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Transition metal-catalyzed C—H bond
functionalizations by the use of diverse
directing groups

Zhengkai Chen,? Binjie Wang,? Jitan Zhang,® Wenlong Yu,? Zhanxiang Liu*® and
Yuhong Zhang*®®

Transition metal-catalyzed direct functionalization of C—H bonds is one of the key emerging strategies
that is currently attracting tremendous attention with the aim to provide alternative environmentally
friendly and efficient ways for the construction of C-C and C—hetero bonds. In particular, the strategy
involving regioselective C—H activation assisted by various functional groups shows high potential, and
significant achievements have been made in both the development of novel reactions and the mechanis-
tic study. In this review, we attempt to give an overview of the development of utilizing the functionalities
as directing groups. The discussion is directed towards the use of different functional groups as directing
groups for the construction of C—C and C—hetero bonds via C—H activation using various transition metal
catalysts. The synthetic applications and mechanistic features of these transformations will be discussed,
and the review is organized on the basis of the type of directing groups and the type of bond being
formed or the catalyst.

and thus radically transforms the ways for chemists to
approach a synthetic challenge. Recent decades have witnessed

Direct C-H bond functionalization has emerged as a powerful
tool in organic synthesis by providing original disconnections
of complex molecules from simple starting materials and
improving the overall efficiency of the desired transformation,
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the development of transition-metal catalysis through the acti-
vation of C-H bonds by metal insertion, which has resulted in
many pioneering discoveries." While the idea of using C-H
bonds as starting points for chemical synthesis has become
prevalent, with a survey of the development in this area, the
sufficient reactivity for the cleavage of the strong C-H bond
and the control of site selectivity are two main challenges. In
this regard, functional group-assisted C-H bond -cleavage
shows great promise. Site selectivity can be controlled by the
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Scheme 1 Site selectivity controlled by transition metal catalyzed C—-H
activation.

close proximity of C-H bonds to the reactive metal centre and
the prerequisite substrate—catalyst interactions are significantly
promoted through coordination of heteroatoms with transition
metal catalysts (Scheme 1). Consequently, coordination of tran-
sition metals with directing groups is usually considered a
fundamental step involved in these catalytic C-H bond
functionalization processes.

Despite the fact that many examples of stoichiometric C-H
bond cleavage by various metals were discovered, the develop-
ment of a catalytic method as a key step towards a synthetically
useful process was not realized until the pioneering work of
Lewis and Murai. As early as 1986, Lewis and coworkers
observed the regioselective mono- and di-ortho-alkylations of
phenol with ethylene using an ortho-metalated ruthenium
phosphite complex.>® In 1993, an efficient ortho-selective alkyl-
ation of aromatic ketones with olefins in the presence of a
ruthenium catalyst was reported by Murai and co-workers.*”
The high efficiency and site selectivity in this transformation
were attributed to the easier insertion of ruthenium into the
ortho-C(sp”)-H bond after the coordination of ruthenium with
ketone to form the five-membered metallacyclic intermediate.
This knowledge about directing groups greatly speeds up the
discovery of new approaches in the functionalization of C-H
bonds, and the chemistry, by using the chelation-assisted C-H
activation strategy in organic synthesis, has rapidly expanded
since then.’> Various functional groups, including amide,
anilide, imine, heterocyclic, amine, carboxylic acid, ester,
ketone, and hydroxyl groups, have been employed as directing
groups for catalytic C-H bond functionalizations. The C-H
activation transformations directed by functional groups con-
taining sulfur, phosphorus, silicon and n-chelation have been
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developed. Recently, the use of bidentate-chelation has found
broad applications in the direct functionalization of inacti-
vated C(sp®)-H bonds. The more recent approach based on
remote-chelation is allowing the meta-position functionali-
zation of C(sp®)-H bonds in the aromatic ring.

In the following sections, we will summarize the recent
development of direct C-H bond functionalizations assisted by
coordination with commonly occurring functional groups
(Table 1). The versatility and limitations of these reactions will
be documented by categorizing the functional groups contain-
ing nitrogen, oxygen, sulfur, phosphorus, silicon, n-chelation,
and the bidentate systems. Given the rapid expansion of this
still growing field, it is not possible to cover all of the represen-
tative chemistry in the confines of this review. Materials
appearing in the previous literature will only be introduced as
the background when necessary. Moreover, it should be
pointed out that the cited literature sources in this review are
mainly from the last 3 years. For detailed information about
the early but still widely cited references, the reader is directed
to some excellent books and reviews on the subject.

2. The C-H functionalization
directed by amide

Among the myriad directing groups tested to date, amide has
shown unique reactivity in transition metal-catalyzed C-H
functionalizations and has served as a pivotal platform for the
discovery and optimization of new transformations via C-H
activation. Tremendous attention has been focused on these
reactions over the last several years, leading to a variety of tran-
sition metal-catalyzed direct C-H functionalizations through
the coordination of nitrogen and oxygen atoms with the metal
center to fulfill the C-H activation.

2.1. Pd catalyzed C-H functionalization

Leeuwen and co-workers demonstrated the ortho-olefination of
anilides with acrylates by the palladium-catalyzed oxidative
coupling reaction at room temperature in 2002 (Scheme 2).*
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Compared with the direct olefination of arenes reported by
Fujiwara and others, high ortho-selectivity was observed. It is
believed that this was the first example of the use of anilide as
the directing group for the C-H functionalization, and many
relevant studies about ortho-olefination of anilides were
reported in the following years.’

While much success was achieved in this selective olefina-
tion with acrylates, a significant challenge was represented by
aliphatic olefins due to the p-hydrogen elimination. Advances
in this respect were recently accomplished by Jiang who
showed that palladium-catalyzed transformation of anilides
with norbornenes took place to give an array of functionalized
indolines (Scheme 3).° Notably, f-hydride elimination was
almost halted due to the strained structure of norbornenes
and an oxidative cyclization could be achieved to give the
indolines.

The palladium-catalyzed ortho-arylation of anilides was
reported by Daugulis and co-workers in 2005 (Scheme 4).”
They found that the combination of aryliodides and AgOAc
was equally effective with the diphenyliodonium salts, which
significantly simplified the reaction substrates to give the
diverse diarylated anilides in good yields. In comparison,
direct arylation through the oxidative coupling of C-H bonds
with organometallic reagents is much more challenging.®* The
first beautiful example to apply for aryl boronic acids in the
ortho-arylation directed by an acetamino group was demon-
strated by Shi and co-workers (Scheme 5a).%” The electrophilic
attack of a Pd(u) species at the aromatic ring with the assist-
ance of the acetamino group may initiate the coupling
reaction. The subsequent transmetalation and reductive elimi-
nation produced the arylated product (Scheme 6, Path a).
Another possibility was the first formation of arylated Pd(iu)
species by transmetalation of the boronic acid with Pd(n) salts,
followed by an electrophilic attack of Pd(u) at the aromatic ring
to form a diaryl palladium species, which underwent reductive
elimination to give the arylation product (Scheme 6, Path b).
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Shi and co-workers also, for the first time, applied arylsilanes
as coupling partners to achieve the direct arylation to construct
biaryls through this oxidative coupling strategy (Scheme 5b).%

The direct hydrogenative arylation of acetanilides with
another molecule of arenes through the double C-H activation
strategy was described by Shi and co-workers (Scheme 5c¢).*?
A remarkable feature of this reaction was the use of arenes as
the coupling substrates rather than aryl halides or metallic aro-
matics, which allowed efficient biaryl synthesis via dual C-H
coupling with high regioselectivity. However, it was necessary
to use the arenes in excess (often as a solvent) in order to
obtain higher yields in this reaction. Further study by Buch-
wald and co-workers indicated that the arylation of anilides
with arenes could occur by the use of 4-11 equiv. of the arene
substrates in TFA and a metal-containing cocatalyst was not
required under an oxygen atmosphere (Scheme 7).’

A notable advance of the above transformations was
achieved by Dong and co-workers by the use of sodium per-
sulfate (Na,S,05) as the oxidant (Scheme 8).'° In their reaction,
the scope of the coupling partners could be extended to phenyl-
acetamides and benzamides, and an intramolecular cross-
coupling for preparing lactams was also described. The rele-
vant trifluoroacetate-bridged bimetallic Pd complexes derived
from anilides were prepared and their stoichiometric reactivity
was investigated.

More recently, this arylation was achieved at ambient
temperature using highly electrophilic cationic palladium
(PA[TFA]") as a catalyst by You and co-workers (Scheme 9)."" In
addition, the ortho-acetoxylation of anilides with acetic acid
was developed by the same group under similar conditions.

The Pd-catalyzed decarboxylative ortho-arylation of amides
using aryl acylperoxides as arylation agents was reported by
Wang and co-workers (Scheme 10)."> With the release of CO,,
a variety of ortho-arylated anilide compounds could be pre-
pared. When N-methoxyarylamides were used as the substrates
under the reaction conditions, the cyclization reaction
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Transition
metal
Directing group C-H functionalization catalyst Schemes Ref.
H 2 Olefination Pd 2 and 3 4-6
XN N R Rh 50 67
R4 \ﬂ/ Ru 96 134
P (@) Arylation (heteroarylation) Pd 4-10 7-12
H Rh 64 86
2 ¢ Ru 98b 138
R®=-CHs, ‘Bu Carboxylation Pd 11 13
Acylation Pd 12 14-17
Ethoxycarboxylation Pd 13 18,19
Amination Pd 15 and 16 21,22
Amidation Rh 68 92
Alkoxylation Pd 21 27
Halogenation Pd 18 and 19 23,24
Trifluoromethylation Pd 22 29
Olefination annulation Ru 99 139
Oxidative annulation 3 + 2] Rh 70 96,97
N NR2R3 Arylation Pd 14a 20d-f
5 i X Ethoxycarboxylation Pd 14c 20a
R o
H
H H Acylation Pd 14b 20g
rE T T
U
= @]
H
F Hydroxylation Ru 102 143
H
N
rD
I
% O F
H
X A\ Oxidative annulation [3 + 2] Co 111 153
R1—: H Alkenylation
Z N
)\ R2
O
NHSOzPy Halogenation Cu 105 147
H Nitration Cu 106 148
X
|
R—u
/
NHTF lodination Pd 20 25
N A
R-r y | /—R
H
Arylation Pd 23 30
Olefination Pd 24 31
Alkynylation Pd 25 32
Rh 67b 91
Acylation Pd 26 33
Acetoxylation Rh 92 129
Carbonylation Pd 27 34
Trifluoromethylation Cu 107 149
Oxidative annulations [3 + 2] Pd 28 35
Ru 100 140
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Table 1 (Contd.)
Transition
metal
Directing group C-H functionalization catalyst Schemes Ref.
H O Arylation and alkylation Pd 29 36
.OMe
R" R?H
H Arylation Pd 30 37-39
1 Alkynylation Pd 39 53
R NHC4F 5 Alkylation Pd 40 54
R2
O
O Arylation Pd 31 40
Amination Pd 44 59
7 NHAr Ru 103 144
R1—| Iodination Pd 47 63
= H Borylation Pd 48 64
Trifluoromethylation Pd 49 65
Ar = (4-CF3)CqF,
) Arylation pd 32 41
= NH
1 2
R+ =
H
O Arylation/annulation Pd 33 42-44
RZ Rh 57-59 79-81
TN N~ Acylation/annulation Pd 42 56
R Alkoxylation Pd 45 61
= H Olefination Rh 51 and 55 68,76
Ru 97 136
2 _ : Olefination/annulation Pd — 52
R® = OMe, OPiv Rh 54 and 78 77,111
Alkylation/annulation Rh 63 71b
Allenylation Rh 56 77
Alkynylation Rh 65 and 66a 87,89
Ir 66b 89
Amination Rh 89 and 91 125,127,128
Hydroxyamination Rh 90 126
Oxidative annulation [4 + 2] Rh 72,73,76,79 and 84 99,101-103,109,113,119
Ru 95 134
Oxidative annulation [4 + 3] Rh 77 and 85 110,71e
Amidoarylation Rh 74 104-106
Hydroarylation Rh 75 107,108
o) Oxidative annulation [4 + 2] Ru 94 132,133
“ Arylation Ru 98a 137
T NHR?2 Olefination Ru 96 135
R1-—- Alkylation Co 109 and 110 151,152
S H Amination Ir 104 145,146
R? = alkyl
0O Arylation Rh 60 and 61 82-84
o~ Allylation Rh 62 85
(7 NR?, Alkynylation Rh 67a 90
R1+~ Acylation Rh 69a 55
RN H Halogenation Rh 93 130
Hydroxylation Ru 101 141
R? = iPr, Et
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Transition
metal
Directing group C-H functionalization catalyst Schemes Ref.
(0] /l?\ Oxidative annulation [3 + 2] Rh 81 114
R—r N N o
i L/
=
H
Arylation Pd 34 45
Ar,: = (4—CF3)CGF4
H HN’ Arg Arylation/annulation Pd 35and 36 47
@)
Arg = (4-CF3)CgF4
@) Olefination/annulation Pd 37 49
N Ts Alkoxylation and halogenation Pd 46 62
P N~ Trifluoromethylation Cu 108 150
R—L | H Annulation Rh — 96
~" " H
R1 R2 Olefination/annulation Pd 38 51
H  CONHAr
Ar,: = (4-CF3)CBF4
. _I(j\/\CONEtZ Acylation pd a1 55
I
=
H
O\\S//O Olefination Pd 43 58
~ Carboxylation and carbonylation
R_I s NHCeF5 Iodination
'/ Arylation
H Alkylation
O\\S//O Oxidative annulation [4 + 2] Rh 83 117
7 XY" "NHAc
RT
=
H
N ONHAc Olefination Rh 52 and 53 70,72
R_I Oxidative annulation 3 + 2] Rh 88 124
P Oxidative annulation [4 + 3] Rh 87 123
H
H Oxidative annulation [3 + 2] Rh 71 98
7R "NHAc
RT
=
H
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Table 1 (Contd.)
Transition
metal
Directing group C-H functionalization catalyst Schemes Ref.
R Oxidative annulation [4 + 2] Rh 82 116
ArO,SHN \
H
0] _ R? Intramolecular redox-neutral annulation Rh 86a 120
N N’O\M/
R n
Z >y n=24
h 9 _ R?  Intramolecular redox-neutral annulation ~Rh 86b 121,122
A N\NW
R+ H
Z>H
X Arylation Pd 112 and 113 154-159
| Rh 131-133 187-192
_N Ru 153, 155 and 156 220-224
Cu 166 236-238
H Fe 168 and 169 244,245
Olefination Pd 114 and 115 160-162
Rh 134a, b and 139 193,194,201
Ru 157a, b and 158 225,226,228
Mn 173 248
Alkylation Pd 116-118 163-166
Rh 140-142 203-206
Ru 159 and 160 229,230
Co 171 and 172 246,247
Carboxylation Pd 119 167-169
Rh 144 and 145 207,208
Ru 161 and 162 231,232
Cyanation Pd 120 170
Rh 147 209,210
Amination Pd 121a and 122 171,173
Rh 148a, 149a, ¢, d and 150  211,213,215-217
Cu 167 163
Acetoxylation Pd 123 174,175
Hydroxylation Pd 124 176
Alkoxylation Pd 125 177
Phosphorylation Pd 126 178,179
Arylsulfonylation Pd 127a 180
Thiolation Pd 127b 181
Rh 152 219
Trifluoromethylthiolation Pd 127c 182
Borylation Pd 128 183
Ru 163 233
Silylation Pd 130 186
Ru 165 235
Alkynylation Rh 146 89
AN Fluorination Pd 129 184,185
| Alkenylation Rh 134c 195
N/ Amidation Rh 121b 172
H
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Table 1 (Contd.)

