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ABSTRACT: Indazolone cores are among the most common structural components in medicinal chemistry and can be found in
many biologically active molecules. In this report, a mild and efficient approach to 2-substituted indazolones via B2(OH)4-mediated
reductive N−N bond formation is developed. This strategy features mild conditions, no request for a metal catalyst, and a wide scope
for both aliphatic and aromatic amines. Meanwhile, this method was further successfully applied on DNA to construct indazolone
cores for a DNA-encoded library. This will enable the production of a very attractive indazolone-cored library from simple amines
and scaffolds, which will provide considerable diversity.

The chemical space of biological compounds and natural
products contains a large variety of heterocyclic

structures. Indazolone cores are among the most common
heterocyclic skeletons in medicinal chemistry and can be found
in many biologically active molecules. Their tremendous
importance can be exemplified by the presence of a great
number of applications in the drug development field, such as
antihyperlipidemia,1a analgesic,1b anti-inflammatory,1c antitu-
mor,1d and antidiabetic.1e

Due to their versatility in pharmaceutical applications, many
synthetic attempts to construct indazolone cores have been
made (Figure 1).1b,2 These methods are complementary,
providing avenues to access various substitution patterns.
However, these methods still have some potential limitations at
some levels. Some of them relied on the requirements for a
transition-metal catalyst (routes a and b),2a−c,e while the others
still suffered from harsh reaction conditions such as high
reaction temperatures (routes c−e).1b,2d,j In 2019, a mild and
efficient synthetic method for 2-N-substituted indazolone
derivatives via a photochemical cyclization was reported by
Kambe and co-workers (route g).2h The photochemical
cyclization reaction was rapid and halide compatible for the
synthesis of halogenated indazolones. Unfortunately, it seemed
that the reaction conditions were most likely applied for
aliphatic amines. To build indazolone derivatives that are
tolerant of both aliphatic and aromatic groups at 2-N positions,
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Figure 1. Approaches to indazolone derivatives.
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we report a new strategy for the synthesis of 2-substituted
indazolone derivatives.
Diboronic acid was previously reported as a novel reducing

agent for converting nitro aromatics into aromatic amines with
good functional group tolerance in excellent yields.3 In the
transformation, the nitro aromatics were converted into nitroso
intermediates,3a which were further reduced to aromatic
amines. We envisioned that the nitroso intermediates can be
captured by nucleophilic groups in ortho positions of aromatic
rings to generate heterocycles. Inspired by this idea, we treated
compound 1a as a starting material with the B2(OH)4/NaOH
condition (Table 1). To our delight, the reaction worked very
well and gave the desired indazolone with a 90% LC-MS yield.
The reaction was performed very well at 1 mmol scale, giving
2a in an 89% isolated yield (entry 2). Then the roles of NaOH
and solvents were further investigated. When NaOH was
removed, this reaction did not work (entry 3). Protic solvents
(MeOH and EtOH) were extremely important for this
transformation. By comparison, there were only trace amounts
of the desired compound observed when the solvent was
changed to DMA or DMSO (entry 5 or 6, respectively).
Furthermore, we found the reaction was aqueous compatible.
An 89% LC-MS yield was obtained when using MeOH and
water as co-solvents (entry 7). We next further investigated the
kinetics of the transformations by adjusting the concentrations
of reaction materials. We found that the reaction did not
proceed if the concentration of compound 1a was decreased to
only 0.002 M (entry 8). However, the reaction gave an up to
91% LC-MS yield when 100 equiv of diboronic acid was used
(entries 9 and 10). The information about aqueous
compatibility and kinetic features implied to us that it is
highly possible to develop this reaction on DNA and to apply it
in the synthesis of a DNA-encoded library (DEL).
With the well-developed conditions in hand, we further

studied the substrate scope by introducing various amines and
substitutions on 2-nitro benzamide derivatives (Scheme 1). To

our delight, both aliphatic amines and aromatic amines were
tolerable, giving good to excellent yields, even for some
hindered amines (2j) and heterocyclic amines (2d and 2e).

