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practical formation of carbon–
carbon and carbon–heteroatom bonds employing
organo-alkali metal reagents
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Xiao-Shui Peng *ab and Henry N. C. Wong *ab

Metal-catalysed cross-coupling reactions are amongst the most widely used methods to directly construct

new bonds. In this connection, sustainable and practical protocols, especially transition metal-catalysed

cross-coupling reactions, have become the focus in many aspects of synthetic chemistry due to their high

efficiency and atom economy. This review summarises recent advances from 2012 to 2022 in the formation

of carbon–carbon bonds and carbon–heteroatom bonds by employing organo-alkali metal reagents.
1 Introduction

Organometallic reagents are frequently used to afford new
organic molecules since they facilitate the catalysed process of
organic reactions as well as the formation of specic bonds. Some
efficient, economical and green catalytic processes involving
organometallic reagents feature a wide range of applications,
such as the synthesis of natural products and drugs, chemical
biology andmaterials science, etc.1 Arising from the emergence of
metal-catalysed cross-coupling reactions, the versatile molecules
can be directly obtained using various of available organometallic
reagents, such as organozinc reagents, organomagnesium
reagents, organoboron reagents, organosilicon reagents and
organotin reagents.2 Alkalinemetals and s-groupmetal complexes
are abundant in nature and easily prepared.3 However, organo-
alkali reagents have not gained much attention in the eld of
cross-coupling reaction, presumably due to their natively high
reactivities.

Although the Suzuki–Miyaura, Stille, Kumada and Negishi
cross-coupling reactions have matured in the last several decades
for the formation of Csp2–Csp2 and Csp2–Csp3 bonds,4 the direct
employment of organolithium reagents in cross-coupling reac-
tions has been neglected for a long time. In addition, the partic-
ipation of organo-alkali reagents in cross-coupling processes
might generate toxic wastes, which is a vital and detrimental
factor in the pharmaceutical industry. It is, therefore, expected
that the development of new strategies considering the
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economical, environment-friendly and earth-abundant themes
would become a research hot spot in organic synthesis. This
review is not only a summary of recent progress but also an
inspiration to the community for the expansion of related elds to
further develop more environment-friendly and economic
processes.
2 Organo-alkali metal reagents in the
formation of carbon–carbon and
carbon–heteroatom bonds
2.1 Organo-alkali metal reagents acting coupling partners

2.1.1 Pd-catalysed processes with organo-alkali metal
reagents. Palladium-catalysed cross-coupling reactions have
become a cornerstone in modern synthetic chemistry, forming
specic chemical bonds due to their high efficiency, atom
economy and their remarkable advantage in the synthesis of
natural products and drug molecules. Traditional organometallic
coupling partners include organoboron reagents, organo-
magnesium reagents, organosilicon reagents, organozinc
reagents and organotin reagents. However, only very few examples
of organo-alkali reagents were utilised as the coupling partners
due to their high reactivities, low stabilities and poor chemo-
selectivities. Since Murahashi and co-workers5 reported the rst
palladium-catalysed cross-coupling of organolithium reagents
with vinyl halides, the use of organolithium in cross-coupling
reactions remained elusive (Scheme 1a). In 2013, Feringa and
co-workers reactivated the protocol of palladium-catalysed cross-
coupling reactions with organolithium reagents as partners to
build various carbon–carbon and carbon–heteroatom bonds.6

Signicantly, the rapid and highly selective reactions between
alkyl-, aryl-, and heteroaryl lithium reagents and aryl halides, (aryl)
vinyl triuoromethanesulfonates were realised (Scheme 1b).
Moreover, the side reactions, including lithium–halogen
© 2023 The Author(s). Published by the Royal Society of Chemistry
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Scheme 1 (a) Stereoselective synthesis of alkenes and alkenyl sulfides
from alkenyl halides using Pd and Ru catalysts. (b) Feringa's work: Pd-
catalysed cross-coupling with organolithiums.
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exchange, homo-coupling and isomerization, were effectively
avoided. Notably, the efficient synthesis of sterically hindered
tetra-octa-aryl compounds was also presented.7

In 2015, Feringa revealed an efficient Pd-catalysed cross-
coupling to introduce CH2 moiety using Me3SiCH2Li, which is
a useful synthetic building block in the preparation of ArCH2-
SiMe3 (Scheme 2a).8 The reaction proceeded smoothly at room
temperature and tolerated well with both electron-rich and
electron-decient groups, even with sterically hindered
substrates. It is noteworthy that the pyridine group was also
suitable for this process with high selectivity. Moreover, the
unprotected hydroxyl group was also tolerated, and the corre-
sponding product was isolated in 65% yield. In the presence of
excess organolithium reagents, aryl bromides bearing multiple
functional groups could be coupled withMe3SiCH2Li to afford the
products in 66–82% yields.

Subsequently, an efficient cross-coupling reaction of organo-
halides with organolithium reagents under neat conditions was
developed also by the same group (Scheme 2b).9 This protocol
avoided many undesired manipulations, such as inert atmo-
sphere, low temperature, dilution and slow addition of substrate.
Other notable features are the low catalyst loading down to
0.1mol%, the scalability of up to 120mmol and the short reaction
time in 10minutes. The organolithium reagents are commercially
available or could be prepared following general procedures such
as lithium–halogen exchange or ortho-directed lithiation. In all
cases, only a small amount of ether was used to enhance the
solubility. Importantly, no dehalogenation occurred, indicating
that the competitive b-hydride elimination/olen dissociation did
not proceed. Moreover, the coupling of sterically hindered
© 2023 The Author(s). Published by the Royal Society of Chemistry
bromides with organolithium reagents to afford biaryls was also
achieved successfully at room temperature in a short reaction
time (10 minutes). The protocol exhibited high efficiencies and
selectivities with SiMe3CH2Li and aryllithiums. While nHexLi and
nBuLi reacted with solid substrates, dehalogenated by-products
were produced.

Inspired by Schoenebeck's Pd-catalysed reactions in which
Grignard reagents or organozinc reagents coupled very rapidly
with aryl halides,10 Feringa and co-workers investigated the
possibility of fast cross-coupling with organolithiums to aryl
halides. In 2017, an ultrafast coupling reaction between aryl- or
alkyl-lithium reagents and aryl bromides in 5 s to 5min with the
participation of 2–3 nm Pd nanoparticles was uncovered.11 In
contrast to the inert atmosphere, the presence of molecular
oxygen is crucial for the formation of this powerful catalyst, and
the protocol exhibited a broad range of substrate scope,
including naphthalene derivatives in 61–95% yields, anthra-
cene in 97% yield, unprotected phenol in 83% yield, and the
substrate bearing an epoxide functional group afforded 1 in
58% yield. Surprisingly, this protocol provided an alternative
approach to access ferrocene derivatives, albeit in relatively
lower yields, for example, 2 in 20% yield and 3 in 40% yield,
respectively (Scheme 2c).

