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Abstract - In this work, the most significant reactions underwent by heterocyclic 

compounds under photoinduced electron transfer conditions have been reviewed, 

focusing the attention onto the possible applications of such reactions in organic 

synthesis and heterocycle functionalizations. 
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1.  Introduction 

Electron transfer processes (ET) involve the donation of an electron from a donor specie (D) to an 

acceptor (A). With organic compounds, ET reactions are quite common when the oxidation or the 

reduction step is initiated by an inorganic specie or by electrochemical means, while an ET process 
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between two organic substrates is quite rare, at least among thermal reactions. However, excited states are 

both stronger oxidants and strong reductants than the corresponding ground states. In fact, the scenario 

changes dramatically when one of the two components is irradiated and an electron is promoted to a 

vacant orbital. As a consequence, the excited molecule can easily either donate this electron or accept one 

in the vacancy created in the formerly filled orbitals.1 In the first case, excitation makes the light-

absorbing molecule behave as a strong donor, in the latter one as a strong acceptor, as illustrated in the 

following Schemes 1 and 2. 
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In the ground state there is no way of having an efficient electron transfer, since the energy of the 

acceptor LUMO is too high. After the excitation of the donor, the excited state thus formed (D*) is able to 
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donate an electron and a radical ions pair (the radical cation of the donor D+. and the radical anion of the 

acceptor A-.) is formed.  

Analogously, the excitation of the acceptor lead to the same radical ions pair.  

Heteroaromatic compounds are ideal substrates for photoinduced electron transfer (PET) processes thanks 

to their strong absorptivity in the UV (in some cases also in the visible) region. Either D+. or A-. can be 

involved in chemical reactions which, in turn, can be divided in three main classes according to the role 

of the heteroaromatic. In the first case (eq a) the heteroaromatic is the donor and is oxidized by the 

excited state of a suitable sensitiser (the acceptor). Alternatively the radical cation (or the radical anion) of 

the heteroaromatic can be obtained from its excited state through electron transfer to the acceptor (or the 

donor) as depicted respectively in eq b and c. 
 

Sensitiser                 Sensitiser*    +   Het(D)                  Sensitiser-.    +   Het(D)+.                       Reaction

Het(D)                 Het(D)*    +     A                  Het(D)+.    +      A-.                Reaction

Het(A)                 Het(A)*    +     D                  Het(A)-.    +      D+.                 Reaction

a)

b)

c)

 

Electron rich heterocycles viz. pyrrole, furans, thiophenes and indoles are suitable candidates for the role 

of donors and, on the contrary, electron poor pyridines, quinolines and acridines are good electron 

acceptors. The knowledge of oxidation potentials of the former ones and reduction potential of the latter 

ones is thus required for the evaluation of an electron transfer process as illustrated in Scheme 3. 

Heterocyclic derivatives that easily function as donors are listed according to their ground state oxidation 

potential, (Scheme 3, left part) and likewise in the right part heterocycles acting as acceptors are listed 

according to their reduction potential. 

In Scheme 4 several sensitisers are also reported and are listed according to their reduction potential in 

the excited state (the higher is the potential the better is the oxidant capability). Among these, two 

examples of heteroaromatic sensitiser are found, viz pyrilium10 and acridinium salts.11 

Application of PET reactions to heteroaromatics is a mild and useful alternative for their functionalization 

that might be appealing in view of the large importance that these derivatives have in the field of 

medicinal and agronomic chemistry. This review deals with reactions involving heteroaromatics (not their 

dihydro or in any way reduced derivatives12) under photoinduced electron transfer conditions. Reactions 

leading to the formation of heteroaromatic rings are likewise not discussed. General presentations of 

electron transfer reactions (thermal or photoinduced) for heterocycles are already available in the 

literature.13  
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Scheme 3 
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Therefore, this work considered only the PET reactions applied to heterocylic substrates with particular 

attention to the possible applications relevant from the synthetic point of view. The chapters have been 

prepared according to the reaction type, as indicated in the table of contents above.  
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Scheme 4 
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2. Cycloaddition reactions 

Cycloaddition reactions are one of the most largely employed methods for the construction of a ring.14 In 

principle, [4+2] cycloaddition reactions occur between electron-rich dienes and electron-poor dienophiles  

(Diels-Alder reaction) or vice versa in the electron inverse demand version of the reaction. Because of 

this requirement, no cycloaddition takes place between two species having similar HOMO and LUMO 

energies. This limitation can be overcome by a preliminary PET oxidation of one of the two components. 

In such a way a radical cation is obtained and behaves as the electron-poor counterpart of the reaction. 

Cycloaddition thus occurs thanks to the redox Umpolung either of the 4π or the 2π partner of the reaction 

(substrate D in Scheme 5).15 The rate increases several orders of magnitude with respect to the reaction of 
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neutral dienes and dienophiles (D and D1) due to a substantial lowering of the activation barrier for this 

path.  
 

