
1 

 

  

 

 

 

 

Photocatalytic activation of carbon–halogen 

bonds 

 

 
A thesis submitted to the University of Manchester for the degree of Doctor of Philosophy in  

the Faculty of Science and Engineering 

 

 

 

 

 

2022 
 

 

 

 

 

Timothée Constantin 

 University of Manchester 

Department of Chemistry 

Supervisor: Prof Daniele Leonori 



2 

 

Blank page 

  

  



3 

 

Table of Contents 
List of publications ....................................................................................................................... 4 

Abbreviation................................................................................................................................. 6 

Abstract........................................................................................................................................ 9 

Declaration ..................................................................................................................................10 

Copyright Statement.....................................................................................................................10 

Acknowledgments........................................................................................................................13 

1. Organic halides in synthesis ......................................................................................................15 

1.1 Carbon–Halogen Bond ........................................................................................................15 

1.2 Use of organic halides in two-electron chemistry ..................................................................16 

2. Radical chemistry .....................................................................................................................21 

2.1 Introduction ........................................................................................................................21 

2.2 Organic halides in traditional radical chemistry .....................................................................25 

2.2.1 Halogen Atom Transfer Step .........................................................................................26 

2.2.2 Hydrogen-Atom Transfer Step ......................................................................................34 

2.2.3 Radical Initiation ..........................................................................................................34 

2.2.4 Tin radicals ..................................................................................................................36 

2.2.5 Silicon Radicals ...........................................................................................................40 

2.2.6 Methyl and Ethyl Radicals ............................................................................................43 

2.2.7 Boryl radicals...............................................................................................................44 

2.2.8 Phosphoranyl radicals ...................................................................................................47 

3. Photoredox chemistry ...............................................................................................................49 

3.1 Introduction ........................................................................................................................49 

3.1.2 A brief history of photocatalysis ....................................................................................49 

3.1.2 Light absorption and photochemistry .............................................................................50 

3.1.3 Reactivity of Photocatalysts and New Radical Precursors ................................................52 

3.2 Strategies for the Activation of Organic halides in Photoredox Catalysis.................................59 

3.2.1 Photoinduced Reduction of Alkyl Halides ......................................................................59 

3.2.2 Photoinduced Halogen-Atom Transfer of Alkyl Halides..................................................64 

Aim of the project ........................................................................................................................73 

References ...................................................................................................................................74 

Appendix.....................................................................................................................................91 

 

 

Final word count (excluding publications) : 22845 words  



4 

 

List of publications 
 

The work presented in this thesis formed part of the following publications: 

 

1. T. Constantin, M. Zanini, A. Regni, N. S. Sheikh, F. Juliá* and D. Leonori* 

Aminoalkyl radicals as halogen-atom transfer agents for activation of alkyl and aryl halides 

Science, 2020, 367, 1021-1026 

Reprinted with permission. Copyright © 2020, The American Association for the Advancement of 

Science 

Contribution: development of the Giese reaction, mechanistic studies, scope of the Minisci-type 

reaction, SI, correction of the manuscript, SI 

 

2. T. Constantin, F. Juliá and D. Leonori* 

A case of chain propagation: α-aminoalkyl radicals as initiators for aryl radical chemistry 

Chem. Sci., 2020, 11, 12822-12828 

Reprinted with permission. Copyright 2020 Royal Society of Chemistry 

Contribution: project design, experimental work, redaction of the first version of the manuscript, 

correction of the later versions, SI 

 

3. L. Caiger, C. Sinton, T. Constantin, J. J. Douglas, N. S. Sheikh, F. Juliá and D. Leonori* 

Radical hydroxymethylation of alkyl iodides using formaldehyde as a C1 synthon  

Chem. Sci., 2021, 12, 10448-10454 

Reprinted with permission. Copyright 2021 Royal Society of Chemistry 

Contribution: supervision of L. Caiger & C. Sinton, design of the mechanistic studies, correction of the 

manuscript and SI 

 

4. H. Zhao, A. J. McMillan, T. Constantin, R.C. Mykura, F. Juliá and D. Leonori* 

Merging Halogen-Atom Transfer (XAT) and Cobalt Catalysis to Override E2-Selectivity in the 

Elimination of Alkyl Halides: A Mild Route toward contra-Thermodynamic Olefins 

J. Am. Chem. Soc., 2021, 143, 14806-14813  

Reprinted with permission. Copyright 2002 American Chemical Society. 

Contribution: project design, preliminary results, supervision of a MChem to develop the system, 

correction of the manuscript and SI 

 

5. F. Juliá, T. Constantin and D. Leonori* 

Applications of Halogen-Atom Transfer (XAT) for the Generation of Carbon Radicals in Synthetic 

Photochemistry and Photocatalysis  

Chemical Reviews, 2022, 122, 2292-2352 



5 

 

Reprinted with permission. Copyright 2002 American Chemical Society. 

Contribution: redaction of tin, silicon and ATRP sections, correction of the manuscript  

  



6 

 

Abbreviation 
 

1°/ 2°/ 3° primary/ secondary/ tertiary 

AAR α-aminoalkyl radical 

Ac acetyl 

Ar aryl 

AIBN 2,2'-azobisisobutyronitrile 

BDE bond dissociation energy 

Bn benzyl 

bpy 2,2′-bipyridine 

t-Bu tert-butyl 

CCR carbon-centred radical 

CV cyclic voltammetry 

DMF dimethylformamide 

DMSO dimethylsulfoxide 

dr diastereomeric ratio 

dtbbpy 4,4-di-tert-butyl-2,2′-bipyridine 

EA electron affinity 

eV electron volt 

EPR electron paramagnetic resonance 

ESI electrospray ionisation 

Et ethyl 

equiv. equivalent 

EtOAc ethyl acetate 

EY eosin Y 

dFppy 2-(2,4-difluorophenyl)pyridine 



7 

 

dF(CF3)ppy 2-(2,4-difluorophenyl)-5-(trifluoromethyl)pyridine 

GC-MS gas chromatography mass spectroscopy 

h hour 

HAT hydrogen-atom transfer 

HRMS high resolution mass spectroscopy 

Hz hertz 

IC internal conversion 

IP ionisation potential 

IR infra red 

ISC intersystem crossing 

LED light-emitting diode 

M molar 

Me methyl 

MesAcr 9-methyl-10-mesitylacridinium  

MeOH methanol 

min minutes 

m.p. melting point 

MLCT metal to ligand charge transfer 

NHC N-heterocyclic carbene 

NMR nuclear magnetic resonance 

PC photocatalyst 

Ph phenyl 

ppm parts per million 

ppy 2-phenylpyridine 

Pr propyl 

i-Pr isopropyl 



8 

 

Rf retention factor 

r.t. room temperature 

SCE saturated calomel electrode 

SET single-electron transfer 

SOMO single occupied molecular orbital 

t1/2 half-life  

THF tetrahydrofuran 

UV ultra-violet 

V-50 2,2'-azobis(2-methylpropionamidine)dihydrochloride 

V-70 2,2'-azobis(4-methoxy-2,4-dimethylvaleronitrile 

X halogen atom 

XAT halogen-atom transfer 

  



9 

 

Abstract 
 

Organic halides are important building blocks in synthesis, but their use in (photo)redox chemistry is 

limited by their highly negative reduction potentials. Nevertheless, they have been activated through 

Single Electron Transfer strategies, which very often remained limited to reductive dehalogenation 

reactions. Halogen-atom transfer remains to this date the most reliable approach to exploit these 

substrates in radical processes despite its requirement for hazardous reagents and initiators such as tin 

hydride. 

In recent years, photoredox catalysis driven by visible light has often been used to oxidise carbon centers 

adjacent to nitrogen atoms. In this study, we demonstrate that the transient radical cation is transformed 

into the corresponding α-aminoalkyl radicals. Those species are able to promote the homolytic activation 

of carbon–halogen bonds with a reactivity profile mirroring that of tin radicals, while displaying a better 

safety profile. This strategy engages alkyl and aryl halides in a wide range of transformations to 

assemble sp3-sp3, sp3-sp2, and sp2-sp2 carbon-carbon bonds under mild conditions with high 

chemoselectivity. We also demonstrated the possibility of merging our Halogen Atom Transfer 

approach with transition metals. 
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« The Greeks are wrong to recognize coming into being and perishing; for nothing comes into being 

nor perishes, but is rather compounded or dissolved from things that are. So they would be right to 

call coming into being composition and perishing dissolution. » 

Anaxagoras 

 

 

 

 

 

 

« Dans un voyage ce n'est pas la destination qui compte mais toujours le chemin parcouru, et les 

détours surtout. Les détours. » 

(In a journey, it is not the destination that counts, but always the path taken, and especially the 

detours. The detours.) 

P. Pollet-Villard 
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Introduction 

1. Organic halides in synthesis 
 

Organic halides are organic compounds containing at least one halogen-atom bonded to a 

carbon. Among the atoms in group 17 of the periodic table, four of them are frequently encountered in 

organic chemistry, namely fluorine, chlorine, bromine, and iodine. They will be the focus of this section. 

Although each of them exhibits different properties, the carbon–halogen bonds they form all share some 

characteristics. 

1.1 Carbon–Halogen Bond 
 

A meaningful comparison of different C–X (carbon–halogen) requires first a summary of the 

properties of the halogens themselves. Halogen-atoms are among the most electronegative atoms of the 

periodic table. Group 17 displays the highest electron affinities (3.40 and 3.06 eV for F and I, 

respectively). Going from fluorine to iodine down the periodic table, halogens become larger, as shown 

by their greater Van der Walls radii and less electronegative, illustrated by the smaller chemical shift of 

CH3X going from X = F to X = I (Table 1). 

Halogen (X) 
Atomic 

number 
Electronegativity1 

1H chemical shift in 

CH3X (ppm)2,3 

Van der Walls 

radius (Å) 

F 9 3.98 (4.0) 4.10 1.47 

Cl 17 3.16 (3.5) 3.05 1.75 

Br 35 2.96 (3.45) 2.68 1.85 

I 53 2.66 (3.20) 2.16 1.98 

Table 1. Some properties of halogen-atoms 

Owing to the greater electronegativities of halogen-atoms compared to carbon, carbon–halogen 

bonds are polarised, as shown below (Table 2)4,5.  

Substituent 

X 

Bond length 

(Å) 

Bond longitudinal 

polarisabilities α  

(x1024 cm3) 

Bond dipole 

moment μ (D) 

Measured bond 

dipole moment 

of CH3X (D) 

H 1.091 0.79 0.4 – 

C 1.541 1.88 0 – 

F 1.381 0.96 1.41 1.81 

Cl 1.767 3.67 1.46 1.86 
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Br 1.937 5.04 1.38 1.78 

I 2.135 8.09 1.19 1.59 

Table 2. Some properties of carbon–halogen bonds 

Table 2 reveals the existence of a strong dipole moment in C–X bonds; the electron density is moved 

away from the carbon atom toward the halogen. Albeit fluorine is the most electronegative atom of the 

periodic table, C–F bonds have a smaller dipole moment than C–Cl because of their shorter length. This 

exception set aside, the dipole moment decreases from C–Cl to C–I as the electronegativity of the 

corresponding halogen diminishes. However, dipole moments on their own do not satisfyingly describe 

carbon–halogen bonds. A key parameter to take into consideration to predict the reactivity of such bonds 

is the longitudinal polarisability, α. This value increases from Cl to I, transcribing an easier deformation 

of the electron cloud by an external fields. This translates into the increased reactivity of carbon–iodine 

bonds compared to carbon–bromine and carbon–chlorine bonds in organic chemistry (see next section). 

Fluorine is again a notable exception to this trend and the exceptionally low polarisability of C–F bonds 

in regards to other carbon–halogen bonds is one of the reasons for its chemical inertness, together with 

the high bond dissociation energies (BDE). This explains the unique behaviours and poor reactivity of 

fluorine among halogen. Hence, organofluorine compounds are rarely used as intermediates in synthesis. 

Nonetheless, the presence of fluorine atoms on molecular scaffolds is still highly desirable for many 

applications.6 

1.2 Use of organic halides in two-electron chemistry 
 

The utility of alkyl halides in nucleophilic substitution reactions was established as early as the 

second half of the 19th century.7 Despite those early first lights and important milestones, such as 

Walden’s report on the inversion of configuration8, it would take decades for the concept of nucleophilic 

substitution to mature.  

 

Scheme 1. Nucleophilic substitution reactions of alkyl halides 
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The versatility of nucleophilic substitution reactions explains the popularity of alkyl halides9, despite 

the rare occurrence of chlorine, bromine and iodine atoms in natural products10 and drugs11. A testimony 

of this popularity lies in the large number of named reactions exploiting alkyl halides to forge different 

types of bonds (Scheme 2): Michaelis-Arbuzov for C–P bonds formation, 12,13 Finkelstein for C–X 

bonds,14 Gabriel  for C–N bonds,15 Friedel-Crafts for C(sp3)–C(sp2) bonds,16 Williamson synthesis for 

C–O bonds,17 Collman carbonylation for C–C(O)R18 … 

 

Scheme 2. Named reactions using alkyl halides as substrates 

Together with substitution reactions, elimination reactions were extensively studied. In those reactions, 

alkyl halides are transformed into olefin products after losing a β-proton. Elimination can either be 

intramolecular (E1 elimination) or intermolecular (E2 elimination). E1 mechanism proceeds via the 

heterolytic cleavage of the C–X bond, yielding a carbocation, followed by the loss of H+ (Scheme 3). 

On the other hand, E2 reactions are base-catalysed reactions, where the proton at the β-position 

antiperiplanar to the halide is deprotonated, resulting in the elimination of the halide as its anion, forging 

the C=C double bond. Like in substitution reactions, the balance between the two mechanisms depends 

on many parameters such as the stability of the carbocation, the steric hindrance, the choice of the base 

and solvents, temperature... 

 

Scheme 3. Elimination reactions of alkyl halides 
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Beyond these archetypical examples, alkyl halide electrophiles are used routinely worldwide and belong 

to the essential toolkit of organic chemists. The innate polarisation of carbon–halogen bonds rendering 

haloalkanes excellent electrophiles is not the only reason for their prevalence in organic synthesis. 

Grignard showed in 190019 that alkyl halides react with magnesium metal to yield organomagnesium 

compounds, which upon reaction with aldehydes and ketones give secondary and tertiary alcohols, 

respectively. After him, this new class of organometallic compounds was named Grignard reagents. The 

addition of those compounds across carbon-heteroatom multiple bonds (e.g., carbonyls, nitriles, CO2…), 

sometimes referred to as the Grignard reaction20, is one of the most commonly encountered C–C bond-

forming reactions21,22. In this process, the natural polarity of the C–X bond (i.e. C(δ+)–X(δ–)) is reversed, 

with the partial negative charge being mainly centred on the carbon atom. This umpolung (polarity 

reversal) explains why Grignard reagents are excellent carbon-nucleophiles. Grignard reactions also 

belong to the essential toolkit of organic chemists. It is routinely used on an industrial scale in the 

manufacturing of numerous drugs and agrochemical compounds (Scheme 4, the bonds created with 

Grignard reagents are highlighted in cyan). 

 

Scheme 4. Grignard reaction in drug and agrochemical compounds manufacture 

When the organometallic reagent is too unstable, it is generated from the alkyl halide in the presence of 

the desired electrophile to allow for rapid quenching. This process is referred to as Barbier coupling.23 

Barbier coupling was later extended to metals other than magnesium (e.g., Zn, Sm, In, Sn…)24 and is 

particularly suited for reaction in aqueous media25. Like the Grignard reaction, Barbier couplings found 

a wide variety of applications in organic synthesis, as exemplified by the various bonds created through 

Barbier reactions in the total synthesis of several natural products (Scheme 5). 

 

Scheme 5. Barbier coupling in total synthesis (the dot indicates the position of the halide) 
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Other processes, such as the Nozaki-Hiyama-Kishi reaction26, can be regarded as particular cases of 

Barbier coupling. Grignard and Barbier reactions rely on the stoichiometric generation of organometallic 

reagents and subsequent coupling with, usually, a carbonyl fragment. But it is also possible to transiently 

generate a catalytic amount of R–[M] reagent and couple it in situ. This idea is the framework of 

transition-metal catalysed cross-coupling reactions, such as Suzuki-Miyaura, Kumada-Corriu or Negishi 

reactions, only to name a few. In those reactions, an electrophilic fragment (usually aryl (pseudo-

)halides) is coupled with a nucleophilic fragment, such as organoboron, organomagnesium, or 

organozinc reagents, respectively. 

The Suzuki-Miyaura reaction is the prototypical example of this class of cross-couplings. It allows to 

couple aryl halides and organoborons in the presence of a metal catalyst, typically palladium. Thanks to 

the remarkable stability of boronic acids and their derivatives compared to other organometallic reagents 

and the large functional group tolerance of the reaction, it is one of the most commonly used reaction in 

organic synthesis.27,28 It is an excellent testimony of the importance of cross-coupling reactions in 

modern organic chemistry: the Suzuki-Miyaura reaction is responsible for around 30% of carbon-carbon 

bond formations in drug manufacture (Scheme 6).28,29 

 

Scheme 6. Examples of key C–C bonds synthesised by Suzuki-Miyaura reaction 

One significant difference between TM-catalysed and stoichiometric reactions, as presented previously, 

lies in the class of organic halides used as substrates. While substitution reactions usually take place at 

C(sp3)–X bonds (although concerted SNAr reactions exist30), Grignard/Barbier reactions accommodate 

alkyl, aryl, and vinyl halides indifferently, cross-coupling reactions tend to exploit mainly aryl halides. 

The limited use of alkyl halides is explained by the facile undesired β-hydride elimination occurring 

from Pd–alkyl complexes possessing at least one β-hydrogen. Although this undesirable side-reaction 

might be partially suppressed by using suitable ligands or different metals, such as nickel31–34, copper35, 

iron36,37  or cobalt38, it remains a significant obstacle to the use of haloalkanes in those cross-coupling 

reactions. Additionally, the relatively slow oxidative addition of alkyl halides compared to their aryl 

counterpart39,40 and the poor rate of reductive elimination of alkyl fragments41 render haloalkanes, 

difficult coupling partners. 

Although those reactions account for only a fraction of the use of alkyl halides in synthesis, they 

demonstrate the central role of those substrates to organic chemists. A direct consequence of this 
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popularity is the considerable number of commercially available building blocks containing halogen-

atoms. 

Despite the wealth of ionic reactions and the richness and diversity of the pool of commercially available 

alkyl halides, their role in radical chemistry is more modest. This is mainly due to the shortcomings of 

methods for homolytic activation of carbon–halogen bonds.  
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2. Radical chemistry  
 

2.1 Introduction  
 

In 1900, Gomberg reported the discovery of the first free radical: the triphenylmethyl radical.42 The 

existence of Gomberg’s radical was debated for decades,43 mainly because the mass measured for the 

“radical” was twice the mass expected. So the question of its dimeric structure became inevitable. 

Backed by famous chemists, such as Wieland and Chichibabin, the scientific community quickly ruled 

the existence of the radical out, stating that the substance obtained was nothing but hexaphenylethane, 

Ph3C–CPh3. In 1905, Jacobson44 defended the involvement of a cyclohexadiene structure (head-to-tail 

dimer) rather than head-to-head (hexaphenylethane) to explain why the mass observed was double of 

the mass of the predicted radical. It was only in 1968 that the existence of the equilibrium between a 

radical monomer and the head-to-tail dimer could be demonstrated45.  Radicals are defined by the 

IUPAC as a molecular entity possessing an unpaired electron. Open-shell species can have various 

structures but some classes of radicals share common features. Electron paramagnetic resonance (EPR) 

studies have revealed that alkyl radicals are π-radicals46: the spin density is located in a p-orbital 

orthogonal to the molecular plan containing the three substituents. This trigonal planar structure allows 

for interactions with electron densities going off the molecular plane and in particular with colinear C–

H bonds at the α-position. The existence of this hyperconjugation explains the increasing stability of the 

radicals with their increasing substitution. Indeed, the more alkyl substituents, the stronger the electronic 

donation from the neighbouring σ(C–H) into the Single Occupied Molecular Orbital (SOMO), hence 

the trend for radical stability is methyl < primary < secondary < tertiary < benzylic (< meaning more 

stable than, Scheme 7).47 Additionally, alkyl radicals can interact (conjugation) with neighbouring 

electronic lone pairs (e.g. α-aminoalkyl radicals), enhancing the electronic density at the radical centre, 

rendering it more nucleophilic (see Scheme 9). 
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Scheme 7. Heat of formation of radicals and energies of C–H bond dissociation 

Unlike alkyl radicals, vinyl radicals are most commonly “bent” with the unpaired electron located in an 

orbital of marked s-character perpendicular to the π-system46,48–50. However, if the olefin bears a 

substituent able of delocalising the unpaired electron (typically a phenyl ring), then the system adopts a 

linear arrangement with the SOMO being a pure p orbital46. Phenyl radicals are σ-radicals51: the SOMO 

is orthogonal to the π-system, preventing any conjugation.  Not every radical has a pure σ or π structure; 

Me3Sn• that the unpaired spin density resides in an orbital with 10% 5s and 78% 5p character and only 

90% of the spin density is located on the central tin atom; the radical has thus a flattened pyramidal 

structure.52 

 

Scheme 8. Structure of some radicals 

The absence of stabilisation explains the higher reactivity of phenyl and bent vinyl radicals towards 

Hydrogen Atom Transfer (HAT)  and Halogen Atom Transfer (XAT) reactions compared to their alkyl 

counterpart (Scheme 8). 

Another fundamental aspect of radical chemistry to consider is the philicity of radicals. Because of the 

high-energy SOMO, one might expect radicals to react rapidly and unselectively. However, like Ingold’s 

concepts of nucleophiles and electrophiles53 in ionic chemistry, radicals have nucleophilic or 

electrophilic character. This philicity is usually quantified by global electrophilicity index ω or local 

electrophilicity index condensed on the radical centre54, ω+
rc, expressed in eV. Parr and coworkers 

defined ω55 from the electronic chemical potential, µ56 and the chemical hardness, η57, as follow: 
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𝜔 =
µ2

2η
 

η and µ are themselves calculated from ionisation potentials (IP) and electron affinity (EA). 

ω+
rc of certain radicals and their classification regarding their philicity are presented in  Scheme 9. The 

local electrophilicity index, ω+
rc , offers valuable insight into the electrophilic character of the reactive 

center but is deeply affected by the delocalisation of the spin density over several atoms, yielding 

artificially low values for phenoxy, phenylsulfonyl or 2,2-dimethyl-4,6-dioxo-1,3-dioxan-5-yl 

(presented here) radicals for instance. 

 

Scheme 9. Philicity of some radicals based on the local electrophilicity index condensed around the radical center 

It is worth noting this classification is purely based on calculated electronic parameters and does not 

perfectly reflect the reactivity of those radicals. For example, benzylic radicals are typically considered 

as ambiphilic by synthetic chemists. 

Another way of looking at the philicity of a given radical is to directly consider its electron affinity (EA) 

and ionisation potential (IP): a radical with high electron affinity and high ionisation potential will be 

classified as electrophilic, while a radical with low IP and low EA would be considered nucleophilic.  

The philicity in the realm of radical chemistry plays a similar role to the concept of 

nucleophile/electrophile in ionic chemistry: nucleophilic radicals will react preferentially with electron-

deficient partners while electrophilic radicals are more inclined to engage electron-rich substrates. One 

striking example of these polar effects is the copolymerisation of vinyl acetate and methyl acrylate.58 

Upon addition of an initiator across methyl acrylate, an α–carbonyl electrophilic radical is generated, 

which could potentially react with another equivalent of methyl acrylate or with vinyl acetate. Because 

of the conjugation with the n orbital of the OAc, vinyl acetate has an electron-rich π-system and, 

therefore, will react preferentially with an electrophilic radical. This second addition yields a now 

nucleophilic radical, which adds across the electron-deficient double bond of methyl acrylate. Therefore, 
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when a mixture of vinyl acetate and methyl acrylate is subjected to a radical initiator, an alternate VAc-

MMA copolymer is obtained. 

 

Scheme 10. Alternate copolymerisation of methyl acrylate and vinyl acetate 

Alkyl radicals are generally nucleophilic due to hyperconjugation with α-C–H bonds (Scheme 

8). Their nucleophilicity is also revealed by the favourable kinetics of addition across Michael acceptor 

compared to olefins not bearing electron-withdrawing groups, the former being two orders of magnitude 

faster than the latter (Scheme 11). 

Because of their unpaired electron, radical species usually display high reactivity since they seek to pair 

it with another electron to create a stable chemical bond. They can do so by reacting with another 

unpaired-electron species, or, more often, they react with a stable, evenly paired molecule. Hence, free 

radicals are generally short-lived in solution (typically in the µs range), except for persistent or stable 

radicals59. Another aftereffect of this high reactivity is that radical processes depend mainly on kinetics 

parameters. Scheme 11 presents some typical reaction rate constants. 

 

Scheme 11. Rate constant for typical radical reactions 

Those numbers raise a question: if radical-radical couplings are diffusion-limited, how can one 

observe any other reactions than dimerisation? In most cases, the concentration of active radical species 

is extremely low, typically around 10–8 M, which explains the unlikeliness of radical-radical coupling. 
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Although free radical chemistry has been overlooked and even discredited for decades after 

Gomberg's seminal report, significant advances have been made in the field in the second part of the 

century. In particular, in the 1960s–70s, pioneers such as Kharasch, Julia, Barton and Minisci 

demonstrated free radicals' utility in organic chemistry. They developed synthetically relevant reactions 

such as addition60, olefination61, deoxygenation62 reactions or heterocycles alkylation63, respectively. 

Even though the oxidation of carboxylates was de facto the first entry point into radical chemistry, the 

early developments in the field relied on organomercury compounds64. Because of the acute toxicity of 

mercury species, the use of tin radicals as an alternative way to activate R–X bonds quickly became one 

of the most common ways of accessing carbon-centred radicals. 

2.2 Organic halides in traditional radical chemistry 
 

Tin radicals, R3Sn• (R = Alk, Ar), have profoundly impacted synthetic radical chemistry since their 

introduction by Menapace in 196365,66. They were first used for the direct reduction of alkyl halides, 

proceeding via a radical-chain mechanism; an initiation step generates a tin-centred radical, which 

engages the alkyl halide in a Halogen-Atom Transfer step (XAT), yielding the corresponding carbon-

centred radical together with a tin halide. The carbon radical undergoes a Hydrogen-Atom Transfer 

(HAT) with the tin hydride, giving the protodehalogenated product together with a new tin radical that 

can start another cycle (Scheme 12). 

 

Scheme 12. Mechanism of the reduction of organic halides by tin hydrides. 

The two elementary steps involved in this mechanism, namely Halogen- and Hydrogen-Atom Transfer, 

are worth detailing. Both steps consist of the transfer of a single atom from closed-shell species onto a 

radical abstractor, and they share similar yet opposite requirements, so we are only going to look into 

one, the Halogen-Atom Transfer step. 
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2.2.1 Halogen Atom Transfer Step 
 

 XAT reactions have a simple reaction profile with an early transition state.67 As in the majority of atom 

transfer reactions, the transition state display a collinear arrangement of three atoms (Scheme 13): the 

carbon bearing the halide (R), the halogen (X) and the radical centre of the attacking radical (Y).  

 

Scheme 13. (A) Halogen-Atom Transfer mechanism (B) XAT energy profile 

Enthalpic effects. Like all types of radical abstractions, enthalpic effects dictate the overall energetic 

feasibility (G°) of XAT reactions. In order for these processes to be exergonic, the Y–halogen bond 

needs to be stronger than the C–halogen bond in the starting materials (i.e. BDEX–Y > BDER–X). This can 

be easily assessed by looking at literature or computed bond dissociation energies (BDEs)68. Table 3 

contains some key BDEs for common organic halides as well as the most employed XAT reagents. It is 

clear from these values how the halogen abstracting ability of tin and silicon species is greatly facilitated 

by the stronger nature of Sn/Si–X bonds with respect to both sp3 and sp2 C–X bonds.  

Bond BDE (kcal.mol–1) Bond BDE (kcal.mol–1) Bond BDE (kcal.mol–1) 
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66.4 

 
56.8 

 
44.7 

 
70.9 

 
52.3 

 
40.1 

 
96.5 

 
80.4 

 
65.0 

 
101.6 

 
91.3 

 
76.5 

 
117.0 

 
101.4 

 
82.1 

Table 3. Bond Dissociation Energies of Organic Halides 

According to the Bell-Evans-Polanyi principle,69 when polar or other effects do not significantly perturb 

the halogen abstraction step, a linear correlation is predicted between the logarithm of the XAT rate 

constants and the heat effect. This means that the relative rates for halogen abstractions follow the 

strength of the C–halogen bonds with the general trend being iodides > bromides > chlorides (Scheme 

14A and B).70–72 The correlation between the rate of XAT and C–X BDEs is also consistent with these 

abstractions having early TSs (Hammond postulate).73 

The stability of the ensuing C-radical is also important in facilitating XAT and this results in the general 

trend benzylic > tertiary > secondary > primary > phenyl (Scheme 14C).71,72,74  

 

Scheme 14. XAT Rate Constants Depending on: (A) Nature of the Halide on Aryl Derivatives; (B) Nature of the Halide on 

Alkyl Derivatives, and (C) Alkyl Halide Substitution Pattern 
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It is important to note that favourable enthalpic effects are not essential to drive halogen abstractions. In 

the case of systems where the product’s Y–halogen bond has a similar (or even slightly weaker) strength 

than the substrate’s C–halogen bond (i.e. BDEX–Y ≤ BDER–X), the abstraction will occur reversibly but 

can be render irreversible if a subsequent fast and irreversible reaction taking place. This scenario is 

generally occurring when using nucleophilic α-N-75 and α-O-radicals76 as XAT reagents, whereby the 

corresponding α-halo-amines/alcohols undergo fast elimination to more stable iminium/carbonyl 

species (Scheme 15). This fast and irreversible reaction is the overall thermodynamic driving force for 

the abstraction process. It constitutes an alternative approach of atom transfer reactions, in which the 

first elementary step bypasses usual enthalpic requirements. 

 

Scheme 15. Mechanism of XAT Using α-Aminoalkyl and α-Hydroxyalkyl Radicals 

Polar effects. Polar effects pervade all aspects associated with reactivity and selectivity in radical 

reactions.77 While the interplay of these effects is frequently used to rationalise the outcome of 

hydrogen-atom transfer processes,78 they also have a profound impact on XAT reactivity. Indeed, it is 

the stabilising charge-transfer character operating at the TS level that usually provides crucial kinetic 

acceleration to halogen abstractions.  

Mechanistic studies using Hammett plot analysis on XAT reactions of aryl and benzylic halides with 

Ph•, Bu3Sn• and Et3Si• have demonstrated that these processes build a partial negative charge on the 

carbon from which the halide is abstracted while a partial positive charge is accumulated on the halogen-

abstracting atom (Y). This means that nucleophilic radicals stabilise charge transfer in the transition 

state which accelerates the abstraction (Scheme 16).79–82 Based on this analysis, it is interesting to note 

that polar effects operating in XAT reactions are therefore opposed to the ones orchestrating  

“canonical” HAT processes, where strongly electrophilic radicals (e.g. t-BuO•) are usually 

employed.81,82 In these cases, a strong preference for the abstraction of hydridic H-atoms (i.e. hydrogens 

born by a carbon atom that forms a nucleophilic radical after a HAT event) is observed where their 

bound C-atoms can effectively stabilise an incoming positive charge accumulation. Overall, the opposite 

polarity in charge separation in the transition state of XAT vs HAT reactions is due to the difference in 

electronegativity of halogen vs H atoms and the polarisability of the corresponding C–X vs C–H bonds.83  
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Scheme 16. Differences in Charge Separation Occurring in the Transition State of XAT and HAT Reactions 

The requirement for nucleophilic radicals in XAT chemistry demonstrates how polar and enthalpic 

effects operate synergistically in the case of tin and silicon reagents due to the excellent ability of their 

corresponding radicals to stabilise the development of a positive charge in the TS.84 The increased 

reactivity of Si-radicals over Sn-radicals is generally rationalised on the basis of both their stronger Si–

X bonds (see Table 1) and higher ability to promote charge separation.80,81,85  

The electronic properties of the halogen-atom donor (R) are also important for the modulation of XAT 

reactivity. As an example, kinetic studies on the reaction between the heptyl radical and several α-halo-

esters and diesters demonstrated how the rate for both iodine and bromine abstraction increased with the 

increased ability of the ester groups to stabilise a partial negative charge in the TS (i.e. going from α-

halopropanoates to the corresponding methyl propanoates) (Scheme 17A).72,86,87 Additional evidence 

has been provided by Danen’s pioneering work on halogen-atom transfer reactions promoted by Ph•. As 

shown in Scheme 17B, abstraction from aryl iodides is accelerated in the case of 2- and 4-iodo-pyridines 

but is retarded in the case of 2- and 3-iodothiophenes. In the pyridines, the N-atom removes electron 

density from the aromatic ring which aids the abstraction, while an opposite effect is exerted by the S 

lone pairs in the thiophenes which retards the process.80,81,85 While the case of iodopyridines might  be 

explained partially by differences in BDE, the C–I bonds in 2- and 3-iodothiophenes have the same 

strength, leaving polar effects as the only factor explaining the differences in reactivity.68 
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Scheme 17. XAT Rate Constants Depending on: (A) Alkyl Halide Substitution Pattern and (B) Aryl Halide Substitution 

Pattern 

Inductive effects can also influence XAT reactivity as demonstrated in the iodine abstraction from 

primary alkyl derivatives by Ph• (Scheme 18).82  In these cases, the introduction of electron-donating 

Me groups on the α-carbon of the iodide decreases the rate of XAT by destabilising negative charge 

accumulation on the I-bound carbon in the transition state. In contrast, an electron-withdrawing 

carboxylic acid group provides stabilisation and accelerates the process. While these effects were 

quantified by competition experiments, it is important to note that the differences in reactivity are small 

and therefore they might not translate into observable reactivity changes under synthetic settings.  

 

Scheme 18. Modulation of rates of Halogen-Atom Transfer by Inductive and Steric Effects 

Since halogen-atom transfer reactivity is accelerated when nucleophilic radicals abstract halogen-atoms 

from electron-poor alkyl/aryl halides, a fundamental question is at which point radical generation 

follows XAT over purely outer sphere single electron transfer. In general, experimental and/or computed 

redox potentials for both the substrate and the abstracting radical can be used to determine the 

thermodynamic viability of direct SET. However, it is important to remember that the true nature of 
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very polarised processes lies between the XAT and SET mechanism.88 In these cases, XAT can be 

approached as an inner-sphere SET especially since factors influencing the rate of SET will have the 

same impact on XAT. The determination of the “charge-transfer character”89 (0 < δTS < 1) in the TS can 

be particularly useful as processes characterised by δTS approaching the unity are likely to take place via 

SET (Scheme 19). This subtle balance in XAT/SET mechanism is well illustrated in the study of 

oxidative addition of nickel complexes onto aryl halides, where the mechanism alternates between 3-

centre concerted, SET/radical capture and halogen-atom transfer depending on the choice of 

electrophile, ligands, solvent…90–92 

 

Scheme 19. XAT vs SET 

Other effects. As XAT reactions are generally highly exothermic they are characterised by early 

transition states with a limited degree of Y–halogen bond formation (i.e. the X–Y bond in the TS is 

long). This means that the interplay of other effects generally provides a small impact on the reaction 

profile and they are normally observed on narrow classes of substrates with specific substitution 

patterns.84  

Steric effects have been observed in XAT reactions and were employed to rationalise the increased rate 

for abstraction on ortho-substituted aryl halides by both aryl and alkyl radicals.87 As an example, while 

Ph–I and 1- and 2-iodonaphthalenes are electronically very similar and share similar C–I bond 

dissociation energies68, there is a noticeable acceleration for XAT with Ph• in the case of 1-

iodonaphthalene which was explained on the basis of a favourable release of steric strain upon iodine 

abstraction (Scheme 20A).86 A similar trend in reactivity was determined in the reaction between aryl 

bromides and Bu3Sn• where highly hindered derivatives also displayed increased reactivity despite 

being more electron-rich (Scheme 20B below).93  
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Scheme 20. XAT Rate Constants Depending on: (A) Nature of the Aryl Iodide and (B) Substitution Pattern of Aryl Bromides  

Hyperconjugative assistance was observed in XAT between α-cyclopropyl-, α-oxirane-and α-thiirane 

alkyl bromides and Bu3Sn•. Halogen abstraction from these substrates display slight acceleration when 

compared to unbiased primary alkyl bromides and this effect was explained on the basis of a 

synchronous C–C/O/S bond β-scission of the neighbouring 3-membered ring substituent (Scheme 21).94 

 

 

Scheme 21. Modulation of XAT Rate Constants Due to Hyperconjugative Effects 

Rate Constants. The development of synthetic strategies based on halogen-atom transfer processes has 

been largely impacted by understanding the factors which govern this radical reactivity.95 Fundamental 

work from Ingold,96–98 Danen,81,82,86,87,99 Lorand,100 Scaiano,101 Lusztyk,70 Newcomb,71 Curran,72,84 

Chatgilialoglu,102,103 Giese,104 Crich93 and Galli73 has provided extensive knowledge in this respect and 

many absolute rate constants have been determined. While a detailed discussion of these mechanistic 

experiments is beyond the scope of the review, a summary of the rate constants for common ly used 

XAT reagents and alkyl/aryl halides is presented in Table 4. 
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Substrate Bu3Sn• Et3Si• (Me3Si)3Si• 
  

 
4 x 109 8 x 109    

 
 4 x 109   3 x 105 

 
 1 x 1010 4 x 109 4 x 108 9 x 105 

 
    3 x 106 

 
    1 x 107 

 
 1 x 109    

 
3 x 107 5 x 108 2 x 107 < 105 1 x 103 

 

2 x 107   < 105 1 x 103 

 
1 x 108 1 x 109 2 x 107 < 105 5 x 103 

 
1 x 109 2 x 109 > 109   

 
 1 x 109    

 
 3 x 108    

 
 1 x 108    

 
   3 x 109  

 
 3 x 105    

 

2 x 103     

 
1 x 104 3 x 106 5 x 105  6 x 102 

 
1 x 106 2 x 107 5 x 106   

 
 2 x 106    

 
1 x 104 2 x 107    

 
 5 x 109 4 x 108 2 x 108  

Table 4. Experimental Rate Constants for XAT Reactions (All rates are in M -1.s-1) 
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2.2.2 Hydrogen-Atom Transfer Step 
 

The second elementary step of the mechanism is a HAT event between the newly formed carbon and tin 

hydrides. As we have exposed in the last part (vide supra), HAT reactions follow opposite trends to 

those observed in XAT. In general, to obtain a favorable HAT, nucleophilic C-radicals should react with 

a source of protic hydrogen (i.e. hydrogens born by an atom that forms an electrophilic radical after a 

HAT event, e.g. a thiol) from an H-donor with a weak Y–H BDE. The reaction with trialkyltin hydride 

is polarity mismatched and is thus expected to be a slow process. However, the sizeable enthalpic gain 

of the reaction, together with the absence of side reactions (PhH is usually used as solvent), guarantee 

the efficiency of this hydrogen atom transfer and allows it to sustain a radical chain (Scheme 22). 

 

Scheme 22. BDE of alkanes 

The last aspect we have not commented on yet is the nature of the initiation step.  

2.2.3 Radical Initiation 
 

As the hydrogenation of the carbon-radical requires tin hydrides, the initiation consists either of a 

hydrogen atom transfer with R3SnH or a XAT step directly with the substrate. The challenge lies in 

generating radical species from stable closed-shell, as the homolytic cleavage of a covalent bond usually 

requires high temperatures. Only weak bonds (30-40 kcal.mol-1) can be cleaved at lower temperatures 

(<150°C).105 Three main classes of initiators are commonly encountered: azoalkanes, peroxide and 

trialkyl borons. AIBN (2-,2’-azobisisobutyronitrile) is the archetypical representant of the former 

class.106 It decomposes when heated (t1/2 in toluene at 65 °C = 10 h) to generate two equivalents of 2-

cyanoprop-2-yl radicals together with nitrogen gas (Scheme 23). 2-Cyanoprop-2-yl radical can engage 

a polarity matched HAT reaction with Bu3SnH, generating a tin-centred radical which can initiate the 

chain process. Light can also activates AIBN via trans/cis isomerisation and homolysis.107 Many azo 

derivatives have been developed to improve some parameters: for instance, V-70 (2,2'-azobis(4-

methoxy-2,4-dimethylvaleronitrile) allows initiation at even lower temperature while V-50 (2,2'-
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azobis(2-methylpropionamidine)dihydrochloride) is water-soluble, enabling to initiate radical reactions 

in aqueous media. 

Peroxides, in particular, di-tert-butylperoxide and benzoyl peroxide are another powerful class of radical 

initiators. Although more thermally stable and therefore more difficult to activate (t1/2 at 120 °C = 24 h) 

than azo compounds, they are also less explosive and hazardous.108 This slow decomposition can be 

advantageous when high temperatures are required for a reaction, as peroxides will provide a slow and 

steady radical supply throughout the reaction. Similarly to azo compounds, irradiation can be employed 

to activate peroxides109, obviating the need for high temperatures. Another feature of commonly 

encountered peroxides is their degradation pathways. After the homolysis of the central O–O bond, two 

highly electrophilic O-centered radicals are formed, which can easily abstract the hydrogen from R3SnH; 

the reaction is thermodynamically (BDEt-BuO–H = 106.3 kcal.mol-1) and kinetically (polarity matched) 

favoured. The O• can alternatively evolve via β-scission (for t-BuO•) or decarboxylation (PhCOO•) to 

yield a methyl and a phenyl radical, respectively. As discussed later (vide infra), both radicals can either 

abstract a hydrogen atom from the tin hydride or directly engage a XAT step with the substrate, 

providing another entry point into the radical chain. 

Capitalising on the reactivity of Et• radicals, trialkylboranes represent the third class of initiators. 

Triethylborane is by far the most popular of those reagents110; upon oxidation (SH2 reaction with ground-

state oxygen), it yields ethyl radicals at low temperature (usually –78°C to r.t.),111 which offers a great 

complementarity with other initiators. Like methyl radical, Et• can either engage Bu3SnH in a HAT step 

or directly the substrate via XAT. 
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Scheme 23. Reactivity of the most common classes of radical initiators 

Beyond simple dehalogenation reactions, alkyl halides were used with alkyltin derivatives for various 

carbon-carbon bond-forming reactions. We will focus on examples of the most popular C–C bond 

creation processes involving tin radicals.  

2.2.4 Tin radicals  
 

The bond-forming elementary step has been reasonably fast to avoid the direct reduction of carbon -

centred radicals. 5-exo cyclisations are the fastest and, therefore, a particularly suited reaction class to 

outcompete HAT processes. Curran demonstrated the feasibility and versatility of this idea in the total 
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synthesis of (±)-hirsutene.112 The key step of the synthesis was the conversion of a monocyclic alkyl 

iodide 1 into the tricyclic hirsutene 2 via a tandem 5-exo-trig/5-exo-dig cyclisation (Scheme 24). 

 

 

Scheme 24. Curran synthesis of (±)-hirsutene 

Higher-order cyclisation reactions were also investigated but because of their unfavourable kinetics, 

direct reductions of the halide was obtained as the main product .113 To achieve such transformations, it 

appears necessary to suppress the hydrogen transfer pathway, which implies two main consequences: 

another source of tin radicals with no weak Sn–H has to be employed and another step has to replace 

the HAT termination step. Building on the reactivity between tetrachloromethane and olefins reported 

by Kharasch60 and the pioneer work of Brace114, Curran demonstrated that by using a catalytic amount 

of hexabutylditin under photochemical conditions (275 W sunlamp, necessary for the homolysis of the 

central Sn–Sn bond) the iodine atom present in the starting hexenyl iodide 3 could formally be 

incorporated into the cyclic product 4 after a cyclisation (Scheme 25).115 This first example of Atom 

Transfer Radical Cyclisation (ATRC) was a breakthrough in the field as it validated the possibility of 

XAT between two organic fragments (i.e. R–I + R1• → R• + R1–I) as viable terminal step in a radical 

cascade reaction. 
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Scheme 25. Photoinitiated Atom Transfer Radical Cyclisation of Hexynyl Iodides 

An additional mechanistic difference to classical radical cyclisation−reduction reactions is that Bu3Sn• 

initiates the process but is not involved in the radical chain propagation . Given the high-energy light 

sources used  (e.g. sunlamps), the reaction can be iniated by direct photolysis of the C–I bond. 

Hexabutylditin is not only a putative initiator as it also prevents the accumulation of I2, a known chain 

suppressor.  The XAT between two carbon-based species is responsible for sustaining the radical 

chain.116  Hence, the intermediacy of a vinyl radical is crucial for the success of this approach as it makes 

the chain-carrying XAT step fast and irreversible. Indeed, kinetic studies demonstrated that iodine 

abstraction between vinyl radicals and alkyl iodides approaches the diffusion control limit (kXAT ≥ 109 

M−1.s−1 at 80 °C)117, and can therefore outcompete any unwanted HAT process (e.g. from the solvent). 

It is also worth noting that, although tin hydrides can be employed to achieve radical cyclisations, high 

dilution conditions (0.02 M) are usually required to avoid premature t ermination via HAT. In 

comparison, ditin compounds can be used in concentrated media (0.3 M), which are more practical. This 

has been pivotal to successfully extend ATRC chemistry to cyclisation reactions that are slower than 

the 5-exo-trig/dig118–123 like 6-endo-trig,124 6-exo-trig, 7-endo-trig, 113,125 7-exo-trig, 8-endo-trig126,127 

and 9-endo-trig128.  

One of the most powerful and widely used radical reaction is the addition of a carbon radical across an 

electron-deficient olefin. It is known as the Giese reaction, named after Bernd Giese .129,130 Owing to its 

industrial relevance, as it is the elementary step of free-radical polymerisation, this transformation 

attracted considerable attention early on and was studied in-depth.131 The typical tin-mediated Giese 

reaction proceeds via a XAT/addition/HAT sequence: after an initiation step, Bu 3Sn• abstracts a 

(pseudo-)halide to yield a carbon radical, which adds across an electron-deficient olefin. The ensuing 

electrophilic radical can engage a fast, polarity-matched HAT with Bu3SnH, regenerating the chain 

carrier. A few aspects of this mechanism are worth explaining in more detail (Scheme 26). 
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Scheme 26. Example and mechanism of the Giese reaction (side reactions are shown in grey) 

As Bu3Sn• is a nucleophilic radical, it can undergo direct Giese addition across the acceptor, yielding 

the hydrostannylation product. The XAT step has to be faster than the addition to avoid this undesirable 

side-reaction. Hence in intermolecular settings, alkyl iodides or activated bromides are the most 

common substrates in tin-mediated Giese addition.132,133 Two other pitfalls have to be avoided: the 

carbon radical can undergo premature reduction by direct HAT with a molecule of tin hydride, and the 

intermediate obtained after addition could potentially overreact with another equivalent of olefin. Both 

those issues are solved by tuning the reaction conditions and, in particular, the concentration of Giese 

acceptor and tin hydride. Yet, it is interesting to note that the polarity of the radical species changes 

during the addition; the nucleophilic carbon-centred radical is transformed into an electrophilic α-EWG 

radical. Thus, the HAT reaction, which was polarity-mismatched before the addition, becomes 

favourable. 

Although versatile and powerful, standard tin reagents suffer from common drawbacks mostly 

associated with reaction workup and purification and their final waste disposal. These limitations have 

driven a quest for alternative reagents for homolytic activation of carbon−halogen bonds as discussed 

by Walton in 1998 in the topical review entitled “Flight from the Tyranny of Tin”.134 Several reagents 

have been developed to circumvent these issues, like water-soluble ditin reagents, which can be removed 

by liquid−liquid extraction135 or polymer-supported reagents136,137, that can be filtered at the end of the 

reaction. In all cases, the supported tin reagents can be recovered from the reaction mixture and recycled 
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by reduction. Although effectively addressing certain flaws of organotin reagents, none of those 

approaches can alter the inherent toxicity of tin hydrides or halides nor the need for explosive or 

pyrophoric initiators or high-energy lights. 

2.2.5 Silicon Radicals 
 

Silicon, another element of group 14, was examined as a possible, less toxic replacement for tin hydrides. 

In order to be considered as such, silanes have to display similar features to the archetypical Bu3SnH: a 

weak Sn–H to allow for facile HAT and favourable kinetics of halogen-atom abstraction from the 

corresponding Sn• radical. The former criteria can be examined based on BDE of different silanes (see 

Table 5). 

 

Table 5. BDEs of various Si–H bonds 

Despite little changes in the BDE of most silanes, two exceptions are worth noting. The presence of 

fluorine-atoms has a drastic strengthening effect, while the presence of a silyl group on the central silicon 

atom moderately weakens the Si–H bond. This trend reaches its pinnacle when three hydrogens of silane 

are replaced by trimethylsilyl units, yielding tris(trimethylsilyl)silane (often abbreviated TTMSS and 

referred to as supersilane) with BDESi–H = 83.7 kcal.mol-1. Despite still being 5.7 kcal.mol-1 stronger 

than tributyltin hydride, it is the weakest among simple silanes. This feature is responsible for the wide 

adoption of TTMSS in radical chemistry since its first report by Chatgilialoglu .138 The stronger nature 

of Si–H over Sn–H bonds translate into slower kinetics for HAT with alkyl radicals (Scheme 27).139  

 

Scheme 27. Rate constants for H-atom abstraction from a variety of reducing systems by primary alkyl radicals at 80°C 

However, tris(trimethylsilyl)silyl radical is not the most reactive silicon radical toward halogen 

abstraction. As shown in Table 6 both Et3Si• and Bu3Sn• are more potent XAT reagent. Nevertheless, 

TTMSS can sustain the typical radical chain propagation presented above (Scheme 12) thanks to 



41 

 

sufficiently fast XAT and HAT steps, unlike triethylsilyl radical. Indeed, while displaying the highest 

reaction rates for halogen-atom transfer (Table 6. Comparison of the rates of XAT reaction of tin and 

silicon radicals)102, the strong nature of Et3Si–H bonds prevents efficient hydrogenation of carbon 

radicals. 

Substrate Bu3Sn• Et3Si• (Me3Si)3Si• 

 

– 1 x 1010 4 x 109 

 1.5 x 109 2.4 x 109 9.6 x 108 

 

1.7 x 108 1.1 x 109 1.2 x 108 

 
2.6 x 107 5.4 x 108 2.0 x 107 

 1.1 x 106 2.0 x 107 4.6 x 106 

 

2.7 x 104 2.5 x 106 4.0 x 105 

 
1.4 x 103 3.1 x 105 – 

Table 6. Comparison of the rates of XAT reaction of tin and silicon radicals 

(Me3Si)3SiH has therefore dominated the landscape of silicon-based radical chemistry.140 Iodides, 

bromides, chlorides and aslo phenylselenides, isocyanides, xanthates, nitriles and nitro groups were 

activated by (TMS)3Si•.141 TTMSS can mediate the same reactions as tin hydrides139 such as 

dehalogenation,142 cyclisation,143 Giese144 (Scheme 28).  



42 

 

 

Scheme 28. Radical reactions of alkyl halides mediated by TTMSS 

Owing to the slow HAT between carbon radicals and TTMSS, slower cyclisations, such as 6-exo-trig, 

can take place (Scheme 28B) even in the presence of the silicon hydride, although its concentration is 

kept low by slow addition. The lower reactivity of TTMSS toward electron-deficient olefin also allows 

more activated Giese acceptor (e.g. thiomaleic anhydride) to be engaged in hydroalkylation reactions in 

high efficiency (Scheme 28C). 

Although being an effective and less toxic substitute to tin hydrides, supersilane is not free of 

shortcomings. The first major limitation, especially for large scale synthesis, is its elevated cost (3100 

£/mole vs. 360 £/mole for Bu3SnH). It also is responsible for poor atom-economy, as effectively only 

one hydrogen atom is transferred from the large backbone, containing four silicon centers and nine 

methyl units.  The initiation of silicon-mediated reactions still heavily relies on the same explosive or 

pyrophoric reagents as for tin hydrides. Silicon hydrides are also good reducing agents for carbonyl 

groups145, potentially raising chemoselectivity issues, especially for complex molecules. Additionally, 

silyl halides, the byproducts of the halogen-atom abstraction by silicon-radicals, have been found to 

promote undesired side reactions, such as the cleavage of common protecting groups (e.g. 

carbamates).146,147 

Tributyltin germane (n-Bu3GeH) was also investigated as an alternative to tin hydrides.148  While 

displaying similar reactivity to supersilane, its prohibitive price prevented tributyl germane to have a 

similiar impact to TTMSS in radical chemistry.  
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2.2.6 Methyl and Ethyl Radicals 
 

As discussed in a precedent section (see section 2.2.3), Me• and Et• radicals are capable of engaging 

alkyl halides in XAT reactions. Karasch exploited the halogen-atom abstraction ability of Me• to 

promote the addition of α-haloacetate across olefins. 149,150 Thermolysis of diacetyl peroxide (Ac2O2) 

was used to generate methyl radicals through homolysis/decarboxylation sequence. Because of the 

explosive and shock-sensitive nature of diacetyl peroxide, methyl radicals have more commonly be 

generated by β-scission of oxygen-centred radicals151, typically t-BuO• or Me2S(OH)O•.152 Peroxides 

(e.g. t-Bu2O2, AcOOt-Bu) and DMSO are the most common precursors to these radicals.153–155 However, 

hydrogen-atom transfer from t-BuO• and fragmentation to Me• and acetone have comparable rates156,157, 

depending on the solvent. Unwanted HAT can thus be a problematic side-reaction. Nevertheless, 

synthetic methodologies have been developed mediated by methyl radicals, such as Atom Transfer 

Radical Addition157 (Scheme 29A and B) or bromination of thiocarbonyl imidazoles,158,159 which is a 

rare example of use of a stoichiometric amount of “Me•” for group transfer (Scheme 29C). 

 

Scheme 29. Examples of reactions mediated by methyl radicals 

Ethyl radicals are more commonly encountered in radical chemistry than methyl radicals because they 

can be easily generated from triethylborane upon simple reaction with traces of molecular oxygen (vide 

supra). BEt3 is stable, even in aqueous media, thus the BEt3/O2 system accomodates various solvents 

(toluene, alcohols, water). It was even found that using water as solvent yields better results than more 

classical ones (e.g. toluene).160,161 While BEt3 is frequently employed in combination with group 14 

hydrides, they are also numbers of methods utilising exclusively the Et• precursors ,162 among which 
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ATRC reactions (Scheme 30A),161 deuteration of alkyl iodides (Scheme 30B),163 carboazidation 

(Scheme 30C)164. 

 

Scheme 30. Examples of reactions mediated by ethyl radicals 

2.2.7 Boryl radicals 
 

Borohydrides have first been used in radical chemistry due to their ability to convert R3Sn–X species 

into the corresponding hydrides R3Sn–H, allowing for in situ regeneration of tin hydrides.131,165 This has 

been frequently employed to develop transformations utilising sub-stoichiometric amounts of tin 

reagents as pioneered by Corey166 and Stork167 under both photochemical and thermal activation 

(Scheme 31). 
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Scheme 31. Radical reactions of alkyl iodides with sub-stoichiometric amounts of tin reagents. 

A different avenue is the use of boron-centred radicals (boryl) as halogen-abstracting reagents (Scheme 

32). These open-shell species are usually generated by HAT from the corresponding borohydrides or 

Lewis base–BH3 complexes (e.g. LB = R3N, R3P, NHC, Pyridine) owing to their relatively low B–H 

BDEs.168 The hydridic nature of the H-atom in these boronates means that electrophilic radicals (e.g. t-

BuO•, triplet benzophenone, –O3S–O•) are commonly used to mediate the HAT step (Sc).169,170 The 

corresponding boryl radicals are metalloid radicals of σ-configuration (bar the NHC–BH2•, in which the 

unpaired electron is delocalised into the NHC π-system) and with a formal negative charge, which 

provides them with distinct nucleophilic character (Scheme 32B).171  

XAT reactivity of boryl radicals follows the same mechanistic features discussed earlier: the strong 

nature of the resulting B–X bonds renders the reactions exothermic while the boryls’ nucleophilic 

character stabilises the interplay of polar effects in the abstraction TS.172 
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Scheme 32. Generation and Properties of Boryl Radicals Generated by HAT. (B) Charge Transfer in XAT Using Boryl 

Radicals. 

The ability of boryl radicals to take part in XAT reactivity has been amply demonstrated by the 

mechanistic EPR and FLP studies from Roberts, Ingold and Lalevée.74,173 As shown in Table 7, the rate 

constants for XAT determined in these pioneering works, indicates that Me3N–BH2• and H3B• have a 

reactivity comparable to the one of Et3Si•, while NHC–BH2• has a slower profile which is in line with 

its attenuated nucleophilic character.  

 kXAT (M–1.s–1) 

Substrate Et3Si• Me3N–BH2• H3B• NHC–BH2• 

 
5 x 109 5 x 109 2 x 109 2 x 107 

 
2 x 109 2 x 109 5 x 108  

 
5 x 108 1 x 108 1 x 108  

 
2 x 107 1 x 107 3 x 107  

Table 7. Rates of XAT from B- and Si-Radicals (All rates are in M-1.s-1, kXAT have been approximated to the near integral 

number) 

Boryl radicals, like tin- and silicon-centred radicals, have been exploited for reductive dehalogenation,174 

Giese reaction175  but also in tandem radical/ionic reactions where the borohydride acts both as a 

precursor of boryl radicals and a source of hydride, such as hydroxymethylation of alkyl halides.176–178 

Cl3C Cl

BrPh

Br
Me

ClPh
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Scheme 33. Examples of radical reactions mediated by boryl radicals 

2.2.8 Phosphoranyl radicals  
 

Phosphorous radicals derived from phosphates and hypophosphites can be generated by HAT or SET 

from their corresponding phosphoric and hypophosphorous acids.179–181 In particular, hypophosphorous 

acid, H3PO2, and its salts (e.g. 1-ethylpiperidine hypophosphite) have found frequent application in 

radical chemistry182 as (i) the hypophosphinyl radical anion (HPO2
•–) is a nucleophilic species (Eox –

1.4 V vs SCE)183, capable of halogen abstraction, and (ii) H3PO2 contains a relatively weak P–H bond 

(BDEP–H = 75 kcal.mol–1)184, which makes it a good HAT donor. These features are required for 

application in radical chain dehalogenation and deoxygenation reactions where hypophosphites have 

been used as a water-soluble, non-toxic and inexpensive alternative to tin hydrides (Scheme 34).185,186 It 

is important to note that phosphorous radicals are however less effective at XAT that tin and silicon 

reagents185,187 and often engage in competitive addition to olefins (hydrophosphination). Indeed, 

mechanistic work carried out by Ingold on (EtO)2(O)P• demonstrated that bromine abstraction with this 

species is two orders of magnitude slower than with Bu3Sn•.187 Phosphoryl (or phosphonyl) radicals 

have a pyramidal structure with the SOMO having significant phosphorous 3s character.188–190 Further 

study on different phosphorous radicals demonstrated that their reactivity towards XAT decreases with 

the radical planarisation, which translates into a lower spin density at the P-atom.191–193  
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Scheme 34. Mechanism of radical dehalogenation with hypophosphite-derived radicals 

Despite slower XAT and HAT kinetics, phosphonyl radicals have found applications in reductive 

dehalogenation (Scheme 35A),194 cyclisation (Scheme 35B)195 and Giese reaction (Scheme 35C)196. 

 

Scheme 35. Examples of radical reactions mediated by phosphoryl radicals 
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3. Photoredox chemistry 
 

3.1 Introduction  
 

3.1.2 A brief history of photocatalysis 
 

Sunlight is the primary energy source of our biosphere (the solar irradiance over Greater Manchester is 

six times greater than the total energy consumption of the same area) and probably was the one of the 

primordial Earth. Light is believed to have had a crucial role in prebiotic systems chemistry, allowing 

for the formation of elementary bricks of complex life (e.g. nucleobases, amino acids, lipids).197 The 

Great Oxidation Event (GOE) is a striking example of the impact of light on the development of modern 

forms of life; circa 2.4 billion years ago, oxygen started to accumulate in the atmosphere due to the first 

oxygenic photosynthesis. Cyanobacteria have harnessed sunlight photons to incorporate atmospheric 

carbon into organic compounds using water as a source of electrons (autotrophic growth), resulting in 

the release of O2, the byproduct of this process. This singular event has had drastic consequences on the 

Earth and all forms of life: the GOE induces the oxidation of soluble Fe(II) into Fe(III), which 

precipitates, forcing living organisms to develop ways of protecting iron centres.198 Owing to the 

oxidation of atmospheric CH4 into less potent the greenhouse gas effect, CO2, oxygenic photosynthesis 

is also responsible for planetary cooling, which is thought to have triggered the Huronian 

glaciation.199,200 

Solar photosynthesis allows the energy of photons to be stored in the form of chemical energy. Scientists 

won't study or exploit the effect of light on chemical reactions before the late eighteenth century. 

Allegedly, the first genuinely photochemical reaction of non-metal species was performed by Joseph 

Priestley201, an English chemist, theologian and nature philosopher, in 1790: colorless “spirit of nitre” 

(nitric acid) darkened under the action of a focused beam of sunlight.202 The first photoreaction of an 

organic molecule reported was the isomerisation of the sesquiterpene santonin in photosantonic acid 8 

in 1834 (Scheme 36)203, first isolated four years earlier by Kahler204 and Alms205. Trommsdorff found 

santonin 7 to turn dark yellow when exposed to sunlight, but not under thermal conditions. Interestingly, 

he noted that this transformation was observed only when exposed to blue and violet light , but yellow, 

green and red lights left santonin completely unchanged. This report prompted further investigations but 

the reaction mechanism and the nature of the intermediates were not to be elucidated before 1963.206,207 
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Scheme 36. Photoisomerisation of santonin 

Many consider modern photochemistry to be born with the works of Ciamician, Silber and Klinger in 

the early twentieth century, building on previous studies by Perkin or Liebermann.208 While the work of 

Silber is often overlooked, Ciamician’s name has remained to-date deeply associated with this field, 

probably because of his vision, which still has not been fulfilled, more than a century after his lecture 

he delivered in 1912 before the International Congress of Applied Chemistry.209 

 

3.1.2 Light absorption and photochemistry 
 

The observation made by Trommsdorff on the light-dependence of the photoisomerisation of santonin 

is one example of a fundamental law that governs photochemical processes:  

 

Only the light absorbed is effective in producing photochemical change. 

(Grotthuss-Darper law) 

 

The second fundamental principle is the photoequivalence law: 

 

For every quantum of light (photon) absorbed, one molecule of substrate reacts. 

(Photoequivalence law or Stark-Einstein law) 

 

The first law establishes light absorption as the essential step to any photochemical process. Absorbing 

a photon induces the excitation of a molecule (or atom), i.e., promoting an electron to a higher energy 

level. This brings a molecule (or atom) from its ground state to an excited state. The transition generally 

occurs between the Highest Occupied Molecular Orbital (HOMO) and the Lowest Unoccupied 

Molecular Orbital (LUMO) and is referred to as S0→S1 transition. Promotions to higher energy levels 

are sometimes observed (S0→Sn) but a series of photophysical processes bring the molecule down to its 

first excited state before it reacts further (S0→Sn→S1).   
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Scheme 37. (A) Change in energy levels during the absorption of a photon (B) Corresponding potential energy curves (the 

arrow represents the electronic transition) 

The second law establishes the equivalence between the number of photons absorbed and the number 

of molecules undergoing photochemical transformations. It is important to note that, in general, this 1:1 

equivalence is not observed for several reasons. A positive deviation from this equivalence (more than 

one molecule are transformed per photon absorbed) are indicative of a chain mechanism (photochemical 

secondary processes) following the photoinitiation (photochemical primary processes). On the other 

hand, a negative deviation (more than one photon is needed for one molecule of substrate to react) is 

explained by numbers of unproductive photophysical and photochemical processes (e.g. light emission, 

radiationless deactivation, recombination). 

 

The Beer–Lambert law is used to quantify the light absorption of a chromophore (light-absorbing 

compounds) in solution: 

𝐴 = log (
𝐼0

𝐼
) = 𝜀lc 

where A is the absorbance of the solution, I is the intensity of the transmitted light, I0 is the intensity of 

the incident light, ε is the molar absorption (or extinction) coefficient (in M-1.cm-1), l is the optical path 

(in cm) and c is the concentration of chromophore in the solution. 

 

The amplitude of ε (which reflects the magnitude of electronic transition) is modulated by selection 

rules. The symmetry selection rule states that only transitions occurring between orbital of similar 

symmetry are allowed (e.g. π→π* transition are symmetry allowed, while n→π* are symmetry 

forbidden). In practice, symmetry-forbidden transitions are still observed but have low magnitude (due 

to the breakdown of Condon approximation). 

The spin selection rule states that only transitions between states of the same multiplicity are allowed 

(e.g. singlet→singlet or triplet→triplet) while the transition between states of different mult iplicity are 
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forbidden (singlet→triplet). Intersystem crossing (ISC, i.e. S→T or T→S transitions) is spin-forbidden 

and almost unobservable for typical organic molecules (ε < 1 M-1.cm-1) but can be significant in metal 

complexes (102 M-1.cm-1 for 5d metal complexes), mainly due to the breakdown of the separation of 

orbital and spin functions, so-called spin-orbit coupling (SOC). 

Additonally, the intensity of a given absorption band depends on the overlap of the wave functions 

between the two vibronic levels of the electronic transition. The more they resemble each other, the 

more intense the absorption will be (Franck-Condon principle). 

 

3.1.3 Reactivity of Photocatalysts and New Radical Precursors 
 

Small organic molecules typically do not absorb in the visible region (400-800 nm) because of their 

large LUMO-HOMO energy gap, e.g. cyclohexane absorbs up to 180 nm while acetone absorption 

ceases after 310 nm. Direct excitation of such substrates is nevertheless possible but requires high -

energy light sources, special glassware and protection equipment. One way to circumvent those issues 

is to use antenna molecules that can harness lower-energy lights, typically visible light and “transmit” 

it to the substrates. Those antenna molecules are called photocatalysts (PC), they are mainly drawn from 

three classes of compounds: transition-metal complexes (e.g. Ru(bpy)3•2PF6), organic dyes (e.g. 

Fluorescein) and semi-conductors (e.g. TiO2). 

 

Figure 1. Absorption (black line) and emission spectra (red line) of Ru(bpy)3(PF6)2 in CH3CN at room temperature 

The examination of the prototypical photocatalyst Ru(bpy)3(PF6)2 reveals common photophysical 

features shared by most photocatalysts. Upon absorption of a photon in the blue-green part of the visible 

spectra (Figure 1), one electron of the metal-centred (MC) t2g orbitals is excited a to ligand-centred (LC) 
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π* orbital (Scheme 38).210 This transition is termed Metal to Ligand Charge Transfer (MLCT).211 This 

initial 1MLTC singlet state undergoes rapid ISC (~100 fs) to give a lower-energy long-lived triplet (1.1 

µs) 3MLTC state.210,212 This sequence S0→1MLTC→3MLTC has a quantum yield close to unity213 

meaning that almost every absorbed photon will induce the formation of the triplet MLCT state. Once 

in the long-lived 3MLTCT, the excited photocatalyst *Ru(bpy)3(PF6)2 can either engage bimolecular 

processes (vide infra) with a molecule of substrate, emits light (phosphorescence) and decay back to the 

ground state via ISC and non-radiative processes (e.g. collision with solvent). 

 

Scheme 38. Jablonski diagram for excitation of Ru(bpy)3.PF6 (VR = vibrational relaxation) 

Looking at the electronic structure of *Ru(bpy)3(PF6)2 provides information on its reactivity modes.  The 

3MLCT states results in the formal oxidation of the metal ion and the concomitant single-electron 

reduction of one of the bipyridine ligand. The formaly reduced bpy•– ligand is a potent reducing agent 

while the oxidized ruthenium centre is a good oxidant (Scheme 39).  
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Scheme 39. Simplified Molecular Orbital of Ru(bpy)3
2+ photochemical behaviour 

This means that photoexcited *Ru(bpy)3
2+ (* denotes an excited state) can participate in two different 

kinds of Single Electron Transfer (SET) reaction. It can be oxidised by an acceptor molecule, 

*Ru(bpy)3
2+ + A → *Ru(bpy)3

3+ + A•–, yielding the photocatalyst in its oxidised state (PC•+) along with 

a reduced acceptor (A•–) (Scheme 39, blue path). This first reaction type is called oxidative quenching, 

as the photocatalyst is oxidised by one electron. The second type of SET is reductive quenching, during 

which the excited photocatalyst (PC*) gets one electron from a donor molecule, *Ru(bpy)3
2+ + D → 

*Ru(bpy)3
+ + D•+

, giving the photocatalyst in its reduced state (PC•–) as well as the oxidised donor. 

 



55 

 

 

Scheme 40. Oxidative and Reductive Quenching Cycles of Ru(bpy)3
2+

 

One would note a peculiarity about photocatalysts' oxidation and reduction potential: while the reduction 

potential of an acceptor A (Ered) would typically be associated with the reaction A + e– → A•–, in the 

case of reactions with photocatalyst, this value is coined Eox. This nomenclature is explained by the fact 

that when a photocatalyst is involved in a Single Electron Transfer process, the fate of the photocatalyst 

is taken into consideration rather than the acceptor or donor molecule. In A + *PC → A•–
 + PC•+, the 

photocatalyst is oxidised by one electron and therefore, Eox is associated with this transformation.  

The thermodynamic feasibility of any electron transfer process between a donor D and an acceptor A is 

dictated by the Gibbs free energy of the reaction: 

∆𝐺𝑆𝐸𝑇 = 𝐸𝑜𝑥(𝐷) − 𝐸𝑟𝑒𝑑 (𝐴) +  ∆𝐸𝑐𝑜𝑢𝑙𝑜𝑚𝑏𝑖𝑐  

where Eox (D) is the oxidation potential of the donor, Ered (A) is the reduction potential of the acceptor 

and ΔEcoulombic is the coulombic term resulting from the formation of two charged species. ΔEcoulombic can 

often be neglected when working in polar solvent (ΔEcoulombic in CH3CN = 0.06 eV for the formation of 

two charged species) but it can have a significant contribution in media of lower dielectric constant.  

A photoinduced electron transfer (PET) corresponds to one of the two reactions: 

𝐷 + 𝐴∗ → 𝐷+ + 𝐴–  

𝐷∗ + 𝐴 → 𝐷+ + 𝐴– 

In this case, the Gibbs free energy has to account for the increased energy of the excited species. 

According, Rehm and Weller214 have described the thermodynamic of PET by the following equation: 

∆𝐺𝑆𝐸𝑇 = 𝐸𝑜𝑥(𝐷) − 𝐸𝑟𝑒𝑑 (𝐴) − 𝐸00(𝐷 𝑜𝑟 𝐴) + ∆𝐸𝑐𝑜𝑢𝑙𝑜𝑚𝑏𝑖𝑐  
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where E00 is the energy of the lowest excited state of either the acceptor or the donor. In the respective 

cases of an excited-state donor and excited-state acceptor in polar solvents, the relation becomes: 

∆𝐺𝑆𝐸𝑇 = 𝐸𝑜𝑥(𝐷∗) − 𝐸𝑟𝑒𝑑 (𝐴) = [𝐸𝑜𝑥 (𝐷) − 𝐸00(𝐷)] − 𝐸𝑟𝑒𝑑 (𝐴) 

∆𝐺𝑆𝐸𝑇 = 𝐸𝑜𝑥(𝐷) − 𝐸𝑟𝑒𝑑 (𝐴∗ ) = 𝐸𝑜𝑥(𝐷) − [𝐸𝑟𝑒𝑑 (𝐴) + 𝐸00(𝐷)] 

Ground-state redox potentials can be obtained from cyclic voltammetry measurements215 and E00 is 

practically estimated spectroscopically216, so the feasibility of photoinduced can rapidly be evaluated. 

The wealth of available photocatalysts covers a wide range of redox potentials, enabling to oxidise or 

reduce species which redox potentials are between +2.2 V and –2.2 V (Scheme 41). 

 

 

Scheme 41. Common photocatalysts and their redox properties 

This wide range of accessible redox potentials enabled the use of various carbon radicals precursors 

derived from a large array of functional groups (e.g. amine, carboxylic acid, boronic acid). They can be 

divided into precursors that undergo oxidation and those which require a reduction before generating 

the corresponding carbon-centred radicals.217 Among the second category, N-(Acyloxy)phthalimides 
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esters (NHPI esters)218,219 and 2,4,6-triphenylpyridinium salts220–222 (Katrizky’s salt) are the most 

common precursors, owing to the abundant natural feedstock of carboxylic acids and amines, 

respectively. Carboxylic acids (usually under the form of carboxylates) are by far the most popular 

radical precursor after single-electron oxidation, as a tremendous feedstock can directly be employed, 

without the need for any preactivation step.223,224 Scheme 42 presents some of the most prevalent radical 

precursors with their corresponding redox potentials (for alkyl groups, potentials are given for Cy–

Y).217,225–227 

 

Scheme 42. Common carbon radical precursors and their redox potentials 

Another key feature of photocatalysts is their ability to transfer the energy of their excited state to another 

molecule. During this process, the photocatalyst goes from its excited state back to its ground state, 

while the acceptor is simultaneously excited.  

𝑃𝐶 ∗ + 𝐴 → 𝑃𝐶 + 𝐴∗ 

This process is known as energy transfer (EnT) or photosensitisation. It enables to excite molecules 

which cannot directly absorb light. Energy is conserved during EnT processes, meaning that all the 

energy lost by the deactivation of the photocatalyst is transferred to the acceptor. If the excited state of 

A has a lower energy than PC*, A* will be in a higher vibrational level and the excess energy will be 

dissipated by vibrational relaxation. Spin is also conserved, so a triplet donor can only lead to an excited 

acceptor in its triplet state, while a donor in its singlet state will give a singlet excited acceptor.  

𝑃𝐶1 ∗ + 𝐴1 → 𝑃𝐶1 + 𝐴∗1  

𝑃𝐶 ∗3 + 𝐴1 → 𝑃𝐶1 + 𝐴∗3  

Energy transfer can occur through two distinct mechanisms. The coulombic mechanism, also called 

Förster resonance energy transfer (FRET) or Förster energy transfer, is a long-range mechanism which 
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does not require physical contact between the photocatalyst and the substrate.228 This mechanism 

proceed via non radiative dipole-dipole coupling. Because of the spin conversation law, singlet-singlet 

energy transfer have high transition dipoles thus FRET is efficient for those transitions, while triplet -

triplet energy transfer, requiring two changes in spin multiplicity are forbidden (Scheme 43).  

The exchange mechanism or Dexter energy transfer involves the simulatenous exchange of two 

electrons between the excited donor and the ground state acceptor.229 The electron of the single occupied 

LUMO of D* is transferred to the LUMO of A, while one electron of the HOMO of the acceptor is 

transferred into the donor HOMO. This mechanism requires orbital overlap between the donor and the 

acceptor and occurs only at short distance. Unlike Förster mechanism, Dexter mechanism is also 

efficient for triplet-triplet energy transfer (Scheme 43).  

 

Scheme 43. Mechanisms of Energy Transfer 
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3.2 Strategies for the Activation of Organic halides in Photoredox 

Catalysis 

3.2.1 Photoinduced Reduction of Alkyl Halides 
 

The use of photoredox catalysis for the activation of organic halides can be traced back to 1984. Tanaka 

and Fukuzumi reported230 the reduction of benzyl bromide in the presence of 1-benzyl-1,4-

dihydronicotinamide (BNAH) and Ru(bpy)3
2+. The mechanism follows the reductive quenching cycle 

described in Scheme 40:  Ru(bpy)3
2+ is excited to * Ru(bpy)3

2+ before engaging in a SET with BNAH, 

yielding the potent reductant Ru(bpy)3
+ (Ered = –1.33 V) and BNAH radical cation. The reduced Ru(I) 

photocatalyst can then reduce benzyl bromide to the benzyl bromide radical anion which fragments231–

234 into bromide anion and benzyl radical. Owing to the long lifetime of benzyl radical (because of the 

conjugation with the phenyl ring), a radical–radical coupling can occur, giving the bibenzyl (1,2-

diphenylethane). Alternatively, PhMe• can be reduced again by Ru(bpy)3
+ to give the corresponding 

carbanion. A SN2 reaction with another equivalent of BnBr would yield bibenzyl.  

 

Scheme 44. Photoreduction of benzyl bromides 

Sauvage and Kern showed that Cu(dap)2
+ (dap = 2,9 bis(p-anisyl)-1,10-phenanthroline) was a more 

efficient photocatalyst for this reaction, owing to its more negative reduction potential.235 Fukuzumi 

reported the net reductive dehalogenation of phenacyl bromides, using Ru(bpy)3Cl2 as photocatalyst and 

9,10-dihydro-10-methylacridine as sacrificial electron donor.236  
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Scheme 45. Proposed mechanism for the net reduction of phenylacyl bromides 

Fukuzumi and coworkers proposed that the photocatalyst is excited to *Ru(bpy)3
2+, which is reductively 

quenching by 9,10-dihydro-10-methylacridine (AcrH2), yielding *Ru(bpy)3
+ and the radical cation of 

AcrH2, AcrH2
•+. The N•+ centre acts as a electron sink, dramatically increasing the acidity of the benzylic 

protons.237–240 AcrH2
•+ then undergoes deprotonation to yield AcrH•.*Ru(bpy)3

+ engages a single 

electron reduction with the phenacyl bromide. The ketyl radical anion is then reprotonated and 

undergoes a second SET reaction with AcrH• to give the reduced product after reprotonation and N-

methylacridinium. In the light of the examples we will discuss next, this mechanism is unusual because 

the cleavage of the C–Br is proposed to occur only after a second SET event with the ketyl radical. A 

more modern interpretation of α-haloketones (or α-oxoketones) would involve a spin centre shift (SCS) 

step (Scheme 46). AcrH• easily reduces the resulting electrophilic α-ketoradical.241–245  

 

Scheme 46. Spin Center Shift in α-haloketones 

Those examples demonstrate the feasibility of photocatalysed reduction of activated halides (benzylic 

or α-EWG), which was then exploited by many others, among which Stephenson 246–250, who has 

extensively worked on this topic. His group achieved a milestone in 2012: unactivated alkyl, alkenyl 

and aryl iodides could be reduced under blue light irradiation when in the presence of Ir(ppy)3. The 
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highly reducing character of both *Ir(ppy)3 (*Eox = – 1.73 V) and Ir(ppy)3
•– (Ered = – 2.19 V) allows for 

direct single electron-transfer reduction of challenging substrates such as unactivated organic iodides. 

The authors propose the reaction to proceed via oxidative quenching between the exicted photocatalyst 

and R–I. The oxidised photocatalyst generates ground state Ir(ppy)3 by SET with sacrificial electron 

donors, which also serves as H–atom source for the carbon-radical to yield the reduced product. 

Alternatively, one can think that the single electron donor first reductively quenches the photocatalyst 

before engaging in a SET with the substrate. No definitive conclusion can be drawn in the absence of 

luminescence quenching (Stern-Volmer) experiments.  

 

Scheme 47. Ir-catalysed photoredox dehalogenation of organic halides 

This mechanistic framework has been since exploited by others groups, exploiting other highly reducing 

systems such as photoexcited Pd(0),251,252 organic dyes,253,254 biphotonic systems,255 

photoelectrochemistry256,257 or photogenerated reductants258,259 (e.g. CO2
•–). The large amount of 

sacrificial reductants and H–atom donor required to obtain satisfying conversion limits the application 

of most methodologies to dehalogenation and cyclisation reactions. 
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Scheme 48. Mechanism of photoredox reductions of alkyl halides. (Redox potentials are given against SCE) 

The mechanism proposed by Stepheson and coworkers (Scheme 48) is partially satisfying for electron-

poor aryl iodides but the reduction from *Ir(ppy)3 can display important mismatch in reduction potentials 

with certain substrates (e.g. primary alkyl iodides and electron-rich aryl iodides). In such cases, an 

alternative mechnaism can be considered, where the excited photocatalyst is first reductively quenched 

by Et3N and the organic halide undergoes SET reduction from the reduced Ir(II) species. While the latter 

is a potent enough reductant to effectively promote a single electron transfer with almost all alkyl 

iodides, the reduction from Ir(III) to Ir(II) displays a mismatch of 0.40 V. Moreover, Lee and Kim have 

demonstrated that cyclisation reactions of unactivated alkyl iodides could also be promoted by 

[Ir(ppy)2(dtbppy)]PF6.260 Those reactions gave high yields in short  reaction times (2–16 h), despite 

mismtach in redox potentials of more than 1 V! 

The proposed mechanism would also require two transient species, namely R• and Et3N•+, to react 

together. This radical-radical reaction is extremely unlikely given the short-living character of those 

radicals and their low concentration. Nevertheless, they might be other sources of hydrogen atom in the 

reaction mediaS (see Scheme 49). 

Another anomaly cast the doubt on the reality of these mechanisms. Jui261,262 and Gagné263 reported the 

photocatalytic Giese reaction of heteroaryl iodides and glycosyl bromides respectively. The net 

reductive nature (cross-electrophile coupling) of this reaction would impose the SET reduction of the 

radical intermediate obtained after addition accros the acceptor. This possibility can not be consistent 

with the proposed mechanism but was instead rationalised by a HAT step between the α-EWG radical 

and the amine/Hantzsch ester (Scheme 49).  
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Scheme 49. Photocatalytic Giese reaction of alkyl and aryl halides 

However, when the reaction was run in D2O in the presence of non-deuterated Hantzsch ester, a high 

level of deuteration of the α-EWG position was observed (94% D incorporation). This is inconsistent 

with the proposed mechanism and points toward the reduction of the radical intermediate followed by 

protonation of the resulting enolate. Jui suggested that the oxidised Hantzsch ester,  HE•+, is 

deprotonated, and HE• is the terminal reductant, consistently with Fukuzumi proposal (Scheme 42). 

However, one would expect HE• to transfer a proton together or shortly after the electron transfer 

process, yielding mainly to the H–containing product. 

Those two deviations from the commonly accepted mechanism of photocatalytic activation of alkyl and 

aryl halides prompted the group of Martin to investigate further.264 The authors questioned the dogmatic 

mechanism based on the significant redox mismatch observed in their own hands and the absence of 

correlation between the reduction potential of the photocatalysts tested and the yield of product  (Scheme 

50): "Preliminary mechanistic experiments leave some doubt about a canonical photoredox cycle." 

(Reprinted with permission from [264]. Copyright 2022 American Chemical Society.). 
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Scheme 50. Photocatalytic ATRA reaction of iodoalkynes reported by Martin group 

Despite several proposals that would partially explain the observed reactivity, the authors couldn’t reach 

a definitive conclusion. The close examination of the canonical cycle and a focus on the fate of all the 

photogenerated intermediates set the basis for our work. 

3.2.2 Photoinduced Halogen-Atom Transfer of Alkyl Halides 
 

Photoredox catalysis was also employed as a new way to generate Halogen Atom Transfer mediator, 

bypassing the need for highly reducing systems. The photogeneration of XAT agents has been 

extensively covered in the Chemical Reviews article (vide infra)226 and will not be discussed in-depth 

here. This section briefly introduces the main two classes of XAT mediators, dimeric metal complexes 

with a central M–M bond and derivatives of silanes. 

 

Many open-shell complexes (metalloradicals) have been shown to mediate XAT reactions.226 They 

usually are 17e– complexes displaying a strong tendency to radical reactions and, in particular, halogen 

abstraction to give a more stable 18e–, closed-shell configuration. The activation of organic halides by 

transition-metal is sometimes proposed to occur via Halogen Atom Transfer.265–267 This trend is 

particularly prevalent among first row metals (e.g. Ni, Co and Fe).36,268–272 Atom-Transfer Radical 

Polymerisation (ATRP)266,273–275 is one of the most striking and by far the most significant application 

of XAT from TM complexes ; in a typical ATR polymerisation, α-EWG bromides or chlorides are 

activated via XAT from low valent Cu(I) to generate a chain carrying radical and a copper Cu(II) halide 

complex. The alkyl radical starts the polymerisation by adding to several monomer units, and the 

corresponding growing chain can be put into its dormant state by XAT reaction with the metal−halide 

complex. This process is repeated over several cycles, allowing for controlled, uniform growth of the 

polymer chains.  

 



65 

 

In addition to the innate gound state XAT reactivity of certain low valent metal complexes, the 

photoexcitation of dimeric metal complexes with a central [M]–[M] is used to generate open-shell 

metalloradical, which can engage atom transfer with organic halides. Upon light absorption at the σ→σ* 

transition bands, they undergo cleavage of the central metal–metal bond, generating two metalloradicals 

with a SOMO based in a non-bonding d orbital. Although those 17e– tend to recombine at almost 

diffusion rate, continuous irradiation allows for bimolecular processes to take place, such as XAT 

reactions. Scheme 51 shows some of the main [M]–[M] complexes with XAT reactivity.  

 

 

Scheme 51. Dimeric metal complexes exhibting XAT reactivity 

Given the profond impact TTMSS have had on traditional radical chemistry, one would expect a similar 

impact of photoinduced XAT processes. Ditin species have been largely used as precursors to Sn• under 

photolytic conditions. Despite their close structural similarity to tin species, silanes, and disilanes display 

quite different photochemical behavior and they do not absorb in the near UV (e.g. the absorption of 

Me6Si2 ceases after 240 nm).276,277 This has somewhat limited silicon radical generation to 

photochemical methods based on far-UV light,278–281 γ-rays,282–284 and Hg-photosensitisation285, which 

have narrow synthetic applications.  

Modern photochemistry has provided new ways to generate Si• from silanes, notably (Me3Si)3SiH. 

The group of Jørgensen reported the dehalogenation of organic iodides and bromides with TTMSS under 

Compact Fluorescent Light irradiation.286 Building on this approach, Paixão used TTMSS and visible 

light sources (blue or white LEDs) to generate alkyl and aryl radicals from the iodinated and brominated 

parents as part of a cyclisation protocol (Scheme 52A and B).287,288 In both cases, the exact mechanism 

of photogeneration of (Me3Si)3Si• remains uncertain. Jørgensen proposed that the phosphorous coating 

of the light bulb was emitting enough UVA to promote the direct photolysis of the Si–H bond. Paixão 

and coworkers proposed the formation of an EDA, which displays a charge-transfer (CT) band in the 

near UV (λmax = 356 nm). Interestingly, they observed that this CT band grew in intensity after 10 

minutes of light irradiation. Gaunt developed a TTMSS-mediated three-component reaction for the 

synthesis of tertiary amine from aldehyde, secondary amines and alkyl iodides. (Me3Si)3Si• generates 
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alkyl radicals from the corresponding iodides via XAT. The exact mechanism of the photogeneration of 

Si• radial could not be determined unambiguously either. It was postulated to arise from a three-

component interaction between the silane, the iminium and the alkyl iodide (Scheme 52C).289 The lack 

of a precise understanding of the underlying mechanism governing the generation of silyl radical 

probably hampered the further development of direct photochemical reactions based on TTMSS. 

 

 

Scheme 52. Photochemical reactions mediated by TTMSS 

Photoredox catalysis emerged as a more reliable and predictible mean to obtain Si•. Historically, the 

first photocatalytic XAT reaction based on silicon radical chemistry has been reported by Sakurai in 

1985.290 In this early example, irradiation (λ > 300 nm) of dodecamethylcyclohexasilane 9 in 
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CCl4−CH2Cl2 using 9,10- dicyanoanthracene (DCA) as the photocatalyst, gave 1,6- dichlorohexasilane 

and hexachloroethane, which are products indicative of XAT on CCl4. This process was rationalised 

through a reductive quenching photoredox cycle where the photoexcited DCA (*DCA) underwent SET 

with 9. The resulting Si-based radical cation 12 was proposed to react with CCl4 (XAT) generating Cl3C• 

as well as the oxidised chlorinated polysilane 13. At this point the authors envisioned a further SET 

between this species and the reduced DCA to generate the Si-radical 14. This species might undergo 

another XAT step with CCl4, yielding 10 and Cl3CCCl3 after radical−radical recombination. Other 

photocatalytic approaches for silicon radical generation from disilanes have been reported but they have 

not been used in synthetic settings.291–294  

 

Scheme 53. Photoredox Ring-Opening XAT Chlorination of Dodecamethylcyclohexasilane 

A distinct tactic for silicon radical generation via photoredox catalysis has been introduced by Pandey 

using PhSe–SiPh2t-Bu as source of silyl radical and 1,5-dimethoxynaphtalene as photocatalyst. Unlike 

the Sakurai approach where the cyclic polysilane acts as electron donor, 15 is a suitable electron 

acceptor.295 It enables Si• generation via oxidative quenching cycle ; the excited photocatalyst (*DMN) 

undergoes SET reduction of 15, followed by mesolytic cleavage of the Si–Se bond295 leading phenyl 

selenide anion and t-BuPh2Si•. After XAT activation of the alkyl halide substrate and subsequent 

cyclisation onto the tethered olefin, the ensuing carbon radical engages in group transfer with 15 to yield 

the final product while regenerating a silyl radical. The photocatalytic cycle is turned over by reduction 

of DMN•+ via SET with ascorbic acid (HA), used as the sacrificial electron donor (Scheme 54). 
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Scheme 54. Photoredox Radical Cyclisation/Phenylselenation of Alkyl Halides 

The method was demonstrated in the preparation of several Se-containing cyclic and bicyclic systems 

in good yield. It is interesting to note that the photocatalytic cycle is used to initiate the productive 

radical chain in this mechanism. It is also worth noting that the generation of silicon radicals requires 

the oxidative quenching of the photocatalyst, which opens up the possibility of performing redox neutral 

transformation, which is de facto the case here.  

Following these seminal reports, the generation of silicon radical via photoredox catalysis was not 

further developed until recently due to the renewed interest in methodologies harnessing low-energy 

visible light. In contrast with Pandey's strategy, modern methods for the photoredox generation of silyl 

radicals rely on reductive quenching cycles. The earlier reports utilise (Me3Si)3SiH and a photogenerated 

HAT mediator to generate Si•. The commonly accepted mechanism proceeds via the single elect ron 

oxidation of a halide anion, usually bromide, Br– to Br•, a potent HAT mediator. Br• abstracts a 

hydrogen-atom from the weak Si–H bond of TTMSS to yield (Me3Si)3Si• and HBr, followed by a 

halogen-atom transfer step with the organic halide substrates. The ensuing carbon-centred radical reacts 
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further, and the photoredox cycle is closed by a SET reduction of a radical intermediate. The mechanistic 

manifold is particularly suited for Giese reaction, owing to the low reduction potential of the α-EWG 

C•, which ElMarrouni developed in 2018.296  

 

Scheme 55. ElMarrouni Silicon-Mediated Photoredox Giese Reaction 

A crucial feature of this transformation is that the XAT step, which is by nature a formal single electron 

reduction of the substrate arises from the reductive quenching of the photocatalyst. In other words, the 

oxidation of the HAT mediator translates into the formal reduction of the substrate via the intermediacy 

of silyl radicals. It allows to implement net-reductive transformations, such as cross-electrophile 

couplings. However, redox neutral reactions are still accessible within this framework when external 

oxidants are employed, as demonstrated with the TTMSS-mediated Minisci reaction of alkyl halides 

(Scheme 56).297,298  
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Scheme 56. Silicon-mediated Minisci reactions of alkyl halides 

Despite TTMSS being a powerful reagent for application in XAT reactivity, it still suffers from the 

common pitfall associated to most tin and silicon hydrides, which is their ability to serve as HAT donors. 

HAT efficiency is not necessarily a virtue, as this can be problematic when attempting the development 

of cascade reactions where the C-radical (generated by XAT) needs to undergo further steps that 

operates at slower rates than direct reduction. Furthermore, the generation of the (Me3Si)3Si• from 

TTMSS generally requires the identification of an appropriate HAT mediator which can potentially 

make optimisation more difficult and increase the number of undesired reaction pathways. The group 

of MacMillan developed an alternative approach to address the above-mentioned limitations. 

Tris(trimethylsilane)silanol ((Me3Si)3SiOH, TTMSSOH, often referred as supersilanol)299 is a precursor 

of Si• that is generated through single electron oxidation (Eox = +1.54 V vs SCE)300, deprotonation and 

radical Brook rearragement301,302; the silyloxy radical 16 obtained after SET/deprotonation undergoes a 

[1,2]-shift of one of the SiMe3 units, yielding the active silicon radical 17, (Me3Si)2(Me3SiO)Si• (Scheme 

57). 
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Scheme 57. Generation of silyl radical from TTMSSOH 

This species displays a XAT reactivity similar to the one of (Me3Si)3Si•, but the strong nature of the 

O−H bond in TTMSSOH eliminates any potential HAT to C-radical intermediates. Compared to 

TTMSS-approach, the use of supersilanol suppres the need for a HAT mediator and only requires the 

presence of a base to ensure the generation of silicon-centred radical. Molander utilised this reagent to 

convert aryl halides into the corresponding radicals that were used for the preparation of α-aryl-β,β′-

difluorostyrenes (Scheme 44).303 This process proceed via a reductive quenching photoredox cycle 

(4ClCzIPN photocatalyst,304 blue light irradiation), and upon oxidation → deprotonation → Brook 

rearrangement of TTMSSOH, the corresponding silicon radical underwent XAT with aryl iodides and 

bromides. The resulting aryl radicals reacted with α-trifluoromethylstyrene coupling partners 18, and 

the resulting benzylic radicals 20 were reduced to the anion 21, owing to the inductive effect offered by 

the neighboring CF3 group (Scheme 58). This reductive radical-polar crossover reaction was concluded 

by fluoride elimination, which provided the desired products 19. In terms of substrate scope, both 

electron rich and electron poor (hetero)arenes reacted in good yields and the process demonstrated 

compatibility with a large variety of functional groups. In the case of precursors containing both a 

C(sp2)−I and C(sp2)−Br bonds, the C−I was selectively activated.  
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Scheme 58. Supersilanol-mediated defluorinative approach to benzylic gem-difluoroalkenes 

The use of TTMSS derivatives in photoredox reactions has been extensively reviewed in the Chemical 

Reviews article and will not be discussed here. Although efficient, the modern approaches exploiting 

radicals still suffers from the same limitations as for TTMSS: an elevated price and a poor atom 

economy. While the cost of this chemistry can be accommodated for small-scale reactions, it indeed 

becomes a significant obstacle in scale-up. Moreover, only very few of those derivatives are 

commercially available, limiting the possibilities of fine-tuning in reaction design. 
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Aim of the project 
 

The goal of this project will be to answer a simple question: what is responsible of the Halogen Atom 

Transfer reactivity observed in the cases where the photocatalysts are not reducing enough? We will 

need to dissect the precise role of each substance in the reaction media and rethink the role of the 

photocatalyst. 

We believe that one of the secondary photoproducts might be involved in the activation of carbon -

halogen bond. The identification of the XAT agent should allow us to reevaluate the canonical 

mechanism and open the way to new radical reactions. Moreover, if we can prove that highly reducing 

photocatalysts are no longer needed to promote homolytic cleavage of C–X bonds, a large array of 

transformation could become available, thanks to the modulation of the photocatalysts’ redox potentials. 

Our hope is to identify a simple reactive intermediate that would circumvent all the limitations of tin 

and silicon radicals. In particular, a XAT mediator with a better safety profile than tin hydrides and 

cheaper than TTMSS would be desirable. 

If successful, we would extend our analysis to other radical reactions for which the mechanism is unclear 

or topic of debates.  
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Appendix 
 



ORGANIC CHEMISTRY

Aminoalkyl radicals as halogen-atom transfer agents
for activation of alkyl and aryl halides
Timothée Constantin1, Margherita Zanini1, Alessio Regni1, Nadeem S. Sheikh2,
Fabio Juliá1*, Daniele Leonori1*

Organic halides are important building blocks in synthesis, but their use in (photo)redox chemistry
is limited by their low reduction potentials. Halogen-atom transfer remains the most reliable approach
to exploit these substrates in radical processes despite its requirement for hazardous reagents and
initiators such as tributyltin hydride. In this study, we demonstrate that a-aminoalkyl radicals, easily
accessible from simple amines, promote the homolytic activation of carbon-halogen bonds with a
reactivity profile mirroring that of classical tin radicals. This strategy conveniently engages alkyl and
aryl halides in a wide range of redox transformations to construct sp3-sp3, sp3-sp2, and sp2-sp2

carbon-carbon bonds under mild conditions with high chemoselectivity.

C
arbon radicals are versatile synthetic in-
termediates central to the preparation of
high-value compounds (1, 2). The advent
of visible-light photoredox catalysis (3)
has offered a broadly applicable radical

generation strategy, transforming a variety of
redox-active precursors into open-shell inter-
mediates by single-electron transfer (SET) and
fragmentation (4–6). However, photoredox ac-
tivation has thus far rarely extended to organic
halides, one of the largest classes of building
blocks available to organic chemists. The cur-
rent synthetic gap is especially evident in the
case of unactivated alkyl halides, for which
only dehalogenation and intramolecular cycli-
zation of iodides have been reported (7–10).
The difficulties in engaging these feedstocks in
redox chemistry arise from their highly nega-
tive reduction potentials [Ered < –2 V versus
saturated calomel electrode (SCE) for unac-
tivated alkyl and aryl iodides], which in turn
necessitate the use of strongly reducing sys-

tems (11, 12) (Fig. 1A). Furthermore, the mech-
anisms involved in photoredox reactions are
often uncertain (9), displaying large redox mis-
matches (>1 V) for SET activation and thus
thwarting the exploitation of the carbon radi-
cals accessed in this manner.
This lack of synthetic applicability stands in

stark contrast to the fundamental role alkyl
and aryl halides have played in the develop-
ment of radical chemistry. Methods based on
tin or silicon reagents and trialkylborane–O2

systems have proven to be highly reliable in
accessing carbon radicals from organic hal-
ides, generating the open-shell intermediate
by homolytic carbon-halogen bond cleavage via
halogen-atom transfer (XAT) (13–15). However,
the toxic, hazardous nature of these reagents
and initiators is problematic and has been one
of the main drivers toward the identification
of alternative precursors and chemical strate-
gies for carbon radical generation. Neverthe-
less, silicon radicals have been recently used in

metallaphotoredox catalysis to overcome slug-
gish carbon-halogen oxidative additions with
transition metals (16, 17).
We questioned whether a-aminoalkyl radi-

cals could serve as a distinct class of halogen-
abstracting reagents (Fig. 1B). Our idea for this
reactivity stemmed from the fact that although
classical XAT processes benefit from the for-
mation of strong halogen-tin or halogen-silicon
bonds, it is the high degree of charge transfer in
the transition state that facilitates halogen-
atom abstraction by these nucleophilic radi-
cals (18). We therefore reasoned that strongly
nucleophilic a-aminoalkyl radicals might ben-
efit from related kinetic polar effects andman-
ifest the same reactivity. Such radicals can be
easily generated from simple amines, a class
of abundant and inexpensive reagents that
would offer ample opportunity for fine steric
and electronic tuning.
Here we report the successful realization of

this concept and its implementation as part of a
mild and general strategy for the engagement
of unactivated alkyl and aryl halides in redox
chemistry (Fig. 1C). Because a-aminoalkyl radi-
cals display a reactivity profile similar to that
of tin radicals, their capacity to abstract iodine
and bromine atoms has enabled the develop-
ment of deuteration, cross-electrophile cou-
pling, Heck-type olefination, and aromatic
C–H alkylation protocols.
We initiated our study by evaluating the

iodine-atom transfer reaction from cyclohexyl
iodide 2 to the a-aminoalkyl radical I-a, de-
rived from triethylamine (Et3N, 1a) (Fig. 2A).
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Fig. 1. Homolysis of carbon-halogen bonds by a-aminoalkyl radicals. (A) Activation modes for the generation of carbon radicals from alkyl and aryl halides. e–,
electron. (B) Nucleophilic a-aminoalkyl radicals abstract halogen atoms (X) through polarized transition states, in analogy to tin and silicon radicals. Me, methyl;
Bu, butyl; R, alkyl, aryl. (C) Outline of the transformations possible using alkyl and aryl halides activated via a-aminoalkyl radical-mediated XAT. Ar, aryl.
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Density functional theory calculations pre-
dicted this XAT to be kinetically feasible,
involving a polarized transition state with a
notable charge-transfer character (dTS = 0.42),
which supports the anticipated interplay of
polar effects. Although the XAT is only slight-
ly exothermic (19), the fast and irreversible
dissociation of the resulting a-iodoamine III-a
into the iminium iodide IV-a provides the
thermodynamic driving force to the process.
To gather direct experimental evidence, we
generated and monitored I-a using laser flash
photolysis (20, 21) and observed a noticeable
reactivity toward 2. Data analysis provided a
fast rate constant (kXAT = 3.6 108 M–1 s–1) that
is only one order of magnitude slower than

reported rates for I-abstraction by Bu3Sn• and
(Me3Si)3Si• (~109 M–1 s–1) (22), showing pro-
mise for implementation in synthetic radical
chemistry.
To explore the applicability of this strategy in

radical reactions, we chose the dehalogenation
of 4-iodo-N-Boc-piperidine 3, using Et3N as the
XAT-agent precursor and methyl thioglycolate–
H2O as the H-atom donor (Fig. 2B). At the
outset, we were particularly interested to eval-
uate whether the photochemical or thermal
modes fora-aminoalkyl radical generation could
be recruited for XAT reactivity. We therefore
began by testing four known systems based on
amine SET oxidation (Et3N: Eox = +0.77 V ver-
sus SCE) followed by deprotonation [i.e., photo-

redox catalysis (23), triplet benzophenone (24),
and SO4

•– (25)] or direct H-atom transfer
(HAT) [Et3N: a-N-C–H bond dissociation en-
ergy (BDE) = 91 kcal mol–1] using t-BuO• (26).
The desired product 4 was obtained in all
cases in excellent to good yields, exemplifying
the variety of conditions for a-aminoalkyl radi-
cal generation and ensuing XAT.
The proposed mechanism under photoredox

conditions is depicted in Fig. 2C. Upon blue
light irradiation, the excited organic photo-
catalyst 4CzIPN (*Ered = +1.35 V versus SCE)
oxidizes 1a, which, after subsequent deproto-
nation, furnishes the key a-aminoalkyl radi-
cal I-a. This species undergoes XAT with 3,
and the resulting alkyl radical V provides the
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Fig. 2. Mechanistic analysis and application to dehalogenation and
deuteration reactions. (A) Computational [B3LYP-D3/def2-TZVP] and laser
flash photolysis studies on a model XAT reaction with an alkyl iodide. Et,
ethyl; DFT, density functional theory; DG‡, Gibbs energy of activation; DG°,
Gibbs free energy; lmax, wavelength of maximum absorption. (B) Evaluation of
photochemical and thermal strategies for a-aminoalkyl radical generation and
their use in the dehalogenation of alkyl iodide 3. Boc, tert-butoxycarbonyl;
LEDs, light-emitting diodes; r.t., room temperature; Ph, phenyl; UV, ultraviolet;
t-Bu, tert-butyl. (C) Proposed mechanism for the photoredox-based

dehalogenation of alkyl iodide 3. Mechanistic studies support the intermediacy
of an a-aminoalkyl radical in the activation of the C–I bond. h, Planck’s constant;
n, photon frequency; dtbbpy, 4,4′-di-tert-butyl-2,2′-dipyridyl; ppy, 2-phenylpyridyl;
dF, difluoro; bpy, 2,2′-bipyridine; Mes, mesityl; Acr, acridinium; n/d,
not determined. (D) Application of the XAT methodology in deuteration of
alkyl halides. All yields are isolated. Deuteration was determined by gas
chromatography–mass spectrometry/quantitative 13C nuclear magnetic resonance
spectroscopy. *Tribenzylamine 1b was used as the amine. Ac, acetyl; Bn, benzyl;
dr, diastereomeric ratio.
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product 4 by favorable HAT frommethyl thio-
glycolate (S–H BDE = 87 kcal mol–1). Lastly,
SET between the thiyl radical and 4CzIPN•–,
followed by protonation with H2O, regener-
ates the thiol along with the ground-state
photocatalyst. The choice of 4CzIPN and Et3N
is relevant to our mechanistic hypothesis be-
cause neither the excited nor the reduced state
of the photocatalyst [*Eox = –1.04 V; Ered =
–1.21 V versus SCE (27)] or I-a [Eox = –1.12 V
versus SCE (27)] is strong enough to promote
direct SET reduction of 3 (Ered = –2.35 V
versus SCE). This means that the carbon radi-

cal generation is now dissected by the redox
requirements of the system, and therefore the
reductive ability of the photocatalyst is not
crucial to the outcome of the reaction. Indeed,
this process canbe achievedwith adiverse range
of photocatalysts, including those of limited
reductive power (e.g., Fukuzumi’s acridinium;
Ered = –0.57 V versus SCE). The replacement of
Et3N with other common electron donors
[e.g., Ph2N(PMP), sodiumascorbate, orHantzsch
ester] suppressed the reactivity, despite all com-
pounds effectively quenching the excited pho-
tocatalyst (19). Moreover, other alkyl amines

were tested, but only those able to generate an
a-aminoalkyl radical promoted the desired re-
activity (19). These results suggest that alkyl
iodide activation via a reductive-quenching
photoredox cycle is not operative and that the
amine plays a fundamental role in the C–I
bond cleavage that goes beyond its capacity
to act as an electron donor.
The high yields obtained with the photo-

redox system, along with the use of H2O as a
stoichiometric H-atom source, prompted ex-
ploration of dehalogenation-deuteration reactions
using D2O (Fig. 2D). After optimization, we
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Fig. 3. Application to hydroalkylation and allylation. (A) Scope for the alkylation of alkyl iodides, alkyl bromides, and aryl iodides. *1a was used as the amine.
†1b was used as the amine. ‡1c was used as the amine. §1d was used as the amine. EWG, electron withdrawing group; quant., quantitative; pin, pinacolato; Ac, acetyl;
i-Bu, iso-butyl. (B) Tailoring XAT reactivity by modifying the a-aminoalkyl radical structure. (C) Scope for the allylation of alkyl iodides, alkyl bromides, and aryl
iodides. All yields are isolated. ¶The corresponding allyl sulfone was used. Ts, tosyl.
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achieved efficient deuteration of primary, sec-
ondary, and tertiary alkyl iodides in nearly
quantitative yields (5 to 12). The mild reac-
tion conditions tolerated multiple functional
groups, showcasing the strong chemoselectiv-
ity of this XAT approach. Activation of alkyl
bromides is still a challenging task in radi-
cal chemistry and is considered unfeasible
using trialkylborane–O2 systems (28). Our
a-aminoalkyl radical–based XAT strategy is
applicable to bromides, albeit in lower con-
version compared with the results obtained
for iodides.
The XAT strategy oxidatively generates car-

bon radicals from organic halides, represent-
ing an umpolung approach relative to the
natural redox requirement for SET activation
of these building blocks. We posited that the
generated radicals could therefore be used in
similar mechanistic scenarios to those involv-
ing carboxylic acids or potassium trifluorobo-

rates, allowing their modular application in net
reductive processes such as cross-electrophile
couplings (29, 30).
We explored this premise by developing

Giese-type hydroalkylation of electron-poor
olefins. Although these transformations have
been performed with the aid of nickel catal-
ysis, they typically require the use of stoi-
chiometric metal reductants (e.g., Mn0, Zn0)
or silane H-donors (31, 32). In our case, be-
cause a-aminoalkyl radicals have been used
as substrates in Giese additions (33), the suc-
cess of this strategy hinged on their capacity
to undergo XAT preferentially over their
known reaction with the olefin. Exploration
began with 3-iodo-N-Boc-azetidine in the pres-
ence of Et3N and 4CzIPN under blue light
irradiation (Fig. 3A; see fig. S10 for a pro-
posed mechanism). A diverse range of electron-
poor olefins were efficiently converted to the
corresponding products in high to excellent

yields (13 to 23). A variety of functionalities—
including polar groups such as free carboxylic
acid, primary amide, pyridine, and boronic
ester—were readily accommodated. When the
same reactions were attempted using 3-bromo-
N-Boc-azetidine, no desired product was ob-
tained and a substantial amount of the adduct
arising from direct addition of I-a to the olefin
acceptor was identified (Fig. 3B). In this case,
XAT is slower owing to the stronger nature of
the C–Br bond, thus rendering the direct
Giese reaction of I-a with the acceptor
competitive [observed rate constant kobs
~ 107 M–1 s–1 (21)]. We therefore reasoned
that the modulation of the electronic and
steric properties of the a-aminoalkyl radical
could be used to tune its reactivity. Indeed,
we used tribenzylamine (1b) to restore XAT
as the favored pathway for reactions of un-
activated alkyl bromides in these hydro-
alkylations. Because the stabilized a-aminoalkyl
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Fig. 4. Application to olefinations and arylations. (A) Scope for olefination of alkyl iodides and alkyl bromides. dmg, dimethylglyoximate; DMF, dimethylformamide.
(B) Scope for the C–H alkylation and arylation of aromatics. All yields are isolated. *1c was used as the amine. †Me3N was used as the amine. ‡Bu3N was used as the amine.
§The reaction was run with 50 equiv of the arene. DMSO, dimethyl sulfoxide. Asterisks in structures indicate the position of the minor constitutional isomer.
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radical I-b was essentially unreactive toward
electron-poor olefins [calculated rate constant
kcalc ~ 10−1 M–1 s–1 (21)], bromine abstraction
became possible, providing the desired prod-
ucts in good yields.
We next explored the alkyl iodide scope

by using Boc-protected dehydroalanine as an
olefin acceptor, thus providing convenient ac-
cess to unnatural amino acids (24 to 35). In
this case, a variety of organyl groups bearing
common functionalities (e.g., free alcohol, alkyl
chloride, silane, and terminal alkyne) were
compatible, reflecting the mildness of the re-
action conditions. This protocol has also been
carried out at gram scale without erosion in
yield. The ability to generate primary alkyl
radicals complements approaches that use
oxalates and trifluoroborates, which are
known to experience sluggish fragmentations
(34, 35). When alkyl halides activated toward
SN2 (second-order nucleophilic displacement)
attack by Et3N (e.g., 29 and 32) were em-
ployed, the desired products were, unsurpris-
ingly, obtained in low yields. This hurdle was
addressed by adjusting the steric properties
of the XAT reagent: Efficient couplings were
achieved with the use of the bulkier amine
1,2,2,6,6-pentamethylpiperidine (PMP; 1c). We
have also been able to extend this methodol-
ogy to unactivated aryl iodides by using the
more hindered but less stabilized a-aminoalkyl
radical derived from triisobutylamine (1d).
These conditions enabled direct access to aryl
radicals by sp2 C–I bond cleavage and were
applied to the one-pot transformation of to-
sylated serine into phenylalanine derivatives
(36 to 39). Overall, these results illustrate how
the large structural diversity of available ter-
tiary amines facilitates the rational tailoring
of the a-aminoalkyl radical reactivity to ad-
dress different challenges in carbon-halogen
bond activation.
The XAT strategy for cross-electrophile cou-

pling is not restricted to electron-poor olefins.
We also achieved efficient allylation of alkyl
and aryl halides by using simple allyl chlorides
and other pseudohalides (40 to 50) (Fig. 3C;
see fig. S12 for a proposed mechanism). This
approach bypasses the conventional conver-
sion of one of the two coupling partners into a
Grignard or organozinc reagent (36) and there-
fore tolerates functionalities, such as free alco-
hol and ketone, that are often troublesome
with organometallics.
To further demonstrate the versatility of

this activationmode, we sought to adapt it to
target the use of alkyl halides in Heck-type
olefinations, a long-standing challenge in con-
ventional palladium catalysis, owing to unde-
sired b-hydride elimination (37–39). Specifically,
we questioned whether, after addition of alkyl
radicals to suitable olefins (VII), a cobaloxime
cocatalyst might trigger a dehydrogenation re-
action (40), thus leading to sp3-sp2 C–C bond

formation (viaVIII) without the need for pre-
cious metals (see fig. S14 for a proposed mech-
anism). As shown in Fig. 4A, we found this
dual XAT–[Co] protocol feasible, thus allowing
direct olefination of primary, secondary, and
tertiary alkyl iodides and bromides exclusively
as the E isomers (51 to 74, with the exception
of 54 and 62). The broad functional group
compatibility was demonstrated with the suc-
cessful engagement of substrates containing
phenol, aniline, and benzoic acid moieties, as
well as aryl bromide, boronic acid, and phos-
phine groups that could limit application under
transition metal catalysis. The olefination was
also very effective in intramolecular settings,
as showcased by the construction of tricyclic
75 in good yield. Couplings with aryl iodides
were attempted but generally resulted in low
yields.
In a final effort to establish the generality

of this XAT strategy, we turned our attention
to the direct aromatic C–H alkylation via rad-
ical intermediates (Fig. 4B; see fig. S15 for a
proposed mechanism). Recently, the use of
zinc alkylsulfinates has provided a powerful
and effective solution to this synthetic chal-
lenge (41, 42). Because these reagents are often
prepared from the corresponding halides, a
methodology that directly uses these building
blocks would obviate multistep synthesis of
any reactive intermediate. In this case, how-
ever, a photoredox system for a-aminoalkyl
radical generation is difficult to implement,
owing to the mechanistic requirement of a
second oxidation after radical addition to the
arene to allow rearomatization (IX→X). The
broad set of reactivity modes for a-aminoalkyl
radical generation enabled identification of
simple thermal, net oxidative conditions for
the direct alkylation of caffeine with alkyl
iodides, without the need for light or catalysts
(76 to 80). This manifold for aromatic C–H
alkylation was compatible with the installa-
tion of primary, secondary, and tertiary alkyl
groups and could be extended to other hete-
roarenes commonly found in bioactive mol-
ecules, such as indoles and azoles as well as
benzenoids (43) (81 to 87). Furthermore, we
demonstrated that aryl iodide activation and
subsequent sp2-sp2 coupling (44) is also pos-
sible, as shown by the successful preparation
of 88 to 91.
The results presented here demonstrate that

alkyl and aryl halides can be converted to
carbon radicals by XAT using a-aminoalkyl
radicals. We believe that the broad scope, func-
tional group tolerance, and modularity of this
approach for carbon-halogen bond activation
will likely be of great utility to chemists in both
academia and industry.
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1 General Experimental Details 

All required fine chemicals were used directly without purification unless stated 

otherwise. All air and moisture sensitive reactions were carried out under nitrogen 

atmosphere using standard Schlenk manifold technique. All solvents were bought 

from Acros as 99.8% purity. 1H and 13C Nuclear Magnetic Resonance (NMR) spectra 

were acquired at various field strengths as indicated and were referenced to CHCl3 
(7.27 and 77.0 ppm for 1H and 13C respectively). 1H NMR coupling constants are 

reported in Hertz and refer to apparent multiplicities and not true coupling constants. 

