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The Catellani reaction is known as a powerful strategy for the expe-
ditious synthesis of highly substituted arenes and benzo-fused rings,
which are usually difficult to access through traditional cross-coupling
strategies. It utilizes the synergistic interplay of palladium and
norbornene catalysis to facilitate sequential ortho C—H functionali-
zation and ipso termination of aryl halides in a single operation. In
classical Catellani-type reactions, aryl halides are mainly used as the
substrates, and a Pd’ catalyst is required to initiate the reaction.
Nevertheless, recent advances showcase that Catellani-type reactions
can also be initiated by a Pd" catalyst with different starting materials
instead of aryl halides via different reaction mechanisms and under
different conditions. This emerging concept of Pd"/norbornene
cooperative catalysis has significantly advanced Catellani-type reac-
tions, thus enabling future developments of this field. In this Minire-
view, Pd"-initiated Catellani-type reactions and their application in the
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heteroatom bonds in a direct and
selective manner, various game-chang-
ing disconnection strategies for organ-
ic synthesis have thus been provided.
Over decades, this field has attracted
much attention from both academic
and industrial laboratories.

In this context, Pd/norbornene
(NBE) cooperative catalysis, namely
the Catellani reaction, is one of the
most promising approaches. It utilizes
the synergistic interplay of palladium
and NBE catalysis to facilitate sequen-
tial ortho C—H functionalization and
ipso termination of aryl halides. Since
the pioneering work by the groups of
Catellani® and Lautens, this chemis-
try has attracted considerable atten-

synthesis of bioactive molecules are summarized.

1. Introduction

The selective, modular, and efficient assembly of molec-
ular complexity represents one of the most challenging yet
fascinating directions in modern synthetic organic chemis-
try."! Therein, the transition-metal-catalyzed C—H function-
alization of arenes is among the most attractive strategies.”!
As it can be used to construct carbon-carbon or carbon-
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Scheme 1. Traditional Pd’-initiated Catellani-type reaction and suggest-
ed mechanism.
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tion from the organic synthesis com-

munity. Over more than twenty years

of development, it has become a pow-

erful strategy for the expeditious syn-
thesis of highly substituted arenes, which are difficult to access
through traditional cross-coupling reactions.

As shown in Scheme 1, in traditional Catellani-type
reactions, aryl halides (mainly aryl iodides) are used as the
substrates, and a Pd° catalyst is required to generate the
arylpalladium(IT) species A, which can undergo carbopalla-
dation with NBE to form intermediate B. A subsequent ortho
C—H activation leads to the formation of the key aryl
norbornylpalladacycle C (ANP). Then, oxidative addition of
an electrophile 2 (E-X) to C generates Pd" species D, which
delivers norbornylpalladium(II) species E upon reductive
elimination. If the R group is a hydrogen atom, a second ortho
C—H activation will occur, following the same procedure.
Otherwise, because of increased steric interactions between
the palladium center and the two ortho substituents, in
addition to the lack of a B-hydrogen atom syn to palladium in
intermediate E, a retro-carbopalladation to regenerate NBE
will take place to provide arylpalladium(II) species F, which
undergoes a traditional cross-coupling reaction with the
terminating reagent 3 (T-Y) to afford the polysubstituted
arene 4 and regenerate the Pd’ species catalyst.[®)

According to the above proposed mechanism, it can be
surmised that this kind of reaction may also be initiated by
a Pd" catalyst to form the common arylpalladium(II) species
from suitable starting materials that are different from aryl
halides. Indeed, owing to the efforts of Bach, Yu, and others,
a suite of elegant Pd"-initiated Catellani-type reactions have
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been developed in the past few years (Scheme 2). Different
from the conventional Catellani reaction, this Pd"/NBE
cooperative catalysis proceeds with completely different
substrates and a different reaction mechanism, and thus the
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Scheme 2. Pd'-initiated Catellani-type reactions: a) C2 functionaliza-
tion of NH-indoles and NH-pyrroles. b) meta-Selective C—H functional-
ization of arenes. c) Borono-Catellani reactions. DG =directing group.

reaction conditions are significantly different or even orthog-
onal. This emerging concept of Pd"/NBE cooperative catal-
ysis has tremendously advanced Catellani-type reactions,
therefore opening a new avenue for future developments in
this field. Although there have been several elegant reviews
and accounts published for Pd/NBE cooperative catalysis,”’
one focusing on these emerging Pd"-initiated Catellani-type
reactions are still lacking yet highly desired. In this context,
we have comprehensively summarized the recent advances
and breakthroughs in this direction in this Minireview, hoping
to inspire future studies and promote new developments in
this field. This Minireview was divided into Sections accord-
ing to the type of substrate interacting with the Pd" catalyst,
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including NH-indoles and NH-pyrroles, arenes with a direct-
ing group, as well as aryl boronic acids and their derivatives.

2. C2 Functionalization of NH-Indoles and NH-
Pyrroles

Indoles and pyrroles are two important classes of hetero-
cycles. Although considerable efforts have been made in the
direct C—H functionalization of indoles and pyrroles, the
regioselective C2 functionalization of these heterocycles
remains a challenge.

Recently, a direct C2 functionalization (mainly alkylation
and arylation) of NH-indoles and NH-pyrroles was realized
by Pd"/NBE cooperative catalysis. The Bach group initiated
this research and made major contributions.”! In this Section,
we have summarized the C2 functionalization of NH-indoles
and NH-pyrroles by Pd"/NBE cooperative catalysis. The
contents discussed have been catalogued according to the
functionalization reagents employed.

