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Introduction

The present chapter deals with different key topics. Heterocyclic compounds play a central role in many domains of chemistry such as the search of new biologically active compounds in pharmaceutical and agricultural chemistry [START_REF] Dinges | Bioactive Heterocyclic Compound Classes -Pharmaceuticals[END_REF]. Also, many new materials such as semiconducting compounds contain heterocyclic moieties [START_REF] Ostroverkhova | Handbook of Organic Materials for Electronic and Photonic Devices[END_REF]. In these domains, a large structural diversity and molecular complexity is highly needed. Here, traditional methods of organic synthesis find their limits. Photochemical reactions extend such limits. As electronic excitation completely change the chemical reactivity of compounds or whole compound families [START_REF] Klán | Photochemistry of Organic Compounds[END_REF], products become accessible which cannot be synthesized by more conventional methods which is of high interest for application in the field of bioactive compounds [START_REF] Lefebvre | Photochemical Rearrangements in Heterocyclic Chemistry[END_REF][START_REF] Hoffmann | Photochemical reactions as key steps in organic synthesis[END_REF]. Furthermore, the outcome of known reactions, especially catalytic reactions can be improved when they are carried out under photochemical conditions. Based on the enormous quantity of recent and past results in the field of photochemical reactions, it makes sense to subdivide chemical reactions into two classes: reactions which occurs in the electronic ground state and reactions in which electronic excitation is involved. From the economic and ecological point of view, photochemical reactions are particularly interesting, since many of them can be carried out without an additional chemical reagent. The photon is considered as a traceless reagent [START_REF] Turro | Photochemical Reactions as a Tool in Organic Synthesis[END_REF][START_REF] Hoffmann | Photochemical reactions of aromatic compounds and the concept of the photon as a traceless reagent[END_REF]. For these reasons, these reactions are now highly appreciated in chemical and pharmaceutical industry [START_REF] Li | Visible-Light Photocatalysis as an Enabling Technology for Drug Discovery: A Paradigm Shift for Chemical Reactivity[END_REF][START_REF] Bonfield | Photons as a 21st century reagent[END_REF][START_REF] Michelin | Les réactions photochimiques à l'échelle industrielle[END_REF].

Stereoselectivity also plays a central role in organic synthesis. Biological activity as well as material properties strongly depend on the stereochemistry of chemical compounds. Sooner or later, almost all synthesis methods will face this problem. In the past, photochemical reactions have been considered as being inherently stereo-unselective. It was thought that the high energy uptake by light absorption induces uncontrolled relaxation processes which leads to unselective reactions with large amounts of degradation either of the substrates or the photoproducts [START_REF] Oelgemöller | Studies in organic and physical photochemistryan interdisciplinary approach[END_REF]. In this regard, it must however be pointed out that stereoselective and stereospecific photochemical reactions have been known from the very beginning of this research area [START_REF] Roth | The Beginnings of Organic Photochemistry[END_REF][START_REF] Rau | Asymmetric Photochemistry and Photochirogenesis[END_REF]. The controlled dissipation of the high electronic excitation energy in photochemical reactions is the reason for the high stereoselectivity in such reactions [START_REF] Oelgemöller | Studies in organic and physical photochemistryan interdisciplinary approach[END_REF]. In particular, photochemical reactions can be conducted enantioselectively in chiral supramolecular structures [START_REF] Ramamurthy | Supramolecular Photochemistry as a Potential Synthetic Tool: Photocycloaddition[END_REF][START_REF] Yang | Supramolecular photochirogenesis[END_REF]. Enantiopure compounds are obtained in different ways: they can be prepared directly from other chiral precursors such as natural products ("chiral pool") or by optical resolution using different types of chromatography or crystallization techniques. Asymmetric syntheses using chiral auxiliaries, which are removed after the stereoselective reaction, also provide enantiopure compounds. Asymmetric catalysis as well as enzymatic catalysis directly yield enantioenriched compounds. A chiral enantiopure environment in a supramolecular structure or in a crystal may be the inductor chirality in asymmetric reactions. In the present chapter, methods will be discussed leading directly to enantiopure heterocyclic compounds via photochemical reactions.

