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Oxone®-mediated Dakin-like reaction to
synthesize hydroxyarenes: an approach using

pyrazolo[1,5-alpyrimidinest

Carlos Cifuentes, Marianna Cubides and Jaime Portilla @ *

A simple and efficient methodology was developed for converting formyl(hetero)arenes into the
corresponding hydroxylated derivatives in high yields (95-99%) using Oxone® as the oxidant. This
Dakin-like reaction proceeded via C-C bond cleavage with the insertion of an oxygen atom into the
formyl group, forming the corresponding formyl esters (up to 99%), which then underwent basic

hydrolysis to yield the desired alcohols. Although the substrate scope mainly included 3-hydroxypyrazolo
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[1,5-alpyrimidines, other substrates featuring typical fluorophores (e.g., triphenylamine, anthracene,

pyrene, fluorene, and coumarin) were also tested. Moreover, we demonstrated the functionalization of

DOI: 10.1039/d5ra02812d the

rsc.li/rsc-advances

Introduction

The functionalization reactions of N-heteroaromatic
compounds face significant challenges in their organic
synthesis as heteroatoms confer unique electronic properties
that govern and possibly limit their performance. The reactivity
of substrates under acidic, oxidizing, or hydrolytic conditions
limits their utility owing to the potential formation of chelates,
salts, N-oxides, or ring-opening products.' Moreover, the
presence of diverse m-excessive or m-deficient rings hinders the
incorporation of the desired functional group. For example,
a hydroxyl group (OH) is frequently introduced in m-deficient
rings using nucleophilic aromatic substitution (NAS) reactions,
although this reaction does not usually occur on 7-excessive
rings;*° thus, obtaining hydroxylated (N-hetero) arenes is
a great challenge (Fig. 1a).”® Nevertheless, the presence of OH
groups in diverse rings is crucial as this functional group allows
access to different and relevant chemicals in biological (e.g.,
carbamates)'>"* and photophysical (hybrid dyes)'>** fields. The
photophysical field requires the use of fluorophoric reagents,
which are highly conjugated or m-excessive rings**™* in which
the OH insertion is complex, but its presence facilitates relevant
charge transfer (CT) or excited state intramolecular proton
transfer (ESIPT) phenomena (Fig. 1b).*** It is important to note
that the synthesis of functional fluorophores is a recurrent
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representative  3-hydroxypyrazolo[1,5-alpyrimidine derivatives obtained using our developed
methodology involving alkylation, acylation, and sulfonylation reactions.

objective of our research group,*®* mainly for chemodetection
applications,* with relevant results achieved using the pyrazolo
[1,5-a]pyrimidine (Pp) scaffold;** a dipolar 5:6 fused ring
system containing three nitrogen atoms essential to synthesize
various biologically active compounds (Fig. 1c, left).**>2¢
Alternatively, the Baeyer-Villiger (BV) reaction,” using
(hetero)arylaldehydes with m-excessive rings as substrates, is
a Dakin-like reaction that offers an alternative protocol to access
hydroxylated fluorophores. Specifically, a Dakin reaction
involves converting hydroxy- or alkoxy-benzaldehydes into the
respective phenols.”® This transformation is based on the
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Fig. 1 (a) Reactions on (N-hetero) arenes including NAS. (b) Hydrox-
ylated arenes and (c) pyrazolo[l,5-alpyrimidines with relevant
applications.
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Scheme 1 Synthesis of hydroxylated N-heterocyclic compounds (a)
by Kao et al. and (b) in previous work. (c) Research proposal.

Table 1 Optimization of reaction conditions for the Dakin reaction of

la®
Dakin reaction-like o//—O N HQ
\g _Oxone,t Meﬁ \; + Mem
N’N Tsolvent, T N-N A N-Ns
1a 2a Ph 3a Ph
2a/3a,
Entry Oxone®  Solvent t(h) T(°C) yield (%)
1 1equiv.  Dry DMF 12 r.t. 10/85"
2 4 80/15"
3 2 99/—
4 1 57/—
5 0.5 40/257
6 2 50 73/15"4
7 DMF 2 r.t. 58/—
8 0.5 equiv. Dry DMF 5 r.t. 43/—
9 1equiv. MeOH 2 r.t. —/754
10 1 equiv. DCM, DMSO, or MeCN 5 100 —/—

¢ Reaction conditions: 50 mg of 1a (0.21 mmol) and Oxone® (32 mg, 1
equiv.) in 1 mL of solvent at . t. » Determined by 'H NMR using 1,3,5-
MeO);C¢H; as a standard. © Under MW in a 10 mL sealed tube
Decomposition products were observed.

