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(sp2)–H halogenation of pyrazolo
[1,5-a]pyrimidines facilitated by hypervalent
iodine(III) under aqueous and ambient conditions†

Abhinay S. Chillal, Rajesh T. Bhawale and Umesh A. Kshirsagar *

An efficient and mild approach has been developed for the regio-selective direct C3 halogenation of

pyrazolo[1,5-a]pyrimidines employing readily available potassium halide salts and a hypervalent iodine(III)

reagent at ambient temperature. The protocol is both practical and environmentally friendly, utilizing

water as a green solvent, potassium halides as an inexpensive and bench stable halogen source and

PIDA as a non-toxic reagent, enabling clean and efficient halogenation at room temperature. The

procedure yields a range of C3 halogenated pyrazolo[1,5-a]pyrimidines in good to excellent yields.

Mechanistic studies suggest the involvement of electrophilic substitution mechanism in the halogenation

process.
Introduction

Organohalogen compounds are prevalent in nature and are
recognized for their remarkable biological activities, rendering
them intriguing candidates for drug development.1 Numerous
naturally existing metabolites containing halogens hold
medicinal and therapeutic signicance.2 Additionally, these
compounds nd diverse applications in the realm of material
science.3 Halogenated heteroaromatic compounds hold signif-
icant importance as foundational components for synthesizing
complex natural products and drugs. Their pivotal role in
transition metal-catalysed cross-coupling reactions further
underscores their importance in these processes.4

The pyrazolo[1,5-a]pyrimidine scaffold serves as a central
structure for a diverse range of pharmacologically and biologi-
cally active compounds.5 In the eld of medicinal chemistry,
this scaffold is renowned for its anti-tumor, antiviral, anti-
cancer, anti-malarial, and anti-inammatory properties.6

Notably, the pyrazolo[1,5-a]pyrimidine core is a crucial element
present in various anti-cancer medications like selitrectinib,
repotrectinib, larotrectinib and is also a constituent of
insomnia medications such as zaleplon and lorediplon7 (Fig. 1).
Beyond its therapeutic relevance, the pyrazolo[1,5-a]pyrimidine
core bears signicant importance for material scientists,
particularly in the realms of intriguing optical applications and
chemosensor functionality.8 Halogenated pyrazolo[1,5-a]
pyrimidines have been found to possess anxiolytic properties,
their synthesis has been explored with the aim of assessing their
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potential effectiveness in addressing anxiety disorders.9 In 2004,
Liebscher et al. introduced a protocol for the direct halogena-
tion of pyrazolo[1,5-a]pyrimidines using corresponding N-hal-
osuccinimides (Scheme 1a).10 However, this method requires
elevated temperatures and the use of organic solvents. Similar
approaches using N-halosuccinimides were later employed by
Martins et al., and Portilla et al.11 (Scheme 1a). Hence, the
development of an environmentally friendly and efficient
methodology for the direct halogenation of pyrazolo[1,5-a]
pyrimidines is of crucial signicance. In this work, we disclose
a method for the direct and regioselective C3 halogenation of
pyrazolo[1,5-a]pyrimidines at room temperature. This approach
employs potassium halides as a safe, bench stable, cheap and
readily available halogenation source (Scheme 1b). The key
Fig. 1 Bioactive compounds with pyrazolo[1,5-a]pyrimidine scaffold.
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Scheme 1 Previous work on halogenation of pyrazolo[1,5-a]
pyrimidines.

Table 1 Optimization of reaction conditionsa

Entry Oxidant Solvent Yieldb

1 K2S2O8 H2O 30%
2 Na2S2O8 H2O 35%
3 Oxone H2O 38%
4 TBPB H2O 15%
5 TBHP H2O 25%
6 O2 H2O NR
7 PIFA H2O 72%
8 PIDA H2O 87%
9c PIDA H2O 64%
10d PIDA H2O 73%
11e PIDA H2O 70%
12f PIDA H2O 65%
13g PIDA H2O 52%
14h — H O NR
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advantage of this methodology is its operational feasibility at
room temperature, demonstrating its efficiency and practicality.
Additionally, it utilizes water as solvent, contributing to the
overall sustainability of the process.
2

a Reaction conditions: 1a (0.2 mmol), 2a (0.3 mmol), oxidant (1.0
equiv.), H2O (3.0 mL), rt (25–27 °C), 3 h. b Isolated yields. c TBAI was
used instead of KI. d NaI was used instead of KI. e 1.0 equiv. of KI was
used. f 0.75 equiv. oxidant was used. g 0.5 equiv. oxidant was used.
h No oxidant.
Results and discussion

