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Chapter 1 - Introduction 

1 Dual Catalytic Approaches in Sustainable Iron 

Photocatalysis 

1.1 Transition Metal Photocatalysis & Modern Challenges 

In all sectors of life, including chemistry, modern society is confronted with the issues of 

unsustainable processes harming the environment and contributing to global warming. 

Besides other principles of green chemistry, contemporary organic transformations that 

form carbon-carbon and carbon-heteroatom bonds depend on catalysts to increase 

sustainability effectively.1 Furthermore, transition metal catalysis has proven to be an 

essential methodology for organic chemists, resulting in various Nobel-Prize-winning 

transformations, including palladium-catalyzed cross-coupling reactions, ruthenium-

catalyzed metathesis, and others.2  

Moreover, over the past three decades, ruthenium and iridium complexes have emerged 

as the photoredox catalysts of choice due to their efficiency in catalyzing reactions.3,4 In 

the context of bimolecular, outer-sphere electron transfer between a photocatalyst and a 

substrate, key features of efficient photoredox catalysis include matching redox 

potentials, high extinction coefficient ε, and sufficiently long excited-state lifetimes in the 

microsecond range – adequate for diffusion through the solvent (kdiff ~ 1010 M-1 s-1) prior 

to encountering a ground state quencher.3,5–8 However, despite their prevalent use, these 

4d and 5d transition metals are among the rarest elements on Earth (Figure 1-1)9, leading 

to diminishing economic and ecological efficiency of the photochemical processes 

involving iridium and ruthenium, respectively. In contrast, organic dyes offer a more 

affordable alternative in photochemical transformations, they often exhibit limited 

photostability.10-13  

Additionally, earth-abundant 3d transition metal and lanthanide complexes present a more 

sustainable option (Figure 1-1)9, but their ultrashort excited-state lifetimes in the 

nanosecond to picosecond range14 render them unsuitable for catalyzing bimolecular, 

diffusion-controlled organic reactions by photo-initiated single electron transfer (SET)5, 

although notable exceptions exist15. Ligand-to-metal charge transfer (LMCT) processes 

provide an alternative mechanistic approach to address this issue. By means of LMCT, an 
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electron is transferred from a filled orbital located on the ligand to an empty orbital on 

the metal center of a metal-ligand complex in an inner-sphere mechanism.5  

 

 

 

 

 

 

 

 

 

Figure 1-1. Abundance (atom fraction) of the chemical elements in Earth's upper continental crust as a 

function of atomic number. (Figure adapted from Ref. [9], © Creative Commons, public domain) 

In this sense, two fundamental criteria need to be fulfilled: i) an easily accessible, low-

energy empty d* orbital of the metal center, as observed typically in 3d transition metals 

such as NiII, CuII, FeIII, and TiIV, and ii)  or + donating, electron-rich ligands to act as 

an internal source of electrons. Usually, (pseudo-)halide, alkoxide, or carboxylate groups 

as ligands have been observed to exhibit LMCT transition states. Upon light irradiation, 

the electron density increases on the antibonding orbital (d*/d*) of the metal center at 

the expense of the bonding orbital of the ligand (p/). This electron density redistribution 

reduces the bond order of the metal-ligand bond, facilitating its homolytic bond cleavage 

and finally the generation of chemically reactive radicals. Consequently, the radical 

precursor functions as the substrate, and as a result, ultra-short, excited-state lifetimes and 

diffusion limitations become irrelevant as the substrate is directly coordinated to the metal 

center (Scheme 1-1,a).5  

Interestingly, while a bimolecular outer-sphere electron transfer between a catalyst and a 

substrate requires a negative Gibbs free energy G to be feasible, inner-sphere electron 

transfer – as observed in LMCT processes – does not depend on matching redox 

potentials.5 This enables radical generation from substrates with high oxidation 
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potentials (Eox), even with metal catalysts with low reduction potentials (Ered), regardless 

of the Gibbs free energy DG (Scheme 1-1,b).16 The implementation of this strategy 

enhances the viability of using 3d transition metals or lanthanides in photocatalytic 

organic reactions, thereby benefiting both economic and ecological aspects.5,17 As a 

result, 3d transition metal photocatalysis moved into focus for developing sustainable 

methods in organic chemistry.5  

 

Scheme 1-1. a) Insights of LMCT processes in accordance with Julia’s publication5 and b) selected redox 

potentials vs saturated calomel electrode (SCE)16,24–26 as illustration why outer-sphere SET processes are 

not feasible with 3d transition metals like Cu or Fe. 

Notably, not all LMCT processes lead to homolysis18,19 and there are also other charge 

transfer steps leading to bond dissociation of the ligand-metal bond, e.g., metal-to-ligand 

charge transfer (MLCT)20 or -bond-to-ligand charge transfer (SBLCT).21–23 However, 
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the present chapter will focus on LMCT-initiated homolysis utilizing sustainable metal 

complexes as photocatalysts. 

1.2 FeIII Dual Catalytic Strategies in Photoinitiated LMCT 

Processes of Earth-Abundant Transition Metals 

Recently, first-row transition metals and lanthanides have proven to be sustainable 

photocatalysts in organic chemistry, developing various reaction types.17 This chapter 

comprehensively summarizes the literature on redox-neutral, dual catalytic strategies 

involving iron photocatalysis, wherein light-mediated LMCT induces homolytic bond 

cleavage. 

In the late 1960s, Imoto et al. first reported the photooxidation of organic molecules – 

1,2-glycols, ethers, and toluene – using FeCl3.27–29 Although the mechanism of the 

transformation was not provided and most likely not known at this period, it marked the 

initial report on chlorine radical photogeneration from iron salts via LMCT in organic 

chemistry. Subsequent studies on the photooxidative functionalization of organic 

compounds driven by the formation of chlorine radicals from iron salts were carried out 

more systematically, clarifying the mechanistic steps of this approach.30–37  

In the late 20th century, Sugimori and coworkers published their procedure on the 

decarboxylative alkylation of 4-methylquinoline.38 The proposed mechanism is based on 

the production of carboxyl radicals by the preceding formation of a FeIII-OOCR complex 

and its (visible) light-induced homolysis ((V)LIH). These preliminary efforts 

subsequently facilitated the development of modern iron photolysis strategies. 

This field of research has recently experienced a resurgence, accompanied by substantial 

advancements following the publications by Rovis39,40 and Duan25 in 2021. While 

contemporary work often relies on stoichiometric amounts of external oxidants41–43 or 

oxygen44,45 to complete the catalytic cycle of FeIII/FeII, or on stoichiometric amounts of 

iron salts46, dual catalytic approaches promise sustainability and novel synthetic routes, 

albeit less explored.5,24,47 Consequently, this chapter aims to summarize dual catalytic 

strategies in iron photocatalysis based on LMCT-involved mechanistic steps. The 

literature will be organized according to the types of radicals generated by the LMCT of 

FeIII complexes. 
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Alkoxy radical formation by (V)LIH of iron(III) complexes 

Alkoxy radicals can be generated either directly or through prefunctionalization. These 

O-centered radicals are capable of undergoing various reactions, notably β-scission, 

hydrogen atom transfer (HAT) reactions, and addition to other moieties.17 However, the 

direct formation of alkoxy radicals from hydroxy groups is challenging due to the 

relatively high bond dissociation energy (BDE) of O–H bonds (~105 kcal/mol) compared 

to that of C–H bonds (< 100 kcal/mol), leading to selectivity issues.48,49 

While iron-catalyzed alkoxy radical formation has been reported via hydrogen atom 

transfer (HAT) with chlorine radicals (see more details below)49, Amgoune et al. 

excluded, based on mechanistic investigations, the formation of chlorine radicals by 

LMCT in their procedure.50 Instead, they identified  Fe-alkoxide complex 5 as LMCT-

active species in their trial photocatalytic cross-coupling of alcohols 2 with aryl halides 1 

(Scheme 1-2). Notably, the in situ formed iron complex 5 remained active even in the 

absence of chloride ions in the reaction solution. The group enabled the reaction by 

synergistic iron LMCT and nickel catalysis, both in combination with an appropriate 

ligand (LFe and LNi), using 1,10-diphenylanthracene (DPA) as an electron shuttle between 

the metal catalysts. For iron catalysis, a benzoate-based, sterically demanding ligand was 

utilized to significantly enhance the reaction, likely due to increased stability of the FeIII 

complexes 4-6, improved protection of low-valent iron species from degradation to Fe0, 

and better interaction of the metal center with the alcohol substrate. Conversely, the nickel 

ligand had a less pronounced effect on the reaction outcome.  

The researchers proposed the following mechanism: First, the excited DPA oxidizes 

FeII(LFe)n 6 to the corresponding FeIII complex 4. Upon complexation of the metal 

catalyst 4 with the alcohol 2 and formation of the LMCT active complex 5, light 

irradiation cleaves the FeIII–O bond, releasing the alkoxy radical 11 and regenerating the 

FeII catalyst 6. The electrophilic radical 11 undergoes -scission, forming the nucleophilic 

C-centered radical 12.51 Simultaneously, oxidative addition of the aryl bromide 1 to the 

NiI(LNi)X complex 7 leads to the formation of 8, which is reduced by the DPA radical 

anion – previously formed by the oxidation of iron – to the NiII-species 8. Trapping of the 

radical 12 generates the NiIII complex 9, which subsequently undergoes reductive 

elimination to form the desired product 3, thus closing the nickel catalytic cycle by 

regeneration of NiI catalyst 7.  
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Scheme 1-2. Trial ironphotocatalyzed cross-coupling of alcohols 2 with aryl halides 1 using nickel and 

DPA as co-catalysts reported by Amgounge et al. 

The cross-coupling reaction worked with moderate to excellent yield, including 

i) dehydroxymethylative arylation of aliphatic alcohols 2 to synthesize products of the 

type of 3a, ii) ring-opening arylation of cyclic, tertiary alcohols 2 to yield alkyl ketones 

like 3b, and iii) methylation of aryl halides 1 using tertiary alcohols 2 as methyl radical 

precursors to obtain 3c and 3d, representatively. The Amgoune group observed high 

tolerance for electron-poor and electron-rich aryl bromides 1 – including biologically 

relevant heteroaryl bromides 1 – and for sensitive moieties, such as –BPin or –SO2Me 

groups in all three types of reactions. However, in the case of the dehydroxymethylative 
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arylation, alkoxy radical precursors 2, forming radicals 12 of low stability, resulted in 

diminished yields. Additionally, no desired product was obtained with tertiary alkyl 

radicals as a well-known limitation of nickel/photoredox catalysis52.  

 

Carboxyl radical formation by (V)LIH of iron(III) complexes 

Another class of O-centered radicals can be generated by LMCT active metal complex 

containing carboxylate ligands as substrates. (V)LIH leads to the formation of carboxyl 

radicals, which have been documented in the photocatalysis research of CuII, CeIV, and 

FeIII salts.5,53 Likewise alkoxy radicals, carboxyl radicals participate in various types of 

reactions. While the occurrence of additions to unsaturated bonds53 and HAT reactions54 

depends on carboxyl radicals, which decarboxylate slowly, the most prominent reaction 

is the facile fragmentation of the carboxyl radical to CO2 and alkyl radicals. An increase 

in entropy drives this process. In iron dual-photocatalyzed systems, this transformation 

represents the exclusive reactivity of carboxyl radical intermediates.5  

In 2022, the Xia group reported a decarboxylative ring-opening strategy for tertiary, 

cyclic carboxylic acids 13, enabled by mono catalytic iron LMCT under oxygen, 

obtaining 1,n-dicarbonyl compounds (Scheme 1-3).44 The group identified the formation 

of an alkyl radical 19 upon decarboxylation of the corresponding carboxyl radical 18 as 

a key step in their transformation. While the reaction resulted in ring-opened products 

under oxygen, the group additionally envisioned capturing the carbon-centered radical 

intermediate with CoII. By using established cobaloxime-catalysis55 under N2-

atmosphere, the researchers obtained unsaturated products via the following postulated,  

dual catalytic mechanistic pathway:  

Initially, the ligand exchange on the Fe(acac)3 15 with the deprotonated substrate 13 forms 

the FeIII carboxylate 16, which is identified as the productive, LMCT-active species. Light 

irradiation at 390 nm induces (V)LIH, resulting in Fe(acac)2 17 and carboxyl radical 18. 

Subsequent decarboxylation provides nucleophilic, alkyl radical intermediate 19,51 which 

is trapped by the present cobaloxime-catalyst (CoII) 20 – a persistent 17-electron 

metalloradical56. -H elimination facilitates the generation of the desired decarboxylated, 

unsaturated product 14 and CoIII catalyst 23. Finally, both metal catalysis cycles were 

closed by the redox reaction of the CoIII–H 23 and Fe(acac)2 17, forming the original 



 Chapter 1: Introduc�on – Dual Cataly�c Approaches in Sustainable Iron Photocatalysis  

8 
 

metal species. Notably, there is an ongoing debate about the herein postulated -H 

elimination step57–59:  

 

Scheme 1-3. Decarboxylative desaturation enabled by synergistic cobaloxime and photoinduced iron 

LMCT catalysis, as published by the Xia group.  

The precise mechanistic pathway leading to the formation of the unsaturated product 

remains uncertain. It is yet to be determined whether the transformation proceeds via a 
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concerted β-hydride elimination mechanism or involves a second homolytic cleavage of 

the CoIII–C bond, initiated by a LMCT process. In the latter scenario, LMCT would 

generate an electrophilic and persistent CoII radical species, which could facilitate a 

subsequent HAT from the β-sp3 C–H bond of the alkyl radical intermediate 

(BDE < 30 kcal mol⁻¹), thereby affording the desired product 14.60 Nonetheless, both 

mechanistic pathways result the formation of the unsaturated product 14 along with a 

Co(III)–H species 23.  

The reaction yielded moderate to good results for eight cyclic carboxylic acids 13. 

Interestingly, while the alternative mono catalytic ring-opening reaction under oxygen 

(described above) was successful only with tertiary carboxylic acids 13, the formation of 

unsaturated products 14 using the reported dual catalytic approach also succeeded with 

secondary, cyclic alkyl radical precursors 13 (e.g. product 14b-d).  

Numerous articles on the dual catalytic application of iron salts in synergism with a HAT 

catalyst, in particular 2,4,6-triisopropylphenyl thiol (TRIP or its dimer TRIP disulfide), 

were published between 2023 and 2025.16,26,61–63 In this context, West and coworkers have 

introduced two dual catalytic procedures: decarboxylative protonation61 and 

decarboxylative hydrofluoroalkylation16.  

Fragmentating protonation of carboxyl radicals has been extensively studied in the past, 

for instance by Nicewicz et al. using Fukuzumi catalyst64, but revealed certain limitations 

concerning the substrate scope. Their underlying outer-sphere mechanism-based 

approach presupposes strong oxidative photocatalysis, in which aryl carboxylic acids 

with electron-rich arene groups are unsuitable as the key radical intermediate is not 

formed due to oxidation of the aromatic moiety. The same applies to electron-rich olefin 

moieties and non-electron-poor amines present in carboxylic acids. West and 

collaborators overcame this issue by implementing an inner-sphere mechanism via 

LMCT of FeIII-carboxylate complexes 28, combined with TRIP disulfide as HAT catalyst 

(Scheme 1-4). The reaction yielded moderate to excellent results with primary, secondary, 

and tertiary carboxylic acids 24, as well as electron-rich arenes and olefins containing 

various functionalities, e.g. halides (representative product 25a) and alkynes 

(representative product 25b). Additionally, late-stage functionalization of 

pharmaceuticals and natural products was successfully achieved under small-scale and 

gram-scale conditions, e.g. product 25c-d).61 
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Scheme 1-4. Decarboxylative protonation of carboxylic acids 24, utilizing iron LMCT catalysis 

synergistically with HAT catalysis; published by the West group.  

The mechanism involves the formation of substrate-metal complex 28 between the 

deprotonated carboxylic acid 26 and the FeIII-di(2-pinolyl)amine complex 27 through 

ligand exchange. Upon irradiation with LEDs at 390 nm, (V)LIH occurs, forming the 

FeII-species 29 and the corresponding carboxylic radical 30. This radical 30 rapidly 

undergoes decarboxylation to produce the nucleophilic C-centered radical 

intermediate 31,51 which participates in a HAT reaction with catalyst 32, leading to the 



 Chapter 1: Introduc�on – Dual Cataly�c Approaches in Sustainable Iron Photocatalysis  

11 
 

formation of the desired product 25 and thionyl radical 33. SET from complex 29 to the 

S-centered radical 34 completes both catalytic cycles. 

At the same time, the group also reported the decarboxylative hydroflouroalkylation of 

alkenes 36 with s similar dual catalytic approach, utilizing fluorinated carboxylic acids 35 

as radical precursors.16 Again, West et al. successfully overcame the issues associated 

with alternative outer-sphere SET strategies: Due to its extremely high EOx (> +2.24 V vs. 

SCE65), the direct CF3 radical generation from 2,2,2-triflouroacetic acid (TFA, 35a) 

remained highly challenging. It limits the scope of outer-sphere SET-based 

transformations, as numerous organic functional groups undergo oxidation at such forcing 

potentials.66 In contrast, the formation of an LMCT active iron-TFA complex 39 and 

subsequent (V)LIH appeared to be an attractive alternative route, circumventing the high 

oxidation potential of TFA (35a) (see Figure 1-1,b).  

The group successfully achieved hydrotrifluoromethylation, -difluoromethyl-

ation, -monofluoromethylation, and -(polyfluoro)alkylation of alkenes 36 through LMCT 

of the corresponding iron complexes 39. The reactive fluorinated radicals 42 were 

generated upon homolytic cleavage of the Fe–O bond (Scheme 1-5). The reaction 

proceeded with moderate to very good yields and tolerated oxidatively labile moieties, 

including sulfides and alcohols, offering a notable advantage compared to previous 

protocols relying on outer-sphere SET. The study highlights a highly group-tolerant 

fluorination reaction, offering substantial interest in synthesizing pharmaceutical 

compounds and late-stage functionalization. 

Analogously to their decarboxylative protonation (Scheme 1-4), West and coworkers 

postulate the formation of complex 39, which, upon exposure to UV-light, undergoes 

homolytic bond cleavage, resulting in an FeII complex 40 and the initial carboxyl 

radical 41. Rapid decarboxylation leads to CO2-extrusion and the formation of fluoroalkyl 

radical 42. The latter adds to olefine 36, and the resulting radical intermediate 43 reacts 

with the co-catalyst thiophenol 32 to form the desired product 37 and the corresponding 

thionyl radical 33. 33 oxidizes the FeII complex 40 to conclude both cycles after 

protonation of the thiolate 34 (Fe2+ 
 Fe3+, Eox = –0.53 V vs SCE and RS• 

 RS–, ERed = 

+0.16 V vs SCE67). Concurrently, Xia and coworkers published a similar approach for the 

difluoromethylation of alkenes using Fe(acac)3 as LMCT catalyst and TRIP as synergistic 

HAT catalyst, proposing a similar mechanism.62  
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Scheme 1-5. Dual catalyzed iron LMCT enabled hydrofluoroalkylation of alkenes 36 with carboxylic 

acids 35 as reported by West et al. 

In addition, Weix and Ackerman-Biegasiewicz et al. successfully achieved the dual-

catalytic cross-coupling of decarboxylated carboxylic acids 43 with aryl halides 44 

through the synergistic action of iron and nickel catalysis (Scheme 1-6).68 This contrasts 

with the cross-coupling of alcohols with aryl bromides by the Amgoune group50, which 

was dependent on the effective electron-shifting capability of DPA as an additional third 

catalyst (see Scheme 1-2).  
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Under optimized conditions, the reaction tolerated both electron-poor and electron-rich 

aryl halides 44, including those that are typically challenging in outer-sphere 

metallophotoredox approaches, with good selectivity for the C–I bond over C–Br, C–Cl, 

and C–OTf. Notably, in the absence of any C–I bond, the reaction also proceeds 

selectively with C–Br. Heterocyclic iodides 44 also reacted smoothly, yielding the desired 

products 45 with yields up to 73% (e.g. 45b). In contrast, vinyl iodides, alkyl iodides, and 

benzyl iodides were not tolerated under the reported reaction conditions. For carboxylic 

acids 43, α- and β-heteroatom containing as well as benzylic carboxylic acids performed 

efficiently, obtaining the coupling product 45 in good to very good yields (e.g. 45a-c). 

However, the standard reaction conditions could not be extended generally to unactivated 

carboxylic acids 43. Changing the base to iPr2NEt or adding a ligand for the iron catalyst 

46 furnished cross-coupled products 45  in up to 68% yield (e.g. 45d). The conditions 

were also applied to tertiary amine group bearing carboxylic acids 43, which are 

susceptible to oxidation by photocatalysis, resulting in the corresponding coupling 

product 45 with a yield of 40%. Driven by the huge functional group tolerance, the 

researchers also performed the derivatization of more complex compounds successfully. 

However, activation of sp2-carboxylic acids remained challenging.  

The group postulated a synergic FeII/FeIII-NiI/NiII/NiIII catalytic mechanism: Ligand 

exchange on the FeIII catalyst precursor 46 leads to the formation of species 47, which – 

upon irradiation – subsequently fragmentates to the carboxylic radical intermediate 53 

and FeII 48. Facile decarboxylation of 53 results in C-centered radical 54, which is trapped 

by the NiI species 52 present in solution, forming the NiII-alkyl intermediate 49. By 

oxidizing FeII complex 48 and thus completing the iron catalytic cycle, the NiII 

complex 49 is reduced to 50. A sequence of oxidative addition of the aryl halide 44 to 

generate 51 and reductive elimination leads to the release of the desired product 45 and 

closure of the nickel catalytic cycle.  
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Scheme 1-6. Decarboxylative cross-coupling utilizing iron and nickel in a dual catalytic approach 

synergistically – published by Weix and Ackerman-Biegasiewicz et al. 

In 2024, the Xu group developed a dual catalytic method for decarboxylative 

hydro(bistrifluoromethyl)carbinolation of alkenes 56 realized by the synergistic use of 

Fe(OTf)3 and the dimer of 2,6-dimethylthiophenol 32 (Scheme 1-7).26 Motivated by 

pharmaceutical relevance of bis(trifluoromethyl)carbinolation mimicking tert-

butylalcohol or carboxylic acids69,70, the group successfully addressed the issues arising 

with previously reported approaches – such as the use of toxic hexafluoroacetone, 
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substrate-based regioselectivity or synthetic inefficiency as for the incorporation of 

trifluoromethylated ketones prior to nucleophilic attack of CF3
‒ – by implementing a 

process based on LMCT.71–76 Herein, the iron-catalyzed, LMCT-based strategy 

circumvents again the challenge of outer-sphere oxidation surrendered by the relatively 

high oxidative potential of deprotonated 55 (1.66 V vs SCE26).  

The reaction provided the corresponding bis(trifluoromethyl)carbinols of various 

differently substituted styrene 56a, pyridines 56b and 56d, as well as Michael 

Acceptors 56c. Notably, electron-rich and electron-neutral styrenes 56 worked smoothly 

but failed in other radical bis(trifluoromethyl)carbinolations.74–78 While the reaction 

tolerated a broad scope of functional groups like ferrocene, thioethers, and halides, the 

conversion of internal or unactivated alkenes proved to be challenging with this approach, 

most likely due to poor electrophilicity or steric hindrance. In addition, the researchers 

envisioned expanding the substrate scope for other alkyl trifluoromethylcarbinols 55 by 

replacing one CF3-group with a CH3-group and hydrogen, respectively, resulting in the 

desired products with yields of 43-72%, e.g. 57d. Notably, copper salts didn’t perform 

under otherwise identical conditions, although they are known to catalyze 

decarboxylations analogously.5   

Based on investigations, Xu et al. described the following mechanism: Upon 

deprotonation of 55 and ligand exchange on the metal center, complex 60 was formed. 

Irradiation leads to excitation, charge transfer from the ligand to the metal, and homolytic 

bond cleavage, resulting in FeII-species 61 and carboxyl radical 62. Fragmentation of the 

radical 62 forms the C-centered radical 63 and extrudes CO2. After addition of radical 63 

to alkene 56, a consecutive HAT reaction with thiophenol catalyst 32 provides the desired 

product 57 and thionyl radical 33, which concludes both catalytic cycles by redox reaction 

with 61. 

Akondi et al. have reported a dual catalytic strategy for the decarboxylative alkylation of 

Morita−Baylis−Hillman (MBH) acetates 66, introducing a Fe(OTf)2/2,4,6-collidine dual 

catalytic system (Scheme 1-8).79  
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Scheme 1-7. Dual catalyzed, Fe-LMCT enabled synthesis of alkyl bis(trifluoromethyl)carbinols 57 by 

Xu et al. 

The group obtained complex trisubstituted olefines 67 from easily synthesized MBH 

acetates 66 and readily available carboxylic acids 65 in a redox-neutral process using 

biodegradable dimethyl carbonate as solvent. The reaction produced various substituted 

cinnamates 67, tolerating electron-withdrawing and electron-donating substituents on the 
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benzene ring and heteroaromatic analogs, with yields ranging from 26% to 93%. 

Additionally, MHB acetates 66 derived from aliphatic aldehydes and MHB acetates 66 

containing different substituted esters gave the desired products in good yields. Other 

MHB acceptors 66 bearing a ketone, nitrile, and sulfone group (e.g. product 67b), 

respectively, also performed smoothly. Additionally, the alkylation was conducted with 

various carboxylic acids 65, obtaining the desired products 67 from 30-, 20-, or more 

challenging 10-alkyl80 carboxylic acids 65 and tolerating functionalities like ethers, 

protected amines (e.g. 67c), and fluorinated substituents. In contrast to the report of West 

et al.16, the reaction didn’t succeed using TFA (35a) as radical precursor. Notably, the E-

isomer was formed predominantly with all substrates, except for MBH nitrile (E:Z = 1:10) 

and MBH acetates with a para-NO2 substitution on the benzyl group (E:Z = 1:1), 

respectively.  

The following mechanism was postulated by the researchers: After formation of allyl 

ammonium salt 73 by reaction of MBH acceptor 66 and 2,4,6-collidine (72), SET between 

salt 73 and FeII complex 71 results in the generation of iron(III) salt 69, allylic radical 74 

and the release of 2,4,6-collidine (72). Complexation of deprotonated carboxylic acid 65 

with 72 and subsequent excitation leads to LMCT and homolytic bond cleavage, 

providing carboxyl radical 75 and regenerating FeII salt 71. The radical 75 undergoes 

decarboxylation, forming the alkyl radical intermediate 76. Finally, radical-radical 

combination leads to the formation of the desired product 67. 

The Vederas group conducted a study comparing decarboxylative, radical alkylation of 

Seebach-Beckwith dehydroalanine towards optically pure unnatural amino acids using 

iron, nickel, iridium, and eosin Y, respectively, as catalysts.63 While the method with iron 

is based on an inner-sphere oxidation of the substrate via LMCT in combination with 

sterically demanding thiophenol as co-catalyst, the other catalysts rely on a mono-

catalytic, outer-sphere oxidation mechanism. After optimization of the iron-catalyzed 

reaction, the group concluded that their Ir-photocatalyzed protocol was the most 

advantageous system for resonance-stabilized radicals in a head-to-head comparison. 

However, in cases of 30-alkyl carboxylic acids as radical precursor, the dual catalytic 

iron/thiophenol system performed efficiently and with very good yields, offering a 

promising alternative to more expensive, unsustainable Ir-catalysis. In contrast, iron 

catalysis performed poorly with 20- or 10-alkyl radical precursors under the reported 

conditions. However, Eosin Y and Ni complex, respectively, outperformed the iridium 
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catalytic system in this transformation, but both strategies rely on external reductants, and 

organophotocatalysts are known to decompose under prolonged irradiation times.10–13  

2024 Akondi et al.
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Scheme 1-8. Alkylation of Morita-Baylis-Hillman acetates 66 via decarboxylation initiated by VLIH in a 

dual catalytic fashion using both Fe(OTf)2 71 and 2,4,6-collidine (72) as catalysts, published by 

Akondi et al. 
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Chlorine radical formation by (V)LIH of iron(III) complexes 

As noted earlier, the photochemical generation of chlorine radicals from iron chloride 

salts has been known since the 1960s27–29 and has also been observed with other earth-

abundant metal salts, such as copper81 and nickel82. These radicals are characterized by 

high reactivity but at the same time low selectivity, e.g. in HAT reactions. Despite their 

common use – either for addition to sp2-carbon atoms or for direct HAT – their utilization 

in dual catalytic approaches based on iron complex LMCT remains relatively 

unexplored.5  

The Hu group developed a photocatalytic iron-catalyzed procedure for C-C bond 

cleavage of alcohols 77.49 Herein, chlorine radicals 82 lead to the generation of alkoxy 

radicals 83 that in turn triggers ß-scission (Scheme 1-9). Under blue light irradiation and 

in the presence of 2,4,6-collidine 72, the researchers successfully transformed primary, 

secondary, and tertiary alcohols. Notably, the reaction was performed with both strained 

cyclic and unstrained alcohols 77, achieving moderate to good yields while tolerating 

various functional groups such as halides, (thio-)ethers, and carbamates. It was also 

conducted for late-stage functionalization of natural products.  

Mechanistic investigations provided the following insights: UV-VIS spectra of the 

reactants and reagents in various combinations were measured, displaying the typical 

[FeCl4]– 79 absorption peak when tetrabutylammonium chloride and iron salt were 

present in the solution.39,83 The peak decreases after prolonged irradiation, suggesting an 

LMCT process forming chlorine radicals and [FeCl3]– 81 and ruling out Fe-alkoxy species 

formation under these conditions. Considering the selectivity issues associated with 

chlorine radicals 82 and the high BDE energies of O–H bonds, the transformation's 

selectivity must be derived from elsewhere. Therefore, a series of experiments were 

conducted as a competition study between toluene and 1-adamantanylmethanol. Although 

the benzylic C-H bond of toluene exhibits a lower BDE and is more likely to undergo a 

HAT reaction than the O-H bond of the 1-adamantanylmethanol, the conversion of 

toluene was progressively suppressed with increasing amounts of the alcohol present in 

the solution.48,49 Therefore, the authors assumed the formation of a radical adduct 

involving chlorine radicals 82, collidine 72, and the hydroxy group. Consequently, the 

chlorine radical 82 selectively abstracts the hydrogen atom from the OH-group. This 

observation aligns with the study of Schelter et al., which reported similar results with 

CeCl3 photocatalysis.84 
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Scheme 1-9. Carbon-Carbon single bond cleavage enabled by dual catalytic use of FeCl3 and TRIP2S2 

reported by the Hu group. 

The mechanistic proposal of the Hu group is based on the formation of the photoactive 

complex [FeCl4]– 79 and its (V)LIH upon irradiation with blue light (450 nm), resulting 

in initial chlorine radical 82 and the corresponding FeII species 81. After adduct formation 

of the chlorine radical 82, 2,4,6-collidine 72, and the substrate 77, the halide radical 82 

abstracts the hydrogen atom of the OH-group, leading to alkoxy radical 83, which 
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subsequently undergoes -scission. The newly formed, C-centered radical 

intermediate 84 undergoes a second HAT step from the HAT catalyst 32 present – TRIP 

disulfide – forming S-centered radical 33. Redox reaction of thionyl radical 33 and 

iron(II) complex 81 concludes the iron and the HAT catalyst cycle, resulting in a dual 

catalytic process. 