2.1. C2 Alkylation of NH-Indoles

Studies in this direction were initiated by Bach and co-
workers in 2011, who developed reactions between NH-
indoles and primary alkyl halides (bromides or iodides) that
selectively generate C2-alkylated indoles under cooperative
Pd"/NBE catalysis (Scheme 3).”*! By making use of this facile
transformation, an array of structurally diverse 2-alkylindoles
were synthesized in moderate to excellent yields.
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Scheme 3. Selective C2 alkylation of NH-indoles. DMA = N,N-dimethyl-
acetamide, DMF = N,N-dimethylformamide.

For 3-substituted NH-indoles, a modified procedure was
required, involving more reactive alkyl iodide reagents,
a more polar solvent, and air atmosphere (Scheme 3). For
electron-deficient NH-indoles, a weaker base such as KHCO;
or K,HPO, was required so as to prevent direct N-alkylation
of the indoles. Lastly, it was found that the addition of water
dramatically accelerated this process.

Mechanistic studies showed that 3-substituted NH-indoles
were suitable substrates whereas N-substituted indoles ex-
hibited no reactivity at all, indicating the pivotal role of the
free NH moiety (Scheme 4a). Moreover, through careful
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Scheme 4. a) Control experiments and isolated intermediates. b) Pro-
posed catalytic cycle for the Pd"/NBE-catalyzed C2 alkylation of NH-
indoles.
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reaction design, key complex 12 and trapping product 13 were
isolated and characterized (Scheme 4a). Based on these
results, a reaction mechanism was put forward (Scheme 4b).
Initially, the free N—H bond of indole 5 is activated by Pd",
which is followed by NBE insertion to form complex 15.
Cyclopalladation of 15 generates the five-membered pallada-
cycle 16. Then, oxidative addition of alkyl bromide to 16 gives
the Pd" complex 17, which undergoes reductive elimination
to deliver norbornylpalladium(II) intermediate 18. Lastly,
NBE expulsion from 18 followed by protolysis of the resulting
intermediate 19 affords the final product, 2-alkylindole 7, and
regenerates the Pd" catalyst.[*!

A number of C2-alkylated tryptophan derivatives 21 were
prepared in good yields in a similar process from the N-Boc-
protected ethyl ester of (§)-tryptophan (20). Significantly, the
reaction proceeded without any loss of the enantiomeric
purity inherited from the chiral tryptophan substrate
(Scheme 5).) It should be noted that this transformation
requires air to proceed to prevent reduction of Pd" to Pd", just
as for the previously mentioned C3-substituted indole sub-
strates.

NHBoc NHBoc
R PdCl, (10 mol%) R
COEt , . NBE (2.0 equiv) CO,Et
N R'-Br " A
K2CO3 (4.0 equiv) R’
N DMF (0.2 M), H,0 (0.5 M) H
60 °C, air, 24 h
20 6 21

9 examplex
60-80% yields

Scheme 5. C2 alkylation of an NH-tryptophan derivative.

Recently, Liu and co-workers utilized this strategy for
the selective C2 trifluoroethylation of indoles with commer-
cially available trifluoroethyl iodide as the alkylating reagent
(Scheme 6a). The reaction displays a wide functional group
tolerance, and can even be utilized for the late-stage
trifluoroethylation of complex indole derivatives (Sche-
me 6b). Preliminary mechanistic studies show that the unique
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- @E\g dbm (40 mo%) o P ;
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25 examples H
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(Melatonin)
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23d, 56% yield 23e, 51% yield

Scheme 6. C2 trifluoroethylation of NH-indoles. acac = acetylaceto-
nate, dbm =dibenzoylmethane.
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anionic ligand dibenzoylmethane (dbm) plays a critical role in
governing the efficiency of this transformation by accelerating
the oxidative addition step of the unreactive trifluoroethyl
iodide to the ANP intermediate 16. In addition, DFT
calculations suggested that the N—H activation of the indole
substrate is involved in the rate-determining step.

Remarkably, the synthetic utility of this selective C2
alkylation strategy of indoles was demonstrated by its
application in the efficient synthesis of several complex
indole alkaloids, such as (4)-aspidospermidine (Sche-
me 7a),[*! (4)-goniomitine (Scheme 7b),® (4)-kopsihaina-
nine A (Scheme 7¢),!"! (—)-aspidophylline A (Scheme 7d),”
and (+)-strictamine (Scheme 7¢).["¥!

o
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Scheme 7. Application of the Pd"/NBE-catalyzed C2 alkylation of NH-
indoles as one of the key steps in the total synthesis of complex indole
alkaloids.

2.2. C2 Arylation of NH-Indoles

Based on the success of the selective C2 alkylation of NH-
indoles through Pd"/NBE cooperative catalysis, the Bach
group demonstrated that this chemistry could be extended to
C2 arylation by selecting iodobenzene as the coupling
partner. However, only one such example was presented in
their report in 2011 (Scheme 8a).”! Recently, the groups of
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Scheme 8. C2 arylation of NH-indoles.

Xue and Jiang intensively explored this topic, and successfully
synthesized a variety of C2-arylated NH-indoles in moderate
to excellent yields (Scheme 8b)." It was found that a combi-
nation of electron-rich indoles and electron-poor aryl iodides
usually led to good results, probably because the correspond-
ing ortho C—H activation and oxidative addition steps are
facilitate.

2.3. C2 Alkylation of NH-Pyrroles

Aside from indole substrates, Bach and co-workers
applied the Pd"/NBE cooperative catalysis chemistry to
NH-pyrroles for selective C2 alkylation, which used to be
a very challenging task. As pyrroles are more electron-rich
and less acidic than indoles, initial attempts with such
pyrroles, for example, 2-phenylpyrrole, were unsuccessful.
However, electron-deficient pyrroles are suitable substrates
for this transformation, delivering the corresponding alky-
lated pyrroles 39 in moderate to excellent yields."™" Utilizing
this reaction as the key step, a short synthesis of the lipophilic
pyrrole natural product mycalazal was realized (Scheme 9).