The investigation into the iodination reaction commenced with
the selection of 2-methyl-7-phenylpyrazolo[1,5-a]pyrimidine
(1a) as the preferred substrate and potassium iodide (2a) as the
halogen source. 2-Methyl-7-phenylpyrazolo[1,5-a]pyrimidine
(1a) was reacted with 1.5 equivalents of KI and K2S2O8 (1.0
equiv.) for 3 hours at room temperature (25–27 °C) in water as
a solvent, yielding desired 3-iodo-2-methyl-7-phenylpyrazolo
[1,5-a]pyrimidine (3aa) in a 30% yield (Table 1, entry 1).
Encouraged by the initial success, alternative oxidants for the
iodination reaction were explored keeping other parameters
constant. In the presence of Na2S2O8 and oxone the yield
increased to 35% and 38% respectively (entry 2 and 3). However,
the use of tert-butyl peroxybenzoate (TBAB) and tert-butyl
hydroperoxide (TBHP) resulted in lower yields of 15% and 25%,
respectively (entries 4 and 5). Oxygen, when used as an oxidant,
did not yield any product in the iodination reaction (entry 6).
Subsequently, we explored hypervalent iodine(III) reagents as
oxidants, and were pleased to observe a substantial increase in
the yield of the desired product 3aa. In the presence of (bis(-
triuoroacetoxy)iodo)benzene (PIFA) and (diacetoxyiodo)
benzene (PIDA), the yields escalated to 72% and 87%, respec-
tively (entries 7 and 8). Upon conducting oxidant screening, it
became apparent that PIDA exhibited superior performance as
the oxidant for the iodination reaction. The transition of the
halogen source from KI to NaI and tetrabutylammonium iodide
(TBAI) resulted in a diminished yield of the desired product 3aa
to 64% and 73% respectively (entries 9 and 10), indicating that
KI proved to be a more effective halogen source for the iodin-
ation reaction. Utilizing 1.0 equivalent of KI in the reaction, as
opposed to 1.5 equivalents, resulted in a decrease in the reac-
tion yield to 70% (entry 11).

Upon reducing the amount of PIDA to 0.75 and 0.5 equiva-
lents, lowering the yields to 65% and 52%, respectively (entries
13096 | RSC Adv., 2024, 14, 13095–13099
12 and 13) was observed. When the oxidant was omitted, the
reaction did not take place, emphasizing the crucial role of the
oxidant in the reaction (entry 14). The optimal yield of 3aa was
achieved by employing 1.0 equivalent of 1a, 1.5 equivalents of
KI, 1.0 equivalent of PIDA, utilizing water as the solvent, and
conducting the reaction for duration of 3 hours. Aer obtaining
optimized reaction conditions, we decided to investigate the
substrate scope for halogenation (I/Br/Cl) of pyrazolo[1,5-a]
pyrimidines (Scheme 2). Under optimal conditions, iodination
of 2-methyl-7-phenylpyrazolo[1,5-a]pyrimidine resulted in
product 3aa with an 87% yield. Various derivatives of 2-methyl-
7-phenylpyrazolo[1,5-a]pyrimidine, bearing electron-donating
(–OMe, –Me) and electron-withdrawing (–Cl, –Br) groups on
the phenyl ring, smoothly underwent iodination reactions,
producing the respective C3 iodinated products (3ab–3ae) with
yields ranging from 83% to 95%. A variety of tri-substituted
pyrazolo[1,5-a]pyrimidine derivatives efficiently underwent an
iodination reaction under optimised conditions, leading to the
formation of products 3af–3ah with excellent yields ranging
from 86% to 91%. 7-Phenylpyrazolo[1,5-a]pyrimidine and pyr-
azolo[1,5-a]pyrimidine exhibited excellent reactivity, yielding
the corresponding C3 iodinated products 3ai and 3aj with
impressive yields of 89% and 79%, respectively. This under-
scores the excellent regioselectivity of the present methodology.
Under optimized conditions, both the pyrazolo[1,5-a]pyrimi-
dine derivative bearing a uorine substituent on the phenyl ring
and the derivative with a pyridine ring attached demonstrated
successful reactions, yielding iodination products 3ak and 3al
in 84% and 92% yield respectively. Other N-heterocycles like 2-
© 2024 The Author(s). Published by the Royal Society of Chemistry
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Scheme 2 Substrate scope for the regioselective halogenation of
pyrazolo[1,5-a]pyrimidines and other N-heterocycles. Reaction
conditions: 1 (0.2 mmol), KX (0.3 mmol), PIDA (1.0 equiv.), H2O (3.0
mL), rt (25–27 °C), 3 h. Yields are isolated yields. aReactions were
carried out in MeOH.

