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Indole is widely found as the building block in various pharmaceuticals, natural products, agrochemicals, dyes and fragrances.
Thus chemists were attracted in developing new methods to prepare this moiety. Over the years, various strategies including
C-H activation have been employed to afford these heterocycles. Therefore the continuous updates of the new approaches
developed are essential. In this review, significant attention has been gained by C-H activation strategies that give a com-
plete overview on transition metal-catalyzed and -free synthesis of indole scaffold as well as indole based natural product
and pharmaceutics with mechanistic insight appeared in the literature since 2015 to date.
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Introduction

Indoles are a prominent class of nitrogen containing het-
erocyclic compounds. The indole core is found to be present
extensively in variety of biologically active natural products
along with synthetic drugs. Again indole motif is also present
in tryptophan, an essential amino acid. Thus the scaffold is
present as core structure in various peptide-based naturally
occurring alkaloids too!. Indole based compounds are found
to play critical roles in human life, like bazedoxifene has found
to work efficiently like the hormone estrogen reducing the
probability of cancer of the uretus?. Tryprostatin A and B are
cytotoxic drugs that are used in the treatment of cancer®.
Ramosetron is discovered as the powerful agent for IBS-D
treatment? as well as fluvastatin has been developed as the
potential HMG-CoA reductase inhibitor (Fig. 1)°. Then, the
chemists were attracted severely in the development of the
new strategies for the preparation of indole scaffolds. The
first production of indole was achieved by Fischer and Jourdan
by employing aryl hydrazones®. Then, various synthetic strat-
egies have been discovered for the formation of the ubiqui-
tous indole moity”.

Recently, C-H activation has been immensely developed
in various syntheses, and was famous as a Holy Grail in
Chemical Research in 1995 The transition metal complexes
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Fig. 1. Few promising bioactive molecules containing indole scaffold.

as well as few transition metal-free compounds are used as
efficient catalysts for activating inert C-H bonds. The long-
lasting and benign features have made the method promis-
ing. Again to get the same C-C bond by employing the acti-
vation, there is no requirement of the functionalization of
substrate. Thus, the method is an efficient and atom eco-
nomic route. In this review, notable attention has been ac-
quired by the strategies that give a comprehensive overview
on indole scaffold as well as indole based natural product
and pharmaceutics synthesis via C-H activation as a key step
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appeared in the literature since 2015 to date. Different as-
pects of the transformation via C-H activation and mecha-
nistic details are depicted extensively in this report.

Indole and its analogs synthesis

A variety of transition metals including palladium, rhodium,
ruthenium, iridium, iron, copper, silver and gold have been
employed severely to construct indole scaffolds via C(sp®)-
H, C(sp?)-H and/or C(sp)-H activation. In 2015, Kale and co-
workers reported an interesting method for the formation of
2-alkenyl-3-aryl indoles via shortest intermolecular annula-
tion approach®?. In the synthesis of 5, the a-arylation was
employed as prominent tool. The reactions between 3 and
o-bromoanilines 4 delivered 5 efficiently at 120°C (Scheme
1). Moreover, they employed this method successfully to pro-
duce fluvastatin 6. Herein, the a-arylation of 9 with 8 en-
abled the production of the indole 7 easily (Scheme 2). Again
the a-arylation of 11 with 10 was widely used to produce the
precursor 9.
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Scheme 1. The synthesis of 2-alkenyl indoles by o.-arylation.

Then, the preparation of fluvastatin 6 was started with
the construction of 11 from readily available 1,4-diol 12
(Scheme 3). Next, the transformation of 11 into 14, and fol-
lowed by arylation with 10 gave 9 in 55% yield. The enoliza-
tion, and subsequent palladium-catalyzed reaction produced
5a in 71% yield. Finally, fluvastatin 6 can easily be obtained
from 7 by employing the strategy provided by Hayashi and
group members®.

Rhodium(ll) was introduced as an efficient catalyst by
Mishra and co-workers in the direct functionalization of aniline
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Scheme 2. Disconnection approach of fluvastatin.
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Scheme 3. Preparation of fluvastatin.

C-H bonds. They observed that the presence of pyridinyl
group 16a-16k made the ortho-alkylation easier resulting the
production of 18a-18p in excellent yields (Table 1)°.

