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Transition Metal-Catalyzed Regio-selective Aromatic C—H Bond
Oxidation for C—O Bond Formation
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Abstract Recent years the great progress in transition metal-catalyzed direct aromatic C—H oxidation has been witnessed,
which has been utilized in the preparation of various phenolic compounds. These transformations employ inter alia palladium,
copper, ruthenium, iridium, etc. as the transition metal catalysts, and hypervalent iodine, persulfate, or oxygen as the oxidants.
There have been several reviews in which the C—H oxidations with specific transition metal or oxidant was discussed. This
review focuses specifically on transition metal-catalyzed aromatic C—H oxidations with ortho-, meta-, or para-selectivity, and
rationalizes the possible generation mechanism of regio-selectivities, which might be controlled by the directing group via
chelation-assistance, the ligand, or intrinsic properties of the substrate. The discussion section indicated the existing problems
of transition metal-catalyzed aromatic C—H oxidations, as well as the possible limiting factors for the development and

application of this strategy.

Keywords transition metal; arene; C—H oxidation; regio-selectivity; directing group

1 Introduction

Phenols are important structural motifs in the research
areas of pharmaceuticals, agrochemicals, polymers, and
natural products. There has been a growing demand for
developing versatile synthetic methodologies of phenol
derivatives.!"! Recently, transition metal-catalyzed direct
aromatic C—H oxidation has emerged as a powerful tool

in the regio-selective synthesis of phenols. This strategy
compares favorably to classical phenol synthesis with re-
spect to the atom-economy as well as the step-economy.
There have already been several distinguished reviews
on the research progress of transition metal-mediated aro-
matic C(sp?)—H oxygenation from different perspectives:
Sanford et al. reviewed C—O bond formation as a section
in the subject of palladium-catalyzed C—H functionaliza-

* Corresponding authors. E-mail: yangfanzhi@bit.edu.cn; bowang@bit.edu.cn; Lutz. Ackermann@chemie.uni-goettingen.de
Received August 16, 2018; revised October 22, 2018; published online October 26, 2018.

Dedicated to Professor Qingyun Chen on the occasion of his 90th birthday.

Project supported by the National Natural Science Foundation of China (No. 21801018) and the Beijing Institute of Technology Research Fund Program for

Young Scholars (No. 1230011181807).

XK HARFHEHE S (No. 2180101 8)FIL 5T 3 T K 5475 4F £ 2% AR J 2 1R (No. 1230011181807) BT H .

Chin. J. Org. Chem. 2019, 39, 59~73

A © 2019 Chinese Chemical Society & SIOC, CAS

http://sioc-journal.cn/ 59



BIKE

tions.'”! Later, Enthaler and Company summarized the pro-
gress in palladium-catalyzed hydroxylation and alkoxyla-
tion.’) Ackermann ez al. reviewed the recent advances in
ruthenium-catalyzed direct hydroxylation of C(sp*)—H
and C(sp’ )—H bonds.""! Baran er al. reviewed the oxida-
tion of both C(sp?)—H and C(sp’ )—H bonds, emphasizing
the chemoselectivity imposed by the nature of the sub-
strates, such as inductive effects, conjugation, hy-
per-conjugation, steric hindrance, and strain release.”’ Re-
garding the oxidants, Jiao et al. summarized their research
on the synthesis of oxygen-containing compounds via C—
H or C—C bond activation with 101 kPa oxygen or air as
the green oxidant.! In the meanwhile, Saha and Laha et al.
summarized the uses of K,S,0g4 as a cost-effective inor-
ganic oxidant in metal-catalyzed and metal-free oxidative
transformations.”!

The selectivity control of C—H functionalizations has
been regarded as an essential section in the new “Holly
Grails” of chemistry.™ Specific to the category of aromatic
C—H bond oxidation, the selectivity mainly originate from
electronic effect, steric effect, or chelation assistance. Very
recently, several novel reaction systems have been devel-
oped for remote C—H bond oxidation. Given all of the
above, we feel that it would be helpful to summarize the
recent progress in transition metal-catalyzed aromatic C—
H oxidations at ortho-, meta-, or para-position.

This review will focus on those aromatic oxidations
where the oxygen atom on the newly formed C—O bond
should originate from the terminal oxidant (Eq. 1). There
are other pathways of aromatic C—H bond functionaliza-
tions for C—O bond generations: One way is the reaction
between arenes and oxygen-containing nucleophiles via
transition metal-catalyzed C—H activations,'”’ where the
oxidation of transition metal core with an external oxidant
is the essential step. It is noteworthy that the anode could
also be regarded as an external oxidant, for instance, the
groups of Ackermann, Mei, Lei et al. have recently made
distinguished contributions to transition metal-catalyzed
electrooxidative C—H functionalizations for C—O bond
formations.'"”’ Another way is C—H oxidation via radical
aromatic substitution without transition metal catalyst.!""
The above mentioned transformations will not be included
in this review.

transition metal catalyst
Ar—H : ¥, A-OR )
Oxidant

This review has compiled the research advances of tran-
sition metal-catalyzed regio-selective aromatic C—H oxi-
dations up to spring of 2018. We hereby wish to give the
readers an intuitive glance at the recent progress of this
research area, as well as the generative mechanism of spe-
cific chemo- and regio-selectivity.

2 Direct C—H oxygenation of simple are-
nes

2.1 Palladium-catalyzed direct C—H oxidation

About 30 years ago, Jintoku, Fujiwara and co-workers
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reported Pd(OAc),-catalyzed (OAc=acetate) oxidation of
benzene to phenol under the atmosphere of oxygen ((1.52
MPa) and carbon monoxide (1.52 MPa) at 180 C.
1,10-Phenathroline was recognized as the optimized lig-
and. Under optimized reaction conditions, phenyl acetate
was monitored as a major side product, while benzoic acid
was isolated as the major product in the absence of lig-
and.l"”!

