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catalytic difunctionalization of
alkenes at nonclassical sites
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Migration of metals along a carbon chain is triggered by two of the most common organometallic

elementary steps – b-hydride (b-H) elimination and alkene hydrometallation. This process heralds a new

future for creating bonds at carbon sites that fall outside the tenets of the conventional wisdom for

reactivity and bond formation, and provides an opportunity to leverage b-H elimination to advance the

very reaction of alkene difunctionalization it is intrinsically predestined to disrupt. Almost four decades

since its genesis, the early adventure for alkene difunctionalization by metal migration was sporadic, and

its later development went on a hiatus primarily due to original impetus on arresting b-H elimination for

vicinal alkene difunctionalization. With the recent surge on alkene difunctionalization, efforts have been

gradually shifting to harnessing the process of b-H elimination to difunctionalize alkenes at sites other

than the classical vicinal carbons, termed henceforth nonclassical reaction sites for pedagogical

simplicity. In this review article, we extricate and examine the origin and the development of such

reactions over the years. This review covers a wide range of reactions for the difunctionalization of

alkenes at geminal (1,1), allylic (1,3) and remote (1,n) carbon sites with a variety of coupling partners.

These reactions have enabled engineering of complex molecular frameworks with the generation of new

carbon–carbon (C–C)/C–C, C–C/C–heteroatom (halogens, O, N, B) and C–B/C–B bonds. The

development of these unique transformations is also presented with mechanistic hypotheses and

experimental evidences put forward by researchers. Judged by the number of reports emerging recently,

it is now strikingly evident that the field of alkene difunctionalization by metal migration has begun to

gain momentum, which holds a great future prospect to develop into a synthetic method of enormous

potential.
1. Introduction

Metal-catalyzed difunctionalization of alkenes is a powerful
reaction to engineer complex molecular scaffolds in one step
from simple and readily available feedstock chemicals. In this
process, an alkene is functionalized with two coupling reagents,
which result in the formation of complex molecules with the
creation of two new bonds (Scheme 1). The difunctionalization
process was rst developed independently by Inoue,1 Cacchi
and Palmieri,2 Catellani,3 Larock,4 Yoshida5 and Heck6 in the
span of a decade from the mid-seventies to early eighties as
a way to intercept alkylpalladium (R-[Pd]) species generated
upon alkene carbopalladation in both stoichiometric and
catalytic reactions. The central premise of the method was to
leverage the generation of reactive alkylmetal (R-[M]) interme-
diates to create two new bonds simultaneously at the sp2

hybridized carbons of alkenes prior to b-hydride (b-H) elimi-
nation from the alkylmetal species, which would otherwise
derail the reaction to generate Heck products.7 Since the
nia State University, University Park,

psu.edu

f Chemistry 2020
seminal reports, further investigations primarily focused on
developing strategies to address the issue of b-H elimination in
order to functionalize alkenes at classical sites i.e. the vicinal
vinylic carbons (Scheme 1, 1,2-product). The last four decades
have seen a steady rise in the development of this process
mainly by a cyclization/coupling approach,8 and more recently
by a three-component strategy (Scheme 2, Path A).9 A number of
such reactions have also already been applied to the synthesis of
complex molecules and pharmaceutical targets, and detailed
treatments of these methodologies have appeared in a number
of review articles lately.10

The potential emergence of the alkene difunctionalization as
a powerful method in organic synthesis has also given rise to
exploring opportunities to see b-H elimination through the
optics of optimism, andmake a stride in the development of the
very reaction it intrinsically disrupts. This new course of reac-
tion has led to the generation of unique products (Scheme 1,
1,1-, 1,3- and 1,n-) that are otherwise beyond prediction based
on the traditional sense of alkene difunctionalization. The
premise of the optimism is founded upon the fundamental
nature of metal hydrides ([M]–H), generated aer b-H elimina-
tion in the current context, to insert into alkenes to generate
Chem. Sci., 2020, 11, 9757–9774 | 9757
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Scheme 1 Products of the classical and nonclassical alkene difunctionalization reactions.
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a new alkylmetal species, a requisite intermediate for further
functionalization (Scheme 2, Paths B–D). The permutation of
M–H insertion, however, could vary to generate the original
(Path A) or rearranged (Paths B and C) alkylmetal species
depending on the stability of the resultant alkylmetal interme-
diates. The original or the rearranged alkylmetal intermediates
may also very well walk a long but measured distance along
alkyl chains to seek further stability (Path D). The migration of
the metal along the carbon chain has been popularized as
a metal-walk or chain-walk process.11 In alkene difunctionali-
zation, the fundamental nature of the metal walking process
subsidizes the detrimental effects of b-H elimination by gener-
ating a new alkylmetal species, and furnishes opportunities to
difunctionalize alkenes at two unique sites that are otherwise
not predictable to be functionalized simultaneously in such
a concerted process.12 The contemporary development of this
class of alkene difunctionalization reaction is founded upon the
seminal discoveries made from late seventies to mid-eighties
independently by Cacchi and Palmieri,2 Larock,4 Yoshida,5

Heck6 and Bäckvall.13 These processes relied upon intercepting
new alkylmetal intermediates generated by metal migration
aer alkene carbometallation.