The mechanism of the reaction was established by the
kinetic isotope effect (KIE) experiments of 16b and deuterio-
16b (Scheme 4). The results of the experiment helped to
conclude that the C-H bond cleavage was not involved in the
rate-determining step. Then, based on the precedent litera-
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Table 1. Rhodium(ill)-catalyzed ortho-alkylation
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Scheme 4. KIE experiments.

tures on C-H functionalization, the authors have depicted a
plausible mechanism for the construction of indole (Scheme
5).

The course of the reaction starts with the coordination to
a rhodium(in) catalyst. Then, C-H cleavage occurs to give a
six-membered intermediate A. Next, B is produced by coor-
dination and subsequent liberation of N,. The ortho-
alkylatation to afford D is completed by the protonation of C
obtained upon migratory insertion. The keto-enol tauto-
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Scheme 5. Proposed reaction pathway.

merization helps to give the enol E, which on dehydration
delivers 18b. In addition, when 18b was reacted with MeOTf
and base, free (NH)-indole 19 was obtained in moderate yield
(Scheme 6).
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Scheme 6. Preparation of free (NH)-indole.

Recently, we have also discovered a promising method
for the synthesis of the free (NH)-indoles. In this approach,
N-formyl-2-iodoanilines 20a-20g were treated with phenyl-
acetylene 21 under Sonogashira reaction conditions, result-
ing the formation of the free (NH)-indoles 22a-22g directly in
one-pot (Table 2)0.

The advantages of this protocol like overall high yields,
cheap starting materials, mild reaction conditions, easy pro-
tection and deprotection of amino group, offer a practical
means of 1H-indole synthesis.

Next, a proposed mechanistic course for the formation of
22a was also depicted in that report (Scheme 7). The first
step of the cascade reaction is believed to be the usual
Sonogashira cross-coupling reaction to give 23. Then, the
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Table 2. Synthesis of 1H-indoles?
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intramolecular C-N bond formation occurs to give the inter-
mediate 24 and subsequent palladium(0)-catalyzed
decarbonylation'! delivers the free (NH)-indole 22a.
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Scheme 7. Proposed mechanistic pathway.

In 2017, a completely new strategy was provided by Alimi
and co-workers where indole scaffold was produced by em-
ploying the photolysis of N-aryltriazoles. The triazoles 27 can
easily be prepared by [3+2] cycloaddition between 25 and
26 (Scheme 8). Hence, the copper-catalyzed reaction between
alkyne and azide leads to the formation of indole moiety 28
efficiently in a step by the photolysis of 27 (Scheme 9)1?
The production of the same indole even on using regioiso-
meric triazoles have made the method prominent.
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Scheme 9. Photolysis of the triazoles.

Then, the mechanistic course of the reaction was depicted
hypothetically. Initially, they thought that the generated
biradical F would undergo the closer C-H bond insertion
(Scheme 10). However, the transformation of regioisomeric
triazoles to same indole contradicts this hypothesis. On the
other hand, Mitchell and Rees'3 depicted that G is obtained
on photolysis of 27, which on C-H insertion gives H. Alterna-
tively, after isomerisation of G to G”, the C-H insertion oc-
curs to give H’". The results of getting H” all the times helps
them to conclude that G’ is always formed as the intermedi-
ate due to its higher stability or reactivity.

Kancherla and his group have made a successful attempt
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to afford 3-substituted indoles 32 by the reaction of 30 with
31 (Scheme 11)™. The combination of 10 mol% Pd(OAc),
with 20 mol% 1,10-phenanthroline enabled the reaction to
give 32 in highest yield. The results of the substrate scope
showed that the reaction was more efficient with electron
releasing group when 31 was employed as the coupling part-
ner. However, a reverse trend was found with 33. Then, they
suggested that the course of the reaction is completed by
ortho-palladation as well as metal interactions with olefin
(Scheme 12). Next, a sequence of steps like B-hydride elimi-
nation, CO, extrusion and cyclization are obeyed to deliver
the desire indole.

