SYNTHESIS0039-78 1 437-210X
© Georg Thieme Verlag Stuttgart · New York
2020, 52, 479–488

479

short review
en

Syn thesis

Short Review

A. Uttry, M. van Gemmeren

Direct C(sp3)–H Activation of Carboxylic Acids
Alexander Uttrya
0-038-579

O

a

Westfälische Wilhelms-Universität-Münster, Corrensstr. 40,
48149 Münster, Germany
mvangemmeren@uni-muenster.de
b
Max-Planck-Institut für Chemische Energiekonversion,
Stiftstr. 34–36,
45470 Mülheim an der Ruhr, Germany
Published as part of the Bürgenstock Special Section 2019
Future Stars in Organic Chemistry

Received: 27.08.2019
Accepted after revision: 30.09.2019
Published online: 17.10.2019
DOI: 10.1055/s-0039-1690720; Art ID: ss-2019-z0484-sr

Abstract Carboxylic acids are important in a variety of research fields
and applications. As a result, substantial efforts have been directed towards the C–H functionalization of such compounds. While the use of
the carboxylic acid moiety as a native directing group for C(sp2)–H
functionalization reactions is well established, as yet there is no general
solution for the C(sp3)–H activation of aliphatic carboxylic acids and
most endeavors have instead relied on the introduction of stronger directing groups. Recently however, novel ligands, tools, and strategies
have emerged, which enable the use of free aliphatic carboxylic acids in
C–H-activation-based transformations.
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1

Introduction

Carboxylic acids are important building blocks in organic chemistry. They are readily available, cheap and abundant, and are therefore frequently used in organic chemistry as starting materials, synthetic intermediates, or products.1 In Nature the carboxylic acid moiety is part of amino
acids, fatty acids, keto-acids, and a variety of other essential
molecules. In industry carboxylic acids serve as bulk chemicals and are converted into solvents, agrochemicals, or
pharmaceuticals. Carboxylic acids can be obtained easily
via the oxidation of alcohols or alkanes and can be convert-
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ed further into a variety of other useful functional groups.
Besides this well-known organic chemistry textbook methodology, several further strategies have recently emerged
for the use of carboxylic acids.2 The photoredox chemistry
of carboxylic acids and their corresponding redox active esters has been shown to be a powerful tool to generate alkyl
radicals that can be used in a variety of transformations.3
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Besides these decarboxylative methods, there is a substantial interest in the use of the carboxylic acid moiety as a
native directing group for C–H activation/functionalization
reactions. Such reactions are highly interesting because
they bear the potential to rapidly access complex molecules
without the need for prefunctionalization.4 Importantly, C–H
activation has also found increasing applications in natural
product synthesis.5 For aromatic carboxylic acids it has
been shown that the carboxylic acid functionality can be
employed as a directing group in a variety of cases.6 However, for the carboxylic acid directed activation of aliphatic C–H
bonds, only a limited number of examples have been reported. This type of C–H activation has proven challenging,
presumably due to high activation entropies and a lack of
pre-coordination of the transition metal to the aromatic system, which is often observed for aromatic substrates.
In this short review we discuss the current state of aliphatic carboxylic acid directed C–H activation/functionalization processes, focusing on the major difficulties encountered in catalyst development and the strategies that
have been employed to address them.

2 Challenges in the C(sp3)–H Bond Activation of Carboxylic Acids
In general, aliphatic C–H activation processes face the
challenge presented by the high thermodynamic stability
and the relatively non-polar character of the aliphatic C–H
bond, which often renders the insertion of the transition
metal into the C–H bond the key step of the respective catalytic cycle.7 To achieve the C–H activation the transition
metal has to be in close proximity to the respective C–H
bond. This is often achieved by using directing groups,
where a pre-coordination places the transition metal close
to the targeted C–H bond. The acceleration by this so-called
complexation-induced proximity effect (CIPE) is often required for a reaction to occur.8 Additionally, this pre-coordination also dictates the regioselectivity of the C–H activation process. While this directing group approach has been
shown to be very successful, the use of the free carboxylic
acid moiety as a native directing group remains highly attractive. However, it also features several additional key
challenges (Scheme 1).9,10
Compared to ligands and substrates containing strongly
binding subunits like nitrogen-based heterocycles, carbenes, or phosphines, the carboxylic acid moiety is only weakly
coordinating to transition metals. Therefore, the carboxylic
acid can easily be replaced by other anions present in the
reaction mixture (Scheme 1, a). This type of equilibrium reduces the amount of reactive species in the system and is
thus detrimental to the overall reaction efficiency.
When bound to the transition metal catalyst, the carboxylic acid moiety can engage in two different coordination modes to the metal center (Scheme 1, b).7 In the typi-
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Scheme 1 Challenges associated with the carboxylic acid moiety as a
directing group

cally favored 2-coordination mode the metal is coordinated to both oxygen atoms of the carboxylate, whereas in the
1-coordination mode only a single lone pair of one oxygen
atom coordinates to the metal.11 Of these, only the 1-coordinated complex can adopt a conformation with a suitable
alignment between the metal center and the C–H bond to
be activated.