Transition
metal
Directing group C-H functionalization catalyst Schemes Ref.
/ \ Oxidative annulation Rh 143 71c
N Alkenylation Rh 135 and 137 196,197
N ‘ Ru 157¢ 227
Amidation Ru 164 234
% H
H Olefination/annulation Rh 138a 199
| AN N Oxidative annulations [3 + 2]
_N
H
H HN- N Olefination/annulation Rh 138b 200
@/]\) Oxidative annulations [4 + 2]
AN Amidation Rh 149b and 151 214,218
—
N
07 H
H N/C H,Ph Alkylation Rh 174-176 249-251
I Co 177 252
5 Olefination Rh — 253
7 R 194 274a,b
R _ Co 178 254
H N’ Ar Self-coupling Co — 246
| Annulation Co — 255b
9 Arylation Co — 255a
N R Ru 180 and 181 258
R 182 223
Z Pd 183 259
Fe 184 260
Alkylation/annulation Rh 185 261
Olefination/annulation Ru — 274c¢
H Olefination Rh 179 256a
Oxidative annulation [4 + 2] Ru — 271
3
R 7 TNHTs
[
/
Olefination Rh — 256b
Olefination/annulation Rh — 257
Rh 191b 270
Ir 191a 269
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Transition
metal
Directing group C-H functionalization catalyst Schemes Ref.
/tBu Olefination/annulation Re 186a 262
I
Xy H
110
R
=
H N~ Ph Acylation/annulation Re 186b and ¢ 263
I
N OMe
R
I
=
AN H Olefination/annulation Rh 187 and 188 264
|
R
=
N X
| gR?
A
NH H Arylation Rh 189a 265
Olefination/annulation Rh 189b 266
Ar X 190 268
| —-R Ru 189¢ 267
= Mn 193 273
R1\ Olefination/annulation Rh 192a 272a-¢
|N H
R2 )\/\ R 4
R3
H Olefination/annulation Rh 192b 272d
X \N
|
R
=
MeO. Acetoxylation pd 195 275
N H
)\i
Me Alkylation/annulation Rh 208b 292
x. _OMe Acylation/annulation Rh — 293b

q,
I>_g—
z

Py
N

This journal is © the Partner Organisations 2015
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Transition
metal
Directing group C-H functionalization catalyst Schemes Ref.
- ation/annulation P 196 and 197 276-278
o NOMe Arylation/annulati d d
| Fluorination Pd 202 284
Alkylation/annulation Rh 208a 291
1N N R2 Amidation/annulation Rh = 293a
R Alkylation Rh 198a 71a
= Selenylation Rh — 285
Olefination Rh 198b 279
Acylation Pd 199 280a,d
Acylation Rh 199 280e
Amidation Pd 200a 171
— 282
Rh 200b 127
200c 281
— 215
Cyanation Rh 201 283
Sulfenylation Rh — 219
Alkylation/annulation Rh 208 291,292
Olefination/annulation Ru — 286e
H N .OAc Olefination/annulation Rh — 286¢
[ 203 and 204 287
R1_'
|
_—
N -OH Olefination/annulation Rh — 286a,b
I
sz\)\
("
R H
H N .OH Olefination/annulation Rh — 286d
| Ru — 286f
Alkylation/annulation Rh 205 71d
0 R?
R+
—
R3 Olefination/annulation Rh — 286¢g
N — 286h
H N~ \R4 — 2861
|
R’I;
|
=
Alkylation/annulation Rh 206 288
Y, -OPIV
|
R P
H
R3 Olefination/annulation Rh 207 289,290
R2 _OPiv
"
R "H
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Transition
metal
Directing group C-H functionalization catalyst Schemes Ref.
= Acylation Pd 209 275,294a,b,d,295,296
Halogenation Pd 211a 298
N N+ A Alkylation/annulation Rh 210 297
R1_I_ N Olefination/annulation Rh 212 301a,b
| _— Amidation/annulation Rh 213a 302
Alkoxylation Pd 211b 299
Nitration Pd 211c 300
Amidation Rh — 303a,b
213b 303c¢
= Acylation Pd — 294¢
N Olefination Ru — 311
R N X
T |
| -
7 @)
H Arylation pd 214 304
CN Alkoxylation Pd — 305
| N Halogenations Pd — 306
RT
/
+Ny Olefination/annulation Rh 215 307
1
H -N
.
R
=
H Olefination Rh 216b 309
N N Olefination/annulation Rh 216a 308
N N’
R |
/
H R? Olefination Rh 217a 310
f{l /o) Olefination/annulation Rh 217b 312
R 7N
|
=
H Olefination/annulation Rh 218 313
\ N 4
N
R \ -
= N
@)
AN - silylation Ru 219 314
i N v atior
R—| | Olefination Pd 220 315
4 Carboxylation Pd 222 316
Xy
H Borylation Ir 223 317
Arylation Pd 224 318
Dehydrogenative annulation Pd 225 319-321
X N R2 Carbonylation/cyclization Pd 226 and 227 322,323
1
R y H
H
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Table 1 (Contd.)

Transition
metal
Directing group C-H functionalization catalyst Schemes Ref.
AN NH Arylation Pd 228 324
R—: 2 Trifluoromethylation Pd 229 325
= H Olefination Rh 230 326
R? Alkylation Ir 231 327
XN
R'T
Z N,
NH,
H Olefination pd 232 329
A 2 Arylation
Ri_ ., NH
HN” R? Alkenylation/cyclization Rh 233 330
R A NH
s
"
H H,N Cycloamidination Pd 234 331
N —
R e
N 7R
H
Olefination Ru 238 335
Arylation Pd 236 and 237 333,334
NH Alkenylation/cyclization Pd 235 332
2 Intramolecular amination Rh 239 336
H Aminocarbonylation Pd 240 337,338
I X Arylation Pd 241 340
R—K 243 342
NG Cu 242 341
N H Alkenylation Ni 244a 343a
(ol Pd 244b 342a
Alkylation Pd 246 345
Cu 247 346
Acetoxylation Cu 248 347
= X Alkenylation Pd 244c 343D
R— | Alkylation pd 245 344
R’l/ H Amidation Cu 249 348
| Sulfonylation Cu 250 349
o
= AN Alkenylation Rh 251a 350a
R— | Alkylation Rh 251b 350h
X ﬁ/ 253a 352
| Arylation Pd 252 351
H o Alkynylation Rh 253b 352
Iodination Rh 254a 353
Amidation Ir 254b 353
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Table 1 (Contd.)

Transition
metal
Directing group C-H functionalization catalyst Schemes Ref.
2,0 Alkenylation Rh 255 354
S y
Ry
H
Y
R'-T
=
O Olefination/annulation Pd 256 355
Ru 258 357
N OH Rh — 360,361,363
R Olefination Rh 259 359
= H Arylation Pd 266a, 267a, 269 and 270b  369,370,372,373h
Decarboxylation arylation Pd 270a 373a
Alkylation Pd 271a 369
Alkylation/annulation Pd 272 375
Acylation Pd 273b 377
Rh 273a 376
Carboxylation Pd 275a 378
Alkynylation/annulation Rh 282a 389,390
Ru 285 394
Ir 284 393
Olefination/annulation Rh 282b 389
Intermolecular lactonization Rh 287 398,399
Hydroxylation Pd 288a 400
Amination Pd 289a 402
Rh 289b 403
Halogenation Pd 290 404,405
- X\ COOH Hydroxylation cu 288b 401
|
RT
=
H
Intramolecular lactonization Cu 281 388
Hydrolysis Cu 281 388
Olefination Rh 259b 359
Decarboxylation and olefination Pd 260b 362
Olefination Ru 261 364
Decarboxylation and olefination Pd 260a 362
Oxidative annulation Pd 286 397
Olefination Pd 262-264 366,367
Arylation Pd 267b and 268 370,371
Alkylation Pd 271b 374
Carboxylation Pd 275b 378
Intramolecular lactonization Pd 280 385-387
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Transition
metal
Directing group C-H functionalization catalyst Schemes Ref.
AN COCH Intramolecular lactonization Pd 278 383
|
R1_
I / H
RZ
\FCOOH Olefination Pd 265 368
O
H
H Olefination Pd 266b 369
OH
R
O
H COOH Hydroxylation Pt 276 379
n=
OOH Intramolecular lactonization Pd 277 382
H
<z
R Intramolecular lactonization Pd 279 384
R Pz
H
0O~ "OH
SO3zH Alkynylation Rh — 392
H
@) Alkylation Ru 291 and 292 25,408f
Ir 293 410
N R2 Ru — 406,407a-c,408a—f
RS Rh — 409
= H Olefination Ru 294 and 298 411,421
Rh 297 69a
Ru — 412,413,420,422
Ir — 414
Arylation Ru 301 426a
Ru — 426D
Pd — 425
Amidation Pd 304 430
Ru 305 431-433
Ir 306 434
Hydroxylation Pd 307 435
pd — 436,437
Ru 308 and 309 438,439
Alkylation/annulation Rh 299 423
Ru 300 424
Olefination/annulation Rh 295 and 296 415-418
Ru — 419
Arylation/annulation Pd 302 427
Intramolecular/annulation Pd 303 428,429
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Transition
metal
Directing group C-H functionalization catalyst Schemes Ref.
) Alkylation Ru 310 406
~ Olefination Ru 311 and 313 441,443,444
oo OR?2 Rh 312 and 315 442,445
R'- - | Borylation Ir 316-318 419,446-448
k\\\:/ - Hydroxylation Ru 319 450
H Halogenation Pd 320 451
Amination Ir 321 434
O. _R? Arylation pd 322-324 455-457
R \n/ Olefination Rh 326 458
| _ o) Ru 327 and 328 461,464
H Halogenation Pd 329 465-469
Acylation Pd
Hydroxylation Ru
Borylation Ir
I X Arylation Pd 330a 470
R2 1 Alkylation/annulation Pd 332, 336 and 337 473,477,478
= H Olefination Pd 338 479
Carbonylation Pd, Ru 351 and 352 493,495
N OH Intramolecular cyclization Pd, Cu 355 and 356 498,500
|
Ry
/
H OH Arylation pd 330D 470
Olefination Ir 339 480
1 X Olefination/annulation Rh, Ru 340 482
R P
O Arylation Pd 331 471,472
H Ol-k/I
e
O Me
R2 Olefination/annulation Pd 333 474
AN Carbonylation Pd 350 492
3 -
R'IL R Intramolecular cyclization Pd 354 497
= OH
H
0 /t Bu Olefination Pd 334 475
AN “Si-t Oxygenation Pd 358a 502
R1|_ | Bu
|
= OH
H
R2 Olefination Pd 335 476
iPr Intramolecular cyclization Pd 358b 503
/7
RHUL N Sisjpy
i
H
o R2 , Olefination Pd, Ru 336 477
R
Sy
= OH
H
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Transition
metal
Directing group C-H functionalization catalyst Schemes Ref.
Alkylation/annulation Pd 337 478
R’ R! Olefination/annulation Rh 341 483
.’/ ) OH
~ - H
R? R? Olefination/annulation Ru 342 484
1 '!/:\\\ OH
R4
<7 H
@) Oxidative annulations [3 + 2] or [4 + 2] Ru, Rh, Pd 343, 345 and 346 485-487
|
R1_
|
OH
H
R2 a Oxidative annulations [3 + 2] Ru 347 488
=z H
XN OH
(i
R'T
/ O
OI—P Oxidative annulations [5 + 2] or [3 + 2] Rh 348 and 349 490,491
Carbonylation/annulation Pd 353 496
Intramolecular cyclization Cu 357 501
Silylation/cyclization Ir 359 504
) Arylation Pd 360 and 362b 505,510
Alkylation Rh 361 508
AN H Olefination/annulation Rh 362a and ¢ 509,511

=
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Transition
metal
Directing group C-H functionalization catalyst Schemes Ref.
- OMe Amination pd 363 172
R'I_'
|
= H
R3 Olefination pd 364 512
R4
| RS
R1 ] 2
= OR
H
_R! Olefination pd 365a 513
R2f N S Rh 366a 515
| > Arylation Pd 365b 514
H
O Olefination pd 366b 516
~
S
H ] H
H H Z ) Oxidative annulation Pd 367 and 368 517,518
TR
X S X
R1—: Il
= (0]
_Tol Olefination Pd 369 519
”('35
H
n=1,2,3
R2 \©:H Olefination Rh 370 520
/R1
R
o
Olefination Pd 371a 521
Acetylation P 371 522
e} tylati d b
Z
R® Ss Tol
(o]
R! O HP
| X SiMe,H Borylation Ir 372a 523
R
=
H
\ Borylation Ir 372b 524
N
H
H
Add Et,SiH»
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H Borylation Ir 372¢ 525
1
21l = R
R*T
SiR,H
OH Acetylation Ir 373 526
1
2 H
R3R4
or
O
R’ J\ﬁ H
R3R4
Add Et,SiH,
H = Oxidative annulation Rh 374 527
1
R
A
+H
Si
R? R3
OH Olefination Ru 375 2a
H Arylation Rh 376 528,529
| X
R _
Add P(OPh);
H - Oxidative annulation Pd 377 530
TR
A
H
L 4
/,P \
O Ph
©\/\PR2 Borylation Ir 378 531
H
O R Olefination Pd 379 532
©\/\ = Oxidative annulation Rh 380 533,534
|
OH
H
X O OMe Acetylation pd 381 535
X P~
FGi B
=
H
X =CH,, O
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metal
Directing group C-H functionalization catalyst Schemes Ref.
n Carbonylation Pd 382 536
0]
7
\ 74
R1|_ Fl)\ 2
' R
= )
H
O\F,/OR1 Arylation pd 383 537,538
O ro
H
O\Q,OMB Alkenylation Pd 384a 539
rell ] T
I
= OH
H
HorR Arylation pd 384b 540
N.
7 P(OEt),
G
H
X X Alkenylation Rh 385 541-544
“P Arylation
I X ~0 Oxidative annulation
R
=
H
X = OEt, NEt,,
NHiPr
I AN Alkenylation Pd 386 545-548
R! Hydroxylation
s Acetoxylation
PR; Arylation
| o= "
R2+¢
=
X Oxidative annulation Ir 387 550
Carbonylation Pd 388 551
H Dimerization Rh 390 552
H Alkenylation Pd 391 553
X Oxidative annulations [4 + 2] Pd 393 554
Intramolecular C-H activation Pd 394 and 398 555,559
Arylative cyclization Pd 396 557
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Transition
metal
Directing group C-H functionalization catalyst Schemes Ref.
0 Carbocyclization Pd 397 and 400 558,562
2
N R
R1_|
|
= H
X
R3
Y Cycloaddition [4 + 2] pd 399 560,561
SO
R
Z > H
H Oxidative annulations Pd 401 563
R
Oxidative annulations [4 + 2] Rh 402a 564
Olefination Rh 402b 564
[\
s H
Olefination Pd 422 592
Fe 423 593
Arylation Pd 403 566
N | Cu 417 585
Oxidative annulation Co 438 609,610
Alkylation Ni 426-428 597-599
Ru 429 600a
Rh 430 600D
Fe 431 601
Alkynylation Pd 433 606
Trifluoromethylation Cu 439 611
Amination Cu 445 618
Silylation Pd 451 627
o) Arylation Pd 405 569
1 409-412 573-576
R N 415 583
H | Fe 418 and 419 586-588
5 N Ni 420 and 421 589,590
R H Alkylation pd 424 and 425 595,596
Ni 428 599
Alkynylation Pd 423 605
Amination Pd 441 614
Cu or Ni 443 616
Alkoxylation Pd 447a 621a
) Arylation pd 413 and 414 580,581
R Alkylation Pd 594
N = Amination Pd 440 613
j\AH | Alkoxylation Pd 446 619
Nx
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metal
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¢ Arylation pd 403 566
Carbonylation Ru 435 608a
R—/ | H Z | Oxidative annulation Ni 437 608c
XN H Na
) Carbonylation Ru 436 608D
R1
1 N il
R Ho |
S
H
0 Hydroxylation Cu 450 624
= N 5
Re_ L H |
XN H Nx
0O Monoarylation/amidation Pd 442 615
R Alkoxylation Pd 477b 621b
N = |
H
Nx
R?" “H
SMe Arylation Pd 406 570
NH
R
0 H = | Arylation Pd 407 571
N. S X
MeO Y
00
R
H
-OMe Arylation pd 408 572
L
MeO " H
R? ©
H
1 O O Me Halogenation/acetoxylation Pd 449 623
R N7
) N” S =
R s |
NS
H
(o) Alkynylation Cu 434 606
Amination Cu 408b 587h
X N Trifluoromethylation Cu 415 598
R 2 H
H N”"0
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Transition
metal
Directing group C-H functionalization catalyst Schemes Ref.
Arylation Fe 419 588
H Amination Pd 444 617
X
=
R ﬁ/n
= NH
N(iPr
0O ( )2
n=12 O
R_/ | ! Olefination Pd 454a 630
N
H
t-Bu
T = i
rBu t-Bu
i-Bu o
[I] b
o Olefination pd 454b 630
R = | T2 Arylation Pd 454c 631
X
H
CN «~w CN
o Olefination Pd 455 and 456 368
YR
R |
X
H
CN w~wv CN
_DG . .
R_/ | O Olefination Pd 457 632
X
H
DG = s-Bu Pler
Si
s-Bu |
Il ”W
T Olefination Pd 458 633
N Acetoxylation

&1
o O
b
o
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Olefination P 459a 634
_\N‘TF Arylation Pd 459b
R« |
H
X o
~o
Te= Ny
i-Bu By O
H NC:©/R Olefination pd 460 635
e ¢
L
~ 0
R meta-Arylation Cu 461 and 462 637
H\ /g
N~ ~O
t “H
R2 OMe meta-Arylation Cu 463 639
|
N.
NN Me
R |
= (0]
H
AN meta-Sulfonation Ru 464 640
| meta-Alkylation Ru 465 and 466 641
N
H
Pd(OAC), (2 mol%) A NHAC
NHA " BQ (1 equiv) R P
C OR TsOH (0.5 equiv
_ OR
HOAc/Toluene = 1/2, rt
o

Scheme 2 Selective Pd-catalyzed oxidative coupling of anilides with olefins.

occurred after the decarboxylative arylation to give various

phenanthridinones in moderate to good yields.