There are several methods to access unsymmetrical ketones,
including Friedel–Cras acylation, oxidation of secondary alco-
hols, nucleophilic addition of carboxylic acid derivatives with
organometallic reagents, etc. However, the challenge remains for
the modication of unprotected ketones with organolithium
reagents, because the highly reactive organolithium reagents
likely lead to 1,2-addition to the carbonyl group.

In the same year, an efficient protocol involving 1,2-addition
and Pd-catalysed cross-coupling was disclosed by Feringa and co-
workers.12 In this work, the organolithium compound R1Li
underwent 1,2-addition to Weinreb amide to form a stable tetra-
hedral intermediate, which simultaneously masked the ketone,
and was immediately followed by a one-pot Pd-catalysed cross-
coupling with the second organolithium reagent R2Li to
produce unsymmetric ketones (Scheme 3a). To avoid the
competing Buchwald–Hartwig coupling, they employed a masked
keto-tetrahedral intermediate to undergo the desired trans-
formation. Subsequently, a general one-pot process involving
nucleophilic addition of organolithium reagents to amides was
developed in 2019, which formed aminolithium compounds in
situ following a direct Buchwald–Hartwig amination to provide
aminoaryl ketones up to 89% yield (Scheme 3b).13 A wide range of
aryllithium nucleophiles and amides was tolerated, leading to the
corresponding aminodiphenylketone derivatives. The successful
coupling with cyclic or acyclic amines included morpholine,
methylpiperazine, dihydroindole and tetrahydroisoquinoline
moieties.

Biaryls, especially sterically hindered tri- and tetra-ortho-
substituted biaryls are the fundamental skeleton of functional
molecules, which are widely found in natural products, organic
materials, pharmaceuticals and ligands.14 Although biaryls could
be obtained via the use of organoboron compounds or organozinc
reagents, these methods usually featured long reaction times and
high temperatures. In 2019, Organ, Feringa and co-workers15
Chem. Sci., 2023, 14, 1342–1362 | 1343
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Scheme 2 (a) Pd-catalysed cross-coupling of (hetero)aryl chlorides with Me3SiCH2Li. (b) Pd-catalysed cross-coupling of aryl halides with
organolithium reagents under neat conditions. (c) Pd-catalysed fast cross-coupling of (hetero)aryl bromides with organolithium reagents.

Scheme 3 (a) One-pot 1,2-addition/Pd-catalysed cross-coupling of Weinreb amides. (b) Pd-catalysed one-pot approach to functionalised
ketones via nucleophilic addition/Buchwald–Hartwig amination strategy. (c) Pd-catalysed one-pot sequential coupling with alkyl- or aryllithium
reagents with functionalised nucleophiles.

1344 | Chem. Sci., 2023, 14, 1342–1362 © 2023 The Author(s). Published by the Royal Society of Chemistry

Chemical Science Review

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

1 
D

ec
em

be
r 

20
22

. D
ow

nl
oa

de
d 

on
 1

2/
11

/2
02

5 
1:

46
:3

2 
A

M
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.
View Article Online

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d2sc05475b


Scheme 4 Pd-catalysed cross-coupling of (hetero)aryl halides with
organolithium reagents on water at room temperature and under air.
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reported a one-pot method for the rapid construction of biaryls
(Scheme 3c). It is noteworthy that this strategy avoided the
requirement of slowly adding the alkyllithium reagents, which
were added directly in a one-shot manner. Moreover, the authors
also disclosed an efficient way to selectively couple with multiple
nucleophilic reagents by controlling the temperature, which
enabled the divergent synthesis of various complex molecules.

Feringa and co-workers developed a series of Murahashi
coupling reactions for the direct coupling of alkyl-, alkenyl-, and
(hetero)aryl-lithium reagents with various aryl or alkenyl halides
as electrophilic partners.5–9,11–13 To circumvent lithium–halogen
exchange and homo-coupling side reactions, their strategies
include a slow dropwise addition (usually over one hour) of
extremely dilute organolithium in a nonpolar solvent (e.g.
toluene) or in neat and the use of electron-rich ligands such as
PtBu3.

In the same year, Capriati and co-workers16 reported a novel
Pd-catalysed cross-coupling reaction of aryl bromides or chlorides
with organolithium reagents on water and found that sodium
chloride was treated as an efficient additive to provide the corre-
sponding products (Scheme 4). The advantages of thismethod are
illustrated as (a) the simple manipulation in air, avoiding any
anhydrous cautions, (b) the addition of organolithium reagents
without the use of a syringe pump or in a slow dropwise manner
and (c) the ultra-fast rate of the reaction (20 s). The versatility of
this protocol was also demonstrated to tolerate electron-
withdrawing and electron-donating groups, albeit, with lithium
phenylethynyl, the yield was lower to afford the alkyne 4 in 17%
yield.

Despite the remarkable progress in metal-catalysed Csp2–Csp2

coupling with aryllithiums, the Csp2–Csp3 coupling reaction
Scheme 5 Pd-catalysed direct coupling of aryl chlorides with alkyl-
lithium reagents.

© 2023 The Author(s). Published by the Royal Society of Chemistry
remains rare. In particular, the combination of aryl chloride with
alkyllithium has not been reported. In 2020, Gessner and co-
workers17 disclosed the employment of palladium catalysts for the
coupling of aryl chlorides with alkyllithium reagents (Scheme 5).
This method tolerated electron-rich (59–88% yields) and electron-
decient (56–96% yields) substrates. Moreover, the ratio of
branch and linear products 5 was over 99 : 1, when isopropyl- or
isobutyl-lithium reagent was utilised.

Biaryl compounds with an aza-heterocyclic core are excellent
pharmacodynamic groups, which are widely found in small-
molecule drugs.18 In 2020, a continuous ow strategy to prepare
the organolithium reagents for the synthesis of heteroaryl sulf-
oxides in gram scale was reported by Lima, Sedelmeier and co-
workers.19 As shown in Scheme 6, lithium heteroaryl sultes were
generated in a continuous ow process and simply separated,
which was then subjected to a direct Pd-catalysed cross-coupling
with aryl halides, affording bis-heteroaryls in moderate to good
yields.

Allenes, featuring the two consecutive orthogonal double bonds
with an sp-hybridised carbon atom as its center, has a wide range
of applications in materials, ligands and bioactive compounds.20

In 2020, Feringa and co-workers reported a palladium-catalysed
cross-coupling of propadienyl- or propargyl-lithium reagents with
aryl bromides to furnish highly functionalised propadiene
derivatives in 46–93% yields.21 This protocol provided a fast and
efficient method for the selective synthesis of trisubstituted or
tetrasubstituted propadiene, avoiding the formation of propargyl
by-products (Scheme 7a). In the same year, a Sonogashira type
reaction in the combination of lithium acetylide reagents with aryl
bromides was also developed.22 Most examples proceeded under
mild conditions to give the corresponding arylacetylene derivatives
in 45 minutes. It is noted that the broad substrate scope of this
method with excellent selectivities was demonstrated by its
signicant functional group tolerance, including electron-
decient, electron-rich substrates, compounds, and polybromo-
containing substrates. Importantly, for 6-bromocoumarin 6, the
undesired nucleophilic addition by organolithium reagents was
inhibited and the corresponding coupling product was obtained in
21% yield (Scheme 7b).