Asymmetric catalysis with chiral templates

Photochemical substrates may be complexed with chiral structures which induce chirality [START_REF] Brimioulle | Enantioselective Catalysis of Photochemical Reactions[END_REF]. A typical example is described in Scheme 1.1 [START_REF] Bauer | Catalytic enantioselective reactions driven by photoinduced electron transfer[END_REF]. The quinolone derivative 1 carrying a pyrrolidine moiety, undergoes an intramolectular cyclization leading to the spirocyclic indolizidine compound 6. The substrate is complexed with the enantiopure Kemp acid derivative (2) via hydrogen bonds between two lactam moieties. In this arrangement, the pyrrolidine approaches the reaction center mainly by one diastereotopic half space. In this complex, the shielding group acts also as an aromatic ketone sensitizer (sens). After photochemical excitation of the latter, electron transfer from the tertiary amine moiety to the ketone leads first to a radical ion pair 3 and after proton transfer to intermediate 4 [START_REF] Bertrand | Diastereoselective tandem addition-cyclization reactions of unsaturated tertiary amines initiated by photochemical electron transfer (PET)[END_REF]. The nuclephilic α-aminoalkyl radical attacks with 70% of stereoselectivity the electrophilic double bond of the quinolone moiety. Thus, an electrophilic oxoallyl radical is generated affording the diradical intermediate 5. The final product 6 results form a hydrogen transfer from the ketyl radical to the oxoallyl radical. It must be pointed out that in the present case this step is favored because it is an intramolecular process. In these radical steps, polar effects play an important role [START_REF] Fischer | Factors controlling the addition of carbon-centered radicals to alkenesan experimental and theoretical perspective[END_REF][START_REF] Roberts | Site-Selective C-H Funtionalization by Decatungstate Anion Photocatalysis: Syntergistic Control by Polar and Steric Effects[END_REF][START_REF] Hoffmann | Electron and hydrogen transfer in organic photochemical reactions[END_REF]. In the corresponding intermolecular stereoselective reactions, these effects contribute essentially to the efficiency of these processes [START_REF] Bertrand | Diastereoselective tandem addition-cyclization reactions of unsaturated tertiary amines initiated by photochemical electron transfer (PET)[END_REF]. The intermolecular addition of tertiary amines to indolone derivatives with an exocyclic electron deficient olefinic double bond has been carried out with similar Kemp acid derivatives [START_REF] Lenhart | Enantioselective Visible-Light-Induced Radical-Addition reactions to 3-Alkylidene Indolin-2-ones[END_REF]. In this case however ruthenium or iridium complexes have been used as external photoredox catalysts which were excited by visible light absorption. Using a similar chiral sensitizer, an intramolecular [2+2] photocycloaddition has been carried out with high enantioselectivity (Scheme 1.2) [START_REF] Alonso | A Chiral Thioxanthone as an Organocatalyst for Enantioselective [2+2] Photocycloaddition Reactions Induced by Visible Light[END_REF]. The quinolone derivative 7 is transformed, under visible light irradiation, into a complex polycyclic compound 8 containing a pyrrolidine moiety. It must be pointed out that the same [2+2] photocycloaddition is also induced by UV-irradiation via direct light absorption but no chiral induction takes place. It is therefore necessaire to choose a sensitizer which absorbs in the visible domain of the light spectrum to ensure enantioselectivity. The thioxanthone derivative 9 absorbs in the visible light region and transfer its triplet energy to the complexed substrate [START_REF] Michelin | Les réactions photochimiques à l'échelle industrielle[END_REF]. Again, this complexation occurs via hydrogen bonds between the two lactams of the substrate and the Kemp acid moiety of the sensitizer. In this structure the olefinic double bond in the side chain approaches the reactive center of the quinolone almost only by one diastereotopic half-space. Similar asymmetric reactions have been performed with 3alkylquinolones carrying a 4-O alkene side chain. In this case, tetrahydrofurane moieties are formed [START_REF] Li | Visible-Light-Mediated Enantioselective Photoreactions of 3-Alkylquinolones with 4-O-Tethered Alkenes and Allenes[END_REF].

Scheme 1.2 Construction of a pyrrolidine moiety using an enantioselective [2+2] photocycloaddition.

The substrate can also be complexed to a metal or a strong coordinating atom. In such a case, chirality is induced by a chiral ligand sphere [START_REF] Zhang | Steering Asymmetric Lewis Acid Catalysis Exclusively with Octahedral Metal-Centered Chirality[END_REF]. In this context, chiral Lewis acid 11 was used to catalyze the asymmetric intramolecular [2+2] photocycloaddition of the dihydropyridinone derivative 12 (Scheme 1.3) [START_REF] Brimioulle | Enantioselective Lewis Acid Catalysis of Intramolecular Enone [2+2] Photocycloaddition Reactions[END_REF]. In this reaction, a δ-valeroolactam moiety (13) is formed. By complexation with a Lewis acid, the absorption maximum of compound 12 is shifted from 290 nm to 350 nm. Using fluorescent lamps with an emission λmax = 366 nm, complex 14 was excited almost exclusively since the non-complexed substrate 12 does not absorb light in this spectral range. Thus, the formation of racemic product as background reaction is suppressed. In the complex 14, the approach of the olefin to the reaction center again occurs by one diastereotopic half-space.

Scheme 1.3 Enantioselective Lewis acid catalysis of an intramolecular [2+2] photocycloaddition reaction.

