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Green Foundation box
Sustainable route to antiviral furano-chalcones via microwave-assisted solvent-free synthesis 
with recyclable MgO

Laura Tedesco,a Federico Verdini a, Emanuela Calcio Gaudino a*, Silvia Tabassoa, Irene 
Arduinob, David Lembob, Manuela Donalisiob, Giancarlo Cravottoa, Maela Manzolia*

a.Department of Drug Science and Technology, University of Turin, Via P. Giuria 9, 10125 Turin, Italy.
b.Laboratory of Molecular Virology and Antiviral Research, Department of Clinical and Biological Sciences, University of Turin, Regione Gonzole 

10, 10043 Orbassano, Italy.

1. This paper focuses on the development of sustainable technologies, minimization of hazardous 
reagents, energy-efficient MW methodologies, integrating recyclable catalysts and renewable 
feedstock. A solvent-free, MW-assisted Claisen–Schmidt condensation enables rapid and highly 
selective synthesis of furano-chalcones, that exhibit antiviral activity against HSV-2, 
demonstrating a dual green–biological significance. Biomass-derived furanic aldehydes are 
employed. Recyclable commercial MgO acts as an efficient heterogeneous catalyst, maintaining 
activity and selectivity over six reuse cycles.

2. Superior green metrics (AE, PMI, E-factor, EcoScale, Green Motion™) compared to 
conventional solvent-based methods are attributable to the combination of solvent elimination, 
recyclable heterogeneous catalysis, and the efficiency of MW heating. When benchmarked 
against general industrial values, the current methodology clearly outperforms typical laboratory-
scale syntheses for waste minimization (E-factor <1). 

3. Further environmental impact studies through LCA could improve the current research on 
new antiviral bio-derived moieties.

Page 1 of 15 Green Chemistry

G
re

en
C

he
m

is
tr

y
A

cc
ep

te
d

M
an

us
cr

ip
t

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

7 
Fe

br
ua

ry
 2

02
6.

 D
ow

nl
oa

de
d 

on
 2

/2
8/

20
26

 5
:3

5:
17

 A
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n 

3.
0 

U
np

or
te

d 
L

ic
en

ce
.

View Article Online
DOI: 10.1039/D5GC06471F

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d5gc06471f


ARTICLE

Please do not adjust margins

Please do not adjust margins

Received 00th January 20xx,
Accepted 00th January 20xx

DOI: 10.1039/x0xx00000x

Sustainable route to antiviral furano-chalcones via microwave-
assisted solvent-free synthesis with recyclable MgO 
Laura Tedesco,a Federico Verdini a, Emanuela Calcio Gaudino a*, Silvia Tabassoa, Irene Arduinob, 
David Lembob, Manuela Donalisiob, Giancarlo Cravottoa, Maela Manzolia*

The increasing demand for sustainable chemical processes has driven the search for renewable feedstocks, environmentally 
benign catalysts, and energy-efficient methodologies. In this context, we report a solvent-free protocol for the Claisen–
Schmidt condensation between biomass-derived furanic aldehydes and acetophenone. Commercial magnesium oxide 
(MgO) was employed as a recyclable heterogeneous catalyst and subjected to physicochemical characterization and 
recycling tests to evaluate its stability and reusability. Microwave (MW) irradiation was integrated to ensure rapid and 
homogeneous heating, leading to enhanced reaction efficiency and reduced processing times. The sustainability of the 
proposed approach was preliminarily assessed through green chemistry metrics, which confirmed its advantages over 
conventional methods. The obtained furano-chalcones were investigated for their antiviral potential in in vitro cell-based 
models against common human pathogenic viruses, such as human herpes simplex virus, zika virus, rhinovirus and influenza 
virus. Their activity was specifically targeted against HSV type 2, highlighting their relevance as pharmacologically active 
scaffolds and warranting further optimization and investigation. Overall, this work combines renewable resources, 
recyclable catalysis, and energy-efficient techniques, offering a greener and versatile strategy for the synthesis of high-value 
bioactive compounds.

Introduction
Despite advancements in improving human health, the 
pharmaceutical industry remains one of the most polluting 
sectors globally.1 A 2019 study revealed that the 
pharmaceutical industry generates approximately 49 tons of 
CO₂ per million dollars of revenue, surpassing even high-
emission industries like automotive manufacturing.2 While 
significant efforts have been made toward a greener transition, 
challenges remain, particularly due to the reliance on toxic 
fossil-based materials, high energy consumption, and 
hazardous waste generation.3,4 In response, the development 
of more sustainable pharmaceutical compounds and processes 
is crucial, and chalcones—1,3-diphenyl-2-propen-1-one 
derivatives—hold promise for both medicinal and 
environmental innovation.5 Chalcones are naturally occurring 
compounds predominantly found in fruits, vegetables, and 
spices. Nevertheless, limitations associated with the direct use 
of natural products necessitate synthetic strategies to secure a 
reliable and scalable supply.6 Furthermore, naturally derived 
chalcones are predominantly homocyclic and generally exhibit 
lower bioactivity than synthetic analogues incorporating 

heteroaryl units, which significantly enhance biological activity. 
Many organic reactions have been reported in the literature to 
obtain a wide variety of substituted chalcones that are 
employed as anticancer, antioxidant, antidiabetic, antibacterial, 
anthelmintic, antiviral, antifungal and antiprotozoal agents.7–12 
Their ease of absorption and favourable tolerance in humans 
further enhance their attractiveness for drug development.13 
Beyond therapeutic uses, their π-conjugated planar structure 
makes them useful as chemical probes, chemosensors, and 
fluorescent materials in various scientific applications.14,15 Thus, 
the structural diversification of chalcones through sustainable 
synthetic strategies is of considerable interest for 
pharmaceutical applications. Nowadays, biomass-derived 
aldehydes such as furfural (FA), 5-methylfurfural (MF), and 5-
hydroxymethylfurfural (HMF), obtained through the 
dehydration of pentoses and hexoses, have attracted growing 
interest as sustainable and renewable feedstocks for the 
synthesis of bioactive heteroaryl furano-chalcones.16 In this 
context, the transformation of residual lignocellulosic biomass 
into valuable chemicals through enzymatic and chemical 
processes offers a promising route to reduce CO₂ emissions, 
further reinforcing the pivotal role of biomass valorisation in 
sustainable chemistry.17 By incorporating furan rings, furano-
chalcones enhance the structural and electronic properties of 
chalcones, expanding their potential for novel biological 
activities.18,19 Indeed, furano-chalcones have demonstrated a 
range of biological effects, including anti-inflammatory20, 
antimicrobial21, antifungal22 and herbicidal23 activity, as well as 

a.Department of Drug Science and Technology, University of Turin, Via P. Giuria 9, 
10125 Turin, Italy.

b.Laboratory of Molecular Virology and Antiviral Research, Department of Clinical 
and Biological Sciences, University of Turin, Regione Gonzole 10, 10043 
Orbassano, Italy.