The above systems have been suffering from high pres-
sure, which could limit the applications of these strategies.
In 2007, Ishii and co-workers utilized polyoxometalate
HsPMo;(V,049°26H,0 (2 mol%) as the redox catalyst in
palladium-catalyzed hydroxylation-carboxylation of bi-
phenyl, and the reaction could proceed smoothly under an
atmosphere of oxygen (50.7 kPa) and carbon monoxide
(50.7 kPa) (Eq. 2).I"%)

Pd(OAc), (2.5 mol%)

H5PMo V2040 26H,0 (2 mol%)
Q O (Conv. 61%) (2)
AcOH, 110 °C, 15 h

1 CO/0, (50.7/50.7 kPa)
—,COH —\ HOY
OH “—
Select: 51% 3% 13%

(2-:3-14- = 16:36:58)  (2-:4- = 40:60) (2'-:3'-:4'- = 34:11:55)

Oxidants other than oxygen have proved applicable to
palladium-catalyzed direct aromatic C—H oxidations. In
1996, Crabtree and co-workers employed PhI(OAc), as the
oxidant in Pd(OAc),-catalyzed C—H oxidation of arenes,
delivering acetoxylated products. Mechanistic studies ruled
out a radical route, and indicated that palladation should be
the rate-determining step.''*! Later, Sanford and co-workers
performed a detailed mechanistic investigation on palla-
dium-catalyzed PhI(OAc), oxidized aromatic C—H ace-
toxylation. The results of NMR and kinetic studies sug-
gested that the most active catalyst rests as a palladium
dimer in solution (Scheme 1).!'*

@

=N -

~Pd_X

qjp AcOT Oy

Ch. & HOAG
=N__ .0
Pd” |

AcO

~PAg” PhH (3) Pyr-Pd-Ph
2 OAc

OAc Ph'(OAC)z
\ |
/ N-Pd—[]
— OAc Phl
OAc
PhOAc + AcOH Pyr~ | _HOAc
4 _Pd_
AcO” | “Ph
OAc

Scheme 1 Proposed catalytic cycle of palladium-catalyzed Phl-
(OAc), oxidized aromatic C—H acetoxylation

Besides PhI(OAc),, K,S,05 has also been used as the
terminal oxidant in palladium-catalyzed C—H oxidation.
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In 2013, Sanford and co-workers reported palladium-ca-
talyzed direct acetoxylation of benzene, using K,S,0g as
the oxidant and a solvent mixture of AcOH/Ac,0.1'" In
2004, Nozaki and co-workers reported the palladi-
um-catalyzed sequential hydroxylation-carboxylation using
biphenyl using formic acid as the carbonyl source, gener-
ating a mixture of meta- and para-hydroxybiphenylcar-
boxylic acids in a combined yield of 45% (m- : p-=17 :

83) (Eq. 3).l""
Pd(O,CCF3), (1 mol%)
K2S,05 (3 equiv.), HCO,H (6.5 equiv.)

1 CF3CO0,H/CH,Cl, (V:V = 2:1), 50 °C, 48 h

R\ oH 3)

45% m-:p-=17:83

2.2 Manganese-catalyzed direct C—H oxidation

In 2013, Guo and co-workers reported tetrakis(pen-
tafluorophenyl)porphyrin manganese(Ill) chloride (FyT-
PPMnCI) catalyzed hydroxylation of 2-substituted naph-
thaline (Eq. 4). Depending on the electronic properties of
the substituent on C2 position, the catalytic system showed
different regio-selectivies. Naphthaline with an elec-
tron-donating substituent afforded C1-hydroxylated prod-
uct, while with an electron-withdrawing substituent pre-
dominantly delivered C4-hydroxylated product.!"®

F2oTPPMNCI (0.1 mol%)

R
m-CPBA (1.2 equiv.), CH,ClL/CH;CN, r.t., 1 h

5
OH OH
R R R
- 00 @
6 OH 8
7
R Selectivity/%
6 7 8
H 93 — —
Me/Et/Pr/OMe 92~93 Trace 7~8
Br/CO,H 15~34 63~66 Trace~22

3 ortho-Selective aromatic C—H oxidation

In the category of transition metal-catalyzed ortho-se-
lective aromatic C—H oxidation, the selectivity originated
from the coordination of metal catalyst and the Lewis base
substituent on the arene, which will tend to form a cyclized
transition state via C—H metalation, followed by reductive
elimination to afford the ortho-oxygenated product
(Scheme 2).

3.1 Copper catalyzed ortho-C—H oxidation

Stoichiometric amount of copper has proved efficacy in

Chin. J. Org. Chem. 2019, 39, 59~73
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DG DG
DG-._
Ho m S[TM]OR OR
e
oxidant

Scheme 2  ortho-Selective aromatic C—H oxidation

the ortho-selective hydroxylation of arenes, using molecu-
lar oxygen,!'”! iodosylbenzene,” hydrogen peroxide,"*! or
trimethylamine N-oxide!*” as the terminal oxidant. Besides
these copper-catalyzed aromatic hydroxylations with ex-
ternal oxidants, Cu(OAc), itself could also serve as the
terminal oxidant in aromatic C—H oxidations. In 1991,
Takizawa and co-workers reported stoichiometric amount
of Cu(OAc), mediated direct ortho-acetoxylation of
4-alkoxylated phenols. The configuration of the product
was confirmed by nuclear Overhauser effect (NOE) ex-
periment, and the possibility of transesterification involv-
ing the 1-hydroxy group was ruled out. However, this re-
action system is not applicable to the acetoxylation of
4-methylphenols and 4-phenyl- phenols.”! In 2016, Jana
and co-workers reported Cu(OAc),*H,0O mediated hydrox-
ylation via a bidentate directing group consisted of ben-
zamide and 8-aminoquino- line. Radical trap experiment
with (2,2,6,6-tetramethyl- piperidin-1-yl)oxyl (TEMPO)
found no significant effect on the reaction outcome, thus

eliminating the radical pathway (Eq. 5).1**!

N

N
= N/

N™  Cu(OAc),-H,0 (1 equiv.) 0w NH

OsNH
Pyridine (10 equiv.) OH
H DMF/DMSO (V:V = 3:1) 5)
100°C,2h
9 10

99% (without TEMPO)
61% (with 1 equiv. TEMPO )

In 2006, Yu and co-workers observed that an equimolar
amount of Cu(OAc), could mediate the ortho-hydroxyla-
tion of 2-phenylpyridine with 1 equiv of H,O in CH;CN
under O, (101 kPa) at 130 “C. Labeling experiments using
H,'®0 demonstrated that the oxygen atom from Cu(OAc),
was incorporated into product. The author hypothesized
the binding of the hydroxyl group and the nitrogen in the
product to Cu(Il) might prevent catalytic turnover. By
adding Ac,O to the reaction system, the copper loading
was successfully reduced to 10 mol % under O, atmos-
phc[ezre]:, albeit resulting in significant diacetoxylation (Eq.
6).1”

| \N Cu@Acy, [ ™
2 (10 mol%) =N ZN
oA A + (6)
H H  HoAc/AGO OAc " AcO OAc
0,, 130 °C, 48 h
11 1 .
37% 56%
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3.2 Palladium-catalyzed ortho-C—H oxidation

3.2.1 Palladium-catalyzed ortho-C—H oxidation via a
S5-membered intermediate

Palladium-catalyzed ortho-C—H oxidation via a 5-mem-
bered intermediate is shown in Scheme 3.

