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Introduction

Photochemical reactions are characterized by electronic excitation caused by light absorption. The change of electronic configuration causes a considerable change in chemical reactivity when compared to reactions at the ground state. [START_REF] Klán | Photochemistry of Organic Compounds[END_REF] For example, electron transfer is facilitated. A photochemical reaction can also be induced by energy transfer from the excited species. [START_REF] Dantas | [END_REF] , 3 These processes are now intensively investigated in connection with many applications to organic synthesis. 4 These studies essentially contributed to the recent rebirth of synthetic organic photochemistry. The traditionally strong interaction between organic photochemistry and physical chemistry 5 enables a high level of characterization and understanding of these reactions and particularly the mechanisms which also facilitate the optimization and application in various fields.

In connection with the electronic configuration change, very often typical characteristics such as regio or stereochemistry are inversed in photochemical reactions when compared to corresponding ground state reactions. Complex structures in a broader scope become more easily available. 6 Typical examples are the di-π-methane rearrangement and corresponding heteroatom oxa-and aza-di-π-methane rearrangements. [START_REF] Riguet | Comprehensive Organic Synthesis[END_REF] Often photochemical products possess an increased reactivity in particular the ground state reactions and can serve as interesting synthesis intermediates for natural product synthesis or for the preparation of new compounds in many fields such as pharmaceutical and agro-chemistry or for material sciences. In these domains, heterocyclic compounds play a key role. Access to new heteropolycyclic compounds is a daily challenge to fill the blanks in the chemical space. [START_REF] Virshup | [END_REF] Often heterocyclic substituents are considered as bioisosteres [START_REF]Bioisosteres in Medicinal Chemistry[END_REF] in the context of a rational drug development. It should further be pointed out that the photon as a traceless reagent accounts for the green chemistry principles. 10 , 11 In this article, we would like to discuss photochemical rearrangements of heterocyclic compounds [START_REF] Hoffmann | Handbook of Photochemistry and Photobiology[END_REF] , [START_REF] Arai | [END_REF] involving heteroatom isomerization, hydrogen atom transfer (HAT) or electrocyclization.

Photochemical heteroatom isomerization of heterocyclic compounds

Photochemical reactions provide interesting tools to change the position of the heteroatoms or the substituents in heterocyclic compounds. In this way, the structural diversity is increased which is an important topic when new biologically active compounds are looked for. In material science such an approach is also interesting when heterocycles play a key role as building blocks. Typical examples are pyrazole and imidazole. The inhibition of the phosphodiesterase (PDE) 5 is increased when the pyrazole moiety in 1 is replaced by an imidazole ring in 2 (Figure 1). 14 Similar effects have been observed for purin and corresponding pyrazol derivatives as inhibitors of RNA or DNA glycosilase activity of shiga toxin 1. 15 Figure 1.

The pyrazol derivative 1 possesses a higher activity than the corresponding imidazole derivative 2.

Since pyrazol and imidazole compounds are obtained by different synthetic approaches, a reaction enabling the systematic interconversion of derivatives of both compound families is highly appreciated. The member number of compounds families could be significantly increased. According to Scheme 1 in a photochemical reaction, pyrazols can be transformed into imidazols. 16 Such reactions are part of the the larger family of circumabulatory rearrangements. [START_REF] Childs | [END_REF] Upon irradiation, the trimethylpyrazol derivative 3 is transformed into the imidazole derivatives 4 and 5. 18 In a disrotatory [π2+σ2] electrocyclic reactions (blue arrows), the bicylic intermediate 6 is formed. 1,3-Sigmatopic shifts (red arrows) lead to the 7 and 8.

Intermediates 7 and 8 are transformed into the final products 5 and 4 respectively via disrotatory [σ2+π2] electrocyclic reactions (blue arrows). Compound 5 can also be generated by homolytic cleavage of the N-N bond in 3 leading to intermediates 9 and 10. Furthermore, it was observed that compound 4 can be transformed into 5.

Scheme 1. Photochemical transformation of a pyrazol derivative into imidazoles.

The photochemical transformation of benzopyrazoles into the corresponding imidazole derivatives can efficiently be carried out (Scheme 2). 19 Thus compounds 11 were transformed into the imidazole derivatives 12. The transformation of similar regioisomers 13 into 14 was more efficient. In fact, these pyrazol compounds possess a quinoid electronic structure. In the latter reaction the intermediates 15 and 16 has been discussed. 20 When the irradiation was carried out at low temperature (-60°C), compound 15 could be identified. Upon warmup, 15 gave 13 (not 14). Thus the final product 14 is formed from intermediate 16.