Supplementary Information available: [details of any supplementary information 
available should be included here]. See DOI: 10.1039/x0xx00000x
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inhibition of breast cancer cell proliferation24, monoamine 
oxidase25 and nitrification26. 

The Claisen–Schmidt condensation between (hetero)aryl 
aldehydes and aryl methyl ketones is the benchmark method 
for accessing chalcones: it is atom-economical, generates water 
as the sole by-product, and typically furnishes the E-alkene with 
high selectivity. Under acid or base catalysis, isolated yields are 
often moderate (≈50–60%) and substitution-dependent.27 To 
improve efficiency, a variety of catalytic systems have been 
reported—including Brønsted/Lewis acids and recyclable 
heterogeneous media such as chitosan, Al–Mg hydrotalcites, 
Cs-pollucite nanozeolites, activated carbons, nanoporous 
AlSBA-15, cesium salts of heteropolyacids, ionic liquids, 
mesoporous aluminates, MWCNT–CeO₂ hybrids, modified 
fluorapatite, Fe₃O₄–MOF core–shells, and ZnWO₄ or graphene-
supported ZnO nanoparticles—with BF₃·OEt₂ often delivering 
markedly higher yields (≈75–96%) and operational simplicity.28 
Complementary C–C bond-forming strategies broaden access to 
challenging substitution patterns, including Pd-catalyzed cross-
couplings (e.g., Suzuki, Sonogashira, Stille), silver-catalyzed 
coupling of cinnamic acids with α-keto acids, oxidative 
carbonylation of boronic acids and styrenes, and Au-
nanoparticle-mediated coupling of methyl ketones with aryl 
alcohols; several systems afford good to high yields and, in 
heterogeneous formats, catalyst recyclability.29 While effective, 
these methods face challenges in catalyst recovery and 
frequently rely on petroleum-derived solvents, exacerbating 
their environmental footprint.22 

In accordance with green chemistry principles, various 
environmentally friendly approaches have been established. 
Increasing attention has been devoted to strategies such as 
recyclable heterogeneous catalysis, solvent-free processes, and 
unconventional heating techniques.30 Among them, magnesium 
oxide (MgO) has emerged as a particularly promising recyclable 
solid catalyst for Claisen–Schmidt condensation reactions.31,32 
Its catalytic performance is influenced by morphology, particle 
size and crystallinity, offering advantages such as ease of 
separation, recyclability, and lower environmental impact 
compared to traditional methods.33 Combining MgO catalysis 
with microwave (MW) heating further amplifies these benefits, 
as MW irradiation enables rapid and homogeneous energy 
transfer, leading to shorter reaction times, improved yields, and 
enhanced selectivity.34–36 In addition to accelerating chemical 
transformations, MW-assisted processes have proven highly 
versatile in organic synthesis and are increasingly employed 
across a broad spectrum of bond-forming reactions.37,38 Within 
this framework, the integration of MW irradiation with MgO 
catalysis could provide an innovative and sustainable approach 
to solvent-free chemical processes and holds considerable 
potential for the efficient synthesis of chalcones and their 
derivatives.

In this work, a sustainable protocol for the MW-assisted 
Claisen–Schmidt condensation of biomass-derived furanic 
aldehydes with acetophenone under solvent-free conditions 

was described, using commercial magnesium oxide (MgO) as a 
heterogeneous catalyst. Extended physicochemical 
characterization, as well as recycling tests, were accomplished 
to evaluate its stability and reusability. In addition, preliminary 
assessments of the sustainability of the proposed method were 
performed by calculating green chemistry metrics. Finally, the 
obtained furano-chalcones were preliminarily tested for their 
antiviral activity against common human viruses, aiming to 
highlight the dual value of this approach in terms of both 
environmental and pharmacological relevance.

Experimental

Chemicals and reagents

All chemicals and reagents were obtained from commercial 
suppliers (Sigma-Aldrich, St. Louis, MO, USA; Alfa Aesar, Ward 
Hill, MA, USA) and used without further purification, following 
the guidelines provided in the respective Safety Data Sheets 
(SDS). The commercial MgO catalyst (Alfa Aesar) was used in 
nanopowder form (40-60 nm), with a purity of ≥99% and a 
specific surface area exceeding 30 m²·g⁻¹. Commercial 
Hydrotalcite (HTc) provided by Sigma-Aldrich was also 
employed for comparison purposes. 

General procedure for conventional solvent-free Claisen-Schmidt 
condensations

Acetophenone (1 mmol), the corresponding aldehydes (FA, MF, 
HMF and benzaldehyde; 1 mmol), and the catalyst (14 wt% of 
the total amount of reagents) were combined in a screw-cap 
vial containing a magnetic stirring bar. The reactions were 
performed at 150 °C for 2 h in an oil bath under continuous 
magnetic stirring. The temperature was maintained and 
monitored using a hotplate stirrer CC162 and a temperature 
controller SCT1 (Stuart®, Bibby Scientific Ltd, Stone, 
Staffordshire, UK).