/
! ' ' v 1

oy XY X
i H  » i/[Pd]_. i,OH

Scheme 3 Palladium-catalyzed ortho-C—H oxidation via a
5-membered intermediate

CH,-NR; as DG In 1990s, Boersma, van Koten, and
co-workers studied the generation of heteroleptic dia-
rylpalladium compounds and the oxidation of Pd-Ar bond
using tert-butyl hydroperoxide (TBHP) as the terminal
oxidant. With the assistance of CH,NR, group, this trans-
formation regio-selec- tively delivered mono-hydroxylated
compounds (Scheme 4).1%%)

O NMe2
Q TBHP hd
_NMe, (1 equiv.) /0
Pd —_ Me,N
otte .

14 15

TBHP NMe2
(1 equiv.) Pd -0
— oK
MEQN
16

Scheme 4 Oxidation of palladium complex 14 with TBHP

Carbonyl group as DG In 2009, Yu and co-workers
described the Pd(OAc),-catalyzed regioselective or-
tho-hydroxylation of potassium benzoates or benzoic acids,
employing the environmentally friendly molecular oxygen
as the terminal oxidant (Eq. 7). The presence of benzoqui-
none (BQ) was found to significantly increase the reaction
yield, however, it is not essential. Labeling experiment
with '®0, proved that the oxygen-atom incorporated into
the hydroxylated product is originated from molecular ox-
ygen, while oxygen incorporation from H,O was ruled out

K/HO.__O Pd(OAc), (10 mol%) HO.__O
KOACc (2 equiv.
Q (2 equiv.) \\OH @
R BQ (1 equiv.), 0 (101 kPa) R——
= DMA, 115°C, 15 h =
17/18 19
HO_ O Ho__o HO 20
NHAc
74% 78%
’ ° 78% 62% 5%

97% (with PhCO.K) (from 1-Nap-CO,H)
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via labeling experiment using H,'®0, indicating a direct
oxygenation of the arylpalladium intermediates by molec-
ular oxygen.*”!

In 2012, Rao and co-workers developed a palladium-
catalyzed ortho-hydroxylation system with selectfluor or
K,S,05 as the oxidant and a TFA/TFAA (9 © 1) mixture as
the solvent. This system has proved efficacy toward ke-
tone-, ester-, amide-, acetanilide-, and sulfonamide-di-
rected benzens.*"!

Imine, oxime or azo as DG Imine, oxime or azo as
DG is shown in Scheme 5.

5 -

Scheme 5 Imine, oxime or azo as DG

In 2004, Sanford and co-workers proved the feasibility
of Pd(OAc),-catalyzed ortho-selective C—H acetoxylation
with imine as the directing group and PhI(OAc), as the
terminal oxidant, delivering a moderate yield (Scheme
6a).”"! Later, Reddy and co-workers reported the acetoxy-
lation of 1-aryl-3,4-dihydroisoquinolines under similar
reaction conditions devoid of additional stoichiometric
amount of Ac,O (Scheme 6b).”"

(a) Fl’h Ph
HN HZN
Pd(OAc), (5 mol%
H (OAc), ( o) OAc
PhI(OAc), (1.5 equiv.)

CH4CN, 100 °C, 12 h
20 21 47%

=
R-— |
A
Pd(OAc), (5 mol%)
H  PhI(OAc), (1.1 equiv.)
Ac,0 (1.1 equiv.)
DCE, reflux, 3~6 h

23 72%~82%

Scheme 6 Pd(OAc),-catalyzed imine-directed ortho-selective
C—H acetoxylation

Transient directing group (TDQG) strategy has recently
boomed in transition metal-catalyzed C—H functionaliza-
tions.’'*% To overcome the weak coordination between
formyl group and transition metal, Sorensen and co-wor-
kers developed palladium-catalyzed ortho-hydroxylation
of arylaldehyde utilizing anthranilic acid as the TDG
(Scheme 7). The authors proposed that the reaction might
go through a transient imine intermediate with catalytic
amount of amines. This catalytic system could work with
both electron-donating and electron-withdrawing groups
substituted benzaldehydes."*’!

In 2006, Sanford and co-workers reported Pd(OAc),-
catalyzed acetoxylation of arenes with oxime ether as the

Chin. J. Org. Chem. 2019, 39, 59~73
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H O Pd(OAc), (10 mol%) cl
p-TsOH (2 equiv.) o
M AcOH, 90°C, air, 24 h
R—1— N O
F FOTf CO,H i Pd_
24 ©/ A H oA
R_
|
— / -
V 2
(1.5 equiv.) (50 mol%

H._O
- . \\OH
R——
=
26

Scheme 7 Pd(OAc),-catalyzed ortho-C—H hydroxylation of
arylaldehyde via a TDG strategy

directing group. They tested various oxidants, and found
significant quantities of the ortho-acetoxylated product
could be obtained with oxone, K,S,0s, or PhI(OAc); as the
oxidant (Eq. 8), however, the latter two oxidants could also
induce the formation of small amount of di-ortho- acetox-

Scheme 8 Proposed catalytic cycle of Pd(OAc),-catalyzed or-
tho-hydroxylation of aryl oxime ethers

Azobenzene has been known as a functional group in
among others Sudan Red B. Moreover, it could be used as
the directing group in palladium-catalyzed C—H oxida-
tions since the beginning of this century. In 2004, Sanford
and co-workers disclosed Pd(OAc),-catalyzed azo-assisted
ortho-C—H acetoxylation.” Later, Joseph and co-work-
ers developed Pd(OAc),-catalyzed ortho-C—H hydroxyla-
tion of symmetrical/unsymmetrical azobenzenes via a Phl-
(OTFA),/DCE system, generating unsymmetrical azophe-
nols (Eq. 10).5%¢

