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A Case of Chain Propagation: -Aminoalkyl Radicals as Initiators 
for Aryl Radical Chemistry
Timothée Constantina, Fabio Juliáa, Nadeem S. Sheikhb, 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 -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 photocatalyst. 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 = heteroatom) bonds.1 Reactions 
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 
sometimes 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 
= 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 sulfoxylate radical 
anion chemistry,12 organic super electron donors13 and photo-
electro-chemistry14 has successfully addressed some of these 
issues. Within the field 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 sacrificial 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 

Scheme 1. Most common approaches for aryl radical generation 
and this work.
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We have recently demonstrated that generating -aminoalkyl 
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 -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 extensive charge 
transfer character.
As part of our ongoing interest in exploring this activation mode, 
we recently questioned if -aminoalkyl radical-mediated XAT 
could be leveraged to enable divergent arene functionalization 
under photoredox conditions. Our interest was mainly focused 
on the radical coupling of aryl halides with pyrrole derivatives, 
a benchmark transformation often used to assess the reductive 
ability of new photoredox catalysts.22 In these examples, the 

photocatalyst (either in the photoexcited or the reduced state) 
triggers the SET reduction of the  aryl halide, while 
stoichiometric amounts of amines are employed as sacrificial 
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 -aminoalkyl radicals and XAT 
deliver the key 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 -aminoalkyl radical chemistry can be 
used to generate and explore the reactivity of aryl radicals in 
chain propagating manifolds (Scheme 1C).
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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 -aminoalkyl radicals.

Results and Discussion
Mechanistic Considerations.

We initially questioned whether photoredox catalysis could be 
used to generate -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 -
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aminoalkyl 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 4CzIPN•– 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 5-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 confirm the key involvement 
of -aminoalkyl radical-mediated XAT as initiation step we 
conducted a series of control experiments using electron poor 
4-acetyl-iodobenzene 1 and electron rich 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 = –1.64 V vs SCE and 4: Ered = –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 = +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 -aminoalkyl radicals as 
initiators was obtained by replacing n-Bu3N with other electron 

donors. Sodium ascorbate is a commonly used sacrificial 
reductants in photoredox catalysis,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 -sp3 C–H bonds required 
for -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 -
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 identified Ph2NPMP (PMP = p-MeO-Ph), 
as optimum due to the appearance of an absorbance tail in the 
visible range (max ~ 450 nm) in 6.24 In order to exclude a purely 
EDA-based photochemical 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, 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.

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 -aminoalkyl radical (B1) and extended aminoalkyl radical (E2) and the thermodynamic feasibility of the chain 
propagation step. PMP = p-OMe-C6H4. 
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The stabilised 5-radical E2 is the key intermediate enabling aryl 
radical regeneration in the proposed chain-propagating 
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 -aminoalkyl radical B1 and 5-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 (+

rc) and 
Hirshfeld charge (HC) demonstrate E2 is a highly nucleophilic 
radical that could therefore participate in XAT processes and 
benefit 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 Gº 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 -aminoalkyl 
radicals-mediated strategy to activate both electron rich and 
electron poor aryl iodides exemplifies its versatility as initiation 
mode for aryl radical-based chain propagations.
In order to have more insights on the extent of the radical chain 
propagation we determined the quantum yield for the reaction 
between 1 and 2 to give 3 under standard conditions. This analysis 
provided  = 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.

After identifying optimal reaction conditions, we explored the 
scope of the transformation by evaluating different aryl halides 
(Scheme 4A). Aryl iodides substituted with electron 
withdrawing 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 both meta- (15–18) and 
ortho-substituted (18, 19, 29 and 32) aryl halides in comparison 
with their para-functionalised counterparts. Other aryl iodides 
like 1- and 2-iodo-napthalenes, 2-iodo-pyrazine, 4-iodo-
pyridine and 2-iodothiophenes 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 electron-rich aryl bromides (17) which are 
often challenging substrates. Consistently with the trend 
observed in the aryl iodide scope, electron-poor systems gave 
higher yields than the electron-rich ones. Electron-deficient 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 
intramolecular, 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 
thiophene (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 -N 
vs -O/S-5-radical intermediates 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 
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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 5-radicals. 

Expanding -Aminoalkyl Radicals Initiation to Phosphonylation.

Our current mechanistic understanding of these radical 
arylations suggests that -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 
interested 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 -aminoalkyl radicals to 

initiate the sp2 phosphonylation of aryl halides with trialkyl 
phosphites.17b, 22a, 33 We were hopeful that upon XAT-initiated 
aryl radical generation and addition to the phosphite, the 
resulting P-radical intermediate would undergo a 
thermodynamically driven -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 
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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. 

NC
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P
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P
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O
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40 41 42 43
X = I
X = Br
X = Cl
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: 12%

X = I
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: 36%

X = I
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: 30%

X = I : 35%

P
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O
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90%

P
Oi-Pr

O
Oi-Pr
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Scheme 5. XAT-initiated radical chain phosphonylation of aryl 
halides.

Conclusions
We have reported here that the photoredox generation of -
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 
consideration when benchmarking new photoredox catalysts 
with the radical arylation of pyrroles in the presence of 
alkylamines. 
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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