General procedure for MW-assisted solvent-free Claisen-Schmidt 
condensations

MW-assisted reactions were carried out in a multimode reactor 
(SynthWave, Milestone Srl, Bergamo). The instrument features 
a high-pressure stainless-steel chamber capable of operating at 
temperatures up to 300°C and pressures up to 199 bars. 
Acetophenone (1 mmol), corresponding aldehydes (1 mmol) 
and catalyst (MgO or HTc, 14 wt% of the total amount of 
reagents) were placed inside a quartz vial and heated (90, 120, 
150, 180 °C) by MW irradiation, under an inert atmosphere (N2) 
and magnetic stirring (300 rpm), for 2 h. Upon completion of the 
reaction and cooling, the reaction mixture was dissolved in 5 mL 
of ethyl acetate (EtOAc) and filtered under vacuum to recover 
the catalyst, which was washed twice with 2.5 mL of EtOAc. The 
recovered solution was then dried under vacuum and analysed 
via gas chromatography-mass spectrometry (GC-MS), while the 
MgO catalyst was transferred to a crucible and calcined in a 
muffle furnace (Nabertherm GmbH, Lilienthal, Germany) at 450 
°C for 2 h with a 50-minute heating ramp to remove organic 
residues. GC-MS analyses were performed on an Agilent 
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Technologies 6850 Network GC System (Agilent Technologies, 
Santa Clara, CA) equipped with a 5973 Network Mass Selective 
Detector and a 7683B Automatic Sampler, using a capillary 
column (HP-5MS; length 30 m; i.d. 0.25 mm; film thickness 0.25 
μm). In detail, for the GC-MS analysis, the oven temperature 
program was set as follows: initial temperature of 50 °C for 5 
min, ramped to 100 °C at 10 °C/min for 1 min, ramped to 230 °C 
at 20 °C/min for 1 min, ramped to 300 °C at 20 °C/min for 5 min, 
and held for 15 min. The injector temperature was set at 250 °C, 
with a split ratio of 20:1. Helium was used as the carrier gas at 
a constant flow rate of 24 mL/min. The conversion of ketone to 
furano-chalcone (Xfurano-chalcone%), the yield of furano-chalcone 
(Yfurano-chalcone%) and the selectivity to furano-chalcone (Sfurano-

chalcone%) were calculated according to eqn (1)–(3), respectively.

𝑿𝑓𝑢𝑟𝑎𝑛𝑜―𝑐ℎ𝑎𝑙𝑐𝑜𝑛𝑒(%) =  [𝐾𝐸𝑇]𝑖 ― [𝐾𝐸𝑇]𝑡
[𝐾𝐸𝑇]𝑖

 𝑥 100                             (1)

𝒀𝑓𝑢𝑟𝑎𝑛𝑜―𝑐ℎ𝑎𝑙𝑐𝑜𝑛𝑒(%) =  
𝑛𝑦

𝑛𝑡
 𝑥 100                                                    (2)

𝑺𝑓𝑢𝑟𝑎𝑛𝑜―𝑐ℎ𝑎𝑙𝑐𝑜𝑛𝑒(%) =  
𝑛𝑦

𝑛𝑖―𝑛𝑡
 𝑥 100                                               (3)                         

Selectivity was defined as the fraction of converted ketone 
forming the desired chalcone product. The ketone was used as 
the reference reactant, as aldehydes in Claisen–Schmidt 
condensations are prone to side reactions such as self- or 
polycondensation.39

Furano-chalcones purification for subsequent biological assay 
was carried out by Flash-Chromatography using a PuriFlash® 
5.050 system (Interchim, Montluçon, France). The separation 
was performed on C18 packed columns (12 g; Daily purity, 
Sepachrom srl, Rho, Milan) at a flow rate of 15 mL·min⁻¹. Before 
purification, 0.2 g of each crude sample were mixed with 0.5 g 
of C18 silica and packed into a precolumn. A gradient elution 
was employed using distilled water (A) and methanol (B), as 
detailed in Table S1 of the Supplementary Information. The 
purified chalcones (3a, 3b, 3c and 3d in Scheme 1) were then 
analysed by GC-MS (Figures S1-S4 of the Supplementary 
Information) and NMR (1H-NMR and 13C-NMR), using a Jeol 
JNM-ECZ600R spectrometer (Jeol, Tokyo, Japan) operating at a 
frequency of 600 MHz (Figures S5-S12 of the Supplementary 
Information). 

Catalyst characterization

Powder X-Ray Diffraction (PXRD). Patterns were collected with 
a PW3050/60 X'Pert PRO MPD diffractometer from PANalytical 
working in Bragg–Brentano geometry, using as a source the 
high-powered ceramic tube PW3373/10 LFF with a Cu anode 
(using Cu Kα1 radiation λ = 1.5406 Å) equipped with a Ni filter to 
attenuate Kβ. Scattered photons were collected by a real time 
multiple strip (RTMS) X'celerator detector. Data were collected 
in the 10° ≤ 2θ ≤ 90° angular range, with 0.02° 2θ steps. The 
powdered samples were examined in their as-received form 
and posed in a spinning sample holder to minimize preferred 
orientations of crystallites.
Field emission scanning electron microscopy (FESEM). 
Measurements were carried out using a TESCAN S9000G FESEM 

3010 microscope (30 kV), equipped with a high brightness 
Schottky emitter and Energy Dispersive X-ray Spectroscopy 
(EDS) analysis thanks to a Ultim Max Silicon Drift Detector (SDD, 
Oxford, Abingdon-on-Thames, UK). The samples were observed 
in their as-prepared forms without any metallization, whereas 
those after MW-assisted Claisen Smith condensation of 
aldehyde (reaction conditions: 150 °C, 2h) were submitted to 
metallization with Cr (ca. 5 nm) to avoid any charging effect due 
to the possible presence of reaction products and intermediates 
at the surface of the used catalyst (Emitech K575X sputter 
coater). MgO nanoparticle size distributions were obtained by 
considering for each sample a representative number of 
nanoparticles in the images and the mean particle diameter (dm) 
was calculated by applying the following equation: dm = 
Σdini/Σni, being ni the number of nanoparticles with diameter di. 
Before the measurements, the samples were deposited on a 
stub that was coated with a conducting adhesive and inserted 
into the chamber in a fully motorized procedure.
Thermogravimetric Analysis (TGA). Analyses were carried out 
using a TGA 4000 Thermogravimetric Analyzer (PerkinElmer, 
Inc., Waltham, Massachusetts, USA) to evaluate the presence of 
organic residues on the MgO catalyst before and after 
calcination. In a standard procedure, approximately 8 mg of 
sample were placed in a crucible within the furnace. The 
temperature was initially set to 30 °C and maintained for 
1 minute, then increased to 800 °C at a heating rate of 10 
°C·min⁻¹.

