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The use of electricity as a traceless oxidant enables a sustainable and novel approach to N,N’-disubstituted
indazolin-3-ones by an intramolecular anodic dehydrogenative N—N coupling reaction. This method is
characterized by mild reaction conditions, an easy experimental setup, excellent scalability, and a high

atom economy. It was used to synthesize various indazolin-3-one derivatives in yields up to 78%,
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Accepted 10th June 2022 applying inexpensive and sustainable electrode materials and a low supporting electrolyte concentration.

Mechanistic studies, based on cyclic voltammetry experiments, revealed a biradical pathway.

DOI: 10.1039/d25c01827¢ Furthermore, the access to single 2-aryl substituted indazolin-3-ones by cleavage of the protecting
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Introduction

N-Heterocyclic structures play an important role in medicinal
chemistry, as they are often found as core motifs in pharma-
ceuticals. Especially, indazolin-3-ones are attracting particular
attention, showing a broad range of biological activities, such as
analgesic,” anti-inflammatory,® antidiabetic,* anticancer,” anti-
hyperlipidemic,® antipsychotic,” antichagasic,*® and antihyper-
tensive'® properties. The high activity of the N,N'-disubstituted
indazolin-3-one derivative 1 (Scheme 1) against the parasite
Trypanosoma cruzi, which causes Chagas disease, is particularly
noteworthy. Chagas disease is widespread in Latin America and
only two approved drugs with strong side effects exist so far.*®
Therefore, a direct and easy synthetic access to indazolin-3-one
derivatives is of great interest.

Conventionally, indazolin-3-ones can be synthesized by N-C
bond formation, starting from hydrazino aryl compounds,***”
via N-N bond formation, starting from o-azidobenzamides,® or
by oxidative or reductive intramolecular N-N bond formation in
o-aminobenzamides* or o-nitrobenzamides,*>* respectively.
However, these methods involve harsh reaction conditions,
such as high temperatures, strong bases or acids and the use of
highly toxic and carcinogenic hydrazine or azide precursors
containing leaving groups.'™® Further, dangerous oxidizing
and reducing agents in stoichiometric amounts or transition
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metal catalysts are necessary.">® This leads to a high amount of
reagent waste, a poor atom economy and safety hazards.
Recently, various photochemical methods for the synthesis of
indazolin-3-ones were published (Scheme 2).22° Despite the
mild reaction conditions, one of the two reactants has to be used
in excess, leading to increased reagent waste. Moreover, only very
few 2-aryl substituted indazolin-3-one derivatives have been re-
ported, and in most cases only poor yields were obtained.>”~*°
Another powerful and broadly applicable synthetic tool for the
synthesis of N-heterocyclic structures is electro-organic chem-
istry.** The direct use of inexpensive electric current as the redox
reactant enables the replacement of polluting and dangerous
oxidizing and reducing agents, diminishing reagent waste,*
increasing work safety, and lowering costs.* For these reasons,
electrochemistry can be considered a green technology.***
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Scheme 1 Biologically active substances bearing an indazolin-3-one
motif.
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Scheme 2 Photochemical and electrochemical approaches to inda-
zolin-3-ones (Ar = aryl; s.m. = starting material; s.e. = supporting
electrolyte).

So far, the only electrochemical approach to indazolin-3-
ones is the one published by Trazza et al in 1995 (Scheme
2).%® However, they used highly toxic mercury and cost-intensive
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platinum electrodes, a carcinogenic nitrosamine precursor,
a laborious potentiostatic reaction setup and additionally, their
method was only applicable to one substrate.

Therefore, we herein report the first broadly applicable and
sustainable electrochemical method for the synthesis of N,N'-
disubstituted indazolin-3-ones, starting from readily available
2-(alkoxycarbonylamido)benzamide precursors, with mild
reaction conditions, an easy experimental setup, sustainable
and inexpensive electrode materials, low supporting electrolyte
concentration and in high atom economy.