Scheme 5 

 

DIENE    +     DIENOPHILE                    Reaction (EHOMOdiene >>> EHOMOdienophile)

DIENE    +     DIENOPHILE                     No Reaction (EHOMOdiene = EHOMOdienophile)    

Diene (Dienophile)                          Diene+. (Dienophile+.)                       Reaction         .

Dienophile (Diene) A*           A-.
 

 

In order to explain the mechanism, two pathways were proposed. The first one (see Scheme 6, path a) 

was invoked to justify the high quantum yield values (Φ = 66) measured in some reactions and is based 

on the intervention of a chain process.16 In the second one, appropriately designed as electron-transfer 

sensitisation, D is not involved in a chain reaction. The acceptor acts as the sensitiser and is regenerated 

during the course of the process; hence, it can be used in catalytic amount, at least in principle (path b).16 

 

Scheme 6 
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Most of the [4 + 2] ET photosensitised cycloadditions reported in the literature result from the work by 

Steckhan on indole derivatives. Despite to the fact that the 2,3-double bond of these substrates is a good 

electron rich 2π addend, the usual thermal cycloaddition reactions have been limited to the reaction with 

electron-poor heterodienes in a acid catalysed fashion and under drastic conditions.17 This limits the 

 
 

1926 HETEROCYCLES, Vol. 60, No. 8, 2003



application of the reaction for the synthesis of complex indole derivatives having biologically activity. 

Monoelectronic oxidation of (substituted) indoles can be achieved photochemically in the presence of 

triphenylpyrylium salts; the radical cation thus formed reacts with the diene and a cycloadduct is formed 

(see Scheme 7).  

Scheme 7 
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In order to obtain satisfactory yields, the reaction was performed in the presence of acetyl chloride. This 

is because the non acetylated product (1) was easier to oxidize than the starting material and the further 

oxidation led to a complex mixture18 (the same reaction carried out with methylindole in the absence of 

ArCl gave only a 10% yield of the adduct). 

This reaction was proposed to follow path b in Scheme 6 with the initial formation of a ternary complex 

(a triplex19) between the donors and the acceptor. Calculations support a nonsynchronous-nonconcerted 

reaction, involving a relatively stable intermediate.20 Such evidence can explain the complete 

regioselectivity observed, in which a substituent in the 1-position (2-position) of the cyclohexadiene 

moiety is found in the 1-position (3-position) of the carbazole product. Nevertheless, the reaction was 

inefficient when the indole carried a substituent on the 2,3- double bond (probably for steric reasons) and 

when open-chain dienes were employed (lack of a rigid s-cis conformation). As for the latter point, in 

order to broaden the synthetic scope of the reaction some exocyclic dienes incorporating an intentionally 

cleaving group were used. As an example, the reaction with (1,2)oxazinan-2-yl derivative (2) as the diene 
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afforded the corresponding cycloadduct, which could be opened in a high yield through a reduction 

step.21 (TAP = 2,4,6-tris(4-methoxyphenyl)pyrylium tetrafluoroborate, Scheme 8) 

 

Scheme 8 
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Another class of suitable substrates for [4 + 2] cycloaddition reactions are 2-vinylindoles.22 In this case 

the indole derivatives react as dienes and the course of the reaction is different. The first step is the 

oxidation of the indole with a subsequent addition onto cyclohexadiene. Cyclization followed by a [1,3] 

H shift and back electron transfer (bet) yielded carbazole (3). The use of chiral dienophiles led to a single 

isomer (Scheme 9).  

Scheme 9 
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The reactions were successful only when the difference between the oxidation potentials of the two 

starting materials did not exceed 0.5 V.22a  

As an example, substituted enamines are suitable dienes for this reaction, since they have exactly the 

same oxidation potential of the above mentioned vinylindoles.23 

Similar reactions were carried out with 2-vinylbenzofurans, but unlike vinylindoles these compounds 

mainly reacted as dienophiles. The reaction with cyclohexadiene showed a predominant endo-

selectivity.24 

Furan behaves as a dienophile in the (di)cyanonaphthalene photosensitised reaction with indene.25 The 

reaction formed two products, the photocycloadduct (4) and the substituted indene (5) (Scheme 10). The 
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former product was the preferred one only if there were no substituent on the furan ring; the presence of a 

methyl group in the 2 position dramatically enhanced the yield of the substitution product.25 

 

Scheme 10 
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2.1. Paternò-Buchi 