Green metrics calculation

Atom economy (AE), molar efficiency (ME), process mass 
intensity (PMI), and E-factor have been calculated according to 
literature40, applying the following equations:

𝐴𝐸 =  𝑛° 𝑜𝑓 𝑎𝑡𝑜𝑚𝑠 𝑖𝑛 𝑡ℎ𝑒 𝑓𝑖𝑛𝑎𝑙 𝑝𝑟𝑜𝑑𝑢𝑐𝑡𝑠
𝑛° 𝑎𝑡𝑜𝑚𝑠 𝑖𝑛 𝑡ℎ𝑒 𝑟𝑒𝑎𝑔𝑒𝑛𝑡𝑠                     (4)

𝑀𝐸 =  𝑚𝑜𝑙𝑒𝑠 𝑜𝑓 𝑝𝑟𝑜𝑑𝑢𝑐𝑡𝑠
𝑚𝑜𝑙𝑒𝑠 𝑜𝑓 𝑟𝑒𝑎𝑔𝑒𝑛𝑡𝑠+ 𝑚𝑜𝑙𝑒𝑠 𝑜𝑓 𝑐𝑎𝑡𝑎𝑙𝑦𝑠𝑡 𝑥 100                   (5)

𝑃𝑀𝐼 =  𝑡𝑜𝑡𝑎𝑙 𝑚𝑎𝑠𝑠 𝑜𝑓 𝑝𝑟𝑜𝑐𝑒𝑠𝑠 𝑠𝑡𝑒𝑝𝑠
𝑚𝑎𝑠𝑠 𝑜𝑓 𝑝𝑟𝑜𝑑𝑢𝑐𝑡                                        (6)

𝐸 ― 𝑓𝑎𝑐𝑡𝑜𝑟 =  𝑚𝑎𝑠𝑠 𝑜𝑓 𝑡𝑜𝑡𝑎𝑙 𝑤𝑎𝑠𝑡𝑒
𝑚𝑎𝑠𝑠 𝑜𝑓 𝑝𝑟𝑜𝑑𝑢𝑐𝑡

 (7)

Evaluation of Biological Activity: Cytotoxicity and Antiviral Assays

Cell lines and viruses. African green monkey kidney cells (Vero, 
ATCC® CCL-81™), human cervix adenocarcinoma epithelial cells 
(HeLa, ATCC® CCL-2™), Madin–Darby canine kidney cells 
(MDCK, ATCC® CCL-34™), human lung fibroblast cells (MRC-5, 
ATCC® CCL-171™) and human foreskin fibroblast (HFF-1, ATCC® 
SCRC-1041) were grown as monolayers in Dulbecco’s modified 
Eagle’s medium (DMEM) (Sigma-Aldrich, St. Louis, MO), 
supplemented with 10% heat inactivated fetal bovine serum 
(FBS) (Gibco, Waltham, MA) and with 1% (v/v) antibiotic-
antimycotic solution (Sigma-Aldrich) in humidified 5% CO2 
atmosphere at 37 °C. The herpes simplex virus type 2 strain 
(HSV-2, ATCC® VR-540) and the Zika virus 1947 Uganda MR766 
(ZIKV)41 were propagated on Vero cells. Human rhinovirus type 
A1 (HRV, ATCC® VR-1559) was produced on HeLa cells. Influenza 
virus type A strain H1N1 (IFV-A H1N1; strain 
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A/California/07/2009 (H1N1) pdm09; ATCC® VR-1894™) was 
propagated on MDCK cells in DMEM containing 1 μg/mL of IX-
type porcine pancreatic trypsin (Sigma-Aldrich). Virus titration 
by means of immunocytochemistry is detailed in the 
Supplementary Information. 
Cell viability assay. The effect on cell viability of compounds 
was evaluated via the MTS [3-(4,5-dimethylthiazol-2-yl)-5-(3-
carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-tetrazolium] 
assay, using the Cell Titer 96 Proliferation Assay Kit (Promega, 
Madison, WI) as described elsewhere.42 

Virus inhibition assay. The antiviral activity of the compounds 
was investigated via plaque (for HSV-2) or focus (for ZIKV, HRV 
and IFV) reduction assays. Briefly, sub-confluent cells seeded in 
96-well plates were pre-treated with serial dilutions of 
compounds (40 to 0.6 µg/mL) for 2 h. Afterwards, infection was 
performed with a fixed viral inoculum (multiplicity of infection, 
MOI: 0.01 for ZIKV, HRV, IFV; 0.001 for HSV-2). ZIKV-, HRV- and 
IFV-infected cells were incubated for 24 h and then subjected to 
indirect immunocytochemistry as outlined in the 
Supplementary Information. On the other hand, for HSV-2-
infected cells, the viral inoculum was removed after 2 h and 
serial dilutions of compounds in medium containing 1.2% 
methylcellulose were added to cells for 24 h; afterwards, crystal 
violet staining was performed. Infected foci/plaques were 
quantified, and viral infectivity was reported as the mean 
percentage of the treated samples compared to the untreated 
control.

Results and Discussion

MW-Assisted Solvent-Free Claisen-Schmidt Condensation

As an attempt to develop a sustainable synthetic route to 
furano-chalcones, solvent-free Claisen-Schmidt condensations 
of acetophenone (1) with both bio-derived furanic aldehydes 
(2a-c) and benzaldehyde (2d) (used as benchmark) were carried 
out under MW irradiation in the presence of MgO as 

heterogeneous catalyst (Scheme 1). Unlike many reported 
protocols that rely on engineered nanostructures or catalyst 
pre-treatment43–48, the method reported in this work employs 
unmodified and commercially available MgO. As previously 
reported,49 the base-catalysed Claisen-Schmidt condensation 
typically proceeds through enolate formation, carbon-carbon 
bond formation, and subsequent dehydration to afford α,β-
unsaturated carbonyl compounds. Nanostructured MgO, 
characterized by high surface area and abundant basic sites, 
enhances catalytic activity, selectivity, and reusability. The 
catalytic process is mainly driven by Lewis basic O²⁻ sites, which 
are strong enough to deprotonate the α-hydrogens of the 
ketone to form the enolate ion, thereby forming a surface-
adsorbed enolate intermediate (stabilized carbanion).50,51 The 
Claisen–Schmidt condensation is, in principle, a formally atom-
economic route to chalcones, as the ideal stoichiometric 
transformation releases water as the sole by-product. In 
practice, however, competitive pathways such as ketone or 
aldehyde self-condensation, Michael addition, Cannizzaro 
disproportionation of aromatic aldehydes, and the formation of 
insoluble polymeric (“humin-like”) materials may occur under 
the basic or acidic conditions commonly employed.52-54 These 
side reactions generate additional by-products and 
substantially reduce the effective atom economy of the process. 
Moreover, in Claisen–Schmidt condensations, aldehyde 
conversion is often used as the primary metric to assess 
reaction progress. However, aldehydes—particularly biomass-
derived ones—are prone to degradation and polymerization, 
which can artificially inflate conversion values and lead to a 
misleading assessment of catalytic efficiency. 55 Accordingly, in 
this work, the conversion of the ketone was taken as the 
reference parameter to provide a more reliable evaluation of 
catalytic performance of MgO. To establish an efficient and 
green protocol for the synthesis of furano-chalcones, a solvent-
free Claisen–Schmidt condensation was investigated under MW 
irradiation using commercial MgO as heterogeneous catalyst.