In the last few years, review articles mainly focused on the
development of vicinal alkene difunctionalization reactions
with the mention of metal migration briey. This review
article will examine the beginning and the historical devel-
opments of these innovative reactions that difunctionalize
alkenes at sites other than the classical vicinal carbons of an
Scheme 2 Pathways for classical and nonclassical alkene difunctionaliz

9758 | Chem. Sci., 2020, 11, 9757–9774
alkene or 1,4-carbons of a 1,3-conjugated diene. These new
reaction sites are referred to as nonclassical alkene sites
throughout the article for pedagogical simplicity. The non-
classical alkene sites discussed in the subsequent para-
graphs involve geminal (1,1), allylic (1,3), and beyond allylic
(1,n) wherein two new bonds are formed either at the same sp2

hybridized alkene carbon (geminal), two different sp2

hybridized carbons of a distally separated nonconjugated
diene or one bond at an sp2 hybridized alkene carbon and
another bond at an sp3 hybridized carbon (such as allylic and
beyond) through C–H bond cleavage.
2. 1,1-Difunctionalization

Geminal difunctionalization of alkenes is guided by the nature
of the rst coupling reagent that is added to alkenes to generate
alkylmetal intermediates. Such reagents generally transfer aryl,
vinyl and heteroatomic groups to alkenes, which function as
a driving force to attract the walking metals to their vicinity
since these groups propitiate the metals by forming thermo-
dynamically stable intermediates such as p-allylmetal and p-
benzylmetal complexes. Therefore, the known examples of
alkene 1,1-difunctionalization reactions are based on the initial
addition of aryl, vinyl and heteroatomic groups to alkenes,
which have so far generated 1,1-carbon–carbon (C–C)/C–C, C–C/
C–halogen, oxygen and nitrogen (C–halogen, O, N) and C–C/C–
boron (C–B), C–B/C–B bonds. These reactions are discussed in
details in the subsequent sections.
ation reactions.

This journal is © The Royal Society of Chemistry 2020
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Scheme 3 Pd-catalyzed 1,1-diarylation of conjugated alkenes with
aryl iodides.

Scheme 5 Mechanism of the Pd-catalyzed 1,1-diarylation.
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2.1. 1,1-C–C/C–C functionalization

Several research reports have shown that the rearranged alkyl-
metal intermediates can be intercepted with carbon-based
coupling partners, which lead to the generation of two
geminal C–C bonds. The formation of 1,1-dicarbofunctional-
ized products by a metal-catalyzed difunctionalization of
alkenes in a,b-unsaturated carbonyl compounds was rst re-
ported by Cacchi and Palmieri in 1984 (Scheme 3).2 This Pd-
catalyzed reaction of activated alkenes with aryl halides was
proposed to follow a double Heck reaction mechanism in which
the rst Heck product further underwent a second Heck reac-
tion. In 2016, Toste, Sigman et al. also reported a Pd-catalyzed
1,1-diarylation of a,b-unsaturated esters with aryldiazonium
salts and arylboronic acids, a reaction that proceeded enantio-
selectively in the presence of a chiral anion phase transfer
(CAPT) ligand (Scheme 4).14 However, unlike Cacchi and Pal-
mieri's 1,1-diarylation, this reaction was proposed to proceed
with the formation of rearranged alkylpalladium(II) intermedi-
ates by b-H elimination from the original alkylpalladium(II)
species followed by [Pd]–H reinsertion (Scheme 5).15

Metal-catalyzed 1,1-dicarbofunctionalization of unactivated
alkenes was rst reported by Bras et al. in 2008.16 The Pd-
catalyzed reaction difunctionalized alkenes with 2-alkylfurans
furnishing 1,1-difurylated products (Scheme 6). The 1,1-
Scheme 4 Pd-catalyzed 1,1-diarylation of conjugated alkenes with
arylboronic acids and aryldiazonium salts.

This journal is © The Royal Society of Chemistry 2020
difurylated products were formed as a mixture of regioisomers
at both termini of the alkene vicinal carbons. Based on selec-
tivity and deuterium labelling experiments, studies with Heck
products and ESI-MS analysis of reaction products, the authors
proposed a mechanism in which two furans were activated by
electrophilic C–H cleavage (Scheme 7). The C–H activation was
then followed by one furyl group addition to alkenes, b-H
elimination and second furyl group addition prior to reductive
elimination of the C–H bond from an alkylpalladium(II)–
hydride species and without generating a rearranged palladiu-
m(II) intermediates. In 2009, Sigman et al. reported a similar Pd-
catalyzed alkene 1,1-diarylation of 1-nonene with ArSnBu3 in
the presence of Cu(OTf)2 as a co-catalyst (Scheme 8).17 Unlike
Bras' reaction, this oxidative 1,1-difunctionalization reaction
was proposed to follow a b-H elimination/[Pd]–H reinsertion
pathway to generate rearranged alkylpalladium(II) species prior
to interception by a second molecule of ArSnBu3. The rear-
rangement of the alkylpalladium(II) intermediate was
conrmed by the migration of a deuterium in deuterium-
Scheme 6 Pd-catalyzed 1,1-difurylation.

Chem. Sci., 2020, 11, 9757–9774 | 9759
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Scheme 7 Mechanism of the Pd-catalyzed 1,1-difurylation.

Scheme 9 Pd-catalyzed 1,1-diindolylation.
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labeled 1-nonene. The authors later expanded the scope of the
reaction to functionalize a wide range of terminal alkenes
bearing functional groups (Scheme 8).18 Recently, Baik and
Hong et al. implemented the bidentate coordination of 8-ami-
noquinoline auxiliary to 1,1-diindolylation of terminal alkenes
in alkenyl 8-aminoquinolinamides (Scheme 9).19 The use of 8-
aminoquinolinyl coordinating group was crucial for nucleo-
philic carbopalladation of the alkene and rearrangement of the
alkylpalladium(II) species to form p-allylpalladacycle. A second
molecule of indole functioned as an intermolecular C-
nucleophile to intercept the p-allylpalladim(II) intermediate.
Moreover, Yin et al. also showed in 2019 that the conditions
developed for 1,1-alkynylborylation described in Section 2.3
(Scheme 34) could be modied by substituting Ni(ClO4)2$6H2O
in dioxane for NiI2 with a modied pyridyloxazoline ligand in
Scheme 8 Pd-catalyzed 1,1-homodiarylation with aryltin reagents.

9760 | Chem. Sci., 2020, 11, 9757–9774
NMP in order to produce 1,1-dialkynylated products with
alkynyl bromides and B2pin2 (Scheme 10).20 In this reaction, the
authors proposed that the in situ generated alkynylboryl prod-
ucts would further undergo a Ni-catalyzed Suzuki coupling to
form the dialkynylated products.

