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Anthranils are readily available and have recently emerged as versatile building blocks in the assembly of
various C—N bonds and medicinally active heterocyclic systems. A great variety of amination reactions,
including cross-coupling reactions, C—H aminations and annulation reactions, have been intensively
developed with the use of anthranils as aminating synthons. The success of these impressive reactions
demonstrates the great synthetic potential of anthranils, which provides a powerful platform for C-N
bond formation and heterocycle synthesis. In this review, we mainly summarize the recent progress in the
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representative transformations of anthranils with special emphasis on mechanistic aspects. We hope that
a deep understanding of the unique properties of anthranils and the underlying working mechanism can
provide a guideline for researchers who are interested in anthranil chemistry, leading to further exploration

rsc.li/frontiers-organic of novel and efficient catalytic systems for C—N bond construction.

1. Introduction pharmaceutical and materials molecules.' The development of
novel catalytic systems and new aminating reagents for
efficient C-N bond formation has attracted considerable atten-
tion of synthetic chemists. Anthranils, also known as 2,1-ben-
zisoxazoles, are an important class of easily accessible and
highly versatile synthons, which exhibit rich and tunable reac-
tivities especially in transition metal-catalysed processes. They
are generally bench stable because they satisfy the Hiickel rule.
However, at a relatively high temperature, anthranils could be
transferred to aryl nitrene or ketene species through a thermo-
lytic N-O bond cleavage (Scheme 1A).> The thermolysis of
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Scheme 1 General reactivity of anthranils.

anthranils was generally controlled by the substituents at the
3-position of anthranils. Anthranils without any substituents
at the 3-position give ketene species and 3-aryl substituted
anthranils afford aryl nitrene intermediates. In recent years,
the development of transition metal catalysis (Au, Rh, Co, Cu,
Ni etc.) has been providing a powerful tool for the activation of
anthranils and enabling the conversion of these useful syn-
thons into highly reactive metal nitrene species for the rapid
synthesis of various promising high-value N-containing mole-
cules (Scheme 1B). In this context, anthranils could serve as
efficient electrophilic aminating reagents in transition metal-
catalysed cross-coupling reactions with organometallic
reagents or C-H amination reactions. Additionally, in the pres-
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Scheme 2 Methods for the preparation of anthranils.

ence of a gold catalyst, anthranils could act as N-nucleophiles
to react with alkynes to in situ generate a-imino gold carbene
complexes for further amination transformations (Scheme 1C).
Moreover, anthranils are also good 1,3-dipolar synthons
because of the incorporation of a nucleophilic amino group
and an electrophilic formyl group in one molecule.
Accordingly, various important [4 + 3] and [4 + 2] annulations
of anthranils have been developed towards the synthesis of
diversely functionalized heterocycles (Scheme 1D).

To the best of our knowledge, there is still no review devoted
to this fantastic area so far. Herein we highlight the recent
advances in the representative transformations of anthranils
with particular emphases on mechanistic aspects. To better cali-
brate the scope of this topic, this review is mainly organized
according to the different reaction modes of anthranils.

2. Preparation of anthranils

Anthranils 1 are easily available in great structural diversity
using some well-established synthetic routes (Scheme 2),
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which make them extremely promising raw materials in
organic synthesis. Traditionally, anthranils were generated
from the semi-reduction of O-nitrobenzaldehyde 2 by SnCl,.?
However, this method is not sustainable due to the use of
toxic SnCl, as a stoichiometric reductant. Hence, H, as a green
reductant has been used for the semi-reduction of
O-nitrobenzaldehydes. In 2019, Climent and co-workers
reported a Pt-supported nanoparticle catalysed hydrogen
reduction of O-nitrobenzaldehyde for the selective formation
of 2,1-benzisoxazoles in generally good yields.* Besides, the
selective oxidation of 2-aminobenzophenone 3 provides an
alternative approach towards anthranils.” The thermolysis or
metal-catalysed decomposition of 2-azidobenzaldehyde 4
could also afford anthranils.® Moreover, palladium-catalysed
direct C-H arylation could be applied for the further
functionalization of anthranils to synthesize 3-aryl substituted
anthranils 5.” These practical and efficient methods make
anthranils cheap and readily available feedstocks.

3. Transition metal-catalysed C—N
bond formation through electrophilic
aminations with anthranils

Transition metal-catalysed cross-coupling reactions of anthra-
nils with organometallic reagents have been developed as an
efficient route to construct C-N bonds. Anthranils served as
electrophilic aminating reagents in these reactions through a
selective N-O bond cleavage. These reactions usually feature
mild reaction conditions and high efficiency. The first example
could be tracked back to 1987.> Baum and co-workers dis-
closed that anthranils could react with RZnCl 6 for the con-
struction of aniline derivatives 7 in the presence of a nickel
catalyst (Scheme 3).

In 2019, this reaction was further improved by Knochel and
co-workers by using more stable organozinc pivalates instead
of RZnCl and CoCl, as the catalyst under mild reaction con-
ditions (Scheme 4).° A series of organozinc pivalates 8 and
anthranils 1 bearing different functional groups could take
part in the reaction and various aniline derivatives 10 were
obtained in good yields. Significantly, a cascade intra-
molecular condensation can be achieved for the formation of
various useful quinoline derivatives 11 and 12, when using
alkenylzinc pivalates, electron-rich arylzinc pivalates or hetero-
cyclic zinc pivalates as substrates. In addition, the photo-
physical properties of the products were tested. It was found
that these N-heterocycles are of particular interest for organic
light emitting diodes, because of their high photo-
luminescence quantum yields and long exciton lifetimes.

N ) CHO
N Ni(acac), (0.5-40 mol %) H
Rzncl, + R | 0 —MmMm reN~
x THF, 78 °C to rt R
6 1 X

R = Ph, Me, 2-thienyl

Scheme 3 Ni-Catalysed amination of RZnCl with anthranils.
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Scheme 4 Co-Catalysed amination of organozinc pivalates with
anthranils.