3 The Lactonization of Aliphatic Carboxylic
Acids
The first studies with the carboxylic acid moiety as a directing group for aliphatic C–H activation were undertaken
with lactonization reactions (Scheme 2). In 1991, Kao and
Sen demonstrated that various aliphatic carboxylic acids
could be converted into lactones using potassium tetrachloro-
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Scheme 2 (a) Lactonization of aliphatic carboxylic acids developed by
Kao and Sen. (b) Lactonization of amino acids by Sames et al. (c) Hydroxylation of butanoic acid (1) with molecular oxygen by Janssen and
de Vos.
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platinate(II) as the catalyst.12 The reaction was conducted in
deuterated water, and starting from butanoic acid (1) the
authors obtained a mixture of -butyrolactone (2), resulting from -methyl C(sp3)–H activation, and -butyrolactone
(3), resulting from -methylene C(sp3)–H activation. Furthermore, the ring-opened hydroxy acid 4 was observed as
a side product (Scheme 2, a).
Based on the ratio between the lactones, the authors
concluded that under their reaction conditions -C–H
bonds are preferentially activated, presumably due to the
formation of a ring-strain-free six-membered platinacycle.
While significant reactivity was observed for -, -, and C–H bonds, -C–H bonds were dramatically less reactive
and no reaction occurred at this position when -C–H
bonds were present in the substrate. Concerning the mechanism, it was postulated that the carboxylate coordinates to
the transition metal before the C–H activation step. Reductive elimination would then liberate the product and give a
Pt(0) species, which can be reoxidized to the catalytically
active Pt(II) species by the terminal oxidant K2PtCl6, thereby
closing the catalytic cycle. Unfortunately, turnover numbers
remained low in all cases studied and stoichiometric platinum was required, since it was indispensable both as catalyst and terminal oxidant.
Sames et al. developed an improved protocol in 2001 by
employing CuCl2 as the oxidant to achieve the lactonization
of amino acids in water (Scheme 2, b).13 For L-valine (5) the
-C–H lactonized product 7 could be isolated as a mixture
of stereoisomers in 35% overall yield after derivatization of
the primary product 6.
These studies provided a highly important proof of principle. However, from a practical perspective, substantial
challenges such as the high catalyst loadings required and
the relatively narrow scopes of these processes remained to
be addressed. It should be noted that efficient methods for
the C–H lactonization of simple aliphatic acids, with low
catalyst loadings and for example air as the terminal oxidant, bear substantial industrial potential. Such methods
could deliver -hydroxybutanoic acid (GHB) (4) and related
compounds of industrial importance. In 2019, Janssen and
de Vos showed that the reaction of butanoic acid (1) with a
K2PtCl4 system could be performed with oxygen as the terminal oxidant by fine-tuning of the reaction conditions
(Scheme 2, c). The authors demonstrated that both reactivity and selectivity could be improved either by the addition
of 2-pyridone as a ligand or by the addition of boric acid to
stop the oxidation process at the stage of GHB.14
Lee and Chang used a related catalytic system in 2006 to
achieve the lactonization of ortho-methyl-substituted benzoic acid derivatives (Scheme 3, a).15
For example, using 2,4,6-trimethylbenzoic acid (8a) as
the substrate the authors isolated the corresponding lactone 9a in 56% yield. Lee and Chang also showed that vari-
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Scheme 3 Lactonization of ortho-methylbenzoic acid derivatives:
(a) Lee and Chang, and (b) a Pd-catalyzed protocol reported by Martin
et al.

ous carboxylic acid derivatives such as esters or primary
amides reacted under their optimized conditions, presumably via in situ hydrolysis to give the corresponding benzoic
acids under the harsh reaction conditions.
In 2011 Martin et al. developed a Pd-based catalyst system for this type of transformation (Scheme 3, b).16 Key features for the success of this catalyst system were the use of
N-acetylvaline (L1) as a ligand, the addition of silver and
potassium salts as additives, and the use of chlorobenzene
as a polar aprotic solvent. Concerning the choice of the
transition metal for catalysis it should be noted that palladium complexes undergo ligand exchange much faster
compared to platinum complexes, which often allows the
development of milder reaction conditions and more active
catalysts.17 For 2,4,6-trimethylbenzoic acid (8a) the yield of
the benzolactone 9a was close to quantitative. The authors
were also able to show that functionalities such as silyl
groups (9b) and amides (9c) were tolerated under the reaction conditions. Moreover, they demonstrated that the reaction was not limited to 2,6-dimethylbenzoic acid derivatives (9d) and that substrates bearing strongly electronwithdrawing or electron-donating groups gave the corresponding lactones 9e,f in moderate yields.
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The Directing Group Approach

However, after these beautiful studies on lactonization
reactions, the extension to other transformations remained
challenging. Other C–H activations/functionalizations on
aliphatic carboxylic acids were first achieved rather elegantly by indirect approaches based on the conversion of
the carboxylic acid moiety into a stronger directing group.18
The directing group approach has found widespread application and was quickly extended to a broad variety of
synthetic applications, including enantioselective reactions.19,20 It should be noted that in most of the cases the
directing group is specifically designed to favor the C–H activation step. The use of such groups bears some inherent
disadvantages, most importantly, that the directing group is
typically introduced for the sole purpose of enabling the C–
H activation and subsequently removed, resulting in a poorly step- and atom-economic three-step protocol. Furthermore, the removal of the directing group is in many cases
not trivial.21 However, recent studies have enabled the use
of synthetically more versatile carboxylic acid derivatives,
such as simple amides, as directing groups in C–H bond activation reactions.22
A further strategy to alleviate the disadvantages associated with directing groups is the use of transient directing
groups, which are installed and removed under the reaction
conditions and can thus often be utilized in sub-stoichiometric amounts. While this strategy has proven highly useful for other challenging substrate classes such as amines or
alcohols,23 no transient directing group for acids has been
reported to date.