Scheme 1. Solvent-free MW-assisted Claisen-Schmidt condensation of acetophenone 1 with furanic aldehydes 2a-c and benzaldehyde 2d over MgO. 
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MW irradiation was selected to ensure homogeneous 
volumetric heating and precise temperature control under 
solvent-free conditions, prioritizing selectivity and 
reproducibility over reaction time minimization.56 The initial 
objective was to evaluate the influence of reaction temperature 
since this parameter is known to strongly affect both conversion 
and selectivity in solid-state condensations. 
A systematic screening of reaction temperature and time was 
carried out under controlled MW heating to identify the optimal 
conditions for the solvent-free MW-assisted Claisen–Schmidt 
condensation, maximizing catalytic performance while 
maintaining high selectivity toward the desired furano-
chalcones. The complete pre-screening dataset, including 
temperature (90–180 °C) and reaction time (1.5–2 h) for all 
substrates, is reported in the Supplementary Information (Table 
S2). As summarized in Table 1, increasing the reaction 
temperature from 150 °C to 180 °C resulted in higher substrate 
conversions. In particular, for MF and HMF, conversion 
increased from 63% to 83% (Table 1, entries 3 and 4) and from 
90% to 99% (entries 6 and 7), respectively. Similarly, as for FA, 
conversion was enhanced at 180 °C. However, among the 
synthesized compounds, product 3c is of particular interest, 
since HMF stands out among the key compounds derivable from 

lignocellulosic biomass, representing a high-value, renewable, 
and extensively utilized chemical57, particularly promising for 
energy-efficient, low-temperature catalytic processes.58 

Furthermore, 5-HMF can be obtained from the MW-assisted 
conversion of C-6 sugars.59,60 Therefore, warranting particular 
attention to the reaction conditions employed for this 
compound, an improved selectivity toward 3c was instead 
obtained at 150 °C (Table 1, entry 6), with a selectivity of 93% 
compared to 86% at 180 °C (Table 1, entry 7). An exception was 
observed for the benchmark product 3d: despite the selectivity 
remained constant (100%) when increasing the temperature 
from 120 °C to 150 °C, the conversion improved from 13% to 
59% (Table 1, entries 8 and 9 respectively), resulting in a 
proportional increase in yield. Additional experiments were 
carried out at 90 and 120 °C on furfuryl-based aldehydes. At 90 
°C, no substrate conversion was observed, conversely the 
increase of temperature to 120 °C resulted in measurable 
conversion only for HMF (Table 1, entry 5), while both FA and 
MF remained unreactive, underscoring HMF reactivity under 
mild thermal conditions61, likely arising from the electron-
deficient nature of the furan ring and the activated aldehyde 
group. 

Table 1. MW assisted, solvent free conversion and selectivity of MgO catalyzed Claisen-Schmidt condensations.a

Entry Ketone Aldehyde Product Temp. (°C) Conv. (%)b Sel. (%) Yield (%)c

1 150 51 100 51

2

FA (2a) 3a
180 65 99 64

3 150 63 99 63

4

MF (2b) 3b
180 83 99 83

5 120 69 94 65

6 150 90 93 84

7

HMF (2c) 3c

180 99 86 85

8 120 13 100 13

9 150 59 100 59

10

Benzaldehyde (2d)

180 79 (99) d 98 (100) d 77 (99) d

11

1

Benzaldehydee

3d

180 70 99 69

a Reaction conditions: acetophenone (1 mmol), aldehyde (1 mmol), MgO 14 wt% stirred for 2 h and heated to the respective temperature. b Conversion is referred to 
ketone (see Experimental Section). c Determined by GC-MS. d Reaction performed in EtOH. e HTc 14 wt% used as catalyst instead of MgO.
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Moreover, the scalability of the solvent-free MW-assisted 
protocol was preliminarily evaluated by a threefold increase in 
reaction scale, as detailed in the Supplementary Information 
(Table S3). The MgO catalyst was next compared with 
hydrotalcite (HTc) under the optimized solvent-free MW-
assisted conditions. HTc, an inexpensive and commercially 
available layered double hydroxide, is widely employed as a 
heterogeneous base in organic reactions, thanks to its tuneable, 
moderate basicity.62–64 Under identical reaction conditions, 
MgO outperformed HTc in terms of conversion (Table 1, entries 
10-11). In addition, HTc exhibited poor stability, its recovery by 
filtration was difficult or impossible, likely due to delamination 
under MW irradiation and exposure to water produced during 
reaction. By contrast, MgO was easily separated after the 
reaction. The proposed microwave-assisted solvent-free 
protocol is highly tunable, allowing even less reactive substrates 
to be efficiently converted by appropriate selection of the 
reaction temperature. Although the use of ethanol resulted in a 
marginal increase in ketone conversion (Table 1, entry 10), 
solvent-free conditions were selected for further optimization. 
This choice was motivated by the need to maximize process 
safety—by avoiding pressurized systems at 150 °C—and to 
comply with green chemistry principles through the 
minimization of solvent use, waste generation, and energy-
intensive solvent recovery steps.

Conventional Heating vs MW-Heating

A direct comparison between conventional and MW heating 
under identical conditions (150 °C, 2 h, 14 wt% MgO, solvent 
free) highlighted significant advantages of MW irradiation. For 
all furanic aldehydes, MW heating afforded higher conversions 
(Figure 1), thanks to its volumetric, homogeneous heating 
profile that minimizes thermal gradients and promotes dipolar 
polarization of intermediates, stabilizing transition states and 
generating local hot spots that boost catalyst activation.65,66 
Product selectivity remained essentially complete, except for a 
slight drop for HMF-derivative 3c (99% → 93%) (Figure 1). 

Figure 1. Comparison of MW and Conventional (Conv.) heating in the synthesis of 
compounds 3a-d (150 °C, 2 h).

