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Abstract

Many photochemical reactions are carried out under particular sustainable conditions. Often no
chemical activation is necessary and the photon is considered as a traceless reagent. These
reactions give access to unusual molecular structures and therefore are highly appreciated for
application to organic synthesis, especially in heterocyclic chemistry. In this context,
photochemical position isomerizations of heterocyclic compounds are discussed. Photochemical
rearrangements induced by electron and hydrogen atom transfer (HAT) are also used for the
preparation of heterocyclic compounds. Photochemical electrocyclization is discussed with six-
membered heterocycles such as pyridine derivatives. Finally, photochemically induced
cyclization are presented as a very suitable method for the construction of heterocycles. The
synthesis of biologically active compounds is particularly focused. Thus perspectives of

sustainable chemistry are presented for the pharmaceutical and agrochemical industry.
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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.! 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 [’influence sur les processus organiques mérite une étude profonde
c’est la lumiére.?

In this way, he established a link between enzymatic (catalytic) and photochemical reactions.
This event is considered as the beginning of green chemistry.® Almost in the same time Emanuele
Paterno also recognized the interest of reactions induced by light absorption for organic
synthesis.* 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®, we observe a bright
renaissance of this research domain. Photocatalytic reactions with visible light play an important
role in this development.®

Photochemical reactions of organic compounds are characterized by the fact that these
compounds change their electronic configuration when they are excited by light absorption.’s
Consequently, their chemical reactivity is considerably modified and compounds or compound
families become available which cannot or difficultly be synthesized using classical organic
reactions.®° Thus the photon has to be considered as a reagent which does not only increase the
reactivity but which also modifies it.® The traditional strong links between organic and physical

photochemistry permits a profound understanding of such reactions which also facilitates their



optimization.!! 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.*213 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. 3

Photochemical reactions can also be induced using different kinds of photosensitization.® 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.® As in the case of
many photochemical reactions, the concept of the photon as traceless reaction is particularly well

applied in such rearrangements.*2



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. 1" Different activities have been observed for purine (3) and

corresponding pyrazole (4) derivatives as inhibitors of RNA or DNA glycosylase activity of shiga

toxin 1.18
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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.'® 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).% In a sequence of photochemical electrocyclization steps,
bicyclic intermediates 8, 9 and 10 are generated from 5 involving [-2+52] 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).2
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.?? All these reactions are part of

the larger family of circumambulatory rearrangements.?®
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Scheme 1. Photochemical rearrangements of the pyrazole and imidazoles derivatives.
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Scheme 2. Temperature dependence of the product ratio 14/15.

Similar reactions have been carried out with benzopyrazoles such as 17 (Scheme 3).2*
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.?® 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.
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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).2° In an extended mechanistic study, the
azirine compound 24 was irradiated at A = 300 nm, yielding the isoxazole 23. When the same
compound was irradiated at A = 254 nm, oxazoles 25 and 26 were formed. It was suggested that
in the first case, a zwitterion intermediate is involved while in the second case, a diradical
intermediate at the triplet state should be formed. This is an example which infringes the general
accepted principle that a photochemical reaction always occurs form the lowest excited singlet or
triplet state as it was formulated in analogy with the Kasha and Vavilov rules (see page 40 in ref.
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.?” Azirines are interesting synthesis intermediates. For example, in situ

addition of B-dicarbonyl compounds leads to highly substituted pyrroles.?
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Scheme 4. Photochemical rearrangement of an acylisoxazole compound.



Also sulfur analogue isothiazoles were transformed in the same way. Upon irradiation 4-
methylisothiazole 27 yielded 4-methylthiazole 28 (Scheme 5). 23 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 31.3! As shown by
a computational study bicyclic intermediates (compare 8, 9 and 10 in Scheme 1) are involved in
the main reaction.®® 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).3® In this case, substantial amounts of the

isoxazole 34 were also obtained.
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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 (A = 300 nm) of this compound efficiently yielded the oxazole 36 (Scheme 6).3



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.
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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).353¢ 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.®’
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Figure 2. Examples of natural products possessing oxazole and thiazole moieties.
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Five-membered aromatics with three heteroatoms also play an important role in the domains of
bioactive compounds or the preparation of new materials.*® Photochemical reactions similar to
those previously discussed have been performed with such compounds.3® Often the cleavage of
N-O bonds play a key role in such transformations.*® 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).** A urea function is transformed into a carbamate.
When irradiated at longer wavelengths, the isoxdiazole derivative 40 was efficiently transformed
into triazole derivative 41.%2 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.
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Scheme 7. Photochemical rearrangements with isoxadiazole derivatives.
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Currently, photoredox catalysis and its application to organic synthesis considerably contributes
to the renaissance of organic photochemistry.*® Rearrangement reactions of heterocyclic
compounds have also been carried out under these conditions.** When the isoxazolone derivative
44 is irradiated in the presence of the photoredox catalyst fac-Ir(ppy)s, the oxazole derivative 45
is obtained in high yield (Scheme 8).%° Also in this case (compare Scheme 6), decarboxylation is
involved. When the organic photoredoxcatalyst 4ADPAIPN 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.*® No photocatalysis was necessary in this case.

0 hv (blue LED) Oy (blue LED)
Ph o
Ph 4DPAIPN fac-Ir 0]
\EU\O . | N’O (PPY)s _ \[ P
N/J\Ph MeCN dioxane N
1.2 eq. Et3N /Eo
46 66%

45 91%

CN
Ph,N NPh,

PhyN CN
NPh,
4DPAIPN fac-Ir(ppy)s

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*’ and biochemical processes.*® 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.
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For example, utilization of toxic reagents still frequently used in radical chemistry is thus
avoided.*® 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.* 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).>!

In connection with investigations of photochemical cycloadditions aromatic compounds®? also
aromatic ketones have been investigated. A one-step hydrogen atom transfer is involved in the
photochemical transformation 47 (Scheme 9).> After photochemical excitation, hydrogen
abstraction to the carbonyl function occurs leading to the intermediate 48 possessing a ketyl
radical and an allyl radical moiety. After a rearrangement via intermediate 49, compound 50 is
formed. Formation of the hemiacetal 51 and addition of the resulting hydroxyl function to the

olefinic double bond leads to the final product 52 in high yield.
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Scheme 9. A one-step hydrogen atom transfer (HAT) is involved in the photochemical

reaction of the benzophenone derivative 47.
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Many hydrogen abstraction reactions have been reported with electronically excited aromatic
ketones.> A typical example is depicted in Scheme 10. Upon irradiation, the anti-inflammatory
drug ketoprofen 53 undergo macrocyclization.>® 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.

0
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_—
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Scheme 10.  Long distant 1,12—hydrogen atom transfer leading to macrocyclization.

Also o,B-unsaturated carbonyl compounds or a,B-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.>®

Various imides undergo similar hydrogen abstraction reactions.>">® When the
anhydrogalactopyranose derivative 54 is irradiated, hydrogen abstraction occurs selectively in
position 3 leading to the diradical intermediate 55 (Scheme 11).>° 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
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reaction.”” 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.®® In corresponding
diastereoisomers Norrish-Type Il elimination products were also isolated. In the case of the
isomer 61, again a regioselective reaction was observed.*® 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 o-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.®62

hv (254 nm)
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Scheme 11.  Photochemical transformations of succinimide substituted anhydropyranose

compounds leading to annulated ketocaprolactames.
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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.®® Starting from the simple
symmetrical trinydroxypropiophenone derivative 66, aflatoxin M2 core structure 67 is obtained
in only one step via photochemical HAT.% In the cyclic ketone 68 hydrogen is abstracted from a
benzyl position. Radical combination yields the furo[3,4-cJfuran lignane paulownin.® It should
be pointed out that this reaction is highly diastereoselective. The ketone function in a-keto esters
are efficient hydrogen acceptors.®® Photochemical HAT in compounds 69 yields 70 in high
diastereoselectivity.®” 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 a-keto ester function.®® 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.®® ™ After light
absorption by the quinone compound 73, hydrogen is abstracted from the methoxy group occurs
(Scheme 13).”* 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.”2 The transformation of 75 (tawaniaquinone F)

can be carried out with sunlight.
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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).” 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 Il
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.’

Similar reactions have been carried out in flow reactors.” This technology is now often used for
photochemical transformations.’® 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.
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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).”” 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.”® Similar photochemical cyclization reactions have been carried out with a,B-
unsaturated butyrolactone derivatives carrying an acetale or sugar substituent on the side

chain.%"®



19

(0] o] CF
n L ] FsC 3
81 82 - - 86 n=1:33%
83 n=1:0% n=2:0%0

n=2:38%
/)
A o_ O
-Co, N

CF4
84 nNn=1:22%
n=2:32%

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.>*%! 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.? 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.
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Figure 3. Photochemical induced hydrogen transfer form a donor to an electronically

excited acceptor. a) One-step process, b) two-step process.

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).8 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.®?
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Scheme 16.  Synthesis of pyrroles from azetidinyl aryl ketone using two-step HAT transfer.
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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 a,B-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).2% The radical ion pair
93 is formed. The neutral radicals 94 are then formed by proton transfer. Intra molecular addition
of the nucleophilic a-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 o,3-unsaturated
lactones.*85 For some time now, such reactions are also carried out using photoredox catalysis
with visible light.8® 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 a-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.?”
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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.®? The a-
ketoester 97 carrying thioether containing side chains of different lengths undergoes easily macro
cyclization (98) (Scheme 18).28 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 [3-ketoesters undergo similar reactions. Starting from 99, various

oxathiocanone derivatives 100 have been obtained.®
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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.%° 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.®! In the present case, CO, was added leading to the lactone intermediate 105 which after
ring opening yielded the keto-carboxylic acid 106. A theoretical investigation provided evidence
for the formation of the typical transition state 104 of a [4+2] cycloaddition. Two stereoisomers
103 and 107 of the dienol intermediate are formed in such reaction. While 103 undergoes

cycloaddition, 107 gave the starting compound 101 by tautomerization.
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Scheme 19.  Photochemical carboxylation of o-alkylphenyl ketones with CO..