Table 1. Optimizations of the Conditions for B2(OH)4-
Mediated Cyclization

entrya solvent
B2(OH)4
(equiv)

NaOH
(equiv) yield (%b)

1 MeOH 5 10 49c

2 MeOH 5 10 90 (89d)
3 MeOH 5 0 0
4 EtOH 5 10 85
5 DMA 5 10 trace
6 DMSO 5 10 trace
7 9:1 MeOH/H2O 5 10 89
8e MeOH 5 10 0
9e MeOH 100 200 91
10e 9:1 MeOH/H2O 100 200 90

aTo the solution of compound 1a (0.040 mmol in 0.5 mL of solvent,
1.0 equiv) was added B2(OH)4. The mixture was then cooled to 0 °C.
The NaOH solution (0.8 M in solvent) was added dropwise. After
being stirred at 0 °C for 10 min, the mixture was warmed to 40 °C
and reacted at 40 °C overnight. bConversion was determined by LC-
MS. cReaction at 40 °C for 2 h. dIsolated yield (1.0 mmol scale). eThe
final concentration of compound 1a was 0.002 M.

Scheme 1. Substrate Scope of 2-Substituted Indazolone
Formationa

aTo the solution of compound 1 (0.08 M in MeOH, 1.0 equiv) was
added B2(OH)4 (5.0 equiv). The mixture was then cooled to 0 °C.
The NaOH solution (0.8 M in MeOH, 10.0 equiv) was added
dropwise. After being stirred at 0 °C for 10 min, the mixture was
warmed to 40 °C and reacted at 40 °C overnight. bIsolated yields.

Table 2. Optimizations of Conditions for On-DNA
Indazolone Formation

entrya B2(OH)4 (equiv) NaOH (equiv) EtOH (v/v) (%) 4a (%)b

1 80 300 0 87
2 80 300 6 95

aNaOH (6 μmol in 6 μL of H2O, 300 equiv) and conjugate 3a (20
nmol in 20 μL of H2O, 1.0 equiv) were premixed together. EtOH and
B2(OH)4 (1.6 μmol in 16 μL of H2O, 80 equiv) were then added
sequentially. The mixture was vortexed and reacted at room
temperature for 2 h. bConversion was determined by LC-MS.
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This is one of the advantages of this strategy over other
previously reported approaches. However, it seemed that the
method was not so efficient for halogen-containing substrates.
Besides the desired products, significant dehalogenation
byproducts were obtained in the reactions (2f and 2v).
Furthermore, we screened substitutions on 2-nitro benzamide
derivatives. Both electron-donating and electron-withdrawing
groups are tolerable, as well, giving acceptable yields (2o−2v).
Pyridine rings instead of phenyl rings were also investigated. A

Scheme 2. On-DNA Synthesis of Conjugate 5aa,c and 7b

aNaOH (4 μmol in 4 μL of H2O, 200 equiv) and conjugate 3a (20
nmol in 20 μL of H2O, 1.0 equiv) were premixed together. FeSO4 (2
μmol in 10 μL of H2O, 100 equiv) was then added. The mixture was
vortexed and reacted at 80 °C for 2 h. bConversion was determined
by LC-MS. cCompound 6 (5.0 μmol in 25 μL of DMA, 25 equiv),
HATU (5.0 μmol in 12.5 μL of DMA, 25 equiv), and DIPEA (5.0
μmol in 12.5 μL of DMA, 25 equiv) were premixed and reacted at 0
°C for 5 min. The obtained crude mixture was added to HP-AOP
{200 nmol in 200 μL of borate buffer [250 mM in H2O (pH 9.4)]}
and reacted at room temperature for 16 h.

Scheme 3. Substrate Scope of On-DNA Indazolone Formation

aNaOH (6 μmol in 6 μL of H2O, 300 equiv) and conjugate 3 (20 nmol in 20 μL of H2O, 1.0 equiv) were premixed together, and then EtOH [2.6
μL, 6% (v/v)] was added, which was followed by the addition of B2(OH)4 (1.6 μmol in 16 μL of H2O, 80 equiv). The mixture was vortexed and
reacted at room temperature for 2 h. bConversion was determined by LC-MS.