In contrast, benzaldehyde exhibited poorer performance under 
MW heating. Its lower dielectric constant likely prevents 
efficient MW absorption and hot spot formation, while its 
reduced polarity weakens adsorption onto basic O²⁻ sites of 
MgO. 
As a result, both substrate and catalyst may absorb less energy, 
carbonyl activation could be hindered, and benzaldehyde 
conversion falls below that achieved with conventional 
heating.67,68

Catalyst Recyclability

To assess the stability and recyclability of the MgO catalyst, six 
consecutive reaction cycles were performed using fresh 
substrates under the optimized conditions (150 °C, 2 h). 
Catalyst recovery rates ranged from 71% to 95%, depending on 
substrates and cycle number, with an average recovery of 86%. 
While simple washing with acetone and EtOAc led to a decline 
in activity (data not shown), a calcination step at 450 °C 
between cycles restored or even increased the catalytic activity 
(Figure 2). The yields remained high for five consecutive cycles 
before a slight drop was observed after the sixth run. 

Figure 2. Catalytic performance of MgO over six consecutive cycles under 
optimized MW-assisted solvent-free conditions (150 °C, 2 h). Catalyst activity was 
restored or enhanced by intermediate calcination at 450 °C between cycles. 

To get more insights on this activity trend, both morphology and 
structure of the MgO catalyst before reaction and over multiple 
reaction cycles in the presence of the best HMF substrate were 
investigated by FESEM and XRD. 
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Firstly, MgO nanoparticles with globular shape and size ranging 
between 10 and 50 nm, resulting in a mean diameter of 35.4  
14.4 nm, were observed before reaction (Figure 3A, 3A’, S13). 
The corresponding XRD pattern (Figure 3E, red line and Figure 
3F, red line) shows well defined and quite intense peaks related 
to the cubic crystalline phase of MgO along with very weak 
peaks due to hexagonal Mg(OH)2. It is worth noting that the 
structure of the catalyst before reaction was overall retained 
after calcination at 450 °C, as revealed by the small increase in 
crystallinity of cubic MgO nanoparticles (Figure 3E, black curve). 
Conversely, as for the morphology, nanoparticles with size 

comparable to those observed on the catalyst before 
calcination were accompanied by larger particles ranging 
between 100 and 300 nm (Figure S14). However, the size of the 
MgO nanoparticles decreased after the first reaction cycle 
followed by calcination at 450 °C, resulting in a mean diameter 
of 16.2  4.3 nm (Figure 3B, 3B’) and remained essentially 
constant through cycles 2-5, being the average size equal to 
16.7  3.5 nm in cycle 5 (Figure 3C, 3C’, with a further reduction 
to 11.1   2.9 nm in cycle 6 (Figure 3D, 3D’).

Figure 3. FESEM representative In-Beam UH-Resolution SE images and particle size distributions of the MgO catalyst before reaction (A, A’) and after the first (B, B’), 
fifth (C, C’) and sixth (D, D’) reaction cycle followed by calcination at 450°C using HMF as substrate. Instrumental magnification: 457000×, 600000×, 858000× and 
943000×. Comparison between the XRD patterns of MgO before reaction (red line) and after calcination at 450 °C (black line) (E). Comparison among the XRD patterns 
of MgO before reaction (red line), after the first (orange line), fifth (blue line) and sixth (purple line) reaction cycle followed by calcination at 450°C using HMF as 
substrate (F). The XRD pattern collected after the sixth cycle without any calcination step at 450 °C is reported for comparison (grey line). Black Miller indexes: cubic 
MgO (00-003-0998), blue Miller indexes: hexagonal Mg(OH)2 (00-001-1169).
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Accordingly, the diffraction peaks related to cubic MgO after the 
first, fifth and sixth runs (Figure 3E, orange, blue and purple 
lines) are markedly lower in intensity with respect to the XRD 
pattern of the catalyst before reaction (red line) and have 
similar intensity.Conversely, some crystalline Mg(OH)₂ is 
formed during reaction, as demonstrated by the peaks 
observed for the catalyst after the sixth reaction cycle without 
any calcination step (grey line). These peaks, detected after the 
first, fifth and sixth runs never exceeded in intensity those 
observed before reaction, pointing out that MgO is effectively 
reactivated upon calcination at 450 °C. In this frame, the 
decrease in size and crystallinity during the catalytic runs may 
account for particle erosion due to the formation of water as 
co-product, which promotes the growth of a Mg(OH)2 layer on 
the surface of the catalyst during reaction that is converted to 
MgO upon calcination at 450 °C. As a consequence, gradual 
fragmentation of the nanoparticles occurs, ultimately 
compromising the catalyst performance. A similar catalytic 
trend was previously reported for MgO nanoparticles prepared 
under MW irradiation and tested in the MW-assisted 
formylation of amines with formic acid.69 The authors ascribed 
the decrease in activity observed at the fourth run to moisture 
absorbed on the catalyst surface. The presence and evolution of 
hydroxyl species are critical for MgO efficiency in Claisen-
Schmidt condensations. Controlled surface hydroxylation can 
enhance catalytic activity by reducing activation barriers for 
enolate formation and proton transfer, as Brønsted -OH groups 
synergistically complement exposed O²⁻ sites by weakening 
overly strong intermediate binding. However, hydration beyond 
the optimal threshold leads to competitive water adsorption, 
surface saturation of -OH groups, and a marked decrease in 
turnover frequency.70,71 These findings are further supported by 
studies on engineered MgO systems, where structural design 
strategies that regulate water adsorption have been shown to 
enhance surface basicity, porosity, and active site 
dispersion.72,73 Calcination is therefore essential to remove 
excess Mg(OH)₂-like terminations that block active sites, and to 
effectively restore catalytic activity.74,75 Upon calcination at 450 
°C, spent MgO regained its crystallinity, as evidenced by the 
disappearance of hydroxide-related reflections in the XRD 
pattern and the absence of impurity peaks (Figure 3E). 
However, after the sixth run the XRD analysis of the not calcined 
catalyst revealed peak broadening and attenuation indicative of 
surface deactivation, likely due to surface hydration and/or 
accumulation of organic residues. This was further supported by 
performing TGA measurements of the MgO catalyst before 
reaction (Figure 4A), which accounts for a 12.97% weight loss 
and after the sixth reaction cycle followed by calcination at 
450°C using benzaldehyde as the less reactive substrate among 

