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Pyrazolium-ylide [3 + 2] cycloaddition/oxidative
aromatization for the construction of 1H-pyrrolo
[1,2-b]pyrazoles

Motohiro Yasui, *a Tatsuya Tsumori,a Masato Morita, b Shigeyuki Yamada a

and Tsutomu Konno a

Despite their simple 10π aromatic nature and considerable functional potential, the chemistry of 5/

5-fused N-heteroaromatic systems remains underdeveloped. Herein, we report a general strategy for

accessing 1H-pyrrolo[1,2-b]pyrazoles, a largely unexplored “orphan” class of heterocycles. The method-

ology features the generation of pyrazolium ylides followed by [3 + 2] cycloaddition with alkynes under

mild conditions, and a subsequent oxidative aromatization step that effectively suppresses undesired ring-

opening and excessive addition pathways. The substrate scope demonstrates broad functional-group tol-

erance and accommodates diverse substitution patterns. Combined experimental and computational

studies indicate a stepwise cycloaddition mechanism, the involvement of intrinsically unstable cyclo-

adducts, and the presence of competing pathways that render the chemoselectivity highly sensitive to

subtle changes in reaction conditions. Finally, downstream derivatization highlights the utility of the 5/

5-fused framework as a versatile platform for constructing more structurally complex and/or functionally

enriched molecules.

Introduction

Nitrogen-containing heterocycles play an increasingly impor-
tant role in medicinal chemistry, with 82% of drugs launched
between 2013 and 2023 incorporating these structures.1

Beyond pharmaceuticals, nitrogen-containing heterocycles are
also utilized in agrochemicals, metal complexes, advanced
materials, and various other applications, leading to the syn-
thesis of numerous valuable compounds.2 Among these, 10π
aromatic heterocycles, such as indole derivatives commonly
found in biomolecules, are key components of many pharma-
ceutical compounds. Notably, numerous 5/6-fused compounds
have been synthesized and evaluated for their bioactivities, as
well as their potential roles in advanced materials
(Scheme 1A).3 In contrast, research on 5/5-fused N-heterocyclic
rings has lagged far behind, despite their potential advan-
tages, such as the possibility that more compact fused rings
could enhance affinity for target proteins and that altered sub-
stituent orientations and nitrogen atom positions could yield
the desired physical properties. For example, pyrrolo[2,1-b]thia-
zole4 and 1H-pyrrolo[1,2-a]imidazole,5 which contain N–C–X (X

Scheme 1 Background of this work.
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= N or S) bonds, have been far less investigated, even though
they have been reported to exhibit notable biological activities,
including anticancer activity.6 Furthermore, only a few reports
on 1H-pyrrolo[1,2-b]pyrazole and pyrrolo[1,2-b]isothiazole, fea-
turing adjacent heteroatoms, have been reported to date,
despite their potential for attractive applications similar to
those of other 10π heteroaromatic compounds.7 Thus, no
studies have been conducted on their physicochemical pro-
perties or biological activities.

The 1,3-dipolar cycloaddition of azomethine ylides is a
powerful strategy for the construction of five-membered nitro-
gen-containing heterocycles, as it enables the formation of two
bonds in a single step with excellent atom economy.8 For 5/
6-fused ring systems, the [3 + 2] cycloaddition of pyridinium
ylides has been established as an efficient method for acces-
sing indolizines, typically starting from readily available pyri-
dines.9 In contrast, applying analogous ylide chemistry to pyra-
zoles—a class of inexpensive and accessible N-heterocycles—
presents several intrinsic challenges:

1. Pronounced susceptibility toward N–N bond cleavage. To
date, all reported studies involving pyrazole-derived ylides ulti-
mately result in fragmentation of the N–N bond
(Scheme 1B).10

2. Instability of the resulting intermediates. Even when
cycloaddition occurs, the initially formed enamines are inher-
ently unstable, preventing the construction of 5/5-fused ring
systems.11

Herein, we report a strategy that overcomes these limit-
ations and enables the synthesis of polysubstituted 1H-pyrrolo

[1,2-b]pyrazoles through the cycloaddition of pyrazolium
ylides. The protocol involves the generation of pyrazolium
ylides under mild conditions, [3 + 2] cycloaddition with
alkynes, and a subsequent oxidative aromatization in a single
operation that collectively enables the smooth formation of
this previously inaccessible 5/5-fused heteroaromatic
framework.

