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Abstract

To extend the use of supported ionic liquids as effective heterogeneous catalysts, in this research, the ionic liquid immo-
bilized on magnetic lignin (Fe;0,-lignin-SO5/IL) was used as an environmentally friendly, and recyclable catalyst for
the synthesis of dihydropyrano[3,2-c]chromene derivatives via a one-pot reaction between aromatic aldehydes, malo-
nonitrile, and 4-hydroxycoumarin. This method offers the benefits of high yield, short reaction times, straightforward
processing, and its potential for green applications in pharmaceutical and chemical sectors. Furthermore, the detailed
role of Fe;0,-lignin-SO3/IL as a catalyst in chemical reactions was examined, providing insights into its mechanism and
potential uses in organic synthesis and other chemical processes.
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1. Introduction

Catalysts are generally divided into two major class-
es: homogeneous and heterogeneous.! In the context of
liquid-phase organic synthesis, homogeneous catalysts are
widely used due to their high activity and well-defined ac-
tive sites. However, they often pose challenges in separa-
tion and recycling, which can limit their practical applica-
tions, especially in sustainable and green chemistry
approaches.? In contrast, heterogeneous catalysts offer the
advantage of easy separation from reaction mixtures, typi-
cally via simple filtration or magnetic recovery (when ap-
plicable), making them highly attractive for reuse in or-
ganic transformations. Many heterogeneous catalytic
systems have been developed by dispersing metal nano-
particles or organometallic complexes onto solid supports
such as carbon, silica, metal oxides, polymers, reduced
graphene oxide, or mesoporous materials through cova-
lent or non-covalent interactions.>> A common limitation
of conventional heterogeneous catalysts is the loss of cata-
lyst during recovery and the time-consuming separation
processes, which can reduce their overall efficiency. To ad-
dress these issues, magnetic nanocatalysts (particularly

those based on magnetite (Fe;0,) have emerged as prom-
ising alternatives. Their superparamagnetic properties en-
able rapid and efficient separation using external magnetic
fields, minimizing catalyst loss and eliminating the need
for expensive and labor-intensive workup procedures.
Fe;0, nanoparticles also provide an excellent platform for
further functionalization with biocompatible and biode-
gradable materials, enhancing catalytic performance, sta-
bility, and selectivity.>” They are often coated with meso-
porous silica, polymers, carbon-based materials (e.g.,
carbon nanotubes, graphene oxide, biochar), or boehmite
to create core-shell nanostructures. These modifications
extend their applicability in areas such as catalysis, bio-
medicine, and nanotechnology.®*

Lignin, a complex aromatic compound, is abundant
in plant biomass and exhibits unique physical properties
that can enhance catalyst performance.!® Also, lignin and
its derivatives have been used in the manufacture of adsor-
bents, catalyst supports, flame retardants, adhesives, car-
bon fibers, bioplastics, dispersants, reinforcement, etc.
Lignin as an amorphous polymer, has advantages such as
low cost, biocompatibility, high thermal stability, and
abundance.!! Heterogeneous catalysts supported on lignin
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as natural substrates offer an eco-friendly approach to ca-
talysis, leveraging renewable biomass-derived materials as
supports.!? This biopolymer offers abundant functional
groups (e.g., hydroxyl, carboxyl, and aromatic structures)
that facilitate strong interactions with catalytic metal nan-
oparticles or active species, enhancing their dispersion
and stability. By anchoring heterogeneous catalysts to this
natural substrate, the surface area and accessibility for re-
actants are maximized, improving catalytic efficiency. The
natural porous structures of lignin can increase the surface
area available for catalysis, enhancing reaction rates and
selectivity. Furthermore, their three-dimensional inter-
penetrating network architecture allows for the incorpora-
tion of a wide range of catalytic metals, including noble
metals and transition metals, enabling various catalytic
applications. Its unique physicochemical properties could
synergize with metal complexes to enhance catalytic activ-
ity or improve the selectivity of the reaction.!*-1°

