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ctionalized hypercrosslinked
porous organic polymer as a highly efficient
heterogeneous catalyst for synthesis of 2H-
chromene derivatives

Siriphong Somprasong, Thanchanok Ratvijitvech, Thanakorn Tiyawarakul,
Chaiwat Rujirasereesakul, Thanakorn Sitthasakul and Torsak Luanphaisarnnont *

A sulfonic acid-functionalized hypercrosslinked porous organic polymer (HCP-H-SO3H) with high surface area

(SBET = 604 m2 g−1) was successfully synthesized via a Friedel–Crafts alkylation of benzene and

dimethoxymethane, followed by sulfonation of aromatic rings using sulfuric acid. This material was used as

an efficient heterogeneous catalyst in a cyclization between various ortho-hydroxy aromatic aldehydes and

acetylenic diesters, affording the corresponding 2H-chromenes in moderate to excellent yields. The material

could be reused for at least five reaction cycles, suggesting the sustainable application potential of this

sulfonic-acid functionalized materials as a heterogeneous acid catalyst. A mechanistic investigation using 13C

NMR kinetic isotope effect at natural abundance experiments provided insights into a similar nature of the

rate-limiting steps in the catalytic processes of the homogeneous catalyst (p-toluenesulfonic acid

monohydrate; PTSA$H2O) and the heterogeneous catalyst (HCP-H-SO3H).
1 Introduction

2H-Chromeme and its derivatives are prevalent heterocyclic
aromatic structural units in natural products and pharmaceu-
tical targets,1 as well as in organic synthesis and material
science.2 Over the past several decades, numerous homoge-
neous catalytic methods have been disclosed for the synthesis
of 2H-chromenes. Transitionmetals3a–d and organo-catalysts3e–j,4

have been reported as efficient catalysts for the reaction.
Recently, our research group reported a selective synthesis of
2H-chromenes via an intermolecular annulation reaction of
ortho-hydroxy aromatic aldehydes with acetylenic diesters using
a dual-organocatalytic system, a combination of p-toluene-
sulfonic acid monohydrate (PTSA$H2O) and pyrrolidine, under
mild conditions giving the products in excellent yields.4

Heterogeneous catalysis plays a key role in chemistry
because of its eco-friendly conditions, reusability, and conve-
nient separation from the reaction mixture.5 Recently, func-
tionalized hypercrosslinked porous organic polymers (HCPs)
have attracted signicant attention owing to their high poten-
tial applications in gas storage and separations,6 small-
molecules capture,7 drug delivery vehicle,8 antimicrobial mate-
rials,9 light-harvesting and light-emitting applications,10

sensors,11 energy storage and conversion,12 and catalysis of
Excellence for Innovation in Chemistry,

ngkok 10400, Thailand. E-mail: torsak.

24861
various important organic transformations.13 There are many
advantages of HCPs over other porous materials such as high
surface areas, good accessibilities to a broad range of mono-
mers, convenient surface functionalization methods, low skel-
eton densities, and thermal and chemical stabilities.

The use of heterogeneous catalyst for the synthesis of 2H-
chromenes from ortho-hydroxy aromatic aldehydes and acety-
lenic diesters such as silica gel,14 imidazole-functionalized silica
nanoparticles,15 and ZnO nanoparticles have been reported.16

However, compared to homogeneous catalysts, these heteroge-
neous catalysts still have some limitations such as lower reac-
tivity, poor selectivity of the conjugate addition products (2H-
chromenes versus 4H-chromenes), and narrow substrate
scopes.3c–e,4 Development of a new synthetic method using
a heterogeneous catalyst to overcome this limitation is therefore
important. We envision that the sulfonic-acid functionalized
hypercrosslinked porous organic polymer may act as a highly
efficient heterogeneous catalyst for the syntheses of 2H-
chromenes. Previous reports have used chlorosulfuric acid as
a sulfonating agent for various HCPs;17 however, the use of
readily available sulfuric acid for sulfonation has not been
thoroughly studied. Furthermore, although there have been
reports on the use of heterogeneous acid catalysts for biomass
valorization to biofuels and bioproducts18 and various organic
reactions,19 the use of the sulfonic-acid functionalized material
for mechanistically complex cyclization such as the synthesis of
2H-chromene derivatives has not been reported. Additionally,
a mechanistic investigation to compare the reaction behaviors
© 2026 The Author(s). Published by the Royal Society of Chemistry
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of a homogeneous sulfonic-acid catalyst and a heterogeneous
sulfonic-acid catalyst has not been studied.