In 2021, Feringa and coworkers subsequently reported the
rapid coupling of organolithium reagents with aromatic (pseudo)
halides.23 This efficient protocol of cross-coupling reaction with
benzyl bromide and lithium acetylenes allowed the presence of
Scheme 6 Pd-catalysed desulfinative cross-couplings with hetero-
aromatic lithium sulfinates towards the synthesis of bis-heteroaryls.

Chem. Sci., 2023, 14, 1342–1362 | 1345
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Scheme 7 (a) Synthesis and functionalisation of allenes by Pd-catalysed cross-coupling with organolithium. (b) Pd-catalysed cross-coupling
with lithium acetylides and aryl bromides. (c) Pd-catalysed cross-coupling of benzyl bromides with lithium acetylides.

Scheme 8 Pd-catalysed intermolecular arylation and alkynylation
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organolithium-sensitive functional groups such as esters, nitrile,
amides and boronic esters. The generality of this methodology
was also presented with its excellent functional group tolerance.
However, there's no desired product 7 detected for the coupling
between triisopropylsilyllithium and 1-(bromomethyl)-4-
nitrobenzene (Scheme 7c).

Very recently, the efficient remote Csp3–H activation reactions
involving the direct Pd-catalysed cross-coupling of aryllithium
reagents with terminal alkynes were disclosed byWong, Peng and
co-workers (Scheme 8).24 This strategy showed a broad functional
group tolerance with excellent regioselectivities, affording the
desired products up to 98% yield. It should be noted that the
sterically hindered alkynes proceeded smoothly under optimal
conditions. The late modication of the natural product (+)-d-
tocopherol further demonstrated the synthetic feasibility of the
methodology.

2.1.2 Nickel-catalysed processes with organo-alkali metal
reagents. In recent years, nickel catalysis has become a very hot
topic due to its unique reactivities.25 Generally, the reductive
elimination of nickel is more demanding than its correspond-
ing oxidative addition. The catalytic cycle between Ni(0) and
Ni(II) is well known, while other oxidation states of nickel such
as Ni(I) and Ni(III) would undergo different reaction pathways,
allowing the radical pathway to proceed. Furthermore, nickel is
also known to activate robust carbon–uorine bonds.

In 2014, Rueping and co-workers recorded a novel synthetic
pathway which involved the direct demethoxylation with orga-
nolithium reagent LiCH2SiMe3 via nickel catalysis.26 (Scheme 9).
The corresponding cross-coupling products were produced in 61–
99% yields. Especially, naphthalene derivatives bearing two
methoxy groups at diverse positions could selectively deliver the
1346 | Chem. Sci., 2023, 14, 1342–1362
mono-substituted product 8 in 63% yield by treatment with an
excess of 1,7-dimethoxynaphthalene, or the di-substituted
product 9 in 97% yield. Nitrogen-containing heterocyclic deriva-
tives such as indole, pyrrole and tetrahydroquinoline are also
suitable for this demethoxylation reaction. It is worthmentioning
with organolithiums and terminal alkynes.

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Scheme 9 Ni-catalysed dealkoxylative Caryl–Csp
3 cross-coupling

reaction.

Scheme 10 Ni-catalysed dealkoxylation of enol ether silylation.

Scheme 11 Ni-catalysed cross-coupling of (hetero)aryl electrophiles
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that the natural product dimethoxy-b-estradiol was directly
modied to afford its derivative 10 in 87% yield.

The successful conversion of the existing structurally diverse
allyl silyl ethers and oxygenated heterocycles to allylsilanes
provides powerful synthetic tools for the construction of func-
tional molecular scaffolds and allows for a variety of subsequent
structural modications. In 2015, Rueping and co-workers re-
ported a novel nickel-catalysed dealkylation cross-coupling reac-
tion that converted allyl silyl ethers to the corresponding
allylsilane and alcohol derivatives with high stereoselectivities in
moderate to excellent yields.27 Moreover, the reaction underwent
smoothly for diverse monosubstituted and disubstituted alkene
substrates. The coupling between enol ethers and oxygen-,
nitrogen- and sulfur-containing heterocycles also proceeded well
under optimal conditions.

To demonstrate the potential application of this protocol,
a scale-up experiment with 1 mol% catalyst loading was carried
out and the corresponding product trimethyl(2-(naphthalen-2-yl)
allyl)silane was obtained in 98% yield. When benzofurans, con-
taining a natural Csp2–O bond, were treated as the substrates, the
Csp2–O bonds were cleavaged to give the ring-opening products
selectively in the presence of Ni(COD)2 and SIPr$HCl (Scheme 10).

In 2016, Feringa and co-workers disclosed an alternative
method of Ni-catalysed cross-coupling with easy-to-prepare
organolithium reagents as coupling partners (Scheme 11).28

Both nickel(II) complex C1 and [NiCl2(depe)] (depe = bis(die-
thylphosphino)ethane) were efficient catalysts to catalyse the
cross-coupling reactions with organometallic lithium.

When heteroaryllithium was coupled with the aromatic
precursors, the corresponding polyaromatic products were
generated in 25–89% yields. For instance, triuoromethyl-
substituted aromatic compounds reacted efficiently with phenyl-
lithium; moreover, 1-uoro-4-(triuoromethyl)benzene was less
reactive than 1-bromo-4-(triuoromethyl)benzene or 1-chloro-4-
(triuoromethyl)benzene. However, the expected cross-coupling
reaction between 3-bromo-N,N-dimethylaniline and phenyl-
lithium was not observed without the detection of the corre-
sponding product, instead of the dehalogenated by-product.

In 2016, Uchiyama and co-workers reported Ni-catalysed cross-
coupling between organolithium and ether or ammonium salts,
featuring the cleavage of carbon–oxygen and carbon–nitrogen
bonds simultaneously to construct the carbon–carbon bonds
(Scheme 12).29
© 2023 The Author(s). Published by the Royal Society of Chemistry
They found p-rich heterocyclic aromatic lithium reagents are
well tolerated, while p-decient heterocyclic aromatic lithium
reagents, such as thienyllithium and furanyllithium, exhibited
rather disappointing reactivities. In most examples, alkenyl-
and alkyl-lithium worked well, but the cross-coupling between
acyclic alkenyllithium with 2-methoxynaphthalene was insuffi-
cient to give 12 in 35% yield. For chiral aryl methyl ether
substrates, the absolute conguration of biaryl products (R)-13
and (S)-13 was maintained without any racemisation, especially
at the acidic benzylic position.

Late transition metal-catalysed cross-couplings have been
widely employed to install various functional groups into
unsaturated substrates30 The probable mechanism has been
with organolithium reagents.

Chem. Sci., 2023, 14, 1342–1362 | 1347
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Scheme 12 Ni-catalysed cross-coupling of ethers or aryl ammonium
salts with organolithiums via C–O or C–N bond cleavage.