oxidative cleavage of carbon-carbon bonds adjacent to
a carbonyl group, with the insertion of an oxygen atom to
convert aldehydes or ketones into esters. Peracids (e.g., m-
CPBA), basic hydrogen peroxide (H,0O,), or acidic urea-
hydrogen peroxide (UHP) conditions are generally unsuitable
for all substrates as they often lead to overoxidation.*”>°
Oxone® (a triphasic monopersulfate-based salt: KHSOs-
-IKHSO,-1K,80,) is a cost-effective, easier-to-handle, efficient,
and sustainable oxidizing agent owing to its high solubility in
water and decomposition into environmentally friendly waste
(K2S0,) during reactions.?”** Although this reagent has been
used in the oxidation of aldehydes to carboxylic acids (via the BV
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reaction) or formyl esters (via the Dakin reaction), the latter
transformation has been mainly studied for obtaining phenol
derivatives from m-excessive benzaldehydes. Remarkably, only
two articles were reported in this respect, where Oxone® was
preliminarily used on N-heteroaldehydes; in the first one, a 3-
formylpyrrole derivative was oxidized to the respective ester to
access the desired alcohol (Scheme 1a),** and in the second one,
3-formylpyrazolo[1,5-a]pyrimidines 1a-b offered a formyl ester
(2b) and an alcohol (3a) (Scheme 1b, left).** The second report
was a correction®” to an article we published in 2018, in which
the reaction was only explored as a preliminary test.*

In addition to the Oxone®-mediated Dakin reaction of 1a-b,
only one patent was found using the same heterocyclic core, in
which the oxidation was performed on a 3-acetylpyrazolopyr-
imidine using hydrogen peroxide-urea (UHP), but in poor yield;
then, the acetyl ester intermediate underwent basic hydrolysis
to form the desired alcohol (Scheme 1b, top right).** A similar
compound was reported in another patent but via a different
route, in which a substitution reaction of bromine with
a hydroxyl group was carried out in poor yield using lithium
hydroxide (Scheme 1b, bottom right).>* The first patent reported
a biologically valuable alcohol (Fig. 1c, right), as evidenced by
the high inhibitory activity of its carbamate derivative (IC5, =
0.58 nM) towards Trk (LOXO-101), which proved to be more
active than the commercial drug urea derivative Vitrakvi (ICs, =
1.57 nM).* Therefore, the Oxone®-mediated Dakin reaction of
la-b is a promising reaction, despite its result being very
preliminary and unexpected.*” Indeed, in 2018, we reported the
preparation and synthetic utility of 3-formylpyrazolo[1,5-a]
pyrimidines, in which this reaction was studied to obtain the
respective carboxylic acid" under conditions reported by Travis
et al.*® Nevertheless, last year, we attempted to replicate the
reaction and irregularities were observed because the ester 2b
and alcohol 3a were isolated as oxidation products instead of
the desired carboxylic acids (Scheme 1b, left).

Considering this unexpected and fascinating results of the
Oxone®-mediated reaction of 1a-b** (substrates bearing an
emergent fluorophore***), we aimed to optimize the reaction
conditions that lead to a new series of 3-hydroxypyrazolo[1,5-a]
pyrimidines 3a-i. We used these alcohols in alkylation, acyla-
tion, and sulfonylation reactions (to obtain 5a-h) to explore
their synthetic versatility. We also extended the reaction scope
to some typical fluorophore-based substrates (i.e., triphenyl-
amine, anthracene, pyrene, fluorene, and coumarin) to yield
alcohols 3j-n (Scheme 1c), which are usually difficult to access
(due to multistep synthesis and the high cost of commercial
compounds)®*** but could facilitate innovative research.'>'¢3¢3

Results and discussion

Our study to obtain alcohols 3a-i, starting from hetero-
aldehydes 1a-i, began with the optimization of reaction condi-
tions (solvent, equiv., temperature, and time) using the model
substrate 1a under the preliminary conditions of Oxone®/1
equiv. in dry DMF at room temperature (~20 °C) for 12 h fol-
lowed by HCI aq workup,*” and initially only the reaction time
was varied. Although the results were reproducible, the

© 2025 The Author(s). Published by the Royal Society of Chemistry
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alpyrimidines 1 and (b) other products obtained from the Oxone®-
mediated oxidation reaction.

intermediate ester 2a was also isolated under these conditions.
Remarkably, the time control facilitated the formation of ester
2a as a single product, and application of microwave irradiation
was unfavorable for this reaction (Table 1, entries 1-5). Subse-
quently, we observed that increasing the temperature and the
degree of moisture affected the reaction yield; thus, the reaction
was carried out in a closed vessel at ~20 °C in anhydrous DMF
under a nitrogen atmosphere to afford quantitative results. In
addition, reducing the equivalents of Oxone® decreased the
reaction yield (Table 1, entries 6-8 vs. 3), making entry 3 the
optimal reaction condition. When we attempted to purify 2a
using flash chromatography, the amount of alcohol 3a
increased,** obscuring the isolation of 2a; however, the crude
ester (a solid residue) was successfully purified by adding cold
pentane to remove residual DMF. We also explored changing
the solvent to ease the purification process (which was already

© 2025 The Author(s). Published by the Royal Society of Chemistry
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easy using DMF); however, the reaction only proceeded in
MeOH, yielding decomposed products (entry 9 vs. 10). Finally,
to demonstrate the importance of Oxone® in this trans-
formation, other oxidizing agents (1 equiv. of KOH/H,0,, m-
CPBA, and UHP) were used; however, no changes were observed
with any of them after 5 hours of reaction at ~20 °C in dry DMF.

