1duosnuey Joyiny 1duosnuen Joyiny 1duosnuey Joyiny

1duosnuey Joyiny

Author manuscript
Chem Rev. Author manuscript; available in PMC 2022 December 22.

-, HHS Public Access
«

Published in final edited form as:
Chem Rev. 2021 December 22; 121(24): 14957-15074. doi:10.1021/acs.chemrev.1c00519.

Transition-Metal-Catalyzed, Coordination-Assisted
Functionalization of Nonactivated C(sp3)-H Bonds

Bin LiuT2¢ Andrew M. Romine™:?, Camille Z. RubelP, Keary M. Engle”?, Bing-Feng Shi"a.d.
aCenter of Chemistry for Frontier Technologies, Department of Chemistry, Zhejiang University, 38
Zheda Rd., Hangzhou 310027, China.

bDepartment of Chemistry, The Scripps Research Institute, 10550 N. Torrey Pines Rd., La Jolla,
California 92037, United States.

¢College of Chemistry, Nanchang University, Nanchang, Jiangxi 330031, China

dCollege of Chemistry and Molecular Engineering, Zhengzhou University, Zhengzhou 450001,
China.

€School of Chemistry and Chemical Engineering, Henan Normal University, Xinxiang 453007,
China

Abstract

Transition-metal-catalyzed, coordination-assisted C(sp3)-H functionalization has revolutionized
synthetic planning as, over the past few decades, the use of these directing groups has allowed for
increased access to many strategic positions in organic molecules. Nonetheless, several challenges
remain preeminent, such as the requirement of high temperatures, the difficulty in removing/
converting directing groups, and, while many metals provide some reactivity, the difficulty in
employing metals outside of palladium. This review aims to give a comprehensive overview of
coordination-assisted, transition-metal-catalyzed, direct functionalization of nonactivated C(sp3)-
H bonds by covering the literature since 2004 in order to demonstrate the current state-of-the-art
methods as well as the current limitations. For clarity, this review has been divided into nine
sections by the transition metal catalyst with subdivisions by the type of bond formation. Synthetic
applications and reaction mechanism are discussed where appropriate.
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1. INTRODUCTION

In recent years, tremendous progress has been made in building carbon—carbon and
carbon-heteroatom linkages directly from carbon-hydrogen bonds.1=3% Furthermore,
materials science and the pharmaceutical industry have benefited from the development

of metal-catalyzed C—H bond activation/functionalization.36-44 Because sp? and sp3 carbon—
hydrogen (C—H) bonds are ubiquitous in organic compounds, differentiating among the
various C—H bonds in a complex substrate is extremely difficult. In recent years, significant
advances have been made to overcome this challenge. Directing groups (DGs) have

featured prominently to enable reaction sequences that involve site-selective C—H activation/
functionalization. Several pioneering examples of this strategy have been reported since

the 1950s,45-48 such as cobalt-catalyzed ortho-carbonylation of aldimine by Murahashi,*
palladium-catalyzed ortho-halogenation of azobenzene by Fahey,*6 ortho-C—H alkylation

of phenol catalyzed by an cyclometalated ruthenium complex by Lewis,*’ and ruthenium-
catalyzed ortho-selective alkylation of aromatic ketones with olefins reported by Murai and
co-workers.*8

A multitude of functional groups, including amides, imines, azaheterocycles, amines,
carboxylic acids, esters, ketones, oximes, aldehydes, and hydroxyl groups have been
employed as DGs for catalytic C—H bond functionalizations. In addition, functional groups
that contain sulfur, phosphorus, and silicon as well as those that demonstrate r-coordination
have been developed as directing groups.

Chem Rev. Author manuscript; available in PMC 2022 December 22.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Liuetal.

2.

Page 3

Compared to the significant progress in C(sp%)-H bond activation/functionalization,
catalytic functionalization of C(sp3)—H bonds remains an enormous challenge due to the
low acidity and the comparatively weak nature of the corresponding metal—alkyl bonds.*?
Furthermore, compared to primary C(sp3)-H bonds, methylene C(sp3)-H bonds are more
difficult to functionalize due to steric hindrance during the C—H metalation step.

Although earlier reviews have dealt with certain aspects of C(sp3)-H functionalization
reactions, including the transition-metal-catalyzed arylation of unactivated C(sp3)-H bonds,8
alkyl C—H activation catalyzed by palladium,34 reactions assisted by specific directing
groups (e.g. exo-type DG22 or amines3?), and the cross-dehydrogenative coupling of C(sp3)—
H bonds,>, a comprehensive overview of this cutting-edge area has not been summarized
and numerous new advances have been made in the past several years. We reasoned that

a review on coordination-assisted nonactivated C(sp3)—-H functionalization reactions which
covers the full breadth of transition metal catalysts would be a useful addition to the
literature (Figure 1).

This review will focus on transition-metal-catalyzed coordination-assisted functionalization
reactions of nonactivated C(sp3)—H bonds, covering the literature published through March
2020 with any omissions being unintentional. Intramolecular C(sp3)-H functionalization
methods that involve an initial oxidative addition event, for example with the metal adding
into an Ar—X51-58 or Si—H%9-66 honds are outside of the scope of this review and will

not be discussed except when illustrative of other key points. For clarity, this review has
been divided into eight sections by metal type in which the discussion of C(sp3)-H bond
functionalization is arranged according to the types of bonds that are formed. Moreover,
both synthetic application and mechanism are discussed where appropriate. It is worth
noting that this is the first comprehensive review that encompasses the large body of work in
this field over the past 16 years (2004—March 2020) (Figure 2). We hope that this review will
inspire new developments in coordination-assisted transition-metal-catalyzed nonactivated
C(sp3)-H functionalization to overcome existing challenges and stimulate additional uses of
these methods in the synthesis of natural products, pharmaceuticals, and other functionally
significant molecules.

Palladium-Catalyzed, Coordination-Assisted C(sp3)—H Functionalization

Palladium-catalyzed C-H functionalization reactions have been extensively investigated.
These reactions can be subdivided based on the change of the oxidation state of the
palladium catalyst during the catalytic cycle (Scheme 1).5:51-58. 67-70, For example,

the Pd(0)/Pd(Il) catalytic cycle that is well known in classical cross-coupling is also
applicable in numerous C—H functionalization reactions,>1-58 which will not be covered
in this review. These reactions can also proceed through Pd(I1)/Pd(0) and Pd(11)/Pd(IV)
catalytic cycles.*67.71 Bimetallic Pd(I11)-Pd(l11) intermediates have been proposed as the
active palladium species in C-H functionalization reactions by the Sanford and the Ritter
groups.58:69 C—H functionalization reactions can also proceed through a Pd(11)/Pd(l1)
catalytic cycle, in which the Pd—C bond is cleaved via direct electrophilic substitution
without a change in oxidation state at the metal center.
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2.1 Palladium-Catalyzed C(sp3)-H Functionalization Using Monodentate Directing Groups

Most C(sp3)-H activation methods employ heteroatom-containing functional groups that
coordinate to the metal and direct the metal’s insertion into the C—H bonds. In the last
decade, a variety of monodentate DGs, including pyridines, oxazolines, oximes, amides, and
amines, have been developed for C(sp®)-H activation (Figure 3).

2.1.1 Carbon-Carbon Bond Formation

2.1.1.1 _Arylation: Three pathways for the directed arylation of unactivated C(sp3)-H
bonds with monodentate DGs are summarized in Scheme 2. Usually, cyclopalladated
intermediate B is generated after C(sp3)—H activation. Subsequently, Pd(I1)/Pd(0) or Pd(11)/
Pd(1V) redox couples can operate. In the Pd(I1)/Pd(0) pathway, Pd(I1) intermediate C

is produced by transmetalation with a nucleophilic coupling partner. Intermediate C

then undergoes reductive elimination to afford the arylated product and Pd(0). In the
Pd(11)/Pd(IV) pathway, after oxidative addition with an electrophilic coupling partner, a
Pd(1V) intermediate E or G is generated. Pd(IV) intermediate E then undergoes reductive
elimination to afford the arylated product and Pd(I1). Alternatively, Pd(IV) intermediate
G is converted to Pd(1V) intermediate H via C(sp?)-H palladation followed by reductive
elimination to afford the arylated product and Pd(Il).

2.1.1.1.1 Monodentate-Directing-Group-assisted C(sp3)-H Arylation via Pd(11)/Pd(1V)
Catalysis: Monodentate nitrogen-based DGs have been recognized as one of the most
efficient DG classes for transition-metal-catalyzed C—H functionalization since the
pioneering investigations into stoichiometric cyclopalladation processes in the 1970s and
80s.72-75 In 2005, palladium-catalyzed, pyridine-directed C(sp®)-H bond arylation with
1-iodo-4-methylbenzene 2 was reported by the Daugulis group.’8 Despite the high reaction
temperature, long reaction times, and excess of aryl iodides were required in this reaction,
the report is an early demonstration of C(sp3)—H arylation via a Pd(11)/Pd(1V) catalytic cycle
(Scheme 3).

In 2015, Yu, Stamos and co-workers developed a cascade process involving pyrazole-
directed C(sp3)-H bond arylation with aryl iodides followed by CONHArg (Arg = (4-CF3)-
CgF4) -directed pyrazole C(sp?)-H bond and ortho-phenyl C—H bond activation/cyclization
(Scheme 4a).”” Surprisingly, the pyrazole directed the arylation of the C(sp®)-H bond.
Pd(OTf),(MeCN)4 proved to be the most active palladium catalyst for this transformation.
The catalytic system for this orchestrated cascade triple C—H activation tolerates a variety of
functional groups with excellent selectivity and shortens the synthetic route to medicinally
important benzo[¢lindazole derivatives. In 2017, Daugulis and co-workers also demonstrated
a pyrazole-directed C(sp3)-H bond arylation reaction, which was catalyzed by Pd(OAc),
and employed silver(l) oxide as a halide-scavenger and base precursor (Scheme 4b).”8 The
pyrazole moiety in the product can be removed by ozonolysis to afford p-phenethylamines.

Inspired by the cyclometallation of 1-aminopyridine ylides with various transition metals
(Pd, Rh, Pt), Daugulis and co-workers coupled a number of 1-aminopyridines onto aliphatic
carboxylic acids to investigate C(sp3)-H bond functionalization with this family of directing
groups (Scheme 5).7® The NaOTf additive was found to increase the yield of arylated
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product significantly when using hexafluoroisopropanol (HFIP) as the solvent at 90 °C.
Secondary C(sp®)-H arylation was achieved using A-acetyl-L-phenylalanine (L1) as ligand.
The discovery of 1-aminopyridine ylides expanded the arsenal of removable monodentate
DGs for challenging C(sp3)-H activation reactions.

Through the electronic and steric modification of amine groups, Gaunt and co-workers
developed a palladium-catalyzed C(sp3)-H arylation reaction of protected 1,2-amino
alcohols (Scheme 6a).80 The reported reaction conditions include Pd(OAc), (15 mol%) with
Ph,1OTT in the presence of sodium acetate in 1,2-dichloroethane at 70 °C. They succeeded
in using both electron-rich and electron-deficient aryl iodide reagents, and various functional
groups, such as bromo and fluoro, were tolerated. In 2019, Gaunt and co-workers observed
that 2-halobenzoic acids could promote oxidative addition to a less hindered alkylamine-
derived palladacycle (Scheme 6b). When 2-iodobenzoic acid (2 equiv) and AgOAc (1 equiv)
were added to the solution of palladacycle 18 in CHCl5, a palladacycle 20 was identified.81
The authors propose that this seven-membered palladacycle forms through a concerted
1,2-arylpalladium migration and reductive elimination process triggered by decarboxylation.
Free primary aliphatic amine-directed arylation of unactivated C(sp3)-H bonds with an acid
additive has also been reported (Scheme 7).82.83

Other strongly coordinating monodentate DGs have also been developed. In 2016, Chen
and co-workers reported an oxime-ether-directed, Pd(l1)-catalyzed arylation of B-C(sp3)-H
bonds using diaryliodonium salts as arylating reagents (Scheme 8).84 This technique allows
the preparation of useful B-arylated oximes from ketones and aldehydes. After investigating
different solvents, HFIP was found to accelerate the reaction.

In 2018, the Dong group reported a thioether-directed, palladium-catalyzed y-C(sp®)-H
arylation reaction.8° The authors protected the free thiol through a Michael addition between
the thiol substrate and ethyl acrylate, which maintained the ability of sulfur to coordinate

to the Pd catalyst (Scheme 9). A variety of protecting groups have been tested under the
standard reaction conditions. No desired product was obtained when thiols were protected
as Michael adducts bearing pendant carboxylic acid or amide groups. Moreover, the
corresponding fert-butyl ester was unstable under acidic conditions, and the methyl ester
furnished the desired product in only low yield.

While nonactivated C(sp3)-H arylation assisted by strongly coordinating monodentate DGs
containing nitrogen-, sulfur-, or phosphorus-coordination, has been well studied, the use of
weakly coordinating DGs, such as carboxylates and ketones, remains a challenge.’® The
Yu group established the first example of Pd(I1)-catalyzed, carboxyl-directed arylation of
B-C(sp®)—H bonds in simple aliphatic acids.6 However, this reaction suffered from low
yields and a narrow substrate scope (Scheme 10). This reactivity of carboxylic acids was
significantly promoted by sodium counterions. Subsequent studies support the proposal that
the countercation binds to the carboxylate group in a x2 coordination mode, which induces
Pd(I1) to coordinate with the unhindered oxygen lone pair in a x* fashion (39).8” C-H
activation was triggered through a process analogous to the complex induced proximity
effect (CIPE).88
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Due to the low yields in the first version of this Pd(Il)-catalyzed, carboxylate-directed
B-C(sp3)—H functionalization, the Yu group was motivated to develop a robust monodentate
carboxamide DG that would demonstrate high reactivity, selectivity, and scope. In 2009, Yu
and co-workers successfully introduced the CONHArE (Arg = CgFs) DG, which allowed the
desired B-methyl C—H arylation reaction to proceed efficiently with Buchwald’s Cyclohexyl-
JohnPhos ligand (L3) and CsF as the base (Scheme 11a).8° Various a-methylated amides
were arylated in good to excellent yield. The authors observed that an acidic N-H bond in
the DG is essential for reactivity. Although this protocol is believed to proceed through a
Pd(0)/Pd(I1) catalytic cycle, it represents the first introduction of the monodentate, weakly
coordinating CONH-Arg (Arg = CgFs) DG for use in C(sp3)—H activation. Shortly after,

the Yu lab successfully applied the same CONH-Arg DG in Pd(11)/Pd(1V) chemistry, which
allowed the desired p-methyl C-H arylation reaction to proceed efficiently with Pd(OAc),
as the catalyst, AgOAc as the additive, and Cs,COj3 as the base. Several carboxylic acid
derivatives were arylated in moderate to good yields that were comparable to those obtained
via the Pd(0)/Pd(11) catalytic cycle (Scheme 11b).90

In 2012, the Yu laboratory described the first example of CONHArg (Arg = o+
CF3CgF4)-directed, Pd(I1)-catalyzed arylation of acyclic and cyclic B-methylene C(sp®)-

H bonds, which was achieved through systematic screening of mutually repulsive 2,6-
dialkoxypyridine and 2-alkoxyquinoline ligands.%! The reported reaction conditions are as
follows: Pd(TFA), (10 mol%), L4 (20 mol%), Arl (3.0 equiv), Ag,CO3 (2.0 equiv) as

the additive, KoHPO4 (1.2 equiv) as the base, hexane,110 °C, 24 h (Scheme 12a). In this
system, the methylene C-H arylation of alicyclic substrates was also possible. In 2014 Yu
and co-workers developed a one-pot synthesis of 4-aryl-2-quinolinones via ligand-promoted
triple sequential C—H activation from the propionamide (Scheme 12b).%2 The mechanism
involves C(sp3)—H arylation, dehydrogenation, Heck-type addition of another aryl halide
partner, and intramolecular C(sp?)-H amidation. After extensive screening, the optimized
reaction conditions were reported to be with PdClI, (10 mol%), using Ag,CO3 (3.0 equiv) as
the additive and 2,5-lutidine L5 (20 mol%) as the ligand at 140 °C in £Amyl-OH for 24 h. A
wide variety of functional groups on the aryl iodide were well tolerated in the reaction. The
installation of two different aryl groups saw the intramolecular amidation occur at the less
hindered position.

Later, the Yu group demonstrated the first example of ligand-controlled C(sp3)-H
arylation of alanine derivatives that bear an p-CF3CgF, amide auxiliary (Scheme 13).93
Monoarylation of the methyl C(sp3)-H bond with aryl iodides was achieved when a
pyridine-based ligand (L6) was used. On the other hand, the arylation of the resulting
benzylic methylene C(sp3)-H bond with different aryl iodides was enabled by a quinoline-
based ligand (L7). Arylation of a phenylalanine derivative with aryl iodides promoted

by quinoline-based ligand L7 were also investigated. In this system, various functional
groups are well tolerated. Palladacycles 53 and 54 were synthesized via primary and
secondary C(sp3)—H activation, respectively. Characterization of these complexes sheds
light on the underlying mechanism of these transformations, offering a platform for further
computational and kinetic studies. Palladacycles 53 and 54 were found to be viable
precatalysts for primary and secondary C(sp3)-H arylation, respectively, with the addition
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of TFA to facilitate the dissociation of one of the pyridine ligands. Computational studies
revealed that the nonactivated precatalyst was activated by the deprotonation of the amide
with CsF.%4 These studies also showed that the C(sp3)-H bond cleavage is the rate-limiting
step.%5 A reusable polymeric ligand platform was also designed to facilitate C(sp3)-H
arylations of alanine by the Jones group in 2016.%8

Ligand-accelerated, enantioselective, methylene C(sp3)-H bond activation was discovered
by the Yu group in 2016 (Scheme 14a).%” The researchers observed that monodentate

chiral ligands do not affect the stereochemistry of the palladium insertion step. Inspired

by both quinoline-based ligands and chiral monoprotected amino acid (MPAA) ligands,
chiral NM-acetyl-protected aminoethyl quinoline (APAQ) ligands, which form six-membered
chelates when bound to Pd, were found to enable Pd(I1)-catalyzed enantioselective arylation
of B-methylene C—H bonds of aliphatic amides with enantiomeric ratios reaching up to

96:4 and yields as high as 89%. Density functional theory (DFT) evidence suggests that

the six-membered chelate can alleviate the steric repulsion between the quinoline group of
the ligand and the Arg group of the substrate.8 A dimeric palladium species, which was
further investigated by the Blackmond group, was proposed as the resting state but not as
an active catalyst.% A subsequent computational study by Bertrand, Yu, and co-workers
explored three unprecedented amide-bridged Pd(I1) dimers (58-60) and demonstrated that
the quinoline ring of the APAQ ligands promotes catalytic activity (Scheme 14b).100
Dramatically reduced reactivity was observed when A-acetyl-protected aminoethylpyridine
(APAPyY) was used as a ligand, and Bertrand, Yu, and co-workers reasoned that the off-cycle
Pd(11) dimer (58) with APAPYy ligand is more stable, which slows the dissociation to the
catalytically active species in solution.

In 2017, the Yu group devised a protocol for the desymmetrization of the geminal methyl
groups in an isopropyl moiety using chiral mono- N-protected aminomethyl oxazoline
(MPAO) ligands (Scheme 15).101 Two challenging aspects of this desymmetrization include:
(1) the differentiation between the a hydrogen atom and the a-methyl substituent, and (2)
the long distance between the prochiral carbon and the ligated transition metal center. A
bidentate, chiral, APAQ ligand was investigated first but gave almost no enantioselectivity,
reflecting the different nature of the transition states for enantioselective methylene

C-H activation and isopropyl desymmetrization. After extensive screening and ligand
modification, chiral MPAO ligands were found to affect enantioselective C(sp3)-H activation
of isopropyl groups. A wide range of aryl iodides compounds that contain electron-donating
or electron-withdrawing groups are tolerated, producing desired products with enantiomeric
ratios up to 98:2 using L11 as chiral ligand. By using an A-methoxyamide auxiliary as a
directing group and replacing the A-acetyl moiety with an ortho-difluorobenzoyl group to
make L12, Yu and coworkers maintained high enantioselectivity while improving the yield
of 64, a,a-disubstituted a.-amino acids containing chiral a-quaternary centers.

In 2018, Yu and co-workers prepared various chiral cyclobutanes via a Pd(I1)-catalyzed
enantioselective arylation of cyclobutyl carboxylic amides that bear a-hydrogen atoms
using a chiral MPAO ligand (Scheme 16a, L13).102 A variety of aryl iodide compounds
that contain electron-donating or electron-withdrawing functional groups afford the
corresponding products in moderate to good yields and excellent enantioselectivities.
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In 2019, asymmetric C(sp3)-H arylation of cyclopropanes enabled by a A-protected
aminosulfoxide ligand (L14) was reported by Colobert and co-workers. Stacking of = bonds
between the ligand and the substrate leads to a nearly barrierless C—H activation process
(Scheme 16b).193 Enantio- and diastereoselective C(sp3)—H arylation of cyclopentane,
cyclohexane, and cycloheptane carboxylic acid derivatives directed by CONHArg (Arg =
p-CF3CgF4) was further studied by Yu and co-workers (Scheme 16¢).1%4 The proposed
mechanism is shown in Scheme 17. C-H activation was ruled out as the stereo-determining
step because the extent of stereoinduction was significantly influenced by substitution
pattern of the aryl iodide. This observation is consistent with oxidative addition or reductive
elimination being the stereodetermining step, given that oxidative addition potentially
generates two diastereomeric PdIV intermediates (77, 78).

The combination of asymmetric C(sp3)-H arylation with decarboxylative cross-coupling
was developed by Baran and co-workers in 2019 (Scheme 18).195 A variety of enantiopure,
trans-1,2-disubstituted building blocks were synthesized in this fashion.

Cyclopalladation pathways that require six-membered alkyl palladacyles are generally both
kinetically and thermodynamically disfavored when compared to analogous pathways that
rely on the formation of five-membered alkyl palladacycles. As a result, reactions that
require the formation of six-membered alkyl palladacycles remain underdeveloped. Inspired
by their early research on ligand-enabled -y-olefination of amide derivatives, in 2016,

Yu and co-workers designed a palladium-catalyzed, ligand-enabled, and CONHArg (Arg

= p-CF3CgF4)-directed, y-C(sp®)-H arylation of primary C—H bonds that are attached

to quaternary carbon centers of aliphatic acid derivatives (Scheme 19).106 An extensive
screening of various ligands was conducted, and tricyclic quinolines were found to be

the most effective. Under standard conditions, this reaction can involve aryl or heteroaryl
iodides that contain a range of functional groups and steric and electronic properties.

The high diastereoselectivity (d.r. >20:1) was attributed to steric interactions between

the methyl and the phthalimide groups in the six-membered palladacycle in which the
trans-conformation is favored over the c/s-conformation. Furthermore, carbamate formation
followed by nucleophilic addition of LiSEt or LiOH/H,0, can efficiently transform the
amide auxiliary into the corresponding thioester or carboxylic acid, respectively.

Palladium-catalyzed A-heterocyclic carbene (NHC) ligand-enabled C(sp3)-H arylation of
piperidine and tetrahydropyran derivatives was developed by Yu and co-workers in 2016
(Scheme 20).197 Based on their earlier research that showed pyridine- and quinoline-type
monodentate o-donor ligands significantly accelerate C(sp3)-H functionalization of amide
substrates, they sought to examine another class of o-donor ligands, NHCs. After systematic
screening of ligands, 4,5-dihydroimidazolium with sterically bulky A-alkyl groups (L21)
was found to be the best choice for this transformation. Arylation of both the C3 and

C4 C—H positions of piperidines and tetrahydropyrans were investigated. A wide range of
functional groups such as halides, silyl ethers, and aldehydes were tolerated. The researchers
proposed a mechanism whereby a Pd(I11)/NHC species inserts into a C(sp3)-H bond to form
an alkylpalladium(I1) species that subsequently reacts with the aryl iodide.
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The readily installed and removable A~methoxyamide (CONHOMe) DG was used in
Pd(11)/Pd(IV) catalysis by Yu and co-workers in 2015 (Scheme 20).108 Arylation of both
primary and secondary C(sp3)-H bonds of amino acid scaffolds were accomplished. The
monoarylation of primary C(sp®)—-H bonds was promoted by a 2-picoline ligand, with a
2,6-lutidine ligand enabling the subsequent arylation of the secondary C(sp3)-H bonds in
one pot. Notably, decomposition of the starting material was inhibited with acidic solvents
such as 2,2,2-trifluoroethanol (TFE) or hexafluoro-2-propanol (HFIP). Under standard
conditions, the reaction tolerates various substituted aryl iodide compounds that contain
methyl, methoxy, and fluoro groups. Aryl iodide compounds that contain DGs such as
acetamide, phosphonate, and hydroxyl groups were also tolerated reaction partners. Notably,
aryl iodide compounds that contain dioxane and A-~tosyl-protected indolyl also produce
desired arylation product in moderate yields. Pyridyl and quinoline iodides afforded the
desired product in lower yields, and 2,6-lutidine was identified as a more efficient ligand in
these cases.

In 2018, Yu and co-workers developed a palladium-catalyzed, Weinreb-amide-directed
B-methyl C(sp®)—H arylation reaction, which was enabled by commercially available 3-
pyridinesulfonic acid (L22) as the ligand (Scheme 22a).19% Two challenges exist with

this directing group compared to simple amides. First, the coordination of the carbonyl
group on the DG with the Pd catalyst is weakened by the inductive effect of methoxy
(102). Second, catalytic turnover can be decelerated by the unproductive bis-coordination
of the catalyst to both the carbonyl group and methoxy (103). The ligand was computed to
stabilize the substrate-bound Pd species, and this ligand effect was proposed to promote the
dissociation of an acetate anion via electrostatic repulsion, which leads to the opening of a
coordination site for C(sp3)-H bond cleavage. Also in 2018, Lu and co-workers disclosed
a simple palladium-catalyzed, simple amide-directed arylation of -methyl C(sp®)-H bonds,
affording a wide range of B-aryl amides in good yields (Scheme 22b).110

Although monodentate amide DGs that were developed by the Yu group (CONHR, R

= 4-(CF3)CgF4, OMe) have demonstrated outstanding efficiency in directing C(sp3)-H
activation, their applications are limited by the requirement of their installation and
removal. In 2016, the Yu group reported two isolated examples of ligand-accelerated, free
carboxylic-acid-directed reactions to allow enantioselective C(sp®)-H arylation of strained
methylene C-H bonds (e.g. cyclopropane and cyclobutane) and an a-quaternary carbon
center is necessary for the reactions to take place.97 Inspired by their previous work in
ligand-accelerated catalysis, the Yu group has been reinvestigating the palladium-catalyzed,
carboxylic-acid-directed C(sp3)-H functionalization through the design of new ligands.

In 2017, the Yu group developed a novel protocol using innate carboxylic acids as the DG,
which was enabled by pyridine-type ligands (Scheme 24a).111 The base, Na,HPO,4-7H50,
was proposed to deprotonate the acid substrates to allow Pd coordination. Unnatural amino
acid building blocks can be efficiently prepared using this method, but heteroaryl iodides
are incompatible with the reaction conditions. Contemporaneously, Zhao and co-workers
established a palladium-catalyzed B-C(sp3)-H arylation of carboxylic acids and a.-amino
acids prompted by Ac-Gly-OH (L24) ligand (Scheme 24b). This reaction could be run at 10
gram-scale in good yield, demonstrating the practical utility of this reaction.112
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In the subsequent year, the Yu group reported a new class of chiral ligands, mono- -
protected aminoethyl amines, that enable the enantioselective C—H activation of free
carboxylic acids without the use of auxiliary DGs (Scheme 24c).113 One challenge in
developing this reaction is that stereoselectivity is much harder to control due to the

highly flexible metal-carboxylate intermediate when compared with metal-amide-DG
complexes. After extensive screening, the A-acetyl-protected amino group (NHACc) was
found to be crucial for achieving high enantioselectivity. A variety of chiral carboxylic acids
were synthesised through enantioselective arylation of cyclopropanecarboxylic acid and
N-phthaloyl-protected 2-aminoisobutyric acid using L25 as chiral ligand. This methodology
was applied to the late-stage C(sp®)—H arylation of Itanapraced, a promising drug candidate
for neurological disorders. In 2019, Maiti and co-workers expanded the palladium(ll)-
catalyzed arylation of free aliphatic acids to bring about reaction at the distal y-C(sp3)-

H bond using Ac-Gly-OH (L24) as ligand via a six-membered palladacycle intermediate
(118, Scheme 24d).114 Mechanistic studies indicated that C—H activation irreversible and

is the rate-determining step. The Shi group also reported the Pd(l1)-catalyzed y-C(sp®)-H
arylation of zertleucine and peptide derivatives thereof with the assistance of free carboxylic
acid by using Boc-Tle-OH (L26) as the ligand (Scheme 23e).115 In this study, the weakly
coordinating carboxylate DG outcompetes the strongly coordinating bidentate DG of the
peptide backbone, providing the products of y-C(sp3)—H arylation of the Tle residue
exclusively.

Other weakly coordinating monodentate DGs have also been reported. The enantioselective
arylation of cyclopropyl methylamines via a Pd(11)/Pd(IV) catalytic cycle with an MPAA
ligand (L.27) was developed by Yu and co-workers in 2015 (Scheme 25).116 The Pd(11)/
Pd(0) catalytic cycle was ruled out because no desired product was detected without the
addition of the silver salt. The Yu group succeeded in using aryl iodide compounds that
contain electron-donating or electron-withdrawing substituents in the para, meta, and ortho
positions as arylating reagents. The scalability of the reaction was also demonstrated in a
5-mmol-scale reaction between cyclopropylmethylamine and methyl-2-iodobenzoate, which
produced the arylated product in 89% isolated yield and 98.6% ee. Notably, the MPAA
ligand can override substrate-controlled diastereoselectivity in substrates that contain a
chiral center.

In 2018, Young and co-workers presented the first example of CO,-mediated, amine-
directed C(sp3)-H arylation. CO, was added in the form of dry ice and reacted reversibly
with the amine to form a carbamic acid moiety. Both primary and secondary aliphatic
amines can be arylated selectively at the y-C—H positions (Scheme 26).117 Young and
co-workers found that an a-tertiary center was not required for the primary amine substrates.
A wide range of aryl iodides were tolerated and gave the desired products in good yields.
The proposed role of CO» as a transient DG that reacts in situ to form the corresponding
carbamic acid was supported by an experiment in which the aminesCO, adduct was
prepared, subjected to the reaction conditions, and found to be catalytically competent. It
was suggested that the concerted metalation/deprotonation step may be irreversible because
no deuteration was observed when the reaction was performed in AcOD.
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2.1.1.1.2 Monodentate-Directing-Group-Assisted C(sp3)-H Arylation via Pd(11)/Pd(0)
Catalysis: Organoboron reagents are widely used for traditional cross-coupling reactions.
The integration of organoboron nucleophiles as coupling partners in C—H activation
processes opens new possibilities in terms of the redox processes involved. In 2007, Yu
and co-workers reported the first example of Pd(l1)-catalyzed, carboxyl-directed arylation
of B-C(sp®)-H bonds in simple aliphatic acids (Scheme 27a).86 In the work, arylboronic
esters are employed as coupling partners. Recently, enantioselective C(sp3)-H arylation of
cyclopropanecarboxylic acids and cyclobutanecarboxylic acids under Pd(11)/Pd(0) catalysis
was also documented by the Yu group (Scheme 27b).118 Using either MPAA ligand (L28)
or mono-/AN-protected aminoethyl amine (MPAAM) ligand (L29) was key to the success of
this method. The enantioenriched arylated carboxylic acid products could be converted to
cyclopropyl amines without loss of optical activity.

In 2008, Yu and co-workers developed a palladium-catalyzed arylation of C(sp3)-H
bonds with aryl boronic acids by using CONHOMe as the DG (Scheme 28).119 Notably,
CONHOMe groups can be transformed easily to esters, amides, or corresponding alkane
fragments. Furthermore, the silver salt in this system can be replaced with air as a
stoichiometric oxidant.

In 2011, the Yu group reported the enantioselective C—H activation reactions of
cyclopropanes using a novel MPAA (L.30) as the ligand. In this reaction, an acidic
CONHArg (Arg = p-CNCgF,4) group was employed as a weakly coordinating DG (Scheme
29a).120 The best ligand found for asymmetric induction in the C—-H/R-BX,, cross-coupling
reactions was identified by extensive screening of chiral ligands with structurally diverse
N-protecting groups and amino acid backbones. Various cyclopropanes substituted with
alkyl and aryl groups at the a-position with respect to the amide DG can be tolerated,
producing the desired products in up to 81% yield and 92% ee under mild conditions.
However, this method is limited to the functionalization of relatively activated cyclopropyl
C-H honds.

In 2014, Yu and co-workers developed an enantioselective C-H arylation reaction of
cyclobutanecarboxylic acid derivatives using arylboron reagents as arylating agents (Scheme
29b).121 The key to the success of this method was the discovery of a new class of chiral
ligands, mono-A-protected a.-amino- O-methylhydroxamic acids (L31), which are derived
from MPAAs. However, substrates that contain a-hydrogen atoms give poor yields and
enantioselectivities.

In 2015, a quinoline-based ligand was designed to promote cross-coupling reactions of
B-C(sp®)—H bonds in carboxylic acid derivatives that bear a p-CF3CgF4 amide auxiliary
with arylsilanes (Scheme 30).122 The optimized reaction conditions for the coupling of
alanine-derived amide 141 with various organosilicon reagents were: ArSi(OEt)3 (2.0 equiv)
Pd(OAC), (10 mol%), L32 (20 mol%), AgF (3.0 equiv) as additive in 1,4-dioxane (1.0 mL)
at 110 °C for 8 h, followed by the addition of a second batch of organosilicon (2.0 equiv)
and AgF (3.0 equiv) with subsequent heating for an additional 10 h. A variety of electron-
rich and electron-poor triethoxyarylsilanes are tolerated in the arylation reaction. However,
only 45% yield of the arylated product can be obtained when an amide derived from
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2-methylpentanoic acid is subjected to the standard conditions. After extensive screening of
ligands and bases, a variety of amides derived from aliphatic acids could be arylated in good
yields by the use of L20 as ligand and KHCO3 as base.

In 2014, monodentate triflimide-directed, palladium(l1)-catalyzed coupling of y-C(sp®)-H
bonds with arylboron reagents enabled by an MPAA ligand was discovered by Yu and
co-workers.123 Interestingly, the steric impact of the ligand on the reactivity of the catalytic
system was observed when the D-enantiomer of A-acetyl-zert-leucine (D-Ac-Tle-OH, L33)
was used. A broad range of arylboron reagents and a variety of alkyl amines were cross-
coupled under the reaction conditions (Scheme 31a). Notably, arylboron reagents could be
replaced with aryl iodide reagents as coupling partners, such that y-C(sp®)-H arylation
alternatively takes place via a Pd(I1)/Pd(1V) catalytic cycle. To solve the problem that arises
from removal of the triflyl DG within the substrates, Yu and co-workers developed a method
that employs the readily removable nosyl protecting group for y-C(sp3)-H arylation of alkyl
amines, as enabled by a A-acetyl-protected aminomethyl oxazoline (APAO) ligand (Scheme
31b, L34).124

In 2018, Yu and co-workers expanded the y-C(sp3)-H arylation of cyclopropyl
methylamines to acyclic alkylamines by using chiral APAO ligands via Pd(I1)/Pd(0)
catalysis (Scheme 31c).125 They observed that APAQ and MPAA ligands did not improve
the yield and enantioselectivity significantly. On the other hand, the enantioselectivity was
improved to 98% ee when A-acetyl-protected amino oxazoline (APAQ) chiral ligands were
used. The stereocenters on both the side chain and the oxazoline moiety of the ligand play
key roles in chiral induction. The reaction conditions are: Pd(OAc), (10 mol%), ligand (15
mol%), ArBpin (2.0 equiv), Ag,CO3 (2.0 equiv) and H,0 (5.5 equiv) as the additives and
Na,COj3 (2.0 equiv) as the base in #£AmylOH at 80 °C for 12 h. Kinetic resolution of
unsymmetrical amines via enantioselective y-C(sp3)-H coupling has also been investigated
and realized (Scheme 30c).

In 2015, Gaunt and co-workers developed a palladium-catalyzed C-H arylation of secondary
aliphatic amines with arylboronic esters that is promoted by an MPAA ligand (Scheme
32a).126 A range of alicyclic amine derivatives, such as piperidine derivatives and
compounds with azepine or morpholine scaffolds, all efficiently afforded the corresponding
arylated products in good yields. The scope of arylboronic acid pinacol esters (ArBPin)
was also investigated, and ArBPin compounds that have substituents at the metaand para
positions of the aromatic ring afford the desired products in higher yields than ArBpin
compounds that have substituents at the ortf10 position. They have also investigated the
enantioselective C—H arylation of 155 with PhBPin by exploring a range of amino-acid
ligands under similar reaction conditions. A 60% ee was obtained when MPAA L37 was
used as chiral ligand. Recently, they developed a MPAA-promoted, palladium-catalyzed
v-C(sp®)-H arylation of tertiary alkylamines.12” Ac-Tle-OH (L.38) lowered the energy of
v-C(sp3)-H activation relative to B-hydride elimination, which made the arylation reaction
proceed smoothly with (hetero)arylboronic acids.

Pd(TFA),-catalyzed, thioamide-directed C(sp3)-H arylation of saturated azaheterocycles
was developed by the Yu group in 2015.128 1 4-Benzoquinone (BQ) is essential for this
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transformation; its proposed role is in promoting reductive elimination. It was also observed
that the terminal methyl groups of the thioamide are not functionalized and that Pd(OAc),
affords only a trace amount of product. Both arylboronic acid and heteroarylboronic acids
are tolerated under standard conditions, providing the corresponding products 161 in good to
excellent yields (Scheme 33).

In 2017, the Yu group demonstrated that chiral phosphoric acids are effective anionic
ligands for enantioselective amine a-C(sp3)—H arylation (Scheme 34a).12% No desired
arylation products were obtained when chiral MPAA ligands were employed. Chiral anionic
phosphates were investigated due to the enhanced reactivity of Pd(TFA), compared to
Pd(OAC),, which indicates that the identity of the anionic ligand plays a significant role

in this reaction. In the end, a bulky triisopropylbenzothioamide DG on the pyrrolidine

and Pd,(dba)s were observed to be the most suitable in terms of reactivity and
enantiocontrol. Gong and co-workers also reported a thioamide-directed, palladium(ll)-
catalyzed enantioselective C(sp3)-H arylation that involves a chiral anionic Co(I11) complex
(164) and a chiral phosphoramidite ligand (L40) (Scheme 34b).130

2.1.1.2 Alkenylation: While transition-metal-catalyzed olefination of C(sp2)-H bonds
has been widely investigated, olefination of unactivated C(sp3)-H bonds remains rare. To
enable olefination of unactivated C(sp3)-H bonds, strongly coordinating nitrogen-based,
monodentate DGs have been employed. For example, in 2011, Sanford and co-workers
reported a palladium-catalyzed, pyridine-directed C(sp3)-H alkenylation using air as the
oxidant and AcOH as the solvent (Scheme 35a).131 In 2016, Yu and co-workers developed a
pyrazole-directed C(sp3)-H olefination enabled by an MPAA ligand L41 (Scheme 35b).132

In 2015, Gaunt and co-workers developed a palladium-catalyzed C(sp3)-H alkenylation
of amino alcohol derivatives.8% The conditions they found are: Pd(OAc), (10 mol%) and
acrylate (3 equiv) in the presence of AgOAc and Li3POy in 1,2-dichloroethane at 120

°C. A wide range of pyrrolidines that contain a variety of useful functional groups were
synthesized (Scheme 36a). In 2017, Gaunt and co-workers further developed a palladium-
catalyzed C(sp®)-H alkenylation of morpholinones to synthesize various pyrrolidine
moieties in good yields and excellent regio- and diastereoselectivities (Scheme 36b).133

Directed C(sp3)-H olefination with weakly coordinating DGs was pioneered by Yu and co-
workers. In 2010, Yu and co-workers developed a Pd(l1)-catalyzed, monodentate CONHArg
(Arg = CgF5 and p-CF3CgF4)-directed C(sp3)-H alkenylation/1,4-conjugate addition with
benzyl acrylate, which affords the corresponding lactam products in good to excellent
yields.13# In accordance with their previous report, electron-withdrawing substituents (CF3,
F, and NO,) on the A-aryl group improve the yield significantly. Cyclopropyl methylene
C-H bonds and substrates that contain a-hydrogen atoms are also olefinated efficiently
(Scheme 37).

In 2014, Yu and co-workers detailed a ligand-promoted, Pd(11)-catalyzed y-C(sp3)-H
olefination/cyclization with CONHArg (Arg = p-CF3CgF4) as the DG (Scheme 38a).13°
After extensive screening, a quinoline-based ligand (L20) was found to be crucial for
realizing this transformation. Notably, this ligand can also be used to facilitate sequential
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y-carbonylation followed by y-olefination of pivalamide to give highly functionalized all-
carbon quaternary centers. In 2016, the Yu group developed a Pd(l1)-catalyzed y-C(sp3)-
H olefination of triflyl (Tf)- and 4-nitrobenzenesulfonyl (Ns)-protected amines in which
the C(sp3)—H olefinated products undergo an in situ, aza-Wacker oxidative cyclization

or an intramolecular conjugate addition to afford a variety of C-2 alkylated pyrrolidines
(Scheme38b).136 3 4-Bis(trifluoromethyl)pyridine (L42) was identified to be the optimal
ligand for Tf-protected a-amino esters, while 3-phenylquinoline (L43) was capable of
promoting the y-C(sp3)-H olefination of a range of Tf-protected alkyl amines. Furthermore,
Ns-Tle-OMe (198) was olefinated with acrylates and styrenes using phenanthridine (L44)
as the ligand. Interestingly, saturated pyrrolidines were obtained when methyl vinyl ketone,
1-phenylprop-2-en-1-one, and acrylonitrile were used as coupling partners.

In 2017, Yu and co-workers showed that chiral MPAO ligand L45 was able to promote
Pd(I1)-catalyzed, enantioselective B-alkenylation of isobutyric amides (Scheme 39).101 The
acidic CONHArg (Arg = p-CF3CgF4) was again used as an efficient DG to enable the
synthesis of olefinated products in high enantioselectivities (up to 95:5 er).

All of the C(sp®)-H olefination reactions described above require a specific directing
auxiliary group, and the majority of examples yield cyclized products, which may or may
not be desirable depending on the envisioned application. In 2019, Yu and co-workers
developed a Pd(I1)-catalyzed C(sp®)-H olefination directed by the carbonyl group of native
amides (Scheme 40).137 The electron-deficient pyridine-3-sulfonic acid ligand (L46) was
found to be crucial for the conversion of secondary and tertiary amides to the corresponding
olefinated products without the in situ cyclization.

In 2018, the Yu group detailed the B-C(sp®)-H olefination of free carboxylic acids that

is promoted by an A-acetyl-protected aminoethyl phenyl thioether ligand (L47).138 A
broad range of free carboxylic acids undergo olefination followed by in situ 1,4-addition,
providing the corresponding -y-lactone products that can be readily opened to give either
the B-olefinated or y-hydroxylated aliphatic acids (Scheme 41a). Recently, palladium(I1)-
catalyzed enantioselective C(sp3)-H alkenylation of free carboxylic acids with alkenyl-Bpin
was also discovered by the Yu group.118 A variety of olefin-containing chiral acids were
produced in high enantoselectivities (up to 98:2 er) using MPAA (L28) as chiral ligand,
providing a valuable scaffold for organic synthesis and medicinal chemistry (Scheme 41b).
Carboxylate-directed, palladium(l1)-catalyzed y-C(sp®)—H olefination of free carboxylic
acids was also demonstrated by the van Gemmeren group in 2020.13% ALAc-B-alanine
(L48) was identified to be an efficient ligand (Scheme 41c). It was worth noting that A-Ac
anthranilic acid derived ligands could also significantly promote this reaction.

2.1.1.3 Alkynylation: Alkyne functional groups are useful intermediates in organic
synthesis owing to their ability to participate in many different types of reactions, such

as cycloaddition and metathesis. While cross-coupling reactions between alkynes and aryl
(pseudo)halides have been well developed, the alkynylation of unactivated C(sp3)-H bonds
remained largely undeveloped until the past decade. In 2013, Yu and co-workers achieved
the first C(sp3)-H alkynylation reaction of simple amides 215 with alkynyl bromides

216 directed by their own developed monodentate CONHArE (Arg = p-CF3CgF4) DG
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under Pd(0) catalysis (Scheme 42a).140 Although this reaction proceeded through a Pd(0)/
Pd(I1) catalytic cycle, these findings inspired their further studies of developing C(sp3)-H
alkynylation using Pd(I1) catalysis. In 2017, they successfully expanded this alkynylation
protocol to a Pd(11)/Pd(1V) catalytic cycle by employing pyridine-based ligands. B- and
v-alkynylation of C(sp3)-H bonds of aliphatic amides using the same monodentate DG
under palladium(ll) catalysis was achieved. Pyridine-based ligand L49 was identified to be
the optimal one and a variety of amides containing a-tertiary or a-quaternary carbon centers
were competent under the optimized reaction conditions (Scheme 42b).141 In the same year,
they developed an asymmetric version by desymmetrization of gem-dimethyl group. The
Pd(I1)-catalyzed enantioselective B-alkynylation of isobutyramide 220 bearing the same DG
with alkynyl iodide 221 using MPAO L45 as chiral ligand was achieved, giving the product
222 in 94.5:5.5 er and 68% yield (Scheme 41c).101

2.1.1.4 Alkylation: Employing a/ky/ coupling partners (i.e., C(sp3)-organometallics or
alkyl halides) in C(sp3)-H activation and in cross-coupling reactions generally is more
challenging because the resulting alkyl-M intermediates are prone to undergo a rapid
B-hydride elimination. The first protocol for palladium(l1)-catalyzed C(sp3)-H alkylation
with either methylboroxine or alkylboronic acids was developed by the Yu group in 2006
(Scheme 43).142 For the examples that involve methylboroxine, the authors propose that
the methylboroxine assists in the C—H activation step by first coordinating with the pyridyl
group and then chelating to Pd(OAc), to direct the C—H bond cleavage.

A ligand-promoted, palladium(l1)-catalyzed C(sp3)-H alkylation of monodentate CONH-
(0-CF3)CgF4 amides using alkyl iodides as the alkylating agents was reported by Yu

and co-workers in 2014 (Scheme 44).143 The reaction conditions for this system are:
Pd(TFA), (10 mol%) as the precatalyst, 9-methylacridine L50 (20 mol%) as ligand, and
AgOPiv as the additive in 1,2-dichloroethane at 80 °C for 20 h. In this system, aliphatic
amides that bear bulkier a-substituents give the alkylated products in higher yields. A
1-aminopyridinium-ylide-directed, palladium(l1)-catalyzed ligand free C(sp3)-H alkylation
using dibenzyl phosphate silver salt as the additive was reported by Daugulis in 2019,
providing an alternative way to accomplish C(sp3)—H alkylation using palladium catalysis
(Scheme 45).89

2.1.1.5 Carbonylation: In 2010, Yu and co-workers described a novel palladium(ll)-
catalyzed B-C(sp3)-H carbonylation/cyclization reaction of A-arylamides under CO (1

atm) atmosphere (Scheme 46).144 The succinimide products could be hydrolysed with TFA/
AcOH under reflux to give 2,2-dimethylsuccinic acids or treated with NaOMe in methanol
at room temperature to open the cyclic imide at the less hindered carbonyl, providing the
corresponding methyl carboxy amide. Other DGs, such as carboxylic acids, hydroxamic
acids, oxazolines, and pyridines were investigated under the same conditions, and no desired
product was obtained in these cases.

Palladium-catalyzed direct C—H activation of free-NH aliphatic amines has been a
longstanding challenge. Recently, the Gaunt group has made significant contributions to
overcome these challenges. In 2014, Gaunt and co-workers reported a palladium-catalyzed
C(sp®)-H carbonylation of hindered aliphatic amines via an unusual four-membered-
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palladacycle.> A broad range of B-lactams were produced via palladium-catalyzed
activation of the B-methyl C(sp®)-H bonds of secondary amine substrates (Scheme 47).
The reaction conditions were found to be Pd(OAc), (10 mol%) with Cu(OAc), (10 mol%)
as the oxidant in toluene at 120 °C under a CO/air mixture at atmospheric pressure for 22 h.
A variety of secondary amines, including cyclic and acyclic amines are effective substrates,
producing the resulting p-lactams in good yields.

Shortly after, Gaunt and co-workers successfully realized a palladium-catalyzed C(sp3)-H
carbonylation of amino alcohol derivatives.8% The reaction conditions are: Pd(OAc), (10
mol%) and AgOAc (2 equiv) in toluene at 100 °C with stirring under 6.25% CO in air at a
slightly positive pressure. A wide range of pyrrolidinone products with a variety of useful
functional groups were synthesized under the reaction conditions (Scheme 48a). Gaunt
and co-workers observed that a strongly electron-withdrawing group adjacent to the amine
lowers the efficiency of the transformation. Notably, a small amount of the a,p-unsaturated
pyrrolidinone byproduct was observed in all cases. To simplify isolation, upon completion
of the carbonylation reaction, the reaction vessel was charged with hydrogen gas, which
converted the mixture to solely the saturated pyrrolidinone.

Although Pd(I1)-catalyzed B-C(sp3)-H carbonylation of hindered amines have been achieved
previously,0 the direct application of this protocol to more commonly encountered, less
sterically hindered amine counterparts failed to give the desired products. To fill this gap,
Gaunt et al. elegantly developed a general protocol to enable the palladium(ll)-catalyzed
C(sp3)-H carbonylation of unprotected, less hindered aliphatic amines in 2016 (Scheme
48b).146 The use of a bulky carboxylic acid ligand (1-adamantane carboxylic acid or
2,4,6-trimethylbenzoic acid), is key to this carbonylation reaction. The role of the sterically
hindered carboxylate ligand was believed to be involved in ligand exchange on Pd(OAcC),,
which led to the formation of a sterically biased palladium anhydride intermediate (242A)
and steered the amine attack at the internal carbonyl of the anhydride intermediate to
generate carbamoyl-Pd species 242B. Differing from the classical mechanism of C-H
carbonylation, the insertion of CO to form the acylpalladium intermediate 242A is proposed
to occur prior to C-H bond cleavage in this process.

Due to the increased steric interactions, Pd-catalyzed methylene C(sp®)-H carbonylation
remains particularly challenging. In 2017, the unprecedent palladium(ll)-catalyzed
methylene C—H carbonylation of unprotected secondary aliphatic amines was successfully
achieved by the Gaunt group, providing #rans-disubstituted p-lactams 246 in excellent yields
and selectivity (Scheme 48c).147 Interestingly, the concentration of CO can control the
pathway of the C—H carbonylation process. Only the B-lactam product is obtained when

the reaction is set up under a pure CO atmosphere, whereas the y-lactam product could be
observed when a CO/air mixture was used.