A
@w
=

ylated product.l*¥
(I)Me CI)Me
_N N
Pd(OAc), (5 mol%)
Oxidant (2 equiv.) OAc ®)
5 AcOH/AC,0 (V:V = 1:1)
r °
27 100 °C, 12 h 28
Oxidant Isolated yield/%| Oxidant Isolated yield/%
H202°urea 10 CH3CO3H 34
50% aq. H,O, 11 Oxone 68
m-CPBA 14 K2S208 76
70% aq. 'BuOOH 18 PhI(OAc), 81

With PPh; as the ligand and CHCIL,CHCI, as the solvent,
Jiao and co-workers developed a strategy for Pd(OAc),-
catalyzed ortho-C—H hydroxylation of aryl oxime ethers
(Eq. 9).5% A Pd"/Pd" catalytic cycle was proposed as fol-
lows: firstly, oxime ether assisted ortho-C—H palladation
formed a S5-membered palladacycle; secondly, oxidative
addition of K,S,04 with Pd" afforded a Pd" intermediate;
finally, reductive elimination gave the hydroxylated prod-
uct and regenerated Pd" catalyst. The ligand was supposed
to accelerate the C—O bond reductive elimination step
(Scheme 8).

OMe OMe
RL_N Pd(OAC); (5 mol%) RL_N
PPh; (10 mol%) o
OH
RZ'—\ Oxone (1.2 equiv.) R2'—\ @
- CHCI,CHCl,, 100 °C, 24 h L~
29 30
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N
d(OACc), (5 mol% Z
N )a ( o) N (10)
Phl(O,CCF3), (2 equiv.) OH
A o A
R1 DCE,70°C,7h R1:—
Z Z
32
Br —
i ; Cl
N/ N/
@OH CI\©/OH ©
34%

67% -
R = CO,Et, 65% (70:30)
R = Br, 70% (84:16)
R =F, 55% (92:8)

_ COzEt OMe —
~N ~N
N/ . N/
| OMe CO,Et
60% (56:44)
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In 2014, Zeng and co-workers reported Pd(OAc),-catal-
yzed ortho-esterification of azoarenes using aryl acylpero-
xide as the oxygen source (Eq. 11). The chemo-selectivity
shifted with different solvents and temperatures: C—O
functionalized product will be generated with CH;CN as
the solvent at 60 “C, while arylated product will be ob-
tained with PhCl as the solvent at 130 °C. In contrast with
the previously discussed Pd"~Pd" catalytic cycle, the
authors proposed a radical mechanism, which might un-
dergo a Pd" or Pd" intermediate during the catalytic cycle

(Scheme 9).1*7)
N

Pd(OACc), (10 mol%) N an
N 0 N
H oA O._Ar
A - A
RI-— AT 0T R'—— hig
= (0] ¥z o
31 (2 equiv.) 33

CH3CN, 60 °C, 30 h

)
(X, e

31

R = PhCO, or Ph
33 f

N
Pd—OAc /
7\ C{

X R \_/
OAc

Pd" or PdV N

(0]
(0]
Ph)l\o‘ homolysis )J\ _O_ _Ph

or <= Ph” O \[(

Ph* lo)
Scheme 9 Proposed catalytic cycle of Pd(OAc),-catalyzed or-
tho-esterification of azoarenes with aryl acylperoxide

Pd(OAC),

In 2015, Cui, Wu and co-workers discovered the palla-
dium-catalyzed ortho-esterification/etherification of azoxy-
benzenes at 100 ‘C or even at ambient temperature
(Scheme 10). Based on mechanistic studies, a radical reac-
tion pathway was proposed, including the formation of
Pd-substrate complex via ortho-C—H activaition, the gen-
eration of oxygen radical and its addition to the palladium
center, and reductive elimination to afford the oxygenated
product (Scheme 11).%

N-Heterocycle as DG Nitrogen-containing heterocy-
cles could be applied as the directing group in palladi-
um-catalyzed ortho-selective aromatic oxidation. In early
2000s, Sanford and co-workers utilized the Pd(OAc),/
PhI(OAc), system for regio-selective C—H oxidation of
arenes bearing pyridine or other N-heterocyclic substitu-
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SRS R
X X
| _R1 | R'I
= =
_ Pd(O,CCF3), -
O 2N (2.5 mol%) 0. =N
v  K2S205 2 equiv) I\
3 2920g (£ equiv.
O~ R : ' A H
R2+ R C02H, 100 °C RZ_:
~ © 14 h, air Z
35 N 34
| — R
=
Pd(O,CCF3), i
(10 mol%) O. _N
N
PhI(OAC), (2 equiv.) * o
RPOH/CFiCOH o i ] R
[}
r.t., 20 h, air =
36

Scheme 10 Pd(O,CCFj3),-catalyzed ortho-esterification/etheri-
fication of azoxybenzenes

. oxidant
Pd" or Pd'V RO" <—— ROH

R = alkyl, acyl

Scheme 11 Proposed catalytic cycle of Pd(O,CCF;),-catalyzed
ortho-oxidation of azoxybenzenes

ents, obtaining mono- or di-oxidized products. Various
functional groups are well tolerated, including nitro, fluo-
ride, bromide, and ezc.*>*" Very recently, Correa and
co-workers reported Pd(OAc),-catalyzed C—H acetoxyla-
tion/pivaloxylation of arenes with a triazole directing
group, which could be easily prepared via click chemis-
try.*” Besides PhI(OAc),, other oxidants like oxone,
TBHP, and H,0, have also been successfully employed in
palladium-catalyzed aromatic C—H oxidation by the
group of Kim,*" Sun,*?! and Itoh,**! respectively, deliver-
ing numerous ortho-hydroxylated products (Eq. 12).

