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Editorial on the Research Topic
Advances in green synthesis for drug discovery

In July 2021 we announced a Frontiers Research Topic, hosted by Frontiers in
Chemistry, entitled Advances in green synthesis for drug discovery, as a part of the Green
and Sustainable Chemistry section of the journal. The topic related to the green synthesis
methods aimed to highlight novel environmentally safe approaches for synthesizing
novel chemical entities with importance in pharmaceutical and pharmacological fields.
Due to the growing population and damage from industrial pharmaceutical
manufacture, it is well proved that the development of new and improved
pharmaceuticals comes with a substantial environmental cost. As a result, one of the
most popular study fields at every stage of the drug discovery process is the creation of
environmentally friendly technologies. Even while there is opposition to changing the
established procedures, the financial benefits that eco-friendly practices provide might
spur development in this direction. This means that research in this field still has a lot to
offer as the demand for ecologically friendly approaches rises. Green chemistry is a
useful instrument that is becoming more significant since drug development raises
global living standards. Therefore, this Research Topic focuses on all chemical aspects of
the development of bioactive molecules based on green chemistry strategies and
represents a practical manual for scientists that work on this area. Due to the factors
mentioned above, this Research Topic caught the interest of researchers, receiving a
significant number of submissions, with nine original research papers and two reviews
published.

Considering the original research articles, Lai et al. reported a convenient method for
the synthesis of N-heteroaryl esters using N-heteroaryl methanols and acyl cyanides
through the cleavage of the C-C bond, excluding the use of any transition metal. In fact,
the usage of Na,CO5/15-crown-5 couple allowed preparing different N-heteroaryl esters,
with great efficiency. Notably, N-heteroaryl esters, such as furans, pyridines, pyrazines,
quinolines, and thiophenes, constitute vital structures in pharmaceuticals, dyes, flavors,
or natural products. The protocol, described in this work, is operationally

5 frontiersin.org


https://www.frontiersin.org/articles/10.3389/fchem.2023.1166887/full
https://www.frontiersin.org/articles/10.3389/fchem.2023.1166887/full
https://www.frontiersin.org/researchtopic/24085
https://www.frontiersin.org/articles/10.3389/fchem.2021.822625/full
https://crossmark.crossref.org/dialog/?doi=10.3389/fchem.2023.1166887&domain=pdf&date_stamp=2023-03-02
mailto:florent.allais@agroparistech.fr
mailto:florent.allais@agroparistech.fr
mailto:simone.brogi@unipi.it
mailto:simone.brogi@unipi.it
mailto:grcastro@gmail.com
mailto:grcastro@gmail.com
mailto:v.vidali@inn.demokritos.gr
mailto:v.vidali@inn.demokritos.gr
https://doi.org/10.3389/fchem.2023.1166887
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/chemistry
https://www.frontiersin.org
https://www.frontiersin.org/journals/chemistry
https://www.frontiersin.org/journals/chemistry#editorial-board
https://www.frontiersin.org/journals/chemistry#editorial-board
https://doi.org/10.3389/fchem.2023.1166887

Allais et al.

straightforward and environmentally friendly, only with the
production of cyanides as byproducts.

In a fascinating paper, Sayahi et al. exploited the Pd@Py2PZ@
MSN as a new and effective catalyst to form C-C bond. In
particular, in the described procedure, the authors
immobilized palladium onto dipyrido (3,2-a:2',3'-c) phenazine
(Py2PZ)-modified mesoporous silica nanoparticles (MSNs), led
to the generation of a novel catalyst. A simple procedure was used
to create the Py2PZ ligand from the reaction of the raw materials
1,10-phenanthroline-5,6-dione and 3,4-diaminobenzoic acid.
The resulting compound was employed for functionalizing
MSNs, that the
palladium could be immobilized. Accordingly, the palladium-
immobilized Py2PZ-modified MSNs (Pd@Py,PZ@MSNs) were

synthesized and characterized using different methods, and their

modifying their surface chemistry so

activity and efficiency were studied in C-C bond formation
reactions. Particularly, the results were favorable in aqueous
medium, and significant yields of desired compounds were
achieved. After ten
displayed outstanding reusability and no discernible loss of

consecutive runs, the catalyst also
activity.

Bai et al. used a biosynthetic method for generating novel
antimalarial metabolites into the erythrocytes by hydroxylation of
the well-known drug dihydroartemisinin (DHA) performed by the
organism Cunninghamella elegans CICC-40250. The analysis of the
resultant compounds and comparison with DHA metabolites in
erythrocytes were conducted. The authors using UPLC-MS detected
nine DHA derivatives (M1-M9) obtained by means of microbial
some of them such as 7-
hydroxydihydroartemisinin ~ (M1), 1-deoxydihydroartemisinin
(M8), and 1-deoxyartemisinin (M9) were extracted. These

transformation,  and

substances were also present in erythrocytes. In order to describe
and characterize the substance M1, the authors employed X-ray
single-crystal diffraction. Furthermore, M1 showed an interesting
in vitro antimalarial activity against the Plasmodium strain Pf3D7
(ICso = 133 nM). Remarkably, the presented work represents the
first effort to isolate and characterize the DHA metabolites in
erythrocytes through microbial transformation. Accordingly,
using environmentally friendly microbial transformation, it is
now possible to produce antimalarial drugs as a result of the
discovery and synthesis of these compounds.

In another interesting research article, Villano et al. described
a simple and adaptable methodology for synthesizing the gut
microbiota-derived bioactive metabolite, commendamide (N-(3-
hydroxypalmitoyl)-glycine) and its derivatives. This substance
shares structural similarities with long-chain N-acyl-amino acids
from the endocannabinoidome, a complicated lipid signaling
system that plays significant functions in mammals by, among
other things, activating G-protein-coupled receptors (GPCRs)
(GPCR G2A/132). Easily available reagents, simple workups,
non-halogenated solvents, and small amounts of organic
solvents were used to synthesize commendamide in an
environmentally friendly and economically feasible manner.
Notably, the usage of column chromatography for purifying
synthetic intermediate derivatives was moreover frequently
avoided due to the high yields seen in several reaction stages.
The same synthetic route was also effectively employed for
synthesizing deuterated commendamide and an additional
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secondary commendamide-like metabolite, thus demonstrating
the usefulness of the novel synthetic strategy described in the
mentioned paper.

Yang et al. described a synthetic protocol to efficiently produce
O-desmethylvenlafaxine (ODV), the main active metabolite of
venlafaxine, a serotonin-norepinephrine reuptake inhibitor
(SNRI), which has been marketed for treating mild/severe
depression, anxiety, and many different mental diseases, and
O-desmethylvenlafaxine succinate monohydrate (DVS) in a
significant yield and high purity. The five-step synthetic approach
was developed using, as the starting material, p-hydroxybenzene
followed by

deprotection of the phenolic hydroxyl group, cyano reduction,

acetonitrile, condensation of cyclohexanone,
dimethylation, and production of succinic acid salts. The route
involved high-yielding steps with low genotoxic impurities (GIs),
the use of cheap reagents and solvents, and cost-effective
purification procedures. ODV was prepared with 99.92% purity,
and DVS was obtained in 71.09% overall yield. According to XRD
powder diffraction, the crystalline form of DVS exhibited distinctive
peaks at 5, 10, 21, and 26 min. Remarkably, when compared to
traditional synthesis methods, the suggested strategy demonstrated
an innovative, environmentally friendly method that ensured a great
total yield with minimal environmental impact and remarkable
residual standards for GIs, improving the safety of the drug.
According to Wang et al., copper fluoride facilitates a simple
Hiyama cross-coupling reaction between arylsilanes and thiuram
disulfides (TATD) or
(TMTM)).  This
procedure is a useful option to generate S-aryl dithiocarbamates

derivatives  (tetraalkylthiuram

tetraalkylthiuram  monosulfide synthetic
in good yields, showing limited toxic and easily accessible substrates,
low-cost promoter, and straightforward performance. The method
on the cross-coupling of arylsilanes with TATD or TMTM enhanced
by copper allowed for the production of the significant S-aryl
dithiocarbamates in yields ranging from moderate to good. This
simple method allowed for practical and friendly reaction
conditions, greatly enhancing functional group compatibility,
increasing the range of substrates, and stressing the synthetic use
of complicated compounds. The suggested method can provide a
strategy to expeditely synthesize S-aryl dithiocarbamates from
affordable and stable substrates as well as a fresh illustration of
how to use Hiyama cross-coupling to synthesize pharmacologically
intriguing compounds.

The potential application of a new catalyst to carry out the
reaction of Mizoroki-Heck in aqueous medium was discussed by
Khan et al. They specifically applied the aforementioned method to
functionalize pyrene derivatives. Considering that it is difficult to
successfully carry out Mizoroki-Heck cross-coupling reactions in
water using effective heterogeneous catalysts to produce C-C bonds,
Khan and coworkers were able to catalyze, in water, Mizoroki-Heck
cross-coupling reactions using a highly reduced graphene oxide
(HRG)
catalyst (HRG-Py-Pd). Amino pyrene was employed during the
catalyst’s preparation as a functionalized ligand that provided

immobilized palladium nanoparticle (Pd-NPs)-based

appropriate binding sites for the efficient and uniform nucleation
of Pd-NPs on the surface of HRG. As a result, the catalyst’s physical
stability and water dispersibility were considerably enhanced.
Accordingly, the Mizoroki-Heck cross-coupling reactions of
several aryl halides with acrylic acid in a water solution were
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used to examine the catalytic capabilities of HRG-Py-Pd. Likewise,
HRG-Py-catalytic Pd’s effectiveness was compared to that of its non-
functionalized counterparts, HRG-Pd and pure Pd-NPs. The
coupling reaction of 4-bromoanisol and acrylic acid in a water
solution was accomplished employing the HRG-Py-Pd nanocatalyst
in a relatively small time (3 h), using a limited amount of the catalyst
(3 mg). In contrast, pure Pd-NPs provided lesser conversion (92%)
considering the identical reaction, which necessitated a lengthy
period of time to react and a significant quantity of catalyst (5.
3 mg). When 3 mg of Pd-NPs were utilized that was adequate to
induce a 99% conversion for HRG-Py-Pd, the conversion was
further to barely 40%. HRG-Pd, however, was
unsuccessful and failed to produce any conversion, even when a

reduced

large amount of catalyst was used, and the reaction period was
prolonged. The accumulation of Pd-NPs, which decreased the
catalyst’s capacity to disperse in water, is what prevents the
HRG-Pd from promoting coupling processes. Because of the
smart functionalization, HRG-Py-Pd has high aquatic stability,
making it possible to undertake various organic reactions in
water that would not have been conceivable otherwise.

Rivero Berti et al. reported the production, purification, and
encapsulation of Violacein in a nanostructured lipid carrier (NLC).
Considering that Violacein, a purple water-insoluble pigment
produced by Chromobacterium violaceum and other microbes,
showed an interesting pharmacological profile, also including
anticancer action, the proposed approach is of extreme utility for
the delivery of this water-insoluble compound. The NLC is
constituted by the solid lipid myristyl myristate (a capric- and
caprylic-acid-based oily lipid combination), and the P188, a
surfactant poloxamer. To generate an active release system,
inactive lipase from Rhizomucor miehei was added to NLC-
Violacein. Finally, the printing Violacein encapsulation efficiency
exceeded 90%. At pH = 7.4, the mesh containing NLC-lipase
demonstrated a kinetic release of the biodye that was 20% faster
than that without the enzyme. At pH = 5.0, when the lipase is not
active, both Violacein kinetic releases showed patterns that were
comparable. In addition to the biologically synergistic actions of
Violacein and lipase reported, cytotoxic experiments employing the
cancer cells A549 and HCT-116 demonstrated strong antitumor
action of the developed complex.

Qi et al. reported a straightforward synthesis of novel androgen
receptor (AR) antagonists potentially useful in prostate cancer. The use
of AR-targeted therapeutics can block androgen and slow the growth of
cancer cells, but they could also lead to severe resistance issues. In order
to develop new AR antagonists, 22 different kinds of arylpiperazine
derivatives were developed. Among these compounds, some not only
exhibited strong antagonistic activity (>55% inhibition) and binding
affinities (IC5, < 3 M) to AR but also exhibited a significant inhibitory
activity toward the LNCaP cell line than the PC-3 cell line. Interestingly,
compound 21 showed the best antagonistic potency (76.2% inhibition)
and binding affinity to AR (ICsy = 0.65 uM). The computational
investigation highlighted the possible binding mode of these
derivatives within the AR binding site. Overall, the findings offered
experimental strategies to develop new arylpiperazine containing-
compounds that are effective AR antagonists.

Regarding the review articles, two papers have been published in
the Research Topic. The first work was focused on the green
chemistry of chalcones, a useful source of privileged core
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structures for drug discovery, while the second reports the
attempts to obtain levoglucosenone (LGO) through a bio-based
platform with implications in drug discovery.

Marotta et al. focused their review of the literature on the
sustainable usage of sources, which is crucial in many industrial
sectors such as the pharmaceutical industry. However, the issue of
sustainability must be taken into account during the entire process
of the drug discovery trajectory, not just during the production
phase. The efficiency and speed of a more sustainable drug discovery
pipeline are being boosted by the ongoing advancements in the
disciplines of green chemistry and the application of artificial
intelligence (AI). In this context, the authors reviewed the most
recent environmentally friendly and sustainable synthetic methods
for creating and derivatizing chalcones, a crucial class of privileged
structures and building blocks for the generation of novel molecules
with interesting pharmacological profiles. In order to filter the
results using the term “green chemistry,” the word “chalcone”
was used as a keyword in the SciFinder database for the
literature search (2017-2022), and the keywords “chalcone” and
“green” were used in the Reaxys database. Particularly, in the past
few years, chalcones have been employed to develop different
scaffolds,
sustainable access to a wider range of scaffolds. The most

biologically active heterocyclic enabling more
appealing procedures for derivatizing and preparing chalcone
derivatives are flow chemistry and biocatalysis, which have
considerable potential. Another crucial element is the use of Al
to prioritize the synthesis of particular molecules. Based on the cases
reported in this review and the advances in computer-aided
techniques expected in the next decade, the authors anticipate
that in silico methods will be employed to synthesize focused
chemical libraries, as in the cases of chalcone-based compounds
presented. This will hasten the drug discovery process, increase
environmental awareness, and decrease the requirement for
experimental testing.

The bio-privileged LGO compound, which can be manufactured on
a massive scale from waste biomass, was studied by Camp and Greatrex.
This chiral building block was employed to synthesize previously
challenging building blocks including enantiopure butenolides,
dihydropyrans, modified cyclopropanes, deoxy-sugars, and
ribonolactones by well-known chemical methods. LGO is a great
starting point for synthesizing biologically active molecules, such as
those with antiinflammatory, anticancer, and antimicrobial properties.
As a result, it is anticipated that the creation of reactions for the LGO
ring-system and its widespread availability would open up more
chances to access both established and novel bioactive chemical
entities. This review is focused on the conversion of LGO to
molecules with pharmacological potential, and provides upcoming
research ways linked to the mentioned compound.

In conclusion, we would like to express our gratitude to all of the
authors and co-authors for their significant contributions to this
Research Topic in Frontiers in Chemistry, to all of the reviewers for
their insightful work in assessing the presented papers, and to the
editorial staff of Frontiers for the support. The success of this
Research Topic was greatly reliant on all of these collective
efforts, seen as a whole. We anticipate that this subject will aid
green synthesis in drug development progress, and we hope that it
will serve as an educational and inspirational tool for researchers
and students. The following URL provides free access to the
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mentioned Research Topic https://www.frontiersin.org/research-
topics/24085/advances-in-green-synthesis-for-drug-discovery.
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Synthesis of N-Heteroarenemethyl
Esters via C—-C Bond Cleavage of Acyl
Cyanides Under Transition Metal-Free
Conditions

Miao Lai®, Fangyao Su?, Jingyi Hu, Mengzhuo Wang, Mingqin Zhao * and Ganlin Zhang

Flavors and Fragrance Engineering and Technology Research Center of Henan Province, College of Tobacco Science, Henan
Agricultural University, Zhengzhou, China

A practical method to synthesize N-heteroaryl esters from N-heteroaryl methanols with
acyl cyanides via C-C bond cleavage without using any transition metal is demonstrated
here. The use of Na,COgz/15-crown-5 couple enables access to a series of N-heteroaryl
esters in high efficiency. This protocol is operationally simple and highly environmentally
benign producing only cyanides as byproducts.

