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Palladium-catalyzed and ligand-enabled C—H functionalization methods have emerged as a powerful approach for the

DOI: 10.1039/x0xx00000x

preparation of therapeutically important motifs and complex natural products. Olefins, owing to their natural abundance,

have been extensively employed for the formation of C—C and C-X bonds and the generation of various heterocycles.

Traditionally, activated as well as starting materials with preinstalled functional groups, and also halide substrates under

transition metal catalysis, have been employed for olefin difunctionalization. However, strategies for employing unactivated

C-H bond functionalization to achieve alkene difunctionalization have rarely been explored. A possible solution to this

challenge is the application of bulky ligands which enhances the reductive elimination pathway and inhibit B-hydride

elimination to selectively yield difunctionalized alkene products. This feature article summarizes the utilization of unreactive

C—H bonds in the Pd-catalyzed and ligand-enabled difunctionalization of alkenes.

1 Introduction

In recent decades, transition metal-catalyzed functionalization
of C-H bonds has emerged as a powerful tool for the
preparation and diversification of structurally relevant
molecules. Among these methods, Pd-catalyzed reactions have
emerged as a straightforward and highly efficient technique for
the synthesis of natural products and pharmaceutically
important motifs.%? This strategy is associated with several
important features, such as easily accessible starting materials,
efficient steps/atom economy, and significant practicality.?
Indeed, there have been pioneering discoveries in this field,
such as the Wacker process and the Fujiwara—Moritani
reaction.3

The difunctionalization of alkenes, in which two novel
functional groups are introduced, one on each side of the
carbon—carbon double bond, in a one-pot reaction, is of great
interest to researchers in organic synthesis.* In addition, olefins
are readily accessible, abundantly available, and cheap.

The various alkene difunctionalization approaches,
including aminocarbonylation,® carboetherification,®
carboamination,’ diamination,8 carbonylation,®
dioxygenation,!° and dicarbonation,! are all well documented
in the literature. Some of them also utilize the C—H bond
functionalization of alkenes to produce a variety of
difunctionalized products.8 112  However, the reported
strategies have employed traditional alkylating organometallic
reagents with intramolecularly substituted sulfonamides or
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amides and aryl/pseudo-halides as reaction partners with
alkenes. Hence, their applications are limited owing to these
expensive starting materials with preinstalled functional groups
and the generation of stoichiometric environmentally
hazardous byproducts.

Therefore, the Pd-catalyzed functionalization of C—H bonds,
by avoiding expensive organometallic reagents and
aryl/pseudo-halides to achieve alkene difunctionalization, has
received considerable attention and has emerged as an efficient
and complementary method for overcoming the disadvantages
of traditional methods.1?

Traditionally, Pd-catalyzed
approaches have always been hampered by challenges to
introducing the second functional group via reductive
elimination of Pd(ll) intermediates and competing B-hydride
elimination reactions.’> One strategy to address these
difficulties is to employ sterically bulky ligands to promote the
reductive elimination pathway and avoid the B-hydride
elimination step.10214 Additionally, the presence of ligands also
increases the rate of reaction and the catalytic reactivity of Pd
and significantly improves the stereoselectivity of the reaction.

In this feature article, we have focused on recent advances
in the Pd-catalyzed and (organic) ligand-enabled
difunctionalization of olefins via unactivated C-H bond
functionalization. Generally, C—H bonds having pKa values
greater than 30 (pKa>30) are defined as “unreactive.”
However, acidic C-H bonds with a lower pKa may be equally
unreactive due to their higher bond dissociation energies (BDE)
and vice versa.l® Hence in this feature article, we have used the
term “unactivated C—H bond” in most of the descriptions.

In general, most approaches employ the oxidative Fujiwara—
Moritani strategy via initial C—H bond functionalization,
avoiding the B-hydride elimination process (Heck products), and
resulting in alkene difunctionalized derivatives via reductive

olefin  difunctionalization
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elimination (Scheme 1a).31%2 Furthermore, Heck intermediates
generated during the Pd-catalyzed C—H functionalization
process can be turned into the respective alkene
difunctionalized products in the presence of appropriate
nucleophiles or oxidants (Scheme 1b).1%8
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Scheme-1:-Palladium=catalyzed-difunctionalization-of-atkenes:

2 Dicarbonation

The formation of the C—C bond represents a core element of
organic chemistry owing to its basic application in the
generation of molecular diversity and complexity. The
development of efficient strategies for constructing C—C bonds
has always been an inspiring goal among researchers in organic
synthesis.’® The Pd-catalyzed oxidative Fujiwara—Moritani
reaction is an efficient protocol for the generation of C-C bonds
via the reaction of arenes and olefins.3

2.1 Arylalkylation

Liu et al. reported the arylalkylation of alkenes via the C—H bond
functionalization of anilines and unreactive acetonitrile,
affording nitrile-bearing indolinones in excellent yields. The
protocol avoids strong bases and is performed in the presence
of PhI(OPiv), and AgF, which acts as a basic additive as well as a
promoter of the C(sp3)—H bond cleavage of acetonitrile. The
screening of various ligands revealed that bidentate nitrogen-
containing ligands improved the reaction outcome, and L1 was
selected as the best ligand for this protocol, providing the
highest reaction yield (Scheme 2).17

3
T
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Pd(OAc); (5 mol %)/L1 (7.5 mol %)
PhI(O,CtBu), (1.1 equiv.)
AgF (4 equiv.), MgSO, (40 mg)
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Scheme 2. Pd-catalyzed arylalkylation of alkenes.
The substrate scope indicated that various substituted

anilines bearing aryl or alkyl groups on the nitrogen yielded the
corresponding products in excellent yields. However, when

2 | Chem. Commun., 2021, 00, 1-12

electron-withdrawing groups were attached to N,the reaction
did not proceed, indicating its limitations?RkCriAgS U ERGENTS
did not show any remarkable effect on reaction outcomes,
yielding the respective indolinones in good to excellent yields.
However, addition of a substituent on the R* (R* = -Et, 54%;
-OMe, 32%; -dimethyl, 0%) position reduced the reaction yields
substantially.

