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Abstract 

This cumulative dissertation presents the development of new thermal and photochemical 

methods for formation of carbon-carbon and carbon-heteroatom bonds. The first example of 

radical functionalisation of biomass-derived 5-chloromethylfurfural (CMF) was described. A 

highly efficient triethylborane/oxygen-mediated atom transfer radical addition (ATRA) reaction 

between CMF and styrene derivatives was developed. Additionally, in-silico studies were 

performed on the CMF-derived 2-formyl-5-furfuryl radical intermediate, for characterizing its 

electronic properties and its behaviour in radical addition reactions. Further, a series of ATRA 

products were synthesised using a variety of substituted alkenes with high yield and selectivity.  

In the second part, visible light-mediated triplet-sensitized [2+2] and [3+2] photocycloadditions 

of 2-cyanochromone with several alkenes were developed, using (Ir [dF(CF3)ppy]2(dtbpy))PF6 

as the photosensitizer. The method allowed to access the corresponding cycloadducts with 

high regio- and diastereoselectivity. The use of mono- di- and trisubstituted styrenes as a 

reactants led to [2+2]-cycloadducts exclusively. Employing trialkyl-substituted alkenes as 

reaction partners resulted in the formation of [3+2]-cycloaddition products. 

Finally, a photocatalytic one-pot dehydrogenative Aza Paternò-Buc̈hi reaction of 

dihydroquinoxalinones with substituted styrenes and acrylonitriles was developed. The 

method was successfully applied for the synthesis of diverse functionalised azetidine 

derivatives with high overall yields. In addition, structurally diverse amino acid-derived 

dihydroquinoxalinones were employed for the synthesis of the corresponding azetidines. In-

depth mechanistic investigations were performed to elucidate the reaction mechanism. 

 

 

 

 

 

 

 

 

 



 
 

Kurzfassung 

In dieser kumulativen Dissertation wird die Entwicklung neuer thermischer und 

photochemischer Methoden zur Bildung von Kohlenstoff-Kohlenstoff- und Kohlenstoff 

Heteroatom-Bindungen vorgestellt. Das erste Beispiel einer radikalischen Funktionalisierung 

von 5-Chlormethylfurfural (CMF) aus Biomasse wurde beschrieben. Es wurde eine 

hocheffiziente Triethylboran/Sauerstoff-vermittelte Atomtransfer-Radikaladdition (ATRA) 

zwischen CMF und Styrolderivaten entwickelt. Darüber hinaus wurden in-silico-Studien an 

dem von CMF abgeleiteten 2-Formyl-5-furfuryl-Radikal durchgeführt, um seine elektronischen 

Eigenschaften und sein Verhalten in radikalischen Additionsreaktionen zu beschreiben. 

Darüber hinaus wurde eine Reihe von ATRA-Produkten mit verschiedenen substituierten 

Alkenen in hoher Ausbeute und Selektivität synthetisiert. 

Im zweiten Teil wurden durch sichtbares Licht vermittelte Triplett-sensibilisierte [2+2]- und 

[3+2]-Photocycloadditionen von 2-Cyanochromon mit verschiedenen Alkenen unter 

Verwendung von (Ir [dF(CF3)ppy]2(dtbpy))PF6 als Photosensibilisator entwickelt. Diese 

Methode ermöglichte die Synthese der entsprechenden Cycloaddukte mit hoher Regio- und 

Diastereoselektivität. Bei der Verwendung von mono- di- und trisubstituierten Styrolen als 

Reaktionspartner wurden ausschließlich [2+2]-Cycloaddukte als Reaktionsprodukte erhalten. 

Die Verwendung von Trialkyl-substituierten Alkenen als Reaktionspartner führte zur Bildung 

von [3+2]-Cycloaddukten. 

Schließlich wurde eine photokatalytische dehydrierende Aza Paternò-Büchi-Reaktion von 

Dihydrochinoxalinonen mit substituierten Styrolen und Acrylnitrilen entwickelt. Die Methode 

wurde erfolgreich zur Synthese verschiedener funktionalisierter Azetidin-Derivate mit hohen 

Ausbeuten eingesetzt. Darüber hinaus wurden strukturell diverse, von Aminosäuren 

abgeleitete Dihydrochinoxalinone für die Synthese der entsprechenden Azetidine erfolgreich 

eingesetzt. Eingehende mechanistische Untersuchungen wurden durchgeführt, um den 

Reaktionsmechanismus aufzuklären. 
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Introduction 

1.1 Carbon-centered radicals and methods for their generation 

Radical carbon-carbon or carbon-heteroatom bond formation is one of the most fundamental 

transformations in organic chemistry. Over the years, the application of free radical reactions 

has gained significant attention in the synthesis of various organic compounds.[1] The 

generation of carbon-centred radicals from feedstock chemicals and their subsequent addition 

to unsaturated compounds offers a wide range of synthetic applications.[2] The use of 

organotin reagents for radical generation is a classical approach that has had a significant 

impact on synthetic radical chemistry. The majority of tin-mediated radical formation reactions 

have been carried out by employing trialkyl/triaryl tin hydrides in the presence of radical 

initiators such as 2,2'-Azobisisobutyronitrile (AIBN).[1a-d,2a,3] Utilization of photochemical 

activation in this context has been predominantly been demonstrated for ditin reagents due to 

their effective homolysis of the Sn-Sn σ-bond.[4]  

 

Scheme 1: Classical and modern methods for radical generation. 

Even though organotin reagents have proven their significant importance in chemical 

transformations, concerns about their toxicity and metal contamination in the final product had 

led to identifying alternative approaches for radical generation.[5] In this context, 

organoboranes and organosilanes have been established as potent initiators for radical chain 

reactions with their superiority in reactivity and safety compared to organotin reagents. Among 

them, tris(trimethylsilyl)silane [(TMS)3SiH] and triethylborane (Et3B) are widely recognised 

a)

b)

c)

X = H, Cl, Br, I

X = H, Cl, Br, I

X = H, Cl, Br, I
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radical promoters in the development of synthetic radical chemistry and these reagents can 

be easily initiated using AIBN, UV-irradiation, or oxygen-dosing (Scheme 1b).[6] Particularly, 

the autoxidation of organoboranes has demonstrated their potential as potent radical initiators 

in a wide range of applications.[7] Compared to classical initiators, triethylborane in 

combination with oxygen provides a great advantage in the generation of more complex and 

functionalised radicals even at low temperatures.[6a-c,8] 

 

1.1.1 Thermal methods for the generation of C-centered radicals 

As mentioned earlier, the generation of carbon-centered radicals has been extensively 

performed using organotin, silane and borane reagents along with radical initiators such as 

peroxides and diazo compounds under thermal conditions. Scheme 2a and 2b illustrate the 

general mechanistic pathways of organotin and silane reagent-mediated carbon-centered 

radical generation and subsequent radical addition to the alkenes.[3,6d,e] The radical chain 

reaction proceeds via an initial generation of tin- or silicon-centered radicals under thermal 

conditions along with the initiators. Subsequently, the tin or silicon radicals abstract the X atom 

from the organic substrate (R-X), leading to the generation of carbon-centered radicals. The 

resulting radical (R ) undergoes subsequent radical addition with alkenes. In radical chain 

propagation process, the newly generated radical intermediate abstracts the hydrogen atom 

from the organotin or organosilane reagent to deliver the desired final product. 

 

Scheme 2: General representation of organotin and organosilane-mediated radical addition reactions 

with their respective mechanism. 

a) Organotin reagent-mediated radical addition reaction b) Organosilane reagent-mediated radical addition reaction
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In comparison to the organotin and silane-medicated radical addition reaction, the general 

mechanism of organoborane reagent-mediated radical addition to alkenes is represented in 

Scheme 3.[6a-c] In the radical chain process, primarily organoboranes react with oxygen for the 

generation of an alkyl radical (R ) and dialkylborylperoxy radical (R2BOO ). Formed (R ) 

radical subsequently reacts with the alkene (R’-X) through the abstraction of the X, resulting 

in the formation of a radical intermediate (R’ ). The generated radical intermediate (R’ ) 

participates in an addition reaction with an alkene and a subsequent transfer of hydrogen atom 

from a proton source leading to the formation of the final product. On the other hand, formed 

dialkylborylperoxy radical (R2BOO ) propagates the radical chain process by reacting with 

organoborane reagent (R3B) to give alkyl radical (R ). 

 

Scheme 3: General representation of organoborane-mediated radical addition reactions and 

mechanism. 

 

1.1.2 Thermally induced radical addition reactions 

The Giese[2a,9] and Kharasch[10] reactions are widely recognised as an effective approach for 

carbon-carbon bond formation via a radical pathway. Over the decades, these radical addition 

reactions have offered numerous advantages over organometallic ionic addition reactions.[9-

13] In particular, halogen atom-transfer radical addition to alkenes (also known as ATRA 

reaction) takes advantage of radical reactivity for the simultaneous formation of C-C and C-X 

bonds.[11-13] 

The general mechanism of Giese and ATRA reaction mediated by an organoborane reagent 

is depicted in Scheme 4a and 4b, respectively.[2a,6a-c]  In the classical process, a radical (R ) 

is generated from an alkyl halide (R-X) through the abstraction of heteroatom (X) by ethyl 

radical. The generated radical (R ) subsequently adds to the unsaturated substrate, which 



4 
 

results in the formation of a second radical intermediate. In the final stage, the carbon-centred 

radical intermediate abstracts the hydrogen atom from the proton source or a halogen atom X 

to deliver the corresponding final product. 

 

Scheme 4: General representation of Et3/O2-mediated Giese and ATRA reactions with their respective 

mechanism. 

 

1.1.3 The Kharasch reaction and its variants 

Since the discovery of ATRA reactions by Kharasch and co-workers, an unprecedented anti-

Markovnikov addition of hydrogen bromide to alkenes with peroxides as radical initiators 

(Scheme 5),[10a] this reaction found widespread applications in the synthesis of complex 

halogenated compounds, natural products such as prostaglandins, alkaloids and including the 

synthesis of polyhalogenated compounds.[10,13,20d] 

 

a) Giese reaction

b) ATRA reaction

Initiation

X-atom

abstraction

radical

trapping

X-atom

abstraction

Initiation

X-atom

abstraction

radical

trapping

H-atom

abstraction
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Scheme 5: First historical ATRA reaction developed by Kharasch et al.[10a] 

In 1945, Kharasch et al. reported the addition of a polyhalogenated compounds such as 

tetrachloromethane, trichloromethane to 1-octene in the presence of dibenzoyl or diacetyl 

peroxide as radical initiators.[10b] In this radical addition reaction, a carbon-centered radical 

intermediate 6 is generated and subsequently undergoes addition to 1-octene (7), leading to 

the formation of another radical adduct 8. Adduct 8 either abstracts the chlorine atom from 4 

in a chain propagation step to give ATRA product 9 or it may react with another molecule of 

1-octene (7) to form oligomeric products 10 (Scheme 6).  

 

Scheme 6: Kharasch reaction of chloroform or tetrachloromethane with 1-octene (7).[10b] 

Following the pioneering work of Kharasch, Curran and co-workers demonstrated the utility of 

the ATRA reaction by way of the introduction of new side chains on β-lactam rings (Scheme 

7a).[13] Another advantage of ATRA reactions demonstrated by Curran and co-workers is 

known as atom transfer radical cyclisation (ATRC). Using (Bu3Sn)2 as a radical initiator, the 

cyclisation of α-iodo-carbonyl compounds 14 with terminal olefins was achieved. However, the 

reaction showed poor selectivity with a mixture of cis- and trans-isomers of the 5-exo and 6-

endo products (Scheme 7b).[14] 
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Scheme 7: a) ATRA reaction of α-iodocarbonyls with alkynes.[13] b) Atom transfer cyclisation of α-

iodocarbonyls.[14] 

In addition to organotin- and organosilane-mediated ATRA reactions, Oshima and co-workers 

developed a triethylborane-induced ATRA reaction along with oxygen as an initiator.[15] The 

desired ATRA products 19 was accessed in a high yield using ethyl bromoacetate, benzyl 

bromoacetate, bromomalonate and bromoacetonitrile along with various olefins 18 and Et3B 

in the presence of air (Scheme 8). Another report from the same group demonstrated an 

Et3B/O2-mediated ATRC of iodoacetals and iodoacetates in water for the synthesis of 

corresponding lactones.[16] 

 

Scheme 8: Et3B/O2-mediated ATRA reactions by Oshima et al.[15] 

In 1998, Oshima et al. reported another example of an Et3B/O2-mediated ATRA reaction of α-

iodo-γ-butyrolactone 20 with several alkenes 21 in various acidic and basic aqueous solutions 

(Scheme 9). [17] The reaction between halogenated compounds 20 with terminal alkenes 21 

or terminal alkynes led to the synthesis of corresponding ATRA products 22 in good yields. 

Moreover, it was found that triethylborane can initiate a radical reaction even under high acidic 

reaction conditions. 

a)

b)
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Scheme 9: ATRA reactions of iodo-γ-butyrolactone mediated by triethylborane.[17] 

Porter and co-workers demonstrated a diastereoselective synthesis of ATRA products by a 

reaction between N-(α-bromoacetyl) oxazolidinones 23 and alkanes 24 employing the Et3B/O2 

reagent system in combination with Lewis acids (Scheme 10).[18] The diastereoselective 

synthesis can be achieved with the use of chiral oxazolidinones as auxiliaries. While the 

reported method showed excellent control of the configuration in the generated stereogenic 

centers, it exhibited limitations with internal alkenes and tertiary bromides which did not furnish 

the desired ATRA products.  

 

Scheme 10: Et3B/O2-mediated ATRA reactions developed by Porter et al.[18] 

Following the initial discovery that ATRA reactions can also be carried out by transition metals, 

several efforts have been made to catalyse ATRA reactions using different transition metal 

complexes. Asscher and Vofsi reported the first metal catalysed ATRA reaction using iron (III)- 

or copper(II)-chloride in 1963.[19] Subsequently, many groups reported the use of copper,[20] 

iron,[21] and ruthenium[22] complexes to catalyse the ATRA reactions. 

 

1.1.4 Photocatalytic generation of C-centered radicals 

In contrast to thermal methods for generating C-centered radicals, and considering the need 

for mild methods to generate reactive radicals from polysubstituted substrates, there is a 

constant need to develop new, efficient, and green methods for their generation. The rapidly 

emerging field of visible light-driven photocatalysis has gained significant interest due to its 
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efficacy and specificity in chemical transformations along with its ability to generate organic 

radicals under mild conditions.[23,24] Moreover, visible light-driven reactions are less prone to 

side reactions and enable the reduction in toxicity and the danger associated with radical 

generation using thermal and UV-initiation methods.  