Scheme 13 Ni-catalysed anionic cross-coupling reaction of lithium
sulfonimidoyl alkylidene carbenoids with organolithiums. (a) Ni-cata-
lysed anionic cross-coupling reaction (ACCR). (b) Proposed mecha-
nism for ACCR (Solid lines depicted the proposed reaction pathway of
the Ni-catalysed ACCR. Dashed lines depicted the oxidative addition
pathway, which induced the opposite stereoselectivity).
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also revealed by simulating these catalytic systems, involving
the exchange of transition metals with isoelectronic properties
to provide useful mechanistic insights. In the above studies, the
anionic Nickel–ate complexes are more efficient in oxidative
addition with aryl halides or alkenyl halides as compared to the
use of nickel salts.31 In particular, the anionic Nickel–ate species
contribute to the cleavage of carbon–halogen bonds due to
a strong nucleophilicity.32 Despite the prevalence of reports
related to the anionic cross-coupling reactions, relevant studies
on the electron-rich Nickel–ate complexes remain relatively
rare.

Kambe et al. found that Lithioalkenyl sulfoximines bearing
a chiral nucleofuge, failed to undergo nucleophilic substitution
with organolithium or Fritsch–Buttenberg–Wiechell (FBW)
rearrangement at 0 °C.33 When metalloalkenyl sulfoximines
were treated by organolithium agents, alkenyllithiums were
generated via the transformation between an anionic Ni–ate
and Ni–vinylidene. Therefore, the Ni0–vinylidene was obtained
by releasing PhS(O)N(Li)Me, indicating that the electron-rich
nickel complex is necessary for the following process (Scheme
13a). Numerous studies on metal–vinylidene complexes have
shown that the rearrangement of acetylene to vinylidene is
a thermodynamically favorable process.34 Accordingly, a highly
reduced nickel center was employed to generate Ni–vinylidenes.

In 2020, Gais and co-workers combined experimental and
computational results to record a novel catalytic cycle involving
the conversion of Ni–ate induced by organolithium with Ni–
vinylidene intermediates via a-elimination.35 The detailed
mechanism of the anionic cross-coupling reactions (ACCR) of
Ni-catalysed metalloalkenyl sulfoximines was elaborated.

As shown in Scheme 13b at the right side in the dashed line,
a typical Kumada–Corriu–Negishi (KCN) cross-coupling pathway
initiated from the oxidative addition to provide Ni(II) complexes.
Following the transmetallation with phenyllithium and the
reductive elimination, streptavidin lithium was generated.
1348 | Chem. Sci., 2023, 14, 1342–1362
Alternatively, at the le side in the solid line, the neutral Ni0

complex was involved, which produced Ni–ate species by the
mediation of lithium ions, and this transient intermediate
underwent a-elimination to give Ni–vinylidene. DFT calculations
indicated that the reaction energy barrier would be 6 kcal mol−1

higher without the participation of lithium ions, indicating the
importance of lithium ions in the catalytic cycle. Aer the addi-
tion of PhLi 14, a Ni(II) intermediate with carbon anion IV was
generated, which was probably stabilised by two lithium ions.
Finally, the vinyl lithium 15 product was afforded by the reductive
elimination of IV with the regeneration of I.

Ni-catalysed cross-coupling of aryl ethers is an effective
method for the construction of carbon–carbon and carbon–
heteroatombonds. Moreover, themechanismmay differ from the
conventional coupling reactions due to the inertness of the sp2

carbon–oxygen bond, which is thermodynamically and kinetically
unfavourable for the oxidative addition of aryl ethers to nickel.
Wang, Uchiyama and co-workers36 provided the theoretical
support for the alternative anionic pathway through DFT calcu-
lations to identify the formation of the anionic Ni0–ate as the key
in the process of C–O bond cleavage. Only a few catalytic
© 2023 The Author(s). Published by the Royal Society of Chemistry
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Scheme 14 Proposed mechanism (anionic and dianionic) of Ni-catalysed cross-coupling of aryl ethers.

Scheme 15 Fe-catalysed homo-coupling with aryllithium reagents.
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intermediates have been conrmed; therefore, direct experi-
mental evidence to elucidate the anionic pathway is still lacking.

In 2021, Borys and Hevia reported detailed studies to
disclose the ionic pathway, in which electron-rich hetero-
bimetallic Ni–ates were obtained by the addition of organo-
metallic nucleophiles to a Ni(0) center.37 Based on their exper-
imental investigation and computational studies, the probable
mechanism is shown in Scheme 14. Initially, the addition of
Ni(cod)2 (I) and PhLi(donor)n afforded lithium nickelate II (1 : 1)
and VI (2 : 1), following the coordination with 2-methoxynaph-
thalene to generate the intermediates III or VII, respectively.
The coordination pulls the substrate closer to the active nickel
center and facilitates the oxidative addition to nickel. Subse-
quently, the cleavage of the C–O bond occurs through the
presumable transition state IV to deliver the Ni(II) species V or
VIII by the release of the lithiummethoxide, which is consistent
with the computational calculations. Furthermore, the possible
transition state IV suggests that aryl ether substrates containing
p-extended aromatic systems can generate more stable dear-
omatised intermediates. Eventually, Ni(0) catalysts (I or II) are
regenerated by the reductive elimination of Ni(II) to furnish the
catalytic cycles.

2.1.3 Iron-catalysed processes with organo-alkali metal
reagents. Iron is a more abundant and environmentally friendly
element compared to palladium and nickel.38 To avoid the high
cost, low natural abundance and environmental contamination
and potential toxicity of Ni- or Pd-based catalysts, there is
therefore an increasing interest in iron catalysis. Recently,
a series of iron catalysed coupling reactions with organolithium
reagents have been developed by Wong's group.

In 2016, Wong's group developed an efficient Fe-catalysed
cross-coupling of organolithium reagents with a variety of
organic bromides under mild conditions to construct diverse of
Csp2–Csp3 bonds and Csp3–Csp3 bonds, demonstrating that
organolithium reagents can also be employed as the partners in
© 2023 The Author(s). Published by the Royal Society of Chemistry
iron-catalysed reactions.39 Shortly aer, they also realised iron-
catalysed cross-coupling reactions with organolithium
reagents to forge Csp2–Csp2 bonds and other types of carbon–
carbon bonds, which were allowed to practically prepare 1,3-
butadiene and biaryls via homo-coupling using alkenyl-lithium
or aryl-lithium reagents.40

In 2020, Wong and co-workers reported a strategy of
Fe-catalysed homo-coupling reaction without the assistance of
ligands.41 As shown in Scheme 15, this reaction exhibited
broad functional group compatibility to afford various biaryls in
moderate to good yields. Especially, when the
bromotetraphenylene was subjected to the standard conditions,
the expected product 16 was obtained in a 31% yield.

Subsequently, they also reported a protocol of Fe-catalysed
cross-coupling of organolithium compounds with haloalkenes
(Scheme 16).42 In the presence of Fe(acac)2 and XPhos, the
desired products were produced with good functional group
tolerance. To further demonstrate the potential industrial
application, a gram scale reaction was realised in this work.

