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Abstract: Efficient methods for synthesizing 1,2-aryl-
(alkenyl) heteroatomic cores, encompassing heteroa-
toms such as nitrogen, oxygen, sulfur, and halogens, are
of significant importance in medicinal chemistry and
pharmaceutical research. In this study, we present a
mild, versatile and practical photoredox/iron dual cata-
lytic system that enables access to highly privileged 1,2-
aryl(alkenyl) heteroatomic pharmacophores with excep-
tional efficiency and site selectivity. Our approach
exhibits an extensive scope, allowing for the direct
utilization of a wide range of commodity or commer-
cially available (hetero)arenes as well as activated and
unactivated alkenes with diverse functional groups, drug
scaffolds, and natural product motifs as substrates. By
merging iron catalysis with the photoredox cycle, a vast
array of alkene 1,2-aryl(alkenyl) functionalization prod-
ucts that incorporate a neighboring azido, amino, halo,
thiocyano and nitrooxy group were secured. The scal-
ability and ability to rapid synthesize numerous bio-
active small molecules from readily available starting
materials highlight the utility of this protocol.

Introduction

The rapid and efficient construction of molecular complexity
from readily available starting materials has long been a
fundamental pursuit in organic synthesis. In recent decades,
transition-metal catalysis, photocatalysis, and electrosynthe-
sis have emerged as powerful strategies for alkene difunc-
tionalization, enabling the construction of two neighboring

chemical bonds in a single transformation (Figure 1A, i).[1]

Among these vicinal difunctionalizations, alkene 1,2-aryl
heteroatom functionalization is of particular interest as it
enables straightforward and step-economic synthesis of
structurally diverse products by introducing a C� X bond
(X=N, O, S, halogens, etc.) and a C� C(sp2) bond
simultaneously.[2] Furthermore, the incorporation of the 1,2-
aryl heteroatomic motif has demonstrated enhancement in
bio-efficacy and therapeutic potential, rendering it a priv-
ileged scaffold in pharmaceutical development[3] (Fig-
ure 1B). Although several transition-metal-catalyzed strat-
egies for multicomponent 1,2-aryl heteroatom
functionalization of alkenes have been developed, including
carboboration,[4] arylhalogenation,[5] oxidative
oxyarylation,[6] arylsulfenylation,[7] and the synthesis of cyclic
arylethylamines,[8] most of these methods are limited by
their narrow substrate scopes and the need for prefunction-
alized starting materials, thus hindering their broad applic-
ability.

Alternatively, radical-based intermolecular three-compo-
nent approaches have emerged as a promising strategy for
achieving alkene 1,2-aryl heteroatom functionalization (Fig-
ure 1A, ii). One of the classical methods is the Meerwein
arylation that involves a reductive generation of aryl radicals
from highly reactive precursors (aryldiazonium or diary-
liodonium salts), followed by radical-polar crossover and
trapping of the resulting carbocation with excess
nucleophiles.[9] In 2021, the Gaunt group reported an
excellent study on the vicinal azidoarylation of alkenes using
diaryliodonium salts as aryl radical sources and NaN3 as the
heteroatom source, via a visible-light-mediated dual copper
catalysis, to access β-aryl azidoalkanes.[10] However, the use
of these reactive radical precursors presents challenges for
the late-stage modification of complex bioactive molecules
due to difficulties in accessing them. Conversely, readily
available (hetero)arenes, which are prevalent in pharma-
ceutically relevant molecules, represent ideal aryl radical
precursors (Figure 1C). However, generating aryl radicals
through direct hydrogen atom abstraction of arenes is
extremely challenging due to their high bond dissociation
energy and site selectivity issues. To overcome this chal-
lenge, an elegant indirect approach using arylthianthrenium
salts as aryl radical precursors was introduced by Ritter and
co-workers in 2019,[11] and it has since been widely employed
in two-component reactions.[12] The air and bench-stable
arylthianthrenium salts can be derived from (hetero)arenes
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with excellent yield and site selectivity through electrophilic
thianthrenation or a complementary Ir-catalyzed regioselec-
tive borylation followed by Cu-mediated thianthrenation for
late-stage functionalization of complex bioactive
molecules.[11,12b] During the course of compiling our manu-
script, Ritter and co-workers extended the application of
this strategy to three-component reactions, enabling amino-
arylation of alkenes through a photoinduced copper-cata-
lyzed pathway.[13a] Despite these recent advances,[13] the
development of a unified synthetic platform capable of
rapidly assembling a broad array of 1,2-aryl heteroatomic
compounds from inexpensive and readily available aro-
matics and olefins remains an unmet challenge.