 

Scheme 11: JABLONSKI-Diagram: hvA = Absorption, hvF = Fluorescence, hvPh = Phosphorescence, 

IC= Internal Conversion, ISC = Intersystem Crossing. [24,25] 

Since most organic compounds do not absorb visible light, the addition of photocatalyst (PC) 

is necessary to access a variety of open-shell radicals, radical ions, and electronically excited 

species. Initially, the photocatalyst (PC) is excited to a higher singlet excited state (S1 or S2) 

from the ground state (S0) through the absorption of light (Scheme 11). The higher singlet 

excited states (S2) rapidly transition to the first singlet excited state (S1) by internal conversion 

(IC). The relaxation of singlet excited (S1) to the ground stage (S0) can occur by further IC or 

fluorescence (hvF). Alternatively, the singlet excited state (S1) can convert into the first triplet 

excited state (T1) through intersystem crossing (ISC). From there the first excited triplet state 

(T1) can further undergo chemical reactions with a given reactant or relax to the electronic 

ground state (S0) by phosphorescence (hvph).[24,25] More generally, a photochemical reaction 

can take place from the first excited singlet state (S1) as well as from the first excited triplet 

state (T1) and this reaction can be initiated by several mechanisms such as energy transfer 

(EnT), photoinduced electron transfer (PET) or atom transfer (AT) of the catalyst with a 

reactant.[25,26] 

Photoinduced Energy Transfer (EnT) 

The energy transfer (EnT) mechanism is one of the important and fundamental pathways in 

preparative photocatalysis. In this process, energy transfer occurs from the triplet-excited 

photocatalyst to the substrate and here photocatalyst (PC) is referred to as a sensitizer 

IC

ISC
IC

hvF

hvPh

hvA

hvA T2

T1

S2

S1

S0
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(Sens).[27] Triplet-triplet energy transfer, also referred to as collisional or Dexter energy 

transfer, is the energy transfer pathway most relevant in synthetic organic chemistry.[28-30] 

 

Scheme 12: Schematic representation of Dexter energy transfer. 

During a collisional triplet energy transfer, a ground state acceptor molecule is excited to its 

triplet state via electron exchange with a triplet excited donor molecule. The excited donor 

molecule, i.e. the triplet sensitizer, transfers an electron from its LUMO to the LUMO of the 

acceptor molecule and another electron is transferred from the HOMO of the acceptor 

molecule to the HOMO of the donor molecule (Scheme 12).[28,31] Therefore, it is important to 

consider the relative triplet energies of both the triplet sensitizer and substrate before combing 

them in a reaction. Photoinduced energy transfer can be used in synthetic chemistry to 

perform various types of reactions such as cycloadditions,[28-30] isomerisation of double 

bonds,[32,33] generation of reactive singlet oxygen species,[34] sensitisation of azide or diazo 

compounds,[35,36] cleavage of sulfur-sulfur bonds,[37] oxa-di-π-methane rearrangement,[38]  

methyl or phenyl group migration,[39]  alkylation[40] and sensitised atom transfer radical 

additions.[41] 

 

Figure 1: Common transition metal-based and organophotosensitizers with respective triplet energies. 
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The utilization of visible light-induced energy transfer has found widespread application in 

various cycloaddition reactions.[29-30] Liu and co-workers reported an energy transfer-mediated 

intermolecular [2+2] photocycloaddition of coumarin-3-carboxylates 35 with acrylamide 

analogues 36 using a iridium (III) complex 38 as a sensitizer to afford several 

cyclobutanbenzopyranones 37 with excellent yields (Scheme 13).[42] Furthermore, the 

synthesised cyclobutanbenzopyranones can be employed in the synthesis of biologically 

active tetrahydrodibenzofurans.  

 

Scheme 13: Energy transfer-mediated Intermolecular [2+2] cycloaddition of coumarins by Liu. [42] 

Yoon et al. demonstrated an intramolecular [2+2] cycloaddition of 3-alkoxyquinolone 39 by 

using a chiral iridium photosensitizer functionalised with a hydrogen-bonding domain 41 

(Scheme 14).[43] This method provided an access to synthesis corresponding quinolone 

cycloadducts  40 with excellent enatioselectivities and it was found that enantiocontrol of the 

reaction was provided by the key interactions between pyrazole moiety of the catalyst and 

quinolone carbonyl group. 

 

Scheme 14: Intramolecular [2+2] cycloaddition of 3-alkoxyquinolone by triplet energy transfer.[43] 

Glorius and co-workers reported a novel photocatalytic dearomatization of pyridines by energy 
transfer-initiated intramolecular [4+2] cycloaddition (Scheme 15).[44] Employing a 

heterogeneous iridium based photosensitizer a variety of alkylated pyridines 42 were 



11 
 

converted in to highly functionalized isoquinuclidine analogs 43 with excellent yield. Moreover, 

this method showed an excellent regioselectivity and high functional group tolerance. 

 

Scheme 15: Energy transfer-catalysed Intramolecular [4+2] cycloaddition.[44] 

Further examples of energy transfer-induced cycloaddition reactions are provided in section 

1.2.1 

 

Photoinduced Electron Transfer (PET) 

As mentioned earlier a photocatalytic reaction may take place by the mechanisms such as 

EnT, PET or AT. In the case of the photoinduced electron transfer mechanism, absorption of 

a photon in the visible light region by a photocatalyst leads to the generation of its excited 

state. Following the excitation, the photocatalyst exhibits two distinct independent electron 

transfer pathways which are known as oxidative quenching and reductive quenching (Scheme 

16). The majority of metal photocatalyst typically exhibit short-lived singlet excited states, 

which rapidly undergo intersystem crossing (ISC) to generate their triplet excited state. 

Consequently, the oxidative and reductive quenching occurs from their triplet excited state. In 

reductive quenching, the transfer of an electron takes place from the electron donor (D) to the 

excited photocatalyst, resulting in the single electron reduction of the catalyst and the single 

electron oxidation of the donor, and generating the radical ions PC•− and D•+ respectively. The 

reduced catalyst subsequently reacts with an electron acceptor (A) to return to its ground state 

and to generate the radical anion A•−. On the other hand, oxidative quenching occurs through 

an electron transfer from the catalyst to the acceptor, followed by the reaction of the oxidised 

catalyst with the electron donor, resulting in the catalyst returning to its ground state.[25,45]  
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Scheme 16: General mechanism of photoredox catalysis through PET. A = Acceptor, D = Donor, E1/2 

= redox potential.[25,45]  

The respective redox behaviour of the photocatalyst is described by the redox potentials of 

the excited state E*Red and E*Ox, which are derived from redox potentials of ground state ERed 

and EOx, and the excitation energy (E0,0) (Eq. 1 and 2).[25]  

E*Red = ERed + E0,0                                                        (Eq. 1) 

E*Ox = EOx - E0.0                                                         (Eq. 2) 

Different types of commonly used transition metal and organophotoredox catalysts with their 

excited state redox potentials are depicted in Figure 2. As examples of strongly reducing 

photocatalysts, the excited state redox potential [PC•+/PC*] of the iridium(III)-complex fac-

Ir(ppy)3 44 is E1/2 [PC•+/PC*] = -1.73 V vs. SCE (saturated calomel electrode) in MeCN, and for 

the organophotocatalyst 10-phenylphenothiazine (PPT) 49 the excited state redox potential 

[PC•+/PC*] is E1/2 [PC•+/PC*] = -2.10 V vs. SCE in MeCN. As examples of oxidizing 

photocatalysts, the excited state redox potential [PC*/PC•−] of [Ir(dtbbpy)(ppy)2]+ 45 is E1/2 

[PC*/PC•−] = +0.66 V vs. SCE in MeCN and that of [Ir{dF(CF3)ppy2}(dtbpy)]+ 46 is E1/2 

[PC*/PC•−] = +1.21 V vs. SCE in MeCN.[45-49] However, in addition to redox potentials, other 

properties such as respective absorption range (λmax), excited state lifetime (τ), and triplet yield 

(ΦT) are further important factors in the effectiveness of a photoredox catalyst.[25,45] 

E1/2 [PC•− /PC] E1/2 [PC*/PC•−]

E1/2 [PC•+/PC*]E1/2 [PC/PC•+]
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Figure 2: Common transition metal-based and organophotocatalysts with key excited-state redox 

potentials. 

The generation of radical ions through photoinduced electron transfer (PET) provides several 

advantages over the classic methods of performing radical reactions, and this will be 

discussed here for exemplary transformations such as cycloaddition reactions (cf. Chapter 

1.2) and atom transfer radical addition (ATRA, cf. Chapter 1.1.3) reactions.  

In 2008, the group of Yoon reported a photoredox-induced intramolecular [2+2] cycloaddition 

using the ruthenium-based photocatalyst Ru(bpy)3
2+ (Scheme 17).[50] Visible light irradiation 

of (bis)enone substrates 52 in the presence of Ru(bpy)3Cl2, iPr2NEt  and LiBF4 provided access 

to cycloadducts 53 in a high yield with good diastereoselectivity. The reaction proceeds via 

initial reductive quenching of *Ru(bpy)3
2+ by iPr2NEt and subsequent one-electron reduction of 

the enone by Ru(bpy)3+ to deliver cyclobutanes 53 through an intramolecular radical anion 

cyclisation.  

 

Scheme 17: Visible light photocatalysed Intramolecular [2+2] cycloaddition.[50] 
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The same group in 2010 reported an example of crossed intermolecular [2+2] cycloadditions 

of acyclic enones using the same catalytic system employed in earlier intramolecular [2+2] 

cycloadditions (Scheme 18).[51] Irradiation of aryl enone 54 in the presence of methyl vinyl 

ketone (55), Ru(bpy)3Cl2, iPr2NEt  and LiBF4 gave the desired intramolecular formal [2+2] 

cycloaddition products  in high yields with excellent chemo- and stereoselectivity. Importantly, 

only trace amounts of homodimerization products were observed and this was achieved by 

selectively employing more reactive Michael acceptors as the second reaction partner. 

 

Scheme 18: Visible light-mediated Intermolecular [2+2] cycloaddition of enones 54.[51] 

In addition to reductive intra- and intermolecular cycloadditions of radical anions, a radical 

cationic Diels-Alder cycloaddition was developed by Yoon and co-workers (Scheme 19).[52] 

The reaction between substituted dienes 57 and electron-rich dienophiles 58 in the presence 

of Ru(bpz)3
2+ under visible light led to [4+2] cycloadducts 59. Further, the usefulness of this 

method was demonstrated in the total synthesis of natural product heitziamide A.  

 

Scheme 19: Radical cationic [4+2] cycloaddition by visible light photocatalysis by Yoon et al.[52] 

[3+2]-Photocycloadditions are well-known for the synthesis of polysubstituted pyrrole 

derivatives, which have numerous applications in organic synthesis as well as medicinal 

chemistry. Xiao and co-workers reported a visible light-induced [3+2]-photocycloaddition 

between 2H-azirines 60 with the electron-deficient alkynes 61 to synthesise pyrroles 62 under 

metal-free conditions and demonstrated this metal-free photocatalytic transformation provides 

access to the synthesis highly functionalized pyrroles and their corresponding drug analogues 

(Scheme 20).[53] 
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Scheme 20: Formal [3+2]-cycloaddition induced by visible light for the pyrroles synthesis.[53] 

 

Visible light-induced ATRA reactions 

Although atom transfer radical additions have been established as a powerful tool in synthetic 

chemistry, there are still limitations such as using high-temperature or UV-light sources. In 

light of recent developments, visible light catalysis has emerged as a promising alternative to 

radical addition reactions mediated by organotin and silane reagents. A number of metal 

complexes under visible light catalysis have proven to be exceptionally effective and versatile 

catalysts for ATRA reactions and have been applied to many useful transformations in organic 

synthesis.[54-56]  

ATRA reactions generally may proceed via two different pathways, namely the radical chain 

pathway and the radical-cationic pathway (Scheme 21). In the radical chain pathway, the X-

atom abstraction from the substrate 63, typically an alkyl halide, by the catalyst results in the 

generation of radical 64. Radical 64 subsequently undergoes addition with alkenes 65, 

followed by X atom abstraction from 63 in a radical propagation step which leads to the 

formation of the ATRA product 67 and regeneration of radical 64.  

 

Scheme 21: General reaction mechanism of ATRA reactions by radical chain and radical-polar 

crossover pathways.[54] 
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In the radical-cationic pathway (also called radical-polar crossover pathway) a single electron 

transfer (SET) between photoredox catalyst and substrate R1-X 63 leads to the formation of a 

radical 64, the anion (X) and the catalyst radical cation PC•+. Subsequently, the formed radical 

64 adds to the alkene 65, and the newly generated radical intermediate 66 is oxidized to the 

carbocation 68 by the catalyst radical cation PC•+. The reaction of nucleophile (X) with the 

cation leads to the formation of the ATRA product 67.[54]   

Following the pioneering work by Kharasch and co-workers[10] who developed the thermal 

ATRA reaction, in 1994, Barton and co-workers reported the earliest example of a visible light-

mediated ATRA reaction between phenylselenium sulfonate 69 and vinyl ethers 70 employing 

Ru(bpy)3Cl2  as the catalyst to synthesise β-phenylselenosulfones 71 (Scheme 22).[57] In the 

proposed mechanism, a tosyl radical was generated from the phenylselenium sulfonate via 

single electron transfer with the excited-state catalyst. Subsequently, the generated radical 

adds to the alkene 70, leading to the formation of another radical intermediate. The resulting 

radical intermediate can react with the 69 to give desired ATRA product.  

 

Scheme 22: Visible light-mediated ATRA reaction by Barton et al.[57] 

In 2012, Stephenson et al. reported the first photoredox-catalysed ATRA reaction for the 

incorporation of a (per)fluoroalkyl moiety 72 into alkenes 73 (Scheme 23).[58] When alkyl 

halides 72 with fluorinated side chains are employed in ATRA reaction, the cleavage of the 

reactive carbon-halide bond by single electron transfer from the excited state photocatalyst is 

much facilitated. Although this synthetic transformation has demonstrated its effectiveness in 

the preparation of perfluorohalogenated products 74 from unactivated alkenes 73, it still 

suffers from the application of perfluoroalkyl iodides as ATRA reagents. 