5 The Direct C–H Arylation of Aliphatic
Carboxylic Acids
The first intermolecular C–H bond activation/functionalization using the carboxylic acid moiety as a native directing group was developed by Yu et al. in 2007 (Scheme 4).24
The authors showed that -quaternary carboxylic acids can
be arylated using organoboron reagents (Scheme 4, a). The
reaction proceeds via a Pd(0)/Pd(II) cycle, with the arylation
of pivalic acid (10) taking place in the presence of boronic
ester 11 to give the product 12a in 38% yield. Furthermore,
the authors also employed aryl iodides as the arylating
agent under modified reaction conditions (Scheme 4, b). In
this case the reaction was proposed to proceed through a
Pd(II)/Pd(IV) cycle. After the C–H activation step, the Pd(II)
species oxidatively adds into the carbon iodine bond to
form a Pd(IV) intermediate. This species then liberates the
product via reductive elimination with concomitant formation of a Pd(II)ILn species, from which the active catalyst is
regenerated by anion exchange with the silver salt. It
should be noted that besides the abstraction of I– from palladium, the role of the silver salt in this type of reaction is

not fully understood and it is well possible that the silver
ions actively engage in the C–H activation transition state.25
For pivalic acid (10) the arylated product 12a could be obtained in 50% yield and the diarylated material 13 was observed as a side product. For both sets of reaction conditions the key factor that enabled reactivity was the addition
of sodium and potassium salts. The presence of alkali cations presumably affects the coordination of the carboxylate
to palladium to favor 1-coordination, or at least shift the
equilibrium towards this coordination mode.9
a)

H
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O +
OH
10
b)

H
O
OH
10

Ph

B

Ph

Pd(OAc)2 (10 mol%)
BQ (0.5 equiv)
O
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PhI (2.0 equiv)
Ag2CO3 (2.0 equiv)
K2HPO4 (1.0 equiv)
NaOAc (2.0 equiv)
t-BuOH, 130 °C, 3 h

O

Ag2CO3 (1.0 equiv)
K2HPO4 (1.5 equiv)
t-BuOH, 130 °C, 3 h

OH
12a, 38%

Ph

Ph
Ph
O
OH

12a, 50%

O

+

OH
13, 20%

Scheme 4 Yu et al. (2007): Direct -C–H arylation of -quaternary
carboxylic acids

After this milestone, the key challenges to be addressed
were the extension to -non-quaternary substrates and to
other transformations. These challenges remained unfulfilled until various groups reported the arylation of -nonquaternary carboxylic acids in 2017. Such substrates are
more challenging to activate since they lack the Thorpe–Ingold effect that accelerates the activation of -quaternary
substrates.26 Furthermore, carboxylic acids featuring - or
-hydrogen atoms can potentially undergo -hydride elimination after the C–H activation step.27 In all of these studies
the key finding to enhance reactivity was the introduction
of suitable ligands.
Yu et al. have studied the arylation of N-protected amino acids to generate unnatural phenylalanine derivatives
(Scheme 5).28
The authors found that the pyridine-derived ligands (L2
and L3) enhanced the reactivity. Besides the ligand, the addition of sodium salts and the use of 1,1,1,3,3,3-hexafluoroisopropanol (HFIP) as solvent were found to be crucial for
the desired reactivity. HFIP and other highly fluorinated
solvents have a unique combination of properties, such as a
high polarity, low nucleophilicity, and the ability of H-bond
donation by dimeric and trimeric solvent aggregates, which
are favorable for C–H activation processes.29
The authors used a variety of aryl iodides to study the
scope of this transformation. Besides the phenyl group
(15a), arenes with strongly electron-donating groups (15b)
could be introduced in very good yields. The authors
showed that halides (15c–e) were well tolerated. Furthermore, substrates with meta-, para- and multiple substitu-
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Scheme 5 Yu et al. (2017): (a) -C(sp3)–H arylation of N-protected alanine. (b) Preliminary results on the C–H activation of simple aliphatic
carboxylic acids.