In 2017, the Gaunt group achieved the selective carbonylation of B-methylene C—H bonds
of a-tertiary amines in the presence of conventionally more reactive and less hindered
B-methyl C—H bonds (Scheme 48d).148 They hypothesized that the selectivity originated
by the orientation of the activating C — H bond proximal to palladium to avoid the steric
repulsion with a second ligated a-tertiary amine. As their continuous efforts towards the
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use of secondary aliphatic amines as valuable feedstocks in C—H activation strategy, they
reported the highly diastereoselective synthesis of frans-4,5-disubstituted 2-pyrrolidines via
a Pd(l1)-catalyzed secondary-aliphatic-amine-directed y-methyl C(sp®)-H carbonylation in
2018 (Scheme 48e).149

2.1.2 Carbon-Heteroatom Bond Formation

2.1.2.1 Carbon-Nitrogen Bond Formation: Because amines are very common in
pharmaceuticals and natural products, it is attractive to develop versatile methods to forge
C-N bonds through C(sp®)-H activation. In 2006, Che and co-workers reported a palladium-
catalyzed, oxime-directed, cascade C(sp3)-H activation/nitrene insertion to afford amidated
products in good yields with remarkable regio- and chemoselectivity (Scheme 49a).1%0
Amidation at secondary C(sp®)-H bonds was not observed. In 2009, palladium-catalyzed,
amide-directed, intramolecular amidation of unactivated C(sp3)-H bonds was reported by
Glorius and co-workers (Scheme 49b).151 Surprisingly, functionalization of the C(sp3)-H
bond takes place over functionalization of the C(sp2)-H bond. When the A-acetyl group

is replaced by N-formyl, -propionyl, or -isobutyryl, the corresponding products are formed
in reduced yields. When A-pivaloyl, -benzoyl, or -trifluoroacetyl groups are used as DGs,
no cyclization products are obtained. The reaction tolerates various functional groups, such
as ethers, sulfones, carboxylic esters, thioethers, acetals, silanes, and ketones. However, the
yield of the reaction dramatically drops when 5- and 6-substituted substrates are employed.
In 2012, the Mufiiz group reported a palladium-catalyzed intermolecular benzylic C(sp3)-H
amidation with NFSI (Scheme 49c).152

In 2015, Yu and co-workers developed a CONH-(p-CF3)CgF4-directed, Pd(0)/PArs-
catalyzed intermolecular C(sp3)-H amination of simple aliphatic amides using an electron-
deficient triarylphosphine ligand and O-benzoyl hydroxylmorpholine as the aminating
reagent (Scheme 49d).153 The amination reaction is sensitive to the substitution pattern

of the substrates, limiting its use to aliphatic amides that bear a quaternary a-carbon that
contains at least one B-methyl group. The following observations support the proposed
Pd(0)/Pd(I1) cycle: (1) Pd(TFA), is not effective as a precatalayst for this transformation;
however, excellent yields are obtained by using [{Pd-(allyl)CI},] or [Pd(dba),]. (2) External
oxidant is unnecessary when a Pd(0) catalyst is employed. (3) These reactions are inhibited
by Ag(l) salts.

In 2014, the Gaunt group developed a palladium-catalyzed C(sp3)-H amination of aliphatic
amines to give strained nitrogen heterocycles through a four-membered cyclopalladation
pathway.14> A methyl group adjacent to unprotected secondary unactivated amines is
selectively transformed into synthetically versatile aziridines (Scheme 50a). A range of
nucleophiles can then open the aziridine to form highly substituted amine products in good
yields. The same group evaluated the mechanism through reaction kinetics and theory, and
acetic acid was found to promote the rate of the reaction by supressing the generation

of the off-cycle bis-amine—palladium complex.1®* In 2017, Gaunt and co-workers used
chiral anionic BINOL-phosphoric acid ligands to realize an enantioselective version of the
C(sp3)-H amination (Scheme 50b).15% By combining benziodoxole tosylate and AgOAc as
oxidants, the Gaunt group extended the p-C—H amination to -y-C—H amination, which leads
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to the formation of azetidines (Scheme 50c).1%6 Based on their experimental findings and
calculations, the -y-C—H amination was the net result of y-C—OTs bond formation followed
by the displacement by the amino group.

2.1.2.2 Carbon-Phosphorus Bond Formation: Phosphonation of benzylic C(sp3)-H
bonds was reported by the Dong group in 2019.1%7 This is the only example of a palladium-
catalyzed C(sp®)-H bond phosphonation reaction, and it is directed by pyridine. Only
8-methylquinoline derivatives reacted smoothly under the optimized conditions.

2.1.2.3 Carbon-Oxygen Bond Formation: In 2004, an efficient method for the Pd-
catalyzed, oxime-directed oxygenation of unactivated methyl C(sp3)-H bonds using
PhI(OAc), as oxidant was discovered by Sanford and co-workers (Scheme 52a).1%8 The
reaction conditions are: Pd(OAC), (5 mol%) and PhI(OAc), (1.1 equiv) in AcOH/Ac,0 (1:1)
at 80-100 °C for 1.5-3.5 h. The reaction is thought to proceed through directed C(sp3)-H
bond cleavage followed by oxidative addition of PhI(OAc), to form a Pd(1V) intermediate
and then reductive elimination to form the C(sp3)—-O bond and regenerate the Pd(I1)

catalyst. The regioselectivity of this transformation was examined by employing a series

of aliphatic ketone O-methyl oximes. Notably, no B-hydride elimination was observed in any
of these systems, which was attributed to the rigidity of the palladacycle intermediates.
Under the reaction conditions, mono-oxygenation of primary p-C-H bonds occurs in
preference to secondary B-C—H bonds or y-C-H bonds. Interestingly, structurally rigid
trans-decalone O-methyl oxime is oxygenated at an unactivated 2° C(sp3)-H bond with high
diastereoselectivity. Based on this result, C-H activation and subsequent C(sp3)-O bond
formation are postulated to proceed with high stereoselectivity. Pyridyl-directed oxygenation
of unactivated C(sp3)-H bonds was also reported by the Sanford group in the same year.159
The oxime-directed oxygenation of C(sp3)-H bonds was later used by the Johnson group for
the total synthesis of paspaline (Scheme 52b).160 In 2017, Mei and co-workers reported

a palladium(11)-catalyzed C(sp3)-H oxygenation via electrochemical oxidation, which
provides an alternative to conventional stoichiometric oxidants (Scheme 52c).161 Cyclic
voltammogram (CV) of an oxazoline-containing, cyclometalated palladium(11) complex
suggests that the anode could oxidize the alkyl palladium(l1) intermediate to a high-valent
Pd(I11) or Pd(1V) species.

In 2005, Yu and co-workers reported the palladium-catalyzed oxazoline-directed
acetoxylation of unactivated methyl C(sp3)-H bonds using MeCOOOQ Bu as oxidant

and Ac,0 as a promoter (Scheme 53).162 The diastereoselective C(sp®)-H acetoxylation
was also achieved in moderate diastereoselectivity (up to 82% de) using a (S)-4- tert-
butyloxazoline as DG. To avoid the oxidation of a-hydrogen atom to the nitrogen in the
chiral oxazoline DG, lauroyl or benzoyl peroxide was used as the stoichiometric oxidant
for the diastereoselective reaction. A 3:2 mixture of antiand syntrinuclear C(sp3)-Pd
complexes was isolated by stirring substrate 275a with 1.5 equiv of Pd(OAc), in CH,Cl, at
24 °C for 36 h. Remarkably, only the ant-isomer was obtained from chiral substrate 277a,
which suggests that the stereocenter on the chiral oxazoline DG controls the geometry of the
trinuclear complex. A palladium-catalyzed, Boc-directed acetoxylation of A-methylamines
with I0Ac as the oxidant has also been demonstrated by the Yu group.163
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In 2014, Lu and co-workers reported a palladium-catalyzed acyloxylation of unactivated
C(sp3)-H bonds of simple amides with CF3CO,H/K,S,0g. A variety of amides were
successfully converted to the corresponding p-acyloxy amides in good yields (Scheme
54).164 By using methanesulfonic anhydride (Ms,0), various p-mesyloxy amides could
also be obtained. Furthermore, the B-mesyloxy amides could be easily transformed to
B-fluoroamides and p-lactams.165

In 2015, Gaunt and co-workers reported a palladium-catalyzed C(sp3)-H acetoxylation

of amino alcohol derivatives (Scheme 55a).80 The reaction conditions are: Pd(OAc); (5
mol%) and Phl(OAc), in a mixed solvent system of toluene and Ac,0 at 60 °C. A broad
range of substrates that contain alkyl chains with varying substitution patterns, protected
hydroxyl groups, carbonyl moieties, and nitrogen-containing heterocycles were successfully
acetoxylated under the standard conditions. In 2019, they reported the palladium-catalyzed
C(sp3)-H acetoxylation of morpholinone derivatives (Scheme 55b).166 The above mentioned
two examples were limited to the acetoxylation of secondary amines. While a Pd-catalyzed
v-C(sp3)-H acetoxylation of primary aliphatic amines was uncovered by Shi and co-workers
in 2017 (Scheme 55c).167 Protonation of the primary amine with AcOH was found to
accelerate the reaction.

The formation of benzolactones via palladium-catalyzed, carboxylate-directed C(sp3)-
H lactonization was disclosed by the Martin group in 2011 (Scheme 56a).168 This
transformation is significantly promoted by a MPAA ligand, namely Ac-Leu-OH (L55).
Silver carbonate was used as the stoichiometric oxidant and a silver benzoate salt

was proposed as the reactive intermediate. Yu and co-workers further improved this
process by the use of molecular oxygen as the sole oxidant in 2020 (Scheme 56b).169
3-Trifluoromethyl-2-pyridone (L56) was found to be a crucial ligand to promote the
oxygenation reaction. Notably, this represents a rare example of C—H oxygenation via
Pd(11)/Pd(0) catalysis.

Palladium-catalyzed B-C(sp3)-H acetoxylation of free carboxylic acids was reported by the
van Gemmeren group in 2019 (Scheme 57a).170 The inorganic base plays a key role in this
reaction, with NaHFIP offering the best yield. A breakthrough of Pd-catalyzed p-C(sp®)-

H lactonization of free alkyl aliphatic acids to synthesize the highly strained p-lactones

was made by Yu and co-workers in 2020 (Scheme 57b).171 The reaction is catalyzed by
Pd(CH3CN),Cl5 (10 mol%) with a-methyl-A-acetyl p-alanine L57 (20 mol%) as the ligand,
TBHP (in decane, 2.0 equiv) as the oxidant, and CsHCO3 (0.5 equiv) as the base in HFIP
solvent. TBHP is proposed to promote the intramolecular C(sp3)—O reductive elimination
from the Pd(IV) center to produce the p-lactone product due to the steric hindrance of
t-BuO~. The highly strained B-lactones can be converted into a variety of functionalized
alkyl aliphatic acids upon reaction with different nucleophiles. By switching the ligand

from a-methyl- AV-acetyl B-alanine L57 to the cyclopentane-based A-acetyl B-amino acid
L58, Yu and co-workers were able to develop the palladium(l1)-catalyzed B-C(sp®)-H
acetoxylation of free carboxylic acids using Ac,O (Scheme 57¢).172 When the reaction is
performed without Ac,O under otherwise standard conditions, -y-, 8-, and e-lactone products
are obtained for the first time. Substrates containing a-hydrogen were also converted to
lactones under the standard conditions. The authors proposed a Pd(I1)/Pd(IV) catalytic cycle
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involving the following sequence of events. Aliphatic acid 301 undergoes palladium(Il)-
catalyzed B-C(sp3)-H activation to give palladacycle intermediate 302, which is oxidized by
TBHP to form Pd(1V) intermediate 303. In the presence of Ac,0, intermediate 303 could
undergoe ligand exchange to generate intermediate 304. Finally, - acetoxylated product 305
is produced via reductive elimination. In the absence of Ac,0, the lacton product 298 is
formed instead, as demonstrated in Scheme 57b.171

2.1.2.4 Carbon-Halogen Bond Formation: In 2005, Yu and co-workers reported the first
palladium-catalyzed, oxazoline-directed, diastereoselective iodination of unactivated C-H
bonds under mild conditions(Scheme 58a).173 The trinuclear palladium alkyl species 312
was obtained as a single isomer in 60% yield by stirring substrate 311 with Pd(OAc),

(1 equiv) in CH,Cl, at 24 °C for 36 h (Scheme 58b). The formation of new chiral

centers was confirmed by treating 312 with trifluoroacetic acid, which allowed the isolation
and X-ray analysis of 313 as the major syn-(S,S) complex. Moreover, they isolated Pdl,

as a powder from the catalytic reaction mixture in quantitative yield. Based on these
results, they rationalized that IOAc generated /n situ from the reaction of AgOAc and I,
converts Pdl, into Pd(OAc) to close the catalytic cycle.174 They observed low reactivity
and stereoselectivity when 4-isopropyl-oxazoline was used as the DG, and computational
calculations support this finding by revealing that the catalyst resting state of 4-isopropyl-
oxazoline is more stable than the catalyst resting state of 4-fert-butyl-oxazoline.17> In 2017,
the Yu group reported that quinoline-type ligands could enable C(sp3)-H bromination and
iodination of various aliphatic amides directed by CONH-p-CF3CgF4 (Scheme 58c).176
Moreover, in this same paper they also showed one example of a free-carboxylic-acid-
directed C(sp3)-H bromination of pivalic acid.

In 2015, Yu and co-workers developed a ligand-enabled, Pd(I1)-catalyzed C(sp3)-H
fluorination reaction of a-amino acids utilizing Selectfluor as the fluorination reagent and
monodentate CONH-(p-CF3)CgF4 as the directing group (Scheme 59).177 After extensive
screening, the reaction was found to be sensitive to the amount of Selectfluor, Ag,COs,
and 1,4-dioxane. Ultimately, a wide range of unnatural, enantiopure, ant/-p-fluoro-a-amino
acids could be synthesized. They proposed a reaction mechanism in which the quinolone
ligand (L60) coordinates to Pd(TFA), to form the Pd(I1)+(L60), intermediate A. Then,
coordination of the substrate followed by C(sp3)-H activation affords intermediate 318.
Next, the oxidative addition of Selectfluor to intermediate 318 delivers intermediate 320
with a fluorine ligand attached to the Pd(1V) center. Finally, C(sp3)-F reductive elimination
from intermediate 320 affords the corresponding fluorinated product and regenerates the
active Pd(ll) species.

2.1.25 Carbon-Boron Bond Formation: In 2016, a ligand-promoted, palladium(l1)-
catalyzed C(sp3)-H borylation of carboxamides that bear the weakly coordinating,
monodentate -NHArg (Arg = p-CF3CgF4) DG with bis(pinacolato)diboron as the borylating
reagent was reported by Yu and co-workers (Scheme 60a).178 The reaction system is
compatible with methyl C(sp3)-H bonds in both a-tertiary and a.-quaternary carboxamides,
as well as with methylene C(sp3)-H bonds in a variety of alicyclic carboxyamides. In

order to demonstrate the practicality of this transformation, the borylated products were
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converted to various organic synthons through carbon—carbon and carbon—heteroatom bond
formation. In the next year, Yu and co-workers successfully developed an enantioselective
C(sp3)-H borylation of cyclobutane carboxamides via a Pd(11)/Pd(0) catalytic cycle using
APAO ligand L19 as chiral ligand (Scheme 60b).179 Substrates that contain a.-tertiary and
a-quaternary carbon centers are compatible with this reaction. The use of APAO ligands is
key to the success of this asymmetric borylation reaction.

2.2 Palladium-Catalyzed C(sp3)-H Functionalization Using Bidentate Directing Groups

Arguably, bidentate directing auxiliaries are the most widely used strategy for realizing
transition-metal-catalyzed nonactivated C(sp3)-H bond functionalization reactions. After
the pioneering work of Daugulis and co-workers, 89181 various types of DGs, including
N,N-, N,S- and N, O-bidentate types,1:33.182,183 have been developed as shown in Figure
4. Due to the fact that bidentate, DG-coordinated, cyclopalladated intermediates are often
thermodynamically stable, various electrophilic coupling partners can be employed to
oxidize these intermediates to produce Pd(IV) species that can then undergo reductive
elimination to form carbon-carbon and carbon-heteroatom bonds. The widespread use

of bidentate DGs, especially 8-aminoquinoline and related DGs, in C(sp3)-H bond
functionalization, has motivated the development of a number of robust methods for
cleaving or transforming these DGs for various synthetic applications. . These methods have
been thoroughly reviewed and thus will not be discussed in this here,184-187

2.2.1 Carbon-Carbon Bond Formation

2.2.1.1 Arylation: Two pathways for bidentate-DG-assisted, nonactivated C(sp3)-H bond
arylation are outlined in Scheme 61. Generally, cyclopalladated intermediate B is generated
after C(sp3)-H activation, which is then followed by two distinct catalytic cycles involving
either a Pd(11)/Pd(1V) or a Pd(11)/Pd(0) redox couple. Reaction of the palladacycle B

with electrophilic coupling partners leads to Pd(IV) intermediate C, which then undergoes
reductive elimination to release arylated product D and Pd(ll). The alternate pathway
proceeds through transmetalation with a nucleophilic coupling partner to afford the Pd(I1)
intermediate E, and reductive elimination furnishes arylated product F and Pd(0), which
needs to be re-oxidized to close the catalytic cycle. Thus far, only one example of bidentate-
DG-assisted nonactivated C(sp3)—H bond arylation that is believed to proceed via a Pd(11)/
Pd(0) pathway has been reported.

2.2.1.1.1 C(sp®)-H Arylation via Pd(11)/Pd(1V) Catalysis: While early work established
that pyridine and various other related A-heterocycles were effective DGs in enabling
C(sp3)-H bond functionalization,’8 the products of such transformations have limited utility
given that these heterocycles cannot be readily converted into other functional groups.

Thus, the Daugulis group sought to develop a bidentate directing group that could enable
these same transformations and be easily installed and removed. In 2005 they pioneeringly
developed removable amide auxiliaries derived from 8-aminoquinoline (AQ) and picolinic
acid (PA).180 |t was proposed that the bidentate coordination of these auxiliaries to the metal
center facilitates both the C—H activation and the oxidative addition steps by stabilizing

the Pd(1V) intermediate species, which were suspected to be involved in the mechanism
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The 8-aminoquinoline group laid the foundation for the rapid development of a myriad of
N, N-bidentate auxiliaries to facilitate diverse catalytic C—H activation methods.

The palladium(l1)-catalyzed arylation of primary C(sp3)-H bonds and even more
challenging secondary B-C(sp®)-H bonds of carboxamide substrates was demonstrated by
employing the 8-aminoquinoline auxiliary to provide a route for accessing p-functionalized
carboxylic acids upon cleavage of the 8-aminoquinoline group (Scheme 62a).180 The
optimal conditions found were: Pd(OAc), (0.1 — 5 mol%) with AgOAc and an excess of an
aryl iodide at 70-130°C. The Corey group used the 8-aminoquinoline DG to functionalize
C(sp3)-H bonds in natural amino acid derivatives in 2006 (Scheme 62b).188 An unexpected
arylation of the y-C—H bond via a six-membered palladacycle was observed when isoleucine
was used as the substrate, indicating that y-C—H bond activation can occur when the p-C-H
bond is hindered.

In 2010, Daugulis and co-workers expanded upon their preliminary study of 8-
aminoquinoline-directed C(sp3)-H arylation in 2005, and developed a robust method

for secondary C(sp3)-H arylation and alkylation directed by 8-aminoquinoline auxiliary
(Scheme 63).181 In comparison to their previous study, in this work, they carried out

a systematic investigation of the activities of different bidentate directing groups. They

also developed a procedure that replaces the expensive silver salts with cesium salts. To
obtain further insights into the coordination mode of the substrate with Pd(I1), Daugulis

and co-workers characterized the C—H cleavage intermediate 332. Palladacycle 332 was
isolated in quantitative yield by combining the 8-aminoquinoline-derived pivalamide with
palladium acetate in nitrile solvents at 60 °C for 3—4 hours (Scheme 63). Acetonitrile is
labile and easily replaced by tertbutyl isonitrile to afford complex 332b in quantitative
yield. Interestingly, complete H/D exchange of the aliphatic hydrogens was observed within
minutes at room temperature when complex 332 was dissolved in CD3CO,D. At -35 °C, the
first-order rate constant was measured to be A= 2.0 x 1074 s71. Reactions between complex
332 and either p-tolyl iodide or iodomethane were conducted. Both mono- and di-substituted
products were afforded in addition to the recovered amide starting material. Through

these mechanistic studies, Daugulis and co-workers propose a Pd(I1)/Pd(1V) pathway that
proceeds first through C—H activation and then through oxidative addition. Daugulis and
co-workers were careful to note that they were unable to rule out the presence of an active
Pd(I11) dimeric species. However, in the strongly coordinating acetonitrile solvent, a dimeric
Pd(111) species seems unlikely.

Inspired by the ability of the 8-aminoquinoline DG to enable C—H functionalization at the
B-methylene position, Chen and co-workers reported a benzo-ring construction under mild
reaction conditions via Pd(l1)-catalyzed intramolecular C(sp3)-H arylation of a tethered
aryl iodide (Scheme 64a).189 After extensive screening of both aliphatic acids and benzoic
acids, the addition of ortho-phenylbenzoic acid (0-PBA) was found to play a key role in

the efficiency of the reaction and allows the transformation to proceed at room temperature.
Also using o-PBA as the additive, Chen and co-workers reported a protocol for making
peptide macrocycles via palladium-catalyzed, intramolecular C(sp3)-H arylation (Scheme
64b).190 The buttress from the cyclophane moiety makes the resulting peptide macrocycles
more rigid and stable in their three-dimensional structure than flexible amides, esters or
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disulfide linkers. Non-aromatic amino acids could also be cyclized through attachment of a
prosthetic iodoaryl substituent. Even relatively small peptide macrocycles could be prepared
using this transformation, despite the resulting ring strain.

The 8-aminoquinoline-directed, f-methylene C—H arylation was applied by the Chen

group as a key C—C bond-forming step in the stereoselective synthesis of the bicyclic
peptide celogentin C (Scheme 65a).191 The 8-aminoquinoline auxiliary could be effectively
detached under mild conditions. In 2012, Baran and co-workers also achieved the concise
total synthesis of the originally proposed structure of pipercyclobutanamide A by 8-
aminoquinoline-directed, palladium-catalyzed sequential intermolecular C(sp3)-H arylation/
alkenylation of the cyclobutanamide (Scheme 65b).192 In 2014, the Maimone group reported
a total synthesis of podophyllotoxin through palladium-catalyzed C(sp3)-H arylation
(Scheme 65c¢).193 The arylation product was observed by tuning the conformation of the
substrate. The Chen group also achieved the total synthesis of mannopeptimycins using
8-aminoquinoline-directed p-methylene C-H arylation of Phth-Abu-AQ 348 to build the key
L-MePhe 349 in 2016 (Scheme 65d).194 8-aminoquinoline-directed, cyclobutyl C(sp3)-H
arylation strategy has also been used by Reisman and co-workers in the total synthesis

of (+)-rumphellaone A (Scheme 64d).195 Collectively, these examples demonstrate the
enabling nature of directed C(sp3)-H activation in complex molecule synthesis.

In 2012, the diarylation of methyl groups and the diastereoselective monoarylation of
methylene groups of amino acids was achieved by Daugulis and co-workers with the
assistance of 8-aminoquinoline DG (Scheme 66).196 Notably, the 8-aminoquinoline DG can
be removed with BF3*Et,0 in MeOH at 100 °C to afford the corresponding methy! ester.

In 2014, the Chen group described the Pd(l1)-catalyzed monoselective p-methyl C(sp®)-H
arylation of alanine derivative without erosion of the a-stereocenter by employing the 8-
aminoquinoline DG (Scheme 67a).197 By extending the reaction time to 2 days and reducing
the reaction temperature to room temperature, Chen and co-workers were able to prevent

a second arylation of the B-methyl group (Scheme 67a) that was observed by Daugulis

and co-workers.178 Shortly after, the Shi group independently reported a 8-aminoguinoline-
directed p-methyl C(sp®)-H monoarylation of alanine derivative that required a reaction
length of only 2 h (Scheme 67b).198 A wide range of aryl iodides that bear synthetically
useful functional groups can be used in this protocol, providing a general and practical
synthetic access to a variety of g-aryl-amino acids. They successfully applied this protocol
in the scalable formal synthesis of (—)-quinocarcin in 2019. The key building block, p-
aryl-a-amino acid 359, was prepared in 82% yield on a 22.18 g scale with the retention

of chirality (Scheme 67¢).199 In 2016, an efficient synthesis of chiral B-aryl-a-hydroxy
acids via palladium-catalyzed C(sp3)-H arylation of lactic acid through the assistance of
8-aminoquinoline DG with the retention of chirality was reported by the Shi group (Scheme
67d).290 After extensive screening, the best reaction conditions were Pd(OAc), (10 mol%)
as catalyst and AgF (1.5 equiv) as the additive at 75 °C for 2 h. A range of aryl and
heteroaryl iodides bearing various functional groups underwent the arylation successfully.
The synthetic importance of these protocols was demonstrated by the synthesis of LY519818
and tesaglitazar, two potential agonists against peroxisome proliferator-activated receptors.
In the above examples involving amino acids, the amine is protected by the phthalimido
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(Phth) group. In 2018, Kazmaier and co-workers reported the B-C(sp3)-H arylation of
N-methylated amino acids and peptides using 8-aminoquinoline as DG (Scheme 67¢).201
This method has been used to synthesize the key building blocks 365a and 365b, which
were successfully applied in the total synthesis of abyssenine A and mucronine E.

In 2013, palladium-catalyzed arylation of methylene C(sp3)-H bonds of cyclopropanes
with the assistance of the 8-aminoquinoline DG was reported by the Babu group (Scheme
68a)202 and the Shuto group (Scheme 68b),293 respectively. Notably, the Shuto group also
demonstrated several examples of arylation of tertiary cyclopropyl C(sp®)-H bonds.203

In the same year, the diarylation of cyclobutane was also developed by the Babu group
(Scheme 68c).294 In 2016, the Chen group described a palladium-catalyzed direct arylation
of methylene C(sp3)-H bonds of cyclopentane and cyclohexane carboxamides at room
temperature (Scheme 68d).205

In 2017, the Daugulis group reported a palladium-catalyzed, 8-aminoquinoline-directed
B-C(sp®)-H arylation of phosphonamidates and phosphinic amides (Scheme 69a).206
Unlike the arylation of aliphatic carboxamides, only primary C(sp3)-H bonds could be
functionalized in this protocol. Palladium-catalyzed, 8-aminoquinoline-directed arylation of
v-C(sp®)-H bonds via a six-membered cyclopalladation pathway was developed by the
Maiti group in 2017 (Scheme 69b).297 In this case, the presence of substituents at the
[B-position is necessary to enable the activation of typically less favored distal position.

While numerous reports have examined the use of aryl iodides as coupling partners in
catalytic C(sp3) —H arylation, other aryl electrophiles have been less extensively studied. In
2014, the Zeng group reported an intermolecular arylation of unactivated C(sp3)-H bonds
with aryl bromides with the assistance of the 8-aminoquinoline DG (Scheme 70a).2%8 The
reaction conditions are: Pd(TFA), (5 mol%), KoCO3 (3.5 equiv) as the base, and PivOH (50
mol%) as the additive in #£AmyIlOH at 120 °C for 36 h. In this system, various functional
groups are well tolerated.

In 2013, the palladium-catalyzed direct arylation of primary and secondary C(sp3)-H
bonds with diarylhyperiodonium electrophiles with the assistance of 8-aminoquinoline DG
was reported by the Shi group (Scheme 70b).209 Control experiments revealed that the
reactivity of diarylhyperiodonium triflates is much higher than that of the corresponding
aryl iodide under the same conditions. Moreover, the solubility of the counteranion of the
diarylhyperiodonium salt was found to play a key role in the efficiency of this reaction. In
2015, the Qin group disclosed an unusual palladium-catalyzed direct arylation of secondary
C(sp®)-H bonds with (diacetoxyiodo)arene reagents, which are usually used as oxygen
electrophiles in C-H acetoxylation (Scheme 70c).210 In 2019, Boger and co-workers
reported the secondary C(sp®)-H arylation of a lysine derivative using diarylhyperiodonium
electrophiles with the assistance of 8-aminoquinoline DG to provide a key intermediate
(377) in the total synthesis of Streptide (Scheme 70d).211

Saturated heterocycles are key building blocks in the synthesis of various bioactive
compounds, including pharmaceuticals. The late-stage functionalization of these
heterocycles could expand the structural diversity of screening libraries used in drug
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discovery. Palladium-catalyzed directed C(sp3)-H arylation of proline with the assistance
of the 8-aminoquinoline DG was independently reported by the Bull and Zhang
groups.212-214 stereospecific 8-aminoquinoline-carboxamide-directed, palladium-catalyzed
C(sp3)-H arylation has been developed for a variety of backbones, such as pyrrolidines and
piperidines by the Bull and Kazmaier groups,215:216 tetrahydrofurans by the Babu group
(Scheme 71),217 and pyroglutamic acid derivatives?18 and azetidines?19 by the Schreiber
group (Scheme 72). In 2018, Messaoudi and co-workers reported a palladium(ll)-catalyzed,
diastereoselective C(sp3)-H activation of glycosyl carboxamides (Scheme 73).220 They
observed high yields of the C(sp®)-H arylated products with B-glycosides. However, the
a-glycosides under the same reaction conditions afforded arylated glucals that presumably
arise from an AcOH elimination after the C(sp3)-H arylation.

The first example of y-C(sp®)-H arylation of aliphatic amines using a strongly coordinating,
pyridine-based N, A-bidentate DG was reported by Daugulis in 2005 (Scheme 74a).180
Avrylation of both primary and secondary ~y-C(sp®)-H bonds of aliphatic amine derivatives
was achieved by employing a picolinamide (PA) auxiliary as the DG. Inspired by this study,
a PA directed, palladium-catalyzed y-C(sp®)—-H arylation of aliphatic amines that could be
run at substantially lower temperatures was reported by the Chen group in 2011 (Scheme
74b).221 One of the main improvements is the use of equivalents aryl iodides instead of the
use as solvent. In this system, the conformation of the C—H bond relative to the DG was
observed to influence the regio- and stereoselectivity of this reaction. One disadvantage of
these procedures is that the amide group of the PA auxiliary is difficult to cleave. In order

to solve this problem, a modified picolinic acid was prepared based on the hypothesis that

a silyl-protected hydroxymethyl group at the ortfio position of the PA group would allow
the auxiliary to retain its directing ability but would also facilitate amide cleavage through
intramolecular acy! transfer upon treatment with acid. The application of this protocol

was demonstrated in the synthesis of (+)-obafluorin from a readily accessible threonine
derivative. In 2014, the Chen group also reported a new pyridylmethylamine-based auxiliary
group for the total synthesis of hibispeptin A via Pd-catalyzed C(sp3)-H arylation using a
sterically hindered aryl iodide (Scheme74c).222 In 2018, the Jana group demonstrated that
picolinamide DG could also enable the efficient synthesis of unsymmetrical y-C(sp3)-H
diarylation of amino acids (Scheme 74d).223 Ligands played a crucial role in promoting the
reaction and tuning the mono- and unsymmetrical diarylations. They observed that bidentate
1,10-phenanthroline (L62) significantly improved the yield. Unsymmetrical diarylation was
achieved by subjecting the monoarylated products to the second arylation conditions using
quinoline-based ligand (L7).

In 2019, the Maiti and Paton groups reported a picolinamide-directed, palladium-

catalyzed 8-C(sp2)-H arylation of aliphatic amines via a six-membered palladacycle
intermediate.224 A propriately tuned ancillary ligands play a key role in this transformation.
4-Benzyloxy-2(1H)-pyridone (L63) was the best ligand for leucine, homoleucine, and
analogous amine-derived substrates. Pyridine was identified as an efficient ligand to
prevent the formation of diarylation byproducts when 2,4,4-trimethylpentan-2-amine

(435) was employed as a substrate. Use of 1-hydroxy isoquinoline (L64) as ligand

enabled more challenging heteroaryl iodides to serve as electrophilic coupling partners, .
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Moreover, iterative arylation of 2,4,4-trimethylpentan-2-amine was also demonstrated (435).
Interestingly, a pyridine coordinated [5,6]-fused cyclopalladated intermediate (441) was
isolated and characterized. A set of control experiments revelaled that intermediate 441 was
a viable precatalyst for this transformation. DFT investigations indicated that the overall
energy barrier was decreased significantly by employing the ligands due to their ability to
break up the carboxylate-bridged trinuclear species that are otherwise stable in solution.

Although Chen and co-workers have developed an 8-aminoquinoline-directed, -C(sp®)-H
arylation to generate peptide macrocycles,185 the stereoselectivity of this protocol is limited.
A subsequent report by the Chen group disclosed a PA-directed, y-C(sp®)-H arylation
strategy to prepare peptide macrocycles with higher yield and stereoselectivity. Peptide 444
that contain unprotected polar side chains can also cyclize well in agueous solution to give
the corresponding cyclic peptide 445 (Scheme 76).225

Palladium-catalyzed, picolinamide-directed y-C(sp3)-H arylation of a variety of

cycloalkyl amine derivatives, such as cyclopropyl methylamines,228 3-pinanamine, 22’
cycloalkylamines,?28 rimantadine,229 and saturated bicyclic amines,239 have been developed,
further demonstrating the robustness of picolinamide DG (Scheme 77).

In 2016, the Maes group reported picolinamide-directed, palladium-catalyzed C5-arylation
of 3-aminopiperidine (Scheme 78a).231 Upon use of catalytic 2,6-dimethylbenzoic acid

as additive and a high reaction concentration, the yield of the products was improved
significantly. In 2018, the Maulide group described the total synthesis of natural (-)-quinine
and unnatural (+)-quinine using C(sp3) —H arylation as a key step. Remarkably, unnatural
(+)-quinine was synthesised for the first time and biological activity was studied (Scheme
78b).232

In 2013, the Shi group achieved the B-monoarylation of alanine using the newly developed
2-(pyridine-2-yl)isopropyl (PIP) DG.233 After extensive screening, the conditions were
found to be Pd(OAC), (10 mol%), CuF, (1.5 equiv), and DMPU (5.0 equiv) in acetone

(0.1 M) at 100 °C for 24 h. A range of aryl iodides that contain different functional groups
were found to be compatible with this protocol, and the desired products were furnished in
good yields with complete stereoselectivity under the reaction conditions (Scheme 79a). It is
noteworthy that the PIP DG can also be removed in high yield without loss of enantiopurity
of the arylated products through a mild A-nitrosylation/hydrolysis sequence.

The palladium-catalyzed direct arylation of unactivated methylene C(sp3)-H bonds with aryl
bromide reagents with the assistance of a PIP DG was reported by the Shi group in 2014
(Scheme 79b).234 In this system, the reported reaction conditions are: Pd(OAc); (10 mol%),
K,COj3 (2.5 equiv) as the base, and PivOH (20 mol%) as the additive in #BuOH at 120

°C for 24 h. Both aryl iodide and bromide electrophiles are competent in this reaction as
arylation reagents.

PIP-auxiliary-directed, palladium-catalyzed arylation of the C(sp3)-H bonds was used as
a key step in the syntheses of aeruginosin 98B and aeruginosin 298A by the Baudoin
group in 2015 (Scheme 79¢).235 With PIP-amide as the DG in the presence of Pd(OAc),
as the catalyst and K,CO3 as the base, 467 underwent C(sp3)-H arylation with O-benzyl-
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protected iodoarene 468 in CH3CN to provide 469a in 78% yield with complete regio- and
stereoselectivity, even on gram scale. Cleavage of the PIP auxiliary under mild conditions
with NOBF4 in pyridine at low temperature afforded the enantiopure carboxylic acid 470 in
excellent yield. After several more steps, the aeruginosin family natural product syntheses
were complete, with the aureginosin 298A being made on an unprecedentedly large scale
(700 mg).

Due to the difficulty in removal of the amide-derived DGs in complexed molecules,

Baran and co-workers embarked on recognizing a more readily removable DG that

can be removed under mild conditions. As demonstrated above, picolinamide has been
recognized as a powerful DG in C(sp3)-H functionalization. They rationalized that a
picolinimide-based DG could meet this requirement, since imides are generally more labile
to hydrolysis than amides. Based on these rationalization and after condition optimization,
they successfully achieved the picolinimide-directed C(sp3)-H diarylation of cyclobutane,
and the picolinimide DG was easily removed with ammonia and catalytic scandium(lll)
trifluoromethanesulfonate (Scheme 80a).236 Shortly after, 2-picolinimide was used by the
Shi group as an efficient DG to assist the palladium-catalyzed C(sp3)-H arylation of various
simple aliphatic carboxylic acids (Scheme 80b).237 The reaction was highly site-selective,
favoring p-methyl C-H bonds for arylation over p-methylene, y-methyl, benzene C-H and
B-benzylic C-H bonds. Therefore, a sequential methyl and methylene C(sp®)—H arylation
with different aryl iodides was achieved. Finally, the picolinimide can be easily cleaved by
hydrolysis with LiOH/H,05 at room temperature in a short time to give the corresponding
free carboxylic acids or amides in high yields.

Due to the importance of the bidentate DG strategy in transition-metal-catalyzed C(sp3)-H
bond activation reactions, a variety of other A, A-bidentate, monoanionic DGs have also
been developed. These N, A-bidentate, monoanionic DGs are similar to PA or AQ in that
they connect through a native nitrogen or carboxylic acid, but they are easier to remove.

In 2013, the palladium-catalyzed monoarylation of primary y-C(sp%)-H bonds of amino
acid methyl esters that contain the easily detachable N-(2-pyridyl)sulfonyl DG was reported
by Carretero and co-workers (Scheme 81a).238 An unprecedented C(sp3)-H arylation of
dipeptides was also demonstrated with this method. Notably, the A-(2-pyridyl)sulfonyl
auxiliary can be removed in one step when treated with Zn powder at 60 °C in a THF/
NH4CI (ag.) mixture for 16 h, giving the free primary amine in good yield. In 2013,

a 2-methoxyiminoacetyl (MIA)-directed, palladium-catalyzed y-arylation of substituted 2-
aminobutanates was reported by Ma and co-workers (Scheme 81b).23% The MIA auxiliary
could be removed easily by hydrolysis with 1IN KOH in 1,4-dioxane at room temperature.
It could also be readily transformed into a glycine moiety, which could be used in peptide
synthesis. A removable oxazoline-carboxylate auxiliary was developed by the Shi group for
the direct arylation of -y-methylene C(sp3)-H bonds of amine derivatives (Scheme 81c).240
A wide range of aryl iodide reagents with different substituents were compatible under

the reaction conditions. However, low diastereoselectivity was observed in the arylation

of aliphatic y-C(sp3)-H bonds with substrates that bear chiral oxazoline-carboxylate
auxiliaries.
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Easily accessible, modular 1,2,3-triazole-type bidentate DGs, which are readily available
through Cu(l)-catalyzed 1,3-dipolar cycloadditions, were first introduced by the Ackermann
group for iron-catalyzed C-H arylation in 2014.241 The modular properties enabled the
diverse synthesis of various A-substituted 1,2,3-triazole DGs. In 2015, Ding and co-workers
developed a palladium-catalyzed methyl C(sp3)—H arylation of alanine with the assistance of
N-hexyl 1,2,3-triazole amide bidentate DG (Scheme 82a).242 In 2018, the Ackermann group
reported the palladium-catalyzed methylene C(sp3)-H arylation of phenylalanine derivative
(484) with Atbenzyl 1,2,3-triazole amide bidentate DG (Scheme 82b).243 An unprecedented
methyl C(sp3)-H arylation of the internal triazole peptides was also achieved using 1,2,3-
triazole amide as both bidentate DG and peptide bond isosteres. The Ackermann group also
used a triazole-assisted C(sp3)-H arylation strategy to introduce BODIPY fluorescent dyes
into peptides (Scheme 82¢)244 and cyclobutanes (Scheme 82d).24°

A type of easily available bidentate amino oxazoline DGs were developed by the Shi

group in 2015. Pd-catalyzed secondary C(sp3)-H arylation of aliphatic carboxamides
directed by this modifiable amino oxazoline DG was investigated. When a phenylalaninol-
derived chiral amino oxazoline DG was used, diastereoselective benzylic C(sp3)-H arylation
proceed in moderate yields with good diastereoselectivity (Scheme 83a).246 In 2015,

a diastereoselective, B-methylene C(sp®)-H bond arylation of cyclopropanes using an
isoleucine-derived bidentate DG was developed by the Hong group (Scheme 83b).247 They
concluded that the diastereoselectivity was determined under Curtin-Hammett control in the
oxidative addition step because C—H activation at either diastereotopic hydrogen is relatively
facile.

Other N, A-bidentate auxiliaries for C(sp®)-H arylation of aliphatic carboxylic acids,
such as 5-methylisoxazole-3-carboxamide (Scheme 84a, MICA),248 4-amino-2,1,3-
benzothiadiazole (Scheme 84b),249 2-methyl-7-aminobenzoxazole (Scheme 84c),2%0 and
2-dimethylaminoethylamine (Scheme 84d),2°1 have also been reported.

Generally, methods for the C—H functionalization of saturated azaheterocycles are
dominated by functionalization of the highly activated C—H bonds a to nitrogen or the

C-H bonds on exocyclic alkyl groups. In 2016, Sanford and co-workers developed a
palladium-catalyzed transannular C-H arylation of a variety of alicyclic amines at sites
remote from nitrogen (Scheme 85a).252 An amide derived from p-CF3CgF4NH, was found
to be the most effective bidentate DG for activation of transannular secondary C(sp3)-H
bonds over C-H functionalization at the -methyl sites. The conditions are as follows:
Pd(OAC), (5 mol%) with CsOPiv (3.0 equiv) in #£AmyIlOH at 130 °C for 18 h. The scope

of the reaction is broad, tolerating a myriad of functional groups on the aryl iodide coupling
partner, such as bromides, unprotected hydroxyl groups, and aldehydes. However, under
standard conditions, only 12% yield of the corresponding C—H arylated product 512 was
obtained with piperidine substrate 511. The yield was improved to 44% by increasing the
temperature and removing the solvent. Aminal formation is observed in the reaction for both
the starting material and the product due to proximal C—H amination, which allowed them to
isolate 55% of the desired product upon work-up with NaBH,4. This method affords a variety
of arylated alicyclic amines thatwould be challenging to prepare by traditional synthetic
routes. Computational evidence suggests that excess Arl (30 equiv) is required in making
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the oxidative addition step favorable by thermodynamically overcoming the high energy
requirements to form the C—H activation intermediate.253

In 2018, the Sanford group was able to lower the reaction temperature and reduce
the equivalents of aryl iodides by employing pyridine-carboxylate (L65) and quinoline-
carboxylate (L66) ligands that slow the decomposition of the catalyst (Scheme 85b).2%4

As a complement to the extensively studied N, A-bidentate DGs, N, O-bidentate DGs have
also been explored as they likely facilitate the oxidation of Pd(I1) to Pd(IV) because of
increased electron density at the Pd(l1) center. In 2015, Song, Niu, and co-workers disclosed
a palladium-catalyzed -methyl C(sp®)—H arylation directed by a 2-aminopyridine-1-oxide
moiety that proceeds without using silver salt additives as is required in comparable

N, N-bidentate directed reactions (Scheme 86a).2%° At nearly the same time, the Lu

group reported a palladium-catalyzed pyridine- N-oxide-directed B-methylene C(sp®)-H
arylation (Scheme 86b).2%6 In this case, the addition of AgOAc significantly promoted this
transformation and enabled the arylation of more challenging methylene C(sp3)-H bonds.

The Zhao group developed an oxalyl amide as an A, O-bidentate DG for y-C(sp3)-H
arylation of both aliphatic amines (Scheme 87a)2%” and amino acids derived from the

amine units (Scheme 87b).258 A wide array of functional groups are tolerated under

the reaction conditions. Although a range of bidentate DGs have been developed for

the effective C(sp3)—H activation of carboxylic acids, the established reactions generally
proceeded from the formation of five- or six-membered palladacycles and few examples
occurred via seven-membered palladacycles. In 2016, Zhao and co-workers developed a new
N,O-bidentate DG, glycine dimethylamide, which was efficient for B-C(sp3)-H arylation

of aliphatic carboxylic acids with ortho-substituted aryl iodides, a type of very challenging
coupling partners for C-H arylation. Notably, the glycine dimethylamide bidentate DG
could promote a subsequent intramolecular C(sp2)-H amination to prepare 2-quinolinones
through seven-membered palladation (Scheme 87¢).259 In 2018, Maiti and co-workers used
3-amino-1-methyl-1A-pyridin-2-one as an A, O-bidentate DG for both B- and y-C(sp®)-H
arylation of carboxylic acid derivatives (Scheme 87d).260 This protocol is efficient for direct
arylation of both -methylene and y-methyl C(sp®)-H bonds.

Inspired by the discovery that mono- A-protected amino acid ligands promote Pd(l1)-
catalyzed C(sp3)-H activation through initial A, O-bidentate coordination, Yu and co-
workers reasoned that native amino acids embedded in a peptide backbone could also bind
to Pd(I1) and facilitate activation of C(sp3)-H bonds in the adjacent amino acid unit. As
envisaged, arylation of C(sp3)—H bonds at the A-terminus of various peptides could indeed
be accomplished through native directivity without the need to install an external auxiliary
(Scheme 88a).261 Moreover, tri- and tetrapeptides could also be arylated with a wide range
of aryl iodides to afford peptides with modified phenylalanine residues, which demonstrates
the applicability of Pd-catalyzed directed C(sp3)-H activation strategy in peptide synthesis
and late-stage modifications.

The initial investigation of the reaction conditions with A-phthaloyl protected dipeptide
as a substrate revealed that by using hexafluoroisopropyl alcohol (HFIP) as solvent, full
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conversion of the substrate was observed. Further screening indicated that by removing KF,
higher selectivity for monoarylation of the dipeptide at the expense of yield was achieved.
A wide range of aryl iodides that possess electron-donating or -withdrawing groups at the
ortho, meta, or para position are competent coupling partners, and the desired products were
isolated in good yields.

Various amino acids both at the C-terminus and A-terminus have also been surveyed. When
a tripeptide was subjected to the optimized conditions, the presence of a carboxylic acid

at the C-terminus inhibited the arylation and provided only 20% of the desired product.

To remedy this problem, the benzyl or methyl ester starting material was used, and the
yield increased greatly. Remarkably, selective arylation of tetrapeptides at the A-terminus
has also been realized through the minor modification of the reaction conditions. Based on
the above results, the Yu group explored the functionalization of O-protected a-hydroxy
aliphatic acid derivatives by utilizing an amino acid DG (Scheme 88b).262 A wide range

of p-aryl-a-hydroxy acids were obtained in moderate to good yields without unwanted
epimerization of the stereocenters.

In 2017, the Albericio?®3 and Wang254 groups independently described the synthesis of
macrocyclic peptides by means of amino acid-backbone-directed, intramolecular B-C(sp®)-
H arylation (Scheme 89). A variety of cyclic peptides were prepared using this C(sp3)-H
arylation protocol in moderate to good yields, demonstrating the power of C—H activation
strategy.

In 2017, Yu and co-workers discovered that 2,2-dimethyl aminooxyacetic acid is a
competent bidentate auxiliary for B-C(sp3)-H arylation of ketones via Pd(OAc), catalysis
(Scheme 90a). This directing auxiliary addresses many of the limitations in catalytic 8-
C(sp3)-H arylation of ketones and derivatives thereof, such as limited ability to funtionalize
methylene C(sp3)-H bonds and narrow functional group tolerance.26% During the DG
optimization process, the Yu group found that the presence of gem-dimethyl substitution at
the 2-position of the aminooxyacetic acid drastically increases the yield from 10% to 80%,
which is attributed to the Thorpe—Ingold effect.233 The utility of this transformation was
demonstrated by direct C(sp3)-H (hetero)arylation of santonin. Extension of this protocol to
remote y-C(sp®)—H functionalization of ketones, however, was unsuccessful. Based on the
proposed transition state, Yu and colleagues reasoned that an X-type ligand that displaces
the acetate could accelerate the C—H activation step of y-C(sp3)-H functionalization.

After extensive screening of 2-pyridone ligands, 2-pyridone (L67) bearing a nitro group

at the 5-position was found to improve the yield to 70% in conjunction with the 2,2-
dimethyl aminooxyacetic acid bidentate auxiliary (Scheme 90b).256 Yu and co-workers also
developed a pyruvic acid-derived DG for activation of y-C(sp%)-H bonds in preference

to the B-C(sp®)—H bonds of aliphatic alcohol-derived substrates (Scheme 90c).267 The
design principle for this DG was to destabilize the [5,5]-fused ring system compared

to the alternative [5,6]-fused ring system by introducing a C—C double bond into the
bicyclic structure, which increases ring strain in the former, thereby favoring six-membered
cyclopalladation. Electron-deficient 2-pyridone ligands are required for this transformation
as they stabilize the palladium catalyst and lower the transition-state energy for the C-H
activation step. With the newly designed DG and optimized ligand (L68), arylation of
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both primary and secondary y-C(sp®)-H bonds could be achieved on acyclic and cyclic
alcohols even in the presence of B-C(sp®)-H bonds. A subsequent computational study
reported by Dang and co-workers proposes an “outer-sphere” mechanism that favours six-
membered cyclopalladation, which contrasts to the often considered “inner-sphere” process
that proceeds through a five-membered cyclopalladium intermediate.258 By changing the
[5,6]-fused palladacycle to the [6,5]-fused palladacycle using dichloro-substituted salicylic
aldehydes as the DG, arylation of secondary B-C(sp3)-H bonds of aliphatic alcohols was
realized by Yu and co-workers in 2020 (Scheme 90d).259 2-Pyridone ligands remain the best
choice for this transformation and an electron-deficient pyridine (L69) was found to be the
optimal.