R2 PACI(MeCN), (10 mol%)
N % s NBE (2.0 equiv) —21
BNy KHCO; (3.0 equiv) /O\,,CMHzg
H DMA, 90 °C, air
38 6 39 I
25 examples ! mycalazal

45-91% yields

Scheme 9. C2 alkylation of NH-pyrroles.

3. meta-Selective C—H Functionalization of Arenes

Transition-metal-catalyzed site-selective C—H functional-
ization has continuously been a highly impactful process in
synthetic chemistry.'"! Whereas ortho-selective C—H func-
tionalization reactions of arenes have been well developed,
meta-selective C—H functionalization remains a challenge.
Recently, several elegant strategies have been developed to
address this issue,'®"1" 1l for example, steric-hindrance-
sensitive borylation,'”! ruthenium-catalyzed meta-selective
C—H functionalization,” and the use of a U-shaped tem-
plate.') A separate approach using Pd'/NBE cooperative
catalysis was developed by the groups of Yu, Dong, Zhao, Shi,
Ferreira, and others™ who drew inspiration from the
Catellani reaction. As shown in Scheme 10, by taking
advantage of the directed ortho palladation and Catellani’s

Angew. Chem. Int. Ed. 2019, 58, 5832—5844
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Scheme 10. Proposed catalytic cycle of the Pd"/NBE-co-catalyzed meta
C—H functionalization.

NBE-mediated insertion/deinsertion, functionalization at the
meta position of the arene substrate can be readily achieved.
It should be pointed out that in these meta-selective C—H
functionalization processes, stoichiometric silver salts are
usually needed, which may act as a base for the C—H
activation steps, as an oxidant to prevent the formation of Pd"
species, as well as a halogen anion scavenger to promote the
formation of Pd" species. Further studies illustrated the use
of this strategy in generating derivatives of phenylacetic acid,
B-arylethylamines, benzyl amines, anilines, and phenols.

In this Section, we have summarized the meta-selective
C—H functionalization of arenes by Pd"/NBE cooperative
catalysis. The contents are ordered according to the type of
functionalization, including alkylation, arylation, chlorina-
tion, amination, and alkynylation. Enantioselective meta
C—H functionalization co-catalyzed by a chiral NBE-type
mediator and Pd" will be discussed separately.

3.1. meta-Selective C—H Alkylation

Inspired by the unique Pd’-initiated Catellani-type reac-
tions of aryl iodides and in line with their continuous interest
in directed C—H functionalization, Yu and co-workers
developed an elegant approach for the meta C—H alkylation
of phenylacetic amides by Pd"/NBE cooperative catalysis in
2015 (Scheme 11a).*"! This transformation provided the first
proof of concept that meta C—H alkylation can be achieved
through directed ortho C—H activation followed by involve-
ment of NBE as a mediator. The use of a newly developed
pyridine-based ligand 49 proved crucial for relaying the
palladium catalyst to the meta position by NBE after the
initial ortho-C—H activation. Nevertheless, this process suf-
fered from a narrow substrate scope as the alkylating reagent

Angew. Chem. Int. Ed. 2019, 58, 5832 —5844
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Ar = 3,5-(CF3),CeHj DCE; 100°C.24 0 8 examples
45-72% yields
Pd(OAC), (10 mol%) CO,Me
Cone _ pyridine (20 mol%)
R3-| NHNs (d)
NHNs 66 (1.5 equiv)
AgOACc (3.0 equiv)
6 TBME, 80 °C, 24 h 19 examples

24-92% yields

2 i\( CO,Pr
Co Pr
51 52 56

Scheme 11. meta-Selective C—H alkylations.

was limited to those without B-hydrogen atoms, for example,
iodomethane, ethyl iodoacetate, and benzyl halides.

To overcome the aforementioned limitation, the same
group introduced a more reactive mediator, 2-carbomethox-
ynorbornene (52; Yu mediator), in combination with the
quinoline-type ligand 51 to successfully develop a more
general and efficient meta C—H alkylation process with
a broader scope of alkylating reagents (13 examples; Sche-
me 11b).!

Later on, they realized the meta C—H alkylation of
benzylsulfonamide (sulfonamide as an ortho-directing group)
by using Yu mediator 52 and simple isoquinoline as the ligand,
generating the desired meta-alkylated products 54 in 45-72 %
yield (Scheme 11c¢).*

Very recently, Ding and co-workers reported the direct
meta alkylation of nosyl-protected methyl esters of phenyl-
alanine  derivatives in moderate to high yields
(Scheme 11d). In this process, another NBE derivative,
diisopropyl bicyclo[2.2.1]hept-5-ene-2,3-dicarboxylate (56),
was introduced together with simple pyridine as the optimal
combination of mediator and ligand. Significantly, no race-
mization occurred in this transformation.

It should be pointed out that in the meta-selective C—H
alkylation processes described above, hindered secondary
alkyl iodides and bromides were all demonstrated to be
unsuitable alkylating reagents.

3.2. meta-Selective C—H Arylation

Biaryl motifs are ubiquitous in bioactive natural products
and pharmaceuticals.? Consequently, extensive efforts have
been devoted to the development of efficient methods to

assemble biaryls in a rapid fashion. Following the success of
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meta C—H alkylation reactions of arenes by Pd"/NBE
cooperative catalysis, the groups of Yu and others demon-
strated that this strategy could be extended to meta C—H
arylation, thus providing a unique access to diversified biaryls.
To present these achievements in an easy-to-follow way, the
contents will be discussed separately according to the type of
applied ortho directing group, which include amide, sulfona-
mide, tertiary amine, pyridine, quinoline, and free carboxylic
acid, groups.