In 2012, the same group extended the methodology to
unactivated alkenes by replacing the previous ligand with
pyridine L2, which accelerated the C—H cleavage of aniline
during the preparation of nitrile-containing indolines under
similar reaction conditions (Scheme 3).18 The ratio of Pd to
pyridine (1:0.8) is crucial for this reaction. Investigation of the
substrate scope revealed that carbonyl-containing protecting
groups on the N yielded the corresponding derivatives in good
yields. In contrast, when N was attached to phenyl and methyl
groups, the desired products were not generated. The nature of
the substituents on the aryl ring had no significant effect on the
reaction; electron-donating and -withdrawing groups, as well as
halides, afforded the respective products in moderate to good
yields. The proposed mechanism for both studies revealed the
generation of the Pd-complex C via the coordination of Pd(ll) to
the olefin and nucleophilic attack on the tethered arene. Then,
in the presence of Phl(OPiv), and AgF, C(sp3)—H bond activation
of CH3;CN (rate-determining step) occurred, generating the
Pd(IV) complex D, which subsequently underwent reductive
elimination to afford the corresponding arylalkylation products

(Scheme 4).
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Scheme 3. Preparation of nitrile-containing indolines.
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Scheme 4. Proposed mechanism for arylalkylation.

2.2 Trifluoromethylation

Continuing their research into C—C bond formation, Liu et al.
demonstrated a novel Pd-catalyzed oxidative method for the
aryltrifluoromethylation of activated alkenes. The method
utilized an inexpensive TMSCF3/CsF combination as the source
of the trifluoromethyl group and PhI(OAc), as an oxidant to
provide the CFs-substituted oxindoles at room temperature
(Scheme 5).1° The trifluoromethyl group is enormously
important in the agrochemical and pharmaceutical industries.
The disadvantages of previous alkene aryltrifluoromethylation
methods, such as the use of expensive CF; sources at higher
temperatures, were successfully overcome in this approach.2®
The optimization of various nitrogen-containing ligands
suggested that L3 afforded the best yield. Various nitrogen-
protecting groups, including aryl, alkyl, and silyl moieties,
produced the corresponding oxindoles in good vyields; in
contrast, with the tosyl protecting group, the reaction did not
occur. With anilines bearing electron-donating groups,
electron-withdrawing groups, and halogens, the reaction
occurred easily, affording the corresponding derivatives in
excellent yields. The results of detailed control experiments and
mechanistic studies suggested that the reaction proceeded via
the initial coordination of the alkene to the Pd(ll) intermediate
B. Nucleophilic attack on the tethered arene generated the Pd
intermediate C, which, upon oxidation by PhI(OAc),/TMSCF3,
yielded the C(sp3)-Pd,(CF3) species D, resulting in C(sp3)-CF;
bond formation through reductive elimination, to afford the
target products (Scheme 6).
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Scheme 5. Synthesis of CF;-substituted oxindoles at room temperature.
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Scheme 6. Proposed mechanism of trifluoromethylation.
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3 Carboheterofunctionalization of alkenes

The carboheterofunctionalization of alkenes represents a
straightforward and atom-economical strategy for preparing
therapeutically useful heterocyclic molecules. This approach
proceeds via the simultaneous generation of C—X/C—C bonds,

resulting in  structurally and biologically important
oxygen/nitrogen-containing heterocycles.?!
3.1 Carboamination via inactivated sp® C-H bond

functionalization

Various groups have reported the carboamination of alkenes
and/or alkynes with aryl compounds substituted with nitrogen-
containing or carbonyl groups utilizing ruthenium and rhodium
catalysis via C—H bond activation.?? Furthermore, in recent
decades, Pd-catalyzed aryl C—H olefination has been extensively
studied and reported.?3 However, the mechanistically different
but challenging Pd-catalyzed olefination of unreactive sp3 C—H
bonds has been less well explored. The hurdles in the sp3 C—H
activation process are the stability of the sp3 C—H bond and the
coordinating ability of alkenes, which may follow a competitive
B-hydride elimination route, especially in intermolecular
reactions. In their pioneering research, Yu et al. demonstrated
the Pd-catalyzed difunctionalization of alkenes by employing
various ligands and via unreactive sp3® C—H functionalization.
They developed a novel approach for y-C(sp3)-H olefination and
the carbonylation of aliphatic acids by utilizing the quinoline-
based ligand L4 and an amide-directing group to generate the
respective lactams with all-carbon quaternary carbon centers
(Scheme 7).2* The method was successfully applied to prepare
v-olefinated aliphatic acids. The scope of the reaction indicated
that B-quaternary center-substituted aliphatic amides, bearing
methyl, ethyl, benzyl, or cyclopentyl functional groups provided
the target products in moderate to good yields. The y-methoxy
moiety and y-esters successfully afforded the corresponding
derivatives in moderate to acceptable yields. Interestingly,
cyclic substrates, including tetrahydropyran and piperidine
units, provided spirolactams in good yields. Different activated
olefins bearing benzyl groups, o,B-unsaturated ketones, and
nitrile groups underwent the reaction smoothly, affording the
respective lactams in good yields.
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Scl:jeme 7. Carboamination of alkenes via y-C-H functionalization of aliphatic
acids

