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Transition-metal catalyzed cross-dehydrogenative-coupling reactions encompass highly versatile and
atom economical methods for the construction of various carbon-carbon and carbon-heteroatom

bonds by combining two C(X)-H (X = heteroatom) bonds. Along this line, direct acyloxylation of C-H
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Accepted 17th May 2019 onds with carboxylic acids has emerged as a powerful and green approach for the synthesis o
structurally diverse esters. In this focus-review we will describe recent progress in direct esterification of

DOI: 10.1039/c9ra01941c aromatic C—H bonds with special emphasis on the mechanistic features of the reactions. Literature has
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1. Introduction

Without the slightest doubt, esters are one the most significant
classes of carbonyl compounds, featuring in a large number of
natural products,® synthetically useful intermediates,> and
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been surveyed until the end of February 2019.

medicinally relevant compounds (Fig. 1).> Molecules containing
this prominent medical moiety have showed widespread bio-
logical activities such as anti-cancer,* anti-HIV, anti-asthma,®
anti-glaucoma,” anticonvulsant,® and antibiotic® activities.
Furthermore, this motif is widely distributed in agrochemicals
like malathion, permethrin, clodinafop propargyl, and many
more." In light of the above-mentioned benefits, the develop-
ment of novel, practical and economical approaches for the
high yielding synthesis of the titled compounds, from simple,
easily accessible and inexpensive starting materials is always
interesting.
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Cross-dehydrogenative-coupling reactions, which combine
two unmodified C(X)-H (X = heteroatom) bonds for the
construction of new C(X)-C(X) bonds, represent one of the
most versatile and atom-economical methods in organic
synthesis that can avoid the use of pre-functionalized
substrates to make synthetic schemes shorter and cleaner
than traditional cross-coupling reactions."™* In this regard,
direct esterification of C-H bonds with carboxylic acids have
got ever-increasing attention because of the highly atom-
economical and environmentally friendly characters. In
connection with our continuing reviews on the cross-coupling
reactions™ and new methodologies in organic synthesis,'
herein, we will describe the recent advances in the cross-
dehydrogenative coupling reactions of C(aryl)-H bonds with
carboxylic acids (Fig. 2), with special emphasis on the mech-
anistic features of the reactions. It should be noted that we
have not discussed cross-dehydrogenative coupling reactions
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of sp*-hybridized C-H bonds with carboxylic acids'® and direct
acetoxylation of aromatic C-H bonds,” since they have
recently been described in another publications.

2. Rhodium-catalyzed reactions

In 2009, Cheng and co-workers reported the first Rh-catalyzed
direct acyloxylation of aromatic C-H bonds using pyridyl as
the ortho-selective directing group.'® Screening of various
rhodium catalysts such as Rh(CO),(CsH;0,), Rh(PPh;);Cl,
[Rh(cod)Cl],; ligands like binap, PPh;, P(1-Nap);, PCy; + HBF,,
iPr,N-PPh,; and Cu source namely CuCl, CuBr, Cul, Cu,0, and
Cu(OAc), led to [Rh(cod)Cl],/PCy; + HBF,/Cul combination as
the most suitable catalytic system for this transformation.
Solvent has a dramatic impact on this process and among the
common solvents (e.g., toluene, xylene, 1,4-dioxane, NMP,
DMF); N-methyl-2-pyrrolidone (NMP) was the most effective
solvent. Under optimized conditions, various 2-arylpyridines 1
underwent ortho-selective mono-acyloxylation with aromatic
carboxylic acids 2 to give the corresponding esters 3 in moderate
to good yields (Scheme 1). Of note, alkyl and alkenyl carboxylic
acids are also suitable substrates leading to the expected esters
in almost moderate yields. It should be mentioned that the little
intramolecular kinetic isotope effect of the reaction (ku/kp = 51/
49) indicated that the break of the C-H(D) bond is not the rate-
determining step in this transformation. The authors illus-
trated a preliminary mechanism for this reaction as shown in
Scheme 2. Initially, the reaction of rhodium(i) species with the
copper(i) carboxylate A (generated from carboxylic acid 2 and
Cul) afforded intermediate B. Afterward, the ortho-C-H bond of
2-arylpyridine 1 undergo oxidative addition with rhodium()
species B to form Rh(m) intermediate C, which produce the
desired product 3 and regenerate the rhodium(i) catalyst by
reductive elimination.

Eight years later, Xu and Li along with their co-workers
illustrated a similar dehydrogenative cross-coupling of arene
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Fig. 2 Direct esterification of aromatic C—H bonds with carboxylic acids.

substrates 4 bearing coordinating directing groups (pyridyl,
pyrimidinyl, pyrazolyl, oxazolyl, purinyl and etc.) with a range of
(hetero)aromatic and aliphatic carboxylic acids 5 for the
synthesis O-aromatic esters 6 using [Cp*Rh(CH;CN);][SbFs], as
a commercially available catalyst and AgF as an oxidant
(Scheme 3).** Noteworthy, the presence of both catalyst and

oxidant were crucial to the success of the reaction and so no
product was observed in the lack of any of them. This Rh-
catalyzed system gave moderate to excellent yields (43-92%
for 83 examples) and was tolerant to various important func-
tional groups (OMe, F, C], Br, I, CF;, CHO, CO,Et, COMe, CN,
NO,). The reaction was even successfully conducted on a gram

Rl [Rh(cod)Cl], (5 mol%) Rl
| HO,C Cul (40 mol%) |
7\ — X PCy;'HBF, (7.5 mol%) 7 "\ —
+ — o
L S _ NMP, 130°C, 36 h L }\1 Y/,
R2
1 2 | Y
R!= H, 4-Me, 4-OMe, 4-F, 4-Cl, 4-CO,Me, 3-Me, 2-Me, 2-OMe, 3,5-Me, — 3

R2=H, 4-Me, 4-OMe, 4-CHO, 4-Br, 3-Me, 3-NO,, 2-OMe

Scheme 1 Rh-catalyzed direct benzoxylation of 2-arylpyridines 1 with benzoic acids 2.
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Scheme 2 Mechanistic proposal for the formation of ortho-acyloxy-
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scale. The synthetic utility of this transformation was further
demonstrated by the esterification of bioactive carboxylic acids
such as fenbufen, dehydrocholic acid, and glycyrrhetinic acid.