In 2022, Reiser et al. realized a photochemical, iron dual catalytic approach for 

hydroacylation of Michael acceptors 86 utilizing DPA as co-photocatalyst (Scheme 1-

10).85 As postulated by the group, the di-photonic transformation is based on the (V)LIH 

of a FeIII–Cl bond upon irradiation with 365 nm at 30 °C. First, the formation of [FeCl4]– 

79 occurs in situ when iron(III) chloride, tetrabutylammonium chloride, MgCl2, and HCl 

are combined. Irradiation with UV light leads to the homolytic cleavage of the metal 

halide bond, generating chlorine radicals 82 and FeII complex 81. The catalytic cycle is 

closed by oxidation with excited-state DPA, forming the original FeIII catalyst 79 and the 

radical anion of DPA. The chlorine radical 82 abstracts the carbonyl hydrogen atom of 85 

to form HCl and acyl radical 88. Nucleophilic in character, the acyl radical subsequently 

adds to electron-poor double bonds, forming radical intermediate 89. Due to its position, 

 to the electron withdrawing group (EWG), the radical 89 undergoes reduction with the 

radical anion of DPA, which results in the closure of the catalytic cycle of DPA. 

Subsequent protonation yields the formation of the desired product 87.  

The reaction proceeded smoothly with yields ranging from 32% to 94% and tolerated 

several groups as substitution on the arene moiety of the acyl radical precursor 85, 

including ortho substitution, halides, methoxy-, and cyano-groups. Regarding the alkene 

scope, the yields ranged from 30% to 83%. Most interestingly, the reaction also tolerated 

free carboxylic acid groups (e.g. product 87c), which are known to be able to coordinate 

with iron to form a LMCT active species, too.16,61,62,68,86 Furthermore, styrene and its 

derivatives were not feasible as radical-trapping partners, possibly due to chlorine 

radical 82 addition to the double bond87. 
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Scheme 1-10. Hydroacylation of Michel-acceptors 86 utilizing light-induced homolysis in a dual 

photocatalytic approach using FeIII and DPA synergistically – published by Reiser and coworkers.  

Contrary to the reports mentioned previously, in which the generated chlorine radical 82 

performs a HAT reaction, West and coworkers achieved chlorine radical addition to 

numerous unsaturated C-C bonds using a dual catalytic approach relying on the formation 
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of an iron(III) based LMCT-active catalyst in conjunction with HAT catalysis (Scheme 1-

11).87  

Hereby, their LMCT-based, anti-Markovnikov hydro- and deuterochlorination addressed 

the issues of alternative direct, outer-sphere SET-based hydrochlorinations of C-C double 

bonds reported by Nicewicz88,89 and Ritter90, respectively. In particular, the acridinium-

catalyzed anti-Markovnikov hydrochlorination reported by the Nicewicz group relies on 

the oxidation of styrene-type activated alkenes, forming a radical cation intermediate. 

However, the conversion of unactivated alkenes was unsuccessful due to their very high 

redox potentials (~2.8 V versus SCE87) and faced low regioselectivity with electron-rich 

aromatic alkenes as the arene moiety was oxidized rather than the alkene functionality. In 

addition, the method reported by the Ritter group was incompatible with tri- and 

1,1-disubstituted cyclic alkenes, respectively, resulting in rearrangement or Markovnikov 

products as well as acid-sensitive functional groups weren’t tolerated due to the use of 

HCl. By introducing a combination of iron(III) nitrate nonahydrate and TMSCl as 

catalytic system, forming the LMCT active species 93, and thiophenol 32 as HAT catalyst, 

the West group was able to overcome these problems resulting in the formation of the 

desired anti-Markovnikov products 91 of activated, unactivated, electron-rich aromatic, 

tri- and 1,1-disubstituted as well as acid-sensitive groups bearing alkenes 90. 

Furthermore, West et al. were able to convert alkynes 90 to the corresponding 

hydrochlorinated alkenes 91c in good Z-selectivity. Notably, by substitution of H2O by 

D2O, the group was also able to obtain the corresponding deuterochlorinated products 91. 

Interestingly, by performing the catalytic transformation with alkynes 90 in two 

consecutive steps under altered conditions – using either H2O or D2O as co-solvent – the 

group was able to generate vicinal dichlorides 91d and isotopologues, respectively.  

Based on mechanistic investigations, the researchers postulate the following mechanism: 

First, the catalytic species 93 is formed by combining aqueous Fe(NO3)3 92 and TMSCl. 

Upon light irradiation, the excited catalyst undergoes LMCT, forming chlorine radical 82 

and FeII complex 94. Subsequently, radical 82 adds to the unsaturated C-C bond, resulting 

in a C-centered radical intermediate 95, which abstracts a hydrogen atom from the HAT 

catalyst 32, forming a thionyl radical 33 and the desired product 91. Finally, the thionyl 

radical 32 undergoes oxidation of the FeII species 94 to form the original FeIII complex 

92 and gets protonated to re-form the HAT catalyst 32, resulting in the conclusion of both 

catalytic cycles.  
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Scheme 1-11. Anti-Markovnikov hydro- and deuterochlorination of alkenes or alkynes 90 using iron 

photocatalysis and HAT catalysis synergistically.  

1.3 Summary and Conclusion 

Numerous first-row transition metal complexes exhibit LMCT excited states, which can 

be readily accessed by visible or UV light irradiation. These states are particularly prone 

to homolytic bond cleavage, enabling chemical reactivity even at ultrashort excited-state 

lifetimes.14 Moreover, in contrast to well-established photoredox catalysis, LMCT-based 

photocatalysis operates via an inner-sphere oxidation mechanism. This eliminates 

reliance on diffusion and matching redox potentials, broadening the scope to include 
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substrates with high oxidation potentials, such as trifluoroacetic acid (TFA)16, under mild 

conditions. Consequently, LMCT photocatalysis presents a more economical and 

ecologically sustainable alternative to well-established iridium- and ruthenium-based 

systems. Among the earth-abundant metals, iron complexes stand out as the most 

sustainable and cost-effective catalysts (Figure 1-1).  

While mono iron-photocatalytic approaches showed various synthetically valuable 

transformations, they often required external oxidants to close the catalytic cycle.5 In 

contrast, redox-neutral, dual iron-photocatalytic systems offer a more sustainable 

pathway, though they remain comparatively underexplored. This review has summarized 

recent research in dual iron-photocatalytic methodologies where (V)LIH of metal–

substrate bonds generate reactive radical intermediates through LMCT. These include 

β-scission of alkoxy radicals50, decarboxylative functionalizations16,26,44,61–63,68,79, and 

HAT processes mediated by chlorine radicals49,85,87. While sterically demanding 

thiophenol derivatives have often served as co-catalysts16,26,49,63,87, successful examples 

of synergistic catalysis with organic electron shuttles such as DPA50,85, as well as other 

metal complexes like cobaloximes44 and nickel species50,68, illustrate the growing 

versatility of this approach. Interestingly, ligand exchange didn’t interfere with the 

catalytic system when cobaloxime catalyst44 or nickel complexes50,68 were combined with 

the iron photocatalysts. Therefore, ligand tuning would offer the possibility of either 

diastereoselective desaturation reactions by cobaloxime catalysis60 or asymmetric cross-

coupling reactions by nickel catalysis88,89 for future research. 

Finally, while halogen- and oxygen-centered radicals are well represented in current 

LMCT photocatalysis5, the application of other heteroatom-centered radicals, such as 

nitrogen- or pseudohalogen-based species (e.g., azide radicals), remains largely 

unexplored. The potential for innovation in sustainable synthetic chemistry through the 

expansion of the radical repertoire in iron LMCT catalysis is a compelling prospect for 

future research and development. 
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Chapter 2 

2 Dual Iron- and Organophotocatalyzed 

Hydroformylation, Hydroacylation and 

Hydrocarboxylation of Michael-Acceptors Utilizing 

1,3,5-Trioxanes as C1-Synthone‡ 

2.1 Abstract 

A protocol based on photocatalytic cycles of both iron(III)chloride and 9,10-

dicyanoanthracene (DCA) is developed for the masked hydroformylation, 

hydroacylation, and hydrocarboxylation of Michael-Acceptors utilizing readily available 

1,3,5-trioxanes. Initiated by the LMCT of [FeCl4]– to generate chlorine radicals that 

promote hydrogen atom transfer (HAT) from the trioxanes, 9,10-dicyanoanthracene is 

used as co-photocatalyst to accelerate the formation of the desired products by facilitating 

the reoxidation of iron(II) to iron(III). The methodology is robust, allowing the generation 

of aldehydes, ketones, and carboxylic acids either by altering the trioxane and 

deprotection strategy or by subsequent photocatalyzed conversion of the initially obtained 

aldehydes. 

 
‡ This chapter is based on: V. Klöpfer†, A. Chinchole†, O. Reiser, Tetrahedron Chem. 2024, 10, 100073–
100077. (†Authors contributed equally). All reactions and substrates in this chapter marked with * are 
performed and isolated by A. Chinchole during his experimental work for his Ph.D. thesis at the Institute 
of Organic Chemistry, University of Regensburg, Germany, under the supervision of Prof. Dr. Oliver Reiser 
between October 2019 and May 2023. O. Reiser was supervising this project. 
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2.2 Introduction 

Aldehydes represent common moieties in both fine and bulk chemicals, as well as in 

biologically active compounds (Scheme 2-1).1–3 Consequently, the introduction of this 

functional group into readily available starting materials is an active area of research. The 

transition-metal-catalyzed oxo-process has found extensive use for the hydroformylation 

of alkenes, which is applied in the industry on a million-ton scale. It is distinguished by 

effectiveness (turnover frequency (TOF) up to ~ 35000 h-1) and high atom efficiency to 

the use of syngas as reagent. However, precisely designed ligands and elevated 

temperatures are essential for the transformation.4–7 Thermal8 or photochemical1 

alternatives via the formation of formyl anion or formyl radical have been developed but 

leave room for improvement concerning atom efficiency and non-noble photocatalysts, 

respectively.

 

Scheme 2-1. Representative Aldehydes in bulk and fine chemicals as well as in bioactive compounds. 

The indirect hydroformylation generating radicals from cyclic acetals for addition to 

alkenes appears to be promising to overcome the difficulties of direct formyl radical 

formation and its synthetic utilization.9–12 Especially relevant for this study, several 
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photocatalytic approaches have been recently developed (Scheme 2-2).13–20 Radical 

formation from cyclic acetals can be realized either by a HAT or a SET mechanism. While 

reactions via SET are characterized by perfect regioselectivity,18,19 HAT-based procedures 

tend to be less selective resulting in the formation of regioisomers13,14,16. The emergence 

of isomers arises with 1,3-dioxalane due to multiple C–H bonds with small differences in 

bond dissociation energies (BDE = 86.8 kcal mol-1 for C2–H vs. 88.2 kcal mol-1 for 

C4/C5–H, Scheme 2-2).16 However, the Doyle group successfully performed a HAT 

based reaction with good regioselectivity (Scheme 2-2, top).16 Moreover, for this 

transformation the formation of regioisomers was circumvented for one example by using 

1,3,5-trioxane as a radical precursor. However, while the hydrolysis of the 1,3-dioxolane 

products proceeds readily under acidic conditions15,16, the deprotection of 1,3,5-trioxane 

analogs appeared to be more challenging16.  

 

Scheme 2-2. State of the art: masked formylation of arenes and acetalization of Michael-acceptors. This 

work: indirect hydroformylation, -acylation, and -carboxylation of Michael-acceptors. 
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We demonstrate here the utilization of 1,3,5-trioxanes 1, representing inexpensive 

feedstock chemicals, as masked formyl radical sources for the indirect functionalization 

of Michael acceptors 2 catalyzed by iron(III) chloride and 9,10-dicyanoantracene (DCA) 

in a dual-catalytic fashion. By varying the acetal and deprotection strategy, the 

corresponding aldehydes 4, ketones 6, and carboxylic acids 5 becomes accessible.  

 

2.3 Results and Discussion 

Table 2-1. Reaction Optimization. 

 

 

aNMR yields using 1,1,2,2-tetrachlorethane as an internal standard. bConditions reported in our previous 

work on the hydroacylation of alkenes.21  

 

In our previous work, we capitalized on the LMCT of Fe(III)–Cl22,23 in combination with 

9,10-diphenylanthracene (DPA) as a co-catalyst for the C,H-functionalization of 

aldehydes with electron-deficient alkenes.21 Reasoning that the C,H-functionalization of 

1,3,5-trioxanes (1) can be achieved in an analogous way, we commenced our study by 

Entry Variation Yield %a 

1* No variation 80 

2b* DPA (1 mol%), MgCl2 (10 mol%), HCl (1 
equiv), MeCN (0.25 M), 1a (3 equiv) 

Traces 

3* DPA (1 mol%), MeCN (0.25 M), 1a (3 
equiv), no additional Cl– source 

Traces 

4* DPA (1 mol%), 1a (3 equiv), no additional 
Cl– source 

49 

5* DPA (2 mol%), 1a (3 equiv), no additional 
Cl– source 

54 

6* 3 equiv of 1a, no additional Cl–  source 55 

7* 3 equiv of 1a 60 

8 TBABr instead of TBACl 30 (at 400 nm) 

9 Without DCA 46 
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irradiating 1,3,5-trioxane (1a) and acrylonitrile (2a) in acetonitrile in the presence of 

catalytic amounts of FeCl3 and DPA (the complete optimization table is given in 2.7.3 

Complete Reaction Optimization and Control Experiments). However, only traces of the 

product 3a were observed after 24 h (Table 2-1, entry 2). Subsequently, we removed all 

additional chloride sources and performed the reaction under otherwise identical 

conditions, which resulted again only in traces of product 3a (Table 2-1, entry 3). It turned 

out that the solvent was a decisive factor for the transformation: Screening revealed that 

acetone is best, giving rise to 3a in 49 % yield (Table 2-1, entry 4). The yield increased 

slightly with 2 mol% DPA (Table 2-1, entry 5); however, higher catalyst loading didn’t 

lead to further improvement of the yield due to its limited solubility (for more details see 

SI). Evaluation of alternative photocatalysts showed a comparable performance between 

DPA and DCA (Table 2-1, entry 5–6), letting us choose the latter for economic reasons. 

Considering the key role of chlorine radicals as the HAT reagent, we screened several 

chloride sources as additives and found that tetrabutylammonium chloride (TBACl) was 

beneficial for this reaction, yielding 3a in 60 % (Table 2-1, entry 7). 

Tetramethylammonium chloride showed poor solubility in acetone, resulting in low 

yields, moreover, HCl was found to be incompatible (for more details see 2.7.3 Complete 

Reaction Optimization and Control Experiments). Notably, using tetrabutylammonium 

bromide induced a red shift in the metal complex (for more details and for UV/Vis spectra 

see 2.7.4 Experimental Mechanistic Investigations), prompting us to explore near-visible 

light conditions (400 nm irradiation), but a diminished yield (30 %) was observed for 3a 

(Table 2-1, entry 8). Finally, employing six equivalents of trioxane 1a was found to be 

optimal, improving the yield of 3a to 80 % (Table 2-1, entry 1). Control experiments 

confirmed that light and iron were crucial for the reaction to proceed. However, 3a is still 

formed even without DCA as a co-catalyst albeit with a reduced yield (46 %, Table 2-1, 

entry 9), indicating that DCA accelerates the process by shuttling electrons between Fe(II) 

and the transient organic radicals that are formed (see 2.5 Mechanistic Investigation). 

2.4 Scope & Further Derivatization 

Under the optimized conditions, a diverse range of electron-deficient alkenes could be 

coupled with 1a (Scheme 2-3). Reflecting the nucleophilic nature of radical A (see 2.5 

Mechanistic Investigation, Scheme 2-5) derived from HAT of 1a, α,β-unsaturated nitriles, 

carbonyl compounds, and vinyl sulfones proved to be amenable substrates giving rise to 

3a-3i in 68–90 % yield. Especially, the developed methodology proves effective for 
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functionalizing feedstock chemicals derived from renewable resources as demonstrated 

with the synthesis of 3c and 3d.  

CN CO2Et

EtO2C
CN

CN
CO2Et

X

O

O

CO2Me

3a, 0.5 mmol: 82%*

3d, 70%* 3e, 90%*

3b, 70%* 3c, 70%*

3p, 69%b

3f, 77%

3k, 41%

S

O

O

CO2Et

3l, 72%, Levulinate*

3g, 72%b 3h, X = NH, R = H 72%*
3i, X = O, R = H 68%

3j, X = O, R = Me 30%*

CO2Me

O

CN

O

S

O

O
O

R

3n, 62%d
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N
H

O
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3m, 40%

CN
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O
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O O
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O EWG

+
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R = H, Me
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R

R
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CO2H

HO2C

O

O

= trioxanyl

R

R

R

O O

O EWG

Intermediate

not isolable

1,3,5-trioxane as synthone

Paraldehyde as synthonec

 

Scheme 2-3. Substrate scope of the masked hydroformylation of Michael-acceptors. aStandard conditions: 

1 (3 mmol), 2 (0.5 mmol), Acetone (0.25 M), anhyd. FeCl3 (5 mol%), TBACl (5 mol%), DCA (2 mol%), 

40 °C, 24 h, 3W 365 nm LED, N2. b36 h of reaction time.  c15 equiv of paraldehyde. dCrude reaction mixture 

was transferred to a microwave vial and heated under microwave conditions (150 °C for 30 min) to obtain 

the product. 
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However, yields dropped with increased electron density of the double bond, resulting in 

moderate yields for 3j-3k. Scale-up of the reaction was demonstrated for 3a (71 % at a 5 

mmol scale). Furthermore, we applied the standard conditions to styrene, 2,3,4,5,6-

pentafluorostyrene, and 1- octene, respectively, however, these experiments proved 

unsuccessful, resulting in complex reaction mixtures. Since we did not observe multiple 

substitutions of trioxane 1a, we attempted to convert isolated trioxane adduct 3a to give 

the corresponding di- or trifunctionalized trioxanes, respectively. However, even after 48 

h under irradiation, no significant conversion of 3a was observed (see 2.7.5 

Photochemical Procedure and Further Transformations).  

When trimethyl trioxane (1b) was subjected to the reaction conditions with various 

Michael-acceptors, the corresponding ketones were directly formed, obviating the need 

for hydrolysis of the trioxane moiety. Methyl ketones from acrylates 3l-3m, α,β-

unsaturated nitrile 3o, and vinyl sulfones 3p were successfully synthesized this way. 

Especially the synthesis of ethyl levulinate (3l), an essential precursor for value added 

products24, was achieved in 72 % yield. Itaconic acid could also be converted successfully 

under the optimized conditions to 3n in 62 % yield but required microwave heating of the 

crude product mixture to achieve complete hydrolysis of the trioxane moiety.  

While paraldehyde 1b gave rise directly to the deprotected ketones 3l-3p, trioxanyl 

adducts 3a-3k (Scheme 2-3) are stable under the reaction conditions allowing further 

diversification (Scheme 2-4). Simple microwave heating of the crude in 1,4-

dioxane/water or pure 1,4-dioxane utilizing again FeCl3 (5–20 mol%) but this time 

capitalizing on its Lewis acid properties to cleave the ketal moiety, resulted in aldehyde 

4a-4c. Alternatively, carrying out this deprotection step under aerobic conditions and UV-

light irradiation leads to the corresponding carboxylic acids as demonstrated for 5a-5c. 

Especially, the direct synthesis of 3-cyanopropanoic acid (5a) from acrylonitrile (2a) was 

achieved in high yields. 5a is known as a building block of significant pharmaceutical 

relevance25,26 but is challenging to synthesize given the low yields reported for alternative 

photochemical27 and electrochemical28 methodologies, which is also reflected by its high 

commercial price.  

Furthermore, we envisioned that aldehyde 4c could undergo another coupling reaction 

with electron poor alkenes to give rise to the unsymmetric ketones. Indeed, we were 

pleased to find that irradiation of 4c in the presence of catalytic amounts of FeCl3 initiated 
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a HAT process being selective for the aldehyde C,H (Scheme 2-4, c).22 The resulting acyl 

radical smoothly underwent addition to acrylonitrile (2a) giving rise to 6 in 75 % yield. 

 

Scheme 2-4. Diversification of the obtained crude trioxane products and further conversion. Standard 

conditions: 1 (3 mmol), 2 (0.5 mmol), Acetone (0.25 M), anhyd. FeCl3 (5 mol%), TBACl (5 mol%), DCA 

(2 mol%), 40 °C, 24 h, 3W 365 nm LED, N2. aIsolated yields over two steps. bConditions for second step: 

3a (crude product, 0.5 mmol scale), anhyd. FeCl3 (20 mol%), 1,4-dioxane/H2O 1:1 (0.25 M), MW, 150°C, 

30 min. cConditions for second step: 3b (crude product, 0.5 mmol scale), anhyd. FeCl3 (20 mol%), 

1,4-dioxane (0.25 M), MW, 100°C, 30 min. dConditions for second step: 3g (crude product, 0.5 mmol scale), 

anhyd. FeCl3 (5 mol%), 1,4-dioxane/H2O 1:1 (0.25 M), MW, 150°C, 30 min. eConditions for second step: 

3a, 3b or 3g (crude product, 0.5 mmol scale), Acetone (0.25 M), anhyd. FeCl3 (5 mol%), TBACl (5 mol%), 

DCA (2 mol%) 40 °C, 48 h, 3W 365 nm LED, air. fConditions: 4c (1 mmol); 2a (0.5 mmol), MeCN 

(0.25 M), MgCl2 (10 mol %), 37% aq. HCl (1 equiv), anhyd. FeCl3 (5 mol%), DPA (1 mol%), 30 °C, 24 h, 

3 W 365 nm LED. 
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2.5 Mechanistic Investigations 

Mechanistic studies conducted for the reaction of 1a and 2a revealed that in the presence 

of TEMPO (2 equiv) no product 3a is formed while detection of both TEMPO adducts 

from radicals A and B by HR-MS was possible (Scheme 2-5, a). UV/Vis studies showed 

that FeCl3 formed the photoactive complex [FeCl4]– in solution even without an additional 

chloride source being present, which adsorbs in the near UV-light range with a maximum 

at 362 nm.29,30 Addition of TBACl resulted in an enhanced absorption intensity, which 

confirmed that TBACl was not essential for the formation of [FeCl4]– but beneficial for 

the reaction (see 2.3 Results and Discussion, Table 2-1, entry 6–7). No indication of other 

interactions between the iron complex, DCA, and any reactants were seen (for more 

details see 2.7.4 Experimental Mechanistic Investigations).  

In combination with our previous findings22 and other evidence from the literature13, a 

plausible mechanism for the title transformation (Scheme 2-5, c) starts with the formation 

of the photochemical active complex [FeCl4]–. Light-induced homolysis initiated via 

LMCT forms Fe(II) and a chlorine radical which abstracts a hydrogen (HAT) from 

trioxane 1 to form the C-centered trioxanyl radical A. A, being nucleophilic in nature, 

adds to electron-deficient alkenes 2 to form radical B. To close the catalytic cycle, Fe(II) 

needs to be reoxidized to Fe(III), which goes along with the reduction of radical B 

followed by protonation to yield the product 3. This process is effectively mediated by 

DCA (7), which from its excited state 8 takes an electron from Fe(II) to form radical 

anion 9 followed by the reduction of B. Performing a Stern-Volmer experiment, in which 

the fluorescence of DCA was quenched successfully by FeCl2, confirmed the role of DCA 

regarding the reoxidation of Fe(II) (Scheme 2-5, b). The emission decreased with an 

increasing amount of FeCl2 being present in a solution of acetone (for more details see 

2.7.4 Experimental Mechanistic Investigations). Alternatively, as indicated by control 

experiments (see 2.3 Results and Discussion, cf. Table 2-1, entry 9), Fe(II) can be 

reoxidized directly by radical B, resulting in the desired product and closure of the 

catalytic iron-cycle. 
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Scheme 2-5. Mechanistic investigation and plausible reaction mechanism for the masked 

hydroformylation. aConditions: 1 (3 mmol), 2 (0.5 mmol), Acetone (0.25 M), anhyd. FeCl3 (5 mol%), 

TBACl (5 mol%), DCA (2 mol%), TEMPO (1 mmol), 40 °C, 24 h, 3W 365 nm LED, N2. bStern-Volmer 

experiment: I) Fluorescence emissions spectra of DCA in Acetone (1 µM). Quencher = FeCl2, the 

equivalents were increased gradually. Excitation at a wavelength of 400 nm. Emission spectra range from 

415 nm to 600 nm. II) Stern-Volmer plot: linear correlation between quenching effect and quencher 

equivalents. 
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2.6 Conclusion 

To conclude, we report the radical utilization of readily available trioxanes for the indirect 

hydroformylation, hydroacylation and hydrocarboxylation initiated by a HAT process. 

Combining two photocatalytic cycles, i.e. iron(III)-LMCT to generate chlorine radicals 

and reoxidation of Fe(II) to Fe(III) from excited state 9,10-dicyanoanthracene, we were 

able to obtain aldehydes 4, ketones 3l-3p and carboxylic acids 5, respectively. 

Additionally, the initially formed aldehydes 4 can be converted to the unsymmetric ketone 

6, underscoring the potential of iron photocatalysis for sustainable synthesis. 

2.7 Experimental Part 

2.7.1 General Information 

Commercially available chemical materials were purchased in high quality and were used 

without further purification. Thereby, weight was calculated based on purity mentioned 

on the container. All reactions were carried out in oven-dried glassware under 

atmospheric conditions unless otherwise stated. Reactions with moisture or oxygen 

sensitive reagents were performed in flame-dried glassware under an atmosphere of 

predried nitrogen. All photochemical reactions were carried out in flame-dried glassware 

applying three consecutive freeze-pump-thaw cycles. Reactions were monitored by thin 

layer chromatography (TLC). Anhydrous solvents were prepared by established 

laboratory procedures.31 DCM, EtOAc, n-pentane and hexanes (40-60 °C) for 

chromatography were distilled prior to use. The reported yields are referred to isolated 

compounds unless otherwise stated. 

Chromatography 

Thin layer chromatography (TLC) was performed with TLC precoated aluminum sheets 

(Merck) Silica gel 60 F254, 0.2 mm layer thickness and visualized by a dual short 

(λ = 254 nm) / long (λ = 366 nm) wavelength UV lamp. Staining was done with 

Seebach`s Magic Stain (2.5 g phosphomolybdic acid, 1.0 g cerium(IV) sulfate 

tetrahydrate, 94.0 mL distilled water and 6.0 mL conc. sulfuric acid), vanillin (6.0 g 

vanillin, 100.0 mL ethanol (95%) and 1.0 mL conc. sulfuric acid) or potassium 

permanganate (1.0 g KMnO4, 2.0 g Na2CO3 and 100.0 mL distilled water) followed by 

heating. Column chromatography was performed with silica gel (Merck, 0.063-0.200 mm 

particle size) and flash silica gel (Merck, 0.040-0.063 mm particle size). 
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NMR-Spectroscopy 

1H-NMR spectra were recorded on Bruker Avance 300 (300 MHz), Bruker Avance 400 

(400 MHz) or Bruker Avance III 400 “Nanobay” (400 MHz) Spectrometer. Spectra were 

evaluated in first order and coupling constants J are reported in Hertz (Hz). Splitting 

patterns for the spin multiplicity of the signals in the spectra are given as the following: s 

= singlet, bs = broad singlet, d = doublet, t = triplet, q = quartet, p = pentet, sex = sextet, 

hept = heptet, m = multiplet and combinations thereof. Chemical shifts for 1H-NMR were 

reported as δ, parts per million (ppm), relative to the signal of CHCl3 at 7.26 ppm.  

13C-NMR spectra were recorded on Bruker Avance 300 (75 MHz), Bruker Avance 400 

(101 MHz) or Bruker Avance III 400 “Nanobay” (101 MHz) Spectrometer. Chemical 

shifts for 13C-NMR were reported as δ, parts per million (ppm), relative to the center line 

signal of the CDCl3 triplet at 77.16 ppm. 

IR-Spectroscopy 

FTIR spectroscopy was carried out on a Cary 630 FTIR Spectrometer. Solid and liquid 

compounds were measured neatly, and the wave numbers are reported as cm-1. 

Mass Spectrometry 

Mass spectra were recorded by the Central Analytic Department of the University of 

Regensburg using Jeol AccuTOF GCX and Agilent Q-TOF 6540 UHD Spectrometer. 

High-resolution mass spectra were measured using electron ionization (EI) or 

electrospray ionization (ESI) for ionisation. 

Microwave Experiments 

Microwave irradiation experiments were carried out using an Anton Paar Monowave 300 

reactor. The size of the used vials was 5 mL, the reaction mixture was stirred with a 

magnetic stir bar. All reactions were performed in sealed reaction vessels. The 

temperature was monitored by internal probe type.  

UV/Vis spectrophotometry  

UV/Vis spectroscopy was carried out on an Analytik jena Specord® 200Plus. All 

compounds were measured in the solvent, which was used during the experiments in flow. 

Measurement range was from 190 nm to 1100 nm. 
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Stern Volmer Experiments 

Fluorescence Quenching Interactions were investigated using a HORIBA Fluoromax-4 

of the Horiba Scientific, using a High Precision Cell 117100F-10-40 quartz cuvette with 

screw cap (Hellma Analytics quartz cuvette, 10 x 10 mm, 3.5 mL). Measurement range 

was from 415 nm to 600 nm. 