Over the past decade, iron (Fe) catalysis has gained
significant attention in synthetic chemistry[14] by providing
an attractive avenue for developing efficient methodologies

to streamline the synthesis of complex organic molecules,[15]

due to its cost-effectiveness, biocompatibility and environ-
mental sustainability. While Fe-catalyzed multicomponent
reactions offer unique opportunities beyond conventional
transition-metal catalysis,[16] the application of inexpensive
iron catalysts in three-component 1,2-aryl heteroatom
functionalization of alkenes for constructing bioactive small
molecules is still underdeveloped. In 2023, Leboeuf and co-
workers reported a Fe-catalyzed two-step 1,2-amino-
arylation of alkenes with arenes and hydroxylamines as the
nitrogen source through a ring-opening strategy via an
aziridinium intermediate.[16a] However, the scope of the
reaction is limited to electron-deficient alkenes and elec-
tron-rich arenes. Therefore, there is still a need for more
general ways to promote 1,2-aryl heteroatom functionaliza-
tion of alkenes starting from commercially available aro-

Figure 1. Photoredox/iron dual-catalyzed 1,2-aryl(alkenyl) heteroatom functionalization of alkenes. (A) Multi-component difunctionalization of
alkenes for the construction of 1,2-aryl heteroatomic scaffolds. (B) Commercially available (hetero)aryl sources. The statistical data presented here
are based on the number of commercially available compounds that are sourced from Reaxys, as of June 17, 2023. (C) Selected examples of
bioactive molecules containing 1,2-aryl(alkenyl) heteroatomic moieties. (D) This work: A photoredox/iron dual catalysis for the construction of
diverse 1,2-aryl(alkenyl) heteroatomic compounds from readily available (hetero)arenes, alkenes, and nucleophiles. M= transition-metal catalyst;
PC=photocatalyst.
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matics and alkenes of diverse electronic/steric attributes. In
this context, metallaphotoredox, the merger of photoredox
and transition metal catalysis, has emerged as a promising
strategy by offering a broader scope and greater
generality.[17] Recently, Gaunt and co-workers demonstrated
the use of a photoredox/iron catalytic approach for the
vicinal arylchlorination of vinylboronic esters using diary-
liodonium salts as the aryl radical source.[18] Building upon
this concept, we report a mild, modular, and practical
photoredox/iron dual catalytic system by leveraging aryl
sulfonium salts as versatile building blocks, readily acces-
sible from arenes in a regioselective manner. This system
demonstrates a broad substrate scope, tolerating various
(hetero)arenes, alkenes, and heteroatomic compounds,
thereby providing a versatile platform for the synthesis of
diverse 1,2-aryl heteroatomic pharmacophores (Figure 1D).

Additionally, this mild photoredox/iron dual-catalytic
system offers a convenient method for the underdeveloped
direct generation of 1,2-alkenyl heteroatomic compounds,
an important class of medicinally relevant scaffolds that
include homoallylamines (Figure 1B), using alkenes as the
alkenyl radical precursors.