The Paternò-Buchi reaction, i. e. the [2+2] cycloaddition between an excited carbonyl compound and an 

alkene leading to the synthesis of oxetanes, is one of the most important photochemical reactions. The 

mechanism involves a diradicalic intermediate but in particular cases exciplex or electron-transfer 

pathways were invoked.26 Only recently, a few examples using heterocycles were reported as described in 

the photocycloaddition reaction between furylmethanols and aromatic ketones (Scheme 11). ET 

activation explained the regiochemistry of such reactions, particularly when benzophenone was used as 

acceptor.27 

Scheme 11 
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The reaction showed a high degree of regioselectivity (addition onto the more substituted double bond) 

and with a chiral substrate, also a high stereoselectivity. 
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Cycloaddition on the carbonyl moiety of 1-acetylisatin occurred from the contact ion-radical pair only 

with electron-rich alkenes such as diphenylethylene derivatives.28 

The triplet state of 1,3-dihydroimidazole-2-thiones (6) was readily quenched by good electron acceptors 

such as dinitrobenzenes, leading to the radical ion pairs. A partial charge-transfer character was also 

invoked in the reaction with electron-poor alkenes where a [2+2] cycloadduct was observed (Scheme 

12).29 

Scheme 12 
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3. SRN1 reactions 

An important class of substitution reactions are those occurring by SRN1 mechanism;30 these substitutions 

have been extended by Bunnet to (hetero)aromatic compounds in the early seventies31 and are often more 

efficient when photostimulated. Such reactions were in part reviewed elsewhere; 30,13b thus, only a 

selection of examples is reported here. 

The mechanism of the reaction is depicted in Scheme 13. 

 

Scheme 13 
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The first step of the reaction is the photostimulated electron transfer between an (hetero)aromatic halide 

and a negatively charged nucleophile (eq. 1). The (hetero)aromatic radical anion thus formed fragments 
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beginning the propagation of the chain. As a result, the alkylation of the (hetero)aromatic (HetNu) occurs 

with the concomitant regeneration of the radical anion of the starting (hetero)arene, which starts a new 

cycle. 

Most of these reactions have been carried out in liquid ammonia using enolate anions as nucleophiles and 

halides (usually bromides or chlorides) as nucleofugal group X-. The order of reactivity was usually 

correlated with the bond strenght of the C-X bond, thus the weaker was this bond the higher was the 

reactivity. The overall reactivity followed the order: iodides> bromides> chlorides. Nitrogen containing 

six-membered heterocycles (pyridines, quinolines, pyrazines, pyrimidines and pyridazines) had been 

mainly employed in SRN1 reactions. A representative example was the photoalkylation of 2-

chloroquinoline with lithioacetone. The reaction worked to some extent in the dark but in the presence of 

UV light the reaction rate increased dramatically (Scheme 14).32 It should be noted that substitution yields 

were largely affected by enolate concentration and that β-dicarbonyl enolates were reluctant to react 

under this conditions.32 

Scheme 14 
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Mono- and polyhalopyridines likewise underwent efficient SRN1 reactions as has been reported by 

Wolfe.33 The crucial step of the reaction was identified in the rate of carbon-halogen cleavage of the 

heteroaromatic radical anion intermediate. This was shown to depend on the free electron density at the 

carbon bearing the halogen, the strength of that bonds and the redox potential of the substrate-radical 

anion couple.33b When the starting ketone can lead to two different enolates, a mixture of the two possible 

isomers is usually obtained, with a preference for the kinetically controlled one (Scheme 15).33a  

The presence of an amino group adjacent to the halogen as in the case of 2-chloro-3-aminopyridines is 

exploited for building a pyrrole fused ring (Scheme 16).34  

Polyhalogenated heteroaromatics led usually to complete substitution even under short irradiation time 

and when different halogens were present probably due to the fast dehalogenation of the monoalkylated 

radical anion intermediate (Scheme 17).13b 
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Scheme 15 
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Scheme 16 
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Scheme 17 
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Liquid ammonia seemed not to be the best solvent in the alkylation of halogenopyrimidines. In the case of 

2-chloropyrimidines35a the reaction with lithiopinacolone in ammonia as the solvent occurred in a modest 

yield (32%); traces of amino derivatives (7, 4%) along with other unidentified products were also 

observed. On the contrary, the reaction with lithioacetone gave product (8) in 61% yield only when 

changing the reaction medium to THF (Scheme 18); furthermore, the yield of compound (7) increased 

from 4 to 88% yield when passing from irradiated to non irradiated conditions. 

The alkylation of 5-chloropyrimidine derivatives was likewise reported, though it occurred in a modest 

yield, due to competing reaction pathways.35b  
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Scheme 18 
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The irradiation step was also crucial with chloropyridazines35a but surprisingly the isomeric 

chloropyrazines reacted even in the dark. This behavior was attributed to the less negative ERED value of 

the latter compounds, which caused a faster electron transfer initiation of the process. 

Sulfur containing heterocycles showed a peculiar behavior with respect to the SRN1 process. The reaction 

of 2-chlorothiazole in the presence of enolates gave different products according to the enolate used 

(Scheme 19).36 The usual photostimulated SRN1 process took place with pinacolone enolates, though a 

significant amount of biaryl derivative was obtained. The same reaction performed in the dark afforded 

carbinol (11).  