In 2018, the group of Li developed an elegant asymmetric
hydroamination of olefins with the use of anthranils as electro-
philic aminating reagents (Scheme 5).'° In this transform-
ation, CuOAc and PhSiH; were used to generate the highly
reactive CuH species and (S,S)-Ph-BPE proved to be the best
ligand. This protocol provided an efficient and highly enantio-
selective method to construct chiral secondary arylamines teth-
ered to a benzylic alcohol 14. A plausible mechanism is out-
lined in Scheme 5. Initially, the active L*CuH species 13a was
generated from CuOAc bearing a chiral phosphine ligand and
PhSiH; via o-bond metathesis. Styrene then readily inserted
into the Cu-H bond of 13a in a highly enantioselective and
regioselective fashion, providing the alkylcopper intermediate
13b. An oxidative insertion of the N-O bond of anthranil by
intermediate 13b afforded 13c, which was essentially a copper
nitrene species. Intermediate 13c underwent a sequential
migratory insertion and protonation process to generate the
aldehyde intermediate 13e and the L*CuO‘Bu species. The
further reduction of aldehyde 13e by L*CuH gave the final
products.
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Scheme 5 Cu-Catalysed asymmetric hydroamination of olefins with
anthranils.
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4. Transition metal-catalysed C-H
aminations with anthranils

Transition metal-catalysed C-H bond aminations have been
established as a straightforward approach to construct C-N
bonds." With the assistance of directing groups, the direct
amination of both C(sp”)-H and C(sp®)-H bonds has been
achieved with anthranils. Notably, the C-H aminations invol-
ving anthranils generally result in arylamine products bearing
an electrophilic formyl group, which may undergo a further
intramolecular annulation to construct highly functionalized
N-heterocycles. These C-H amination reactions are usually
achieved by using Rh and Co catalysts. However, other
common transition metal catalysts such as [Cp*IrCl,],, [{Ru(p-
cymene)Cl,}],, and Pd(OAc), have been proved to be unsuitable
for this type of reaction at the current stage.

4.1 Rh-Catalysed C-H amination with anthranils

In 2016, Li and Jiao’s group independently disclosed a Rh-cata-
lysed benzylic C(sp®)-H amination of 8-methylquinoline 15
with anthranils 1 for the first time (Scheme 6)."* This trans-
formation is compatible with a variety of functional groups
and various aminated products tethered with a formyl group
were obtained in good yields. The large KIE value (parallel 7.3
and competitive 8.1) indicated that the C-H/C-D dissociation
was involved in the rate-determining step. Based on the results
of mechanistic studies, a plausible mechanism was proposed.
Firstly, the rhodacycle intermediate 15a was formed through
the C(sp*)-H activation of 8-methylquinoline with the reactive
Rh(m) catalyst, and then the coordination of anthranil took
place to afford 15b. The N-O bond cleavage of anthranil
occurred to generate Rh(v)-nitrenoid species 15¢. Subsequent

CHO
[RhCp*Cl,], (2.5 mol %)
AgSbFg (10 mol %)
R1( =N o PivOH (1 equiv (N
|
DCE, 80 °C, air R'g
112 {Cp*RClol,] [Cp™RNCly]
JAgste CHs
\ N N
[Cp*RhX,] |
=
X = SbFg or OPlv
HOan Turnover l/mrtlng
*Cp, X
Rh
*Cpe_+ {
x RT,N CHO NS 152
|
N 15d Z

| /
\s w0 ERy
X~ RH x'/
/ Ny
15¢ || \/ | 15b
=
Scheme 6 Rh-Catalysed C(sp®)—H amination of 8-methylquinoline
with anthranils.
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nitrenoid insertion in the Rh-C bond led to amido rhodium
complex 15d. Finally, the expected amination product was
released via a protodemetalation process of intermediate 15d
with the regeneration of the reactive Rh(i) species.

The C(sp®)-H amination of arenes has also been achieved
with anthranils as aminating reagents. Oxime ether and other
N-containing heterocycles such as pyridine, quinoline, purine,
and pyrazole derivatives could act as directing groups in this
Rh-catalysed C(sp®)-H amination reaction (Scheme 7). A
series of amination products, which are useful precursors for
various important N-heterocycles, were obtained in moderate
to good yields.

In 2017, a Rh(um)-catalysed C-H amination of benzamides
and isoquinolones 19 with anthranils has been realized by Li
and co-workers." The weakly coordinated tertiary amide
served as a directing group in this transformation. This C-H
amination protocol provided an efficient method to synthesize
various bifunctionalized amination products 20, which can
further cyclize to give acridines by treating with TFA. Moreover,
when 3-unsubstituted anthranils were used in this reaction,
the corresponding acridine derivatives 21 were obtained in one
pot through a subsequent C-H amination/condensation
process (Scheme 8).

[RhCp*Cl], (4 mol %)
DG AgSbFg (16 mol %)

PivOH (1.0 equw)
@(LNOMe
NH
©/CHO

DCE, 100 °C, air
18a, 77%

GG
&m o
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18b, 82% 18¢c, 40%

@@«?3

18d, 71% 18e, 83% 18f, 68%

Scheme 7 Rh-Catalysed sp? C—H amination of arenes with anthranils.
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Scheme 8 Rh-Catalysed C—-H amination of arenes with anthranils
using amides as directing groups.
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Scheme 9 Rh-Catalysed site-selective C—H amination of 7-azaindoles
with anthranils.

The site-selective C-H amination of 7-azaindoles 22 with
anthranils reported by Kim and co-workers
(Scheme 9)."* In the presence of a Rh(m) catalyst, ortho-amin-
ation of 7-azaindoles can be successfully achieved. This trans-
formation efficiently provided a range of ortho-aminated
N-aryl-7-azaindoles 23 with excellent site-selectivity and func-
tional group compatibility. The ortho-aminated 7-azaindoles
formed were readily transformed into biologically relevant het-
erocycles such as azaindoloacridine, azaindoloacridone and
bis-indole compounds. More importantly, the synthetic poten-
tial of this methodology was further demonstrated by its good
performance in in vitro anticancer activity against human
breast adenocarcinoma cells (MCF-7), human renal carcinoma
cells (786-0), and human prostate adenocarcinoma cells
(DU145).

Likewise, Yang and Kim independently reported a Rh(u)-
catalysed C-7 selective amination of indolines (Scheme 10).'
Pyrimidinyl served as a directing group in this reaction and
various C-7 aminated indolines 25 bearing different functional
groups were obtained in generally good yields with excellent
site-selectivity. The incorporation of amino and carbonyl
groups into the resulting framework provided opportunities
for further derivatization.

In 2018, a rhodium-catalysed regioselective C-H amination
of azobenzenes 26 with anthranils 1 was developed by Zhou
and co-workers (Scheme 11)."” This reaction showed excellent
functional tolerance and a range of aminated products were
obtained in good yields (up to 92%). Moreover, this transform-

1 was

~ n  [RNCo'Clh@25mol%)  R-- />
? . rRZ TF o  AgSbFg (10 mol %)
N N -_— )\
P DCE, 120°C, 24 h 7
NG N Ra_l \\)
) (A0 =
24 = 1 25

R3

Scheme 10 Rh-Catalysed C-7 selective amination of indolines with
anthranils.
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Scheme 11 Rh-Catalysed regioselective C—H amination of azoben-
zenes with anthranils.

ation can be further applied to the synthesis of various
N-heterocycles such as 5H-dibenzo[b,e][1,4]diazepine, acridine
and indole derivatives, which are biologically interesting
compounds.

Amide bonds are ubiquitous in a wide range of pharmaceu-
ticals, agrochemicals, and natural products. In 2017, Maji and
co-workers explored a Cp*Rh"'-catalysed directed amidation of
N-sulfonyl-2-aminobenzaldehyde and salicylaldehyde with
anthranils for the synthesis of amide derivatives 32
(Scheme 12)."® This transformation went through a C-H acti-
vation of the aldehyde by using -NHTs or -OH as the directing
group. A wide range of substrates bearing various functional
groups were well-tolerated under the mild reaction conditions.
Significantly, the synthesized amides can be further used as
important precursors for the preparation of benzoxazinone
derivatives, which are bioactive natural products.