3.2.1. Amides or Sulfonamides as Directing Groups

Following the success of meta C—H alkylation of phenyl-
acetic amides by Pd"/NBE cooperative catalysis in 2015, Yu
and co-workers reported the corresponding selective meta
C-H arylation (Scheme 122a).”") Under slightly modified
reaction conditions compared to Scheme 11 a, a series of aryl
iodides with ortho-coordinating groups as well as highly
reactive 3,5-bis(trifluoromethyl)iodobenzene were found to
be competent coupling partners, providing the corresponding
biaryls 59 in moderate to high yields.

R2
R2 Pd(OAc), (10 mol%) NHA
NHAF 49 (20 mol%) Z e
Z F+ Ar-X ———————— R'- | (a)
R'+- | NBE (1.5 equiv) X o
S o AgOAc (3.0 equiv) 1§
48 58 TBME, 95°C, 12 h 59

Arg = 4-(CF3)CqF4 Ar = substituted 2-CO,MeCgH, 38 examples

9-82% yields
2.CH;COCGH,, 3,5-(CF3),CeHs oy

2
R2 Pd(OAC), (10 mol%) R
51 (20 mol%) = NHAre
Z NHATE &+ Ar—X . RIE | ()
RIC | 52 (3.0 equiv) N 0
S Y AgOAc (3.0 equiv)
48 58 PhCF; 90°C, 24 h Ar 59
Arg = 4-(CF3)CqFy (Ar = general aryl, heteroaryl) |0 examples

R'=2-Me, R2=H 57-87% yields

Scheme 12. meta-Selective C—H arylations of phenylacetic amides.

Despite these advances, the arylating reagents involved in
the above reaction were mainly limited to aryl iodides with
electron-withdrawing ortho-coordinating groups or multiple
electron-withdrawing substituents. Therefore, the develop-
ment of a more general meta arylation procedure compatible
with common aryl iodides was highly desirable. To this end,
Yu and co-workers developed an efficient meta-selective C—H
arylation process with a broader scope of aryl iodides, which
was realized with the aid of quinoline ligand 51 and Yu
mediator 52 (Scheme 12b)."

In 2016, Zhao and co-workers reported a selective meta
arylation of B-arylethylamine derivatives 60 with a bidentate
oxalyl-amide-based directing group and simple NBE as the
mediator (Scheme 13).2* A variety of aryl iodides bearing
ortho, meta, or para substituents reacted well to provide the
desired biaryls in moderate to high yields. Notably, the
obtained products were further elaborated through sequential
ortho C—H functionalizations to afford the polysubstituted
arylethylamine derivative 63 in moderate yield (Sche-
me 13b).>"
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Pd(OAc), (10 mol%)
O/\ NBE (1.0 equiv)
AgOAc (1.5 equiv,
HN)HJ\N(PI_) Ear—x—090Acoequ) HNTHI\ i,
: 1-AdCO,H (0.5 equiv) @
Mesitylene, 100 °C, 24 h
38 examples

21-87% yields

Pd(OAc), (10 mol%)
PdI(OAc), (3.0 equiv)

HOAC (2.0 equiv)

o
HNm)kN(lPr)z
o

Ph (o] toluene, 60 °C, 36 h
61a 62, 65% yield
Br—=——TIPS (2.0 equiv) OAc H (o]
Pd(OAc), (15 mol%) ~ Me N\n)k
KOAG (4.0 equiv) I N(Pr)2
AgOAc (4.0 equiv) X
toluene, 140 °C, 72 h Ph TIPS

63, 56% yield

Scheme 13. meta-Selective C—H arylation of B-arylethylamine deriva-
tives.

Later, Shi and co-workers developed a selective interan-
nular meta C—H arylation of biaryl-2-trifluoroacetamides
(Scheme 14).% In this process, the trifluoroacetyl protecting

Pd(OAc); (10 mol%)
4-methoxypyridine (20 mol%)
NBE or 52 (1.5 equiv)
AgOACc (3.0 equiv)
DCE, 120 °C, 16 h, N,

29 examples
28-87% yields

Scheme 14. meta-Selective C—H arylation of biaryl-2-trifluoroaceta-
mides.

group is crucial for the interannular selectivity, which may due
to its electronic properties and binding ability. It was noted
that the reaction proceeded well with aryl iodides bearing an
ortho electron-withdrawing group. In contrast, aryl iodides
with meta or para substituents gave the corresponding
products in particularly low yields. In these cases, switching
from NBE to Yu mediator 52 improved the reaction yields.
Remarkably, the authors unambiguously determined that the
dimeric palladacycle 66, comprising two cyclopalladated
trifluoroacetamino biaryl units linked through trifluoroace-
tamide, was the key intermediate of this transformation.

In 2017, Yu and co-workers reported a PA"/NBE coop-
eratively catalyzed meta-selective C—H arylation of nosyl-
protected arylethylamines and phenylglycine esters 67,
wherein the common sulfonamide was used as the directing
group (Scheme 15a).”"1 Subjecting nosyl-protected 2-aryl
anilines 69 to this process led to meta C—H arylation at the
remote aryl ring (Scheme 15b). Addition of 4-acetylpyridine
as the ligand was key to this process, and the palladium
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Pd(OAc); (10 mol%)
4-Ac-pyridine (20 mol%)
NBE (10-20 mol%)
AgOAc (3.0 equiv)
TBME, 80 °C, 24 h

R2
RE T+ Ax
S NHNs

n=0,1
67 58

NHN
S+ A—X
R ]
A
69 58

Scheme 15. meta-Selective C—H arylation of nosyl-protected aryl ethyl-
amines, phenylglycines, and 2-aryl anilines.