Herein, we reported a successful synthesis of derivatives of
sulfonic-acid functionalized hypercrosslinked porous organic
polymer (HCP-X-SO3H) using readily available concentrated
sulfuric acid as a sulfonating agent. We also explored the
application of the material as a heterogeneous catalyst in
a complex cyclization to synthesize 2H-chromene derivatives. In
addition, we used 13C NMR kinetic isotope effect experiments to
study the rate-determining steps of the reaction catalyzed by
homogeneous PTSA$H2O and that catalyzed by heterogeneous
HCP-H-SO3H to compare the behaviors of the two catalysts.
2 Results and discussion
2.1 Synthesis of HCP-X-SO3H

Preparation of the HCP-X-SO3H involved a two-step procedure
containing polymerization and sulfonation (a general reaction
scheme is shown in Table 1). First, the non-functionalized
hypercrosslinked porous organic polymers (HCP-X) were
synthesized via Friedel–Cras alkylation of benzene derivatives
and dimethoxymethane using FeCl3 as a mediator. The poly-
mers were obtained as red-brown solid in excellent yield (82–
>99% yield).6f,20 For the sulfonation step, reaction optimization
was performed using HCP-H as a model substrate. The reaction
Table 1 Synthesis of hypercrosslinked porous organic polymer (HCP-
polymer (HCP-X-SO3H)a

Entry X =

Yield (%)

HCP-Xa HCP-X

1 H >99 78
2 CH3 96 74
3 C2H5 >99 82
4 nC3H7 99 84
5 iC3H7 82 81

a Reaction conditions: benzene derivative (1.0 equiv.), dimethoxymethane
b Reaction conditions: HCP-X (1.0 equiv.) and conc. H2SO4 (50.0 equiv
calculated by the back acid-base titration method.

© 2026 The Author(s). Published by the Royal Society of Chemistry
parameters under optimization included the concentration of
H2SO4, the reaction temperature, and the ratio of HCP-H to
H2SO4 (see SI). The optimized reaction conditions were conc.
H2SO4 at 100 °C, leading to the formation of the HCP-H-SO3H as
a black solid in 78% yield. The acid concentration was deter-
mined using a back acid–base titration method (see SI). The
calculated acid concentration of HCP-H-SO3H was 4.16 mmol
g−1. The scope of the sulfonation was investigated using
substrates with various substituents. HCP-X with sterically
different substituents (X = CH3, C2H5, n-C3H7, and i-C3H7) were
sulfonated using the optimized reaction conditions to obtain
HCP-X-SO3H in good to excellent yields (74–84% yield). The acid
concentrations of these sulfonated polymers were determined
to range from 3.81 to 4.11 mmol g−1. The similar yields and acid
concentrations of sterically different substrates suggested that
the steric property of the substituent on the HCP-X hadminimal
effects on the efficiency of the sulfonation method.

2.2 Characterization of HCP-H-SO3H

Aer synthesis, the HCP-X derivatives were characterized, using
Fourier transform infrared (FTIR) spectroscopy. The FTIR
spectra of HCP-H andHCP-H-SO3H were shown in Fig. 1 and S3.
The peaks located between 2900 and 3000 cm−1 corresponded
to the C–H stretching vibration of methylene and benzene
moieties. The peaks at approximately 1600 cm−1 corresponded
X) and sulfonic-acid functionalized hypercrosslinked porous organic

Acid concentration of HCP-X-SO3H
c (mmol g−1)-SO3H

b

4.16
3.81
4.11
3.95
4.04

(2.0 equiv.), and FeCl3 (2.0 equiv.) in DCE (120 mL) at 80 °C for 24 h.
.) at 100 °C for 24 h. c The acid concentration of HCP-X-SO3H was

RSC Adv., 2026, 16, 24852–24861 | 24853
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Fig. 1 FTIR spectra of HCP-H and HCP-H-SO3H.