Anthranils could serve as bifunctional reagents due to their
ability to deliver a nucleophilic amino group and an electro-
philic formyl group. Accordingly, the C-H amination/annula-
tion cascade reactions involving anthranils have been devel-

Q [RhCp*Clol, (2.5 mol %) o Pl
ol X H r2 @o AgSbFg (10 mol %) LN x
Z DG * = CsOAc (1.0 equiv.) R P> H  tho
31

DCE, 80 °C DG 32

DG = NHTs, OH 25 examples

112 [{Cp*RhC[g}z]

AngFe
Q [Cp*RhXy] RT
OH
X= SbFsorOAc
HX
\
/@ RL: P RhCp*X
o CHO g
31a
OHC.
0 /@ /Rth
B .N
Pu Rth* 31b

“ C@
31c
Scheme 12 Rh'"'-Catalysed directed amidation of N-sulfonyl-2-amino-
benzaldehyde and salicylaldehyde with anthranils.

Org. Chem. Front, 2020, 7, N77-1196 | 1181


https://doi.org/10.1039/d0qo00163e

Published on 09 April 2020. Downloaded on 7/14/2025 4:40:10 PM.

Review
A\ A
L0, BN
= H” N7 0
J N\ = ) 33 | RIT XY
[ ( % DG DG 34 P
RN N o . N °'N” “O
N Conditions A Conditions B % DG
35 DG J
OHC
L VR \/ A
RN RN ge o
DG 35a 36a

Conditions A: [RhCp*Cly], /AgSbF (3 mol %, 20 mol %), PivOH (2 equiv), MeOH, 120 °C
Conditions B: [RhCp*Cly], /AgSbF (3 mol %, 20 mol %), PivOH (2 equiv), DCE, 120 °C

Scheme 13 Rh(mn)-Catalysed C—H activation/annulation of indoles with
anthranils.

oped for the efficient construction of various useful
N-heterocycles. In 2016, Li and Wang et al. independently
reported a Rh(m)-catalysed C-H amination/annulation of
indoles 33 with anthranils (Scheme 13)."® This reaction pro-
vided a facile access to quinoline-fused heterocycles 35 and 36
under redox-neutral conditions. The direct C-H amination was
a key step for this transformation to generate diarylamines
bearing a proximal carbonyl group, which was followed by a
Friedel-Crafts-type addition/dehydration cascade to give the
corresponding bicyclic heterocycles.

Recently, Samanta and co-workers developed a Rh™-cata-
lysed C4-selective amination/annulation of indole derivatives
37 with anthranils for the rapid synthesis of indoloquinoline
derivatives 38 (Scheme 14).”° In this reaction, aldoximes were
used as the directing group, which could be converted to
cyano groups at the end of the reaction. Mechanistic studies
revealed the important role of the newly generated azacycle in
the transformation of O-protected aldoximes into cyano deriva-
tives. Additionally, the photophysical properties of the indolo-
quinoline derivatives obtained were also studied.

Using a similar C-H amination/annulation strategy, an
efficient rhodium-catalysed method for the synthesis of benzo-
phenanthroline 40 and benzophenanthrolinone 41 derivatives
from quinoline N-oxides 39 and anthranils have been devel-
oped by the same group (Scheme 15a and b).*" This approach
was achieved in a two-step one-pot manner and a broad sub-
strate scope was obtained. For the synthesis of benzophenan-
throlines 40, TFA or PCl; was added to induce the intra-
molecular condensation of firstly generated C-H aminated pro-
ducts. In addition, benzophenanthrolinones 41 were syn-
thesized through a TBHP-promoted intramolecular cross dehy-
drogenation coupling (CDC) reaction. Importantly, this
method could be used in late-stage modifications of complex
bioactive molecules such as cinchonidine 39a and cinchophen
N-oxide 39b (Scheme 15c¢ and d). Notably, a drug candidate for

H ZNOMe [RhCp*Cl3] (3 mol %) NE
AgNT#, (12 mol %) R
R TN . w0 Yy NeOPivH,O0 (50 mol % ol N A NR
g NEOPWHO (50.mal %) o1
N NS DCE, 115°C N
1
R R?

37 1 38

Scheme 14 Rh(i)-Catalysed C4-selective amination/annulation of
indole derivatives with anthranils.
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Scheme 15 Rh(in)-Catalysed C-H activation/annulation of quinoline
N-oxides with anthranils.

NHE related disease was obtained based on this method
(Scheme 15e). Later, they achieved a similar C-H amination of
quinoline N-oxides by using a cheap copper catalyst.*”

The application of a transient directing group is an attrac-
tive strategy in metal-catalysed C-H activation, since it avoids
the additional steps to remove the directing group and
increases the synthetic practicality. In 2017, the group of Kim
reported a Rh-catalysed C(sp”)-H amination of benzaldehydes
45 with anthranils (Scheme 16).>* Notably, the in situ-gener-

Q [RhCp*Cly], (2.5 mol %)

A AN AgSbFg (10 mol % NN
L Ho o, gl o A9 6 ( b) RI-L T Jr
A n N AcOH (1.0 equiv) NN
Ar DCE, 110°C, 24 h
45 1 46 07 Ar

transient DG ~ 27 examples
up to 90% yield
SN
SN

aminating agents

Scheme 16 Rh-Catalysed C(sp?)-H amination of benzaldehydes with
anthranils using a transient directing group strategy.
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ated O-aminophenyl ketones from anthranils served as transi-
ent directing groups in this reaction. As a result, a series of
2-acyl acridines 46 were obtained through a cascade C-H amin-
ation and acid-mediated intramolecular cyclization. Later, by
using sulfonimide as the directing group, they also completed
the synthesis of 2-acyl acridines from aldimines and
anthranils.**

Very recently, Cui et al. disclosed a Rh(u)-catalysed C-H
amination and cascade annulation reaction for the synthesis
of benzimidazole derivatives (Scheme 17).** In this protocol,
imidamide acted as the directing group and enabled further
intramolecular annulation to construct the benzimidazoles.
When para-substituted benzimidazoles were used, the diamin-
ation products 48 were obtained, which could be further con-
verted into imidazo[4,5-clacridines 49 with unique fluo-
rescence properties (Scheme 17a). When ortho- or meta-substi-
tuted benzimidazoles were used in this catalytic system, the
second amination process was totally blocked and the corres-
ponding 1,2-disubstituted benzimidazoles 50 were obtained in
good yields (Scheme 17b).