Alkene 1,1-dicarbofunctionalization was mainly reported for
the addition of two identical carbon-based groups at the
geminal position of alkenes as discussed above. In 2011, Sig-
man et al. disclosed the rst example of 1,1-dicarbofunction-
alization of unactivated alkenes with two different coupling
partners.21 In this alkene difunctionalization, Pd2(dba)3 cata-
lyzed a reaction of terminal alkenes with arylboronic acids and
Scheme 11 Pd-catalyzed 1,1-arylvinylation.

Scheme 10 Pd-catalyzed 1,1-dialkynylation.

This journal is © The Royal Society of Chemistry 2020
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Scheme 12 Mechanism of the Pd-catalyzed 1,1-arylvinylation.

Scheme 15 Pd-catalyzed 1,1-aryloxygenation with phenylmercury
reagent.
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vinyl triates (Scheme 11). The authors proposed that the
reaction would proceed with the formation of p-allylpalladiu-
m(II) intermediate upon addition to alkenes of the vinyl-
palladium(II) species generated by oxidative addition of vinyl
triates to Pd(0) (Scheme 12). The allylpalladium(II) was then
intercepted by transmetallation with arylboronic acids to form
the products aer reductive elimination. With the replacement
of KF by NaHCO3 as a base, the authors later extended the
reaction to 1,1-difunctionalize ethylene with aryl-, heteroaryl-
and vinylboronic acids or their pinacol esters and vinyl triates
and nonaates (Scheme 13).22 Additionally, the authors further
demonstrated that the vinyl triates could also be replaced with
aryldiazonium salts in order to 1,1-diarylate the unactivated
alkenes when DMA was exchanged for tBuOH as a solvent
(Scheme 14).23 Unlike prior 1,1-diarylation reactions, this
method furnished 1,1-difunctionalized products with two
dissimilar aryl groups.

2.2. 1,1-C–C/C–halogen, O, N functionalization

The alkene 1,1-difunctionalization by metal walking was rst
observed by Bäckvall et al. in 1980 during mechanistic studies
on the oxidative cleavage of a carbon–palladium bond
Scheme 13 Pd-catalyzed 1,1-divinylation and 1,1-diarylation of
ethylene.

Scheme 14 Pd-catalyzed 1,1-diarylation.

This journal is © The Royal Society of Chemistry 2020
generated upon the addition of PhPd(II) complex to ethylene
(Scheme 15).13 In this catalytic reaction, the 1,1-arylacetox-
ylation product was formed aer Pd migration to benzylic
position by b-H elimination from the 2-phenethylpalladium(II)
species and [Pd]–H reinsertion in a manner reminiscent of the
mechanism of the Wacker process. Similar 1,1-arylcarbox-
ylation and 1,1-arylcarboamination reactions were also
observed later by Larock et al.24 in 1984 during the olenation of
arylthallium complexes with Li2PdCl4 in which the rearranged
benzylpalladium(II) intermediate was intercepted intramolecu-
larly with ortho-carboxylate and ortho-carboxylamide to form six-
membered lactones and lactams (Scheme 16).24

Catalytic variations of the alkene 1,1-difunctionalization
reactions appeared in 1986 when Yoshida et al.5a disclosed 1,1-
arylchlorination and 1,1-aryloxygenation of alkenyl alcohols
with ArSnBu3 and excess of CuCl2 in the presence of 5 mol%
PdCl2(PhCN)2 (Scheme 17).5a The reaction formed a mixture of
both products or favoring only 1,1-arylchlorination with
PhSnBu3 while 1,1-aryloxygenation was predominantly formed
with 4-MeOC6H4SnBu3. The authors also observed a similar
electronically biased selectivity with alkenyl tosylamides when
Scheme 16 Pd-catalyzed 1,1-aryloxygenation with arylthallium
reagent.

Scheme 17 Pd-catalyzed 1,1-aryloxygenation and 1,1-
arylchlorination.

Chem. Sci., 2020, 11, 9757–9774 | 9761
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Scheme 18 Pd-catalyzed 1,1-arylamination.

Scheme 21 Mechanism of the Rh-catalyzed alkene 1,1-arylamination
via C–H activation.
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oxygen was replaced with nitrogen as an intramolecular
nucleophile (Scheme 18).5b In 2002, Jung et al. also reported
a single case of similar electronically controlled Pd-catalyzed
1,1-phenylchlorination in N-allyl-2-pyrrole carbaldehyde
during their studies of oxidative Heck reactions with PhSnBu3
as an unintended consequence of the addition of CuCl2 as an
oxidant (Scheme 19).25 These early studies with mechanistic
understanding and catalytic conditions have led to better
reactions recently, which has enabled selective interception of
rearranged alkylmetal intermediates for 1,1-difunctionaliza-
tion reactions.

In 2017, Ellman et al. disclosed a Rh-catalyzed 1,1-arylami-
nation of alkenes (Scheme 20).26 In this reaction, ortho-C–H
bond in a wide range of arenes bearing a coordinating group
was added to alkenes in the presence of aminating reagents to
furnish the 1,1-difunctionalized products. Mechanistically, the
author proposed that the Ar–Rh intermediates generated upon
C–H activation would undergo migratory insertion of alkenes to
Scheme 19 Pd-catalyzed 1,1-phenylchlorination.

Scheme 20 Rh-catalyzed 1,1-arylamination of alkenes via C–H
activation.

9762 | Chem. Sci., 2020, 11, 9757–9774
form a benzylrhodium species, which subsequently underwent
Rh migration by b-H elimination/Rh–H reinsertion (Scheme
21). The migrated Rh-species was then intercepted by the ami-
nating reagents to form the 1,1-arylaminated products.