Later, in 2016, the same group investigated the Pd(ll)-
catalyzed olefination of y-C(sp3)—H bonds of amines protected
by triflyl (Tf) and 4-nitrobenzenesulfonyl (Ns) groups, yielding a
variety of C-2 alkylated pyrrolidines (Scheme 8).2°> The series of
quinoline-based ligands L5—-L7 were developed and applied to
appropriate amine substrates for the best results. For example,
the 3,4-bis(trifluoromethyl)pyridine ligand was suitable for the
transformation of Tf-protected a-amino acid esters in the
presence of Ag,CO; as the sole oxidant. The 3-phenylquinoline
ligand was suggested to be superior for the conversion of Tf-
protected aliphatic amines, including B-amino alcohols and B-
amino acids, to their respective products in the presence of
Ag,C0O3, Cu(OAc),, and O,. The application of the Ns protecting
group for direct sp® C—H functionalization of alkyl amines
suggests the viability of this method. The reaction fails to
proceed in the absence of pyridine- or quinoline-based ligands,
suggesting the importance of these ligands for this protocol.
The synthetic application of the method was demonstrated by
the preparation of natural products and bioactive motifs
incorporating the chiral pyrrolidine unit.

Based on these experimental results, an overall mechanism
for the generation of pyrrolidines is proposed (Scheme 9).
Under basic conditions, the X,PdLn catalyst initially binds with
sulfonamine, resulting in cleavage of the y-C(sp3)—H bonds. The
five-membered palladacycle species C thus generated
coordinates with an alkene and undergoes 1,2-migratory
insertion to yield intermediate E; this is followed by B-hydride
elimination to generate the olefinated intermediate F and a
PdoLn species. In the next step, Ag,CO; re-oxidizes PdoLn to
X,PdLn, closing the catalytic cycle. The intermediate F thus
formed may undergo two different cyclization reactions to give
alkylated or vinylated pyrrolidines, respectively. In the presence
of strong electron-withdrawing groups (i.e., CN, COMe, or
COPh) conjugated with newly formed double bonds, saturated
pyrrolidines are afforded via intramolecular conjugate addition
(pathway I). Otherwise, intermediate F undergoes syn-addition
followed by B-hydride elimination in the presence of a Pd(ll)-
catalyst to yield the aza-Wacker E-2-methylene-pyrrolidine
products (pathway lII).
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O¢S\fAr Insertion
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Pl R P&I'T
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oA MeOZC NHNs
c O
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Reactions in the presence of L5-L7
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Scheme 8. Synthesis of pyrrolidines.

3.2 Amino/amidoarylation

Yang et al. reported the Pd(ll)-catalyzed,
intramolecular amidoarylation of alkenes utilizing oxygen as a
green oxidant and ethyl nicotinate L8 as a ligand for the
preparation of an array of indoline derivatives (Scheme 10).26
Ligand screening indicated that ethyl nicotinate was an efficient
ligand for this protocol. The substrate scope revealed that
anilides substituted at the para-position with electron-deficient
and electron-rich groups, as well as halides, provided good to
excellent yields of the corresponding indolines.
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syn-Addition

R o~ R X
\(V R [ pdL
Me0,C* SR

Meozc N Pd"
)
Ns H
p-Hydride
Elmination

Meozc*“A NHNs  x pgiiin PdLn Mlchael XoPd'Ln PdLn ES
v o Addlt/on Pathway | \/ 1
Reoxidation Reoxidation
Ar= 4—(N02)06Hw R'b\/R ——
Ag® Ad' MeO,C"" N Ag° Ag'
Ns B

Scheme 9. Proposed reagtierpmechanissp depgeneration of pyrrolidines.
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In the case of meta-substituted anilides, a mixture of
regioisomers were formed in moderate to good yields.
Disubstituted anilides, naphthyl rings, and a,B-unsaturated
group-bearing substrates were compatible with this protocol,
affording the target products. The scope of the reaction was
extended to prepare the oxidative triply cyclized products.
Based on the results of control experiments, the following
reaction mechanism was proposed. Anilide, in the presence of
a ligated Pd(ll) intermediate, generated amidopalladation
species A. Upon syn-amidopalladation, this yielded the o-
alkylpalladium intermediate B, and the Pd(ll) center thus
formed activated the arene via the resonance-stabilized B-2
intermediate (instead of B-1). Based on scope and control
experiments, the presence of the Pd(ll) species, rather than
Pd(IV), is likely to be responsible for activation of the arene.
Subsequently, cyclization occurred via C—C bond formation via
the reductive elimination of palladacycle C. The regeneration of
Pd(ll) from Pd(0) by molecular oxygen completed the catalytic
cycle (Scheme 11).

