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cyclization to construct pyrazolo[3,4-b]pyrrolo
[3,4-d]pyridine-6-one skeleton
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A one-pot synthesis of the pyrazolo[3,4-b]pyrrolo[3,4-d]pyridin-6-one skeleton has been developed using

aryl methyl ketones, 3-aminopyrazoles, and enaminamides as substrates. This method features metal-free

catalysis and broad substrate compatibility (36 examples). The reaction involves the formation of two C–C

and two C–N bonds, while constructing a tetrasubstituted carbon stereocenter bearing a reactive hydroxyl

group.
Pyrazolo[3,4-b]pyridines, as an important class of fused
heterocyclic systems,1 have attracted substantial interest due to
their unique biological activities and luminescent properties.2

Particularly, pyrazolo[3,4-b]pyrrolo[3,4-d]pyridin-6-one deriva-
tives exhibit remarkable neuromodulatory activity because of
their unique tricyclic fused-ring system3 and have been widely
used in the design of drug molecules, including sedative agents
(I, II),4 antitumor candidates (III),5 and uorescent materials
lo[3,4-b]pyrrolo[3,4-d]pyridin-6-
4-b]pyridine skeletons.
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(IV) (Fig. 1).6 Therefore, it is desirable to develop efficient
synthetic strategies for constructing pyrazolo[3,4-b]pyrrolo[3,4-
d]pyridin-6-one derivatives.

According to the literature, the current synthetic approaches
for pyrazolo[3,4-b]pyrrolo[3,4-d]pyridin-6-one scaffolds can be
categorized into two types based on the different imination
reagents. The rst approach involves the initial imination
reaction of 5-aminopyrazole with dimethylformamide di-
methylacetal (DMF-DMA) to form a formimidamide that then
undergoes the Aza-Diels–Alder cycloaddition with maleimide as
the dienophile, to construct the target scaffold (Scheme 1a).4,7

The second approach uses trimethyl orthoformate (TMOF) as
the imination reagent to generate a formimidate, followed by
the Aza-Diels–Alder reaction to afford the pyrazolo[3,4-b]pyrrolo
[3,4-d]pyridin-6-one framework (Scheme 1b).7a However, unlike
the 3H-pyrazolo[3,4-b]pyrrolo[3,4-d]pyridin-6-one skeleton
framework, synthetic routes to the 2H-pyrazolo[3,4-b]pyrrolo
[3,4-d]pyridin-6-one skeleton remain unreported. The structural
Scheme 1 Background (a and b) and synopsis of the current work (c).
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distinction between these two skeletons arises from differing p-
electron conjugation patterns. Moreover, density functional
theory (DFT) calculations demonstrate that the energy of 2H-
pyrazolo[3,4-b]pyridine (b) is 8.95 kcal mol−1 higher than that of
1H-pyrazolo[3,4-b]pyridine (a). The higher energy of 2H-pyrazolo
[3,4-b]pyrrolo[3,4-d]pyridin-6-one makes its synthesis thermo-
dynamically unfavorable, posing a major challenge.

To realize the synthesis of this skeleton and based on
previous works on heterocyclic synthesis,8 we developed a three-
component cyclization reaction using an I2-DMSO combination
reagent system, with readily available aryl methyl ketones, 3-
aminopyrazoles, and enaminamides as substrates (Scheme 1c).
This strategy established a streamlined one-pot protocol for
constructing the 2H-pyrazolo[3,4-b]pyrrolo[3,4-d]pyridin-6-one
skeleton, offering a new pathway for the skeleton.

In the initial investigation, we used acetophenone (1a), 1-
methyl-1H-pyrazol-3-amine (2a), and 3-(dimethylamino)-N-
phenylacrylamide (3a) as model substrates (Table 1). Fortu-
nately, the target product 4a was obtained in 48% yield (entry 1).
Encouraged by this result, we tested different reaction condi-
tions to improve the yield. Initially, a series of Brønsted acids
and Lewis acids were employed as additives to investigate their
effects on the reaction yield, we found that the addition of TsOH
led to a signicant improvement, boosting the yield to 68%
(entries 2–11). A study of the equivalents of TsOH and I2 was
then carried out. It was found that using 1.5 equiv. of TsOH and
Table 1 Optimization of the reaction conditionsa

Entry I2 (x eq.) Additives (x eq.) Temp (°C) Yieldb (%)

1 1.6 — 100 48
2 1.6 50% HI (1.0) 100 55
3 1.6 CH3CO2H (1.0) 100 53
4 1.6 CF3CO2H (1.0) 100 32
5 1.6 CF3SO3H (1.0) 100 51
6 1.6 TsOH (1.0) 100 68
7 1.6 ZnCl2 (1.0) 100 61
8 1.6 CuBr2 (1.0) 100 57
9 1.6 Cu(OTf)2 (1.0) 100 44
10 1.6 FeCl3 (1.0) 100 59
11 1.6 Fe(OTf)3 (1.0) 100 52
12 1.6 TsOH (0.5) 100 60
13 1.6 TsOH (1.5) 100 75
14 1.6 TsOH (2.0) 100 69
15 0.8 TsOH (1.5) 100 51
16 1.2 TsOH (1.5) 100 62
17 2.0 TsOH (1.5) 100 67
18 1.6 TsOH (1.5) 80 47
19 1.6 TsOH (1.5) 120 70

a Reaction conditions: 1a (1.0 mmol), 2a (1.0 mmol), 3a (1.0 mmol), I2 (x
equiv), additive (x equiv), 6 h, DMSO (6.0 mL), indicated temperature,
unless otherwise noted. b Isolated yields.

