
Chemical
Science

REVIEW

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

0 
Ja

nu
ar

y 
20

22
. D

ow
nl

oa
de

d 
on

 1
/1

4/
20

26
 5

:0
3:

23
 P

M
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.

View Article Online
View Journal  | View Issue
Pd-catalysed C–
S
i
I
C
W
V
A
C
I
a
t
I
b

her PhD in transition metal-cataly

aDepartment of Chemistry, Indian Institute

400076, India. E-mail: dmaiti@iitb.ac.in; W
bTechnische Universität Braunschweig, Insti

38106 Braunschweig, Germany. E-mail: d.

www.werzlab.de

Cite this: Chem. Sci., 2022, 13, 2551

Received 30th September 2021
Accepted 7th January 2022

DOI: 10.1039/d1sc05392b

rsc.li/chemical-science

© 2022 The Author(s). Published by
H functionalisation of free
carboxylic acids

Suparna Dutta,a Trisha Bhattacharya,a Finn J. Geffers,b Marcel Bürger,b

Debabrata Maiti *a and Daniel B. Werz *b

Pd-catalysed C–H functionalisation of free carboxylic acids has drawn significant attention over the last few

years due to the predominance of carboxylic acid moieties in pharmaceuticals and agrochemicals. But their

coordinating ability was overlooked and masked by exogenous directing groups for a long time. Even other

crucial roles of carboxylic acids as additives and steric inducers that directly influence themode of a reaction

have beenwidely neglected. This review aims to embrace all of the diverse aspects of carboxylic acids except

additive and steric effects by concisely and systematically describing their versatile role in Pd-catalysed

proximal and distal C–H activation reactions that could be implemented in the pharmaceutical and

agrochemical industries. In addition, the mechanistic perspectives along with several recent strategies

developed in the last few years discussed here will serve as educational resources for future research.
1. Introduction

Carboxylic acids are one of the ubiquitous and most versatile
functional motifs in the eld of organic synthesis. The presence
of carboxylate moieties in numerous pharmaceuticals, agro-
chemicals, natural products, and biologically active compounds
makes the functionalisation of aromatic or aliphatic carboxylic
acids extremely valuable for the synthesis of functional mate-
rials.1–4 In contrast to traditional synthetic routes, C–H activa-
tion has emerged as one of the most attractive strategies for the
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synthesis and derivatization of carboxylic acids over the past few
years.5–11 Direct conversion of the substrate into a more complex
molecule without any pre-functionalisation makes this strategy
step economic. However, selective activation of specic C–H
bonds present in a molecule is quite challenging. In this
context, various directing groups, preinstalled with the
carboxylic acid groups, can help the metal to come into the
vicinity of a particular C–H bond through coordination. As
a result, a wide array of functional groups can be incorporated
within the molecule via directing group-assisted metal-
catalyzed C–H bond activation reactions.12–14 However, such
a three-step directing group-assisted protocol has some limita-
tions: it contains two extra steps, (a) the incorporation of the
directing group before functionalisation, and (b) the removal of
that group aer functionalisation. But, if the carboxylic acid
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group itself acts as a native directing group, functionalisation
might occur in a single step (Fig. 1).

As a native directing group, it can activate both C(sp3)–H and
C(sp2)–H bonds at proximal as well as distal positions of
aliphatic and aromatic compounds through ve- and six-
Fig. 1 Carboxylic acids and their role in a directing group approach
(bottom) and a directing group-free approach (top). DG ¼ directing
group.
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membered metallacycle formation. Apart from that, it can
also act as a traceless directing group,15 additive,16 and steric
inducer17–20 that directly inuence the mode of several C–H
activation reactions.

While prior reviews have predominantly focused on the
scope15,16,21–26 and mechanistic understanding27–34 of carboxylic
acids, this review highlights the multifaceted roles of carboxylic
acids as well as the developments in this area including recent
studies and other important aspects. In this context, it is
important to mention that free or mono-N-protected amino
acids also utilize their carboxylic acid parts for coordination,
but those substrates are not included here because they are
a different class of substrates (or ligands). Since several
reviews35–37 and mechanistic studies38–44 have already been
dedicated to this topic, we decided not to include this
compound class.
2. Coordination modes of
carboxylates

Carboxylic acids (more precisely carboxylates in reaction media)
have weaker coordinating ability6 to transition metals in
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comparison to many other functionalities or ligands. Therefore,
the efficacy of the carboxylic acid moiety is reduced in the
medium, which eventually affects the kinetics of the reaction. In
the presence of a transition metal (e.g., Pd), it can adopt two
types of coordinationmode, k1 and k2. In the k2 mode, the metal
coordinates to two oxygen atoms of the carboxylate group in
a bidentate fashion while in the k1 mode, the metal remains
attached to one oxygen atom of the carboxylate in a mono-
dentate fashion. Both of them remain in equilibrium with
a slight shi towards the k2 mode that is not suitable for C–H
bond activation.5,6,23,45,46 Several crystal structures of cyclic
substrate–palladium complexes are available in the literature
which represent the k2 coordination mode of carboxylates
shared by two Pd atoms.47–52

It has been reported in many literature studies that hard
Lewis acidic metal salts, such as alkali metal ions (Na+, K+, Cs+,
etc.), make the k1 mode preferred through coordination with
a carboxylate in a bidentate fashion. Such binding allows Pd(II)
to reorient towards the targeted C–H bond (Fig. 2). However,
when such metals are absent the k1 mode gets suppressed and
the k2 mode helps in C–H activation.53
3. Carboxylic acids as native directing
groups

The major application of carboxylic acids can be witnessed as
native directing groups in different C(sp3)–H as well as C(sp2)–H
activation reactions. The carboxylate unit present in the
substrate coordinates to the palladium and subsequently
directs towards proximal as well as distal C–H bonds of that
substrate via the formation of a ve- or six-membered pallada-
cycle. This part of the review discusses major advances in the
functionalisation of free carboxylic acids using Pd catalysis.
3.1. C(sp3)–H activation reactions of carboxylic acids

Aliphatic C–H bonds are rather stable and non-polar, prevent-
ing transition metals from being inserted into the C–H bond
and thusmaking the C–H bond cleavage step difficult. However,
a directing group that comes into close proximity of the
aliphatic C–H bond facilitates the insertion step. Among all the
directing groups, carboxylates have a weak coordination ability,
which dictates the overall reaction efficiency. The weak coor-
dinating nature can be improved by employing different ligands
or electrophiles, which can help the carboxylate moiety to bind
more strongly with the transition metal. To date, several
research groups have reported their studies on Pd-catalyzed
Fig. 2 Coordination modes of carboxylates with palladium.