ents (15f–h) were also compatible with this protocol.
Slightly decreased yields were observed for very electronpoor aryl iodide coupling partners (15g). These results correlate with the fact that the rate of the oxidative addition is
usually higher for aryl iodides bearing electron-donating
groups.30 Considering that a comparably unstable intermediate is formed in the key C–H activation step, it seems reasonable that this intermediate would be trapped quickly by
a sufficiently reactive reagent to avoid decomposition. Although this study was focused on the C–H arylation of amino acid derivatives, the authors also reported on the performance of their catalytic system with simple aliphatic acids.
For example, 2-methylbutanoic acid (16) could be arylated
to give product 17a in moderate yield (Scheme 5, b).
Contemporarily, the group of Zhao studied the same
transformation and found that simple N-protected amino
acids were also effective ligands for this transformation
(Scheme 6, a).31
It has been proposed that these ligands aid the C–H activation step, which proceeds via a concerted metalation–
deprotonation (CMD) pathway, by acting as an internal base
that takes up the proton generated during the C–H activation.32 Zhao et al. 31 investigated the effect of various nitrogen protecting groups and identified N-acetylglycine (L4)
as the most efficient ligand. The same group demonstrated
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15h, 69%
MeO
O
OH
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Scheme 6 Zhao et al. (2017): (a) -C(sp3)–H arylation of N-protected
alanine. (b) Preliminary results on the C–H activation of simple aliphatic
carboxylic acids.

a broad aryl iodide scope, generally obtaining comparable
yields to those reported in the study by Yu et al.28 Besides
the phenyl group (15a) and electron-rich aryl groups (15b),
the protocol was found to tolerate halide substituents
(15i,j) and varied substitution patterns (15g,h).
For the even more challenging simple aliphatic acids as
substrates, the same authors obtained reasonable yields by
changing from an acid-limited to an aryl-iodide-limited reaction. Under these conditions, the authors reported that 2methylbutanoic acid (16) could be converted into the arylated product 17b in 68% yield (Scheme 6, b). While this
change of reaction conditions provides a solution for cheap
and abundant acids as substrates, the excess of acid required is an obvious hindrance when considering the application of such a protocol on more sophisticated starting
materials.
In parallel to the abovementioned studies, Ghosh and
van Gemmeren studied the arylation of simple -non-quaternary carboxylic acids (Scheme 7).33
The authors identified N-acetyl--alanine (L5) as the ligand of choice for this type of substrate. Furthermore, silver(I) oxide was found to deliver substantially better results
than the more typically used acetate or carbonate analogs,
likely due to the presence of fewer anions competing for the
coordination to palladium, leading to an increased concentration of the required Pd-substrate complex. The improved
performance of L5 compared to N-acetyl--amino acids is
presumably related to the fact that it forms a six-membered
rather than five-membered chelate complex.18 Under their
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Scheme 8 Maiti et al. (2019): (a) -C(sp3)–H arylation of 3,3-dimethylbutanoic acid (23). (b) Iterative -arylation (Ar = p-MeCOC6H4).

O2N
O

Pd(OAc)2 (10 mol%), L4 (20 mol%)
1-iodo-3-methoxybenzene (2.0 equiv)

22f

20
Cl

OMe

20a, 86%

O

O

18a, 70%

OH
20c, 78%

Scheme 7 Ghosh and van Gemmeren (2017): (a) -C(sp3)–H arylation
of various aliphatic carboxylic acids. (b) -C(sp3)–H arylation of propionic acid.

optimized reaction conditions, the authors obtained -arylated products derived from a variety of acid substrates
ranging from the pivalic acid derivative 12b and the phenyl
alanine derivative 15k to a series of -non quaternary carboxylic acids 18a–c, all of which were formed in good yields
using the acid as the limiting reagent. Importantly, even the
entropically challenging substrate propionic acid (19) could
be handled using this catalytic system and was chosen by
the authors to demonstrate the aryl iodide scope of the reaction. A broad range of aryl iodides with varied electronic
properties could be employed, for example giving access to
products 20a–c.
In 2019, Maiti et al. tackled one of the major challenges
in the field, by aiming to activate more distal C–H bonds relative to the carboxylic acid directing group. In this study,
the authors extended the C–H arylation of aliphatic carboxylic acids to the -C–H bond using a catalytic system based
on palladium bearing N-acetylglycine (L4) as the ligand
(Scheme 8).34 With this catalytic system, 3,3-dimethylbutanoic acid (21) could be functionalized with a variety of aryl
iodides. Interestingly, besides the simple phenyl group
(22a), halide substituents (22b,c) and electron-withdrawing groups (22d), this protocol also tolerates ortho-substituents on the aryl iodide reagent (22e).

Moreover, the same authors have demonstrated an iterative diarylation.34 For example, using acid 22f, obtained
from 21 using the standard protocol, in a second arylation
under slightly modified reaction conditions gave the doubly
functionalized product 23 (Scheme 8, b). Finally, the authors used more complex aryl iodides, derived from natural
products and bioactive molecules, to obtain the corresponding arylated products in good yields. Unfortunately,
the reaction remains limited by a very narrow acid scope.
All substrates used are -quaternary carboxylic acids,
which favor the desired reaction through a Thorpe–Ingold
effect and in which no competing C–H activation can occur
at the -position.
In 2018, Yu et al. reported the enantioselective arylation
of cyclopropanecarboxylic acids 24 (Scheme 9, a).35 In this
reaction two chiral centers are formed through a desymmetrization process, in which the two previously identical
methylene groups are differentiated into methylene and
methine groups. This desymmetrization strategy has previously been used as a powerful approach in enantioselective
C–H functionalization reactions of analogous substrates
bearing other directing groups.36 The authors found that for
this transformation N,N-donor ligands with one tertiary
amine and one N-acetyl group, as in ligand L6, were most
effective with respect to yield and stereoinduction. Various
substitution patterns on the backbone of the ligands were
studied and it was shown that a benzyl residue next to the
N-acyl group delivered the highest enantioselectivity.
Methyl groups were found to be best at the tertiary amine.
The authors showed a broad aryl iodide scope, including
arenes bearing electron-donating groups (25a,e), halides
(25b–d), and electron-withdrawing groups (25f). Concern-
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ing the acid scope, the authors were able to use various substituted cyclopropanecarboxylic acids (25f–h). In all
cases, this reaction was highly enantioselective with enantiomeric ratios typically at or above 95:5. Furthermore, the
authors demonstrated that heteroaryl iodides could be used
in this transformation.
a)
R
H