2.1.4 Processes involving dual catalysts. The dual catalytic
system has been considered as an attractive method for the
Chem. Sci., 2023, 14, 1342–1362 | 1349
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Scheme 17 Co/Ti catalysed cooperative couplings of aryl halides with
organometallics.
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construction of various chemical bonds in terms of high catalytic
efficiency, good atomic economy, and convenient operation,
thereby facilitating some challenging transformations
encountered in a single catalytic system.43 Notably, co-catalysis, an
emerging catalysis paradigm that goes beyond the single-site
approach, has great potential to enable complementary
reactivities and selectivities.

In 2013, Duan and co-workers established a cooperative
cross-coupling reaction catalysed by cobalt and titanium with
Grignard reagents or organolithium. As shown in Scheme 17,
the reactions underwent efficiently with the combination of
Ti(OEt)4 as co-catalyst, CoCl2 as catalyst and PBu3 as ligand,
leading to the biaryl products in moderate to excellent yields.44

A series of control experiments indicated that in the absence
of titanate the homo-coupling dominated the reaction, sug-
gesting the necessity for a bimetallic co-catalyst. The generality
of this reaction was shown as the good functional group toler-
ance, such as thienyl, pyridinyl, quinolinyl, and naphthyl etc.
Both Grignard reagents and organolithium reagents could be
reacted with aryl bromides and chlorides under mild condi-
tions. Moreover, aryl bromide was more active than aryl chlo-
ride, for instance, the biaryl product was obtained in 56% yield
using 1-bromo-4-methoxybenzene as the starting material,
while only a trace amount of product was detected with 1-
chloro-4-methoxybenzene as the substrate.

In 2012, Smith et al. presented a palladium and copper cata-
lysed cross-coupling reaction of aryl halides and an in situ formed
silicon–lithium reagents.45 From the insight of the probable
mechanism, this relay process involved anion relay chemistry
(ARC). On the basis of this work, they designed and prepared
a series of this-type reagents.46 Furthermore, the polymer-
supported siloxane-transfer reagents were also produced and
screened including PSTA-I20 (17), PSTA-I200

′ (18), PSTA-II20 (19),
PSTA-II200 (20) and PSTA-I200 (21) to enhance the reaction efficiency
and their stability aer several recycles (Scheme 18). Under stan-
dard conditions, the reaction exhibited excellent functional group
tolerance and the yield was up to 98% yield.

2.1.5 Processes involving organosodium reagents.
Although sodium is the most abundant alkali metal in the earth's
crust and oceans, sodium has long been neglected to apply less
than lithium. The earliest studies of organic sodium can be dated
back to the 19th century, in which Frankland,Wanklyn andWurtz
et al. studied the reactions of haloalkanes with metallic sodium.47

In the 20th century, the combination of organic halides and
Scheme 16 Fe-catalysed Csp2–Csp2 cross-coupling with aryllithium.

1350 | Chem. Sci., 2023, 14, 1342–1362
sodium was applied to prepare organic sodium compounds
instead of earlier methods using dialkylzinc or dialkylmercury
reagents.48 Since then, Bockmühl and Ehrhart rst prepare the
phenylsodium reagent from chlorobenzene and sodium wire.49

Despite the industrial interest in organosodium reagents, the
application of organosodium in catalysis still did not receive
enough attention. Generally, the application of organosodium
reagents in organic synthesis still remains in limited trans-
formations, such as electrophilic addition to carbon dioxide or
carbonyl compounds, deprotonation of hydrocarbons or hetero-
cycles etc.47a,50
Scheme 18 Polymer-supported silicon-transfer agents for cross-
coupling reactions with organolithium reagents.

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Scheme 20 Mn(OAc)3 mediated C–H sulfonylation of 1,4-dimethox-
ybenzenes with sodium and lithium sulfinates (HFIP =
hexafluoroisopropanol).
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Diaryl sulfone is an important motif in organic synthesis
with diverse biological activities such as the inhibition of HIV-1
reverse transcriptase, antibacterial and antitumour properties.51

In 2017, Manolikakes and co-workers reported a nickel-
catalysed cross-coupling reaction between sodium sulte and
(hetero)aryl halides, indicating that sodium sulte was a prom-
ising coupling partner (Scheme 19).52a The versatility of this
method was demonstrated in a wide range of aryl bromides or
activated aryl chlorides with various sodium salt of aryl sulfonic
acids; moreover, substrates bearing electron-rich groups gave
higher yields. For the aromatic heterocyclic bromides, the cor-
responding sulfone products were provided in 50–95% yields.

Subsequently, they reported a manganese-mediated C–H
sulfonylation via the coupling reaction between organosodium
or organolithium reagents and 1,4-dimethoxybenzenes (Scheme
20).52b These organolithium and organosodium reagents could
be easily obtained from sulfur dioxide as their precursors. It is
worth noting that the reactions proceeded efficiently at room
temperature to afford various sulfones in moderate to good
yields. But this protocol was limited to the use of excess stoi-
chiometric metal salts, considering the atom economy.

Furthermore, Manolikakes and coworkers also reported an
effective cross-coupling of sodium sultes with aryl iodides by
photoredox/nickel dual catalysis (Scheme 21).53

This method exhibited a board scope and tolerated diverse
functional groups to afford the corresponding diaryl sulfones
up to 89% yield. Specically, aryl iodides bearing substituents at
the para and meta positions or with sensitive groups such as
triuoromethyl, cyano, ester and carbonyl were suitable for this
strategy. Moreover, substrates with free amino, hydroxyl and
carboxyl groups achieved the corresponding products in
moderate to good yields.

Transition metal-catalysed cross-coupling between two frag-
ments or reagents has become one of the most efficient and
reliable synthetic methods for the construction of structurally and
functionally diverse organic molecules.54 The general methods for
the preparation of organometallic reagents employed the trans-
metallation of organolithium reagents or Grignard reagents,
which transferred the organic moieties from Mg or Li centers to
Zn or B. Despite their extensive use in organic synthesis, these
methods still have some limitations, for instance, the unexpen-
sive organic chlorides are less reactive and more difficult to be
Scheme 19 Ni-catalysed synthesis of diaryl sulfones from aryl halides
and sodium sulfinates.

© 2023 The Author(s). Published by the Royal Society of Chemistry
utilised than organic bromides or organic iodides in cross-
coupling reactions. Recently, Knochel et al. addressed this issue
by using iPrMgCl$LiCl reagent to activate the substrate.55 The
alternative approach to the desired coupling with aryl chlorides is
the direct use of organosodium reagents as the coupling partners.
In 2019, Asako and co-workers56 reported a Pd-catalysed cross-
coupling of organosodium reagents with aryl chlorides to
provide the corresponding biaryl products (Scheme 22).

Firstly, they found that the transmetallation of organosodium
reagents with ZnCl2–TMEDA or boronic esters generated the
corresponding organozinc or organoarylboron reagents, which
were subsequently applied in Pd-catalysed Negishi and Suzuki–
Miyaura coupling (Scheme 22a). In addition, the organosodium
reagents could be directly utilised in Pd-catalysed cross-coupling
of aryl chlorides or aryl bromides to give the coupling products
efficiently (Scheme 22b).