In 2018, Kumar and co-workers depicted an approach to
afford 3-substituted indoles 42 starting from 3- aminoketones

Pl AT FlOMe); AT
H'l'._ ,-_l ' phenanthreline l_,:- —
SEUUMH e - - acd T %
Al Y| O, K00, R
T Ex (310 g2 Ly MeCHT {1 mL] iz Ar
11
M I N
T, i, ' N - !,';- e 4]
- . Ll L. =
- s - |.-' -
Ty 0 I T% "
ey o A y
" 5 ) 43%  ph
a0 Fh ® Pk 53 % Py
I Me
- - !
o ™y B,
Men  HME b Sy o
o ME Ii[ Me, o~ | Hro_ . |
[T e | . B | T, - S
= . |
¥ S0 F.
Y by il
= ‘
83 Y| TOU Me 4 I
T SR alkyl, beterocycle . i
[I el ' il Pdft I.d\.:;_. ahenanthigline [l ] ‘::.
ETUNH HOLC g
LI 33 CutChac )y, K00, g
L5 pl) Medd (1 mlLy
U
F N M
—mle — S g
f v - e &
e \ ST | | % A
e, N
BN '
N | 5
474 Ph . __h,
Moo

Scheme 11. Production of 3-substituted indole.
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41 (Scheme 13)'5. At first, 41 was transformed to silylenol
ethers which on a-arylation using Pd-catalyst gave 3-substi-
tuted indolines exclusively. However, 3-substituted indole was
obtained solely when the reaction time was extended allow-
ing the oxidation of indolines.
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Scheme 13. Intramolecular o-arylation approach.

Acerbi and his group discovered a promising method to
construct polycyclic furo [3,4-b]indol-1-ones 44 introducing
palladium-catalyst. The product 44 was obtained obeying
several steps like cyclization of 43, CO insertion and annula-
tion in a sequence way (Scheme 14)'. Hence, the transfor-
mation helps to generate three new bonds (C-N, C-C and C-
0O). The use of molecular O, as oxidant have made the strat-
egy simpler. Moreover, a proposed mechanistic pathway was
described (Scheme 15) where the reaction proceeds with
the generation of I. The complex is then attacked by the ni-
trogen atom to give the Il. CO insertion and subsequent re-
ductive elimination delivers the lactone 44b.

Bellezza and group members explored a new approach
to afford various 1H-indoles 46 employing Pd(OAc),/P(p-
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Scheme 15. Proposed reaction patways.

tolyl); as the catalyst for the ring closure of N-aryl imines 45
(Scheme 16)17. The palladium(i1) complexes produced at the
beginning help the heterocyclization via C-H activation. Sev-
eral substituted anilines were produced from various ketones

in a step.
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Scheme 16. C-C ring closure in 1H indole synthesis.

The strategy of Kavala and his group for accessing 1,2,3-
polycyclic fused indole derivatives 50 or 51 was the con-
struction of indole core from 2-iodobenzamide derivatives
47 or 48 and 2-iodobenzylcyanide 49 (Scheme 17)'8. The
method provides linear couplings to form one Carbon-Car-
bon and two Carbon-Nitrogen bonds along with an angular
coupling to give one C-N bond. When a thorough screening
was performed by varying base, solvent, catalyst, tempera-
ture and time, it was observed that the combination of CuCl
with L-proline completed the reaction most effectively. On
exploration the scope of the method, it was noticed that the
benzamides having bromo, and methoxy groups delivered
the products 50 or 51 excellently.

Keramamide A and L (Fig. 2) are two prominent naturally
occurring peptides having crucial role in the production of
promising drugs'®. The isolations of Keramamide A (54)2°
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Scheme 17. Strategy for accessing indole fused polyheterocycles.

and keramamide L (55)%' were achieved by Kobayashi and
co-workers from a marine sponge. However, the first ever
synthesis of these two natural products were carried out by
Junk and other.

Cl

T
)\OINH HNrPh
D NH

H'FJ 0
\I.f'
AN~~~ pp

COOH
54 Keramamides A; R=0H
55 Keramamides A; R=H

Fig. 2. Structures of keramamides A and L.

Junk and group aimed the construction of keramamides
A and L from the same precursor suggesting the disconnec-
tion strategy described in Scheme 18. At first, they targeted
the preparation of tripeptides 57 and 582'® from the glycine
56 employing few operationally simple steps as shown in
Scheme 19. The tripeptides on photochemical C-H insertion,
and subsequent Me;SnOH promoted saponification led to
the production of 55a and 61 satisfactorily.

In 2018, Ning and co-workers reported a practical method
to synthesize indoles employing Pd-BuONO and molecular
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Scheme 19. Synthesis of keramamide Aand L.