2.7.2 Photochemical Setup Photos: 

 

Figure 2-1. Photochemical reaction setup for hydrocarbonylation of alkenes. The irradiation was done 

using Inolux IN-C68QABTMU2 – UV LED (3.08 W electric power @700mA, λ = 365 nm). 
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2.7.3 Complete Reaction Optimization and Control Experiments 

Table 2-2. Full optimization table for the iron-catalyzed masked hydroformylation of electron-deficient 

alkenesa  

 

Entry Conditions Yieldb [%] 

1c* FeCl3 (5 mol%), DPA (1 mol%), MgCl2 (10 mol%), HCl (1 

equiv), MeCN (0.25 M), 1a (3 equiv)  

Traces 

2 d* FeCl3 (0.05 mol%), HCl (1 mol%), MeCN (0.2 M), 1a (10 

equiv), 3 W 390 nm LED, 40 °C 

No reaction 

3* FeCl3 (5 mol%), DPA (1 mol%), MeCN (0.25 M), 1a (3 equiv) Traces 

4* FeCl3 (5 mol%), DPA (1 mol%), EA (0.25 M), 1a (3 equiv) Traces 

5* FeCl3 (5 mol%), DPA (1 mol%), dimethyl carbonate (0.25 M), 

1a (3 equiv) 

Traces 

6* FeCl3 (5 mol%), DPA (1 mol%), DCE (0.25 M), 1a (3 equiv) 13 

7* FeCl3 (5 mol%), DPA (1 mol%), Aceton (0.25 M), 1a (3 equiv) 49 

8* FeCl3 (5 mol%), DPA (2 mol%), Aceton (0.25 M), 1a (3 equiv) 54 

9* FeCl3 (5 mol%), DCA (1 mol%), Aceton (0.25 M), 1a (3 equiv) 48 

10* FeCl3 (5 mol%), DCA (2 mol%), Aceton (0.25 M), 1a (3 equiv) 55 

11* FeCl3 (5 mol%), DCA (5 mol%), Aceton (0.25 M), 1a (3 equiv) 55 

12* FeCl3 (5 mol%), TBACl (5 mol%), DCA (2 mol%), 

Aceton (0.25 M), 1a (3 equiv) 

60 

13 FeCl3 (5 mol%), TBACl (20 mol%), DCA (2 mol%), 

Aceton (0.25 M), 1a (3 equiv) 

42 

14* FeCl3 (5 mol%), Me4N+Cl- (5 mol%), DCA (2 mol%), 

Aceton (0.25 M), 1a (3 equiv) 

Traces 

15* FeCl3 (5 mol%), Et4N+Cl- (5 mol%), DCA (2 mol%), 

Aceton (0.25 M), 1a (3 equiv) 

Traces 

16* FeCl3 (5 mol%), PhMe3N+Cl- (5 mol%), DCA (2 mol%), 

Aceton (0.25 M), 1a (3 equiv) 

Traces 
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17 FeCl3 (5 mol%), TBABr (20 mol%), DCA (2 mol%), 

Aceton (0.25 M), 1a (3 equiv) 

30 (at 400 nm) 

18* FeCl3 (5 mol%), TBACl (20 mol%), DCA (2 mol%), 

Aceton (0.25 M), 1a (2 equiv) 

40 

19* FeCl3 (5 mol%), TBACl (20 mol%), DCA (2 mol%), 

Aceton (0.25 M), 1a (6 equiv) 

80 

20* FeCl3 (5 mol%), TBACl (20 mol%), DCA (2 mol%), 

Aceton (0.25 M), 1a (10 equiv) 

80 

21* FeCl3 (5 mol%), TBACl (20 mol%), DPA (1 mol%), 

Aceton (0.25 M), 1a (6 equiv) 

76 

22 FeCl3 (5 mol%), TBACl (20 mol%), DCA (2 mol%), 

Aceton (0.25 M), 1a (6 equiv) 

no reactione 

23 FeCl3 (5 mol%), TBACl (20 mol%), Aceton (0.25 M), 1a (6 

equiv) 

46% 

24 FeCl3 (5 mol%), TBACl (20 mol%), DCA (2 mol%), 

Aceton (0.25 M), 1a (6 equiv), air 

crmf 

25 DCA (2 mol%), Aceton (0.25 M), 1a (6 equiv) no reactiong 

DPA = 9,10-Diphenylanthracene, DCA = 9,10-Dicyanoanthracene, TBACl = Tetrabutylammonium 

chloride, TBABr = Tetrabutylammonium bromide, EA = ethyl acetate. aReaction conditions: 1a (indicated 

equivalents), 2a (0.5 mmol, 1 equiv), FeCl3 (indicated equivalents), additive (indicated equivalents) and 

Photocatalyst (indicated equivalents) in solvent (degassed, 0.25 M); irradiation with 365 nm (3W LED) 

under a N2 atmosphere for 24h as 40°C. bNMR yields using 1,1,2,2-Tetrachlorethane as an internal standard. 

cConditions reported previously in our recent work.21 dConditions reported similarly by Gong et al.13 eNo 

irradiation. fIrradiation under air. gReaction without FeCl3 as a catalyst.  

 

2.7.4 Experimental Mechanistic Investigations 

UV/Vis Studies 

As the masked hydroformylation was perfomed at 365 nm, Figure 2-2 shows spectra 

ranging from 325 nm to 525 nm. Upon dissolution of FeCl3 in acetone, a new peak 

emerged, exhibiting a maximum at 362 nm, which is attributed to the photoactive 

complex [FeCl4]–.29,30 After addition of TBACl, the absorbances within this range notably 

increased. Moreover, the spectra obtained in the presence of DCA, 1,3,5-trioxane (1a), 

and acrylonitrile (2a) reveals the overlapping of individual spectra, indicating no 

interactions between the compounds and the iron-chloride complex. 
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Figure 2-2. UV/Vis spectra for mechanistic investigations, all spectra were measured using acetone as 

solvent. a) Mechanistic investigations using UV/VIS Studies to identify interactions of reagents. b) 

Comparison of the UV/VIS Spectra of FeCl3 + TBACl (tetrabutylammonium chloride) and FeCl3 + TBABr 

(tetrabutylammonium bromide). TBABr leads to a bathochromic shift of the absorption. 
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Stern-Volmer Experiment 

 

 

Figure 2-3. Stern-Volmer experiment for mechanistic investigations.a) Fluorescence emissions spectra of 

DCA in Acetone (1 µM) and in presence of FeCl2 as quencher (excitation with 400 nm light). With 

increasing amount of the quencher (10 – 1500 equivalents) the fluorescence decreased. b) Stern-Volmer 

plot for validation; proving the linear correlation of quencher equivaltens (FeCl2) and fluorescence 

quenching. 
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A solution of DCA in Acetone (2 mL, 1 µM) was prepared in a cuvette with a screw cap 

and degassed by purging with N2 for 10 min. Furthermore, a solution of FeCl2 in Acetone 

(5 mL, 1 mM) was prepared in a vial, sealed with a rubber septum and degassed by 

purging with N2 for 10 min. After the original fluorescence emissions spectra of DCA in 

acetone (1 µM) was measured, 10, 30, 100, 300, 500, 750 and 1500 equivalents of FeCl2 

was added subsequently to the original solution in the cuvette and the fluorescence 

emissions spectra was measured with different amounts of FeCl2 present. Excitation 

proceeded with light of 400 nm in each measurement. As a result, we observed that FeCl2 

quenched the fluorescence emission of DCA. With an increasing amount of FeCl2 present 

in the solution, the fluorescence emission gradually decreased, suggesting the oxidation 

of Fe(II) to Fe(III). The quenching effect was confirmed through the Stern-Volmer plot, 

which exhibited linearity, thereby validating the experiment. 

Radical Trapping Experiment with TEMPO: 

 

An oven-dried glass vial (4 mL size) equipped with a stirring bar was charged with 

dicyanoanthracene (2.3 mg, 2 mol%, 0.02 equiv), 1,3,5-trioxane (1a) (270 mg, 3 mmol, 6 

equiv), TEMPO (156 mg, 1mmol, 2 equiv) followed by the addition of acetone (2 mL) to the 

reaction vessel. Then FeCl3 (100µL of 0.5M anhydrous FeCl3 solution in acetone) and 

TBACl (100 µL of 0.5M anhydrous TBACl solution in acetone) was added to the reaction 

mixture. The reaction vessel was then sealed with a rubber septum, and the mixture was 

degassed by sparging nitrogen gas for 10 min. Afterwards alkene 2a (32.7 µL, 0.5 mmol, 1 

equiv) were added sequentially. The reaction mixture was then irradiated at 365 nm for 24 h. 

Later, the reaction mixture was transferred to a round bottom flask and concentrated in vacuo. 

The crude mixture was analyzed by HRMS to detect the two different TEMPO adducts 

TEMPO-A and TEMPO-B. 

HRMS (ESI) for TEMPO-A: exact m/z calculated for C12H23NO4 (M+H+) 246.17; Found 

246.1698. 
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HRMS (ESI) for TEMPO-B: exact m/z calculated for C15H26N2O4 (M+H+) 299.1965 ; 

Found 299.1964. 

 

 

Figure 2-4. Original mass spectroscopy data for the detection of the tempo adduct TEMPO-A. 

 

 

Figure 2-5. Original mass spectroscopy data for the detection of the tempo adduct TEMPO-B. 
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2.7.5 Photochemical Procedure and Further Transformations 

General Procedure for Photocataly�c Hydroformyla�on of alkenes: 

 

An oven-dried glass vial (4 mL size) equipped with a stirring bar was charged with 

dicyanoanthracene (DCA) (2.3 mg, 2 mol%, 0.02 equiv), trioxane 1 (6 equiv or 15 equiv), 

followed by the addition of acetone (2 mL or 1 mL) to the reaction vessel. Then FeCl3 (100µL 

of 0.5 M anhydrous FeCl3 stock solution in acetone, 5 mol%) and TBACl (100 µL of 0.5 M 

anhydrous TBACl stock solution in acetone, 5 mol%) was added to the reaction mixture. The 

reaction vial was then sealed with a rubber septum, and the mixture was degassed by sparging 

nitrogen gas for 10 min. Afterwards alkene 2 (0.5 mmol, 1 equiv) were added sequentially. 

The reaction mixture was then irradiated at 365 nm for 24 h. Later, the reaction mixture was 

transferred to a round bottom flask and concentrated in vacuo. The crude mixture was 

purified using chromatography using hexanes and ethyl acetate to afford the pure product 3. 

Note: In the case of solid alkenes, they were charged in the reaction vial before degassing 

the reaction mixture. 

3-(1,3,5-trioxan-2-yl)propanenitrile (3a)* 

 

Following GP, 3a was prepared from 1,3,5-trioxane (1a) (270 mg, 3 mmol, 6 equiv) and 

acrylonitrile (2a) (32.7 µL, 0.5 mmol, 1 equiv). The crude mixture was purified by 

column chromatography (Hexanes:EtOAc- 3:1, Rf = 0.3) to afford 3a as colourless oil 

(59 mg, 82%). 

1H NMR (300 MHz, Chloroform-d) δ 5.26 – 5.20 (m, 2H), 5.14 – 5.03 (m, 3H), 2.53 (t, 

J = 7.4 Hz, 2H), 2.04 (td, J = 7.4, 4.7 Hz, 2H 13C NMR (75 MHz, Chloroform-d) δ 

119.25, 99.18, 93.28, 30.10, 11.37. HRMS (ESI): exact m/z calculated for C6H13N2O3 

(M+NH4+) 161.0921; Found 161.0923 IR (cm-1): 752, 805, 946, 1028, 1107, 1166, 1259, 

1367, 1457, 1539, 1733, 2855, 2926 
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Ethyl 3-(1,3,5-trioxan-2-yl)propanoate (3b)* 

 

Following GP, 3b was prepared from 1,3,5-trioxane (1a) (270 mg, 3 mmol, 6 equiv) and 

ethyl acrylate (2b) (53.2 µL, 0.5 mmol, 1 equiv). The crude mixture was purified by 

column chromatography (Hexanes:EtOAc- 1:1, Rf = 0.6) to afford 3b as colourless oil 

(66.5 mg, 70%). 

1H NMR (400 MHz, Chloroform-d) δ 5.18 – 5.15 (m, 2H), 5.06 – 5.03 (m, 2H), 4.97 (t, 

J = 5.0 Hz, 1H), 4.11 (q, J = 7.1 Hz, 2H), 2.43 (t, J = 7.4 Hz, 2H), 1.98 (td, J = 7.4, 5.0 

Hz, 2H), 1.23 (t, J = 7.2 Hz, 3H). 13C NMR (101 MHz, Chloroform-d) δ 173.03, 100.78, 

93.31, 60.55, 29.50, 27.94, 14.28. HRMS (ESI): exact m/z calculated for C8H15O 

(M+H+) 191.0914; Found 191.0916 IR (cm-1): 700, 760, 812, 890, 950, 1066, 1162, 

1259, 1371, 1446, 1729, 2870, 2981. 

 

Dimethyl 2-((1,3,5-trioxan-2-yl)methyl)succinate (3c)* 

 

Following GP, 3c was prepared from 1,3,5-trioxane (1a) (270 mg, 3 mmol, 6 equiv) and 

dimethylitaconate (2c) (70 µL, 0.5 mmol, 1 equiv). The crude mixture was purified by 

column chromatography (Hexanes:EtOAc- 1:1, Rf = 0.45) to afford 3c as colourless oil 

(87 mg, 70%). 

1H NMR (400 MHz, Chloroform-d) δ 5.15 (dq, J = 5.5, 2.0 Hz, 2H), 5.03 (dd, J = 5.8, 

3.9 Hz, 2H), 4.98 (q, J = 4.8 Hz, 1H), 3.69 – 3.60 (m, 7H), 3.09 – 2.98 (m, 1H), 2.76 – 

2.66 (m, 1H), 2.64 – 2.52 (m, 1H), 2.09 (dtd, J = 13.9, 6.6, 4.3 Hz, 1H), 1.85 (dt, J = 14.2, 

5.9 Hz, 1H). 13C NMR (101 MHz, Chloroform-d) δ 174.55, 172.07, 100.23, 93.27, 

93.24, 52.14, 51.85, 36.23, 35.93, 35.75. HRMS (ESI): exact m/z calculated for 

C10H2NO7 (M+NH4+) 266.1234; Found 266.1237. IR (cm-1): 735, 849, 890, 943, 998, 

1051, 1159, 1263, 1367, 1438, 1725, 2113, 2858, 2955 
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Diethyl 2-(1,3,5-trioxan-2-yl)succinate (3d)* 

 

Following GP, 3d was prepared from 1,3,5-trioxane (1a) (270 mg, 3 mmol, 6 equiv) and 

diethylmaleate (2d) (81 µL, 0.5 mmol, 1 equiv). The crude mixture was purified by 

column chromatography (Hexanes:EtOAc- 1:1, Rf = 0.45) to afford 3d as colourless oil 

(92 mg, 70%). 

1H NMR (300 MHz, Chloroform-d) δ 5.27 (d, J = 4.3 Hz, 1H), 5.18 (ddd, J = 6.2, 3.6, 

1.2 Hz, 2H), 5.07 (dd, J = 10.9, 6.3 Hz, 2H), 4.15 (dq, J = 14.2, 7.1 Hz, 4H), 3.21 (dt, J 

= 9.1, 4.5 Hz, 1H), 2.88 – 2.70 (m, 2H), 1.24 (td, J = 7.1, 3.3 Hz, 6H). 13C NMR (75 

MHz, Chloroform-d) δ 172.02, 170.38, 100.30, 93.30, 93.28, 61.39, 60.82, 46.21, 30.25, 

14.28, 14.19.  HRMS (ESI): exact m/z calculated for C11H22NO7 (M+NH4+) 280.1391; 

Found 280.1392 .IR (cm-1): 805, 849, 954, 1028, 1095, 1267, 1371, 1461, 1729, 1777, 

2981, 3435. 

 

2-(phenyl(1,3,5-trioxan-2-yl)methyl)malononitrile (3e)* 

 

Following GP, 3e was prepared from 1,3,5-trioxane (1a) (270 mg, 3 mmol, 6 equiv) and 

benzylidene malononitrile (2e) (77 mg, 0.5 mmol, 1 equiv). The crude mixture was 

purified by column chromatography (Hexanes:EtOAc- 1:1, Rf = 0.5) to afford 3e as 

colourless oil (110 mg, 90%). 

1H NMR (400 MHz, Chloroform-d) δ 7.44 (m, 5h), 5.38 (d, J = 5.0 Hz, 1H), 5.33 (dd, 

J = 6.3, 1.2 Hz, 1H), 5.23 (dd, J = 6.3, 1.3 Hz, 1H), 5.16 (d, J = 6.3 Hz, 1H), 5.09 (d, J = 

6.4 Hz, 1H), 4.45 (d, J = 5.6 Hz, 1H), 3.47 (t, J = 5.2 Hz, 1H). 13C NMR (101 MHz, 

Chloroform-d) δ132.31, 129.69, 129.40, 129.06, 111.91, 111.62, 99.94, 93.33, 93.28, 

49.86, 24.82. HRMS (ESI): exact m/z calculated for C13H16N3O3 (M+NH4+) 262.1186; 
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Found 262.1186 IR (cm-1): 700, 879, 946, 984,1058, 1125, 1166, 1215, 1267, 1394, 

1457, 1498, 1602, 1707, 2870. 

 

N-phenly-3-(1.3.5-trioxan-2-yl)propanamide (3f) 

 

Following GP, 3f was prepared from 1,3,5-trioxane (1a) (270 mg, 3 mmol, 6 equiv) and 

N-phenyl acrylamide (2f) (74 mg, 0.5 mmol, 1 equiv). The crude mixture was purified by 

column chromatography (Hexanes:EtOAc- 1:1, Rf = 0.2) to afford 3f as a white solid (91 

mg, 77%). 

1H NMR (300 MHz, Chloroform-d) δ 7.78 (s, 1H), 7.51 – 7.49 (m, 2H), 7.31 – 7.29 (m, 

2H), 7.11 – 7.05 (m, 1H), 5.19 (d, J = 6.7 Hz, 2H), 5.08 – 5.04 (m, 3H), 2.52 (t, J = 7.2 

Hz, 2H), 2.10 (td, J = 7.1, 4.7 Hz, 2H). 13C NMR (75 MHz, Chloroform-d) δ 170.80, 

138.04, 129.03, 124.29, 119.96, 100.82, 93.31, 30.75, 29.73. HRMS (ESI): exact m/z 

calculated for C12H15NO4 (M+H+) 238.1074; Found 238.1076. IR (cm-1): 693, 753, 893, 

954, 984, 1047, 1163, 1375, 1443, 1528, 1599, 1655, 2870, 3288. m. p. 136 – 137 °C 

 

2-(2-(phenylsulfonyl)ethyl)-1,3,5-trioxane (3g) 

 

Following GP, 3g was prepared from 1,3,5-trioxane (1a) (270 mg, 3 mmol, 6 equiv) and 

phenyl vinylsulfone (2g) (84 mg, 0.5 mmol, 1 equiv). The crude mixture was purified by 

column chromatography (Hexanes:EtOAc- 1:1, Rf = 0.5) to afford 3g as colourless oil 

(93 mg, 72%). 

1H NMR (400 MHz, Chloroform-d) δ 7.94 – 7.87 (m, 2H), 7.69 – 7.63 (m, 1H), 7.57 

(dd, J = 8.3, 6.9 Hz, 2H), 5.14 (d, J = 6.7 Hz, 2H), 5.06 (t, J = 4.5 Hz, 1H), 5.03 (d, J = 

6.8 Hz, 2H), 3.32 – 3.23 (m, 2H), 2.15 – 2.05 (m, 2H). 13C NMR (101 MHz, 

Chloroform-d) δ 138.99, 133.94, 129.47, 128.15, 99.15, 93.20, 50.43, 27.81. HRMS 
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(ESI): exact m/z calculated for C11H18NO5S (M+NH4+) 276.0902; Found 276.0902. IR 

(cm-1): 690, 723, 746, 880, 932, 1051, 1088, 1148, 1390, 1450, 2855, 2922.  

 

3-(1,3,5-trioxan-2-yl)pyrrolidine-2,5-dione (3h)* 

Following GP, 3h was prepared from 1,3,5-trioxane (1a) (270 mg, 3 mmol, 6 equiv) and 

maleimide (2h) (48 mg, 0.5 mmol, 1 equiv). The crude mixture was purified by column 

chromatography (Hexanes:EtOAc- 3:1, Rf = 0.4) to afford 3h as colourless oil (67 mg, 

72%). 

1H NMR (300 MHz, DMSO-d6) δ 5.42 (d, J = 2.7 Hz, 1H), 5.14 (t, J = 5.4 Hz, 4H), 3.21 

(ddd, J = 7.7, 6.0, 2.6 Hz, 1H), 2.69 (d, J = 2.5 Hz, 1H), 2.66 (s, 1H). 13C NMR (75 MHz, 

DMSO-d6) δ 178.53, 177.23, 98.86, 93.01, 92.76, 46.08, 30.50. HRMS (ESI): exact m/z 

calculated for C7H13NO5 (M+NH4+) 205.0819; Found 220.0822 IR (cm-1): 767, 823, 

864, 939, 995, 1032, 1066, 1125, 1177, 1289, 1356, 1394, 1476, 1498, 1699, 1774, 2094, 

2780, 3063. 

3-(1,3,5-trioxan-2-yl)dihydrofuran-2,5-dione (3i)  

 

Following GP, 3i was prepared from 1,3,5-trioxane (1a) (270 mg, 3 mmol, 6 equiv) and 

maleic anhydride (2i) (49 mg, 0.5 mmol, 1 equiv). The crude mixture was purified by 

column chromatography (Hexanes:EtOAc- 3:1, Rf = 0.35) to afford 3i as colourless oil 

(64 mg, 68%). 

1H NMR (300 MHz, Acetone-d6) δ 5.55 (d, J = 2.7 Hz, 1H), 5.28 – 5.19 (m, 4H), 3.67 

(td, J = 7.3, 2.8 Hz, 1H), 3.20 (d, J = 7.1 Hz, 2H). 13C NMR (75 MHz, Acetone-d6) δ 

171.45, 170.81, 99.06, 93.81, 93.62, 46.79, 29.90. HRMS (ESI): exact m/z calculated 

for C7H12NO6 (M+NH4+) 206.0659; Found 206.0658 IR (cm-1): 805, 849, 954, 1028, 

1095, 1267, 1371, 1461, 1729, 1777, 2981, 3435 
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3-methyl-4-(1,3,5-trioxan-2-yl)dihydrofuran-2,5-dione (3j)* 

 

Following GP, 3j was prepared from 1,3,5-trioxane 1a (270 mg, 3 mmol, 6 equiv) and 

citraconic anhydride (2j) (45 µL, 0.5 mmol, 1 equiv). The crude mixture was purified by 

column chromatography (Hexanes:EtOAc- 1:1, Rf = 0.4) to afford 3j as colourless oil (30 

mg, 30%). 

1H NMR (400 MHz, Chloroform-d) δ 5.35 (d, J = 2.3 Hz, 1H), 5.28 – 5.21 (m, 3H), 

5.09 – 5.05 (m, 2H), 3.37 – 3.24 (m, 2H), 1.57 (d, J = 6.9 Hz, 3H). 13C NMR (101 MHz, 

Chloroform-d) δ 173.18, 168.58, 98.58, 93.30, 93.27, 48.51, 37.70, 10.35. HRMS (ESI): 

exact m/z calculated for C8H14NO6 (M+NH4+) 220.0816; Found 220.0816 IR (cm-1): 

700, 909, 1069, 1166, 1125, 1192, 1271, 1304, 1401, 1353, 1453, 1699, 2102, 2937. 

 

1-cyano-2-(1,3,5-trioxan-2yl)ethyl acetate (3k) 

 

Following GP, 3k was prepared from 1,3,5-trioxane (1a) (270 mg, 3 mmol, 6 equiv) and 

1-cyanovinyl acetate (2k) (52.3 µL, 0.5 mmol, 1 equiv). The crude mixture was purified 

by column chromatography (Hexanes:EtOAc 3:1, Rf = 0.3) to afford 3k as colourless oil 

(47 mg, 41%). 

1H NMR (300 MHz, Chloroform-d) δ 5.49 (t, J = 7.1 Hz, 1H), 5.23 – 5.20 (m, 2H), 5.13 

-5.07 (m, 3H), 2.33 (dd, J = 7.2, 5.1 Hz, 2H), 2.15 (s, 3H). 13C NMR (75 MHz, 

Chloroform-d) δ 168.92, 116.50, 97.56, 93.29, 56.79, 37.02, 20.49. HRMS (APCI): 

exact m/z calculated for C8H11NO5 (M+NH4+) 219.0975; Found 219.0975 IR (cm-1): 

943, 1040, 1137, 1163, 1215, 372, 1409, 1752, 2870.  
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Ethyl 4-oxopentanoate (3l)* 

 

Following GP, 3l was prepared from paraldehyde (1b) (1 mL, 15 equiv) and ethyl acrylate 

(2b) (53.2 µL, 0.5 mmol, 1 equiv), dissolved in Acetone (1 mL). The crude mixture was 

purified by column chromatography (Hexanes:EtOAc- 1:1, Rf = 0.7) to afford 3l as 

colourless oil (53 mg, 72%). 

1H NMR (400 MHz, Chloroform-d) δ 4.10 (q, J = 7.1 Hz, 2H), 2.73 (t, J = 6.6 Hz, 2H), 

2.54 (t, J = 6.5 Hz, 2H), 2.17 (s, 3H), 1.23 (t, J = 7.1 Hz, 3H). 13C NMR (101 MHz, 

Chloroform-d) δ 206.81, 172.84, 60.72, 38.05, 29.98, 28.12, 14.26. 

Analytical data is in accoradance to the literature.32 

 

Diethyl 2-acetylsuccinate (3m) 

 

Following GP, 3m was prepared from paraldehyde (1b) (1 mL, 15 equiv) and 

diethylmaleate (2d) (81 µL, 0.5 mmol, 1 equiv), dissolved in Acetone (1 mL). The crude 

mixture was purified by column chromatography (Hexanes:EtOAc- 1:1, Rf = 0.6) to 

afford 3m as colourless oil (44 mg, 40%). 

1H NMR (300 MHz, Chloroform-d) δ 4.20 (q, J = 7.1 Hz, 2H), 4.12 (q, J = 7.1 Hz, 2H), 

3.97 (dd, J = 8.1, 6.4 Hz, 1H), 2.96 (dd, J = 17.5, 8.1 Hz, 1H), 2.81 (dd, J = 17.5, 6.4 Hz, 

1H), 2.35 (s, 3H), 1.29 – 1.26 (m, 3H), 1.25 – 1.22 (m, 3H). 13C NMR (75 MHz, 

Chloroform-d) δ 201.87, 171.46, 168.52, 61.93, 61.12, 54.80, 32.51, 30.05, 14.24, 14.15. 

Analytical data is in accoradance to the literature.33 
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2-(2-oxopropyl)succinic acid (3n) 

 

Following GP, 3n was prepared from paraldehyde (1b) (1 mL, 15 equiv) and itaconic 

acid (2l) (48 mg, 0.5 mmol, 1 equiv), dissolved in Acetone (1 mL). The excess 

paraldehyde was evaporated on rotatory evaporator. Then, the residue was dissolved in a 

mixture of 1,4-dioxane 1:1 H2O (2 mL) and transferred to a microwave vial (10 mL), the 

vial was equipped with a magnetic stir bar, closed with a cap and placed in the microwave 

reactor. After a reaction time of 30 min at 150 °C, till completion (monitored by TLC, 

product: Hexanes:EtOAc:Formic Acid 3:1:0.1, Rf = 0.2), the crude product was 

transferred to a round bottom flask and the solvent was evaporated. Addition of 2 mL of 

DCM led to the crystallisation, the crystals were filtered and washed with cold DCM (2 

mL) to obtain a the desired product 3n as a white solid (54 mg, 62%). 

1H NMR (400 MHz, DMSO-d6) δ 12.25 (br, 2H), 3.03-2.94 (m, 1H), 2.82 (dd, J = 17.8, 

7.0 Hz, 1H), 2.61 (dd, J = 17.8, 6.0 Hz, 1H), 2.54-2.45 (m, 1H), 2.36 (dd, J = 16.7, 6.0 

Hz, 1H), 2.09 (s, 3H). 13C NMR (101 MHz, DMSO-d6) δ 206.51, 175.04, 172.89, 43.73, 

36.05, 35.12, 29.84. HRMS (ESI): exact m/z calculated for C7H10O5 (M–H)– 173.0455; 

Found 173.046. IR (cm-1): 731, 764, 828, 999, 1021, 1218, 1364, 1714, 3444, 3485. 

 

2-(2-oxo-1-phenylpropyl)malononitrile (3o) 

 

Following GP, 3o was prepared from paraldehyd (1b) (1 mL, 15 equiv) and benzylidene 

malononitrile (2e) (77 mg, 0.5 mmol, 1 equiv), dissolved in Acetone (1 mL). The crude 

mixture was purified by column chromatography (Hexanes:EtOAc- 1:1, Rf = 0.5) to 

afford 3o as colourless oil (56 mg, 57%). 
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1H NMR (300 MHz, Chloroform-d) δ 7.49 – 7.47 (m, 3H), 7.29 – 7.25 (m, 2H) 4.36 (d, 

J = 8.4 Hz, 1H), 4.26 (d, J = 8.4 Hz, 1H), 2.18 (s, 3H). 13C NMR (75 MHz, Chloroform-

d) δ 201.51, 131.15, 130.28, 130.21, 128.82, 112.05, 111.41, 59.15, 28.41, 25.62. 

Analytical data is in accoradance to the literature.34 

 

4-(phenylsulfonyl)butan-2-one (3p) 

 

Following GP, 3p was prepared from paraldehyde (1b) (1 mL, 15 equiv) and phenyl 

vinylsulfone (2g) (84 mg, 0.5 mmol, 1 equiv), dissolved in Acetone (1 mL). The crude 

mixture was purified by column chromatography (Hexanes:EtOAc- 1:1, Rf = 0.6) to 

afford 3p as colourless oil (104 mg, 69%). 

1H NMR (400 MHz, Chloroform-d) δ 7.89 (d, J = 7.1 Hz, 2H), 7.66 (t, J = 7.4 Hz, 1H), 

7.56 (t, J = 7.6 Hz ,3H), 3.36 (t, J = 7.5 Hz, 2H), 2.91 (t, J = 7.5 Hz, 2H), 2.16 (s, 3H). 

13C NMR (101 MHz, Chloroform-d) δ 203.78, 139.03, 134.04, 129.51, 128.04, 50.63, 

35.96, 29.97.  

Analytical data is in accoradance to the literature 34. 

 

5 mmol Scale Reaction 

3-(1,3,5-trioxan-2-yl)propanenitrile (3a) 

 

Up-scaling to 5 mmol scale was carried out according to general procedure GP in a flame-

dried Schlenk tube (30.0 mL size) using 1,3,5-trioxane (1a) (2.7 g, 30 mmol, 6 equiv), 

acrylonitrile (2a) (327.6 µL, 5 mmol, 1 equiv), DCA (22.83 mg, 100 µmol, 2 mol%), 

FeCl3 (5 mol%, 500µL of 0.5M anhydrous FeCl3 stock solution in acetone) and TBACl 

(5 mol%, 500 µL of 0.5M anhydrous TBACl stock solution in acetone) dissolved in 
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acetone (19 mL, total colume 20 mL) to afford 3a as colourless oil (501 mg, 70%) after 

chromatography purification on silica gel (Hexanes:EtOAc- 9:1 to 3:1).  

Accurate temperature control is crucial for a high yield. We cooled the reaction vial with 

a ventilator from a distance of 10 cm and kept the light source 3 cm away from the vial. 

As light source we used two identical LED plates (same plates as shown in Figure 2-1).  

 

Unsuccessful Reactions*  

 

An oven-dried glass vial (4 mL size) equipped with a stirring bar was charged with 

dicyanoanthracene (DCA) (0.913 mg, 2 mol%, 0.02 equiv), trioxane adduct 3a (29 mg, 0.2 

mmol, 1 equiv), followed by the addition of acetone (0.8 mL) to the reaction vessel. Then 

FeCl3 (40µL of 0.5 M anhydrous FeCl3 stock solution in acetone, 5 mol%) and TBACl (40 

µL of 0.5 M anhydrous TBACl stock solution in acetone, 5 mol%) was added to the reaction 

mixture. The reaction vial was then sealed with a rubber septum, and the mixture was 

degassed by sparging nitrogen gas for 10 min. Afterwards alkene 2a (39 µL, 0.6 mmol, 3 

equiv) was added sequentially. The reaction mixture was then irradiated at 365 nm for 48 h. 

Later, the reaction mixture was transferred to a round bottom flask and concentrated in vacuo 

and analyzed by quantitative NMR using 1,1,2,2-tetrachlorethane as internal standard. No 

significant conversion was observed. 