Scheme 19 
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A carbinol was formed also in the reaction with 10, both in the presence and in the absence of 

photostimulation. As for the latter product, Authors suggested that partial deprotonation of H5 of the 

thiazole ring by the enolates followed by reaction with the ketone was responsible of this competing 

pathway. The difference observed in the reactivity could be explained by the fact that diisopropyl ketone 

enolate is a less effective initiator of the SRN1 process than pinacolone. Modest yields were also observed 

in the alkylation of the 3-halo-2-amino derivatives of benzo[b]thiophene;37 the unsatisfactory result was 

due to the competition by the reduction of the substrate. 
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Some SRN1 reactions using the iminates prepared from nitriles gave yields comparable with those 

previously described with the enolates. Halopyridines and -quinolines were alkylated in very high yield 

especially when the negative charge was stabilized by an adjacent phenyl group38 (Scheme 20).  

 

Scheme 20 
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Photostimulated reactions in the presence of potassium acetonitrile occurred in a lesser yield and some 

byproducts were detected.38 On the contrary, irradiation was detrimental in the substitution of 

halothiophene by α-cyano substituted carbanions because of the light induced degradation of the final 

products; as a consequence, this reaction was better performed in the dark.36  

Thiolate anions are another class of reagents used,38,39 but the success of the reaction is strictly related to 

the fate of the useful radical anion intermediate. (Scheme 21) 

 

Scheme 21 
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In fact, such intermediates underwent three competing reactions. The first path led to the usual 

substitution product via a SET process but two different fragmentations competed at this level. Both 

pathways involved a fragmentation to give a thiolate anion, either through S-Ph or Het-S bond cleavage. 

The ratio of the products obtained depended mainly on the changes in the rate of fragmentation and not 

on a change in the electron-transfer reaction.39b  

Improvement in the yields of substitution products could be achieved through the addition of suitable 

electron acceptors (EA) such as PhCN or PhNO2. In this case, efficient electron transfer precluded the 

fragmentation pathways. (eq 5).39a  
 

HetSPh-.     +      EA                   HetSPh    +     EA-.            (5) 
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An interesting application of thiolates was the synthesis of thienopyridines starting from 

bromocyanopyridines40 (Scheme 22) through cyclization of the intermediate (13). 

 

Scheme 22  
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Despite the versatility of the reaction, only a few intramolecular SRN1 reactions have been reported. As an 

example 2-chloro-3-(N-methylacetamido)pyridine underwent photocyclisation to an azaoxindole41 

(Scheme 23).  
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4. Reductive addition 

Several electron transfer heteroaromatic photosensiters (S) are positively charged and thus give a neutral 

radical upon accepting an electron in their excited state from a donor. On the other hand, donors like 

tetralkylstannanes, -germanes or -silanes (in general derivatives of group 14 elements, R4M) or 

dialkylmercury compounds, when oxidized form radical cations. These readily fragment generating alkyl 

radicals. Radical- radical coupling between such intermediates and the reduced sensitiser yields addition 

products. An analogous path is followed when the donors are the salts of carboxylic acids (RCOO-) or 

methylbenzenes. In the last two cases, radicals are formed by carbon dioxide loss or by depronation 

respectively. Reductive addition pathways are depicted in the following scheme (S = sensitiser, Scheme 

24): 

Pyrylium salts were easily alkylated in acetonitrile when irradiated in the presence of tetrabutyl 

metallorganic compounds (14-16)42a and the overall yield paralleled the oxidation potential of the donors; 

stannanes have the highest potential in the series, followed by germanes and silanes. 2- And 4- 
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triphenyldihydropyranes were obtained as the end products with a slight preference for the 2 isomer  

(Scheme 25). 
 

Scheme 24 
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Scheme 25 
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Thanks to their high reactivity, stannanes were largely employed in the functionalization of several 

sensitisers. The alkylation of various 2,6-diaryl(dialkyl)pyrylium salts were studied both from the 

mechanistic and from the synthetic point of view. Under appropriate conditions, alkylation only in 

position 4 was observed. Alkylated pyrylium salts were isolated due to the easy oxidation of the dihydro 

intermediates.42b  

Acridinium salts underwent a similar addition reaction, with the advantage of the complete 

regioselectivity of the attack (the addition occurred only in position 9).43 The alkylation products 

depended on the donor used; with tetraalkylstannanes,44a dialkylmercury44a and carboxylic acids,44b 9-

alkyl-10-methylacridanes (17) were obtained (Scheme 26). The same reaction was applied for allylation 
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or benzylation reactions.45 Silylation was likewise obtained when Me6Si2 was used as a donor via attack 

of the intermediate Me3Si. radical.46a Surprisingly, no organometallic derivatives were observed with 

hexamethylgermane where the acridinium radical intermediate dimerized yielding compound (18).46b 