Similarly, Wu and co-workers found that when the imid-
amide directing group bearing a methylene moiety was used,
the 1,2-disubstituted benzimidazoles 53 formed could further
undergo an intramolecular cyclization to construct benzimid-
azo[1,2-a]quinolines 52 (Scheme 18).>° This cascade reaction
proceeded via a C-H amination/cyclization/cyclization process
in an ionic liquid without any additives. A wide range of benz-
imidazo[1,2-a]quinolines bearing different functional groups
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A 47 NH [RICpCll, R
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O PhCF3, 110°C N,
<
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1 R® benzimidazoles N 50 b)
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Scheme 17 Rh-Catalysed C-H
N-phenylpivalimidamide and anthranils.
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Scheme 18 Rh-Catalysed synthesis of benzimidazoll,2-alquinolones
from imidamides and anthranils.
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Scheme 19 Rh-Catalysed C-H annulation of «-aroyl sulfoxonium
ylides with anthranils.

were synthesized from readily available imidamides 51 and
anthranils. This reaction features simple operation, moderate-
to-high yield, and broad substrate scope.

In 2019, a Rh(m)-catalysed C-H amination/annulation pro-
tocol of aroyl sulfoxonium ylides 54 and anthranils has been
developed for the synthesis of 10H-indolo[1,2-a]indol-10-one
derivatives 55 (Scheme 19).”” This transformation was initiated
by an ortho-C-H amination of a-aroyl sulfoxonium ylides with
anthranils to generate 54d. Subsequently, the insertion of the
N-H bond to the in situ-formed Rh carbene species 54f led to
an unprecedented [4 + 1] annulation toward N-(2-formylphe-
nyl) indolones 54h. Finally, the aldol condensation of 54h con-
structed the second indole ring. A series of 10H-indolo[1,2-a]
indol-10-one derivatives, which are difficult to be obtained by
other means, were synthesized using this novel method.

4.2 Co-Catalysed C-H amination with anthranils

The applications of cost-effective, Earth-abundant, and func-
tionally unique first-row metal catalysts in C-H activation have
attracted much attention. Pioneered by Kanai and Matsunaga,
Cp*Co(ur) complexes have allowed the development of new
catalytic systems of C-H activation.*® In 2016, a cooperative
cobalt- and copper-catalysed oxidative coupling of imidate
esters 56 with anthranils was reported by Li and co-workers
(Scheme 20).>° In the presence of [Cp*Co(MeCN);](SbFy),, the
selective ortho-C-H amination of imidate esters could be
achieved smoothly with the use of anthranils as a convenient
aminating reagent. Subsequently, a copper catalysed intra-
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Scheme 20 Co-Catalysed C-H amination of imidate esters with
anthranils.
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Scheme 21 Co-Catalysed C(sp®)—H bond amination with anthranils.

molecular N-N bond formation occurred rapidly to deliver the
final 1H-indazoles products 57. The current reaction provides
an efficient method for the synthesis of various 1H-indazoles
in moderate to good yields. Anthranils proved to be the term-
inal organic oxidant in this transformation.

In addition, Co-catalysed C(sp’)-H bond amination has
also been achieved (Scheme 21). In 2019, Loh and co-workers
reported an interesting [Cp*Co(MeCN);](SbFe), catalysed
C(sp®)-H amination of thioamides 58 with anthranils.*® The
excellent site-selectivity on primary B C(sp’)-H bonds was
observed for a diverse array of thioamides with high functional
group tolerance.

5. Annulation reaction of anthranils

Anthranils are also good 1,3-dipolar reagents for various annu-
lation reactions because of the incorporation of a nucleophilic
amino group and an electrophilic formyl group in one mole-
cule (Scheme 22). The efficient [4 + 3] cycloaddition of anthra-
nils with 1,3-dipole substrates has been developed for the syn-
thesis of biologically active benzazepine and benzodiazepine
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Scheme 22 Annulation reaction of anthranils.

derivatives. Moreover, anthranils could participate in the
cascade [4 + 2] annulation for the rapid synthesis of quinoline
derivatives and various benzoheterocycles.

5.1 [4 + 3] cycloaddition of anthranils with 1,3-dipole analogs

Seven-membered N-heterocyclic compounds, such as benzo-
diazepine and tetrahydro-1-benzazepine, are very important in
medical chemistry and widely present in a variety of drugs and
other bioactive molecules (Fig. 1).*' The development of a
novel and efficient method for the facile synthesis of benzo-
diazepine and related scaffolds is highly desirable.

In 2017, Luo and co-workers reported a Sc(OTf);-catalysed
[4 + 3]-annulation reaction of cyclopropane 1,1-diesters 66 and
anthranils under mild reaction conditions (Scheme 23).>* This
protocol provides a practical and straightforward access to bio-

HoOC
HCI. j

Benazepril o
hydrochlor'\de 60

H
bH .HCI

Abbeymycln 62 Diazepam 63  Antiparasitic activity 64 Zilpaterol hydrochloride 65

Fig. 1 Selected biologically active molecules.
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Scheme 23 [4 + 3]-annulation reaction between cyclopropane 1,1-die-
sters and anthranils.
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Scheme 24 [4 + 3]-annulation reaction between cyclopropane 1,1-die-
sters and anthranils.

logically important tetrahydro-1-benzazepine scaffolds and a
wide range of tetrahydro-1-benzazepine derivatives 67 can be
obtained in good yields under the standard conditions.

The stereospecificity of this [4 + 3]-annulation reaction was
explored by employing enantioenriched phenyl-substituted
cyclopropane 66a (99% ee) as the substrate. As a result, anthra-
nil reacted with 66a smoothly to give (1R,2R,5R)-67a (94% ee)
with an almost complete stereospecificity. Notably, the con-
figuration inversion of the stereocenter in 66a was observed in
this transformation. Therefore, a plausible step-wise mecha-
nism was proposed to explain this observation. As shown in
Scheme 24, firstly, an Sy2-like nucleophilic attack of anthranil
to the Lewis acid activated D-A cyclopropane gave a zwitterion
intermediate 68, which was followed by an immediate aromati-
zation process to give oxonium ion species. The annulation
was accomplished by an intramolecular nucleophilic addition
of a carbanion to the oxonium ion intermediate via transition
state TS-1 or TS-2. It is likely that the n—x interaction between
the two aromatic rings in TS-1 plays a critical role for this step,
leading to the endo-product with excellent diastereoselectivity.

