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Abstract

Radical catalysis is an innovative synthetic approach employing the open shell reactive radical species as
catalysts to facilitate chemical reactions. Generally, free organic radicals derived from elements like boron,
nitrogen, sulfur, bromine and tin are utilized due to their reversibility in radical addition/elimination processes.
Extensive efforts have been devoted to expanding the use of radical species as catalysts in [3+2] cycloaddition,
oxidative cleavage of olefins, cyclopropanation, C-H functionalization, C-H amination, and other related
transformations. This review summarizes the advancements in designing and generating active organic radicals,
as well as their involvement in catalyzing intriguing organic reactions throughout the catalytic cycle.
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1. Introduction

Catalysis is at the forefront of modern chemistry, serving as the linchpin for the development of efficient and
sustainable chemical processes.3 Within the realm of catalysis, three dominant categories have emerged:
transition metal catalysis, organocatalysis and biocatalysis. Each of these approaches leverages distinct
catalysts, such as transition metals, small organic molecules, and enzymes, to orchestrate chemical
transformations.*” Regardless of the catalyst employed, a delicate equilibrium must be maintained between
reactivity and stability, crucial for driving organic reactions in a favourable direction while resisting catalyst
deactivation.

Notably, in all three catalytic systems, certain reactions involve the use of radical intermediates. In such
cases, the catalyst can either initiate radical formation or interact with radicals produced from other reactions,
thereby facilitating additional transformations. In recent years, the progress in photoredox and electrochemical
catalysis has ushered in a new era of radical intermediates in organic reactions, where light or electricity was
converted into chemical energy to promote single electron transfer (SET) events in organic molecules.81°

However, amid these catalytic systems, one intriguing challenge has emerged—the utilization of free
organic radicals as catalysts. These radical species, inherently kinetic unstable due to their unsatisfied valency,
are prone to side reactions or self-termination, posing obstacles to efficient catalytic turnover. Additionally,
their generally high reactivity and low activation barriers often result in poor selectivity in organic reactions.

Yet, a glimmer of promise lies in the realm of heteroatom-centered free radicals, including those derived
from boron, nitrogen, sulfur, bromine and tin compounds. These radicals have demonstrated the capacity to act
as catalysts through unique mechanistic pathways, distinct from transition metal, organocatalytic, and
biocatalytic routes. They exhibit unpaired electron processes that can surmount steric and electronic
constraints, enabling one or multiple bond formations in a time-efficient “one-pot” manner.!! These radicals
also exhibit high functional group tolerance, minimizing the need for protecting group installation.

In heteroatom-centered radical-catalysed reactions, a transiently stable yet reactive radical is firstly
generated through bond homolysis, hydrogen atom abstraction or photocatalysis (Figure 1). This radical species
can reversibly add to a molecule, creating new radical intermediate that may undergo various transformations
before ultimately delivering the product while regenerating the radical, thus completing a catalytic cycle. This
reversibility of radical addition and elimination forms the crux of a complete radical catalytic cycle. Notably, the
radical intermediates could undergo intermolecular cyclization or addition to unsaturated bonds, leading to the
propagation of radical processes in single-step or cascade transformations like cycloaddition, cyclopropanation,
or C(sp3)-H functionalization, enabling the modular assembly of complex structures. There has also been a
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growing emphasis on the stereoselective catalysis of radical reactions, considering that chirality is commonly
lost during radical formation.
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Figure 1. Heteroatom-centered organic radicals in catalysis.

This review delves into the recent developments in the field of radical catalysis, focusing on free organic
radicals, particularly those centered around main-group elements such as boron, nitrogen, sulfur, bromine and
tin. In addition to those main group element radical catalysts, transition metals such as cobalt'?!® and
titanium, 429 samarium,?23 as well as transition metal bismuthanes?* demonstrate similar role to catalyse
radical reactions. For instance, the Lin group utilizes titanium complexes for radical redox relay catalysis?>-28
while the Zhang group employs cobalt(ll) complexes of porphyrins for metalloradical catalysis.?>3° Nevertheless,
the transition metal-catalysed radical reaction is beyond the scope of this article, and it could be referred to
several published review papers.t> 494> This review organizes the developments of heteroatom-centered radical
catalysis in chronological order, highlighting the recent advances and burgeoning interest in this captivating
field. For other related reviews relevant to radical covalent catalysis,*® bromine-%’ or nitrogen-centered*®
radicals, readers are directed to the cited sources.

2. Boron Radicals

Over the past decades, studies on the chemistry of boron-centred radicals have emerged rapidly especially with
the development of N-heterocyclic carbene (NHC)- and pyridine-boryl radicals.**->2 Studies have shown that the
addition of boryl radical to unsaturated bonds is a reversible process and such reaction is driven forward when
the resulting radical is stabilized by adjacent group such as the carbonyl and aryl.>3->> After cascade of molecular
transformations mediated by radical process, B-elimination took place to regenerate the radical from [-boryl
alkyl radical. Hence, with proper design of substrates, an elegant catalytic cycle could be realized through the
reversible transfer of boryl radical species.

In 2019, our group discovered that the N-(2-ethynylaryl)arylamides 1 were cycloisomerized to quinolinones
2 under mild reaction conditions in the presence of NHC-boryl radical catalyst.>> Mechanistic and computational
studies support the mechanismillustrated in Scheme 1. The radical initiator 1,1’-azobis(cyclohexanecarbonitrile)
(ACCN) abstracts a hydrogen atom from NHC-BH3 to deliver NHC-boryl radical that adds to the starting material
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1 to afford an alkenyl radical I. Intramolecular radical cyclization to benzamide Il is followed by C-C bond cleavage
to achieve the first aryl migration, delivering acyl radical lll. This intermediate radical is calculated to undergo 5-
exo-trig cyclization with low activation barrier (2.1 kcal/mol) and is exergonic by 16.6 kcal/mol, resulting in -

boryl alkyl radical IV. A second aryl migration then precedes the final B-fragmentation to provide product 2 and
regenerate the NHC-boryl radical.