Data are reported as follows: chemical shift, integration, multiplicity (s = singlet, br s 

= broad singlet, d = doublet, t = triplet, q = quartet, qi = quintet, sx = sextet, sp = 

septet, m = multiplet, dd = doublet of doublets, etc.), proton assignment (determined 

by 2D NMR experiments: COSY, HSQC and HMBC) where possible. High-

resolution mass spectra were obtained using a JEOL JMS-700 spectrometer or a 

Fissions VG Trio 2000 quadrupole mass spectrometer. Spectra were obtained using 

electron impact ionization (EI) and chemical ionization (CI) techniques, or positive 

electrospray (ES). Analytical TLC: aluminum backed plates pre-coated (0.25 mm) 

with Merck Silica Gel 60 F254. Compounds were visualized by exposure to UV-light 

or by dipping the plates in permanganate (KMnO4) stain followed by heating. Flash 

column chromatography was performed using Merck Silica Gel 60 (40–63 μm). All 

mixed solvent eluents are reported as v/v solutions. Absorption and emission spectra 

were obtained using an Horiba Duetta spectrometer and 1 mm High Precision Cell 

made of quartz from Hellma Analytics. The LEDs used are Kessil PR 160 440 nm. 

All the reactions were conducted in CEM 10 mL glass microwave tubes. Deuterium 

incorporations were determined by quantitative 13C NMR, 1H/2H NMR and Mass 

Spectrometry. 
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2 Quantum Yield Determination Protocol 

The quantum yield of the photochemical reactions was determined at 298 K following 

procedures described in literature.(45) Degassed reaction tubes were irradiated using 

as the light source Blue LEDs plates (λmax = 444 nm) for 30-60 min. The yield of 

products was determined by 1H NMR spectroscopy; in all cases the conversion was 

lower than 20%. The photon flux of the blue LEDs used was determined by standard 

ferrioxalate actinometry.(46) 
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3 Pictures of Reaction Set-Up 

 

  
Figure S1. 
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4 Dehalogenation Reactions 

4.1 Dehalogenation of 3 

The dehalogenation of 3 via XAT with -aminoalkyl radical I-a was attempted using 

four different protocols. These reactivities enable the generation of 4 from Et3N by 

either SET or HAT.  

 

1) 4CzIPN/visible-light (SET) 

2) di-tert-butylperoxide/UV-light (HAT) 

3) benzophenone/UV-light (SET) 

4) persulfate/thermal (SET) 

 

All reactions have also been tested in the absence of Et3N and no product formation 

was observed. The results are depicted in Table S1. 

 

Table S1. 

 
Entry Reaction Conditions Yield (%) 

1 4CzIPN (5 mol%), r.t., 4 h, blue LEDs 98 

 2* 4CzIPN (5 mol%), r.t., 4 h, blue LEDs – 

3 (t-BuO)2 (16 equiv.), r.t., 16 h, UV-A LEDs 67 

 4* (t-BuO)2 (16 equiv.), r.t., 16 h, UV-A LEDs – 

5 benzophenone (1.0 equiv.), r.t., 2 h, UV-A LEDs 70 

 6* benzophenone (1.0 equiv.), r.t., 2 h, UV-A LEDs – 

7 K2S2O8 (2.0 equiv.), 70 ºC, 2 h 40 

 8* K2S2O8 (2.0 equiv.), 70 ºC, 2 h – 

* The reaction was run without Et3N 

 

N

I
+ NEt3

3
(1.0 equiv.)

(3.0 equiv.)Boc
N

4
Boc

conditions
HSCH2CO2Me (20 mol%)

CH3CN–H2O (5:1) (0.1 M)
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Procedure for the Dehalogenation of 3 Under Photoredox Conditions 

 
A dry tube equipped with a stirring bar was charged with 3 (31 mg, 0.1 mmol) and 

4CzIPN (4 mg, 5 mol, 5 mol%). The tube was capped with a Supelco aluminium 

crimp seal with septum (PTFE/butyl), evacuated and refilled with N2 (x 3). Degassed 

CH3CN–H2O (5:1) (0.1 M), methyl thioglycolate (1.8 L, 0.02 mmol, 20 mol%) and 

NEt3 (42 L, 0.3 mmol, 3.0 equiv.) were sequentially added and the mixture was 

stirred in front of blue LEDs for 4 h at room temperature. Brine (3 mL) and EtOAc (3 

mL) were added and the mixture was shaken vigorously. 1,3-Dinitrobenzene (17 mg, 

0.1 mmol, 1.0 equiv.) was added and the layers were separated. The aqueous layer 

was extracted with EtOAc, the combined organic layers were dried (MgSO4), filtered 

and evaporated. CDCl3 (0.5 mL) was added and the mixture was analysed by 1H 

NMR spectroscopy to give 4 in 98% NMR yield. 

 

Procedure for the Dehalogenation of 3 Under Di-tert-butylperoxide/UV-light 

Conditions 

 
A dry tube equipped with a stirring bar was charged with 3 (31 mg, 0.1 mmol). The 

tube was capped with a Supelco aluminium crimp seal with septum (PTFE/butyl), 

evacuated and refilled with N2 (x 3). Degassed CH3CN–H2O (5:1) (0.1 M), di-tert-

butylperoxide (295 L, 1.6 mmol, 16.0 equiv.), methyl thioglycolate (1.8 L, 0.02 

mmol, 20 mol%) and NEt3 (42 L, 0.3 mmol, 3.0 equiv.) were sequentially added and 

the mixture was stirred in front of UV-A LEDs (370 nm Kessil Lamp) for 16 h at 

room temperature. Brine (3 mL) and EtOAc (3 mL) were added and the mixture was 

shaken vigorously. 1,3-Dinitrobenzene (17 mg, 0.1 mmol, 1.0 equiv.) was added and 

the layers were separated. The aqueous layer was extracted with EtOAc, the 

combined organic layers were dried (MgSO4), filtered and evaporated. CDCl3 (0.5 

N

I

3
(1.0 equiv.)

Boc
N

4
Boc

4CzIPN (5 mol%), Et3N (3.0 equiv.)
HSCH2CO2Me (20 mol%)

CH3CN–H2O (5:1) (0.1 M), r.t., 4 h
blue LEDs

N

I

3
(1.0 equiv.)

Boc
N

4
Boc

Et3N (3.0 equiv.)
(t-BuO)2 (16 equiv.)

HSCH2CO2Me (20 mol%)

CH3CN–H2O (5:1) (0.1 M), r.t., 16 h
UV-A LEDs
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mL) was added and the mixture was analysed by 1H NMR spectroscopy to give 4 in 

67% NMR yield. 

 

Procedure for the Dehalogenation of 3 Under Benzophenone/UV-light 

Conditions 

 
A dry tube equipped with a stirring bar was charged with 3 (31 mg, 0.1 mmol) and 

benzophenone (18 mg, 0.1 mmol, 1.0 equiv.). The tube was capped with a Supelco 

aluminium crimp seal with septum (PTFE/butyl), evacuated and refilled with N2 (x 3). 

Degassed solvent (0.1M), methyl thioglycolate (1.8 L, 0.02 mmol, 20 mol%) and 

NEt3 (42 L, 0.3 mmol, 3.0 equiv.) were sequentially added and the mixture was 

stirred in front of UV-A LEDs (370 nm Kessil Lamp) for 2 h at room temperature. 

Brine (3 mL) and EtOAc (3 mL) were added and the mixture was shaken vigorously. 

1,3-dinitrobenzene (17 mg, 0.1 mmol, 1.0 equiv.) was added and the layers were 

separated. The aqueous layer was extracted with EtOAc, the combined organic layers 

were dried (MgSO4), filtered and evaporated. CDCl3 (0.5 mL) was added and the 

mixture was analysed by 1H NMR spectroscopy to give 4 in 70% NMR yield. 

 

Procedure for the Dehalogenation of 3 Under Persulfate/Thermal Conditions 

 
A dry tube equipped with a stirring bar was charged with 3 (31 mg, 0.1 mmol) and 

K2S2O8 (54 mg, 0.2 mmol, 2.0 equiv.). The tube was capped with a Supelco 

aluminium crimp seal with septum (PTFE/butyl), evacuated and refilled with N2 (x 3). 

Degassed solvent (0.1M), methyl thioglycolate (1.8 L, 0.02 mmol, 20 mol%) and 

NEt3 (42 L, 0.3 mmol, 3.0 equiv.) were sequentially added and the mixture was 

stirred in a preheated aluminium block for 2 h at 70 °C. After cooling down to room 

temperature, brine (3 mL) and EtOAc (3 mL) were added and the mixture was shaken 

vigorously. 1,3-Dinitrobenzene (17 mg, 0.1 mmol, 1.0 equiv.) was added and the 

N

I

3
(1.0 equiv.)

Boc
N

4
Boc

Et3N (3.0 equiv.)
benzophenone (1.0 equiv.)
HSCH2CO2Me (20 mol%)

CH3CN–H2O (5:1) (0.1 M), r.t., 2 h
UV-A LEDs

N

I

3
(1.0 equiv.)

Boc
N

4
Boc

Et3N (3.0 equiv.)
K2S2O8 (2.0 equiv.) 

HSCH2CO2Me (20 mol%)

CH3CN–H2O (5:1) (0.1 M), r.t., 4 h
70 ºC
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layers were separated. The aqueous layer was extracted with EtOAc, the combined 

organic layers were dried (MgSO4), filtered and evaporated. CDCl3 (0.5 mL) was 

added and the mixture was analysed by 1H NMR spectroscopy to give 4 in 40% NMR 

yield. 
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4.2 Dehalogenation of Organic Halides 

Following the procedure described for the photoredox dehalogenation (see Section 

4.1), several alkyl halides and one deactivated aryl iodide were subjected to the 

photoredox-dehalogenation reaction conditions described above. The results are 

shown in Table S2. 

 

Table S2. 

 

Entry R–X Ered (V vs SCE) Yield (%) 
Remaining Starting 

Material (%) 

1 
 

–2.35 98 – 

2 
 

–2.76 15 85 

3 
 

< –2.80 – 100 

4 
 

–2.17 45 55 

 

S-1 showed modest conversion most probably due to competitive reaction of the -N-

radical with methyl thioglycolate,(47) although higher yields can be obtained by using 

tribenzylamine.  

  

NEt3 (3.0 equiv.)
4CzIPN (5 mol%)

HSCH2CO2Me (20 mol%)

CH3CN–H2O (5:1) (0.1 M), r.t., 4 h
blue LEDs

R X R H

3

N

I

Boc

S-1

N

Br

Boc

S-2

N

Cl

Boc

S-3

I

MeO
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4.3 Effect of the Photocatalyst on the Dehalogenation of 3 

In order to investigate the possible direct reduction of alkyl halides under photoredox 

conditions, we screened commonly used photocatalysts in this reaction. According to 

our mechanistic hypothesis, any photocatalyst able to oxidise Et3N should in principle 

lead to formation of the 4 independently to its reducing potential in the excited or 

reduced state. The results are shown in Table S3. 

 

Table S3. 

 
Entry Photocatalyst E(PC•+/*PC) 

(V vs SCE) 

E(PC/PC•–) 

(V vs SCE) 

Yield (%) 

1 4CzIPN(27) –1.04 –1.21 98 

2 Ir(ppy)3(3) –1.73 –2.19 78 

3 [Ir(dtbbpy)(ppy)2]PF6 (3) –0.96 –1.51 74 

4 [Ir(dF(CF3)ppy2)(dtbbpy)]PF6(3) –0.89 –1.37 83 

5* Ru(bpy)3Cl2(3) –0.81 –1.33 63 

6* Fluorescein Na salt(48) –1.55 –1.22 41 

7* Rhodamine 6G(48) –1.09 –1.14 48 

8* Eosin Y(48) –1.58 –1.08 36 

9* Rose Bengal(48) –0.96 –0.99 28 

10 dicyanoanthracene(48) n.d. –0.91 38 

11* Riboflavin(49) n.d. –0.79 44 

12 MesAcr(BF4) (48) n.d. –0.57 20 

13* Methylene Blue(48) –0.68 –0.30 15 

* These reactions were run overnight. 

 

Among all the photocatalysts tested, only Ir(ppy)3 in the reduced state (EIr(III)/(II) = –

2.19 V vs SCE) could participate in SET with 3 (Ered = –2.35 V vs SCE), so this 

mechanism cannot be completely excluded for this particular example. When 

comparing Ir-based photocatalysts, [Ir(dF(CF3)ppy2)(dtbbpy)]PF6 is the least reducing 

N

I

3
(1.0 equiv.)

Boc
N

4
Boc

Et3N (3.0 equiv.)
photocatalyst (5 mol%)

HSCH2CO2Me (20 mol%)

CH3CN–H2O (5:1) (0.1 M), r.t., 4 h
blue LEDs
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but also the most productive. This indicates that the generation of strongly reducing 

species is not necessary for the outcome of the reaction, as exemplify the results 

obtained with simple Ru(bpy)3Cl2 and Fluorescein. In fact, even photocatalysts that 

are commonly used as oxidants, such as MesAcr(BF4), Riboflavin and 

dicyanoanthracene, can participate in the activation of 3 due to their productive 

oxidation of NEt3 (Eox = +0.77 V vs SCE). In these cases, a reduction of the alkyl 

halide would imply a redox mismatch up to ~1.7 V.  

These results rule out direct SET reduction of C–I bonds as the general operating 

mechanism.  
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4.4 Effect of the Electron-donor on the Dehalogenation of 3 

To gain further insights about the role of NEt3 in the dehalogenation, we run the 

reaction in the presence of other electron donors and possible sacrificial reductants. 

The results obtained are shown in Table S4. 

 

Table S4. 

 
Entry Electron-donor Eox (V vs SCE) kq 10–7 (M–1 s–1) Yield (%) 

     

2 
 

+0.74(50) 239 – 

3 
 

–0.19(51) 26 4 

4 
 

+0.89(52) 27 6 

5 (i-Pr)2NH +1.01 6 91 

6 
 

+0.98 7 7 

7 
 

+0.78 106 79 

8 
 

+0.69(53) 214 – 

 

Despite the fact that all the tested electron-donors efficiently quench the excited state 

of 4CzIPN (see kq values and Stern-Volmer plots below), not all of them provided the 

dehalogenation product 4. Triarylamines, sodium ascorbate and Hantzsch ester 

(entries 2-4) are commonly used as sacrificial reductants in reductive quenching 

cycles, but failed to achieve significant conversion. Secondary amines (entry 5) are 

also suitable in this process, however, the removal of all -N hydrogens (e.g. TMP, 

N

I

3
(1.0 equiv.)

Boc
N

4
Boc

electron-donor (3.0 equiv.)
4CzIPN (5 mol%)

HSCH2CO2Me (20 mol%)

CH3CN–H2O, r.t., 4 h
blue LEDs

N
Ph

Ph
MeO

O O

OHNaO

HO
OH

N
H

Me Me

CO2EtEtO2C

NMe Me
Me Me

H

NMe Me
Me

Me Me

N
N
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entry 6) suppresses the reactivity. Using an N-Me derivative of TMP restores its 

activity (entry 7). DABCO (entry 8) has -N hydrogens and is one of the best 

quenchers of the excited state of 4CzIPN. However, as its oxidation does not lead to 

the generation of the corresponding -N-radical,(54, 55) it is inactive.  

These experimental evidences support the formation of -aminoalkyl radical species 

as key element for the activation of the C–I bonds. 
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4.5 Emission Quenching Studies 

Stern-Volmer experiments were carried out monitoring the emission intensity of 

argon-degassed solutions of 4CzIPN (2 x 10–5 M) containing variable amounts of the 

quencher in dry acetonitrile, with exception of studies with sodium ascorbate 

(DMSO/H2O 9:1) and Hantzsch ester (DMSO) to ensure the complete solubility of 

these quenchers in the stock solutions. The reported excited-state lifetime for 4CzIPN 

in MeCN (1.4 s)(56) was used for kq calculations (see Table S4). No significant 

quenching was observed with 3. 

 

 
Figure S2. 
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5 Deuteration of Alkyl Halides 

5.1 Reaction Optimization 

 
A tube equipped with a stirring bar was charged with 3 (31 mg, 0.1 mmol, 1.0 equiv.) 

and 4CzIPN (4 mg, 5 mol, 5 mol%). The tube was capped with a Supelco aluminium 

crimp seal with septum (PTFE/butyl), evacuated and refilled with N2 (x 3). Dry and 

degassed solvent (1 mL), D2O (90 L, 50 equiv.), methyl thioglycolate (3.6 L, 0.02 

mmol, 20 mol%) and the amine (0.2 mmol, 2.0 equiv.) were sequentially added and 

the mixture was vigorously stirred in front of blue LEDs for 16 h at room 

temperature. Brine (3 mL) and EtOAc (3 mL) were added and the mixture was shaken 

vigorously. 1,3,5-Trimethoxybenzene (17 mg, 0.1 mmol, 1.0 equiv.) was added and 

the layers were separated. The aqueous layer was extracted with EtOAc (x 2), the 

combined organic layers were dried (MgSO4), filtered and evaporated. CDCl3 (0.4 

mL) was added and the mixture was analysed by 1H NMR spectroscopy to determine 

the NMR yield. 

Table S5 reports the experiments performed. 

 

Table S5. 

Entry 
Amine 

(equiv.) 
Solvent 

D2O 

(equiv.) 
R–SH Yield (%) 

d- 

incorporation 

1 Et3N (2.0) CH3CN 50 I quant. 78% 

2 Et3N (2.0) t-BuCN 50 I quant. 82% 

3 Et3N (2.0) DMSO 50 I 88% 71% 

4 Et3N (2.0) DMA 50 I quant. 60% 

5 Et3N (2.0) dioxane 50 I quant. 81% 

6 Et3N (2.0) CH2Cl2 50 I quant. 79% 

7 Et3N (2.0) EtOAc 50 I 94% 82% 

8 DIPEA (2.0) EtOAc 50 I 95% 83% 

9  
(2.0) 

EtOAc 50 I 65% 72% 

R3N, D2O
4CzIPN (5 mol%), RSH (20 mol%)

solvent (0.1 M), r.t., 16h
blue LEDs3

N

I

Boc
5

N

D

Boc

N
Me

Me
MeMe

Me
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10 (i-Bu)3N (2.0) EtOAc 50 I quant. 86% 

11 Bn3N (2.0) EtOAc 50 I 35% 84% 

12 PhNMe2 (2.0) EtOAc 50 I 10% 82% 

13 TMEDA (2.0) EtOAc 50 I 69% 70% 

14 
(i-Pr)2NH 

(2.0) 
EtOAc 50 I 89% 77% 

15 (n-Bu)3N (2.0) EtOAc 50 I quant. 86% 

16 (n-Bu)3N (2.0) EtOAc 50 II 99% 85% 

17 (n-Bu)3N (2.0) EtOAc 50 III 85% 83% 

18 (n-Bu)3N (2.0) EtOAc 50 IV 62% 81% 

19 (n-Bu)3N (2.0) EtOAc 50 V quant. 85% 

20 (n-Bu)3N (2.0) EtOAc 50 VI 73% 86% 

21 (n-Bu)3N (2.0) EtOAc 100 I 99% 89% 

22 (n-Bu)3N (2.0) EtOAc 250 I 95% 90% 

23 (n-Bu)3N (0.5) EtOAc 50 I 57% 89% 

24 (n-Bu)3N (1.0) EtOAc 50 I 89% 87% 

25 (n-Bu)3N (1.5) EtOAc 50 I 87% 87% 

26 (n-Bu)3N (4.0) EtOAc 50 I 97% 84% 

27* (n-Bu)3N (1.2) EtOAc 200 I 94% 94% 

Control Experiments 

28 – EtOAc 200 I – – 

29† (n-Bu)3N (1.2) EtOAc 200 I – – 

30‡ (n-Bu)3N (1.2) EtOAc 200 I – – 

31 (n-Bu)3N (1.2) EtOAc 200 – 26% – 

* Reaction was run at 0.2 mmol scale. † Reaction was run in the absence of 

photocatalyst. ‡ Reaction was run in the dark. 

 
  



 

 SI-18

5.2  Substrate Scope 

General Procedure for the Deuteration of Alkyl Iodides – GP1 

 
An oven-dry tube equipped with a stirring bar was charged with the alkyl iodide (0.2 

mmol, 1.0 equiv.) and 4CzIPN (8 mg, 0.01 mmol, 5 mol%). The tube was capped 

with a Supelco aluminium crimp seal with septum (PTFE/butyl), evacuated and 

refilled with N2 (x 3). Dry and degassed EtOAc (2 mL), D2O (720 L, 200 equiv.), 

methyl thioglycolate (3.6 L, 0.04 mmol, 20 mol%) and tributylamine (58 L, 0.24 

mmol, 1.2 equiv.) were sequentially added and the mixture was vigorously stirred in 

front of blue LEDs for 16 h at room temperature. Brine (10 mL) and EtOAc (10 mL) 

were added and the mixture was shaken. The aqueous layer was extracted with EtOAc 

(x 2), the combined organic layers were dried (MgSO4), filtered and evaporated. 

Purification by flash column chromatography on silica gel gave the products. 

 

tert-Butyl Piperidine-1-carboxylate-4-d (5)  

 
Following GP1, tert-butyl 4-iodopiperidine-1-carboxylate (62 mg, 0.2 mmol) gave 5 

(35 mg, 94%, 94% D-incorporation) as an oil. 1H NMR (500 MHz, CDCl3) δ 3.35 (t, 

J = 5.6, 4H Hz), 1.58 – 1.47 (m, 5H), 1.45 (s, 9H); 13C NMR (101 MHz, CDCl3) δ = 

155.0, 79.1, 28.5, 25.6, 24.1 (t, J = 19.8 Hz, C–D); HRMS (ESI): Found M+Na+ 

209.1363, C10H18DNO2Na requires 209.1371. Data in accordance with the 

literature.(28) 

Following GP1, but using Bn3N (172 mg, 3.0 equiv.) and K2CO3 (56 mg, 2.0 equiv.), 

tert-butyl 4-bromopiperidine-1-carboxylate (52 mg, 0.2 mmol) gave 5 (15 mg, 42%, 

92% D-incorporation) as an oil. 

 

1-(Phenylsulfonyl)azetidine-3-d (6)  

 
Following GP1, 3-iodo-1-(phenylsulfonyl)azetidine (64 mg, 0.2 mmol) gave 6 (38 

mg, 96%, 93% D-incorporation) as an oil. 1H NMR (400 MHz, CDCl3) δ 7.88 – 7.81 

R I

4CzIPN (5 mol%), Bu3N (1.2 equiv.)
HSCH2CO2Me (20 mol%), D2O (200 equiv.)

EtOAc, r.t., 16 h
blue LEDs

R D

N
Boc

D

N

D

PhO2S
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(2H, m), 7.65 (1H, tt, J = 7.3, 2.4 Hz), 7.61 – 7.56 (2H, m), 3.78 (4H, d, J = 7.4 Hz), 

2.09 – 2.00 (1H, m); 13C NMR (126 MHz, CDCl3) δ = 134.6, 133.1, 129.1, 128.3, 

50.8, 15.0 (t, J = 21.5 Hz, C–D); HRMS (APCI): Found M+H+ 199.0644, 

C9H11DNO2S requires 199.0646. 

 

1-(tert-Butyl) 2-Methyl (2S)-pyrrolidine-1,2-dicarboxylate-4-d (7)  

 
Following GP1, 1-(tert-butyl) 2-methyl (2S)-4-iodopyrrolidine-1,2-dicarboxylate (71 

mg, 0.2 mmol) gave 7 (43 mg, 94%, 96% D-incorporation) as an oil (dr 3:2). 1H NMR 

(500 MHz, CDCl3, diastereomers) δ 4.31 (0.4H, dd, J = 8.7, 3.5 Hz), 4.21 (0.6H, dd, 

J = 8.7, 4.4 Hz), 3.71 (3H, s), 3.59 – 3.33 (2H, m), 2.27 – 2.10 (1H, m), 1.98 – 1.80 

(2H, m), 1.45 (3.6H, s), 1.40 (5.4H, s); 13C NMR (126 MHz, CDCl3, diastereomers) δ 

173.8, 173.6, 154.4, 153.8, 79.9, 79.8, 59.1, 58.7, 52.2, 52.0, 46.5, 46.2, 30.8, 29.8, 

28.4, 28.3, 24.0 (t, J = 20.2 Hz, C–D), 23.4 (t, J = 20.2 Hz, C–D); HRMS (ESI): 

Found M+Na+ 253.1258, C11H18DNO4Na requires 253.1269. 

 

(3aR,5R,6S,6aR)-2,2-Dimethyl-5-(methyl-d)tetrahydrofuro[2,3-d][1,3]dioxol-6-ol-

d (8)  

 
Following GP1, (3aR,5S,6R,6aR)-5-(iodomethyl)-2,2-dimethyltetrahydrofuro[2,3-

d][1,3]dioxol-6-ol (60 mg, 0.2 mmol) gave 8 (32 mg, 92%, 93% D-incorporation) as 

an oil. 1H NMR (500 MHz, CDCl3) δ 5.88 (1H, d, J = 3.8 Hz), 4.51 (1H, d, J = 3.8 

Hz), 4.30 (1H, td, J = 6.3, 2.3 Hz), 3.98 (1H, d, J = 2.5 Hz), 1.83 (1H, s), 1.49 (3H, 

s), 1.30 (3H, s), 1.29 – 1.26 (2H, m); 13C NMR (126 MHz, CDCl3) δ 111.4, 104.3, 

85.5, 76.4, 75.9, 26.6, 26.1, 12.5 (t, J = 19.4 Hz, C–D); HRMS (APCI): Found M+H+ 

176.1026, C8H14DO4 requires 176.1028. 

 

Adamantane-1-d (9)  

 

NMeO2C
Boc

D

O

O
OH

OMe
Me

D

D
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Following GP1, but adding K2CO3 (34 mg, 1.2 equiv.), 1-iodoadamantane (52 mg, 

0.2 mmol) gave 9 (16 mg, 60%, 90% D-incorporation) as a white solid. 1H NMR (500 

MHz, CDCl3) δ 1.90 – 1.85 (3H, m), 1.78 – 1.72 (12H, m); 13C NMR (101 MHz, 

CDCl3) δ 37.8, 37.6, 28.3, 27.8 (t, J = 20.3 Hz, C–D). Data in accordance with the 

literature.(57) 

 

(S)-3-(4-Bromo-3-fluorophenyl)-5-(methyl-d)oxazolidin-2-one-d (10)  

 
Following GP1, (R)-3-(4-bromo-3-fluorophenyl)-5-(iodomethyl)oxazolidin-2-one (40 

mg, 0.1 mmol) gave 10 (25 mg, 91%, 88% D-incorporation) as white solid. 1H NMR 

(500 MHz, CDCl3) δ 7.55 – 7.47 (2H, m), 7.14 (1H, d, J = 8.8 Hz), 4.80 (1H, p, J = 

6.8 Hz), 4.08 (1H, t, J = 8.4 Hz), 3.58 (1H, t, J = 8.6 Hz), 1.55 – 1.51 (2H, m); 13C 

NMR (101 MHz, CDCl3) δ 159.1 (d, JCF = 246.1 Hz), 154.4, 139.1 (d, JCF = 9.8 Hz), 

133.4, 114.3, 106.7 (d, JCF = 27.8 Hz), 103.0 (d, JCF = 21.5 Hz), 69.6, 51.6, 20.4 (t, J 

= 19.5 Hz, C–D); HRMS (ESI): Found M+Na+ 296.9746, C10H8DNO2BrFNa requires 

296.9756. 

 

Propyl-3-d (2S,5R)-3,3-Dimethyl-7-oxo-4-thia-1-azabicyclo[3.2.0]heptane-2-

carboxylate 4,4-dioxide-d (11)  

 
Following GP1, 3-iodopropyl (2S,5R)-3,3-dimethyl-7-oxo-4-thia-1-

azabicyclo[3.2.0]heptane-2-carboxylate 4,4-dioxide (80 mg, 0.2 mmol) gave 11 (52 

mg, 95%, 96% D-incorporation) as a white solid. 1H NMR (500 MHz, CDCl3) δ 4.64 

– 4.57 (1H, m), 4.38 (1H, s), 4.16 (2H, t, J = 6.7 Hz), 3.52 – 3.40 (2H, m), 1.70 (2H, 

p, J = 7.2 Hz), 1.61 (3H, s), 1.41 (3H, s), 0.95 (2H, t, J = 7.6 Hz); 13C NMR (126 

MHz, CDCl3) δ 170.8, 167.0, 68.1, 63.3, 62.7, 61.1, 38.3, 21.8, 20.4, 18.6, 10.1 (t, J = 

19.4 Hz, C–D); HRMS (ESI): Found M+Na+ 299.0770, C11H16DNO5SNa requires 

299.0782. 

N O
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D
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Propyl-3-d (2S,5R,6R)-3,3-Dimethyl-7-oxo-6-(2-phenoxyacetamido)-4-thia-1-

azabicyclo[3.2.0]heptane-2-carboxylate-d (12)  

 
Following GP1, 3-iodopropyl (2S,5R,6R)-3,3-dimethyl-7-oxo-6-(2-

phenoxyacetamido)-4-thia-1-azabicyclo[3.2.0]heptane-2-carboxylate (104 mg, 0.2 

mmol) gave 12 (73 mg, 93%, 96% D-incorporation) as a white solid. 1H NMR (400 

MHz, CDCl3) δ 7.39 – 7.27 (3H, m), 7.04 (1H, t, J = 7.4 Hz), 6.96 – 6.89 (2H, m), 

5.74 (1H, dd, J = 9.3, 4.2 Hz), 5.59 (1H, d, J = 4.2 Hz), 4.60 – 4.51 (2H, m), 4.46 

(1H, s), 4.19 – 4.07 (2H, m), 1.74–1.65 (2H, m), 1.60 (3H, s), 1.50 (3H, s), 0.96 (2H, 

tt, J = 7.5, 2.1 Hz); 13C NMR (101 MHz, CDCl3) δ 173.1, 167.8, 167.7, 156.9, 129.9, 

122.4, 114.7, 70.5, 67.8, 67.4, 67.1, 64.7, 58.0, 32.0, 26.9, 21.8, 10.2 (t, J = 19.4 Hz, 

C–D); HRMS (ESI–): Found M–H+ 392.1382, C19H22DN2O5S requires 392.1396. 
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5.3 Quantum Yield Determination  

The quantum yield for this reaction was determined using the protocol described in 

Section 2. 

 

 
Figure S3.
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6 Giese reaction 

6.1 Reaction Optimization for Alkyl Iodides 

 
A tube equipped with a stirring bar was charged with 4CzIPN (4 mg, 5 mol, 5 

mol%). The tube was capped with a Supelco aluminium crimp seal with septum 

(PTFE/butyl), evacuated and refilled with N2 (x 3). Degassed solvent (1 mL), 

degassed distilled water, tert-butyl 3-iodoazetidine-1-carboxylate (19 µL, 0.1 mmol), 

acrylonitrile and Et3N were sequentially added and the mixture was stirred in front of 

blue LEDs for 16 h at room temperature. Brine (3 mL) and EtOAc (3 mL) were added 

and the mixture was shaken vigorously. 1,3-Dinitrobenzene (17 mg, 0.1 mmol, 1.0 

equiv.) was added and the layers were separated. The aqueous layer was extracted 

with EtOAc (x 2), the combined organic layers were dried (MgSO4), filtered and 

evaporated. CDCl3 (0.4 mL) was added and the mixture was analysed by 1H NMR 

spectroscopy to determine the NMR yield. 

Table S6 reports the experiments performed. 

 

Table S6. 

Entry Amine (equiv.) Solvent 
H2O 

(equiv.) (equiv.) Yield (%) 

1 Et3N (3.0) acetone – 3 56 

2 Et3N (3.0) DMSO – 3 60 

3 Et3N (3.0) DMF – 3 61 

4 Et3N (3.0) CH3CN – 3 72 

5 Et3N (3.0) t-BuCN – 3 62 

6 Et3N (3.0) THF – 3 51 

7 Et3N (3.0) EtOAc – 3 55 

8 Et3N (3.0) CH3CN 10 3 78 

9 Et3N (3.0) CH3CN 20 3 88 

10 Et3N (3.0) CH3CN 55 3 93 

11 Et3N (3.0) CH3CN 110 3 83 

12 Et3N (3.0) CH3CN 55 2 93 

Et3N, H2O
4CzIPN (5 mol%)

solvent (0.1 M), r.t., 16 h
blue LEDs 15

+ CN
N

Boc

I

N
Boc

CN

CN
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13 Et3N (3.0) CH3CN 55 1.5 67 

14 Et3N (2.5) CH3CN 55 3 93 

15 Et3N (2.0) CH3CN 55 2 93 

16 Et3N (1.5) CH3CN 55 3 77 

17 DIPEA (2.0) CH3CN 55 2 85 

18  
(2.0) 

CH3CN 55 2 59 

19 
NMe3 (40% in H2O) 

(2.0) 
CH3CN 55 2 71 

20  
(2.0) 

CH3CN 55 2 – 

21 
(2.0) 

CH3CN 55 2 – 

22 
 

(2.0) 

CH3CN 55 2 – 

23  
(2.0) 

CH3CN 55 2 – 

Control Experiments 

24* Et3N (2.0) CH3CN 55 2 – 

25 – CH3CN 55 2 – 

26† Et3N (2.0) CH3CN 55 2 – 

* Reaction was run in the absence of photocatalyst. † Reaction was run in the dark. 
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6.2 Reaction Optimization for Alkyl Bromides 

 
A tube equipped with a stirring bar was charged with 4CzIPN (4 mg, 5 mol, 5 

mol%), if solid the base (0.2 mmol, 2.0 equiv.) and the amine if solid. The tube was 

capped with a Supelco aluminium crimp seal with septum (PTFE/butyl), evacuated 

and refilled with N2 (x 3). Degassed solvent (1 mL), degassed distilled water (100 

µL), tert-butyl 3-bromoazetidine-1-carboxylate (16.5 µL, 0.1 mmol), acrylonitrile and 

if liquid the base and the amine, were sequentially added and the mixture was stirred 

in front of blue LEDs for 16 h at room temperature. Brine (3 mL) and EtOAc (3 mL) 

were added and the mixture was shaken vigorously. 1,3-Dinitrobenzene (17 mg, 0.1 

mmol, 1.0 equiv.) was added and the layers were separated. The aqueous layer was 

extracted with EOAc (x 2), the combined organic layers were dried (MgSO4), filtered 

and evaporated. CDCl3 (0.4 mL) was added and the mixture was analysed by 1H 

NMR spectroscopy to determine the NMR yield.  

Table S7 reports the experiments performed. 

 

Table S7. 

Entry 
R3N  

(equiv.) 

Solvent 

(M) 
 

(equiv.) 
Base Yield (%) 

1 Et3N (2.0) CH3CN (0.1 M) 4 – trace 

2 Bn3N (2.0) CH3CN (0.1 M) 4 – 19 

3 Bn3N (2.0) CH3CN (0.1 M) 4 Cs2CO3 (2.0) 25 

4 Bn3N (2.0) CH3CN (0.1 M) 4 K2CO3 (2.0) 30 

5 Bn3N (2.0) CH3CN (0.1 M) 4 K2HPO4 (2.0) 22 

6 Bn3N (2.0) CH3CN (0.1 M) 4 
t-BuNH2 

(2.0) 
20 

7 Bn3N (2.0) CH3CN (0.1 M) 4 TMG (2.0) 45 

8 DIPEA (2.0) CH3CN (0.1 M) 4 TMG (2.0) 15 

9 

(2.0) 

CH3CN (0.1 M) 4 TMG (2.0) 8 

R3N, base (2.0 equiv.), H2O
4CzIPN (5 mol%)

solvent , r.t., 16 h
blue LEDs 15

+ CN
N

Boc

Br

N
Boc

CN

CN

N
Me

Me
MeMe

Me
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10 
(i-Bu)3N 

(2.0) 
CH3CN (0.1 M) 4 TMG (2.0) 35 

11 Bn3N (3.0) CH3CN (0.1 M) 4 TMG (2.0) 58 

12 Bn3N (5.0) CH3CN (0.1 M) 4 TMG (2.0) 64 

13 Bn3N (5.0) CH3CN (0.1 M) 2 TMG (2.0) 64 

14 Bn3N (5.5) CH3CN (0.05 M) 2 TMG (2.0) 70 

15 Bn3N (5.5) DMF (0.05 M) 2 TMG (2.0) 53 

16 Bn3N (5.5) DMSO (0.05 M) 2 TMG (2.0) 24 
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6.3 Reaction Optimization for Aryl Iodides 

 
A tube equipped with a stirring bar was charged with 1-iodo-4-methoxybenzene (23.4 

mg, 0.1 mmol), methyl N-(tert-butoxycarbonyl)-O-tosyl-L-serinate (75 mg, 0.2 mmol, 

2.0 equiv.), 4CzIPN (4 mg, 5.0 mol, 5 mol%) and if solid, the amine. The tube was 

capped with a Supelco aluminium crimp seal with septum (PTFE/butyl), evacuated 

and refilled with N2 (x 3). Degassed solvent (1 mL), degassed distilled water (100 

µL), 1,1,3,3-tetramethylguanidine and if liquid, the amine were sequentially added 

and the mixture was stirred in front of blue LEDs for 16 h at room temperature. Brine 

(3 mL) and EtOAc (3 mL) were added and the mixture was shaken vigorously. 1,3-

Dinitrobenzene (17 mg, 0.1 mmol, 1.0 equiv.) was added and the layers were 

separated. The aqueous layer was extracted with EtOAc (x 2), the combined organic 

layers were dried (MgSO4), filtered and evaporated. CDCl3 (0.4 mL) was added and 

the mixture was analysed by 1H NMR spectroscopy to determine the NMR yield.  

Table S8 reports the experiments performed. 

 

Table S8. 

Entry Amine (equiv.) Solvent Base (equiv.) Yield (%) 

1 Et3N (2.0) CH3CN TMG (2.0) 27 

2 Bn3N (2.0) CH3CN TMG (2.0) 10 

3 

(2.0) 

CH3CN TMG (2.0) 30 

4 (i-Bu)3N (2.0) CH3CN TMG (2.0) 36 

5 Et3N (5.5) DMSO TMG (4.0) 21 

6 Bn3N (5.5) DMSO TMG (4.0) 35 

8 (i-Bu)3N (5.5) DMSO TMG (4.0) 53 

 

 

4CzIPN (5 mol%)
R3N, TMG

solvent–H2O, r.t., 16 h
blue LEDs

38

+

(1.0 equiv.)

I

MeO CO2MeN
H
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Boc

(2.0 equiv.)
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6.4 Substrate Scope 

General Procedure for the Reactions Using Alkyl Iodides – GP2 

 
A tube equipped with a stirring bar was charged with the alkyl iodide, if solid (0.2 

mmol, 1.0 equiv.), the Michael acceptor, if solid (0.4 mmol, 2 equiv.) and 4CzIPN (8 

mg, 0.01 mmol, 5 mol%). The tube was capped with a Supelco aluminium crimp seal 

with septum (PTFE/butyl), evacuated and refilled with N2 (x 3). Degassed CH3CN (2 

mL) and water (0.2 mL) were added, followed by the alkyl iodide, the Michael 

acceptor if liquid and Et3N (56 µL, 0.4 mmol, 2 equiv.). The mixture was stirred in 

front of blue LEDs at room temperature for 16 hours and then diluted with H2O (15 

mL) and EtOAc (15 mL). The layers were separated and the aqueous layer was 

extracted with EtOAc (x 2). The combined organic layers are washed with brine, 

dried (MgSO4), filtered and evaporated. The crude was purified by flash column 

chromatography on silica gel. 

 

General Procedure for the Synthesis of Aminoacids Using Alkyl Iodides – GP3 

 
A tube equipped with a stirring bar was charged with the alkyl iodide, if solid (0.2 

mmol, 1.0 equiv.), methyl 2-(bis(tert-butoxycarbonyl)amino)acrylate (120 mg, 0.4 

mmol, 2.0 equiv.) and 4CzIPN (8 mg, 0.01 mmol, 5 mol%). The tube was capped 

with a Supelco aluminium crimp seal with septum (PTFE/butyl), evacuated and 

refilled with N2 (x 3). Degassed CH3CN (4 mL) and water (0.4 mL) were added, 

followed by the alkyl iodide, the Michael acceptor if liquid and Et3N (56 µL, 0.4 

mmol, 2 equiv.). The mixture was stirred in front of blue LEDs at room temperature 

for 16 hours and then diluted with H2O (15 mL) and EtOAc (15 mL). The layers were 

separated and the aqueous layer was extracted with EtOAc (x 2). The combined 

organic layers are washed with brine, dried (MgSO4), filtered and evaporated. The 

crude was purified by flash column chromatography on silica gel. 

 

 

alkyl I EWG+

4CzIPN (5 mol%)
Et3N (2.0 equiv.)

CH3CN–H2O (10:1) (0.1 M), r.t., 16 h
blue LEDs

EWG
alkyl

(1.0 equiv.) (2.0 equiv.)

(1.0 equiv.) (2.0 equiv.)

alkyl I N+

4CzIPN (5 mol%)
Et3N (2.0 equiv.)

CH3CN–H2O (10:1) (0.05 M), r.t., 16 h
blue LEDs

CO2Me
Boc

Boc
N CO2Me

Boc

Boc

alkyl
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General Procedure for the Reactions Using Alkyl Bromides – GP4 

 
A tube equipped with a stirring bar was charged with the alkyl bromide, if solid (0.1 

mmol, 1 equiv.), tribenzylamine (158 mg, 0.55 mmol, 5.5 equiv.), the Michael 

acceptor, if solid (0.2 mmol, 2 equiv.) and 4CzIPN (4 mg, 5 mol, 5 mol%). The tube 

was capped with a Supelco aluminium crimp seal with septum (PTFE/butyl), 

evacuated and refilled with N2 (x 3). Degassed CH3CN (2 mL) and water (0.2 mL) 

were added, followed by the alkyl bromide, the Michael acceptor, if liquid and 

1,1,3,3-tetramethylguanidine (25 µL, 0.2 mmol, 2.0 equiv.). The mixture was stirred 

in front of blue LEDs at room temperature for 16 hours and then diluted with H2O (15 

mL) and EtOAc (15 mL). The layers were separated and the aqueous layer was 

extracted with EtOAc (x 2). The combined organic layers are washed with brine, 

dried (MgSO4), filtered and evaporated. The crude was purified by flash column 

chromatography on silica gel. 

 

General Procedure for the Synthesis of Aminoacids Using Aryl Iodides – GP5 

 
A tube equipped with a stirring bar was charged with the aryl iodide, if solid (0.1 

mmol, 1.0 equiv.), methyl N-(tert-butoxycarbonyl)-O-tosyl-L-serinate (75 mg, 0.2 

mmol, 2.0 equiv.) and 4CzIPN (4 mg, 5.0 mol, 5 mol%). The tube was capped with 

a Supelco aluminium crimp seal with septum (PTFE/butyl), evacuated and refilled 

with N2 (x 3). Degassed DMSO (1 mL) and water (0.1 mL) were added, followed by 

the aryl iodide, if liquid, triisobutylamine (133 µL, 0.55 mmol, 5.5 equiv.) and 

1,1,3,3-tetramethylguanidine (50 µL, 0.4 mmol, 4.0 equiv.). The mixture was stirred 

in front of blue LEDs at room temperature for 16 hours and then diluted with H2O (15 

mL) and EtOAc (15 mL). The layers were separated and the aqueous layer was 

extracted with EtOAc (x 2). The combined organic layers are washed with brine, 

dried (MgSO4), filtered and evaporated. The crude was purified by flash column 

chromatography on silica gel. 

(1.0 equiv.) (2.0 equiv.)

alkyl Br EWG+

4CzIPN (5 mol%)
Bn3N (5.5 equiv.), TMG (2.0 equiv.)

CH3CN–H2O (10:1) (0.1 M), r.t., 16 h
blue LEDs

EWG
alkyl

aryl I N
H

+

4CzIPN (5 mol%)
i-Bu3N (5.5 equiv.), TMG (4.0 equiv.)

DMSO–H2O (10:1) (0.05 M), r.t., 16 h
blue LEDs

CO2Me
Boc

N
H

CO2Me
Boc

arylTsO

(1.0 equiv.) (2.0 equiv.)
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tert-Butyl 3-(2-Cyanoethyl)azetidine-1-carboxylate (13) 

  
Following GP2, acrylonitrile (26 µL, 0.4 mmol) gave 13 (39 mg, 93%) as an oil. 1H 

NMR (400 MHz, CDCl3) δ 4.07 (2H, t, J = 8.4 Hz), 3.59 (2H, dd, J = 8.7, 5.4 Hz), 

2.70 – 2.59 (1H, m), 2.34 (2H, t, J = 7.1 Hz), 1.97 (2H, q, J = 7.3 Hz), 1.43 (9H, s); 
13C NMR (CDCl3, 126 MHz) δ 156.3, 118.9, 79.7, 53.8, 29.9, 28.5, 28.4, 28.1; 

HRMS (APCI):  Found M+H+ 211.1436, C11H19N2O2 requires 211.1441. 

Following GP4, acrylonitrile (13 µL, 0.2 mmol) gave 13 (15 mg, 70%) as a yellow 

oil. 

 

tert-Butyl 3-(3-Methoxy-3-oxopropyl)azetidine-1-carboxylate (14) 

 
Following GP2, methyl acrylate (36 µL, 0.4 mmol) gave 14 (44 mg, 90%) as an oil. 
1H NMR (400 MHz, CDCl3) δ 4.03 – 3.95 (2H, t, J = 8.4 Hz), 3.67 (3H, s), 3.53 (2H, 

dd, J = 8.6, 5.5 Hz), 2.45 – 2.56 (1H, m), 2.27 (2H, t, J = 7.5 Hz), 1.91 (2H, q, J = 

7.6 Hz), 1.42 (9H, s); 13C NMR (101 MHz, CDCl3) δ 178.3, 156.6, 79.8, 54.2, 31.6, 

29.3, 28.5, 28.3; HRMS (APCI): Found M+H+ 244.1540, C12H22NO4 requires 

244.15433. Data in accordance with the literature.(58) 

Following GP4, methyl acrylate (18 µL, 0.2 mmol) gave 14 (14 mg, 56%) as a yellow 

oil. 

 

3-(1-(tert-Butoxycarbonyl)azetidin-3-yl)propanoic acid (15) 

 
Following GP2, acrylic acid (28 µL, 0.4 mmol) gave 15 (19 mg, 63%) as an oil. 1H 

NMR (400 MHz, CDCl3) δ 4.00 (2H, t, J = 8.4 Hz), 3.55 (2H, dd, J = 8.6, 5.5 Hz), 

2.60–2.48 (1H, m), 2.30 (2H, t, J = 7.4 Hz), 1.91 (2H, q, J = 7.6 Hz), 1.42 (9H, s); 
13C NMR (101 MHz, CDCl3) δ 174.8, 156.5, 79.5, 54.4, 33.0, 29.9, 28.5, 28.4; 

HRMS (APCI): Found M+Na+ 252.1206, C11H19NNaO4 requires 252.1206. Data in 

accordance with the literature.(59) 

Following GP4, acrylic acid (14 µL, 0.2 mmol) gave 15 (10 mg, 40%) as a yellow oil. 
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tert-Butyl 3-(3-Amino-3-oxopropyl)azetidine-1-carboxylate (16 

 
Following GP2, acrylamide (29 mg, 0.4 mmol) gave 16 (37 mg, 80%) as a solid. 1H 

NMR (400 MHz, CDCl3) δ 5.83–5.63 (2H, m), 3.98 (2H, t, J = 8.3 Hz), 3.53 (2H, dd, 

J = 8.5, 5.4 Hz), 2.58–2.45 (1H, m), 2.16 (2H, t, J = 7.5 Hz), 1.91 (2H, q, J = 7.6 

Hz), 1.41 (9H, s); 13C NMR (101 MHz, CDCl3) δ 174.8, 156.5, 79.5, 54.4, 33.0, 29.9, 

28.5, 28.4; HRMS (APCI): Found M+H+ 251.1356, C12H21NO3 requires 251.1366. 

Following GP4, acrylamide (14 mg, 0.2 mmol) gave 16 (14 mg, 61%) as a white 

solid. 

 

tert-Butyl 3-(3-Oxobutyl)azetidine-1-carboxylate (17) 

 
Following GP2, but-3-en-2-one (34 µL, 0.4 mmol) gave 17 (33 mg, 73%) as an oil. 
1H NMR (400 MHz, CDCl3) δ 4.01–3.94 (2H, m), 3.51 (2H, dd, J = 8.5, 5.5 Hz), 

2.53–2.43 (1H, m), 2.39 (2H, t, J = 7.4 Hz), 2.14 (3H, s), 1.84 (2H, q, J = 7.5 Hz), 

1.42 (9H, s); 13C NMR (CDCl3, 101 MHz) δ 208.9, 157.3, 80.3, 41.7, 31.0, 29.4, 29.2, 

29.1; HRMS (APCI): Found M+H+ 228.1593, C12H22NO3 requires 228.1594. Data in 

accordance with the literature.(58) 

Following GP4, but-3-en-2-one (17 µL, 0.2 mmol) gave 17 (12 mg, 50%) as a yellow 

oil. 

 

tert-Butyl 3-(2-(Diethoxyphosphoryl)ethyl)azetidine-1-carboxylate (18) 

 
Following GP2, diethyl vinylphosphonate (62 µL, 0.4 mmol) gave 18 (57 mg, 88%) 

as an oil. 1H NMR (400 MHz, CDCl3) δ 4.14–4.00 (4H, m), 3.96 (2H, t, J = 8.3 Hz), 

3.50 (2H, dd, J = 8.6, 5.4 Hz), 2.56–2.46 (1H, m), 1.78–1.90 (2H, m), 1.70–1.56 (2H, 

m), 1.39 (9H, s), 1.29 (6H, t, J = 7.1 Hz); 13C NMR (101 MHz, CDCl3) δ 156.4, 79.5, 

61.7 (d, J=6.6 Hz), 54.1, 29.3 (d, J=16.9 Hz), 28.5, 27.2 (d, J=4.9 Hz), 23.2 (d, 

J=142.3 Hz), 16.6 (d, J=5.9 Hz); HRMS (APCI): Found M+H+ 322.1770, 

C14H29NO5P requires 322.1777. 
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Following GP4, diethyl vinylphosphonate (31 µL, 0.2 mmol) gave 18 (17 mg, 53%) 

as a yellow oil. 

 

tert-Butyl 3-(4-Methoxy-4-oxobutan-2-yl)azetidine-1-carboxylate (19) 

 
Following GP2, methyl crotonate (43 µL, 0.4 mmol) gave 19 (47 mg, 91%) as an oil. 
1H NMR (400 MHz, CDCl3) δ 3.94 (1H, t, J = 8.4 Hz), 3.93 (1H, t, J = 8.2 Hz),  3.67 

(3H, s), 3.61–3.58 (2H, m), 2.40–2.30 (1H, m), 2.30–2.23 (1H, m), 2.18–2.08 (1H, 

m), 2.08–2.03 (1H, m), 1.43 (9H, s), 0.92 (3H, d, J = 6.3 Hz); 13C NMR (101 MHz, 

CDCl3) δ 173.0, 156.4, 79.5, 53.0, 51.8, 38.8, 34.5, 34.5, 28.6, 16.8; HRMS (APCI): 

Found M+H+ 258.1698, C13H24NO4 requires 258.1705. 

Following GP4, methyl crotonate (22 µL, 0.2 mmol) gave 19 (19 mg, 73%) as an oil. 

 

tert-Butyl 3-(3-Methoxy-2-methyl-3-oxopropyl)azetidine-1-carboxylate (20) 

 
Following GP2, methyl methacrylate (43 µL, 0.4 mmol) gave 20 (52 mg, quant.) as 

an oil. 1H NMR (400 MHz, CDCl3) δ 4.00 (1H, t, J = 8.3 Hz), 3.97 (1H, t, J = 8.3 

Hz), 3.66 (3H, s), 3.53 (1H, t, J = 6.0 Hz), 3.51 (1H, t, J = 6.0 Hz), 2.59–2.47 (1H, 

m), 2.46–2.35 (1H, m), 1.96 (1H, dt, J =13.8, 7.7 Hz), 1.70 (1H, ddd, J =14.0, 8.2, 

6.1 Hz), 1.42 (9H, s), 1.14 (3H, d, J = 7.0 Hz); 13C NMR (101 MHz, CDCl3) δ 176.6, 

156.5, 79.4, 54.7, 51.8, 38.5, 37.8, 28.6, 27.3, 17.3; HRMS (APCI): Found M+H+ 

258.1696, C13H24NO4 requires 258.1705. 

Following GP4, methyl methacrylate (22 µL, 0.2 mmol) gave 20 (13 mg, 48%) as an 

oil. 

 

tert-Butyl 3-(2-Hydroxy-2-phenylethyl)azetidine-1-carboxylate (21’) 

 
Following GP2, followed by oxidation,(63) 1-phenylvinylboronic acid pinacol ester 

(92 mg, 0.4 mmol) gave 21’ (50 mg, 89%) as an oil. 1H NMR (400 MHz, CDCl3) δ 

7.40–7.26 (5H, m), 4.69–4.62 (1H, m), 3.98 (1H, t, J = 8.4 Hz), 3.92 (1H, t, J = 8.4 
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Hz), 3.57 (1H, dd, J = 8.6, 5.8 Hz), 3.50 (1H, dd, J = 8.5, 5.8 Hz), 2.71–2.58 (1H, m), 

2.14–2.04 (1H, m), 2.02–1.93 (1H, m), 1.85 (1H, br s), 1.42 (9H, s); 13C NMR (101 

MHz, CDCl3) δ 156.5, 144.2, 128.8, 128.1, 125.8, 79.4, 73.3, 54.3, 43.6, 28.6, 26.1; 

HRMS (APCI): Found M+H+ 278.1745, C16H24NO4 requires 278.1756. 

Following GP4 but using i-Bu3N (0.55 mmol, 5.5 equiv.) and followed by 

oxidation,(60) 1-phenylvinylboronic acid pinacol ester (46 mg, 0.2 mmol) gave 21 (5 

mg, 19%) as an oil. 

 

tert-Butyl 3-(2-(Pyridin-2-yl)ethyl)azetidine-1-carboxylate (22) 

 
Following GP2, 2-vinylpyridine (43 µL, 0.4 mmol) gave 22 (52 mg, 98%) as an oil. 
1H NMR (400 MHz, CDCl3) δ 8.52–8.47 (1H, m), 7.57 (1H, td, J = 7.7, 1.8 Hz), 7.09 

(2H, m), 3.95 (2H, t, J = 8.3 Hz), 3.52 (2H, dd, J = 8.5, 5.6 Hz), 2.76–2.68 (2H, m), 

2.56–2.44 (1H, m), 2.00 (2H, q, J = 7.7 Hz), 1.40 (9H, s); 13C NMR (101 MHz, 

CDCl3) δ 161.2, 156.5, 149.5, 136.5, 122.8, 121.3, 79.2, 54.3, 35.9, 34.4, 28.7, 28.5; 

HRMS (APCI): Found M+H+ 263.1751, C15H23N2O2 requires 263.1759. 

Following GP4, 2-vinylpyridine (21 µL, 0.2 mmol) gave 22 (14 mg, 53%) as a yellow 

oil. 

 

tert-Butyl 3-(3-Oxocyclopentyl)azetidine-1-carboxylate (23) 

 
Following GP2, cyclopentenone (34 µL, 0.4 mmol) gave 23 (32 mg, 66%) as an oil. 
1H NMR (400 MHz, CDCl3) δ 4.02 (1H, t, J = 8.8 Hz), 4.00 (1H, t, J = 8.8 Hz), 3.66 

(1H, dd, J = 8.6, 4.9 Hz), 3.59 (1H, dd, J = 8.6, 4.9 Hz), 2.53–2.09 (6H, m), 1.86–1.74 

(1H, m), 1.61–1.46 (1H, m), 1.43 (9H, s); 13C NMR (101 MHz, CDCl3) δ 218.3, 

156.4, 79.6, 53.4, 42.4, 40.8, 38.2, 33.2, 28.5, 26.6; HRMS (APCI): Found M+H+ 

240.1591, C13H22NO3 requires 240.1594. 

Following GP4, cyclopentenone (17 µL, 0.2 mmol) gave 23 (16 mg, 66%) as a 

yellow oil. 
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tert-Butyl 3-(2-(Bis(tert-butoxycarbonyl)amino)-3-methoxy-3-

oxopropyl)azetidine-1-carboxylate (24) 

 
Following GP3, N-Boc-3-iodoazetidine (38 µL, 0.2 mmol) gave 24 (92 mg, quant.) as 

an oil. 1H NMR (400 MHz, CDCl3) δ 4.81 (1H, dd, J = 9.7, 4.8 Hz), 3.93 (1H, t, J = 

8.1 Hz), 3.91 (1H, t, J = 8.2 Hz), 3.70 (3H, s), 3.53 (1H, dd, J = 8.9, 5.7 Hz), 3.50 

(1H, dd, J = 8.6, 5.7 Hz), 2.62–2.49 (1H, m), 2.41–2.32 (1H, m), 2.24–2.13 (1H, m), 

1.49 (18H, s), 1.41 (9H, s); 13C NMR (101 MHz, CDCl3) δ 170.9, 156.4, 152.1, 83.6, 

79.4, 56.6, 54.4, 52.4, 34.6, 28.5, 28.1, 26.5; HRMS (APCI): Found M+Na+ 

481.2498, C22H38N2NaO8 requires 481.2525. 

Following GP4, N-Boc-3-bromoazetidine (33 µL, 0.2 mmol) gave 22 (39 mg, 42%) 

as a yellow oil. 

 

 

Methyl 2-(Bis(tert-butoxycarbonyl)amino)-3-(oxetan-3-yl)propanoate (25) 

 
Following GP3, 3-iodooxetane (18 µL, 0.2 mmol) gave 25 (62 mg, 86%) as an oil. 1H 

NMR (400 MHz, CDCl3) δ 4.79 (1H, dd, J = 9.8, 5.0 Hz), 4.79–4.71 (2H, m), 4.43 

(1H, t, J = 6.4 Hz), 4.39 (1H, t, J = 6.2 Hz), 3.71 (3H, s), 3.13–3.01 (1H, m), 2.51–

2.43 (1H, m), 2.35–2.25 (1H, m), 1.49 (18H, s); 13C NMR (101 MHz, CDCl3) δ 

171.0, 152.1, 83.6, 77.3, 56.7, 52.4, 33.8, 32.9, 28.1; HRMS (APCI): Found M+Na+ 

382.1823, C17H29NNaO7 requires 382.1841. 

 

Methyl tert-Butyl 4-(2-(bis(tert-butoxycarbonyl)amino)-3-methoxy-3-

oxopropyl)piperidine-1-carboxylate (26) 
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Following GP3, 4-iodo-N-Boc-piperidine (62 mg, 0.2 mmol) gave 26 as an oil (94 

mg, 96%). 1H NMR (400 MHz, CDCl3) δ 4.94 (1H, dd, J = 9.3, 5.0 Hz), 4.05 (2H, br 

s), 3.70 (3H, s), 2.73–2.55 (2H, m), 2.05–1.96 (1H, m), 1.87–1.72 (2H, m), 1.64–1.55 

(1H, m), 1.48 (18H, s), 1.43 (9H, s), 1.29–0.82 (3H, m); 13C NMR (101 MHz, CDCl3) 

δ 171.6, 155.0, 152.2, 83.4, 79.4, 55.7, 52.4, 44.0, 37.0, 33.2, 32.7, 31.8, 28.6, 28.1; 

HRMS (APCI): Found M+Na+ 509.2816, C24H42N2NaO8 requires 509.2838. 

 

Methyl 3-(Adamantan-1-yl)-2-(bis(tert-butoxycarbonyl)amino)propanoate (27) 

 
Following GP3, 1-iodoadamantane (53 mg, 0.2 mmol) gave 27 (88 mg, quant.) as an 

oil. 1H NMR (400 MHz, CDCl3) δ 4.97 (1H, dd, J = 7.4, 3.5 Hz), 3.69 (3H, s), 2.14–

2.07 (1H, m), 1.97–1.90 (3H, m), 1.72–1.68 (1H, m), 1.68–1.65 (2H, m), 1.64–1.61 

(2H, m), 1.61–1.57 (1H, m), 1.57–1.44 (6H, m), f1.50 (18H, s); 13C NMR (101 MHz, 

CDCl3) δ 152.1, 83.1, 54.2, 52.5, 44.9, 42.2, 37.1, 32.3, 28.7, 28.2; HRMS (APCI): 

Found M+Na+ 460.2656, C24H39NNaO6 requires 460.2675. 

 

Methyl 2-(Bis(tert-butoxycarbonyl)amino)-5-methylhexanoate (28) 

 
Following GP3, 2-methyl-1-iodopropane (23 µL, 0.2 mmol) gave 28 (48 mg, 66%) as 

an oil. 1H NMR (400 MHz, CDCl3) δ 4.86 (1H, dd, J = 9.6, 5.1 Hz), 3.71 (3H, s), 

2.22–2.16 (2H, m), 2.16–2.07 (1H, m), 1.95–1.84 (2H, m), 1.66–1.43 (6H, m)z, 1.49 

(18H, s); 13C NMR (101 MHz, CDCl3) δ 171.5, 152.2, 84.3, 83.2, 68.6, 58.1, 52.3, 

29.5, 28.1, 25.5, 18.4.; HRMS (APCI): Found M+Na+ 382.2184, C18H33NNaO6 

requires 382.2205. 

 

Methyl 2-(Bis(tert-butoxycarbonyl)amino)-4-phenylbutanoate (29) 
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Following GP3 but using 1,2,2,6,6-pentamethylpiperidine, benzyl bromide (24 µL, 

0.2mmol) gave 29 as colourless oil (31 mg, 40%). 1H NMR (400 MHz, CDCl3) δ 

7.30–7.23 (2H, m), 7.22–7.16 (3H, m), 4.91 (1H, dd, J =9.4, 5.2 Hz), 3.71 (3H, s), 

2.72–2.64 (2H, m), 2.52–2.42 (1H, m), 2.29–2.12 (1H, m), 1.52–1.47 (18H, s); 13C 

NMR (126 MHz, CDCl3) δ 171.4, 152.2, 141.4, 128.6, 128.5, 126.2, 83.3, 57.9, 57.9, 

52.3, 52.3, 32.7, 31.9, 28.2, 28.2, 28.1. HRMS (APCI): Found M+Na+ 416.2030, 

C21H31NNaO6 requires 416.2049. 

 

Methyl 2-(Bis(tert-butoxycarbonyl)amino)oct-7-ynoate (30) 

 
Following GP3, 5-iodopent-1-yne (39 mg, 0.2 mmol) gave 30 (25 mg, 34%) as an oil. 
1H NMR (400 MHz, CDCl3) δ 4.86 (1H, dd, J = 9.6, 5.1 Hz), 3.71 (3H, s), 2.19 (2H, 

td, J = 6.9, 2.6 Hz), 2.16–2.07 (1H, m), 1.92 (1H, t, J = 2.6 Hz), 1.96–1.85 (1H, m), 

1.64–1.42 (4H, m), 1.49 (18H, s); 13C NMR (101 MHz, CDCl3) δ 171.5, 152.2, 84.3, 

83.2, 68.6, 58.1, 52.3, 29.5, 28.2, 28.1, 25.5, 18.4; HRMS (APCI): Found M+Na+ 

392.2024, C19H31NNaO6 requires 392.2049. 

 

Methyl 2-(Bis(tert-butoxycarbonyl)amino)-6-chlorohexanoate (31) 

 
Following GP3, 3-chloroiodopropane (22 µL, 0.2 mmol) gave 31 (42 mg, 55%) as an 

oil. 1H NMR (400 MHz, CDCl3) δ 4.85 (1H, dd, J = 9.6, 5.2 Hz), 3.71 (3H, s), 3.53 

(2H, t, J = 6.6 Hz), 2.17–2.07 (1H, m), 1.98–1.86 (1H, m), 1.87–1.71 (1H, m), 1.54–

1.46 (2H, m), 1.49 (18H, s); 13C NMR (101 MHz, CDCl3) δ 171.4, 152.3, 83.3, 58.0, 

52.3, 44.8, 32.3, 29.3, 28.1, 23.7. HRMS (APCI): Found M+Na+ 402.1635, 

C17H30ClNNaO6 requires 402.1659. 

 

Methyl bis(tert-butoxycarbonyl)homoserinate (32) 

 
Following GP3 but using 1,2,2,6,6-pentamethylpiperidine, 2-(iodomethyl)-4,4,5,5-

tetramethyl-1,3,2-dioxoborolane (54 mg, 0.2 mmol) gave 32 (35 mg, 53%) as a 
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colourless oil. 1H NMR (400 MHz, CDCl3) δ 4.85 (1H, dd, J = 9.9, 5.1 Hz) 3.70 (3H, 

s), 2.22 (1H, dddd, J = 14.1, 8.9, 7.7, 5.1 Hz), 1.99 (1H, dtd, J = 14.3, 9.5, 6.6 Hz, 

1H), 1.49 (18H, s), 1.24 (12H, s), 0.80 (2H, ddd, J = 9.3, 7.0, 2.3 Hz); 13C NMR (101 

MHz, CDCl3) δ 171.4, 152.2, 83.0, 82.7, 59.7, 51.9, 27.9, 24.8, 24.1. Data in 

accordance with the literature.(61) 

Methyl 2-(Bis(tert-butoxycarbonyl)amino)-4-(trimethylsilyl)butanoate (33) 

 
Following GP3, (iodomethyl)trimethylsilane (30 µL, 0.2 mmol) gave methyl 33 (63 

mg, 80%) as an oil. 1H NMR (400 MHz, CDCl3) δ 4.80 (1H, dd, J = 9.9, 5.2 Hz), 

3.70 (3H, s), 2.13–2.02 (1H, m), 1.94–1.82 (1H, m), 1.49 (18H, s), 0.52–0.44 (2H, m), 

–0.01 (9H, s); 13C NMR (101 MHz, CDCl3) δ 171.6, 152.3, 83.1, 60.6, 52.2, 28.1, 

24.4, 12.9, –1.8; HRMS (APCI): Found M+Na+ 412.2126, C18H35NNaO6Si requires 

412.2131. 

 

Methyl 2-(Bis(tert-butoxycarbonyl)amino)-5,5,5-trifluoropentanoate (34) 

 
Following GP3, 1,1,1-trifluoro-2-iodoethane (20 µL, 0.2 mmol) gave 34 (60 mg, 

78%) as an oil. 1H NMR (400 MHz, CDCl3) δ 4.88 (1H, dd, J = 8.8, 5.7 Hz), 3.73 

(3H, s), 2.45–2.35 (1H, m), 2.32–2.20 (1H, m), 2.20–2.05 (2H, m), 1.50 (18H, s); 13C 

NMR (101 MHz, CDCl3) δ 170.5, 152.0, 126.9 (q, J = 276.1 Hz), 83.8, 57.0, 52.5, 

31.0 (q, J = 29.3 Hz), 28.1, 22.9 (q, J = 3.1 Hz); 19F NMR (471 MHz, CDCl3) δ –66.5 

(t, J = 10.4 Hz); HRMS (APCI): Found M+Na+ 408.1587, C16H26F3NNaO6 requires 

408.1609. 

 

Methyl 2-(Bis(tert-butoxycarbonyl)amino)-4-((3aR,6S,6aR)-6-hydroxy-2,2-

dimethyltetrahydrofuro[2,3-d][1,3]dioxol-5-yl)butanoate (35) 

 

OO

HO O

MeMe

N CO2Me
Boc

Boc
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Following GP3, (3aR,6R,6aR)-5-(iodomethyl)-2,2-dimethyltetrahydrofuro[2,3-

d][1,3]dioxol-6-ol (60 mg, 0.2 mmol) gave 35 (67 mg, 70%) as an oil (dr 3:2). 1H 

NMR (400 MHz , CDCl3, diastereomers) δ 5.88 (1H, d, J = 3.7 Hz), 4.89 (0.4H, dd, J 

= 9.7, 5.5 Hz), 4.81 (0.6H, t, J = 6.8 Hz), 4.52 (0.6H, d, J = 3.8 Hz), 4.49 (0.4H, d, J 

= 3.8 Hz), 4.17–4.05 (2H, m), 3.70 (3H, s), 2.77 (0.6H, br s), 2.29–2.20 (0.4H, m), 

2.19–2.10 (1H, m), 2.02–1.61 (3H, m), 1.48 (21H, s), 1.29 (3H, s); 13C NMR (101 

MHz, CDCl3, diastereomers) δ 171.9, 171.3, 152.6, 152.1, 111.5, 111.4, 104.6, 104.5, 

85.3, 85.2, 83.6, 83.5, 80.2, 80.0, 75.2, 75.1, 58.2, 57.8, 52.6, 52.4, 28.1, 26.8, 26.7, 

26.6, 26.4, 26.3, 26.3, 24.8, 24.3; HRMS (APCI): Found M+Na+ 498.2286, 

C22H37NNaO10 requires 498.2315. 

 

Methyl 2-(tert-Butoxycarbonylamino)-3-phenylpropanoate (36) 

 
Following GP5, iodobenzene (12 µL, 0.1 mmol) gave 36 (12 mg, 42%) as a solid. 1H 

NMR (400 MHz, CDCl3) δ 7.39 − 7.19 (3H, m), 7.14 (2H, d, J =7.3 Hz), 4.99 (1H, s), 

4.61 (1H, s), 3.73 (3H, s), 3.10 (2H, dd, J =15.4, 5.9 Hz), 1.43 (9H, s); 13C NMR (100 

MHz, CDCl3) δ 172.3, 155.0, 136.0, 129.3, 128.5, 127.0, 79.9, 54.4, 52.2, 38.4, 28.3. 

Data in accordance with the literature.(62)  

 

Methyl 3-(4-Acetylphenyl)-2-((tert-butoxycarbonyl)amino)propanoate (37) 

 
Following GP5, 4-iodoacetophenone (25 mg, 0.1 mmol) gave 37 (18 mg, 55%) as an 

oil. 1H NMR (300 MHz, CDCl3) δ 7.87 (2H, d, J = 8.1 Hz), 7.23 (2H, d, J = 8.1 Hz), 

5.05 (2H , d, J = 7.7 Hz), 4.59 (1H, t, J = 7.7 Hz), 3.69 (3H, s), 2.55 (3H, s), 1.38 

(9H, s); 13C NMR (75 MHz, CDCl3) δ 197.7, 171.9, 154.9, 141.7, 135.8, 129.5, 128.5, 

54.1, 52.3, 38.3, 29.6, 28.2, 26.5. Data in accordance with the literature.(63)  
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Methyl 2-((tert-Butoxycarbonyl)amino)-3-(4-methoxyphenyl)propanoate (38) 

 
Following GP5, 4-iodoanisole (24 mg, 0.1 mmol) gave 38 (17 mg, 53%) as a white 

solid. 1H NMR (400 MHz, CDCl3) δ 7.06 − 6.98 (2H, m), 6.84 − 6.78 (2H, m), 4.94 

(1H, d, J = 8.2 Hz), 4.52 (1H, q, J = 6.6 Hz), 3.76 (3H, s), 3.69 (3H, s), 3.02 (2H, td, 

J = 11.8, 9.7, 5.8 Hz), 1.40 (9H, s); 13C NMR (100 MHz, CDCl3) δ 172.4, 158.7, 

153.5, 130.3, 127.9, 114.0, 79.9, 55.2, 54.5, 52.2, 37.5, 28.3. Data in accordance with 

the literature.(62)  

 

Methyl 3-(4-Aminophenyl)-2-((tert-butoxycarbonyl)amino)propanoate (39) 

 
Following GP5, 4-iodoaniline (22 mg, 0.1 mmol) gave 39 (7 mg, 22%) as a yellow 

solid. 1H NMR (400 MHz, CDCl3) δ 6.87 (2H, d, J = 8.3 Hz), 6.59 (2H, d, J = 8.3 

Hz), 4.93 (1H, d, J = 7.7 Hz), 4.48 (1H, dt, J = 8.5, 6.0 Hz), 3.68 (3H, s), 3.00 − 2.87 

(2H, m), 1.39 (9H, s); 13C NMR (100 MHz, CDCl3) δ 172.5, 155.1, 145.2, 130.1, 

125.6, 115.3, 79.8, 54.5, 52.1, 37.4, 28.3. Data in accordance with the literature.(62)  
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6.5 Procedure for Gram-Scale Reaction 

 
 

 
Figure S4. 

 

A 250 mL-flask fitted with a septum was equipped with a stirring bar and was 

charged with methyl 2-(bis(tert-butoxycarbonyl)amino)acrylate (3.01 g, 10 mmol, 2.0 

equiv.) and 4CzIPN (40 mg, 0.05 mmol, 1 mol%). The vessel was evacuated and 

refilled with N2 (x 3). CH3CN (100 mL) and H2O (10 mL) were added followed by N-

Boc-3-iodoazetidine (938 µL, 5.0 mmol, 1.0 equiv.) and Et3N (1.4 mL, 10 mmol, 2.0 

equiv.). The mixture was stirred in front of two PR160 440nm Kessil lamp at room 

temperature for 16 hours and then diluted with H2O (100 mL) and EtOAc (100 mL). 

The layers were separated and the aqueous layer was extracted with EtOAc (100 mL 

x 2). The combined organic layers are washed with brine (100 mL), dried (MgSO4), 

filtered and evaporated. Purification by flash column chromatography on silica gel 

gave 24 (2.08 g, 91%) as an oil. 

 

N
Boc

I

+

(1.0 equiv.)
[5.0 mmol]

CO2MeN
Boc

Boc

(2.0 equiv.)

4CzIPN (1 mol%), Et3N (2.0 equiv.)

CH3CN–H2O (10:1) (0.05 M), r.t., 16 h
blue LEDs CO2MeN

Boc

Boc

N
Boc

24
91% [2.1 g]
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6.6 Aminoalkyl Radical XAT vs Giese: Effect of the Amine in the Activation of 

Alkyl Halides 

When submitting SI-4 (alkyl bromide) to the optimized reaction conditions for the 

alkyl iodides (e.g. SI-7), we observed consumption of the starting material to give the 

dehalogenated product SI-5, but only traces of the desired hydroalkylation product 

(Figure S5a). Careful analysis of the reaction mixture by 1H NMR, GC-MS and LC-

MS allowed the detection of large amounts of derivatives resulting from the reaction 

of the -aminoalkyl radical with acrylonitrile to give SI-6. These results suggest that 

the rate for the bromine-atom-transfer reaction is slower that the direct addition to the 

olefin acceptor. After complete consumption of acrylonitrile the resultant products SI-

6, being alkyl amines, are expected to further generate -aminoalkyl radicals that 

ultimately induce the dehalogenation of SI-4 via XAT and H-atom abstraction.  In 

order to assess the relative reactivity of alkyl iodides and bromides, we run a 

competition reaction using two derivatives of 3-halo-azetidines (Figure S5b). While 

formation of the hydroalkylation product was obtained from SI-7 in good yields, the 

alkyl bromide SI-4 remained unreacted, manifesting a marked difference in the XAT 

rates (owing to the higher strength of the C–Br in comparison with the C–I bond). The 

efficient hydroalkylation reaction of SI-7 suggest that the iodine-atom-transfer is 

significantly faster than the Giese reaction. This is in agreement with the rates 

observed by laser flash photolysis by us (kXAT = 3.6 x 108 M–1 s–1) and others(21) 

(kGiese = 2.0 x 107 M–1s–1). In view of the above, suppressing the side Giese reactivity 

of the -aminoalkyl radical derived from Et3N is critical to achieve efficient XAT on 

alkyl bromides. Accordingly, we selected Bn3N as its corresponding -aminoalkyl 

radical has been reported to be essentially unreactive (kGiese ~ 10–1 M–1s–1) towards 

olefin acceptors(21). Due to its reduced basicity (pKa = 4.90), an additional base was 

required in this case (see Optimization Table above), probably to aid the 

deprotonation step. Under these conditions (Figure S5c), efficient hydroalkylation 

reactions could also be performed with SI-4. 
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Figure S5. 
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6.7 H2O as Proton Source–Deuteration experiments 

To determine the origin of the hydrogen atom in the reaction products, we run one 

reaction using D2O and observed full deuterium incorporation (>95%) in the -

position to the nitrile group, confirming the reduction of the intermediate carbon 

radical and its subsequent protonation/deuteration. Further experiments exposing the 

non-deuterated product to the reaction conditions did not lead to any observable 

deuteration, confirming that the D-atom is not introduced at the end of the reaction 

(Figure S6). 

 

 
 

Figure S6. 
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Figure S7. 1H and 2H NMR of 13-d 
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6.8 Detection and Fate of the Iminium 

When carrying the reaction in CD2Cl2 in the absence of H2O, we were able to identify 

the iminium iodide.1 However, this species was observed in low conversion as it 

decomposed quickly over time. We did not succeed in observing it by either by crude 

LC-MS analysis or under our experimental conditions as both require the presence of 

H2O which hydrolyses it immediately. 

Therefore we have run the standard Giese reaction using Bu3N as the XAT agent and 

analysed the crude before work-up. Bu3N was used to ease detection of aldehyde and 

amine resulting by the hydrolysis of the iminium. 

Analysis by crude 1H NMR spectroscopy and GC-MS demonstrated the presence of 

Pr–CHO and Bu2NH in the reaction mixture in equimolar amounts. This supports our 

mechanistic picture (Figure S8). 

 

 

 
Figure S8. 

                                                 
1 S. K. Roy, A. Tiwari, M. Saleem, C. K. Jana, Chem. Commun. 54, 14081–14084 
(2018). 
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6.9 Quantum Yield Determination  

The quantum yield for this reaction was determined using the protocol described in 

Section 2. 

 

 
Figure S9. 
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6.10 Proposed Mechanism  

 

 
Figure S10. 
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7 Allylation Reactions 

7.1 Reaction Optimization for Alkyl Iodides 

 
A tube equipped with a stirring bar was charged with 3 (31 mg, 0.1 mmol, 1.0 equiv.), 

((2-phenylallyl)sulfonyl)benzene (52 mg, 0.2 mmol, 2.0 equiv.) and 4CzIPN (4 mg, 5 

mol, 5 mol%). The tube was capped with a Supelco aluminium crimp seal with 

septum (PTFE/butyl), evacuated and refilled with N2 (x 3). Degassed solvent (1 mL), 

and the amine (0.3 mmol, 3.0 equiv.) were sequentially added and the mixture was 

stirred in front of blue LEDs for 16 h at room temperature. Brine (3 mL) and EtOAc 

(3 mL) were added and the mixture was shaken vigorously. 1,3,5-Trimethoxybenzene 

(17 mg, 0.1 mmol, 1.0 equiv.) was added and the layers were separated. The aqueous 

layer was extracted with EtOAc (x 2), the combined organic layers were dried 

(MgSO4), filtered and evaporated. CDCl3 (0.4 mL) was added and the mixture was 

analysed by 1H NMR spectroscopy to determine the NMR yield. 

Table S9 reports the experiments performed. 

 

Table S9. 

Entry Amine Solvent Yield (%) 

1 Et3N CH3CN 70 

2 DIPEA CH3CN 50 

3 Me3N (40% in H2O) CH3CN 54 

4 Et3N DMF 60 

5 Et3N CH2Cl2 72 

6 Et3N toluene 62 

7 Et3N DMSO 74 

Control Experiments 

8 – DMSO – 

9* Et3N DMSO < 10 

10† Et3N DMSO – 

* Reaction was run in the absence of photocatalyst. † Reaction was 

run in the dark. 

SO2Ph
PhN

I

Boc
N

Boc
Ph

R3N (3.0 equiv.), 4CzIPN (5 mol%)

solvent (0.1 M), r.t., 16 h
blue LEDs3

(1.0 equiv.)
47

(2.0 equiv.)
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7.2 Reaction Optimization for Alkyl Bromides 

 
A tube equipped with a stirring bar was charged with 3-bromo-1-tosylazetidine (0.1 

mmol, 1.0 equiv.) and 4CzIPN (4 mg, 5 mol, 5 mol%). The tube was capped with a 

Supelco aluminium crimp seal with septum (PTFE/butyl), evacuated and refilled with 

N2 (x 3). Degassed, solvent (1 mL), allyl chloride (16 L, 0.2 mmol, 2.0 equiv.) and 

the amine (3 equiv.) were sequentially added and the mixture was stirred in front of 

blue LEDs for 16 h at room temperature. Brine (3 mL) and EtOAc (3 mL) were added 

and the mixture was shaken vigourously. 1,3,5-Trimethoxybenzene (17 mg, 0.1 

mmol, 1.0 equiv.) was added and the layers were separated. The aqueous layer was 

extracted with EtOAc (x 2), the combined organic layers were dried (MgSO4), filtered 

and evaporated. CDCl3 (0.4 mL) was added and the mixture was analysed by 1H 

NMR spectroscopy to determine the NMR yield. 

Table S10 reports the experiments performed. 

 

Table S10. 

Entry Amine Solvent Yield (%) 

1 NEt3 DMSO 44 

2 DIPEA DMSO 34 

3 NMe3 (40% in H2O) DMSO 40 

4 (i-Pr)2NH DMSO 26 

6 
 

DMSO 67 

7 
 

CH3CN 53 

8 
 

DMF 44 

9 
 

DCE 50 

N

Br

Ts

+ Cl
4CzIPN (5 mol%), R3N (3.0 equiv.)

solvent (0.1 M), r. t., 16 h
blue LEDs

N
Ts

(1.0 equiv.)
41

N
Me

Me
MeMe

Me

N
Me

Me
MeMe

Me

N
Me

Me
MeMe

Me

N
Me

Me
MeMe

Me
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7.3 Reaction Optimization for Aryl Iodides 

 
A tube equipped with a stirring bar was charged with 1-(4-iodophenyl)ethan-1-one 

(0.1 mmol, 1.0 equiv.) and 4CzIPN (4 mg, 5 mol, 5 mol%). The tube was capped 

with a Supelco aluminium crimp seal with septum (PTFE/butyl), evacuated and 

refilled with N2 (x 3). Degassed DMSO (1 mL), allyl chloride (16 L, 0.2 mmol, 2.0 

equiv.) and the amine (3 equiv.) were sequentially added and the mixture was stirred 

in front of blue LEDs for 16 h at room temperature. Brine (3 mL) and EtOAc (3 mL) 

were added and the mixture was shaken vigourously. 1,3,5-Trimethoxybenzene (17 

mg, 0.1 mmol, 1.0 equiv.) was added and the layers were separated. The aqueous 

layer was extracted with EtOAc (x 2), the combined organic layers were dried 

(MgSO4), filtered and evaporated. CDCl3 (0.4 mL) was added and the mixture was 

analysed by 1H NMR spectroscopy to determine the NMR yield. 

Table S11 reports the experiments performed. 

 

Table S11. 

Entry R3N (equiv.) Solvent allyl–Cl (equiv.) Yield (%) 

1 NEt3 (3.0) DMSO 2.0 12 

2 DIPEA (3.0) DMSO 2.0 16 

3 
NMe3 (40% in H2O) 

(3.0) 
DMSO 2.0 14 

4 (i-Pr)2NH (3.0) DMSO 2.0 23 

5  
(3.0) 

DMSO 2.0 24 

6  
(3.0) 

DMSO 4.0 28 

7 
 

DMSO 5.0 36 

+ Cl
4CzIPN (5 mol%), R3N (3.0 equiv.)

solvent (0.1 M), r. t., 16 h
blue LEDs

(1.0 equiv.) 50

I

Me

O

Me

O
(2.0 equiv.)

N
Me

Me
MeMe

Me

N
Me

Me
MeMe

Me

N
Me

Me
MeMe

Me
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(5.0) 

10  
(5.0) 

DMSO–H2O 

(20:1) 
5.0 42 N

Me
Me

MeMe
Me
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7.4 Substrate Scope 

General Procedure for the Allylation of Alkyl Iodides – GP6 

 
An oven dried tube equipped with a stirring bar was charged with the alkyl iodide, if 

solid (0.2 mmol, 1.0 equiv.), the allylating reagent, if solid (0.4 mmol, 2.0 equiv.) and 

4CzIPN (8 mg, 0.01 mmol, 5 mol%). The tube was capped with a Supelco aluminium 

crimp seal with septum (PTFE/butyl), evacuated and refilled with N2 (x 3). Degassed 

DMSO (2 mL) was added, followed by Et3N (56 µL, 0.6 mmol, 3.0 equiv.) and the 

allylating reagent, if liquid. The mixture was stirred in front of blue LEDs at room 

temperature for 16 hours and then diluted with H2O (15 mL) and EtOAc (15 mL). The 

layers were separated and the aqueous layer was extracted with EtOAc (x 2). The 

combined organic layers are washed with brine (10 mL), dried (MgSO4), filtered and 

evaporated. The crude was purified by flash column chromatography on silica gel. 

 

General Procedure for the Allylation of Alkyl Bromides – GP7 

 
An oven dried tube equipped with a stirring bar was charged with the alkyl bromide, 

if solid (0.2 mmol, 1.0 equiv.) and 4CzIPN (8 mg, 0.01 mmol, 5 mol%). The tube was 

capped with a Supelco aluminium crimp seal with septum (PTFE/butyl), evacuated 

and refilled with N2 (x 3). Degassed DMSO (2 mL) was added, followed by PMP 

(108 µL, 0.6 mmol, 3.0 equiv.) and allyl chloride (32 L, 0.4 mmol, 2.0 equiv.). The 

mixture was stirred in front of blue LEDs at room temperature for 16 hours and then 

diluted with H2O (15 mL) and EtOAc (15 mL). The layers were separated and the 

aqueous layer was extracted with EtOAc (x 2). The combined organic layers are 

washed with brine, dried (MgSO4), filtered and evaporated. The crude was purified by 

flash column chromatography on silica gel. 

 

 

 

 

alkyl I +

4CzIPN (5 mol%)
Et3N (3.0 equiv.)

DMSO (0.1 M), r.t., 16 h
blue LEDs

alkylX

(1.0 equiv.) (2.0 equiv.)

(1.0 equiv.) (2.0 equiv.)

alkyl Br +

4CzIPN (5 mol%)
PMP (3.0 equiv.)

DMSO (0.1 M), r.t., 16 h
blue LEDs

alkylCl
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General Procedure for the Allylation of Aryl Iodides – GP8 

 
An oven dried tube equipped with a stirring bar was charged with the aryl iodide, if 

solid (0.2 mmol, 1.0 equiv.) and 4CzIPN (8 mg, 0.01 mmol, 5 mol%). The tube was 

capped with a Supelco aluminium crimp seal with septum (PTFE/butyl), evacuated 

and refilled with N2 (x 3). Degassed DMSO (2 mL) and water (0.1 mL) were added, 

followed by PMP (180 µL, 1.0 mmol, 5.0 equiv.) and allyl chloride (80 L 1.0 mmol, 

5.0 equiv.). The mixture was stirred in front of blue LEDs at room temperature for 16 

hours and then diluted with H2O (15 mL) and EtOAc (15 mL). The layers were 

separated and the aqueous layer was extracted with EtOAc (x 2). The combined 

organic layers are washed with brine, dried (MgSO4), filtered and evaporated. The 

crude was purified by flash column chromatography on silica gel. 

 

 

 

 

(1.0 equiv.) (5.0 equiv.)

aryl I +

4CzIPN (5 mol%)
PMP (5.0 equiv.)

DMSO (0.1 M), r.t., 16 h
blue LEDs

arylCl
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tert-Butyl 4-allylpiperidine-1-carboxylate (40) 

 
Following GP6 tert-Butyl 4-iodopiperidine-1-carboxylate (62 mg, 0.2 mmol) and 

allylchloride (32 l, 0.4 mmol) gave 40 (35 mg, 78%) as a yellow oil. 1H NMR (400 

MHz, CDCl3) δ 5.85–5.69 (1H, m), 5.01 (1H, dp, J = 4.3, 1.2 Hz), 4.98 (1H, t, J = 1.3 

Hz), 4.06 (2H, br s), 2.66 (2H, br t, J = 12.8 Hz), 1.99 (2H, tt, J = 7.1, 1.2 Hz), 1.75–

1.56 (2H, m), 1.52–1.39 (10H, m), 1.08 (2H, qd, J = 12.5, 4.4 Hz); 13C NMR (101 

MHz, CDCl3) δ 155.0, 136.6, 116.2, 79.3, 44.1, 41.0, 36.1, 32.0, 28.6. Data in 

accordance with the literature.(64) 

Following GP7 tert-butyl 4-bromopiperidine-1-carboxylate (62 mg, 0.2 mmol) and 

allylchloride (32 l, 0.4 mmol) gave 40 (25 mg, 55%) as an oil. 

Following GP6 tert-butyl 4-iodopiperidine-1-carboxylate (62 mg, 0.2 mmol) and allyl 

p-toluenesulfonate (72 l, 0.4 mmol) gave 40 (19 mg, 42%) as an oil. 

Following GP6 tert-butyl 4-iodopiperidine-1-carboxylate (62 mg, 0.2 mmol) and 

dimethyl allylphosphonate (59 l, 0.4 mmol) gave 40 (32 mg, 70%) as an oil. 

Following GP7 tert-butyl 4-iodopiperidine-1-carboxylate (62 mg, 0.2 mmol) and allyl 

phenyl sulfone (73 mg, 0.4 mmol) gave 40 (28 mg, 62%) as an oil. 

 

3-allyl-1-tosylazetidine (41) 

 
Following GP7 3-bromo-1-tosylazetidine (58 mg, 0.2 mmol) gave 41 (34 mg, 68%) 

as a yellow oil. 1H NMR (400 MHz, CDCl3) δ 7.73 (1H, d, J = 8.3 Hz), 7.37 (2H, d, J 

= 7.9 Hz), 5.55 (1H, ddt, J = 16.9, 10.3, 6.6 Hz), 4.95 (1H, dd, J = 10.3, 1.6 Hz), 4.93 

– 4.87 (1H, m), 3.83 (2H, t, J = 8.1 Hz), 3.42 (2H, dd, J = 8.0, 5.9 Hz), 2.54 – 2.40 

(4H, m), 2.09 (2H, ddt, J = 7.8, 6.6, 1.4 Hz). 13C NMR (101 MHz, CDCl3) δ 144.0, 

134.2, 131.7, 129.7, 128.4, 116.8, 55.4, 37.4, 27.5, 21.6. Data in accordance with the 

literature.(65)  
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tert-Butyl 3-(2-Phenylallyl)azetidine-1-carboxylate (42) 

 
Following GP6 tert-Butyl 3-iodoazetidine-1-carboxylate (57 mg, 0.2 mmol) and ((2-

phenylallyl)sulfonyl)benzene (104 mg, 0.4 mmol)  gave 42 (38 mg, 70%) as an oil. 1H 

NMR (400 MHz, CDCl3) δ 7.38–7.26 (5H, m), 5.29 (1H, d, J = 1.2 Hz), 4.98 (1H, d, 

J = 1.4 Hz), 3.97 (2H, t, J = 8.3 Hz), 3.59 (2H, dd, J = 8.6, 5.3 Hz), 2.77 (2H d, J = 

7.7 Hz), 2.67 (1H, pt, J = 7.9, 5.3 Hz), 1.43 (9H, s); 13C NMR (126 MHz, CDCl3) δ 

156.5, 145.9, 140.9, 128.5, 127.8, 126.1, 113.2, 79.4, 54.8, 53.9, 40.1, 28.6, 28.5, 

27.3; HRMS (ESI): Found M+Na+  296.1609, C17H23O2NNa requires 296.1621. 

 

(3aR,5R,6S,6aR)-5-(But-3-en-1-yl)-2,2-dimethyltetrahydrofuro[2,3-d][1,3]dioxol-

6-ol (43) 

 
Following GP6 (3aR,5S,6R,6aR)-5-(iodomethyl)-2,2-dimethyltetrahydrofuro[2,3-

d][1,3]dioxol-6-ol (60 mg, 0.2 mmol) and allylchloride (32 l, 0.4 mmol) gave 43 (31 

mg, 71%) as white solid. 1H NMR (400 MHz, CDCl3) δ 5.89 (1H, d, J = 3.9 Hz), 

5.91–5.79 (1H, m), 5.08 (1H, dq, J = 17.1, 1.7 Hz), 5.00 (1H, dq, J = 10.2, 1.4 Hz), 

4.51 (1H, d, J = 3.8 Hz), 4.14 (1H, td, J = 7.0, 2.6 Hz), 4.09–4.01 (1H, m), 2.32–2.06 

(2H, m), 1.90–1.78 (1H, m), 1.70 (1H, ddt, J = 13.6, 9.0, 6.8 Hz), 1.49 (3H, s), 1.31 

(3H, s); 13C NMR (101 MHz, CDCl3) δ 137.9, 115.4, 111.6, 104.3, 85.4, 79.8, 75.5, 

30.3, 27.0, 26.7, 26.3. Data in accordance with the literature.(66)   

 

1-Phenylhept-6-en-1-one (44) 

 
Following GP6 4-iodo-1-phenylbutan-1-one (55 mg, 0.2 mmol) and allylchloride (32 

l, 0.4 mmol) gave 44 (12 mg, 32%) as a yellow oil. 1H NMR (400 MHz, CDCl3)  

7.97-7.95 (2H, m), 7.58-7.53 (1H, m), 7.48-7.43 (2H, m), 5.89-5.75 (1H, m), 5.05-

4.94 (2H, m), 2.98 (2H, t, J = 7.2 Hz), 2.15-2.08 (2H, m), 1.81-1.71 (2H, m), 1.54-

1.44 (2H, m); 13C NMR (126 MHz, CDCl3) 200.3, 138.5, 137.1, 132.9, 128.5, 

128.0, 114.6, 38.4, 33.6, 28.6, 23.8. Data in accordance with the literature.(67)  
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1-Allyladamantane (45) 

 
Following GP6 1-iodoadamantane (52 mg, 0.2 mmol) and allylchloride (32 l, 0.4 

mmol) gave 45 (25 mg, 70%) as a pale yellow oil. 1H NMR (500 MHz, CDCl3) δ 5.79 

(1H, ddt, J = 17.0, 10.2, 7.5 Hz), 4.99–4.95 (1H, m), 4.92 (1H, ddt, J = 16.9, 2.6, 1.4 

Hz), 1.93–1.89 (3H, m), 1.78 (2H, dt, J = 7.5, 1.2 Hz), 1.69–1.62 (3H, m), 1.62–1.54 

(3H, m), 1.44 (3H, d, J = 2.9 Hz); 13C NMR (126 MHz, CDCl3) δ 134.9, 116.5,  49.1, 

42.5, 37.2, 32.7, 28.8. Data in accordance with the literature.(68)  

 

tert-Butyl 4-(but-2-en-1-yl)piperidine-1-carboxylate (46) 

 
Following GP6 tert-Butyl 4-iodopiperidine-1-carboxylate (62 mg, 0.2 mmol) and 3-

chlorobut-1-ene (38 l, 0.4 mmol) gave 46 (38 mg, 80%) as an oil, mixture of E:Z 

isomers (1.4:1). 1H NMR (400 MHz, CDCl3) δ 5.51 (0.4H, dqt, J = 10.9, 6.6, 1.4 Hz), 

5.47–5.32 (2H, m), 4.06 (3H, s), 2.66 (3H, t, J = 12.8 Hz), 2.01–1.96 (1H, m), 1.91 

(2H, ddd, J = 6.7, 5.7, 1.2 Hz), 1.70–1.56 (6H, m), 1.45 (12H, d, J = 1.4 Hz), 1.43–

1.32 (1H, m), 1.18–0.96 (3H, m); 13C NMR (126 MHz, CDCl3) δ 155.1, 129.1, 128.3, 

126.7, 125.3, 93.0, 79.3, 79.3, 44.2, 39.8, 36.7, 36.6, 33.8, 32.1, 28.6, 28.6, 18.1, 13.1, 

13.0. Data in accordance with the literature.(32)  

 

tert-Butyl 4-(2-Phenylallyl)piperidine-1-carboxylate (47) 

 
Following GP6 tert-Butyl 4-iodopiperidine-1-carboxylate (62 mg, 0.2 mmol) and ((2-

phenylallyl)sulfonyl)benzene (104 mg, 0.4 mmol) gave 47 (44 mg, 74%) as an oil. 1H 

NMR (400 MHz, CDCl3) δ 7.34–7.18 (5H, m), 5.22 (1H, d, J = 1.7 Hz), 4.96 (1H, d, 

J = 1.1 Hz), 3.96 (2H, br s), 2.49 (2H, br t, J = 12.8 Hz), 2.38 (2H, dd, J = 7.1, 1.0 

Hz), 1.61–1.50 (2H, m), 1.47–1.38 (1H, m), 1.37 (9H, s), 1.08–0.95 (2H, m); 13C 

NMR (126 MHz, CDCl3) δ 155.0, 146.4, 141.1, 128.5, 127.6, 126.3, 114.3, 79.3, 

43.8, 42.9, 34.3, 32.2, 28.6; HRMS (ESI): Found M+Na+ 324.1918, C19H27O2NNa 

requires 324.1934. 
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tert-Butyl 4-(1-hydroxyallyl)piperidine-1-carboxylate (48’) 

 
Following GP6 but using 5 equiv. Et3N and followed by oxidation (60), tert-Butyl 4-

iodopiperidine-1-carboxylate (62 mg, 0.2 mmol), and (Z)-2-(3-chloroprop-1-en-1-yl)-

4,4,5,5-tetramethyl-1,3,2-dioxaborolane (80 l, 0.4 mmol) gave 48’ (25 mg, 35%) as 

an oil. 1H NMR (400 MHz, CDCl3) δ 5.84 (1H, ddd, J = 17.2, 10.4, 6.8 Hz), 5.23 

(1H, dt, J = 17.2, 1.4 Hz), 5.18 (1H, dt, J = 10.3, 1.3 Hz), 4.13 (2H, br s), 3.87 (1H, 

td, J = 6.6, 2.8 Hz), 2.66 (2H, t, J = 13.1 Hz), 1.82 (1H, dp, J = 13.1, 2.7 Hz), 1.64–

1.48 (3H, m), 1.45 (9H, s), 1.25–1.14 (2H, m); 13C NMR (126 MHz, CDCl3) δ 155.0, 

139.3, 116.5, 79.4, 41.9, 28.6, 28.6, 28.0, 27.8. Data in accordance with the 

literature.(69)  

 

1-Allyl-3-methoxybenzene (49) 

 
Following GP8 1-iodo-3-methoxybenzene (22 l, 0.2 mmol) gave 49 (11 mg, 39%). 
1H NMR (400 MHz, CDCl3) δ 7.23-7.19 (1H, m), 6.80-6.74 (3H, m), 5.99 (1H, ddt, J 

= 16.8, 10.0, 6.7 Hz), 5.12-5.05 (2H, m), 3.81 (3H, s), 3.39 (2H, d, J = 6.8 Hz); 13C 

NMR (101 MHz, CDCl3) δ 159.8, 141.8, 137.4, 129.5, 121.1, 116.0, 114.4, 111.6, 

55.3, 40.4. Data in accordance with the literature.(70)  

 

1-(4-Allylphenyl)ethan-1-one (50) 

 
Following GP8 1-(4-iodophenyl)ethan-1-one (49 mg, 0.2 mmol) gave 50 (15 mg, 

47%) as a colorless oil. 1H NMR (400 MHz, CDCl3) δ 7.90 (2H, d, J = 8.4 Hz), 7.29 

(2H, d, J = 8.1 Hz), 5.96 (1H, ddt, J = 17.0, 10.5, 6.7 Hz), 5.13 (1H, q, J = 1.4 Hz), 

5.09 (1H, dq, J = 9.2, 1.6 Hz), 3.45 (2H, d, J = 6.5 Hz), 2.59 (3H, s); 13C NMR (101 

MHz, CDCl3) δ 197.8, 145.7, 136.2, 135.2, 128.7, 128.5, 116.6, 40.1, 26.5. Data in 

accordance with the literature.(71)  
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7.5 Quantum Yield Determination  

The quantum yield for these reactions was determined using the protocol described in 

Section 2. 