Fig. 3 TGA profiles of HCP-H and HCP-H-SO3H.
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to the C]C stretching vibrations of benzene in the skeletons of
the HCPs. The new peaks corresponding to the sulfonic acid
groups were found in the FTIR spectrum of HCP-H-SO3H at
approximately 1227 cm−1 and 1189 cm−1, which corresponded
to the symmetric and asymmetric O]S]O stretching of the
sulfonic acid functional group.21 The peaks at approximately
1037 cm−1 and 625 cm−1 were responsible for the S–O stretch-
ing vibration21b,22 and the characteristic C–S stretching vibra-
tion,19d,23 respectively. The FTIR data suggested a successful
installation of the sulfonic acid functional group onto the
surface of the porous hypercrosslinked organic polymer.
Similar trends were also observed in other FTIR spectra of HCP-
X and HCP-X-SO3H (see SI).

To conrm the porous structure of HCP-H-SO3H, the
porosity and the surface area of the material were further
investigated using N2 adsorption–desorption analysis at 77 K
(Fig. 2a). The HCP-H-SO3H gave a typical type IV isotherm with
a signicant hysteresis loop, indicating the presence of micro-
pores andmesopores in the network.24 The adsorption isotherm
displayed the steep nitrogen gas uptake at low relative pressure
(P/P0 < 0.1), which reected the abundant microporous struc-
ture. The rise at higher pressure indicated the presence of the
Fig. 2 (a) N2 adsorption (closed symbols)–desorption (open symbols)
isotherm and (b) pore size distribution calculated from NLDFT for
pillared clay model of HCP-H-SO3H

24854 | RSC Adv., 2026, 16, 24852–24861
larger pores (mesopores and macropores) in the material. The
N2 sorption analysis exhibited a high Brunauer–Emmett–Teller
(BET) surface area for HCP-H-SO3H of about 604 m2 g−1 with
a total pore volume of approximately 0.41 cm3 g−1. The pore size
distribution using the nonlocal density functional theory
(NLDFT) for pillared clay model of the hypercrosslinked porous
organic polymer aer graing of the sulfonic acid moiety
exhibited a dominant pore width centered at ∼0.88–1.45 nm
(Fig. 2b), suggesting the microporous structure in the material.
In addition, the mesopores were also found in the material. The
presence of large pore in material is also good for performing
acid catalyzed-intermolecular cyclization of small organic
molecules.25

The thermal stabilities of the synthesized HCP-H and HCP-
H-SO3H were studied by thermogravimetric analysis (TGA) at
a heating rate of 10 °C min−1 under nitrogen atmosphere in the
temperature range of 35 to 800 °C (Fig. 3). The mass loss at the
initial heating stage before 100 °C were about ∼7% and ∼14%
in HCP-H and HCP-H-SO3H, respectively owing to the evapo-
ration of absorbed water molecules. The HCP-H was stable up to
around 400 °C. A signicant decrease in weight of about 25%
was observed in the temperature range of 400 to 600 °C. On the
other hand, the TGA plot of the HCP-H-SO3H showed the
thermal stability of HCP-H-SO3H up to 200 °C before a sharp
Fig. 4 FE-SEM images of (a) and (b) HCP-H and (c) and (d) HCP-H-SO3H.

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 (a) FE-SEM image and SEM-EDX elemental mappings of
(b) carbon, (c) oxygen, and (d) sulfur for HCP-H-SO3H.
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decrease in weight of about 27% was observed in the tempera-
ture range of 250 to 650 °C.26 The TGA results revealed that the
materials were thermally stable at least up to 200 °C, which were
in the compatibility range for the catalytic reaction of 2H-
chromene synthesis.

