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An innovative synthetic pathway for the synthesis of chalcones is proposed using the chemical and
environmental advantages of solvent-free chemistry. The protocol was used for the synthesis of
different medicinally relevant chalcones, as well as of a variety of naturally occurring chalcones, as
a greener alternative to the existing methods. Finally, the solvent-free method was applied to the

Received 3rd January 2023 synthesis of bioactive drugs, such as metochalcone and elafibranor. We were also able to optimize the
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solid-state conditions by exploring a variety of mechanochemical conditions, including ball milling,

DOI: 10.1039/d35u00003f mechanical stirring, and an ‘endless-screw’ system, which can be promising from an industrial

rsc.li/rscsus perspective.

Sustainability spotlight

The Claisen-Schmidt aldol-like reaction was largely employed as a robust method of choice to forge chalcone moieties, which are endowed with ample
pharmacological activities. However, the common use of highly corrosive and toxic NaOH places this reaction out of the green chemistry metrics. To pursue the
12 principles of green chemistry, a fusion of solvent-free synthesis and mechano-chemical processes has recently started to take hold, consistently reducing the
environmental impact compared to solvent-based processes. NaOH is defined as a hazardous substance and the use of less hazardous reagents is well within the
United Nations Sustainable Development Goals. The mechano-chemical process mediated by Mg(HSO,), is a technology that can achieve the production of
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chemicals through the elimination of hazardous substances, perfectly in line with UN SDG:12.

Introduction

Chalcones consist of a subclass of the flavonoid family and are
among many biological interesting compounds, consequently
attracting research attention for decades." The principal sources
of chalcone derivatives are plant extracts, which have been used
traditionally to treat various diseases.> Among all the bioactive
properties, for example, many naturally occurring chalcones
with anticancer efficacy against a variety of cancer cells have
been found.?

Numerous natural chalcones exist, and a great portion of
them exhibit a wide range of biological activities, such as ioli-
quiritigenin, okanin, licochalcones a, xanthohumol, and echi-
natin (Fig. 1A). Moreover, several compounds have been either
marketed or clinically tested, exemplifying their medical
potential (Fig. 1B); for example, metochalcone has been mar-
keted as a choleretic and diuretic drug, and hesperidin
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methylchalcone has a vascular protective effect. Elafibranor is
an experimental medication that is being developed for the
treatment of cardiometabolic diseases, including diabetes,
insulin resistance, dyslipidemia, and non-alcoholic fatty liver
disease (NAFLD). Elafibranor is a dual PPAR«/d agonist, and its
metabolic effects have been evaluated in abdominally obese
patients with either combined dyslipidemia or prediabetes.
Unfortunately, it has so far been unable to have an impact in
pivotal NASH trials, despite the encouraging data in earlier
studies. However, a phase 3 trial is ongoing to determine its
effects in primary biliary cholangitis (PBC), a chronic, autoim-
mune disease in which the bile ducts in the liver are gradually
destroyed.

The chalcone core of elafibranor has been synthesized by
using the venerable Claisen-Schmidt condensation under both
acidic (HCl,-EtOH)* and basic catalysis (K,CO3)* or by using
NaOH* (Scheme 1A).

The Claisen-Schmidt aldol-like reaction is recognized as
a robust method of choice for forging the chalcone moiety and
consequently, green, catalytic versions, including solvent-free
protocols, have been developed and reviewed.® To pursue the
12 principles of green chemistry,’ merging solvent-free
syntheses and mechano-chemical processes can display
improved green chemistry metrics and lower environmental
impacts compared to solvent-based processes.” There are

© 2023 The Author(s). Published by the Royal Society of Chemistry
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A. Natural chalcones with biological and pharmacological activities
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Fig. 1 Structures of natural bioactive chalcone derivatives and drugs.

several benefits related to solvent-free reactions, including
a reduction in cost, energy consumption, reaction time, and
pollution, as well as a simplification of the experimental

