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Radical transformations for allene synthesis

Yajun Li® 2 and Hongli Bao @ **

Allenes are valuable organic molecules that feature unique physical and chemical properties. They are not
only often found in natural products, but also act as versatile building blocks for the access of complex

molecular targets, such as natural products, pharmaceuticals, and functional materials. Therefore, many

remarkable and elegant methodologies have been established for the synthesis of allenes. Recently,
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more and more methods for radical synthesis of allenes have been developed, clearly emphasizing the

associated great synthetic values. In this perspective, we will discuss recent important advances in the
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Introduction

Allenes represent an important class of organic molecules that
feature unique twisted orthogonal 7t-systems.* They are not only
key moieties found in many natural products and pharmaceu-
ticals, but also serve as versatile synthons in the fields of
modern organic synthesis and bioactive molecule design
(Fig. 1).2 Since the first allene synthesis by Burton and Pech-
mann in 1887,* a wide array of approaches for allene synthesis
have been well documented, such as prototropic isomerization
of alkynes, sigmatropic rearrangement of propargylics, addition
to 1,3-enynes, 1,2-eliminations, nucleophilic substitutions, and
other efficient methods. As a consequence of their rapid growth
in recent decades, allene synthesis has been covered by quite
some remarkable and elegant reviews.* With the aim of devel-
oping more and more reliable methods, the applications of
radical species in the synthesis of allenes have been rapidly
booming, and the potential of this radical strategy has been
nicely certificated recently. This perspective highlights the
selected updated examples of radical synthesis of allenes to
declare the current status of this area.’

As an important part of the blueprint for allene synthesis, the
radical strategy can be generally realized through the following
approaches. (1) Radical 1,4-addition to 1,3-enynes: different
from classic methods for the synthesis of allenes that usually
introduce only one functional group into products, radical 1,4-
difunctionalization of 1,3-enynes has the advantage to simul-
taneously incorporate two functional groups into allenes. (2)
Radical synthesis of allenes from propargylic compounds, such
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synthesis of allenes via radical intermediates by categorizing them into different types of substrates as
well as distinct catalytic systems. The mechanistic studies and synthetic challenges will be highlighted.

as propargyl bromides, propargyl amides, propargylic carbon-
ates, and propargylic C-H bonds. (3) Radical 1,2-eliminations:
for example, radical 1,2-elimination of vinylsulfoxides by Mal-
acria et al. about two decades ago.® (4) Further functionalization
of the allenyl C-H bond. These radical protocols have the
advantages not only to expand reaction diversity by employing
different type of partners and catalysts, but also to provide some
remarkable virtues for the synthesis of value-added allenes that
are otherwise challenging to be constructed, finally making
them excellent supplements to classical non-radical strategies
for the synthesis of allene.

Radical synthesis of allenes from 1,3-
enynes

1,3-Enynes are common and useful building blocks in organic
synthesis. For examples, with the assistance of organometallic
reagents, the groups of Ma,” Kambe,® Yoshida,” and Kimura®®
have built elegant methods for the synthesis of allenes through
nucleophilic 1,4-difunctionalization, respectively. In this part,
we will disclose their applications in radical synthesis of
allenes. Generally, the addition of a radical to the C-C double
bond of an 1,3-enyne generates a propargylic radical species,
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Fig. 1 Natural products containing an allenyl skeleton.
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Fig. 2 Configurations and X-ray crystallography of the allenyl radical.

which can resonance to an allenyl radical species, and the allene
product will be sequentially produced. However, propargylic
radicals were historically regarded as an intermediate with low
reactivity and therefore little attention has been paid to the
synthetic utility of these species.™ Till 2006, the Zard group
discovered that if the propargylic radicals can be trapped
intramolecularly, 1,3-enynes were excellent substrates for the
synthesis of allenes.' But, how to realize the intermolecular or
multicomponent synthesis of allenes from 1,3-enynes remains
a great challenge.