 

An oven-dried glass vial (4 mL size) equipped with a stirring bar was charged with 

dicyanoanthracene (DCA) (2.3 mg, 2 mol%, 0.02 equiv), trioxane (1) (6 equiv or 15 equiv), 

followed by the addition of acetone (2 mL or 1 mL) to the reaction vessel. Then FeCl3 (100µL 
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of 0.5 M anhydrous FeCl3 stock solution in acetone, 5 mol%) and TBACl (100 µL of 0.5 M 

anhydrous TBACl stock solution in acetone, 5 mol%) was added to the reaction mixture. The 

reaction vial was then sealed with a rubber septum, and the mixture was degassed by sparging 

nitrogen gas for 10 min. Afterwards styrene (S2), 2,3,4,5,6-pentafluorostyrene (S3) or 1-

octene (S4) (0.5 mmol, 1 equiv) were added sequentially. The reaction mixture was then 

irradiated at 365 nm for 24 h. Later, the reaction mixture was transferred to a round bottom 

flask, concentrated in vacuo and transferred to a NMR tube for analysis (after removing FeCl3 

by silica gel short plug filtration). The experiments resulted in a complex reactions mixture 

with no product formation (NMR analysis). 

 

Deprotection and Further Tranformations 

4-oxobutanenitrile (4a) 

 

Following GP, 3a was prepared from 1,3,5-trioxane (1a) (270 mg, 3 mmol, 6 equiv) and 

acrylonitrile (2a) (32.7 µL, 0.5 mmol, 1 equiv). The crude reaction solution was 

transferred to a round bottle flask. After evaporation of the solvent on the rotavap, the 

residue was dissolved in 1 mL 1,4-dioxane and the solution was transferred to a 

microwave vial (10 mL). After adding 1 mL of destilled water (total concentration: 0.25 

M) and 12.15 mg FeCl3 (= 15 mol%, total cat loading: 20 mol% as 4.05 mg (5 mol%) 

remained from the first step) the vial was equipped with a magnetic stir bar, closed with 

a cap and placed in the microwave reactor. After a reaction time of 30 min at 150 °C, the 

starting material was completely consumed (monitored by TLC). The crude mixture was 

purified by column chromatography (Hexanes:EtOAc- 3:1, Rf = 0.2) to afford 4a as 

colourless oil (33 mg, 80%). 

1H NMR (300 MHz, Chloroform-d) δ 9.79 (s, 1H), 2.91 (t, J = 7.2 Hz, 2H), 2.63 (t, J = 

7.1 Hz, 2H). 13C NMR (75 MHz, Chloroform-d) δ 197.06, 118.60, 39.09, 10.14. 

Analytical data is in accordance to the literature.35 
 

O

HNC
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Ethyl 4-oxobutanoate (4b) 

 

Following GP, 3b was prepared from 1,3,5-trioxane (1a) (270 mg, 3 mmol, 6 equiv) and 

ethyl acrylate (2b) (53.2 µL, 0.5 mmol, 1 equiv). The crude reaction solution was 

transferred to a round bottle flask. After evaporation of the solvent on the rotavap, the 

residue was dissolved in 2 mL 1,4-dioxane (total concentration: 0.25 M) and the solution 

was transferred to a microwave vial (10 mL). After adding 12.15 mg FeCl3 (= 15 mol%, 

total cat loading: 20 mol% as 4.05 mg (5 mol%) remained from the first step), the vial 

was equipped with a magnetic stir bar, closed with a cap and placed in the microwave 

reactor. After a reaction time of 30 min at 100 °C, the starting material was completely 

consumed (monitored by TLC). The crude mixture was purified by column 

chromatography (Hexanes:EtOAc- 3:1, Rf = 0.45) to afford 4b as yellowish oil (44 mg, 

68%). 

1H NMR (300 MHz, Chloroform-d) δ 9.81 (t, J = 0.7 Hz, 1H), 4.14 (q, J = 7.1 Hz, 2H), 

2.82 – 2.77 (m, 2H), 2.64 – 2.59 (m, 2H), 1.26 (t, J = 7.1, 3H). 13C NMR (75 MHz, 

Chloroform-d) δ 200.20, 172.38, 60.97, 38.69, 26.74, 14.30. 

Analytical data is in accordance to the literature.36 
 

3-(phenylsulfonyl)propanal (4c) 

 

Following GP, 3g was prepared from 1,3,5-trioxane (1a) (270 mg, 3 mmol, 6 equiv) and 

phenyl vinylsulfone (2g) (84 mg, 0.5 mmol, 1 equiv). The crude reaction solution was 

transferred to a round bottle flask. After evaporation of the solvent on the rotavap, the 

residue was dissolved in 1 mL 1,4-dioxane and the solution was transferred to a 

microwave vial (10 mL). After adding 1 mL of destilled water (total concentration: 0.25 

M; 5 mol% FeCl3 was still present from the first step and no additional FeCl3 was added), 

the vial was equipped with a magnetic stir bar, closed with a cap and placed in the 

microwave reactor. After a reaction time of 30 min at 150 °C, the starting material was 
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completely consumed (monitored by TLC). The crude mixture was purified by column 

chromatography (Hexanes:EtOAc- 3:1, Rf = 0.3) to afford 4c as yellowish oil (70 mg, 

70%). 

 

1H NMR (300 MHz, Chloroform-d) δ 9.74 (s, 1H), 7.92 – 7.89 (m, 2H), 7.68 – 7.65 (m, 

1H), 7.61 – 7.56 (m 2H), 3.41 (t, J = 7.4 Hz, 2H), 2.97 (t, J = 7.4 Hz, 2H). 13C NMR (75 

MHz, Chloroform-d) δ 197.01, 138.72, 134.23, 129.62, 128.15, 49.20, 36.64. 

Analytical data is in accordance to the literature.1 

 

3-cyanopropanoic acid (5a) 

 

Following GP, 3a was prepared from 1,3,5-trioxane (1a) (270 mg, 3 mmol, 6 equiv) and 

acrylonitrile (2a) (32.7 µL, 0.5 mmol, 1 equiv). The crude reaction solution was 

transferred to a round bottom flask. After the excess of the trioxane was removed by 

sublimation by rotary evaporator, the crude reaction mixture was dissolved in acetone (2 

mL) and irradiated open to air with UV light (365 nm) for additional 48 h. After 

completion (monitored by TLC) the reaction mixture was transferred to a round bottom 

flask and concentrated in vacuo. The crude product was purified by short plug silica gel 

chromatography (Dichlormethan:EtOAc 1:0 to 0:1, Rf = 0.2 with Hexanes:EtOAc:Formic 

Acid 1:1:0.1) to obtain the desired product 5a as colourless solid (40 mg, 81%) 

1H NMR (300 MHz, Chloroform-d) δ 2.78-2.74 (m, 2H), 2.69-2.65 (m 2H). 13C NMR 

(75 MHz, Chloroform-d) δ 175.29, 118.34, 29.80, 12.87. 

Analytical data is in accordance to the literature.37 

 

 4-ethoxy-4-oxobutanoic acid (5b) 

 

Following GP, 3g was prepared from 1,3,5-trioxane (1a) (270 mg, 3 mmol, 6 equiv) and 

ethyl acrylate (2b) (53.2 µL, 0.5 mmol, 1 equiv). The crude reaction solution was 
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transferred to a round bottom flask. After the excess of the trioxane was removed by 

sublimation by rotavap, the crude reaction mixture was dissolved in acetone (2 mL) and 

irradiated open to air with UV light (365 nm) for additional 48 h. After completion 

(judged by TLC) the reaction mixture was transferred to a round bottom flask and 

concentrated in vacuo. The crude product was purified by silica gel chromatography 

(Hexanes:EtOAc 3:1 to 1:1, Rf = 0.3 with Hexanes:EtOAc:Formic Acid- 1:1:0.1) and 

subsequently extracted under basic and acidic conditions to obtain the desired product 5b 

as colourless solid (58 mg, 65%) 

1H NMR (400 MHz, Chloroform-d) δ 4.16 (q, J = 7.2, 2H), 2.70 – 2.67 (m, 2H), 2.64 – 

2.60 (m, 2H),1.26 (t, J = 7.2 Hz, 2H). 13C NMR (101 MHz, Chloroform-d) δ 178.12, 

172.39, 61.02, 29.04, 29.02, 14.24.  

Analytical data is in accordance to the literature.38 

 

3-(phenylsulfonyl)propanoic acid (5c) 

 

Following GP, 3g was prepared from 1,3,5-trioxane (1a) (270 mg, 3 mmol, 6 equiv) and 

phenyl vinylsulfone (2g) (84 mg, 0.5 mmol, 1 equiv). The crude reaction solution was 

transferred to a round bottom flask. After the excess of the trioxane was removed by 

sublimation by rotavap, the crude reaction mixture was dissolved in acetone (2 mL) and 

irradiated open to air with UV light (365 nm) for additional 48 h. After completion 

(judged by TLC) the reaction mixture was transferred to a round bottom flask and 

concentrated in vacuo. The crude product was purified by silica gel chromatography 

(Hexanes:EtOAc 3:1 to 1:1, Rf = 0.4 with Hexanes:EtOAc:Formic Acid- 1:1:0.1) and 

subsequently extracted under basic and acidic conditions to obtain the desired product 5c 

as colourless solid (55 mg, 50%) 

1H NMR (300 MHz, Chloroform-d) δ 7.93-7.90 (m, 2H), 7.71-7.66 (m, 1H), 7.61-7.56 

(m, 2H), 3.42 (t, J = 7.6 Hz, 2H), 2.79 (t, J = 7.6 Hz, 2H). 13C NMR (75 MHz, 

Chloroform-d) δ 175.16, 138.38, 134.31, 129.63, 128.28, 51.31, 27.68.  

Analytical data is in accordance to the literature.39 
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4-oxo-6-(phenylsulfonyl)hexanenitrile (6) 

 

An oven-dried glass vial (4 mL size) equipped with a stirring bar was charged with 

aldehyde 4c (99 mg, 0.5 mmol, 2 equiv), diphenylanthracene (0.83 mg, 1 mol%, 0.01 

equiv) and magnesium chloride (2.38 mg, 10 mol%, 0.1 equiv). Followed by the addition 

of dry MeCN (2mL) to the reaction vessel. Then FeCl3 (50 µL of 0.25M anhydrous FeCl3 

solution in dry MeCN) was added to the reaction mixture. The reaction vessel was then 

sealed with a rubber septum and the mixture was then degassed by sparging nitrogen gas 

for 10 min. Afterwards, hydrochloric acid (25 µL of 37% aqueous HCl) and acrylonitrile 

(2a) (16 µL, 0.25 mmol, 1 equiv) were added sequentially under nitrogen flow. The 

reaction mixture was then irradiated at 365 nm for 24 h. Later, the reaction mixture was 

transferred to a round bottom flask and concentrated in vacuo. The crude mixture was 

purified using chromatography (Hexanes:EtOAc- 7:3, to 3:2, Rf = 0.3 for 

Hexanes:EtOAc- 1:1) to afford 6 as yellowish oil (47 mg, 75%). 

1H NMR (400 MHz, Chloroform-d) δ 7.92 – 7.87 (m, 2H), 7.74 – 7.65 (m, 1H), 7.62 – 

7.55 (m, 2H), 3.42 (t, J = 7.3 Hz, 2H), 2.94 (t, J = 7.3 Hz, 2H), 2.86 (t, J = 7.0 Hz, 2H), 

2.57 (t, J = 7.0 Hz, 2H). 13C NMR (101 MHz, CDCl3) δ 201.89, 138.86, 134.26, 134.20, 

129.65, 128.08, 118.65, 50.50, 50.47, 38.01, 34.89, 11.46. HRMS (ESI): exact m/z 

calculated for C12H13NO3S (M+H+) 252.0689; Found 252.0694 IR (cm-1):  690, 746, 

1085, 1144, 1304, 1413, 1446, 1722, 2251, 2933. 
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2.7.6 NMR Spectra 

3-(1,3,5-trioxan-2-yl)propanenitrile (3a) 
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Ethyl 3-(1,3,5-trioxan-2-yl)propanoate (3b) 
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Dimethyl 2-(1,3,5-trioxan-2-yl)methyl)succinate (3c) 
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Diethyl 2-(1,3,5-trioxan-2-yl)succinate (3d) 
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2-(phenyl(1,3,5-trioxan-2-yl)methyl)malononitrile (3e) 
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N-phenly-3-(1.3.5-trioxan-2-yl)propanamide (3f) 
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2-(2-phenylsulfonyl)ethyl)-1,3,5-trioxane (3g) 
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3-(1,3,5-trioxan-2-yl)pyrrolidine-2,5-dione (3h) 
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3-(1,3,5-trioxan-2-yl)dihydrofuran-2,5-dione (3i) 
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3-methyl-4-(1,3,5-trioxan-2-yl)dihydrofuran-2,5-dione (3j)  
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1-cyano-2-(1,3,5-trioxan-2-yl)ethyl acetate (3k) 
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Ethyl 3-oxopentanoate (3l) 
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Diethyl 2-acetylsuccinate (3m) 
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2-(2-oxopropyl)succinic acid (3n) 
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2-(2-oxo-1-phenylpropyl)malononitrile (3o) 
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4-(phenylsulfonyl)butan-2-one (3p) 
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4-oxobutanenitrile (4a) 
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Ethyl 4-oxobutanoate (4b) 
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3-(phenylsulfonyl)propanal (4c) 
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3-cyanopropanoic acid (5a) 
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4-ethoxy-4-oxobutanoic acid (5b) 
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3-(phenylsulfonyl)propanoic acid (5c) 
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4-oxo-6-(phenylsulfonyl)hexanenitrile (6) 
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Chapter 3 

3 Catalyst-Free, Scalable Heterocyclic Flow 

Photocyclopropanation‡ 

3.1 Abstract 

Industrial process development is driven by several factors, including safety, cost, 

robustness, and environmental aspects. However, attempts to establish aryl diazo esters – 

which are highly valued in academic research for their reactivity as carbene precursors – 

in the chemical industry have been limited by their explosivity and toxicity. Their 

catalyst-free photolysis in continuous flow improves safety, sustainability and scalability 

compared to batch reactions. Herein, we report the continuous flow catalyst-free 

photocyclopropanation of heterocycles in up to grams per h productivity in a non-

chlorinated, biodegradable solvent. Highly functionalized cyclopropanated products are 

key intermediates in the synthesis of drugs and pharmaceutically relevant compounds. 

Optimal conditions and process understanding were obtained by a Design of Experiments 

 
‡ This chapter is based on: V. Klöpfer, R. Eckl, J. Floß, P. M. C. Roth, O. Reiser, J. P. Barham, Green Chem 
2021, 23, 6366–6372. The work was mostly processed during my Master's Thesis, but finalized and 
published during my Ph.D. In this manner, the substrate scope was extended and finalized during my Ph.D.; 
all substrates marked with * were not yet reported in my Master Thesis. The entire project was documented 
here for completeness and as a starting point for the following work. R. Eckl performed the big scale batch 
reaction with DCM as solvent. J. Floß performed all melting point measurements for the compounds of this 
chapter and synthezised TsN3 and 2a-2d. P.M.C Roth provided technical support for the Corning® 
Advanced‐FlowTM Lab Photo Reactor. O. Reiser and J. P. Barham were supervising this project. 
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approach. In comparison with a large-scale batch experiment, continuous flow conditions 

improved yield, productivity, and process safety. 

 

3.2 Introduction 

Since the first syntheses of diazo compounds by Griess in 1858,1 they have risen to 

become one of the most versatile reagents in the toolbox of organic synthesis. Their 

applications include X H insertions (X = C, O, N, S), ylide formations, cycloadditions, 

and cyclopropanations.2 In particular, the latter has proven an efficient method to access 

heavily-functionalized intermediates that are readily converted into pharmaceutically-

relevant compounds and drugs.3 For example, (-)-desoxyeseroline,4 

pyrrolo[3,2-e]indoles,5 LY2140023,6 tropanes,7 arglabine™,8 polycyclic endoperoxides,9 

paraconic acid derivates10 or (S)-vigabatrin11 are all readily accessible from a 

functionalized cyclopropanated heteroarene core (Scheme 3-1). While diazo compounds 

are highly valued in academic research, their industrial applications are rare due to the 

toxicity and explosivity of these reactants.12 One of the infrequent industrial utilizations 

of ethyl diazoacetate was reported in 2008 by Bristol-Myers Squibb in the synthesis of a 

selective serotonin reuptake inhibitor on a kilogram scale.13,14 With the vision of applying 

these important yet hazardous diazo compounds in large-scale syntheses, a trend in both 

academic and industrial research has emerged in recent years utilizing continuous flow 

(CF) technology to handle them in a safe and controlled manner.15 In general, the larger 

surface-area-to-volume ratio in CF reactors provides better heat transfer rates compared 

to batch reactions (avoiding adiabatic conditions). The risk of thermal runaways is 

suppressed, and the overall hazard mitigated by much smaller amounts of reactants within 

the reactor at any given time compared to a similarly productive batch process. Therefore, 

CF reactors represent a markedly safer alternative than traditional batch reactors for 

handling high-energy chemical processes.16 Specifically for the handling of diazo 

compounds, the comparatively smaller volume of CF reactors and their ability to handle 

gas-evolving reactions under back-pressure are highly attractive. Since 2010, an 

increasing number of publications have disclosed the synthesis as well as the conversion 

of diazo compounds in CF. Decomposition of the diazo to carbene species was mostly 

metal-catalyzed - as in batch. Common methods rely on homogeneous or immobilized 

complexes based on CuI, CuII and RhII. Chiral ligands have enabled enantioselective 

reactions.17–24 
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Scheme 3-1. Examples of pharmaceutically-relevant compounds and drugs derived from cyclopropanated 

heteroarenes. 

In addition to safety, the cost, productivity, yield, purity, robustness, and environmental 

aspects contribute considerably to decision-making processes in industrial applications.16 

Visible light photons are a clean, non-contaminating energy source that can be used to 

power chemical reactions under ambient conditions. Photochemistry and CF make for an 

attractive match, complementing the increased safety of CF in terms of cost, atom 

efficiency and sustainability. The typical issue of poor scalability of photochemical batch 

reactions due to logarithmical dependence of transmitted light with path length (Lambert-

Beer’s law) is addressed by CF photochemistry. The constant distance of the solution to 

the light source and defined layer thickness enables continuous photo-flow reactors to be 

highly efficient and easily scalable.25–28 Koenigs et al. contributed seminally to the 

utilization of diazo compounds 2 in CF photoreactors (Scheme 3-2, b). Inspired by the 

work of Davies et al. on the photolysis of aryl diazoacetate 2 by low-energy visible light 

to give cyclopropanated hetereoarenes 3 (Scheme 3-2, a),29 the Koenigs group 

successfully cyclopropanated phenylacetylene 4b via photolysis of methyl 2-diazo-2-

phenylacetate 2a in a simple glass CF microreactor. Compared to batch 
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photocyclopropanations, reaction time was decreased, and productivity increased. 

However, the yield of 5b decreased from 97% to 72% under the most productive 

conditions. Recent work by the same group complemented their previous study with the 

cyclopropanation of styrene (4a). Under the best conditions, 5a was obtained in 83% 

following quantitative conversion of 4a at a residence time of 1 h.30–32 

 

Scheme 3-2. a). Photolysis of 2a by Davies and co-workers,29 b). Previous flow photocyclopropanations of 

styrene (4a)32 and phenylacetylene (4b)30 Koenigs and co-workers. C). This work: Safe, scalable, 

sustainable flow photocyclopropanation of heteroarenes 1 in biodegradable solvent in up to g h-1. 
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From a processability perspective, the replacement of chlorinated solvents with ‘green’ 

solvents is highly desirable.33 Low-boiling solvents such as dichloromethane and 

chloroform as used in previous reports are non-ideal for CF reactions as they readily 

cavitate in pump manifolds designed to deliver higher flow rates and throughput.  

Furthermore, chlorinated solvents are in general (i) carcinogenic, (ii) costly to transport 

and manipulate in large volumes due to high density and (iii) are environmentally 

unsustainable. Moreover, a key advantage of CF is the ability to control selectivity via 

residence time control, since the product can be removed from the reaction conditions 

before it undergoes subsequent reactions (like di-additions).34–36 In the cited studies, 

residence times are relatively long (30-60 min), increasing risk of by-products. On the 

other hand, long residence times restrict productivity, a characteristic response that 

assumes superior importance in CF processes – especially in industry. 

Herein, we report a safe, scalable, and sustainable photocyclopropanation of various 

heteroarenes 1 under ambient conditions (Scheme 3-2, c). Biodegradable (higher-

boiling), non-toxic solvent dimethyl carbonate (DMC)37 not only replaced chlorinated 

solvents, it gave superior results. Robustness of the CF photoreactor allowed rapid data 

acquisition for rapid optimization with software-assisted Design of Experiments (DoE). 

Optimal conditions were identified for selectivity (up to 100% selectivity, 82% yield) and 

productivity (up to 1.3 g h-1) using a compact (2.7 mL) CF reactor. Superiority of the 

photo CF process over its batch equivalent was demonstrated by comparisons of 

productivity and yield. 

 

3.3 Results and Discussion 

3.3.1 Transfer of Photocyclopropanation into Continuous Flow 

In this study, a commercial CF photoreactor (Lab Flow Photoreactor©, 2017 Corning 

Incorporated) was employed (schematic depiction in Figure 3-1). Reactions were 

performed by pumping a single cooled feedstock solution from a reservoir into a 2.7 mL 

microfluidic module sandwiched between two light intensity-controllable LED panels 

and irradiated with 455 nm. A back pressure regulator (BPR) was set at 10-18 bars to 

solubilize nitrogen evolved from diazo photolysis and ensure a consistent liquid flow rate. 

Reaction mixtures were collected in a measuring cylinder and responses determined by 

off-line quantitative NMR analysis using an inert internal standard. We selected yield (Y) 
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of 3aa [%], conversion (C) of 2a [%], selectivity (S) towards 3aa [%] and productivity 

(P) of 3aa [mg/min] as the responses. Initial experiments focused on transferring batch 

conditions to flow. Due to its low boiling point and associated risk of cavitation, DCM 

was poorly processible and was initially substituted with (non-ideal) solvent 

dichloroethane in the initial one-factor-at-a-time (OFAT) optimization (Table 3-1). DCE 

as solvent allowed stable flow rates and allowed the effect of various factors on the 

reaction to be evaluated. Temperature (T), concentration of diazo 2a (the molar ratio of 

2a : 1a was kept constant at 1 : 5), residence time (tR
) (as a function of the flow rate) and 

light intensity (IL) were varied. While temperature did not appreciably affect the results 

of the experiments (Table 3-1, entries 1-3), all other factors were crucial for the reaction 

(Table 3-1, entries 4-7). An increased backpressure (from 10 to 18 bar) was required for 

runs with a higher concentration (Table 3-1, entry 7) to prevent gas evolution in the 

microfluidic path and ensure stable flow rates. Performing the reaction in DMC resulted 

in improved yield, selectivity, and productivity (Table 3-1, entries 6 vs 8). For 

completeness, a control reaction conducted in DCE without light confirmed the 

photochemical nature of the reaction and the recovery of diazo 2a (Table 3-1, entry 9). 

 

Figure 3-1. Configuration of the photochemical flow reactor with feedstock solution, dual-piston 

pump, microfluidic module (2.7 mL), BPR and collection flask.  
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Table 3-1. Selected results from the initial experiments according to OFAT changing temperature, tR, IL, 

overall concentration, and solvent at a back pressure of 10 bars. 

[a]determined by quantitative NMR analysis by addition of 1,3,5-trimethoxybenzene as an internal standard 

before running the experiments, estimated error ±5 %. [b]performance at 18 bars of backpressure. 

 

3.3.2 DoE Optimization Study 

Recently, the synthetic community has realized that CF is a powerful tool to rapidly 

acquire data for statistical optimization methods that expediate the identification of 

optimal conditions.38–41 Using the conditions of entry 8 (Table 3-1) as a starting point, 

and with confidence in the robustness of the system to rapidly acquire highly reproducible 

data, a DoE-assisted optimization was performed to find the optimal reaction conditions 

within the processable limits of the system. IL, equivalents of heteroarene partner and 

flow rate (fR) were defined as factors. We chose the ratio of diazo : heteroarene over the 

overall concentration with the view to identify the most sustainable conditions as possible 

and to experimentally substantiate any requirement for an excess of heteroarene 1. To 

investigate significant (a = 0.05) effects of the singular factors as well as the possible 

presence of multifactor interactions on responses, a “two-level full factorial” design 

(TFF) was employed (for more details see 3.4.3 Software-Supported Optimization by 

Design of Experiment (DoE)), costing 8 experiments and several center points for error 

validation. A mathematical model was fitted to the data according to which model gave 

the best statistical fit according to ANOVA (analysis of variance). It could be seen that 

none of the four responses were influenced by multifactor interactions. Conversion was 

influenced only by two factors; fR had a negative influence while IL had a positive 

influence, as expected.42 Yield was influenced by all three factors, where only fR had a 

negative effect. Selectivity was influenced neither by fR nor IL, but was heavily influenced 

by the ratio of 2a : 1a. This justified the use of an excess of furan (1a), presumably 

necessary to intercept the carbene intermediate from 2a before its dimerization or further 

Entry Solvent Conc. 2a 
[M] 

tR   
[min] 

IL [%] T                
[°C] 

C[a]  of 2a  

[%] 
Y[a] of 

3aa  [%] 
S[a] to 

3aa  [%] 
P[a] of 3aa      
[mg h-1]         

1 DCE 0.1 6.8 100 5 88 67 76 348 
2 DCE 0.1 6.8 100 25 91 67 74 348 
3 DCE 0.1 6.8 100 40 93 66 71 340 
4 DCE 0.1 3.9 100 25 79 56 71 509 
5 DCE 0.03 6.8 100 25 95 54 57 85 
6 DCE 0.1 6.8 50 25 66 47 72 246 

7[b] DCE 0.3 6.8 100 25 71 53 75 831 
8[b] DMC 0.1 6.8 100 25 89 77 87 400 

9 DCE 0.1 6.8 0 25 0 0 0 0 
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degradation. Productivity was the only response positively influenced by all three factors, 

as expected. We sought to identify the optimal conditions within this design space. While 

the TFF design could sufficiently compare relative influences effects of different 

experimental factors, it was inappropriate for accurate result predictions due to the 

inability to model data curvature. Therefore, a face-centered central composite design 

(FCC) was employed to obtain a more accurate response surface (Figure 3-2). FCC 

response surfaces for both selectivity and productivity gave maxima in the studied design 

space. In the case of yield and conversion, response surfaces indicated that longer tR could 

improve responses further. However, preliminary experiments showed that slower flow 

rates led to instability of the flow and larger errors in tR. The requirement for excess furan 

to achieve high yield, selectivity and productivity was evident from all response surfaces. 

The response surfaces were validated by performing three experiments at selected points 

on the surface (Table 3-2). While two of these were for simple validation, the third 

experiment aimed to predict the optimal conditions according to ‘desirability’. Selectivity 

was assigned the highest desirability, yield and productivity the second highest, and 

conversion the lowest. A highly productive and effective process would be economically 

more attractive than a process at quantitative conversion but lower efficiency, especially 

in this reaction, in which the unconsumed substrates are easily recoverable. Actual values 

of conversion (Table 3-2, entries 1-3), yields as well as the productivities of entry 1 and 

3 were just outside the calculated space, but agreement was deemed acceptable taking 

into account quantitative NMR analytics subject of an error of ±5% (for more details see 

3.4.3 Software-Supported Optimization by Design of Experiment (DoE)). Due to the 

control and robustness of the CF system, together with the salient benefit of CF in rapid 

screening of conditions from a single feedstock, the full dataset for the DoE optimization 

was collected in just two afternoons. The optimum conditions were exploited to afford 

1.5 g of isolated 3aa after 2.4 h runtime. 
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a) b)

c) d)

 

Figure 3-2. Statistically calculated 3-dimensional response surface for a) conversion, b) yield, c) selectivity 

and d) productivity. All shown curves are for IL = 100 %. Low and high values of the responses are 

symbolized by cold and warm areas on the curves. 

Table 3-2. Model confirming results.  

Predicted results are given in parentheses as mean, upper or lower 95% confidence limits, for more 

details see 3.4.3 Software-Supported Optimization by Design of Experiment (DoE). [a]determined 

by quantitative NMR analysis by addition of 1,3,5-trimethoxybenzene as an internal standard before 

running the experiments, estimated error ±5%. [b]In these cases, the actual value was not within the 

calculated range, but taking into account the standard errors of design and the analytical method 

together, predicted and measured values were in reasonable agreement. [c]The upper limit of 

prediction is shown. [d]The lower limit of prediction is shown. 

 

Entry Solvent Ra�o tR           

[min] 

IL         

[%] 

C[a] of 2a    

[%] 

Y[a] of 3aa    

[%] 

S[a] to 3aa    

[%] 

P[a] of 3aa                    

[mg h-1] 

1 DMC 4 3.4 80 62 (58)[b],[c] 55 (50)[b],[c] 90 (86)[d] 594 (542)[b],[c] 

2 DMC 7 4.7 100 84 (79)[b],[c] 82 (87)[c] 98 (99)[d] 606 (602)[c] 

3 DMC 8 6.0 60 76 (68)[b],[c] 74 (69)[b],[c] 96 (92)[d] 464 (389)[b],[c] 
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3.3.3 Gram-Scale Experiment 

Increasing the overall concentration of the optimal conditions defined by our desirability 

from 0.1 M to 0.3 M (diazo 2a) more than doubled productivity of 3aa from 0.61 g h-1 to 

1.34 g h-1. Under these conditions, 9.9 g of 3aa were isolated after 7.4 h runtime (Scheme 

3-3).  

 

Scheme 3-3. Comparison of large-scale batch reaction in DCM and DMC, respectively, with the long-term 

continuous flow reaction under optimal and more productive conditions, respectively. 

Under the most productive CF conditions, yield was lower than the optimal conditions 

due to a decrease in conversion. In all cases, the unconverted substrates were easily 

recovered by distillation (1a) and column chromatography (2a), respectively. A large-

scale batch reaction was performed under analogous conditions to the optimal flow 

reaction (Scheme 3-3). A 0.1 M solution of 2a (190 mL) in DMC were irradiated in a 

large-scale batch laboratory reactor at a wavelength of 455 nm (Figure 3-4). After 5 h, the 

reaction had completed and 2.0 g (yield 51%) of 3aa were isolated (a nominal 

productivity of 0.40 g h-1) This result clearly underlined the advantage in efficiency of 

performing the photocyclopropanation in CF compared with a large-scale batch reactor, 

likely due to the continuous removal of 3aa from the reaction conditions which mitigates 

against the product undergoing cyclopropanation (di-adduct) or decomposition pathways. 

The overall size-footprint and hazard of the CF reactor is much lower, due to the reactor 

volume of irradiated diazo 2a being 70x smaller than the large-scale batch reactor. 

Compared to a gram-scale reaction in DCM, the benefit of DMC as a green solvent was 

also apparent in batch, increasing the yield from 13% to 51% on a larger scale. 
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3.3.4 Substrate Scope 

 

Scheme 3-4. Substrate scope under the optimized conditions. [a]A longer residence time (tR = 6.8 min) was 

employed due to lower conversion of electron-poor diazo compounds. 
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With optimal conditions in hand, several arenes 1a–l as well as diazo compounds 2a–d 

were converted under optimized conditions in flow (Scheme 3-4). Unsurprisingly, results 

were the best using the model substrates of the optimization study furan 1a and diazo 

acetate 2a. While the yields of 3ba–3ka and 3ac–3ad were good to very good (ca. 50–

70%), the yields of 3la and 3ab were lower. In the reactions of most heteroarenes and 

hetero-/carbocycles the conversion of diazo acetate 2a was in the same range as expected. 