O

Pd(OAc)2 (10 mol%)
L6 (20 mol%)
ArI (2.0 equiv)
Ag2CO3 (1.5 equiv)
Na2CO3 (1.5 equiv)
HFIP, 80 °C, 16 h

OH
24

H

Ph

R
Ar

O
NMe2

AcHN

OH

L6

25
H

O

OH

H

O

OH

O

OH

Hal
25a, 73%, 98:2 er

Hal = Cl, 25b, 70%, 96:4 er
Hal = Br, 25c, 81%, 94:6 er
Hal = F, 25d, 73%, 96:4 er
Ph

25e, 71%, 97:3 er

R

O

OH

MeO2C

MeO2C

25f, 76%, 98:2 er

R

O

R = n-Bu,
25g, 76%, 95:5 er
R = CH2OBn, 25h, 65%, 96:4 er

Pd(OAc)2 (10 mol%)
L7 (20 mol%)
ArBPin (1.5 equiv)
BQ (0.5 equiv)
Ag2CO3 (1.5 equiv)
K2HPO4 (1.5 equiv)
t-BuOH/H2O
60 °C, 12 h

OH

H
26

Ph
R

Ar

O

OH

Ph
AcHN

NMe2
L7

27

NPhth
H

O

OH

CO2Me
27a
61%, 92:8 er

6 The Direct C–H Olefination of Aliphatic
Carboxylic Acids

O

OH

b)

found to require a very bulky substituent on the side chain.
In addition to the arylation of cyclobutanecarboxylic acid
(27a), the authors demonstrated a broad range of -substituted cyclobutanecarboxylic acid derivatives (27b–d). By
using the corresponding vinyl boronate species under
slightly modified reaction conditions, the scope of this reaction could also be extended to an analogous enantioselective vinylation. It should be noted that the C–H activation of
methylene C–H bonds is generally considered to be more
challenging than of analogous methyl C–H bonds, however,
for cyclobutane- and cyclopropanecarboxylic acids the C–H
activation step is strongly facilitated by ring strain, the character of the C–C bond, and the reduced activation entropy due to the pre-alignment of the acid moiety and the
bond to be activated.38

O
OH

CO2Me
27b
57%, 93:7 er

O

O

OH

OH

CO2Me
27c
62%, 94:6 er

Cl
27d
62%, 94:6 er

Scheme 9 Yu et al.: (a) Arylation of cyclopropane carboxylic acid
(2018). (b) Extension towards cyclobutanecarboxylic acid and derivatives (2019).

In 2019, the same group extended their methodology to
the enantioselective C–H arylation of cyclobutanecarboxylic acid and derivatives thereof (Scheme 9, b).37 Notably, in
this transformation, the authors used arylboronic acid pinacol esters as arylating agents and the solvent was switched
to a tert-butanol/water mixture. In agreement with these
changes, a Pd(0)/Pd(II) catalytic cycle was proposed. As ligands, both N-protected amino acid derived ligands and
N,N-donor ligands such as L7 were shown to be active catalysts. In contrast to the desymmetrization of cyclopropanecarboxylic acids, the optimum ligands were in this case

In 2018, Yu et al. reported the first extension of the catalysts presented above to a transformation other than arylation, i.e., the direct olefination of carboxylic acids.39 After
extensive ligand optimization, the authors found that Nacyl-aminoethyl phenyl thioether (L8), which acts as an
N,S-bidentate ligand, is superior to the typically used amino acid derived N,O-bidentate ligands. This shows that depending on the reaction at hand, fine-tuning of the ligand
properties is very important. The reaction proceeds via a C–H
olefination followed by an intramolecular 1,4-addition to
give -lactones 28 (Scheme 10).
Using benzyl acrylate as their standard olefin the Yu’s
group studied the carboxylic acid scope (Scheme 10, a).
Quaternary carboxylic acids gave the best results in this
transformation and the olefinated products 28a,b could be
isolated in nearly quantitative yields. While -tertiary acids
still provided good results (28c), a decreased efficiency was
observed with propionic acid and the olefinated product
28d was obtained in 40% yield. Besides acrylates, various
other olefins bearing strong electron-withdrawing groups
could be used, giving products 30a–f in good to excellent
yields (Scheme 10, b).