0, as co-catalyst and oxidant respectively (Scheme 20)?2.
In this approach, the reactions with a variety of 2-vinylanilines
(62 and 63) proceeded smoothly to give the indoles 64 and
65 in moderate to excellent yields. The method was also
successfully applied in the synthesis of 4.5 grams of in-
domethacin 66 (Scheme 21, top) and compound 67 (Scheme
21, bottom). The pharmaceuticals 66 and 67 are promissing
anti-inflammatory and anti-breast cancer agents respectively.

Xie and his group developed a pioneer method to pro-
duce dihydrothiazoles 68 selectively Z-isomers and aryl ke-
tones 69 in satisfactory yields by the bicyclization of
isothiocyanates 70 and propargylamine derivatives 71
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Scheme 21. Gram-scale synthesis of pharmaceuticals.

(Scheme 22)23. The reaction involved an intramolecular 5-
exodig hydrothiolation and an intramolecular hydroamination.
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Scheme 22. Synthesis of N-heterocyclic indoles.

Zhou and co-workers discovered a Pd-catalyzed novel
approach to construct indoles 75 by a three component re-
action of 72, 73 and diaziridinone 74 (Scheme 23)2*. The
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Scheme 23. Zhou indole production.

strategy showed an excellent regioselectivity on introducing
unsymmetrical alkynes in the cyclization. It was believed that
the transformation proceeded via the generation of C,C-
palladacycles which on subsequent reaction with 74 deliv-
ers indoles. Moreover, the previous reports (Ref. 25, 26 and
27) can be utilized to get various biologically active com-
pounds such as 76aa, 77aa and 79aa from the product 75aa
obtained by the method (Scheme 24). 76aa and 77aa are
potent semiconductors whereas 79aa is used in the treat-
ment of Alzheimer’s disease.
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Scheme 24. Transformation of the indole products.

Gold-catalysts have been severely employed to construct
various C-C and C-heteroatom bonds transforming alkynes
recently. By using this strategy, Cai and his group discov-
ered a gold-catalyzed intramolecular bicyclization of diaryl
alkynes 80. In this reaction, N-heterocycles 81 were obtained
in a sequence of two steps namely O-H/N-H insertion into
the carbenoid intermediate, and subsequent aromatic elec-
trophilic substitution (Scheme 25)28. The superiority of the
gold-catalyst was proved observing that the reaction failed
to deliver 81 in the presence of other metal-catalysts. The
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Scheme 25. Gold-catalyzed bicyclization of diaryl alkynes.

result of the substrate scope tested under optimal conditions
was described widely in Scheme 26. Moreover, a plausible
mechanism was also depicted showing that gold(1) activated
alkyne system is generated first which on 5-endodig nucleo-
philic cyclization gives 81. In this reaction, 1,3-H shift prefer-
ably happens to get more stable 1H-indole.
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Scheme 26. Substrate scope.

Clarke and his group reported a facile silver(l)-catalysed
‘back-to-front” approach to produce indoles 84, and impor-
tantly 5-hydroxy-indoles 85 from the ynol 82 and ynone 83
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respectively (Scheme 27)2°. The DFT helped to understand
that the pyrrole C-3 position, the most nucleoplilic centre of
the moiety undergoes nucleophilic attack onto the activated
alkyne, rather than C-2 position.

[;:J_:’_ (i) AgNO, (10 mol®s), Ag0 (S malte)
.# E (i) AN S0y (10 malt). 1 }t).}
) .
N CELCL, BT N
}l!
. &4
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h (i1} AgM0 {5 mel%), Ag,0 (25 mal¥) HO ‘ﬁ}_
i R:\
o N E? CHyCl, BT I N
4 1 RY
g R E us

Scheme 27. Silver(1)-catalysed ynol and ynone cyclisation to indoles.

In 2018, dehydrogenative coupling has played a signifi-
cant role towards the construction of multisubstituted indoles.
For example, Li and group members discovered a strategy
for the preparation of indoles employing copper-catalyst in
the Ullmann-type coupling to construct C-N bond, followed
by intramolecular cross-dehydrogenation (Scheme 28)%C.

oRd Cul {10 mal%, 1.3
KFC,, DRMED, ais, |

S althi
AN, ARk

tandem Ullmannsivpe {

sty dovge

Scheme 28. Copper-catalyst in C-N bond construction/intramolecular
dehydrogenation.

Ruthenium-catalyst was also introduced by Xu and his
group to dehydrogenate electrochemically in the annulation
of anilines and alkynes to prepare indoles3. The use of elec-
tric current was significant which enabled the H, evolution
easier in water. Moreover, this strategy was utilized to afford
indoles 88 in gram scale on annulation of 86 and 87 (Scheme
29). The free indole 89 could then be obtained from 88 by
removing 2-pyrimidyl moiety obeying literature32.