In the case of the methyl 2-(4-nitrophenyl)-2-diazoacetate (2b) and methyl 2-(4-

chlorophenyl)-2-diazoacetate (2c) the conversion of the diazo compound was low at a 4.7 

min residence time. Even at longer residence times (tR = 6.8 min) the conversion only 

reached 69% for 2b and 77% for 2c. Lower conversion was rationalized by the absorbance 

of diazoesters at ca. λ = 450 nm light being negatively affected by the substitution at the 

para-position of the aryl group. Thereby, conversion to the reactive carbene intermediate 

is decreased. Lower product yields of 3ab and 3ac may be rationalized by the lower 

concentrations of carbene intermediate at a given time in the reactor, which may be prone 

to competing pathways if the reaction rate with the heterocycle is not sufficiently fast. In 

contrast, an electron-donating group (EDG) at the same position (in 2d) increased 

absorbance at ca. λ = 450 nm, resulting in more consumption of the diazo compound 2d 

(for UV/Vis spectra of diazo compounds, see Figure 3-10). These results consisted with 

previous small-scale batch results in our group, where 3ab and 3ad were obtained in 40% 

and 73%, respectively, similar to the selectivity observed herein had the reactions of 2c 

and 2d reached full conversion in CF. An analogous observation on the importance of 

para-substitution at the aryl diazoester was made in a blue light-induced [4 + 1]-

annulation under batch conditions.43 Koenigs et al. described the photocyclopropanation 

of styrenes in CF via the photolysis (λ = 470 nm) of various aryl diazoesters 2 with EWGs 

and EDGs. However, in their report diazo compounds were fully consumed to their 

carbene equivalents, likely due to the long residence times employed (tR = 1 h), thus 

reactivity differences of substitution on the aryl ring were not identified.32 

In addition to the differences in conversion, selectivity was influenced by substitution on 

the aryl group of 2.44–47 Decreases in yield and selectivity when a para-EDG was present 

in the aryl diazoester were previously attributed to the less electrophilic character of the 

singlet carbene derived from 2d.46 Herein, photolysis of diazoacetate 1a always resulted 

in a selectivity of ca. 60% or more (except in the synthesis of 3la), somewhat lower than 

in described batch reactions.29,48 This was attributed to performing the optimization study 

with furan (1a) as the model substrate. Cyclopropanations of benzothiophene (1l) and 
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thiophene have rarely been described before by a metal catalyzed approach.6,48–50 In 

general, cyclopropanation of sulfur-containing heteroarenes are rare, challenging 

reactions. In the case of the synthesis of compound 3la, the selectivity of 39% accorded 

with a published small scale batch reaction, in which a 43% selectivity was reported.48 

The low yield (and selectivity) of 3la could be rationalized by ylid formation.51 The 

structure of the cyclopropanes was confirmed using cyclopropanated benzothiophene 

(3la) as an example by X-ray crystallography (structure is shown in 3.4.4 Synthesis and 

analytical Data). Despite inferior results of some substrates, in all cases, the CF 

photocyclopropanation successfully delivers several hundred mg of products per hour as 

useful, highly-functionalized intermediates for further synthetic applications. Thus, our 

conditions serve as an efficient platform to rapidly provide useful quantities of 

cyclopropanated intermediates in the context of their uses in drug discovery or reaction 

discovery. 

 

3.3.5 Conclusion 

In conclusion, we report a highly efficient, selective and catalyst- free visible light 

photocyclopropanation of both heteroarenes and hetero-/carbocycles in continuous flow. 

Hazards associated with the explosivity of diazo compounds and their evolution of N2 

upon reaction are safely contained by back pressure in a microfluidic module and by a 

small volume of reaction mixture exposed to the reaction conditions at any given time. 

The robustness of the reactor system allowed rapid identification of optimal conditions 

via Design of Experiment analysis, which in turn demonstrated the key importance of 

heterocycle stoichiometry on high selectivity and yields. The reaction is amenable to a 

variety of heterocyclic cores and diazoesters and can be easily scaled to gram per hour 

productivities in dimethyl carbonate as a non-toxic, biodegradable ‘green’ solvent. 
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3.4 Experimental Part 

3.4.1 General Information 

Reagents, Solvents and Working Methods 

Commercially available chemical materials were purchased in high quality and were used 

without further purification. Solvents for reaction mixtures were used in p.a. quality or 

dried according to common procedures.52 EtOAc and hexanes (40-60 °C) for 

chromatography were distilled prior to use. The reported yields are referred to isolated 

compounds unless otherwise stated. Reactions were monitored by thin layer 

chromatography (TLC).  

Nuclear Magnetic Resonance Spectroscopy (NMR)  

NMR spectra were recorded using a Bruker Avance 400 (1H: 400 MHz, 13C: 101 MHz, T 

= 298 K) instrument. All chemical shifts are reported in [ppm] (multiplicity, coupling 

constant J, number of protons, assignment of proton) relative to the solvent residual peak 

as the internal standard. All spectra were recorded in CDCl3 ( = 7.26 ppm in 1H NMR, 

 = 77.16 ppm in 13C NMR). The spectra were analyzed by first order and coupling 

constants J are given in Hertz [Hz] and are uncorrected. Abbreviations used for 1H NMR 

signal multiplicity: s = singlet, br. s = broad singlet, d = doublet, dd = doublet of a doublet, 

ddd = doublet of a doublet of a doublet, ddt = doublet of a doublet of a triplet, t = triplet, 

q = quartet, m = multiplet, b = broad.  

 

Chromatography  

Thin‐layer chromatography (TLC) was performed with TLC precoated aluminum sheets 

(Machery‐Nagel TLC sheets ALUGRAM Xtra SIL G/UV254, thickness 0.2 mm). 

Visualization was accomplished by a dual short (λ = 254 nm) / long (λ = 366 nm) 

wavelength UV lamp. Where necessary, staining was done with a vanillin (6.0 g vanillin 

in 100 mL ethanol) or potassium permanganate (1.0 g KMnO4 and 2.0 g Na2cO3 in 100 

mL water) solution. Column chromatography was performed using silica gel (Merck 

Geduran Si 60, 0.063‐0.200 nm particle size) and/or flash silica gel 60 (Merck Geduran 

Si 60, 0.040‐0.063 nm particle size) as the stationary phase in glass columns with either 

G2 or G3 frits. 4  
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UV/Vis Spectroscopy  

UV/Vis spectroscopy was carried out on an Analytik jena Specord® 200Plus. All 

compounds were measured at 10 µM in dimethylcarbonate in a 10 x 10 mm quartz 

cuvette; the solvent used for their preparative flow reactions. Measurement range was 

from 190 nm to 1100 nm.  

Mass Spectrometry  

Mass spectrometry was performed in the Central Analytical Department of the University 

of Regensburg on an Agilent Technologies 6540 UHD Accurate‐Mass Q‐TOF LC/MS. 

Masses observed are accurate to within ±5 ppm. The Ionization method is noted at the 

analytical data of each compound (ESI = electrospray ionization, EI = electron 

ionization). 

IR Spectroscopy  

ATR‐IR spectroscopy was carried out on a Biorad Excalibur FTS 3000 MX, equipped 

with a Specac Golden Gate Diamond Single Reflection ATR‐System or on an Agilent 

Technologies Cary 630 FTIR. Solid and liquid compounds were measured neat as a thin 

film.  

X‐Ray Crystallography  

X‐ray crystallographic analysis was performed by the Central Analytic Department of the 

University of Regensburg using an Agilent Technologies SuperNova, Single clear 

colourless block‐shaped crystals of 3la were used as supplied. A suitable crystal with 

dimensions 0.14 × 0.13 × 0.11 mm3 was selected and mounted on a MITIGEN holder oil 

on a XtaLAB Synergy R, DW system, HyPix‐Arc 150 diffractometer. The crystal was 

kept at a steady T = 123.00(10) K during data collection. The structure was solved with 

the ShelXT 2018/2 (Sheldrick, 2018) solution program using dual methods and by using 

Olex2 1.3‐alpha (Dolomanov et al., 2009) as the graphical interface. The model was 

refined with ShelXL 2018/3 (Sheldrick, 2015) using full matrix least squares 

minimisation on F2. 

Melting point measurements  

Melting points were recorded on Stanford Research Systems OptiMelt MPA 100 

Automated Melting Point System.  
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3.4.2 Setup of the Photochemical Reactors 

Photochemical Flow Reactor 

 

Figure 3-3. Schematic of the flow reactor set‐up including reaction mixture feedstock, pump, fluidic 

module (2.7 mL), BPR and collection flask. 

All flow reactions were performed in a Corning® Advanced‐FlowTM Lab Photo Reactor. 

The reactor comprised of one fluidic module type G1 LF (glass) for low flow rates, two 

LED panels composed of 6 x 20 LED each (20 LEDs of each wavelength on each panel, 

irradiation from both sides, radient power of each LED at 100%: 1360 mW (700 mA), 

therefore 27.2 W input power for each panel), a dual piston pump with a metal free Teflon 

pump head, an adjustable back pressure regulator (BPR) and two thermostat units (for 

controlling temperature of LEDs and for controlling the user specified temperature of the 

fluidic module). Settable wavelengths of the LEDs were 340, 375, 395, 420, 450 and 530 

nm; 450 nm was used throughout this study as guided by the UV/Vis spectra of 

diazoesters. The fluidic module was designed for the mixture of one or two flow paths 

and had a total reactor volume of 2.7 mL. To mitigate background photodegradation or 

evaporation of arene substrate, pre‐prepared reaction mixture feedstocks were maintained 

in an ice bath and in the dark before pumping into the reactor system via the dual piston 

pump. Depending on the reaction mixture concentration, the adjustable back pressure 

regulator was set between 1018 bars (0.1 M = 10 bars, 0.3 M = 18 bars) to keep nitrogen 

– which evolved during photolysis of the diazoesters – in solution and thus to ensure a 

constant flow rate. The pressure in the reactor was monitored by a pressure sensor 

integrated into the pump module. For safety and to maintain integrity of the fluidic 
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module, the maximal allowed pressure was set to 18 bar on the pump sensor such that 

exceeding 18 bar pressure ceased the flow. A schematic is depicted in Figure 3-3. 

Photochemical Big-Scale Batch Reactor 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3-4. Large-scale batch photo-reactor. 

3.4.3 Software-Supported Optimization by Design of Experiment 

(DoE)  

A design space for optimization was chosen by the reliable operational limits of the 

factors of interest as well as prior knowledge of the system:  

Flow rate “fR” = 0.4 (lowest precise flow rate of the pump module under the conditions 

of back-pressure)  1.0 mL/min {poor conversion due to too short residence time};  

Llight intensity “IL” = 0  100% (as defined by the reactor system);  
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equivalents of 1a from 1  9 (aiming for the compromise of lowest possible equivalents 

of 1a while prioritizing highest possible selectivity and yield). 

Experiments at the extremes of the design space were investigated, along with replicate 

center points to model a 3-dimensional response surface and predict the optimal 

conditions or to predict the next iteration of design space based by statistical software 

analysis. The software Design Expert Version 12 by StatEase® was used to interpret the 

results and to build a statistical model to fit the experimental data (by ANOVA). During 

the DoE, a “two-level full factorial” (TFF) design and subsequent face-centered central 

composite (FCC) design was carried out. For TFF, Mn experiments were required, where 

M is the number of levels and n is the number of factors. In this case, 8 (= 23) experiments 

were performed without counting center points or replicates (Figure 3-5, a). FCC design 

contains an embedded factorial design with center points that are amplified with a group 

of star points at the center of each face of the factorial space, for curvature modelling 

(Figure 3-5, b). TFF design results are in Table 3-3. 

     

Figure 3-5. a) Two-level full factorial (TFF) design with three factors and b) 2-dimensional view of the 3-

dimensional (cube) face-centered central composite (FCC) design for DoE study. 
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Table 3-3. Results of the Two-level Full Factorial (TFF) Design: Photoinduced Cyclopropanation of Furan 

(1a)    

Std Run A: Substrate 
1a [equiv] 

B: fR 
[mL/min] 

C: IL               

[%]                 

C[a] of 2a   

[%] 
Y[a] of 3a  

[%] 
S[a] to 
3a  [%] 

P[a] of 3a 

[mg h-1] 

6 1 9 0.4 100 85 79 92 408 

11 2 5 0.7 75 55 53 96 483 

4 3 9 1.0 50 34 30 90 396 

3 4 1 1.0 50 33 20 62 265 

9 5 5 0.7 75 57 53 92 478 

1 6 1 0.4 50 68 36 52 185 

2 7 9 0.4 50 63 59 94 308 

10 8 5 0.7 75 57 52 92 475 

7 9 1 1.0 100 52 27 53 352 

8 10 9 1.0 100 51 47 91 608 

12 11 5 0.7 75 62 61 98 557 

5 12 1 0.4 100 87 51 58 263 

13 13 5 0.7 75 61 58 96 527 
[a]determined by quantitative NMR analysis by addition of 1,3,5-trimethoxybenzene as an internal standard 
before running the experiments, estimated error ±5%. P = productivity, Y = yield, C = conversion, S = 
selectivity. 

For the analysis, the data were fitted into the model which gave the best statistical fit 

according to ANOVA (analysis of variance). For conversion and selectivity, a linear 

model was most suitable. In the case of yield and productivity, a decadic logarithmic 

model fitted most. From the TFF design analysis, half normal plots were obtained, which 

graphically identify whether or not factors and factor interactions had a significant effect 

on the given response and compare the degree of their influence qualitatively (Figure 3-

6). The green triangles on each graph intersected by the red line represented the 

experimental error derived from replicates of the center data points. Factors close to the 

intersecting red line carried an insignificant effect, while the relative distance of the other 

factors from that line indicated their degree of influence. It could be seen that none of the 

four responses was influenced by an interaction. In the case of conversion, the factor fR 

had a negative (longer tR leading to higher conversion) while the factor IL had a positive 

influence on the response (Figure 3-6, a). The yield was controlled by all three factors, 

with only fR having a negative effect (Figure 3-6, b). Selectivity was not affected by either 

fR or IL, but the ratio between substrates was crucial for this response (Figure 3-6, c). 

Productivity was positively influenced by all three factors (Figure 3-6, d). While all the 

influences of the singular factors on each response were as expected, it could not be 
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assumed that no interactions between the factors affected the outcome of the runs. Thus, 

the results indicated a simple factor-response correlation.  

a) b)

c) d)

 

Figure 3-6. Evaluation of significant effects of the factors on each response by Shapiro test. Statistically 

based calculations with a = 0.05 showed the qualitative effect. Orange squares (■) symbolizing positive, 

blue squares (■) symbolizing a negative impact on the responses, the experimental error was symbolized 

by the green triangles (▲). a) conversion of 2a, b) yield of 3a, c) selectivity towards 3a and d) productivity 

of 3a. “Eq substrate” (A) stands for the equivalents of substrate 1a in respect to 1 equiv of 2a. Flow rate (B 

= fR) was given in mL/min. “Intensity” stands for relative light intensity (C = IL). 

While the TFF design could sufficiently compare the effects of different experimental 

factors, it is unable to model data curvature and was therefore inappropriate for accurate 

result predictions. This can be seen in the higher standard error of design moving in any 

direction away from the center points (Figure 3-7). Therefore, a face-centered central 

composite (FCC) design was employed to determine the optimized reaction conditions. 
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The TFF design was augmented with an additional six experiments (a “star design”). 

Usually, this star design employs data points outside of the TFF cube to minimize the 

standard error of design further, however longer tR than 6.7 mL/min and more than 100% 

of IL could not practically be achieved due to instability of flow rates at lower than 0.4 

mL/min and other instrumental limits (negative intensity, flow rate and equivalents are 

impossible). Therefore, the star points of the FCC design were positioned on the faces of 

the cube (Figure 3-5, b). Its results are given in Table 3-4. 

 

Figure 3-7. Statistical standard error for two-level full factorial (TFF) design. 
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Table 3-4. Results of the Face-Centered Central Composite Design : Cyclopropanation of Furan (1a) 

Std Run A: Substrate 
1a [equiv] 

B: fR          
[mL/min] 

C: IL               

[%] 
C[a] of 2a   

[%] 
Y[a] of 3a  

[%] 
S[a] to 3a  

[%] 
P[a] of 3a 

[mg h-1] 

8 1 9 1.0 100 51 47 91 608 
14 2 5 0.7 100 68 70 104 639 
15 3 5 0.7 75 55 53 96 483 
6 4 9 0.4 100 85 79 92 408 
5 5 1 0.4 100 87 51 58 263 
2 6 9 0.4 50 63 59 94 308 
10 7 9 0.7 75 60 56 94 509 
19 8 5 0.7 75 57 52 92 475 
4 9 9 1.0 50 34 30 90 396 
17 10 5 0.7 75 57 53 92 478 
18 11 5 0.7 75 62 61 98 557 
11 12 5 0.4 75 75 68 92 355 
12 13 5 1.0 75 40 37 93 481 
9 14 1 0.7 75 59 37 62 334 
3 15 1 1.0 50 33 20 62 265 
7 16 1 1.0 100 52 27 53 352 
13 17 5 0.7 50 40 38 96 349 
16 18 5 0.7 75 61 58 96 527 
1 19 1 0.4 50 68 36 52 185 

[a]determined by quantitative NMR analysis by addition of 1,3,5-trimethoxybenzene as an internal standard 
before running the experiments, estimated error ±5%. P = productivity, Y = yield, C = conversion, S = 
selectivity 

The analysis of the FCC design led to the modeling of the curvatures for each response 

(Figure 3-8). 
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a) b)

c) d)

 

Figure 3-8. Statistically-calculated 3-dimensional response surface for a) conversion, b) yield, c) selectivity 

and d) productivity. All shown curves are for IL = 100%. Low and high values of the responses are 

symbolized by cold and warm areas on the curves. 

Conversion and selectivity followed a linear model, while for yield an inverse square root 

model and productivity a decadic logarithm model were most suitable. For all responses, 

the optimum lay in the investigated design space for the used reactor system. Both, the 

graph of productivity and the curve of selectivity showed their maximum in the studied 

range. In the case of yield and conversion, the curves indicated that with a longer tR the 

results of both responses could be further improved. However, preliminary experiments 

showed that slower flow rates led to a larger error in the tR and the outcome of the 

experiments became subject to a larger variation. In addition, it was evident from the 

response surfaces that an excess of furan was essential to maintain high yield, selectivity, 

and productivity. Unreacted furan (1a) was recovered easily by distillation.  
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The statistical models were confirmed by further validation experiments setting certain 

conditions and comparing the results predicted by the model and the experimental results. 

In this sense, the results of three new conditions were examined, which had not yet been 

performed during the DoE or OFAT study. While two experiments aimed only to validate 

the response surface, a third experiment aimed to both validate the response surface and 

to confirm the results of the predicted optimal conditions. To determine our ‘optimal’ 

conditions, the ‘desirability’ algorithm of the software was employed - selectivity was 

assigned the highest desirability, yield and productivity the second highest, and 

conversion the lowest desirability. A highly productive and effective process would be 

economically more attractive than a process at quantitative conversion but with lower 

efficiency, especially in this reaction, in which the unconsumed substrates are easily 

recovered. The results of the confirmation runs are summarized in Table 3-5. The means 

of the predicted results are given in parentheses. The comparison of the experimental and 

predicted values is based on statistical calculations. The software specified a range around 

the predicted value. If the value of the actual result lied within this calculated range, then 

it was valid with a confidence interval of 95% that the difference between the determined 

and the predicted result was insignificant. The error type I was therefore 5% (in summary 

for both sides of the Gaussian curve), i.e. the probability that an actual value, in reality, 

differed significantly from the predicted value, but this was not identified, was 5%. All 

experimental values of the conversion (entries 1-3), the measured values of the yields, as 

well as the productivity of entries 1 and 3 were just outside the calculated space, but the 

analytics by quantitative NMR was subject to an estimated error of ±5%. Given the likely 

overlap of the analytical and DoE response surface errors, the agreement is overall 

reasonable. Since the predicted values of the other responses were confirmed, the 

response surface model was experimentally validated. 
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Table 3-5. Confirmation of the obtained model by performing of three runs three times . Conditions of 

entry 1: 2a 1 equiv : 4 equiv 1a, tR = 3.4 min, IL = 80%; entry 2: 2a 1 equiv : 7 equiv 1a, tR = 4.7 min, IL = 

100%; entry 3: 2a 1 equiv : 8 equiv 1a, tR = 6 min, IL = 60%. The “Data Mean” has to lie within the space 

between “95% low” and “95% high”. This space is calculated for an error type I of 5% (both sides of the 

Gaussian curve). The concentration was 0.1 M with respect to 2a for all experiments. 

Entry Response Predicted 
Mean 

Std. Error n 95% low Data 
Mean[a] 

95% high 

1 

Productivity 
[mg h-1] 

502.8756 39.18942 3 471.0546 594.3594 536.8458 

Yield 46.9422% 3.26076% 3 42.1041% 55.2936% 52.2631% 

Conversion 54.9132% 2.93467% 3 50.921% 61.6667% 58.9053% 

Selectivity 90.0486% 3.75104% 3 84.2236% 89.6667% 95.8736% 

2 

Productivity 
[mg h-1] 

558.762 43.5447 3 495.7536 605.9196 629.778 

Yield 79.4315% 7.16394% 3 66.3135% 81.6731% 95.5709% 

Conversion 75.7432% 2.93467% 3 71.1905% 83.6667% 80.2958% 

Selectivity 102.927% 3.75104% 3 95.3594% 97.6667% 110.494% 

3 

Productivity 
[mg h-1] 

361.2288 28.1508 3 325.5942 463.8366 400.764 

Yield 63.4598% 5.12046% 3 54.6024% 74.2909% 73.8756% 

Conversion 65.5132% 2.93467% 3 60.8841% 76.0000% 70.1422% 

Selectivity 95.2676% 3.75104% 3 88.2628% 96.3333% 102.272% 
[a]determined by quantitative NMR analysis by addition of 1,3,5-trimethoxybenzene as an internal standard 
before running the experiments, estimated error ±5%. 

Entry 2 represents the optimal conditions in the specified sense and the best results. It is 

noteworthy that, due to the position of the star designs on the faces of the cube, the errors 

on the prediction become larger at the edges of the design space (Figure 3-9).  

 

 

 

 

 

 

 

 

 

 

Figure 3-9. Statistical standard error for face-centered central (FCC) composite model.  



 Chapter 3: Photocyclopropana�on in Flow  

115 
 

3.4.4 UV/VIS Spectra of Diazoacetates 

 

Figure 3-10. UV/Vis spectra of the synthesized aryl diazoacetates 2b-d.The spectra of 2a (50 µM) was 

reported by Davies et al.29 

 

3.4.5 Synthesis and Analytical Data 

Starting Material Synthesis 

Heteroarenes 1a, 1b, 1c, 1d, 1e and 1l were purchased and used without further 

purification. Cyclopentadiene (1f) was freshly destilled from its dimere. Heteroarenes 1g-

k were readily available and synthesized according to the common procedures. Their 

analytical data are consistent with the literature.4,53,54  

 

4-methylbenzenesulfonyl azide (TsN3)  

 

p-Toluenesulfonylchloride (36.2 g, 190 mmol, 1.0 equiv) was dissolved in acetone 

(200 mL) and water (200 mL). Then NaN3 (12.9 g, 199 mmol, 1.1 equiv) was added in 

portions at 0 °C and the mixture was stirred for 2.5 h at 0 °C. The reaction mixture was 

concentrated under reduced pressure to half of its volume. The aqueous phase was 

extracted with Et2O (3 × 70 mL) and the combined organic phases were dried over 
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MgSO4. Evaporation of the solvent yielded TsN3 (37.3 g, 181 mmol, > 99%) as a 

colorless oil.  

1H NMR (400 MHz, CDCl3):  = 7.84 (d, J = 8.4 Hz, 2H), 7.41 (d, J = 8.0 Hz, 2H), 2.48 

(s, 3H). 

The analytical data were consistent with the literature.55 

CAUTION: Tosyl azide (TsN3), while one of the safer azides and whose utility in the 

preparation of diazo compounds is noted, thermally decomposes above 120 oC and should 

be handled at room temperature or below. It forms explosive azides with metals such as 

Cu, Pb, Hg, Ag, Au, and reacts with acids to form hydrazoic acid (HN3) which is a toxic, 

spontaneously explosive gas. Chlorinated solvents should be avoided. All work with NaN3 

should be conducted behind a shield and in a fume hood. Excess NaN3 is destroyed in a 

fume hood by oxidation with cerium(IV) ammonium nitrate.   (a) G. G. Hazen, L. M. 

Weinstock, R. Connell, F. W. Bollinger, Synth. Comm. 1981, 11, 947-956; (b) P. Cardillo, 

L. Gigante, A. Lunghi, A. Fraleoni-Morgera, P. Zanirato, New. J. Chem. 2008, 32, 47-53; 

(c) Bretherick’s Handbook of Reactive Chemical Hazards, P.G. UrbenElsevier, 

Amsterdam, 2007. (d) H. M. L. Davies, W.-h. Hu, D. Xing, Methyl Phenyldiazoacetate, 

Encyclopedia of Reagents for Organic Synthesis, 2015, Wiley. 

 

methyl 2-diazo-2-phenylacetate (2a)  

 

CAUTION: All aryl diazo esters in the following section were treated as per the title 

compound. The title compound (2a) is stable to storage at room temperature or below. 

No difficulty was experiences after several years of studying this compound. However, 

caution is exercised in handling this compound due to its explosive potential; especially 

heating should be avoided. It is recommended that all procedures using this compound 

be conducted behind a blast shield  H. M. L. Davies, W.-h. Hu, D. Xing, Methyl 

Phenyldiazoacetate, Encyclopedia of Reagents for Organic Synthesis, 2015, Wiley. 
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DBU (29.81 g, 195.8 mmol, 1.5 equiv) was added dropwise to a solution of methyl 

2-phenylacetate (16.60 g, 160.6 mmol, 1.0 equiv) and TsN3 (38.62 g, 195.8 mmol, 

1.5 equiv) in dry MeCN (150 mL) at room temperature under nitrogen atmosphere. After 

stirring for 24 h the mixture was diluted with water (50 mL) and the aqueous phase was 

extracted with Et2O (5 x 150 mL). The combined organic layers were washed with brine 

(150 mL) and dried over NaSO4. The solvent was evaporated and purification of the crude 

product by column chromatography (PE:EA = 95:5) yielded compound 2a (21.14 g, 

120.0 mmol, 92%) as a red-orange oil.  

1H NMR (400 MHz, CDCl3):  = 7.37 – 7.35 (m, 2H), 7.28 – 7.24 (m, 2H), 7.08 – 7.04 

(m, 1H), 3.74 (s, 3H). 

The analytical data were in accordance with the literature.56  

methyl 2-diazo-2-(4-nitrophenyl)acetate (2b)  

 

DBU (3.51 g, 23.1 mmol, 1.5 equiv) was added dropwise to a solution of methyl 

2-(4-nitrophenyl)acetate (3.00 g, 15.4 mmol, 1.0 equiv) and TsN3 (4.55 g, 23.1 mmol, 

1.5 equiv) in dry MeCN (150 mL) at room temperature under nitrogen atmosphere. After 

stirring for 24 h the mixture was diluted with water (50 mL) and the aqueous phase was 

extracted with Et2O (3 x 50 mL). The combined organic layers were washed with brine 

(50 mL) and dried over MgSO4. The solvent was evaporated and purification of the crude 

product by column chromatography (PE:EA = 95:5) yielded compound 2b (3.00 g, 

13.6 mmol, 88%) as a yellow solid. 

1H NMR (400 MHz, CDCl3):  = 8.24 – 8.21 (m, 2H), 7.67 – 7.65 (m, 2H), 3.90 (s, 3H). 

The analytical data were in accordance with the literature.57 
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methyl 2-(4-chlorophenyl)-2-diazoacetate (2c)  

 

DBU (3.41 g, 22.4 mmol, 1.5 equiv) was added dropwise to a solution of methyl 

2-(4-chlorophenyl)acetate (2.75 g, 14.9 mmol, 1.0 equiv) and TsN3 (4.42 g, 22.4 mmol, 

1.5 equiv) in dry MeCN (150 mL) at room temperature under nitrogen atmosphere. After 

stirring for 24 h the mixture was diluted with water (50 mL) and the aqueous phase was 

extracted with Et2O (3 x 50 mL). The combined organic layers were washed with brine 

(50 mL) and dried over MgSO4. The solvent was evaporated and purification by 

chromatography (PE:EA = 95:5) yielded compound 2c (2.73 g, 13.0 mmol, 87%) as an 

orange solid. 

1H NMR (400 MHz, CDCl3):  = 7.33 – 7.31 (m, 2H), 7.26 – 7.24 (m, 2H), 3.77 (s, 3H). 

The analytical data were in accordance with the literature.56 

methyl 2-diazo-2-(4-methoxyphenyl)acetate (2d)  

 

DBU (4.69 g, 30.8 mmol, 1.5 equiv) was added dropwise to a solution of methyl 

2-(4-methoxyphenyl)acetate (3.69 g, 20.5 mmol, 1.0 equiv) and TsN3 (6.07 g, 

30.8 mmol, 1.5 equiv) in dry MeCN (150 mL) at room temperature under nitrogen 

atmosphere. After stirring for 24 h the mixture was diluted with water (50 mL) and the 

aqueous phase was extracted with Et2O (3 x 50 mL). The combined organic layers were 

washed with brine (50 mL) and dried over MgSO4. The solvent was evaporated and 

purification by chromatography (PE:EA = 95:5) yielded compound 2d (3.42 g, 

16.6 mmol, 81%) as a red solid. 

1H NMR (400 MHz, CDCl3):  = 7.38 – 7.25 (m, 2H), 7.28 – 7.24 (m, 2H), 7.08 – 7.04 

(m, 1H), 3.74 (s, 3H), 3.70 (s, 3H). 
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The analytical data were in accordance with the literature.56 

General Procedure (GP) for the Photoinduced Cyclopropanation of Heteroarenes in 

Flow: 

 

Under air, diazoacetate 2 (1 equiv, 0.1 M), 1,3,5-trimethoxybenzene (0.1 equiv, 0.01M, 

for quantitative NMR-analysis) and heteroarene 1 (from 7 equiv, 0.7 M) were dissolved 

in DMC (DCM and DCE during optimization) to form a homogenous feedstock. From 

this point, the feedstock was kept cool either in the fridge (for storage) or by an ice bath 

(during experiments) and kept in the dark with foil shielding. Before pumping the solution 

through the system, the reactor was flushed with the used solvent and the wavelength was 

set to 455 nm. Each sample was collected after conditioning the reactor to the set 

conditions (if not otherwise specified, under the optimal conditions as defined by the DoE 

study: tR = 4.7 min, IL = 100%, T = 25°C). The volume of each sample was measured and 

the solvent was evaporated under reduced pressure. Purification was performed by 

column chromatography using petroleum ether/ ethyl acetate (PE : EA = 19:1, 9:1 + 20% 

triethylamine) as eluent. 