Results and Discussion

Reaction Optimization

The reaction development was initiated by using aryl
dibenzothiophenium salt 4a readily accessed from the
corresponding arene as the model substrate for 1,2-arylazi-
dation of alkenes with TMSN3 under photoredox/iron dual-
catalyzed conditions. Through extensive investigation of
various bases, photocatalysts, iron catalysts, and solvents,
the optimal conditions for the reaction were identified as
follow: the combination of the photocatalyst fac-Ir(ppy)3
(2 mol%), Fe(OTf)2 (20 mol%), 4-picoline (2.5 equiv.) in
MeCN (0.1 M) at room temperature under light irradiation
with 456 nm blue light-emitting diode (LED) afforded
arylethylazide product 4 in 84% yield and complete
regioselectivity (Table 1, entry 1). Notably, the residue
dibenzo[b,d]thiophene (DBT) was recovered in 94% yield
and can be reused. When 4-picoline was replaced with other
bases, the product yields decreased (entry 2). The choice of
solvent was vital to this transformation, as evidenced by the
low yield (0–60%) obtained when using other solvents
(entry 3, see Table S1 for details). Switching Fe(OTf)2 to
other iron catalysts also resulted in decreased yield of
azidoarylation product 4 (Table 1, entry 4). Substituting the
photocatalyst from fac-Ir(ppy)3 (Ered [Ir(III*)/Ir(IV)]=
� 1.73 V vs SCE) to Ir(dFCF3ppy)2(dtbbpy)PF6 (Ered

[Ir(III*)/Ir(IV)]= � 0.89 V vs SCE) or 4CzIPN (Ered [PC*/
PC+]= � 1.01 V vs SCE)[19] led to no product formation,
possibly because that their reduction potentials are not
enough to reduce sulfonium salt 4a (Ered= � 1.1 V vs
SCE)[12i] (entries 5 and 6). When NaN3 was used as the
nitrogen source instead of TMSN3 and 4-picoline, the yield
of desired product 4 was obtained in 69% yield (entry 7).
The yield of 4 descended when the TT salt 4b was used

(entry 8). In addition, control experiments showed that the
absence of fac-Ir(ppy)3, iron catalyst, 4-picoline or light
resulted in no product formation, highlighting the necessity
of these components in this reaction (entries 9–11).

Substrate Scope

With the optimal reaction conditions in hand, we first
explored the scope of (hetero)arenes in this three-compo-
nent 1,2-arylazidation reaction. To our delight, this photo-
redox/iron co-catalyzed protocol is applicable to an ex-
tremely broad set of aromatic hydrocarbons and drug
molecules, furnishing the desired products with exclusive
regioselectivity across the board (Scheme 1). Arenes bearing
a wide range of substituents, including electron-rich and
electron-poor groups, in various substitution patterns (or-
tho-, meta-, and para-) afforded the desired azidoarylation
products (4–23) in good to excellent yields. Heteroaromatics
such as pyridine, quinoline, pyrrole, and thiophene were
also well-tolerated (24–29). The mild photoredox/iron-cata-
lyzed conditions coupled with the high site selectivity
dictated by the synthesis of DBT salts[11] render this protocol
a valuable tool for executing precise late-stage modifications
of complex biologically relevant scaffolds and drug mole-
cules. Numerous natural products and pharmaceuticals,
including clofibrate, aniracetam, mexiletine, boscalid, nime-
sulide, estrone, diflunisal, chlorzoxazone, nefiracetam, feno-
fibrate, amiodarone, diclofenac amide, voltaren, ketanserin,
famoxadone, benzbromarone, fenbufen, were well-tolerated,
furnishing the corresponding late-stage-modified products
(30–46) as single regioisomers in moderate to good yields. In
general, the protocol exhibited excellent compatibility with
numerous functional groups, including halogens (F, Cl, Br),
silanes, esters, ethers, amides, sulfonamides, nitro ketones,

Table 1: Evaluation of reaction conditions.