In 2009, Moran et al. utilized hypervalent iodine reagents
and arenes as an oxygen and aryl sources for a Pd-catalyzed 1,1-
aryloxygenation reaction of the a,b-unsaturated alkenes in
acrylate esters (Scheme 22).27 The authors proposed that the
reaction would proceed by b-H elimination/[Pd]–H reinsertion
and reoxidation of the rearranged Pd(II) intermediate to Pd(IV)
with the hypervalent iodine reagent followed by reductive
elimination of the nal products. Building up their group's
chemistry on Pd-catalyzed reactions with hypervalent reagents,
Sanford et al. also demonstrated that PhI(OCOR)2 in combina-
tion with ArSnBu3 reagents would selectively difunctionalize
unactivated alkenes to generate 1,1-aryloxygenation products
(Scheme 23).28 More recently, Baik and Hong et al. reported
a Pd-catalyzed 1,1-aryloxygenation of unactivated alkenes in b,g-
alkenyl-8-aminoquinolinamides bearing a terminal hydroxyl
group, which formed ve-and six-membered oxygen heterocy-
cles (Scheme 24).19 This reaction proceeded under the
Scheme 22 Pd-catalyzed 1,1-aryloxygenation via C–H activation.

This journal is © The Royal Society of Chemistry 2020
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Scheme 23 Pd-catalyzed 1,1-aryloxygenation involving hypervalent
iodine reagents.

Scheme 24 Pd-catalyzed 1,1-aryloxygenation using indoles.

Scheme 26 Pd-catalyzed 1,1-arylfluorination.
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conditions developed for 1,1-diindolylation described in
Section 2.1 but the rearranged alkylpalladium(II) intermediate
was intercepted with an intramolecular O-nucleophile rather
than a second molecule of indole.

Highly selective Pd-catalyzed 1,1-arylhalogenation reactions
of unactivated alkenes were disclosed by Sanford et al. with the
selection of appropriate electrophilic reagents. In 2008, the
authors reported 1,1-arylchlorination of unactivated terminal
alkenes at the terminal vinylic carbon in a three-component
process with ArSnBu3 and excess of CuCl2 at �78 �C (Scheme
25).29 As further synthetic appeal, the authors also
Scheme 25 Pd-catalyzed 1,1-arylhalogenation with CuX2 as halide
source.

This journal is © The Royal Society of Chemistry 2020
demonstrated that CuCl2 could be replaced with CuBr2 to
generate 1,1-arylbrominated products.30 The high selectivity for
1,1-difunctionalization was attributed to the mild electrophi-
licity of CuX2 (X ¼ Cl, Br) which reacted with a slower rate for
oxidative cleavage of the alkylpalladium(II) bond than the rate of
b-H elimination/[Pd]–H reinsertion to generate a more stable
benzylpalladium(II) intermediate and prime the rearranged
intermediate for benzylic halogenation (Scheme 25). The Pd
walking was further supported by a deuterium-labeling experi-
ment in which a deuterium cleanly migrated from the terminal
position of 1-octene-(1,1-d2) to the homobenzylic position of the
1,1-arylhalogenated product.

In 2015, Toste et al. utilized Selectuor as a strong electro-
philic uorinating reagent in the presence of a Pd/tBuBiPy
catalyst for 1,1-aryluorination of N-allylnosylamides (Scheme
26).31 The reaction proceeded by a b-H elimination/[Pd]–H
reinsertion sequence to rearrange the original alkylpalladium(II)
species to a benzylpalladium(II) intermediate, which was likely
subsequently oxidized to Pd(IV) by Selectuor prior to reductive
Scheme 27 Pd-catalyzed 1,1-arylfluorination of activated alkenes.
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elimination.32 The authors further demonstrated that tBuBiPy
ligand could be replaced with a chiral, nonracemic bisoxazoline
ligand for enantioselective 1,1-aryluorination, which remark-
ably furnished highly enantioenriched products.

More recently, Pozo, Toste and Fustero et al. developed a Pd/
phen-catalyzed 1,1-aryluorination of a,b-unsaturated carbonyl
compounds with arylboronic acids and N-uo-
robenzenesulfonamide (NFSI) (Scheme 27).33 The reaction
could utilize a variety of a,b-unsaturated esters, acids, amides,
nitriles, ketones and aldehydes to functionalize the activated
alkenes. The authors further demonstrated that the use of
chiral, nonracemic bisoxazoline and pyridyloxazoline ligands
could also render the reaction enantioselective and furnish the
products with good enantioselectivity. The authors proposed
that the reaction would likely proceed via an oxidative Heck-type
mechanism through the formation of Pd(IV) uoride interme-
diates (Scheme 28).
Scheme 29 Pd/CAPT-catalyzed 1,1-arylborylation.
2.3. 1,1-C–C/C–B and C–B/C–B functionalization

Geminal difunctionalization of an alkene with the formation of
C–C and C–B bonds was rst reported by Toste et al. in early
2015.34 The reaction of both unactivated alkenes and activated
alkenes in a,b-unsaturated carbonyl compounds with aryldia-
zonium salts and bis(pinacolato)diboron was catalyzed by
Pd2(dba)3, which furnished 1,1-arylborylated products under
“ligand-free” conditions (Scheme 29). The authors also devel-
oped an enantioselective variant of the reaction in which they
implemented cooperative catalysis between a TCyP chiral anion
phase transfer (CAPT) catalyst and the Pd catalyst, an unprec-
edented approach which produced 1,1-arylborylated products
in good to excellent enantioselectivity. The reaction was
proposed to proceed with the formation of a cationic arylpal-
ladium(II) intermediate with the chiral phosphate as a counter
anion, which subsequently followed a migration insertion, b-H
Scheme 28 Mechanism of the 1,1-arylfluorination.

9764 | Chem. Sci., 2020, 11, 9757–9774
elimination and [Pd]–H reinsertion sequence to set the stereo-
center (Scheme 30).

In 2019, Brown et al. developed a Cu/Pd cooperative catalysis
for 1,1-arylboration of vinyl arenes with B2pin2 and ArBr
(Scheme 31).35 The reaction was catalyzed by a combination of
SIMesCuCl and XPhosPdG3 in which Cu and Pd activated
B2pin2 and ArBr, respectively. A single case of a reaction was
also demonstrated to proceed with enantiocontrol. The
impressive cooperative catalysis was further conrmed by
generating reactive species in situ in stoichiometric reactions
Scheme 30 Mechanism of the Pd/CAPT-catalyzed 1,1-arylborylation.

This journal is © The Royal Society of Chemistry 2020
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Scheme 31 Pd/Cu-catalyzed 1,1-arylboration.