Scheme 2. Photochemical rearrangement of benzopyrazol derivatives into corresponding benzoimidazol derivatives. The irradiation has been carried out with high pressure Hg-vapor lamps.

Isoxazoles contain a nitrogen next to an oxygen atom. When compound 17 was irradiated at λ = 254 nm, three compounds 18, 19 and 20 along with some benzoylacetone were isolated (Scheme 3). 21 An advanced mechanistic study revealed that the azirine 18 is an intermediate in the formation of the oxazoles 19 and 20. More interestingly, when 18 was irradiated at 300 nm, the starting isoxazole 17 was obtained. In the first case, the formation of a zwitterion intermediate was suggested while in the second case, a diradical intermediate at the triplet state should be generated. By the way, this is an example which infringes the general accepted principle that the a photochemical reaction always occurs form the lowest excited singlet or triplet state as it was formulated in analogy with the Kasha and Vavilov roules (see ref. 1, page 40). Especially in cases of intramolecular reactions which are faster than inter conversion processes, such infringes are observed.

Scheme 3. Photochemical rearrangement of an isoxazol compound.

Similar reactions have been carried out with benz-or naphthisoxazoles 21a,b (Scheme 4). 22 Also in these cases, the spirocyclic azirine 22a,b was detected as reaction intermediate. Photochemical or thermal rearrangement generates the final oxazole derivatives 23a,b.

Scheme 4. Mechanistic study of the rearrangement of naphthisoxazoles.

The corresponding isothiazol 24 can be transformed into thiazol 25 (Scheme 5). 23 , 24 In an acidic media and when the heterocyclic compound is protonated at the nitrogen atom, the reaction is reversible. Under similar conditions, a migration of the substituents was also observed. Thus the photochemical transformation of 26 yields mainly 27 and lower amounts of 28. 25 In the main reaction, the phenyl substituent migrates. In a computational study, it has been shown that bicylic intermediates are involved (compare 6-8 in Scheme 1). 26 More generally in such reactions, a competition between this mechanism and mechanisms involving homolytic or heterolytic fragmentation of the bond between the two heteroatoms is discussed. 27 Scheme 5. Rearrangement of heteroatoms and migration of a substituent in isothiazole and thiazol derivatives.

Five membered heterocyclic aromatic compounds with three heteroatoms such as oxadiazoles are also very important structural elements in bioactive compounds and materials. 28 In these compounds similar photochemical steps are observed. 29 In particular, the cleavage of the N-O bond is one of the first steps. 30 Not only heteroatoms and substituents but also functional groups can migrate or be transformed. In the photochemical reaction of compound 29 to 30, a urea function is transformed into a carbamate (Scheme 6). 31 Intermediates which are formed in such reactions can be trapped by an intramolecular addition which leads to rearranged heterocycles. Under mild reaction conditions, the isoxdiazole derivative 31 was transformed into triazol derivative 32. 32 An attack of amine nitrogen atom of the hydrazone on the nitrogen in 2 position (33) with formation of intermediate 34 was discussed as key step in this photochemical reaction. Scheme 6. Photochemical rearrangements with isoxadiazole derivatives.

Photoredox catalysis applied to organic synthesis considerably contributes to the renaissance of organic photochemistry. [START_REF]Visible Light Photocatalysis in Organic Chemistry[END_REF] These conditions have also been applied to rearrangement reactions of heterocycles. When the isoxazolone derivative 35 is irradiated in the presence of the photoredox catalyst fac-Ir(ppy)3, the oxazol derivative 36 is obtained in high yield (Scheme 7). [START_REF] Mei | [END_REF] In this reaction, a decarboxylation step is involved. The rearrangement with ring extension (37) is a competitive process. Under optimized conditions using 4DPAIN as photocatalyst and triethyl amine as sacrificial electron donor, the latter process become the only reaction and compound 37 was isolated in good yields. Decarboxylation is suppressed by an electron transfer step because, in corresponding intermediate, a carboxyl radical is reduced to a carboxylate anion. The oxazole reaction was performed with 26 additional substrates and the oxazinone reaction (37) was pformed with seven additional derivatives. A similar study with corresponding thiocarbonyl derivatives have been carried using direct excitation, without photocatalysis. 35 A variety of derivatives has been transformed in this way.