© 2022 The Author(s). Published by the Royal Society of Chemistry
C(sp3)–H activation in proximal (a and b) as well as distal
positions (g and higher). Some asymmetric C(sp3)–H activation
reactions were also reported on palladium catalysis. Most of the
Pd-catalyzed a-C(sp3)–H activation reactions have been devel-
oped based on exogenous directing groups54 that masked the
coordinating ability of the free carboxylates. But free carboxylic
acids can also selectively activate b-, g- and higher C(sp3)–H
bonds with the help of suitable reagents and appropriate reac-
tion conditions. Palladium/platinum-catalyzed C(sp3)–H acti-
vation was rst reported by the Chang group in 2006 to prepare
benzolactones from o-alkyl substituted aromatic carboxylic acid
derivatives.55 Following this, in the same year, White and
coworkers disclosed an interesting synthetic strategy for the Pd-
catalyzed macrolactonization of u-alkenoic acids using
Pd(OAc)2 with a phenyl bissulfoxide catalyst (Scheme 1).56

Mechanistic studies revealed that the macrolactonization pro-
ceeded through a Pd-templated p-allyl carboxylate interme-
diate. In 2011, they extended this methodology to the total
synthesis of an erythromycin precursor, 6-deoxyerythronolide B
(6-dEB).57

3.1.1. Regioselective C(sp3)–H activation. Pd-catalyzed b-
C(sp3)–H activation of free carboxylic acids is quite a well-
explored area where the carboxylic acid moiety of the
substrate acts as a native directing group and can activate the
proximal b-C(sp3)–H bond via the formation of a ve-membered
palladacycle.23 Apart from this, g-C(sp3)–H activation is also
reported and yet to be explored. It involves a six-membered
palladacycle. A quaternary carbon at the b-position is required
inmost of the reactions. But reaching further distal positions (d-
and higher) remains challenging so far without the help of any
directing group.

3.1.1.1. b-C(sp3)–H arylation. In 2007, the Yu group rst re-
ported a Pd-catalyzed b-C(sp3)–H arylation of pivalic acid and
similar aliphatic carboxylic acids containing quaternary centers
at a-positions using two different arylating reagents, a phenyl-
boronate ester and an aryl iodide (Scheme 2).58 In the former
case, only the monoarylated product was formed, while in the
latter one some amount of diarylated product was also
produced along with the monoarylated product.
Scheme 1 Pd bis-sulfoxide-catalyzed macrolactonization (White
et al., 2006).56

Chem. Sci., 2022, 13, 2551–2573 | 2553
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Scheme 2 Pd-catalyzed b-C(sp3)–H arylation of a-quaternary
carboxylic acids (Yu et al., 2007).57

Scheme 4 Pd-catalyzed b-C(sp3)–H arylation of aliphatic carboxylic
acids (van Gemmeren et al., 2017).60
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Later, in 2017, the Zhao group came up with a new strategy to
obtain arylated free carboxylic acids in good yields (up to 80%)
using an amino acid as an exogenous ligand and aryl iodides as
arylating reagents (Scheme 3).59 Here, they have used acetyl-
protected glycine (L1) as a ligand. The scope of this work was
also extended to b-C(sp3)–H arylation of N-protected alanine
exploiting pyridine-based ligands which eventually led the way
to unnatural amino acids.

Subsequently, the van Gemmeren group also reported a Pd-
catalyzed b-C(sp3)–H arylation of free carboxylic acids using aryl
iodides in excess relative to carboxylic acids and acetyl protected
b-alanine (L2) as a ligand (Scheme 4).60
Scheme 3 Pd-catalyzed b-C(sp3)–H arylation of aliphatic carboxylic
acids (Zhao et al., 2017).59

2554 | Chem. Sci., 2022, 13, 2551–2573
3.1.1.2. b-C(sp3)–H olenation. In 2018, the Yu group
designed a new bidentate thioether-based ligand (L3) to
promote b-C(sp3)–H olenation of a broad range of aliphatic
carboxylic acids followed by subsequent lactonization of the
olenated product. This is the rst example of a Pd-catalyzed b-
C(sp3)–H olenation of free carboxylic acids without using any
auxiliary. The methodology is supported by a large number of
substrates being converted in good to excellent yields (up to
96%). The g-lactone products can be further used for the
production of various important aliphatic acids, e.g., b-vinylated
acids and g-hydroxylated acids (Scheme 5).61
Scheme 5 Pd-catalyzed b-C(sp3)–Holefination of aliphatic carboxylic
acids (Yu et al., 2018).61

© 2022 The Author(s). Published by the Royal Society of Chemistry
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3.1.1.3. b-C(sp3)–H acetoxylation. Apart from arylation and
olenation reactions, even a b-C(sp3)–H acetoxylation was re-
ported by the van Gemmeren group in 2019 where phenyl-
iodine(III) diacetate (PIDA) was used as an acetoxylating agent
and the sodium salt of hexauoroisopropanol (HFIP) as an
additive. No external ligand was used here (Scheme 6).62

However, this protocol demands an excess amount of acid
substrate and is also restricted to tertiary carboxylic acids
(mostly pivalic acid and its derivatives). This shortcoming was
resolved by the Yu group who used acetic anhydride as the
acetoxylating agent and an acetyl protected a-amino acid as
a ligand (L4) in the presence of tert-butyl hydroperoxide (TBHP)
as the sole oxidant (Scheme 7).63 An array of aliphatic carboxylic
acids with or without a-quaternary centers was compatible
under such reaction conditions.

The transformation proceeds via a Pd(II)/Pd(IV) cycle, initi-
ated with the ligand coordination to Pd(OAc)2 generating
LPd(OAc). Aer that, Int-I gets generated via b-C(sp3)–H acti-
vation of sodium carboxylate. Subsequent oxidation of Int-I to
Int-II by tert-butyl hydroperoxide (TBHP) and ligand exchange
by acetic anhydride (Ac2O) produces Int-III. It is worth
mentioning here that strained four-membered lactones can also
be formed via selective reductive elimination from Int-II which
upon attack by nucleophiles delivers a plethora of b-C(sp3)–H
Scheme 7 Pd-catalyzed ligand-enabled monoselective b-C(sp3)–H
acetoxylation of free carboxylic acids using a practical oxidant (Yu
et al., 2020).63

Scheme 6 Pd-catalyzed direct b-C(sp3)–H acetoxylation of aliphatic
carboxylic acids (van Gemmeren et al., 2019).62

© 2022 The Author(s). Published by the Royal Society of Chemistry
functionalised acids (discussed in detail in Scheme 8). On the
other hand, reductive elimination of Int-III leads to the desired
b-acetoxylated product and regenerates the active species
LPd(OAc) (Scheme 8).

3.1.1.4. b-C(sp3)–H lactonization. Recently, a novel catalytic
strategy for the synthesis of b-lactones directly from free
carboxylic acids was achieved by the Yu group without using any
olen (Scheme 9).64 A variety of a-substituted aliphatic carbox-
ylic acids were converted into the corresponding b-lactone
derivatives in good to excellent yields using Pd(CH3CN)2Cl2 as
a catalyst, a monoprotected amino acid (MPAA) as a ligand (L5),
and tert-butyl hydroperoxide (TBHP) as an oxidant. TBHP hel-
ped to generate a Pd(IV) intermediate which upon reductive
elimination generated a b-lactone. The stronger Pd–OtBu bond
in the Pd(IV) intermediate mainly inuenced the selective
reductive elimination, i.e., b-lactone formation, preventing any
other side product formation through other rapid reductive
elimination processes. The steric bulk of the –OtBu group and
the larger bite angle of the monoprotected amino acid (MPAA)
ligand also played a crucial role in the reductive elimination
step by enhancing the rate of lactone formation.