Scheme 34 Ni-catalyzed 1,1-alkynylboration (hydroxylation).
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wherein alkyl-CuSIMes species, formed upon borocupration of
a-methylstyrene, transmetallated with PhPdBr (Scheme 32). The
resultant alkyl-Pd(II) species further underwent Pd walking
proximal to the boron substituent by b-H elimination and [Pd]–
H reinsertion steps prior to reductive elimination to form
geminally arylborated products.

Recent studies have shown that Ni-catalysts are also effective
in following a b-H elimination/[Ni]–H reinsertion sequence for
1,1-carboboration reactions. In 2019, Yin et al. demonstrated
that a tridentate ligand-bound Ni(II) complex could perform 1,1-
benzylboration of unactivated alkenes with benzyl bromides
and B2pin2 (Scheme 33).36 The authors further showed with the
replacement of the tridentate ligand by an appropriate pyr-
idyloxazoline ligand, Ni(ClO4)2$6H2O could catalyze the reac-
tion of alkynyl bromides and B2pin2 with unactivated alkenes to
Scheme 32 Mechanism of the Pd/Cu-catalyzed 1,1-arylboration.

Scheme 33 Ni-catalyzed 1,1-benzylboration.

This journal is © The Royal Society of Chemistry 2020
generate 1,1-alkynylborated products, which were further
oxidized to alcohols prior to isolation (Scheme 34).20

In 2017, Fu et al. developed a Ni/Cy-XantPhos-catalyzed 1,1-
diboration of terminal alkenes with B2pin2 to furnish 1,1-
diborylalkanes (Scheme 35).37 The reaction proceeded selec-
tively with both unactivated alkenes and vinylarenes. The
authors proposed that the reaction would proceed via bor-
onickelation and b-H elimination steps followed by two possible
insertion processes for the incorporation of the second boron
group (Scheme 36).
3. 1,3-Difunctionalization

The alkene 1,3-difunctionalized products are observed aer the
formation of a rearranged alkylmetal intermediate from the
Scheme 36 Mechanism of the Ni-catalyzed 1,1-diboration.

Scheme 35 Ni-catalyzed 1,1-diboration.
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original alkylmetal species, generated upon alkene carbome-
tallation, by a b-H elimination/[M]–H reinsertion pathway. The
formation of the 1,3-difunctionalized products are also ther-
modynamically driven by the generation of stable alkylmetal
species like p-allylmetal intermediates analogous to the gener-
ation of alkylmetal intermediates for 1,1-difunctionalization.
Therefore, alkene 1,3-difunctionalization is observed in
substrates where molecular features such as alkenes or
heteroatoms are already present that can stabilize the initially
generated alkylmetal species such as by forming p-allylmetals
and stable metallacycles. Thus far these reactions have gener-
ated 1,1-C–C/C–C, C–C/C–Hal, O, N, C–C/C–B and C–B/C–B
bonds. These reactions are discussed in details in the subse-
quent sections.

3.1. 1,3-C–C/C–C functionalization

In 1982, Larock et al.4 and Heck et al.6 independently reported
the migration of palladium aer alkene carbopalladation,
which could be subsequently intercepted by nucleophiles to
generate 1,3-difunctionalized products in a three-component
fashion. The p-allylpalladium(I) intermediates under Heck's
reaction conditions were intercepted by amines, and the reac-
tion is discussed in details in Section 3.2. Under Larock's
conditions, norbornadiene was carbopalladated with a thio-
phenylpalladium(II) complex, derived from the reaction of
a thiophenylmercury complex and PdCl2, which generated
a nortricyclylpalladium(II) complex upon the migration of
palladium prompted by the presence of the additional alkene
(Scheme 37). The nortricyclylpalladium(II) intermediate could
then be reacted with alkynyllithium to form 1,3-alkynylarylated
product. In 1991, Larock et al. also disclosed a single case of
catalytic three-component 1,3-dicarbofunctionalization of 1,4-
cyclohexadiene with phenyl iodide and diethyl malonate
Scheme 38 Pd-catalyzed 1,3-difunctionalization of 1,4-
cyclohexadiene.

Scheme 37 Pd-catalyzed 1,3-alkynylarylation.

9766 | Chem. Sci., 2020, 11, 9757–9774
(Scheme 38).38 Although the practical implication of the three-
component 1,3-difunctionalization method was less signi-
cant at the moment due to the formation of the product in low
yields (Heck) and the limited substrate scope or the require-
ment of stoichiometric amounts of palladium (Larock), Larock
and Heck's independent observations invited a new trend in
catalytic three-component difunctionalization of alkenes. Later,
Larock extensively extended the method to three-component
1,n-difunctionalization (discussed in Section 4.1) and two-
component 1,3-cyclization/coupling reactions.

Larock et al. expanded the Pd-catalyzed 1,3-dicarbo-
functionalization of 1,4-cyclohexadiene to cyclization/coupling
(Scheme 39).39 In this two-component variant, 1,4-cyclo-
hexadiene derivatives bearing tethered aryl and vinyl iodides
underwent a Pd-catalyzed cyclization followed by the migration
of Pd to generate p-allylpalladium(II) intermediates (Scheme
40). These Pd-complexes subsequently proceeded with anti-
nucleophilic attack by diethyl malonate to generate 1,3-
difunctionalized products. While the two-component reaction
could functionalize a number of substituted 1,4-cyclohexadiene
derivatives, the scope of the carbon nucleophile was limited to
diethyl malonate. In 2019, Wu et al. developed an
Scheme 39 Pd-catalyzed 1,3-difunctionalization involving cyclization.

Scheme 40 Mechanism of the Pd-catalyzed 1,3-difunctionalization.

This journal is © The Royal Society of Chemistry 2020
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Scheme 41 Pd-catalyzed enantioselective 1,3-difunctionalization.
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enantioselective version of the 1,3-cyclization/coupling process
(Scheme 41).40 In this reaction, the authors used catalytic
Pd(dba)2 in combination with a chiral nonracemic phosphor-
amidite ligand, which furnished products in good to excellent
enantioselectivity with different malonate nucleophiles.