Scheme 7. Photoredox catalytic rearrangements of an isoxazolone derivative.

Photochemical rearrangements induced by hydrogen atom transfer (HAT).

In chemical 36 and biological reactions 37 , hydrogen as the smallest and lightest atom, can easily be transferred. This transfer leads to the formation of high energy radical species that can rearrange or react with others species to form new molecules. Using photochemical HAT, the use of toxic or expensive chemicals can be avoided.

Photochemical 1,4-hydrogen abstraction is often observed. Pyrrole is a common heterocycle found in many natural products and drugs on the market. While this latter is easily accessible via photoredox catalysis, 38 Some of them can be synthetized through direct irradiation from azetidinyl ketones such as 38 (Scheme 8). 39 The reaction happens in a two steps mechanism 40 , where electron is transferred first from the nitrogen to the excited ketone (39) and then the proton follows (40, 41). A dehydration is involved in the formation of the final product 43 from intermediate 42. It was shown that this photoreaction occurred at a triplet excited-state. A singlet excited-state could be involved when an alkyl instead of an aryl substituent is used. In this case, a Norrish type II photoelimination at the alkyl substituent takes place.

Scheme 8. Synthesis of pyrroles from azetidinyl ketones via 1,4-hydrogen abstraction.

Another pathway to the synthesis of pyrroles has been proposed by Aoyama with thioamide derivatives. 41 After direct irradiation, compound 44 undergoes 1,4-HAT to provide diradical 45 (Scheme 9). Radical combination leads to the intermediate 47. After elimination of H2S, the pyrrole derivative 49 is formed. The enamine derivative 46 is obtained by hydrogen transfer from thiol function into the 6 position. Small quantities of 46 are transformed into 48 by an electrocyclic reaction involving the aromatic substituent. The reactions of six different derivatives have been reported. This latter structure can be found in agrochemical fungicide. 42 Scheme 9. Synthesis of pyrroles from thioamides derivatives.

1,4-HAT is also employed as a key-step in the synthesis of bioactive natural products such as rocaglamides, forbaglins and aglains (Scheme 10). 43 Such molecules are isolated from the plant Aglaia and are accessible via a subsequent dipolar cycloaddition. At the excited state, in the flavon compounds 50, hydrogen transfer occurs. 44 Such reaction steps are also discussed in the context of phototautomerisation. The resulting intermediates 51 undergoes cycloaddition leading adducts such as compounds 52. A ketol rearrangement yields compounds 53 and 54.

Scheme 10. Formation of bioactive natural compounds core of forbaglin and rocaglamide via 1,4-HAT and [3 + 2] cycloaddition.

Enantioselective HAT has also been carried out recently. 45 A study of Xia et al. showed the possibility to use 3-hydroxyquinolinones instead of 3-hydroxychromenones to make this photoreaction. 46 Natural compounds can be synthetized through photoinduced 1,5-HAT. Wender et al. proposed a photochemical access to a precursor of taxol C,D ring system (Scheme 11, equation 1). 47 Subsequent photoenolization from 1,5-HAT is also possible prior to cycloaddition (equation 2). 48 This was performed to the synthesis of anti-tumor drugs Pleurotin. 49 More recently, Reddy et al. used this photochemical cascade towards the synthesis of pyrroloquinazoline core of Vasicinone and Luotonins, bioactive natural products (equation 3). 50 Scheme 11. -Synthesis of precursors of natural products Taxol, Pleurotin, Vasicinone and Luotonin B.

Kutateladze's team developed a strategy to use a highly stereoselective photoreaction for the synthesis of complex polyheterocycles. Enol/imine intermediates 56 are generated by photoinduced 1,5-HAT (Scheme 12). 51 , 52 After hydrogen abstraction, a [4 + 2] cycloaddition leads to the formation of 57 and a [4 + 4] cycloaddition generates the oxamorpham core 58 from compound 55. The same reaction mechanism is involved in the formation of 60 and 61 from 59. It should be pointed out that in the case of the photoadducts obtained from 55, a Suzuki reaction is carried out. Such photochemical hydrogen atom or proton transfer processes between heteroatoms like oxygen or nitrogen (see also Scheme 10) are also discussed in the context of excited state intramolecular proton transfer (ESIPT). 53 Scheme 12. Formation of polyheterocycles via photoenolisation.

