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Aliphatic C(sp?)-H moieties are ubiquitous in numerous organic compounds. Direct functionalization of
inert C(sp3)-H bonds is a powerful and straightforward approach for the efficient construction of diverse
carbon-carbon or carbon-heteroatom bonds. Chelating group directed metal-catalyzed remote function-
alization of readily available alkenes has emerged as an appealing strategy for rapidly accessing various
value-added aliphatic molecules. With the aid of directing groups, various «-, 8- and y-functionalized
alkanes could be synthesized smoothly with excellent regioselectivity. The preferred formation of a sta-
ble five- or six-membered metallacycle intermediate terminates the chain-walking at a specific methylene
site, which serves as the driving force for excellent site-selective migratory functionalization. This review
herein is aimed at summarizing the recent progress on the metal-catalyzed regiodivergent functionaliza-
tion of unactivated alkenes by merging alkene isomerization and cross-coupling with the assistance of
directing auxiliary. Last but not least, the current situations and future directions in this field are high-

Transition-metal catalysis X .
lighted and discussed.

© 2024 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

1. Introduction

The direct functionalization of ubiquitous C(sp3)-H bonds con-
stitutes a straightforward and environmentally benign approach
for building various carbon-carbon or carbon-heteroatom bonds
[1,2]. It streamlines the chemical synthesis of target compounds
and allows for late-stage modification of complex structures [3-
8]. Over the past decades, a broad spectrum of advanced tactics
has been established for the activation and selective functionaliza-
tion of inert alkyl C-H bonds [9-22]. Recently, the functionaliza-
tion of alkenes has emerged as a powerful technique for the rapid
assembly of aliphatic molecular architectures [23-34]. In particu-
lar, remote functionalization of unactivated alkenes involving metal
migration enables diverse functional groups to be incorporated se-
lectively at inert C(sp3)-H bonds that are distal from the original
olefinic site, is appealing and meaningful (Scheme 1a) [35,36]. The
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alkyl-metal intermediate generated upon alkene insertion is prone
to undergo rapid S-hydride elimination, owing to the lack of a po-
lar group adjacent to the double bond. Subsequent metal migra-
tory reinsertion leads to the generation of a more stable C(sp3)-
[M] intermediate, followed by the formation of a new C(sp3)-X
bond at specific site that is otherwise difficult to access. The site-
selectivity predominantly relies on the steric or electronic effect as
the driving force for olefin chain walking process [37-40]. Thus,
these transformations tend to take place at the position « to a sta-
bilizing group based on thermodynamic grounds, such as aryl [41-
44], boryl [45], alkenyl [46], and other moieties [47-51], or kinet-
ically preferred terminal position [52-54]. Nevertheless, migratory
functionalization at other sites beyond the «- and terminal posi-
tions along the alkyl chain is underdeveloped. On the other side,
precise control of multi-site-selectivity via regiodivergent function-
alization of the same raw material to afford a variety class of com-
pounds is another vast challenge [55,56].

A chelation-assisted strategy renders a powerful and compen-
satory toolkit for achieving regiodivergent functionalization of dis-
tinct C(sp3)-H bonds, providing a predicable synthetic method for
the assembly of «-, B- and y-functionalized alkane architectures
(Scheme 1b) [57-60]. The directing group (DG) appending on the
non-conjugated alkenes plays a vital role in facilitating olefin in-
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a) Chelating-group-free conventional site-selective migratory functionalization of unactivated alkenes
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Scheme 1. State of the art for remote alkene functionalization.

sertion and regioselective chain walking transposition [61-63]. Cer-
tainly, the ligand is also significant, stabilizing the metallacycles of
different sizes and promoting a selective cross-coupling. The pre-
ferred formation of a stable five- or six-membered metallacycle in-
termediate is believed to terminate the chain-walking at a specific
methylene site, which serves as the driving force for excellent site-
selective migratory functionalization. This emerging strategy not
only offers a concise and efficient pathway for the synthesis of
regiodiverse functionalized value-added products, but also paves a
novel avenue for the development of alkene migratory functional-
ization.