Keywords: N-heteroaryl esters, C-C bond cleavage, acyl cyanides, transition-metal free synthesis, N-heteroaryl
methanols

INTRODUCTION

Heteroaryl esters and their derivatives could serve as interesting building blocks for the preparation
of various functionalized products including bioactive natural products, pharmaceuticals, dyes, and
flavors (Otera, 2010; Trotier Faurion et al., 2013; Armani et al., 2014; Liu B. et al., 2015; Xu et al., 2018;
Bayout et al., 2020; Xu et al,, 2022). Therefore, methodologies for the synthesis of these molecular
architectures have experienced huge developments in recent years. The conventional syntheses
include interesterification and oxidative carbonylation of ethers (Zhao et al., 2014; Lu et al., 2015),
and the reactions of alcohols with methanol (Zhang and Wang, 2019), carboxylic acids (Teruaki
et al., 2003; Saeed et al., 2008), aldehydes (Tang et al., 2014; Huang et al., 2016; Chun and Chung,
2017), ketones (Huang et al., 2014; Rammurthy et al., 2021), aliphatic amides (Hie et al., 2016;
Bourne-Branchu et al., 2017), carbonates (Chen et al., 2014), and acid halides (Tamaddon et al., 2005;
Akhlaghinia et al., 2010), respectively. In the last decade, direct activation and functionalization of
the C-H bond has emerged as a powerful method in the field of organic synthesis and witnessed
significant progress (McMurray et al., 2011; Huang et al., 2012; Wencel-Delord and Glorius, 2013;
Chen et al., 2015; Liu C. et al,, 2015; Dong et al., 2017). For example, successful benzylic C (sp3)—H
acyloxylations of alkyl N-heteroarenes were achieved using simple aldehydes and acids via a copper
or palladium catalysis (Scheme 1A) (Jiang et al., 2010; Chen et al, 2018; Cheng et al., 2019).
Moreover, Soulé and coworkers achieved oxidative esterification of aldehydes with prefunctionalized
2-alkylheterocycle N-oxides via copper catalysis (Scheme 1B) (Wang et al., 2017).

In recent years, the process of carbon-carbon (C-C) bond cleavage of ketones under transition
metal (Fe, Cu, or Ru) catalysis has provided various ester compounds (Yan et al., 2014; Huang et al.,
2016; Arzumanyan, 2017).

Recently, a simple and direct aerobic oxidative esterification reaction of arylacetonitriles with
alcohols/phenols is achieved in the presence of a copper salt and molecular oxygen (Dong et al.,
2021). On the other hand, Song and Plietker groups reported aerobic oxidative C-CN bond cleavage
of arylacetonitriles leading to various esters with catalysis of Fe and Ru, respectively (Scheme 1C)
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SCHEME 1 | Strategies toward the synthesis of esterification products.

(Kongetal,, 20165 Eisele et al., 2019). In general, ester compounds
could be achieved using acylcyanides as acylating agents. Cu-
catalyzed esterification using acyl cyanides with alcohols to yield
the corresponding cyano-substituted esters is also reported
(Scheme 1D) (Chen et al., 2020).

Furthermore, esterification reactions could proceed using
photochemical strategies, in which reaction mechanisms
involve mainly single electron transfer, energy transfer, or
other radical procedures (Deng et al, 2021). A novel and
metal-free method for the synthesis of a-ketoesters from [-
ketonitriles and alcohols was reported, but under visible light
irradiation conditions (Xu et al, 2018). Besides, the
acyloxycarbonyl compounds could be obtained by TBAI-
catalyzed acyloxylation of ketones (Uyanik et al, 2011; Guo
et al, 2014), which the excess TBHP was required for the
reaction process (Scheme 1E). Very recently, Subaramannian
et al. reported t-BuOK catalyzed esterification using acyl cyanides
with alcohols (Scheme 1F); however, their applicability was
limited to N-heteroaryl methanols (Subaramanian et al., 2020).
In addition, transition metal-free activation of amides by cleavage
of C-N bond to obtain the aryl esters is well known (Li et al., 2018;
Li and Szostak, 2020). Therefore, these reported esterification
protocols involve the metal catalysts, lack of step efficiency,
conditions of light irradiation, limited substrate scope of
N-heterocyclic compounds, and need of oxidants. In our
continuous effort in the construction of N-heteroaryl
compounds (Lai et al, 2018; Zhai et al, 2018), we disclose
herein an efficient and new protocol for the base-promoted

esterification of N-heteroaryl methanols via C-C bond
cleavage of arylacetonitriles acyl cyanides as acylating sources
(Scheme 1G). The present protocol is simple to handle and does
not involve any metal catalyst detrimental to environmental
safety.

RESULT AND DISCUSSION

Our initial optimization using 2-pyrazinylmethanol I1a and
benzoylacetonitrile 2a as the model substrates revealed
that the reaction proceeded as anticipated with 1 equiv of
t-BuOK in toluene according to the reported conditions
(Roy et al., 2019; Subaramanian et al., 2020), affording the
desired product 3a in 10% yield (Table 1, entry 1). No product
was detected in the absence of base (Table 1, entry 2), which
suggests that it played a crucial role. Further screening of other
bases indicated that Na,CO; was obviously superior to the
others, providing the desired product 3a in 25% isolated yield
(Table 1, entries 3-9 vs. entry 1). Interestingly, an improved
yield (61%) was obtained when the reaction was conducted in
the presence of 15-crown-5 (Table 1, entry 10).The role of
crown ether in the reaction is increasing the solubility of base in
solvent and known to be effective for trapping the potassium
and sodium ions (Liotta et al., 1974; Lutz et al., 1988; Hay et al.,
1993; Reuter et al,, 1999). Subsequently, the evaluation of
additives was conducted, and the results indicated that none
of the screened additives (PPhj, 1,10-Phen, and TMEDA)
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TABLE 1 | Optimization of reaction conditions®.

N\
N
[ /]\/OH S
N 0]

1a 2a

Entry Base Additive
1 t-BuOK -

2 - -

3 KOH -

4 KoCOg -

5 KHMDS -

6 NaOH -

7 t-BuONa -

8 NaOAc -

9 Na,COg -

10 Na,CO3 15-Crown-5
11 Na,COg PPhg

12 Na>CO3 1,10-Phen
13 Na,COg TMEDA

14 Na,COgz 15-Crown-5
15 Na,CO3 15-Crown-5
16 Na,COgz 15-Crown-5
17 Na,CO3 15-Crown-5
18 Na,COgz 15-Crown-5
19 Na,COg3 15-Crown-5
20 Na,COgz 15-Crown-5
21° Na,CO3 15-Crown-5
224 Na,CO; 15-Crown-5
23de NayCOs 15-Crown-5
2491 Na,COs 15-Crown-5
2599 NayCOs 15-Crown-5

base / additive

Synthesis of N-Heteroarenemethyl Esters

solvent
7,24h o
3a
Solvent T (°C) Yields of 3a (%)°
Toluene 140 10
Toluene 140 0
Toluene 140 11
Toluene 140 12
Toluene 140 10
Toluene 140 18
Toluene 140 16
Toluene 140 15
Toluene 140 25
Toluene 140 61
Toluene 140 32
Toluene 140 29
Toluene 140 30
1,4-Dioxane 140 40
DMF 140 Trace
DMSO 140 42
DCE 140 0
THF 140 41
Toluene 120 50
Toluene 150 62
Toluene 140 56
Toluene 140 85
Toluene 140 83
Toluene 140 69
Toluene 140 81

ANote. 2-Pyrazinylmethanol 1a (0.2 mmol), Benzoylacetonitrile 2a (0.2 mmol), base (1.0 eq), additive (1.0 eq), and toluene (1 mi) for 24 h, under N atmosphere.

Pisolated yields.

®1a/2a ratio = 0.2/0.5.
91a/2a ratio = 0.5/0.2.
CAdditive (1.5 eq) was used.
"Additive (0.5 eq) was used.
948 h.

benefited the outcome (29%-32%, Table 1, entries 11-13 vs.
10). Thus, 15-crown-5 was selected as the additive to assess
the effect of solvents, including 1,4-dioxane, DMF, DMSO,
DCE, and THF (Table 1, entries 14-18). All of the attempts
did not show any improvement on the reaction yield
compared with toluene (Table 1, entry 10). Then, we
explored the other reaction parameters including the
reaction temperature, the mol ratio of la and 24, and the
amount of additive. The yield was not much improved
compared with the yield of 140°C (51%) when the reaction
was conducted at 150°C (62%, Table 1, entry 20 vs. 10).
Therefore, the reaction temperature remains unchanged.
Gratifyingly, when the mole ratio of Ia and 2a was
modified from 1:1 to 2.5:1, the reaction provided the best
yield (85%) of 3a (Table 1, entry 22 vs. entry 10). Then, the
effect of the amount of additive and reaction time was
examined; unfortunately, no better results were obtained
(Table 1, entries 23-25). Finally, the optimal reaction
conditions were identified as follows: The mixture of Ia

(0.5 mmol), 2a (0.2 mmol), Na,CO; (0.2 mmol), and 15-
crown-5 (0.2 mmol) was stirred in toluene at 140°C under
N, atmosphere for 24 h.

With the optimized reaction conditions in hand, we next
sought to generalize the protocol on a range of diverse
substrates. As shown in Scheme 2, various commercially
available N-heteroaryl methanols and benzoylacetonitrile
were exposed to the standard reaction conditions, and the
desired heteroarenemethyl benzoates successfully
afforded with good yields. Initially, pyrazinylmethanol was
substituted by an electron-donating group such as Me- or
MeO-, and we obtained the desired products with moderate
to good yields (3b, 85%) and (3¢, 76%), respectively, while, the
electron-withdrawing  substituent Cl- also gave the
corresponding ester 3d at a moderate yield of 77%. 2-
pyridinylmethanols with 3-methyl, 6-methyl, 6-methoxy, 4-
Br, 5-Br, 6-Cl, and 6-Br groups were converted to the
corresponding products with lower yields (3e-3I, 62%-80%
yields). It was worth mentioning that the yields were slightly

were
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1a-1x 2a
R'. N
T e L %
= [e)
N
o}
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R'= Me, 3b, 85%; 34, 77% = 3-Me, 3f, 80%;
R'= OMe, 3¢, 76%; R’ 4-Br, 3g, 72%;
R'=5-Br, 3h, 76%;
N N AN R'= 6-Me, 3i, 62%;
| b R' = 6-OMe, 3j, 79%;
»Z o) R'=6-Cl, 3k, 80%;
o R'=6-Br, 31, 67%;
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SCHEME 2| Substrate scope of heteroaryl methanols for the acylation reactions. #°Reaction conditions: ?heteroaryl methanols 1 (0.5 mmol), benzoylacetonitrile 2
(0.2 mmol), Na;CO3 (0.2 mmol), 15-crown-5 (0.2 mmol), and toluene (1 ml) at 140°C for 24 h, under N, atmosphere. lsolated yields.

decreased by the presence of different substituents on the 2-
pyridinylmethanols. However, 3- and 4-pyridinylmethanol
exhibited good reactivity obtaining the esterification products
3m and 3n in 90% and 83% yield, respectively. 4-
Pyridinylmethanol bearing electron-withdrawing substituent
(2-Br) revealed the lower yield of desired product (30, 73%).
The reactions of benzoylacetonitrile with furanmethanols,
thiophenemethanols, and 4-quinolylmethanol also smoothly
afforded the corresponding products 3p-3t in vyields of
77%-85%. As  we  expected, both  a-methyl-2-
pyrazinemethanol, = 2-pyrazinylethyl alcohol, and 2-
pyridinylethyl alcohol worked well to give the corresponding
products 3u-3w in 78%-83% yield. Interestingly, simple
alcohols such as benzyl and aliphatic (1v-1y) could be used
as substrates under the present conditions, and the desired
products (3x-3z) were obtained at the yields of 81%, 92%,
and 88%, respectively. The results indicated that the simple

unhindered aliphatic alcohols show the excellent nucleophilic
activity.

Next, the scope of the reaction was evaluated on various
benzoylacetonitrile derivatives under the optimized reaction
conditions, and the results are summarized in Scheme 3.
Benzoylacetonitrile containing electron-donating  groups
methoxy (2b, 2¢) and methyl (2f) were successfully
transformed to the corresponding esters to give the products
(4a, 4e, and 4f) at good yields of 76%-81%. Slight lower yields
were obtained when electron-withdrawing groups 4-F, 4-Cl, 4-
Br, 3-Cl, and 3-CF; substituted benzoylacetonitriles with 2-
pyrazinylmethanol were subjected to this transformation
(4b-4d, 4g-4h, 64%-78% yields). Interestingly, 2- and 4-
pyridinylmethanol bearing the OMe group and halogen atom
(Cl, Br, and CF;) at the para or meta position are well tolerated,
as the products of pyridin-2-ylmethyl and -4-ylmethyl
substituted benzoates, 4i-4t were obtained in 73%-85%
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SCHEME 3 | Substrate scope of benzoylacetonitriles for the acylation reactions. aPReaction conditions: #heteroaryl methanols 1 (0.5 mmol), benzoylacetonitrile
derivatives 2 (0.2 mmol), Na,COg (0.2 mmol), 15-crown-5 (0.2 mmol), and toluene (1 ml) at 140°C for 24 h, under N, atmosphere. “Isolated yields.
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SCHEME 4 | Substrate scope of benzoyl cyanides for the acylation reactions. #”Reaction conditions: “heteroaryl methanols 1 (0.5 mmol), benzoyl cyanides 2
(0.2 mmol), Na,CO3 (0.2 mmol), 15-crown-5 (0.2 mmol), and toluene (1 ml) at 140°C for 24 h, under N, atmosphere. °lsolated yields.
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SCHEME 5 | Gram-scale reaction of 1a and 2k.
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SCHEME 6 | Mechanistic experiments.

the standard condmon

(1) TEMPO, 3a, 79%

(2) BHT, 3a, 80%

(3) p-Benzoquinone, 3a, 81%

(4) 1,1-Diphenylethylene, 3a, 82%
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SCHEME 7 | Plausible reaction mechanism.

Na,CO3 (1.0 eq)
15-Crown-5 (1.0 eq)

- (e O

CH5CN

toluene, 24 h
Ny, 140 °C

NaHCO3

- ( L“C;@

yields. The reactions of benzoylacetonitriles substituted at the
para or meta position by various groups (OMe, Cl, and Br) with
2-furanmethanol and 2-thiophenemethanol underwent a
smooth reaction to provide the products 4u-4b’ in good to
excellent yields. Moreover, pyvaolylacetonitrile displayed the
good reactivity, as 4c’ was isolated in 89% yield.

Finally, we also briefly set out to evaluate the scope of aryl
cyanides (Scheme 4). As expected, these reactions proceeded
smoothly when 2-pyrazinylmethanol and pyridinylmethanols with
benzoyl cyanides served as the substrates, leading the corresponding
products 5a-5h in moderate to good yields (41%-80%). 3-
furanmethanol and 3-thiophenemethanol could undergo the
expected acylation with 2-methoxy-a-oxo-benzeneacetonitrile (2r1)
in moderate yields (5i-5j, 51%-60%). We were pleased to observe that
a-oxo-1-naphthaleneacetonitrile was readily reacted with la in
moderate yield (5k, 60%). It was satisfying to discover that the
protocol was amenable for most benzoyl cyanides substrates, which

is different from the work of Subaramannian et al. involving the single-
electron transfer (SET) in the catalytic transformation (Subaramanian
et al, 2020). This was probably because the nature of reaction
mechanism of these two methods is distinct.

The gram-scale reaction of Ia (16 mmol, 1.761 g) and 2k (6.4
mmol, 0.801 g) was carried out to demonstrate the practicability of this
protocol, which could give the desired product 4c’ in 84% yield
(Scheme 5). As shown in Scheme 6, radical trapping experiments
were performed through the addition of TEMPO, BHT,
p-benzoquinone, and 1,1-diphenylethylene to the reaction system
in the standard conditions, and the formation of 3a was not
suppressed. These results inferred that this transformation did not
occur via a radical mechanism.

A tentative mechanism was proposed and is shown in
Scheme 7 on the basis of the results presented above and
previous reports (Xie et al., 2014; Kong et al., 2016). The
reaction initiated with Na,CO; associated with 15-crown-5
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induced deprotonation of 2-pyrazinylmethanol 14 to form 2-
pyrazinyl alkoxy anion A. Then anion A undergoes a
nucleophilic  attack to the carbonyl group of
benzoylacetonitrile 2a and affords intermediate B.
Moreover, by abstracting a proton from the in situ formed
NaHCOs, the thermodynamic favorable C-C bond cleavage
of B would provide the desired product 3a, in which the side
product CH;CN is released.

