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Abstract: An efficient palladium-catalyzed oxidative arylation of
substituted 1H-indazole with various arenes and heteroarenes as
coupling partners is reported. A site selective C7 oxidative arylation
was perfectly achieved with a directing electron-withdrawing groups
(EWG) located at the C4 position of the 1H-indazole. The desired
products are obtained in moderate to good yields from 4-NO; or 4-
CO;Me 1H-indazoles and various (hete)aryls as coupling partners in
the presence of Pd(OAc), as catalyst, phenanthroline as ligand,
Ag.CO; as oxidant and NaOH as the base. Density functional theory
was also conducted for reaction mechanism comprehension. This
approach provides a highly effective, direct, and atom economical way
to build C7- (het)arylated 1H-indazole compounds.

Introduction

The synthesis of heterocyclic compounds has always been a
major research focus for chemists. Heterocycles represent
privileged structures in the drug discovery process and they are

found in a wide plethora of drugs and biological active compounds.

[:-51 However, their preparation and functionalization remain a
delicate challenge. 71 Processes using transition metal catalysis
have nowadays a privileged place in organic chemistry. For more
than a century, the use of transition metals has made a major
contribution to the field of organic synthesis, especially for the
formation of carbon-carbon bonds, [©9 permitting the
development of cleaner synthesis processes compared to
conventional methods that required the use of alkyl or aryl halides
and organometallic derivatives (examples: Suzuki-Miyaura, 4
Heck, *2 Sonogashira, 31 Stille and Negish*3! cross-couplings).

Due to their biological properties, 1H-indazole molecules are
extensively studied in organic chemistry, [*6l material science, [*7:8]
and nanotechnology. 1920 Nevertheless, the regioselective
functionalization at the six membered ring still remains a
challenging task. In particular, these compounds can be efficiently
functionalized by C-H activation reactions, especially by direct C3
arylation. 2124 Recently, oxidative arylation has attracted a
significant interest, especially in the context of more efficient
chemistry in terms of the number of steps and atom economy. 25
281 This approach avoids the use of pre-functionalized reagents
such as organic halides or organometallic reagents. Although this
transformation is very attractive and efficient, the regioselective
activation of a specific C-H bond remains a major limitation.

Since a few years, our group and others have focused their work
on the development of new strategies for the regioselective
functionalization of indazole heterocycles. In 2014, our group
described for the first time a direct palladium catalyzed C7-
arylation of C3-substituted indazoles using iodoaryls as coupling
partners (Scheme 1a).?% Very recently, we have reported a
regioselective C7-direct arylation of 4-nitro-1H-indazoles utilizing
iodoaryls, as coupling partners (Scheme 1b).[% Notably, in this
case, the coupling reactions under optimized conditions were
effective with iodoaryls as arylation agents, while no product was
formed with iodo(hetero)aryls as coupling partners. Interestingly,
Gao group has developed a palladium-catalyzed oxidative C3-
arylation of 2H-indazole derivatives using a Pd(PPh3)s/Cu(OAc):
system and heteroarenes!®!. Recently, we have also performed
an oxidative C3-arylation of substituted 1H-indazole with arenes
using palladium as catalyst. 3 Here, we describe the first
example of a palladium-catalyzed oxidative C7-arylation of C4-
substituted 1H-indazole bearing an electron-withdrawing group
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(NO2, CO;Me) on the C4 position as a para directing group and
with arenes or heteroarenes as coupling partners. The reaction
was achieved under the following conditions: 10 mol% Pd(OAc)-,
15 mol% phenanthroline (Phen), Ag.COs;, and NaOH at 140 °C
for 72 hours in sealed tube. The optimization of the reaction
conditions allowed the preparation of various C7-(het) arylated
1H-indazoles (Scheme 1c).
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Scheme 1: C7-oxidative (het)arylation of indazoles vs the previously reported

C7-arylation methods.

Results and Discussion

We have initiated our investigation using 1-methyl-4-nitro-1H-
indazole 1 as a substrate and benzene as both coupling partner
and solvent. As a starting point, the screening of different reaction
conditions was performed including varying solvent, base, nature
of catalyst and ligand, as summarized in (Table 1).