TADDOLs (α,α,α',α'-tetraaryl-2,2-disubstituted 1,3-dioxolane-4,5-dimethanol, e.g. 23) are capable of complexing numerous substrates via hydrogen bonds [START_REF] Seebachn | TADDOLs, Their Derivatives, and TADDOL Analogues: Versatile Chiral Auxiliaries[END_REF]. When a photochemical substrate is complexed with such compounds, chirality can be induced. Under these conditions, when the flavone derivative 15 was irradiated with the diphenyl butadiene 16, a [2+3] cycloaddition took place leading to compounds 17 and 18 (Scheme 1.4) [START_REF] Wang | Total Syntheses of Isomeric Aglain Natural Products Foveoglin A and Perviridine B: Excited-State Intramolecular Proton-Transfer Photocycloaddition[END_REF]. After reduction with NaBH4, compounds 19 and 20 were isolated in good yields. Furthermore, the major diastereoisomer 19 was obtained in high enantioselectivity and recrystallization led to almost enantiopure samples. The high enantioselectivity of the photochemical reaction was explained by the structure of complex 21 which strongly favors the attack of the olefin by only one diastereotopic half-space. Interestingly, when the sterically much less encumbered chiral alcohol 22 was added instead of the TADDOL compound 23, an efficient chiral induction was still observed. The high enantioselectivity observed with hydrogen bond complexes can also be explained by the fact that excited state intramolecular proton transfer (ESIPT) plays a key role in the reaction mechanism [START_REF] Roche | Biomimetic Photocycloaddition of 3-Hydroxyflavones: Synthesis and Evaluation of Rocaglate Derivatives as Inhibitors of Eukariotic Translation[END_REF]. In fact, it was shown that the cycloaddition occurred at the triplet state of 15 and that most probably single electron transfer is involved. Compound 19 was transformed into (+)-foveoglin A which is the enantiomer of a natural product. This compound family plays an important role in medicinal chemistry as they possess anticancer and antiviral activities.

Scheme 1.4 Asymmetric synthesis of (-)forveoglin A using ESIPT promoted [2+3] cycloaddition with a flavone derivative.

The cyclization reaction of two alkyne and one nitrile function is a convenient method for the preparation of pyridine compounds [START_REF] Heller | The fascinating construction of pyridine ring systems by transition metal-catalysed [2+2+2] cycloaddition reactions[END_REF]. It can be carried out under particular mild conditions when simple and inexpensive cobalt catalysts such as 24 are used (Scheme 1.5) [START_REF] Schulz | Photoassisted cocyclization of acetylene and nitriles catalyzed by cobalt complexes at ambient temperature and normal pressure[END_REF]. Under irradiation with visible light, the formation of the cobaltacyclopentadiene intermediate 25 is accelerated and the addition of the nitrile leading to the intermediate 26 or 27 becomes the rate determining step. The consumption of the nitrile substrate becomes first order reaction step. Under these particularly mild conditions, a variety of pyridine derivatives have been synthesized possessing fragile substituents (Figure 1.1) [START_REF] Heller | Facile and Racemization-Free Conversion of Chiral Nitriles into Pyridine Derivatives[END_REF]. Asymmetric catalysis was also successfully performed. The cyclopentadienyl ligand in the cobalt catalyst was replaced by chiral analogues, best results being obtained with catalyst 28 (Scheme 1.6) [START_REF] Gutnov | Asymmetric Synthesis of Axially Chiral 1-Aryl-5,6,7,8tetrahydroquinolines by Cobalt-Catalysed [2+2+2] Cycloaddition Reaction of 1-Aryl-1,7octadiynes and Nitriles[END_REF]. With this reaction axial chirality can be efficiently induced as shown by the transformation of compound 29 into naphthyl pyridine 30. Similar reactions have been carried out starting from 2-alkoxy-1-naphthonitriles 31 using different chiral cobalt complexes as catalysts. Either diines were used leading to tetracyclic compounds 32 or two equivalents of a monoalkyne were employed yielding the corresponding tricyclic products 33. In this part of the study, the chiral catalysts ent-28, 34, 35, 36 and 37 have also been tested. The study of this type of chirality, atropisomerism, has recently gained particular attention in photochemistry [START_REF] Kumarasamy | Tale of Twisted Molecules. Atropslective Photoreactions: Taming Light Induced Asymmetric Transformations through Non-biaryl Atropisomers[END_REF]. 

Asymmetric photo-enzyme catalysis

Enzyme catalysis is a general method to produce enantiomerically enriched or pure compounds. Many such transformations need multi enzyme systems which complicates the application to organic synthesis. In some cases, however, the replacement of one or more enzyme activities by a chemical transformation facilitates the transformations. As they tolerate a large variety of reaction conditions, photochemical reactions were efficiently applied in this context [START_REF] Ni | Photocatalysis: The Power of Combining Photocatalysis and Enzymes[END_REF].