As reactive intermediates for further synthetic transformations, the hazards of all 

compounds in family 3 are unknown and compounds should be treated as toxic until data 

are available. 
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methyl (1S,5S,6R)-6-phenyl-2-oxabicyclo[3.1.0]hex-3-ene-6-carboxylate (3aa) 

 

According to GP, methyl furan (1a) (836.8 mg, 6.6 mmol, 7 equiv) and methyl 2-diazo-

2-phenylacetate (2a) (167 mg, 1 mmol, 1 equiv) were dissolved in DMC (10 mL). The 

solution was pumped through the reactor and collected. Purification via chromatography 

yielded 177.3 mg of the target compound 3aa (0.82 mmol, 82%) as a colorless solid. 

65 mmol scale run at higher productivity: 

Under air, diazoacetate 2a (14.0 g, 0.080 mol, 1 equiv) and furan (1a) (37.9 g ,0.556 mol, 

7 equiv) were dissolved in 265 mL DMC to form a homogenous feedstock. From this 

point, the feedstock was kept cool either in the fridge (for storage) or by an ice bath 

(during experiments) and kept in the dark with foil shielding. Before pumping the solution 

through the system, the reactor was flushed with the used solvent. The sample was 

collected after conditioning the reactor to the set conditions (tR = 4.7 min, IL = 100%, T = 

25°C). After running the experiment for 7.4 h (= after pumping 0.075 mol of the substrate 

through the reactor system), the volume was measured, the solvent evaporated and the 

product 3aa was isolated by column chromatography using petroleum ether/ethyl acetate 

(PE : EA = 19:1, 9:1 + 20% triethylamine) as eluent to obtain 9.89 g (0.046 mol, 60%, 

1331 mg h-1). 

Gram-scale batch reaction comparison 

Under air, diazoacetate 2a (3.3 g, 0.019 mol, 1 eq) and furan (1a) (9.1 g, 0.133 mol, 7 

equiv) were dissolved in 180 mL DMC to form a homogenous solution. The solution was 

transferred into the large-scale batch reactor and was irradiated at 455 nm. After running 

the experiment for 5 h, the solvent was evaporated and the product 3aa was isolated by 

column chromatography (PE : EA = 19:1, 9:1 + 20% triethylamine) to obtain 2.08 g 

(9.60 mmol, 51%). 

Rf: (PE:EA =5:1) = 0.35. 

1H NMR (400 MHz, CDCl3):  7.28 – 7.24 (m, 3H), 7.19 – 7.17 (m, 2H), 5.91 (dd, J = 

2.6, 0.8 Hz, 1H), 5.22 (t, J = 2.6, Hz, 1H), 5.13 (dd, J = 5.6, 0.8 Hz, 1H), 3.61 (s, 3H), 

3.30 (dd, J = 5.6, 2.6 Hz, 1H) 
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13C NMR (101 MHz, CDCl3):  = 174, 147.4, 132.8, 130.8, 127.9, 127.6, 104.1, 70.9, 

52.6, 39.4, 27.9 

The analytical data were in accordance with the literature.10 

dimethyl (1S,5S,6R)-6-phenyl-2-oxabicyclo[3.1.0]hex-3-ene-3,6-dicarboxylate (3ba) 

 

According to GP, methyl furan-2-carboxylate (1b) (836.8 mg, 6.6 mmol, 7 equiv) and 

methyl 2-diazo-2-phenylacetate (2a) (167 mg, 1 mmol, 1 equiv) were dissolved in 

DMC (10 mL). The solution was pumped through the reactor and collected. Purification 

via chromatography yielded 135.2 mg of the target compound 3ba (0.52 mmol, 52%) as 

a colorless solid. 

Rf (PE:EA = 5:1) = 0.25. 

1H NMR (400 MHz, CDCl3):  = δ 7.27 – 7.19 (m, 5H), 6.11 (d, J = 3.0 Hz, 1H), 5.23 

(d, J = 5.4 Hz, 1H), 3.64 (s, 3H), 3.61 (s, 3H), 3.37 (dd, J = 5.4, 3.0 Hz, 1H); 

13C NMR (101 MHz, CDCl3):  = : δ 173.3, 159.0, 149.0 , 132.4, 129.7, 128.2, 127.9, 

114.2, 71.2, 53.0, 52.2, 39.6, 28.7 

The analytical data were in accordance with the literature.10 

methyl (1R,1aS,6bS)-1-phenyl-1a,6b-dihydro-1H-cyclopropa[b]benzofuran-1-
carboxylate (3ca) 

 

According to GP, 2,3-benzofuran (1c) (454.4 mg, 3.9 mmol, 7 equiv) and methyl 2-diazo-

2-phenylacetate (2a) (96.8 mg, 0.6 mmol, 1 equiv) were dissolved in DMC (6 mL). The 

solution was pumped through the reactor and collected. Purification via chromatography 

yielded 71.7 mg of the target compound 3ca (0.3 mmol, 49%) as a colorless solid. 
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Rf (PE:EA = 5:1) = 0.41. 

1H NMR (400 MHz, CDCl3):  = 7.35 (dd, J = 7.4 Hz, 1.4 Hz, 1H), 7.07 (s, 5H), 6.90 

(td, J = 7.8 Hz, J = 1.4 Hz, 1H), 6.80 (td, J = 7.4 Hz, 1.0 Hz, 1H), 6.45 (d, J = 7.1 Hz, 

1H), 5.36 (d, J = 5.5 Hz, 1H), 3.79 (d, J = 5.5 Hz, 1H), 3.67 (s, 3H). 

13C NMR (101 MHz, CDCl3):  = 173.5, 159.6, 132.6, 129.7, 128.1, 127.7, 127.3, 126.6, 

125.2, 121.3, 109.8, 70.6, 52.9, 37.5, 31.1. 

The analytical data were in accordance with the literature.10  

methyl (1S,5S,6R)-6-phenyl-2-oxabicyclo[3.1.0]hexane-6-carboxylate (3da)* 

 

According to GP,  2,3-dihydrofuran (1d) (981 mg, 14.0 mmol, 7 equiv) and methyl 2-

diazo-2-phenylacetate (2a) (352 mg, 2 mmol, 1 equiv) were dissolved in DMC (20 mL). 

The solution was pumped through the reactor and collected for 20 min (= 11.4 mL). 

Purification via chromatography yielded 152.1 mg of the target compound 3da (0.70 

mmol, 61 %) as a colorless solid. 

1H NMR (300 MHz, CDCl3):  = 7.40 – 7.29 (m, 5H), 4.50 (d, J = 5.7 Hz, 1H), 3.77 

(ddd, J = 10.0, 8.3, 3.6 Hz, 1H), 3.57 (s, 3H), 2.65 (t, J = 5.7 Hz, 1H), 2.42 – 2.31 (m, 

1H), 2.29 – 2.18 (m, 1H), 1.89 – 1.81 (m, 1H). 

13C NMR (75 MHz, CDCl3):  = 172.1, 132.3, 131.6 (2x), 128.6 (2x), 127.6, 70.2, 70.1, 

52.4, 38.1, 32.5, 26.3. 

The analytical data were in accordance with the literature.9 
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methyl 7-phenyl-2-oxabicyclo[4.1.0]heptane-7-carboxylate (3ea)* 

 

According to GP, 3,4-dihydro-2H-pyran (1e) (1177,7 mg, 14 mmol, 7 equiv) and methyl 

2-diazo-2-phenylacetate (2a) (352 mg, 2 mmol, 1 equiv) were dissolved in DMC (20 mL). 

The solution was pumped through the reactor and collected for 20 min (= 11.4 mL). 

Purification via chromatography yielded 137 mg of the target compound 3ea (0.59 mmol, 

52%) as a colorless solid. 

1H NMR (300 MHz, CDCl3): δ 7.40 – 7.27 (m, 5H), 4.21 (d, J = 7.5 Hz, 1H), 3.56 (s, 

3H), 3.44 – 3.38 (m, 1H), 3.30 (ddd, J = 12.0, 10.6, 2.0 Hz, 1H), 2.16 (td, J = 7.2, 1.2 Hz, 

1H), 2.01 (ddt, J = 14.0, 11.2, 6.9 Hz, 1H), 1.92 – 1.84 (m, 1H), 1.08 – 0.98 (m, 1H), 0.38 

– 0.22 (m, 1H).  

13C NMR (101 MHz, CDCl3): δ 173.9, 133.4, 132.7 (2x), 128.2 (2x), 127.2, 64.6, 62.3, 

52.5, 35.0, 25.5, 21.3, 17.6. 

The analytical data were in accordance with the literature.9 

methyl (1S,5R,6S)-6-phenylbicyclo[3.1.0]hex-2-ene-6-carboxylate (3fa)* 

 

According to GP, freshly destilled cyclopentadiene (1f) (925 mg, 14 mmol, 7 equiv) and 

methyl 2-diazo-2-phenylacetate (2a) (352 mg, 2 mmol, 1 equiv) were dissolved in 

DMC (20 mL). The solution was pumped through the reactor and collected for 20 min (= 

11.4 mL). Purification via chromatography yielded 173.4 mg of the target compound 3fa 

(0.81 mmol, 71%) as a colorless solid. 

1H NMR (300 MHz, CDCl3): δ 7.21 – 7.23 (m, 3H), 7.13 – 7.10 (m, 2H), 5.78 – 5.74 (m, 

1H), 5.23 – 5.20 (m, 1H), 3.59 (s, 3H), 2.96 – 2.92 (m, 1H), 2.69 – 2.62 (m, 2H), 2.13 – 

2.04 (m, 1H).  



 Chapter 3: Photocyclopropana�on in Flow  

124 
 

13C NMR (101 MHz, CDCl3): δ 174.5, 133.1, 133.0 (2x), 132.9, 129.7, 127.7 (2x), 126.8, 

52.5, 40.9, 37.9, 34.2, 32.4. 

The analytical data were in accordance with the literature.58 

methyl (1S,5S,6R)-6-phenyl-2-tosyl-2-azabicyclo[3.1.0]hex-3-ene-6-carboxylate (3ga) 

 

According to GP, tert-butyl 1-pyrrolecarboxylate (1g) (3097.8 mg, 14 mmol, 7 equiv) and 

methyl 2-diazo-2-phenylacetate (2a) (352 mg, 2 mmol, 1 equiv) were dissolved in 

DMC (20 mL). The solution was pumped through the reactor and collected for 20 min (= 

11.4 mL). Purification via chromatography yielded 205.9 mg of the target compound 3ga 

(0.35 mmol, 51%) as a colorless solid. 

1H NMR (400 MHz, CDCl3):  = 7.71 (d, J = 8.3 Hz, 2H), 7.33 (d, J = 8.5 Hz, 2H), 7.27 

– 7.24 (m, 3H), 7.21 – 7.19 (m, 2H),  5.95 (dd, J = 3.9 Hz, 1.5 Hz, 1H), 5.28 (dd, J = 3.9 

Hz, 2.5 Hz, 1H), 4.53 (dd, J = 6.5 Hz, 1.4 Hz, 1H), 3.60 (s, 3H), 3.14 (dd, J = 6.5 Hz, 2.5 

Hz, 1H), 2.45 (s, 3H), 2.45 (s, 3H). 

13C NMR (101 MHz, CDCl3):  = 173.7, 144.5, 135.0, 132.6 (2x),  130.9, 130.5, 130.1 

(2x), 127.9, 127.5, 127.3, 127.0, 111.4 (2x), 52.9, 52.3, 38.8, 28.1, 21.7. 

The analytical data were in accordance with the literature.48 

2-(tert-butyl) methyl-(1S,5S,6R)-6-phenyl-2-azabicyclo[3.1.0]hex-3-ene-2,6-
dicarboxylate (3ha) 

 

According to GP, tert-butyl 1-pyrrolecarboxylate (1h) (813.6 mg, 4.9 mmol, 7 equiv) and 

methyl 2-diazo-2-phenylacetate (2a) (122.5 mg, 0.7 mmol, 1 equiv) were dissolved in 

DMC (7 mL). The solution was pumped through the reactor and collected. Purification 

via chromatography yielded 111.2 mg of the target compound 3ha (0.35 mmol, 51%) as 

a colorless solid. 
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Rf (PE:EA = 9:1) = 0.44. 

1H NMR (400 MHz, CDCl3) 2 rotamers:  = 7.30 – 7.25 (m, 3H), 7.17 – 7.11 (m, 2H), 

6.15 (d, J = 4.0 Hz, 0.4H), 5.99 (d, J = 4.4 Hz, 0.6H), 5.21 (dd, J = 4.0 Hz, 2.7 Hz, 0.4H), 

5.14 (dd, J = 4.0 Hz, 2.7 Hz, 0.6H), 4.72 (d, J = 7.9 Hz, 0.6H), 4.62 (d, J = 7.9 Hz, 0.4H), 

3.65 (s, 1.2H), 3.62 (s, 1.8H), 3.35 – 3.32 (m, 1H), 1.61 (s, 3.6 H), 1.47 (s, 5.4H) 

13C NMR (101 MHz, CDCl3) 2 rotamers:  = 174.2, 173.9, 151.4, 151.3, 132.8, 132.5, 

131.3, 131.1, 130.9, 130.6, 128.0, 127.9, 127.5, 127.4, 107.4 (x2), 82.0, 81.7, 52.7, 52.6, 

49.5, 49.4, 39.7, 38.4, 29.8, 29.4, 28.5, 28.3. 

The analytical data were in accordance with the literature.29 

dimethyl 7-phenyl-2-azabicyclo[4.1.0]heptane-2,7-dicarboxylate (3ia)* 

 

According to GP, methyl 3,4-dihydro-2H-pyridine-1-carboxylate (1i) (1779 mg, 14 

mmol, 7 equiv) and methyl 2-diazo-2-phenylacetate (2a) (352 mg, 2 mmol, 1 equiv) were 

dissolved in DMC (20 mL). The solution was pumped through the reactor and collected 

for 20 min (= 11.4 mL). Purification via chromatography yielded 185.3 mg of the target 

compound 3ia (0.65 mmol, 57%) as a colorless solid. 

m.p. 151-154 °C 

Rf (PE:EA = 4:1) = 0.51. 

1H NMR (300 MHz, CDCl3) 2 rotamers: δ 7.31 – 7.09 (m, 5H), 3.83 (s, 1.8H), 3.75 (s, 

1.2H), 3.73 (s, 2H, both rotamers), 3.55 (s, 1.9H), 3.52 (s, 1.1H), 3.23 – 3.15 (m, 0.6H), 

3.13 – 3.05 (m, 0.4H), 2.76 – 2.66 (m, 1H, both rotamers), 2.37 – 2.24 (m, 1H, both 

rotamers), 1.96 – 1.73 (m, 2H, both rotamers), 1.19 – 1.11 (m, 1H, both rotamers), 0.42 – 

0.28 (m, 1H, both rotamers). 
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13C NMR (101 MHz, CDCl3) rotamer 1 (rotamer 2):  = 173.9 (173.7), 157.7 (157.5), 

133.4 (133.2), 138.8 (138.5) (2x), 128.7 (128.5) (2x), 127.6 (127.4), 53.1 (53.0), 57.7 

(57.7), 42.6 (42.3), 41.5 (41.1), 34.9 (34.7), 25.1 (24.8), 21.1 (20.9), 18.7 (18.6). 

HR MS (EI): calcd. for C15H14O5 (M)+, m/z = 289.1309; found 289.1307. 

IR (ATR):  2952, 1685, 1439, 1383, 1245, 1197, 1103, 962, 772, 705 cm-1. 

2-(tert-butyl) 1-methyl-(1R,1aS,6bS)-1-phenyl-1a,6b-dihydrocyclopropa[b]indole-
1,2(1H)-dicarboxylate (3ja) 

 

According to GP, tert-butyl 1-indolecarboxylate (1j) (1.833 g, 8.4 mmol, 7 equiv) and 

methyl 2-diazo-2-phenylacetate (2a) (212.3 mg, 1.2 mmol, 1 equiv) were dissolved in 

DMC (11 mL). The solution was pumped through the reactor and collected. Purification 

via chromatography yielded 246.6 mg of the target compound 3ja (0.7 mmol, 56%) as a 

yellowish oil. 

Rf (PE:EA = 9:1) = 0.47. 

1H NMR (400 MHz, CDCl3) 2 rotamers:  = 7.43 (d, J = 8.0 Hz, 1H), 7.38 (d, J = 7.2 

Hz, 1H), 7.06-7.04 (m, 3H), 7.01-6.96 (m, 3H), 6.92-6.88 (m, 1H), 4.97 (d, J = 6.8 Hz, 

0.5H), 4.86 (d, J = 6.8 Hz, 0.5H), 3.73 (t, J = 6.6 Hz, 1H), 3.68 (d, J = 10.3, 1.5Hz), 3.65 

(s, 1.5H), 1.65 (s, 4.5H), 1.59 (s, 4.5H). 

13C NMR (101 MHz, CDCl3):  = 173.7, 173.5, 153.0, 151.8, 142.5, 141.4, 132.4, 132.1, 

130.5, 130.4, 129.3, 128.5, 128.0, 127.8, 127.7, 127.4, 127.3, 125.7, 125.2, 122.5, 122.4, 

114.7, 114.5, 82.7, 82.0, 52.9, 52.8, 50.8, 50.7, 35.6, 34.8, 32.2, 31.9, 28.6, 28.4. 

The analytical data were in accordance with the literature.29 
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2-tert-butyl 1-methyl 5-fluoro-1-phenyl-1,6b-dihydrocyclopropa[b]indole-1,2(1aH)-
dicarboxylate (3ka)* 

 

According to GP, tert-butyl 5-fluoroindole-1-carboxylate (1k) (1.600 g, 6.8 mmol, 

7 equiv) and methyl 2-diazo-2-phenylacetate (2a) (0.171 mg, 0.97 mmol, 1 equiv) were 

dissolved in DMC (9.7 mL). The solution was pumped through the reactor and collected. 

Purification via chromatography yielded 212 mg of the target compound 3ka (0.55 mmol, 

57%) as a yellowish oil. 

1H NMR (300 MHz, CDCl3) 2 rotamers: δ = 7.39 – 7.34 (m, 1H), 7.10 – 7.07 (m, 4H), 

6.97 – 6.94 (m, 2H), 6.71 – 6.62 (m, 1H), 4.97 (d, J = 6.8 Hz, 0.4H), 4.86 (d, J = 6.8 Hz, 

0.6H), 3.73 – 3.65 (m, 4H), 1.64 (s, 5H), 1.57 (s, 4H). 

13C NMR (101 MHz, CDCl3): δ = 173.5, 173.2, 159.9, 157.5, 152.7, 151.7, 138.7, 137.7, 

132.3, 132.0, 130.2, 128.0, 127.9, 127.6, 127.4, 115.5, 115.4, 115.3, 115.2, 114.7, 114.4, 

114.2, 112.8, 112.6, 112.4, 112.2, 82.9, 82.1, 53.0, 52.9, 51.3, 51.1, 35.2, 34.4, 32.4, 32.1, 

28.6, 28.4. 

19F NMR (282 MHz, CDCl3): δ = -121.5, -121.9. 

The analytical data were in accordance with the literature.48 

methyl (1S,1aS,6bR)-1-phenyl-1a,6b-dihydro-1H-benzo[b]cyclopropa[d]thiophene-1-
carboxylate (3la) 

 

According to GP, 2,3-benzothiophene (1l) (2.631 g, 9.3 mmol, 7 equiv) and methyl 2-

diazo-2-phenylacetate (2a) (234.5 mg, 1.3 mmol, 1 equiv) were dissolved in DMC (11 

mL). The solution was pumped through the reactor and collected. Purification via 

chromatography yielded 109 mg of the target compound 3la (0.4 mmol, 29%) as a 

yellowish solid. 
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Rf (PE:EA = 9:1) = 0.42. 

1H NMR (400 MHz, CDCl3):  = 7.50 – 7.48 (m, 1H), 7.10 – 7.05 (m, 3H), 7.04 – 7.02 

(m, 3H), 6.98 – 6.94 (m, 1H), 6.79 – 6.77 (m, 1H), 4.08 (d, J = 7.8 Hz, 1H), 4.03 (d, J = 

7.8 Hz, 1H), 3.66 (s, 3H) 

13C NMR (101 MHz, CDCl3):  = 174.4, 142.9, 136.9, 132.9, 130.8, 127.7, 127.3, 127.2, 

126.7, 124.4, 121.7, 53.1, 44.3, 39.9, 31.3 

The analytical data were in accordance with the literature.48  

CCDC-Number: 2091948  

The crystals were obtained by dissolving the compound in acetone and subsequently slow 

evaporation of the solvent. 

methyl (1S,5S,6R)-6-(4-nitrophenyl)-2-oxabicyclo[3.1.0]hex-3-ene-6-carboxylate (3ab) 

 

According to GP but with an residence time of 6.75 min, furan (1a) (571.8 mg, 8.4 mmol, 

7 equiv) and methyl 2-diazo-2-(4-nitrophenyl)acetate (2b) (265.6 mg, 1.2 mmol, 1 equiv) 

were dissolved in DMC (11.5 mL). The solution was pumped through the reactor and 

collected. Purification via chromatography yielded 84.6 mg of the target compound 3ab 

(0.32 mmol, 27%) as a colorless solid. 

Rf (PE:EA = 5:1) = 0.39. 

1H NMR (300 MHz, CDCl3):  = 8.15 – 8.12 (m, 2H), 7.38 – 7.33 (m, 2H), 5.91 (dd, 

J = 2.5 Hz, 0.8 Hz, 1H), 5.25 (t, J = 2.6 Hz, 1H), 5.20 (dd, J =5.6 Hz, 0.8 Hz , 1H), 3.63 

(s, 3H), 3.38 (dd, J = 5.7, 2.7 Hz, 1H). 

13C NMR (75 MHz, CDCl3):  = 172.5, 147.8, 147.3, 138.6, 133.8 (2x), 123.2 (2x), 104.0, 

70.9, 52.9, 39.7, 27.6. 

HR MS (EI): calcd. for C12H10NO5 (M)+, m/z = 261.0632; found 261.0627. 
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IR (ATR): n 3109, 2952, 1700, 1592, 1435, 1249, 1144, 1051, 1018, 977, 954, 689 cm-1. 

methyl (1R,5R,6S)-6-(4-chlorophenyl)-2-oxabicyclo[3.1.0]hex-3-ene-6-carboxylate 

(3ac) 

 

According to GP but with an residence time of 6.75 min, furan (1a) (571.8 mg, 8.4 mmol, 

7 equiv) and methyl 2-(4-chlorophenyl)-2-diazoacetate (2c) (254.4 mg, 1.2 mmol, 1 

equiv) were dissolved in DMC (11.5 mL). The solution was pumped through the reactor 

and collected. Purification via chromatography yielded 144.4 mg of the target compound 

3ac (0.58 mmol, 48%) as a colorless solid. 

Rf (PE:EA = 5:1) = 0.31. 

1H NMR (400 MHz, CDCl3):  = 7.29 – 7.28 (m, 2H), 7.15 – 7.12 (m, 2H), 5.95 (d, 

J = 1.8 Hz, 1H), 5.24 (t, J = 2.6 Hz, 1H), 5.15 (d, J = 5.6, 1H), 3.65 (s, 3H), 3.32 (dd, 

J = 5.6, 2.6, 3.0 Hz, 1H). 

13C NMR (101 MHz, CDCl3):  = 173.6, 147.7, 134.2, 134.2, 133.3, 129.4, 128.3, 128.3, 

104.0, 70.9, 52.7, 39.5, 27.3. 

HR MS (EI): calcd. for C13H11O3Cl (M)+, m/z = 250.0391; found 250.0387. 

IR (ATR): n 2952, 1696, 1588, 1498, 1435, 1260, 1144, 1088, 988, 854, 691 cm-1. 

methyl (1S,5S,6R)-6-(4-methoxyphenyl)-2-oxabicyclo[3.1.0]hex-3-ene-6-carboxylate 

(3ad) 

 

According to GP, furan (1a) (281.6 mg, 4.1 mmol, 7 equiv) and methyl 

2-diazo-2-(4-methoxyphenyl)acetate (2d) (121.8 mg, 0.6 mmol, 1 equiv) were dissolved 

in DMC (6 mL). The solution was pumped through the reactor and collected. Purification 
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via chromatography yielded 100.4 mg of the target compound 3ad (0.4 mmol, 69%) as a 

colorless solid. 

Rf (PE:EA = 5:1) = 0.25. 

1H NMR (400 MHz, CDCl3):  = 7.10 – 7.06 (m, 2H), 7.82 – 7.80 (m, 2H), 5.93 (d, 

J = 1.8 Hz, 1H), 5.21 (t, J = 2.6 Hz, 1H), 5.11 (d, J = 5.6, 1H), 3.78 (s, 3H), 3.62 (s, 3H), 

3.27 (dd, J = 5.6, 2.6 Hz, 1H). 

13C NMR (101 MHz, CDCl3):  = 174.4, 158.8, 147.4, 147.4, 133.9, 133.9, 122.7, 113.4, 

104.0, 71.0, 55.2, 52.7, 39.6, 27.2. 

HR MS (EI): calcd. for C14H14O4 (M)+, m/z = 246.0887; found 246.0882. 

IR (ATR): n 3105, 2952, 2840, 1700, 1517, 1431, 1238, 1141, 1017, 977, 950, 716 cm-1. 
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3.4.6 NMR Spectra 

4-methylbenzenesulfonyl azide (TsN3)  

 

methyl 2-diazo-2-phenylacetate (2a)  
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methyl 2-diazo-2-(4-nitrophenyl)acetate (2b)  

 

methyl 2-(4-chlorophenyl)-2-diazoacetate (2c)  
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methyl 2-diazo-2-(4-methoxyphenyl)acetate (2d)  
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methyl (1S,5S,6R)-6-phenyl-2-oxabicyclo[3.1.0]hex-3-ene-6-carboxylate (3aa) 
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dimethyl (1S,5S,6R)-6-phenyl-2-oxabicyclo[3.1.0]hex-3-ene-3,6-dicarboxylate (3ba) 

 

 

 

 

 



 Chapter 3: Photocyclopropana�on in Flow  

136 
 

methyl (1R,1aS,6bS)-1-phenyl-1a,6b-dihydro-1H-cyclopropa[b]benzofuran-1-
carboxylate (3ca) 
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methyl (1S,5S,6R)-6-phenyl-2-oxabicyclo[3.1.0]hexane-6-carboxylate (3da)* 
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methyl 7-phenyl-2-oxabicyclo[4.1.0]heptane-7-carboxylate (3ea)* 
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methyl (1S,5R,6S)-6-phenylbicyclo[3.1.0]hex-2-ene-6-carboxylate (3fa)* 
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methyl (1S,5S,6R)-6-phenyl-2-tosyl-2-azabicyclo[3.1.0]hex-3-ene-6-carboxylate (3ga)* 
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2-(tert-butyl) methyl-(1S,5S,6R)-6-phenyl-2-azabicyclo[3.1.0]hex-3-ene-2,6-
dicarboxylate (3ha) 
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dimethyl 7-phenyl-2-azabicyclo[4.1.0]heptane-2,7-dicarboxylate (3ia)* 
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2-(tert-butyl) 1-methyl-(1R,1aS,6bS)-1-phenyl-1a,6b-dihydrocyclopropa[b]indole-
1,2(1H)-dicarboxylate (3ja) 
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2-tert-butyl 1-methyl 5-fluoro-1-phenyl-1,6b-dihydrocyclopropa[b]indole-1,2(1aH)-
dicarboxylate (3ka)* 

 

 

 



 Chapter 3: Photocyclopropana�on in Flow  

145 
 

 

methyl (1S,1aS,6bR)-1-phenyl-1a,6b-dihydro-1H-benzo[b]cyclopropa[d]thiophene-1-
carboxylate (3la) 
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methyl (1S,5S,6R)-6-(4-nitrophenyl)-2-oxabicyclo[3.1.0]hex-3-ene-6-carboxylate (3ab) 
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methyl (1R,5R,6S)-6-(4-chlorophenyl)-2-oxabicyclo[3.1.0]hex-3-ene-6-carboxylate 

(3ac) 
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methyl (1S,5S,6R)-6-(4-methoxyphenyl)-2-oxabicyclo[3.1.0]hex-3-ene-6-carboxylate 

(3ad) 
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3.4.7 X-Ray Crystallography 

Single crystal x‐ray diffraction data were recorded for a suitable crystal of 3la. The crystal 

was mounted on a MITIGEN holder with inert oil on a XtaLAB Synergy R, DW system, 

HyPix‐Arc 150 diffractometer using Cu‐Ka radiation ( = 1.54184 Å). The crystal was 

kept at a steady T = 123.00(10) K during data collection. Empirical multi‐scan and 

analytical absorption corrections59 were applied to the data. Structures were solved using 

SHELXT60 using dual methods and Olex2 as the graphical interface,61 and least‐squares 

refinements on F2 were carried out using SHELXL.60,62  

All non‐hydrogen atoms were refined anisotropically. Hydrogen atom positions were 

calculated geometrically and refined using the riding model. Most hydrogen atom 

positions were calculated geometrically and refined using the riding model, but some 

hydrogen atoms were refined freely.  

2091948 (3la) contain the supplementary crystallographic data for this paper. These data 

are provided free of charge by The Cambridge Crystallographic Data Centre. 
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Table 3-6. Crystallographic data and structure refinement for 3la. 

Compound 3la 
Empirical formular C17H14O2S 

calc/(g/cm3) 1.376 

µ/mm-1 2.089 
Formular weight 282.34 g mol-1 

Crystal colour Clear colourless 
Crystal shape Block-shaped 

Crystal size/mm3 0.14 x 0.13 x 0.11 
Temperature/K 123.00(10) 
Crystal system monoclinic 
Space group P21/c 

a/ Å 11.6106(3) 
b/ Å 16.0508(3) 
c/ Å 7.5624(2) 
/ Å 90 

/ Å 104.790(2) 
/ Å 90 

Volume/Å³ 1362.63(6) 
Z 4 
Z' 1 

Wavelength/Å 1.54184 
Radiation Cu Kα 
Θmin (°) 3.938 
Θmax (°) 73.823 

Reflections collected 15601 
Independent reflections 2655 
Reflections I≥2 (I) 2453 

Rint 0.0250 
Parameters 182 
Restraints 0 

Largest peak 0.614 
Deepest hole -0.677 

GooF 1.077 
wR2 (all data) 0.1274 

wR2 0.1254 
R1 (all data 0.0489 

R1 0.0461 
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Figure 3-11. Solid‐state molecular structure of 3la, including atom numbering scheme. Thermal ellipsoids 

are set at the 50% probability level. C atoms shown in grey, S atom in yellow and O atoms in red. 

 

Figure 3-12. Picture of 3la crystal inside the diffractometer. 
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Table 3-7. Bond lengths for 3la. 

Atom Atom Length/Å 
S1 C17 1.773(2) 
S1 C10 1.782(2) 
O1 C2 1.336(2) 
O1 C1 1.455(2) 
O2 C5 1.212(2) 
C4 C3 1.495(3) 
C4 C2 1.496(3) 
C4 C9 1.396(3) 
C3 C2 1.496(3) 
C3 C11 1.547(3) 
C3 C10 1.540(3) 
C12 C11 1.481(3) 
C12 C13 1.408(3) 
C12 C17 1.399(3) 
C5 C6 1.392(3) 
C6 C7 1.390(3) 
C11 C10 1.503(3) 
C13 C14 1.389(3) 
C7 C8 1.384(3) 
C9 C8 1.391(3) 
C17 C16 1.383(3) 
C15 C14 1.398(3) 
C15 C16 1.366(3) 

 

Table 3-8. Bond angles for 3la. 