N-Het N-Het
H' cat Pd(OAC), OAc (12)
_— T
PhI(OAc),
R’I
[ [ NN
{ N
N-Het= SN 7 RZ/NK\M(MN
. b
37 11 38

The detailed mechanism of palladium-catalyzed ortho-
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C—H esterification on 2-phenylpyridine with hypervalent
iodine as the oxidant was investigated by Sanford and Rit-
ter, respectively. In 2005, Sanford and co-workers dis-
closed the Pd"-Pd" catalytic cycle via mechanistic study.
They designed and synthesized a series of stable Pd"
complexes and presented detailed study of reductive elim-
ination from this oxidation state which finally afforded
oxygenated product (Eq. 13).** Later, Sanford and Ritter
et al. respectively proposed a Pd"-Pd"™ catalytic cycle in
palladium-catalyzed C—H oxidation of 2-phenylpyridine
as was substantiated by X-ray or kinetic isotope effect
studies.[** 7

(13)

In 2015, Jiao and co-workers reported the palladium-
catalyzed ortho-hydroxylation of 2-phenylpyridine. Inter-
estingly, this system employed catalytic amount of NHPI
under oxygen atmosphere (Scheme 12).**! Isotope label-
ling strategy proved that the oxygen atom in the hydroxy
group originates from molecular oxygen. KIE study
(Ku/Kp=1.86) indicated that C—H bond cleavage might
be the rate-limiting step. Based on mechanistic studies, the
catalytic cycle was as proposed, the radical stimulation and
propagation should follow the sequence NHPI-PINO—
benzyl radical—peroxide radical—hydroxyl radical, which
will finally intervened in the palladium catalytic cycle
(Scheme 12).

3.2.2 Palladium-catalyzed ortho-C—H oxidation via
a 6-membered intermediate

Palladium-catalyzed ortho-C—H oxidation via a 6-mem-
bered intermediate is shown in Scheme 13.

CH,-N-heterocycle as DG The diverse CH,-N-he-
terocycle type directing group-assisted palladi-
um-catalyzed aromatic C—H oxidation was respectively
investigated by Sanford and Correa (Eq. 14). With a meth-
ylene spacer between the directing group and the aromatic
C—H bond, the catalytic cycle would generate a 6-mem-
bered palladacycle. Individual kinetic isotope effect ex-
periments were performed with both electron-donating and
electron-withdrawing group substituted directing groups.
The results demonstrated that reactions could be acceler-
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PhCHO
OH ¥
O=N_0 o=N_o
0, A
H H* H
NHPI PINO

Scheme 12 Palladium-catalyzed ortho-hydroxylation of 2-phe-
nylpyridine with NHPI as the co-catalyst

X.y Xy Xoy
E H — E,th]—>£,OH

Scheme 13 Palladium-catalyzed ortho-C—H oxidation via a
6-membered intermediate

ated by electron-withdrawing groups. A significant kinetic
isotope effect was observed, indicating that the formation
of the 6-membered palladacycle is the rate determining

step.[34’40’49]
N-Het N-Het
cat. Pd(OAc
H (OAc), OR (1)
PhI(OR),
R = Ac or Piv
X X X
B Y NN
N-Het = N’ _N N.__N _N
nornr oo
42 43 44 45
AcO R!
Q NN
Y
46 47

Anilide or carbamate as DG During the past dec-
ades, several groups reported anilide-assisted palladi-
um-catalyzed aromatic C—H oxidation with PhI(O,CR),,
oxone or K,S,04 as the terminal oxidant, delivering or-
tho-selective acetoxylated product (Eq. 15).°***%%! The
catalytic system could tolerate various functional groups,
including nitro, fluoro, bromo, ketone, and etc.
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In 2014, Rao and co-workers reported carbamate-as-
sisted palladium-catalyzed ortho-C —H hydroxylation,
using K,S,04 as the oxidant and a mixture of TFA/TFAA
(1 2 1) as the solvent (Eq. 16). This catalytic system could
proceed even at room temperature, however, delivering
isolated yields of less than 50%.1°%!

T

(0]
OH/Ac

52/53

)N\ NMe,
d(OAC), (5 mol%) 0" ~o
OH (16)
K5S,0g (2 equiv.)
TFAITFAA (1:1) R
r.t. 55

0/ ~ 0,
R=F,Cl, I, CFs 40% ~ 47%

Silicon-bridged DG Silicon-tethered directing groups
have been used as easily installable and removable/modi-
fiable auxiliaries for C—H functionalization reactions.”>”
In the early 2010s, Gevorgyan and co-workers applied the
PyDipSi group as general directing group in palladi-
um-catalyzed ortho-selective mono- or di-oxygena- tion of
arenes, providing access to a variety of acetoxylated and
pivaloxylated aromatic compounds in good yields (Scheme
14).54 1t is notable that the palladium-catalyzed oxygena-
tion system not only worked on simple arenes, but also on
heterocycles like benzofuran and indole. After the reaction,
PyDipSi group could be easily removed or converted into
other functional groups.

) =
Pro o |
N

iPr/Si

Pd(OAc), (10 mol %) P = |
PhI(OR?), (2 equiv.) o N A
r

OR?2 AgOAc (1 equiv.) H
S DCE,80~100°C,2~8h [

%

= / P
1 R2 = Ac or Piv

R 57 R 56

Pd(OAc), (5 mol %) . \Si X
2 i Pr—
Phl(OR?), (2.5 equiv.) R%0

LiOAc (0.3 equiv.) | N
DCE, 80 °C, 14 ~120 h Ve

R1

Scheme 14 PyDipSi-directed palladium-catalyzed ortho-oxy-
genation of arenes
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Silanol has also been employed as the directing group in
palladium-catalyzed C—H oxidation, delivering a cyclic
silicon-protected catechol (Scheme 15). The catechol
product could be obtained via a routine desilylation of the
silacyle with tetrabutylammonium fluoride (TBAF).””! To
identify the source of oxygen of newly formed aryl silicon
ether, labeling experiment was performed with
"80-labelled silanol, after the reaction 'O was detected
only in HOACc rather than in the cyclized product. Based on
the mechanistic studies, the authors proposed the catalytic
cycle, in which reductive cyclization was forbidden, in-
stead, acetoxylation followed by nucleophilic addition de-
livered the final product (Scheme 16).

tBu,_ But tBu_ Bu-t

SIS si

0 80OH Pd(OPiv); (5 mol%) o~ \180H

Phi(OAc), (2 equiv.) OAc
PhMe, 100 °C
Me

Me
59 >95% 80 60 >95% 80
Bu-t

o—SIi’BU't

- i |
Me
61 0% '80

Scheme 15 Palladium-catalyzed synthesis of cyclic silicon-
protected catechol

Bu_ ‘Bu Bu_ 'Bu I‘Bu
_Si. _Si. A
0 O><Me oS onc - HOAc O-Si Bu
. N o
Sak o s
T tBu\S_/tBu
Bu_ B 0">"oH
d(OAc), ©
©/ >/ HOAc
Bu_ Bu Bu_ Bu
\ e \S'/
S
0>"o-H 0~"0-H

reductive
cyclization T Bu

o-gi-Bu  Phi(OAc),

be

Scheme 16 Proposed mechanism of palladium-catalyzed syn-
thesis of cyclic silicon-protected catechol

3.3 Ruthenium-catalyzed ortho-C—H oxidation

3.3.1 Ruthenium-catalyzed ortho-C—H oxidation via a
S5-membered intermediate

Ruthenium-catalyzed ortho-C—H oxidation via a 5-me-
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mbered intermediate is shown is Scheme 17.