[a] Yields were determined by analysis of the crude 1H NMR spectra
using CH2Br2 as an internal standard. [b] Isolated yields. See
Tables S1–S4 for details. TT salt 4b=5-(4-(tert-butyl)phenyl)-5H-
thianthren-5-ium trifluoromethanesulfonate.
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nitriles, trifluoromethylthio-, difluoromethoxy-, and
trifluoromethyl groups, as well as protic groups such as

secondary amines and hydroxyl groups. Remarkably, this
iron-catalyzed system exhibits exceptional compatibility

Scheme 1. Photoredox/iron dual catalysis for the synthesis of arylethylamines and homoallylamines. [a] All reactions were performed with DBT salts
(0.2 mmol), olefins (4 equiv.), TMSN3 (3 equiv.), 4-picoline (2.5 equiv.), fac-Ir(ppy)3 (2 mol%), Fe(OTf)2 (20 mol%) in MeCN (2.0 mL) under argon
and 10 W blue LED irradiation. [b] Diastereomeric ratios (d.r.) or E/Z ratios were determined by analysis of the 1H NMR spectra of the crude
reaction mixtures [c] Arylthianthrenium salts (TT salts) were used.
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with aryl iodides affording the desired products in moderate
yields (13 and 40) despite the labile nature of the Ar� I
bond. Notably, in addition to aryl and heteroaryl cases,
styrenyl DBT salts were viable substrates in this protocol,
marking the first reported examples of direct 1,2-alkenyl
azidation to generate products that can be further elabo-
rated to valuable homoallylamines.[20] Styrenyl groups with
different substituents could be installed to secure the desired
products (47–54) in moderate yields and high regio- and
stereoselectivity (E:Z>20 :1).

To further assess the generality of this method, a broad
range of readily accessible alkene substrates was inves-
tigated (Scheme 2). Activated alkenes such as 4-chlorostyr-
ene, 2-vinylthiophene, vinylthiazole as well as vinyl ether
were feasible to provide the corresponding products (55–58)
in good to high yields. Cyclic disubstituted internal alkenes
also effectively participated in this transformation, affording
the desired azidoarylation product (59–61) in moderate
yields with excellent diastereoselectivity (d.r. >20 :1). Sim-
ple mono-substituted alkenes bearing sensitive functional
groups, such as chloromethyl silane and bromide, were well-
tolerated to deliver the corresponding products (62, 63) in
66% and 57% yields, respectively. Furthermore, Michael
acceptors could also be employed in the 1,2-aryl heteroatom
functionalization to deliver the desired products (64, 65).
Moreover, 1,1-disubstituted alkenes, whether acyclic (54, 66,
67) or cyclic (68–72) with structures such as cyclobutane,
piperidine, and adamantane rings, demonstrated favorable
reactivity, delivering the tetrasubstituted azide products in
moderate to good yields. Application of this method in the
late-stage functionalization of complex natural products
possessing an alkene moiety was also explored. Terminal
alkenes found in the core structures of L(� )-carvone (73),
nootkatone (74), vinclozolin (76), (+)-dihydrocarvone (77)
smoothly underwent the 1,2-azidoarylation.

Importantly, by simply replacing the azide with other
nucleophiles, a diverse library of 1,2-aryl heteroatomic
skeletons can be rapidly constructed through photoredox/
iron dual catalysis. This versatile protocol enables the
efficient synthesis of 1,2-arylsulfenylated products (78–79),
1,2-arylnitrooxylated product (80), 1,2-arylbrominated prod-
ucts (81–82), and 1,2-arylchlorinated products (83–86),
offering a powerful platform towards the preparation of
diverse 1,2-aryl heteroatomic compounds.