The palladium-catalyzed ortho-carboxylation of anilides
with carbon monoxide was demonstrated in 2010 by Yu and
co-workers (Scheme 11)."* Since carbon monoxide may impede

This journal is © the Partner Organisations 2015

the C-H activation process and reduce Pd(u) to Pd(0), highly
electrophilic cationic Pd(u) species and relatively acidic con-
ditions were required. The author adopted p-TsOH as an addi-
tive and HOAc as a cosolvent to carry out the reaction
smoothly. Besides the preparation of useful anthranilic acids,
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Pd(OAc), (10 mol%)
Cu(OAc), (1 equiv)

o NHAC NaOAc (1 equiv)
R + 4 R
= 1 atm O,

DMSO, 120 °C, 10 h

Scheme 3 Pd-catalyzed C—H activation/oxidative cyclization of acetanilide.

Pd(OAc), (0.2-5 mol%)
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\_l_/
Z\fo

NHR2
B
R1—: + Arl
P

Scheme 4 ortho-Arylation of anilide using C—H activation.

R +  ArB(OH),

~NHAC
RO +  ArSi(OR);

Pd(OAc), (5 mol%)
Cu(OTf), (1 equiv)
Ag,0 (1 equiv)

Toluene, 120 °C, 24 h

Pd(OAc), (5 mol%)
Cu(OTf), (2 equiv)
AgF (2 equiv)

dioxane, 110°C, 48 h

Pd(OAc), (10 mol%)
Cu(OTf), (20 mol%)

2
AgOAc (1 equiv) \\NHR? VR
- RO or R'-f
TFA, 90-130 °C '

Ar Ar

RZ
|

N
L Y TAc
R _ (@
Ar
N NHAc
Z Ar

X

R@(j + R ()
! ArH 1atm O ! c
= N 2 NN

Ac EtCOOH, 120°C, 7 h Ar

Scheme 5 Pd-catalyzed ortho-arylation of acetanilides with different arylating agents.

R
H o)\

PhB(OH),

ACO"Pd_ _

|
Ac

N — N . [PhPdL]

c L
.R
PhB(OH N
( )2\1 path a path b H )\
o)

[0]

Scheme 6 The proposed mechanism.
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Pd(OAc), (5-10 mol%)

. H DMSO (10-20 mol%) NHPiv
NHPiv 1 atm O
111 2 (I N atm 2
R'=¢ + R4
= Z#  TFA, 80-100 °C, 10-18 h

Scheme 7 Palladium-catalyzed ortho-arylation of anilides.

. H Pd(OAc), (10 mol%) CONH'Pr
N nCONH pr N Na,S,05 (3 equiv)
R1—! + R2L
/ - TFA (5 equiv)
70°C, 24-61 h
Scheme 8 Pd-catalyzed ortho-arylation with simple arenes.
Pd(OAc), (10 mol%)
H TFA (20 equiv) NHAc
NHAc N (NH4)2S,05 (2 equiv)
R R
= = rt, 24 h
Scheme 9 ortho-Arylation of anilides at room temperature.
=S
[ =
H Pd(OAc), (7.5 mol%) =
N TfOH (2 equiv) H 5
™ NN R
3 AMS, CHyCN 1L Al
80°C, 32 h ~# ©

Scheme 10 Palladium-catalyzed decarboxylative ortho-arylation of N-substituted anilides.

Pd(OAc), (10 mol%)

p-TsOH (0.5 equiv) 2
2
i NHR 1 atm CO LR
R'5r . NG

_ BQ (1 equiv) COOH

HOAc/dioxane = 2:1
60-80 °C, 18-36 h

Scheme 11 Pd(i)-catalyzed C—H ortho-carboxylation.

the mechanistic insights of the reaction were also explored in
detail by the authors. Strong evidence for the key intermedi-
ates from a mixture of anhydride and benzoxazinone was dis-
played and the reaction mechanism was well elucidated. This
methodology afforded a rapid and convenient route to the
assembly of diverse biologically active benzoxazinone and
quinazolinone derivatives from simple anilides.

The Pd-catalyzed decarboxylative ortho-acylation of anilides
with a-oxocarboxylic acids was described by Ge and co-workers
in 2010 (Scheme 12).'* The reaction was conducted at room
temperature and ortho-acylated anilides were afforded in good

This journal is © the Partner Organisations 2015

to excellent yields after the release of a molecule of CO,. This
protocol also exhibited good feasibility and compatibility with
both aryl and aliphatic a-oxocarboxylic acids. The method
could be extended to prepare the corresponding C7-acylated
indolines.'® Later, commercially available aromatic and ali-
phatic aldehydes were employed as the acylation reagents by
the groups of Li, Kwong, Wang and Yu, respectively, which
allowed the easier formation of ortho-acylated anilides.'® More
than 2 equiv. TBHP was required for these transformations.
Benzylic alcohols and toluene were found to be good sub-
strates for the ortho-acylation of anilides under similar reaction
conditions by the use of more TBHP."”

In 2012, Tan and co-workers successfully developed the
palladium-catalyzed ortho-esterification of anilides by the use
of glyoxylates (Scheme 13a)."® A bidentate phosphine ligand
dppp was found to be beneficial for the reaction. The explora-
tion of using a readily available agent, azodicarboxylate
(DEAD), as the esterification reagent was reported by You’s
group (Scheme 13b)."> The reaction could be carried out at
ambient temperature with (NH,),S,05 as an oxidant, allowing

Org. Chem. Front, 2015, 2, 1107-1295 | 1131
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+ R3-CH,3

/Rz R2
HN HN"
R R
X + RS
R + R cooH (NH;)25208 TBHP il e R® "OH

» N

2010, Ge 2011, Yu

2014, Kim

[Pd]
TBHP
.R?
HN o
NS T RSJLH
=
2011, Kwong, Yu, Wang
Scheme 12 Palladium-catalyzed oxidative C—H bond acylation of acetanilides.
NHA le) Pd(OAc), (10 mol%)
C dppp (10 mol%) NHAc

X
R—O/ + H)S(OEt TBHP (4 equiv) R @)

& o Z S COOEt

SN NHAc

R + EtOOC—N=N—-COOEt

Toluene, 120 °C, N,

Pd(OAc), (10 mol%)

(NH,4)28,04 (2 equiv)

&

=
DEAD

p-TsOH H,0 (0.5 equiv)
Cu(TFA); HO (10 mol%)

DCM, rt

Scheme 13 Palladium-catalyzed ortho-C—H ethoxycarboxylation of anilides.

the facile synthesis of anthranilic acid derivatives. According
to the controlled experiments, a Pd(u)/Pd(wv) catalytic cycle may
be involved in the ethoxycarboxylation process via a radical
pathway.

Based on amide-assisted C-H activation of anilides, a range
of urea, formamide, guanidine and carbamate controlled
ortho-olefination and -arylation of arenes were established.*
For example, the palladium-catalyzed ortho-olefination of aryl
ureas with acrylates?*”* and ortho-arylations of aryl ureas with
aryl iodides (Scheme 14a) or other arylation agents®**” has
been developed. In a related study, Xu and Huang’s group
developed a palladium-catalyzed ortho-arylation of form-
anilides (Scheme 14b), in which formamide was used as a
directing group.”” The obtained biarylformanilide products

1132 | Org. Chem. Front, 2015, 2, 1107-1295

could be easily converted to the relevant biarylisocyanides or
N-heterocycles. Recently, Lloyd-Jones’ and Booker-Milburn’s
group reported a urea directed palladium-catalyzed carbonyla-
tion at room temperature in CO (1 atmosphere) to afford bio-
logically and synthetically important anthranilic acid deri-
vatives and heterocycles (Scheme 14c).>*® [Pd(OTs),(MeCN),]
was chosen as an efficient precatalyst and presented the exclu-
sive activating effect of the urea substrates.

A palladium catalyzed intermolecular ortho-C-H amidation
of anilides using N-nosyloxycarbamates as a nitrogen source
for the synthesis of diverse 2-aminoanilines was developed by
Yu and co-workers in 2010 (Scheme 15).>" This reaction exhibi-
ted good regioselectivity and functional group tolerance, and
could proceed under relatively mild and simple reaction

This journal is © the Partner Organisations 2015
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Pd(OTs)»(CH3CN), (10 mol%)

32 AgOAc (2 equiv)
N _NMe, TsOH (3 equiv)
=g
R b + Al -
= O) H,0, 80 °C, 16 h

Pd(OAc), (5 mol%)
AgBF, (1.5 equiv)

R hig + Al R

|
~ O HFIP, 100 °C, 2 h
Pd(OTs)o(CH3CN), (10 mol%)
H BQ (2 equiv)
S N NR2R3 TsOH (0.5 equiv)
Ro J § 1 atm CO

THF/MeOH = 1:1, 18 °C, 3-5 h

Scheme 14 ortho-C—H activation reactions directed by urea and formamide.

NHR2 H Pd(OTs),(MeCN), (10 mol%)

N ks
R + NsO" YR
= o) 1,4-dioxane, 80 °C, 6 h

Scheme 15 Pd-catalyzed intermolecular ortho-C—H amidation of anilides.
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o)

0-C-H Amination:
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N(SO,Ph), MeO
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p-C-H Amination:

O,
(PhO,S),N NH (PhO,S),N
OMe
92% 90%

Scheme 16 Palladium-catalyzed C—H aminations of anilides with NFSI.

conditions. The N-nosyloxycarbamates were supposed to produce
nitrene to insert into the cyclopalladated complex via a metal-
nitrene pathway. A Pd(wv) or a dimeric Pd(ur) complex were also
possibly involved in the reaction process.

The direct construction of ortho-C-N bonds of anilides was
explored by Zhang and co-workers in 2011 using N-fluoroben-
zenesulfonimide (NFSI) as a nitrogen source (Scheme 16).>?

This journal is © the Partner Organisations 2015

OO

0 O Ph
O
N(SO,Ph), N(SO2Ph),
77%
o)
o)
3 S—Ph
NH (PhO,S),N NH
OMe OMe
82%

NFSI is a popular oxidant and can also be used as the fluorine
reagent. Surprisingly, NFSI showed excellent reactivity as a
nitrogen source in their experiments and the ortho C-H amin-
ation products were generated with high regioselectivity by the
palladium catalysis. Interestingly, an active FPdN(SO,Ph),
species was supposed to undergo the electrophilic palladation
with the assistance of the amide group, leading to the for-
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Scheme 17 The proposed mechanism.

mation of a dearomatized spiro-cyclopalladium intermediate.
The key intermediate could be captured by N(SO,Ph), anions
via nucleophilic amination followed by hydride elimination to
afford ortho-amination products. It was reasonable that when
2-OMe-substituted anilides were used as the substrates under
the optimal conditions, the para-amination products were
obtained in high yields. An important observation by Zhang
was that the addition of 2,2,6,6-tetramethylpiperidine-1-oxyl
(TEMPO) had little effect on the reaction, suggesting that a
radical process was not involved in the reaction pathway.

The proposed mechanism of this remarkable transform-
ation involved initial oxidative addition of the NFSI to a
palladium(0) species, followed by the electrophilic palladation
resulting in the dearomatized spiro-palladacycle intermediate.
Thereafter, an amination reaction took place, and subsequent
hydrogen elimination yielded the amination product
(Scheme 17).
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Scheme 18 Pd-catalyzed highly selective halogenation of substituted
acetanilides.
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Scheme 19 Pd-catalyzed mild C—H halogenation of anilides.

Pioneering research on the formation of C-X bonds using
amide as a directing group was reported by Shi and co-workers
in 2006 (Scheme 18).>* The halogenation reaction proceeded
regioselectively as a result of the chelation effect of the amide
directing group with CuCl, or CuBr, as halide sources. A cyclo-
palladation complex of acetanilide was prepared and was
presumably involved in the reaction as the key intermediate
through a Pd(u)/Pd(iv) or Pd(u)/Pd(0) mechanism.

Advances were achieved by Bedford and co-workers
using p-toluenesulfonic acid (PTSA) as the crucial additive
(Scheme 19).** Thus, the Pd-catalyzed ortho-halogenation
smoothly took place at room temperature in air within
1-4 hours with N-halosuccinimide (NXS) as the halide source.
The formation of para-bromination by-products through the
electrophilic pathway was suppressed under their reaction con-
ditions although electrophilic bromination was the major
product in the presence of PTSA without a palladium catalyst.

The more challenging ortho-iodination was reported by Yu
and co-workers recently using cheaper and milder molecular I,
as the sole oxidant (Scheme 20).>° Notably, a wide range of

Pd(OACc), (10 mol%)
Bz-Leu-OH (40 mol%)
NHTf CsOAc (3 equiv) NHTf

Na,COj3; (3 equiv)

X X
R | IRtk
= =

DMSO (15 equiv)
t-Amyl-OH, 30 °C, 48 h

R

NHTf OMe NHTfOMe
80% 75%
98% ee 97% ee

Scheme 20 Pd-catalyzed enantioselective C—H iodination.
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Scheme 22 Palladium-catalyzed trifluoromethylation of the aromatic C—H bond.

heterocycles that were previously incompatible with directed
C-H activation showed excellent reactivity to give the corres-
ponding iodinated heterocycles in good yields. Since the
product separation of this catalytic system was much simpler,
they successfully developed the first enantioselective C-H iodi-
nation reaction to synthesize a variety of chiral diarylmethyl-
amines using a mono-N-benzoyl-protected amino acid as the
chiral ligand by the employment of trifluoromethanesulfonyl-
protected diarylmethylamines as the substrates and readily
available molecular iodine as the sole oxidant. In this reac-
tion, the choice of a suitable base and additive had a signifi-
cant influence on both the yield and enantioselectivity. The
useful iodination reaction could also be extended to a gram-
scale reaction under mild reaction conditions with a slight
decrease of enantioselectivity.

Palladium-catalyzed directed ortho-alkoxylation of anilides
with primary and secondary alcohols was developed by Wang
and co-workers (Scheme 21).%” In their study of the palladium-
catalyzed ortho-alkoxylation of N-methoxybenzamides, a poor
yield was obtained for the methoxylation of acetanilide.® After
extensive optimization of the reaction conditions, the addition
of catalytic methanesulfonic acid (MSA) was found to have a
significant effect on the reaction efficiency and a wide variety
of aryl alkyl ethers could be synthesized in moderate to excel-
lent yields at room temperature in the presence of 20 mol%
MSA.

The palladium-catalyzed ortho-trifluoromethylation of ani-
lides using Umemoto’s reagent as a trifluoromethyl source was
described recently by Shi and co-workers (Scheme 22).>° The
reaction exhibited broad substrate scope and high reactivity
and efficiency. A series of control experiments for mechanism
research indicated that the C-H cleavage was involved in the
rate-determining step as the catalytic process. Furthermore, a
palladacycle complex was synthesized and successfully used as
a catalyst in the reaction, and the stoichiometric reaction from
the palladacycle complex could also afford the desired
product. All of the relevant studies provided solid evidence of
the reaction mechanism. In addition, various ortho-trifluoro-
methyl anilide products could be easily transformed into

This journal is © the Partner Organisations 2015

different patterns of active molecules through existing
methods.

Enamides are important synthetic intermediates and stable
enamine surrogates that have been widely used in both acade-
mia and industry. Due to the special electron-donating pro-
perties of nitrogen atoms, enamides are quite rarely used as
coupling partners. The simple extension of catalytic systems to
C(sp*)-H bond activation of enamides has also been proved to
be difficult.

In 2009, Loh and co-workers developed the first palladium-
catalyzed direct coupling of cyclic enamides with aryl boronic
acids to generate various cyclic enamide derivatives in moder-
ate to good yields (Scheme 23a).*** A six-membered pallada-
cycle with the metal coordinated to the acetamino group was
supposed to be the key intermediate for the C-H activation. By
using the same strategy, they developed a palladium-catalyzed
arylation of cyclic enamides with Hiyama organosilanes in the
presence of 3 equiv. AgF (Scheme 23b).>°” Both of these pro-
cedures required the aryl-metal species as the coupling part-
ners. Recently, this group made a significant improvement by
using the simple inactivated arenes as the coupling partner
(Scheme 23c).>*° Absolute stereocontrol of the double bond to
form highly substituted enamides with perfect Z selectivity
was achieved in their transformation.

The Fujiwara oxidative olefination of enamides with acry-
lates and acrylonitrile was reported by Loh and co-workers
using ambient oxygen as the sole oxidant with excellent regio-
selectivity (Scheme 24).>" A key six-membered cyclic vinylpalla-
dium complex was isolated and characterized by 'H NMR
spectroscopy and single crystal X-ray analysis, which was pro-
pounded to be the intermediate during the olefination reac-
tion of enamides. Good functional group tolerance and
excellent regioselectivities were the notable features of the
reaction. Very recently, a palladium catalyzed direct ethynyla-
tion reaction between N-vinylacetamides and (bromoethynyl)-
triisopropylsilanes was reported by the same group
(Scheme 25).>” A wide range of conjugated enyne products
were obtained in moderate to good yields. In order to obtain
the high reactivity, a solvent mixture of DCM and DMSO was
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Scheme 25 Palladium-catalyzed direct alkynylation of N-vinylacetamides.