Nitrogen-containing heterocycles are ubiquitous in nature. [START_REF] Brown | Ring Nitrogen and Key Biomolecules : the biochemistry of N-heterocycles[END_REF] Many efforts are carried out by synthetic chemists to produce new azaheterocyclic building-blocks to feed pharmaceutical market as they have a big presence in it. [START_REF] Mcgrath | [END_REF] Photoinduced hydrogen abstraction can be carried out on N-heterocycles to access interesting compounds. After irradiation of molecule 62, compound 63 is obtained due to [2 + 2] cycloaddition followed by a photochemical rearrangement (Scheme 13). 56 Longer irradiation triggers 1,5-HAT leading to the intermediate 64. The transformation to compound 65, a bridged azocanone, resembles to the Norrish type II reaction. This kind of core stucture is found in synthetic precursors of alkaloids such as strictamine, rhazinoline, melinonine and strychnoxanthine. 57 , 58 Scheme 13. Formation of a bridged azocanone: potential precursor for the synthesis of alkaloid structures.

Hoffmann's group proposed a way of synthetizing a trifluoromethyl substituted pyrrolo-oxazolone (Scheme 14). 59 In this study, they show the regioselectivity of photoinduced HAT. In contrary of previous research with furanone derivatives, 60 they found that reaction selectivity is not induced in the HAT step, but in the cyclisation step. Two compound families resulting either from the formation of a C-C bond (67 and 68) or a C-N bond 69 can be obtained in good yield from the reaction of oxazolone derivatives 66. This latter compound is a core structure of molecules used for diabetes treating. 61 Scheme 14. Photoinduced intramolecular radical cyclisation via 1,5-HAT with imines.

1,6-Hydrogen abstraction has frequently been applied to natural product synthesis. Natural molecules are a source of potential drug leads. From mankind's origin to nowadays, therapeutic treatments is mainly based on molecular structures from fauna and flora molecular wealth. It is estimated that only around 36 % of new chemical entities for drugs are not based or inspired by natural products. 62 Among the latters, alkaloid synthesis has been highlighted as their group is wide and offers numerous biological properties (Scheme 15). [START_REF] Aniszewski | Alkaloids -Chemistry, Biology, Ecology, and Applications[END_REF] Gramain et al. succeeded in making Isoretronecanol via photoinduced 1,6-HAT. [START_REF] Gramain | [END_REF] In this photochemical key step, the pyrrolidine derivative 70 was transformed into the bicyclic lactam 71. Isoretronecanol a pyrrolizidine type alkaloid found in various plant species. Wu et al. proposed a similar pathway to the synthesis of alkaloid-like benzopyrrolizidine structure, found in Linamycins. 65 In this synthesis, 72 was transformed into 73 via a 1,6-hydrogen transfer.

Scheme 15. Access to Isoretronecanol and Linamycin core via 1,6-HAT.

Others precursors of natural products are accessible via 1,6-HAT like Combrenin, 66 Lurbinectedin, 67 Tawianiaquinol A, 68 Pauwlonin, 69 Coumestan, Coumestrol, 70 and Aflatoxins 71 (Scheme 16).

Scheme 16. Synthesis of various precursors of natural products via 1,6-HAT.

Macrocyclizations via photoinduced hydrogen transfer has been intensively studied with phthalimides systems. 72 , 73 , 74 Hu et al. proposed another system to carry out 1,n-HAT (Scheme 17). 75 After irradiation of 74 an electron is transferred to the excited ketone, followed by a proton. The mechanism of transferring hydrogen unfolds in two-steps. 40 Macrocyclization then occurs by recombination to 75. In the same year, Yamazaki et al. succeeded in making oxathiocanone core 77 from 76 with the same reaction involving two-steps mechanism for the hydrogen atom transfer. 76 Scheme 17. Macrocyclization with thioether derivatives via hydrogen atom transfer.

Other examples of macrocyclization via 1,n-HAT have been reported in connection with studies on ketoprofen-quencher conjugates 78 and benzophenone-methionine dyads 79 (Scheme 18). 77 , 78 , 79 These studies mimic and highlight stereodifferentiating interactions between photosensitizing drugs and macromolecular structures in the excited state in order to understand mechanistic overviews of reaction steps in biological systems.

Scheme 18. Examples of 1,12-HAT and 1,15-HAT for macrocyclization.