Before reviewing the recent developments on radical
synthesis of allenes from 1,3-enynes, it is necessary to discuss
the thermodynamically stable configuration of the allenyl
radical. In the typical structure of an allene, while the two
terminal carbons C1 and C3 are sp>hybridized, the central
carbon C2 adopts sp hybridization, making both the two =
bonds and the terminal two carbon groups perpendicular. But,
which kind of hybridization will the carbon C3 of the allenyl
radical be? In literature, the allenyl radical is usually drawn in
two different forms: structure I or structure II. As can be seen
from Fig. 2, the carbon C3 should be sp>-hybridized in structure
I and is sp-hybridized in structure II. The more efficient overlap
between the m bond and the orbital of the single electron
suggests that structure II is thermodynamically more stable
than structure I. Actually, Bertrand et al. reported a first char-
acterization of an allenyl radical by single crystal X-ray crystal-
lography™ and his work supports that the allenyl radical with
the configuration of structure II is more stable.

Copper catalysis

In 2018, G. Liu, Lin, and coworkers reported a copper-catalyzed
divergent synthesis of allenes with an unusual ligand-controlled
system (Scheme 1).** In this three-component radical reaction,
a wide range of CF;-substituted allenyl nitriles 1 and 3 can be
regioselectively synthesized under mild conditions. Notably,
allenyl nitriles 1 were isomerized in situ from propargyl nitriles
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a) with monosubstituted 1,3-enynes
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Scheme 1 Cu-catalyzed regioselective trifluoromethylcyanation of
1,3-enynes.

2."> While a substituted 1,10-phenanthroline (1,10-phen) ligand
L1 dominantly led to 1,4-adducts, the box ligand L2 was found
to mainly promote the generation of 1,2-adducts. Functional
groups, such as amides, esters, internal alkenyl groups, and silyl
ethers, can be well tolerated to produce the corresponding
products in good to excellent yields. Interestingly, when C2
position was sterically substituted, the corresponding tetra-
substituted allenes 4 were exclusively generated, and no trace of
the propargyl nitriles bearing a quaternary carbon center was
detected.

DFT calculation revealed that, in the presence of 1,10-phen
as the ligand, energy barrier of the transition state for the
formation of TSy_, was 1.5 kcal mol™* higher than that of TSy_,
(Scheme 2). When ligand L2 was used as the ligand, energy
barrier of TSy_g is 6.7 kcal mol™* higher than that of TS;_g. The
result clearly indicates that the ligand 1,10-phen promotes the
1,4-adducts, while L2 favors the 1,2-adducts. Moreover, the
reaction was supposed to undergo a copper(m) species and the
corresponding products can be generated from sequential
reductive elimination.

Alkyl peroxides have long-term been recognized as oxidants
or radical initiators. The group of Bao discovered that alkyl
peroxides actually is a type of masked trifunctional reagents:
oxidants, radical initiators, and functional-group releasing
agents.' Later in 2018, Bao, Zhang, and coworkers disclosed
that with alkyl diacyl peroxides as the trifunctional reagents, the

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Scheme 2 Free energy profiles calculated for the reaction pathways
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copper-catalyzed intermolecular 1,4-carbocyanation of 1,3-
enynes under mild conditions is a versatile method for the
generation of tetrasubstituted allenes 5 and 6 (Scheme 3)."” Not
only generic alkyl groups but also functionalized alkyl groups
can be used as the carbon sources. Additional functionality
such as bromo, carbonyl, alkenyl, alkynyl, or ester groups were
well tolerated. Moreover, when activated organic iodides, such
as fluorinated alkyl iodides and a-iodoacetates, were used as the
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Scheme 3 Cu-catalyzed regioselective 1,4-difunctionalization of 1,3-
enynes.
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substrates, the alkyl radicals generated from alkyl peroxides
would abstract the iodine atom before adding to 1,3-enynes. In
addition, N-fluorobenzenesulfonimide (NFSI) also performed
well under mild reaction conditions and the reaction with 1,3-
enynes afforded 1,4-sulfimidocyanation products 7 with good
yields and excellent diastereoselectivity. The results of mecha-
nistic studies do not support involvement of the allenyl cation
and a mechanism with the formation of allenyl radicals was
proposed accordingly. Interestingly, different from Liu's
proposal of the Cu™(CN), intermediate, DTF calculation in
Bao's work suggested that an isocyanocopper species Cu"NC
was the key intermediate and the final allene product can be
produced through the abstract of the isocyano (NC) group
directly from the Cu""NC species by the allenyl radical without
forming a high-valent copper(u) species (Scheme 4). The pres-
ence of the isocyanocopper was supported by IR spectroscopy
studies. In addition, the diastereoselectivity was found to be
controlled by whether -7 stacking interaction between the
allenyl radical and the ligand was presented.