 

Scheme 23: Iodofluoroalkylation of alkenes by visible light-mediated ATRA-reaction by Stephenson et 

al.[58] 
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Subsequently, Reiser and co-workers introduced copper-based photocatalysts for wide 

applications in the photoinduced ATRA reaction (Scheme 24).[59] By using CuI-phenanthroline 

complex [Cu(dap)2]Cl as a catalyst, haloalkanes 75 such as α-bromoacetophenone, 

bromomalonate and perfluorobutyl iodide were successfully added to different alkenes 76 

under visible light irradiation for the synthesis of corresponding ATRA products 77.  

 

Scheme 24: Visible light-mediated copper(I)-catalysed ATRA-reaction by Reiser et al. [59] 

 

1.2 Photocycloaddition reactions 

Cycloaddition reactions are widely recognized for their ability to form carbon-carbon and 

carbon-heteroatom bonds with high stereoselectivity and atom efficiency.[60] During the last 

decades, photocycloaddition reactions have gained significant attention as they complement 

conventional (thermal) cycloadditions, and as they can allow for the synthesis of three- to 

eight-membered ring skeletons from simple precursors.[61-68] Importantly, photocycloadditions 

facilitate the synthesis of complex and distinctive natural products and molecules with high 

stereocontrol and increased ring strain. Moreover, it is possible to use visible light or sunlight 

as a sustainable energy source to carry out certain cycloaddition reactions. 

Proco and co-workers reported a synthesis of the tetrahydrocyclopenta[b]benzofuran core of 

the rocaglamides (81) and (82) employing photoinduced [3+2] cycloadditions as key step 

(Scheme 25).[69] Upon irradiation at  =  350, 3-hydroxyflavone underwent an intramolecular 

proton transfer, leading to the formation of an oxidopyrylium betaine intermediate. 

Subsequently, betaine underwent [3+2]-dipolar cycloadditions with methyl cinnamate to afford 

the cycloadduct 79 along with the small amount of [2+2] cycloadduct. A subsequent base-

induced rearrangement of intermediate 79 led to the desired scaffolds 80. 



18 
 

 

Scheme 25: Total synthesis of methyl rocaglamides by photoinduced [3+2] cycloaddition.[69] 

Nicolaou and co-workers utilized a photointiated [4+2]-cycloaddition in their synthesis of the 

natural product (-)-Hamigeran A (Scheme 26).[70] In their synthetic pathway, initially, the 

enantioenriched alcohol 83 was transformed in to ester intermediate 84, to enable an 

intramolecular photoenolisation to the o-quinodimethane followed by Diels-Alder-cyclisation to 

tricycle scaffold 85. 

 

Scheme 26: [4+2] photocycloaddition as a key step in the total synthesis of (-)-Hamigeran A (86).[70] 

A total synthesis of the naturally occurring anti-cancer agent Taxol reported by Sieburth et. al 

by employed a [4+4]-photocycloaddition as a key step (Scheme 27).[71] Hence, (bis)2-pyridone 

87 was transformed into cyclooctadiene 88 as single isomer, in a single step. Subsequent 

transformations eventually led to Taxol (89) as a final product.  
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Scheme 27: Total synthesis of Taxol by [4+4] photocycloaddition approach.[71] 

Feldman and co-workers reported a highly efficient approach for the synthesis of the 

sesquiterpene (±)-dactylol (93) (Scheme 28).[72] Their method involved an initial intramolecular 

[6+2]-photocycloaddition of tropone 90 to afford the cyclooctadiene 91. The resulting 

cycloadduct 91 was then transformed to into final targeted molecule (93). 

 

Scheme 28: Intramolecular [6+2] photocycloaddition in the total synthesis of (±)-dactylol.[72] 

 

1.2.1 [2+2]-photocycloaddition reactions 

Among the various photocycloadditions, [2+2]-photocycloaddition reactions played a 

significant role in the synthesis of natural products. Moreover [2+2]-photocycloaddition 

demonstrated as a one of the simple and straightforward approach for the synthesise of 

complex multi-substituted cyclobutanes.[67,68]  

 

Scheme 29: General scheme of [2+2] photocycloaddition under a) direct excitation or b) triplet 

sensitization.[73,67] 

a) Direct Excitation

b) Sensitized [2+2] photocycloadditions
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Corey and co-workers demonstrated the utilization of the [2+2]-photocycloaddition in the 

synthesis of the natural products (±)-caryophyllene (101) and (±)-isocaryophyllene (Scheme 

30).[74]  An intramolecular [2+2]-photocycloaddition reaction between 2-cyclohexenone (97) 

and isobutylene (98) led to the formation of cyclobutane 99. From there, further steps including 

ring annulation C-C bond fragmentation at the ring fusion eventually led to the formation of 

caryophyllene (101) as a final product. 

 

Scheme 30: Synthesis of caryophyllene (101) by using [2+2] photocycloaddition.[74]   

The total synthesis of the tricyclic sesquiterpene isocomene (105) using intramolecular [2+2]-

photocycloaddition was reported by Pirrung (Scheme 31).[75] Dienone 102 underwent [2+2]-

addition to generate cyclobutane 103. Subsequently, isocomene was obtained in a good yield 

from Intermediate 103 after a Witting reaction followed acid-catalysed rearrangement. 

 

Scheme 31: Intramolecular [2+2] photocycloaddition in the total synthesis of (±)-isocomene (105).[75] 

While the first historic examples of [2+2]-photocycloadditions were induced using direct 

excitation by UV light, sensitization of these reactions with aryl and alkyl ketones under long-

wave irradiation has been utilized for many decades since.[65,76,77] During the last decades, 

visible light-absorbing triplet sensitizers have been introduced and shown be highly effective 

promoters, even for asymmetric [2+2]-additions.[62,67,68] In 1961, Schenck et al. reported a 

photosensitised intermolecular [2+2] cycloaddition by employing benzophenone as a 

photosensitizer under UV light excitation (Scheme 32).[76]  A reaction between 2,3-

dimethylmaleic anhydride 106 and furan (107) led to cyclobutane adduct 108 in a moderate 

yield.  



21 
 

 

Scheme 32: Photosensitised [2+2]-cycloaddition by Schenck et al.[76] 

Corey and co-workers reported an example of a selective triplet-sensitized [2+2] 

photocycloaddition of 2-allyl-1,3-butadiene 109 as a key step in the total synthesis of the 

natural product bergamotene (111), using benzophenone as photosensitizer (Scheme 33).[77] 

 

Scheme 33: Triplet-sensitised [2+2]-cycloaddition in the synthesis of α-trans-Bergamotene (111). [77] 

A highly enantioselective triplet-sensitized intramolecular [2+2] photocycloaddition using a 

chiral thioxanthone 115 as photosensitizer was developed by the Bach group (Scheme 34).[78] 

In their method, quinolone 112 underwent the [2+2]-addition to deliver two regioisomeric 

cycloadducts 113 and 114 with high enantioselectivity. 

 

Scheme 34: Enantioselective triplet-sensitised intramolecular [2+2]-cycloaddition by Bach et al.[78] 

Lu and Yoon reported an intramolecular [2+2]-photocycloaddition reaction of styrenes through 

an EnT pathway using an iridium-based complex, [Ir(dF(CF3)ppy)2(dtbbpy)]PF6 as a sensitizer 

to access cyclobutane adducts 117 (Scheme 35).[79] This method was further utilized in the 

total synthesis of (±)-cannabiorcicyclolic acid (122).  
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Scheme 35: Visible light-mediated [2+2]-cycloaddition of styrenes and its utility in total synthesis of (±)-

cannabiorcicyclolic acid (122).[79] 

Recently, the Kwon group demonstrated a visible light-mediated triplet sensitized 

intramolecular [2+2] photocycloaddition of dienones 123 using a polypyridyliridium(III) 

complex as a sensitizer to afford bridged benzobicycloheptanones 124 with excellent 

regioselectivity (Scheme 36).[80] Moreover this novel approach showed its superiority over 

previously reported methods for the synthesis of benzobicyclo[3.1.1]heptanones, which can 

be further transformed into B-norbenzomorphan analogues. 

 

Scheme 36: Triplet-sensitized intramolecular [2+2] photocycloaddition.[80] 
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An example of enantioselective intermolecular [2+2] photocycloaddition of quinolones under 

visible light-irradiation using a chiral thioxanthone catalyst 115 was reported by Bach and co-

workers (Scheme 37).[81] Upon irradiation, the sensitized reaction between 2(1H)-quinolones 

125 and different electron-deficient olefins 126 delivered the corresponding cyclobutane 

adducts 127 with high regio- and diastereoselectivity. Moreover the respective cycloadducts 

were obtained in high enantiomeric excess (up to 95% ee) as a result of efficient energy 

transfer facilitated by hydrogen bonding between the chiral photosensitizer and substrate.  

 

Scheme 37: Enantioselective intermolecular [2+2] photocycloaddition of quinolones by Bach et al.[81] 

 

1.2.2 The Paternò-Büchi reaction 

The [2+2]-photocycloaddition between a carbonyl compound and an alkene is commonly 

referred to as the Paternò-Büchi reaction (Scheme 38).[82] Several elegant synthetic 

applications of the Paternò-Büchi reaction in the synthesis of natural products have also been 

reported.[83] Generally, the Paternò-Büchi reaction involves an initial excitation of the carbonyl 

compound 128 through direct excitation or triplet sensitization. Subsequently, the singlet or 

triplet excited carbonyl moiety cyclizes with an alkene 129 to form an oxetane 131. Even 

though n,π*-absorption of the carbonyl moiety initially leads to the singlet state, the majority 

of the reactions occur via the triplet state of the carbonyl group, which is accessed by 

intersystem crossing (ISC) and which is particularly efficient with aromatic aldehydes and 

ketones. On the other hand, if an alkene has a lower triplet energy than the carbonyl 

compound, the reaction may proceed via the π,π* triplet state of the alkene rather than the 

excited state of the carbonyl compound.[82] 
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Scheme 38: Schematic representation of the Paternò-Büchi reaction between an aldehyde 128 and 

2,3-dimethylbut-2-ene (129).[82] 

Photochemical oxetane synthesis can be combined with several subsequent transformations 

of the oxetane products such as ring-opening reactions. The Schreiber group reported a total 

synthesis of the natural product (±)-Asteltoxin (138) starting form 3,4-dimethylfuran (132) using 

the Paternò-Büchi reaction and consecutive ring-opening as a key transformations. (Scheme 

39).[84] 

 

Scheme 39: Synthesis of (±)-Asteltoxin (138) using Paternò-Büchi reaction by Schreiber et al.[84] 

In another example, Bach and co-workers demonstrated the synthetic significance of the 

Paternò-Büchi reaction and subsequent ring-opening of an oxetane in the synthesis of 

enantiomerically pure (+)-preussin (142) (Scheme 40).[85] A photochemical reaction of 

dihydropyrrole 139 with benzaldehyde afforded 3-aminoxetane derivate 140 with a good yield 

and further, it was transformed into (+)-preussin (142) by hydrogenolytic ring-opening and N-

deprotection. 
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Scheme 40: Paternò-Büchi reaction for the synthesis of (+)-Preussin (142).[85] 

With the use of the Paternò-Büchi reaction as a key step, Just et al. reported a short and 

efficient synthesis of naturally occurring HIV nucleoside oxetanocin (146) via the bicyclic 

oxetane 145 as key intermediate (Scheme 41).[86]  

 

Scheme 41: Paternò-Büchi reaction for the synthesis of oxetanocin intermediate 145 by Just et al.[86]  

Recent advances in visible light-enabled Paternò-Büchi reactions have led to the synthesis of 

new and structurally complex oxetanes.[87-90] Schindler and co-workers reported a highly 

efficient visible light-mediated triplet sensitized Paternò-Büchi reaction using an Iridium(III)-

based photosensitizer (Scheme 42).[88] In contrast to the traditional Paternò-Büchi reaction, 

where a carbonyl substrates excited to its triplet state via UV irradiation, this approach relies 

on the triplet energy transfer from photosensitizer to carbonyl substrates to deliver the 

oxetanes. By employing aryl glyoxylates 147 in combination with various alkenes 148, several 

complex oxetane scaffolds 149 could be synthesised with remarkable efficiency, achieving up 

to 99% yield. 
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Scheme 42: Visible light energy transfer-mediated Paternò-Büchi reaction of aryl glyoxylates with 

alkenes [88] 

In 2020, the Yoon group also reported an efficient sensitized Paternò-Büchi reaction 

employing an Iridium (III) sensitizer under visible light-irradiation (Scheme 43).[90] In their 

method, triplet-excited benzoylformate esters 150 undergo the Paternò-Büchi cycloaddition 

with alkenes 151 to afford functionalized oxetanes 152. 

 

Scheme 43: Visible light-mediated intermolecular Paternò-Büchi reaction of benzoylformate esters [90] 

 

1.2.3 The Aza-Paternò-Büchi reaction 

Analogous to the Paternò-Büchi reaction, the Aza Paternò-Büchi reaction emerged as a direct 

and efficient strategy to access four-membered nitrogen-containing azetidines 155 via a 

photochemical reaction between an imine 153 and an alkene 154 (Scheme 44).[91] The Aza 

Paternò-Büchi reaction thus complements traditional methods for the synthesis of azetidines 

which involve a nucleophilic substitution reaction using nitrogen as a nucleophile[92], ring 

opening of strained azabicyclobutenes[92,93] or reduction of β-lactams.[92] Moreover, the 

aforementioned conventional approaches for the synthesis of azetidines require multi-step 

sequences along with pre-functionalised starting materials. Similar to oxetanes, azetidines 
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also exist in numerous natural products (e.g. 157)[94] and pharmaceuticals (e.g. 156)[95] 

(Scheme 45a). 

 

Scheme 44: Schematic representation of Aza Paternò-Büchi reaction. 