CONCLUSION

In summary, Na,COs/15-crown-5 couple-mediated direct
acylation of N-heteroaryl methanols with acyl cyanides via C-C
bond cleavage is reported. This new synthetic protocol proceeds
under metal-free conditions and offers broad substrate scope in
high efficiency. A variety of N-heteroaryl esters including
pyrazines, pyridines, quinolines, furans, and thiophenes,
which are key molecules in pharmaceuticals, natural
products, dyes, or flavors, have thus been efficiently
synthesized with good yields.
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Commendamide, or N-(3-hydroxypalmitoyl)-glycine 1a, is a gut microbiota-derived
bioactive metabolite, structurally similar to long-chain N-acyl-amino acids which belong
to the complex lipid signaling system known as endocannabinoidome and play important
roles in mammals through activation of, inter alia, G-protein-coupled receptors (GPCRs). In
this work, we describe a simple, green and economic method for the preparation of
commendamide 1a, a GPCR G2A/132 agonist. The developed protocol is general and
could also be applied to the synthesis of deuterated commendamide 1b, as well as to other
minor microbiota-derived metabolites, such as the analog 2.

Keywords: commendamide, microbiota, endocannabinoidome, green chemistry, organic synthesis, drug discovery

INTRODUCTION

The gut microbiota has proven to be an important source of bioactive metabolites (McNeil, 1984; De
Vadder et al., 2014; Vernocchi et al.,, 2016; Postler and Ghosh, 2017), which are often able to interact
with host receptors thanks to their structural similarity with endogenous signal molecules, such as
those belonging to the endocannabinoidome (Iannotti and Di Marzo, 2021). This host signaling
system includes hundreds of endocannabinoid-like long chain fatty acid-derived amides and esters,
which signal at G-protein-coupled receptors (including the cannabinoid receptors), ligand-activated
ion channels and peroxisome proliferator-activated receptors (PPARs) (Di Marzo, 2018). Gut
microbiota metabolites can therefore act as highly specific modulators of important host functions
and are very often well tolerated because biosynthesized by bacteria that live in symbiosis with the host.
These aspects make bacterial endocannabinoidome-mimic molecules very promising candidates for
the development of new drugs (Saha et al., 2016; Iannotti and Di Marzo, 2021).

In 2015, the discovery and structural identification of commendamide (Cohen et al., 2015) among
the gut microbiota-derived metabolites aroused considerable interest due to its structure that is very
similar to long-chain N-acyl-amino acids [such as N-oleoyl-glycine (Donvito et al., 2018)], which in
the host signal through GPCRs (Cohen et al,, 2017) and PPAR« (Donvito et al., 2018). In a very
inspiring study (Cohen et al., 2015), Cohen et al. showed that commendamide was indeed able to
interact with GPCRs by acting as an agonist of the GPCR G2A/132 receptor, implicated in
autoimmunity and atherosclerosis. These interesting structural properties, its biogenic origin and
bioactivity (Cohen et al., 2015; Lynch et al., 2017; Lynch et al., 2019; Piscotta et al., 2021), but also the
presence of an N-(3-hydroxyacyl)amino acid scaffold, which is a structural motif found in many
other interesting bioactive products (Morishita et al,, 1997; Nemoto et al, 1998; Fuqua and
Greenberg, 2002; Grandclément et al, 2016; Lynch et al, 2019), make of commendamide, a
metabolite at the cross-road of gut microbiota and host signaling, an exceptionally attractive
target for chemical synthesis.
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FIGURE 1 | Syntheses of commendamide 1a, deuterated
commendamide 1b and metabolite 2.

Organic synthesis represents a powerful tool to conclusively
confirm NMR and MS-based structure elucidation, and to
produce greater amounts of the product, to be tested in vitro
and in vivo (Nicolaou, 2014). Therefore, the elaboration of simple
and effective synthetic protocols is very important; in addition,
the development of versatile and general methodologies, which
can also be used for the synthesis of the products in deuterated
form (necessary for the development of LC-MS quantitative
analysis methods) or to introduce structural modifications to
the initial target molecule (for SAR studies) is highly desirable.

In the last decades, green chemistry (Horvath and Anastas,
2007; Li and Trost, 2008) has given impetus to a new generation
of chemical syntheses through the creation of innovative reaction
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methodologies that can maximize the desired products and
minimize waste, but also by identifying new synthetic
sequences and equipments that can simplify the experimental
procedures and replace old and often unsustainable protocols.
These green syntheses, by employing more eco-friendly reaction
conditions, represent a powerful tool in modern drug discovery
programs.

Here, an easy and versatile methodology for the synthesis of
the commendamide 1a is reported. This synthetic sequence
(Figure 1) is characterized by the use of simple workups,
readily available reagents, no halogenated solvent (for reaction,
workup and purification) and minimal volumes of organic
solvents. Furthermore, the high yields observed in many
reaction steps often rendered unnecessary the use of column
chromatography for the purification of synthetic intermediates.
The same synthetic sequence was also successfully applied to the
synthesis of deuterated commendamide 1b and another minor
commendamide-like metabolite 2, with a poorly studied
bioactivity, thus demonstrating the generality of the novel
synthetic route presented here.

METHODS

General

All reagents and solvents were purchased from Merck-
SigmaAldrich and used as received. Reactions were monitored
by thin layer chromatography (TLC) on Merck silica gel plates
(0.25 mm) and visualized by UV light at 254 nm and cerium
sulfate reagent. '"H NMR and >C NMR spectra were recorded on
a Bruker Avance-400 and on a Bruker DRX 600 equipped with an
inverse TCI CryoProbe at room temperature in CDCl; or
CD;OD. Chemical shifts are reported in ppm, multiplicities
are indicated by s (singlet), d (doublet), t (triplet), q (quartet),
m (multiplet) and br (broad). Coupling constants (J) are reported
in Hz. Yields are given for isolated products showing one spot on
a TLC plate and no impurities detectable in the NMR spectrum.

Synthetic Procedures and Characterization

of Products
Methyl 3-oxohexadecanoate (5): Pyridine (2 eq, 2.0 mmol) was
added to a solution of Meldrum’s acid (3; 1 eq, 1.0 mmol) in THF
(0.7 ml) at room-temperature. The reaction was cooled at 0°C and
myristoyl chloride (4, 1.2 eq, 1.2 mmol) was portion-wise added
to the solution. The reaction was warmed to rt and stirred
overnight. After adding IN HCl,q to pH 2, the phases were
separated and the H,O phase was extracted with EtOAc (3 x
2ml). The combined organic layers were dried over Na,SO,.
After evaporation of the solvent, the crude product was dissolved
in MeOH (5 ml) and the reaction solution was mildly refluxed for
3 h by using a waterless air condenser (Asynt CondenSyn). After
cooling to room temperature, the solvent was removed by
reduced pressure and the crude product 5 was used directly
without any further purification.

Methyl 3-hydroxyhexadecanoate (6): A solution of the product
5in MeOH (1 ml) was prepared in a vial. The reaction was cooled
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at 0°C and NaBH, (1 eq, 1.0 mmol) was added slowly; the reaction
was stirred at 0°C for 30 min and, after adding 1IN HCl,q to pH 7,
the reaction was warmed to rt. H,O (2 ml) and EtOAc (2 ml) were
added to the reaction mixture, the phases were separated and the
H,O0 phase was extracted with EtOAc (2 x 2 ml). The combined
organic layers were dried over Na,SO,. After evaporation of the
solvent, the crude product was purified by silica gel
chromatography using a light petroleum ether/EtOAc 6/1 to
give the product 6 (0.9 mmol, 90% yield from 3). The
spectroscopic data of 6 matched the ones reported in the
literature (Jakob et al., 1996). 'H-NMR (CDCl;) & 4.00 (m,
1H), 3.71 (s, 3H), 2.51 (dd, ] = 3 Hz, 16.4 Hz, 1H), 2.40 (dd, ]
=9.1 Hz, 16.4 Hz, 1H), 1.52-1.27 (m, 24H), 0.87 (t, ] = 6.8 Hz,
3H). >’C-NMR (CDCl;) § 173.5, 68.0, 51.7, 41.1, 36.5, 31.9, 29.7,
29.6, 29.5, 29.3, 25.5, 22.7, 14.1 (some signals were overlapped).

3-Hydroxyhexadecanoic acid (7): 1IN NaOH,4 (10 eq, 2.5 mmol)
was added to a solution of 6 (0.25 mmol) in THF (0.1 ml) at 0°C.
The reaction was stirred at 0°C for 30 min and then 2 h at rt. After
adding 1N HCI to pH 2, the phases were separated and the H,O
phase was extracted with EtOAc (3 x 2 ml). The combined organic
layers were dried over Na,SO,4 and the solvent was removed by
reduced pressure to afford S-hydroxy-acid 7 as a colorless solid
(0.22 mmol, 88% yield). The spectroscopic data of 7 matched the
ones reported in the literature (Bourboula et al., 2019). 'H-NMR
(CDCl;) §4.02 (m, 1H), 2.58 (dd, ] = 3.0, 16.6 Hz, 1H), 2.47 (dd, ] =
9.0, 16.6 Hz, 1H), 1.57-1.25 (m, 24H), 0.88 (t, ] = 6.8 Hz, 3H).
C-NMR (CDCl;) 8 176.0, 68.0, 40.7, 36.5, 31.9, 29.7, 29.6, 29.57,
29.54, 29.5, 29.3, 254, 22.7, 14.1.

Methyl (3-hydroxyhexadecanoyl)glycinate (9a): The -
hydroxy-acid 7 (0.22 mmol) was dissolved in EtOAc (2 ml).
3AMS (400 mg), Et;N (3 eq, 0.66 mmol) and TBTU (1 eq,
0.22 mmol) were added and the reaction mixture was stirred
at rt for 1 h. Then 8a (Wang et al., 2009) (2.5 eq, 0.55 mmol) was
added and the reaction was kept stirring overnight. The reaction
mixture was diluted by adding 3 ml of H,O; the phases were
separated and the H,O phase was extracted with EtOAc (3 x
2 ml). The collected organic layer was dried over Na,SO4 and
concentrated. The residue was purified by flash chromatography
using a light petroleum ether/ethyl acetate 7/3 to give 9a (0.16
mmol, 73% yield). The spectroscopic data of 9a matched the ones
reported in the literature (Nemoto et al., 1998). "H-NMR (CDCl;)
8 6.50 (bs, NH, 1H), 4.07 (dd, ] = 5.4, 13.1 Hz, 1H), 4.03 (dd, ] =
5.3, 13.1 Hz, 1H), 4.02 (m, 1H), 3.78 (s, 3H), 2.84 (bs, OH, 1H),
2.46 (dd,J=2.5,15.1 Hz, 1H), 2.35(dd, ] = 9.1, 15.1 Hz, 1H), 1.58-
1.27 (m, 24H), 0.90 (t, ] = 6.8 Hz, 3H). >*C-NMR (CDCl;) § 172.9,
170.5, 68.8, 52.5, 42.7, 41.2, 36.8, 31.9, 29.7, 29.65, 29.58, 29.56,
29.5, 29.3, 25.5, 22.7, 14.1.

Methyl (3-hydroxyhexadecanoyl)glycinate-d, (9b) was
synthesized according to the same protocol as described for 9a,
by using 8b (Wang et al., 2009) instead of 8a, with 75% yield.
"H-NMR (CDCl,) 6 6.43 (bs, NH, 1H), 4.02 (m, 1H), 3.78 (s, 3H),
2.84 (bs, OH, 1H), 2.46 (dd, ] = 2.5, 15.1 Hz, 1H), 2.34 (dd, ] = 9.1,
15.1 Hz, 1H), 1.58-1.27 (m, 24H), 0.90 (t, ] = 6.8 Hz, 3H). ’C-NMR
(CDCl;) 6 172.8, 170.5, 68.7, 52.5, 42.7, 36.9, 31.9, 29.7, 29.66,
29.65, 29.58, 29.5, 29.3, 25.5, 22.7, 14.1.

Commendamide or N-(3-hydroxypalmitoyl)-glycine (1a): 1N
NaOH,q (10 eq, 1.3 mmol) was added to a solution of 9a
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(0.13 mmol) in THF (0.1 ml) at 0°C. The reaction was stirred
at 0°C for 30 min and then 3 h at rt. After adding 1IN HCl to pH 2,
the formation of a solid was observed. The solid product was
collected by filtration and washed with H,O (2 x 1 ml) and then
Etp/EtOAc 8/2 (3 x 1 ml) to give 1a as a colourless solid (90%
yield). Spectral data are consistent with a previous literature
report (Cohen et al., 2015). 'H-NMR (CD;0OD) & 3.99 (m,
1H), 3.93 (ABq, ] = 17.8 Hz, 2H), 241 (dd, ] = 5.0, 14.3 Hz,
1H),2.37(dd,J=7.7, 14.3 Hz, 1H), 1.52-1.31 (m, 24H), 0.92 (t,] =
6.8 Hz, 3H). >’C-NMR (CDCls) § 173.3, 171.7, 68.3, 43.2, 40.4,
36.7, 31.7, 29.4, 29.3, 29.2, 29.1, 25.2, 22.3, 13.0.

Commendamide-d, or N-(3-hydroxypalmitoyl)-glycine-d, (1b)
was synthesized based on to the same protocol as described for 1a,
by using 9b instead of 9a, with 92% yield. '"H-NMR (CD;0D) &
3.99 (m, 1H), 2.41 (dd, J = 5.0, 14.3 Hz, 1H), 2.37 (dd, ] = 7.7, 14.3
Hz, 1H), 1.53-1.31 (m, 24H), 0.92 (t, ] = 6.8 Hz, 3H). >C-NMR
(CDCl;) §173.3,171.7,68.3,43.2,36.7, 31.7,29.4,29.3,29.2,29.1,
25.2, 22.3, 13.0.

Methyl 3-oxotetradecanoate (11): Pyridine (2 eq, 2.0 mmol)
was added to a solution of Meldrum’s acid (3; 1 eq, 1.0 mmol) in
THF (0.7 ml) at room-temperature. The reaction was cooled at
0°C and lauroyl chloride (10, 1.2 eq, 1.2 mmol) was portion-wise
added to the solution. The reaction was warmed to rt and stirred
overnight. After adding IN HCl,q to pH 2, the phases were
separated and the H,O phase was extracted with EtOAc (3 x
2ml). The combined organic layers were dried over Na,SO,.
After evaporation of the solvent, the crude product was dissolved
in MeOH (5 ml) and the reaction solution was mildly refluxed for
3 h by using a waterless air condenser (Asynt CondenSyn). After
cooling to room temperature, the solvent was removed by
reduced pressure and the crude product 11 was used directly
without any further purification.

Methyl 3-hydroxytetradecanoate (12): A solution of the crude
product 11 in MeOH (1 ml) was prepared in a vial. The reaction
was cooled at 0°C and NaBHj (1 eq, 1.0 mmol) was added slowly;
the reaction was stirred at 0°C for 30 min and, after adding 1N
HCl,q to pH 7, the reaction was warmed to rt. H,O (2 ml) and
EtOAc (2 ml) were added to the reaction mixture, the phases were
separated and the H,O phase was extracted with EtOAc (2 x
2ml). The combined organic layers were dried over Na,SO,.
After evaporation of the solvent, the crude was purified by silica
gel chromatography using a light petroleum ether/EtOAc 6/1 to
give the product 12 (0.75 mmol, 75% vyield from 3). The
spectroscopic data of 12 matched the ones reported in the
literature (Hon et al, 2007). 'H-NMR (CDCl;) & 4.02 (m,
1H), 3.73 (s, 3H), 2.53 (dd, ] = 3 Hz, 16.4 Hz, 1H), 2.43 (dd, |
=9.1 Hz, 16.4 Hz, 1H), 1.57-1.29 (m, 20H), 0.90 (t, ] = 6.8 Hz,
3H). ’C-NMR (CDCl;) 6 173.5, 68.1, 51.7, 41.1, 36.5, 31.9, 29.7,
29.6, 29.5, 29.4, 29.3, 25.5, 22.7, 14.1.

3-Hydroxytetradecanoic acid (13): IN NaOH,q (10 eq,
7.5 mmol) was added to a solution of 12 (0.75 mmol) in THF
(0.1 ml) at 0°C. The reaction was stirred at 0°C for 30 min and
then 2h at rt. After adding 1N HCI to pH 2, the phases were
separated and the H,O phase was extracted with EtOAc (3 x
2 ml). The combined organic layers were dried over Na,SO4 and
the solvent was removed by reduced pressure to afford f-
hydroxy-acid 13 as a colorless solid (0.67 mmol, 89% yield).
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The spectroscopic data of 13 matched the ones reported in the
literature (Fukuchi et al., 1992). "H-NMR (CDCl;) & 4.06 (m, 1H),
2.61(dd,J=3.1,16.6 Hz, 1H), 2.51 (dd, ] = 8.8, 16.6 Hz, 1H), 1.58-
1.27 (m, 20H), 0.91 (t,] = 6.8 Hz, 3H). >*C-NMR (CDCl,) § 176.0,
68.0, 40.7, 36.5, 31.9, 29.7, 29.6, 29.5 (some signals were
overlapped), 29.3, 25.4, 22.7, 14.1.