Results and discussion

From earlier studies by the Waldvogel group it is known that the
electrochemical generation of amidyl intermediates is a power-
ful tool for N-N and N-C coupling reactions to form various N-
heterocycles.*™** In order to avoid the use of toxic hydrazines,
retrosynthetic considerations led to the idea of constructing the
indazolin-3-one scaffold by intramolecular N-N bond forma-
tion, starting from amide bearing precursors. Compound 5a
was chosen as the test substrate, which could be readily
prepared in two reaction steps from 5-chloroanthranilic acid,
first protecting the amino group with ethyl chloroformate, fol-
lowed by an amide coupling reaction with 4-chloroaniline.*?
Next, the previously published reaction conditions for the

Table 1 Screening of electrode materials and electrolyte system parameters for the optimization of the synthesis of indazolin-3-one 6a“

i ? EO°
a
PN L P
{To i o VO R
5a ‘ = '
Initial conditions: i 5 1
C I Ni : 3
L Cl X :
NBuU,4PF (0.01 M) : N |
HFIP : }
3.0 mA/icm?, 2.0 F, ‘ NH !
unidivided cell, r.t. EtO o
e L S 3
Entry Deviation from initial conditions 6a” (%) 7a’ (%) Conversion” (%)
1 None 59 16 93
2 Cacl|Ni 59 16 92
3 Car||Pt 59 16 91
4 Co:l|Car 54 14 85
5 HFIP/MeCN (1 : 1)? 10 0 30
6 NBu4BF, (0.01 M)* 52 12 83
7 NMe,PF; (0.01 M)? 53 14 85
8 NEt,PF, (0.01 M)“ 54 14 85

¢ Substrate 5a (0.2 mmol), undivided 5 mL Teflon™ screening cell. Cg, =

isostatic graphite; Cgc = glassy carbon; HFIP = 1,1,1,3,3,3-hexafluoro-2-

propanol. ? Yields determined by "H NMR spectroscopy using 1,3,5-trimethoxybenzene as the internal standard. ¢ Conversion based on the

remaining starting material. ¢ Cg; cathode.
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synthesis of phthalazin-1,4-diones* were applied to substrate
5a, using nickel as the cathode material instead of platinum
(Table 1, initial conditions). Gratifyingly, the desired indazolin-
3-one 6a could be isolated in 58% yield, while benzoxazole 7a
was formed as a side product in 11% yield. The molecular
structure of 6a was confirmed by X-ray analysis (CCDC:
2148238).

Taking this as the starting point, the reaction conditions
were optimized. For detailed information, see the ESI.{ In all
optimization experiments the yields of 6a, 7a and the remaining
starting material 5a were determined by 'H NMR spectroscopy
using 1,3,5-trimethoxybenzene as the internal standard. First,
different setups (undivided, quasi-divided, and divided) were
evaluated. The undivided setup led to the best indazolin-3-one
yield, so all further optimization experiments were conducted
in undivided 5 mL Teflon™ screening cells.*® Next, various
electrode materials were tested:

Regarding the anode material, isostatic graphite (Cg,) and
glassy carbon (Cgc) resulted in the same yield of 59% (Table 1,
entries 1 and 2). Due to cost reasons, isostatic graphite was
further used as the anode material. With regard to the cathode
materials, isostatic graphite, platinum and nickel turned out to
be superior to other electrode materials and gave comparable
yields of 54%, 59% and 59%, respectively (Table 1, entries 1, 3,
and 4). However, isostatic graphite showed higher amounts of
remaining starting material and was therefore most promising
for subsequent optimization with respect to theoretically
accessible yield. Additionally, the health hazards of nickel, as
well as the limited availability and expected rising costs of both
nickel and platinum led to the use of isostatic graphite as the
cathode material. Interestingly, no other tested solvent besides
1,1,1,3,3,3-hexafluoro-2-propanole (HFIP) yielded the desired
indazolin-3-one 6a in significant amounts, highlighting the
outstanding solvation property of HFIP to stabilize radicals and
intermediates.** Variation of the supporting electrolyte showed
that only NBu,BF,, NMe,PF,, NEt,PF, and NBu,PF resulted in
comparable indazolin-3-one yields (Table 1, entries 1, 6-8). Due
to cost reasons NBu,PF, was further used. Additives such as
water, acetic acid and triethylamine decreased the yield of 6a.
Optimization of continuous parameters, such as the concen-
trations of the starting material and supporting electrolyte,
reaction temperature, stirring velocity, current density and
applied charge, was performed by applying the statistics-based
method Design of Experiments (DoE).** This method enables
the systematic execution of optimization experiments,
providing evidence about main effects and interactions of the
tested parameters, and has proven to be extremely effective for
the optimization of reaction conditions.*” First, all the above
mentioned six parameters were investigated by employing
a central composite design based on a 2°7 fractional factorial
design (Fig. 1). The modelled prediction of the optimum
conditions revealed a clear yield maximum of 6a at a substrate
concentration of 0.06 M, a stirring velocity of 400 rpm and
a current density of 5.0 mA cm 2, while the optima of the
temperature and applied charge were expected outside the
investigated area. The curve profile of the supporting electrolyte
concentration was physically questionable, which is why