7 The Direct C–H Acetoxylation of Aliphatic
Carboxylic Acids
In 2019, van Gemmeren et al. reported the first intermolecular C–O bond formation based on the direct C–H activation of aliphatic carboxylic acids.40 The authors used
(diacetoxyiodo)benzene as the oxidant and limiting reagent, an excess of the acid component being required for
satisfactory yields. The reaction proceeds in a mixture of
acetic anhydride and HFIP as the solvent to give -acetoxylated carboxylic acids 31 (Scheme 11).
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During the development of the reaction conditions, the
authors studied the effect of the base additive required for
the in situ generation of carboxylate anions and found that
many of the concomitantly introduced anions were detrimental to the reaction outcome. The alkali salts typically
employed in C–H activation reactions of carboxylic acids
gave substantially worse results than a control experiment
with preformed sodium carboxylate. The authors found
that using the sodium salt of the solvent HFIP as a traceless
base restored the desired reactivity. For various -quaternary carboxylic acids, the corresponding acetoxylated products could be obtained in moderate to good yields (Scheme
11, a). Besides different alkyl substitution patterns (31a–c),
halide substituents (31d–f) and electron-poor aryl groups
(31g) were tolerated in this transformation. Furthermore,
the authors have extended their protocol to analogous acyloxylation reactions by changing the oxidant and the anhydride (Scheme 11, b). Using pivalic acid (10) as the substrate, the authors demonstrated that various ester residues
could be introduced in good yields (32a–e).

OH
32a, 58%

O

O

O
O

R = Et,
30e, 94%
R = NMe2, 30f, 95%

Scheme 10 Yu et al. (2018): (a) -C(sp3)–H olefination of carboxylic
acids with benzyl acrylate. (b) -C(sp3)–H olefination with other electron-poor olefins.

n-Hex
O

COR

30c, 78%

O2CR
O

NaHFIP (2.5 equiv)
HFIP/(RCO)2O
100 °C, 24 h

O
n-Pr

SO2Ph

F

OH
Hal = F, 31d, 59%
Hal = Cl, 31e, 51%
Hal = Br, 31f, 47%

O

OH
31c, 43%
F

OAc
O

Hal

28e, 95%
d.r. > 20:1

Ag2CO3 (1.0 equiv)
Na2HPO4·7H2O (1.0 equiv)
HFIP, 120 °C, 12 h

OH
31b, 56%

OH
31a, 63%

O

Pd(TFA)2 (10 mol%)
L8 (10 mol%)

OH
10

O
O

28c, 71%
d.r. = 1.8:1

b)
H

O
O

O
O

O
O

O
O
O

OH

OH

OH

32b, 52%

n = 0, 32c, 51%
n = 1, 32d, 45%

32e, 47%

Scheme 11 van Gemmeren et al. (2019): (a) Acetoxylation of -quaternary carboxylic acids. (b) Acyloxylation of pivalic acid. NaHFIP = sodium 1,1,1,3,3,3-hexafluoroisopropanolate

8

Summary

While the C–H activation of aliphatic carboxylic acids is
still underdeveloped compared to reactions with stronger
directing groups, research towards the use of the carboxylic
acid functionality as a native directing group has intensified in recent years. Reports have shown that the weak directing group ability of the carboxylic acid moiety can be
addressed by employing tailor-made ligands and reaction
conditions. The extension of these methods to a broad
range of electrophiles, which have already been used with
strong directing groups, now seems to be within reach.
However, the key C–H activation step is still highly challenging, and it should be noted that a detailed mechanistic
understanding of the key factors influencing these transformations is not yet available. Mechanistic studies on such reactions are highly challenging, due to, amongst other reasons: (a) the heterogeneity of typical reaction mixtures,
(b) the presence of silver salts, which might be involved in
the C–H activation step, (c) complex equilibria between
monomeric and higher-aggregated palladium complexes,
(d) various coordination modes between catalyst and sub-
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strate, as well as catalyst and ligands, and (e) the use of
highly polar solvents with the potential to form H-bonds
that influence the reaction outcome. Nevertheless, it can be
expected that an increased mechanistic understanding will
be instrumental in future developments such as extending
these transformations to -C–H bonds or -methylene C–H
bonds in unbiased substrates. Addressing these substrate
classes will likely require the systematic development of
novel ligand classes and reaction conditions. Additionally,
many current protocols employ stoichiometric amounts of
silver salts and specialized solvents, which pose substantial
hurdles to the scalability of these reactions. Thus, even for
those reactions that have already been enabled, further research will be required towards second generation protocols before a widespread acceptance by the synthetic community, or even large-scale applications, can be expected.

Funding Information
We thank the Max Planck Society (Otto Hahn Award to M.v.G.), the
Fonds der Chemischen Industrie (Liebig Fellowship to M.v.G.), the
Westfälische Wilhelms-Universität-Münster (WWU Münster) and
the Deutsche Forschungsgemeinschaft (SFB858) for financial support.
DeutschForungseminschaft(SFB85)

Acknowledgment
We thank Kiron Kumar Ghosh and Francesca Ghiringhelli for valuable
comments on this manuscript. We are furthermore indebted to Prof.
F. Glorius for his generous support.