3. Ruthenium-catalyzed reactions

In 2013, Padala and Jeganmohan revealed for the first time the
usefulness of ruthenium catalysts for the direct acyloxylation of
arene C-H bonds with carboxylic acids.*® Thus, in the presence
of [{RuCl,(p-cymene)},]/AgSbFs/(NH,),S,0g combination as
a catalytic system in DCE at 100 °C, dehydrogenative cross-
coupling of substituted acetanilides 7 with aromatic carbox-
ylic acids 8 furnished the corresponding ortho-benzoxylated
acetanilides 9 in moderate to good yields (Scheme 4). Both
electron-rich and electron-deficient acetanilide derivatives
participate effectively in this highly monoselective trans-
formation. In the case of carboxylic acids, substrates bearing

p
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| X
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_— HO R?
4
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0) R
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J/
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N
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o E%O)%
O)]\’Bu ZaN I
2O

6f, n=1; (90%)
6g, n=2; (82%)
6h, n=3; (88%)
6¢, R'=H, R?>= Bn; (77%)

6d, R'= OMe, R?>=Pr; (74%)

6e, R'="Ph, R?="Bu; (71%)

J/

Scheme 3 Some reported examples on the Rh-catalyzed ortho-selective acyloxylation of arene substrates 4 bearing coordinating directing
groups with aliphatic carboxylic acids 5 reported by Xu and Li.

7 8

R'=4-Me, 4-"Bu, 4-OMe, 4-0"Bu, 4-F, 4-Cl, 4-Br, 4-CO,Me, 2-OMe

R2=H, 4-Me, 4-F, 4-Cl, 4-Br

R2

Me
H_ R?
[{RuCl,(p-cymene)},] (3 mol%) N o
AgSbFg (15 mol%) 0
(NH4)2$208 (2 equiV.) . g \
> RI—-
DCE, 100 °C, 24 h l o

15 examples (46-75%)

Scheme 4 Ru-catalyzed synthesis of ortho-benzoxylated acetanilides 9 from acetanilides 7 and benzoic acids 8.
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HO.C AgSbF, (20 mol%) H = )
AN ) oS 6 : R2— 1
e A I N T (NHy4),S,05 (2 equiv.) . 0 -
T Fee e E ) AN
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R!=H, 4-Me, 4-OMe, 4-F, 4-Cl, 4-Br, 4-1, 4-CF3, 2-Me, 3,4-(OMe),

R?=H, 4-Me, 4-F, 4-Br, 4-1, 4-CF3, 4-NO,, 3-Cl, 3-1, 2-I

23 examples (56-76%)

Scheme 5 Cross-dehydrogenative coupling of N-methyl benzamides 10 with aromatic carboxylic acids 11 catalyzed by [{RuCly(p-cymene)},l.

both moderate electron-donating and electron-withdrawing
groups worked well in the reaction. However, strong electron-
donating as well as electron-withdrawing substituents on the
aromatic acids were incompatible in the reaction.

Later on, an extension to N-alkyl benzamides as coupling
partners was reported by the same group also relying on the use
of Ru(u) catalyst.>* Upon treatment with 4 mol% of [{RuCl,(p-
cymene)},], 20 mol% of AgSbF,, and 2.0 equiv. of (NH,4),S,04,
various N-methyl benzamide derivatives 10 underwent regiose-
lective ortho-benzoxylation with aromatic carboxylic acids 11 to
give ortho-benzoxylated N-alkyl benzamides 12 in moderate to
good yields (Scheme 5). The mechanism proposed for this
transformation consists of the following key steps (Scheme 6):
(i) initial formation of cationic ruthenium carboxylate complex
A via removing of the chloride ligand from the [{RuCl,(p-

cymene)},] complex by silver salt; (ii) coordination of the
carbonyl oxygen of the benzamide 10 to the cationic species A
followed by ortho-metalation to afford the five-membered met-
alacycle intermediate B; (iii) coupling of acid 11 into the ruth-
enacycle B to give the intermediate C; and (iv) reductive
elimination of intermediate C to form the final product 12.
Besides N-alkyl benzamides, N,N-dialkyl benzamides proved
also applicable in this reaction. Interestingly, the products were
successfully converted into ortho-benzoxylated benzaldehydes
by employing Schwartz reagent (Cp,ZrHCI) at room tempera-
ture.”” Subsequently, the group of Ackermann extended this
approach to the ortho-C-H-benzoxylation of phenols masked by
removable pyridyl and pyrimidyl directing groups using Jegan-
mohan's standard condition giving good yields in the 55-78%
range.”

[RuCly,(L)],
2Ag"
ArCO,H
2AgCl u
10
[Ru]L(ArCO,),[SbFe], ArCO,H
A 2
n=1or2
1 L= p-cymene

(NH,),5,04 _/

ArCO,H

ArCO,H
11

Scheme 6 Suggested mechanism for the formation of ortho-benzoxylated N-alkyl benzamides 12.

This journal is © The Royal Society of Chemistry 2019
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Following these works, the Ackermann group further
expanded the Ru-catalyzed C-H benzoxylation to sulfox-
imines.>® Under optimized conditions ([{RuCl,(p-cymene)},],
KPFs, (NH,),S,05, DCE, 110 °C), various functionalized sulfox-
imines 13 coupled with diverse (hetero)aromatic carboxylic
acids 14 to produce their corresponding ortho-benzoxylated
sulfoximines 15 in moderate to good yields (Scheme 7a).
Competition experiments between an electron-poor sulfox-
imine and electron-rich sulfoximine indicated that the latter
reacted preferentially. Likewise, electron-rich aromatic carbox-
ylic acids proved to be inherently more reactive than their
electron-deficient counterparts. Of note, the benzoxylated sul-
foximines can be easily converted into the corresponding sali-
cylic acids under acidic conditions. Based on a series of control
experiments, the authors suggested that this dehydrogenative
cross-coupling reaction proceeds through a coordination/C-H
metalation/oxidation/reductive elimination sequential process
(Scheme 7b). Miura and colleague also used the commercially
available [{RuCl,(p-cymene)},] as a catalyst along with Ag,CO;
as the oxidant for the regioselective C-H acetoxylation of
carbazole and indole frameworks with acetic acid in chloro-
benzene at 140 °C.*

In arelated investigation, Punniyamurthy's research team
reported on ruthenium-catalyzed C-H oxygenation of N-aryl-
2-pyrimidines 16 with carboxylic acids 17 in the presence of

View Article Online

Review

AgSDbF, as an additive and Ag,COj; as an oxidant (Scheme 8).%¢
Various alkyl, aryl, heteroaryl, and «,B-unsaturated carbox-
ylic acids, and a library of functionalized N-aryl-2-
pyrimidines were used to establish the general applicability
of the method. The results indicated that the efficiency of
this reaction strongly depended on the electronic character
of the substituents on the aromatic ring of N-aryl-2-
pyrimidines, clearly in favour of electron-donating ones.
The reaction can also be scaled up (3 mmol) to produce the
desired ester in good yield. The authors showed that the ester
products 18 were converted into the corresponding 2-ami-
nophenols upon hydrolysis with aqueous HCI under micro-
wave irradiation.