 

 
 

 
Figure S11.  
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7.6 Proposed Mechanism  

 

 
Figure S12.
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8 Heck-Type Olefination Reactions 

8.1 Reaction Optimization for Alkyl Iodides 

 
A tube equipped with a stirring bar was charged with 4CzIPN (4 mg, 5 mol, 5 

mol%), cobaloxime (5 mol, 5 mol%) and the base. The tube was capped with a 

Supelco aluminium crimp seal with septum (PTFE/butyl), evacuated and refilled with 

N2 (x 3). Degassed solvent (1 mL), cyclohexyl iodide (26 L, 0.2 mmol, 2.0 equiv.), 

1-(tert-butyl)-4-vinylbenzene (18 L, 0.1 mmol, 1.0 equiv.) and the amine were 

sequentially added and the mixture was stirred in front of blue LEDs for 16 h at room 

temperature. Brine (15 mL) and EtOAc (15 mL) were added and the mixture was 

shaken vigorously. 1,3,5-Trimethoxybenzene (17 mg, 0.1 mmol, 1.0 equiv.) was 

added and the layers were separated. The aqueous layer was extracted with EtOAc (x 

2), and the combined organic layers were washed with brine, dried (MgSO4), filtered 

and evaporated. CDCl3 (0.4 mL) was added and the mixture was analysed by 1H 

NMR spectroscopy to determine the NMR yield. 

Table S12 reports the experiments performed. 

 

Table S12. 

Entry Amine (equiv.) Solvent [Co] Base (equiv.) Yield (%) 

1 Et3N (3.0) CH3CN I – 61 

2 Et3N (3.0) CH2Cl2 I – 8 

3 Et3N (3.0) DMSO I – 54 

4 Et3N (3.0) acetone I – 34 

5 Et3N (3.0) THF I – 30 

6 Et3N (3.0) MeOH I – 3 

7 Et3N (3.0) DMF I – 76 

8 Et3N (3.0) DMF II – 40 

9 Et3N (3.0) DMF III – 59 

10 Et3N (3.0) DMF IV – 80 

12 DIPA (3.0) DMF IV – 64 

R3N , base
4CzIPN (5 mol%), [Co] (5 mol%)

solvent (0.1 M), r.t., 16 h
blue LEDs(2.0 equiv.) 65

I

t-Bu
t-Bu(1.0 equiv.)
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13  
(3.0) 

DMF IV – 13 

14 NMe3 (40% in H2O) (3.0) DMF IV – 37 

15  
(3.0) 

DMF IV – – 

16  
(3.0) 

DMF IV – – 

17  
(3.0) 

DMF IV – trace 

18 
 

(3.0) 

DMF IV – trace 

19 Et3N (1.2) DMF IV – 51 

20 Et3N (2.0) DMF IV – 64 

21 Et3N (2.0) DMF IV Na2CO3 (2.0) 85 

22 Et3N (2.0) DMF IV NaHCO3 (2.0) 90 

23 Et3N (2.0) DMF IV K2HPO4 (2.0) 92 

Control Experiments 

24 – DMF IV K2HPO4 (2.0) – 

25 Et3N (2.0) DMF – K2HPO4 (2.0) –* 

26† Et3N (2.0) DMF IV K2HPO4 (2.0) – 

27‡ Et3N (2.0) DMF IV K2HPO4 (2.0) – 

* Polymerization of the styrene was observed. † Reaction was run without 

photocatalyst. ‡ Reaction was run in the dark. 

N
Me

Me
MeMe

Me

N
N

N
Ph

Ph
MeO

N
H

Me Me

CO2EtEtO2C

O O

OHNaO

HO
OH



 

 SI-62

 
   

 

 

 

N

NMe

Me
O

O

N

N Me

Me
O

O

Co

Cl

N
H

H

N

NMe

Me
O

O

N

N Me

Me
O

O

Co

Cl

N
H

H

N

NMe

Me
O

O

N

N Me

Me
O

O

Co

N

N
H

H

N

NMe

Me
OH

O

N

N Me

Me
HO

O

Co

Cl

Cl
H

I

II

III

IV

N
Me Me

PF6

[Co] =



 

 SI-63

8.2 Substrate Scope 

General Procedure for the Olefination Reaction – GP9 

 
An oven-dry tube equipped with a stirring bar was charged with the alkyl iodide, if 

solid (0.4 mmol, 2.0 equiv.) 4CzIPN (8 mg, 0.01 mmol, 5 mol%), 

[Co(dmgH)(dmgH2)Cl2] (3 mg, 0.01 mmol, 5 mol%) and K2HPO4 (70 mg, 0.4 mmol, 

2.0 equiv.). The tube was capped with a Supelco aluminium crimp seal with septum 

(PTFE/butyl), evacuated and refilled with N2 (x 3). Degassed, dry DMF (2 mL), the 

olefin, if liquid (0.2 mmol, 1.0 equiv.) and NEt3 (56 L, 0.4 mmol, 2.0 equiv.) were 

sequentially added and the mixture was stirred in front of blue LEDs for 16 h at room 

temperature. Brine (15 mL) and EtOAc (15 mL) were added and the mixture was 

shaken vigorously. The aqueous layer was extracted with EtOAc (x 2), the combined 

organic layers were washed with brine (x 2), dried (MgSO4), filtered and evaporated. 

Purification by flash column chromatography on silica gel gave the products. 

 

  

4CzIPN (5 mol%)
Et3N (2.0 equiv.), K2HPO4 (2.0 equiv.)

[Co(dmgH)(dmgH2)Cl2] (5 mol%)

DMF (0.1 M), r.t., 16 h
blue LEDs

alkyl X R+ R
alkyl

(2.0 equiv.) (1.0 equiv.)
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tert-Butyl (E)-4-(4-(tert-Butyl)styryl)piperidine-1-carboxylate (51)  

 
Following GP9, tert-butyl 4-iodopiperidine-1-carboxylate (124 mg, 0.4 mmol) gave 

51 (56 mg, 81%) as an oil. 1H NMR (400 MHz, CDCl3) δ  7.39–7.27 (4H, m), 6.38 

(1H, d, J = 15.9 Hz), 6.11 (1H, dd, J = 16.0, 6.9 Hz), 4.20–4.09 (2H, m), 2.78 (2H, 

td, J = 13.2, 2.5 Hz), 2.37–2.21 (1H, m), 1.82–1.68 (2H, m), 1.48 (9H, s), 1.47–1.35 

(2H, m), 1.32 (9H, s); 13C NMR (101 MHz, CDCl3) δ 155.0, 150.3, 134.8, 133.7, 

128.2, 125.8, 125.5, 79.4, 43.8, 39.5,34.6, 32.0, 31.4, 28.6. Data in accordance with 

the literature.(72) 

Following GP9, tert-butyl 4-bromopiperidine-1-carboxylate (105 mg, 0.4 mmol) gave 

51 (42 mg, 61%) as an oil. 

 

tert-Butyl (E)-4-(4-Methoxystyryl)piperidine-1-carboxylate (52)  

 
Following GP9, 1-methoxy-4-vinylbenzene (27 L, 0.2 mmol) gave 52 (37 mg, 58%) 

as a white solid. 1H NMR (400 MHz, CDCl3) δ 1H NMR (300 MHz, CDCl3) δ 7.27–

7.14 (2H, m), 6.87–6.67 (2H, m), 6.26 (1H, d, J = 15.9 Hz), 5.93 (1H, dd, J = 16.0, 

6.9 Hz), 4.12–4.01 (2H, m), 3.73 (3H, s), 2.77–2.65 (2H, m), 2.37–1.99 (1H, m), 

1.79–1.57 (2H, m), 1.40 (9H, s), 1.37–1.22 (2H, m); 13C NMR (101 MHz, CDCl3) δ 

158.9, 154.9, 132.3, 130.4, 127.9, 127.2, 114.0,79.4, 55.4, 43.8, 39.4, 32.0, 28.6. Data 

in accordance with the literature.(72)  

 

(E)-4-(2-(1-(tert-Butoxycarbonyl)piperidin-4-yl)vinyl)benzoic Acid (53)  

 
Following GP9, but using 3.0 equiv. of Et3N, 4-vinylbenzoic acid (30 mg, 0.2 mmol) 

gave 53 (45 mg, 68%) as a white solid. 1H NMR (400 MHz, CDCl3) δ 8.03 (2H, d, J 

= 8.3 Hz), 7.43 (2H, d, J = 8.3 Hz), 6.44 (1H, d, J = 16.0 Hz), 6.31 (1H, dd, J = 16.0, 

6.7 Hz), 4.28–4.03 (2H, br s), 2.89–2.71 (2H, m), 2.39–2.28 (1H, m), 1.84–1.70 (2H, 

N
Boc

t-Bu

N
Boc

OMe

N
Boc

CO2H
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m), 1.47 (9H, s), 1.45–1.35 (2H, m); 13C NMR (101 MHz, CDCl3) δ 170.8, 154.9, 

142.9, 137.7, 130.6, 127.7, 127.6, 126.0, 79.5, 43.4, 39.5, 31.6, 28.5;  HRMS (APCI): 

Found [M-H]– 330.1704, C19H24NO4 requires 330.1711. 

 

tert-Butyl (E)-4-(4-Aminostyryl)piperidine-1-carboxylate (54)  

 
Following GP9, 4-vinylaniline (24 mg, 0.2 mmol) gave 54 (22 mg, 36%) as an oil, 

mixture of E:Z isomers (6.7:1). Data for E isomer: 1H NMR (400 MHz, CDCl3) δ 7.16 

(2H, d, J = 8.4 Hz), 6.62 (2H, d, J = 8.4 Hz), 6.28 (1H, d, J = 15.9 Hz), 5.94 (1H, dd, 

J = 15.9, 6.9 Hz), 4.20–4.00 (2H, m), 3.77–3.53 (2H, m), 2.83–2.70 (2H, m), 2.30–

2.18 (1H, m), 1.78–1.67 (2H, m), 1.46 (9H, s), 1.40–1.30 (2H, m); 13C NMR (101 

MHz, CDCl3) δ 154.9, 145.6, 130.8, 128.3, 128.1, 127.1, 115.2, 79.3, 43.7 (br), 39.3, 

32.0, 28.5; HRMS (APCI): Found M+H+ 303.2056, C18H27N2O2 requires 303.2067. 

 

tert-Butyl (E)-4-(4-(diphenylphosphoryl)styryl)piperidine-1-carboxylate (55’)  

 
Following GP9, diphenyl(4-vinylphenyl)phosphane (58 mg, 0.2 mmol) gave 55’ (55 

mg, 57%), after oxidation during chromatography on silica, as a white solid. 1H NMR 

(400 MHz, CDCl3) δ 7.70–7.49 (8H, m), 7.48–7.38 (6H, m), 6.39 (1H, d, J = 16.0 

Hz), 6.25 (1H, dd, J = 16.0, 6.7 Hz), 4.23–4.02 (2H, m), 2.85–2.66 (2H, m), 2.37–

2.24 (1H, m), 1.81–1.67 (2H, m), 1.45 (9H, s), 1.42–1.31 (2H, m); 13C NMR (101 

MHz, CDCl3) 154.8, 141.0 (d, JCP = 3 Hz), 137.23, 133.2, 132.4 (d, JCP = 10 Hz), 

132.0 (d, JCP = 10 Hz), 131.9 (d, JCP = 3 Hz), 131.2, 130.2, 128.4 (d, JCP = 12 Hz), 

127.6, 126.0 (d, JCP = 12 Hz), 79.4, 43.7 (br), 39.5, 31.6, 28.5; 31P NMR (162 MHz, 

CDCl3) δ 29.0; HRMS (APCI): Found M+Na+ 510.2149, C30H34NO3PNa requires 

510.2169. 

 

 

 

 

N
Boc

NH2
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tert-Butyl (E)-4-(2-Bromostyryl)piperidine-1-carboxylate (56)  

 
Following GP9, 1-bromo-2-vinylbenzene (25 µL, 0.2 mmol) gave 56 (58 mg, 79%) 

as a white solid. 1H NMR (400 MHz, CDCl3) δ 7.52 (1H, dd, J = 8.0, 1.2 Hz), 7.47 

(1H, dd, J = 7.8, 1.7 Hz), 7.24 (1H, t, J = 7.8 Hz), 6.72 (1H, d, J = 15.8 Hz), 6.08 

(1H, dd, J = 15.9, 6.9 Hz), 4.25–4.05 (2H, br s), 2.86–2.73 (2H, m), 2.41–2.28 (1H, 

m), 1.82–1.73 (2H, m), 1.47 (9H, s), 1.44–1.34 (2H, m); 13C NMR (101 MHz, CDCl3) 

δ 154.8, 137.3, 137.3, 132.9, 128.4, 127.5, 127.4, 126.8, 123.4, 79.4, 43.7 (br), 39.5, 

31.7, 28.5; HRMS (APCI): Found M+H+ 366.1056, C18H25NO2Br  requires 366.1063. 

 

tert-Butyl (E)-4-(3-(4,4,5,5-Tetramethyl-1,3,2-dioxaborolan-2-yl)styryl)piperidine 

-1-carboxylate (57’)  

 
Following GP9 and then quenching the reaction mixture with pinacol+NEt3 to aid 

chromatographic purification, (2-vinylphenyl)boronic acid (30 mg, 0.2 mmol) gave 

57’ (59 mg, 71%) as a white solid. 1H NMR (400 MHz, CDCl3) δ 7.79 (1H, s), 7.65 

(1H, d, J = 7.3 Hz), 7.42 (1H, d, J = 7.8 Hz), 7.30 (1H, t, J = 7.5 Hz), 6.39 (1H, d, J 

= 16.0 Hz), 6.19 (1H, dd, J = 16.0, 6.8 Hz), 4.27–3.99 (2H, m), 2.86–2.70 (2H, m), 

2.34–2.20 (1H, m), 1.80–1.70 (2H, m), 1.47 (9H, s), 1.43–1.31 (2H, m), 1.35 (12H, s); 
13C NMR (101 MHz, CDCl3) δ 154.9, 136.8, 134.5, 133.5, 132.2, 129.0, 128.3, 128.0, 

83.8, 79.3, 43.8 (br), 39.4, 31.8, 28.5, 24.9; HRMS (APCI): Found M+Na+ 436.2616, 

C24H36NO4BNa requires 436.2630. 

 

tert-Butyl (E)-4-(4-Hydroxy-3-methoxystyryl)piperidine-1-carboxylate (58)  

 
Following GP9, 2-methoxy-4-vinylphenol (27 µL, 0.2 mmol) gave 58 (23 mg, 30%) 

as a white solid. 1H NMR (400 MHz, CDCl3) δ 6.88–6.83 (3H, m), 6.30 (1H, d, J = 

15.9 Hz), 5.98 (1H, dd, J = 15.9, 6.9 Hz), 5.60 (1H, s), 4.23–4.02 (2H, m), 3.91 (3H, 

s), 2.84–2.70 (2H, m), 2.32–2.18 (1H, m), 1.80–1.70 (2H, m), 1.47 (9H, s), 1.43–1.32 

N
Boc

B(OH)2
pinacol

N
Boc

B(pin)

N
Boc

OH

OMe
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(2H, m).; 13C NMR (101 MHz, CDCl3) δ 154.9, 146.6, 145.1, 132.1, 130.1, 128.2, 

119.7, 114.4, 107.9, 79.4, 55.9, 43.7 (br), 39.3, 32.0, 28.5; HRMS (APCI): Found 

M+Na+ 356.1817, C19H27NO4Na requires 356.1832. 

 

tert-Butyl (E)-4-(2-(Thiophen-2-yl)vinyl)piperidine-1-carboxylate (59)  

 
Following GP9, 2-vinylthiophene (21 µL, 0.2 mmol) gave 59 (35 mg, 60%) as a 

white solid. 1H NMR (400 MHz, CDCl3) δ 7.10 (1H, d, J = 5.2 Hz), 6.93 (1H, dd, J = 

5.1, 3.5 Hz), 6.88 (1H, dd, J = 3.7, 1.2 Hz), 6.51 (1H, d, J = 15.9 Hz), 5.99 (1H, dd, J 

= 15.8, 6.8 Hz), 4.26–3.94 (2H, br s), 2.89–2.66 (2H, m), 2.33–2.16 (1H, m), 1.82–

1.67 (2H, m), 1.46 (9H, s), 1.41–1.30 (2H, m); 13C NMR (101 MHz, CDCl3) δ 154.8, 

142.7, 134.2, 127.3, 124.7, 123.4, 121.8, 79.4, 43.7 (br), 39.2, 31.7, 28.5; HRMS 

(APCI): Found M+H+ 294.1516, C16H24NO2S requires 294.1522. 

 

tert-Butyl (E)-4-(2-(Pyridin-2-yl)vinyl)piperidine-1-carboxylate (60)  

 
Following GP9, 2-vinylpyridine (21 L, 0.2 mmol) gave 60 (41 mg, 72%) as a white 

solid. 1H NMR (400 MHz, CDCl3) δ 8.58–8.51 (1H, m), 7.64 (1H, td, J = 7.7, 1.7 

Hz), 7.26 (1H, d, J = 7.9 Hz), 7.13 (1H, dd, J = 7.4, 5.0 Hz), 6.72 (1H, dd, J = 15.9, 

6.8 Hz), 6.50 (1H, d, J = 15.9 Hz), 4.28–3.96 (2H, m), 2.78 (2H, t, J = 12.1 Hz), 

2.56–2.18 (1H, m), 1.78 (2H, d, J = 12.4 Hz), 1.46 (9H, s), 1.41–1.29 (2H, m); 13C 

NMR (101 MHz, CDCl3) δ 155.6, 155.0, 149.0, 139.7, 137.1, 128.1, 122.1, 121.6, 

79.5, 43.7, 39.3, 31.6, 28.6. Data in accordance with the literature.(72)   

 

tert-Butyl 4-(2-Phenylallyl)piperidine-1-carboxylate (61)  

 
Following GP9, -methylstyrene (26 L mg, 0.2 mmol) gave 61 (31 mg, 52%) as an 

oil. 1H NMR (400 MHz, CDCl3) δ 7.27 (2H, d, J = 7.1 Hz), 7.21 (2H, t, J = 7.1 Hz), 

7.18–7.13 (1H, m), 5.18 (1H, d, J = 1.6 Hz), 4.92 (1H, s), 3.91 (2H, br s), 2.46 (2H, t, 

N
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J = 12.9 Hz), 2.33 (2H, d, J = 7.1 Hz), 1.52 (2H, d, J = 13.5 Hz), 1.39–1.35 (1H, m), 

1.33 (9H, s), 0.98 (2H, qd, J = 12.2, 4.4 Hz); 13C NMR (101 MHz, CDCl3) δ 155.0, 

146.5, 141.2, 128.5, 127.6, 126.3, 114.2, 79.3, 44.0, 42.9, 34.4, 32.2, 28.6. Data in 

accordance with the literature.(73)   

 

tert-Butyl (E)-4-(2-(trimethylsilyl)vinyl)piperidine-1-carboxylate (62)  

 
Following GP9, trimethyl(vinyl)silane (29 µL, 0.2 mmol) gave 62 (28 mg, 50%) as 

an oil, inseparable mixture of E:Z isomers (16:1) and Giese product (78) (12%). Data 

for E isomer: 1H NMR (400 MHz, CDCl3) δ 5.94 (1H, dd, J=18.7, 5.8 Hz), 5.62 (1H, 

dd, J=18.8, 1.5 Hz), 4.17 – 3.97 (2H, m), 2.79 – 2.67 (2H, m), 2.16 – 2.02 (1H, m), 

1.72 – 1.63 (2H, m), 1.45 (9H, s), 1.32 – 1.20 (2H, m), 0.04 (9H, s); 13C NMR (101 

MHz, CDCl3) δ 154.8, 150.2, 127.9, 79.2, 41.9, 31.2, 28.5, –1.2; HRMS (APCI): 

Found M+H+ 284.2040, C15H30NO2Si requires 284.2040. 

 

tert-Butyl 4-(2-Oxo-2-phenylethyl)piperidine-1-carboxylate (63)  

 
Following GP9, trimethyl((1-phenylvinyl)oxy)silane (41 L, 0.2 mmol) gave 63 (45 

mg, 75%) as a white solid. 1H NMR (400 MHz, CDCl3) δ 7.94 (2H, dd, J = 8.1, 0.8 

Hz), 7.57 (1H, t, J = 7.4 Hz), 7.47 (2H, t, J = 7.7 Hz), 2.89 (2H, d, J = 6.6 Hz), 2.75 

(2H, br s), 2.22–2.11 (1H, m), 1.92–1.79 (1H, m), 1.74 (2H, d, J = 13.1), 1.69–1.63 

(1H, m), 1.45 (9H, s), 1.25–1.18 (2H, m). Data in accordance with the literature.(74)  

 

tert-Butyl 4-(9-Methoxy-7-oxo-7H-furo[3,2-g]chromen-6-yl)piperidine-1-

carboxylate (64)  

 
Following GP9, methoxalen (43 mg, 0.2 mmol) gave 64 (33 mg, 42%) as a white 

solid. 1H NMR (400 MHz, CDCl3) δ 7.67 (1H, d, J = 2.3 Hz), 7.49 (1H, s), 7.29 (1H, 

s), 6.80 (1H, d, J = 2.3 Hz), 4.43–4.12 (2H, m), 4.29 (3H, s), 2.99–2.77 (3H, m), 
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2.02–1.89 (2H, m), 1.57–1.42 (2H, m), 1.47 (9H, s); 13C NMR (101 MHz, CDCl3) δ 

160.9, 154.8, 147.0, 146.5, 141.7, 137.7, 132.5, 130.7, 126.1, 117.0, 112.3, 106.7, 

79.5, 61.3, 44.1 (br), 36.5, 30.9 (br), 28.5; HRMS (APCI): Found M+Na+ 422.1557, 

C22H25NO6Na requires 422.1574. 

 

tert-butyl (E)-3-(4-(tert-Butyl)styryl)cyclohexane (65)  

 
Following GP9, iodocyclohexane (52 L, 0.4 mmol) gave 65 (44 mg, 92%) as an oil. 
1H NMR (500 MHz, CDCl3) δ 7.32–7.27 (4H, m), 6.32 (1H, d, J = 15.9 Hz), 6.13 

(1H, dd, J = 16.0, 7.0 Hz), 2.19–2.05 (1H, m), 1.80–1.65 (5H, m), 1.36–1.13 (m, 

14H); 13C NMR (101 MHz, CDCl3) δ 149.7, 136.1, 135.3, 126.9, 125.6, 125.3, 41.2, 

34.4, 33.0, 31.3, 26.2, 26.1. Data in accordance with the literature.(75)  

 

tert-butyl (E)-3-(4-(tert-Butyl)styryl)azetidine-1-carboxylate (66)  

 
Following GP9, tert-butyl 3-iodoazetidine-1-carboxylate (76 µL, 0.4 mmol) gave 66 

(44 mg, 70%) as an oil. 1H NMR (400 MHz, CDCl3) δ 7.36–7.28 (4H, m), 6.41 (1H, 

d, J = 15.8 Hz), 6.32 (dd, J = 1H, 15.8, 7.9 Hz), 4.15 (2H, t, J = 8.5 Hz), 3.81 (2H, 

dd, J = 8.6, 5.9 Hz), 3.39–3.30 (1H, m), 1.45 (9H, s), 1.31 (9H, s); 13C NMR (101 

MHz, CDCl3) δ 156.4, 150.7, 134.0, 130.8, 129.6, 125.9, 125.5, 79.4, 54.9 (br), 34.6, 

31.9, 31.3, 28.4; HRMS (APCI): Found M+Na+ 338.2076, C20H29NO2Na requires 

338.2096. 

 

(E)-3-(4-(tert-butyl)styryl)oxetane (67)  

 
Following GP9, 3-iodooxetane (35 µL, 0.4 mmol) gave 67 (37 mg, 85%) as an oil. 1H 

NMR (400 MHz, CDCl3) δ 7.40–7.31 (4H, m), 6.50 (1H, dd, J =15.8, 8.1 Hz), 6.41 

(1H, d, J = 15.8 Hz), 4.93 (2H, dd, J = 8.1, 6.0 Hz), 4.67 (2H, dd, J = 6.7, 6.0 Hz), 
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3.93–3.84 (1H, m), 1.34 (9H, s); 13C NMR (101 MHz, CDCl3) δ 150.7, 134.0, 130.9, 

128.9, 125.9, 125.5, 77.4, 38.8, 34.6, 31.3, 29.7; HRMS (APCI): Found M+H+ 

217.1580, C15H21O requires 217.1587. 

 

 (1s,3s)-1-((E)-4-(tert-Butyl)styryl)adamantane (68)  

 
Following GP9, 1-iodoadamantane (104 mg, 0.4 mmol) gave 68 (45 mg, 76%) as an 

oil. 1H NMR (400 MHz, CDCl3) δ 7.35–7.25 (4H, m), 6.22 (1H, d, J = 16.2 Hz), 6.06 

(1H, d, J = 16.2 Hz), 2.02 (3H, m), 1.76–1.70 (3H, m), 1.68–1.67 (9H, m), 1.30 (9H, 

s); 13C NMR (101 MHz, CDCl3) δ 149.7, 141.5, 135.4, 125.6, 125.4, 124.1, 42.3, 

36.9, 35.1, 34.5, 31.3, 28.5. Data in accordance with the literature.(76)  

 

(E)-5-(4-(tert-Butyl)phenyl)pent-4-en-1-ol (69)  

 
Following GP9, 3-iodopropan-1-ol (38 µL, 0.4 mmol) gave 69 (34 mg, 78%) as an 

oil. 1H NMR (400 MHz, CDCl3) δ 7.36–7.27 (4H, m), 6.40 (1H, d, J =15.8 Hz), 6.19 

(1H, dt, J =15.7, 6.9 Hz), 3.71 (2H, t, J = 6.5 Hz), 2.30 (2H, q, J = 7.2 Hz), 1.80–1.71 

(2H, m), 1.31 (9H, s); 13C NMR (101 MHz, CDCl3) δ 150.0, 134.8, 130.1, 129.2, 

125.6, 125.4, 62.5, 34.5, 32.3, 31.3, 29.3;  HRMS (APCI): Found M+Na+ 241.1556, 

C15H22ONa  requires 241.1563. 

 

(E)-1-(tert-Butyl)-4-(5-chloropent-1-en-1-yl)benzene (70)  

 
Following GP9, 1-chloro-3-iodopropane (43 µL, 0.4 mmol) gave 70 (40 mg, 84%) as 

an oil. 1H NMR (400 MHz, CDCl3) δ 7.37–7.28 (4H, m), 6.43 (1H, d, J = 15.8 Hz), 

6.13 (1H, dt, J = 15.7, 7.0 Hz), 3.58 (2H, t, J = 6.6 Hz), 2.37 (2H, q, J = 7.2 Hz), 

1.99–1.90 (2H, m), 1.32 (9H, s); 13C NMR (101 MHz, CDCl3) δ 150.2, 134.7, 130.9, 

127.8, 125.7, 125.4, 44.4, 34.5, 32.2, 31.3, 30.1; HRMS (APCI): Found M+H+ 

237.1403, C15H22Cl requires 237.1405. 
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Cl
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(E)-1-(tert-Butyl)-4-(hexa-1,5-dien-1-yl)benzene (71)  

 
Following GP9, (iodomethyl)cyclopropane (37 L, 0.4 mmol) gave 71 (29 mg, 67%) 

as an oil. 1H NMR (400 MHz, CDCl3) δ 7.33–7.25 (4H, m), 6.38 (1H, d, J = 15.8 

Hz), 6.18 (1H, dt, J = 15.7, 6.7 Hz), 5.86 (1H, ddt, J = 16.7, 10.1, 6.4 Hz), 5.05 (1H, 

d, J = 16.3 Hz), 4.98 (1H, d, J = 10.2 Hz), 2.34 – 2.27 (2H, m), 2.26 – 2.19 (2H, m), 

1.31 (9H, s); 13C NMR (101 MHz, CDCl3) δ 149.9, 138.2, 135.0, 129.9, 129.4, 125.7, 

125.4, 114.9, 34.5, 33.7, 32.5, 31.3. Data in accordance with the literature.(76)  

  

(E)-(3-(4-(tert-Butyl)phenyl)allyl)trimethylsilane (72)  

 
Following GP9, (iodomethyl)trimethylsilane (59 µL, 0.4 mmol) gave 72 (21 mg, 

43%) as an oil. 1H NMR (400 MHz, CDCl3) δ 7.32–7.29 (2H, m), 7.26–7.23 (2H, m), 

6.26–6.15 (2H, m), 1.68–1.61 (2H, m), 1.31 (9H, s), 0.04 (9H, s); 13C NMR (101 

MHz, CDCl3) δ 149.1, 135.7, 127.9, 127.0, 125.3, 125.2, 34.4, 31.3, 23.9, –1.86. In 

this case accurate HRMS could not be obtained. MS (EI): m/z (%): 246.2 (70), 231.1 

(9), 143.1 (10), 128.1 (13), 115.1 (12), 73.1 (100), 57.1 (8) 

 

(E)-1-(tert-Butyl)-4-(4,4,4-trifluorobut-1-en-1-yl)benzene (73)  

 
Following GP9, 1,1,1-trifluoro-2-iodoethane (39 L, 0.4 mmol) gave 73 (34 mg, 

70%) as an oil. 1H NMR (400 MHz, CDCl3) δ 7.37–7.31 (4H, m), 6.58 (1H, d, J = 

15.9 Hz), 6.07 (1H, dt, J = 15.6, 7.2 Hz), 3.02–2.92 (2H, m); 13C NMR (101 MHz, 

CDCl3) δ 151.3, 136.4, 133.5, 126.2, 125.9 (q, JCF = 275.1 Hz), 125.5, 116.0, 37.7 (q, 

JCF = 29.8 Hz), 34.6, 31.2. Data in accordance with the literature.(68) 

 

(E)-1-(tert-Butyl)-4-(5-phenoxypent-1-en-1-yl)benzene (74)  

 
Following GP9, (3-bromopropoxy)benzene (63 µL, 0.4 mmol) gave 74 (24 mg, 40%) 

as an oil. 1H NMR (400 MHz, CDCl3) δ 7.35–7.26 (6H, m), 6.97–6.88 (3H, m), 6.41 

t-Bu

Me3Si

t-Bu

CF3

t-Bu

PhO

t-Bu
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(1H, d, J = 15.8 Hz), 6.21 (1H, dt, J = 15.8, 7.0 Hz), 4.01 (2H, t, J = 6.4 Hz), 2.40 

(2H, q, J = 6.8 Hz), 2.02–1.90 (2H, m), 1.31 (9H, s); 13C NMR (101 MHz, CDCl3) δ 

159.0, 150.0, 134.9, 130.3, 129.4, 128.9, 125.7, 125.4, 120.5, 114.5, 67.0, 34.5, 31.3, 

29.4, 29.0; HRMS (APCI): Found M+ 294.1976, C21H26NO requires 294.1978.  

 

8,9-Dimethoxy-1,2,3,6-tetrahydro-5H-benzo[d]pyrrolo[1,2-a]azepin-5-one (75)  

 
Following GP9 but in the absence of external olefin, 3-(3-iodopropyl)-7,8-dimethoxy-

1,3-dihydro-2H-benzo[d]azepin-2-one (77 mg, 0.2 mmol) gave 75 (42 mg, 82%) as a 

white solid. 1H NMR (400 MHz, CDCl3) δ 6.75 (1H, s), 6.67 (1H, s), 6.17 (1H, s), 

3.87 (3H, s), 3.86 (3H, s), 3.80–3.71 (2H, m), 3.43 (2H, s), 2.78 (2H, td, J = 7.5, 1.4 

Hz), 1.97 (2H, p, J = 7.4 Hz); 13C NMR (101 MHz, CDCl3) δ 167.4, 149.1, 148.0, 

139.5, 127.3, 122.1, 111.6, 109.4, 108.6, 56.0, 55.9, 48.4, 43.5, 33.0, 21.2; HRMS 

(APCI): Found M+H+ 260.1271, C15H18NO3 requires 260.1281. 
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8.3 Quantum Yield Determination  

The quantum yield for this reaction was determined using the protocol described in 

Section 2. 

 

 
Figure S13. 
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8.4 Proposed Mechanism  

 

 
Figure S14.
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9 Arylation Reactions 

9.1 Reaction Optimization for Alkyl Iodides 

 
A tube equipped with a stirring bar was charged with the caffeine (19 mg, 0.1 mmol, 

1.0 equiv.) and the oxidant. The tube was capped with a Supelco aluminium crimp 

seal with septum (PTFE/butyl), evacuated and refilled with N2 (x 3). Degassed 

solvent was added, followed by tert-butyl 3-iodoazetidine-1-carboxylate (38 L, 0.2 

mmol, 2.0 equiv.) and finally the amine. The mixture was immediately transferred to 

a preheated aluminium block at 70 °C and stirred at this temperature for 2 h. The 

mixture was allowed to cool to room temperature and was diluted with H2O (15 mL) 

and EtOAc (15 mL). The layers were separated and the aqueous layer was extracted 

with EtOAc (x 2). The combined organic layers are washed with brine, dried 

(MgSO4), filtered and evaporated. CDCl3 (0.4 mL) was added and the mixture was 

analysed by 1H NMR spectroscopy to determine the NMR yield. 

Table S13 reports the experiments performed. 

 

Table S13. 

Entry 
Amine 

(equiv.) 
Solvent 

Oxidant 

(equiv.) 
T Yield (%) 

1 DIPEA (4.0) CH3CN K2S2O8 (2.0) 70 °C 16 

2 DIPEA (4.0) DCE K2S2O8 (2.0) 70 °C 10 

3 DIPEA (4.0) DMSO K2S2O8 (2.0) 70 °C 36 

4 DIPEA (4.0) 
CH3CN–H2O 

(10:1) 
K2S2O8 (2.0) 70 °C 25 

5 DIPEA (4.0) DCE–H2O (10:1) K2S2O8 (2.0) 70 °C trace 

6 DIPEA (4.0) DMSO–H2O (10:1) K2S2O8 (2.0) 70 °C 55 

7 DIPEA (4.0) DMSO–H2O (3:1) K2S2O8 (2.0) 70 °C 70 

8 NEt3 (4.0) DMSO–H2O (3:1) K2S2O8 (2.0) 70 °C 38 

9 
NMe3, 40% in 

H2O (4.0) 
DMSO–H2O (3:1) K2S2O8 (2.0) 70 °C 55 

N
Boc

I

N

N N

N

MeO
Me

O
Me

+
[oxidant], R3N

solvent (0.1 M), 70 ºC, 2 h N

N N

N

MeO
Me

O
Me

N Boc

(2.0 equiv.)
76

(1.0 equiv.)
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10 PMP (4.0) DMSO–H2O (3:1) K2S2O8 (2.0) 70 °C 65 

11 DIPEA (1.0) DMSO–H2O (3:1) K2S2O8 (2.0) 70 °C 8 

12 DIPEA (2.0) DMSO–H2O (3:1) K2S2O8 (2.0) 70 °C 15 

13 DIPEA (6.0) DMSO–H2O (3:1) K2S2O8 (2.0) 70 °C 63 

13 DIPEA (4.0) DMSO–H2O (3:1) K2S2O8 (1.0) 70 °C 48 

14 DIPEA (4.0) DMSO–H2O (3:1) K2S2O8 (3.0) 70 °C 30 

15 DIPEA (4.0) DMSO–H2O (3:1) Oxone (2.0) 70 °C 10 

16 DIPEA (4.0) DMSO–H2O (3:1) 
(PhCOO)2 

(2.0) 
70 °C trace 

17 DIPEA (4.0) DMSO–H2O (3:1) CAN (2.0) 70 °C trace 

18 DIPEA (4.0) DMSO–H2O (3:1) K2S2O8 (2.0) 50 °C 34 

19 DIPEA (4.0) DMSO–H2O (3:1) K2S2O8 (2.0) r.t. – 

Control Experiments 

20 – DMSO–H2O (3:1) K2S2O8 (2.0) 70 °C – 

21 DIPEA (4.0) DMSO–H2O (3:1) – 70 °C – 
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9.2 Substrate Scope 

General Procedure for the Alkylation of Heteroarenes – GP10 

 
A tube equipped with a stirring bar was charged with the heteroarene (0.1 mmol, 1.0 

equiv.), the alkyl iodide, if solid (0.2 mmol, 2.0 equiv.), and potassium persulfate (54 

mg, 0.2 mmol, 2.0 equiv.). The tube was capped with a Supelco aluminium crimp seal 

with septum (PTFE/butyl), evacuated and refilled with N2 (x 3). DMSO (0.75 mL) 

and water (0.25 mL) were added, followed by the alkyl iodide, if liquid, and finally 

DIPEA (70 µL, 0.4 mmol, 4.0 equiv.). The mixture was immediately transferred to a 

preheated aluminium block at 70 °C and stirred at this temperature for 2 h. The 

mixture was allowed to cool to room temperature and was diluted with H2O (15 mL) 

and EtOAc (15 mL). The layers were separated and the aqueous layer was extracted 

with EtOAc (x 2). The combined organic layers are washed with brine (x 2), dried 

(MgSO4), filtered and evaporated. The crude was purified by flash column 

chromatography on silica gel. 

 

General Procedure for the Arylation of Alkyl Iodides – GP11 

 
A tube equipped with a stirring bar was charged with the (hetero)arene (5.0 mmol, 50 

equiv.), if solid, the alkyl iodide, if solid (0.2 mmol, 2.0 equiv.), and potassium 

persulfate (54 mg, 0.2 mmol, 2.0 equiv.). The tube was capped with a Supelco 

aluminium crimp seal with septum (PTFE/butyl), evacuated and refilled with N2 (x 3). 

DMSO (0.75 mL) and water (0.25 mL) were added, followed by the alkyl iodide and 

the (hetero)arene, if liquid, and finally DIPEA (70 µL, 0.4 mmol, 4.0 equiv.). The 

mixture was immediately transferred to a preheated aluminium block at 70 °C and 

stirred at this temperature for 2 h. The mixture was allowed to cool to room 

temperature and was diluted with H2O (15 mL) and EtOAc (15 mL). The layers were 

separated and the aqueous layer was extracted with EtOAc (x 2). The combined 

organic layers are washed with brine (x 2), dried (MgSO4), filtered and evaporated. 

The crude was purified by flash column chromatography on silica gel. 

 

alkyl–I + Ar–H

DIPEA (4.0 equiv.)
K2S2O8 (2.0 equiv.)

DMSO–H2O (3:1) (0.1 M), 70 ºC, 2 h
alkyl Ar

(2.0 equiv.) (1.0 equiv.)

alkyl–I + Ar–H

DIPEA (4.0 equiv.)
K2S2O8 (2.0 equiv.)

DMSO–H2O (3:1) (0.1 M), 70 ºC, 2 h
alkyl Ar

(1.0 equiv.) (50 equiv.)
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General procedure for the Arylation of Aryl Iodides – GP12 

 
A tube equipped with a stirring bar was charged with the aryl iodide (0.1 mmol, 1.0 

equiv.), the (hetero)arene (5.0 mmol, 50 equiv.), if solid, and potassium persulfate (54 

mg, 0.2 mmol, 2.0 equiv.). The tube was capped with a Supelco aluminium crimp seal 

with septum (PTFE/butyl), evacuated and refilled with N2 (x 3). DMSO (0.75 mL) 

and H2O (0.25 mL) were added, followed by the aryl iodide and the (hetero)arene if 

liquid and finally n-Bu3N (95 µL, 0.4 mmol, 4.0 equiv.). The mixture was 

immediately transferred to a preheated aluminium block at 70 °C and stirred at this 

temperature for 2 h. The mixture was allowed to cool to room temperature and was 

diluted with H2O (15 mL) and EtOAc (15 mL). The layers were separated and the 

aqueous layer was extracted with EtOAc (x 2). The combined organic layers are 

washed with brine (x 2), dried (MgSO4), filtered and evaporated. The crude was 

purified by flash column chromatography on silica gel. 

 

aryl–I + Ar–H

(1.0 equiv.) (50 equiv.)

n-Bu3N (4.0 equiv.)
K2S2O8 (2.0 equiv.)

DMSO–H2O (3:1) (0.1 M), 70 ºC, 2 h
aryl Ar



 

 SI-79

tert-Butyl 3-(1,3,7-trimethyl-2,6-dioxo-2,3,6,7-tetrahydro-1H-purin-8- 

yl)azetidine-1-carboxylate (76) 

 
Following GP10, 3-iodo-N-Boc-azetidine (38 µL, 0.2 mmol) gave 76 (25 mg, 70%) 

as a white solid. 1H NMR (500 MHz, CDCl3) δ 4.31 (4H, d, J = 7.5 Hz), 3.87–3.82 

(4H, m), 3.58 (3H, s), 3.39 (3H, s), 1.46 (9H, s); 13C NMR (126 MHz, CDCl3) δ 

156.3, 155.5, 152.8, 151.8, 148.0, 108.1, 80.2, 53.3, 31.8, 29.9, 28.5, 28.0, 25.6. Data 

in accordance with literature.(42) 

 

1,3,7-Trimethyl-8-(oxetan-3-yl)-3,7-dihydro-1H-purine-2,6-dione (77) 

 
Following GP10, 3-iodooxetane (18 µL, 0.2 mmol) gave 77 (11 mg, 45%) as a white 

solid. 1H NMR (400 MHz, CDCl3) δ 5.10–4.98 (4H, m), 4.44–4.36 (1H, m), 3.82 (3H, 

s), 3.60 (3H, s), 3.39 (3H, s); 13C NMR (101 MHz, CDCl3) δ 155.5, 152.3, 151.7, 

148.0, 108.0, 74.7, 31.9, 31.7, 29.9, 28.0; HRMS (APCI): Found MH+ 251.1139, 

C11H15N4O3 requires 251.1144. 

 

tert-Butyl 4-(1,3,7-Trimethyl-2,6-dioxo-2,3,6,7-tetrahydro-1H-purin-8-

yl)piperidine-1-carboxylate (78) 

 
Following GP10, tert-butyl 4-iodopiperidine-1-carboxylate (62 mg, 0.2 mmol) gave 

78 (21 mg, 56%) as a white solid. 1H NMR (400 MHz, CDCl3) δ 4.23 (2H, br s), 3.96 

(3H, s), 3.56 (3H, s), 3.39 (3H, s), 2.93–2.83 (3H, m), 1.99–1.78 (4H, m), 1.48 (9H, 

s); 13C NMR (100 MHz, CDCl3) δ 156.0, 155.6, 154.7, 151.8, 148.0, 107.4, 79.9, 

43.4, 34.0, 31.6, 30.0, 29.8, 28.6, 27.9. Data in accordance with literature.(78) 
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1,3,7-Trimethyl-8-(2-phenoxyethyl)-3,7-dihydro-1H-purine-2,6-dione (79) 

 
Following GP10, but using 1,2,2,6,6-pentamethylpiperidine as amine (109 µL, 6 

equiv.), (2-iodoethoxy)benzene (50 mg, 0.2 mmol) gave 79 (13 mg, 41%) as a white 

solid. 1H NMR (400 MHz, CDCl3) δ 7.28 (2H, t, J = 7.5 Hz), 6.96 (1H, t, J = 7.5 Hz), 

6.87 (2H, d, J = 8.3 Hz), 4.38 (2H, t, J = 6.1 Hz), 4.03 (3H, s), 3.56 (3H, s), 3.40 (3H, 

s), 3.22 (2H, t, J = 6.1 Hz); 13C NMR (101 MHz, CDCl3) δ 158.2, 155.5, 151.8, 151.5, 

148.2, 129.7, 121.4, 114.5, 107.8, 65.9, 32.3, 29.9, 28.1, 27.4; HRMS (APCI): Found 

MH+ 315.1454, C16H19N4O3 requires 315.1457. 

 

8-(1-Adamantyl)-1,3,7-trimethylpurine-2,6-dione. (80)  

 
Following GP10, but using trimethylamine (40% solution in water) as amine (89 µL, 

6 equiv.), 1-iodoadamantane (52.5 mg, 0.2 mmol) gave 80 (10 mg, 30%) as a solid. 
1H NMR (400 MHz, CDCl3): δ 4.17 (3H, s), 3.56 (3H, s), 3.39 (3H, s), 2.15-2.12 (9H, 

m), 1.84-1.77 (6H, m); 13C NMR (100 MHz, CDCl3): δ 159.5, 155.7, 151.8, 147.1, 

108.1, 39.9, 36.7, 36.4, 34.4, 29.5, 28.2, 27.8; Data in accordance with literature.(79) 

 

tert-Butyl-3-(4-benzo[d]thiazol-2-yl)azetidine-1-carboxylate. (81)  

 
Following GP10, benzothiazole (14 mg, 0.1 mmol) gave 81 (13 mg, 45%) as a white 

solid. 1H NMR (400MHz, CDCl3) δ 8.02 (1H, d, J = 8.2 Hz), 7.89 (1H, dd, J = 9.0, 

0.4 Hz), 7.49 (1H, dt, J = 7.7, 1.1 Hz), 7.40 (1H, dt, J = 7.7, 1.1 Hz), 4.42 (2H, t, J = 

8.6 Hz), 4.30 (2H, dd, J = 8.5, 6.0 Hz, 2H), 4.23-4.16 (m, 1H), 1.47 (s, 9H); 13C NMR 

(100 MHz, CDCl3) 171.4, 156.3, 153.2, 135.1, 126.4, 125.4, 123.1, 121.8, 80.1, 55.4, 

32.7, 28.5. Data in accordance with literature.(80) 
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tert-Butyl 3-(5-amino-1,3,4-thiadiazol-2-yl)azetidine-1-carboxylate (82) 

 
Following GP10, 1,3,4-thiadiazol-2-amine (10 mg, 0.1 mmol) gave 82 (7 mg, 26%) 

as a colourless oil. 1H NMR (400 MHz, CD3OD) δ 4.32 (2H, dd, J = 8.4, 8.4 Hz), 

4.15–3.98 (3H, m), 1.45 (9H, s); 13C NMR (151 MHz, CD3OD) δ 171.7, 161.6, 158.1, 

81.4, 56.3, 55.8, 30.4, 28.6. Data in accordance with literature.(42) 

 

tert-Butyl 3-(3-formyl-1H-indol-2-yl)azetidine-1-carboxylate (83) 

 
Following GP10, 1H-indole-3-carbaldehyde (15 mg, 0.1 mmol) gave 83 (12 mg, 

40%) as a white solid. 1H NMR (400 MHz, CDCl3) δ 10.55 (1H, br s), 10.20 (1H, s), 

8.23–8.16 (1H, m), 7.51–7.45 (1H, m), 7.33–7.27 (2H, m), 4.65–4.55 (1H, m), 4.49 

(2H, t, J =8.6 Hz), 4.15 (2H, br s), 1.52 (9H, s); 13C NMR (126 MHz, CDCl3) δ 

184.3, 156.7, 148.3, 135.8, 126.3, 124.1, 123.0, 120.6, 114.9, 111.7, 80.9, 55.3, 28.6, 

28.5; HRMS (APCI): Found MH+ 301.1546, C17H21N2O3 requires 301.1552. 

  

tert-Butyl 3-(1-methyl-1H-pyrrol-2-yl)azetidine-1-carboxylate (84) 

 
Following GP11, 3-iodo-N-Boc-azetidine (19 µL, 0.1 mmol) gave 84 (18 mg, 76%) 

as a colourless oil. 1H NMR (400 MHz, CDCl3) δ 6.60–6.56 (1H, m), 6.10 (1H, t, J = 

3.1 Hz), 6.08–6.05 (1H, m), 4.26 (2H, t, J = 8.3 Hz), 4.00 (2H, dd, J = 8.3, 6.5 Hz), 

3.82–3.73 (1H, m), 3.47 (3H, s), 1.45 (9H, s); 13C NMR (101 MHz, CDCl3) δ 156.5, 

133.1, 122.5, 107.1, 105.5, 79.7, 55.1, 33.8, 28.6, 25.8; HRMS (APCI): Found MH+ 

237.1591, C13H21N2O2 requires 237.1598. 

 

tert-Butyl 3-(1H-imidazol-2-yl)azetidine-1-carboxylate (85) 

 
Following GP11, 3-iodo-N-Boc-azetidine (19 µL, 0.1 mmol) gave 85 (15 mg, 63%) 

as a white solid, as a mixture of isomers (4.2:1). Data for the major isomer: 1H NMR 
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(400 MHz, CDCl3) δ 7.01 (2H, s), 4.26 (2H, t, J = 8.6 Hz), 4.15 (2H, dd, J = 8.6, 6.1 

Hz), 3.92–3.83 (1H, m), 1.43 (9H, s); 13C NMR (126 MHz, CDCl3) δ 156.5, 122.3, 

80.1, 54.7, 28.6, 28.5, 28.5; HRMS (APCI): Found MH+ 224.1387, C11H17N3O2 

requires 224.1394.  

 

tert-Butyl 3-(pyrazin-2-yl)azetidine-1-carboxylate (86) 

 
Following GP11, 3-iodo-N-Boc-azetidine (19 µL, 0.1 mmol) gave 86 (13 mg, 50%) 

as a white solid. 1H NMR (400 MHz, CDCl3) δ 8.63–8.59 (1H, m), 8.50 (1H, s), 8.49–

8.46 (1H, m), 4.32 (2H, t, J = 8.6 Hz), 4.22–4.15 (2H, m), 3.97–3.88 (m, 1H), 1.56 (s, 

9H); 13C NMR (156 MHz, CDCl3) δ 156.5, 156.5, 144.7, 143.9, 143.4, 54.6, 32.8, 

29.9, 28.6; HRMS (APCI): Found MH+ 236.1386, C12H18N3O2 requires 236.1399. 

 

tert-Butyl 3-(2-Chlorophenyl)azetidine-1-carboxylate (87) 

 
Following GP11, 3-iodo-N-Boc-azetidine (19 µL, 0.1 mmol) gave 87 (12 mg, 44%) 

as an oil, as mixture of isomers o:m:p = 6:3:1. Data for major isomer: 1H NMR (500 

MHz, CDCl3) δ 7.40 (1H, d, J = 7.8 Hz), 7.37 (1H, d, J = 7.9 Hz), 7.30 (1H, t, J = 7.7 

Hz), 7.21 (1H, t, J = 7.7 Hz), 4.35 (2H, t, J = 8.5 Hz), 4.16–4.09 (1H, m), 4.07–3.96 

(2H, m), 1.46 (9H, s); 13C NMR (126 MHz, CDCl3) δ 156.4, 138.9, 133.8, 129.6, 

128.1, 127.2, 127.1, 79.6, 57.1 (br), 28.4, 28.4; HRMS (APCI): Found MH+ 

268.1098, C14H19NO2Cl requires 268.1099. 

 

2-(4-Bromophenyl)-1-methyl-1H-pyrrole (88) 

 
Following GP12, 1-bromo-4-iodobenzene (28 mg, 0.1 mmol) gave 88 (11 mg, 45%) 

as a colourless oil. 1H NMR (400 MHz, CDCl3) δ 7.53 (2H, d, J = 8.4 Hz), 7.28 (2H, 

d, J = 8.4 Hz), 6.74 (1H, t, J = 2.4 Hz), 6.25–6.21 (1H, m), 6.21–6.20 (1H, m), 3.66 

Cl

N
Boc

*
*

N
Me Br
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(3H, s); 13C NMR (100 MHz, CDCl3) δ 133.1, 131.3, 129.8, 123.9, 120.6, 108.8, 

107.8, 34.8. Data in accordance with literature.(81) 

 

4-(1-Methyl-1H-pyrrol-2-yl)benzonitrile (89) 

 
Following GP12, 4-iodobenzonitrile (22.9 mg, 0.1 mmol) gave 89 (12 mg, 64%) as a 

white  solid. 1H NMR (400 MHz, CDCl3) δ 7.69 (2H, d, J = 8.2 Hz), 7.53 (2H, d, J = 

8.2 Hz), 6.81 (1H, s), 6.41 – 6.34 (1H, m), 6.26 (1H, t, J = 3.1 Hz), 3.74 (3H, s); 13C 

NMR (101 MHz, CDCl3) δ 137.7, 132.6, 132.3, 132.3, 128.3, 125.9, 119.1, 110.8, 

109.7, 108.6, 35.5. Data in accordance with literature.(82)  

 

[1,1'-biphenyl]-4-carbonitrile (90) 

 
Following GP12, 4-iodobenzonitrile (22.9 mg, 0.1 mmol) gave 90  (6 mg, 34%) as a 

colourless oil. 1H NMR (400MHz, CDCl3) δ 7.77–7.70 (4H, m), 7.63–7.60 (2H, m), 

7.53–7.45 (3H, m); 13C NMR (100 MHz, CDCl3) δ 145.7, 139.2, 132.6, 129.1, 128.7, 

127.7, 127.2, 118.9, 111.0. Data in accordance with the literature.(83) 

 

4-(Pyridin-2-yl)benzonitrile (91)  

 
Following GP12, 2-iodopyridine (11 µL, 0.1 mmol) gave 91 (11 mg, 59%) as a white 

solid, as mixture of isomers o:m:p = 5:2:1. Data for major isomer: 1H NMR (400 

MHz, CDCl3) δ 8.67 (1H, dd, J = 4.7, 1.0 Hz), 8.10 (2H, d, J = 8.4 Hz), 7.79 (1H, dd, 

J = 7.9, 1.8 Hz), 7.75–7.73 (3H, m), 7.30 (1H, ddd, J = 7.2, 4.8, 1.4 Hz); 13C NMR 

(100 MHz, CDCl3) δ 155.2, 150.1, 143.5, 137.1, 132.5, 127.4, 123.3, 120.9, 118.8, 

112.5. Data in accordance with literature.(84) 
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9.3 Proposed Mechanism  

 

 
Figure S15. 

 

X

Me NEt2

X
Me NEt2 X–

Me NEt2

– H+

XAT

NEt3

Ar
SET

SO4

SO4
2– Ar

– H+

SET

SO4 SO4
2–

S2O8
2–



 

 SI-85

10 Laser Flash Photolysis Measurements 

General experimental details 

Measurements were performed using a Q-switched Nd-YAG laser (Brilliant B, 

Quantel) in a LKS-60 flash photolysis instrument (Applied Photophysics Ltd.) with 

an absorption spectrometer with a time resolution of ~50ns and a spectral bandpass of 

10nm. Samples were excited at 298 K in a cuvette of 1 cm pathlength with a 6 ns laser 

pulse at 355 nm (~15 mJ). Acquired transients were fitted to monoexponential 

decays/growths and plots of the dependence of these observed rate constants on 

quencher concentration were analyzed by fitting to linear functions. Photolysis 

experiments were carried out using samples under nitrogen atmosphere prepared 

inside of a glovebox.  
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10.1 Direct Monitoring of -Aminoalkyl Radicals  

Following the method reported by Lalavee(21), photolysis of 0.1 M solutions of Et3N 

or Bn3N in neat di-tert-butylperoxide (DTBP) allowed the detection and monitoring 

of the corresponding -N-radicals.  

The reactions occurring upon laser excitation are the following: 

 

(1) 
 

(2) 
 

(3) 

 

(4) 
 

Figure S16. 

 

The observed rate of decay is given by the following equation: 

kdecay = k0 + kXAT[Cy–I] 

 

The recorded transient absorption spectra and lifetimes for the studied -aminoalkyl 

radicals are given in Figure S6 and match with those reported in literature.(21) 
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Figure S17. Transient absorption spectra and decays, monitored at lmax, of the -

aminoalkyl radicals derived from NEt3 and NBn3 

 

Then, the influence of various quenchers at different concentrations in these decays 

was studied.  The results are given in Figures S18 and S19.

N
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Bn
Ph lmax =  480 nm

t = 210 s
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Aminoalkyl radical of NBn3 decays (monitored at 480 nm) 

Quencher FLP decays 

 

 

 

 

 

 
Figure S18. 
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Figure S19. 

 

Table S14. 

XAT process kXAT (M–1 s–1) R2 

 
1.2 104 0.9822 

 
6.4 103 0.9871 

 
<104 0.9153 
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Aminoalkyl radical of NEt3 decays (monitored at 340 nm): 

When a similar study was attempted using NEt3, it was not possible to determine the 

quenching rate due to the build-up of an additional transient absorbing at the 

monitored wavelength upon addition of Cy–I (Figure S20). This transient was not 

observed upon adding Cy–Br (no quenching) or CH2Br2 (quenching)(85), so it was 

tentatively ascribed to be an oxidation product of iodide under these conditions. 

 

 
Figure S20. 
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10.2 Indirect monitoring of aminoalkyl radical of NEt3: Probe method  

To circumvent the problem observed in the direct method with NEt3, we performed 

laser flash photolysis studies on this amine using the probe method reported by 

Scaiano,(86, 20) based on the monitoring of a growing signal (at 600 nm) 

corresponding to a transient of MV•+ generated by the reaction of the aminoalkyl 

radical with MV2+. By measuring the growth at 600 nm in the presence of increasing 

concentrations of Cy–I the rate of XAT can be determined according to the following 

processes: 

 

(1) 
 

(2) 
 

(3) 
 

(4) 
 

(5) 
 

Figure S21. 

 

The observed rate of growth of the transient is equal to: 

kgrowth = k0 + kMV2+[MV2+] + kXAT[Cy–I] 

 

Samples containing NEt3, 20% di-tert-butyl peroxide (v/v), and 4 mM MV2+ in 

MeCN:H2O (9:1) were measured containing different amounts of Cy–I. The results 

are given in Figure S22: 
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Figure S22. 
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11 Cyclic Voltammetry Studies 

General Experimental Details 

Cyclic voltammetry was conducted on an EmStat (PalmSens) potentiostat using a 3-

electrode cell configuration. A glassy carbon working electrode was employed 

alongside a platinum wire counter electrode and a Ag/AgCl reference electrode. All 

the solutions were degassed by bubbling N2 prior to measurements. 10 mM solutions 

of the desired compounds were freshly prepared in dry acetonitrile along with 0.1 M 

of tetrabutylammonium hexafluorophosphate as supporting electrolyte and were 

examined at a scan rate of 0.1 V s–1. Ferrocene (E1/2 = +0.42 V vs SCE)(87) was 

added at the end of the measurements as an internal standard to determine the precise 

potential scale. Potential values are given versus the saturated calomel electrode 

(SCE). Irreversible waves were obtained in all cases; therefore, the potentials were 

estimated at half the maximum current, as previously described by Nicewicz.(88)  

 

Table S15. 

Entry Substrate Ered (V vs SCE) 

1 
 

–2.35 

2 
 

–2.76 

3 
 

< –2.80 

4 
 

–2.17 

 

Table S16. 

Entry Amine Eox (V vs SCE) 

1 Et3N +0.76 

2 
 

+0.81 

3 
 

+1.05 
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d) 
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g) 
 

 
Figure S23. 
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12 UV/Vis Studies for the Detection of Electron Donor-Acceptor (EDA) 

Complexes 

We studied the changes on the absorption profile of 3 (0.1 M in MeCN) by UV/Vis 

spectroscopy upon subsequent addition of NEt3 (1–10 equiv.). No changes in the 

absorption profile after 300 nm were observed, ruling out the existence of electron 

donor-acceptor complexes between these two species capable to absorb light in the 

visible range.  

 

Figure S24. 
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13 Computational studies 

Computational Methods 

Density functional theory (DFT)(89) calculations were performed using Gaussian 09 

(revision E.01)(90) and the Gaussview(91) was used to generate input geometries and 

visualize output structures. Geometry optimizations and frequency calculations for the 

iodine atom abstraction by the C-radical were performed using the B3LYP 

functional(92–95) and an atom-pairwise dispersion correction (D3)(96, 97) with a 

flexible triplet zeta basis set (def2-TZVP).(98) For comparative purpose and to model 

solvation effect, the calculations were carried out in MeCN as solvent at the same 

level of theory, by applying the most commonly used integral equation formalism 

(IEF) version of polarized continuum model (PCM).(99, 100) Homolytic bond 

dissociation enthalpies (BDE) were also calculated at the same level of theory.(101) 

All stationary points were characterized as minima or transitions states based on 

normal vibrational mode analysis. Thermal corrections were computed from unscaled 

frequencies, assuming a standard state of 298.15 K and 1 atm.  

 

 

 

 

  



 

 SI-99

13.1 Activation Energy ( G‡) and Reaction Energy ( G) for Iodine-atom 

Abstraction 

DFT Method: B3LYP-D3/def2-TZVP [values are in Kcal mol–1]    

 

Reaction G‡ Gº 

N +

I

N +

I

IN

 
Gas-Phase 

In product, C–I = 2.56834 Å and N–C(I) = 1.34736 Å 

11.3 –0.6 

N +

I

N +

I

IN

 

Solvent (CH3CN) 
In product, C–I = 3.38904 Å and N–C(I) = 1.28618 Å. 

9.1 –13.8 

 

When we performed calculations in CH3CN, the product converged directly to the 

iminium iodide. All attempts to obtain the optimized structure of the -iodoamine in 

this solvent resulted in the iminium iodide, indicating the instability of this 

intermediate in polar media. 
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13.2 Bond Dissociation Enthalpies        

DFT Method: B3LYP-D3/def2-TZVP 

 

  

Reactions Kcal mol–1 

I

+I
 

57.2 

NN

I

+I
 

57.4 
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13.3 Computed Energies  

[values are in Hartree] 

Species 

Total 

Electronic 

Energy 

Sum of 

Electronic 

and Zero-point 

Energies 

Sum of 

Electronic 

and Thermal 

Enthalpies 

Gibbs Free 

Energy 

N

 
Gas-Phase 

-291.8926229 -291.701023 -291.690460 -291.735942 

N

 
Solvent (CH3CN) 

-291.8948752 -291.703445 -291.692932 -291.738154 

I

 
Gas-Phase 

-533.1859525 -533.025834 -533.017898 -533.058586 

I

 
Solvent (CH3CN) 

-533.188819 -533.029042 -533.021053 -533.061855 

IN

 
Gas-Phase 

-825.0793121 -824.726319 -824.707465 -824.776537 

IN

 
Solvent (CH3CN) 

-825.0884919 -824.735771 -824.716886 -824.785521 

N

I

 
Solvent (CH3CN) 

-589.7658628 -589.569830 -589.557930 -589.608156 

 

-235.3129715 -235.157620 -235.150661 -235.187308 
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Gas-Phase 

 
Solvent (CH3CN) 

-235.3134492 -235.158424 -235.151457 -235.188113 

N

I

 
Solvent (CH3CN) 

-589.7893779 -589.593175 -589.580684 -589.633813 

I  
Solvent (CH3CN) 

-297.9919863 -297.991986 -297.989626 -298.008835 

N

 
Solvent (CH3CN) 

-291.7900051 -291.594418 -291.584216 -291.628225 

I  
Gas-Phase 

-297.7784009 -297.778401 -297.776040 -297.795904 
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13.4 Optimized Structures and Cartesian Coordinates 
Species Optimized Structure 

N

 
Gas-Phase 

 
Cartesian Coordinates 
C                  0.84543900   -1.10647100   -0.45525200 
 N                 -0.12275200   -0.23708500    0.03587400 
 C                 -1.43226100   -0.23040000   -0.60456100 
 H                 -1.44990500   -1.02990600   -1.34586100 
 H                 -1.58147900    0.70432100   -1.16029800 
 C                 -2.57464200   -0.42987800    0.38877000 
 H                 -2.59252200    0.35893900    1.14290600 
 H                 -3.53721600   -0.41666900   -0.12842600 
 H                 -2.46894700   -1.38609600    0.90349300 
 C                  0.29364100    1.02204300    0.64165700 
 H                 -0.57363300    1.45609100    1.14294200 
 H                  1.02294100    0.81022600    1.42539900 
 C                  2.15055100   -1.25691700    0.25075600 
 H                  2.03748700   -1.58147900    1.29866300 
 H                  2.75610400   -2.00740800   -0.25821200 
 H                  2.73612300   -0.33179100    0.27304400 
 C                  0.88052400    2.03276800   -0.35022100 
 H                  0.15476600    2.30055700   -1.12020600 
 H                  1.17591200    2.94799000    0.16758200 
 H                  1.75711700    1.61648400   -0.84774400 
 H                  0.44300500   -1.96854100   -0.97129700 

N

 
Solvent (CH3CN) 

 
Cartesian Coordinates 
C                  0.84583400   -1.11049900   -0.45482600 
 N                 -0.12060300   -0.23894100    0.03355900 
 C                 -1.43388000   -0.23598700   -0.60541800 
 H                 -1.45366300   -1.04061000   -1.34096200 
 H                 -1.58164500    0.69667800   -1.16323900 
 C                 -2.57442500   -0.42760400    0.39091400 
 H                 -2.58834800    0.36503600    1.14098600 
 H                 -3.53614300   -0.41251300   -0.12720000 
 H                 -2.47420000   -1.38397900    0.90735100 
 C                  0.29344000    1.02296300    0.64013500 
 H                 -0.57571100    1.45508500    1.13831800 
 H                  1.02305400    0.81402400    1.42398100 
 C                  2.15508600   -1.25209000    0.24996200 
 H                  2.04467300   -1.56672300    1.30125400 
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 H                  2.76074200   -2.00720500   -0.25257600 
 H                  2.73679400   -0.32499400    0.26427300 
 C                  0.87682500    2.03484400   -0.35171300 
 H                  0.15300200    2.29096500   -1.12747600 
 H                  1.15562600    2.95445200    0.16691900 
 H                  1.76542400    1.62977600   -0.83796400 
 H                  0.43733600   -1.98716700   -0.94290600 

I

 
Gas-Phase 

 
Cartesian Coordinates 
C                 -1.93651300   -1.26576200   -0.50369900 
 C                 -1.21404100   -1.26578900    0.84522700 
 C                 -0.40023800   -0.00000300    1.08883300 
 C                 -1.21403800    1.26578100    0.84522900 
 C                 -1.93651100    1.26576700   -0.50369600 
 C                 -2.77940800    0.00000200   -0.68748600 
 H                 -1.96274200   -1.30431400    1.64878000 
 H                 -0.58922300   -2.15263900    0.95692200 
 H                 -1.19691300   -1.33148900   -1.30682600 
 H                 -2.56455400   -2.15644200   -0.58049600 
 H                 -1.96274400    1.30430500    1.64877900 
 H                 -0.58922100    2.15263100    0.95694100 
 H                 -2.56455600    2.15644700   -0.58047100 
 H                 -1.19691800    1.33150700   -1.30682700 
 H                 -3.59498800    0.00000500    0.04550600 
 H                 -3.24729200   -0.00000300   -1.67491300 
 H                  0.03436200   -0.00000100    2.08490800 
 I                  1.43998700    0.00000000   -0.15846700 

I

 
Solvent (CH3CN) 

 
Cartesian Coordinates 
C                 -1.94197900   -1.26565700   -0.50523100 
 C                 -1.21827800   -1.26670400    0.84277700 
 C                 -0.41291200   -0.00000300    1.09388200 
 C                 -1.21827400    1.26669300    0.84278000 
 C                 -1.94197700    1.26566400   -0.50522800 
 C                 -2.78532200    0.00000200   -0.68751700 
 H                 -1.96518700   -1.30503600    1.64717200 
 H                 -0.59285700   -2.15273500    0.95634500 
 H                 -1.20463300   -1.33126100   -1.31113300 
 H                 -2.56984000   -2.15629700   -0.58000400 
 H                 -1.96519000    1.30502400    1.64717000 
 H                 -0.59285600    2.15272500    0.95636800 
 H                 -2.56984400    2.15630200   -0.57997200 
 H                 -1.20464000    1.33128300   -1.31113500 
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 H                 -3.59773000    0.00000600    0.04817300 
 H                 -3.25426000   -0.00000400   -1.67440900 
 H                  0.02939300   -0.00000100    2.08566300 
 I                  1.44528500    0.00000000   -0.15798100 

IN

 
Gas-Phase 

 
Cartesian Coordinates 
C                  2.43887200   -0.74168500   -1.00024400 
 N                  3.35243600   -0.01140900   -0.30614200 
 C                  3.54568000    1.39568300   -0.67185100 
 H                  3.18572300    1.51025400   -1.69393000 
 H                  4.61943600    1.59802800   -0.69310500 
 C                  2.84451400    2.40607000    0.23630900 
 H                  3.24498200    2.38590700    1.25091400 
 H                  3.00050400    3.41131400   -0.15979400 
 H                  1.77443600    2.21131300    0.28440200 
 C                  3.70878200   -0.39252700    1.05977000 
 H                  2.99465600    0.05754000    1.76015800 
 H                  3.59120700   -1.46897600    1.14941000 
 C                  2.44180000   -2.24282100   -0.91048200 
 H                  2.17531600   -2.61129500    0.07811700 
 H                  1.71277200   -2.64281600   -1.61165800 
 H                  3.43451000   -2.63104000   -1.17198000 
 C                  5.13744100   -0.01914300    1.43755700 
 H                  5.28997600    1.05974100    1.47213400 
 H                  5.36399800   -0.41345600    2.42921400 
 H                  5.85088900   -0.44366100    0.72894000 
 H                  2.25769400   -0.34547100   -1.99043200 
 I                 -0.02483700   -0.21658700   -0.22559800 
 C                 -2.64418200    0.31041300    0.58516100 
 C                 -3.22641200    1.16875400   -0.49442000 
 C                 -3.29396000   -1.02667400    0.76044300 
 H                 -2.32790200    0.81831400    1.49093900 
 C                 -4.74406900    1.35288200   -0.26072700 
 H                 -3.08370000    0.68196700   -1.46589700 
 H                 -2.72479400    2.13671600   -0.54509600 
 C                 -4.81198800   -0.84751200    0.99665200 
 H                 -3.15361100   -1.62418400   -0.14759500 
 H                 -2.83988400   -1.58299900    1.58224400 
 C                 -5.44431900   -0.00170200   -0.11325800 
 H                 -5.18044800    1.92232300   -1.08679600 
 H                 -4.89990000    1.94242000    0.64930900 
 H                 -5.29642200   -1.82670800    1.05642300 
 H                 -4.97024500   -0.35473300    1.96214100 
 H                 -6.51004800    0.14391300    0.08443400 
 H                 -5.37278800   -0.54588000   -1.06228500 
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IN

 
Solvent (CH3CN) 

 
Cartesian Coordinates 
C                  2.60467000   -0.71383100   -1.04666800 
 N                  3.44049700   -0.01031200   -0.26925700 
 C                  3.64039000    1.41750500   -0.54682200 
 H                  3.23656000    1.60992500   -1.53932300 
 H                  4.71348800    1.61160300   -0.59742500 
 C                  2.98595400    2.34839400    0.47126400 
 H                  3.43222100    2.24641900    1.46108200 
 H                  3.12548700    3.38173600    0.15006800 
 H                  1.91752100    2.14847900    0.54822300 
 C                  3.88997800   -0.51235000    1.03131300 
 H                  3.24467000   -0.09855400    1.81397000 
 H                  3.74892700   -1.58860900    1.04471800 
 C                  2.51574100   -2.20498100   -0.99183700 
 H                  2.19355500   -2.58181800   -0.02190800 
 H                  1.79937400   -2.54699100   -1.73549800 
 H                  3.49159600   -2.65425200   -1.21907100 
 C                  5.35107000   -0.19576200    1.32824300 
 H                  5.52884300    0.87399700    1.43694800 
 H                  5.63511100   -0.67506400    2.26579900 
 H                  5.99944800   -0.57601600    0.53729400 
 H                  2.36567000   -0.23889900   -1.98653900 
 I                 -0.16310800   -0.12115700   -0.26725700 
 C                 -2.62740100    0.34679200    0.46417500 
 C                 -3.33129700    0.98200700   -0.70249300 
 C                 -3.22336900   -0.95975100    0.90802000 
 H                 -2.39723700    1.03314400    1.27586400 
 C                 -4.82886400    1.17330500   -0.37802400 
 H                 -3.24641300    0.33210400   -1.58090800 
 H                 -2.87396500    1.93829600   -0.96474000 
 C                 -4.72139500   -0.77516900    1.23501500 
 H                 -3.13191600   -1.69650000    0.10182700 
 H                 -2.69199000   -1.36169800    1.77312100 
 C                 -5.47053900   -0.14807000    0.05556700 
 H                 -5.34698400    1.58427200   -1.24960300 
 H                 -4.93030100    1.90742200    0.42869300 
 H                 -5.16339900   -1.74014600    1.50047200 
 H                 -4.82075700   -0.12727700    2.11269300 
 H                 -6.52052400    0.00976600    0.31657100 
 H                 -5.45737500   -0.84637600   -0.78945400 



 

 SI-107

N

I

 
Gas-Phase 

 
Cartesian Coordinates 
C                  0.35338200    0.87181700    0.88276400 
 N                  1.48564600    0.27036700    0.46851300 
 C                  1.85136200   -1.02396800    1.06121500 
 H                  1.29887600   -1.11061300    1.99627800 
 H                  2.91127600   -0.98590900    1.32281300 
 C                  1.57341800   -2.24387200    0.18359900 
 H                  2.17751400   -2.23911700   -0.72454400 
 H                  1.82838100   -3.14584400    0.74281500 
 H                  0.52368800   -2.29564200   -0.09972300 
 C                  2.04397700    0.57729200   -0.84897600 
 H                  1.57994600   -0.08326800   -1.59010200 
 H                  1.74933900    1.58954800   -1.11023400 
 C                  0.11070900    2.33007000    0.59785700 
 H                  0.00790400    2.54855400   -0.46170900 
 H                 -0.80912400    2.64007600    1.08693300 
 H                  0.94596200    2.91426300    1.00194900 
 C                  3.56348500    0.47398100   -0.89932200 
 H                  3.91767600   -0.54507000   -0.74319000 
 H                  3.91417900    0.79589800   -1.88072400 
 H                  4.02239200    1.11579200   -0.14515300 
 H                  0.04684000    0.55185900    1.86866300 
 I                 -1.72627100   -0.18028300   -0.19634900 

 
Gas-Phase 

 
Cartesian Coordinates 
C                  1.26398200   -0.70991500   -0.24256300 
 C                  1.28258900    0.77618100    0.16047700 
 C                  0.00000200    1.45930900   -0.16950700 
 C                 -1.28258600    0.77618500    0.16047700 
 C                 -1.26398400   -0.70991200   -0.24256200 
 C                 -0.00000200   -1.40807300    0.26626100 
 H                  1.45711900    0.82734100    1.25036600 
 H                  2.12942800    1.28896200   -0.30198800 
 H                  1.29813700   -0.78338500   -1.33458100 
 H                  2.15794400   -1.21042900    0.13858100 
 H                 -1.45711800    0.82734700    1.25036600 
 H                 -2.12942400    1.28896800   -0.30199100 
 H                 -2.15794700   -1.21042300    0.13858300 
 H                 -1.29814000   -0.78338300   -1.33458100 
 H                 -0.00000200   -1.40238500    1.36300600 
 H                 -0.00000400   -2.45741300   -0.04061800 



 

 SI-108

 H                  0.00000400    2.51215400   -0.42264100 

 
Solvent (CH3CN) 

 
Cartesian Coordinates 
C                  1.26397300   -0.71045000   -0.24239500 
 C                  1.28286100    0.77605000    0.15890500 
 C                  0.00000100    1.45997600   -0.17061900 
 C                 -1.28286000    0.77605100    0.15890400 
 C                 -1.26397400   -0.71045000   -0.24239400 
 C                  0.00000000   -1.40798200    0.26742700 
 H                  1.45609800    0.82755100    1.24886100 
 H                  2.13003100    1.28862500   -0.30343300 
 H                  1.29813000   -0.78597100   -1.33447200 
 H                  2.15786900   -1.20990500    0.14011700 
 H                 -1.45609900    0.82755400    1.24886000 
 H                 -2.13002900    1.28862600   -0.30343600 
 H                 -2.15786900   -1.20990400    0.14012000 
 H                 -1.29813200   -0.78597100   -1.33447100 
 H                  0.00000000   -1.39975200    1.36403100 
 H                 -0.00000100   -2.45748300   -0.03895400 
 H                  0.00000100    2.51746400   -0.40619000 

N

I

 
Solvent (CH3CN) 

 
Cartesian Coordinates 
C                  0.95044500    1.02962500    0.79291900 
 N                  1.77762800    0.15572700    0.33868700 
 C                  1.83928500   -1.19147100    0.95537200 
 H                  1.15503600   -1.18211800    1.79997400 
 H                  2.84679700   -1.32893400    1.34499500 
 C                  1.46521800   -2.29573500   -0.02285000 
 H                  2.20025300   -2.40915500   -0.81933600 
 H                  1.42027200   -3.23784800    0.52367600 
 H                  0.48598700   -2.10075200   -0.46064400 
 C                  2.64468100    0.39925500   -0.83511400 
 H                  2.28913600   -0.24769500   -1.63711700 
 H                  2.50060800    1.42530400   -1.15347900 
 C                  0.78163300    2.41310600    0.28568000 
 H                  0.62274100    2.43764800   -0.79121500 
 H                 -0.07034500    2.87419100    0.77634100 
 H                  1.67837200    2.99854100    0.51036200 
 C                  4.11682100    0.14753500   -0.53635700 
 H                  4.32513400   -0.90214300   -0.33383100 
 H                  4.69860600    0.43941200   -1.41036700 
 H                  4.45023200    0.74404400    0.31330900 



 

 SI-109

 H                  0.37872100    0.72993200    1.65948200 
 I                 -2.11723500   -0.08197000   -0.12322400 

I  
Solvent (CH3CN)  

Cartesian Coordinates 
I                  0.00000000    0.00000000    0.00000000 

N

 
Solvent (CH3CN) 

 
Cartesian Coordinates 
C                  0.57188800   -1.21732900   -0.27609100 
 N                 -0.10841800   -0.14648400   -0.09925600 
 C                 -1.48396400   -0.02773300   -0.64751100 
 H                 -1.57584000   -0.73722500   -1.46669800 
 H                 -1.56990300    0.97635200   -1.06060600 
 C                 -2.53587000   -0.28272500    0.42246500 
 H                 -2.44571700    0.41363600    1.25585200 
 H                 -3.52355000   -0.15411700   -0.01997900 
 H                 -2.45645100   -1.30047300    0.80497700 
 C                  0.40268300    1.04243400    0.62860900 
 H                 -0.46758900    1.56196000    1.02098600 
 H                  0.98955900    0.70429500    1.47783000 
 C                  1.93999700   -1.49121900    0.19699400 
 H                  1.92014300   -2.41087700    0.78769300 
 H                  2.56167700   -1.70461600   -0.67741200 
 H                  2.39198800   -0.69217700    0.77411300 
 C                  1.20879400    1.94751900   -0.29346000 
 H                  0.61112500    2.28059400   -1.14196900 
 H                  1.52763600    2.82631600    0.26647300 
 H                  2.09494600    1.43668100   -0.66944900 
 H                  0.07973100   -2.00064400   -0.84305900 

I  
Gas-Phase  

Cartesian Coordinates 
I                  0.00000000    0.00000000    0.00000000 

 
 
  



 

 SI-110

13.5 Mulliken Charges (Solvent: MeCN) 

DFT Method: B3LYP-D3/def2-TZVP  

Mulliken charges  

     1  C   -0.190408 
     2  C   -0.188947 
     3  C   -0.044809 
     4  C   -0.188949 
     5  C   -0.190408 
     6  C   -0.173149 
     7  H    0.105762 
     8  H    0.120975 
     9  H    0.102914 
    10  H    0.103131 
    11  H    0.105762 
    12  H    0.120976 
    13  H    0.103130 
    14  H    0.102915 
    15  H    0.087377 
    16  H    0.098819 
    17  H    0.142562 
    18  I   -0.217651 
 Sum of Mulliken charges 

=   0.00000 

 

     1  C   -0.222069    
     2  N   -0.074784    
     3  C   -0.080984   
     4  H    0.106963    
     5  H    0.090817    
     6  C   -0.330164    
     7  H    0.108474   
     8  H    0.108628    
     9  H    0.106554   
    10  C   -0.133478   
    11  H    0.110346    
    12  H    0.121925    
    13  C   -0.354744   
    14  H    0.099032    
    15  H    0.117990    
    16  H    0.119526    
    17  C   -0.343128    
    18  H    0.110369   
    19  H    0.113836   
    20  H    0.113711   
    21  H    0.111179   
 Sum of Mulliken charges 

=   0.00000    

 



 

 SI-111

     1  C   -0.125321    
     2  N    0.002519    
     3  C   -0.110535   
     4  H    0.120265    
     5  H    0.135275    
     6  C   -0.361279    
     7  H    0.120783   
     8  H    0.123259    
     9  H    0.131806   
    10  C   -0.123164   
    11  H    0.121299    
    12  H    0.135805    
    13  C   -0.345613   
    14  H    0.142343    
    15  H    0.132549    
    16  H    0.133747    
    17  C   -0.352703    
    18  H    0.128616   
    19  H    0.126917    
    20  H    0.120894    
    21  H    0.160485   
    22  I   -0.443710   
    23  C   -0.127423    
    24  C   -0.172208   
    25  C   -0.174864   
    26  H    0.105121   
    27  C   -0.152632    
    28  H    0.081647    
    29  H    0.092661    
    30  C   -0.151118   
    31  H    0.081579    
    32  H    0.093271    
    33  C   -0.169445   
    34  H    0.092039    
    35  H    0.080568    
    36  H    0.091954    
    37  H    0.080588    
    38  H    0.095065    
    39  H    0.078960    
 Sum of Mulliken charges 

=   0.00000    
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13.6 Charge-Transfer Character in the Transition State ( TS) 

Solvent: CH3CN 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

 

  

 Fragment A 
(iodocyclohexane) 

Fragment B  
(aminoalkyl radical) 

Total charge 
in reagents 0.00000    0.00000    

Total charge 
in the TS –0.417947 +0.417947 

Fragment A 
Fragment B 
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14 NMR Spectra 

5 – 1H NMR (500 MHz, CDCl3)  

  

 

5 – 2H NMR (400 MHz, CDCl3)  

  



 

 SI-114

 

5 – 13C NMR (126 MHz, CDCl3) 

 

 

  



 

 SI-115

6 – 1H NMR (400 MHz, CDCl3)  

  

 

 

6 – 2H NMR (400 MHz, CDCl3)  

  



 

 SI-116

 

6 – 13C NMR (126 MHz, CDCl3)   
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7 – 1H NMR (500 MHz, CDCl3)  

  

 

7 – 2H NMR (400 MHz, CDCl3)  

  

 



 

 SI-118

 

7 – 13C NMR (101 MHz, CDCl3) 

 

 

  



 

 SI-119

8 – 1H NMR (500 MHz, CDCl3)  

  

 

 

8 – 2H NMR (400 MHz, CDCl3)  

  



 

 SI-120

 

8 – 13C NMR (126 MHz, CDCl3)  

 

 

 

  



 

 SI-121

9 – 1H NMR (400 MHz, CDCl3)  

  

 

9 – 2H NMR (400 MHz, CDCl3)  

  

 



 

 SI-122

 

9 – 13C NMR (101 MHz, CDCl3)  

 

 

  



 

 SI-123

10 – 1H NMR (500 MHz, CDCl3)  

  

 

 

10 – 2H NMR (400 MHz, CDCl3)  

  



 

 SI-124

 

10 – 13C NMR (101 MHz, CDCl3) 

 

 

 

  



 

 SI-125

11 – 1H NMR (500 MHz, CDCl3)  

  

 

11 – 2H NMR (400 MHz, CDCl3)  

 

 



 

 SI-126

 

11 – 13C NMR (126 MHz, CDCl3) 

 

 

  



 

 SI-127

12 – 1H NMR (400 MHz, CDCl3)  

  

 

 

12 – 2H NMR (400 MHz, CDCl3)  

  



 

 SI-128

 

12 – 13C NMR (101 MHz, CDCl3) 

 

 

 

  



 

 SI-129

13 – 1H NMR (400 MHz, CDCl3)  

 

 

13– 13C NMR (101 MHz, CDCl3)  

 



 

 SI-130

14 – 1H NMR (400 MHz, CDCl3)  

 

 

14 – 13C NMR (101 MHz, CDCl3)  

  



 

 SI-131

15 – 1H NMR (400 MHz, CDCl3)  

 

 

15 – 13C NMR (101 MHz, CDCl3)  

 



 

 SI-132

16 – 1H NMR (400 MHz, CDCl3)  

 

 

16 – 13C NMR (101 MHz, CDCl3)  

  



 

 SI-133

17 – 1H NMR (400 MHz, CDCl3)  

 

 

17 – 13C NMR (101 MHz, CDCl3)  

  



 

 SI-134

18 – 1H NMR (400 MHz, CDCl3)  

 

 

18 – 13C NMR (101 MHz, CDCl3)  

  



 

 SI-135

19 – 1H NMR (400 MHz, CDCl3)  

 

 

19 – 13C NMR (101 MHz, CDCl3)  

  



 

 SI-136

20 – 1H NMR (400 MHz, CDCl3)  

 

 

20 – 13C NMR (101 MHz, CDCl3)  

  



 

 SI-137

21’ – 1H NMR (400 MHz, CDCl3)  

 

 

21’ – 13C NMR (101 MHz, CDCl3)  

  



 

 SI-138

22 – 1H NMR (400 MHz, CDCl3)  

 

 

22 – 13C NMR (101 MHz, CDCl3)  

  



 

 SI-139

23 – 1H NMR (400 MHz, CDCl3)  

 

 

23 – 13C NMR (101 MHz, CDCl3)  

 



 

 SI-140

24 – 1H NMR (400 MHz, CDCl3)  

 

 

24 – 13C NMR (101 MHz, CDCl3)  

  



 

 SI-141

25 – 1H NMR (400 MHz, CDCl3)  

 

 

25 – 13C NMR (101 MHz, CDCl3)  

  



 

 SI-142

26 – 1H NMR (400 MHz, CDCl3)  

 

 

26 – 13C NMR (101 MHz, CDCl3)  

  



 

 SI-143

27 – 1H NMR (400 MHz, CDCl3)  

 

 

27 – 13C NMR (101 MHz, CDCl3)  
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28 – 1H NMR (400 MHz, CDCl3)  

 

 

28 – 13C NMR (101 MHz, CDCl3)  

  



 

 SI-145

29 – 1H NMR (400 MHz, CDCl3)  

 

 

29 – 13C NMR (101 MHz, CDCl3)  

 

 

CO2MeN
Boc

Boc

Ph
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30 – 1H NMR (400 MHz, CDCl3)  

 

 

30 – 13C NMR (101 MHz, CDCl3)  

 



 

 SI-147

31 – 1H NMR (400 MHz, CDCl3)  

 

 

31 – 13C NMR (101 MHz, CDCl3)  
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33 – 1H NMR (400 MHz, CDCl3)  

 

 

33 – 13C NMR (101 MHz, CDCl3)  

  



 

 SI-149

34 – 1H NMR (400 MHz, CDCl3)  

 

 

34 – 13C NMR (101 MHz, CDCl3)  

 



 

 SI-150

34 – 19F NMR (376 MHz, CDCl3)
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35 – 1H NMR (400 MHz, CDCl3)  

 

 

35 – 13C NMR (101 MHz, CDCl3)  

  

CO2MeN
Boc

Boc

O

O

O

Me
Me OHH

H



 

 SI-152

42 – 1H NMR (400 MHz, CDCl3)  

  

 

42 – 13C NMR (101 MHz, CDCl3)  

 



 

 SI-153

43 – 1H NMR (400 MHz, CDCl3)  

  

 

43 – 13C NMR (101 MHz, CDCl3)  

 



 

 SI-154

48’ – 1H NMR (400 MHz, CDCl3)  

  

 

48’ – 13C NMR (101 MHz, CDCl3)  

 



 

 SI-155

53 – 1H NMR (400 MHz, CDCl3)  

  

 

53 – 13C NMR (101 MHz, CDCl3) 

 

 



 

 SI-156

54 – 1H NMR (400 MHz, CDCl3)  

  

 

54 – 13C NMR (101 MHz, CDCl3)  

 

 



 

 SI-157

55’ – 1H NMR (400 MHz, CDCl3)  

  

 

55’ – 13C NMR (101 MHz, CDCl3) 

 

 



 

 SI-158

56 – 1H NMR (400 MHz, CDCl3)  

  

 

56 – 13C NMR (101 MHz, CDCl3)  
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57’ – 1H NMR (400 MHz, CDCl3)  

  

 

57’ – 13C NMR (101 MHz, CDCl3) 

 

 



 

 SI-160

58 – 1H NMR (400 MHz, CDCl3)  

  

 

58 – 13C NMR (101 MHz, CDCl3)  

 

 



 

 SI-161

59 – 1H NMR (400 MHz, CDCl3)  

  

 

59 – 13C NMR (101 MHz, CDCl3)  

 

 



 

 SI-162

62 – 1H NMR (400 MHz, CDCl3)  

  

 

62 – 13C NMR (101 MHz, CDCl3) 

 

 



 

 SI-163

64 – 1H NMR (400 MHz, CDCl3)  

  

 

64 – 13C NMR (101 MHz, CDCl3) 
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66 – 1H NMR (400 MHz, CDCl3)  

  

 

66 – 13C NMR (101 MHz, CDCl3)  

 

 



 

 SI-165

67 – 1H NMR (400 MHz, CDCl3)  

  

 

67 – 13C NMR (101 MHz, CDCl3) 

 

 



 

 SI-166

69 – 1H NMR (400 MHz, CDCl3)  

  

 

69 – 13C NMR (101 MHz, CDCl3)  

 

 



 

 SI-167

70 – 1H NMR (400 MHz, CDCl3)  

  

 

70 – 13C NMR (101 MHz, CDCl3) 
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72 – 1H NMR (400 MHz, CDCl3)  

  

 

72 – 13C NMR (101 MHz, CDCl3) 

 

 



 

 SI-169

74 – 1H NMR (400 MHz, CDCl3)  

  

 

74 – 13C NMR (101 MHz, CDCl3)  

 

 



 

 SI-170

75 – 1H NMR (400 MHz, CDCl3)  

  

 

75 – 13C NMR (101 MHz, CDCl3) 

 

 



 

 SI-171

77 – 1H NMR (400 MHz, CDCl3) 

 

 

77 – 13C NMR (101 MHz, CDCl3) 

  
 



 

 SI-172

79 – 1H NMR (400 MHz, CDCl3)  

 
 

79 – 13C NMR (101 MHz, CDCl3) 

  
 

 



 

 SI-173

83 – 1H NMR (400 MHz, CDCl3)  

 
 

83 – 13C NMR (151 MHz, CDCl3) 

 
 

 



 

 SI-174

84 – 1H NMR (400 MHz, CDCl3)  

 
 

84 – 13C NMR (101 MHz, CDCl3) 

  
 

 



 

 SI-175

85 – 1H NMR (400 MHz, CDCl3)  

 
 

85 – 13C NMR (101 MHz, CDCl3) 

  
 

 



 

 SI-176

86 – 1H NMR (400 MHz, CDCl3) 

 
 

86 – 13C NMR (151 MHz, CDCl3) 

 
 

 



 

 SI-177

87 – 1H NMR (500 MHz, CDCl3)  

 

 

87 – 13C NMR (126 MHz, CDCl3) 
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A case of chain propagation: a-aminoalkyl radicals
as initiators for aryl radical chemistry†

Timothée Constantin, a Fabio Juliá, a Nadeem S. Sheikh b

and Daniele Leonori *a

The generation of aryl radicals from the corresponding halides by redox chemistry is generally considered

a difficult task due to their highly negative reduction potentials. Here we demonstrate that a-aminoalkyl

radicals can be used as both initiators and chain-carriers for the radical coupling of aryl halides with

pyrrole derivatives, a transformation often employed to evaluate new highly reducing photocatalysts.

This mode of reactivity obviates for the use of strong reducing species and was also competent in the

formation of sp2 C–P bonds. Mechanistic studies have delineated some of the key features operating

that trigger aryl radical generation and also propagate the chain process.

Introduction

Aryl radicals are versatile synthetic intermediates for the
assembly of sp2 C–C and C–Y (Y ¼ heteroatom) bonds.1 Reac-
tions like the Meerwein cyclization and arylation,2 the Pschorr
cyclization3 and the Gomber–Bachmann biphenyl synthesis4 are
text-book examples of aryl radical reactivity and are still used in
the assembly of high-value materials.5

Historically, aryl radicals have been generated by SET (single-
electron transfer) reduction of aryl diazonium,6 iodonium7 and
sulfonium salts8 or oxidation of benzoates9 (Scheme 1A).
Despite their synthetic versatility, these substrates can some-
times be difficult to prepare or unstable or they might require
forcing reaction conditions which has somewhat limited their
application especially on large-scale settings.10

Aryl halides are a large class of stable and commercial
building blocks, which are routinely used in synthetic chemistry
through transition-metal-catalysed cross-coupling reactions.
Aryl radical generation by SET reduction followed by heterolytic
sp2 C–X (X ¼ halogen) bond fragmentation is feasible for
substrates containing electron withdrawing groups (e.g. CN,
NO2.) but challenging for electron neutral/rich ones owing to
their highly negative reduction potentials (Ered < �2 V vs. SCE).
Nevertheless, recent work based on electrochemistry,11 sulfox-
ylate radical anion chemistry,12 organic super electron donors13

and photo-electrochemistry14 has successfully addressed some
of these issues. Within the eld of visible-light photoredox
catalysis,15 targeting such negative reduction potentials has

been tackled using homoleptic Ir(III)-photocatalysts16 and
organic dyes able of sequentially absorbing two photons,17 both
in combination with excess of amines as sacricial electron
donors.

An alternative approach for aryl radical generation involves
the homolytic sp2 C–X bond cleavage via halogen-atom transfer
(XAT) which has historically been achieved using tin radicals.18

Strategies based on silicon radicals19 have circumvented the use
of toxic tin hydrides and more recently have been successfully
exploited in metallaphotoredox manifolds, retrieving an
increasingly renewed interest.20

We have recently demonstrated that generating a-amino-
alkyl radicals from alkylamines (A / B) under photoredox
catalysis represents an effective gateway to access alkyl and aryl
radicals from the corresponding halides (Scheme 1B).21 In this
reactivity, the highly nucleophilic a-aminoalkyl radical B
homolytically activates the sp3 or sp2 C–X bond by XAT (B + C/

E) through a polarised transition state (D) stabilised by exten-
sive charge-transfer character.

As part of our ongoing interest in exploring this activation
mode, we recently questioned if a-aminoalkyl radical-mediated
XAT could be leveraged to enable divergent arene functionali-
zation under photoredox conditions. Our interest was mainly
focused on the radical coupling of aryl halides with pyrrole
derivatives, a benchmark transformation oen used to assess
the reductive ability of new photoredox catalysts.22 In these
examples, the photocatalyst (either in the excited or the reduced
state) triggers the SET reduction of the aryl halide, while stoi-
chiometric amounts of amines are employed as sacricial
reductants. In general, the absence of the amine completely
switches off the reactivity and other types of electron donors are
either not discussed or not feasible. We were therefore intrigued
by the possibility of establishing a mechanistically alternative
approach where a-aminoalkyl radicals and XAT deliver the key
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aryl radicals thus bypassing the need for strongly reducing
photocatalysts. Herein we report the successful implementation
of this proposal which demonstrates how photoredox catalysis
and a-aminoalkyl radical chemistry can be used to generate and
explore the reactivity of aryl radicals in chain propagating
manifolds (Scheme 1C).

Results and discussion
Mechanistic considerations

We initially questioned whether photoredox catalysis could be
used to generate a-aminoalkyl radicals to enable C–H arylation
of electron rich heteroaromatics with aryl halides. Our interest
in exploring this reactivity stem from preliminary results
demonstrating that coupling between 4-acetyl-iodobenzene
with N-Me-pyrrole (1 + 2 / 3) was efficiently achieved using
4CzIPN as the photocatalyst, n-Bu3N as the amine and KH2PO4

as the base in DMSO–H2O under blue light irradiation (Scheme
2A). We were initially puzzled by this experimental outcome as
we recognized an inherent chemical reactivity issue that should
have thwarted product formation. As shown in Scheme 2B, the
reductive-quenching photoredox cycle required for a-amino-
alkyl radical generation (n-Bu3N / B1) followed by XAT (B1 + 1
/ E1 + F1) and radical addition to pyrrole (E1 + 2 / E2)
generates a redox imbalance as it requires the simultaneous
oxidation of 4CzIPNc� and the intermediate E2. This should
disfavour a mechanism based on a closed photoredox system
and, as a result, hamper catalysis.

We therefore considered a different mechanistic scenario
where photoredox catalysis would serve, through the generation

of B1, as initiation step for a radical-chain propagating system
(Scheme 2C).23 This proposed reactivity hinged however on the
ability of the electron rich 5p-radical E2 to regenerate the aryl
radical E1 by reaction with 1. While this mechanistic possibility
has not been considered in the analysis of previous radical
arylation processes, we were intrigued by the fact that E2 is
electron rich and, crucially, also an extended aminoalkyl
radical. Hence, we postulated that it might be able to participate
in XAT (or SET) events with 1. Two major mechanistic aspects
became a focal point: (1) which is the species involved in the key
C–X activation step and (2) whether a radical propagation
pathway could be operative.

The initiation process. In order to conrm the key involve-
ment of a-aminoalkyl radical-mediated XAT as initiation step
we conducted a series of control experiments using 4-acetyl-
iodobenzene 1 and 4-methoxy-iodobenzene 4 as model for
electron poor and electron rich aryl iodides, respectively
(Scheme 2D). (1) First of all, 4CzIPN was chosen as photocatalyst
because, in contrast to strongly reducing systems, it should not
be able to promote direct SET reduction of 1 and 4 (1: Ered ¼
�1.64 V vs. SCE and 4: Ered ¼ �2.17 V vs. SCE)24 according to its
reduced and excited-state oxidation potentials (Scheme 2D,
entry 1). (2) In agreement with our mechanistic hypothesis, any
visible light-excited photocatalyst able to oxidise n-Bu3N (Eox ¼
+0.71 V vs. SCE) should enable reactivity and indeed useful
formation of 3 and 5 was obtained with a broad range of
systems (Scheme 2D, entries 2–6). (3) Further evidence for the
key role of a-aminoalkyl radicals as initiators was obtained by
replacing n-Bu3N with other electron donors. Sodium ascorbate
is a commonly used sacricial reductants in photoredox catal-
ysis,25 but failed to provide products formation (Scheme 2D,
entry 8). Other amines were evaluated and, while all efficiently
quench *4CzIPN, they were successful as long as they contained
a-sp3 C–H bonds required for a-aminoalkyl radical generation
(Scheme 2D, compare entries 9 and 11 with 10 and 12). Overall,
these experimental results support the formation and the
involvement of a-aminoalkyl radicals as the key element for the
activation of the sp2 C–I bonds and the initiation of the radical-
chain propagation.

The radical-chain propagation. In order to obtain more
information on the feasibility of the chain process two more
experiments were performed using iodide 1 and pyrrole 2
(Scheme 3A). Firstly, we evaluated the use of sub-stoichiometric
amounts of amine and obtained efficient reactivity with as little
as 5 mol% n-Bu3N, while no reaction was observed when the
amine was omitted (Scheme 3A).24 Second, we decided to
identify photocatalyst-free conditions for aryl radical generation
in order to exclude the presence of any potential reductant. We
started evaluating several electron rich species with the hope of
forming an EDA (electron donor–acceptor) complex26 with 1 and
identied Ph2NPMP (PMP ¼ p-MeO-Ph), as optimum due to the
appearance of an absorbance tail in the visible range (lmax �
450 nm) in 6.24 In order to exclude a purely EDA-based photo-
chemical reactivity, we performed this reaction using 20 mol%
of amine. In line with our mechanistic hypothesis, blue light
irradiation triggered a photoinduced SET leading to the
formation of the corresponding aryl radical E1. This provided,

Scheme 1 Most common approaches for aryl radical generation and
this work.
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through a chain-process, 3 in high yield. It is important to note
that this EDA-initiated radical coupling is restricted to electron
poor aryl iodides as demonstrated when attempting the
coupling using electron rich iodide 4. In this case, EDA

complexation was not observed (even increasing the amounts of
Ph2NPMP to 2.0 equiv.) which resulted in no product formation.

The stabilised 5p-radical E2 is the key intermediate enabling
aryl radical regeneration in the proposed chain-propagating

Scheme 2 (A) Initial results on the radical addition of iodide 1 to pyrrole 2. (B) Mechanistic analysis of a photoredox manifold reveals a redox
imbalance. (C) Mechanism based on a radical-chain propagation. (D) Control experiments supporting initiation by a-aminoalkyl radicals.

Scheme 3 (A) Impact of the n-Bu3N stoichiometry on the radical coupling between 1 and 2. (B) Radical couplings via EDA. (C) Computational
studies on key properties of a-aminoalkyl radical (B1) and extended aminoalkyl radical (E2) and the thermodynamic feasibility of the chain
propagation step. PMP ¼ p-OMe-C6H4.

12824 | Chem. Sci., 2020, 11, 12822–12828 This journal is © The Royal Society of Chemistry 2020
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process. As mentioned earlier, the reaction between E2 and an
aryl iodide can be considered to go via XAT (or SET). To further
support this hypothesis, we have conducted preliminary
computational studies (Scheme 3C). Our results support the
hypothesis that a-aminoalkyl radical B1 and 5p-radical E2
should display similar reactivity by virtue of their very similar
electronic features. In particular, the close values obtained for
their ionization potential (IP), global electrophilicity (urc

+) and
Hirshfeld charge (HC) demonstrate E2 is a highly nucleophilic
radical that could therefore participate in XAT processes and
benet from related polar effects in the transition state. It is
however important to note that due to the high-degree of charge
transfer in XAT processes, a SET between E2 and the aryl iodide
might be operative in the case of highly electron poor systems
(e.g. 4-NO2-iodobenzene). Moreover, the overall reaction leading
to the aryl radical regeneration (E2 + 1 + n-Bu3N / 3 + E1 + n-
Bu3N$HI) was found to be feasible according to the exothermic
DG� energy of this step.24

Taken together, these experimental and computational
results support the feasibility of a radical chain propagation as
the operating mechanism in these radical coupling reactions.
Furthermore, we believe the ability of this a-aminoalkyl
radicals-mediated strategy to activate both electron rich and
electron poor aryl iodides exemplies its versatility as initiation
mode for aryl radical-based chain propagations.

In order to have more insights on the extent of the chain
propagation we determined the quantum yield for the reaction
between 1 and 2 to give 3 under standard conditions. This
analysis provided F ¼ 0.37. Such a moderate value can be
rationalised with the process being supported by either short-
lived radical chain propagations or, as demonstrated by
Scaiano,27 an inefficient initiation process.28

Substrate scope

Aer identifying optimal reaction conditions, we explored the
scope of the transformation by evaluating different aryl halides
(Scheme 4A). Aryl iodides substituted with electron withdrawing

Scheme 4 (A) Scope of the radical coupling between pyrrole 2 and aryl iodides, bromides and chlorides. (B) Scope of the heteroaromatics. (C)
Computational studies of different 5p-radicals.

This journal is © The Royal Society of Chemistry 2020 Chem. Sci., 2020, 11, 12822–12828 | 12825
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groups at the para-position reacted in good to high yields (3, 7–
11). More challenging electron-neutral substrates as well as the
ones equipped with electron-donating groups, which are elusive
in some redox-based approaches, reacted well delivering the
desired 2-aryl-pyrroles in good yields (11, 13 and 5). Pleasingly,
the reaction was also tolerant of polar functional groups such as
free anilines (14) thus showcasing high chemoselectivity. The
effect of the substituent position was also evaluated using meta-
or ortho-substituted rings. Little difference in yields were
observed for bothmeta- (15–18) and ortho-substituted (18, 19, 29
and 32) aryl halides in comparison with their para-functional-
ised counterparts. Other aryl iodides like 1- and 2-iodo-
napthalenes, 2-iodo-pyrazine, 4-iodo-pyridine and 2-iodothio-
phenes were also suitable substrates for the transformation
giving 21–26 in moderate to good yields. Furthermore, the
weaker nature of sp2 C–I bonds compared to sp2 C–Br/Cl bonds
meant that aryl iodides could be selectively functionalised in
the presence of sp2 C–Br and C–Cl bonds (28 and 29).

This strategy was also extended to (hetero-)aryl bromides (8,
9, 30 and 31) and even weakly electron-rich aryl bromides (17)
which are oen challenging substrates. Consistently with the
trend observed in the aryl iodide scope, electron-poor systems
gave higher yields than the electron-rich ones. Electron-
decient aryl chlorides were also tested and they could be
engaged in this reactivity albeit in moderate conversions (8, 9
and 24).

Having evaluated the scope around the aryl halide partner we
decided to investigate other electron rich aromatics (Scheme
4B). o-CN-iodobenzene displayed good reactivity with 2 (to give
32) and could also be used for the C-2 arylation of unprotected
pyrrole (33) as well as poly-substituted derivatives (34 and 35)
including the highly-hindered cryptopyrrole. Furthermore, we
also evaluated the possibility to render these reactions intra-
molecular, which was successfully achieved by preparing 36 that
provided the tricyclic heterocycle 37.

While this approach enables the efficient C-2 arylation of
pyrrole and its derivatives, we did not succeed in extending it to
other electron rich heteroaromatics like furan (38) and thio-
phene (39). We were initially surprised by this lack of reactivity
especially considering (1) the lower degree of aromaticity of
these systems29 and (2) their successful engagement in radical
arylations based on diazonium precursors.30 We propose that
these failed reactions are a clear manifestation of the intrinsic
reactivity difference between a-N vs. a-O/S-5p-radical interme-
diates E vs. H–J. The latter species should be less nucleophilic
and therefore radical-chain propagation might now be
hampered by their lower ability to regenerate the key aryl radical
by XAT/SET. Indeed, computational analysis of H1,2 and J1,2
demonstrated their attenuated nucleophilic character which is
in line with our working hypothesis (Scheme 4C).24,31

Expanding a-aminoalkyl radicals initiation to
phosphonylation

Our current mechanistic understanding of these radical aryla-
tions suggests that a-aminoalkyl radical-mediated XAT can
serve as initiation step to access chain propagations where “in

cycle” aryl radical re-generation is possible. To test the validity
of this hypothesis, we decided to extend this concept to other
arene-functionalization processes. We were particularly inter-
ested by recent reports demonstrating the ability of the ethyl
radical to act as chain carrier species.32 We therefore decided to
evaluate the ability of a-aminoalkyl radicals to initiate the sp2

phosphonylation of aryl halides with trialkyl phosphites.17b,22a,33

Wewere hopeful that upon XAT-initiated aryl radical generation
and addition to the phosphite, the resulting P-radical inter-
mediate would undergo a thermodynamically driven b-scission
resulting in the formation of a strong P]O bond and an ethyl
radical that could continue the chain propagation by reacting
with the aryl halide.

Pleasingly, exposure of aryl iodides and several phosphites
[P(OEt)3, P(OMe)3 and P(Oi-Pr)3] to conditions identical to the
ones developed for pyrrole arylation provided the desired
phosphonates 40–45 in good to moderate yield (Scheme 5). It is
worth mentioning that this reactivity enabled engagement of
both electron poor and electron rich substrates and could be
extended, albeit with lower chemical yields, to aryl bromides
and, in the case of substrates with electron withdrawing groups,
also to aryl chlorides.

Conclusions

We have reported here that the photoredox generation of a-
aminoalkyl radicals can be used as initiation step for the
development of aryl-radical-based chain propagations. This
approach by-passes the requirement for strongly reducing
photocatalysts if an appropriate chain-carrier radical species
is generated. In the case of the coupling with pyrroles, these
results point for a unique ability of aminoalkyl radicals to
participate as both initiators and then chain carriers owing to
their high nucleophilicity. In light of these results, we suggest
that this alternative mechanism should be taken in consid-
eration when benchmarking new photoredox catalysts with
the radical arylation of pyrroles in the presence of
alkylamines.

Scheme 5 XAT-initiated radical chain phosphonylation of aryl halides.
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We believe the results presented here demonstrate that XAT-
based aryl radical generation using simple alkylamines and
photocatalysis can be used as an entry point for radical chains
and we expect that might be extended to other transformations.
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8 Á. Péter, G. J. P. Perry and D. J. Procter, Adv. Synth. Catal.,
2020, 362, 2135–2142.