Methyl (3-hydroxytetradecanoyl)glycinate (14): The -
hydroxy-acid 13 (0.67 mmol) was dissolved in EtOAc (6 ml).
3A MS (1 g), Et;N (3 eq, 2.0 mmol) and TBTU (1 eq, 0.67 mmol)
were added and the reaction was stirred at rt for 1 h. Then 8a
(Wang et al., 2009) (2.5 eq, 1.7 mmol) was added and the reaction
was kept stirring overnight. The reaction mixture was diluted by
adding 6 ml of H,O; the phases were separated and the H,O
phase was extracted with EtOAc (3 x 4 ml). The collected organic
layer was dried over Na,SO, and concentrated. The residue was
purified by flash chromatography using a light petroleum ether/
ethyl acetate 7/3 to give 14 (0.47 mmol, 70% yield). "H-NMR
(CDCl;) 6 6.40 (bs, NH, 1H), 4.11 (dd, ] = 5.4, 18.3 Hz, 1H), 4.05
(dd, ] = 5.4, 18.3 Hz, 1H), 4.02 (m, 1H), 3.79 (s, 3H), 2.88 (bs, OH,
1H), 2.46 (dd, ] = 2.6, 15.1 Hz, 1H), 2.34 (dd, ] = 9.1, 15.1 Hz, 1H),
1.58-1.27 (m, 20H), 0.90 (t, ] = 6.5 Hz, 3H). ’C-NMR (CDCl;) 8
172.7, 170.5, 68.7, 52.5, 42.7, 41.1, 36.8, 31.9, 29.65, 29.63, 29.58,
29.5, 29.3, 25.5, 22.7, 14.1.

3-Hydroxytetradecanoyl-glycine (2): 1IN NaOHaq (10 eq,
4.7 mmol) was added to a solution of 14 (0.47 mmol) in THF
(0.1 ml) at 0°C. The reaction was stirred at 0°C for 30 min and
then 3 h at rt. After adding 1N HCI to pH 2, the formation of a
solid was observed. The solid product was collected by filtration
and washed with H,O (2 x 2 ml) and then Etp/EtOAc 8/2 (3 x
2 ml) to give 2 as a colourless solid with 89% yield (0.42 mmol).
This spectral data is consistent with a previous literature report
(Morishita et al., 1997; Cohen et al., 2015). 'H-NMR (CD;0D) &
3.99 (m, 1H), 3.94 (ABq, ] = 17.8 Hz, 2H), 2.41 (dd, ] = 5.0, 14.3
Hz, 1H), 2.37 (dd, ] = 7.7, 14.3 Hz, 1H), 1.53-1.31 (m, 20H), 0.92
(t, ] = 6.8 Hz, 3H). *C-NMR (CDCL,) & 173.3, 171.7, 68.3, 43.2,
40.3, 36.7, 31.7, 29.4, 29.35, 29.34, 29.3 (some signals were
overlapped), 29.1, 25.2, 22.3, 13.0.

RESULTS AND DISCUSSION

As delineated in Figure 1, 3-hydroxypalmitic acid 7 was the key
intermediate for the production of commendamide la. Several
methods for the synthesis of 3-hydroxy carboxylic acids are
reported in the literature and they mainly use the Reformatsky
reaction (Gawrorisk, 1984) or the reduction of f-ketoesters
obtained by acylation of Meldrum’s acid (Oikawa et al., 1978;
Hodgkinson et al., 2011; Brinkerhoff et al., 2014; Brosge et al.,
2021) or y-alkylation of acetoacetate (Smith et al., 2009). Here, we
started from the reaction between the commercially available
Meldrum’s acid 3 and myristoyl chloride 4. Unlike the protocols
reported in literature, this C-acylation was carried out in a
minimal volume of THF (workup with EtOAc) instead of
classical CH,Cl,, without any reduction in the efficiency of the
reaction. Because the acyl Meldrum’s acid derivatives are
decomposed by column chromatography, the crude product
was used without any further purification and directly
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converted to methyl 3-oxohexadecanoate 5 by alcoholysis with
methanol. This reaction was performed at 72-75°C, by classical
heating (3 h) in the presence of a waterless air condenser (Asynt
CondenSyn)', an eco-friendly equipment that reduces water
waste. The crude S-ketoester 5 was swiftly converted into -
hydroxy-ester 6 by reduction with NaBH, in MeOH (30min/0°C)
and the product 6 was easily isolated by column chromatography
(90% yield from 3, after 3 reaction steps). Saponification of the
methyl ester group with NaOH in water gave the corresponding
B-hydroxy-acid 7 as a colorless solid in 88% yield. In order to
increase the solubility of product 6 and improve the efficiency of
the reaction, a small volume (100 uL) of THF was also added as
co-solvent. TBTU-mediated coupling of 7 with glycine methyl
ester hydrochloride 8a [prepared according to the literature
(Wang et al, 2009)], in the presence of Et;N and 3 AMS
provided the glycinate 9a with an interesting yield (73%) after
purification by flash chromatography. Finally, commendamide
la was obtained as a colourless solid by saponification of the
derivative 9a and, after crystallization, was collected by filtration
(total yield 52% from 3).

The synthesis of commendamide was reported by Cohen in
2015 (Cohen et al., 2015). In this case the racemic product was
prepared by a coupling reaction between 3-hydroxy-palmitic acid
and glycine promoted by PyBOP and CI-HOBt. Unfortunately,
the article does not provide sufficient synthetic details and the
final product was obtained in very small amount (less than 6% of
yield).

The synthetic sequence from 3 to 1a was rather concise (6
steps) and all reactions gave the corresponding products with
good yields, without formation of side-products. All reactions of
this sequence were not very water-sensitive, so they did not need
to be carried out under an inert atmosphere, nor did they
require the use of anhydrous reagents, solvents, glassware,
and equipments. Furthermore, most of the reactions were
realized at room temperature, while low temperatures (0°C)
and high temperatures (75°C) were used only in a few steps for
very limited times. In addition, all workups were very simple
and column chromatography was performed only for the
purification of two synthetic intermediates, since the other
products were used in crude form or after purification by
crystallization and filtration, with a significant and beneficial
reduction in the amount of solvent and energy needed for the
separation and purification of intermediates. Finally, this
synthetic sequence was readily scalable (up to 5 mmol)
without substantial change in efficiency.

The same synthetic protocol was also applied to the synthesis
of deuterated commendamide 1b (Figure 1); in this case,
deuterated glycine methyl ester hydrochloride 8b [prepared
according to the literature (Wang et al., 2009)], was used in
the coupling reaction with 3-hydroxypalmitic acid 7. Deuterated
commendamide 1b was synthesized with a total yield of 55%
from 3.

To further explore the synthetic value of this strategy, we
extended it to the synthesis of another poorly studied gut-

'http://www.asynt.com/product/asyntcondensyn-air-condenser/
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microbiota metabolite, that is the commendamide analog 2
(Figure 1). In this case, C-acylation of the Meldrum’s acid 3
was performed with lauroyl chloride 10, then the alcoholysis with

MeOH, followed by reduction with NaBH, and saponification
gave f-hydroxy-myristic acid 13. Finally, TBTU-mediated
coupling of 13 with glycine methyl ester hydrochloride 8a
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followed by saponification produced the derivative 2 with 42%
overall yield from 3, which is higher than that reported in the
literature by using a different synthetic protocol (Venkateswaran
et al., 2016).

The possibility to apply the same synthetic sequence for the
production of several products with a 3-hydroxyacyl glycine
scaffold (highly pure 1a, 1b and 2, Figure 2) confirmed the
generality and versatility of the developed strategy.

CONCLUSION

In conclusion, a practical and “green” procedure for the synthesis
of commendamide and its analogues was developed. This
procedure involved a total of six steps to obtain highly pure
N-(3-hydroxyacyl) glycines (Figure 2) from the commercially
available Meldrum’s acid and acyl-chloride. Key advantages are
that all reactions of this synthetic sequence gave the
corresponding products with high yields, without formation of
side-products, and only two column chromatographic
purifications were needed with a beneficial reduction in the
amount of solvent and energy needed for separation and
purification; furthermore, all reactions were not very water-
sensitive, so they did not need to be carried out under an
inert atmosphere, and they did not require the use of
anhydrous reagents/solvents/glassware.

The possibility to apply the same synthetic sequence for the
production of several products with a 3-hydroxyacyl glycine
scaffold (1a, 1b and 2) confirmed the generality and versatility
of the developed strategy. Given the simplicity and high efficiency
of this synthetic sequence, the extension of this methodology
toward the synthesis of other gut microbiota-derived
commendamide-like metabolites (Cohen et al, 2017) for
biological evaluation, in vitro and in vivo, are underway in our
laboratory. Finally, the separation of the single enantiomers by
chiral HPLC will allow to test their individual biological activities
and evaluate any differences between the stereoisomers (in
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In this study, a novel catalyst is introduced based on the immobilization of palladium onto
dipyrido (3,2-a:2',3'-¢) phenazine-modified mesoporous silica nanoparticles. The dipyrido
(3,2-a:2',3'-¢c) phenazine (Py,PZ) ligand is synthesized in a simple method from the
reaction of 1,10-phenanthroline-5,6-dione and 3,4-diaminobenzoic acid as starting
materials. The ligand is used to functionalize mesoporous silica nanoparticles (MSNSs)
and modify their surface chemistry for the immobilization of palladium. The palladium-
immobilized dipyrido (3,2-a:2',3'-¢) phenazine-modified mesoporous silica nanoparticles
(Pd@Py,PZ@MSNs) are synthesized and characterized by several characterization
techniques, including TEM, SEM, FT-IR, TGA, ICP, XRD, and EDS analyses. After the
careful characterization of Pd@Py,PZ@MSNSs, the activity and efficiency of this catalyst is
examined in carbon-carbon bond formation reactions. The results are advantageous in
water and the products are obtained in high isolated yields. In addition, the catalyst
showed very good reusability and did not show significant loss in activity after 10
sequential runs.

Keywords: palladium catalyst, immobilized catalyst, mesoporous silica nanoparticles, Heck reaction, Suziki
reaction

INTRODUCTION

Carbon-carbon bond formation reactions, especially palladium-catalyzed ones, are significant
reactions in organic chemistry. Among all the palladium-catalyzed carbon-carbon bond
formation reactions, Heck and Suzuki reactions have attracted interests due to their high
applications in various organic syntheses (Bahadorikhalili and Mahdavi, 2018; Christoffel and
Ward, 2018; Mpungose et al., 2018; Gonzilez-Sebastian and Morales-Morales, 2019; Sherwood et al.,
2019; Tashrifi et al., 2019; Easson et al., 2020; Fusini et al., 2020). Regarding the unique advantages of
Heck and Suzuki reactions, these reactions are used for the synthesis of several compounds with
complex chemical structures (Bahadorikhalili et al., 2018a; Bahadorikhalili et al., 2020; Reza Hajipour
and Khorsandi, 2020; Yao et al., 2020; Zhou et al., 2020). Therefore, several efforts have been focused
on the introduction of novel catalysts with improved characteristics (Hajipour et al., 2018; Ma et al.,
2018).

An interesting approach for designing novel catalysts for Heck and Suzuki reactions is the
immobilization of palladium onto modified nanoparticles. This method enables both the advantages
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of homogenous and heterogenous catalysts. Several nanoparticles
including nanosilica (Isfahani et al., 2013; Khalafi-Nezhad and
Panahi, 2014), nitrogen-rich polymers (Targhan et al., 2020),
chitosan (Kumari et al, 2017), magnetic iron oxide
(Bahadorikhalili et al, 2015; Ma’mani et al, 2014), and
graphene oxide (Kumari et al, 2019) have been used as a
support for palladium catalysts. Mesoporous silica
nanoparticles (MSNs) are an interesting ordered porous
material made of silica with high surface area and unique
physical and chemical properties. MSNs are chemically and
physically stable and are compatible with biological systems
(Mehmood et al, 2017; Narayan et al., 2018; Jeelani et al,
2020). MSNs have been used in various applications, including
catalysis (Bahadorikhalili et al., 2018b; Sayahi et al., 2020), drug
delivery (Bharti et al., 2015; Moreira et al, 2016), tissue
engineering (Rosenholm et al, 2016), and pollutant removal
from air and solutions (Li et al, 2016; Gao et al, 2017;
Zarandi, 2019). Based on the high surface area and stability
and ease of functionalization of MSNs, this family of
nanoporous materials has extensively been used as a support
for catalysts in various reactions (Han et al., 2006; Lee et al., 2009;
Sarkar et al.,, 2019; Xu et al,, 2019).

In spite of many reports on the immobilization of the catalytic
agents onto modified nanoparticles, several of them hold a
number of disadvantages. It is critical to investigate this field
and synthesize catalysts which are efficient and selective and, in
an ideal case, have the possibility of use in green solvents. As an

interesting nanoparticle for the immobilization of the catalyst,
MSNss are of high interest due to their advantages, including high
surface area, high thermal stability, and high surface-active
groups, which could be used for surface modifications. In this
study, we introduce a novel palladium catalyst supported onto
dipyrido (3,2-a:2',3'-c) phenazine-modified MSNs. The catalytic
activity of Pd@Py,PZ@MSNs is evaluated in Heck and Suzuki
reactions. It should be noted that the palladium should be in the 0
oxidation state to catalyze the reaction (Zhang et al., 2006). Based
on that, the catalyst should have been reduced to Pd (0) for
efficiently catalyzing the reaction (Xiao et al., 2021).

RESULTS AND DISCUSSION

In this study, SBA-15 MSNs were synthesized using the
hydrothermal method and modified by (3-aminopropyl)
methoxysilane. Dipyrido (3,2-a:2',3'-c) phenazine (Py,PZ) was
synthesized in a one-step reaction between 3,4-diaminobenzoic
acid and 1,10-phenanthroline-5,6-dione, which enables it to react
with amine groups on the surface of MSNs via an amidation
reaction to yield Py,PZ@MSNs. The Pd@Py,PZ@MSN catalyst
was prepared using Py,PZ@MSNs as a support, and it was fully
characterized by various characterization techniques. The
synthesis steps are presented in Scheme 1.

Electron microscopy images of the Pd@Py,PZ@MSN catalyst
are shown in Figure 1. The hexagonal meso-structure of the MSN
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FIGURE 2 | (A) FT-IR; and (B) TGA results of the Pd@Py,PZ@MSN catalyst.

backbone could be observed in the TEM image that Pd NPs
appear as dark zones (Figure 1A). The rod-like structure of MSN's
could clearly be observed in the SEM image (Figure 1B). In
addition, the EDS analysis of the Pd@Py,PZ@MSN catalyst
confirms the presence of Pd in the structure of the catalyst
(Figure 1C). As seen in Figure 1D, the XRD pattern of the
Pd@Py,PZ@MSN catalyst confirms that the crystallinity of the
catalyst is similar to that of SBA-15 (Hu et al., 2016). In addition,
the high-angle XRD confirms the presence of Pd NPs by two
peaks of 110 and 200 planes at 26 of 39.2 and 44.3°, respectively
(Figure 1D).

To confirm the successful synthesis of Pd@Py,PZ@MSNs, the
FT-IR spectra of nanomaterials are compared (Figure 2A). In the
FT-IR spectra of Pd@Py,PZ@MSNs, a peak at 1084 cm™
represents Si-O vibrations in the structure of the catalyst. The
hydroxyl groups of the catalyst could be observed at 3450 cm ™",
and the CH, stretching vibration is presented at 2927 cm™'. The
peak that appeared at 1739 cm ™ is attributed to the C=0O bond
found in the ester moiety in the structure of the Pd@Py,PZ@MSN
catalyst.

The organic content in the structure of the catalyst was studied
using TGA (Figure 2B). The TGA curve shows that the catalyst
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TABLE 1 | Surface area and pore size results of MSN and the Pd@Py,PZ@MSN catalyst.

Surface area (m2.g™")

Pore width (nm) Pore volume (cm®.g™")

MSN 655.65 5.75 0.79
Pd@Py,PZ@MSN 612.37 5.14 0.72
TABLE 2 | Optimization of the reaction of styrene and phenyl bromide in the presence of the Pd@Py,PZ@MSN catalyst.