X Y
: x-Y, X
@H - @[RU] o @’

Scheme 17 Ruthenium-catalyzed ortho-C—H oxidation via a
5-membered intermediate

Carbonyl group as DG Recent years have witnessed a
tremendous development in the ortho-selective C—H oxi-
dation of arenes and heteroarenes with readily accessible
ruthenium catalysts."”) In 2012, Rao and co-workers inves-
tigated [RuCly(p-cymene)],-catalyzed ortho-C —H hy-
droxylation of benzoates. The screening of oxidants
demonstrated K,S,0g and selectfluor to be the optimized
oxidants, meanwhile, a TFA/TFAA solvent mixture turned
out to be critical. Notably, this catalytic system is valid
towards heteroarenes. When using ethyl 1-naphthoate as
the substrate, peri-hydroxylated product was found to be
predominate isomer rather than ortho-hydroxylated prod-
uct (Eq. 17).5¢

R'0._0O [RuCly(p-cymene)l, ~R'O._0O
0,
_H (2.5 mol%) _OH -
r2f oxidant, TFA/TFAA (9:1) g2l
I/ I/
63
MeO EtO_ O
on EtO.__O
SoNeos
60% 44% 11%
EtO.__O
EtO.__O
OH
OH
IS X
Br
84% 41%

In 2012, Ackermann and co-workers reported rutheni-
um-catalyzed amide-directed C—H hydroxylation on
arenes. Several ruthenium catalysts were examined, out of
which the well-defined ruthenium carboxylate complex
[Ru(O,CMes),(p-cymene)]*”! was found to be the optimal
catalyst at a remarkably low catalyst loading of only 1
mol% (Scheme 18).°%) Later, Weinreb amide was applied
as the directing group in ruthenium-catalyzed ortho-C—H
hydroxylation of arenes with a similar reaction system but
at a milder temperature. In comparison with simple am-
ides, Weinreb amide exhibited more structural flexibility.
After reaction, ortho-hydroxylated aryl Weinreb amide
could be easily converted into salicylaldehyde.""!

In 2016, Zhang, Rao, and co-workers investigated the
C—H oxidation of N-methyl-N-phenylbenzamide using
K,S,04 as the oxidant and TFA/TFAA as the solvent
(Scheme 19). It was found that ruthenium and palladium
exhibited different regio-selectivities. They rationalized the
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Me ——=>—Pr-i
|
Ru.,
' Alkyl
Alkyl MesCO5”~ ‘03\ Mky!
N O Mes N0
R (1 mol%) R
OH - -1
R2 PhI(OAc), (1.2 equiv.) RZ:—
L~ TFA/TFAA (3:2) Z
65 R'=Aky  120°C 64
AIkyI
[RuCl,y(p-cymene)],
(2.5 mol%) LiAH,
PhI(OAc), (1 equiv.) |
TFA/TFAA (3:1)
50 °C 66 R1 OAlkyl

Scheme 18 Ruthenium-catalyzed ortho-C—H hydroxylatlon of
benzmides and Weinreb amides

difference of regio-selectivities to the polarity of transient
state via density functional theory (DFT) studies (Figure

1).50
@OH Pd(OAc), (5 mol%) ; H
i (@]

_N_O K2S;0g (Bequiv.) N
TFA/TFAA (9:1) H
60 °C,1.5h
68 61%

[RuCl;, (p-cymene)],
(2.5 mol%)
K2S,0g4 (3 equiv.)
TFA/TFAA (9:1)
60 °C,12h

69 90%

Scheme 19 Palladium-/ruthenium-catalyzed ortho-C—H hy-
droxylation of N-methyl-N-phenylbenzamide

Pd square planar geometry

TS1:29.0 (23.4) TS2: 27.3 (21.7)

Ru piano stool geometry

TS3:29.1 (22.5) TS4: 31.3 (23.9)

Figure 1 Regio-selectivities to the polarity of transient state via
DFT studies
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In 2012 and 2013, Ackermann and Rao respectively re-
ported ruthenium-catalyzed ortho-C—H bond oxygena-
tions of arenes with weakly coordinating ketones as the
directing group./“*" In general, the reaction system em-
ployed oxone, K,S,0s, Selectfluor, or PhI(OAc), as the
terminal oxidant and [RuCl,(p-cymene)],, [RuCl;(H,0),]
or [Ru(O,CMes),(p-cymene)] as the catalyst, delivering
mono-hydroxylated arylketones or mono/di-hydroxylated
diarylketones with ample scope and excellent functional
group tolerance. The products could be further converted
into various functional molecules. Very recently, fla-
voneand chromone derivatives have been applied in ruthe-
nium-catalyzed site-selective hydroxylation, again reflect-
ing the potential of this approach in the synthesis of bioac-

tive molecules (Eq. 18).1%
R.__O
T érOH (18)
70
Ar/H

72/73

cat. [Ru]

OX|dant
TFA/TFAA

Alkyl

Aldehyde is supposed to be the weakest carbonyl di-
recting group. It is especially challenging to achieve alde-
hyde-assisted ortho-hydroxylation due to the inherent ten-
dency of formyl group oxidation under oxidative environ-
ment, which will lead to the formation of benzoic acid. In
2014, Ackermann and co-workers developed the [RuCl,(p-
cymene)],/PhI(O,CCF3),/DCE system which could suc-
cessfully convert arylaldehyde to salicylaldehyde with high
chemo- and regio-selectivities. Intramolecular competition
experiments were performed with benzaldehyde bearing an
amide, ketone, or ester substituent, indicating that the co-
ordinating ability of aldehyde is weaker than amide, ke-
tone, and ester.*’ In contrast, all other transition metals fell
short in providing the desired C—H oxygenation (Eq. 19).