(Scheme 26). Recent studies have demonstrated that this reaction can be performed successfully also in a 

nonpolar solvent and the toxic organometallic radical precursor can be replaced by using 4-alkyl-1-

benzyl-1,4-dihydronicotinamide (RBNAH) derivatives.46c 
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Another photochemical reaction of heteroaromatic iminium salts is the alkylation by hexabutyldistannane 

of quinolinium salts. With the salt of 4-methylquinoline as the substrate, a 2-butyl derivative was 

isolated.47 In the presence of t-butyl bromide, a significant amount of 2-t-butyllepidine was also formed in 

the reaction due to the competitive generation of the t-butyl radical from the halide by abstraction by the 
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(C4H9)3Sn. radical. The latter radical was supposed to be formed by photoinduced homolytic 

fragmentation of the starting hexabutyldistannane.47 

Substituted alkenes or alcohols are suitable donors for the synthesis of building block of natural 

compounds particularly when electron transfer is intramolecular. As an example, Scheme 27 illustrates 

the reaction of an acridinium sensitiser with alkenes in the presence of a nucleophilic solvent such as 

CH3OH. The first step was the formation of the alkene radical cation. The subsequent reaction with the 

reduced sensitiser was in turn followed by nucleophilic addition of the solvent in an anti-Markovnikoff 

way.48 Mechanistic studies demonstrated that CH3OH addition occurred at least in part in a concerted 

manner. 
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N-Allylpyridinium substrates were suitable precursors for the synthesis of indolizidines.49 The 

intramolecular electron transfer reaction between the iminium moiety and the double bond was again 

followed by nucleophilic attack by the solvent and cyclization. Hydrogenation of the crude photolysate 

was found to be the best way for isolating the final product avoiding degradation (Scheme 28). 
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Irradiation of 13-methylberberine chloride (19+) in CH3OH yielded (±)-13-hydroxymethylthalictricavine 

(20) in a high yield and with complete stereoselectivity. This was attributed by authors to the radical 

coupling step, due to the pseudoequatorial position adopted by the C-8 methyl group (Scheme 29).50 
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Scheme 29 
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Acridinium salts substituted in position 9 with an enediyne system tethered to a guaiacol were 

synthesized as a model for testing the induction of single and double strand DNA cleavage. Irradiation of 

this model compound caused an intramolecular electron transfer with the formation of a highly 

conjugated biradical.51  

Methylation of various positively charged N-heterocycles (e. g. 21) was again achieved by irradiation of 

the charge transfer complex formed with tetramethyl(methyltriphenyl)borate counterions (Scheme 30).52 
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In some cases, reductive addition reactions involved neutral heteroaromatics. Irradiation of an 

acetonitrile-methanol solution containing p-dicyanobenzene (p-DCB) and furan in the presence of a 

secondary donor such as phenanthrene (Phen) led to the formation of dihydrofuran derivatives (22) 

(Scheme 31).53 
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Scheme 31 
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PET reactions between benzo[b]thiophene and secondary amines gave 2,3-dihydrobenzo[b]thiophen-3-yl-

dialkylamines through radical coupling between N-aryl radicals generated from deprotonation of the 

amine radical cation and the thiophene radical anion.54 

A two photons reaction was responsible of the conversion of 3-naphthylbenzo[b]thiophene into the 

pentacyclic derivatives (23) (see Scheme 32). The first step was photoaddition of propylamine and was 

followed by intramolecular electron and proton transfer and subsequent cyclization.55  
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The tetranitromethane radical anion was a convenient source of NO2
. radicals and (O2N)3C

- anion; as an 

example, the addition of both species onto benzofuran was quite efficient, though rather unselective, 

leading preferentially to 3-nitro-2-trinitromethyl-2,3-dihydrofurans upon photoinduced electron transfer 

to tetranitromethane.56 
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5. Substitution reaction 

Another well documented class of ET photoinduced reactions of heteroaromatics involves 

photosubstitution reactions. It is convenient to divide such reactions into three different classes, according 

to the group that is substituted in the reaction, viz. hydrogen, a halogen or a cyano group. In the first case 

the heterocycle is the donor (Het-H) and the acceptor is an alkyl or arylhalides AX (in some cases, the 

solvent itself). After the PET step a halide anion is liberated upon fragmentation of the radical anion and 

the products are formed by radical-radical cation coupling and proton loss (Scheme 33). In both of the last 

classes, the heteroaromatic (Het-Y) is the acceptor, whereas the donor is usually an arene or an amine. 