Subsequently, we studied the reaction scope using substrates
1b-i, which were substituted with a ring of diverse electronic
natures at position 7, and notably, only those bearing electron-
withdrawing groups (EWGs) affected the reaction time. The
reaction was also efficient starting from typical fluorescent
aldehydes 1j-m, and even from ketones 1n,0, which required 2
equivalents of Oxone® (Scheme 2). Rings bearing EWGs were
expected to affect the migratory capacity of the pyrazolo[1,5-a]
pyrimidine core during the reaction, generating the desired
carboxylic acids;'® however, this outcome was not observed, and
the respective esters were formed in high yields, indicating that
the strong donor effect at position 3 of the heterocyclic core**
dominated in this oxidation reaction. However, some esters
(i.e., 2f and 2m) were not isolated, as they were formed together
with traces of alcohol, and these esters were hydrolyzed to the
corresponding alcohol during the separation of the mixture
using flash chromatography (Scheme 2).*°

We also investigated the scope of the reaction by varying the
substituents on the heterocyclic core at positions 2 (Me vs. ‘Bu
or 4-MeOPh) and 5 (H vs. Ph); however, the reaction did not
advanced owing to strong steric effects at the reactive center
(the HSO5™ anion was large) or perhaps owing to the high
stability conferred by the substituents (aryl vs. Me/H),* which
limited the ability to reach the transition state (TS) required
during the migration (Scheme 3a). By using other aldehydes
available in our laboratory, bearing phenyl 1q, m-excessive (4-
MeOPh 1p and pyrrole 1s,t or thiophene 1u) or m-deficient (4-
O,NPh 1r) rings or two formyl groups 1v,w (Scheme 3b), the
Dakin reaction was observed only from 1p,w, while the Baeyer—
Villiger oxidation occurred from arylaldehydes 1q,r. Notably,
the decomposed products were observed from the reactions of
heteroaldehydes 1s-v, possibly owing to their high reactivity
towards oxidizing agents (pyrrole and thiophene are rt-excessive
rings, and 1t,v bear EDGs), and less stable monocyclic struc-
tures;>” e.g., the Oxone®-mediated reaction reported by Kao
et al®* from a 3-formylpyrrole derivative yielded the desired
ester (Scheme 1a above), likely because the substrate was
stabilized by EGWs, such as CO,Et and BnO, on the nitrogen
atom. Ultimately, the dicarbaldehydes 1v,w were used as
substrates to test the selectivity of this transformation; however,
only the triphenylamine (TPA) derivative 1w was converted into
the corresponding monoester 2w and diester 2w/, since the
substrate 1v offered the decomposed products (Scheme 3b).
Although intermediate esters 2w and 2w’ were not isolated, they
must be hydrolyzed later for discussion of their respective
properties.

With the formyl 2a-m,w or acetyl 2n,0 esters in hand, we
then tested their hydrolysis reaction, which was efficiently
performed owing to their high reactivity and the presence of
a good leaving group (heteroaryloxy). The reaction was carried
out in a methanol/water mixture (1 : 3) under basic conditions (2

RSC Adv, 2025, 15, 23441-23447 | 23443


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d5ra02812d

Open Access Article. Published on 07 July 2025. Downloaded on 2/11/2026 4:16:53 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

RSC Advances

R NaCOj3 (2 equiv), MeOH/H,0 1:1 (4 mL)

))), rt. (~20 °C), 5 min; 83-99%

2a-o0
(0.25 mmol) (F|I—O

FI—OH
3a-p
HO HO

N
Me = D
NN NN - N \
3a 95% 3b 92%
1.069/94% 1. 209/92% 3c 96%
N

Mm

3f 88% 39 86% N 3h 83%

3k 90%
i;\(

30=3a 99% Ph

3d 97%

S

N'N =

3e 93%7

3; 95% [

3i 95%7 1. 25g/96%

oo o
OH
EtN o
3193%° 3m 83%

3n 91"/

Scheme 4 Substrate scope for the synthesis of alcohols 3a—o.

3w 44% 3w' 1%

EO HO RO
NN\ E—Cl4e,fELN ﬁN\ R~ X 4a-d/'BUOK ﬁN\
Me— 1.5equiv/DCM, 1h_ Me 15 equiviMeCN, 1h_ Me—(
N-N” Tt 91-92% N-NF 7 reflux; 89-96% N- ng
Only by 3b, Ar = 4-CIPh; Mel 4a, Etl 4b, BnBr 4c,
5g9-h Ar E: 4-BrBz 4e, PhSO, 4f 3a,b Ar  4(quinolin-8-yioxy)butylBr 4d 5a-f Ar
Me Me Me Me

Nﬁ/oa N)IOR
N
% <=4 N

5¢ 95% R= Et/Bn 5d/5e 95/95%

{fol

Reaction conditions: 3a,b/base (0.50/0.75 mmol) and R-X or E-X (0.75 mmol in 2 mL of solvent at reflux or ~20 °C.