A. Industrial patented synthesis of Elafibranor
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procedures, work-up techniques, and labour savings.® The first
mechanochemical reactions were performed by grinding reac-
tants together in a mortar with a pestle, an approach that is
sometimes referred to as “grindstone chemistry”.® While this
technique does not require specialized equipment and is
therefore feasible in any laboratory, it suffers from some limi-
tations, especially reproducibility, as it is dependent on the
physical strength of the operator. For this reason, during the
last few years, mechanochemical synthesis using ball milling
has become a practical and sustainable technique that enables
solvent-free organic transformations.*®

The advantages of mechanochemical approaches, ie. the
avoidance of potentially harmful organic solvents, shorter
reaction times, and operational simplicity, have created
a significant demand for their application in pharmaceutical
synthesis."* However, one of the main drawbacks of mechano-
chemical synthesis is the lack of ability to perform milling
reactions in a continuous fashion. Indeed, continuous mecha-
nochemistry is an advanced tool for the synthesis of organic
compounds and other complex molecules. Currently, the most
efficient way to perform “flow mechanochemistry” is using the
screw extrusion reactor, which has been successfully employed
for different organic reactions, including the Claisen-Schmidt
chalcone synthesis."> However, the use of highly corrosive and
toxic NaOH is outside of the green chemistry metrics of chal-
cone and therefore, elafibranor synthesis.®” Herein, we report
the first solvent-free general chalcones preparation method
using a home-made screw reactor in the presence of a benign,
readily-available and eco-friendly catalyst, such as magnesium
hydrogen sulfate (vide infra). The versatility of the procedure
was demonstrated by the preparation of the drug metochalcone,
which has been approved for clinical use as a choleretic and
diuretic agent, and a few natural occurring chalcones, such as
isoliquiritigenin.
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B. Proposed solvent-free synthesis of Elafibranor-based chalcone - this work.
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Scheme 1 Patented and new approaches to obtain the anticancer drug elafibranor — 4.
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Mechanochemistry and catalyst
optimization

With the goal to develop a new synthesis procedure for elafi-
branor under green chemistry protocols, we optimized the first
step of the synthetic sequence, namely, the assembling of the
chalcone core via Claisen-Schmidt condensation under mech-
anochemical flow conditions. Catalyst optimization was initially
carried out using solvent-free chemistry by systematically
varying the catalyst, mole ratio, reaction time, and temperature
(the relevant details are given in Table S1 in the ESIT). We found
that mixing 4-methylthio acetophenone 1 (100 mol%) and
aldehyde 2 (120 mol%) both as solids and Mg(HSO,),
(200 mol%) under mechanical stirring at 200 rpm (Fig. 2a) at
50 °C for 30 minutes could afford the corresponding chalcone 3
as a brown solid with a 100% conversion. Mg(HSO,) was
removed by performing a water-EtOAc extraction, in addition to
the use of the organic phase of activated charcoal for removing
the coloured impurities. The solid obtained by EtOAc evapora-
tion was then crystalized using toluene to afford the desired
chalcone 3 in an 82% isolated yield as a pale, yellow crystal.
These experiments demonstrated that the mixing phase is
crucial for full conversion of the reagents; therefore, with
a suitable catalyst in hand, we then set our focus to the opti-
mization of the mechanochemical device, namely by switching
from a ball-mill system to a home-made screw reactor (Fig. 2a).

We initially decided to explore the ball-mill mixing mode to
take advantage of the impact and friction between the balls and
the mixture of solid reagents. After exploring several experi-
mental conditions, such as different configurations, and
changing the powder-to-ball ratio, rotation speed, and heating
times or ramps, a diminished conversion of 80% with decreased
isolated yields of 60-75% of chalcone 3 were obtained.