This protocol was further extended to the late-stage modi-
cation of drug molecules. Gembrozil, a drug molecule used to
regulate the lipid level in blood, was transformed into its b-
lactone derivative with 92% yield. The b-lactone derivative
formed was then functionalised with a variety of nucleophiles
(e.g., alkyl, aryl, alkenyl, alkynyl, cyano, halogens, thiophenyl,
etc.) to generate different types of bond, such as C–C, C–N, C–O,
C–X (X ¼ halogen), and C–S at the b-position of that drug
molecule. Thus, the choice of an inexpensive oxidant TBHP and
the strategy to form different bonds at the b-positions of the
Scheme 8 Proposed catalytic cycle for the Pd-catalyzed b-C(sp3)–H
acetoxylation of free carboxylic acids (Yu et al., 2020).64

Chem. Sci., 2022, 13, 2551–2573 | 2555
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Scheme 9 Pd-catalyzed b-C(sp3)–H lactonization of aliphatic
carboxylic acids (Yu et al., 2020).64

Scheme 10 Pd-catalyzed direct b-C(sp3)–H alkynylation of free
carboxylic acids (van Gemmeren et al., 2020).65

Scheme 11 Pd-catalyzed late-stage b-C(sp3)–H deuteration of free
carboxylic acids (van Gemmeren et al., 2021).66
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substrate acids makes this protocol highly versatile in the
context of synthetic efficacy.

3.1.1.5. b-C(sp3)–H alkynylation. Last year, the van Gemme-
ren group identied a novel class of N-protected ethylene
diamine-based ligands (L6 and L7) which enabled the direct b-
C(sp3)–H alkynylation of free carboxylic acids (Scheme 10).65

Both a-quaternary and non-a-quaternary carboxylic acids per-
formed well under such reaction conditions where triisopro-
pylsilyl (TIPS) alkynyl bromide was used as an alkynylating
agent.

3.1.1.6. Late-stage b-C(sp3)–H deuteration. Very recently, the
van Gemmeren group reported a regioselective late-stage b-
C(sp3)–H deuteration of free carboxylic acids using
ethylenediamine-based ligands having 2,6-disubstituted ben-
zamide moieties (L8) and deuterated hexauoroisopropanol
(d1-HFIP) as a deuterating source (Scheme 11).66 This protocol
was further extended to deuteration of a wide array of bioactive
molecules having potential medicinal activities. Using this
methodology, they were also able to achieve deuteration at
nonactivated methylene b-C(sp3)–H bonds which had remained
untouched so far.

3.1.2. Distal C(sp3)–H activation
3.1.2.1. g-C(sp3)–H arylation. In 2019, one of our labs rst

reported the ligand-enabled Pd-catalyzed regioselective distal g-
C(sp3)–H arylation of aliphatic carboxylic acids without the help
of any exogenous directing group. We used a monoprotected
amino acid (L1) as a suitable ligand and base to switch the
equilibrium from k2 to k1, thus allowing the palladium to acti-
vate the distal g-C(sp3)–H bond and to access the g-arylated
2556 | Chem. Sci., 2022, 13, 2551–2573
aliphatic carboxylic acids in up to 88% yield. In contrast to the
previous reports where the diarylated product was formed due
to overreaction, it is important to mention that this protocol is
compatible with iterative diarylation carried out by sequential
incorporation of different aryl groups at other g-positions. But
the second arylation was performed at slightly higher temper-
ature (110 �C). The methodology was further extended to
synthesize substituted a-tetralone (Scheme 12).67 An optimiza-
tion study revealed that the use of the Na+ salt was crucial for
the reaction, which probably facilitated the k1 coordination
© 2022 The Author(s). Published by the Royal Society of Chemistry
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Scheme 12 Ligand-enabled Pd-catalyzed direct g-C(sp3)–H arylation
of free aliphatic carboxylic acids (Maiti et al., 2019).67

Scheme 14 Pd-catalyzed distal g-C(sp3)–H olefination of free
carboxylic acids (Yu et al., 2020).70
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mode of the carboxylate with palladium, and kinetic isotope
effect (KIE) experiments proved the C–H activation to be rate-
limiting.

Contemporarily, Shi and coworkers were also able to func-
tionalise the distal g-C(sp3)–H bond of amino acids and
respective peptide derivatives without the help of any exogenous
directing group using different electronically decorated aryl
iodides as coupling partners and silver phosphate (Ag3PO4) as
an additive which played a dual role of halide scavenger as well
as basic species to facilitate the C–H activation step.68

3.1.2.2. g-C(sp3)–H olenation. In 2020, the van Gemmeren
group, the Yu group and one of our labs reported g-C(sp3)–H
olenation of aliphatic carboxylic acids. The van Gemmeren
group designed a catalytic system to promote g-C(sp3)–H
Scheme 13 Ligand-enabled Pd-catalyzed direct g-C(sp3)–H olefina-
tion of free carboxylic acids (van Gemmeren et al., 2020).69

© 2022 The Author(s). Published by the Royal Society of Chemistry
olenation of aliphatic carboxylic acids followed by intra-
molecular Michael addition producing d-lactones in moderate
to good yields (Scheme 13).69 N-Acetyl-b-alanine (L2) was found
to be a suitable ligand. It is worth noting that this is the rst
report that supports a Pd(II)/Pd(0) catalytic cycle for distal g-
C(sp3)–H olenation.

Contemporaneously, Yu and one of our groups reported
a similar methodology to synthesize d-lactones under modied
conditions. In both cases, monoprotected a-amino acids
(MPAAs) were crucial to achieve high yields. While in Yu's work,
N-acetyl-a-phenylalanine (L9) (Scheme 14)70 turned out to be the
best ligand for the scheme, we found N-acetyl-a-valine (L10)
(Scheme 15)71 to be the most judicious choice of ligand. Using
Scheme 15 Lactone formation via Pd-catalyzed g-C(sp3)–H activa-
tion of free aliphatic carboxylic acids (Maiti et al., 2020).71
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various activated olens and maleimides as coupling partners
we also achieved both d-lactones and 3-lactones, respectively.

The mechanism involves a Pd(II)/Pd(0) catalytic cycle in
which a six-membered palladacycle gets formed because of the
k1 coordination mode of the carboxylate with Pd(II) in the
presence of Na+ salt. Both six- and seven-membered lactones
can be prepared using this protocol just by changing the olenic
coupling partner. A mechanistic study suggested C–H activation
as the rate-determining step (Scheme 16).

3.1.2.3. g-C(sp3)–H alkynylation. In 2020, the van Gemmeren
group reported a g-C(sp3)–H alkynylation of free aliphatic acids
Scheme 16 Proposed mechanistic cycle for g-lactone formation
(Maiti et al., 2020).71

Scheme 17 Pd-catalyzed direct g-C(sp3)–H alkynylation of free
carboxylic acids (van Gemmeren et al., 2020).65

2558 | Chem. Sci., 2022, 13, 2551–2573
where a novel class of N-protected ethylene diamine-based
ligand (L7) helps in the direct g-C(sp3)–H activation (Scheme
17).65 Here, triisopropylsilyl (TIPS) alkynyl bromide was used as
an alkynylating agent.