9 X.-Q. Hu, Z.-K. Liu, Y.-X. Hou and Y. Gao, iScience, 2020, 23,
101266.

10 (a) A. A. Bondarev, E. V. Naumov, A. Z. Kassanova,
E. A. Krasnokutskaya, K. S. Stankevich and
V. D. Filimonov, Org. Process Res. Dev., 2019, 23, 2405–
2415; (b) C. Schotten, S. K. Leprevost, L. M. Yong,
C. E. Hughes, K. D. M. Harris and D. L. Browne, Org.
Process Res. Dev., 2020, 24, 2336–2341.

11 G. Sun, S. Ren, X. Zhu, M. Huang and Y. Wan, Org. Lett.,
2016, 18, 544–547.

12 F. Yu, R. Mao, M. Yu, X. Gu and Y. Wang, J. Org. Chem., 2019,
84, 9946–9956.

13 (a) J. A. Murphy, S.-z. Zhou, D. W. Thomson, F. Schoenebeck,
M. Mahesh, S. R. Park, T. Tuttle and L. E. A. Berlouis, Angew.
Chem., Int. Ed., 2007, 46, 5178–5183; (b) D. S. Lee, C. S. Kim,
N. Iqbal, G. S. Park, K.-s. Son and E. J. Cho, Org. Lett., 2019,
21, 9950–9953.

14 (a) H. Kim, H. Kim, T. H. Lambert and S. Lin, J. Am. Chem.
Soc., 2020, 142, 2087–2092; (b) N. G. W. Cowper,
C. P. Chernowsky, O. P. Williams and Z. K. Wickens, J. Am.
Chem. Soc., 2020, 142, 2093–2099.

15 D. P. Hari, T. Hering and B. Konig, in Visible Light
Photocatalysis in Organic Chemistry, pp. 253–281, DOI:
10.1002/9783527674145.ch8.

16 (a) J. M. R. Narayannam and C. R. J. Stephenson, Chem. Soc.
Rev., 2008, 40, 102; (b) J. D. Nguyen, E. M. D'Amato,
J. M. R. Narayanam and C. R. J. Stephenson, Nat. Chem.,
2012, 4, 854–859.

17 (a) I. Ghosh, T. Ghosh, J. I. Bardagi and B. König, Science,
2014, 346, 725–728; (b) R. S. Shaikh, S. J. S. Düsel and
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1 General Experimental Details 

All required fine chemicals were used directly without purification unless stated 

otherwise. N-Methylpyrrole was distilled from KOH under reduced pressure, degassed 

by bubbling nitrogen and stored in the dark at 4°C. All air and moisture sensitive 

reactions were carried out under nitrogen atmosphere using standard Schlenk manifold 

technique. All solvents were bought from Acros as 99.8% purity. 1H and 13C Nuclear 

Magnetic Resonance (NMR) spectra were acquired at various field strengths as 

indicated and were referenced to CHCl3 (7.27 and 77.0 ppm for 1H and 13C 

respectively). 1H NMR coupling constants are reported in Hertz and refer to apparent 

multiplicities and not true coupling constants. Data are reported as follows: chemical 

shift, integration, multiplicity (s = singlet, br s = broad singlet, d = doublet, t = triplet, 

q = quartet, qi = quintet, sx = sextet, sp = septet, m = multiplet, dd = doublet of doublets, 

etc.), proton assignment (determined by 2D NMR experiments: COSY, HSQC and 

HMBC) where possible. High-resolution mass spectra were obtained using a JEOL 

JMS-700 spectrometer or a Fissions VG Trio 2000 quadrupole mass spectrometer. 

Spectra were obtained using electron impact ionization (EI) and chemical ionization 

(CI) techniques, or positive electrospray (ES). Analytical TLC: aluminum backed 

plates pre-coated (0.25 mm) with Merck Silica Gel 60 F254. Compounds were 

visualized by exposure to UV-light or by dipping the plates in permanganate (KMnO4) 

stain followed by heating. Flash column chromatography was performed using Merck 

Silica Gel 60 (40–63 µm). All mixed solvent eluents are reported as v/v solutions. 

Absorption and emission spectra were obtained using an Horiba Duetta spectrometer 

and 1 mm High Precision Cell made of quartz from Hellma Analytics. The LEDs used 

are Kessil PR 160 440 nm. All the reactions were conducted in CEM 10 mL glass 

microwave tubes.  
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2 Pictures of Reaction Set-Up 

 

  
Figure S1. 
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3 Studies on the Arylation of N-Methylpyrrole with p-Acetyl-iodobenzene and 

p-Methoxy-iodobenzene 

3.1 Screening of Reaction Parameters 

General Procedure for the Arylation – GP1 

 
A dry tube equipped with a stirring bar was charged with the aryl iodide (0.10 mmol, 

1.0 equiv.), 4CzIPN (4 mg, 5 µmol, 5 mol%), the amine/electron donor (if solid) (0.20 

mmol, 2.0 equiv.) and the base (if solid) (0.20 mmol, 2.0 equiv.). The tube was capped 

with a Supelco aluminium crimp seal with septum (PTFE/butyl), evacuated and refilled 

with N2 (x 3). Degassed DMSO–H2O (10:1) (1.0 mL, 0.1 M), the amine/electron donor 

(if liquid) (0.20 mmol, 2.0 equiv.), the base (if liquid) (0.20 mmol, 2.0 equiv.) and 2 

(440 µL, 5.0 mmol, 50.0 equiv.) were sequentially added. The blue LEDs were turned 

on and the mixture was stirred under irradiation for 16 h at room temperature. 1,3-

dinitrobenzene (8.4 mg, 0.05 mmol, 0.5 equiv.) was added as the internal standard. 

Brine (5 mL) and EtOAc (5 mL) were added and the mixture was shaken vigorously. 

The layers were separated and the aqueous layer was extracted with EtOAc (10 mL x 

2). The combined organic layers were dried (MgSO4), filtered and evaporated. The 

crude was solubilised in CDCl3 (0.6 mL) and analysed by 1H NMR spectroscopy to 

determine the 1H NMR yield. 

The results are detailed in Scheme 2D of the article. 

  

I
N
Me

N
Me

2
(50 equiv.)

photocatalyst (5 mol%)
amine/electron donor (2.0 equiv.)

base (2.0 equiv.)

DMSO–H2O (10:1, 0.1 M), r.t., 16 h
blue LEDs

R = Ac: 1
R = OMe: 4
(1.0 equiv.)

R R
R = Ac: 3

R = OMe: 5
(1.0 equiv.)

+
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3.2 Control Experiments 

 
 These experiments were performed according to GP1. 

 

Table S1. 

Entry Variations Base Yield (%) 

1 none 

TMG 

64 

2 no light – 

3 no 4CzIPN – 

4 no n-Bu3N 24 

5 none 

K2HPO4 

58 

6 no light – 

7 no 4CzIPN – 

8 no n-Bu3N – 

 

Control experiments confirm that light and photocatalyst are crucial components of the 

reaction. However, in the absence of n-Bu3N (entry 4), 24% of 5 was observed. We 

have rationalised this outcome on the basis that TMG can potentially generate a-

aminoalkyl radicals and therefore initiate the reactivity. Indeed, when the base was 

changed for K2HPO4, no product was formed in the absence of n-Bu3N (entry 8). 

  

I
N
Me

N
Me

2
(50 equiv.)

4CzIPN (5 mol%)
n-Bu3N (2.0 equiv.)

TMG (2.0 equiv.) or K2HPO4 (2.0 equiv.)

DMSO–H2O (10:1, 0.1 M), r.t., 16 h
blue LEDs

4
(1.0 equiv.)

MeO MeO
5

+
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3.3 EDA Complex Formation 

Electron poor arenes are known to form electron donor-acceptor (EDA) complexes with 

electron rich partners1,2 which undergo SET upon irradiation at the charge-transfer lmax. 

We therefore considered that, in the case of electron poor aryl iodides, the alkylamine 

could be involved in an additional productive reactivity pathway initiated by the 

formation and the following SET of an EDA complex.  

 

 
 

These experiments were performed according to GP1 but without the addition of 

4CzIPN. 

 

Table S2. 

Entry R amine Yield (%) 

1 

Ac 

 

TMG 15 

2 n-Bu3N 73 

3 i-Pr2NH 56 

4 Ph2NPMP 83 

5 

CN 

TMG 6 

6 n-Bu3N 6 

7 i-Pr2NH 27 

8 Ph2NPMP 81 

9 

H 

TMG – 

10 n-Bu3N – 

11 i-Pr2NH – 

12 Ph2NPMP – 

13 

OMe 

TMG – 

14 n-Bu3N – 

15 i-Pr2NH – 

16 Ph2NPMP – 

I
N
Me

N
Me

2
(50 equiv.)

amine (2.0 equiv.)
K2HPO4 (2.0 equiv.)

DMSO–H2O (10:1, 0.1 M), r.t., 16 h
blue LEDs

(1.0 equiv.)

R R

+
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In the cases of electron poor aryl iodides, p-acetyl-iodobenzene (entries 1–4) and p-

cyano-iodobenzene (entries 5–8), product formation in the absence of 4CzIPN was 

observed, while electron neutral iodobenzene (entries 9–12) and electron rich p-

methoxy-iodobenzene (entries 13–16) remain unreacted.  

The successful reactivity in the presence of Ph2NPMP, which cannot generate an a-

aminoalkyl radical, supports the feasibility of an EDA-initiated process. 
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UV/Vis Absorption Spectroscopy Studies 

 

 

 
Figure S2. 

 

 

 
Figure S3. 

N
Ph PMP

Ph

IAc
Ph2NPMP+

I

Ac DMSO

IAc
TMG+

I

Ac DMSO

NH
Me2N
Me2N
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Figure S4. 

 
EDA-Based Arylation of Pyrrole Using Catalytic Amine 

In order to validate the ability of transient EDA complexes to initiate the radical 

reactivity we have identified conditions to enable the arylation of N-Me-pyrrole. In 

order to exclude the intermediacy of a purely photochemical EDA-based reactivity, the 

experiments were run with 20 mol% of Ph2NPMP. 

 

 
A dry tube equipped with a stirring bar was charged with 1 (25 mg, 0.10 mmol, 1.0 

equiv.), Ph2NPMP (5.5 mg, 0.02 mmol, 20 mol%) and K2HPO4 (35 mg, 0.2 mmol, 2.0 

equiv.). The tube was capped with a Supelco aluminium crimp seal with septum 

(PTFE/butyl), evacuated and refilled with N2 (x 3). Degassed DMSO–H2O (10:1) (0.5 

mL, 0.2 M) and 2 (0.45 mL, 5.0 mmol, 50.0 equiv.) were sequentially added. The blue 

LEDs were turned on and the mixture was stirred under irradiation for 16 h at room 

temperature. 1,3-Dinitrobenzene (8.4 mg, 0.05 mmol, 0.5 equiv.) was added as the 

internal standard. Brine (5 mL) and EtOAc (5 mL) were added and the mixture was 

N
Ph PMP

Ph

IMeO
Ph2NPMP+

I

MeO DMSO

✖

I
N
Me

N
Me

Ph2NPMP (20 mol%)
K2HPO4 (2.0 equiv.)

DMSO–H2O (10:1, 0.2 M)
r.t., 16 h

blue LEDs
78%

Ac Ac

+
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shaken vigorously. The layers were separated and the aqueous layer was extracted with 

EtOAc (10 mL x 2). The combined organic layers were dried (MgSO4), filtered and 

evaporated. The crude was solubilised in CDCl3 (0.6 mL) and analysed by 1H NMR 

spectroscopy to determine the 1H NMR yield. 
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3.4 Emission Quenching (Stern-Volmer) Studies 

Stern-Volmer experiments were carried out monitoring the emission intensity of argon-

degassed solutions of 4CzIPN (2 x 10–5 M) containing variable amounts of the quencher 

in dry DMSO. The kq are reported in Scheme 2D of the article.  

 

 
Figure S5. 
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3.5 Experiments with Sub-stoichiometric Amounts of n-Bu3N 

To gain insights on the a-aminoalkyl radical-initiated radical-chain process, we run 

reactions with sub-stoichiometric amounts of n-Bu3N. The reactions were run using 

K2HPO4 in place of TMG as the base to avoid the presence of the EDA reactivity (see 

section 3.3). 

 

 
 

These experiments were performed according to GP1. 

 

Table S3. 

Entry n–Bu3N (equiv.) Yield (%) 

1 2.0 60 

2 0.2 65 

3 0.05 43 

4 – – 

 

In theory, every molecule of n-Bu3N could lead to the XAT-activation of up to 3 

molecules of aryl iodide, which give a maximum yield of 15%. The good reaction 

performance in the presence of 5 mol% n-Bu3N (entry 3) supports the presence of a 

radical-chain process initiated by the a-aminoalkyl radicals. 

I
N
Me

N
Me

2
(50 equiv.)

4CzIPN (5 mol%)
n-Bu3N (x equiv.), K2HPO4 (2.0 equiv.)

DMSO–H2O (10:1, 0.1 M), r.t., 16 h
blue LEDs

1
(1.0 equiv.)

Ac Ac
3

+
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3.6 Evaluating the Presence of Photoactive Poly-pyrroles 

Recently, Zheng and co-workers3 reported the activation of aryl halides via 

photoinduced disproportionation of pyrroles. They described that commercial samples 

of N-methylpyrrole contain visible light-absorbing oligomers that, upon irradiation, are 

responsible for the formation of highly reducing [N-methylpyrrole]•–, which can reduce 

aryl halides. This means that under blue light irradiation C–H arylation can occur in the 

absence of an external photocatalyst.  

To exclude this pathway under our reaction conditions we have run all reactions with 

distilled N-methylpyrrole. Furthermore, we have performed two reactions in parallel 

with and without photocatalyst and monitored them every h for a total of 4 hours. p-

Methoxy-iodobenze 4 and K2HPO4 were used to exclude the intermediacy of the EDA 

initiated radical-chain propagation in the photocatalyst-free reaction. 

 

 
 

These experiments were performed according to GP1. 

 

n-Bu3N (2.0 equiv.)
K2HPO4 (2.0 equiv.)

DMSO–H2O (10:1, 0.1 M), r.t., 16 h
blue LEDs

conditions B

I
N
Me

N
Me

2
(50 equiv.)

4CzIPN (5 mol%)
n-Bu3N (2.0 equiv.)
K2HPO4 (2.0 equiv.)

DMSO–H2O (10:1, 0.1 M), r.t., 16 h
blue LEDs

conditions A

4
(1.0 equiv.)

MeO
MeO

+

5
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Figure S6. 

 

No product formation was observed in the absence of 4CzIPN which rules out the 

presence of a poly-pyrrole-based photochemical reactivity under our conditions. 
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4 Substrate Scope for the Radical C–H Arylation 

General Procedure for Radical C–H Arylation – GP2 

 
A dry tube equipped with a stirring bar was charged with the aryl halide (0.10 mmol, 

1.0 equiv.) and 4CzIPN (4 mg, 5 µmol, 5 mol%). The tube was capped with a Supelco 

aluminium crimp seal with septum (PTFE/butyl), evacuated and refilled with N2 (x 3). 

Degassed DMSO–H2O (10:1) (1.0 mL, 0.1 M), n-Bu3N (48 µL, 0.2 mmol, 2.0 equiv.), 

1,1,3,3-tetramethylguanidine (25 µL, 0.2 mmol, 2.0 equiv.) and the pyrrole (5.0 mmol, 

50.0 equiv.) were sequentially added. The blue LEDs were turned on and the mixture 

was stirred under irradiation for 16 h at room temperature. Brine (5 mL) and EtOAc (5 

mL) were added and the mixture was shaken vigorously. The layers were separated and 

the aqueous layer was extracted with EtOAc (10 mL x 2). The combined organic layers 

were dried (MgSO4), filtered and evaporated. Purification by flash column 

chromatography on silica gel gave the products. 

 

1-(4-(1-Methyl-1H-pyrrol-2-yl)phenyl)ethan-1-one (3) 

 
Following GP2, 4-iodoacetophenone (25 mg, 0.10 mmol) and N-Me-pyrrole (444 µL, 

5.0 mmol, 50.0 equiv.) gave 3 (15 mg, 73%) as a solid. 1H NMR (300 MHz, CDCl3) δ 

8.09–7.88 (2H, m), 7.61–7.42 (2H, m), 6.85–6.71 (1H, m), 6.36 (1H, dd, J = 3.7, 1.8 

Hz), 6.24 (1H, dd, J = 3.6, 2.7 Hz), 3.73 (3H, s), 2.63 (3H, s). Data in accordance with 

the literature.4  

 

1-Methyl-2-(4-nitrophenyl)-1H-pyrrole (5)  

 
Following GP2, 4-iodoanisole (24 mg, 0.10 mmol) and N-Me-pyrrole (444 µL, 5.0 

mmol, 50.0 equiv.) gave 5 (11 mg, 58%) as a solid. 1H NMR (600 MHz, CDCl3) d 7.31 

(2H, d, J = 8.8 Hz), 6.93 (2H, d, J = 8.8 Hz), 6.68 (1H, m), 6.20–6.12 (1H, m), 3.83 

(3H, s), 3.62 (s, 3H). Data in accordance with the literature.5 

N
R

(50 equiv.)

4CzIPN (5 mol%)
n-Bu3N (2.0 equiv.), TMG (2.0 eq.)

DMSO–H2O (10:1, 0.1 M), r.t., 16 h
blue LEDs

(1.0 equiv.)

Ar
X

ArN
R

+
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Methyl 4-(1-methyl-1H-pyrrol-2-yl)benzoate (7)  

 
Following GP2, methyl 4-iodobenzoate (26 mg, 0.10 mmol) and N-Me-pyrrole (444 

µL, 5.0 mmol, 50.0 equiv.) gave 7 (9 mg, 42%) as a solid. 1H NMR (400 MHz, CDCl3) 

d 8.06 (2H, d, J = 8.0 Hz), 7.48 (2H, d, J = 8.0 Hz), 6.76 (1H, s), 6.35–6.33 (1H, m), 

6.23–6.22 (1H, m), 3.93 (3H, s), 3.71 (3H, s). Data in accordance with the literature.6 

 

4-(1-Methyl-1H-pyrrol-2-yl)benzonitrile (8)  

 
Following GP2, 4-iodobenzonitrile (23 mg, 0.10 mmol) and N-Me-pyrrole (444 µL, 

5.0 mmol, 50.0 equiv.) gave 8 (13 mg, 71%) as a solid. 1H NMR (400 MHz, CDCl3) δ 

7.69 (2H, d, J = 8.2 Hz), 7.53 (2H, d, J = 8.2 Hz), 6.81 (1H, s), 6.41–6.34 (1H, m), 6.26 

(1H, t, J = 3.1 Hz), 3.74 (3H, s). Data in accordance with the literature.7 

Following GP2, 4-bromobenzonitrile (18.2 mg, 0.10 mmol) and N-Me-pyrrole (444 

µL, 5.0 mmol, 50.0 equiv.) gave 8 (10 mg, 54%) as a solid. 

Following GP2, 4-chlorobenzonitrile (13.7 mg, 0.10 mmol) and N-Me-pyrrole (444 

µL, 5.0 mmol, 50.0 equiv.) gave 8 (6 mg, 33%) as a solid. 

 

4-(1-Methyl-1H-pyrrol-2-yl)benzaldehyde (9)  

 
Following GP2, 4-iodobenzaldehyde (23 mg, 0.10 mmol) and N-Me-pyrrole (444 µL, 

5.0 mmol, 50.0 equiv.)  gave 9 (13 mg, 67%) as a solid. 1H NMR (300 MHz, CDCl3) d 

10.01 (1H, s), 7.94–7.85 (2H, m), 7.62–7.53 (2H, m), 6.83–6.76 (1H, m), 6.40 (1H, dd, 

J = 3.7, 1.8 Hz), 6.25 (1H, dd, J = 3.7, 2.7 Hz), 3.74 (3H, s). Data in accordance with 

the literature.8 

Following GP2, 4-bromobenzaldehyde (18 mg, 0.10 mmol) and N-Me-pyrrole (444 

µL, 5.0 mmol, 50.0 equiv.) gave 9 (8 mg, 42%) as a solid. 

Following GP2, 4-chlorobenzaldehyde (14 mg, 0.10 mmol) and N-Me-pyrrole (444 µL, 

5.0 mmol, 50.0 equiv.) gave 9 (8 mg, 42%) as a solid. 
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1-Methyl-2-(4-nitrophenyl)-1H-pyrrole (10)  

 
Following GP2, 1-iodo-4-nitrobenzene (25 mg, 0.10 mmol) and N-Me-pyrrole (444 

µL, 5.0 mmol, 50.0 equiv.) gave 10 (15 mg, 70%) as a solid. 1H NMR (400 MHz, 

CDCl3) δ 8.26 (2H, d, J = 8.6 Hz), 7.55 (2H, d, J = 8.6 Hz), 6.82 (1H, m), 6.42 (1H, 

dd, J = 3.4, 1.7 Hz), 6.25 (1H, t, J = 3.4 Hz), 3.75 (3H, s). Data in accordance with the 

literature.9 

Following GP2, 1-bromo-4-nitrobenzene (20 mg, 0.10 mmol) and N-Me-pyrrole (444 

µL, 5.0 mmol, 50.0 equiv.) gave 10 (3 mg, 14%) as a solid. 

 

2-(4-Fluorophenyl)-1-methyl-1H-pyrrole (11) 

 
Following GP2, 4-fluoroiodobenzene (12 µL, 0.10 mmol) and N-Me-pyrrole (444 µL, 

5.0 mmol, 50.0 equiv.) gave 11 (10 mg, 54%) as a solid. 1H NMR (600 MHz, CDCl3) 

d 7.38 (2H, dd, J = 8.8, 5.4 Hz), 7.11 (2H, dd, J = 8.7, 8.7 Hz), 6.73 (1H, t, J = 4.5 Hz), 

6.20–6.17 (m, 2H), 3.62 (3H, s). Data in accordance with the literature.5 

 

1-Methyl-2-phenyl-1H-pyrrole (12)  

 
Following GP2, iodobenzene (11 µL, 0.10 mmol) and N-Me-pyrrole (444 µL, 5.0 

mmol, 50.0 equiv.) gave 12 (9 mg, 55%) as a solid. 1H NMR (600 MHz, CDCl3) d 

7.42–7.3 (4H, m), 7.32–7.26 (1H, m), 6.73 (1H, t, J = 4.5 Hz), 6.24 (1H, dd, J = 3.6, 

1.8 Hz), 6.18 (1H, dd, J = 3.6, 2.7 Hz), 3.03 (3 H, s). Data in accordance with the 

literature.5 

 
1-Methyl-2-(p-tolyl)-1H-pyrrole (13)  

 
Following GP2, 4-iodotoluene (22 mg, 0.10 mmol) and N-Me-pyrrole (444 µL, 5.0 

mmol, 50.0 equiv.) gave 13 (9 mg, 48%) as an oil. 1H NMR (400 MHz, CDCl3) δ 7.32 
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(2H, d, J = 8.0 Hz), 7.23 (2H, d, J = 8.0 Hz), 6.72 (1H, t, J = 2.0 Hz), 6.21 (2H, d, J = 

2.4 Hz), 3.67 (3H, s), 2.40 (3H, s). Data in accordance with the literature.6 
 

4-(1-Methylpyrrol-2-yl)phenylamine (14)  

 
Following GP2, 4-iodoaniline (22 mg, 0.10 mmol) and N-Me-pyrrole (444 µL, 5.0 

mmol, 50.0 equiv.) gave 14 (11 mg, 63%) as an oil. 1H NMR (400 MHz, CDCl3) δ 7.21 

(2H, d, J = 8.1 Hz), 6.73 (, 2Hd, J = 8.1 Hz), 6.69 (1H, m), 6.19 (1H, m), 6.14 (1H, m), 

3.75 (2H, br s), 3.63 (3H, s). Data in accordance with the literature.10 

 

3-(1-Methyl-1H-pyrrol-2-yl)benzonitrile (15)  

 
Following GP2, 3-iodobenzonitrile (23 mg, 0.10 mmol) and N-Me-pyrrole (444 µL, 

5.0 mmol, 50.0 equiv.) gave 15 (14 mg, 77%) as a solid. 1H NMR (500 MHz, CDCl3) 

δ 7.67 (1H, td, J = 1.7, 0.6 Hz), 7.62 (1H, ddd, J = 7.8, 1.8, 1.3 Hz), 7.56 (1H, dt, J = 

7.7, 1.3 Hz), 7.50 (1H, td, J = 7.8, 0.6 Hz),  6.76 (1H, dd, J = 2.5, 1.9 Hz), 6.28 (1H, 

dd, J = 3.6,1.7 Hz), 6.22 (1H, J = 3.6, 2.7 Hz), 3.68 (3H, s). Data in accordance with 

the literature.11 

 

2-(3,5-Bis(trifluoromethyl)phenyl)-1-methyl-1H-pyrrole (16)  

 
Following GP2, 1-iodo-3,5-bis(trifluoromethyl)benzene (18 µL, 0.10 mmol) and N-

Me-pyrrole (444 µL, 5.0 mmol, 50.0 equiv.) gave 16 (20 mg, 67%) as an oil. 1H NMR 

(300 MHz, CDCl3) d 7.86 (2H, s), 7.81 (1H, s), 6.82 (1H, dd, J = 2.4, 2.0 Hz), 6.39 

(1H, dd, J = 3.7, 1.8 Hz), 6.27 (1H, dd, J = 3.7, 2.7 Hz), 3.73 (3H, s). Data in accordance 

with the literature.8 
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1-Methyl-2-(m-tolyl)-1H-pyrrole (17)  

 
Following GP2, 3-iodotoluene (14 µL, 0.10 mmol) and N-Me-pyrrole (444 µL, 5.0 

mmol, 50.0 equiv.) gave 17 (9 mg, 48%) as an oil. 1H NMR (400 MHz, CDCl3) 1H 

NMR (400 MHz, CDCl3) δ 7.32–7.29 (1H, m), 7.25–7.22 (2H, m), 7.14 (1H, d, J = 8.0 

Hz), 6.73 (1H, t, J = 2.0 Hz), 6.24–6.21 (2H, m), 3.68 (3H, s), 2.41 (3H, s). Data in 

accordance with the literature.6 

 

2-(3-Methoxyphenyl)-1-methyl-1H-pyrrole (18)  

 
Following GP2, 3-iodoanisole (12 µL, 0.10 mmol) and N-Me-pyrrole (444 µL, 5.0 

mmol, 50.0 equiv.) gave 18 (9 mg, 49%) as an oil. 1H NMR (600 MHz, CDCl3) d 7.30 

(1H, m),  6.98 (1H, ddd, J = 7.6, 1.6, 1.0 Hz), 6.94 (1H, dd, J = 2.5, 1.5 Hz), 6.84 (1H, 

ddd, J = 8.3, 2.6, 1.0 Hz), 6.70 (1H, t, J = 4.5 Hz), 6.22 (1H, d, J = 3.6 Hz), 6.19 (1H, 

d, J = 3.4 Hz), 3.83 (3H, s), 3.66 (3H, s). Data in accordance with the literature.5 

 

1-Methyl-2-(o-tolyl)-1H-pyrrole (19)  

 
Following GP2, 2-iodotoluene (13 µL, 0.10 mmol) and N-Me-pyrrole (444 µL, 5.0 

mmol, 50.0 equiv.) gave 19 (15 mg, 38%) as an oil. 1H NMR (400 MHz, DMSO-d6) δ 

7.31–7.18 (4H, m), 6.80 (1H, s), 6.06 (s, 1H), 5.95 (s, 1H), 3.35 (s, 3H), 2.13 (s, 3H). 

Data in accordance with the literature.12 

 

2-(2-Fluorophenyl)-1-methyl-1H-pyrrole (20)  

 
Following GP2, 2-fluoroiodobenzene (12 µL, 0.10 mmol) and N-Me-pyrrole (444 µL, 

5.0 mmol, 50.0 equiv.) gave 20 (14 mg, 80%) as an oil. 1H NMR (400 MHz, CDCl3) δ 

7.38–7.32 (2H, m), 7.19–7.12 (2H, m), 6.78 (1H, t, J = 2.0 Hz), 6.25 (2H, d, J = 2.0 

Hz), 3.58 (3H, s). Data in accordance with the literature.6 
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1-Methyl-2-(naphthalen-1-yl)-1H-pyrrole (21)  

 
Following GP2, 1-iodonaphtalene (15 µL, 0.10 mmol) and N-Me-pyrrole (444 µL, 5.0 

mmol, 50.0 equiv.) gave 21 (9 mg, 40%) as an oil. 1H NMR (400 MHz, CDCl3) δ 7.93–

7.85 (2H, m), 7.76–7.70 (1H, m), 7.55–7.42 (4H, m), 6.86–6.80 (1H, m), 6.34–6.30 

(1H, m), 6.27 (1H, dd, J = 3.5, 1.8 Hz), 3.40 (3H, s). Data in accordance with the 

literature.13 

 

1-Methyl-2-(naphthalen-2-yl)-1H-pyrrole (22)  

 
Following GP2, 2-iodonaphtalene (25 mg, 0.10 mmol) and N-Me-pyrrole (444 µL, 5.0 

mmol, 50.0 equiv.) gave 22 (12 mg, 57%) as a solid. 1H NMR (400 MHz, CDCl3) δ 

8.07–8.00 (4H, m), 7.77 (1H, d, J = 7.8 Hz), 7.71–7.62 (2H, m), 6.94 (1H, m), 6.61 

(1H, m), 6.50 (1H, m), 3.86 (3H, s). Data in accordance with the literature.14 

 

 

2-(1-Methyl-1H-pyrrol-2-yl)pyrazine (23)  

 
Following GP2, iodopyrazine (9.9 µL, 0.10 mmol) and N-Me-pyrrole (444 µL, 5.0 

mmol, 50.0 equiv.) gave 23 (10 mg, 65%) as an oil. 1H NMR (400 MHz, CDCl3) δ 8.84 

(1H, br s), 8.45 (1H, br s), 8.29 (1H, br ), 6.80 (1H, m), 6.72 (1H, d, J = 4.3 Hz), 6.22 

(1H, t, J = 3.6 Hz), 4.00 (3H, s). Data in accordance with the literature.15 

 

4-(1-Methyl-1H-pyrrol-2-yl)pyridine (24) 

 
Following GP2, 4-iodopyridine (20.5 mg, 0.10 mmol) and N-Me-pyrrole (444 µL, 5.0 

mmol, 50.0 equiv.) gave 24 (12 mg, 73%) as an oil. 1H NMR (200 MHz, CDCl3) δ 8.56 

(2H, d, J = 4.7 Hz), 7.39 (2H, d, J = 4.7 Hz, 2H), 6.78 (1H, dd, J = 3.2, 1.7 Hz), 6.43 

(1H, dd, J =3.6, 1.7 Hz), 6.22 (1H, dd, J = 3.6, 3.2 Hz), 3.75 (3H, s). Data in accordance 

with the literature.16 
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Following GP2 but with 3.0 equiv. of TMG (38 µL, 0.30 mmol), 4-bromopyridine 

hydrochloride (19 mg, 0.10 mmol) and N-Me-pyrrole (444 µL, 5.0 mmol, 50.0 equiv.) 

gave 24 (6 mg, 37%) as an oil. 

Following GP2 but with 3 equiv. of TMG (38 µL, 0.30 mmol), 4-chloropyridine 

hydrochloride (15 mg, 0.10 mmol) and N-Me-pyrrole (444 µL, 5.0 mmol, 50.0 equiv.) 

gave 24 (4 mg, 24%) as an oil. 

 

1-Methyl-2-(thiophen-2-yl)-1H-pyrrole (25)  

 
Following GP2, 2-iodothiophene (11 µL, 0.10 mmol) and N-Me-pyrrole (444 µL, 5.0 

mmol, 50.0 equiv.) gave 25 (11 mg, 67%) as an oil. 1H NMR (400 MHz, CDCl3) δ 7.53 

(2H, d, J = 8.4 Hz), 7.28 (2H, d, J = 8.4 Hz), 6.74 (1H, t, J = 2.4 Hz), 6.25–6.21(1H, 

m), 6.21–6.20 (1H, m), 3.66 (3H, s). Data in accordance with the literature.6 

 
1-(5-(1-Methyl-1H-pyrrol-2-yl)thiophen-2-yl)ethan-1-one (26)  

 
Following GP2, 2-acetyl-5-iodothiophene (25 mg, 0.10 mmol) and N-Me-pyrrole (444 

µL, 5.0 mmol, 50.0 equiv.) gave 26 (14 mg, 64%) as a solid. 1H NMR (400 MHz, 

CDCl3) δ 7.62 (1H, d, J = 4.0 Hz), 7.06 (1H, d, J = 4.0 Hz), 6.77–6.72 (1H, m), 6.51 

(1H, dd, J = 3.8, 1.8 Hz), 6.18 (1H, dd, J = 3.8, 2.7 Hz, 1H), 3.81 (3H, s), 2.55 (3H, s). 

Data in accordance with the literature.13 

 

2-(3-Bromophenyl)-1-methyl-1H-pyrrole (27)  

 
Following GP2, 3-bromoiodobenzene (13 µL, 0.10 mmol) and N-Me-pyrrole (444 µL, 

5.0 mmol, 50.0 equiv.) gave 27 (18 mg, 75%) as an oil. 1H NMR (400 MHz, CDCl3) δ 

7.55 (1H, d, J = 1.6 Hz), 7.42 (1H, d, J = 1.6 Hz), 7.40–7.31(1H, m), 7.24–7.22 (1H, 

m), 6.71 (1H, t, J = 2.0 Hz), 6.24–6.18 (2H, m), 3.65 (3H, s). Data in accordance with 

the literature.6 
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2-(4-Bromophenyl)-1-methyl-1H-pyrrole (28)  

 
Following GP2, 4-bromoiodobenzene (28 mg, 0.10 mmol) and N-Me-pyrrole (444 µL, 

5.0 mmol, 50.0 equiv.) gave 28 (16 mg, 65%) as an oil. 1H NMR (400 MHz, CDCl3) δ 

7.53 (2H, d, J = 8.4 Hz), 7.28 (2H, d, J = 8.4 Hz), 6.74 (1H, t, J = 2.4 Hz), 6.25–

6.21(1H, m), 6.21–6.20 (1H, m), 3.66 (3H, s). Data in accordance with the literature.6 

 

2-(2-Chlorophenyl)-1-methyl-1H-pyrrole (29)  

 
Following GP2, 1-chloro-2-iodobenzene (12 µL, 0.10 mmol) and N-Me-pyrrole (444 

µL, 5.0 mmol, 50.0 equiv.) gave 29 (9 mg, 70%) as an oil. 1H NMR (400 MHz, CDCl3) 

δ 7.48–7.46 (1H, m), 7.37–7.30 (3H, m), 6.75 (1H, m), 6.25-6.17 (2H, m), 3.49 (3H, s). 

Data in accordance with the literature. 6 

 

2-Chloro-4-(1-methyl-1H-pyrrol-2-yl)pyridine (30)  

 
Following GP2, 4-bromo-2-chloropyridine (11 µL, 0.10 mmol) and N-Me-pyrrole (444 

µL, 5.0 mmol, 50.0 equiv.) gave 30 (9 mg, 44%) as a solid. 1H NMR (400 MHz, CDCl3) 

δ 8.26 (1H, d, J = 5.1 Hz), 7.26 (1H, s), 7.18 (1H, d, J = 5.1 Hz), 6.72 (1H, s), 6.38 (1H, 

s), 6.15 (1H, s), 3.68 (3H, s). Data in accordance with the literature.17 

 

3-(1-Methyl-1H-pyrrol-2-yl)pyridine (31)  

 
Following GP2, 3-bromopyridine (9.7 µL, 0.10 mmol) and N-Me-pyrrole (444 µL, 5.0 

mmol, 50.0 equiv.) gave 31 (6 mg, 38%) as an oil. 1H NMR (400 MHz, CDCl3) δ 8.69 

(1H, d, J = 1.8 Hz), 8.53 (1H, dd, J = 4.8, 1.5 Hz), 7.74–7.66 (1H, m), 7.36–7.28 (1H, 

m), 6.81–6.72 (1H, m), 6.30 (1H, dd, J = 3.6, 1.8 Hz), 6.25-6.18 (1H, m), 3.68 (3H, s). 

Data in accordance with the literature.13 

Following GP2, 3-chloropyridine (9.6 µL, 0.10 mmol) gave 31 (3 mg, 15%) as an oil. 
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2-(1-Methyl-1H-pyrrol-2-yl)benzonitrile (32)  

 
Following GP2, 2-iodobenzonitrile (23 mg, 0.10 mmol) and N-Me-pyrrole (444 µL, 

5.0 mmol, 50.0 equiv.) gave 32 (12 mg, 65%) as a solid. 1H NMR (400 MHz, CDCl3) 

δ 7.77 (1H, d, J = 7.7 Hz), 7.63 (1H, t, J = 7.7 Hz), 7.49–7.42 (2H, m), 6.82 (1H, m), 

6.50–6.36 (1H, m), 6.28 (1H t, J = 2.9 Hz), 3.64 (3H, s). Data in accordance with the 

literature.7 

 

2-(1H-Pyrrol-2-yl)benzonitrile (33)  

 
Following GP2, 2-iodobenzonitrile (22.9 mg, 0.10 mmol) and pyrrole (345 µL, 50.0 

equiv., 5.0 mmol) gave 33 (12 mg, 71%) as a solid. 1H NMR (400 MHz, CDCl3) d 9.21 

(1H, br s), 7.70–7.59 (2H, m), 7.59–7.49 (1H, m), 7.31–7.18 (1H, m), 7.01–6.93 (1H, 

m), 6.89–6.80 (1H, m), 6.40–6.31 (1H, m). Data in accordance with the literature.8 

 

2-(3,5-Dimethyl-1H-pyrrol-2-yl)benzonitrile (34)  

 
Following GP2, 2-iodobenzonitrile (23 mg, 0.1 mmol) and 2,4-dimethylpyrrole (515 

µL, 50.0 equiv., 5.0 mmol) gave 34 (15 mg, 75%) as a solid. 1H NMR (400 MHz, 

DMSO-d6): δ 10.76 (1H, s), 7.83 (1H, dd, J = 7.8, 0.9 Hz), 7.69 (1H, td, J = 7.8, 1.4 

Hz), 7.52–7.35 (2H, m), 5.74 (1H, d, J = 2.2 Hz), 2.19 (3H, s), 2.00 (3H, s). Data in 

accordance with the literature.4 

 

2-(4-Ethyl-3,5-dimethyl-1H-pyrrol-2-yl)benzonitrile (35)  

 
Following GP2, 2-iodobenzonitrile (23 mg, 0.10 mmol) and 3-ethyl-2,4-

dimethylpyrrole (675 µL, 50.0 equiv., 5.0 mmol) gave 35 (17 mg, 76%) as a solid. 1H 

NMR (400 MHz, DMSO-d6) δ 10.58 (1H, s), 7.82 (1H, dd, J = 7.8, 1.2 Hz), 7.67 (1H, 

td, J = 7.7, 1.4 Hz), 7.44 (1H, d, J = 7.9 Hz), 7.39 (1H, td, J = 7.6, 1.1 Hz), 2.35 (2H, 
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q, J = 7.5 Hz), 2.16 (3H, s), 1.96 (3H, s), 1.03 (3H, t, J = 7.5 Hz). Data in accordance 

with the literature.4 

 

1-(2-Iodobenzyl)-1H-pyrrole (36) 

 
To a solution of pyrrole (94 µL, 1.35 mmol) in DMF (7 mL) was added NaOH (218 

mg, 5.45 mmol, 4.0 equiv.) at 0 °C. The mixture was stirred for 10 min then 2-

iodobenzyl bromide (400 mg, 1.35 mmol, 1.0 equiv.) was added and the reaction was 

allowed to stir at room temperature for 36 h. The mixture was diluted with Et2O (10 

mL) and NH4Cl sat. (10 mL). The layers were separated and the aqueous layer was 

extracted with Et2O (2 x 10 mL). The combined organic layers were washed with 

NH4Cl sat. and brine, dried (MgSO4), filtered and evaporated. The crude material was 

purified by flash column chromatography eluting with petrol–Et2O (0% ̈  10%) to give 

36 (342 mg, 90%) as an oil. 1H NMR (CDCl3, 500 MHz) δ 7.84 (1H, dd, J = 7.9, 1.2 

Hz), 7.29–7.23 (2H, m), 6.97 (1H, td, J = 7.6, 1.7 Hz), 6.71 (2H, t, J = 2.1 Hz), 6.64 

(1H, dd, J = 7.8, 1.7 Hz), 6.23 (2H, t, J = 2.1 Hz), 5.08 (2H, s). Data in accordance with 

the literature.18 

 

5H-Pyrrolo[2,1-a]isoindole (37)  

 
Following GP2, 1-(2-iodobenzyl)-1H-pyrrole (28 mg, 0.10 mmol) gave 37 (6 mg, 36%) 

as a solid. 1H NMR (400 MHz, CDCl3) δ 7.48 (1H, d, J = 7.6 Hz), 7.38–7.29 (2H, m), 

7.15 (1H, t, J = 7.5 Hz), 6.99–6.93 (1H, m), 6.38–6.33 (1H, m), 6.32–6.27 (1H, m), 

4.93 (2H, s). Data in accordance with the literature.19 
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5 Substrate Scope for the Radical Phosphonylation  

General Procedure – GP3 

 
A dry tube equipped with a stirring bar was charged with the aryl halide (0.10 mmol, 

1.0 equiv.) and 4CzIPN (4 mg, 5.0 µmol, 5 mol%). The tube was capped with a Supelco 

aluminium crimp seal with septum (PTFE/butyl), evacuated and refilled with N2 (x 3). 

Degassed DMSO–H2O (10:1) (1.0 mL, 0.1 M), n-Bu3N (48 µL, 0.20 mmol, 2.0 equiv.), 

1,1,3,3-tetramethylguanidine (25 µL, 0.20 mmol, 2.0 equiv.) and P(OEt)3 (257 µL, 1.5 

mmol, 15.0 equiv.)  were sequentially added and the mixture was stirred in front of blue 

LEDs for 16 h at room temperature. Brine (5 mL) and EtOAc (5 mL) were added and 

the mixture was shaken. The aqueous layer was extracted with EtOAc (x 2), the 

combined organic layers were dried (MgSO4), filtered and evaporated. Purification by 

flash column chromatography on silica gel gave the products. 

 
Diethyl Phenylphosphonate (40)  

 
Following GP3, iodobenzene (11.7 µL, 0.1 mmol) and P(OEt)3 (258 µL, 15.0 equiv., 

1.5 mmol) gave 40 (21 mg, 99%) as an oil. 1H NMR (400 MHz, CDCl3) δ 7.74 (2H, 

dd, J = 13.3, 6.9 Hz), 7.48 (1H, t, J = 7.3 Hz), 7.39 (2H, td, J = 7.6, 4.2 Hz), 4.15–3.99 

(4H, m), 1.25 (6H, t, J = 7.1 Hz). Data in accordance with the literature.20 

Following GP3, bromobenzene (10.7 µL, 0.1 mmol) and P(OEt)3 (258 µL, 15 equiv. 

1.5 mmol) gave 40 (13 mg, 60%) as an oil. 

Following GP3, chlorobenzene (10.1 µL, 0.1 mmol) and P(OEt)3 (258 µL, 15 equiv. 

1.5 mmol) gave 40 (3 mg, 12%) as an oil. 

 

Diethyl (4-Cyanophenyl)phosphonate (41)  

 
Following GP3, 4-iodobenzonitrile (22.9 mg, 0.1 mmol) and P(OEt)3 (258 µL, 15.0 

equiv., 1.5 mmol) gave 41 (12 mg, 49%) as an oil. 1H NMR (400 MHz, CDCl3) δ 

(15 equiv.)

4CzIPN (5 mol%)
n-Bu3N (2.0 equiv.)

TMG (2.0 eq.)

DMSO–H2O (10:1, 0.1 M)
r.t., 16 h

blue LEDs(1.0 equiv.)

Ar
X

Ar
P

+ OEt

O
OEt

P(OEt)3

Ph
P

OEt

O
OEt
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7.95–7.87 (2H, m), 7.77–7.72 (2H, m), 4.24–4.05 (4H, m), 1.33 (6H, t, J = 7.1 Hz). 

Data in accordance with the literature.8  

Following GP3, 4-bromobenzonitrile (18.2 mg, 0.1 mmol) and P(OEt)3 (258 µL, 15.0 

equiv., 1.5 mmol) gave 41 (9 mg, 35%) as an oil. 

Following GP3, 4-chlorobenzonitrile (13.8 mg, 0.1 mmol) and P(OEt)3 (258 µL, 15.0 

equiv., 1.5 mmol) gave 41 (9 mg, 36%) as an oil. 

 
Diethyl (4-Acetylphenyl)phosphonate (42)  

 
Following GP3, 4-iodoacetophenone (22.9 mg, 0.1 mmol) and P(OEt)3 (258 µL, 15.0 

equiv., 1.5 mmol) gave 42 (24 mg, 98%) as an oil. 1H NMR (400 MHz, CDCl3) δ 

8.01–7.86 (2H, m), 7.91–7.87 (2H, m), 4.18–4.04 (4H, m), 2.61 (3H, s), 1.30 (6H, t, J 

= 7.0 Hz). Data in accordance with the literature.21 

Following GP3, 4-bromoacetophenone (19.9 mg, 0.1 mmol) and triethyl phosphite 

(258 µL, 15.0 equiv., 1.5 mmol) gave 43 (8 mg, 30%) as an oil. 

 

Diethyl (4-Methoxyphenyl)phosphonate (43)  

 
Following GP3, 4-iodoanisole (23.4 mg, 0.1 mmol) and P(OEt)3 (258 µL, 15.0 equiv., 

1.5 mmol) gave 43 (9 mg, 35%) as an oil. 1H NMR (400 MHz, CDCl3) δ 7.67 (2H, dd, 

J = 12.8, 8.7 Hz), 6.89 (2H, dd, J = 8.6, 3.3 Hz), 4.14–4.00 (4H, m), 3.77 (3H, s), 1.24 

(6H, t, J = 7.1 Hz). Data in accordance with the literature.20  

 

Dimethyl Phenylphosphonate (44)  

 
Following GP3, iodobenzene (11.7 µL, 0.1 mmol) and P(OMe)3 (177 µL, 15.0 equiv., 

1.5 mmol) gave 44 (20 mg, 90%) as an oil. 1H NMR (400 MHz, CDCl3) δ 7.79–7.74 

(2H, m), 7.56–7.52 (1H, m), 7.47–7.42 (2H, m), 3.73 (6H, d, J = 11.1 Hz). Data in 

accordance with the literature.22 
 

 

Ac

P
OEt

O
OEt

P
OMe

O
OMe
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Diisopropyl Phenylphosphonate (45)  

 
Following GP3, iodobenzene (11.7 µL, 0.1 mmol) and P(Oi-Pr)3 (370 µL, 15.0 equiv., 

1.5 mmol) gave 45 (23 mg, 95%) as an oil. 1H NMR (400 MHz, CDCl3) δ 7.82 – 7.76 

(2H, m), 7.52–7.48 (1H, m), 7.44–7.40 (2H, m), 4.70–4.62 (2H, m), 1.34 (6H, d, J = 

6.2 Hz), 1.20 (6H, d, J = 6.2 Hz). Data in accordance with the literature.22 

 
  

 

  

P
Oi-Pr

O
Oi-Pr
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6 Cyclic Voltammetry  

6.1 General Experimental Details 

Cyclic voltammetry was conducted on an EmStat (PalmSens) potentiostat using a 3-

electrode cell configuration. A glassy carbon working electrode was employed 

alongside a platinum wire counter electrode and a Ag/AgCl reference electrode. All the 

solutions were degassed by bubbling N2 prior to measurements. 10 mM solutions of the 

desired compounds were freshly prepared in dry acetonitrile along with 0.1 M of (n-

Bu4N)(PF6) as supporting electrolyte and were examined at a scan rate of 0.1 V s–1. 

Ferrocene (E1/2 = +0.42 V vs SCE)23 was added at the end of the measurements as an 

internal standard to determine the precise potential scale. Potential values are given 

versus the saturated calomel electrode (SCE). Irreversible waves were obtained in all 

cases; therefore, the potentials were estimated at half the maximum current.24 

 

6.2 Redox Potentials 

Table S4. 

Entry Substrate Ered (V vs SCE) 

1 
 

–1.64 

2 
 

–2.17 

 

Table S5. 

Entry Substrate Eox (V vs SCE) 

1 n-Bu3N 0.71 

2 TMG 1.07 

3 

 

1.03 

 

Ac

I

1

MeO

I

4

2

N
Me
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6.3 Cyclic Voltammograms 

Table S6. 

Substrate Cyclic Voltammogram 

 

 

 

 

Ac

I

1

MeO

I

4
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n-Bu3N 

 

TMG 

 

 

 
 

2

N
Me
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7 Quantum Yield Determination  

7.1 General Experimental Details  

The quantum yield of the photochemical reactions was determined at 298 K following 

procedures described in literature.25 Degassed reaction tubes were irradiated using as 

the light source Blue LEDs plates (λmax = 444 nm) for 1 min. The yield of products was 

determined by 1H NMR spectroscopy; in all cases the conversion was lower than 10%. 

The photon flux of the blue LEDs used was determined by standard ferrioxalate 

actinometry.26 

 

7.2 Quantum Yield Determination  

 

 
 

We believe the low quantum yield obtained for this reaction suggests the presence of a 

short-lived radical chain-propagation27 or alternatively an inefficient initiation of the 

radical chain.28 

 

Intermittent Irradiation Experiments 

To obtain evidences supporting an inefficient initiation process as the likely explanation 

for the low quantum yield observed we have run some intermittent irradiation 

experiments.28 

The reaction shown below was subjected to short “light on–off” cycles (1 min each) 

and periodically monitored by 1H NMR spectroscopy. 
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After 5 on–off cycles, 3% product formation was observed and the signals for 4CzIPN 

disappeared suggesting a decomposition process (at the moment we do not know how 

4CzIPN might decompose under these conditions) (Figure S7). After another 10 on–

off cycles, only 2% more of product was observed. The intermittent illumination was 

continued for other 50 cycles without any change in the reaction profile.  

A control reaction under continuous irradiation was also performed and delivered 11% 

and 36% of product after 20 min and 60 min of irradiation respectively. 

 

 
Figure S7. 

 

These results support the possibility of an inefficient initiation step being responsible 

for the low quantum yield. 
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8 Comparison of XAT Reactions Energy Profiles  

We have not been able to locate the transition state for the XAT reactions on Ph–I with the 

various a-N, a-O and a-S-alkyl radicals arising from the addition to N-Me-pyrrole, furan and 

thiophene.  

However, we have conducted determined the DGº for the individual XAT reactions. As shown 

in Figure S8, the one with pyrrole is by far the easiest which agrees with our proposed 

mechanistic analysis. 

 

 
 

 
Figure S8. 

 

A B C

XPh

I

+
XPh+

+ I–
XPh

+
I

A1 → B1 = 8.1 kcal mol–1

B1 → C1 = –12.4 kcal mol–1

A2 → B2 = 26.3 kcal mol–1

B2 → C2 = –10.3 kcal mol–1

A3 → B3 = 29.0 kcal mol–1

B3 → C3 = –7.5 kcal mol–1

X = NMe

X = O

X = S

A1, B1, C1

A2, B2, C2

A3, B3, C2
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9 Computational Studies  

9.1 Computational Methods  

Density functional theory (DFT)29 calculations were performed using Gaussian 09 

(revision E.01)30 and the Gaussview31 was used to generate input geometries and 

visualize output structures. Geometry optimizations and frequency calculations for the 

calculation of reaction energies were performed using the B3LYP functional32–35 and 

an atom-pairwise dispersion correction (D3)36,37 with a flexible triplet zeta basis set 

(def2-TZVP).38 For comparative purpose and to model solvation effect, the calculations 

were carried out in DMSO as solvent at the same level of theory, by applying the most 

commonly used integral equation formalism (IEF) version of polarized continuum 

model (PCM).39,40 For calculation of electronic properties of radicals, global and local 

electrophilicity index, B3LYP functional32–35 was used and the geometries of studied 

radicals were optimized at the UB3LYP/6-311+G(d,p) level of theory, followed by 

frequency calculations at the same level.41 The computed Hirshfeld charges on the 

radicals were also calculated at the same level of theory.42 All stationary points were 

characterized as minima based on normal vibrational mode analysis. Thermal 

corrections were computed from unscaled frequencies, assuming a standard state of 

298.15 K and 1 atm. 
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9.2 Electronic Properties of Radicals 

DFT Method: UB3LYP/6-311+G(d,p) 

Entry Radical 

Ionization 

Potential 

(IP, eV) 

Electron 

affinity 

(EA, 

eV) 

Electronegativity 

(c, eV) 

Electronic 

Chemical 

Potential 

(µ, eV) 

Chemical 

Hardness 

(η, eV) 

Chemical 

Softness 

(S, meV) 

Global 

Electrophilicity 

Index 

(ω, eV) 

Local 

Electrophilicity 

Index 

(ω+
rc, eV) 

Hirshfeld 

Charge 

1 
 

5.41 -0.95 2.23 -2.23 6.36 157.30 0.39 0.13 -0.0432 

2 

 

5.89 0.27 3.08 -3.08 5.62 177.87 0.84 0.15 -0.0368 

3 

 

5.73 -0.15 2.79 -2.79 5.88 170.01 0.66 0.16 -0.0389 

4 

 

5.99 0.24 3.12 -3.12 5.75 173.92 0.85 0.17 -0.0302 

5 

 

6.51 -0.01 3.25 -3.25 6.52 153.31 0.81 0.26 -0.0213 

n-Pr N(n-Bu)2

N
MeAc

N
Me

N
Me

CN

O
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6 

 

6.81 0.40 3.60 -3.60 6.40 156.15 1.01 0.26 -0.0120 

7 

 

6.55 0.32 3.43 -3.43 6.23 160.45 0.94 0.30 -0.0119 

8 

 

6.65 0.49 3.57 -3.57 6.15 162.51 1.04 0.32 -0.0121 

O

CN

S

S

CN



 

 SI-38 

Computed Energies [values are in Hartree] 

Entry Species 
Total 

Electronic 
Energy 

Sum of 
Electronic 

and Zero-point 
Energies 

Sum of 
Electronic 

and Thermal 
Enthalpies 

Gibbs Free 
Energy 

1 
 

-527.7944891 -527.433485 -527.414559 -527.482521 

2 

 

-633.9035981 -633.667107 -633.652006 -633.709951 

3 

 

-481.2127423 -481.013307 -481.001826 -481.050913 

4 

 

-573.478742 -573.280569 -573.267290 -573.320746 

5 

 

-461.7612287 -461.601850 -461.592112 -461.637664 

6 

 

-554.0267894 -553.868680 -553.857213 -553.906494 

7 

 

-784.7472348 -784.590794 -784.580572 -784.627214 

8 

 

-877.0091731 -876.854098 -876.842152 -876.892366 

 

  

n-Pr N(n-Bu)2

N
MeAc

N
Me

N
Me

CN

O

O

CN

S

S

CN
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Optimized Structures and Cartesian Coordinates 
Entry Species Optimized Structure 

1 
 

 
Cartesian Coordinates 
C                  0.62661700   -1.22517200   -0.48093500 
 N                 -0.27220500   -0.27531300    0.00205700 
 C                 -1.56932100   -0.15119400   -0.65966200 
 H                 -1.57261500   -0.80440200   -1.53695700 
 H                 -1.69830200    0.87065600   -1.04191200 
 C                 -2.74948800   -0.51109400    0.25234500 
 H                 -2.72875500    0.12550600    1.14523200 
 H                 -2.61695700   -1.54036000    0.60475800 
 C                  0.22497500    0.92046500    0.67809500 
 H                 -0.62480600    1.40061400    1.17415600 
 H                  0.90897700    0.61515300    1.47541400 
 C                  1.87778900   -1.55619800    0.27486000 
 H                  1.64264200   -1.90348600    1.29895300 
 H                  2.50562200   -0.66427900    0.40961200 
 C                  0.92877900    1.93608100   -0.23916900 
 H                  0.24098000    2.24900700   -1.03393200 
 H                  1.76727000    1.43885900   -0.73891400 
 H                  0.15777500   -2.02473600   -1.04565000 
 C                 -4.10638500   -0.36778400   -0.44608000 
 H                 -4.11982700   -0.99796600   -1.34399600 
 H                 -4.22695200    0.66406400   -0.79866200 
 C                 -5.28940200   -0.73962200    0.45253200 
 H                 -6.24121000   -0.63028800   -0.07470500 
 H                 -5.21555200   -1.77696900    0.79348600 
 H                 -5.32692500   -0.10205600    1.34146900 
 C                  1.42780000    3.16918100    0.52099400 
 H                  0.58117500    3.65581600    1.02167100 
 H                  2.10924700    2.85085500    1.31975500 
 C                  2.13913000    4.18619700   -0.37640300 
 H                  2.48269600    5.05234000    0.19615800 
 H                  3.01273600    3.74093900   -0.86244100 
 H                  1.47370300    4.55175600   -1.16484400 
 C                  2.71336100   -2.63634400   -0.42655700 
 H                  2.10294100   -3.53928800   -0.54719600 
 H                  2.95872600   -2.29521200   -1.43832500 
 C                  3.99874100   -2.98742000    0.32712200 
 H                  4.57013400   -3.75846800   -0.19736900 
 H                  4.64629500   -2.11123000    0.43467400 
 H                  3.78084200   -3.36222300    1.33231000 

2 

 

 
Cartesian Coordinates 
C                  2.01798900    0.70210000   -0.00061300 
 C                  2.62720400    0.80502300   -1.38151900 
 N                  2.82216800   -0.36977700    0.61441500 
 C                  3.74699000   -0.00291400   -1.43396200 
 C                  3.89032800   -0.66669000   -0.21452600 
 H                  4.40237400   -0.13263500   -2.28326600 
 H                  4.64137800   -1.37839500    0.09303500 

n-Pr N(n-Bu)2

N
MeAc
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 C                  2.89307700   -0.47457700    2.05695300 
 H                  1.88677100   -0.55621300    2.47388500 
 H                  3.44766800   -1.37404400    2.33030700 
 H                  3.39130600    0.39477200    2.51351900 
 H                  2.22880200    1.44029600   -2.15744600 
 H                  2.18155800    1.64185200    0.56521900 
 C                  0.52008200    0.42093700    0.01321900 
 C                 -0.38590800    1.44271500    0.30089400 
 C                  0.02526400   -0.85045500   -0.30474200 
 C                 -1.75903300    1.20823200    0.26656300 
 H                 -0.01598500    2.43061700    0.55726000 
 C                 -1.34006500   -1.08931400   -0.33092800 
 H                  0.72430500   -1.64889000   -0.52573800 
 C                 -2.25420200   -0.06219200   -0.04820700 
 H                 -2.43713300    2.02167200    0.49482700 
 H                 -1.72953900   -2.07097600   -0.57182100 
 C                 -3.71988900   -0.37362300   -0.09124100 
 O                 -4.10943300   -1.49466300   -0.36266300 
 C                 -4.71445900    0.73313700    0.21038400 
 H                 -4.56351700    1.13019300    1.21852100 
 H                 -4.60007000    1.56481900   -0.49092500 
 H                 -5.72189200    0.32840700    0.12937400 

3 

 
 

Cartesian Coordinates 
C                 -0.84282000   -0.17255200    0.67290100 
 C                 -1.48478400   -1.53161700    0.50847700 
 N                 -1.72077000    0.68367500   -0.14879000 
 C                 -2.67831700   -1.38172800   -0.17128700 
 C                 -2.84124500   -0.03902300   -0.51884400 
 H                 -3.37250900   -2.16940500   -0.42736200 
 H                 -3.64339900    0.43355700   -1.06538100 
 C                 -1.74514000    2.11254700    0.07982800 
 H                 -0.73350300    2.51720500    0.00324400 
 H                 -2.36292900    2.59366400   -0.68084600 
 H                 -2.14978300    2.36944500    1.07150800 
 H                 -1.05556200   -2.43896900    0.90474900 
 H                 -0.91506400    0.15846800    1.72953600 
 C                  0.62744400   -0.09202700    0.27740800 
 C                  1.61621600    0.03035700    1.25521700 
 C                  1.01102700   -0.17596800   -1.06514100 
 C                  2.96667300    0.06235200    0.90435200 
 H                  1.32856700    0.10302200    2.29984700 
 C                  2.35649400   -0.13561500   -1.41908300 
 H                  0.24677200   -0.26884200   -1.82859200 
 C                  3.33964700   -0.01898000   -0.43469200 
 H                  3.72304800    0.15705400    1.67576600 
 H                  2.64106500   -0.19785600   -2.46386400 
 H                  4.38751100    0.01044900   -0.71189000 

4 

 

 
Cartesian Coordinates 
C                  0.92943500    0.47018500   -0.06740100 
 C                  1.51266900    0.62878900   -1.45540800 
 N                  1.96147700   -0.32773900    0.61966600 
 C                  2.79245000    0.10811400   -1.45824100 
 C                  3.07795000   -0.41643000   -0.19748300 
 H                  3.46959200    0.08458800   -2.30001900 
 H                  3.97710400   -0.89776800    0.15606600 

N
Me

N
Me

CN
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 C                  2.05889400   -0.26828800    2.06556400 
 H                  1.10253800   -0.54550800    2.51481300 
 H                  2.81351200   -0.97855800    2.40832300 
 H                  2.33475200    0.73505200    2.42297400 
 H                  0.98720300    1.10928700   -2.26602500 
 H                  0.84184700    1.45358500    0.42972700 
 C                 -0.44595100   -0.19111900   -0.05077500 
 C                 -1.62486400    0.57469200    0.03100700 
 C                 -0.56681100   -1.57689000   -0.16896400 
 C                 -2.88605700   -0.04413900   -0.01215900 
 C                 -1.81515000   -2.18976900   -0.20405500 
 H                  0.33756900   -2.17031600   -0.22869500 
 C                 -2.97936300   -1.42334100   -0.12840800 
 H                 -3.77765700    0.56758100    0.05138400 
 H                 -1.88202200   -3.26833400   -0.29257800 
 H                 -3.95252500   -1.89886800   -0.15764300 
 C                 -1.57074700    2.00088600    0.16027300 
 N                 -1.55385600    3.15247100    0.26290200 

5 

 
 

Cartesian Coordinates 
C                  1.01287300   -0.74597700    0.17440500 
 C                  1.86242200   -0.05192000    1.20393600 
 O                  1.70868100   -0.46310900   -1.08902500 
 C                  2.94564300    0.51619300    0.55584700 
 H                  1.63346000   -0.03726800    2.25818100 
 C                  2.82939900    0.25223300   -0.79902800 
 H                  3.74972400    1.07887000    1.00741700 
 H                  3.44915700    0.52579500   -1.63796100 
 H                  1.03765200   -1.83950200    0.29060700 
 C                 -0.43813000   -0.31149400    0.08494700 
 C                 -1.45819700   -1.26368700    0.09413100 
 C                 -0.77356900    1.04354400   -0.00762700 
 C                 -2.79563300   -0.87384600    0.01777200 
 H                 -1.20581400   -2.31734800    0.15977600 
 C                 -2.10590900    1.43479900   -0.09288300 
 H                  0.01338200    1.78949500   -0.01122000 
 C                 -3.12117600    0.47647900   -0.07744700 
 H                 -3.57867100   -1.62378800    0.02864800 
 H                 -2.35538400    2.48743900   -0.16785800 
 H                 -4.15929700    0.78322600   -0.13971600 

6 

 

 
Cartesian Coordinates 
C                 -1.11038800    0.34382300   -0.43244800 
 C                 -1.81393300    0.81214900    0.81760100 
 O                 -2.00299600   -0.66185500   -0.98103400 
 C                 -3.01277900    0.12768400    0.90453800 
 H                 -1.42463600    1.57190400    1.47650000 
 C                 -3.10577800   -0.73128300   -0.17642700 
 H                 -3.76167800    0.23132400    1.67587900 
 H                 -3.86958100   -1.42786100   -0.48141400 
 H                 -1.03396300    1.14494000   -1.18199500 
 C                  0.27510800   -0.24190800   -0.20017100 
 C                  1.38855400    0.61079000   -0.06247400 
 C                  0.47435700   -1.61692600   -0.09206600 
 C                  2.66470200    0.08419800    0.18835800 
 C                  1.74323900   -2.13707700    0.15304900 
 H                 -0.37258500   -2.27870400   -0.21526600 
 C                  2.84025400   -1.28891500    0.29635600 
 H                  3.50476700    0.76006700    0.29108300 
 H                  1.87528700   -3.21041500    0.22917200 

O

O

CN



 

 SI-42 

 H                  3.82689700   -1.69419800    0.48617400 
 C                  1.23625800    2.03037600   -0.17193300 
 N                  1.11455600    3.17718800   -0.25402300 

7 

 
 

Cartesian Coordinates 
C                  0.76124500   -0.45898800    0.64647900 
 C                  1.53475600    0.68180700    1.25293700 
 C                  2.70726600    1.00932700    0.61264800 
 H                  1.15563800    1.17842400    2.13667100 
 C                  2.99636700    0.24515900   -0.51845500 
 H                  3.36393700    1.80362200    0.94817900 
 H                  3.85017400    0.34409100   -1.17189300 
 H                  0.77979600   -1.33139800    1.31022400 
 C                 -0.68489800   -0.16467800    0.29657000 
 C                 -1.68867400   -1.07305800    0.64227700 
 C                 -1.04103700    1.01173700   -0.37300500 
 C                 -3.02310800   -0.81485500    0.32853000 
 H                 -1.42564300   -1.98915100    1.16189600 
 C                 -2.37125800    1.27219800   -0.68570000 
 H                 -0.26919000    1.72194400   -0.64835400 
 C                 -3.36759600    0.35893600   -0.33634800 
 H                 -3.78988600   -1.53004500    0.60474300 
 H                 -2.63303500    2.18833600   -1.20346500 
 H                 -4.40387500    0.56312700   -0.58101800 
 S                  1.77710700   -0.95965300   -0.85953700 

8 

 

 
Cartesian Coordinates 
C                  0.70518600   -0.99908900    0.39975700 
 C                  1.50886400   -0.27506700    1.44733900 
 C                  2.73913400    0.17783700    1.02981900 
 H                  1.11827300   -0.16699000    2.45070700 
 C                  3.02870200   -0.05174500   -0.31222500 
 H                  3.43007900    0.69889300    1.68134100 
 H                  3.91217700    0.25357100   -0.85216100 
 H                  0.67191200   -2.07072600    0.62980500 
 C                 -0.73070300   -0.54887100    0.20307000 
 C                 -1.74645600   -1.50665300    0.24770500 
 C                 -1.10152900    0.79512300   -0.01851300 
 C                 -3.08650400   -1.16210900    0.08557000 
 H                 -1.47845700   -2.54445100    0.41416300 
 C                 -2.45179200    1.14045800   -0.17949900 
 C                 -3.44186900    0.16668400   -0.12788200 
 H                 -3.84887500   -1.93157900    0.12616400 
 H                 -2.70978300    2.17886600   -0.34753400 
 H                 -4.48109200    0.44543700   -0.25490400 
 S                  1.73487400   -0.86260700   -1.16476000 
 C                 -0.14236500    1.85692300   -0.09887700 
 N                  0.56339600    2.76825000   -0.18128800 

 

S

S

CN
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9.3 Reaction Energies (DGº)  

DFT Method: B3LYP-D3/def2-TZVP [solvent: DMSO, values are in Kcal mol–1] 

Entry Reaction   DG 

1 

 

8.1 

2 

 

-12.4 

3 
 

-12.5 

4 

 

26.3 

5 
 

-10.3 

6 

 

29.0 

7 
 

-7.5 

8 
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Computed Energies [values are in Hartree] 

Entry Species 
Total 

Electronic 
Energy 

Sum of 
Electronic 

and Zero-point 
Energies 

Sum of 
Electronic 

and Thermal 
Enthalpies 

Gibbs Free 
Energy 

1 

 

-481.2882338 -481.088470 -481.076992 -481.126063 

2  -529.5451257 -529.455249 -529.448427 -529.486987 
3  -528.5313195 -528.155647 -528.137231 -528.202577 

4 

 

-480.7374963 -480.546020 -480.535277 -480.581465 

5  -231.6555749 -231.568454 -231.563134 -231.596490 

6  -826.9963739 -826.603619 -826.582681 -826.657460 

7 

 

-461.8329 -461.673296   -461.663586 -461.708945 

8 

 

-461.2764966 -461.125862 -461.116685 -461.160939 

9 

 

-784.8150757 -784.658346 -784.648165 -784.694669 

10 

 

-784.2552308 -784.107650 -784.098105 -784.142310 

11 

 

-634.0065281 -633.769590 -633.754539 -633.812542 

12 

 
-682.2619762 -682.134991 -682.124607 -682.172056 

13 

 
-633.4565404 -633.227775 -633.213515 -633.268439 

14 
 

-384.3724134 -384.247903 -384.239205 -384.281257 

15 

 

-779.1643514 -778.960429 -778.946926 -779.003707 

N
Me

PhI
n-Bu3N

N
Me

Ph
n-Bu3NH+ I-

O

O

S

S

N
MeAc

Ac

I

N
MeAc

Ac

N
Me

I
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16 

 

-759.6749764 -759.511434 -759.500247 -759.550608 

17 

 

-1082.658983 -1082.498824 -1082.487033 -
1082.538952 

18 

 

-825.7770994 -825.409988 -825.389445 -825.462680 

19 
 

-527.8792386 -527.516855 -527.498354 -527.564408 

 

O

I

S

I

N

I
Bu

Bu

N
Bu

Bu
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Optimized Structures and Cartesian Coordinates 
Entry Species Optimized Structure 

1 

 

 
Cartesian Coordinates 
C                 -0.84208300   -0.36979900    0.60940000 
 C                 -1.45487300   -1.62288900    0.03161900 
 N                 -1.73112900    0.67528500    0.08515600 
 C                 -2.63506000   -1.28750900   -0.60142700 
 C                 -2.81836600    0.09225400   -0.52415000 
 H                 -3.30682900   -1.96628100   -1.10502800 
 H                 -3.62194400    0.69861800   -0.91020900 
 C                 -1.75587400    1.97830100    0.70481900 
 H                 -0.74818000    2.39591000    0.72590100 
 H                 -2.39335900    2.64659100    0.12698300 
 H                 -2.13441700    1.93610300    1.73508400 
 H                 -1.01394100   -2.59983000    0.14475100 
 H                 -0.91133400   -0.37588900    1.71402800 
 C                  0.62105300   -0.15859300    0.25041000 
 C                  1.62175300   -0.48867200    1.16193600 
 C                  0.98543000    0.32354800   -1.00693500 
 C                  2.96517500   -0.35033800    0.82281000 
 H                  1.34916900   -0.85342300    2.14587900 
 C                  2.32508800    0.47171400   -1.34582600 
 H                  0.21071900    0.58936500   -1.71522000 
 C                  3.32067500    0.13114200   -0.43261100 
 H                  3.73188300   -0.61117900    1.54183800 
 H                  2.59423300    0.85253100   -2.32340200 
 H                  4.36440600    0.24552600   -0.69695900 

2  

 
Cartesian Coordinates 
I                  2.92864432    0.37369519   -0.18216464 
 C                  0.80776032    0.37367519   -0.18216464 
 C                  0.12510832    1.58530619   -0.18215464 
 C                  0.12510132   -0.83791681   -0.18217264 
 C                 -1.26709768    1.57693719   -0.18217364 
 H                  0.66201632    2.52364819   -0.18215864 
 C                 -1.26713468   -0.82952981   -0.18215664 
 H                  0.66195932   -1.77628781   -0.18217664 
 C                 -1.96489968    0.37370019   -0.18216364 
 H                 -1.80207268    2.51814219   -0.18217464 
 H                 -1.80208768   -1.77074581   -0.18215564 
 H                 -3.04706768    0.37372919   -0.18216764 

3  

 
Cartesian Coordinates 

N
Me

PhI

n-Bu3N
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C                 -1.64115908   -0.36164684   -0.08815116 
 N                 -0.46748508    0.32068616    0.46106484 
 C                  0.59394692   -0.60565284    0.86415384 
 H                  0.14483792   -1.32914784    1.55103084 
 H                  1.33137192   -0.05240684    1.45098184 
 C                  1.32063192   -1.36834284   -0.25232816 
 H                  1.82184692   -0.66222784   -0.92181916 
 H                  0.59376892   -1.91365984   -0.86283216 
 C                 -0.02001708    1.41672116   -0.39972216 
 H                  0.31576792    1.04736516   -1.38467316 
 H                 -0.88525108    2.05261416   -0.59722216 
 C                 -2.94726808    0.40274516    0.12375984 
 H                 -2.89234808    1.38741816   -0.34942616 
 H                 -3.07842508    0.57928316    1.19609084 
 C                  1.07856592    2.28404316    0.20797284 
 H                  2.00578392    1.71141816    0.30274984 
 H                  0.78387192    2.57373816    1.22196284 
 H                 -1.72826608   -1.33108684    0.40954984 
 H                 -1.51949008   -0.57751884   -1.16344616 
 C                 -4.15975408   -0.34492384   -0.43049516 
 H                 -4.22127708   -1.33269184    0.03887384 
 H                 -4.01552408   -0.52402584   -1.50122416 
 C                 -5.47166708    0.40641116   -0.21195916 
 H                 -5.44805108    1.38458516   -0.69939916 
 H                 -6.32202508   -0.14734484   -0.61543516 
 H                 -5.65513808    0.57189116    0.85283784 
 C                  2.35417992   -2.34950484    0.29931284 
 H                  1.85468892   -3.06549484    0.96077084 
 H                  3.07061692   -1.80501484    0.92390584 
 C                  3.10402492   -3.10455284   -0.79666516 
 H                  3.83265292   -3.80177984   -0.37744416 
 H                  2.41213092   -3.67773984   -1.41938616 
 H                  3.64102792   -2.41237284   -1.45055616 
 C                  1.35736492    3.53459616   -0.62528416 
 H                  0.44234992    4.13152016   -0.69950116 
 H                  1.61342092    3.23779816   -1.64789116 
 C                  2.48136992    4.39202916   -0.04665516 
 H                  3.41669092    3.82859016    0.00412684 
 H                  2.65954992    5.28161816   -0.65433616 
 H                  2.23895692    4.72236716    0.96681184 

4 

 

 
Cartesian Coordinates 
C                  0.60229400   -0.17962600    0.04723900 
 C                  1.24225900    0.95041300    0.57544800 
 C                  1.40283700   -1.19747300   -0.49259800 
 C                  2.62736600    1.06288200    0.55187500 
 H                  0.65781800    1.73694500    1.03246200 
 C                  2.78714000   -1.08930100   -0.50409000 
 H                  0.92778000   -2.07315500   -0.91591100 
 C                  3.40766500    0.04487400    0.01287600 
 H                  3.09807800    1.94495000    0.96793000 
 H                  3.38273600   -1.88804600   -0.92841000 
 H                  4.48644600    0.13315500   -0.00274600 
 C                 -0.85224500   -0.35345500    0.08628100 
 C                 -1.56452700   -1.50624400    0.37862000 
 N                 -1.77473500    0.64659600   -0.16035400 
 C                 -2.94292700   -1.19534800    0.31585400 
 H                 -1.12267900   -2.45520800    0.63599100 
 C                 -3.03824400    0.13550400   -0.02300700 
 H                 -3.76985300   -1.86220200    0.49833100 
 H                 -3.90080600    0.75815400   -0.19246600 
 C                 -1.50625600    2.01066600   -0.58979700 
 H                 -0.61577500    2.03707800   -1.21371400 
 H                 -2.35238500    2.36802200   -1.17290700 
 H                 -1.36039700    2.67678000    0.26172200 

N
Me
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5  

 
Cartesian Coordinates 
C                 -0.00001100   -1.39124300   -0.00000400 
 C                  1.22327700   -0.77038400    0.00004400 
 C                 -1.22327000   -0.77040100   -0.00003600 
 C                  1.21064900    0.63037200   -0.00003100 
 H                  2.15712100   -1.31877500    0.00001200 
 C                 -1.21063600    0.63040000    0.00003300 
 H                 -2.15714700   -1.31873400   -0.00003000 
 C                 -0.00000700    1.31936900    0.00000000 
 H                  2.14811300    1.17351100   -0.00005600 
 H                 -2.14812600    1.17349200    0.00004300 
 H                  0.00002400    2.40182100   -0.00000600 

6  

 
Cartesian Coordinates 
C                 -0.66222300    1.25516800    1.40377700 
 N                  0.77120100    1.53163300    1.00067100 
 C                  1.75090000    0.75840000    1.86099000 
 H                  1.50757000    1.01659900    2.89083200 
 H                  2.73808000    1.16041500    1.64493300 
 C                  1.71708200   -0.74610100    1.65380700 
 H                  1.93409900   -0.99338800    0.61270200 
 H                  0.72211700   -1.13906400    1.86962700 
 C                  0.98345500    1.35513400   -0.48810300 
 H                  0.63905400    0.35236400   -0.73644300 
 H                  0.31366700    2.06350700   -0.96926300 
 C                 -1.66013800    2.23216000    0.80418600 
 H                 -1.72135000    2.09803200   -0.27727500 
 H                 -1.33504300    3.26150100    0.98867800 
 C                  2.41214400    1.60427900   -0.94013300 
 H                  3.08280200    0.84379000   -0.53528900 
 H                  2.75952300    2.57313000   -0.56652700 
 H                 -0.68285400    1.30970700    2.49151100 
 H                 -0.88520800    0.23620700    1.09480600 
 H                  0.94580400    2.51702100    1.20629200 
 I                 -1.56915100   -1.84083300   -1.06485000 
 C                  2.74202400   -1.43571500    2.55766900 
 H                  2.53399500   -1.18119000    3.60134700 
 H                  3.74033200   -1.04640300    2.33563500 
 C                  2.73193900   -2.95285500    2.38627500 
 H                  2.96583500   -3.23217400    1.35625300 
 H                  3.46775900   -3.42664700    3.03820000 
 H                  1.75077900   -3.36746300    2.62905700 
 C                  2.50454600    1.58283200   -2.46793300 
 H                  1.85241800    2.35794300   -2.88095000 
 H                  2.12257000    0.62623300   -2.83698600 
 C                  3.93301000    1.79194600   -2.96457200 
 H                  4.59668700    1.00910600   -2.58975300 
 H                  3.97615600    1.77428300   -4.05482800 
 H                  4.32797700    2.75371100   -2.62835500 
 C                 -3.05133700    2.01955000    1.40645900 
 H                 -3.00377700    2.16873600    2.48926600 
 H                 -3.35447200    0.98049200    1.24696800 
 C                 -4.09290200    2.95715200    0.80075900 

Ph

n-Bu3NH+ I-



 

 SI-49 

 H                 -4.18218100    2.79898000   -0.27661000 
 H                 -5.07550300    2.79259700    1.24609900 
 H                 -3.82122700    4.00300600    0.96332600 

7 

 

 
Cartesian Coordinates 
C                  1.01056000   -0.79126000   -0.10123400 
 C                  1.81799500   -0.48364300    1.12719400 
 O                  1.72990600   -0.08727800   -1.16790700 
 C                  2.88599300    0.30713300    0.75323200 
 H                  1.56092700   -0.83773700    2.11160000 
 C                  2.81470400    0.52253100   -0.60993900 
 H                  3.65360600    0.70565400    1.39830200 
 H                  3.44447000    1.08545100   -1.27863700 
 H                  1.03679300   -1.85792400   -0.35841900 
 C                 -0.43309500   -0.33691400   -0.05726100 
 C                 -1.46864300   -1.26570200   -0.10520600 
 C                 -0.73801900    1.02054600    0.05663100 
 C                 -2.79564300   -0.84770300   -0.03366600 
 H                 -1.23917700   -2.32062500   -0.20035900 
 C                 -2.06000100    1.44064900    0.11608400 
 H                  0.06613000    1.74494000    0.09552500 
 C                 -3.09336900    0.50567000    0.07439500 
 H                 -3.59343200   -1.57887700   -0.06950600 
 H                 -2.28740500    2.49609500    0.19883200 
 H                 -4.12405300    0.83340000    0.12454400 

8 

 

 
Cartesian Coordinates 
C                  0.43854900    0.05818500    0.00007900 
 C                  1.10275200   -1.17624700    0.00010600 
 C                  1.20696500    1.23187400   -0.00002700 
 C                  2.49078300   -1.23188600    0.00006600 
 H                  0.52734600   -2.09171000    0.00016200 
 C                  2.59245400    1.17011600   -0.00006900 
 H                  0.71755900    2.19705700   -0.00008100 
 C                  3.24348700   -0.06181400   -0.00001700 
 H                  2.98579200   -2.19493300    0.00009700 
 H                  3.16765200    2.08742500   -0.00014100 
 H                  4.32490600   -0.10759100   -0.00005300 
 C                 -1.01432500    0.13027000    0.00010000 
 C                 -1.90433700    1.16760200    0.00001100 
 O                 -1.70718200   -1.05210500   -0.00032200 
 C                 -3.21114200    0.59364000    0.00007300 
 H                 -1.66263600    2.21673900    0.00002600 
 C                 -3.03506700   -0.75127300    0.00007000 
 H                 -4.15323100    1.11581200    0.00014100 
 H                 -3.71063900   -1.58876300    0.00007700 

9 

 

 

O

O

S



 

 SI-50 

Cartesian Coordinates 
C                  0.76509900   -0.47190300    0.66871000 
 C                  1.54147900    0.67320500    1.25482600 
 C                  2.67972000    1.02296800    0.57521900 
 H                  1.17803100    1.16542800    2.14551200 
 C                  2.94803700    0.25748600   -0.55898600 
 H                  3.32894100    1.83270400    0.88250100 
 H                  3.77894800    0.37332100   -1.23707000 
 H                  0.77970300   -1.33598500    1.33973300 
 C                 -0.67550300   -0.16807800    0.31603100 
 C                 -1.68194000   -1.08164200    0.62479000 
 C                 -1.01729300    1.02072400   -0.33236700 
 C                 -3.00775600   -0.81498400    0.29340500 
 H                 -1.42824900   -2.00716400    1.12829300 
 C                 -2.33868500    1.28929600   -0.66369000 
 H                 -0.24038700    1.73473800   -0.57700800 
 C                 -3.33949500    0.37096300   -0.35171600 
 H                 -3.77892700   -1.53369200    0.54080900 
 H                 -2.59032500    2.21566100   -1.16480300 
 H                 -4.36982100    0.58091200   -0.60953900 
 S                  1.75625700   -0.97588300   -0.83786000 

10 

 

 
Cartesian Coordinates 
C                  1.07746083    0.12122117    0.00474500 
 C                  1.73106283   -1.08982083    0.27180700 
 C                  1.86281283    1.24666717   -0.28526000 
 C                  3.11736483   -1.17237383    0.24994800 
 H                  1.15154583   -1.97146583    0.51604300 
 C                  3.24859083    1.16406717   -0.29611900 
 H                  1.38319183    2.18773417   -0.52036400 
 C                  3.88423083   -0.04576483   -0.03068300 
 H                  3.59933283   -2.11857483    0.46135900 
 H                  3.83400583    2.04609917   -0.52367100 
 H                  4.96464583   -0.10973683   -0.04440300 
 C                 -0.38489817    0.22979217    0.02874900 
 C                 -1.14929317    1.34012017    0.29504300 
 C                 -2.54588317    1.09788417    0.22997200 
 H                 -0.72151317    2.29832417    0.55291800 
 C                 -2.84207417   -0.19633783   -0.08951600 
 H                 -3.29735317    1.85136917    0.41852600 
 H                 -3.81246417   -0.65189383   -0.20535300 
 S                 -1.41591717   -1.12918183   -0.31398300 

11 

 

 
Cartesian Coordinates 
C                  2.03167800    0.64048600    0.26967000 
 C                  2.60590200    1.24456000   -0.99026000 
 N                  2.80921100   -0.59634600    0.40147300 
 C                  3.67972100    0.47759900   -1.39629200 
 C                  3.82574000   -0.60095100   -0.52631100 
 H                  4.30186600    0.65493900   -2.26049900 
 H                  4.55364200   -1.39615300   -0.53738800 
 C                  2.87681200   -1.27363500    1.67505700 
 H                  1.86899600   -1.49021900    2.03214100 
 H                  3.41043500   -2.21624600    1.55982000 
 H                  3.39063500   -0.66946600    2.43451500 
 H                  2.21493300    2.13989000   -1.44504000 
 H                  2.23204300    1.28870600    1.14355800 
 C                  0.53017200    0.41459000    0.20652000 
 C                 -0.34169500    1.39073300    0.69323200 

S

N
MeAc



 

 SI-51 

 C                 -0.00258700   -0.73372100   -0.37638300 
 C                 -1.71281400    1.22674900    0.59105600 
 H                  0.06071800    2.28298300    1.15860500 
 C                 -1.37584300   -0.90585600   -0.47092900 
 H                  0.66754300   -1.49693100   -0.74974000 
 C                 -2.25228900    0.07444400    0.00840500 
 H                 -2.38619100    1.98385800    0.96950200 
 H                 -1.75803000   -1.81097400   -0.92213700 
 C                 -3.73463900   -0.06943000   -0.07482400 
 C                 -4.31130200   -1.32976400   -0.67522400 
 O                 -4.47281800    0.81317900    0.33512800 
 H                 -5.39677300   -1.27241000   -0.65372000 
 H                 -3.97376400   -1.45536500   -1.70606500 
 H                 -3.98112600   -2.20844000   -0.11719900 

12 

 
 

Cartesian Coordinates 
I                 -0.59563195    0.05279575    1.17709436 
 C                  1.51774005    0.09628675    1.17695936 
 C                  2.17926505    1.32259075    1.17688436 
 C                  2.22705205   -1.09941225    1.17698536 
 C                  3.56460505    1.34108175    1.17693036 
 H                  1.62474205    2.25046775    1.17679936 
 C                  3.61595705   -1.06464225    1.17695536 
 H                  1.71197505   -2.04945625    1.17703436 
 C                  4.30203405    0.15259675    1.17696336 
 H                  4.09247305    2.28493575    1.17692836 
 H                  4.15276305   -2.00276925    1.17693836 
 C                  5.79538005    0.22902775    1.17709136 
 C                  6.58927705   -1.05414825    1.17707736 
 H                  7.65051605   -0.81849125    1.17689736 
 H                  6.34979705   -1.65550325    2.05667936 
 H                  6.34949305   -1.65573925    0.29773836 
 O                  6.35982405    1.31044175    1.17725936 

13 

 

 
Cartesian Coordinates 
C                  4.47967953    6.04760489   -0.76846889 
 C                  5.17720097    4.84008319   -0.72573001 
 C                  5.17718514    7.25474990   -0.81130570 
 C                  6.57191289    4.83982576   -0.72514984 
 H                  4.62700792    3.88859162   -0.69118757 
 C                  6.57232301    7.25463029   -0.81172682 
 H                  4.62758785    8.20655072   -0.84517366 
 C                  7.26974433    6.04745434   -0.76852084 
 H                  7.12177576    3.88810652   -0.69083036 
 H                  7.12200802    8.20655009   -0.84592229 
 C                  2.93967953    6.04760489   -0.76846889 
 C                  2.03648919    7.11904684   -0.80639138 
 N                  2.21299831    4.86131322   -0.72645852 
 C                  0.71496360    6.56045241   -0.78643276 
 H                  2.28873909    8.17346190   -0.84373789 
 C                  0.85513709    5.16660155   -0.73709460 
 H                 -0.21780461    7.11398250   -0.80593264 
 H                  0.09623867    4.38569742   -0.70943790 
 C                  2.78543651    3.50820753   -0.67829725 
 H                  3.72901529    3.53784143   -0.17462977 
 H                  2.11963954    2.85784835   -0.15042669 
 H                  2.92432741    3.14401914   -1.67477913 
 C                  8.80974409    6.04681731   -0.76795050 
 C                  9.57900348    5.05287186    0.12194412 

Ac

I

N
MeAc



 

 SI-52 

 O                  9.42533542    6.84017403   -1.47825495 
 H                 10.51401196    5.48426025    0.41274163 
 H                  9.00031861    4.83399237    0.99493645 
 H                  9.75716529    4.14976448   -0.42354231 

14 
 

 
Cartesian Coordinates 
C                  2.57486800    0.13134700    0.00003000 
 C                  2.03991800   -1.13369700    0.00001100 
 C                  1.87078000    1.30730600   -0.00000400 
 C                  0.64899200   -1.21690800   -0.00007500 
 H                  2.65133700   -2.02705300    0.00000900 
 C                  0.47742800    1.19881400    0.00001100 
 H                  2.35082300    2.27746200    0.00001000 
 C                 -0.13907100   -0.05819900    0.00001100 
 H                  0.16078900   -2.18248500   -0.00009600 
 H                 -0.11228400    2.10533600   -0.00001500 
 C                 -1.62724600   -0.20856600    0.00000900 
 C                 -2.48578100    1.03295900   -0.00002900 
 H                 -3.53336100    0.74257000    0.00008800 
 H                 -2.27754000    1.64567000    0.87949000 
 H                 -2.27768800    1.64560000   -0.87961000 
 O                 -2.14017500   -1.31568000    0.00004300 

15 

 

 
Cartesian Coordinates 
C                 -1.49291736    1.97368192   -0.69015833 
 C                 -0.53584836    1.65146092    0.48242467 
 N                 -1.54255636    3.43954792   -0.68595333 
 C                 -0.33359936    2.92151092    1.16164467 
 C                 -0.86736636    3.90626692    0.40133367 
 H                  0.19934464    3.05188092    2.08744267 
 H                 -0.83257336    4.97160592    0.58443467 
 C                 -1.81928936    4.18683792   -1.88789833 
 H                 -2.75077736    3.83531392   -2.33543833 
 H                 -1.93765236    5.24174692   -1.63998633 
 H                 -1.01762136    4.09226692   -2.63063933 
 H                 -1.08982136    1.62719692   -1.64071033 
 C                 -2.85513236    1.33550092   -0.47666733 
 C                 -3.11794536    0.08588292   -1.03568233 
 C                 -3.83010936    1.94634292    0.30933367 
 C                 -4.33637436   -0.54518308   -0.81236633 
 H                 -2.36461136   -0.39550108   -1.64849033 
 C                 -5.04882736    1.31669492    0.53260467 
 H                 -3.63117936    2.91787992    0.74258167 
 C                 -5.30524636    0.06915892   -0.02688733 
 H                 -4.53025536   -1.51351808   -1.25629833 
 H                 -5.79945436    1.80076092    1.14487267 
 H                 -6.25580336   -0.41946908    0.14566567 
 H                 -0.81427836    0.78464792    1.06542467 
 I                  1.50289464    0.79589292   -0.33320333 

Ac

N
Me

I



 

 SI-53 

16 

 

 
Cartesian Coordinates 
C                  1.78018678    0.00261462    0.95982920 
 C                  0.83740878   -0.12305038   -0.26045280 
 O                  1.79110578    1.41664162    1.27790520 
 C                  0.68266878    1.27231462   -0.69912180 
 C                  1.22023478    2.06396262    0.23247820 
 H                  0.17072178    1.59163662   -1.59050080 
 H                  1.26360178    3.14172162    0.28233420 
 I                 -1.16010422   -1.04660438    0.28681720 
 H                  1.17730878   -0.83757938   -0.99964080 
 H                  1.39942378   -0.51200538    1.83875120 
 C                  3.17018978   -0.50200338    0.63013720 
 C                  3.38060878   -1.88134538    0.59780020 
 C                  4.22223478    0.35535962    0.32603720 
 C                  4.62503178   -2.39564438    0.25973420 
 H                  2.56599678   -2.55466438    0.83979420 
 C                  5.46939778   -0.16095738   -0.01184780 
 H                  4.06878978    1.42456562    0.36421520 
 C                  5.67410378   -1.53476738   -0.04824380 
 H                  4.77743778   -3.46737638    0.24172420 
 H                  6.28265578    0.51461262   -0.24555080 
 H                  6.64583678   -1.93383338   -0.30976980 

17 

 
 

Cartesian Coordinates 
C                 -0.03213101    1.36380457   -1.29332059 
 C                  0.89366599    1.32195157   -0.06656559 
 C                  1.10660199    2.67736057    0.44247241 
 H                  0.59483099    0.57509357    0.65914441 
 C                  0.76409999    3.64843857   -0.41638059 
 H                  1.55383099    2.86075557    1.40839841 
 H                  0.88489099    4.70947657   -0.25004759 
 H                  0.32196599    0.71842757   -2.09045659 
 C                 -1.45109401    0.96817957   -0.94193259 
 C                 -2.02804801   -0.12736843   -1.58248359 
 C                 -2.19017101    1.65164157    0.02748041 
 C                 -3.32034401   -0.53605543   -1.26323559 
 H                 -1.46536001   -0.66503343   -2.33611259 
 C                 -3.47722801    1.24301157    0.34853941 
 H                 -1.75732001    2.50768057    0.52882741 
 C                 -4.04737501    0.14681557   -0.29590959 
 H                 -3.75511401   -1.38689343   -1.77230959 
 H                 -4.03842801    1.78078457    1.10222741 
 H                 -5.05185201   -0.16938343   -0.04507459 
 S                  0.08447799    3.10692157   -1.92653259 
 I                  2.94788499    0.43811757   -0.64890059 

O

I

S

I



 

 SI-54 

18 

 

 
Cartesian Coordinates 
C                 -0.05461300    1.11188300    0.83346800 
 N                  0.95312000    0.37175500    0.53710000 
 C                  1.13223200   -0.93593000    1.21288800 
 H                  0.29241200   -1.05400600    1.89444800 
 H                  2.04223100   -0.87743700    1.80996700 
 C                  1.18941300   -2.11045800    0.24195500 
 H                  2.08653100   -2.04831700   -0.37841800 
 H                  0.32336100   -2.06597400   -0.42283700 
 C                  1.93465800    0.73329000   -0.50543100 
 H                  1.83846300   -0.00009500   -1.30640900 
 H                  1.65617600    1.69798200   -0.91606700 
 C                 -0.37123300    2.44246100    0.24836400 
 H                 -0.56575100    2.31412800   -0.82087800 
 H                  0.51153400    3.08580000    0.32439000 
 C                  3.36486100    0.78125300    0.02458500 
 H                  3.67152900   -0.20545200    0.37834800 
 H                  3.40688800    1.45785100    0.88274800 
 H                 -0.70386300    0.73478300    1.61271100 
 C                  1.19434400   -3.44140900    0.99499600 
 H                  0.29016100   -3.51225400    1.60716200 
 H                  2.04149600   -3.46505600    1.68764300 
 C                  1.26829400   -4.63817100    0.04939900 
 H                  2.18039600   -4.60758500   -0.55157700 
 H                  1.26274800   -5.57880800    0.60285100 
 H                  0.41761900   -4.64664800   -0.63610600 
 C                 -1.57054800    3.10491100    0.92801100 
 H                 -1.35716700    3.22553100    1.99371300 
 H                 -2.43027300    2.43549300    0.84784300 
 C                 -1.89928200    4.45905100    0.30788100 
 H                 -2.14319100    4.35514600   -0.75212800 
 H                 -2.75479000    4.91804600    0.80535400 
 H                 -1.05403500    5.14673600    0.39017600 
 C                  4.33816600    1.25024400   -1.05720000 
 H                  4.04092100    2.24376700   -1.40606600 
 H                  4.26509100    0.58286400   -1.92145100 
 C                  5.78082200    1.28939400   -0.55835900 
 H                  6.10984400    0.29917700   -0.23415400 
 H                  6.45952300    1.62811400   -1.34292900 
 H                  5.88313800    1.96938100    0.29082500 
 I                 -2.68463200   -0.65876500   -0.46268300 

19 
 

 
Cartesian Coordinates 
C                 -1.13730784   -0.89454655    0.46010264 
 N                  0.08807916   -0.27238355    0.68050464 

N

I
Bu

Bu

N
Bu

Bu



 

 SI-55 

 C                  1.18762016   -1.15526955    1.06629464 
 H                  0.78127816   -1.89177355    1.76342164 
 H                  1.92588016   -0.57732655    1.62561964 
 C                  1.87696416   -1.88039855   -0.09331236 
 H                  2.29739216   -1.14717855   -0.78918836 
 H                  1.12608916   -2.44814455   -0.65172536 
 C                  0.43406916    0.88326945   -0.14817336 
 H                  0.65403216    0.57057945   -1.18108836 
 H                 -0.44357584    1.52686245   -0.20122936 
 C                 -2.35621184   -0.11297155    0.08466164 
 H                 -2.23363384    0.37050945   -0.89219536 
 H                 -2.53102484    0.71353745    0.79671164 
 C                  1.60000616    1.70988245    0.38609264 
 H                  2.52765016    1.13211645    0.35095164 
 H                  1.41799416    1.95100545    1.43840264 
 H                 -1.28492384   -1.78523055    1.06217164 
 C                  2.98701716   -2.81358755    0.38508964 
 H                  2.56643916   -3.54818855    1.08025864 
 H                  3.72155216   -2.23677955    0.95736464 
 C                  3.68934116   -3.53963655   -0.76071336 
 H                  4.15089916   -2.82831055   -1.45046736 
 H                  4.47352516   -4.20421455   -0.39197936 
 H                  2.98060316   -4.14364455   -1.33311336 
 C                 -3.61119084   -0.98816255    0.03853964 
 H                 -3.75869084   -1.45678855    1.01702064 
 H                 -3.45061684   -1.80486855   -0.67223036 
 C                 -4.86484884   -0.20699855   -0.34857236 
 H                 -4.75393984    0.24805545   -1.33636436 
 H                 -5.74479084   -0.85303955   -0.37581536 
 H                 -5.06223484    0.59660745    0.36562764 
 C                  1.79581916    2.99929445   -0.41160236 
 H                  0.88270716    3.60109145   -0.35823936 
 H                  1.93878616    2.75130245   -1.46857536 
 C                  2.98210516    3.82390545    0.08364164 
 H                  3.91238216    3.25496245    0.00886864 
 H                  3.10223616    4.73939345   -0.49905436 
 H                  2.85112916    4.10846545    1.13083264 
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Radical hydroxymethylation of alkyl iodides using
formaldehyde as a C1 synthon†

Lewis Caiger, a Conar Sinton, a Timothée Constantin, a James J. Douglas,b

Nadeem S. Sheikh,c Fabio Juliá a and Daniele Leonori *a

Radical hydroxymethylation using formaldehyde as a C1 synthon is challenging due to the reversible and

endothermic nature of the addition process. Here we report a strategy that couples alkyl iodide building

blocks with formaldehyde through the use of photocatalysis and a phosphine additive. Halogen-atom

transfer (XAT) from a-aminoalkyl radicals is leveraged to convert the iodide into the corresponding

open-shell species, while its following addition to formaldehyde is rendered irreversible by trapping the

transient O-radical with PPh3. This event delivers a phosphoranyl radical that re-generates the alkyl

radical and provides the hydroxymethylated product.

Introduction

Hydroxymethyl motifs are frequently encountered in the core
structure of natural products and drugs and commonly used as
handles for further derivatisation (Scheme 1A).1 This structural
and practical relevancemakes the development of methods able
to introduce the “CH2OH” fragment onto advanced building
blocks impactful to the discovery and development of high-
value materials.2

Retrosynthetically, the most direct approach to achieve
programmable small-molecule hydroxymethylation is through
the formation of a sp3–sp3 C–C bond with an oxygenated C1
synthon.3 Within the realm of radical chemistry, a-hydrox-
ymethyl radicals, which are easily generated from MeOH via
HAT (H-atom transfer), have been successfully applied to the
functionalisation of Giese4 and Minisci5 acceptors (Scheme 1B,
path a). A signicantly less explored avenue is the development
of methodologies where C-radicals react with C1 SOMOphiles.6

Considering the three most atom-economic and abundant
oxygenated C1 synthons – CO2, CO and HCHO – CO is the
most used in radical strategies. Indeed, while radical
addition to CO2 is endothermic,7 reaction with CO is both
kinetically and thermodynamically facile and, as demonstrated
by the pioneering work of Ryu, also compatible for application
in radical chain propagations.8 This approach however,
provides the aldehyde as the product of the radical process and

thus requires a subsequent stoichiometric hydride reduction
step (Scheme 1B, path b).9

The difficulties in using formaldehyde as a C1 synthon for
radical hydroxymethylation (Scheme 1B, path c) come from the
reversible nature of the addition process.9a,10 According to our
computational studies, the reaction between cyclohexyl radicals
and HCHO (B) is kinetically accelerated compared to the reac-
tion with CO (A) but, crucially, endothermic with a later tran-
sition state character (as determined by comparison of the
respective d(C–C) values) (Scheme 1C).11 This means that the
back reaction, involving b-scission of the primary O-radical C, is
a fast process which hampers reaction development. Overall,
this mechanistic challenge has impacted the practical ways we
conduct hydroxymethylation with HCHO, which is generally
achieved using Grignard or organolithium reagents that might
limit functional group compatibility (Scheme 1B, path d).12

We have recently demonstrated that alkyl radicals can be
conveniently accessed from the corresponding halides using
halogen-atom transfer (XAT) with a-aminoalkyl radicals
(Scheme 1D).13 These open-shell species can be generated from
the corresponding amines by SET (single-electron transfer)
oxidation14 and deprotonation15 and display an abstracting
prole similar to that of tin radicals in the homolytic activation
of organic halides. This reactivity mode benets from a polar-
ised transition state13,16 with signicant charge-transfer char-
acter and can be used in redox-neutral photoredox manifolds
and also as an initiation mechanism in transformation based
on radical-chain propagations.13b

We recently became interested in benchmarking XAT reac-
tivity with the aim of enabling radical couplings between alkyl
halides and HCHO. Here we demonstrate the realisation of this
goal and report the development of a practical approach for
direct radical hydroxymethylation (Scheme 1E). The process
sequentially exploits XAT to generate an alkyl radical and then
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harnesses the ability of PPh3 to trap the resulting O-radical. This
approach effectively renders the radical addition to HCHO an
irreversible process. Crucially, the ensuing phosphoranyl
radical is able to sustain a radical chain propagation based on
XAT to give the hydroxymethylated product.

Results and discussion
Mechanistic considerations and reaction optimization

In approaching the development of a radical hydrox-
ymethylation reaction using HCHO as a C1 synthon, we initially
considered the utilisation of a reductive quenching photoredox
cycle (Scheme 2A). In principle, this manifold would enable the
generation of the key a-aminoalkyl radical (D/ E) for XAT with
the alkyl iodide (e.g. 4-iodo-N-Boc-piperidine 1). According to
our previous work, this step should be facile and provide radical
F along with the iminium iodide G. Addition of F to HCHO is
reversible making a potential SET reduction (followed by
protonation) of the O-radical H with the reduced photocatalyst
challenging. However, our interest was drawn by the fact that
this mechanism could potentially benet from radical-chain
reactivity where H undergoes polarity matched HAT (H-atom

transfer) with the amine D. Since O-radicals undergo related
HAT reactions at fast rates (�108 M�1 s�1)17 and the amine
would be used in excess, this step should provide 2 whilst
regenerating the chain-carrying a-aminoalkyl radical E.

We started our investigations using 1 as the iodide, 4CzIPN
as the photocatalyst and paraformaldehyde in CH3CN–H2O
(10 : 1) solvent under blue light irradiation at room temperature
(Scheme 2B). Pleasingly, using Et3N as the amine, alcohol 2 was
formed inmoderate yield which was improved by using i-Pr2NEt
(entries 1 and 2). In accordance with our mechanistic picture,
evaluation of amines that can act as efficient electron donors for
*4CzIPN but cannot lead to the formation of an a-aminoalkyl
radical (by either oxidation and deprotonation or HAT) led to no
product formation [compare entries 3 (TMP ¼ tetramethylpi-
peridine) and 4 (Ph3N) with 2 (i-Pr2NEt)]. Unfortunately, evalu-
ation of the other reaction parameters11 did not further improve
the efficiency of the process which likely underscores the chal-
lenges in overcoming the reversibility of the radical addition
process (F + HCHO $ H).

We therefore proposed to overcome the unwanted b-frag-
mentation by trapping the transient O-radical H with an
immediate reaction. Specically, we were interested by the well-

Scheme 1 (A) Examples of natural products and therapeutic agents containing the hydroxymethyl motif. (B) Overview of the main methods to
install a hydroxymethyl motif using radical chemistry. (C) Radical addition to CO is possible while addition to HCHO is difficult due to reversibility.
(D) a-Aminoalkyl radicals enable XAT activation of alkyl iodides and bromides and the corresponding carbon radicals can be engaged in several
transformations. (E) This work shows the utilisation of XAT and phosphoranyl radical chemistry for the direct coupling of unactivated alkyl iodides
with HCHO.

© 2021 The Author(s). Published by the Royal Society of Chemistry Chem. Sci., 2021, 12, 10448–10454 | 10449
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known ability of phosphines to trap O-radicals at diffusion-
controlled rates leading to the corresponding phosphoranyl
radicals (Scheme 2C).18 These open-shell intermediates can still
undergo b-scission across the sp3 C–O bond but the feasibility
of this process depends on the nature of the ensuing C-radical,
and it is only efficient when tertiary or stabilised (e.g. benzylic)
species are generated.19 In our case this fragmentation would
lead to a primary alkyl radical, so we were hopeful that J would
be long-lived enough to participate in a following reaction. In
particular, we anticipated that J might be able to abstract an I-
atom from 1 and therefore establish a phosphoranyl radical-
based chain propagating system. This step would give the P(V)
intermediate K (ref. 20) that could provide the targeted 2 upon
hydrolysis. While XAT between phosphoranyl radicals and alkyl

halides has not been reported before,21 we speculated that their
high nucleophilic character22 should lead to polar effects related
to those demonstrated in abstraction reactions with tin, silicon
and a-aminoalkyl radicals.13a

This mechanistic proposal was validated by the addition of
PPh3 to the reaction mixture, which immediately led to
a dramatic increase in the process yield (Scheme 2B, entry 6).
Further improvements were made by using formalin in place of
paraformaldehyde and increasing the equivalents of both i-
Pr2NEt and PPh3. Under the conditions reported in entry 7, 2
was obtained in 86% yield. Other triaryl/trialkyl phosphines
were evaluated and were also successful albeit in lower yield
(entries 9–12). Phosphites and triaryl boranes are also known to
efficiently trap O-radicals18 and were evaluated. While P(OEt)3

Scheme 2 (A) Mechanistic proposal for the coupling of alkyl iodides with HCHO using XAT and phosphoranyl radical chemistry. (B) Optimisation
of the radical coupling between iodide 1 and HCHO. (C) Literature rate constants for the reaction of O-radical with P(III) compounds to give
phosphoranyl radicals. (D) Experimental and calculated properties of phosphoranyl radicals suggest XAT as the alkyl iodide activationmechanism.
(E) “Reductant-free” reaction for hydroxymethylation of alkyl iodides via phosphoranyl radicals.