3
R are NHC-BHj (20 mol%) R Me
R'l:_ > R1:_ [ \>_éH3
AN MeCN NN L, N
A y 95°C, 12 h L Me
. , NHC-BH,

N N.__O
| AN
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H
R1I_
=
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R3 second aryl
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N.__O

first aryl \
migration
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Scheme 1. NHC-boryl radical-catalysed cycloisomerization of N-(2-ethynylaryl)arylamides.

In 2022, Xu and Li reported a method for the synthesis of highly substituted cyclopentanes 7 via radical
relay catalysis of aryl cyclopropyl ketones 3 and alkenes 4 (Scheme 2).°® This reaction features a dual catalytic
system whereby electron-poor pyridine acts as a co-catalyst for the formation and transfer of pinacolato boryl

Page 4 of 35 ©AUTHOR(S)



Arkivoc 2024 (2) 202312052 Phang, Y. L. et al.

radical. Homolytic cleavage of tetraalkoxydiboron(4) compound 5 generates a boronyl radical which complexes
with 3-pentyl isonicotinate (6) to form a stabilized radical complex. Addition of this boronyl radical to the
carbonyl oxygen of 3 affords a benzylic ketyl radical | while at the same time liberates the pyridine 6. Further
cyclopropane opening/radical addition to alkene 4/5-exo-trig ring-closing tandem reactions produce a new
benzylic ketyl radical IV. At this stage, pyridine 6 mediates the release of boronyl radical by complexing with it,
delivering the desired product 7 with high to excellent yield and diastereoselectivity. This protocol is applicable
to both polysubstituted cyclopropanes and alkenes, emphasizing its broad substrate scope with 65 examples
shown. Furthermore, the synthesis of key intermediate that allows access to glycerolacyltransferase (DGAT-1)
inhibitor, a selective anti-obesity drug by Abbott, was achieved through this methodology.

] 5 (15 mol%) ; 0
R/ R2 6 (25 mol%) R Me Me
Ar + _< - \ Ar v O\ /O
R* RS anisole ~R2 _ BB,
O 100 °C, 12 h RY R3 : 0 0
’ H 5 H
3 4 7

RO 4 \
3 . B*N/\:>*COZ(3-pentyl) 7 o o)
RO . =
(=B) O)(ph Ph
— - " Bpin
N/\\:/>—CO2(3-penty|) Ar CN Ph

77%,12:1 dr 75%, >20:1 dr

6 * 5
A'(Ar 20 0 tBuO,C ¢
R Me, =

I o R4 R3 5
“B v PhMe Ph
- Ph
EtO,C  ph CONEt,
80%, >20:1 dr 72%, >20:1 dr
Ar
o) Ph
[ ] /
WAr ﬁO/B (@] >¥N\
° N H
O T g{ LR2 m H
4 ""COzH  Apbott DGAT-1 inhibitor

Scheme 2. [3+2] cycloaddition of cyclopropanes and alkenes via diboron(4)/pyridine co-catalysis.

The pyridine co-catalysed [3+2] cycloaddition was further improved by Li and co-workers in the same year.>’
Here, the pyridine moiety complexes with boronyl radical and serves as a medium for radical transmission via
dearomatization and rearomatization processes. Mechanistic studies and computational results showed the
reaction commences with the complexation of 4-pyridinyl cyclopropanes 8 to boronyl radical derived from 10
(Scheme 3). The resulting boronyl radical complex | then undergoes cyclopropane ring opening by
dearomatization of pyridine to yield intermediate Il. Subsequent radical addition to alkene 4 or alkyne 9,
followed by intramolecular cyclization forge the cyclopentane or cyclopentene ring IV. Reaction with another
molecule of starting material 8 allows rearomatization of pyridine to deliver 11 or 12 and regenerates pyridine-
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complexed boronyl radical I. Aside from the highly substituted cyclopentanes and cyclopentenes, this reaction
is also applicable to the synthesis of bicyclo[2.1.1]hexanes with 4-pyridinyl bicyclo[1.1.0]butanes as substrates.
This reaction disclosed a radical transmission approach for reactions where the radical initiation site lies
distantly from the reaction site.

R2 R3 Rs
| - o Rz\ R4
RS R4 10 (10 mol%) 0]
+ 4 — > R® or :B
e 0
| R or 110 °C, 24 or 12 h [ g
N — 6 /) 2
= R N 10
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Scheme 3. [3+2] cycloaddition of 4-pyridinyl cyclopropanes with alkenes or alkynes.

The same group again utilized the diboron(4)/pyridine co-catalysis strategy on the [20+20] radical
cycloaddition of cyclopropanes 3 and bicyclo[1.1.0]butanes 13 to form multisubstituted bicyclo[3.1.1]heptane
products 15 (Scheme 4).°® Similarly, B-B homolytic cleavage of B.pin, followed by coordination to pyridine
deliver the pyridine-stabilized boronyl radical that adds to the carbonyl oxygen group to afford benzylic ketyl
radical I. After cyclopropane ring opening, intermolecular radical addition of 13 releases ring strain of the two
cis-fused cyclopropanes, giving cyclobutyl radical Ill which undergoes 6-exo-trig ring-closing. The resulting

benzylic ketyl radical IV yields the desired product 15 while the boryl radical recomplexes with pyridine 14 to
regenerate the catalyst.
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Scheme 4. [20+20] cycloaddition of cyclopropanes and bicyclo[1.1.0]butanes via diboron(4)/pyridine co-

catalysis.