N-Pentafluorophenyl-pyruvamide-directed, palladium(I1)-catalyzed primary B-C(sp3)-H
arylation of aliphatic alcohols was reported by the Xu group in 2019 (Scheme 91a).270
Later, N-(3,5-ditrifluoromethylphenyl) pyruvamide was developed for both an intra- and
intermolecular cross dehydrogenative-coupling (CDC) reaction between primary p-C(sp3)—
H bonds of aliphatic alcohols and C(sp2)-H bonds of arenes (Scheme 92b).27

N, S Bidentate DGs were pioneered by Daugulis and co-workers in 2010 when they observed
that selective monoarylation of primary C(sp3)-H bonds in aliphatic acid substrates can be
realized by using a 2-thiomethylthioaniline auxiliary, which provided improved selectivity in
this reaction compared to 8-aminoquinoline (Scheme 92a).181 By employing the same DG,
the monoarylation of the primary B-C(sp3)-H bond of A-phthaloylalanine derivatives under
relatively mild conditions was demonstrated by Daugulis and co-workers in 2012 (Scheme
92b).196 Notably, the DG can be removed under Lewis acidic conditions with BF3-Et,0

in MeOH at 100 °C to afford the corresponding methy! ester. The Babu group reported

a palladium-catalyzed, 2-thiomethylaniline directed B-C(sp3)—H arylation of cyclopropane
(Scheme 92¢)202 which is followed by ring opening of cyclopropane when acetic acid was
used as the co-solvent (Scheme 92d).272

Baran and co-workers reported concise total syntheses of piperarborenine B and
piperarborenine D using N, S-bidentate-auxiliary directed, palladium-catalyzed C(sp3)-H
arylation of cyclobutane as the key strategy (Scheme 93).273 By using 2-thiomethylaniline
as the DG, it was found that 571 could be converted into the desired product 573 in gram
scale using Pd(OAc), as the catalyst with the aid of PivOH and Ag,COs in HFIP at 90

°C for 36 h. Then, different pathways were utilized to access each of the desired natural
products from intermediate 573. In the first reaction pathway, after epimerization of the
ester moiety, a second C(sp3)-H arylation of 574 with 4-iodo-1,2-dimethoxybenzene (575)
was performed under similar conditions to afford the arylated product 550 in 81% yield
with complete stereoselectivity. In the second reaction pathway, after epimerization of the
amide moiety, the second C(sp3)-H arylation of 578 with 575 was carried out under similar
conditions to give the arylated product 579 in 46% vyield also with complete stereoselectivity.
Both the DG and the ester moiety were hydrolyzed, and condensation with dihydropyridone
then completed the synthesis of piperarborenine D (577) and piperarborenine B (580),
respectively. Based on the same strategy, the Baran group also achieved the synthesis and
structural revision of several piperarborenine family natural products via C—H activation
logic using 2-thiomethylaniline as the DG.236
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The oxidized form of 2-(methylthio)aniline, 2-methylsulfinyl aniline (MSOA), can be
employed as an auxiliary for p-methyl and methylene C(sp®)-H bond arylation with

aryl iodides. In 2016, the Colobert group designed a chiral A, S-bidentate auxiliary for

the palladium-catalyzed, diastereoselective C(sp®)-H arylation of cyclopropanes (Scheme
94a).274 Surprisingly, by treating starting material 581 with Pd(OAc), in acetonitrile with
pyridine (2.2 equiv) an unprecedented, pyridine-stabilized, C(sp3)-H activated palladacycle
intermediate 582 was obtained in a 60:40 d.r. with the sterically less demanding

complex being slightly more prevalent. They hypothesized that this may explain the

overall diastereoselectivity that improves when the bulkier sulfinyl auxiliary with the #Bu
group is used. In 2017, Colobert and co-workers used the same strategy to achieve the
diastereoselective arylation of methylene C(sp3)-H bonds of linear aliphatic carboxamides
with up to 9:1 diastereoselectivity (Scheme 94b).275 In the same year, MSOA was used as a
DG for B-C(sp®)-H arylation of linear aliphatic amides with sterically hindered aryl iodides
by He, Chen, et al. (Scheme 94c).276

Palladium-catalyzed enantioselective C(sp3)-H functionalization using strongly coordinating
bidentate DGs remained largely undeveloped until the mid-2010s, largely due to that the
racemic background reactions could easily occur in the absence of chiral ligands and

the lack of available coordination sites around the metal to coordinate a chiral ligand.

The pioneering example of a Pd-catalyzed, 8-aminoquinoline-directed, enantioselective
methylene C(sp3)-H arylation of aliphatic carboxylic amides using phosphoric amide L70
as chiral ligand was reported by Duan in 2015 (Scheme 95a).2’” The arylation of benzylic
methylene C(sp3)-H bonds was acheived in good yields with good enantioselectivities

(up to 91:9 er). However, when this protocol was applied to more challenging unbiased
methylene C(sp3)-H bonds, both yield and ee value reduced dramatically (R = ”Pr, 68%,
26% ee; R = Pr, 20%, 28% ee). A series of mechanistic experiments indicated that the
reaction rate is accelerated by the addition of chiral phosphoric amides or acids. They
proposed that an enantioenriched intermediate 591 is formed by cleaving one of the two
enantiotopic p-C—H bonds of 592 with the assistance of chiral phosphoric amide ligand L70.
In 2018, the Chen group reported a Pd(0)-catalyzed, enantioselective benzylic methylene
C(sp3)-H arylation of 3-arylpropanamides with the BINOL phosphoramidite (P'") ligand
L71 (Scheme 95b).278 This represents the first Pd(0)-catalyzed enantioselective C(sp3)-H
arylation reaction employing bidentate DGs.

In 2016, Chen and co-workers reported an enantioselective, benzylic C—H arylation reaction
directed by picolinamide (PA) (Scheme 96).27° The high enantioselectivity was enabled
through the combination of the 2,2’-dihydroxy-1,1’-binaphthyl (BINOL) phosphoric acid
ligand and Cs,CO3 under neat conditions. Both yield and enantioselectivity are significantly
influenced by the alkali cation. A nonlinear effect with respect to the enantiopurity of

the ligand was also observed. Based on these mechanistic investigations, the authors
proposed the intermediacy of a Cs complex that contains two molecules of L73 in the
stereo-determining C(sp®)—H palladation step.

While these examples demonstrated that significant progress has been made in the
enantioselective functionalization of benzylic C(sp3)-H bonds, realizing an analogous
process at completely unactivated methylene positions directed by strongly coordinating
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bidentate DGs remains challenging and exclusive. In 2018, the Shi group addressed this
challenge by taking advantage of their own developed 2-(pyridine-2-yl)isopropy! (PIP)
amine DG. They demonstrated the palladium(l1)-catalyzed highly enantioselective arylation
of unbiased B-methylene C(sp®)-H bonds by the combination of PIP bidentate DG with a
non-C>symmetric, monodentate chiral phosphoric acid (CPA) ligand (L74) (Scheme 97).280
Investigation of a variety of structurally diverse ligands revealed that fluorine-containing
substituents could improve the enantioselectivity. Aryl bromide electrophiles that contain
either electron-donating or electron-withdrawing substituents are tolerated, generating
enantioenriched, B-arylated carboxylic acid derivatives in good to excellent yields. Notably,
this is the first time that more readily available and relatively nonactivated aryl bromides
were used as aryl reagents in Pd(l1)-catalyzed enantioselective C—H arylation. Examination
of various directing auxiliaries other than the PIP group revealed that replacement of

the gem-dimethyl substituents with longer chains or adding substituents on the pyridyl

ring results in lower yield and enantioselectivity. The linear correlation between ees of
product and L74 indicated that only one chiral ligand was involved in the stereodetermining
C-H cleavage step. They hypothesized that the high sterecinduction compared with

other bidentate auxiliaries might be attributable to steric communication between the gem-
dimethyl unit and the ligand.

2.2.1.2 Palladium-Catalyzed C(sp3)-H Arylation Using Transient DGs: While the
introduction of a properly designed directing group can exhibit remarkable efficiency and
chemoselectivity for C(sp3)—H activation reactions, as described above in this review, the
covalently attached mono- or bidentate directing group must be used in stoichiometric
amounts and necessitate concession steps for installation and removal. One approach to
circumvent these limitations, as covered earlier, is through the use of a native chemical
functional group in conjunction with an optimized catalyst and/or ligand. This approach,
however, is neither universally successful nor universally applicable. Thus, an attractive
complementary approach in which a well-designed “transient DG” can reversibly link to
the substrate to direct the C—H functionalization and in situ deconstruction to release.281
Thus, these so called “transient DGs” could be used in catalytic amounts as their
addition and removal happens during the reaction typically through passive means, such
as condensation.282-287

In 2016, Yu and co-workers pioneerly reported a palladium-catalyzed C(sp3)-H arylation
with catalytic amounts of a transient DG (Scheme 98a).288 Based on the development of
the mono- N-protected amino acid ligands and the earlier use of amino acids as bidentate
DGs in the C-H functionalization of peptides, 261 they reasoned that catalytic quantities

of the amino acid could be reversibly tethered to an aldehyde or ketone substrate via an
imine linkage under the appropriate conditions. Once condensed, the imine moiety and the
carboxylate could coordinate to the catalyst in a bidentate fashion to facilitate a subsequent
C—H functionalization. The initially reported system uses glycine (40 mol%) as the transient
DG, Pd(OAC), (10 mol%) as the catalyst, and AgTFA (1.5 equiv) as the additive ina 9:1
solvent mixture of AcOH and H,O at 90 °C for 36-48 h. In a control experiment, they
found that when A-protected glycine was used, no conversion was detected. This result
indicates that the formation of imine is essential for the reaction to proceed. Under the
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reaction conditions, the scope of aryl iodides and 2-methylbenzaldehyde was examined, and
a variety of functional groups were found to be tolerated. The use of sterically hindered
ortho-substituted aryl iodides leads to reduced yields. Aliphatic ketone substrates were
investigated using the same strategy, and the optimal conditions for this transformation are
as follows: glycine (50 mol%) and a 3:1 mixture of HFIP:AcOH as solvent at 110 °C for
36 h. A wide range of aryl iodides with electron-donating or -withdrawing substituents
were well tolerated under the modified conditions. Notably, methylene C(sp3)-H bonds in
cyclic substrates could also be activated, producing the corresponding sy7 products with
excellent diastereoselectivity. y-C(sp®)-H arylation was observed when B-C(sp®)-H bonds
were absent in aliphatic ketone. Unfortunately, aliphatic aldehydes were incompatible with
this protocol, due to the decomposition of the starting materials. Finally, benzaldehydes
bearing methylene C(sp3)-H bonds were investigated using a chiral amino acid as transient
DG to carry out enantioselective C-H arylation. By using L-zert-leucine in place of glycine,
excellent enantioselectivity was achieved. Moreover, the yield of the arylated product was
significantly improved by changing the ligand-to-Pd ratio from 4:1 to 2:1. Density functional
theory calculations revealed that a six-membered transition state is favored for in the
benzylic C(sp3)-H activation because of higher ring strain in the five-membered transition
state for the alternative ortho-aryl C(sp?)-H activation process.?89 The C(sp3)-H activation
step was found to take place via a concerted metalation—deprotonation mechanism. Later,
primary benzylic C(sp3)-H arylation using transient DGs has also been disclosed by Hu
(Scheme 98b) 290 and Li (Scheme 98c).291

In 2017, Pd-catalyzed B-methylene C(sp3)—H arylation of aliphatic ketones using a-benzyl
B-alanine (TDGS5) as a catalytic TDG was reported by the Yu group (Scheme 99a).292
B-Amino acid was used as a transient DG to generate a [5,6]-fused palladacycle, which
promotes methylene C—H activation. In 2018, Wei and co-workers reported primary p-
C(sp3)-H arylation of aliphatic ketones using 2-amino-A-isopropylacetamide (TDGB) as a
transient DG (Scheme 99b).2%3 - Methylene C(sp3)-H arylation of cyclic ketones was also
amendable, giving the corresponding syr-products with excellent diastereoselectivity. The
enantioselective p-methylene C(sp3)-H arylation of cyclobutyl ketones was achieved by the
Yu group in 2020 (Scheme 99c¢). p-Valine (TDG7) was used as the chiral transient DG and
5-nitropyridone (L75) was used as the ligand.2%* However, the substrate scope was limited
to a-cyclobutyl ketones. When cyclopentyl ketone and linear aliphatic ketones were used,
low enantioselectivity was obtained.

Palladium-catalyzed C(sp®)-H arylation of aliphatic aldehydes enabled by a transient

DG was reported by Ge and co-workers in 2016 (Scheme 100a). 3-Aminopropanoic

acid (TDG8) was discovered as a novel catalytic transient DG for B-C(sp3)-H

arylation of aliphatic aldehydes.2% All of the arylation reactions of aliphatic aldehydes
discussed thus far are limited to p-C(sp3)-H bonds. In 2020, Ge and co-workers

developed the first example of -y-C(sp3)—H arylation of aliphatic aldehydes with | -
phenylalanine (TDG9) as a transient DG and 3-nitro-5-(trifluoromethyl)pyridin-2-ol (L69)
as a ligand (Scheme 100b).296 The Bull group also discovered examples C(sp3)-H
arylation via transient DG strategy, including intramolecular C(sp3)-H arylation of tertiary
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aldehydes with 2-methoxyethan-1-amine (TDG10) (Scheme 101a)2%7 and diarylation of
cyclohexanecarbaldehydes with #Bu-amide (TDG11) (Scheme 101b).2%8

Meanwhile, the development of TDGs for C(sp3)-H functionalization of aliphatic amines
has also been reported. In 2016, Dong and co-workers reported the use of an exo-imine-
based bidentate DG generated in situ from the reaction of an aliphatic amine substrate
with stoichiometric amounts of 8-formylquinoline (TDG12) for facilitating y-C(sp3)-H
functionalization (Scheme 102a).2%° The pyridine base (L77) was employed to neutralize
the HBF4 that is produced as the reaction proceeds. A y-C(sp®)-H activated palladacycle
(628) was isolated and characterized by X-ray crystallography, which sheds light on the
mechanism of the reaction.

In 2016, 2-hydroxynicotinaldehyde (TDGZ13) was reported as a catalytic transient DG for y-
C(sp3)-H arylation of aliphatic amines by the Yu group (Scheme 103a).3%0 It is noteworthy
that when the reaction was conducted in 2 mmol scale, the loading of the transient DG

could be lowered to 4%, showing the high efficiency and robustness of this protocol. Thus
far, C(sp3)-H activation of amine derivatives largely limited to the functionalization of
y-position through a kinetically favoured five-membered palladacycle intermediate. The

Yu group successfully overcome these limitations to enable the switchable y-C(sp®)-H
arylation of free amines using a transient DG. This transformation was then extended

to y-methylene and 8-methyl C(sp®)-H bonds in 2018 through the development of new
ligands and transient DGs (Scheme 103b).3%1 The driving force for the switchable selectivity
might be attributable to the preferred formation of less strained [5,6]-bicyclicpalladacycle
containing double bond rather than a [5,5]-bicyclicpalladacycle.287 Specifically, the 6-
chloro-substituted hydroxybenzaldehyde (TDG14) favors a six-membered coordination with
palladium(l1) catalyst to enable y-C(sp®)-H cleavage, forming a [6,5]-bicyclicpalladacycle
intermediate with less strain. While 2-methoxy-substituted glyoxylic acid (TDG15)

favors a five-membered coordination with palladium(ll) catalyst to enable §-C(sp3)-

H cleavage, forming a [5,6]-bicyclicpalladacycle intermediate forms a five-membered
palladium complex. Notably, a broad range of medicinally important heteroaryl iodides were
compatible with this protocol. The use of quinolone-based ligands significantly improved
reaction efficiency. When using the combination of hydroxybenzaldehyde (TDG13) and
pyridine ligand (L76), even typically unreactive heteroaryl bromides could be used as
coupling partners in the heteroarylation of cyclohexylamine (633a).

In 2017, the Pd(OAcC),-catalyzed C(sp3)-H arylation of primary aliphatic amines enabled by
a transient DG was reported by Ge and co-workers. Glyoxylic acid (TDG16) was developed
as a novel catalytic transient DG for y-C(sp3)—H arylation of primary aliphatic amines
(Scheme 104a).302 By treating the fert-amylamine with glyoxylic acid (1 equiv), Pd(OAc),
(1 equiv), and pyridine (1 equiv) in HFIP at 100 °C, the cyclopalladated intermediate

640 was obtained. The palladacycle 640 could be transformed to the corresponding
arylation product 638 under the standard conditions. A Pd(11)-Ag(l) heterodimeric complex
was observed by Dang and co-workers, which emphasized the importance of silver(1)
carboxylate additive in lowering the activation barrier of the C(sp3)-H activation transition
state (Scheme 104b).303
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In 2017, the Murakami group used a sterically modified salicylaldehyde (TDG17) that
could be conveniently condensed onto an aliphatic amine substrate to promote y-C(sp3)-H
arylation and then be fully removed under acidic conditions after the reaction is complete
(Scheme 105a).304 While the Murakami group uses stoichiometric loadings of the modified
salicylaldehyde TDG, they also demonstrate that a loading of 20 mol% also provides

their desired product, albeit in diminished yield but with around 3 turnovers of the TDG,
suggesting that dual catalytic cycles with the Pd and TDG could be envisioned. In 2018,
the Bull group reported a primary y-C(sp®)-H arylation of free amines using an alky! acetal
(2,2-dimethoxyethoxy)benzene (TDG18) as a transient DG in catalytic amount (Scheme
105b).395 y-C(sp3)-H arylation of free amino esters employing 2-hydroxynicotinaldehyde
(TDG13) as a DG with an acid workup using SOCI, in EtOH to recover all of the products
was reported by Kamenecka and co-workers in 2018 (Scheme 105¢).306

2.2.1.1.2  C(sp®)-H Arylation via Pd(11)/Pd(0) Catalysis: Palladium-catalyzed, bidentate
DG directed C(sp3)-H arylation via Pd(I1)/Pd(0) catalytic systems are relatively
undeveloped. In 2018, Li and co-workers designed a weak A, O-bidentate DG for B-C(sp3)—
H arylation through a Pd(11)/Pd(0) catalytic cycle enabled by APAQ ligand (L37) (Scheme
106).397 Preliminary results on enantioselective B-C(sp®)-H arylation via gem-dimethyl
desymmetrization of isobutyramide has also been demonstrated by using L37 as chiral
ligand, giving monoarylated product in 43% yield with 73:27 er.

2.2.1.2 Alkenylation: A bidentate-DG-directed, palladium-catalyzed y-C(sp®)-H
alkenylation was reported by Chen and co-workers in 2011 in the functionalization of
aliphatic amine derivatives (Scheme 107a).22! The optimized reaction conditions were as
follows: alkenyl iodide (1.5 equiv), Pd(OAc), (10 mol%), and AgOAc (1.5 equiv) in £BuOH
at 110 °C for 20 h. The addition of benzoquinone led to a slight increase in yield. In 2015,
Shi and co-workers used alkenyl bromide compounds as coupling partners in a C(sp3)-H
alkenylation reaction with picolinimide DG (Scheme 107b).237 Even in the presence of
primary B-C(sp®)—H bonds, alkenylation took place exclusively at the secondary C(sp®)-H
bonds on the cyclic ring system. Both electron-rich and electron-deficient alkenyl bromides
gave the corresponding products in modest yields.

In 2012, the Baran group reported the use of an aminoquinoline-directed, palladium-
catalyzed C(sp®)-H alkenylation method to introduce an alkene moiety onto a cyclobutane
core, thereby preparing a key intermediate in the synthesis of pipercyclobutanamide A
(Scheme 108a).192 In 2014, the synthesis of p-olefinated a-amino acid was reported by the
Chen group via a palladium(l1)-catalyzed, aminoquinoline-carboxamide-directed y-C(sp3)—
H alkenylation (Scheme 108b).398 After extensive screening, the combination of 3 equiv
AgOAC and 2 equiv TFA at room temperature in dioxane was found to give the desired
products in good yields. Switching the solvent to a biphasic solvent system of TCE/H,0O
(1:1) and elevating the reaction temperature to 65 °C led to improved yields. Alkenyl
iodide electrophiles that bear various functional groups could be coupled to the alanine-
derived substrate in a stereoretentive-retention fashion at room temperature. Moreover, the
olefinated products could be transformed to y-lactams in excellent yield and with high
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diastereoselectivity (d.r.>15:1) upon treatment with 1.2 equiv of 4-dimethylaminopyridine
(DMAP) in MeOH at room temperature for 4 h.

In 2015, a palladium-catalyzed, B-methylene C(sp3)-H alkenylation of acyclic aliphatic
amides was developed by Rao and co-workers (Scheme 108¢).309 A range of alkenyl
iodides, such as 3-iodo-a, B-unsaturated ketones and (£)-p-aryl vinyl iodides, worked

well under the optimized conditions. They also discovered that the product distribution

was significantly affected by solvent effects. While toluene afforded solely the B-C(sp®)-

H alkenylation product, an additional 6-C(sp?)—H alkenylation was observed when the
reaction was performed in MeCN. In addition, Z £isomerization occurred when (2)-(2-
iodovinyl)-benzene was employed as the alkene reagent, potentially via an allyl-type
Pd(1V) intermediate. In 2016, the Reisman group employed 8-aminoquinoline-directed,
palladium(l1)-catalyzed C(sp3)-H alkenylation as a key step in the total synthesis of
(+)-Psiguadial B (Scheme 108d).310 Palladium(l1)-catalyzed C(sp3)-H alkenylation of
cyclopropanes directed by 8-aminoquinoline DG was also reported by the Shuto group in
2019 (Scheme 108e).311 In 2018, the Yu group reported a preliminary result on y-C(sp®)-H
alkenylation of ketones by using the previously discussed 2,2-dimethyl aminooxyacetic acid
auxiliary (Scheme 109).263

In 2020, both the Liu and the Ackermann groups took advantage of C(sp3)-H alkenylation
transformations to develop methods for palladium(i1)-catalyzed B-C(sp3)-H glycosylation
of amino acids and peptides. 8-Aminoquinoline was employed by Liu and co-workers as

a DG to enable the glycosylation of various A-phthaloyl a-amino acids (Scheme 110a).312
The Ackermann group used triazolyldimethylmethyl (TAM) as their main DG and was
also able to employ 8-aminoquinoline as a DG under slightly altered conditions to achieve
the glycosylation of various A-phthaloyl a-amino acids (Scheme 110b).313 Besides, an
unprecedented late-stage glycosylation of internal peptides directed by TAM was also
achieved. The silver salt Ag,CO3 was used by both groups. Notably, this is the first time
glycals were used as coupling partners for B-C(sp3)—H functionalization of amino acids and
peptides.

2.2.1.3 Alkynylation: In 2011, the Chatani group demonstrated the first palladium(ll)-
catalyzed alkynylation of unactivated C(sp3)-H bonds (Scheme 111a).314 A variety of
aliphatic carboxylic amide derivatives were successfully alkynylated with a TIPS-protected
bromoalkyne electrophile directed by 8-aminoguinoline DG. In 2014, one example of
palladium(l1)-catalyzed, 8-aminoquinoline-directed B-C(sp®)-H alkynylation of A-phthaloyl
alanine was reported by the Chen group (Scheme 111b).308 In 2015, an example of
palladium(11)-catalyzed diastereoselective C(sp3)-H alkynylation of cyclopropane was
reported by the Hong group using an isoleucine-derived amide chiral bidentate DG (Scheme
111c).247 The Shi group reported in 2016 a comprehensive study of a silver-free C(sp3)-H
alkynylation of A~phthaloyl amino acids and aliphatic acids directed by 1,2,3-triazole amine
(TAM) (Scheme 111d).315 In 2017, Yu and co-workers reported a palladium(11)-catalyzed
C(sp3)-H alkynylation of oligopeptides with various sterically bulky alkynyl bromides
(Scheme 111e).316 The addition of tetrabutylammonium acetate (NBusOAc) dramatically
increased the yield. It was proposed that the acetate anion in NBusOAc enables the C-
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H activation while the quaternary ammonium cation stabilizes the high-valent palladium
intermediate during the C-H activation step.

In 2018, the Balaraman group reported a palladium-catalyzed, amide-directedy-C(sp3)-H
alkynylation of aliphatic amines.317 It is noteworthy that a variety of A, A-bidentate DGs
related to picolinamide bearing pyrazine, quinoline, or isoquinoline heterocycles, were
found to be effective in promoting the reaction. Both cyclic and linear amine substrates
could be successfully alkynylated in good yields (Scheme 112).

In 2019, the first Pd-catalyzed enantioselective alkynylation of unbiased methylene C(sp®)-
H bonds was reported by Shi and co-workers using 3,3"-fluorinated-BINOL as the chiral
ligand and PIP as DG (Scheme 113).318 A broad range of aliphatic amides were well
tolerated, giving the alkynylated products in good yields with high enantioselectivities (up to
96% ee). Control experiments revealed that the use of the 8-aminoquinoline DG in place of
PIP-NH, led to lower yield and enantioselectivity under identical conditions (36%, 48% ee).
A positive nonlinear effect revealed that the stereodetermining C—H palladation step may be
influenced by multiple ligands. A dramatic ligand acceleration was observed, which might
attribute to the unprecedented high stereocontrol.

2.2.1.4 Alkylation: Compared to aryl halides, alkyl halides are resistant to oxidative
addition and susceptible to base-induced elimination. Provided that they are able to undergo
oxidative addition, the resulting alkylmetal intermediates are prone to p-hydride elimination.
Thus, the alkylation of C(sp3)-H bonds is an inherently challenging family of reactions

to develop, and progress on this front is slow. Pioneering work on bidentate-DG-directed
palladium-catalyzed C(sp3)—-H bond alkylation was reported by Daugulis and co-workers

in 2010 (Scheme 114a).181 Two examples of alkylation of p-methyl C(sp®)-H bonds of
aminoquinolyl propanamide (707) were demonstrated with branched and linear primary
alkyl iodides as coupling partners (e.g. ~butyl iodide and r+octyl iodide). 8-Aminoquinoline-
directed alkylation of amino-acid-derived substrates was also developed by the Daugulis
group in 2012.19

Subsequently, the Chen group expanded upon this Pd-catalyzed alkylation to functionalize
unactivated p-methylene C(sp3)-H bonds of aminoquinolyl aliphatic carboxamides with a.-
haloacetate and methyl iodide (Scheme 114b).319 This protocol was applied to the alkylation
of B-methylene position of A-phthaloyl a-amino acids with 2 equiv of a-haloacetate or Mel
in good to excellent yields and high diastereoselectivities. Deuterium-labelled methyl iodide
was also employed to afford the isotopically enriched amino acids.

The Shi group independently reported the Pd-catalyzed C(sp3)-H alkylation of A-phthaloyl
a-amino acids directed by 8-aminoquinoline under mild conditions (Scheme 114c).320 The
alkylation of A-phthaloyl alanine with a wide range of primary alkyl iodides that encompass
various length alkyl chains and synthetically useful functional groups was achieved,
affording the desired alkylation products in good to high yields. Notably, this reaction

also represented the first example of Pd-catalyzed alkylation of C(sp3)-H bonds with alkyl
bromide reagents, which are less expensive and more readily available than alkyl iodide
reagents. As expected, the B—2°-C(sp3)—H bonds of various amino acid derivatives were
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also alkylated with a.-iodoacetate esters and a-bromoacetate esters. The -y-alkylation of
C(sp®)—H bonds could be achieved when no reactive B-C—H bonds are present. Finally, the
significance of this palladium-catalyzed alkylation is further demonstrated by the synthesis
of B-branched a.-amino acids via several sequential functionalizations of C(sp3)-H bonds.

Thus far, unactivated methylene C(sp3)-H alkylation was limited to the use of a.-
haloacetates and methy! iodide without B-hydrogen atom. To overcome this limitations,

the Shi group reported a palladium-catalyzed alkylation of unactivated methylene C(sp3)-H
bonds with an expanded scope of alkyl iodide reagents in 2014 (Scheme 115a).321 Screening
of various additives showed that the use of silver salts together with 4-CI-CgH4SOoNH,

and NaOCN significantly improved the reaction yield. Linear and branched primary alkyl
iodide coupling partners that bear p-hydrogen atoms worked smoothly under the optimized
reaction conditions. In addition, 2-amino-butyric acid (Abu), norvaline (Nva), lysine (Lys),
ornithine (Orn), and phenylalanine (Phe) derivatives were all compatible with the alkylation
protocol. Furthermore, alkylation of the y-methyl C(sp3)-H bond of isoleucine was
achieved. Importantly, a series of B, p-heterodialkylated a.-amino acids could be prepared
by sequential C(sp®)-H functionalization of alanine. Additionally, both alkylation/arylation
and arylation/alkylation sequences could be achieved to provide a variety of B-alkyl-p-aryl
a-amino acids in good yields. In 2016, an efficient method for the synthesis of chiral
B-alkyl-a-hydroxy acids via palladium-catalyzed C(sp®)-H alkylation of lactic acid with the
assistance of an 8-aminoquinoline DG with retention of chirality was also reported by the
Shi group (Scheme 115b).322

Palladium-catalyzed, 8-aminoquinoline-assisted, site-selective cyanomethylation of
unactivated C(sp3)-H bonds with acetonitrile was reported by Ge and co-workers in 2016
(Scheme 116a).323 The authors propose that this reaction proceeds through a Pd(l1) species
in which the Pd is coordinated to the DG, which can then perform an irreversible C(sp3)-

H bond activation under basic conditions to create a cyclometalated Pd(11) complex. This
complex then undergoes transmetallation with a cyanomethyl Cu(ll) species that is likely
the result of a Ag-promoted reaction with the acetonitrile. Upon reductive elimination, the
product is produced and the Pd(0) is reoxidized by Cu(ll) and/or Ag(l) to the Pd(1l) species.
In 2017, the Yang group developed a procedure for synthesizing chiral y-phosphono-a-
amino acids via 8-aminoquinoline directed C(sp3)-H alkylation of a-amino acids (Scheme
116b).324 Pd-catalyzed C(sp2)-H alkylation of cyclopropanes directed by 8-aminoquinoline
was developed by the Shuto group (Scheme 117).309.325

After achieving ortho-C(sp?)-H alkylation with picolinamide-protected benzylamines using
alkyl halide reagents,328 the Chen group reported a picolinamide-directed, Pd-catalyzed
alkylation of unactivated methyl C(sp3)-H bonds with alkyl iodides in 2013 (Scheme
118a).327 After extensive screening, a catalytic amount of dibenzyl phosphate (BnO),PO,H
was found to promote the C—H alkylation reaction, and they proposed that it might act

as a solid-to-solution phase-transfer catalyst (PTC) for Ag,COs3. In the presence of excess
methyl iodide, exo- or endo-norbornene substrates undergo an initial addition of a methyl
group at the y-C(sp3)-H that is followed by two sequential 8-C(sp3)-H activations at

the newly formed methylene position to give an isopropy! group in 77% and 88% vyield,
respectively. In 2018, Shi and co-workers reported a Pd(l1)-catalysed selective §-methyol
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C(sp®)-H alkylation of amino acids and peptides in the presence of -y-methyl C(sp3)-H
bonds using maleimides as alkylating reagents (Scheme 118b).328 The authors invoke the
Curtin-Hammett principle to suggest that both the five- and six-membered palladacycles
are reversibly formed in this reaction and that the reaction proceeds faster through the
thermodynamically less disfavoured six-membered palladacycle intermediate.

2.2.1.5 Carbonylation: An N,C-bidentate DG-enabled, palladium-catalyzed y-C(sp3)-H
carbonylation of aliphatic amines was reported by Zhao and co-workers in 2015 (Scheme
119a).329 Oxalyl amide was used as an efficient DG and 3-(trifluoromethyl)benzoic acid was
found to be most effective additive. Notably, amines bearing two B-substituents are more
reactive compared to those bearing only one p-methyl group, providing the corresponding
pyrrolidines in good to excellent yields. The oxalyl amide DG can be readily removed under
basic conditions at 50 °C.

Another example of palladium-catalyzed y-C(sp®)-H carbonylation of aliphatic amines was
reported by Wang and co-workers in the same year using picolinamide as the DG (Scheme
119b).330 The success of this reaction relied on the judicious choice of TEMPO as a proper
oxidant because classic oxidants, such as Cu(ll), Ag(l), Phl(OAc),, DDQ, NFSI, CAN,
and K,S,0g, were found to be ineffective in this transformation. A range of commercial
a-amino acids and amino alcohols were converted into the corresponding y-lactams in
good yield. Finally, a concise total synthesis of rac-pregabalin was acheived using this
v-C(sp3)-H carbonylation protocol as the key step. In 2016, the Carretero group also
reported a carbonylative cyclization of amines via Pd(11)-catalyzed y-C(sp3)-H activation
with sub-stoichiometric Mo(CO)g as the CO source directed by A-(2-pyridyl)sulfonyl
auxiliary (Scheme 119¢).331 a.- and B-amino acid derivatives could also be used, affording
the corresponding -y-lactams in good yields.

The C(sp3)-H carbonylation of alcohol derivatives enabled by a DG containing an A-acetyl-
protected aminoethyl pyridine scaffold was first reported by the Yu group in 2019 (Scheme
116).332 They proposed that the hemilabile ether was crucial for the transformation, in which
it dissociated after C—H activation step to allow the binding of carbon monoxide. Apart

from the y-C(sp3)—H carbonylation, an unprecedented &-C(sp®)-H carbonylation was also
achieved, giving the desired product (751) in 33% yield.

Up until now, palladium-catalyzed C(sp3)-H carbonylation was limited to the
functionalization of primary C—H bonds. The first Pd(I1)-catalyzed alkoxycarbonylation

of more unactivated secondary C(sp3)-H bonds was acheived by the Shi group in 2016

with readily available and operationally simple alkyl chloroformates (Scheme 121a).333 In
their initial efforts to use carbon monoxide as the carbonylation source, they found that

the corresponding CO-ligand palladacycle complex derived from A-phthaloyl phenylalanine
bearing the 8-aminoquinoline DG was very stable under a variety of conditions, likely due to
the difficulty of CO migratory insertion as well as the challenging CO reductive elimination.
Thus, alkyl chloroformates were used to oxidize the CH3CN-bound palladacycle via a
Pd(11)/Pd(1V) redox process, which then triggers a facile reductive elimination to generate
the carbonylated product. The methylene C(sp®)-H alkoxycarbonylation of a broad range of
N-phthaloyl amino acids were achieved. The relative stability of CO-ligand palladacycle
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complexes has been extensively studied by Shi, Hong, Wang and co-workers in 2019
(Scheme 121b).334 Based on computational study, they found that the Gibbs Free Energy
(AG) for ligand exchange with four different electrophiles is significantly higher with the
CO-coordinated palladacycle than with the palladacycles coordinated with CH3CN, DMSO,
and pyridine (> 3.2 kcal/mol). It was also observed that the CO-coordinated palladacycle is
extremely stable under a variety of conditions.

2.2.2 Carbon-Heteroatom Bond Formation

2.2.2.1 Carbon-Oxygen Bond Formation: The first C(sp3)-H acetoxylation of protected
amino acids was reported by the Corey group in 2006 (Scheme 122a).188 A number

of A-phthaloylamino acids with various carboxylate-based directing auxiliaries, such as
N-methoxyamide, Weinreb amide, oxazoline, picolinamide (PA), pyridin-2-ylmethanamine,
and 8-aminoquinoline, were investigated. Promising results were only observed when the
8-aminoquinoline group was used. Screening of various additives showed that the use of
Mn(OAC), led to critical improvement of the yield. Corey and co-workers postulated that
the stereochemistry of the B-functionalization can be understood in terms of a preference for
forming the sterically favored #rans-palladacycle intermediate (764). In 2012, the Daugulis
group also described a method for C—H acetoxylation of amino acid derivatives using
PhI(OAC); as the oxidant and Ac,0 as the solvent.1% In 2015, an improved synthesis of
anti-B-hydroxy-a.-amino acids via Pd(I1)-catalyzed arylation and/or alkylation of C(sp3)-H
bonds followed by B-acetoxylation was developed by Shi and co-workers.33°

In 2012, the alkoxylation of unactivated C(sp3)-H bonds with broad scope of PA DG-
containing substrates was reported by the Chen group (Scheme 122b).336 A wide range of
primary alcohols, such as MeOH, 7-PrOH, BnOH, CF3CH,0H, and r-octyl alcohol, can
be used, giving the desired products in good to excellent yields. In addition, secondary
alcohols, such as ~PrOH and cyclohexanol provided the corresponding products in good
yields after prolonged reaction time. Even ~BuOH afforded the fert-butyl ether product in
63% yield. Aliphatic amine substrates bearing primary y-C(sp3)-H bonds with or without
a-substituents can be methoxylated under the standard reaction conditions.

In 2012, Sahoo and co-workers described a process for selective acetoxylation of unactivated
B-C(sp3)—H bonds using PhI(OAC), as the oxidant with the assistance of S-methyl-S-2-
pyridylsulfoximine (MPyS) at room temperature (Scheme 123a).337 Control experiments
indicated that the carboxylic acid solvent participated in C—-O bond formation, while the
PhI(OAc), oxidant turned over the catalytic cycle. Thus, a variety of carboxylic acids
CD3CO3H, EtCO,H, n-PrCO,H, and /so-PrCO,H could be incorporated into the oxygenated
products. Finally, the DG can be easily removed by simple acid hydrolysis and can be
recycled after recovery, which improves the practical utility of this method. Over the next
few years, a number of additional directing groups were employed in successful C(sp3)-

H acetoxylation. In 2013, 2-A-pyridine-1,2,3-triazole-4-amide-directed, methyl C(sp3)-H
acetoxylation was reported by the Shi group (Scheme 123b).338 In 2014, palladium-
catalyzed y-C(sp3)-H acetoxylation of A-alkylpicolinamide substrates using Phl(OAc),
oxidant was developed by the Chen group (Scheme 123c).339 In 2015, palladium-catalyzed
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oxygenation of C(sp3)—H bonds with the assistance of oxalyl amide DG was reported by the
Zhao group (Scheme 123d).340

Methylene C(sp3)-H bond alkoxylation, which is more challenging compared to the methyl
C(sp3)-H bond alkoxylation due to high steric hindrance, was achieved by the Shi group

in 2013 (Scheme 124).341 Inspired by the early efforts of Daugulis, the authors designed

and reported the first use of a novel 2-(pyridine-2-yl)isopropyl (PIP) DG, which proved
most efficient for this transformation. Optimization revealed that the use of recrystallized
Phl(OAC), (from HOAC and hexane) significantly improved the yield. This reaction protocol
was very sensitive to steric hindrance; substrates with linear chains gave high yields, while
substrates bearing sterically demanding groups at the a position failed. A large number of
alcohols, such as linear or branched primary alcohols, were found to be compatible with

the reaction protocol. Additionally, secondary alcohols could be applied in the alkoxylation
reaction, albeit in slightly lower yields. Later, C—H alkoxylation of unactivated methylene
using cyclic hypervalent iodine (13*) oxidants with the aid of 8-aminoquinoline was reported
by the Rao group.342-344

Palladium-catalyzed B-C(sp3)-H acetoxylation of tripeptides via A, A-bidentate coordination
of peptide backbone was demonstrated by Yu and co-workers in 2014 (Scheme 125).261
Currently, the acetoxylation of tripeptides A-terminus is limited to alanine.

In 2012, Dong and co-workers developed a Pd-catalyzed, oxime-directed functionalization
of unactivated B-C(sp3)-H bonds via a five-membered exo-palladacycle (Scheme 126a).34>
The substrate scope of primary, secondary, and tertiary alcohols derivatives was examined,
and the corresponding vicinal dioxygenated products were isolated in good yields. Notably,
in substrates that lack methy! groups at the p-positions, C—H activation can take place at
methylene positions. Additionally, the methine tertiary C—H bonds of norborneol-derived
substrates could also be oxidized. In 2015, the Dong group further expanded this protocol
to an analogous intramolecular version for the synthesis of cyclic ethers (Scheme 126b).346
In the same year, the Dong group developed a Pd-catalyzed, 8-quinolinecarboxaldehyde-
oxime-directed sulfonyloxylation of an nonactivated C(sp®)-H bond at the B-position,
providing a convenient and efficient approach for the synthesis of p-sulfonyloxylated
alcohols (Scheme 126¢).34’ Remarkably, both methyl and unactivated methylene C-H
bonds could be sulfonyloxylated in moderate yields. The tosyl group could be used as a
late-stage intermediate to prepare complex molecules via nucleophilic substitution (Sp2)
reactions. In 2016, Dong and co-workers extended this strategy to a hydrazone-based DG
strategy for the B-C(sp3)—H oxidation of aliphatic amines (Scheme 126d).348 Inspired by
these precedents, the C(sp3)—-H acetoxylation of alcohol derivatives that bear a monoanionic
N, N-bidentate DG was disclosed by Xu and co-workers in 2019 (Scheme 126e).270 The
potential application of this reaction was demonstrated by removing the DG and Ac group to
generate 1,2-diols in good yields.

All the aforementioned bidentate DGs proceed through five- or six-membered
metallacycle intermediates. Transition-metal-catalyzed C(sp3)-H activation via four-
membered metallacycle intermediates is less developed. Two notable examples covered
earlier were monodentate directed, Pd-catalyzed C(sp3)-H carbonylation and Pd-catalyzed
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C(sp3)-H activation of aliphatic amines, both reported by Gaunt in 2014.145 In 2015,

the Zhang group reported 1-aminoanthraquinone-directed, a.-C(sp3)-H acetoxylation of
aliphatic carboxamides via a four-membered palladacycle intermediate (Scheme 127a).34°
In 2020, the Hartwig group reported primary p-C(sp®)-H acetoxylation of aliphatic amines
via a four-membered palladacycle by using salicaldimine as the DG (Scheme 127h).3%0
However, isolation of the four-membered palladacycle was unsuccessfully. DFT calculations
indicated that formation of the four-membered palladacycle is endergonic, in contrast to
formation of the corresponding five-membered palladacycle, which is exergonic. These
results explain the challenge of isolating the former.

2.2.2.2 Carbon-Nitrogen Bond Formation: In 2012, the Chen group reported a Pd-
catalyzed, picolinamide-directed, and Phl(OAc),-mediated intramolecular amination of
unactivated - and 8-C(sp®)-H bonds of amine substrates, leading to the formation of
azetidines and pyrrolidines (Scheme 128a).351 Chen and co-workers found that the selective
intramolecular amination of primary §-C(sp3)-H bonds in leucine-derived substrate in the
presence a sterically less accessible tertiary y-C(sp3)-H bond was achieved, giving the
pyrrolidine product. In addition, no pyrrolidine products were isolated in the cyclization
reactions of substrates that bear primary C(sp3)-H groups at both -y and & positions,

which can be explained by preferential formation of the kinetically favored five-membered
palladacycle over the six-membered palladacycle. In order to improve the synthetic utility
of this protocol, a modified picolinic acid (PAre) was introduced as an auxiliary since PAre
can be removed under mild conditions, such as in 1M HCI at room temperature for 24 h,
unlike PA, which traditionally requires significantly harsher conditions. Contemporaneously,
the Daugulis group reported a similar method to achieve the same transformation (Scheme
128h).352 |n 2013, Shi and co-workers reported an example of intramolecular amination

of primary C(sp®)-H bonds with a triazole-derived DG (Scheme 128c).338 An oxalyl-
amide-assisted, intramolecular 8-C(sp3)-H/N-H cyclization was used in the synthesis of
pyrrolidones was reported by Zhao and co-workers in 2014 (Scheme 124d).33

In 2013, Chen and co-workers developed a method for the synthesis of pyrrolidones via
the Pd-catalyzed, carboxamide-directed, intramolecular amidation of unactivated -y-methyl
C(sp3)-H bonds (Scheme 129a).354 When the reaction was attempted with a substrate

that required formation of the kinetically more favorable five-membered palladacycle
intermediate, no desired lactam product was observed, likely due to the ring strain
inherent in four-membered B-lactams. Chen and co-workers, therefore, proceeded to
explore a starting material that could access the kinetically unfavorable six-membered
palladacycle intermediate that did indeed react readily with Phl(OAc), to afford the -y-
lactam products with high selectivity. Notably, this intramolecular y-C(sp3)—-H amination
reaction could be applied in conjunction with other aminoquinoline-directed C(sp3)-H
functionalization reactions. However, the cleavage of the DG is difficult with respect to
this intramolecular C—H lactamization method. After evaluating modified auxiliary groups,
8-amino-5-methoxyquinoline (MQ) was found to be installed readily on carboxylic acid
substrates and removed smoothly in the presence of ceric ammonium nitrate (3 equiv) in
CH3CN/H,0 at room temperature for 5 h.
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The Shi group developed a robust protocol for the stereoselective synthesis of a.-amino-p-
lactams through Pd(l1)-catalyzed sequential C(sp3)—H monoarylation/amidation (Scheme
129b).233 After extensive screening, the optimized reaction conditions were reported as
Pd(OACc), (10 mol%), NalOz (0.3 mmol) as the oxidant, and Ac0O (1.5 mmol) as the
additive in MeCN (3 mL) under N, atmosphere at 70 °C for 48 h. The N, A-bidentate PIP
amide DG was found to be effective both in controlling selectivity in the monoarylation
step and in enhancing reactivity in the amination step. In 2017, they reported an improved
synthesis of a-amino-B-lactams by employing MQ as a removable bidentate DG.3%5

In 2014, the Wu group also developed an efficient method to synthesize p-lactams with

high regioselectivity through a Pd-catalyzed, intramolecular B-C(sp®)—-H amination of 8-
aminoquinoline carboxamides (Scheme 129¢).356 They explored numerous aryl iodides with
electron-withdrawing substituents and found that CgFgl could act as an efficient oxidant to
enable the desired C-N reductive elimination rather than C—C reductive elimination, leading
to the formation of desired p-lactams in high yield and selectivity. In 2014, during the
endeavors to the synthesis of aryltetralin lignan natural products, the Maimone group was
also able to isolate B-lactams produced by palladium-catalyzed intramolecular amidation of
benzylic C(sp3)—-H bonds using electron-deficient aryl iodides as oxidants.193

In 2020, Chen and co-workers demonstrated the synthesis of chiral p-lactams via
Pd-catalyzed, 8-aminoquinoline-directed, enantioselective benzylic methylene C(sp3)-H
amidation using 3,3’-fluorinated-BINOL (L78) as a chiral ligand (Scheme 130a).3%7 A
sterically hindered aryl iodide oxidant was found to promote C—N reductive elimination.
Unfortunately, the amidation of aliphatic secondary C(sp3)-H bonds using various 5-
substituted 8-aminoquinoline DGs failed to give any promising results. At the same time, the
Shi group successfully reported the palladium-catalyzed, enantioselective amidation of both
benzylic and aliphatic secondary B-C(sp3)-H bonds using PIP as bidentate DG (Scheme
130b).3%8 The C—N reductive elimination product is the main product observed when using
electron-deficient aryl iodide compounds, which is proposed to inhibit the undesired C-C
reductive elimination. The amidation products via p-benzylic methylene C(sp3)-H bonds
activation were obtained in high yields and ees in the presence of a 3,3’-dichlorinated-
BINOL ligand (L82). By switching 3,3’-dichlorinated-BINOL to (5)-3,3’-fluorinated-Hg-
BINOL, chiral B-lactams via aliphatic secondary C(sp3)-H amidation were obtained in good
yields and ees (L83).

In 2015, a Pd(11)-catalyzed, intermolecular amination of unactivated methyl C(sp3)-H bonds
using 2-(methylthio)aniline as a bidentate DG was reported by the Qin group (Scheme
131a).3%9 The reaction conditions were reported as PdCl, (10 mol%) as catalyst with
Cs,CO3 (2 equiv) as base in benzene at 110 °C for 24-34 h. Kinetic isotope experiments
revealed that the p-C(sp3)-H bond cleavage step was the turnover-limiting step. In

2017, the Zhang group reported the 2-(pyridin-2-yl)isopropyl (PIP)-directed, intermolecular
amination of methylene C(sp3)-H bonds with diisopropylazodiformate (DIAD) as the
amination reagent (Scheme 131b).380 |n the same year, Liu and co-workers reported an
intermolecular methyl C(sp3)-H sulfonamidation of aliphatic alcohol derivatives with A~
fluorobenzenesulfonimide (NFSI) (Scheme 131c).361
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2.2.2.3 Carbon-Halogen Bond Formation: In 2014, the Sahoo group reported

a palladium-catalyzed halogenation of unactivated primary C(sp3)-H bonds with

the assistance of the Smethyl-S$-2-pyridylsulfoximine DG (Scheme 132a).362 AL
Bromophthalimide and A-chlorophthalimide were used as halogen sources. However, only
primary C(sp3)-H bonds that are adjacent to quaternary carbon centers could be transformed
into C-Cl and C-Br bonds. In 2017, Yu and co-workers developed an aminooxyacetic-
acid-auxiliary-directed B-C(sp3)-H iodination of ketones catalyzed by Pd(TFA), (Scheme
132h).363 A wide range of ketones underwent B-iodination in good to excellent yields.
Interestingly, a C—H insertion intermediate was isolated, which provided evidence for

the L,X-type coordination mode of the oxime-carboxylic acid DG. In 2020, the Polyzos
group reported a creative method for the halogenation of B-C(sp3)-H bonds with alky!
halides (Scheme 133).364 By visible light excitation of the palladacycle, an electron transfer
to the alkyl halide produces a palladium(I11) intermediate, which can either undergo
disproportionation or be oxidised by Oxone to generate a palladium(lVV) complex. Reductive
elimination from the palladium(IV) complex affords the halogenation product in moderate to
good yields.

In 2015, the first bidentate-DG-directed, palladium-catalyzed C(sp3)-H fluorination of
aliphatic carboxamides to synthesize B-fluoro a-amino acids was reported by the Shi group
(Scheme 134).365 A broad range of substituted phenylalanine derivatives were fluorinated
using Selectfluor as the F* source.. Gratifyingly, when 2-methylbenzoic anhydride (L84)
was used as an additive, fluorination of aliphatic methylene C(sp3)-H bonds was also
achieved. A wide range of protected natural and unnatural amino acid derivatives containing
the PIP DG were compatible with this fluorination protocol, providing the desired products
in moderate yields. Notably, a gram-scale reaction was performed, and the fluorinated
product 852 was obtained in 69% yield. To further demonstrate the synthetic utility of this
fluorination method, removal of the PIP DG was carried out, and the corresponding products
were obtained in good yields with retention of configuration. Palladacycle intermediate 855
was isolated in 86% yield when 851 was allowed to react with 1 equiv Pd(OAc), in DCM at
room temperature overnight. A stoichiometric reaction of 855 with 1.05 equiv of Selectfluor
in d3MeCN was also conducted, which led to the formation of 856 in 75% yield within
5-10 minute. Treatment of 856 with an aqueous solution of NH,4Cl and Na,S provided

the fluorinated product 852 in 86% yield with retention of configuration, consistent with
direct C—F reductive elimination from the palladium center. Finally, they found that 855
was a viable precatalyst for the C—H fluorination of 851. Bidentate-DG-directed, palladium-
catalyzed methylene C(sp3)-H fluorination of alcohol derivatives was also observed by the
Dong group in 2015.347

Soon afterwards, the Ge group also developed a highly site-selective, PIP-directed,
palladium-catalyzed C(sp3)-H fluorination of aliphatic acid and a.-amino acid derivatives
(Scheme 135a).366 The reaction conditions reported on 0.30 mmol scale were: Pd(OAc),
(10 mol%), Selectfluor (2.5 equiv), Fe(OAc), (0.3 equiv), AgoCO3 (2.0 equiv), and 300
uL ~PrCN in 1,2-DCE (3.0 mL) at 150 °C for 14 h. The substrate scope was investigated,
and the authors noted a large preference for functionalization of the unactivated p-C(sp3)—
H bond over the relatively reactive benzylic y-C(sp2)-H bond. After the fluorination
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reaction, the PIP auxiliary could be removed, and the desired products were isolated in
good yields. Contemporaneously, 8-aminoquinoline-directed, Pd(l1)-catalyzed fluorination
of unactivated methylene and methyl C(sp®)-H bonds at the B-position of carboxylic acids
was developed by the Xu group (Scheme 135b).36” Huang and co-workers later observed a
significant difference between 8-aminoquinoline and 8-aminoquinoxaline DGs for C(sp%)-H
fluorination reactions, with the latter providing the desired product in greater yield (Scheme
135c).368 Experimental and computational studies revealed that the Pd(11)/Pd(IV) oxidation
step was significantly affected by changes of the DG structure. In 2018, Xu and co-workers
developed a method for the B-C(sp3)—H fluorination of simple aliphatic alcohol derivatives
using a novel exo-type DG (Scheme 136).369 Both methyl C(sp3)-H bonds and methylene
C(sp3)-H bonds could be functionalized in this transformation.

In 2018, the Yu group discovered that a bulky amino amide substrate could be used as a
catalytic, transient DG for palladium(ll)-catalyzed, enantioselective C(sp3)-H fluorination
(Scheme 137).370 When simple glycine was used as the transient DG, the corresponding
C(sp3)-H acetoxylation product was obtained as the major product. The authors had to
consider how to promote the desired reductive elimination step, so they tested a series of
amino acid transient DGs and found that selectivity for formation of the fluorinated product
increased with increasing steric bulk on the side chain. They further found that switching to
an amino amide transient DG further improved fluorination selectivity, with the A, A-diethyl
amide proving optimal. Deuterium incorporation experiments indicated that the C(sp3)-H
insertion process is irreversible. The Yu group proposed that the C(sp3)—F bond formation
proceeds via an inner-sphere reductive elimination pathway with retention of configuration
while the C(sp3)-0 bond formation occurs through an Sy2-type mechanism, consistent
with the observation that the fluorinated and acetoxylated products have opposite absolute
stereochemical configuration, as determined by X-ray crystallography.