Recently, the same group reported that the system could also
be applied to site-selective acyloxylation of indoline deriva-
tives.”” Thus, a variety of N-pyrimidyl indolines 19 were coupled
with carboxylic acids 20 to give the desired C7-acyloxylated
indoline products 21 in modestly to high yields (Scheme 9).
Various of aliphatic, aromatic, heteroaromatic and a,B-unsatu-
rated carboxylic acids were found compatible with this mono-
selective C-H transformation. However, picolinic and iso-
nicotinic acids failed to participate in this reaction. The authors
showed the synthetic application of synthesized 7-acyloxylated
indolines for the high yielding preparation of 7-hydroxy indole
scaffolds by heating in the basic medium. They also found that

a (0] O T ) O O
(a) A\ _Me [{RuCly(p-cymene)} 21 (5 mol%) A _Me
28 HO,C KPF¢ (50 mol%) S

7N N 2 (NH,),S,05 (2 equiv.) =R NN
R—— Ph > R Ph

P DCE, 110°C, 24 h — .

13 14 21 examples (53-81%)
15 O

R=H, 4-Me, 4-OMe, 3-Me, 2-Me

(Het)Ar: Ph, 4—Me-C6H4, 4-Ph-C6H4, 4-OMG-C6H4, 4-OEt-C6H4, 4-OAC-C6H4, 4-OBZ-C6H4, 4-C1-C6H4, 4-Br-C6H4,
4-CF3‘C6H4, 4-N02-C6H4, 3—Me—C6H4, 3-BI'-C6H4, 3-thienyl,

b
® 15 [Ru(COAN)] "
0)
0 QO o
N // N\ _Me
R— /N—S\—Me A //S\
2 R R Y en
C (0,CAr), ~ A [Ru(O,CAr),]
(0]
(0)
X
(NH4),S,05 min /s
HCO,AT (2) R P il HCO,Ar (14)
[Rl\l] Ph
B O,CAr
Scheme 7 (a) Ackermann's synthesis of ortho-benzoxylated sulfoximines 15; (b) plausible mechanism for the formation of ortho-benzoxylated

sulfoximines 15.
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= (0)
18

36 examples (52-73%)

Scheme 8 Ru-catalyzed ortho-directed aromatic amines 16 with carboxylic acids 17.

oxidation of indoline products in the presence of DDQ afforded
the corresponding indoles in high yields.

Very recently, Kianmehr and Bahrami-Nasab employed
standard [{RuCl,(p-cymene)},] catalyst, in combination with
K,S,0s and KPF, for regioselective ortho-acyloxylation of
azoarenes 22 with carboxylic acids 23.?® These reactions were
performed in MeCN at 110 °C and afforded the corresponding
ortho-acyloxylated azoarene derivatives 24 in moderate to high
yields (Scheme 10). Notably, other ruthenium catalysts such as
RuCl,(PPh;), and RuCl; + H,O were also found to catalyze this
dehydrogenative cross-coupling reaction, albeit at considerably
lower efficiencies. The proposed mechanism for this trans-
formation is similar to that one depicted in Scheme 7b.

I

>7N

4. Palladium-catalyzed reactions

In recent years, palladium salts have been extensively applied as
effective catalysts for the cross-dehydrogenative coupling reac-
tions between (hetero)arenes and carboxylic acids. One of the
first palladium-catalyzed direct acyloxylation of aromatic C-H
bonds with carboxylic acids was published by Shi and collabo-
rates in 2012.>° Here, various O-methyl aryloximes 25 were
selectively acyloxylated at the 2-position with carboxylic acids 26
using 10 mol% of Pd(OAc), as a catalyst and 1.5 equiv. of
PhI(OAc), an oxidant in PhNO,. The target esters 27 were ob-
tained with yield ranging from 37% to 90%. As shown in
Scheme 11, the process had a broad tolerance toward a wide

[
O
+ )J\
HO R?

20

—N
RI—T-
=
19

R!=2-Me, 3-Me, 4-Br, 5-OMe, 5-F, 5-Br, 6-Cl, 6-Br

R?= alkyl, alkenyl, aryl, heteroaryl

(0]
Y
B
—
RuCl,(p-cymene)], (5 mol%) R 0 >/N
AgSbF¢ (20 mol%)
Ag,CO;3 (2 equiv.) Rl | XN
DCE, 100 °C, 15-20 h l
21

27 examples (40-81%)

Scheme 9 Ru-catalyzed site-selective acyloxylation of indolines 19 with carboxylic acids 20.

[{RuCl,(p-cymene)},] (5 mol%)

= A o 0 If’:g)@gm"l%) = D g
N Na N ! . )J\ 25,03 (2 equiv.) g N Na S [
ri N HO” TR? MeCN, 110 °C, 24 h i N
| |
Z 73 24 examples (63-89%) 2o

)\ 2 24
R!=H, 4-Me, 4-Et, 4-C1, 4-Br, 3-Et, 3-Cl, 3,4-Me, T R
R2: ZPI', Bn, 4—Me-Bn, 4-Me—C6H4, 4-Et-C6H4, 4-Ph-C6H4, 4-OMC-C6H4, 4-F-C6H4, 4-C1-C6H4, 4—Br—C6H4, 4-N02-C6H4,
3-Me-Cg¢H,, 3-OMe-CgH,, 2-naphthyl, 2-CI-3-pyridyl

Scheme 10 ortho-Selective acyloxylation of azoarenes 22 with carboxylic acids 23 reported by Kianmehr.
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R!=H, Me, 'Bu, Ph, CH=CH-Ph

25 examples (37-87%)