They also developed a reliable method to prepare a variety of
(hetero)aryl and alkenyl sodium compounds by halogen–sodium
exchange.57 A wide range of organosodium reagents were ob-
tained (Scheme 23). The aryl-, (hetero)aryl- and alkenyl-sodium
compounds were in situ produced from their corresponding
bromides and neopentylsodium, which was easily prepared from
neopentyl chloride and sodium disperse. Especially, 1,3,5-tris(4-
bromophenyl)benzene 22 and tetrakis(4-bromophenyl)methane
23 succeeded to yield the corresponding products with neo-
pentylsodium, which were not available by other approaches
(Scheme 23a). This strategy also allowed a one-pot Negishi reac-
tion (Scheme 23b) and Suzuki–Miyaura reaction (Scheme 23c)
under mild conditions. In addition, the direct coupling of
Scheme 21 Visible-light mediated photoredox/nickel dual catalysis
for the cross-coupling of aryl iodides with sulfonic acid salts.
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Scheme 22 (a) Pd-catalysed Negishi or Suzuki–Miyaura cross-coupling reactions with arylsodiums. (b) Pd-catalysed cross-coupling reactions
with arylsodiums directly. (c) Pd-catalysed Negishi cross-coupling reactions with arylsodiums. (d) Pd-catalysed Suzuki–Miyaura cross-coupling
reactions with aryl- and alkenylsodiums. (e) Pd-catalysed cross-coupling reactions of arylsodiums and 2-chloronaphthalene directly.
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arylsodium reagents and aryl chloride proceeded successfully
(Scheme 23d). It is noted that the organosodium reagent does not
need to be added slowly.

Although new interest and some new insights into the use of
organosodium reagents have recently been disclosed, the
development of versatile reactions remains a challenge due to
the lack of general and reliable methods for their preparation.
Considering the abundance of sodium, we expect that more and
more chemists will explore new and novel chemistry in orga-
nosodium chemistry.
2.2 Organo-alkali metal reagents acting as additives

Organoalkali metal reagents, especially organolithium
reagents, have also been utilised as additives to facilitate the
desired reactions. In 2018, Bedford and co-workers reported
a novel iron-catalysed Suzuki–Miyaura cross-coupling reaction
promoted by alkyllithium-activated aryl pinacol boronic esters
under mild conditions.58 As shown in Scheme 24, the key
success of this transformation was the use of p-coordinating
pyrrole as the directing group to achieve the coupling process
efficiently.

In 2016, Morken developed a conjunctive cross-coupling
reaction to achieve chiral alcohols (Scheme 25).59 This
approach combined three simple starting materials including
organolithium reagents, organoboronic esters and electrophiles
to forge two new carbon–carbon bonds with high enantiose-
lectivity. When alkenyl- or aryl-triuoromethanesulfonates were
used as electrophiles, the reactivity was signicantly improved
compared with other electrophiles.

In addition, the yields and stereoselectivities of the reaction
majorly relied on the in situ formed borate complexes. For
example, the neopentyl glycol-derived borate complexes
provided 24 in 83% yield with 97 : 3 er and 25 in 86% yield with
1352 | Chem. Sci., 2023, 14, 1342–1362
97 : 3 er respectively. To analyse the by-products, both the direct
Suzuki–Miyaura products and the partial consumption of
organoborate esters led to low efficiency. For the substrates
bearing with primary and secondary alkyl groups, the alkyl
group migration also disturbed the outcome of the target
product. This method exhibited a broad functional group
tolerance, although the triuoromethyl group was inert and
only a trace amount of the corresponding product was detected.

Moreover, the addition of vinyllithium to organoborate
could also generate the ate complexes, which underwent the
subsequent Pd-catalysed coupling reaction efficiently. Control
experiments showed that the presence of lithium halide salts
affected the reaction negatively.

Polar organometallic reagents, such as organolithium and
Grignard reagents, are widely utilised in synthetic chemistry to
produce a variety of novel organometallic compounds.60 Hevia
and co-workers60b–d designed a series of polar mixed-metal
reagents (Scheme 26) with synergistic effects. By isolation and
characterisation of key organometallic intermediates, they
revealed the potential of s-block co-catalysis, including
enhanced reaction performance, greater functional group
tolerance and exceptional regioselectivity.

The mixture of [NaMg(CH2SiMe3)3] (26) and [(THF)
NaMg(NPh2)3-(THF)] (27) (Scheme 26a) could selectively catalyse
the hydroamination/trimerisation of isocyanates by modulating
the space of the isocyanate substituents.60b,c The well-dened
dipotassium-tetrakis(alkyl)magnesates allowed direct magne-
sium–hydrogen exchange reactions of various (hetero)aryl
substrates (Scheme 26b).60d,e Although the direct cross-coupling
reactions with the mixed metal reagents have not been
explored, their unique chemical properties and spatial advantages
allowed for a potential application in organic synthesis.
© 2023 The Author(s). Published by the Royal Society of Chemistry
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Scheme 23 (a) Multisodiation through bromine–sodium exchange. (b) Pd-catalysed Negishi cross-coupling reactions using arylsodiums. (c) Pd-
catalysed Suzuki–Miyaura cross-coupling reactions using aryl- and alkenylsodiums. (d) Pd-catalysed direct cross-coupling reactions of aryl-
sodiums and 2-chloronaphthalene (MCH = methylcyclohexane).

Scheme 24 Fe-catalysed substrate-directed Suzuki–Miyaura
coupling reaction.
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In 2017, a novel protocol of regioselective mono- and di-
ferric transformations under mild conditions, using sodium
perferrate base [(dioxane)0.5NaFe{N(SiMe3)2}3] (28), paired with
iron bis(amide) Fe(N(SiMe3)2)2 and Na[N(SiMe3)2] was reported
by Hevia and co-workers.61 The structure of sodium tris(amido)
© 2023 The Author(s). Published by the Royal Society of Chemistry
ferrate (28) was conrmed by X-ray crystallography. The
complex (29) was generated from 28 with 1,3-diuorobenzene,
which was followed by the electrophilic addition with iodide to
give 1,3-diuoro-2-iodobenzene (30) in 84% yield (Scheme 27a).
A wide range of uoroaromatic derivatives was obtained by the
mono- or bimetallisation pathway (Scheme 27b). Moreover, the
key mechanistic insight of this transformation was observed by
the capture of highly reactive iron intermediate. Using 1,3,5-
triuorobenzene derivatives as the substrates, an unusual two-
fold C–H/three-fold C–F activation proceeded at 80 °C with an
excess 28 to give 31 in 87% yield as a yellow crystal and the
biferrogenic compounds 32 in 47% yield and 33 in 46% yield,
respectively (Scheme 27c).