2.2.2.5 Carbon-Sulfur and —Selenium Bond Formation: Although sulfonylation
through a Pd(I1)/ Pd(IV) catalytic cycle was demonstrated early by the Dong group, this
type of reaction is generally limited to C(sp?)-H bonds.371:372 |n 2015, Shi and co-workers
reported a Pd-catalyzed sulfonylation of unactivated C(sp3)-H bonds with sodium sulfinates,
which provides a method for the synthesis of diverse aryl alkyl sulfones (Scheme 138a).373
MesCO,H, a sterically bulky benzoic acid, was the best carboxylic acid additive for this
protocol. A wide range of sodium arylsulfinates that bear electron-donating or -withdrawing
groups were tolerated and gave the desired sulfonylated products in good yields. Finally, the
potential utility of this C(sp3)—H sulfonylation protocol was demonstrated by removal of the
8-aminoquinoline auxiliary in a representative product and through late-stage sulfonylation
of p-citronellol, (=)-santonin, and cholic acid.

Among sulfur-containing functional groups, the trifluoromethylthiol functional group has
recently attracted attention in medicinal chemistry, and in 2015, the first example of a
palladium-catalyzed trifluoromethylthiolation of unactivated C(sp3)-H bonds was disclosed
by Besset and co-workers (Scheme 138b).374 However, the highest yield of the desired
product was 53%. In 2018, the Maiti group reported an 8-aminoquinoline-directed, -
C(sp3)-H chalcogenation of a-amino acids using disulfides or diselenides enabled by
2-chloroquinoline (L85) ligand (Scheme 138c).37
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2.2.2.6 Carbon-Boron, =Silicon, and —Germanium Bond Formation: In 2014, Shi and
co-workers reported the direct transformation of unactivated primary y-C(sp3)-H bonds of
amino acid derivatives into C(sp3)-B bonds using B,pin; as the borylating reagent with the
assistance of picolinamide as DG (Scheme 139).376 Notably, oxygen was the sole oxidant
in this transformation. A variety of amine substrates, such as amino acids and alkyl amines
were converted to desired alkyl boron species in good yields.

While studying the Pd-catalyzed silylation of ortho-C(sp?)-H bonds with
hexamethyldisilane in 2014, Kanai and co-workers also explored a limited substrate scope
in which Pd-catalyzed the silylation of unactivated C(sp3)-H bonds, albeit with the highest
yield under the reported reaction conditions being only 39% (Scheme 140a).377 In 20186,

the Shi group reported an 8-aminoquinoline-directed, palladium(l1)-catalyzed B-C(sp3)-H
silylation of amino acids (Scheme 140b).378 Both primary and secondary B-C(sp3)-H

could be silylated in moderate to good yield. Contemporaneously, Zhang and co-workers
reported the silylation of unactivated B-C(sp3)-H bonds (Scheme 140c).37? In 2018, Liu and
co-workers extended the reaction conditions developed by the Shi group378 to the synthesis
of B-germyl-a.-amino acids (Scheme 140d).380 In 2019, the Shi group described a procedure
for -y-C(sp3)-H silylation of peptides using picolinamide (PA) as the DG (Scheme 140e).381
A variety of a-amino acids, a-amino alcohols, and oligopeptides were transformed to the
corresponding silylated products in good yields. In 2017, Maiti and co-workers developed
reaction conditions for the silylation and germylation of unactivated -y-C(sp®)-H bonds of
aliphatic acids via six-membered palladacycles through the blocking of B-positions (Scheme
141).382

3. Nickel-Catalyzed Coordination-Assisted Functionalization of C(sp3)-H

Bonds.

While palladium has proven to be a privileged metal in C—H functionalization, its expense
and scarcity have driven the development of earth-abundant nickel catalysts as competent
alternatives in certain cross-coupling reactions. Compared to palladium, nickel offers
increased access to alkyl coupling partners because it is frequently able to engage in

single electron transfer (SET) processes and it undergoes a sluggish p-hydride elimination
from alkylnickel species.383-390 Three general catalytic cycles for involving different

redox processes have been proposed for nickel-catalyzed C(sp3)-H activation reactions
(Scheme 142). In particular, both Ni(11)/Ni(1V) and Ni(II)/Ni(111) catalytic cycles have been
invoked in a number of reports on C(sp3)-H arylation and alkylation, whereas a Ni(11)/
Ni(ll) catalytic cycle is thought to be operative in reaction involving C(sp3)-H activation
followed by alkyne/alkene insertion. The first example of Ni-catalyzed, coordination-
assisted functionalization of C—H bonds using an N,N-bidentate DG involved the oxidative
annulation of aromatic amides with internal alkynes for the synthesis of isoquinolones as
reported by the Chatani group in 2011.391 Since then, tremendous progress has been made in
the field of Ni-catalyzed C(sp%)-H bond functionalization using N, A-bidentate DGs.392-395

Nickel catalyzed C(sp3)-H bond activation reactions usually require high temperatures,
and to the best of our knowledge, 8-aminoquinoline is the only N,N-bidentate DG that
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has been used for Ni-catalyzed C(sp3)-H bond functionalization. Nevertheless, the first
nickel(I1)-catalyzed B-arylation of unactivated C—H bonds of aliphatic amides was reported
by the Chatani group in 2014, using the 8-aminoquinoline moiety as the bidentate DG and
iodoarenes as coupling partners (Scheme 143a).3% Ni(OTf), was applied as the catalyst
with the aid of a sterically bulky carboxylic acid (MesCO,H) and a base (Na,CO3),

which are proposed to facilitate a concerted metalation-deprotonation step during the C-H
cleavage step. It is worth noting that the reaction proceeds smoothly with either Ni(OAc), or
Ni(COD), as the precatalyst.

The Chatani group also demonstrated the first example of a Ni(ll)-catalyzed arylation of
C(sp3)-H bonds in aliphatic amides with diaryliodonium salts (Scheme 143b).3%7 In this
case, the desired products were isolated in good yields even in the absence of a carboxylic
acid additive. Since diaryliodonium salts could undergo decomposition under heat or basic
conditions to generate aryl iodides or aryl triflate, a control experiment was conducted to
confirm that diaryliodonium salts are the main arylation reagent (76% yield) in the system;
4-MeOCgH4l (37% yield) might have a small contribution, while 4-MeOCgH4OTf (0%
yield) has no contribution to this arylation process.

A similar system for the nickel(11)-catalyzed arylation of C(sp3)—H bonds in aliphatic
amides using 8-aminoquinoline as the bidentate DG was independently achieved by the
You group (Scheme 143c).398 Ni(OTf), was used as the catalyst precursor, Na,COj3 (2
equiv) was the base, and PivOH (20 mol%) was the sterically bulky carboxylic acid.
Moreover, using PPh3 (20 mol%) and DMSO (3.5 equiv) as additives was found to be
essential to promote the cross-coupling in high yields when run in 1,4-dioxane at 160 °C
for 24-36 h. Both aryl iodides and bromides were successful arylating reagents. In this
system, various functional groups, such as Ac, CO,Me, CONEt,, CN, and CHO, were

well tolerated. In 2015, the nickel-catalyzed directed C(sp3)-H arylation of aliphatic amides
with bromothiophenes was reported by the Qiu group.3%? In 2017, Yin and co-workers
reported a Ni(OTf),-catalyzed C(sp3)—H/C(sp?)-H cross-coupling of thiophenes directed by
8-aminoquinoline.400

Liu and co-workers recently explored the mechanism of Ni-catalyzed C(sp3)-H activation
through DFT calculations.01 Compared to the analogous palladacycle intermediate formed
after oxidative addition, the nickelacycle intermediate formed via C(sp®)-H activation is
thermodynamically less favorable, which makes the C—H metalation process generally
reversible. The mechanism for subsequent elementary steps involving the nickelacycle
depends on the coupling partners, and both Ni(lll) and Ni(lV) intermediates were computed
to be viable. A computational study by Sunoj and co-workers also shows that the oxidative
insertion step is rate-limiting.402 Interestingly, experimental evidence reported by Love,
Schafer, and co-workers showed that the rate-determining step in a model substrate in which
C(sp3)-H activation occurred alpha to an amide nitrogen was the C(sp3)-H activation.403
The Love group also made a seminal contribution by isolating the first example of an 8-
aminoquinoline-directed nickelacycle intermediate formed via C(sp3)-H activation (Scheme
140). A similar nickelacycle intermediate was synthesized by Sanford and co-workers
through decarbonylation.404

Chem Rev. Author manuscript; available in PMC 2022 December 22.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Liuetal.

Page 49

The first example of nickel(Il)-catalyzed B-alkylation of aliphatic amides with linear alkyl
halides (iodides, bromides, and chlorides) with the assistance of the 8-aminoquinoline
DG was reported by the Ge group in 2014 (Scheme 145).405 In this case, Ni(acac), was
employed as the precatalyst with 1,2-bis(diphenylphosphino)benzene (dppbz) (10 mol%)
as the ligand. However, this transformation gave exclusive alkylation at the g-methyl C-H
bonds in preference to p-methylene, B-benzylic, y-methyl, and -y-benzene C-H bonds,
thereby limiting use of the method to aliphatic amides bearing a quaternary a.-carbon

and containing at least one p-methyl group. Notably, the addition of TEMPO resulted

in decreased yield of this reaction and the observation of an alkyl-TEMPO adduct,
suggesting the formation of a carbon-centered radical via alkyl-X homolysis. These results
also supports a plausible Ni(11)/Ni(I11) cycle and excludes the Ni(11)/Ni(IV) cycle that
was described earlier for the arylation and alkylation of C(sp3)-H and C(sp2)-H bonds
respectively.

In 2015, You and co-workers used 2,2-disubstituted propanamides containing the bidentate
8-aminoquinoline auxiliary in nickel-catlayzed coupling with either symmetrical or
unsymmetrical alkynes to give a range of alkenylated products (Scheme 146a).4%6 Ni(ll)
complexes were the preferred precatalysts, and the optimized reaction conditions were:
Ni(OAc), (30 mol%) and PPhs (60 mol%) in a mixture of ~PrOH and toluene (1:5) at 170
°C for 24 h. The system was also highly site-selective, favoring C—H bond alkenylation at (3-
methyl positions over p-methylene, y-methyl, or aryl sites. Deuterium-labelling experiments
indicated that the hydrogen source in protonolysis might come from the generated AcOH in
the reaction system. Moreover, the KIE value was found to be A/Ap = 1.0, indicating that
the cleavage of the methyl C—H bond with a nickel species was not involved in the turnover-
determining step. Notably, treatment of the alkenylated products with PCC in CH,Cl> at
100 °C triggered an oxidative O-cyclization process, ultimately leading to cleavage of the
8-aminoquinoline moiety to furnish -y-butyrolactones in moderate to high yield.

The Maiti group reported a similar system for the nickel(l1)-catalyzed insertion of alkynes
into unactivated C(sp3)-H bonds using 8-aminoquinoline as the bidentate auxiliary (Scheme
146b).407 The optimized reaction conditions were: Ni(OAC),-4H,0 (10 mol%) in DMF at
140 °C for 24 h. The authors succeeded in using both symmetrical and unsymmetrical
internal alkynes. Terminal alkynes are also compatible coupling partners, affording the
desired product with excellent regio- and stereoselectivity, albeit in low yields. After minor
modifications to the reaction conditions, electron-deficient olefins were also found to be
compatible, providing access to C(sp3)-H alkylated products.

Another nickel-catalyzed protocol to affect alkenylation of unactivated C(sp3)-H bonds was
reported by the Shi group. In this method, styrenyl iodides were used as electrophiles with
aliphatic carboxamides that contain a bidentate 8-aminoquinoline DG (Scheme 147).408
After extensive screening, the optimized reaction conditions were determined to be with
Ni(acac), (10 mol%) as precatayst, BINOL (40 mol%) as a ligand, and Li,CO3 (2 equiv)
and KTFA (2 equiv) as inorganic bases in DMSO at 140 °C for 8 h. Both electron-deficient
and electron-rich (£)-p-iodostyrenes reacted smoothly with a wide variety of carboxamides
that bear both linear and cyclic chains to give exclusively the (£)-isomers 889 in moderate to
good yields.
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In 2016, Zhang and co-workers developed a method to access a range of y-lactams from
terminal alkynes and aliphatic amides via nickel catalyzed C(sp3)-H bond activation.#%° Shi
and co-workers reported an 8-aminoquinoline-directed C(sp3)-H alkynylation of aliphatic
amides with terminal alkynes (Scheme 144b).410 While NiBr, was found to be the best
nickel catalyst, the addition of Me,S-CuBr co-catalyst and DavePhos ligand greatly enhance
reactivity.

The Ge group reported a Ni(dme),l,-catalyzed, intramolecular, dehydrogenative cyclization
of aliphatic amides via C(sp3)—-H amination with TEMPO (3 equiv) as the single-electron
oxidant (Scheme 149a).411 The presence of KoHPO, (2 equiv) as the base and a catalytic
amount of TBAI (10 mol%) promoted the dehydrogenative cyclization in a solvent mixture
of butyronitrile and benzonitrile in a 3:2 ratio at 150 °C for 24 h. Under these reaction
conditions, reaction at the B-methyl group took place selectively in the presence of
y-methyl, B-methylene, and aromatic C—H bonds. Ge and co-workers achieved a direct
carbonylation of C(sp?)-H and C(sp3)-H bonds with DMF as the CO source (Scheme
149b).412 With a novel Ni/Cu synergistic catalysis system, succinimide derivatives were
prepared from the corresponding aromatic or aliphatic amides under oxygen atomosphere.
The authors observed a preference for functionalizing the methyl group over methylene
groups, including relatively reactive benzyl positions, when aliphatic amides were used as
substrates.

Nickel-catalyzed thiolation of p-methyl C(sp3)—H bonds of aliphatic carboxamides with
disulfides was independently reported by the Shi, Zhang and Yin groups in 2015.413-416 The
Shi group demonstrated nickel-catalyzed thiolation of B-methyl C(sp3)-H bonds of a broad
range of aliphatic carboxamides with various disulfides (Scheme 150a).413 The reaction
conditions were determined to be with (dppp)NiCl, (10 mol%) as the precatalyst, BINOL
(20 mol%) as a ligand, KTFA (2 equiv) as a base and Ag,0 (1 equiv) in DMSO (1 mL) at
140 °C for 12 h. A wide variety of aliphatic acid derivatives and disulfides are tolerated in
the reaction. An approach for thiolation of C(sp3)-H bonds that necessitates only Ni(OTf),
(20 mol%) and LiO#Bu (5 equiv) in DMF (0.5M) at 120 °C along with the disulfide or thiol
was also developed (Scheme 150b).414

The Zhang group demonstrated the thioetherification of B-C(sp®)—-H bonds of aliphatic
amides by using Ni(OTf), (10 mol%) as the catalyst, Ac-Gly-OH (20 mol%) as the ligand,
Na,COg3 (2 equiv) as the base, and TBAI (4 equiv) as the additive in DMF at 140 °C for 12 h
(Scheme 150c).415 1,2-diphenyl diselenide was also found to be reactive under the standard
conditions. The nickel-catalyzed thiolation of C(sp3)-H bonds in aliphatic amides using
8-aminoquinoline as the bidentate auxiliary DG was also described by the Yin group in 2015
(Scheme 150d).416 In 2017, You and co-workers developed a protocol to prepare various
N-alkoxyamine derivatives via nickel-catalyzed aminoxylation of an unactivated C(sp3)-H
bond using stable nitroxyl radicals (Scheme 146e).417
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4. Copper-Catalyzed, Coordination-Assisted Functionalization of C(sp3)-H

Bonds.

Copper salts have been widely used to facilitate carbon—carbon and carbon—heteroatom
bond formation in organic reactions. Use of copper as a catalyst offers practical

advantages due to its abundance, lower cost and non-toxic nature.*18 While copper-
promoted C(sp3)-H functionalization through outer-sphere mechanisms, such as bioinspired
oxidations/oxygenations and those involving radical or Cu-nitrene species, have been
well-studied,*18-423 copper-promoted inner-sphere C(sp3)-H bond activation reactions are
rare.3:424-426 A typical catalytic cycle for inner sphere, Cu-promoted C(sp3)-H activation

is proposed to proceed as follows (Scheme 151): the initial C(sp3)-H bond activation
occurs through cyclocupration to form an alkyl-Cu(ll) species 954, which is oxidized either
by another Cu salt or a silver salt, to form an alkyl-Cu(lll) species 955. Often, ligand
exchange will then occur, followed by reductive elimination to give the final produt 960
with concomitant generation of a Cu(l) species, which must be reoxidized to Cu(ll), often
with a silver salt (Scheme 147, path 1).428-435.437 |n some circumstances, Cu(l) is thought
to coordinate to the DG first to form 957, which can be oxidized to Cu(lll), and then
perform C(sp3)-H bond activation to give an alkyl-Cu(l11) species 959 (Scheme 151, path
11).427.436 One difficulty in using copper to functionalize C(sp3)-H bonds is that accessing
the Cu(l11) species is energetically challenging and often requires high temperature and high
loading of copper salts. Thus far, copper-mediated C(sp3)-H activation reactions are limited
to systems using the 8-aminoquinoline bidentate DG, and the most successful examples are
intramolecular amidation and intermolecular acetoxylation reactions.

In 2014, the Kuninobu and Kanai groups (Scheme 152a)#2 as well as the Ge group (Scheme
152b)*28 independently reported examples of Cu-catalyzed intramolecular amidation of
C(sp®)-H bonds, which provided efficient methods for the synthesis of p-lactams. The
protocol reported by the Kanai group was catalyzed by Cu(OAc), with Ag,CO3 as oxidant,
while CuCl and duroguinone were employed as the catalyst and oxidant, respectively, by the
Ge group. In 2015, You and co-workers described a more economical and practical protocol
that uses oxygen as the sole oxidant in the production of g-lactam compounds (Scheme
152¢).429 An intermolecular version was disclosed by Qin and co-workers in 2016 (Scheme
152d).430 The potential utility of this method was further demonstrated in the synthesis of
CNS disorder modulator HY-2901.

Copper-catalyzed, 8-aminoquinoline-directed p-methyl C(sp3)-H acyloxylation of aliphatic
amides was reported by Ge and co-workers in 2014 (Scheme 153a).431 Cu(OAc), (50 mol%)
was employed as catalyst, and AgOAc (3 equiv) was added as an acetate source and oxidant.
However, the reaction must be run at a high temperature (170 °C). At the same time,

Kanai and co-workers reported a copper-mediated C(sp®)-H acetoxylation of unactivated
methyl groups using the 8-aminoquinoline DG. The use of 1.0 equivalent of Cu(OAc); as
catalyst and 5.0 equivalents of AgOAc as the oxidant was a requisite (Scheme 153b).432
Copper-catalyzed, TBAB-accelerated C(sp3)-H acyloxylation with carboxylic acids was
demonstrated by Zhang and co-workers (Scheme 153c).433
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In the same year, Zhang and co-workers reported a copper-mediated oxidation of B-C(sp®)-
H bonds of propionamides with organosilanes (Scheme 153d).434 They observed that the
desired products could not be isolated when phenol was employed under the standard
conditions, which excluded a pathway involving C—O coupling of the C(sp®)-H bond

with phenol generated from trimethoxy(phenyl)silane. O18-labeling experiments showed that
Cu(OAc), served as the source of the oxygen in the aryloxylation product. The proposed
catalytic cycle starts with C(sp3)-H bond activation and oxidation to an alkyl-Cu(l11)
species that then undergoes C-O reductive elimination between the alkyl group and an
acetate ligand to provide the newly formed ester oxygen and a Cu(l) species ligated to the
DG. Oxidation of Cu(l) to Cu(ll), presumably with Ag,0 and HOAc, then allows the acetate
ligand to hydrolize to give a Cu(ll) species bound to the DG and a terminal alcohol arising
from the acetate ligand. Oxidation via disproportionation and subsequent transmetalation is
followed by reductive elimination of the alcohol and the aryl or alkenyl group to provide

the desired products. An oxidative demethylation of propionamides that might proceed via

a similar mechanism of initial C(sp3)-H acetoxylation followed by subsequent oxidative
decarboxylation was reported by the Fu group.43°

In 2015, the Ge group demonstrated that polyfluoroarenes were effective coupling partners
in the copper-promoted, cross-dehydrogenative coupling of unactivated C(sp3)-H bonds
of aliphatic amides (Scheme 154a).436 It was found that pyridine was essential for this
transformation and di-fert-butyl peroxide was the best oxidant. However, stoichiometric
Cu(OAc); is needed in this reaction. Deuterium-labeling experiments show that an
arylcopper intermediate may be involved in the C(sp®)-H bond cleavage step of the amide
and that cyclometalation of the amide is not the turnover-limiting step.

In 2016, Zhang and co-workers demonstrated a copper-catalyzed C(sp3)-H alkynylation/
annulation reaction between aliphatic amides and alkynyl carboxylic acids or terminal
alkynes (Scheme 154b).437 The authors postulated that the decarboxylation process may
be promoted by the copper or silver salts to form phenylacetylide species.

Ge and co-workers observed a Cu(OAc),-promoted carbonylation of B-C(sp3)-H bonds with
nitromethane as the carbonyl source (Scheme 155).438 They posit that the expected product
arises from C(sp3)-H bond activation of the MeNO, followed by reductive elimination

at the B-position to provide the standard reductive elimination product 995. The nitro-

group then coordinates with Lewis acid to provide the iminium ion 996, which then
undergoes an intramolecular cyclization with the amide nitrogen of the DG to form 997.
Lewis-acid-promoted loss of oxygen results in the formation of a nitroso group that is
subsequently eliminated in the formation of a cyclic imine 999. Upon treatment with water
and subsequent oxidation, the desired product 1001 is generated.

5. Cobalt-Catalyzed Coordination-Assisted Functionalization of C(sp3)-H

Bonds.

Co(l11)-catalyzed functionalization of electronically activated C(sp3)-H bonds, such as
benzylic C(sp3)-H bonds in 8-methylquinolines, has been well studied.#3%-446 |n all
these cases, Co(lll) is proposed to first coordinate to the nitrogen of the quinoline
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before performing benzylic C(sp3)-H bond insertion, which allows a number of possible
elementary steps to take place: alkene?3%-442 or alkyne*43 coordination followed by
migratory insertion, transmetalation followed by reductive elimination,*#4 carbene formation
followed by migratory insertion,*4° or nitrene formation via decarboxylative ring

opening followed by migratory insertion.#46 However, the use of cobalt catalysts in the
transformations of nonactivated C(sp3)-H bonds is relatively underdeveloped.447-450

The first example of Co(l11)-catalyzed nonactivated C(sp®)-H activation was not reported
utill 2015. Ge and co-workers disclosed a cobalt-catalyzed intramolecular amination of
nonactivated B-C(sp3)-H bonds of aliphatic amides directed by 8-aminoquinoline (Scheme
156).451 A wide range of 2,2-disubstituted propanamides bearing either linear or cyclic
substituents at the a-position were successfully functionalized catalyzed by Co(OAc); in the
presence of Ag,CO3 and PhCO,Na, providing a rapid acess of various B-lactams. Direct
intermolecular amination of C(sp3)-H bonds catalyzed by Co(acac)z (20 mol%) was also
reported in the same communication. Radical intermediates were shown not to be involved
in the catalytic cycle for the formation of p-lactams. However, in the case of y-lactams,
the addition of TEMPO dramatically reduces the yield, suggesting that a single electron
oxidation produces an alkyl radical species that leads to the -y-lactams.

In 2017, Seayad, Dixon, and co-workers reported a thioamide-directed, cobalt-catalyzed
amidation of C(sp3)—H bonds with (hetero)aryl-, and alkyl-substituted dioxazolones
(Scheme 157a).4%2 A wide range of thioamides with A-containing heterocycles, such

as piperazine, morpholine, and tetrahydroisoquinoline, were all tolerated and afforded

the corresponding products in good yields. In 2019, the Matsunaga group uncovered a
Cp*Co/chiral carboxylic acid (CCA) system for the enantioselective C(sp3)-H amidation
of thioamides (Scheme 157b).453 Imide-protected amino acids were screened and CCA-1
showed high enantioselectivity. The reactivity and selectivity were further improved by
combining sterically hindered cobalt catalyst (1013) with the MS13X zeolite. In order

to overcome the limited structural diversity of imide-protected amino acids, chiral 2-aryl
ferrocene carboxylic acids (CCA-2) were developed as a type of efficient chiral ligands that
also displayed good reactivity and enantioselectivity by the Matsunaga group.*>* Recently,
Loh and co-workers demonstrated a Cp*Co'!'-catalyzed, thioamide-directed amination of
C(sp3)-H bonds using anthranils as the amine electrophiles.4>>

Co(acac),-catalyzed C(sp3)-H carbonylative cyclization of aliphatic amides was
independently reported by the Lei,*>® Sundararaju,>” and Gaunt#8 groups (Scheme 158).
Ag,COs is found to be an excellent oxidant for this type of carbonylation reaction.

Zhang and co-workers demonstrated a cobalt-catalyzed C(sp3)-H alkynyation/cyclization

of aliphatic amides and terminal alkynes (Scheme 159).4%9 Aromatic amides bearing either
electron-withdrawing or electron-donating groups are also compatible under similar reaction
conditions. Control experiments indicated that a catalytic amount of Ag2CO3 (10 mol %)
and stoichiometric TBAI were required for this cyclization.

In 2017, the Shi group reported a Co(OAc),-4H,0-catalyzed, 8-aminoquinoline-directed
multiple C(sp3)-H activation strategy for the synthesis of bicyclo[n.1.0]alkanes (Scheme
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160).460 This reaction is proposed start with the coordination of the Co(I1) species with
8-aminoquinoline and the alkene, which is in situ oxidized to the active Co(lll) species
1033, followed by methyl C(sp3)—H activation and alkene insertion to form intermediate
1035. The second methylene C(sp3)-H activation of intermediate 1035 then occurs to give
cobaltacycle intermediate 1036. Subsequent reductive elimination and decomplexation leads
to the formation of bicyclo[n.1.0]alkane prfemoduct. Reoxidation of the Co(l) species with
Ag(l) will regenerate the active Co(ll1) species to close the catalytic cycle.

6. Rhodium-Catalyzed Coordination-Assisted Functionalization of C(sp3)—

H Bonds.

Compared to Rh-catalyzed C(sp?)-H functionalization, Rh-catalyzed activation of C(sp3)-H
bonds has received much less attention.6:9:461-463 The functionalization of electronically
activated C(sp3)-H bonds, such as allylic,64 benzylic, 465-473 and those adjacent to a
heteroatoms,#”4-478 have been investigated, but these systems are outside the scope of

this review. Meanwhile, Rh-catalyzed activation of unactivated C(sp3)-H bonds is more
challenging and still relatively rare.

The Cp*Rh(l11)-catalyzed B-arylation of unactivated C(sp3)-H bonds of 2-alkylpyridine
derivatives was reported by the Glorius group in 2015 (Scheme 161a).47? In this

case, [Cp*Rh(CH3CN)3](SbFg), (5.0 mol%) combined with Ag,0 (2.5 equiv), and
triphenylboroxin (2.0 equiv) was effective for generating the desired product. Arylation of
the C(sp3)-H bond of 8-benzylquinoline was found to proceed at a lower temperature (80
°C) with a lower loading of the triarylboroxine and the oxidant. In this case, the products

are attractive due to the biological properties of functionalized quinolines. In 2017, Zhao and
co-workers achieved a Rh(ll1)-catalyzed, trimethylpyrazole-directed arylation of unactivated
C(sp3)-H bonds (Scheme 161b).480 A wide range of functional groups were tolerated under
the optimized conditions.

In 2015, the You group reported a Rh(l11)-catalyzed, pyridine-directed amination of
unactivated C(sp3)-H bonds using sulfonamides as the nitrogen coupling partner at room
temperature (Scheme 162a).481 [Cp*Rh(CH3CN)3](SbFg), and Phl(OAc), were found to
be the best catalyst/oxidant combination for this transformation. NaOAc (30 mol%) was
required to improve the yield of the product. A variety of 2-ethylpyridine derivatives were
suitable substrates for this transformation, and the method was compatible with different
sulfonamides, such as aryl sulfonamides possessing an electron-withdrawing group on

the aromatic ring and alkyl sulfonamides. Furthermore, cyclohexane ketoximes and (£)-2-
methylcyclohexanone O-methyl oxime were viable substrate classes under the reaction
conditions. Based on control experiments, the authors postulated that a nitrene intermediate
is likely involved in the sulfonamidation process.

Rh(I11)-catalyzed amidation of unactivated C(sp3)-H bonds of ketoximies was reported by
the Li group in 2015 with [{RhCp*Cl5,},]/AgSbFg as the catalyst and AgOAc (8 mol%) as
the additive (Scheme 162b).#82 3-Substituted 1,4,2-dioxazol-5-ones reagents were used as
nitrogen electrophiles, and a variety of substituents at the 3-postion were tolerated, including
aryl groups bearing electron-donating or electron-withdrawing groups at different positions.
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Compatible substrates include 8-methylquinoline, the oxime ether of L-(-)-carvone, and
even aliphatic cyclic and acyclic ketoximes. Deuterium-labelling experiments revealed
that the C—H activation step is irreversible and thus the turnover-limiting step in the
catalytic cycle. In 2018, the Xu group expanded the scope of Rh(lll)-catalyzed amidation
to 1-arylethan-1-ol oxime substrates (Scheme 162c).483 Notably, C(sp3)-H bonds were
functionalized in preference to potentially more reactive C(sp%)-H bonds. In 2019, the
Wang group developed a Rh(lll)-catalyzed bidentate-DG-directed amidation reaction with
arylsulfonamides (162d).484

Rh(1)-catalyzed alkenylation of primary C(sp3)-H bonds of ketone derivatives with alkynes
was documented by Dong and co-workers in 2017 (Scheme 163).485 A hydrazone derived
from 2-hydrazinyl-4-methylpyridine was used as the DG and was installed /n situ. The
alkenylation products were converted into corresponding alkylated ketones by reduction
with Hy over Pd/C. The hydrazone auxiliary could also be removed in one pot through the
addition of aqueous HCI. A mechanism involving oxidative addition of Rh(l) to the C(sp3)—
H bond to form a Rh(l11)(Alkyl)(H) intermediate was proposed for this transformation based
on the isolation of an analogous Ir(111)(Alkyl)(H) complex.

7. Iridium-Catalyzed Coordination-Assisted Functionalization of C(sp3)-H

Bonds.

It is well known that iridium complexes react with a broad range of directing-group-
containing compounds to form iridacycles via C-H bond activation.*86 However, early
reports of iridium-catalyzed C(sp®)-H activation were limited to C-H bonds adjacent to
heteroatoms,*87-492 which is outside the scope of this review as this class of C—H bonds are
uniquely activated.

Pyridine has been used as a DG to achieve the Ir-catalyzed borylation of 2-alkylpyridines
(Scheme 164a—c). In 2013, the Sato group discovered an Ir(l)-catalyzed, pyridine-directed
triple C(sp3)-H borylation in which pyridine DGs bearing electron-donating functional
groups at the 4-position gave the desired products in high yield.#93 Ir-catalyzed primary and
secondary C(sp3)-H borylation of 2-alkylpyridines using silica-supported monophosphine—
Ir catalysts was reported by the Sawamura group in 2013 (Scheme 163b).4%4 The silica-
supported monophosphine ligands show significant ligand-accelerating effect in this C(sp3)—
H borylation transformation, and is crucial for the borylation of methylene C(sp3)-H
bonds. In the same year, Sawamura and co-workers also developed a novel type of
polystyrene(PS)-phosphane covalently bound hybrid for Ir-catalyzed C(sp3)-H borylation
of 2-pentylpyridine.#%> Enantioselective borylation of secondary C(sp3)-H bonds with

an Ir(1) catalyst was reported by Sawamura and co-workers in 2019.4% The extended
aromatic environment on the BINOL-based monophosphite ligand (L87) increased the
enantioselectivity significantly over atropisomeric BINOL-based monophosphite ligands.
DFT calculations suggested the the monophosphite-Ir-tris(boryl) complex forms a narrow
chiral reaction pocket.

In 2019, the group of Xu elegantly developed a new type of chiral bidentate boryl
ligands (CBLs) containing a pyridyl group, a chiral boryl moiety, and a sterically bulky
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aryl, which successfully enabled the iridium-catalyzed asymmetric C(sp%)-H borylation

of diarylmethylamines.#97 Inspired by this promising result, they further extended this
mode to Ir(I)-catalyzed, enantioselective C(sp3)-H borylation of cyclopropanes using CBL
(L88) as a chiral ligand (Scheme 164d).498 A variety of cyclopropanecarboxamides with
a-quaternary carbon centers are well tolerated, providing p-borylated products with high
enantioselectivities (up to 96% ee). The resulting borylated products could be used as
versatile precursors for subsequent stereospecific transformations and the synthesis of a
bioactive compound, Levomilnacipran, was achieved.

Ir(111)-catalyzed C—H amidation of methyl C(sp3)-H bonds of ketoximes with sulfonyl or
acyl azides under mild conditions was reported by the Chang group in 2014 (Scheme
165a).49 A range of a-methyl cyclic ketoximes and acyclic ketoximes reacted with

acyl or sulfonyl azides to afford the corresponding products in moderate to excellent

yields. This amidation protocol occurred exclusively at the methyl C(sp3)-H bond without
functionalizing methylene C(sp®)-H bonds. As is evident the broad substrate scope and mild
conditions of this procedure, it is effective for late-stage functionalization of natural products
and complex synthetic compounds, such as a derivative of santonin.

The same group later extended this mode of reactivity to synthesize various 1,2-amino
alcohols from alcohol-derived substrates (Scheme 165b).590 Azidoformates have also
been investigated by the Chang group as nitrogen coupling partners in the synthesis of
primary alkylamines (Scheme 165¢).501 An Ir(l11)-catalyzed, bidentate-auxiliary-directed
intermolecular sulfonylamidation of methylene C(sp3)-H bonds with azides was disclosed
by the Zeng group in 2016 (Scheme 165d).992

In 2015, [(Cp*IrCl,),]-catalyzed C(sp3)-H arylation of ketoximes with diaryliodonium
triflate salts was reported by the Shi group (Scheme 166).593 Reaction optimization revealed
that the addition of PivOH and 4 A MS resulted in a significantly improved yield. This
protocol was demonstrated to serve as an efficient tool for the synthesis of C(p)-arylated
lanostane and for the late-stage C(sp3)-H arylation of oleanolic acid.

In 2020, the Echavarren group reported an Ir(111)-catalyzed primary C(sp3)-H alkynylation
of ketones and alcohols directed by oximes using a bromo-alkyne (1.2 equiv), catalyzed by
[Cp*IrCl5]o (7 mol%), with substoichiometric amounts of AgSbFg(30 mol%) and LiOAc
(30 mol%), with Ag,CO3 (1 equiv) in 1,2-DCE. (Scheme 167a).%%4 Under the same reaction
conditions, pyridine-, pyrazole-, and pyrazine-directed primary C(sp3)-H alkynylation was
also achieved. 2-Acylimidazol-directed, Ir(I11)-catalyzed primary C(sp3)-H alkynylation
using alkynyl bromides was reported by the Chatani group in 2020 (Scheme 167b).%0°
During the course of mechanistic studies, a catalytically competent six-membered iridacycle
was successfully isolated and characterized.

Iron-Catalyzed Coordination-Assisted Functionalization of C(sp3)-H

Iron is the second-most abundant metal in the earth’s crust after aluminium and is
inexpensive compared to the precious metals often used in catalysis.5%® Moreover, unlike
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palladium, iron can adopt oxidation states from -2 to +5 (and in rare cases +6). High-
oxidation state iron catalysts (+3, +4, or even +5) are most commonly used in nonactivated
C(sp3)-H bond functionalization reactions. In terms of reactivity, iron-catalyzed C(sp3)—
H bonds functionalization is currently limited to C—C bond-forming reactions, such as
arylation and alkylation.507.508

In 2013, Nakamura and co-workers reported the first 8-aminoquinoline-directed

C(sp3)-H arylation of aliphatic carboxamides catalyzed by Fe(acac)s (Scheme

168a).599 Arylzinc reagents were employed as nucleophiles in combination with
1,2-bis(diphenylphosphino)benzene (dppbz) as ligand and 1,2-dichloro-2-methylpropane
(DCIB) as the organic oxidant. This reaction is sensitive to the choice of ligand and shows
a complete preference for C—H bond activation of the methyl group over a potentially
competitive benzylic site. They also found that the arylation reaction was very sensitive to
the structure of the substrate. All of the reactive substrates have an a-quaternary carbon
center while those containing either a wider or small CH3—C-C(=0) bond angle (e.g.
1-methylcyclobutanecarboxamide and 1-methylcyclopropanecarboxamide) are unreactive.
KIE studies and the observed selectivity and reactivity indicate that the reaction proceed
through the formation of a metallacycle intermediate via rate-determining C-H cleavage
rather than a radical pathway. In 2015, the direct methylation of a C(sp3)-H bond with

an AlMeg/Fe(111) system was also reported by the Nakamura group (Scheme 168b).%10 In
2017, the Nakamura group then expanded this methodology by using aryl-, heteroaryl-, and
alkenylboron reagents as coupling partners (Scheme 168c).211

The triazolyldimethylmethyl (TAM) moiety was used as a directing group by the
Ackermann group for the iron-catalyzed arylation and methylation of unactivated C(sp3)—
H bonds (Scheme 168d—e).241:512 The high selectivity for functionalization of the methyl
C(sp3)-H bond over the weaker benzylic C(sp3)-H bond is indicative of an organometallic
C—H metalation mechanism.

9. Ruthenium-Catalyzed Coordination-Assisted Functionalization of
C(sp3)-H Bonds.

Ruthenium catalysts are among the earliest catalysts employed for C-H bond
activation.#8:513-515 Rythenium-catalyzed direct functionalization of electronically biased
C(sp3)-H bonds, such as those at benzylic positions or adjacent to heteroatoms, has

been well studied and is outside of the scope of this review.516-526 Beyond examples

with activated C—H bonds, the number of C(sp3)-H activation reactions catalyzed by
ruthenium is rare and only two examples have been reported thus far. In 2011, the

Chatani group developed the first Ru(0)-catalyzed carbonylation of unactivated p-C(sp®)-H
bonds of aliphatic amides to give the corresponding succinimides (Scheme 169).527 The
presence of the 2-pyridinylmethylamino moiety is required as an N,N-bidentate ligand, as
evidenced formation of a dinuclear ruthenium complex when the substrate is combined with
Ruz(CO)1». Although the reaction still proceeds when water is removed, the efficiency of the
reaction decreases significantly. Interestingly, in the absence of ethylene, no carbonylation
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product could be detected. The authors postulated that ethylene functions as a hydrogen
acceptor. Moreover, long reaction time (5 days) is needed.

A second example of Ru(0)-catalyzed functionalization of unactivated B-C(sp®)-H bonds
was reported by You and co-workers in 2016.528 They described a Ru3(CO)1»-catalyzed,
pyridine-directed silylation of unactivated C(sp3)-H bonds (Scheme 170). A wide range
of 2-alkylpyridines were converted to the corresponding silylated products in modest to
excellent yields.

10. Platinum-Catalyzed Coordination-Assisted Functionalization of
C(sp®)-H Bonds.

11.

Pt catalysts have a rich history in activation of C(sp3)-H bonds via an electrophilic
mechanism, dating back to pioneering work by Shilov.529:530 pt salts had also been shown to
coordinate with amino acids.>3! In 2001, Sames and co-workers reported hydroxylation

of a-amino acids using K,PtCly as a catalyst and CuCls, as a stoichiometric oxidant
(Scheme 171).532 Hydroxylation of various aliphatic substrates, including 7-butylamine

and rpentanoic acid, have also been observed. A coordination-directed mechanism was
proposed based on the regioselectivity of reactions with a-amino acids.

Conclusions and Future Outlook

Transition-metal-catalyzed, coordination-assisted C(sp®)—H functionalization has grown
rapidly as a research area over the last few decades. Continued developments in this field
hold great potential to revolutionize synthetic planning and execution. As illustrated, the
proliferation of different metal catalysts, the implementation of new strategies, and the
expansion of directing groups (including native functional groups, auxiliaries, and transient
groups), has opened the door to functionalization of more strategic C—H bonds in organic
molecules. This flexibility allows chemists to envision a greater number of C(sp3)-H
functionalization disconnections in synthetic planning, both in target- and diversity-oriented
pursuits.

This progress notwithstanding, numerous challenges remain towards the long-term vision
of being able to functionalize any desired C(sp®)-H bond within a molecule of interest.
This includes the direct use of chemical feedstocks without introduction of stoichiometric
auxiliaries, the ability to control site- and stereoselectivity through catalyst and ligand
design, and the improvement of catalyst turnover. We anticipate that efforts devoted
towards these ends will stimulate more exciting advances at the nexus of organic synthesis,
organometallic chemistry, and homogenous catalysis in the coming era.
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ABBREVIATIONS
A Angstrom
Ac acetyl
acac acetylacetonate
APAQ N-acetyl-protected aminoethyl quinoline
AQ 8-aminoquinoline
Ar aryl
atm atmosphere
BDE bond dissociation energy
Bn benzyl
Boc tert-butyloxycarbonyl
BQ 1,4-benzoquinone
Bu butyl
Cc Celsius
CAN ceric ammonium nitrate
Cbz carboxylbenzyl
Co cobalt
cod 1,5-cyclooctadiene
CPA chiral phosphoric acid
Cp* pentamethyl cyclopentadienyl
Cu copper
dba dibenzylideneacetone
DCE 1,2-dichloroethane
DCM dichloromethane
DDQ 2,3-Dichloro-5,6-dicyano-p-benzoguinone
DFT density functional theory
DG Directing Group
2,5-DHBQ 2,5-dihydroxy-p-benzoquinone
DMF N, N-dimethylformamide
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DMSO
de
DMPU
dr

ee
equiv
Et

Fe

FG

HFIP

MIA
MPAA
MPAO
NFSI
NHC
Ni

Ns

PA
Pd
Ph
Phe
phen
Phth
Pin
PIP

Piv

dimethyl sulfoxide
diastereomeric excess

N, N ~dimethylpropyleneurea
diastereomeric ratio
enantiomeric excess
equivalent

ethyl

iron

Functional Group
hexafluoroisopropanol
Iridium

neutral ligand
2-Methoxyiminoacetyl
mono--protected amino acid
mono-/-protected aminomethyl oxazoline
N-fluorobenzenesulfonimide
N-heterocyclic carbenes
nickel

nosyl

para

picolinamide

palladium

phenyl

phenylalanine
phenanthroline

phthalimido

pinacolato
2-pyridylisopropylamine

pivaloyl
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Pt Platinum

r.t room temperature

Rh rhodium

Ru ruthenium

t tert

TBAI tetra-n-butylammonium iodide

TBDPS tert-butyldiphenylsilyl

TBHP tert-Butyl hydroperoxide

TDG transient directing group

TEMPO (2,2,6,6-tetramethylpiperidin-1-yl)oxyl

Tf trifluoromethylsulfonyl

TFA trifluoroacetic acid

THF tetrahydrofuran

TIPS triisopropylsilyl

Tle tert-leucine

™ Transition Metal

TOAB tetra-n-octylammonium bromide

Tol p-tolyl, 4-methylphenyl

X halogen or anionic ligand
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a) Pyrazole-Directed C(sp3)-H Bond Arylation Reported by Yu (Yu et al., 2015).77 b)

Pyrazole-Directed C(sp3)-H Bond Arylation Reported by Daugulis (Daugulis et al., 2017).78
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Daugulis et al., 2019

= | (o)
XN H
R
8
) ~
_ 2
N R
R" “H
10
= 0
| _ 2
S RN R
R" “H
12
Scheme 5.

5 mol% Pd(OAc),
1.5 equiv AgOAc
2.5 equiv Arl

1.0 equiv NaOTf
HFIP, 90 °C, 24 h

5 mol% Pd(OAc),
1.2 equiv AQOCOCF;
2.5 equiv 4-FCgHyl

1.0 equiv NaOTf
HFIP, 90 °C, 24 h

5 mol% Pd(OAc),
2.5 equiv AQOCOCF4
2.5 equiv 4-FCgHyl

1.0 equiv NaOTf
20 mol% L-Ac-Phe-OH
HFIP, 100 °C, 24 h

©/\KCOOH
HN (@)
\[4

Me
L-Ac-Phe-OH (L1)

Page 98

+ N Ar

R
9, 25 examples
up to 91% yield

R1

11, 9 examples F
up to 82% vyield
N - R?

13, 5 examples
up to 92% yield

1-Aminopyridinium-Ylide-Directed B-C(sp3)—-H Arylation (Daugulis et al., 2019).7°
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(a) Gaunt et al., 2015

Me o Me
/OQ( Me // §(
7 R /
o {9
@\ N\P’d /@ Amine dissociation @\N\P,d
N
| [ Amine association /\
R o H R o._ 0
Me —~
>’ © H o &y
Me 3
14 15

Hindered environment around Pd-center
destabilizes bis(amine) complex

: X,
<:>< R 15 mol% Pd(OAc), R

H Ar(Mes)-I-OTf H
NaOAc, 1,2-DCE, 70 °C
H Ar
17, 20 examples
16 up to 84% yield
(b) Gaunt et al., 2019 |
M .
OPiv _.O=( © OPiv .O=
0 | 1.0 equiv AgOA 0
— HOOC 1 equiv AgoAc N—pd
H "{ Pd\N S . H k ~\T
Et R \ > Et L
H H
18 19, 2.0 equiv 20
H R
R4 Br 10 mol% Pd(OPiv), R N
R! H + HOOC 2.0 equiv AgOAC
2 3
CHCl,, 80 °C, 20 h R® R
RZ R® H pm e ‘
E Br I
! 24,28 examples
1 1 , ’
2 22 - R' o= | upto 77% yield
:R ::K’\Ill-' 0 i
'R —Pd__
! N 1
AN Pl
: R* !
. 23 :
Scheme 6.

a) C(sp®)-H Arylation of Amino Alcohol Derivatives (Gaunt et al., 2015).89 b) C(sp3)-H
Avrylation of Alkylamines (Gaunt et al., 2019).81
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(a) Yao et al., 2019

NH, 10 mol% Pd(OAc), o NH>
0.75 equiv Ag,0O tO,
EtoC~ H +  AfAOTf . Ar
R' R2gs HFIP/ACOH R2 R?
25 100°C, 24 h 26, 28 examples

up to 74% yield

(b) Bannister et al., 2019

o,
NH, R3 10 moIA? Pd(OAc), NH, RS COOH
1.5 equiv Ag,CO3
R! H R1MAF

R2 3.0 equiv Arl R2 NO,
30 mol% L2 28, 29 examples L2
27 AcOH, 130°C, 24 h up to 77% yield
Scheme 7.

a) Free-Amine-Directed, y-C(sp3)-H Arylation of a-Amino Esters (Yao et al., 2019).82 b)
Free-Amine-Directed 8-C(sp3)-H Arylation (Bannister et al., 2019).83
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Chen et al., 2016

MeO\N h g E)nOI%'PdA(Oé(gz HCHO, HCI oo
| v Arrot 20eaulv A%CO, ’ A
R AN 0.6 equivPivOH  THF rt.,5h R N
R“ R 1,2-DCE:HFIP (3:1) R R
85°C,5h
29 30 31,25 examples
up to 84% yield
Scheme 8.
Oxime-Directed p-Arylation of Oxime Ethers Using Diaryliodonium Salts (Chen et al.,
2016).84
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Dong et al., 2018

(\CozEt

I\ S
R
_ H

32

S CO,Et

Scheme 9.

10 mol% Pd(OAc),
1.5 equiv Arl, 1.5 equiv AgTFA
1.2 equiv NaTFA, 20 mol% MeOMs

50 mol% m-nitrobenzoic acid
HFIP/AcOH, 90 °C, 24 h

10 mol% Pd(OAc),
3.0 equiv Arl, 1.5 equiv Ag,O

1.0 equiv 5-CF3-2-pyridinol
HFIP/AcOH, 70 °C, 60 h

Thioether-Directed y-C(sp3)-H Arylation (Dong et al., 2018).8

Chem Rev. Author manuscript; available in PMC 2022 December 22.

Page 102

(\COZEt

| \ S
R
P~ Ar

33, 20 examples
up to 77% yield

35, 20 examples
up to 82% yield
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Yu et al., 2007
10 mol% Pd(OAc),

H O 2.0 equiv Ag,CO3 Ar O Ar O
|>HJ\ 2.0 equiv NaOAc I>HJ\ \I>HJ\
+
Me O 10 equiv K:HPO,, e OH Ar OH
R t-BuOH, 130 °C, 3 h R R
2.0 equiv Arl
36 9 37 38, 8 examples
______________ up to 72% yield
| I .
. H O—Na !
via i 5 ‘O/ !
M E
C R i
39
Scheme 10.

Carboxyl-Directed Pd(l1)-Catalyzed Arylation of B-C(sp®)-H Bonds (Yu et al., 2007).86
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(a) Yu et al., 2009, Pd(0)/Pd(ll) catalytic cycle
H

10 mol% Pd(OAc),
R NHCGFs 3.0 equiv CsF, 3.0 equiv Arl
R2 20 mol% L3, Toluene
o 100 mg 3 AMS
40 100 °C, Ny, 24 h

Ar

R1 L[( N HC6F5
R2

(0]
41, 14 examples
up to 84% yield

Page 104

PCy2-HBF4
J

(b) Yu et al., 2010, Pd(ll)/Pd(IV) catalytic cycle

H 10 mol% Pd(OAc), Ar
R’ NHCF 5 4.0 equiv AgOAC R NHC4Fs
R2 1.2 equiv Cs,COg, Phl R2
O 130 °C, air, 3 h )
42 43, 6 examples
up to 84% yield
Scheme 11.

The First Example of CONHArg (Arg = CgFs)-Directed Arylation of -Methyl C(sp3)-H
Bonds. a) via Pd(0)/Pd(11) catalytic cycle (Yu et al., 2009);89 b) (Yu et al., 2010).90
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(a) Yu et al., 2012
R2
RWNHArF
H O

Ar,: = (4-CF3)CGF4
44

(b) Yu et al., 2014
H  NHAr

Ar'/H o
Ar,: = (4-CF3)CGF4

46

Scheme 12.