The morphology of the HCP-H and HCP-H-SO3H were
studied using eld-emission scanning electron microscopy (FE-
SEM) images. As showed in Fig. 4, both materials retained the
irregular and agglomerated small particles in a range of ten to
Table 2 Effect of catalysts on the reaction for the synthesis of 2H-
chromene derivativesa

Entry Catalyst (mol%) Amine catalyst (mol%) Yieldb (%)

1 — — 0
2 HCP-H (10 mg) — 0
3 HCP-H-SO3H (10) — 0
4 — Pyrrolidine (30) Trace
5 HCP-H (10 mg) Pyrrolidine (30) Trace
6 HCP-H-SO3H (2.5) Pyrrolidine (30) 20
7 HCP-H-SO3H (5) Pyrrolidine (30) 24
8 HCP-H-SO3H (10) Pyrrolidine (30) 62
9 HCP-H-SO3H (20) Pyrrolidine (30) 51
10 HCP-H-SO3H (10) Piperidine (30) 38
11 HCP-H-SO3H (10) Piperazine (30) 41
12 HCP-H-SO3H (10) Benzylamine (30) 12
13 HCP-H-SO3H (10) DABCO (30) 0
14 HCP-H-SO3H (10) Pyrrolidine (10) 13
15 HCP-H-SO3H (10) Pyrrolidine (20) 32
16 HCP-H-SO3H (10) Pyrrolidine (40) 51
17 HCP-H-SO3H (10) Pyrrolidine (50) 51

a Reaction conditions: 1a (0.25 mmol, 1 equiv.), 2a (0.3 mmol, 1.2
equiv.), HCP-H-SO3H (10 mol%), and pyrrolidine (30 mol%) in EtOH
(0.5 mL) at 75 °C for 8 h. b Determined by crude 1H NMR analysis.

© 2026 The Author(s). Published by the Royal Society of Chemistry
hundred nanometers. The FE-SEM images also conrmed that
the morphology of the polymers did not change during the
sulfonation process (Fig. 4c and d). Moreover, scanning electron
microscopy with energy-dispersive X-ray spectroscopy (SEM-
EDX) elemental mapping showed that sulfur and oxygen
elements were evenly distributed along with carbon elements
on the surface of HCP-H-SO3H (Fig. 5), revealing that sulfonic
acid moiety were successfully introduced into the material. In
addition, weight percentages of sulfur and oxygen increased to
8.13% and 32.65% in HCP-H-SO3H compared to 0.37% and
23.83% in HCP-H, respectively (see SI).
2.3 Catalytic activity

The catalytic performance of the sulfonic-acid functionalized
porous organic polymer HCP-H-SO3H was investigated in the
synthesis of 2H-chromene derivatives. The reaction between
salicylaldehyde (1a) and dimethyl acethylenedicarboxylate (2a)
was chosen as the model reaction to optimize the reaction
conditions. To understand the effect of both the acidic poly-
meric catalyst and the basic organocatalyst on this reaction,
several other catalysts were also examined (Table 2). In the
absence of the amine organocatalyst, only unreacted starting
material was recovered (entries 1–3). The reaction without the
acidic polymeric catalyst and the reaction with non-sulfonated
HCP-H gave only a trace amount of the product 3aa (entries 4
and 5). The desired product 3aa could be obtained in 20% yield,
using a combination of HCP-H-SO3H and pyrrolidine in
Table 3 Optimization of the reaction conditions for HCP-H-SO3H
catalyzed 2H-chromenes synthesisa

Entry Solvent Temp (°C) Time Yieldb (%)

1 EtOH 75 8 62
2 MeOH 75 8 36
3 tBuOH 75 8 49
4 iPrOH 75 8 44
5 H2O 75 8 16
6 THF 75 8 Trace
7 MeCN 75 8 Trace
8 EtOAc 75 8 Trace
9 PhMe 75 8 Trace
10 CH2Cl2 75 8 0
11 EtOH RT 8 22
12 EtOH 60 8 26
13 EtOH 75 16 67
14 EtOH 75 24 59
15c EtOH 75 16 75 (73)
16d EtOH 75 16 84 (79)

a Reaction conditions: 1a (0.25 mmol, 1 equiv.), 2a (0.3 mmol, 1.2
equiv.), HCP-H-SO3H (10 mol%), and pyrrolidine (30 mol%) in solvent
(0.5 mL). b Determined by crude 1H NMR analysis. The value in
parenthesis is an isolated yield. c 2a (0.375 mmol, 1.5 equiv.) was used
for 16 h. d 1.0 mmol of 1a scale.