N
) ¢ R PA(OAC), L8 X
Z N
N Na,CO3, 0, 70°C, || P )
H R' R 5-72 h, dioxane R
Q
o)
N N
X Ph
%
X=H 9% 63% i ‘
g 8% L oomt! : B 81? dr>24 X ! 70% (triple cyclization)
Cl 93% | X\ COOEt: 2 90%;dr>24:1
NO, 72% : ‘ B
Me 80% ! N
OMe 77% L8

Scheme 10. Stereoselective, intramolecular amidoarylation of alkenes.
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between D and G. The re-oxidation of Pd{0) t&- P Phy oxygén
(air) via the assumed peroxopalladium(ll) complex completed
the catalytic cycle. In addition, an alternative Wacker-type
mechanism was proposed for this method, involving the Pd(ll)-
catalyzed activation of the olefin, nucleophilic attack of the
amine, followed by intramolecular C—H activation to afford F
(Scheme 13).

X
Y 9 @@- i
_ N HX '\\‘
U L XPd"
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N-H deprotonation
(o}
%
L, xPd"
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Q,

c?f? Tt

Pd"X,L,
1/2 H,0

0,
PdOL,, + 2 HX

reductive elimination

o o

+

by Pd'L,
B-1 B-2

Scheme 11. Proposed mechanism for amidoarylation of alkenes.

In 2014, Maiti et al. performed a thorough investigation of
the Pd-catalyzed reaction of diarylamines with easily accessible
alkenes for the synthesis of N-arylindoles via C—H activation
(Scheme 12).27 The generality and viability of the protocol was
demonstrated by the preparation of more than 40 novel
structurally interesting indole motifs utilizing a variety of
symmetrical and unsymmetrical diarylamines bearing different
substituents, as well as using terminal/internal/cyclic olefins as
coupling partners. Two major advantages found by this study
were that the starting materials were readily accessible and the
reaction proceeded without directing groups. Based on the
results of various control experiments, the proposed
mechanism suggested that the initial ortho-palladation of the
diarylamine formed species A. The coordination of the alkene
with A resulted in intermediate B. Subsequently, 3-migratory
insertion (C) was followed by [3-hydride elimination to generate
2-(N-arylated)stilbene (D). The formation of the final product G
can occur via D and/or an indoline intermediate F. Both routes
for the generation of G were supported by the results of a
separate study. Furthermore, under standard reaction
conditions, F was generated via D in the absence of a
stoichiometric oxidant, revealing that F was an intermediate

This journal is © The Royal Society of Chemistry 2021
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Scheme 13. Proposed mechanism for N-arylindole synthesis.

In 2015, the same group extended their strategy to the
preparation of 4-substituted 2-quinolinones via the Pd-
catalyzed dehydrogenative coupling of diarylamines with ao,3-
unsaturated carboxylic acids. A variety of aryl amines and
carboxylic acids containing different functional groups reacted
easily to yield the corresponding 4-substituted 2-quinolinones
(Scheme 14).28 The use of trifluoroacetic acid (TFA) is crucial for
this protocol to suppress the decarboxylation of o,B-
unsaturated acids and selectively yield the 4-substituted 2-
quinolinones. The substrate scope of this strategy suggests that
various substituents, including electron-rich and electron-
deficient groups at the ortho-, para-, and meta-positions and
halides at the ortho- and para-positions of cinnamic acids, react
readily to afford the desired products in acceptable to excellent
yields. Electron-rich components gave superior yields to
electron-deficient groups. Different aliphatic/heterocyclic
acrylic acids as coupling partners afforded the desired products
in good yields, while an increase in chain length increased the
reactivity of the acrylic acids. Unsymmetrical diarylamines
bearing various substituents at different positions were
successfully reacted under the same conditions to yield the
desired quinolinones. Mechanistically, the protocol follows a
mostly similar reaction pathway to that discussed earlier
(Scheme 15).
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Scheme 14. Pd-catalyzed synthesis of 4-substituted 2-quinolinones.
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Scheme 15. Reaction mechanism of Pd-catalyzed synthesis of 4-substituted 2-
quinolinones.

Liu et al. demonstrated an enantioselective strategy for the
oxidative aminoarylation of olefins via aryl C—-H and dual N-H
bond cleavage for the efficient preparation of various tetracyclic
heterocycles bearing a quaternary carbon center in high yields
with excellent enantioselectivity (Scheme 16).2° The treatment
of substituted anilines bearing an alkene group with a chiral
Qox/Pd(ll) (Qox, quinoline—oxazoline; L9) ligand/catalyst, and
with Ag,COs as the oxidant, afforded a variety of indolines in the
presence of a catalytic amount of phenylglyoxylic acid (PGA).
The addition of PGA was crucial, promoting the key
aminopalladation step and enhancing the enantioselectivity.
The screening of a variety of pyridyl-oxazoline (Pox) and
oxazoline ligands indicated that Qox L9 afforded a better yield
and improved enantioselectivity. Benzanilides substituted with
electron-donating, electron-withdrawing, and halide groups at
the para- and ortho-positions, as well as disubstituted
benzanilides, were compatible with the reaction conditions,
affording the target compounds with good to excellent yields
and enantioselectivity. An examination of the scope of the
reaction for alkenes indicated that the double bond
incorporating alkyl/cycloalkyl groups, as well as aromatics
bearing electron-donating or electron-withdrawing groups,
resulted in good vyields and excellent enantioselectivity. In
addition, substituents such as allylic ethers, esters, and amine
groups were also promising coupling partners, leading to the
respective products in moderate to good yields with excellent
enantioselectivity. The disadvantage of this protocol is that it
can only be applied to terminal olefins, with internal alkenes
providing aza-Wacker products instead of the expected
aminoarylation derivatives. The gram-scale reaction giving
excellent yields and excellent enantioselectivity suggested the
viability of this method. Various post-synthetic transformations
of the prepared derivatives afforded structurally interesting
synthetic derivatives of indolines.