Several elegant reviews have summarized the major achieve-
ments in remote alkene functionalization in the absence of an aux-
iliary group [37-40,64,65]. It is highly desirable to stress the break-
through in chelating-group assisted migratory functionalization of
electronically unbiased alkenes. In this article, we have summa-
rized the recent progress made in the area of metal-catalyzed con-
trollable remote functionalization of unactivated alkenes, and high-
light the crucial roles of mono- and bidentate directing groups.
This review is organized by migratory reaction types, including hy-
drofunctionalization and difunctionalization, followed by a conclu-
sion of the current situation and an outlook for future direction in
this field.

2. Remote migratory hydroalkylation of unactivated alkenes

In 2020, the Koh group established a Ni-catalyzed remote hy-
droalkylation of non-conjugated alkenes tethered to a classic 8-
aminoquinoline (AQ) directing group, leading to the efficient con-
struction of B-alkylated amides (Scheme 2) [61]. Radical clock ex-
periment implied the formation of high-valent intermediate 4 and
8 go through a single-electron transfer with an alkyl halide and
radical recombination process. A plausible mechanism suggests
that this reaction is initiated by a Ni(0) species, which is coordi-
nated with quinoline amide and reacts with alkyl halide to form
complex 4. It then undergoes B-H elimination to generate a key
Ni(IDH intermediate 5. This species 5 inserts into the C=C bond
of alkene to afford complex 6, followed by alkene isomerization to
form a relatively more stabilized five-membered nickelacycle (7).
The Ni(Il) complex 7 is reduced to produce Ni(I) species 8, which
undergoes the second oxidative addition with alkyl halide. Finally,
reductive elimination of Ni(Ill) complex 9 delivers the desired 8-
alkylated product and releases nickel(I) halide, which is further re-
duced by Mn to regenerate complex L,Ni(0). In this protocol, sev-
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Scheme 2. Nickel-catalyzed S-selective hydroalkylation of alkenyl amides under re-
ductive condition.

eral readily accessible primary and secondary alkyl halides were
employed as both the hydride source and alkyl donor. The AQ aux-
iliary could be easily removed to furnish the valuable functional-
ized carboxylic acids. The authors found that the formation of tran-
sient five-membered nickelacycle stabilized by strongly coordinat-
ing bidentate auxiliary (AQ) was critical to achieve high chemo-
and regioselectivity control.

In 2022, Fu and co-workers described a concise and green
method to realize a migratory hydroalkylation of unactivated
alkenyl amide, resulting in the corresponding f-alkylated prod-
ucts in moderate yields and selectivities (Scheme 3) [66]. Different
from Koh'’s work, the hydrogen source was from the silane. Besides,
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Scheme 4. NiH-catalyzed asymmetric migratory hydroalkylation of cycloalkenes.

this approach benefited from the use of bench-stable and easy-to-
handle silane regents, and devoid of stoichiometric metal additive.
It should be noted that internal alkenes were also amenable to the
optimal conditions, albeit with moderate efficiency.

Enantiomerically pure cyclohexenyl esters were often recog-
nized as prevalent scaffolds in bioactive molecules. Very recently,
Zhu's group disclosed a NiH-catalyzed asymmetric migratory hy-
droalkylation of cyclic unactivated alkenes, which enabled ex-
peditious assembly of multi-substituted chiral cyclohexyl esters
(Scheme 4) [67]. By adopting a dynamic kinetic isomeric transfor-
mation (DYKAT) strategy, racemic and isomeric cycloalkenes were
readily converted to challenging thermo-dynamically disfavored
chiral 1,2-cis disubstituted cycloalkanes containing vicinal stereo-
centers with excellent regio-, diastereo- and enantioselectivity. Re-
markably, cycloalkene bearing a racemic sterically congested qua-
ternary stereocenter was also well accommodated to this catalytic
framework. In this work, the crucial step is that the ILINi"H com-
plex (16) in-situ generated undergoes a rapid and reversible mi-
gratory insertion and chain-walking process to afford a stable five-
membered alkyl-nickel isomer (17) that is coordinated by the ester
group and chiral bisoxazoline ligand (L1). Subsequent capture of
alkyl radical and reductive elimination produces the desired prod-
uct. Notably, the coordination effect of ester substituent gives rise
to the preferred formation of intermediate 17 to other potential
alkylnickel isomers.