The inferior ball-mill yields led us to explore the perfor-
mance of a home-made screw reactor as an alternative option
(Fig. 2d, e and 3). This consisted of a jacketed single-screw
reactor with a vertical alignment consisting of a Liebig
condenser with a glass jacket with a 9 mm inner diameter and
a 400 mm long glass rod 6 mm in diameter upon which a PTFE

YIELD INCREASING >

TIME DECREASING e

Fig. 2 Device evolution for mechanochemical reactions.
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Fig. 3 Detailed picture of the main components in our home-made
screw reactor.

spiral screw with a 1.5 mm diameter and 10 mm of propeller
pitch was wound. This leaves hardly any interstice between the
jacket wall and the screw threads, thus maximizing the corre-
sponding friction. The inlet and outlet ports of the jacket were
connected to a constant temperature circulation heating bath.

In a typical experiment, 4-methylthio acetophenone 1
(100 mol%), aldehyde 2 (120 mol%), and Mg(HSO,),
(200 mol%), were fed as a solid mixture and the conditions to
maximize the yield were obtained by systematically varying the
temperature, recycles, residence time, and screw rotation speed.
Unfortunately, despite numerous efforts, the chemical conver-
sion never exceeded 40% under the optimized conditions, i.e.,
temperature of 50 °C, screw rotation speed of 40 rpm (see Table
S5 in the ESIY), residence time of 360 s. This was in stark
contrast to what is reported in the literature for a Claisen—
Schmidt reaction carried out in a screw reactor between 4-
methyl benzaldehyde and acetophenone, in which the reaction
was carried out in a home-made screw reactor and took place in
89 s with a yield of 92%." We ran the same reaction under our
catalytic conditions and the corresponding a,b-unsaturated

© 2023 The Author(s). Published by the Royal Society of Chemistry
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o enone 5 was obtained in a 45% isolated yield with a conversion

0]
©)K ) ,_HK@\ Catalyst O / O of 57% (Chart 1).
solvent-free A plausible explanation for the difference could be in the

5 . . .
catalyst used, which was NaOH for the literature reaction, but

200 rpm, 89 s, RT, 92% yield Mg(HSO,), in our case, with the latter, characterized by a lower

talyst), 40 rpm, 360 s, 50°C, 45% yield catalytic efficiency. However, we discovered that when just

resubjecting the whole mixture, without adding a new catalyst,
and without purification, to three recycles, the conversion
jumped to 100% with an isolated yield of 95% of chalcone 3
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Chart 3 Claisen—Schmidt condensation between heteroaromatic ketones and aldehydes.

after a simple crystallization with hot toluene (vide infra). With
the optimized procedure in hand, we next examined the reac-
tion scope using Mg(HSO,), under our screw reactor conditions.
All the reactions were performed on a 0.2 mmol scale, using
100 mol% equivalent of ketone, 120 mol% equivalent of alde-
hyde, and 200 mol% equivalent of magnesium catalyst (Chart
2). The procedure involved a premixing of the three components
to form either a solid mixture or a paste, depending on whether
the ketone or the aldehyde was solid or liquid. After the indi-
cated number of recycles, the solid was generally crystallized
from toluene (see ESIt for more details).

A variety of acetophenones and benzaldehydes were
screened, with different substitution patterns in terms of steric
effects and electronics. Overall, with our methodology, a variety
of functional groups could be tolerated with different substi-
tution patterns on both aldehydes and ketones, including thi-
omethyl, methoxy and trifluromethy groups, as well as free
hydroxy groups or dimethylamino groups on the aldehydes. As
expected, the effect of the substituents reverberated on the
kinetics of the whole process, which could be divided into three
classes of substrates: those that require 3 recycles to ensure
100% conversion (from 6 to 10), those that require 4 recycles
(from 11 to 13), and those, the less reactive, that require up to 6
recycles (from 14 to 17). The yields are generally very high, from
99% for 8 to 55% for 17, the less reactive chalcone with an
average yield of 83%. Interestingly, chalcone 10 was indeed the
drug metochalcone (Fig. 1B), which was obtained under our
solvent-free condition, with a 92% isolated yield after only 3
recycling procedures.

Heteroaromatic ketones and aldehydes, as well as a,fB-
unsaturated ketone, are sluggish substrates for this solvent-free
Claisen-Schmidt condensation, affording, however, the corre-
sponding chalcones in very good yields (Chart 3).