Shortly after, in continuation of their studies,'® Bao et al
developed a copper-catalyzed 1,4-alkylarylation of 1,3-enynes
(Scheme 5).* Ligand screening revealed that a tridentate Py-box
ligand L3 promoted the reaction well and the reaction afforded
a wide range of heavily substituted allenes 8 at room tempera-
ture. More than 40 examples have been tested in terms of alkyl
diacyl peroxides, 1,3-enynes, and aryl boronic acids. The radical
trapping reaction, radical clock reactions, and radical

a) part of the energy profile for the Cu-catalyzed alkylcyanation
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Scheme 4 Gibbs free energy profile for the Cu-catalyzed alkylcya-
nation and catalytic cycle for 1,4-alkylcyanation of 1,3-enynes.
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Scheme 5 Cu-catalyzed regioselective 1,4-carboarylation of 1,3-
enynes.

dimerization suggested that this reaction proceeded through
a radical relay pathway. Moreover, in this study, it is found that
alkyl diacyl peroxides acts as a kind of masked alkyl electro-
philes, which are quite different from the commonly used
nucleophilic organometallic reagents.

In 2021, Lu et al. reported a general strategy for 1,4-alkyl-
cyanation of 1,3-enynes with redox-active esters by merged
visible light photoredox catalysis and copper catalysis (Scheme
6).>° Alkyl N-hydroxyphthalimide esters (redox-active esters)
were used as the alkyl radical precursors and a range of struc-
turally diverse multisubstituted allenes 9 with remarkable
functional group tolerance can be smoothly generated under
blue light irradiation. Control experiments such as radical
trapping reaction and radical ring-opening reaction suggested
that the allenyl radical was involved in the catalytic cycle. It was
also found that further intramolecular five-membered ring
cyclization of the allenyl radical was not occurred, which
presumably suggested that the cyanation step is much faster
than further cyclization. Therefore, an oxidative quenching
mechanism for this reaction was proposed with redox-active
esters acting the fluorescent quenching reagents.

Shortly after, another examples of allene synthesis by dual
photoredox/copper catalysis was developed (Scheme 7).>* A
series of alkyl bis(catecholato)silicates can release the corre-
sponding alkyl radicals under blue light irradiation and the
carbonyl-activated 1,3-enynes was transformed into 1,2-allenyl
ketones under mild conditions. The results of a deuteration
experiment and the competition reaction between cyclo-
propanation and allenation suggested that a radical-polar
crossover process should account for the allene generation.
Therefore, a reductive quenching mechanism was proposed

8494 | Chem. Sci, 2022, 13, 8491-8506
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Scheme 6 Cu-catalyzed regioselective 1,4-carbocyantion of 1,3-
enynes with redox-active esters.
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Scheme 7 Cu/lr co-catalyzed synthesis of allenes from 1,3-enynes
and alkyl bis(catecholato)silicates.

and the carbonyl-stabilized propargyl radical quenched the
activated iridium catalyst. However, the role of the copper
catalyst was not clearly illustrated.

As a kind of important building blocks in organic synthesis,
allenyl halides are commonly obtained from (1) SN,-type