R%= H, 3-OMe, 2,3-(OMe),, 2,4-(OMe),, 2-F-4-OMe

R; +Ry= (CHy)s

R3: Bn, 4-Me-C6H4, 4-OMC-C6H4, 3-N02-C6H4, 2-C1-C6H4, 2-Br-C6H4, 2-I-C6H4, 2-BZ-C6H4,
3-NO,-4-OMe-C4H;, PhCH,CH,, 2-naphthyl, 2-furyl, styryl, 4'-Me-styryl, 4'-OMe-styryl, 3'-styryl

Scheme 11 Pd-catalyzed cross-dehydrogenative coupling of O-methyl aryloximes 25 with carboxylic acids 26.

range of important functional groups and both aliphatic and
aromatic carboxylic acids were compatible with the reaction
conditions. In addition, the reaction was also successfully
extended to the synthesis of biologically important 6H-benzo[c]
chromen-6-one derivatives via a sequential Pd-catalyzed double
activations of adjacent sp> C-H bond.

Shortly afterwards, Zhong and co-workers showed that the
reaction of 2-arylpyridines 28 with aromatic carboxylic acids 29
in the presence of Pd(OAc),/Cul/Ag,CO; combination as a cata-
lytic system in DCE under the O, atmosphere afforded the
corresponding mono-benzoxylated arylpyridines 30 in
moderate to good yields (Scheme 12).** Other palladium cata-
lysts such as PdCl, and Pd,(dba); were also tested in this reac-
tion. However, only poor yield of isolated product was observed.
Both electron-rich and electron-poor 2-arylpyridines were good
coupling partners in this regioselective protocol, although
carboxylic acids containing strongly electron-withdrawing
substituents (e.g., NO,) were not tolerated. The following
mechanism was proposed by the authors for this trans-
formation (Scheme 13): initially, Pd(OAc), reacts with 2-aryl-
pyridine 28 by removing HOAc to form a cyclopalladated
intermediate A. Subsequently, the reaction of this intermediate
with in situ generated silver carboxylate B (from the reaction of
carboxylic acid 29 with Ag,COj;) gives the ligand exchanged
product C. Finally, the reductive elimination of intermediate C

Rl + _RZ
& i}qj/ -

28 29

R'=H, Me, OMe,F, Cl
R%=H, 4-Me, 4-F, 4-Cl, 4-Br, 3-Me, 2-Me

affords the benzoxylated product 30 and Pd(0) species that is
reoxidized to the Pd(u) catalyst by Ag(i) and Cu(i) salts.

The Pd-catalyzed cross-dehydrogenative coupling of aryl C-H
bonds with carboxylic acids in an intramolecular version was
reported by Wang and co-workers in 2013.** The combination of
Pd(OAc),/PhI(OAc),/KOAc/Ac-Gly-OH was used as a catalytic
system to prepare a series of biaryl lactones 32 from the corre-
sponding 2-aryl carboxylic acids 31, according to Scheme 14.

Later, Wang and Kuang presented the Pd-catalyzed direct
acyloxylation of 2-substituted 1,2,3-triazoles 33 with various
alkyl, alkenyl, and aryl carboxylic acids 34.*> The optimized
condition for this C-H activation reaction is the use of 10 mol%
of Pd(OAc), as a catalyst and 2.0 equiv. of K,S,03 as an oxidant
in DCE at 120 °C for 20 h. With the optimized protocol
a number of examples were reported in fair to good yield range
(Scheme 15). A significant kinetic isotope effect (ky/kp = 3.0)
was observed with deuterium-labelled compounds, signifying
that the cleavage of C-H bond was involved in the rate-
determining step of this transformation. Similarly, 2-arylben-
zothiazoles were also regioselectively acyloxylated at the ortho-
position using Pd(OAc), as a catalyst in conjunction with ceric
ammonium nitrate (CAN) as an oxidant.*

Following these works, Liu and collaborators informed an
interesting Pd-catalyzed dehydrogenative cross-coupling of
simple benzene with carboxylic acids under solvent-free

RZ
0
Pd(OAc), (10 mol%) 0
Cul (1 equiv.)
Ag,CO; (1 equiv.) | -
DCE,0,,80°C . X N/
N

30
15 examples (53-78%)

Scheme 12 Coupling of 2-arylpyridines 28 with carboxylic acids 29 catalyzed by Pd(OAc),.
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Pd(OAc),
Cu*/Ag* HOAc

I
C OOCAr

Scheme 13 Plausible mechanism for the Pd-catalyzed acyloxylation of 2-arylpyridines 28 with carboxylic acids 29.

Ph(OAc), (5 mol%) Q
CO,H PhI(OAc), (2 equiv.) (0]
R KOACc (2 equiv.) R
3\ Ac-Gly-OH (15 mol%)
& \— ‘BUOH, 80°C, 12h
\\_-_'_'_1, 3 1 \\_-_-_-_/I 32

28 examples (19-96%)
R=H, 3-Me, 4-Me, 4-Cl, 5-Me, 6-Me
(Het)Ar= Ph, 4-Me-C6H4, 4-OM6-C6H4, 4-F-C6H4, 4-C1-C6H4, 4-BT-C6H4, 4-CF3-C6H4,
4-COMe-CgH,, 4-CO,Et-CH,, 3-Me-CgH,, 3-OMe-CgH,, 3-F-C¢H,, 3-CL1-C4H,,
3—CF3-C6H4, 3'C02MC-C6H4, 2-MC-C6H4, 2-OMC-C6H4, 2-F'C6H4, l-naphthyl,
2-naphthyl, 2-thienyl

Scheme 14 Synthesis of lactones 32 from the corresponding 2-aryl carboxylic acids 31.