RSC Adv., 2026, 16, 24852–24861 | 24855
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Table 4 Substrate scopea

a Reaction conditions: salicylaldehyde 1a–j (1.0 mmol, 1.0 equiv.), dialkyl acetylenedicarboxylate 2a–b (1.5 mmol, 1.5 equiv.), HCP-H-SO3H
(10 mol%), and pyrrolidine (30 mol%) in EtOH (2.0 mL) at 75 °C for 16 h.
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a catalytic amount (entry 6). This result suggested that both
acidic and basic catalysts were crucial in this reaction. The
catalytic loading of the HCP-H-SO3H had a signicant effect in
the reaction. Increasing the acidic polymeric catalyst loading up
to 10 mol% of HCP-H-SO3H led to a higher yield of the product
(entries 6–9). However, a higher amount of the catalyst
(20 mol%) led to a decrease in the yield (entry 9). Next, the type
of base was investigated. Other amines such as piperidine,
piperazine, and benzylamine gave the desired product 3aa in
lower yields (entries 10–12). DABCO did not give any product
(entry 13). Pyrrolidine was the optimal basic catalyst in the
reaction, giving the product in the highest yield. Decreasing or
increasing the pyrrolidine loading resulted in a reduction of the
product yields (entries 14–17).

To further improve the yield of 2H-chromene 3aa, other
parameters were investigated (Table 3). The solvent screening was
performed. Alcoholic solvents such as EtOH, MeOH, tBuOH, and
iPrOH afforded the desired product 3aa in 36–62% yields (entries
1–4). Water and aprotic solvents such as THF, MeCN, EtOAc,
toluene, and CH2Cl2 were ineffective and gave 3aa in lower yields
(entries 5–10). Subsequently, the effect of reaction temperature
and time was investigated. Decreasing the temperature from 75 °C
to room temperature and 60 °C did not increase the yield of the
product (entries 11 and 12). Increasing the reaction time from 8 to
16 hours gave 3aa in 67% yield (entry 13); however, further pro-
longing the reaction time showed no improvement in the product
yield (entry 14). Increasing the equivalent of 2a to 1.5 equivalent
improved the yield of 3aa to 73% isolated yield (entry 15). The
24856 | RSC Adv., 2026, 16, 24852–24861
reaction also worked well at a larger scale, giving the product in
79% isolated yield (entry 16).

With the optimized reaction conditions in hand, we studied the
substrate scope of the cyclization reaction using ortho-hydroxy
aromatic aldehydes and dialkyl acethylene-dicarboxylates with
various substituents (Table 4). Salicylaldehydes with different
substituents worked well in the reaction, giving the 2H-chromene
products in moderate to excellent yields. Substrates with electron-
withdrawing substituents such as uoro, chloro, bromo, and nitro
groups provided the corresponding product 3ba–3ea in 74–98%
yields. In contrast, salicylaldehydes with electron donating
substituents such as methoxy and methyl groups gave the desired
products 3fa–3ha in slightly lower yields (63–84%). The reaction of
2,5-dihydroxybenzaldehyde gave the desired product 3ia in only
50% yield. In addition, the reaction of 2-hydroxy-1-
naphthaldehyde gave the corresponding product 3ja in 64%
yield. When diethyl acethylenedicarboxylate 2b was used instead
of dimethyl acethylenedicarboxylate 2a, the corresponding 2H
chromene products 3ab–3jb were obtained in good to excellent
yields (75–99% yields).
2.4 Reusability of the catalyst

The recyclability of the heterogeneous hypercrosslinked porous
organic polymer was investigated using the reaction of o-
vanillin (1h) and alkynoic diester 2b under the optimized
reaction conditions as the model reaction (Table 5). Aer the
completion of each run of the reaction, the HCP-H-SO3H
© 2026 The Author(s). Published by the Royal Society of Chemistry
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Table 5 Recyclability of HCP-H-SO3H catalyst in the synthesis of the
2H-chromene 3hba

Run Yield of 3hb (%)

1 99
2 99
3 99
4 98
5 96

a Reaction conditions: 1h (1.0 mmol, 1.0 equiv.) and 2b (1.5 mmol, 1.5
equiv,), HCP-H-SO3H (10 mol%), and pyrrolidine (30 mol%) in EtOH
(2.0 mL) at 75 °C for 16 h.
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catalyst was recovered by a simple ltration, washing, and
drying processes. The catalyst can be used under the optimized
reaction conditions for at least ve consecutive runs with
a minimal loss in the yields of the product. This result showed
that the HCP-H-SO3H catalyst was highly stable in the optimized
reaction conditions.
2.5 Mechanistic investigation