10 mol% Pd(OAc),
20 mol% L4, 3 eq Arl
2.0 equiv Ag,CO3
1.2 equiv K;HPO,
hexane, 110 °C, 24 h

10 mol% PdCl,
20 mol% L5

3.0 equiv Ag,CO3, Ar?l
t-Amyl-OH, 140 °C, 24 h

Page 105

R2
7 i-B
Ar O N O/I !
L4
45, 11 examples
up to 93% yield
R\
X
| A Me SN
= N, e | P
S N Me
Ar? o) L5

47, 31 examples
up to 85% yield

a) The First Example of CONHArg (Arg = p-CF3CgF4)-Directed B-Methylene C(sp®)-H
Arylation (Yu et al., 2012).%1 b) Ligand-Promoted CONHArg (ArF = p-CF3CgF4)-Directed
Triple C—H Activation Reactions (Yu et al., 2014).92
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10 mol% Pd(TFA),

Yu et al., 2014 20 mol% L6, Ar'l
10 mol% Pd(TFA), TFA, Ag,CO3, 1,2-DCE
NPhth 20 mol% L6, Arl NPhth 100 °C, 20 h NPhth

A A~ NHATE  TFRA Ag,cOos P NHATF 10 mol% PA(TFA),  Ar! NHAre
W 1,2-DCE, 100 °C, 20 h Y\([)f 20 mol% L7, Arl Y\[f

H O H
TFA, Ag,COj, 1,2-DCE Ar? O
49, 23 = 48 50, 18 examples
, 23 examples  Arg = 4-(CF3)CeF4 100 °C, 20 h up to 89% yield
o
up to 93% yield up to 20:1 d.r.
NPhth 10 mol% Pd(TFA), NPhth Me
Ph ‘ NHArg 20 mol% L7, Arl Ph - NHArg X
m TFA, Ag;CO, m -
1,2-DCE, 100 °C, 20 h r N~ 07 "Me
51 52 L7
PhthN, O
NPhth . | A 1.0 eq PA(TFA), < ,N—lm'p
Ho~ z 2.0 equiv b Pd €
CONHAr . qulv base ~n~ N\
F N" Me 4 5 DCE, 100°C, 20 h O\ ®
48 L6 7 "Me N\
53: CsF, 72%
Ag,CO3, 60%
PhthN, O
Me Ph*(F;,/(N—AFF
NPhth 1.5 eq Pd(TFA o
- + o 2.0egqui\§ CsF) ? X N/ N
CONHArg - 2D equivbsk NN
H N 0" Me  1.2DCE e o [
51 L7 60°C, 12 h Me
Me
54: 75%
NPhth 10 mol% 50 NPhth 10 mol% 51 NPhth
H -~ Ag,CO3, PNl Ph - Tol- Ph -~
ﬁ/\CONHArF 2P T ﬁ/\CONHArF Ag2C0;, p-Tol-l Y\CONHArF
4 TFA, 1,2-DCE H TFA,1,2DCE  pTol
100 °C, 20 h 100 °C, 20 h
48 51: 95% 55: 60%, d.r > 20:1
Scheme 13.

Ligand-promoted CONHArg (Arg = p-CF3CgF4)-Directed Arylation of Alanine and
Phenylalanine-Derived Substrates (Yu et al., 2014).93
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(a) Yu et al., 2016

HH O

RMNHArF

10 mol% Pd(OAc), Ar O
L8, 3.0 equiv Arl

R/'\)]\NHAr,:

Ar,: = 4-(CF3)CGF4

3.0 equiv Ag,CO3
HFIP, 80 °C, 36 h

57, 44 examples

Page 107

up to 89% vyield L8 Ry
56 up to 96:4 er
(b) Bertrand et al., 2019 X
»
[ :
AcO—Pd_, -, t-Bu
N7 ) tBu / N
1.0 equiv Pd(OAc), Me. O )\
. t-Bu j/ 07 Me
AcHN CHCls | BU
40°C, 24 h . v, N~ )
t-Bu /Pd\OAc
t-Bu N
L9 N
—
58, 98% yield
X
| — \\\R
[ ;
AR 1.05 equiv Pd(OAc), tBu COTHASNT tBu
N 2.0 equiv Base Me. O )\
t-Bu Y 0% Me
AcHN CHClj /
N t-Bu
rt, 24 h By ') ~p4
/ ~0OAc
t-Bu .
L10 R f Ny
—
59, R = H, 73% yield
60, R = Et, 73% yield
Scheme 14.

Ligand-Accelerated Enantioselective Methylene C(sp3)-H bond Arylation (Yu et al., 2016;
Bertrand et al., 2017).97:100
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Yu et al., 2017
(0]

H/\ﬁJ\NHArF

H
AI'F = 4-(CF3)C6F4

61

PhthN 0
_.OM
H

H CH

63

Scheme 15.

10 mol% Pd(MeCN),Cl,
L11, 3.0 equiv Arl

2.0 equiv Ag,CO3
2.0 equiv NaTFA
toluene, N,, 60 °C, 72 h

10 mol% Pd(OAc),
L12, 3.0 equiv Arl

2.0 equiv AgOAc
HFIP, 35°C, 72 h

Page 108

0 Me_ Me
Me o
Ar NHArg N j Ph
Me AcHN N™ s
62, 42 examples L11
up to 85% vyield
up to 99:1 er
o] Me ~ Me .
PhthN _OMe 0]
Me : ” Q \N ‘
C NH "
\Ar R
64, 6 examples F
up to 75% yield L12
up to 98:2 er

Asymmetric B-C(sp3)-H Arylation Provides Access to a-Chiral Centers (Yu et al., 2017).101
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(a) GooRlen and Yu et al., 2018

Page 109

o) 0 Me Me
H 10 mol% Pd(MeCN),Cl, H (S) O
NHAre L13, 2.0 equiv Ag,CO4 NHAre (S)\N (R) Me
3.0 equiv Arl AcHN
H CHCl3, 80 °C, 48 h Ar L3 Ve
Arg = 4-(CF3)CgF4 66, 25 examples
65 up to 85% yield
up to 97:3 er
(b) Colobert et al., 2019 t-Bu
o 10 mol% Pd(TFA), 0
H 15 mol% L14, Arl N
NHCgF
H NHCgF 5 50 mol% NaTFA Ar 65 9
3.0 equiv Ag,CO3 S
HFIP, 80 OC, 24 h 68, 20 eXamPleS AcHN
67 up to 92% yield
up to 96.5:3.5 er L14 Me
(c) GooRen and Yu et al., 2019
o 10 mol% Pd(OAc), o
1.75 equiv Ag,CO3
NHArE L15, 2.5 equiv Arl NHAre t-Bu
, H 0.3 equiv AgOAc n Ar
n=0,1,2 HFIP, 80 °C, air, 36 h
Arg = 4-(CF3)CgF4 70, 25 examples
69 up to 99% yield
up to 98:2 er
e} 10 mol% Pd(OAc), 0
1.75 equiv Ag,CO4 JU N
NHArg L16, 2.5 equiv Arl * "NHArg _
N
H 0.3 equiv AgOAc Ar
n o . n 4,
HFIP, 80 °C, air. 36 h AcHN
n=0,1,2
Arg = 4-(CF3)CgF4 72, 10 examples L16
71 up to 99% yield
up to 98:2 er
Scheme 16.

a) Enantioselective C(sp3)-H Arylation of Cyclobutyl Carboxylic Amides (Yu et al.,
2018).102 b) Enantioselective C(sp3)-H Arylation of Cyclpropyl Carboxylic Amides
(Colobert et al., 2019).103 ¢) Enantioselective C(sp3)-H Arylation Cycloalkyl Carboxylic

Amides (GooRen and Yu et al., 2020).104
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80 /&\/P/d”-N .
/3 © o™ me substrate
73 coordination
X
Z Me

- N /
e} Y N R 0) H\Pd”*N R
NHAre >/7Me oL
N 79 O 07 “Me
Ar N s
reductive Me .
elimination _ C-H metalation/ not ste.re_o-
N R determining
Ar Nlu.,,,| IV"‘N Me
F /Pd \Y X
o=A"| ™ oH A __Me
AI"F\ /N
< 78 N
N i Ox’ Pd-N"R
Me oxidative J\
~ ags
N R addition HO™ “Me
Ar,:

\_/
"‘N\YMe \\< 76

Scheme 17.
Proposed Mechanism of Enantioselective C(sp3)-H Arylation Cycloalkyl Carboxylic

Amides (GooRen and Yu et al., 2020).104
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Baran, Yu, and Schreiber et al., 2019

Page 111

HH O 1$2mo|°l/g/PS_(0A%)2 Ar O Ar O
g mol% Ligan 1. Et,0+BF3, MeOH, 100 °C, 12 h
RMNHArF 2.0 equiv Arl RMNHArF o 5 R/'\/U\OH
2. LIOH+H,0, THF:H,0 = 1:1
Arg = 4-(CF3)CgHy4 2.0 equiv Ag,CO3 ; h 2
o 82, 11 examples 0°C, 1h
81 HFIP, 80 °C, 36 h = O 83
R" R’
Ar O R! Decarboxylative Ar
/'\)J\ ROH, DIC Ar O Cross-Coupling 2
R oH J N R
DMAP, CH,Cl, R (o) R! R
R'=H,cl O
83 85
A Me Me
- 5
N\ R)
t-Bu AcHN (5) N]S/Me
AcHN™ NMe,
AcHN Me
L8 By M7 By 118 H19
Scheme 18.

Ligand-Accelerated Enantioselective Methylene C(sp3)-H bond Arylation Followed by

Decarboxylative Cross-Coupling (Baran, Yu, and Schreiber et al., 2019).105
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Yu et al., 2016

R' R2 O 10 mol% Pd(OAc),
H 20 mol% L7, 4.0 equiv Arl R! R? Q
NHATE  "30 equiv Ag,COs, 1atm 0, ' NHAr:
Arg = (4-CF3)CgF t-AmylOH, 90 °C, 20 h
F 8(6 3)CeF4 Y 87, 9 examples
up to 86% yield
10 mol% Pd(OAc), 5 Hg A !
Me O 10 mol% L20, 4.0 eq Ar] Me 'PhthN _N_
" NRATE ozézﬁgu,:,gggzcc(::? BU) " NHAr} M= PdLy
B 2 = 1 H :
NPhth t-AmylOH, 90 °C, 20 h NPhth E 90: Favored |
88 89, 20 examples
up to 90% yield
( M
B e Me
- u \
A
N/ (@) Me ~
N (@) Me
L20 L7
Scheme 19.

Ligand-promoted CONHATrE (Arg = p-CF3CgF4)-Directed Arylation of y-C(sp3)-H Bonds
(Yuetal., 2016).106
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Yu et al., 2016
H 10 mol% Pd(TFA),
2.0 equiv Arl, 20 mol% L21
N NHArg 3.0 equiv AgOAc, air, 24 h
| °
TEA O CsFg, 100 °C
Ar,: = (4-CF3)06F4
91
. H 10 mol% Pd(TFA),
(.r)2 3.0 equiv Arl, 20 mol% L21b
X NHATE 750 equiv Ag,COs, air, 24 h
CgFg, 100 °C
93 o
Scheme 20.

Page 113

Ar

NHAr,
N F

I
TFA O

92, 28 examples
up to 98% vyield

X NHAr

(0]
94, 6 examples

up to 74% vyield

N-Heterocyclic Carbene Ligand-Enabled CONHArg (Arg = p-CF3CgF4) -Directed C(sp3)-H

Arylation (Yu et al., 2016).197
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Page 114

Arll
rY\CONHOMe
Ar?

98, 12 examples
up to 71% vyield
> 20:1d.r.

10 mol% Pd(OAc),
20 mol% 2-picoline

2.0 equiv AgOAc, 1.2 equiv Ar'l
HFIP, 75 °C, 24 h

Yu et al., 2015

10 mol% Pd(OAc),
NPhth 30 mol% 2,6-lutidine
AgOAc, Ar(Het)-I

H
then Phl(OAc), H
97, 16 examples °
up to 66% yield MeOH, 85 °C, 3 h
10 mol% Pd(OAc),
20 mol% 2,6-lutidine
2.0 equiv AgOAc, 3 equiv Arl
3.0 equiv NaH,PO4-H,O
HFIP, 100 °C, 36 h

NPhth

10 mol% Pd(OAc),
20 mol% 2,6-lutidine
2.0 equiv AgOAc, 3.0 equiv Ar?l
3.0 equiv NaH,PO4-H,0O
HFIP, 100 °C, 36 h

10 mol% Pd(OAc),
20 mol% 2-picoline =

HFIP, 85 °C, 36 h Y TCONHOMe 2.0 equiv AgOAG CONHOMe

1.5 equiv Ar(Het)l H
HFIP, 75°C, 24 h 96, 24 examples
up to 94% vyield

95

99, 4 examples
up to 75% vyield

Scheme 21.

Methoxyamide-Directed Arylation of Methyl B-C-H Arylation of a-Amino Acids (Yu et al.,

2015).108
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Page 115

(@) Yu et al., 2018
10 mol% Pd(OAc),

(0] H 12 mol% L24 0] Ar
MeO.. )J\(l 2.0 equiv Arl MeO. )KKI
N > N
Ve R! R? 2.0 equiv AgOAc Ve R! R?

HFIP, 70-80 °C, 24-48 h 101, 39 examples

100 up to 99% yield
U o ! . Pdo !
IR : A I
. MeO\N ! i MeO. !
i I 1 R2! i I 2
! Me R' | | Me R :
L 102! e 103
Reduced Lewis basicity Unproductive bis-coordination
(b) Lu et al., 2018
o) 10 mol% Pd(OAc), O
R. 3.0 equiv AgTFA R.
N H - N Ar
H R1R2 1.5 equiv Arl H R1R2

TFE, 120 °C, 48 h 105, 60 examples

104 up to 81% yield

Scheme 22.
a) Ligand-Enabled, Palladium-Catalyzed B-C(sp3)-H Arylation of Weinreb Amides (Yu et

al., 2018).109 ) Simple Amides-Directed B-C(sp%)-H Arylation (Lu et al., 2018).110
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Page 116

Yu et al., 2016

0
O\\/OH 10 mol% Pd(OAc), \—OH

L8, 3.0 equiv Arl

H/, N I, 5
: NPhth
(DNPhth 3.0 equiv Ag,COj4 (m\
n
n

HFIP, 80 °C, 36 h
n=0,1

Ar = 4-MeCgH, 107, 2 examples
106 n =0, 56%, 92:8 er
n=1,42%,80:20 er | tBu
Scheme 23.
Palladium-Catalyzed Asymmetric B-C(sp®)-H Arylation of Free Carboxylic Acids (Yu et al.,
2016).97
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Page 117

(a) Yu et al., 2017

NPhth 5 mol% Pd(OAc),, L23 NPhth
H 2 2.5 equiv Arl, 2.0 equiv AQOAC  Ar 2
WACOOH 1.5 equiv NaHPO,e7H,0 Zolel;]
i HFIP, 100 °C, 24 h &
108 109, 28 examples
up to 85% yield
(b) Zhao et al., 2017
10 mol% Pd(OAc),, Ac-Gly-OH
1 2 1 2
R' R 1.5 equiv Arl, 2.0 equiv Ag,CO3 RUR )]\
H COOH 50 mol% K,COs3 Ar%COOH LT
H HFIP, 100 °C, 24 h H
10 111, 45 examples | Ac-Gly-OH (L24)

up to 90% yield

(c) Yu et al., 2018

1
OH AI’/,,, "\\J\OH
R/H

112 10 mol% Pd(OAc),, L25 113
2.0 equiv Arl, 1.5 equiv Ag,CO3

0 o
PhthN 1.5 equiv Na,CO3, HFIP, 80°C  PhthN NMe,
" “OH " “OH |AcHN
3 = L25

H i Ar
115, 42 examples
114 up to 90% yield
up to 99:1 er
(d) Maiti etal., 2019 . .
Me Me O 10 mol% Pd(OAc),, Ac-Gly-OH  Me Me O : O 5
2.0 equiv Arl, 2.0 equiv Ag,CO3 . R .. Na
OH ) OH via , O '
' R / '
o 0.5 equiv Na,HPO, Ar . PdL, :
3 ]

HFIP, 90 °C, 24 h
116 117, 38 exarqples T8 T
up to 88% yield

(e) Shi et al., 2020

Me Me O 10 mol% Pd(OAc),, Boc-Tle-OH Me Me O
3.0 equiv Arl, 1.0 equiv Ag3PO,4

OH - OH
H  NPhth 1.0 equiv Na,COq Ar NPhth NHBoc
HFIP, 70 °C, 24 h Boc-Tle-OH

120, 37 examples (L26)
119 .
up to 79% yield
Scheme 24.

a) Ligand-Enabled B-C—H Arylation of a-Amino Acids (Yu et al., 2017).111 b)
Ligand-Enabled B-C(sp3)-H Arylation of Aliphatic Carboxylic Acids and a-Amino
Acids (Zhao et al., 2017).112 ¢) Enantioselective B-C(sp3)-H Arylation of Substituted
Cyclopropanecarboxylic Acids and 2-Aminoisobutyric Acid via Pd'//Pd'V (Yu et al.,
2018).113 d) Carboxyl-Directed Pd(11)-Catalyzed y-C(sp3)-H Arylation (Maiti et al.,
2019).114 ) Carboxyl-directed y-C(sp®)-H arylation of zert-Leucine and Peptides (Shi et
al., 2020).115
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Liu et al.
Yu et al., 2015
H 10 mol% Pd(OAc),
H 20 mol% Boc-Val-OH
N 3.0 equiv Arl
R ) 2.0 equiv Ag,CO3
R 0.5 equiv NaTFA, air
t-BuOH, 80 °C, 18 h
121
Scheme 25.

Ar

NHTf
1
R R2
122, 28 examples
up to 99% yield
up to 99.5% ee

Page 118

i-Pr<_NHBoc
(S):
COOH
Boc-Val-OH
(L27)

Enantioselective C(sp3)-H Arylation of Cyclopropy! ethylamines via Pd(11)/Pd(IV) Catalytic

Cycle (Yu et al., 2015).116
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Young et al., 2018

R!

NH

RZ%\/\H N

R3

Scheme 26.

via

10 mol% Pd(OAc),
1.5 equiv AgTFA

CO,, H,0O, AcOH
90-110 °C, 12-24 h

OH
1
S
RzJ\/Pd
R3
126

Page 119

R']
“NH
2 R
R K
R3 |
=

125, 56 examples
up to 78% yield

Carbon Dioxide-Mediated C(sp3)-H Arylation of Amine (Young et al., 2018).117
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(a) Yu et al., 2007
Me_ Me

H O 10 mol% Pd(OAc), Ph

0.5 equiv BQ, 1 equiv Ag,CO3

;})J\OH + Oo B,O

Me I

Page 120

0}

C L,
1.5 equiv KHPO,, R

Me

Ph t-BuOH, 100 °C, 3 h 129 6
127 128 , 6 examples
up to 38% yield
(b) Yu et al., 2019 P,
(@) o) Ar
[
H, JU 10 mol% Pd(OAc), A, \\”\
“S7\. OH . AgpCO;3, K;HPO,, L30 " NOH
e+ ABpin VA N
BQ, H,0, air, 80 °C, 12 h
131, 21 examples AcHN™ "COOH
130 up to 73% yield L28

up to 99:1 er

i HRH @ Ar

H R 10 mol% Pd(OAc), L
7 OH + ArBpin Ag,CO3, KoHPO,, L31 - OH
BQ, H,0, air, 60 °C, 12 h Ar
Ar NMe,
" AcHN
133, 21 examples L29
132 up to 65% yield
up to 95:5 er
Scheme 27.

a) Carboxyl-Directed Pd(l1)-Catalyzed Arylation of B-C(sp®)-H Bonds (Yu et al., 2007).86
b) Enantioselective C(sp3)-H Activation/Cross-Coupling Reactions of Free Carboxylic

Acids via Pd''/PdO (Yu et al., 2019).118
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Yu et al., 2008
H (o) 10‘ mol% Pd(OAc)z‘ Ar O
N/OMe + ArB(OH), 2.0 equiv Ag,0, 0.5 equiv BQ %N/OMe
R1 R2 H 2.0 eqUiV K2CO3, 70 0C, 18 h R1 R2 H
136, 7 examples
134 135 up to 94% vyield
Scheme 28.
Methoxyamide-Directed Arylation of C(sp3)-H Bond with Arylboronic Acids (Yu et al.,
2008).119
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Liu etal. Page 122

(a) Yu et al., 2011

5 mol% Pd(OAc), 5 mol% Pd(OAc),
,ArF A92CO3 ,NaHCO3 A92C03 ,NaHCO3 /ArF
HN R?BPin, BQ R?BPin, BQ , PN
H 0 R 0
L30, 3.0 equiv H,O L30, 3.0 equiv H,O * *
R’ t-AmylOH t-AmylOH R’
137 40°C, Ny, 6 h 40°C, Ny, 6 h 138, 11 examples
. up to 81% yield
first batch second batch up to 92% ee
N U
| F F!
n-Pr CClsj\ | A |
i F | ATE = :
n—Prj\O N COOH ' F F i
H § CN !
L300 | TTTTTTTTTTTTTTTTTT
(b) Yu et al., 2014
o] o o
R Arg 10 mol% Pd(OAc),, L31 R Arg
H ™ N Ag,CO3, Na,COs, 2.0 equiv ArBPin /N
BQ, H,0, t-AmylOH *
H N,, 70 °C, 24 h Ar
139 140, 19 examples
N up to 77% yield
O el up to 95% ee
T w17
| ArF = E
F o} F F F !
e CN____
BocHN NHOMe
L31

Scheme 29.
a) Palladium-Catalyzed CONHArE (Arg = p-CNCgF4)-Directed Asymmetric Cyclopropane

C—H Arylation (Yu et al., 2011)120 b) Palladium-Catalyzed CONHArg (Arg = p-CNCgF4)-
Directed Asymmetric Cyclobutane C—H Arylation (Yu et al., 2014).121
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Yu et al, 2015

NPhth 100mol% Pd(OAC?z NPhth
H E NHAr: 20 mol% L32, 6.0 equiv AgF Ar E NHAr. N
4.0 equiv ArSi(OEt); N~ P
O 110°C, 18 h 0) N
Arg = (4-CF3)CgF4 142, 9 examples L32
141 up to 88% yield

10 mol% Pd(OAc),

20 mol% L20 & Me
R NHAre 6.0 equiv AgF = NHAre t-Bu X
2.0 equiv KHCO3 =

o 4.0 equiv ArSi(OEt), O N Me
143 110 °C. 18 h 144, 15 examples L20
’ up to 82% yield
Scheme 30.

Ligand-Enabled C(sp3)-H Cross-Coupling with Arylsilanes (Yu et al., 2015).122
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(a) Yu et al., 2014
H

Pd(OTf),(MeCN),
H _ D-Ac-Tle-OH
R’ + ArBpin  Ag,CO;, NaHCO;
R? BQ, DMSO, H,0
t-AmylOH, 100 °C
145 N,, 18 h

Page 124

Ar

t-Bu NHAc
RJ;/ NHTF he
COOH
R2
146, 25 examples
up to 82% vyield

R? Me
R H 10 mol% Pd(OAc),, L3:.4 R! Ar Me'S(ELQO:\ S
[ Ag,CO3, NaHCO3, ArBpin N ,,(//)
HN. /° NHNs AcHN
S BQ, H,0, t-AmylOH
7 . L34
O air, 80 °C, 12 h
NO,
NHNs
147 148, 27 examples
up to 83% yield
(c) Yu et al., 2018
Me Me
H 10 mol% Pd(OAc),, L35 A
Me/Y\/ + ArBpin Ag,CO3, Na,CO4 Me H ] (S/@
NHTf BQ, H,0, t-AmylOH NHTf AcHN
(o]
N2, 80 C’_12 h 150, 18 examples
149 Desymmetrization up to 70% yield
up to 98% ee
10 mol% Pd(OAc),, L36
R H RO GA
+ ArBpin Ag2CO3, NaCO3 H j (S)
NHTf Me
NHTf BQ, H,0, t-AmylOH AcHN
N,, 80 °C, 24 h 152, 6 examples
151 Kinetic Resolution up to 36% yield L36 J
up to 99% ee
Scheme 31.

a) Triflamide-Directed y-C(sp®)-H Bond Arylation (Yu et al., 2014).123 b) Ligand-Enabled
v-C(sp®)-H Arylation of Nosyl-Protected Amines (Yu et al., 2017).124 ¢) Enantioselective
v-C(sp3)-H Activation of Alkyl Amines via Pd(11)/Pd(0) Catalysis (Yu et al., 2018).125

Chem Rev. Author manuscript; available in PMC 2022 December 22.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnue Joyiny

1duosnue Joyiny

Liuetal.

Page 125

(a) Gaunt et al., 2015

10 mol% Pd(OAc),

0.5 equiv BQ, 2.0 equiv Ag,CO3
1.0 equiv ArBpin %

H Ar
X At 20 mol% Ac-Phe-OH X s

Me 4.0 equiv NaHCOg3, t-AmylOH Me
80 °C, air, 16-36 h

Me Me

154, 23 examples

153 up to 72% yield
Me  Me 10 mol% Pd(OAc), Me  Me
NH 0.5 equiv BQ, 2.0 equiv Ag,CO3 NH OPh Ph
0 H  PhBpin, 20 mol% L37 o Ph g L I
& - 4.0 equiv NaHCOg, t-AmylOH y N~ >COOH
O e 80 °C, air, 16 h e H
L37
155 156, 40%, 60% ee

(b) Gaunt et al., 2020

o 10 mol% Pd(OAc), o
R' R 2.0 equiv BQ, 2.5 equiv Ag,CO3 R R O tBu

| |
-N H 1.0 equiv ArBPin B
R2 W)\/ q R2 N\H\,Ar Me)k”)\COOH

25 mol% Ac-Tle-OH (L38)

R3 R3
NMP, 50 °C, air, 16 h Ac-Tle-OH
157 158, 58 examples (L38)
up to 93% yield
Scheme 32.

a) Palladium-Catalyzed B-C(sp3)-H Arylation of Secondary Amines (Gaunt et al., 2015).126
b) Palladium-Catalyzed y-C(sp3)-H Arylation of Tertiary Alkylamines (Gaunt et al.,
2020).127
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Yu et al., 2015
R% \ B(OH), 10 mol% Pd(TFA),
N H FN BQ, KHCO;
P R AmylOH, air, 1 atm
tBu” °S 100 °C, 4 h
159 160
Roy~h B(OH), 10 mol% Pd(TFA),
N 1,4-BQ, KHCO;
By s R t-AmyIOH, air, 1 atm
(o]
162 163 100 °C, 4 h
B(OH),
R'—- = B(OH)
| _ 2
O\ 10 mol% Pd(TFA), r2C
Ho S H BQ, KHCO;3 O
/g t—AmyIOH, air, 1 atm BQ, 100 °C.12 h
tBu” S 100 °C, 4 h one pot
165
Q B(OH), 10 mol% Pd(TFA),
N N BQ, KHCO;
H
/J% t-AmylOH, air, 1 atm
t-Bu” S 100°C, 12 h
167 168
Scheme 33.

Page 126

161, 35 examples
up to 99% yield

l
=
t-Bu/gS
164, 11 examples

up to 99% yield

R R?
\ \ av \/\
/ NT
— /I% VY
t-Bu S

166, 7 examples
up to 82% yield
>20:1d.r.

t-Bu/J%S

169, 68% yield

Thioamide-directed Amine a-functionalization via Palladium(I1)-Catalyzed C(sp3)-H

Arylation.128
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(@) Yuetal., 2017
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1 R ) 2
RC VA B(OH), 5 mol% Pdy(dba)s RENPIPN,
Pr N N BQ, KHCO;, (R)-CPA2 (L39) FPr N )
s R? : _ t-AmylOH, N,, 1 atm s A
65°C, 16 h
iPr /Pr i-Pr i-Pr

172, 29 examples

170 171 up to 88% yield

up to 99:1 e.r.

(R)-CPA2
(L39)
(b) Gong et al., 2019
=) B(OH) 5 mol% Pd,(dba)s R (E)n = R
e —
{S}H 2 BQ, L40/176 g @
N~
/& H + RZ_: R t-AmyIOH, N2 /g
R s Z 85°C, 12 h RS
175, 28 examples
173 174 i G R - —S 2777 upto 99% yield
up to 99% ee
R

\O < :H Na

Scheme 34.
a) Thioamide-directed Enantioselective Amine a-functionalization via Palladium(11)-

Catalyzed C(sp®)-H Arylation: a) by Yu et al., 2017.12° b) by Gong et al., 2019.130
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(a) Sanford et al., 2011
EtO,C

SN H 10 mol% Pd(MeCN),(BF,), BFy4
R—: CO2Et 3 mol% H4(PM011VO40)
= +
- = 10 mol% NaOAc, aq. NaBF, R
Me Me AcOH, air, 110 °C, 18 h 5
Me Me
177 178 179, 18 examples

up to 90% vyield

(b) Yu et al., 2016

10 mol% Pd(OAc),
R2 10 mol% Ac-lle-OH (L41)

+
/ 2.0 equiv Na,HPO,4
1,2-DCE/HFIP, N, X
s e
2.0 equiv Cu(OAc),, 80 °C T
180 181 o 182, 18 examples

up to 73% vyield

Me— HN—4
\ Me
Me o)

HO
L41

Scheme 35.
a) Pyridine-Directed C(sp3)-H Alkenylation (Sanford et al., 2011).131 b) Ligand-Promoted

C(sp3)-H Olefination Directed by Pyrazoles (Yu et al., 2016).132
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(a) Gaunt et al., 2015

Q\O CO,R
oy 2
NyRO*

N X

183 184

10 mol% Pd(OAc),
AgOAc, LisPO,

1,2-DCE, 120 °C, Pd/C/H,

Page 129

H
185, 15 examples
up to 82% yield

(b) Gaunt et al., 2017
R3 R2

(e}
R1

186 187

Scheme 36.

ﬁw r~

10 mol% Pd(OAc),
2.0-3.0 equiv AgOAc

20 mol% Ac-Gly-OH
HFIP, air, 60-80 °C

O

M~ _om
Me” N
O

Ac-Gly-OH (L24)

R3 R2 R*

X,
(@]
R1

@)
188, 30 examples
up to 93% vyield

a) Palladium-Catalyzed C(sp3)-H Alkenylation of Amino Alcohol Derivatives (Gaunt et
al., 2015).80 b) Palladium-Catalyzed C(sp3)-H Alkenylation of Morpholinone Derivatives

(Gaunt et al., 2015).133
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Yu et al., 2010

10 mol% Pd(OAc),
o 1.1 equiv Cu(OAC),

R! 1.1 equiv AgOA
> NHAr- eq.uw. gOAc
R 2.0 equiv LiCl, DMF
H 120 °C, Ny, 12 h
“co,Bn

189

Scheme 37.

Page 130

O

R F F
R2 N- ArF F F F CF3
Arg = and
N
F F

BnOZC

190, 14 examples
up to 94% yield

Palladium-Catalyzed, CONHArg-Directed Alkenylation of -C(sp®)-H Bonds (Yu et al.,

2010).134
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(a) Yu et al., 2014
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R' R2 10 mol% Pd(OAc), R2 o "
10 mol% TEMPO R
40 mol% L20, AgOAc N t-Bu N
H  CONHArg K,HPO,, NaHCO, “Arg P
191 0,, CgF5CF3, 120 °C R N Me
Arg = 4-(CF3)CeF4 X-R 193, 16 examples L20

192

up to 87% yield

(b) Yu et al., 2016

10 mol% Pd(OAc),

2
R? 30 mol% L42 rL R
R\E\H 2.5 equiv Ag,CO3 U/R
- =~
MO, 1 S02CFs| 4.0 equiv NaOAc, DCM MeO,C" ™
2 Hl 105 °C, air, 20 h T
194 4.0 equiv Z R 195, 18 examples
up to 95% yield
) 10 mol% Pd(OAc), R2
Rt 30 mol% L43 R! ~Ph
H 2.5 equiv Ag,CO3 . R |
SN 4.0 equiv NaOAc, DCM REON N
105 °C, air, 20 h Tf L43
196 4.0 equiv Z R 197, 10 examples
up to 77% yield
Me
Me H 10 mol% Pd(OAc), Me
30 mol% L44 Me ‘
MeOzC“ NH 2.5 equiv Ag,CO; o R AN
0=4-0 4.0 equivNaOAc, DCM  MeO2L" ™ ! P
105 °C, air, 20 h Ns
4.0 equiv Z R 199, 6 examples L44
N up to 90% yield
s
NO,
198
Scheme 38.

a) Palladium-Catalyzed -y-C(sp®)—-H Alkenylation of Aliphatic Carboxamides (Yu et al.,
2014).135 b) Palladium-Catalyzed y-C(sp3)-H Alkenylation of Aliphatic Amines(Yu et al.,

2016).136
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Yu et al., 2017
Q R'  10mol% Pd(OAc), R 0 Me, Me o
O
H NHAE -+ R)\/I S R)\(\A)J\NHAr MGAH j/
, 20equivAg,CO;, ) F N—,-Ph
H R™ toluene, 50 °C, 48 h R® Me AcHN
Arg = 4-(CF3)CgHy L45
201, 22 examples
200 up to 95:5 er
Scheme 39.
Palladium-Catalyzed Enantioselective C(sp3)-H Alkenylation of Isobutyric Amides (Yu et
al., 2017).101
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R
Yu et al., 2019 _
O H 10 mol% Pd(OAc), (0] CF SO.H
R R 10 mol% L46 R N 8
\N * / N 4 | —
R2 R3 R* 2.0 equiv AgOAc R2 RsR N
4.0 equiv HFIP, 70-80 °C, 24-36 h L46
204, 59 examples
202 ’
203 up to 81% yield
Scheme 40.

Carbonyl-Directed B-C(sp3)-H Alkenylation of Native Amides (Yu et al., 2019).137
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R
(a) Yu et al., 2018
R
O 2
3 0 R
R! R 10 mol% Pd(OAc),, L47
oh * _J © S
R2 = Na,HPO,¢7H,0, Ag,CO5 ]
H HFIP, 120 °C, 12 h 207 35 IR3 AcHN
, 36 examples
205 2086 up to 99% yield L47
| ® |
| O—Na |
RUA
via | R2 O\
S B
208
(b) Yu et al., 2019 .
. H
(ll 10 mol% Pd(OAc), ¢ j/R/ |o A
H, W Ag,CO3, KoHPO
""" “OH + Alkenyl-Bpin —22=—% 2074 L2, -“‘J\OH
12 L28, BQ, H,0, air Ar
’ °C, 12 h "2
80°C, 211, 8 examples | AcHN™ "COOH
209 210 up to 71% yield L28 )
up to 98:2 er
(c) van Gemmeren et al., 2020
o e} OH
3 10 mol% Pd(OAc),, L48
oH . R i 1 o o}j
R! H / Na2HPO407H20, A92003 R AcHN
R? HFIP, 110 °C R? ¢
R3 L48
214, 24 examples
212 213 up to 67% yield
Scheme 41.

a) Ligand-Enabled B-C(sp®)-H Olefination of Free Carboxylic Acids (Yu et al., 2018).138
b) Enantioselective C(sp3)-H Olefination of Free Carboxylic Acids (Yu et al., 2019).1%4 ¢)
Ligand-Enabled -y-C(sp3)-H Olefination of Free Carboxylic Acids (van Gemmeren et al.,

2020).139
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(a) Yu et al., 2013

Page 135

o) R? o)
R R-Si-R [Pd(allyl)Cl],, L21 R ®—
%NHArF + IAdeHBF, NHArg Ad” g L N-ag
| | C32003, Etzo % BI:4
Br 85°C, Ny, 8 h SIR,R? L21
ArF = (4-CF3)CgF4
217, 14 examples
215 216 up to 81% yield
(b) Yu et al., 2017 p .
i o 10 mol% Pd(OAc),, L49 R’ i
R! mol% Pd(OAc),,
NHAre o || NHAr N
AgOAc, KHCO3, CH,Cl, |
H TIPS 70-110 °C, 20-36 h X N
Arg = 4-(CF3)CeF4 TIPS L4 |
219, 22 examples
21 218 up to 81% yield
(c) Yu et al.,, 2017
o) | o
10 mol% Pd(OAc), M Me Me o
H NHArg o
« |l L45, 2.0 equiv AgQoCOs Z I NHArg | Me \
H TIPS toluene, 50 °C, 48 h AcHN. N7 -Ph
ArF = 4-(CF3)C6F4
220 221 222, 68% yield L45
94.5:55 er
Scheme 42.

a) CONHArE (Arg = p-CF3CgF4-Directed C(sp3)-H Alkynylation with an A-heterocyclic

Carbene Ligand under Pd(0) Catalysis (Yu et al., 2013).140 b) CONHArg (Arg = p-CF3CgF4-

Directed C(sp3)-H Alkynylation under Pd(11) Catalysis Enabledby Pyridine-Based Ligands
(Yuetal., 2017).141 ¢) CONHATrE (Arg = p-CF3CgF4-Directed Enantioselective C(sp3)-H
Alkynylation of Isobutyriamide with a Chiral MPAO Ligand (Yu et al., 2017).101
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Yu et al., 2006

AN Me.__O.__Me
| -
~
+ o.__0O
§ ;
H Me
223 224
X

NT >N Me 4+ AkyIB(OH),

H
226 227

Scheme 43.

10 mol% Pd(OAc),
2.0 equiv BQ

2.0 equiv Cu(OAc),
HOAc, O,, 100 °C, 24 h

10 mol% Pd(OAc),

1.0 equiv Ag,0, 0.5 equiv BQ

t-AmyIlOH, air
100°C, 6 h

Page 136

N
R
N
Me
225, 10 examples
up to 90% yield
| X
= M
N e
Alkyl

228, 6 examples
up to 56% yield

Pyridine-Directed C(sp3)-H Alkylation with Methylboroxine or Alkylboronic Acids (Yu et

al., 2006).142
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Yu et al., 2014
0 10 mol% Pd(TFA), o) Me
R! 20 mol% L50, 2.5 equiv R?| R! N
NHArg - NHArg
3.0 equiv AgOPiv, 1,2-DCE _
H 80 °C, air, 20 h R? N
229 Arg = 4-(CF3)CgF,4 230, 18 examples LS0
up to 86% vyield
Scheme 44.
CONHArE (Arg = p-CF3CgF4)-Directed B-C(sp3)-H Alkylation with Alkyl lodides (Yu et
al., 2014).143
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Daugulis et al., 2019

~ 3 9 10 mol% Pd(OAc), ~ 3 ©
- 2.0 iv ICH,R Ny
N +\N)J\/\H equiv 2 A N N)J\(\/\R
R 2.0 equiv (BnO),PO,Ag R
231 HFIP, 70 °C 232, 6 examples
up to 82% yield
Scheme 45.
1-Aminopyridinium-Ylide-Directed B-C(sp3)-H Alkylation with Alkyl lodides (Daugulis et
al., 2019).8°
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Yu et al., 2010
H 10 mol% Pd(OAc),
h o F 2.0 equiv TEMPO O R F
R’ N F 2.0 equiv AgOAc
R2 N CF3
0O 2.0 equiv KH,PO, R1
F CF3 1 atm CO, n-hexane R?
O F F
F 130 °C, 18 h
234, 12 examples
233 up to 99% yield
Scheme 46.

CONH-p-CF3CgF4-Directed Carbonylation of B-C(sp®)-H Bonds (Yu et al., 2010).144
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Gaunt et al., 2014

Me  Me 10 mol% Pd(OAc),
NH H 10 mol% Cu(OAc),
1 atm CO/air
Me toluene, 120 °C, 22-24 h
235
R1
R2 10 mol% Pd(OAc),
Ryk‘ R4 10 mol% Cu(OAc),
HN f;\RE’ 1 atm CO/air
H toluene, 120 °C, 22 h
237
Scheme 47.

Page 140

Me Me
N

Me
236, 8 examples
up to 87% vyield

238, 4 examples
up to 53% yield

Palladium-Catalyzed C-H Carbonylation of Aliphatic Amines (Gaunt et al., 2014).14°
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(a) Gaunt et al., 2015

6.25% CO in air (2

239

10 mol% Pd(OAc),

o]
2.0 equiv AgOAC O( wR
bar) N

PhMe, 100 °C, H,

(o}
240, 12 examples
up to 95% vyield

Page 141

(b) Gaunt et al., 2016

5-10 mol% Pd(O,CR) 1 o
1 2CR)> R!
Rav-H 10 mol% Cu(OAc),, RCO,H, BQ N A
+ CO >
RZJ\/H L7 orL51 R? —i-| N~ 0" 'Me
0,
241 Phivie;120 °C 243, 50 examples Lz
up to 90% yield N

ME—— R2
R R2 ol o
2 N
[ 2o} H
PP
242A O R 242B
(c) Gaunt et al., 2017
R! R Me_Me
J\ 10 mol% Pd(OAc), or Pd(OPiv), 2,4 fo)
>4
R “NH " 10 mol% xantphos (L52) R N
R
R® 3.0 equiv AGOAc or AgOPiv RS, Rt N @ b
H 2.0 equiv BQ H Ph™ “Ph Ph”™ “Ph
1 atm CO, toluene, 80 °C 245, 30 examples
244 up to 85% yield L Xantphos (L52)
up to 20:1 d.r.
(d) Gaunt et al., 2017
Me Me

He B-methyl

10 mol% Pd(OAc), CO (1 atm)
10 mol% xantphos (L52)

3.0 equiv AgOAc, 2.0 equiv BQ

toluene, 80 °C

NH

H
RA\(
R

2 R3 B-methylene

246

e

2o R® P

247, 32 examples
up to 89% yield

(e) Gaunt et al, 2018
10 mol% Pd(OPiv),

LN 30 mol% L51
RN 30 mol% TRIP-OH (L53)
4
Yz . R 10 mol% Cu(OAc),
R® R 1 atm CO, toluene, 110 °C, 16 h
248

249, 22 examples

Scheme 48.

Me
TRIP-OH (L53)

up to 76% yield
up to 14:1d.r.

a) Palladium-Catalysed y-Methyl C(sp3)—-H Carbonylation of Amino Alcohol Derivatives
(Gaunt et al., 2015).89 b) Palladium-Catalysed p-Methyl C(sp®)-H Carbonylation of Less
Hindered Aliphatic Amines to p-Lactams (Gaunt et al., 2016).146 ¢) Palladium(I1)-Catalyzed
B-Methylene C(sp3)-H Carbonylation of Free Secondary Aliphatic Amines to frans-
Disubstituted p-Lactams (Gaunt et al., 2017).147 d) Palladium(l1)-Catalyzed B-Methylene
C(sp®)-H Carbonylation of a-Tertiary Amines in the Presence of More Reactive p-Methyl
C-H Bonds (Gaunt et al., 2017).148 ¢) Palladium(I1)-Catalyzed ~y-C(sp®)-H Carbonylation
of Free(NH) Secondary Aliphatic Amines to #rans-Disubstituted 2-Pyrrolidines (Gaunt et al.,

2018).149
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(a) Che et al., 2006

MeO\N H 5 moI%.Pd(OAc)Z
| +  RNH, 5.0 equiv K,S,0g4
R Ko 1,2-DCE, 80 °C
R
250 251

Page 142

R? R
252, 5 examples
up to 93% vyield

(b) Glorius et al., 2009

R  Me R Me
H 10 mol% Pd(OAc),
3.0 equiv AgOAc
N’H 3.0 equiv Na,CO4 N
||R1 mesitylene, 140 °C R
R'! = C(O)H, C(O)R, C(O)Et,
253 C(0)i-Pr, Ac 254, 27 examples
up to 83% vyield
(c) Muiiiz et al., 2012
X X
X X
10 mol% Pd(hfacac
Nt FN(SO.Ph), o Pt 2 NG
1,4-dioxane
H 100 °C, 24 h N(SO,Ph),
255 256, 5 examples

up to 96% yield

(d) Yu et al., 2015

0]
R! i R3 _R* 5 mol% [{Pd(allyl)Cl}], R! NHAr
R?fj\ NHAre  + N 20 mol% PAr; R o F
H OBz Cs,COg, DCM, 4AM.S. N
Arg = 4-(CF3)CgF4 120 °(_;, N,, 16 h oss 23R3 I
a g AEISERRGS S et vild
Scheme 49.

a) Oxime-Directed Intermolecular C(sp3)-H Amidation via C(sp3)-H Activation/Nitrene
Insertion (Yu et al., 2006).1%9 b) Amide-Directed Intramolecular Amidation of Unactivated
C(sp®)-H Bonds (Glorius et al., 2009).151 ¢) Intermolecular Amidation of Benzylic C(sp3)-
H Bonds (Mufiiz, 2012).152 d) CONH-p-(CF3)CgF-Directed Intermolecular g-C(sp®)-H

Amination (Yu et al., 2015).153
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(a) Gaunt et al., 2014

3
RC R® 5 mol% Pd(OAC),
%NH H 2.0 equiv Ac,0O
(0] 1.5-2.5 equiv Phl(OAc),
R’ toluene or PhCI
o) 70-80 °C
260

Page 143

N

R3 R

o]

Z

261, 14 examples
up to 81% yield

(b) Gaunt et al., 2017

R
R y 10 mol% Pd(OAc), R
%N/ H PhI(OAc), or AgOAc %N

XW (R)-TRIP xm)>
Ac,0 or l,, EtOAC 1
o Me 2 2 ) Me
X=N,0O 263, 14 examples

262 up to 91% vyield

up t0 96.6:3.4 er

(c) Gaunt et al., 2018

1 2 1 2
R R 10 mol% Pd(OAc), R'R
%NH H 3.0 equiv AgOAc %N
OW 3.0 equiv oxidant Oj(l:‘
R3S - —80 © R
o 1,2-DCE, 60-80 °C o
265, 23 examples
264 up to 83% yield
Scheme 50.

_______________

a) Palladium-Catalyzed Intramolecular B-C(sp®)-H Amination of Aliphatic Amines to

Prepare Aziridines (Gaunt et al., 2014).145 b) Palladium-Catalyzed Enantioselective C(sp3)—

H Amination of Aliphatic Amines (Gaunt et al., 2017).1%° ¢) Palladium-Catalyzed
Intramolecular y-C(sp®)-H Amination to Azetidines (Gaunt et al., 2018).1%6
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Dong et al., 2019

NN
R—I/ P Q
N™ H"ID}R2
H
266 267
Scheme 51.

Page 144

10 mol% Pd(OAc),

2.0 equiv NaOAc YOS
3.0 equiv AgOACc R — N/
1.0 equiv BQ R
t-AmylOH, 120 °C, 10 h p:Rz
I
o]

268, 32 examples
up to 77% yield

Palladium-Catalyzed Phosphonation of C(sp3)-H Bonds (Dong et al., 2019).157
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(a) Sanford et al., 2004

Page 145

MeO. 5 mol% Pd(OAc), MeO.,
N H 1.1 equiv Phi(OAC), N OAc
R! AcOH/Ac,0 = 1:1 R!
R2 R® 80—100 °C R2 R®
270, 13 examples
269 up to 86% yield
(b) Johnson et al., 2015
(PBn (l)Bn
No  Me Me OTBS 15 mol% Pd(OAc), N Me Me OTBS
1.5 equiv PhI(OAc),
H o} 'Me 0 \'Me
Me H Me ACOH:ACzo Me H Me
H H 100 °C, 1 h H H
271 272, 1.6 g, 79% vyield, > 20:1

d.r.

paspaline
(c) Mei et al., 2017 anode
3 10 mol% Pd(OAc), 3
, R 4.0 equiv NaOAc , R
R X, O R NNPLON
1 N R4 2 mL AcOH ; N R%
R R
cathode
H 2.0 equiv NaOAc OR
273 1'mL AcOH 274, OR = OAc, OCOCF3, OTs, OMe
28 examples, up to 92% yield
Scheme 52.

a) Palladium-Catalyzed Oxime-Directed Intermolecular C(sp3)-H Acetoxylation (Sanford
et al., 2004).158 b) Application of C(sp3)-H oxygenation in the total synthesis of
paspaline (Johnson et al., 2015).160 ¢) Palladium-Catalyzed C(sp3)-H Oxygenation via
Electrochemical Oxidation (Mei et al., 2017).161
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Yu et al., 2005
5 mol% Pd(OAc), OAc
2.0 equiv MeCOOO({Bu R
Ac,0, 65 °C, 48-72 h RZ Oxa

276, 9 examples
up to 90% yield

; 1% Pd(OAc) Ohe
5 mol% c
N 2
Meﬁi( St Bu 2.0 equiv lauroyl peroxide Me7£< j’t Bu
() Ac,0, 50 °C, 48 h 2

277 278, 6 examples
up to 73% yield and 82% de

Me =N__ o.M
=N Pd oSV
Pd:o\7/Me \07/
(0} O’/ Me
/
Me Me O/ Me /

N Pd(OAc), 2 Me—O~pgC
4 ———— Me ~pd— + o~ " Me Me
%‘\% j<Me CH,Cl, Zo-P9—0 o
24°C, 36 h 0. Me—QO~py~N
Me—<& OPd” R
275a I
Me‘/\/O
Me

279: mixture of anti and syn isomers

0/§4t Bu
oo e oy

O Me
e Pd(OAC) ~pd” G
Me#\(N by R \<
(S) CH,Cl, o- e
Me 0 24°C, 36 h Me’<\o/Pd-a<Me
277a (0]
t-Bu
280: anti isomer only

Scheme 53.
Palladium-catalyzed oxazoline-Directed C(sp3)-H Acetoxylation (Yu et al., 2005).162
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(a) Lu et al., 2014

Page 147

Q 10 mol% Pd(OAc), Q
R\N H 2.0 equiv K28208 R‘N OCOCF3
H R1TR? 5.0 equiv CF3COOH, TFE R' R2
80 °C, 20 h
281 282, 22 examples
up to 96% yield
(b) Lu et al., 2017
O 10 mol% Pd(OAc), 0
R\N H 2.0 eqUiV K28208 R\N OMs
H R1R2 0.7 equiv Ms,O, TFE H RTR2
80 °C, 24 h
284, 23 examples
283 up to 87% yield
Scheme 54.

Palladium-Catalyzed B-C(sp3)-H Acyloxylation and Mesyloxylation of Simple Amides (Lu

etal., 2014, 2017).164, 165
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Page 148

(a) Gaunt et al., 2015

O<O 5 mol% Pd(OAc), ®<O
N R PhI(OAc),, PhMe, Ac,0 Ny R
H OAc

286, 15 examples
up to 84% vyield

285

(b) Gaunt et al., 2019

Me_ Me 10 mol% Pd(OAc), Me, Me
NH 1.5 equiv Phl(OAc), NH
e} ! AcOH:Ac,0 (4:1) 0O )
- H o - OAc
R 70°C,1h R
(0] (0]
288
287 , 10 examples

up to 77% vyield

(c) Shi et al., 2017

NH, 1) 10 mol% Pd(OAc),, 2.0 equiv Phl(OAc), NHAC
R14\/\ AcOH, 120 °C, air,6 h R1M
2 H - 5 OAc
R 2) 2.0 equiv Ac,0, EtzN R
DCM,r.t.,3 h

290, 26 examples

289 up to 67% vyield

Scheme 55.
a) Pd-Catalyzed C(sp3)-H Acetoxylation of Amino Alcohol Derivatives (Gaunt et al.,

2015).80 b) Pd-Catalyzed C(sp3)-H Acetoxylation of Morpholinone Derivatives (Gaunt
et al., 2019).166 ¢) Pd-Catalyzed C(sp3)-H Acetoxylation of Primary Amines (Shi et al.,
2017).167

Chem Rev. Author manuscript; available in PMC 2022 December 22.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnue Joyiny

1duosnue Joyiny

Liuetal.

(a) Martin et al., 2011

10 mol% Pd(OAc),
30 mol% LS55
3.0 equiv Ag,CO4

R'" O
OH
2 11
Rc— P H
291

3.5 equiv K;HPO,
PhCI, 140 °C, 6-60 h

]
R' 0o

R2_|\ O
2

292, 27 examples
up to 95% vyield

Page 149

0]

M
© OH

Me HN Me

b

o)
Ac-Leu-OH (L55)

R' O

293

Scheme 56.