© 2025 The Author(s). Published by the Royal Society of Chemistry
1.6 equiv. of I2 in the reaction was the optimum choice (entries
12–17). Finally, through a comparison of different reaction
temperatures, we conrmed that 100 °C remained the optimal
temperature, affording a yield of 75% (entries 18–19).

Under the optimal reaction conditions, we investigated the
effects of different substituents on acetophenones, 3-amino-
pyrazoles and enaminamides (Scheme 2).

Various acetophenones with alkyl and electron-donating
group substituents performed smoothly in the reaction,
yielding the target products at a yield of 55–76% (4a–p), and the
structure of product 4a was conrmed by X-ray single crystal
diffraction (CCDC: 2423210). Substitution at the para-position
of acetophenone with halogens also provided products in good
yields (4q–t, 66–73%). Electron-withdrawing groups on the
acetophenone gave the corresponding products, but a decrease
in reaction yield was observed (4u–w, 47–68%). Simultaneously,
Scheme 2 Substrate scope of acetophenones, 3-aminopyrazoles, and
enaminamides. Reaction conditions: 1 (1.0 mmol), 2 (1.0 mmol), 3 (1.0
mmol), I2 (1.6 mmol), TsOH (1.5 mmol) in DMSO (6.0 mL) at 100 °C for
6 h.
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Scheme 4 Control experiments (a–d) and uncyclic products (e).
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naphthalene ring and thiophenes also underwent the reaction,
furnishing the products in moderate yields (4x–z, 43–64%).
Furthermore, we investigated the compatibility of 3-amino-
pyrazoles. Fortunately, the N-aryl-substituted 3-aminopyrazole
gave target product 5a in 75% yield. Substitution at the para-
position of the benzene ring with methyl, uorine, or bromine
groups gave the aim products in moderate yields (5b–d, 58–
67%). Finally, para-substituted enaminamides bearing diverse
electron-donating (CH3, C(CH3)3, OCH3) and electron-
withdrawing groups (OCF3, F, Cl) were compatible with the
reaction conditions, and gave the corresponding products in
50–78% isolated yields (5e–j). This broad functional group
tolerance highlights the synthetic versatility of the protocol.

To validate the applicability of this method, we performed
the reaction on a gram scale rstly, the reaction scaled up to
5.0 mmol and the target product 4a was obtained in 60% yield
(Scheme 3a). In addition, the derivatization of product 4a was
carried out. Fortunately, product 4a could react with 4-([1,10-
biphenyl]-4-yl)-4-oxobutanoic acid to give product 7 in 62% yield
(Scheme 3b). Besides, the hydroxy of 4a could coupled with
benzyl bromide to give product 9 in 65% yield (Scheme 3c).

A series of control experiments were strategically conducted
to reveal the reaction mechanism. Under the I2-DMSO combi-
nation reagent, acetophenone (1a) was converted to phenyl-
glyoxal (1ab) or phenylglyoxal monohydrate (1ac) in an almost
quantitative manner (Scheme 4a). When acetophenone (1a) was
replaced with a-iodo acetophenone (1aa) or phenylglyoxal
monohydrate (1ac), product 4a was obtained in 50% and 58%
yields. These control experiments indicated that a-iodo
acetophenone (1aa) and phenylglyoxal monohydrate (1ac) were
likely intermediates in this reaction (Scheme 4b and c). When
phenylglyoxal monohydrate (1ac) was used as the substrate
instead of acetophenone (1a) while without I2, the result showed
that product 4a was not detected. This result suggested that I2
played an important role in this reaction (Scheme 4d). Finally,
when N-methyl-substituted compound 3h was employed,
product 10 was obtained with a yield of 76%. This clearly
indicated that the reaction initially undergoes [4 + 2] cycload-
dition and subsequently follows the nucleophilic reaction
pathway (Scheme 3e).
Scheme 3 Gram-scale experiments (a) and late-modification
(b and c).

28282 | RSC Adv., 2025, 15, 28280–28284
Based on the aforementioned experimental results and in
conjunction with relevant literature,9 a possible mechanism of
this reaction was proposed (Scheme 5). First, acetophenone (1a)
undergoes iodination and Kornblum oxidation mediated by I2-
DMSO combination reagent, yielding phenylglyoxal (1ab).
Subsequently, phenylglyoxal (1ab) undergoes a condensation
reaction with 3-aminopyrazole (2a) to afford intermediate A.
Under acidic catalysis, intermediate A loses a molecule of water,
generating cationic intermediate B, which participates in a [4 +
2] cycloaddition reaction with substrate 3a, deprotonation
Scheme 5 Proposed mechanism.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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leading to the formation of the intermediate C. Next, in the
presence of TsOH, C undergoes the removal of dimethylamine,
affording E. Intramolecular nucleophilic cyclization of inter-
mediate E generates F. Oxidative aromatization of intermediate
F yields nal product 4a.

Conclusions

In summary, we developed a three-component cyclization
reaction based on I2-DMSO combination reagent system, which
realizes the efficient construction of 2H-pyrazolo[3,4-b]pyrrolo
[3,4-d]pyridin-6-one skeleton for the rst time. It is worth noting
that the skeleton contains a high-energy 2H-pyrazolo[3,4-b]
pyridine moiety. This method features metal-free catalysis and
broad substrate compatibility. In addition, two C–C bonds, two
C–N bonds, and a tetrasubstituted carbon stereocenter with
a reactive hydroxyl group were constructed. Further research on
the synthesis of nitrogen-containing condensed heterocycles
using enaminamides based on domino cascade reactions is
ongoing in our laboratory.
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