Similarly, the Sc(OTf);-catalysed annulations between
anthranils and y-butyrolactone-fused donor-acceptor cyclopro-
panes 69 have been developed by the group of Yang
(Scheme 25).>** Depending on the structure of anthranils, this
reaction could undergo a chemodivergent [4 + 3] annulation or
an efficient cascade process, producing the corresponding
bridged cyclic products 70 and y-butyrolactone-fused tetrahy-
droquinolines 71 in moderate to high yields, respectively. A
plausible mechanism for the formation of y-butyrolactone-
fused tetrahydroquinoline is proposed in Scheme 25. The
cyclopropanes were firstly activated by Sc(OTf);, which was
then attacked by anthranils to produce intermediate 69b.
When R' is a phenyl group, the intermediate 69b might
undergo a fragmentation pathway to provide intermediates 69¢
and 69d, which is followed by a Sc(OTf);-catalysed Povarov-
type [4 + 2] annulation to give the final tetrahydroquinoline
products. Very recently, a PTSA-catalysed annulation of N'-
aryl anthranil hydrazides with cyclopropane aldehydes

This journal is © the Partner Organisations 2020
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Scheme 25 Sc(OTf)s-Catalysed chemodivergent annulations of

y-butyrolactone-fused cyclopropanes with anthranils.

has been demonstrated for the synthesis of various
pyrroloquinazolinones.**”

In 2019, a Pd-catalysed [4 + 3] cyclization reaction between
anthranils and vinylcyclopropanes (VCPs) 72 was realized by
You and co-workers (Scheme 26).>* In the presence of Pd,dbas
as the catalyst and a catalytic amount of borane as an activator,
various bridged cyclic products 73 were obtained in good to
excellent yields with excellent stereoselectivities. By introdu-
cing a chiral PHOX ligand (L), asymmetric dearomatization of
anthranils with vinylcyclopropanes can be successfully
achieved in a highly enantioselective fashion. The authors
found that borane played a key role in the reaction efficiency.
The results of NMR experiments indicated the intermediacy of
a borane-anthranil complex in this transformation.

A plausible catalytic cycle is proposed in Scheme 27. Firstly,
the coordination and oxidative addition of a palladium catalyst

CO,R?
R20,C_CO,R? 2
RL(jf\o e Pd,dbag (5 mol %), L (11 mol %) RN COR
XN Et3B (0.5 equiv), Cs,COj3 (1.0 equiv) AN\
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1 ! 73
1. 5 equiv o
L
(S)
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@?CO;Me wCOZMe CO,Me
o] O
ra /
MeO,C N _— F3C N"",_—
73a, 56% 73b, 60% 73c, 63%
98% ee 91% ee 93% ee
CO,Me CO,Me CO,'BU
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IO / IO /
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Scheme 26 Pd-Catalysed [4 + 3] cyclization reaction between anthra-
nils and vinylcyclopropanes.
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Scheme 27 Plausible mechanism of Pd-catalysed [4 + 3] annulation
between anthranils and vinylcyclopropanes.

to VCP (72a) led to the ring-opening intermediate 72b. At the
same time, the anthranil substrate was activated by Et;B to
form borane-anthranil complex 74. Next, a catalyst-controlled
dearomative addition of 72b to 74 delivered intermediate 72c.
The subsequent intramolecular allylic cyclization afforded the
desired annulation products. Then, both the borane and palla-
dium catalysts were released to complete the catalytic cycle.

Recently, a base-promoted [4 + 3] cycloaddition of azaoxyal-
lyl cations and anthranils has been developed for rapid access
to multisubstituted benzodiazepines (Scheme 28).>° A variety
of anthranils and a-halo hydroxamates 75 participated in this
reaction very well under transition metal-free conditions. The
in situ-generated azaoxyallyl cation was considered to be a key
intermediate for this transformation. A plausible mechanism
of this transformation is proposed in Scheme 28. The azaoxyal-
lyl cation intermediate 75b was initially formed from
a-halohydroxamate in the presence of K,COs;. Next, anthranil
reacted with intermediate 75b to generate a zwitterionic inter-
mediate 75c. Finally, a fast intramolecular nucleophilic
addition of intermediate 75c¢ produces the corresponding
[4 + 3] cycloadducts 76.

o OR
. N
RH)LN’ORS . R“—/ /Nb K,CO3 (2.0 equiv) R‘—{(\:fro o
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75 R3 76 R
o ©f< ee OBn
Me N,OBn base OBn 7
Me' H l0 O
Br -HBr [4+3] >N
@
75a 75b Me Me
Azaoxyallyl Cations 5¢c
Me  oBn
N
— ULgge
N Me
Me

Scheme 28 [4 + 3]-cycloaddition of azaoxyallyl cations and anthranils.
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5.2 Formal [4 + 2] cycloaddition of anthranils

In 1989, Yujiro and co-workers disclosed a titanium salt-pro-
moted [4 + 2] cycloaddition reaction of anthranils with enam-
ines 77 for the formation of quinoline derivatives 78
(Scheme 29).>® In the presence of TiCly, the [4 + 2] cyclo-
addition reaction of anthranils and enamines firstly occurred
to give the cycloadduct intermediate 77a, followed by a
cascade deamination and N-O bond cleavage process to give
quinine N-oxides 77b. Then, the reduction of quinine N-oxides
by zinc dust generated the final quinoline products 78.

In 2017, an interesting copper-catalysed
a,p-functionalisation of saturated ketones with anthranils was
reported by Tiwari and co-workers (Scheme 30).>” This reaction
provides an efficient approach to synthesize quinoline deriva-
tives from the readily available saturated ketones 79 and
anthranils. The in situ-generated o,f-unsaturated ketone 79a
was a key intermediate for this reaction, which was demon-
strated by control experiments. When the o,p-unsaturated
ketone was subjected to the standard conditions, the desired
quinoline product was obtained as expected. Accordingly, a
plausible mechanism is proposed in Scheme 30. In this reac-
tion, anthranils could undergo an aza-Michael addition to the

R2
\ 7 NF TiCly/Zn (dust ~ N
NNPRe e R0 @ Rl I
R! SN PhCl NN R
77 1 78
[4+2]
cycloaddition
RZ
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R @gi R | ®/ -
N 1 R
“ \ 77b oe

Scheme 29 [4 + 2] cycloaddition reaction of anthranils and enamine.
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in situ-generated o,f-unsaturated ketone 79a to give an alde-
hyde intermediate 79b, which underwent a rapid intra-
molecular annulation process to afford the final products 80.
TEMPO is a crucial additive for Cu-catalysed oxidative dehydro-
genation of saturated ketones.

A similar strategy has been further applied in a three-com-
ponent annulation of acetophenone 81, anthranils and DMSO
(Scheme 31).*® In this reaction, the o,p-unsaturated ketones
were generated from acetophenone and DMSO through a one-
carbon homologation of DMSO with the use of K,S,05 as the
oxidant.

In 2019, Cui and co-workers reported an efficient and atom-
economical [4 + 2] cyclisation of glycine derivatives 83 and
anthranils for the synthesis of 3,4-dihydroquinazolines 84
under CuCl,/BPO oxidative conditions (Scheme 32).>° A plaus-
ible mechanism is proposed in Scheme 32. The glycine ester
was firstly oxidized to imine intermediate 83a in the presence
of a copper catalyst and BPO. Subsequently, anthranil attacked
the reactive imine species to afford the intermediate 83c.
Then, a selective N-O bond cleavage of 83c occurred to gene-
rate a nitrene intermediate 83d. The final product 84 could be
obtained through an intramolecular nucleophilic addition of
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Scheme 31 Metal-free annulation of acetophenones and anthranils for
the synthesis of functionalized quinolines.
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Scheme 32 Synthesis of 3,4-dihydroquinazolines from glycine deriva-
tives and anthranils.
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the amine to aldehyde. In addition, a control experiment indi-
cated that the in situ-generated PhCOOH from BPO might
serve as a proton donor to improve the electrophilicity of the
imine intermediate and facilitate the following nucleophilic
addition of anthranil to the imine intermediates.