10450 | Chem. Sci., 2021, 12, 10448–10454 © 2021 The Author(s). Published by the Royal Society of Chemistry
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resulted in signicantly lower yield (entry 12) and BPh3

completely suppressed the reactivity (entry 13), P(OPh)3 gave 2
in 74% yield (entry 14).23 Finally, control experiments demon-
strated the reaction required all components as well as
continuous blue LEDs irradiation.11

A photoredox initiation based on a reductive quenching cycle
is supported by our Stern–Volmer studies whereby the amine
quenches *4CzIPN uorescence with the largest rate constant.11

Obtaining evidence on the XAT reactivity of the phosphoranyl
radical J has been more difficult since, despite considerable
efforts, we have not be able to locate a transition state for this

transformation. Nevertheless, we believe the strong nucleo-
philic character of phosphoranyl radical [determined by calcu-
lating the ionization potential (IP) and electrophilicity index
(urc

+) for L] should provide effective charge-transfer stabilisa-
tion in a XAT transition state, just like the chain initiating a-
aminoalkyl radicals. Furthermore, its intermediate reductive
power (determined by measuring the reduction potential of the
phosphonium salt Ph3(MeO)P(OTf) to give M) supports a reac-
tion with alkyl iodide 1 (Ered ¼ �2.09 V vs. SCE) based on XAT
over SET (Scheme 2D).11 In addition, we have been able to
translate this reactivity under “reductant-free” conditions. As

Scheme 3 (A) Alkyl iodide scope. (B) Application of the hydroxymethylation strategy in the 1C homologation of high-value alcohols via Appel
iodination followed by radical coupling with HCHO. (C) Difficulties in extending the hydroxymethylation reactivity to unactivated alkyl bromide
30. rsm is remaining starting material.

© 2021 The Author(s). Published by the Royal Society of Chemistry Chem. Sci., 2021, 12, 10448–10454 | 10451
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shown in Scheme 2E we have used the photochemical O–O
bond homolysis of (t-BuO)2 to generate a t-BuO-containing
phosphoranyl radical from which XAT from 1 and a subse-
quent reaction with HCHO enables formation of 2 (30% yield).11

Overall, we believe this reaction provides supporting evidence
for the ability of phosphoranyl radicals to abstract iodine atoms
from alkyl residues.

Substrate scope

Having identied optimal conditions for the radical coupling
between alkyl iodides and formaldehyde, we evaluated the
scope of the process. A series of commercial iodides based on
valuable N-heterocyclic systems provided access to C3-
functionalised N-Boc-piperidine (3), -azepane (4), -pyrrolidine
(5) and -proline (6) in generally high yields. The chemistry was
also translated to I-containing N-Boc-azetidine and 4-iodo-
(thio)pyran to give alcohols 7–10. Alcohol 9 Represents an
example of a chemoselective XAT process as aryl bromides are
more difficult to activate using a-aminoalkyl radicals, allowing
selective targeting of the sp3 C–I bond. The successful forma-
tion of 11 in good yield demonstrates compatibility with
carbonyl functionalities that might be problematic when using
reactive organometallic intermediates. The chemistry was then
applied to the hydroxymethylation of unactivated 4-Ph-
cyclohexyl iodide (12) and also used on 2- and 1-iodo-
adamantane (13 and 14), thus demonstrating compatibility
with tertiary substrates.

We also succeeded in employing this chemistry on iodinated
N-Boc-protected cyclohexylamine (15) and cyclobutylamine (16)
as well as two commercial spirocyclic building blocks (17 and
18) and a bicyclic derivative (19) in high yield.

To showcase the applicability of this methodology we
sought to use it to achieve the one-carbon homologation of
high-value alcohols using Appel iodination followed by XAT–
phosphoranyl radical-mediated hydroxymethylation. As
shown in Scheme 3B, the commercial N-heterocycle 20 gave 21
which can lead to the preparation of analogues of the kidney
cancer treatment drug tesevatinib. Piperidine 22 provided 23,
which is a synthetic intermediate in the manufacture of the
orexin antagonist lorexant. The blockbuster cardiac stimu-
lant proxyphylline 24 could also be engaged thus broadening
the functional group compatibility and providing access to the
1C-homologated drug analogue 25 in useful yield. Further-
more, subjecting the N-Boc protected alkaloid nortropine 26
and cholesterol 28 to this two-step sequence gave the 1C-
homologation products 27 and 29.

While a-aminoalkyl radicals can be successfully used for the
homolytic activation of both alkyl iodides and bromides,13a this
hydroxymethylation strategy is at the moment synthetically
useful only for the iodides. In the case of the bromides, as XAT
is slower (kXAT < 105 M�1 s�1 for Cy–Br and the Et3N a-amino-
alkyl radical),13a other unwanted reactivities become competi-
tive which may hamper product formation. Indeed, when we
attempted the reaction with 4-bromo-N-Boc-piperidine 30 using
various combinations of photocatalysts, amines and oxidants,
we obtained 2 in up to 30% yield, recovered 30 in >60% yield

and identied by mass spectrometry analysis several by-
products resulting from the hydroxymethylation of the amine
reagent. We believe that in these cases where XAT is slower, the
nucleophilic a-aminoalkyl radical E can be trapped by HCHO
leading to O-radical N. This species can either react with PPh3,
or, in the case of linear trialkyl amines (e.g. Et3N), undergo
intramolecular and polarity matched HAT from the other a-N-
positions (O). This radical translocation process ultimately
leads to the accumulation of polar poly-hydroxymethylated
derivatives (P).11

Hydroxymethylation of other alkyl radical precursors

Since phosphoranyl radicals are relatively good reductants
(Eox ¼ �1.63 V vs. SCE, see Scheme 2D), we wondered if this
strategy could be extended to the hydroxymethylation of other
alkyl radical precursors based on electrophores easier to reduce
than alkyl iodides. We were particularly interested by the use of
Katritzky's pyridinium salts24 and imidazole thiocarbonyls25 as
these species would enable the overall hydroxymethylation of
amines and alcohols. As shown in Scheme 4, we succeeded in
engaging pyridinium 31 (Ered ¼ �0.94 V vs. SCE) in this reac-
tivity using either photoredox or EDA (electron donor–
acceptor)26 conditions. In the rst case an oxidative quenching
photoredox cycle using Ir(ppy)3 photocatalyst was used as the
initiation mechanism for alkyl radical F generation. In the latter

Scheme 4 Mechanistic analysis and reaction conditions for the
hydroxymethylation of Katritzky's pyridinium 31 and xanthate 33.

10452 | Chem. Sci., 2021, 12, 10448–10454 © 2021 The Author(s). Published by the Royal Society of Chemistry
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case, the supramolecular association of 31 and 4-Me-Hantzsch
ester (4-Me-HE) generated an EDA complex26 32 that under-
went photoinduced SET upon irradiation of its charge-transfer
band with blue light.

Extension of this chemistry to thiocarbamate 33 provedmore
challenging due to the tendency of these species to undergo
radical O / S rearrangement.27 Nevertheless, optimisation of
the reaction parameters led to conditions for its implementa-
tion in useful yield using oxidative quenching of the photo-
catalyst Ir(ppy)3 as the initiation step.

In all three cases, we believe that upon alkyl radical F
generation, reversible reaction with HCHO and fast trapping of
H with PPh3, leads to phosphoranyl radical J that could sustain
a chain propagation based on SET (instead of XAT) as the alkyl
radical re-generation step. The feasibility of this step is sup-
ported by the matching redox potentials for SET betweenM (see
Scheme 2D) and those of 31 and 33.

Conclusions

We have demonstrated that the unfavorable addition of carbon
radicals to HCHO can be overcome by trapping the resulting O-
radical with Ph3P in a fast and irreversible reaction. This leads
to the generation of a phosphoranyl radical that can sustain
chain propagations based on either XAT or SET. This provides
versatility to the hydroxymethylation protocol that can be
applied to alkyl iodides and Katritzky's salts in high yield and
also thiocarbamates.
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1 General Experimental Details  

All required fine chemicals were used directly without purification unless stated otherwise. All 

air and moisture sensitive reactions were carried out under nitrogen atmosphere using standard 

Schlenk manifold technique. All solvents were bought from Acros as 99.8% purity. 1H and 13C 

Nuclear Magnetic Resonance (NMR) spectra were acquired at various field strengths as 

indicated and were referenced to CHCl3 (7.26 and 77.0 ppm for 1H and 13C respectively). 1H 

NMR coupling constants are reported in Hertz and refer to apparent multiplicities and not true 

coupling constants. Data are reported as follows: chemical shift, integration, multiplicity (s = 

singlet, br s = broad singlet, d = doublet, t = triplet, q = quartet, qi = quintet, sx = sextet, sp = 

septet, m = multiplet, dd = doublet of doublets, etc.), proton assignment (determined by 2D 

NMR experiments: COSY, HSQC and HMBC) where possible. High resolution mass spectra 

were obtained using a JEOL JMS-700 spectrometer or a Fissions VG Trio 2000 quadrupole 

mass spectrometer. Spectra were obtained using electron impact ionization (EI) and chemical 

ionization (CI) techniques, or positive electrospray (ES). Analytical TLC: aluminium backed 

plates pre-coated (0.25 mm) with Merck Silica Gel 60 F254. Compounds were visualized by 

exposure to UV-light or by dipping the plates in permanganate (KMnO4), ninhydrin or 

phosphomolybdic acid stains followed by heating. Flash column chromatography was 

performed using Merck Silica Gel 60 (40–63 μm). All mixed solvent eluents are reported as 

v/v solutions. Absorption and emission spectra were obtained using a Horiba Duetta 

spectrometer and 1 mm High Precision Cell made of quartz from Hellma Analytics. The LEDs 

used are Kessil PR 160 440 nm. All the reactions were conducted in CEM 10 mL glass 

microwave tubes. 
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2 Starting Material Synthesis 

General Procedure for the Appel Iodination – GP1 

 

A round-bottom flask equipped with a stirring bar was charged with the alcohol (1.0 equiv.), 

Ph3P (1.2 equiv.) and imidazole (1.2 equiv.). The flask was evacuated and refilled with N2. 

CH2Cl2 (0.1 M) was added, and the reaction was cooled to 0 °C with an ice-water bath. I2 (1.2 

equiv.) was added portion-wise and then the cooling bath was removed. The reaction was 

stirred 16 hours at room temperature and then diluted with H2O. The layers were separated and 

the aqueous layer was extracted with CH2Cl2 (x 3). The combined organic layers were washed 

with Na2S2O3 sat., brine, dried (MgSO4), filtered and evaporated. Purification by flash column 

chromatography on silica gel gave the products. 

 

tert-Butyl 4-Iodoazepane-1-carboxylate (S1) 

 

Following GP1, tert-butyl 4-hydroxyazepane-1-carboxylate (500 mg, 2.32 mmol) gave S1 as 

a solid (547 mg, 72%). 1H NMR (500 MHz, CDCl3, rotamers) δ 4.48 (1H, bs), 3.49–3.38 (2H, 

m), 3.36–3.26 (2H, m), 2.24 (2H, bs), 2.15–2.04 (2H, m), 1.84 (1H, bs), 1.76–1.68 (1H, m), 

1.46 (9H, s); 13C NMR (126 MHz, CDCl3, rotamers) δ 155.6, 79.7, 46.1, 45.7, 45.2, 41.8, 41.3, 

38.8, 33.3, 28.6, 27.9, 27.7. LRMS (GCMS): Found M 325.0, C11H20O2NI requires 325.0539. 

 

1-(tert-Butyl) 2-Methyl (2S,4S)-4-Iodopyrrolidine-1,2-dicarboxylate (S2) 

 

Following GP1, 1-(tert-butyl) 2-methyl (2S,4R)-4-hydroxypyrrolidine-1,2-dicarboxylate (3.55 

g, 10.00 mmol) gave S2 as a solid (2.33g, 66%). 1H NMR (500 MHz, CDCl3, rotamers) δ 4.28 

(0.5H, t, J = 7.50 Hz), 4.20 (0.5H, t, J = 7.50 Hz), 4.10–4.00 (2H, m), 3.72 (3H, s), 3.63 (1H, 

dd, J = 10.2, 8.2), 2.85–2.82 (1H, m), 2.35–2.26 (1H, m), 1.43 (4.5H, s), 1.38 (4.5H, s); 13C 

NMR (126 MHz, CDCl3, rotamers) δ 172.1, 171.8, 153.2, 152.6, 80.7, 59.1, 58.6, 57.0, 56.6, 

52.4, 52.2, 42.8, 41.9, 28.3, 28.2, 12.7, 11.9. Data in accordance with the literature.1 

R R1

OH

R R1

I

I2 (1.2 equiv.)
PPh3 (1.5 equiv.)

imidazole (1.2 equiv.)

CH2Cl2, 0 ºC → r.t., 16 h

N

Boc

I

N

Boc

MeO2C

I
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4-Iodotetrahydro-2H-thiopyran (S3) 

 

S3 is commercially available [CAS: 281204-90-8] but was prepared. Following GP1, 

tetrahydrothiopyran-4-ol (0.96 g, 8.2 mmol) gave S3 as an oil (1.41 g, 75%). 1H NMR (400 

MHz, CDCl3) δ 4.55–4.40 (1H, m), 2.90–2.74 (2H, m), 2.65–2.45 (2H, m), 2.40–2.15 (4H, m); 

13C NMR (126 MHz, CDCl3, rotamers) δ 33.8, 31.0, 28.1. Data in accordance with the 

literature.2  

 

cis-(4-Iodocyclohexyl)benzene (S4) 

 

Following GP1, 4-phenylcyclohexan-1-ol (1.76 g, 10.00 mmol) gave S4 as a mixture of 

diastereoismers as a solid (1.37 g, 48%). cis:trans 94:6. 1H NMR (400 MHz, CDCl3) δ 7.26–

7.02 (5H, m), 4.85 (0.94H, p, J = 3.4 Hz), 4.12 (0.06H, tt, J = 12, 3.4 Hz), 2.58–2.40 (1H, m), 

2.18–2.03 (2H, m), 2.02-1.87 (2H, m), 1.77–1.55 (4H, m); 13C NMR (126 MHz, CDCl3, 

rotamers) δ 146.6, 146.1, 128.4, 126.8, 126.6, 126.2, 126.1, 43.8, 42.8, 40.7, 36.5, 36.0, 30.0, 

29.0. Data in accordance with the literature.3  

 

tert-Butyl cis-(4-Iodocyclohexyl)carbamate (S5) 

 

Following GP1, tert-butyl trans-(4-hydroxycyclohexyl)carbamate (1.00 g, 4.64 mmol) gave 

S5 as a mixture of diastereomers as a solid (401 mg, 27%). 1H NMR (500 MHz, CDCl3) δ 4.68 

(1H, bs), 4.56 (1H, bs), 3.54 (1H, bs), 2.14–1.99 (2H, m), 1.89–1.55 (6H, m), 1.43 (9H, s); 13C 

NMR (126 MHz, CDCl3, rotamers) δ 155.3, 79.4, 48.2, 35.5, 33.4, 30.2, 28.5. Data in 

accordance with the literature.2 

 

tert-Butyl (3-Iodocyclobutyl)carbamate (S6) 

 

S6 is commercially available [CAS: 1389264-12-3] but was prepared. Following GP1, tert-

butyl (3-hydroxycyclobutyl)carbamate (0.94 g, 5.00 mmol) gave S6 as a solid (1.05 g, 71) as a 

S

I

Ph

I

HN I

Boc
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mixture of diastereomers. cis:trans 1:1. 1H NMR (400 MHz, CDCl3, diastereomers) δ 4.88 

(0.5H, br s), 4.83 (0.5H, br s), 4.63–4.45 (0.5H, m),  4.37 (0.5H, tt, J = 7.7, 3.8 Hz), 4.20–4.08 

(0.5H, m), 4.03 (0.5H, tt, J = 9.1, 7.3 Hz), 3.16–3.01 (1H, m),  2.78–2.66 (1H, m),  2.64–2.52 

(1H, m),  2.49–2.38 (1H, m), 1.42 (4.5H, s), 1.41 (4.5H, s); 13C NMR (126 MHz, CDCl3, 

diastereomers) δ 155.0, 154.6, 46.0, 45.7, 43.8, 28.5, 11.0, 4.0; HRMS (ASAP): Found M+H+ 

298.0293, C9H17O2NI requires 298.0298. 

 

tert-Butyl 2-Iodo-7-azaspiro[3.5]nonane-7-carboxylate (S7) 

 

S7 is commercially available [CAS: 1638764-90-5] but was prepared. Following GP1, tert-

butyl 2-hydroxy-7-azaspiro[3.5]nonane-7-carboxylate (0.96 g, 4.00 mmol) gave S7 as a solid 

(0.23 g, 16%). 1H NMR (400 MHz, CDCl3) δ 4.49 (1H, p, J = 8.3 Hz), 3.35–3.29 (2H, m), 

3.29–3.25 (2H, m), 2.70–2.61 (2H, m), 2.46–2.38 (2H, m), 1.72–1.63 (2H, m), 1.59–1.52 (2H, 

m), 1.44 (9H, s); 13C NMR (126 MHz, CDCl3) δ154.8, 46.3, 40.8, 39.8, 39.5, 35.2, 28.4, 9.5. 

Data in accordance with the literature.3  

 

tert-Butyl 6-Iodo-2-azaspiro[3.3]heptane-2-carboxylate (S8) 

 

S8 is commercially available [CAS: 2059140-61-1] but was prepared. Following GP1, tert-

butyl 6-hydroxy-2-azaspiro[3.3]heptane-2-carboxylate (0.85 g, 4.0 mmol) gave S8 as a solid 

(0.97 g, 75%). 1H NMR (400 MHz, CDCl3) δ 4.29 (1H, p, J = 7.8 Hz), 3.94 (4H, d, J = 12.3 

Hz), 2.96–2.87 (2H, m), 2.74–2.66 (2H, m), 1.42 (9H, s); 13C NMR (126 MHz, CDCl3) δ 156.1, 

79.6, 47.1, 38.4, 28.4, 7.5. Data in accordance with the literature.3  

 

 

 

 

 

I

N

Boc

N

Boc

I
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tert-Butyl 5-Iodohexahydrocyclopenta[c]pyrrole-2(1H)-carboxylate (S9) 

 

Following GP1 tert-butyl-5-hydroxyhexahydrocyclopenta[c]pyrrole-2(1H)-carboxylate (250 

mg, 1.1 mmol) gave S9 as an oil (126 mg, 34%). Rf 0.52 [pentane:EtOAc (8.5:1.5)]; 1H NMR 

(400 MHz, CDCl3) δ 4.42 (1H, p, J = 5.5 Hz), 3.58–3.42 (2H, m), 3.21 (2H, dd, J = 11.5, 2.9 

Hz), 2.90 (2H, dtt, J = 4.1, 8.0, 8.0 Hz), 2.44–2.26 (2H, m), 2.00 (2H, dt, J = 14.2, 5.4 Hz), 

1.45 (9H, s); 13C NMR (101 MHz, CDCl3) δ 154.7, 79.6, 51.6, 46.5, 42.2, 26.2; HRMS (ESI): 

Found M+Na+ 360.0417, C12H20INO2Na requires 360.0431. 

 

tert-Butyl 5-Iodo-2-methylpiperidine-1-carboxylate (S10) 

 

Following GP, tert-butyl 5-hydroxy-2-methylpiperidine-1-carboxylate (250 mg, 1.2 mmol) 

gave S10 (78 mg, 21%) as an oil. Rf  0.4 [pentane:EtOAc 9:1]; 1H NMR (400 MHz, CDCl3, 

rotamers) δ 4.47 (0.35H, br s), 4.33 (0.35H, br s), 4.09–3.79 (1.65H, m), 3.54 (0.65H, br s), 

3.36–2.97 (1H, m), 2.30–2.11 (0.8H, m), 2.09–1.94 (1.2H, m), 1.93–1.72 (1H, m), 1.64–1.53 

(1H, m), 1.47 & 1.45 (9H, s), 1.25 (2H, d, J = 6.2 Hz), 1.17 (1H, d, J = 6.9 Hz); 13C NMR (101 

MHz, CDCl3, rotamers) δ 154.7, 154.1, 80.1, 79.8, 59.7, 55.1, 33.0, 33.0, 31.4, 30.2, 28.6, 28.5, 

15.5, 11.4; HRMS (ESI): Found M+Na+ 348.0420 C11H20INO2Na requires 348.0431. 

 

7-(2-Iodopropyl)-1,3-dimethyl-3,7-dihydro-1H-purine-2,6-dione (S11) 

 

Following GP1, 7-(2-hydroxypropyl)-1,3-dimethyl-3,7-dihydro-1H-purine-2,6-dione (1.00 g, 

4.20 mmol) gave S11 as a solid (1.08 g, 74%). 1H NMR (500 MHz, CDCl3) δ 7.65 (1H, s), 

4.61–4.54 (1H, m), 4.50 (1H, dd, J = 14.1, 5.0 Hz), 4.37 (1H, dd, J = 14.1, 9.0 Hz), 3.60 (3H, 

s), 3.40 (3H, s), 1.96 (3H, d, J = 6.9 Hz); 13C NMR (126 MHz, CDCl3) δ 155.4, 151.7, 149.4, 

141.6, 106.7, 56.8, 30.0, 28.2, 25.4, 25.0; HRMS (APCI): Found 349.0156 C10H14IN4O2 

requires 349.0162. 

N

Boc

H H

I

N
Boc

Me

I
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tert-Butyl 3-exo-Iodo-8-azabicyclo[3.2.1]octane-8-carboxylate (S12) 

 

Following GP1 tert-butyl endo-3-hydroxy-8-azabicyclo[3.2.1]octane-8-carboxylate (1.56 g, 

6.93 mmol) gave S12 as a solid (1.69 g, 73%). Rf 0.56 [petrol:EtOAc (8:2)]. 1H NMR (400 

MHz, CDCl3, rotamers) δ 4.51 (1H, tt, J = 11.9, 5.7 Hz), 4.14–4.04 (1H, m), 4.04–3.92 (1H, 

m),  2.47–2.23 (2H, m), 2.22–2.14 (2H, m), 1.98–1.83 (2H, m), 1.71–1.57 (2H, m), 1.47 (9H, 

s); 13C NMR (101 MHz, CDCl3, rotamers) δ 150.2, 81.2, 56.2, 55.6, 45.3, 44.5, 28.5, 27.7, 

27.1, 18.5;  HRMS (ASAP): Found M+H+ 338.0612, C12H21INO2 requires 338.0611. 

 

α-Cholesteryl Iodide (S13) 

 

S13 is commercially available [CAS: 2930-80-5] but was prepared. Following GP1 cholesterol 

(3.87 g, 10.00 mmol) gave S13 as a solid (3.57 g, 72%). 1H NMR (400 MHz, CDCl3) δ 5.32 

(1H, d, J = 5.6 Hz), 4.07–4.00 (1H, m), 2.96–2.89 (1H, m), 2.70–2.64 (1H, m), 2.30–0.85 (38H, 

m), 0.66 (3H, s); 13C NMR (101 MHz, CDCl3) δ 142.9, 121.8, 56.8, 56.2, 50.5, 46.5, 42.4, 42.0, 

39.8, 39.6, 36.7, 36.6, 36.3, 35.9, 31.8, 31.7, 30.7, 28.3, 28.1, 24.4, 23.9, 22.9, 22.7, 20.9, 19.3, 

18.8, 11.9. Data in accordance with the literature.4  

 

2-(4-Bromophenyl)-4-iodotetrahydro-2H-pyran (S14) 

 

A round bottomed flask equipped with a stirring bar was charged with 4-bromobenzaldehyde 

(0.3 g, 1.6 mmol), CH2Cl2 (16 mL), 3-buten-1-ol (0.28 mL, 3.2 mmol) and HI (0.4 mL, 55 wt% 

solution in water, 3.2 mmol). The mixture was stirred at room temperature for 4 h when it was 

judged complete (TLC analysis). The mixture was diluted with H2O (30 mL), the layers were 

separated, and the aqueous layer was extracted with CH2Cl2 (3 x 30 mL). The combined organic 

layers were washed with Na2S2O3 (30 mL, 10% solution), brine (30 mL), dried (MgSO4), 

filtered, and evaporated. Purification by flash column chromatography on silica gel gave S14 

(0.29 g, 49%) as a solid. 1H NMR (400 MHz, CDCl3) δ 7.46 (d, J = 8.5 Hz, 2H), 7.22 (d, J = 
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8.5 Hz, 2H), 4.91 (t, J = 3.3 Hz, 1H), 4.80 (dd, J = 10.6, 2.1 Hz, 1H), 4.05 (t, J = 5.6 Hz, 2H), 

2.18 (dt, J = 14.7, 2.7 Hz, 1H), 1.96 (dt, J = 5.3, 2.7 Hz, 2H), 1.81 (ddd, J = 14.5, 10.6, 3.5 Hz, 

1H); 13C NMR (101 MHz, CDCl3) δ 140.4, 131.8, 127.6, 121.8, 80.7, 69.6, 47.6, 39.6, 29.9. 

Data in accordance with the literature.5 

 

N-(4-iodooctahydropentalen-1-yl)acetamide (S15) 

 

A solution of I2 (7.6 g, 30 mmol, 1.5 equiv.) and COD (2.2 g, 20 mmol, 1.0 equiv.) in CH3CN 

(50 mL, 0.4 M) was stirred at room temperature for 24 h. The mixture was diluted with aqueous 

NaCl (150 mL), the layers were separated and the aqueous layer was extracted with CHCl3 (3 

x 30 mL). The combined organic layers were washed with aqueous Na2S2O3 (50 mL), brine 

(50 mL), dried (MgSO4), filtered, and evaporated. Purification by flash column 

chromatography on silica gel gave S15 (2.3 g, 39%) as a solid as a mixture of diastereomers. 

dr 1:1.  1H NMR (400 MHz, CDCl3, diastereomers) δ 5.55 (1H, s), 5.47 (1H, s), 4.42 (0.5H, dt, 

J = 8.5, 6.2 Hz), 4.35–4.22 (0.5H, m), 4.06 (0.5H, ddd, J = 11.8, 7.5, 5.8 Hz), 3.91 (0.5H, td, J 

= 13.9, 12.7, 6.4 Hz), 2.77 (0.5 H, dq, J = 17.6, 9.9, 8.9 Hz), 2.70–2.61 (0.5H, m), 2.60–2.46 

(0.5H, m), 2.13 (1.5 H, m), 2.00 (1.5H, s), 1.97 (1.5H, s), 1.89–1.37 (6.5H, m), 1.35–1.14 

(0.5H, m); 13C NMR (101 MHz, CDCl3) δ 169.8, 58.8, 53.9, 48.6, 48.0, 47.4, 44.6, 39.3, 36.5, 

35.9, 33.4, 32.9, 31.8, 30.8, 30.7, 25.7, 23.4, 23.2. Data in accordance with literature.6  

 

1-(1-(tert-Butoxycarbonyl)piperidin-4-yl)-2,4,6-triphenylpyridin-1-ium 

Tetrafluoroborate Salt (31) 

 

An oven-dry tube equipped with a stirring bar was charged with 2,4,6-triphenylpyrylium 

tetrafluoroborate (1.00 g, 2.52 mmol, 1.0 equiv.), tert-butyl 4-aminopiperidine-1-carboxylate 

(607 mg, 3.02 mmol, 1.2 equiv.) and EtOH (2.5 mL, 1.0 M). The mixture was heated under 

reflux overnight and then was cooled to room temperature. The mixture was diluted with Et2O 

(5 mL) and vigorously stirred for 15 minutes to precipitate product. The resultant solid was 

filtered, washed with Et2O (3 x 15 mL) and dried under vacuum to give 31 (993 mg, 68%) as 

a solid. 1H NMR (500 MHz, CDCl3) δ 7.86–7.69 (6H, m), 7.67 (2H, d, J = 7.2 Hz), 7.64–7.52 

I2 (1.5 equiv.)

CH3CN (0.4 M), r.t. 24 h

I

AcHN

H

H

N
Boc

NH2

+

O PhPh

Ph

–BF4
EtOH (1.0 M), reflux, o/n

N
Boc

N

Ph

Ph

Ph

–BF4
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(6H, m), 7.52–7.46 (1H, m), 7.46–7.36 (2H, m), 4.82–4.69 (1H, m), 4.04–3.75 (2H, m), 2.27–

1.95 (4H, m), 1.74–1.51 (2H, m), 1.30 (9H, s); 13C NMR (101 MHz, CDCl3) δ 157.2, 155.5, 

154.3, 134.0, 133.8, 132.1, 131.2, 129.7, 129.4, 129.1, 128.4, 128.3, 80.2, 70.0, 44.3, 32.8, 

28.3. Data in accordance with the literature.7  

 

tert-Butyl 4-((1H-Imidazole-1-carbonothioyl)oxy)piperidine-1-carboxylate (32) 

 

This procedure was adapted from a literature procedure:7 a round-bottom flask equipped with 

a stirring bar was charged with tert-butyl 4-hydroxypiperidine-1-carboxylate (5.00 g, 24.8 

mmol, 1.0 equiv.), DMAP (1.12 g, 9.94 mmol, 0.25 equiv.) and CH2Cl2 (75 mL, 0.33 M). 

Thiocarbonyldiimidazole (6.64 g, 37.3 mmol, 1.5 equiv.) was added and then the mixture was 

heated under reflux for 3 h. The mixture was cooled to r.t. and diluted with H2O (100 mL). The 

layers were separated and the aqueous layer was extracted with CH2Cl2 (75 mL). The combined 

organic layers were washed with brine (100 mL), dried (MgSO4), filtered and evaporated. 

Purification by flash column chromatography on silica gel gave 32 (6.91 g, 90%) as a solid. 1H 

NMR (500 MHz, CDCl3) δ 8.33 (1H, s), 7.61 (1H, s), 7.03 (1H, s), 5.70–5.63 (1H, m), 3.76–

3.70 (2H, m), 2.08–2.02 (2H, m), 1.90–1.82 (2H, m), 1.47 (9H, s); 13C NMR (101 MHz, CDCl3) 

δ 183.1, 154.7, 136.9, 131.0, 117.9, 80.2, 79.5, 30.0, 28.5. Data in accordance with the 

literature.8  

 

 



 SI-11 

3 Reaction Optimisations 

3.1 Pictures of Reaction Set-Up 

 

 

Figure S1. 
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3.2 Hydroxymethylation of Alkyl Iodides 

 

General Procedure for the Hydroxymethylation of 1 – GP2 

 

An oven-dry tube equipped with a stirring bar was charged with tert-butyl 4-iodopiperidine-1-

carboxylate (31 mg, 0.1 mmol, 1.0 equiv.), photocatalyst (5 mol, 5 mol%) and PR3 (0.3 mmol, 

3.0 equiv.). The tube was capped with a Supelco aluminium crimp seal with septum 

(PTFE/butyl), evacuated and refilled with N2 (x 3). Dry and degassed organic solvent (1.0 mL, 

0.1 M), H2O (100 µL), H2CO (31 µL, 0.4 mmol, 4 equiv.) and amine (0.3 mmol, 3.0 equiv.) 

were sequentially added. The tube was place in front of the blue LEDs (approx. 10 cm) and the 

lights were switched on. The mixture was stirred under continuous irradiation for 16 h whilst 

being cooled by a fan to give an internal temperature between 25–30 °C. The lights were 

switched off and the tube was opened. The mixture was diluted with brine (2 mL) and EtOAc 

(2 mL), then 1,3-dintrobenzene (1 mL, 0.05 M solution in EtOAc) was added as an internal 

standard and the mixture was vigorously shaken. The layers were separated and the aqueous 

layer was extracted with EtOAc (x 2). The combined organic layers were dried (MgSO4), 

filtered and evaporated. The crude was solubilised in CDCl3 and analysed by 1H NMR 

spectroscopy. 

 

Table S1. 

Entry Amine PR3 Solvent Yield (%) 

1 Et3N – CH3CN–H2O (10:1) 27 

2 i-Pr2NEt – CH3CN–H2O (10:1) 35 

3 i-Pr2NH – CH3CN–H2O (10:1) – 

4 TMP – CH3CN–H2O (10:1) – 

5 PMP – CH3CN–H2O (10:1) 11 

6 DABCO – CH3CN–H2O (10:1) – 

7 Ph3N – CH3CN–H2O (10:1) – 

8 i-Pr2NEt PPh3 CH3CN–H2O (10:1) 60 

9a i-Pr2NEt PPh3 CH3CN–H2O (10:1) 61 

 

N

I

Boc

4CzIPN (5 mol%)
(HCHO)n (4.0 equiv.)

amine (2.0 equiv.), PR3 (1.0 equiv.)

solvent (0.1 M), r.t., o/n
blue LEDs

N
Boc

OH
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To further improve the efficiency of the process we have used the statistical software Ellistat 

for DoE. We investigated the effects of varying equivalents of amine, PPh3, HCHO and H2O 

leading us to the conditions reported in Scheme S1. 

 

 

Scheme S1. 

 

Further screening was performed using the conditions described below (Scheme S2) according 

to GP2, which is detailed in Table S2. 

   

 

Scheme S2. 

 

Table S2. 

Entry Photocatalyst PR3 Solvent Yield (%) 

10 4CzIPN PPh3 CH3CN–H2O (20:1) 86 

11 4CzIPN P(4-F-C6H4)3 CH3CN–H2O (20:1) 78 

12 4CzIPN P(4-CF3-C6H4)3 CH3CN–H2O (20:1) 76 

13 4CzIPN P(C6F5)3 CH3CN–H2O (20:1) 26 

14 4CzIPN P(4-MeO-C6H4)3 CH3CN–H2O (20:1) 70 

15 4CzIPN P(1-Nap)3 CH3CN–H2O (20:1) 40 

16 4CzIPN PCy3 CH3CN–H2O (20:1) 65 

17 4CzIPN P(t-Bu)3 CH3CN–H2O (20:1) 43 

18 4CzIPN P(OEt)3 CH3CN–H2O (20:1) 40 

19 4CzIPN P(OPh)3 CH3CN–H2O (20:1) 74 

20 4CzIPN Ph3PO CH3CN–H2O (20:1) 48 

21 4CzIPN BPh3 CH3CN–H2O (20:1) – 

22a 4CzIPN – CH3CN–H2O (20:1) – 

N

I

Boc

4CzIPN (5 mol%)

HCHOaq (10 equiv.)

i-Pr2NEt (3.0 equiv.), PPh3 (3.0 equiv.)

CH3CN–H2O (20:1, 0.1 M), r.t., o/n

blue LEDs

86%

N
Boc

OH

N

I

Boc

HCHOaq (10 equiv.)

photocatalyst (5 mol%)

i-Pr2NEt (3.0 equiv.), PR3 (3.0 equiv.)

solvent (0.1 M), r.t., o/n

blue LEDs

N
Boc

OH
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23 4CzIPN PPh3 DMF–H2O (20:1) 58 

24 4CzIPN PPh3 DMSO–H2O (20:1) 67 

25 4CzIPN PPh3 toluene–H2O (20:1) – 

26 Ru(bpy)3Cl2 PPh3 CH3CN–H2O (20:1) 18 

27 Eosin Y (Na salt) PPh3 CH3CN–H2O (20:1) 36 

28 Rhodamine 6G PPh3 CH3CN–H2O (20:1) 36 

29 Ir(ppy)3 PPh3 CH3CN–H2O (20:1) 59 

30 Ir(ppy)2(dtbbpy)PF6 PPh3 CH3CN–H2O (20:1) 73 

31 – PPh3 CH3CN–H2O (20:1) 25 

32a 4CzIPN PPh3 CH3CN–H2O (20:1) – 

33b 4CzIPN PPh3 CH3CN–H2O (20:1) – 

a = no amine; b = no light 
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3.3 Hydroxymethylation of Katritzky’s Pyridiniums 

General Procedure for the Hydroxymethylation of 31 via Photoredox Catalysis – GP3 

 

An oven-dry tube equipped with a stirring bar was charged with 31 (54 mg, 0.1 mmol, 1.0 

equiv.), the photocatalyst (5 mol, 5 mol%) and the phosphine (0.3 mmol, 3.0 equiv.). The 

tube was capped with a Supelco aluminium crimp seal with septum (PTFE/butyl), evacuated 

and refilled with N2 (x 3). Dry and degassed CH3CN (1.0 mL, 0.1 M), H2O (100 µL), and H2CO 

(78 µL, 1.0 mmol, 10 equiv.) were sequentially added. The tube was place in front of the blue 

LEDs and the lights were switched on. The reaction setup was covered in aluminium foil and 

the mixture was stirred under continuous irradiation for 16 h. The lights were switched off and 

the tube was opened. The mixture was diluted with brine (2 mL) and EtOAc (2 mL), then 1,3-

dintrobenzene (1 mL, 0.05 M solution in EtOAc) was added as an internal standard and the 

mixture was vigorously shaken. The layers were separated, and the aqueous layer was extracted 

with EtOAc (x 2). The combined organic layers were dried (MgSO4), filtered and evaporated. 

The crude was solubalised in CDCl3 and analysed by 1H NMR spectroscopy.  

 

Table S3 

Entry Photocatalyst Phosphine Additive 
Yield 

(%) 

1a 4CzIPN PPh3 Na-ascorbate (2 eq.) 5 

2a [Ir(dtbbpy)(ppy)2]PF6 PPh3 Na-ascorbate (2 eq.) 12 

3a [Ir(dF(CF3)ppy)2(dtbbpy)]PF6 PPh3 Na-ascorbate (2 eq.) 10 

4a [Ru(bpy)3]Cl2 PPh3 Na-ascorbate (2 eq.) 10 

5a Rose Bengal PPh3 Na-ascorbate (2 eq.) 9 

6a Ir(ppy)3 PPh3 Na-ascorbate (2 eq.) 8 

7b Ir(ppy)3 PPh3 Na-ascorbate (2 eq.) 56 

8b Ir(ppy)3 PPh3 
Ph3N 59 

9b [Ir(dtbbpy)(ppy)2]PF6 PPh3 Ph3N 62 

10b Ir(ppy)3 PPh3 – 69 

11b [Ir(dtbbpy)(ppy)2]PF6 PPh3 – 45 

12b Ir(ppy)3 P(4-CF3-C6H4)3 – 10 

13b Ir(ppy)3 PCy3 – 27 
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14b Ir(ppy)3 HPtBu3⋅BF4 – – 

15b Ir(ppy)3 BPh3 – – 

16b Ir(ppy)3 P(4-MeO-C6H4)3 – 39 

17b Ir(ppy)3 P(o-tol)3 – – 

a room temperature, b 60°C 

 

 

General Procedure for the Hydroxymethylation of 31 via EDA – GP4 

 

An oven-dry tube equipped with a stirring bar was charged with 31 (54 mg, 0.1 mmol, 1.0 

equiv.), PPh3 (79 mg, 0.3 mmol, 3.0 equiv.), and the electron donor if solid (0.3 mmol, 3 

equiv.). The tube was capped with a Supelco aluminium crimp seal with septum (PTFE/butyl), 

evacuated and refilled with N2 (x 3). Dry and degassed CH3CN (1.0 mL, 0.1 M), H2O (100 

µL), H2CO (78 µL, 1.0 mmol, 10 equiv.), and electron donor if liquid (0.3 mmol, 3.0 equiv.) 

were sequentially added. The tube was placed in front of the blue LEDs and the lights were 

switched on. The reaction setup was covered in aluminium foil and the mixture was stirred 

under continuous irradiation for 16 h. The lights were switched off and the tube was opened. 

The mixture was diluted with brine (2 mL) and EtOAc (2 mL), then 1,3-dintrobenzene (1 mL, 

0.05 M solution in EtOAc) was added as an internal standard and the mixture was vigorously 

shaken. The layers were separated, and the aqueous layer was extracted with EtOAc (x 2). The 

combined organic layers were dried (MgSO4), filtered and evaporated. The crude was 

solubilised in CDCl3 and analysed by 1H NMR spectroscopy. 

 

Table S4. 

Entry Electron Donor Solvent Concentration Yield (%) 

1a Et3N CH3CN–H2O (20:1) 0.1 M 22 

2a i-Pr2NEt CH3CN–H2O (20:1) 0.1 M 37 

3a HE CH3CN–H2O (20:1) 0.1 M 10 

4a HE CH3CN–H2O (20:1) 0.2 M 10 

5 HE CH3CN–H2O (10:1) 0.5 M 31 

6 HE DMA–H2O (10:1) 0.5 M 28 

7 HE HFIP–H2O (10:1) 0.5 M 41 
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8 4-Me-HE HFIP–H2O (10:1) 0.5 M 72 

a = K2CO3 (1.5 equiv.) 

       

N
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Me Me

CO2Et
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Me Me
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3.4 Hydroxymethylation of Thiocarbamates 

General Procedure for the Hydroxymethylation of 33 – GP5 

 

An oven-dry tube equipped with a stirring bar was charged with 33 (31 mg, 0.1 mmol, 1.0 

equiv.), the photocatalyst (1-5 mol, 1-5 mol%) and the phosphine (0.3 mmol, 3.0 equiv.). The 

tube was capped with a Supelco aluminium crimp seal with septum (PTFE/butyl), evacuated 

and refilled with N2 (x 3). Dry and degassed CH3CN (1.0 mL, 0.1 M), H2O (100 µL), H2CO 

(78 µL, 1.0 mmol, 10 equiv.) and the amine (0.2 mmol, 2.0 equiv.) were sequentially added. 

The tube was place in front of the blue LEDs (approx. 10 cm) and the lights were switched on. 

The mixture was stirred under continuous irradiation for 16 h whilst being cooled by a fan to 

give an internal temperature between 25–30 °C. The lights were switched off and the tube was 

opened. The mixture was diluted with brine (2 mL) and EtOAc (2 mL), then 1,3-dintrobenzene 

(1 mL, 0.05 M solution in EtOAc) was added as an internal standard and the mixture was 

vigorously shaken. The layers were separated and the aqueous layer was extracted with EtOAc 

(x 2). The combined organic layers were dried (MgSO4), filtered and evaporated. The crude 

was solubilised in CDCl3 and analysed by 1H NMR spectroscopy. 

 

Table S5. 

Entry Photocatalyst (mol%) PR3 Amine Yield (%) 

1 4CzIPN (5%) PPh3 i-Pr2NEt 22 

2 Ir(ppy)3 (5%) PPh3 i-Pr2NEt 29 

3 [Ir(dtbbpy)(ppy)2]PF6 (5%) PPh3 i-Pr2NEt 12 

4 fluorescein (5%) PPh3 i-Pr2NEt – 

5 eosin Y (Na salt) (5%) PPh3 i-Pr2NEt – 

6 rose bengal (5%) PPh3 i-Pr2NEt – 

7 rhodamine 6G (5%) PPh3 i-Pr2NEt – 

8 Ir(ppy)3 (1%) PPh3 i-Pr2NEt 30 

9 Ir(ppy)3 (1%) PPh3 Et3N 25 

10 Ir(ppy)3 (1%) PPh3 i-Pr2NMe 27 

11 Ir(ppy)3 (1%) PPh3 n-Bu3N 28 
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12 Ir(ppy)3 (1%) PPh3 i-Bu3N 14 

13 Ir(ppy)3 (1%) PPh3 PMP 13 

14 Ir(ppy)3 (1%) PPh3 Bn3N – 

15a Ir(ppy)3 (1%) PPh3 i-Pr2NEt 15 

16 Ir(ppy)3 (1%) P(4-OMe-C6H4)3 i-Pr2NEt 16 

17 Ir(ppy)3 (1%) P(4-F-C6H4)3 i-Pr2NEt – 

18b Ir(ppy)3 (1%) PPh3 i-Pr2NEt 47 

19 Ir(ppy)3 (1%) PPh3 i-Pr2NEt 22 

20 Ir(ppy)3 (1%) PPh3 i-Pr2NEt – 

a = 20 mol% i-Pr2NEt; b = reaction concentration 0.05 M 
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4 Mechanistic Considerations 

4.1 Proposed Mechanism for Hydroxymethylation of Alkyl Iodides 

 

Scheme S3. 
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4.2 Stern-Volmer Quenching Studies  

Stern-Volmer experiments were carried out monitoring the emission intensity of argon-

degassed solutions of 4CzIPN (3 x 10–5 M solution in CH3CN) containing variable amounts of 

the quencher in dry acetonitrile. The reported excited-state lifetime for 4CzIPN in CH3CN (1.4 

s)9 was used for kq calculations (see Table S6). These experiments show the i-Pr2NEt 

quenches *4CzIPN at faster rates than any other reagent (Figure S2 and Table S6). 

 

 

Figure S2. 

 

Table S6. 

Entry Quencher Kq 10-7
 (M-1 s-1) 

1 i-Pr2NEt 156 

2 PPh3 14.8 

3 
 

2.31 

4 
 

0.814 
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4.3 Ruling Out the Formation of Electron Donor-Acceptor (EDA) Complexes 

To rule out the formation of EDA complexes between the alkyl iodide and the amine that might 

be absorbing in the visible region, we have performed UV/Vis absorption spectroscopy studies 

(Figure S3). These studies demonstrate that there is not EDA complexation between the amine 

and the alkyl iodide. 

 

 

Figure S3.
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4.4 Evidences Supporting XAT by the Phosphoranyl Radical 

In order to obtain supporting evidences on the ability of phosphoranyl radicals to sustain a 

chain-propagation based on XAT, we evaluated the hydroxymethylation of 1 in the absence of 

amines as well as any other possible reductant (e.g. *4CzIPN or 4CzIPN•–).  

We speculated that by treatment of 1, HCHO and PPh3 with (t-BuO)2, the phosphoranyl radical 

X could be obtained upon O–O bond homolysis (photochemical or thermal) and diffusion-

controlled reaction of t-BuO• with PPh3 (Scheme S4). X would then act as an initiating species 

for the generation of the alkyl radical F upon XAT on 1. Reaction of F with HCHO followed 

by fast trap of the O-radical H with PPh3 would provide the chain carrier phosphoranyl radical 

J from which product formation can occur. 

 

 

Scheme S4. 

 

Pleasingly, irradiation of 1, HCHO, PPh3 and (t-BuO)2 with purple LEDs (390 nm) led to the 

formation of 3 in 50% yield (Scheme 5A). Control experiments in the absence of (t-BuO)2 

resulted in full starting material recovery thus proving the homolytic activation of the sp3 C–I 

bond was not taking place under these conditions (Scheme 5B). 

Under these conditions we monitored the reaction by NMR to detect formation of MeI or 

acetone, formed from β-fragmentation of the phosphoranyl radical X. Neither of these side-

products were detected, ruling out the possibility that Me• was generated and acted as XAT 

agent/initiator. 
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Scheme S5. 

 

Procedure for the Peroxide Initiated Hydroxymethylation of 1  

 

An oven-dry tube equipped with a stirring bar was charged with tert-butyl 4-iodopiperidine-1-

carboxylate (31 mg, 0.1 mmol, 1.0 equiv.) and PPh3 (78 mg, 0.3 mmol, 3.0 equiv.). The tube 

was capped with a Supelco aluminium crimp seal with septum (PTFE/butyl), evacuated and 

refilled with N2 (x 3). Dry and degassed CH3CN (1.0 mL, 0.1 M), H2O (100 µL), H2CO (78 

µL, 1.0 mmol, 10 equiv.) and (t-BuO)2 (9.2 µL, 0.05 mmol, 0.5 equiv.) were sequentially 

added. The tube was place in front of the purple LEDs (approx. 10 cm) and the lights were 

switched on. The mixture was stirred under continuous irradiation overnight whilst either being 

cooled by a fan or in an oil bath at 70 °C. The lights were switched off and the tube was opened. 

The mixture was diluted with brine (2 mL) and EtOAc (2 mL), then 1,3-dintrobenzene (1 mL, 

0.05 M solution in EtOAc) was added as an internal standard and the mixture was vigorously 

shaken. The layers were separated and the aqueous layer was extracted with EtOAc (x 2). The 

combined organic layers were dried (MgSO4), filtered and evaporated. The crude was 

solubilised in CDCl3 and analysed by 1H NMR spectroscopy. 
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4.5 Quantum Yield () Determination 

The quantum yield () of the photochemical hydroxymethylation reaction of 1 was determined 

at 50 ºC following procedures described in literature (Scheme S6).10 Elevated temperatures 

were required to accelerate the reaction for quantum yield determination, as it was not possible 

to record an accurate quantum yield at room temperature due to the reaction progressing slowly. 

The degassed reaction tube was irradiated using blue LEDs plates (λmax = 444 nm) and product 

yield was determined by 1H NMR spectroscopy analysis. The photon flux of the blue LEDs 

used was determined by standard ferrioxalate actinometry.11 

 

Scheme S6. 

 

Reactions where a radical chain propogations is present are typically expected to provide a  

> 1. In our case we have observed that the hydroxymethylation reaction displays a signifcant 

induction time that might account for the low  observed (Figure S4). 

 

 

Figure S4. 
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4.6 Hydroxymethylation of Alkyl Bromide 30 

We have evaluated the reactivity of alkyl bromide 30 under our standard conditions since -

aminoalkyl radical-mediated XAT is feasible.12 However, the desired product 2 was obtained 

in low yield with remaining 30 accounting for the remaining mass balance (Scheme S7). 

 

 

Scheme S7. 

 

Despite considerable efforts aimed at optimising this reactivity changing all reaction 

parameters we did not succeed in engaging this class of derivatives in higher yield.  

According to our proposed mechanism we speculated that there might have been an issue with 

one of the two XAT steps: either the one mediated with the -aminoalkyl radical or the one 

mediated by the phosphoranyl radical. Various alkylamines were screened to evaluate their 

impact in the reactivity (Table S7).   

 

Table S7. 

Entry Amine Yield (%) 

1 i-Pr2NEt 25 

2 PMP 25 

3 i-Pr2NMe 14 

4 i-Pr2NH – 

5 Et3N – 

6 n-Bu3N – 

7 i-Bu3N – 

8 Bn3N – 

9 Me3N – 

10 Cy3N – 

11 PhNMe2 – 

12 BnNPh2 – 
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CH3CN–H2O (20:1, 0.1 M), r.t., o/n
blue LEDs

30% (60% rsm)30
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As shown in Table S7, this led to no improvement in the reaction yield. Interestingly, we 

detected the hydroxymethylation of some amines by mass spectrometry analysis of the reaction 

crudes. This suggests that in the case of the alkyl bromides were XAT is slower, the 

nucleophilic -aminoalkyl radical can trap HCHO and undergo PPh3-mediated 

hydroxymethylation. To obtain further evidences on this reactivity we have performed DFT 

studies to determine the reaction parameters for the addition step. As shown in Scheme S8, the 

reaction ofan-aminoalkyl radical derived from Et3N should undergo a feasible addition to 

HCHO.  

 

 

Scheme S8. 

 

Depending on the structure of the amine, mono- or tri-hydroxymethylation was observed. 

 

2-(Diisopropylamino)propan-1-ol (S16) 

 

HRMS (ESI): Found M+H+ 160.1691, C9H22NO requires 160.1696. 

 

2,2',2''-Nitrilotris(pentan-1-ol) (S17) 

 

HRMS (ESI): Found M-H+ 274.2393, C15H32NO3 requires 274.2382. 

 

2,2',2''-Nitrilotris(propan-1-ol) (S18) 

 

HRMS (ESI): Found M-H+ 190.1451, C9H20NO3 requires 190.1449. 

Me N

Me

Me
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4.7 Cyclic Voltammetry Studies 

General Experimental Details  

Cyclic voltammetry was conducted on an EmStat (PalmSens) potentiostat using a 3-electrode 

cell configuration. A glassy carbon working electrode was employed alongside a platinum wire 

counter electrode and a Ag/AgCl reference electrode. All the solutions were degassed by 

bubbling Ar prior to measurements. 10 mM solutions of the desired compounds were freshly 

prepared in dry acetonitrile along with 0.1 M of tetrabutylammonium hexafluorophosphate as 

supporting electrolyte and were examined at a scan rate of 0.1 V s–1. Ferrocene (E1/2 = +0.42 

V vs SCE)13 was added at the end of the measurements as an internal standard to determine the 

precise potential scale. Potential values are given versus the saturated calomel electrode (SCE). 

When irreversible waves were obtained the potentials were estimated at half the maximum 

current, as previously described by Nicewicz.14 

 

Table S8. 

Entry Substrate Ered  (V vs SCE) 

1 (Ph3POMe)OTf –1.65 

 

2 

 

 

–0.89 

 

3 
 

 

–1.71 
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5 Reaction Scope 

General Procedure for the Hydroxymethylation of Alkyl Iodides – GP6 

 

An oven-dry tube equipped with a stirring bar was charged with the alkyl iodide (0.1 mmol, 

1.0 equiv.), 4CzIPN (4 mg, 5 mol, 5 mol%) and PPh3 (78 mg, 0.3 mmol, 3.0 equiv.). The tube 

was capped with a Supelco aluminium crimp seal with septum (PTFE/butyl), evacuated and 

refilled with N2 (x 3). Dry and degassed CH3CN (1.0 mL, 0.1 M), H2O (50 µL), H2CO (78 µL, 

1.0 mmol, 10 equiv.) and (i-Pr)2NEt (53 µL, 0.3 mmol, 3.0 equiv.) were sequentially added. 

The tube was place in front of the blue LEDs (approx. 10 cm) and the lights were switched on. 

The mixture was stirred under continuous irradiation for 16 h whilst being cooled by a fan to 

give an internal temperature between 25–30 °C. The lights were switched off and the tube was 

opened. The mixture was diluted with brine (2 mL) and EtOAc (2 mL), then 1,3-dintrobenzene 

(1 mL, 0.05 M solution in EtOAc) was added as an internal standard and the mixture was 

vigorously shaken. The layers were separated and the aqueous layer was extracted with EtOAc 

(x 2). The combined organic layers were dried (MgSO4), filtered and evaporated. Purification 

by flash column chromatography on silica gel gave the products.  

 

tert-Butyl 4-(Hydroxymethyl)piperidine-1-carboxylate (2) 

 

Following GP6, tert-butyl 4-iodopiperidine-1-carboxylate (31 mg, 0.1 mmol) gave 2 (19 mg, 

86%) as an oil. 1H NMR (500 MHz, CDCl3) δ 4.14–4.09 (2H, m), 3.48 (2H, d, J = 6.3 Hz), 

2.72–2.69 (2H, m), 1.74–1.67 (4H, m), 1.44 (9H, s), 1.14–1.09 (2H, m); 13C NMR (126 MHz, 

CDCl3) δ 155.0, 79.5, 67.6, 43.9, 38.9, 28.7, 28.6. Data in accordance with the literature.15  

 

tert-Butyl 3-(Hydroxymethyl)piperidine-1-carboxylate (3) 

 

Following GP6, tert-butyl 3-iodopiperidine-1-carboxylate (31 mg, 0.1 mmol) gave 3 (18 mg, 

85%) as an oil. 1H NMR (500 MHz, CDCl3) δ 3.78–3.50 (4H, m), 3.06–2.95 (2H, m), 1.81–

N
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OH

N

Boc

OH
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1.53 (4H, m), 1.45 (9H, s), 1.33–1.24 (1H, m); 13C NMR (126 MHz, CDCl3) δ 155.3, 79.5, 

64.5, 46.5, 44.8, 38.1, 28.5, 26.9, 23.9. Data in accordance with literature.16  

 

tert-Butyl 4-(Hydroxymethyl)azepane-1-carboxylate (4) 

 

Following GP6, S1 (33 mg, 0.1 mmol) gave 4 (21 mg, 90%) as an oil. Rf 0.4 [EtOAc:pentane 

7:3]; 1H NMR (400 MHz, CDCl3) δ 3.55 (1H, dt, J = 14.2, 5.0 Hz), 3.51–3.43 (3H, m), 3.30–

3.22 (2H, m), 1.93–1.81 (3H, m), 1.62–1.51 (2H, m), 1.45 (9H, s), 1.34–1.25 (1H, m), 1.17–

1.10 (1H, m). 13C NMR (126 MHz, CDCl3) δ 155.7, 79.2, 68.2, 46.7, 45.5, 41.8, 31.4, 29.8, 

28.7, 27.2. A HRMS could not be obtained for this compound. 

 

tert-Butyl 3-(Hydroxymethyl)pyrrolidine-1-carboxylate (5) 

 

Following GP6, tert-butyl 3-iodopyrrolidine-1-carboxylate (30 mg, 0.1 mmol) gave 5 (13 mg, 

65%) as an oil. 1H NMR (500 MHz, CDCl3) δ 3.65–3.58 (2H, m), 3.52–3.35 (2H, m), 3.34–

3.22 (1H, m), 3.10–3.04 (1H, m), 2.65 (1H, s), 2.42–2.32 (1H, m), 2.01–1.85 (1H, m), 1.73–

1.56 (1H, m), 1.42 (9H, s); 13C NMR (126 MHz, CDCl3) δ 154.6, 79.0, 63.7, 48.6, 48.1, 45.3, 

44.9, 41.1, 40.3, 28.3. Data in accordance with the literature.17  

 

1-(tert-Butyl) 2-Methyl 4-(hydroxymethyl)pyrrolidine-1,2-dicarboxylate (6) 

 

Following GP6, S2 (36 mg, 0.1 mmol) gave 6 (16 mg, 62%) as an oil as a mixture of 

diastereomers. trans:cis 1.5:1.  1H NMR (500 MHz, CDCl3,) δ 4.39 (0.4H, J = 8.6, 2.8 Hz), 

4.29 (0.6H, dd, J = 7.5, 4.9 Hz), 3.70–3.60 (3H, m), 3.25 (0.6H, dd, J = 10.4, 7.3 Hz), 3.19 

(0.4H, dd, J = 10.4, 8.0 Hz), 2.67–2.47 (1H, m), 2.17–1.59 (2H, m), 1.46 (3.6H, s), 1.41 (5.4H, 

s); 13C NMR (126 MHz, CDCl3) δ 173.6, 173.5, 154.6, 154.0, 80.2, 80.1, 63.7, 63.5, 59.0, 58.7, 

52.2, 52.0, 49.1, 48.7, 39.8, 39.0, 33.0, 32.3, 28.4, 28.3. Data in accordance with literature.18  
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tert-Butyl 3-(Hydroxymethyl)azetidine-1-carboxylate (7) 

 

Following GP6, tert-butyl 3-iodoazetidine-1-carboxylate (28 mg, 0.1 mmol) gave 7 (12 mg, 

66%) as an oil. 1H NMR (500 MHz, CDCl3) δ 3.99 (2H, t, J = 8.5 Hz), 3.78 (2H, d, J = 6.6 

Hz), 3.68 (2H, dd, J = 8.8, 5.2 Hz), 2.74–2.67 (1H, m), 1.43 (9H, s); 13C NMR (126 MHz, 

CDCl3) δ 156.6, 79.6, 64.8, 30.6, 28.5. Data in accordance with the literature.19  

 

(Tetrahydro-2H-pyran-4-yl)methanol (8) 

 

Following GP6, 4-iodotetrahydro-2H-pyran (21 mg, 0.1 mmol) gave 8 (10 mg, 84%) as an oil. 

1H NMR (500 MHz, CDCl3) δ 4.00 (2H, dd, J = 11.7, 4.6 Hz), 3.51 (2H, d, J = 6.4 Hz), 3.41 

(2H, td, J = 11.7, 2.1 Hz), 1.81–1.71 (1H, m), 1.68–1.62 (3H, m), 1.37 (1H, dd, J = 12.1, 4.5 

Hz), 1.31 (1H, dd, J = 12.1, 4.5 Hz); 13C NMR (126 MHz, CDCl3) δ 67.9, 67.7, 37.7, 29.4. 

Data in accordance with literature.20  

 

(2-(4-Bromophenyl)tetrahydro-2H-pyran-4-yl)methanol (9) 

 

Following GP6, S14 (37 mg, 0.1 mmol) gave 9 (20 mg, 74%) as an oil as a mixture of 

diastereomers. cis:trans 3:1. Rf 0.41 [EtOAc:Pentane 1:1; 1H NMR (400 MHz, CDCl3) δ 7.54–

7.35 (2H, m), 7.26–7.16 (2H, m), 4.61 (0.25H, dd, J = 9.0, 3.4 Hz), 4.31 (0.75H, dd, J = 11.2, 

2.1 Hz), 4.20 (0.75H, ddd, J = 11.5, 4.7, 1.6 Hz), 3.93 (0.25H, ddd, J = 10.9, 6.3, 4.5 Hz), 3.81–

3.72 (0.5H, m), 3.62 (0.75H, ddd, J = 12.5, 11.5, 2.3 Hz), 3.58–3.43 (1.5H, m), 2.06 (0.25H, 

tt, J = 7.4, 4.8 Hz), 1.99–1.87 (1.5H, m), 1.87–1.77 (0.5H, m), 1.71 (0.75H, ddq, J = 13.3, 3.9, 

2.0 Hz), 1.44–1.35 (0.75H, m), 1.35–1.17 (1.5H, m); 13C NMR (126 MHz, CDCl3, 

diastereomers) δ 142.14, 141.54, 131.60, 131.55, 131.54, 128.01, 127.66, 121.27, 121.14, 

78.83, 73.85, 68.22, 67.92, 64.63, 63.38, 38.52, 37.26, 33.59, 33.53, 28.99, 27.24. 
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(Tetrahydro-2H-thiopyran-4-yl)methanol (10) 

 

Following GP6, S3 (23 mg, 0.1 mmol) gave 10 (10 mg ,73%) as an oil. 1H NMR (500 MHz, 

CDCl3) δ 3.47 (2H, d, J = 6.4 Hz), 2.70 (2H, ddd, J = 14.3, 11.9, 2.6 Hz), 2.64–2.58 (2H, m), 

2.07 (2H, dd, J = 13.5, 3.5 Hz), 1.59 (1H, br s), 1.57–1.48 (1H, m), 1.39 (1H, dtd, J = 13.1, 

11.8, 3.5 Hz); 13C NMR (126 MHz, CDCl3) δ 68.4, 40.2, 30.8, 28.3. Data in accordance with 

literature.21  

 

4-(Hydroxymethyl)cyclohexan-1-one (11) 

 

Following GP6, 4-iodocyclohexan-1-one (22 mg, 0.1 mmol) gave 11 (8 mg, 63%) as an oil. 

1H NMR (500 MHz, CDCl3) δ 3.58 (2H, d, J = 6.6 Hz), 2.48–2.34 (4H, m), 2.13–2.08 (2H, m), 

2.06–1.89 (1H, m), 1.45 (2H, dq, J = 12.1, 5.5 Hz); 13C NMR (126 MHz, CDCl3) δ 212.9, 66.5, 

40.4, 38.5, 29.1. Data in accordance with literature.22  

 

(4-Phenylcyclohexyl)methanol (12) 

 

Following GP6, S4 (29 mg, 0.1 mmol) gave 12 (19 mg, quant.) as an oil as a mixture of 

diastereomers. cis:trans 1.5:1. 1H NMR (500 MHz, CDCl3, diastereomers) δ 7.31–7.28 (2H, 

m), 7.24–7.17 (3H, m), 3.72–3.71 (1.2H, d, J = 7.5 Hz), 3.53–3.51 (0.8H, d, J = 6.4 Hz), 2.64–

2.60 (0.6H, m), 2.52–2.46 (0.4H, m), 2.03–1.33 (8.2H, m), 1.27–1.04 (0.8H, m); 13C NMR 

(126 MHz, CDCl3, diastereomers) δ 147.4, 147.1, 128.3, 128.2, 126.9, 126.7, 125.8, 68.2, 64.2, 

44.4, 43.3, 40.0, 35.8, 33.7, 29.8, 29.1, 26.9. Data in accordance with literature.23  

 

(Adamantan-2-yl)methanol (13) 

 

Following GP6, 2-iodoadamantane (26 mg, 0.1 mmol) gave 13 (13 mg, 79%) as an oil. 1H 

NMR (500 MHz, CDCl3) δ 3.74 (2H, d, J = 7.1 Hz), 1.94–1.90 (1H, m), 1.89–1.84 (4H, m), 
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1.83–1.79 (3H, m), 1.79–1.77 (1H, m), 1.75–1.72 (2H, m), 1.57 (1H, br s), 1.55 (3H, br s); 13C 

NMR (126 MHz, CDCl3) δ 65.3, 47.3, 39.1, 38.2, 31.9, 29.2, 28.4, 27.9. Data in accordance 

with literature.21  

 

(Adamantan-1-yl)methanol (14) 

 

Following GP6, 1-iodoadamantane (26 mg, 0.1 mmol) gave 14 (14 mg, 85%) as an oil. 1H 

NMR (500 MHz, CDCl3) δ 3.20 (2H, s), 2.01–1.95 (3H, m), 1.76–1.69 (3H, m), 1.67–1.60 (3H, 

m), 1.54–1.46 (6H, m), 1.32 (1H, br s); 13C NMR (126 MHz, CDCl3) δ 73.9, 39.1, 37.3, 34.6, 

28.3. Data in accordance with literature.24  

 

tert-Butyl (4-(hydroxymethyl)cyclohexyl)carbamate (15) 

 

Following GP6, S5 (33 mg, 0.1 mmol) gave 15 (23 mg, quant.) as an oil as a mixture of 

diastereomers. cis:trans 1.5:1. 1H NMR (500 MHz, CDCl3) δ 4.40 (1H, s), 3.45 (2H, d, J = 6.3 

Hz), 3.38 (1H, s), 2.05–2.02 (2H, m), 1.84–1.81 (2H, m), 1.44 (10H, s), 1.17–1.01 (4H, m). 13C 

NMR (101 MHz, CDCl3) δ 155.4, 79.3, 68.2, 67.3, 50.1, 46.5, 39.8, 38.8, 33.1, 29.8, 29.7, 28.6, 

28.6, 24.4. Data in accordance with literature.25  

 

tert-Butyl (3-(Hydroxymethyl)cyclobutyl)carbamate (16) 

 

Following GP6, S6 (22 mg, 0.1 mmol) gave 16 (12 mg, 60%) as an oil as a mixture of 

diastereomers. cis:trans 1:1. 1H NMR (400 MHz, CDCl3, diastereomers) δ 4.70 (1H, br. s), 4.17 

(0.5H, br. s), 4.01 (0.5H, s), 3.67 (1H, d, J = 7.3 Hz), 3.57 (1H, d, J = 5.7 Hz), 2.48–2.39 (1H, 

m), 2.37–2.27 (2H, m), 2.05–1.93 (2H, m), 1.75–1.51 (1H, m), 1.66-1.54 (1H, m) 1.43 (9H, s). 

13C NMR (101 MHz, CDCl3, diastereomers) δ 155.09, 154.86, 79.71, 79.49, 66.59, 66.30, 

44.21, 42.40, 33.65, 32.71, 30.80, 30.24, 28.54. Data in accordance with literature.26  
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tert-Butyl 2-(Hydroxymethyl)-7-azaspiro[3.5]nonane-7-carboxylate (17) 

  

Following GP6, S7 (35 mg, 0.1 mmol) gave 17 (21 mg, 81%) as an oil. Rf  0.35 [EtOAc:Pentane 

1:1]; 1H NMR (400 MHz, CDCl3) δ 3.60 (2H, d, J = 6.6 Hz), 3.40–3.31 (2H, m), 3.29–3.21 

(2H, m), 2.54–2.40 (1H, m), 1.95–1.85 (2H, m), 1.60–1.48 (6H, m), 1.44 (9H, s); 13C NMR 

(101 MHz, CDCl3) δ 155.2, 79.4, 68.0, 40.6, 39.3, 36.8, 34.3, 30.6, 28.6. HRMS (ESI): Found 

M+Na+ 278.1718, C14H25O3NNa requires 278.1713. 

 

tert-Butyl 6-(Hydroxymethyl)-2-azaspiro[3.3]heptane-2-carboxylate (18) 

 

Following GP6, S8 (32 mg, 0.1 mmol) gave 18 (12 mg, 55%) as an oil. 1H NMR (500 MHz, 

CDCl3) δ 3.92 (2H, s), 3.82 (2H, s), 3.56 (2H, d, J = 6.4 Hz), 2.35 (1H, hept, J = 7.1 Hz), 2.26–

2.22 (2H, m), 1.96–1.92 (2H, m), 1.42 (9H, s); 13C NMR (126 MHz, CDCl3) δ 156.4, 79.4, 

66.8, 62.4, 61.5, 35.4, 34.5, 31.5, 28.5; HRMS (ESI): Found M+Na+ 250.1402, C12H21O3NNa 

requires 250.1414. 

 

N-(4-(Hydroxymethyl)octahydropentalen-1-yl)acetamide (19) 

  

Following GP6, S15 (29 mg, 0.1 mmol) gave 19 (12 mg, 62%) as an oil as a mixture of 

diastereomers. dr 1:1. Rf 0.25 [CH2Cl2:MeOH 9:1]. 1H NMR (400 MHz, CDCl3, diastereomers) 

δ 5.61 (2H, bs), 4.16–4.02 (1H, m), 3.88 (1H, dtd, J = 7.6, 5.6, 3.7 Hz), 3.67–3.45 (4H, m), 

2.74–2.63 (1H, p, J = 7.8 Hz), 2.20 (1H, tt, J = 5.8, 3.0 Hz), 2.14–2.07 (1H, m), 1.96 (3H, s), 

1.94 (3H, s), 1.84–1.17 (19H, m); 13C NMR (126 MHz, CDCl3, diastereomers) δ 170.0, 169.8, 

66.7, 66.4, 57.4, 53.3, 51.9, 51.1, 50.3, 45.2, 45.1, 44.8, 33.0, 30.9, 30.9, 30.7, 30.0, 29.9, 29.3, 

27.3, 23.7, 23.6. 
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tert-Butyl 5-(Hydroxymethyl)hexahydrocyclopenta[c]pyrrole-2(1H)-carboxylate (21) 

 

Following GP6, S9 (34 mg, 0.1 mmol) gave 21 (17 mg, 72%) as an oil as a mixture of 

diastereomers. dr 10:1. 1H NMR (400 MHz, CDCl3) δ 3.53 (4H, d, J = 6.8 Hz), 3.13 (2H, m), 

2.70 (2H, q, J = 3.9 Hz), 2.33 (1H, dq, J = 15.2, 7.8 Hz), 1.71–1.52 (4H, m), 1.45 (9H, s); 13C 

NMR (101 MHz, CDCl3) δ 154.7, 79.2, 66.8, 44.8, 41.3, 35.2, 29.9, 28.7. Data in accordance 

with the literature.27 

 

tert-Butyl (2S,5S)-5-(Hydroxymethyl)-2-methylpiperidine-1-carboxylate (23) 

 

Following GP6, S10 (33 mg, 0.1 mmol) gave 23 (6 mg, 26%) as an oil as a mixture of 

diastereomers. trans:cis 3.3:1. 1H NMR (500 MHz, CDCl3, diastereomers) δ 4.32 (0.22H, dd, 

J = 12.6, 3.9 Hz), 4.21 (0.78H, tt, J = 10.3, 5.1 Hz), 3.97 (0.22H, d, J = 12.8 Hz), 3.88 (0.78H, 

dd, J = 14.3, 1.3 Hz), 3.53–3.42 (2H, m), 2.95 (0.78H, dd, J = 14.3, 3.5 Hz), 2.47 (0.22H, t, J 

= 12.4 Hz) 2.05–1.45 (4H, m), 1.40 (9H, s), 1.12 (2.34H, d, J = 6.9 Hz), 1.04 (0.66H, d, J = 

6.9 Hz); 13C NMR (126 MHz, CDCl3, diastereomers) δ 156.1, 79.9, 79.4, 66.2, 62.2, 47.3, 39.3, 

38.1, 37.3, 35.8, 32.1, 29.9, 28.6, 26.0, 22.8, 22.1, 20.5, 16.8, 14.3. Data in accordance with 

literature.28 

 

7-(3-Hydroxy-2-methylpropyl)-1,3-dimethyl-3,7-dihydro-1H-purine-2,6-dione (25) 

 

Following GP6, S11 (35 mg, 0.1 mmol) gave 25 (8.0 mg, 32%) as an oil. 1H NMR (500 MHz, 

CDCl3) δ 7.59 (1H, s), 4.38 (1H, dd, J = 13.9, 6.9 Hz), 4.26 (1H, dd, J = 13.9, 5.4 Hz), 3.60 

(3H, s), 3.50 (1H, dd, J = 11.5, 3.8 Hz), 3.41 (3H, s), 3.38 (1H, dd, J = 11.6, 6.5 Hz), 2.22–2.15 

(1H, m), 0.98 (3H, d, J = 6.9 Hz); 13C NMR (126 MHz, CDCl3) δ 156.0, 151.6, 149.1, 107.4, 

63.5, 48.8, 37.6, 30.0, 28.3, 14.3; HRMS (APCI): Found M+H+ 253.1295, C11H17O3N4 requires 

253.1301. 

N

Boc

OH

H H
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tert-Butyl 3-(Hydroxymethyl)-8-azabicyclo[3.2.1]octane-8-carboxylate (27) 

 

Following GP6, S12 (34 mg, 0.1 mmol) gave 27 (17 mg, 70%) as an oil. 1H NMR (500 MHz, 

CDCl3) δ 4.36–4.14 (2H, m), 3.43 (2H, d, J = 6.2 Hz) 2.15–1.99 (2H, m), 1.95 (2H, dt, J = 7.5, 

2.8 Hz), 1.75–1.61 (3H, m), 1.61–1.52 (2H, m), 1.45 (9H, s); 13C NMR (126 MHz, CDCl3) δ 

153.6, 79.2, 77.2, 68.2, 31.5, 28.7. Note: some peaks aren’t visible due to the conformation flip 

of the compound. Data in accordance with literature.29 

 

((8S,9S,10R,13R,14S,17R)-10,13-Dimethyl-17-((R)-6-methylheptan-2-yl) 

2,3,4,7,8,9,10,11,12,13,14,15,16,17-tetradecahydro-1H-cyclopenta[a]phenanthren-3-

yl)methanol (29) 

 

Following GP6, S13 (50 mg, 0.1 mmol) gave 29 (16 mg, 40%) as an oil as a mixture of 

diastereomers. dr 2.3:1 1H NMR (500 MHz, CDCl3, diastereomers) δ 5.32–5.27 (1H, m), 3.57–

3.46 (2H, m), 2.53–2.44 (1H, m), 2.10–0.85 (41H, m), 0.67 (3H, d, J = 2.4 Hz); 13C NMR (126 

MHz, CDCl3, diastereomers) δ 142.0, 140.2, 121.3, 119.9, 68.4, 63.8, 56.7, 56.1, 50.4, 50.3, 

42.2, 42.0, 39.8, 39.7, 39.4, 38.9, 37.4, 37.3, 36.7, 36.1, 35.7, 34.3, 33.7, 31.8, 28.2, 27.9, 25.3, 

24.2, 23.8, 23.1, 22.8, 22.5, 20.9, 20.7, 19.4, 19.3, 18.6, 11.8. Data in accordance with 

literature.4 
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6 Computational Studies 

6.1 Computational Methods 

Density functional theory (DFT)30 calculations were performed using Gaussian 09 (revision 

E.01)31 and the Gaussview3 was used to generate input geometries and visualize output 

structures. Geometry optimizations and frequency calculations for the calculation of reaction 

energies were performed using the B3LYP functional32 and an atom-pairwise dispersion 

correction (D3)33 with a flexible triplet zeta basis set (def2-TZVP)34 using acetonitrile to model 

solvation effect by applying the most commonly used integral equation formalism (IEF) 

version of polarized continuum model (PCM).35 The bond distance [d(C–C)] between the 

carbon radical centre and carbon atom of CO or CH2O was calculated from the transition states 

structures and the amount of charge transfer (TS) from the carbon radical to the carbon atom 

of CO or CH2O in the transition states was evaluated from the Mulliken charges. For 

calculation of electronic properties of phosphoranyl radical, global and local electrophilicity 

index, B3LYP functional.32b, 32d, 36  was used and the geometry of studied radical was optimized 

at the UB3LYP/6-311+G(d,p) level of theory, followed by frequency calculation at the same 

level.37
 The computed Hirshfeld charges on the radicals were also calculated at the same level 

of theory.38 All stationary points were characterized as minima based on normal vibrational 

mode analysis. Thermal corrections were computed from unscaled frequencies, assuming a 

standard state of 298.15 K and 1 atm.  
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6.2 Electronic Properties of Phosphoranyl Radical    

DFT Method: UB3LYP/6-311+G(d,p) 

 

Computed Energies [values are in Hartree] 

Phosphoranyl Radical Total Electronic Energy 
Sum of Electronic 

and Zero-point Energies 

Sum of Electronic 

and Thermal Enthalpies 
Gibbs Free Energy 

O P

Ph

Ph

Ph

 

-1386.3564642 -1385.892647 -1385.866697 -1385.950731 

 

 

Phosphoranyl Radical 
Ionization 

Potential 

(IP, eV) 

Electron 

affinity 

(EA, eV) 

Electronegativity 

(, eV) 

Electronic 

Chemical 

Potential 

(µ, eV) 

Chemical 

Hardness 

(η, eV) 

Chemical 

Softness 

(S, meV) 

Global 

Electrophilicity 

Index 

(ω, eV) 

Local 

Electrophilicity 

Index 

(ω rc, eV) 

Hirshfeld 

Charge 

O P

Ph

Ph

Ph

 

4.20 0.27 2.23 -2.23 3.93 254.31 0.64 0.07 0.3621 
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Optimized Structure and Cartesian Coordinates 

No. Phosphoranyl Radical Optimized Structure 

1 O P

Ph

Ph

Ph

 

 

Cartesian Coordinates 

C                 -3.08059200    0.38203900   -0.26609100 

 C                 -4.10383100    1.38502100    0.29859800 

 C                 -5.48772600    1.21116200   -0.34397300 

 C                 -5.99936200   -0.22993900   -0.20981900 

 C                 -4.98197800   -1.23639600   -0.76428600 

 C                 -3.60080900   -1.05823300   -0.11791600 

 H                 -6.19923000    1.91039400    0.10719900 

 H                 -4.18927600    1.23929400    1.38427500 

 H                 -3.74697900    2.40981000    0.14804600 

 H                 -2.95101300    0.59255000   -1.33644300 

 H                 -6.18431500   -0.45021600    0.84987500 

 H                 -6.96071300   -0.33900400   -0.72245200 

 H                 -5.33806300   -2.26030300   -0.61039700 

 H                 -4.89213200   -1.09862000   -1.84971600 

 H                 -3.66763700   -1.30127300    0.95198200 

 H                 -2.88323400   -1.75796600   -0.55471200 

 H                 -5.42477400    1.47449200   -1.40766800 

 C                 -1.72244200    0.58522500    0.39640500 

 H                 -1.41801300    1.63433600    0.31577900 

 H                 -1.76787600    0.32214600    1.46039600 

 O                 -0.74270000   -0.24746200   -0.26118500 

 P                  0.89215200    0.02607200    0.00024500 

 C                  1.51219600   -1.11469300   -1.27678900 

 C                  0.70739200   -2.11644500   -1.84189800 

 C                  2.88217800   -1.08664000   -1.58556400 

 C                  1.26536200   -3.06028800   -2.70314800 
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 H                 -0.34961600   -2.14125800   -1.61686100 

 C                  3.42733100   -2.01761500   -2.46156300 

 H                  3.51847600   -0.33091300   -1.13878700 

 C                  2.62071500   -3.01286700   -3.01973200 

 H                  0.63392000   -3.82950200   -3.13421300 

 H                  4.48349700   -1.97380700   -2.70249600 

 H                  3.04932900   -3.74636900   -3.69328800 

 C                  1.48946000    1.65358300   -0.28274900 

 C                  1.52893600    2.64267200    0.74781600 

 C                  1.75155000    2.08948200   -1.61833300 

 C                  1.89830300    3.94475700    0.46518300 

 H                  1.26424700    2.37796700    1.76380200 

 C                  2.11791700    3.39890800   -1.87647600 

 H                  1.67227700    1.38817100   -2.43980800 

 C                  2.20982000    4.34282200   -0.84454800 

 H                  1.93433100    4.66900000    1.27224600 

 H                  2.32948800    3.69485100   -2.89868500 

 H                  2.49183500    5.36679500   -1.05689300 

 C                  1.17438500   -0.52737700    1.68215500 

 C                  0.39437100   -1.59402000    2.18665100 

 C                  2.26438300   -0.07152500    2.45699600 

 C                  0.68197700   -2.15530500    3.42666800 

 H                 -0.43464500   -1.97615400    1.60386800 

 C                  2.52705500   -0.62563800    3.70042200 

 H                  2.91027900    0.70867300    2.07465300 

 C                  1.73858900   -1.67234800    4.19733400 

 H                  0.07088500   -2.97217700    3.79533300 

 H                  3.36168400   -0.25190100    4.28333900 

 H                  1.95551300   -2.10842200    5.16537800 
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6.3 Reaction Energies 

DFT Method: B3LYP-D3/def2-TZVP [solvent: CH3CN, values are in Kcal mol–1]  

Addition Reactions G≠ G 
d(C–C) 

(Å) 
TS 

+ C O

OO

 

10.2 -0.7 2.27196 0.109536 

+ C O

OO

H

H

 

9.9 4.8 2.19618 0.128423 

+ C O

N N

O

N

O

H

H

 

3.9 4.6 2.00949 0.158047 

 

Computed Energies [values are in Hartree] 

Species 
Total Electronic 

Energy 

Sum of Electronic and 

Zero-point Energies 

Sum of Electronic and 

Thermal Enthalpies 

Gibbs Free 

Energy 

 

-235.3134492 -235.158424 -235.151457 -235.188113 

C O  -113.3631968 -113.358162 -113.354857 -113.377278 

O

 

-348.6766246 -348.513916 -348.504598 -348.549078 

O

 

-348.7006279 -348.533770 -348.525235 -348.566516 

C O

H

H

 

-114.5596746 -114.533057 -114.529246 -114.554060 

O

 

-349.8782668 -349.692471 -349.683177 -349.726337 
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O

 

-349.8905406 -349.702052 -349.693384 -349.734564 

N

 

-291.8948752 -291.703445 -291.692932 -291.738154 

N

O

 

-406.4698197 -406.247269 -406.234509 -406.286078 

N

O

 

-406.4701611 -406.246298 -406.233375 -406.284919 

 

Optimized Structures and Cartesian Coordinates 

No. Species Optimized Structure 

1 

 

 

Cartesian Coordinates 

C                  1.26397300   -0.71045000   -0.24239500 

 C                  1.28286100    0.77605000    0.15890500 

 C                  0.00000100    1.45997600   -0.17061900 

 C                 -1.28286000    0.77605100    0.15890400 

 C                 -1.26397400   -0.71045000   -0.24239400 

 C                  0.00000000   -1.40798200    0.26742700 

 H                  1.45609800    0.82755100    1.24886100 

 H                  2.13003100    1.28862500   -0.30343300 

 H                  1.29813000   -0.78597100   -1.33447200 

 H                  2.15786900   -1.20990500    0.14011700 

 H                 -1.45609900    0.82755400    1.24886000 

 H                 -2.13002900    1.28862600   -0.30343600 

 H                 -2.15786900   -1.20990400    0.14012000 

 H                 -1.29813200   -0.78597100   -1.33447100 

 H                  0.00000000   -1.39975200    1.36403100 

 H                 -0.00000100   -2.45748300   -0.03895400 

 H                  0.00000100    2.51746400   -0.40619000 

2 C O   
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Cartesian Coordinates 

C                  0.00000000    0.00000000   -0.64266700 

 O                  0.00000000    0.00000000    0.48200000 

3 

O

  

Cartesian Coordinates 

C                 -0.45667500   -0.17569500    0.72470200 

 C                  0.15812000   -1.33743400    0.01060600 

 C                 -0.10143300    1.17507200    0.19387300 

 H                 -0.57760000   -0.26908900    1.79899600 

 C                  1.69735400   -1.17854800   -0.00203400 

 H                 -0.18859700   -1.36052100   -1.02927700 

 H                 -0.12593700   -2.28473900    0.47191000 

 C                  1.43781500    1.33571500    0.17580100 

 H                 -0.46903600    1.27579500   -0.83395500 

 H                 -0.56065200    1.97032600    0.78384100 

 C                  2.10336100    0.18095100   -0.57794000 

 H                  2.14316900   -1.99158400   -0.58102200 

 H                  2.07546700   -1.26945000    1.02144800 

 H                  1.69792000    2.29464100   -0.28020300 

 H                  1.80788100    1.36017300    1.20574700 

 H                  3.19042500    0.29133500   -0.54700400 

 H                  1.81156000    0.22532900   -1.63335500 

 C                 -2.66053000   -0.41826000    0.22870800 

 O                 -2.98408400    0.28337400   -0.61242900 

4 

O

 

 

Cartesian Coordinates 

C                 -1.86843800    0.47132800   -0.39383600 

 C                 -0.71546000    1.44795300   -0.14151000 

 C                  0.18985600    0.96924400    0.99669500 

 C                  0.69287400   -0.46748300    0.76821800 

 C                 -0.46318100   -1.44093600    0.48518700 
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 C                 -1.34967700   -0.94490900   -0.66022700 

 H                 -0.12257300    1.55106100   -1.05589200 

 H                 -1.10327500    2.44214500    0.09272900 

 H                 -2.52482900    0.45290500    0.48381500 

 H                 -2.47580400    0.81497800   -1.23472200 

 H                  1.23739000   -0.81922000    1.65297800 

 H                 -0.06725200   -2.43497800    0.26807300 

 H                 -1.06052300   -1.52346700    1.39752000 

 H                 -0.77311200   -0.95024300   -1.59289800 

 H                 -2.18358900   -1.63557800   -0.80499800 

 H                  1.03872600    1.64328500    1.12401300 

 H                 -0.37157800    0.97451600    1.93620400 

 C                  1.75174000   -0.54647800   -0.32067500 

 O                  2.37251700    0.31903500   -0.83374100 

5 C O

H

H

 

 

Cartesian Coordinates 

C                  0.00000000    0.00000000   -0.52939300 

 O                  0.00000000    0.00000000    0.67536600 

 H                  0.00000000   -0.93778400   -1.11328400 

 H                  0.00000000    0.93778400   -1.11328400 

6 

O

 
 

Cartesian Coordinates 

C                  0.41183800    0.00086800    0.72013000 

 C                 -0.07769000    1.26541300    0.09524400 

 C                 -0.07642800   -1.26459800    0.09616500 

 H                  0.52570300    0.00131200    1.80108500 

 C                 -1.62641800    1.26526100    0.09356200 

 H                  0.27149900    1.31646600   -0.94070500 

 H                  0.30246300    2.14349900    0.61968300 

 C                 -1.62514300   -1.26597300    0.09469000 

 H                  0.27274200   -1.31596600   -0.93976600 

 H                  0.30470200   -2.14194300    0.62114200 
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 C                 -2.17412000   -0.00092600   -0.56917300 

 H                 -1.98420900    2.15961600   -0.42232600 

 H                 -1.98792100    1.32422200    1.12502700 

 H                 -1.98216200   -2.16117200   -0.42026600 

 H                 -1.98645700   -1.32425300    1.12626200 

 H                 -3.26633500   -0.00145600   -0.52735300 

 H                 -1.89756600   -0.00125500   -1.62920200 

 C                  2.57061700    0.00112300    0.31656900 

 O                  2.71065600   -0.00136000   -0.91196800 

 H                  2.66266400    0.93353200    0.89755800 

 H                  2.66369400   -0.92872800    0.90147400 

7 

O

 

 

Cartesian Coordinates 

C                 -2.05368500    0.37682300   -0.32356100 

 C                 -0.93520000    1.42155800   -0.27926200 

 C                  0.09458700    1.09825000    0.80954600 

 C                  0.66047600   -0.32450200    0.69528900 

 C                 -0.46707500   -1.36463100    0.59671600 

 C                 -1.48670600   -1.03456300   -0.49947400 

 H                 -0.44415700    1.46439300   -1.25780900 

 H                 -1.35136200    2.41702000   -0.10498300 

 H                 -2.62196700    0.41957100    0.61294500 

 H                 -2.75585100    0.60676600   -1.12908900 

 H                  1.24532800   -0.53781000    1.59575300 

 H                 -0.04623100   -2.36196200    0.43764700 

 H                 -0.98466000   -1.39737700    1.56088500 

 H                 -1.01560100   -1.11407400   -1.48565100 

 H                 -2.29218100   -1.77320000   -0.48666200 

 H                  0.91517200    1.81895200    0.78519100 

 H                 -0.38452100    1.19899300    1.78887300 

 C                  1.64726000   -0.46964900   -0.47802800 

 H                  1.93720000   -1.52209700   -0.64096300 

 H                  1.14877200   -0.17987900   -1.42912100 

 O                  2.73651400    0.34262400   -0.42179600 
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8 N

 

 

Cartesian Coordinates 

C                  0.84583400   -1.11049900   -0.45482600 

 N                 -0.12060300   -0.23894100    0.03355900 

 C                 -1.43388000   -0.23598700   -0.60541800 

 H                 -1.45366300   -1.04061000   -1.34096200 

 H                 -1.58164500    0.69667800   -1.16323900 

 C                 -2.57442500   -0.42760400    0.39091400 

 H                 -2.58834800    0.36503600    1.14098600 

 H                 -3.53614300   -0.41251300   -0.12720000 

 H                 -2.47420000   -1.38397900    0.90735100 

 C                  0.29344000    1.02296300    0.64013500 

 H                 -0.57571100    1.45508500    1.13831800 

 H                  1.02305400    0.81402400    1.42398100 

 C                  2.15508600   -1.25209000    0.24996200 

 H                  2.04467300   -1.56672300    1.30125400 

 H                  2.76074200   -2.00720500   -0.25257600 

 H                  2.73679400   -0.32499400    0.26427300 

 C                  0.87682500    2.03484400   -0.35171300 

 H                  0.15300200    2.29096500   -1.12747600 

 H                  1.15562600    2.95445200    0.16691900 

 H                  1.76542400    1.62977600   -0.83796400 

 H                  0.43733600   -1.98716700   -0.94290600 

9 N

O

 

 

Cartesian Coordinates 

C                 -0.57928100   -0.47232000    0.71143600 

 N                  0.42756700   -0.09952800   -0.13426900 
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 C                  1.33410000   -1.12711800   -0.64470100 

 H                  0.75406500   -2.02328000   -0.88443100 

 C                  0.45580400    1.22635000   -0.74499600 

 H                  0.67929400    1.10284500   -1.80706300 

 H                 -0.54654700    1.64697200   -0.68695700 

 C                 -1.14008300    0.52888800    1.68559700 

 H                 -1.55830700    1.39841800    1.18115300 

 H                 -1.93505100    0.06617200    2.26909400 

 H                 -0.36160000    0.86944700    2.37411000 

 C                  1.47824800    2.16419800   -0.10469900 

 H                  2.48865300    1.76268200   -0.19577200 

 H                  1.45245500    3.13674700   -0.60007100 

 H                  1.26159200    2.31030500    0.95415700 

 H                 -0.41742800   -1.46322100    1.12702800 

 C                  2.44861500   -1.47680700    0.34019000 

 H                  3.08476800   -2.25957500   -0.07729900 

 H                  3.06775500   -0.60463600    0.55316500 

 H                  2.03476700   -1.84124100    1.28186200 

 H                  1.76170800   -0.76632600   -1.57994600 

 C                 -2.18264800   -0.93250900   -0.40904800 

 H                 -1.64382100   -1.65286600   -1.05074700 

 H                 -2.71049400   -1.41916800    0.43321200 

 O                 -2.66166400    0.12116600   -0.91928700 

10 N

O

 

 

Cartesian Coordinates 

C                 -0.61501100   -0.52697200    0.64565600 

 N                  0.43262900   -0.09099800   -0.15221900 

 C                  1.38961400   -1.07790200   -0.64243800 

 H                  0.85641100   -2.00354500   -0.88128100 

 C                  0.38429500    1.22448600   -0.77629400 

 H                  0.74260500    1.12555500   -1.80295100 

 H                 -0.66330300    1.52559800   -0.83561000 

 C                 -1.15752300    0.44746200    1.67235800 

 H                 -1.52315800    1.36221200    1.21086200 
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 H                 -1.98584700   -0.01179000    2.21124600 

 H                 -0.37703200    0.70503800    2.39090600 

 C                  1.21402800    2.28157200   -0.04506900 

 H                  2.26620100    1.99480400   -0.01139600 

 H                  1.13653100    3.23775900   -0.56635400 

 H                  0.86338000    2.41813800    0.97788400 

 H                 -0.36751600   -1.48923900    1.09260400 

 C                  2.50490600   -1.36704600    0.36228100 

 H                  3.18274900   -2.12341100   -0.03814100 

 H                  3.07884100   -0.46402900    0.57381500 

 H                  2.09443500   -1.74068900    1.30187600 

 H                  1.81576700   -0.70738400   -1.57468800 

 C                 -1.99380700   -1.00431900   -0.37718000 

 H                 -1.49488500   -1.72522600   -1.05218500 

 O                 -2.55500100    0.02572600   -0.92140000 

 H                 -2.57258600   -1.53629600    0.40426900 
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7 NMR Spectra 

S1 - 1H NMR (500 MHz, CDCl3)  

 

S1 - 13C NMR (101 MHz, CDCl3) 
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S6 - 1H NMR (400 MHz, CDCl3)  

 

S6 - 13C NMR (101 MHz, CDCl3) 
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S9 – 1H NMR (400 MHz, CDCl3) 

 

S9 – 13C NMR (101 MHz, CDCl3) 
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S10 – 1H NMR (400 MHz, CDCl3) 

 

S10 – 13C NMR (101 MHz, CDCl3) 
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S11 - 1H NMR (500 MHz, CDCl3)  

 

S11 - 13C NMR (101 MHz, CDCl3) 
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S12 - 1H NMR (400 MHz, CDCl3)  

 

S12 - 13C NMR (101 MHz, CDCl3) 
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4 - 1H NMR (400 MHz, CDCl3)  

 

4 - 13C NMR (101 MHz, CDCl3) 
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9 – 1H NMR (400 MHz, CDCl3) 

9 – 13C NMR (126 MHz, CDCl3) 
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17 – 1H NMR (400 MHz, CDCl3) 

 

17 – 13C NMR (101 MHz, CDCl3) 
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18 - 1H NMR (500 MHz, CDCl3)  

 

18 - 13C NMR (101 MHz, CDCl3) 
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19 – 1H NMR (400 MHz, CDCl3) 

19 – 13C NMR (126 MHz, CDCl3) 
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25 - 1H NMR (500 MHz, CDCl3)  

 

25 - 13C NMR (101 MHz, CDCl3) 
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ABSTRACT: We report here a mechanistically distinct tactic to
carry E2-type eliminations on alkyl halides. This strategy exploits the
interplay of α-aminoalkyl radical-mediated halogen-atom transfer
(XAT) with desaturative cobalt catalysis. The methodology is high-
yielding, tolerates many functionalities, and was used to access
industrially relevant materials. In contrast to thermal E2 eliminations
where unsymmetrical substrates give regioisomeric mixtures, this
approach enables, by fine-tuning of the electronic and steric
properties of the cobalt catalyst, to obtain high olefin positional
selectivity. This unprecedented mechanistic feature has allowed access to contra-thermodynamic olefins, elusive by E2 eliminations.

■ INTRODUCTION

The base-promoted β-elimination (E2, bimolecular elimina-
tion) is a classical reaction of alkyl halides used to access olefin
products.1 This reactivity often requires forcing conditions
(i.e., strong bases, high T) and, in the case of unsymmetrical
substrates, delivers mixtures of regioisomers (Scheme 1A).2

Furthermore, primary alkyl halides are notoriously challenging
to engage as they undergo nucleophilic substitution (SN2) with
the base. Despite these drawbacks, the versatility that olefins
offer in terms of further functionalization makes E2
eliminations frequently encountered in the preparation of
high-value materials (Scheme 1B).3

In recent years, alternative approaches aimed at performing
these reactions under milder conditions have been developed.
Yorimitsu et al.4 have used the reduction of 1° and 2° alkyl
(pseudo)halides by [Co(I)] species to generate alkyl−
[Co(III)] intermediates5 for following β-hydride elimination.
More recently West6 has reported a vitamin B127-catalyzed
approach where SN2 displacement of the alkyl halide by a
nucleophilic [Co(I)] intermediate was used to access the
alkyl−[Co(III)] species from which HAT (H-atom transfer)-
based desaturation took place. However, these approaches are
not compatible with hindered substrates, like tertiary and other
hindered derivatives (e.g., neopentyl), offer limited regiose-
lectivity control , and require the use of excess
Me2PhSiCH2MgCl or NaBH4 (respectively), which can limit
functional group compatibility. Fu has developed a Pd-
catalyzed protocol for the preparation of terminal olefins
from primary alkyl bromides.8 In this case, the elementary

Received: July 1, 2021
Published: September 1, 2021

Scheme 1. (A) E2 Eliminations and Their Drawbacks, (B)
Examples of E2 Eliminations Carried by the Pharmaceutical
Sector, and (C) XAT and Co-catalysis to Achieve and
Control E2-Type Eliminations
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steps of oxidative addition and β-hydride elimination are used
to activate the bromide and produce the olefin. This approach
however cannot be extended to secondary and tertiary
bromides or to alkyl iodides.
Overall, the development of a general strategy for olefin

synthesis from the corresponding alkyl halides able to (i)
accommodate primary, secondary, and tertiary derivatives, (ii)
display broad functional group tolerance and, crucially, (iii)
control the elimination site-selectivity is still an unmet goal.
Here, we report a mild and practical solution to this challenge
where halogen-atom transfer (XAT) is used to convert alkyl
halides into the corresponding radicals for following
desaturation through a cobalt catalytic cycle (Scheme 1C).
The modulation of electronic and steric parameters around the
Co catalyst has provided a novel tool to rationally control the
olefin positional selectivity and provide access to contra-
thermodynamic products that are still out of reach by thermal
reactivities.

■ RESULTS AND DISCUSSION

Our proposed approach for olefin synthesis was based on a
dual photoredox-cobalt catalytic cycle, using XAT mediated by
α-aminoalkyl radicals9 as a blueprint for halide activation. As
shown in Scheme 2A, oxidative quenching of a visible-light-
excited photocatalyst (*PC) by the [Co(III)] cocatalyst would
generate a [Co(II)] intermediate and PC• +. This species can

oxidize the alkyl amine A, providing the key α-aminoalkyl
radical B (upon aminium radical deprotonation) and the
ground state PC. At this point, polarity-matched XAT between
B and the alkyl halide (e.g., 4-Br-N-Ts-piperidine 1) should
generate the desired alkyl radical C and the iminium bromide
D.9a Carbon-radicals trap [Co(II)] species at diffusion-
controlled rates,10 and recent work from Ritter et al.11 and
Tunge et al.12 demonstrated that dual photoredox−cobalt
systems can be used in decarboxylation−dehydrogenation
cascades converting carboxylic acids into olefins, albeit with
limited regiocontrol.13 On the basis of these precedents, we
postulated that the reaction of C with the cobaloxime would
lead to the [Co(III)]−alkyl intermediate E, from where formal
β-hydride elimination would give the olefin product 2 and a
cobalt hydride equivalent.14 Protic sources are generally used
to evolve H2 by reaction with [Co(III)]−H and deliver
electron poor [Co(III)] species that can close the cobalt cycle
by SET.15 Alternatively, a mechanism based on a direct HAT
on the alkyl radical C by the [Co(II)]species, thus without the
intermediacy of E, might be operating leading to an identical
outcome.16 In our case, we speculated that the reduction of
iminium D might be employed, thus rendering the overall
process also catalytic in the amine.
This proposal for E2-type elimination was put in practice by

using the organic dye 4CzIPN (2 mol %) as the photocatalyst,
Co(dmgH)2PyCl (Co-1, 5 mol %) as the commercially
available cobaloxime, i-Pr2NEt (20 mol %) as the XAT
agent, and K2CO3 as the base in CH3CN solvent under blue
light irradiation at room temperature.17 Under these mild
conditions, 1 was converted into 2 in quantitative yield
(Scheme 2B, entry 1). Control experiments revealed no
background E2 reactivity in the absence of amine, photo-
catalyst, or cobaloxime or in the dark (entries 2−3). In the
absence of K2CO3, 2 was obtained in 12% yield (entry 4), but
full reactivity was restored using 2.0 equiv of i-Pr2NEt (entry
5). We propose that this reflects the role of K2CO3 in the
deprotonation of the aminium radical derived from i-Pr2NEt
en route to B, allowing the amine to be used in
substoichiometric amounts. In agreement with our working
hypothesis, the use of DABCO as the amine resulted in no
product formation as this species cannot lead to the formation
of an α-aminoalkyl radical (entry 6).18

With a set of optimized reaction conditions, the scope of this
radical elimination protocol was evaluated on a range of alkyl
iodides and bromides. Initially we focused our efforts on
terminal and symmetrical substrates where controlling the
olefin regioselectivity is not required. As shown in Scheme 3A,
the chemistry was applied in very high yields on a broad range
of derivatives (3−26), showing compatibility with useful
functionalities like ester (28), nitrile (29), N-phthalimide (30),
acetal (31), N-Boc-N-Bn-protected amine (32), quinolone
(33), and free alcohol (34). Primary alkyl halides are reluctant
in standard E2 eliminations, and indeed, control experiments
under thermal settings [t-BuOK (2.0 equiv), CH3CN, 40 °C,
16 h] led to the desired products in poor yield, thus
demonstrating the synthetic utility of this radical strategy.17

The use of 11 gave terminal olefin 35 that did not isomerize to
the more thermodynamically stable β-Me-styrene product.
Importantly, the use of linear alkyl bromides containing E2-
reactive OMs (12) and OTs (13) functionalities resulted in
olefin formation only across the bromide side (36 and 37).
This offers significant complementarity to both thermal E2 and
classical SN2-based Co-catalyzed methods4,6 that engage

Scheme 2. (A) Mechanistic Proposal for E2-Type
Elimination via XAT and Dual Photoredox−Cobalt
Catalysis and (B) Reaction Optimization and Selected
Control Experiments
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Scheme 3. (A) Substrate Scope for E2-Type Radical Elimination and (B−E) Comparison of This Radical Strategy to E2
Eliminations Carried by the Pharmaceutical Sector
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primary alkyl halides, mesylates and tosylates. The reactivity
was then demonstrated to provide access to exocyclic terminal
olefin 38 and to be compatible with secondary alkyl iodides
and bromides on both cyclic (39 and 40) and linear (41)
residues. Radical desaturation was also performed on iodides
18 and 19, which were prepared by Appel reaction on the
alkaloid nortropine and the terpene (+)-borneol, as well as 20,
which was assembled by iodo-lactonization. In all cases, olefins
42−44 were obtained in high yields, thus indicating that this
approach is tolerant of steric hindrance, something difficult to
achieve using [Co(I)] nucleophiles.4,6,19 Compound 19
generalizes a class of cyclic substrates generally challenging
for thermal eliminations due to the lack of anti-periplanar
protons. Furthermore, we also demonstrated that 3° alkyl
bromides (21) and both 2° and 3° α-Br-carbonyls (22−26)
can be conveniently converted into the corresponding
trisubstituted olefin 45 and the α,β-unsaturated systems 46−
50 with no background reactivity taking place in the dark. This
offers valuable complementarity to current desaturative
methods that require the elaboration of the carbonyl into the
corresponding silyl enol ether followed by oxidation (e.g.,
Saegusa−Ito reaction).20

In order to showcase the applicability of this protocol for
olefin synthesis, we benchmarked it over known elimination
reactions carried by the chemical industry. Hydrocarbon 51
(Scheme 3B),21 complex steroid 53 (Scheme 3C),22 and pyran
55 (Scheme 3D)23 are all prepared from the corresponding
bromides (52, 54, and 56) by E2 with strong bases at T > 100
°C. This can be conveniently bypassed with our approach that
operates at room temperature and gave the desired products in
high yields and on a gram-scale in the case of 54. Androne 58
has been recently made from epi-testosterone by carbonate
formation (57) followed by pyrolysis (460 °C).24 In our case,
Appel bromination simplified its preparation and provided 58
in high yield under mild conditions (Scheme 3E).
Achieving olefin regioselectivity in E2 eliminations on

unsymmetrical alkyl halides is still very challenging unless
one of the two sides is more acidic/activated than the other
(e.g., α to an electron withdrawing group or benzylic), which
leads to the formation of the thermodynamic alkene product.2

Under our approach, regioselectivity does not depend on these
effects and can only be realized by controlling the Co-mediated
desaturation step.
According to fundamental work in the area,25 this process

can be approached more as a homolysis−HAT sequence rather
than a classical concerted β-hydride elimination. As shown in
Scheme 4A, [Co(III)]−alkyl species (F) have weak sp3 C−Co
bonds (BDE < 30 kcal mol−1)25a that, upon blue light
irradiation, readily homolyze to a [Co(II)]/alkyl radical cage
(G).25a,26 Since [Co(II)] complexes are persistent 17-electron
metalloradicals27 and the β sp3 C−H bonds in alkyl radicals are
considerably weak (BDE < 30 kcal mol−1),17,25b HAT ought to
be facile providing the olefins and [Co(III)]−H. However,
selectivity toward the formation of regioisomers H vs I can
only be achieved if discrimination between HA and HB takes
place during the HAT. In radical chemistry, HAT reactions are
renown to display high levels of site-selectivity when the
intrinsic properties of the targeted sp3 C−H bond (e.g.,
polarization, stereoelectronic activation, steric accessibility)
match the profile of the abstracting radical.28 We therefore
speculated that the modulation of electronic and steric features
around the Co catalyst could influence its ability to deliver one
product over the other. Our proposal can be summarized with

the two following general examples: (1) an electron poor Co
catalyst should preferentially undergo HAT on a hydridic H
atom (−δ; e.g., close to an electron donating group, ED) over
a protic one (+δ; e.g., close to an electron withdrawing group,
EWG) (Scheme 4A, box a), while (2) a sterically congested
catalyst should favor the abstraction of the least hindered H
atom (e.g., close to the smallest substituent, RS) (Scheme 4A,
box b). Looking at the general cobaloxime template, we
identified the axial ligand as a handle for electronic modulation
(which can be assessed by cyclic voltammetry analysis) and the
in-plane ligand as a place for steric tuning (Scheme 4A, box c).
As detailed in the Supporting Information, we prepared and
examined the reactivity of over 20 different cobaloxime
catalysts and have provided in Scheme 4B the structures of
Co-2, Co-3, and Co-4, which are, respectively, the smallest and
most electron poor, the most electron rich, and the most
sterically hindered catalysts.
We started our investigations by evaluating the reactivity of

cis-1-Br-2-EtO-cyclohexane 59 that can lead to the formation
of 60 and 61. Enol ether 60 is the major product (60/61 =
2.8:1) under thermal E2 conditions [t-BuOK (2.0 equiv),
CH3CN, 40 °C, 16 h],

17 while our XAT-Co reactivity with Co-
1 provided a 1.4:1 mixture of isomers favoring 61. The analysis
of the polar and steric features of the two H-atoms in the
[Co(II)]/alkyl radical cage J reveals HB to be hydridic
(stereoelectronic donation from the OEt group) and hindered
(tertiary C−H), while HA is neutral and more accessible.17 Co-
3 has a similar size to Co-1 but is more electron rich. This
feature enabled us to maximize the interplay of polar effects
favoring HAT from neutral HA, which led to 61 in 76%
selectivity. Also in line with our mechanistic proposal, the
sterically hindered Co-4 catalyst provided the contra-
thermodynamic product 61 in excellent selectivity by targeting
the more accessible HA.17 The preferential formation of 61
over 60 demonstrates that this approach can override both
innate HAT reactivity as well as the stability of the final olefin
product. Indeed, our DFT studies demonstrated that HB is 2.5
kcal mol−1 weaker than HA and that 60 is a thermodynamically
more stable alkene.2f Furthermore, the use of small and
electron-poor catalyst Co-2 completely reversed the reaction
selectivity, favoring, in this case, elimination across hydridic
and weaker HB. This provided the thermodynamic alkene 60 in
good yield and significantly higher selectivity than the thermal
process. These results demonstrate how a rational tailoring of
the cobaloxime catalysts can invert the site-selectivity in olefin
synthesis under identical reaction conditions.
The extension of this approach on 3-I-N-Boc-piperidine 62

enabled us to control the formation of 64 over 63, which is the
major product under thermal conditions. In this example, HB

has some hydridic character while HA is electron neutral and
less hindered but the DFT calculations predicted it to be 4.4
kcal mol−1 stronger. Consistently with this analysis, the
electron rich Co-3 gave 64 as the major isomer (HAT from
HA) while the electron poor Co-2 increased the amount of 63,
albeit in lower ratio.29 The sterically congested Co-4 targeted
the more accessible HA, thus providing the contra-thermody-
namic olefin 64 in excellent selectivity. The same trend was
obtained in the elimination on pyrrolidine 65, which, using
Co-4, gave the dihydropyrrole 67 as the major product.
Sulfone 68 can lead to the formation of 69 and 70, with 69

being the major product under thermal conditions. In our case,
the restricted approach trajectory offered by Co-4 enabled the
formation of contra-thermodynamic product 70. In the case of

Journal of the American Chemical Society pubs.acs.org/JACS Article

https://doi.org/10.1021/jacs.1c06768
J. Am. Chem. Soc. 2021, 143, 14806−14813

14809

https://pubs.acs.org/doi/suppl/10.1021/jacs.1c06768/suppl_file/ja1c06768_si_001.pdf
pubs.acs.org/JACS?ref=pdf
https://doi.org/10.1021/jacs.1c06768?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


4-Br-2-Ph-pyran 71, the sterically hindering Ph group is two
carbons away from the sp3 C−Br bond but excellent level of
selectivity was obtained using Co-4 (73). The densely

functionalized fungicide bromuconazole 74 also provided an
opportunity to exert steric and electronic differentiation in the
olefin formation. In this case, thermal E2 selectively provides

Scheme 4. (A) Proposed HAT-Based Approach to Control the Desaturation Selectivity by Exploiting Polar and Steric Effects
and (B) Substrate Scope and Selectivity Using Unsymmetrical Alkyl Halides and Different Cobaloximes
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the 2,5-dihydrofuran 75, while our conditions gave access
exclusively to the contra-E2 2,3-dihydrofuran 76, albeit in low
yield.
Elimination on secondary bromides 77 and 80 and tertiary

bromide 83 relies only on steric effects, and while thermal
conditions lead mostly to the internal olefins 78, 81, and 84,
our approach with Co-4 selectively gave 79, 82, and 85, which
implies a HAT from the more accessible but less activated Me-
group.
Finally, the secondary bromide 86 and 88 are examples of a

biased substrate that under thermal E2 leads exclusively to
styrene 87 and acrylate 89 formation. In our case, despite the
presence of a significantly HAT-activated benzylic and α-ester
units, the terminal olefins 35 and 28 were obtained as the
major products on the basis of steric discrimination using Co-
4.