Entry Solvent Base (mol) Catalyst (mol%) Time (min) Yield (%)
1 EtOH (1.5) Pd@Py,PZ@MSN (1.0) 120 61
2 MeOH (1.5) Pd@Py,PZ@MSN (1.0) 120 67
3 CH,Cly TEA (1.5) Pd@Py,PZ@MSN (1.0) 120 47
4 DMF (1.5) Pd@Py,PZ@MSN (1.0) 120 59
5 H0 (1.5) Pd@Py,PZ@MSN (1.0) 120 94
6 H,0 NaOH (1.5) Pd@Py,PZ@MSN (1.0) 120 80
7 H0O KOH (1.5) Pd@Py,PZ@MSN (1.0) 120 87
8 H0O Pyridine (1.5) Pd@Py,PZ@MSN (1.0) 120 69
9 H0 KoCO3 Pd@Py,PZ@MSN (1.0) 120 77
10 H0 No base Pd@Py,PZ@MSN (1.0) 120 Trace
11 HoO TEA (0.5) Pd@Py,PZ@MSN (1.0) 120 55
12 H0 EA (1.0) Pd@Py,PZ@MSN (1.0) 120 70
13 H.O EA (2.0) Pd@Py,PZ@MSN (1.0) 120 94
14 H0 EA (1.5) Pd@Py,PZ@MSN (0.5) 120 46
15 H.0O EA (1.5) Pd@Py,PZ@MSN (1.5) 120 94
16 H-0 EA (1.5) Pd@Py,PZ@MSN (1.0) 60 67
17 H0 EA (1.5) Pd@Py,PZ@MSN (1.0) 150 94
18 H0 EA (1.5) Pd/C (1.0) 120 56
19 H0 EA (1.5) Pd(OAC), (1.0) " 69
21 H,0 EA (1.5) PdCl, (1.0) " 61
22 H,O EA (1.5) No catalyst " 0

Reaction conditions: styrene (1 mmol); phenyl bromide (1 mmol); catalyst; solvent (5 ml); base; 25°C.

was thermally stable up to 250°C. A weight loss at the temperature
of 250-350°C could be observed, which could be correlated to the
degradation of organic moieties in the structure of the Pd@
Py,PZ@MSN catalyst. The palladium content in the structure
of the catalyst was measured using ICP analysis. The results
showed that the Pd content in the Pd@Py,PZ@MSN catalyst was
0.12mmol g*

The surface area and pore size of the Pd@Py2PZ@MSN catalyst
were characterized using BET analysis and compared with those of
MSNs. Based on the BET and nitrogen adsorption-desorption
results, Py,PZ@MSNs have a high surface area of 612.37 m* g *. In
addition, the pore diameter and pore volume of the synthesized
nanoporous support are 5.14 nm and 0.72 cm’ g’l, respectively.
The surface area, pore width, and pore volumes of MSNs are
65537m’g", 575nm, and 0.79cm’g ', respectively. The
decrease in surface area, pore width, and pore volume of MSNs
by the synthesis of the catalyst is expected, while functionalization
of the nanoparticles leads to such changes. The surface area and
pore size results of MSNs and the Pd@Py,PZ@MSN catalyst are
presented in Table 1.

After the characterization of the Pd@Py,PZ@MSN catalyst,
the efficiency of the catalyst was examined in carbon-carbon
bond formation reactions. For this purpose, the Pd@Py,PZ@
MOSN catalyst was used in Heck and Suzuki reactions. Initially, the
optimal reaction conditions were evaluated by performing the
reaction under different reaction conditions including various

solvents, bases, catalysts, and times of the reactions. To this end,
the reaction of styrene and phenyl bromide was selected as a
model reaction. The optimization results are presented in
Table 2. According to the results, the best solvent for the
reaction is water. However, the yields of the product were less
in other solvents. Therefore, water was selected as the best solvent
for the reaction. In addition, the results showed that the best yield
of the product is obtained when the reaction is performed in the
presence of 1 mol% of the catalyst. It should be noted that the
presence of a base is critical for reaction performance. Therefore,
the reaction was performed in the presence of several bases such
as triethyl amine (TEA), NaOH, KOH, and pyridine. The results
showed that TEA was the best base for the reaction. To study the
role of the Pd@Py,PZ@MSN catalyst in the reaction, a blank run
was performed by all the reaction components, except the
catalyst. No product was obtained in the absence of the
catalyst. Therefore, the optimized reaction conditions were
selected to be water as the solvent and 1.5 equivalent of
triethyl amine base in the presence of 1.0 mol% of the Pd@
Py,PZ@MSN catalyst.

To rule out the presence of leached and homogenous Pd in
the reaction mixture, in a run, the reaction was performed under
the optimal reaction condition. After 60 min, the conversion of
the substrates to the product measured by GC was 67%. Then,
the catalyst was separated from the reaction mixture, and the
filtrate was stirred under the same conditions for more 60 min.
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TABLE 3 | Scope and generality of the Pd@Py,PZ@MSN catalyst in Heck and Suzuki reactions®.

R

Entry R z X
1 H Styrene Br
2 H Styrene Cl
3 H Styrene |

4 4-Me Styrene Br
5 4-Me Styrene cl
6 4-Me Styrene |

7 4-OMe Styrene Br
8 4-OMe Styrene |

9 4-NMe, Styrene Br
10 4-Cl Styrene Br
1 4-Cl Styrene cl
12 4-CN Styrene Br
13 4-CN Styrene cl
14 4-CHO Styrene Br
15 H butyl acrylate Br
16 H butyl acrylate Cl
17 H butyl acrylate |

18 4-Me butyl acrylate Br
19 4-Me butyl acrylate cl
20 4-OMe butyl acrylate Br
21 4-OMe butyl acrylate cl
22 4-CN butyl acrylate Br
23 4-CN butyl acrylate cl
24 H Ph(BOH), Br
25 H Ph(BOH), |

26 4-Me Ph(BOH), Br
27 4-Me Ph(BOH), |

28 4-OMe Ph(BOH), Br
29 4-Cl Ph(BOH), Br
30 4-CN Ph(BOH), Br
31 4-CN Ph(BOH), |

324 H Styrene |

33d H Ph(BOH), I

Pd@Py,PZ@MSN for C-C Bond Formation

Pd@Py2PZ@MSN ?
HzO, .t
Time (min) Yield (%)
120 94
150 79
120 96
120 90
150 75
120 94
120 91
120 93
120 93
120 96
150 70
120 94
150 78
120 93
120 96
150 82
90 96
120 89
150 75
120 91
150 76
120 94
150 89
120 92
150 97
120 88
150 92
120 84
120 93
120 95
150 99
120 85
120 83

TONP

9400
7900
9600
9000
7500
9400
9100
9300
9300
9600
8000
9400
8800
9300
9600
8200
9600
8900
7500
9100
7600
9400
8900
9200
9700
8800
9200
8400
9300
9500
9900
8500
8300

@Reaction conditions: styrene, butyl acrylate, or phenylboronic acid (1 mmol); phenyl halide (1 mmol); Pd@Py.,PZ@MSN catalyst (1 mol%); H-O (5 mi); TEA (1.5 mmol); 25°C.
PTON is calculated as the number of moles of the substrate converted to the product divided by the number moles of palladium catalyst.

°TOF is defined as TON h™".

9Scale-up reactions: styrene or phenylboronic acid (10 mmol); phenyl bromide (10 mmol); Pd@Py-PZ@MSN catalyst (1 mol%); H.O (50 mi); TEA (15 mmol); 25°C.

Pd@Py,PZ@MSN Ar-X
-HX \<
H ,?\r

Pd@Py,PZ@MSN Pd@Py,PZ@MSN
| |
X X
Ar
R\H
A N
RN Pld@PszZ@MSN R
X

SCHEME 2 | Proposed mechanism for Pd@Py2PZ@MSN catalyzed
carbon-carbon bond formation.
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FIGURE 3 | Recovery results of the Pd@Py,PZ@MSN catalyst.
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MIRA3 TESCAN

View field: 5.93 ym | Date(m/dly): 05/10/19

RMRC FESEM

FIGURE 4 | SEM image of the recovered Pd@Py,PZ@MSN catalyst.

TABLE 4 | Surface area and pore size results of the recovered Pd@Py,PZ@MSN
catalyst.

Surface area (m2.g™") Pore width (nm) Pore volume (cm®.g™")

607.21 5.09 0.70

The analysis of the product by GC showed that no more product
has been obtained. These observations confirmed that the Pd
catalyst worked in the heterogenous phase and the presence of
the Pd@Py,PZ@MSN catalyst was necessary for reaction
performance.

Based on the optimized conditions, the scope and generality
of the Pd@Py,PZ@MSN catalyst were studied in Heck and
Suzuki reactions. The structures and yields of the products are
presented in Table 3. The high efficiency of the Pd@Py,PZ@
MSN catalyst in the mentioned reaction could clearly be
observed. The catalyst is highly active in both Heck and
Suzuki reactions, and advantageous results were obtained.
All  substrates with electron donating and electron
withdrawing functionalities have given the desired products
in high isolated yields. For example, entries 4-9, 18-22, and
26-28 with phenyl halides bearing electron-donating
functionalities have provided the products in 84-93% yields.
In addition, phenyl halides bearing electron-withdrawing
functionalities (entries 10-14, 22-23, and 29-31) have
successfully participated in the reaction and have given the
products in 88-99% yields. In addition, a reaction was
performed with 10 mmol of the substrates to evaluate the

Pd@Py,PZ@MSN for C-C Bond Formation

possible scale up of the reaction. The results were
advantageous, and high yields of the products were obtained
in the scale-up reactions. To study the possibility of the use of
the catalyst in industrial applications, scale-up reaction was
performed under optimized conditions. The large-scale
reaction of jodobenzene with styrene and phenylboronic
acid has led to 85 and 83% yields, respectively.

A proposed mechanism was suggested, which is presented in
Scheme 2. Based on the mechanism, the presence of the catalyst is
critical for reaction performance. In the first step of the reaction,
the catalyst activates the Ar-X bond, followed by the addition of
the alkene. In the next step, the product is obtained, and the
catalyst is ready for the next cycle of the reaction by the
elimination of H-X.

A great advantage of the Pd@Py,PZ@MSN catalyst is its
reusability. For this purpose, the reaction was repeated for 10
sequential reactions, and the obtained results are presented in
Figure 3. It could be seen that in both Heck and Suzuki
reactions, no big loss in the activity of the catalyst is
observed. It is significant to study the possible leaching of
palladium from the catalyst. For studying the leaching of
palladium from the Pd@Py,PZ@MSN catalyst, a reaction
was performed under the optimized reaction conditions.
However, after 20 min when the reaction has not been
completed, the catalyst was isolated from the reaction
mixture. The reaction was continued without the catalyst for
more than 3 h and based on GC analysis, no performance was
observed in the reaction performance. In addition, the filtrate
was studied by ICP, which did not show any leaching of
palladium from the catalyst.

To show the structural stability of the catalyst during the
reaction conditions, the catalyst was separated after the 5™
reaction run and washed with water and ethanol. Then, the
dried 5™ re-used Pd@Py,PZ@MSN catalyst was characterized
by SEM and BET analysis. The results are presented in Figure 4;
Table 4, respectively. Comparing the results of the recovered
catalyst with the fresh ones confirm the good stability of the
catalyst during the reactions.

To better study the activity of the catalyst, Pd@Py,PZ@MSNs
were compared with the previously reported catalysts. Table 5
presents the catalysts, reaction conditions, and isolated yields of
the reactions for the reaction of styrene and bromobenzene.
According to the results, the best performance is observed for
Pd@Py,PZ@MSNs, and the reaction is performed under mild
reaction conditions.

TABLE 5 | Comparison of the catalytic activity of Pd@Py,PZ@MSN with the previously reported one.

Entry Catalyst Conditions Time (h) Yields® (%)""

1 Pd/TiO> NP DMF, EtgN, 140°C 10 93 Nasrollahzadeh et al. (2014)

2 Pd/SMNPs-DF Solvent free, DABCO, 140°C 0.9 93 Zolfigol et al. (2014)

3 CO-NHC@MWCNTs PEG, Li,COg, 80°C 10 67 Hajipour and Khorsandi, (2016)
4 Pd/MPCS-TI DMF/H,0, EtsN, 110°C 4 93 Movassagh and Rezaei, (2015)
5 Pd/BIP-silica-Fe;O3 DMF, EtsN, 100°C 3.5 82 Sobhani et al. (2015)

6 Pd/Guanidine/graphene EtOH/H,0, K>COg, r.t. 2 92 Ma’mani et al. (2014)

7 This work HoO, TEA, 25°C 1 94

4Isolated yields.
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EXPERIMENTAL

General Remarks

All the chemicals, reagents, and solvents were purchased from
Merck, Germany, and Sigma, Germany. TEM images were
recorded using a CM 10 Philips instrument. 'H (500 MHz)
spectra were recorded using a Bruker Advance spectrometer in
DMSO and dg solution with tetramethylsilane (TMS) as an
internal standard. A TESCAN T3000 instrument was used to
record the SEM images. An OPTIMA7300DV ICP analyzer was
used for analyzing the palladium content of the catalyst. The FT-
IR spectra were recorded on a Nicolet Magna FT-IR 550
spectrophotometer using potassium bromide disks. BET of the
samples was analyzed using an ASAPTM micromeritics 2020
instrument. The particle size was measured using the HORIBA
§Z100-Z DLS instrument. The thermogravimetric analyzer
(TGA) at a heating rate of 10°C min~' over the temperature
range of 40-600°C under nitrogen atmosphere was used.

Synthesis of the Py,PZ Ligand
1,10-phenanthroline-5,6-dione  (1.05g, 5mmol) and 34-
diaminobenzoic acid (0.76g, 5mmol) were dissolved in
ethanol and refluxed for 2h. The reaction progress was
monitored by TLC monitoring. After the reaction was
completed, the solvent was evaporated and the product was
purified by recrystallization from ethanol.

Synthesis of the Pd@Py,PZ@MSN Catalyst

SBA-15 was synthesized according to the previously reported
method (Chaudhary and Sharma, 2017). A mixture containing
MSNs (0.5 g) in ethanol/deionized water (1:2, 30 ml) and HCI
(pH = 4) was prepared and sonicated for 30 min. A solution of (3-
aminopropyl) methoxysilane (1g) in ethanol (30ml) was
prepared and added drop-wise to the aforementioned mixture
by vigorous stirring. The reaction mixture was stirred for 24 h,
and then the product was separated by filtration and washed with
deionized water and ethanol. The product was dried at 70°C in
vacuum for 12 h to obtain amine-modified mesoporous SBA-15.

A mixture of amine-modified mesoporous SBA-15 (0.5 g) in
dichloromethane (75ml) was sonicated for 30 min. Then,
dipyrido (3,2-a:2,3'-c) phenazine-11-carboxylic acid (1.6g,
5 mmol) in dichloromethane (25 ml) was added and 1-ethyl-3-
(3-dimethylaminopropyl) carbodiimide (5mmol, 1eq) and
N-hydroxysuccinnimide (5.5 mmol, 1.1 eq) were added. The
reaction mixture was stirred overnight at room temperature.
The product was separated from the reaction mixture and
washed with ethanol and dried for 12h in a vacuum oven.

The solid support (0.5g) was added to dry acetone and
sonicated for 30 min. Then, PdCI, (1 mmol) was added, and
the reaction mixture was stirred at 40°C under an inert
atmosphere for 24h. The Pd@Py,PZ@MSN catalyst was
separated from the reaction mixture by centrifugation, washed
thoroughly with EtOH and diethyl ether, and dried under
vacuum at room temperature for 12 h.

Pd@Py,PZ@MSN for C-C Bond Formation

General Procedure for the Carbon-Carbon

Bond Formation Reactions

Phenyl halide (1 mmol), alkene (1.1 mmol, in case of Heck
reaction), phenylboronic acid (1.0 mmol, in case of Suzuki
reaction), triethyl amine (1.5mmol), and the Pd@Py,PZ@
MSN catalyst (1.0 mol%) were added into a flask containing
H,0 (5ml) and stirred at room temperature. When the TLC
monitoring showed reaction completion, the catalyst was
separated from the reaction mixture and washed with water
and EtOH. The product was extracted with ethyl acetate. The
organic phase was collected and dried over sodium sulfate. The
solvent was evaporated, and the product was purified by column
chromatography using n-hexane:ethyl acetate (6:1) as the eluent
to obtain the pure product.

Recovery of the Nanocatalyst

The reaction of phenyl bromide (1 mmol) and styrene
(1.1 mmol) was selected as a model reaction and was
performed in the presence of the Pd@Py,PZ@MSN catalyst
under optimal reaction conditions. After the reaction was
completed, the catalyst was separated from the reaction
mixture and washed with water and used in the next reaction
under the same conditions. The reactions were performed for 10
sequential runs.

CONCLUSION

In conclusion, Pd@Py,PZ@MSN as a novel catalyst was designed,
synthesized, and characterized based on the immobilization of
palladium onto the modified SBA-15 MSNs. The catalyst was
characterized using several methods, and the structure of the
catalyst was confirmed. The activity of the Pd@Py,PZ@MSN
catalyst was evaluated in Heck and Suzuki reactions. The catalyst
showed the best activity in water as the solvent in the presence of
triethyl amine base. Several substrates with different
functionalities were used and, in all cases, the desired
compounds were synthesized in good isolated yields. As an
advantage, the catalyst showed very good reusability after 10
sequential runs.

DATA AVAILABILITY STATEMENT

The raw data supporting the conclusions of this article will be
made available by the authors, without undue reservation.