Remote alkene functionalization with tunable regioselectiv-
ity from the identical alkene starting material provides a step-
economic and cost-efficient route to prepare structurally diverse
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aliphatic molecules, which is a fascinating yet challenging task for
the synthetic community.

Inspired by the advancements in several examples of site-
specific remote functionalizations assisted by strongly coordinating
directing auxiliaries [61,67], Wang et al. envisioned that a clever
combination of a suitable weak monodentate directing group and
distinct optimized ligands could achieve regiodivergent remote
alkene functionalization. In accordance with this idea, they devel-
oped a pioneering method to accomplish «- and B-selective hy-
droalkylation of electronically unbiased alkenes directed by simple
amide (Scheme 5) [62]. Using either 1,10-phenanthroline (L2) or
bisoxazoline (L3) as a ligand, a broad range of «- or B-alkylated
products were synthesized with up to 94% yield and 99:1 regiose-
lectivity. This innovative protocol demonstrated excellent tolerance
towards diverse functional groups, as well as outstanding regios-
electivity and stereoselectivity. The alkenes with different carbon-
chain lengths reacted with alkyl iodides smoothly to yield the tar-
get products in high yields and regioisomeric ratios. In addition,
when the alkenes containing either methyl or aryl groups bearing
significant steric bulk at «-position were chosen as the substrate,
they also proved to be effective coupling partners. Moreover, the
mild nature of this approach made it suitable for late-stage modi-
fication of complex, pharmaceutically relevant compounds. Control
experiments implied the irreplaceability of amide directing group
and carbonyl coordination mode. Other mechanistic studies includ-
ing competition, intermediate and deuterium labelling experiments
were conducted seriously as well. These mechanistic observations
serve as evidence for the formation of ligated 5- or 6-membered
nickelacycle (23 and 25) via NiH migratory in the presence of dis-
tinct ligands constitutes the turnover-limiting step.

Around the same time, Lu and his colleagues reported a similar
transformation via a temperature-dependent strategy, providing a
straightforward method to access diverse «- and S-branched alkyl
amines with good practicality and broad substrate scope (Scheme
6) [68]. As shown in Scheme 6, the «-alkylated products (27) were
obtained at 100 °C, and the B-alkylated products (28) were formed
at a slightly low temperature (10 °C). While switching the solvent
to a mixture of DMF/tBuOH, maintaining the reaction tempera-
ture at 21 °C, and replacing achiral ligand L4 with a C2-symmetric
chiral bisoxazoline ligand L1, a wide array of enantioenriched S-
branched alkyl amines (29) were synthesized in a catalytic asym-
metric variant manner. Mechanistic investigations suggested that
the formation of a stable, carbonyl-group-coordinated alkyl-nickel
complex serves as the driving force of metal migration. The switch-
able site-selectivity is ascribed to the thermodynamic and kinetic
properties of different reduction elimination intermediates, which
is controlled through judicious chose of reaction temperature.

In the same year, the group of Shu investigated a Ni/Co-
catalyzed regio- and site-selective hydroalkylation of alkenyl
amines with alkyl halides in a similar fashion (Scheme 7) [69].
Through the ingenious catalyst-controlled strategy, a broad set of
«-branched, B-branched and linear alkyl amines were successfully
prepared in moderate to high yields with high levels of regiose-
lectivities. They found the choice of a suitable metal catalysis and
nitrogen-based ligand were crucial to achieve diverse regioselectiv-
ities. Notably, a wide variety of unactivated alkenes, including vari-
ous N-acyl allylic amines, long-chain alkenes, 1,1-disubstituted and
trisubstituted alkenes, all well performed to generate correspond-
ing multi-substituted aliphatic amide derivatives. Afterwards, they
further extended the reactivity to include stereocontrolled cou-
pling of alkenes with alkyl halides dictated by the chiral bisoxa-
zoline ligand (L8), delivering diverse enantiopure S-branched alkyl
amines. Overall, this study showcases the versatility and poten-
tial of Ni/Co-catalyzed hydroalkylation for the synthesis of diverse
alkyl amines, offering a valuable addition to the growing toolbox
of metal-catalyzed synthetic methodologies.
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Soon afterward, Martin and co-workers implemented a unique
nickel-catalyzed interrupted deaminative chain-walking reaction of
unactivated alkenes (Scheme 8) [70]. Through adjusting to the lig-
ands (L9 for B-selectivity and L10 for y-selectivity), a series of
site-selective alkylated products were obtained in moderate to ex-
cellent yields. Alkyl pyridinium salts (Katritzky salts) have drawn
considerable interest from chemists due to their important applica-
tions as alkyl radical precursors in nickel- or photoredox-catalyzed
deaminative alkylation [71]. With the bench-stable alkyl pyridini-
ums, a wide range of alkyl groups were efficiently incorporated at
B- or y-position of the alkenyl amide in the presence of differ-
ent ligands. It was worth noting both terminal and internal alkenes
worked well in this protocol.