Organozinc–lithium reagents could enhance the nucleo-
philic ability of tetraorganozincates, exhibiting unique func-
tional group tolerance. As shown in Scheme 28, themixed-metal
organometallic reagents were used in the C–H alkylation or
arylation of heteroaromatics such as acridines or pyrazines by
coordination of alkali metals adjacent to the anion activation
Chem. Sci., 2023, 14, 1342–1362 | 1353
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Scheme 25 Conjunctive cross-coupling enabled by metal-induced
metallate rearrangement in the combination of organoboronates and
organolithium.

Scheme 26 (a) Sodium magnesiate catalysed hydroamination of isoc
redistribution processes to form higher-order species (PMDETA = penta

1354 | Chem. Sci., 2023, 14, 1342–1362
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site.62 In 2020, efficient conjugated addition to nitroolens
employing lithium tetraorganozincates was reported under
transition metal-free and ligand-free conditions (Scheme 29).63

This reaction allows highly chemo-selective access to nitro-
methane derivatives up to 98% isolated yields.
2.3 Organo-alkali reagents acting as nucleophiles

Organo-alkali reagents are conventionally used as nucleophiles
in organic synthesis due to the convenient preparation and high
activities, involving various functional group transformations.
In 2012, a general method for the preparation of isoquinolines
was reported (Scheme 30a).64 The Pd-catalysed cross-coupling of
o-cyano arene-nonaates and a-alkoxycarbonyl surrogates
afforded o-cyanoalkene derivatives in situ, which were followed
by nucleophilic addition with organolithium reagents in one-
pot to provide various isoquinolines up to 99% yield.

In 2014, Hatton, Jamison and coworkers65 disclosed an effi-
cient continuous ow process to access ketones by the nucleo-
philic addition of carbon dioxide with organolithium or
Grignard reagents (Scheme 30b). This process exhibited the
signicant advantages to inhibit side reactions, which would
yield by-products including undesired symmetrical ketone and
tertiary alcohol. Moreover, this method allowed the continuous
generation of organometallic reagents in a facile and scalable
three-step ow process.
yanates. (b) Synthesis of potassium magnesiate and donor-induced
methyldiethylenetriamine).

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Scheme 27 (a) Sodium-mediated ferration of 1,3-difluorobenzene with [(dioxane)0.5NaFe{N(SiMe3)2}3]. (b) Sodium-mediated regioselective
ferration of fluoroarenes via C–H and C–F bond activation. (c) Two-fold C–H/three-fold C–F activation of 1,3,5-trifluorobenzenes.

Scheme 28 Selected examples of s-block bimetallic cooperation in
zinc chemistry for transition metal-free C–C bond-forming processes
(DDQ = dichlorodicyanoquinone).

Scheme 29 Nucleophilic addition of tetraorganozincates to
nitroolefins.

© 2023 The Author(s). Published by the Royal Society of Chemistry
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In 2015, Sarpong and co-workers reported a strategy to
prepare the asymmetric ketones with pyrrole derivatives that
were the synthetic equivalent of formyl carbonyl dication
(Scheme 30c).66 Compared to other carbonyl surrogates,
carbonyl linchpin N,O-dimethylhydroxylamine pyrrole enabled
the electrophilic addition of less reactive or thermally unstable
nucleophiles such as Grignard reagents or organolithium
reagents to provide the desired ketones.

Deep eutectic solvents (DESs) are an emerging green
medium that have a signicantly lower melting point than pure
single solvent. In addition, many of their physicochemical
characteristics are also adjustable.67 The promising utilisations
of DESs have been well documented recently.67,68 In 2020, an
efficient and chemo-selective addition of aldehydes or epoxides
with highly polarised lithium phosphides (LiPR2) was disclosed,
which were generated in the recyclable eutectic mixtures of
1ChCl and 2Gly (Scheme 31a).69 This environmental-friendly
protocol showed a fast reaction rate and obtained a-hydroxy-
phosphine oxide or b-hydroxy-phosphine oxide, respectively,
in 62–94% yields at room temperature and in air. In 2021,
Capriati, and co-workers reported the nucleophilic addition of
amides with organolithium reagents in a cyclopentane methyl
ether environment to give ketones up to 93% yield (Scheme
31b).70 This protocol inhibited the over-addition of nucleophilic
reagents and showed the potential for scale-up and recovery of
the reaction medium.
Chem. Sci., 2023, 14, 1342–1362 | 1355
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Scheme 30 (a) Synthesis of isoquinolines via nucleophilic addition between o-cyanoalkenes and organolithiums. (b) Continuous flow process to
access ketones from organolithiums and CO2. (c) Unsymmetrical synthesis of ketones with a pyrrole-bearing formal carbonyl dication linchpin
reagent.
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3 Application of organo-alkali metal
reagents in the synthesis of functional
molecules

Metal-catalysed carbon–carbon bond and carbon–heteroatom
bond formations are also important in medicinal chemistry,
especially for the structural modication of small molecule
drugs. Moreover, some well-established methods have been
applied in industrial production. A timely summary of existing
results would herein provide a necessary update for drug
development.

Feringa and co-workers employed a one-pot 1,2-addition and
Pd-catalysed cross-coupling strategy to prepare cyclopropylaryl
ketones, which are versatile intermediates for the synthesis of
various drugs.12 They applied the strategy to obtain cyclo-
propylphenyl ketone, which was utilised to prepare a HIV
Scheme 31 (a) In situ generation of lithium phosphides and one-pot
chemoselective addition to aldehydes and epoxides. (b) Nucleophilic
addition of amides by organolithium compounds in air (CPME =

cyclopentyl methyl ether).

1356 | Chem. Sci., 2023, 14, 1342–1362
protease inhibitor 34 (Scheme 32a) according to the precesured
in references.

To further demonstrate the application of this method, 1-
bromo-4-chlorobenzene (35) and 2-thienyllithium (36) were
coupled with 3 mol% Pd-PEPPSI-IPr as a catalyst to generate the
desired coupling product with high selectivity in 97% yield,
which was used for the synthesis of melanin-concentrating
hormone receptor ligands71 (Scheme 32b). In addition, the
combination of 3-methyl-1-bromobenzene (37) and 2-thie-
nyllithium (36) provided the coupling product 38, which was
applied to prepare polymers for optoelectronic devices.72 A
general method of isotopic labelling was also provided in this
work, introducing CD3-labeled and short-lived 11C radioiso-
topes (t1/2(

11C) = 20.3 min) for positron emission tomography
(PET) imaging.73 This isotopic labelling protocol is an efficient
complement to the conventional quenching strategy. With this
method in hand, they succeed to prepare [11C]celecoxib (39)
with 11C-labeled MeI (Scheme 32c).