H__O
H [RuCl,(p-cymene)],
(2.5 mol%)
(19)
PhI(O,CCF3),
(1.5 equiv.)
OMe  beE, 100°C, 8h
75 76, 72% 77, 2%
H.__O
H [RuCly(p-cymene)],
(2.5 mol%)
(20)
H PhI(OZCCFa)z
(2 equiv.)
o0“ R DCE, 100 °C, 8 h
78
R=N(Pr),: 70% 0%
R = t-Bu: 76% 0%
R = OEt: 13% 0%
+59% s.m.
68 http://sioc-journal.cn/
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N-Heterocycle as DG  Very recently, Singh and
co-workers reported ruthenium-catalyzed ortho-hydroxy-
lation of 2-phenylpyridine. The catalysts, naming SPS-Bpy
and SPS-DB-Bpy, were derived from [Ru(O,CMes),(p-
cymene)] with bipyridine or dibromobipyridine as the re-
spective substituents. These catalysts were also found to be
highly chemo-selective in converting aromatic carboxylate
esters. The authors presumed a Ru(II)-Ru(IV) catalytic
cycle, including ortho-ruthelation, oxidative formation of
C—Ru—0O bond, and reductive elimination to afford the
final product and regenerate the active catalyst (Scheme
20).14

—~RU™--N
MesCO™ TEATFAA L
—~ Ru'—0,CCF;

L1

R =H, Br; L = p-cymene; L'= bipyridine, dibromobipyridine

Scheme 20 Proposed catalytic cycle of ortho-hydroxylation of
2-phenylpyridine with 81 as the pre-catalyst

3.3.2 Ruthenium-catalyzed ortho-C—H oxidation via a
6-membered ring transition state

Ruthenium-catalyzed ortho-C—H oxidation via a
6-membered ring transition state is shown in Scheme 21.

N X<
X\Y X Y v

H — Ry — OH

Scheme 21 Ruthenium-catalyzed ortho-C—H oxidation via a
6-membered ring transition state

Anilide or carbamate as DG In 2013, Rao and
co-workers reported the synthesis of 2-aminophenols and
2-aminobenzene-1,3-diols via ruthenium-catalyzed or-
tho-selective mono- or di-hydroxylation with anilide® as a
removable directing group./®” The reaction demonstrates
excellent reactivity, regioselectivity, and good functional
group tolerance. Besides removal from hydroxylated
products, the ortho-substituted benzoyl group could be
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further utilized in the synthesis of heterocycles, such as
benzoxazoles and dibenzoxazepines (Scheme 22).

R1 R1
A+ A
X" >x  [RuCly(p-cymene)l, XN %
(2.5 mol%)
HN™ S0 HN™ N0
| 80 °C H
// _
2 2
R® g2 NH, R” 3184
HO/H A\ _-OH
. I/ P
2
R%gs
HIOH  x
2 1~ l N\ N
—+ - R )
~ \ \R1
X

2@&/\
R

Scheme 22  Anilide-directed ruthenium-catalyzed ortho-hyd-
roxylation of arenes

In the same year, Ackermann and co-workers inde-
pendently reported the application of carbamate as the di-
recting group in ruthenium-catalyzed ortho-hydroxylation.
This catalytic system was widely applicable and could ef-
ficiently convert para-, meta-, and even more sterically
hindered ortho-substituted aryl carbamates bearing various
valuable electrophilic functional groups like chloro, bro-
mo, or iodo substituents.’®”’ Later, Rao and co-workers
reported that the ruthenium-catalyzed carbamate assisted
C—H hydroxylation system using K,S,0g as the oxidant
and TFA/TFAA as the solvent.”” It is notable that carba-
mate directed ortho-hydroxylation is useful for the synthe-
sis of catechol derivatives from easily accessible phenols
(Scheme 23).

NR; [RuCly(p-cymene)], NR,
0o |=>h|(02(:CF3)02 0)*0 OH
n  DCE, 50~80°C \OH
B
| \ or [RuCly(p-cymene)], | X | X
2 K»S,0g bR R
TFA/TFAA, 80 °C
54 55 88

Scheme 23 Carbamate-directed ruthenium-catalyzed or-
tho-hydroxylation of arenes
3.4 Rhodium-catalyzed ortho-C—H oxidation

In 2013, Rao and co-workers reported Rh(OAc),-cataly-
zed ortho-selective C—H hydroxylation on diarylketones
with K,S,05 as the terminal oxidant and TFA/TFAA (9 :
1) as the solvent, delivering mono- or 2,2'-dihydroxylated
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products in moderate to good yields. This method is also
valid for the ortho-hydroxylation of benzoates and ben-
zamides (Scheme 24).[61]

Alkyl
/

Rh(OAc); (5 mol%)
K5S,05 (2 equiv.)

N Ayl
TFA/TFAA (9:1) =

80°C,17h
Rh(OAc), (5 mol%) H/OH
KQSZOg 2 equiv. )
TFA/TFAA (9:1)
80°C, 17 h

72/73

Scheme 24 Ketone-directed rhodium-catalyzed ortho-hydro-
xylation of arenes

To understand the detailed mechanism of rhodium-cat-
alyzed aromatic C—H oxidation, Jones, Templeton, and
co-workers studied the oxygen insertion into the
Cp*-Rh-bpp half-sandwich complex using 2-tert-butylsul-
fonyliodosylbenzene (sPhlO) as the oxidant, forming a
Rh(IV) complex. Treatment with acid generated 2-pyridyl-
phenol (Scheme 25).168

sPhlO (2 equw)
Q\é ;’ B rt

I ﬁ + [
| id _N
— ”..--Rh_o\ acl
N '/Q > OH
6=§----Bu-t
o}

41

Scheme 25 Formation of Rh(IV) complex 90 via oxygen inser-
tion

3.5 Iridium-catalyzed ortho-C—H oxidation

In 2017, Zhao and co-workers developed a redox-neutral
strategy for catechol synthesis via iridium-catalyzed or-
tho-hydroxylation with an internal oxidant.!”” The reaction
was performed at room temperature and could tolerate
various functional groups like halogens, carboxylates, het-
erocycles, and even chiral substituents. To understand the
oxygen source, isotope labelling experiments were carried
out, demonstrating an internal oxidant pathway. The pro-
posed catalytic cycle started from iridium-catalyzed or-
tho-C—H activation, forming a 7-membered transition
state, which underwent reductive elimination to form the
C—O bond, oxidative insertion of Ir' (Scheme 26) into the
N—O bond and subsequently protonation afforded the
original Ir'"" catalyst and the imine compound, which
would be converted to catechols via hydrolysis.
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Scheme 26 Proposed catalytic cycle of iridium-catalyzed catechol synthesis with internal oxidant
4 meta-Selective aromatic C—H oxidation o, .0
\\S// \\ //