Results and discussion

At the outset of this study, the reaction conditions were opti-
mized using pyrazolium salt 1a as a representative ylide pre-
cursor (Table 1). Treatment of 1a with 1.0 equiv. of dimethyl
acetylenedicarboxylate (DMAD, 2a), 1.2 equiv. of m-chloroper-
oxybenzoic acid (mCPBA), and 2.0 equiv. of dipotassium hydro-
genphosphate in N,N-dimethylformamide (DMF, 0.05 M) at
50 °C afforded only a trace amount of 1H-pyrrolo[1,2-b]pyrazole
3a (entry 1). Screening of oxidants showed that the use of
manganese(IV) oxide increased the NMR yield of 3a to 23%,
although the mass balance remained poor (entries 2 and 3).
Lowering the reaction temperature slightly improved the yield
and resulted in the detection of indolizine 4a in 5% NMR yield
(entry 4). Subsequent examination of bases revealed that pot-
assium fluoride provided the highest yield among those tested
(entries 5–7). Using 2.0 equiv. of DMAD increased the yield of
3a, whereas employing a larger excess resulted in no further
improvement (entries 8 and 9). The reaction concentration sig-
nificantly influenced the chemoselectivity: a higher concen-

Table 1 Optimization of reaction conditionsa

Entry 2a (equiv.) Oxidant (equiv.) Base Solvent (M) Temp. Yieldb of 3a (%) Yieldb of 4a (%)

1c 1.0 mCPBA (1.2) K2HPO4 DMF (0.05) 50 °C Trace ND
2c 1.0 H2O2 (1.2) K2HPO4 DMF (0.05) 50 °C 11 ND
3c 1.0 MnO2 (20) K2HPO4 DMF (0.05) 50 °C 23 ND
4 1.0 MnO2 (20) K2HPO4 DMF (0.05) rt 27 5
5 1.0 MnO2 (20) KF DMF (0.05) rt 34 7
6 1.0 MnO2 (20) NaF DMF (0.05) rt 21 1
7 1.0 MnO2 (20) CsF DMF (0.05) rt 3 ND
8 2.0 MnO2 (20) KF DMF (0.05) rt 40 2
9 4.0 MnO2 (20) KF DMF (0.05) rt 35 2
10 2.0 MnO2 (20) KF DMF (0.1) rt 10 27
11 2.0 MnO2 (20) KF DMF (0.025) rt 44 Trace
12 2.0 MnO2 (40) KF DMF (0.025) rt 61 (53)d 1
13 2.0 MnO2 (60) KF DMF (0.025) rt 55 Trace
14 2.0 MnO2 (40) KF DCM (0.025) rt 14 Trace
15 2.0 MnO2 (40) KF Toluene (0.025) rt 10 1
16 2.0 MnO2 (40) KF DMSO (0.025) rt 22 14
17e 2.0 MnO2 (40) KF DMF (0.025) rt 7 ND

a Conditions: unless mentioned otherwise, all reactions were performed with 1a (0.2 mmol), DMAD, MnO2, base, and solvent under an argon
atmosphere at room temperature for 24 h. bDetermined by 1H NMR using triphenylmethane as an internal standard. c The reaction was carried
out for 18 h. d Isolated yield. e Activated MnO2 was used instead of the commercially available reagent.
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tration led to increased formation of indolizine 4a, whereas
dilution to 0.025 M provided 3a in higher yield with almost no
detectable by-products (entries 9–11). In addition, despite the
heterogeneous nature of manganese(IV) oxide, increasing its
stoichiometry to 40 equiv. furnished 3a in 61% yield (entries
12 and 13).

Solvent screening revealed that DMF was the most effective
solvent for this transformation (entries 14–16). Finally, the use
of manganese(IV) oxide activated according to Attenborough’s
method resulted in a significantly lower yield (entry 17).12

Thus, the conditions shown in entry 12 were identified as
optimal. It should be noted that this protocol enables scale-up
synthesis with only minor modifications (see the SI).