References
(1) Carbonsäuren und Carbonsäure-Derivate, In Methoden der
Organischen Chemie (Houben-Weyl), Vol. E 5; Büchel, K. H.; Falbe,
J.; Hagemann, H.; Hanack, M.; Klamann, D.; Kreher, R.; Kropf, H.;
Regitz, M., Ed.; Thieme: Stuttgart, 1985.
(2) (a) Gooßen, L. J.; Rodríguez, N.; Gooßen, K. Angew. Chem. Int. Ed.
2008, 47, 3100. (b) Cornella, J.; Larrosa, I. Synthesis 2012, 44,
653. (c) Font, M.; Quibell, J. M.; Perry, G. J. P.; Larrosa, I. Chem.
Commun. 2017, 53, 5584.
(3) (a) Huang, H.; Jia, K.; Chen, Y. ACS Catal. 2016, 6, 4983. (b) Jin, Y.;
Fu, H. Asian J. Org. Chem. 2017, 6, 368. (c) Murarka, S. Adv. Synth.
Catal. 2018, 360, 1735. (d) Schwarz, J.; König, B. Green Chem.
2018, 20, 323.
(4) For selected reviews on C–H activation, see: (a) Chen, X.; Engle,
K. M.; Wang, D.-H.; Yu, J.-Q. Angew. Chem. Int. Ed. 2009, 48,
5094. (b) Jazzar, R.; Hitce, J.; Renaudat, A.; Sofack-Kreutzer, J.;
Baudoin, O. Chem. Eur. J. 2010, 16, 2654. (c) Wencel-Delord, J.;
Dröge, T.; Liu, F.; Glorius, F. Chem. Soc. Rev. 2011, 40, 4740.
(d) Yamaguchi, J.; Yamaguchi, A. D.; Itami, K. Angew. Chem. Int.
Ed. 2012, 51, 8960. (e) Wencel-Delord, J.; Glorius, F. Nat. Chem.
2013, 5, 369. (f) Hartwig, J. F. J. Am. Chem. Soc. 2016, 138, 2.
(g) Gensch, T.; Hopkinson, M. N.; Glorius, F.; Wencel-Delord, J.
Chem. Soc. Rev. 2016, 45, 2900. (h) He, J.; Wasa, M.; Chan, K. S. L.;
Shao, Q.; Yu, J.-Q. Chem. Rev. 2017, 117, 8754. (i) Gandeepan, P.;
Müller, T.; Zell, D.; Cera, G.; Warratz, S.; Ackermann, L. Chem.
Rev. 2019, 119, 2192.

(5) McMurray, L.; O’Hara, F.; Gaunt, M. J. Chem. Soc. Rev. 2011, 40,
1885.
(6) (a) Engle, K. M.; Mei, T.-S.; Wasa, M.; Yu, J.-Q. Acc. Chem. Res.
2012, 45, 788. (b) Pichette Drapeau, M.; Gooßen, L. J. Chem. Eur.
J. 2016, 22, 18654.
(7) Arndtsen, B. A.; Bergman, R. G.; Mobley, T. A.; Peterson, T. H.
Acc. Chem. Res. 1995, 28, 154.
(8) Whisler, M. C.; MacNeil, S.; Snieckus, V.; Beak, P. Angew. Chem.
Int. Ed. 2004, 43, 2206.
(9) Uttry, A.; van Gemmeren, M. Synlett 2018, 29, 1937.
(10) Monomeric palladium carboxylates exist in complex equilibria
with dimeric and trimeric species in solution, which depends
on various parameters. The problems associated with the
desired C–H activation processes of carboxylic acids are discussed on the monomeric complexes for simplicity. For representative publications dealing with this matter, see:
(a) Bianchini, C.; Meli, A.; Oberhauser, W. Organometallics 2003,
22, 4281. (b) Bakhmutov, V. I.; Berry, J. F.; Cotton, F. A.;
Ibragimov, S.; Murillo, C. A. Dalton Trans. 2005, 1989.
(11) (a) Stephenson, T. A.; Morehouse, S. M.; Powell, A. R.; Heffer, J.
P.; Wilkinson, G. J. Chem. Soc. 1965, 3632. (b) Hermans, S.;
Wenkin, M.; Devillers, M. J. Mol. Catal. A: Chem. 1998, 136, 59.
(12) Kao, L.-C.; Sen, A. J. Chem. Soc., Chem. Commun. 1991, 1242.
(13) Dangel, B. D.; Johnson, J. A.; Sames, D. J. Am. Chem. Soc. 2001,
123, 8149.
(14) Janssen, M.; de Vos, D. E. Chem. Eur. J. 2019, 25, 10724.
(15) Lee, J. M.; Chang, S. Tetrahedron Lett. 2006, 47, 1375.
(16) Novák, P.; Correa, A.; Gallardo-Donaire, J.; Martin, R. Angew.
Chem. Int. Ed. 2011, 123, 12444.
(17) Basolo, F.; Gray, H. B.; Pearson, R. G. J. Am. Chem. Soc. 1960, 82,
4200.
(18) For selected reviews dealing with carboxylic acid derivatives as
directing groups in C–H activation processes, see: (a) Zhu, R.-Y.;
Farmer, M. E.; Chen, Y.-Q.; Yu, J.-Q. Angew. Chem. Int. Ed. 2016,
55, 10578. (b) Sambiagio, C.; Schönbauer, D.; Blieck, R.; DaoHuy, T.; Pototschnig, G.; Schaaf, P.; Wiesinger, T.; Zia, M. F.;
Wencel-Delord, J.; Besset, T.; Maes, B. U. W.; Schnürch, M. Chem.
Soc. Rev. 2018, 47, 6603.
(19) Zaitsev, V. G.; Shabashov, D.; Daugulis, O. J. Am. Chem. Soc. 2005,
127, 13154.
(20) For examples using the 8-quinolinyl (Q) directing group for
example, see: (a) Ano, Y.; Tobisu, M.; Chatani, N. J. Am. Chem.
Soc. 2011, 133, 12984. (b) Ano, Y.; Tobisu, M.; Chatani, N. Org.
Lett. 2012, 14, 354. (c) Rouquet, G.; Chatani, N. Angew. Chem. Int.
Ed. 2013, 52, 11726.
(21) For the removal of the 8-quinolinyl directing group, see for
example: Zhang, Z.; Li, X.; Song, M.; Wan, Y.; Zheng, D.; Zhang,
G.; Chen, G. J. Org. Chem. 2019, 84, in press; DOI:
10.1021/acs.joc.9b01362; and references therein.
(22) (a) Park, H.; Li, Y.; Yu, J.-Q. Angew. Chem. Int. Ed. 2019, 131,
11546. (b) Park, H.; Chekshin, N.; Shen, P.-X.; Yu, J.-Q. ACS Catal.
2018, 8, 9292.
(23) For selected reviews, see: (a) Rousseau, G.; Breit, B. Angew.
Chem. Int. Ed. 2011, 50, 2450. (b) Zhang, F.-L.; Hong, K.; Li, T.-J.;
Park, H.; Yu, J.-Q. Science 2016, 351, 252. (c) Zhao, Q.; Poisson,
T.; Pannecoucke, X.; Besset, T. Synthesis 2017, 49, 4808.
(d) Gandeepan, P.; Ackermann, L. Chem 2018, 4, 199.
(24) Giri, R.; Maugel, N.; Li, J.-J.; Wang, D.-H.; Breazzano, S. P.;
Saunders, L. B.; Yu, J.-Q. J. Am. Chem. Soc. 2007, 129, 3510.
(25) Feng, W.; Wang, T.; Liu, D.; Wang, X.; Dang, Y. ACS Catal. 2019, 9,
6672.
(26) (a) Beesley, R. M.; Ingold, C. K.; Thorpe, J. F. J. Chem. Soc. 1915,
107, 1080. (b) Jung, M. E.; Piizzi, G. Chem. Rev. 2005, 105, 1735.