Pd(OAc), (10 mol%)

K2S,0g (1 equiv)
Ag,0 (1 equiv)

NHAc o
XX OH
R— P + Ar)Jﬁ(
O (@]

Scheme 26 Palladium-catalyzed acylation of enamides.

necessary, and DMSO was supposed to act as a weak ligand to
stabilize the palladium catalyst via coordination. A Pd(u)/Pd(iv)
pathway was proposed for the reaction.

The palladium-catalyzed acylation of enamides using a-oxo-
carboxylic acids as a decarboxylative acylation agent was
demonstrated by Duan and Guo in 2012 (Scheme 26).>® This
elegant method provided an efficient route for the preparation
of various acylated enamides from readily available «-oxo-
carboxylic acids under mild reaction conditions.

The palladium-catalyzed synthesis of heterocycles from
enamides was investigated by Guan and co-workers (Scheme 27).**

1136 | Org. Chem. front, 2015, 2, 1107-1295

5% DMSO/DMF, rt
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They discovered that 1,3-oxazin-6-ones could be generated by
the palladium-catalyzed carbonylation of enamides with CO
(1 atm). The use of KI and DABCO in the reaction remarkably
increased the efficiency of the reaction. It was a convenient
and environmentally friendly method for the preparation of
this important six-membered heterocycles. More recently, they
described an oxidative annulation reaction between enamides
and alkynes by palladium catalysis to give highly substituted
pyrroles via the C(sp”)-H bond activation (Scheme 28).*> In
this case, the phosphine ligand (Xantphos) could significantly
improve the conversion of the reaction. Various functional
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Scheme 28 Pd-catalyzed synthesis of substituted pyrroles.
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Scheme 29 -Arylation or alkylation of O-methyl hydroxamic acids.

groups could be tolerated, and the poly-substituted pyrroles,
which were not easy to prepare by other methods, could be
produced in high yields.

The first palladium catalyzed functionalization of a C(sp®)-
H bond with aryl and alkyl boronic acids by the use of
CONHOMe as a directing group was reported by Yu and co-
workers in 2008 (Scheme 29).*° The reaction employed air as a
stoichiometric oxidant to replace the expensive silver salts and
the CONHOMe group can be easily transformed into some
other useful functional groups. The potential utility of this
elegant protocol was broad and could be extended to afford
some biologically active molecules. Shortly afterwards, the
same group developed a novel Pd(0)/PRs-catalyzed inter-
molecular arylation of C(sp®)-H bonds directed by the
CONH-C¢F5 group (Scheme 30).>” Compared with the useful
C(sp®)-H functionalizations using Pd(u)/Pd(v) and Pd(u)/Pd(0)
catalysis reported by Yu,*® this reaction employed Pd(0)/PR; as
a catalytic system. Buchwald’s Cyclohexyl JohnPhos and CsF

Pd(OAc), (10 mol%)
PR3 (20 mol%)

H CsF (3 equiv)
1 Arl (3 equiv)
R NHCsFs -
R? 3 AMS (100 mg)
% toluene, 100 °C, 24 h

were utilized as the ligand and the base respectively to
improve the reactivity of the reaction. This protocol provided
an efficient approach to the arylation of carboxylic acids. To
gain a deeper understanding of the reactivity of Pd(0)/PR;-cata-
lyzed intermolecular arylation of sp®> C-H bonds, a further
detailed mechanistic investigation of this reaction was demon-
strated by the same group in 2013.%°

The Pd-catalyzed C(sp*)-H arylation directed by amides
using simple arenes as the arylating agents was reported by
Yu’s group in 2011 (Scheme 31).*® The reaction featured the
exceedingly high para-selectivity for the C-H/C-H coupling
reactions. The F' reagents were used as bystanding oxidants
for the high yield and regioselectivity, in which NFSI was the
optimal one. The reaction pathway was supposed to be divided
into two C-H activation processes. The first C-H activation
step was a well-known procedure directed by the acidic amide
group, and the second C-H activation step presumably under-
went an electrophilic palladation mechanism based on the
result of the KIE experiment. The elegant method provided an
alternative route for the synthesis of a series of synthetically
useful biaryl products. In 2012, Wang and co-workers develo-
ped a palladium-catalyzed ortho-arylation of benzamides by
aryl iodides with simple amide CONH, as a directing group
(Scheme 32).*' It was the first time to use N-unsubstituted
amide CONH, as a directing group. The acquired biphenyl-2-
carboxamide products could be readily transformed to various
biaryl derivatives.

Ar

1 PR; =
R NHCsFs  °
RZ
o

PCyZ.HBF4

Scheme 30 Pd(0)/PRs-catalyzed intermolecular arylation of sp® C—H bonds.
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Scheme 31 Pd-catalyzed C(sp?)—H arylation using simple arenes as the arylating agents.
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Scheme 32 ortho-Arylation of benzamides with a simple amide as a directing group.
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Scheme 33 Oxidative cyclization of N-methoxybenzamides with different aryl sources.

Phenanthridinones are regarded as the key units of impor-
tant biologically active molecules and natural products. A one-
pot cascade reaction to synthesize phenanthridinones through
the palladium-catalyzed reaction of N-methoxybenzamides and
aryl iodides was developed by Wang and co-workers in 2011
(Scheme 33a)."> The dual C-H activation included inter-
molecular C-C bond formation by directed arylation and intra-
molecular C-N bond formation in one pot. The Pd(u)-Pd(wv)-
Pd(u) and Pd(u)-Pd(0)-Pd(u) catalytic cycles were proposed to
be involved in the reaction system. Later, Cheng and co-
workers reported a more convenient method to produce the
phenanthridinones by palladium-catalyzed multiple C-H acti-
vation reactions of N-methoxybenzamides with simple arenes
at ambient temperatures (Scheme 33b).** It was a great
improvement for replacing aryl iodines with more readily avail-
able arenes. K,S,0g was used as an oxidant and TFA was
chosen to be an important additive to promote the reactivity of

1138 | Org. Chem. front., 2015, 2, 1107-1295

the reaction. This methodology was efficient and practical
for the synthesis of diverse phenanthridinone derivatives.
More recently, a palladium-catalyzed cyclization of benzamides
with highly reactive benzynes to afford phenanthridinones
in one pot was described by Jeganmohan and co-workers
(Scheme 33c).*’® The sterically hindered 1-adamantane-
carboxylic acid (Adm-1-COOH) acted as an effective additive
and enhanced the reaction yields. The highly reactive benzyne
was used as a m-component to insert into an ortho-metalated
five-membered palladacycle for the cyclization reaction.
Almost at the same time, Xu and co-workers reported a similar
study of palladium-catalyzed oxidative annulation of arynes
and cyclooctynes with benzamides for the synthesis of phen-
anthridinones and isoquinolones at high efficiency.**”
Enantioselective functionalization of prochiral inactivated
C-H bonds is of great significance and remains a great chal-
lenge. An enantioselective method for Pd(u)-catalyzed arylation
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Scheme 35 One-pot synthesis of diverse 4-aryl-2-quinolinones.
of methylene p-C(sp*)-H bonds in cyclobutanecarboxylic acid pq"
derivatives using arylboron reagents as arylating agents was 0 Arl o
developed by Yu and co-workers recently (Scheme 34).*> The A
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chiral mono-N-protected a-amino-O-methylhydroxamic acid H . H
(MPAHA) ligands played a key role in achieving high yields and A Pd B
. o . 3 i
enantioselectivities of the reaction. As early as 2011, the same C(sp”)-H Arylation Pl
group had reported the first Pd(u)-catalyzed enantioselective
- : Dehydrogenation
C-H activation of cyclopropanes using a novel mono-N-pro-
tected amino acid as a ligand.*® These protocols provided new Pd°
methods to enantioselectively construct a variety of biologically A O o
r
active cyclopropane and cyclobutanecarboxylic acid deri- Ar'l/Pd®
ive cycloprop y Xy AN e «— 2 (A
vatives. Ar H Heck Reaction  Ar H
A ligand promoted triple sequential arylation of the p-C- (o3

(sp’)-H bonds of propionamide followed by amidation to
prepare diverse 4-aryl-2-quinolinones in one pot was developed
by Yu and co-workers in 2014 (Scheme 35).*” These cascade
reactions contained C(sp’)-H arylation, dehydrogenation,
Heck reaction and C(sp*)-H amidation. Similar to the previous
studies of ligand-controlled p-arylation reactions of primary
and secondary C(sp®)-H bonds by the same group,*® the
crucial role of a suitable ligand could not be ignored. 2,5-Luti-
dines were chosen as the effective ligand to promote the triple
sequential C-H activation reactions and a stereospecific Heck
reaction. The plausible mechanism was proposed: at first,
hydrocinnamide B was afforded by the f-arylation of the
primary C(sp®)-H bond, followed by the p-hydride elimination
assisted by Pd insertion to give cinnamide intermediate C.
Then the intermediate C underwent Heck coupling with a
second aryl iodide to yield the arylated cinnamide intermedi-
ate D, which underwent intramolecular amidation to provide
the final product 4-aryl-2-quinolinone E (Scheme 36).

This journal is © the Partner Organisations 2015

C(sp?)-H Amidation
Pd°

Scheme 36 The plausible reaction mechanism.

A Pd-catalyzed tandem C-H olefination/annulation
sequence that employed tosyl amide as a novel directing group
to afford a wide range of isoindolinones was developed by Zhu
and co-workers in 2011 (Scheme 37).*° Various aliphatic
alkenes as well as conjugated alkenes were all compatible with
this protocol. Bathophenanthroline was utilized as a superior
ligand to promote the reaction. Eco-friendly molecular oxygen
functioned as the sole oxidant. The reaction was green and
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Scheme 39 f-Alkynylation of carboxylic acid amides.

practical with water as the only waste. In the same year,
Booker-Milburn’s and Wang’s groups also reported a similar
methodology for the synthesis of isoindolinones via Pd-cata-
lyzed C-H activation of N-alkoxybenzamides respectively.”® A
series of isoindolinone products were obtained by the use of
these general cascade reactions. Furthermore, the substituted
phthalimides could also be afforded by carbonylation with CO.

The development of C(sp’)-H olefination is more difficult
and remains a challenge. Recently, Yu and co-workers estab-
lished a quinoline-based ligand enabled y-C-H olefination and
carbonylation of aliphatic acids directed by a weakly coordinat-
ing amide directing group (Scheme 38).>" After detailed screen-
ing of different pyridine- and quinoline-based ligands, the
developed quinoline-based ligand containing a pyran struc-
tural motif was vital for the smooth transformation of y-C-H
to furnish a variety of highly functionalized all-carbon quatern-
ary centers. Compared with the ligand-promoted $-C-H func-
tionalizations of aliphatic acids developed by the same

1140 | Org. Chem. Front, 2015, 2, 1107-1295

group,”” the y-C-H activation of aliphatic acids had more chal-
lenges and greater synthetic significance.

Concerning the C(sp*)-H alkynylation reactions, the alkyny-
lation of inert C(sp®)-H bonds is not easy to achieve. The first
alkynylation of p-C(sp®)-H bonds with alkynyl bromides using
Pd(0)/N-heterocyclic carbene (NHC) and Pd(0)/phosphine (PR3)
catalysts was reported by Yu and co-workers in 2013
(Scheme 39).%* Suitable ligands played a remarkable influence
on the reactivity of the reaction and a wide range of PR; and
NHC ligands were screened for this reaction. PCy;-HBF, and
IAd-HBF, were optimal, respectively. Polar, strongly coordinat-
ing solvents gave no desired product. A variety of amides
from commercially available carboxylic acids could be readily
installed on the alkynyl group at the f-position using this
protocol.

The C-H alkylation catalyzed by transition metals constitu-
tes a useful alternative tool for C-C bond formation. Besides
alkylborons, diverse alkylhalides were utilized as coupling

This journal is © the Partner Organisations 2015
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Scheme 40 Ligand-promoted alkylation of the C(sp*)—H bond.
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Scheme 42 Pd-catalyzed synthesis of hydroxyl isoindolones.

partners in transition metal-catalyzed C-H alkylation for the
past few years. A ligand-promoted Pd(i)-catalyzed C(sp*)-H
and C(sp’)-H alkylation of simple amides utilizing alkyl
iodides as an alkylating agent was presented by Yu’s group
in 2014 (Scheme 40).>* Pyridine- or quinoline-based ligands
were identified to have some positive effect on Pd-catalyzed
C(sp®)-H functionalization.”””*®>' As for the oxidant, AgOPiv
was more effective than Ag,CO; in improving the yield of the
reaction. A broad series of biologically active unnatural amino
acids and geometrically controlled tri- and tetrasubstituted
acrylic acids could be produced smoothly by this efficient
alkylated methodology.

An efficient method for Pd-catalyzed oxidative decarboxyla-
tive acylation of phenylacetamides with a-oxocarboxylic acids
under mild conditions was developed by Kim and co-workers
in 2013 (Scheme 41).”> (NH,4),S,05 was identified as a superior
oxidant and DCE was used as the optimal solvent. Under
the reaction system, a wide range of bisacylated products of
symmetrical phenylacetamides and monoacylated products of
unsymmetrical phenylacetamides were successfully obtained,
which could also be further transformed into various syntheti-
cally important 3-isochromanone derivatives via the reduction
and intramolecular cyclization process.

This journal is © the Partner Organisations 2015

15 min HO

The first Pd-catalyzed C-H activation/annulation reaction
for the convenient synthesis of hydroxyl isoindolones using
N-OMe benzamide and benzaldehyde as the starting substrates
was presented by Zhao and co-workers in 2013 (Scheme 42).>¢
The readily available TBHP was the optimal oxidant for the
reaction. Compared with Rh-catalyzed double-activation reac-
tions for the synthesis of hydroxyl isoindolones reported by
Kim and co-workers,”” this reaction exhibited many notable
features, such as short reaction times, wide substrate scope
and high atom efficiency. The reaction mechanism was sup-
posed to undergo a radical process after a series of control
experiments were carried out.

A diverse range of reactions directed by the sulfonamide
functionality under different catalytic conditions were reported
by Yu and co-workers in 2011 (Scheme 43).°® After extensive
screening and optimizations, a series of divergent ortho-C-H
functionalization processes, including olefination, carboxyl-
ation, carbonylation, iodination, arylation, and alkylation,
were successfully achieved, providing a straightforward route
for the synthesis of various sulfonamide analogues.

Besides the direct C-C bond construction from a C-H
bond, the direct C-H amination is a significant issue in C-H
functionalization. Yu and co-workers explored the palladium-
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Scheme 43 Pd-catalyzed diverse reactions directed by the sulfonamide functionality.
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Scheme 44 Pd-catalyzed intermolecular C—H amination with alkylamines.

catalyzed intermolecular C-H amination of N-aryl benzamides
utilizing electrophilic O-benzoyl hydroxylamines as nitrogen
sources (Scheme 44).°° The O-benzoyl hydroxylamines could
also be in situ generated from secondary amines and benzoyl
peroxide in one pot. This useful finding had vital significance
in the study of intermolecular C-H amination with alkyl-
amines, providing a complementary route to synthesize diverse
biologically active arylamines. As early as 2008, the same group
reported a catalytic C-H lactamization reaction using a Pd(u)
catalyst.®® Various N-methoxyhydroxamic acids were used as
substrates for the preparation of p-, y-, and §-lactams. A Pd(u)/
Pd(v) pathway was possibly involved in the catalytic C-H amin-
ation process.

Wang and co-workers developed a Pd-catalyzed ortho-alkox-
ylation using the N-methoxy amide group (CONHOMe) as an
ortho-directing group (Scheme 45).°* K,S,05 was superior for
other oxidants and the molecular sieve was necessary for the

o Pd(OAG), (5 mol%) o
N N,OMe K3S,05 (2 equiv) N N,OMe
R'g H 4AMS R :
7 OR?

R20H/dioxane, 55 °C

Scheme 45 Pd-catalyzed intermolecular C—O bond formation.

1142 | Org. Chem. front,, 2015, 2, 1107-1295

high yield of the reaction. A Pd(u)/Pd(wv) pathway catalytic cycle
was presumably involved in the reaction. A wide range of alkox-
ylations of N-methoxybenzamides could be furnished and
further converted to various derivatives for potential synthetic
application.