The indole 89 is used as the precursor in the synthesis of
anti-osteoporotic agent bazedoxifene 90 (Scheme 29)33.

Zafirlukast (91) is found to play a crucial role in the treat-
ment of asthma. Hence, Paladugu and others developed a
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Scheme 29. Synthetic application of ruthenium-catalyzed electrochemi-
cal dehydrogenative annulation.

general approach to produce indoles 92 in the presence of
sodium persulfate via oxidative cyclization (Scheme 30)34.
The strategy is synthetically important because neither tran-
sition-metal nor peroxide was required in the C-H activation.
Again the turnaround time for obtaining the target compound
91 from 93 was only 28 h without protection.
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91 Zafirlukast 28% overait yield

{anti-asthma drug)
Scheme 30. Sodium persulfate promoted sp® C-H bond activation.

In 2019, rhodium catalysts have been extensively intro-
duced towards the construction of plethora indole scaffolds
by the activation of C-H bond. For example, the synthesis of
the diversified indole-fused polycyclics was developed by Guo
and his group where Rh(lll) was introduced as potent cata-
lystin C-H activation (Scheme 31)%. The reaction proceeds
via the initial production of rhodium complex by the cycliza-
tion of an electrophile intramolecularly. Then, the 1,4-rhodium
migration was achieved to carry out the activation as well as

Scheme 31. Rhodium-catalyst in C-H activation/alkene insertion.

[4+2] carboannulation or hydroarylation of olefins.

A Rh(in)-catalyst was also utilized by Li and his group in
an oxidative annulation where 2-acetyl-1-phenylhydrazines
were treated with maleimides using Ag,CO5 oxidant. The
[3+2] annulations delivered several pyrrolo[3,4-blindole-1,3-
diones 96 smoothly (Scheme 32)36. It is synthetically useful
as the reaction was tolerant to various functional groups in-
cluding halogens, -COOR, -CN, and -NO.,.

o [Cp*RhCLL]; (2.5 mal)

R :.- - C o1 Apn T (10 melt)
T NHNHAG St
[E ] us 'Zl'l

A U0y 1200 eguiy ]
(R R B

Scheme 32. Rh(lll)-catalysed [3+2] annulation approach.

Sun and others explored rhodium(ii)-catalyzed a mild
synthetic strategy to afford 3-allylindoles 97 via the activa-
tion of olefinic C-H bond (Scheme 33)37. The reaction pro-
gressed by a sequence of nucleophilic cyclization and oxi-

F‘ [Cp*RhMeCN s ShE 0y {5 mol T
E AghAc 110 equiv]
R
WHSO.A 0K 1l
ag
*h
P R "
I Rk F I'n
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Scheme 33. Rhodium(1i)-catalyzed olefinic C-H activation strategy.
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dative coupling via the generation of an n3-allyl species 100.

The discovery of Yan and group members to produce 2-
arylindoles 101 was based on rhodium-catalyzed/copper-
mediated cascade annulation via C-H/C-C activation. The
reaction showed high selectivity for the breaking of C-C bond
on employing the alcohols 102. Moreover, the method was
also equally applicable to get 2-arylindoles efficiently via ortho
C(sp?)-H bond activation (Scheme 34)%.

. [CP*RACL]; (5 mol%)

fD //I HO—=—t ) | Cu(0A), (2.5 equiv)

) ’ R 1 d-dioxane, 12
120,

T 7T

102

=
2

Scheme 34. Yan indole synthesis.

Recently, Zhao and his group discovered a general ap-
proach for the stereo-selective construction of N-glycosyl in-
doles 105 via C-H activation of 3-N-aryl glycosides 104 in-
troducing [Cp*RhCl,], as an efficient catalyst (Scheme 35)°.
When substrate scope was explored, it was noticed that the
symmetrically substituted diaryl alkynes with electron-dona-
ting groups delivered the desired indoles more efficiently
compare to the presence of electron-withdrawing groups.
Furthermore, the product 105a obtained by this strategy was
transformed to the compound 106a which is analogue to 108
having potent cytotoxic activity via a simple Buch-wald-
Hartwig cross-coupling (Scheme 36).