B

5f 89%

CN@%

59 92%

Scheme 5 Synthetic applications of 3-hydroxypyrazolo[1,5-alpyrimi-
dine 3a,b.

inon-fluorescent

A = analyte maybe fluorescent

Fig. 2 Possible fluorescence process implied in ICT probe 3d.

equiv. of Na,CO;) and ultrasound (US) irradiation (5 min at ~20
°C); this hydrolysis reaction occurred efficiently using an
ultrasound probe (0.2 MHz, 750 W), as the cavitation effect
significantly enhanced the reagent solubility.** Gratifyingly, the
products were obtained in excellent yields (up to 99%), and 3a
and 3c did not require any further purification beyond extrac-
tion (Scheme 4); however, alcohols 3f-h presented challenges
during extraction owing to their high solubility in water,
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resulting in lower yields (83-86%). Finally, the hydroxyaldehyde
3w and the diol 3w’ were obtained when the hydrolysis residue
was purified using flash chromatography on silica gel (eluent: (i)
DCM and (ii) DCM/MeOH 4:1 v/v). The first fraction eluted
contained 3w (44%), while the second fraction contained traces
of 3w’ (11%); despite the substrate being consumed during
oxidation, the moderate isolated yields of these alcohols were
owing to their retention on the silica gel during purification.
Therefore, the selectivity of the Dakin reaction was established
towards the alcohol 3w, possibly due to the use of 1 equivalent
of Oxone®. Notably, the TPA derivatives 3w, 3w/, and 3j are
highly valuable compounds in materials chemistry*® (with 3j
costing approximately $116 per gram*?), anthracen-9-ol (3k)
rapidly isomerizes to anthracen-9(10H)-one (90%); fluoren-2-ol
(3m) has a high commercial cost ($125 per gram (ref. 43)),
and the coumarin-3-ol (3n) is a novel dye. Three of these alco-
hols were obtained on a gram scale (from 5.0 mmol) in 95%
(1.07 g/3a), 93% (1.22 g/3b), and 96% (1.25 g/3j) yields.

Finally, we investigated the synthetic application of the ob-
tained alcohols using 3a and 3b in O-functionalizations such as
alkylation, acylation, and sulfonylation reactions. The synthesis
of ethers 5a—f via the reaction of 3a,b with 1.5 equiv. of ‘BuOK/
haloalkane (i.e., Mel 4a, Etl 4b, BnBr 4c, or 8-quinolinyl-
O(CH,),Br 4d) at reflux in MeCN for 1 hour efficiently resulted
in high yields (Scheme 5, right); likewise, the acylation and
sulfonylation reactions of 3b were successfully realized using
Et;N/4-BrBzCl 4e or Et;N/PhSO;H 4f but at ~20 °C in DCM
(Scheme 5, left). These results suggested that the chemistry of 3-
hydroxypyrazolo[1,5-a]pyrimidines is similar to those of other
hydroxylated (hetero)arenes,**® considering the high nucleo-
philicity of their OH group.*

Notably, unlike the aldehydes 1a-i'® and their non-
functionalized precursors 6a-i** (see structures in ESIT), none
of the hydroxylated pyrazolo[1,5-a]pyrimidines 3a-i were found
to be fluorescent compounds; this might be possibly owing to
the intramolecular charge transfer (ICT) process of the fluo-
rophore family being blocked by the presence of the electron-
donating hydroxyl group. Consequently, we aim to explore
future applications of this type of alcohols, particularly in che-
modetection, through a turn-on fluorescence upon interaction
of the hydroxyl group with an analyte of interest that would
restore the ICT phenomenon (e.g., using the compound 3d,
Fig. 2).

Conclusions

In summary, the Oxone®-mediated Dakin-type oxidation of 3-
formylpyrazolo[1,5-a]pyrimidines to 3-hydroxy derivatives was
successfully carried out in high yields under mild conditions
and using cost-effective reagents. Notably, this synthetic
methodology was conveniently extended to other (hetero)arenes
bearing typical fluorophores, enabling the preparation of
commercially valuable derivatives that are highly expensive but
highly promising for photophysical studies. Furthermore, the
reaction proved to be selective for the formation of a mono-
hydroxylated derivative from a dialdehyde upon controlling
the Oxone® equivalents. In addition, the synthetic applications

© 2025 The Author(s). Published by the Royal Society of Chemistry
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of two 3-hydroxypyrazolo[1,5-a]pyrimidines were evaluated
using simple methods (alkylation, acylation, and sulfonylation)
and readily available reagents. Therefore, the alcohol deriva-
tives obtained herein serve as spearheads for directing novel
and varied applications of pyrazolopyrimidines owing to the
“almost unprecedented” acquired functionality and the high
synthetic and photophysical versatility of this compound
family.

Experimental section

Comment. Structures of some novel precursors (i.e., 1e,f), other
relevant precursors (i.e., 1n,0 and alkylating agent 4d), esters
2a-0, alcohols 3a-w, and O-functionalization products 5a-h
were determined using NMR measurements and HRMS analysis
(see Fig. S1-S72 in ESIt). Detailed experimental procedures and
characterization data for all the synthesised compounds,
including their general information, are provided in the ESLt
General experimental procedures for the synthesis of
compounds 2a-o0, 3a-o0, and 5a-h are described below.