Enantiomerically pyrrolidine motifs are omnipresent in chemi-
cal and pharmaceutical industries. In 2023, Rong’s team reported

a straightforward Co/Ni-catalyzed enantioselective hydroalkylation
of unactivated N-heteroendocyclic alkenes to achieve an array
of chiral C2-/C3-alkylated pyrrolidines (Scheme 9) [72]. For the
Co-catalyzed C3-selective hydroalkylation, the process is initi-
ated by the generation of L11Co'H from the reaction between
ligated Co'l precursor with (MeO),MeSiH. The L11Co'H reacts
smoothly with an alkyl iodide (14) to produce an alkyl radical and
IL11Co""H, followed by a migratory insertion to the C=C bond of
N-heteroendocyclic alkene 36 to deliver alkyl-cobalt intermediate
(39). Then the intermediate 39 reacted with alkyl radical through
the process of oxidative addition and subsequent reductive elimi-
nation to produce the desired C3-alkylated product (37). Turning
the ligand framework to L12, C2-selective alkylated products 38
were obtained in moderate to good yields. In this catalytic cycle,
IL12Ni!'H (41) is generated equally from the corresponding L12Ni'H
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via single-electron oxidation of the alkyl halide. The subsequent
migratory insertion of IL12Ni"H species and chain-walking pro-
cess produces a stable five-membered nickelacycle (42). Trapping
of alkyl radical by the nickel center (42) sets the stage for fol-
lowing reductive elimination to deliver the anticipated C2-selective
alkylated product (38) and complete the catalytic cycle. Both the
two enantioselective reductive C(sp3)-C(sp?) couplings are distin-
guished by their modularity, mild conditions, wide scope, excellent
regioselectivity and high enantioselectivity. This approach provides
a preparatively useful route to access functionalized enantiopure
alkylated pyrrolidine derivatives as well as structurally complex

bioactive molecules.

3. Remote migratory hydroalkynylation of unactivated alkenes

Alkynes are essential structural moieties frequently found in
many natural products, bioactive molecules, chemical probes, and
functional materials, and also serve as important synthetic precur-
sors in organic synthesis. Although remarkable progress has been
made in the direct hydroalkynylation of activated alkenes, remote
hydroalkynylation of nonconjugated aliphatic alkenes still lags be-

hind.

In 2016, the research group of Li described the first exam-
ple of iridium-catalyzed enantioselective hydroalkynylation of ¢, -
unsaturated amides with complete y-selectivity and high enan-
tioselectivity (Scheme 10, top) [73]. They found weak-coordination-
assisted iridium-catalyzed alkene isomerization could also provide
a promising approach to achieve catalytic alkynylation of remote
methylene C-H bond. As an extension of their interest in remote
alkene hydrofunctionalization, they disclosed an elegant method
for the synthesis of y-alkynylated amides from the unactivated
alkenyl amides and silyl alkynes (Scheme 10, bottom) [63]. Uti-
lizing (R)-DM-Segphos (L13) as a ligand, a number of stereode-
fined alkynylated amides were obtained in good yields and enan-
tioselectivities. To account for the observed y-selectivity, a reliable
mechanism was established [73]. First, oxidative addition of (tri-
isopropylsilyl)acetylene to the bisphosphine-ligated iridium center
generates an alkynyl iridium hydride 49. Then the complex 49
inserts into the alkene (47) to form an alkynyl-iridium interme-
diate (50), which undergoes chain walking and subsequent rapid
alkene reinsertion to afford a stable five-membered metallacycle
52, in which the S-carbon of the amide is attached to the irid-
ium center. Finally, the desired y-desired product 48 is delivered
upon the B-hydride elimination of complex 52, along with regen-
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eration of Ir(I) catalyst. This study significantly expanded the scope
of iridium-catalyzed enantioselective reaction and provided an ef-
ficient method for the synthesis of enantioenriched y-alkynylated
alkyl amides, which are useful scaffolds in organic synthesis and
drug development.