Ionic liquids (ILs) are salts that remain in liquid form
at or near room temperature and have received significant
attention due to their exceptional properties such as low
vapor pressure, low toxicity, high chemical and thermal
stability, and the ability to dissolve a wide range of organic,
inorganic, and polymeric materials.!¢ ILs have various ap-
plications in electrochemistry, water treatment, polymeri-
zation, engineering, and biological uses, and are applied as
efficient solvents and catalysts in different organic reac-
tions.!” In the field of catalysis, ILs can be applied as ho-
mogeneous or heterogeneous catalysts. ILs can act as both
catalysts and reaction media, enhancing reaction rates
while minimizing side reactions.!® Recently, several re-
search teams have reported the ability of ILs immobilized
on the surfaces of nanomaterials to catalyze many chemi-
cal reactions.!®?® In such systems, the catalytic activity
typically arises from Brensted-acidic functional groups,
such as sulfonic acid (-SO3;H). These groups release pro-
tons, which help to facilitate acid-catalyzed transforma-
tions. They play a crucial role in activating electrophilic
centers, such as carbonyl or nitrile groups, thereby acceler-
ating nucleophilic addition steps. Their ionic nature ena-
bles them to stabilize transition states and reactive inter-
mediates, making them particularly useful in acid-base
catalysis, enzymatic reactions, and metal-catalyzed pro-
cesses. In heterogeneous IL-based systems, the IL is usual-
ly immobilized on a solid support to improve stability and
reusability while maintaining its Brensted or Lewis acidic
properties. Consequently, the active sites primarily come
from the acidic groups of the IL instead of the support it-
self. The integration of ILs with natural substrates, such as
cellulose and lignin, offers a compelling approach to en-
hance the catalytic efficiency and sustainability of chemi-
cal processes.?! Immobilizing ILs on natural substrates
helps reduce the challenges of catalyst separation and recy-
cling while maintaining or improving catalytic perfor-
mance, especially in processes like biomass conversion,
green chemistry, and renewable energy production. The

interaction between ILs and these biopolymers can also
enhance the dispersal of the IL, creating more active sites
for catalysis and improving overall reaction efficiency.?>%*

Pyrano|3,2-c]chromene derivatives are an important
class of O-containing heterocyclic compounds that find
widespread use in the pharmaceutical and agrochemical
industries.?* These heterocycles are known to possess a
wide variety of biological activities, including spasmolytic,
diuretic, anticoagulant, anti-cancer, and anti-anaphylactic
effects.”® Pyranochromenes also form components of
many natural products such as calanolides, calophyllolide,
and calanone.?® Moreover, some pyrano[3,2-c]chromenes
also serve as valuable photoactive agents. Many drugs con-
tain the pyranochromene structure, including acetylcho-
linesterase?” and Novobicin.?® Although these compounds
hold significant pharmacological, industrial, and synthetic
value, there are relatively few methods available for syn-
thesizing pyrano[3,2-c]chromene derivatives. The main
method for their preparation is the one-pot three-compo-
nent reaction of 4-hydroxycoumarin with aldehyde and
malononitrile in the presence of a catalyst. Recent advanc-
es have focused on developing greener and more efficient
synthetic routes to overcome limitations in traditional
methods. Furthermore, exploring novel catalytic systems
could enhance the yield and selectivity of pyrano[3,2-c]
chromene derivatives in pharmaceutical applications.?**°
Acid-catalyzed multicomponent reactions particularly
benefit from catalysts that can activate carbonyl groups
while stabilizing intermediates. Consequently, a Bren-
sted-acidic IL immobilized on a biopolymeric magnetic
support is well-suited for these transformations.3!

In continuation of our research on the introduction
of recoverable catalysts in organic synthesis,’*-*’ herein,
lignin-based nanocomposite containing high contents of
Fe;O,4 nanoparticles (Fe;0,-Lignin-SO3/IL) was used as a
catalyst in the condensation reaction between aromatic al-
dehydes, malononitrile, and 4-hydroxycoumarin to pre-
pare dihydropyrano[3,2-c]Jchromene derivatives in good
to excellent yields. The main catalytic activity in this sys-
tem is due to the sulfonic acid groups in the ionic liquid
component, which act as Bronsted acid sites to facilitate
the critical steps of the multicomponent reaction.