In 2023, the Wang group reported a [2ni+20] cycloaddition of bicyclo[1.1.0]butanes 16 with alkenes 4 that
utilize the similar pyridine-boryl radical catalysis strategy (Scheme 5).>° The coordination of 4-phenyl pyridine
(17) on boryl radical, generated from homolytic cleavage of B,caty, delivers the active pyridine-boronyl radical
species. Radical addition on the carbonyl group of 16 followed by pyridine dissociation affords ketyl radical Il
that promotes the fragmentation of bicyclo[1.1.0]butane ring. The resulting radical lll then traps a molecule of
alkene 4 and undergoes an intramolecular cyclization to deliver V via the radical rebound step. Finally, the
release of product 18 was assisted by coordination of 4-phenyl pyridine on boryl radical to regenerate the active

catalytic species.
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Scheme 5. [2r1+20] cycloaddition of bicyclo[1.1.0]butanes and alkenes via pyridine/boronyl catalysis.

3. Nitrogen Radicals

Stimulated by the research interest on neutral nitrogen-centred radicals, the Chen and Xiao research team
disclosed an unprecedented intermolecular alkene bifunctionalization reaction that was realized through in situ-
generated radical species from photocatalysis.®® The proposed mechanism of this transformation is illustrated
in Scheme 6. The reaction is initiated by base-mediated deprotonation of N-(2-acetylphenyl)
benzenesulfonamide (20) to generate the corresponding anion, which upon SET oxidation, gives access to
neutral nitrogen radical. Radical addition to allyl sulfone 19 produces an N-sulfonamide intermediate Il and a
sulfonyl radical I. The latter adds to alkene 4, releases a secondary carbon radical lll that traps the N-sulfonamide
Il to deliver desired product 21 and the nitrogen radical. Another SET process on Ir(ll) could reconvert nitrogen
radical or sulfonyl radical to the corresponding anion.
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Scheme 6. Photoredox- and nitrogen radical-catalysed alkene bifunctionalization.

Later, this photogenerated neutral nitrogen radical was further applied by the same team in the [3+2]
cycloaddition of vinylcyclopropanes 22 and N-tosyl vinylaziridines 25 with alkenes 4 to afford vinylcyclopentanes
24 and pyrrolidines 26, respectively (Scheme 7).% In the reaction, an easily accessible hydrazone 23 was used
as the catalyst to facilitate the transformation, offering an alternative precursor of neutral nitrogen radical.
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Scheme 7. [3+2] Cyclization of vinylcyclopropanes and N-tosyl vinylaziridines with alkenes.

4. Sulfur Radicals

Among the manifold reactions catalysed by a radical species, [3+2] cyclization between a vinylcyclopropane and
a functionalized alkene is the most prevalent transformation that has been observed thus far. This pioneer work
was independently disclosed by the groups of Feldman®? and Oshima®3 in 1988 (Scheme 8). They demonstrated
that a phenylthiyl radical could catalyse the addition of substituted alkenes 4 to vinylcyclopropanes 22 to afford
vinylcyclopentanes 24. This reaction proceeds through a radical addition onto the double bond of
vinylcyclopropane 22, followed by ring opening to afford homoallylic radical I. Then, a second radical addition
with 4 takes place to yield Il that affords the corresponding cyclopentanyl carbinyl radical lll after cyclization.
Finally, elimination of phenylthiyl radical affords the final product 24. With vinylcyclopropyl esters as substrates,
vinylcyclopentanes 24 were obtained in a favoured 1,4-syn configuration (where R%= H), especially under low
temperature and in the presence of Lewis acid.®* Building on the reported reaction, Feldman extended this
strategy to a series of work whereby the functionalized alkenes were substituted with alkynes® and oxygen®®
to give vinylcyclopentenes or 1,2-dioxolanes, respectively. In addition, aryl vinyl oxiranes®’” and 2,2-
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dihalovinylcyclopropanes® may also act as the vinylcyclopropane analogues to furnish tetrahydrofurans and
1,1-dihalo-3-vinylcyclopentanes, respectively.

Feldman (1988):

Ph,S,, AIBN
hv, refluxing PhH R3
R1A/ R4 (or MesAl (0.8 equiv.), PhMe) R' 4
2 = > R?
R R3 RS Oshima (1988): R4
PhSH (0.4 mmol) RS
22 4 60 °C 24
s s Selected examples -----------
29 PhS 24
\) t—BUOzC \ M602C
RO MeOZCﬁ/\
R? SPh Fj | CO,t-Bu R
R
R1W R4 SPh 53% R = OSiMes, 65%
I R3 RS " R=CN, 21%
\ R¢ / 0,S
Ph
4 2 N EWG N
*“R% SPh PhO,S
1 Me
RR2 N OBu OAc
" R3 20% EWG = COPh, 71%

EWG = SO,Ph, 54%
Scheme 8. Addition of functionalized alkenes to vinylcyclopropanes to afford vinylcyclopentanes.