The Bayer-Villiger monoxygenase (BVMO) asymmetrically catalyzes the transformation of ketones into esters or lactones in the case of cyclic ketones (Scheme 1.7) [START_REF] Hollmann | Biocatalytic synthesis of lactones and lactams[END_REF]. This enzyme contains a flavin adenine dinucleotide (E-FADred) unit which reduces molecular oxygen into hydrogen peroxide capable of oxidizing the ketone substrate. The oxidized Flavin species (E-FADox) is reduced by NADPH. The resulting NADP + is reduced via a glucose dehydrogenase catalyzed reaction. This second enzyme activity can be replaced by adding flavin (FAD) to the reaction mixture. The reduced form of the non-bound FADred is capable of reducing the enzyme bound E-FADox. At the excited state FADox (generated by irradiation with visible light) is easily reduced via electron transfer from a sacrificial electron donor such as EDTA. Scheme 1.7 Replacement of the glucose dehydrogenase by a simple photoredox catalytic system based on non-bound FAD.

Under these conditions the asymmetric Baeyer-Villiger reaction was carried out with the racemic 2-phenylcyclohexanon 38 (Scheme 1.8) [START_REF] Hollmann | A Light-Driven Stereoselective Biocatalytic Oxidation[END_REF]. Only the R-enantiomer was oxidized and the phenylcaprolactone 39 was obtained in high enantioselectivity. The racemic cyclobutanone derivative 40, has been transformed under the same conditions. Interestingly both enantiomers were oxidized but different outcomes were observed. The α-S-enantiomer yields the bicyclic butyrolactone 41 whereas the α-R-enantiomer is transformed into regioisomer 42. Both compounds are formed in high enantioselectivity. Compound 41 is the expected regioisomer of a Baeyer-Villiger reaction. Depending on the stereochemistry of the starting ketone, the enzyme activity is therefore capable of directing the regioselectivity of the reaction [START_REF] Krow | The Baeyer-Villiger Oxidation of Ketones and Aldehydes[END_REF]. It should be pointed out that under such reaction conditions, hydrogen peroxide is generated in low stationary concentration which reduces the enzyme degradation [START_REF] Perez | Visible light-driven and chloroperoxidasecatalyzed oxygenation reactions[END_REF]. Scheme 1.8 Enzyme catalyzed enantioselective Baeyer-Villiger reaction applied to the synthesis of lactones.

Combined photo and enzyme catalysis was also carried out with alcohol dehydrogenases (ADH) [START_REF] Gargiulo | A Photoenzymatic System, for Alcohol Oxidation[END_REF]. These enzymes use NAD(P)H/NAD(P) + as cofactor [START_REF] Kroutil | Biocatalytic Oxidation of Primary and Secondary Alcohols[END_REF]. In order to optimize the enzyme activity, this cofactor system must be regenerated [START_REF] Chenault | Regeneration of Nicotinamide Cofactors for use in Organic Synthesis[END_REF]. One of the hydroxyl functionalities of the achiral diol 43 is dehydrogenated to an aldehyde by horse liver alcohol dehydrogenase (HLADH) with molecular oxygen (Scheme 1.9) [START_REF] Rauch | Photobiocatalytic alcohol oxidation using LED light sources[END_REF]. Cyclization leads to the lactol 44, a reversible step. In a second dehydrogenation also catalyzed by HLADH, the lactol is oxidized to the 4-methyl-δvalerolactone 45, obtained with complete enantioselectivity. In these septs, hydrogen is transferred to NAD + and NADH is formed. NAD + is regenerated by hydrogen transfer to oxygen leading to hydrogen peroxide. This step is photocatalyzed by Flavin mononucleotide (FMN). The irradiation was carried out with blue LED (λmax = 465 nm). Under similar reaction conditions and using a flavin-dependent "ene"-reductase, a variety of lactams have been obtained in high enantioslectivity [START_REF] Biegasiewicz | Photoexcitation of flavoenzymes enables a stereoselective radical cyclization[END_REF].

The combination of enzymatic reactions with photochemical, in particular photoredox processes offers numerous perspectives for organic synthesis [START_REF] Zhang | Quarternary Charge-Transfer Complex Enables Photoenzymatic Intermolecular Hydroalkylation of Olefins[END_REF]. This combination is a particularly efficient approach in connection with sustainable or green chemistry. As these processes are the basis of photosynthesis in green plants, they have been suggested of potential relevance for a sustainable chemical industry by G. Ciamician more than 100 years ago [START_REF] Ciamician | Sur les actions de la lumière[END_REF]. It was the beginning of green chemistry [START_REF] Albini | Green chemistry and photochemistry were born at the same time[END_REF] although it has been almost forgotten over the decades. Scheme 1.9 Enantiospecific oxidation of the achiral diol 43 to 4-methyl-δ-valerolactone 45 using a photobiocatalytic process.