The mechanism is analogous to the previous case and in order to favour the process a good electrofugal 

group such as the trimethylsilyl group may be present in the donor structure. 
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5.1 Substitution of a hydrogen 

Various reactions type belong to this class. Pyrrole derivatives were alkylated in the photoreaction with π 

nucleophiles such as stilbene57 or naphthalene,58 yielding respectively 1,2-diphenylethyl- and 

dihydronaphtylpyrroles. In both cases a marked preference for α-substitution on the pyrole ring was 

observed. Selectivity was complete in the alkylation of 2-methylfuran with 1,1-diphenylethylene, in 

which 5-(2,2-diphenylethyl)-2-methylfuran was isolated in 87% yield.3 With electron poor olefins the 

reaction worked as well, but electron transfer was involved only at the exciplex level. Thus, indole was 

cyanoethylated by reaction with acrylonitrile.59 

PET oxidation of heteroaromatics in the presence of various halides led to formation of a C-C bond via 

halide anion loss from the radical anion intermediate and subsequent radical-radical cation coupling. 

Unfortunately, in most cases these reactions lacked in selectivity, as illustrated in the alkylation of indole 
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in the presence of chloro ethyl acetate, where each one of the seven possible positions was alkylated 

(Scheme 34).60  
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When the last reaction was carried out in an intramolecular version with indoles bearing the 

chloroacetamide moiety tethered in an appropriate position, interesting indole alkaloid precursors could 

be obtained.61 In such a way, 20-deethylcatharanthine (24) was obtained after cyclization onto the C3 

position of the indole skeleton (Scheme 35).62  
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This cyclization mode was typical for all indoles bearing the chloroacetamide moiety in position 2, while 

such a high regioselectivity was difficult to obtain in similar system where the electron accepting moiety 

was tethered to different indole positions. Several examples of such reactions were reported in the 

literature.63 A similar cyclization was finally reported on a modified tryptophan but, unlike the other cases, 

a chloroallyl moiety was then the reducible part of the molecule.64  

Chloroform and CCl4 were tipycal examples of easily reducible solvents for the addition of .CCl3 

or .CHCl2 radicals onto heterocycles radical cations obtained either from carbazoles65 or from 

benzothiazoles.66 Trifluoromethylation was explored starting from difluorodiiodomethane; yields were 

modest and the final products were obtained through the difluoroiodomethyl intermediates (Scheme 36).67  
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Reactions were cleaner when halo-1,4-naphthoquinones were used as electron acceptors. The 

regioselectivity of the process attracted much attention for a photochemical synthesis of dyes of this class, 

as an alternative to the thermal counterpart (Scheme 37).68 
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Electron transfer is also an appropriate method for generating particular radicals otherwise difficult to 

obtain. As an example, the pentafluorophenylation of heteroaromatics has been achieved starting either 

from pentafluorophenyl iodide69a or sulfonates via PET. 69b  

As mentioned in Section 4, irradiation of benzofuran in the presence of tetranitromethane leads to 

reductive addition of both fragments. However, shifting the reaction medium from dichloromethane to 

hexafluoroisopropanol changed the outcome. Thus, nitration of 2,8-dimethylbenzofuran gave the 3-nitro 

substitution adduct as the major product with an overall yield > 90 %.70 

There is a single example of ring arylation of a heteroatom. This is illustrated in Scheme 38 and involved 

benzotriazole (25). The electron transfer step was induced by the presence of a secondary electron 

acceptor (dicyanoanthracene, DCA) as the absorbing specie. The aromatic substrate ArH underwent 

attack by the benzotriazolyl radical formed. 71 The formyl function of thiophene-2-carbaldehyde was 

reduced through a PET process by indole and the thus initiated reaction led to diindolylmethane 

derivatives after the reaction of a second molecule of the donor with the electrophilic 

alkylideneindolenine intermediate.72 
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Scheme 38 
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N-Containing heterocycles (pyridines, quinolines and their corresponding iminium salts) were also 

alkylated (in some cases in a high yield and with a good stereoselectivity) by alkyl radicals 

photogenerated from alkylmercurials.73a The reaction mainly gave substitution products even if reduced 

derivatives could be the main products according to the structure of the starting heterocycles or reaction 

conditions (the presence of PTSA and KI in the reaction medium and N-methylated heterocycles as the 

substrates favor the latter process).73b 

Substitution of a hydrogen by a cyano group was achieved in the PET oxidation of N-alkyl(aryl)pyrroles 

by the p-dicyanobenzene excited state in the presence of sodium cyanide. The reaction was regioselective, 

with the exclusive formation of α-cyanopyrroles. A similar behavior was observed when the reaction was 

carried out under anodic oxidation conditions.74 

 
5.2 Substitution of a halogen 

Several contributes to this field arise from the work of D’Auria’s group. In this frame, bromo- or iodo- 

furans or thiophenes substituted with an aldehyde or a ketone function underwent efficient photochemical 

arylation or alkylation. Some examples are shown in Scheme 39. Irradiation of 26-29 in the presence of 

benzene or other easily oxidized heteroaromatics gave rise to an exciplex. The next step was radical ions 

coupling with elimination of HY.75 This reaction scheme was used succesfully for the synthesis of 