Figure 2. DNA-encoded library with indazolone cores.
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75% yield was obtained when nitrogen was at the meta position
of nitro groups (2w). By comparison, an only 21% yield was
achieved for the substrate with nitrogen at the ortho position of
the nitro group (2x). Finally, this method was also tested to
construct 1,4-dihydrocinnolin-3(2H)-one (2y). Unfortunately,
we did not observe any proposed product, and the
corresponding amine was produced instead.
DNA-encoded libraries have emerged in the pharmaceutical

industry as one of the most powerful hit generation sources for
early drug discovery.4,5 One key attribute for a DEL to provide
useful chemical starting points for medicinal chemistry is the
structural diversity of accessible structures displayed by DNA.
Its success is dependent not only on the number and diversity
of the building blocks or scaffolds used for the DEL
construction but also on a chemical methodology for
assembling these building blocks and scaffolds.6 On the basis
of the studies presented above, we then decided to develop
chemistry to furnish indazolone cores on DNA. Once the
chemistry was proven to be DNA compatible, it would be
interesting to use this approach to construct indazolone-cored
DEL with millions of library compounds because tens of
thousands of amines are commercially available.
On our end, there are several pieces of information giving us

enormous confidence to realize this chemistry on DNA and
apply it to DEL synthesis. First, this reaction was proven to be
aqueous compatible. There was no obvious yield loss when
using aqueous MeOH instead of MeOH solely. Second, the
chemistry kinetically met criteria of on-DNA chemistry
development upon dilution of one reactant while increasing
the number of equivalents or concentrations of other
reactants.6k Third, amines are largely commercially available,
which will provide a huge diversity of DEL compounds.
Finally, diboronic acid was previously reported to reduce nitro
aromatics to aromatic amines on DNA by Simmons and co-
workers in 2019.3b The naiv̈e sequencing data implied to us
that reduction reactions mediated by diboronic acid [150 equiv
of B2(OH)4, 500 equiv of NaOH, aqueous EtOH] were DNA
compatible, maintaining DNA integrity and ligation efficiency.
As expected, conjugate 4a was obtained from conjugate 3a
with excellent conversion (95% in entry 2 of Table 2) under
conditions similar to those reported by Simmons and co-
workers.3b Ethanol as the co-solvent was crucial for improving
the conversion that is proven in the work of Simmons, as well
(additional optimizations of conditions are provided in the
Supporting Information).
To further validate on-DNA indazolone formation, on-DNA

nitro-reduction product 5a was synthesized via an FeSO4/
NaOH system that was commonly used in nitro reduction in
DEL synthesis (Scheme 2). Meanwhile, small molecule
compound 6 was synthesized and then attached to amine-
modified DNA via simple amide coupling. Co-injection
experiments (LC-MS and HPLC) of conjugates 4a, 5a and 7
were carried out. Conjugates 4a and 7 gave identical LC-MS
and HPLC traces (see the detailed information in the
Supporting Information). This method indirectly confirmed
the characterization of conjugate 4a.
With the established conditions in hand, we further explored

the scope of the on-DNA reactions with a range of substrates
by (1) studying the effects of R2 (4a−4n) and (2) studying
DNA linking positions (4aa−4nn) and linking methods (4oo
and 4pp) (Scheme 3). The results showed that the on-DNA
ring closures were efficient at room temperature. Both
aromatic and aliphatic amines are tolerable in the trans-

formations while aromatic amines perform slightly better.
Interestingly, nearly no dehalogenation product was observed
with bromide on amines (4e, 4ee, 4i, and 4ii). This is different
from what we observed in small molecule synthesis. Trifunc-
tional 2-nitro benzamides are not widely commercially
available; hence, we tested only some of them to see how
tolerable they are. The acid-linked conjugate (4aa−4nn) gave
the desired products in satisfactory conversions. However, the
N-linked conjugates (4oo and 4pp) gave reduction by-
products, without giving the desired products.
With this on-DNA chemistry and scope study in hand, an

indazolone-cored DEL was proposed to be synthesized with a
split and pool approach (Figure 2). Upon introduction of three
cycles of diversity, one library with millions of compounds was
expected using commercially available building blocks as
shown in Figure 2.
In summary, we report a mild and efficient approach to 2-

substituted indazolones via B2(OH)4-mediated reductive N−N
bond formation, which features mild conditions, no request of
metal catalyst, and a wide scope for both aliphatic and aromatic
amines. This method was further successfully applied on DNA
to construct indazolone cores for DELs. Considerable diversity
would be enabled by simple amines and commercially available
scaffolds.
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