Numerous applications of this reaction to the synthesis of natural products and heterocyclic
compounds have been reported.®? The o-hydroxymethyl benzaldehyde derivative 108 undergoes
intramolecular hydrogen abstraction at the ortho side chain yielding the dienol intermediate 109
(Scheme 20).%2 This step is favored by the presence of the o-methoxy group enabling the
formation of a hydrogen bond. The dienol is trapped by an intramolecular Diels-Alder reaction
leading to the final product 110 which is a key intermediate in the synthesis of pleurotin. This
compound was isolated from the mushroom Pleurotis grieseus and possesses activity against

Ehrlich ascites carcinoma, L-1210 lymphoid leukemia and mammary tumors.
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Scheme 20.  Photoenolization of o-hydroxymethyl benzaldehyde derivative 108 via

photochemical HAT. Synthesis of a core structure of pleurotin.

The Witkop reaction permits the synthesis of a variety of heterocyclic compounds possessing a
lactam moiety.®*% It is mainly carried out with indole derivatives such as 111 (Scheme 21).*® In a
photochemical reaction of this compound the product 112 is generated. Further intermolecular
reactions lead to the natural product decursivine which possesses antimalarial activity. After
electronic excitation (113), an electron transfer from the indole moiety to the a,a-dichloroamide
function occurs leading to the intramolecular radical ion pair 114. After release of a chloride ion,
the diradical cation 115a,b is formed. Cyclization occurs via radical combination and the
intermediate 116 is generated which is a typical Wheland intermediate of the electrophilic
aromatic substitution. Consequently deprotonation yields the final product 112 of the Witkop
reaction. In the present case, elimination of HCI (117) and intramolecular Michael addition leads
to decursivine in a very concise synthesis.

The Witkop reaction was also applied to the transformation of more complex compounds such as
118 in Scheme 22.%7 Only few more steps were necessary to obtain the synthesis target 2,7-
dihydropleiocarpamine 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 % and in
the corresponding transformation of the regio isomer 122 into 123.9% A large variety of

catharanthine derivatives has thus become available by the same photochemical key step.
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Scheme 21.  Mechanism and application to the concise synthesis of decursivine of the Witkop

reaction.
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Scheme 22.  Application of the Witkop reaction to the synthesis of 2,7-dihydropleiocarpamine

and catharanthine derivatives.

A similar reaction mechanism is involved in the nucleophilic aromatic substitution under
photochemical conditions (photochemical Sgn1 reaction).® Such an intramolecular reaction is
observed in a basic reaction medium with the imide 124 carrying an arylbromide substituent
(Scheme 23).2%! The following mechanism has been suggested. After photochemical excitation,
intramolecular electron transfer occurs from the enolate moiety in 125 to the aryl bromide
substituent (126). Radical combination leads to the anion intermediate 127. The final product 128
is obtained by release of bromide. A corresponding isoquinoline derivative 129 was also
obtained. Due to the reduced reactivity of the corresponding substrate, a more basic reaction
medium (3M NaOH) was necessary. A large variety of complex heterocyclic compounds have

been synthesized with this reaction.1%?
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Scheme 23.  Intramolecular photochemical Sgrn1 reaction.

Photochemically induced hydrogen atom transfer also occurs form heteroatoms such as amide
nitrogen to an electronically excited carbonyl function. A large variety of anthranilic acid
derivatives such as 130 undergo such an intramolecular hydrogen atom transfer (Scheme 24).1%
Iminenol intermediates 133 are generated. It has been shown that such structures correspond to an
excited singlet state S1. A corresponding triplet ground state To 134 may undergo further
chemical transformation.®* The particular reactive nitrogen centered radical will add to the furan
moiety leading to the spirocyclic intermediate 135. Radical combination can occur in two
different positions leading either to formal [2+4] adducts (compare 131) via pathway a or to
formal [4+4] adducts (compare 132) via pathway b. Such reactions are particular interesting since
they generates a high degree of molecular diversity and complexity which is very much
appreciated in the search of new biologically active compounds. In the present case, this diversity
is further increased by the combination with the Suzuki reaction (131 and 132). Especially, the
molecular complexity can further be increased when the reaction is carried out with compounds
possessing two formal anthranilic acid moieties such as in 136.1% In the case of an initial [4+2]

cycloaddition, a second one takes place and compound 137 is isolated. A corresponding reaction
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of the [4+4] adduct 138 is not possible. Such photochemical hydrogen atom or proton transfers
between heteroatoms such as nitrogen or oxygen, are also discussed in the context of excited state

intramolecular proton transfer (ESIPT).1%
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Scheme 24.  Formation of complex polyheterocyclic compounds by photochemical

transformation of anthranilic acid derivatives involving intramolecular hydrogen atom transfer.

An ESIPT is also involved in the photochemical transformations of 3-hydroxyl flavone
compounds*®” such as 139 (Scheme 25). Upon irradiation in the presence of cinnamic esters,

compounds 141 and 142 are obtained.'® At the excited state, an intramolecular proton transfer
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takes place leading to the intermediate dipolar pyryilium structure 140 which undergo
cycloaddition. Further transformations lead to the rocaglamide and forbaglin cores. Such
compounds possess potent anticancer and antileukemic activity. In such reactions often, a a-ketol
shift is observed. In the present case, this reaction leads to the formation of compound 143 which

was transformed into a rocaglamide core.

R' = H, yield : 56 %
R' = OMe, yield : 33 %

a-ketol R'=H, yield : 14 %
shift
oxydation

reduction
-

R'=H, yield : 95 % R'=H, yield : 45 %
R = OMe, yield : 55 % R" = OMe, yield : 95 % R'=H, yield : 57 %
Rocaglamide core Forbaglin core

Scheme 25.  ESIPT in photochemical transformations of 3-hydroxyl flavone compounds.

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.'®!° Pyridones such as 144 (Scheme 26) undergo photochemical [x2s + 52s]
electrocyclization.*! According to the Woodward-Hoffmann rules!?, 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.
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The photochemical reaction is therefore a privileged method for the preparation of bicyclic
compounds such as 145 possessing a cyclobutene and a f-lactam moiety. The reaction was
widely applied and especially substituted cyclization products where stable and proved to be
interesting synthesis intermediates.!™® An asymmetric version of the reaction has also been
carried out (Scheme 26).11* Thus the menthyloxy derivative 146 was transformed into 147a and
147b. Both diastereoisomers were separated by fractional crystallization. They were transformed

into the corresponding enantiomeric monocyclic B-lactam compounds 148 and ent-148.
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Scheme 26.  Photochemical electrocyclization of pyrolidone derivatives.
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Figure 4. Thermal conrotatory and photochemical disrotatory electrocyclization processes.
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The electrocyclic reaction was also successfully performed with 4z systems containing an imine
function such as in the pyrimidone derivative 149 (Scheme 27).1*® The bicyclic compound 150
thus obtained containing a 4 membered cyclic urea function. An enamine function is incorporated
in the second 4 membered ring moiety. Such compounds are interesting synthesis intermediates.

For example, ozonolysis yields compound 151 and 152. 152 is formed from 151 by addition of

water.
0 OH
Ph

e +CHo L
—» O

M (300 nm) % MeZS T( //LN
HO

149 150 46% 151 4 1 152

69%

Scheme 27. Photochemcial electrocyclization with a pyrimidone derivative.

The interest of this reaction for further application to organic synthesis of heterocyclic
compounds has nicely been shown with the reaction of 153 (Scheme 28).11¢ A variety of bicylic
photoproducts 154 were obtained in good yields. Epoxidation or reaction with
ethoxycarbonylnitrene (generated from N-ethoxycarbonyl-p-nitrobenzyltriethylammonium
bromide) of the cyclobutene moiety yielded the tricyclic compounds 155 and 156 respectively.
These compounds undergo thermal rearrangement leading to 1,4-Oxazepines 157 and 1,4-
Diazepines 158. Such compounds are hardly available by conventional methods of organic
chemistry. The overall synthesis consists in an insertion of either an oxygen or a nitrogen atom in

the C-C bond between positions 4 and 5 of the initial pyridone substrate 153.
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Scheme 28.  Synthesis of 1,4-Oxazepines 157 and 1,4-Diazepines 158 starting from pyridines.

The reaction has also been carried out with dihydropyrazidine such as 159 (Scheme 29).1*" The
resulting 1,2-diazetidiens 160 has been obtained in good yields. Gramm scale transformation

have been successfully performed and various transformations of the photoproducts have been
carried out. Thus ring opening metathesis with ethylene yielded the divinyl diazetidine 161 and

RuO; catalyzed oxidation was used to synthesize tetracarboxylate derivatives 162.

R R : H . H :
,LCO.R CO,R R"O,C CO,R
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Scheme 29.  Photocyclization of 1,2-dihydropyridazines.

In the previously discussed transformations of six membered heterocycles, the reaction centers
are located in para positions. Similar reactions are also observed when the reaction centers are
located in meta positions of the corresponding substrates. Topologically, both reactions are
related to rearrangements of benzene (Scheme 30).11811% At the S; state (163), a C-C c-bond is
formed between positions 1 and 4 yielding Dewar benzene 164. Under the reaction conditions,
this compound undergoes intramolecular [2+2] photocycloaddition yielding prismane 165. In

contrast, at the S; state, a C-C o-bond is formed between positions 1 and 3 and a bicyclic
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intermediate 166 can be formed. Further C-C bond formation leads to benzvalene 167. The
byproduct fulvene 168 is generated from 166 by fragmentation of a C-C bond of the
cyclopropane moiety and hydrogen shift. The formation of bcyclio[3.1.0] intermediates like 166
are frequently discussed in photochemical reactions of pyridinium derivatives.'?° This reaction

was frequently applied to the synthesis of biologically active compounds.*?

Isomerization
at the S, state

Isomerization
at the S, state

Scheme 30. Photochemical isomerizations of benzene.