First, we have tested Pd(OAc), (20 mol%) as the catalyst with
Phen (20 mol%) as ligand in the presence of Cu(OAc)..H,O or
Cu(OAC): (2 equiv.) as the oxidant at 140 °C for 72 hours (entries
1 and 2, Table 1). Unfortunately, with TLC no traces of C7-
arylation compound was observed, but traces of the biaryl product
arising from homocoupling reaction was detected by the NMR
analysis of the crude reaction mixture. In this case, the starting
material 1 was recovered. The same result was observed with 2
equivalents of benzoquinone (BQ) or AgNOs; instead of
Cu(OACc)..H20 as oxidative agent in the presence of 15 mol% of
Pd(OAc), and 15 mol% of Phen (entries 3 and 4, Table 1).
Interestingly, using the Ag.COs (2 equiv.) instead of AQNO3 as the
oxidant afforded the desired product 2a in a low yield (13%) (entry
5, Table 1). Adding K>COs3 (2 equiv.) as a base slightly increased
the yield (32%) of the desired product, B3 along with a large
amount of the recovered starting material 1 (entry 6, Table 1). On
the other hand, using the Pd(PPhs).Cl, (20 mol%) instead of
Pd(OAc), as the catalyst has led to the recovery of the starting
material 1 along with traces of the desired product 2a (entry 7,
Table 1). Given these results, the Pd(OAc), catalyst was selected
for further optimization studies. Therefore, with Pd(OAc). (20
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mol%), Phen (20 mol%) and Ag,COs; (2 equiv.) as the oxidant, the
addition of NaOH (2 equiv.) as the base at 140 °C for 48 hours
gave the expected product 2a in 47% isolated yield (entry 8,
Table 1). Increasing the reaction time from 48 to 72 hours (entry
9, Table 1) has led to complete conversion of the starting material
1 to give 70% vyield of the desired product 2a.

A decreased loading of both catalyst and ligand from 15 to 10
mol% and 20 to 15 mol% respectively, left the reaction yield
almost unaltered (entry 10, Table 1). Further attempts that have
been made to replace the sealed tube by heating the reaction
mixture at reflux in open flask was not successful (entry 11, Table
1), only starting material 1 was recovered. We then conducted an
experiment utilizing 1.5 equivalents of Ag,COj; instead of 2
equivalents. Unfortunately, these conditions yielded only 55% of
the desired product along with 30% of the recovered starting
material 1 (entry 12, Table 1). Subsequently, we replaced NaOH
by tBuOK as a stronger base while maintaining the optimized
reaction conditions. Unexpectedly, this modification did not lead
to the formation of the desired product only starting material 1 was
recovered in 45% vyield along with inseparable py-products
probably due to homocoupling reactions (entry 13, Table 1).
Next, we have evaluated the scope and the limitations of this
oxidative C7 arylation by applying the reaction conditions of
(entry 10, Table 1), with either the starting 1H - indazoles 1 or 1

and various simple arenes and hetero-arenes as coupling
partners (arenes with electron-donating (EDG) and electron-
withdrawing groups (EWG), or steric hindrance). The expected
products 2a-l were isolated in yields ranging between 20 to 80%
(Scheme 2).

In the case of the 1-methyl-4-nitro-1H-indazole 1 as a starting
material, the reaction with EDG monosubstituted arenes, used as
arylation agents, generated a mixture of isomers, especially,
when arenes such as toluene, and tert-butylbenzene were
employed (compounds 2b, and 2d). The arylation occured
predominantly at the less hindered positions (para and meta).
When EWG monosubstituted arenes are used, such as
(trifluoromethyl)benzene, chlorobenzene and nitrobenzene were
used, the arylation reaction provided only the meta-arylated
compounds 2e, 2f and 2g with 24, 68 and 50% yield, respectively.
Also, we have observed that the nature of the substituents on the
arene ring affect the reaction yields. Thus, arylation agents
bearing EDG led to better yields than those containing EWG.
Interestingly, the optimized reaction conditions showed good
tolerance to various substituents on the arene rings.