naturally occurring bithiophenes.76 

5;5’-Diformyl-2,2’-difuran was obtained in the same way from furfural and 5-bromo-2-furfural, in a 

reaction which is a convenient alternative to the classical Ulmann reaction and to Pd-catalysed coupling 

methods.77 

The presence of a vinyl or an ethynyl group on the aromatic ring of the donor induced a different course 

of the reaction. The formation of an aryl-aryl bond was superseded by aryl-vinyl(ethynyl) bond, thus 

affording an expeditious synthesis of products (30) and (31) (Scheme 40).78 
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Scheme 39 
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Quinone analogue molecules, such as 5-bromo-1,3-dimethyluracil (32) and 5-bromouridine were 

investigated in the photoreaction with tryptophan derivatives, in connection with the study of the cross-

linking of nucleic acid and proteins.79 As for the latter point, it should be noticed that the replacement of 

thymine by 5-bromouracil in DNA made bacterial and mammalian cells sensible to the lethal effects of 

UV light. As shown in Scheme 41 electron transfer occurred only when the reaction was triplet sensitised, 

and again followed an ET mechanism. 

The above reaction was extended to various substituted tryptamines80 or naphthalenes. In the latter case 

electron transfer could be favored by the formation of a singlet exciplex.81 

The benz[a]anthracene-7,12-dione skeleton was easily built through the reaction of heteropolycyclic 

substituted 1,4-naphthoquinone and 1,1-diarylethylenes. The mechanism was similar to that described in 

Scheme 37, and was followed by a [4+2] cycloaddition.82 
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Scheme 40 
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Dehalogenation is also a smooth way to form Ar-H bonds. In such a way, a particular bromopyridine 

tethered with an enaminone moiety was debrominated by PET reduction using triethylamine as a donor.83 

The same behavior was observed with 5-bromo-2-methoxypyrimidine when irradiated in CH3OH. The 

occurring of the electron transfer path was confirmed by the acceleration of the reaction induced by the 

presence of good electron donors such as secondary or tertiary amines.84 Probably the same mechanism is 

followed in the dehalogenation of 2,4-dimethoxy-6-chloropyrimidine.85 

An interesting case was observed in the defluorination of some antibacterial drugs belonging to the class 

of fluoroquinolones. Enoxacin (33) (Scheme 42) readily lost a fluoride anion at the radical anion stage 
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after ET to sodium sulfite in aqueous solutions. In turn, the radical was then reduced again by sulfite 

leading to the fluorine-free quinolone.86   

 

Scheme 42 
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5.3 Substitution of a cyano group 

Cyanopyridines or pyrazines are excellent electron acceptors in their excited states, and the thus formed 

radical anions undergo easily radical attack. Ipso-substitution reactions with cyanide loss then ensues. 

This reaction path was exploited in the synthesis of aminopyridines, important building blocks for the 

synthesis of pharmaceuticals and bactericides. This target was fulfilled by the photochemical reaction 

between dicyanopyridines and amines or anilines,87 despite the fact that the reaction presented a low 

degree of regioselectivity and was accompanied by the formation of the monocyanopyridine (Scheme 43). 
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Satisfactory results were obtained in the reaction between dicyanopyridazines and electron donors bearing 

a trimethylsilyl group, which behaved as an excellent electrofugal group. Ketene silyl acetals or 

cyclopropanone silyl acetals were suitable precursors respectively of .CX2COOCH3 

and .CX2CH2COOCH3 radicals (after phenanthrene mediated oxidation and elimination of the 

trimethylsilyl cation). Acetic or propanoic esters were the final products.88 Analogously, N-acyl-N-

trimethylsilylmethylaniline has been used for the generation of aminomethylradicals.89 Reactions with 

tertiary amines followed a different pathway when applied on 2-aryl-5,6-dicyanopyrazines. After the 
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electron transfer step, proton transfer occurred and substitution of a cyano group with an hydrogen was 

the final result.90 
 

6. Oxygenation 

Only a few examples of PET oxigenation of aromatics are reported in the literature. trans-1,2-

Di(carbazol-9-yl)cyclobutane (34) afforded efficiently 3,6-di(carbazol-9-yl)-1,2-dioxane in the reaction 

between oxygen and its radical cation formed through oxidation by DCA*. The reaction may follow two 

different pathways, as illustrated in Scheme 44 where the radical anion has the role of the reducing agent. 

In the first case reduction occurred by addition of dioxygen to the radical cation whereas in the second 

one the active specie was superoxide anion O2
-. generated in a secondary electron transfer step. 91 
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Photooxygenation of furans led to the opening of the ring with the formation of the corresponding 

enediones. The mechanism of the reaction was not clear but probably involved the formation of peroxy 

radical cation and perepoxide species.92 

During the photoinduced nitration of dibenzothiophene (35) by means of tetranitromethane (via the 

radical cation of the heterocycle), the amount of nitrated derivatives was low when hexafluoropropanol 

was used as the solvent. Under these conditions a high yield (85%) of dibenzothiophene sulfoxide was 

obtained.93 This was due to the reaction of the heterocycle with the oxidant nitrating species formed in 

solution as illustrated in Scheme 45. 