RZ
O:<
0
N o Pd(OAc), (10 mol%) N
/ \ /7 =< K2SzOg (2 equiV‘) /7 =
N " > "DCE, 120°C,20h N
— —
_|_ N HO R > > N
1 1
R 33 34 RY 35
R!=H, 4-OMe, 4-Cl, 3-CO,Me 25 examples (52-86%)

R?= alkyl, alkenyl, aryl

Scheme 15 Pd-catalyzed ortho-acyloxylation of 2-substituted 1,2,3-triazoles 33 with different carboxylic acids 34.
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HO,C Pd(OAc), (5§ mol%) 0
PhIO (2 equiv.)
+ -
120 °C,40 h (0]
36

11 examples (62-95%) 37

(Het)Ar= Ph, 4-OMC-C6H4, 4-F-C6H4, 4-C1-C6H4, 4-N02-C6H4, 2-MC-C6H4,
2-Br-CgHy, 2-pyridyl, 3-pyridyl, 4-pyridyl, 3-indolyl

®) Pd(OAc), (5 mol%)
OMe O PhIO (2 equiv.) OMe
ol N N )j\ CSA (1.5 equiv.) N
22 HO” >ph  DCE, 120°C,40h
0
38 15

5 examples (64-89%) /&
R=H, 2-Cl, 2-Br, 2-1, 3,5-(OMe), Ph e}

Scheme 16 (a) Pd-catalyzed dehydrogenative cross-coupling of simple benzene with carboxylic acids 36; (b) Pd-catalyzed para-benzoxylation
of anisole derivatives 38 with simple benzoic acid.

conditions.*® To evaluate the activity of different catalysts, gave a better yield of benzoxylated product. The oxidants such
benzoic acid was chosen as the model substrate. Like previous as Na,S,0g, oxone, Ag,0, Cu(OAc),, PhI(OAc),, PhIO, PhIO/CSA,
works Pd(OAc), was found to be more effective catalyst, which  PhIO/TFA, and PhIO/TfOH were examined and a good yield of

Phl, H,O benzene
Pd(OAc),
PIO, HOAc HOACc
pd°
Pd"OAc
ArCO,H
OCOAr pdlocoar HOAc

Scheme 17 Proposed mechanism for the reaction in Scheme 16a.

Rl R2 Rl R2
| 0 Pd(OAc), (10 mol%)
/ \ 74 S PhI(OAc), (2 equiv.) S
+ >
_ J\ Ho” R4 DCE,80°C,2h /J\
N R3 N R3
40 O 42

41

R
R!=H, 4-Me, 4-OMe, 4-F, 4-Cl, 4-Br, 3-Cl, 3,4-OCH,0

0]
R?=H, Me, Et, Ph .
R3= Me, CO,H, CO,Et 24 examples (56-92%)

R*=Me, Et, 'Pr, ‘Bu, Ph, 4-OMe-C¢H,, 4-F-C¢H,, 3-CI-C¢H,, 2-Me-C¢H,, 2-naphthyl

Scheme 18 Liao-Ji's synthesis of mono-acyloxylated 4-aryl-thiazoles 42.
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(a) R
o’{
0]
R2 0 PdCl, (10 mol%) R2
TN N\ X )J\ Ag,CO; (2 equiv.) N\
Rl_l + >
a \ 7/ HO R?> DMSO,80°C,8h N
Me Me
43 44 45
R'=H, 5-Me, 6-F 16 examples (40-96%)
R?=H, 4-Me, 4-CO,Et, 3-Me, 3-CF;
R3: Et, tBll, Ph, 4-C1-C6H4, 3-OMG-C6H4, 3-F-C6H4, 3-BI’-C6H4, 3-N02-C6H4, 2-F-C6H4, 2-C1-C6H4
(b)
0 PdCl, (10 mol%)
ri N AN . )J\ Ag,CO; (2 equiv.)
Pz . HO R3 DMSO/DMF (1:4), 80 °C, 5 h
\
2
46 R 47
2 1 -999
R'=H, 5-Me, 5-OMe, 5-Cl, 5-Br, 6-F, 6-Cl, 7-OBn 5 examples (35-99%)
R?= Me, Bn '
R3= Me, Et, ‘Bu, CH=CHPh, Bn, 3,5-F,-Bn, Ph, 4-Me-C¢H,, 4-Pr-C¢H,, 4-C1-C4H,, 4-CN-C¢H,, 3-OMe-CgH,,
3-F-C¢Hy, 3-Br-C4Hy, 3-NO,-C¢Hy, 2-F-C¢Hy, 2-CI-C¢Hy, 2,6-(OMe),-C4H;
Scheme 19 (a) Pd-catalyzed direct esterification of 2-substituted indoles 43 with carboxylic acids 44; (b) Pd-catalyzed direct esterification of

2,3-unsubstituted indoles 46 with carboxylic acids 47.

product was obtained when using 2.0 equiv. of iodosobenzene
as an oxidant. Under standard conditions, various (hetero)
aromatic carboxylic acids 36 reacted efficiently with benzene to
give the corresponding esters 37 in good to high yields (Scheme

46
X
Ri—F N—par,,
= < 1
N\ 2R Cycle I PdCl,
wat
c
R

Pd(0)

AgCO;  Ag(0) /

16a). It was proven that the reaction conditions could also be
applied to the benzoxylation of anisole derivatives 38 with
simple benzoic acid (Scheme 16b). In this case, over-
stoichiometric amounts of camphorsulfonic acid (CSA) as an

Pd(0)

R3*—CO,H (47)
+
Ag,CO;

Scheme 20 Mechanistic explanation for the synthesis of acyloxylated indoles 48.
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\
\_/

Co(OAc), (10 mol%) 1
Ag,CO;3 (2 equiv.)

View Article Online

Review

49 50

R!=H, 3-Me, 4-Cl, 4-Br
R?=H, 4-Me, 4-OMe, 4-OAc, 4-NO,, 4-Br, 5-Br

NH
R
J\/ o i e
: N AN )J\ Na,CO; (2 equiv.) f,
‘ ! - + > i
oL R _ HO R? toluene, Ar, 120°C, 12h ¢ .2

51
24 examples (25-93%)

R3= Me, ”Bu, Ph, 4-Me-C6H4, 4-ZBU-C6H4, 4-F-C6H4, 4-C1-C6H4, 4-Br-C6H4, 4-CF3-C6H4, 4-CN-C6H4, 3-MC-C6H4,

2-MC-C6H4, 2-C1-C6H4, 2-thienyl

Scheme 21

additive and DCE as the solvent was required to promote the
transformation. The mechanism proposed by the authors to
explain this C-O coupling reaction involves the initial forma-
tion of an Ar-Pd(u) intermediate A via Pd(u)-catalyzed C-H
cleavage of the C-H bond of benzene. Next, a ligand exchange
process of this intermediate A with carboxylic acid leads to the
intermediate B, which after C-O reductive elimination affords
the final product (Scheme 17).