Asymmetric photochemical reactions in crystals

Asymmetric synthesis is often based on selection of conformations. An efficient method to do this is to carry out reactions at the crystalline state. Molecular symmetry and crystallography are strongly linked [START_REF] Jacques | Enantiomers, Racemates, and Resolutions[END_REF]. Particularly impressive photochemical reactions have been reported with achiral substrates which crystallize in Sohncke space groups [START_REF] Nespolo | Crystallographic shelves: space-group hierarchy explained[END_REF][START_REF] Levkin | Homo-and Heterochirality in Crystals[END_REF]. When achiral compounds crystallize in these space groups, most frequently, one enantiopure conformer is present in such homochiral crystals [START_REF] Sakamoto | Spontaneous chiral crystallization of achiral materials and absolute asymmetric photochemical transformation using the chiral crystalline environment[END_REF][START_REF] Kuroda | Circular Dichroim in the Solid State[END_REF].

When α-ketoamides 46 are irradicated at the solid state, the hydroxy-β-lactams 47 are obtained in high entatioselectivity (Scheme 1.10) [START_REF] Toda | Formation of a chiral β-lactam by photocyclisation of an achiral oxo amide in its chiral crystalline state[END_REF]. After light absorption, a hydrogen atom is transferred from an isopropyl group to the α-keto function leading to the diradical 48. Radical cyclization yields the final product 47. All these reaction steps occur under conformational control exerted by the crystal environment. In most cases, enantiomeric excesses (ee) were higher than 90%. In the case of Ar = Ph, the substrate crystallized in the chiral space group P212121 [START_REF] Sekine | X-ray Structural Studies of Chiral β-Lactam Formation from an Achiral Oxo Amide Using the Chiral-Crystal Environment[END_REF]. Irradiation of the homochiral crystals yields product 47 (Ar = Ph) in 93% ee which crystallized in the same space group P212121. Both enantiomers have been selectively prepared choosing the corresponding homochiral crystals of the substrate. Under similar conditions the achiral α,β-unsaturated thioamide 49 was transformed into the thio-β-lactam 50 [START_REF] Sakamoto | Crystal-to-Crystal Solid-State Photochemistry: Absolute Asymmetric β-Thiolactam Synthesis from an achiral α,β-Unsaturated Thioamide[END_REF]. After photochemical excitation, an hydrogen was transferred from one of the benzyl positions into the β-position of the cyclohexene moiety [START_REF] Sakamoto | Spontaneous chiral crystallization of achiral materials and absolute asymmetric photochemical transformation using the chiral crystalline environment[END_REF]. Radical combination yields the final product 50. The starting product crystallized in the P21 space group and when homochiral crystals were irradiated one enantiomer of 50 was obtained in high enantiomeric excess. It is noteworthy that, when compound 49 was irradiated in solution, the same product 50 was isolated but as a racemic mixture along with side products [START_REF] Sakamoto | Photochemical Reaction of N,N-Dialkyl-α,β-unsaturated Thioamides[END_REF]. Various other examples of this approach to chiral compounds have been reported [START_REF] Sakamoto | Solid-State Photochemistry: Absolute Asymmetric β-Thiolactam Synthesis from Achiral N,N-Dibenzyl-α,β-unsaturated Thioamides[END_REF].

This method for the production of only one enantiomer without external chiral induction is part of absolute asymmetric synthesis. Using particular crystallization methods, e.g. seeding crystallization with the desired homochiral crystal, the achiral starting compound can be selectively transformed into only one of the homochiral crystals [START_REF] Kellogg | Practical Stereochemistry[END_REF]. It should further be pointed out that such solid-state photochemical reactions can also be carried out on larger scale when suspensions are irradiated [START_REF] Veeman | Large-Scale Photochemical Reactions of Nanocrystalline Suspensions: A Promising Green Chemistry Method[END_REF]. Scheme 1.10 Synthesis of β-lactams using absolute asymmetric synthesis with homochiral crystals of the achiral substrates. Each enantiomer has been selectively produced from the corresponding homochiral crystal of the substrate.