With the optimal conditions for the synthesis of 1H-pyrrolo
[1,2-b]pyrazoles in hand, we next examined the substrate scope
(Scheme 2). We began by exploring substituent effects at the
4-position of the pyrazolium salt. Substrates bearing fluoro,
bromo, iodo, or methyl substituents underwent smooth trans-
formation to give the corresponding products 3b–3e, whereas

an electron-donating methoxy substituent resulted in a
decreased yield of 3f. The structure of the brominated product
3c was unambiguously confirmed by X-ray crystallography,
representing the first structural visualization of the 1H-pyrrolo
[1,2-b]pyrazole framework. Furthermore, a variety of 4-aryl pyr-
azolium salts, irrespective of the electronic nature of the aryl
group, were compatible with the reaction to afford heterocycles
3g–3j in high yields. We then investigated substituent effects
at the 1-position of the ylide precursor. Primary alkyl groups
such as ethyl and benzyl were well tolerated, whereas a second-
ary alkyl group (isopropyl) led to diminished reactivity (3k–
3m). Pyrazolium salts bearing methyl or phenyl substituents at
the 5-position also participated in the reaction to deliver 3n
and 3o in 20–23% yields. In contrast, the use of a 5-iodo pyra-
zolium salt did not provide the corresponding 1H-pyrrolo[1,2-
b]pyrazole but instead afforded the 4(3H)-pyrimidinone deriva-
tive 5, suggesting that a ring-opening/re-cyclization sequence
precedes the cycloaddition under the reaction conditions.13

Next, we examined an electron-withdrawing group (EWG1) at

Scheme 2 Scope and limitations of the [3 + 2] cycloaddition of pyrazolium ylides with alkynes. Reaction conditions: pyrazolium salt
(0.16–0.21 mmol), alkyne (0.32–0.42 mmol), MnO2 (6.4–8.4 mmol), KF (0.32–0.42 mmol) and DMF (6.4–8.4 mL) at room temperature. aThe yield
was determined by 1H NMR using triphenylmethane as an internal standard. Values in parentheses show isolated yields.
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the 2-position. A cyano group was well tolerated, whereas in
the case of a ketocarbonyl substituent, the presence of an iodo
group at the 4-position proved necessary for the cycloaddition
to proceed (3q–3s).

Finally, we explored the scope of dipolarophile alkynes. A
trifluoromethyl-substituted alkyne underwent cycloaddition to
furnish 3t in 28% yield, whereas more electron-rich alkynes
were unreactive. The reaction with ethyl propiolate proceeded
sluggishly (3u), and benzoyl acetylene was barely tolerated,
affording 3v in low yield. These results suggest that although a
relatively low LUMO energy is important, it does not necess-
arily lead to high yields. The decrease in yield is presumed to
arise from the decomposition of the unstable intermediate
and/or excess adducts (see the SI).

To elucidate the reaction pathway, we attempted to identify
the reaction intermediate. In situ 1H NMR analysis of the

mixture obtained after treating 1a and DMAD (2a) with potass-
ium fluoride in DMF for 1.5 h proved highly complex, prevent-
ing unambiguous signal assignment. In contrast, FAB-MS ana-
lysis of the resulting mixture detected an m/z value consistent
with the calculated exact mass of the proposed cycloadduct 6a
(Scheme 3). Subsequent treatment of this mixture with manga-
nese(IV) oxide for 24 h resulted in the detection of a trace
amount of 3a. Notably, a similar experimental procedure per-
formed without NMR monitoring also afforded 3a in 5% NMR
yield. These results indicate that cycloadduct 6a is a highly
unstable intermediate in this reaction sequence and that the
presence of manganese(IV) oxide is essential for the efficient
formation of 1H-pyrrolo[1,2-b]pyrazoles.

With the aim of gaining insight into the chemoselectivity of
the reaction, DFT calculations were performed using pyrazo-
lium ylide A as a model compound (Scheme 4). The calcu-
lations were carried out at the B3LYP/6-311G(d,p) (SMD,
solvent = DMF)//B3LYP/6-31G(d,p) (gas phase) level of theory.
The energy barrier for TS1 for nucleophilic addition to DMAD
was calculated to be 8.9 kcal mol−1, which is lower than that of
the ring-opening process (TS4, 10.0 kcal mol−1). Both trans-
formations are predicted to be irreversible, as the Gibbs free
energies of the resulting intermediates are significantly lower
than those of the starting species. It should be noted, however,
that the ring-opening pathway is intramolecular in nature and
thus the energies are not strictly comparable. Given the small
energy difference, the calculations suggest that the ring-
opening process may be favoured depending on the position
and nature of the substituents, consistent with the formation
of 4(3H)-pyrimidinone 5 observed experimentally (also seeScheme 3 Elucidation of the reaction pathway.