In 1968, Tsuge and co-workers were the first to report the Aza Paternò-Büchi reaction between 

1,3,4-oxadiazole 159 and indene (158) to access azetidine 160 under ultraviolet light 

irradiation (Scheme 45b).[96] Subsequently, several research groups demonstrated to access 

a variety of azetidine derivatives with different new reagent system under UV-light excitation, 

and the majority of these reactions reported were intermolecular [2+2]-photocycloadditions 

between imine and alkene.[91,97-100]  

 

Scheme 45: a) Azetidine containing natural product and pharmaceutical[94,95] b) First example of Aza 

Paternò-Büchi reaction between Indene (158) and 1,3,4-oxadiazole 159 for the synthesis of azetidine 

160.[96] 

Utilizing the advancements in photocatalysis, Schindler and co-workers reported a visible 

light-mediated intramolecular Aza Paternò-Büchi reaction between readily available imine- 

and alkene-containing precursors for the synthesis of highly functionalized azetidines 

(Scheme 46).[99] With simple and mild reaction conditions using an iridium(III)-based 

photosensitizer, several azetidines derivatives 162 could be synthesised from alkene and 

oximine moiety 161 with a yield up to 99%. Moreover, in contrast to energy transfer from 

excited photosensitizer to imine, this reaction proceeds via triplet energy transfer from excited 

photosensitizer to alkene. 

a)

b)
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Scheme 46: Visible light-mediated intramolecular Aza Paternò-Büchi reaction by Schindler et al.[99] 

In 2020, the same group developed an example of triplet sensitized intermolecular Aza 

Paternò-Büchi reaction again using an iridium (III) photosensitizer under visible light irradiation 

(Scheme 47).[98]. Here, the reaction of 2-isoxazoline-3-carboxylates 163 proceeds via triplet 

energy transfer from the excited photosensitizer to the oximine substrate followed by [2+2] 

cycloaddition to yield functionalized azetidines 165.  

 

Scheme 47: Intermolecular Aza Paternò-Büchi reaction by Schindler et al.[98] 

Bach and co-workers reported an enantioselective synthesis of azacyclobutane derivatives by 

visible light-mediated sensitized Aza Paternò-Büchi reactions (Scheme 48).[101] The [2+2]-

cycloaddition reaction between 3-substituted quinoxalinones 166 and different substituted 

styrenes 167 was accomplished through the use of a chiral thioxanthone photosensitizer 115, 

to afford the corresponding azetidines 168 with excellent enantioselectivity. The two-point 

hydrogen bonding interaction between the sensitizer and the substrate favours the formation 

of a 1:1 complex. Enhanced hydrogen bonding between catalyst and substrate was achieved 

by performing the reactions at lower temperature (−25°C or −35°C). 
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Scheme 48: Enantioselective Aza Paternò-Büchi reaction of quinoxaline-2-(1H)-ones.[101] 

 

1.2.4 Dehydrogenative cycloaddition reactions 

Over the past few years, dehydrogenative cycloaddition reactions of saturated compounds 

have emerged as potentially more step economic alternative to the conventional 

cycloadditions between unsaturated reactants. These reactions proceed via in-situ 

dehydrogenation of the saturated precursors followed by cycloaddition (Scheme 49). In this 

context, dehydrogenative Povarov [4+2]-cycloadditions have been extensively studied and 

carried out by employing metals catalysts such as Cu(I)- and Cu(II)- salts or Fe(II), Au(I), and 

Au(II) complexes along with stoichiometric amounts of oxidising agents such as DDQ, organic 

peroxides or dioxygen.[102-107]  

 

Scheme 49: Concept of dehydrogenative [4+2]-and [2+2]-cycloadditions. 
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Macheño and Richeter were the first to report a thermal one-pot oxidative 

Povarov/aromatization tandem reaction of substituted glycine derivatives 174 with electron-

rich alkenes 175 (Scheme 50).[106] Using iron(III) chloride as a catalyst in combination with 

mild, nontoxic TEMPO oxoammonium salt as formal hydrogen acceptor, substituted 

quinolones 176 were synthesised with high yields. 

 

Scheme 50: FeCl3 and TEMPO oxoammonium salt-mediated dehydrogenative Povarov reactions.[106] 

In 2021, Zeng et al. reported an example of a dual-catalysed dehydrogenative Aza [4+2]-

cycloaddition of amines with 1,3-dienes (Scheme 51).[107] Utilizing copper(I) bromide as a 

catalyst along with N-methylmorpholine (NMM) as a co-catalyst, an oxidative dehydrogenation 

and consecutive Aza [4+2]-cycloaddition between N-aryl glycine esters 177 and 2,3-dimethyl-

1,3-butadiene 178 was carried out at 80 oC and 1 atm of air for the synthesis of 1,2,3,6- 

tetrahydropyridines 179. 

.  

Scheme 51: Dual catalysed dehydrogenative [4+2]-cycloaddition of N-aryl glycine esters.[107] 

In addition to the single dehydrogenative reaction, a thermal double dehydrogenative Povarov 

cycloaddition reaction was also developed. In 2016, Huo et al., reported a metal-free carbon 



31 
 

tetrabromide-mediated dual-oxidative dehydrogenative (DOD) cycloaddition between N-

arylglycine esters 180 and 1,4-dioxane (181) to access complex quinolone scaffolds 182 

(Scheme 52).[108] 

 

Scheme 52: Metal-free double oxidative dehydrogenative Povarov reaction.[108] 

Our group has recently developed an iodine and visible light-mediated dehydrogenative 

Povarov [4+2]-cycloaddition of glycine esters with indoles and 1,1-disubstituted alkenes under 

aerobic conditions. As shown in Scheme 53 (left), an initial dehydrogenation of N-aryl glycine 

esters 183 followed by cycloaddition with indoles 184 and aromatization led to the synthesis 

of tetracyclic indolo[3,2-c]quinoline products 185.[109] On the other hand, Scheme 53, (right) 

shows the dehydrogenative Povarov cycloaddition and Csp3-H oxygenation reaction between 

N-aryl glycines 183 and 1,1-disubstituted alkenes 186 to afford the cycloadducts 187.[110]  

 

Scheme 53: Dehydrogenative Povarov reactions of N-aryl glycine esters.[109,110] 

In addition to dehydrogenative [4+2]-cycloadditions, Wu and co-workers developed a Pd/C-

catalysed dehydrogenative [3+2]-cycloaddition, which includes a thermal metal-catalysed 

dehydrogenation of phenylalanine derivatives 188 for the generation of azomethine ylides and 
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subsequent [3+2]-cycloaddition with trans-β-nitrostyrenes 189, to access structurally complex 

benzo-fused tropane scaffolds 190 with high diastereoselectivity (Scheme 54).[111]  

 

Scheme 54: Dehydrogenative [3+2] cycloaddition for the synthesis of functionalised tropanes.[111] 

Furthermore, Singh et al. reported a highly selective Pd-catalysed dehydrogenative [2+2+2]-

cycloaddition of quinones 191 with fulvenes 192, enabling efficient synthesis of 

polyarylquinones 193 (Scheme 55).[112] By employing this novel ligand-assisted, Pd(OAc)2-

catalyzed approach, a number of fulvene and quinone fused polyarylquinones 193 could be 

readily synthesized. More importantly the obtained polyarylquinone derivatives exhibited a 

high cytotoxic activity against human osteosarcoma cells (MG-63) due to their excellent redox 

properties. 

 

Scheme 55: Dehydrogenative [2+2+2] cycloaddition for the synthesis of polyarylquinones 193.[112] 
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2. Objective of this work 

The development of simple and environmentally benign methodologies for the construction of 

carbon-carbon or carbon-heteroatom bonds is a primary interest in organic synthesis. In this 

regard, we aimed to develop efficient thermal and photoinduced catalytic processes for the 

formation of C-C or C-X bonds through the generation of carbon-centered radicals and their 

subsequent addition reactions to alkenes and sensitized cycloadditions. 

Our initial focus was the radical functionalization of biomass-derived 5-chloromethylfurfural 

(CMF) by way of its utilization in radical addition and ATRA-type reactions to access value-

added products from this furanic platform chemical.  

Secondly, we focused on developing visible light-induced sensitized photocycloaddition 

reactions of 2-cyanochrome with alkenes for the synthesis of the respective cycloadducts as 

an alternative method for the direct UV-induced cycloadditions of 2-cyanochrome. 

In a third project, we attempted to develop an in situ-dehydrogenative aza [2+2] cycloaddition 

reaction of dihydroquinoxaline-2-(1H)-ones with alkenes for the straightforward access to 

polyfunctional azetidine derivatives directly from reduced and readily accessible heterocyclic 

precursors. 
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3. Summary of Published Results  

3.1 Value-added chemicals from biomass-derived furans: radical functionalisation 

of 5-chloromethylfurfural (CMF) by metal-free ATRA reactions 

For more than two centuries, fossil fuels have been the foremost and pivotal source of 

chemicals, fuels, and energy for mankind. In light of the eventual depletion of fossil fuels and 

the increasing negative environmental impact of their use, the utilization of biomass as a 

promising substitute has been investigated for some time. Biomass is considered as the most 

attractive alternative feedstock due to its widespread availability as a carbon source apart from 

oil and coal and it comprises several molecular components like carbohydrates, lignin, lipids, 

proteins, fatty acids and others. The valorisation of renewable resources, especially biomass 

to produce value-added chemicals in a more efficient, economical and sustainable manner 

continues to be an important goal of chemical research.[113-118] 5-Hydroxymethylfurfural (HMF, 

194) is a dehydration product of biomass-derived carbohydrates and exhibits significant 

potential for the production of high-value renewable chemicals, polymers and biofuels. [119] 

 

Scheme 56: Conversion of biomass in to furans HMF (194) and CMF (195). 

HMF can be easily obtained from hexoses such as sucrose, glucose or fructose by thermal, 

Lewis- or Brønsted acid-mediated dehydration. The efficient conversion of raw biomass into 

HMF still remains a challenge as HMF undergoes an acid catalysed decomposition to humine 

and polyfuranic resin. The chlorinated compound, 5-chloromethylfurfural (CMF, 195), a 

considerably more lipophilic analogue of HMF, can be obtained in high yield directly from crude 

biomass.[120] In 2008, Mascal and Nikitin reported an efficient way for the direct synthesis of 

CMF form biomass by using aqueous hydrochloric acid treatment in combination with biphasic 

extraction techniques and isolated yields are greater than 71%.[121] Subsequently, Brasholz et 

al. established a highly efficient biphasic continuous flow method for the synthesis of CMF and 

biomass-derived furans

Biomass resource New target chemicalsPlatform chemicals
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other furanic derivatives from D-fructose and sucrose on a gram-scale.[122] Under optimised 

conditions, 10 g of D-fructose can be readily converted into almost 6.5 g of CMF in only 20 

min of reaction time at 100 oC using dichloromethane (DCM) as a solvent. In the same way, 

10 g of sucrose can be easily converted in to 5.23 g (61%) of CMF at 130 oC. Both HMF and 

CMF can be transformed into important simple chemicals such as furan-2,5-dicarboxylic acid, 

2,5- dimethylfuran, levulinic acid and others on a large scale. Figure 3 represents the useful 

transformation of HMF and CMF into value-added products.[119,120] 

 

Figure 3: Value-added products derived from both HMF (194) and CMF (195).[119,120] 

So far different catalytic reactions such as oxidations, hydrogenations, aminations and 

hydrodeoxygenations are performed to valorize HMF (194) and CMF (195) into their 

respective derivatives.[123] However, to the best of our knowledge, the radical functionalisation 

of HMF (194) or CMF (195) has not been explored so far. Therefore, we reasoned to 

investigate the radical functionalisation of CMF (195) by way of a homolytic C-Cl bond 

cleavage that would lead to the corresponding (2-formyl-5-furanyl)methyl radical 196 as a 

reactive intermediate. If the key radical 196 could be generated and reacted with alkenes, 

value added products like alkyl or arylmethylfurfurals could be expected (Scheme 57). 
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Scheme 57: The idea of radical functionalisation of CMF (195) and subsequent addition of (2-formyl-

5-furanyl)methyl radical 196 to alkenes. 

We subsequently succeeded in engaging CMF (195) in metal-free ATRA reactions with 

styrenes 197 as the alkenes that would lead to the chain-elongated products 198 through the 

utilization of of the metal-free Et3B/O2 initiator system. Furthermore, computational studies on 

the key intermediate, 2-formyl-5-furfurylradical 196 derived from CMF (195) were performed 

in cooperation with the group of Prof. Dr. Julia Rehbein at the University of Regensburg, in 

order to elucidate its electronic structure and radical addition behavior by using NBO[124] 

population analysis in combination with post-HF methods (MP2)[125] and density functional 

theory (DFT) calculations. 

Our investigations began initially with considering a reductive photoredox-induced C-Cl bond 

cleavage of CMF (195),[126] however, these attempts failed even after extensive 

experimentation. As an alternative to photoredox induced C-Cl bond cleavage, we opted for 

the triethylborane/O2 reagent system[15] to activate CMF (195). The reaction of CMF (195) with 

styrene (197a) and triethylborane under atmospheric air (3 X 5ml) at 60 °C resulted in the 

formation of secondary benzylic chloride 198a and the dimeric product 199 in in small 

quantities (Scheme 58).  

 

Scheme 58: Atom transfer radical addition reaction of CMF (195) using triethylborane/oxygen. 

Subsequently, our objective was to systematically optimize the reaction conditions (Table 1). 

In the initial phase of the experiments, CMF (195) and styrene (197a) were treated with 2 

equivalents of Et3B in MeCN, under atmospheric air at a temperature of 60 °C. After 24h of 

reaction time, approximately 29-30% conversion of CMF (195) was observed with a mixture 

of yet uncharacterized products (entry 1). Significantly, in the presence of 1 equivalent of 

tetrabutyl ammonium idodie (TBAI) an 87% conversion of CMF (195) with 23% of ATRA 



37 
 

product 198a formed and 10% of furanic dimer 199 was observed. Variation of the molar 

equivalents of TBAI further improved the conversion of CMF (195) with better yields of ATRA 

product 198a. When the quantity of TBAI was reduced from 1 equivalent to 0.5 equivalents,  

a decrease in the conversion of CMF (195) and the yield of ATRA product 198a was observed. 

On the other hand, 2 equivalents of TBAI showed comparably analogous results to those 

obtained from the use of 1 equivalent. However, when the reaction condition changed to 4 

equivalents of TBAI, the yield of ATRA product 198a was further improved from 23% to 40% 

and variation of the equimolar amounts of the TBAI was found to have a direct impact on the 

reaction outcome. 

Table 1: Optimization and control experiments for ATRA reaction of CMF (195). 

 

# Et3B TBAI 197a 

(equiv.) 

solvent conv. 

195 [%][a] 

yield. 