In 2016, Liao and Ji along with their co-workers broadened
the applicability of Pd-catalyzed acyloxylation by developing
a catalytic system [Pd(OAc),, PhI(OAc),] which allowed for the
site-selective mono-acyloxylation of highly substituted 4-aryl-
thiazoles 40 with diverse carboxylic acids 41 (Scheme 18).*°
Importantly, the reaction was equally efficient for both aromatic
and aliphatic carboxylic acids. In a related investigation, Zhang
and colleagues reported that benzothiadiazole-arene derivatives
can undergo mild mono-selective acetoxylation with acetic acid

Agt

R |
Z =
|
0 R
C X
>\1AN
R
=
R3CO,H
50 0

Co-catalyzed cross-dehydrogenative coupling of N-aryl-2-pyridylcarboxamides 49 with carboxylic acids 50.

in the presence of 5 mol% of Pd(OAc), and 1.0 equiv. of
PhI(OAc), at room temperature.*®

Very recently, a beautiful and efficient Pd-catalyzed direct
esterification of 2-substituted indoles 43 with carboxylic acids
44 using PdCl,/Ag,CO; combination as a catalytic system was
developed by Liu and co-workers.”” The reactions were per-
formed in DMSO at 80 °C for 8 h, tolerated a wide range of
functional groups (e.g., F, Cl, Br, NO,, CF;, CO,Et, OMe) and
afforded C3-acyloxylated indoles 45 in moderate to excellent
yields with outstanding regioselectivity (Scheme 19a). Interest-
ingly, under the standard conditions, C2-unsubstituted indoles
46 underwent homocoupling with high C2/C3’ selectivity and
C3-acyloxylation with various alkyl/alkenyl/aryl carboxylic acids
47 in one step and provided the corresponding 3-(3-
acyloxylated-2-indolyl)-indoles 48 in fair to almost quantitative
yields (Scheme 19b). The proposed mechanism for this trans-
formation is a little bit complex involving two catalytic cycles

Co(IDX,
Ag*
[O]
Ago Ago
0] o(IlN) X5 49
X=0Ac or CO;
1
SN—~Co—X
R! |
= N
R2
X A ©
[
1)
N
O \> HX
RZ

Scheme 22 Possible mechanism for the Co-catalyzed oxidative coupling between an arene 49 and carboxylic acid 50.
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Co(acac), (10 mol%)
Ag,CO;5 (1.3 equiv.)
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R2 DCE, air, 100°C,3 h
26 examples (33-94%)

R2 0

Rl= 2-Me, 2-Ph, 2-OMe, 2-CF3, 3-Me, 2,3-Me,, 2,5-F,, 2-Me-3-OAc, 2-Me-3-OMe, 2-Me-5-F, 2-Me-5-Br, 2-F-4-OMe,

2,3-OCH,CH,0

R%= Me, ‘Bu, “Hex, Ph, 2-Ph-C4H,, 2-Me-CgH,, 2,6-Me,-CgHj, 2,6-F,-CgHj, 2-Me-4-F-C¢Hs, 2-Me-4-Cl1-C4Hs,

2-Me-4-OMe-Cg¢H3;, 2-Br-4-Me-CgHj3

Scheme 23 Coupling of N-(quinolin-8-yl)lbenzamides 52 with carboxylic acids 53 catalyzed by Co(acac),.

(Scheme 20). Initially, cationic palladium(u) generates from
PdCl, in the presence of Ag,COs;. In cycle I, electrophilic palla-
dation of C3 position of the indole 46 by palladium(u) affords
the palladium complex A, which converts into complex B
through migration. Next, the electrophilic palladation with the
second indole 46 forms intermediate C that after reductive
elimination produces the homocoupling product 2,3’-dimer D
and regenerates the cationic palladium(u) in the presence of
Ag,CO;. In cycle II, the electrophilic palladation of the 2,3'-
dimer D yields intermediate E, which then undergoes ligand
exchange with carboxylic acid 47 in the presence of Ag,CO; to
form the palladium complex F. Finally, the reductive elimina-
tion of this complex F affords the expected acyloxylated indole
product 48.

5. Cobalt-catalyzed reactions

In 2017, the group of Zeng reported the first cobalt-catalyzed
cross-dehydrogenative coupling of aryl C-H bonds with
carboxylic acids.*® In this study, various cobalt catalysts (e.g.,
CoCl,, Co(acac),, Co(OAc),, CoSO, + 7H,0), oxidants (e.g., O,,
MnO,, Cu(OAc),, AgOAc, Ag,CO;, K,S,0s), and bases (e.g,
NaOAc, K,COj;, Na,CO;, NaHCO;) were examined and the
Co(OAc),/Ag,CO3/Na,CO; system in toluene was found to be
optimal for this heterocoupling reaction. Various N-aryl-2-
pyridylcarboxamides 49 and alkyl/aryl/heteroaryl carboxylic
acids 50 were reacted well under the optimized reaction
conditions to produce the corresponding mono-acyloxylated

Cu(OAc), H,O (5 mol%)
TBPB (3 equiv.)

products 51 with yield range from 25 to 93% (Scheme 21).
However, 4-nitro-2-pyridyl carboxamide and 4-alkoxybenzoic
acid could not tolerate this reaction system. Mechanistically,
this esterification reaction is believed to proceed through
a metalation/deprotonation/ligand-exchange/reductive elimi-
nation sequential process (Scheme 22). A related acyloxylation
of arene C-H bonds under cobalt catalysis was also informed by
Zhang and co-workers in 2018.* Here, N-(quinolin-8-yl)
benzamide scaffolds were ortho-selective mono-acyloxylated in
the presence of Co(OAc), as the catalyst and Ag,SO, as the
oxidant in DCE medium under an inert atmosphere.

In a closely related investigation, Ueno, Natsui, and Chatani
revealed that the treatment of N-(quinolin-8-yl)benzamides 52
with aromatic and aliphatic carboxylic acids 53 in the presence
of 10 mol% of Co(acac), and 1.3 equiv. of Ag,CO; in DCE under
the open air afforded the corresponding mono-acyloxylated N-
(quinolin-8-yl)benzamides 54 in relatively low to excellent yields
(Scheme 23).*° This reaction tolerated many functional groups,
including fluoro, bromo, trifluoromethyl, ether, and ester
functionalities that offers scope for further transformations on
the benzamide ring.