■ CONCLUSIONS
The results presented here demonstrate that halogen-atom
transfer mediated by α-aminoalkyl radicals and cobalt catalysis
can be integrated to achieve mild and general E2-type
elimination on primary, secondary, and tertiary alkyl iodides
and bromides. The desaturation step proceeds via a [Co(II)]-
mediated H-atom transfer, and therefore, the modulation of
polar and steric factors allows us to control the elimination
selectivity. This work provides a new solution to streamline
challenging eliminations and also to access elusive contra-
thermodynamic olefin products. We believe that the harnessing
of polar and steric effects to modulate the reactivity of
[Co(II)] metalloradicals can be translated to other reaction
manifolds, thus offering novel possibilities in chemical
synthesis.
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1 General Experimental Details 

All required fine chemicals were used directly without purification unless stated otherwise. All 

air and moisture sensitive reactions were carried out under nitrogen atmosphere using standard 

Schlenk manifold technique. All solvents were bought from Acros as 99.8% purity. 1H and 13C 

Nuclear Magnetic Resonance (NMR) spectra were acquired at various field strengths as 

indicated and were referenced to CHCl3 (7.26 and 77.2 ppm for 1H and 13C respectively). 1H 

NMR coupling constants are reported in Hertz and refer to apparent multiplicities and not true 

coupling constants. Data are reported as follows: chemical shift, integration, multiplicity (s = 

singlet, br s = broad singlet, d = doublet, t = triplet, q = quartet, qi = quintet, sx = sextet, sp = 

septet, m = multiplet, dd = doublet of doublets, etc.), proton assignment (determined by 2D 

NMR experiments: NOESY, HSQC and HMBC) where possible. High-resolution mass spectra 

were obtained using a JEOL JMS-700 spectrometer or a Fissions VG Trio 2000 quadrupole 

mass spectrometer. Spectra were obtained using electron impact ionization (EI) and chemical 

ionization (CI) techniques, or positive electrospray (ES). Analytical TLC: aluminum backed 

plates pre-coated (0.25 mm) with Merck Silica Gel 60 F254. Compounds were visualized by 

exposure to UV-light or by dipping the plates in permanganate (KMnO4) stain followed by 

heating. Flash column chromatography was performed using Merck Silica Gel 60 (40–63 μm). 

All mixed solvent eluents are reported as v/v solutions. Absorption and emission spectra were 

obtained using a Horiba Duetta spectrometer and 1 mm High Precision Cell made of quartz 

from Hellma Analytics. The LEDs used are Kessil PR 160 440 nm. All the reactions were 

conducted in CEM 10 mL glass microwave tubes. 
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2 Starting Material Synthesis 

In general, all alkyl bromides and iodides used in this study where purchased by Sigma-Aldrich 

and Fluorochem. Substrates not commercially available were prepared according to the 

following procedures. 

 

4-Bromo-1-tosylpiperidine (1) 

 

To a mixture of 4-bromopiperidine hydrobromide (2.45 g, 10.0 mmol, 1.0 equiv.) and TsCl 

(2.10 g, 11.0 mmol, 1.1 equiv.) in CH2Cl2 (50 mL, 0.2 M) was slowly added Et3N (3.1 mL, 

22.0 mmol, 2.2 equiv.) at 0 °C. The reaction mixture warmed to room temperature overnight 

and diluted with aqueous HCl (2 M, 20 mL). The layers were separated, and the aqueous layer 

was extracted with CH2Cl2 (2 x 30 mL). The combined organic layers were washed with brine 

(20 mL), dried (Na2SO4), filtered and evaporated. The crude was purified by column 

chromatography on silica gel eluting with petrol–EtOAc (4:1) to give 1 (3.00 g, 94%) as a solid. 

1H NMR (400 MHz, CDCl3) δ 7.64 (2H, d, J = 8.3 Hz), 7.33 (2H, d, J = 8.0 Hz), 4.24 (1H, tt, 

J = 6.9, 3.7 Hz), 3.24–3.14 (2H, m), 3.13–3.04 (2H, m), 2.44 (3H, s), 2.24–2.12 (2H, m), 2.11–

1.98 (2H, m); 13C NMR (101 MHz, CDCl3) δ 143.8, 133.3, 129.9, 127.7, 48.0, 43.9, 34.8, 21.7. 

Data in accordance with the literature.1 

 

7-Bromoheptyl methanesulfonate (12) 

 

7-Bromoheptan-1-ol (0.77 mL, 5.0 mmol, 1.0 equiv.) and Et3N (1.1 mL, 7.5 mmol, 1.5 equiv.) 

were dissolved in CH2Cl2 (15 mL, 0.33 M) and cooled to 0 °C. MsCl (0.46 ml, 6.0 mmol, 1.2 

equiv.) was added and the reaction was stirred at 0 °C for 30 minutes, then warmed at room 

temperature and stirred until complete consumption of the starting material (monitored by TLC 

analysis). The mixture was diluted with H2O (20 mL), the layers were separated, and the 

aqueous layer was extracted with CH2Cl2 (2 x 20 mL). The combined organic layers were 

washed with brine (20 mL), dried (Na2SO4), filtered and evaporated. The crude was purified 

by column chromatography on silica gel eluting with petrol–EtOAc (4:1) to give 12 (1.00 g, 

73%) as an oil. 1H NMR (500 MHz, CDCl3) δ 4.19 (2H, t, J = 6.4 Hz), 3.38 (2H, t, J = 6.7 Hz), 

2.98 (3H, s), 1.92–1.78 (2H, m), 1.76–1.68 (2H, m), 1.46–1.31 (6H, m); 13C NMR (126 MHz, 
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CDCl3) δ 70.1, 37.4, 33.9, 32.6, 29.0, 28.2, 27.9, 25.3; HRMS (ESI) Found MNa+ 294.9966, 

296.9942, C8H17BrO3SNa requires 294.9974, 296.9954. 

 

7-Bromoheptyl 4-methylbenzenesulfonate (13) 

 

7-Bromoheptan-1-ol (0.77 mL, 5.0 mmol, 1.0 equiv.) and pyridine (0.48 mL, 6.0 mmol, 1.2 

equiv.) were dissolved in CH2Cl2 (15 mL, 0.33 M) and cooled to 0 °C. TsCl (1.05 g, 5.5 mmol, 

1.1 equiv.) was added and the reaction was stirred at 0 °C for 30 minutes, warmed to room 

temperature and stirred until complete consumption of the starting material (monitored by TLC 

analysis). The mixture was diluted with H2O (20 mL), the layers were separated, and the 

aqueous layer was extracted with CH2Cl2 (2 x 20 mL). The combined organic layers were 

washed with brine (20 mL), dried (Na2SO4), filtered and evaporated. The crude was purified 

by column chromatography on silica gel eluting with petrol–EtOAc (4:1) to give 13 (1.30 g, 

74%) as an oil. 1H NMR (400 MHz, CDCl3) δ 7.78 (2H, d, J = 8.3 Hz), 7.34 (2H, d, J = 8.1 

Hz), 4.01 (2H, t, J = 6.4 Hz), 3.36 (2H, t, J = 6.8 Hz), 2.44 (3H, s), 1.84–1.74 (2H, m), 1.67–

1.58 (2H, m), 1.41–1.20 (6H, m); 13C NMR (101 MHz, CDCl3) δ 144.8, 133.2, 129.9, 128.0, 

70.6, 33.9, 32.6, 28.8, 28.1, 28.0, 25.3, 21.7; HRMS (ESI) Found MNa+ 371.0281, 373.0253, 

C14H21BrO3SNa requires 371.0287, 373.0267. 

 

cis-tert-Butyl (4-iodocyclohexyl)carbamate (15) 

 

A mixture of Ph3P (1.57 g, 6.0 mmol, 1.2 equiv.), imidazole (0.41 g, 6.0 mmol, 1.2 equiv.) and 

trans-4-(tert-butoxycarbonylamino)cyclohexanol (1.08 g, 5.0 mmol, 1.0 equiv.) in CH2Cl2 (25 

mL, 0.2 M) was cooled to 0 °C and treated with I2 (1.52 g, 6.0 mmol, 1.2 equiv.). The mixture 

was allowed to warm to room temperature overnight and then diluted with H2O (20 mL). The 

layers were separated and the aqueous layer was extracted with CH2Cl2 (3 x 20 mL). The 

combined organic layers were washed with Na2S2O3 (20 mL, saturated), brine (20 mL), dried 

(Na2SO4), filtered and evaporated. The crude was purified by column chromatography on silica 

gel eluting with petrol–EtOAc (6:1) to give 15 (0.75 g, 54%) as a solid. 1H NMR (500 MHz, 

CDCl3) δ 4.65 (1H, brs), 4.57 (1H, brs), 3.55 (1H, brs), 2.11–2.03 (2H, m), 1.86–1.78 (2H, m), 

1.76–1.68 (2H, m), 1.68–1.60 (2H, m), 1.43 (9H, s); 13C NMR (126 MHz, CDCl3) δ 155.3, 

79.4, 48.2, 35.5, 33.3, 30.2, 28.5. Data in accordance with the literature.2 
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(1S,2R,4R)-2-Iodo-1,7,7-trimethylbicyclo[2.2.1]heptane (19) 

 

(+)-Borneol (0.77 g, 5.0 mmol, 1.0 equiv.) was added to the stirred solution of iodine (1.27 g, 

5.0 mmol, 1.0 equiv.) in dry petroleum ether 40–60 °C (25 ml, 0.2 M) and then the mixture 

was heated under reflux until complete consumption of the starting material (monitored by 

TLC). The mixture was cooled to room temperature and diluted with petroleum ether (25 mL) 

and washed with 10% aqueous Na2S2O3 (20 mL) and brine (20 mL). The organic layer was 

dried (Na2SO4), filtered and evaporated. The crude was purified by column chromatography 

on silica gel eluting with petroleum ether to give 19 (0.50 g, 38%) as an oil. 1H NMR (400 

MHz, CDCl3) δ 4.40 (1H, ddd, J = 10.8, 4.9, 3.0 Hz), 2.59–2.49 (1H, m), 1.91 (1H, ddd, J = 

13.5, 9.5, 4.2 Hz), 1.78–1.65 (2H, m), 1.61 (1H, t, J = 4.5 Hz), 1.59–1.51 (1H, m), 1.24 (1H, 

ddd, J = 12.3, 9.5, 4.4 Hz), 1.01 (3H, s), 0.88 (3H, s), 0.81 (3H, s); 13C NMR (101 MHz, CDCl3) 

δ 51.0, 45.3, 44.4 (2 x C), 42.7, 34.8, 28.3, 21.3, 18.7, 14.7. Data in accordance with the 

literature.3 

 

5-Bromooctahydro-1H-4,7-methanoindene (51) 

 

Step 1. A mixture of dicyclopentadiene (2.68 mL, 20.0 mmol, 1.0 equiv.) and 48% aqueous 

HBr (4.54 mL, 40.0 mmol, 2.0 equiv.) was stirred at 70 °C for 3 hours. The precipitates were 

filtered and washed with hexane. The layers were separated and the aqueous layer was 

extracted with hexane (3 x 30 mL). The combined organic layers were washed with water (20 

mL), brine (20 mL), dried (Na2SO4), filtered and evaporated. The crude was purified by column 

chromatography on silica gel eluting with petroleum ether to give S1 (3.75 g, 88%) as an oil. 

1H NMR (400 MHz, CDCl3, mixture of positional isomers) δ 5.73–5.63 (1H, m), 5.49–5.40 

(1H, m), 4.05–3.99 (0.7H, m), 3.99–3.92 (0.3H, m), 2.68–2.48 (2H, m), 2.33 (0.7H, s), 2.26 

(0.3H, s), 2.24–2.00 (4H, m), 2.00–1.87 (1H, m), 1.67–1.62 (1H, m), 1.51–1.38 (1H, m); 13C 

NMR (101 MHz, CDCl3, mixture of positional isomers) δ 133.1, 132.3, 131.8, 131.0, 54.8, 

54.2, 53.7, 53.4, 52.9, 51.0, 43.6, 43.5 (2 x C), 42.9, 42.2, 41.2, 39.5, 39.4, 29.3, 29.2. 

Step 2. An oven-dried flask was charged with S1 (1.07 g, 5.0 mmol) and 10% Pd/C (0.53 g, 10 

mol%). The flask was fitted with a rubber septum, evacuated under high vacuum and backfilled 

with N2 (x 3). MeOH (20 mL, 0.25 M) was added and the mixture was stirred under H2 
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atmosphere (balloon) at room temperature for 24 hours. The catalyst was removed by filtration 

and the filtrates were evaporated. The crude was purified by column chromatography on silica 

gel eluting with petroleum ether to give 51 (0.67 g, 62%) as an oil. 1H NMR (500 MHz, CDCl3) 

δ 3.90 (1H, dt, J = 7.3, 2.4 Hz), 2.28 (1H, s), 2.08–2.04 (1H, m), 2.04–1.98 (1H, m), 1.96–1.85 

(2H, m), 1.85–1.79 (1H, m), 1.79–1.68 (2H, m), 1.67–1.58 (2H, m), 1.47–1.42 (1H, m), 1.28–

1.13 (1H, m), 1.04–0.90 (2H, m); 13C NMR (126 MHz, CDCl3) δ 53.5, 51.3, 47.2, 46.4, 43.4, 

41.3, 32.3, 32.0, 29.7, 27.7. Data in accordance with the literature.4 

 

(2R,5S,8R,9S,10S,13S,14S,17S)-2-Bromo-17-hydroxy-10,13,17-trimethylhexadecahydro-

3H-cyclopenta[a]phenanthren-3-one (53) 

 

A slurry of methylandrostanolone (1.00 g, 3.2 mmol, 1.0 equiv.), absolute EtOH (10 mL) and 

H2O (2.5 mL) was treated with a solution of pyridinium tribromide (1.33 g, 4.2 mmol, 1.3 

equiv.) in absolute EtOH (20 mL) over 30 minutes at room temperature. The mixture was 

stirred at room temperature until complete consumption of the starting material (monitored by 

TLC analysis). The reaction was evaporated and then diluted with H2O (20 mL) and EtOAc 

(30 mL). The layers were separated and the aqueous layer was extracted with EtOAc (3 x 30 

mL). The combined organic layers were washed with 10% aqueous Na2S2O3 (20 mL), Na2CO3 

(10 mL, saturated), brine (20 mL), dried (Na2SO4), filtered and evaporated. The crude was 

purified by column chromatography on silica gel eluting with petrol–EtOAc (2:1) to give 53 

(1.10 g, 90%) as a solid. 1H NMR (500 MHz, CDCl3) δ 4.74 (1H, dd, J = 13.4, 6.3 Hz), 2.64 

(1H, dd, J = 13.0, 6.4 Hz), 2.47–2.34 (2H, m), 1.83–1.77 (2H, m), 1.75–1.69 (2H, m), 1.63–

1.48 (4H, m), 1.46–1.34 (3H, m), 1.33–1.22 (4H, m), 1.22–1.13 (4H, m), 1.09 (3H, s), 0.92–

0.85 (4H, m), 0.76 (1H, td, J = 11.6, 4.2 Hz); 13C NMR (126 MHz, CDCl3) δ 201.2, 81.7, 54.6, 

53.7, 51.9, 50.4, 47.7, 45.6, 44.0, 39.2, 39.0, 35.9, 31.6, 31.3, 28.4, 26.0, 23.4, 21.3, 14.1, 12.3; 

HRMS (ESI) Found MNa+ 405.1390, 407.1368, C20H31BrO2Na requires 405.1400, 407.1379. 

Data in accordance with the literature.5 
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4-Bromo-2-(4-bromophenyl)tetrahydro-2H-pyran (55) 

 

To a solution of 4-bromobenzaldehyde (1.00 g, 5.4 mmol, 1.0 equiv.) and 3-buten-1-ol (0.93 

mL, 10.8 mmol, 2.0 equiv.) in CH2Cl2 (20 mL, 0.27 M) at room temperature was added ZnBr2 

(25 mg, 0.11 mmol, 2 mol%), HBr (1.8 mL, 10.8 mmol, 2.0 equiv. 33% wt. in AcOH), AcOH 

(4.7 mL, 81.0 mmol, 15.2 equiv.) and stirred at room temperature for 5 hours. The reaction was 

diluted with saturated NaHCO3 (20 mL), the layers were separated and the aqueous layer was 

extracted with CH2Cl2 (3 x 20 mL). The combined organic layers were washed with brine (20 

mL), dried (Na2SO4), filtered and evaporated. The crude was purified by column 

chromatography on silica gel eluting with petrol–EtOAc (20:1) to give 55 (1.20 g, 69%) as an 

inseparable mixture of trans and cis isomers. cis:trans = 5:1. 

Data for the cis isomer: 1H NMR (500 MHz, CDCl3) δ 7.52 (2H, d, J = 8.3 Hz), 7.25 (2H, d, J 

= 8.3 Hz), 4.38–4.26 (2H, m), 4.19 (1H, dd, J = 11.9, 4.7 Hz), 3.63 (1H, td, J = 12.2, 2.2 Hz), 

2.53–2.45 (1H, m), 2.34–2.26 (1H, m), 2.19 (1H, qd, J = 12.4, 4.9 Hz), 2.05 (1H, q, J = 12.1 

Hz); 13C NMR (126 MHz, CDCl3) δ 140.3, 131.7, 127.6, 121.8, 79.5, 68.3, 46.1, 45.5, 37.6. 

Data in accordance with the literature.6 

Data for the trans isomer: 1H NMR (500 MHz, CDCl3) δ 7.31–7.23 (4H, m), 4.90 (1H, d, J = 

10.6), 4.83 (1H, t, J = 3.3 Hz), 4.19–4.14 (1H, m), 4.06 (1H, dd, J = 12.0, 4.9 Hz), 2.26–2.17 

(2H, m), 2.11–1.98 (2H, m); 13C NMR (126 MHz, CDCl3) δ 141.0, 131.6, 127.7, 121.5, 73.8, 

63.5, 50.0, 41.9, 33.9. 

 

(8R,9S,10R,13S,14S)-17-Bromo-10,13-dimethyl-1,2,6,7,8,9,10,11,12,13,14,15,16,17-

tetradecahydro-3H-cyclopenta[a]phenanthren-3-one (57) 

 

A solution of testosterone (1.44 g, 5.0 mmol, 1.0 equiv.) in CH2Cl2 (5 mL) was added to a 

solution of Ph3PBr2 (2.53 g, 6.0 mmol, 1.2 equiv.) and imidazole (0.41 g, 6.0 mmol, 1.2 equiv.) 

in CH2Cl2 (25 mL, 0.2 M) at 0 °C. The mixture was warmed to room temperature, stirred for 

48 hours and diluted with H2O (20 mL). The layers were separated and the aqueous layer was 

extracted with CH2Cl2 (3 x 20 mL). The combined organic layers were washed brine (20 mL), 

dried (Na2SO4), filtered and evaporated. The crude was purified by column chromatography 



SI-9 

 

on silica gel eluting with petrol–EtOAc (10:1) to give 57 (0.30 g, 17%) as an inseparable 

mixture of diastereomers as a solid. d.r. = 4:1. 1H NMR (400 MHz, CDCl3, mixture of isomers) 

δ 5.73 (1H, s), 4.23 (0.8H, d, J = 6.5 Hz), 4.06 (0.2H, d, J = 6.4 Hz), 2.69–2.56 (0.8H, m), 

2.50–2.17 (5.4H, m), 2.07–2.00 (1H, m), 2.00–1.83 (2.4H, m), 1.78–1.64 (3H, m), 1.64–1.44 

(4H, m), 1.44–1.37 (0.8H, m), 1.36–1.23 (1.4H, m), 1.18 (3.2H, s), 1.17–1.07 (1.2H, m), 1.05–

0.96 (1H, m), 0.94–0.88 (0.2H, m), 0.86 (2.5H, s), 0.84 (0.7H, s); 13C NMR (101 MHz, CDCl3, 

mixture of isomers) δ 199.6 (2 x C), 171.1, 171.0, 124.1, 70.9, 65.6, 53.4, 53.3, 48.2, 48.0, 46.2, 

45.9, 38.7, 36.3, 36.2, 36.0, 35.8, 35.0, 34.3, 34.1, 33.6, 32.9, 32.3, 32.2, 24.8, 24.7, 21.3, 21.0, 

18.1, 17.6 (2 x C), 17.5; HRMS (ESI) Found MNa+ 373.1128, 375.1107, C19H27BrONa 

requires 373.1137, 375.1117. Data in accordance with the literature.7 

 

cis-1-Bromo-2-ethoxycyclohexane (59) 

 

Step 1. A mixture of cyclohexene oxide (2.0 mL, 20.0 mmol, 1.0 equiv.) and FeCl3 (0.16 g, 1.0 

mmol, 5 mol%) in absolute EtOH (100 mL) was stirred at r.t. for 2 hours. The solvent was 

removed, H2O (50 mL) and Et2O (50 mL) were added and the layers were separated. The 

aqueous layer was extracted with Et2O (2 x 50 mL) and the combined organic layers were 

washed with brine (20 mL), dried (Na2SO4), filtered and evaporated. The crude was purified 

by column chromatography on silica gel eluting with petrol–EtOAc (20:1) to give S2 (1.74 g, 

60%) as an oil. 1H NMR (500 MHz, CDCl3) δ 3.70 (1H, dq, J = 9.3, 7.0 Hz), 3.47–3.35 (2H, 

m), 3.01 (1H, ddd, J = 10.7, 8.7, 4.3 Hz), 2.72 (1H, s), 2.12–2.04 (1H, m), 2.02–1.97 (1H, m), 

1.76–1.62 (2H, m), 1.29–1.22 (3H, m), 1.21 (3H, t, J = 7.0 Hz), 1.15–1.06 (1H, m); 13C NMR 

(101 MHz, CDCl3) δ 83.6, 73.9, 64.2, 32.1, 29.4, 24.4, 24.1, 15.8. Data in accordance with the 

literature.8 

Step 2. A solution of S2 (1.01 g, 7.0 mmol, 1.0 equiv.) in THF (21 mL, 0.33 M) at room 

temperature was treated with NBS (2.49 g, 14.0 mmol, 2.0 equiv.) and PPh3 (2.75 g, 10.5 mmol, 

1.5 equiv.). The reaction was stirred at room temperature until complete consumption of the 

starting material (monitored by TLC analysis). The solvent was evaporated and the residue was 

purified by column chromatography on silica gel eluting with petrol–EtOAc (20:1) to give 59 

(0.28 g, 20%) as an oil. 1H NMR (400 MHz, CDCl3) δ 4.58–4.48 (1H, m), 3.60 (1H, dq, J = 

9.2, 7.0 Hz), 3.47 (1H, dq, J = 9.2, 7.0 Hz), 3.26 (1H, dt, J = 9.1, 3.3 Hz), 2.20–2.11 (1H, m), 

1.89–1.78 (2H, m), 1.78–1.67 (2H, m), 1.67–1.59 (1H, m), 1.48–1.39 (1H, m), 1.37–1.28 (1H, 
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m), 1.23 (3H, t, J = 7.0 Hz); 13C NMR (101 MHz, CDCl3) δ 77.9, 63.8, 56.8, 32.9, 28.4, 22.9, 

22.2, 15.6. 

 

3-Bromo-4-hydroxytetrahydrothiophene 1,1-Dioxide (68) 

 

68 is commercially available [CAS: 20688-40-8], but was prepared. A solution of sulfolene 

(2.80 g, 24.0 mmol, 1.0 equiv.) in H2O–acetone (2:1, 75 mL) was treated NBS (4.70 g, 26.4 

mmol, 1.1 equiv.) portion wise. The reaction was heated to 80 °C and stirred overnight. Further 

NBS was charged (4.30 g, 24.0 mmol, 1.0 equiv.) and the reaction was left stirring overnight 

at room temperature before being cooled to 0 °C and filtered. The resulting white solid was 

washed with acetone (50 mL) and dried under reduced pressure to give 68 (3.40 g, 66%) as a 

solid. 1H NMR (400 MHz, CDCl3/DMSO-d6) δ 4.57 (1H, dt, J = 5.4, 4.0 Hz), 4.52–4.45 (1H, 

m), 3.81 (1H, dd, J = 14.2, 6.5 Hz), 3.51 (1H, dd, J = 13.6, 5.6 Hz), 3.36 (1H, dd, J = 14.2, 4.3 

Hz), 3.09 (1H, dd, J = 13.6, 3.6 Hz); 13C NMR (101 MHz, CDCl3/DMSO-d6) δ 73.4, 57.6, 56.4, 

46.4.  

 

cis-4-Bromo-2-phenyltetrahydro-2H-pyran (71) 

 

To a solution of benzaldehyde (0.41 mL, 4.0 mmol, 1.0 equiv.) and 3-buten-1-ol (0.35 mL, 4.0 

mmol, 1.0 equiv.) in CH2Cl2 (16 mL, 0.25 M) at room temperature was added anhydrous FeBr3 

(1.18 g, 4.0 mmol, 1.0 equiv.) in one portion. After 5 minutes the mixture was diluted with 

H2O (10 mL), the layers were separated and the aqueous layer was extracted with CH2Cl2 (3 x 

20 mL). The combined organic layers were washed with brine (20 mL), dried (Na2SO4), filtered 

and evaporated. The crude was purified by column chromatography on silica gel eluting with 

petrol–EtOAc (20:1) to give 71 (0.95 g, 98%) as an oil. 1H NMR (500 MHz, CDCl3) δ 7.40–

7.32 (4H, m), 7.32–7.27 (1H, m), 4.36–4.26 (2H, m), 4.20–4.12 (1H, m), 3.60 (1H, td, J = 11.7, 

2.2 Hz), 2.53–2.45 (1H, m), 2.31–2.23 (1H, m), 2.18 (1H, qd, J = 12.1, 4.8 Hz), 2.10 (1H, q, J 

= 12.1 Hz); 13C NMR (126 MHz, CDCl3) δ 141.3, 128.6, 128.0, 125.9, 80.3, 68.3, 46.6, 45.6, 

37.8. Data in accordance with the literature.9 
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(3-Bromo-3-methylbutyl)benzene (83) 

 

2-Methyl-4-phenylbutan-2-ol (1.7 mL, 10.0 mmol, 1.0 equiv.) was added to a solution of LiBr 

(1.74 g, 20.0 mmol, 2.0 equiv.) in 48% aqueous HBr (10 mL) at 0 °C. The mixture was warmed 

to room temperature overnight and diluted with Et2O (30 mL). The layers were separated and 

the organic layer was washed with H2O (20 mL), saturated NaHCO3 (20 mL), brine (20 mL), 

dried (Na2SO4), filtered and evaporated. The crude was purified by column chromatography 

on silica gel eluting with petrol–EtOAc (20:1) to give 83 (2.25 g, 99%) as an oil. 1H NMR (500 

MHz, CDCl3) δ 7.28–7.21 (2H, m), 7.19–7.11 (3H, m), 2.85–2.77 (2H, m), 2.08–2.00 (2H, m), 

1.78 (6H, s); 13C NMR (126 MHz, CDCl3) δ 141.7, 128.6, 128.5, 126.1, 67.6, 49.6, 34.4, 33.0. 

Data in accordance with the literature.10 

 

  



SI-12 

 

3 Synthesis of Cobaloximes Catalysts 

General Procedure for the Synthesis of Dioximes – GP1 

 

To a 100 mL round-bottom flask equipped with a magnetic stirrer were added NaOH (4.00 g, 

100.0 mmol, 20.0 equiv.), NH2OH·HCl (1.39 g, 20.0 mmol, 4.0 equiv) and distilled H2O (20 

mL, 0.25 M). The 1,2-dione (5.0 mmol, 1.0 equiv.) was added and the mixture was stirred at 

room temperature until complete consumption of the starting material (monitored by TLC 

analysis). The solution was cooled in an ice-bath and conc. HCl (4 mL) was added dropwise 

until a flocculent precipitate developed (pH ~ 8). The solid was collected by filtration and 

washed with a small amount of cold water and dry under air to give the dioximes that were 

used in the next step without purification. 

 

(1E,2E)-1,2-Bis(4-methoxyphenyl)ethane-1,2-dione dioxime (S3) 

 

Following GP1 but stirring the reaction for 5 days at 65 °C, p-anisil (1.35 g, 5.0 mmol) gave 

S3 (0.65 g, 43%) as a solid. 1H NMR (500 MHz, DMSO-d6) δ 11.42 (2H, s), 7.39 (4H, d, J = 

8.8 Hz), 6.94 (4H, d, J = 8.8 Hz), 3.76 (6H, s); 13C NMR (126 MHz, DMSO-d6) δ 159.0, 154.0, 

130.7, 124.8, 113.1, 55.1; HRMS (ASAP) Found MH+ 301.1190, C16H17N2O4 requires 

301.1183. 

 

(1E,2E)-1,2-Di-p-tolylethane-1,2-dione dioxime (S4) 

 

Following GP1 but stirring the reaction for 24 h, 4,4'-dimethylbenzil (1.19 g, 5.0 mmol) gave 

S4 (1.00 g, 75%) as a solid. 1H NMR (400 MHz, DMSO-d6) δ 11.42 (2H, s), 7.26 (4H, d, J = 

8.1 Hz), 7.19 (4H, d, J = 8.1 Hz), 2.32 (6H, s); 13C NMR (101 MHz, DMSO-d6) δ 155.0, 137.3, 
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129.9, 128.9, 128.1, 20.9; HRMS (ASAP) Found MH+ 269.1286, C16H17N2O2 requires 

269.1285. 

 

(1E,2E)-1,2-Bis(4-fluorophenyl)ethane-1,2-dione dioxime (S5) 

 

Following GP1 but stirring the reaction for 24 h, 4,4'-difluorobibenzoyl (1.23 g, 5.0 mmol) 

gave S5 (1.20 g, 87%) as a solid. 1H NMR (400 MHz, DMSO-d6) δ 11.65 (2H, s), 7.49–7.33 

(4H, m), 7.29–7.18 (4H, m); 13C NMR (126 MHz, DMSO-d6) δ 161.7 (d, J = 244.8 Hz), 154.4, 

131.3 (d, J = 8.2 Hz), 128.9 (d, J = 3.4 Hz), 114.5 (d, J = 21.5 Hz); 19F NMR (471 MHz, 

DMSO-d6) δ -107.24 – -126.26 (m); HRMS (ESI) Found MH+ 277.0796, C14H11N2O2F2 

requires 277.0783. 

 

(1E,2E)-1,2-Bis(4-chlorophenyl)ethane-1,2-dione dioxime (S6) 

 

Following GP1 but stirring the reaction for 5 days, 4,4'-dichlorobenzil (1.00 g, 3.6 mmol) gave 

S6 (1.00 g, 90%) as a solid. 1H NMR (400 MHz, DMSO-d6) δ 11.70 (2H, s), 7.48 (4H, d, J = 

8.5 Hz), 7.39 (4H, d, J = 8.5 Hz); 13C NMR (101 MHz, DMSO-d6) δ 154.2, 132.7, 131.3, 131.0, 

127.7; HRMS (ASAP) Found M-H+ 307.0041, 309.0008, C14H9N2O2Cl2 requires 307.0036, 

309.0008. 

 

Dichloroglyoxime (S7) 

 

To a 0 °C solution of glyoxime (2.2 g, 20.0 mmol, 1.0 equiv., 20% wt. H2O) in DMF (20 mL, 

1M) was added N-chlorosuccinimide (5.3 g, 40.0 mmol, 2.0 equiv.) portion wise. The reaction 

was allowed to warm to r.t. over 6 hours. The mixture was poured into water and diluted with 

Et2O (20 mL). The layers were separated and the aqueous layer was extracted with Et2O (20 

mL). The combined organic layers were washed with water (3 x 20 mL), dried (MgSO4), 
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filtered and evaporated to give S7 (2.8 g, 89%) as a solid. 1H NMR (400 MHz, DMSO-d6) 

13.13 (2H, s); 13C NMR (101 MHz, DMSO-d6) δ 130.7. Data in accordance with the 

literature.11 

 

(1E,2E)-1,2-Bis(4-(trifluoromethyl)phenyl)ethane-1,2-dione dioxime (S8) 

 

4-Bromobenzotrifluoride (1.80 mL, 12.85 mmol, 5.0 equiv.) was dissolved in dry THF (20 mL, 

0.64 M) and the mixture was cooled down to –78 °C. A solution of n-BuLi (2.5 M in hexane, 

5.14 mL, 12.85 mmol, 5.0 equiv.) was added dropwise and the mixture was stirred for 1 hour 

at –78 °C. A solution of S7 (0.40 g, 2.57 mmol, 1.0 equiv.) in dry THF (10 mL) was added 

dropwise and the mixture was allowed to slowly warm to room temperature overnight. The 

reaction was quenched with saturated NH4Cl (5 mL) and the layers were separated. The 

aqueous layer was extracted with EtOAc (3 x 20 mL). The combined organic layers were 

washed with brine (20 mL), dried (Na2SO4), filtered and evaporated. The crude was diluted 

with CH2Cl2 (20 mL) and hexane (20 mL), then filtered, washed with CH2Cl2 (10 mL), dry 

under air to give S8 (0.78 g, 80%) as a solid. 1H NMR (400 MHz, DMSO-d6) δ 11.84 (2H, s), 

7.80 (4H, d, J = 8.1 Hz), 7.62 (4H, d, J = 8.1 Hz); 13C NMR (101 MHz, DMSO-d6) δ 154.3, 

136.9, 129.9, 128.5 (q, J = 31.8 Hz), 124.6 (q, J = 3.7 Hz), 124.2 (q, J = 272.3 Hz); 19F NMR 

(376 MHz, DMSO-d6) δ -61.12; HRMS (ASAP) Found MH+ 377.0715, C16H11N2O2F6 requires 

377.0719. 

 

Dimesitylglyoxime (S9) 

 

A flame-dried round bottomed flask equipped with stirring bar and reflux condenser was 

charged with Mg turnings (428 mg, 17.6 mmol, 5.5 equiv.). The flask was heated under vacuum 

to 150 °C for 1 h after which it was allowed to cool to r.t. and placed under N2 atmosphere. 

Anhydrous THF was then added (20 mL) followed by a few mg of I2 (enough to colour the 

solution). Mesityl bromide (2.4 mL, 16.0 mmol, 5.0 equiv.) was then charged dropwise and a 
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heat gun was used to gently warm the mixture until initiation (as judged by loss of the I2 colour) 

took place. Once the initial exotherm had passed the reaction was heated to reflux for a further 

1 h. The reaction mixture was then cooled to 0 °C at which point S7 (500 mg, 3.2 mmol, 1.0 

equiv.) in solution in dry THF (10 mL) was added dropwise and the reaction was left to warm 

to r.t. overnight. The following day the mixture was quenched with aqueous NH4Cl (20 mL) 

and organic solvent removed under reduced pressure. The resulting paste was washed 

thoroughly on a sintered funnel with acetic acid (3 x 10 mL), EtOH (3 x 10 mL) and Et2O (3 x 

10 mL) to give the product S9 (700 mg, 67%) as a white solid. 1H NMR (400 MHz, DMSO-

d6) δ 11.42 (2H, s), 6.85 (4H, s), 2.24 (6H, s), 2.15 (2.15, s); 13C NMR (101 MHz, DMSO-d6) 

δ 154.9, 136.5, 134.5, 130.8, 127.5, 20.6, 19.9; HRMS (ESI POS): Found MNa+ 347.1723, 

C20H24O2N2Na requires 347.1730. 

 

General Procedure for the Synthesis of Cobaloximes Catalysts – GP2 

 

The dioxime (1.0 mmol, 2.0 equiv.) was dissolved in acetone (100 mL, 0.005 M) under air at 

room temperature, then CoCl2·6H2O (0.12 g, 0.5 mmol, 1.0 equiv.) was added. A gentle stream 

of air was passed through the solution via a needle. After 2 hours (during which time, acetone 

was added to compensate for evaporation), H2O (15 mL) was added to the reaction mixture. 

The flask was then placed on ice for 10 minutes. Crystals were collected by filtration over a 

Büchner funnel, rinsed with water/methanol 2:1 (v/v) (2 × 10 mL) followed by diethyl ether (2 

× 10 mL) and then dried at room temperature to give the desired product. 

 

General Procedure for the Synthesis of Cobaloximes Catalysts – GP3 

 

The dioxime (1.0 mmol, 2.0 equiv.) was dissolved in absolute EtOH (100 mL) under air, then 

CoCl2·6H2O (0.12 g, 0.5 mmol, 1.0 equiv.) was added, and the reaction mixture was heated at 

80 °C for 1 hour. The heating was stopped, but vigorous stirring open to air was continued. 

After cooling to 25 °C, air was bubbled through the solution for 2 hours. Then, the reaction 

mixture was concentrated to about 20 mL and H2O (15 mL) was added. The flask was then 
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placed on ice for 10 minutes. Solid were collected by filtration over a Büchner funnel, 

recrystallization with MeOH and THF to give the desired product. 

 

General Procedure for the Synthesis of Dimethylglyoxime Cobaloximes Catalysts – GP4 

 

To a solution of CoCl2·6H2O (119 mg, 0.5 mmol, 1.0 equiv.) in absolute EtOH (5 mL) at room 

temperature was added S10 (58 mg, 1.0 mmol, 2.0 equiv.) followed by KOH (28 mg, 0.5 mmol, 

1.0 equiv.). The solution was warmed to 80 °C for 1 hour, the pyridine ligand (0.5 mmol, 1.0 

equiv.) was then added and the solution allowed to cool to r.t. A stream of air was passed 

through the mixture via Pasteur pipette for a further hour, topping up the solvent if required. 

The product was collected by filtration, rinsed with water (5 mL), EtOH (2 x 5 mL) and Et2O 

(3 x 5 mL) and then dried under vacuum to give the desired cobaloxime.  

 

General Procedure for the Synthesis of Dimesitylglyoxime Cobaloximes Catalysts – GP5 

 

To a solution of CoCl2·6H2O (74 mg, 0.31 mmol, 1.0 equiv.) in absolute EtOH–THF (1:1, 150 

mL) at room temperature was added S9 (200 mg, 0.62 mmol, 2.0 equiv.) followed by KOH (17 

mg, 0.31 mmol, 1.0 equiv.). The solution was warmed to 80 °C for 2 hours, the axial ligand 

(0.31 mmol, 1.0 equiv.) was then charged and the solution allowed to return to r.t. A stream of 

air was passed through the mixture via Pasteur pipette for several hours until it had concentrated 

down to ~50 mL. The crude product was collected by filtration, rinsed with water (10 mL), 

EtOH (2 x 10 mL) and Et2O (3 x 10 mL). The filtrate was discarded before the residue was 

thoroughly washed with CHCl3 (50 mL). The CHCl3 filtrate was concentrated under reduced 

pressure to give the desired product. 
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Co(d4-MeOpgH)(d4-MeOpgH2)Cl2 

 

Following GP2, (1E,2E)-1,2-bis(4-methoxyphenyl)ethane-1,2-dione dioxime S3 (300 mg, 1.0 

mmol) gave Co(d4-MeOpgH)(d4-MeOpgH2)Cl2 (280 mg, 77%) as a brown solid. 1H NMR 

(400 MHz, DMSO-d6) δ 7.19 (8H, d, J = 8.8 Hz), 6.91 (8H, d, J = 8.8 Hz), 3.76 (12H, s); 13C 

NMR (101 MHz, DMSO-d6) δ 159.4, 150.3, 131.5, 123.2, 113.3, 55.3; HRMS (ESI) Found M-

H+ 727.0764, 729.0734, C32H30N4O8Cl2Co requires 727.0778, 729.0749. 

 

Co(d4-MepgH)(d4-MepgH2)Cl2 

 

Following GP2, (1E,2E)-1,2-di-p-tolylethane-1,2-dione dioxime S4 (268 mg, 1.0 mmol) gave 

Co(d4-MepgH)(d4-MepgH2)Cl2 (315 mg, 95%) as a brown solid. 1H NMR (400 MHz, DMSO-

d6) δ 7.19–7.08 (16H, m), 2.30 (12H, s); 13C NMR (101 MHz, DMSO-d6) δ 150.5, 138.2, 129.6, 

128.3, 127.9, 21.0; HRMS (ESI) Found M-H+ 663.0965, 665.0937, C32H30N4O4Cl2Co requires 

663.0982, 665.0952. 

 

Co(d4-FpgH)(d4-FpgH2)Cl2 

 

Following GP3, (1E,2E)-1,2-bis(4-fluorophenyl)ethane-1,2-dione dioxime S5 (276 mg, 1.0 

mmol) gave Co(d4-FpgH)(d4-FpgH2)Cl2 (260 mg, 76%) as a brown solid. 1H NMR (500 MHz, 

DMSO-d6) δ 7.31–7.26 (8H, m), 7.25–7.17 (8H, m); 13C NMR (126 MHz, DMSO-d6) δ 161.9 

(d, J = 247.2 Hz), 149.4, 132.1 (d, J = 8.5 Hz), 126.6 (d, J = 3.2 Hz), 115.1 (d, J = 21.9 Hz); 

19F NMR (376 MHz, DMSO-d6) δ -111.16 (tt, J = 8.9, 5.6 Hz); HRMS (ESI) Found M-H+ 

678.9961, 680.9932, C28H18N4O4F4Cl2Co requires 678.9979, 680.9949. 
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Co(d4-ClpgH)(d4-ClpgH2)Cl2 

 

Following GP3, (1E,2E)-1,2-bis(4-chlorophenyl)ethane-1,2-dione dioxime S6 (309 mg, 1.0 

mmol) gave Co(d4-ClpgH)(d4-ClpgH2)Cl2 (50 mg, 27%) as a brown solid. 1H NMR (400 MHz, 

DMSO-d6) δ 7.52 (8H, d, J = 8.6 Hz), 7.37 (8H, d, J = 8.6 Hz); 13C NMR (101 MHz, DMSO-

d6) δ 151.5, 134.5, 131.6, 128.4, 128.0; HRMS (ESI) Found M-H+ 742.8787, 744.8754, 

C28H18N4O4Cl6Co requires 742.8797, 744.8767. 

 

Co(d4-CF3pgH)(d4-CF3pgH2)Cl2 

 

Following GP3, (1E,2E)-1,2-bis(4-(trifluoromethyl)phenyl)ethane-1,2-dione dioxime S8 (376 

mg, 1.0 mmol) gave Co(d4-CF3pgH)(d4-CF3pgH2)Cl2 (100 mg, 23%) as a brown solid. 1H 

NMR (400 MHz, DMSO-d6) δ 7.83 (8H, d, J = 8.1 Hz), 7.61 (8H, d, J = 8.1 Hz); 13C NMR 

(101 MHz, DMSO-d6) δ 151.3, 132.8, 130.6, 129.9 (q, J = 32.1 Hz), 125.3 (q, J = 3.8 Hz), 

123.8 (q, J = 272.7 Hz); 19F NMR (376 MHz, DMSO-d6) δ -61.4; HRMS (ESI) Found M-H+ 

878.9831, 880.9800, C32H18N4O4F12Cl2Co requires 878.9851, 880.9821. 

 

Co(d4-MeOpgH)2(DMAP)Cl 

 

In air, Co(d4-MeOpgH)(d4-MeOpgH2)Cl2 (146 mg, 0.2 mmol, 1.0 equiv.) was dissolved in 

methanol (10 mL, 0.02 M) in a 50-mL round-bottom flask. To the mixture was added 4-

dimethylaminopyridine (51 mg, 0.42 mmol, 2.1 equiv.). The reaction mixture was stirred until 

brown crystalline solid was precipitated (approximately 30 minutes), then water (10 mL) was 

added to the reaction mixture. The flask was then placed on ice for 10 minutes. Crystals were 

collected by filtration over a Büchner funnel, rinsed with water/methanol 2:1 (v/v) (2 × 10 mL) 
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followed by diethyl ether (2 × 10 mL) and then dried at room temperature under vacuum to 

afford Co(d4-MeOpgH)2(DMAP)Cl (110 mg, 67%) as a brown solid. 1H NMR (500 MHz, 

DMSO-d6) δ 7.61 (2H, d, J = 6.8 Hz), 7.09 (8H, d, J = 8.8 Hz), 6.90 (9H, d, J = 8.8 Hz), 6.73 

(2H, d, J = 6.8 Hz), 3.75 (12H, s), 2.96 (6H, s); 13C NMR (126 MHz, DMSO-d6) δ 159.7, 154.5, 

151.9, 147.5, 131.2, 121.8, 113.4, 109.0, 55.2, 38.7; HRMS (ESI) Found M-H+ 813.1846, 

C39H39N6O8ClCo requires 813.1855. 

 

Co(d4-MeOpgH)2(N-methylimidazole)Cl 

 

Following the procedure described for the synthesis of Co(d4-MeOpgH)2(DMAP)Cl but with 

Co(d4-MeOpgH)(d4-MeOpgH2)Cl2 (146 mg, 0.20 mmol, 1.0 equiv.) and 1-methyl-1H-

imidazole (34 µL, 0.42 mmol, 2.1 equiv.) gave Co(d4-MeOpgH)2(N-methylimidazole)Cl (125 

mg, 81%) as a brown solid. 1H NMR (500 MHz, DMSO-d6) δ 8.85 (0.3H, s), 7.64 (0.7H, t, J 

= 1.5 Hz), 7.62 (0.3H, s), 7.56 (0.3H, s), 7.25 (0.7H, t, J = 1.6 Hz), 7.21–7.13 (8H, m), 6.91 

(8H, d, J = 8.8 Hz), 6.72 (0.7H, t, J = 1.6 Hz), 3.83 (1H, s), 3.76 (4H, s), 3.75 (8H, s), 3.69 (2H, 

s); 13C NMR (126 MHz, DMSO-d6) δ 159.7, 159.1, 151.6, 150.1, 138.1, 131.2, 126.4, 123.8, 

123.0, 121.9, 113.3, 113.1, 55.2, 55.1, 34.8; HRMS (ESI) Found M-H+ 773.1531, 

C36H35N6O8ClCo requires 773.1542. 

 

Co(d4-ClpgH)2(DMAP)Cl 

 

Following the procedure described for the synthesis of Co(d4-MeOpgH)2(DMAP)Cl but with 

Co(d4-ClpgH)(d4-ClpgH2)Cl2 (149 mg, 0.2 mmol, 1.0 equiv.) and 4-dimethylaminopyridine 

(51 mg, 0.42 mmol, 2.1 equiv.) gave Co(d4-ClpgH)2(DMAP)Cl (100 mg, 60%) as a brown 

solid. 1H NMR (400 MHz, DMSO-d6) δ 7.57 (2H, d, J = 7.6 Hz), 7.46 (8H, d, J = 8.6 Hz), 7.18 

(8H, d, J = 8.6 Hz), 6.76 (2H, d, J = 7.6 Hz), 2.97 (6H, s); 13C NMR (101 MHz, DMSO-d6) δ 
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154.6, 151.1, 147.4, 134.5, 131.4, 128.4, 127.6, 109.4, 38.7; HRMS (ESI) Found M-H+ 

828.9865, 830.9834, C35H27N6O4Cl5Co requires 828.9874, 830.9845. 

 

Co(dpgH)2PyCl 

 

Step 1. Diphenylglyoxime S11 (961 mg, 4.0 mmol, 2.0 equiv.) was placed in n-BuOH (40 ml), 

CoCl2·6H2O (476 mg, 2.0 mmol, 1.0 equiv.) was added and the mixture was heated to 80 °C 

and stirred overnight under air. The resulting dark brown solution was concentrated on a rotary 

evaporator. The dark residue was thoroughly washed with water and ethanol and air dried to 

give Co(dpgH)2(dpgH2)Cl2 (1.02 g, 84%) as a brown solid. 1H NMR (400 MHz, DMSO-d6) δ 

7.27 (12H, m), 7.18 (8H, m); 13C NMR (101 MHz, DMSO-d6) δ 150.3, 130.3, 129.4, 128.6, 

127.6; HRMS (ESI NEG): Found M-H+ 607.0346, C28H22O4N4Cl2Co requires 607.0356. 

Step 2. Following the procedure described for the synthesis of Co(d4-MeOpgH)2(DMAP)Cl 

but with Co(dpgH)2(dpgH2)Cl2 (305 mg, 0.5 mmol, 1.0 equiv.) and pyridine (84 µL, 1.05 mmol, 

2.1 equiv.) gave Co(dpgH)2PyCl (231 mg, 71%) as a brown solid. 1H NMR (400 MHz, CDCl3) 

δ 8.64–8.57 (2H, m), 7.83 (1H, tt, J = 7.5, 1.5 Hz), 7.40–7.33 (2H, m), 7.33–7.20 (20H, m); 

13C NMR (101 MHz, CDCl3) δ 153.7, 151.2, 139.5, 129.9, 129.8, 129.7, 128.1, 126.2. Data in 

accordance with the literature.12 

 

Co(gH)(gH2)Cl2 

 

To a solution of CoCl2·6H2O (476 mg, 2.0 mmol, 1.0 equiv.) in acetone (10 mL) was added 

glyoxime (441 mg, 4 mmol, 2 equiv., 20% wt. H2O). The mixture was stirred for 10 minutes 

and KOH (112 mg, 2.0 mmol, 1.0 equiv.) was added. The mixture was heated under reflux for 

2 hours and then cooled to 0°C. The mixture was filtered and the solid was washed with acetone 

(3 x 5 mL) and Et2O (3 x 5 mL) to give Co(gH)(gH2)Cl2 (311 mg, 51%) as a solid. 1H NMR 

(400 MHz, DMSO-d6) δ 7.36 (4H, s); 13C NMR (101 MHz, DMSO-d6) δ 139.4; HRMS (ESI 

NEG): Found M-H+ 302.9095, C4H6O4N4Cl2Co requires 302.9104.  
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Co(gH)2PyCl 

 

To a solution of CoCl2·6H2O (0.48 g, 2.0 mmol, 1.0 equiv.) in absolute EtOH (10 mL) at room 

temperature was added glyoxime (0.49 g, 4.4 mmol, 2.2 equiv., 20% wt. H2O) followed by 

KOH (0.11 g, 1.0 mmol, 1.0 equiv.) and pyridine (0.16 mL, 1.0 mmol, 1.0 equiv.). A stream 

of air was passed through the mixture via Pasteur pipette for 20 minutes then H2O (1 mL) was 

charged and the stream of air was continued for 1.5 hours. The product was collected by 

filtration, rinsed thoroughly with water (50 mL) and dried under reduced pressure to give 

Co(gH)2PyCl (241 mg, 35%) as a solid. 1H NMR (400 MHz, CDCl3) δ 8.24 (2H, d, J = 5.1 

Hz), 7.78 (1H, t, J = 7.6 Hz), 7.62 (4H, s), 7.31 (2H, t, J = 6.9 Hz); 13C NMR (101 MHz, CDCl3) 

δ 151.0, 140.7, 139.7, 126.3. Data in accordance with the literature.13 

 

Co(dmgH)2(4-CNPy)Cl 

 

Following GP4 using 4-pyridinecarbonitrile (52 mg, 0.5 mmol, 1.0 equiv.) gave Co(dmgH)2(4-

CNPy)Cl (208 mg, 97%) as a brown solid. 1H NMR (400 MHz, DMSO-d6) δ 8.22 (2H, d, J = 

6.9 Hz), 7.96 (2H, d, J = 6.9 Hz), 2.31 (12H, s); 13C NMR (101 MHz, DMSO-d6) δ 153.1, 

151.3, 128.2, 122.6, 115.3, 12.8. Data in accordance with the literature.14 

 

Co(dmgH)2(DMAP)Cl 

 

Following GP4 on a 2.0 mmol scale using CoCl2·6H2O (476 mg, 2.0 mmol, 1.0 equiv.), EtOH 

(20 mL), dimethylglyoxime (232 mg, 4.0 mmol, 2.0 equiv.), KOH (112 mg, 2.0 mmol, 1.0 
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equiv.) and 4-dimethylaminopyridine (244 mg, 2.0 mmol, 1.0 equiv.) gave 

Co(dmgH)2(DMAP)Cl (547 mg, 61%) as a brown solid. 1H NMR (400 MHz, DMSO-d6) δ 7.35 

(2H, d, J = 6.8 Hz), 6.58 (2H, d, J = 6.8 Hz), 2.91 (6H, s), 2.30 (12H, s); 13C NMR (101 MHz, 

DMSO-d6) δ 151.8, 147.6, 108.6, 38.7, 12.5. Data in accordance with the literature.15 

 

Co(dmgH)2(N-methylimidazole)Cl 

 

Following GP4 using N-methylimidazole (40 µL, 0.5 mmol, 1.0 equiv.) gave Co(dmgH)2(N-

methylimidazole)Cl (147 mg, 73%) as a brown solid. 1H NMR (400 MHz, DMSO-d6) δ 7.29 

(1H, s), 7.08 (1H, d, J = 1.9 Hz), 6.40 (1H, d, J = 1.9 Hz), 3.59 (3H, s), 2.31 (12H, s); 13C NMR 

(101 MHz, DMSO-d6) δ 151.4, 137.9, 126.5, 123.2, 34.6, 12.5. Data in accordance with the 

literature.15 

 

Co(dmgH)2(4-MePy)Cl 

 

Following GP4 using 4-methylpyridine (49 µL, 0.5 mmol, 1.0 equiv.) gave Co(dmgH)2(4-

MePy)Cl (166 mg, 80%) as a brown solid. 1H NMR (400 MHz, DMSO-d6) δ 7.85 (2H, d, J = 

6.7 Hz), 7.30 (2H, d, J = 6.3 Hz), 2.31 (12H, s), 2.27 (3H, s); 13C NMR (101 MHz, DMSO-d6) 

δ 152.4, 152.0, 149.3, 127.2, 20.2, 12.6. Data in accordance with the literature.14 
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Co(dmgH)2(4-MeOPy)Cl 

 

Following GP4 using 4-methoxypyridine (55 mg, 0.5 mmol, 1.0 equiv.) gave Co(dmgH)2(4-

MeO-Py)Cl (109 mg, 50%) as a brown solid. 1H NMR (400 MHz, DMSO-d6) δ 7.77 (2H, d, J 

= 7.3 Hz), 7.07 (2H, d, J = 7.3 Hz), 3.79 (3H, s), 2.31 (12H, s); 13C NMR (101 MHz, DMSO-

d6) δ 167.5, 152.4, 150.7, 112.8, 56.4, 12.6. Data in accordance with the literature.15 

 

Co(dmgH)(dmgH2)Cl2 

 

To a solution of CoCl2·6H2O (3.6 g, 15.0 mmol, 1.0 equiv.) in acetone (80 mL) was charged 

dimethylglyoxime S10 (3.5 g, 30.0 mmol, 2.0 equiv.). The solution was heated to reflux for 2 

hours and then cooled to r.t. A stream of air was passed through the mixture via Pasteur pipette 

for 1 hour and then the reaction mixture was then cooled to 0 °C and filtered to give 

Co(dmgH)(dmgH2)Cl2 (4.9 g, 91%) as a green solid. 1H NMR (400 MHz, DMSO-d6) δ 2.33 

(12H, s); 13C NMR (101 MHz, DMSO-d6) δ 149.2, 12.2. Data in accordance with the 

literature.14  

 

Co(dMesgH)2PyCl 

 

Following GP5 but on a 0.54 mmol scale, pyridine (44 µL, 0.54 mmol, 1.0 equiv.) as the axial 

ligand to give Co(dMesgH)2PyCl (225 mg, 51%) as a tan powder. 1H NMR (400 MHz, CDCl3) 

δ 8.67 (2H, d, J = 4.9 Hz), 7.87 (1H, t, J = 7.6 Hz), 7.33 (2H, t, J = 7.0 Hz), 6.78 (4H, s), 6.65 

(4H, s), 2.25 (12H, s), 2.19 (12H, s), 1.56 (12H, s); 13C NMR (101 MHz, CDCl3) δ 155.7, 152.2, 

139.8, 139.4, 139.3, 136.7, 129.0, 128.2, 126.3, 125.4, 21.2, 20.4, 20.1. Data in accordance 

with the literature.16 
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Co(dMesgH)2(4-CNPy)Cl 

 

Following GP5 using 4-pyridinecarbonitrile (32 mg, 0.31 mmol, 1.0 equiv.) as the axial ligand 

to give Co(dMesgH)2(4-CNPy)Cl (173 mg, 66%) as a brown powder. 1H NMR (400 MHz, 

CDCl3) δ 8.93 (2H, d, J = 6.7 Hz), 7.56 (2H, d, J = 6.8 Hz), 6.80 (4H, s), 6.68 (4H, s), 2.24 

(12H, s), 2.21 (12H, s), 1.57 (12H, s); 13C NMR (101 MHz, CDCl3) δ 156.3, 153.5, 139.7, 

139.2, 136.5, 129.2, 128.3, 126.7, 126.0, 124.2, 114.5, 21.2, 20.4, 20.3; HRMS (ESI POS): 

Found MNa+ 867.2800, C46H50O4N6ClCoNa requires 867.2806. 

 

Co(dMesgH)2(DMAP)Cl 

 

Following GP5 using 4-dimethylaminopyridine (38 mg, 0.31 mmol, 1.0 equiv.) as the axial 

ligand to give Co(dMesgH)2(DMAP)Cl (128 mg, 48%) as a brown powder. 1H NMR (400 

MHz, CDCl3) δ 8.00 (2H, d, J = 7.14 Hz), 6.77 (4H, s), 6.65 (4H, s), 6.35 (2H, d, J = 7.4 Hz), 

3.04 (6H, s), 2.25 (12H, s), 2.19 (12H, s), 1.67 (12H, s); 13C NMR (101 MHz, CDCl3) δ 155.1, 

155.0, 150.2, 139.3, 139.1, 137.0, 128.9, 128.1, 126.6, 107.5, 39.5, 21.3, 20.5, 20.3; HRMS 

(ESI POS): Found MNa+ 885.3261, C47H56O4N6ClCoNa requires 885.3276. 

 

Co(dMesgH)2(N-methylimidazole)Cl 

 

Following GP5 using N-methylimidazole (25 µL, 0.31 mmol, 1.0 equiv.) as the axial ligand to 

give Co(dMesgH)2(N-methylimidazole)Cl (124 mg, 49%) as a brown powder. 1H NMR (500 

MHz, DMSO-d6) δ 7.88 (1H, s), 7.38 (1H, s), 6.79 (4H, s), 6.72 (1H, s), 6.77 (4H, s), 3.72 (3H, 



SI-25 

 

s), 2.17 (12H, s), 2.11 (12H, s), 1.59 (12H, s); 13C NMR (126 MHz, DMSO-d6) δ 153.7, 139.2, 

138.5, 138.0, 137.0, 128.2, 128.0, 127.5, 126.4, 123.4, 34.5, 20.6, 19.7, 19.1; HRMS (ESI POS): 

Found MNa+ 845.2951, C44H52O4N6ClCoNa requires 845.2963. 

 

Co(dmgH)2Py(pentyl) 

 

To a solution of KOH (70 mg, 1.25 mmol, 2.5 equiv.) in MeOH (10 mL) was added 

Co(dmgH)2PyCl (200 mg, 0.5 mmol, 1.0 equiv.). The solution was cooled to 0 °C and degassed 

via passing argon through the solution via needle for 15 minutes. NaBH4 (49 mg, 1.3 mmol, 

2.6 equiv.) was then added, the reaction was stirred for 5 minutes and n-pentyl iodide (0.30 mL, 

2.25 mmol, 4.5 equiv.) was added. The reaction was stirred for 30 minutes, H2O (20 mL) was 

added, the mixture was filtered and the resulting solid was washed with H2O (20 mL) and dried 

under vacuum to give Co(dmgH)2Py(pentyl) (135 mg, 61%) as an orange solid. 1H NMR (400 

MHz, CDCl3) δ 8.59 (2H, d, J = 4.4 Hz), 7.70 (1H, tt, J = 7.6, 1.7 Hz), 7.30 (2H, t, J = 7.0 Hz), 

2.12 (12H, s), 1.63 (2H, t, J = 8.8 Hz), 1.26–1.18 (4H, m), 0.95–0.86 (2H, m), 0.78 (3H, t, J = 

7.1 Hz); 13C NMR (101 MHz, CDCl3, the C adjacent to Co was not visible) δ 150.1, 149.2, 

137.5, 125.3, 33.0, 30.4, 22.6, 14.2, 12.1. Data in accordance with the literature.17  

 

Co(dmgBF2)2·2H2O 

 

Co(dmgBF2)2·2H2O was synthesized according to the published procedures. Degassed Diethyl 

ether (38 mL, 0.05 M) was added to a flask containing Co(OAc)2·4H2O (500 mg, 2.0 mmol, 

1.0 equiv.) and dimethylglyoxime S10 (488 mg, 4.2 mmol, 2.1 equiv), followed by BF3·Et2O 

(2.5 mL, 20.0 mmol, 10.0 equiv.). The mixture was stirred at room temperature for 6 hours 

under argon, during which time the desired product precipitated. The resulting solid was 

filtered, washed with ice–cold water (3 × 5 mL) and air-dried to give Co(dmgBF2)2·2H2O (410 

mg, 49%) as a brown solid. Data in accordance with the literature.18 
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4 Properties of Cobaloximes Catalysts 

4.1 Reduction Potentials 

Cyclic Voltammetry General Experimental Details 

Cyclic voltammetry was conducted on an EmStat (PalmSens) potentiostat using a 3-electrode 

cell configuration. A glassy carbon working electrode was employed alongside a platinum wire 

counter electrode and a Ag/AgCl reference electrode. All the solutions were degassed by 

bubbling N2 prior to measurements. 5 mM solutions of the desired compounds were freshly 

prepared in dry acetonitrile along with 0.1 M of tetrabutylammonium hexafluorophosphate as 

supporting electrolyte and were examined at a scan rate of 0.1 V s–1. Ferrocene (E1/2 = +0.42 

V vs SCE)19 was added at the end of the measurements as an internal standard to determine the 

precise potential scale. Potential values are given versus the saturated calomel electrode (SCE) 

(see Table S1). Reversible waves were obtained in all cases; therefore, the potentials were 

calculated as the midpoint between the oxidation and reduction peaks. 

Co(II)/Co(I) reduction potentials were measured as the reversible wave found for this reduction 

was more reliably and accurately measured as opposed to the irreversible Co(III)/Co(II) 

reduction which was quite often broad and difficult to precisely define (see Table S2).  

 

Table S1. 

Cobaloximes Ered[Co(II)/Co(I)](V vs SCE) 

 

Co(gH)2PyCl 

–0.78 

 

Co(gH)(gH2)Cl2 

–0.74 
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Co(dmgH)2(4-CNpy)Cl 

–1.05 

 

Co(dmgH)2(DMAP)Cl 

–1.14 

 

Co(dmgH)2(N-methylimidazole)Cl 

–1.17 

 

Co(dmgH)2(4-Mepy)Cl 

–1.10 

 

Co(dmgH)2(4-MeOpy)Cl 

–1.11 

 

Co(dmgH)2PyCl 

–1.08 
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Co(dmgH)(dmgH2)Cl2 

–0.99 

 

Co(dpgH)(dpgH2)Cl2 

–0.77 

 

Co(dpgH)2PyCl 

–0.77 

 

Co(d4-MeOpgH)(d4-MeOpgH2)Cl2 

–0.88 

 

Co(d4-MepgH)(d4-MepgH2)Cl2 

–0.85 

 

Co(d4-FpgH)(d4-FpgH2)Cl2 

–0.76 

 

Co(d4-ClpgH)(d4-ClpgH2)Cl2 

–0.70 



SI-29 

 

 

Co(d4-CF3pgH)(d4-CF3pgH2)Cl2 

–0.63 

 

Co(d4-MeOpgH)2(DMAP)Cl 

–0.91 

 

Co(d4-MeOpgH)2(N-methylimidazole)Cl 

–0.91 

 

Co(d4-ClpgH)2(DMAP)Cl 

–0.77 

 

Co(dMesgH)2PyCl 

–0.93 

 

Co(dMesgH)2(4-CNpy)Cl 

–0.90 
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Co(dMesgH)2(DMAP)Cl 

–0.93 

 

Co(dMesgH)2(N-methylimidazole)Cl 

–0.93 
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Table S2. 

Cobaloximes Cyclic Voltammogram 

 

Co(gH)2PyCl 

 

 

Co(gH)(gH2)Cl2 

 

 

Co(dmgH)2(4-CNpy)Cl 
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Co(dmgH)2(DMAP)Cl 

 

 

Co(dmgH)2(N-

methylimidazole)Cl 

 

 

Co(dmgH)2(4-Mepy)Cl 
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Co(dmgH)2(4-MeOpy)Cl 

 

 

Co(dmgH)2PyCl 

 

 

Co(dmgH)(dmgH2)Cl2 
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Co(dpgH)(dpgH2)Cl2 

 

 

Co(dpgH)2PyCl 

 

 

Co(d4-MeOpgH)(d4-

MeOpgH2)Cl2 
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Co(d4-MepgH)(d4-MepgH2)Cl2 

 

 

Co(d4-FpgH)(d4-FpgH2)Cl2 

 

 

Co(d4-ClpgH)(d4-ClpgH2)Cl2 
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Co(d4-CF3pgH)(d4-CF3pgH2)Cl2 

 

 

Co(d4-MeOpgH)2(DMAP)Cl 

 

 

Co(d4-MeOpgH)2(N-

methylimidazole)Cl 
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Co(d4-ClpgH)2(DMAP)Cl 

 

 

Co(dMesgH)2PyCl 

 

 

Co(dMesgH)2(4-CNpy)Cl 
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Co(dMesgH)2(DMAP)Cl 

 

 

Co(dMesgH)2(N-

methylimidazole)Cl 
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4.1.1 Correlation of E[Co(II)/(I)] with Hammett σP 

Both the axial and the equatorial ligand modulate the redox properties of the cobaloxime. 

Indeed, we have found a good correlation between the E[Co(II)/(I)] and the Hammett σP value 

for both the dmg and dpg series (Figure S1). 

 

Figure S1. 
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4.2 UV/Vis Absorption Spectroscopy Studies  

The UV/Vis absorption spectra of cobaloximes catalysts (4 x 10–5 M) were measured at room 

temperature in CH3CN. 

Table S3. 

Cobaloximes UV/Vis 

 

Co(gH)(gH2)Cl2 

 

 

Co(dpgH)(dpgH2)Cl2 

 

 

Co(d4-MeOpgH)(d4-

MeOpgH2)Cl2 
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Co(d4-MepgH)(d4-MepgH2)Cl2 

 

 

Co(d4-FpgH)(d4-FpgH2)Cl2 

 

 

Co(d4-ClpgH)(d4-ClpgH2)Cl2 
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Co(d4-CF3pgH)(d4-CF3pgH2)Cl2 

 

 

Co(d4-MeOpgH)2(DMAP)Cl 

 

 

Co(d4-MeOpgH)2(N-

methylimidazole)Cl 
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Co(d4-ClpgH)2(DMAP)Cl 

 

 

Co(dMesgH)2(4-CNpy)Cl 

 

 

Co(dMesgH)2(DMAP)Cl 
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Co(dMesgH)2(N-

methylimidazole)Cl 
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5 Reaction Optimizations 

General Procedure for the Reaction Optimization – GP6 

 

A dry tube equipped with a stirring bar was charged with the photocatalyst (2 µmol, 2 mol%), 

Co(dmgH)2PyCl (2 mg, 5 µmol, 5 mol%), 1 (32 mg, 0.1 mmol, 1.0 equiv.), the amine (if solid) 

(0.02 mmol, 20 mol%) and base (0.1 mmol, 1.0 equiv.). The tube was capped with a Supelco 

aluminium crimp seal with septum (PTFE/butyl), then evacuated under high vacuum and 

backfilled with N2 (x 3). Degassed solvent (0.1 M) and amine (if liquid) (0.02 mmol, 20 mol%) 

were sequentially added. The vial was purged with a stream of N2 and the lid sealed with 

parafilm and placed approximately 10 cm from blue LEDs. The blue LEDs were switched on 

and the mixture was stirred under irradiation at room temperature for 16 hours with a fan. The 

tube was opened, and the mixture was diluted with H2O (0.5 mL) and EtOAc (2 mL). 1,3,5-

Trimethoxybenzene (17 mg, 0.1 mmol, 1.0 equiv.) was added and the layers were separated. 

The aqueous layer was extracted with EtOAc (2 mL x 3) and the combined organic layers were 

washed with brine, dried (Na2SO4), filtered, and evaporated under reduced pressure. The crude 

was solubilised in CDCl3 (0.6 mL) and analysed by 1H NMR spectroscopy to determine the 

NMR yield. 

 

Table S4 detailed all the experiments performed. 
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Table S4. 

Entry Photocatalyst Amine Base Solvent Yield (%) 

1a 4CzIPN i-Pr2NEt – CH3CN quant. 

2 4CzIPN i-Pr2NEt K2CO3 CH3CN quant. 

3 4CzIPN i-Pr2NEt Na2CO3 CH3CN 25 

4 4CzIPN i-Pr2NEt NaHCO3 CH3CN 26 

5 4CzIPN i-Pr2NEt K3PO4 CH3CN 66 

6 4CzIPN i-Pr2NEt K2HPO4 CH3CN 23 

7 4CzIPN i-Pr2NEt NaOAc CH3CN 18 

8 4CzIPN i-Pr2NEt KOAc CH3CN 43 

9 4CzIPN Et3N K2CO3 CH3CN 91 

10 4CzIPN n-Bu3N K2CO3 CH3CN 99 

11 4CzIPN Bn3N K2CO3 CH3CN 99 

12 4CzIPN DABCO K2CO3 CH3CN 3 

13 4CzIPN PMP K2CO3 CH3CN 86 

14 4CzIPN TMP K2CO3 CH3CN 12 

15 4CzIPN i-Pr2NEt K2CO3 DMF 96 

16 4CzIPN i-Pr2NEt K2CO3 DMSO 78 

17 4CzIPN i-Pr2NEt K2CO3 MeOH 88 

18 4CzIPN i-Pr2NEt K2CO3 THF 46 

19 4CzIPN i-Pr2NEt K2CO3 CH2Cl2 – 

20 4CzIPN i-Pr2NEt K2CO3 acetone 93 

21b 4CzIPN i-Pr2NEt K2CO3 CH3CN quant. 

22c 4CzIPN i-Pr2NEt K2CO3 CH3CN 12 

23d 4CzIPN i-Pr2NEt K2CO3 CH3CN 67 

24 – i-Pr2NEt K2CO3 CH3CN – 

25e 4CzIPN i-Pr2NEt K2CO3 CH3CN – 

26 4CzIPN – K2CO3 CH3CN – 

27 4CzIPN i-Pr2NEt – CH3CN 12 

28f 4CzIPN i-Pr2NEt K2CO3 CH3CN – 

a reaction run with 2.0 equiv. i-Pr2NEt; b reaction run using Co(dmgH)(dmgH2)Cl2 as the 

cobaloxime; c reaction run using Co(dmgBF2)2·2H2O as the cobaloxime; d reaction time 

= 3 h; e no Co(dmgH)2PyCl; f reaction run in the dark. 
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6 Substrate Scope 

6.1 Terminal and Symmetrical Alkyl Halides 

General Procedure for the Terminal and Symmetrical Alkyl Halides – GP7 

 

A dry tube equipped with a stirring bar was charged with 4CzIPN (3 mg, 4 μmol, 2 mol%), 

Co(dmgH)2(py)Cl2 (4 mg, 0.01 mmol, 5 mol%), K2CO3 (28 mg, 0.2 mmol, 1.0 equiv.) and the 

alkyl halide (if solid) (0.20 mmol, 1.0 equiv.). The tube was capped with a Supelco aluminium 

crimp seal with septum (PTFE/butyl), then evacuated under high vacuum and backfilled with 

N2 (x 3). Degassed CH3CN (2.0 mL, 0.1 M), the alkyl halide (if liquid) (0.20 mmol, 1.0 equiv.) 

and i-Pr2NEt (7 µL, 0.04 mmol, 20 mol%) were sequentially added. The vial was purged with 

a stream of N2 and the lid sealed with parafilm and placed approximately 10 cm from blue 

LEDs. The blue LEDs were switched on and the mixture was stirred under irradiation at room 

temperature for 16 hours with a fan. The tube was opened and the mixture was diluted with 

H2O (5 mL) and EtOAc (10 mL). The layers were separated and the aqueous layer was 

extracted with EtOAc (2 × 10 mL). The combined organic layers were washed with brine (10 

mL), dried (Na2SO4), filtered and evaporated under reduced pressure. The crude was purified 

by flash column chromatography on silica gel with hexane–EtOAc. 

 

1-Tosyl-1,2,3,6-tetrahydropyridine (2) 

 

Following GP7, 4-bromo-1-tosylpiperidine 1 (64 mg, 0.2 mmol) gave 2 (47 mg, quant.) as a 

solid. 1H NMR (500 MHz, CDCl3) δ 7.65 (2H, d, J = 8.0 Hz), 7.30 (2H, d, J = 8.0 Hz), 5.76–

5.68 (1H, m), 5.62–5.55 (1H, m), 3.54 (2H, p, J = 2.7 Hz), 3.14 (2H, t, J = 5.7 Hz), 2.40 (3H, 

s), 2.25–2.04 (2H, m); 13C NMR (126 MHz, CDCl3) δ 143.6, 133.2, 129.7, 127.7, 125.1, 122.8, 

44.8, 42.7, 25.3, 21.6. Data in accordance with the literature.20 

 

Dodec-1-ene (27) 

 

Following GP7, 1-iodododecane 3 (49 µL, 0.2 mmol) gave 27 (30 mg, 90%) as an oil. 1H NMR 

(500 MHz, CDCl3) δ 5.82 (1H, ddt, J = 17.0, 10.2, 6.7 Hz), 4.99 (1H, dq, J = 17.0, 1.8 Hz), 

4.93 (1H, dq, J = 10.2, 1.3 Hz), 2.07–2.01 (2H, m), 1.41–1.35 (2H, m), 1.32–1.25 (14H, m), 
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0.88 (3H, t, J = 6.9 Hz); 13C NMR (126 MHz, CDCl3) δ 139.4, 114.2, 34.0, 32.1, 29.8, 29.7, 

29.5, 29.3, 29.1, 22.9, 14.3. Data in accordance with the literature.21 

 

Ethyl but-3-enoate (28) 

 

Following GP7, ethyl 4-bromobutanoate 4 (29 µL, 0.2 mmol) gave 28 (91%, NMR yield). 

Because 28 is volatile, the yield was measured by crude 1H NMR spectroscopy using 1,3,5-

trimethoxybenzene as an internal standard. 1H NMR (500 MHz, CDCl3) δ 5.98–5.85 (1H, m), 

5.22–5.12 (2H, m), 4.13 (2H, q, J = 6.8 Hz), 3.08 (2H, d, J = 6.8 Hz), 1.26 (3H, t, J = 6.8 Hz). 

Data in accordance with the literature.22  

 

Hex-5-enenitrile (29) 

 

Following GP7, 6-bromohexanenitrile 5 (27 µL, 0.2 mmol) gave 29 (99%, NMR yield). 

Because 29 is volatile, the yield was measured by crude 1H NMR spectroscopy using 1,3,5-

trimethoxybenzene as an internal standard. 1H NMR (400 MHz, CDCl3) δ 5.82–5.66 (1H, m), 

5.15–4.95 (2H, m), 2.35 (2H, t, J = 7.2 Hz), 2.21–2.12 (2H, m), 1.77–1.67 (2H, m). Data in 

accordance with the literature.23 

 

N-(4-Pentenyl)phthalimide (30) 

 

Following GP7, N-(5-bromopentyl)phthalimide 6 (59 mg, 0.2 mmol) gave 30 (39 mg, 91%) as 

an oil. 1H NMR (500 MHz, CDCl3) δ 7.87–7.77 (2H, m), 7.74–7.65 (2H, m), 5.80 (1H, ddt, J 

= 17.0, 10.3, 6.6 Hz), 5.04 (1H, dt, J = 17.0, 1.8 Hz), 4.97 (1H, d, J = 10.3 Hz), 3.69 (2H, t, J 

= 7.3 Hz), 2.32–1.97 (2H, m), 1.94–1.71 (2H, m); 13C NMR (126 MHz, CDCl3) δ 168.5, 137.4, 

134.0, 132.3, 123.3, 115.4, 37.7, 31.1, 27.8. Data in accordance with the literature.24 

 

2-(But-3-en-1-yl)-1,3-dioxolane (31) 

 

Following GP7, 2-(4-bromobutyl)-1,3-dioxolane 7 (27 µL, 0.2 mmol) gave 31 (80%, NMR 

yield). Because 31 is volatile, the yield was measured by crude 1H NMR spectroscopy using 

1,3,5-trimethoxybenzene as an internal standard. 1H NMR (400 MHz, CDCl3) δ 5.88 (1H, ddt, 

J = 17.2, 10.2, 6.6 Hz), 5.06 (1H, dq, J = 17.2, 1.6 Hz), 4.98 (1H, dq, J = 10.2, 1.6 Hz), 4.88 
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(1H, t, J = 4.8 Hz), 3.99–3.95 (2H, m), 3.90–3.84 (2H, m), 2.23–2.16 (2H, m), 1.78–1.71 (2H, 

m). Data in accordance with the literature.25 

 

tert-Butyl benzyl(but-3-en-1-yl)carbamate (32) 

 

Following GP7, tert-butyl benzyl(4-iodobutyl)carbamate 8 (78 mg, 0.2 mmol) gave 32 (36 mg, 

69%) as an oil. 1H NMR (500 MHz, CDCl3, rotamers) δ 7.28–7.21 (2H, m), 7.21–7.11 (3H, 

m), 5.67 (1H, brs), 4.97 (1H, brs), 4.92 (1H, d, J = 10.3 Hz), 4.45–4.27 (2H, m), 3.31–2.99 (2H, 

m), 2.27–2.10 (2H, m), 1.46–1.32 (9H, m); 13C NMR (126 MHz, CDCl3, rotamers) δ 156.1, 

155.7, 138.8, 138.6, 135.7, 128.6, 127.9, 127.2, 116.6, 79.8, 50.9, 50.2, 46.3, 33.0, 32.6, 28.6; 

HRMS (ESI) Found MNa+ 284.1609, C16H23NO2Na requires 284.1621. 

 

7-(But-3-en-1-yloxy)-3,4-dihydroquinolin-2(1H)-one (33) 

 

Following GP7, 7-(4-bromobutoxy)-3,4-dihydroquinolin-2(1H)-one 9 (60 mg, 0.2 mmol) gave 

33 (43 mg, quant.) as a solid. 1H NMR (400 MHz, CDCl3) δ 9.19 (1H, s), 7.03 (1H, d, J = 8.3 

Hz), 6.52 (1H, dd, J = 8.3, 2.4 Hz), 6.41 (1H, d, J = 2.4 Hz), 5.89 (1H, ddt, J = 17.1, 10.3, 6.7 

Hz), 5.16 (1H, dt, J = 17.1, 1.6 Hz), 5.10 (1H, dt, J = 10.3, 1.6 Hz), 3.98 (2H, t, J = 6.7 Hz), 

2.89 (2H, t, J = 7.5 Hz), 2.62 (2H, t, J = 7.5 Hz), 2.56–2.47 (2H, m); 13C NMR (101 MHz, 

CDCl3) δ 172.5, 158.6, 138.4, 134.5, 128.6, 117.2, 115.9, 108.9, 102.5, 67.5, 33.7, 31.2, 24.7; 

HRMS (ASAP) Found MH+ 218.1170, C13H16NO2 requires 218.1176. 

 

Hept-6-en-1-ol (34) 

 

Following GP7, 7-bromoheptan-1-ol 10 (31 µL, 0.2 mmol) gave 34 (21 mg, 91%) as an oil. 1H 

NMR (400 MHz, CDCl3) δ 5.80 (1H, ddt, J = 17.0, 10.1, 6.7 Hz), 4.84 (1H, dq, J = 17.0, 1.7 

Hz), 4.93 (1H, ddd, J = 10.1, 2.0, 1.2 Hz), 3.63 (2H, td, J = 6.6, 2.8 Hz), 3.38 (1H, t, J = 6.6 

Hz), 2.05 (2H, q, J = 6.6 Hz), 1.61–1.52 (2H, m), 1.46–1.29 (4H, m); 13C NMR (101 MHz, 

CDCl3) δ 139.0, 114.5, 63.1, 33.9, 32.8, 28.8, 25.4. Data in accordance with the literature.26 
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Allylbenzene (35) 

 

Following GP7, (3-bromopropyl)benzene 11 (31 µL, 0.2 mmol) gave 35 (quant. NMR yield). 

Because 35 is volatile, the yield was measured by crude 1H NMR spectroscopy using 1,3,5-

trimethoxybenzene as an internal standard. 1H NMR (500 MHz, CDCl3) δ 7.30–7.23 (2H, m), 

7.20–7.13 (3H, m), 5.94 (1H, ddt, J = 16.8, 10.1, 6.7 Hz), 5.09–5.04 (1H, m), 5.04–5.01 (1H, 

m), 3.36 (2H, d, J = 6.7 Hz); 13C NMR (126 MHz, CDCl3) δ 140.2, 137.6, 128.7, 128.5, 126.2, 

115.9, 40.4. Data in accordance with the literature.23 

 

Hept-6-en-1-yl methanesulfonate (36) 

 

Following GP7, 7-bromoheptyl methanesulfonate 12 (54 mg, 0.2 mmol) gave 36 (36 mg, 94%) 

as an oil. 1H NMR (500 MHz, CDCl3) δ 5.79 (1H, ddt, J = 17.2, 10.2, 6.7 Hz), 5.01 (1H, dt, J 

= 17.2, 1.7 Hz), 4.96 (1H, dt, J = 10.2, 1.7 Hz), 4.22 (2H, t, J = 6.5 Hz), 3.00 (3H, s), 2.06 (2H, 

q, J = 6.7 Hz), 1.76 (2H, p, J = 7.6, 7.2 Hz), 1.46–1.39 (4H, m); 13C NMR (126 MHz, CDCl3) 

δ 138.6, 114.9, 70.2, 37.5, 33.6, 29.1, 28.4, 25.0; HRMS (ASAP) Found MH+ 193.0890, 

C8H17O3S requires 193.0893. 

 

Hept-6-en-1-yl 4-methylbenzenesulfonate (37) 

 

Following GP7, 7-bromoheptyl 4-methylbenzenesulfonate 13 (70 mg, 0.2 mmol) gave 37 (47 

mg, 87%) as an oil. 1H NMR (500 MHz, CDCl3) δ 7.78 (2H, d, J = 7.8 Hz), 7.34 (2H, d, J = 

7.8 Hz), 5.80–5.67 (1H, m), 5.00–4.89 (2H, m), 4.01 (2H, t, J = 6.5 Hz), 2.44 (3H, s), 1.99 (2H, 

q, J = 6.7 Hz), 1.67–1.60 (2H, m), 1.35–1.26 (4H, m); 13C NMR (126 MHz, CDCl3) δ 144.8, 

138.6, 133.3, 129.9, 128.0, 114.7, 70.7, 33.6, 28.8, 28.3, 24.9, 21.8. Data in accordance with 

the literature.27 

 

tert-Butyl 4-methylenepiperidine-1-carboxylate (38) 

 

Following GP7, tert-butyl 4-(iodomethyl)piperidine-1-carboxylate 14 (65 mg, 0.2 mmol) gave 

38 (35 mg, 89%) as an oil. 1H NMR (400 MHz, CDCl3) δ 4.72 (2H, s), 3.40 (4H, t, J = 5.8 Hz), 

2.16 (4H, t, J = 5.8 Hz), 1.45 (9H, s); 13C NMR (101 MHz, CDCl3) δ 154.8, 145.5, 109.1, 79.6, 

45.6, 34.7, 28.6. Data in accordance with the literature.28 
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tert-Butyl cyclohex-3-en-1-ylcarbamate (39) 

 

Following GP7, cis-tert-butyl (4-iodocyclohexyl)carbamate 15 (65 mg, 0.2 mmol) gave 39 (37 

mg, 94%) as a solid. 1H NMR (500 MHz, CDCl3) δ 5.67–5.61 (1H, m), 5.60–5.53 (1H, m), 

4.57 (1H, brs), 3.75 (1H, brs), 2.38–2.31 (1H, m), 2.18–2.03 (2H, m), 1.89–1.79 (2H, m), 1.55–

1.46 (1H, m), 1.42 (9H, s); 13C NMR (126 MHz, CDCl3) δ 155.4, 127.0, 124.6, 79.1, 45.8, 32.2, 

28.6, 28.5, 23.8. Data in accordance with the literature.29 

 

Cyclohexa-1,3-diene (40) 

 

Following GP7, 3-bromocyclohex-1-ene 16 (23 µL, 0.2 mmol) gave 40 (43%, NMR yield). 

Because 40 is volatile, this reaction was run in CD3CN and the yield was measured by crude 

1H NMR spectroscopy using 1,3,5-trimethoxybenzene as an internal standard. 40 is 

commercially available [CAS: 592-57-4]. 

 

3,3-Diethoxyprop-1-ene (41) 

 

Following GP7, 2-bromo-1,1-diethoxypropane 17 (35 µL, 0.2 mmol) gave 41 (92%, NMR 

yield). Because 41 is volatile, the yield was measured by crude 1H NMR spectroscopy using 

1,3,5-trimethoxybenzene as an internal standard. 1H NMR (400 MHz, CDCl3) δ 5.61 (1H, ddd, 

J = 17.4, 10.5, 5.1 Hz), 5.16 (1H, dt, J = 17.4, 1.4 Hz), 5.06 (1H, dt, J = 10.5, 1.4 Hz), 4.64 

(1H, dd, J = 5.1, 1.4 Hz), 3.43 (2H, dq, J = 9.4, 7.1 Hz), 3.29 (2H, dq, J = 9.4, 7.1 Hz), 0.99 

(6H, t, J = 7.1 Hz). 41 is commercially available [CAS: 3054-95-3]. 

 

tert-Butyl (1S,5R)-8-azabicyclo[3.2.1]oct-2-ene-8-carboxylate (42) 

 

Following GP7, tert-butyl (1R,3s,5S)-3-iodo-8-azabicyclo[3.2.1]octane-8-carboxylate 18 (67 

mg, 0.2 mmol) gave 42 (42 mg, quant.) as a solid. 1H NMR (400 MHz, CDCl3 conformers) δ 

5.98 (1H, dq, J = 7.7, 2.5 Hz), 5.51 (1H, d, J = 9.6 Hz), 4.28 (2H, q, J = 5.7 Hz), 2.76 (0.5H, 

br. s), 2.72 (0.5H, br. s), 2.16 (1H, q, J = 9.8 Hz), 1.98–1.84 (2H, m), 1.79 (0.5H, d, J = 4.3 

Hz), 1.76 (0.5H, d, J = 4.3 Hz), 1.66 (1H, dt, J = 12.6, 7.9 Hz), 1.44 (9H, s); 13C NMR (101 
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MHz, CDCl3) δ 154.3, 133.0, 123.9, 79.3, 53.4, 52.5, 34.8, 34.6, 30.1, 28.6. Data in accordance 

with the literature.30 

 

(1R,4R)-1,7,7-Trimethylbicyclo[2.2.1]hept-2-ene (43) 

 

Following GP7, (1S,2R,4R)-2-iodo-1,7,7-trimethylbicyclo[2.2.1]heptane 19 (53 mg, 0.2 mmol) 

gave 43 (85% NMR yield). Because 43 is volatile, the yield was measured by crude 1H NMR 

spectroscopy using 1,3,5-trimethoxybenzene as an internal standard. 1H NMR (400 MHz, 

CDCl3) δ 5.90 (1H, dd, J = 5.8, 3.2 Hz), 5.65 (1H, d, J = 5.8 Hz), 2.30–2.26 (m, 1H), 1.82–

1.77 (1H, m), 1.61–1.50 (1H, m), 1.03 (3H, s), 1.00–0.86 (2H, m), 0.82 (3H, s), 0.77 (3H, s); 

13C NMR (101 MHz, CDCl3) δ 139.3, 133.8, 56.1, 52.4, 52.1, 31.3, 24.3, 19.3, 19.2, 12.9. Data 

in accordance with the literature.31 

 

5,5,8a-Trimethyl-4a,5,8,8a-tetrahydro-4H-benzo[d][1,3]dioxin-2-one (44) 

 

Following GP7, 6-iodo-5,5,8a-trimethylhexahydro-4H-benzo[d][1,3]dioxin-2-one 20 (65 mg, 

0.2 mmol) gave 44 (39 mg, quant.) as a solid. 1H NMR (500 MHz, CDCl3) δ 5.51 (1H, ddd, J 

= 10.1, 5.8, 2.1 Hz), 5.38 (1H, dd, J = 10.1, 2.8 Hz), 4.45–4.40 (2H, m), 2.37 (1H, d, J = 16.8 

Hz), 2.30 (1H, dd, J = 16.8, 5.8 Hz), 2.21 (1H, dd, J = 10.6, 7.2 Hz), 1.48 (3H, s), 1.13 (3H, s), 

0.92 (3H, s); 13C NMR (126 MHz, CDCl3) δ 148.7, 137.0, 120.6, 81.9, 66.6, 44.5, 38.8, 35.2, 

31.2, 22.3, 21.3; HRMS (ESI) Found MNa+ 219.0986, C11H16O3Na requires 219.0992. 

 

3-Ethylpent-2-ene (45) 

 

Following GP7, 3-bromo-3-ethylpentane 21 (18 mg, 0.1 mmol) gave 45 (88 % NMR yield). 

Because 45 is volatile, the yield was measured by crude 1H NMR spectroscopy using 1,3-

dinitrobenzene as an internal standard. 1H NMR (400 MHz, CDCl3) δ 4.91 (1H, q, J = 6.8 Hz), 

1.85–1.80 (4H, m), 1.34 (3H, d, J = 6.7 Hz), 0.73 (6H, q, J = 7.9 Hz). Data in accordance with 

the literature.32  
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1,5-Dihydro-2H-benzo[b]azepin-2-one (46) 

 

Following GP7, 3-bromo-1,3,4,5-tetrahydro-2H-benzo[b]azepin-2-one 22 (48 mg, 0.2 mmol) 

gave 46 (19 mg, 60%) as an oil. 1H NMR (400 MHz, CDCl3) δ 9.41 (1H, brs), 7.27–7.19 (1H, 

m), 7.17–7.08 (3H, m), 6.63 (1H, dt, J = 11.0, 6.8 Hz), 5.98 (1H, dd, J = 11.0, 2.0 Hz), 3.37 

(2H, d, J = 6.8 Hz); 13C NMR (101 MHz, CDCl3) δ 168.9, 141.9, 136.9, 131.6, 128.7, 127.7, 

125.5, 125.2, 120.9, 32.4; HRMS (ESI) Found MNa+ 182.0571, C10H9NONa requires 182.0576. 

In this case, 24% dehalogenation product was observed. 

 

2-Methyl-1-phenylprop-2-en-1-one (47) 

 

Following GP7, 2-bromo-2-methyl-1-phenylpropan-1-one 23 (34 μL, 0.2 mmol) gave 47 (23 

mg, 77%) as an oil. 1H NMR (500 MHz, CDCl3) δ 7.73 (2H, d, J = 8.0 Hz), 7.52 (1H, d, J = 

7.8 Hz), 7.43 (2H, t, J = 7.8 Hz), 5.91 (1H, s), 5.62 (1H, s), 2.07 (3H, s); 13C NMR (126 MHz, 

CDCl3) δ 198.5, 143.9, 137.8, 132.1, 129.5, 128.3, 127.2, 18.8. Data in accordance with the 

literature.33 

 

2-Methyl-1-morpholinoprop-2-en-1-one (48) 

 

Following GP7, 2-bromo-2-methyl-1-morpholinopropan-1-one 24 (24 mg, 0.1 mmol) gave 

48 (12 mg, 74%) as a solid. 1H NMR (400 MHz, CDCl3) δ 5.21 (1H, s), 5.03 (1H, s), 3.74–

3.43 (8H, m), 1.95 (3H, s); 13C NMR (101 MHz, CDCl3) δ 171.4, 140.1, 116.0, 67.1, 47.6, 

42.0, 20.6. Data in accordance with the literature.34 

 

Methyl cyclohex-1-ene-1-carboxylate (49) 

 

Following GP7, methyl 1-bromocyclohexane-1-carboxylate 25 (32 μL, 0.2 mmol) gave 49 (26 

mg, 92%) as an oil. 1H NMR (500 MHz, CDCl3) δ 7.00–6.95 (1H, m), 3.72 (3H, s), 2.28–2.22 

(2H, m), 2.21–2.15 (2H, m), 1.67–1.62 (2H, m), 1.62–1.56 (2H, m); 13C NMR (126 MHz, 

CDCl3) δ 168.3, 139.9, 130.3, 51.6, 25.9, 24.3, 22.2, 21.6. 
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tert-Butyl methacrylate (50) 

 

Following GP7, tert-butyl 2-bromo-2-methylpropanoate 26 (37 µL, 0.2 mmol) gave 50 (quant. 

NMR yield). Because 50 is volatile, the yield was measured by crude 1H NMR spectroscopy 

using 1,3,5-trimethoxybenzene as an internal standard. 1H NMR (400 MHz, CDCl3) δ 5.77 (1H, 

s), 5.29 (1H, s), 1.68 (3H, s), 1.28 (9H, s). 50 is commercially available [CAS: 585-07-9].  

 



SI-55 

 

6.2 Comparison to Thermal E2 Eliminations 

General Procedure for Thermal E2 Eliminations – GP8 

 

A dry tube equipped with a stirring bar was charged with t-BuOK (22 mg, 0.20 mmol, 2.0 

equiv.), and the alkyl halide (if solid) (0.10 mmol, 1.0 equiv.). The tube was capped with a 

Supelco aluminium crimp seal with septum (PTFE/butyl), then evacuated under high vacuum 

and backfilled with N2 (x 3). Degassed CH3CN (1.0 mL, 0.1 M), the alkyl halide (if liquid) 

(0.10 mmol, 1.0 equiv.) were sequentially added. The vial was purged with a stream of N2 and 

the lid sealed with parafilm and heated at 40 °C for 16 hours. Then CDCl3 (1.0 mL) was charged. 

A 1.0 mL aliquot of the resulting mixture was passed through a short pad of MgSO4 (anhydrous) 

directly into an NMR tube for analysis by 1H NMR spectroscopy. 

Table S5. 

Entry Starting Material Product Yield (%) RSM (%) 

1  29 8 – 

2 

 

33 11 81 

3  34 20 50 

4  36 17 36 

 

BrNC

O
Br

N
H

O

BrHO

BrMsO
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6.3 Application to Industrial Eliminations 

2,3,3a,4,7,7a-Hexahydro-1H-4,7-methanoindene (52) 

 

Following GP7, 51 (43 mg, 0.2 mmol) gave 52 (21 mg, 78%) as an oil. 1H NMR (500 MHz, 

CDCl3) δ 6.16–6.06 (2H, m), 2.47 (2H, t, J = 1.9 Hz), 1.94–1.87 (3H, m), 1.80–1.74 (2H, m), 

1.54 (1H, s), 1.51 (1H, d, J = 9.2 Hz), 1.36–1.31 (1H, m), 1.00–0.92 (2H, m); 13C NMR (126 

MHz, CDCl3) δ 138.1, 46.5, 45.8, 42.3, 31.0, 30.9. Data in accordance with the literature.35 

 

(5S,8R,9S,10R,13S,14S,17S)-17-Hydroxy-10,13,17-trimethyl-

4,5,6,7,8,9,10,11,12,13,14,15,16,17-tetradecahydro-3H-cyclopenta[a]phenanthren-3-one 

(54) 

 

Following GP7, 53 (77 mg, 0.2 mmol) gave 54 (50 mg, 83%) as a solid. 1H NMR (500 MHz, 

CDCl3) δ 7.13 (1H, d, J = 10.1 Hz), 5.84 (1H, d, J = 10.1 Hz), 2.36 (1H, dd, J = 17.7, 14.2 Hz), 

2.21 (1H, dd, J = 17.7, 4.1 Hz), 1.94–1.87 (1H, m), 1.84–1.77 (2H, m), 1.76–1.70 (2H, m), 

1.58–1.52 (2H, m), 1.52–1.46 (1H, m), 1.45–1.38 (3H, m), 1.35–1.31 (1H, m), 1.30–1.22 (2H, 

m), 1.21 (3H, s), 1.02 (3H, s), 0.99–0.90 (2H, m), 0.88 (3H, s); 13C NMR (126 MHz, CDCl3) 

δ 200.3, 158.5, 127.5, 81.6, 50.7, 50.1, 45.8, 44.5, 41.1, 39.2, 39.0, 36.6, 31.7, 31.1, 27.7, 26.0, 

23.3, 21.0, 14.3, 13.2; HRMS (ESI) Found MNa+ 325.2129, C20H30O2Na requires 325.2138. 

Data in accordance with the literature.5 

Following GP7, 53 (1.04 g, 2.7 mmol) gave 54 (0.71 g) in 86% yield. 

 

2-(4-Bromophenyl)-3,6-dihydro-2H-pyran (56) and 6-(4-Bromophenyl)-3,6-dihydro-2H-

pyran (56’) 

 

Following GP7, 55 (64 mg, 0.2 mmol) gave 56 and 56’ (50 mg, 95%) as an inseparable mixture 

of regioisomers as an oil. 56: 56’ = 1.7:1. 

Data for 56: 1H NMR (400 MHz, CDCl3) δ 7.47 (2H, d, J = 8.4 Hz), 7.25 (2H, d, J = 8.4 Hz), 

5.95–5.87 (1H, m), 5.84–5.78 (1H, m), 4.52 (1H, dd, J = 9.4, 4.3 Hz), 4.42–4.26 (2H, m), 2.45–
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2.16 (2H, m); 13C NMR (101 MHz, CDCl3) δ 141.8, 131.5, 127.7, 126.5, 124.3, 121.3, 75.0, 

66.6, 32.9. Data in accordance with the literature.36 

Data for 56’: 1H NMR (400 MHz, CDCl3) δ 7.47 (2H, d, J = 8.4 Hz), 7.25 (2H, d, J = 8.4 Hz), 

6.04–5.97 (1H, m), 5.76 (1H, dq, J = 10.3, 2.1 Hz), 5.09 (1H, p, J = 2.7 Hz), 3.98 (1H, ddd, J 

= 11.2, 5.4, 3.6 Hz), 3.79 (1H, ddd, J = 11.2, 8.7, 4.2 Hz), 2.45–2.16 (1, m), 2.12–2.00 (1H, 

m); 13C NMR (101 MHz, CDCl3) δ 140.5, 131.6, 129.3, 129.1, 125.7, 121.8, 75.5, 63.2, 25.2; 

HRMS (ASAP) Found MH+ 239.0076, 241.0038, C11H12BrO requires 239.0066, 241.0046. 

 

(8S,9S,10R,13R,14S)-10,13-Dimethyl-1,2,6,7,8,9,10,11,12,13,14,15-dodecahydro-3H-

cyclopenta[a]phenanthren-3-one (58) 

 

Following GP7, 57 (70 mg, 0.2 mmol) gave 58 (42 mg, 78%) as a solid. 1H NMR (500 MHz, 

CDCl3) δ 5.88–5.82 (1H, m), 5.73 (1H, s), 5.72–5.68 (1H, m), 2.47–2.37 (2H, m), 2.36–2.26 

(2H, m), 2.13 (1H, ddd, J = 15.1, 6.7, 3.0 Hz), 2.00 (1H, ddd, J = 13.3, 5.0, 3.1 Hz), 1.95 (1H, 

ddt, J = 15.1, 11.4, 2.1 Hz), 1.88 (1H, ddt, J = 11.4, 5.7, 3.1 Hz), 1.79 (1H, ddd, J = 12.4, 4.5, 

2.5 Hz), 1.76–1.66 (2H, m), 1.63–1.57 (1H, m), 1.52 (1H, qd, J = 13.3, 12.8, 4.4 Hz), 1.38 (1H, 

td, J = 12.4, 4.9 Hz), 1.31 (1H, td, J = 11.4, 6.6 Hz), 1.21 (3H, s), 1.12 (1H, qd, J = 13.2, 4.2 

Hz), 1.02 (1H, td, J = 11.8, 4.9 Hz), 0.81 (3H, s); 13C NMR (126 MHz, CDCl3) δ 199.6, 171.4, 

143.7, 129.4, 124.0, 55.6, 54.6, 45.5, 38.9, 35.7 (2 x C), 34.3, 34.1, 33.0, 32.2, 32.1, 21.0, 17.4, 

17.1. Data in accordance with the literature.37 
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6.4 Unsymmetrical Alkyl Halides 

General Procedure for XAT–Co Elimination on Unsymmetrical Alkyl Halides – GP9 

 

A dry tube equipped with a stirring bar was charged with 4CzIPN (1.6 mg, 2 μmol, 2 mol%), 

cobaloxime catalyst (5 µmol, 5 mol%), K2CO3 (14 mg, 0.1 mmol, 1.0 equiv.) and the alkyl 

halide (if solid) (0.10 mmol, 1.0 equiv.). The tube was capped with a Supelco aluminium crimp 

seal with septum (PTFE/butyl), then evacuated under high vacuum and backfilled with N2 (x 

3). Degassed CH3CN (1.0 mL, 0.1 M), the alkyl halide (if liquid) (0.10 mmol, 1.0 equiv.) and 

i-Pr2NEt (3.5 µL, 0.02 mmol, 20 mol%) were sequentially added. The vial was purged with a 

stream of N2 and the lid sealed with parafilm and placed approximately 10 cm from blue LEDs. 

The blue LEDs were switched on and the mixture was stirred under irradiation at room 

temperature for 16 hours with a fan. Then CDCl3 (1.0 mL) was charged. A 1.0 mL aliquot of 

the resulting mixture was passed through a short pad of MgSO4 (anhydrous) directly into an 

NMR tube for analysis by 1H NMR spectroscopy. 
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Starting Material Products 

 
        

Conditions Selectivity (61/60) Overall Yield (%) 

thermal conditions (GP8) 1:2.8 80 

Dual XAT–Co catalysis (GP9)   

Co(dmgH)2PyCl 1.4:1 81 

Co(dmgH)2(DMAP)Cl 3.2:1 76 

Co(gH)(gH2)Cl2 1:15 72 

Co(dMesgH)2PyCl 35:1 82 

 

Because 60 and 61 are volatile, the yields and product distributions were measured by crude 

1H NMR spectroscopy using 1,3,5-trimethoxybenzene as the internal standard. 

 

1-Ethoxycyclohex-1-ene (60)  

 

1H NMR (400 MHz, CDCl3) δ 4.66–4.50 (1H, m), 3.60 (1H, dq, J = 9.3, 7.0 Hz), 3.50 (1H, dq, 

J = 9.3, 7.0 Hz), 2.08–2.02 (m, 4H), 1.79–1.64 (2H, m), 1.52–1.42 (2H, m), 1.21 (3H, t, J = 7.1 

Hz). Data in accordance with the literature.38 

 

3-Ethoxycyclohex-1-ene (61) 

 

1H NMR (400 MHz, CDCl3) δ 5.89–5.82 (1H, m), 5.81–5.72 (1H, m), 3.92–3.84 (1H, m), 3.65–

3.48 (2H, m), 2.01–2.10 (1H, m), 1.90–1.98 (1H, m), 1.81–1.72 (2H, m), 1.70–1.62 (1H, m), 

1.60–1.52 (1H, m), 1.21 (3H, t, J = 7.0 Hz). Data in accordance with the literature.39 
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Starting material Products 

         

Conditions Selectivity (64/63) Overall yield (%) 

thermal conditions (GP8) 1:10 90 

Dual XAT–Co catalysis (GP9)   

Co(dmgH)2PyCl 2.3:1 quant. 

Co(dmgH)2(DMAP)Cl 2.4:1 98 

Co(gH)(gH2)Cl2 1.2:1 16 

Co(dMesgH)2PyCl 20:1 58 

 

 

tert-Butyl 3,4-dihydropyridine-1(2H)-carboxylate (63) 

 
1H NMR (400 MHz, CDCl3) δ 6.78–6.65 (1H, m), 4.98–4.66 (1H, m), 3.53–3.48 (2H, m), 2.11–

2.05 (2H, m), 1.90–1.84 (2H, m), 1.44 (9H, s); 13C NMR (101 MHz, CDCl3) δ 152.3, 125.6, 

105.2, 80.5, 41.4, 28.4, 21.8, 21.6. Data in accordance with the literature.40 

 

tert-Butyl 3,6-dihydropyridine-1(2H)-carboxylate (64) 

 
1H NMR (400 MHz, CDCl3) δ 5.79 (1H, brs), 5.64 (1H, brs), 3.86 (2H, brs), 3.47 (2H, t, J = 

5.8 Hz), 2.11 (2H, brs), 1.46 (9H, s); 13C NMR (101 MHz, CDCl3) δ 155.1, 125.3, 124.4, 79.6, 

43.7, 43.2, 41.0, 39.6, 28.6, 25.3. Data in accordance with the literature.41 
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Starting material Products 

 
       

Conditions Selectivity (67/66) Overall yield (%) 

Thermal conditions (GP8) 1:4 98 

Dual XAT–Co catalysis (GP9)   

Co(dmgH)2PyCl 2.8:1 quant. 