Since chirality is one of nature's indispensable elements, advances of radical chemistry in racemic synthesis
fall far short of meeting the needs of asymmetric synthesis in real-world applications. The longstanding
challenge in achieving enantioselective control of radical reactions stems from their lack of stereospecificity, as
the chiral information is often lost upon formation of planar radical species.®®’° To address this challenge,
chemists have devised various approaches to achieve enantioselective radical catalysis. One of the pioneering
contributions was reported by Roberts during the introduction of concept “polarity-reversal catalysis” whereby
a chiral thiol catalyst was used for enantioselective hydrogen atom transfer (HAT) in a two-step polarity-
matched process.”? In addition, other approaches include the incorporation of chirality-inducing group on the
radical species, the molecular substrates, or the transition metals that act as either of the first two.”® The
chirality on the radical approach has been receiving intense focus and indeed this is demonstrated throughout
the enantioselective radical reactions in this paper.

In 2014, the group of Maruoka first envisioned that a chiral thiyl radical catalyst could facilitate the
diastereo- and enantioselective radical [3+2] cyclization of vinylcyclopropanes 22 and alkenes 4 (Scheme 9).7?
Building on the systematic studies conducted on binaphthyl-based catalyst, the authors redesigned an
unprecedented chiral thiol (R)-25 that bears an indanol scaffold to improve the enantioselectivity of the
reaction. The two aryl groups attached on the silyl atom and one aryl moiety on quaternary carbon block the
three quadrants around sulfur atom, leaving a chiral pocket for chemical reactions to take place. The bulky 10-
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butyl-9-anthryl group on the C-3 and C-5 positions of aryl is crucial for enantioselective control. High
diastereoselective (C3:C4) and enantioselective controls were achieved from this methodology.
R
(R)-25 (3 mol%) ] R Q Ar
. R 4 |_/AI’
R3 benzoyl peroxide (6 mol%) SN Si
R1A/ + < - R2 \t-BU
R? R4 hv, PhMe —~R®
0°C,2h R
22 4 24 Me
(R)-25
________________________________________ Ar = 4-CF3CGH4
Selected examples R = 10-Bu-9-anthry|
MeOZC " BnOQC L BnOZC "
MeO,C N Bno,C N Bno2C>Q' AN
Ot-Bu OSii-Prs NHBoc empty
93% 93% 95% quadrant otsu
93:7 dr (C3:C4) >95:5 dr (C3:C4) 34:66 dr (C3:C4) 5
88% ee 90% ee 51/12% ee BnO,C Q
HO,C . MeO,C Si
oo (N O b @
Ot-Bu o) Ot-Bu
95% 90%

>95:5 dr (C3:C4)
62:38 dr (C1:C3-4)
84/75% ee

>93:7 dr (C3:C4
58:42 dr (C1:C3-4)
90/71% ee

Scheme 9. Enantioselective radical cyclization of vinylcyclopropanes and alkenes.

Many years later, in 2016, Maruoka and co-workers reported a thiyl radical-catalysed [3+2] cyclization of N-
tosyl vinylaziridines 26 and alkenes 4 to access substituted pyrrolidines 27 (Scheme 10).”® Similarly, the
suggested mechanism comprises a thiyl radical addition to the double bond of vinylaziridine. The preliminary
experiment suggested that this thiyl radical could also react with the simple alkene 4, generating a carbon radical
that is prompted to second thiyl radical addition, thereby deactivating the catalyst. As proposed by the authors,
a solution to this hurdle relied on the use of bulky thiyl radical that may prevent the second addition. Moreover,
unlike the Feldman’s synthesis of tetrahydrofuran where carbon-carbon bond cleavage predominates due to
the aromatic substituent on vinyl oxirane,®” carbon-nitrogen bond cleavage was observed in this study. Alkene

4 addition, cyclization and subsequent radical elimination eventually lead to the isolated product 27.
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SiPh
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Ts 0 N 1
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R1A\/ hv, PhH TN\
rt, 2-24 h R SiPh;
26 4 27 (A'S),
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Me":§ N 7
N P
% 93%. 71:29 dr 75%
4 \ R2 SAr /
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Scheme 10. Synthesis of pyrrolidines via addition of alkenes to N-tosyl vinylaziridines.

In 2017, the Wang group demonstrated that bis(4-methoxyphenyl) disulfide (29) catalyzes the oxidative
cleavage of aromatic olefins 28 to form ketones or aldehydes 30 in the presence of visible light (Scheme 11).74
Remarkably, homolytic cleavage of common aromatic disulfide normally does not occur under LED light.
However, in this study, disulfide forms a charge-transfer complex with aromatic olefin to facilitate the photolytic
cleavage of the S-S bond. Addition of the resulting thiyl radical to olefin 28 produces a new radical | at the
benzylic position, which then traps a molecule of oxygen to deliver dioxetane Il after abstraction and
substitution of the thiyl radical. Spontaneous cleavage of dioxetane then affords ketone 30. Notably, the
formation of dioxetane intermediate via a rare bimolecular homolytic substitution (Ss2) on a saturated carbon
(11 to 1) was not directly observed in this work; instead, methionine and water were added as trapping reagents
to deliver diol. In the view of the authors of this review article, the proposed formation of dioxetane through an
SH2 mechanism may need to be further investigated.
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Scheme 11. Oxidative cleavage of olefins via photocatalysis.

With disulfide-bridged peptide as precatalyst, Miller and co-workers also achieved a radical-catalysed [3+2]
cycloaddition of diamide-functionalized vinylcyclopropanes 31 and electron-rich alkenes 4, delivering
cyclopentanes 33 with high enantioselectivity and 3,4-trans selectivity (Scheme 12).”> During the process, the
peptide backbone of the catalyst 32 interacts with the substrate via hydrogen bonding, and the steric profile of
the amide moiety at C-4 position of proline was found to promote the enantioselective control of this reaction.