AUTHOR CONTRIBUTIONS

SB and MS defined the experiments. MT, MB, and HL ran the
experiments and collected the data. MS, LM’M, and MM analyzed
the data. SB prepared the manuscript.

Frontiers in Chemistry | www.frontiersin.org

30

March 2022 | Volume 10 | Article 838294


https://www.frontiersin.org/journals/chemistry
www.frontiersin.org
https://www.frontiersin.org/journals/chemistry#articles

Sayahi et al.

REFERENCES

Bahadorikhalili, S., Ma’mani, L., Mahdavi, H., and Shafiee, A. (2018b). Copper
Supported B-cyclodextrin Functionalized PEGylated Mesoporous Silica
Nanoparticle -graphene Oxide Hybrid: An Efficient and Recyclable Nano-
Catalyst for Straightforward Synthesis of 2-arylbenzimidazoles and 1,2,3-
triazoles. Microporous Mesoporous Mater. 262, 207-216. doi:10.1016/j.
micromeso.2017.11.046

Bahadorikhalili, S., and Mahdavi, H. (2018). Palladium Magnetic Nanoparticle-
Polyethersulfone Composite Membrane as an Efficient and Versatile Catalytic
Membrane Reactor. Polym. Adv. Technol. 29, 1138-1149. doi:10.1002/pat.4225

Bahadorikhalili, S., Mahdavi, M., Ma’mani, L., Shafiee, A., Mahdavi, H., and
Akbarzadeh, T. (2018a). Palladium Functionalized  Phosphinite
Polyethyleneimine Grafted Magnetic Silica Nanoparticles as an Efficient
Catalyst for the Synthesis of Isoquinolino[1,2-B]quinazolin-8-Ones. New
J. Chem. 42, 5499-5507. doi:10.1039/c7nj04837h

Bahadorikhalili, S., Ma’mani, L., Mahdavi, H., and Shafiee, A. (2015). Palladium
Catalyst Supported on PEGylated Imidazolium Based Phosphinite Ionic
Liquid-Modified Magnetic Silica Core-Shell Nanoparticles: a Worthy and
Highly Water-Dispersible Catalyst for Organic Reactions in Water. RSC
Adv. 5, 71297-71305. doi:10.1039/c5ral2747¢

Bahadorikhalili, S., Ma'mani, L., Lijan, H., and Mahdavi, M. (2020). y-Fe,O;@
SiO,(CH,);-HPBM-Pd as a Versatile Boosted Nanocatalyst for CarbonCarbon
Bond Formation. Mater. Today Commun. 26, 101913. doi:10.1016/j.mtcomm.
2020.101913

Bharti, C., Gulati, N., Nagaich, U, and Pal, A. (2015). Mesoporous Silica
Nanoparticles in Target Drug Delivery System: A Review. Int. J. Pharma
Investig. 5, 124. doi:10.4103/2230-973x.160844

Chaudhary, V., and Sharma, S. (2017). An Overview of Ordered Mesoporous
Material SBA-15: Synthesis, Functionalization and Application in Oxidation
Reactions. J. Porous Mater. 24, 741-749. doi:10.1007/s10934-016-0311-z

Christoffel, F., and Ward, T. R. (2018). Palladium-catalyzed Heck Cross-Coupling
Reactions in Water: A Comprehensive Review. Catal. Lett. 148, 489-511.
doi:10.1007/s10562-017-2285-0

Easson, M. W,, Jordan, J. H,, Bland, J. M., Hinchliffe, D. J., and Condon, B. D.
(2020). Application of Brown Cotton-Supported Palladium Nanoparticles in
Suzuki-Miyaura Cross-Coupling Reactions. ACS Appl. Nano Mater. 3,
6304-6309. doi:10.1021/acsanm.0c01303

Fusini, G., Rizzo, F., Angelici, G., Pitzalis, E., Evangelisti, C., and Carpita, A. (2020).
Polyvinylpyridine-Supported Palladium Nanoparticles: An Efficient Catalyst
for Suzuki-Miyaura Coupling Reactions. Catalysts 10, 330. doi:10.3390/
catal10030330

Gao, J., Lei, H., Han, Z, Shi, Q.,, Chen, Y., and Jiang, Y. (2017). Dopamine
Functionalized Tannic-Acid-Templated Mesoporous Silica Nanoparticles as a
New Sorbent for the Efficient Removal of Cu2+ from Aqueous Solution. Sci.
Rep. 7, 45215. doi:10.1038/srep45215

Gonzalez-Sebastian, L., and Morales-Morales, D. (2019). Cross-coupling
Reactions Catalysed by Palladium Pincer Complexes. A Review of Recent
Advances. J. Organomet. Chem. 893, 39-51. doi:10.1016/j.jorganchem.2019.
04.021

Hajipour, A. R., and Khorsandi, Z. (2016). Multi Walled Carbon Nanotubes
Supported N-Heterocyclic Carbene-Cobalt (II) as a Novel, Efficient and
Inexpensive Catalyst for the Mizoroki-Heck Reaction. Catal. Commun. 77,
1-4. doi:10.1016/j.catcom.2015.12.027

Hajipour, A. R., Sadeghi, A. R., and Khorsandi, Z. (2018). Pd Nanoparticles
Immobilized on Magnetic Chitosan as a Novel Reusable Catalyst for green
Heck and Suzuki Cross-coupling Reaction: In Water at Room Temperature.
Appl. Organometal Chem. 32, e4112. doi:10.1002/aoc.4112

Han, Y.-F,, Chen, F., Zhong, Z., Ramesh, K., Chen, L., and Widjaja, E. (2006).
Controlled Synthesis, Characterization, and Catalytic Properties of Mn203 and
Mn304 Nanoparticles Supported on Mesoporous Silica SBA-15. J. Phys. Chem.
B 110, 24450-24456. doi:10.1021/jp064941v

Hu, G, Li, W, Xu, J,, He, G, Ge, Y., Pan, Y., et al. (2016). Substantially Reduced
Crystallization Temperature of SBA-15 Mesoporous Silica in NaNO3 Molten
Salt. Mater. Lett. 170, 179-182. doi:10.1016/j.matlet.2016.02.030

Isfahani, A. L., Mohammadpoor-Baltork, I, Mirkhani, V., Khosropour, A. R,,
Moghadam, M., Tangestaninejad, S., et al. (2013). Palladium Nanoparticles

Pd@Py,PZ@MSN for C-C Bond Formation

Immobilized on Nano-Silica Triazine Dendritic Polymer (Pdnp-nSTDP): An
Efficient and Reusable Catalyst for Suzuki-Miyaura Cross-Coupling and Heck
Reactions. Adv. Synth. Catal. 355, 957-972. doi:10.1002/adsc.201200707

Jeelani, P. G., Mulay, P., Venkat, R., and Ramalingam, C. (2020). Multifaceted
Application of Silica Nanoparticles. A Review. Silicon 12, 1337-1354. doi:10.
1007/512633-019-00229-y

Khalafi-Nezhad, A., and Panahi, F. (2014). Size-Controlled Synthesis of Palladium
Nanoparticles on a Silica-Cyclodextrin Substrate: A Novel Palladium Catalyst
System for the Heck Reaction in Water. ACS Sustain. Chem. Eng. 2, 1177-1186.
doi:10.1021/s¢5000122

Kumari, S., Layek, S., and Pathak, D. D. (2017). Palladium Nanoparticles
Immobilized on a Magnetic Chitosan-Anchored Schiff Base: Applications in
Suzuki-Miyaura and Heck-Mizoroki Coupling Reactions. New J. Chem. 41,
5595-5604. doi:10.1039/C7NJ00283A

Kumari, S., Mittal, A., Kumar, A, and Sharma, S. K. (2019). Palladium
Nanoparticles Immobilized on Schiff Base-Functionalized Graphene-Oxide:
Application in Carbon-Carbon Cross-Coupling Reactions. ChemistrySelect 4,
10828-10837. doi:10.1002/slct.201902242

Lee, B., Ma, Z., Zhang, Z., Park, C., and Dai, S. (2009). Influences of Synthesis
Conditions and Mesoporous Structures on the Gold Nanoparticles Supported
on Mesoporous Silica Hosts. Microporous Mesoporous Mater. 122, 160-167.
doi:10.1016/j.micromeso.2009.02.029

Li, D., Egodawatte, S., Kaplan, D. L, Larsen, S. C., Serkiz, S. M., and Seaman, J. C.
(2016). Functionalized Magnetic Mesoporous Silica Nanoparticles for U
Removal from Low and High pH Groundwater. J. Hazard. Mater. 317,
494-502. doi:10.1016/j.jhazmat.2016.05.093

Ma, R, Yang, P., and Bian, F. (2018). Magnetic Dendritic Polymer Nanocomposites
as Supports for Palladium: a Highly Efficient and Reusable Catalyst for
Mizoroki-Heck and Suzuki-Miyaura Coupling Reactions. New J. Chem. 42,
4748-4756. doi:10.1039/c7nj05014c

Ma’mani, L., Miri, S., Mahdavi, M., Bahadorikhalili, S., Lotfi, E., Foroumadi, A.,
et al. (2014). Palladium Catalyst Supported on N-Aminoguanidine
Functionalized Magnetic Graphene Oxide as a Robust Water-Tolerant and
Versatile Nanocatalyst. RSC Adv. 4, 48613-48620. doi:10.1039/c4ra07130a

Mehmood, A., Ghafar, H., Yaqoob, S., Gohar, U. F., and Ahmad, B. (2017).
Mesoporous Silica Nanoparticles: a Review. J. Dev. Drugs 6, 1-14. doi:10.4172/
2329-6631.1000174

Moreira, A. F., Dias, D. R, and Correia, I. J. (2016). Stimuli-responsive Mesoporous
Silica Nanoparticles for Cancer Therapy: A Review. Microporous Mesoporous
Mater. 236, 141-157. doi:10.1016/j.micromeso.2016.08.038

Movassagh, B., and Rezaei, N. (2015). A Magnetic Porous Chitosan-Based
Palladium Catalyst: a green, Highly Efficient and Reusable Catalyst for
Mizoroki-Heck Reaction in Aqueous media. New J. Chem. 39, 7988-7997.
doi:10.1039/c5nj01337b

Mpungose, P., Vundla, Z., Maguire, G., and Friedrich, H. (2018). The Current
Status of Heterogeneous Palladium Catalysed Heck and Suzuki Cross-Coupling
Reactions. Molecules 23, 1676. doi:10.3390/molecules23071676

Narayan, R., Nayak, U., Raichur, A., and Garg, S. (2018). Mesoporous Silica
Nanoparticles: A Comprehensive Review on Synthesis and Recent Advances.
Pharmaceutics 10, 118. doi:10.3390/pharmaceutics10030118

Nasrollahzadeh, M., Azarian, A., Ehsani, A., and Khalaj, M. (2014). Preparation,
Optical Properties and Catalytic Activity of TiO 2 @Pd Nanoparticles as
Heterogeneous and Reusable Catalysts for Ligand-free Heck Coupling
Reaction. J. Mol. Catal. A: Chem. 394, 205-210. doi:10.1016/j.molcata.2014.
06.033

Reza Hajipour, A., and Khorsandi, Z. (2020). Asymmetric Intermolecular Heck
Reaction of Aryl Halides by Pd-Histidine Organocatalysts. Mod. Chem. 8, 18.
doi:10.11648/j.mc.20200802.11

Rosenholm, J. M., Zhang, J., Linden, M., and Sahlgren, C. (2016). Mesoporous
Silica Nanoparticles in Tissue Engineering - a Perspective. Nanomedicine 11,
391-402. doi:10.2217/nnm.15.212

Sarkar, C., Pendem, S., Shrotri, A., Dao, D. Q., Pham Thi Mai, P., Nguyen Ngoc, T.,
et al. (2019). Interface Engineering of Graphene-Supported Cu Nanoparticles
Encapsulated by Mesoporous Silica for Size-dependent Catalytic Oxidative
Coupling of Aromatic Amines. ACS Appl. Mater. Inter. 11, 11722-11735.
doi:10.1021/acsami.8b18675

Sayahi, M. H., Bahadorikhalili, S., Saghanezhad, S. J., Miller, M. A., and Mahdavi,
M. (2020). Sulfonic Acid-Functionalized Poly(4-Styrenesulfonic Acid)

Frontiers in Chemistry | www.frontiersin.org

31

March 2022 | Volume 10 | Article 838294


https://doi.org/10.1016/j.micromeso.2017.11.046
https://doi.org/10.1016/j.micromeso.2017.11.046
https://doi.org/10.1002/pat.4225
https://doi.org/10.1039/c7nj04837h
https://doi.org/10.1039/c5ra12747e
https://doi.org/10.1016/j.mtcomm.2020.101913
https://doi.org/10.1016/j.mtcomm.2020.101913
https://doi.org/10.4103/2230-973x.160844
https://doi.org/10.1007/s10934-016-0311-z
https://doi.org/10.1007/s10562-017-2285-0
https://doi.org/10.1021/acsanm.0c01303
https://doi.org/10.3390/catal10030330
https://doi.org/10.3390/catal10030330
https://doi.org/10.1038/srep45215
https://doi.org/10.1016/j.jorganchem.2019.04.021
https://doi.org/10.1016/j.jorganchem.2019.04.021
https://doi.org/10.1016/j.catcom.2015.12.027
https://doi.org/10.1002/aoc.4112
https://doi.org/10.1021/jp064941v
https://doi.org/10.1016/j.matlet.2016.02.030
https://doi.org/10.1002/adsc.201200707
https://doi.org/10.1007/s12633-019-00229-y
https://doi.org/10.1007/s12633-019-00229-y
https://doi.org/10.1021/sc5000122
https://doi.org/10.1039/C7NJ00283A
https://doi.org/10.1002/slct.201902242
https://doi.org/10.1016/j.micromeso.2009.02.029
https://doi.org/10.1016/j.jhazmat.2016.05.093
https://doi.org/10.1039/c7nj05014c
https://doi.org/10.1039/c4ra07130a
https://doi.org/10.4172/2329-6631.1000174
https://doi.org/10.4172/2329-6631.1000174
https://doi.org/10.1016/j.micromeso.2016.08.038
https://doi.org/10.1039/c5nj01337b
https://doi.org/10.3390/molecules23071676
https://doi.org/10.3390/pharmaceutics10030118
https://doi.org/10.1016/j.molcata.2014.06.033
https://doi.org/10.1016/j.molcata.2014.06.033
https://doi.org/10.11648/j.mc.20200802.11
https://doi.org/10.2217/nnm.15.212
https://doi.org/10.1021/acsami.8b18675
https://www.frontiersin.org/journals/chemistry
www.frontiersin.org
https://www.frontiersin.org/journals/chemistry#articles

Sayahi et al.

Mesoporous Graphene Oxide Hybrid for One-Pot Preparation of Coumarin-
Based Pyrido[2,3-D]pyrimidine-Dione Derivatives. Res. Chem. Intermed 46,
491-507. doi:10.1007/s11164-019-03962-6

Sherwood, J., Clark, J. H., Fairlamb, I ]. S., and Slattery, J. M. (2019). Solvent Effects
in Palladium Catalysed Cross-Coupling Reactions. Green. Chem. 21,
2164-2213. doi:10.1039/c9gc00617f

Sobhani, S., Zeraatkar, Z., and Zarifi, F. (2015). Pd Complex of an NNN Pincer
Ligand Supported on y-Fe203@SiO2 Magnetic Nanoparticles: a New Catalyst
for Heck, Suzuki and Sonogashira Coupling Reactions. New J. Chem. 39,
7076-7085. doi:10.1039/c5nj00344j

Targhan, H., Hassanpour, A., Sohrabnezhad, S., and Bahrami, K. (2020). Palladium
Nanoparticles Immobilized with Polymer Containing Nitrogen-Based Ligand:
A Highly Efficient Catalyst for Suzuki-Miyaura and Mizoroki-Heck Coupling
Reactions. Catal. Lett. 150, 660-673. doi:10.1007/s10562-019-02981-7

Tashrifi, Z., Bahadorikhalili, S., Lijan, H., Ansari, S., Hamedifar, H., and Mahdavi,
M. (2019). Synthesis and Characterization of y-Fe203@SiO2-(CH2)3-PDTC-
Pd Magnetic Nanoparticles: a New and Highly Active Catalyst for the Heck/
Sonogashira Coupling Reactions. New J. Chem. 43, 8930-8938. do0i:10.1039/
c9nj01562k

Xiao, J., Zhang, H., Ejike, A. C, Wang, L., Tao, M., and Zhang, W. (2021).