Regarding the di-substituted arenes, the reaction appears to be
sensitive to steric factors, only occurring at a position that is less
hindered. The use of o-xylene and 1,3-dichlorobenzene gave the
meta-arylated isomers (compounds 2c and 2h) with good yields
of 70 and 72%, respectively. When the reaction was carried out
with 2-methyl thiophene as arene partner, the expected thiophene
adduct 2i was isolated in a moderate yield of 40%. It is very
important to note that the oxidative arylation has allowed the
introduction of heteroaryl by C-H/C-H activation at the C7 position
in contrast to direct arylation conditions previously reported. 2% 301
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Table 1. Optimization of the oxidative C7 arylation of 1 - methyl - 4 - nitro - 1H - indazole (1). Table Caption.

NO, Ph-H NO,
Oxidant, ligand
\ base
/N
N Sealed tube
\
1
S - —
Ligand Oxidant Base T*C Time Yield %
Entry Cat Loa
mol% mol% 2 equiv. 2equiv.
1 Pd(OAc)2 Phen  Cu(OAc)..H:0 - 140 72h 94/0
20% 20%
2 Pd(OAc): Phen Cu(OAc): . 140 72h 98/0
20% 20%
3 Pd(OAc). Phen BQ i 140 72h 98/0
15% 15%
4 Pd(OAc)2 Phen AgNOs : 140 72h 94/traces
15% 15%
5 Pd(OAc)2 Phen Ag2CO3 . 140 72h 80/13
20% 20%
6 Pd(OAc). Phen Ag2COs KoCOs 140 72h 61/32
20% 20%
7 Pd(PPhs)2Cl. Phen Ag2COs K2COs 140 72h 87/traces
20% 20%
8 Pd(OAc) Phen Ag2CO3 NaOH 140 48h 32/47
20% 20%
9 Pd(OAc)2 Phen Ag2CO3 NaOH 140 72h Traces/70
15% 20%
10 Pd(OAc)2 Phen Ag2CO3 NaOH 140 72h Traces/69
10% 15%
11 Pd(OAc). Phen Ag2COs NaOH Reflux 72h 92/0
15% 15%
12 Pd(OAc)2 Phen Ag2COs NaOH 140 72h 30/55
15% 15% 1.5 equiv.
13 Pd(OAc)2 Phen Ag2COs {BUOK 140 72h 45/0
15% 15%

Then, the starting material 1’ with benzyl as a protecting group at
the N1 position was used instead of the starting material 1 bearing
a methyl group. Under the same oxidative arylation conditions
with benzene as coupling partner, the reaction has led to the

expected product 2j with lower yield (58%) compared to the
analog 2a (69 %). The same tendency was observed when using
either xylene or chlorobenzene as arylating agent. In these cases,



the arylated products 2k and 2| were isolated in 49 and 45% yield,
respectively (Scheme 2). The decrease in the reaction yield could
be attributed to the steric hindrance of the benzyl group at N1.
Surprisingly, with o-xylene and chlorobenzene, oxidative arylation,
gave in both cases, a mixture of two isomers (2k and 2I, Scheme
2), while in the case of starting material 1, both arylating agents
led to their corresponding meta-products as a single isomer in
higher yields (compounds 2c and 2f, Scheme 2).

NO, NO,
Ar-H (3 mL), Pd(OAc), (15 mol%),

\N Phen (15 mol%), Ag,CO; ( 2 equiv.), N N

N ] N
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NO, NO, NO,

_Z

O CF,

2e, 24%

2d, 20%
(0.33/0.0/0.67)

2a, 69% 2b, 80%

(0.3/0.0/0.7) 2¢, 70%

b4
(]

NO,

L
N

\

g NO,

_Z_
=z

NO,
L

N

\

cl g cl

N

=

o

2

X N
(2]

2g, 50% 2h. 72% 2i, 40%
’ e Scheme 2.
NO, NO,
Co Ny
N N
a9 O 40
T~
o
2j, 58% 2k, 49% 21, 45%
Scope (0.5/0.5/0.0) (0.0/0.8/0.2)

and limitation of the oxidative arylation of 1-methyl-4-nitro-1H-indazole
(1) and 1-benzyl-4-nitro-1H-indazole (1°). @ (o/m/p).