Axial asymmetric units are widely found in functional
molecules and related elds. For example, 2,2′-dihydroxy-1,1′-
binaphthyl (BINOL) derivatives are commonly used as catalysts
or ligands in asymmetric synthesis and also as important
constituent sequences in optical materials or supramolecular
structures.74a Uchiyama and co-workers74b tested the feasibility
of introducing BINOL units into polymers by a condensation
strategy (Scheme 33a). The results showed that dilithium
reagents (39) prepared by lithium–bromine exchange could be
coupled with dimethoxynaphthalene ether (41) to give the
desired polymers 42, rather than the unsuccessful attempts
with Grignard reagents. Considering the signicant potential of
sulfone groups in organic synthesis, Manolikakes and co-
workers explored a dual-catalytic strategy in the late-stage
modication of small molecule drugs.52 They found that the
cross-coupling of sultes (43) with heteroaryl iodides led to the
nonsteroidal anti-inammatory drug phenazone (44), and with
© 2023 The Author(s). Published by the Royal Society of Chemistry
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Scheme 32 (a) Synthetic application of the Pd-catalysed one-pot 1,2 addition/cross-coupling of Weinreb amides. (b) Synthetic application of
Pd-catalysed cross-coupling of aryl halides with organolithium reagents under neat conditions. (c) Synthesis of radiolabeled celecoxib via Pd-
catalysed ultrafast cross-coupling with organolithium reagents.
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aryl iodide (45) modied the core structure of sildenal,
respectively (Scheme 33b).

In 2019, Feringa and coworkers disclosed a general one-pot
approach to afford functionalised ketones by nucleophilic
addition/Buchwald–Hartwig amination.13 The application of
this method was also proved for the efficient synthesis of
asymmetrical ketone, which was nally transformed into
AMA37 (46), an isoform-specic phosphoinositide 3-kinase
inhibitor with an IC50 = 0.27 mM for DNA-dependent protein
kinase (DNA-PK) inhibition (Scheme 33c).75 It is noted that the
efficient conversion of organolithium reagents provided 79%
reaction mass efficiency (RME) and the only waste was the lowly
toxic lithium chloride, which indicated that this process was
environmentally friendly.

As shown in Scheme 34, cationic photosensitisers (49) for
photodynamic therapy could be obtained by Pd-catalysed cross-
© 2023 The Author(s). Published by the Royal Society of Chemistry
coupling of 4-bromo-N,N-dimethylaniline (47) with alkyllithium
(48), which furnished efficiently in 45 minutes under mild
reaction conditions, compared to the previous Sonogashira
cross-coupling.76 Other examples include the synthesis of
potential inhibitor intermediates (50) for the construction of
aurora kinase A and B,77 which are enzymes overexpressed in
human tumors, as well as the synthesis of 1,4-bis(4-(phenyl-
ethynyl) phenylethynyl)benzene-based lms for the application
in light-emitting diodes.78 The combination of ethynyllithium
and uorobenzyl alkyne 51 with 3 mol% [Pd(m-I)PtBu3]2 as
catalyst delivered 52, which is the key intermediate towards the
synthesis of CRTH2 receptor antagonists 53. Employing the
same strategy, the precursor of lignans could be obtained by the
coupling of 5-(bromomethyl)-1,2,3-trimethoxybenzene (54) with
the organolithium reagent (Scheme 35). The above applications
suggest that organolithium reagents as the partners directly
Chem. Sci., 2023, 14, 1342–1362 | 1357

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d2sc05475b


Scheme 33 (a) Synthesis of axially asymmetric structures by Ni-catalysed polycondensation. (b) Visible-light photoredox/nickel dual catalysis
cross-coupling of sulfinic acid salts with aryl iodides for late-stage modification of small molecular drugs. (c) Pd-catalysed nucleophilic addition/
Buchwald–Hartwig amination for the synthesis of AMA37.

Scheme 34 Potential applications of Pd-catalysed cross-coupling of benzyl bromides with lithium acetylides.

1358 | Chem. Sci., 2023, 14, 1342–1362 © 2023 The Author(s). Published by the Royal Society of Chemistry
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Scheme 35 Potential applications of the Pd-catalysed cross-coupling of benzyl bromides with lithium acetylides.
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involved in cross-coupling reactions have great potential for the
synthesis of diverse bioactive molecules, especially key phar-
maceutical intermediates, as well as in polymers and functional
materials.

4 Conclusions

This review summarises the recent utilisation of organic alkali
metal reagents, especially organolithium reagents, as partners in
metal-catalysed cross-coupling reactions, revealing effective
approaches towards the synthesis of carbon–carbon and carbon–
heteroatom bonds. To achieve these desired transformations,
synthetic challenges including the homo-coupling between
organo-alkali metal reagents and the undesired lithium–halogen
exchange must be inhibited and well overcome. Many method-
ologies for nickel- and iron-based catalytic protocols involving
cross-coupling with organolithium reagents have emerged in
recent years, suggesting that these earth-abundant metals in
nature have promising prospects, they indeed have potential to
replace the use of expensive and toxic transition metals. None-
theless, there are still several major challenges in this eld: (a)
very few asymmetric examples have been achieved; (b) there is
still lack of enough attention to organosodium reagents in this
eld compared to organolithium reagents; and (c) broad
substrate scope of these methods needs to be further explored.
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62 (a) A. Hernán-Gómez, E. Herd, M. Uzelac, T. Cadenbach,
A. R. Kennedy, I. Borilovic, G. Aromı́ and E. Hevia,
Organometallics, 2015, 34, 2614–2623; (b) S. E. Baillie,
V. L. Blair, D. C. Blakemore, D. Hay, A. R. Kennedy,
D. C. Prydeb and E. Hevia, Chem. Commun., 2012, 48,
1985–1987; (c) E. Hevia, Chimia, 2020, 74, 681–688.

63 M. Dell'Aera, F. M. Perna, P. Vitale, A. Altomare, A. Palmieri,
L. C. H. Maddock, L. J. Bole, A. R. Kennedy, E. Hevia and
V. Capriati, Chem.–Eur. J., 2020, 26, 8742–8748.

64 L. Florentino, F. Aznar and C. Valdes, Org. Lett., 2012, 14,
2323–2325.

65 J. Wu, X. Q. Yang, Z. He, X. W. Mao, T. A. Hatton and
T. F. Jamison, Angew. Chem., Int. Ed., 2014, 53, 8416–8420.

66 S. T. Heller, J. N. Newton, T. T. Fu and R. Sarpong, Angew.
Chem., Int. Ed., 2015, 54, 9839–9843.

67 B. B. Hansen, S. Spittle, B. Chen, D. Poe, Y. Zhang,
J. M. Klein, A. Horton, L. Adhikari, T. Zelovich,
B. W. Doherty, B. Gurkan, E. J. Maginn, A. Ragauskas,
M. Dadmun, T. A. Zawodzinski, G. A. Baker,
M. E. Tuckerman, R. F. Savinell and J. R. Sangoro, Chem.
Rev., 2021, 121, 1232–1285.

68 Selected examples for DES:(a) S. Ghinato, G. Dilauro,
F. M. Perna, V. Capriati, M. Blangetti and C. Prandi, Chem.
Chem. Sci., 2023, 14, 1342–1362 | 1361

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d2sc05475b


Chemical Science Review

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

1 
D

ec
em

be
r 

20
22

. D
ow

nl
oa

de
d 

on
 1

2/
11

/2
02

5 
1:

46
:3

2 
A

M
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.
View Article Online
Commun., 2019, 55, 7741–7744; (b) M. J. Rodŕıguez-Álvarez,
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