Under simple and mild conditions, Fabis and coworkers
demonstrated a palladium-catalyzed ortho-C-H alkoxylation
and halogenation of substituted arenes directed by the N-tosyl-
carboxamide group (Scheme 46).°* MeOH and NXS acted as
alkoxylated and halogenated sources, respectively. Under the
efficient methodology, various ortho-alkoxylations and ortho-

Pd(OAG), (10 mol%) o
PhI(OAc), (1 equiv) N N/TS
R H
0, = 1
o MeOH, 25 °C, 8-72 h N ome
N _Ts
R H Pd(OAC), (10 mol%) o
= NXS (1.2 equiv) NS
TFA (10 equiv) R N
MeOH, 25 °C, 13-24 h Z X
X=1,Br, Cl

Scheme 46 Palladium(i)-catalyzed ortho-alkoxylation and halogena-
tion of N-tosylbenzamides.
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Scheme 47 Pd(i)-catalyzed C—H iodination using molecular I, as the sole oxidant.
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Scheme 48 Pd-catalyzed oxidative ortho-C—H borylation of arenes.

halogenations of N-tosylbenzamides were afforded in high
yields, which could be further transformed into different valu-
able synthetic intermediates by some ready manipulations. A
palladacycle was isolated and characterized by X-ray analysis to
investigate the process of C-X and C-O bond formation.

Recently, Yu and co-workers reported a Pd(u)-catalyzed
ortho-C-H iodination of various arenes as well as a wide range
of heterocycles directed by a weakly coordinating amide auxili-
ary using cheaper and milder I, as the sole oxidant
(Scheme 47).°* CsOAc was identified as an iodide scavenger
and NaHCO; was used as a coadditive to form the imidate
structure by N-H deprotonation of the amide, which could dra-
matically improve the reactivity of the reaction. This con-
venient protocol showed wide substrate scope including
various heterocycles that showed poor reactivity in many
directed C-H activation reactions.

The first Pd-catalyzed ortho-C-H borylation with N-arylbenz-
amides and diboron reagent (B,Pin,) under oxidative con-
ditions was developed by Yu and co-workers in 2012
(Scheme 48).°* The usage of electron-deficient dba ligand was
necessary for significantly improving the yield of the borylated
product with excellent monoselectivity. The choice of a suit-

This journal is © the Partner Organisations 2015

able base was also essential for the good efficiency of the reac-
tion and TsONa was the optimal one. This borylation reaction
showed broad substrate scope and could be easily extended to
the gram scale in moderate yield. Notably, the borylated pro-
ducts could also be transformed into a wide range of syntheti-
cally useful synthons in excellent yields.

Trifluoromethylated arenes are important structural motifs
and widely exist in diverse pharmaceuticals, agrochemicals
and organic materials. Trifluoromethylation of aryl C-H bonds
catalyzed by transition metal has emerged as a powerful tool
to construct C-CF; bonds. A Pd(u)-catalyzed trifluoromethyl-
ation of a range of N-arylbenzamides using Umemoto’s reagent
as a trifluoromethylating agent was developed by Yu and co-
workers (Scheme 49).°® The ligand had a significant impact on
this reaction and N-methylformamide was the best choice,
which was identified as both a ligand and a base. Different
potential coordination modes of acidic amides with the palla-
dium(u) catalyst were proposed, which might promote the reacti-
vity of directed C-H activation. A wide array of biologically
active trifluoromethylated products were delivered by this
elegant strategy from readily available synthetically versatile
arenes.
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Scheme 51 Rh(in)-catalyzed directed C—H olefination.

2.2. Rh catalyzed C-H functionalization

As a powerful catalyst, the widespread use of the rhodium cata-
lyst in C-H functionalizations has made drastic progress in
recent years."**° In the catalyzed oxidative olefination of
acetanilides or benzamides, Rh catalysts exhibited many
notable features in contrast to common Pd catalysts, such as
lower catalyst loadings, broad functional group tolerance and
high reactivity of electron-neutral olefins. A Rh(m) catalyzed
oxidative ortho-olefination and vinylation of various acet-
anilides derived from the corresponding anilines was demon-
strated by Glorius and co-workers in 2010 (Scheme 50).°” Both
electron-withdrawing and electron-donating groups were com-
patible with the reaction and the yield was up to 98%. It is
worthwhile to note that ethylene could also be involved in this
reaction and a satisfactory yield of styrenes could be smoothly
prepared, which were difficult to access by other direct catalytic
oxidative-Heck reactions. The produced olefins had syntheti-
cal versatility and could be applied to natural product total
synthesis.

Later, an efficient Rh(m)-catalyzed C-H olefination reaction
of N-methoxybenzamides under mild conditions was reported

1144 | Org. Chem. Front, 2015, 2, 1107-1295

by the same group (Scheme 51).°® It is important to note that
they exploited CONH(OMe) as a directing group and N-O
bonds as an internal oxidant, avoiding the addition of an
external oxidant. This reaction had more advantages than
similar previous reports:** mild reaction conditions, excellent
regio- and mono-selectivity and broad substrate scope and
high yields. In addition, when the -OMe group on the benz-
amide N was replaced with a more accessibly Rh-chelated
O-pivaloyl group, diverse tetrahydroisoquinolinone derivatives
were afforded. This strategy provided a practical route for the
olefination of benzamide derivatives and selective construction
of valuable tetrahydroisoquinolinone products.

By a similar strategy, Lu and Liu developed an efficient
Rh(m) catalyzed C-H olefination reaction with N-phenoxyacet-
amides and alkenes to afford ortho-alkenyl phenols by the
use of an oxidizing directing group in 2013 (Scheme 52).”° The
N-O bond was identified as an internal oxidant to promote the
olefination process and could be cleaved after the completion
of the reaction. This reaction offered a convenient route for the
synthesis of ortho-alkenyl phenols under mild conditions.

N-Tosylhydrazones were regarded as the precursors for the
in situ generation of diazo substrates, which were extensively

This journal is © the Partner Organisations 2015
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Scheme 53 Rhodium(in)-catalyzed ortho-alkenylation of N-phenoxy-
acetamides.

involved in the Rh(m)-catalyzed directed ortho C-H bond
functionalization reactions.”" A Rh(m)-catalyzed ortho-alkenyla-
tion of N-phenoxyacetamides with N-tosylhydrazones or di-
azoesters via C-H activation was demonstrated by Wang and
co-workers in 2014 (Scheme 53).”> As a new type of coupling
partners, N-tosylhydrazones were successfully applied in the
chelation-assisted C-H functionalizations for the first time.
The oxidizing directing group, which contained an N-O bond,
was chosen to orient the ortho-alkenylated reaction. Under
mild reaction conditions, a wide range of ortho-alkenyl
phenols were obtained in moderate to good yields. The Rh(u)-
carbene migratory insertion process was proposed to exist in
the catalytic cycles.

Due to the poor electron density of the pyridyl ring and the
strong coordination of the nitrogen atom, few examples of oxi-
dative olefination of pyridines have been reported. A Rh(um)-
catalyzed oxidative olefination of pyridines and quinolines
using pivalamides at the ortho-position as the directing group
was developed by Shi and co-workers in 2013.”° Cu(OAc), was
supposed to be coordinated with the pyridine nitrogen to

EtOH, 50 °C, 3-16 h

afford high reactivity. This efficient protocol was successfully
applied to synthesize pharmaceutically important molecules.
After one year, the same group reported a rhodium(m)-cata-
lyzed selective olefination of picolinamide derivatives with
carboxamides as directing groups, providing a convenient
method for the synthesis of diverse 3-alkenylpicolinamides.”*

In contrast to alkenes and alkynes, the application of
allenes as the coupling partners in Rh-catalyzed C-H
functionalization transformation remains sparse. Recently, an
efficient Rh(m)-catalyzed intermolecular annulation of N-pival-
oyloxy benzamide derivatives with allenes for the rapid con-
struction of biologically important 3,4-dihydroisoquinolin-
1(2H)-ones was disclosed by Glorius and co-workers in 2012
(Scheme 54).”°> The deuteration experiments were conducted
and the C-H bond cleavage was presumably involved in the
rate-determining step. The reaction might proceed in a con-
certed metalation/deprotonation (CMD) pathway and the steric
interference had a distinct influence on the regioselectivity of
the allenes. Later, the same group reported a Rh(m)-catalyzed
alkenyl coupling reaction directed by amide groups with
allenyl carbinol carbonates to afford a variety of [3]dendralenes
(Scheme 55).”® This protocol provided a practical and straight-
forward way to access [3]dendralenes with diverse substitution
patterns.

The first example of Rh(m)-catalyzed ortho allenylation of
N-methoxybenzamides with allenylsilanes to produce diverse
poly-substituted allenylsilanes under very mild reaction con-
ditions was developed by Ma and co-workers in 2013
(Scheme 56).”” The reaction was supposed to undergo C-H
bond cleavage, allene insertion and $-H elimination to give the
final 2-(3-silylallenyl)benzamide products. The transformation
showed many noteworthy advantages, such as ambient reac-
tion temperature, insensitive to air and moisture, high
efficiency and broad functional group tolerance. The products
could be further transformed into a wide range of useful
corresponding derivatives and the presented protocol had a
broad application potential from the viewpoint of synthesis. A
rhodium-catalyzed coupling-cyclization reaction of 2,3-allenols
with N-methoxybenzamides to synthesize various optically

o)
o
, [RhCp*Cl,, (0.5 mol%) N
| N-OPV e CsOAc (2equiv) RN INH
R-r H + == >
— R MeOH, rt, 3-24 h |
RZ

Scheme 54 Mild rhodium(in)-catalyzed C—H activation/annulation with allenes.
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Scheme 57 Rh(in)-catalyzed selective coupling of indole derivatives and aryl boronic acids.

active 2,5-dihydrofurans wvia C-H functionalization was
reported by the same group.”® The tetramethylcyclo-
pentadienyl anion was used as an effective ligand and highly
efficient axial-to-central chirality transfer was observed in the
process of the reaction.

A Rh(m)-catalyzed selective coupling of N-methoxy-1H-
indole-1-carboxamide and aryl boronic acids was described by
Cui and co-workers recently (Scheme 57).”° Through the
switch of different reaction conditions or substitutions, three
distinct reaction patterns of arylation, [4 + 2] cyclization, and
[4 + 1] cyclization were achieved smoothly, producing divergent
products. The C-H activation and electrophilic addition were
proposed to be involved in the reaction pathway.

The Rh(m)-catalyzed dual C-H activation of N-methoxybenz-
amides with aryl boronic acids through one-pot C-C/C-N
bond formation to provide various substituted phenanthridi-
nones in good yields was developed by Cheng and co-workers

1146 | Org. Chem. Front, 2015, 2, 1107-1295

in 2012 (Scheme 58).*° Previous methods to synthesize
phenanthridinones by the use of palladium catalysts have
been reported by Wang®* and Cheng®® in 2011. The presence
of a silver salt was crucial to the reaction and 4 equivalents of
Ag,0 were necessary for the highest yield of the product. High
regioselectivity and efficiency of this catalytic reaction were
achieved. Two years later, the same group reported a similar
Rh(m)-catalyzed dual C-H bond activation and annulation
reactions for the one-pot synthesis of substituted phenanthri-
dinone derivatives using aryltriethoxysilanes in the place of
aryl boronic acids (Scheme 59).5" AgF was used as the scaven-
ger of organosilicon reagents.

A unique Rh(u)-catalyzed selective dehydrogenative cross-
coupling between benzamides and aryl halides (I, Br, Cl) to
form biaryl products by means of double C-H activation was
disclosed by Glorius and co-workers in 2012 (Scheme 60).%>
Importantly, the halogen did not participate in the reaction

This journal is © the Partner Organisations 2015
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Scheme 59 Rhodium-catalyzed annulation of N-methoxybenzamides with arylsilanes.
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Scheme 61 The cross-dehydrogenative coupling of simple arenes and heterocycles.

and survived under the reaction conditions. The combination
of a catalytic amount of CsOPiv (20 mol%) together with 1.1
equiv. of PivOH inhibited the undesired homocoupling of aryl
halides. The benzamide bearing a NiPr, group as the directing
group could further improve the reactivity of the cross-coup-
ling reaction. Mechanistic investigations indicated that this
catalytic system proceeded by two separate C-H activation
steps on each coupling partner. At the same year, Glorius and
co-workers extended the Rh(m)-catalyzed selective dehydro-
genative cross-coupling into vinylic substrates bearing a
directing group.®® A wide range of synthetically valuable tri-
and tetrasubstituted olefins were furnished in moderate yields.

A novel Rh(m)-catalyzed dehydrogenative cross-coupling
reaction of benzamide derivatives with simple arenes as arylat-
ing agents was demonstrated by Glorius and co-workers in the
same year (Scheme 61).%* The directed oxidative cross-dehydro-

This journal is © the Partner Organisations 2015

genative coupling (CDC) of two non-prefunctionalized arenes
was achieved with the assistance of the directing group. Poly-
brominated benzene derivative (C¢Brs) was chosen to be the
optimal and inexpensive additive/cooxidant to promote the
reaction. Pivalic acid (PivOH) and cesium pivalate (CsOPiv)
had also some positive effects to improve the efficiency of the
reaction. Under the reaction conditions, a wide range of syn-
thetically useful biaryl patterns were readily afforded in moder-
ate to good yields.

Allylarene is a kind of important scaffold in natural pro-
ducts and biologically active compounds. The methods for the
direct C-H allylation of arenes have been rarely studied. In
2013, Glorius and co-workers reported a Rh(ui)-catalyzed inter-
molecular direct C-H allylation reaction with readily available
allyl carbonates as the allyl source under mild reaction con-
ditions (Scheme 62).2* A slight excess of AgSbFs had some
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Scheme 65 Rhodium-catalyzed C—H alkynylation of arenes.

notable effect to facilitate the process of the allylation reaction.
Some mechanistic investigations implied that the C-H bond
cleavage was involved in the rate-limiting step and a concerted
metalation-deprotonation (CMD) process was the key step.
This reaction was an excellent alternative to existing methods
to access allylated aromatics. In the same year, a similar study
of Rh(ui)-catalyzed direct olefination of arenes using allyl
acetate as an olefinating agent via C-H activation was develo-
ped by Loh and co-workers.®?

A Rh(m)-catalyzed coupling reaction/annulation of O-piva-
loyl benzhydroxamic acids with donor/acceptor diazo com-
pounds to give diverse isoindolones with a stereogenic carbon
was demonstrated by Rovis and co-workers (Scheme 63).”*? In
contrast with CO and isocyanides, diazo compounds were
chosen as one-carbon components in the cyclization reaction.
A broad range of benzhydroxamic acids and diazo compounds
were compatible with the reaction conditions and various iso-
indolones were smoothly afforded. In particular, isoindolones
containing quaternary carbons with a trifluoromethyl group
were successfully obtained using this elegant method.

An unprecedented Wilkinson catalyst [Rh(PPh;);Cl] cata-
lyzed highly regioselective cross-coupling of aromatic amine

1148 | Org. Chem. Front, 2015, 2, 1107-1295

derivatives with various heteroarenes via dual C-H activations
was reported by You and co-workers recently (Scheme 64).5¢
The reaction overcame the intrinsic obstacles of the common
C-H/C-H oxidative cross-coupling reactions: the poor regio-
selectivity and the requirement of a large excess of the arenes.
A wide variety of important aryl-heteroaryl frameworks were
rapidly constructed by the use of this efficient protocol, and
some highly extended n-conjugated heteroacenes that had
great air stability as organic semiconductors in electronic
devices were synthesized. Compared with the classical catalytic
system of [RhCp*Cl,],/AgSbFe, the current innovative catalyst
system was much less expensive and had more potential to be
applied to other C-H activation reactions.

Alkynes are important functional groups in organic syn-
thesis because of their versatility to be readily converted into a
lot of useful structural motifs. Besides the Sonogashira coup-
ling reaction, the comparable C-H alkynylation is another
powerful and practical tool to construct alkyne compounds.
The rhodium(m)-catalyzed ortho-C-H alkynylation of electron-
poor arenes bearing the amide directing group by taking
advantage of the hypervalent iodine reagent as the alkyne
source was discovered by Loh and co-workers (Scheme 65).%
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Scheme 66 Rh(in)- and Ir(in)-catalyzed C—H alkynylation of arenes.
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Scheme 67 Rhodium(in)-catalyzed olefinic C—H alkynylation of enamides.

The reaction showed many notable features, such as mild reac-
tion conditions, broad substrate scope and high efficiency and
selectivity for monoalkynylation. This useful protocol could
also have applications for further functionalization of natural
products or related complex molecules. Shortly afterwards, a
Rh(m)-catalyzed C-H alkynylation of an acrylamide derivative
employing tosyl-imide as a weakly coordinating directing
group was demonstrated by the same group.®®

Using the hypervalent iodine-alkyne reagents, Li and co-
workers also developed the chelation-assisted C-H alkynyla-
tion of various (hetero)arenes (Scheme 66).>° Both Rh(ur) and
Ir(m) catalysts could catalyze the transformation of alkynyla-
tion, providing complementary insights into C-H alkynylation
of different substrates. The reaction system was compatible
with many directing groups, such as heterocycles, N-methoxy
imines, azomethine imines, secondary carboxamides, azo
compounds, N-nitrosamines, and nitrones. The selectivity of
mono- and dialkynylation was controllable for the N-hetero-
cyclic directing groups. Systematic mechanistic investigations
were conducted and the Rh(m) alkynyl complex and Rh(m)
vinyl complex were presumably identified as key intermediates
in the reaction.