Page 14 of 35 ©AUTHOR(S)



Arkivoc 2024 (2) 202312052

Phang, Y. L. et al.

NHAr
R2 32 (5 mol%)
o = o+ :<
') R3 hv (100 W Hg lamp) ~NR2
NHAr hexane:THF = 2:1 (0.05 M) NHAr R3
rt, 16 h
31 4 33
--------------------- Selected examples  --------------oo--oo-- B Ph 0o
Me
NHAr NHAr NHAr Ph NH
@] @] o] \
4
O N O N ¢] N O§
NHAr Ot-Bu NHAr ©Ot-Bu NHAr Ot-Bu NH A
O YOS+
Ar = 4-SF506H4 Ar = C6H5 Ar = 4-t—BUC6H4 O NH NHBoc
83% 77% 32% ,k
80:20 dr (trans:cis) 73:27 dr (trans:cis) 68:32 dr (trans:cis) N Me Ph _,

90:10 er (trans)
76:24 er (cis)

90:10 er (trans)
79:21 er (cis)

86:14 er (trans)
75:25 er (cis)

NHAr NHAr stereochemical model:
© N © N e H-Q  Ar
0 4 o 5 © N Ar—N \\_N

NHAr ‘N-Me NHA;@ © “YOAc R \

0] NHAr me
0]

Ar = 4-CF3C6H4
71%
96:4 dr (trans:cis)
83:17 er (trans)
77:23 er (cis)

Ar = 4-CF3C6H4
39%
>99:1 dr (frans:cis)
77:23 er (trans)

Ar = 4-CF306H4
16%
66:34 dr (major:minor)
79:21 er (major)
80:20 er (minor)

Iz

=od Y
HN o} H
A\
M 2N /‘S:r
N Ph
H O
_ P /H—f\i
.O’
H/% ud H

NHBoc

Scheme 12 Cysteine-derived thiyl radical-catalysed cycloaddition of vinylcyclopropanes and alkenes.

In 2022, Xu and co-workers reported a radical-polar crossover process through electrocatalytic reaction.”®
They described a complex electrochemical dehydrogenative annulation reaction for the preparation of
cyclopropane-fused rings from the active methylene starting materials. As depicted in Scheme 13, this
transformation is initiated by the transfer of a single electron from phenothiazine catalyst to anode to afford
the stable phenothiazine radical cation. The resulting radical cation would in turn catalyse the oxidation of
methylene 34 to carbon radical intermediate I, with CF3CH,O™ acting as the proton acceptor. Then, radical 6-
exo-trig cyclization and radical-radical cross coupling with another phenothiazone radical cation deliver a
sulfonium ion Ill, which subsequently undergoes an intramolecular nucleophilic substitution with the aid of
CFsCH,0 ion, eventually forming the cyclopropane ring while regenerating the phenothiazine radical. During
the whole electrocatalytic process, hydrogen is emitted to regain the alkoxide ion. This method demonstrates a
broad substrate scope and excellent scalability.
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H
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35R = SMe
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| | |
1 34
e 2 H2 Fo e
& CF4CH,OH rR-SR
CF3CH,0 R SR
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X @] X
I O 82%, 1.1:1dr 70%, 1.6:1 dr
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- X o I
CF3CH,0 39%, 1.4:1 dr 89%
/S\
37 R R

Scheme 13. Cyclopropanation of methylene compounds.

In addition to electrocatalytic strategy, recent advances in the photoredox catalysis offers a new avenue for
innovative organic transformations. In 2022, the group of Merad has developed a photoredox and radical
covalent dual-catalysis system to achieve the [3+2] cyclization of cyclopropanes and alkenes (Scheme 14).”” This
reaction was operated with a newly designed benzimidazole-derived thiourea precatalyst that offers high
structural diversity compared to the catalysts used in the aforementioned approaches. The reaction also
features mild reaction conditions and high functional group tolerance. Mechanistically, single electron oxidation
of N,N,N,N-tetrasubstituted thiourea 38 by the photocatalyst [Ir(dF-CFs-ppy).dtbpy]PFs forms isothiouronyl
radical cation I, which is prone to undergo sequential ring opening/radical addition/cyclization/elimination
processes, affording vinylcyclopentane 24 in a preferred 3,4-trans relationship. The regenerated radical | then
reenters the photoredox catalytic cycle to give the dimerized intermediate IV which in turn be reduced by Ir(ll)
to deliver 38 and I, allowing a new cycle to begin.
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[Ir(dF-CF3-ppy),dtbpy]PFg (1 mol%)

1
R3 38 (5 mol%) R L\
R17A\/ + :< R2
R? R4 40 W blue LEDs (Kessil®) R4R3
MeOH, 4 h
22 4 24
Me e Selected examples ----------
N
22
N/>+—s ‘N N',Vle MeO,C MeO,C
! SET MeO,C MeO,C
M — 2
R N PFs Me =S >%\
N N
. g* Il Me 38
R? )
N+ \ Ir(ll) 71%, 36:64 dr 90%
Me

4 r MeO-C MGOZ
Ve 20z Meozcm
©:N>EF6 SeT MeO,C
PFs Me B Q Q
I o)
24 N
T s xS

Me 2 35%, 67:33 dr 46%, 35:23:21:21 dr
from (+)-carvone

Scheme 14. [3+2] radical cyclization via photoredox and radical covalent catalysis.