This journal is © The Royal Society of Chemistry 2021
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Scheme 16. Pd-catalyzed Intramolecular aminoarylation of alkenes.

The interaction of [(L*)Pd(OAc),] with a benzanilide
substrate resulted in the amido-Pd intermediate int. IV, and the
face-selective coordination of the olefin to the L*Pd(Il) species
gave the cis-AP product with high enantioselectivity (83% ee)
(Scheme 16, path a). In contrast, the rapid generation of
hemilabile bidentate [(L*)Pd(PGA),] was observed in the
presence of PGA, resulting in the [(L*)Pd(PGA)]* intermediate
upon equilibration, which rapidly underwent the predominantly
cis-AP (path b). Owing to the bulky steric hindrance of PGA
compared with acetate, Sy2-type substitution at the alkene
coordinated to the L*Pd species in int. VI (path b) showed
prominent face selectivity compared with int. IV (path a). Taking
into account the high enantioselectivity for trans-AP, alkene
interaction with [(L*)Pd(PGA)]* yielded int. V with high face
selectivity (probably due to favorable transition state
formation), whereas, in the presence of a base, amidation of the
Pd intermediate (int. V) was observed to give int. Il. In both
pathways, the insertion of an alkene into the amido-Pd bond
resulted in the chiral alkyl-Pd(ll) int. I. However, it is still difficult
to differentiate between these two pathways (Scheme 17).
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Scheme 17. Coupling of aIipAhatic free carboxylic acids with alkenes.
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3.3 Carbo-oxygenation
3.3.1 sp3 f#-C-H functionalization of free carboxylic acids

This journal is © The Royal Society of Chemistry 2021
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The Pd-catalyzed sp® C-H functionalization of aliphatic . asids,
including oxygenation, iodination, alkyPatioR;1G/RY6N38Ad
fluorination, utilizing various directing groups, has been
thoroughly studied in the past decade.3® However, research into
the more challenging carboxyl-directed sp3 C-H
functionalization leading to alkene difunctionalization has been
less comprehensive. Furthermore, it is difficult to prepare
structurally interesting y-carbonyls via traditional enolate or
conjugate addition chemistry. Hence, Pd-catalyzed selective
transformation of sp3 y-C—H bonds in order to synthesize such
carbonyls by utilizing various ligands has emerged as an
effective strategy for overcoming these obstacles. The research
suggests that identification of suitable ligands and careful
reaction conditions are important due weak directing ability of
the carboxylate group and competing coordination reactions.

Zhuang et al. employed acetyl-protected aminoethyl phenyl
thioether ligand L10 for the Pd(ll)-catalyzed sp® C-H bond
activation of free carboxylic acids to afford y-lactones and the
subsequent synthesis of B-vinylated and y-hydroxylated acids
(Scheme 18).3' The reported strategies employing directing
groups failed to provide these types of synthetic derivatives. In
addition, there are no studies of the relevant C-H
functionalization or the intramolecular conjugate addition
reaction for monoselective y-lactone formation in the presence
of an olefin. A wide range of alkenes and carboxylic acids were
applied in order to prepare the respective y-lactones in the
presence of Pd(TFA),, Na,HPO,4-7H,0 as the base, and Ag,CO; as
the oxidant. The detailed study of L10 indicates that it plays a
dual role in this transformation: (1) accelerating the initial rate
of the reaction by a factor of 20; and (2) providing greater
stability to the Pd catalyst over the course of the reaction,
resulting in a higher turnover.

The scope of the reaction indicated that aliphatic acids
bearing a-quaternary centers and a-dialkyl substituents
afforded good to excellent yields of the corresponding lactones.
Furthermore, aliphatic acids substituted at the - or y-position
with phenyl groups led to the respective lactones in good to
excellent vyields. Heterocyclic rings on aliphatic rings were
readily tolerated in the reaction, resulting in the target
compounds. Carboxylic acids bearing an o-hydrogen are
challenging for this reaction to succeed due to presence of a
labile acidic a-C-H bond and the lack of a suitable
Thorpe-Ingold effect. Interestingly, these challenging
carboxylic acids could also be reacted using this method.
Synthetically important a-amino lactones and highly strained
fused bicyclic lactones were also prepared by this strategy.
Testing the scope of the reaction with a variety of alkenes
revealed that the olefination of pivalic acid with a range of
acrylate derivatives afforded the target compounds in excellent
yields. Alkenes bearing various electron-withdrawing groups
also provided the expected y-lactones in excellent yields. The
viability and utility of this method was demonstrated by the
preparation of y-lactones at the gram-scale, along with
synthetic modifications of the prepared derivatives.
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Scheme 18. Synthesis of y-lactones.

Very recently, three research groups have independently
reported the pioneering difunctionalization of alkenes via
ligand-enabled sp3 B-C-H activation of free carboxylic acids.