2. Experimental

All solvents, chemicals, and reagents were sourced
from suppliers such as Fluka, Merck, and Sigma-Aldrich.
Structural characterization of the samples was carried out
using X-ray diffraction (XRD) on a Rigaku Ultima IV dif-
fractometer. The magnetic properties of the synthesized
materials were measured with a vibrating sample mag-
netometer (VSM) model MDK VSM. Additionally, Fouri-
er-transform infrared (FT-IR) spectra covering the range
of 400-4000 cm™! were obtained using an FT-IR JAS-
CO-Model 680 spectrometer.
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2. 1. Preparation of Zwitterionic Salts
[(CH,),SO;TEA]

The zwitterionic compound was synthesized through
a simple one-step process by reacting 1 mmol of triethyl-
amine with 1 mmol of 1,4-butane sultone, under sol-
vent-free conditions, with continuous stirring at ambient
temperature for 18 h. The produced solid salt was exten-
sively washed with diethyl ether and then dried under vac-
uum at 75 °C to obtain the final product.?®

2. 2. Synthesis of Fe;O, Nanoparticles

Initially, FeCl,-4H,O (0.5 g, 2.5 mmol) and Fe-
Cl;-6H,0 (1.35 g, 5 mmol) were dissolved in deionized
water (30 mL) under a nitrogen atmosphere at 80 °C. Next,
a sodium hydroxide solution (10 M, 5 mL) was gradually
added dropwise over 60 min. After the reaction was com-
pleted, the magnetic solid was collected using a magnet
and washed with water and ethanol. The obtained solid
was then dried in an oven at 80 °C for 2 h to yield Fe;0,
nanoparticles.®

2. 3. Preparation of Fe;O,-Lignin Composite

To prepare the Fe;O,-lignin composite, lignin (0.5 g)
was dissolved in deionized water (30 mL) with continuous
stirring for 1 h until fully dissolved. The mixture was then
filtered to remove any particulate impurities. Next, Fe;O,
nanoparticles (0.15 g) were added to the lignin solution
and sonicated for 50 min. The mixture was stirred for 12 h
at room temperature. The resultant Fe;O,-lignin compos-
ite was separated using a magnet, washed with ethanol,
and dried.*

2. 4. Synthesis of Fe;O4-Lignin-SO;H

In the following, Fe;O,-lignin (0.3 g) was dispersed
in CH,Cl, (10 mL) by sonication for 20 min. Then, chloro-
sulfonic acid (0.1 mL) was added dropwise to the reaction
mixture for 20 min at room temperature and it was stirred
for 2 h. The resulting solid was separated using an external
magnet and dried in an oven at 90 °C for 2 h to obtain
Fe;0,-lignin-SO;H.#!

2. 5. Preparation of Fe;04-Lignin-SO;/IL

In the final step, Fe;O,4-lignin-SOsH (1.5 g) was dis-
persed in toluene (30 mL) using sonication for 20 min.
Subsequently, a solution of the zwitterionic salt [(CH,),SO-
sTEA] (0.8 g) in 1,4-dioxane (20 mL) was added to the
mixture at room temperature. The reaction temperature
was then raised to 85 °C and maintained for 3 h with con-
tinuous stirring. Following this, the solvent was removed
under vacuum at 80 °C. The Fe;0,-lignin-SO,/IL catalyst
obtained was washed with ethanol and subsequently dried
under vacuum at 70 °C.#?

2. 6. General Procedure for the Synthesis

of Dihydropyrano[3,2-c]Jchromene

Derivatives

In a 25 mL round-bottom flask equipped with a mag-
netic stirrer and reflux condenser, a mixture of the desired
aromatic aldehyde (1 mmol), malononitrile (1.2 mmol),
4-hydroxycoumarin (1 mmol), and Fe;O,-lignin-SO;H/IL
nanocatalyst (0.025 g) was added to 4 mL of a 1:1 ethanol-wa-
ter mixture. The reaction mixture was heated under reflux
conditions with constant stirring. The progress of the reaction
was monitored by thin-layer chromatography (TLC) using
ethyl acetate/n-hexane (2:1) as the eluent. Reaction comple-
tion was confirmed by the disappearance of the aldehyde spot
on TLC, usually within 30-90 minutes, depending on the
substrate. After the reaction was complete, the mixture was
cooled to room temperature, and the catalyst was separated
using a magnet. The crude product was filtered, washed with
cold ethanol, and recrystallized from methanol to obtain the
pure dihydropyrano[3,2-c]chromene derivative.