5. Bromine Atoms

Over the years, the Ryu group has been actively working on bromine radical-mediated bromoallylation of
various unsaturated compounds.”® In 2010, the Ryu group disclosed that bromoallylation of acetylenes 9 could
be realized by in situ generated bromine radical to afford 1-bromo-1,4-dienes 40 (Scheme 15).7° In their study,
2,2’-azobis(2,4-dimethylvaleronitrile) (ABVN) was used as the radical initiator to release bromine radical from
substrate 39. This bromine radical regioselectively adds to the terminus of alkyne, providing an alkenyl radical
that reacts with 39 via bimolecular homolytic conjugate substitution (Sk2’ reaction). The resulting product 40
exists majorly as Z isomer as the attack of allyl bromide prefers to be carried out in a less-sterically hindered
environment. The bromide 40 could later be subjected to palladium-catalysed reactions such as carbonylation,
reduction, Sonogashira reaction and Suzuki-Miyaura coupling for further modifications.
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R2 ABVN (20 mol%) R! R2
=R' + M
/I\/Br 60 °C, 6 h Br &
9 39 40

80%, 23:77 E/IZ 97%, 6:94 E/Z 90%, 6:94 E/Z 77%, 58:42 E/IZ 49%, 34:66 E/Z
Scheme 15. Regioselective radical bromoallylation of acetylenes.

This radical bromoallylation strategy was also applied by Ryu’s research team to allenes 41 to deliver 2-
bromo-substituted 1,5-dienes 42 where the bromine radicals regioselectively add to the centre carbon of allenes
(Scheme 16).2° The resulting allyl radical I isomerizes into radical Il before reacting with allyl bromide 39 to give
42. In this case, preference towards the formation of £ isomers was observed and it was postulated that there
is steric repulsion between the bromine and the substituents on allene. Later, the Ryu group also extended this
synthetic strategy by substituting allene substrates 41 with alkylidenecyclopropanes®! and alkenes.®? Notably,
the allyl radical Il may also trap a molecule of electron-deficient alkene to propagate the chain before it reacts
with 39, yielding 2-bromo-1,7-dienes.®3 A similar three component reaction of alkylidenecyclopropanes, carbon
monoxide and allylic bromides was also reported by the same team for the synthesis of 2-bromo-substituted
1,7-dien-5-ones.®!

1 3 4
R Ré AIBN (20 mol%) RORR
+ > 27
R2 3 B PhH R M
80°C,1h Br
a1 39 42

---------------------- Selected examples ~ ----------------------

CO,Me Ph CO,Me  EtO,C CO,Me
nBuW W W

Br Br

84% 95%, 66:34 E/Z 99%
n-Hex CO,Me
BrCN
n-Hex” ™

Br
88% 87% 77%, 86:14 E/Z

Scheme 16. Regioselective radical bromoallylation of allenes.
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The radical [3+2] annulation could also be achieved via bromine radical catalysis. This reaction was reported
by Ryu in 2019 where 2-bromomethyl alkenylcyclopentanes 43 were synthesized from vinylcyclopropanes 22
and allyl bromides 39 (Scheme 17).8% The reaction was carried out in simple reaction conditions where
photoirradiation takes place to form bromine radical via C-Br homolysis, and the addition of NasPOs as base to
inhibit the formation of by-products from starting materials 22 and HBr.

hv (1500 W Xe lamp) R’
A% R2 N33PO4
+ >
R /]\/Bf PhH, 12 h
2
R Br
22 39 43

--------------------------- Selected examples  -------------------ooooooo-

Ph Cy CgH17 Ar Ph
EtO,C B;r EtO,C L EtO,C NC B;r NC B;r

81%,58:42dr  51%, 52:48dr  55%, 55:45dr  Ar=4-CF3C¢Hy 71%, 69:31 dr
85%), 63:37 dr

Scheme 17. [3+2] Cycloaddition of vinylcyclopropanes and allyl bromides.

Recognizing that the field of energy transfer catalysis is underexploited compared to electron transfer
catalysis (that is, the photoredox catalysis), Miyake and co-workers devised a protocol to facilitate [3+2]
cycloaddition of vinylcyclopropanes 22 and alkenes 4 using energy transfer photosensitization strategy (Scheme
18).% In their reaction, parts per million level (0.005 mol %) of carbazole-cyanobenzene donor-acceptor
fluorophore 4CzIPN is excited by visible light and this excited state energy is then transferred to cinnamyl
bromide (44) to release bromine radical after B-fragmentation.®%-%” Subsequently, radical addition to the double
bond of vinylcyclopropane is followed by ring opening. The resulting radical intermediate then adds to alkene 4
to propagate the radical chain which further undergoes intramolecular cyclization and radical elimination,
completing the catalytic cycle.
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Br R
44 (1 mol%) ] NC CN
R3 4CzIPN (0.005 mol%) R
R1A/ + :< ~ R? N / R R
R? R DMSO, 34 W blue LED R bh
30°C,12h R R
22 4 24 44 4CzIPN
R = carbazol-9-yl

------------------------------------ Selected examples  -----------------mmmooooooooooo

MEOZC Me02
N MeO,C EtO,C
MeOQC>Q/\ MeOsz MeO,C BocHNq\
y -~Cl
Qca o CO,Me

70%, 72:28 dr 51%, 57:43 dr 72%, 66:34 dr 90%, 50:25:15:10 dr

Scheme 18. [3+2] Cycloaddition of vinylcyclopropanes and alkenes via energy transfer catalysis.