The Rh(m)-catalyzed direct alkynylation of alkenes using
hypervalent iodine-alkyne reagents was studied by Glorius’
group” and Loh’s group” respectively (Scheme 67). In these
transformations, valuable building blocks of conjugated 1,3-
enynes were generated.

Ellman and co-workers presented the first example of
Rh-(m)-catalyzed coupling of anilides and enamides with iso-

This journal is © the Partner Organisations 2015

cyanates to form N-acyl anthranilamides and enamine amides
(Scheme 68).°> [Cp*Rh(MeCN);](SbFe), was identified as an
efficient catalyst. Some kinetic examinations of the reaction
were conducted to gain more insights into the reaction mech-
anism. An efficient method for Rh(m)-catalyzed oxidative
carbonylation of aromatic amides via C-H/N-H activation to
form a wide variety of phthalimides was described by Rovis’
group” and a rhodium-catalyzed annulation of N-benzoyl-
sulfonamide with isocyanides through C-H activation to provide
a straightforward approach to a wide range of 3-(imino)iso-
indolinones was developed by Zhu and co-workers.”*

The rhodium-catalyzed regioselective acylation of benz-
amides via C-H bond activation using aldehydes as the acyl
sources was reported by Kim and co-workers in 2011
(Scheme 69a).”” Silver carbonate was the optimal oxidant of
the reaction. A wide variety of benzamides and aldehydes were
successful involved in the reaction and the relevant aryl
ketones, which were crucial structural motifs in biologically
active compounds and functional materials, could be afforded
in moderate to good yields. Based on the above studies,
another different reaction pattern using similar substrates was
developed by Kim (Scheme 69b).°> The rhodium-catalyzed oxi-
dative acylation followed by an intramolecular cyclization took
place, affording a range of 3-hydroxyisoindolin-1-one building
blocks, which were ubiquitous structural motifs in synthetic
and naturally occurring bioactive compounds. High tempera-
ture (150 °C) was necessary for the reaction. The relevant com-
petition reaction was conducted to gain insight into the
catalytic process and the insertion of aldehyde into a rhod-
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Scheme 68 Rh(in)-catalyzed amidation of aryl and vinyl C—H bonds with isocyanates.
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Scheme 69 Rhodium-catalyzed oxidative ortho-acylation of benzamides with aldehydes.
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Scheme 70 Rhodium(in)-catalyzed arene and alkene C—H bond functionalizations.
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Scheme 71 Indole synthesis by rhodium(in)-catalyzed hydrazine-directed C—H activation.

acycle intermediate was presumably involved in the rate-limit-
ing step of the transformation.

Indoles and pyrroles are the most common motifs and are
widely found in natural products, drugs, and other bioactive
molecules. The rhodium(m)-catalyzed acetanilides and enam-
ines C-H bond functionalization/annulation reaction with
internal alkynes to afford a wide variety of indoles and pyrroles
was presented by Stuart and co-workers in 2010 (Scheme 70).%°
Compared with the rhodium(m)-complex [Cp*RhCl,],, which
has been applied in the previous study of indole synthesis by
the same group,”” the dicationic analogue [Cp*Rh(MeCN),]-
[SbF¢], was involved in the reaction and had some positive
effect on the reactivity of the reaction. In addition, molecular
oxygen was regarded as terminal oxidant and milder con-
ditions were allowed for the reaction. Detailed mechanistic

1150 | Org. Chem. Front,, 2015, 2, 1107-1295

investigations were conducted to obtain a better understand-
ing of the reaction mechanism. As for the indole synthesis,
Glorius developed an efficient rhodium(m)-catalyzed redox-
neutral C-H activation/cyclization of 2-acetyl-1-arylhydrazines
with various alkynes to prepare unprotected indoles
(Scheme 71).°® The N-N bond was utilized as an innovative
directing group and an internal oxidant in the reaction.
A variety of different symmetric alkynes and unsymmetrical
alkynes all smoothly participated in high regioselectivity, pro-
viding a powerful alternative to the Fischer indole synthesis.

A conceptually new method of rhodium(ur)-catalyzed isoqui-
nolone synthesis from benzhydroxamic acid precursors in the
absence of an external oxidant was demonstrated by Guimond
and co-workers in 2010 (Scheme 72a).°® The inner N-O bond
was used as an internal oxidant, which has been successfully

This journal is © the Partner Organisations 2015
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Scheme 72 Rhodium(in)-catalyzed heterocycle synthesis using an internal oxidant.
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Scheme 73 The direct synthesis of diverse bisheterocycles by Rh(i) catalysis.
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Scheme 74 Rhodium(in)-catalyzed intramolecular amidoarylation.

applied to C-N bond formation by Hartwig.'® The redox
neutral isoquinolone synthesis proceeded under mild reaction
conditions, and was also insensitive to air and moisture with
broad functional group tolerance. Shortly after this, the same
group developed a more reactive internal oxidant/directing
group that could readily afford a wide variety of isoquinolones
at room temperature with lower catalyst loadings (0.5 mol%)
(Scheme 72b)."" 1t was a significant improvement over the pre-
vious study. The terminal alkynes and alkenes were compatible
with the reaction conditions, expanding the substrate scope of
the reaction and furnishing various monosubstituted iso-
quinolones and 3,4-dihydroisoquinolones in good yields.
Extensive mechanistic investigations and DFT calculations
were conducted, indicating that a concerted metalation depro-
tonation (CMD) process was proposed to be the turnover limit-
ing step and a stepwise C-N bond reductive elimination/N-O
bond oxidative addition mechanism was suitable for the
current reaction.

A rhodium(m)-catalyzed oxidative cycloaddition of benz-
amides and alkynes via C-H/N-H activation to form a series of
isoquinolones in good yields was disclosed by Rovis and co-
workers.'*> Cu(OAc), was regarded as a stoichiometric oxidant
and AgSbFs was used to sequester the halides. Many compe-
tition experiments between different alkynes were carried out

This journal is © the Partner Organisations 2015

and the results revealed that more electron-rich alkynes were
favored in the reaction but the regioselectivity of insertion was
supposed to be largely dependent on steric factors.

Based on the above pioneering studies, a rhodium(m)-cata-
lyzed versatile and flexible C-H activation/1,3-diyne general
strategy for the rapid assembly of diverse polysubstituted
bisheterocycles in high efficiency and selectivity was achieved
by Glorius recently (Scheme 73).'%?

The rhodium(im)-catalyzed distinct reaction patterns of teth-
ered olefin-containing benzamides directed by the amide
group were developed by Rovis and co-workers (Scheme 74)."%*
Intramolecular hydroarylation, amidoarylation, and dehydro-
genative Heck-type reaction were achieved with different sub-
strates. A wide variety of tethered alkenes could be involved in
the reaction and the corresponding five- or six-membered bio-
logically useful fused oligocyclic lactam products were pro-
duced in good to excellent yields. The diastereoselectivity of
the amidoarylation product could be controlled using a sub-
strate containing a pre-existing stereocenter. More recently,
Glorius’ group reported an almost identical study through
intramolecular redox-neutral cyclization process of a wide
variety of tethered olefin-containing benzamides via C-H acti-
vation."® A rhodium(m)-catalyzed intramolecular amidoaryla-
tion of alkyne via a C-H activation pathway for the synthesis of
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Scheme 75 Asymmetric hydroarylations of 1,1-disubstituted alkenes.
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3,4-fused tricyclic indoles was independently reported by
Xu'®®? and Li,'*°” further expanding the synthetic utility of the
intramolecular redox-neutral annulation reaction.

An enantioselective intramolecular rhodium(m)-catalyzed
hydroarylation to afford functionalized dihydrobenzofurans
that possessed a quaternary stereocenter directed by the
CONHOMe group under mild conditions was demonstrated by
Cramer and co-workers in 2014 (Scheme 75).'%” The existence
of a special chiral Cp ligand could significantly enhance the
enantioselectivity of the hydroarylation of aryl hydroxamates.
The scope of the enantioselective hydroarylation was broad
and a wide range of substituents were tolerant. The meta-
alkoxy group of the olefin side chain played the role of a sec-
ondary directing group for Rh-catalyzed reactions. Diverse
dihydrofurans bearing methyl-substituted quaternary stereo-
centers were produced in moderate to good yields. As early as
2012, Rovis and Cramer independently reported a chiral
rhodium complex catalyzed directed C-H bond functionali-
zation for the synthesis of asymmetric tetrahydroisoquinoli-
none derivatives with high enantioselectivity.'%®

Since a-(pseudo)halo ketones are widely utilized as electro-
philes in cross-coupling reactions, they could be applied in
transition-metal-catalyzed C-H activation. More recently, the
first example of using a-halo and pseudohalo ketones as
C(sp®)-based electrophiles in Rh(m)-catalyzed C-H activation to
synthesize diverse N-heterocycles under mild and redox-
neutral reaction conditions was developed by Glorius and co-
workers (Scheme 76)."% In this reaction, o-(pseudo)halo
ketones were identified as oxidized alkyne equivalents to

View Article Online
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undergo Rh(m) catalyzed redox-neutral annulations. Various
important N-heterocycles, such as 3-aryl- and 3-alkyl-substi-
tuted isoquinolones, 2-pyridones, 1,2-benzothiazines, and
2-methylated indole, could be obtained in moderate to excel-
lent yields under mild conditions.

Azepine and its derivatives are important skeletal motifs in
numerous natural products and synthetic compounds. Exten-
sive attention has been paid to the development of effective
methods towards these useful molecules. In 2013, Glorius and
co-workers developed an efficient methodology of rhodium(u)-
catalyzed intermolecular annulations for the synthesis of
azepine derivatives utilizing simple and readily available benz-
amides and o,f-unsaturated aldehydes or ketones as starting
materials (Scheme 77)."'° PivOH was the best additive to
improve the reaction efficiency by releasing H,O as the only
waste. The scope of the substrates was broad and a wide range
of azepine derivatives could be readily prepared in moderate to
excellent yields. Some control experiments indicated that
the catalytically active species [Rh™Cp*] was identified as a
transition-metal catalyst and a Lewis acid catalyst was used for
the dehydration process simultaneously. The annulation pro-
cedure was presumably supposed to undergo C-H activation,
cyclization and condensation steps.

A rhodium(m)-catalyzed alkene migratory insertion in a
range of benzhydroxamic acids for the synthesis of dihydroiso-
quinolones was reported by Rovis and co-workers in 2015
(Scheme 78)."'" The sterically bulky di-tert-butylcyclopentadi-
enyl ligand (Cp®) was used as an effective ligand to increase the
regioselectivity of the reaction, because the classical Cp*
ligand exhibited relatively low selectivity. Crystallographic
results of the 5-membered RhCp’ metallacycle offered some
evidence for the enhanced regioselectivity. Other transform-
ations employing rhodium(m)-catalyzed C-H activation/annu-
lation reactions of benzhydroxamic acids with different
coupling partners were reported and the relevant N-hetero-
cycles were afforded in various manners.'"?

Rh(m)-catalyzed [4 + 2] annulation reaction of aromatic
carboxamides with alkynes is a powerful and efficient route for

o N [Cp*Rh(MeCN)s] [SbFgl, (5 mol%) Q OMe
R0 N NHOMe + ZJK/X NaOAc (1.2 equiv) . R1—: X N~
& R MeOH, 60-80 °C, Ar AN g2
X =0Ms, OTs, Cl
Scheme 76 Redox-neutral rhodium(i)-catalyzed synthesis of N-heterocycles.
o) \ [RhCp*Cll, (2.5 mol%) Q r
) R AgSbFg (10 mol%) N N
R N ONHR? L R3O PivOH (2 equiv) R p RS
=
7 RS Dioxane, 60 °C, 12 h 4
R R

Scheme 77 Cyclization of amides with o,p-unsaturated aldehydes and ketones.
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Scheme 78 Rh(i)-catalyzed C—H activation for the synthesis of dihydroisoquinolones.
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Scheme 79 Rh(i)-catalyzed regioselective synthesis of naphthyridinones.
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Scheme 80 The plausible mechanism.

the preparation of some fused nitrogen-containing hetero-
cycles. However, the application of this method to electron-
deficient pyridine derivatives has proved to be quite difficult.
Poor selectivity and low reaction rates of pyridines constituted
the main challenges to relevant C-H functionalization reac-
tions. A Rh(m)-catalyzed C-H activation/annulation of nicotin-
amide N-oxides with alkynes or alkenes to afford
naphthyridinone N-oxide or dihydronaphthyridinone N-oxide
products under mild conditions was demonstrated by Huckins
and co-workers in 2013 (Scheme 79).""* The existence of
N-oxide could increase the reaction rates and enhance the
desired regioselectivity. Many marked features, such as low
catalyst loadings, mild reaction conditions, good yields and
regioselectivities, were achieved.

This journal is © the Partner Organisations 2015

The postulated mechanism was given based on deuterated
experiments (Scheme 80). Initially, a C-H cyclometallation at
the 2-position of the pyridine N-oxide ring was performed to
produce a rhodium cycle complex, which underwent regio-
selective alkyne/alkene insertion into the Rh-C bond to afford
a seven-membered ring metallocycle. The subsequent reduc-
tive elimination gave the final naphthyridinone N-oxide
product by using the N-O bond as an internal oxidant to re-
oxidize the Rh(i) to Rh(m).

Shi and co-workers reported a rhodium(im)-catalyzed C-H
activation/annulation of benzimides from abundant and
essentially unfunctionalized benzoic acids with alkynes to
form diverse synthetically valuable indenones (Scheme 81).''*
N-Acyloxazolidinone with proper directing ability and electro-
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Scheme 81 Rhodium/copper-catalyzed annulation of benzimides with internal alkynes.
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Scheme 82 Oxidative coupling of N-allyl arenesulfonamides with alkynes.

(O e)

N7

[RhCp*(OAG),] (5 mol%)

o .0

N\’

CuOAc (20 mol%) ¢
0,(50mbar) gl Y NH

S<
R1©/ NHAc 4+ RZ—=—R3
=

NG
toluene, 90 °C, 18 h R3

Scheme 83 Access to sultams by rhodium(in)-catalyzed directed C—H activation.

philicity was identified as the optimal directing group and the
highest yield was obtained. Decahydronaphthalene was the
best solvent for the reaction. A wide range of functionalized
indenone products were prepared from readily available benz-
imide derivatives under redox neutral conditions. Later, Li and
coworkers reported a Rh(m)-catalyzed C-H functionalization of
1-benzoylpyrrolidine with propargyl alcohols for the synthesis
of (4-benzylidene)isochroman-1-ones.'*>  Highly enantio-
enriched lactones could be obtained by the use of optically
pure propargyl alcohols as the starting materials.

A rhodium(m)-catalyzed C-H activation for the efficient con-
struction of pyridines and cyclopentenone rings from readily
available N-allyl sulfonamides and alkynes using sulfonamides
as effective directing groups was demonstrated by Li and co-
workers in 2012 (Scheme 82).''® When N-allyl p-tolylsulfon-
amide was used as the substrate, AgOAc (4.5 equiv.) proved to
be an ideal oxidant to support a twofold oxidation process,
affording 3-sulfonylpyridine product in good yield. Several
cross-over experiments evidenced the possible involvement of
a formal oxidative intermolecular 1,3-shift process of the sulfo-
nyl group. When introducing a methyl (blocking) group into
the olefin unit to inhibit the 1,3-shift process of the sulfonyl

1154 | Org. Chem. front.,, 2015, 2, 1107-1295

group, unexpected cyclopentenone products were generated.
The corresponding ketone oxygen atom had likely come from
the water. The reaction exhibited broad substrate scope and
the high selectivity was determined by the allyl moiety of the
sulfonamide.