Yu’s group has contributed significantly in this area and
reported Pd-catalyzed, and ligand-influenced remote sp3 y-C—H
olefination of free carboxylic acids to yield a variety of six-
membered lactones (Scheme 19).32 Exploration of ligand
reactivities suggested that the mono-N protected amino acid
(MPAA) Ac-Phe-OH L11 was an appropriate ligand for this
protocol. The substrate scope of this current strategy indicated
that carboxylic acids substituted with different alkyl chains, -
dialkyl, methoxy, phenoxy phenyl, and 4-methoxyphenyl groups
afforded the corresponding lactones in moderate to good
yields. Furthermore, 2-methyl benzoic acid substrates bearing
benzylic y-C(sp3)—H were compatible with this protocol, yielding
the bioactive cyclized 3,4-dihydroisocoumarin precursors.
Detailed optimization revealed that 2-methylbenzoic acids
bearing electron-donating and electron-withdrawing groups at
different positions on the aryl rings, as well as disubstituted
phenyl and naphthoic acids, afforded the target compounds in
acceptable to excellent yields. The alkene substrate scope,
including a variety of acrylate derivatives, resulted in the
expected 3-lactone products in good yields. In addition, olefins
bearing a,B-unsaturated components, such as Weinreb amide-
derived acrylamide, methyl vinyl ketone, and phenyl vinyl
sulfone, afforded the target lactones in moderate to good
yields. Upon application of pentafluorostyrene as a coupling
partner, five-membered lactones were observed to be the
major products, which may be attributed to sequential y-C(sp3)—
H olefination, followed by allylic C—H functionalization.
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54%, (1.0/1.0) 89%

Pd(OAc), (10mol%)
L1 (10 mol%)

T g @oequv) )i BJA
NapHPO,7H;0 (1.0 equiv.)  ©

Ag,COs (2.0 equiv.)

HFIP, 120°C, 18 h

77% (1.0/0. 8)
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Scheme 19. Ligand-enabled y-C(sp3)—H functionalization of free carboxylic acids.
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Gemmeren et al. investigated similar Pd-catalyzed, ligand:
enabled C—H activation/olefination of fre@!ca?bes§/Iic derds Vi
intramolecular Michael addition for the preparation of
d-lactones (Scheme 20).33 The initial ligand identification
suggested that among several amino acid-derived ligands, N-Ac-
B-alanine L12 was an efficient ligand for this transformation.
The scope of the reaction with respect to acid substrates
indicated that the alkyl, cycloalkyl, and aromatic substituents on
the acid underwent the reaction smoothly, providing the
corresponding lactones in acceptable to good yields with
moderate to good diastereoselectivity. Substrates without a
quaternary center at the B-position failed to react. The scope of
the alkene reaction partner indicated that various olefins
incorporating different functional groups were efficiently
tolerated under the reaction conditions, affording the
respective lactones in good yields. The olefins bearing other
electron-withdrawing  groups, including vinyl ketone,
acrylonitrile, phenyl vinyl sulfone, ethane sulfonyl fluoride,
diethyl, and vinylphosphonate groups, were also compatible
with these reaction conditions. Based on the results of various
control experiments, the following reaction mechanism was
proposed for this protocol: the mononuclear Pd(ll)-catalyst
activated the unreactive y-C(sp3)—H bond of the free carboxylic
acid, which was the rate-determining step. Then, sequential
ligand exchange, carbopalladation, B-H elimination, and de-
coordination generated the non-cyclized (open) derivative,
which underwent intramolecular Michael addition and
cyclization to form the target product (Scheme 21).

Pd(OAc), (10 mol%)

COo,H :
L12 (20 mol%) : o

: CO,H

1J,/\ + AR R FACHN" 72
R Ag2COs R2 '

2
R Na,HPO, 7H,0 (0.2 equiv) R L12
HFIP (2.25 mL), 110 °C

o] o] 0 o
o o o /

COoEtSY CoEt X COLE COEt

64% 54% (1.3:1)07 X = CH, 55% 46% (1.6:1)
0, 50%

0 o o 0

COMe cN SO,Ph SOF /PBCE)(Et
51% 40% 67% 51% 40%

Scheme 20. Pd-catalyzed C—H olefination of free carboxylic acids.

Similar to the above studies, Maiti et al. investigated the Pd-
catalyzed sp3 y-C—H activation of free aliphatic carboxylic acids,
which, upon coupling with alkenes in the presence of the N-Ac-
Val ligand L13, underwent subsequent C—O cyclization to yield
the corresponding &-lactones and 3-lactones (Scheme 22).34
Ligand studies suggested that, among the different acetyl-
protected amino acids screened for this protocol, N-acetyl
valine (L13) was the best ligand, affording the target lactone in
91% vyield. The substrate scope of this strategy revealed that 3-
position carboxylic acids bearing ethyl, propyl, and butyl groups,

This journal is © The Royal Society of Chemistry 2021
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as well as B-diethyl and ethyl-isopropyl functional groups,
afforded the target lactones in moderate to good yields.
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Scheme 21. Proposed reaction mechanism for 3-lactone formation.
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Scheme 22. Synthesis of -lactones and fused seven-membered lactones.

Examination of the scope of alkenes indicated that different
benzyl acrylates, phenethyl acrylates, and aliphatic acrylates,
including simple methyl acrylate to bicyclic acrylates, afforded
excellent yields under the reaction conditions. Furthermore,
long-chain acrylates such as dodecyl, dodecafluoro, and docosyl
acrylates were found to be appropriate substrates for this
protocol. With the exception of acrylates, various activated
alkenes bearing sulfone, nitrile, ketone, and diester groups
were readily tolerated under the reaction conditions and
afforded the respective 3-lactones in good to excellent yields. In
addition, a variety of maleimides acted as suitable alkene
partners, resulting in fused seven-membered lactones under
standard reaction conditions. Based on the results of control
experiments and the relevant literature, the proposed reaction
mechanism indicated that, initially, the carboxylate group binds
to the metal catalyst to generate the metal-coordinated
complex A, which, when exposed to an alkali metal base, affords
the y-C—H activated six-membered species B. Next, alkene
interaction with B and 1,2-migratory insertion results in an
eight-membered cyclo-palladated intermediate D, which gives
E upon p-hydride elimination; E undergoes reductive
elimination followed by Michael addition to yield a six- or seven-
membered lactone. Finally, the addition of Ag(l) oxidizes Pd(0)
to Pd(Il), completing the catalytic cycle (Scheme 23). The further
utility of this approach was demonstrated by post-synthetic
modifications to the prepared lactones to yield structurally
interesting compounds. Presence of the B-quaternary center in
the acid is essential for this protocol.