3.1.3. Benzylic C(sp3)–H activation. In 2011, the Martin
group developed a novel yet simple protocol to activate benzylic
C(sp3)–H bonds of free carboxylic acids to prepare biologically
active benzolactone scaffolds (Scheme 18).72 A wide array of
functional groups were well tolerated under such reaction
conditions and the mechanistic study revealed the C(sp3)–O
bond forming reductive elimination step as the rate-
determining step rather than C(sp3)–H bond cleavage.

A tentative mechanism proposed by the authors involves
a Pd(II)/Pd(0) cycle, where Ag(I) played a dual role in regenerat-
ing the catalyst as well as participating in the early
Scheme 18 Synthesis of benzolactones via Pd-catalyzed direct
benzylic C(sp3)–H activation of free carboxylic acids (Martin et al.,
2011).72

Scheme 19 Mechanistic hypothesis for benzolactone synthesis
(Martin et al., 2011).72

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Scheme 22 Pd-catalyzed enantioselective C(sp3)–H arylation of free
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transmetalation step. Benzylic C(sp3)–H activation followed by
C–O bond-forming reductive elimination leads to the formation
of product (Scheme 19).

Aer that, a Pd-catalyzed benzylic C(sp3)–H lactonization of
o-methyl benzoic acid substrates was reported by the Yu group
in 2020 using a 3-triuoromethyl-2-pyridone ligand (L12) and
molecular oxygen as an oxidant to construct a broad range of
important benzolactone molecules (Scheme 20).73

They also reported an olenation at the benzylic position of
free carboxylic acids to synthesize d-lactones under modied
conditions. A monoprotected a-amino acid (L9) was used to
achieve higher yields (Scheme 21).70

3.1.4. Enantioselective C(sp3)–H activation. The Yu group
rst designed a monoprotected aminoethyl amine (L13) as
a chiral ligand in 2018 to achieve an enantioselective Pd-
catalyzed C(sp3)–H arylation of a wide range of cyclopropane
carboxylic acids (Scheme 22).74 The group developed similar
methodology for arylation and vinylation reactions of cyclo-
propane and cyclobutane carboxylic acids using organoboron
reagents as coupling partners in the presence of either
Scheme 20 Ligand-enabled Pd-catalyzed C(sp3)–H lactonization
using O2 as an oxidant (Yu et al., 2020).73

Scheme 21 Pd-catalyzed distal g-C(sp3)–H olefination of free
carboxylic acids (Yu et al., 2020).70

carboxylic acids (Yu et al., 2018).74

© 2022 The Author(s). Published by the Royal Society of Chemistry
monoprotected amino acid ligands (L14) or monoprotected
aminoethyl amine ligands (L15) (Scheme 23).75
3.2. C(sp2)–H activations of carboxylic acids

Though carboxylate-directed C(sp3)–H activation is still in its
infancy, the use of carboxylic acids as native directing groups in
C(sp2)–H activation is well established.

3.2.1. Regioselective C(sp2)–H activation. Auxiliary-free
C(sp2)–H activation of aromatic carboxylic acids is so far
limited to the proximal ortho-position only. In contrast, a very
limited number of distal meta-C(sp2)–H activations have very
recently been performed either using carboxylic acids as tran-
sient mediators or incorporating the carboxylate moiety in
directing entities. However, carboxylic acid-directed para-
C(sp2)–H activation has still not been explored.

3.2.1.1. ortho-C(sp2)–H activation
3.2.1.1.1. ortho-C(sp2)–H arylation. In 2007, the Yu group

rst described an arylation of simple benzoic acids using phe-
nylboronic acids as coupling partners to synthesize arylated
benzoic acids in moderate to good yields (Scheme 24).58

In the same year, the Daugulis group reported two catalytic
methods for direct ortho-C(sp2)–H activation of benzoic acids.
The rst method is applicable to the arylation of electron-rich to
moderately electron-decient benzoic acids using an aryl iodide
as a coupling partner in acetic acid as solvent and stoichio-
metric silver acetate for iodide removal. The second method
employs an aryl chloride as a coupling partner, n-butyl-di-1-
adamantylphosphine as a ligand, cesium carbonate as a base,
and DMF as solvent. This procedure is suitable for both
electron-rich and electron-decient benzoic acids (Scheme
25).76

The following year, the Yu group disclosed another arylation
strategy using aryl triuoroborates as coupling partners in the
Chem. Sci., 2022, 13, 2551–2573 | 2559
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Scheme 23 Enantioselective Pd-catalyzed C(sp3)–H arylation and
vinylation of free carboxylic acids (Yu et al., 2019).75

Scheme 24 Pd-catalyzed ortho-C(sp2)–H arylation of benzoic acids
(Yu et al., 2007).58

Scheme 25 Pd-catalyzed direct ortho-C(sp2)–H arylation of benzoic
acids (Daugulis et al., 2007).76

Scheme 26 Pd-catalyzed ortho-C(sp2)–H arylation of benzoic acids
and phenylacetic acids (Yu et al., 2008).77

Scheme 27 Pd-catalyzed ortho-C(sp2)–H arylation of phenylacetic
acids (Yu et al., 2011).78
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absence of silver salt; instead, benzoquinone with oxygen (O2)
was used as an oxidant. Both benzoic acids and phenylacetic
acids gave the desired ortho-arylated products in good to
excellent yields (Scheme 26).77
2560 | Chem. Sci., 2022, 13, 2551–2573
In 2011, they further extended the aforementioned arylation
strategy using a mono-N-protected amino acid (L16) as a ligand,
silver carbonate (Ag2CO3) as an oxidant, and the same aryltri-
uoroborates as coupling partners. Following this protocol,
© 2022 The Author(s). Published by the Royal Society of Chemistry
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Scheme 30 Pd-catalyzed ortho-C(sp2)–H arylation of benzoic acids
at ambient temperature (Su et al., 2015).81
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they were able to synthesize a wide array of ortho-substituted
phenylacetic acid derivatives in good yields (Scheme 27).78 The
reaction underwent a Pd(II)/Pd(0) catalytic cycle initiated by
substrate coordination followed by C–H bond cleavage. Subse-
quent transmetalation followed by reductive elimination gave
the desired arylated product (Scheme 28).

In 2013, Larrosa and coworkers devised a protocol for aryla-
tion of ortho-substituted benzoic acids.79 As ortho-disubstituted
compounds readily undergo protodecarboxylation in the pres-
ence of a metal, to overcome such difficulty they used silver
carbonate (Ag2CO3) as an oxidant and potassium carbonate
(K2CO3) as an additive, and were able to synthesize several
sterically hindered 2-aryl 6-substituted benzoic acids in good
yields (Scheme 29). Later on, they replaced the Ag(I) salt with an
inexpensive and organic analogue, tetramethylammonium
acetate (NMe4OAc), used for in situ catalyst generation and
developed a silver-free Pd-catalyzed ortho-C(sp2)–H arylation
method with a variety of substrates, such as benzoic acids,
benzamides, and different heterocyclic compounds.80

Aer two years, the Su group developed a novel strategy for
ortho-C(sp2)–H arylation of unactivated electron-decient ben-
zoic acids using aryl iodides as coupling partners and
a monoprotected amino acid (L16) as a ligand (Scheme 30).81
Scheme 28 Proposed catalytic cycle for Pd-catalyzed ortho-C(sp2)–
H arylation of phenylacetic acids (Yu et al., 2011).78

Scheme 29 Pd-catalyzed ortho-C(sp2)–H arylation of ortho-
substituted benzoic acids (Larrosa et al., 2013).79

© 2022 The Author(s). Published by the Royal Society of Chemistry
Using this protocol, a wide range of ortho-arylated benzoic acids
was synthesized in moderate to excellent yields at ambient
temperature.