2. 7. Catalyst Recovery and Reusability

To assess the reusability of the Fe;O,-lignin-SO;H/
IL nanocatalyst, the catalyst was magnetically separated
from the reaction mixture after product isolation, thor-
oughly washed with methanol to remove any adsorbed or-
ganic residues, and dried at 70 °C under vacuum. The re-
covered catalyst was reused directly in subsequent runs of
the model reaction (benzaldehyde, malononitrile, and
4-hydroxycoumarin under identical reaction conditions as
described in Section 2.6). The catalytic activity remained
consistent over five consecutive cycles with minimal loss
in product yield, demonstrating the excellent stability and
recyclability of the nanocatalyst.

3. Results and Discussion

3.1. Synthesis of the Catalyst

This study describes the method for synthesizing
Fe;0,-lignin-SO;H/IL, with the steps illustrated in Scheme
1. The process began with the synthesis of Fe;O, nanopar-
ticles, which were then coated with lignin to produce
Fe;0,-lignin. Next, Fe;O,-lignin reacted with chlorosul-
fonic acid to form Fe;0,-lignin-SO;H. The ionic liquid (IL)
was created by the reaction of triethylamine with 1,4-bu-
tane sultone. The final step was electrostatically stabilizing
the IL onto Fe;0,-lignin-SO;H to obtain the Fe;0,-lignin-
SO;H/IL nanocatalyst. This immobilization strategy en-
sured that the Brgnsted-acidic -SO;H functional groups of
the ionic liquid (IL) were retained on the heterogeneous
support, making them accessible as active sites during ca-
talysis. The IL component introduces a strong proton-do-
nating capacity to the composite, which is responsible for
the acid-catalyzed activation of electrophilic centers, such
as aldehydes, and for stabilizing reactive intermediates.
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Meanwhile, the Fe;O,-lignin framework provides a high
surface area and allows for magnetic recoverability without
significantly contributing to catalytic activity. The synthesis
and structural features of the catalyst were previously re-
ported and characterized using XRD, FI-IR, FE-SEM,
EDS, VSM, TGA, and TEM techniques [42].

)
< Bl > 24 h [
S\\O + /\N ?h- /\

To determine the optimal reaction conditions, a one-
pot reaction involving benzaldehyde, malononitrile, and
4-hydroxycoumarin was chosen as the model reaction. By
screening loading of the catalyst and considering the effect
of the solvent and temperature on the reaction, it was
found that as little as 0.025 g of Fe;0,-lignin-SO5/IL nano-

IL, Dioxane = :
3h, 85°C e

1
L N ™ s0,
e TEA (CH2)4SOSTEA (IL)
FeCIf.GHzo —— Lo, oo
FeCl,.4H,0 80°C, Ny
Fez04 NP Fe;0,-Lignin Composite

Scheme 1. Preparation of Fe;O,-lignin-SO3/IL nanocatalyst.

3.2. Synthesis of Dihydropyrano([3,2-c]
chromenes Derivatives 4

Following the successful characterization of the
Fe;0,-lignin-SO;H/IL nanocatalyst, its catalytic potential
was explored in the synthesis of dihydropyrano[3,2-c]
chromenes through the reaction between aromatic alde-
hydes, malononitrile, and 4-hydroxycoumarin (Scheme 2).

Fe3O4-Lignin-SO3H Fe304-Lignin-SO3/IL

catalyst was sufficient to produce the desired product 4a at
70 °C in EtOH/H,O as the solvent (Table 1). Following
this, the various aryl aldehydes were used to synthesize di-
hydropyrano[3,2-c] chromene derivatives. As indicated in
Table 2, the products were prepared in yields ranging from
good to excellent. Subsequently, the effectiveness of the
Fe;0,-lignin-SO,/IL catalyst was compared with other
catalysts reported for the synthesis of dihydropyrano[3,2-c]
chromene derivatives. As illustrated in Table 3, the Fe;O,-
lignin-SO;/IL catalyst shows better performance than oth-
er catalysts in terms of catalyst amount, reaction tempera-

Scheme 3 illustrates the proposed mechanism for the

NH,
on PN ture, reaction time, and yield.
0
L ~ Xy FeyO,LigninSOyIL Ny SN ar
A “H * NCT CN + 40—”/
oSp  EtOHM;0,70°C oS0

1 2 3 4

Scheme 2. Synthesis of dihydropyrano[3,2-c]chromenes 4 using
Fe;0,4-lignin-SO/IL nanocatalyst.

formation of dihydropyrano([3,2-c]chromene derivatives
in the presence of Fe;O,-lignin-SO3/IL nanocatalyst. Ini-
tially, the carbonyl group of the aldehyde is activated by
the acid catalyst, which accelerates the condensation step.