2
= N R
Rz
N NHNs (a)
A M 0,1
68

50 examples
36-97% yields

NHNs
b,
O (®)
X Ar
70

8 examples
42-80% yields

Pd(OAc); (10 mol%)
4-Ac-pyridine (20 mol%)
NBE (1.5 equiv)
AgOAc (3.0 equiv)
TBME, 80°C, 24 h

catalyst loading could be reduced to as low as 2.5 mol %. This
catalytic system is compatible with various aryl iodides as well
as aryl bromides with ortho-coordinating groups, giving the
corresponding biaryls in moderate to high yields. It should be
mentioned that in the case of nosyl-protected arylethylamines
67, a catalytic amount of NBE (10-20 mol % ) was sufficient to
mediate this meta C—H arylation reaction efficiently, which
represented the first example in this field (Scheme 15a).
Utilizing a sulfonamide as the directing group for the
meta-selective C—H arylation of benzylsulfonamide deriva-
tives 53 through Pd"/NBE cooperative catalysis was also
recently reported by the Yu group (Scheme 16).??! The
reaction was carried out by using isoquinoline as the ligand

0 Pd(OAc), (10 mol%) o
- Z | Sl‘O isoquinoline (20 mol%) R = ] $=0
N : ki r
x NHAr"! NBE-CO,Me 52 (1.5 equiv) N NHAr'
AgOAc (3.0 equiv) Ar?
53 58 DCE, 100 °C, 24 h 71

40 examples

Ar' = 3,5-(CF3),CgH.
3)2leH3 43-98% yields

Scheme 16. meta-Selective C—H arylation of benzyl sulfonamides.

and 52 as the mediator, enabling facile syntheses of meta-
arylated benzylsulfonamide derivatives 71. Importantly, the
obtained products can be readily transformed into sodium
sulfonates, sulfonate esters, sulfonamides, as well as styrenes
by Julia-type olefination.

3.2.2. Tertiary Amines as Directing Groups

In 2015, Dong and co-workers reported a distinct meta
arylation of arenes by Pd"/NBE catalysis, using a tertiary
amine as the directing group (Scheme 17).”¥ It was worth
noting that the reaction was promoted by AsPh; as the ligand
and an interesting “acetate cocktail” containing LiOA-
c¢2H,0, CsOAc, Cu(OAc),H,O, and acetic acid. A wide
range of functional groups, including some heteroarenes, were
tolerated under the reaction conditions. However, an ortho
electron-withdrawing substituent on the aryl iodide was
required to render it a suitable coupling partner. Moreover,
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Pd(OACc); (10 mol%)
AsPhs (25 mol%)
NBE (2.0 equiv)

AgOAc (2.5 equiv) = _Me
- N-Me PhCI, 100 °C, 24-36 h TN
R'&— | h + Ar—X X Me
S Me CsOAc (3.0 equiv)
LIOAC2H,0 (1.0 equiv) Ar
72 68 73

Cu(OAc)»'H,0 (0.5 equiv)
HOACc (15.0 equiv)
"acetate cocktail"

21 examples
31-80% vyields

Scheme 17. meta-Selective C—H arylation of benzyl amines.

the amine directing group can be easily transformed into
other common functional groups.

3.2.3. Tethered Pyridine-type Directing Groups
In 2016, meta-selective C—H arylation reactions of ani-

lines, heteroaromatic amines, phenols, and 2-benzylpyridine
derivatives 74 were realized by the Yu group (Scheme 18).%"!

= X = %
R ) Pd(OAc); (10 mol%) R | .
X R 75 (20 mol%) N7 R
I + Ar—X -
™ R NBE or NBE-CO;Me (1.5 equiv) Ar XN R

AgOAc (1.5 equiv)
DCE, 100 °C, air, 24 h
| N 75a:R=H |
P 75b: R=CF !
O '

4
74 R 58
X = CHy, NBoc, O

4
76 R

121 examples
40-98% yields

Scheme 18. meta-Selective C—H arylation of aniline, heterocyclic aro-
matic amine, phenol, and 2-benzyl heterocycle derivatives.

By using the versatile 3-acetylamino-2-hydroxypyridine 75a
or its trifluoromethylated derivative 75b as the ligand and
NBE as the mediator, a large number of meta-arylated
products 76 were afforded in good to excellent yields. This
process also exhibited good compatibility with both hetero-
arene substrates and heteroaryl halide coupling partners. The
utility of this method in drug discovery was showcased
through the late-stage meta C—H arylation of a lenalidomide
derivative in good yield.

Later on, the same group developed an elegant meta-
selective C—H arylation of benzylamines with a pyridine-type
N-substituted directing group. The reaction was promoted by
Yu mediator 52 and pyridone-type ligand 78, and the
corresponding meta-arylated benzylamine derivatives 79 were
obtained in moderate to excellent yields (Scheme 19).%

Very recently, the same group achieved the meta C—H
arylation of masked aromatic aldehydes 80 by employing Yu
mediator 52 and pyridone-type ligand 78b (Scheme 20).P"

& N-Boe Pd(OAG), (5 mol%) N N-Boe
R | A e + arx 78 (7.5 mol%) R | 1__we
N7 NBE-CO,Me 562 (1.5 equiv) N7
X AgOAC (3.0 equiv) AN
77 68 HCCls, 100 °C, air, 24 h 79
----------------------------------- . 60 examples
R | xCF3 78a:R=H 43-98% yields
2 78b: R = CF5 !
N” SoH :

Scheme 19. meta-Selective C—H arylation of benzylamine derivatives.
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OTBS Pd(OACc); (10 mol%) R2
Pd(OAC), (10 mol%) R2 86 (20 mol%)
78b (20 mol% 62 (1.5 equiv, =
( o) ‘ _ CoH * AX (1.5 equiv) iy CO,H
NBE-CO,Me (1.5 equiv) R'E | 2 AgOACc (0.75 equiv) X
AgOACc (2.5 equiv) X KyHPO4 (2.0 equiv) Ar
CHCl3, 100°C, 16 h 86 68 HFIP, 100 °C, 24 h 87
34 examples 38 examples
45-97% yields TBAF l 140°C ! : 40-95% yields
CHO ° ;
R ] HFaC o NH
N : | 8 |
= '
Ay ] NOoH ;
82

Scheme 20. meta-Selective C—H arylation of masked aromatic alde-
hydes.