10 mol% Pd(OAc),
30 mol% L56
O, (5% in Ny, 400 psi)

2.5 equiv Ko;HPO4
PhCI, 140 °C, 20 h

294, 18 examples
up to 70% yield

a) Palladium-Catalyzed Carboxylate-Directed C(sp3)-H Lactonization using Silver
Carbonate as Oxidant (Martin et al., 2011).168 b) Improved C(sp®)-H Lactonization using

Molecular Oxygen as Oxidant (Yu et al., 2020).169
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(a) van Gemmeren et al., 2019
5 mol% Pd(OAc),

H 40 mol% PhI(OAG),
R1~J;(OH 1.0 equiv NaHFIP
R? HFIP/Ac,0 9:1

o 100 °C, 24 h
295

296, 20 examples
up to 71% yield

(b) Yu et al., 2020
H 5 mol% Pd(CH;CN),Cl,
20 mol% L57

R! OH
2 0.5 equiv CsHCO3
R o) 2.0 equiv TBHP (~5.5 M in decane)
297 HFIP, 60 °C, 12 h
cs"
/ \_ OH

i O‘-—’O\| ~L E
viai VTdN~Lj i
' R1 |
s ke OBu :

PdV intermediate
300

(0]
R1
R2 O
298, 30 examples
up to 93% yield

(c) Yu et al., 2020
H 5 mol% Pd(CH3;CN),Cl,

20 mol% L58
R’ OH
RZ

1.0 equiv Na;COg3, 2.0 equiv Ac,0
o) TBHP (~5.5 M in decane) (2.0 equiv)
HFIP, 60 °C, 12 h

301
COOH
NHA
C-H activation ¢
L58
- TBHP o
/Na\ oxidative
/Lj addition /Lj Ac,0
j/(Pd"\ - de'V
1
R R2 O'Bu
302 ;
ES cheme 56b
]
(o)
R!
R2 (0]
298

Scheme 57.

‘BuOH

305, 28 examples
up to 66% yield

reductive
elimination

+

Na
OAc

/ \

0w..0 ] ~L
- e
1

R ke OAc

304

Page 150

a) Palladium-Catalyzed B-C(sp3)-H Acetoxylation of Aliphatic Carboxylic Acids (van
Gemmeren et al., 2019).170 b) Palladium-Catalyzed B-C(sp3)-H lactonization (Yu et al.,
2020).171 ¢) Palladium-Catalyzed B-C(sp3)-H Acetoxylation of Aliphatic Carboxylic Acids

with Ac,0 (Yu et al., 2020).172
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(a) Yu et al., 2005

H 10 mol% Pd(OAc), |
1.0 equiv I R
1.0 equiv PhI(OAc), "/ Oxa

CH,Cly, 24 °C, 48-72 h

307, 13 examples
up to 97% yield

306

up to 99:1 d.r
(b) Yu, Houk et al., 2012
H 10 mol% Pd(OAc), |
R1; I, Phi(OAC), . %:
N CH,Cl,, 24 °C, 64 h wd oxa
308 309, R" = R =t-Bu, 83% yield, 82% de

310, R' = Et, R? =i-Pr, 15% yield, 0% de

K «
Me.(S) t-Bu New chiral center

2_ e
o NP~ (;\ Me
S
8.7 1 M
Pd(OAc), o, S © (CF3C0),0
t-Bu M = Yy, W - >
I CH,Cl, e _Pd—g CH,Cl

24°C,36h N tBu ... 24°C,24h
311 Me o, “‘"j(SM : \‘\‘
Pd “'Me
-
€ TSN o New chiral center
5 H—‘;\\/
Me:( By 312 tBi (5)
- \N/Pd\(} CFs
c
t-Bu’(S) CF,4
0, O
CF3</ P

tBi (S)
313, 84% yield
X-ray confirmed

(c) Yuetal., 2017

o 10 mol% Pd(OAC), o
R
R NHAr NBS or I0Ac, L59 NHAr:
PhI(OAc),, AcOH, 1,2-DCE
H 70-80 °C, air, 20 h Brfl
Arg = 4-(CF3)CeF.
F 31(4 3)CeF4 315, 18 examples

up to 91% yield

Scheme 58.

Page 151

a) Palladium-Catalyzed Oxazoline-Directed Monoiodination of Methyl C(sp3)-H Bonds
(Yu et al., 2005).173 b) Charaacterization of a Chiral Trinuclear C(sp3)-Pd Complex and
Computational Studies (Yu, Houk et al., 2012).175 c) Ligand-Enabled Pd(ll)-Catalyzed

C(sp3)-H Bromination and lodination of Aliphatic Amides (Yu et al., 2017).176
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Yu et al., 2015
(a)
NPhth 10 mol% Pd(TFA), NPhth
R__A~__NHArr  10mol% L60, Ag,CO3 R < _NHAr Y
m 1,4-dioxane ‘;H e e
HH O 115 °C, air, 15 h FH O N
N4\CI 317, 18 examples P
316 , , up to 79% yield M N M
1.5 equiv € e
[;\117 (1.5 equiv) >20:1 dor. L60
ArF = (4-CF3)C6F4 F 2 BFZ
(b) NPhth NPhth
A n A
FH O A HH o
317 316
NPhth NPhth
R "0 R0
Fpgv-N, pai-N
Ln Ar,: Ln ArF
320 318
N/+\CI
o
F 2BF,
319
Scheme 59.

Pd-Catalyzed, CONH-p-CF3CgF4-Directed B-C(sp®)-H Fluorination of Amino Acid
Derivatives (Yu et al., 2015).177
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(@) Yu et al., 2016

O 2.0 equiv B,Pin, O

R’ cat. Pd(OAc), R

R?fk NHArE L61, 20 mol% HOAc g2 NHArE
Y KHCOs, TEABF, BPIn

CH3CN, O,, 80 °C
322, 30 examples

321 up to 80% yield

Page 153

OMe

N OMe
L61

(b) Yu et al., 2017

o 10 mol% Pd(CH3CN)4(OTf),, L19 o
H R 2.0 eqL_Jiv B,Pin, R
NHArg 2.0 equiv KoHPO, =/ “NHArg
CH3CN/1,2-DCE/H,0 (16:4:1)
H 0,,80°C, 15h BPin

324, 21 examples

323 up to 78% yield
up to 99.8% ee

Scheme 60.

AcHN (S) Nj\/Me

a) Pd(I1)-Catalyzed CONH—p-CF3CgF4-Directed B-C(sp®)-H Borylation of Aliphatic
Carboxamides (Yu et al., 2016).178 b) Pd(11)-Catalyzed Enantioselective C(sp3)-H

Borylation of Cyclobutane Carboxamides (Yu et al., 2017).179
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Page 154

H
reductive I
q elimination . q
ndIV_L — - R
\ _[PdII] R 2 L

TN

E [Pd”]

Transient N,O-Bidentate Directing Groups
Transient N,N-Bidentate Directing Groups

Liuetal.
X
@ Ar,l OTf
X=1,Br
oxidative addltlon R
Pd(Il)/Pd(IV)
H
| c
X [Pd”]
R or " Pd”—L —
H L
R BF3;K
or X
A B © [ \q reductive
ellmlnatlon q
dII
transmetalatlon R2
Pd(Il)/Pd(0) [O]
X = NH N,N-Bidentate Directing Groups
L=N.O.S N,O-Bidentate Directing Groups
A4 N,S-Bidentate Directing Groups L=N
L=O,N
L=N,NH Transient N,0-Bidentate Directing Groups
X=O0H 2-Amino acetic acid derivatives
Scheme 61.

Overview of Bidentate-DG-Assisted C—H Bond Arylation
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(a) Daugulis et al., 2005

325

cat. Pd(OAc),
AgOAc, Arl

70-130 °C

Page 155

0
R1
R? NHQ
R “Ar

326, 4 examples
up to 92% yield

(b) Corey et al., 2006
NPhth

R\l/\H/NHQ

H O
327

Scheme 62.

20 mol% Pd(OAc),

1.5 equiv AgOAC
Arl, 110 °C

NPhth
R.__~__NHQ

Ar O
328, 10 examples
up to 93% yield

a) Pd-Catalyzed 8-Aminoquinoline-Directed C(sp3)—-H Arylation of Aliphatic Carboxamides
(Daugulis et al., 2005).180 b) Pd-Catalyzed 8-Aminoguinoline-Directed B-C(sp3)-H
Arylation of Amino Acids (Corey et al., 2006).188
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Daugulis et al., 2010

H O O 5 mol% Pd(OAC), Ar O
2.5 equiv Cs3PO
R/'\)J\N q 3- 0y R/'\)]\NHQ
H t-AmylOH, Arl, 90110 °C
330, 8 examples
329 up to 82% yield
(0] (0]
Me NHQ Pd(OAc), Me N
Me RCN, 60 °C Me | |
H P‘d—N X
R = Me, quant. RCN
331 R = t-Bu, quant. 332
(0] (0]
Me - t-BuCN Me N
|
Me P:d—N - | toluene, r.t. Me Pd—N<. |
MeCN t-BuCN
___________ 882a ...
o (0]
Me CD4CO,D DsC \
N o D3C |
Me P: e | CD,Cly, 35 °C c Ly
MeCN MeCN
k=2.0x10%s" ©
____________________________________________________________ 332dg .
(0]
1. p-tolyl iodide Me NHQ )OJ\
acetone ALE Me + £Bu NHQ
Pd—N\ 2w
MeCN Me
333 334

31% (mono), 9% (di) 16% (isolated)

(o] ()
>E \ 1.Mel, acetone, r.t, Me NHQ *+ t-Bu)kNHQ
Pd— 2 Hi Me

MeCN
332

Scheme 63.

Me
335 334

68% (mono), 13% (di) 19% (NMR)

Pd-Catalyzed B-Methylene C(sp3)-H arylation of 8-Aminoquinoline Amides and

Mechanistic Studies (Daugulis et al., 2010).181

Chem Rev. Author manuscript; available in PMC 2022 December 22.

Page 156



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnue Joyiny

1duosnue Joyiny

Liuetal. Page 157

(a) Chen et al., 2010

| 10 mol% Pd(OAc),
w O 1.0 equiv Ag,COs NHQ
N COOH
: ®
336 O 337

(1.0 equiv) t-BuOH, 80 °C, 2 h, 88%
tBuOH, 50 °C, 24 h, 86%

dioxane/H,0 (20:1), 25 °C, 72 h, 81%

t-BUOH/CH,Cl, (2:1), 25 °C, 72 h, 79%

(b) Chen et al., 2018

0s_N_ .COOMe
o) 2-10 mol% PA(OAC) e M j/
MeOOC H H NHQ 0.8 equiv Ag,CO3 e I-TN
WAH M 0.5 equiv oPBA
! O Me © 0 t-BuOH, 100 °C, 12 h o
5-25 mM HN

Me NHQ

o

339, 33 examples

338 up to 81% yield

Scheme 64.
a) Pd-Catalyzed 8-Aminoquinoline-Directed Intramolecular Methylene B-C(sp3)-H

Arylation (Chen et al., 2010).189 b) Synthesis of Peptide Macrocycles via Palladium-
Catalyzed Intramolecular C(sp3)-H Arylation (Chen et al., 2018).190
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(a) Chen et al., 2010

NPhth
Me =TT \,  20mol% Pd(OAc),  M©
MeWN . N 1.5 equiv AQOAC
H O

Ts t-BuOH, 110 °C, 16 h

Me NPhth
A NHQ

TsN
SN -/ 200 o) R SODEOCTRD _eeeererercrcmcnene M2a80%
NH
340
(2.0 equiv) HoN
W 9 A NHQ 0 NH
20 mol% Pd(OAC), e Me_Me e Me
COt-Bu 1.5 equiv AgOAC uw N s
BocHN— +-BuOH, 110 °C, 32 h —a H N\:/&O
o =
o\ N NHBoc HN o o
i /, w @ NN N
1 CO,t
Ts CO,tBu N NN
341b (1.0 equiv) o H H 2
Me~ “Me Celogentin C
(b) Baran et al., 2012
o.
" 7
o , o
o 0 T
QNH COMe 15 mol% Pd(OAc), ) N"No
343 1.0 equiv Ag,CO3 QNH o

1.0 equiv PivOH, -BuOH

: : O 85°C,15h
°C, o
O> CO,Me <

345, 54%
344 ) ©

Pipercyclobutanamide A
(proposed structure)

(c) Maimone et al., 2014
Me, Me

Me, Me OH
% oo P H
15 mol% Pd(OACk, o <° o
£ 15equivKaCO; ¢ TFAH0 2
=, L, O ———> Y
Lo Tt o o T Y
o :
H HN g mHe DG
j@ MeO' OMe
MeS MeO OMe OMe
OMe ) Podophyllotoxin
346 347, 58% yield
(d) Chen et al., 2016 H
HN N NH
HoL X HN—(
HO. 2
6 o on

NPhth 10 mol% Pd(OAC), IR

N z

Me. S NHQ 2.5 equiv Phl Me. A NHQ —— ., _NH H Hﬁ R
YU ecoomros LY T we Y
H O Ag,COg3, DCE, 70 °C Ph O

348 L-MePhe 349 )
78% yield, dr > 10:1 “ O
OM = L-Mephe

e
R = dimannoside, Mannopeptimycin o

R = H, Mannopeptimycin

(e) Reisman et al., 2019

o
o

Me 15 mol% Pd(OAC), Me e \\)\\Me

2 NHQ 1.0 equiv Ag,CO: 2 H s

Me equiv Ag,CO3 Mea NHQ "
2.0 equiv Arl - N &
H TBME, 90 °C, 16 h "Ar Me
0
350 351, 17 examples

up to 90% yield (+)-rumphellaone A

Scheme 65.
a) Synthesis of the Key Leu-Trp Intermediate of celogentin C via 8-Aminoquinoline-

Directed Methylene C(sp3)-H Arylation (Chen et al., 2010).1°1 b) Total Synthesis

of the Proposed Strucutre of Pipercyclobutanamide A via 8-Aminoquinoline-Directed
Sequential C(sp3)-H Arylation and Olefination (Baran et al., 2012).192 ¢) Total Synthesis
of Podophyllotoxin via 8-Aminoquinoline-Directed C(sp%)-H Arylation (Maimone et al.,
2014).192 d) Synthesis of the Key L-MePhe Building Block of Mannopeptimycins via
8-Aminoquinoline-Directed Methylene C(sp3)-H Arylation (Chen et al., 2016).194 ¢) 8-
Aminoquinoline-Directed Cyclobutyl C(sp3)-H Arylation as a Key Step in Total Synthesis
of (+)-rumphellaone A (Reisman et al., 2019).19°
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Daugulis et al., 2012

H O 5-6 mol% Pd(OAc), Ar O
Arl, AgOAc
H ” Ar NHQ

353, 2 examples

___________ N upo9%yeld
H O 5-11 mol% Pd(OAc), Ar O
R NHQ Arl, AGQOAC R NHQ
NPhth 60 °C, 60-72 h NPhth
355, 6 examples
354 up to 95% yield
> d.r. 50:1

Scheme 66.
Pd(I1)-Catalyzed B-C(sp3)-H Arylation of A-Phthaloyl-Protected a.-Amino Acids (Daugulis

etal., 2012).196
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(a) Chen et al., 2014

NPhth 10 mol% Pd(OAc), NPhth
= H 2.0 equiv AgTFA, 3.0 equiv Arl A, 5

~ NHQ
HY\H/N TCE/H,0 (1:1), air N
H O rt,2d H O
357, 15 examples
356 up to 95% vyield
(b) Shi et al., 2014

b '%'PhthNHQ 10 mol% Pd(OAc), NPhth
W 1.5 equiv AgBF, Arl Ar : NHQ
H O t-BUOH, 75°C, 2 h H O
358 359, 30 examples

up to 98% yield

(c) Shi et al., 2019

OBz COH
1 10 mol% Pd(OAc), H Me
i NPhth <
358 + 1.5 equiv AgBF4 A "
+BuOH/DCE Q —
OBz 75°C,12h o OMe é
360 361, 82% (22.18 g) (9-quinocarcin
(d) Shi et al., 2016
OMe 10 mol% Pd(OAc), Ohle
H : NHQ 3.0 equiv AgF ArY\n/NHQ
m t-AmylOH, 1.5 equiv Arl H O
N, 85°C, 12 h 363, 27 examples
362 up to 83% yield
(e) Kazmaier et al., 2018
R2 _H R2__Ar
10 mol% Pd(OAc),
R1‘N NHQ 2.0 equiv AgOACc, 2.0 equiv Arl RIN NHQ
Me O 20 mol% (BnO),PO,H Me O
t-AmylOH
364 365, 11 examples
R' = Cbz, Boc, Cbz-Leu up to 82% yield
MeO R®
3 Me—NH
MeO. R
o |
CHO NH |, HN
Boc. NH D /
oc '}‘ Q e 0, /”/N\/go
Me O z

0
R® = H, 365a, 60% \(

3
R® = OMe, 365b, 55% R = H, abyssenine A

R3 = OMe, mucronine E

Scheme 67.

a) Pd-Catalyzed Monoarylation of Alanine B-Methyl C(sp®)-H Bonds (Chen et al.,
2014).197 b) Pd-Catalyzed B-Methyl C(sp3)-H Monoarylation of Alanine (Shi et al.,
2014).198 ¢) Scalable Formal Synthesis of (-)-Quinocarcin via B-Methyl C(sp®)-H

Page 160

Monoarylation of Alanine (Shi et al., 2019).199 d) Pd-Catalyzed Monoarylation of Lactic

Acid Directed by 8-Aminoquinoline (Shi et al., 2016).290 e) Pd-Catalyzed C(sp3)-H

Arylation of A-Methyl Amino Acids and Peptides, and the Application in Total Synthesis of

Abyssenine A and Mucronine E (Kazmaier et al., 2018).201
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(a) Babu et al., 2013

Page 161

R H R H
H «H
H" 5 mol% Pd(OAc), H" »
H - 2.2 equiv AgOAc i
(¢] NHQ Ar—I| q g 0O NHQ cis
toluene, 110 °C
368, 21 examples
366 367 up to 86% yield
(b) Shuto et al., 2013
TBDPSO TBDPSO
10 mol% Pd(OAc),
1.5 equiv AgOAc
. _ VD CEIEN AYIRE
HT\ &8 Ar—l toluene, 80 °C, 6 h Ar
(0} (e}
HN s NHQ
371, 14 examples
369 370 up to 95% yield
TBDPSO TBDPSO
trans 10 mol% Pd(OAc),
H 1.5 equiv AgOAC Ar
QHN" g A=l toluene, 80 °C, 6 h QHN" g
374, 10 examples
372 373 up to 79% yield
(c) Babu et al., 2013
% o]
b 5 mol% Pd(OAC), Ar,
NHQ Ar—l 2.2 equiv AgOAc NHQ
toluene,110 °C, 8-24 h
H Ar
377, 30 examples
7 )
375 376 up to 99% yield
(d) Chen et al., 2016
9 (0}
10 mol% Pd(OAc),
( NHQ Ar—| 1.0 equiv Ag,CO3 ( NHQ
H DCM, r.t., 2 d
Ar
n=0,1,2
378 379 380, 16 examples

Scheme 68.

up to 80% yield

a) 8-Aminoquinoline-Directed Methylene C(sp®)-H Arylation of Cyclopropanes (Babu et
al., 2013).202 ) 8-Aminoquinoline-Directed Tertiary C(sp3)-H Arylation of Cyclopropanes
(Shuto et al., 2013).203 ¢) 8-Aminoquinoline-Directed Methylene C(sp3)-H Arylation of
Cyclobutanes (Babu et al., 2013).204 d) 8-Aminoquinoline-Directed C(sp3)-H Arylation of
Cyclopentanes and Cyclohexanes (Chen et al., 2016).20°
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(a) Daugulis et al., 2017

10 mol% Pd(OAc),

H e
\/\//P\ O 0.5 eq CsOAc, 3.0 equiv Arl
(0]

3.0 equiv K3POy4, 24 h
1,2-dichlorobenzene, 130 °C

Page 162

Ar\/\P/NHQ
//\
O R

382, 15 examples
up to 71% yield

(b) Maiti et al., 2017
10 mol% Pd(PhCN),Cl,

R'R* O 3.0 equiv AGOAC
NHQ 2.0 equiv CF3COONa
H t-BuOH, 150 °C, 24 h
383
Scheme 69.

R'R2 O

A
r NHQ

384, 33 examples
up to 94% yield

a) Pd-Catalyzed 8-Aminoquinoline-Directed C(sp®)-H Arylation of Phosphonamidates and
Phosphinic Amides (Daugulis et al., 2017).206 b) Pd-Catalyzed 8-Aminoquinoline-Directed

v-C(sp3)-H Arylation (Maiti et al., 2017).207
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(a) Zeng et al., 2014

H
R! N
Y r

+
H O

385

Br  5mol% Pd(TFA),

o B R? NHQ
N 0.5 equiv PivOH \l/\[r
R— 3.5 equiv K,CO3, 36 h Ar O

t-AmylOH, 120 °C

386 387, 26 examples

up to 94% yield
(b) Shi et al., 2013
H O 5 mol% Pd(SIMes)(OAc), AR O
1 1.2 equiv K;CO3
R NHQ R’ NHQ
R2 1,2-DCE, 120 °C, 24 h )
1.2 equiv Ar'Ar2IOTf R
388 389, 37 examples

up to 92% yield

390

OAc N
I 10 mol% Pd(PhCN),(Cl), R2—
N 4.0 equiv K,CO; Z o
R2— / mesitylene, 110 °C R NHQ

24-48 h
392, 31 examples

up to 88% yield

(d) Boger et al., 2019
H O

PhthN

NPhth

Scheme 70.

a) 8-Aminoquinoline-Directed C(sp3)-H Arylation with Aryl Bromides (Zeng et al.,

Br.

20 mol% Pd(OAc),
1.2 equiv K,CO3, 394 AcHN 0

g o PhthN -
1,2-DCE, 110 °C, 16 h t i

NPhth
395, 59%, >20:1 dr

e

HN O

HN
—= Me.__Me

OO NH O hoO Lo
\“-KH/NVU\N N A AN,
/k ! H i H :

HO o

o = o -

Streptide NH,

Page 163

2014).208 b) 8-Aminoquinoline-Directed C(sp3)-H Arylation with Diarylhyperiodonium
Triflates (Shi et al., 2014).209 ¢) 8-Aminoquinoline-Directed C(sp3)-H Arylation with
(Diacetoxyiodo)arenes (Qin et al., 2015).210 d) 8-Aminoquinoline-Directed C(sp3)-H

Avrylation of a Lysine Derivative Using a Hypervalent lodonium Reagent for the Total
Synthesis of Streptide (Boger et al.

, 2019).211
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(a) Bull et al., 2014

H
L\
(lezO

s

396

5 mol% Pd(OAc),

2.2 equiv AgOAc

3.0 equiv Arl, toluene
110°C, 20 h

Page 164

(Het)Ar
NHQ

'

|
Cbz 2

397, 27 examples
up to 90% yield

(b) Zhang et al., 2015

5 mol% Pd(OAc),
20 mol% (BnO),PO,H

2.0 equiv AgOAc

3.0 equiv Arl, toluene
110°C, 48 h

Ar
NHQ

O

K ' e
2

399, 30 examples
up to 91% yield

(c) Babu et al., 2015

H
(@]

400

(@]

10 mol% Pd(OAc),

2.2 equiv AgOAc
bl b2

4.0 equiv Arl, toluene
110°C, 2448 h

NHQ

[e]
=

o
401, 17 examples
up to 87% yield

(d) Kazmaier et al., 2016

5 mol% Pd(OAc),

2.0 equiv AgOAc

2.0 equiv Arl, toluene
110°C, 16 h

NHQ

Z=
>

o
NHBoc

7

403, 19 examples
up to 89% yield

n=1,2; X=0, NCbz, NBoc

404

5 mol% Pd(OAc),

2.0 equiv AgOAc

3.0 equiv Arl, toluene
110°C, 18-24 h

(Het)Ar
n NHQ
X
o

405, 24 examples
up to 92% yield

(f) Bull et al., 2018

H

M
n
N NHQ

%

R
n=1,2; R=NCbz, NBoc

406

Scheme 71.

5 mol% Pd(OAc),

1.0 equiv K,CO3, 1.0 equiv PivOH

3.0 equiv Arl, PhCF3

110°C, 18 h

(Het)Ar

(

N

%

R

o

NHQ

407, 44 examples
up to 67% yield

8-Aminoquinoline-Directed C(sp3)-H Arylation of Aliphatic Heterocycles (Bull et al., 2014,
2016, 2018; Babu et al., 2015; Zhang et al., 2015; Kazmaier et al., 2016).212-217
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(a) Schreiber et al., 2017

N

5 mol% Pd(OAc),

H N 20 mol% (BnO),PO,H
H 2.0 equiv AgOAc
N .
( n CTEA 3.0 equiv A(r)l, 1,2-DCE
n=12 3 Ny, 110°C, 24 h
408 then NH3/MeOH

Page 165

(Y-NH

n

409, 25 examples
up to 95% yield

(b) Schreiber et al., 2017

H 5 mol% Pd(OAc),
20 mol% (BnO),PO,H
NHQ 1.5 equiv AgOAc
@) N >
| o) 3.0 equiv Arl, CPME
Cbz Ny, 120 °C, 8 h
410
Scheme 72.

(Het)Ar
NHQ

411, 33 examples
up to 83% yield

8-Aminoquinoline-Directed C(sp3)-H Arylation of pyroglutamic acid derivatives and

azetidines (Schreiber et al., 2017),218.219
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Messaoudi et al., 2018

20 mol% Pd(OAc),
2.0 equiv Ag,CO;

3.0 equiv Arl, 1,4-dioxane
120 °C, 24-72 h

0]
o L 20 mol% Pd(OAG),
PGO NHQ 2.0 equiv Ag,CO3
PGO H 3.0 equiv Arl, 1,4-dioxane
OPG 160 °C, 24-48 h
414
Scheme 73.

Page 166

413, 19 examples
up to 83% yield

1.
PGO/IO)'\‘\\ NH
PGO™ N NAr

415, 5 examples
up to 41% yield

Pd(I1)-Catalyzed Diastereoselective C(sp3)-H Arylation of Glycosides (Messaoudi et al.,

2018).220
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Scheme 74.

(a) Daugulis et al., 2005

1
5 mol% Pd(OAc), R
1.1 equiv AgOAc 5 NHPA
130-150 °C, Arl R
Ar
R3

417, 3 examples
up to 76% yield

(b) Chen et al., 2011

coMe Arl 10mol% PAOAD), H COzMe
H  NHPA 1.5 equiv 1.0 equiv Ag,CO3 Ar  NHPA
t-BUOH, 80 °C, 24 h
419, 6 examples
418 up to 85% yield
10 mol% Pd(OAc), 1 COpMe i iiii
1.0 equiv Ag,CO3 NHPAr 10 equiv HCI J 2
t-BuOH, 80 °C, 24 h H,0, MeOH OCOZMe
1.5 equiv Arl 80°C.4h 10%;
OMe
,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,, ane9% 4
CO,Me 2
CO,Me 15 mol% Pd(OAc), 18O NHPAr . O( )—NHBoc
TBSO. 1.0 equiv Ag,CO3 —_—
NHPAT ~{BuOH, 70 °C, 40 h
1.5 equiv Arl
H
NO, NO,
423 424, 60% yield 425: (+)-obafluorin

(o]

15 mol% Pd(OAc), TN R

2.0 equiv AgOAc Me
_— =

30 mol% (BnO,)PO,H

— . N(Boc),
110 ©
BocG N(Boc)s dioxane,110 °C, 2d

o
Hibispeptin A 1

(d) Jana et al., 2018
12 mol% Pd(OAc),

MeO.__O 17 mol% L62 MeO._O
1.0 equiv Mn(OAc)3e2H,0 =
R q (OAc)3e2H; R ® 7 \
NHPA 3.0 equiv K,CO3 NHPA N N=
1,2-DCE, 120 °C, 35-40 h Ar a3

H
429 430, 27 examples
up to 74% yield
Me
MeO._O 1) 12 mol% Pd(OAc); MeO. 0
17 mol% L62, Ar'l A
L e A NHPA g
H/\E(NHPA 2) 12 mol% Pd(OAc); NJ\O Me
H 17 mol% L7, A2l Ar? L7
431 432, 10 examples

up to 60% yield

Page 167

a) Pd-Catalyzed Picolinamide-Directed y-C(sp®)-H Arylation (Daugulis et al., 2005).180 p)
Picolinamide-Directed C(sp3)-H Arylation and Formal Synthesis of (+)-Obafluorin (Chen
etal., 2011).221 ¢) Total Synthesis of Hibispeptin A via Pd-catalyzed C(sp3)-H Arylation
Directed by Pyridylmethylamine-Based Auxiliary (Chen et al., 2014).222 d) Picolinamide-
Directed C(sp3)-H Avrylation for the Formation of Unnatural Amino Acid Derivatives (Jana

etal., 2018).223
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Maiti et al., 2019

R' |o PA 10 mol% Pd(OPiv), R!
20 mol% 4-benzyloxy-2(1H)-pyridone (L63)
N N 3.0 equiv Ag,CO3 NHPA
H >
R2 N~ 3.0 equiv Arl R2
2.0 equiv CF3COONa, TBME A
Hs 18-24h, 90 °C - 130 °C y
433 434, 14 examples

10 mol% Pd(TFA),

Me_ Me 20 mol% pyridine Me Me
3.0 equiv Ag,CO3
NHPA - NHPA
Me H 3.0 equiv Arl Me Ar
Me S 2.0 equiv CF3COONa, TBME Me
18-24h,90 °C-130°C
435 standard conditions R S GBI S
up to 81% yield
Me Me Me  Me
Me Me Me Me =~
NHPA NHPA
Hs 10 mol% Pd(TFA), Heteroaryl 2N
435 20 mol% 1-hydro>_(y isoquinoline (L64) 438, 9 examples OH
3.0 equiv Ag,CO3 up to 62% yield
o L64

3.0 equiv Heteroaryl iodide

Hs 2.0 equiv CF3COONa, TBME
_NHPA 36 h, 130 °C

up to 83% vyield

or
H

eteroaryl
NHPA

1duosnuepy Joyiny

1duosnue Joyiny

437 439, 2 examples
up to 67% yield
Me M
Me, Me standard standard standard Wit
NHPA conditions conditions conditions NHPA
—_— —_—
Hy Hs Arql, 90 °C Ar,l, 90 °C Argl,130°C A% 45
Hs Ar,
440, 26 examples
435 up to 76% yield
Scheme 75.

Palladium-Catalyzed Picolinamide-Directed 6-C(sp3)-H Arylation (Maiti et al., 2019).224

Chem Rev. Author manuscript; available in PMC 2022 December 22.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnue Joyiny

1duosnue Joyiny

Liuetal. Page 169

Me

Chen et al., 2019

H 10 mol% Pd(CH3CN),BF
N._-COOMe 1.5 equiv AgOAc

oA o(:\| J _\/ue I HFIP, 25 mM, 110 °C, 12 h rph

“COOMe
442 443, 76% yield, dr >20/1

H (o) H (e} 10 mol% Pd(CH3CN)4BF4
3.0 equiv AgOAc
N N
PA” \;)J\N \:)J\N CONH,

H 6 : H H,0, 20 mM, 110 °C, 12 h
' HO™ “Me
H H

444 445, 41% yield, dr >20/1
Scheme 76.

Synthesis of Peptide Macrocycles via Palladium-Catalyzed Picolinamide-Directed
Intramolecular y-C(sp3)-H Arylation (Chen et al., 2019).225
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(a) Charette et al., 2013
5 mol% Pd(OAc),

H 0.3 equiv Na,COj Ar
AH NI | 0.5 equiv Ag3PO4 /A\/NHPA N A/
" N A ar NHPA
1.5 equiv Arl
O PA |toluene, 130°C, 15h

447, 12 examples

446 up to 89% yield

(b) Wang et al., 2014

H. H 5 mol% Pd(OAc), H A
NHPA 1.0 equiv Ag,CO3 NHPA
Me 1.1 equiv Arl Me
Me Me toluene, 130 °C, 24 h Me Me

449, 16 examples

448 up to 85% yield

(c) Seki et al., 2014
10 mol% Pd(OAc),

(W\NHPA 1.5 equiv Ag,CO3 (NNHPA
n n

H 1.5 equiv Arl Ar
t-AmylOH, 110 °C, 48 h

451, 18 examples

450 up to 83% yield

(d) Zhang et al., 2016

Ar R4
10 mol% Pd(CH3;CN),Cl,
1.5 equiv Ag,CO:
d 9277 NHPA
2.0 equiv Boc-L-ILeu-OH R3 “,
toluene, 100-120 °C, 15-20 h 5 Ar
R

453, 30 examples
up to 91% yield

452

(e) Sheppard et al., 2018

Me  Me Me. M
5 mol% Pd(OAC), ©
4.0 equiv CsOAc
NHPA 10 mol% CuBr.

Me 2

AmylOH, 140 °C, 24 h af Mo WHRA

454 455, 19 examples

up to 93% yield
Scheme 77.

Palladium Catalyzed Picolinamide-Directed C(sp3)-H Arylation of Aliphatic Carbocycles.
a) Cyclopropyl Methylamines (Charette et al. 2013).226 b) 3-Pinanamine (Wang et al.
2014).227 ¢) Cycloalkylamines (Miyake et al. 2014).228 d) Rimantadine (Zhang et al.
2016).229 ¢) Saturated Bicyclic Amines (Sheppard et al. 2018).230
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(a) Maes et al., 2016

10 mol% Pd(OAc),

Page 171

HN 1.0 equiv Ag,CO3 ';‘HPA
0.25 equiv 2,6-dimethylbenzoic acid O
N a ° N 2
Boc” H t-BuOH, 110 °C, 24 h Boc” “Ar
456 457, 16 examples
up to 82% yield
(b) Maulide et al., 2018
N 15 mol% Pd(OAc), N
1.0 equiv Ag,CO3
NHPA - . NHPA
3.0 equiv Arl, 1.0 equiv PivOH
H DMF, 100 °C, 16 h "Ar
458 459, 10 examples
up to 94% vyield
P
N
N OMe
NHPA
—_— —_—
/ [ oH
OMe N A
459a, 94% vyield 460 (-)-Quinine

Scheme 78.

a) Palladium-Catalyzed Picolinamide-Directed C(sp®)—-H Arylation of 3-Aminopiperidine
(Maes et al. 2016).231 b) Total Synthesis of Quinine and Analogues Using Pd-Catalyzed
C(sp3)-H Arylation as a Key Step (Maulide et al. 2018).232
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(a) Shi et al., 2013

Page 172

(o}
10 mol% Pd(OAc),
1.5 equiv CuFs, 5.0 equiv DMPU PhttN,,, H'P'P
Acetone (0.1 Mg, 1.5 equiv Arl Ar H
Nz, 100 °C, 24 h 462, 17 examples
up to 89 yield
10 mol% Pd(OAc), H
2.5 equiv K,CO. M No
Me\l/\n/N\P]P +  ABr oy Sy © PIP
0.2 equiv PivOH, t-BuOH
H O Ar O

Ny, 120°C, 24 h

463 464, 20 examples
e e e i S upto74%yield
H 10 mol% Pd(OAc), R “
R\l/\ﬂ/N\Plp + Al 1.5 equiv AgOAc “PIP
H o t-BuOH, 100 °C, 24 h Ar O
465 466, 20 examples

up to 90% vyield

10 mol% Pd(OAc),
y 98n K,COs, CH3CN, 110 °C

| R
‘ =
467
OBn

468
OB
0Bn "
NOBF, :
pyridine o R
-30 °C-rt o

470b,R=H, 92%, 1.3 g
470c, R = Cl, 76%
470d, R = Br, 70%

HO'

Scheme 79.

OBn
H ?Bn
PIP” R
(e}

469a: R = H, 78%, e.r >99:1,1.9 g
469b: R = Cl, 50%
469c: R = Br, 61%

H

0,80 =N H

i N
e
>0 NH

HN J—NH,

H,N
HO

OH
R = H, aeruginosin 98B (37 mg)

R = ClI, aeruginosin 98A (10 mg)
R = Br, aeruginosin 98C (2 mg)
H
= o]
o f:| N HN—
\(\#o \
>0 NH
HN J—NH,
HN
HO *TFA
OH
aeruginosin 298A (700 mg)

a) Pd-Catalyzed PIP-Directed B-C(sp3)-H Monoarylation of Bonds of Alanine (Shi et al.,

2013).233 b) Pd-Catalyzed PIP-Directed Methylene
(Shi et al., 2014).234 ¢) PIP-Directed C(sp3)-H Ary
Synthesis of Aeruginosins 98B and 298A (Baudoin

C(sp3)-H Arylation with Aryl Bromides
lation as a Key Step in the Total
etal., 2015).235
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(a) Baran et al., 2014

Page 173

PA |
(0) N I
N 15 mol% Pd(OAc),
NH . @\g 3.0 equiv AgOPiv
N PhMe, 120 °C, 40 h
""CO,Me Ts
H 4.0 equiv
471 472 473, 46% vyield
(b) Shi et al, 2015
o H 10 mol% Pd(OAc), o Ar
PA. )KK' 0.9 equiv AgsPO, PA. )H('
Ho R R? 2.0 equiv Arl H & R?
TBB, 100 °C, air, 3 h
475, 31 examples
474 up to 84% yield
Scheme 80.

a) Picolinamide-Directed C(sp3)-H Arylation of Cyclobutane Reported by the Baran Group
(Baran et al., 2014).236 b) Picolinamide-Directed C(sp3)-H Arylation Reported by the Shi

Group (Shi et al., 2015).237
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(a) Carretero et al., 2013

2.5 equiv Arl
10 mol% Pd(OAc),

1.5 equiv AgOAc
HFIP (1.0 M), 150 °C

Page 174

Py0,S” OMe

R
Ar

477, 14 examples
up to 72% yield

(b) Ma et al., 2013

MeO.
'N H CO,M
H /s, 2 e
MIA O
H

2.5 equiv Arl
10 mol% Pd(OAc),

1.5 equiv AgOAc
1.0 equiv PivOH
HFIP (0.1 M), 100 °C

H
|

/N//
MIA I)/

Ar

479, 25 examples
up to 88% yield

CO,Me

(c) Shi et al., 2015
H Me, Me©

A

Scheme 81.

a) N-(2-Pyridyl)sulfonyl-Amide-Directed y-C(sp%)-H Arylation of Amino Acid Derivatives

5 mol% Pd(OAc),
2.0 equiv Ag,CO3
3.0 equiv Arl

0.5 equiv 1-AdCO,H

1,2-DCE, 110 °C, 24 h

ArMe  Me O

A

R N Oxa
H

481, 30 examples
up to 82% yield

(Carretero et al., 2013).238 b) MIA-directed Palladium-Catalyzed y-C(sp®)-H Arylation
of Substituted 2-Aminobutanates (Ma et al., 2013).239 ¢) Palladium-Catalyzed Amino
Oxazoline-Carboxylate Directed y-Methylene C(sp3)-H Arylation (Shi et al., 2015).240

Chem Rev. Author manuscript; available in PMC 2022 December 22.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnue Joyiny

1duosnue Joyiny

Liuetal.

(a) Ding et al., 2015

10 mol% Pd(OAc),
1.1 equiv AgOAc

1.5 equiv Arl
HFIP, 100 °C, 5 h

Page 175

(o}

PhthN,, fJ\N/TAMHe"V'
H

Ar
483, 18 examples

452 up to 90% yield
10 mol% Pd(TFA) i
mol% > Bn
1.1 equiv AgOAc PhthN’ﬁu”TAM
2.0 equiv Arl AT AR

N=\

0O
NHTAMB" o-xylene, 130 °C, 20 h

485, 18 examples
up to 91% vyield

2.0 equiv Arl N N=N
1,2-DCE, 130 °C, 20 h Ar
486 487, 43 examples
up to 91% yield

(o] O, (o]
10 mol% Pd(TFA),
i NH . : R
pept'da\:)kﬁ/\(\)\— peptide2 ___1-1 equiv AgOAc pept'dm%N/\f\N./
‘\H N=N\ H P

(c) Ackermann et al., 2018
PhthN,,,

Me 10 mol% Pd(TFA),
30 mol% (1-Ad)CO,H

1.2 equiv AgOAc
toluene, 130 °C, 20 h

Me
488 BODIPY 489, 84%
(d) Ackermann et al., (2)019 o)

Ar,
H TAM
10 mol% Pd(TFA), P
(meAM 2.2 equiv AgOAc, Arl ( ﬁ
L -
n
n

’ o-xylene, 130 °C, 20 h Ar
491, 24 examples
490 up to 98% yield

10 mol% Pd(TFA),

o)
TAM 2.2 equiv AgOAc
3
qk N * o-xylene, 130 °C, 20 h
H
492 BODIPY 493, 52%

Scheme 82.
a) Pd-catalyzed Triazole-Directed Methyl C(sp3)-H Avrylation of Alanine C(sp3)-H (Ding

et al., 2018).242 b) Triazole-Directed Primary and Secondary C(sp3)-H Arylation of
Phenylalanine and Internal Isosteric Triazole Peptides (Ackermann et al., 2018).243 ¢)
C(sp®)-H Arylation for BODIPY Labeling of Peptides (Ackermann et al., 2018).244 d)
Methylene C(sp3)-H Arylation for BODIPY Labeling of Cyclobutanes (Ackermann et al.,
2019).245
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(a) Shi et al., 2015

H O Me Me
RMN&O
H \\’Z
N
Me
Me
494

H H OMe Me
Ph)\)kN)QWo
R,

Page 176

10 mol% Pd(OPiv), A
1.5 equiv Ag,CO5 r O Me Me
3.0 equiv Arl M (@)

R N,
1.0 equiv (BnO),PO,H H N\Z e

HFIP/DMSO = 9:1 (1 mL) "
495, 20 examples(,a

120 °C, N,, 12 h
up to 70% vyield

10 mol% Pd(OPiv), A O Mg Me
1.5 equiv Ag,CO5 0)
2.0 equiv NaOPiv Ph H '\}J

1.0 eq (BnO),PO,H, 3.0 eq Arl B

Bn Bn
HFIP/DMSO = 9:1 (1 mL
496 90 °C, N 12(h : 497, 3 examples
T up to 66% vyield
up to 90:10 d.r.
(b) Hong et al., 2015
Me Me
Q Me 10 mol% Pd(OAc), o Me
N 0 2.0 equiv K,CO3, Arl N 0
H o NH, 0.5 M t-AmyIOH Ho
H 100 °C, 24 h Ar
498 499, 26 examples
up to 78% yield
up to 30.1:1 d.r.
Scheme 83.

a) Amino Oxazoline-Directed -y-Methylene C(sp3)-H Arylation (Shi et al., 2015).246 b)
Isoleucine-NH, Directed C(sp3)-H Arylation Reported by the Hong Group (Hong et al.,

2015).247
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(a) Liu et al., 2015

R2 H N-Q 10 mol% Pd(TFA),
H\)\/N [ J)—Me 0.8 equiv Ag,CO3
1 3.0 equiv Arl
RTO toluene, 80 °C, air, 24 h
500

Page 177

R? N-C
H |
Ar\/\/N Y% Me
R' O

501, 16 examples
up to 94% yield

10 mol% Pd(OAc),
2.2 equiv AgOAc

N-s 4.0 equiv Arl
R™H toluene, 110 °C, 15-36 h

502

i JQ
R Ar S

503, 35 examples
up to 98% yield

(c) Zhou et al., 2016

A

10 mol% Pd(OAc),

N o 3.0 equiv AgOAC
H _ .
N\< 6.0 equiv Arl
R™ "H °
Me t-AmylOH, 100 °C, 24 h
504

&

r

505, 39 examples
up to 89% yield

(d) Yu et al., 2018

0]
10 mol% Pd(TFA)
1 2
RﬁNNNMeZ 0.8 equiv Ag,CO;
H
R2Z NH 1.5 equiv Arl
t-AmylOH, 60 °C, air, 24 h
506
Scheme 84.

o
R! N \Me2
H

RZ SAr

507, 42 examples
up to 89% yield

a) Isoxazole-Carboxamide Directed y-C(sp3)-H Bond Activation of a-Aminobutanoic
Acid Derivatives (Liu et al., 2015).248 b) 4-Amino-2,1,3-Benzothiadiazole Directed p-
C-H Arylation/Oxygenation of Carboxamides (Babu et al., 2016).24° ¢) 2-Methyl-7-

Aminobenzoxazole Directed B-C(sp3)-H Arylation (Zhou et al., 2016).2°0 d) Aliphatic

Diamine Directed B-C(sp®)-H Arylation (Yu et al., 2018).251
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(a) Sanford et al., 2016 ettt .
: via |

" 10 mol% Pd(OAc) A AR O
2 . N '

NHATE 3 0 equiv CsOPiv, Arl NHArE / ;

N N ! [Pd] N'Me:

@] t—AmyIOH, N2 0] ' \N Me |

Me Me 130°C, 18 h Me Me ! J 5

Arg = (4-CF3)CgF4 509, 11 examples : I
508 up to 80% yield : 510 !

_________________

(1) 10 mol% Pd(OAc),

H ] i Ar.
\G NHAr 3.0 equiv CsOPiv \G NHAr
N 30 equiv Arl N

Air, 150 °C, 18 h
Me Me (2) NaBH,4 work-up Me Me
512, 13 examples

s up to 66% yield
(b) Sanford et al., 2018 g
CF3 CF3 | X
F F F F =z (0}
N
E 10 mol% Pd(OAc), F F OH
5 mol% L65 or L66 L65
H o< NH Ar o NH
3.0 equiv CsOPiv, Arl AN
&\ Me t-AmylOH, 100-140 °C &\ Me _ o
N Me N Me N
514, 23 examples OH
513 up to 90% yield L L66
Scheme 85.

a) CONHArE (Arg = p-CF3CgF,) -Directed Transannular C(sp3)-H Arylation (Sanford et
al., 2016).252 b) CONHArg (Arg = p-CF3CgF4)-Directed Transannular C(sp3)-H Arylation
of Azabicycloalkanes Enabled by Monodentate Nitrogen Ligand (Sanford et al., 2018).254
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(a) Song et al., 2015
10 mol% Pd(OAc),

(o) A
R! | . : R! |
Z 2.5 equiv KoHPO,e3H,0 v
R2 ” N R2 H IT]
o 4.0 equiv Arl Ar O

DMSO, 120 °C, 26 h
515 516, 24 examples
up to 89% yield

X
o N s 10 mol% Pd(OAc), Q 2R3
1 | R :

R + 2.0 equiv AgOAC R NG

N N H 'Tl

H ! ]
R2 SH o 1.5 equiv Arl R2 SAr o

p-xylene, 130 °C, 12 h
517 518, 33 examples
up to 91% yield

Scheme 86.

Palladium-Catalyzed 2-Aminopyridine-1-oxide Directed C-H Arylation: a) Methyl C(sp3)—
H Arylation (Song et al., 2015).255 b) Methylene C(sp3)-H Arylation (Lu et al., 2015).256
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(a) Zhao et al., 2015

10 mol% Pd(OAc), H O Me
1.5 equiv Ag,CO3 N
—_— R' N/LMe
Arl, mesitylene
110-150°G 48 h Me~ "Me

520, 35 examples
up to 83% yield

(b) Zhao et al., 2016

H O Me 1.0 equiv Ag,CO3
H
N 'y 30 mol% PivOH
R N" Me Arl il >
o )\ rl, mesitylene

MeO”™ “O Me

521

10 mol% Pd(OAc), Ar
N

R \H/U\N Me
)

90-130°C, 48 h MeO” ~O Me)\Me

522, 30 examples
up to 86% yield

(c) Zhao et al., 2016

523

Me
Arl, HFIP HFIP Kfo
80°C, air, 12-24h  80°C, Ar, 18 h

R!

S R?
10 mol% Pd(OAc), 2.5 equiv Phl(OAc), R
2.0 equiv AgOAC 30 mol% PivOH F N~ S0

524, 32 examples

Scheme 87.

10 mol% Pd(OAc),
3.0 equiv AgOAc
2.0 equiv CF3COONa

aticsclakin o it N
1.0 equiv Arl, 1,4-dioxane
150 °C, 17-36 h

(e] ‘ =
N.
Me ” R
o
Me
Ar

526, 11 examples
up to 84% yield

10 mol% Pd(OAc), F O e
3.0 equiv AgOAc | N
2.0 equiv CF3COONa ” "R
2.0 equiv Arl, 1,4-dioxane

150 °C, 20-30 h

528, 8 examples
up to 78% yield

10 mol% Pd(OAc), Ar O | s
3.0 equiv AgOAc
2.0 equiv CF3COONa R)\/U\” N\R

2.0 equiv Arl, 1,4-dioxane
150 °C, 17-24 h 530, 8 examples

up to 88% yield

Page 180

Palladium-Catalyzed C(sp3)-H Arylation Directed by N, O-bidentate DG. a) Oxalyl Amide-
Directed y-C(sp®)-H Arylation of Amines (Zhao et al., 2015).257 b) Oxalyl Amide-Directed
v-C(sp®)-H Arylation of Amino Acids (Zhao et al., 2016).258 ¢) Glycine Dimethylamide-
Directed B-C(sp3)-H Arylation of Aliphatic Carboxylic Acids (Zhao et al., 2016).259 d) 3-
Amino-1-methyl-1H-pyridin-2-one-Directed C(sp)-H Arylation of Carboxylic Acids (Maiti

etal., 2018).260
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(a) Yu et al., 2014

2.5 mol% Pd(OAc), R R .
0O R .
1.2 equiv AgOAc, 3.0 equiv KF Q R O NGO N
PhthN,, N)\fo 15 oquiv Arl PhthN,, N)\fo : Iﬂ o
H  on HFIP (0.2 M), air H  on 1via R” "N i
H 100 °C, 20 h Ar 5 / !
532, 35 exampls ! o} 3 :
531 up to 92% yield 1 533 NPhth,:
CTTT T T T TR 2 !
2.5 mol% Pd(OAC), : o R ;
0 R 1.2 equiv AgOAC o R R! /k N
PhthN,J)J\N/ka 1.5 equiv Arl PhthN,, N)\(O | via N o0
H 1,2-DCE (0.2 M), air H sl O N L :
HN._ _CO,R® T . HN_ _CO,R3! N !
H R 100 °C, 20 h Ar YO j:H\ A :
R2 R2 | R N .
535, 26 examples i " |
534 up to 89% yield 536 O \pnhth |
0o R! 0O RS 2.5 mol% Pd(OAc), o R! o RS
H ; H
2.0 equiv AgOAc
PhthN,, N ,
' N/H( \.)]\N/'\COZR“ 2.0 equiv Arl PhthN,,, NJ}( N\.)J\N/'\COZR“
H o r M i " 2 M
H 1,2-DCE (0.2 M), air Ar O R
537 100°C, 20 h 538, 5 examples
up to 76% yield
(b) Yu et al., 2015
OBn o 10 mol% Pd(OAc) OBn o
H o 2 H
H N 3.0 equiv AgOACc, 3.0 equiv KF A N
\/'w( \AOH q d q r\/'\[( \:)J\OH
o = HFIP (0.1 M), 100 °C o :
Me/\Me 24 h, 3 equiv Arl Me” “Me
539 540, 22 examples
up to 80% yield
Scheme 88.

a) Amino-Acid-Backbone-Directed C(sp3)-H Arylation (Yu et al., 2014).251 b) Amino-
Acid-Directed C(sp3)-H Arylation of a-Hydroxy Acid Derivatives (Yu et al., 2015).262
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(a) Albericio et al., 2017

(e} 2
PhtnN, W R
R1 \<FO
0 R? o} | 10 mol% Pd(OAc) NH
H 2
PhthN, N 2.0 equiv AgOACc
N, fL”)Y Hcoome -
O R3 PhMe/t-BuOH (1:1) e
R “H 100 °C, 24 h NH
COOMe
542, 20 examples
541 up to 53% yield
(b) Wang et al., 2017 0] R2
PhthN, )\ [
R1 \<FO
o R? 0o I 10 mol% Pd(OAc) NH
H 2
N, N 2.0 equiv AgOAC
PN, ﬁu*ﬁ Hcoome auiv Ag s
lo) R3 1,2-DCE, air o)
R “H 100 °C, 12-15 h NH
COOMe

544, 17 examples

543 up to 87% vyield

Scheme 89.