A rhodium(m)-catalyzed oxidative C-H activation of simple
and widely available sulfonamides and subsequent addition of
internal alkynes for the convenient synthesis of the benzo-
sultams was established by Cramer and
(Scheme 83)."'” The acylated sulfonamide was chosen as a
suitable directing group to construct a wide range of pharma-
ceutically important sulfonamides. Catalytic amounts of
copper(i) acetate and molecular oxygen (50 mbar) as a terminal
oxidant were beneficial for the high conversions and yields of
the reaction. This reaction was a general and attractive method
to access the synthetically and medicinally important aryl
sultams. Furthermore, there have been many other good
examples of sulfonamide-assisted C-H activation in recent
years.''®

Cui and co-workers demonstrated a Rh(m)-catalyzed C-H
activation/cycloaddition of benzamides and methyl-
enecyclopropanes for the divergent synthesis of biologically

co-workers

This journal is © the Partner Organisations 2015
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Scheme 84 The C-H activation/cycloaddition of benzamides and methylenecyclopropanes.

o) N,
Y "NHoPv + O
I P R2 R3

[RhCp*Cl,], (2 mol%)
CsOAc (1 equiv)

MeCN, rt, 4-6 h

@ #

Scheme 85 The C—H activation/[4 + 3] cycloaddition of benzamides and vinylcarbenoids.
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Scheme 86 Rhodium(in)-catalyzed intramolecular redox-neutral annulation.

valuable spiro dihydroisoquinolinones and furan-fused azepi-
nones under mild conditions (Scheme 84)."*° A carboxylate
assisted C-H activation via a concerted metalation/deprotona-
tion (CMD) pathway and MCP mild insertion process was pre-
sumably involved in the reaction. For the formation of
azepinone, the fused electron-rich furan moiety could stabilize
the metal intermediate and promote a cyclopropyl carbinyl-
butenyl rearrangement via a ring opening process to give aze-
pinone product. They also investigated a Rh(m)-catalyzed C-H
activation/[4 + 3] cycloaddition of benzamides with vinylcarbe-
noids, which could be utilized as suitable three-carbon coup-
ling partners to give azepinones (Scheme 85).”'° CsOAc was
regarded as the optimal additive and rendered the desired
product in 95% yield. A wide variety of azepinones were
formed in moderate to good yields by this general and versatile
approach. It was the first example of utilization of vinylcarbe-

This journal is © the Partner Organisations 2015

noids as three-carbon components in Rh(ui)-catalyzed cyclo-
addition reactions.

An efficient rhodium(ur)-catalyzed intramolecular annula-
tion of alkyne tethered hydroxamic esters for the facile
synthesis of hydroxyalkyl-substituted isoquinolone/2-pyridone
derivatives was demonstrated by Park and co-workers
(Scheme 86a)."*° This reaction showed reverse regioselectivity
compared to the previous intermolecular version of rhodium-
catalyzed C-H/N-O bond functionalization reactions. The reac-
tion proceeded under mild reaction conditions and obviated
the use of external oxidants. It was noteworthy that the total
synthesis of some phenanthroindolizidine alkaloids was suc-
cessfully accomplished by this method. After two years, Li and
Zhou reported a similar Rh(m)-catalyzed intramolecular redox-
neutral C-H activation/annulation of a tethered alkyne to
afford 2-amidealkyl indoles with completely reversed regio-
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Scheme 87 Rhodium(in)-catalyzed C—H activation/annulation of N-phenoxyacetamides.
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Scheme 88 Rhodium(in)-catalyzed redox-neutral coupling of N-phenoxyacetamides.
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Scheme 89 Rh(in)-catalyzed direct C—H amination using N-chloroamines.
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Scheme 90 Hydroxyamination of aryl C—H bonds with N-hydroxycarbamate.

selectivity (Scheme 86b)."*! The strategy was also applied to
the highly efficient formal total synthesis of goniomitine using
Rh(m)-catalyzed C-H activation/annulation as a key step. A
rhodium(ur)-catalyzed intramolecular annulation to synthesize
tricyclic isoquinoline derivatives in good yields was also deve-
loped by Gulias and co-workers in 2013."**

A Rh(m)-catalyzed intermolecular [4 + 3] annulation method
for the rapid synthesis of 1,2-oxazepines from N-phenoxyacet-
amides and o,p-unsaturated aldehydes was reported by Zhao
and co-workers (Scheme 87)."** This atom-economical protocol
might involve C-H activation, alkene insertion, and intra-
molecular nucleophilic attack from a Rh amide to yield 1,2-
oxazepine products, which were readily transformed to biologi-
cally important chroman derivatives. Previously, Lu and Liu
described a mild rhodium(m) catalyzed redox-neutral coupling
of N-phenoxyacetamides and alkynes for the synthesis of ortho-
hydroxyphenyl substituted enamides or benzofurans with high
regioselectivity and yields (Scheme 88)."**

1156 | Org. Chem. front., 2015, 2, 1107-1295

A rhodium(m)-catalyzed direct C-H amination of N-pivaloy-
loxy benzamides with N-chloroamines under mild conditions
was achieved by Glorius and co-workers (Scheme 89).'*® The
versatile N-pivaloyloxy amide and N-chloroalkylamines were
used as the directing group and the readily accessible nitrogen
source. This novel method provided a complementary route to
construct some important arylamine structures.

Recently, Zhang and co-workers developed a novel aryl C-H
bond hydroamination catalyzed by the synergistic combination
of rhodium and copper catalysis using commercially available
N-Boc-hydroxyamine as a nitrogen source (Scheme 90).'*°
A wide variety of bioactive benzo[c|isoxazole derivatives were
readily prepared by this efficient protocol. The electrophile
nitrosocarbonyl compound was in situ generated by copper-
catalyzed aerobic oxidation and used as a coupling partner
under mild reaction conditions.

Chang and co-workers presented the first example of a
rhodium-catalyzed direct arene C-H amination of benzamides
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Scheme 91 Rhodium-catalyzed direct C—H amination of benzamides.
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Scheme 93 [Rh(n)Cp*]-catalyzed ortho-bromination and iodination of arenes.

utilizing sulfonyl azides as the amine source to afford a range
of diarylamines, which were widely existing in biologically
active natural products (Scheme 91a).'*” The procedure did
not require an external oxidant and released N, as a single by-
product, providing a practical and environmentally benign
amination process. The elegant method was also readily
extended to the amination of ketoximes with high reactivity
and functional group tolerance, emphasizing the generality of
this method. Later, they extended the scope of the rhodium-
catalyzed direct amination reaction to various alkyl azides
(Scheme 91b).'*® Both benzyl and aliphatic azides bearing a
wide range of functional groups were identified as the nitrogen
source and were involved in the reaction to give synthetically
more important and diverse N-alkylaniline products success-
fully. Besides amides, the reaction could also be extended to
some substrates bearing weak coordinating groups such as
aromatic ketones and aryl ketoximes. A plausible and rational
amination pathway was also proposed based on the mechanis-
tic studies.

The first rhodium-catalyzed acetoxylation of an olefinic
C(sp®)-H bond in enamides with high regio- and stereo-
selectivity to afford a variety of substituted vinyl acetates with
absolute Z-configuration was accomplished by Zhang and co-
workers recently (Scheme 92)."*° Cu(OAc), was utilized as the
oxidant and the source of acetate in the reaction. The isotope
effect studies indicated that the step of carbometalation by

This journal is © the Partner Organisations 2015

abstracting the olefinic hydrogen was reversible and the C-H
activation might not be involved in the rate-determining step.

The first example of Rh(m)-catalyzed direct ortho bromina-
tion and iodination reaction of different aromatic compounds
via C-H activation for the convenient synthesis of ortho-bromi-
nated and -iodinated aromatic products was reported by
Glorius and co-workers in 2012 (Scheme 93)."*° This general
and practical strategy was compatible with many different
directing groups, offering new possibilities to prepare a wide
range of aromatic halides. The Rh(m)-catalyzed halogenation
reaction of vinylic C-H bonds was reported by the same group
later, which provided a general and efficient approach to a
variety of substituted haloacrylic acid derivatives.'*"

2.3. Ru catalyzed C-H functionalization

Compared with a lot of well-developed rhodium-catalyzed oxi-
dative annulations to synthesize diverse heterocycles, the use
of less-expensive ruthenium catalysts for oxidative annulations
was far from studied at the same stage.' Due to its extraordi-
nary reactivity and selectivity, the [RuCl,(p-cymene)], complex
has been used as a catalyst for diverse C-H bond functionali-
zation reactions with high efficiency. The first ruthenium-cata-
lyzed oxidative annulation reaction of alkynes with
benzamides for the facile synthesis of a wide range of isoqui-
nolones with broad scope was reported by Ackermann and co-
workers (Scheme 94a)."*?> Detailed mechanistic investigations

Org. Chem. Front, 2015, 2, 1107-1295 | 1157
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Scheme 94 Ruthenium-catalyzed synthesis of isoquinolones and 2-pyridones.
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Scheme 95 Ruthenium-catalyzed redox-neutral synthesis of isoquinolones.
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Scheme 96 Ruthenium-catalyzed oxidative C—H alkenylations.

showed that a carboxylate assisted C-H bond metalation was
the rate-limiting step, which was different from the rhodium-
catalyzed isoquinolone synthesis.’>'®"'°> They also investi-
gated the ruthenium-catalyzed oxidative annulations of acryl-
amides and alkynes with stoichiometric amounts of external
oxidants to synthesize 2-pyridones (Scheme 94b)."** The ruthe-
nium-catalyzed C-H functionalization under mild conditions
to deliver a series of isoquinolone motifs was reported by
Ackermann’s and Wang’s groups respectively (Scheme 95)."**
A ruthenium catalyzed cross-dehydrogenative alkenylation
of various anilides and benzamides was reported by Acker-
mann and co-workers (Scheme 96)."*> A cationic ruthenium()
complex was chosen as the optimal catalyst and water was

1158 | Org. Chem. front., 2015, 2, 1107-1295

used as a green solvent. Detailed mechanistic studies provided
strong evidence for the different mechanisms of the two trans-
formations. The cycloruthenation step in oxidative alkenyla-
tion of acetanilide was reversible, whereas an irreversible C-H
bond metalation was involved in cross-dehydrogenative alkeny-
lations of benzamides.

The first ruthenium catalyzed oxidative C-H bond olefina-
tion of N-methoxybenzamides using the CONH(OMe) group as
an oxidizing directing group was developed by Wang and co-
workers (Scheme 97)."*® With the variance of olefinic partners
and solvents, two types of products were afforded in moderate
to good yields. On the basis of the mechanistic studies, the
reaction presumably proceeded by an intermolecular carbor-
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Scheme 98 Ruthenium-catalyzed ortho-arylation of benzamides and anilides.
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Scheme 99 Ruthenium-catalyzed cyclization of anilides with propiolates or acrylates.

uthenation of alkene via rate-determining C-H bond activation
followed by reductive elimination to form the desired
products.

In 2012, Jeganmohan and co-workers reported a ruthe-
nium-catalyzed ortho-arylation of N-alkyl benzamides with sub-
stituted aromatic boronic acids with high regioselectivity
(Scheme 98a)."*” When substituted alkenylboronic acids were
used as starting reactants, the corresponding ortho-alkenyla-
tion of N-alkyl benzamides was achieved successfully. The
ortho-arylated N-alkyl benzamides were readily converted into
fluorenones under the current methodology. Later, the same
group developed a ruthenium-catalyzed oxygen atom directed
ortho-arylation of acetanilides with aromatic boronic acids
(Scheme 98b)."*® It was noteworthy that diarylated products or
N-arylated acetanilides were not observed under the reaction

This journal is © the Partner Organisations 2015

conditions. The obtained ortho-arylated N-substituted anilines
were key synthetic intermediates for various organic transform-
ations and could be further converted into biologically useful
phenanthridine and carbazole derivatives. Shortly after this,
they demonstrated a Ru-catalyzed cyclization of anilides with
propiolates or acrylates to deliver 2-quinolinones bearing
diverse functional groups in good to excellent yields, extending
the application of Ru-catalyzed C-H functionalization reac-
tions (Scheme 99)."*°

Wang and Liu respectively reported an efficient and regio-
selective ruthenium-catalyzed oxidative annulation of enam-
ides with alkynes via the cleavage of C(sp?)~-H/N-H bonds to
afford a wide range of biological and pharmaceutical impor-
tant pyrrole derivatives (Scheme 100a)."*°* With the addition
of AgSbFs and MeOH, some N-unsubstituted pyrroles could be
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Scheme 101 Ru-catalyzed oxidative C(sp?)—H bond hydroxylation.
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Scheme 102 Ru-catalyzed C—H mono- and dihydroxylation of anilides.
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Scheme 103 Ru(i)-catalyzed ortho-C—H amination of arenes and heteroarenes.

smoothly obtained by Wang’s work. The reaction developed by
Liu could be carried out in the aqueous medium
(Scheme 100b).*4%?

A ruthenium-catalyzed ortho-selective C-H bond hydroxy-
lation on benzamides with PhI(OAc), as the terminal oxidant
was disclosed by Ackermann and co-workers (Scheme 101)."*!
The reaction had some notable features, such as weakly coor-
dinating benzamides as readily modifiable directing groups, a
low catalyst loading, high efficiency, and regioselectivity. One
year later, they developed a similar strategy of ruthenium-cata-
lyzed site selective C(sp®)-H bond oxygenations on aryl
Weinreb amides, which could be readily transformed into the
corresponding ketones and aldehydes.'*> Rao and co-workers
reported the first Ru(n)-catalyzed C-H mono- and dihydroxyla-
tion of anilides for the synthesis of 2-aminophenols and het-
erocycles with a new directing group strategy (Scheme 102).'*?

1160 | Org. Chem. Front, 2015, 2, 1107-1295

The 2,6-difluorobenzoyl group was chosen as a double-func-
tional directing group, which could serve not only as a readily
cleavable coordinating group but also as a potential structural
component for further complex molecule synthesis.

The Ru(n)-catalyzed ortho-C-H amination directed by
a weakly coordinating amide group using electrophilic
O-benzoyl hydroxylamines as the N-source at room tempera-
ture was developed by Yu and Dai (Scheme 103).'** The scope
of this reaction for heteroarene substrates was substantially
broader than the Pd-catalyzed C-H amination reaction
reported by the same group,” showing the excellent reactivity
of the weakly coordinating directing group with Ru(u) catalysts.

2.4. Other metal (Ir, Cu, Co) catalyzed C-H functionalization

Chang and co-workers developed the iridium-catalyzed direct
C-H amidation of arenes and alkenes using acyl azides as the
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Scheme 104 Iridium-catalyzed C—H amination with acyl azides and anilines.
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Scheme 106 Copper-catalyzed mild nitration of protected anilines.

nitrogen source under mild conditions (Scheme 104a).'** The
acyl azides were utilized as the nitrogen donor of an acyl
amino group in the reaction to afford a broad range of ami-
dated arenes and olefins with high functional group tolerance.
An in situ generated cationic half-sandwich iridium complex
was proposed to be involved in the reaction and was used as
an active catalyst. The amidation reaction featured the absence
of external oxidants, molecular nitrogen as a single byproduct
and wide substrate scope, enabling this environmentally
benign method to be practical in organic synthesis and medic-
inal chemistry. An iridium-catalyzed direct C-H amination of
benzamides by employing anilines as the nitrogen source
at room temperature was reported by the same group
(Scheme 104b).'*® For the first time, this transformation
achieved the amination by the use of simple and readily avail-
able anilines in the place of azides. A unique iridacyclic
species was synthesized and unambiguously characterized,
revealing that the Ir metal was coordinated to the carbonyl
O atom rather than the amide nitrogen atom, which was
different from the previously reported palladacycle complexes.
It was the first example of Ir-catalyzed direct C-H amination
of benzamides using simple aniline as coupling partners to
construct a wide variety of synthetically and medically useful
arylamine products.

A practical Cu-catalyzed direct ortho-halogenation of ani-
lines employing a readily removable N-sulfonyl directing group

This journal is © the Partner Organisations 2015

under aerobic conditions was developed by Carretero and co-
workers (Scheme 105)."*” N-Halosuccinimides (NXS, X = Cl, Br)
were identified as convenient X' sources to participate in the
reaction. Various halogenated anilines, which were versatile
precursors for a lot of heterocyclic frameworks, could be pro-
duced by this efficient method. They disclosed a practical
copper-catalyzed direct nitration of protected anilines employ-
ing nitric acid as the nitrating agent (Scheme 106)."*® This
reaction had broad substrate scope in terms of N-protecting
groups (sulfonamides, carbamates, amides, and ureas) and
remarkable functional group tolerance. The dinitrated aniline
derivatives were also prepared by using two equivalents of
HNO;. The final products could be regarded as valuable build-
ing blocks to some relevant nitrogenated architectures.

The first example of copper-catalyzed C-H trifluoromethyl-
ation of enamides for the direct formation of olefinic C-CF;
bonds at room temperature was reported by Loh and co-
workers (Scheme 107)."*° Togni’s reagent was used as a
trifluoromethylation agent. The amido group introduced onto
the olefin moiety had a dual role: stabilizing the putatively
formed o-carbonium and inducing the subsequent proton
elimination or a migration process during the reaction. The
Lewis acidity of the copper catalyst was also beneficial for the
reactivity of the transformation. The oxytrifluoromethylation of
enamides was realized by a slight modification of the reaction
conditions.

Org. Chem. Front, 2015, 2, 1107-1295 | 1161
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Scheme 107 Copper-catalyzed olefinic trifluoromethylation of enamides.
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Scheme 109 Cobalt-catalyzed ortho-alkylation of secondary benzamide.