The process relied on a pyridine-type directing group, which
also served as a masking group for aryl aldehydes, and was
readily installed and removed. Control experiments indicated
that the correct length of this directing group was crucial for
permitting the critical migratory insertion step to proceed
efficiently. A wide variety of masked aryl aldehyde substrates
and aryl iodide coupling partners were suitable for this
reaction, giving the corresponding masked biaryl aldehydes
81 in satisfactory yields. Compounds 81 can be unmasked to
yield biaryl aldehydes 82 in heated TBAF solution.

3.2.4. Acetal-Based Quinolines as Directing Groups
In 2017, Ferreira and co-workers reported on the meta-
selective C—H arylation of benzyl alcohol derived acetal

substrates 83 (Scheme 21).? The unique acetal-based quin-
oline-type directing group (QuA), the distinct amino acid

Pd(TFA), (10 mol%)

TFA-Gly-OH (20 mol% =
riC Y OQUA 4+ ar—x JFAGlY-OH @0 mo%) . 7~ "OQuA
X 62 (1.5 equiv) X
83 58 AgOAc (4.0 equiv) Ar 84

DCE, 100 °C, 24 h
20 examples HCI (g), MeOH
37-82% yields 23°C,24h

Rentess

N/\ﬂ/OH

Scheme 21. meta-Selective C—H arylation of benzyl alcohol derivatives.

derived ligand N-trifluoroacetylglycine (TFA-Gly-OH) as
well as Yu mediator 52 were found to be pivotal for the
reaction. This transformation exhibited excellent functional
group compatibility, and the corresponding biaryl compounds
were afforded in moderate to high yields. In addition, the
meta arylation can be combined with ortho arylation or
olefination to yield polysubstituted arenes, providing a versa-
tile platform for the diversification of aromatic systems.
Moreover, the directing group QuA can be readily cleaved
and recovered under very mild reaction conditions.

3.2.5. Free Carboxylic Acids as Directing Groups
In 2017, the more challenging auxiliary-free meta C—H
arylation of free arylacetic acids 85 was realized by the Yu

group (Scheme 22).¥ In this reaction, the choice of a suitable
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Scheme 22. meta-Selective C—H arylation of free phenylacetic acids.

monoprotected 3-amino-2-hydroxypyridine-type ligand 86
and the Yu mediator 52 had a significant influence on the
reaction efficiency. Notably, a wide range of aryl iodides,
including those with non-coordinating substituents (20 exam-
ples), displayed good reactivity to give the corresponding
products 87 in moderate to high yields.

3.3. meta-Selective C—H Chlorination

The direct C—H chlorination of arenes is an appealing
process to access synthetically versatile aryl chlorides. In 2016,
the Yu group developed a meta-selective C—H chlorination of
aniline and phenol derivatives with a pyridine-type tether as
the directing group that is co-catalyzed by Pd" and Yu
mediator 52 (Scheme 23a).* Aryl chlorosulfate 88 was
exploited as the chlorination reagent, and the unique pyridine

PA(PhCN),Cl, (10 mol%) o~ X

o /, 89 (10 mol%) RIE
N7 __PRCN@Omol%) = Ny N7 Me @
52 (1.5 equiv) cl X
(X = NBoc, O) AgOAc (2.0 equiv) OMe
toluene/cyclohexane, 90 Me
100°C, Ny, 14 h 29 examples

P T T S T T TR 53-93% yields

PA(PhCN),Cl, (10 mol%)

Me n-Boe Pr 89b (10 mol%) e N-BoC
9
I Ve, oS PhCN (20 mol%) S ve ®
N | 7>l 52 (1.5 equiv) N |
S Pr AgOAc (2.0 equiv) [N
77 88 toluene/cyclohexane, 91

100°C, N, 24 h 72% yield

Scheme 23. meta-Selective C—H chlorination of aniline, phenol, and
benzylamine derivatives.

derivative 89 acted as the ligand of choice. Under the
optimized reaction conditions, a large number of substrates
bearing various functional groups were tolerated, delivering
the corresponding meta-chlorinated products 90 in good to
excellent yields. Notably, some medicinally important heter-
ocyclic compounds, such as indole, thiophene, and indazole
derivatives, are also competent substrates. Moreover, the
chlorinated products were transformed into a wide range of
synthetically useful synthons that are difficult to access
through direct meta C—H functionalization, for example,
borylation and alkoxylation. Using a similar strategy, the
meta-selective C—H chlorination of benzylamine derivative 77
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with an N-substituted pyridine-type directing group was also
achieved by the same group in 2017 (Scheme 23b).5"

3.4. meta-Selective C—H Amination

Aromatic amines are important structural motifs that are
widely found in bioactive natural products, pharmaceuticals,
agrochemicals, and materials.®” The transition-metal-cata-
lyzed C—H amination of arenes has emerged as a powerful
and efficient strategy to access aromatic amines.”® In 2016,
the Yu group reported the first example of a Pd'/NBE
cooperatively catalyzed meta C—H amination of aniline and
phenol derivatives tethering a specially designed pyridine-
type directing group (Scheme 24a).”! They found that the