Co(dmgH)2(DMAP)Cl 2.9:1 89 

Co(gH)(gH2)Cl2 1.1:1 11 

Co(dMesgH)2PyCl 20:1 84 

 

tert-Butyl 2,3-dihydro-1H-pyrrole-1-carboxylate (66) 

 
1H NMR (400 MHz, CDCl3) δ 6.69–6.33 (1H, m), 5.11–4.85 (1H, m), 3.73–3.62 (2H, m), 2.80–

2.51 (2H, m), 1.48 (9H, s); 13C NMR (101 MHz, CDCl3) δ 151.9, 130.0, 107.7, 80.1, 44.9, 28.8, 

28.6. Data in accordance with the literature.40 

 

tert-Butyl 2,5-dihydro-1H-pyrrole-1-carboxylate (67) 

 
1H NMR (400 MHz, CDCl3) δ 5.87–5.67 (2H, m), 4.20–3.99 (4H, m), 1.47 (9H, s); 13C NMR 

(101 MHz, CDCl3) δ 154.3, 125.9, 125.8, 79.3, 53.1, 52.9, 28.5. Data in accordance with the 

literature.42 
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Starting material Products 

         

Conditions Selectivity (70/69) Overall yield (%) 

Thermal conditions (GP8) 1:3 4 

Dual XAT–Co catalysis (GP9)   

Co(dmgH)2PyCl 4.3:1 96 

Co(dmgH)2(DMAP)Cl 5.6:1 87 

Co(gH)(gH2)Cl2 1.9:1 66 

Co(dMesgH)2PyCl 5.3:1 59 

 

Dihydrothiophen-3(2H)-one 1,1-dioxide (69) 

 
1H NMR (500 MHz, CDCl3) δ 3.74 (1H, d, J=2.1 Hz), 3.30 (1H, dd, J=14.5, 2.1 Hz), 3.15 (1H, 

d, J=14.6 Hz). Data in accordance with the literature.43 

 

3-Hydroxy-2,3-dihydrothiophene 1,1-dioxide (70) 

 
1H NMR (400 MHz, CDCl3) δ 6.78 (1H, dd, J = 6.8, 2.8 Hz), 6.71 (1H, dd, J = 6.8, 1.4 Hz), 

5.19–5.09 (1H, m), 3.63 (1H, dd, J = 13.8, 7.3 Hz), 3.19 (1H, dd, J = 13.8, 3.6 Hz), 2.92 (1H, 

dd, J = 7.7, 2.6 Hz); 13C NMR (101 MHz, CDCl3) δ 140.9, 133.6, 68.4, 56.9; HRMS (ESI) 

Found MNa+ 156.9927, C4H6O3SNa requires 156.9930. 
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Starting material Products 

       

Conditions Selectivity (73/72) Overall yield (%) 

Thermal conditions (GP8) 2.6:1 11 

Dual XAT–Co catalysis (GP9)   

Co(dmgH)2PyCl 2.7:1 96 

Co(dMesgH)2PyCl 38:1 20 

Co(dMesgH)2PyCla 18:1 91 

a Reaction run with 2.0 equiv. i-Pr2NEt and no K2CO3 

 

6-Phenyl-3,6-dihydro-2H-pyran (72) 

 
1H NMR (500 MHz, CDCl3) δ 7.43–7.33 (4H, m), 7.33–7.27 (1H, m), 6.04–5.99 (1H, m), 5.86–

5.80 (1H, m), 5.16 (1H, t, J = 2.7 Hz), 4.02 (1H, dt, J = 11.1, 4.5 Hz), 3.83 (1H, ddd, J = 11.7, 

8.7, 4.1 Hz), 2.44–2.32 (1H, m), 2.10 (1H, dt, J = 17.5, 4.3 Hz); 13C NMR (126 MHz, CDCl3) 

δ 141.4, 129.6, 128.5, 127.9, 127.6, 125.3, 76.2, 63.2, 25.3. Data in accordance with the 

literature.44 

 

2-Phenyl-3,6-dihydro-2H-pyran (73) 

 
1H NMR (500 MHz, CDCl3) δ 7.43–7.33 (4H, m), 7.33–7.27 (1H, m), 5.98–5.90 (1H, m), 5.86–

5.80 (1H, m), 4.57 (1H, dd, J = 10.3, 3.5 Hz), 4.45–4.33 (2H, m), 2.44–2.32 (1H, m), 2.33–

2.24 (1H, m); 13C NMR (126 MHz, CDCl3) δ 142.7, 128.5, 127.6, 126.5, 126.0, 124.6, 75.8, 

66.7, 33.0. Data in accordance with the literature.45 
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Starting material Products 

        

Conditions Selectivity (76/75) Overall yield (%) 

Thermal conditions (GP8) 1:31 97 

Dual XAT–Co catalysis (GP9)   

Co(dmgH)2PyCl 1.1:1 65 

Co(dMesgH)2PyCl only 76 22 

 

1-((2-(2,4-Dichlorophenyl)-2,5-dihydrofuran-2-yl)methyl)-1H-1,2,4-triazole (75) 

 
1H NMR (500 MHz, CDCl3) δ 8.11 (1H, s), 7.82 (1H, s), 7.67 (1H, d, J = 8.6 Hz), 7.40 (1H, d, 

J = 2.1 Hz), 7.23 (1H, dd, J = 8.6, 2.1 Hz), 6.54 (1H, dt, J = 6.2, 2.5 Hz), 5.85 (1H, dt, J = 6.2, 

1.6 Hz), 4.99 (1H, d, J = 14.4 Hz), 4.63–4.56 (2H, m), 4.54 (1H, d, J = 14.4 Hz); 13C NMR 

(126 MHz, CDCl3) δ 151.3, 144.5, 137.5, 134.7, 130.8, 130.7, 129.7, 129.1, 127.8, 126.9, 92.7, 

74.8, 55.6; HRMS (ESI) Found MNa+ 318.0166, 320.0134, C13H11Cl2N3ONa requires 

318.0171, 320.014. 

 

1-((2-(2,4-Dichlorophenyl)-2,3-dihydrofuran-2-yl)methyl)-1H-1,2,4-triazole (76) 

 

1H NMR (500 MHz, CDCl3) δ 8.03 (1H, s), 7.77 (1H, s), 7.46–7.39 (2H, m), 7.17 (1H, d, J = 

8.5 Hz), 6.36–6.30 (1H, m) 4.93–4.90 (1H, m), 4.79 (1H, d, J = 14.4 Hz), 4.74 (1H, d, J = 14.4 

Hz), 3.22 (1H, dt, J = 16.3, 2.5 Hz), 2.99 (1H, dt, J = 16.4, 2.5 Hz); 13C NMR (126 MHz, CDCl3) 

δ 151.4, 144.5, 142.9, 138.0, 134.8, 131.1, 130.8, 129.1, 127.5, 100.9, 87.7, 55.3, 39.6; HRMS 

(ESI) Found MNa+ 318.0165, 320.0136, C13H11Cl2N3ONa requires 318.0171, 320.0142. 
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Starting Material Products 

         

Conditions Selectivity (79/78) Overall Yield (%) 

thermal conditions (GP8) 1:3.0 quant. 

Dual XAT–Co catalysis (GP9)   

Co(dmgH)2PyCl 1.1:1 95 

Co(dMesgH)2PyCl 2.4:1 quant. 

 

Because 78 and 79 are volatile, the yields and product distributions were measured by crude 

1H NMR spectroscopy using 1,3,5-trimethoxybenzene as the internal standard. 

 

(E)-Oct-2-ene (78) 

 

1H NMR (400 MHz, CDCl3) δ 5.50–5.32 (2H, m), 2.02–1.92 (2H, m), 1.64–1.61 (3H, m), 1.36–

1.23 (6H, m), 0.88 (3H, t, J = 7.0 Hz). Data in accordance with the literature.46 

 

Oct-1-ene (79)  

 

1H NMR (400 MHz, CDCl3) δ 5.80 (1H, ddt, J = 17.0, 10.2, 6.7 Hz), 4.97 (1H, dq, J = 17.0, 

1.7 Hz), 4.90 (1H, ddt, J = 10.2, 2.4, 1.3 Hz), 2.06–2.02 (2H, m), 1.32–1.24 (8H, m), 0.87 (3H, 

t, J = 6.5 Hz). Data in accordance with the literature.23 
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Starting Material Products 

         

Conditions Selectivity (82/81) Overall Yield (%) 

thermal conditions (GP8) 1:4.2 90 

Dual XAT–Co catalysis (GP9)   

Co(dmgH)2PyCl 1.7:1 75 

Co(dMesgH)2PyCl 2.8:1 79 

 

Because 81 and 82 are volatile, the yields and product distributions were measured by crude 

1H NMR spectroscopy using 1,3,5-trimethoxybenzene as the internal standard. 

 

(E)-4-Methylpent-2-ene (81) 

 

1H NMR (400 MHz, CDCl3) δ 5.43–5.31 (2H, m), 2.23–2.16 (1H, m), 1.64–1.59 (3H, m), 0.94 

(6H, d, J = 6.8 Hz). Data in accordance with the literature.47 

 

(Z)-4-Methylpent-2-ene (81’) 

 

1H NMR (400 MHz, CDCl3) δ 5.21–5.14 (1H, m), 5.12–5.05 (1H, m), 2.64–2.56 (1H, m), 1.54–

1.51 (3H, m), 0.92 (6H, d, J = 6.6 Hz). Data in accordance with the literature.48 

 

4-Methylpent-1-ene (82) 

 
1H NMR (400 MHz, CDCl3) δ 5.79 (1H, ddt, J = 17.2, 10.3, 7.2 Hz), 5.03–4.89 (2H, m), 1.98–

1.91 (2H, m), 1.70 – 1.58 (1H, m), 0.89 (6H, d, J = 6.7 Hz). Data in accordance with the 

literature.49 
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Conditions Products 

       

Cobalt catalyst Selectivity (85/84) Overall yield (%) 

Thermal conditions (GP8) 1.3:1 Quant. 

Dual XAT–Co catalysis (GP9)   

Co(dmgH)2PyCl 4.3:1 Quant. 

Co(dMesgH)2PyCl 15:1 71 

 

(3-Methylbut-2-en-1-yl)benzene (84) 

 
1H NMR (500 MHz, CDCl3) δ 7.33–7.24 (2H, m), 7.24–7.15 (3H, m), 5.32 (1H, t, J = 7.7 Hz), 

3.34 (2H, d, J = 7.5 Hz), 1.75 (3H, s), 1.73 (3H, s); 13C NMR (126 MHz, CDCl3) δ 141.8, 132.4, 

128.3 (2 x C), 125.7, 123.2, 34.3, 25.7, 17.8. Data in accordance with the literature.50 

 

(3-Methylbut-3-en-1-yl)benzene (85) 

 
1H NMR (500 MHz, CDCl3) δ 7.34–7.27 (2H, m), 7.27–7.18 (3H, m), 4.76 (1H, s), 4.74 (1H, 

s), 2.79 (2H, t, J = 8.1 Hz), 2.35 (2H, t, J = 8.1 Hz), 1.81 (3H, s); 13C NMR (126 MHz, CDCl3) 

δ 145.3, 142.2, 128.3, 128.2, 125.5, 110.2, 39.6, 34.2, 22.6. Data in accordance with the 

literature.51 
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Conditions Products 

 
      

Cobalt catalyst Selectivity (35/87) Overall yield (%) 

Thermal conditions (GP8) only 87 (E:Z = 100:1) quant. 

Dual XAT–Co catalysis (GP9)   

Co(dmgH)2PyCl 1:1.2 quant. 

Co(dMesgH)2PyCl 1.9:1 97 

 

Because 35 and 87 are volatile, the yields and product distributions were measured by crude 

1H NMR spectroscopy using 1,3,5-trimethoxybenzene as the internal standard. 

 

E-Prop-1-en-1-ylbenzene (87) 

 
1H NMR (400 MHz, CDCl3) δ 7.35 (2H, d, J = 8.5 Hz), 7.30 (2H, t, J = 7.6 Hz), 7.20 (1H, t, J 

= 7.1 Hz), 6.42 (1H, dq, J = 15.8, 1.4 Hz), 6.25 (1H, dq, J = 15.7, 6.5 Hz), 1.90 (3H, dd, J = 

6.5, 1.6 Hz). Data in accordance with the literature.52 

 

Z-Prop-1-en-1-ylbenzene (87’) 

 
1H NMR (400 MHz, CDCl3) δ 7.39–7.26 (4H, m), 7.24–7.19 (1H, m), 6.44 (1H, dq, J = 11.8, 

1.8 Hz), 5.85–5.74 (1H, m), 1.90 (3H, dd, J = 7.2, 1.8 Hz). Data in accordance with the 

literature.53 

 

Allyl benzene (35) 

 
1H NMR (500 MHz, CDCl3) δ 7.30–7.23 (2H, m), 7.20–7.13 (3H, m), 5.94 (1H, ddt, J = 16.8, 

10.1, 6.7 Hz), 5.09–5.04 (1H, m), 5.04–5.01 (1H, m), 3.36 (2H, d, J = 6.7 Hz); 13C NMR (126 

MHz, CDCl3) δ 140.2, 137.6, 128.7, 128.5, 126.2, 115.9, 40.4. Data in accordance with the 

literature.23 
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Starting Material Products 

         

Conditions Selectivity (28/89) Overall Yield (%) 

thermal conditions (GP8) only 89 2 

Dual XAT–Co catalysis (GP9)   

Co(dmgH)2PyCl 1.5:1 98 

Co(dMesgH)2PyCl 4.3:1 95 

 

Because 28 and 89 are volatile, the yields and product distributions were measured by crude 

1H NMR spectroscopy using 1,3,5-trimethoxybenzene as the internal standard. 

 

Ethyl (E)-But-2-enoate (89)  

 

1H NMR (400 MHz, CDCl3) δ 6.98 (1H, dq, J = 15.6, 6.9 Hz), 5.87 (1H, dq, J = 15.6, 1.7 Hz), 

4.18 (2H, q, J = 7.1 Hz), 1.91 (3H, dd, J = 6.9, 1.7 Hz), 1.29 (3H, t, J = 7.1 Hz). 

 

Ethyl (Z)-But-2-enoate (89’) 

 

1H NMR (500 MHz, CDCl3) δ 6.30 (1H, dq, J = 11.4, 7.2 Hz), 5.71 (1H, dq, J = 11.4, 1.9 Hz), 

4.16 (2H, q, J = 7.1 Hz), 2.11 (3H, dd, J = 6.9, 1.7 Hz), 1.26 (3H, t, J = 7.1 Hz). 

 

Ethyl But-3-enoate (28) 

 
1H NMR (500 MHz, CDCl3) δ 5.98–5.85 (1H, m), 5.22–5.12 (2H, m), 4.13 (2H, q, J = 6.8 Hz), 

3.08 (2H, d, J = 6.8 Hz), 1.26 (3H, t, J = 6.8 Hz). Data in accordance with the literature.22  
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7 Picture of Reaction Set-ups 

Pictures of set-up for 0.2 mmol scale reactions. 

  

Figure S2. 

 

Picture of set-up for gram-scale scale reaction. 

  

Figure S3. 
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8 Mechanistic Considerations 

8.1 Emission Quenching Studies 

Emission Quenching Studies General Experimental Details 

Stern-Volmer experiments were carried out monitoring the emission intensity of argon-

degassed solutions of 4CzIPN (2 x 10–5 M) containing variable amounts of the quencher in dry 

CH3CN (Figure S4 and Table S6). The reported excited-state lifetime for 4CzIPN in CH3CN 

(1.4 s) was used for kq calculations.54 These studies show that the cobaloxime quenches the 

*4CzIPN one order of magnitude faster than i-Pr2NEt, which supports the proposed oxidative 

quenching photoredox cycle. 

 

Figure S4. 

 

Table S6. 

Quencher kSV (M–1 s–1) Kq 10-7(M–1 s–1) 

(i-Pr)2NEt 391 28 

1 25 – 

Co(dmgH)2PyCl 4694 335 
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8.2 Quantum Yields () Determination 

The quantum yield of the photochemical reaction depicted in Scheme S1 was determined at 

298 K following procedures described in literature.55 Degassed reaction tubes were irradiated 

using as the light source blue LEDs plates (λmax = 444 nm) for 30-60 min. The yield of product 

was determined by 1H NMR spectroscopy. The photon flux of the blue LEDs used was 

determined by standard ferrioxalate actinometry. 

 

 

Scheme S1. 

 

These results demonstrate that efficient radical chain propagations are not operating under 

these reaction conditions. 
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8.3 [Co(II)] Metalloradical Electrophilicity 

According to the E[Co(II)/(I)], an electrophilicity scale for the [Co(II)] metalloradical involved in the final HAT step is proposed in Scheme S2. 

 

Scheme S2.
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8.4 Correlations Between the Cobaloxime Redox Properties and Reaction Selectivity 

In order to evaluate the impact of the cobaloxime electronic properties on the reaction 

selectivity we have screened all catalysts in the elimination of 3-I-N-Boc-piperidine 62 

(Scheme S3 and Table S7). This substrate was selected since both positions are secondary but 

the one next to the N-Boc (HB) has hydridic character. 

 

 

Scheme S3. 

 

Table S7. 

Entry Cobaloxime E[Co(II)/(I)] (v vs SCE) 64:(63+64) (%) 

1 Co(dmgH)2PyCl –1.1 69.7 

2 Co(dmgH)2(DMAP)Cl –1.16 70.6 

3 Co(dmgH)2(4-CNpy)Cl –1.07 69.3 

4 Co(dmgH)(dmgH2)Cl2 –1.01 68.9 

5 Co(dmgH)2(N-methylimidazole)Cl –1.19 70.8 

6 Co(dpgH)(dpgH2)Cl2 –0.77 70.8 

7 Co(d4-ClpgH)(d4-ClpgH2)Cl2 –0.7 68.4 

8 Co(d4-FpgH)(d4-FpgH2)Cl2 –0.76 69.6 

9 Co(d4-MepgH)(d4-MepgH2)Cl2 –0.85 71.8 

10 Co(d4-MeOpgH)(d4-MeOpgH2)Cl2 –0.88 71.8 

11 Co(d4-CF3pgH)(d4-CF3pgH2)Cl2 –0.63 67.0 

12 Co(d4-MeOpgH)2(DMAP)Cl –0.91 72.1 

13 
Co(d4-MeOpgH)2(N-

methylimidazole)Cl 
–0.91 72.3 
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In this case, since the (dmgH) and the (dpgH) have different steric environment the correlation 

between the cobaloxime redox potential and the reaction selectivity have been split between 

the two series (Figure S5). 

 

 

Figure S5. 

 

Overall, the results agree with our analysis and in both cases, we have a good correlation 

demonstrating that the more electron rich the cobaloxime, the more the elimination takes place 

away from the hydridic side. 
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8.5 Reactions in the Presence of TEMPO 

Upon suggestion from an anonymous reviewer, we run a reaction in the presence of TEMPO 

(Scheme S4). In this case the reactivity was essentially stopped and by LC-MS we obtained 

evidences for the formation for the TEMPO adduct. This supports the involvement of radicals 

in our process. 

 

Scheme S4. 

 

4CzIPN (2 mol%)
TEMPO (1.0 equiv.)

Co(dmgH)2PyCl (5 mol%)
i-Pr2NEt (20 mol%), K2CO3 (1.0 equiv.)
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8.6 Alternative Mechanism Based on SN2 Activation of the Alkyl Halides 

A possible mechanism for the Co-mediated elimination of alkyl halides would involve the 

generation of a nucleophilic [Co(I)] species by deprotonation of [Co(III)]–H (pKa ~ 10)56 by 

K2CO3 or i-Pr2NEt (Scheme S4). This species could then react with the alkyl halide (e.g. 1) in 

a SN2 manner and give the alkyl–[Co(III)] intermediate E (Scheme S5).57 

 

 

Scheme S5. 

While feasible, we believe it is unlikely that this mechanistic option is the dominant mode of 

reactivity observed under our photochemical conditions. 

 

1. The SN2 reactivity of [Co(I)] species is efficient in the case of primary alkyl 

(pseudo)halides but less effective in the case of secondary derivatives and not feasible 

with tertiary and neopentyl substrates.58-59 In contrast, our methodology engages 

effectively all these classes of hindered systems. 

2. SN2-based elimination via [Co(I)] nucleophiles has been demonstrated in reactions with 

primary alkyl halides (iodides, bromides and chlorides) as well primary alkyl mesylates 

and tosylates.59-60 In contrast, our photochemical strategy is restricted to alkyl iodides 

and bromides and probe substrates 12 and 13 containing both a primary alkyl bromide 

and a primary alkyl mesylate/tosylate underwent elimination exclusively across the 

bromide functionality. 

3. Our control experiments (see Table S4) demonstrated that 4CzIPN, continuous blue 

light irradiation and i-Pr2NEt are all required to achieve elimination. 
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4. If the SN2-based [Co(I)/(III)] cycle was operative, the photoredox manifold would only 

act as initiating mechanism and generate the key alkyl–[Co(III)] species. While this 

would be in line with lack of reactivity observed in the experiments discussed in the 

point above, we ran additional experiments using the preformed alkyl–[Co(III)] 

Co(dmgH)2Py(pentyl). This species undergoes, upon blue light irradiation, 

dehydrogenation which leads to [Co(III)]–H, which upon deprotonation could lead to a 

SN2-based reactivity. As shown in Scheme S6A blue light irradiation of 1 in the 

presence of Co(dmgH)2Py(pentyl), i-Pr2NEt and K2CO3 gave 2 in 7% yield. This low 

reaction efficiency suggest that a SN2-based reactivity might be feasible but cannot be 

responsible for the quantitative yield observed under our conditions. The ability of 

Co(dmgH)2Py(pentyl) to be a competent cobaloxime catalyst precursor was 

demonstrated by running the same reaction in the presence of 4CzIPN which gave 2 in 

97% yield (Scheme S6B). 

 

 

Scheme S6. 
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9 Computation Results 

9.1 Determination of α-Radical sp3 C–H BDE 

DFT Method: B3LYP-D3/Def2TZVP 

Solvent: CH3CN 

Table S8. 

Substrate Radical BDE(HA) (kcal mol–1) BDE(HB) (kcal mol–1) 

  

28.5 26.0 

 
 

27.6 23.2 

  

28.4 26.3 

 
 

31.0 23.9 

 
 

27.4 29.1 

 
 

31.4 29.3 

  
31.9 26.1 
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9.2 Determination of Olefins Thermodynamic Stability 

DFT Method: B3LYP-D3/Def2TZVP 

Solvent: CH3CN 

 

 

 

 

  

 

Scheme S7. 
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10 X-Rays 

Co(dpgH)(dpgH2)Cl2 

Crystallised from CH3CN–CH2Cl2 via slow evaporation at r.t. 
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Co(d4-FpgH)(d4-FpgH2)Cl2 

Crystallised from MeCN-acetone-H2O via slow evaporation at r.t. 
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Co(d4-MeOpgH)2(DMAP)Cl 

Crystallised from CH3CN–CH2Cl2 via slow evaporation at r.t. 
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Co(d4-MeOpgH)2(N-methylimidazole)Cl 

Crystallised from CH3CN–CH2Cl2 via slow evaporation at r.t. 

 

 



SI-88 
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Co(d4-ClpgH)2(DMAP)Cl 

Crystallised from CH3CN–CH2Cl2 via slow evaporation at r.t. 
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Co(dMesgH)2(4-CNPy)Cl 

Crystallized from acetone via slow evaporation at r.t. 
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Co(dMesgH)2(DMAP)Cl 

Crystallised from CHCl3 via slow evaporation at r.t. 
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Co(dMesgH)2(N-methylimidazole)Cl 

Crystallised from CHCl3 via slow evaporation at r.t. 
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11 NMR Spectra 

1 – 1H NMR (400 MHz, CDCl3) 

 

1 – 13C NMR (101 MHz, CDCl3) 
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12 – 1H NMR (500 MHz, CDCl3) 

 

 

12 – 13C NMR (126 MHz, CDCl3) 
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13 – 1H NMR (400 MHz, CDCl3) 

 

 

13 – 13C NMR (101 MHz, CDCl3) 
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15 – 1H NMR (500 MHz, CDCl3) 

 

 

15 – 13C NMR (126 MHz, CDCl3) 
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19 – 1H NMR (400 MHz, CDCl3) 

 

 

19 – 13C NMR (101 MHz, CDCl3) 
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S1 – 1H NMR (400 MHz, CDCl3) 

 

 

S1 – 13C NMR (101 MHz, CDCl3) 

 



SI-103 

 

51 – 1H NMR (500 MHz, CDCl3) 

 

 

51 – 13C NMR (126 MHz, CDCl3) 
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53 – 1H NMR (500 MHz, CDCl3) 

 

 

53 – 13C NMR (126 MHz, CDCl3) 
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55 – 1H NMR (500 MHz, CDCl3)  

 

 

55 – 13C NMR (126 MHz, CDCl3) 
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57 – 1H NMR (400 MHz, CDCl3) 

 

 

57 – 13C NMR (101 MHz, CDCl3) 
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59 – 1H NMR (400 MHz, CDCl3) 

 

 

59 – 13C NMR (101 MHz, CDCl3) 
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68 – 1H NMR (400 MHz, CDCl3/DMSO-d6) 

 

 

68 – 13C NMR (101 MHz, CDCl3/DMSO-d6) 
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71 – 1H NMR (500 MHz, CDCl3) 

 

 

71 – 13C NMR (126 MHz, CDCl3) 
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83 – 1H NMR (500 MHz, CDCl3) 

 

 

83 – 13C NMR (126 MHz, CDCl3) 
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S3 – 1H NMR (500 MHz, DMSO-d6) 

 

 

S3 – 13C NMR (126 MHz, DMSO-d6) 
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S4 – 1H NMR (400 MHz, DMSO-d6) 

 

 

S4 – 13C NMR (101 MHz, DMSO-d6) 
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S5 – 1H NMR (400 MHz, DMSO-d6) 

 

 

S5 – 13C NMR (126 MHz, DMSO-d6) 
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S5 – 19F NMR (471 MHz, DMSO-d6) 
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S6 – 1H NMR (400 MHz, DMSO-d6) 

 

 

S6 – 13C NMR (101 MHz, DMSO-d6) 
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S8 – 1H NMR (400 MHz, DMSO-d6) 

 

 

S8 – 13C NMR (101 MHz, DMSO-d6) 
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S8 – 19F NMR (376 MHz, DMSO-d6) 
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S9 – 1H NMR (400 MHz, DMSO-d6) 

 

 

S9 – 13C NMR (101 MHz, DMSO-d6) 
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Co(gH)(gH2)Cl2 – 1H NMR (400 MHz, DMSO-d6) 

 

 

Co(gH)(gH2)Cl2 – 13C NMR (101 MHz, DMSO-d6) 
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Co(d4-MeOpgH)(d4-MeOpgH2)Cl2 – 1H NMR (400 MHz, DMSO-d6) 

 

 

Co(d4-MeOpgH)(d4-MeOpgH2)Cl2 – 13C NMR (101 MHz, DMSO-d6) 
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Co(d4-MepgH)(d4-MepgH2)Cl2 – 1H NMR (400 MHz, DMSO-d6) 

 

 

Co(d4-MepgH)(d4-MepgH2)Cl2 – 13C NMR (101 MHz, DMSO-d6) 
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Co(dpgH)2(dpgH2)Cl2 – 1H NMR (400 MHz, DMSO-d6)  

 

 

Co(dpgH)2(dpgH2)Cl2 – 13C NMR (101 MHz, DMSO-d6) 
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Co(d4-FpgH)(d4-FpgH2)Cl2 – 1H NMR (500 MHz, DMSO-d6) 

 

 

Co(d4-FpgH)(d4-FpgH2)Cl2 – 13C NMR (126 MHz, DMSO-d6) 
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Co(d4-FpgH)(d4-FpgH2)Cl2 – 19F NMR (376 MHz, DMSO-d6) 

 



SI-125 

 

Co(d4-ClpgH)(d4-ClpgH2)Cl2 – 1H NMR (400 MHz, DMSO-d6) 

 

 

Co(d4-ClpgH)(d4-ClpgH2)Cl2 – 13C NMR (101 MHz, DMSO-d6) 
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Co(d4-CF3pgH)(d4-CF3pgH2)Cl2 – 1H NMR (400 MHz, DMSO-d6) 

 

 

Co(d4-CF3pgH)(d4-CF3pgH2)Cl2 – 13C NMR (101 MHz, DMSO-d6) 

 



SI-127 

 

Co(d4-CF3pgH)(d4-CF3pgH2)Cl2 – 19F NMR (376 MHz, DMSO-d6) 
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Co(d4-MeOpgH)2(DMAP)Cl – 1H NMR (500 MHz, DMSO-d6) 

 

 

Co(d4-MeOpgH)2(DMAP)Cl – 13C NMR (126 MHz, DMSO-d6) 
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Co(d4-MeOpgH)2(N-methylimidazole)Cl – 1H NMR (500 MHz, DMSO-d6) 

 

 

Co(d4-MeOpgH)2(N-methylimidazole)Cl – 13C NMR (126 MHz, DMSO-d6) 

 



SI-130 

 

Co(d4-ClpgH)2(DMAP)Cl – 1H NMR (400 MHz, DMSO-d6) 

 

 

Co(d4-ClpgH)2(DMAP)Cl – 13C NMR (101 MHz, DMSO-d6) 
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Co(dpgH)2PyCl – 1H NMR (400 MHz, CDCl3) 

 

 

Co(dpgH)2PyCl – 13C NMR (101 MHz, CDCl3) 

 



SI-132 

 

Co(dMesgH)2(4-CNPy)Cl – 1H NMR (400 MHz, CDCl3) 

 

 

Co(dMesgH)2(4-CNPy)Cl – 13C NMR (126 MHz, CDCl3) 
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Co(dMesgH)2(DMAP)Cl – 1H NMR (400 MHz, CDCl3) 

 

 

Co(dMesgH)2(DMAP)Cl – 13C NMR (126 MHz, CDCl3) 
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Co(dMesgH)2(N-methylimidazole)Cl – 1H NMR (500 MHz, DMSO-d6)  

 

 

Co(dMesgH)2(N-methylimidazole)Cl – 13C NMR (126 MHz, DMSO-d6) 
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2 – 1H NMR (500 MHz, CDCl3) 

 

 

2 – 13C NMR (126 MHz, CDCl3) 
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27 – 1H NMR (500 MHz, CDCl3) 

 

 

27 – 13C NMR (126 MHz, CDCl3) 
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30 – 1H NMR (500 MHz, CDCl3) 

 

 

30 – 13C NMR (126 MHz, CDCl3) 
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32 – 1H NMR (500 MHz, CDCl3) 

 

 

32 – 13C NMR (126 MHz, CDCl3) 
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33 – 1H NMR (400 MHz, CDCl3) 

 

 

33 – 13C NMR (101 MHz, CDCl3) 
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36 – 1H NMR (500 MHz, CDCl3) 

 

 

36 – 13C NMR (126 MHz, CDCl3) 
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37 – 1H NMR (500 MHz, CDCl3) 

 

 

37 – 13C NMR (126 MHz, CDCl3) 
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38 – 1H NMR (400 MHz, CDCl3) 

 

 

38 – 13C NMR (101 MHz, CDCl3) 
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39 – 1H NMR (500 MHz, CDCl3) 

 

 

39 – 13C NMR (126 MHz, CDCl3) 
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44 – 1H NMR (500 MHz, CDCl3) 

 

 

44 – 13C NMR (126 MHz, CDCl3) 
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46 – 1H NMR (400 MHz, CDCl3) 

 

 

46 – 13C NMR (101 MHz, CDCl3) 
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49 – 1H NMR (500 MHz, CDCl3) 

 

 

49 – 13C NMR (126 MHz, CDCl3) 
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52 – 1H NMR (500 MHz, CDCl3) 

 

 

52 – 13C NMR (126 MHz, CDCl3) 
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54 – 1H NMR (500 MHz, CDCl3) 

 

 

54 – 13C NMR (126 MHz, CDCl3) 
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56/56’ – 1H NMR (400 MHz, CDCl3) 

 

 

56/56’ – 13C NMR (101 MHz, CDCl3) 
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58 – 1H NMR (500 MHz, CDCl3) 

 

 

58 – 13C NMR (126 MHz, CDCl3) 
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64 – 1H NMR (400 MHz, CDCl3) 

 

 

64 – 13C NMR (101 MHz, CDCl3) 
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70 – 1H NMR (400 MHz, CDCl3) 

 

 

70 – 13C NMR (101 MHz, CDCl3) 
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75 – 1H NMR (500 MHz, CDCl3) 

 

 

75 – 13C NMR (126 MHz, CDCl3) 

 



SI-154 

 

76 – 1H NMR (500 MHz, CDCl3) 

 

 

76 – 13C NMR (126 MHz, CDCl3) 

 



SI-155 

 

12 References 

1. Bedford, R. B.; Brenner, P. B.; Carter, E.; Gallagher, T.; Murphy, D. M.; Pye, D. R., 

Iron-Catalyzed Borylation of Alkyl, Allyl, and Aryl Halides: Isolation of an Iron(I) Boryl 

Complex. Organometallics 2014, 33 (21), 5940-5943. 

2. Marco-Contelles, J.; Álvarez-Pérez, M., A Simple and Efficient Synthesis of N-

Substituted Cyclohex-3-enamines. Synthesis 2009, 2009 (21), 3649-3653. 

3. Joseph, R.; Pallan, P. S.; Sudalai, A.; Ravindranathan, T., Direct conversion of alcohols 

into the corresponding iodides. Tetrahedron Lett. 1995, 36 (4), 609-612. 

4. Reyes, J. R.; Rawal, V. H., Reductive Chlorination and Bromination of Ketones via 

Trityl Hydrazones. Angew. Chem., Int. Ed. 2016, 55 (9), 3077-3080. 

5. Gauthier, J.; Poirier, D.; Ayotte, C., Characterization of desoxymethyltestosterone main 

urinary metabolite produced from cultures of human fresh hepatocytes. Steroids 2012, 77 (6), 

635-643. 

6. Borkar, P.; Weghe, P. v. d.; Reddy, B. V. S.; Yadav, J. S.; Grée, R., Unprecedented 

synergistic effects between weak Lewis and Brønsted acids in Prins cyclization. Chem. 

Commun. 2012, 48 (74), 9316-9318. 

7. Henbest, H. B.; Jackson, W. R., 178. The use of aprotic solvents for nucleophilic 

substitution reactions at C(3) and C(17) in steroids. Journal of the Chemical Society (Resumed) 

1962, (0), 954-959. 

8. Li, N.; Wang, L.; Wang, H.; Qiao, J.; Zhao, W.; Xu, X.; Liang, Z., Synthesis and 

structure of an air-stable bis(pentamethylcyclopentadienyl) zirconium 

pentafluorbezenesulfonate and its application in catalytic epoxide ring-opening reactions. 

Tetrahedron 2018, 74 (10), 1033-1039. 

9. Clarisse, D.; Pelotier, B.; Piva, O.; Fache, F., Green chemistry: solvent- and metal-free 

Prins cyclization. Application to sequential reactions. Chem. Commun. 2012, 48 (1), 157-159. 

10. Ajvazi, N.; Stavber, S., Direct halogenation of alcohols with halosilanes under catalyst- 

and organic solvent-free reaction conditions. Tetrahedron Lett. 2016, 57 (22), 2430-2433. 

11. Golenko, Y. D.; Topchiy, M. A.; Asachenko, A. F.; Nechaev, M. S.; Pleshakov, D. V., 

Optimization Studies on Synthesis of TKX-50. Chinese Journal of Chemistry 2017, 35 (1), 98-

102. 

12. Toscano, P. J.; Lettko, L.; Schermerhorn, E. J.; Waechter, J.; Shufon, K.; Liu, S.; 

Dikarev, E. V.; Zubieta, J., Synthesis and characterization of diphenylglyoximato cobalt(III) 

complexes. The molecular structures of trans-

bis(diphenylglyoximato)(alkyl)(pyridine)cobalt(III), with alkyl=CH2SiMe3, CH2CMe3 and 

CF3. Polyhedron 2003, 22 (20), 2809-2820. 

13. Toscano, P. J.; Swider, T. F.; Marzilli, L. G.; Bresciani-Pahor, N.; Randaccio, L., 

Organocobalt B12 models. An assessment of the cis effect using bis(glyoximato) as a sterically 

minimal equatorial atom set. Structures of trans-bis(glyoximato)methyl(L)cobalt(III) with L = 

triphenylphosphine and trimethyl phosphite. Inorganic Chemistry 1983, 22 (23), 3416-3421. 

14. Panagiotopoulos, A.; Ladomenou, K.; Sun, D.; Artero, V.; Coutsolelos, A. G., 

Photochemical hydrogen production and cobaloximes: the influence of the cobalt axial N-

ligand on the system stability. Dalton Transactions 2016, 45 (15), 6732-6738. 

15. Cartwright, K. C.; Joseph, E.; Comadoll, C. G.; Tunge, J. A., Photoredox/Cobalt Dual-

Catalyzed Decarboxylative Elimination of Carboxylic Acids: Development and Mechanistic 

Insight. Chemistry – A European Journal 2020, 26 (54), 12454-12471. 

16. Mandal, D.; Gupta, B. D., Cobaloximes with Dimesitylglyoxime:  Synthesis, 

Characterization, and Spectral Correlations with the Related Cobaloximes. Organometallics 

2005, 24 (7), 1501-1510. 

17. Gupta, B. D.; Qanungo, K., A study of cis influence in alkyl cobaloximes. Journal of 

Organometallic Chemistry 1997, 543 (1), 125-134. 



SI-156 

 

18. Bakac, A.; Brynildson, M. E.; Espenson, J. H., Characterization of the structure, 

properties, and reactivity of a cobalt(II) macrocyclic complex. Inorganic Chemistry 1986, 25 

(23), 4108-4114. 

19. Pavlishchuk, V. V.; Addison, A. W., Conversion constants for redox potentials 

measured versus different reference electrodes in acetonitrile solutions at 25°C. Inorganica 

Chimica Acta 2000, 298 (1), 97-102. 

20. Liu, G.; Zheng, L.; Shao, M.; Zhang, H.; Qiao, W.; Wang, X.; Liu, B.; Zhao, H.; Wang, 

J., A six-coordinated cationic ruthenium carbyne complex with liable pyridine ligands: 

synthesis, structure, catalytic investigation, and DFT study on initiation mechanism. 

Tetrahedron 2014, 70 (32), 4718-4725. 

21. Fukuyama, T.; Fujita, Y.; Miyoshi, H.; Ryu, I.; Kao, S.-C.; Wu, Y.-K., Electron 

transfer-induced reduction of organic halides with amines. Chem. Commun. 2018, 54 (44), 

5582-5585. 

22. Ramachandran, P. V.; Nicponski, D.; Kim, B., Total Regio- and Diastereocontrol in the 

Aldol Reactions of Dienolborinates. Org. Lett. 2013, 15 (6), 1398-1401. 

23. Mitsudome, T.; Urayama, T.; Yamazaki, K.; Maehara, Y.; Yamasaki, J.; Gohara, K.; 

Maeno, Z.; Mizugaki, T.; Jitsukawa, K.; Kaneda, K., Design of Core-Pd/Shell-Ag 

Nanocomposite Catalyst for Selective Semihydrogenation of Alkynes. ACS Catalysis 2016, 6 

(2), 666-670. 

24. Cao, H.; Chen, T.; Zhou, Y.; Han, D.; Yin, S.-F.; Han, L.-B., Copper-Catalyzed 

Selective Semihydrogenation of Terminal Alkynes with Hypophosphorous Acid. Advanced 

Synthesis & Catalysis 2014, 356 (4), 765-769. 

25. Schenkel, L. B.; Ellman, J. A., Self-Condensation of N-tert-Butanesulfinyl Aldimines:  

Application to the Rapid Asymmetric Synthesis of Biologically Important Amine-Containing 

Compounds. Org. Lett. 2004, 6 (20), 3621-3624. 

26. Zaed, A. M.; Swift, M. D.; Sutherland, A., A stereoselective synthesis of (+)-

physoperuvine using a tandem aza-Claisen rearrangement and ring closing metathesis reaction. 

Organic & Biomolecular Chemistry 2009, 7 (13), 2678-2680. 

27. Park, H.; Hong, Y.-L.; Kim, Y. B.; Choi, T.-L., Synthesis of Small and Large Fused 

Bicyclic Compounds by Tandem Dienyne Ring-Closing Metathesis. Org. Lett. 2010, 12 (15), 

3442-3445. 

28. Green, S. A.; Vásquez-Céspedes, S.; Shenvi, R. A., Iron–Nickel Dual-Catalysis: A New 

Engine for Olefin Functionalization and the Formation of Quaternary Centers. J. Am. Chem. 

Soc. 2018, 140 (36), 11317-11324. 

29. Walker, P. R.; Campbell, C. D.; Suleman, A.; Carr, G.; Anderson, E. A., Palladium- 

and Ruthenium-Catalyzed Cycloisomerization of Enynamides and Enynhydrazides: A Rapid 

Approach to Diverse Azacyclic Frameworks. Angew. Chem., Int. Ed. 2013, 52 (35), 9139-9143. 

30. Cheng, G.; Wang, X.; Zhu, R.; Shao, C.; Xu, J.; Hu, Y., Total Synthesis of (−)-Cocaine 

and (−)-Ferruginine. J. Org. Chem. 2011, 76 (8), 2694-2700. 

31. Plummer, C. M.; Kraft, P.; Froese, J.; Hudlický, T.; Rook, T. J.; Jones, O. A. H.; Hügel, 

H. M., Synthesis and Olfactory Properties of 2-Substituted and 2,3-Annulated 1,4-Dioxepan-

6-ones. Asian Journal of Organic Chemistry 2015, 4 (10), 1075-1084. 

32. Casey, C. P.; Cyr, C. R., Iron carbonyl catalyzed isomerization of 3-ethyl-1-pentene. 

Multiple olefin isomerizations via a .pi.-allyl metal hydride intermediate. J. Am. Chem. Soc. 

1973, 95 (7), 2248-2253. 

33. Verma, F.; Shukla, P.; Bhardiya, S. R.; Singh, M.; Rai, A.; Rai, V. K., Photocatalytic 

C(sp3)−H Activation towards α-methylenation of Ketones using MeOH as 1 C Source Steering 

Reagent. Advanced Synthesis & Catalysis 2019, 361 (6), 1247-1252. 

34. Allais, C.; Tsai, A. S.; Nuhant, P.; Roush, W. R., Generation of Stereochemically 

Defined Tetrasubstituted Enolborinates by 1,4-Hydroboration of α,β-Unsaturated Morpholine 



SI-157 

 

Carboxamides with (Diisopinocampheyl)borane. Angew. Chem., Int. Ed. 2013, 52 (49), 12888-

12891. 

35. Goetz, A. E.; Boydston, A. J., Metal-Free Preparation of Linear and Cross-Linked 

Polydicyclopentadiene. J. Am. Chem. Soc. 2015, 137 (24), 7572-7575. 

36. Borthakur, U.; Biswas, S.; Saikia, A. K., Vinylsilanes in Highly Diastereo- and Regio-

Selective Synthesis of Dihydropyrans. ACS Omega 2019, 4 (2), 2630-2636. 

37. Hu, J.; Wang, M.; Pu, X.; Shi, Z., Nickel-catalysed retro-hydroamidocarbonylation of 

aliphatic amides to olefins. Nature Communications 2017, 8 (1), 14993. 

38. Belhomme, M.-C.; Poisson, T.; Pannecoucke, X., Copper Catalyzed β-

Difluoroacetylation of Dihydropyrans and Glycals by Means of Direct C–H Functionalization. 

Org. Lett. 2013, 15 (13), 3428-3431. 

39. Motherwell, W. B.; Bégis, G.; Cladingboel, D. E.; Jerome, L.; Sheppard, T. D., 

Observations on the direct amidocyclopropanation of alkenes using organozinc carbenoids. 

Tetrahedron 2007, 63 (28), 6462-6476. 

40. Wu, X.; Cruz, F. A.; Lu, A.; Dong, V. M., Tandem Catalysis: Transforming Alcohols 

to Alkenes by Oxidative Dehydroxymethylation. J. Am. Chem. Soc. 2018, 140 (32), 10126-

10130. 

41. Tlahuext-Aca, A.; Candish, L.; Garza-Sanchez, R. A.; Glorius, F., Decarboxylative 

Olefination of Activated Aliphatic Acids Enabled by Dual Organophotoredox/Copper 

Catalysis. ACS Catalysis 2018, 8 (3), 1715-1719. 

42. Stürmer, R.; Schäfer, B.; Wolfart, V.; Stahr, H.; Kazmaier, U.; Helmchen, G., A Short 

and Efficient Synthesis of (S)-1-Boc-2,5-dihydro-1H-pyrrole-2-carboxylic Acid. Synthesis 

2001, 2001 (01), 0046-0048. 

43. Altenbach, R. J.; Kalvoda, L.; Carroll, W. A., A Convenient Multigram Scale Synthesis 

of Tetrahydrothiophene‐3‐one‐1,1‐dioxide. Synthetic Communications 2004, 34 (4), 567-570. 

44. Loiseleur, O.; Hayashi, M.; Schmees, N.; Pfaltz, A., Enantioselective Heck Reactions 

Catalyzed by Chiral Phosphinooxazoline-Palladium Complexes. Synthesis 1997, 1997 (11), 

1338-1345. 

45. Haag, R.; Bannwarth, W.; Koç, F.; Michalek, F.; Rumi, L., Catalysts on Functionalized 

Polymer Chips (PC) as Recyclable Entities. Synthesis 2005, (19), 3362-3372. 

46. Wang, Y.; Qin, C.; Jia, X.; Leng, X.; Huang, Z., An Agostic Iridium Pincer Complex 

as a Highly Efficient and Selective Catalyst for Monoisomerization of 1-Alkenes to trans-2-

Alkenes. Angew. Chem., Int. Ed. 2017, 56 (6), 1614-1618. 

47. Larsen, C. R.; Grotjahn, D. B., Stereoselective Alkene Isomerization over One Position. 

J. Am. Chem. Soc. 2012, 134 (25), 10357-10360. 

48. Chahboun, G.; Petrisor, C. E.; Gómez-Bengoa, E.; Royo, E.; Cuenca, T., Insight into 

cis-to-trans Olefin Isomerisation Catalysed by Group 4 and 6 Cyclopentadienyl Compounds. 

European Journal of Inorganic Chemistry 2009, 2009 (11), 1514-1520. 

49. Lai, Y.-L.; Huang, J.-M., Palladium-Catalyzed Electrochemical Allylic Alkylation 

between Alkyl and Allylic Halides in Aqueous Solution. Org. Lett. 2017, 19 (8), 2022-2025. 

50. Yamada, Y. M. A.; Sarkar, S. M.; Uozumi, Y., Self-Assembled Poly(imidazole-

palladium): Highly Active, Reusable Catalyst at Parts per Million to Parts per Billion Levels. 

J. Am. Chem. Soc. 2012, 134 (6), 3190-3198. 

51. Lebel, H.; Guay, D.; Paquet, V.; Huard, K., Highly Efficient Synthesis of Terminal 

Alkenes from Ketones. Org. Lett. 2004, 6 (18), 3047-3050. 

52. Heijnen, D.; Tosi, F.; Vila, C.; Stuart, M. C. A.; Elsinga, P. H.; Szymanski, W.; Feringa, 

B. L., Oxygen Activated, Palladium Nanoparticle Catalyzed, Ultrafast Cross-Coupling of 

Organolithium Reagents. Angew. Chem., Int. Ed. 2017, 56 (12), 3354-3359. 

53. Liu, H.; Xu, M.; Cai, C.; Chen, J.; Gu, Y.; Xia, Y., Cobalt-Catalyzed Z to E 

Isomerization of Alkenes: An Approach to (E)-β-Substituted Styrenes. Org. Lett. 2020, 22 (3), 

1193-1198. 



SI-158 

 

54. Ishimatsu, R.; Matsunami, S.; Shizu, K.; Adachi, C.; Nakano, K.; Imato, T., Solvent 

Effect on Thermally Activated Delayed Fluorescence by 1,2,3,5-Tetrakis(carbazol-9-yl)-4,6-

dicyanobenzene. The Journal of Physical Chemistry A 2013, 117 (27), 5607-5612. 

55. Cismenia, M. A.; Yoon, T. P., Characterizing chain processes in visible light 

photoredox catalysis. Chem. Sci. 2015, 6, 5426. 

56. Schrauzer, G. N.; Holland, R. J., Hydridocobaloximes. J. Am. Chem. Soc. 1971, 93 (6), 

1505-1506. 

57. Weiss, M. E.; Kreis, L. M.; Lauber, A.; Carreira, E. M., Cobalt‐Catalyzed Coupling of 

Alkyl Iodides with Alkenes: Deprotonation of Hydridocobalt Enables Turnover. Angew. Chem. 

Int. Ed. 2011, 50, 11125-11128. 

58. Masami, O.; Masaru, T., The Reaction of Bis(dimethylglyoximato)(pyridine)cobalt(I), 

Cobaloxime(I), with 2-(Allyloxy)ethyl Halides and the Photolysis of the Resulting Organo-

cobaloximes. Bull. Chem. Soc. J. 1982, 55 (5), 1498-1503. 

59. Bam, R.; Pollatos, A. S.; Moser, A. J.; West, J. G., Mild olefin formation via bio-

inspired vitamin B12 photocatalysis. Chemical Science 2021, 12 (5), 1736-1744. 

60. Kobayashi, T.; Ohmiya, H.; Yorimitsu, H.; Oshima, K., Cobalt-Catalyzed 

Regioselective Dehydrohalogenation of Alkyl Halides with 

Dimethylphenylsilylmethylmagnesium Chloride. J. Am. Chem. Soc. 2008, 130 (34), 11276-

11277. 

 



Applications of Halogen-Atom Transfer (XAT) for the Generation of
Carbon Radicals in Synthetic Photochemistry and Photocatalysis
Fabio Juliá, Timothée Constantin, and Daniele Leonori*

Cite This: Chem. Rev. 2022, 122, 2292−2352 Read Online

ACCESS Metrics & More Article Recommendations

ABSTRACT: The halogen-atom transfer (XAT) is one of the most important and applied
processes for the generation of carbon radicals in synthetic chemistry. In this review, we
summarize and highlight the most important aspects associated with XAT and the impact it has
had on photochemistry and photocatalysis. The organization of the material starts with the
analysis of the most important mechanistic aspects and then follows a subdivision based on the
nature of the reagents used in the halogen abstraction. This review aims to provide a general
overview of the fundamental concepts and main agents involved in XAT processes with the
objective of offering a tool to understand and facilitate the development of new synthetic
radical strategies.
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1. INTRODUCTION

The direct conversion of an organic halide into the
corresponding carbon-radical represents a versatile and
programmable way to access a reactive synthetic intermediate
to engage in subsequent chemical transformations. The
development of reactions like the Giese addition of alkyl
halides to acrylate acceptors,1 the Ueno−Stork cyclization of β-
halo-acetals,2,3 as well as landmark applications of radical
reactivity in total synthesis like Stork’s synthesis of
prostaglandin F2α,

4 Curran’s approach to hirsutene,5 and
Hart’s preparation of pleurotin,6 have played a fundamental
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role in shaping the development of synthetic radical
chemistry.7

Generating carbon-radicals from the corresponding halides
can be achieved by three distinct mechanistic pathways
(Scheme 1):

(a) Homolytic C−halogen bond cleavage. Approaches based
on direct C−halogen bond homolysis depend on the
specific absorbance of the organic halide (λ < 320 nm
for R−I, λ < 280 nm for R−Br)8,9 and usually require
high-energy light. These methods have found limited
synthetic application in comparison to SET- and XAT-
based approaches, mainly due to the requirement for
specialized equipment and low functional group
compatibility.10

(b) Single-electron transfer (SET) reduction followed by
f ragmentation. SET-based activation requires reduction
of the organic halide, which can lead to the immediate
rupture of the C−halogen bond (e.g., alkyl iodides and
bromides and aryl iodides) or to the formation of a
discrete radical anion from which a mesolytic cleavage
takes place (e.g., aryl bromides and chlorides).11

Approaches based on SET generally require the
utilization of strong reductants, either in the ground or
the excited state, unless electron withdrawing groups
(either by resonance or inductive effects) are present to
increase the reduction potential of the halide and aid
electron transfer.

(c) Halogen-atom transfer (XAT). XAT-based activation
involves the direct homolytic abstraction of the halogen
atom by an appropriate “abstractor” radical, like, for
example, the archetypical tin/silicon species.12 Under
this scenario, matching redox potentials are not relevant
anymore, and the reactivity is mostly controlled by the
respective bond-dissociation energies (BDEs) and the
polarizability of the C−halogen bond. Because most
XAT agents display strong chemoselectivity and react
with organic halides in the presence of many functional
groups, this approach represents a particularly powerful
tool for the elaboration of densely functionalized
molecules.

In the last 20 years, photochemistry has become a powerful
and highly adopted tool in organic synthesis.13−15 In particular,
the ability of low-energy visible light photocatalysis to generate
radical species under mild conditions has led to an increase in
the use of radical chemistry to tackle synthetic problems and
also provided new avenues for further exploitation (e.g., dual
catalysis with metals).16

The aim of this Review is to present key examples for the
utilization of halogen-atom transfer in photochemistry and
photo(redox)catalysis. The discussion will start with the

analysis of the key mechanistic aspects associated with XAT
reactivity, which will be followed by state-of-the-art examples
and synthetic applications.

2. MECHANISTIC ASPECTS OF XAT REACTIVITY
XAT belongs to the class of “atom transfer” reactions, which
are one of the fundamental types of “elementary processes” in
radical chemistry.17 As in the majority of these bimolecular
transformations (SH2), XAT is characterized by a simple
reaction profile with a transition state (TS) displaying a
colinear arrangement of attacking (Y) and leaving (R) groups
with several factors controlling and modulating its outcome
(Scheme 2A).18,19 In general, the thermodynamic aspects of

the process (ΔG°) are controlled by enthalpic effects, while the
kinetics (ΔG⧧) result from the interplay of predominantly
polar but also steric and hyperconjugative effects (Scheme
2B).20

2.1. Enthalpic Effects

Like all types of radical abstractions, enthalpic effects dictate
the overall energetic feasibility (ΔG°) of XAT reactions. For
these processes to be exergonic, the Y−halogen bond needs to
be stronger than the C−halogen bond in the starting materials
(i.e., BDEX−Y > BDER−X). This can be easily assessed by
looking at literature or computed bond dissociation energies
(BDEs).21 Table 1 contains some key BDEs for common
organic halides as well as the most employed XAT reagents. It
is clear from these values how the halogen-abstracting ability of
tin and silicon species is greatly facilitated by the stronger
nature of Sn/Si−X bonds with respect to both C(sp3)− and
C(sp2)−X bonds.
According to the Bell−Evans−Polanyi principle,22 when

polar or other effects do not significantly perturb the halogen
abstraction step, a linear correlation is predicted between the
logarithm of the XAT rate constants and the heat effect. This
means that the relative rates for halogen abstractions follow the
strength of the C−halogen bonds, with the general trend being
iodides > bromides > chlorides (Scheme 3A,B).23−25 The
correlation between the rate of XAT and C−X BDEs is also
consistent with these abstractions having early TSs (Hammond
postulate).26

The stability of the ensuing C-radical is also important in
facilitating XAT and this results in the general trend benzylic >
tertiary > secondary > primary > phenyl (Scheme 3C).24,25,27

Scheme 1. Mechanistic Approaches to Carbon-Radical
Generation from Organic Halides

Scheme 2. (A) XAT Mechanism; (B) XAT Energy Profile
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It is important to note that favorable enthalpic effects are not
essential to drive halogen abstractions. In the case of systems
where the product’s Y−halogen bond has a similar (or even
slightly weaker) strength than the substrate’s C−halogen bond
(i.e., BDEX−Y ≤ BDER−X), the abstraction can occur if there is
a subsequent fast and irreversible reaction taking place. This
scenario is generally occurring when using nucleophilic α-N-28

and α-O-alkyl radicals20 as XAT reagents, whereby the
corresponding α-haloamines/alcohols undergo fast fragmenta-

tion to more stable iminium/carbonyl species (Scheme 4).
This fast reaction can be effectively considered as the overall
thermodynamic driving force for the abstraction process.

2.2. Polar Effects

Polar effects pervade all aspects associated with reactivity and
selectivity in radical reactions.29 While the interplay of these
effects is frequently used to rationalize the outcome of
hydrogen-atom transfer (HAT) processes,30 they also have a
profound impact on XAT reactivity. Indeed, it is the stabilizing
charge-transfer character operating at the TS level that usually
provides crucial kinetic acceleration to halogen abstractions.
Mechanistic studies using Hammett plot analysis on XAT

reactions of aryl and benzylic halides with Ph•, Bu3Sn•, and
Et3Si• have demonstrated that these processes build a partial
negative charge on the carbon from which the halide is
abstracted while a partial positive charge is accumulated on the
halogen-abstracting atom (Y). This means that nucleophilic
radicals maximize charge transfer in the TS, which facilitates
the abstraction (Scheme 5A).31−34 On the basis of this
analysis, it is interesting to note that polar ef fects operating in
XAT reactions are therefore opposed to the ones orchestrating
HAT processes where strongly electrophilic radicals (e.g., t-
BuO•) are usually employed (Scheme 5B).31,32 In these cases,

Table 1. BDEs of Organic Halides21

Scheme 3. XAT Rate Constants Depending on: (A) Nature
of the Halide on Aryl Derivatives; (B) Nature of the Halide
on Alkyl Derivatives, and (C) Alkyl Halide Substitution
Patterna

aThe rate constants for XAT (kXAT) have been approximated to the
near integral number.

Scheme 4. Mechanism of XAT Using α-Aminoalkyl and α-
Hydroxyalkyl Radicals
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a strong preference for the abstraction of hydridic H-atoms is
observed where their bound C-atoms can effectively stabilize
an incoming positive charge accumulation. Overall, the
opposite polarity in charge separation in the transition state
of XAT vs HAT reactions is due to the difference in
electronegativity of halogen- vs H-atoms and the polarizability
of the corresponding C−X vs C−H bonds.35

The requirement for nucleophilic radicals in XAT chemistry
demonstrates how polar and enthalpic effects operate
synergistically in the case of tin and silicon reagents due to
the excellent ability of their corresponding radicals to stabilize
the development of a positive charge in the TS.36 The
increased reactivity of Si- over Sn-radicals is generally
rationalized on the basis of both their stronger Si−X bonds
(see Table 1) and higher ability to promote charge
separation.31,34,37

The electronic properties of the halogen-atom donor (R) are
also important for the modulation of XAT reactivity. As an
example, kinetic studies on the reaction between the heptyl
radical and several α-haloesters and diesters demonstrated how
the rate for both iodine and bromine abstraction increased
with the increased ability of the ester groups to stabilize a
partial negative charge in the TS (i.e., going from α-
halopropanoates to the corresponding methyl propanoates)
(Scheme 6A).25,38,39 Additional evidence has been provided by

Danen’s pioneering work on XAT reactions promoted by Ph•.
As shown in Scheme 6B, abstraction from aryl iodides is
accelerated in the case of 2- and 4-iodopyridines but is
retarded in the case of 2- and 3-iodothiophenes. In the
pyridines, the N-atom removes electron density from the
aromatic ring which aids XAT, while an opposite effect is
exerted by the S lone pairs in the thiophenes which retards the
process.31,34,37

Inductive effects can also influence XAT reactivity as
demonstrated in the iodine abstraction from primary alkyl
derivatives by Ph• (Scheme 7).32 In these cases, the

introduction of electron donating Me groups on the β-carbon
of the iodide decreased the rate of XAT by destabilizing
negative charge accumulation on the I-bound carbon in the TS.
In contrast, an electron withdrawing carboxylic acid group
provided stabilization and accelerated the process. While these
effects were quantified by competition experiments, it is
important to note that the differences in reactivity are small
and therefore they might not translate into observable
reactivity changes under synthetic settings.
Because XAT reactivity is accelerated when nucleophilic

radicals abstract halogen-atoms from electron poor alkyl/aryl
halides, a fundamental question is at which point radical
generation follows XAT over SET. In general, experimental
and/or computed redox potentials for both the substrate and
the abstracting radical can be used to determine the
thermodynamic viability of direct SET. However, it is
important to remember that the true nature of very polarized
processes most probably lies between the XAT and SET
mechanism.40 In these cases, XAT can be approached as an
inner-sphere SET, especially because factors influencing the
rate of SET will have the same impact on XAT. The
determination of the “charge-transfer character”41 (0 < δTS <
1) in the TS can be particularly useful as processes
characterized by δTS approaching 1 are likely to take place
via SET (Scheme 8).

2.3. Other Effects

As XAT reactions are generally highly exothermic, they are
characterized by early TSs with a limited degree of Y−halogen
bond formation (i.e., the X----Y bond in the TS is long). This
means that the interplay of other effects generally provides a
small impact on the reaction profile and they are normally

Scheme 5. Differences in Charge Separation Occurring in
the Transition State of: (A) XAT Reactions and (B) HAT
Reactions

Scheme 6. XAT Rate Constants Depending on: (A) Alkyl
Halide Substitution Patterna and (B) Aryl Halide
Substitution Pattern

aThe rate constants for XAT (kXAT) have been approximated to the
near integral number.

Scheme 7. Modulation of XAT by Inductive and Steric
Effects

Scheme 8. XAT vs SET
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observed on narrow classes of substrates with specific
substitution patterns.36

Steric effects have been observed in XAT reactions and were
employed to rationalize the increased rate for abstraction on
ortho-substituted aryl halides by both aryl and alkyl radicals.39

As an example, while Ph-I and 1- and 2-iodonaphthalenes are
electronically very similar, there is a noticeable acceleration for
XAT with Ph• in the case of 1-iodonaphthalene which was
explained on the basis of a favorable release of steric strain
upon iodine abstraction (Scheme 9A).38 A similar trend in

reactivity was determined in the reaction between aryl
bromides and Bu3Sn• where highly hindered derivatives also
displayed increased reactivity despite being more electron rich
(Scheme 9B).42

Hyperconjugative assistance was observed in XAT between
α-cyclopropyl-, α-oxirane, and α-thiirane alkyl bromides and
Bu3Sn•. These substrates display slight acceleration when
compared to the XAT of standard primary alkyl bromides and
this effect was explained on the basis of a synchronous C−C/
O/S bond β-scission of the neighboring 3-membered ring
substituent (Scheme 10).43

2.4. Rate Constants

The development of synthetic strategies based on XAT
processes has been largely impacted by understanding the

factors which govern this radical reactivity.44 Fundamental
work from Ingold,45−47 Danen,31,32,38,39,48 Lorand,49 Scaia-
no,50 Lusztyk,23 Newcomb,24 Curran,25,36 Chatgilialoglu,51,52

Giese,53 Crich42 and Galli26 has provided extensive knowledge
in this respect and many absolute rate constants have been
determined. While a detailed discussion of these mechanistic
experiments is beyond the scope of the review, a summary of
the rate constants for commonly used XAT reagents and alkyl/
aryl halides is presented in Table 2.
2.5. Summary of Mechanistic Aspects on XAT Reactivity

Scheme 11 summarizes the most important effects participat-
ing in controlling the outcome of XAT reactions. Enthalpic
ef fects: XAT exothermicity increases the more (a) the C−
halogen bond is weak; (b) the resulting Y−halogen bond is
strong and, (c) the R• is a stable radical. Polar ef fects: XAT is
kinetically accelerated the more (a) Y• is a nucleophilic radical
and (b) R−X is electron poor.

3. APPLICATIONS OF XAT REACTIVITY IN SYNTHETIC
PHOTOCATALYSIS

3.1. Heteroatom-Based XAT Reagents

3.1.1. Tin Radicals. The use of organotin reagents for the
conversion of alkyl/aryl halides into the corresponding radicals
has had a fundamental impact on synthetic radical chemistry
since its introduction by Menapace in 1963.54,55 The vast
majority of tin radical chemistry is performed using trialkyl/
triaryl tin hydrides through the thermal decomposition of
AIBN (azo(bis)isobutyronitrile) as the initiation mecha-
nism.56,57

Photochemical activation has mostly been applied to engage
ditin reagents as they undergo efficient Sn−Sn σ-bond
homolysis.58 Upon irradiation with a suitable wavelength
(usually high-energy light; e.g., Ph6Sn2: λmax = 276 nm), these
species populate a long-lived triplet excited state58,59 from
which Sn−Sn bond cleavage takes place (Scheme 12). The
resulting tin radicals can either recombine or engage in
secondary photochemical reactions like XAT with organic
halides. The use of longer wavelength light is also possible if an
appropriate photosensitizer (S) (e.g., acetophenone deriva-
tives) is present to trigger Dexter energy transfer (EnT)
(triplet sensitization)60 or SH2 reactions (e.g., acetone).61

The utilization of ditin compounds in synthetic chemistry
has proved advantageous as they do not contain a weak Sn−H
bond (e.g., Sn−H BDE for Bu3SnH is 78 kcal mol−1),21 and
therefore minimize unwanted radical reduction reactions which
are a common drawback of tin/silicon hydride chemistry. This
has facilitated the development of cascade processes based on
radical generation followed by intra- as well as inter-molecular
processes62 and free radical polymerization (FRP).63

3.1.1.1. Application in Radical Cyclizations. The ditin
compounds (Me3Sn)2 and (Bu3Sn)2 have been extensively
applied to achieve cyclization of alkyl halides as they avoid
direct radical reduction.64 The possibility of straying away from
HAT as a product-forming step has been fundamental for the
development of cyclization−halogenation processes, which are
commonly referred to as atom transfer radical cyclization
reactions, ATRCs.
A powerful example showcasing the utility of these processes

is the total synthesis of (±)-hirsutene by Curran, where a
Bu3SnH-mediated XAT → 5-exo-trig → 5-exo-dig cascade was
used to convert iodide 1 into 2 (Scheme 13A).5,65 This
synthesis exemplifies a class of radical processes that are

Scheme 9. XAT Rate Constants Depending on: (A) Nature
of the Aryl Iodide and (B) ortho Substitution Pattern of Aryl
Bromidesa

aThe rate constants for XAT (kXAT) have been approximated to the
near integral number.

Scheme 10. Modulation of XAT Rate Constants Due to
Hyperconjugative Effectsa

aThe rate constants for XAT (kXAT) have been approximated to the
near integral number.
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terminated by a HAT step between a vinyl radical (e.g., 3) and
the tin hydride, which is a mechanistic requirement to
regenerate the chain carrier Bu3Sn•. Following the pioneering
work of Brace,66 Curran later demonstrated that by using
(Bu3Sn)2 under photochemical conditions (275 W sunlamp)
the I-atom present in the starting material 4 could be
incorporated into the product of the XAT → 5-exo-dig cascade

leading to 5 (Scheme 13B).64 This example of ATRC process
represented a breakthrough in the field because it validated
XAT between two organic fragments (i.e., R−I + R1• → R• +
R1−I) as viable terminal chemical step in radical cascade
reactions. An additional mechanistic difference to classical
radical cyclization−reduction processes is that Bu3Sn• initiates
the process but is not involved in the radical chain propagation,

Table 2. Experimental Rate Constants for XAT Reactions (All Rates Are in M−1 s−1)a

aThe rate constants for XAT (kXAT) have been approximated to the near integral number.
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which is sustained by XAT between two carbon-based
species.67 Hence, the intermediacy of a vinyl radical (e.g., 6)
is crucial for the success of this approach as it makes the chain-
carrying XAT step fast and irreversible. Indeed, kinetic studies
demonstrated that iodine abstraction between vinyl radicals
and alkyl iodides approaches the diffusion control limit (kXAT
≥ 109 M−1 s−1 at 80 °C),68 and can therefore outcompete any
unwanted HAT process (e.g., from the solvent).
The behavior of 5-iodohexene derivatives (e.g., 7) is

dramatically different to the one of 5-iodohexynes (e.g., 4,
Scheme 13B) as in the former case the chain-carrying XAT
involves iodine transfer between two alkyl fragments. These
types of abstractions are significantly slower (kXAT ∼ 105 M−1

s−1 at 60 °C), potentially reversible, and therefore there is a
requirement for the radical generated upon cyclization to be
less stable than the starting one.69 This is exemplified by the
efficient conversion of 7 into 8 where the I-atom is transferred
from a tertiary alkyl iodide to a less stable primary radical (via
TS 9) (Scheme 14A). These processes are sluggish using
Bu3SnH under thermal conditions but become synthetically
useful when 10 mol % (Bu3Sn)2 is used under sunlamp
irradiation as these conditions minimize the facile reduction of
7 (HAT from Bu3SnH) that would outcompete a slower
XAT.64 A similar reactivity was also observed with
diphenylvinylsilyl protected α-iodoalcohols 10 that gave,
upon treatment with TBAF, products of overall α-vinylation
via the diphenyl-1,2-oxasilolane intermediates 11 (Scheme
14B).70

The versatility of ATRC reactivity via the photochemical
activation of ditin reagents has been frequently applied in total
synthesis. A detailed discussion of these synthetic efforts is
beyond the scope of this review so the key targets and their
corresponding bond disconnections based on ATRC are
illustrated in Scheme 15.71−76 It is worth noting that in each
case, the ATRC was followed by the reduction of the iodide
product with Bu3SnH, as this two-step procedure gave higher
yields than attempting a one-step cyclization−reduction with
Bu3SnH because of the formation of large amounts of direct
reduction products.

Scheme 11. Key Aspects Affecting XAT Reactivity

Scheme 12. Pathways for the Photochemical Generation of
Tin Radicals from Ditin Species

Scheme 13. (A) Tin-Mediated Thermal Reductive Cascade
in Curran’s Total Synthesis of (±)-Hirsutene; (B)
Photochemical ATRC of Hexynyl Iodides

Scheme 14. (A) Tin-Mediated ATRC of Hexenyl Iodides;
(B) Application of ATRC to Ethynylation of α-
Iodosilylethers

Chemical Reviews pubs.acs.org/CR Review

https://doi.org/10.1021/acs.chemrev.1c00558
Chem. Rev. 2022, 122, 2292−2352

2298

https://pubs.acs.org/doi/10.1021/acs.chemrev.1c00558?fig=sch11&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemrev.1c00558?fig=sch11&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemrev.1c00558?fig=sch12&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemrev.1c00558?fig=sch12&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemrev.1c00558?fig=sch13&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemrev.1c00558?fig=sch13&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemrev.1c00558?fig=sch14&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemrev.1c00558?fig=sch14&ref=pdf
pubs.acs.org/CR?ref=pdf
https://doi.org/10.1021/acs.chemrev.1c00558?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


The absence of a HAT termination channel in XAT-based
photochemical reactions using (Bu3Sn)2 enabled Curran to
develop multicomponent processes between butynyl iodides
12 and several Giese acceptors to give functionalized
(methylene)cyclopentanes 13 (Scheme 16).77 These processes

are initiated by XAT from Bu3Sn•, and the ensuing primary
homopropargylic radical 14 undergoes Giese addition to the
electron deficient olefin (14 → 15) followed by ATRC-type
reactivity (15 → 16 → 13). There are two aspects relevant to
this process: (i) the radical resulting from the Giese addition
(15) is moderately electrophilic (α-EWG), and therefore it
does not display appropriate philicity to undergo XAT with 12.
This effectively suppresses unwanted α-EWG iodination. (ii)
The activated nature of the vinyl radical 16 toward XAT
minimizes competing HAT or Giese reactions, which could
lead to reduction or oligomerization, respectively.
During fundamental studies on 5-exo-trig ATRC reactions,

Curran assessed both thermal and photolytic activation modes
concluding that “the photolytic initiation method with ditin was
so rapid and ef fective relative to the other methods that it was
adopted as the standard procedure”.78 It is also worth noting
that, although tin hydrides can be employed to achieve radical
cyclizations, high dilution conditions (0.02 M) are usually
required to avoid premature termination via HAT, while ditin
compounds can be used in concentrated media (0.3 M), which
are more practical. This has been pivotal to successfully extend
ATRC chemistry to cyclization reactions that are slower than
the 5-exo-trig/dig79−84 like 6-endo-trig,85 6-exo-trig, 7-endo-
trig,78,86 7-exo-trig, 8-endo-trig87,88 and 9-endo-trig89 (Scheme

17). These processes usually exploit the reactivity of α-
halocarbonyls as starting materials for three main reasons: (i)

they are excellent halogen-atom donors due to their synergistic
weak C(sp3)−X bond and their ability to stabilize an incoming
negative character in the XAT TS, (ii) the carbonyl group
provides a conformational bias toward the cyclization, and (iii)
they are readily available/accessible materials. Overall, the
development of these processes has had a major impact not
only in radical chemistry but in synthesis as a whole given the
difficulties in the assembly of large cyclic systems. While the
key mechanistic features around XAT reactivity are analogous
to the example we have presented before, a discussion of the
aspects controlling these radical cyclizations is beyond the aim
of this review and the reader is referred to excellent resources
in the literature.90,91

α-Iodoepoxides 21 have been shown to be precursors to
bicyclic cyclopentanols 22 through a photochemical, ditin
mediated ATRC cascade reaction (Scheme 18).92 While the
ATRC reactivity is identical to the one illustrated above, these
classes of substrates do not contain an olefin and the I-atom
seems not to move during the process. Here, the initial tin
radical-mediated XAT on 21 was used to generate an α-epoxy-
radical 23 that underwent fast ring-opening to 24. This step
revealed the olefin for radical cyclization and also provided an
electrophilic O-radical that transposed via 1,5-HAT onto the
tethered alkyl chain. The resulting carbon radical 25 cyclized as
part of the ATRC process delivering [5,5]-, [6,5]-, and [7,5]-
fused bicyclic iodides in moderate to good yields.

3.1.1.2. Intermolecular C−C Bond Formation. One of the
first applications of photochemistry to explore the reactivity of
tin radicals in synthesis has been introduced by Corey in 1975
for the dehalogenation of alkyl halides (see section 3.1.4,
Scheme 63).93 As we will discuss below, a substoichiometric

Scheme 15. Examples of Natural Products Prepared Using
Photochemical Tin-Mediated ATRC Reactions

Scheme 16. Tin-Mediated Cascade Giese/ATRC Reaction
for the Synthesis of Vinyl Iodides

Scheme 17. Photochemical Tin-Mediated ATRC of Alkyl
Iodides
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amount of Bu3SnH was used with an excess of NaBH4 used to
regenerate the hydride. This “catalytic in tin” approach has also
been applied to achieve intermolecular alkylation of alkyl
iodides with Giese acceptors (Scheme 19A).1,94 Primary and

secondary alkyl iodides and tertiary alkyl bromides were
successfully engaged in this reactivity, which was also used to
access 26 as part of the total synthesis of (−)-malyngolide.95,96

Utilization of cis-substituted methylidenedioxane acceptor 27
enabled the diastereoselective preparation of anti-β-hydrox-
yester derivatives 28 (Scheme 19B).97

Allyltributylstannane is a useful reagent for the allylation of
alkyl halides under UV light irradiation (450 W Hanovia lamp
equipped with a Pyrex filter) as demonstrated by Keck
(Scheme 20A).98 In these examples, photochemical C−
halogen bond homolysis was used as the initiation to generate
the corresponding alkyl radical (R•) and start a radical-chain
propagation based on the formation of 29 and its following β-
scission. This step generated the allylated product 30, along
with the chain carrier Bu3Sn•. This method showcased the
high chemoselectivity offered by XAT chemistry, as free

alcohol, lactone, epoxide, and polycyclic N-oxylactam were
allylated in good yields. Alkyl iodides and bromides as well as
activated alkyl chlorides were also successfully engaged.
This chemistry has been extended to the use of a

distannylated reagent 32 that, under irradiation in the presence
of (Bu3Sn)2, provided the Bu3Sn-substituted allyl derivatives
(e.g., 33) from activated α-bromocarbonyls (e.g., 31) (Scheme
20B).99 α-Bromo-β-hydroxyesters 34 have also been used in
related settings to access valuable α-allyl-β-hydroxyesters 36
with high diastereoselectivity depending on the substitution
pattern of the allyltin reagent 35 (Scheme 20C).100 In these
examples, irradiation in the presence of AIBN and a Lewis acid
was used to generate the β-aluminum hydroxide radicals for
chain allylation with the tin reagent. This strategy was also
extended to iodohydrins.101

Perfluoroalkyl iodides are an activated class of halides for
both photochemical C(sp3)−I bond homolysis and XAT by
Bu3Sn•. Furthermore, the high electrophilicity of the resulting
perfluoroalkyl radical makes them powerful reagents for atom
transfer radical addition (ATRA) reactivity with olefins.102−104

Yoshida and Iyoda demonstrated that ATRA can be avoided if
these species (e.g 37) are reacted with styrenes (e.g., 38) in the
presence of (Bu3Sn)2 and oxygen under high-energy light
irradiation (Scheme 21A).105,106 These photochemical con-
ditions enable olefin perfluoro-hydroxylation in generally good
yield (e.g., 39). The mechanism is based on a radical-chain
propagation where the perfluoroalkyl radical (RF•) adds onto
the styrene to deliver a stabilized benzylic radical 40, which is

Scheme 18. Tin-Mediated Photochemical Rearrangement of
α-Iodo-Epoxides

Scheme 19. (A) “Catalytic in Tin” Photochemical Giese
Reaction of Alkyl Halides; (B) Diastereoselective
Photochemical Giese Reaction of Alkyl Iodides

Scheme 20. (A) Allylation of Alkyl Halides with
Allyltributylstannane; (B) Tin-Mediated Synthesis of
Tributyl(vinyl)stannane; (C) Diastereoselective Allylation
of α-Hydroxyesters
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sluggish at XAT reactions but can be oxidized to the peroxide
radical 41. The reaction of 41 with (Bu3Sn)2 was proposed to
generate the chain-carrying Bu3Sn• and the product 39.
Bu3SnH was also assessed under similar conditions but
resulted in the direct reduction of 37, which again underscores
the benefit that ditin reagents offer when HAT processes need
to be avoided.
Under the same mechanistic framework, the use of α-

chlorostyrenes acceptors 42, followed by basic treatment, was
then shown to deliver β-fluoroenones 43 that can easily be
diversified upon nucleophilic addition to provide different
acyclic and aromatic derivatives 44 (Scheme 21B).107,108

The use of tin radical chemistry for the addition of organic
halides to aromatic acceptors under photochemical conditions
has been significantly less established compared to other
methods based on other XAT reagents (see below) or SET
activation.109−113 So far, this reactivity has been demonstrated
using (Bu3Sn)2 and high-energy light irradiation on lepidine by
Minisci (Scheme 22A)114 and pyrrole by Byers (Scheme
22B)115 in moderate and good yield respectively. The reaction
with electron rich pyrrole required the use of an electrophilic

α-ester radical and propylene oxide as the additive to trap HI
to prevent the accumulation of I2, which is a known chain
suppressant.116

A more synthetically successful application of tin radical-
mediated XAT in photochemistry has been the addition of
alkyl halides to activated π-acceptors using (Me3Sn)2 under
high-energy light irradiation (Scheme 23). Ketene N,O-acetals

45 have been employed to achieve the formal α-alkylation of
amides which can be challenging via enolate chemistry,
especially with tertiary electrophiles (Scheme 23A).117 In this
case, the exact mechanistic pathway followed by the process is
difficult to ascertain due to the likely generation of the silicon
radical Ph2(Ot-Bu)Si• (48) upon addition of the alkyl radical
to 45, followed by N−O bond fragmentation and radical silyl-
Brook rearrangement (46 → 47 → 48), which can act as XAT
agent along Me3Sn•.118 Primary, secondary, and tertiary alkyl
iodides were suitable substrates under these photochemical
conditions, while α-EWG alkyl bromides required thermal
activation (80 °C, AIBN). Nitroalkanes proved to be versatile
starting materials upon enolization (TBSOTf, Et3N) depend-
ing on their substitution pattern (Scheme 23B). α-Me
derivatives underwent efficient conversion into bis(silyloxy)-
enamines 49, which were used as acceptors for the synthesis of
oxime ethers 50.119 In this case, the electron rich nature of 49
meant that electron poor alkyl iodides (e.g., α-iodo-carbonyls)
were required. The oxime ethers were obtained as a mixture of
E and Z isomers and could be hydrolyzed to the corresponding
ketones under acidic conditions. In the case of α-SO2Ph

Scheme 21. (A) Tin-Mediated Perfluoroalkylhydroxylation
of Styrene Derivatives; (B) Tin-Mediated Reaction of α-
Chlorostyrene with Perfluoroalkyl Iodides

Scheme 22. (A) Photochemical Minisci Reaction of tert-
Butyl Bromide with Lepidine; (B) Photochemical Tin-
Mediated Alkylation of Pyrrole

Scheme 23. (A) Tin-Mediated Alkylation of Ketenes N,O-
Acetals; (B) Tin-Mediated Reactions of Alkyl Iodides with
Nitroalkanes Derivatives
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derivatives, OTBS-nitronates 51 were formed and reacted with
nucleophilic radicals, to give, upon β-fission and acidic workup,
products 52 of overall α-NO2 alkylation.120 Primary,
secondary, tertiary (not shown here), and benzyl iodides
reacted smoothly.
Other activated carbonyl acceptors have been successfully

employed in related photochemical strategies. In general, all of
these reactions require similar conditions involving ditin
reagents: high-energy light irradiation and carbonyl/imine
acceptors 53 containing a good leaving group (Z) (Scheme
24). These derivatives ensure fast addition using nucleophilic

radicals and the resulting heteroatom-radical 54 (Y is an O- or
more generally N-based group) intermediate undergoes a β-
scission extruding Z•, which regenerates the carbonyl/imine
functionality in the product 55. The nature of the Z group is
crucial for radical fragmentation and also to ensure chain
propagation. Indeed, these species are generally good atom/
group transfer agents (e.g., PhO2S•) and can react with the
ditin species to generate the required tin radical for following
XAT.
For simplicity, the details of these reactions are illustrated in

Scheme 25 and discussed below, while examples demonstrat-
ing application in cascade and intramolecular processes are
presented in Schemes 26−28.
Phenylsulfonyl oxime ethers 53a−c are highly activated

carbonyl species, which can undergo radical addition/
fragmentation sequence. Radicals generated by XAT on alkyl
iodides and bromides using Me3Sn• were reacted with these
acceptors to yield the corresponding alkylated O-benzyl oximes
ethers (Scheme 25A).121 The reaction was amenable to
primary, secondary, and tertiary alkyl iodides and bromides.
Substrates leading to stabilized radicals (i.e., benzylic radical,
leading to 55a) can be challenging to engage in radical
addition reactions but delivered the corresponding products,
albeit in lower yields, owing to the excellent leaving group
ability of the SO2Ph group.122 The use of trifluoromethyl
phenylsulfonyl oxime ether 53c was successfully used to obtain
α-trifluoromethyloxime ethers, which were further diversified
into highly sought-after α-CF3-amines or trifluomethylketones
(Scheme 25A).123

This methodology was later extended to cascade reactions
involving XAT → cyclization → carbonylation sequences, as
well as 3-component processes using homoallylic iodide 56,
53a, and allyltrimethylsilylane 57 (Scheme 26A).121 In this

case, upon Me3Sn• mediated XAT, the electrophilic malonyl
radical 58 underwent a polarity matched addition to the
electron rich olefin 57. This step was followed by a fast 5-exo-
trig cyclization, and the resulting nucleophilic primary radical
59 was trapped by 53a. This sequence of steps yielded an
oxime ether, which was hydrolyzed to ketone 60. Furthermore,
formal [3 + 2] or [4 + 2] cycloadditions between
sulfonyloxime-containing short-chain alkyl iodides 61 and
various electron rich olefins (e.g., enol ethers and enamides)
were developed to access cyclic products 62 (Scheme
26B).124−126

Shortly after, Kim reported a similar strategy for the
synthesis of α-ketoesters through addition onto phenylsulfonyl
methoxycarbonyl oxime ether 53d (Scheme 25B).127,128

Consistently with their previous developments, primary,
secondary, and tertiary alkyl iodides, including allylic and
benzylic iodides, were successfully converted into the
corresponding α-ketoesters under similar photochemical
conditions. Alkyl bromides were also suitable substrates albeit
in lower yield. The methodology was extended to the diolefin
containing iodide 63, which underwent an efficient radical
cascade involving two sequential 5-exo-trig cyclizations,
resulting in the bicycle 64 in good yield and as a single
diastereomer (Scheme 27).127

When the bis-sulfonyl oxime ether 53e was used, sym-
metrical and unsymmetrical ketones were obtained after
hydrolysis (Scheme 25C).129 Primary and secondary alkyl
iodides and bromides, aryl iodides, as well as iodomethane
were successfully engaged in this reactivity. 5- as well as 6-
membered ring cyclic ketones were obtained using substrates
bearing two iodine atoms. In line with previous examples,
cascade reactions of di-iodo-alkanes with a pendant allyl unit
delivered bicyclic ketones.
In the quest for novel and structurally simpler reagents for

radical carbonylation, the same authors also developed an
alternative strategy utilizing S-phenyl thiochloroformate 53f as
CO surrogate (Scheme 25D).130 During the screening of
potential carbonyl donors, it was found that the reaction yield
correlated with the LUMO level of the donor, with 53f being
the best partner. Exposure to conditions similar to the one
used for the oxime reagents 53a−e, enabled the reaction of
alkyl iodides to furnish the corresponding S-phenyl thioates.
This reactivity has also been translated to intramolecular
settings thus providing a fast entry into a range of 5- and 6-
membered cyclic ketones 65 in high yield (Scheme 28).131 In
addition, tandem 5-exo-trig/carbonylation allows for the rapid
assembly of complex tricyclic systems (e.g., 66) in high yields.
Methyl oxalyl chloride 53g was identified as a powerful

radical trap for XAT-mediated carboxymethylation of alkyl
iodides (Scheme 25E). In these examples, the ester
functionality in the products was formed through radical
addition across the acyl chloride (major pathway) or the
methyl ester (minor pathway) functionality of 53g (followed
by treatment with Et3N in MeOH to give methyl ester
products). Using 350 nm light in the presence of a
stoichiometric amount of (Me3Sn)2, primary, secondary, and
tertiary alkyl iodides were converted into the corresponding
methyl esters in good yields.132

Alkyl iodides can also be converted into nitriles using a
similar strategy utilizing diethylphosphoryl cyanide 53h as the
radical acceptor (Scheme 25F).133 In this case, the addition of
the C-radicals onto the CN group gave an iminyl radical that
upon β-fragmentation across the weak C−P bond generated

Scheme 24. Mechanism of XAT-Mediated Carbonylation of
Alkyl Halides
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the nitrile product. In spite of the putative ability of the
phosphoryl radicals to act as XAT reagents and activate

directly the alkyl iodides,134 a large excess of Me6Sn2 was used
in this procedure. Primary, secondary, and tertiary alkyl iodides
were all efficiently functionalized, but the methodology was not
found compatible for the utilization of stabilized benzylic or
electrophilic α-SO2 radicals. This cyanation method was also

Scheme 25. Tin-Mediated Reactions of Alkyl Halides with: (A) Phenylsulfonyl Oxime Ethers, (B) Phenylsulfonyl
Methoxycarbonyl Oxime Ethers, (C) Bis-Sulfonyl Oxime Ethers, (D) S-Phenyl Thiochloroformate, (E) Methyl Oxalyl
Chloride, and (F) Diethyl Cyanophosphonates

Scheme 26. (A) Photosensitized Three-Component
Reactions of α-Iodomalonates; (B) Cascade Addition
Across Olefins/Cyclization/Carbonylation Reaction for the
Synthesis of Cyclic Benzyl Oximes

Scheme 27. Tin-Mediated Cascade Reaction of Di-Olefin
Containing Alkyl Iodide for the Assembly of 5,5-Fused
Bicyclic Benzyl Oximes

Scheme 28. Tin-Mediated Radical Cyclization of Halide-
Containing S-Phenyl Thioesters
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demonstrated in cascade settings on iodides with tethered
olefins after 5-exo-trig cyclization.
3.1.1.3. Carbon−Heteroatom Bond Formations. The

ability of ditin reagent-based photochemical strategies to
avoid premature HAT reduction of the generated C-radical has
also facilitated the development of radical strategies for C−
heteroatom bond formation.
Sulfonyl azides are powerful group-transfer reagents for C−

N bond assembly as identified by Renaud,135,136 who
developed thermal and photochemical protocols using primary
and secondary alkyl iodides.137,138 While conditions using
(Bu3Sn)2 under irradiation (300 W sunlamp) led to useful
conversions (Scheme 29), improved yields were generally

obtained under thermal conditions. The authors proposed that
photochemical homolysis of the C(sp3)−I bond provided the
C-radical for subsequent group transfer azidation. The
resulting sulfonyl radical was proposed to generate the chain
carrying Bu3Sn• via addition/fragmentation sequence with
(Bu3Sn)2.

138

Photoinitiated tin-mediated XAT was exploited for the
assembly of C−S bonds in the total synthesis of concavine
(Scheme 30).139 The alkyl iodide 67 was activated by XAT

from Bn3Sn•, and the resulting radical underwent 5-exo-trig
cyclization followed by reaction with PhSSPh to generate the
corresponding phenylsulfide 68 that was further derivatized
into the natural product.
3.1.1.4. Radical Olefinations. The photochemical gener-

ation of tin radicals for application in XAT reactivity is not
restricted to tin hydrides and ditin reagents, and it has also
been exploited using [Co]−SnR3 systems. This line of work
has been pioneered by Schrauzer and Kratel, who prepared the
cobaloxime Ph3Sn−Co(dmgH)2Py (dmg = dimethylglyoxy-
mato) 69 and investigated its photolysis in MeOH.140 This
species, upon irradiation, undergoes Co−Sn bond homolysis to

give a stable [Co(II)] species and Ph3Sn• that readily
dimerized to (Ph3Sn)2 (Scheme 31).

Cobaloximes have been intensively studied as model systems
for vitamin B12.141 In particular, alkyl radicals have been
demonstrated to trap [Co(II)] species at diffusion-controlled
rates, thus leading to alkyl−[Co(III)] complexes that undergo
facile β-hydride-type elimination reactions.142,143 This reac-
tivity profile has been used to achieve cyclization−elimination
of O-allyl-tethered alkyl bromides 70 to give methylenete-
trahydrofurans 71 (Scheme 32).144 The process started with

the photochemical generation of Ph3Sn• by Co−Sn bond
homolysis, which enables the formation of a tin radical for
XAT reaction with 70. Fast 5-exo-trig cyclization of 72, gave
the primary exocyclic radical 73 that was trapped by the
[Co(II)] species. This step generated the alkyl−[Co(III)]
intermediate 74 from which dehydrogenation to 71 took place.
While this reactivity required stoichiometric amounts of 69, a
catalytic manifold was more recently developed by Carreira
using low-intensity blue LEDs as the light source. This
approach has been generally applied on alkyl iodides and used
to achieve intramolecular Heck-type reactions,145 intermolec-
ular olefinations with styrene acceptors as well as electron poor
alkyl iodides and bromides146,147 and was further showcased in
the total synthesis of (+)-daphmanidin E.148 In these cases,
however, XAT is used only to initiate a redox [Co(I)/(II)/
(III)] catalytic cycle and the alkyl halide is converted into the
corresponding alkyl−[Co(III)] intermediate by SN2 reaction
with a nucleophilic [Co(I)] species.149

3.1.1.5. Other Tin Reagents. Although versatile and
powerful, standard tin reagents suffer from common drawbacks
mostly associated with reaction workup and purification as well
as their final waste disposal.12 Several reagents have been
developed to circumvent these issues like water-soluble ditin
reagents, which can be removed by liquid−liquid extraction150

or polymer-supported reagents, that can be filtered at the end

Scheme 29. Tin-Mediated Radical Azidation of Alkyl
Iodides

Scheme 30. Radical 6-exo-trig Cyclization/C−S Bond
Formation

Scheme 31. Photochemical Reactivity of Cobaloximes with
a SnPh3 Ligand

Scheme 32. Cyclization/Desaturation of Alkyl Bromides
with Ph3Sn−Co(dmgH)2Py
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of the reaction.151,152 In all cases, the supported tin reagents
can be recovered from the reaction mixture and recycled by
reduction.
3.1.2. Silicon Radicals. Despite being powerful and

versatile XAT mediators, organotin species suffer from severe
drawbacks associated with their toxicity and difficulty of
disposal. This has driven a quest for alternative reagents for
homolytic activation of C−halogen bonds as discussed by
Walton in 1998 in the topical review entitled “Flight f rom the
Tyranny of Tin”.12 Over the last three decades, silicon reagents
have been established as potent XAT mediators displaying a
reactivity profile frequently superior to the one of tin radicals, a
better safety profile, and simplified workup procedures.153−155

The power of this class of species in XAT chemistry can be
aptly realized by considering the impact that (Me3Si)3Si−H
(abbreviated to TTMSS or referred to as “supersilane”)52,155

has had in the development of synthetic radical chemistry,
where it is still one of the most commonly used radical
promoters despite its relatively high price.
Mechanistically, it is important to note that the superior

XAT reactivity of silicon radicals does not always translate into
superior synthetic versatility. As an example, trialkyl silanes
(e.g., Et3SiH) are poor reductants in radical chemistry because,
despite their corresponding silicon radicals (e.g., Et3Si•) being
the most powerful XAT promoters, their Si−H bonds are too
strong to sustain radical-chain propagation (see Table 3).21

This can be exemplified by considering the reductive
deiodination of Cy−I with Et3SiH (Scheme 33A). This
reactivity would require a chain propagation based on XAT
between Et3Si• and Cy−I, followed by HAT between Cy• and
Et3SiH. While the XAT step is very favorable (matching
enthalpic and polar effects) the subsequent HAT process is
difficult and effectively thwarts reactivity.
This fundamental challenge in silicon radical reactivity has

been generally addressed by modifying the Si-substitution
pattern. In particular, the replacement of alkyl groups (e.g., Et)
at the Si with Me3Si groups has been demonstrated to
progressively lower the corresponding Si−H BDE by ∼4 kcal
mol−1, and this has led to the identification and the extensive
synthetic application of TTMSS (see Table 3).
Alternatively, the use of thiols as polar reversal catalysts156 or

bespoke Me3Si-substituted cyclohexadienyl reagents have
provided powerful solutions to the employment of silicon
radicals in chain processes.12,157 In the first case, the slow HAT
process between the Cy• and Et3Si−H is replaced by a polarity
matched and very fast HAT from a thiol. This generates an
electrophilic thiyl radical that is efficient at undergoing HAT
with the hydridic Si−H bond, thus regenerating the chain
carrying Si-radical (Scheme 33B). In the second approach,
cyclohexadienyl reagents like 75 have been demonstrated to
effectively sustain silicon radical-based chain propagations
(Scheme 33C). In this case, the activated cyclohexadienyl C4
position enables HAT from Cy• which generates the
cyclohexadienyl radical 76. This species undergoes a

thermodynamically favorable aromatization via fast fragmenta-
tion across the C−Si bond, thus generating Et3Si• and
enabling radical propagation. These two alternative strategies
for silicon radical generation, and reactivity have so far found
application mostly under thermal conditions.
Just like in the case of tin radicals, the utilization of silicon

radicals in XAT protocols has been mostly done using TTMSS
under thermal decomposition of AIBN as the initiation
mechanism. Photochemical methodologies have nevertheless
found relevant application since the initial reports of
Haszeldine and Young in 1960.158 The discussion of these
methods has been organized into three distinct group, direct
photolysis first and then photoredox and metallaphotoredox
catalysis, respectively.

3.1.2.1. Direct Photolysis. Despite their close structural
similarity to tin species, silanes, and disilanes display quite
different photochemical behavior and they do not absorb in
the near UV (e.g., the absorption of Me6Si2 ceases after 240
nm).159,160 This has somewhat limited silicon radical
generation to photochemical methods based on far-UV
light,158,161−165 γ-rays,166−168 and Hg-photosensitization169

which have narrow synthetic applications.170 Structural
modifications of disilanes have been attempted to achieve
photolysis with near-UV light, but these approaches are so far
mostly restricted to tetrakis(trisalkyl)silanes, (R3Si)4Si, and
hexakis(trisalkylsilane)disilanes, [(R3Si)3Si]2.

171,172 For exam-
ple, when the decasilane [(Me3Si)3Si(SiMe2)]2 was irradiated
with a low-pressure 450 W Hg lamp in the presence of CCl4,
the XAT product, (Me3Si)3Si(SiMe2)Cl was obtained as the
main product.173

One of the first synthetic applications where direct
irradiation was used in XAT chemistry with TTMSS was
reported by Jørgensen for the dehalogenation of α-
halocarbonyls and aryl iodides and bromides using a 30 W
compact fluorescence light (CFL) bulb (Scheme 34A).174 The

Table 3. BDEs of Various Si−H Bond21

silane
Si−H BDE
(kcal mol−1) silane

Si−H BDE
(kcal mol−1)

H3Si−H 91.7 Me3Si−H 94.7
Et3Si−H 94.6 (Me3Si)3Si−H 83.7
(MeS)3Si−H 87.0 Bu3Sn−H 78.0

Scheme 33. Strategies for the Use of Et3Si
• in XAT
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mechanism of photoinitiation with the CFL lamp is still
uncertain, but the authors proposed that the phosphorus
coating of the light source could emit just enough UV-A light
to photolyze a small fraction of TTMSS.175 This would serve
as initiating mechanism for the radical chain dehalogenation
process.
Building on this precedent, Paixaõ used TTMSS and CFL

irradiation to generate aryl radicals from the corresponding
iodides or bromides as part of a cyclization protocol leading to
indoles, indolines, oxindoles, and dihydrobenzofuran deriva-
tives (Scheme 34B).176,177 In these examples, however, the
generation of (Me3Si)3Si• was rationalized on the basis of the
formation of an electron donor−acceptor (EDA) complex 77
between TTMSS and the aryl halide, which upon irradiation at
the charge-transfer band led to a SET event. This step would
generate the key aryl radical 78 which initiated a chain
propagation process (Φ > 28).
More recently, Gaunt employed the direct irradiation of

TTMSS with blue LEDs to achieve the three-component
coupling between alkyl iodides, aldehydes, and secondary
amines (Scheme 35A).178 In this method, the alkyl radical
(R•) is generated from the corresponding iodide by XAT with
(Me3Si)3Si•, while the aldehyde and the amine undergo
condensation to the iminium ion 79. Radical addition to 79 is
probably reversible, but the resulting aminium radical 80
undergoes fast (polarity matched) and irreversible HAT from
TTMSS, thus enabling efficient chain propagation and product
formation.179 The exact nature of the initiation step could not

be determined unambiguously, but the authors proposed it to
result from a three-component interaction between the alkyl
iodide, the iminium, and TTMSS. Noteworthy, thermal
conditions in the presence of AIBN were also able to initiate
and sustain the radical chain delivering the products in good
yields. A large array of alkyl amines and anilines as well as alkyl
and benzyl aldehydes were successfully employed in this
transformation. In some cases, TBSOTf was identified as a
beneficial additive to enhance the reaction yields. Regarding
the alkyl iodides scope, unactivated primary, secondary, and
tertiary derivatives, as well as benzylic bromides and even
iodomethane were engaged in generally high yields. Complex
tertiary amines were rapidly assembled in a single step, as
exemplified by the formation of 81 and 82.
This reactivity was later extended to α-ketoesters and

primary amines to give, upon addition of the alkyl radical to a
preformed ketiminium ion, α-tertiary amino acid derivatives
(Scheme 35B).180

Other silicon species have been reported to generate the
corresponding silicon radicals upon irradiation. In particular,
acyl silanes display low-energy n−π* absorptions (λ = 380−
420 nm) with relatively large extinction coefficients (ε = 100−
300 M−1 cm−1)181−183 and undergo Norrish type-I fragmenta-
tion across the C−Si bond.184−186 This generates the
corresponding silicon radicals and an undesiderably reactive
acyl radical that however limits synthetic applications.

Scheme 34. (A) Photoinduced Reduction of Alkyl Halides
with TTMSS; (B) Photoinduced Silicon-Mediated 5-exo-trig
Cyclization of Aryl Halides

Scheme 35. (A) Visible Light-Mediated Three-Component
Reactions of Alkyl Iodides for the Synthesis of Tertiary
Amines; (B) Visible Light-Mediated Synthesis of Unnatural
Amino Acids
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Structurally related bis(organosilyl)imines have also been
demonstrated to generate silyl radicals under photoirradiation
(high-pressure Hg lamp) and this has been used to achieve
XAT reactivity with CCl4, Et−I, i-Pr−I, and Ph−I (Scheme
36).187

3.1.2.2. Applications in Photoredox Catalysis. Strategies
for silicon radical generation and XAT reactivity based on the
use of photocatalysis with low-energy light sources have been
significantly more adopted, especially through the use of
photoredox manifolds.
Historically, the first photocatalytic XAT reaction based on

silicon radical chemistry has been reported by Sakurai in
1985.188 In this early example, irradiation (λ > 300 nm) of
dodecamethylcyclohexasilane 83 in CCl4−CH2Cl2 using 9,10-
dicyanoanthracene (DCA) as the photocatalyst, gave 1,6-
dichlorohexasilane 84 and hexachloroethane 85, which are
products indicative of XAT on CCl4 (Scheme 37). This

process was rationalized on the basis of a reductive quenching
photoredox cycle where the photoexcited DCA (*DCA)
underwent SET with 83. The resulting Si-based radical cation
was proposed to react with CCl4 (XAT) and generate Cl3C• as
well as the oxidized chlorinated polysilane 86. At this point the
authors envisioned a further SET between this species and the
reduced DCA to generate the Si-radical 87. This species might
undergo another XAT step with CCl4, yielding 84 and 85
(radical−radical recombination). Other photocatalytic ap-
proaches for silicon radical generation from disilanes have
been reported but they have not been used in synthetic
settings.189−192

A distinct tactic for silicon radical generation via photoredox
catalysis has been introduced by Pandey using the Se-

containing reagent 89 (Scheme 38).193 In contrast to classical
Si-based reagents that are competent electron donors (e.g., 83,

Scheme 37), 89 acted as electron acceptor and enabled radical
generation via an oxidative quenching photoredox cycle based
on 1,5-dimethoxynaphthalene (DMN) as the photocatalyst
and irradiation from a 450 W high-pressure Hg lamp.
Mechanistically, the photoexcited DMN (*DMN) underwent
SET with 89, leading to the corresponding radical anion from
which mesolytic cleavage of the Se−Si bond194 gave the phenyl
selenide anion and t-BuPh2Si•. While the photoredox cycle
was closed by SET between the oxidized DMN and ascorbic
acid (HA) (additive used as sacrificial electron donor), the
silicon radical established a radical chain propagation based on
XAT activation of primary alkyl bromides and chlorides 88,
followed by cyclization onto the tethered olefin and final PhSe
group transfer with 89. The method was demonstrated in the
preparation of several Se-containing cyclic and bicyclic systems
90 in good yield.
Following these seminal reports, the generation of silicon

radical via photoredox catalysis was not further developed until
recently due to the renewed interest in methodologies
harnessing low-energy visible light. The following discussion
has been further organized on the basis of the overall
transformation achieved.

3.1.2.2.1. Dehalogenation Reactions. In 2016, the
Stephenson group reported the dehalogenation of unactivated
alkyl and aryl bromides using TTMSS as the XAT reagent,
[Ir(ppy)2(dtbbpy)]PF6 as the photocatalyst and (i-Pr)2NEt as
the base under air and blue-light irradiation (Scheme 39).195

This reaction was proposed to be initiated by the oxidative
quenching of the photoexcited Ir-photocatalyst by O2. This
step generated a peroxo radical that reacted via HAT with
TTMSS. The resulting (Me3Si)3Si• then established a radical
chain process based on XAT and carbon radical reduction.
This protocol represents a powerful solution to achieve the

Scheme 36. Photogeneration of Silicon Radicals from
Bis(organosilyl)imines and Its Application in XAT

Scheme 37. Photoredox Ring-Opening XAT-chlorination of
Dodecamethylcyclohexasilane

Scheme 38. Photoredox Tandem Radical Cyclization/
Phenylselenation of Various Alkyl Halides
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general reduction of (hetero)aryl bromides with both electron
poor and electron rich substituents in excellent yields.
Unactivated alkyl bromides were also engaged and also
implemented in 5-exo-trig cyclization processes (e.g., 91).
3.1.2.2.2. C−C and C−Heteroatom Bonds Formation. Silyl

activators have been frequently exploited for the formation of
C−C bonds through photoredox and XAT-based method-
ologies. An early example of this reactivity can be found in the
work of ElMarrouni, who developed the Giese addition of
unactivated alkyl bromides to Giese acceptors using TTMSS in
combination with Ir[dF(CF3)ppy]2(dtbbpy)PF6 photocatalyst
under blue light irradiation196 (Scheme 40A).197 The authors
proposed the process to be initiated by SET oxidation of traces
of bromide anion (Eox = 0.71 V vs SCE)198 by the

photoexcited Ir catalyst (reductive quenching). The ensuing
Br• could engage in HAT reactivity with TTMSS. XAT of the
resulting silicon radical with the alkyl bromide was followed by
Giese addition onto the acceptor. On the basis of the low
quantum yield determined, Φ = 0.45, the authors suggested
that the electrophilic α-carbonyl radical 92 was reduced to the
corresponding enolate by the Ir(II) and then protonated. This
pathway was supported by the evidence that CD3CN as the
solvent led to deuterated products. During the reaction
development, the use of 0.75 equiv of TTMSS was identified
as optimum to mitigate the direct reduction of the alkyl
bromides. In terms, of scope, primary, secondary, and tertiary
alkyl bromides were reacted with a wide range of acceptors in
generally good yields, and many functional groups were
tolerated including free alcohol. Intermolecular reactions of
alkyl bromides also using TTMSS and photoredox catalysis
have been employed in combination with styrenyl sulfones to
give Heck-type products as developed by König and Xiao
(Scheme 40B).199

This photoredox approach for (Me3Si)3Si• generation by
initial SET on a halide anion (X− = bromide or iodide)
followed by HAT between X• and TTMSS has also been used
to achieve Minisci reactions of alkyl iodides and bromides as
developed by Wang200 and El Marrouni201 (parts A and B of
Scheme 41, respectively). The two methods differ in the type

of photocatalyst used, and they both require a terminal oxidant
(O2 and S2O8

2−, respectively) to close the photoredox cycle
and/or rearomatize the N-heterocycle after Minisci addition. It
is worth noting that (Me3Si)3Si• is known to react with
molecular oxygen (as well as other oxidants) to give various
silyloxy species, which can potentially complicate the
mechanistic picture.157,202

The generation of silicon radicals via Br• mediated HAT
does not necessarily require a photocatalytic manifold as
demonstrated by Hong that developed a C4-selective Minisci-
type addition of unactivated alkyl bromides to N-amidopyr-
idinium acceptors 93 (Scheme 42).203 In this example, 93 and
the bromide formed EDA complex 94 that absorbed in the

Scheme 39. Photoredox Reduction of Organic Halides with
TTMSS

Scheme 40. (A) Silicon-Mediated Photoredox Giese
Reaction of Alkyl Bromides; (B) Photoredox Heck-Type
Reaction of Alkyl Bromides with β-Phenylsulfonylstyrenes

Scheme 41. (A) Silicon-Mediated Photoredox Minisci
Reaction of Alkyl Iodides and Bromides; (B) Silicon-
Mediated Photoredox Minisci Reaction of Alkyl Bromides
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visible range (λ < 450 nm). Blue light irradiation at the charge-
transfer band triggered a SET delivering Br• that initiated the
chain by HAT on TTMSS. The alkyl radical, generated by
XAT, reacted selectively at C4 on 93 and the aminium radical
95 fragmented across the weak N−N bond. This step released
the C4-alkylated pyridine 96 and generated an electrophilic
sulfonaminyl radical 97, which propagated the chain process by
polarity matched HAT on the silane. In contrast to standard
Minisci reactions, this method does not require a Brønsted
acid as the pyridine system is already activated. The chemistry
was compatible with both primary, secondary, and tertiary alkyl
bromides and also enabled the functionalization of complex
and densely functionalized derivatives (e.g., vismodegib, 98).
Despite TTMSS being a powerful reagent for application in

XAT reactivity, it still suffers from the common pitfall
associated to most tin and silicon hydrides, which is their
ability to serve as HAT donors. HAT efficiency is not
necessarily a virtue, as this can be problematic when
attempting the development of cascade reactions where the
C-radical (generated by XAT) needs to undergo further steps
that operates at slower rates than direct reduction.
Furthermore, the generation of the (Me3Si)3Si• from
TTMSS generally requires the identification of an appropriate
HAT mediator which can potentially make optimization more
difficult and increase the number of undesired reaction
pathways.
A versatile solution addressing these issues has been the

implementation of tris(trimethylsilyl)silanol ((Me3Si)3SiOH,
TTMSSOH, often referred as “supersilanol”),204 which, since
the seminal report from MacMillan (see below),205 has found
broad application in photoredox catalysis (Scheme 43).
Despite its somewhat elevated price, this reagent offers the

mechanistic advantage that the silicon radical is generated by
SET oxidation and deprotonation of TTMSSOH (Eox = +1.54
V vs SCE).205 This provides the silyloxy radical 99 that
undergoes a radical Brook-type rearrangement to
(Me3Si)2(Me3SiO)Si•.118,206 Crucially, this species displays a
XAT reactivity similar to the one of (Me3Si)3Si•, but the
strong nature of the O−H bond in TTMSSOH eliminates any
potential HAT to C-radical intermediates.
Molander utilized this reagent to convert aryl halides into

the corresponding radicals that were used for the preparation
of α-aryl-β,β′-difluorostyrenes 101 (Scheme 44).207 This

process proceed via a reductive quenching photoredox cycle
(4ClCzIPN photocatalyst,208 blue light irradiation), and upon
oxidation → deprotonation → Brook rearrangement of
TTMSSOH, the corresponding silicon radical underwent
XAT with aryl iodides and bromides. The resulting aryl
radicals reacted with α-trifluoromethylstyrene coupling part-
ners 100, and the resulting benzylic radicals 102 were reduced
to the anion 103, owing to the inductive effect offered by the
neighboring CF3 group. This reductive radical-polar crossover
reaction209 was concluded by fluoride elimination, which
provided the desired products 101. In terms of substrate scope,
both electron rich and electron poor (hetero)arenes reacted in
good yields and the process demonstrated compatibility with a
large variety of functional groups. In the case of precursors
containing both a C(sp2)−I and C(sp2)−Br bonds, the C−I
was selectively activated. Noteworthy, despite the highly
oxidizing 4ClCzIPN photocatalyst used, styrenes containing
electron rich groups such as tertiary amines andaryl methyl

Scheme 42. EDA-Mediated C4-Selective Alkylation of N-
Amidopyridiniums

Scheme 43. Generation of Silicon Radicals from TTMSSOH

Scheme 44. Reductive Radical-Polar Crossover Reaction of
Alkyl Halides with α-Trifluoromethylstyrene
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sulphide were smoothly converted into their corresponding
products.
A related reactivity was then employed to achieve the metal-

free cyanation of aryl bromides using TsCN as the radical trap
(Scheme 45A) and to convert anomeric alkyl bromides into
thio- and seleno-glycosides using S/Se-sulfonates acceptors
(Scheme 45B).210,211

The introduction of a fluorine atom is a sought-after
modifications in medicinal chemistry.212 MacMillan and Houk
recently reported a strategy for the fluorination of alkyl
bromides using NFSI (N-fluorobenzenesulfonimide, 104) and
photocatalysis (Scheme 46).213 This process required the use
of benzophenone (BP), which upon photoexcitation to the
triplet state (3BP) engaged with TTMSSOH by either HAT or
SET. The resulting silicon radical generated the alkyl radical,
which was fluorinated upon reaction with 104. This step
generated the electrophilic N-radical 105 that was proposed to
sustain radical chain propagation by reaction with TTMSSOH
(either HAT or SET). Mechanistically it is interesting to note
that despite the N−F bond in NFSI being weaker than a
standard C(sp3)−Br bond (BDEN−F = 63 kcal mol−1 vs
BDEC−Br = 71 kcal mol−1)21,214 and the (PhSO2)2N unit’s
ability to stabilize an incoming negative character, the silicon
radical does not undergo fluorine-atom transfer. This is in line
with XAT reactions responding to the polarizability of the
halide37 which, in this case, favors abstraction of the bromide
as also determined by the authors’ DFT studies. Primary,
secondary, and tertiary alkyl bromides were fluorinated in good
yield. Furthermore, a gem-dibromide derivative was converted
into the corresponding gem-difluoride which is a carbonyl
bioisosteres.215,216

3.1.3. Applications in Metallaphotoredox Catalysis.
Metallaphotoredox catalysis, which encompasses the merger of
photoredox with transition metal catalysis, has been a topic of
intense research over the past decade.16 This approach has had
a great impact toward the exploration of radical reactivity in
the presence of transition metals, thus enabling the develop-
ment of novel C−C and C−heteroatom bond-forming cross-
coupling-type strategies. The integration of silicon radical-
mediated activation of alkyl and aryl halides has provided a

powerful solution to the “oxidative addition problem”, whereby
difficulties in the two-electron addition of organic halides to
metal centers are eluded via their prior activation into the
corresponding radicals. The following discussion has been
divided on the basis of the metal utilized.