6. Tin (or Stannyl) Radicals

Organotin hydride is a common reagent used in the radical chain reaction as it can easily be initiated in the
presence of azobisisobutyronitrile (AIBN) or light irradiation. Nonetheless, concern on its toxicity limits its
application and stimulates the development of its alternatives.®® Over the years, the role of tin radical as catalyst
in an organic reaction has been investigated occasionally. In 1991, the Kim group reported a tributyltin radical-
catalysed ring expansion of vinyl spiro epoxides 45 to generate cyclopentanones or cyclohexanones 46 (Scheme
19).%° The process involves the radical addition to the vinyl moiety followed by C—0 bond cleavage to yield alkoxy
radical I. Subsequently, B-cleavage delivers a carbon radical Il that produces product 46 after the elimination of
tributyltin radical. Remarkably, addition of a catalytic amount of phenylthiyl radical could hinder the undesired
side reaction in which the conjugate addition of carbon radical Il takes place, followed by hydrogen atom
abstraction to produce stannylated cyclohexanone in low yield. This reaction could also be carried out with
diphenyl disulfide instead of the stannates.
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Scheme 19. Ring expansion of vinyl epoxides.
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0
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Ph
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Similar to alkenes, tributyltin radical could be added to alkynes for further transformations. In 1993, the
group of Lee reported a three-component [2+2+2] cycloaddition involving a molecule of ethyl propiolate (9) and
two molecules of alkenes 4 to access the substituted cyclohexenecarboxylate derivatives 47 (Scheme 20).%° In
the study of this reaction, alkenes with different electronic properties were subjected to the reaction conditions.
Mechanistically, reaction of tributyltin hydride with AIBN generates a tributyltin radical, which then adds to the
terminus carbon of ethyl propiolate (9) to form a reactive alkenyl radical species I. This radical is postulated to
possess moderate nucleophilicity, preferably undergoes radical conjugate addition with electron-deficient
alkenes 4. The resulting radical intermediate Il exhibits relative electrophilicity and reacts with electron-rich
alkenes 4 through a second radical conjugate addition, yielding species lll. Subsequent ring closure, followed by
B-elimination releases the cyclization product 47 while regenerating the stannyl radical. Despite the successful
synthesis of desired product, an inseparable mixture of regio- and diastereomers were obtained.
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AIBN (0.05 equiv.) R? -
PhH -
reflux, 4 h R
47

Selected examples

0] OMe
BuO OEt MeO O o
‘ OEt
CO,Me
41% 22%  ph

Scheme 20. Synthesis of cyclohexenecarboxylates via [2+2+2] cycloaddition of propiolate and alkenes.

In 1993, Bachi and co-worker disclosed the addition of tributyltin radical to the triple bond of alkynyl-§3-
lactams 48 (Scheme 21).% The resulting alkenyl radical I is unstable and prone to B-elimination to recover the
starting material. Nevertheless, a small amount of this intermediate undergoes intramolecular HAT to afford
stabilized radical Il, which can then yield the final product 49 via cyclization and 3-elimination. As the hydrogen
transfer step is inefficient, the product was obtained in low yield as expected. This method was also applied to

synthesize B-lactam-fused 1,3-oxazepanes.
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S Bu3SnH (1 equiv.)
AN AIBN (0.5 equiv.) |
N - N

o D boiling PhH, 80 h o
COZCM63 COQCMe3
48 49 19%

/ SnBu3
(0]
MeOQC
SnBuj SnBus
I l DBU

Cozc'\/'es i COQCMeg,

I COzCMe3 MeOZC

Scheme 21. Synthesis of bicyclic B-lactams via intramolecular radical cyclization.

In 1997, Journet and co-workers developed a double radical cyclization/B-fragmentation sequence for the
preparation of 3-vinyldihydrothiophene and dihydrothiopyran derivatives 50 from acyclic w-yne vinyl sulfides
50 (Scheme 22).%2 Similar to the previous scheme, radical addition of the tributyltin radical to an terminal alkyne
affords an alkenyl radical 1, which subsequently undergoes 5- or 6-exo-trig cyclization. The resulting ring
intermediate Il is susceptible to B-fragmentation, generating a thiyl radical lll that adds to the other double bond
via 5- or 6-endo-trig cyclization. Finally, B-fragmentation again takes place to regenerate the tributyltin radical
and afford the isolated product 51.
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63% 73%

Scheme 22. Double radical cyclization/B-fragmentation of acyclic w-yne vinyl sulfides.

Building on series of work where radical carbonylation was applied for the synthesis of five- and six-
membered lactams,®3>°° the Ryu group disclosed that a-methylene amides can be prepared by stannyl radical-
catalysed carbonylation of 1-alkynes 9, carbon monoxide and secondary amines 53, in year 2005 (Scheme 23).°”
%8 In the process, addition of tributyltin radical to terminus of alkyne 9 generates vinyl radical I. Subsequent
carbon monoxide addition delivers acyl radical Il which may isomerize into a-ketenyl radical lll. The nucleophilic
attack of aliphatic amine 53 on the center carbon of ketene affords allyl radical IV. This radical is then
transformed into V and undergoes 1,4-HAT and [-elimination to give product 54 and the radical catalyst. This
report demonstrates a new perspective in the application of radical catalysis especially when a multicomponent
reaction may be realised through appropriate control of polarity.
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Scheme 23. Radical carbonylation for the synthesis of a.-methylene amides.