Further Synthetic Applications

The synthetic utility of this method was further demon-
strated in several transformations of the multifunctional
azido products (Scheme 3). Firstly, the 1,2-arylazidation
reaction can be easily scaled up to gram quantities,
emphasizing its practical utility (Scheme 3A). Reduction of
azido-modified diclofenac amide 42 afforded primary amine
87 in good yield. Copper-catalyzed click reaction of
diclofenac amide analogue 42 with acetylene gas provided
triazole 88 in 56% yield. Cycloaddition of chlorzoxazone
derivative 38 with pentane-2,4-dione resulted in the forma-
tion of triazole 89. Additionally, azide 38 can be further

converted into phosphorimidate 90 in 92% yield under mild
reducing conditions. The bioconjugation of azides (38 and
42) with pharmaceuticals and natural product moieties, such
as mestranol, mestranol, fenbufen derivatives, via click
chemistry provided feasible access to adducts 91–93 in good
yields, suggesting the potential applications in the prepara-
tion of antibody-drug conjugates and biomolecule labeling.
Phenethylamines, including amphetamine and its deriva-
tives, are naturally occurring compounds with promising
biological activities for central nervous system treatments,
making them appealing in drug development. We then
turned our attention to the synthesis of β-phenethylamine
drugs from feedstock chemicals (Scheme 3B). The tandem
azidation and reduction using commercially available aro-
matics with propylene enabled the rapid synthesis of
norfenfluramine and amphetamine analogues (94–97 and
101). Moreover, this protocol was successfully employed to
construct the key synthetic intermediate for bronchial drug
protokylol[3c,21] (98) and the adenosine triphosphate (ATP)-
competitive protein kinase B (Akt) inhibitor CCT128930
(102).[3b]

Mechanistic Studies

A series of control experiments and spectroscopic inves-
tigations were conducted to elucidate the reaction mecha-
nisms (Scheme 4). In the absence of Fe catalysts, no product
4a or Ritter-type amination product 104 were detected,
ruling out the possibility of a radical-polar crossover and
subsequent carbocation trapping pathway (Scheme 4A, i).
When iron(II)-azide complex 105,[22] which was prepared
from FeSO4·H2O, 4-picoline and NaN3 in water,[23] was
subjected to the standard reaction conditions with DBT salt
4a and styrene, the desired product 4 was obtained in 79%
NMR yield (Scheme 4A, ii). This result highlights the
importance of the iron catalyst in the azide transfer process;
however, further investigation is necessary to fully compre-
hend its role in these processes. Furthermore, the oxidation
potential of Fe(II) complex 105 at Eox=0.53 V vs SCE, was
measured by cyclic voltammetry. This result demonstrated
that the oxidized Ir(IV) catalytic species (E1/2

ox= [Ir(IV)/
Ir(III)]=0.77 V vs SCE) could be potentially reduced by a
putative iron(II)-azide species to generate iron(III) inter-
mediate and Ir(III) species. Additionally, a radical clock
experiment using cyclopropyl styrene 106 under the
standard conditions led to the formation of ring-opened
product 108 in 45% isolated yield. This result confirms the
generation of aryl radical from DBT salt and its subsequent
addition to styrene, which formed radical intermediate 107
through the radical ring opening of the cyclopropyl group
(Scheme 4B). To further establish the light-dependency of
this reaction, an intermittent illumination experiment was
performed, and the results demonstrated a clear correlation
between irradiation and productivity (Scheme 4C). Impor-
tantly, no product formation was observed during the dark
phase, eliminating the possibility of any thermal processes
and firmly establishing that the reaction is specifically
triggered by light. This observation also underscores the
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crucial role of photocatalyst fac-Ir(ppy)3 in facilitating the
reaction. Furthermore, the measured quantum yield (Φ)
value (Φ=4×10� 2, see the Supporting Information for de-
tails) supports a closed photocatalytic cycle instead of a
chain radical process. Additionally, Stern–Volmer lumines-
cence quenching studies showed that DBT salt 4a quenched

the excited state of fac-Ir(ppy)3 dramatically more than
other quenchers, providing evidence for the preferential
interaction between the DBT salt and the photo-excited
catalytic species (Scheme 4D). Based on the experimental
findings and previous literatures,[12i,l,16i,18] a tentative mecha-
nism is proposed as depicted in Scheme 4E. Under light