Scheme 4 The reaction profile of ring-opening of the pyrazolium ylide and [3 + 2] cycloaddition. All calculations were conducted at the level of
B3LYP/6-311G(d,p) (SMD, solvent = DMF)//B3LYP/6-31G(d,p) (gas phase).
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Scheme 2). Indeed, the computed pathway toward 7 indicated
that the subsequent ring-closure step also proceeds smoothly.

The intramolecular nucleophilic additions of ynolate B
were associated with activation barriers of 7.3 kcal mol−1 and
7.9 kcal mol−1, respectively, suggesting the irreversible for-
mation of the two diastereomeric intermediates C and C′,
which arise from newly generated stereocenters adjacent to the
angular hydrogen and methoxycarbonyl substituent. Finally,
manganese(IV) oxide-mediated oxidative aromatization of C
and C′ furnishes the corresponding 1H-pyrrolo[1,2-b]pyrazole.
The activation energies for TS3 and TS3′ for the subsequent
nucleophilic additions of DMAD, reported by Derksen,11 were
23.0 kcal mol−1 and 23.9 kcal mol−1, respectively—values that
are higher than those of the other steps, yet still compatible
with reaction progress under the experimental conditions.
These data are consistent with the observation that, at high
substrate concentrations, the formation of indolizine 4
becomes competitive with or even predominant over oxidation
(also see Table 1, entry 10). Overall, these computational
studies indicate that the formation of 1H-pyrrolo[1,2-b]pyrazole
proceeds through a stepwise cycloaddition followed by rapid
oxidative aromatization and underscore that precise control of
the reaction parameters is required to suppress competing
ring-opening pathways and/or undue nucleophilic addition,
thereby maintaining high chemoselectivity.

Finally, to demonstrate the synthetic utility of this protocol,
several chemical transformations of the 1H-pyrrolo[1,2-b]pyra-
zole framework were carried out (Scheme 5). The 3-iodinated

product 3d smoothly underwent both Sonogashira coupling
and the Mizoroki–Heck reaction, affording the corresponding
internal alkyne 8 and alkene 9, respectively. Moreover, the
Vilsmeier–Haack reaction of 3a was feasible, delivering the
3-formylated derivative 10 and thereby highlighting the versati-
lity of this scaffold in C–C bond-forming elaborations. In
addition, the N-benzylic derivative 3l was successfully con-
verted into the deprotected 1H-pyrrolo[1,2-b]pyrazole 11.
Collectively, these transformations demonstrate that a range of
cross-coupling reactions and functional-group manipulations
can be applied to this framework, enabling access to more
structurally complex and functionally enriched molecules.

Conclusions

In conclusion, we have developed a synthetic method for acces-
sing previously unexplored 10π-aromatic 1H-pyrrolo[1,2-b]pyra-
zoles. The sequence, which comprises pyrazolium ylide gene-
ration, cycloaddition with alkynes, and oxidative aromatiza-
tion, proceeds under conditions that effectively suppress the
competing ring-opening and excessive nucleophilic addition
pathways, thereby enabling high chemoselectivity. The sub-
strate scope and limitations were examined, revealing that a
variety of substitution patterns and functional groups are com-
patible, although only electron-deficient alkynes proved
sufficiently reactive toward the pyrazolium ylide. Experimental
and computational investigations shed light on the reaction
mechanism, demonstrating that (1) the cycloaddition proceeds
in a stepwise manner, (2) the resulting cycloadducts are intrin-
sically unstable and thus require rapid oxidation for productive
conversion, and (3) the activation energies of the competing
pathways are comparable, causing the chemoselectivity to be
highly sensitive to subtle changes in reaction conditions.
Furthermore, derivatization studies highlight the potential of
this framework to serve as a versatile platform for constructing
more structurally complex and/or functionally enriched mole-
cules. We anticipate that this strategy will stimulate further
exploration of the synthesis and functionalization of useful
molecules based on this scaffold and will contribute to the
broader development of new 5/5-fused heteroaromatic
chemistry.
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