198a [%][a] 

yield 

199 [%][a] 

1 2 0 15 MeCN 29 0 0 

2 2 1 15 MeCN 87 23 10 

 3b 2 1 15 MeCN 0 0 0 

4 2 0.5 8 MeCN 100 16 2 

5 2 2 8 MeCN 100 31 3 

6 2 4 8 MeCN 100 40 3 

7 2 4 4 MeCN 95 30 2 

8 2 4 10 MeCN 100 42 3 

9 2 4 20 MeCN 100 30 2 

10 0.25 4 10 MeCN 91 38 3 

11 0.5 4 10 MeCN 96 74 3 

12 1 4 10 MeCN 98 51 5 

13 0.5 4 10 THF 74 50 2 

14 0.5 4 10 DMF 63 28 2 

15 0.5 4 10 Acetone 97 75 (78)c 3 

Reactions were performed on a 0.3 mmol scale of (195) [a] Determined by 1H-NMR analysis using CH2Br2 
as the internal standard. [b] Reaction in the absence of oxygen. [c] Yield of the isolated product after 
chromatography. 
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Systematic variation of different parameters, that included the molar equivalents of Et3B, 

styrene (197a), oxygen concentration[127] and the solvent resulted in a significant further 

enhancement of the yield of ATRA product 198a. Utilization of 0.5 equivalents of Et3B showed 

a better outcome in comparison to using 0.25 and 1 equivalents of Et3B correspondingly 

(entries 10-12). Importantly, we did not find any differences in the conversion of CMF (195) 

and yield of ATRA product 198a when 15 and 10 equivalents of styrene (197a) was used, 

respectively. With the aim of developing a sustainable procedure in mind, we decided to 

restrict the styrene (197a) to 10 equivalents. Piercing the reaction vial septum with a cannula 

throughout the reaction showed better results compared to injecting air with a syringe at an 

interval of three times. Moreover, variation in the reaction temperature did not show any 

favorable results, and the outcome of all conducted reactions indicated that a temperature of 

60oC is optimal to achieve complete conversion of CMF (195) within 24 h of reaction time. 

At the end of the optimization studies, impact of different solvents on the yield of ATRA product 

198a as well as the conversion of CMF (195) was evaluated (entries 13-15). No further 

improvement in the conversion of CMF (195) was observed when the reaction was conducted 

in DMF and THF. On the contrary, the yield of ATRA product was diminished. Employing 

acetone as a reaction solvent showed better conversion of CMF (195) with a favorable yield 

of ATRA product 198a. On the other hand, when the reaction was performed only for 12h, a 

notable large incomplete conversion of CMF (195) was observed. Ultimately, the reaction was 

optimised with the conditions of 4 equivalents of TBAI, 0.5 equivalents of Et3B, 10 equivalents 

styrene (197a) in acetone, under air at 60 °C for 24 h to obtain ATRA product 198a with the 

excellent isolated yield of 78% after chromatography and the undesired dimer 199 being 

observed in only 3%. As a control experiment, no conversion of CMF (195) has been observed 

in the absence of oxygen. 

We also wished to perform in-silico theoretical calculations to evaluate factors that potentially 

would influence the desired radical functionalisation of CMF (195). We anticipated that spin 

delocalisation around the molecule would render the (2-formyl-5-furanyl)methyl radical 196 

only moderately nucleophilic as typical for benzylic radicals.[128] In addition, 2-furylmethyl 

radicals 196 are known to lead to multiple secondary fragmentation products by ring opening 

(Scheme 59a).[129] Following careful consideration of all these factors, we initiated DFT 

calculations with our cooperation partner Prof. Dr. Julia Rehbein and co-workers to elucidate 

the electronic structure of 196 and its reactivity towards alkenes.  

In this study, Natural Bond Orbital [NBO, uMP2/6-311+G**][124,125] approach was used to 

investigate the spin density distribution, singly occupied molecular orbital (SOMO) energy ε of 
radical 196, and a comparative analysis was performed with the closely related 2-furylmethyl 
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radical 200, 4-formyltolyl radical 201 and tolyl radical 202. The calculations indicated that in 

case of radical 196 spin density is situated primarily at the benzylic methyl carbon along with 

a notable presence at the C-2 position. In all other cases (200, 201 and 202) the highest spin 

density is located only at the benzylic methyl carbon (Scheme 59b) and it revealed radical 

196 showed the lowest SOMO energy ε (-9.168 eV) whereas the highest SOMO energy ε was 

shown by radical 200 (-8.167 eV). The order SOMO energies ε follows as 201 < 196 – 202 < 

200. Subsequently, computed SOMO energies of radials 196, 200-202 were correlated with 

the highest occupied molecular orbital (HOMO) and lowest unoccupied molecular orbital 

(LUMO) energies of diverse alkenes to evaluate potential reaction partners. These 

correlations showed that, particularly, styrene derivates 197 have an energy gap of SOMO to 

LUMO which is considerably higher than that of SOMO to HOMO. Therefore, the interaction 

between the SOMO of radical 196 and the HOMO of styrene derivates 197 is much more 

favorable. 

 

Scheme 59: Methods of radical intermediate 196 generation and subsequent ring opening. (b) 

Comparison of spin densities of radical 196 with closely related radicals 200, 201 and 202 (c) Spin 

density plot of radical 196: blue shades designate high spin density. 

Different energy gaps between radicals 196, 200-202 and the HOMO of styrene derivates 197 

are shown in Table 2. As evident, a potentially much faster reaction between radical 196 and 

electron-withdrawing styrenes (4-cyano 197g and 4-fluorostyrenes, 197f) is expected based 

on the low Δε (FMO) of 0.169 eV. In contrast, the reaction rate is expected to be comparatively 
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slow in the case of electron-donor substituted styrenes (4-methoxystyrene 197n) with the 

largest SOMO-HOMO gap Δε (FMO) of 0.894. The calculations indicated similar trends for 4-

formyltolyl radical 201. The smallest energy gap observed with the HOMO of the acceptor-

substituted 4-cyano styrene 197g (Δε 0.171 eV), while the largest value was obtained for 

donor-substituted 4-methoxy styrene 197n (Δε = 1.234 eV). 

Table 2: SOMO energies of radicals 196, 200-202, HOMO energies of 4-substituted styrenes 197 and 

energy gaps Δε (eV) calculated using NBOs at the uMP2/6-311+G** level of theory.[124,125] 

 
Radicals 

 
SOMO (eV) 

196 

-8.828 

200 

-8.167 

201 

-9.168 

202 

-8.771 

 

 
HOMO (eV) 

 
Δε (eV) 

 
Δε (eV) 

 
Δε (eV) 

 
Δε (eV) 

R = H -8.399 0.429 -0.232 0.769 0.372 

R = Me -8.136 0.692 0.031 1.032 0.635 

R = OMe -7.934 0.894 0. 233 1.234 0.837 

R = F -8.550 0.278 0.383 0.618 0.221 

R = CN -8.997 0.169 0.83 0.171 -0.226 

As shown in Scheme 60, a number of ATRA products (198a-198r) employing electron-rich 

and electron-deficient radical acceptors as a reaction partner could be prepared using the 

optimised conditions with yields ranging from 25 to 84%. In case of m-methoxy-derivate 198j, 

we obtained 73% yield, however, in the case of o-methoxy 197k and p-ethoxystyrene 197i, 

surprisingly eliminated products 198k and 198i were obtained with yields of 41% and 31%, 

respectively. While the 2,6-dichloro derivative 198h was accessible only in 35% of yield, this 

was likely attributed to the presence of steric hindrance. Upon utilization of α-methylstyrene 

(197n-197q) as a reaction partner, reaction efficacy was significantly reduced and we 

observed incomplete conversion of CMF after 24 h of reaction time. We were able to access 

only isomeric C2-C3 and C3-C4 alkene derivatives 198n-198q with yields from 25-33%. 

Employing 1,1-diphenylethylene 197m also led to a substantial reduction in yield and obtained 

a trisubstituted alkene derivative 198m with a yield of 29%. Structurally diverse electron-rich 

and deficient alkenes were also evaluated. However, they did not furnish any ATRA product 

under standard conditions. Experimental results presented in Scheme 60 strongly correlated 

with the calculated respective FMO energy gaps Δε (Table 2) and clearly reflected the 

influence of SOMO/HOMO energy gaps of reaction partners in the respective product 

formation. As shown in Scheme 29, the reaction between CMF (195) and 4-cyano styrene 
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197g gave derivative 198g in a significantly higher isolated yield (59%) compared to the 

reaction between 1-methoxy 198k (41%), 4-ethoxy derivates 198i (30%). 

The consistency of the synthetic experiments and the in-silico results encouraged us to 

perform a DFT calculation (uM06-2X/6- 311+G** basis set)[125,130] to assess energy profiles of 

the addition reaction of (2-formyl-5-furanyl)methyl radical 196 with 4-cyano- 197g and 4-

methoxystyrene 197n. The results demonstrated that radical addition occurs at relatively low 

energy barriers, approximately 11 kcal mol-1 in both cases (Scheme 61). Furthermore, we 

observed that the energy of adduct generated by the reaction with 4-cyanostyrene 197g is 

about 2 kcal mol-1 lower than that of adduct formed by the reaction with 4-methoxystyrene 

197n. 

 

Scheme 60: Triethylborane/oxygen-mediated ATRA reaction of CMF (195) for the preparation of ATRA 

products 198. 

The proposed mechanism for the atom transfer radical addiction reaction between CMF (195) 

and styrene (197) mediated by Et3B/O2 depicted in Scheme 62. The aerobic oxidation of Et3B 

results in the formation of reactive ethyl radicals,[7] which involve in iodine atom abstraction 

derivatives with substituted

styrenes

Unsuitable radical

acceptors

derivatives with Alpha substituted

styrenes



42 
 

from iodomethylfurfural (IMF, 203) which is generated in-situ by the reaction between CMF 

(195) and iodide anion, to give (2-formyl-5-furanyl)methyl radical 196. Subsequently, radical 

196 reacts with styrene 197 leading to the well stabilised benzylic radical adduct 204. Adduct 

204 reacts with IMF 203 via abstraction of atomic iodine from IMF 203 in a chain propagation 

step to give reactive secondary benzylic iodides 205, which further undergo nucleophilic 

substitution with chloride anion to deliver the more stable secondary benzylic chlorides 198.  

 

Scheme 61: Calculated energy profiles and the transition state structure for radical 196 and 4-sustituted 
styrenes 197. 

Further evidence for the radical intermediates 196 and 204 was gained by control experiments 

in the presence of the radical scavenger TEMPO and mass spectrometric analysis of the 

reaction mixture for their adducts 206, 207. Moreover, adduct 206 was isolated in yield of 44% 

when CMF (195) was alone reacted with the TEMPO and Et3B/O2. 
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Scheme 62: Proposed reaction mechanism for the ATRA reaction of CMF (195) with styrene (197a). 

In summary, we successfully enabled atom transfer radical addition reaction between 

biomass-derived 5-chloromethylfurfural (195) and styrene (197a) using a sustainable and 

metal-free Et3B/O2 system for the first time. Additionally, through the application of in-silico 

methods, in-depth investigations were conducted on radical 196 and its behavior in radical 

addition reactions. The calculated molecular and reaction parameters showed a strong 

correlation with the experimental outcomes of our synthetic experiments. This novel 

methodology shows a broad substrate scope and provides access to a number of derivatives 

with electron-donating and electron-withdrawing styrenes. 
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3.2. Visible light-induced Iridium (III)-sensitized [2+2] and [3+2] photocycloadditions 

of 2-cyanochromone with alkenes 

Photocycloaddition reactions have been recognized as a powerful tool for the rapid 

construction of molecular complexity (cf. Chapter 1.2). Over the years, visible light 

photocatalysis[23,24] emerged as a promising alternative for direct UV-induced cycloaddition 

reactions. Notably, recent advancements in visible light photocatalysis led to increased 

attention towards triplet energy transfer (EnT) cycloaddition reactions.[28-30,61-68,131] Energy 

transfer-induced reactions rely on the relative triplet energies of the photocatalyst and 

substrate rather than the redox potentials of the photocatalyst and substrates. So far, 

numerous organophotosensitizers have been developed and demonstrated their 

versatile applications in EnT photocatalysis.[132] However, polyheteroaryl complexes of 

ruthenium (II) and iridium (III) are the most commonly employed photosensitizers due to their 

specific and tunable photophysical properties.[133]  

Cyano-substituted enones, enoates and eneamides expose interesting behaviour in 

their cycloaddition reactions with alkenes as they deliver structurally diverse 

cycloaddition products. These reactions have well been investigated under direct UV 

excitation as well as through the use of acetone or aryl ketones as photosensitizers 

along with long-wave irradiation, in a limited number of examples.[134,135] 

Saito and co-workers reported an intermolecular photocycloaddition reaction of cyano-

substituted cyclic enones to alkenes under direct UV excitation (Scheme 63).[135b] Irradiation 

of cyclic enone 208 in the presence of excess 2-methyl-2-butene (209) led to [2+2] and [3+2] 

products 210 and 211 in an equal ratio. Additionally, photocycloaddition of 208 with alkenes 

using acetophenone or benzophenone as a sensitizer was performed and similar results were 

observed in comparison to direct excitation. Employing further alkenes gave the respective 

[2+2] and [3+2] products in almost equal ratios, while reaction of 208 with 1-cyclohexene and 

1-cyclcopetene as an alkene at room temperature gave only [2+2] cycloadducts. Importantly, 

a temperature dependent [2+2] and [3+2] product formation was observed when 1-

methylcyclohexene used as reaction partner. 

 

Scheme 63: Photocycloaddition of cyano-substituted enones under UV irradiation by Saito et al.[135b] 
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Margaretha et al. demonstrated an acetone-sensitised photocycloaddition of cyano-

substituted enoate 212 with alkenes (Scheme 64).[135f]  The photocycloaddition reaction 

of α-cyano enoate 212 with 2,3-dimethylbut-2-ene (213) in the presence of acetone as 

a sensitizer under UV irradiation resulted in the formation of corresponding [2+2] and [3+2] 

cycloadducts. Furthermore, when thioxanthone was used as a photosensitizer, only [2+2] 

cycloaddition product was obtained. 

 

Scheme 64: Acetone-sensitised photocycloaddition of cyano-substituted enones 212 by Margaretha 

et al.[135f] 

Scheme 65 depicts the expected behavior of a general β-cyanoenone 216 with alkenes 

217 in photocycloadditions. The reaction between triplet excited β-cyanoenone 216 and 

alkene 217 initially results in the formation of cyano-substituted triplet 1,4-biradical 

intermediate 218,[136] which subsequently undergoes intersystem crossing and ring-

close to deliver cyanocyclobutane 219. Alternatively, a cyclic triplet nitrene intermediate 

220 can be generated through a competing 1,5-cyclization of the triplet biradical 

intermediate 218. Subsequently, a cyclopentenylimine 221 is formed by transfer of 

hydrogen to the nitrene nitrogen atom and a hydrogen abstraction that re-installs the 

conjugated double bond. Upon aqueous workup, cyclopentenylimine 221 is hydrolysed 

to give cyclopentenone 222 as a final [3+2]-product. The structure of the reactants plays 

a significant a role in the ratios of [2+2]- and [3+2]-products, although certain cases 

interestingly displayed a temperature-dependent product ratio during the formation of 

[2+2]- and [3+2]-products.[134, 135b] 
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Scheme 65: Schematic representation of β-cyanoenone 216 photocycloadditions. 