- H .
RIS B [Cp*RRCL]; (5 mele) i 7™y
'!'-._-.f-"""-\ N _ Aghnk, (20 molta) IL“--'-"""wq"" )
: [RCE., 90 = I
1
104 105

Scheme 35. Rh(Il)-catalyzed construction of several N-glycosyl indoles.

C-H activation was utilized as prominent tool by Isley and
co-workers in 2019 to produce Streptide 109, a peptide-de-
rived macrocycle obtained from Streptococcus thermophilus.
In this report, the lysine core was afforded through
macrocyclization via palladium(0)-promoted C-H activation
in the presence of hypervalent iodine(lll) complexes 110
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Scheme 36. Preparation of bioactive compounds 106a and 107a.

(Scheme 37)%0. The synthesis also helped to establish the
proper configuration of Streptide.
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Scheme 37. Synthesis of Streptide.

Hafner and his group invented a general strategy to de-
liver cyclohepta[blindoles 114 employing palladium-catalyst
in C(sp3)-H activation of cyclopropane 113 (Scheme 38)*. It
was observed that all the three substituents attached at 1, 2
and 3 positions of the cyclopropane moiety in the product
115 were fully cis in relationship. The result was achieved
due to the precoordination of the catalyst to the substrate via
NHQ in intermediate 116%2. Then, the pure compound 117
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Scheme 38. Palladium-catalyst in C(sp®)-H activation of cyclopropane.

produced from 115 was employed to afford both the enanti-
omers of cyclohepta[blindole 114 in pure forms via “amide-
to-olefin” and “alcohol-to-olefin” routes.

He and co-workers introduced palladium-catalyst in
Cacchi reaction to obtain chiral indoles enantionselectively.
The reaction between 2-alkynylanilides 118 and boronic ac-
ids 119 in the presence of Pd(OAc),-catalyst, chiral ligand L
(120) and O,, delivered enantioenriched indoles 121 effi-
ciently (Scheme 39)%3.

Pd{OAc), (10 mol¥e)
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Scheme 39. Pd(OAc),-catalyzed enantioselective axially chiral 2,3-dis-
ubstituted indoles.

CuSQ, salt obtained directly from the nature was utilized
for the cyclization of toluenes 122 with isonitriles via tandem
insertion of C(sp®)-H bond to get the indoles 123 by Shan
and co-workers (Scheme 40)*4. The ability of the salt to show
the catalytic activity solely reduced the cost of the reaction
tremendously. The arylthio- or alkylthio-substituted toluenes

H ¢l elea Vg e ]'{
R-“—’ﬁi:‘r. R CuS (10 mal% H:i-w;:L.-'\
(=M P — ?

LH,J:i- “1 R BuQk 13 cuivy |-__\.;.: N
122 ) diaxane, 700 123 R

Scheme 40. CuSO4-catalyzed benzylic C(sp3)-H activation.

were found to be more effective in the reaction due to the
participation of the groups in the stabilization of the radicals
generated in the course of the reaction. To get the mecha-
nistic insight, radical trapping (Scheme 41) and isotope la-
beling (Scheme 42) experiments were carried out. The re-
sults of these experiments helped to conclude that the addi-
tion was completed through the production of benzylic radi-
cal.

H 1'." COTEMP
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2 SPR 4l = PR 1238 10
“, C | HuOK [“II e
12%a 1~ T dioxane, %0 °C 124
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Scheme 41. Radical trapping experiment.
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122a-d2 ol .5 ’.F:/
Cl '-(,1

123a-d (76%)

Scheme 42. Isotope labeling experiment.

A variety of iron complexes have been extensively intro-
duced as catalysts in the preparation of indole moiety via C-
H activation approach. Thermal or photochemical-induced
aminations of various azides have been frequently reported®.
However, the methods to activate the C-H- or C-C-bond of
aryl or alkyl azides employing transitionmetal catalysts have
yetto be developed. Baykal and Plietker used a nucleophilic
complex (TBA[Fe]) as catalyst in the direct preparation of
the indoles 126 via C(sp?)-H-bond activation of the azides
125 in 2019 (Scheme 43)*6. In order to understand the
mechanistic pathway, control experiments were performed.
Then, azirine obtained by following the literature procedures*’
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Scheme 43. (TBA[Fe])-catalyzed C(sp?)-H amination of azides.

was subjected to the above condition. But TBA[Fe] failed to
deliver 126 suggesting that the amination must not be ended
via the in situ production of azirines.