Upon irradiation, the pyridinium salt 169 undergoes photoisomerization by C-C bond formation
in positions 6 and 2 (Scheme 31).12212 |n 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 174.1%* Treatment under acidic conditions and
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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™t h'2.1% This technique is now widely applied
to organic photochemistry in order of optimize these reactions’®% also with a particular focus on

heterocyclic chemistry.!?’
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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).2% 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
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glucosyl moiety were not protected. Peracetylation after the photochemical reaction was used to

separate the diastereoisomers by crystallization.

cl® HO
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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.'?® Some examples are shown in Figure 5: mannostatin A%, trehazolin3!,
cephalotaxine®? or lactacystin.!3® Often complex carbon skeletons such as spirocyclic

compounds are generated in the photochemical key step of these syntheses.
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Figure 5. Natural products which are accessible by photochemical electrocyclization of

pyridinium salts.
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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

NaBHj, yields mainly the cis alcohol 181 which is a precursor of dihydrofumagiline-1.1%
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Scheme 33.  Application of the photochemical electrocyclization to the chemistry of berberine

alkaloids.



38

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 | 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).2%® 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
oxidation in position 10 of camptothecin. Campthothecin is easily oxidized at the pyridine
nitrogen leading to the N-oxide 182 (Scheme 34).13 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
for the industrial production using a series of flat-bed reactors enabling a continuous flow
production.t® This technology permits a more economic and ecologically friendly production.?®
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.
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Scheme 34.  Hydroxylation of camptothecin derivatives in position 10.

In a similar way, the pyridine system is activated by a N-carbamylfunction for a photochemical
rearrangement. Compounds 187 undergo rearrangement to the corresponding two regioisomeric
188a,b (Scheme 35).2%° Further irradiation leads to bicyclic compounds such as 191. The
combination of this system with thermal rearrangements extents the molecular diversity. Thus
compounds 190a,b are obtained which themselves undergo photochemical rearrangements to
192, a regioisomer of 191. 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.
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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. 109140141142 Thege reactions have also been applied to the synthesis of
photoswitches and photochromic compounds with various heterocyclic moieties.*?

Such a reaction can be applied to the industrial production of (S)-indoline carboxylic acid 193
(Scheme 36).24 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
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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.*> Concerning chiral induction, many of such photochemical cyclizations have been

carried out using asymmetric catalysis®” or they have been carried out in a chiral crystal matrix. 4
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Scheme 36.  Industrial process for the production of (S)-Indoline carboxylic acid 193.
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Photochemical cyclization was used for the synthesis of carbazols'*’, dibenzofurans'*® and
dibenzothiophenes'*® 199 (Scheme 37). In these reactions involving 6 electrons in the -system, a
dipolar intermediate such as 200 is generated. Such an intermediate has been trapped with 1,3-
dipolar cyloaddition.'*® 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
n-system with 6 electrons undergoes photocyclization.®™® According to the Woodward-Hoffmann
rules, the cyclization occurs in a conrotatory way.'? In the present case, this leads to the

intermediate 205. The final product 206 is obtained by elimination of methanol.
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Scheme 37.  Photocyclizations leading to carbazoles, dibenzofurans, dibenzothiophene and

dibenzopyridinones.
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Compounds carrying o,-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).2°! Both isomers undergo photocyclization
yielding 209 and 210 respectively. Qinoline derivatives 211 carrying a o,p-unsaturated ketone
moiety have been transferred under similar conditions'®2. The corresponding photochemical
products 212 have been obtained in good yields. In this case, the irradiation was carried out with
"black light" (A = 365 nm). Irradiation with lower wavelength light led to fragmentation of the
substrates.
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Scheme 38. Irradiation of compounds 207 and 208 (medium pressure mercury vapor lamp)

yields indolines. Quinoline derivatives 212 have been obtained under similar conditions.

As it has already been pointed out, nitrogen containing heterocycles play an important role i as
biologically active compounds. Consequently, the herein discussed reactions have been applied to
the synthesis of a large number of such compounds. Two examples are shown Scheme 39.
Compound 213 undergoes photocyclization yielding the tetracyclic compounds 214 and 215.1%3

This transformation is a nice example of photochemical reactions that, starting from a relatively
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simple compound, in one step a complex compound is obtained. In the present case, especially
the major photoproduct 215 contains already all structural elements of the target molecule 216
which is a 5-HT2c/2s receptor antagonist. Such a pharmaceutical activity may be interesting for
the therapy of diseases like eating disorders, migraine, obsessive compulsive disorders, and
anxiety. The photocylization of the cyclohexene carbanilide derivative 217 was used as key step

in the synthesis of 218 which is a non-steroidal androgen receptor agonist.*>*
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Scheme 39.  Application of photochemical cylizations of o,-unsaturated anilids as key steps in

the synthesis of pharmaceutically active compounds.

The previously discussed reactions are a valuable tool for the synthesis of alkaloids. Some
examples are depicted in Figure 7. The cyclization of anilides was used for the synthesis of
yohimbine®®® and xylopinine!®®. In the case of aspidospermidine'®, a a,B-unsaturated carbonyl
moiety was cyclized. Lysergic acid'®® and a large variety of similar compounds such as

chanoclavine-1'°° have been obtained from photocyclization products of the same furan
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carboxamide precursor. The photocyclization with more complex heterocyclic amides has been

used to contribute to structure determination of pseudodistonin A and B.1%°

Precursor of the Target of the Precursor of the Target of the
photocyclization synthesis photocyclization synthesis
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Figure 7. Examples of the application of photocyclization reactions to the synthesis of

alkaloids.

Photocyclization is a very suitable tool for the synthesis of helicenes.'®* A subfamily of these
compounds contains heterocyclic moieties such as thiophenes. Heterohelicenes such as 219
(Scheme 40) have been obtained in this way.6? A systematic synthesis strategy has been
developed for the preparation of homologues. Thus lithiation followed by carbonylation yielded
220. Wittig reaction with 221 was used to prepare the substrate 222 for a photocyclization. The

latter occurs in a conrotatory sense leading to intermediate 224. Under mild oxidation conditions,
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in the presence of iodine, oxidation (aromatization) takes place and the final product 223 is

obtained. A large variety of helicenes have been prepared using this strategy.

s O O N—CH,P(Ph)s*CI
S S

n-BulLi O 221
—_— >
Ph(Me)NCHO ) OO NaH/DMSO

S
OHC
220 65%

222 71%

223 71%

Scheme 40.  Synthesis of heterohelicenes with thiophene moieties. Irradiations have been

carried out with high pressure mercury vapor lamp.

Complex polyheterocyclic systems can also been synthesized by highly efficient cyclization of
carbodiimides such as 225 (Scheme 41).18 After photochemical excitation, the triplet species 226
IS generated. Electronic excitation is achieved either by light absorption or by triplet sensitization
of 225. Radical addition to the alkyne function yields the diradical indol intermediate 227.
Radical combination occurs via addition to the phenyl substituent leading to the formation of
intermediate 228. The final product 229 is an indoloquinoline system which is formed by

tautomerization in the last step.



NO, NO - -
O 3 O 2 /@/NOQ

229 100%

Scheme 41.  Photochemical cyclization of carbodiimides leading to indoloquinolines. The

irradiations were carried out with various wavelengths between 254 and 419 nm.

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 semi-
conducting properties. It is therefore highly demanded to study photochemical reactions in

connection with heterocyclic chemistry.
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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.

! Ciamician, G. The Photochemistry of the Future. Science 1912, 36, 385-394.

2 But besides the ferments, there is another reagent of high importance, at least for plants, and whose influence on
organic reactions merits a profound investigation: it is light. (Ciamician, G. Sur les actions de la lumiére. Bull. Soc.
Chim. Fr. 1908, 3, i-xxvii.)

3 (a) Albini, A.; Fagnoni, M. 1908 Giacomo Ciamician and the Concept of Green Chemistry. ChemSusChem 2008, 1,
63-66. (b) Albini, A.; Fagnoni, M. Green chemistry and photochemistry were born at the same time. Green Chem.
2004, 6, 1-6.

4 paterno, E. | nuovi orizzonti della sintesi in chimica organica. Gazz. Chim. Ital. 1909, 39, 213-219.

5 Bonfield, H. E.; Knauber, T.; Lévesque, F.; Moschetta, E. G.; Susanne, F.; Edwards, L. J. Photons as a 21st century
reagent. Nat. Commun. 2020, 11, DOI. 10.1038/s41467-019-13988-4

6 Stephenson, C. R. J.; Yoon, T. P.; MacMillan D. W. C., Eds. Visible Light Photocatalysninois in Organic
Chemistry. Wiley-VCH: Weinheim, 2018.

" Klan, P.; Wirz, J. Photochemistry of Organic Compounds. Wiley: Chichester, 2009.

8 Turro, N. J.; Schuster, G. Photochemical Reactions as a Tool in Organic Synthesis. Science 1975, 187, 303-312.

9 (a) Hoffmann, N. Photochemical Reactions as Key Steps in Organic Synthesis. Chem. Rev. 2008, 108, 1052-1103.
(b) Bach, T.; Hehn J. P., Photochemical Key Steps in Natural Product Synthesis. Angew. Chem. Int. Ed. 2011, 50,
1000-1045. (c) Liu, W.; Li, C.-J. Recent Synthetic Applications of Catalyst-Free Photochemistry. Synlett 2017, 28,
2714-2754. (d) Lefebvre, C.; Fortier, L.; Hoffmann, N. Photochemical Rearrangements in Heterocyclic Chemistry.
Eur. J. Org. Chem. 2020, 2020, 1393-1404.

10 Beeler, A. B., Ed. Photochemistry in Organic Synthesis [Special issue]. Chem. Rev. 2016, 116 (17).



49

11 (@) Oelgemaller, M.; Hoffmann, N. Studies in organic and physical photochemistry — an interdisciplinary
approach. Org. Biomol. Chem. 2016, 14, 7392-7442. (b) Buzzetti, L.; Crisenza, G. E. M.; Melchiorre, P. Mechanistic
Studies in Photocatalysis. Angew. Chem. Int. Ed. 2019, 58, 3730-3747.

2 Hoffmann, N. Photochemical reactions of aromatic compounds and the concept of the photon as a traceless
reagent. Photochem. Photobiol. Sci. 2012, 11, 1613-1641.

13 Oelgemsller, M.; Jung, C.; Mattay, J. Green photochemistry: Production of fine chemicals with sunlight, Pure
Appl. Chem. 2007, 79, 1939-1947.