Functionalized ~ Polyacrylonitrile = Fiber ~with  Pd(0)
Nanoparticles as a Highly Active Catalyst for the Heck Reaction. Reactive
Funct. Polym. 161, 104843. doi:10.1016/j.reactfunctpolym.2021.104843

Xu, ., Qu, Z, Wang, Y., and Huang, B. (2019). HCHO Oxidation over Highly Dispersed
Au Nanoparticles Supported on Mesoporous Silica with superior Activity and
Stability. Catal. Today 327, 210-219. doi:10.1016/j.cattod.2018.04.051

Yao, T. Zhang, F., Zhang, J, and Liu, L. (2020). Palladium-Catalyzed
Intermolecular Heck-type Dearomative [4 + 2] Annulation of 2H-Isoindole
Derivatives with Internal Alkynes. Org. Lett. 22, 5063-5067. doi:10.1021/acs.
orglett.0c01643

Zarandi, A. F. (2019). Air Pollution Method: A New Method Based on Ionic Liquid
Passed on Mesoporous Silica Nanoparticles for Removal of Manganese Dust in

Phenanthroline

Pd@Py,PZ@MSN for C-C Bond Formation

the Workplace Air. Anal. Methods Environ. Chem. J. 2, 5-14. doi:10.24200/
amecj.v2.i01.52

Zhang, Z., Zha, Z., Gan, C,, Pan, C,, Zhou, Y., Wang, Z,, et al. (2006). Catalysis and
Regioselectivity of the Aqueous Heck Reaction by Pd(0) Nanoparticles under
Ultrasonic Irradiation. J. Org. Chem. 71 (11), 4339-4342. doi:10.1021/
j0060372b

Zhou, B., Wang, H., Cao, Z. Y., Zhu, J. W, Liang, R. X., Hong, X., et al. (2020).
Dearomative 1,4-difunctionalization of Naphthalenes via Palladium-Catalyzed
Tandem Heck/Suzuki Coupling Reaction. Nat. Commun. 11, 4380. doi:10.1038/
$41467-020-18137-w

Zolfigol, M. A., Azadbakht, T., Khakyzadeh, V., Nejatyami, R., and Perrin, D. M.
(2014). C(sp2)-C(sp2) Cross Coupling Reactions Catalyzed by an Active and
Highly Stable Magnetically Separable Pd-Nanocatalyst in Aqueous media. RSC
Adv. 4, 40036-40042. doi:10.1039/c4ra06097k

Conflict of Interest: The authors declare that the research was conducted in the
absence of any commerecial or financial relationships that could be construed as a
potential conflict of interest.

Publisher’s Note: All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated organizations, or those of
the publisher, the editors, and the reviewers. Any product that may be evaluated in
this article, or claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.

Copyright © 2022 Sayahi, Toosibashi, Bahmaei, Lijan, Ma’Mani, Mahdavi and
Bahadorikhalili. This is an open-access article distributed under the terms of the
Creative Commons Attribution License (CC BY). The use, distribution or
reproduction in other forums is permitted, provided the original author(s) and
the copyright owner(s) are credited and that the original publication in this journal is
cited, in accordance with accepted academic practice. No use, distribution or
reproduction is permitted which does not comply with these terms.

Frontiers in Chemistry | www.frontiersin.org

32

March 2022 | Volume 10 | Article 838294


https://doi.org/10.1007/s11164-019-03962-6
https://doi.org/10.1039/c9gc00617f
https://doi.org/10.1039/c5nj00344j
https://doi.org/10.1007/s10562-019-02981-7
https://doi.org/10.1039/c9nj01562k
https://doi.org/10.1039/c9nj01562k
https://doi.org/10.1016/j.reactfunctpolym.2021.104843
https://doi.org/10.1016/j.cattod.2018.04.051
https://doi.org/10.1021/acs.orglett.0c01643
https://doi.org/10.1021/acs.orglett.0c01643
https://doi.org/10.24200/amecj.v2.i01.52
https://doi.org/10.24200/amecj.v2.i01.52
https://doi.org/10.1021/jo060372b
https://doi.org/10.1021/jo060372b
https://doi.org/10.1038/s41467-020-18137-w
https://doi.org/10.1038/s41467-020-18137-w
https://doi.org/10.1039/c4ra06097k
https://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/chemistry
www.frontiersin.org
https://www.frontiersin.org/journals/chemistry#articles

& frontiers | Frontiers in Chemistry

ORIGINAL RESEARCH
published: 26 April 2022
doi: 10.3389/fchem.2022.850133

OPEN ACCESS

Edited by:

Veeroniki P. Vidali,

National Centre of Scientific Research
Demokritos, Greece

Reviewed by:

Guillermo R. Labadie,
National University of Rosario,
Argentina

Junmin Zhang,

Lanzhou University, China

*Correspondence:
Yue Ma
yma@icmm.ac.cn
Lan Yang
lyang@icmm.ac.cn
Peng Sun
psun@icmm.ac.cn

TThese two authors contributed
equally to this work

Specialty section:

This article was submitted to
Green and Sustainable Chemistry,
a section of the journal

Frontiers in Chemistry

Received: 07 January 2022
Accepted: 22 March 2022
Published: 26 April 2022

Citation:

Bai Y, Zhao Y, Gao X, Zhang D, Ma Y,
Yang L and Sun P (2022) A Novel
Antimalarial Metabolite in Erythrocyte
From the Hydroxylation of
Dihydroartemisinin by
Cunninghamella elegans.

Front. Chem. 10:8501383.

doi: 10.3389/fchem.2022.850133

®

Check for
updates

A Novel Antimalarial Metabolite in
Erythrocyte From the Hydroxylation of
Dihydroartemisinin by
Cunninghamella elegans

Yue Bai®, Yifan Zhao?, Xinna Gao, Dong Zhang, Yue Ma*, Lan Yang* and Peng Sun*

Institute of Chinese Meteria Medica, Artermisinin Research Center, Academy of Chinese Medical Sciences, Beijjing, China

Dihydroartemisinin (DHA) is a sesquiterpene endoperoxide with prominent antimalarial efficacy,
which was discovered by Professor Youyou Tu through the reduction of artemisinin in the 1970s.
It is always a challenging work for scientists to investigate the metabolites of DHA in the red blood
cells due to the complicated matrix background. As a bottleneck, the investigation of metabolites,
especially exploring the pharmacodynamic material in the red blood cell, is necessary and
significant for metabolism research of antimalarial agent. Recently, microbial transformation
provides a green and economical means for mimicking mammal metabolism and synthesis
active metabolites, based on which is one efficient route for drug discovery. In this study, a strain
from Cunninghamella was employed as an efficient tool to explore active metabolites of DHA in
erythrocyte. Microbial transformation products of DHA by Cunninghamella elegans CICC 40250
were detected and analyzed by ultra-performance liquid chromatography (UPLC)-electrospray
ionization (ESI)-quadrupole time-of-fight (Q-TOF)-mass spectrometry (MS5), and the main
products were isolated and identified. The antimalarial activity of the isolated products was
also screened in vitro. Totally, nine products were discovered through UPLC-ESI-QTOF-MSF,
and three main products with novel chemical structures were isolated for the first time, which were
also detected in red blood cells as the metabolites of DHA. After evaluation, 7j-
hydroxydinydroartemisinin (M1) exhibited a good antimalarial activity with an ICsq value of
133 nM against Plasmodium falciparum (Pf.) 3D7. The structure and stereo-configuration of
novel compound M1 were validated via X-ray single crystal diffraction. Microbial transformation
was firstly employed as the appropriate model for metabolic simulation in erythrocyte of DHA.
Three novel metabolites in erythrocyte were obtained for the first time through our microbial
model, and one of which was found to show moderate antimalarial activity. This work provided a
new research foundation for antimalarial drug discovery.

Keywords: dihydroartemisinin, microbial transformation, active metabolites in erythrocyte, hydroxylation,
antimalarial activity

INTRODUCTION

Dihydroartemisinin (DHA), a famous derivative of artemisinin (Qinghaosu, ART) through C-10
reduction of lactone carbonyl by sodium borohydride, was discovered by Youyou Tu in 1973 (Tu,
2009; Tu, 2016). Owing to their excellent antimalarial activity compared to artemisinin, DHA and its
derivatives have been employed as the first-line drugs to treat malarial for several decades (World
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SCHEME 1 | The structures of dihydroartemisinin (DHA) and its derivates from Cunninghamella elegans.
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FIGURE 1 | Extracted ion chromatograms and mass spectrometry (MSF) spectra of DHA.
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TABLE 1 | Summary of microbial transformation products of dihydroartemisinin.

Metabolites in Erythrocytes of Dihydroartemisinin

No Component Formula Observed m/z RT (min) Major fragments Response
M1 DHA + O C15H2406+Na™ 323.1457 3.89 323, 283, 265, 249, 247, 231, 219 1709644
M2 DHA + O CisH240g+Na* 323.1461 4.31 339, 3283, 283, 265, 247, 237, 219 613851
M3 DHA + O C15H2406+Na™ 323.1455 4.97 339, 323, 283, 265, 247, 219 267107
M4 DHA + O CisHo40g+Na* 323.1450 5.14 323, 283, 265, 247, 219 121182
M5 DHA + O-H2 C1sH2206+Na™ 321.1294 417 321, 267, 249, 231, 221, 203 3365
M6 DHA + O-H20 C15H2205+H" 283.1554 3.41 283, 265, 247, 237, 219, 201 333881
M7 DHA + O-H20 C15H2205+H" 283.1554 4.42 283, 265, 237, 225, 219, 201 220113
m8 DHA-O C15H2404+Na* 291.1564 7.16 291, 269, 251, 233, 223, 205, 187 926704
M9 DHA-H20 C15H2004+H" 267.1589 8.65 289, 267, 249, 231, 221, 203, 185 751976
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FIGURE 2 | Extracted ion chromatograms and mass spectrometry (MSF) spectra of M1.
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FIGURE 3 | Extracted ion chromatograms and mass spectrometry (MSF) spectra of M2.

Health Organization, 2020). Apart from the application in
malarial treatment, DHA was also found to exhibit a broad
scope of biological activities, including anti-inflammatory,
antitumor, antiviral, and immunoregulatory activities (Wang
et al, 2018; Li et al, 2019; Zhang et al., 2020). Given the
promising therapeutic potential in clinical, the metabolic study
of DHA in the body is of great interest to researchers. Although
considerable efforts have been devoted to the research on the
disposal process of DHA, and a series of metabolites in body have
been identified, the study on the metabolites of DHA in
erythrocytes remains rarely involved but challenging. Indeed,
the exploration of active metabolites in erythrocyte is of
considerable important for antimalarial drug because red
blood cells are the actual sites where the plasmodium lives and
the drug works. Followed by Prof. Tu, our team has been engaged
in the metabolism study of ART, DHA, and its derivatives in the
last few years (Tu, 2011; Yang and Zhang, 2017; Ma et al., 2019a;
Ma et al., 2019b; Bai et al., 2019; Zhao et al., 2021).

Recently, the microbial transformation has become an efficient
tool for metabolic simulations of drugs (Parshikov et al., 2004). It
exhibited good function for molecular modification and synthesis
active metabolites environmental friendly and cheaper cost.
Filamentous fungi, which share the similar cytochrome P450
enzymes with human, have been proved to possess the ability to
mimic the metabolic process in body (Asha and Vidyavathi,
2009). To get some insight of the in vivo process of DHA,
some projects have been conducted through filamentous fungi-
mediated strategy, and six derivatives of DHA including 14-
hydroxymethyl dihydroartemisinin (Hu et al, 1991), 9a-
hydroxyartemethin-I ~ (Han  and  Lee, 2016), 3a-
hydroxydeoxydihydroartemisinin, 8a-hydroxydeoxyartemisinin,
deoxyarte-misinin, and 9a-hydroxydihyartemisinin (Wang et al.,
2013) have been obtained. Unfortunately, there are no scientific
results to validate whether these compounds are consistent with
mammalian metabolites. The inhibitory efficiency on
plasmodium of these compounds has never been studied.
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FIGURE 4 | Extracted ion chromatograms and mass spectrometry (MS5) spectra of M3.

Herein, the metabolic study of DHA was performed
employing Cunninghamella elegans (C. elegans) CICC 40250,
and the products were analyzed and compared with the
metabolites of DHA in erythrocytes. As a result, from
microbial transformation, a total of nine DHA derivatives
(M1-M9) were detected by UPLC-MS and three were isolated,
including 7B-hydroxydihydroartemisinin (M1), 1-
deoxydihydroartemisinin (M8), and 1-deoxyartemisinin (M9).
The three gained products were also identified in erythrocytes.
The structure and stereo-configuration of the novel product (M1)
were validated via X-ray single crystal diffraction, and reported
here for the first time. Moreover, M1 was also proven to exhibit
in vitro antimalarial activity against Pf 3D7, with an IC5, value of
133 nM. As well as we know, this is the first attempt to isolate and
identify the metabolites of DHA in red blood cells via microbial
transformation. The discovery and synthesis of antimalarial

products provide the possibility for further drug development
by eco-friendly microbial transformation. The structures of DHA
and its derivates from C. elegans were shown in Scheme 1.

MATERIALS AND METHODS

Materials and Reagents

DHA was obtained from the Kunming Pharmaceutical Group
(Chongqing, China, batch number C00220160402). The
compound had purity > 99%. Methanol, acetonitrile, and
formic acid were HPLC grade and purchased from Fisher
(Geel, Belgium). Other chemicals in this work were of
analytical grade and purchased from Beijing Chemical Works
(Beijing, China). Silicone filler, silica gel GF,s,4 thin layer plates,
and silica gel GF,5, thin layer preparation plates were purchased
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FIGURE 5 | Extracted ion chromatograms and mass spectrometry (MSF) spectra of M4.

from Qingdao Marine Chemical Group Corporation (Qingdao,
China). Silica gel (200-300 mesh, Qingdao Marine Chemical
Group Corporation, Qingdao, China), Silica Flash Column 330 g,
and Chormatorex (FujiSilysia Chemical, Japan) were used for
column chromatography. Water was prepared using a Milli-Q
system operating at 18.2MQ (Millipore, Bedford, MA,
United States). All other chemicals used were purchased from
Fisher Scientific or Beijing Chemical Works, and were of the
highest purity available.

The UPLC-ESI-Q-TOF-MS" system consisted of a Waters
ACQUITY I-class UPLC and Xevo G2-XS Q-TOF Mass
Spectrometer (Waters, Manchester, United Kingdom). 'H
(600 MHz), '*C (150 MHz), and NMR spectra were recorded
on a Bruker AV 600 spectrometer (Bruker Corporation,
Fallanden, Switzerland) with TMS as an internal reference.

X-ray diffraction experiments were performed using a Bruker
D8 venture diffractometer with Cu Ka radiation. (Crystals of
metabolites were obtained from EtOAc and acetone by slow
evaporation of solvent at room temperature.)

Microorganism and Biotransformation

Procedure

C. elegans CICC 40250 (MT1) was obtained from the China
Center of Industrial Culture Collection (Beijing, China).
Culture and biotransformation experiments were conducted
in a medium composed of 20 g Sabouraud dextrose broth
(Oxoid, Basingstoke, United Kingdom), 10g peptone
(Solarbio, Beijing, China), 15g sucrose (Solarbio, Beijing,
China), and 1,000 ml deionized water.
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FIGURE 6 | Extracted ion chromatograms and mass spectrometry (MSF) spectra of M5.

Two-stage fermentation was employed in this study (Zhan
et al, 2017). The substrate was dissolved in MeOH at a
concentration of 25mg/ml, and 2ml of the solution was
added into each flask after the second fermentation stage,
producing a DHA concentration of 0.5 mg/ml. Cultures were
incubated at 28°C and shaken at 180 rpm for 14 days. Mycelia and
broth were then separated by filtration. The filtrate was extracted
with EtOAc (1:1, v/v) three times, and the extract was evaporated
under vacuum to produce a brown residue.

UPLC-MSE Conditions and Data

Processing

The UPLC-ESI-QTOF-MS® system consisted of a Waters
ACQUITY I-class UPLC and Xevo G2-XS Q-TOF mass
spectrometer equipped with electrospray ionization (ESI)
source. Chromatographic separation was achieved using an

ACQUITY UPLC BEH Cl18 (2.1mm x 100mm, 1.7 pum,
Waters). The mobile phase consisted of solvent A (H,O
containing 0.1% formic acid, v/v) and solvent B (acetonitrile
containing 0.1% formic acid, v/v). The gradient program for
biosamples included three segments: 5-100% B from 0 to 15 min;
followed by 100-5% B from 15 to 17 min; and a postrun of 3 min
for column equilibration. The flow rate was 0.4 ml/min, and the
temperature was 30°C throughout the analysis.

The MS was operated in positive jonization mode across a scan
range of m/z 50 to 1,000, with a scan time of 0.2 s. Source parameters:
source temperature 150°C, cone gas 50 L/h, desolations temperature
450°C, and desolation gas flow 800 L/h. Argon (99.95%) was used for
collision-induced dissociation, and N, was used as the drift gas. The
low collision energy was set to 6 eV, and the high collision energy
was ramped from 12 to 25eV. MSE analysis was employed for
simultaneous acquisition of the exact mass of small molecules at high
and low collision energies.
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FIGURE 7 | Extracted ion chromatograms and mass spectrometry (MSF) spectra of M.