8182 | Chem. Sci, 2022, 13, 8180-8186
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Fig. 1 Modelled yield plots, predicted using the response optimizer
based on DoE optimization experiments. Undivided 5 mL Teflon™
screening cells, Cg, electrodes, and NBu4PFg in HFIP. Screened
parameters: starting material concentration c(5a), NBusPFg concen-
tration c(NBu4PFg), temperature T, stirring velocity ey, current density
J, applied molar charge Qo (@) Central composite design based on
a 2572 fractional factorial design. (b) Modelled *H NMR yield with 1,3,5-
trimethoxybenzene as the internal standard. (c) Predicted values
leading to the maximal yield of 6a. (d) Central composite design based
on a 23 full factorial design.

a second central composite design based on a full 2* factorial
design was performed to investigate the influence of supporting
electrolyte concentration, temperature and applied charge. This
revealed the optimum reaction conditions at a supporting
electrolyte concentration of 0.015 M, a reaction temperature of
43 °C and an applied charge of 2.6 F, yielding indazolin-3-one 6a
in 65% isolated yield at full conversion with 17% byproduct (7a)
formation. Thus, the product yield was increased by 7% and the
reaction conditions were optimized in terms of sustainability by
replacing nickel with isostatic graphite as the cathode material.

With these optimized conditions in hand, the reaction scope
was examined. First, different anilide substituents were tested.
As shown in Scheme 3, all p-halogen bearing anilides 5a-d led to
the desired indazolin-3-ones 6a-d in moderate to very good
yields. Especially, those with medium electron density on the
aniline moiety (6a and 6c) show the best results with isolated
yields up to 70%, while substrate 6b with the electron with-
drawing p-fluoro substituent afforded a lower yield of 31%.

© 2022 The Author(s). Published by the Royal Society of Chemistry
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R = Cl (6a) 65%
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N R
N O Br (6¢) 70%
): 1(6d) 58%®)
fo” ° Me (6e) 26%(©)
Bu (6f) 43%4)
0
cl R = CI (6g) 76%
N R Br (6h) 78%
’}s Me (6i) 19%(®)
o)
EtO
o R = Me (6j) 66%
Cl Bu (6k) 64%
NOg Bn (61) 61%
N Ph (6m) 34%(0
=0
RO
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o R = F (6n) 69%
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N Om I (6p) 53%()
R N H (6q) 21%M
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Scheme 3 Reaction scope. Undivided 5 mL Teflon™ screening cell,
substrate (0.3 mmol), HFIP (5 mL). (a) Scale-up experiment in a 60 mL
beaker-type glass cell, substrate (3.0 mmol), HFIP (50 mL). (b) Qo =
33F.(C) Qmoi=4.5F.(d)j=25mMAcm 2 Qmoi=4.0 F. (€) Qmo = 3.5
F. (f) Qmol = 3.1 F. (@) Qmol = 3.5 F. (h) Qo = 6.0 F. (i) Cathode:
platinum wire.

Interestingly, indazolin-3-one 6d bearing an electrochemically
poorly stable iodine substituent could be isolated in 58% yield,
which enables further functionalization on the phenyl ring.
Substrates 5g and 5h with an additional methyl group in the o-
position resulted in enhanced indazolin-3-one yields of 76%
and 78%, respectively. Furthermore, p-alkyl substituents on the
anilide moiety were tolerated as well, and 6e, 6f and 6i could be
isolated in yields up to 43%. This is in line with previous
publications, where p-alkyl anilide precursors led to lower yields
due to the possibility of side reactions at the benzylic posi-
tion.**** Precursors with an unsubstituted anilide, an m-chloro
substituted anilide, a tert-butyl amide or an unsubstituted
amide moiety resulted in complex product mixtures with no or
only traces of the indazolin-3-one product, indicating that p-
substitution at the aniline ring is necessary for a successful
indazolin-3-one formation. Electron withdrawing substituents

© 2022 The Author(s). Published by the Royal Society of Chemistry
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on the anilide moiety, such as ester or nitro groups, led to
complex product mixtures as well, whereas the electron rich p-
methoxy substituted precursor was converted selectively to the
corresponding benzoxazole byproduct in 65% "H NMR yield.