A certain control of the crystal symmetry can be affected by attaching a homochiral element to the substrate. In this case, the number of possible space groups is reduced to 65 (Soencke groups). A defined chiral environment is thus created around the photochemical substrate [START_REF] Jacques | Enantiomers, Racemates, and Resolutions[END_REF][START_REF] Nespolo | Crystallographic shelves: space-group hierarchy explained[END_REF][START_REF] Levkin | Homo-and Heterochirality in Crystals[END_REF][START_REF] Sakamoto | Spontaneous chiral crystallization of achiral materials and absolute asymmetric photochemical transformation using the chiral crystalline environment[END_REF]. In order to obtain enantiomerically pure or enriched photochemical products, the chiral element should not be covalently bonded to the photochemical substrate [START_REF] Scheffer | Asymmetric Induction in Organic Photochemistry via the Solid-State Ionic Chiral Auxiliary Approach[END_REF]. In this context, ammonium salts of chiral amines and α-ketoamide 52 carrying a carboxylate function have been prepared and the crystalline phase was irradiated (Scheme 1.11) [START_REF] Natarajan | Control of Enantioselectivity in the Photochemical Conversion of α-Oxoamides into β-Lactam Derivatives[END_REF]. In most cases, the resulting hydroxyl β-lactams 53 have been obtained in high yield and enantioselectivity. The oxooxazolin derivatives 54 were formed in minor amounts. Both enantiomers of compounds of carboxylates 53 or 54 have been obtained as major stereoisomers depending the configuration of the chiral ammonium cation. The absolute configuration of the carboxylates has not been determined in this study.

Scheme 1.11 Synthesis of β-lactams by irradiation of crystalline chiral ammonium salts.

A similar norbornene 55 derivative has been transformed under the same conditions (Scheme 1.12) [START_REF] Xia | Asymmetric Synthesis of Dihydrofurans via a Formal Retro-Claisen Photorearrangement[END_REF]. Upon irradiation, the carbonyl is added to the alkene function leading to the triplet 1,4diradical intermediate 56 which is a typical intermediate of the Paternò-Büchi reaction [START_REF] Frénau | The Paternò-Büchi reaction-Mechanisms and application to organic synthesis[END_REF]. Such intermediates may undergo C-C bond formation leading to oxetanes. Bond cleavage of the newly formed C-O bond (b) can also take place regenerating the starting compound. This reaction step plays a key role in the stereoselective Paternò-Büchi reaction in solution [START_REF] Oelgemöller | Studies in organic and physical photochemistryan interdisciplinary approach[END_REF][START_REF] Buschmann | Chiral induction in photochemical reactions. 10. The principle of isoinversion: A model of stereoselection developed from the diastereoselectivity of the Paternò-Büchi reaction[END_REF]. However, in the present case, a C-C bond (a) of the norbornene moiety is cleaved yielding the final product 57, a bicyclic dihydrofuran derivative. In most cases, high stereoselectivity was observed. The reaction is a photo-Claisen rearrangement [START_REF] Galindo | The photochemical rearrangement of aromatic ethers A review of the Photo-Claisen reaction[END_REF] with intersystem crossing taking place. Scheme 1.12 Asymmetric photo-Claisen rearrangement by irradiation of crystalline chiral ammonium salts.

Crystalline inclusion complexes

As pointed out above, TADDOLs (α,α,α',α'-tetraaryl-2,2-disubstituted 1,3-dioxolane-4,5dimethanol) are auxiliaries which efficiently induces chirality without being covalently bond to the reacting molecule [START_REF] Seebachn | TADDOLs, Their Derivatives, and TADDOL Analogues: Versatile Chiral Auxiliaries[END_REF]. Using co-crystallization of these compounds with substrates of photochemical reactions is an interesting strategy for asymmetric synthesis [START_REF] Toda | Reaction Control of Guest Compounds in Host-Gest Inclusion Complexes[END_REF][START_REF] Koshima | Chiral Solid-State Photochemistry Including Supramolecular Approaches[END_REF]. Crystals of TADDOLs are host structures with cavities which can be filled by guest molecules. When cocrystallized with at TADDOL derivative in a 1:1 ratio, the furoic acid amide 58 undergoes enantioselectively photocycloaddition yielding the quinolinone compound 59 (Scheme 1.13) [START_REF] Toda | Enantioselective photocyclization of N-alkylfuran-2-carboxanilides to trans-dihydrofuran derivatives in inclusion crystals with optically active host compounds derived from tartaric acid[END_REF]. Due to its polar mesomeric structure 60, the amide constitutes a 6π system with benzene and furan moieties. Therefore, it undergoes conrotatory photocylization leading to 61. The final product 59 is formed via a tautomerization step. The same reaction was carried out with the acrylanilide derivative 62 (Scheme 1.13). Co-crystals of a 1:1 ratio with the same TADDOL have been irradiated. Again, the quinolinone compound [START_REF] Frénau | The Paternò-Büchi reaction-Mechanisms and application to organic synthesis[END_REF] was obtained in high enantiomeric excess. Guest molecules can interact principally in two different ways with the TADDOL host matrix. They can approach the host molecules with their polar face which may lead to the formation of hydrogen bonds. This was observed for the furoic acid amide 58 (Figure 1.2a). Guest molecules may also interact with the aryl substituents of the TADDOLs. In such cases, van der Waals, π-π-stacking or edge-to-face interactions [START_REF] Jennings | Attractive Intramolecular Edge-to-Face Interactions in Flexible Organic Molecules[END_REF] can be observed. This may be the case in the reaction of compound 62 (Figure 1.2b). Numerous photochemical reactions have been performed using cyclodextrins inclusion complexes [START_REF] Yang | Supramolecular photochirogenesis[END_REF][START_REF] Rekharsky | Complexation Thermodynamics of Cyclodextins[END_REF]. In water solution, cyclodextrins form such complexes with a variety of organic molecules. However, in many cases when β-cyclodextrin is used, the inclusion complexes are less soluble and the corresponding suspensions, powders or films are irradiated. In this context, a suspension of the 1:1 complex of β-cyclodextrin and the azepinone 64 has been irradiated with UV light (Scheme 1.14) [START_REF] Mansour | β-Cyclodextin-Mediated Enantioselective Photochemical Electrocyclization of 1,3-Dihydro-2H-azepin-2-one[END_REF]. The photochemical product 65 was hydrogenated and the corresponding bicyclic γbutyrolactam 66 was isolated in good yields and moderate enantioselectivity. Similar results have been obtained when films of the inclusion complex were irradiated. When the photochemical reaction of 64 in the presence of β-cyclodextrin was carried out in solution, followed by hydrogenation, 66 was isolated as a racemic mixture. Obviously, under these conditions, no inclusion of 66 takes place. Scheme 1.14 Photocyclization of the dihydroazepinone 64 as part of an inclusion complex with βcyclodextrin.