14 Oelgemdller, M. Solar Photochemical Synthesis: From the Beginnings of Organic Photochemistry to the Solar
Manufacturing of Commaodity Chemicals, Chem. Rev. 2016, 116, 9664-9682.

15 Michelin, C.; Hoffmann, N. Photosensitization and Photocatalysis — Perspectives in Organic Synthesis. ACS Catal.
2018, 8, 12046-12055.

16 See for example: Riguet, E.; Hoffmann, N. In Comprehensive Organic Synthesis, 2" Ed., Vol. 5 Knochel, P.;
Molander G. A., Eds., Elsevier: Amsterdam, 2014, pp. 200-221.

" Haning, H.; Niewohner, U.; Schenke, T.; Es-Sayed, M.; Schmidt, G.; Lampe, T.; Bischoff, E.
Imidazo[5,1-f][1,2,4]triazin-4(3H)-ones, a New Class of Potent PDE 5 Inhibitors. Bioorg. Med. Chem. Lett. 2002,
12, 865-868.

18 Brigotti, M.; Carnicelli, D.; Accorsi, P.; Rizzi, S.; Montanaro, L.; Sperti, S. 4-Aminopyrazolo[3,4-d] as a novel
inhibitor of the RNA and DNA depurination induced by Shiga toxin 1. Nucleic Acid Res. 2000, 28, 2383-2388.

19 vet, L. Rive-Membered Ring Systems: With More Than One N Atom, Prog. Heterocyl. Chem. 2016, 28, 275-315.
20 (@) Lablache-Combier A. Photorearrangement of Nitrogen-Containing Arenes. In Handbook of Photochemistry
and Photobiology. Horspool, W.; Song P.-S., Eds. CRC Press: Boca Raton, 1995, pp 1063-1120. (b) Pavlik J. W.
Photoisomerization of Some Nitrogen-Containing Hetero-Aromatic Compounds. In Handbook of Photochemistry
and Photobiology, 2" Ed. Horspool, W.; Lenci F., Eds. CRC Press: Boca Raton, 2004, pp 97/1-97/22.

21 Connors, R. E.; Burns, D. S.; Kurzweil, E. M.; Pavlik, J. W. Temperature-Dependent Phototransposition
Chemistry of 1,5-Dimethylpyrazole and 1,2-Dimethylimidazole. J. Org. Chem. 1992, 57, 1937-1940.

22 pavlik, J. W.; Martin, H. St.; Lambert, K. A.; Lowell, J. A.; Tsefrikas, V. M.; Eddins, C. K.; Kebede, N.
Photochemistry of 4- and 5-Phenyl Substituted Isoxazoles. J. Heterocyclic Chem. 2005, 42, 273-281.

2 Childs, R. F. Circumambulatory rearrangements. Tetrahedron 1982, 38, 567-608.



50

24 Tiefenthaler, H.; Dorscheln, W.; Goth, H.; Schmid, H. Photoisomerisierung von Pyrazolen und Indazolen zu
Imiedazolen bzw. Benzimidazolen und 2-Amino-benzonitrilen. Helv. Chim. Acta 1967, 50, 2244-2258.

%5 (a) Heinzelmann, W.; Mirky, M.; Gilgen, P. Zum Mechanismus der photochemischen Umwandlung von 2-Alkyl-
indazolen in 1-Alkyl-benzimidazole. I. Struktur und Reaktivitdt eines Zwischenproduktes. Helv. Chim. Acta 1976,
59, 1512-1527. (b) Heinzelmann, W.; Marky, M.; Gilgen, P. Zum Mechanismus der photochemischen Umwandlung
von 2-Alkyl-indazolen in 1-Alkyl-benzimidazole. II. Photophysikalische und photochemische Primérprozesse. Helv.
Chim. Acta 1976, 59, 1528-1546.

% Sauers, R. R.; Hadel, L. M.; Scimone, A. A.; Stevenson, T. A. Photochemistry of 4-acylisoxazoles. J. Org. Chem.
1990, 55, 4011-4019.

27 K. H. Grellmann, E. Tauer, Photolysis of benz- and naphth-isoxazoles: evidence for the intermediate formation of
azirines. J. Photochem. 1977, 6, 365-370.

28 (@) Pusch, S.; Kowalczyk, D.; Opatz, T. A Photoinduced Cobalt-Catalyzed Synthesis of Pyrroles through in Situ-
Generated Acylazirines. J. Org. Chem. 2016, 81, 4170-4178. (b) Pusch, S.; Schollmeyer, Opatz, T. A Light-Induced
Vinylogous Nazarov-Type Cyclization. Org. Lett. 2016, 18, 3043-3045.

29 (@) Lablache-Combier, A.; Pollet, A. Etudes photochimiques-XIV : Photoréactions des méthylisothiazoles.
Tetrahedron 1972, 28, 3141-3151. (b) Pavlik, J. W.; Pandit, C. R.; Samuel, C. J.; Day, A. C. Phototransposition
Chemistry of Methylisothiazoles and Methylthiazoles. J. Org. Chem. 1993, 58, 3407-3410.

30 For a computational study see: Su, M.-D. A model study on the photochemical isomerization of isothiazoles and
thiazoles. Phys. Chem. Chem. Phys. 2014, 16, 17030-17042.

31 pavlik, J. W.; Tongacharoensirikul, P.; Bird, N. P.; Day, A. C.; Barltrop, J. A. Phototransposition Chemistry of
Phenylisothiazoles and Phenylthiazoles. 1. Interconversions in Benzene Solution. J. Am. Chem. Soc. 1994, 116,
2292-2300.

32 D’ Auria, M. Ab initio study on the photochemical isomerization of thiazole derivatives. Tetrahedron 2002, 58,
8037-8042.

33 Maeda, M.; Kojima, M. Photorearrangements of Phenyloxazoles. J. Chem. Soc. Perkin Trans | 1977, 239-247.

3 Prager, R. H.; Smith, J. A.; Weber, B.; Williams, C. M. Chemistry of 5-oxadihydroisoxazoles. Part 18. Synthesis
of exazoles by the photolysis and pyrolysis of 2-acyl-5-0x0-2,5-dihydroisoxazoles. J. Chem. Soc. Perkin Trans |
1997, 2665-2672.

% Jin, Z. Muscarine, imidazole, oxazole and thiazole alkaloids. Nat. Prod. Rep. 2016, 33, 1268-1317.



51

3 Wipf, P. Synthetic Studies of Biologically Active Marine Cyclopeptides. Chem. Rev. 1995, 95, 2115-2134

37 (a) Hamdan, F.; Tahoori, F.; Balalaie, S.; Synthesis of novel cyclopeptides containing heterocyclic skeletons. RSC
Adv. 2018, 8, 33893-33926. (b) Yeh, V. S. C. Recent advances in the total syntheses of oxazole-containing natural
products. Tetrahedron 2004, 60, 11995-12042. (c) Cox, M.; Prager, R. H.; Swensson, C. E. The Synthesis of Some
Chiral 2-Aminoalkyloxazole-4-carboxylates from Isoxazol-5(2H)-ones. Aust. J. Chem. 2003, 56, 887-896.

3 Pace, A.; Pierro, P. The new era of 1,2,4-oxadiazoles. Org. Biomol. Chem. 2009, 7, 4337-4348.

39 Su, M.-D. Theoretical Investigation of the Photochemical Isomerizations of Indoxazene and isooxazole. J. Org.
Chem. 2009, 74, 6055-6063.

40 (@) Pace, A.; Pibiri, I.; Palumbo Piccionello, A.; Buscemi, S.; Vivona, N.; Barone, G. Experimental and DFT
Studies on Competitive Heterocyclic Rearrangements. Part 2: A One-Atom Side-Chain versus the Classic Three —
Atom Side-Chain (Boulton-Katritzky) Ring Rarrangement of 3-Acylamino-1,2,4-oxadiazoles. J. Org. Chem. 2007,
72, 2756-7888. (b) Pace, A.; Buscemi, S.; Vivona, N.; Silvestri, A.; Barone, G. Photochemistry of 1,2,4-Oxadiazoles.
A DFT Study on Photoinduced Competitive Rearrangements of 3-Amino- and 3-N-Methylamino-5-perfluoroalkyl-
1,2,4-oxadiazoles. J. Org. Chem. 2006, 71, 2740-2749.

41 Buscemi, S.; Cicero, M. C.; Vivona, N.; Caronna T. Heterocyclic photorearrangements. Photochemical behavior of
some 3,5-disubstituted 1,2,4-oxadiazoles in methanol at 254 nm. J. Heterocyclic Chem. 1988, 25, 931-935.

42 D’Auria, M.; Frenna, V.; Marullo, S.; Racioppi, R.; Spinelli, D.; Viggiani, L. Photochemical isomerization of aryl
hydrazones of 1,2,4-oxadiazol into the corresponding triazoles. Photochem. Photobiol. Sci. 2012, 11, 1383-1388.

43 Stephenson, C. R. J.; Yoon, T. P.; MacMillan D. W. C., Eds. Visible Light Photocatalysis in Organic Chemistry,
Wiley-VCH: Weinheim, 2018.

4 Xuan, J.; Lu, L.-Q.; Chen, J.-R.; Xiao, W.-J. Visible-Light-Driven Photoredox Catalysis in the Construction of
Carbocyclic and Heterocyclic Ring Systems. Eur. J. Org. Chem. 2013, 2013, 6755-6770.

4 Mei, M.; Anand, D.; Zhou, L. Divergent Conversion of N-Acyl-isoxazol-5(2H)-ones to Oxazoles and 1,3-Oxazin-
6-ones Using Photoredox Catalysis. Org. Lett. 2019, 21, 3548-3553.

46 Prager, R. H.; Taylor, M. R.; Williams, C. M. The chemistry of 5-oxodihydroisoxazoles. Part 19. The syntheisis
and photolysis of N-thioaceulisoxazol-5(2H)-ones. J. Chem. Soc. Perkin Trans. 1, 1997, 2673-2678.