Recently, nitroarenes 128 have been transformed to the
indoles 129 by an iron(ll) compound 127. For example, Song
and co-workers employed Fe(ll) with (EtO);SiH to deliver
various indole derivatives 129 through intramolecular reduc-
tive coupling in one-pot (Scheme 44)48.
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Scheme 44. Iron(l1)-catalyzed intramolecular reductive coupling.

Guan and others also established a general strategy for
the construction of indoles 130 by a palladium-catalyzed re-
ductive cyclization of nitroarenes 131 (Scheme 45)*°. It was
a three-chamber process where a mixture of disilane and
fluoride was used to deoxygenate CO, to CO superstoichio-
metrically. Finally, the preparation of indoles with functional
diversity was completed via reductive amination.

chamber condition result
H,30, (8 equiv) l
K;CO; (4 equiv)

rRY R memmmmmaes FERERETE R4

ri L L ge i TG 20 mal%) o, o }?\5
o= “jl’ 2 (PhMeSi), (2 equiv) 7 N g
RN — L DMEF, 25°C L0 R2~F N
R! ) 1 H
Pd(OAC), (5 mol®%) NO. R
131 | 2 » NO; 130

3 tmphen (10 mol%%) 4
DMF, 100°C et

Scheme 45. Palladium-catalyzed reductive cyclization of nitroarenes.
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Chen and his group used Nnitrosoanilines 132 for the
formation of indoles 133 employing Ru(ll)-catalystin C-H bond
[3+2] cycloaddition with several alkynes in water (Scheme
46)°0. When substrate scope was explored, it was found that
various functional groups including Me, OMe, halogens,
COOMe, CN remained intact at the end of the reaction. In-
terestingly, the meta substituted N-nitrosoanilines showed
excellent regioselectivity in this Ru(l)-catalyzed transforma-
tion. The possible mechanistic pathway was investigated by

RE R [RuCly(p-cymene)}], (3 mol®) R?

N 20 h - i
oS Yo | KPF, (20 mol%) s NLHW
Ly + Cu(DAC), (2 equiv) =y
132 R® NaOAC (0.2 equiv) 133 R

H,0,120°C, 24 h

Scheme 46. Ru(l1)-catalyst in C-H bond [3+2] cycloaddition.

carrying out some control experiments. The reversbility of
the C-H activation step was proved by H/D exchange test.
The other results indicated that the breaking of C-H bond
probably takes place in the slowest step.

Su and co-workers discovered a synthetic method for the
direct formation of indole from aniline in a step.

Herein, the reaction ended via |,-moderated aza-Michael
addition/C-H functionalization. The intermediates 136 were
obtained on aza-Michael addition between 134 and ynones
135, which were then subsequently functionalized to pro-
duce different indoles 137 without employing transition metal
(Scheme 47)°!. When the substrate scope was explored for
the generality of this protocol, it was found that para-substi-
tution afforded the desired product in around 90% vyield.
Contractedly, the meta- and specially ortho-substitution led

gD . YO, B U0 R ol
: NH; il (L2 eq
124 = il K B
wi A (L0 ega N _E
o | d—diomane, 1 °C, | h H
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i .
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H NIl O
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136
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Scheme 47. |,-mediated C-H functionalization.
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to the indole formation in 44% yield. The role of |, was proved
by getting 137 in 95% yield utilizing the isolated enaminone
136 in the C-H functionalization. The radical mechanistic
pathway was proposed by allowing the reaction in the pres-
ence of radical scavenger, TEMPO, which showed the for-
mation of few 137.

Jafarpour and his group discovered amination method
via ortho- or jpso-substitution selectively on reaction between
aniline and aryl halide. The reaction proceeded through a
sequence of steps including insertion of alkyne, C-H activa-
tion and amination (Scheme 48)°2. On exploring the scope
of the reaction introducing ortho-bromoanilines 142, the [1,2-
flphenanthridines 143 was produced with the construction of
four C-C and C-N bonds (Scheme 49). The result of the con-
trol experiments suggested that the reaction goes through
palladacycle intermediate.