In 2018, a novel Cu(u)/Ag(i)-catalysed cascade reaction of
anthranils with sulfonylhydrazones 85 to construct 2-aryl-3-sul-
fonyl substituted quinolines 86 was reported by Ji’s group
(Scheme 33)." various poly-substituted quinolines were
obtained in moderate to good yields under the cooperative
catalytic system. Preliminary mechanistic exploration indicated
that a sulfonyl radical might be involved in this
transformation.

Recently, Zou and co-workers reported a copper-catalysed
[4 + 1 + 1] annulation reaction of sulfoxonium ylides 87 and
anthranils for the rapid synthesis of 2,3-diaroylquinolines 88
(Scheme 34).*" This transformation was initiated by a copper-
catalysed homocoupling of sulfoxonium ylides to provide
a,o,p-tricarbonyl sulfoxonium ylides 87b, which then converted
to copper carbene species 87c with the release of DMSO. The
reaction of 87c¢ with anthranils afforded imine intermediates
87e. Finally, 2,3-diaroylquinoline products 88 were formed
through an intramolecular dehydration process. It was found
that AgOTf and dioxygen were also critical to this reaction.

The thermolytic N-O bond cleavage of anthranils can gene-
rate highly reactive ketene species 88. In 2019, Zhang and co-
worker disclosed a series of nucleophilic additions of the
in situ-generated ketene intermediates from anthranils
(Scheme 35).*> In this reaction, various commonly used
nucleophiles proved to be suitable substrates. For example,
anilines and phenols were verified as good reaction partners
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s
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Scheme 33 Synthesis of 2,3-disubstituted quinoline derivatives from
p-toluenesulfonylhydrazones and anthranils.
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Scheme 34 Copper-catalyzed [4 + 1 + 1] annulation reaction of sulfox-
onium ylides and anthranils.
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Scheme 35 Thermolytic reaction of anthranils with nucleophiles.

with anthranils, affording the corresponding anthranilamide
89 and anthranilate 90 products in moderate to good yields,
respectively. Notably, the high-value benzoxazinone hetero-
cycle 91 was obtained by using benzoic acids as the nucleo-
philes. Moreover, malononitrile could react smoothly with
anthranils to efficiently produce quinoline derivatives 92
under catalyst-free conditions.

Early in 1967, a piperidine catalysed cyclization of anthra-
nils with some active methylene reagents, such as malono-
nitrile, dimethyl malonate and ethyl cyanoacetate, has been
developed for the rapid synthesis of quinoline oxide 93
(Scheme 36).** This annulation went through a different
pathway from the one mentioned above. With piperidine as a
proton shuttle, the active methylene attacked at the 3-position
of anthranils to give the adduct 93a. Then, a proton transfer
from the acidic methylene to the O-atom generated
O-hydroxylaminobenzylidene intermediate 93b through a C-O
bond cleavage process. Subsequently, the ring closure of 93b
by a rapid intramolecular addition of the -NHOH group to a
CN motif gave the final quinoline 1-oxide 93.

A catalyst-free cyclisation of anthranils and 1,2,3,4-tetrahy-
droisoquinoline (THIQ) has been described by Li and co-
workers (Scheme 37).** Various quinazolinone 95 and 3,4-dihy-
droquinazoline 96 derivatives bearing different functional
groups obtained wunder catalyst-free conditions.
Significantly, by using this method, the important rutaecar-
pine 95d could be obtained in good yield and it was further
applied to the synthesis of valeric acid-rutaecarpine, which

were
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Scheme 36 Piperidine annulation of anthranils and

malononitrile.

catalysed

188 | Org. Chem. Front,, 2020, 7, N77-1196

View Article Online

Organic Chemistry Frontiers

0]
R?=H_ R!
R?
= A o
R ) + ROl 130 °C
NSN ~NH  toluene
1 R2 94
A o proposed aryl —
1
[F‘ﬂg& } nitrene intermediate  R*#H
N:
QA i
N
CLO. OO
o 2
N o N
Cl
95a, 65% 95b, 81% 95¢, 86% ClI
Ph Ph Phas Ph
| Ph A
N N N
P> P> P>
N N N
96a, 91% 96b, 70% 96¢c, 75%
(o]
s 0, N
N toluene N 7
1a HN
95d, 80%
rutaecarpine
two steps
—_ . valeric acid-Rutaecarpine

antiplatelet inhibition

Scheme 37 A catalyst-free reaction of anthranils and 1,2,3,4-tetrahy-
droisoquinoline (THIQ).

was investigated as an antiplatelet inhibitor. The author
believed that an active aryl nitrene species might be an inter-
mediate for this reaction, which was generated through the N-
O bond cleavage of anthranils at relatively high temperature
(130 °C).

Recently, a copper-catalysed protocol for the synthesis of
quinoline derivatives from the readily available anthranils and
1,3-diketones/aldehydes 97 was disclosed by the group of Li
(Scheme 38).*" In this reaction, 2-aminobenzaldehyde proved
to be a key intermediate on the basis of control experiments,
which was generated from a copper-catalysed N-O bond clea-
vage procedure. The final quinoline products were obtained

CuBr; (15 mol %)

X R2
Cs2C0; (2 equiv) @ N R = Aryl or alkyl group
HFIP, O, 130 °C N/ R R? = Aryl/alkyl formyl group
98
N o 25 exam,
=N ples
o + R — up to 88% yield

1 97 Cu (20 mol %)

2
AgOTF (10 mol %) R Rioh
HFIP, O,, 90 °C N R? = Aryl or alkyl group
99

18 examples
up to 98% yield

Scheme 38 Cascade annulation reaction of anthranils with 1,3-dike-
tones/aldehydes.
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through a subsequent Friedlander reaction of 2-aminobenzal-
dehyde and 1,3-diketones.*®

6. Gold-catalysed annulation of
anthranils with alkynes

Gold carbene complexes’” have been recognized as versatile
and powerful intermediates in gold catalysed organic syn-
thesis. In this field, a-imino gold carbene complexes*® have
emerged as useful intermediates towards the synthesis of
N-heterocycles. In the presence of gold catalysts, anthranils
could serve as nucleophiles to attack the alkynes to form active
a-imino gold carbene species and various novel annulation
reactions have been developed. A recent review on the gold-cat-
alysed heterocyclic synthesis partially summarized the pro-
gress of the gold-catalysed annulations of anthranils and
alkynes.*® Therefore, in this part, we mainly focus on updating
contributions in this field.