the tested aldehydes (Figure 4B), which shows similar weight 
loss (12.97%) and indicating effective removal of organic 
residues around 315 °C. Significant weight loss (40.64%) was 
observed at 362 °C after the sixth catalytic run without any 
calcination step at 450 °C (Figure 4C), confirming the presence 
of adsorbed organic matter on the catalyst surface after use. 
Interestingly, differently from what observed for HMF, XRD 
analyses clearly show quite intense peaks due to Mg(OH)2 after 
the sixth reaction cycle using benzaldehyde as substrate (Figure 
4D, grey line). In addition, at lower 2 Theta peaks possibly due 
to unreacted benzaldehyde and/or benzoic acid adsorbed on 
MgO are also observed further indicating that if not subjected 
to thermal regeneration, the combined effect of 
rehydroxylation and persistent organic fouling would 
progressively deactivate the catalyst. Benzaldehyde can be 
adsorbed on the MgO surface by abstracting the aldehydic H.76 
The authors proposed that the two benzoate species observed 
by in situ FTIR spectroscopy can also be produced by breaking 
the C=O bond. These species are stable under N2 flow and do 
not react with the employed 2-hydroxyacetophenone in the 
liquid-phase Claisen–Schmidt condensation. These features 
explain the observed benzaldehyde recalcitration towards the 
reaction with respect to the other substrates. FESEM 
characterization also confirms the presence of Mg(OH)2 
elongated crystals covering the surface of MgO (Figure 4E).69 
When calcination is applied before each reaction cycle, the 
surface is restored to a predominantly oxide state. 
Nevertheless, the slight decline in activity observed in the sixth 
cycle is likely due to cumulative nanostructural deterioration 
(e.g. irreversible particle fragmentation) that cannot be fully 
reversed through thermal treatment. 

Green Chemistry Assessment

To assess the greenness of the optimized protocol (150 °C, 2 h), 
different green metrics were calculated for each product (3a-
3d), including atom economy (AE), mass efficiency (ME), 
process mass intensity (PMI) and E-factor. These values are 
reported in Table 2 (see also the Supplementary Information). 
The green chemistry metrics calculated for compounds 3a–3d 
confirm the sustainability of the developed protocol. Atom 
economy values were consistently high (0.92–0.93), reflecting 
the intrinsic efficiency of the Claisen–Schmidt condensation. 
Mass efficiency was more variable, with compound 3c showing 
the highest value (29.3%), in line with its superior yield. 
Similarly, the process mass intensity and E-factor values were 
lowest for 3c (1.47 and 0.28, respectively), underscoring the 
reduced waste generation and improved material utilization 
associated with this substrate.
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Figure 4. Thermo-Gravimetry (TG) and Differential Thermo-Gravimetry (DTG) curves of the MgO catalyst before reaction (A) after the sixth reaction cycle followed by calcination at 
450°C using benzaldehyde as substrate (B) and after the sixth cycle without any calcination step at 450 °C (C). XRD patterns of the MgO catalyst before reaction (red line) after the 
sixth reaction cycle followed by calcination at 450°C using benzaldehyde as substrate (purple line) and after the sixth cycle without any calcination step at 450 °C (grey line) (D). Black 
Miller indexes: cubic MgO (00-003-0998), blue Miller indexes: hexagonal Mg(OH)2 (00-001-1169). Asterisks: monoclinic benzoic acid (00-001-0596). FESEM representative In-Beam 
UH-Resolution SE image of the MgO catalyst and after sixth reaction cycle using benzaldehyde as substrate without any calcination step at 450 °C (E). Instrumental magnification: 
450000×. 

Table 2. Green metrics for the developed MW-assisted solvent-free Claisen-Schmidt condensation.

 Green metrics
Process Chalcone AE ME (%) PMI E-Factor

3a 0.92 18.5 2.44 1.14
3b 0.92 22.3 1.98 0.75
3c 0.93 29.3 1.47 0.28

MW-assisted, (Solvent 
free, MgO)

3d 0.92 21.1 2.10 0.84

This work

Ball-mill, 
(Solvent free, KOH) 3d analogue n.d. - - 293

Conventional, Solution-
phase (EtOH, NaOH) 3d analogue n.d. - - 560

Ref. [72]
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The other chalcones (3a, 3b, 3d) also displayed favourable PMI 
(1.98–2.44) and E-factor values (0.75–1.14). These results 
indicate minimal waste generation and efficient material 
utilization, fully consistent with the principles of green 
chemistry. It should be noted that the literature offers only very 
limited quantitative data on sustainability indicators for these 
reactions, with most reports focusing exclusively on yield and 
reaction time. This gap highlights the lack of systematic 
evaluation of green parameters in traditional Claisen–Schmidt 
methodologies. For the sake of comparison, one of the few 
available studies reporting an E-factor for both a solution-phase 
and solvent free reaction was considered.77 Abid et al. 
calculated an E-factor of 560 for a solution-phase reaction 
(ethanol, 50 °C, 2 h, multi-step workup, 47% yield), whereas a 
mechanochemical ball-milling approach reduced the value to 
293 under otherwise comparable conditions (86% yield, 60 
min). In contrast, the present solvent-free MW-assisted MgO 
protocol afforded E-factors as low as 0.28, thus reducing waste 
generation by three orders of magnitude relative to 
conventional conditions. Taken together, these results confirm 
that the proposed method not only delivers high selectivity but 
also establishes a highly sustainable route to furano-chalcones. 
The Green Motion™ radar plots78 (Figure 5) emphasize the 
protocol effectiveness in solvent elimination and toxicity 
reduction through the removal of corrosive NaOH and explosive 
EtOH. By employing bio-based starting materials, the process 
achieves notable sustainability improvements. While operating 
under nitrogen pressure lowers the Process Green Motion™ 
score to 60, the overall score rises from 70 to 80, confirming its 
enhanced environmental performance. The metric, however, 
does not account for catalyst recyclability or other factors that 
could further improve the process sustainability. The EcoScale 
assessment was employed to further validate the sustainability 
of the proposed protocol, integrating considerations of yield, 
safety, operational simplicity, and ease of purification.79 
Considering that the ideal EcoScale value for a reaction is 100, 
the EcoScale scores of the synthesized furano-chalcones (3a–c), 
as illustrated in Figure 6, are consistently higher than that of the 
classical Claisen–Schmidt condensation carried out in ethanol 
with NaOH as homogeneous catalyst (EcoScale = 61).80 

Compound 3a achieved a score of 65, while significantly higher 
values were obtained for 3b (74.5) and 3c (75). The reduced 
performance of the classical approach is mainly due to the use 
of hazardous reagents such as NaOH and HCl (for the reaction 
work up), coupled with more demanding purification steps. By 
contrast, the solvent-free, MW-assisted proposed procedure 
benefits from the use of a recyclable heterogeneous catalyst 
(MgO) and simplified handling, resulting in markedly improved 
EcoScale scores. 