Scheme 3 Gram scale synthesis.
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phenylimidazo[1,2-a]pyridine, 2-methyl-4H-pyrido[1,2-a]
pyrimidin-4-one and 2-methyl-1H-indole reacted well giving
corresponding iodinated products in 86%, 72% and 78% yield
respectively. Subsequently, we chose to expand the present
approach to conduct the regioselective bromination of pyrazolo
[1,5-a]pyrimidine derivatives. To begin with, 2-methyl-7-phe-
nylpyrazolo[1,5-a]pyrimidine was reacted with 1.5 equivalent of
potassium bromide in presence of PIDA (1.0 equiv.) using H2O
as a solvent for 3 hours. Gratifyingly, the anticipated C3
brominated product 3ba was obtained with a high yield of 88%.
The current reaction conditions demonstrated excellent
compatibility with both electron-withdrawing (–Cl, –Br) and
electron-donating groups (–OMe, –Me) yielding the respective
C3 brominated products (3bb–3be) in outstanding yields
ranging from 86% to 92%. The reaction exhibited good reac-
tivity with different trisubstituted pyrazolo[1,5-a]pyrimidine
derivatives, yielding the corresponding brominated products
3bf–3bh in remarkable yields ranging from 88% to 90%. 7-
Phenylpyrazolo[1,5-a]pyrimidine and pyrazolo[1,5-a]pyrimidine
displayed excellent reactivity and regioselectivity under opti-
mized conditions, yielding C3 brominated products 3bi (88%)
and 3bj (81%). Notably, exclusive bromination was observed
solely at the C3 position, with no occurrence of bromination at
any other site. Following the successful iodination and bromi-
nation, the same strategy was implemented for the site-selective
chlorination of the pyrazolo[1,5-a]pyrimidine scaffold. A reac-
tion was conducted by treating 2-methyl-7-phenylpyrazolo[1,5-
© 2024 The Author(s). Published by the Royal Society of Chemistry
a]pyrimidine with potassium chloride (1.5 equiv.) utilizing
water as a solvent over a period of 3 hours; the chlorinated
product 3ca was isolated with a slight lower yield of 67%
compared to iodination and bromination. Interestingly, when
the same reaction was conducted in MeOH with all other
parameters held constant, the yield of the product 3ca signi-
cantly increased to 86%. Consequently, based on these ndings,
we opted to conduct chlorination reactions in water as well as in
methanol as the solvent. 2-Methyl-7-phenylpyrazolo[1,5-a]
pyrimidines bearing electron donating substituents (–OMe, –
Me) as well as electron withdrawing halogen substituents (–Br, –
Cl) gave corresponding C3 chlorinated products 3cb–3ce in
good yields ranging from 69–73% respectively. Trisubstituted
derivatives of pyrazolo[1,5-a]pyrimidine exhibited excellent
reactivity in the chlorination protocol, yielding the corre-
sponding mono-chlorinated products 3cf–3ch with commend-
able yields (68–70%). In line with the regioselectivity observed
in iodination and bromination reactions, chlorination exhibi-
ted a similar trend.