R

139 .
\ Pd(OAc), (10 mol%) Ph
Ch NaHCO; (2eq)
138 140 DMF,110°C, 18 h 141

Scheme 48. Palladium-catalyst in selective amination.
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\lﬂsq l,h

Pd(OAc), (10 mol% 2 o

( (0A©), (10 mol?%) Q
143

138 NaHCO; (2eq)
DMF,110°C, 18 h

142
Scheme 49. Preparation of indolo[1,2-fphenanthridines.

In recent times, Xu and co-workers discovered a syn-
thetic route to 3H-indoles 144 via Rh-catalyzed C-H activa-
tion of N-phenylbenzimidamides 145 as well as couplings
with pyridotriazoles 146 (Scheme 50)33. It was observed that
the para-positioned electron-withdrawing group influenced
the reaction more effectively compare to that of electron-do-
nating group suggesting the easy decomposition of the lat-
ter in the reaction medium. Interestingly, substituent at meta-
position activated C-H bond at less hindered site regioselec-
tively. Consequently, the result of the deuterium labeling test
proved the reversibility of the C-H activation, whereas the

i } COOR® SR .
e N RE P : 2 O
k'i e i T N AgNTE, NalDAg # .,-..L_K.' H‘
Lt N e Ny I=ACINEH THCE R
145 146 VI FIER l=1-l- =.' I

Scheme 50. Rhodium-catalyzed selective C-H activation.

kinetic isotopic tests referred that the C-H bond breaking was
not occurred in the turnover-limiting step. Moreover, the
chemoselectivity was also noticed where the products were
obtained with the pyridyl substituted quaternary carbon cen-
ter.

In 2020, Ohmura and co-workers explored a novel strat-
egy in the direct transformation of 2-ethyl-N-methylanilines
147 to 3-methylindoles 148 in high yields introducing an iri-
dium catalyst. In this reaction, DTBM-SEG-PHOS 149 and
TBE were utilized as ligand and hydrogen scavenger respec-
tively (Scheme 51)%4. The dehydrogenation of the -Et group
delivered vinyl moiety, which on subsequent C-H/C-H cou-
pling with the N-methyl group produced 148.

i [ LR

IR 63 mol) o T 1
pil [ - 149 (5 molt) il Ty 8 YT TRAg!
L st e e H ’ Az,
e ~l TRE (2 e} f i o l I.«‘ Az |
L R? mesitylens 14 meps n
1507, 24 b : 14 !

Ar= DTOM

Scheme 51. Ir-catalyzed C-H/C-H coupling via dehydrogenation.

The Ir/149-catalyst system showed its potential during
the transformation with the ortho-branched alkyl substituents.
The sterically more demanding substrates 150 obeyed the
sequence more easily to give indoline 151 efficiently. More-
over, a high enantioselectivity was noticed for R = Ar group
(Scheme 52).

| [CHCH a5 (3 malia)

e (53149 (6 mol®) o

e TRE 1 qullll.'.l
mesitylene 151 R

L3009, 24 h

Scheme 52. Asymmetric conversion of 150 affording enantioenriched
indolines 151.
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In 2020, Shiand co-workers reported condition-controlled
divergent syntesis of indoles 152, where Ag salt played a
potent role in the C-H activation of cyclopropenones 154 with
153 (Scheme 53)%°. Herein, Rh()-catalyst along with Rh(il)-
cocatalyst system was utilized to get the sequence of
decarbonylation/C-H activation/[3+2] annulations more effec-
tively. The result of the H/D exchange test clarified about the
reversibility of the ortho-C-H metalation, whereas that of KIE
experiment suggested that the breaking of the C-H bond of
153 was not likely occurred in the slowest step of the course.
Moreover, the hypothetical five-membered rhoda-cycle in-
termediate 155 was substantiated by crystallographical analy-
ses.

[Rh(COD)CI], (5 mel¥) 3

['Rh(p*(l] (5 mol%) !
A«shl (10 mol% { R“‘-‘

4 AM:: (60 mg 152 B : 155 CPF

DCM, 120°C, 36 h Rﬁruiac_uh.
intermediate

O/

153 R R
154
upto 874 vield

Scheme 53. Rh(1)-and Rh(ll)-cocatalyzed synthesis of indoles.

Conclusion

Herein, | have disclosed strategies that give a compre-
hensive overview on indole scaffold as well as indole based
natural product and pharmaceutics synthesis via C-H activa-
tion as a potent tool appeared in literature since 2015 to
date®®. Different aspects of the transformation via transition
metal-catalyzed as well as free-C-H activation with mecha-
nistic understandings are discussed thoroughly in this re-
port. Itis expected that the review will be useful towards the
heterocyclic chemists working in the field of indole bearing
bioactive natural products and pharmaceutics.
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