By means of ligand-controlled, directing group-assisted strategy,
Wang's group recently conducted an extensive investigation of hy-
droalkynylation reaction of allyl amides at remote «-position adja-
cent to nitrogen with triisopropylsilyl alkynyl bromides 54 (Scheme
11) [74]. And the formation of a ligated five-member nickelacycle
via NiH migration was believed to be the critical step in control-
ling the reaction regioselectivity. Simultaneously, the Markovnikov
B-selective hydroalkynylation of allyl amides with aryl/alkyl sub-
stituted alkynyl bromides proceeded smoothly in the presence of
dppf (L14) or chiral bisoxazoline ligand (L15), leading to the for-
mation of racemic or enantioenriched S-alkynylated products with
excellent yields, respectively. It merits mentioning that this trans-
formation could also be carried out on gram-scale without any sig-
nificant loss of its efficiency and selectivity. Moreover, the alkyne
group in chiral product could undergo a series of stereospecific
transformations without the loss of enantiopurity.

4. Remote migratory hydroamination of unactivated alkenes

Over the past decades, the synthesis of amine derivatives has
garnered sustainable attention due to their wide applications in
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pesticide chemistry, agrochemicals and pharmaceuticals. Direct hy-
droamination of simple and abundant alkenes with high regiose-
lectivity has been well established, expanding the toolbox used for
the synthesis of amine motifs. Recently, migratory hydroamination
enables amino group to be installed at inert methyl C-H site that is
distant from the initial olefinic site, offering a fascinating strategy
to forge C-N bond skeleton.

In 2021, Hong et al. introduced a NiH-catalyzed migratory hy-
droamination of unactivated alkenes via a chelation-assisted strat-
egy, by using O-benzoylhydroxylamine as the aminating reagent
(Scheme 12) [75]. This method offered a practical and highly versa-
tile entry to the synthesis of high value-added y-aminated prod-
ucts using L16 P(4-MeOPh); as a ligand. The researchers demon-
strated that the internal alkenes and long-chain alkenes were also
amenable to this transformation. Moreover, late-stage functional-
ization of hydroaminated product and upscaling to gram quan-
tities is demonstrated, showcasing the feasibility and robustness
of this protocol. The excellent regioselectivity was dictated by
the formation of six-membered nickelacycle (65) stabilized by 8-
aminoquinoline directing auxiliary.

Following the recent advances in the field of metal-catalyzed
migratory functionalization, a significant breakthrough was
achieved by Zhang’s group. They demonstrated that the syn-
ergistic combination of a native amide directing group and a
1,10-phenanthroline ligand (L17) facilitated the nickel-catalyzed
site-selective hydroamination of unbiased aliphatic alkenes
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(Scheme 13) [76]. Control experiments and computational studies
suggested that the utilize of 2-iodo-2-methylpropane works as
both a mild hydride source and radical precursor, which plays a
vital role in accessing the remote functionalized products. Subse-
quently, they further extended the reaction scope by performing
a-selective hydroetherification with alcohols as compatible cou-
pling partners. Under the same set of reaction conditions, diversely
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substituted alkoxyl group were well installed on the C(sp3)-H po-
sition adjacent to the acylamino group. Remarkably, exclusive
«-regioselectivity was observed in all cases.