Earlier, Saito et al. reported a temperature dependent photocycloaddition of 2-cyanochromone 

(223) with alkenes 224 under direct UV excitation, to afford cycloadducts 225 and 226 with 

moderate yield and low selectivity in the [2+2]- versus [3+2]-cycloaddition (Scheme 66).[134] 

Aiming to improve existing reaction conditions and selectivity, we decided to apply visible light 

photocatalysis in the development of new efficient catalytic system for the cycloadditions of 2-

cyanochromone.  

 

Scheme 66: [3+2]-and [2+2]-photocycloaddition of 2-cyanochromone by Saito et al.[134] 

We began our investigation by screening various photocatalysts to enable the cycloaddition 

of cyanochromone (223) with styrene (227) (Table 3). We observed that all of the utilized 

photosensitizers except Eosin Y and Rose Bengal could promote the cycloaddition reaction to 

give exo-[2+2]-cycloadduct 228 as a major product and its regioisomer 229 as a minor product. 

In the class of organosensitizers, thioxanthone was most effective for the cycloaddition 

reaction between cyanochromone (223) and styrene (227) with 70% conversion of (223), 

along with the yields of 42% and 8% of 228 and 229, respectively (entries 1-2). However, 

among the employed Iridium (III) metal-based complexes, (Ir[dF(CF3)ppy]2[dtbpy])PF6  

showed a better outcome with catalyst loading of 2 mol-% (entries 6-8) and observed optimum 

efficiency could be attained with catalyst loading of 3 mol-% (entries 9-11). Further, variations 
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in the amount of styrene (227) and reaction time demonstrated that 10 equivalents of 227 with 

36 h of reaction time was optimal for almost complete conversion of chromone (223), to give 

cycloadducts 228 and 229 in yields of 72% and 14%, respectively (entries 12-14) and with 

almost entire diastereocontrol. However, variation of the reaction solvent did not show any 

further improvements in comparison to MeCN (entries 15-17). Performing the reaction without 

photosensitizer or irradiation resulted in no product formation (entries 16).  

Table 3: Optimization and control experiments for photocycloaddition of 2-cyanochrome (223). 

 

As shown in Scheme 67, a series of cycloadducts 228a-228t were synthesised using different 

alkenes 227a-227t as a reaction partner under established reaction conditions (entry 11). 

Cyclobutanes 228a-228iwere synthesised with yields ranging from 58-76% through the use of 

# P.S. mol-% time (227) 

(equiv.) 

solvent conv. 

(223) 

[%][a] 

yield 

228 

[%][a] 

yield 

229 

[%][a] 
1 1,5-AAQ 10 24 20 MeCN 10 3 1 

2 thioxanthone 10 24 20 MeCN 70 42 8 

3 Eosin Y[b] 2 24 10 MeCN 18 0 0 

4 Rose Bengal[b] 2 24 10 MeCN 32 0 0 

5 4CzIPN 2 24 20 MeCN 40 17 5 

6 Ir(ppy)3 2 24 20 MeCN 35 0 0 

7 [Ir(ppy)2(dtbpy)+ 2 24 20 MeCN 55 13 5 

8 (Ir[dF(CF3)ppy]2(dtbpy))+ 2 24 20 MeCN 70 43 12 

9 (Ir[dF(CF3)ppy]2(dtbpy))+ 1 24 20 MeCN 50 32 10 

10 (Ir[dF(CF3)ppy]2(dtbpy))+ 3 24 20 MeCN 79 58 11 

11 (Ir[dF(CF3)ppy]2(dtbpy))+ 4 24 20 MeCN 70 41 10 

12 (Ir[dF(CF3)ppy]2(dtbpy))+ 3 36 20 MeCN 93 64 13 

13 (Ir[dF(CF3)ppy]2(dtbpy))+ 3 36 10 MeCN 96 72 (71)[c] 14 

14 (Ir[dF(CF3)ppy]2(dtbpy))+ 3 36 5 MeCN 87 64 14 

15 (Ir[dF(CF3)ppy]2(dtbpy))+ 3 36 10 Acetone 85 48 13 

16 (Ir[dF(CF3)ppy]2(dtbpy))+ 3 36 10 DCM 89 43 15 

17 (Ir[dF(CF3)ppy]2(dtbpy))+ 3 36 10 DMF 67 30 9 

18 No P.S. / no light 0/3 36 10 MeCN 4/2 0/0 0/0 

Reactions were performed on a 0.1 mmol scale of (223). [a] Determined by 1H-NMR analysis using CH2Br2 as the internal 
standard. [b] 530 nm LED (30W) used. [c] Yield of the isolated product after chromatography. 
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monosubstituted styrenes 227a-227i, while in the case of 2,6-diclorostyrene 227j cycloadduct 

228j was obtained in a moderate yield of 28%.  

 

Scheme 67: Scope of visible light-medicate Ir(III)-sensitized photocycloadditions of 2-cyanochrome 
(223) with different alkenes. [a] Isolated as a 5:1 mixture of regioisomers. [b] Yield determined by 1H-
NMR analysis using CH2Br2 as the internal standard. [c] Combined yield of both isomers determined by 
1H NMR analysis. 

derivatives with monosubstituted styrenes

derivatives with di- and trisubstituted styrenes derivatives with acrylic nitriles

Limitations
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In all reactions with monosubstituted styrenes, a corresponding regioisomer was observed, 

with the regioselectivity ranging from 3.5:1 for compound 228c to 14:1 in the case of 

compound 228h. Using α-methyl styrenes 227n and 227o as reaction partners, cyclobutanes 

228n and 228o were synthesised with r.r of 6:1 in both cases. On the other hand, 1-

arylcyclohexenones 227p-227r and acrylonitriles 227s and 227t delivered only single regio- 

and diastereoisomers 228p-228t with 49-99% of yield. In case of 4-cyanostyrene 227k, the 

corresponding [2+2]-cycloadducts observed in crude NMR analysis as a mixture with the yield 

of 26%, while trans-stilbene 227i and 1,1-diphenylethyele 227m were found as unsuitable 

reaction partners with the yield of 0% and 9%, respectively. In all above mentioned cases, 

none of the corresponding possible [3+2]-cycloadducts were detected after careful NMR 

analysis of crude reaction products.  

Table 4: Visible light-mediated Ir(III)-sensitized [2+2]- and [3+2]-cycloadditions of 2-cyanochrome (223) 

with di- and trisubstituted alkenes. 

 

# alkene T (°C) ratio 

228:230[a] 

yield of 

228 (%)[b] 

yield of 

230 (%)[b] 

1 
 

30 228u:230u     1:1.6 18 28 

65[c] 228u:230u     1:1.6 12[d] 19[d] 

2 

 

30 228v:230v       0:1 0 44 

-10[c] 228v:230v       0:1 0[d] 24[d,e] 

 

3 

 

30 228w:230w    1:2.8 8 24 

65[c] 228w:230w    1:2.8 8[d] 26[d] 

4 

 

 30  228x:230x     1:3.7 11[d] 41 

5 

 

30 228p:230p      1:0 66 0 

65[c] 228p:230p      1:0 65[d] 0[d] 

Reactions conditions: [a] 0.1 mmol scale of 223, alkene 227 (10 equiv.), (Ir[dF(CF3)ppy]2[dtbpy])PF6 3 mol-%, MeCN, 
450 nm LED (30 W), 30 oC, 48 h or 450 nm LED (10 W), 65 oC, 48 h, then HCl aq., acetone, r.t.,16 h. [a] Determined 
by 1H-NMR-analysis. [b] Yield of the isolated product after chromatography. [c] 10 W 450 nm LED used. [d] 
Determined by 1H-NMR analysis using CH2Br2 as the internal standard. [e] Yields based on 76% conversion of (223). 
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Saito and co-workers[134] previously demonstrated the formation of the [2+2] and [3+2] 

cycloaddition products when cyanochromone (223) irradiated under direct UV along with 1-

methylcyclopentene (227u) or 1-methylcyclohexane (227v) as a reaction partner. A 

temperature dependent [2+2] and [3+2] product formation was observed and increased 

selectivity towards the [3+2] cycloadduct formation was noticed when 1-methylcyclohexane is 

used. Subsequently, in our studies, we employed 1-methylcyclopentene (227u), 1-

methylcyclohexane (227v), 2-methyl-2-butene (227w) and 2,3-dimethyl-2-butene (227x) as 

reaction partners under the established reaction conditions (Table 4). The reaction with 1-

methylcyclopentene (227u) gave both [2+2]- and [3+2]-cycloadducts 228u and 230u in a ratio 

of 1:1.6 with an isolated yield of 18% and 28%, respectively. In case of 1-methylcyclohexene 

(227v), only [3+2]-adduct 230v was obtained as a pure single cis-diastereomer with 44% of 

isolated yield. On the other hand, products 228w (a mixture of regioisomers) and 230w in a 

ratio of 1:2.8 with the combined yield of 32% were obtained. Using 2,3-dimethyl-2-butene 

(227x)  as a reaction partner showed improved selectivity towards [3+2]-cycloadduct formation 

compared to [2+2]-cycloadduct with the ratio of 3.7:1. 

Although we obtained overall moderate yield of cycloadducts, a slight improvement of product 

selectivity towards the [3+2]-cycloadducts 230v and 230w was observed with the new reaction 

conditions in comparison with the direct UV-induced reactions.[134] However altering the 

reaction temperatures from 30 oC to 65 oC or from 30 oC to -10 oC, did not show in any change 

in the respective [2+2]- and [3+2]-product ratios (Table 4). Similarly, no temperature effects 

on the product selectivity was observed when 1-phenylcyclohexene (227p), styrene (227a) 

used and only corresponding [2+2]-products 228p, 228a and 229a were obtained. These 

findings clearly demonstrated that [3+2]-cyclization of aryl-substituted biradicals 321 are 

impeded probably due to their short triplet lifetime compared to alkyl cyano 1,4-biradicals. 

 

Scheme 68: Infeasible [3+2]-cycloaddition reaction of aryl substituted 1,4-biradicals 231. 

In conclusion, visible light-induced cycloadditions of 2-cyanochrome (223) with diverse 

alkenes using (Ir[dF(CF3)ppy]2[dtbpy])PF6 as a photosensitizer were developed to synthesise 

respective [2+2]-cycloadducts in high yield. By utilizing new reaction conditions, cyclobutane 
derivatives 228 of mono-, di- and trisubstituted styrenes and acrylonitriles could be accessed 
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with good regiocontrol and high diastereoselectivity. Additionally, in the case of tri-alkyl-

substituted alkenes, the [3+2]-cycloaddition products, cyclopentenone-fused chromones 230 

can also be synthesised. However, performing the reactions at different temperatures did not 

result in any significant shift towards selective [2+2]- or [3+2]- product formation. 
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3.3. Photocatalytic azetidine synthesis by aerobic dehydrogenative [2+2]- 

cycloadditions of amines with alkenes 

In addition to conventional cycloaddition reactions of unsaturated reactants, dehydrogenative 

cycloadditions lately gained significant attention. These processes involve an in situ 

dehydrogenation of saturated reactants prior to the cycloaddition event. While thermal 

dehydrogenative cycloadditions are well-established and elegant examples of [4+2]-, [3+2]-, 

and [2+2+2]-cycloadditions have been reported,[102-108, 111,112]  photochemical variants of such 

processed remain rare thus far. 

 

Scheme 69: Concept of dehydrogenative [4+2]-and [2+2]-cycloadditions. 

The thermal one-pot oxidative Povarov/aromatization tandem reaction of substituted glycine 

derivatives 238 with electron-rich alkenes 239 was first reported by Macheño and Richeter 

(Scheme 70).[106] Substituted quinolones 240 were synthesised using  iron(III) chloride as a 

catalyst in combination with mild, non-toxic TEMPO oxoammonium salt as a formal hydrogen 

acceptor. 

 

Scheme 70: FeCl3 and TEMPO oxoammonium salt-mediated dehydrogenative [4+2] cycloadditions.[106] 
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Another variant of dehydrogenative cycloaddition, a thermal double dehydrogenative Povarov 

cycloaddition reaction was developed by Huo et al.[108] This method provided an access to 

synthesise complex quinolone scaffolds 243 from readily available inexpensive N-arylglycine 

esters 241 and 1,4-dioxane (242) using carbon tetrabromide-mediated dual-oxidative 

dehydrogenative (DOD) cycloaddition approach. (Scheme 71). 

 

Scheme 71: Metal-free double oxidative dehydrogenative Povarov reaction.[108] 

As one further example, our laboratory recently developed an iodine and visible light-mediated 

dehydrogenative Povarov reaction of glycine esters 244 with indoles 245 and 1,1-disubstituted 

alkenes 247, to efficiently synthesise corresponding cycloadducts 246 and 248 in a single step 

(Scheme 72).[109,110] 

 

Scheme 72: Dehydrogenative Povarov reactions of N-aryl glycine esters.[109,110] 

Although dehydrogenative cycloadditions offer numerous advantages, such as high atom 

economy and construction of multiple bonds in a single step, most of the reactions still require 

the use of stoichiometric amounts of oxidants and high reaction temperatures. Furthermore, 

these approaches have been extensively applied only in the case of dehydrogenative [4+2] 

and [3+2] cycloadditions and the potential of dehydrogenative [2+2] cycloadditions remains 

largely unexplored. Therefore, there is a strong need to develop sustainable methods for the 
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dehydrogenative cycloadditions especially, for the dehydrogenative [2+2] cycloadditions. 

Hence, we reasoned to develop green and efficient catalytic method for the dehydrogenative 

[2+2] cycloadditions. 

The dehydrogenative aza [2+2] cycloaddition of amines 249 with simple alkanes 250 is 

considered to be highly attractive process for the synthesis of functionalized azetidines 251 

(Scheme 73). Furthermore, the oxidative generation of imines followed by cycloaddition with 

alkenes eliminates the need for multi-step reactions process and purification of intermediates.  

 

Scheme 73: The idea of dehydrogenative aza-[2+2]-cycloadditions. 