47 Nechab, M.; Mondal, S.; Bertrand, M. P. 1,n-Hydrogen-Atom Transfer (HAT) Reactions in Which n#5: An

Updated Inventory. Chem. Eur. J. 2014, 20, 16034-16059.



52

48 Nakano, Y.; Biegasiewicz, K. F.; Hyster, T. K. Biocatalytic hydrogen atom transfer: an invigorating approach to
free-radical reactions. Curr. Opin. Chem. Biol. 2019, 49, 16-24.

49 See for example: (a) Baguley, P. A.; Walton, J. C. Flight from the tyranny of tin: The quest for practical radical
sources free from metal encumbrances. Angew. Chem. Int. Ed. 1998, 37, 3073-3082. (b) Povie, G.; Renaud, P. Lewis
Acid-Water/Alcohol Complexes as Hydrogen Atom Donors in Radical Reactions. Chimia 2013, 67, 250-252. (c)
Staveness, D.; Bosque, I.; Stephenson, C. R. J. Free Radical Chemistry Enabled by Visible Light-Induced Electron
Transfer. Acc. Chem. Res. 2016, 49, 2295-2306.

%0 (a) Hoffmann, N. Electron and hydrogen transfer in organic photochemical reactions. J. Phys. Org. Chem. 2015,
28, 121-136. (b) Hoffmann, N. Photochemical Electron and Hydrogen Transfer in Organic Synthesis: The Control of
Selectivity. Synthesis 2016, 48, 1782-7802.

51 See for example: (a) Miller, D. C.; Tarantino K. T.; Knowles, R. R. Proton-Coupled Electron Transfer in Organic
Synthesis: Fundamentals, Applications, and Opportunities. Top. Curr. Chem. (Z) 2016, 374, 30. (b) Hoffmann, N.
Proton-Coupled Electron Transfer in Photoredox Catalytic Reactions. Eur. J. Org. Chem. 2017, 2017, 1982-1992. (c)
Ma, J.; Zhang X.; Phillips, D. L. Time-Resolved Spectroscopic Observation and Characterization of Water-Assisted
Photoredox Reactions of Selected Aromatic Carbonyl Compounds. Acc. Chem. Res. 2019, 52, 726-737.

52 Streit, U.; Bochet, C. G. The arene-alkene photocycloaddition. Beilstein J. Org. Chem. 2011, 7, 525-542.

%3 Nishio, T.; Sakurai, N.; Iba, K.; Hamano, Y.; Sakamoto, M. Intramolecular Photocyclization of 2-Acylphenyl
Methacrylates: a Convenient Access to 4,5-Dihydro-1,4-epoxy-2-benzoxepin-3(1H)-ones (= Benzo[c]-6,8-
dioxabicyclo[3.2.1]octan-7-ones. Helv. Chim. Acta 2005, 88, 2603-26009.

%4 (a) Breslow, R. Biomimetic Control of Chemical Selectivity. Acc. Chem. Res. 1980, 13, 170-177. (b) Wagner, P. J.
Yang Photocyclization: Coupling of Biradicals Formed by Intramolecular Hydrogen Abstraction of Ketones. In
Handbook of Photochemistry and Photobiology, 2™ Ed. Horspool, W.; Lenci F., Eds. CRC Press: Boca Raton, 2004,
pp 58/1-58/70. (c) Nau, W. M.; Pischel, U. Photoreactivity of the n,n*-Excited Azoalkanes and Ketones, In Organic
Photochemistry and Photophysics Ramamurthy, V.; Schanz, K., Eds. Taylor & Francis: Boca Raton, 2006, pp. 75-
129. (d) Rubin, M. B. Photoinduced Intermolecular Hydrogen Abstraction Reactions of Ketones. In CRC Handbook
of Organic Photochemistry and Photobiology Horspool, W. M.; Song, P. S., Eds., CRC Press: Boca Raton, 1995, pp.
430-436.

% (a) Abad, S.; Bosca, F.; Domingo, L. R.; Gil, S.; Pischel, U.; Miranda, M. A. Triplet Reactivity and Regio-

/Stereoselectivity in the Macrocyclization of Diastereomeric Ketoprofen-Quencher Conjugates via Repote Hydrogen



53

Abstraction. J. Am. Chem. 2007, 129, 7407-7420. (b) Pischel, U.; Abad, S.; Domingo, L. R.; Bosc4, F.; Miranda, M.
A. Diastereomeric Differentiation in the Quenching of Excited States by Hydrogen Donors. Angew. Chem. Int. Ed.
2003, 42, 2531-2534.

% See for example: Jahjah, R.; Gassama, A.; Bulach, V.; Suzuki, C.; Abe, M.; Hoffmann, N.; Martinez, A.;
Nuzillard, J.-M. Stereoselective Triplet-Sensitized Reactions of Furanone Derivatives. Chem. Eur. J. 2010, 16, 3341-
3354.

57 Wessig, P.; Miihling, O. Abstraction of (y + n)-Hydrogen by Excited Carbonyls. In Synthetic Organic
Photochemistry. Griesbeck, A. G.; Mattay, J., Eds. Marcel Dekker: New York, 2005, pp.41-87.

%8 Kanaoka, Y.; Hatanaka, Y. Synthetic Photochemistry with the Imide System. Norrish Type Il Cyclization of
Alicyclic Imides. J. Org. Chem. 1976, 41, 400-401.

5 Thiering, S.; Sund, C.; Thiem, J.; Gieser, A.; Kopf, J. Synthesis of imido-substituted glucosans and thier
photocyclization towards highly functionalised heterocycles. Carbohydr. Res. 2001, 336, 271-282.

80 Sund, C.; Thiering, S.; Thiem, J.; Kopf, J.; Stark, M. Photochemical transformation of Levoglucosan Imides to
Anhydrosugar-Annelated Azepanediones and Azocanediones. Monatsh. Chem. 2002, 133, 485-497.

61 (a) Kanaoka, Y. Photoreactions of Cyclic Imides. Examples of Synthetic Organic Photochemistry. Acc. Chem. Res.
1978, 11, 407-413. (b) Horvat, M.; Mlinari¢-Majerski, K.; Basari¢, N. Photochemistry of N-aryl Substituted
Phthalimides: H-Abstraction, Single Electron Transfer and Cycloadditions. Croat. Chem. Acta 2010, 83, 179-188. (c)
Cindro, N.; Halasz, I.; Mlinari¢-Majerski, K.; Basari¢, N. Photoinduced H-Abstraction in Homo- and
Protoadamantylphthalimide Derivatives in Solution and in Organized and Constrained Media. Eur. J. Org. Chem.
2013, 2013, 929-938. (d) Cindro, N.; Horvat, M.; Mlinari¢-Majerski, K.; Griesbeck, A. G.; Basari¢, N. Photoinduced
hemolytic C-H activation in N-(4-homoadamantyl)phthalimide. Beilstein J. Org. Chem. 2011, 7, 270-277.

62 (a) Oelgemdller, M.; Griesbeck, A. G. Photoinduced electron transfer chemistry of phthalimides: an efficient tool
for C-C-bond formation. J. Photochem. Photobiol. C 2002, 3, 109-127. (b) Griesbeck, A. G.; Hoffmann, N.;
Warzecha, K.-D. Photoinduced-Electron-Transfer Chemistry: From Studies on PET Processes to Application in
Natural Product Synthesis. Acc. Chem. Res. 2001, 40, 128-140. (c) Yoon, U. C.; Mariano, P. S. The Synthetic
Potential of Phthalimide SET Photochemistry. Acc. Chem. Res. 2001, 34, 523-533.

83 Cottet, F.; Cottier, L.; Descotes, G. Photocyclisations de cétoacétales aromatiques en vue d’une approche

synthétique de la crombenine. Can. J. Chem. 1990, 68, 1251-1257.



54

64 Kraus, G. A.; Thomas, P. J.; Schwinden, M. D. An Approach to Aflatoxins Using Type Il Photocyclization
Reactions. Tetrahedron Lett. 1990, 31, 1919-1822.

8 Kraus, G. A.; Chen, L. A Total Synthesis of Racemic Paulownin Using a Type Il Photocyclization Reaction. J.
Am. Chem. Soc. 1990, 112, 3464-3466.

% Pappas, S. P.; Pappas, B. C.; Blackwell, Jr., J. E. Photocyclization of Methyl-0-benzyloxyphenylglyoxylate. J.
Org. Chem. 1967, 32, 3066-3069.

67 Kraus, G. A.; Zhang, N. Hydrogen-Atom Abstraction/Cyclization in Synthesis. Direct Synthesis of Coumestan and
Coumestrol. J. Org. Chem. 2000, 65, 5644-5646.

88 Gramain, J.-C.; Remuson, R.; Vallée, D.Intramolecular Photoreduction of a-Keto Esters. Total Synthesis of (+)-
Isoretronecanol. J. Org. Chem. 1985, 50, 710-712.

89 Hesse, M. Alkaloide Fluch und Segen der Natur? Verlag Helvetica Chimica Acta: Ziirich, 2000.

70 (a) Micalizio, G. C.; Hale, S. B. Reaction Design, Discovery, and Development as a Foundation to Function-
Oriented Synthesis. Acc. Chem. Res. 2015, 48, 663-673. (b) Bauman, V. T.; Shul’ts, E. E.; Kononchuk, V. V_;
Bagryanskaya, I. Yu.; Shakirov, M. M.; Tolstikov, G. A.; Synthetic Transformations of Isoquinoline Alkaloids. 1-
Alkynyl-3,6-dimethoxy-N-methyl-4,5a-epoxy-6,18-endoethenobenzoli]isomorphinans and Their Transformations.
Russ. J. Org. Chem. 2013, 49, 1502-1513. (c) Chuang, R. V.; Navarro, P.; Reisman, S. E. Benzoquinone-derived
sulfinyl imines as versatile intermediates for alkaloid synthesis: Total synthesis of (-)-3-demethoxyerythratidinone.
Chem. Sci. 2011, 2, 1086-1089. (d) Martinez, E. J.; Corey, E. J. Enantioselective Synthesis of Saframycin A and
Evaluation of Antitumor Activity Relative to Ecteinascidin/Saframycin Hybrids. Org. Lett. 1999, 1, 75-77.