© 2022 The Author(s). Published by the Royal Society of Chemistry
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nucleophilic substitution reaction of propargyl mesylates and
(2) electrophilic cyclization of 1,3-enynes bearing an intra-
molecular nucleophilic unit.** In 2019, Ma and coworkers
developed a copper-catalyzed efficient method for the synthesis
of allenyl halides 11 under mild conditions (Scheme 8).*
Sulfonyl iodides was used as both the sulfonyl radical source
and the iodine atom source. If sulfonyl bromides were used as
the substrates, propargyl bromides rather than allenyl bromides
would be generated, together with some amounts of the recov-
ered sulfonyl bromides. Moreover, without the C2-substituents,
the reactions with 1,3-enynes led to the formation of propargyl
iodides as the major products. Under the standard conditions,
many allenyl halides can be produced with the tolerance of
functional groups such as ester, halide, amide, free alcohol, silyl
ether, cyano, and heteroaryl. In terms of mechanism, single-
electron transfer between copper catalyst LCu' and sulfonyl
iodide delivered a copper(u) species and a sulfonyl radical which
would lead to the formation of a propargyl radical after the
addition to an 1,3-enyne. The propargyl radical would resonate
to an allenyl radical and the final product formed through two
possible pathways: (1) directly grab the iodine atom from the
sulfonyl iodide; (2) elimination from a copper(m) species
generated from the allenyl radical and LCu".

Later on, Yang et al. reported a copper-catalyzed three-
component synthesis of allenyl chlorides with Togni reagent
II and SOCI, (Scheme 9).>* Solvent optimization showed that the
use of ethyl acetate can maximumly prevent the formation of
Heck-type side products. A wide range of 1,3-enynes were
compatible with this transformation and the allenyl chlorides
12 were obtained with good to excellent yields and good func-
tional group tolerance. Similarly, the final products were
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31 examples
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Scheme 8 Cu-catalyzed 1,4-sulfonyliodination of 1,3-enynes with
sulfonyl iodides.
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Scheme 9 Cu-catalyzed 1,4-chlorotri-

fluoromethylation of 1,3-enynes.

three-component

proposed to be eliminated from the high-valent copper(m)
species.

In 2019, by using Togni reagent IT and (bpy)Zn(CF;),, Li et al.
disclosed a copper-catalyzed radical bis(trifluoromethylation) of
1,3-enynes at room temperature, allowing the exclusive forma-
tion of the corresponding allenes 13 (Scheme 10).*® Not only
aryl-substituted 1,3-enynes but also alkyl-substituted 1,3-enynes
performed well to produce trifluoromethylated allenes that
typically require the use of propargyl halides, esters, or tosylates
as the substrates.

Cyclobutanone oxime esters are good precursors for the
generation of cyanoalkyl radicals after single-electron transfer-
induced ring-opening.*® In 2021, Ma and coworkers reported
a copper-catalyzed synthesis of allenes through ring-opening of
cyclobutanone oxime esters (Scheme 11).>” This mild and facile
protocol features a broad substrate scope and tolerate many
functional groups. Under the optimal reaction conditions, side
reactions such as Heck-type alkylation, 1,2-addition, and 3,4-
addition can be greatly suppressed. While a radical trapping
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Scheme 10 Cu-catalyzed 1,4-bisitri-

fluoromethylation of 1,3-enynes.

three-component
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Scheme 11 Cu-catalyzed three-component synthesis of allenes from
1,3-enynes, cyclobutanone oxime esters, and TMSCN.

experiment suggested the engagement of the cyanoalkyl radi-
cals, the result of a carbanion capture experiment with d,-
MeOH was negative. These results illustrate that the carbanion
species was not involved in the reaction. Moreover, the optimal
conditions not only work well for the generation of cyanated
allenes from TMSCN, but also are suitable for the produce of
trifluoromethylated allenes from TMSCF;. On the basic of the
mechanistic experimental results, a possible radical mecha-
nism was proposed. SET process between the Cu' species and
a cyclobutanone oxime ester afforded a Cu" species and the
cyanoalkyl radical. The latter one would undergo regioselective
addition to form a propargyl radical that transformed into
allenyl radical in a rapid manner to release the steric hin-
derance. The final allene product was then produced either
through subsequent reductive elimination from the high-valent
allenyl copper(ur) species or by abstraction of the CN ligand
from the Cu'CN species.