When methyl 1-methyl-1H-indazole-4-carboxylate 3 was involved
as a starting material, whatever selected unsubstituted or
substituted arene reagents, the yield of the arylation reaction
decreased compared to the same expriment with 1-methyl-4-
nitro-1H-indazole 1 as substrate (see supra). The desired
products 4a-c were isolated in moderate to acceptable yields
ranging from 30 to 57% (Scheme 3) with recovering of a
significant amount of starting material 3. Moreover, a mixture of
two isomers was obtained with 1,3-dichlorobenzene, while nitro
substrate 1 gave the single meta-isomer 2h with 72% yield,
(Scheme 2).
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o._0O
Ar-H (3 mL), Pd(OAc)2 (15 mol%),
Phen (15 mol%), Ag2CO3 ( 2 équiv.)

N

N NaOH (2 equiv.), 140°C, 72h
\ sealed tube

3
\
o._0

o
o
4c, 30%
(0.15/0.85/0.0)

Scheme 3. Examples (4a-c) of the oxidative arylation of methyl 1-methyl-
1H-indazole-4- carboxylate (3).? (o/m/p)

4b, 57%
(0.33/0.0/0.67)

4a, 50%

In the case of 4-chloro-1-methyl-1H-indazole 5, no arylation
reaction was observed at the C7 position and only starting
material 5 was quantitatively recovered. This observation
indicates that the chlorine substituent lacked the directing ability
necessary to perform the desired reaction. These valuable
insights shed light on the importance of substituent selection for
successful orientation of this arylation (Scheme 4).

Cl Ar-H (3 mL), Pd(OAc), (15 mol%), 5
Phen (15 mol%), Ag,CO; ( 2 equiv.) A
N S N
N’ NaOH (2 equiv.), 140°C, 72h N\
\ sealed tube Ar
5 6

Scheme 4. Oxidative arylation of 4-chloro-1-methyl-1H-indazole 5

To highlight the importance of the para direction of electron-
withdrawing groups at C4 position of 1-methyl -1H-indazole, we
conducted arylation reactions involving either 1-methyl-5-
(trifluoromethyl)-1H-indazole 7 or methyl 1-methyl-1H-indazole-5-
carboxylate 8 as substrates under the optimized conditions in the
presence of benzene as arylating agent. As expected, only C3
arylated products 10 and 11 were obtained in 45 and 51% yield,
respectively. These results are consistent with the findings
previously obtained by our research group. 2 (Scheme 5).

Ar-H (3 mL), Pd(OAc), (15 mol%)
Phen (15 mol%), Ag,CO; (2 equiv.) EWG

NaOH (2 equiv.), 140°C, 72h N
sealed tube Ar \
EWG 9
N
\ Ar-H (3 mL), Pd(OAc), (15 mol%) Ar
7: EWG= CF, Phen (15 mol%), Ag,CO; (2 equiv.) EWG {
8: EWG= CO,Me N
NaOH (2 equiv.), 140°C, 72h N\
sealed tube 10 and 11

10, 45%
Scheme 5. Oxidative arylation of 5-EWG-1-methyl-1H-indazoles 7 and 8.

1, 51%



In order to illustrate the crucial role of these EWG (NO, or CO.Me)
for site directing C7 arylation of 1H-indazole, we have tested our
optimized reaction conditions with 1-methyl-1H-indazole,
compound 12 or with compound 13 bearing an EDG (methyl
group) at the C4 position of the 1-methyl-1H-indazole. Selecting
toluene as the arene reagent, with both substrates 12 or 13, the
oxidative arylation only occurred at the C3 position to give the
products 15 and 16 in 44 and 48% vyield, respectively, without any
traces of C7-arylated products 14. We have obtained before
similar results with C5, or C6 nitro substituted 1-methyl-1H-
indazol. 32

Unlike the electron-donating group at C4 position (starting
material 13), which enriches the six membered ring and makes
the proton C7 less acid. In this case, the C3 position became more
acid and thus more appropriate for C-H activation (Scheme 6).