The tetraphenylporphyrin (TPP) photosensitised oxidation of trans-1,2-di(2-thienyl)ethylene gave rise to 

product (36) as the major product along with a small amount of 2-thiophenecarboxaldehyde. The reaction 

occurred via [4 +2] cycloaddition between the starting styrene derivatives and singlet oxygen. On the 
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contrary, trans-2-styrylthiophene followed a different path involving superoxide anion, which led to 2-

thiophenecarboxaldehyde and benzaldehyde (Scheme 46).94 
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7.  Fragmentation 

Fragmentation PET reactions are not a very common process for heterocyclic compounds. The weak N-O 

bond in some 5-aryl-3-methoxy-(or 5-aryl-3-phenyl)-1,2,4-oxadiazoles (37) was broken under irradiation 

in the presence of triphenylene or similar sensitizers, yielding variously substituted quinazolin-4-ones 

(Scheme 47).95 The presence of an electron-withdrawing group on the phenyl ring (X = CN, Cl) enhanced 

significantly the generation of open chain photoreduction products (38). 
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Scheme 47 
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Electron transfer seems to be involved in the cleavage of pyrimidine photodimers in the UV-damage of 

DNA induced by DNA photolyase. As shown in Scheme 48 the presence of a quinone intermediate is 

responsible of the formation of the dimer radical cation and subsequent formation of two molecules of 

monomers; this path was demonstrated by means of the irradiation of the 6-iodomethyl analogues.96 
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Electron transfer was also invoked in the photoreaction between 1-(1,2,4-triazol-4-yl)-2,4,6-

trimethylpyridinium tetrafluoroborate and mesitylene as a trapping agent. As a result, loss of the 

pyridinium moiety was observed, with the formation of 1-(1,2,4-triazol-1-yl)-2,4,6-trimethylbenzene that 

was isolated in a higher yield than in the same thermally initiated fragmentation reaction.97 
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8. Rearrangement 

Contraction of the ring was observed during the photolysis of 3,5,6-triphenyl-1,2,4-triazine in neat 

triethylamine (TEA), besides N-dealkylation of the amine. The photoreduction product (39) was also 

obtained but the main products were the triazolyl derivatives (40) and (41) (Scheme 49). These were both 

debenzylated by the base present in solution.98 
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9. Side chain reactions 

Finally, we wish to mention some PET reactions belonging to the classes previously described, which 

involve the side chain rather than the heteroaromatic ring  and in some cases represent a smooth entry for 

the synthesis of useful intermediates.  

Photooxidation by means of catalytic amount of the dication of N,N’-dimethyl-2,7-diazapyrenium 

(DAP2+) of ∆14-vincine (42) generated an iminium ion which was trapped by the hydroxide group 

functioning as internal nucleophile. This allowed the hemisynthesis of criocerine (43) (Scheme 50).99 
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Scheme 50 
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Fragmentation of the C16-C21 bond of the radical cation of catharanthine is an interesting route for a clean 

access to the cleavamine skeleton.100 A similar pattern was followed in the monoelectronic oxidation of a 

dihydropyridinylethylindole in the presence of trimethylsilyl cyanide. The α-cyanoamine thus obtained 

were employed for the synthesis of indoloquinolizidine alkaloids through a Pictet-Spengler reaction.101 

A (di)cyanovinyl group when tethered to heteroaromatic rings can change the photochemical behavior of 

the molecule. Allylation of 1,1-dicyano-2-(2-furyl(thienyl))ethene was obtained through a phenanthrene 

cosensitized reaction with allyltributylstannane,102a whereas cyanovinylindole (44) acted as a sensitiser in 

the cyclization reaction to yield carbazole (45) (Scheme 51).102b 
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Finally, SRN1 reactions involving the side chain of heteroaromatic compounds have also been reported. 

Yields depends on the nucleophile used; with the anion from nitroalkanes the alkylation reaction was 

often followed by nitrous acid elimination. As an example, the reaction on a nitroimidazole derivative is 

shown in Scheme 52.103 
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In addition, some SRN1 reactions with 2-halomethylfurans or imidazole with nitroalkane anion yielded 

various benzyl substituted products along with vinylheterocycles.104 

 

10. Conclusion 

The above presentation shows the diverse scope of photoinduced ET reactions in heterocyclic chemistry. 

Relatively few examples are present in the literature and most of them involve isolated studies, rather 

than systematic explorations. Yet some synthetic applications are appealing. As shown in Scheme 3, 

photoinduced ET is expected to be facile among heterocycles and it can certainly expected that many 

more useful applications of the strategies described above will be accomplished in the near future. 
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