Inclusion in zeolits

Zeolits are inorganic crystalline porous materials which absorb small or medium sized molecules depending on the cavity size [START_REF]Catalysis and Zeolites[END_REF]. They are frequently used as catalysts. Concerning photochemical reactions, they have been used as a host structure for organic molecules [START_REF] Ramamurthy | Achiral Zeolites as Reaction Media for Chiral Photochemistry[END_REF][START_REF] Scaiano | Intrazeolite Photochemistry: Toward Supramolecular Control of Molecular Photochemistry[END_REF]. The photocyclization of pyridones 67 to the bicylic β-lactams 68 has been performed in super cages of MY zeolites, where M are different alkali metal ions (Scheme 1.15) [START_REF] Sivasubrmanian | Value of zeolites in asymmetric induction during photocyclization of pyridines, cyclohexadiones and naphthalenones[END_REF]. In order to create a chiral environment, inclusion into the super cages of MY zeolite of (-)-norephedrine or (-)-ephedrine together with the substrate 67 was carried. In order to assure a maximum of interaction with the chiral inductor, the aminoalcohols were used in a 10-fold excess. In cases of larger substituents R, the bicylic β-lactams 68 has been obtained with enantiomeric excesses up to 53%. The confinement of the non-covalently bond chiral inductor with the pyridone substrates reduces the number of conformers. The proximity of the chiral inductor directs this selection in an enantioselective way.

It must be pointed out that with the same reactions when carried out in solution, almost no chiral induction was observed. The reaction was also performed with pyridone substrates in which chiral amine derivatives were covalently bond. In such cases, significant diastereoselectivity was observed when compounds were absorbed by Y zeolites. 

Memory of chirality

In many stereoselective reactions, the chiral information is transferred from a chiral center, for example a chiral carbon atom, to the reaction center [START_REF]For such cases models have been developed to quantify chiral induction: Ruch E, Ugi I. The Stereochemical Analogy Model -A Mathematical Theory of Dynamic Stereochemistry[END_REF]. The resulting products are formed with diastereoselectivity. In some cases, however, such a chiral center is destroyed and the chiral information is conserved (memory of chirality) in more or less stable conformers or other noncovalent interactions. In this way, such reactions become stereo-or enantioselective. Such phenomena are part of chiral memory effects [START_REF] Alezra | Recent Progress in Memory of Chirality (MOC): An Advanced Chiral Pool[END_REF][START_REF] Kramer | The Same and Not the Same: Chirality, Topicity, and Memory of Chirality[END_REF]. In this context, the proline derivative 69 has been irradiated in an acetone/water mixture (Scheme 1.16) [START_REF] Griesbeck | Spin-Orbit Coupling in Biradicals. Ab Initio MCSCF Calculations on Trimethylene and the Methyl-Methyl Radical Pair[END_REF]. Under these conditions, sensitization occurs via triplet energy transfer from photochemical excited acetone to 69.