Table 1. Optimization of the reaction conditions for the synthesis of 4a.?

Entry  Catalyst loading (g) Solvent Temp. (°C) Yield (%)P
1 0.01 - 70 60
2 0.015 - 70 64
3 0.025 - 70 73
4 0.035 - 70 70
5 0.025 CH,CN 70 75
6 0.025 EtOH 70 85
7 0.025 EtOH/H,0 (1:1) 70 92
8 0.025 MeOH reflux 80
9 0.025 Toluene 70 70
10 0.025 EtOH/H,0 (1:1) r.t. 40
11 0.025 EtOH/H,0 (1:1) 40 55
12 0.025 EtOH/H,0 (1:1) 60 85

2 Reaction conditions: benzaldehyde (1 mmol), malononitrile (1.2 mmol), 4-hydroxycou-

marin (1 mmol). time: 30 min. ® Isolated yields.
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Table 2. Synthesis of derivatives 4 using Fe;O,-lignin-SO;/IL nanocatalyst.*

Entry Product 4 M.p. (°C) Yield (%) Entry Product 4 M.p. (°C) Yield (%)
NH,
o CN
4a 252-254% 92 4g O 5 O 256-258% 95
0~ 0 Cl
NH,
o CN
4b 258-260% 95 4h ocH,  255-257% 93
L0 L0
0 s} [0 0] OH
NH; NH;
07N CN ? N CN
4c /| Y 258-260% 94 4i O e O 259-261% 95
2 O/«KO CH, 0" o OH
NH; NHz .
o CNCl o
4d A b 267-269% 92 4j O = O 260-26247 97
1 Z 0" "o NO;
0" o
il NH;
‘ CN o sy
o cl
4e “ 257-259% 98 4k O = O 246-248% 94
O O 0~ 0 OCHy
o~ o cl
2 Reaction conditions: Aldehyde (1 mmol), malononitrile (1.2
NHz BN mmol), 4-hydroxycoumarin (1 mmol), Fe;0,4-lignin-SO5/IL (0.025
07 g), 70 °C, EtOH/H,0 (5 mL), time: 20-60 min. ® Isolated yields.
e Br
af O O 249-251%8 96

Table 3. The comparison study between the efficiency of the present catalyst and that of other catalysts in the synthesis

of 4a.

Entry  Catalyst Conditions Time (min) Yield (%)?
1 Zinc hydroxyapatite (0.1 g) DME 120 °C 720 78 (ref. 50)
2 Amberlite IRA 400-Cl resin H,O/EtOH, 80 °C 180 95 (ref. 51)
3 Na,SeO, EtOH/H,0, Reflux 60 95 (ref. 52)
4 Yb(PFO), DME, 60 °C 300 92 (ref. 53)
5 Zn/Al hydrotalcite (0.1 g) DME, 120 °C 720 84 (ref. 54)
6 H;PW,04 EtOH/reflux 300 93 (ref. 55)
7 Fe;0,-lignin-SO/IL Cat. (0.025 g), EtOH/H,0, 85 °C 20 92b

2Tsolated yields. ® This work.

In this system, the Bronsted acid sites (coming from the
sulfonic acid groups (-SO;H) present in the ionic liquid)
mainly protonate the carbonyl oxygen, making the alde-
hyde group more electrophilic. Subsequently, the activated
aldehyde is attacked by the active methylene of malononi-
trile to give a,p-unsaturated intermediate I via the Knoev-
enagel condensation, and elimination of a water molecule.
Next, a Michael addition reaction between 4-hydroxycou-
marin and the activated intermediate I leads to the forma-
tion of intermediate II. Finally, the intramolecular cycliza-

tion of intermediate II to intermediate III and its
tautomerization gives the corresponding products.
Throughout this cascade process, the ILs acidic sites facili-
tate both the initial condensation and the subsequent cy-
clization steps, while the magnetic lignin support offering
a stable, reusable heterogeneous platform that guarantees
high catalyst dispersion and recoverability. Similar
IL-functionalized systems have been shown in the litera-
ture to operate through analogous acid-catalyzed mecha-
nisms in multicomponent transformations.>!
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A

Scheme 3. The suggested mechanism for the formation of compound 4.