In 2018, we implemented a new approach for regioselective
1,3-dicarbofunctionalization of unactivated alkenes using
a heteroatom coordination group.41 This unprecedented
Scheme 42 Concept of metallacycle contraction for alkene 1,3-
difunctionalization.

Scheme 43 Ni-catalyzed 1,3-difunctionalization by metallacycle
contraction.

This journal is © The Royal Society of Chemistry 2020
strategy relies upon the formation of an alkylmetal species as
a six-membered transient metallacycle upon alkene carbome-
tallation, which then undergoes metallacycle contraction
prompted by the heteroatom coordination due to the propensity
of the uxional and less stable larger-sized metallacycle to form
a more stable ve-membered metallacycle (Scheme 42). The
metallacycle contraction occurs by metal walking via b-H
elimination and [M]–H reinsertion steps. The stable ve-
membered metallacycle is then intercepted by trans-
metallation with organic nucleophiles followed by reductive
elimination to generate 1,3-difunctionalized products. Based
upon this concept, we reported a Ni-catalyzed regioselective b,d-
diarylation of unactivated g,d-alkenes in carbonyl compounds
with aryl iodides and arylzinc reagents (Scheme 43).41a In this
reaction, a ketimine was used as a coordinating group and tri-
phenylphosphite as an electron-decient ligand to stabilize the
alkylnickel(II) species generated aer alkene carbonickellation
as a six-membered nickellacycle, which then underwent nick-
ellacycle contraction to generate a ve-membered nickellacycle
(Scheme 44). A deuteriummigration experiment conrmed that
the contraction of the nickellacycle proceeded by b-H elimina-
tion and [Ni]–H reinsertion steps. In addition, a crossover
experiment, which tested the delity of [Ni]–H to remain bound
to the in situ generated alkene, further provided strong evidence
for metallacycle contraction by metal-walking rather than
a double-Heck as a pathway for product formation.

Recently, we also expanded the concept of metallacycle
contraction for 1,3-difunctionalization to substrates where
simple functional groups functioned as a coordinating group to
promote metallacycle contraction.41b In this Ni(I)-catalyzed
regioselective b,d-arylvinylation reaction, the ester group of g,d-
alkenyl nitrile-ester substrates acted as a coordinating group
(Scheme 45). The reaction furnished products with a wide range
Scheme 44 Mechanism of the Ni-catalyzed 1,3-difunctionalization by
metallacycle contraction.
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Scheme 45 Ni-catalyzed 1,3-difunctionalization assisted by simple
functional group.
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of g,d-alkenyl nitrile-esters including disubstituted internal
alkenes, vinyl triates and arylzinc reagents. The products were
also formed in a regio-reversed fashion by a transmetallation-
initiated Ni(I)/Ni(III) catalytic cycle unlike most other known
alkene difunctionalization reactions, which would generally
proceed by oxidative addition-initiated pathways. The resultant
b,d-arylvinylated products could further be readily elaborated to
a variety of synthetically useful complex products such as
aliphatic a-cyanoesters, a-cyanocarboxylic acids, dicarboxylic
acids, dicarboxylic acid monoamides, monocarboxylic acids,
nitriles, and spirolactones. The ester group of the nitrile-ester
substrates stabilized the six-membered transient metallacycles
and prompted their contraction to ve-membered rings
(Scheme 46). In addition to the ester coordinating group,
success of the reaction was also critically dependent on cation
Scheme 46 Mechanism of the Ni-catalyzed 1,3-difunctionalization.

9768 | Chem. Sci., 2020, 11, 9757–9774
generators like KPF6 or a CuI as cocatalyst, a-proton (a-H) for
substrate enolization, and substituted pyridine as a base and
a potential ligand, all of which enabled in situ formation and
stabilization of cationic Ni-species and anionic Ni-enolates
during the catalytic progression of the reaction. The metalla-
cycle contraction by a b-H elimination/[Ni]–H pathway, the
requirement for a-H and the presence of Ni-enolates were also
supported by control, deuterium migration and crossover
experiments.

Concurrent to our work in 2018, Zhao et al. also disclosed
a Ni-catalyzed regioselective diarylation and arylvinylation of
the allyl group in N-allyl-2-pyrimidinamine with aryl iodides
and aryl- and vinylboronic acids (Scheme 47).42 In this reaction,
the pyrimidine moiety functioned as a coordinating group to
from a nickelallacycle, which then rearranged to a ve-
membered metallacycle by metal-walking via b-H elimination
and [Ni]–H reinsertion steps prior to interception with aryl-
boronic acids followed by reductive elimination (Scheme 48).
Radical trap and deuterium labelling experiments provided
evidence for metal migration and non-radical nature of the
reaction.
3.2. 1,3-C–C/C–Hal, O, N, B functionalization

In 1982, Heck et al. reported the rst example of a three-
component 1,3-carboamination reaction that proceeded with
the formation of rearranged alkylpalladium(II) intermediate
Scheme 47 Ni-catalyzed 1,3-difunctionalization of N-allyl group.

Scheme 48 Mechanism of the Ni-catalyzed 1,3-difunctionalization of
N-allyl group.

This journal is © The Royal Society of Chemistry 2020
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Scheme 49 Pd-catalyzed 1,3-vinylamination.

Scheme 52 Pd-catalyzed 1,3-arylamination by cyclization.
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aer metal walking (Scheme 49).6 In this reaction, Pd-catalyzed
the addition of vinyl bromide and piperidine to 1,4-cyclo-
hexadiene, which produced the 1,3-vinylaminated product in
20% yield. The product was formed with trans stereochemistry
aer the anti-attack of the p-allylpalladium generated aer
metal migration by the amine. In 1994, Larock et al. disclosed
an alkene 1,3-carboamination reaction of a non-conjugated
diene (Scheme 50).43 In this Pd-catalyzed reaction, 1,4-cyclo-
hexadiene was arylaminated at 1,3-position with phenyl iodide
and morpholine. A broader scope of this reaction along with
a high level of enantioselectivity has recently been reported by
Zhou et al. (Scheme 51).44 The reaction was catalyzed by PdCl2
and (R,R)-kelliphite ligand, and proceeded with a variety of aryl
iodides, non-conugated 1,4-cyclohexadiene and 1,8-cyclo-
octadiene derivatives, and primary and secondary alkyl and
arylamines.