Electrocyclization reactions with pyridine derivatives

Taylor and Paudler reported that substituted pyridones are rapidly converted by UV light irradiation to a solid dimer which reverts to the original pyridone upon heating above its melting point. 80 Only a few years later, in 1964, Corey and Streith studied the photoreactivity of N-methyl-2-pyridone 80 (Scheme 19). 81 Irradiation of diluted solutions of these compounds at -20°C led to the corresponding bicyclic isomers 81.

Scheme 19. Photochemical electrocyclization N-methylpyridone 80.

Photopyridone's relative stabilities were then intensively discussed during the 70's. De Selms and Schleigh concluded that unsubstituted photoisomers, are relatively unstable. 82 However, substituted 2pyridones led to relatively high degree of stability of the corresponding photopyridones. 81 In a more exhaustive publication, Furrer obtained similar results and proved the high thermal stability of the resulting photoproducts. 83 Asymmetric electrocyclization reactions induced by irradiation of 2-pyridones using chiral auxiliarities were also reported by Sato et al. 84 The authors used enantiomerically pure 4-menthyloxy pyridone 82 (Scheme 20). A variety of enantiomerically pure β-lactam derivatives with antibacterial activities are available with this reaction.

Scheme 20. Asymmetric electrocyclization of a pyridine derivative.

The reaction is also used for the synthesis of more complex heterocyclic compounds. Thus Tsichiya et al. reported the synthesis of 1,4-oxazepinones 84 and 1,4-diazepinones 85 from N-protected 2-pyridones 83, using photochemical and thermal rearrangements (Scheme 21). 85 In this reaction sequence, a heteroatom is inserted between the 4 and 5 position.

Scheme 21. Synthesis of 7 membered heterocycles using the photochemical electrocylization of pyridines.

Although the chromophore of pyridinium salts resembles to that one of pyridones, the photoreactivity is different. In these compounds an electrocyclic reaction is observed involving postions 2 and 6. Such reactions were first studied during the 70's by Kaplan et al. 86 87 Further transformations yielded a corresponding cyclopentenylamine derivative 91. Which was transformed into the bicyclo[3.1.0]hexane scaffold 92. These compounds act as a mimic of a distorted sialic acid bound in the neuraminidase active site. Using continuous flow technology, the photochemical reaction was carried out on multi gram scale with a productivity of 3.7 g L -1 h -1 . 88 Scheme 22. Photochemical electrocyclization of a pyrdinium salts.

The photochemical pathway gives an attractive approach, leading to versatile intermediate compounds which can be used for the total synthesis of molecules such as mannostantin A, trehazolin derivatives 89 , cephalotaxine 90 or even Lactacystin 91 (Figure 2). Mechanistic and theoretical studies performed by Damiano et al. explain in details how the irradiation of pyridinium salts provides the stereocontrolled synthesis of a huge range of molecular structures such as bicyclic aziridines, fused heterocycles and functionalised aminocyclopentenes. 90 Figure 2. Natural product targets which are accessible by a photochemical electrocyclization of pyridinium precursors.

The reaction was also carried out with complex compounds. Using the stereoselective properties these photochemical reactions, Hanaoka et al. first showed that it was possible to stereoselectively synthesize fumariline (an alkaloid isolated from Fumaria officinalis), involving an electrocyclization with phenol betaine 93 which was obtained from protoberberine (Scheme 23). 92 Scheme 23. Photochemical electrocyclization applied to the synthesis of fumariline. 

Conclusion

As in many cases of organic photochemical reactions, a systematic scope exploitation of photochemical reactions of heterocyclic compounds has rarely been performed in the past. This is deplorable since such reactions are of high interest in the research of biologically active compounds and many other domains. Photochemical heteroatom isomerization of the heteroatoms or substituents as well as electrocyclization and hydrogen atom transfer reactions considerably enlarge the access to different heterocyclic compounds. During recent years, new techniques have been developed such as LED lamps or continuous flow techniques adapted to photochemical reactions. Also photoredox catalysis offers numerous new possibilities for the transformation of heterocyclic compounds. This research domain should be revisited by the photochemical and organic chemists' communities.

  Scheme 24. Photochemical and thermal reactions starting with pyridine N-imides.

  Upon irradiation methylpyridinium chloride 86 in aqueous KOH led to stereoselective formation of the aziridine containing bicyclic allylic alcohol 87 (Scheme 22). Intermediate 88 results from a photochemical electrocyclization. When treated under acidic or similar conditions, the aziridine ring is opened. Bennet et al. obtained the 6azabicyclo[3.1.0]hexenol compound 90 from the photochemical transformation of 89.