The choice of the solvent was crucial as hexa-
uoroisopropanol (HFIP) was responsible for such mild reac-
tion conditions. HFIP, being a strong proton donor, helped the
metal to come into close proximity of a particular C–H bond and
stabilized the metallacycle formed.82 Furthermore, a kinetic
study suggested the role of the ligand in accelerating the C–H
activation step and also in improving the lifetime of the catalyst.

In the same year, Yu and coworkers reported a high yielding
monoselective ortho-arylation of enantiopure pivaloyl- or acetyl-
protected mandelic acid derivatives without using any external
ligand (Scheme 31). Apart from arylation, they also developed
different conditions for acetoxylation, iodination and olena-
tion of mandelic acid and a-phenyl glycine derivatives. While
other functionalisations do not require any external ligands,
during olenation, monoselectivity was dependent on the
choice of the monoprotected amino acid (MPAA ligand).83

3.2.1.1.2. ortho-C(sp2)–H alkylation. In 2007, the Yu group
rst reported the methylation of simple benzoic acids using
methyl boronic acids as coupling partners to synthesize o-toluic
acids in moderate to good yields (Scheme 32).58

Aer that, in 2009 they developed another alkylation method
using alkyl halides as coupling partners under silver-free
conditions providing a new route to benzolactones
(Scheme 33).84
Scheme 31 Pd-catalyzed ortho-C(sp2)–H arylation of mandelic acid
and a-phenylglycine (Yu et al., 2015).83
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Scheme 32 Pd-catalyzed ortho-C(sp2)–H methylation of benzoic
acids (Yu et al., 2007).58

Scheme 33 Pd-catalyzed ortho-C(sp2)–H alkylation of benzoic acids
with alkyl halides (Yu et al., 2009).84
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A few years later, they tried to disclose another ortho-alkyl-
ation method of aryl carboxylic acids using alkyl tri-
uoroborates as coupling partners and a monoprotected amino
acid (L17) as a ligand which played a crucial role in C–H bond
cleavage. They found that both electron-decient and electron-
rich substrates were compatible under the reaction conditions
(Scheme 34).85

Despite the extensive applicability of such high yielding
protocols in academia, Pd-catalyzed C–H activation reactions
are oen associated with high catalyst loading, harsh reaction
Scheme 34 Ligand-accelerated Pd-catalyzed ortho-C(sp2)–H alkyl-
ation of aryl carboxylic acids using alkyl boron reagents (Yu et al.,
2013).85

2562 | Chem. Sci., 2022, 13, 2551–2573
conditions and the use of Ag salts as oxidants which result in
some practical problems for industrial applications. To address
such hurdles, in 2015 the Yu group came up with a relatively
benign method using a new alkylating agent. An epoxide (in
which the carbon atoms are in a higher oxidation state than in
an alkene) was employed to synthesize 3,4-dihydroisocoumarin
derivatives in one step. The reaction underwent ortho-C(sp2)–H
alkylation followed by C–O cyclization. Both terminal and
internal epoxides performed well (Scheme 35).86

3.2.1.1.3. ortho-C(sp2)–H olenation. Carboxylate directed
C(sp2)–H olenation was rst explored by the Larock group in
1984. The reaction proceeded via an electrophilic thallation,
followed by a Pd-catalyzed olenation of the arylthallium
intermediate with simple alkenes and subsequent cyclization to
yield isocoumarin derivatives (Scheme 36).87

In 1998, the Miura group came up with a Pd/Cu-co-catalyzed
olenation strategy of several substituted benzoic acids with
butyl acrylate and styrene to synthesize benzolactones under
thallium-free conditions.88

Aer that, in 2010, Yu and coworkers designed a ligand-
dependent catalytic system to perform C(sp2)–H olenation of
a wide range of synthetically useful phenylacetic acids using
molecular oxygen as the terminal oxidant (Schemes 37 (ref. 89)
and 38 (ref. 90)). They clearly mentioned the role of a monop-
rotected amino acid as a ligand which was responsible for
changing the mechanism of C–H bond cleavage from an
Scheme 35 Synthesis of 3,4-dihydroisocoumarins via Pd-catalyzed
ortho-C(sp2)–H alkylation using epoxides (Yu et al., 2015).86

Scheme 36 Synthesis of isocoumarins via Pd-catalyzed thallation–
olefination of benzoic acids (Larock et al., 1984).87

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Scheme 37 Pd-catalyzed ortho-C(sp2)–H olefination of arene
carboxylic acids (Yu et al., 2010).89

Scheme 38 Ligand-accelerated Pd-catalyzed ortho-C(sp2)–H olefi-
nation of arene carboxylic acids (Yu et al., 2010).90

Scheme 39 Proposed catalytic cycle for ligand-accelerated Pd-
catalyzed ortho-C(sp2)–H olefination of arene carboxylic acids (Yu
et al., 2010).90

Scheme 40 Sequential Pd-catalyzed ortho-C(sp2)–H olefination of
arene carboxylic acids (Yu et al., 2010).91
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electrophilic palladation to a concerted metalation–deprotona-
tion (CMD) (Scheme 39).90 Using a similar concept, they further
reported sequential ortho-C(sp2)–H olenation of phenylacetic
acid derivatives (Scheme 40).91

Aer that, in 2013, the Lee group developed a straightfor-
ward protocol for the synthesis of isocoumarins and 3-benzyli-
denephthalides via Pd-catalyzed C–H olenation followed by
oxidative coupling of benzoic acids and vinyl arenes. The
directing ability of various substituents helps in the formation
of both lactones in pure form (Scheme 41).92

In 2019, the Zeng group designed a carboxylate-directed
domino C(sp2)–H activation strategy to synthesize pyrano[4,3-
b]indole-1[5H]-one motifs from readily available indole-3-
carboxylic acids and olens via carboxylate-directed sequential
ortho-C(sp2)–H alkenylation and remote olenic C(sp2)–H acti-
vation (or lactonization). This strategy proved to be superior
with respect to the selectivity being obtained in the reaction of
the carboxylic acids with acrylates through a conventional
Michael addition (Scheme 42).93

3.2.1.1.4. ortho- and other proximal C(sp2)–H carboxylations.
In 2008, Yu and coworkers designed a simple protocol to
synthesize dicarboxylic acids, which was the rst Pd-catalyzed
reaction for direct carboxylation of benzoic acids and phenyl-
acetic acid derivatives. The rst palladacycle generated from
a carboxylic acid was characterized by X-ray crystallography.
© 2022 The Author(s). Published by the Royal Society of Chemistry
They further extended this protocol for carboxylation of vinylic
C–H bonds (Scheme 43).45