General procedures

General procedure for the Dakin-like reaction from (hetero)
aryl aldehydes 1a-w. A mixture of aldehyde or ketone 1a-w (0.5
mmol) and Oxone® (76 mg/0.5 mmol for aldehydes or 152 mg/
1 mmol for ketones 1n,0) was added into a ball of 5.0 mL and
subjected to vacuum for 2 min. Next, the mixture was placed
under an N, atmosphere, and anhydrous DMF (2 mL) was
added, and the mixture was stirred at ~20 °C for 2 h. Subse-
quently, distilled water (5 mL) was added, and the resulting
mixture was extracted with DCM (3 x 7 mL). The organic phase
was dried over anhydrous MgSO,, filtered, and the resulting
solution was concentrated under reduced pressure. Finally,
4 mL of cold pentane was added to the residue to remove traces
of grease and residual DMF (recrystallisation), affording various
pure products. Notably, the reaction of methyl ketones 1n,0
required 2 equiv. of Oxone® for complete conversion. In addi-
tion, esters 2f, 2m, 2w, and 2w’ (i.e., using substrates with 7-(4-
NCPh)Pp 1f or fluorene 1m, or the dialdehyde 1w) were not
isolated as they were formed together with traces of the corre-
sponding alcohols; when we tried to purify theses esters, they
were hydrolyzed to alcohols during the separation of the
mixture using flash chromatography,” making their isolation
impossible.

General procedure for the hydrolysis of esters 2 to alcohols 3.
A mixture of the respective ester 2a-o,w,w’ (0.25 mmol) and
Na,COj3 (53 mg, 0.5 mmol) in MeOH/H,0 1:1 (4 mL) was sub-
jected to ultrasound irradiation at room temperature for 5 min
in a 25 mL TNPSFH glass container. Distilled water (6 mL) was
added to the resulting mixture, and it was extracted with DCM
(3 x 10 mL). The organic phase was dried over anhydrous
MgSO,, filtered, and concentrated under reduced pressure.
Finally, the residue was purified using flash chromatography
(eluent: (i) DCM, (ii) DCM/MeOH 30 : 1 v/v) to afford the desired
(hetero)aryl alcohols 3a-o in high yields (83-99%); however, the
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mixture of hydroxyaldehyde 3w and diol 3w’ was separated
using (i) DCM (3w, 44%) and (ii) DCM/MeOH (3w, 11%) 4 : 1 v/v.

General procedure for the synthesis of 3-alkoxy derivatives
5a-f. A mixture of 7-aryl-3-hydroxypyrazolo[1,5-a]pyrimidine
3a,b (0.5 mmol) and ‘BuOK (1.5 equiv., 98%, 86 mg) in MeCN (2
mL) was stirred under reflux for 5 min to generate the de
alkoxide anion. The alkyl agent 4a-d (1.5 equiv.) was added to
the mixture dropwise for 1 min. The reaction mixture was then
stirred under reflux for 1 hour. After completion, distilled water
(5 mL) was added, and the resulting mixture was extracted with
DCM (3 x 10 mL). The organic phase was dried over anhydrous
MgSO0,, filtered, and concentrated under reduced pressure. The
residue was purified using flash chromatography (eluent: DCM/
MeOH 50:1 v/v) to afford the desired products 5a-f in high
yields (89-96%).

General procedure for synthesising the aroyl 5g and sul-
phonyl 5h esters. A mixture of nucleophilic reagent 3-hydroxy-7-
(4-chlorophenyl)2-methylpyrazolo[1,5-a]pyrimidine (3b,
130 mg, 0.5 mmol) and triethylamine (Et;N, 99.5%, 105 puL/0.75
mmol) in DCM (2 mL) was stirred for 5 min at room tempera-
ture (~20 °C). Then, either 4-bromobenzoyl chloride (4e 98%,
157 mg, 0.75 mmol) or phenylsulfonyl chloride (4f 99%, 97 pL,
0.75 mmol) was added to the mixture, and it was stirred for
30 min. Afterwards, distilled water (5 mL) was added, and the
resulting mixture was extracted using DCM (3 x 10 mL). The
organic phase was dried over anhydrous MgSO,, filtered, and
the solution was concentrated under reduced pressure; the
residue was purified using flash chromatography (eluent: DCM/
MeOH 50 : 1 v/v) to afford the desired 4-bromobenzoyl 5g (yellow
solid, 203 mg, 92%) and phenylsulphonyl 5h (white solid,
182 mg, 91%) esters.

Data availability

The data supporting the findings of this study are available
within the article and its ESI.{ Supporting data for this article
are provided in the ESI,f which include the experimental
procedures and characterization data, HRMS analysis with
spectral copies, and '"H NMR, *C NMR, and DEPT-135 spectral
copies.

Author contributions

The individuals listed as authors have contributed to the
development of this manuscript, and no other person was
involved. The author contributions are as follows: C. C. and M.
C. carried out the experiments (synthesis and characterization
of products) and conducted literature review, while J. P. devel-
oped and composed the original draft, supervised it, and
provided sources. All authors have read and agreed to the
published version of this manuscript.

Conflicts of interest

The authors declare no competing financial interest.

RSC Adv, 2025, 15, 23441-23447 | 23445


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d5ra02812d

Open Access Article. Published on 07 July 2025. Downloaded on 2/11/2026 4:16:53 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

RSC Advances

Acknowledgements

The authors gratefully acknowledge the Chemistry Department
and Vicerrectoria de Investigaciones at the Universidad de Los
Andes for the financial support (project INV-2023-162-2810). We
thank S. Ortiz of Universidad de Los Andes for acquiring mass
spectra for HRMS analysis.