6. Copper-catalyzed reactions

Copper salts, which are incredibly diverse, low-cost, versatile,
and possess low toxicity, have proven to be very efficient cata-
lysts for a wide variety of organic transformations.** In 2013,
Wang, Gulevich, and Gevorgyan reported on the first Cu-

R'=H, 3-F, 4-Me, 4-Br, 5-OMe, 5-NO,

DCE, 85 °C

56 R?

27 examples (10-90%)

R?= H, 4-Me, 4-'Bu, 4-OMe, 4-OBn, 4-OCF3, 4-F, 4-Cl, 4-Br, 4-CN, 4-COMe, 3-Me, 3-Bu, 3-OMe,

3-F, 3-Cl, 3-CF3, 3,5-Me,, 3,5-(OMe),

Scheme 24 Cu-catalyzed intramolecular C—H oxygenation reaction of 2-arylbenzoic acid derivatives 55.
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0 0
0 CuBr (20 mol%)
= N Ag,CO; (1.3 equiv.) N
R ) ] - - i
= Nau HO R?  toluene/DMF (3:1) Nau
- 58 air, 130 °C, 15-30 h /L -
L R’ O )
4 N
Me O O (0]
N N N
C[\L ! d ! !
N NN N
6} Me 6} R! 0
R/&O o Rz/\/&o
59a, R="Pr; (61%) 59h, R'=H, R?= Ph; (55%)
59b, R=2-thienyl; (61%) R 59i, R'=H, R?= 4-Br-C4H,; (58%)
59c¢, R=Ph; (89%) 59j, R'=H, R?= 4-OMe-C¢H,; (44%)
59d, R=4-Me-C¢H,; (88%) 59f, R= Me; (61%) (mono:di= 3:1) 59k, R'=F, R?= Ph; (36%)
59e, R=4-C1-C¢Hy; (76%) 59g, R= Br; (40%) (mono:di= 7:1) 591, R'= Me, R?= Ph; (43%)

J

Scheme 25

catalyzed cross-dehydrogenative coupling of arenes with
carboxylic acids.”” They discovered that the intramolecular
aromatic C-H oxygenation reaction of 2-arylbenzoic acid
derivatives 55 in the presence of Cu(OAc), + H,O and tert-butyl
peroxybenzoate (TBPB) afforded 3,4-benzocoumarins 56
(Scheme 24). The scope was rather narrow and limited for
electron-neutral and electron-rich substrates. In particular,

Zhang's synthesis of mono-acyloxylated of N-(quinolin-8-yl)lbenzamides 59.

meta-substituted substrates gave a mixture of both possible
isomers. The same lactones were also obtained in reactions
performed with K,S,0g as the oxidant in the presence of an
small amount of AgNO; as an additive. The results demon-
strated that the later method was more general and practical,
which is applicable to various electron-rich and electron-
deficient 2-arylbenzoic acids.

(a)
R! R2 R! R2
| =|= Q
7/ \ )j\ CuBr (10 mol%)
+ >
__ }\] /) HO” “R® PhCL,0,, 130°C, 24 h }\I //
60 61 32 examples (31-89%) O

O:< 62

R'=H, 4-Me, 4-OMe, 4-Cl, 4-Br, 4-CF;, 3-Me, 3-Cl, 2-Me, 2-OMe, 2-Cl R}

R?=H, 3-Me, 5-Br
R3=alky, alkenyl, aryl, heteroaryl

Cu,0 (20 mol%)

(b) 0
AN

e
I~y HO

63 NQ\N 64

)

R2 MeCN, O,, 130°C, 18 h

38 examples (35-95%)

N

OYO N)\I{I
R 65 \Q)

R!=H, 2-Me, 2-Ph, 3-Me, 4-Br, 5-Me, 5-OMe, 5-F, 5-Cl, 5-Br, 5-1, 2,3-(CH,),

R?= alkyl, alkenyl, aryl, heteroaryl

Scheme 26
63 with carboxylic acids 64.

17114 | RSC Adv., 2019, 9, 17101-17118

(a) Cu-catalyzed C—H acyloxylation of 2-arylpyridines 60 with carboxylic acids 61; (b) Cu-catalyzed C—H acyloxylation of indolines
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o (PPh3)AuClI (2 mol%) ¢} R?
N X )J\ PhI(OAc), (1.3 equiv.) \n/
R + 2 0, R
_— HO R 110°C, 3-16 h 0
66 67 68

20 examples (32-83%)

R'=1.3,5-(Me)s, 1,3,5-(Et)3, 1,2,3,5-(Me),, 1,2,4,5-(Me)y, 1,2,3,4,5-(Me)s, 1-1-3,5-(Me),,

2-Br-1,3,5-(Me),, 1-CO,Me-3,5-(Me),

R2: Me, Et, tBu, SBU, -(CH2)7Me, -(CHz)gMe, -CHzoMe, -CH(Et)Z

Scheme 27 Au-catalyzed oxidative acyloxylation of simple arenes 66.

Four years later, Zhang and co-workers investigated the
intermolecular version of this reaction.*® The optimization
study revealed that efficient C-O coupling occurs when using
commercially available CuBr catalyst in combination with
Ag,CO; as oxidant in the binary solvent toluene/DMF with ratio
3 : 1 under the open air and at 130 °C. The optimized protocol
allows direct ~mono-acyloxylation of N-(quinolin-8-yl)
benzamides 57 with various alkyl, alkenyl, aryl, and heteroaryl
carboxylic acids 58 furnishing the desired products 59 in rather
moderate to high yields; albeit the reaction of unsubstituted
and meta- and para-substituted benzamides with aromatic
carboxylic acids offered a mixture of mono- and di-

functionalized  products.  Furthermore,  meta-methoxy-
PhI Ar-H
[Au]"(OCORY),
PhI(OAc), RCO,H
Ar-OCOR
[Au]'! - k [Au]T(OCOR)AT
hindered arenes
nonhindered
Ar-H
Ar-Ar

[Au]™Ar,
RCO,H

Scheme 28 Proposed mechanism for the reaction in Scheme 27.

AgNOj; (20 mol%)
(NH4)28208 (3 equiV.)
KOAc (3 equiv.)

substituted benzamide gave a mixture of ortho, para, and di-
functionalized products with poor selectivity. The authors
explained this fact by the coordination effect of the methoxy
substituent that stabilized the organo-copper intermediate.
Some reported examples are shown in Scheme 25. According to
the author proposed mechanism, this esterification reaction
proceeds along the similar mechanistic pathway that depicted
in Scheme 22.