3.2.1.1.5. ortho-C(sp2)–H halogenation. In 2008, the Yu group
rst reported ortho-C(sp2)–H halogenations of a wide range of
arene carboxylic acids using iodoacetic acid (IOAc) and N-bro-
mosuccinimide (NBS) as the halogenating source (Scheme 44).94
Chem. Sci., 2022, 13, 2551–2573 | 2563
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Scheme 41 Synthesis of isocoumarins and 3-benzylidenephthalides
via ligand-free Pd-catalyzed oxidative coupling of benzoic acids and
vinyl arenes (Lee et al., 2013).92

Scheme 42 Pd-catalyzed carboxylate-directed domino C(sp2)–H
activation strategy (Zeng et al., 2019).93

Scheme 43 Pd-catalyzed carboxylation of aryl and vinyl C(sp2)–H
bonds (Yu et al., 2008).45

Scheme 44 Pd-catalyzed monoselective ortho-halogenation of
C(sp2)–H bonds of arene carboxylic acids (Yu et al., 2008).94

Scheme 45 Pd-catalyzed monoselective ortho-iodination of phe-
nylacetic acids (Yu et al., 2010).95

Scheme 46 Pd-catalyzed carboxylate-assisted ortho-C(sp2)–H
iodination of arenes (Li et al., 2021).96

Scheme 47 Pd-catalyzed ortho-amidation of arene carboxylic acids
(Yu et al., 2012).97
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Two years later, they devised another novel strategy for
monoselective ortho-iodination of phenylacetic acids using
Pd(OAc)2 as a catalyst. Late-stage functionalisation and concise
synthesis of drug molecules make this protocol versatile in the
context of synthetic utility (Scheme 45).95
2564 | Chem. Sci., 2022, 13, 2551–2573
Very recently, the Li group reported ortho-selective iodin-
ation of hydrocinnamic acids utilizing an aryl iodide as the
unique source of iodine employing the very carboxylate based
directing group (Scheme 46).96

3.2.1.1.6. ortho-C(sp2)–H amidation. Pd-catalyzed C(sp2)–H
amidation was rst reported by the Yu group in 2012. They
synthesized anthranilic acids from lithium carboxylates with
high regioselectivity using ethyl mesitylsulfonyloxycarbamates
as amidating reagents (Scheme 47).97

3.2.1.1.7. ortho-C(sp2)–H acylation. Pd-catalyzed ortho-acyl-
ation of benzoic acids was rst explored by Ge and coworkers by
employing a-oxocarboxylic acids as acylating reagents. An array
of benzoic acids and a-oxocarboxylic acids performed well
under such reaction conditions and gave the desired acylated
products in good to excellent yields (Scheme 48).98

3.2.1.1.8. ortho-C(sp2)–H deuteration. In 2014, the Yu group
reported a Pd-catalyzed ortho-deuteration of several arene
© 2022 The Author(s). Published by the Royal Society of Chemistry
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Scheme 48 Pd-catalyzed ortho-acylation using a-oxocarboxylic
acids (Ge et al., 2013).98

Scheme 49 Pd-catalyzed ortho-deuteration of arene carboxylic acids
(Yu et al., 2014).99

Scheme 51 Tautomeric ligand-enabled Pd-catalyzed ortho-C(sp2)–H
hydroxylation of arene carboxylic acids (Yu et al., 2021).101
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carboxylic acids using [D4]acetic acid as a deuterium source. A
number of substituted phenylacetic acids and benzoic acids
were deuterated at ortho-positions in good to excellent yields
(Scheme 49).99

3.2.1.1.9. ortho-C(sp2)–H hydroxylation. ortho-C(sp2)–H
hydroxylation was rst explored by the group of Yu in 2009. An
18O labeling study supported the role of oxygen (O2) as the
hydroxylation source (Scheme 50).100

Very recently, they designed a bifunctional tautomeric ligand
(L20) containing pyridone and pyridine moieties to hydroxylate
the ortho-C(sp2)–H bonds of a wide array of arene carboxylic
acids including the heterocyclic compounds which were previ-
ously inaccessible. O2 was used as a hydroxylating source and
Pd(OAc)2 as a catalyst. The pyridone motif of the ligand accel-
erates the C–H bond cleavage step and the pyridine motif helps
in O2 activation (Scheme 51).101

3.2.1.2. Distal C(sp2)–H activation
3.2.1.2.1. meta-C(sp2)–H arylation. Distal C(sp2)–H activa-

tion is mainly dependent on the template (or directing group)
based strategy which proceeds via a high energy demanding
macrocyclic transition state to reach a particular distal C(sp2)–H
bond. The main drawback of this strategy is that installation
and removal of the template (or directing group) require extra
steps. In this context, the Catellani reaction offers a good
alternative to this previously well-explored strategy.102 It was
Scheme 50 Pd-catalyzed ortho-hydroxylation of C(sp2)–H bonds of
arene carboxylic acids (Yu et al., 2009).100

© 2022 The Author(s). Published by the Royal Society of Chemistry
introduced by Prof. Marta Catellani103 and later brilliantly
applied in meta-C(sp2)–H alkylation by the Yu group104

employing norbornene as a transient mediator. This strategy
involves a Pd-relay chemistry which helps in switching the
ortho-selectivity to meta-selectivity in C(sp2)–H activation of the
same substrate bearing a simple ortho-directing group by cata-
lyst control.

In 2017, the Yu group applied this Pd-relay chemistry in
ligand-controlled auxiliary-free meta-C(sp2)–H arylation of phe-
nylacetic acids using various aryl iodides as coupling partners,
2-carbomethoxynorbornene (NBE-CO2Me) as a transient medi-
ator, and monoprotected 3-amino-2-hydroxypyridine (L21) as
a ligand. They further extended this strategy for the free meta-
arylation of mandelic acid and phenylglycine (Scheme 52).105

While previously the k1 coordination mode of carboxylates
was utilized extensively for ortho-functionalisations of benzoic
acids, in 2019, Li and co-workers reported for the rst time
a remote meta-selective directing group exploiting the k2 coor-
dination of the carboxylates. It was hypothesized that the
Scheme 52 Pd-catalyzed auxiliary-free meta-C(sp2)–H arylation of
phenylacetic acids (Yu et al., 2017).105
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Scheme 53 Pd-catalyzed carboxylate-assisted meta-C(sp2)–H aryla-
tion of hydrocinnamic acid derivatives (Li et al., 2019).106

Scheme 55 Pd-catalyzed carboxylate-assisted meta-C(sp2)–H olefi-
nation of hydrocinnamic acid derivatives (Li et al., 2019).106
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absence of metal counterions made the PdII carboxylate
complex adopt k2 coordination over k1. This strategy was found
to be well compatible with both Pd/Pd0 and PdII/PdIV (or PdII/
PdIII) catalytic cycles featuring meta-arylation of hydrocinnamic
acid derivatives (Schemes 53).106