Heteroaromatic rings on the ketone moiety (18, 19, 20)
required 6 recycling events to ensure complete conversion,

508 | RSC Sustainability, 2023, 1, 504-510

while heteroaromatic aldehydes (23) displayed enhanced reac-
tivity. As expected, the heteroaromatic reagents afforded chal-
cone 21 only after 7 recycles, but in a very good yield. Finally, (E)-
4-phenyl-3-buten-2-one, condensed with both aromatic and a,b-
unsaturated aldehydes, showed remarkable reactivity and yields
(22, 24). A variety of medicinally relevant chalcones were ob-
tained in a few hours, with a very simple protocol and with very
cheap reagents. Unfortunately, some substrates react only
reluctantly according to our protocol, including aliphatic
ketones and aldehydes and some heteroaromatic aldehydes,
such as thiophenyl carboxaldehyde and quinoline carbox-
aldehyde. Moreover, nitrogen-containing heterocycles are
incompatible with the use of magnesium hydrogensulfate, due
to the occurrence of an acid-base side reaction (see ESI} for
more details).

Synthesis of naturally occurring
chalcones and elafibranor

Finally, we attempted to use the magnesium hydrogensulfate
solvent-free protocol for the synthesis of some naturally occur-
ring chalcones, such as isoliquiritigenin,™ butein,"” and oka-
nin," and we completed the synthesis of the antitumor drug
elafibranor. Although the most logical way to perform the
synthesis of the three natural products should be the reaction
on the corresponding hydroxyl free ketones and aldehydes, this
way proved to be unproductive. Therefore, we started with
methoxy-protected ketones and hydroxyl unprotected alde-
hydes, all of which are commercially available (Scheme 2). In
the event, aldehydes 41 and 42 reacted under our conditions,
50 °C after 3 recycles, in the presence of Mg(HSO,),, with the
methoxy-protected ketones 43 and 44, according to the combi-
nations depicted in Scheme 2. The MeO-protected chalcones 25,
14, and 15 were thus obtained in gratifying 95%, 85%, and 81%
isolated yields, respectively. BBr; deprotection of the methoxyl

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Scheme 2 Synthesis of chalcone-containing natural products and drugs.

ether of 25 and 15, following the literature reported procedure,
provided the corresponding natural products isoliquiritigenin
and okanin in 80% and 52% isolated yields." Finally, exposure
of the protected chalcone 14 to BBr; in DCM at —78 °C fur-
nished butein in a 71% isolated yield.

To conclude the exploration of our sustainable Claisen—
Schmidt condensation, we turned our attention to the bench-
mark substrate chalcone 3 and completed the synthesis of ela-
fibranor in just a single synthetic step (Scheme 2).

Conclusions

In conclusion, this is the first report where a simple single-screw
reactor was engineered and successfully applied for the
synthesis of a variety of chalcones, which represents a common
chemical scaffold of many biologically active compounds iso-
lated from natural sources. This privileged structure has
attracted research attention for over a century.' Up to 24
different chalcones were synthetized, in good to high yields.
Notably, we were able to prepare three natural products, namely
isoliquiritigenin, butein, and okanin, along with two APIs,
namely metochalcone and elafibranor, in a solvent-free and
sustainable fashion using Mg(HSO,), as a catalyst. The scope
and limitations of this new protocol were established. The
diversity of compounds synthetized with this device combined
with the high sustainability scores and easy transposition to the
multigram scale open the way for the future applicability of this
home-made reactor and it could represent a useful tool that,
alongside 3D printing technology, could alleviate the burden of
disease in developing countries. In fact, self-sufficiency in the
production of APIs could translate into the increase in the local

© 2023 The Author(s). Published by the Royal Society of Chemistry

production of APIs through enabling technologies, such as flow
reactions and 3D printing.'* Further modifications of the
reactor for a wider range of feasibilities, including multistep
flow synthesis with an aim to complete the reaction in only one
run, are currently under investigation.
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