1 He, W.; Zhang, Z.; Ma, D. A Scalable Total Synthesis of the Antitumor Agents Et-743 and Lurbinectedin. Angew.
Chem. Int. Ed. 2019, 58, 3972-3975.

2 Thommen, D.; Jana, C. K.; Neuburger, M.; Gademann, K. Syntheses of Tawaniaquinone F and Tawaniaquinol A
via an Unusual Remote C-H Functionalization. Org. Lett. 2013, 15, 1390-1393.

3 Koovits, P. J.; Knowles, J. P.; Booker-Milburn, K. I. Conformationally Driven Two- and Three-Photon Cascate
Processes in the Stereoselective Photorearrangement of Pyrroles. Org. Lett. 2016, 18, 5608-5611.

4 (a) Li, W.; Chen, Z.; Yu, D.; Peng, X.; Wen, G.; Wang, S.; Xue, F.; Liu, X.-Y.; Qin, Y. Asymmetric Total
Syntheses of the Akuammiline Alkaloids (—)-Strictamine and (—)-Rhazinoline. Angew. Chem. Int. Ed. 2019, 58,

6059-6063. (b) Xie, C.; Luo, J.; Zhang, Y.; Huang, S.-H.; Zhu, L.; Hong, R. Catalytic Aza-Wacker Annulation:



55

Tuning Mechanism by the Activation Mode of Amide and Enantioselective Syntheses of Melinonine-E and
Strychnoxanthine. Org. Lett. 2018, 20, 2386-2390.

S Elliott, L. D.; Knowles, J. P.; Stacey, C. S.; Klauber, D. J.; Booker-Milburn, K. I. Using batch reactor results to
calculate optimal flow rates for the scale-up of UV photochemical reactions. React. Chem. Eng. 2018, 3, 86-93.

76 (a) Coyle, E. E.; Oelgeméller, M. Micro-photochemistry: photochemistry in microstructured reactors. The new
photochemistry of the future? Photochem. Photobiol. Sci. 2008, 7, 1313-1322. (b) Loubiére, K.; Oelgemdller, M.;
Aillet, T.; Dechy-Cabaret, O.; Prat, L. Continuous-flow photochemistry: A need for chemical engineering. Chem.
Eng. Process. 2016, 104, 120-132. (c) Michelin, C.; Lefebvre, C.; Hoffmann, N. Les reactions photochimiques a
I’échelle industrielle. Actual. Chim. 2019, N° 436, 19-27. (d) Noél, T., Ed. Photochemcial Processes in Continuous-
Flow Reactors. World Scientific: London, 2017.

7 Lefebvre, C.; Michelin, C.; Martzel, T.; Djou'ou Mvondo, V.; Bulach, V.; Abe, M.; Hoffmann, N.
Photochemically Induced Intramolecular Radical Cyclization Reactions with Imines. J. Org. Chem. 2018, 83, 1867-
1875.

8 Tomoharu, 1.; Yoshiyuki, S.; Teruyuki, N.; Makoto, B.; Junichi, N.; Toshio N. (Banyu Pharma Co LTD), JP
0052973, 2002.

9 (a) Lejeune, G.; Font, J.; Parella, T.; Alibés, R.; Figueredo, A. Intramolecular Photoreactions of (5S)-5-
Oxymethyl-2(5H)-furanones as a Tool for the Stereoselective Generation of Diverse Polycyclic Scaffolds. J. Org.
Chem. 2015, 80, 9437-9445. (b) Xin, Y.; Rodriguez-Santiago, L.; Sodupe, M.; Alvarez-Larena, A.; Busqué, F.;
Alibés R. Intramolecular Photocycloaddition of 2(5H)-Furanones to Temporarily Tethered Terminal Alkenes as a
Stereoselective Source of Enantiomerically Pure Polyfunctionalyzed Cyclobutanes. J. Org. Chem. 2018, 83, 3188-
3199.

8 (a) Rehm, D.; Weller, A. Kinetics of Fluorescence Quenching by Electron and H-Atom Transfer. Isr. J. Chem.
1970, 8, 259-271. (b) Knibbe, K.; Rehm, D.; Weller, A. Intermediates and Kinetics of Fluorescence Quenching by
Electron Transfer. Ber. Bunsenges. Phys. Chem. 1968, 72, 257-263.

81 padwa, A.; Albrecht, F.; Singh, P.; Vega, E. Photochemical Transformations of small Ring Carbonyl compounds.
XXX. Electron Transfer in the Photochemistry of Azetidinyl Ketones. J. Am. Chem. Soc. 1971, 93, 2928-2935.

82 See for example: Scholz, S. O.; Farney, E. P.; Kim, S.; Bates, D. M.; Yoon, T. P. Spin-Selective Generation of
Triplet Nitrenes: Olefin Aziridination through Visible-Light Photosensitization of Azidoformates. Angew. Chem. Int.

Ed. 2016, 55, 2239-2242.



56

8 Bauer, A.; Westkamper, F.; Grimme, S.; Bach, T. Catalytic enantioselective reactions driven by photoinduced
electron transfer. Nature 2005, 436, 1139-1140.

84 (a) Bertrand, S.; Hoffmann, N.; Pete, J.-P. Highly Efficient and Stereoselective Radical Addition of Tertiary
Amines to Electron-Deficient Alkenes — Application to the Enantioselective Synthesis of Necine Bases. Eur. J. Org.
Chem. 2000, 2000, 2227-2238. (b) Bertrand, S.; Hoffmann, N. Humbel, S.; Pete, J.-P. Diastereoselective Tandem
Addition-Cyclization Reactions of Unsaturated Tertiary Amines Initiated by Photochemical Electron Transfer (PET).
J. Org. Chem. 2000, 65, 8690-8703. (c) Hoffmann, N.; Gorner, H. Photoinduced electron transfer form N-
methylpyrrolidine to ketones and radical addition to an electron-deficient alkene. Chem. Phys. Lett. 2004, 383, 451-
455, (d) Harakat, D.; Pesch, J.; Marinkovi¢, S.; Hoffmann, N. Thiocarbonyl compounds as regulating reagent in the
radical addition of tertiary amines with alkenes using photoelectron transfer conditions. Org. Biomol. Chem. 2006, 4,
1202-1205.

8 (@) Hoffmann, N.; Bertrand, S.; Marinkovi¢, S.; Pesch, J. Efficient radical addition of tertiary amines to alkenes
using photochemical electron transfer. Pure Appl. Chem. 2006, 78, 2227-2246. (b) Hoffmann, N. Efficient
photochemical electron transfer sensitization of homogeneous organic reactions. J. Photochem. Photobiol. C 2008, 9,
43-60. (c) Cossy, J.; Belotti, D. Generation of ketyl radical anions by photoinduced electron transfer (PET) between
ketones and amines. Synthetic Applications. Tetrahedron 2006, 62, 6459-6470.

8 ghi, L.; Xia, W. Photoredox functionalization of C-N bonds adjacent to a nitrogen atom. Chem. Soc. Rev. 2012, 41,
7687-7697.

87 Brimioulle, R.; Lenhart, D.; Maturi, M. M.; Bach Enantioselective Catalysis of Photochemical Reactions. Angew.
Chem. Int. Ed. 2015, 54, 3872-3890.

8 Hu, S.; Neckers, D. C. Photochemical Reactions of Sulfide-Containing Alkyl Phenylglyoxylates. Tetrahedron
1997, 53, 7165-7180.

8 Yamazaki, Y.; Miyagawa, T.; Hasegawa, T. Photocyclization of 2-(alkylthio)ethyl benzoylacetates via remote
proton transfer following charge-transfer interaction between excited ketone carbonyl and thioether chromophore. J.
Chem. Soc. Perkin Trans. | 1997, 2979-2981.

% Masuda, Y.; Ishida, N.; Murakami, M. Light-Driven Carboxylation of 0-Alkylphenyl Ketones with CO,. J. Am.
Chem. Soc. 2015, 137, 14063-14066.

1 Nerdel, F.; Brodowski, W. UV-Lichtinduzierte Addition von Maleinsaureanhydrid an 0-Methyl-benzophenon

Chem. Ber. 1968, 101, 1398-1406.



57

92 Sammes, P. G. Photoenolisation. Tetrahedron 1976, 32, 405-422.

9 Kraus, G. A.; Chen, L. The Development of a Direct Synthetic Route to Pleurotin. Synlett 1981, 2, 89-90.

9 Gritsch, P. J.; Leitner, C.; Pfaffenbach, M.; Gaich, T. The Witkop Cyclization: A Photoinduced C-H Activation of
the Indole System. Angew. Chem. Int. Ed. 2014, 53, 1208-1217.

% Hoffmann, N.; Riguet, E. Aromatic Photochemical Reactions. In Arene Chemistry, Mortier, J. Ed. Wiley:
Hoboken, 2016, pp. 837-868.

% (a) Mascal, M.; Modes, K. V.; Durmus, A. Consise Photochemical Synthesis of the Antimalarial Indole Alkaloid
Decursivine. Angew. Chem. Int. Ed. 2011, 50, 4445-4446. (b) Qin, H.; Xu, Z.; Cui, Y.; Jia, Y. Total Synthesis of (£)-
Decursivine and (z)-Serotobenine: A Witkop Photocyclization/Elimination/O-Michael Addition Cascate. Angew.
Chem. Int. Ed. 2011, 50, 4447-4449.

9 Bennasar, M.-L.; Zulaica, E.; Jiménez, J.-M.; Bosch, J. Studies on the Synthesis of Mavacurine-Type Indole
Alkaloids. Fierst Total Synthesis of (z)-2,7-Dihydropleiocarpamine. J. Org. Chem. 1993, 58, 7756-7767.

% Sundberg, R. J.; Hong, J.; Smith, S. Q.; Sabat, M.; Tabakovic, I. Synthesis and Oxidative Fragmentation of
Catharanthine Analogs. Comparison to the Fragmentation — Coupling of Catharanthine and Vindoline. Tetrahedron
1998, 54, 6259-6292.