Notes and references

1 V. Dhayalan, V. S. Dodke, M. Pradeep Kumar, H. S. Korkmaz,
A. Hoffmann-Réder, P. Amaladass, R. Dandela,
R. Dhanusuraman and P. Knochel, Recent synthetic
strategies for the functionalization of fused bicyclic
heteroaromatics using organo-Li, -Mg and -Zn reagents,
Chem. Soc. Rev., 2024, 53, 11045-11099.

2 N. R. Candeias, L. C. Branco, P. M. P. Gois, C. A. M. Afonso
and A. F. Trindade, More sustainable approaches for the
synthesis of n-based heterocycles, Chem. Rev., 2009, 109,
2703-2802.

3 H. T. Nguyen, T. T. Nguyen, V. T. Chau Doan, T. H. Nguyen
and M. H. Tran, Recent advances in metal-free catalysts for
the synthesis of N-heterocyclic frameworks focusing on 5-
and 6-membered rings: a review, RSC Adv., 2025, 15, 9676-
9755.

4 J. Portilla, in Adv. Heterocycl. Chem., ed. E. F. V. Scriven and
C. A. Ramsden, Elsevier, 2024, vol. 142, pp. 71-138.

5 D. Amankulova, G. Berganayeva, B. Kudaibergenova,
D. Zhetpisbay, A. Sharipova and M. Dyusebaeva, Recent
Advances in the Synthesis and Applications of m-Aryloxy
Phenols, Molecules, 2023, 28, 2657.

6 Q. Kang, Y. Lin, Y. Li, L. Xu, K. Li and H. Shi, Catalytic SN Ar
Hydroxylation and Alkoxylation of Aryl Fluorides, Angew.
Chem., Int. Ed., 2021, 60, 20391-20399.

7 K. Yasui, M. Kamitani and M. Tobisu, N-Heterocyclic
Carbene Catalyzed Concerted Nucleophilic Aromatic
Substitution of Aryl Fluorides Bearing o,B-Unsaturated
Amides, Angew. Chem., Int. Ed., 2019, 58, 14157-14161.

8 J. Lv, B. Zhao, Y. Yuan, Y. Han and Z. Shi, Boron-mediated
directed aromatic C-H hydroxylation, Nat. Commun., 2020,
11, 1316.

9 S. Xia, L. Gan, K. Wang, Z. Li and D. Ma, Copper-Catalyzed
Hydroxylation of (Hetero)aryl Halides under Mild
Conditions, J. Am. Chem. Soc., 2016, 138, 13493-13496.

10 A. K. Ghosh and M. Brindisi, Organic Carbamates in Drug
Design and Medicinal Chemistry, J. Med. Chem., 2015, 58,
2895-2940.

11 J. L. Besombes, S. Cosnier, P. Labbe and G. Reverdy, A
Biosensor As Warning Device For The Detection Of
Cyanide, Chlorophenols, Atrazine And Carbamate
Pesticides, Anal. Chim. Acta, 1995, 311, 255-263.

12 S. Karakaya and 1. Kaya, An electrochemical detection
platform for selective and sensitive voltammetric
determination of quercetin dosage in a food supplement
by poly(9-(2-(pyren-1-yl)ethyl)-9h-carbazole) coated indium
tin oxide electrode, Polymer, 2021, 212, 123300.

23446 | RSC Adv, 2025, 15, 23441-23447

View Article Online

Paper

13 N.-F. Bravo, C. Cifuentes, M.-C. Rios, L.]J. Pérez and
J. Portilla, Synthesis and Photophysical Properties of
Conjugated Fluorophores with N-Heteroaromatic Rings,
Asian J. Org. Chem., 2025, €202400742.

14 G. Zbanciog, I. I. Mangalagiu and C. Moldoveanu, A Review
on the Synthesis of Fluorescent Five- and Six-Membered
Ring Azaheterocycles, Molecules, 2022, 27, 6321.

15 B. K. Paul and N. Guchhait, 1-Hydroxy-2-naphthaldehyde: A
prospective excited-state intramolecular proton transfer
(ESIPT) probe with multi-faceted applications, J. Lumin.,
2012, 132, 2194-2208.

16 A. N. Butkevich, V. N. Belov, K. Kolmakov, V. V. Sokolov,

H. Shojaei, S. C. Sidenstein, D. Kamin, ]J. Matthias,

R. Vlijm, J. Engelhardt and S. W. Hell, Hydroxylated

Fluorescent Dyes for Live-Cell Labeling: Synthesis, Spectra

and Super-Resolution STED, Chem.-Eur. J., 2017, 23,

12114-12119.

A. Chrayteh, C. Ewels and D. Jacquemin, Dual fluorescence

in strap ESIPT systems: a theoretical study, Phys. Chem.

Chem. Phys., 2020, 22, 854-863.