In 1984, Nishio and co-workers reported an Aza Paternò-Büchi reaction of quinoxaline-2-(1H)-

ones 252 with olefins 253 under UV irradiation to afford azetidines 254 (Scheme 74, 

left).[137,138] The reaction displayed good regioselectivity while the diastereoselectivity was 

influenced by the steric properties of both the imine and alkene. Employing aryl-substituted 

alkenes as olefins provided the respective azetidine products as a single regio- and 

diastereomers. 

In addition to the Nishio group, recently, Bach and co-workers reported an enantioselective 

Aza Paternò-Büchi reaction of 3-substituted quinoxalinones 252 with styrenes 255 utilizing 

chiral thioxanthone 115 as a triplet sensitizer, to synthesise a variety of functionalised 

azetidine derivatives 256 with high enantioselectivity (Scheme 74, right).[101] 

 

Scheme 74: Aza [2+2]-photocycloadditions of quinoxaline-2-(1H)-ones 252 with alkenes. [137,138,101] 
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Utilizing the known ability of quinoxalinones 260 to undergo the Aza Paternò-Büchi reaction, 

we aimed to develop a dehydrogenative variant of this reaction. In this context, 

dihydroquinoxalinones 259 would serve as imine precursors, and they could readily be made 

from α-amino acids 258 and ortho-bromo aniline (257) by a simple copper-mediated coupling 

reaction (Scheme 75).[139,140]  

 

Scheme 75: The idea of synthesis of amino acid-derived dihydroquinoxalinones 259 and their 

dehydrogenative aza [2+2]-photocycloadditions with alkenes. 

We started our investigation to find a potential catalytic system for each individual step, that 

is, the dehydrogenation of 262 to 263 and the subsequent [2+2]-cycloaddition between 

quinoxalinone 263 and styrene (264a), as well as for the one-pot dehydrogenative [2+2]-

cycloaddition (Scheme 76). 

 

Scheme 76: Dehydrogenation and [2+2]-photocycloaddition of quinoxaline-2-(1H)-ones. 

At the outset of the study, several anthraquinone dyes, potent organic photooxidants, 

thioxanthone and several iridium (III) complexes were evaluated to determine their efficacy in 

catalyzing the dehydrogenation of 262 → 263 (step 1). Substituted anthraquinones and 

thioxanthone were found very effective in promoting the intended oxidation of 262 → 263 with 

high yields (Table 5, entries 1-5). Gratifyingly, both Ir[dF(CF3)ppy]2(dtbpy)+  and Ir(ppy)3  as 

well exhibited excellent efficacy as a photocatalyst for the oxidation of 262 → 263 (entries 7,8). 

Furthermore, utilization of Rose Bengal[141] (2 mol-%) under 530 nm green LED irradiation also 
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showed a high degree of efficacy in catalyzing the dehydrogenation of 262 (entry 6). On the 

other hand, autooxidation of compound 262 in the absence of a photocatalyst showed only 

15% of conversion after 3 h of irradiation under air, whereas no reaction occurred in the dark 

(entries 10-13). 

Table 5: Investigation of the photocatalytic dehydrogenation of 262 to 263. 

 

 

 

 

 

- 

 

 

 

 

 

Following the initial studies, all photocatalysts evaluated for step 1 were screened in the Aza 

Paternò-Buc̈hi reaction between quinoxalinone 263 and styrene (264a) (step 2). We observed 

that anthraquinone and thioxanthone showed minimal efficacy in promoting the second step, 

whereas both Ir[dF(CF3)ppy]2(dtbpy)+  and Ir(ppy)3  gave high yields of the Aza [2+2] product 

(Table 6). The photocycloaddition reaction between 263 and 264a with Ir(ppy)3  was found to 

be slightly superior then Ir[dF(CF3)ppy]2(dtbpy)+. Utilizing 2 mol-% of Ir(ppy)3 with 20 

equivalents of styrene (264a) in acetonitrile under 450 nm blue LED irradiation for 24 h, 

azetidine 265a was isolated in a high yield of 89%. Different solvents were evaluated for 

photocycloaddition however, none of them showed outcomes compared superior to 

# PC (cat.) PC  

(mol-%) 

O2 time conv.  

262 [%][a] 

yield. 

263 [%][a] 

1 1,5-diaminoanthraquinone 10 balloon 1 h 100 96 

2 1,8-dihydroxyanthraquinone 10 balloon 1 h 100 97 

3 2-chloroanthraquinone 10 balloon 1 h 100 96 

4 1,5-dichloroanthraquinone 10 balloon 1 h 100 97 

5 thioxanthone 10 balloon 1 h 100 98 

6 rose bengal [b] 2 balloon 1 h 87 87 

7 Ir[dF(CF3)ppy]2(dtbpy)PF6 2 balloon 1 h 100 89 

8 Ir(ppy)3 2 balloon 1 h 100 99 

9 Ir(ppy)3 2 air 3 h 100 98 

10 without PC -/- balloon 1 h 20 15 

11 without PC -/- air 3 h 15 12 

12 Ir(ppy)3 2 argon 3 h 0 0 

13 Ir(ppy)3 [c] 2 balloon 3 h 0 0 

Reactions were performed on a 0.10 mmol scale of 262 at 30 °C. [a] Determined by 1H-NMR-analysis using 
CH2Br2 as the internal standard. [b] Light sources: 530 nm green LED, 10 W. [c] Without irradiation. AQ = 
anthraquinone. 
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acetonitrile (entries 10-12). 1,5-Dichloroanthraquinone and thioxanthone were found 

moderately effective in promoting the reaction between 263 and 264a when CFL lamps were 

used instead of 450 nm LEDs (entries 6,7). Moreover, a slow degradation of 265a was 

observed when the Ir(ppy)3-mediated reaction was performed under an O2 atmosphere, and 

no reaction was observed between 263 and 264a in the absence of light or photosensitizer 

(entries 13,14). 

 

Table 6: Investigation of photosensitized [2+2]-cycloaddition between quinoxalinone 263 and styrene 

(264a). 

 

Once it was established that Ir[dF(CF3)ppy]2(dtbpy)+ and Ir(ppy)3 both can serve as efficient 

photosensitizers for catalyzing dehydrogenation reaction 262 → 263 (step 1) as well as 

# Sens. (cat.) Sens  

(mol-%) 

solvent light source [a] conv.  

263 [%][b] 

yield. 

265a [%][b] 

1 1,5-diaminoanthraquinone 10 MeCN LED 450 nm 0 0 

2 1,8-dihydroxyanthraquinone 10 MeCN LED 450 nm 0 0 

3 2-chloroanthraquinone 10 MeCN LED 450 nm 0 0 

4 1,5-dichloroanthraquinone 10 MeCN LED 450 nm 0 0 

5 thioxanthone 10 MeCN LED 450 nm 0 0 

6 1,5-dichloroanthraquinone 10 MeCN CFL 450 ± 50nm 66 11 

7 thioxanthone 10 MeCN CFL 370 ± 50nm 90 60 

8 Ir[dF(CF3)ppy]2(dtbpy)PF6 2 MeCN LED 450 nm 93 84 

9 Ir(ppy)3 2 MeCN LED 450 nm 99 90 (89)[c] 

10 Ir(ppy)3 2 DCM LED 450 nm 92 80 

11 Ir(ppy)3 2 DMF LED 450 nm 90 75 

12 Ir(ppy)3 2 MeOH LED 450 nm 19 0 

13 No Sens./ no light 0/2 MeCN LED 450 nm 0/0 0/0 

14 Ir(ppy)3 [d] 2 MeCN LED 450 nm 95 56 

Reactions were performed on a 0.10 mmol scale of 263 at 30 °C and under an argon atmosphere. [a] Light sources: 450 
nm blue LED, 30 W / 450 ± 50 nm CFL, 2 × 18W / 370 ± 20 nm CFL, 2 × 18 W.  [b] Determined by 1H-NMR-analysis 
using CH2Br2 as the internal standard.  [c] Isolated yield. [d] Under oxygen atmosphere 
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photocycloaddition reaction between  263 and 264a (step 2), we initiated our investigations to 

explore the possibility of performing the one-pot dehydrogenative cycloaddition reaction. We 

observed that both catalysts were efficient in promoting it and Ir(ppy)3 showed a slightly 

superior outcome. Several experiments were performed to establish the optimum reaction 

conditions and we found that styrene (264a) could be added to the reaction mixture from the 

very beginning (Table 7). Additionally, it was observed that the reaction requires an exposure 

to ambient atmosphere only for 3 h by using a cannula for gas exchange. After 3 h, the cannula 

was removed and irradiation was continued in the sealed vessel for a further 21 h. Hence, it 

was not necessary to replace air with an inert gas after the complete consumption of substrate 

262. Utilizing the optimized conditions, azetidine 265a could be obtained with an isolated yield 

of 75%. Further, a series of control experiments was performed and it was verified that 

azetidine 265a was sufficiently stable to the photooxidative reaction conditions with only very 

marginal degradation. 

Table 7: Optimization of the photocatalytic dehydrogenative [2+2] cycloaddition between dihydroquinox 

-alinone 262 and styrene (264a). 

 

# PC / Sens. (cat.) PC / Sens. 
(mol-%) 

264a 

(eq.) 

solvent conv.   

262 [%][a] 

yield.   

263 [%][a] 

yield. 

265a [%][a] 

1 Ir[dF(CF3)ppy]2(dtbpy)PF6 2 20 MeCN 94 8 62 

2 Ir(ppy)3 2 20 MeCN 100 8 74 

3 Ir(ppy)3 2 10 MeCN 100 4 76 

4 Ir(ppy)3 2 5 MeCN 100 9 76 (74)[b] 

5 Ir(ppy)3 4 5 MeCN 100 6 77 

6 Ir(ppy)3 2 5 DCM 97 19 54 

7 Ir(ppy)3 2 5 DMF 100 15 53 

8 without PC / Sens. -/- 5 MeCN 13 11 0 

9 Ir(ppy)3[c] 2 20 MeCN 0 0 0 

10 Ir(ppy)3[d] 2 20 MeCN 100 3 51 

11 Ir(ppy)3[e] 2 20 MeCN 0 0 0 
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As depicted in Scheme 78, a series of azetidine derivatives 265a-265t were synthesised 

under the optimized reaction conditions with excellent yields ranging from 59-74%. Various 

racemic azetidine products 265a-265h could be readily prepared as single regio- and 

diastereoisomers (d.r. > 19:1) starting from dihydroquinoxaline 262 in combination with 

different para- and meta-substituted styrenes 264a-264h as a reaction partner. Moreover, 1,3-

dichloro-2-vinylbenzene derivative 265i could be obtained in a good yield (69%) despite its 

notable steric hindrance. α-Methyl styrenes 264j-264l were also employed as reaction 

partners to access azetidine derivatives 265j-265I with yields of 60-71%. On the other hand, 

utilization of β-methyl styrene 264m led to cycloadduct 265m in 52% yield (d.r. > 19:1). In 

addition, acrylic nitriles were used to access further azetidine derivates. Using 

methacrylonitrile, a single diastereomer 265n was generated with a yield of 78%, whereas, a 

1:1 mixture of diastereomers 265o was obtained when acrylonitrile (264o) was used.  

The amino acid-derived heterocyclic substrates 262b-262f were synthesized by a coupling 

reaction between ortho-bromoaniline (254) and α-amino acids such as phenylalanine, valine 

and leucine using copper (I) as catalyst according to the reported protocols.[140] Further the 

synthesised amino acid-derived quinoxalinones were employed in dehydrogenative [2+2] 

cycloaddition reaction.  

 

Scheme 77: Synthesis of amino acid-derived quinoxalinones.[140] 

Scheme 78c shows that various cycloadducts 265p-265t were successfully synthesised using 

different amino acid-derived dihydroquinoxalinones 262b-262f along with styrene (264a) 

Reactions were performed on a 0.10 mmol scale of 262 at 30 °C and the septum was pierced with a cannula for 3 h, then the 
cannula was removed. [a] Determined by 1H-NMR-analysis using CH2Br2 as the internal standard. [b] Isolated yield. [c] Without 
irradiation. [d] Completely under oxygen atmosphere. [e] Completely under argon atmosphere 
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under the optimized reaction conditions. In all cases (265p, 265q, 265s and 265t), except 

leucine-derived dihydroquinoxalinone compound (265r), a single regio- and diastereoisomers 

was observed. In the case of compound 265r, a 2:1 mixture of diastereomers was observed. 

Several additional alkenes as reaction partners for one-pot dehydrogenative cycloaddition 

reactions were evaluated, however, none of them were found to be suitable (Scheme 78d). 

 

Scheme 78: Scope of the visible light-mediated dehydrogenative aza [2+2] cycloaddition of 

dihydroquinoxalinones with different alkenes. 

a) Scope of substituted styrenes

b) Acrylic nitriles

c) Amino acid derivatives

d) Unsuccessful alkenes
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With regard to the study of the reaction mechanism, several experiments for reactive oxygen 

species (ROS) detection, reaction quenching and radical trapping were performed for each 

individual step as well as for one-pot dehydrogenative cycloaddition reaction. To determine 

whether singlet oxygen was generated during dehydrogenation of 262 → 263, 2 equivalents 

of 2-methyl-2-butene (266) were used as an additive along with 262 under the standard 

reaction conditions (Scheme 79). After 3 h of reaction time, quinoxalinone 263 was formed in 

a 73% yield. Notably, the absence of Schenck-Ene products 268 and 269 indicated that singlet 

oxygen (1O2) was not present.  

 

Scheme 79: Control experiment for the detection of 1O2 in the reaction 262 to 263. 

Instead, the observed transformation of 2-methyl-2-butene (266) into prenol (267) evidently 

showed the presence of radical species, which resulted from the initial generation of 

superoxide radical anion O2
• by the photocatalyst. To support the aforementioned 

observations, the dehydrogenation reaction of 262 → 263 was performed along with the 1O2-

quencher DABCO[142] and almost no effect on the conversion of substrate 262 was detected 

(Table 8). Therefore, a nitro-blue tetrazolium (NBT) assay[143] was performed on the Ir(ppy)3-

catalyzed oxidation 262 → 263 in order to probe for the presence of superoxide. Using UV-

Vis monitoring, we determined a rapid conversion of NBT into its monoformazan with an 

absorption band at 520 nm (Figure 4).[143b] 

 

 97% selectivity
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Figure 4: UV-Vis spectra of irradiated reaction solution of 262 (1.67 μmol), with Ir(ppy)3 (0.03 μmol) 

and nitro-blue tetrazolium chloride (NBT) (0.31 μmol) in DMF (3.00 mL). 