Atom Atom Atom Angle/° 
C17 S1 C10 92.01(10) 
C2 O1 C1 115.66(15) 
C5 C4 C3 120.07(18) 
C5 C4 C9 119.13(18) 
C9 C4 C3 120.68(18) 
C4 C3 C2 117.61(17) 
C4 C3 C11 121.08(17) 
C4 C3 C10 121.69(17) 
C2 C3 C11 112.82(16) 
C2 C3 C10 111.87(16) 
C10 C3 C11 58.25(13) 
C13 C12 C11 126.33(19) 
C17 C12 C11 113.73(18) 
C17 C12 C13 119.94(19) 
O1 C2 C3 112.22(16) 
O2 C2 O1 123.75(19) 
O2 C2 C3 124.03(18) 
C4 C5 C6 120.72(19) 
C7 C6 C5 119.64(19) 
C12 C11 C3 117.25(16) 
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C12 C11 C10 109.84(17) 
C10 C11 C3 60.66(13) 
C14 C13 C12 117.8(2) 
C8 C76 C6 120.09(19) 
C8 C94 C4 120.19(19) 
C12 C17 S1 113.28(16) 
C16 C17 S1 125.47(18) 
C16 C17 C12 121.2(2) 
C3 C10 S1 119.90(14) 
C11 C10 S1 110.98(15) 
C11 C10 C3 61.10(13) 
C7 C8 C9 120.2(2) 
C16 C15 C14 121.1(2) 
C13 C14 C15 121.0(2) 
C15 C16 C17 118.8(2) 

 

The X ray crystal structures of compounds 3aa and 3ba have been previously reported 
(CCDC numbers: 1576359 and 1576357, respectively).10 
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Chapter 4 

4 Catalyst-Free, Scalable, Green-Light-Mediated 

Iodoamination, and Further Transformation of Olefins 

Under Continuous Flow Conditions‡ 

4.1 Abstract 

  

We report the iodoamination of alkenes in continuous flow under metal-free, visible-light-

mediated conditions with commercially available N-iodosuccinimide and protected 

amines. Unactivated and activated alkenes as well as Michael acceptors are amenable 

substrate classes for this process, allowing the synthesis of 1,2-iodoamines with a broad 

scope and in high yields (59−94%). The steadiness of the protocol is demonstrated in a 

continuous flow experiment over 4.5 h for the coupling of styrene, NIS, and N-tosyl-

amine, which gave rise to 14 g (91%) of the iodoaminated product, corresponding to a 

productivity of 3.1 g h−1.Additionally, the direct conversion of the products without prior 

isolation into aziridines, enamines, amino alcohols, or azidoamines is possible, 

underscoring the synthetic value of this approach. Variation of the reaction conditions by 

adding typical impurities in reagents or solvents or changing the irradiation from green 

to blue light had a minimal effect on the yield, giving credit to the robustness of the 

process. 

 

 
‡ This chapter is based on: V. Klöpfer, L. Roithmeier, M. Kobras, P. Kreitmeier, O. Reiser, Org. Process 

Res. Dev. 2025, 29, 755-759. L. Roithmeier performed her bachelor's thesis as part of this chapter under the 
supervision of V. Klöpfer. Optimization of the reaction conditions in flow (Table 4-1) was performed by 
L. Roithmeier. M. Kobras synthesized compound S1 and 1f. P. Kreitmeier designed the reactor used in this 
project and provided technical support. O. Reiser was supervising this project. 
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4.2 Introduction 

Nitrogen-containing compounds are represented in numerous natural products and 

pharmaceuticals. In fact, 90% of drug molecules bear at least one nitrogen atom.1 

Consequently, the formation of C−N bonds is an ongoing research topic in academia and 

industry. Haloaminations, first described in the middle of the 20th century, have proven to 

be a decisive reaction to incorporate an amine and a halogen group into C−C double bonds 

simultaneously to obtain vicinal haloamines.1,2 These structural moieties represent key 

motifs in many bioactive metabolites and are versatile intermediates in pharmaceutical 

and organic chemistry. Therefore, several protocols for chloro- and bromoamination of 

unsaturated C−C bonds have been developed in the past decade.3–14 Inspired by reports 

on intramolecular iodoaminations,15–18 we disclosed a photochemical protocol for the 

intermolecular photochemical iodoamination of unactivated and activated alkenes in 

2021.19 This way, 1,2-iodoamines became broadly accessible, which proved to be 

valuable for further transformations. Driven by the broad applicability and based on our 

interest in photo flow reactions,20 we set out to transfer the developed iodoamination 

protocol to continuous flow conditions. Kappe et al. impressively demonstrated the 

potential of continuous flow by elaborating a chloroamination of alkenes under 

photochemical conditions (Scheme 4-1).21 In a two-step flow cascade setup, they were 

able first to generate and subsequently incorporate N-chloroamines into various alkenes 

in an ATRA-type reaction. As an alternative, we herein report the catalyst-free 

iodoamination of alkenes under continuous photo flow conditions with bench-stable 

starting materials on a gram-per-hour scale (Scheme 4-1) without first preparing and 

purifying an N-halogen reagent. Furthermore, we successfully transformed the crude 

products obtained from the amino-iodination reaction into aziridines (either in a two-step 

flow setup or in a telescopic batch setup), β-amino alcohols, enamines, or vicinal 

azidoamines (Scheme 4-3). 
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Scheme 4-1. Haloamination of alkenes under continuous photo flow conditions by Kappe et al. 

(chloroamination)21 and this work (iodoamination). 

4.3 Results and Discussion 

4.3.1 Optimization Under Flow Conditions 

While batch reactions are not restrained to homogeneity, homogeneous conditions are 

generally required for trans-formations under continuous flow conditions. Under the 

batch reaction conditions previously reported by us, the starting materials are not 

dissolved completely.19 To maintain the sustainability of the procedure using dimethyl 

carbonate (DMC) as a solvent, we chose to decrease the concentration to 0.1 M (instead 

of 0.25 M under batch conditions) rather than change the solvent to obtain complete 

solubility. Nevertheless, the solvent could be recycled by distillation (90%) at the end of 

the reaction and reused (robustness scan, see Figure 4-1). Initial attempts converting p-

toluene sulfonamide (3a, PASAM), N-iodosuccinimide (NIS, 2), and styrene (1a) under 

continuous photo flow conditions were nevertheless characterized by low conversion and 

yield (Table 4-1, entry 1). Based on the assumption that traces of hydrogen iodide may be 

present in NIS (2) or formed during the reaction that would affect the reaction negatively, 

catalytic amounts (10 mol %) of various inorganic bases were added to the stock solution 
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of the substrates. Initially, potassium carbonate proved to be the most effective, giving 

rise to 4a with 85% and perfect regioselectivity at a residence time (tR) of 10 min (Table 

4-1, entry 2). Altering the temperature (Table 4-1,entry 3), flow rate (fR, Table 4-1, entry 

4), or concentration (Table 4-1, entry 5) resulted in lower yields and conversion. Using 

acetonitrile (MeCN) instead of DMC as a solvent allows a higher concentration, as even 

at 0.3 M, the reaction solution is homogeneous but proves to be significantly inferior for 

the process (Table 4-1, entry 6). Finally, we found that the employment of potassium 

acetate improved the reaction further, resulting in complete conversion and furnishing 4a 

in 93% yield (Table 4-1, entry 8), which is equivalent to a productivity of product 4a of 

1.52 g h−1 (Scheme 4-2).  

 

Table 4-1. Optimization of the aminoiodination of styrene (1a) with NIS (2) and N-tosylamine (3a) under 

continuous flow conditions. 

 

Entry Variation Yield % (NMR)a 

1 No base 35 

2 K2CO3 / KOH / K3PO4 (10 mol%) 85 / 80 / 70  

3 T = 10 °C, K2CO3 (10 mol %) 75 

4 tR = 5 min (fR = 1.4 mL min-1)  /  

tR = 20 min (fR = 0.35 mL min-1), K2CO3 (10 mol %) 

37 / 70 

5 0.05 M / 0.2 M, K2CO3 (10 mol %) 78 / 59 

6 0.1 M MeCN, K2CO3 (10 mol %) 20 

7 0.2 M, tR = 20 min, K2CO3 (10 mol %) 48 

8 KOAc (10 mol%) 93 

Standard conditions: 1a (1 equiv, 250 mmol), 2 (1 equiv, 250 mmol), 3a (1 equiv, 250 mmol) in DMC (0.1 

M), KOAc (10 mol%, 25 mmol), collected volume VC = 2.5 mL (collected in 3 min 34 sec), residence time tR 

= 10 min, flow rate fR = 0.7 mL min-1, reactor volume  VR = 7 mL, T = 25 °C, max = 530 nm. aDetermined by 

NMR analysis with 1,1,2,2-tetrachlorethane as an internal standard, error ±5 %. 

 

4.3.2 Substrate Scope, Upscaling, and Further Transformations 

With the optimized conditions in hand, we evaluated some representative substrates 

(Scheme 4-2). Activated and unactivated alkenes as well as α,β-unsubstituted alkenes, 

performed well with similar efficiency − ranging from 59 to 94% of yield − to the 

previously reported batch setup.19 Notably, the N-Nosyl product 4c was generated in 87% 
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yield, allowing the amine moiety’s deprotection under mild conditions. Furthermore, we 

applied the protocol to N-(2-allylphenyl)-4-methylbenzenesulfonamide (1f) to showcase 

an intramolecular reaction and obtained 4h in a 73% yield. In addition, we evaluated the 

ability to boost productivity by increasing the volume of the flow reactor to 14 mL, while 

the tR remained the same. No significant decrease in the yield was observed, resulting in 

an increase in the productivity of 4a from 1.52 to 3.04 g h−1 (Scheme 4-2). Furthermore, 

the steadiness of the process was demonstrated by performing the reaction in the 14 mL 

reactor under standard conditions for 4 h and 36min, producing 14.0 g (isolated, 91% 

yield, 3.04 g h−1) of compound 4a. To monitor the stability of the process, the output of 

the reactor was fractionated every 24 min into 2.5 mL aliquots, and the yield of the 

fractions was determined either by quantitative NMR (in black) or by isolation (in red, 

for details, see 4.4.2 Synthesis and Analytical Data, Table 4-4).  

The resulting assay yields ranged from 89−94% for all fractions, providing an average 

yield of 91% (Scheme 4-3, a). While our previously reported batch process proved to be 

scalable to gram quantities without loss in yield,19 comparing these conditions with the 

photo flow process reported here is of limited value due to varied light sources, reaction 

setup (internal vs external irradiation), and different concentrations (0.25 M vs 0.1 M).23,24 

Therefore, we performed the synthesis of 4a in a large-scale batch reactor under identical 

reaction conditions as in flow (180 mmol, 0.1 M, identical light source).  

We obtained a good but nevertheless diminished yield of 72% with less than half the 

productivity (1.15 g h−1, 5.2 g of 4a after 4.5 h) that is achieved in flow. We attribute this 

not only to the larger layer thickness in the batch reactor but also to the formation of small 

quantities of strongly colored byproducts: a color change from yellow to red occurs in the 

course of the reaction, which deepens in the batch reactor and thereby makes light 

penetration increasingly difficult over time (for more details, see 4.4.1 General 

Information).25,26 No reactor fouling was observed in either batch or flow, which holds 

the promise of further upscaling. The robustness of the process was evaluated by 

modifying the reaction conditions for the synthesis of 4a from 1a, 2, and 3a by adding 

typical contaminants that could be detrimental for the title reaction (Figure 4-1, for more 

details, see 4.4.2 Synthesis and Analytical Data, Table 4-3). Additional succinimide that 

could stem from low-grade NIS (2), undistilled styrene (1a), and 0.5% water (v/v) had no 

significant effect on the yield. In turn, running the reaction under a nitrogen atmosphere 

by degassing the solution and purging the reactor with nitrogen prior to operation did not 
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increase the yield. Likewise, reusing the solvent upon recycling was possible without a 

loss of yield. In contrast, using blue (455 nm) instead of green (530 nm) LEDs for 

irradiation of the solution resulted in a reduced yield of 83% (10% difference from the 

standard conditions), which might be due to an increased iodine production with higher 

energy light, which is known to be an effective quencher and thus a poison for 

photocatalytic processes.27,28  

 

Scheme 4-2. Substrate Scope of the Iodoamination of Olefins Under Continuous Photo-Flow Conditions. 

Standard conditions: 1 (1 equiv, 250 mmol), 2 (1 equiv, 250 mmol), 3 (1 equiv, 250 mmol) in DMC (0.1 

M), KOAc (10 mol%, 25 mmol), collected volume VC = 2.5 mL (collected in 3 min 34 sec), residence time 

tR = 10 min, flow rate fR = 0.7 mL min-1,  reactor volume  VR = 7 mL, T = 25 °C, max = 530 nm. Isolated 

yields. aIncreased productivity, reaction conditions: standard conditions but VR = 14 mL, fR = 1.4 ml min-1, 

collected volume VC = 2.5 mL (collected in 1 min 47 sec).  
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Figure 4-1. Robustness Scan. aRadar chart of the robustness scan22 showing the deviation of yields from 

the benchmark (standard conditions) at modified reaction conditions. Negative values (red area) show a 

lower yield compared to the benchmark. Positive values (green area) show a higher yield compared to the 

benchmark. Yields were determined by quantitative NMR analysis with 1,1,2,2-tetrachlorethane as an 

internal standard, error ±5 %.  

As we have already demonstrated a number of trans-formations of product 4 in our 

previous work,19 we performed further functionalizations directly from the crude 

products, aiming for economical and operationally facile procedures. Since the products 

4a and 4c serve as precursors for aziridine 5, representing privileged structural motifs in 

organicchemistry,29 we elaborated a flow-batch cascade for the direct synthesis of these 

three-membered heterocycles. While the conversion of 4 to aziridine 5 was described in 

chlorinatedsolvents,19 it was also possible to achieve the ring closure without changing 

the solvent or isolation of the iodoamination product 4 by treating the crude reaction 

solution with an excess of K2CO3 for 3 h at ambient temperature.  
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Scheme 4-3. Extended Operation Experiment and Further Transfromations. a) Product yield over time 

experiment under standard conditions, but VR = 14 mL, fR = 1.4 mL min−1, and VC = 386 mL in 4 h 36 min. 

The spots represent analyzed aliquots (V = 2.5 mL), the yield was determined either by NMR (black) or by 

isolation (red). b) Further transformations of the crude product in a telescopic manner without prior 

isolation: I) 4a or 4c (1 equiv, 250 mmol) and K2CO3 (3.0 equiv, 750 mmol) in DMC (0.1M) for 3 h at 25 

°C, II) 4b (1 equiv, 250 mmol) DMC/water (1:1, 0.05 M) for 12 h at 100 °C, III) 4b (1 equiv, 250 mmol) 

and NaOAc (10 equiv,2.5 mol) in DMF (0.1 M) for 8 h at 100 °C, and IV) 4b (1 equiv, 250 mmol) and 

NaN3 (5 equiv, 1.25 mol) in DMF (0.1 M) for 6.5 h at 25 °C. c) Further transformations of the crude product 

in a two-step flow cascade: first step was performed under standard conditions: 1 (1 equiv, 250mmol), 2 

(1 equiv, 250 mmol), 3 (1 equiv, 250 mmol) in DMC (0.1 M), KOAc (10 mol %, 25 mmol), residence time 

tR = 10 min, reactor volumeVR = 7 mL, T = 25 °C, λmax = 530 nm. Conditions of the second step: the crude 

reaction mixture from the first step was submitted directly to an Omnifit column packed with K2CO3 powder 

and heated by a water bath, tR = 3.4 min, T = 60 °C, V(K2CO3) = 2.4 cm3. Collected volume VC = 2.5 mL 

(collected in 3 min 34 s). aYields given are isolated yields over two steps. 

The desired products 5-Ts and 5-Ns were obtained in yields of 90% and 87%, 

respectively, over two steps. In addition, the β-aminoalcohol 6 was obtained in an overall 

yield of 82% by heating the iodoaminated product 4b in a mixture of DMC and water(1:1, 

0.05 M) for 12 h at 100 °C. Furthermore, enamine 7 was accessible in a total yield of 91% 

by removing the solvent, redissolving the obtained crude 4b in DMF, followed by heating 

for 8 h in the presence of sodium acetate. Alternatively, evaporation of the solvent, 

dissolving the residue in DMF, and addition of NaN3 gave rise to 1,2-azidoamine 8 in 

overall 91% yield (Scheme 4-3, b).The ability to perform the second step of the aziridine 

5 synthesis also in DMC offers the possibility to carry out this transformation in a two-

step flow cascade starting from olefin 1, NIS (2), and amine 3. Therefore, we connected 
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the outlet of the photo flow reactor to an Omnifit column, which was packed with K2CO3 

and placed in a 60 °C water bath (see more details in 4.4.1 General Information, Figure 

4-4). The desired aziridines 5-Ts and 5-Ns were successfully synthesized with an overall 

yield of 89% and 85%, respectively, over two flow steps, resulting in a productivity of 

1.02 g h−1 for 5-Ts and 1.09 g h−1 for 5-Ns (Scheme 4-3, c). 

 

4.4 Conclusion 

In conclusion, we developed an economical and environmentally attractive process for 

synthesizing vicinal iodoamine 4 under continuous flow conditions. Furthermore, value-

added products 5−8 were subsequently obtained in a telescopic flow-batch fashion or a 

two-step flow cascade with a g h−1 productivity starting from commercially available 

compounds without the need for isolation of intermediate 4. 

 

4.5 Experimental Part 

4.5.1 General Information 

Reagents, Solvents and Working Methods 

Commercially available chemical materials were purchased in high quality and were used 

without further purification. Potassium carbonate K2CO3 , which was used for the 

aziridination of compound 4a and 4c, respectively, to form 5-Ts and 5-Ns, was purchased 

from Fisher Scientific (for specification certificate: Code-number: P/4080/60, LOT-

number: 1543367) and was used as purchased. Solvents for reaction mixtures were used 

in p.a. quality or dried according to common procedures.30 EtOAc and hexanes (40-60 

°C) for chromatography were distilled prior to use. The reported yields are referred to 

isolated compounds unless otherwise stated. Reactions were monitored by thin layer 

chromatography (TLC).  

 

NMR-Spectroscopy  

NMR spectra were recorded on Bruker Avance 300 (1H: 300 MHz, 13C: 75 MHz, T = 

295 K), Bruker Avance 400 (1H: 400 MHz, 13C: 101 MHz, T = 295 K). All chemical 
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shifts are reported in [ppm] (multiplicity, coupling constant J, number of protons, 

assignment of the proton) relative to the solvent residual peak as the internal standard. All 

spectra were recorded in CDCl3 ( = 7.26 ppm in 1H-NMR,  = 77.0 ppm in 13C-NMR). 

Spectra were evaluated in first order and coupling constants J are reported in Hertz (Hz). 

Abbreviations used for signal multiplicity: s = singlet, bs = broad singlet, d = doublet, t = 

triplet, q = quartet, p = pentet, sex = sextet, hept = heptet, m = multiplet and combinations 

thereof.  

 

UV/Vis Spectroscopy  

UV/Vis spectroscopy was carried out on an Analytik jena Specord® 200Plus. As we 

observed a color change from yellow to red (Figure 4-2) while performing the reaction in 

both, batch and flow, we performed a UV/Vis measurement of the reaction solution (prior 

to irradiation) and of the crude product solution (after irradiation). The results are shown 

in Figure 4-2. Measurement range was from 300 nm to 700 nm. Both solutions were 

measured in dimethylcarbonate (DMC) in a 10 x 10 quartz cuvette. 

 

Figure 4-2. UV/Vis spectra of a) reaction solution prior to irradiation (measured solution obtained 60 µL 

of reaction solution in 3 mL pure DMC, which is equal to a concentration of 0.0019 M regarding all 

reactants), b) crude product solution after irradiation (measured solution obtained 20 µL of reaction solution 

in 3 mL pure DMC, which is equal to a concentration of 0.00066 M regarding all reactants).   
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Chromatography  

Thin-layer chromatography (TLC) was performed with TLC precoated aluminum sheets 

(Machery-Nagel GmbH & Co. KG, TLC sheets ALUGRAM® Xtra SIL G/UV254, 

thickness 0.2 mm) and visualized by a dual short (λ = 254 nm) / long (λ = 366 nm) 

wavelength UV lamp. Staining was done with Seebach`s Magic Stain (2.5 g 

phosphomolybdic acid, 1.0 g cerium(IV) sulfate tetrahydrate, 94.0 mL distilled water and 

6.0 mL conc. sulfuric acid), vanillin (6.0 g vanillin, 100.0 mL ethanol (95%) and 1.0 mL 

conc. sulfuric acid) or potassium permanganate (1.0 g KMnO4, 2.0 g Na2CO3 and 100.0 

mL distilled water) followed by heating. Column chromatography was performed with 

silica gel (Merck, 0.063-0.200 mm particle size) and flash silica gel (Merck, 0.040-0.063 

mm particle size).  

IR-Spectroscopy 

FTIR spectroscopy was carried out on a Cary 630 FTIR Spectrometer. Solid and liquid 

compounds were measured neatly, and the wave numbers are reported as cm-1. 

Mass Spectrometry 

Mass spectra were recorded by the Central Analytic Department of the University of 

Regensburg using Jeol AccuTOF GCX and Agilent Q-TOF 6540 UHD Spectrometer. 

High-resolution mass spectra were measured using atmospheric pressure chemical 

ionization (APCI), electron ionization (EI) or electrospray ionization (ESI) with a 

quadrupole time-of-flight (Q-TOF) detector. 

Light Source  

All photochemical reactions were performed using a monochromatic light emitting diodes 

(LED) as irradiation source. Green light irradiation was performed using an Osram 

OSLON® SSL 80 green (3 W, 700 mA, dominant wavelength λdom = 530 nm, spectral 

bandwidth at 50% Imax = 30 nm, luminous flux at 25 °C and 700 mA ~ 250 lum). 

Information was taken from the official data sheets provided by Osram, which are 

available free of charge via the internet at the Osram web page. The LEDs were placed 

on a metal construction (in total 36 LEDs, six rows, six LEDs per row). 
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Photochemical Flow Setup and Flow Cascade Setup 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4-3. Irradiation setup for photochemical reactions: (A) single channel syringe pump; (B) glass 

cylinder; (C) LEDs; (D) graduated cylinder (10.0 mL size); (E) reaction tube; (F) cooling unit for LEDs; 

(G) KGW isotherm dewar vessel.  

Photochemical flow reactions were performed in a tube (with an irradiated volume of 

7 mL for the standard reactor and 14 mL for the reactor used during the scale-up 

experiment, Figure 4-3, E) wrapped around a glass cylinder with closed bottom (Figure 

4-3, B) in which monochromatic immersion LEDs (�= 530, Figure 4-3, C) were placed. 

The LED unit was cooled by directing water through its inside (Figure 4-3, F). The glass 

A)  

B)  

C)  

E)  

D)  

F)  

G)  

C)  
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cylinder with the reactor tube and the LEDs were placed in a KGW isotherm dewar vessel 

(Figure 4-3, G) filled with water to guarantee constant temperature. A single channel 

syringe pump (Figure 4-3,  A) was used to flow the solution into the reactor system with 

desired flow rate (fR), where it was irradiated as it flowed through the reactor tube. The 

outlet was collected in a graduated cylinder (Figure 4-3, D). This setup was expanded by 

a thermochemical flow setup (Figure 4-4). The outlet of the photo flow reactor was 

directly connected to an omnifit column (Figure 4-4, H), which was placed in a water 

bath (60 °C, Figure 4-4, I) and packed with K2CO3 (V = 2.4 cm3). The outlet of the omnifit 

column was directed into a graduated cylinder (10.0 mL size). 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4-4. Setup for thermochemical reactions of the continuous flow cascade: (H) omnifit column filled 

with K2CO3; (I) water bath (heated to 60°C); (D) graduated cylinder (10.0 mL size).  

 

 

 

 

 

 

H)  

D)  

I)  
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4.5.2 Synthesis and Analytical Data 

Reaction Optimization  

Table 4-2.  Results of the iodoamination under optimized conditions.  

 
Entry Concentrat

ion of 
Reactants 
[M] 

Base Solvent Temperature 
[°C] 

tR 

[min] 
Conversion

[a] 

of 1a  
Yield

[a]
 

of 4a  

        
1 0.1 K2CO3 DMC 10 10 82% 75% 

2 0.1 K2CO3 DMC 25 10 85% 85% 

3 0.1 K2CO3 DMC 25 20 79% 70% 

4 0.1 K2CO3 DMC 25 5 68% 37% 

5 0.1 K2CO3 MeCN 25 10 n.d. 20% 

6 [b] 0.1 --- DCM --- --- --- --- 

7 0.05 K2CO3 DMC 25 10 85% 78% 

8 0.2 K2CO3 DMC 25 10 78% 59% 

9 0.2 K2CO3 DMC 25 20 65% 48% 

10 0.1 KOH DMC 25 10 100% 80% 

11 0.1 K3PO4 DMC 25 10 91% 70% 

12 0.1 CH3COOK DMC 25 10 100% 93% 
[a]

determined by quantitative NMR analysis by addition of 1,1,2,2-tetrachlorethane as an internal 

standard after running the experiments, error ±5 %. 
[b]

heterogeneous solution. 

 
 

Robustness Scan 

The robustness scan was conducted as reported by Glorius et al.22 using modified 

conditions from GP. The 1H NMR yield (93%) obtained during the optimization of the 

reaction (Table 4-1, entry 8)  was taken as the benchmark. Recycling of the solvent was 

performed by transferring 20 mL of DMC to a round bottom flask, evaporating the solvent 

on the rotavap, addition of Na2S2O3 (25 mg per 5 mL of solvent), stirring until the red 

color disappears and finally distilling the solvent again to obtain 18 mL of DMC. The 

distilled solvent was used without any further purification. 
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Table 4-3. Robustness scan of the iodoamination in flow under unmodified and modified standard 

conditions from GP. 

 
Entry Deviation from standard conditions 

from GP 
Yield

[a] of 4a  Deviation from 
benchmark  

1 No deviation 93% 0% 
2 Additional 10 mol% succinimide 94% 1% 
3 Undistilled styrene was used  92% -1% 

4 
Additional 10 µL H2O per 2.0 mL of 
DMC (0.5% v/v) 

91% -2% 

5 Blue LEDs (455 nm) 83% -10% 
6 Recycled solvent 90% -3% 

7 Degassed solution 96% 3% 
[a]

determined by quantitative NMR analysis by addition of 1,1,2,2-tetrachlorethane as an internal 

standard after running the experiments, error ±5 %.  

 

 
Figure 4-5. Radar chart of the robustness scan showing the deviation of yields from the benchmark 

(standard condition) at changed reaction conditions. Negative values (red area) show a lower yield 

compared to the benchmark. Positive values (green area) show a higher yield compared to the benchmark.  

 

General Procedure (GP) for the Photoinduced Iodoamination in Flow 
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A flame-dried Schlenk flask (50.0 mL size) equipped with a magnetic stirring bar was 

charged with  alkene 1 (1.0 equiv), NIS (2, 1.0 equiv), amine 3 (1.0 equiv), potassium 

acetate (0.1 equiv) and dissolved in DMC to form a homogenous feedstock solution. The 

stock solution was prepared and kept in the dark during the experiment. A single channel 

syringe pump was used to pump the solution into the reactor system with a flow rate fR 

of 0.7 mL min-1 (tR = 10 min), where it was irradiated (�max = 530) as it was pumped 

through the reactor tube (7 ml reactor volume). To ensure constant flow rates, the outlet 

was collected in a graduated cylinder while measuring the time of collection for all 

samples to calculate the tR. Aliquots of 2.5 mL (=0.25 mmol) were collected for the 

isolation of the product, the determination of the yield and the characterization of the 

compounds. The crude reaction mixture was concentrated under reduced pressure at a 

temperature of 40°C (as the product decomposes at higher temperatures) and product was 

isolated by silica gel chromatography. 

N-(2-iodo-2-phenylethyl)-4-methylbenzenesulfonamide (4a) 

 

Following general procedure GP using styrene (1a, 286 μL, 260 mg, 2.50 mmol, 1.0 

equiv), N-iodosuccinimide (2, 562 mg, 2.50 mmol, 1.0 equiv), 4-

methylbenzenesulfonamide (3a, 428 mg, 2.50 mmol, 1.0 equiv), DMC (25.0 mL, 0.25 

M) and potassium acetate (24.5  mg, 0.250 mmol, 0.1 equiv) at room temperature (25 °C) 

with tR = 10 min (fR = 0.7 mL min-1). A volume of 2.5 mL (= 0.250 mmol) was collected 

in 3 min 34 sec. The solvent was evaporated under reduced pressure, and product 4a was 

isolated by silica gel column chromatography using hexanes/ethylacetate (9:1 to 3:1) as 

eluent to obtain 91.5 mg (1.52 g h-1, 0.228 mmol, 91%).  

The analytical data are consistent with the literature.19  

Rf (hexanes/ethylacetate 5:1 on silica) = 0.28 
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1H NMR (400 MHz, CDCl3) δ 7.71 (d, J = 7.9 Hz, 2H), 7.33 – 7.26 (m, 7H), 5.02 (t, J  = 

7.8 Hz, 1H), 4.80 (t, J = 6.62 Hz, 1H), 3.69 (dt, J = 14.3, 7.2 Hz, 1H), 3.51 (ddd, J = 14.2, 

8.2, 6.1 Hz, 1H), 2.45 (s, 3H). 

13C NMR (101 MHz, CDCl3) δ 143.98, 140.02, 137.15, 130.02, 129.23, 128.90, 127.69, 

127.17, 51.45, 30.04, 21.72. 

Scale-Up Experiment and Product Yield Over Time Experiment  

Following general procedure GP using styrene (1a, 4.57 mL, 4.16 g, 40.0 mmol, 1.0 

equiv), N-iodosuccinimide (2, 9 g, 40.0 mmol, 1.0 equiv), 4-methylbenzenesulfonamide 

(3a, 6.85 g, 40.0 mmol, 1.0 equiv), DMC (400 mL, 0.1 M) and potassium acetate 

(392  mg, 4.00 mmol, 0.1 equiv) at room temperature (25 °C) with tR = 10 min (fR = 1.4 

mL). The reaction was performed for 4 h 36 min with the 14 mL reactor (see 4.4.1 

General Information, Figure 4-3) resulting in a collected volume of 386 mL (= 38.6 

mmol). The solvent of the crude reaction mixture was evaporated, and the residue was 

dissolved in 200 mL CHCl3. The organic phase was washed twice with 100 mL water, 

once with 50% aqueous Na2S2O3 solution and dried with brine and over NaSO4. After 

filtration the organic phase was evaporated on the rotavap to give 14.0 g of the desired 

product 4a (3.04 g h-1, 34.9 mmol, 90%).  

 

 

 

 

 

   

 

    14.0 g of isolated product 4a 

For determination of the yield during the reaction in order to monitor the steadiness of 

the process, twelve aliquots with a volume of 2.5 mL each were collected separately in 

24 min intervals and the yield was determined either by quantitative NMR (using C2H2Cl4 

as internal standard) or by isolation of the product by silica gel column chromatography 

using hexanes/ethylacetate  (9:1 to 3:1) as eluent (Table 4-4). 
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Table 4-4. Yield over time experiment. 