In late nineties, Larock et al. expanded the scope of the Pd-
catalyzed three-component 1,3-difunctionalization reactions to
two-component cyclization/coupling processes.39 In these
methods, a variety of substituted 1,4-cyclohexadienes tethered
to vinyl iodides and the ortho-position of aryl iodides were 1,3-
carboaminated and 1,3-carbooxygenated with LiOAc and
different primary and secondary amines and amides to furnish
Scheme 50 Pd-catalyzed 1,3-arylamination.

Scheme 51 Pd-catalyzed enantioselective 1,3-arylamination.

This journal is © The Royal Society of Chemistry 2020
complex molecules with 4-, 5- and 6-membered carbocycles
(Scheme 52). In addition, the authors also demonstrated that
the reaction could utilize azides and sulnates as nucleophiles
although the products with azides were generally formed as
a regioisomeric mixture due to the attack by azide to both
electrophilic carbons of the p-allylpalladium(II) intermediates
(Scheme 53).39b These reactions proceeded by the same mech-
anistic pathway as described for carbon nucleophiles in Scheme
40 (Section 3.1).

In 2011, Sanford et al. demonstrated that the Pd-catalyzed
reaction condition developed for 1,1-aryloxygenation could be
applied to difunctionalize 2,3-dihydrofuran to generate 1,3-
aryloxygenated product (Scheme 54).28 Similarly, Wu et al. also
expanded the scope of their enantioselective 1,3-cyclization/
coupling reaction with carbon nucleophiles discussed in
Section 3.1 (Scheme 41) to nitrogen and oxygen nucleophiles
(Scheme 55).40 The Pd(dba)2/chiral phosphoramidite-catalyzed
reaction generated 1,3-cyclization/amination and 1,3-
cyclization/oxygenation products in good to excellent
enantioselectivities.

Over the years, only two examples of 1,3-carbohalogenation
reactions have been reported. Alkene 1,3-carbohalogenation
was rst reported by Yoshida et al. in 1986 during aryl-
chlorination of alkenyl alcohols with ArSnBu3 and excess of
CuCl2 in the presence of 5 mol% PdCl2(PhCN)2 (Scheme 56).5a
Scheme 53 Pd-catalyzed 1,3-arylheterofunctionalization by
cyclization.

Scheme 54 Pd-catalyzed 1,3-aryloxygenation.
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Scheme 55 Pd-catalyzed enantioselective 1,3-cyclization/amination
and oxgenation.

Scheme 56 Pd-catalyzed 1,3-arylchlorination.

Scheme 58 Mechanism of the Pd-catalyzed 1,3-arylfluorination.
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The 1,3-arylchlorination products were observed with PhSnBu3
in 29–35% yields along with 1,1-difunctionalized products.
Recently, Toste et al. reported a synthetically useful three-
component 1,3-aryluorination of [2H]-chromene derivatives
(Scheme 57).45 The Pd-catalyzed 1,3-difunctionalization reaction
required 4,40-di-tert-butyl-2,20-dipyridyl (dbbpy) as a ligand and
proceeded with arylboronic acids as aryl sources and Selectuor
as a uoride donor. The authors further rendered the process
Scheme 57 Pd-catalyzed 1,3-arylfluorination.

9770 | Chem. Sci., 2020, 11, 9757–9774
enantioselective by substituting dbbpy for a chiral, nonracemic
pyridyloxazoline ligand. The authors proposed that the reaction
was catalyzed by a Pd(II) catalyst, which initiated the reaction
through transmetalation with arylboronic acids followed by
migratory insertion of the alkene (Scheme 58). The resultant
alkylpalladium(II) intermediate then would undergo metal
walking prior to oxidation by Selectuor to generate the 1,3-
aryluorination products.

In 2019, Yin et al. disclosed a Pd-catalyzed 1,3-arylboration of
non-conjugated dienes. In this reaction, 1,4-cyclohexadiene and
1-methyl-1,4-cyclohexadiene were arylborated with aryl halides
and B2pin2 (Scheme 59).46 The products were formed with cis-
stereochemistry since the reaction proceeded by metal migra-
tion by b-H elimination and [Pd]–H reinsertion with the reten-
tion of Pd on the same face of the diene and p-allylpalladium(II)
species during metal walking (Scheme 60).
4. 1,n-Difunctionalization

An additional benet of the alkene difunctionalization by
metal-walking is the ability to place a second new bond at
a measured distance along the carbon chain. Unlike the single
stage metal walking for 1,1- and 1,3-difunctionalization reac-
tions, the long distance (1,n) migration of metals ensues with
several iterations of b-H elimination and hydrometallation
steps along the carbon backbone of a hydrocarbon until the
emigrating metal is thermodynamically satised to settle.
Scheme 59 Pd-catalyzed 1,3-arylboration.

This journal is © The Royal Society of Chemistry 2020
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Scheme 60 Mechanism of the Pd-catalyzed 1,3-arylboration.

Scheme 62 Mechanism of the Pd-catalyzed 1,n-difunctionalization.

Scheme 63 Pd-catalyzed 1,n-arylamination.

Scheme 64 Pd-catalyzed 1,n-heteroarylamination.
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Irrespective of the initial adductive reagents, the metal walk is
incentivized by a distally located stabilizing group such as an
arene or a terminal alkene that propitiates the migrating metal
by forming thermodynamically stable intermediates such as p-
benzylmetal and p-allylmetal complexes. Therefore, the re-
ported examples of alkene 1,n-difunctionalization reactions are
observed in nonconjugated dienes and alkenylalkanes bearing
a terminal arene. Thus far long distance metal walking has
generated C–C/C–C and C–C/C–X (N, O and B) bonds. These
reactions are discussed in details in the subsequent sections.