4.1 Ligand controlled meta-C—H oxidation "o _Pd(OAc),, ligand

. CN OX|dant HFIP

In 2013, Sanford and co-workers disclosed that the re- R+\

gio-selectivity of palladium-catalyzed C—H acetoxylation " OH/OAGC
could be altered with acridine as the ancillary ligand and 95 97/98
MesI(OAc), as the terminal oxidant, delivering meta-ace- o ?Et o ?Et
toxylated arene (Scheme 27), thus overrided the substrate \\p\ , \p\

. . . . .. o Pd(OAc),, ligand O
electronic bias that dominates the regio-selectivity ob- —_— on
served in the reaction that used ligand-free Pd(OAc), as the RS CN oxidant, HFIP R+\
catalyst and PhI(OAc), as the oxidant.””! N H ZNOHIOAG

96 oxidant: Phl(O,CCF3),, PhI(OAc),)  99/100
NO, Pd(OAc), (0.5 mol%) NO> i 2
Phi(OAc), (1 equiv.) Scheme 28 Pd(OAc),-catalyzed meta-selective aromatic hy-
OAc ACOH{QS%% (Z;BV; 9:1) H droxylation/acetoxylation
93 ' :2 gent. Finally, reductive elimination delivered the oxidized

Pd(OAC), (0.5 mol%)

N
N
O O (1.5 mol%) NO,
=
Mesl(OAc), (1 equiv.)
AcOH/Ac,0 (V:V =9:1)
100 °C, 23 h Sfc

Scheme 27 Ligand-controlled regio-selectivity shift of palla-
dium-catalyzed aromatic acetoxylation

4.2 Template assisted meta-C—H oxidation

Very recently, template-directed meta-selective C(sp>)—
H functionalization has been recognized as a powerful
toolin synthetic chemistry.”" In the category of transition
metal-catalyzed meta-selective C—H oxidations, palladi-
um-catalyzed meta-selective C—H oxygenation has been
recently achieved with the assistance of a U-shaped tem-
plate bearing a sulfonate or phosphonate linkage. The cat-
alytic system has exhibited excellent meta-selectivity, de-
livering mono-hydroxylated/acetoxylated products in high
yields (Scheme 28).1%

Based on mechanistic studies, the author proposed a
Pd"/Pd" catalytic cycle: Firstly, the palladium catalyst
coordinated with cyanide group, followed by the meta-C—
H activation to form an 11-membered ring transition state.
Pd" was then oxidized to Pd" by hypervalent iodine rea-

70
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product and regenerated Pd" catalyst (Scheme 29).

\\ /
/Q Ot
o
CN
OAc Pd"
H
100 96
G o
N ||N|
i\
AN e
AcO OAc / Pd
Ph|(0Ac)>\ ucNﬂ

P4
Scheme 29 Proposed catalytic cycle of palladium-catalyzed
meta-acetoxylation

5 para-Selective aromatic C—H oxidation

5.1

The ruthenium-catalyzed para-C—H oxidation without
a Lewis base directing group was achieved by Ackermann

Para-C—H oxidation of anisoles
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and co-workers.!"”! Taking advantage of the [RuCl,(p-cy-
mene)],/PhI(O,CCF;),/DCE system, anisole derivatives
were converted to the corresponding para-hydroxylated
phenols. Oxidations of anisole in the presence of catalytic
(10 mol%) or stoichiometric (1 equiv.) amounts of TEM-
PO furnished product in significantly reduced yields of
43% and 5%, respectively, indicating a single-electron-
transfer (SET) pathway. However, the ruthenium catalyst’s
exact mode of action is as of yet not completely under-
stood (Eq. 21).

OMe
[RuCl,(p-cymene)],
X (2.5 mol%) N
R—— R—— (21)
= PhI(O,CCF3), 7
H DCE, 80 °C, 3 h OH
101 102
OMe OMe OMe OMe
MeO Me
MeO
OH OH OH (e]
71% 56% 47% 84%

5.2 Template assisted para-C—H oxidation

In 2015, Maiti and co-workers disclosed the palladi-
um-catalyzed para-acetoxylation of substituted toluene
derivatives (Scheme 30).>7 High para-selectivity was
achieved with the assistance of a U-shaped template. In-
stalling two sterically hindered isopropyl groups at the Si
atom might allow closer approach of the coordinating
group to the para-C—H bond via the Thorpe-Ingold effect.
In the control experiment without cyanide group, no pa-
ra-acetoxylated product was generated.

6 Conclusions and perspectives

Recent years have witnessed tremendous progress in
transition metal-catalyzed aromatic C—H oxidations.
Enormous amount of phenols and phenolic derivatives
have been synthesized via this strategy, in the meantime,
huge advances have been made in the mechanistic study of
these transformations. However, there are still many chal-
lenges to be addressed, such as developing cost-compe-
titive transition metal catalysts, exploring switchable di-
recting groups, expanding substrate scope, and reducing
reaction temperature. In addition, there are two points de-
serve particular attention:

Point 1. Chelation-assisted aromatic C—H oxidation has
been comprehensively studied over the past few years,
delivering ortho-functionalized product. However, there
have been only a few examples of meta- and para-selective
aromatic C—H oxidations. Considering the diversity of
functional molecules, the developing of synthetic method-
ologies for meta- and para-hydroxylated arenes are un-
doubtedly in great demand.

Point 2. Most of the oxidants are generally expensive
and may cause environmental risks. The utilization of in-
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Scheme 30 Pd(OAc),-catalyzed para-selective aromatic ace-
toxylation

expensive peroxides, oxygen or even air as a green oxidant
in transition metal-catalyzed aromatic C—H oxidations is
more advantageous, thus worth further research. However,
the usually used high pressure reaction system could limit
the development of this strategy. An additional redox cat-
alyst might be the key solution to facilitate the reaction at
ambient atmospheric pressure.
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