Figure 5. Green Motion™ radar plots comparing the environmental profile of the 
traditional Claisen–Schmidt condensation (upper panel) and the developed MW-assisted 
solvent-free protocol (lower panel).

Figure 6. EcoScale values calculated for the presented solvent-free MW-assisted 
reactions and for the classic Claisen-Schmidt condensation (Yields: 3a-c = experimental; 
classic Claisen-Schmidt = 100%).

Notably, the highest score was achieved for compound 3c 
(EcoScale = 75), which is especially relevant in view of the scope 
of this study. Overall, the EcoScale analysis corroborates the 
superior greenness and practicality of the present methodology 
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when compared with conventional solvent-based Claisen–
Schmidt condensations.
In order to better emphasize the competitiveness of the newly 
developed solvent-free and MW-assisted protocol, the Green 
Star metric, grounded in the twelve principles of Green 
Chemistry, was employed .81 Despite the high temperature and 
consumption, the Green Star metric highlights the “greener” 
nature of the proposed protocol (Figure 7). This metric visually 
demonstrates the trade-offs inherent in the methodology: 
while the energy efficiency (Principle 6) reflects the use of 
150°C, this is vastly outweighed by the maximum scores 
achieved in waste prevention (P1), Less Hazardous Synthesis 
(P3), Safer Solvents (P5), Catalysis (P9), Safety (P12). Details on 
Green Star Calculation Parameters have been included in the 
supplementary information file. 

Biological Activity 

Over the last two decades, the chalcone scaffold has emerged 
as a promising antiviral chemical entity, and several studies 
have reported activity of chalcones against members of various 
viral families, such as the Herpesviridae family, specifically HSV-
1, HSV-2 and HCMV.82–85 Beyond herpes viruses, chalcones have 
been investigated for activity against a broader panel of viral 
pathogens.86 Notably, a recent synthetic series of chalcone 
derivatives demonstrated inhibition of multiple RNA viruses 
(including e.g. Zika virus, La Crosse virus, and Human 
coronavirus OC43) with low cytotoxicity.87 Other reports 
document chalcone derivatives inhibiting influenza 
neuraminidase with an EC50 27.63 µM and 28.11 µM for IFV-A 
H5N1 and IFV-A-H1N1 respectively88, Dengue Virus NS5 
protein89, and the human immunodeficiency virus with an EC50 
of 0.022 μg/mL and a good therapeutic index (TI = 489).90 These 
reports suggest that the chalcone core is endowed with broad-
spectrum antiviral activity, pointing to a possible antiviral effect 
of furano-chalcones herein synthesized. 
In this study, we aimed firstly to assess the possible anti-
proliferative effect of the furano-chalcones, since a high 
cytocompatibility is an essential parameter in biological 
applications based on cell models. The results of the cell viability 
assay, depicted in Table S6, showed a high cytocompatibility for 
compounds 3a-c, while compound 3d showed a marked 
cytotoxic effect on all cell lines used, thus excluding the 
compound from further biological analysis. 
Based on these results, the antiviral activity of compounds was 
evaluated at non-cytotoxic concentrations, to rule out that the 
antiviral effect could be due to cellular toxicity. The inhibitory 
effect of furano-chalcones was evaluated against different 

human viral pathogens, commonly spread worldwide and cause 
of disease in humans. Viruses were selected for the different 
route of transmission (i.e., sexual for HSV-2, arthropod-borne 
for ZIKV, and respiratory for HRV and IFV-A).         Results in Table 
3 show that all furano-chalcones inhibited HSV-2 in a dose-
dependent manner, whereas compounds were inactive against 
ZIKV, HRV, and IFV-A (Figure S15). The selectivity index (SI) is a 
parameter that characterizes the antiviral efficacy of a 
compound, expressed as its relative efficacy in inhibiting viral 
replication compared to its cytotoxicity. As outlined in Table 3, 
the best SI (9.1) was obtained for compound 3c, due to its higher 
cytocompatibility compared to the other two compounds. 
Altogether, our study is the first, to the best of our knowledge, 
to report the antiviral activity of furano-chalcones, highlighting 
the potential of this subclass of chalcones to serve as antiviral 
scaffolds. 

Conclusions

A solvent-free and MW-assisted protocol for the Claisen–
Schmidt condensation of biomass-derived furanic aldehydes 
with acetophenone has been established. 
The method provided furano-chalcones with selectivities 
consistently above 90% within 2 h at 150 °C. Magnesium oxide 
proved to be an efficient and recyclable heterogeneous catalyst, 
maintaining activity up to the sixth reuse, as confirmed by 
FESEM and XRD characterization of fresh and spent material.

Figure 7. Green Star Score for the MW-assisted and solvent-free proposed 
protocol.

Table 3. Anti-HSV-2 efficacy of compounds.

Compound EC50 ‡ (µg/mL) 
(95% CI $)

CC50 ** (μg/mL) 
(95% CI $)

SI *

3a 5.8 (4.9 to 7.1) 44.1 (39.2 to 49.5) 7.6
3b 6.6 (5.3 to 8.2) 37.7 (32.1 to 41.0) 5.7

3c 10.2 (9.1 to 12.4) 93.0 (82.3 to 100.2) 9.1
‡ EC50: half maximal effective concentration;
$ CI: 95% confidence interval;
** CC50: half maximal cytotoxic concentration;
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* SI: selectivity index.
The combination of renewable feedstocks, recyclable catalysis 
and microwave heating enabled a highly efficient and 
environmentally benign synthesis. Preliminary antiviral assays 
indicated promising activity, particularly for compound 3c 
against herpes simplex virus type 2, and further biological 
studies are required. Future studies will be focused on the 
characterization of the antiviral potential of compound 3c and 
newly synthesized analogues against human herpetic viruses. 
Overall, these results demonstrate that the solvent-free, MW-
assisted protocol not only provides high selectivity, but also 
enhances energy efficiency, eliminates hazardous reagents and 
auxiliary substances, offering reduced waste production, 
improved efficiency, and broad substrate applicability. aligning 
with key principles of green chemistry.
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