Shortly thereafter, the group of Wang further applied weak
directing-group-assisted, ligand-controlled strategy to the re-
giodivergent coupling of alkenes with O-benzoylhydroxylamines
(Scheme 14) [77]. By utilizing different ligands (L17 or L18), a rich
variety of highly valuable 1,1-, and 1,2-diamines were obtained
with good-to-excellent regioselectivity. In addition to the remark-
able regioselectivity, an enantioselective variant of this transfor-
mation was also realized using chiral dibenzyl-substituted pH-Box
ligand (L19). This approach leaded to the formation of chiral 1,2-
and 1,3-diamineproducts with high efficiency, further demonstrat-
ing the versatility of this method. The amide directing group is
indispensable and irreplaceable in facilitating the hydroamination
of unactivated alkenes, as evidenced by the mechanistic outcomes.
And the pyridyl and oxazoline moieties of the ligand have a signif-
icant effect on the reaction regio- and stereoselectivity.

5. Remote migratory hydroamidation of unactivated alkenes

Amides play a prominent role in various areas of chemistry
given their ubiquitous nature in proteins, polymers, and pharma-
ceuticals. In recent years, the direct remote hydroamidation of
readily available alkenes has gained wide attention from the syn-
thetic community.

Dioxazolone, which is used as an effective source of elec-
trophilic amide, has been witnessed as an important building
block in various organic transformations [78]. In 2019, an effi-
cient thioether-directed Ni-catalyzed remote y-methylene C(sp3)-
H amidation of alkene has been pioneered by Yu's team (Scheme
15) [79]. The mild conditions tolerated a diverse array of thioether
substituted alkenes and dioxazolones, leading to the formation of
various C-N bonds with good to excellent regiocontrol. Mechanis-
tically, a six-membered nickelacycle (78) is generated from the mi-
gratory insertion of L20Ni'H into C=C of alkene, followed by a
spontaneous reversible S-hydride elimination/reinsertion process
to deliver a more stable five-membered nickelacycle (79). Subse-
quent interception by an amidating reagent gives the target y-
amidated product. The formation of the preferred five-membered
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tion of alkenes.

nickelacycle is believed to effectively terminate the chain-walking
isomerization at a specific y-methylene site. In this protocol, the
weakly coordinating thioether group plays a key role in stabilizing
the key nickelacycle intermediate (79).

6. Remote migratory hydrodifluoroallylation of unactivated
alkenes

gem-Difluoroalkenes are not only valuable synthons for build-
ing blocks in organic synthesis, but also widely found in pharma-
ceuticals and pesticides as they usually work as stable bioisosteres
for the metabolically susceptible carbonyl groups (aldehydes and
ketones). Recently, the group of Wang described a NiH-catalyzed
migratory and non-migratory hydrodifluoroallylation of alkenyl
amide via an ingenious auxiliary-control strategy (Scheme 16) [80].
In the presence of common amide directing group, the migratory
difluoroallylation happened at «-position exclusively. Interestingly,
when the chelating group turned to phthalimide auxiliary, the
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Markovnikov-selective difluoroallylation proceeded smoothly and
yielded various B-, y-, 8-, and &-selective difluoroallylated prod-
ucts using different chain lengths of alkenyl amide substrates. The
authors speculated that the distinct site-selectivity primarily lever-
aged the difference in the electronic characteristics of the directing
group, which affected the stability of the nickelacycle with differ-
ent sizes.

7. Remote migratory hydroboration of unactivated alkenes

Alkylboranes, known for their low toxicity and decent stabil-
ity, are commonly utilized as versatile synthons for numerous syn-
thetic transformations, as the C-B bonds can be readily converted
into an array of C-C, C-0, or C-N bonds. Engle and co-workers re-
cently presented a novel tungsten-catalyzed hydroboration of un-
activated alkenes to realize the synthesis of S-borated amides un-
der mild conditions (Scheme 17) [81]. This procedure had broad
substrate scope and excellent reaction efficiency, in which both
terminal olefins and internal aliphatic alkenes exhibit high com-
patibility. Besides, the chemoselectivity of this protocol was un-
derscored by the preservation of the additional C=C bond in the
product. The mechanistic proposal invokes a W(0)/W(II) catalytic
cycle. Initially, the LnW(0) coordinates with both carbonyl group
and the C=C bond in the alkene substrate to form complex 89,
which goes through an oxidative addition of allylic sp> C-H to ac-
cess intermediate 90. Subsequently, the LnW(0)H complex inserts
into the m-allyl moiety, resulting in the formation of an isomer-
ized alkene (91). The oxidative addition of H-Bpin to LnW(0) (92),
followed by C-B reductive elimination then yields the final product
88, with simultaneous regeneration of the propagating LnW(0) cat-
alyst. It was notable that the formation of a five-membered LnW(II)
species stabilized by carbonyl group acted as the driving force for
the metal migration, resulting in the observed high regioselectiv-
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ity. This approach provided a practical and compensatory platform
for the synthesis of B-borated amide, which would otherwise be
challenging to access.