This work was further extended to a series of benzylsulfo-
namide derivatives by the same group in 2020 (Schemes 54).53

3.2.1.2.2. meta-C(sp2)–H olenation. In 2019, the Li group
reported the rst carboxylate-assisted remote meta-selective
olenation of hydrocinnamic acid derivatives. Here, in the
absence of metal counterions k2 coordination of the
Scheme 54 Pd-catalyzed carboxylate-assisted meta-C(sp2)–H ary-
lation of benzylsulfonamides (Li et al., 2020).53

2566 | Chem. Sci., 2022, 13, 2551–2573
carboxylates became more facile than k1 coordination and the
protocol was compatible with both Pd/Pd0 and PdII/PdIV (or PdII/
PdIII) catalytic cycles (Schemes 55).106 The following year, they
applied the same strategy to a series of benzylsulfonamide
derivatives (Schemes 56).53

3.2.1.2.3. meta-C(sp2)–H iodination. Very recently, the Li
group devised a meta-selective iodination strategy of hydro-
cinnamic amides utilizing an aryl iodide as the iodinating
source employing the very carboxylate based directing group
(Scheme 57).96
Scheme 56 Pd-catalyzed carboxylate-assisted meta-C(sp2)–H olefi-
nation of benzylsulfonamides (Li et al., 2020).53

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Scheme 57 Pd-catalyzed carboxylate-assisted meta-C(sp2)–H
iodination of arenes (Li et al., 2021).96

Scheme 58 Pd-catalyzed enantioselective C(sp2)–H olefination of
diphenylacetic acids (Yu et al., 2010).107

Scheme 59 Pd-catalyzed enantioselective C(sp2)–H activation/C–O
bond formation (Yu et al., 2013).108
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3.2.2. Enantioselective C(sp2)–H activation. Though Pd-
catalyzed C(sp2)–H activation of free carboxylic acids is well
explored, the enantioselective version of these reactions
through stereoselective palladium insertion has become
a signicant challenge and is still in its infancy.

In 2010, the Yu group demonstrated the Pd-catalyzed enan-
tioselective C(sp2)–H olenation of diphenylacetic acids using
a monoprotected a-amino acid (L23) as a chiral ligand (Scheme
58).107

Three years later, they reported the synthesis of chiral ben-
zofuranonemotifs via Pd-catalyzed C(sp2)–H activation followed
by intramolecular C–O bond formation. This was the rst
example of a Pd-catalyzed enantioselective C(sp2)–H activation
through a rare Pd(II)/Pd(IV) catalytic cycle (Scheme 59).108
Scheme 60 Pd-catalyzed decarboxylation of aromatic carboxylic
acids (Kozlowski et al., 2007).109

Scheme 61 Pd-catalyzed meta-selective direct C–H arylation (Lar-
rosa et al., 2011).110
4. Carboxylic acids as traceless
directing groups

The utilization of carboxylic acids is not limited to native
directing groups; they can also be used as removable directing
groups for C–H activation of arenes. In such a case, they at rst
direct to their proximal C–H bond for the metalation and
eventually dissociate via a decarboxylation process upon
completion of the directed C–H functionalisation. Several
reports109–115 are already available in the literature. All of them
have been systematically compiled by Larrosa and coworkers in
a review,15 and some of the examples are discussed here.
© 2022 The Author(s). Published by the Royal Society of Chemistry
Kozlowski and coworkers rst developed Pd-catalyzed
decarboxylation of aromatic carboxylic acids in 2007. They
showed that electron-rich bis-ortho-substituted aromatic acids
underwent decarboxylation under mild conditions. This reac-
tion worked especially well for sterically hindered carboxylic
acids (Scheme 60).109

Later, in 2011, the Larrosa group came up with a new
protocol of formal meta-selective direct C–H arylation using
iodoarenes as coupling partners and carboxylic acids as trace-
less directing groups (Scheme 61).105 This method was
compatible with a wide variety of electron-donating and
electron-withdrawing groups at the meta-position through
bypassing the electronic preferences of substituents in arene
rings. This strategy provides an efficient alternative to expensive
Suzuki couplings to access meta-substituted biaryl compounds.

Then, in 2015, they utilized a similar concept to investigate
the Pd-catalyzed tandem arylation/protodecarboxylation of
readily available salicylic acids (Scheme 62).106 Here, [1,3-
Chem. Sci., 2022, 13, 2551–2573 | 2567
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Scheme 62 Pd-catalyzed C–H arylation/decarboxylation of salicylic
acids (Larrosa et al., 2015).111

Scheme 64 Proposedmechanism for Pd-catalyzed cascade synthesis
of acenes (Hong et al., 2016).112
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bis(2,6-diisopropylphenyl)imidazole-2-ylidene](3-chloropyridyl)
palladium(II) dichloride (PEPPSI™-IPr) was found to be the best
catalyst, leading to a wide array of meta-arylated phenols with
good regioselectivity. These meta-arylated phenols can be easily
transformed into a variety of meta-substituted biaryls to high-
light the versatility of this approach.

The following year, Hong and coworkers devised a Pd-
catalyzed cascade reaction via a traceless directing group
approach starting from di(hetero)aryl acetic acids and acrylates
(Scheme 63).112

The overall strategy involved carboxyl-directed C–H
alkenylation/carboxyl-directed secondary C–H activation and
rollover/intramolecular C–C bond formation/decarboxylative
aromatization as key steps. This method was compatible with
a wide range of substituents, leading to several synthetically
useful anthracene derivatives. It also provides a convenient
route to access various useful structural motifs, polyacenes,
heteroacenes, etc. The mechanism proposed by the author is
shown in Scheme 64.
5. Synthetic applications

As shown in the previous chapters, the Pd-catalyzed carboxylate-
assisted C–H activation has been established as a powerful tool
in synthetic chemistry. Along with the development of the
methodologies, the range of synthetic applications was also
investigated because carboxylic acids not only enable easier
access to valuable products via synthetic precursors or key
intermediates but are also important functionalities in
numerous drug molecules, agrochemicals and natural
products.

The synthesis of 2-tetralone and naphthoic acid natural
product cores, and the diversication of commercial drug
scaffolds were demonstrated by the Yu group in 2009 via an aryl
Scheme 63 Pd-catalyzed cascade synthesis of acenes (Hong et al.,
2016).112

2568 | Chem. Sci., 2022, 13, 2551–2573
C–H olenation approach (Scheme 65).89 Through this, a simple
one-step elaboration of nonsteroidal anti-inammatory drugs
(NSAIDs, e.g. ibuprofen and naproxen) was shown. Further-
more, 2,3-dimethoxyphenylacetic acid was used as a simple
feedstock to obtain an olenated intermediate (Scheme 65,
third row) that subsequently gave, in a four-step straightforward
sequence, a 2-tetralone derivative. Additionally, structural
components of the natural products of neocarzinostatin and
kedarcidin were obtained with the aid of either protecting
group- or ligand-controlled position selectivity. In the rst case,
a triisopropylsilyl group affords the selective synthesis of the
olen which is then further transformed by procedures reported
in the literature (Scheme 65, PG-controlled olenation).
Notably, a regioselective olenation can be achieved by the
introduction of amino acid derivatives as ligands. An inter-
esting example is given by the synthesis of the naphthoic acid
core of kedarcidin via an olenated intermediate (Scheme 65,
ligand-controlled olenation).