Entry Time [min] Yield [%] Yield determined bya 
1 12 93 NMR 
2 36 89 NMR 
3 60 91 NMR 
4 84 92 Isolation 
5 108 89 NMR 
6 132 90 NMR 
7 156 90 Isolation 
8 180 89 NMR 
9 204 94 NMR 
10 228 91 NMR 
11 252 90 NMR 
12 276 92 Isolation 

a1,1,2,2-tetrachlorethane was used to determine the product yield via quantitative NMR, error ±5 %. 

 

Big Scale Batch Experiment  

Up-scaling to gram quantities was carried out in a batch photo reactor (180 mL size, 

Figure 4-6) using styrene (1a) (2.06 mL, 1.87 g, 18.0 mmol, 1.0 equiv), 4-

methylbenzenesulfonamide (2a) (3.08 g, 18.0 mmol, 1.0 equiv), N-iodosuccinimide (3) 

(4.05 g, 18.0 mmol, 1.0 equiv), potassium acetate (177  mg, 1.80 mmol, 0.1 equiv) and 

dissolved in DMC (180.0 mL, 0.1 M). The solution was irradiated for 4.5 h (monitored 

by TLC) at room temperature (25 °C). The solvent of the crude reaction mixture was 

evaporated, and the residue was dissolved in 200 mL CHCl3. The organic phase was 

washed twice with 100 mL water, once with 50% aqueous Na2S2O3 solution and dried 

with brine and over NaSO4. Further purification was performed by silica gel column 

chromatography using hexanes/ethylacetate (9:1 to 3:1) as eluent to obtain 5.20 g (1.15 g 

h-1, 13.0 mmol, 72%) of product 4a. 
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Figure 4-6. Big scale batch photoreactor (180 mL size, water cooled by outer shell) using the identical light 

source as shown in Figure 4-3, C. 

 

N-(2-iodo-2-phenylethyl)-N,4-dimethylbenzenesulfonamide (4b) 

 

Following general procedure GP using styrene (1a, 286 μL, 260.4 mg, 2.50 mmol, 1.0 

equiv), N-iodosuccinimide (2, 562 mg, 2.50 mmol, 1.0 equiv), N,4-

dimethylbenzenesulfonamide (3b, 463 mg, 2.50 mmol, 1.0 equiv), DMC (25.0 mL, 0.25 

M) and potassium acetate (24.5  mg, 0.250 mmol, 0.1 equiv) at room temperature (25 °C) 

with tR = 10 min (fR = 0.7 mL min-1). A volume of 2.5 mL (= 0.250 mmol) was collected 

in 3 min 34 sec. The solvent was evaporated under reduced pressure, and product 4b was 

isolated by silica gel column chromatography using hexanes/ethylacetate  (9:1, 3:1) as 

eluent to obtain 97.6 mg (1.64 g h-1, 0.235 mmol, 94%). The analytical data are consistent 

with the literature.19 



 Chapter 4: Iodoamina�on in Flow   

177 
 

Rf (hexanes/ethylacetate 5:1 on silica) = 0.37 

1H NMR (300 MHz, CDCl3) δ 7.66 – 7.57 (m, 2H), 7.47 – 7.39 (m, 2H), 7.34 – 7.25 (m, 
5H), 5.28 (dd, J = 9.5, 6.5 Hz, 1H), 3.79 (dd, J = 14.4, 6.5 Hz, 1H), 3.59 (dd, J = 14.4, 
9.4 Hz, 1H), 2.55 (s, 3H), 2.42 (s, 3H). 

13C NMR (75 MHz, CDCl3) δ 143.73, 140.64, 134.53, 129.86, 128.90, 128.57, 128.12, 
127.40, 58.97, 36.47, 29.93, 21.61. 

 

N-(2-iodo-2-phenylethyl)-4-nitrobenzenesulfonamide (4c) 

 

Following general procedure GP using styrene (1a, 286 μL, 260 mg, 2.50 mmol, 1.0 

equiv), N-iodosuccinimide (2, 562 mg, 2.50 mmol, 1.0 equiv), 4-

nitrobenzenesulfonamide (3c, 505 mg, 2.50 mmol, 1.0 equiv), DMC (25.0 mL, 0.25 M) 

and potassium acetate (24.5  mg, 0.250 mmol, 0.1 equiv) at room temperature (25 °C) 

with tR = 10 min (fR = 0.7 mL min-1). A volume of 2.5 mL (= 0.250 mmol) was collected 

in 3 min 34 sec. The solvent was evaporated under reduced pressure, and product 4c was 

isolated by silica gel column chromatography using hexanes/ethylacetate  (9:1 to 3:1) as 

eluent to obtain 93.8 mg (1.58 g h-1, 0.217 mmol, 87%). 

Rf (hexanes/ethylacetate 3:1 on silica) = 0.38 

1H NMR (300 MHz, CDCl3) δ 8.37 – 8.35 (m, 2H), 8.02 – 7.99 (m, 2H), 7.29 (m, 5H), 

5.06 (t, J = 7.7 Hz, 1H), 4.92 (t, J = 6.5 Hz, 1H), 3.81 – 3.71 (m, 1H), 3.65 – 3.55 (m, 

1H). 

13C NMR (75 MHz, CDCl3) δ 150.33, 146.01, 139.63, 129.38, 129.15, 128.37, 127.70, 

124.66, 51.62, 29.46. 

IR (neat): 3280, 2922, 2851, 1528, 1349, 1312, 1159, 1092, 857, 734 cm-1 

HRMS (ESI) m/z calculated for the fractionated product of 4c: C14H13N2O4SNa (M+Na)+ 

454.9535, found 454.9533.  
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Methyl 4-(2-((N,4-dimethylphenyl)sulfonamido)-1-iodoethyl)benzoate (4d) 

 

Following general procedure GP using methyl 4-vinylbenzoate (1b, 405 mg, 2.50 mmol, 

1.0 equiv), N-iodosuccinimide (2, 562 mg, 2.50 mmol, 1.0 equiv), 4-

methylbenzenesulfonamide (3a, 428 mg, 2.50 mmol, 1.0 equiv), DMC (25.0 mL, 0.25 

M) and potassium acetate (24.5  mg, 0.250 mmol, 0.1 equiv) at room temperature (25 °C) 

with tR = 10 min (fR = 0.7 mL min-1). A volume of 2.5 mL (= 0.250 mmol) was collected 

in 3 min 34 sec. The solvent was evaporated under reduced pressure, and product 4d was 

isolated by silica gel column chromatography using hexanes/ethylacetate  (9:1 to 3:1) as 

eluent to obtain 91.8 mg (1.54 g h-1, 0.200 mmol, 80%).  

Rf (hexanes/ethylacetate 3:1 on silica) = 0.30 

1H NMR (400 MHz, DMSO-d6) δ 8.07 (t, J = 6.0 Hz, 1H), 7.87 – 7.84 (m, 2H), 7.64 – 

7.61 (m, 2H), 7.52 – 7.49 (m, 2H), 7.37 – 7.34 (m, 2H), 5.18 (t, J = 7.1 Hz, 1H), 3.85 (s, 

3H), 3.49 – 3.45 (m, 2H), 2.37 (s, 3H). 

13C NMR (101 MHz, DMSO-d6) δ 165.77, 146.30, 142.83, 137.50, 129.68, 129.42, 

129.08, 128.17, 126.43, 52.22, 50.19, 28.99, 20.96. 

IR (neat): 3291, 2926, 2855, 1710, 1606, 1528, 1453, 1349, 1162, 1092, 853, 697 cm-1 

HRMS (ESI) m/z calculated for the fractionated product of 4d: C17H17NO4S (M+H)+ 

332.0951, found 332.0947. 

 

N-(2-(4-(tert-butyl)phenyl)-2-iodoethyl)-N,4-dimethylbenzenesulfonamide (4e) 

 

Following general procedure GP using methyl 4-tert-butylstyrene (1c, 458 µL, 401 mg, 

2.50 mmol, 1.0 equiv), N-iodosuccinimide (2, 562 mg, 2.50 mmol, 1.0 equiv), 

4-methylbenzenesulfonamide (3a, 428 mg, 2.50 mmol, 1.0 equiv), DMC (25.0 mL, 0.25 
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M) and potassium acetate (24.5  mg, 0.250 mmol, 0.1 equiv) at room temperature (25 °C) 

with tR = 10 min (fR = 0.7 mL min-1). A volume of 2.5 mL (= 0.250 mmol) was collected 

in 3 min 34 sec. The solvent was evaporated under reduced pressure, and product 4e was 

isolated by silica gel column chromatography using hexanes/ethylacetate  (9:1 to 3:1) as 

eluent to obtain 95.1 mg (1.59 g h-1, 0.208 mmol, 83%). 

Rf (hexanes/ethylacetate 5:1 on silica) = 0.40 

1H NMR (300 MHz, CDCl3) δ 7.73 – 7.71 (m, 2H), 7.35 – 7.28 (m, 4H), 7.19 – 7.17 (m, 

2H), 5.01 (t, J = 7.8 Hz, 1H), 4.67 (t, J = 6.7 Hz, 1H), 3.74 – 3.65 (m, 1H), 3.56 – 3.46 

(m, 1H), 2.46 (s, 3H), 1.30 (s, 9H). 

13C NMR (75 MHz, CDCl3) δ 152.17, 144.00, 137.21, 136.83, 130.04, 127.35, 127.21, 

126.24, 51.49, 34.86, 31.33, 30.26, 21.74. 

IR (neat): 3283, 2963, 2870, 1696, 1603, 1461, 1409, 1334, 1163, 1096, 816, 705, 663 

cm-1 

HRMS (ESI) m/z calculated for the fractionated product of 4e: C19H23NO2SNa (M+Na)+ 

330.1522, found 330.1522.  

 

N-(2-iodooctyl)-N,4-dimethylbenzenesulfonamide (4f) 

 

Following general procedure GP using 1-octene (1d, 391 µL, 280 mg, 2.50 mmol, 1.0 

equiv), N-iodosuccinimide (2, 562 mg, 2.50 mmol, 1.0 equiv), 

N,4-dimethylbenzenesulfonamide (3b, 463 mg, 2.50 mmol, 1.0 equiv), DMC (25.0 mL, 

0.25 M) and potassium acetate (24.5  mg, 0.250 mmol, 0.1 equiv) at room temperature 

(25 °C) with tR = 10 min (fR = 0.7 mL min-1). A volume of 2.5 mL (= 0.250 mmol) was 

collected in 3 min 34 sec. The solvent was evaporated under reduced pressure, and 

product 4f was isolated by silica gel column chromatography using hexanes/ethylacetate  

(9:1 to 3:1) as eluent to obtain 62.7 mg (1.01 g h-1, 0.148 mmol, 59%). The analytical data 

are consistent with the literature.19 

Rf (hexanes/ethylacetate 5:1 on silica) = 0.67 
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1H NMR (400 MHz, CDCl3) δ 7.67 (d, J = 8.3 Hz, 2H), 7.33 (d, J = 8.0 Hz, 2H), 4.19 

(dq, J = 9.3, 2.9, 2.5 Hz, 1H), 3.47 (dd, J = 14.0, 9.0 Hz, 1H), 3.26 (dd, J = 14.0, 6.0 Hz, 

1H), 2.77 (s, 3H), 2.44 (s, 3H), 1.88 – 1.84 (m, 1H), 1.75 – 1.69 (m, 1H), 1.62 – 1.57 (m, 

1H), 1.37 – 1.28 (m, 7H), 0.91 – 0.88 (m, 3H). 

13C NMR (101 MHz, CDCl3) δ 143.81, 134.41, 129.94, 127.60, 59.02, 36.64, 36.51, 

33.65, 31.80, 29.62, 28.61, 22.74, 21.68, 14.20. 

 

3-((N,4-dimethylphenyl)sulfonamido)-2-iodo-N-isopropylpropanamide (4g) 

 

Following general procedure GP using N-isopropylacrylamide (1e, 283 mg, 2.50 mmol, 

1.0 equiv), N-iodosuccinimide (2, 562 mg, 2.50 mmol, 1.0 equiv), 

N,4-dimethylbenzenesulfonamide (3b, 463 mg, 2.50 mmol, 1.0 equiv), DMC (25.0 mL, 

0.25 M) and potassium acetate (24.5  mg, 0.250 mmol, 0.1 equiv) at room temperature 

(25 °C) with tR = 10 min (fR = 0.7 mL min-1). A volume of 2.5 mL (= 0.250 mmol) was 

collected in 3 min 34 sec. The solvent was evaporated under reduced pressure, and 

product 4g was isolated by silica gel column chromatography using hexanes/ethylacetate  

(9:1 to 3:1) as eluent to obtain 76.3 mg (1.24 g h-1, 0.180 mmol, 72%). The analytical data 

are consistent with the literature.19 

Rf (hexanes/ethylacetate 5:1 on silica) = 0.2 

1H NMR (400 MHz, CDCl3) δ 7.67 (d, J = 8.3 Hz, 2H), 7.35 – 7.33 (m, 2H), 5.83 (d, J = 

7.9 Hz, 1H), 4.54 (dd, J = 9.2, 6.2 Hz, 1H), 4.11 – 4.03 (m, 1H), 3.47 – 3.44 (m, 2H), 2.82 

(s, 3H), 2.44 (s, 3H), 1.18 (dd, J = 13.5, 6.6 Hz, 6H). 

13C NMR (101 MHz, CDCl3) δ 168.36, 144.11, 133.72, 130.05, 130.05, 127.57, 127.57, 

55.52, 42.51, 38.02, 22.85, 22.69, 21.88, 21.69 
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2-(iodomethyl)-1-tosylindoline (4h) 

N

S O
O

I

 

 

Synthesis of 2-allylaniline (S1) 

To a solution of N-allyl aniline (530 mg, 4.00 mmol, 1 equiv) in m-xylene (6 mL) 

BF3
.OEt2 (48% solution, 4.80 mmol, 1.2 equiv) was added dropwise at a temperature of 

-78°C. The mixture was stirred for 10 min at 25°C. Subsequently, the reaction mixture 

was transferred to a Schlenk tube and then stirred for 17 h at 190°C. After the mixture 

cooled to room temperature, the reaction was quenched by the addition of 2N NaOH. The 

resulting mixture was extracted three times with 1.5 mL Et2O and the organic phase was 

washed with brine, dried and concentrated under reduced pressure. The desired product 

2-allylaniline (S1) was isolated by silica gel column chromatography using 

hexanes/ethylacetate (15:1) as eluent to give 2-allylaniline (S1) (350 mg, 2.60 mmol, 

66%). The product was subsequently used to synthesis the starting material 1f. 

 

Synthesis of N-(2allylphenyl)-4-methylbenzenesulfonamide (1f): 

To a solution of S1 (350 mg, 2.60 mmol, 1 equiv) in Chloroform (9 mL) were added 

pyridine (1 mL, 13 mmol, 5 equiv) and p-toluenesulfonyl chloride (760 mg, 4.00 mmol, 

1.5 equiv) at a temperature of 0 °C. The resulting mixture was stirred for 30 min at 

ambient temperature. Afterwards 5 mL of brine was added and the organic compounds 

were three times with 5 mL of CHCl3. The combine organic phase was dried and the 

solvent was evaporated under reduced pressure. The desired product 1f was obtained after 

isolation via silica gel chromatography using hexanes/ethylacetate (  8:1) as eluent to give 

747 mg (2.60 mmol, 99%) of product 1f. The analytical data are consistent with the 

literature.31  

1H NMR (400 MHz, CDCl3) δ 7.62 – 7.60 (m, 2H), 7.38 (dd, J = 8.0, 1.3 Hz, 1H), 7.22 

– 7.18 (m, 3H), 7.13 – 7.06 (m, 2H), 6.74 (s, 1H), 5.77 (ddt, J = 17.2, 10.1, 6.1 Hz, 1H), 
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5.08 (dq, J = 10.1, 1.6 Hz, 1H), 4.93 (dq, J = 17.2, 1.7 Hz, 1H), 3.05 (d, J = 6.1 Hz, 2H), 

2.38 (s, 3H). 

13C NMR (101 MHz, CDCl3) δ 143.84, 136.79, 135.69, 134.93, 132.42, 130.49, 129.65, 

127.62, 127.16, 126.34, 124.63, 116.99, 36.04, 21.58. 

Following general procedure GP using N-(2allylphenyl)-4-methylbenzenesulfonamide 

(1f, 283 mg, 2.50 mmol, 1.0 equiv), N-iodosuccinimide (2, 718 mg, 2.50 mmol, 1.0 

equiv), DMC (25.0 mL, 0.25 M) and potassium acetate (24.5  mg, 0.250 mmol, 0.1 equiv) 

at room temperature (25 °C) with tR = 10 min (fR = 0.7 mL min-1). A volume of 2.5 mL 

(= 0.250 mmol) was collected in 3 min 34 sec. The solvent was evaporated under reduced 

pressure, and product 4h was isolated by silica gel column chromatography using 

hexanes/ethylacetate  (9:1 to 3:1) as eluent to obtain 75.6 mg (1.27 g h-1, 0.183 mmol, 

73%). The analytical data are consistent with the literature.32 

Rf (hexanes/ethylacetate 5:1 on silica) = 0.3 

1H NMR (400 MHz, CDCl3) δ 7.64 (d, J = 8.1 Hz, 1H), 7.56 (d, J = 8.3 Hz, 2H), 7.17 – 

7.07 (m, 3H), 7.07 – 7.02 (m, 2H), 4.36 (ddt, J = 10.1, 9.3, 3.5 Hz, 1H), 3.66 (dd, J = 9.7, 

3.5 Hz, 1H), 3.26 (t, J = 9.9 Hz, 1H), 2.97 – 2.81 (m, 2H), 2.35 (s, 3H). 

13C NMR (101 MHz, CDCl3) δ 144.38, 141.30, 134.59, 130.51, 129.86, 128.12, 127.16, 

125.36, 125.00, 116.91, 62.64, 34.96, 21.68, 11.52. 

 

Further Transformations 

2-phenyl-1-tosylaziridine (5-Ts) 

 

Telescopic Batch Reaction 

Following general procedure GP using styrene (1a, 286 μL, 260 mg, 2.50 mmol, 1.0 

equiv), N-iodosuccinimide (2, 562 mg, 2.50 mmol, 1.0 equiv), 4-
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methylbenzenesulfonamide (3a, 428 mg, 2.50 mmol, 1.0 equiv), DMC (25.0 mL, 0.25 

M) and potassium acetate (24.5  mg, 0.250 mmol, 0.1 equiv) at room temperature (25 °C) 

with tR = 10 min (fR = 0.7 mL min-1). A volume of 2.5 mL (= 0.250 mmol) was collected 

in 3 min 34 sec in a round bottom flask, potassium carbonate (104 mg, 0.750 mmol, 3 

equiv in respect to the collected amount of substance) was added and the resulting mixture 

was stirred for 3h at 25°C. The solvent was evaporated under reduced pressure, and 

product 5-Ts was isolated by silica gel column chromatography using 

hexanes/ethylacetate  (9:1 to 3:1) as eluent to obtain 61.5 mg (0.225 mmol, 90%).  

Continuous Flow Cascade 

Following general procedure GP using styrene (1a, 286 μL, 260 mg, 2.50 mmol, 1.0 

equiv), N-iodosuccinimide (2, 562 mg, 2.50 mmol, 1.0 equiv), 4-

methylbenzenesulfonamide (3a, 428 mg, 2.50 mmol, 1.0 equiv), DMC (25.0 mL, 0.250 

M) and potassium acetate (24.5  mg, 0.250 mmol, 0.1 equiv) at room temperature (25 °C) 

with tR = 10 min (fR = 0.7 mL min-1). The outlet of the photoflow reactor was directly 

connected to an omnifit column filled with K2CO3 (2.4 cm-3, tR = 3.4 min at fR = 0.7 min), 

which was placed in a 60 °C water bath. After the crude reaction mixture passed the 

omnifit column, 2.5 mL was collected in 3 min 34 sec. The solvent was evaporated under 

reduced pressure, and product 5-Ts was isolated by silica gel column chromatography 

using hexanes/ethylacetate  (9:1 to 3:1) as eluent to obtain 61.0 mg (1.02 g h-1, 0.223 

mmol, 89%).  

The analytical data are consistent with the literature.19 

Rf (hexanes/ethylacetate 5:1 on silica) = 0.4 

1H NMR (300 MHz, CDCl3) δ 7.89 – 7.85 (m, 2H), 7.35 – 7.20 (m, 7H), 3.78 (dd, J = 

7.2, 4.5 Hz, 1H), 2.98 (d, J = 7.2 Hz, 1H), 2.43 (s, 3H), 2.39 (d, J = 4.4 Hz, 1H). 

13C NMR (75 MHz, CDCl3) δ 144.77, 135.13, 135.05, 129.86, 128.66, 128.40, 128.04, 

126.65, 41.14, 36.05, 21.76. 
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1-((4-nitrophenyl)sulfonyl)-2-phenylaziridine (5-Ns) 

 

Telescopic Batch Reaction 

Following general procedure GP using styrene (1a, 286 μL, 260 mg, 2.50 mmol, 1.0 

equiv), N-iodosuccinimide (2, 562 mg, 2.50 mmol, 1.0 equiv), 4-

nitrobenzenesulfonamide (3c, 505 mg, 2.50 mmol, 1.0 equiv), DMC (25.0 mL, 0.250 M) 

and potassium acetate (24.5  mg, 0.250 mmol, 0.1 equiv) at room temperature (25 °C) 

with tR = 10 min (fR = 0.7 mL min-1). A volume of 2.5 mL (= 0.250 mmol) was collected 

in 3 min 34 sec in a round bottom flask, potassium carbonate (104 mg, 0.750 mmol, 3 

equiv in respect to the collected amount of substance) was added and the resulting mixture 

was stirred for 3h at 25°C. The solvent was evaporated under reduced pressure, and 

product 5-Ns was isolated by silica gel column chromatography using 

hexanes/ethylacetate  (9:1 to 3:1) as eluent to obtain 66.3 mg (0.218 mmol, 87%).  

 

Continuous Flow Cascade 

Following general procedure GP using styrene (1a, 286 μL, 260 mg, 2.50 mmol, 1.0 

equiv), N-iodosuccinimide (2, 562 mg, 2.50 mmol, 1.0 equiv), 4-

nitrobenzenesulfonamide (3c, 505 mg, 2.50 mmol, 1.0 equiv), DMC (25.0 mL, 0.25 M) 

and potassium acetate (24.5  mg, 0.250 mmol, 0.1 equiv) at room temperature (25 °C) 

with tR = 10 min (fR = 0.7 mL min-1). The outlet of the photoflow reactor was directly 

connected to a omnifit column filled with K2CO3 (2.4 cm-3, tR = 3.4 min at fR = 0.7 min), 

which was placed in a 60 °C water bath. After the crude reaction mixture passed the 

omnifit column, 2.5 mL was collected in 3 min 34 sec. The solvent was evaporated under 

reduced pressure, and product 5-Ts was isolated by silica gel column chromatography 

using hexanes/ethylacetate  (9:1 to 3:1) as eluent to obtain 64.8 mg (1.05 g h-1, 0.213 

mmol, 85%).  
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The analytical data are consistent with the literature.33 

Rf (hexanes/ethylacetate 5:1 on silica) = 0.35 

1H NMR (300 MHz, CDCl3) δ 8.40 – 8.36 (m, 2H), 8.21 – 8.18 (m, 2H), 7.33 – 7.31 (m, 

3H), 7.23 – 7.20 (m, 2H), 3.91 (dd, J = 7.2, 4.6 Hz, 1H), 3.12 (d, J = 7.3 Hz, 1H), 2.51 (d, 

J = 4.6 Hz, 1H). 

13C NMR (75 MHz, CDCl3) δ 150.81, 144.11, 134.28, 129.32, 128.9, 126.59, 124.49, 

42.05, 36.71. 

 

N-(2-hydroxy-2-phenylethyl)-N,4-dimethylbenzenesulfonamide (6) 

 

Following general procedure GP using styrene (1a, 286 μL, 260.4 mg, 2.50 mmol, 1.0 

equiv), N-iodosuccinimide (2, 562 mg, 2.50 mmol, 1.0 equiv), N,4-

dimethylbenzenesulfonamide (3b, 463 mg, 2.50 mmol, 1.0 equiv), DMC (25.0 mL, 0.25 

M) and potassium acetate (24.5  mg, 0.250 mmol, 0.1 equiv) at room temperature (25 °C) 

with tR = 10 min (fR = 0.7 mL min-1). A volume of 2.5 mL (= 0.250 mmol) was collected 

in 3 min 34 sec in a schlenk tube, diluted with 2.5 mL of water and heated to 100°C for 

12 h. The reaction mixture was extracted three times with 3 mL EtOAc. The organic layer 

was collected, washed with brine, the solvent was evaporated under reduced pressure, and 

product 6 was isolated by silica gel column chromatography using hexanes/ethylacetate  

(9:1 to 3:1) as eluent to obtain 62.6 mg (205 mmol, 82%). The analytical data are 

consistent with the literature.19 

Rf (hexanes/ethylacetate 5:1 on silica) = 0.2 

1H NMR (400 MHz, CDCl3) δ 7.66 (d, J = 8.3 Hz, 2H), 7.39 – 7.29 (m, 7H), 4.92 (dd, J 

= 8.9, 3.4 Hz, 1H), 3.28 (dd, J = 14.2, 8.9 Hz, 1H), 3.02 (dd, J = 14.2, 3.4 Hz, 1H), 2.99 

(br, 1H), 2.80 (s, 3H), 2.41 (s, 3H). 

13C NMR (101 MHz, CDCl3) δ 143.81, 141.16, 134.32, 129.91, 128.67, 128.11, 127.53,  

126.12, 72.24, 58.44, 36.90, 21.62 
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N,4-dimethyl-N-styrylbenzenesulfonamide (7) 

 

Following general procedure GP using styrene (1a, 286 μL, 260.4 mg, 2.50 mmol, 1.0 

equiv), N-iodosuccinimide (2, 562 mg, 2.50 mmol, 1.0 equiv), N,4-

dimethylbenzenesulfonamide (3b, 463 mg, 2.50 mmol, 1.0 equiv), DMC (25.0 mL, 0.25 

M) and potassium acetate (24.5  mg, 0.250 mmol, 0.1 equiv) at room temperature (25 °C) 

with tR = 10 min (fR = 0.7 mL min-1). A volume of 2.5 mL (= 0.250 mmol) was collected 

in 3 min 34 sec in a round bottom flask. After evaporating the solvent under reduced 

pressure, dissolving the residue in 2.5 mL DMF and adding NaOAc (205 mg, 2.50 mmol, 

10 equiv in respect to the collected amount of substance), the resulting mixture was heated 

to 100°C for 8 h. The crude product was diluted with 5 mL and extracted five times with 

5 mL EtOAc. The combined organic phase was washed with brine and the solvent was 

evaporated under reduced pressure. The product 7 was isolated by silica gel column 

chromatography using hexanes/ethylacetate  (9:1 to 3:1) as eluent to obtain 64.7 mg (225 

mmol, 90%). The analytical data are consistent with the literature.19 

Rf (hexanes/ethylacetate 5:1 on silica) = 0.45 

1H NMR (300 MHz, CDCl3) δ 7.61 – 7.57 (m, 2H), 7.44 (d, J = 14.4 Hz, 1H), 7.23 – 7.07 

(m, 7H), 5.60 (d, J = 14.4 Hz, 1H), 2.92 (s, 3H), 2.33 (s, 3H). 

13C NMR (75 MHz, CDCl3) δ 142.93, 135.26, 133.49, 128.83, 127.66, 127.13, 125.97, 

125.42, 124.44, 109.80, 31.17, 20.52.  

 

N-(2-azido-2-phenylethyl)-N,4-dimethylbenzenesulfonamide (8) 

 

Following general procedure GP using styrene (1a, 286 μL, 260.4 mg, 2.50 mmol, 1.0 

equiv), N-iodosuccinimide (2, 562 mg, 2.50 mmol, 1.0 equiv), N,4-

dimethylbenzenesulfonamide (3b, 463 mg, 2.50 mmol, 1.0 equiv), DMC (25.0 mL, 0.25 
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M) and potassium acetate (24.5  mg, 0.250 mmol, 0.1 equiv) at room temperature (25 °C) 

with tR = 10 min (fR = 0.7 mL min-1). A volume of 2.5 mL (= 0.250 mmol) was collected 

in 3 min 34 sec in a round bottom flask. After evaporating the solvent under reduced 

pressure, dissolving the residue in 2.5 mL DMF and adding NaN3 (98 mg, 1.25 mmol, 5 

equiv in respect to the collected amount of substance), the resulting mixture was stirred 

for 8h at 6.5 h. The crude product was diluted with 5 mL and extracted five times with 5 

mL EtOAc. The combined organic phase was washed with brine and the solvent was 

evaporated under reduced pressure. The product 8 was isolated by silica gel column 

chromatography using hexanes/ethylacetate (9:1 to 3:1) as eluent to obtain 75.3 mg 

(0.228 mmol, 91%). The analytical data are consistent with the literature.19 

Rf (hexanes/ethylacetate 3:1 on silica) = 0.5 

1H NMR (400 MHz, CDCl3) δ 7.57 – 7.55 (m, 2H), 7.32 – 7.17 (m, 7H), 4.74 (dd, J = 

8.3, 5.7 Hz, 1H), 3.17 – 3.07 (m, 2H), 2.68 (s, 3H), 2.32 (s, 3H). 

13C NMR (101 MHz, CDCl3) δ 143.84, 136.79, 135.69, 134.93, 132.42, 130.49, 129.65, 

127.62, 127.16, 126.34, 124.63, 116.99, 36.04, 21.58 
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4.5.3 NMR Spectra 

N-(2-iodo-2-phenylethyl)-4-methylbenzenesulfonamide (4a) 
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N-(2-iodo-2-phenylethyl)-N,4-dimethylbenzenesulfonamide (4b) 
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N-(2-iodo-2-phenylethyl)-4-nitrobenzenesulfonamide (4c) 

 

 

 

 

 



 Chapter 4: Iodoamina�on in Flow   

191 
 

Methyl 4-(2-((N,4-dimethylphenyl)sulfonamido)-1-iodoethyl)benzoate (4d) 
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N-(2-(4-(tert-butyl)phenyl)-2-iodoethyl)-N,4-dimethylbenzenesulfonamide (4e) 
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N-(2-iodooctyl)-N,4-dimethylbenzenesulfonamide (4f) 
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3-((N,4-dimethylphenyl)sulfonamido)-2-iodo-N-isopropylpropanamide (4g) 
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2-(iodomethyl)-1-tosylindoline (4h) 
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2-phenyl-1-tosylaziridine (5-Ts) 
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1-((4-nitrophenyl)sulfonyl)-2-phenylaziridine (5-Ns) 
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N-(2-hydroxy-2-phenylethyl)-N,4-dimethylbenzenesulfonamide (6) 
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N,4-dimethyl-N-styrylbenzenesulfonamide (7) 
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N-(2-azido-2-phenylethyl)-N,4-dimethylbenzenesulfonamide (8) 
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N-(2allylphenyl)-4-methylbenzenesulfonamide (1f) 
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