Subsequently, diverse ROS and radical scavenging agents were employed to observe the 

influence on each individual step and one-pot reaction. As by the results represented in Table 

8, superoxide scavengers Tiron∙H2O (sodium 4,5-dihydroxybenzene-1,3-disulfonate)[144] and 

butylated hydroxytoluene (BHT)[145]  strongly inhibited the dehydrogenation 262 → 263, and 

led to a marked reduction in the conversion of 262. Followed by above observations, free-

radical quenchers Trolox (6-hydroxy-2,5,7,8-tetramethylchroman-2-carboxylic acid)[146] and 

TEMPO[147] also showed moderate inhibition of the reaction 262 → 263. However, none of 

these radical quenching agents showed any effect on the sensitized [2+2]-photocycloaddition 

263 + 264a → 265a. In contrast to reaction 263 + 264a → 265a, the one-pot dehydrogenative 

reaction 262 + 264a → 265a was significantly inhibited by Trolox, TEMPO and gave 263 and 

265a in relative ratios of 42:58 and 57:43 respectively. Moderate inhibition of the reaction 262 

+ 264a → 265a was observed with Tiron∙H2O and BHT, while the presence of DABCO showed 

a very marginal impact. 

Table 8: Influence of ROS quenching and scavenging agents on the Ir(ppy)3-catalyzed reactions 262 

→ 26, 263 + 264a → 265a and 262 + 264a → 265a. 

Additive (2 equiv.) 

Ir(ppy)3-catalyzed 
reaction 

DABCO Tiron∙H2O BHT Trolox TEMPO 

262 → 263         

standard cond., 24 h 
ratio 262: 263       

11: 89 

ratio 262: 263       

25: 75 

ratio 262: 263       

60: 40 

ratio 262: 263      

25: 75 

ratio 262: 263       

13: 87 

263+ 264 → 265 
standard cond., 24 h 

ratio 263: 265        
9: 91 

ratio 263: 265        
1: 99 

ratio 263: 265        
2: 98 

ratio 263: 265        
3: 97 

ratio 263: 265        
1: 99 

0
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262 + 264 → 265 
standard cond., 24 h 

ratio 
262: 263 : 265 

0: 7: 93 

ratio 
262: 263 : 265 

40: 12: 48 

ratio 
262: 263 : 265 

40: 16: 44 

ratio 
262: 263 : 265 

0: 42: 58 

ratio 
262: 263 : 265 

    0: 57: 43 

ratio 263 : 265   

7: 93 
ratio 263 : 265     

20: 80 
 ratio 263: 265     

27: 73 
 ratio 263: 265 

42: 58 
ratio 263: 265    

57: 43 

All reactions were performed on 0.10 mmol scale under standard conditions in MeCN-d3, followed by 1H-NMR analysis. 

In addition to the radical quenching experiments, the cyclic voltammogram of 

dihydroquinoxalinone 262 was recorded to obtain the redox potentials of the 

dihydroquinoxalinone substrate. The potentials were determined in MeCN using 0.1 M 

Bu4NPF6 as an electrolyte on a glassy carbon working electrode against an ANE2 (Ag+/Ag) 

reference electrode, and a Pt counter electrode with ferrocene as a standard at a scan rate of 

100 mV s−1. The measured reduction potentials were calibrated relative to the saturated 

calomel electrode (SCE) for a direct comparison. 

Redox potential conversion:[148] 

Eox = +0.460 V vs. Fc+/Fc → Eox = (0.460+ 0.380) V = +0.840 V vs. SCE. 

 

Figure 5: Cyclic voltammogram of dihydroquinoxalinone 262. 

In addition, a time/conversion profile was recorded with the use NMR spectroscopic analysis 

to verify whether 263 is an intermediate in the dehydrogenative reaction 262 + 264a → 265a 

(Figure 6). It was observed that complete consumption of dihydroquinoxalinone 262 achieved 

within 120 min, and parallel formation of quinoxalinone 263 and cycloadduct 265a was also 

observed. Besides this, an increased formation of product 265a was observed from 263 and 

264a after 262 is fully converted. These observations indicated that two pathways contributed 
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to the formation of 265a, where the first pathway proceeds through a consecutive reaction via 

intermediate 263 and the second pathway led to the direct conversion of substrate 262 into 

azetidine 265a. 

 

Figure 6. Time/conversion profile for the Ir(ppy)3 catalyzed reaction 262 + 264 → 265 

Consistent with the above observations, a proposed mechanism for Ir(ppy)3-catalyzed 

photocatalytic dehydrogenative [2+2]-cycloaddition between dihydroquinoxalinones 262 and 

styrene (264a) was proposed that is shown in Scheme 80. The reaction proceeds via an initial 

excitation of Ir(ppy)3 to its triplet state under blue (450 nm) light irradiation with the excited 

state reduction potential E*red of +0.31 V vs. SCE,[149] while, experimentally determined 

oxidation potential Eox of dihydroquinoxalinone 262 was +0.84 V vs. SCE, which rules out one-

electron oxidation of compounds 262 by Ir(ppy)3*. Instead, the generation of superoxide 

radical anion O2
• takes place through the oxidative quench of Ir(ppy)3* (E*ox = -1.73 V vs. 

SCE)[149] by O2 (Ered O2/ O2
• ≈ -1.00 V vs. SCE).[143a] The resulting superoxide radical anion 

O2
• subsequently undergoes a reaction with substrate 262 via hydrogen abstraction, leading 

to the formation of well-stabilized α-amino radical 270 and HOO.The formed radical 

intermediate 270 will lead to azetidine 265 via two product-forming pathways as long as 

continues to be generated of 263 from dihydro compound 262.  

0 20 40 60 80 10
0

12
0

14
0

0

20

40

60

80

100 262 263 265

time (min)

ra
la

ti
v
e
 r

a
ti

o
 [

%
] 91%

after 24 h

9%
after 24 h



65 
 

 

Pathway I involves single electron transfer (SET) oxidation of radical 270 by the Ir (IV) species 

(Ered = +0.77 V vs. SCE)[149] leading to the corresponding iminium ion. Subsequent 

deprotonation of the iminium ion gives quinoxalinone 263 and H2O2. Once quinoxalinone 263 

is generated, it undergoes sensitized [2+2]-cycloaddition with styrene (264a) by ring closure 

via triplet biradical intermediate. Only in the final stage of reaction, by-product 1,3-

diarylcyclobutanes 273 were observed. This observation proves that the photocycloadditions 

between quinoxalinones 263 and styrenes (264a) proceed via selective sensitization of the 

heterocycles 263. On the other hand, in pathway II, radical 270 will undergo radical addition 

with styrene (264a) to give adduct 271, followed by SET oxidation by Ir (IV) which leads to the 

benzylic cation 272, which further undergoes a cationic cyclization to give azetidine 265. 

 

Scheme 80: Proposed reaction mechanism of visible light-mediated Ir(ppy)3 catalyzed dehydrogenative 

aza- Paternò-Buc̈hi reaction of quinoxalinone 262 with styrene (264a). 

In conclusion, Ir(ppy)3-catalyzed one-pot dehydrogenative aza [2+2] cycloadditions between 

amines and alkenes were developed, to furnish the corresponding azetidines with high yield 

and stereoselectivity. Additionally, amino acid-derived azetidines are also readily accessible 

with high yields using diverse amino acid derived dihydroquinoxalinones. 

 

 

 

 

 

Redox potentials

Ir(ppy)3

262

O2/O2
•−

E*red = +0.31 V vs. SCE
E*ox = −1.73 V vs. SCE
Eox = +0.84 V vs. SCE
Ered ≈ −1.00 V vs. SCE

ET = 56.8 kcal∙mol−1

ET = 59.8 kcal∙mol−1

ET = 61.8 kcal∙mol−1

Triplet energies[101,150]

Ir(ppy)3
263

264a
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5. Contribution to the publications 

In this chapter, sections 5.1 to 5.3 are selected publications for this thesis work. Further 

publications are available in section 5.4. 

5.1. Value-added chemicals from biomass-derived furans: radical functionalisations of 

5-chloromethylfurfural (CMF) by metal-free ATRA reactions 

Rajesh Dasi, Daniel Schmidhuber, Lisa Marie Gronbach, Julia Rehbein*, Malte Brasholz* 

Org. Biomol. Chem. 2021, 19, 1626-1631. 

DOI: 10.1039/d1ob00013f 

 

In this project, I performed the optimization of the reaction, investigation of the substrate 

scope, compound isolation, and characterization of all compounds. In addition, I performed all 

the control experiments and wrote supporting information for the manuscript. My contribution 

as the first author of this paper is approximately 75%. 
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In this project, I have been involved in the design of experimental work and performed all of 

the optimization of reaction, investigation of substrate scope, and isolation of the compounds. 
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information for the manuscript. My contribution as the first author of this paper is approximately 
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5.4. Photoredox-induced deaminative radical-cationic three-component couplings 

with N-alkylpyridinium salts and alkenes 

Paul Seefeldt, Rajesh Dasi, Alexander Villinger, Malte Brasholz* 

Chem Photo Chem 2021, 5, 979-983 

DOI: 10.1002/cptc.202100226 

 

 

In this work, I was involved in the investigation of substrate scope, isolation, and 

characterization of compounds. In addition, I wrote a part of the supporting information for the 

manuscript. My contribution as the co-author of this paper is approximately 30%. 
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6. X-ray crystallographic data 

The single crystal structure analysis were obtained by the dissolving the compound in a small 

amount of CHCl3 and slow evaporation of solutions at room temperature. X-Ray crystal 

structure of following compounds published in the database of the Cambridge Crystallographic 

Data Centre (CCDC) and available there for retrieval. 

 

Figure 7. X-Ray crystal structure of compounds 228a. CCDC Nr. 2250461. 

Molecular Formula C18H13NO2 

Molecular weight (g/mol) 275.29 

Temperature 123 K 

Crystal class  Triclinic 

a; b; c (Å) 9.931 (8); 11.526 (9); 31.731 (3) 

Cell angle (°)  90.580 (3);  92.359 (3);  109.744 (3) 

V (Å3) 3414.5 (5) 

Z  10 

μ (mm-1) 0.088 

Space group Hall symbol -P 1 

Space group HM symbol P -1 

Instrument  Bruker D8 QUEST 
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Figure 8. X-Ray crystal structure of compounds 228d. CCDC Nr. 2250462. 

Molecular Formula C19H15NO3 

Molecular weight (g/mol) 305.32 

Temperature 123 K 

Crystal class  Monoclinic 

a; b; c (Å) 14.6451 (9); 6.3929 (4); 17.5863 (10) 

Cell angle (°)  90;  112.361 (2);  90 

V (Å3) 1522.70 (16) 

Z  4 

μ (mm-1) 0.091 

Space group Hall symbol -P 2yn 

Space group HM symbol P 1 21/n 1 

Instrument  Bruker D8 QUEST 
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Figure 9. X-Ray crystal structure of compounds 228g. CCDC Nr. 2250463. 

Molecular Formula C18H12ClNO2 

Molecular weight (g/mol) 309.74 

Temperature 123 K 

Crystal class  Triclinic 

a; b; c (Å) 8.0634 (10); 9.8825 (12); 10.1049 (13) 

Cell angle (°)  114.137 (4);  98.043 (5) ;  97.708 (4) 

V (Å3) 711.10 (16) 

Z  2 

μ (mm-1) 0.275 

Space group Hall symbol -P 1 

Space group HM symbol P -1 

Instrument  Bruker D8 QUEST 
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Figure 10. X-Ray crystal structure of compounds 228o. CCDC Nr. 2250464. 

Molecular Formula C19H14ClNO2 

Molecular weight (g/mol) 323.76 

Temperature 123 K 

Crystal class  Monoclinic 

a; b; c (Å) 9.4965 (12); 10.7884 (13); 15.316 (2) 

Cell angle (°)  90;  104.883 (5);  90 

V (Å3) 1516.5 (3) 

Z  4 

μ (mm-1) 0.261 

Space group Hall symbol -P 2yn 

Space group HM symbol P 1 21/n 1 

Instrument  Bruker D8 QUEST 
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Figure 11. X-Ray crystal structure of compounds 228t. CCDC Nr. 2250465. 

Molecular Formula C14H10N2O2 

Molecular weight (g/mol) 238.24 

Temperature 123 K 

Crystal class  Monoclinic 

a; b; c (Å) 10.2547 (13); 6.2786 (8); 18.091 (3) 

Cell angle (°)  90;  100.081 (5);  90 

V (Å3) 1146.8 (3) 

Z  4 

μ (mm-1) 0.095 

Space group Hall symbol -P 2yn 

Space group HM symbol P 1 21/n 1 

Instrument  Bruker D8 QUEST 
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Figure 12. X-Ray crystal structure of compounds 265e. CCDC Nr. 2180171. 

Molecular Formula C17H15ClN2O 

Molecular weight (g/mol) 298.76 

Temperature 123 K 

Crystal class  Monoclinic 

a; b; c (Å) 5.4323 (3); 7.8103 (4); 34.2274 (15) 

Cell angle (°)  90;  94.419 (5);  90 

V (Å3) 34.2274 (15) 

Z  4 

μ (mm-1) 0.264 

Space group Hall symbol -P 2ybc 

Space group HM symbol P 1 21/c 1 

Instrument  Bruker D8 QUEST 
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Figure 13. X-Ray crystal structure of compounds 265f. CCDC Nr. 2180172. 

Molecular Formula C19H18N2O3 

Molecular weight (g/mol) 322.35 

Temperature 123 K 

Crystal class  Triclinic 

a; b; c (Å) 7.3804 (7); 9.8000 (9); 11.3168 (11) 

Cell angle (°)  88.756 (4);  82.784 (4);  82.815 (4) 

V (Å3) 805.65 (13) 

Z  2 

μ (mm-1) 0.091 

Space group Hall symbol -P 1 

Space group HM symbol P -1 

Instrument  Bruker D8 QUEST 
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Figure 14. X-Ray crystal structure of compounds 265n. CCDC Nr. 2180173. 

Molecular Formula C13H13N3O 

Molecular weight (g/mol) 227.26 

Temperature 173 K 

Crystal class  Triclinic 

a; b; c (Å) 6.8773(6); 7.5415(6); 11.6767(9) 

Cell angle (°)  82.617(3);  82.040(3);  79.734(3) 

V (Å3) 586.82(8) 

Z  2 

μ (mm-1) 0.085 

Space group Hall symbol -P 1 

Space group HM symbol P -1 

Instrument  Bruker D8 QUEST 
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