In 2010, Yu and co-workers again amended the synthetic
toolbox of carboxylate-assisted C–H activation by an ortho-
iodination protocol (Scheme 66).95 Besides the general utility of
this methodology, they present another possibility for an
expedient alteration of several nonsteroidal anti-inammatory
drugs (NSAIDs). Furthermore, a short two-step procedure for
both lumiracoxib and diclofenac was developed.

As mentioned at the beginning of this chapter, carboxylic
acids are ubiquitous motifs in nature. An example is (+)-lith-
ospermic acid that bears even two –COOH groups. Concerning
the C–H olenation approach mentioned above, this has to be
considered as the key step in the total synthesis of natural
products. Indeed, in 2011, a highly convergent and simplied
route was published to obtain an antiviral agent by a late-stage
coupling of the olen unit and the dihydrobenzofuran core
(Scheme 67).116 Despite uncertainties like side reactions on
more electron-rich arene moieties, and the possibility of
a favorable or unfavorable dihedral angle, the anticipated
© 2022 The Author(s). Published by the Royal Society of Chemistry
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Scheme 65 Site-selective Pd-catalyzed aryl C–H olefination (Yu et al.,
2009).89

Scheme 66 Pd-catalyzed drug synthesis and diversification (Yu et al.,
2010).95

Scheme 67 Total synthesis of (+)-lithospermic acid via late-stage Pd-
catalyzed C–H olefination (Yu et al., 2011).116

Scheme 68 Pd-catalyzed C–H alkylation in the synthesis of
117
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transformation succeeded with a yield of 93%. This result
emphasizes not only the directing power of the carboxylate but
also the importance of the amino acid ligand (cf. table in
Scheme 67).

Two years later, the groups of Baran and Yu collaborated for
a ligand-accelerated C–H alkylation. The site-selective reaction
was integrated into the synthesis of the natural product
(+)-hongoquercin and thereby served as another example for the
feasibility of the Pd-catalyzed C–H bond activation directed by
a carboxylic acid (Scheme 68).117 Aer optimization of the
reaction using m-toluic acid as a model substrate, potassium
methyltriuoroborate (MeBF3K) emerged as the best alkyl
source and Boc-protected phenylalanine as a ligand of choice.
The site-selective methylation afforded the (+)-hongoquercin A
precursor in a reasonable yield of 45% along with 15% of doubly
methylated side product and 32% of recovered starting mate-
rial. However, the nal and subsequent Pd-catalyzed C–H
oxidation step resulted in a diminished yield of only 15%.
(+)-hongoquercin A (Yu and Baran et al., 2013).

© 2022 The Author(s). Published by the Royal Society of Chemistry Chem. Sci., 2022, 13, 2551–2573 | 2569

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d1sc05392b


Scheme 71 Total synthesis of (�)-russujaponol F (Yu et al., 2021).119
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Later, in 2015, the Lei group used the power of the Pd-
catalyzed C–H activation in a challenging total synthesis of
the monoamine oxidase inhibitor (�)-incarviatone A (Scheme
69).118 Starting with inexpensive phenylacetic acid they per-
formed a C–H alkylation as an initial step for the introduction of
a propyl substituent on a gram scale (A). Aer further steps that
built up the indane backbone, the benzylic carboxylic acid
paved the way for iodination in the distal position (B).

The van Gemmeren lab provided a method for the b-C(sp3)–
H activation of propionic acid and other aliphatic acids in 2017
(Scheme 70).60 Also, this transformation was accelerated by an
amino acid derivative and gave reasonable yields even without
the supporting Thorpe–Ingold effect. In addition to a broad
substrate scope, the authors disclosed another possibility to
obtain the bait marker iophenoxic acid in three steps starting
from 2-methylbutanoic acid.

Recently, the group of Yu published another study that
highlights the synthetic utility of the carboxylate-assisted C–H
activation catalyzed by palladium and thereby provides a fast
access to tetralin, chromane and indane core structures. Finally,
they applied their approach in a four-step synthesis of (�)-rus-
sujaponol F (Scheme 71).119 In the rst coupling, pivalic acid
was attached to the phenylacetic acid derivative using Pd(OAc)2
Scheme 69 Pd-catalyzed gram-scale procedures for the total
synthesis of (�)-incarviatone A (Lei et al., 2015).118

Scheme 70 Synthesis of iophenoxic acid via b-C(sp3)–H arylation (van
Gemmeren et al., 2017).60

2570 | Chem. Sci., 2022, 13, 2551–2573
and an acetylated aminoethyl phenyl sulde as a ligand.
Subsequently, this product was subjected to optimized condi-
tions with an F+-source as an oxidant to afford the indane motif
by cyclizing C(sp3)–H/C(sp2)–H coupling.

6. Conclusion and outlook

Pd-catalyzed C–H activation of free carboxylic acids has evolved as
an interesting and widely recognized topic in the domain of C–H
functionalisation. Extensive research has been carried out around
the globe on this topic by a number of renowned research groups
showcasing the multifaceted role of carboxylic acids in C–H acti-
vation. The major advantage of carboxylic acids is that it is
a potential directing group for C(sp3)–H and C(sp2)–H bond func-
tionalisations. Being a native directing group, it excludes extra
effort to attach and detach an external unit as a directing entity. The
extent of this directing ability has reached distal g-positions of free
aliphatic carboxylic acids, while in case of arene systems carbox-
ylate motifs have been used for meta-C–H olenation. The current
state-of-the-art demands propagation towards even farther posi-
tions of aromatic and aliphatic systems. In this aspect, exposure to
base metals and rare transition metals other than palladium is
scarce. A systematic development to close this loophole is of utmost
importance apart from their application as chelating groups,
carboxylic acids are well-established additives. However, a thorough
mechanistic study to shine light on their role as additives is yet to
be performed. Therefore, a number of aspects in this emerging
topic are expected to reveal a lot more, which will eventually add
signicant value to the work of chemists in academia and industry.

Author contributions

S. D., T. B., F. J. G., and M. B. prepared the original dra. D. M.
and D. B. W. supervised and edited the manuscript.

Conflicts of interest

There are no conicts to declare.
© 2022 The Author(s). Published by the Royal Society of Chemistry

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d1sc05392b


Review Chemical Science

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

0 
Ja

nu
ar

y 
20

22
. D

ow
nl

oa
de

d 
on

 1
/1

4/
20

26
 5

:0
3:

23
 P

M
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.
View Article Online
Acknowledgements

This work was generously supported by SERB India (CRG/2018/
003951) and research fellowships from PMRF-India (S. D.) and
UGC-India (T. B.). D.M. and D. B. W. are grateful to the Alex-
ander von Humboldt Foundation (Humboldt Research Fellow-
ship for Experienced Researchers to D. M.). D. B. W. thanks the
German Science Foundation (We2932/7-2).

References

1 C. Lamberth and J. Dinges, Bioact. Carboxylic Compd.
Classes Pharm. Agrochem., 2016, vol. 1.
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