Kinetic isotope effects (KIEs) is an important tool to study the
change in bonding in the rate-determining step.27 To gain further
insight into the nature of the rate-limiting step in the catalytic
Table 6 Natural abundance 13C NMR kinetic isotope effectsa

Quantitative 13C KIEs

Acid catalyst

PTSA$H2O
b HCP-H-SO3H

c

KIEs determined from 1d C1 1.001 (5) 1.000 (1)
C2 1.000 (2) 1.000 (1)
C4 1.000 (assumed)
C5 1.003 (1) 0.999 (1)
C6 1.003 (1) 1.003 (2)
C7 1.039 (2) 1.043 (1)

KIEs determined from 2a Ca 0.998 (2) 1.000 (1)
Cb 1.022 (1) 1.023 (1)
Cc 1.001 (4) 1.000 (1)
Cd 1.000 (assumed)

a Experimental 13C KIEs for product 3da. b Three experiments were
carried to 15%, 16%, and 17% conversion to determine the KIEs for
PTSA$H2O catalysis. c Three experiments were carried to 6%, 8%, and
10% conversion to determine the KIEs for HCP-H-SO3H catalysis.
Each reaction was performed in ve independent quantitative 13C
NMR measurements. The numbers in parenthesis represent the
standard deviation in the last digit.

© 2026 The Author(s). Published by the Royal Society of Chemistry
cyclization of salicylaldehyde and dialkyl acetylenedicarboxylate,
competitive 13C KIEs were determined by natural abundant
12C/13C ratios using Singleton's 13C NMRmethodology for product
analysis.28 The reaction of 5-bromosalicylaldehyde (1d) and alky-
noic diester 2a catalyzed by an acid catalyst was chosen for the
determination of experimental 13C KIEs at natural abundance. The
KIE measurements in the reaction were determined at low
conversion to ensure that the faster reacting isotope of the product
is enriched. Quantitative 13C measurements were carried out for
the reactions in the presence of HCP-H-SO3H and PTSA$H2O as
the heterogeneous catalyst and the corresponding homogeneous
catalyst, respectively. To determine the relative proportion of 13C
isotope compared to the original starting substrate, C4 in 1d and
themethyl group (Cd) in 2awere used as an internal standard with
the assumption that its isotopic composition does not change (see
SI).

The KIEs results were summarized in Table 6. The result
from the reactions with PTSA$H2O and HCP-H-SO3H showed
the same trend. The normal KIE was observed at C7 and Cb of
the product 3da, indicating that both carbons were involved in
the rate-determining step (RDS) in the catalytic process. Other
carbon positions have near-unity KIEs. The results quantita-
tively validated our hypothesis that the carbon–carbon bond
formation step may be important in the rate-determining step
of the reaction and a plausible mechanism of 2H-chromene
synthesis in the presence of HCP-H-SO3H as an acid catalyst is
similar to that of the homogeneous catalytic reaction.

From the basis of the results and previous reports,4,29

a plausible mechanism for the formation of 2H-chromene
products 3 in the presence of HCP-H-SO3H and pyrrolidine as
the catalysts was outlined in Scheme 1. First, the carbonyl group
of ortho-hydroxy aromatic aldehydes was activated by HCP-H-
SO3H to form intermediate I. Meanwhile a conjugate addition
reaction between acetylenic diester 2 and pyrrolidine gave the
enamino ester intermediate II. Subsequently, the intermediate
II reacted with the activated intermediate I to produce inter-
mediate III. This step was proposed to be the rate-determining
step. Next, an intramolecular nucleophilic attack by a hydroxyl
group to the electron-decient carbon atom of the iminium
resulted in the six-membered ring intermediate IV. Subsequent
elimination of pyrrolidine led to 4H-chromene intermediate V.
Finally, transformation of the intermediate V to the desired 2H-
chromene product 3 occurred via an isomerization process
through a benzopyrylium intermediate VI.