This journal is © The Royal Society of Chemistry 2021
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Scheme 23. Proposed reaction mechanism for y-C—H activation.

3.3.2 sp? C-H functionalization of inactivated arenes

Buchwald et al. demonstrated the efficient synthesis of
tetrahydro-2H-indeno-[2,1-b]furans from acyclic
hydroxyalkenes bearing inactivated arenes via mild Pd(ll)-
catalyzed intramolecular oxidative oxyarylation (Scheme 24).35
The method proceeds via a sequential oxypalladation/C—H
functionalization pathway. The screening of various substituted
pyridine ligands suggests that ethyl nicotinate L8 was the
optimal ligand in the Pd(OAc),/0,/K,CO; combination in
toluene at 100°C to afford the corresponding tetrahydro-2H-
indeno-[2,1-b]furans. The reaction scope encompassed o.-aryl-
v-hydroxyalkenes with a pyridyl moiety, as well as an array of
electron-donating, -withdrawing, -neutral, and halide-
substituted aryl groups that were compatible with the reaction
conditions. In addition, alkyl and aryl functional groups on the
double bond of the alkenes resulted in the corresponding
oxyarylated derivatives. The sulindac-derived biologically

Chem. Commun., 2021, 00, 1-12 | 9
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important precursor was successfully prepared using this

protocol.
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L Y
H RUEON

Pd(OAc), (5 mol %)
L8 (6 mol %)

K,CO3 (0.5 equiv.)
toluene, O, (1 atm)

2
RR1 R
S OH
RT
X

1 '
100°C, 19 h R L8
R Me Meo Me Ve
s 18 O
H H H N=
H CFs H
R=Me, 81% 74% 9 48% 73%
n-Hex, 58%0 ) 87% :
Ph,  74%

Scheme 24. Pd(ll)-catalyzed intramolecular oxidative oxyarylation.

Maiti et al. reported an elegant study of the efficient
synthesis of benzofurans/coumarins from phenols and alkenes
via Pd-catalyzed intermolecular annulation (Scheme 25).36 The
reaction was performed utilizing Pd(OAc),, 1,10-
phenanthroline, Cu(OAc),, and NaOAc (3 equiv.) at 110°C for
24 hin dichloroethane to yield 2-substituted benzofurans as the
carbo-oxygenated difunctionalized products. The substrate
scope encompassed phenols, terminal/internal alkenes, and
styrenes bearing a variety of substituents, including halogens,
to yield the 2-substituted benzofurans. However, substituted
coumarins were formed when methyl acrylate was used as the
coupling partner. The proposed mechanism began with the
ortho-palladation of phenol to form the quinone-type species B.
The binding of an alkene with B generated C and, subsequently,
D, which could undergo reductive elimination to yield 2-
hydroxystilbene (E). Finally, intermediate E was transformed
into the target compounds. In addition, the final product may
be generated via intermediate F (Scheme 26).
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Scheme 25. Synthesis of benzofurans/coumarins from phenols.

Maiti et al. successfully extended the previous strategy for
the synthesis of 3-substituted benzofurans by employing
cinnamic acids as coupling partners (Scheme 27).37 Carboxylic
acid functionality in this protocol served as the traceless
directing group for the selective preparation of the target
benzofurans. Interestingly, under similar reaction conditions,
the relevant 2-arylbenzofurans were not formed. Various

10 | Chem. Commun., 2021, 00, 1-12

cinnamic acids, including naphthyl, para-tolyl \groups. -and
substituted phenols, afforded the 3-arplated BeNzdfraha in
acceptable to excellent yields. Thiophenylacrylic acid generated
the expected benzofuran in moderate yield. Phenols bearing
nitro, halogen, ester, or cyano groups were compatible with the
specified reaction conditions. Electron-rich phenols afforded
the expected benzofurans, but in comparatively lower vyields.
The reaction mechanism for this method mostly follows the
previously proposed mechanism, with the release of CO,
leading to the 3-substituted benzofurans. The authors also
applied a similar strategy for the preparation of 2,3-
disubstituted benzofurans and the relevant deuterium-labeled
derivatives.38

3.4 Aminoacetoxylation

As mentioned above, Pd-catalyzed amination of alkenes has
emerged as an efficient protocol for the preparation of various
heterocycles, among which oxygenated piperidines represent
an important constituent of various natural products and
therapeutically active motifs, such as (-)-cassine, veratramine,
and (+)-febrifugine.?® Liu et al. reported the Pd-catalyzed
intramolecular aminoacetoxylation of unactivated alkenes to
generate different 3-acetoxylated piperidines in high yields with
excellent regio- and diastereoselectivity. The reaction was
performed under mild reaction conditions utilizing hydrogen
peroxide as a green oxidant (Scheme 28).40

Pd(OAGc), (10mol%)
1,10-phen (20 mol%)
Cu(OAc) H,0
DCE (4 mL), O,, 130 °C, 24 h

H
R‘@ +
Z o )
single regioisomers

HO,C
CN O,N R? = 4-OCH, 70%
4Cl 69%
2F  42%

4-Br  49%

50% 45% 75% Cl  50%

Scheme 27. Synthesis of 3-substituted benzofurans employing cinnamic acids.