9 Szantay, C.; Bolcskei, H.; Gacs-Baitz, E. Synthesis of vinca alkaloids and related compounds XLVI11 Synthesis of
(+)-catharanthine and (£)-allocatharanthine. Tetrahedron 1990, 46, 1711-1732.

100 (3) Karapire, C.; Icli, S. Photochemical Aromatic Substitution. In Handbook of Photochemistry and Photobiology,
2" Ed. Horspool, W.; Lenci F., Eds. CRC Press: Boca Raton, 2004, pp 37/1-37/14. (b) Schutt, L.; Bunce, N. J.
Photodehalogenation of Aryl Halides. In Handbook of Photochemistry and Photobiology, 2™ Ed. Horspool, W.;
Lenci F., Eds. CRC Press: Boca Raton, 2004, pp 38/1-38/18.

101 Senthilvelan, A.; Thirumalai, D.; Ramakrishnan, V. T. Photochemical synthesis of benzoxazolo[3,2-
blisoquinolin-11-one and isoquino[3,2-b][1,3]benzoxazin-11-one under basic conditions. Tetrahedron 2005, 61,
4213-4220.

192 Aruna, Z.; Senthilvelan, A.; Thirumalai, D.; Muthusamy, S.; Ramakrishnan, V. T. Synthesis and Photocyclization
of 1,2,4-Triazole-3-thione. Synthesis 2006, 3841-3848.

108 Cronk, W. C.; Mukhina, O. A.; Kutatetladze, A. G. Intramolecular Photoassisted Cycloadditions of Azaxylylenes
and Postphotochemical Capstone Modifications via Suzuki Coupling Provide Access to Complex Polyheterocyclic

Biaryls. J. Org. Chem. 2014, 79, 1235-1246.



58

104 Mukhina, O. A.; Cronk, W. C.; Kumar, N. N. B.; Sekhar, M. C.; Samanta, A.; Kutateladze, A. G. Intramolecular
Cycloadditions of Photogenerated Azaxylylenes: An Experimental and Theoretical Sudy. J. Phys. Chem. A 2014,
118, 10487-10496.

105 Cronk, W. C.; Mukhina, O. A.; Kutateladze, A. G.; Photoinduced "Double Click" Cascate Offers Access to
Complex Polyheterocycles from Readily Available Isatin-Based Photoprecursors. Org. Lett. 2016, 18, 3750-3753.
106 Kumpulainen, T.; Lang, B.; Rosspeintner, A.; Vauthrey, E. Ultrafast Elementary Photochemical Processes of
Organic Molecules in Liquid Solution. Chem. Rev. 2017, 117, 10826-10939.

07 Duarte, L. G. T. A.; Germino, J. C.; de Avila Braga, C.; Barboza, C. A.; Atvars, T. D. Z.; da Silva Santos, F.;
Rodembusch, F. S. Photoacidity as a tool to rationalize excited state intramolecular proton transfer reactivity in
flavonols. Photochem. Photobiol. Sci. 2018, 17, 231-238.

198 Gerard, B.; Jones I, G.; Porco Jr., J. A. A Biomimetic Approach to the Rocaglamides Employing
Photogeneration of Oxidopyryliums Derived from 3-Hydroxyflavones. J. Am. Chem. Soc. 2004, 126, 13620-13621.
199 Ninomiya, I.; Naito, T. Photochemcial Synthesis, Academic Press: London, 1989, pp. 135-200.

110 Coote, S. C. 4-n-Photocyclization: Scope and Synthetic Applications. Eur. J. Org. Chem. 2020, 2020, 1405-1423.
111 Corey, E. J.; Streith, J. Internal Photoaddition Reactions of 2-Pyrone and N-Methyl-2-pyridone: A New Synthetic
Approach to Cyclobutadiene. J. Am. Chem. Soc. 1964, 86, 950-851.

112 Woodward, R. B.; Hoffmann, R. The conservation of Orbital Symmetry. Angew. Chem. Int. Ed. 1969, 8, 781-932.
113 Fyrrer, H. Darstellung und Reaktionen von 3-Oxo-2-aza-bicyclo[2.2.0]hexenen-(5) und von 3-Ox0-1.2.4.6-
tetramethyl-2.5-diazabicyclo[2.2.0]hexan. Chem. Ber. 1972, 105, 2780-2790.

114 sato, M.; Katagiri, N.; Kaneko, C. Practicable Synthesis of (1R,4R-5-(I-Menthoxy)-2-azabicyclo[2.2.0]-hex-5-en-
3-one and its derivatives: New Building Blocks for Carbapenem Nuclei. Tetrahedron Lett. 1986, 27, 6091-6094.

115 Chandrakala, P. S.; Katz, A. K.; Carrell, H. L.; Sailaja, P. R.; Podile, A. R.; Nangia, A.; Desiraju, G. R.
Syunthesis, X-ray crystal structures and biological evaluation of some mono- and bi-cyclic 1,3-diazetidin-2-ones:
non-natural B-lactam analogues. J. Chem. Soc. Perkin Trans 1, 1998, 2597-2608.

118 Kurita, J.; Yoneda, T.; Kakusawa, N.; Tsuchiya, T. Studies on Seven-Membered Heterocycles. XXXI. Synthesis
of 1,4-Oxaepines and 1,4-Diazepines. Chem. Pharm. Bull. 1990, 38, 2911-2918.

17 Britten T. K.; Kemmitt, P. D.; Halcovitch, N. R.; Coote, S. C. 4-p-Photocyclization of 1,2-Dihhydropyridazines:
An Approach to Bicyclic 1,2-Diazetidines with Rich Synthetic Potential. Org Lett. 2019, 21, 9232-9235.

18 Klan, P.; Wirz, J. Photochemistry of Organic Compounds. Wiley: Chichester, 2009, pp. 276-279.



59

119 (a) Gilbert, A. Ring Isomerization of Benzene and Naphthalene Derivatives. In Handbook of Photochemistry and
Photobiology. Horspool, W.; Song P.-S., Eds. CRC Press: Boca Raton, 1995, pp 229-236. (b) Pincock, J. A. The
Photochemistry of Substituted Benzenes: Phototranspositions and Photoadditions of Alcohols. In Handbook of
Photochemistry and Photobiology, 2" Ed. Horspool, W.; Lenci F., Eds. CRC Press: Boca Raton, 2004, pp 46/1-
46/19.

120 (3) Mariano, P. S. A New Look at Pyridinium Salt Photochemistry. In Handbook of Photochemistry and
Photobiology, 2" Ed. Horspool, W.; Lenci F., Eds. CRC Press: Boca Raton, 2004, pp 100/1-100/10. (b) Zou, J.;
Mariano, P. S. The synthetic potential of pyridinium salt photochemistry. Photochem. Photobiol. Sci. 2008, 7, 393-
404.

121 Damiano, T.; Morton, D.; Nelson, A. Photochemcial transformation of pyridinium salts: mechanistic studies and
application in synthesis. Org. Biomol. Chem. 2007, 5, 2735-2752.

122 Kaplan, L.; Pavlik, J. W.; Wilzbach, K. E. Photohydration of Puridinium lons. J. Am. Chem. Soc. 1972, 94, 3283-
3284.

123 Schoenfeld, R. C.; Lumb, J.-P.; Ganem, B. Polyhydroxylated aziridinylcyclopentanes as glycomimetics: a new
cometititive inhibitor of a-mannosidase. Tetrahedron Lett. 2001, 42, 6447-6449.

124 Colombo, C.; Pinto, B. M.; Bernardi, A.; Bennet, A. J. Synthesis and evaluation of influenza A viral
neuraminidase candidate inhibitors based on a bicycle[3.1.0]hexane scaffold. Org. Biomol. Chem. 2016, 14, 6539-
6553.

125 Sjopa, F.; Antonio, J. P. M.; Afonso, C. A. M. Flow-Assisted Synthesis of Bicyclic Aziridines via Photochemical
Transformation of Pyridinium Salts. Org. Process Res. Dev. 2018, 22, 551-556.

126 () Oelgemoller, M.; Goodine, T.; Malakar, P. Flow Photochemistry — a Green Technology with a Bright Future.
In Sustainable Flow Chemistry: Methods and Applications, 1% Ed. Vaccaro, L. Ed. Wiley-VCH: Weinheim, 2017,
pp. 1-24. (b) Mizuno, K.; Nishiyama,Y.; Ogaki, T.; Terao, K.; Ikeda, H.; Kakiuchi, K. Utilization of microflow
reactors to carry out synthetically useful organic photochemical reactions. J. Photochem. Photobiol. C 2016, 29, 107-
147.

127 Branddo, P.; Pineiro, M.; Pinho e Melo, T. M. V. D. Flow chemistry: Towards a More Sustainable Heterocyclic
Synthesis. Eur. J. Org. Chem. 2019, 2019, 7188-7217.

128 Glarner, F.; Acar, B.; Etter, I.; Damiano, T.; Acar, E. A.; Bernardinelli, G.; Burger, U. The Photohydration of N-

Glycosylpyridinium N,O-Acetals. Tetrahedron 2000, 56, 4311-4316.



60

129 Berecibar, A.; Grandjean, C.; Siriwardena, A. Synthesis and Biological Activity of Natural Aminocyclopentitol
Glycosidase Inhibitors: Mannostatins, Trehazolin, Allosamidins, and Their Analogues. Chem. Rev. 1999, 99, 779-
844.

130 ing, R.; Mariano, P. S. A Demonstration of the Synthetic Potential of Pyridinium Salt Photochemistry by Its
Application to the Stereocontrolled Synthesis of (+)-Mannostatin A. J. Org. Chem. 1998, 63, 6072-6076.

131 Feng, X.; Duesler, E. N.; Mariano, P. S. Pyridinium Salt Photochemistry in a Concise Route for the Synthesis of
the Treazolin Aminocyclitol, Treazolamine. J. Org. Chem. 2005, 70, 5618-5623.

132 Zhao, Z.; Mariano, P. S. Application of the photocyclization reaction of 1,2-cyclopenta-fused pyridinium
perchlorate to formal total synthesis of (-)-cephalotaxine. Tetrahedron 2006, 62, 7266-7273

133 Zhou, J.; Gong, M.; Mariano, P. S.; Yoon, U. C. Observations Made in Exploring a Pyridinium Salt
Photochemical Approach to the Synthesis of (+)-Lactacystin. Bull. Korean Chem. Soc. 2008, 29, 89-93.