Ar-H (3 mL), Pd(OAc), (15 mol%) R
Phen (15 mol%), Ag,CO; (2 equiv.)

NaOH (2 equiv.), 140°C, 72h N
R sealed tube Ar \
14
C@N
N
\ Ar-H (3 mL), Pd(OAc), (15 mol%) R Ar
Phen (15 mol%), Ag,CO; (2 equiv.
12:R=H ( 6), Ag,CO3 (2 equiv.) @N
13:R=CHy NaOH (2 equiv.), 140°C, 72h N\

sealed tube

16, 48%
(/0.3/0.0/ 0.7)

15, 44%
(0.6/0.3/0.1)

Scheme 6. Oxidative arylation of 1-methyl-1H-indazole (6) and 1,4-
dimethyl-1H-indazole (7).

To understand the seen regioselectivity, we have examined the
pKa values of compounds (1) and (6) that have been predicted by
the Jaguar pKa software. % For 1-Methyl-4-nitro-1H-indazole (1),
the lowest pKa values correspond to the C7 position, in contrast
to 1,4-dimethyl-1H-indazole (6) where the lowest pKa values
correspond to the C3 position (Figure 1).

H7

MOz Hy 'y, 267 ! CHy H, H, 269
Hs; 26.0 Hs \W Hs; 30.5
Hg 27.0 | He ' He 29.7
H, 244 | H, 27.8

1-Methyl-4-nitro-1H-indazole (1) 1,4-Dimethyl-1H-indazole (6)

Figure 1. pKa values calculated for starting materials 1 and 6.

In addition, in starting materials (1 or 3) the nitro or the ester group
have weakened the benzene ring in electron and have made the
protons at C7 position more acid. Thus, C—H bond activation
under concerted metalation—deprotonation (CMD) process is
more suitable in this case. 43!

Inspired by previous mechanistic studies and pKa
calculation, we propose a plausible CMD mechanism for this

[30-32]
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oxidative arylation in (Scheme 7). Thus, a C-H insertion of Pd(ll)
to the benzene in basic conditions, forms the intermediate 1. Then,
intermediate 1 interacts with 4-nitro-1-methyl-1H-indazole 1 to
give intermediate 2 through a concerted metalation deprotonation
and the CMD process led to intermediate 3. Finally, the reductive
elimination furnished arylation product 2a and Pd(0) which is
oxidized to Pd(Il) by Ag.COs; and NaOAc.

Pd(OAc), + Phen

+NaOH
Ag,CO3 +2 NaOAc N, ||0Ac H _
Pd ~0Ac
N NaOAc
Ph
Aco_ |

1
N/R":o N/P‘:‘l Intermediate 1
\

N

DY

\
H . /Ph’
PhN\/P\d" L Pl )
N | | N
Intermediate 3 \_/ OYO Intermediate 2
H

NaOAc NaO CH;,

NO.
N N

O N

\

H
NO, NO,
Reductive elimination 3 A C-H activation at C7
NN N CMD mechanism

Scheme 7. Plausible mechanism of oxidative arylation of 4-EWG-1-
methyl-1-H indazole (1).

Conclusion

To conclude, we have created a new C-H functionalization of the
six membered ring of C4-substituted 1H-indazole derivatives
using oxidative arylation reaction. This strategy has allowed the
site selective introduction of substituted (hete)arenes at the C7
position of the 1H-indazole assisted by an EWG directing group
at the C4 position. When no substituent or when an EDG group is
present at the C4 position only the C3-arylation products were
observed. DFT calculation has allowed us to propose a plausible
CMD mechanism for this reaction. The development of this new
C-H/C-H arylation reaction has led to the synthesis of a series of
C7-arylated 1H-indazoles, in an economical and efficient manner.