The screening of various bidentate nitrogen ligands
indicated that dipyridinyl ketone (dpk, L14) selectively resulted
in the desired product in excellent yield with higher reactivity
than other ligands, and was therefore chosen as the best ligand
for this protocol. The substrate scope of this reaction suggested
that protecting groups such as -Ns, -Ts, and -SO,Ph present on
the nitrogen afforded the corresponding products in high yields
with greater regioselectivity. In contrast, protecting groups
bearing carbonyl moieties were ineffective under this protocol.
Substrates incorporating various gem-disubstitutions also
reacted efficiently to give the desired products in good to
excellent yields. Chain elongation as well as substrates bearing
substituents on the carbon adjacent to the nitrogen readily
underwent this reaction to produce the target products in good
yields. From control experiments, the authors proposed the reaction
mechanism for this protocol. Initially, unactivated alkene substrates
undergo trans-aminopalladation reaction to generate an alkyl-Pd(Il)
intermediate C, which upon quick oxidation by H,0, to form the
complex D. Finally, reductive elimination of D provided the target 3-

This journal is © The Royal Society of Chemistry 2021
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Pd(OAC); (5 mol%)
L14 (7.5 mol%)

35% aq H,0; (3 equiv)

HOAc, t, 12 h %
oAc oo OAc o0z oAc
Z=Ts 93% (dr > 20:1) {T 2 {T
SO,Ph 91% (dr > 20:1)

N N N
z CBz, Boc, CONMe,= 0 Ts Ts

83% (dr=12:1) 87% (dr =7:1)

OAc - OAc
N
Ts ‘INs

Ph' N
92% (dr = 20:1)

R. R
P

Ts

88% (dr > 20:1) 62% (dr > 20:1)

Scheme 28. Pd-catalyzed aminoacetoxylation of olefins.
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Scheme 29. Proposed mechanism for aminoacetoxylation.
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acetoxylated piperidines. The dpk ligand plays a crucial role in this
approach for promoting the oxidation of the alkyl-Pd(ll)
complex C, as well as completely retarding the Wacker
oxidation reaction (Scheme 29).

In 2018, the same group developed an asymmetric version
of the above strategy for the 6-endo oxidative
aminoacetoxylation of unactivated alkenes, which afforded the
enantiomer-enriched 3-acetoxy piperidines in the presence of
the novel and sterically bulky pyridinyl-oxazoline (Pyox, L15)
(Scheme 30).4* They successfully designed the chiral ligand
(Pyox) for this protocol. The rate of reaction was significantly
increased by substituting the bulky group on the ligand. The
utilized ligand offers reaction efficiency with excellent regio-
and enantioselectivities also accelerate electrophilicity of
palladium catalyst for alkene activation by weakening the
PyN-Pd(Il) bond.

The substrate scope of this reaction indicates that various
nitrogen-protecting groups, such as sulfonyl and 2,4-
dimethylbenzenesulfonyl groups, afforded the corresponding
products in good yields with high enantioselectivity (up to 95%).
The Boc protecting group, however, did not undergo the
reaction. Substrates incorporating alkyl groups, including Et, n-
Pr, Bn, and gem-diaryl groups, produced the target products in
good vyields (65-86%) with excellent ee values (88-95%).
Starting materials bearing various rings and heterocycles also
proceeded smoothly under standard conditions, to afford the
respective products in good yields (65-85%) with excellent ee
values (82—92%). Unfortunately, this approach was not
applicable to 1,1- and 1,2-disubstituted alkene substrates.
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Scheme 30. Asymmetric aminoacetoxylation.

4. Conclusions

Pd-catalyzed unactivated C—H bond functionalization leading to
alkene difunctionalization has emerged as a powerful tool for
the synthesis of heterocycles and complex, structurally
interesting, frameworks. The approaches so far developed have
clear advantages over traditional synthetic methods, including
straightforward procedures, atom economy, and redox
economy. Furthermore, owing to the various challenges
associated with the development of newer versions of Heck
coupling reactions, these methods serve as promising
alternative pathways for the relevant transformations. Various
unactivated C-H bonds, such as sp3 C-H and sp? C-H bonds,
were successfully reacted with olefins in the presence of a Pd
catalyst, resulting in alkene difunctionalization. Some of the
protocols demonstrated the unique synthesis of important
structural motifs, such as &-lactones, fused seven-membered
lactones, and y-olefinated aliphatic acids, which are difficult to
access via traditional synthetic approaches. This article has also
shed light on the reaction mechanisms of the respective
protocols. The selection of appropriate ligands is the key factor
to ensure the efficiency and desirable outcomes of these
methods.

Most of the protocols employ monosubstituted alkenes and
styrenes as coupling partners. However, the utilization of
challenging and sterically hindered olefins as coupling partners
is still difficult to achieve. Furthermore, approaches describing
enantioselective C(sp3)—H functionalization leading to alkene
difunctionalization are rare. The use of harsh reaction
conditions and excessive amounts of particular additives is of
concern in some approaches. To overcome these problems,
future efforts to develop more generally applicable synthetic
protocols, employing mechanistic investigations and novel
catalytic systems, are anticipated.
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