As tin radical has demonstrated its effectiveness in promoting radical cyclization, its application on total
synthesis was illustrated by Curran and his team in 2011, where they applied the radical-catalysed [3+2]
annulation reaction in the synthesis of natural product known as meloscine (Scheme 24).%° The reaction
proceeds through radical addition on the double bond of divinyl cyclopropane 55 or 56, followed by
cyclopropane fragmentation/double cyclization/B-elimination cascades, forming two new bonds that
completed the construction of tetracyclic ring 57 or 58. Eventually, 57 proceeds with further transformations to
deliver epimeloscine, which gives meloscine upon epimerization. Three years after this study, Curran and
LaPorte also demonstrated that this methodology could be used to prepare meloscine analogues with five- to
seven-membered D rings.'00
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Scheme 24. Synthesis of meloscine via radical [3+2] cyclization.

In 2013, the Ryu group applied the tributyltin radical catalysis into three-component cycloaddition of
acetylenes, carbon monoxide, and amidines for the synthesis of a,B-unsaturated five-membered lactams
(Scheme 25).1%! The reaction tolerates both acyclic and cyclic amidines, allowing the formation of monocyclic,
bicyclic and tricyclic lactams. This reaction was proposed to proceed through radical addition to acetylene 9 to
form B-stannylated vinyl radical I. The coupling of this resulting radical with carbon monoxide (52) yielded a,[3-
unsaturated acyl radical Il that isomerizes into a-ketenyl radical lll. After that, an intermolecular nucleophilic
attack of amidine 59 onto the a-ketenyl radical delivers a stabilized radical intermediate IV that could easily
cyclize to form the desired B-lactam 60 after radical elimination. Later in 2019, the same group has also reported
a similar [2+2+1] cycloaddition reaction with aromatic imines in place of amidines 59 as the coupling partner to

deliver the unsaturated lactam products.%?
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R‘l R 3 R4 /
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Scheme 25. Synthesis of a,-unsaturated five-membered lactams via [2+2+1] cycloaddition.
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Apart from the typical reactions where radical adds to the terminus of alkenes or alkynes, Maruoka and co-
workers introduced an enantioselective radical cyclization of aldehydes through chiral organotin hydride
catalysis (Scheme 26).19 The proposed mechanism suggested that the addition of chiral organotin radical to
carbonyl oxygen of 61 first generates an O-stannyl ketyl radical I. This intermediate undergoes cyclization and
abstracts a hydrogen atom from the chiral catalyst (S)-62 to regenerate the radical while affording organotin
alkoxide Ill. Reaction of organotin alkoxide with ethanol then provides the final product 63 and tin ethoxide,
with the latter be reduced by Ph,SiH, to redeliver (5)-62. The related reduction of the stannane reagent by

stoichiometric reductants such as poly(hydromethylsiloxane),'®* sodium borohydride,'® or sodium
cyanoborohydride!® has also been well reported previously.
Ph
(S)-62 (10 mol%)
X Ph,SiH, (2 equiv.)
R1._\ AIBN (0.5 equiv.) 5 PP
L S . "

| PhH/EtOH

(0] Ar 80°C,3h

61 X=0,N,S 63 Fh
S (S)-62
----------- Selected examples -----------
o |
o . N N
A "snR,
X EtOH .
R'5— OH Ph OEt Ph
= AN
¢ 63 48%, 90:10 dr 66%, 70:30 dr
I R;SnO  Ar 44% ee 50% ee
N X (5)-62 R3SnOEt
= . \__(
RsSNO  Ar Ph,SiH,

63%, 71:29 dr 75%, 83:17 dr
46% ee 53% ee

Scheme 26. Enantioselective radical cyclization of aldehydes.

7. Conclusions

Radical catalysis provides ample opportunities to perform cascade reactions that allow rapid construction of
one or multiple chemical bonds in a single step. Overcoming the issues of reactivity, regioselectivity or even
stereoselectivity control, incredible progresses in the field of radical-catalysed organic reactions have been
revealed in the past decades, as summarized in this paper. The pioneer work of radical catalysis involved [3+2]
annulation of cyclopropanes with alkenes to afford cyclopentanes. Throughout years of study, this organic
transformation has been realized by sulfur, tin, boron, nitrogen, and bromine radicals. The method to furnish
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these radicals also expands from simple bond homolysis under ultraviolet light or in presence of radical initiator,
to photoredox catalysis and photochemical sensitization. Meanwhile, new approach such as metalloradical
catalysis opens up new avenues for innovative protocols. Reactions like intramolecular cyclization, oxidative
cleavage of olefin, cyclopropanation and [2+2+1] cycloaddition have all been accomplished through radical
catalysis, clarifying its value for further development.

Despite these remarkable advances, it could be foreseen that several areas and directions are more likely
to receive attention for future research: (1) Achieving control over enantioselectivity and diastereoselectivity in
free radical reactions continues to be a substantial hurdle. The existing solutions to overcome this issue involve
carefully designing radicals to manipulate their steric and electronic properties. However, the development of
general radical precursors that can tolerate diverse functional groups and reaction types still poses a demanding
task, necessitating substantial dedication and effort; (2) The radical catalysis strategy is mainly applied on [3+2]
cycloaddition of vinylcyclopropanes and alkenes. Other ingenious methodology to expand the scope of radical
catalysis is awaiting further exploration; (3) Continued development of main-group element-based radicals is
expected, especially the sulfur, boron, and nitrogen radicals. The toxicity of tin radicals hinders their use and a
growing interest to search for their alternatives could be observed in near future. (4) Scale-up application of the
designed methodology in the total synthesis of bioactive molecules.

We hope this review helps to direct more attention to radical catalysis and we look forward to seeing how
this fascinating field continues to evolve and make creative advancements in the near future.
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