8. Remote migratory arylation of unactivated alkenes

Polysubstituted alkenes are widely present in bioactive com-
pounds, natural product analogs, and drug candidates. As such,
it is of great importance to develop a robust catalysis to ac-
cess such compounds. Very recently, a convenient synthetic strat-
egy was designed by Liang’s group. They realized a ruthenium-
catalyzed remote migration arylation of unactivated alkenes with
excellent regio- and stereoselectivity (Scheme 18) [82]. Various aryl
bromides bearing electron withdrawing or donating groups were
found to be viable, affording corresponding B-arylated alkenes
(96) in moderate to excellent yields. A proposed catalytic cycle
for the B-selective arylation is outlined in Scheme 18. Notably,
the formation of a pivotal five-membered rutheniumacycle inter-
mediate (101) rationalizes the regio- and stereoselectivity. Con-
trol experiments further confirmed that both ruthenium catalysts,
(RuHCI(CO)(PPh3); and [RuCl,(p-cymene)],) were indispensable for
the success of this transformation.

9. Remote migratory dicarbofunctionalization of unactivated
alkenes

The multi-component reaction of alkenes is far difficult than
the aforementioned two-component reaction, however, it can
rapidly increase molecular complexity by coupling olefins with a
series of electrophiles and nucleophiles. Considerable efforts have
been dedicated to this field, nevertheless, migratory difunctional-
ization of unactivated alkene remains a rarity. This is primarily
due to the inherent difficulties in controlling the chemo- and site-
selectivity during multi-component coupling reactions. In recent
examples, chelating strategy has emerged as a promising solution
to address these issues.

In 2018, Zhao and co-workers disclosed a groundbreaking
nickel-catalyzed dicarbofunctionalization of allyl amines containing
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a pendant weakly coordinating group of pyrimidine, which consti-
tutes the first example of intermolecular 1,3-difunctionalization re-
action of alkenes (Scheme 19) [83]. The use of excess amounts of
the electrophile and nucleophile efficiently overcome the side reac-
tions, such as two-component cross-coupling and homodimeriza-
tion competing reactions. Additionally, alkenyl boronic acids were
also found to be competent coupling partners, significantly ex-
panding the substrate scope. As for the mechanism, it is postu-
lated that aryl iodide initially undergoes oxidative addition to the
LnNi(0) species involving a two-electron mechanism. Then the re-
sulting LnNi(Il) intermediate inserts into the olefin, placing the
electrophile to the position farther from pyrimidine, thus gener-
ates a six-membered nickelacycle species (107). The intermediate
107 tends to form a more stable five-membered chelation complex
(109) via B-hydride elimination and reinsertion process. The subse-
quent transmetalation of 109 with organoboronic acid gives rise to
complex 110, which then undergoes reductive elimination to fur-
nish the ¢,y -dicarbofunctionalized product (106) while regenerat-
ing the LnNi(0) species. Deuterium labelling experiments provided
convincing evidence that the implementation of this transforma-
tion depends on a crucial chain-walking step. Moreover, the for-
mation of a more stable five-membered chelation complex coor-
dinated by pyridine group is considered to be a determining fac-
tor for excellent 1,3-regioselectivity. Despite the alkene scope being
limited to terminal alkenes, this finding has opened up a new av-
enue for the migratory difunctionalization of unactivated alkenes.
Following the success of Ni-catalyzed 1,3-dicarbofunctionalizan
of common allyl amines, Giri et al. proposed an unprecedented
nickel-catalyzed diarylation of unactivated alkene in ketimines as
well in the same year (Scheme 20) [84]. A broad collection of aryl
halides, arylzinc reagents and terminal alkenyl imines performed
well to furnish synthetically useful B,-diaryl ketones (114) after
hydrolysis workup. It is well-known that the structurally diversi-
fied B,6-diaryl ketones are difficult to prepare by other ways. In
this process, the key five-membered intermediate 116 is generated