The copper-catalyzed C-H trifluoromethylation of electron-
deficient alkenes was demonstrated by Loh and co-workers
(Scheme 108)."*° Compared with the electron-rich alkenes, the
trifluoromethylation of electron-deficient alkenes had more
challenges. The directing group was deemed to have a vital
effect on the success of this C-CF; bond formation. Based on
the sufficient results of a set of control experiments, the invol-
vement of radical species was proposed in the catalytic process
and olefinic C-H bond activation was not involved in the rate-
determining step. This reaction tolerated various substituted
acrylate derivatives and a broad range of synthetically useful
functionalities.

A cobalt-catalyzed coupling of a secondary benzamide with
an alkyl chloride in the presence of cyclohexyl magnesium
chloride (CyMgCl) at room temperature was developed by
Nakamura and co-workers (Scheme 109)."°" It was a rare
example of using the cobalt catalyst to introduce a saturated
hydrocarbon group directly into benzamide substrates through
C-H bond activation. An inexpensive ligand, 1,3-dimethyl-
3,4,5,6-tetrahydro-2(1H)-pyrimidinone (DMPU), could remark-
ably promote the transformation through increasing the reac-

1162 | Org. Chem. front., 2015, 2, 1107-1295

tivity of alkyl cobalt species. Alkyl chlorides bearing a wide
range of functional groups could readily take part in the reac-
tion to give the desired products. Later, a cobalt-catalyzed
coupling of alkyl Grignard reagent with benzamide and 2-phe-
nylpyridine derivatives using atmospheric air as the sole
oxidant under mild conditions was demonstrated by the same
group (Scheme 110).">> The reaction mechanism might be
different from the previously reported coupling with alkyl
chlorides.

Recently, a Co(m)-catalyzed C2-selective C-H alkenylation/
annulation cascade of N-carbamoyl indoles to afford diverse
pyrroloindolones in one-pot was demonstrated by Kanai and
co-workers (Scheme 111).">* A cationic high-valent Cp*Co(m)
complex, [Cp*Co(u1)(CeHe)](PFe),, was utilized as an effective
catalyst due to the unique nucleophilic activity of the Co-C
bond. The catalytic activity of the Cp*Co(m) complex in the
reaction was significantly different from those of Cp*Rh(u)
complexes. A wide range of C2-alkenylated indoles and pyrro-
loindolones were delivered by this method, showing the high
functional tolerance. Detailed mechanistic studies on the cata-
Iytic process shed light on the reaction mechanism. The
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Scheme 110 Cobalt-catalyzed coupling of alkyl Grignard reagent with benzamide.
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Scheme 111 Co-catalyzed C—H alkenylation of indoles and pyrroloindolones synthesis.

indolyl-Co species was produced by regioselective C-H
metalation at the C2-position of indole via a concerted metala-
tion-deprotonation mechanism with the aid of an acetate unit.

3. The C-H functionalization
directed by nitrogen-containing
unsaturated bonds

3.1. The C-H functionalization directed by heterocycle

The first palladium-catalyzed heterocycle-directed arylation
was demonstrated by Sanford and co-workers in 2005
(Scheme 112a).">* The selective ortho-arylation of diverse aryl-
pyridines, quinolines, pyrrolidinones, oxazolidinones, and
benzodiazepines could be achieved via the Pd(u)/Pd(v) cata-
lytic cycle using diphenyliodonium salts as arylation reagents.
However, a mixture of the analogous phenylated compound
was obtained using [Ph-I-Ar|BF, as the arylation reagent.
Notably, the unsymmetrical mesityl/aryl-substituted iodonium
reagents [Mes-I-Ar|BF, provided a single arylated product in
good to excellent isolated yields. Importantly, detailed
mechanistic studies supported a Pd(u)/Pd(wv) catalytic cycle
that was different from the traditional Pd(0)/Pd(u) cycle. A
related example of a Pd-catalyzed oxidative cross-coupling of
diverse L = C,,~H and Ar-H substrates was reported by the
same group, in which the BQ could bind to the initially
formed cyclometalated Pd(u) complex to promote the sub-
sequent C-H activation of Ar-H (Scheme 112b).">® They also
studied the oxidative homocoupling coupling of two 2-arylpyri-
dine derivatives (Scheme 112c)."*¢

This journal is © the Partner Organisations 2015

Iodobenzenes were used as coupling reagents in the
palladium-catalyzed arylation using pyridines or pyrazoles
as directing groups by Daugulis and
(Scheme 113a)."®” Notably, the transformation allowed the
functionalization of not only aromatic but also benzylic and
even inactivated sp® C-H bonds. Longer reaction time was
required when electron-poor iodides were used. Further
attempts to use acyl peroxides and aryl trimethoxysilanes
as arylation reagents in the palladium-catalyzed arylation of
C-H bonds of heteroarenes were studied by Yu'>® and Sun,"*®
respectively (Scheme 113b and c).

Pd-catalyzed pyridine-directed alkenylation of inactivated
C(sp’)-H bonds was reported by Sanford and co-workers
(Scheme 114)."®° The transformation underwent the initial
C-H olefination and the subsequent intramolecular Michael
addition to afford the 6,5-N-fused bicyclic cores. Notably, this
reaction utilized air as the terminal oxidant and proceeded
efficiently with various 2-alkylpyridines and «o,f-unsaturated
alkenes.

Meanwhile, palladium-catalyzed C-H olefination of arenes
using pyridines as directing groups via remote coordination
was developed. For example, Carretero and co-workers found
that N-(2-pyridyl)sulfonyl anilines could serve as a removable
directing group in the Pd-catalyzed oxidative olefination
(Scheme 115a)."®' Subsequently, You and Lan applied 2-pyri-
dylmethyl ether as an efficient directing group to achieve the
C-H alkenylation, in which a presumed seven-membered
cyclopalladated intermediate was formed via the chelation-
assisted ortho C-H cleavage (Scheme 115b).'°> It was
notable that the non-activated olefins such as styrene deriva-
tives, n-decene, could efficiently couple with the substrates to
provide the products in good to excellent yields.

co-workers
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Scheme 112 Palladium-catalyzed C—H arylation of 2-arylpyridines and derivatives.
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Scheme 113 Pd-catalyzed arylation of arenes using different arylation reagents.
EtO,C,
Pd(MeCN)4(BF4), (10 mol%) . _
+ \/COZEt H4[PMo44VO40] (3 mol%) | NN AcO
NaOTf (1.1 equiv) I~
HOAc, air, 110 °C

Scheme 114 Pd-catalyzed sp® C—H olefination using pyridines as directing groups.

The first palladium-catalyzed alkylation of sp> and sp® C-H The author supposed that benzoquinone played a key role in
bonds with methylboroxine and alkylboronic acids was the C-H activation and reductive-elimination process.
demonstrated by Yu and co-workers in 2006 (Scheme 116a).'®>  Cu(OAc), was the oxidant to regenerate Pd(u) in the catalytic
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Scheme 115 Pd-catalyzed C(sp?)—H olefination using pyridines as directing groups.
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Scheme 116 Palladium-catalyzed C—H alkylation of 2-arylpyridines and derivatives.
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Scheme 117 Palladium-catalyzed methylation of the aryl C—H bond using peroxides.

cycle. Using the same strategy, they developed the asymmetric
sp® C-H alkylation reaction of arenes with boronic acids as
alkylating reagents (Scheme 116b)."** The use of monopro-
tected amino acids as chiral ligands allowed the success of the
enantioselective C-H alkylation reaction.

A novel palladium-catalyzed methylation of aryl C-H bond
with peroxides was achieved by Li in 2008 (Scheme 117).'¢®
The key methylpalladium intermediate was generated from
dicumyl peroxide, which was used as both a methylating
reagent and a hydrogen acceptor. The amount of peroxide
exerted an important influence on the products, in which
4 equiv. of the peroxide was used to generate the dimethylation
product as a single product.

Yu and co-workers demonstrated the first palladium-cata-
lyzed trifluoromethylation of arenes with 5-(trifluoromethyl)-

This journal is © the Partner Organisations 2015

12 h, N,

dibenzothiophenium tetrafluoroborate (Scheme 118)."°® The
presence of copper(u) acetate significantly improved the yield,
while other oxidants proved to be ineffective. The use of TFA
was found to be indispensible for the success of this Ar-CF;
bond-forming protocol. A wide range of substituents such as
keto, ester, and nitro groups were compatible in the reaction.
The palladium-catalyzed oxidative ethoxycarbonylation of
aromatic C-H bonds with diethyl azodicarboxylate (DEAD) was
reported by Yu and co-workers (Scheme 119a).'®” The trans-
formation was operated without the use of carbon monoxide
and protection against air/moisture. The authors proposed
that the ethoxyacyl radical, which was generated from thermal
decomposition of DEAD, might undergo the insertion into
Pd-C bonds via the formation of Pd(wv) species to afford the
product. A related example of the palladium-catalyzed direct

Org. Chem. Front, 2015, 2, 1107-1295 | 1165


https://doi.org/10.1039/c5qo00004a

Published on 03 June 2015. Downloaded on 8/27/2025 4:53:16 PM.

Review

View Article Online

Organic Chemistry Frontiers

Pd(OAc), (10 mol%)
® Cu(OAc), (1 equiv)
$ DCE/TFA (10 equiv)
CFz =4 110 °C,48h
Scheme 118 Pd(i)-catalyzed ortho-trifluoromethylation of arenes.
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Scheme 119 Palladium-catalyzed C—H ethoxycarbonylation of arenes.
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Scheme 120 Palladium-catalyzed C—H cyanation of arenes.

alkoxycarbonylation of aromatic C-H bonds with o-keto esters
was achieved by Wang and co-workers (Scheme 119b)."*® The
reactions of 2-arylpyridines, 2-arylquinolines, benzo[k]quino-
lines, 2-phenylpyrimidines, N-pyrimidinylpyrroles and N-pyri-
midinylindoles with diverse benzoylformates proceeded
smoothly to generate the desired alkoxycarbonylation products
in good yields. Recently, oxaziridine was also found to be an
excellent CO,Et group donor by Shi and co-workers
(Scheme 119¢)."® The key step of the ring opening mechanism
of oxaziridines involved the initial insertion of Pd(u) into the
N-O bond of oxaziridine to generate the Pd(wv) species and the
subsequent rearrangement by a shift of CO,Et from the carbon
to the Pd via a C-C bond cleavage process.

Palladium-catalyzed C-H cyanation of 2-phenylpyridine
using CuCN as the cyanation source was demonstrated by
Cheng and co-workers in 2009 (Scheme 120)."7° A ligand

1166 | Org. Chem. Front,, 2015, 2, 1107-1295

DMF, 130 °C

o

exchange of CN™ after the initial cycle metalation of Pd(OAc),
was involved in the key step of the reaction. The procedure was
successfully applied in the synthesis of Menispermum dauri-
cum DC.

A pioneering work on the palladium-catalyzed C-H amida-
tion of inactivated sp> and sp® C-H bonds was reported by Che
and co-workers in 2006 (Scheme 121a).'”* Various amides,
including carbamates, acetamides, and sulfonamides, were
proven to be effective amidation reagents to give the products
in middle to high yields. Importantly, the catalytic amidation
of inactivated C(sp®)-H bonds of 8-methylquinoline was
achieved. The authors believed that the nitrene species, which
were generated from oxidation of amides by K,S,0g, were
crucial to the mechanism. Other nitrogen sources, such as
iodobenzene diacetate/bistosylimide, PhI(OAc)NTs,, and N-
fluorobis( phenylsulfonyl)imide (NFSI), has been used to con-
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Scheme 121 Palladium-catalyzed C—H amidation of sp? or sp®> C—H
bonds.
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Scheme 122 Pd-catalyzed tandem C-H azidation and N-N bond for-
mation of arylpyridines.

struct the C-N bond via the palladium-catalyzed C-H acti-
vation (Scheme 121b)."”?> The substrates bearing various sub-
stituents, such as methyl, bromine, fluorine and nitro, were
tolerated to give the corresponding products in good to excel-
lent yields.

A palladium-catalyzed tandem C-H azidation and N-N
bond formation of arylpyridines was developed by Jiao and co-
workers (Scheme 122)."”? Ce(SQ,), was used as an oxidant for
the generation of Pd(wv) species and the yields of the products
dramatically decreased when Ce(SO,), was replaced by other
oxidants. It was interesting that FeCl, or O, could increase the
efficiency of this reaction. The method provided an alternative
concise approach for the construction of bioactively important
pyrido[1,2-b]indazoles.

Sanford and co-workers reported a palladium-catalyzed
acetoxylation of meta-substituted arene substrates using PhI-

View Article Online
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(OAc), (Scheme 123a)."”* The reactions showed good func-
tional group tolerance with respect to the meta-substituent on
the arenes. A silicon-tethered pyridine was subsequently deve-
loped as the directing group in the palladium-catalyzed C-H
oxygenation of arenes by Gevorgyan and co-workers
(Scheme 123b)."”> Compared with traditional heterocycle
directing groups, the 2-pyrimidyldiisopropylsilyl (PyrDipSi)
group had the advantage of being easy to remove and trans-
form. A wide range of functional groups, such as methoxy, car-
bomethoxy, amide, and acetyl, could be tolerated. LiOAc was
found to be crucial for the successful second C-H oxygenation,
suggesting that the reaction went through a concerted metala-
tion—-deprotonation (CMD) pathway.

The PdCl, and N-hydroxyphthalimide co-catalyzed C-H
hydroxylation of 2-arylpyridines was achieved in the presence
of oxygen by Jiao and co-workers (Scheme 124)."”° The results
of 0'8-labeling experiments indicated that the oxygen atom in
the hydroxy group originated from the molecular oxygen.
Hydroxyl radical was involved in the NHPI catalytic process in
this transformation, which was demonstrated by EPR (electron
paramagnetic resonance spectroscopy) with DMPO (5,5-
dimethyl-1-pyrroline N-oxide) as the radical trap reagent. This
chemistry provided a green and practical method to synthesize
a variety of substituted 2-( pyridin-2-yl)phenols.

The palladium-catalyzed ortho-alkoxylation of 2-aryl-1,2,3-
triazoles was developed by Kuang and co-workers
(Scheme 125)."”7 A Pd(v) intermediate was supposed to be
involved in the catalytic reaction, which was generated from
the oxidation of Pd(u) by K,S,0g. The subsequent ligand
exchange and reductive elimination gave the final alkoxylation
products and regenerated the palladium(u) catalyst. Functional
groups such as halide, ester, ether, and ketone were tolerated
under the oxidizing reaction conditions. Various primary alco-
hols, including EtOH, »n-BuOH, and HO(CH,),OH, were
applied in this transformation to give the corresponding
alkoxylated products.

Yu and co-workers demonstrated the first palladium-cata-
lyzed phosphorylation of arenes using H-phosphonates
(Scheme 126a)."”® 1t should be noted that slow addition of
H-phosphonate to the reaction with a syringe pump was essen-

Pd(OAc), (5 mol%) AcQ
2\ Phl(OAc), (B equiv) /7 N\ (a)
—N HOAc/Ac,0, 100 °C =N

X = OMe, OMOM, CHj3, Br, F, CF3, Ac, oxime, NO,

Nﬂ Pd(OAc), (5 mol%) Nﬂ
i-Pr, C)2 (5 Mol i-Pr,
o J\\ PhI(OAc), (2.5 equiv) i-P —\S')\\N
i-Pr—Si N ) ; i-Pr—Si

LiOAc (0.3 equiv) AcO OAc

(b)

DCE, 80 °C

Scheme 123 Palladium-catalyzed C—H oxygenation using pyridine directing groups.
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Scheme 124 PdCl, catalyzed sp?-H hydroxylation of 2-arylpyridine.
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tial to avoid the expeditious deactivation of the catalyst. The
use of BQ was found to be necessary for the formation of the
products, which promoted the reductive elimination in a
similar manner to that observed in the coupling of C-H bonds
with organometallic reagents. H-phosphonates bearing
different substituents, such as Cl, F, CF;, CN and OMe, could
couple with 2-arylpyridines smoothly to give the products in
moderate yields. Murakani and co-workers also described an
analogous phosphonation reaction of 2-arylpyridines, in which
a-hydroxyalkylphosphonate was used to generate the H-phos-
phonate in situ by treatment with a base under the reaction
conditions (Scheme 126b)."”°

The construction of C-S bonds via palladium-catalyzed C-H
functionalization with arylsulfonyl chlorides was reported by
Dong and co-workers (Scheme 127a).'®® When DMF was used
as the solvent and CuCl, was applied as a cocatalyst, the C-Cl
bond could be constructed. The direct thiolation of aryl C-H
bonds in arenes was also achieved using disulfides or thiols by
Nishihara and co-workers (Scheme 127b)."*" 1t was proposed
that the phosphine ligands played a crucial role in the dis-
sociation of the palladium dimer to form the active mono-

Pd(OAc), (10 mol%)
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meric species. The reaction proceeded efficiently with just 0.6
equivalents of disulfides, indicating that the arenethiols were
oxidized to regenerate the corresponding disulfides under the
oxidative reaction conditions. Very