3 Experimental section
3.1 General information

All reactions were performed under an ambient atmosphere in
oven-dried glassware with magnetic stirrer. Reactions con-
ducted above an ambient temperature were heated by an
anodized aluminum block. Starting reagents and organic
solvents were purchased from commercial sources (Sigma-
Aldrich, TCI, Merck, and Alfa Aesar) and were used without
further purication unless otherwise noted. Analytical thin
layer chromatography (TLC) was performed on alumina sheets
pre-coated with a Merck silica gel 60 F254 plate and compounds
RSC Adv., 2026, 16, 24852–24861 | 24857
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Scheme 1 Plausible reaction mechanism for the intermolecular cyclization reaction of ortho-hydroxy aromatic aldehydes with acetylenic
diesters catalyzed by solid-acid HCP-H-SO3H in the presence of pyrrolidine.
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were visualized under UV light. Purication of reaction prod-
ucts was carried out by column chromatography, in which
a Merck silica gel 60 (0.063–0.200 mm) was used as a stationary
phase. Proton nuclear magnetic resonance (1H NMR) and
proton-decoupled carbon nuclear magnetic resonance (13C
NMR) spectra were recorded on a Bruker Avance 400 MHz and
JEOL 400 MHz NMR spectrometer in deuterated chloroform
(CDCl3) and deuterated acetone ((CD3)2CO). The chemical shis
were recorded in part per million (ppm) relative to the reso-
nance of the residual protonated solvent (1H: CDCl3, d =

7.24 ppm; acetone-d6, d = 2.05 ppm and 13C: CDCl3, d =

77.23 ppm; acetone-d6, d = 29.84 ppm). Data are reported as
following: (brs= broad, s= singlet, d= doublet, t= triplet, m=

multiplet, dd = doublet of doublet, td = triplet of doublet;
coupling constants, J, in Hz, integration). Melting points were
determined in open glass capillaries using a Buchi melting
point M-565 apparatus. FTIR spectra were recorded on a Perki-
nElmer Frontier FTIR spectrometer. The nitrogen adsorption–
desorption isotherm (77 K) was obtained using Micromeritics
3Flex gas sorption analyser. Surface area was calculated in the
range of 0.05–0.15 P/P0 using Brunauer–Emmett–Teller (BET)
theory. TGA was performed under a ow of nitrogen by heating
from room temperature to 800 °C with 10 °C min−1 on TA
Instruments SDT 2960. SEM and EDX data were obtained from
Field Emission Scanning Electron Microscopes (FE-SEM)
(HITACHI SU-8010) mass spectrometric data were obtained
with high resolution mass spectra (HRMS) on a Bruker micrO-
TOF spectrometer in the ESI mode.
3.2 Synthesis of HCP-H

To a solution of benzene (4.68 g, 60 mmol, 1.0 equiv.) and di-
methoxymethane (9.13 g, 120 mmol, 2.0 equiv.) in dichloroethane
120 mL was added FeCl3 (19.5 g, 120 mmol, 2.0 equiv.). The
reaction was reuxed with stirring for 24 hours. The reaction was
ltered. The brown solid was washed with methanol by a Soxhlet
extractor until the yellow solution changed to colorless. The brown
solid was dried in an oven for 24 hours. The reaction gave a brown
solid as the product (3.60 g, quantitative yield).
24858 | RSC Adv., 2026, 16, 24852–24861
3.3 Synthesis of HCP-H-SO3H and acid concentration
measurement

The reaction of HCP-H (2.01 g, 20 mmol, 1.0 equiv.) in conc.
H2SO4 (56 mL, 50 equiv.) was stirred at 100 °C for 24 hours. The
reaction was washed with H2O until the pH of the aqueous
solution was neutral. The black solid was dried in an oven for 24
hours. The reaction gave a black solid as the product (2.80 g,
78%). The acid concentration was calculated by a back titration
method. HCP-H-SO3H (20 mg, 0.2 mmol, 1.0 equiv.) was stirred
with 0.0250 M NaOH (10 mL) for 1 hour. Aer that, the reaction
was ltered and washed with water until the pH was neutral.
The volume of the aqueous phase was adjusted to 100 mL, and
10 mL of the solution was pipetted to a ask containing
0.0250 M HCl solution (10 mL). The solution was titrated with
0.0125 M NaOH. The acid concentration in HCP-H-SO3H was
determined to be 4.16 mmol g−1.
3.4 General procedure for the synthesis of 2H-chromene
derivatives