Shortly after Ma's work, Wu, He, and coworkers developed
a four-component synthesis of allenes taking advantages of the
sulfonyl-group insertion process (Scheme 12).** Under the
optimal copper catalysis, the reactions with 1,3-enynes, dis-
elenides, DABCO-(SO,),, and cyclobutanone oxime esters
provided a facile access to many kind of cyanoalkylsulfonylated
allenyl selenides 15 in moderate to good yields. The key step lies
in sulfonyl-group insertion before the regioselective addition of
the alkyl group onto the 1,3-enyne. Very recently, Qiu et al.
revealed a three-component reaction of 1,3-enynes and cyclo-
butanone oxime esters in the presence of aryl boronic acids or
organozinc reagents via the photoredox/copper or photoredox/
nickel catalysis.”
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Scheme 12 Cu-catalyzed four-component synthesis of allenes from
1,3-enynes, cyclobutanone oxime esters, diselenides, and TMSCN.

Nickel catalysis

In 2009, Kambe et al. discovered that nickel salts regiose-
lectively catalyzed three-component cross-coupling of alkyl
halides, terminal alkynes with organomagnesium or organozinc
reagents, affording an method for the generation of Z-selective
trisubstituted allenes 16 (Scheme 13).*° In addition, this method
also worked well for the cross-coupling of alkyl halides, 1,3-
enynes with organozinc reagents. The alkyl radical was
supposed to be generated from SET process between the nickel
species and alkyl halide.

In 2019, Wang and coworkers developed an excellent nickel-
catalyzed 1,4-arylfluoroalkylation of 1,3-enynes (Scheme 14).%
This three-component cross-over reaction of fluoroalkyl halides,

Ni(acac); (8 mol%)
dppb (10 mol%) R'A

S v Rzn o+ a2 TR N
R THF 15\|\
alkyl
———————————————————————————————— selected examples -----------omcooiimiiiiao
Me Me Me
P"A'p SN g
7% 78% 50%
Ph Z

54% 56% 66%

Scheme 13 Ni-catalyzed three-component synthesis of allenes from
1,3-enynes, alkyl halides, and organozinc reagents.
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Scheme 14 Ni-catalyzed three-component synthesis of allenes from
1,3-enynes, alkyl halides, and aryl boronic acids.

R RZ

aryl boronic acids with 1,3-enynes afforded a wide range of
structurally diverse fluoroalkylated allenes 17 under mild condi-
tions. Ligand screening revealed that an electron-rich 1,10-phen
offered the best performance. Different functional groups, such as
hydroxyl, chloride, ester, ether, carbonyl, cyano, Ms, and amide
could be well tolerated in this catalytic system. The allene prod-
ucts can be transformed into various fluorinated bioactive mole-
cules for drug discovery. Radical inhibition and radical-clock
experiments suggested a radical process, while competition
experiments concluded that fluoroalkyl iodide reacted fastest
among the three fluoroalkyl halides (Rd > R¢Br > R¢Cl). The reac-
tion was supposed to start with a ligated Ni'X species. Upon
transmetallation of the Ni'X species with an aryl boronic acid, the
arylated Ni'Ar species was afforded, which can donate an electron
to the fluoroalkyl halide to afford the Ni"Ar species and the flu-
oroalkyl radical. The generated fluoroalkyl radical via SET process
can add onto the 1,3-enyne to generate the allenyl radical that can
react with Ni"Ar species to afford the Ni'" species. The final allene
product can be produced via reductive elimination.

The groups of Lu,** Li,*® and Wang** independently disclosed
parallel 1,4-sulfonylarylations of 1,3-enynes with aryl halides and
sulfinate salts using cooperative photoredox/nickel catalysis. In
Lu's work, 1,2,3,5-tetrakis(carbazol-9-yl)-4,6-dicyanobenzene
(4CzIPN) was found to be the best organic photosensitizer and
bidentate diOMebpy was proved to be the best ligand for nickel
catalysis (Scheme 15). This practical catalytic strategy features
mild conditions, broad substrate scopes and wide functional
group tolerance. Functional groups such as halide, internal C-C
double bond, ketone, nitrile, trifluoromethyl, cyano, aldehyde
and ester were well tolerated. Moreover, if 1,3-enynes with
a terminal C-H on the alkyne side was used as the substrates, the
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View Article Online