In 2016, the Hashmi group reported a pioneering gold-cata-
lysed C-H annulation of anthranils and alkynes 99 for the con-
struction of unprotected 7-acylindoles 100. Various alkynes
including ynamides, non-polarized alkynes and non-terminal
alkynes could participate in this reaction very well and a wide
range of 7-acylindoles were obtained in good yields
(Scheme 39).>° A tentative mechanism for this transformation
is proposed in Scheme 39. Initially, the intermolecular
addition of anthranils to the gold activated alkyne species pro-
duced the intermediate 100b. Subsequently, the a-imino gold
carbene complex 100c was formed through the breakage of the
labile N-O bond. Finally, intermediate 100c underwent a fast
intramolecular ortho-aryl C-H insertion to give the desired
7-formyl indoles by taking advantage of the high electrophili-
city of the gold carbenoid.

R* R
A: 5 mol% IPrAuCl/AgNTf,
RI-=R? + RO —(/\f%o PhCF3, -20°C Rl : N _g?
X N orB: 5mol% IPrAuCI/AgNTf3, H

100 1 10 mol% MsOH, 65 °C R0 101

R~ [Au] =
N =, /0

H N

CHO +H R—= 1a
100

o =
= /o
")

N 100d
4
[Au] R 100a: R
[Aul
H*

No N
N \?\“/0
| ~_ O—r
100c [~ R 100b 7
[Au]*

[Au]

Scheme 39 Gold-catalysed C—H annulation of anthranils with alkynes
for the synthesis of indole derivatives.
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Later, a relevant transformation was reported by the same
group with propargylic silyl ethers 102 as the starting
materials. Under similar gold-catalysed conditions, propargylic
silyl ethers reacted smoothly with anthranils to produce quino-
line derivatives 103 as the only products instead of the above-
mentioned 7-acylindoles (Scheme 40).>' The difference was
caused by the adjacent methylene moiety of the a-imino gold
carbene complex 103a. In this regard, a 1,2-hydrogen shift
took place to form an N-aryl-a,f3-unsaturated imine 103b.
Then, an intramolecular Mukaiyama-type nucleophilic
addition of silyl enol ether to the carbonyl functional group
led to the expected 2-aminoquinoline products 103. The pro-
posed mechanism was further verified by an "®O-labelling
experiment. The presence of the ynamide moiety is not a
requisite for the reaction and less polarized propargyl silyl
ethers can also react with anthranils under modified reaction
conditions, furnishing various quinoline derivatives in good
yields.

Likewise, Liu and co-workers demonstrated that the 1,2-
alkyne migration could occur in the related gold-catalysed
[4 + 1]-annulation reactions between anthranils and 1,4-diyn-3-
ols 104 for the synthesis of tetrasubstituted pyrroles 105
(Scheme 41a).>> Additionally, they also found that an a-imino
gold carbene species 106a could undergo a 1,2-allene shift to
form (pyrrol-2-yl) methylgold intermediates 106b in gold-cata-
lysed [4 + 1]-annulations of 4-methoxy-1,2-dienyl-5-ynes 106
with anthranils (Scheme 41b).>®
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Scheme 40 Gold-catalysed C—H annulation of anthranils for the syn-
thesis of quinoline derivatives.
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Scheme 41 Functional group migration in a-imino gold carbene
species.

In 2018, Liu and co-workers discovered a 1,2-carbon
migration of gold carbene species in gold-catalysed iminations
of terminal propargyl alcohols 108 with anthranils.>® This
transformation provided a facile access to E-configurated
a-amino-2-en-1-ones and a-amino-2-en-1-als 109 with complete
chemoselectivity (Scheme 42). In contrast to the typical C(2)-
addition pathway, an exclusive C(1)-nucleophilic addition of
anthranils to terminal alkynes was observed. For 3,3-dialkyl-
prop-1-yn-3-ols, the methyl substituent as a 1,2-migration
group is superior to other long alkyl chains towards a-imino
gold carbenes. For secondary prop-1-yn-3-ols, phenyl, vinyl and
cyclopropyl substituents are faster migrating groups than
hydrogen (Scheme 42b). It should be noted that the steric hin-
drance of propargyl alcohols played an important role in the

tertiary propargyl alcohols

_ CHO
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o 2 S s
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Scheme 42 1,2-Carbon migration in gold-catalysed iminations of
terminal propargyl alcohols with anthranils.
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selective C(1)-nucleophilic additions, since the simple unsub-
stituted propargyl alcohol 108a mainly underwent the C(2)-imi-
nation route to give the corresponding indole product 110
(Scheme 42c).

Depending on the surrounding functional groups, the
a-imino gold carbene intermediate may evolve to different
complex structures. For example, the Hashmi group disclosed
that anthranils could react with o-ethynylbiaryls 111 in the
presence of a phosphite gold catalyst (ArO);PAuCl for the syn-
thesis of N-doped polycyclic aromatic hydrocarbons (PAH) 112
in moderate to good yields (Scheme 43).>> In this transform-
ation, the carbene complex 111a underwent a regioselective
insertion into the C-H bond of the o-aryl group to generate the
iminophenanthrene intermediate 111b, which evolved towards
the final products via a Friedel-Crafts-type cyclization. In
addition, the annulation reactions of anthranils with N-benzyl
ynamides,>® N-aryl ynamides,”” aryloxyethynes and aryl propar-
gyl ethers®® have been explored for the construction of various
useful condensed N-heterocycles.

Pyrrolo[2,3-b]quinoline cores are found in several bioactive
and naturally occurring molecules,*® such as PGP-4008 (116),
neocryptofelepine  (117), and perophoramidine (118).
Compound 116 is effective at inhibiting Pgp (P-glycoprotein)
in vitro; the other two species (117 and 118) are natural alka-
loids (Fig. 2).

(ArO)3PAUCI (10 mol %)
AgNTf, (20 mol %)
Ao ieimol %) |

PhCF3, 80 °C

Scheme 43 Gold-catalysed C—H annulation of anthranils with alkynes
for the synthesis of N-doped polycyclic aromatic hydrocarbons (PAH).

Neocryptolepine 117

0]
HNJ\/F’h

@f\/@
—
NN

PGP-4008 116

Perophoramidine 118

Fig. 2 Representative bioactive and natural products.
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Scheme 44 Gold-catalysed annulation of terminal N-propargyl
ynamides and anthranils.

In 2019, Liu and co-workers reported a ready access to
pyrrolo[2,3-b]quinolones 120 by the reaction of terminal
N-propargyl ynamides 119 and anthranils with a dual gold (i)
and Brensted acid catalysis. Various bioactive pyrrolo[2,3-b]
quinolone derivatives were obtained in one-pot under mild
reaction conditions (Scheme 44).°° A tentative mechanism for
this transformation was proposed. Initially, the a-imino gold
carbene complex 119a was generated through the abovemen-
tioned process, and was attacked by a tethered internal alkyne
to generate the alkenyl cation 119b. Subsequently, a hydration
of 119b resulted in dihydropyrrole intermediate 119¢, which
was further oxidized to 4-aminopyrroles 119d. Finally, under
acidic conditions, 4-aminopyrroles underwent an intra-
molecular condensation to give the desired pyrrolo[2,3-b]qui-
nolone products 120 catalysed by TsOH (20 mol%).