Scheme 2. Diverse synthesis 1,2-aryl heteroatomic compounds. All reactions were performed with DBT salt (0.2 mmol), olefins (4 equiv.), NaN3

(3 equiv.), fac-Ir(ppy)3 (2 mol%), Fe(OTf)2 (20 mol%) in MeCN (2.0 mL) under argon and 10 W blue LED irradiation, unless otherwise indicated.
[a] TMSN3 (3 equiv.), 4-picoline (2.5 equiv.) instead of NaN3. [b] Diastereomeric ratios (d.r.) were determined by the analysis of 1H NMR spectra of
the crude reaction mixtures. [c] 3.0 equiv. of KSCN was used; [d] 3.0 equiv. of n-Bu4NNO3 was used; [e] 3.0 equiv. of n-Bu4NBr was used.
[f ] 3.0 equiv. of n-Bu4NCl was used.
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Scheme 3. Further synthetic applications. [a] For detailed reaction conditions, please refer to the Supporting Information. [b] Two-step overall yields
were indicated. [c] Diastereomeric ratio (d.r.) was determined by the analysis of 1H NMR spectra of the crude reaction mixture.
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irradiation, the excited Ir(III)* catalyst (E1/2
red [Ir(III*)/

Ir(IV)]= � 1.73 V vs SCE)[24] reduces the DBT salt (4a,
Ered= � 1.1 V vs SCE), generating the corresponding aryl
radical D or alkenyl radical F and releasing DBT. The aryl/

Scheme 4. Proposed mechanisms with supporting evidence.
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alkenyl radical then exclusively adds to the alkene selec-
tively at a position that generates the stabilized alkyl radical
E or G. Although the precise details of the iron catalytic
mechanism are not fully understood at this stage, it is
hypothesized that an in situ generated iron(II)-azide species
C (analogous to 105), formed from the combination of
Fe(OTf)2, 4-picoline and TMSN3 in MeCN, reduces the
oxidized state Ir(IV) catalyst (E1/2

ox= [Ir(IV)/Ir(III)]=

0.77 V vs SCE), leading to the formation of iron(III)
intermediate A and regeneration of the Ir(III) catalyst to
complete the photocatalytic cycle. Finally, radical intermedi-
ate E or G can be trapped by A to deliver iron(II) complex
B and the desired coupling products.

Conclusion

In summary, we have developed a mild, modular, and
practical photoredox/iron dual-catalytic system for the direct
access of diverse medicinally valuable 1,2-aryl(alkenyl)
heteroatomic compounds from readily available starting
materials such as (hetero)arenes, alkenes, and heteroatomic
compounds. This methodology offers a broad substrate
scope and is applicable to late-stage functionalization of
complex bioactive molecules in a highly selective fashion,
making it a valuable tool in drug discovery and develop-
ment. The scalability of this protocol and the successful
rapid synthesis of a range of bioactive molecules further
underscore its practicality and synthetic utility.
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Research Articles
Dual Catalysis

W. Zhang, T. Liu, H. T. Ang, P. Luo, Z. Lei,
X. Luo, M. J. Koh,* J. Wu* e202310978

Modular and Practical 1,2-Aryl(Alkenyl)
Heteroatom Functionalization of Alkenes
through Iron/Photoredox Dual Catalysis

A practical photoredox/iron dual cata-
lytic system has been developed for
efficient synthesis of 1,2-aryl(alkenyl)
heteroatomic cores with high site selec-
tivity. The excellent functional group
compatibility, scalability, use of readily

available starting materials, and applica-
tion to late-stage functionalization
underscore the potential protocol’s utili-
ty in medicinal chemistry and pharma-
ceutical research.
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