Chemical Science

4CzIPN (1 mol%) l
R? SO,Na NiCl+glyme (5 moi%) R N _R?
/§ + ArBr 4 ©/ diOMebpy (7 mol%) T 0
- . £
g7 R DMSO, 1t, 20 h 18 2
blue LEDs o
3
59 examples R
30-92% yields
rrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrr selected examp\es
CHO CHO

S.
o, ¢ o’
Cl

56% 43% 79% 85%
reaction rr

[PC]

0
Ar—Ni'lL
R SeR?

SOA nickel photoredox “PC]
AT catalysis catalysis
ArSO,Na
LNi°®
Ar T ‘_,< Pcl
R’ SO,Ar R«
T ArSO,

RZ
T /\/SOZAr
SOAr R!
FZ
R‘\

Scheme 15 Ni/4CzIPN co-catalyzed three-component synthesis of
allenes from 1,3-enynes, sulfinate salts, and aryl bromides.

catalytic system also worked well but afforded 3,4-adducts as the
final products. In the proposed mechanism, the photocatalyst
4CzIPN (E;, [*PC/PC™ = +1.35 V versus SCE in CH3;CN]) was
activated by blue light irradiation, which subsequently oxidizes
sodium sulfonate (TsNa, E;;, = +0.45 V versus SCE in CH;CN)
through SET process to afford the reduced photocatalyst and the
sulfonyl radical. After general steps of radical addition, reso-
nance of the propargyl radical and the allenyl radical, and
interception of the allenyl radical by Ni° species, an allenyl
nickel(r) species was generated. The 1,4-sulfonylarylated allene
product would be produced through subsequent oxidative
addition of aryl halide and reductive elimination. Finally, single-
electron-transfer (SET) between the photocatalyst and the Ni'
species afforded the Ni° catalyst and the ground-state 4CzIPN.

In Li's work, Ru(bpy);Cl,-6H,O was found to be the best
organic photosensitizer (Scheme 16). Bidentate dtbbpy rather
than diOMebpy was found to be the best ligand for nickel
catalysis. A wide range of readily accessible 1,3-enynes, sodium
sulfinates, and aryl iodides were transformed into allenes 19 in
moderate to good yields under mild conditions.

NHC catalysis

N-heterocyclic carbenes (NHCs) have been widely applied in
umpolung of aldehydes, and nucleophilic Breslow
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Scheme 16 Ni/Ru co-catalyzed three-component synthesis of
allenes from 1,3-enynes, sulfinate salts, and aryl iodides.

intermediates were supposed to be involved in these reactions.*®
Moreover, NHC-catalyzed radical reactions received increasing
attentions as well.*® Very recently, NHC catalysis has been
employed for radical synthesis of allenes.

In 2021, Du et al reported an NHC-catalyzed three-
component synthesis of various tetrasubstituted allenes under
mild conditions (Scheme 17).*” The structures of NHC precur-
sors were found to be crucial to this reaction. Thiazolium pre-
catalysts were generally much more effective than triazolium
precatalysts. This strategy allows CF;lI, alkyl halides, cyclo-
ketone oxime esters, and redox-active esters to be used as the
different alkyl radical precursors under the standard condi-
tions. Moreover, diverse aldehydes and various 1,3-enynes were
also tested, and the tetrasubstituted allenes 20 can be obtained
with high yields and excellent functional group tolerance. In
addition, it should be noted that the two-component coupling
reactions of the radical precursors and aldehydes did not occur
in most of the cases. The results of a radical trapping reaction
with TEMPO (2,2,6,6-tetramethyl piperidinyl oxy) and a radical
clock experiment suggested that the reaction proceeded
through a radical pathway, while the carbocation trapping
experiment with the addition of three equivalents of MeOH was
turned out to be negative. Therefore, a possible mechanism was
proposed accordingly. First, the combination of an NHC and an
aldehyde under basic conditions would form the enolate form
of a Breslow intermediate. Then, a SET process between the
enolate and trifluoroiodomethane provides an NHC-bound
radical and a trifluoromethyl radical. Followed by radical
addition on a 1,3-enyne and reversible isomerization, an allenyl
radical was formed as a favorable intermediate because of the
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