To a suspension of salicylaldehydes (1a–j, 1.0 mmol, 1.0 equiv.)
and HCP-H-SO3H (0.10 mmol, 10mol%) in ethanol (2.0 mL) was
added dialkyl acetylenedicarboxylate (2a–b, 1.5 mmol, 1.5
equiv.) and pyrrolidine (24.6 mL, 0.30 mmol, 30 mol%). The
reaction was stirred at 75 °C for 16 hours. The reaction mixture
was ltered through a PTFE syringe lter, and the lter was
thoroughly washed successively with water, methanol, and
acetone. The ltrate was extracted with EtOAc, washed with
brine, dried over anhydrous Na2SO4, and ltered. The solvent
was removed in vacuo, and the crude product was puried by
ash column chromatography (silica gel: EtOAc/hexane) to give
the pure product 3.
3.5 Recycling of the HCP-H-SO3H catalyst

Aer completion of the catalytic reaction, the acid catalyst HCP-
H-SO3H was recovered through ltration for further use and
thoroughly washed successively with water, methanol, and
acetone. Then the recovered catalyst was dried overnight in an
oven 120 °C.
© 2026 The Author(s). Published by the Royal Society of Chemistry
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3.6 13C NMR kinetic isotope effects at natural abundance

The reaction between 5-bromosalicylaldehyde (1d) and di-
methylacethylenedicarboxylate (2a) were chosen to determine the
KIEs. The PTSA$H2O catalyzed cyclization reaction was repeated
three times, giving the following yields: 15%, 16%, and 17%. The
HCP-H-SO3H catalyzed cyclisation reaction was repeated three
times, giving the following yields: 6%, 8%, and 10%. The percent
yield of product was assumed as percent conversion. Two refer-
ence starting materials (1d and 2a) were used. The NMR samples
were prepared in deuterated chloroform (CDCl3). The quantitative
13C NMR spectra were taken at 100 MHz on a Bruker Avance 400
MHz NMR spectrometer with inverse-gated 1H decoupling which
used 30° pulses (zgig30 pulse program). Acquisition parameters
were as follows: acquisition time 5.2 s; spectral width 240 ppm,
size of d 250k; recovery delays 75 s; size of real spectrum 64k
points; transmitter frequency offset 110 ppm; number of dummy
scans 8; pre-scan delay 50 ms; number of scans 512. 13C NMR
measurements were carried out for the KIE values of the product
3da. 13C NMR data were processed using 1 Hz exponential
multiplication. For the KIE determination, the integration of C4

was set to 100 when 1d was used as a reference, and the integra-
tion of Cd was set to 100 when 2a as a reference. The average
integration values for the other carbons were used to calculate the
KIE values using eqn (1).

KIEcalc ¼ lnð1� FÞ
ln

�
1�

�
F
RP

R0

�� (1)

where F is the fraction of reaction and RP and R0 are the isotope
ratio of residual product, and initial starting substrate at frac-
tion of reaction, respectively.
4 Conclusions

In summary, sulfonic-acid functionalized hypercrosslinked porous
organic polymers (HCP-X-SO3H) were successfully prepared by
a Friedel–Cras alkylation and a sulfonation using readily avail-
able sulfuric acid. HCP-H-SO3H was used as an efficient hetero-
geneous catalyst for the synthesis of 2H-chromene derivatives from
various ortho-hydroxy aromatic aldehydes and acetylenic diesters
under mild reaction conditions. The catalyst could be recovered
and reused for at least ve times with minimal loss in the product
yield. Mechanistic investigation of the cyclization reaction with
heterogeneous HCP-H-SO3H catalyst and that with homogeneous
PTSA$H2O catalyst using 13C KIEs suggested that the nature of
their rate-determining steps was similar. Due to their high catalytic
efficiency and stability, the sulfonic-acid functionalized hyper-
crosslinked porous organic polymers have great potential as an
efficient heterogeneous acid catalyst for a wide range of mecha-
nistically complex reactions. Application of the catalyst for other
reactions is ongoing and will be reported in due course.
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