sensitization. For many domains of chemistry, photochemical reactions represent an important tool of sustainability. In combination with other approaches such as catalysis or the use of products from renewable feedstock, numerous additional perspectives for sustainable chemistry can be developed.
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  photochemical transformation 47 (Scheme 9).[START_REF] Nishio | Intramolecular Photocyclization of 2-Acylphenyl Methacrylates: a Convenient Access to 4,5-Dihydro-1,4-epoxy-2-benzoxepin-3(1H)-ones (= Benzo[c]-6,8dioxabicyclo[3.2.1]octan-7-ones[END_REF] After photochemical excitation, hydrogen

  Figure 3. Photochemical induced hydrogen transfer form a donor to an electronically

  Scheme 19. Photochemical carboxylation of o-alkylphenyl ketones with CO2.
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  Scheme 20. Photoenolization of o-hydroxymethyl benzaldehyde derivative 108 via
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  Scheme 26. Photochemical electrocyclization of pyrolidone derivatives.
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 4 Figure 4.Thermal conrotatory and photochemical disrotatory electrocyclization processes.
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  oxidation in position 10 of camptothecin. Campthothecin is easily oxidized at the pyridine nitrogen leading to the N-oxide 182 (Scheme 34). 137 This oxidation state should be transferred into the 10 position. When 182 is irradiated in an acidic medium, electrocyclization in positions 2 and 13 takes place leading to intermediate 183. When compared to the previously discussed reactions of pyridinium salts, it can be stated that in the present case, the activation of the pyridine ring by N-protonation is replaced by an N-oxidation. Addition of a hydroxyl group is now favored in the 10 postion yielding the intermediate 184. Acid catalyzed dehydration and rearomatization in rings A and B lead to the final product 186. The process has been optimized
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 6 Figure 6. DNA topoisomerase inhibitors. Derivatives of camptothecin.

  Scheme 39. Application of photochemical cylizations of α,β-unsaturated anilids as key steps in
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 7 Figure 7.Examples of the application of photocyclization reactions to the synthesis of

  dipolar intermediate such as 200 is generated. Such an intermediate has been trapped with 1,3dipolar cyloaddition. 149 Further intermediates such as 201 are formed by a tautomerization step. The final product in which aromaticity is reestablished is generated under mild oxidation conditions. The heteroatom between the two aromatic moieties can be replaced by an amide function such as in 203. Such functions possess two main mesomeric structures. In 204, a π-system with 6 electrons undergoes photocyclization. 150 According to the Woodward-Hoffmann rules, the cyclization occurs in a conrotatory way. 112 In the present case, this leads to the intermediate 205. The final product 206 is obtained by elimination of methanol. Compounds carrying α,β-unsaturated carboxyl or carbonyl groups and an aromatic substituent such as in 207 are also suitable substrates for photochemical cyclizations. Compounds 207 and 208 are in photostationary equilibrium (Scheme 38). 151 Both isomers undergo photocyclization yielding 209 and 210 respectively. Qinoline derivatives 211 carrying a α,β-unsaturated ketone moiety have been transferred under similar conditions 152 . The corresponding photochemical products 212 have been obtained in good yields. In this case, the irradiation was carried out with "black light" (λ = 365 nm). Irradiation with lower wavelength light led to fragmentation of the substrates.

	Scheme 37. Photocyclizations leading to carbazoles, dibenzofurans, dibenzothiophene and
	dibenzopyridinones.

Scheme 38. Irradiation of compounds 207 and 208 (medium pressure mercury vapor lamp) yields indolines. Quinoline derivatives 212 have been obtained under similar conditions.