10
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from a ring contraction of imine-ligated six-membered C(sp?)-NiX
species 115, which contributes to defining the regiochemical out-
come. It is noteworthy that the electron-deficient phosphine ligand
(L23) plays an important role in promoting the B-H elimination
and Ni-H reinsertion process to enable the success of ring con-
traction.

In 2019, Hong'’s group developed a cationic Pd(Il)-catalyzed 1,1-
diarylation of unactivated alkenes directed by 8-aminoquinoline
auxiliary group, affording a facile access to 1,1-diarylated products
in moderate to excellent yields with excellent regioselectivities
(Scheme 21) [85]. The alkene scope comprised «- or B-substituted
alkenyl amides and cyclic internal alkenes. Besides, the coupling
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partners encompassed a wide range of nucleophiles, including in-
doles, azaindoles and electron-rich anilines. The addition of AgSbFg
was found to be key factor for the success of this transforma-
tion, as the weakly coordinating anion SbFg~ could stabilize the
dicationic potential surface in reaction solution. Control experi-
ments revealed that the bidentate AQ directing group plays a cru-
cial role in promoting the first regioselective nucleophilic attack on
the alkene by forming the palladacycle.

10. Conclusions and outlook

The directing-group assisted migratory functionalization of eas-
ily accessible bulk chemical alkenes has emerged as a robust cat-
alytic platform to achieve remote functionalization of inert C(sp3)-
H bonds. The pendant chelating group is utilized to facilitate mi-
gratory insertion and chain walking transposition. Besides, take ad-
vantage of coordinating group stabilization, five- or six-membered
metallacycle generates smoothly and subsequent cross-coupling
proceeds at specific site (not limited to the position proximal to
DG or terminal position). To a certain extent, this strategy repre-
sents a significant step-forward to expedite the construction of a
rich library of functionalized alkane architectures. Despite intense
endeavors, several preeminent challenges in chain-walking metal
catalysis remain to be addressed:

1. The existing studies mainly focused on the migratory function-
alization of terminal or 1,2-disubstituted alkenes. In fact, owing
to the inherent low reactivity and sterically hinderance effect of
tri- or tetrasubstituted olefins, the dynamic displacement of the
metal catalyst throughout the alkyl chain is hindered, result-
ing in unfavorable chain-walking reaction. Consequently, there
is a pressing need to innovate new catalytic system in tackling
these reaction reactivity and selectivity issues.

2. The study of asymmetric remote hydrofunctionalization of un-
activated alkenes with the assistance of directing auxiliary is
in its early stage and other intriguing reactions remain unex-
plored. Besides, migratory difunctionalization of electronically
unbiased alkenes with enantioselective variant at a remote site
has never yet to be achieved. The key enantio-determining step
involves C(sp3)-[M] intermediate being intercepted by coupling
partner to rapidly form a stereogenic center in the presence of
chiral ligand, which is not easily realized [45]. No doubt, it is
more difficult for the asymmetric internal alkenes to forge two
skipped chiral centers [86].

3. The chelating strategy has displayed powerful ability in the pro-
motion of migratory functionalization of unactivated alkenes
and has permitted the control of chemo- and regioselectivity.
However, the pre-install and removal of directing groups is not
atom- and step-economic, which diminishes its practical ap-
plication [87]. Employing common unactivated alkenes bearing
native functional groups, such as free alkenyl amines, carboxylic
acids and ketones, as substrates in combination with newly de-
signed ligand scaffold, it would break through the substrate
scope limitation in the remote functionalization.

Overall, the chelating-group directed transition-metal catalyzed
remote functionalization of alkenes with predictable and tunable
site-selectivity brings great opportunities for assembly of molecu-
lar complexity, which is otherwise difficult to access. This would
pique the long-term interest of more researchers to study and
more interesting work would come on the way.
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