Subsequently, the same research team explored the copper-
catalyzed C-H acyloxylation of 2-arylpyridines 60 with carbox-
ylic acids 61 using oxygen as the oxidant.** The investigation
showed that like previous work the use of CuBr as a catalyst gave
the bestyield, while other copper salts such as CuCl, Cul, CuBr,,
Cu(OAc),, CuSO, + 5H,0, CuCl, + 2H,0, and Cu(OAc), + H,O
promoted the reaction with reduced efficiency. To identify the
solvent potentially suitable for this esterification reaction, the
authors first chose DMF, DMSO, THF, PhCl, 1,2-DCB, and
toluene. For this reaction, PhCl was the most effective solvent,
giving the desired o-acyloxylated of 2-arylpyridines 62 with yield
range from 31 to 89% (Scheme 26a). The results proved that 2-
arylpyridines possessing electron-donating groups afforded
relatively higher yields compared to the electron-poor 2-aryl-
pyridines and the relative reaction rates of carboxylic acids
followed the order: benzoic acids > cinnamic acids > aliphatic
acids. Along this line, Koley and colleagues showed that Cu,O
could effectively catalyze the cross-dehydrogenative coupling
reactions between indolines 63 and a variety of carboxylic acids
64 in MeCN under oxygen atmosphere.*® The corresponding
mono-acyloxylated indolines 65 were obtained in relatively low

DCM/H,0 (1:1), r.t., 8-48 h
26 examples (33-93%)

R= H, 4-Me, 4-Ph, 4-OMe, 4-F, 4-Cl, 4-Br, 4-Ac, 4-CF;, 4-OCH,CFs, 4-OCHF,, 4-OCH,CH=CH,,
4-CH(Me)NHAc, 4-CH,CH,OH, 3,5-Me,, 5-OMe
(Het)Ar= Ph, 2-Me-C6H4, 4-Me—C6H4, 4-Ph-C6H4, 4-C1'C6H4, 3,4—(0Me)2, 3,4-F2, 3'Ph-C6H4, 3-thlenyl

Scheme 29 Xu's synthesis of lactones 70.

This journal is © The Royal Society of Chemistry 2019
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R! COH 4R AgNO; (10 mol%) R! o} R!
| \ (NH4)2S208 (3 equiv.)
/ \ S KOAc (3 equiv.) N —
N k-
_ \N§N EtOAc-H,0O (1:1),r.t., 24 h \NéN
71 72

R'=H, 3-Me, 4-F, 5-Me, 3,5-Me,
R?=H, 2-Me, 2-OMe, 2-F, 3-Me, 4-F, 4-Cl, 4-Br

17 examples (48-78%)

Scheme 30 Ag-catalyzed intramolecular C-O cross-coupling of biaryl-2-carboxylic acids 71 through C—H acyloxylation.

to good yields (Scheme 26b). Noteworthy, CuBr failed to
promote this reaction.

7. Gold-catalyzed reactions

Gold-catalyzed direct acyloxylation of arene C-H bonds has
been rarely studied; indeed, only one example of such a reaction
was reported in the literature till date. In 2011, Pradal, Toullec,
and Michelet revealed that the treatment of simple arenes 66
with aliphatic carboxylic acids 67 in the presence of only
2 mol% of (PPh;3)AuCl as a catalyst and 1.3 equiv. of PhI(OAc),
as an oxidant under solvent-free conditions afforded the cor-
responding mono-acyloxylated arenes 68 with yield range from
32 to 83% (Scheme 27).*® Indole did not work well in the reac-
tion and therefore no other heteroaromatic compounds were
examined in the protocol. It should be noted that other gold
catalysts (e.g., AuCl, AuCl;, HAuCl,, Au,03, and (PPh;)AuNTf,)
were also found to promote the reaction; albeit in lower yields.
Of note, the protocol was only applicable for hindered arenes,
since nonhindered arene substrates afforded the corresponding
biphenyl products under this condition. The authors suggested
mechanism of this transformation is shown in Scheme 28.

8. Silver-catalyzed reactions

In 2015, in an innovative investigation, the group of Xu intro-
duced the use of silver salts as effective catalysts for intra-
molecular C-O cross-coupling of biaryl-2-carboxylic acids
through C-H functionalization/C-O cyclization.*” They studied
the effects of reaction variables such as catalyst, oxidant, addi-
tive, and solvent. It was found that using 20 mol% of AgNO; and
3 equiv. of (NH,4),S,05 in a 1:1 mixture of DCM and H,O
resulted in the best yields. Among the various additives such as
HOACc, NaOAc, KOAc, K,HPO,; KOAc was the most efficient for
this interesting reaction. Various 2 biaryl-2-carboxylic acids 69
bearing different electron-donating and electron-withdrawing
substituents on the arene rings were compatible with the
reaction conditions and provided the corresponding lactones 70
in moderate to excellent yields (Scheme 29). The procedures
could also be adapted to larger-scale synthesis.

The same silver-catalyzed method was applied for the
intramolecular C(5)-H acyloxylation of a variety of 2-(4-aryl-1H-
1,2,3-triazol-1-yl) benzoic acids 71 (Scheme 30).*® In this trans-
formation, Jiang's group reported that the use of a binary
solvent EtOAc/H,O with ratio 1 : 1 afforded the best results.

17116 | RSC Adv., 2019, 9, 17101-17118

9. Conclusion

This review summarized the available literature on cross-
dehydrogenative coupling reactions between arenes and
carboxylic acids. As illustrated, a variety of O-aryl esters could be
easily achieved by this simple and atom economical procedure
indicating the versatility and practicality of this page of ester
synthesis. Interestingly, all of the reactions covered in this
review were catalyzed by commercially available metal catalysts.
Despite remarkable progresses in this attractive research arena,
several challenges still need to be addresses: (i) most of the
reactions covered in this review were carried out at high
temperatures. Therefore there is still a need for the discovery of
new catalytic systems, which can allow the efficient coupling
under milder conditions; (ii) the current strategies mostly limit
to the use of expensive metal catalysts such as palladium and
ruthenium. Thus the exploration of low-cost metal catalysts
(e.g., iron and copper) for this transformation is highly desir-
able; (iii) other reactions such as coupling of arenes with alkynyl
acids should be explored.
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