(X = NBoc, O) Pd(OAC), (10 mol%)
R|©/ 86 (10 mol%)
N7 . OBz 52 (1.5 equiv) N7
N .
R2 K3POy4 (3.0 equiv) o N 3 X
OMe AgOAC (2.0 equiv) R¥R
” Me o DCM, 100 °C, air, 24 h
d6iexamples 27- 81% yields
Me .Boc
Pd(OAC), (20 mol%) N
OBZ 78b (20 mol%) A~ _Me
52 (1.5 equiv) N | ()
:)/ KPO, (3.0 equiv) NS S
AgOAC (2.0 equiv) [ j
_— CHCly, 100 °C, 24 h O g4
65% yield
oTBsS
oTBS Pd(OAC) (20 mol%)  Me
- OBz 78b (40 mol%)
N 52 (1.5 equiv) NP Me
[ j KaPO, (3.0 equiv) Y ©
o} AgOAc (3.0 equiv) [ j
CHClg, 100 °C, 24 h &
80 92a 95
52% yield

Scheme 24. meta-Selective C—H amination of aniline, phenol, benzyl-
amine derivatives and masked aromatic aldehydes.

combination of 3-amino-2-hydroxypyridine-type ligand 86
and Yu mediator 52 was crucial for this transformation, and
a large number of meta-aminated products (46 examples)
were obtained in moderate to good yields. In a similar fashion,
the same group also disclosed the successful meta C—H
amination of benzylamine derivative 77 and masked aryl
aldehyde 80, both with a pyridine-type directing group
(Scheme 24b,c).*31

3.5. meta-Selective C—H Alkynylation

The only example of a Pd"/NBE co-catalyzed meta-
selective C—H alkynylation of anilines with a pyridine-
derived tether as the directing group was reported by Yu
and co-workers in 2016 (Scheme 25).”! By using pyridine-
based ligand 97 and LiF as the additive, the reactivity and
selectivity (meta versus ortho alkynylation) of the reaction
was greatly improved. Under the optimized reaction con-
ditions, aniline substrates with diverse functional groups were
tolerated, providing the desired meta-C—H-alkynylated prod-
ucts in moderate to good yields. It should be noted that except
for bulky silyl-protected alkynyl bromides, simple alkyl and
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Boc
poc Pd(OAC), (10 mol%) _
i | 97 (30 mol%) RE ]
N AN Me /Bf 52 (2.5 equiv) NS N Me
| LiF (2.0 equiv) |
Re. TIPS N
OMe AgOAc (1.5 equiv) f OMe
DCM, 100 °C, air, 24 h Tips Me
98
1 FaC A ~NHTFA 10 examples
: U : 44-72% vyields
: N"TOH

Scheme 25. meta-Selective C—H alkynylation of aniline derivatives.

aryl alkynyl bromides as the alkynylating reagents only gave
trace amounts of the corresponding products.

3.6. Enantioselective meta C—H Functionalization

Enantioselective remote C—H functionalization is one of
the most challenging yet fascinating directions in organic
synthesis. In this context, an impressive breakthrough was
recently reported by Yu and co-workers regarding an elegant
enantioselective meta C—H arylation and alkylation of diary-
Imethylamines and homobenzylamines by the cooperative
catalysis of Pd" and the chiral Yu mediator (+)-52
(Scheme 26).%1 In these processes, the enantioselective
differentiation is based on a fast, reversible, and racemic
ortho C—H activation followed by stereoselective norbornene
insertion and meta C—H activation. (+4)-52 served both as
a mediator and an efficient chiral source to realize stereoiso-
meric differentiation of the racemic ortho C—H palladation
intermediates to control the enantioselectivity (Scheme 26 a).
This asymmetric meta C—H arylation reaction exhibited
a broad substrate scope and high enantioselectivities. A
broad range of prochiral benzylamines 99 with pyridine-type
N substituents as the directing group, prochiral N-nosyl
homobenzylamines 101, and racemic N-nosyl homobenzyl-

Me - R? Pd(OAc), (10 mol%) = ]
| 78b (15 mol%) Boc. X,
Boc.,, A, (+)-52 (20 or 50 mol%) N™ N
N™ N + Ar—l : (b)
~ (R)-BNDHP (15 mol%) R ] | g
rRT | LRt AgOACc (3.0 equiv) S ¥
&7 CHCl3, N,, 100 °C I
99 58 47 examples o 8;30 ol
2z -83% yiel
RE=H.Me 42-98% ee
Pd(OAG), (10 mol%)
3-Me-56-Ph-pyridine (20 mcl%)
(+)-62 (20 or 50 mol%) ©
——R‘ + R2-X
AgOAC (3.0 equiv)
RZ=aryl, alkyl TBME, Ny, 90 °C 103 R?
102 16 examples 43-76% yield
72-98% ee
Pd(OAGC), (10 mol%)
3-Me-5-Ph-pyridine (20 mol%)
R N (+)-52 (20 mol%)
| FR' + R2-X =
L > AgOAc (2.0 equiv)
s R2=aryl, alkkyl TBME, N,, 80 °C 105
104 102 10 examples 36-49% yleld

76-86% ee, 17-37 s

Scheme 26. Enantioselective meta C—H arylation and alkylation.
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amines 104 as well as diverse aryl iodide coupling reagents
were tolerated in this process. In addition to aryl iodides, one
aryl bromide, methyl 2-bromobenzoate, was also identified as
a competent arylating reagent, giving the desired product in
moderate yield and excellent enantioselectivity. In the case of
asymmetric meta C—H arylation of 99 by desymmetrization, it
was found that the enantioselectivity can be dramatically
enhanced by the use of (R)-BNDHP (1,1"-binaphthyl-2,2'-diyl
hydrogen phosphate) as an additive (Scheme 26b). Further-
more, enantioselective meta C—H alkylation was also realized
for 101 (by desymmetrization) and 104 (by kinetic resolution),
by using ethyl iodoacetate or iodomethane as the reagent
(Scheme 26¢,d). These achievements realized through the
cooperative catalysis of Pd" and an enantiopure NBE-type
mediator will open a new avenue for enantioselective remote
C—H functionalization—one of the most challenging process-
es in asymmetric catalysis.