Intramolecular electron transfer occurs from the carboxylate functionality to the phthalimide moiety [START_REF] Rekharsky | Complexation Thermodynamics of Cyclodextins[END_REF]. Immediate decarboxylation takes place and an α-aminoalkyl radical (71) is generated. In this reaction step, the chiral information at the former proline moiety is lost. Radical cyclization leads to the final product 72 with high enantioselectivity. It must be pointed out that the chiral information was conserved in relatively rigid conformations and transferred with inversion of configuration. This effect is explained by the fact that the spin multiplicity changes in this step.

The triplet diradical 73 is transformed into the final product in its singlet state 74. Radical combination and intersystem crossing concomitantly occur when the radical carrying p orbitals in the diradical are orthogonally oriented as depicted in structure 73 [80]. Such an arrangement increases spin-orbit coupling. As shown for the present and other examples, such an interaction has a significant impact on the stereoselectivity of these reactions [START_REF] Griesbeck | Selectivity Control in Electron Spin Inversion Processes: Regio-and Stereochemistry of Paternò-Büchi Photocycloadditions as a Powerful Tool for Mapping Intersystem Crossing Processes[END_REF]. In a similar electrochemical reaction, which takes place at the singlet ground state, almost the same enantioselectivity was observed but with retention of configuration at the pyrrolidine moiety [START_REF] Kramer | The Same and Not the Same: Chirality, Topicity, and Memory of Chirality[END_REF][START_REF] Wanyoike | O. Aliphatic Nitrogen-Containing Compounds, Amines, Amino Alcohols, and Amino Acids[END_REF]. Memory of chirality effects have been observed in a variety photochemical reactions involving radical intermediates [START_REF] Ramljak | Memory of chirality in the phthalimide photocyclization[END_REF].

1. [START_REF] Brimioulle | Enantioselective Catalysis of Photochemical Reactions[END_REF] Observation of a memory of chirality effect in a decarboxylative photocyclization.

Conclusion and perspectives

Enantioselective synthesis of heterocyclic compounds plays an important role in many domains such as the search of new biological active compounds medicine or agriculture, or for the preparation of new materials. Photochemical reactions significantly contribute to this research field. Currently, template supported or organometallic catalysis are intensively investigated with considerable impact in photoredox catalysis and photosensitization [START_REF] Michelin | Photosensitization and Photocatalysis -Perspectives in Organic Synthesis[END_REF][START_REF] Stephenson | Visible Light Photocatalysis in Organic Chemistry[END_REF]. Enzyme catalysis represent an efficient method for the preparation of enantiopure compounds, among them many heterocyclic compounds. Photochemical reactions can simplify the catalytic systems. In many cases, the use of coenzymes has been replaced by simple photochemical processes. Solid state photochemistry is an efficient method to control the equilibrium of conformers in an enantioselective way. Consequently, many of such reactions are carried out with high or complete enantioselectivity. This research domain provides interesting perspectives for material science. Photochemistry of heterocyclic compounds also contributes to basic understanding of chemical reactivity. Memory of chirality is observed in some of these reactions. For example, the influence of spin-orbit coupling, the conformational rigidity on enantioselectivity has been discussed in this context. It should also be pointed out that supramolecular structures [START_REF] Ramamurthy | Supramolecular Photochemistry as a Potential Synthetic Tool: Photocycloaddition[END_REF] or supramolecular catalysis [START_REF] Bhattacharyya | Supramolecular Engineering and Self-Assembly Strategies in Photoredox Catalysis[END_REF] play a key role in most of these reactions. Among the reaction discussed in this chapter, asymmetric photoredox catalytic reactions and photochemically modified enzymatic reactions are certainly the most attractive methods for application to organic synthesis. In the context of sustainable chemistry, photochemical reaction with crystalline substrate are particularly interesting since no solvent is needed [START_REF] Toda | Reaction Control of Guest Compounds in Host-Gest Inclusion Complexes[END_REF][START_REF] Mishra | Mechanical property of molecular solids[END_REF].
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 11 Scheme 1.1 Enantioselective synthesis of a spirocyclic indolizidine compound induced by a photochemical electron transfer.
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 15 Scheme 1.5 Visible light supported cobalt catalyzed [2+2+2] cycloaddition applied to the synthesis of pyridines.
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 1116 Figure 1.1 Pyridines that have been synthesized under mild conditions using photochemically promoted cobalt catalyzed [2+2+2] cycloaddition.
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 113 Scheme 1.[START_REF] Rau | Asymmetric Photochemistry and Photochirogenesis[END_REF] Photocyclization in TADDOL co-crystals yielding quinolones in high enantioselectivity.
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 12 Figure 1.2 X-ray sturcutes of compound 58 (a) and 62 (b) in 1:1 cocrystals with a TADDOL (compare Scheme 1.13).
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 115 Scheme 1.15 Photochemical transformation of pyridones 67 to bicylic β-lactams 68 co-absorbed with chiral aminoalcohols in Y zeolites.