3.1.3.1. Nickel Catalysis. The first example describing the
integration of XAT in metallaphotoredox catalysis was
reported by MacMillan in 2016 with the development of a
reductive strategy for the C(sp2)−C(sp3) cross-coupling
between aryl and alkyl bromides (Scheme 47).217 In this
pioneering example, photoredox catalysis was used to generate
a Br• to access a silicon radical from TTMSS by HAT. The
resulting (Me3Si)3Si• engaged in XAT with the alkyl bromide
giving the corresponding radical. At the same time, the [Ni0]
cocatalyst underwent oxidative addition onto the aryl bromide
to provide the Ar−[Ni(II)]−Br complex that was intercepted
by the carbon radical. This step generated an alkyl,aryl−
[Ni(III)] species from which facile reductive elimination gave
the coupling product and a [Ni(I)] intermediate. As
commonly hypothesized in metallaphotoredox strategies,
both the photoredox and nickel cycles were closed by SET
between the low-valent [Ni(I)] complexes and the reduced
Ir(II) photocatalyst. An important feature of this reaction
design is the complementary between the two activation
pathways: the silicon radical selectively engages in XAT with
the weaker C(sp3)−Br bond (see also Table 1), while the
nickel catalyst preferentially undergo oxidative addition across
the C(sp2)−Br bond.218 In terms of scope, this protocol
accommodates primary, secondary, and tertiary alkyl bromides
and even Me−Br (generated in situ by reaction of MeOTs
with LiBr). Alkyl chlorides were also compatible but required
to be activated (e.g., Cl−methyl methyl ether, MOMCl).
Regarding the aryl bromide scope, ortho-, meta-, and para-

Scheme 45. (A) Photoredox Cyanation of Aryl Bromides
with Tosyl Cyanide; (B) Synthesis of Thio- and Seleno-
Glycosides from Bromosugars

Scheme 46. Benzophenone-Initiated Fluorination of Alkyl
Bromides and Mechanistic Considerations
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substituted derivatives of various electronic properties were
engaged in good to excellent yields. Numerous N-hetero-
aromatic bromides, including pyridine, pyrazine, imidazole,
and pyrazole, reacted smoothly. Interestingly, Lei, almost
simultaneously, reported a similar transformation but in the
absence of the silane.219 Using Et3N as a terminal reductant
together with MgCl2, the role of which has not been fully
elucidated, allowed both halide components to be activated
and coupled together.
The mildness of these reaction conditions and the high

yields obtained has made this process quickly adopted by the
academic and industrial communities. For example, teams from
Merck220 and Abbvie221 compared various cross-coupling
methodologies and found this manifold to be general across
a large range of alkyl and aryl bromides, which makes it a
valuable reaction in the MedChem toolkit to achieve rapid
diversification. Indeed, this XAT-based approach outcompeted
all modern nonphotodriven methods with exception of the
Negishi cross-coupling.
Further applications in medicinal chemistry were demon-

strated by Flanagen and Kölmel that used this reaction for the
generation of DNA-encoded libraries (Scheme 48).222 In this
case, the reaction conditions had to be tailored to
accommodate the aqueous environment required by DNA-
tagged reactants, and the coupling was then demonstrated on a
broad range of primary, secondary, and tertiary alkyl bromides
as well as numerous (hetero)aryl iodides. In this example, the
TTMSSOH gave slightly superior yields than TTMSS, as the
latter led to the formation of direct reduction byproducts.
Interestingly, the reaction could also be conducted in the
absence of silane, albeit in a lower yield, suggesting that the
nickel catalyst was able to activate simultaneously both the
alkyl bromide and the aryl iodide.

A frequent challenge in photoredox catalysis is represented
by the reaction scale-up that is often difficult to achieve in
batch.223 Candish recently demonstrated that immersion-well
reactors are suitable for straightforward scale-up as demon-
strated by the coupling of 4-bromobenzoate and 3-
bromopropanenitrile on 400 mmol scale (Scheme 49).224 In
this case, partial reoptimization of the process identified 2,6-
lutidine as the most effective base.

Flow chemistry is usually the prime method for scale-up of
photochemical reactions because the setup can be easily
modified to ensure good light penetration. In particular,
heterogeneous reactions like the ones using poorly soluble
inorganic bases or metal complexes can sometimes be
problematic for direct translation into photoflow technology.
This challenge has been addressed with the development of
novel reactors like the continuous stirred-tank reactor
(CSTR)225 and the oscillatory plug flow photoreactor
(COSTA)226 that can be used for running these metal-
laphotoredox XAT-based cross-couplings on scale.
The ability of silicon radicals and metallaphotoredox

catalysis to assemble C(sp2)−C(sp3) bonds was then extended
by MacMillan to the use of BrCHF2 as the alkyl halide to
achieve highly sought-after but still challenging arene
difluoromethylation (Scheme 50).227 This process represents
a powerful example where both enthalpic and polar effects
facilitate XAT: the weak F2HC−Br bond (BDE = 69 kcal
mol−1)21 combined with the ability of the gem-difluoro
methylene unit to stabilize an incoming negative charge in
the TS, makes the process thermodynamically and kinetically
very favorable. However, the activated nature of BrCHF2 also
means that this species can outcompete the aryl bromide for
oxidative addition with the low-valent nickel catalyst.228,229

This undesired pathway becomes particularly evident in the
case of electron rich aryl bromides that display slower rates of
reaction. In the endeavor to demonstrate this reactivity on a

Scheme 47. Metallaphotoredox Ni-catalyzed Coupling of
Aryl Bromides with Alkyl Bromides

Scheme 48. Application of Ni-Catalyzed Photoredox
Coupling of Alkyl Bromides with Aryl Iodides for the
Generation of DNA-Encoded Libraries

Scheme 49. Large Scale Ni-Catalyzed Metallaphotoredox
Coupling of Alkyl Bromides with Aryl Bromides Using an
Immersion-Well Reactor
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large scope, the authors found that tuning the equivalent of
BrCHF2 depending on the nature of the aryl bromide was
effective in minimizing the undesired side reactivity. This
enabled the use of both electron poor and electron rich aryl
bromides as well as heteroaryl derivatives. The method was
also used in late-stage functionalization as demonstrated by the
modification of celecoxib and indomethacin (106 and 107).
Vinyl bromides have also been employed as coupling

partners in conjunction with alkyl bromides by exploiting the
related concept of preferential XAT on the sp3 electrophile and
oxidative addition on the sp2 one (Scheme 51).199,230 Primary,

secondary, and tertiary alkyl bromides were coupled with α-
substituted or α,α′-disubstitued vinyl bromides to deliver
disubstituted and trisubstituted olefins, respectively, although
with moderate E stereocontrol. Free alcohol, carbamate, and
alkyl chloride were well tolerated under the reaction
conditions.
XAT and metallaphotoredox catalysis have also found

application in the mild acylation of unactivated alkyl bromides
for the preparation of ketone products. Several cross-
electrophile couplings with various acyl donors have been
reported over the years, but alkyl bromides remained an elusive
class of substrates for these purposes.231−238 Amgoune
exploited the activation of acyl succinimides 108 by a low-
valent nickel catalyst233,236 to couple them with alkyl bromides
using silicon radical-mediated XAT under dual photoredox
settings (Scheme 52).239 The reaction was amenable to
primary, secondary, and even benzylic bromides while the
tertiary 1-bromoadamantane and alkyl chlorides failed to react.
On the acyl side, both aryl and alkyl amides were successfully
engaged in generally high yields.
The possibility to merge silicon radical-mediated XAT

reactivity with dual photoredox−nickel catalysis was then used
by MacMillan to achieve the methylation of primary and

secondary alkyl bromides and therefore obtain a rare example
of C(sp3)−C(sp3) cross-electrophile coupling (Scheme
53A).240 The key reaction design of this process is similar to

the one discussed before (see Scheme 47) as the silicon radical
undergoes preferential Br-atom abstraction from the secondary
alkyl bromides. Me−Br (formed in situ by the reaction of
MeOTs with TBABr) is a challenging substrate for XAT, but it
is highly activated for oxidative addition with the nickel catalyst
and this subtle interplay between radical and metal reactivity
enabled selective C(sp3)−C(sp3) bond assembly. TTMSSOH
was identified as optimum, while TTMSS led to significant
amounts of reduction byproduct. The methylation of
secondary and primary alkyl bromides was achieved in
moderate to good yields and accommodated various protected
amine and alcohol functionalities as well as several basic N-
heterocycles (e.g., pyridine and piperidine). The alkyl bromide
coupling partner, which had to be used in excess, could contain
valuable polar functional group like free alcohol and epoxide.
This approach for C(sp3)−C(sp3) cross-coupling became more
problematic when attempting the coupling between two
unactivated alkyl bromides as a distinction based on
preferential XAT or oxidative addition is challenging. Never-
theless, the authors successfully overcame this challenge by
using an excess amount of the cheaper building block, thus

Scheme 50. Metallaphotoredox Difluoromethylation of Aryl
Bromides

Scheme 51. Silicon-Mediated C(sp3)−C(sp2) Coupling of
Alkyl Bromides with Vinyl Bromides

Scheme 52. Silicon-Mediated Metallaphotoredox Ketone
Synthesis from N-Acylsuccinimides

Scheme 53. (A) Silicon-Mediated Metallaphotoredox
Methylation of Aryl Bromides; (B) Silicon-Mediated
Metallaphotoredox C(sp3)−C(sp3) Coupling of Alkyl and
Aryl Bromides
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statistically favoring the formation of the desired heterocou-
pling product (Scheme 53B).
So far, XAT chemistry has been mostly applied to organic

iodides and bromides while chlorides are a desirable (they are
cheaper and more available) but still challenging class of
substrates.241 Nonetheless, methodologies able to accommo-
date their use in fragment couplings have been reported.
α-Chlorocarbonyls are a class of activated substrates for

XAT owing to their weak C(sp3)−Cl bond (BDEC−Cl ∼ 72−77
kcal mol−1)21 (enthalpic effect) and the ability of the carbonyl
group to stabilize an incoming negative charge in the TS (polar
effects). Using conditions similar to the ones identified for the
coupling of alkyl bromides (see Scheme 47), MacMillan was
able to translate the dual Ir−Ni approach to realize the general
arylation of α-chlorocarbonyls (Scheme 54).242 Although the

mechanism is similar to the one discussed for the coupling of
alkyl bromides, one difference was the use of (Et3Si)3SiH in
place of TTMSS, as this proved to be more efficient. The
authors proposed this improved reactivity to occur on the basis
of a slower rate of Cl-atom transfer by the (Et3Si)3Si• with
respect to (Me3Si)3Si•, which could allow better integration
with the Ni-cycle. This mechanistic hypothesis was supported
by the quantitative dehalogenation observed when 2-Br-
propionate was used in place of 2-Cl-propionate under
standard conditions. Alternatively, there could be a synergistic
effect whereby the sterically more hindered (Et3Si)3SiH
reagent undergoes the undesired HAT with the α-carbonyl
radical at a slower rate, and this might contribute to a better
integration of XAT with the metallaphotoredox manifold.
Regarding the scope of the process, α-chloroacids, esters,
amides, as well as benzylic chlorides (BDEC−Cl = ∼72 kcal
mol−1)21 could be coupled with aryl bromides of various
electronics and steric properties in good yields. Sensitive and
polar functional groups were tolerated, and valuable N-
heteroaryl chlorides were demonstrated to be feasible coupling
partners.
A more extensive exploration on engaging benzylic chlorides

in XAT and metallaphotoredox catalysis was then reported by
Brill that utilized these building blocks for the synthesis of
di(hetero)arylmethanes in a flow setup (Scheme 55).243 In this
case, the Cl-transfer step was mediated by TTMSSOH as
TTMSS led to considerable amounts of reduction byproducts.
The procedure provided the corresponding products in
moderate yields, but the short reaction time makes it a
powerful tool to generate “hits” in drug discovery programs
(only 1−2 mg of compounds are needed for pharmacological
assays).

While the examples mentioned before deal with the
utilization of activated alkyl chlorides, unactivated substrates
are still a remarkable challenge owing to their strong C(sp3)−
Cl bonds (BDE ∼82−86 kcal mol−1)21 that makes the
abstraction process significantly difficult. MacMillan tackled
this challenge by designing the novel silicon-based reagent
(Me3Si)3SiNHAd that was successfully utilized in the cross-
electrophile coupling between alkyl and aryl chlorides (Scheme
56).244 The element of design for this species was based on the

idea of introducing n-donating substituents at the Si to increase
the nucleophilic character of its corresponding radical and
therefore maximize charge-transfer stabilization in the XAT
TS. In analogy with TTMSSOH, (Me3Si)3SiNHAd can be
readily oxidized (Eox = 0.86 vs SCE) and deprotonated to the
aminyl radical 109 that transposes by radical aza-Brook
rearrangement to the (Me3Si)2[(Me3Si)AdNH]Si•.118,245,246
Using this highly nucleophilic α-aminosilyl radical, the authors
were able to engage secondary and even primary alkyl
chlorides with N-heteroaryl chlorides under dual photo-
redox−nickel catalysis (T = 55 °C). No reaction was observed
with TTMSSOH, while TTMSSH resulted in starting material
consumption but did not lead to product formation.
Fur thermore , the lower ox ida t ion potent ia l o f
(Me3Si)3SiNHAd meant that the milder photocatalyst Ir-
(ppy)2(dtbbpy)PF6 could be used in place of Ir[dF(CF3)-
ppy]2(dtbpy)PF6, which was usually employed in conjunction
with TTMSSOH.

Scheme 54. (Et3Si)3SiH-Mediated Metallaphotoredox
Arylation of α-Chloroesters and Benzyl Chlorides

Scheme 55. Metallaphotoredox Coupling of Benzyl
Chlorides and Aryl Bromides for the Synthesis of
Diarylmethanes

Scheme 56. (Me3Si)3SiNHAd-Enabled Coupling of Alkyl
Chlorides and Aryl Bromides
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3.1.3.2. Cu Catalysis. Copper is a cheap and abundant
transition metal that is widely employed in cross-coupling
strategies, mostly due to the ease of reductive eliminations
occurring from high-valent organyl−Cu(III) species.247,248

However, copper catalysis can suffer from the poor ability of
Cu(I) to undergo oxidative addition on aryl halides,249,250 with
the exception of activated electrophiles like aryl iodides or
electron poor aryl bromides.251,252 Metallaphotoredox catalysis
has therefore been very useful in providing an alternative
approach to overcome this oxidative addition challenge.
MacMillan has developed a dual photoredox−copper

catalytic approach for the direct trifluoromethylation of aryl
bromides where silicon radical-mediated XAT is used to
activate the aromatic building block (Scheme 57).205,253 In line

with previous reports on dual photoredox-nickel catalysis,
TTMSSOH was oxidized by the excited state of the Ir-
photocatalyst to generate (Me3Si)2(Me3SiO)Si• (deprotona-
tion and radical Brook rearrangement). This silicon radical
engaged in XAT with the bromide, thus leading to the
corresponding aryl radical. Meanwhile, SET reduction of 110
closed the photoredox cycle and generated the F3C•. This
species was intercepted by the [Cu(I)] catalyst, and the
resulting [Cu(II)]−CF3 species further reacted with the aryl
radical to give the high-valent Ar−[Cu(III)]−CF3 complex
111. Facile reductive elimination provided the trifluoromethy-
lated product and regenerated the catalytically active [Cu(I)].
Overall, this approach circumvented the difficult 2e− oxidative
addition of [Cu(I)] to the aryl bromide with two fast radical
captures. In terms of substrate scope, electron poor and
electron rich (hetero)aryl bromides were converted to the
corresponding CF3-containing products in good yields.
This approach was then translated to achieve the

trifluoromethylation of unactivated alkyl bromides, a class of
substrates which is typically out of reach for most copper-

catalyzed processes (Scheme 58).254 Primary, secondary, and
tertiary derivatives delivered the products in average to high

yields. When 4-bromobenzyl bromide was engaged, selective
activation of the benzylic C−Br bond was observed, furnishing
the 1-bromo-4-(2,2,2-trifluoethylbenzene) in 39% yield, owing
to its lower BDE compared to C(sp2)−Br bonds (55.1 kcal
mol−1 vs 83.5 kcal mol−1). The mild reaction conditions
allowed base-sensitive homobenzylic bromide to be efficiently
converted to their corresponding products, bypassing the
undesired elimination pathway.
While the trifluoromethyl moiety is frequently used in

medicinal chemistry programs, the introduction of high-order
perfluoroalkyl groups is also of interest, especially to modulate
molecular properties like lipophilicity and electronegativ-
ity.255,256 Complementing Pd- and Ni-based approaches,257,258

MacMillan extended the previous metallaphotoredox manifold
to achieve the general perfluoroalkylation of alkyl and aryl
bromides using commercially available Ruppert−Prakash-type
reagents (Me3Si−CnF2n+1) (Scheme 59).254 The nucleophilic

character of these species required the presence of an external
oxidant to turn over both catalytic cycles, and running the
reaction under air was found to sufficient to achieve high
yields. Also in this case, TTMSS and TTMSSOH performed
poorly, while (Me3Si)3SiNHAd was identified as optimum.
Under these conditions, primary and secondary alkyl bromides
as well as (hetero)aryl bromides were successfully perfluor-
oalkylated in generally good yields.
This oxidative reaction manifold has also been extended to

achieve Ullmann−Goldberg-type259,260 cross-couplings be-
tween aryl bromides and nucleophilic N-heteroatomatics.261

Using the same blueprint for the dual photoredox−copper
perfluoroalkylation process (see Scheme 59) employing
TTMSSOH as the XAT reagent, enabled the general coupling
of a broad range of both N-heteroaromatics and (hetero)aryl
bromides (Scheme 60). Very recently, this approach has also

Scheme 57. TTMSSOH-Mediated Copper-Catalyzed
Trifluoromethylation of Aryl Bromides

Scheme 58. TTMSSOH-Mediated Copper-Catalyzed
Trifluoromethylation of Alkyl Bromides

Scheme 59. Si-Mediated Metallaphotoredox Copper-
Catalyzed Perfluoroalkylation of Alkyl and Aryl Bromides
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been extended to achieve the amination of alkyl bromides and
chlorides building blocks.262

3.1.4. Germanium Radicals. Organogermanium hydrides
are isoelectronic to silanes and stannanes and have found use
in radical chemistry mostly to achieve hydrodefunctionaliza-
tion processes.263,264 Germanium radicals and their ability to
abstract halogen-atoms were first observed in 1970 by Brook
while studying the photolysis of acyl−GePh3 species in
CCl4.

265 Under these conditions, C(sp2)−Ge bond homolysis
took place, generating Ph3Ge•, which abstracted a chlorine-
atom from the solvent. In 1978, Tedder studied the XAT from
alkyl chlorides using alkyl germanium radicals in the gas
phase.266 Interestingly, the authors observed a stronger
interplay of polar effects in comparison to analogous reactions
of tin radicals under similar conditions. Fundamental studies in
XAT reactivities were then reported by Hayashi, Mochida, and
Scaiano,23 in which several absolute rate constants were
measured (Table 4). Overall, Bu3Ge• displays a halogen-
abstracting profile like that of Bu3Sn• and about 1 order of
magnitude slower in comparison with Et3Si•.
In analogy to tin and silicon radicals, the high reactivity of

germanium radicals in XAT settings is also rooted on their

ability to stabilize charge separation in the transition state
(polar effects). However, the H-donor ability of germanes is
attenuated in comparison with stannanes (the HAT between
primary alkyl radicals and Bu3GeH is ∼20 times slower than
for Bu3SnH, Scheme 61A),267 which is a favorable aspect for

the development of radical cascade processes. These reactivity
features, together with their reduced toxicity, make germanes
interesting alternatives to tin hydrides.263,264

The utilization of germanium radicals in organic synthesis
has been generally achieved under thermal conditions using
the decomposition of AIBN as the initiation mechanism as
pioneered by Hershberger in 1985.268 A discussion of these
processes is beyond the scope of this review, but relevant

Scheme 60. Si-Mediated Metallaphotoredox Copper-
Catalyzed Arylation of Azoles

Table 4. Comparison of XAT Rates Using Ge-, Sn-, and Si-Radicals (all kXAT are in M−1 s−1)a

aThe rate constants for XAT (kXAT) have been approximated to the near integral number.

Scheme 61. (A) Rates of HAT for the Generation of
Germanium and Tin Radicals;a (B) Comparison in the
Reactivity of Alkyl Iodides Using Germanium and Tin
Radicals

aThe rate constants for XAT (kXAT) have been approximated to the
near integral number.

Chemical Reviews pubs.acs.org/CR Review

https://doi.org/10.1021/acs.chemrev.1c00558
Chem. Rev. 2022, 122, 2292−2352

2315

https://pubs.acs.org/doi/10.1021/acs.chemrev.1c00558?fig=sch60&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemrev.1c00558?fig=sch60&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemrev.1c00558?fig=tbl4&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemrev.1c00558?fig=tbl4&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemrev.1c00558?fig=sch61&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemrev.1c00558?fig=sch61&ref=pdf
pubs.acs.org/CR?ref=pdf
https://doi.org/10.1021/acs.chemrev.1c00558?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


examples can be found in the works of Beckwith,269 and
Ryu,270 in which germane reagents have been demonstrated to
be superior to Bu3SnH for the realization of challenging
cyclizations (e.g., 112 → 113) and intermolecular reactions
(e.g., 114 → 115) (Scheme 61B).
The photochemical fragmentation of acyl germanes has

represented one of the most convenient methods for the
generation of germanium radicals via Norrish type I reactivity
from their triplet (n,π*) excited state (Scheme 62A).265,271,272

In contrast to classical carbonyl photochemistry where high-
energy UV light is generally required for photoexcitation, the
red-shifted absorption of acyl germanes allows the use of low-
energy visible light (>380 nm).273,274 This photochemical
reactivity has been used as an initiation mechanism in
polymerization processes, and its application in biomedical
settings (e.g., dental filling) retains a high interest in view of
the low toxicity of germanes and the low-energy light required
for their activation.275

Synthetic application of Norrish type 1 fragmentation of acyl
germanes has been demonstrated by Curran to achieve the
intramolecular cyclization of alkyl iodides under both thermal
(AIBN) and photochemical conditions (Scheme 62B).276 This
process was based on a radical chain initiated by the
photochemical fragmentation of 116. This step generated the
Bu3Ge• that underwent XAT with the alkyl iodide followed by
intramolecular cyclization onto the acyl germanium moiety.
The resulting α-Ge O-radical 117 underwent β-scission across
the weak C−Ge bond, thus giving the cyclic ketone 118 and
chain-carrying Bu3Ge•. Later studies from the same authors
extended this reactivity to related cyclizations of secondary and
tertiary alkyl bromides.277−279

Other photochemical approaches for the generation of
germanium radicals are direct HAT by t-BuO•280 or UV−C
decomposition of digermoxanes (R3Ge)2O,

281 although these
have mostly found use in FLP and not in synthetic settings.
3.1.5. Boron Radicals. Borohydrides have found broad

utilization in radical chemistry due to their ability to convert
R3Sn−X species into the corresponding hydrides R3Sn−
H.282,283 This has been frequently employed to develop

transformations utilizing substoichiometric amounts of tin
reagents as pioneered by Corey93 and Stork284 under both
photochemical and thermal activation (Scheme 63).285

A different avenue is the use of boron radicals (boryl) as
halogen-abstracting reagents (Scheme 64). These open-shell

species are usually generated by HAT from the corresponding
borohydrides and Lewis base−BH3 complexes (Lewis base =
HCN, Me3N, Ph3P, NHC), owing to their relatively low B−H
BDEs.286 The hydridic nature of the H-atom in these
boronates means that electrophilic radicals (e.g., t-BuO•,
triplet benzophenone, −O3S−O•) are required to maximize
polar effects in the HAT step (Scheme 64A).287,288 The
corresponding boryl radicals are metalloid radicals of σ-
configuration (bar the NHC−BH2•, in which the unpaired
electron is delocalized into the NHC π-system)289 and with a
formal negative charge, which provides them with distinct
nucleophilic character (Scheme 64B).290

XAT reactivity of boryl radicals follows the same
mechanistic features discussed in section 2: the strong nature
of the resulting B−X bonds renders the reactions exothermic
while the boryls’ nucleophilic character stabilizes the interplay
of polar effects in the abstraction TS.291

The ability of boryl radicals to take part in XAT reactivity
has been amply demonstrated by the mechanistic EPR and
FLP studies from Roberts, Ingold, and Laleveé.27,292 As shown
in Table 5, the rate constants for XAT determined in these
pioneering works indicates that Me3N−BH2• and H3B• have a
reactivity comparable to the one of Et3Si•, while NHC−BH2•

Scheme 62. (A) Photochemistry of Acyl Germanium
Species; (B) Synthetic Applications of Acyl Germanium in
Photochemistry

Scheme 63. Radical Reactions of Alkyl Iodides with
Substoichiometric Amounts of Tin Reagents

Scheme 64. (A) Generation and Properties of Boryl
Radicals Generated by HAT; (B) Charge Transfer in XAT
Using Boryl Radicals
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has a slower profile which is in line with its attenuated
nucleophilic character.
Despite the versatility of boryl radicals in XAT settings,

efforts toward their utilization in synthetic photochemistry are
scarce as they are usually generated under thermal conditions
(e.g., decomposition of AIBN) and their reactivity has been
reviewed elsewhere.293,294

The first use of boryl radicals in XAT using photochemistry
can be found in the pioneering works of Barltrop,295 Groves,296

Ohashi,297 Beckwith,298 and Epling299 on the photochemical
dehalogenation of aryl halides using NaBH4 under high-energy
light (hν = 254 nm) irradiation (Scheme 65).300 These

processes are initiated upon homolysis of the C(sp2)−X bond
followed by HAT between the Ph• and the borohydride. This
event generated the boryl radical •BH3 which acted as chain-
carrier for the reduction of the halide. Although a distinction
between XAT and SET was not advanced to rationalize the key
reaction between Ph−X and •BH3, a good correlation was
obtained between the quantum yields (Φ) of the processes and
the various C(sp2)−X BDEs.
An example of photochemical dehalogenation mediated by

NHC−BH3 was reported by Fensterbank, Lacôte, Malacria,
and Curran in 2011 (Scheme 66).301 In this case, the authors
took advantage of the ability of standard sun lamps to promote
the homolytic O−O bond cleavage of (t-BuO)2. The resulting
t-BuO• was used to generate NHC−BH2• by HAT on 119
(BDEB−H = 79 kcal mol−1). This step initiated a radical chain

propagation based on XAT and HAT, which enabled the
homolytic activation of alkyl iodides and bromides and was
also applied to radical cyclization cascades (e.g., 120).302,303

A powerful use of boryl radicals can be found in the work of
Ryu on the hydroxymethylation of unactivated primary,
secondary, and tertiary alkyl iodides and tertiary alkyl bromides
with CO (Scheme 67).304,305 In these examples, the alkyl
halides were engaged in photoinitiated radical chain prop-
agations where the alkyl radical (generated upon photo-
chemical homolysis of the C(sp3)−X bond) intercepted CO,
thus providing the corresponding acyl radical 121. This species
reacted with the borohydride to give the aldehyde product that
was further reduced to the alcohol. This HAT step provided
the key chain-carrying H3B• that engaged in a following
reaction with the halide. The authors rationalized this process
on the basis of SET due to the low reduction potential of
•BH3, but XAT was not excluded.
In 2014, the same group demonstrated a related photo-

chemical strategy for the Giese alkylation of acrylates and other
α,β-unsaturated acceptors with alkyl iodides (Scheme 68A).306

This approach used NaBH3CN as boryl radical precursor and
required irradiation from a 500 W Xe lamp. In analogy to the
reactivity discussed above, photochemical homolysis of the
C(sp3)−I bond generated the alkyl radical that underwent
Giese addition to the acrylate. This step provided an α-ester
radical that gave the desired product upon HAT with the

Table 5. Rates of XAT from B- and Si-Radicalsa

aThe rate constants for XAT (kXAT) have been approximated to the near integral number.

Scheme 65. Photochemical Dehalogenation of Aryl Halides
Using NaBH4

Scheme 66. Photochemical Dehalogenations of Alkyl
Halides Using NHC−Boryl Radicals
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borohydride. In this way, the chain-carrying boryl radical was
regenerated.
The utilization of a borohydride as XAT reagent precursor

and HAT donor has a significant mechanistic advantage over
the use of tin and silicon hydrides. Indeed, while (CN)BH2•,
Bu3Sn•, and (Me3Si)3Si• all display similar XAT reactivity on
alkyl iodides, borohydrides are much slower at HAT with alkyl
radicals (Scheme 68B). This means that the frequent side
reactions caused by direct reduction can be minimized,
facilitating the implementation of multicomponent processes.
Despite this, functional group compatibility with borohydride
reagents can sometimes be lower.307

More recently, a similar photochemical approach was
exploited by Dilman to achieve the silyl-difluoromethylation
of Giese acceptors (Scheme 68C).308 In this case the NHC−
BH3 reagent was identified as optimum and a broad range of
acceptors spanning esters, amides, ketones, sulfones, and
nitriles was engaged. The activated nature of the starting silyl-
difluoromethyl halides was beneficial in terms of reaction setup
as simple irradiation from blue LEDs is sufficient to initiate the
process and sustain the boryl radical chain reactivity.

3.1.6. Phosphorus Radicals. Phosphorus radicals derived
from phosphates and hypophosphites can be generated by
HAT or SET from their corresponding phosphoric and
hypophosphorous acids.309−311 In particular, hypophospho-
rous acid, H3PO2, and its salts (e.g., 1-ethylpiperidine
hypophosphite) have found frequent application in radical
chemistry as (i) the hypophosphinyl radical anion (HPO2

•−) is
a nucleophilic species (Eox ∼ −1.4 V vs SCE),312 capable of
halogen abstraction, and (ii) H3PO2 contains a relatively weak
P−H bond (BDE = 75 kcal mol−1),313 which makes it a good
HAT donor. These features are optimal for application in
radical chain dehalogenation and deoxygenation reactions,
where hypophosphites have been used as a water-soluble,
nontoxic, and inexpensive alternative to tin hydrides (Scheme
69).314−317 It is important to note that phosphorus radicals are

however less effective at XAT than tin and silicon radicals and
often engage in competitive addition to olefins (hydro-
phosphination).314,318 Indeed, mechanistic work carried out
by Ingold on (EtO)2(O)P• demonstrated that bromine
abstraction with this species is 2 orders of magnitude slower
than with Bu3Sn•.319 Further study on different phosphorus
radicals demonstrated that their reactivity toward XAT
decreases with the radical planarization, which translates into
a lower spin density at the P-atom.318,320−322

The utilization of phosphorus radicals in synthetic XAT
strategies has mostly relied on thermal activation since the
introduction of these reagents in atom transfer processes by
Barton 1982.323,324 As mentioned before, phosphorus radicals
undergo XAT at slower rates than other species (e.g., tin and

Scheme 67. Boryl Radical-Mediated Carbonylation of Alkyl
Iodides

Scheme 68. (A) Boryl Radical-Mediated Giese Reactions of
Alkyl Iodides; (B) Comparison of the Rate Constants for
HAT to Generate Boryl, Tin, and Silicon Radicals;a (C)
Photochemical Boryl Radical-Mediated Giese Reactions of
Silyl-Difluoromethyl Halides

aThe rate constants for XAT (kXAT) have been approximated to the
near integral number.

Scheme 69. Dehalogenation of Alkyl Bromides by the
Hypophosphinyl Radical Anion
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silicon radicals), and although this can be perceived as a
limitation, it can provide opportunities for the development of
chemoselective reactions. This has been demonstrated by
Suarez when studying the reactivity of 1-deoxy-1-iodo-1-
haloalditols (Scheme 70A).325 In these examples, hypophos-

phite-based XAT was used to selectively deiodinate 122 to
123, in contrast to the use of Bu3SnH, which gave complete
bis-dehalogenation (124). This chemoselective C(sp3)−I bond
activation protocol was also applied to the addition of the
resulting 1-bromoalkyl radical to Giese acceptors (e.g., 125).
Perchyonok has described the use of black light (near UV) to
initiate the cyclization of bromonucleosides (Scheme 70B).326

More recently phosphoranyl radicals have been proposed to
be involved in the activation of alkyl iodides as part of
hydroxymethylation reactions (Scheme 71).327 The process
enabled the use of formadehyde as C1 synthon in radical
chemistry and was based on a radical chain mechanism based

on XAT reactivity for both the initiation and the propagation
step. The use of photoredox generated α-aminoalkyl radicals
(see section 3.3.1) was used to convert the secondary alkyl
iodides into the corresponding alkyl radical that intercepted
formaldehyde. While this type of radical addition is reversible,
the presence of a stoichiometric phosphine additive ensured
the immediate trapping of the oxygen radical. The resulting
phosphoranyl radical was determined to be strongly
nucleophilic but not highly reducing, which led the authors
to proposed iodine abstraction as the most likely chain carrying
mechanism.
The underutilization of photochemical strategies in XAT

settings is notable, considering the vast amount of literature
applying photoredox conditions as a mild way to generate
related P-radicals via HAT or SET oxidation.328−335 This
blueprint, in contrast, has been implemented in many P-radical
additions to olefins but, to the best of our knowledge, not in
XAT reactivity.

3.2. Metal-Based XAT Reagents

In this section, we describe the use of open-shell metal
complexes (i.e., metalloradicals) in photochemical XAT
processes. These are commonly paramagnetic 17e− complexes,
characterized by a SOMO based on a highly directional, singly
occupied d orbital. As a result, they display strong tendency
toward atom abstraction to give a more stable 18e− closed-
shell complex.336,337 This reactivity profile has fundamental
implications not just in XAT chemistry but in transition-metal
catalysis as a whole because the activation of alkyl halides in
cross-coupling reactions catalyzed by first-row transition metals
(e.g., Ni, Co, and Fe) is often proposed to occur via halogen
transfer.338−343 Considering the rise of metallaphotoredox
approaches in recent years, particularly using nickel catalysis,
metal-mediated XAT activation steps might be occurring
although they are not explicitly discussed in the mechanistic
proposals.
Accordingly, this section will not cover examples of

metallaphotoredox catalysis16,344 and will focus on representa-
tive examples of photochemical processes in which the
metalloradical is a well-defined species and displays a role
restricted to XAT. In some cases, inner-sphere SET processes to
activate C−X bonds will also be discussed, considering the
strong similarities they share with polarized XAT and the
difficulties in discerning between these two processes (Scheme
72).345

3.2.1. Dimeric Carbonyl Complexes Displaying
Photocleavable Metal−Metal Bonds. Low-valent metal
carbonyl complexes (e.g., Mn, Fe, Co, W, or Re) featuring a
metal−metal bond have been extensively studied in the last 50

Scheme 70. (A) Hypophosphinyl Radical Anion-Mediated
Reactions of Alkyl Halides; (B) Cyclization of Alkyl
Bromides

Scheme 71. Photochemical Hydroxymethylation of Alkyl
Iodides via Phosphoranyl Radicals

Scheme 72. Mechanistic Pathways for XAT Reactions
Involving Metal Complexes
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years and are considered nowadays archetypal complexes in
the field of organometallic chemistry.346−349 These species
display interesting photochemistry, and upon light absorption
they undergo metal−metal bond homolysis to give a 17e−

metalloradical pair (Scheme 73A).350 The majority of

carbonyl-metalloradicals recombine at almost diffusion con-
trolled-rates, but upon continuous light irradiation, other
processes can take place such as XAT from organic halides.345

The halogen abstraction is a thermodynamically favorable
process by virtue of the fulfillment of the 18e− rule and results
in the formal 1e− oxidation of the metal center together with
the coordination of the halide ion.336,345

Dimeric carbonyl complexes with a metal center in oxidation
state [M0] (e.g., Mn, Re, Co) are usually homoleptic (bearing
8 or 10 CO ligands), although examples of heteroleptic
complexes have been described with some of the CO ligands
substituted by phosphines. Complexes based on metals in
oxidation state [M+1] (e.g., Fe, Cr, Mo, W) usually contain an
additional anionic η6-cyclopentadienyl ligand. The structures of
the most representative examples are depicted in Scheme 73B.
The reactivity of these species is mainly governed by either

CO dissociation or homolytic metal−metal bond cleavage,
both of which can be triggered by using thermal or
photochemical conditions.350−354 Upon light irradiation, the
prevalence of CO dissociation vs metal−metal bond homolysis

is wavelength-dependent, with high-energy (UV light)
irradiation generally leading to CO loss and low-energy
irradiation (visible light) resulting in metal−metal bond
homolysis. In the latter case, light absorption at σ−σ*
transitions results in the weakening of the metal−metal bond
which, upon cleavage, generates two metalloradicals with a
single electron in a nonbonding d-orbital (Scheme 73C).
The relatively long lifetime and low-energy absorption

profile of most metalloradical species make them suitable for
FLP studies and a large number of rate constants for their XAT
reaction with different halide donors are available (Table
6).351,355−361 In addition, by performing experiments with
mixed metal dimers (i.e., [M−M′]), Wrighton determined a
XAT reactivity scale for the abstraction of both 1-iodopentane
and CCl4 (Scheme 73D).362,363

Beyond enthalpic factors associated with the strength of the
forming metal−halogen bond, polar and steric effects are also
important, as demonstrated by Brown’s work on the reactivity
of manganese metalloradicals (L)(CO)4Mn• with CCl4
(Scheme 74A).364 In these examples, the XAT profile of the
corresponding Mn-metalloradical was largely influenced by the
nature of the phosphine ligand (L), for example, when L =
PBu3 the Cl-abstraction was 2 orders of magnitude faster than
when L = P(Oi-Pr)3. As these two ligands have similar sizes,
this effect was rationalized on the basis of an increase in the
nucleophilicity of the metalloradical bound to the more
electron donating PBu3. Steric effects were also demonstrated
when evaluating the reactivity of Mn complexes with bulky
phosphine ligands. In these cases, the increase of steric
hindrance of the overall metalloradical species (indirectly
evaluated using the Tolman angle of the ligand, ϑ) translated
into slower XAT reactivity. A similar trend based on the
interplay of both polar and steric effects was observed for
related (L)(CO)4Re• species.356,365 Along the same lines, it
was observed that irradiation of Mn2(CO)10 in the presence of
the electron rich and small disphosphine ligand depe [1,2-
bis(diethylphosphino)ethane] generated the highly reactive
metalloradical (depe)(CO)3Mn•, capable of undergoing XAT
with unactivated alkyl and aryl bromides (Scheme 74B).365

The modular reactivity and ease of generation, together with
the many in-depth mechanistic studies, have facilitated the
implementation of metalloradical-based XAT processes in
organic synthesis. However, despite the number of photoactive
species based on Re, W, Mo, Co, and Cr, synthetic
photochemistry has thus far been performed almost exclusively
with Mn2(CO)10 and, to a lesser extent, Fp2.

3.2.1.1. Dimanganese Decacarbonyl, Mn2(CO)10.
Mn2(CO)10 is a commercially available, bench-stable, low-
valent dimeric complex that has shown applications in organic
synthesis for more than half a century.366 The ease of
generation of (CO)5Mn• by visible-light irradiation has
facilitated mechanistic studies on its reactivity as well as
synthetic applications in XAT processes.350,364,367 Historically,
the photochemical reaction between Mn2(CO)10 and CCl4 was
reported by Bamford in 1965, who proposed it to be based on
a chlorine transfer368 and has found application in the
initiation of polymerization processes (vide infra).
Although reactivity with alkyl halides was reported

before,364,369 the utilization of Mn-metalloradicals in organic
synthesis started in 1999, when Parson used them for the
photochemical dimerization of allylic, propargylic, and benzylic
bromides (Scheme 75A).370 This method provided a mild
alternative to obtain Wurtz-type coupling products without the

Scheme 73. Photochemistry of Carbonyl Metal Dimers: (A)
Photochemical Generation of 17e− Metalloradicals and
Their XAT Reactivity, (B) Representative Examples of
Carbonyl Dimers Containing [M−M] Bonds, (C) Structure,
Bonding, and Primary Photochemical Process, (D)
Reactivity Scale of Metalloradicals in XAT
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need of sodium metal or other highly reactive organometallic
reagents. The mild reaction conditions allowed broad func-
tional group compatibility, including alcohol, esters, and free
carboxylic acids. In addition, the cross-coupling of two
different substrates (e.g., 126) was achieved in synthetically

useful yields when one of the partners was used in 2-fold
excess. Shortly after, the same group extended this photo-
chemical strategy using catalytic Mn2(CO)10 to achieve the
cyclization of N-allyl-α-iodoamides371,372 and the ATRC
between Cl3CBr and divinylated ethers and tosylamides. The
synthetic value of this Mn-based photocatalytic process was
further demonstrated in the synthesis of the alkaloid
(−)-trachelanthamidine (Scheme 75B).373−375 The use of
biphasic CH2Cl2/NaOH(aq) conditions in the presence of a
quaternary ammonium salt as phase-transfer agent was found
to be beneficial in many cases, simplifying the removal of metal

Table 6. Rates of XAT from Various Metalloradicalsa

aThe rate constants for XAT (kXAT) have been approximated to the near integral number.

Scheme 74. (A) Impact of Phosphine Ligands on the XAT
Rate Constant with Mn-Metalloradicals;a (B) Polar and
Steric Effects in Mn-Mediated XAT Reactions

aThe rate constants for XAT (kXAT) have been approximated to the
near integral number.

Scheme 75. (A) Photochemical Dimerization of Alkyl
Bromides Using Mn2(CO)10; (B) Photochemical ATRC
Reaction of Alkyl Iodides Using Mn2(CO)10
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byproducts and allowing the use of Mn(CO)5Br as
precursor.375

More recently, the use of Mn2(CO)10 in photocatalytic
ATRC processes has been further explored by Zhang in the
development of 5-exo-dig and 5-exo-trig radical cyclizations of
alkyl iodides to access the corresponding alkenyl and alkyl
iodides (Scheme 76A).376 The authors reported a fast reaction

with a quantum yield (Φ) of 1.5, thus suggesting the presence
of radical chain propagations. Using the ATRC reaction of
iodide 127 to give 128 as an example, blue LEDs irradiation
enabled photochemical metal−metal bond homolysis, thus
generating the resultant Mn-metalloradical. This species
underwent XAT with the alkyl iodides to give the C-radical
129 and the (CO)5Mn−I complex. Upon 5-exo-dig cyclization,
the vinyl radical 130 delivered product 128 by XAT with either
(CO)5Mn−I (Mn-based catalytic cycle) or with the starting
iodide 127 (radical chain propagation). This protocol
exhibited good functional group tolerance as well as an array
of structural variations in the alkene/alkyne acceptor,
representing a convenient method to build complex alkyl/
alkenyl iodides for further elaboration.
Further work from the same authors focused on the

intermolecular ATRA−fluoroalkylation of alkenes and alkynes
with activated α-difluoroesters and perfluoroalkyl iodides to

give the desired alkyl and alkenyl iodides in good yield and
high levels of E selectivity (Scheme 76B).377

A powerful example of Mn-metalloradicals in synthetic
photochemistry was demonstrated by Friedstad with the
development of diasteroselective additions of alkyl iodides to
chiral N-acylhydrazones 132 (Scheme 77).378−380 This

approach enabled the use of primary iodides, which are
difficult to engage using strategies based on Et3B/O2

381 or
Bu3SnH

382,383 owing to competitive Et• addition to 132 or
premature radical hydrogenation, respectively. The chiral
oxazolidinone-based auxiliary allowed the radical addition to
occur with high levels of diasteroselectivity (generally >95:5),
which was used to access, upon N−N bond reduction,
enantioenriched α-branched amines. This methodology has
found many applications and, for example, was used in the
asymmetric synthesis of alkaloids (e.g., (R)-coniine,
133),384,385 α- and γ-aminoesters,386,387 perhydroisoquinolines
(e.g., 134),388,389 and several intermediates for the preparation
of tubulysin antibiotics.390

In 2016, Alexanian reported the carbonylative cyclization of
alkyl iodides using catalytic amounts of Mn2(CO)10 under CO
atmosphere (10 atm) (Scheme 78).391 This approach
combined the ability of (CO)5Mn• to undergo XAT with
the activation of CO by OC → Mn coordination, which
enabled a subsequent radical carbonylation. Although the use
of powerful light sources was not required, the reactivity was
completely suppressed when the reaction was conducted in the
dark, thus suggesting that ambient light was enough to initiate
and sustain the process. Regarding the mechanism, after Mn-
metalloradical generation and XAT, the resulting C-radical 135
underwent exo-trig cyclization followed by carbonylation with
Mn(CO)5I to give the acyl complex 136. Nucleophilic addition
of the alcohol solvent (e.g., EtOH) provided the corresponding
α-cyclic esters and regenerated (CO)5Mn•. It is interesting to
note that intermediate 137 could also react with Mn(CO)5I via
XAT, thus giving the ATRC iodide product 138. This
reactivity was proved experimentally, as this species accumu-
lated at low conversion. However, this pathway is reversible
[(CO)5Mn• can regenerate 137 by XAT on 138], which
eventually channels the reaction back into the final carbon-
ylation manifold. Overall, this methodology allowed the
replacement palladium catalysts, which are normally used in
carbonylative processes of organic halides, with an inexpensive,

Scheme 76. Application of Mn2(CO)10 in Photochemical
Reactions of Iodides: (A) ATRC Reactions, (B) ATRA
Reactions

Scheme 77. Photochemical Asymmetric Radical Additions
to Hydrazones
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first-row metal catalyst under relatively low CO pressure.
Amine nucleophiles could be used as demonstrated by
formation of amides in high yield.
In 2017, Pfizer scientists in collaboration with the group of

Frenette applied Mn-based XAT to use alkyl iodides in Minisci
alkylation of several N-heterocycles (Scheme 79).392 The
proposed mechanism, supported by FLP measurements and
DFT calculations, involved a Mn-catalytic cycle initiated by

photochemical Mn−Mn bond homolysis. The resulting
(CO)5Mn• underwent XAT from an alkyl iodide to give the
corresponding C-radical and Mn(CO)5I. Minisci addition to
the azine and deprotonation provided the α-N-radical 139 that
was proposed to undergo SET with Mn(CO)5I to close the
catalytic cycle and deliver the product. This practical protocol
enabled facile coupling between two electrophilic species and
led to the installation of primary, secondary, and tertiary alkyl
fragments tolerating many functionalities (e.g., free alcohols,
N-Boc protected amines, sugars) as well as small (hetero)cyclic
and spirocyclic motifs. The robustness of the method was
further demonstrated by the late-stage C−H alkylation of
several drugs (e.g., bosutinib, 140).
Further application in cross-electrophile couplings was

demonstrated by Wang in reports on the addition of alkyl
iodides to Giese-acceptors and β-ester-allyl sulfones (Scheme
80A).393,394 The key mechanistic aspect in this transformation

was the use of stoichiometric Hantzsch ester 141 to act as H-
atom donor for the reduction of electrophilic α-EWG radical
(HAT) and then reduce Mn(CO)5I (SET) to enable chain
propagation. This protocol engaged primary, secondary, and
tertiary alkyl iodides, while alkyl bromides and chlorides and
aryl iodides remained unreactive. This approach for Giese-type
alkylations has then been applied to the synthesis of alkyl

Scheme 78. Photochemical Cyclization−Carbonylation of
Alkyl Iodides

Scheme 79. Photochemical Minisci Reaction of Alkyl
Iodides

Scheme 80. (A) Photochemical Giese Reactions of Alkyl
Iodides; (B) Photochemical Three-Component Reactions
for Amine Synthesis

Chemical Reviews pubs.acs.org/CR Review

https://doi.org/10.1021/acs.chemrev.1c00558
Chem. Rev. 2022, 122, 2292−2352

2323

https://pubs.acs.org/doi/10.1021/acs.chemrev.1c00558?fig=sch78&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemrev.1c00558?fig=sch78&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemrev.1c00558?fig=sch79&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemrev.1c00558?fig=sch79&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemrev.1c00558?fig=sch80&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemrev.1c00558?fig=sch80&ref=pdf
pubs.acs.org/CR?ref=pdf
https://doi.org/10.1021/acs.chemrev.1c00558?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


sulfonyl fluorides (e.g., 142), which are important targets in
medicinal chemistry owing to their sulfur fluoride exchange
(SuFEx) reactivity.395 Conventional Ru- or Ir-based photo-
catalysts failed to provide the desired product, showcasing the
benefits of the XAT approach, while the robustness of the
method was demonstrated in the engagement of densely
functionalized bioactive compounds and drugs. Finally, the
photocatalytic use of Mn2(CO)10 using Hantzsch ester as
reductant has recently been applied to the multicomponent
reductive carboamination between benzaldehydes and anilines
(Scheme 80B).396

In 2018, Nagib introduced the use of Mn-metalloradicals for
the generation and exploitation of ketyl radicals from
aldehydes (Scheme 81).397 This strategy required the in situ

generation of α-acetoxy-iodides 143 by treatment of aliphatic
aldehydes with acetyl iodide. These intermediates are easier to
reduce than the corresponding aldehyde (Ered = −1.1 V vs SCE
vs Ered < −2.2 V vs SCE respectively) and suitable for efficient
XAT activation by Mn-metalloradicals. The proposed mech-
anism started with the blue light-mediated Mn−Mn bond
homolysis to give the (CO)5Mn•, which activated 143 via
XAT to give (CO)5MnI and the ketyl radical 144. This species
underwent selective addition to the alkyne partner, and the
resulting vinyl radical 145 reacted with (CO)5MnI. This
second iodine-atom transfer process was determined to be very
fast (kXAT > 1 × 108 M−1 s−1 at rt) and provided the desired
product while enabling catalytic turnover. This reactivity was
used to achieve the general three-component ATRA addition
between aldehydes, Ac−I and terminal alkynes and obtain
valuable vinyl iodides with high Z-selectivity. Compatibility
with functional groups that are not tolerated under the highly
reducing conditions required in classical methods for ketyl
radical generation further underscores the synthetic utility of
the protocol.

Recently, the same authors have applied this strategy for
ketyl radical generation to achieve cross-selective aza-pinacol
couplings of aldehydes with N-Ms-imines as radical acceptors
(Scheme 82).398 The net reductive character of this trans-

formation still required a sacrificial reductant, which was
achieved by combining Zn as a SET reductant and a tertiary
amine (Cy2NMe) as an H-atom donor. The authors
demonstrated how this XAT-based approach provided wide
functional group compatibility (e.g., nitriles, ketones, alkyl and
aryl halides) and crucially overcame the formation of imine
homocoupling by-products (e.g., 146 vs 147) that are usually
obtained in SET-based protocols. The methodology was also
extended to other reductive transformations of ketyl radicals
like hydroalkylation of electron deficient alkynes and olefins,
pinacol cross-coupling, and ATRA reactivity on [1.1.1]-
propellane.
Beyond the formation of C-radicals, XAT reactivity of Mn-

metalloradicals has also been used to access N-radicals as
demonstrated by Zhang, Li, and Qu through the development
of photochemical remote C(sp3)−H chlorination of amides
and sulfonamides (Scheme 83A).399 This strategy required in
situ (sulfon)amide N-chlorination followed by Cl-abstraction
by (CO)5Mn• to give the corresponding (sulfon)amidyl
radical 148. This species started a radical chain propagation (Φ
= 22) based on 1,5-HAT followed by C-radical chlorination,
which could take place with the N-chloro(sulfon)amide or the
(CO)5MnCl species. Secondary and tertiary C(sp3)−H bonds
in both linear and cyclic residues were chlorinated and the
methodology was applied to the late-stage modification of
medicinally relevant compounds (e.g., celecoxib derivative
149). This approach was then extended to achieve both
intermolecular and intramolecular olefin amino-chlorination
(Scheme 83B). Several chlorinated pyrrolidine scaffolds and
secondary N-tosylamines containing different functional
groups and substitution patterns were assembled, as demon-
strated by its application in the synthesis of drug derivatives
(e.g., 150).

Scheme 81. Photochemical Three-Component Reactions for
Vinyl Iodide Synthesis

Scheme 82. (A) Mn-Mediated Three-Component
Reactions; (B) Mechanistic Experiments to Probe the Alkyl
Iodide Activation Pathway
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A related approach was then explored by the same authors
using N-fluoro(sulfon)amides as N-radical precursors (Scheme
84).400 In this case, by using (MeO)3Si−H as a HAT donor/
XAT acceptor, the classes of radical cascades could be
expanded to include intra- and intermolecular hydroamination
and carboamination, enabled by the slower nature of the
C(sp3)-radical fluorination step. This process was based on the
ability of (CO)5Mn• to undergo fluorine-atom abstraction
with the N-fluoro-(sulfon)amide and the authors’ DFT studies
demonstrated this step to be feasible and with a low barrier
(ΔG⧧ = 5.6 kcal mol−1). Furthermore, the stoichiometric silane
reagent was crucial to (i) reduce the C-radical generated by N-
radical cyclization or addition to olefin (HAT) and (ii) aid
chain propagation acting as a fluorine atom acceptor from
either the N-fluoro-(sulfon)amide and/or the (CO)5Mn−F
species. Mono- and disubstituted olefins could be used and
three-component reactions are possible when involving an N-
fluorosulfonamide, an enol ether and a Giese acceptor.
Since Bamford’s early report,401 Mn2(CO)10 has found many

applications in polymer chemistry, most notably in photo-
induced atom transfer radical polymerization (photo-ATRP,

see section 3.4). Mn-based two-component photoinitiating
systems (PISs) have been used in conjunction with an alkyl
halides for the synthesis of telechelic,402 block,403 graft,404,405

and hyperbranched406 polymers and have also been applied to
the polymerization of fluorinated monomers.407−409

Mn2(CO)10-based PISs have also been exploited in light-
induced cationic,410 living,411−413 and step-growth414 polymer-
izations. In these systems, Mn2(CO)10 is usually employed in
combination with activated organic halides, such as polyhalo-
methanes (e.g., CCl4, CHCl3, CCl3Br), perfluoroalkyl iodides,
and bromides as well as benzyl bromides. Unactivated alkyl
iodides (e.g., Me−I, n-hex−I) have been used as part of the
Mn-based PIS for the free radical polymerization of vinylidene
fluoride,408 while unactivated alkyl bromides have been
identified as suitable initiators for the formation of hyper-
branched polymers.406 Because an in-depth discussion of these
processes and their features is outside the scope of this review,
the readers are referred to excellent resources on Mn-based
PISs for radical polymerization.415,416

3.2.1.2. Iron Cyclopentadienyldicarbonyl Dimer, [FeCp-
(CO)2]2. [FeCp(CO)2]2, known as Fp2 (where Fp = CpFe-
(CO)2) is an inexpensive, commercially available organo-
metallic compound that has been the object of countless
studies with different applications in synthesis and catalysis
since its first report by Piper and Wilkinson in 1955.417−419

This species undergoes efficient Fe−Fe bond homolysis upon
visible light irradiation, but the corresponding Cp(CO)2Fe•
(Fp•) metalloradical displays a lower XAT profile than related
Mn species.420−424 Indeed, in many of the methodologies
discussed before using Mn2(CO)10, Fp2 has frequently been
shown to be a competent but less effective mediator.377,392,397

The use of Fp2 in XAT reactivity has, however, been
fundamental to the development of synthetic radical chemistry,
as it was the system used by Giese in his pioneering studies
demonstrating the radical addition of alkyl halides to electron
poor olefins.425,426 A general mechanistic picture for these
reactions is shown in Scheme 85. After irradiation with a sun

Scheme 83. Photochemical Generation of Nitrogen Radicals
by XAT on N−Cl Bonds: (A) Remote C(sp3)−H
Chlorinations, (B) Cyclization−Chlorination Cascades

Scheme 84. Photochemical Generation of Nitrogen Radicals
by XAT on N−F Bonds
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lamp, the Fe−Fe bond in Fp2 was homolyzed, generating the
metalloradical Fp•. This species underwent XAT with the
organic halide, and the resulting alkyl radical added to the
olefin acceptor. This step generated an electrophilic radical (α
to an EWG) that was intercepted by another Fp• (persistent
metalloradical), thus giving the iron alkyl complex 151. When
the reactions were run in protic media (e.g., MeOH),
protodemetalation occurred, giving the hydroalkylation prod-
ucts (152), but when the reactions were run in benzene, a β-
hydride elimination gave Heck-type products (153). This
combination of XAT ability by Fp• with the organometallic
chemistry of Fp-alkyl products represents an interesting
platform for the functionalization of alkyl halides. Reactivity
in the absence of an olefin acceptor was also demonstrated and
used as a tool for dehalogenation (deuteration) reactivity (e.g.,
154).
Consistently with its lower XAT reactivity, Fp2 has found

limited applications in photoinduced polymer synthesis. In
contrast to many other metal carbonyl complexes (e.g.,
Mn2(CO)10), Fp2 is not able to initiate the radical polymer-
ization of vinylidene fluoride. However, it was able of activating
the chain ends of the corresponding polymers, thus enabling
the synthesis of well-defined ABA triblock polymers.409

Furthermore, Fp2 provided the best control over ATRP of
1,4-butadiene among different Fe-based complexes.427 Fp2 and
ethyl 2-bromopropanoate have been used as a two-component
PIS in the radical-initiated cationic and RAFT (reversible
addition−fragmentation chain transfer) polymerization of vinyl
ethers and acrylate derivatives.428 Taking advantage of the
wide absorption profile of Fp2, near-infrared light was used to
initiate the polymerization, thus improving light penetration in
the media which enabled application in 3D printing by
stereolithography.429

3.2.2. Dimeric Complexes Without Formal Metal−
Metal Bonds. 3.2.2.1. Tetrakis(μ-pyrophosphito)-
diplatinum(II) Tetraanion. [Pt2(pop)4]

4− (pop = P2O5H2
2−),

also known as “platinum pop”, has been the subject of many
studies since the 1980s owing to its intense (Φ = 0.52) and
long-lived (τ = 9.8 μs) yellow phosphorescence in aqueous
solution and its rich photochemistry.430,431 While evaluating

the reactivity of luminescent d8−d8 complexes, Gray studied
the absorption and emission properties of [Pt2(pop)4]

4− and
assigned the electronic configuration of both ground and
excited states.432 A schematic representation of the orbital
diagram of this metal complex is shown in Scheme 86A. In the

ground state, the two occupied orbitals with higher energy are
the dσ and dσ*, arising from a weak metallophilic interaction
between the filled dz

2 orbitals of each Pt(II) unit. This results
in a Pt−Pt bond order = 0.348,433 Upon light absorption, one of
the electrons of the dσ* orbital (HOMO) is promoted to the
LUMO, which is of pσ character. The resulting singlet excited
state 1[dσ*pσ] has a bond order = 1, which can be considered
a formal Pt−Pt bond. The long-lived phosphorescent emission
of [Pt2(pop)4]

4− arises from 3[dσ*pσ] states, resulting from
the same dσ* → pσ transition and fast ISC. Interestingly, this
triplet excited state displays metalloradical character, as shown
by the topology of the spin density determined by DFT
calculations.434 From a simplified MO perspective, the excited
state of [Pt2(pop)4]

4− can be seen as a dimeric complex with a
Pt−Pt bond and a diradical character, i.e., •[Pt−Pt]•.348 The
“double metalloradical” •[Pt−Pt]• displays a large dz

2

character, which makes it localized toward the exterior of the
[Pt−Pt] unit. This morphology, together with its high energy,
is responsible for the strong tendency of this species to
participate in atom transfer (HAT435 and XAT436,437) as well

Scheme 85. Fe-Mediated Reactions of Alkyl Iodides with
Giese Acceptors

Scheme 86. (A) Structure, Bonding, and Photophysics of
[Pt2(pop)4]

4−; (B) Photochemical XAT Reactivity of Pt-
Metalloradicals
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as group transfer reactions.438 Accordingly, [Pt2(pop)4]
4− is a

powerful reagent for photoinduced halogen-atom abstraction
from alkyl and aryl halides, giving the Pt(II)−Pt(III)
intermediate •[Pt−Pt]−X, which has been detected and
characterized by FLP (Scheme 86B).437 Depending on the
situations, this intermediate can engage in a following XAT
event to give X−[Pt−Pt]−X species or recombine with the
organic radical R• to generate the organometallic complex R−
[Pt−Pt]−X.
The measured rates for XAT reactions involving photo-

excited [Pt2(pop)4]
4− place it among the most active

organometallic reagents for this type of reactivity, capable of
abstracting bromine-atoms from aryl residues with high
efficiency (Table 7).439 With respect to the mode of C−X
bond activation, Roundhill and Che elegantly proved that XAT
and not SET is operating.436,439 Despite these promising
features, the use of [Pt2(pop)4]

4− for applications in organic
synthesis remains largely unexplored.440

3.2.2.2. Bis(diphenylphosphino)methane Gold(I) Dimer.
Dimeric μ-diphosphino-gold(I) complexes of the type
[Au2(P

∧P)2]
2+ (where P∧P is a bidentate phosphine, bridging

two Au(I) units) have retrieved significant interest owing to
their interesting photophysical properties and their impact in
aurophilic interactions (weak Au---Au contacts).348,441 The
most representative example of this class of compounds is
[Au2(dppm)2]

2+ (dppm: bis(diphenylphosphino)methane),
which displays a long-lived phosphorescence (τ = 21 μs, Φ =
0.31) upon irradiation in the UV-A region (315−400 nm).442

As depicted in Scheme 87A, the orbital diagram and primary
photophysics of μ-phosphino-gold dimers resemble those
previously discussed for [Pt2(pop)4]

4−. Upon light absorption,
an electron is promoted from a fully occupied dσ* orbital to an
empty pσ orbital and, after fast ISC, the 3[dσ*pσ] excited state
is generated, which has a covalent Au−Au bond with a formal
bond order = 1. Excited state Au(I) dimers (3*[Au2]) present a
remarkable tendency to increase their coordination number by
either atom transfer chemistry or by coordinating 2e− donors
as incoming ligands.443 This behavior was studied by time-
resolved ultrafast spectroscopy by Che in two different
solvents, CH2Cl2 and CH3CN (Scheme 87B).444 In analogy
to the reactivity of the triplet excited [Pt2(pop)4]

4−, 3*[Au2]
readily participates in XAT reactions with halogenated solvents
such as CH2Cl2. However, when CH3CN was used as the
solvent, an even faster reactivity was observed, which was
ascribed to the formation of the exciplex *[Au2---NCMe].
Although no similar exciplex could be detected when the

reactions were run in CH2Cl2, the formation of *[Au2----X−R]
have been proposed to play a critical role in the photochemical
reactivity of dimeric gold compounds with organic halides (see
below).
In their pioneering studies, Che and Yam proposed XAT as

the most probable mechanism for carbon−halogen bond
cleavage after coordination of the organic halides to the excited
[Au2]*,

445 but inner-sphere SET followed by halide abstraction
was also considered.446,447 Albeit, the exact nature of this
process has not been ascertained, (see Scheme 72 for a
comparison and parallelisms between inner-sphere SET and
XAT), it enables these species to activate substrates of very
negative reduction potentials (Ered < −2 V vs SCE), which
should not react by standard outer-sphere SET mechanisms
(for [Au2(dppm)2]

2+ *Eox = −1.6 V vs SCE).448 To illustrate
the fast reactivity of [Au2]* with organic halides, the rates of

Table 7. Rates of XAT Using [Pt2(pop)4]
4−a

aThe rate constants for XAT (kXAT) have been approximated to the near integral number.

Scheme 87. (A) Structure, Bonding, and Photophysics of
[Au2(dppm)2]

2+; (B) Photochemical Reactivity of
[Au2(dppm)2]

2+: XAT and Exciplex Formation
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XAT for some representative alkyl halides are shown in Table
8.442

In contrast to [Pt2(pop)4]
4−, the use of [Au2(dppm)2]

2+

under photochemical conditions has found several applications
in organic synthesis. In 1992, Che and Yam showed the first
photocatalytic use of phosphino−Au(I) dimers for the
homodimerization of benzyl chloride and 1-bromopentane,
using NEt3 as sacrificial reductant (Scheme 88).445 While the

yields obtained were low due to competitive thermal
quaternarization of the amine (SN2 reactivity), useful turnover
numbers >170 were obtained, paving the way for future
catalytic applications.
In 2013, Barriault succeeded in exploiting this photo-

chemical approach for alkyl and aryl radical generation in
synthetic settings (Scheme 89).449 Using i-Pr2NEt as both
electron and H-atom donor, dehalogenation, cyclization, and
intermolecular reactions of alkyl and aryl bromides were
achieved. Importantly, the authors demonstrated how standard
photoredox catalysts, including the highly reducing Ir(ppy)3,
failed to engage in outer-sphere SET reduction of most of
these unactivated bromides due to their negative reduction
potentials (Ered < −2.0 V vs SCE). The most commonly
proposed mechanism in react ions cata lyzed by
[Au2(dppm)2]

2+ is depicted in Scheme 89 and proceeds via
an oxidative quenching cycle. Upon irradiation, 3*[Au2] is able
to convert unactivated alkyl and aryl bromides into the
corresponding radicals. Because an outer-sphere SET reduc-
tion is thermodynamically not feasible, this process was
proposed to take place via the formation of a precoordination
complex between 3*[Au2] and the organic bromide followed
by an inner-sphere SET to give •[Au2]−Br and a carbon
radical. Given the close resemblance between inner-sphere
SET and XAT, the exact mechanism of the C−X bond

activation step operating in these reactions has not been
unambiguously ascertained. For simplicity, in following
discussions, we will note this step as inner-sphere SET, as
proposed by Barriault. The reduction of to [Au2] is generally
proposed to close the catalytic cycle and requires either a
stoichiometric electron donor (ED, e.g., a tertiary amine or an
easy-to-oxidize carbon radical).
The Barriault group later used this approach in the

cyclization of N-bromoalkylindoles450 and also in the develop-
ment of radical cascades based on vinyl radicals (Scheme
90A).451 This latter development proved powerful for the
assembly of complex natural products, as demonstrated by the
same authors in the preparation of intermediates for the total
synthesis of (±)-triptolide451 (Scheme 90B) as well as several
pyrroloazocine indole alkaloids by Echavarren (Scheme
90C).452 In all of these cases, an inorganic base was used in
place of the tertiary amine to minimize the direct reduction of
the alkyl/vinyl bromides.
Shortly after, Hashmi unveiled the use of alkynyl iodides for

the C(sp3)−H alkynylation of tertiary amines (Scheme 91).453

A variety of iodoalkynes were efficiently coupled with
structurally different tertiary amines, which included the
antidepressant drug citalopram (155). The authors proposed
a mechanism based on a radical−radical coupling between an

Table 8. Rates of XAT Using [Au2(dppm)2]
2+a

aThe rate constants for XAT (kXAT) have been approximated to the near integral number.

Scheme 88. Photochemical Radical Dimerization of
Benzylic Chlorides and Alkyl Bromides Using
[Au2(dppm)2]

2+

Scheme 89. Photochemical Dehalogenative Cyclization of
Alkyl Bromides Using a Au2-Dimer Catalyst
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α-aminoalkyl radical and an alkynyl radical, however, because
these species have short lifetime, alternative pathways might be
operating. This approach was then expanded by Chan, who
developed the coupling of alkynyl bromides with tetrahy-
droisoquinolines under similar photochemical conditions.454

In 2016, Hashmi used [Au2] to achieve the Heck-type
coupling between alkyl bromides and 1,1-diarylalkenes
(Scheme 92).455 The authors proposed a mechanism where,
upon irradiation, the 3*[Au2] generated the alkyl radical from
the corresponding bromide, and this species was then trapped
by the olefin. The resulting stabilized and electron rich benzylic
radical was oxidized as part of the gold photoredox cycle, and
the resulting carbocation deprotonated to give the olefin
product. This redox-neutral reaction showed broad compati-
bility with many functionalities like free alcohol, nitriles, and
alkynes, and was demonstrated on primary, secondary, and
tertiary alkyl bromides. With respect to the alkene acceptors
beyond 1,1-diarylalkene acceptors, standard styrenes did not
perform well, but aromatic silyl enol ethers and enamides
underwent C(sp2)−H alkylation in good yields.
In the same year, Barriault targeted the implementation of

gold photocatalysis to enable the use of unactivated alkyl
bromides for the alkylation of heteroarenes in a Minisci-type
reaction (Scheme 93).456 This approach is based on a redox-
neutral reactivity, thus obviating sacrificial oxidants, and only
requires TFA to activate the heteroarene. Primary, secondary,
and tertiary alkyl bromides were engaged in combination with
different heteroarenes, while electron deficient alkyl radicals
were shown to participate in a tandem olefin addition and
following Minisci-type reactivity.
In subsequent years, the use of alkyl/aryl bromides in [Au2]-

based photocatalysis has been applied to many other

transformations like radical−radical homocouplings,457 cas-
cades of radical addition−semipinacol rearrangements on
cyclobutyl silyl ether derivatives,458 and addition to isonitriles
to construct phenanthridines and amides (Scheme 94).459

Scheme 90. Application of Au2-Dimer in Photocatalysis: (A)
Cyclization Onto Aromatic Rings; (B,C) Applications in
Total Synthesis

Scheme 91. Application of Au2-Dimer in the Photocatalytic
Amine C(sp3)−H Alkynylation

Scheme 92. Application of Au2-Dimer in the Photocatalytic
Heck-type Olefination of Alkyl Bromides

Scheme 93. Application of Au2-Dimer in Photocatalytic
Minisci Reaction of Alkyl Bromides

Scheme 94. Au2-Dimer−Mediated XAT Reaction of Aryl
Iodides and Alkyl Bromides
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In 2020 the same group reported the ATRC of unactivated
alkyl bromides and aryl iodides (Scheme 95).460 In general,

ATRA and ATRC strategies require the use of electron
deficient substrates (e.g., α-halocarbonyls, perfluoroalkyl
halides) as standard alkyl halides are challenging due to their
poor ability to sustain chain propagations by XAT. This
methodology has therefore addressed a relevant synthetic and
mechanistic challenge in the area. The authors proposed a
mechanism where the photoredox [Au2]-cycle was responsible
for Br-abstraction, which was followed by fast 5-exo-trig
cyclization. The resultant exocyclic radical then reacted with
the [Au−Au−Br] species to provide the ATRC product and
regenerate the ground state [Au2]. This bromination step can
occur by either XAT or radical addition to gold followed by
C−X reductive elimination. This fast reaction, occurring in less
than 10 min, enable the intramolecular ATRC of aryl bromides
and iodides as well as primary and secondary alkyl bromides.
Finally, XAT mediated by photoexcited [Au2(dppm)2]

2+ has
also found application in polymer chemistry, as demonstrated
by Lalevee,́ Fensterbank, and Goddard, in the atom transfer
radical polymerization (ATRP) of methacrylates and acrylates
using ethyl α-bromophenylacetate as the initiator.461

3.2.3. Metalloradicals Generated From Monomeric
Species. 3.2.3.1. Cerium(III) Amidato Complexes. Ce(III)-
amidato complexes display interesting excited state properties
as recently demonstrated by Schelter.462 Upon visible-light
irradiation, these species undergo 4f→ 5d transitions, resulting
in a long-lived (τ = 25−70 ns), metal-centered 5d1 excited
state characterized by a singly occupied dz

2 orbital (Scheme
96A). In terms of XAT reactivity, photoexcited Ce(III)
metalloradicals have been demonstrated to efficiently abstract
halogen-atoms and form strong Ce(IV)−halogen bonds.
Remarkably, Ce(III) sensitizers have been used in chlorine
abstraction as shown by the conversion of Bn−Cl to Bn2, a
transformation that cannot occur via outer-sphere SET
according to the redox potential of BnCl (Ered = −2.24 V vs
SCE) and excited Ce(III) complexes (*Eox = −1.47 V vs SCE)

(Scheme 96B). Addition of NaN(SiMe3)2 and/or metals (e.g.,
Zn) as sacrificial reductants rendered the process catalytic in
Ce, which was also applied in the arylation of 4-fluorophenyl
iodide/bromide with benzene as the solvent.462 Interestingly,
in a subsequent work, Schelter showed that, in sterically
congested Ce(III)-complexes, the inner-sphere reactivity is
switched off and only outer-sphere SET is possible.463

3.2.3.2. Titanium(III) Complexes. Ti(III) metalloradicals are
powerful intermediates in synthetic chemistry. The radical
ring-opening of epoxides is one of their archetypal trans-
formation, as exemplified by the extensive utilization of
titanocene(III) chloride (Cp2TiCl, Cp = cyclopentadienyl) in
synthesis.464−466 These species are also efficient at abstracting
halogen-atoms,467−469 and while their application in XAT-
based transformations is largely based on thermal manifolds
requiring stoichiometric reductants (e.g., Zn or Mn),
applications in photochemistry and photocatalysis are receiving
an increasing attention.470−472

As shown in pioneering studies by Gray, visible-light
irradiation of Cp2TiCl2 leads to the population of ligand-to-
metal charge-transfer (LMCT) states due to the transition of
one electron from a MO localized on a Cp ligand to an empty
d orbital of [Ti(IV)]. This event results in the homolysis of the
Ti−Cp bond, which forms a [Ti(III)]•/Cp• radical pair
(Scheme 97). While radical recombination is fast, when

photolysis was carried in CCl4 or CHCl3, the formation of
CpTiCl3 was observed, which is indicative of XAT
reactivity.473 Following work from Tyler demonstrated that
the bond that is homolyzed under irradiation can change when
stronger σ-donors ligands are used instead of chloride.474−476

Therefore, when Cp2TiX2 (X = I, Me) are irradiated, the
reactivity of the lowest-energy LMCT excited state involves the

Scheme 95. Application of Au2-Dimer in Photocatalytic
ATRA Reaction of Alkyl Halides

Scheme 96. (A) XAT Reactivity of Photoexcited Ce(III)
Species; (B) Synthetic Examples

Scheme 97. Photochemical Reactivity of Titanocenes

Chemical Reviews pubs.acs.org/CR Review

https://doi.org/10.1021/acs.chemrev.1c00558
Chem. Rev. 2022, 122, 2292−2352

2330

https://pubs.acs.org/doi/10.1021/acs.chemrev.1c00558?fig=sch95&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemrev.1c00558?fig=sch95&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemrev.1c00558?fig=sch96&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemrev.1c00558?fig=sch96&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemrev.1c00558?fig=sch97&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemrev.1c00558?fig=sch97&ref=pdf
pubs.acs.org/CR?ref=pdf
https://doi.org/10.1021/acs.chemrev.1c00558?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


cleavage of Ti−X bonds, resulting in the formation of
Cp2XTi•, which is also capable of abstracting halogen-atoms
from halogenated solvents.
Application of Ti-metalloradicals in photochemical XAT

strategies was first reported by Bennet to achieve 5-exo-trig
cyclization of alkyl iodides using Cp2TiCl, albeit, no
mechanistic hypotheses were advanced (Scheme 98).477

Inspired by previous reports on the generation of Ti(III) via
photoredox catalysis (4CzIPN or 3DPAFIPN photocata-
lysts),472,478 the groups of Gualandi, Bergamini, and Cozzi
and the one of Shi simultaneously reported the photoinduced
Barbier-type allylation of aldehydes under dual photoredox−
titanium catalysis (Scheme 99).478−480 These methods enabled

the transformation of aromatic and aliphatic aldehydes and
ketones into the corresponding homoallylic alcohols by using
allylic, propargylic, and benzylic bromides and chlorides as
coupling partners. Furthermore, this photoredox manifold
bypasses the need for activated metal reductants (e.g., Zn or
Mn) as simple Hantzsch esters are used as electron donors.
According to mechanistic studies conducted by the authors,
this process started with the generation of the Ti(III)
metalloradical by SET reduction of Cp2TiCl2 by the excited
photocatalyst. XAT on the alkyl halides delivered the stabilized
allyl/propargylic/benzylic radicals that were intercepted by
another molecule of [Ti(III)]• to provide the desired allyl/

propargyl/benzyl−[Ti(IV)] organometallic intermediates.
Polar addition of these species to the carbonyl electrophiles
gave, after hydrolysis, the desired products. Several functional
groups such as nitriles or ketones, as well as heterocycles like
thiophene and indole, are well tolerated, while the function-
alization of derivatives of the drugs indomethacin or
probenecid were successfully applied.
In 2020, Doyle merged nickel, photoredox, and titanium

catalysis in a triple-catalytic system for the reductive ring
opening of epoxides with (hetero)aryl iodides (Scheme
100).481 Styrene oxides and aliphatic epoxides were reacted,

giving β-arylated alcohols in good yields and regioselectivities
with an excellent functional group tolerance. Mechanistic
experiments suggested the intermediacy of iodohydrins,
formed by nucleophilic ring opening of epoxides, which are
responsible for the linear regioselectivity in the case of aliphatic
epoxides. The proposed mechanism involves the generation of
Cp2ClTi• by SET with 4CzIPN* and subsequent XAT with
iodohydrins to generate a primary alkyl radical. The C-radical
was then trapped by an aryl−Ni(II) complex, generated by
oxidative addition of the aryl iodide into Ni(0), that led to the
β-arylated alcohol after reductive elimination. The SET
reduction of Ni(I)−I to Ni(0) would close the nickel catalytic
cycle and generate the iodide required to form the iodohydrins,
with Et3N acting as the overall reductant to allow turnover of
the photoredox cycle.
3.3. Carbon-Based XAT Reagents

In the reactions described thus far, XAT has been orchestrated
by heteroatom/metal-based radicals as they synergistically
form strong bonds with the halogen-atom and maximize the
interplay of polar effects in the abstraction TS. In contrast to
these classical reaction types, recent work has focused on

Scheme 98. Photochemical Intramolecular Cyclization of
Alkyl Iodides Mediated by Cp2TiCl2

Scheme 99. Allylation of Aldehydes via Dual Photoredox−
Ti Catalysis

Scheme 100. Application of Cp2TiCl2 in Metallaphororedox
Epoxide Opening With Aryl Iodides
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developing carbon radical reagents for application in photo-
chemical XAT methodology. Reactions in this category do not
generally have a direct enthalpic benefit and therefore hinge on
the use of nucleophilic radicals to provide the crucial kinetic
acceleration resulting on charge transfer stabilization in the TS.
It is worth pointing out that the ability of carbon radicals to

undergo XAT is the key feature enabling all ATRC- and
ATRA-based reactions like the highly exploited olefin halo-
functionalization protocols.24 A discussion of these processes is
beyond the scope of the present review but can be found in the
recent excellent resources.482−484 This section will also not
discuss the synthetic strategies based on XAT reactivity of aryl
radicals, as these have, to the best of our knowledge, been
achieved so far, under thermal settings.485−488

3.3.1. α-Aminoalkyl Radicals. The conversion of amines
into the corresponding α-aminoalkyl radicals has been a major
avenue to accomplish α-N C(sp3)−H functionalization in
photochemistry and photoredox catalysis.489−492 Pioneering
works of Laleveé demonstrated that these open-shell species,
generated via HAT with t-BuO•, are able to abstract halogen-
atoms from polyhalomethanes.493,494 More recently, these
species have been demonstrated to be competent XAT
reagents with a reactivity profile similar to the one of tin
radicals.28,494−496

In general, α-aminoalkyl radicals 156 are easily accessible
from the corresponding alkylamines 157 by SET oxidation to
the aminium radical 158 (Scheme 101A).497,498 This event

lowers the pKa of the α-N protons and enables 158 to be
readily deprotonated giving 156.499,500 Alternatively, site-
selective HAT using electrophilic radicals (e.g., t-BuO•, thiyl
radicals, quinuclidine•+) can be used to directly generate 156
from 157.501,502 The interaction of the radical center with the
adjacent N-lone pair provides significant stabilization to the “2-

centers−3-electrons” 156, that displays strong nucleophilic
character.503,504 This hyperconjugation is responsible for the
excellent reactivity of α-aminoalkyl radicals toward electro-
philic radical acceptors (e.g., Giese acceptors,41 organometallic
intermediates in metallaphotoredox catalysis with nickel16) and
also means that they can effectively stabilize charge separation
in the TS of XAT reactions.28 This polar effect provides the
required kinetic acceleration for the abstraction to take place
even if there are no significant enthalpic gains (i.e., the C−X
BDE values in the starting material and the α-haloamine are
similar). As mentioned in section 2, this reactivity is
nevertheless facile due to the fast and irreversible collapse of
the α-haloamine into the corresponding iminium ion, which is
the overall driving force for the process (Scheme 101B).28

The rates of XAT by α-aminoalkyl radicals have not been
studied in detail like the ones for other systems, however,
recent FLP studies demonstrated that the radical derived from
Et3N (generated by HAT using the t-BuO•) undergoes XAT
with Cy−I with kXAT = 108 M−1 s−1 at room temperature,
which is just 1 order of magnitude slower than Bu3Sn•
(Scheme 101C).28

As competent halogen abstractors, α-aminoalkyl radicals can
be used to accomplish a wide variety of XAT-based processes
using both alkyl and aryl halides as recently demonstrated by
our group (Scheme 102).28 For instance, SET reduction of

unactivated alkyl halides (Ered < −2 V vs SCE) using the
photoredox catalyst 4CzIPN (*Eox = −1.04 V vs SCE; Ered =
−1.1 V vs SCE)505 is highly disfavored, while oxidation of
Bu3N (Eox = +0.71 V vs SCE) is facile. This leads to the
formation of the key α-aminoalkyl radical that can be used in
the homolytic activation of alkyl iodides/bromides as well as
aryl iodides. The corresponding carbon radicals can then be
deuterated by using catalytic methyl thioglycolate and D2O as
the stoichiometric D-source.506,507 This reactivity goes via a

Scheme 101. (A) Mechanistic Pathways for the Generation
of α-Aminoalkyl Radicals; (B) Profile of XAT Reactions
Mediated by α-Aminoalkyl Radicals; (C) Comparison of
Rates for XAT on Cyclohexyl Iodidea

aThe rate constants for XAT (kXAT) have been approximated to the
near integral number.

Scheme 102. Photochemical Dehalogenation−Deuteration
of Alkyl Iodides and Bromides via α-Aminoalkyl Radicals
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dual photoredox−HAT cycle that leads to the X → D
exchange tolerating many organic functionalities.
The use of a reductive quenching photoredox cycle for α-

aminoalkyl radical generation followed by XAT means that
alkyl/aryl halides can be converted into their corresponding
radicals without the need of strongly reducing photocatalysts.
Furthermore, and in analogy to the examples with silicon
radicals, this mechanistic feature enables the use of these
building blocks in redox cross-electrophile couplings. From this
perspective, organic halides can then be used in trans-
formations usually possible only with alkyl carboxylic
acids,508 trifluoroborates/silicates,509 and Hantzsch dihydro-
pyridines.509,510

As an example, our group demonstrated photoredox Giese
alkylation and allylation of alkyl and aryl iodides using Et3N as
the XAT reagent and 4CzIPN as the photocatalyst (Scheme
103). As in the dehalogenation chemistry, reductive quenching

of *4CzIPN by the tertiary amine led the key α-aminoalkyl
radical that achieved the iodine abstraction reaction. The
formed alkyl/aryl radicals were readily intercepted by Giese
acceptors (i.e., α,β-unsaturated esters, amides, acids, ketones,
nitriles, sulfones, phosphonates) or allyl chlorides, thus
enabling the formation of C(sp3)−C(sp3) or C(sp2)−C(sp3)
bonds. This approach was also applied to the preparation of
several unnatural amino acids (e.g., 159 and 160) using
dehydroalanine derivatives.28

Something that needs to be considered when using α-
aminoalkyl radicals in XAT-based processes is that these
nucleophilic species might also participate in standard radical
C−C bond-forming processes, like Giese addition or allylation,
thus leading to unwanted α-N functionalization. Therefore,
there is a requirement for XAT to kinetically outcompete any
other radical reactivity. In the first report on the application of
α-aminoalkyl radical-mediated XAT, our group noticed that
while dehalogenation of unactivated secondary alkyl bromides
using Bu3N could proceed, extension of this activation mode to
Giese and allylation reactivity was not possible. In this case, as
XAT on alkyl bromides is slow (<105 M−1 s−1 at room
temperature), the nucleophilic α-aminoalkyl radical underwent
direct addition to the various acceptors, thus hampering
C(sp3)−Br bond activation (Scheme 104A). Nevertheless, the

desired XAT-Giese/allylation manifold was achieved by
changing the nature of the amine reagent. In particular,
Bn3N was found to be very effective as its corresponding α-
aminoalkyl radical does not undergo Giese addition (kGiese <
104 M−1 s−1 at rt),493 and this minimizes the unwanted
reactivity. Another example where amine modulation was
crucial to enable XAT over other pathways was demonstrated
on primary alkyl iodides activated toward SN2. In this case,
while Et3N led to N-quaternarization, the use of hindered
pentamethylpiperidine (PMP) meant that the ionic reactivity
was retarded, thus enabling α-aminoalkyl radical formation.
Overall, the great structural diversity of commercial amine
reagents can offer the potential to modulate both electronic
and steric parameters around the α-aminoalkyl radicals, and
this should be considered when optimizing their XAT-based
transformations (Scheme 104B).28

Oxidative photocatalysis for α-aminoalkyl radicals has also
been used in combination with cobalt catalysis to achieve
challenging Heck-type olefination of styrene acceptors with
primary, secondary, and tertiary alkyl iodides (Scheme 105). In
this case, following α-aminoalkyl radical generation and XAT,

Scheme 103. Photochemical Giese Reaction and Allylation
of Alkyl Iodides via α-Aminoalkyl Radicals

Scheme 104. (A) Reactivity Profile Displayed by α-
Aminoalkyl Radicals Based on Their Substitution Pattern;
(B) Photochemical Giese Reaction and Allylation of Alkyl
Bromides via α-Aminoalkyl Radicals
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the corresponding radical underwent selective addition to the
styrene, providing the corresponding benzylic radical 161. This
stabilized species was trapped by the [Co(II)] cocatalyst
(diffusion-controlled reaction), which generated the alkyl−
[Co(III)] species 162. Photoinduced desaturation took place,
providing the desired Heck-type products in high E-selectivity
and with broad functional group compatibility.28

The application of α-aminoalkyl radical-mediated XAT in
photocatalysis is not restricted to closed photoredox systems
and can also be used as initiating mechanism as part of radical-
chain propagations. This has been recently used to accomplish
the transition metal-free C(sp2)−C(sp2) coupling between aryl
halides and pyrrole derivatives (Scheme 106).511 In this case,

the α-aminoalkyl radical derived from photoredox oxidation of
Bu3N underwent XAT on the halide to generate the
corresponding aryl radical. This species reacted with the
pyrrole at the most activated C2 position. The resulting
vinylogous α-aminoalkyl radical-type intermediate 163 was
then proposed to act as a chain carrier by regenerating the aryl
radical by XAT (or SET in the case of highly electron poor
derivatives). This reactivity was applied to both electron poor

and electron rich aryl iodides as well as activated aryl bromides
and chlorides but was restricted to pyrrole acceptors because
furans and thiophens were not able to sustain radical chain
propagation, due to the lower nucleophilicty of the
intermediate vinylogous radical. Other radical traps were
used and, for example, phosphites enabled C(sp2)−P bond
formation, which generated chain carrying alkyl radicals upon
β-scission.
More recently, α-aminoalkyl radical-mediated XAT has also

been proposed as part of an ATRA-type addition of CF3−I to
enamines for the preparation of β-CF3 alkylamines (Scheme
107).512 In this case, the condensation of a secondary amine

with an enolizable aldehyde led to the corresponding enamine
164 that was intercepted by the electrophilic F3C•. This
polarized radical addition29,513 provided the α-aminoalkyl
radical 165 that was proposed to regenerate the F3C• by
XAT with CF3−I.
XAT reactivity of α-aminoalkyl radicals has also been

proposed by Studer as part of a photochemical borylation of
aryl and alkyl iodides using B2(cat)2 under blue LEDs
irradiation (Scheme 108).514 This reactivity requires the use
of DMF as the solvent and also the source of α-aminoalkyl
radical for halide activation. The authors proposed a radical
chain process, where the C-radical R• (generated by
photochemical C−I bond homolysis) was trapped, in the
presence of DMF, B2(cat)2 to give a 166, which can be
described as a weak B−B 1e− σ-bond. This would drive B−B
bond homolysis to give the borylated product and the DMF-
complex boryl radical 167 that has considerable α-aminoalkyl
radical character. Computational studies demonstrated XAT
between this species and Me−I to be facile, thus supporting
the last step of the propagating manifold. This practical process
enabled the borylation of primary, secondary, and tertiary alkyl
iodides as well as several (hetero)aryl iodides. Final treatment
with pinacol and Et3N was used to convert in situ the unstable
B(cat) boronic esters into the corresponding B(pin)
derivatives that are easy to handle.

3.3.2. Methyl Radical. The use of Me• and Et• as
initiators to engage alkyl/aryl halides in radical chain processes
has had a profound synthetic impact with applications

Scheme 105. Photochemical Heck-Type Olefination of
Alkyl Iodides via α-Aminoalkyl Radicals and Cobalt
Catalysis

Scheme 106. Photochemical Arylation of Pyrroles via α-
Aminoalkyl Radicals

Scheme 107. Photochemical Three-Component Reaction
for the Preparation of β-CF3 Alkylamines
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spanning dehalogenation, borylation, and C-functionalization.2

As these are unstabilized radicals,504,515 XAT with organic
halides is both favorable when using alkyl and aryl iodides,
mostly due to enthalpic effects.515 So far, this reactivity mode
has been mostly exploited under thermal or aerobic
conditions516,517 and limited applications in photochemistry
and photocatalysis exist.518

In a recent example, Wang demonstrated the utilization of
Me• in a photoredox approach for the Minisci519,520

functionalization of azines using alkyl iodides (Scheme
109).521 In this case, a reductive quenching photoredox cycle
was used to reduce, under acidic conditions, the perester,
which provided the electrophilic t-BuO•.522 This species
underwent β-scission523 to acetone and Me•, which was used
to enable homolytic activation of primary, secondary, and
tertiary alkyl iodides. The corresponding alkyl radicals were
then engaged in standard Minisci reactivity with the
protonated azines.
3.3.3. Acyl Radicals. Acyl radicals are powerful inter-

mediates for the preparation of carbonyl containing building
blocks.524,525 These σ-radicals are nucleophilic and undergo
efficient XAT reactions with alkyl iodides and, at higher
temperature, alkyl bromides (Scheme 110A).526 These
processes are, however, reversible, and therefore a subsequent
ionic reaction on the acyl iodide/bromide is required.
While acyl radicals can be accessed by a number of

precursors by either HAT527 (aldehydes) or SET (ketoa-
cids528,529 and/or activated ketoesters,530 Hantzsch dihydro-
pyridines531), the most exploited approach for acyl radical
generation and utilization in photochemical XAT method-
ologies has been via the reaction of alkyl radicals with CO
(Scheme 110B).532−534 This chemistry has been recently
reviewed elsewhere535 and follows a general mechanism where
photochemical C(sp3)−I bond homolysis is used to generate
the alkyl radical (initiation). This event starts a chain process
where R• traps CO to provide the key acyl radical 168. This
species propagates the process by XAT. The formed acyl
iodides have been successfully used in a number of ionic

transformations like esterification, amidation, and lactoniza-
tion.
More recently, this reactivity has been extended to the use of

Pd(II) catalysts that provides crucial acceleration to these atom
transfer carbonylation reactions.535−537 The mechanism of
these processes is not based on XAT but on SET between the
photoexcited Pd° complex and the alkyl halide.
3.4. XAT in Photochemical Atom Transfer Radical
Polymerization (Photo-ATRP)

The aim of this section is to give some context about XAT
reactivity in photochemical atom transfer radical polymer-
ization (photo-ATRP).538 As a detailed discussion of these
processes and their relevance to material science is outside the

Scheme 108. Photochemical Borylation of Alkyl and Aryl
Iodides

Scheme 109. Methyl Radical-Mediated Photochemical
Minisci Reaction of Alkyl Iodides

Scheme 110. (A) XAT Using Acyl Radicals; (B)
Photochemical Carbonylation of Alkyl Iodides
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aim of this review, the reader is directed to excellent resources
in the field.539−548

Radical polymerization is defined by the IUPAC as “a chain
polymerization in which the kinetic chain carriers are radicals”.
These processes proceed via chain mechanisms based on four
elementary steps: (i) initiation by generation of radical species
(e.g., XAT), (ii) propagation or chain growth by radical
addition to unsaturated monomers, (iii) chain transfer which
can take place by atom transfer (e.g., XAT), and (iv)
termination by either radical−radical coupling or disproportio-
nation.
Processes based on free-radical polymerization (FRP) offer

limited control over the molecular weight and/or the
architecture of the resulting polymer because the chain growth
is uninterrupted until termination occurs. ATRP belongs to the
class of reversible deactivation radical polymerization (RDRP)
processes, where the polymer chains can be temporarily put in
a “dormant state”,549 which can then interconvert back to the
active (growing) state. This means that, at any given time, only
a marginal fraction of the chains is active, while most are in
their dormant state. This mechanistic approach leads to a
much better control over the chain growth, which results in
well-defined polymers and low dispersity (see below).
ATRP processes have been developed in 1995,550−552 and

they are based on fundamental ATRA reactivity between alkyl
halides and olefin monomers promoted by low valent metals,
mainly Cu(I) or Fe(II) (Scheme 111). In these processes, the

metal acts as the initiator by converting the alkyl halide into
the corresponding radical via XAT (although in some cases,
outer-sphere SET activation has been proposed).553 The
oxidized metal−halide species generated as part of the halogen
transfer acts as deactivator and control over polymerization is
achieved through an equilibrium between the low valent and
the oxidized metal species. The alkyl radical starts the
polymerization by adding to several monomer units and the
corresponding growing chain can be put into its dormant state
by XAT reaction with the metal−halide complex. This process
is repeated over several cycles, allowing for a controlled,
uniform growth of the polymer chains. Although unavoidable,
termination events are rare (typically, less than 10% of all
chains undergo termination).
A typical ATRP system includes the olefin monomer and the

initiator, which consists of an alkyl halide, a metal catalyst, and
often a ligand. Although alkyl iodides are the most reactive
class of substrates for XAT activation, alkyl bromides, and
chlorides are generally used because they lead to higher levels
of control over the polymerization process.554,555 As a rapid

initiation is generally required in ATRP chemistry, activated
derivatives like polyhalomethanes,556 benzylic halides,557 α-
haloesters558 or α-halonitriles,559 or a combination of those
categories560−562 are generally employed.
The metal species needs to have two accessible oxidation

states [M(n) and M(n + 1)] displaying opposite reactivity in
radical halogenation chemistry. The low valent metal [M(n)]
needs to have strong affinity toward halogen-atoms to ensure
XAT activation of the alkyl halide; while the oxidized species
[M(n + 1)] needs to be an efficient halide donor for C-radical
functionalization. This reactivity interplay is required to (i)
establish an ATRP equilibrium and (ii) rapidly deactivate the
growing chains providing the dormant species. In this way
efficient control over polymerization can be achieved as, for
example, a catalyst that deactivates the growing chains faster
(smaller kp/kdeact ratio) will result in polymers with lower
dispersity.
The role of the ligand is generally to chelate the metal and

therefore improve its solubility, which ensures fast activation
and deactivation reactivity. The judicious choice of the ligand
has sometimes been demonstrated to be critical to shift the
ATRP equilibrium (KATRP = kac/kdeact). As an example, in
Cu(I)/(II) mediated ATRP processes, the use of tris-
(dimethylaminoethyl)amine (M6TREN) or pentamethyldie-
thylenetriamine (PMDTA) shift the KATRP equilibrium toward
Cu(II) more strongly than bipyridine, which results in narrow
dispersity of the corresponding polymers (Scheme 112).563

The utilization of photochemical conditions in polymer-
ization setting has been reported in 2000 on the ATRP of
methyl methacrylate promoted by CuCl•bpy system and 2,2-
dichloroacetophenone. Photo-ATRP enables continuous re-
generation of the catalyst, preventing the accumulation of
oxidised species [e.g., Cu(II)], which was one of the main
drawbacks in initial ATRP processes. Interestingly these
processes were demonstrated to have faster kinetics and
higher monomer conversions with respect to the same
polymerizations run in the dark.564 In line with what discussed
before, the chain deactivation step is based on XAT reactivity
of the polymer chain radical (Pn•) with the [Cu(II)]−X
species to give the halogenated derivative Pn−X. The
mechanism for catalyst regeneration was, however, dependent
on the wavelength of the irradiation used to perform the
polymerization. UV-based processes (λ = 335 nm) enabled
irradiation at the bpy•Cu(II)−halide ligand-to-metal charge-
transfer band, and this resulted in an “inner-sphere” SET
leading to Cu(II) → Cu(I), with the concomitant formation of
a X• radical.565−567 Processes using lower energy sources (λ =

Scheme 111. Key Elementary Steps in ATRP Scheme 112. Mechanisms of [Cu(I)] Regeneration in
Photo-ATRP Processes
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392 nm) required the addition of an external tertiary amine
(e.g., M6TREN, Et3N), as this enabled [Cu(I)] regeneration
by photoinduced SET.568−571

Regardless of the mechanistic pathway operating, the
continuous photoregeneration of the low valent metal
species572 enables metal and ligand loadings to be reduced
to ppm range,566,573−575 while maintaining a good control over
both the molecular mass and the dispersity of the resulting
polymer. Indeed, polymerization control has been demon-
strated by the often strictly linear increase in Mn as a function
of the monomer conversion and narrow dispersity (typically Đ
⩽ 1.20).564,572,576,577 Furthermore, high levels of control on
the polymer architecture can be obtained as demonstrated by
the preparation of ABCDE,578 ABACADAEFG579 block
copolymers as well as nanocylinders based on graft block
copolymers.580

Photo-ATRP is not limited to Cu-based systems and
processes based on Fe(II)/Fe(III),581−585 transition metal-
based photocatalysts,586−588 organic dyes,589−592 as well as
previously mentioned systems (e.g., Fp2, Mn2(CO)10) (see
above) have been developed. These processes typically
operates under milder conditions than standard ATRP (rt vs
typically 70−120 °C), and it is worth noting that polymer-
izations using sunlight412,593 and low-energy near-infrared light
have also been developed.573,594

4. CONCLUSION AND OUTLOOK

In this review, we have summarized the use of halogen-atom
transfer in photochemistry and photocatalysis. This reactivity
mode represents a powerful strategy to exploit the chemistry of
alkyl and aryl radicals using the corresponding halides, which
are readily available materials. Compared with strategies based
on single-electron transfer, XAT allows synthetic chemists to
activate these building blocks without the need for strong
reductants. The unique ability of XAT to engage unactivated
halides and its incorporation into dual catalytic strategies has
increased the number of retrosynthetic disconnections
amenable through radical reactivity.
Despite the vast precedence and recent interest in the area,

there are many opportunities for future research. For example,
the development of novel XAT reagents based on readily
available, inexpensive, and nontoxic materials will be highly
desirable; especially if they can fully mirror the rich reactivity
of tin and silicon radicals. Novel systems enlarging the scope of
halides amenable to XAT activation (e.g., aryl chlorides) and
their integration in new dual catalytic manifolds will be
beneficial to increase current synthetic capacity.
Developing novel radical species able to abstract halogen-

atoms will also provide further fundamental knowledge and
might better unveil the interplay of enthalpic/polar/steric
factors operating in these processes. From this perspective, the
impact that early mechanistic work has had on shaping the
XAT field cannot be understated. The availability of accurate
rate constants for XAT reactions has solved challenging
problems in synthesis, so the continuance of physical organic
chemistry studies will be crucial to the advancement of the
field. Furthermore, methods in which the XAT mediator can
be used as a catalyst are rare but would provide interesting
opportunities over classical systems based on toxic or
expensive materials. Metal complexes as well as C-based
XAT systems are promising candidates to achieve this, but
their synthetic potential is still underutilized.

Finally, as XAT belongs to the class of atom transfer
reactions, it is difficult not to draw a comparison with the field
of H-atom transfer. Achieving selectivity in XAT reactions is
still in its infancy but might be in reach following a deeper
understanding of the underlying principles. Full harnessing of
polar, steric, and stereoelectronic effects to target specific
halogen-atoms on polyhalogenated materials, or to desymmet-
rise meso-compounds, may at present look unrealistic but could
be achievable with the design of bespoke reagents. We hope
this review will further stimulate the interest of the audience
toward the exploration and the development of new paradigms
in XAT reactivity for application in synthetic chemistry.
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Conclusion 
 

In this work, we have unveiled the XAT reactivity of α-aminoalkyl radicals. Those potent abstractors 

can activate alkyl and aryl iodides and bromides. They can be generated under mild conditions from 

simple and cheap amines. The wealth of commercially available amines is a formidable opportunity 

for fine-tuning and circumventing specific issues encountered during reaction development (e.g. 

thermal background reactivity). We have demonstrated that α-aminoalkyl radical can be implemented 

in a wide array of reactions, both as stoichiometric XAT agents and initiators for radical chains, 

including redox neutral (e.g. Minisci-type reaction), net-reductive (e.g. Giese reaction) and 

metallophotoredox reactions. We also established the role of AAR as reactive intermediates, for 

instance in the case of pyrrole arylation, demonstrating the invalidity of this very reaction as a 

platform to benchmark new highly reducing photosystems. The possibility of merging an amine-based 

XAT cycle with a metal, as illustrated by our Co-catalysed elimation-type reaction, paves the way for 

progresses in metallaphotoredox/XAT protocols to assemble an ever wider ranger of chemical bonds. 

We also established the possibility of using thermal conditions to generate α-aminoalkyl radicals, 

which enabled us to develop overall redox neutral reactions.  

Beyond the practical applications, this work has found, it shed light on an often overlooked part of the 

photocatalytic cycle: the fate of photogenerated intermediates. It is common to depict the single-

electron oxidation or reduction of sacrificial electron donor or acceptor, respectively. This leaves 

radical species, assuming a certain chemical inertness of those intermediates, ignoring the high innate 

reactivity of most radical species. This work has demonstrated the importance of those species and 

calls for a systematic, in-depth investigation into their degradation products. Another class of 

commonly used sacrificial electron donor, namely formates, has recently been shown to yield an 

extremely potent reductant, CO2
•– .257,304 Many of us have been introduced to chemistry through the 

famous yet apocryphal quote of Antoine de Lavoisier: "Nothing is created, and nothing is destroyed, 

but everything is transformed ". This aphorism should resonate with us at all times as one of the most 

fundamental principles of chemistry. 

Our work call for reflexivity of the field. Photoredox chemists should take a fresh look at the recent 

history of the topic and challenge the dogma. While the "wave of photocatalysis" seems to have passed 

its peak, it is time to appreciate the misconceptions and gain a deeper understanding of this complex 

field. Photoredox catalysis has, to a certain extent, reached its destination: it became a mainstream 

field studied both in academic and industrial laboratories, and it has proven its value at solving long-

standing problems. It is now time to look back at the journey. 
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