18 M.-C. Rios, N.-F. Bravo, M. Macias, B. A. Iglesias and

1

N

J. Portilla, Synthesis and Photophysical Study of 3-
(Isoxazol-5-yl)coumarins, ChemPhotoChem, 2025, 2025,
€202400389.

19 J.-C. Castillo, A. Tigreros and J. Portilla, 3-Formylpyrazolo

[1,5-a]pyrimidines as Key Intermediates for the Preparation
of Functional Fluorophores, J. Org. Chem., 2018, 83, 10887~
10897.

J. Orrego-Hernandez, J. Cobo and J. Portilla, Synthesis,

Photophysical Properties, and Metal-lon Recognition

Studies of Fluoroionophores Based on 1-(2-Pyridyl)-4-

Styrylpyrazoles, ACS Omega, 2019, 4, 16689-16700.

21 A. Tigreros and J. Portilla, Ecological and Economic Efforts
in the Development of Molecular Sensors for the Optical
Detection of Cyanide Ions, Eur. J. Org Chem., 2022, 2022,
€202200249.

22 R. B. Bedford, S. J. Durrant and M. Montgomery, Catalyst-
Switchable Regiocontrol in the Direct Arylation of Remote
C-H Groups in Pyrazolo[1,5-a]pyrimidines, Angew. Chem.,
Int. Ed., 2015, 54, 8787-8790.

23 A. Al-Azmi, Pyrazolo[1,5-aJpyrimidines: A Close Look into
their Synthesis and Applications, Curr. Org. Chem., 2019,
23, 721-743.

24 M. P. Dwyer, K. Keertikar, K. Paruch, C. Alvarez, M. Labroli,
C. Poker, T. O. Fischmann, R. Mayer-Ezell, R. Bond, Y. Wang,
R. Azevedo and T. J. Guzi, Discovery of pyrazolo[1,5-a]
pyrimidine-based Pim inhibitors: A template-based
approach, Bioorg. Med. Chem. Lett., 2013, 23, 6178-6182.

25 B. T. Gregg, D. O. Tymoshenko, D. A. Razzano and
M. R. Johnson, Pyrazolo[1,5-a]pyrimidines. Identification of
the privileged structure and combinatorial synthesis of 3-
(Hetero)arylpyrazolo[1,5-a]pyrimidine-6-carboxamides,  J.
Comb. Chem., 2007, 9, 507-512.

26 M. A. Salem, M. H. Helal, M. A. Gouda, H. H. Abd EL-Gawad,
M. A. M. Shehab and A. El-Khalafawy, Recent synthetic
methodologies  for  pyrazolo[1,5-a]pyrimidine,  Synth.
Commun., 2019, 49, 1750-1776.

2

o

© 2025 The Author(s). Published by the Royal Society of Chemistry


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d5ra02812d

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

Open Access Article. Published on 07 July 2025. Downloaded on 2/11/2026 4:16:53 PM.

(cc)

Paper

27 A. Giraudo, E. Armano, C. Morano, M. Pallavicini and
C. Bolchi, Green Oxidation of Heterocyclic Ketones with
Oxone in Water, J. Org. Chem., 2023, 88, 15461-15465.

28 T. Nobuta, K. Funayama and T. Mineno, Oxone-mediated
Dakin reaction of benzaldehydes to phenols, J. Indian
Chem. Soc., 2024, 101, 101186.

29 S. Fatima, A. F. Zahoor, S. G. Khan, S. A. R. Nagqvi,
S. M. Hussain, U. Nazeer, A. Mansha, H. Ahmad,
A. R. Chaudhry and A. Irfan, Baeyer-Villiger oxidation:
a promising tool for the synthesis of natural products:
a review, RSC Adv., 2024, 14, 23423-23458.

30 H. Hussain, I. R. Green and I. Ahmed, Journey Describing
Applications of Oxone in Synthetic Chemistry, Chem. Rev.,
2013, 113, 3329-3371.

31 J. P.Y. Kao, S. Muralidharan, P. Y. Zavalij, S. Fletcher, F. Xue
and G. M. Rosen, Baeyer-Villiger rearrangement of
a substituted pyrrole by Oxone, Tetrahedron Lett., 2014, 55,
3111-3113.

32 J.-C. Castillo, A. Tigreros, C. Cifuentes and J. Portilla,
Correction to “3-Formylpyrazolo[1,5-a]pyrimidines as Key
Intermediates for the Preparation of Functional
Fluorophores”, J. Org. Chem., 2024, 89, 14606-14607.

33 W. Yusheng, L. Jun, L. Apeng, N. Chengshan and C. Qiyu,
Carbamate compound, pharmaceutical composition and
application thereof, CN1108040594, 2020.

34 J. Allan Wiles, V. R. Gadhachanda, K. J. Eastman and G. Pais,
Pharmaceutical compounds for the treatment of
complement factor d medical disorders, WO2020041301A1,
2020.

35 B. R. Travis, M. Sivakumar, G. O. Hollist and B. Borhan,
Facile oxidation of aldehydes to acids and esters with
Oxone, Org. Lett., 2003, 5, 1031-1034.

36 Y. Xiao, C.-M. Zhu, R.-B. Liang, Y.-L. Huang, C.-H. Hai,
J.-R. Chen, M. Li, J.-J. Zhong and X.-C. Huang, Building

© 2025 The Author(s). Published by the Royal Society of Chemistry

37

38

39

40

41

42

43

44

View Article Online

RSC Advances

a cobaloxime-based metal-organic framework for
photocatalytic aerobic oxidation of arylboronic acids to
phenols, Chem. Commun., 2023, 59, 2239-2242.