This was evident in the selective formation of products 3ci
and 3cj, providing yields of 75% and 61%, respectively. To
ascertain the reliability and efficacy of the devisedmethodology,
we decided to carry out iodination of the substrate on gram
scale. A 3.5 mmol (1.0 g) quantity of 2-methyl-5,7-diphenylpyr-
azolo[1,5-a]pyrimidine (1g) was subjected to a reaction with
5.2 mmol (0.87 g) of KI, in water as a solvent. The reaction
proceeded for 3 hours at room temperature, yielding the desired
C3 iodinated product 3ag with a 84% yield (1.21 g) (Scheme 3).
Emphasizing the utility of the synthesized halogenated
compounds, their potential to undergo transformation into
substituted pyrazolo[1,5-a]pyrimidine derivatives was investi-
gated. Specically, a targeted approach involved subjecting 3-
iodo-2-methyl-5,7-diphenylpyrazolo[1,5-a]pyrimidine to well-
established cross-coupling reactions, namely Suzuki–Miyaura
coupling and Sonogashira coupling (Scheme 4).12 Under the
conditions outlined in Scheme 4, compound 3ag underwent
reactions with phenyl boronic acid and phenyl acetylene,
yielding products 5 and 7 with good yields of 85% and 73%,
respectively. Following this, a series of controlled experiments
were meticulously carried out to clarify the mechanistic foun-
dations governing the halogenation reaction of pyrazolo[1,5-a]
pyrimidine. These reactions were systematically conducted
under optimized conditions, adding radical scavengers, namely
(2,2,6,6-tetramethylpiperidin-1-yl)oxyl (TEMPO) and 2,6-di-tert-
butyl-4-methylphenol (BHT), to assess the potential
RSC Adv., 2024, 14, 13095–13099 | 13097
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Scheme 4 Synthetic application in cross coupling reactions.

Scheme 5 Control experiments.
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participation of radical intermediates (Scheme 5). Despite the
addition of TEMPO and BHT in the halogenation reactions,
these radical scavengers proved ineffective in completely sup-
pressing product formation. Only a modest reduction in
product yield in case of iodination and bromination was
observed, with the iodinated product 3af being obtained in 77%
and 69% yields in the presence of TEMPO and BHT, respec-
tively. Similarly, the bromination product 3bf was isolated in
72% and 71% yields in the presence of TEMPO and BHT,
demonstrating a marginal decrease in overall efficiency. In case
of chlorination reaction product 3cf was obtained in 45% and
Scheme 6 Plausible reaction mechanism.

13098 | RSC Adv., 2024, 14, 13095–13099
48% yields in presence of TEMPO and BHT respectively. Based
on the results of control experiments and literature study13

a possible mechanism has been postulated for the halogenation
of pyrazolo[1,5-a]pyrimidines (Scheme 6). The process
commences with PIDA initiating a ligand exchange with
a halide salt, resulting in the formation of intermediate A. This
intermediate then undergoes a transformation into hypohalite
salt B, serving as a source for an electrophilic halogen species.
Following this, substrate 1a engages with the electrophilic
halogen species B, leading to the formation of intermediate C.
In the nal step, intermediate C undergoes deprotonation,
ultimately yielding the halogenated product 3.

Conclusions

In conclusion, we have developed an environmentally friendly
and efficient method for the regio-selective C3 halogenation of
pyrazolo[1,5-a]pyrimidines, using a hypervalent iodine(III)
reagent, readily and cheaply available potassium halide salts,
and water as a green solvent at ambient temperature. The
method facilitates clean and effective halogenation, resulting in
the synthesis of diverse C3 halogenated pyrazolo [1,5-a]pyrimi-
dine derivatives with consistently good to excellent yields. Our
preliminary mechanistic studies suggest the involvement of an
electrophilic substitution mechanism in this process. Beyond
its environmental merits, this method demonstrates charac-
teristics of rapidity, operational simplicity, scalability, and an
expansive substrate scope, thereby enhancing its potential as
a versatile and valuable tool in organic synthesis.
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S. P. Gaudêncio, P. R. Jensen and W. Fenical, Angew.
Chem., Int. Ed., 2009, 48, 725–727; (c) K. Kaur, M. Jain,
R. P. Reddy and R. Jain, Eur. J. Med. Chem., 2010, 45, 3245–
3264; (d) S. Vandekerckhove, H. G. Tran, T. Desmet and
M. D’hooghe, Bioorg. Med. Chem., 2013, 23, 4641–4643.

2 (a) B. Gál, C. Bucher and N. Z. Burns, Mar. Drugs, 2016, 14,
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