© 2020. Thieme. All rights reserved. Synthesis 2020, 52, 479–488

Downloaded by: Kevin Chang. Copyrighted material.

Syn thesis

488

Syn thesis

Short Review

A. Uttry, M. van Gemmeren

(35) Shen, P.-X.; Hu, L.; Shao, Q.; Hong, K.; Yu, J.-Q. J. Am. Chem. Soc.
2018, 140, 6545.
(36) Saint-Denis, T. G.; Zhu, R.-Y.; Chen, G.; Wu, Q.-F.; Yu, J.-Q.
Science 2018, 359, eaao4798.
(37) Hu, L.; Shen, P.-X.; Shao, Q.; Hong, K.; Qiao, J. X.; Yu, J.-Q. Angew.
Chem. Int. Ed. 2019, 58, 2134.
(38) Roman, D. S.; Charette, A. B. Org. Lett. 2013, 15, 4394.
(39) Zhuang, Z.; Yu, C.-B.; Chen, G.; Wu, Q.-F.; Hsiao, Y.; Joe, C. L.;
Qiao, J. X.; Poss, M. A.; Yu, J.-Q. J. Am. Chem. Soc. 2018, 140,
10363.
(40) Ghosh, K. K.; Uttry, A.; Koldemir, A.; Ong, M.; van Gemmeren, M.
Org. Lett. 2019, 21, 7154.

Downloaded by: Kevin Chang. Copyrighted material.

(27) He, J.; Wasa, M.; Chan, K. S. L.; Shao, Q.; Yu, J.-Q. Chem. Rev.
2017, 117, 8754.
(28) Chen, G.; Zhuang, Z.; Li, G.-C.; Saint-Denis, T. G.; Hsiao, Y.; Joe, C.
L.; Yu, J.-Q. Angew. Chem. Int. Ed. 2017, 56, 1506.
(29) (a) Berkessel, A.; Adrio, J. A.; Hüttenhain, D.; Neudörfl, J. M.
J. Am. Chem. Soc. 2006, 128, 8421. (b) Wencel-Delord, J.;
Colobert, F. Org. Chem. Front. 2016, 3, 394.
(30) Amatore, C.; Pfluger, F. Organometallics 1990, 9, 2276.
(31) Zhu, Y.; Chen, X.; Yuan, C.; Li, G.; Zhang, J.; Zhao, Y. Nat.
Commun. 2017, 8, 14904.
(32) Engle, K. M. Pure Appl. Chem. 2016, 88, 119.
(33) Ghosh, K. K.; van Gemmeren, M. Chem. Eur. J. 2017, 23, 17697.
(34) Dolui, P.; Das, J.; Chandrashekar, H. B.; Anjana, S. S.; Maiti, D.
Angew. Chem. Int. Ed. 2019, 58, 13773.

© 2020. Thieme. All rights reserved. Synthesis 2020, 52, 479–488