H. Fujisaki, T. Ishizuka, H. Kotani and T. Kojima, Selective
Oxidation of Hydrocarbons by Molecular Iron Catalysts
Based on Molecular Recognition through m-m Interaction
in Aqueous Medium, ACS Catal., 2024, 14, 2609-2619.

V. Elumalai and J. H. Hansen, A scalable and green one-
minute synthesis of substituted phenols, RSC Adv., 2020,
10, 40582-40587.

X. Zhang, G. Wu, W. Gao, ]J. Ding, X. Huang, M. Liu and
H. Wu, Synergistic Photo-Copper-Catalyzed Hydroxylation
of (Hetero)aryl Halides with Molecular Oxygen, Org. Lett.,
2018, 20, 708-711.

R. B. Bedford, S. J. Durrant and M. Montgomery, Catalyst-
Switchable Regiocontrol in the Direct Arylation of Remote
C-H Groups in Pyrazolo[1,5-a]pyrimidines, Angew. Chem.,
Int. Ed., 2015, 127, 8911-8914.

R. B. N. Baig and R. S. Varma, Alternative energy input:
Mechanochemical, microwave and ultrasound-assisted
organic synthesis, Chem. Soc. Rev., 2012, 41, 1559-1584.
AmBeed, 4-(Diphenylamino)phenol (CAS 25069-86-7),
https://www.ambeed.com/products/25069-86-7.html,
accessed 26 March 2025.
Accela, 9H-Fluoren-2-ol
accelachem.com/cn/
productview_goodsid_519486_goodscode_SY115745.html,
accessed 26 March 2025.

A. Tigreros, S.-L. Aranzazu, N.-F. Bravo, ]J. Zapata-Rivera and
J. Portilla, Pyrazolo[1,5-a]pyrimidines-based fluorophores: A
comprehensive theoretical-experimental study, RSC Adv.,
2020, 10, 39542-39552.

(CAS  2443-58-5),  https://

RSC Adv, 2025, 15, 23441-23447 | 23447


https://www.ambeed.com/products/25069-86-7.html
https://accelachem.com/cn/productview_goodsid_519486_goodscode_SY115745.html
https://accelachem.com/cn/productview_goodsid_519486_goodscode_SY115745.html
https://accelachem.com/cn/productview_goodsid_519486_goodscode_SY115745.html
http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d5ra02812d

	Oxonetnqh_x00AE-mediated Dakin-like reaction to synthesize hydroxyarenes: an approach using pyrazolo[1,5-a]pyrimidinesElectronic supplementary...
	Oxonetnqh_x00AE-mediated Dakin-like reaction to synthesize hydroxyarenes: an approach using pyrazolo[1,5-a]pyrimidinesElectronic supplementary...
	Oxonetnqh_x00AE-mediated Dakin-like reaction to synthesize hydroxyarenes: an approach using pyrazolo[1,5-a]pyrimidinesElectronic supplementary...
	Oxonetnqh_x00AE-mediated Dakin-like reaction to synthesize hydroxyarenes: an approach using pyrazolo[1,5-a]pyrimidinesElectronic supplementary...
	Oxonetnqh_x00AE-mediated Dakin-like reaction to synthesize hydroxyarenes: an approach using pyrazolo[1,5-a]pyrimidinesElectronic supplementary...
	Oxonetnqh_x00AE-mediated Dakin-like reaction to synthesize hydroxyarenes: an approach using pyrazolo[1,5-a]pyrimidinesElectronic supplementary...
	Oxonetnqh_x00AE-mediated Dakin-like reaction to synthesize hydroxyarenes: an approach using pyrazolo[1,5-a]pyrimidinesElectronic supplementary...
	Oxonetnqh_x00AE-mediated Dakin-like reaction to synthesize hydroxyarenes: an approach using pyrazolo[1,5-a]pyrimidinesElectronic supplementary...
	Oxonetnqh_x00AE-mediated Dakin-like reaction to synthesize hydroxyarenes: an approach using pyrazolo[1,5-a]pyrimidinesElectronic supplementary...
	Oxonetnqh_x00AE-mediated Dakin-like reaction to synthesize hydroxyarenes: an approach using pyrazolo[1,5-a]pyrimidinesElectronic supplementary...

	Oxonetnqh_x00AE-mediated Dakin-like reaction to synthesize hydroxyarenes: an approach using pyrazolo[1,5-a]pyrimidinesElectronic supplementary...
	Oxonetnqh_x00AE-mediated Dakin-like reaction to synthesize hydroxyarenes: an approach using pyrazolo[1,5-a]pyrimidinesElectronic supplementary...
	Oxonetnqh_x00AE-mediated Dakin-like reaction to synthesize hydroxyarenes: an approach using pyrazolo[1,5-a]pyrimidinesElectronic supplementary...
	Oxonetnqh_x00AE-mediated Dakin-like reaction to synthesize hydroxyarenes: an approach using pyrazolo[1,5-a]pyrimidinesElectronic supplementary...