Supporting Information

Thin layer chromatography analysis (TLC) was performed by
using silica gel (60 F254) plates. and visualized by ultraviolet light
(A = 254 nm). Column chromatography was performed on silica
gel 60 (ACC 40-63 pm 5SDS-CarloErba). Melting points (mp [°C])
were taken on samples in open capillary tubes and are
uncorrected using BioCote Thermo scientific digital melting point
1A9200. The infrared spectra (FT-IR) were recorded at room
temperature on a Thermo Scientific Nicolet 1IS50 FT-I and are
given in cm-1. Nuclear magnetic resonance (NMR) spectra were



recorded on a Bruker AC350 (300 MHz for 1H and 75 MHz for
13C), and on a Jeyol 600 (600 MHz for 1H and 100.6 MHz for
13C) with the solvent peak or tetramethylsilane used as the

internal reference. Assignments of individual signals were carried

out using COSY, NOESY, HSQC, HMBC, and DEPT experiments.

Chemical shifts () are expressed in parts per million (ppm), and
coupling constants (J) in Hertz (Hz). Resonances are described
as s (singlet), d (doublet), t (triplet), g (quartet), m (multiplet), and
dd (double doublet). High-resolution mass spectrometry (HRMS)
was recorded on a Waters Xevo GL-XS Qtof spectrometer
coupled with an Acquity H-Class LC apparatus. lonization
sources were performed with the available methods among
electrospray ionization (ESI* or ESI) or Atmospheric Solid
Analysis Probe (ASAP+ or ASAP-). For HRMS, a tolerance of 5
ppm was applied to discriminate the difference between
calculated and experimental values Materials.

All chemicals, starting materials, and solvents used in this work
were commercially available from Sigma-Aldrich or Alfa Aesar

and used without further purification.

The starting materials and products 18, 1°[3¢1 5211 6371 10B2land

1152 were prepared as described in the literature.

Synthesis of Starting Material Methyl 1-methyl-1H-indazole-
4-carboxylate (3). In a 50 mL flask, the methyl 1H-indazole-4-
carboxylate (1.0 g, 1 equiv.) was dissolved in acetone (10 mL) at
0°Cinab50 mL flask. KOH (3 equiv.) was added and the contents
of the flask, sealed with a septum, were stirred for 60 minutes.
Then, CHsl (1.5 equiv.) was added dropwise using a syringe and
the reaction mixture was warmed to room temperature and this
temperature maintained for 18 hours. The reaction mixture was
filtered to remove the inorganic base then separated by flash

chromatography on silica gel (Hexane/EtOAc, 9:1).

General procedure of C7-arylation of indazoles. To a solution
of (100mg) 1H-indazole derivatives (1, 1°, 3, 5, 6) in arenes (as
partner agent and solvents (3 mL)), or in dioxane when we used
heteroarene derivatives (5 equiv.), Pd(OAc), (0.15 equiv.), Phen
(0.15 equiv.), Ag2COs3 (2 equiv.) and NaOH (2 equiv.) were added.
The reaction mixture was stirred at 140 °C for 72 hours, then
filtration through celite. Then, the mixture was poured into 20 mL
of H,O and extracted twice with AcOEt (2 x 5 mL). The combined
organic layers were dried over anhydrous MgSOy, filtered, and
concentrated under a vacuum. The crude product was purified by
column chromatography over silica gel (hexane/ethyl acetate
9.5/0.5) to provide the desired products.

Products 2a, 2e, and 7 are well known, we found out their
structure by a comparison between our spectral analysis and
others that exist in the literature.3%?! For the new products their
data are collected in suporting information.
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This study presents an efficient method for the palladium-catalyzed oxidative arylation of substituted 1H-indazole with various arenes
and heteroarenes as coupling partners. Using an EWG at the C4 position of the 1H-indazole, a site-selective C7 oxidative arylation
was successfully achieved. The catalytic system comprised Pd(OAc). as the catalyst, phenanthroline as the ligand, Ag.CO3 as the

oxidant, and NaOH as the base.