Amino-Acid-Directed C(sp3)-H Arylation for Preparing Macrocyclic Peptides. a) (Albericio
etal., 2017),263 and b) (Wang et al., 2017).264
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(a) Yu et al., 2017

o)
M
e%J\OH |
Me o
N H ¥ R5_
I L
R! B R*
R? R®
545 546

10 mol% Pd(OAc),
2.0 equiv AgTFA

HFIP, 120 °C, 20 h
then workup/esterification

Page 183

(0]
M
s Xowe
Me o
"N Ar

I
R! B R*
R? R®
547, 73 examples
up to 94% yield

(b) Yu et al., 2018

o) o)
M | M
e%OH 10 mol% Pd(OAc), © OMe
Me” H . ) L67,20equivAgTFA M4 Ar
N v, v R N YP 5
| R F HFIP, 120 °C, 4 or 20 h | R
R’ R2 then workup/esterification R R2
550, 42 examples
548 549 up to 82% yield
(c) Yu et al., 2019
Me.__COOH Me.__COOH

N |

N 10 mol% Pd(OAc), N
o H N 40 mol% L68 o Ar Yo
Y + RA-L v H
R! R® L~ 2.5equivAgTFA, 20 h R Rs
R? HFIP (0.1 M), 100 °C R? L6s
553, 51 examples
551 552 up to 94% yield
(d) Yu et al., 2020
(¢]] Cl Cl Cl
| 10 mol% Pd(OAc),, L69 | 0N~ CF3
_N OH 3.0 equiv Arl, 1.5 equiv AGTFA _N OH |
(0] 5 (0] 0] N
1J\B(H HFIP, 100 °C, 24 h R1J\B(Ar H
R L69
R2 R2
555, 78 examples
554 up to 88% yield

Scheme 90.

a) Palladium-Catalyzed B-C(sp3)-H Arylation of Ketones Directed by 2,2-Dimethyl
Aminooxyacetic Acid (Yu et al., 2017).265 b) Ligand-Enabled -y-C(sp3)-H Arlation of
Ketones Directed by 2,2-Dimethyl Aminooxyacetic Acid (Yu et al., 2018).266 ¢) Ligand-
Enabled y-C(sp3)-H Arylation of Aliphatic Alcohols Directed by Pyruvic Acid-Derived
DG (Yu et al., 2019).267 d) Ligand-Enabled B-C(sp®)-H Arylation of Aliphatic Alcohols
Directed by Dichloro-Substituted Salicylic Aldehyde Derived DG (Yu et al., 2020).269
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(a) Xu et al., 2019
10 mol% Pd(OAc),

Me n 1.5 equiv AgzPO, Me ., F
R\EO\N/)ﬁfN F 4.0 equiv Arl R O\N/)}(N F
1.0 equiv NaHCO \[
H ©F a ° A OF F
F

PhCI, 110°C, 24 h

556 557, 35 examples
up to 75% yield

(b) Xu et al., 2020

Me R 10 mol% Pd(OAc), Me
R o\N/)YN CFs XX 20 mol% AgNO; R O\N/)\WN CF,
\[ o - 1.5 equiv NFSI \( 0
H L : 90°C, 24 h Ar L
558 ’ 559 560, 21 examples °
up to 78% yield
Me H Me H
O N CF3 10 mol% Pd(OAc), O\N/)ﬁfN CFs3
1.5 equiv NFSI
H (0] 0
H 1,2-DCE i
CFs 90°C, 6-24 h 3
561 562, 32 examples
up to 87% yield
Scheme 91.

Palladium-Catalyzed B-C(sp3)-H Arylation of Alcohols (Xu et al., 2019).270:271
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(a) Daugulis et al., 2010

@[SMG
NH

5 mol% Pd(OAc),

2.5 equiv K,CO3 or CsOAc

Arl, 90-110 °C

Page 185

OMAr

564, 7 examples

563 up to 79% yield
(b) Daugulis et al., 2012
M M
'e 5 mol% Pd(OAc), e
@[S 0 Arl, AgOAc ©i3 o
toluene, 60 °C
NJ\;/\H 60-72 h Nk;/\Ar
H NPnth H NPnth
566, 6 examples
565 up to 81% yield
(c) Babu et al., 2013
R H R H
~H wH
HY 5 mol% Pd(OAc), Hy N
i Ar
o NHH Arl, 2.2 equiv AgOAc o e
toluene, 110 °C
SMe SMe
567 568, 12 examples

up to 84% yield

(d) Babu et al., 2016

SMe
5 mol% Pd(OAc),
NH 3.0 equiv AgOAc

Arl, 0.25 mL AcOH
toluene, 110 °C, 24 h

H
02\7
569

Scheme 92.

S
NH Ar
(e} Ar

Ar” "OAc

570, 12 examples
up to 86% yield

a) Pd-Catalyzed B-Methyl C(sp3)—-H Monoarylation of 2-Methylthioanilide Amides
(Daugulis et al., 2010).181 b) B-Methyl C(sp3)-H Monoarylation of A-Phthaloylalanine
Derivatives (Daugulis et al., 2012).19 ¢) 2-Thiomethylamide Directed B-C(sp3)-H Arylation
of Cyclopropanes (Babu et al., 2016).202 d) 2-Thiomethylamide Directed -C(sp3)-H
Arylation/Ring Opening of Cyclopropanes (Babu et al., 2016). 272
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Baran et al., 2011

MeO
© OMe
10 mol% Pd(OAc), o
/ N 1.0 equiv Ag,CO3 OMe
- N
1.0 equiv PivOH MeS H
HFIP, 75 °C, 24 h 2
! ! 7, ~OMe
o
574, single diastereomer
MeO MeO I 9
577: piperarborenine D 575
proposed structure KHMDS
MeO
OMe
(0] OMe 15 mol% Pd(OAc), o
N H MeO 1.5 equiv Ag,CO3 OMe
MeS H + 1.0equivPVOH oo N
oM HFIP, 90 °C, 36 h
e MeO I OMe
o 0
571 572 573, 52%, gram scale
l LiO'Bu
MeO MeO
OMe OMe MeO
o o 575 “ OMe
15 mol% Pd(OAc),
d/NJl OMe ved NJZ OMe 1.0 equiv Ag,CO3 2 OMe
~— Mes H tBUOH, 75°C, 36 h  MeS -
MeO N N, MeO N OMe OMe
(0] o (0]
MeO MeO
580: piperarborenine B 579, 46% 578, 79%, >10:1
Scheme 93.

2-Thiomethylaniline-Directed Sequential C(sp3)-H Arylation of Cyclobutane as a Key Step
in the Total Synthesis of Piperarborenine Natural Products (Baran et al., 2011).273
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(a) Colobert et al., 2016

('s)' 5 mol% Pd(OAc), (ls? 1
Vp_TOI 2.2 eQU!V AgOAC Vp_Tol \p_Tol
0.5 equiv NaTFA
NH 1.2 equiv Arl NH + NH
o H HFIP/H,0 (9:1) o o“
90-110 °C, 8-24 h Y
H Ar Ar
581 ! ) i 582,17 examples
! Oﬁ\“ <] o ' up to 91% yield
E N 583 ,  upto80:20d.r.
: Pd :
Lo oy O e
Lo | T~k :
: pTol 60:40 d.r. Me:

______________________________________________

S:,/ S'/, S’//
p-Tol 5 mol% Pd(OAc), p-Tol p-Tol
2.2 equiv AgOAc
NHH H NH Ar  + NH Ar

5 MR Toluene/HFIP (4:1) O)\/?\R OMR

110°C, 36 h

585, 32 examples
584 up to 92% yield
up to 9:1 d.r.

(c) He, Chen et al., 2017
(0] (@] (@]

S. 10 mol% Pd(OAc), S, S.,
@E ‘>-Tol/Me 2.5 equiv Ag,COs @[ ‘>-Tol/Me @ ‘>-Tol/Me
wH NH Ar  + NH  Ar

3.0 equiv KF or 1.0 equiv PivOH

o R HFIP, 110 °C, Ar, 24 h o R o R

587, 33 examples
586 up to 73% yield
up to 3:1 d.r.

Scheme 94.
Palladium-Catalyzed Chiral 2-Methylsulfinyl Aniline-Directed Diastereoselective C(sp3)-H

Avrylation of a) Cyclopropane (Colobert et al., 2016).274 b) Linear Aliphatic Carboxamides
(Colobert et al., 2017).27° ¢) Palladium-Catalyzed 2-Sulfinylaniline-Directed C(sp3)-H
Arylation with Sterically Hindered Aryl lodides (He, Chen et al., 2017).276
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(a) Duan et al., 2015

10 mol% PdCl,(CH5CN), OO
HH Q O 1.5 equiv Cs,CO3 o P

Ar H O
RMN 2.0 equiv Arl SN, o PNH,
H p-xylene, 140 °C, 12h R NHQ OO
588 20 mol% L70 589
R = aryl, 20 examples L70
up to 97% yield, -
upto91:9er

R = "Pr, 68%, 26% ee
R = 'Pr, 20%, 28% ee

o) ¥ T o0 X :
N i /_U\ i
N !
Ph::, A l — ’ — : | 1
‘pPaT NS L w——Pd—Nx | :
H 0, /NH ! Ph IL !
P
B 500 591
(b) Chen et al., 2018
10 mol% Pd,(dba);*CHCl,
H H NHQ 4.0 equiv Ar,l, 2.0 equiv Cs,CO; Ar? NHQ
Ar' 0 30 mol% L71, 30 mol% L72 Ar' 0
m-xylene, 100 °C, Ar, 48 h 593, 33 examples
592 up to 96% yield
- ~ up to 95 ee
E ‘ o, Me CF3
Me
(3-CF3)dba
L71 (P L72

Scheme 95.
a) Pd(I)-Catalyzed 8-Aminoquinoline-Directed Enantioselective Arylation of Methylene

C(sp3)-H Bonds Using Phosphoric Amide (Duan et al., 2015).277 b) Pd(0)-Catalyzed 8-
Aminoquinoline-Directed Enantioselective Benzylic C—H Arylation Using Phosphoramidite
(Chen et al., 2018).278
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Chen et al., 2016

5 mol% [PdCI,(CH3CN),] Ar  NHPA
H HHNY O 25 mol% L73, 1.5 equiv Arl N Me
i |
2.5 equiv Cs,CO;, 110°C R Me
N,, neat, 24 h

595, 26 examples
up to 97% vyield
up to 97% ee

_ ) i

o F~OH| |via o o—Pd—N

Scheme 96.
Picolinamide-Directed Enantioselective Benzylic C(sp3)-H Arylation (Chen et al., 2016).27°
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Shi et al., 2018
H 6 mol% PdCl,, 6 mol% L74 M
’ . i 3 _PIP
Alkyl 2.0 equiv ArBr Alkyl N
1.5 equiv K,CO3, t-BuOH H
125 °C, Ny, 24 h 598, 40 examples
up to 96% yield
up to 96:6 e.r.
4-CF4,CeHy O Meme, |}
N
Alk I\ﬁk
CLL, o | o s\
/P\ N | o —
0~ TOH H Ho /
T
0
4-CF3CgHy4 F - 0 .
L74 steric communication:
L J restricted rotational freedom
Scheme 97.

Pd(I1)-Catalyzed PIP-Directed Enantioselective Arylation of Unbiased Methylene C(sp3)-H
Bonds with Aryl Bromides (Shi et al., 2018).280
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(a) Yu et al., 2016
|O 10 mol% Pd(OAc), ?
40 mol% TDG1 (0]
=N . X
Rl 1.0 equiv Arl R_I(;C HoN
N~ H 1.5 equiv AgTFA \F Ar(Het) ? \)kOH

: . TDG1
ACOH:H,0 (9:1) 600, 30 examples o

599 (1.2 equiv) 90°C, 3648 h up to 83% yield
o) 10 mol% Pd(OAc), (6]
. 50 mol% TDG1 R
R? 2.0 equiv Arl R?
H 1.5 equiv AgTFA AN
HFIP:ACOH (9:1) | R®
110°C, 36 h =
. 602, 19 examples
601 (1. :
(1.0 equiv) up to 71% vield
o)
10 mol% Pd(OAc), |
| 40 mol% TDG2 X =
| A _ > R1_| I—R3
RI—L 1.5 equiv AgTFA L 2 S
v ACOH:H,0 (9:1) !
R2 100 °C, 24 h R?

604, 16 examples

603 (1.0 equiv) up to 88% yield, 98:2 er

Me R
1 (0]
AN Sy
Pa© --pg—©
\ \
2 OAc
605 OA° 606 R M
(b) Hu et al., 2016
o (e}
| 10 mol% Pd(OAc), |
R N 40 mol% TDG3 Rt X
AnH Arl, 2.0 equiv AGOAC NA
607 H20:AcOH (1:1) 608, 20 examples
120°C, 24 h up to 93% yield
(c) Li et al., 2020
? 10 mol% Pd(PPhs),Cl, ?
N 40 mol% TDG4 SN
-l 1
R—g i H 3.0 equiv Arl R—u — Ar
2:0iequiy. AgIFA 610, 30 examples
609 n-PrCOOH, 120 C, 48 h up to 98% yleld
Scheme 98.

Pd-Catalyzed C(sp3)-H Arylation of 2-Alkylbenzaldehydes via Transient DG Strategy. a)
Glycine and L-zert-Leucine as TDGs (Yu et al., 2016).288 b) Acetohydrazone as TDG (Hu et
al., 2016).290 ¢) Semicarbazide as TDG (Li et al., 2020).291
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(a) Yuetal., 2017 10 mol% Pd(OAc), )
30 mol% TDG5
o H 1.0 equiv AgTFA O Ar HO NH,
R1JJ\/I\R2 2.0 et.quiv Arl R1UR2
2.0 equiv AgOAc
HOAC:HFIP (1:3) 612, 34 examples
o up to 79% vyield TDG5

120 °C, air, 72 h

(b) Wei et al., 2018

@ 10 mol% Pd(OAc), 0 Me O
R’ R? 50 mol% TDG6 R! R? Me)\N)K/ NH>
Arl, 1.5 equiv AgTFA H
H HFIP:ACOH (9:1) Ar Ut
613 80 °C. air. 24 h 614, 23 examples
T up to 93% yield

(c) Yu et al., 2020
0]

10 mol% Pd(OAc), o
H Me 30 mol% TDG7, 40 mol% L75 H Me
R— . . R—
1.0 equiv Ag3POy, 1.5 equiv TFA
H 1.0 equiv Arl, HFIP, 110 °C, 24 h Ar
615, 2.0 equiv N 616, 31 examples
d Ny Oz up to 82% yield
| _ up to 99:1 er
HO N
L75
Scheme 99.

Pd-Catalyzed B-C(sp®)-H Arylation of Ketones via Transient DG Strategy. a) Aliphatic
Methylene C(sp3)-H Arylation by a-Benzyl p-Alanine as TDG (Yu et al., 2017).292 b)
Methyl and Cyclic Methylene C(sp3)-H Arylation by 2-Amino- A-isopropylacetamide as
TDG (Wei et al., 2018).293 ¢) Enantioselective C(sp3)-H Arylation of Cyclobutyl Ketones
by D-Valine as TDG (Yu et al., 2020).2%4
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(a) Ge et al., 2016

10 mol% Pd(OAc),

CHO 40 mol% TDGS8 CHO (0]
1J\(H 1.5 equiv Arl 1J\(Ar H N/\)J\OH
R8T 1.5 equiv AGTFA R8T N s
R HOAG/HFIP 618, 26
617 80°C. No. 24 h , 26 exam_ples
» N2 up to 73% yield

(b) Ge et al., 2020

10 mol% Pd(OAc),

CHO . 20mol% TDGY, 50 mol% L69  cHo o)
R2 2.0 equiv Arl L R2 v
R%\/\H . R 14\/\',,\r OH
1.5 equiv AgTFA R NH
(o] 2
619 HOAc, 80 °C, N, 24 h 620, 37 examples TDG9
CFs N NO, up to 79% vyield
»
N OH
L69
Scheme 100.

a) Site-selective B-C(sp3)-H Arylation of Aliphatic Aldehydes (Ge et al., 2016).29 b)
Site-Selective y-C(sp®)-H Arylation of Aliphatic Aldehydes (Ge et al., 2020).2%
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(a) Bull et al., 2019

Page 194

10 mol% Pd(OAc),

S ) Me O.
wl< o 30 mo% TDG10 m\\ NSOy
BrH 2.0 equiv AgTFA o) TDG10
HFIP:AcOH (2:1
621 o 0‘; 18(h ) 622, 14 examples
P S up to 53% yield
: Me E
: X '
NNy
: Br | “Me!
O,CR I
7 623 . !
(b) Bull et al., 2020
O H 10 mol% Pd(OAc),, L74 O Ar O M
| 30 mol% TDG11 I L KMe
. H2N N Me

Arl, 2.1 equiv AgTFA H

H HFIP:AcOH (1:3) Ar TDG11

80°C,72h 625
24 examples
CF ’
624 | X 3 up to 68% yield
~
HO N
L76
Scheme 101.

a) Intramolecular C(sp3)-H Arylation of Tertiary Aldehydes (Bull et al., 2019).2%7 b)
Methylene B-C(sp®)-H Avrylation of Cyclohexanecarbaldehydes (Bull et al., 2020).298
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Dong et al., 2016

H  NH,

Scheme 102.

v-C(sp®)-H Arylation of Free Amines Enabled by Transient DG strategy. In Situ Formed

10 mol% Pd(OPiv),
125 mol% TDG12

—

2.5 equiv AryIBF4

.0 equiv L77, 1,2-DCE

N5, 90 °C, 48 h

________________

627, 31 examples
up to 78% yield

exo-Imine-Based Bidentate DG (Dong et al., 2016).299
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Page 196

(a) Yu et al., 2016
10 mol% Pd(OAc),

H  NH; 20 mol% TDG13 Ar  NHBoc
. R4 2.0 equiv Arl 2 MHCI . i
R Rst 2.0 equiv AgTFA 10 M NaOH R"Y stR
HFIP:HOAC (19:1) Boc,O R
629 10 equiv H,0, 120 °C 630, 45 examples
up to 91% yield

(b) Yu et al., 2018
y-C(sp®)-H Arylation

r3NH; 10 mol% Pd(OAc), 2 M HCI g3 NHBoc (¢ oF
R2 20 mol% TDG14, 50 mol% L76  THF R? " X
Rt g So |
) (Het)Arl 10 M NaOH v HO™ N7
H 1 3.0 equiv AgTFA, HFIP Boc,O (HebAr “R! OH
631 10 equiv H,0, 150 °C, 12 h 632, 56 examples TDG14 L76
up to 74% yield
NH, 10 mol% Pd(OAc), 2 MHCI NHBoc
20 mol% TDG13, 50 mol% L76  THF
HetArBr 10 M NaOH
H  40equivAgTFA, HFIP Boc,O Hetér
633a 10 equiv H,0, 150 °C, 12 h 634a, 14 examples

up to 73% yield

3 B : i |
i o) cli i Cl
D — /, 6 :
SN | N\Pd—-N |
i Rdy\)\Rz : ;o R1 RE
e : ; !

5-C(sp®)-H Arylation
10 mol% Pd(OAc), 2 M HCI

H
MZ 40 mol% TDG15 THF (He”ArMBoc OH V02
- R2 50 mol% L75, (HeAT 10 MNaOH g r2 Tl |

3.0 equiv AGTFA, HFIP  Boc,0 N
635 5.0 equiv H,0, 120 °C, 48 h 636, 52 examples TDG15 L75
up to 81% yield
""""" NO, O R o

N : A 2
b — et
RN ; ~pa S ~ar !

| ; :

Scheme 103.
a) Pd-Catalyzed y-C(sp®)-H Arylation of Free Amines Using 2-Hydroxynicotinaldehyde

as TDG (Yu et al., 2016).3% p) Ligand-Enabled Pd-Catalyzed y- and &- C(sp®)-H
(Hetero)arylation of Amines with TDGs (Yu et al., 2018).301
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(a) Ge et al., 2017

10 mol% Pd(OAC),
/\/’t‘z 20 mol% TDG16 /\/tb
2 2
H R R 1.5 equiv AgTFA, 1.5 equiv Arl Ar R! R
HOAC, air, 15 h
637 4.0 equiv H,0, 100 °C 638
Me Me
. N=
1 equiv Pd(OAc), | 10
/\/T\HZ 1 equiv TDG Pd.q
H MeMe 1 equiv Pyridine N
HFIP (0.2 M), 100 °C, 3h \
639 XX
640
(b) Dang et al., 2019 H
Me (@)
Me\*/\/H %\
\
NH <N O\Pd/ Me
> Pd(OAc), 0 | AgTFA Pd_
M\ __ TG O/Pld’o o AcOH Oy 0" I So  Me
H Me'®  H,0, AcOH NQ: I . )R
100 °C N-Ag—©
H Me 9
Me
H Me
Me
639 641, 77% yield 642
(X-ray structure) (Mass spectrometry)

Scheme 104.
a) C(sp®)-H Arylation of Free Amines Using Glyoxylic Acid as TDG (Ge et al., 2017).302

b) [5,5]-Fused Palladacycle Characterized by the Dang Group (Dang et al., 2019).303
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(a) Murakami et al., 2017

Page 198

10 mol% Pd(OAc), t-Bu X
R 20-105 mol% TDG17 2.0 equivKHCO, HC!ad. THF R o
HN" 75 3 80°C,1h .
2 1,2-DCE 3.0 equiv Arl ’ BocHN 1 OH
H 110 °C 20 mol% iPrCOOH  Ef3N, r.t. - t-Bu
15 min 110 °C, 24 h Boc,O, 1 h
643 2 644, 13 examples IBGA7
up to 81% yield
(b) Bull et al., 2018 TR
NH, 10 mol% Pd(OPiv), NH, OJ\
H/B(JV'? 15 mol% TDG18 A %54 /©/ OMe
R r R
R2 R 2.0 equiv AgTFA, 3.0 equiv Arl R2 R R R
HFIP:HOAc (5:1) R =H, CF,

5.0 equiv H,0, 110 °C, 18 h

646, 28 examples

645 up to 61% yield

(c) Kamenecka et al., 2018
NH, 10 mol% Pd(OAc), SOCl, NH,
30 mol% TDG13 EtOH
H R* : . . Ar sR?
2R3 2.0 equiv AgTFA, 3.0 equiv Arl 90 °C R2R
R HFIP:HOAG (19:1) 5h
647 130 °C, 12 h 648, 36 examples

Scheme 105.

up to 76% yield

a) Sterically Modified Salicylaldehyde (Murakami et al., 2017).3%4 b) Alkyl Acetal (2,2-
Dimethoxyethoxy)benzene (Bull et al., 2018).3% ¢) 2-Hydroxynicotinaldehyde (Kamenecka

etal., 2018).306
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Li et al., 2018

9 10 mol% Pd(OAc),
NMe2 20 m_ol% L37
2.0 equiv Ag,CO3

NH + ArBFsK
2.0 equiv K,CO3
F o}\/\H 10 mol% BQ
R t-AmylOH, 100 °C, 24 h
649 \
Me MeMe
C-H activation AcHN | o
N
NMe; L37
Bn
N O - J
(;ﬁ,\j\,l-l’d" transmetalation
F /
O;\%
R ArBF ;K
650
Scheme 106.

Page 199

(0]

NM62

NH
F
o%\/\Ar
R
652, 19 examples

up to 62% vyield

reductive
elimination

NM62
X0 Ar
Ui
H/N/
F

651 R

Palladium-Catalyzed N, O-Bidentate DG Directed B-C(sp®)-H Arylation with

Aryltrifluoroborates.397
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(a) Chen et al., 2011

H%/COZMe I

H HN

Page 200

10 mol% Pd(OAc), H CO,Me
1.5 equiv AgOAc NHPA

* t-BuOH, 110°C, 24 h
BQ (0.0-0.1 equiv)
n
n=0,1,273,5 655, 5 examples
up to 69% vyield
653
(b) Shi et al., 2015 Ar
Qv Ar 10 mol% Pd(OAc), o 7
PA‘N — 0.9 equiv AgsPO, Me
H G 0.4 equiv Kl PAN
n tert-butylbenzene H
n=12 100 °C, air, 12 h n
658, 9 examples
656 657 up to 54% yield
>20:1d.r.
Scheme 107.

a) Picolinamide-Directed C(sp3)-H Alkenylation (Chen et al., 2011).22 b) Picolinimide-
Directed C(sp3)-H Alkenylation (Shi et al., 2015).237
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(a) Baran et al., 2012

15 mol% Pd(OAc),
1.5 equiv AgOAc

_—
PhMe, 80 °C, 10 h

661: 59%

Pipercyclobutanamide A, 662

(b) Chen et al., 2014

NPhth

’;‘Ph"‘NHQ I 10 mol% Pd(OAC), A NHQ
3 3.0 equiv AgOAC
DGR L e A8
H O o 2.0 equiv TFA R
R’ 1,4-dioxane, r.t., 24 h R2
G ceX 665, 14 examples
up to 90% yield
(c) Rao et al., 2015 R!
R? | 10 mol% Pd(OAc), R2 NHQ
RWNHQ 5 1.0 equiv Ag,CO5
A PhMe, 110 °C R
H O R4 4
R
5es Gl 668, 37 examples
up to 95% yield
(d) Reisman et al., 2016
I\ (o]
o O. O  15mol% Pd(OAc), Me
e Ag;CO Me: NHQ
Me..\ NHQ + 92C03
| TBME, 90 °C o
: B
[e)
669 671, 72% yield

o

(e) Shuto et al., 2019

o

NHQ +
i
TBDPSO

H
673

Scheme 108.

o
| 20 mol% Pd(OAc),
Q 2.0 equiv AOAC i NHQ
~—— > TBDPSO
Ph 0.2 equiv (BnO),PO,H —
t-AmylOH, 90 °C, 1 h
Ph

674, 79% yield

Page 201

8-Aminoquinoline-Directed C(sp3)-H Olefination a) As a Key Step in the Total Synthesis of
Pipercyclobutanamide A (Baran et al., 2012).192 b) Phthaloyl Alanine with Alkenyl lodide
Reagents (Chen et al., 2014).3% ¢) Acyclic Aliphatic Amides (Rao et al., 2015).3%9 d)

As a Key Step in the Total Synthesis of (+)-Psiguadial B (Reisman et al., 2016).310 e)

Cyclopropanes (Shuto et al., 2019).311
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Page 202

Yu et al., 2018

2.0 equiv AgTFA, L67

N 3 3
| R | HFIP, 120 °C, 20 h [ R
R R? R’ R?

677, 75% yield

M 0 M i P
e>‘)J\OH 10 mol% Pd(OAc), e%OH
Me Me

+ O\N

Scheme 109.
v-C(sp®)-H Alkenylation of Aliphatic Ketones with Alkenyl lodide (Yu et al., 2015).263
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(a) Liu et al., 2020 (o]
5 mol% Pd(OAc), NHQ
o} I 3.0 equiv Ag,CO3
PhthN,, + TIPSO
‘ H v 2.0 equiv TFA, THF -
TIPSO
K TIP 75°C, 24 h

H" R TIPS OTIPS

678 679 680, 32 examples
up to 88% yield
>20:1d.r.

(b) Ackermann et al., 2020
10 mol% Pd(TFA),

OlMe Me 30 mol% 1-AdCOOH
PhthN,, 2.0 equiv Ag,CO3
' - N—Bn
H\\‘ R H N:NI 1,4-dioxane
+ 0,

NHTAMED 80°C,10h
_ 683, 8 examples
681, R=Ar, H 682 up to 95% yield

d.r.> 20:1

10 mol% Pd(TFA),
50 mol% BQ
2.0 equiv AgTFA

1.0 equiv K,CO3

1,4-dioxane
60°C, 8h
686, 8 examples
up to 92% vyield
O Me Me
10 mol% Pd(TFA), PhthN,,, _ _
O Me Me o. _; 30mol% 1-AdCOOH N N—peptide
. . N: /
PhthN,,, N _ - R? 2.0 equiv Ag,CO3 (0] peptide N
H N—peptide ) -
o . N=N + RO 1,4-dioxane
H peptide
OR 80°C, 16 h
689, 13 examples
687 688 up to 80% yield
Scheme 110.

Bidentate DG-Directed C(sp3)-H Glycosylation with 1-lodoglycals a) A-Phthaloyl a.-
Amino Acids (Liu et al., 2020).312 b) A-Phthaloyl a-Amino Acids and Internal Peptides
(Ackermann et al., 2020).313
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(a) Chatani et al., 2011

Page 204

o}
Q O ae 5 mol% Pd(OAc),
fJ\N il\ 1.0 equiv AgOAc NHQ
H + 10 oauiv Li
.0 equiv LiCl R S
TIP 5 X
R H S toluene, 110°C, 15 h 1PS
690 691 692, 17 ezam.ples
up to 83% yield
(b) Chen et al., 2014 R
0] Br
PhthN,, 10 mol% Pd(OAG), PhthN,, _“\\Ha
" "NHQ | 2.0 equiv AgTFA
H > H Tibs  TCEMO,rt, 24h N
TIPS
693 691 694, 62%
(c) Hong et al., 2015
M i TIPS o’ "Me
© 10 mol% Pd(OAc), S
o + | 2.0 equiv KoCO;4 N " 0
H

t-AmylOH, 100 °C

Me
O
o
H N
695

H, TIPS NEG
691 696, 53%, crude d.r. >50:1
(d) Shi et al., 2016
O
10 mol% Pd(OAc), 3 5
1.5 equiv KOAC r TAME
S
1,4-dioxane T~ N
60°C,12h N TIPS
698, 16 examples
up to 86% yield
RZ 0 R® Br 10 mol% Pd(OAc), R2 o R
N, 0 1.0 equiv NBuyOAc N, 0
RT™ ﬁ)\l// |l 11e'A(4)A o
H eH R t.B gtrj-:vmgo °Cc OH
-Bu ’ %
701, 31 examples
639 700 up to 90% yield
Scheme 111.

Palladium-Catalyzed B-C(sp3)-H Alkynylation a) Aliphatic Amides with 8-Aminoguinoline
DG (Chatani et al., 2011).314 b) Atphthaloyl alanine with 8-Aminoquinoline DG (Chen

et al., 2014).308 ¢) Diastereoselective Alkynylation of Cyclopropane With an Isoleucine-
Derived Amide Chiral DG (Hong et al., 2015.247 d) A-Phthaloyl Amino Acids and Aliphatic
Acids Directed by 1,2,3-Triazole Amide (Shi et al., 2016).31° e) Alanine and Oligopeptides

(Yuetal., 2017).316
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Balaraman et al., 2018

(0]
(0]
N 10 mol% Pd(OAc), s
N [ e 2.0 equiv AgOAC IR
N~ i TIPS/ —eaa e .
L toluene, 130 °C, 18 h -
~7 TH
TIPS
702 1.08 equiv 703, 19 examples
691 up to 88% yield
Scheme 112.
Palladium-Catalyzed y-C(sp®)-H Alkynylation of Aliphatic Amines (Balaraman et al.,
2018).317
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Shi et al., 2019
10 mol% Pdl, /
2.5 equiv K,CO
2L0U3 H //
(S)-3,3"-F-BINOL (L78) M oip
R’ N~

toluene:t-AmylOH
105 °C, air, 16 h

706, 25 examples
F up to 84% yield

OO up to 96% ee
OH

o
F

(S)-3,3'-F»>-BINOL

(L78)

Scheme 113.
Pd(I1)-Catalyzed Enantioselective Alkynylation of Unbiased Methylene C(sp3)-H Bonds

(Shi et al., 2019).318
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(a) Daugulis et al., 2010

o O 5 mol% Pd(OAc), o

20 mol% PivOH

H/\)J\N . Rl  25equivK,COq R\/\)J\NHQ
H (3.0 equiv) t-AmylOH

110°C, 26 h

708a, R = j-Butyl, 58%

707 708b, R = n-octyl, 47%
(b) Chen et al., 2013
H O PO 10 mol% Pd(OAc), R O
X COEt 50 equivAg,COs
R NHQ + (2.0 equiv) >~ R NHQ
) or 20 mol% (BnO),PO,H R2
R 2.0 equiv Mel  +-AmylOH, 110 °C, Ar R = CH,CO,Et, Me
709
710, 29 examples
up to 93% yield
(c) Shi et al., 2013
NPhth 10 mol% Pd(OAc), NPhth
H\/\WNHQ N R—]| 20 mol% (.BnO)zPOZH R\/\H/NHQ
o) (1.5 equiv) 0.8 equiv Ag,CO3 o
1,2-DCE/t-BuOH (1:1) 712
711 50 °C. 2 h , 18 examples
’ up to 87% yield
NPhth 15 mol% Pd(OAc), NPhth
HWNHQ . R-Br 20 mol% (.BnO)ZPOZH R : NHQ
(3.0 equiv) 1.0 equiv Ag,CO4
o 1,2-DCE/t-BuOH (1:1) o
711 90 °C, 24 h 713, 9 examples
up to 79% yield
NPhth 10 mol% Pd(OAc), . SPhh
RWNHQ . X/\COZEt 30 mol% (BnO),PO,H R NHQ
(1.5 equiv) 0.8 equiv Ag,CO; o)
H O 1,2-DCE/t-BuOH (2:1)  EtO,C
714 90 °C,9-12h 715, 9 examples
up to 91% yield
>50:1d.r.
Scheme 114.

8-Aminoquinoline-Directed C(sp3)-H Alkylation a) A Pioneering Study (Daugulis et al.,
2010).181 b) Methylene C(sp3)-H Alkylation with a-Haloacetates and Methyl lodide (Chen
etal., 2013).319 ¢) C(sp3)-H Alkylation of A-Phthaloyl a-Amino Acids (Shi et al., 2013).320
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(a) Shi et al., 2014

NPhth 10 mol% Pd(OAc), NPhth SO,NH;
R : H 1.5 equiv Ag,CO3, 2 equiv RI R - NHQ
Y v O 2.0 equiv NaOCN I I
H O 0.3 equiv L79
1,4-dioxane, 80 °C, Ny, 20 h 717, 31 examples | C!
716 ; _ L79
up to 90% vyield
NPhth R NPhth R NPhth
H_~__NHQ R1._~__NHQ — R1._~__NHQ
YU alkylation YU alkylation Y v
H (o) or arylation H (0] or arylation R2 O
718 719 720, 12 examples

up to 92% yield

(b) Shi et al., 2016
10 mol% Pd(OAc),

OMe 2.0 equiv Ag,CO; OMe
H\/\[fNHQ 1.0 equiv K,CO4 Alkyl\/\[(NHQ
o) 2.0 equiv Alkyl-I (o)
721 t-BuoOH 722, 25 examples
N2, 100 °C, 20 h up to 71% yield

Scheme 115.

8-Aminoquinoline-Directed C(sp3)-H Alkylation with Various p-Hydrogen Containing
Alkyl lodides. a) Methylene C(sp3)-H Alkylation of A-Phthaloyl a-Amino Acids (Shi et
al., 2014).321 h) Methyl C(sp3)-H Alkylation of Lactic Acid (Shi et al., 2016).322
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(a) Ge et al., 2016

H O O
R1J\)J\

N
rz M

12 mol% Pd(OPiv),

1.2 equiv Cu(O,Cn-Pr),
40 mol% L80, 1.2 equiv CsOPiv

2.0 equiv Ag,CO3

MeCN/heptane, 110 °C

e\N/ }\l/ e

Ligand 80

Page 209

NC

0
R NHQ

R2
724, 24 examples
up to 80% yield

(b) Yang et al., 2017
NPhth
: H

- 0]
R N. + I
YU e " ke,

H O

725

Scheme 116.

10 mol% Pd(TFA),
1.5 equiv AgOAC

1.0 equiv TfOH, 1,2-DCE

80 °C, air, 20 h

(EtO)zrle

o R O

727, 24 examples
up to 97% yield
>50:1dr.

a) Cyanomethylation of Unactivated Methylene C(sp3)-H Bonds with Acetonitrile
(Ge et al., 2017).323 b) Methylene C(sp3)-H Alkylation of Amino Acids with
(lodomethyl)phosphonate (Yang et al., 2017).324
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(a) Shuto et al., 2016

TBDPSO TBDPSO

15 mol% Pd(OAc),

0 Y™ 4.3 equiv (BnO),P(0)OH 0
HN I t-BuOH, 50 °C, 12 h NHQ
730, 16 examples
728 729 up to 93% yield
TBDPSO TBDPSO
15 mol% Pd(OAc),
trans +  Alkyl—I 1.1 equiv Ag,CO3
H ) Alkyl
1.3 equiv (BnO),P(O)OH
QHN" ~o t-BuOH, 75 °C, 12 h QHN" o
733, 6 examples
731 732 up to 48% yield
(b) Shuto et al., 2019
o 20 mol% Pd(OAc), o
2.0 equiv AgOAc
i NHQ 3.0 equiv Mel y NHQ
TEDPSO 0.2 equiv (BnO),PO,H  '1BDPSO
H t-AmylOH, 90 °C, 1 h Me
734 735, 61% yield
Scheme 117.
8-Aminoquinoline-Directed C(sp3)-H Alkylation of Cyclopropane (Shuto et al., 20186,
2019).311‘325
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(a) Chen et al., 2013

.

HN R
H R!
R2
736

Page 211

10 mol% Pd(OAc),
20 mol% (BnO),PO,H NHPA
1.0 equiv Ag,CO;5

]
0.3 equiv Nal R 2 R
toluene/t-AmylOH (9:1) R

Ar, 110°C, 2-20 h 737, 26 examples

up to 92% vyield

(b) Shi et al., 2018

I;IHPA $
N

H X COZMG +0 /o) N82C03, BQ
\V\:/v/ 1-AdCOOH
T H

738 739

Scheme 118.

10 mol% Pd(OAc),

1,1,2-trichloroethane
100 °C, 24 h 740, 38 examples
up to 88% vyield
up to 4:1 d.r.

a) Picolinamide-Directed Alkylation of Unactivated Methyl C(sp3)-H Bonds with Alkyl
lodides (Chen et al., 2013).327 b) Remote Selective §-C(sp3)-H Alkylation of Amino Acids
and Peptides with Maleimides (Shi et al., 2018).328

Chem Rev. Author manuscript; available in PMC 2022 December 22.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnue Joyiny

1duosnue Joyiny

Liu etal. Page 212

(a) Zhao et al., 2015

45 3 RYRS
- R'R® |Q e 10 mol% Pd(OAc), R R
| r .
> N (i-Pr); 2.5 equiv AgOAc R2 N—OA
R Hi 5 CO (1 atm) R
R" “H OA 0.3 equiv m-CF3CgH4-CO5H o)
741

Mesitylene, 24 h 742, 17 examples
up to 87% yield

(b) Wang et al., 2015

(0]
N H H 4 10 mol% Pd(OAc), 4
| _ N R3 4.0 equiv TEMPO N R;
N A R CO (1 atm), p-xylene PA” 7 2R
PA O] R'R 130 °C, 24 h R'R
743 744, 19 examples

up to 95% yield

(c) Carretero et al., 2016
10 mol% Pd(OAc),

H 2.0 equiv BQ SO,Py
N, _CO-Me 1.5 equiv AgOAc N
S - 2 . "'COzMe
0 Me 0.33 equiv Mo(CO)g
Me HFIP, N,, 110°C, 18 h Me Me
H
745 746, 93% yield

Scheme 119.
Pd-Catalyzed y-C(sp®)-H Carbonylation. a) Oxalyl Amide DG (Zhao et al., 2015).329 b)

Picolinamide DG (Wang et al., 2015).330 ¢) AL(2-pyridyl)sulfonamide DG (Carretero et al.,
2016).331
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Yu et al., 2019

750

Scheme 120.

10 mol% Pd(OAc),
4.0 equiv AgOAC

1 atm CO
HFIP, 80 °C, 16 h
F (0]
F
OH
F F

F
748, 50 mol%

10 mol% Pd(OAc),
4.0 equiv AgOAC

1 atm CO
HFIP, 80 °C, 16 h
F (@)
F
OH
F F

F
748, 50 mol%

Page 213

X
_N NHAc

(0]
R1MO CF,
R? h

RER*O CF,4

749, 28 examples

up to 87% yield
N NHAc
O M

751, 33% yield

Palladium-Catalyzed -y-C(sp3)-H Carbonylation of Aliphatic Alcohols (Yu et al., 2019).332
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(a) Shi et al., 2016 o
1 atm CO PhthN,, N
1,2- DCE IIDd—N X |
100 °C,12h Ph |
CO
O
. 754, 80%
PhthN,, N O 1.0 equiv Pd(OAc),  PhthN,,, ’
H 1,2-DCE, CH4CN, 50 °C pd_N -
Ph” "H
NCMe
752 753, 95% o)
3.0 equiv C|C02R PhthN,
2.0 equiv Ag,CO3 " ” |
toluene, air Ph CO5R NS
120°C, 16 h 755
0 10 mol% PA(OAC) Q | o) 10 mol% Pd(TFA), o
3.0 equiv CICO,R ' .
PhthN,, . 2 PhthN,,. ' 3.0 equiv CICO,Me R
ﬁ e _2Rea Aty ELNHQ | RfJ\NHQ 2.0 6quiv AgCOs fLNHQ
H” R 10 eauiz loliene, N RO,C* "R 5 H 2.0 equiv NagPO, CO,Me
756 757, 32 examples I 758 toluene, air, 120 °C, 20 h 759, 15 examples
up to 96% yield up to 71% yield
(b) Wang et al., 2019
o}
rt 9 1.0 equiv Pd(OAc), 2R1
R N
R2 NHQ CO (1 atm) \
HFIP, rt, 1 h Fl’d—N X
H co
760 761, 17 examples
up to 97% yield
Scheme 121.

a) Palladium-Catalyzed Alkoxycarbonylation of Unactivated B-Methylene C(sp3)-H Bonds
with Alkyl Chloroformates (Shi et al., 2016).333 b) Synthesis of Stable CO-Coordinated

Palladacycles and Mechanistic Studies (Wang et al., 2019)334
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Page 215

(a) Corey et al., 2006

20 mol% Pd(OAc), ! via o —
NPhth 5.0 equiv Oxone NPhth 'PhthN,, ;
RWNHQ 10 equiv Ac,0 RWNHQ : N :
H O 1.2 equiv Mn(OAc), OAc O E R Pd\N E
CH3NO,, 80 °C, 22 h ; i
| 764 a |
762 763, 4 examples __________~— :
up to 63% vyield
(b) Chen et al., 2012
10 mol% Pd(OAc),
2.5 equiv PhI(OAc), OR NHPA
H HN ROH/p-xylene (1:4) R!
I\)\R1 Ar, 110°C, 4 h R2
R2
766, 28 examples
765 up to 95% vyield
Scheme 122.

a) 8-Aminoquinoline-Directed B-Methylene C(sp®)-H Acetoxylation of A-Phthaloylamino
Acids (Corey et al., 2006).188 b) Picolinamide-Directed -y-Methyl C(sp3)-H Alkoxylation
(Chen et al., 2012).336
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(a) Sahoo et al., 2012

Me ||
JYW

5 mol% Pd(OAC),

1.5 equiv Phl(OAc),

Page 216

Me\H
JTRQ

1.5 mL AcOH, r.t. AcO
768, 16 examples
L up to 85% yield
Me\” 5 mol% Pd(OAC), Me\é N
3.0 equiv Phi(OAC), O/
1.5 mL AcOH:Ac,0 N aco Ac
769 70 °C 770, 5 examples
up to 78% vyield
(b) Shi et al., 2013
2 2
R 10 mol% Pd(OAc), R
R! 3.0 equiv PhI(OAc), !
1.5 equiv AgOAcC
_NH H _NH OAc
TA-Py 1,2-DCE, Ar TA-Py
140 °C, 24 h 772, 4 examples

T up to 76% yield

(c) Chen et al., 2014

H NHPA 10 mol% Pd(OAc), OAc NHPA
2.5 equiv Phl(OAc),
R1 R1
o 20% mol Li,CO3 o
R AcOH/xylene (1:2) R 5)
773 Ar, 110 °C, 10-24 h 774, 13 examples
up to 88% vyield | N

10 mol% Pd(OAc), N~

N NHPA 2.5 equiv Phl(OAc), N NHPA B
R % H AcOH/xylene (1:2) R _— OAC
Ar, 110 °C, 10-24 h
775 776, 3 examples

up to 92% yield

R (0]
,\/k N(i-Pr),
cO N
H o

778, 6 examples
up to 84% yield

(d) Zhao et al., 2015
5 mol% Pd(OAc),

R (0]
,\)\ N(i-Pr), 4.0 equiv PhI(OAC),
H N i
H o

0.3 equiv AcOH

Mesitylene
777 140 °C, 24 h

Scheme 123.
a) MPyS-A-Amide-Directed Primary B-C(sp3)-H Acetoxylation (Sahoo et al., 2012).337 b)

1,2,3-Triazole-4-Amide Directed Methyl C(sp3)—-H Acetoxylation (Shi et al., 2013).338 ¢)
Picolinamide-Directed y-C(sp®)-H Acetoxylation (Chen et al., 2014).339 d) Oxalyl-Amide-
Directed y-C(sp®)-H Acetoxylation (Zhao et al., 2014).340
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Shi et al., 2013
10 mol% Pd(OAc), OR O
1.5 equiv Phl(OAc), _PIP
> R’ N
ROH/m-xylene R H
N2, 90°C, 24 h

780, 35 examples
up to 92% vyield

Scheme 124.
PIP-Directed Unactivated Methylene C(sp3)-H Alkoxylation of (Shi et al., 2013).341

Chem Rev. Author manuscript; available in PMC 2022 December 22.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnue Joyiny

1duosnue Joyiny

Liuetal. Page 218

Yu et al., 2014
o R 10 mol% Pd(OAc), o R
PhthN J)LN )\fo 4.0 equiv PhI(OAc), PhthN,, N)\fo
H s Ac,0 (0.066 M) H 3
y HN._COR 190°C. 20 h Ao HN._COR
< ®
782, 9 examples
781 up to 66% yield
Scheme 125.

Amino-Acid-Directed C(sp3)-H B-Acetoxylation of Dipeptides (Yu et al., 2014).261
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(a) Dong et al., 2012

OMe
DG' 10 mol% Pd(OAc), DG’
| 1.3 equiv Phl(OAc), O OAc
OMe N ACOH/AC,0 (50:1) .
e B 0.2 M, 100 °C R2 R?
R, ,;éR4 784, 13 examples
R783 up to 86% yield
(b) Dong et al., 2015
1 1
o DG O'DG
R 10 mol% Pd(OAGC), o
AH 1.3 equiv Phl(OAc), \Jw
Jj)n AcOH (0.2 M) E‘#o
HO 785 100°C, 3 h 786, 23 examples

up to 86% yield

(c) Dong et al., 2015

DG? 10 mol% Pd(OAc),
2.0 equiv NFSI _DG?

| 2.2 equiv R3SO3H o
NN R'—A_0SO,R?
o 1,2-DCE (0.066 M) R2
RI—L _H N,, 90°C, 7 h
R2 i 788, 34 examples

up to 71% yield

(d) Dong et al., 2016
10 mol% Pd(OAc),

4 2.3 equiv PhI(OAC),  pho,s. _DG!
PhO.S. .DG 1.0 equiv LIOAc N

R)\,H 20 mol% ArCHO R)\/OAC

769 AcOH/Ac,0 4:1, 90 °C 790, 23 examples

up to 81% yield

(e) Xu et al., 2019

10 mol% Pd(OAc),
)ﬁ( K28208 R O« DG3
AcOH/Ac,0 \[

110 °C OAc

792, 24 examples

74 up to 98% yield

Scheme 126.
exo-Oxime-type DG Enabled -Directed C(sp3)-H Oxygenation. a) Intermolecular

Acetoxylation (Dong et al., 2012).345 b) Intramolecular Etherification (Dong et al.,
2012).346 ¢) Tosyloxylation (Dong et al., 2015).347 d) B-Acetoxylation of Aliphatic Amines
(Dong et al., 2016).348 ) Monoanionic- NV, N-bidentate DG (Xu et al., 2019).270
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(a) Zhang et al., 2015

o) o)
10 mol% Pd(OAc),

0 HN\[H\R 1,2-DCE, 120 °C, 12 h 0 HN

(0] (o]
793 794, 15 examples

up to 92% yield

5.0 equiv PhI(OAC),
2.0 equiv LiOAc OAc

Page 220

R via Pd

o

O.
/N\Z
(@]

(b) Hartwig et al., 2020

10 mol% Pd(OAc),

OH 1.5 equiv PhI(OAC),
SN 10 mol% N-Boc-Ala (L81)
R?\,H benzene ?\/OAC
N5, 80°C, 12 h
H
797, 16 examples
up to 58% yield

i o s
' X J b (@] i
| via N-F’d\o’)\Me P o | !
: R o N-Pg—PATs |
: Me Lo Mew 5
I 4-membered | Mé |
798 palladacycle ' ;
! intermediate | ! 799, 86% yield |

Scheme 127.

-
LY

Me

A

BocHN COOH

OAC | N.Boc-Ala (L81)

Palladium-Catalyzed Intermolecular Acetoxylation of C(sp3)-H Bonds via a Four-
Membered Palladacycle (Zhang et al., 2015; Hartwig et al., 2020).349.350
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(a) Chen et al., 2012

H  NHPA 5 mol% Pd(OAG), ,PA P
1 2.5 equiv PhI(OAc), [N N
R -
R2 2.0 equiv AcOH, toluene R R2 N
Ar, 110 °C, 24 h
801, 6 examples
800 .
upto 91% yield R - . pa
e S ARSI
H PA
NHPA 5 mol% Pd(OAc), N
=3 " 25 e(.]uw PhI(OAc), R Q\w
2 2.0 equiv AcOH, toluene 5
R Ar, 110 °C, 24 h R
802 803, 6 examples

up to 86% yield

(b) Daugulis et al., 2012
PA

H 7
NHPA 5 mol% Pd(OAc), N
» o 2.0 equiv Phl(OAc), R4Q\R1
3 R2 toluene RS R2

80-120 °C, 24 h
805, 8 examples

804 up to 88% yield

(c) Shi et al., 2013

R? 5 mol% Pd(OAc), R 0
R1 2.5 equiv Phl(OAc), R2
NH B 2.0equiv AcOH, 1,2-DCE TAA/r\?j R‘N\/I\/)J\ﬁ
TAA” Ar, 120 °C, 24 h N=N
806 807, 4 examples TAA
up to 88% yield
> 20:1 d.r.