4. Borono-Catellani Reactions

Aryl boronic acids and their derivatives are readily
available and very useful organic reagents. In classical
Catellani-type reactions, aryl boronic acids and their deriva-
tives mainly act as terminating reagents.”) Inspired by
previously reported PA"/NBE cooperative catalysis chemis-
try, the groups of Zhang®! and Zhou” independently
reported a novel Pd"-initiated Catellani-type reaction that
utilized these widely accessible reagents as the substrates
instead of conventional aryl halides to react with alkyl halides
(mainly bromides and iodides) and olefins, which was named
a “borono-Catellani reaction” (Scheme 27). In Zhang’s work,
the reaction was performed under N, atmosphere at 80°C,
with Cu(OAc), as the oxidant to regenerate the Pd" catalyst.
Interestingly, it was found that adding 2 equivalents of water
and 25 mol % of benzoquinone (BQ) as additives significantly
improved the reaction efficiency (Scheme 27a). In contrast,
the Zhou group provided more practical reaction conditions:
The reaction was run at ambient temperature (30°C) under
air (open flask) while neither phosphine ligand nor additive
was needed (Scheme 27b). In addition, the commercially
available NBE derivative 109 was introduced as a novel
mediator to promote this process for the first time.

Pd(OAC), (10 mol%)
PCys (20 mol%)

1 R2-| NBE (1.0 equiv)
T\@/B(OH)z 6 Cu(OAc (2.0 equiv) EWG
+
Pz BQ 25 mol%) q\/
N, EWG H,0 (2.0 equiv)
108 107 KOAc (3.0 equiv) - 108 |
o examples
DMF, N>, 80°C, 10h 17 el
Rl _B(OH
S Pd(OAC), (10 mol%)
=z R2Br  KpCOj3(2.0 equiv)
108 6 _DMA,air,30°C, 16h

1
1 . 2

RAL-BOIN S EWG ﬂb NBE-CN 1’%8

O/ 107 (£ (f->:equiv) 50 examples

+)
108 109 ON 39-97% yields

Scheme 27. The Pd'-initiated borono-Catellani reaction.
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The Zhou group demonstrated the “orthogonal reactiv-
ity” of the traditional Pd’-initiated Catellani reaction and the
Pd"-initiated borono-Catellani reaction, by using a rationally
designed bifunctional reagent 110 containing both an iodo
and a Bpin group as the model substrate. As shown in
Scheme 28, 110 reacted with bromide 6b and tert-butyl

borono-Catellani Reaction
Pd(OAc), (10 mol%)
| K,COs (2.0 equiv)

DMA, air, 30 °C, 16 h
0. Ji) . Br\%COQE! + NCO/Bu Al
Bpin 109
/
110 6b 107a i)b oo
cN

67% yield

COQ'Bu

—
X
CO,Et
BuO,C - Loy
| 111 V2
O O Heck Reaction
PO Lo S A
o) Pd(OAC), NaHCO3

113 BuyNCI, DMF, 130 °C
MW, 40 min
70% vield

Catellani Reaction
nBu—I 6a"

c0251 X CO,Bu 107a
Pd(OAC),, PhsP
12 | Oz'Bu NBE, Cs,C0Oj3, CHsCN i

90 °C, Ar,12h

67% yield Azera

Scheme 28. Orthogonal reactivity of the borono-Catellani and the
Catellani reaction.

acrylate 107a under the standard borono-Catellani reaction
conditions to provide the borono-Catellani product 111 in
67 % yield, with no classical Catellani product observed. The
intact iodo group in 111 enabled an ensuing classical Catellani
reaction to provide the product 112 in 67 % yield. Moreover,
111 underwent a microwave-promoted intramolecular Heck
reaction™ to afford the complex polycyclized product 113 in
good yield.

The proposed reaction mechanism of the borono-Catel-
lani reaction is shown in Scheme 29. The catalytic cycle is
initiated by the Pd" catalyst, which reacts with aryl boronic
acid 106 to provide aryl-Pd" species 114 by transmetalation.
The migratory insertion of NBE and subsequent ortho C—H
activation with the aid of a base gives the key ANP complex
116. Oxidative addition of alkyl halide 6 to 116 forms Pd"
complex 117, which then undergoes reductive elimination and
subsequent expulsion of NBE to deliver Pd" species 119.
Finally, 119 couples with olefin 107 to provide the Catellani
product 108 and release a Pd” species, which is then reoxidized
to regenerate the Pd" catalyst. Thus an oxidant is needed to
promote the catalytic cycle.

It should be pointed out that the requirement for
a stoichiometric oxidant actually poses a big challenge to
the borono-Catellani reaction as multiple possible side
reactions of aryl boronic acids have been reported to proceed
under the reaction conditions, including a direct oxidative
Heck reaction between the aryl boronic acid and the olefin,*?!
oxidative homocoupling,®! oxidation to phenols,* and pro-
tolytic deboronation.[*¥! The success of this borono-Catellani
reaction relies on the carefully optimized reaction conditions
to minimize the possible side reactions.
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5. Summary and Outlook

In this Minireview, we have summarized Pd"-initiated
Catellani-type reactions (Pd"/NBE cooperative catalysis) and
their application in organic synthesis. As described above,
substantial efforts have been devoted to this fascinating
process, and significant advancements have been made in the
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demonstrated to be a powerful complement to the classical
Catellani-type reactions. Utilizing this strategy, NH-indoles
and NH-pyrroles, (hetero)arenes bearing an ortho directing
group, as well as aryl boronic acids and derivatives thereof
have become suitable substrates that undergo highly selective
functionalizations to afford valuable polysubstituted aromatic
compounds in a straightforward fashion.
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Considering the vast synthetic potential of Pd"/NBE
cooperative catalysis, future efforts should be invested in the
above directions. We anticipate that palladium(II)-initiated
Catellani-type reactions will be flourishing in the near future.
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