SO4H

3. 3. Efficiency of the Catalyst

The leaching test was conducted to confirm the het-
erogeneous nature of the Fe;O,-lignin-SO,/IL catalyst
during the synthesis of dihydropyrano[3,2-c]Jchromene
derivatives. Based on this, the model reaction was investi-
gated using the optimized reaction conditions. After the
progress of approximately 50%, the catalyst was removed
from the reaction. Next, the residue of the reaction was
stirred under optimal conditions without the presence of
the catalyst. However, no significant increase in product
conversion was observed, which confirms that the catalyst
performance varies heterogeneously. The reusability of the
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Figure 1. Reusability of Fe;0,-lignin-SO;/IL in the synthesis of 4a.

catalyst was investigated in the model reaction under opti-
mal reaction conditions. After completion of the reaction,
the heterogeneous catalyst was magnetically separated,
washed with MeOH, and dried for use in the next run. As
shown in Figure 1, the recycled catalyst was used for five
runs with no significant loss in performance.

The FT-IR spectrum of the recovered Fe;O,-lignin-
SO;/IL nanocatalyst is presented in Figure 2. This analy-
sis demonstrates the high stability of the catalyst's struc-
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Figure 2. FT-IR spectrum of the recycled Fe;0,-lignin-SO;/IL cat-
alyst.
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ture after reuse. In addition, the structural properties of
the recovered catalyst have been examined using XRD
diffraction patterns (Figure 3). As shown, the relative in-
tensity and position of all the peaks confirm the stability
of the catalyst. The VSM analysis of the reused catalyst
was conducted, revealing that the magnetic properties of
the catalyst remained consistent after multiple cycles
(Figure 4).

600

4004

300+

Intensity

200+

100

T
20 40 60 80
20 (Degree)

Figure 3. XRD pattern of the recycled Fe;O,-lignin-SO5/IL catalyst.
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Figure 4. VSM curves of the recycled Fe;O,-lignin-SO5/IL catalyst.

4. Conclusions

In this study, an ionic liquid was effectively immobi-
lized on magnetic lignin to create a heterogeneous catalyt-
ic system (Fe;O,4-lignin-SO;/IL nanocatalyst), providing a
green, efficient, and recyclable platform for chemical reac-
tions. Its catalytic performance was tested in the synthesis
of dihydropyrano[3,2-c]Jchromene derivatives, demon-
strating excellent activity and selectivity. Notably, the cata-
lyst's heterogeneous nature enabled easy magnetic recov-
ery and reuse for at least five consecutive cycles with

minimal activity loss, highlighting its potential for sustain-
able and practical use in organic synthesis.
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Z namenom raz§iriti uporabnost imobiliziranih ionskih teko¢in kot u¢inkovitih heterogenih katalizatorjev, smo ionsko
tekocino imobilizirali na magnetni lignin (Fe;0,-lignin-SO5/IL) ter tako pripravljeno snov uporabili kot okolju prijazen,
obnovljiv katalizator v enolon¢ni reakciji med aromatskimi aldehidi, malononitrilom in 4-hidroksikumarinom s katero
smo sintetizirali serijo dihidropirano[3,2-c]kromenskih derivatov. Nas pristop se odlikuje z visokimi izkoristki, kratkimi
reakcijskimi ¢asi, enostavnostjo izolacije in je potencialno uporaben pri razli¢nih okolju prijaznih procesih na podro¢ju
farmacevtske kemije. Dodatno smo mehanisti¢no razjasnili vlogo Fe;O,4-lignin-SOs/IL kot katalizatorja v izvedeni sinte-
zi in s tem pokazali na njegovo potencialno uporabnost v organski sintezi in pri drugih kemijskih procesih.
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