134 Hanaoka, M.; Mukai, C.; Nagami, K.; Okajima, K.; Yasuda, S. Chemical Transformation of Protoberberines. V.
Photochemical Valence Isomerization of Berberinephenolbetaines to 8,14-Cycloberbines, Versatile Aziridine
Derivatives for a Novel and Efficient Entry to Spirobenylisoquinolines and Benzindenoazepones. Chem. Pharm.
Bull. 1984, 32, 2230-2240.

135 Hanaoka, M.; lwasaki, M.; Mukai, C. A highly stereoselective synthesis of (+)-dihydrofumariline-1. Tetrahedron
Lett. 1985, 26, 917-920.

1% Cai, J.-C.; Hutchinson, C. R. Camtothecin. The Alkaloids 1983, 21, 101-137.

187 Sawada, S.; Okajima, S.; Aiyama, R.; Nokata, K.; Furuta, T.; Yokokura, T.; Sugino, E.; Yamaguchi, K.;
Miyasaka, T. Synthesis and Antitumor Activity of 20(S)-Camptothecin Derivatives: Carbamate-Linked, Water-
Soluble Derivatives of 7-Ethyl-10-hydroxycamptothecin. Chem. Pharm. Bull. 1991, 39, 1446-1454.

138 Werner, S.; Seliger, R.; Rauter, H.; Wissmann F. (Heraeus GmbH) Quartz glass micro-photoreactors and
synthesis of 10-hydroxycamptothecin and 7-alkyl-10-hydroxycamptothecin. EP 2 065 387 A2, 2009, US
2009/0143588 Al.

139 (@) Tsuchiya, T.; Kurita, J.; Kojima, H. Synthesis of Simple Monocyclic 1,3-Deazepines from 1,2 Diazepines. J.
C. S. Chem. Com. 1980, 444-445. (b) Kurita, J.; Kojima, H.; Tsuchiya, T. Studies on Diazepines. XVI. Synthesis of
Monocyclic 1,3-Diazepines. (1). Thermolysis of 1,2-Diazepines formed from Methylpyridine N-Imides. Chem.

Pharm. Bull. 1981, 29, 3688-3695.



61

140 Hoffmann, N. Synthesis of Heterocycles by Photocyclization of Arenes. In Handbook of Photochemistry and
Photobiology, 2" Ed. Horspool, W.; Lenci F., Eds. CRC Press: Boca Raton, 2004, pp 34/1-34/20.

141 Gilbert, A. Cyclization of Stilbene and its Derivatives. In Handbook of Photochemistry and Photobiology, 2" Ed.
Horspool, W.; Lenci F., Eds. CRC Press: Boca Raton, 2004, pp 33/1-33/11.

142 Mallory, F. B.; Mallory, C. W. Photocyclization of Stilbenes and Related Molecules. Organic Reactions 1984, 30,
1-456.

143 (a) Irie, M. Discovery and development of photochromic diraylethenes. Pure Appl. Chem. 2015, 87, 617-626. (b)
Irie, M. Diarylethenes for Memories and Switches. Chem. Rev. 2000, 100, 1685-1716. (c) Irie, M.; Fukaminato, T.;
Matsuda, K.; Kobatake, S. Photochromism of Diarylethene Molecules and Crystals: Memories, Switches, and
Actuators. Chem. Rev. 2014, 114, 12174-12277.

144 (a) Roloff, A.; Meier, K.; Riediker, M. Synthetic and metal organic photochemistry in industry. Pure Appl. Chem.
1986, 58, 1267-1272. (b) Roloff, A.; Geschwind, H. W. (Ciba-Geigy AG) Process for the preparation of a carboxylic
acid. EP 018544 A1, 1986.

145 Spai, K.; Kawasaki, T.; Matsumoto, A. Asymmetric Autocatalysis of Pyrimidyl Alkanol and Its Application to the
Study of the Origin of Homochirality. Acc. Chem. Res. 2014, 47, 3643-3654.

146 Tanaka, K.; Toda, F. Solvent-Free Organic Synthesis. Chem. Rev. 2000, 100, 1025-1074.

147 (@) Grellmann, K.-H.; Sherman, G. M.; Linschitz, H. Photoconversion of Diphenylamines to carbazoles and
Accompaning Transient Species. J. Am. Chem. Soc., 1963, 85, 1881-1882. (b) Grellmann, K.-H.; Kithnle, W.;
Weller, H.; Wolff, T. The Photochemical Formation of Dihydrocarbazoles from Diphenylamines and Their Thermal
Rearrangement and Disproportionation Reactions. J. Am. Chem. Soc., 1981,103, 6889-6893.

148 (a) Zeller, K.-P.; Petersen, H. Photochemische Herstellung von Dibenzofuranen und Dibenzothiophenen.
Synthesis, 1975, 532 - 533. (b) Zeller, K.-P.; Berger, S. Steric Hindrance in Substituted Dibenzofurans. J. C. S.
Perkin 11, 1977, 54-58.

149 Schulz, A. G.; DeTar, M. B. Thiocarbonyl Y lides. Photogeneration, Rearrangement, and Cycloaddition Reactions.
J. Am. Chem. Soc. 1976, 98, 3564-3572.

150 Kanaoka, Y.; Itoh, K. Photocyclization of Benzanilides to Phenanthridones with Elimination of the ortho-
Methoxy-group. Chem Commun. 1973, 647-648.

151 |brahim-Ouali, M.; Sinibaldi, M.-E.; Troin, Y.; Guillaume, D.; Gramain, J.-C. Diastereoselective Photochemical

Synthesis of 3,3-Disubstuted Indolines. Tetrahedron 1997, 53, 16083-16096.



62

152 Blache, Y.; Benzech, V.; Chezal, J.-M.; Boule, P.; Viols, H.; Chavignon, O.; Teulade, J.-C.; Chapat, J.-P.
Reactivity of Heterocyclic Enaminones: Regioselective Synthesis of Polyfused Indolones. Heterocycles 2000, 53,
905-916.

153 Nozulak, J.; Kalkman, H. O.; Floersheim, P.; Hoyer, D.; Schoeffter, P.; Buerki, H. R. (+)-cis-
4,5,7a,8,9,10,11,11a-Octahydro-7H-10-methylindolo[1,7-bc][2,6]-naphthyridine: A 5-HT.c2s Receptor Antagonist
with Low 5-HT»a Receptor Affinity, J. Med. Chem. 1995, 38, 28-33.

154 (a) Ninomiya, 1.; Yamauchi, S.; Kiguchi, T.; Shinohara, A.; Naito, T. Photocyclization of Enamides. Part V.
Photocyclization of o,B-Unsaturated Anilides. J. Chem. Soc. Perkin | 1974, 1747-1751. (b) Higuchi, R. I.; Edwards,
J. P.; Caferro, T. R.; Ringgenberg, J. D.; Kong, J. W.; Hamann, L. G.; Arienti, K. L.; Marschke, K. B.; Davis, R. L.;
Farmer, L. J.; Jones, T. K. 4-Alkyl- and 2,4-Dialkyl-1,2,3,4-tetrahydro-8-pyridono[4,6-g]quinolones: Potent,
Nonsteroidal Androgen Receptor Agonists. Bioorg Med Chem. Lett. 1999, 9, 1335-1340.

155 Naito, T.; Hirata, Y.; Miyata, O.; Ninomiya, |. Photocyclisation of Enamides. Part 27. Total Synthesis of rac-
Yohimbine, rac-Alloyohimbine, and rac-19,20-Didehydroyohimbines. J. Chem. Soc. Perkin Trans. I, 1988, 2219-
2225.

156 Kametani, T.; Takagi, N.; Toyota, M.; Honda, T.; Fukumoto, K. Total Synthesis of the Protoberberine Alkaloid
(-)-Xylopinine by Photochemical 1,3-Asymmetric Induction. J. C. S. Perkin I, 1981, 2830-2834.

157 Benchekroun-Mounir, V.; Dugat, D.; Gramin, J.-C.; Husson, H.-P. Stereocontrolled formation of Octahydro-1H-
pyrrolo[2,3-d]carbazoles by Reductive Cyclization: Total Synthesis of (+£)-N-Benzylaspidospermidine. J. Org. Chem.
1993, 58, 6457-6465.

1% Ninomyia, I.; Hashimoto, C.; Kiguchi, T.; Naito, T. Photocyclisation of Enamides. Part 24. Total Synthesis of (+)-
Isofumigaclavine B and (£)-Lusergic Acid. J. Chem. Soc. Perkin Trans. 1 1985, 941-948.

159 Ninomiya, I.; Habe, N.; Kiguchi, T.; Naito, T. Photocyclization of Enamides. Part 35. New Total Syntheses of the
Ergot Alkaloids (+)-Chanoclavine-1 and (£)-Isochanoclavine-1 using a Fragmentation of 3-Amino Alkohols. J.
Chem. Soc. Perkin Trans. 1, 1991, 3275-3285.

160 Naito, T.; Yuumoto, Y.; Kiguchi, T.; Ninomiya, . Photocyclization of namides. Part 39. General strategy for the
synthesis of (+)-tetrahydropseudodistomins: synthesis of triacetates of (+)-tetrahydropseudodistomin and proposed
structures of pseudodistomins A and B. J. Chem. Soc. Perkin Trans 1, 1996, 281-288.

161 Hoffmann, N. Photochemical reactions applied to the synthesis of helicenes and helicene-like compounds. J.

Photochem. Photobiol. C 2014, 19, 1-19.



63

162 Groen, M. B.; Schadenberg, H.; Wynberg, H. Synthesis and Resolution of Some Heterohelicenes. J. Org. Chem.
1971, 36, 2797-2809.

163 Schmittel, M.; Rodriguez, D.; Steffen, J.-P. A Highly Efficient Triplet Analogue of a Thermal Biradical
Cyslization — The Photochemical C2-C6 Cyclization of Enyne-Heteroallenes. Angew. Chem. Int. Ed. 2000, 39, 2152-

2155,