A relevant annulation reaction of anthranils with N-allyl
ynamides for the synthesis of azabicyclo[3.1.0]hexane-2-imines
122 was reported by the group of Hashmi (Scheme 45).°" With
NaAuCl,-2H,0 as the catalyst, various azabicyclo[3.1.0]hexane-
2-imines bearing different functional groups were obtained
with high synthetic efficiency. The in situ-generated o-imino
gold carbine 121b was a key intermediate for this reaction,
which could be converted to the final product through an
intramolecular trapping of gold carbene by olefins.

The group of Liu reported a gold-catalysed 1,3-carbofunctio-
nalisation of anthranils with vinyl propargyl esters 123 for the
formation of 1,3-dihydrobenzo[c]-isoxazoles 124 (Scheme 46).°>
As proposed in the mechanism, a 1,2-acyloxy shift was
expected to form the 4-vinyl alkenylgold intermediate 123b,
which was attacked by anthranil at the oxonium center to
produce intermediate 123c. The intermediate 123c bearing an
acid/base pair underwent a subsequent cyclization to give
complex 123d. The phenyl group of 123d enhanced self-ioniza-
tion to form a benzylic cation 123e, which was followed by an
intramolecular cyclization to afford the final product 124.

As described above, anthranils could react with 1,3-dipole
analogs such as cyclopropane 1,1-diesters to construct the tetra-
hydro-1-benzazepine derivatives through Lewis acid-catalysed [4
+ 3] annulations. In 2019, Liu and co-workers developed a novel
annulation of anthranils with alkyne-based 1,3-dipoles for the

This journal is © the Partner Organisations 2020
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Scheme 46 Gold-catalysed 1,3-carbofunctionalisations of anthranils
with vinyl propargyl esters.

first time.®® Two distinct [4 + 3]-nitroxy annulations between
1,5-enynes 125 and anthranils have been developed to access
different tetrahydro-1H-benzo[b]azepine derivatives. The chemo-
selectivity was varied with the types of alkynes. Terminal alkyne
substrates delivered benzo[bJazepines 126 via a novel skeletal
rearrangement (Scheme 47a), while internal 1,5-enynes directly
afforded products 127 (Scheme 47b).

A plausible mechanism is proposed in Scheme 48. Initially,
internal 1,5-enyne reacted with LAu' to form a cyclopropyl
gold carbene 125b, which was a 1,3-dipole analog. The [4 + 3]
annulation of the 1,3-dipole species 125c¢ with anthranil
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Scheme 48 Proposed mechanism for gold-catalysed [4 + 3]-nitroxy
annulations between 1,5-enynes and anthranils.

yielded a new gold carbene species 125d, which was sub-
sequently captured by a second anthranil to give product 127.
For terminal 1,5-enynes, the cyclopropylgold carbene 125f was
also initially generated and then underwent a deprotonation
procedure to deliver cyclopropylidenylgold species 125g, which
underwent a “methylenecyclopropane-trimethylenemethane”
rearrangement to give a gold-containing isobenzofulvene
species 125h. An exo-[4 + 3]-annulation between fulvene inter-
mediate 125h and anthranil afforded the observed product
126.

Liu et al. described a gold-catalysed [4 + 2]-annulation of
a-alkyl alkenylgold carbenes and anthranils. This [4 + 2]-annu-
lation provides an efficient method to synthesize 3,4-dihydro-
quinoline  derivatives with  high anti-stereoselectivity
(Scheme 49).°* In the presence of gold catalysts, vinylallene
128, enynyl acetates 130 and cyclopropane 132 derivatives
could be employed as precursors for the in situ generation of
alkylgold carbenes. Subsequently, the anthranil attacked the
alkylgold carbene species 128a to form the imine intermediate

192 | Org. Chem. Front., 2020, 7, N77-1196
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128c. Finally, an intramolecular carbonyl-enamine reaction
occurred and the desired 3,4-dihydroquinolines 129 could be
obtained.

In addition, Liu and co-workers described an elegant gold-
catalysed chemoselective annulation of electron-deficient
alkynes 134 with anthranils to yield quinolone oxides
(Scheme 50).%® This annulation was compatible with substrates
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Scheme 50 Gold-catalysed chemoselective annulation of electron-
deficient alkynes with anthranils.
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over a wide scope. It was found that the electron density of
ligands has a significant impact on the chemoselectivity of
this reaction. When an electron-deficient phosphite ligand was
used, the O-atom of anthranils could selectively attack the gold
activated alkyne to give the final quinolone oxides. In contrast,
an electron-rich ligand was beneficial for the N-attack pathway,
affording the corresponding indole products as described in
Hashmi’s work (Scheme 39). An unusual O-attack mechanism
was proposed for this annulation. Initially, the O-atom of
anthranils attacked the gold activated alkyne to form the
species 134b, which evolved to the gold carbene 134¢ through
N-O bond cleavage. Then, a rapid cyclization of 134c¢ formed
the seven-membered heterocycle 134d, which underwent an
oxoninum-induced dissociation of LAu' to generate the
species 134e. The final product 135 was obtained through a
subsequent 6mn electrocyclization. When propiolates bearing
R = 4-MeOCgH, and styryl groups were subjected in this reac-
tion, the corresponding quinolin-4(1H)-one derivatives 136
were obtained through a facile epoxide rearrangement.
Additionally, zinc(u)-catalysed hydrative lactonizations of qui-
nolone oxides provided a facile access to the highly oxygenated
tetrahydroquinoline derivatives 137, and these processes are
unprecedented in the literature.

7. Summary

The reaction of readily available anthranils represents a
powerful strategy to construct various C-N bonds, which has
wide applications in the synthesis of high-value N-containing
heterocycles. By taking advantage of the rich and tunable
reactivities of anthranils, a series of reaction modes and un-
precedented transformations have been developed over the
past decades. As a result, diverse C-N bonds and bioactive
scaffolds, which are difficult to be obtained through other
means, have been successfully synthesized in a catalytic and
selective manner with the use of anthranils as building
blocks. Moreover, additional efforts have been made in eluci-
dating the mechanistic pathways, which provide us valuable
insights into the reaction mechanism and further promote
chemists to develop more efficient and atom-economical
methodologies.

Despite notable recent advances, there are still some chal-
lenging problems in this field. The catalytic asymmetric con-
version of anthranils remains elusive and the application of
these methods into practical synthesis is still highly desirable.
The further design of new and selective dual catalytic systems
will provide a general solution to these challenges. This review
is meant to stimulate continued interest of the synthetic com-
munity in anthranil chemistry.
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