Next, various substitutions on the carbamate moiety were
investigated. Substrates with alkyl and benzyl substituents
yielded indazolin-3-ones 6j, 6k and 6l in 66%, 64% and 61%,
respectively, showing that sterically demanding carbamate
substituents are perfectly tolerated as well. Moreover, indazolin-
3-one 6m with a phenyl group on the carbamate moiety could be
isolated in 34% yield. Precursors with a Boc or a tosyl protecting
group could not be converted into the desired indazolin-3-ones.
Substrates with an unprotected amine led to polymeric prod-
ucts, which is consistent with previous studies.*

Finally, derivatives with different anthranilic cores were
studied. All halogen core substituted indazolin-3-ones 6n-p
were obtained in good yields between 53% and 69%, while the
yield of 6n with an electron withdrawing 5-fluoro substituent
was even superior to that of the model derivative 6a. Indazolin-
3-one 6q with an unsubstituted anthranilic core could be iso-
lated in 21% yield as well. Interestingly, the redox sensitive nitro
substituent was tolerated in the reaction and derivative 6r could
be obtained in 20% yield, by applying quasi-divided reaction
conditions. Furthermore, substrate 5s with an ester substituent
in the m-position to the protected amino group could be con-
verted to indazolin-3-one 6s in a good yield of 53%, displaying
the broad substitution variability on the anthranilic core
regarding functional groups and substitution patterns.

The excellent scalability of the reaction could be demon-
strated by performing the electrolysis of test substrate 5a on
a 10-fold scale (3.0 mmol of substrate, 60 mL beaker-type glass
cell), yielding indazolin-3-one 6a in 70%, which is even superior
to that of the small-scale reaction.

After having investigated the scope of the reaction, cyclic
voltammetry (CV) studies were performed to get insights into
the reaction mechanism. Detailed information about the
interpretation of the cyclic voltammograms is provided in the
ESI{ The proposed mechanism is shown in Scheme 4. First,
direct oxidation of starting material 5 at the anode, followed by
subsequent deprotonation, leads to intermediate I, bearing an
amidyl radical, which might be stabilized by the m system of the
anilide moiety and solvent HFIP. Next, the carbamate group of I
is oxidized, succeeded by another deprotonation, leading to the
biradical species II. Finally, the N-N bond is formed by
recombination of the radicals, yielding indazolin-3-one 6.
Concurrent to this mechanism, a twofold oxidation at the amide
group is possible, resulting in the cationic species III. However,
the generation of the amidyl cation III strongly depends on the
electron density at the amide group, which is mainly influenced
by the aryl ring attached to the amide nitrogen atom, leading to
benzoxazole formation.*® As the counter reaction, hydrogen is
generated at the cathode.

An experiment to cleave the alkoxycarbonyl protecting group
of indazolin-3-one 6a was carried out, making single-
substituted indazolin-3-ones with a 2-aryl substituent easily
accessible (Scheme 5). Due to the complex conventional
synthesis methods for introducing aryl substituents at the 2-

Chem. Sci., 2022, 13, 8180-8186 | 8183
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Scheme 4 Proposed mechanism for the electrochemical synthesis of
indazolin-3-ones based on CV studies and scope. Blue pathway:
indazolin-3-one formation via biradical N-N bond linkage. Red
pathway: benzoxazole formation as a side reaction through the
previously reported cationic mechanism.*® Deprotonation steps occur
via solvent molecules, releasing the protons at the cathode, resulting in
hydrogen formation as the counter reaction.
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CI\©iZ< cl
NOG — N@—m
/ /
N N
= "
o

BO g, 8 (71%)

Scheme 5 Deprotection of 6a yielding single substituted indazolin-3-
one 8. Reaction conditions: NaOH, EtOH, 80 °C, 3 h.

position of indazolin-3-ones, 2-aryl bearing indazolin-3-ones
have not yet been sufficiently studied regarding their biolog-
ical activities. However, they could represent interesting leit-
motifs for possible biologically active substances, highlighting
the importance of the herein reported electrochemical
synthesis, making 2-aryl substituted indazolin-3-ones easily
accessible.

Conclusions

In summary, a direct, easy, and sustainable electrochemical
synthesis of N,N'-disubstituted 2-aryl indazolin-3-ones with

8184 | Chem. Sci, 2022, 13, 8180-8186
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mild reaction conditions and broad applicability has been re-
ported. The final reaction protocol was optimized by DoE and is
characterized by its easy experimental setup, sustainable,
readily available and inexpensive isostatic graphite electrodes,
HFIP as a recyclable solvent and a low supporting electrolyte
concentration. The broad applicability of this method could be
demonstrated by synthesizing 19 indazolin-3-one derivatives in
yields up to 78% and by the excellent scalability of the reaction.
CV studies revealed that the reaction presumably proceeds via
a biradical mechanism. Finally, deblocking of an electrochem-
ically synthesized indazolin-3-one derivative demonstrated that
single substituted 2-aryl indazolin-3-ones are easily accessible
as well.

Data availability

The ESIf is available and contains all experimental and
analytical data.
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