4.1. 1,n-C–C/C–C and C–C/C–O, N, B functionalization

In 1991, Larock et al. disclosed the rst example of Pd-catalyzed
1,n-difunctionalization of nonconjugated 1,n-dienes with aryl
iodides and 1,3-dicarbonyl compounds (Scheme 61).38 The
reaction proceeded with a variety of electron-decient and rich
aryl iodides and 1,3-diketones, 1,3-ketoesters, 1,3-diesters and
1,3-ester nitriles. The authors proposed that the reaction would
proceed via Pd migration through a series of b-H elimination/
[Pd]–H reinsertion steps until the alkylpalladium(II) species
would be stabilized as p-allylpalladium(II) intermediate at the
other terminal of the diene chain (Scheme 62). It was shown
that the Pd could migrate along up to 14 carbon-chain length
with 10 carbons between the nonconjugated alkenes. The p-
allylpalladium(II) intermediate would then be intercepted by
nucleophiles.
Scheme 61 Pd-catalyzed 1,n-difunctionalization.

This journal is © The Royal Society of Chemistry 2020
Larock et al. later extended the scope of 1,n-difunctionali-
zation to nitrogen nucleophiles (Scheme 63)43 as well as 3-
iodopyridine (Scheme 64).47 The 1,n-arylamination reaction
enabled to install an aryl and an amino group at two terminals
of a carbon chain. The ability to use 3-iodopyridine in 1,n-ary-
lamination enabled the authors to synthesize pyridine alka-
loids. In 2019, Yao et al. also reported a Pd-catalyzed method for
Scheme 65 Pd-catalyzed 1,n-aryliodolylation.
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Scheme 66 Mechanism of the Pd-catalyzed 1,n-aryliodolylation.
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the 1,n-arylamination of terminal alkenylalkanes tethered to the
ortho and para positions of phenols (Scheme 65).48 The reaction
required 2-acetylpyridine as a ligand. The authors proposed that
the alkylpalladium(II) species would migrate to the benzylic
position where the ortho hydroxy group would assist in stabi-
lizing the h1-benzylpalladium(II) species (Scheme 66). The ben-
zylpalladium(II) species underwent a base-assisted quinone
methide formation, which then functioned as a Michael
acceptor for nitrogen nucleophiles.

In 2019, Yin et al. reported a Ni-catalyzed 1,n-arylborylation
of arylalkenes with aryl bromides and B2pin2 in the presence of
Scheme 68 Mechanism of the Ni-catalyzed 1,n-arylborylation.

Scheme 67 Ni-catalyzed 1,n-arylborylation.

9772 | Chem. Sci., 2020, 11, 9757–9774
a pyridyloxazoline ligand (Scheme 67).49 The reaction proceeded
well for the arylboration of terminal alkenes with a range of aryl
bromides. Based on control experiments and deuterium
labeling, the authors proposed that the reaction would be
initiated by boronickelation of alkenes followed by the migra-
tion of Ni to the benzylic position where the alkylnickel is likely
to be stabilized as p-benzylnickel(II) species (Scheme 68). The p-
benzylnickel(II) intermediate would then react with aryl
bromides to furnish the 1,n-arylborylated products.

5. Conclusion and future perspective

Metal-catalyzed difunctionalization of alkenes with two
coupling partners is emerging as a formidable process to
synthesize complex molecules expeditiously from readily avail-
able chemicals. Four decades in the making, the majority of
research focused on solving the issue of b-H elimination from
alkylmetal species generated upon alkene carbometallation to
produce vicinally difunctionalized products. With the recent
surge in research on alkene difunctionalization, a new opti-
mism is on the horizon to exploit b-H elimination to advance
the very process of alkene difunctionalization it is fundamen-
tally primed to terminate. The new conception is founded upon
the intrinsic nature of metal–hydrides ([M]–H), generated by b-
H elimination, to undergo addition across an alkene to create
a new alkylmetal species, the very reaction intermediate
required for alkene difunctionalization. During the b-H elimi-
nation/[M]–H reinsertion process, the metals can emigrate
short to long distances along a carbon chain until they reach the
carbon of their choice largely guided by their need to attain
thermodynamic stability. Therefore, unlike the conventional
alkene difunctionalization that creates two bonds at the clas-
sical vicinal carbons, the new process can install bonds at
carbon sites that are not within the domain of traditional
wisdom for reactivity and bond formation. Over the years, the
migrating metals have been intercepted with various reagents at
1, 3 and n-carbon sites generating 1,1-, 1,3- and 1,n-difunc-
tionalized products. These products can be made with the
formation of a combination of C–C and C–C, C–C and C–
heteroatom including halogen, oxygen, nitrogen and boron,
and C–B and C–B bonds. Despite having four decades of history,
its development has, however, only progressed very slowly and
the scope of the method is still limited. One of the most
powerful aspects of the alkene difunctionalization by metal
migration is its ability to deposit a second coupling group at
a desired site along a carbon chain. However, the current
methods are limited by the requirement of stabilizing factors
such as heteroatomic, benzylic and alkenyl groups. Such
a limitation could be addressed with the development of ligand
sets amenable to hydrometallation and stabilization of the
resultant alkylmetal intermediates. In addition, the current
methods are also largely limited to the creation of a few C–C/C–
C, C–C/C–X and C–X/C–X bonds with carbon sources mainly
derived from C(sp)- and C(sp2)-hybridized reagents. Difunc-
tionalization of alkenes at nonclassical sites with C(sp3)-
hybridized sources will perhaps be the most fundamentally
challenging task to address since the new alkyl entrants will
This journal is © The Royal Society of Chemistry 2020
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compete with the incumbent alkyl group for b-H elimination
and metal migration. With the recent renewed interest in
developing suchmethods, one can only be optimistic to address
the issue by mechanistic understanding, and the momentum in
investigations for alkene difunctionalization by metal walking
can be anticipated to rise. New discoveries are likely to be
unraveled in the years to come and be applied toward expedi-
tious synthesis of complex natural products and
pharmaceuticals.
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and C. Nevado, J. Am. Chem. Soc., 2017, 139, 6835; (k)
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