(d) Zhao et al., 2014

R R® |O 5 mol% Pd(OAc), R!
MN N(i-Pr), 2.5 equiv Phl(OAc), R3
H Ar, mesitylene, 24 h N
2
I O oA OA

809, 7 examples
up to 91% vyield

808

Scheme 128.
a-b) Picolinamide-Directed Intramolecular Amination of Unactivated C(sp®)-H Bonds

(Chen et al., 2012; Daugulis et al., 2012).349:352 ¢) 1,2 3-Triazole-4-Amide Directed
Intramolecular y-(sp3)-H Amination (Shi et al., 2013).338 d) Oxalyl-Amide-Directed
Intramolecular &-(sp3)-H Amination (Zhao et al., 2014).353
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(a) Chen et al., 2013

H QS—R
(0] 5 mol% Pd(OAc), r\f
; 2.5 equiv PhI(OAc), o
R N
> H toluene, Ar, 24 h R
R R
810 811, 10 examples

R = OMe: MQ up to 94% yield

H
(0]
5 mol% Pd(OAc), [\]
R! N = | 2.5 equiv Phl(OAc), 0
H
R? Nx toluene, Ar, 24 h R
812 PM R2

813, 6 examples
up to 87% yield

(b) Shi et al., 2013

10 mol% Pd(OAc), NN, O
2.0 equiv NalO3 N
10.0 equiv Ac,0O Ar PIP

MeCN, Ny, 70 °C, 48 h

815, 17 example
814 up to 86% yield
>30:1dr.

(c) Wu et al., 2014

oy = P=e
5 mol% Pd(OAc), N
1.2 equiv AQOAc Q

_ 5.5 equiv CsFsl 817, 22 examples
up to 96% yield

o Microwave
160°C,1.5h R
ol ""I//O
NHQ
nH n H
n=0,1,2,3
818 819, 12 examples

up to 98% yield

Scheme 129.

a) Synthesis of Pyrrolidones via the Pd-Catalyzed Intramolecular -y-Methyl C(sp3)-

H Amidation (Chen et al., 2013).3%* b) Synthesis of -Lactams via PIP-Directed
Intramolecular B-Methylene C(sp3)-H Amidation (Shi et al., 2013).233 ¢) 8-

Page 222

Aminoguinoline-Directed Intramolecular p-C(sp3)-H Amidation for the Synthesis of p-

Lactams (Wu et al., 2014).3%6
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Page 223

(a) Chen et al., 2020

H

820 1,3-di-CF3Ph/t-AmylOH 822, 13 examples

o 10 mol% PdCI,(PhCN), F
/l\)L 1.5 equiv Cs,CO4 Q5R
Ar H 4.0 equiv oxidant Ar l\j OH
20 mol% L78 RS, O O OH

N

Alkyl

Ar, 100°C, 48 h up to 94% yield L7 F
9 J
Cl | upto 94% ee \
4.0 equiv\@
821 OMe
(b) Shi et al., 2020
10 mol% Pd(hfac), o Cl
4.0 equiv Na,COg4 OO
10 mol% L82
t-BuOH, air, 150 °C, 24 h Ar PIP OH
|
F 825, 15 examples OO
_ up to 83% yield c
2.0 equiv up to 92% ee L L82 )
824
NO, ) .
/o) 10 mol% Pd(hfac), o F
PIP 4.0 equiv Na,CO;4 ‘O
H’ 10 mol% L83 N OH
H t-BuOH, air, 150 °C, 24 h  Alkyl PIP OH
|
826 F 827, 13 examples ‘O
_ up to 73% vyield F
2.0 equiv up to 94% ee | L83 )
824
NO,

Scheme 130.
Synthesis of Chiral p-Lactams a) Via 5-Subsituted 8-Amioquinoline-Directed

Enantioselective Benzylic C(sp3)-H Amidation (Chen et al., 2020).357 b) Via PIP-Directed
Enantioselective Amidation of Both Benzyic and Unbiased Methylene C(sp3)-H Bonds (Shi
etal., 2020).3%8
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Page 224

(a) Qin et al., 2015

|
oS
]@ R! R2 10 mol% PdCl,
R N N 2.0 equiv Cs,CO4
+
H OBz CgHg, 110 °C R
H

N’

830, 30 examples

828 829 up to 91% yield

(b)Zhang et al., 2017
Me M O Me Me
e

N/Rs 10 mol% Pd(OAc), )Sj
R3 t-AmylOH

0,,110°C, 24 h

Z=

NHR3
833, 17 examples

831 832 up 87% yield

(c) Liu et al., 2017

! | 10 mol% Pd(OAc | |
N N +  FN(SO,Ph),  PAOA), oN Ny

MeNO,, 100 °C, Ar
R)\,H 2 )\,N(sozph)2

836, 22 examples
up 72% vyield

834 835

Scheme 131.
a) Intermolecular Methyl C(sp3)-H Amination Directed by 2-Thiomethylaniline (Qin et al.,

2015).3%9 b) Intermolecular Amination of Unactivated Methylene C(sp3)-H Bonds Directed
by PIP (Zhang et al., 2017).30 ¢) Intermolecular Sulfonamidation of Methyl C(sp3)-H
Bonds of Aliphatic Alcohols (Liu et al., 2017).361
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Page 225

(a) Sahoo et al., 2014 o
o
10 mol% Pd(OAc), R N—Br/Cl
1.5 equiv [Br)/[CI] MPyS R
2.5 equiv AcOH CUB (e}
1,2-DCE r [Brl/[Cl], 839
60-65 °C, 15 h -
837 838, 23 examples
up to 73% yield
(b) Yu et al., 2017
(0] 0]
({LOH 10 mol% Pd(TFA), HJ\OH
1.0 equiv PhI(OAc),
o\N H ) O\N I
| 1.0 equiv I, |
R <, 1,4-dioxane R <,
R® R 40°C, 20 h o1 1': R |
, 18 examples
840 up to 85% yield
Scheme 132.

a) Sulfoximine-Directed Bromination and Chlorination of Primary p-C(sp®)-H Bonds
(Sahoo et al., 2014).362 b) B-C(sp3)-H lodination of Ketones (Yu et al., 2017).363
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Polyzos et al., 2020

Page 226

Cl Cl
(0] R! 0
1.0 equiv RX, 1.0 equiv Oxone 5
R/ N | R N |
" %d/N - MeCN, r.t., 15W Blue LEDs « N
MeCN X=1,Br,Cl
843, 20 examples
842 up to 89% yield
B R FF
M o ! Br 7
halogenating e \[(ksr CF3 |
reagents: o) FF
845 846
Scheme 133.

5-Chloro-8-Aminoquinoline-Directed Light-Induced B-C(sp®)-H Halogenations (Polyzos et

al., 2020).364
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Shi et al., 2015
benzylic methylene C(SQQ)—_H fluorination

10 mol% Pd(OPiv),
| | 1.05 equiv Selectfluor
N~ DCM/i-PrCN = 30:1
PIP N,, 80 °C, 24 h

848, 22 examples
847 up to 73% yield

aliphatic methylene C(sp2)-H fluorination

10 mol% Pd(OPiv)
H O 1.2 equiv Selectfluior F O o o
0.2 equiv 2-Me-BAH ' _PIP
R _PIP eqfuv e R N o
H DCMIi-PrCN = 30:1 H
NPhth N2, 80°C, 24 h NPhth Me Me
850, 13 examples
; 2-Me-BAH (L84
849 up to 46% yield - eBAH (L84)
° 1 pip Standard : PIP ! szoé([)) L%Eﬁ’hDCM =0
Ph N~ conditions Ph N~ 2 J Ph OMe
Lot L. ii) CoCl,, MeOH
t t 25 OC, 24 h NPhth
851,1.24 g 852, 69%, 0.89 g 853, 52% (98.8% ee)
1.0 equiv Pd(OAc), OMe Me | 4 05 equiv Q Me, Me
g5 10 equiv -PrCN, DCM PhthN,,, _selectfluor _ NI
25 °C, overnight pd—N ds-MeCN L—F’Id@—N pZ
87% yield , 5;10 min | BFP
78% yield
855, 87%, = i-PrCN oY 856. L = doMeCN
NH,CI, Na,S [ -
rt, 10 min 852. 86%

Scheme 134.
PIP-Directed Fluorination of Unactivated Methylene C(sp3)-H Bonds of a-Amino Acids

(Shi et al., 2015).365
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(a) Ge et al., 2015
10 mol% Pd(OAc)

H O [Me 2.5 equiv Selectfluor F O
H Me 2.0 equiv Ag,CO3 B
R N N : R _PIP
H | 0.3 equiv Fe(OAc), H
NPhth N A 1,2-DCE/i-PrCN = 30:1 NPhth
os7 PIP air, 150 °C, 14 h 858, 12 examples
up to 85% yield
>19:1dr.
10 mol% Pd(OAc)
H O 2.5 equiv Selectfluor F O
1% PIP 2.0 equiv Ag,CO4 1% PIP
R N 0.75 equiv Fe(OAc), R N
2 2
R 1,2-DCE/MeCN = 30:4 R
850 air, 150 °C, 14 h 860, 12 examples
up to 91% yield

(b) Xu et al., 2015
15 mol% Pd(OAc),

/T\)OL O 2.0 equiv NFSI )F\)Ok

1.0 equiv Ag,0 _Q

R N 1.0 equiv PivOH R N
PhCI, 120 °C, 1 h

862, 20 examples

861 up to 75% yield

(c) Huang et al., 2016
10 mol% Pd(OAc),

H O 1.5 equiv "F", Ar F O

N toluene, 80 °C, 1 h R)\/U\

R H " H N
N%) © NJ
863 | N 865, 16 examples
N up to 91% yield
Me ITI _Me
BF
gea ¢
Scheme 135.

Palladium-Catalyzed Fluorination of Unactivated Methylene C(sp3)-H Bonds of Aliphatic
Carboxamides. a) With PIP DG (Ge et al., 2015).386 b) With 8-Aminoquinoline DG (Xu et
al., 2015).387 ¢) With 8-Aminoquinoxaline DG (Huang et al., 2016).368
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Xu et al., 2018

866

Scheme 136.

Conditions A: 10 mol% Pd(OAc),
2.0 equiv NFSI, PhCI

Conditions B: 10 mol% Pd(OAc),
2.0 equiv NFSI, 2.0 equiv Ag,CO3
10 mol% L-leucine, PhCI

Page 229

F
867, 31 examples
up to 87% yield

Palladium-Catalyzed C(sp3)-H Fluorination of Alcohol Derivatives (Xu et al., 2018).369
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Yu et al., 2018
O Me O
| _ 10 mol% Pd(OAc), |
R X . | X, BF4 50 mol% NBu,PFg RIT A
| |
A~ H Me ,?( Me 5.0 equiv CgH5CO,H A F
R2 E C6H6x 70 OC, 24 h R2
869, 15 examples
868 864 up to 61% yield
up to 99% ee
t-Bu t-Bu
CF3 \N/Hf NEt; 1.0 (gquiv Pd(OAc), CF; N N/'\l(NEtz
AcOD-d, (0.2 M \
H o) 4 ( ) P\d"o
70°C,1.0h B
Me Me Cl
870 871, 44%
t-Bu (@) (0]

1.5 equiv [F]BF,

CF3\@CN/'\|(NB2 0.5 equiv NBu,PFg CFs CFs
! +
Pd-O ACOH (0.2 M) Ohc ~F

Me C 70°C, 24 h Me Me
871 15% NMR yield, 872 30% NMR yield, 873
Scheme 137.
Pd-Catalyzed Enantioselective C(sp3)-H Fluorination Using a Transient DG (Yu et al.,
2018).370
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(a) Shi et al., 2015
R )

R])kN
H

874

10 mol% Pd(OAc),
20 mol% MesCOOH
2.0 equiv ArSO,Na

2.0 equiv Ag,CO3
DCM, 90 °C, 24 h

R NHQ

AFOZS

875, 30 examples
up to 72% yield

(b) Besset et al., 2015

0}
NHQ

10 mol% Pd[CH3CN]QC|2
10 equiv PivOH

0.75 equiv 878 or 879
DMF, 70 °C, 70 h

876

SCF;* reagent

I\I/Ie

N.
N—SCF3 ©/ SCF,

o
878 879

O

o)
R NHQ
F4CS

877, 22 examples
up to 53% yield

(c) Maiti et al., 2018

O
R1
NHQ
R2
R3
H
880
O
R1
NHQ
RZ
R3
H
880
Scheme 138.

10 mol% Pd(OAc),

2
2.0 equiv NaHCO; R
THF, 130 °C, 24 h R

4
Ris R

(0]
3.0 equiv Ag,CO3 1 N
20 mol% L85 R NHQ ©\/j\
2 Pz
2.0 equiv NaHCO; R N
THF, 130 °C, 24 h R Lo L85
4
R\S/S\R4 881, 24 examples
up to 78% yield
10 mol% Pd(OAc), o)
3.0 equiv Ag,CO3 R
20 mol% L85 NHQ

SeRy
882, 8 examples

up to 61% yield

Page 231

Palladium-Catalyzed, 8-Aminoguinoline-Directed C(sp%)-H Chalcogenation. a) p-C(sp3)-H
Sulfonylation (Shi et al., 2015).373 b) B-C(sp3)-H Trifluoromethylthiolation (Besset et al.,
2015).374 ¢) y-C(sp®)-H Chalcogenation (Maiti et al., 2018).375
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Shi et al., 2014
H NHPA Pd(OAc),, BoPiny, i-Pr,S  PinB NHPA
Li2003, LiF, NaHCO3
R1 R1
MeCN/PhCN, O,, 80 °C
R? R?
884, 16 examples

883 up to 84% yield

Scheme 139.

Picolinamide-Directed C(sp3)-H Borylation (Shi et al., 2014).37
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(a) Kanai et al., 2014

™S O
oo
T™S

887, 5% yield

Page 233

™S O

il NHQ
= NPhth

889, 11 examples
: up to 75% yield

o
R
\EmNHQ
T™MS
891, 22 examples

10 mol% Pd(OAc),
H o O 3.2 equiv DMF o
" 3.0 equiv (Me3Si), NHQ
[ I H 2.0 equiv Ag,CO3
H toluene, air, 130 °C, 35 h TMS
885 886, 35% yield
(b) Shi et al., 2016
H o 10 mol% Pd(OAc),
1.5 equiv DMBQ
R A NHQ 5.0 equiv (Me3Si),
L 2 NPhth 0.5 equiv Ag,CO3
1,4-dioxane, air, 125 °C
888 DMBQ = 2,6-dimethoxy-1,4-benzoquinone
o 10 mol% Pd(OAc),
30 mol% s-BINA-PO,H
R NHQ 5.0 equiv (Me;Si),
2.0 equiv Ag,CO3
H 2.0 equv NaHCO3
890 0.5 equiv LiOAc

toluene, air, 125°C, 12 h

up to 75% yield

10 mol% Pd(OAc),
10 equiv (Me3Si),

4.0 equiv BQ, 30 mg 4A MS
DMA, Ar, 110°C, 12 h

(o]
Rf‘\ NHQ
RZ S1Ms

893, 25 examples
up to 88% yield

894

10 mol% Pd(OAc),
30 mol% BINA-PO,H
5.0 equiv (Me;Ge),
2.0 equiv Ag,CO3
2.0 equiv NaHCO3
0.5 equiv LiOAc
toluene, air, 125 °C, 24 h

Me3;Ge

o)
RIS NHQ
{~  NPhth

895, 23 examples
up to 78% yield

(e) Shi et al., 2019
R2
|
0._0
O PA
]
RU_ N
H
N
H =
896

Scheme 140.

10 mol% Pd(OAc),
0.2 equiv 2,6-DiCIBQ
5.0 equiv (Me3Si),

0.5 equiv Ag,CO3
toluene, 120 °C, 24 h

RZ
|
0._0
R,
‘NHPA
™S

897, 41 examples
up to 88% yield

a—c) 8-Aminoquinoline-Directed C(sp3)-H Silylation (Kanai et al., 2014;377 Shi et al.,
2016;378 Zhang et al., 2016379). D) 8-Aminoquinoline-Directed C(sp3)-H Germylation
(Liu et al., 2018).380 ¢) Picolinamide-Directed C(sp®)-H Silylation of Peptides (Shi et al.,

2019).381
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Maiti et al., 2017

N
R? H
R3
H
898
0]
R1
NHQ
R2
R3
H
900
Scheme 141.

10 mol% Pd(OAc), o

Page 234

. 1 N
3.0 equiv Ag,CO3, L§5 R NHQ ©\/j\
. . R2 7
5.0 equiv (Me3Si), N~ ~ClI

2.0 equiv NaHCO; R

BuOH, 130 °C, 24 h SiMes

899, 15 examples
up to 75% yield

10 mol% Pd(OAc), 1 *
3.0 equiv Ag,CO3, L85 R NHQ

. . R2
5.0 equiv (Ge3Si),
2.0 equiv NaHCO R®
au o S GeMej
t-BuOH, 130 °C, 24 h
901, 6 examples
up to 69% yield

L85

8-Aminoquinoline-Directed y-C(sp3)-H Silylation and Germylation (Maiti et al., 2017).382
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R_R3 NilX, R-H + Base
Base*HX
reductive C—H
elimination activation
R3
i Ni(l1)/Ni(IV) ol
X~ NI catalytic cycle X-Ni'=R

oxidative
addition

R3-X

Page 235

Ni'X, —R-H + Base
R-R* oxidation
Ni'X Base*HX
C-H
reductive activation
elimination
4
R Ni(I/Ni(Il) X-NIR
X=Ni'" catalytic cycle
N
R
ligand radical oxidant
exchange

R4-X Xo,—Ni""-R

3 .
R—R Ni'X, R-H + Base

C-H Base*HX

protonation activation

3
R Ni(I)/Ni(1T)
L—Nii catalytic cycle X-Ni'"-R

alkyne/alkene
insertion

Scheme 142.

Catalytic Cycles of Nickel-Catalyzed C(sp3)-H Functionalization Reactions
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(a) Chatani et al., 2014

5 mol% Ni(OTf),
10 mol% MesCO,H

0]

Page 236

R1
Al : 2 NHQ
1.5 equiv 2.0 equiv Na,CO3 R
H DMF, 160 °C, 24 h Ar
903, 22 examples
902 up to 88% yield
(b) Chatani et al., 2014
(0] (0}
R Cort 10 mol% Ni(OT), R!
NHQ E 2.0 equiv N32CO3 NHQ
R2 AN R?
Mes Ar 4-methvl
H 140°C, 24 n
) 906, 21 examples
904 905 up to 92% yield
(c) You et al., 2014
10 mol% Ni(OTf),
o 20 mol% PPhg o
1 ; 1
R2 NHQ . ArX 3.5 equiv DMSO R2 -
R 15 equiv 0.2 equiv PivOH R
H 2.0 equiv Na,CO5 Ar
007 1,4-dioxane, 160 °C, 36 h 908, 23 examples
up to 83% yield
d) Qiu et al., 2015
(d) Qiueta 10 mol% NiBr,
0 5 20 mol% MesCO,H
1 Rz 2.0 equiv Na,CO
R “NHQ + T\ e
R Br~ g 2.0 equiv TBAI
H DMF, 160 °C, 24 h S\/ R
3
911, 28 examples
909 910 up to 82% yield
(e) Yin et al., 2017
20 mol% Ni(OTf),
O . 40 mol% MesCO,H
R 3.0 equiv Ag,CO
R ] q 92003
> ONHQ ,/\< \) :
R H X 2.0 equiv KoHPO,
H X=8,0 3.0 equiv TBAB X\/
DMSO, 160 °C, 24 h Rs
912 913 914, 27 examples

Scheme 143.
Nickel-Catalyzed, 8-Aminoquinoline-Directed B-C(sp3)-H Arylation of Aliphatic Amides.

a) With Aryl lodides (Chatani et al., 2014).374 b) With Diaryliodonium Triflate Salts
(Chatani et al., 2014).397 ¢) With Aryl lodides or Bromides (You et al., 2014).398 d) With
Bromothiophenes (Qiu et al., 2015).3%9 e) Via C(sp3)-H/C(sp?)-H Cross-CouplingWith
Heteroarenes (Yin et al., 2017).400
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Love et al., 2018

1.0 equiv NiCly(PEts),
2.0 equiv K2003

N
k H N | toluene, 145 °C
H X 3 days
915, 1.6 gram
Scheme 144.

Page 237

0]

PN

O

PEt,
916, 45% yield

Nickelacycle Intermediate via C(sp3)-H Activation (Love, Schafer et al., 2018).403
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Ge et al., 2014
9 10 mol% Ni(acac), o
R! 10 mol% dppbz R! .Q
2 N + Alkyl—X - R2 H
R H 5 equiv 5.0 equiv Cs,CO4
H toluene, 150 °C Alkyl
917 918, 31 examples
up to 91% yield
Scheme 145.

Nickel-Catalyzed B-C(sp®)-H Alkylation of Aliphatic Amides (Ge et al 2014).405
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(a) You et al., 2015

o R?
SN
j* - |
H R?

30 mol% Ni(OAc),
60 mol% PPhs

i~-PrOH/toluene (1:5)
170°C, 24 h

Page 239

(0]
R1
Fj?)LNHQ
R3
R4

920, 18 examples

919, 3.0 equiv 1.0 equiv up to 84% yield
3
, 0 R 1) 30 mol% Ni(OAc), O o O
R .| 60 mol% PPhy =3
R? NHQ i-PrOH/toluene (1:5) R "
H R* 170°C,24 h R2
2) PCC, CH,Cl,, 100 °C
922, 17 examples
921, 3.0 equiv 1.0 equiv up to 63% yield
(b) Maiti et al., 2015
10
; o] R3 2R
R . R NHQ
R2 %NHQ + | | 10 mol% Ni(OAc),#4H,0 RS
4 DMF, Ny, 140 °C, 24 h |
H R
R4
923, 3.0 equiv 1.0 equiv 95:’,[;%?3?;}2:35
; O
R
R 9 10 mol% Ni(OAC),e4H,0 )
20 mol% PPh R NHQ
R2 NHQ + J 3
) EWG DMSO, N, 140 °C, 16 h
EWG
925, 1.0 equiv 3.0 equiv 9§§'t;77§§f;“igl'gs
Scheme 146.

a) Nickel-Catalyzed B-C(sp®)-H Alkenylation of Aliphatic Amides with Alkynes (You et
al., 2015).4%6 b) Nickel-Catalyzed Insertion of Alkynes and Electron-Deficient Alkenes into
B-C(sp®)-H Bonds (Maiti et al., 2015).407
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Shi et al., 2015
o 10 mol% Ni(acac), ] o
; O | 40 mol% BINOL R N/Q
R2 N + I 2.0 equiv Li,CO4 _ R2 H
R H " 2.0 equiv KTFA, DMSO |
H 140 °C, N, 8 h
Ar
929, 28 examples
927 928 up to 83% yield
Scheme 147.

Nickel-Catalyzed B-C(sp®)-H Alkenylation of Aliphatic Amides with Styrenyl lodides (Shi
etal., 2015).408
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(a) Zhang et al., 2016

Page 241

o) 10 mol% (CysP),NiCl, e}
1 O H 4.0 equiv Ag,CO4 R! Q
R N 2.0 equiv Na,CO3 N
R2 H + \ R2
3.0 equiv TBAI, toluene AN
H 150 °C, Ny, 24 h ]
930 931, 28 examples
up to 94% yield
(b) Shi et al., 2017 20 mol% NiBr, o
e} H 10 mol% Me,SeCuBr R
R2 N\ 3.0 equiv Cu(OAc), 2 NHQ
1 NHQ  + N 5.0 equiv Cs,CO R
R TIPS .0 equiv Cs,CO3 S
H PhCN/NMP, 1,2-DCE N TIPS
o]
Nz, 140°C, 24 h 933, 16 examples
932 up to 63% yield
Scheme 148.

Nickel-Catalyzed Oxidative Coupling of Unactivated C(sp3)-H Bonds in Aliphatic Amides
with Terminal Alkynes. a) Alkynylation/Cyclization To Access y-Lactams (Zhang et al.,
2016).409 b) Alkynylation (Shi et al., 2017).410
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Page 242

(a) Ge et al., 2014

fe) 10 mol% [Ni(dme),l,] (0}
R 3 equiv TEMPO, 2 equiv KoHPO,4 N/Q
1
H 0.1 equiv TBAI R A
R3 “H n-PrCN/PhCN, 150 °C, 24 h R RS

935, 29 examples
934 )
up to 93% vyield

0 10 mol% NiBr, o
R! N,Q 20 mol% Cu(acac), R! N’Q
R*| H 0.3 equiv Na,COs, 1.5 equiv TBAPFg R2
H DMF, 1 atm O,, 160 °C, 24 h (e}
937, 12 examples
936 up to 83% yield
Scheme 149.

a) Nickel-Catalyzed Intramolecular Amidation of Aliphatic Amides (Ge et al., 2014).411
b) Nickel-Catalyzed B-C(sp3)—-H Carbonylation of Aliphatic Amides with DMF (Ge et al.,
2015).412
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(a) Shi et al., 2015

10 mol% (dppp)NiCl,

Page 243

0 O 20 mol% BINOL .9
1 1.0 equiv Ag,0 R
RN RS R Squlv Ag > "NHQ
R H 2.0 equiv KTFA, DMSO R
H 140 °C, Ny, 12 h SR
940, 21 examples
938 939 up to 59% yield
(b) Shi et al., 2015
0 s R 20 mol% Ni(OTf), o
1 ~Sia- 5.0 equiv LiOtBu R’
R “NHQ RS 27 NHQ
R or DMF, 120 °C R
H RSH SR
943, 18 examples
941 942 up to 88% yield
(c) Zhang et al., 2015
10 mol% Ni(OTf), o
@) 20 mol% Ac-Gly-OH R
R 2.0 equiv Na,CO3 NHQ
2 NHQ + Ar/X\X'Ar . R?
R 4.0 equiv TBAI, DMF X
H 140 °C, Ny, 24 h A
r
X =
044 045 S, Se 946, 27 examples
up to 76% yield
(d) Yin et al., 2015
o 10 mol% NiBr, O
R o SR 20 mol% MesCOOH R NHQ
R2 S 2.0 equiv Na,CO; R?
H DMF, 160 °C, N, 24 h SR

949, 28 examples

948
947 up to 75% yield
(e) You et al., 2017
(@]
o) . 20 mol% Ni(OTf), R!
R Q 2.0 equiv +-BuOLi 2] NHQ
R2 NHQ N\R4 4.0 equiv PhCN o
H toluene, 120 °C, 6 h, air N
-Nspg
R 'R
950 951 952, 29 examples
up to 91% vyield
Scheme 150.

Nickel-Catalyzed B-C(sp3)-H Thiolation of Aliphatic Amides. a) Shi B.-F. et al., 2015.413
b) Shi X. et al., 2015.414 ¢) Zhang et al., 2015.415 d) Yin et al., 2015.416 ¢) Nickel-Catalyzed

C(sp®)-H Aminoxylation of Aliphatic Amides (You, et al., 2017).417
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AgOAc or
Cu(OAc),
(o}
o 1
1 R2 N
N R Lo |
C(sp®)-H bond Sul | H cl:u --Na
activation H |u X base X
(0] OAc amide
R ? 953 957 o
N R
R? Il | N
Cu'--N« R2 (}‘,u\"'—N\ |
AgOAc or 954 AcO X
Cu(OAc), 958
Cull
Path | Path Il

C(sp®)-H bond
activation

o

R Ag'
2 N | | |
R o e

OAc ligand . o
exchange R
955 9 o 0 2] N |
R! N R%LN cl;um_N N
2
R21 ) R H |
?UIII_N - | X Na
X 960
956

X
959

Scheme 151.
Plausible Catalytic Cycles for Copper-Catalyzed C(sp3)-H Functionalization Reactions
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(a) Kanai, et al., 2014

Page 245

.0 O 20 mol% Cu(OAc), 0
R \ 3.0 equiv Ag,CO5 R ~NC
2
U 1,2-DCE, 140 °C, 24 h R?
R H R3
961 962, 18 examples
up to 93% yield
(b) Ge et al., 2014
0 20 mol% CuCl 0
R’ Q 1.2 equiv duroquinone NS
2 N 3 R1
R H 1.5 equiv PhCO,Na
R3 H o-xylene, air, 160 °C R? Rs
963 964, 22 examples
up to 90% yield
(c) You et al., 2017
o 20 mol% Cul, 1 atm O, o
R! .Q 2.0 equiv Na,CO4 .Q
R2 N R1 N
A PhCN/o-xylene/3:2 7
R® “H 140 °C, 34 h R® R2
965 966, 18 examples
up to 98% yield
(d) Qin et al., 2016
0 .0
R! Q 2.0 equiv Cu(OAc), R N
R? H R? H
DMSO, 130 °C, 2 h R3
H N
R4
968, 33 examples
967 up to 79% yield
Scheme 152.

Cu-Catalyzed Intramolecular B-C(sp®)-H Amidation. a) Kanai et al., 2014.427 b) Ge et al.,
2014.428 ¢) You et al., 2017.42% d) Cu-Promoted Intermolecular -C(sp3)-H Amination (Qin

etal., 2016).430
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(a) Ge et al., 2014

0 0.5 equiv Cu(OAc), 0
R! N 3.0 equiv AGOAC R! N”Q
R2 H 1.5 equiv KoPHO, R? H
H NMP, 170 °C, 24 h
969

AcO
970, 16 examples
up to 83% yield

(b) Kanai et al., 2014

o 1.0 equiv Cu(OAc), o
R; N/Q 5.0 equiv AgOAc R; N/Q
R H 1.0 equiv NaOAc R H
AcO

H NMP, 145 °C, 24 h

972, 19 examples

o up to 87% vyield
0 0.4 equiv Cul %)

! 4.0 equiv Ag,0 R Q
R NC +  RCO,H Y 792 > N
R? H 2 equiv K,PHO, R H
H NMP, 170 °C, 24 h RCO;

973 974 975, 4 examples

up to 83% yield

(c) Zhang et al., 2019

0.3 equiv Cu(CO,CF3),

O (e}
RUA € 2.0 equiv Ag,COs R 0
R2 H ) R2 N
2.0 equiv RCO,H
H

1.0 equiv TBAB, 12 h, 150 °C RCO;

977, 32 examples

976 up to 80% vyield

(d) Zhang et al., 2015

1 Q 2 equiv Cu(OAc),, 2 equiv Ag,0 ] 9
R2 N,Q 2 equiv CsF, 0.3 equiv NaOPiv R N/Q
2

R H DMF, 6 equiv Boc,O R H

H 5 equiv R3Si(0X)3, N 0
150 °C, 0.5 h R®

978 3 . 979, 26 examples

R® = Ar, vinyl up to 79% yield

Scheme 153.
a) Cu-Catalzyed B-C(sp3)-H Acetoxylation of Aliphatic Amides (Ge et al., 2014).431 b) Cu-

Mediated B-C(sp3)-H Acetoxylation of Aliphatic Amides (Kanai et al., 2014).432 ¢) Copper-
Catalyzed C(sp®)-H Acyloxylation (Zhang et al., 2019).433 d) Cu-Mediated B-C(sp®)-H
Aryloxylation and Vinyloxylation of Aliphatic Amides with Organosilanes (Zhang et al.,
2015).434
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(a) Ge et al., 2015

1.0 equiv Cu(OAc),

Page 247

HO X 2.5 equiv (t-BuO),
H | J T 30equivPy, N,, 140 °C
DME/1,4-dioxane (7:3)
982, 27 examples
980 981 up to 94% yield
(b) Zhang et al., 2016
(0]
(0] 1 Q
R Q HO,C 20 mol% Cu(OAc),eH,0 R N~
R2 H/ \\\ 4.0 equiv Ag,CO3 R2
H R3 3.0 equiv TBAI N
DMF, 140 °C, 1 h R3
983 984 985, 33 examples
up to 92% yield
(0] (0]
H 9 °
o, L, o ( Ppmouomeo o, L a
Me H N - Me
H R 3.0 equiv TBAI N\
DMF, 150 °C, 1 h
R
988, 12 examples
986 987 up to 74% yield
Scheme 154.

a) Cu-Mediated B-C(sp3)-H Cross-Dehydrogenative Coupling of Aliphatic Amides with
Polyfluoroarenes (Ge et al., 2015).438 b) Copper-Catalyzed C(sp3)-H Alkynylation/
Annulation of Aliphatic Amides and Alkynyl Carboxylic Acids or Terminal Alkynes (Zhang
etal., 2016).437
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GjessReiic 1.0 equiv Cu(OAc),

2.0 equiv KZSZOB
0.5 equiv PhCO,Na

i O 2Na_
R! -5 equi
N
H MeNO,, 1,4-dioxane

Al,O5, DMPU
i-PrOH, 165 °C, 24 h

989
cu' Agl base, 989
(o} cu'
R1
R? ” |
N
NO
2 995

R1
re_ N |
M Cu-Ny

O,N"H

|
_No
M"O”+ “OM"
996 997 998

o

O 1

NQ [Q] R
R2

=
\

1000 1001

Scheme 155.

1 Q o
R Q R! y 1\\,..
> N N Q R N/Q
R H —_— R2 —_— R2
-OM" =
N w=°
M"O

16 examples
up to 73% yield

Cu”'
> base

(0]
c
Eﬁ” |
Cu''-N
L base
994 NO2

0
R’ ;\rj,Q
R2 |

Page 248

Cu-Mediated B-C(sp3)-H Carbonylation of Aliphatic Amides with Nitromethane (Ge et al.,

2016).438
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Ge et al., 2015
1 0 O 10 mol% Co(OAc), A a
R N 2.5 equiv Ag,CO3 R N
2
R H 0.5 equiv PhCO,Na 2
H PhCI, 150 °C, 24 h i
1003, 41 examples
1002 up to 90% yield
20 mol% Co(acac); (0] (@)
(@) . j\ 3.0 equiv Ag,CO4 311\ Q
H N~ + R3” "NH, 1.5 equiv KoHPO, R H 2 R H
Rz R' H 0.5 equiv B(OH)s, 3A MS R
PhCF3, 24 h, 160 °C 1006, 11 examples
1004 1005 up to 66% yield
Scheme 156.

Cobalt-Catalyzed B-C(sp®)-H Intra- and Intermolecular Amidation of Aliphatic Amides (Ge
etal., 2015).451
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(a) Seayad and Dixon et al., 2017

R5
H s R® 5 mol% [Cp*Co(MeCN)3][SbFl, P
RT . N%(Q 20 mol% PhCO,Na T MR s
N | R
RE ORI R2 O 1,2-DCE, 40 °C, 24 h A
e} R* R® R?
1009, 25 examples
1007 1008 up to 86% yield
(b) Matsunaga et al., 2019 7 R2
H s R 5 mol% Co cat (1013) PR
. N;{ 10 mol% CCA-1, MS13X O”°NH S
N 6P g)k
R' Me \< 0-DCB, 40 °C, 24 h ~ N
(0] R! Me
1010 1011
T Me : 1012, 19 examples
| Me t-Bu : up to 99% yield
; Me Me (SbFg)y! up to 94:6 er
; Co :
'HsCNC” | “CNCH3 !
: CNCH;3 :
t___._Cocat(1013) i
(c) Matsunaga et al., 2019 R2
2
H S L 5 mol%[Cp*Co(CH3CN)|[SbFgl, O)\NH s
NR, * N 10 mol% CCA-2
2
Ar’ Me OK( MS13X, oDCB, 40 °C, 72 h %NRE
0 Ar Me
@COOH 1017, 10 examples
1015 1016 | TAr up to 99% vield
Fe Ar = 3,5-(-Bu)p-CgHa- up to 87:13 er
@5 CCA-2

(d) Loh et al., 2019
7.5 mol%[Cp*Co(CHsCN)][SbFgl, R

H S
%N y R 1.0 equiv AdCO,H, 4A MS NH s
+ N
R? R! O o J 1,2-DCE, 9°C, 12-24 h RS0 %N
R3 R2 R1
1021, 28 examples
up to 93% yield

1019 1020

Scheme 157.
a) Thioamide-Directed Cobalt(l11)-Catalyzed C(sp3)-H Amidation (Seayad et al., 2017).452

b) Enantioselective C(sp®)-H Amidation of Thioamides Catalyzed by a Cobalt(111)/Chiral
Carboxylic Acid (Matsunaga et al., 2019).453 ¢) Enantioselective C(sp3)-H Amidation

of Thioamides with Chiral 2-Aryl Ferrocene Carboxylic Acid Ligand (Matsunaga et

al., 2019).4%4 d) Cobalt(l11)-Catalyzed C(sp®)-H Amination with Anthranils (Loh et al.,
2017).4%5
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(a) Lei et al., 2017

Page 251

o 15 mol% Co(acac), o
R 2.5 equiv Ag,CO3 R! N/Q
CcO
R2 N 1.0 equiv NH4OAc R?
O
PhCl, 120 °C, 24 h
H 1023, 14 examples
1022 up to 89% yield
(b) Sundararaju et al., 2017
o) 10 mol% Co(acac), o
R Q 3.0 equiv Ag,CO4 R! N/Q
5 N~ Co 2
R H 20 mol% NaCO,Ph R o
o]
1';24 PhCF3, 150 °C, 24 h 1025, 22 examples
up to 88% vyield
(c) Gaunt et al., 2017
0 10 mol% Co(acac), ) o
R Q 3.0 equiv Ag,CO; R N/Q
N~ CcO
R2 H 1.5 equiv NaCO,Ph R?
H PhCI, 160 °C, 21 h ©
1027, 16 examples
1026 up to 89% vyield
Scheme 158.

8-Aminoquinoline-Directed, Cobalt-Catalyzed Carbonylation of Unactivated C(sp3)-H
bonds of Aliphatic Amides. [a) Lei et al., 2017;4%6 b) Sundararaju et al., 2017;%57 ¢) Gaunt

etal., 2017 4°8].
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Zhang et al., 2015

o 20 mol% Co(OAc),#4H,0 o
R1 O H 3.0 equiv Ag,CO4 R! N/Q
N + // 4.0 equiv TBAI R2
R? H
H R3 3.0 equiv Na,CO4 N

2.0 equiv pyridine R3
PhCF3, N, 150 °C, 22 h 1030, 32 examples
1028 1029 up to 95% yield
Scheme 159.

Cobalt-Catalyzed B-C(sp3)-H Alkynylation/Cyclization of Aliphatic Amides with Alkynyl
Terminal Alkynes (Zhang et al., 2015).459
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Shi et al., 2017 o
O 20 mol% Co(OAc),#4H,0
Ag,CO3, TOAB, Na,HPO,

2,5-DHBQ
n-hexane, N,, 140 °C, 24 h

2,5-DHBQ = 2,5-dihydroxy-p-benzoquinone 1032, 21 examples

e TOAB = tetra-n-octylammonium bromide up to 77% yield

Ag(l), HX
TGP
W‘\/N

C|3°—N\ 7
1037 L,
reductive 5
elimination methyl C(sp®)-H

activation

A
R\‘\U /N@
Clo—N\ Y

L

methylene C(sp®)-H
activation

n

1036

Scheme 160.
Synthesis of Bicyclo[n.1.0]alkanes by a Cobalt-Catalyzed Twofold C(sp3)-H Activation

Cascade (Shi et al., 2017).460
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(a) Glorius et al., 2015

R1——m
I
_N
\/L/ + (ArBO);
H
R? RS
1038 1039

5 mol% [Cp*Rh(MeCN);](SbFg),

2.5 equiv Ag,O, DMF
Ar, 100 °C, 24 h

Page 254

Ar
2
R R3
1040, 23 examples
up to 85% vyield

(b) Zhao et al., 2017

Me Me

—

1 ~—Me
RN~y + (ArBO),

R? “H

1041 1042

Scheme 161.

5 mol% [Cp*RhCl,],
20 mol% AgSbFg
2.0 equiv Ag,CO3

10 mol% PivOH
toluene, 130 °C, 24 h

Me

-
1 »~—Me
RIN\N

RZ “NAr
1043, 31 examples

up to 92% yield

a) Rh(I11)-Catalyzed B-C(sp3)-H Arylation of 2-Alkylpyridine Derivatives (Glorius et
al., 2015).479 b) Trimethylpyrazole-Directed Rh(l11)-Catalyzed Arylation of Unactivated
C(sp3)-H Bonds (Zhao et al., 2017).480
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(a) You et al., 2015

Page 255

1.5 equiv PhI(OAc),

;
. Nenn,  13mOI%ICP'Rh(MeCN)JISbFely Ez DG
2 30 mol% NaOAc
CH,Cly, r.t., 48 h NHNs
1045 Ns = SO,(4-NO,CgHa) 1046, 25 examples
up to 85% yield
S— 4 mol% [{RhCp*Cl,},] o \-OMe
O/NYQ 16 mol% AgSbFg /\)|\
* 0 8 mol% AgOAC S N R
o CH,Cly, 25°C, 12h  \ [ H
1049, 11 examples
1047 1048 up to 86% yield

(c) Xu et al., 2018
R

||/ /N\ R
.0

5 mol% [{RhCp*Cl,},]

R
I
_N

N 20 mol% AgSbF 0
0) + mol7 Ag 6 H
H\/%R1 O>]/ 40 mol% AgOPiv R\H/N\/‘T[:‘U
R? 1,2-DCE, 80 °C, Ar 5 R
R'=Ad tyl
1:;?” y 1051 1052, 30 examples
up to 98% yield
(d) Wang et al., 2019 1
R' © R' 0 Me
=2 Ji§ Me o o 1.5 equiv PhI(OAC), R2 L
\I/kN N \Y; [Cp*Rh(MeCN);][SbFl, N™ "N7\
H o = H,N" > Ar AN A=
H N 2 30 mol% AgOAc 0=%"
Me 1,2-DCE, 30 °C, 12 h Ar Me
1055, 29 examples
1053 1054 up to 96% vyield
Scheme 162.

Rh(I11)-Catalyzed B-C(sp3)-H Amidation Reactions. a) With Sulfonamides Directed by
Pyridine and Oxime (You et al., 2015).481 b) With 3-Substituted 1,4,2-Dioxazol-5-Ones
Directed by Oxime (Li et al., 2015).482 ¢) Amidation of 1-Arylethan-1-ol Oxime With
3-Substituted 1,4,2-Dioxazol-5-Ones Directed by Oxime (Xu et al., 2018).483 d) With
Arylsulfonamides Directed by 3,5-Dimethylpyrazole Amides (Wang et al., 2019).484
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Dong et al., 2017

1.0 equiv DG-NH,

Page 256

H O 2 mol% TsOH, 4 h then n-PC 0
% . 10 mol% Rh(C,H,)-(acac) _ | Pd/C, H,
R R Y R!
30 mol% (p-MeOCgH,4)3P 1M HCI, Bezene
3 R2 4 R3 R2
R°R 25 mol% Li(acac), 4A MS R* R3 R? 90 °C R* R"R
1,4-dioxane, 120 °C, N, 1057 32 |
4 — 5 , examples
1056 R—R up to 74% yield 1058
Me
X
»
N ITIH
NH»
DG-NH,
Scheme 163.
Rh(1)-catalyzed B-C(sp3)-H alkenylation of ketones using an 7 sifu-installed DG (Dong et
al., 2017).485
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(a) Sato et al., 2013

H 0.5 mol% [Ir(COD)Cl], PinB,
N ) 1 mol% dtbpy AN
H N |  * BoPiny PinB |
s n-octane, 150 °C BPin N -2~
1059 1060, 11 examples
up to 99% vyield
(b) Sawamura et al., 2013
1
R! 2 mol% [ICOD)OMel, R
H ) 2 mol% Silica-SMAP PinB. =
= ‘ +  ByPiny 5 ‘
RZ Ny #+BuOMe, 25 or 60 °C R® Ny
12-15h 1062, 7 examples
1061 [;j up to 109% yield
?iMea Si
|
] 6]
oo
?

Silica-SMAP, L86

(c) Sawamura et al., 2019
3 mol% [Ir(COD)OMe],

R o R [0 R

\I/@Jf B,Pin, 5 imolfs L7 m — “

H Ny cyclopentyl methyl ether ~ PiNB~-""Ny OH Ny

H1063 80°C, 15h 1064
R‘<_</N Me— Me R_\_<N

Me, Me 4
¥ Si N
Me Me \ Me
H 1065 o) o 1066

R N o770 OH
SO CCANR S ¢
: o 4O
X=0,8 . . o)f =
1068, 16 examples
1067 up to 95% yield

up to 98% ee

(d) Xu et al, 2019

e} (e] \
R 5 mol% [Ir(COD)Cl], R i N
KNRZ 10 mol% L88 KNRz
H THF, 60 °C, 36 h

pinB

1069 1070, 34 examples

up to 95% yield
up to 95% ee

Si = PhMe;Si
L88

Scheme 164.

Ir(1)-Catalyzed Pyridine Directed C(sp3)—-H Borylation. a) Triple Methyl C(sp®)-H
Borylation (Sato et al., 2013).493 b) Using Silica-Supported Monophosphine—Ir Catalysts
(Sawamura et al., 2013).4%4 ¢) Enantioselective Methylene C(sp3)-H Borylation Using
BINOL-Based Monophosphite Ligand (Sawamura et al., 2019).4% d) Ir(T)-Catalyzed Amide
Directed Enantioselective C(sp®)-H Borylation of Cyclopropanes with Chiral Bidentate
Boryl Ligand (Xu et al., 2019).498
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(a) Chang et al., 2014

Page 258

1 R
NI,OR N"O
'S RN
(SR S
1071 5 mol% [IrCp*Cly], 1074, 33 examples
20 mol% AgNTf, up to 90% yield
0,
ot + N3R® 10 mol% AgOAc OR'
NI 1073 1,2-DCE, 60 °C, 24 h N‘
H R? R5HN’§8\R2
R*R® R4 R?
1072 1075, 6 examples
up to 73% yield
(b) Chang et al., 2014
/O 5 mol% [IrCp*Cl,],
20 mol% AgNTf, /O : 3
N7 10mol% CsOAC _ RauN N7 AEey LA IHR
) e ————— | Et,O, r.t., 48 h '\<0H
I\(o 1,2-DCE, 60 °C, 24 h I\<O e
RS R 1.5 equiv N3R3 r2 R R
1076 1077, 22 examples 1078
up to 92% yield
(c) Chang et al., 2016
_OR! _OR'
v v
H PGHN
1079 o 5 mol% [IrCp*Cly], 1082, 8 examples
)J\ 20 mol% AgNTf, up to 80% yield
0,
o + N7~ DOR 10 mol% AgOAc oR!
N~ 1081 1,2-DCE, 60 °C, 24 h N~
| |
H R PGHNY\RZ
R*R® R*R®
1080 1083, 2 examples
up to 66% yield
(d) Zeng et al., 2016
&) o, * 3 =
« I X R’ ® 0 ol AgBF” o 1K R
R N \N + R5802N3 o AgBFy, R N \N
H R2 0O 1,2-DCE, 60 °C, 24 h R5SOZNH R2 O
1086, 30 examples
B L up to 89% yield
Scheme 165.

Ir(111)-Catalyzed C(sp3)-H Amidation. a) Ketoximes with Sulfonyl or Acyl Azides (Chang
et al., 2014).499 b) Alcohol-Derived Oximes (Chang et al., 2014).590 ¢) Ketoximes with
Azidoformates (Chang et al., 2016).501 d) Picolinamide-Directed Methylene C(sp3)-H

Sulfonylamidation (Zeng et al., 2016).502
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Shi et al., 2015

R*R®
1088

Scheme 166.

2.5 mol% [IrCp*Cl,],
15 mol% AgNTf

?Tf 3.0 equiv PivOH
Mes—I—Ar
200 mg 4A MS
1089 cyclohexane

100 °C, 12 h, Ar

40 examples
up to 95% yield

Page 259

Ir(111)-Catalyzed C(sp®)-H Arylation of Ketoximes with Diaryliodonium Salts (Shi et al.,

2015).503
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(a) Echavarren et al., 2020

’ N’OR1 TIPS
'\)l\ 2 * H
R
R3 Br
1092
ND Br\
' AN
H 0 * TIPS
R2 R

1094

7 mol% [IrCp*Cl5],
30 mol% AgSbFg
1.0 equiv Ag,CO3

30 mol% LiOAc
1,2-DCE, 70 °C, 14 h

7 mol% [IrCp*Cl5],
30 mol% AgSbFg
1.0 equiv Ag,COs5

30 mol% LiOAc
1,2-DCE, 70 °C, 14 h

Page 260

R3
1093, 16 examples
up to 89% yield

ﬂo
TIPS 7 RreR

1095, 15 examples
up to 89% yield

(b) Chatani et al., 2020

O Me
PEON l\’j + Br\
-
R—: o N

< . N

2 H

1096

Scheme 167.

5 mol% [IrCp*Cl5],>
10 mol% NaBAr",
10 mol% AgOAc

TIPS

3.0 equiv LiOAc

1,2-DCE, 100 °C, 36 h

(@) |>/|e
r//\\ N
rR— [ 10
A
TIPS

1097, 7 examples
up to 75% yield

a) Ir(111)-Catalyzed B-C(sp®)-H Alkynylation Directed by Oximes (Echavarren et al.,
2020).594 b) Ir(111)-Catalyzed C(sp®)-H Alkynylation of 2-Acylimidazoles (Chatani et al.,

2020).505
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(a) Nakamura et al., 2013

1098

10 mol% Fe(acac)s
3.0 equiv Arp,ZneMgBr,
1.0 equiv ArMgBr
10 mol% dppbz

THF, 50 °C
Me

2.0 equiv Clﬂe
Cl

Page 261

(0]

R1

R%NHQ
Ar

1099, 19 examples
up to 85% yield

(b) Nakamura et al., 2015

(0] 10 mol% Fe(acac)s 0
R! NHQ AM 11 mol% Ph-dppen R! .
+ e
R? ® THF, 70 °C, 24 h R?
H Me Me Me
4.0 equiv 1101, 3 exam
, ples
1100 cl cl up to 82% yield
(c) Nakamura et al., 2017
10 mol% Fe(acac)s
0 10 mol% dppen or MeO-dppen o
R! NHQ + R-Bpin 20 mol% Zn(OAc), R! NHO
R? 200 mol% DCIB R?
H THF, 70°C, 36 h R
1102 R = Aryl, Alkenyl

1103, 13 examples
up to 93% yield

(d) Ackermann et al., 2014
O ve_ Me

R NHTAME"
NX(\
R? H N
(.

1104

20 mol% Fe(acac);
ZnBryeTMEDA
ArMgBr, 20 mol% dppbz

toluene, 80 °C

Me
2.0 equiv C|4Kfe
Cl

0
R%N _TAMB"
R? H

Ar

1105, 9 examples
up to 87% yield

(e) Ackermann et al., 2015

0o
R! N/TAMB”
R? H

1106

Scheme 168.

20 mol% FeClj
ZnBreTMEDA
AlkylMgBr
20 mol% dppe

THF, 55 °C, 16 h

Me
2.0 equiv C|4@e
(¢]]

o)
R% _TAMB"
) N
R H
Alkyl

1107, 3 examples
up to 61% yield

Iron-Catalyzed 8-Aminoquinoline-Directed B-C(sp®)-H Functionalization of Aliphatic
Amides. a) Arylation with Arylmagnesium Bromides (Nakamura et al., 2013).5%9 b)
Methylation with Trimethylaluminum (Nakamura et al., 2015).510 ¢) Arylation and
Alkenylation of C(sp3)-H Bonds with Organoborates (Nakamura et al., 2017).511
Iron-Catalyzed Triazole-Directed p-C(sp®)-H Functionalization of Aliphatic Amides. d)
Avrylation with Arylmagnesium Bromides (Ackermann et al., 2014).241 e) Alkylation with
Alkylmagnesium Bromides (Ackermann et al., 2015).512
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Scheme 169.

Ru(0)-Catalyzed B-C(sp®)-H Carbonylation of Aliphatic Amides (Chatani et al., 2011).527
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Scheme 170.

Ru(0)-Catalyzed Intermolecular Direct Silylation of Unreactive C(sp3)-H Bonds (You et al.,

2016).528
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Scheme 171.
Pt(I1)-Catalyzed Intramolecular Hydroxylation of Unreactive C(sp3)-H Bonds (Sames et al.,
2001).532
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