All data processing was performed using UNIFI 1.9 (Waters,
Manchester, United Kingdom). Components were identified
using the following 3D peak detection features: low-energy
limits of 150 and high-energy limits of 20, isotope clustering,
and high-to-low energy association within a 0.5 fraction of the
chromatographic and drift peak width, with a mass accuracy of
+2 mDa. The maximum number of allowed fragment ions per
match was set to 10.

Extraction and Isolation of Transformed
Products

Scale-up fermentations were also carried out according to the
standard two-stage procedure. Under the same temperature-
controlled shaking conditions, each 2000 ml flask contained
500 ml Sabouraud glucose liquid medium, and DHA (6 g) was
dissolved in MeOH at a concentration of 25 mg/ml and evenly
distributed in all flasks. After incubation for 14 days, mycelia and
broth were separated by filtration. The filtrate was extracted with

EtOAc (1:1, v/v) three times, and the extract was evaporated
under vacuum to produce a brown residue. The EtOAc extract
was fractionated by a Silica Flash Column using a gradient solvent
system of petroleum ether-EtOAc to afford 43 fractions (Fr. 1-Fr.
43) according to TLC analysis.

Fr. 15 (0.5 g) was subjected to a Chromatorex column and
eluted with a gradient solvent system of petroleum ether-EtOAc
to afford compound M1 (100 mg). Fr. 30 was separated by
recrystallization to obtain compound M9 (20 mg). Fr. 40 (1 g)
was separated over a CHORMATOREX column and eluted with
a gradient solvent system of petroleum ether-acetone to give 14
subfractions. Fr. 40-2 was subjected to thin layer preparation
plates to obtain compound M8 (80 mg).

Evaluation of Antimalarial Activity

Compounds M1, M8, and M9 were diluted in DMSO and
examined for antimalarial activity in vitro against the Pf. 3D7
clone. Artemisinin was used as a positive control drug. Inhibition
of plasmodium proliferation by different concentrations of
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FIGURE 8 | Extracted ion chromatograms and mass spectrometry (MSF) spectra of M7.

transformed products was determined according to a certain
formula, and the in vitro antimalarial activity of the drug was
evaluated with the ICs.

RESULTS

Analysis of the Microbial Transformation
DHA Products From C. elegans 40250

The microbial transformation products were identified with
UNIFI platform based on chromatographic and mass spectral
characteristics provided by reference substances DHA, such as
retention time, exact mass, quasi-molecular ions, in-source
fragments, characteristic fragments. A total of nine products
were found from C. elegans 40250, classified into hydroxylated
DHAs (DHA + O), hydroxylated and dehydrogenated DHAs

(DHA + O-H2), hydroxylated and dehydrated DHAs (DHA +
0-H2-0), deoxygenated DHA (DHA-O), and dehydrated DHA
(DHA-H2-0O). All identified products were listed in Table 1.
Extracted ion chromatograms and MS® spectra of DHA
biotransformation products were shown in Figure 1. Also
extracted ion chromatograms and MS" spectra of its products
were shown in Figures 2-10, respectively. The response strength
of nine products, which could partly estimate the transform yield
of compounds, is shown in Supplementary Figure S1.

DHA, the reference substance, was eluted at 7.27 min. Its
molecular ion [M + Na]™ was observed at m/z 307.1509. The
fragment ions at m/z 267.1590 and 249.1485 were generated by
the successive loss of water from /z 307.1509. The fragment ions
at m/z 221.1538 represented the loss of HCOOH from m/z
267.1590. The fragment ions at m/z 203.1432 resulted from
the loss of water from m/z 221.1538. Extracted ion
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FIGURE 9 | Extracted ion chromatograms and mass spectrometry (MSF) spectra of M8.

chromatograms and mass spectrometry (MS®) spectra of DHA
were shown in Figure 1.

Hydroxylated DHAs (DHA + O, M1-M4) were detected at
3.89, 4.31, 4.97, and 5.14 min. Their molecular ions [M + Na]*
were observed at m/z 323.1457, 323.1461, 323.1455, and
323.1450, respectively. They exhibited the same fragment ions.
The fragment ions at m/z 283, 265, and 247 were generated by the
successive loss of water from m1/z 323. The fragment ions at m/z
219 represented the loss of HCOOH from m/z 265. The fragment
ions at m/z 201 resulted from the loss of water from m/z 219.
Extracted ion chromatograms and mass spectrometry (MSF)
spectra of M1-M4 were shown in Figures 2-5, respectively.

Hydroxylated and dehydrogenated DHA (DHA + O-H2, M5)
was detected at 4.17 min. Its molecular ion [M + Na]® was
observed at m/z 321.1294. The fragment ions at m/z 249 and
231 were generated by the successive loss of water from m/z 267.
The fragment ions at m/z 221 represented the loss of HCOOH
from m/z 267 or the loss of CO from m/z 249. The fragment ions
at m/z 203 resulted from the loss of water from m/z 221. Extracted

ion chromatograms and mass spectrometry (MS") spectra of M5
were shown in Figure 6.

Hydroxylated and dehydrated DHAs (DHA + O-H20, M6-M?7)
were detected at 3.41 and 4.42 min, respectively. The molecular ions
[M + H]* were observed at m/z 283.1554. Consistent with DHA,
these products showed a series of fragment ions resulting from the
loss of H20, CO, or HCOOH, such as m/z 265, 247, 237, 219, and
201. The fragment ions at m/z 265 and 247 were generated by the
successive loss of water from m/z 283. The fragment ions at m/z 237
represented the loss of CO from m/z 265. Extracted ion
chromatograms and mass spectrometry (MSF) spectra of M6 and
M7 were shown in Figures 6-8, respectively.

Deoxygenated DHA (DHA-O, M8) and dehydrated DHA
(DHA-H20, M9) were detected at 7.16 and 8.65min,
respectively. Their molecular ions [M + Na]* were observed at
m/z 291.1564 and m/z 289.1405, respectively. They showed similar
fragment ions except with a 2 Da (a hydrogen atom) mass shift, such
as m/z 251, m/z 249, m/z 233, m/z 231, m/z 205, m/z 203, m/z 187,
and m/z 185. The fragment ions at m/z 251 and m/z 249 were
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FIGURE 10 | Extracted ion chromatograms and mass spectrometry (MSF) spectra of M9.

generated by the successive loss of water from m/z 291 and m/z 289,
respectively. The fragment ions at m/z 205 and m/z 203 represented
the loss of CO from m/z 233 and m/z 231, respectively. Their ions
exhibited the same mechanism resulting from the loss of CO or
H20. Extracted ion chromatograms and mass spectrometry (MS")
spectra of M8 and M9 were shown in Figures 9 and 10, respectively.

Furthermore, as a semiquantitative comparative chromatography
analysis, the relative contents of modified dihydroartemisinins
(M1-M9) were evaluated by mass spectral response abundance
data. As a result, M1 had the highest content of all compounds,
followed by M8 and M9. And the numerical results of response
provided the guidance for further isolation. The histogram of the
response of all DHA products is shown in Supplementary Figure S1.

Structural Elucidation of the Compounds

Isolated From MT1

Compound M1 colorless needles (from EtOAc and acetone). ESI-
HRMS caled. for [M + Na]*, C;sH,40¢Na, 323.1471; found m/z

323.1457. 'H and *C NMR data are shown in Table 2. The HSQC
spectrum showed correlations of H-12 (§ 5.39) with C-12 ( 90.4),
C10-OH (6 4.64) with C-10 (6 93.7), and H-7 (6 2.96) with C-7 (8
72.6), which supported compound M1 as a hydroxylation product.
The HMBC spectrum showed correlations of C10-OH (§ 4.64) with
C-8a (6 43.9), C-7 (8 72.6) and C-8 (§ 31.2), along with the
correlations of C-7 (§ 72.6) with H-14 (6 0.94) and H-15 (§
1.28). These spectral dates suggested that the hydroxylation
occurred at C-7. Moreover, the absolute configuration of the
hydroxylated group in the stereogenic carbon center was
determined to be B-OH by single-crystal X-ray diffraction
analysis (Scheme 2). A single crystal was obtained from EtOAc
and acetone by slow evaporation of the solvent at room temperature.
A colorless block-shaped crystal with dimensions of 0.20 x 0.15 x
0.10 mm’ was mounted. Data were collected using a Bruker APEX-
II CCD diffractometer operating at T = 150.0 K and measured and
scans using CuKa radiation. The maximum resolution achieved was
= 72.120° (0.81 A). The final completeness is 98.90% out to 72.120°
in. Crystal data: C;5H»,04 Mr = 300.34, triclinic, P1, a = 9.6563 (6)
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TABLE 2 | 'H NMR (600 MHz) and'*C NMR (150 MHz) data of three compounds (&: ppm).

Compound M1 (DMSO-dg)

Position oy W dc
in Hz)
3 103.67
4 36.48
5 24.78
5a 1.31-1.35 (dd, 23,13) 49.46
6 1.55-1.58 (m) 43.17
7 2.96 (s) 72.60
8 31.22
8a 43.87
9 33.97
10 4.64 (s) 93.74
12 5.39 (s) 90.41
12a 80.18
13 1.28 (s) 26.11
14 0.94 (d) 15.95
15 0.78 (d, 6.3) 13.30
10-OH 6.41 (d, 6.8)
7-OH 464 (d, J=4.9Hz)

Compound M8 (CDCly) Compound M9 (CDCl3)

SCHEME 2 | X-ray crystal structures of compound M1.

A,b=9.9540 (6) A, c = 15.6044 (9) A, a = 93.832 (3)", f = 90.860 (3)’,
y=102.948 (3)°, V = 1,457.78 (15) A3, Z = 4, Z’ = 4, (CuKa) = 0.875,
28521 reflections measured, 10327 unique (Rint = 0.0363), which
were used in all calculations. The final wR2 was 0.1013 (all data), and
R1 was 0.0383 (I = 2 (I)). Crystallographic data of compound M1
have been deposited to CCDC (http://www.ccde.cam.ac.uk, No.
CCDC 2039245). Thus, the structure of compound M1 was
elucidated as 7-hydroxydihydroartemisinin.

Compound M8 white powder (EtOAc). ESI-HRMS calcd. for
[M + Na]*, C,sH,40,4Na, 291.1572; found m/z 291.1564. 'H and
C NMR data are shown in Table 2. The data supported the
compound M8 was 1-deoxydihydroartemisinin (Han and Lee,
2017).

Compound M9 white powder (EtOAc). ESI-HRMS calcd. for
M + H]*, CsH,,04H, 267.1596; found m/z 267.1589. HR-ESI-
MS: [M + H]" at m/z at 267.1589 (calcd. for C;sH,,0,). 'H and

o W ¢ oy W ¢
in Hz) in Hz)
107.08 108.20
1.56 (M) 33.27 1.72 (1),1.56 (m) 32.96
1.65 (m) 21.05 1.84 (d) 21.01
44.65 43.61
34.34 34.34
1.14 (m) 33.57 1.72 (t), 1.04 (m) 32.44
21.78 1.84 (d), 0.94 (1) 22.51
40.34 1.94 (d) 41.41
2.26 (m) 33.00 3.12 (m) 31.75
95.99 170.82
5.28 (d) 95.13 5.63 (s) 98.62
81.44 81.38
0.94 (d) 23.37 1.46 (s) 22.96
0.83 (d) 17.77 0.87 (d) 17.57
1.47 (s) 13.93 1.13 (d) 11.61
4.71 (t, 6.4)

>C NMR data are shown in Table 2. The data supported the
compound M9 was 1-deoxyartemisinin (Lee et al., 1989).

Compared the Products M1, M8, and M9
With Metabolites in Erythrocytes

Based on the analysis results of DHA metabolites in vivo, the
three products from C. elegans 40250 were compared with in vivo
metabolites by UPLC-ESI-Q-TOF-MSF. The retention time and
the mass behavior, such as exact mass, quasi-molecular ions, in-
source fragments, and characteristic fragments, are compared to
confirm the consistency. The results revealed that M1, M8, and
M9 were the common metabolites of DHA in erythrocyte. The
extracted ion chromatograms and mass spectrometry (MS")
spectra of products M1, M8, and M9 and the metabolites of
DHA in red blood cells were shown in Figure 11.

Antimalarial Activity in vitro

The positive control drug artemisinin exhibited in vitro
antimalarial activity against Pf 3D7 with an ICsy (50%
inhibition concentration) value of 11 nM. Compound M1 was
indicated to exhibit in vitro antimalarial activity against Pf. 3D7
with an ICs, value of 133 nM. Compound M8 and M9 showed no
activity against Pf. 3D7.

DISCUSSION

As known, considering the low concentrations and complex
detection background, it is a bottleneck for exploring the drug
metabolism in erythrocytes. Drugs accumulated in cells are
difficult to meet the demand for analysis and isolation.
Compared with the traditional metabolism research model
in vitro, microbial transformation can mimic mammal
metabolic action according to the similar CYP 450s in
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FIGURE 11 | Extracted ion chromatograms and mass spectrometry (MS®) spectra of products M1, M8, and M9 and the metabolites of DHA in red blood cells.

microorganisms with the advantage of metabolites accumulation
eco-friendly and affordably. Herein, the C. elegans was chosen as
an applicable model in vitro for studying DHA metabolism in red
blood cells based on the previous research foundation (the
experimental data were unpublished). Artemisinin and its
derivatives are the first-line antimalarial agents for saving

millions of people’s life. There are four drugs derived from

artemisinin,

including DHA, artemether, arteether, and

artesunate. Given the ICs, value of antimalarial activity against
Pf. 3D7 in vitro, the derivatives showed better antimalarial activity

than

artemisinin, at 4-6 nM approximately, while the value of

artemisinin is at 12 nM (Kreidenweiss et al., 2008; Reiter et al.,
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2015). In this work, the antimalarial metabolite M1 exhibited less
active against Pf. 3D7 in vitro, for about a 10th of the activity of
artemisinin and a 20th of DHA. However, the antimalarial
mechanism of artemisinin and its derivatives are not definitely
clear. The metabolite M1 was the first active metabolite
discovered in red blood cells, where is the actual site the
parasites live and the drug works. Therefore, it is significant
for developing novel active metabolite agents and helpful for
further antimalarial mechanism research. In particular, the
microbial transformation provided a green and powerful
approach for preparing the active metabolites.

Liquid chromatography mass spectrometry (LC-MS) is a
powerful method for the analysis of compounds, and is
increasingly used as a sensitive and efficient tool for
metabolite profiling in natural plants or bodies. The numerical
results of response, closely related to the conversion rate of the
transformation products, were meaningful to guide for isolation
work. Herein, UPLC-Q-TOF-MS" was employed for predicting
and identifying biotransformation products of DHA. Although
there were nine compounds discovered and analyzed by MSF,
only compounds M1, M8, and M9, the top three high response
values, were gained by isolation. Therefore, how to increase the
conversion rate from substrates to hydroxylation products is one
of the significant for further research. Additionally, to satisfy the
need of microbial transformation, the purity of DHA was
detected, and the HPLC profile of DHA has been shown in
Supplementary Figure S2. The two isoforms, a-DHA and -
DHA, are the two peaks in the graph, respectively.

Artemisinin and its derivatives are excellent antimalarial
agents due to the unique peroxide bridge. The mechanism of
antimalarial action research indicated that the hallmark of
artemisinin activation is the generation of highly reactive
carbon-centered radicals via endoperoxide cleavage (O’'Neill
et al, 2010). And 1-deoxidation products were found to be
inactive against P. falciparum 3D7 strain due to the cleavage
of peroxy linkage (Tu, 2011; Kumari et al, 2018; Yang et al,
2020). Furthermore, the in vitro experiments verify the above
conclusion.

CONCLUSION

Microorganisms can mimic mammal metabolism to synthesize
metabolites in an environmentally friendly manner. Herein,
microbial transformation by C. elegans.40250 was first
employed as a biotransformation tool to gain metabolites that
were discovered in erythrocyte. Finally, nine products were
detected from microbial system by UPLC-ESI-Q-TOF-MSF,
and three intracellular metabolic products were isolated and
identified for the first time. Moreover, compound M1 was a
novel antimalarial component, with an antimalarial activity ICs,
value of 133 nM. In conclusion, the biotransformation of DHA by
Cunninghamella proved to be an effective procedure for the

Metabolites in Erythrocytes of Dihydroartemisinin

investigation of metabolism, especially with the advantage of
accumulating metabolites, and one intracellular metabolite of
DHA with antimalarial activity was the first time to discover.

DATA AVAILABILITY STATEMENT

The original contributions presented in the study are included in
the article/Supplementary Material, further inquiries can be
directed to the corresponding authors.

ETHICS STATEMENT

The animal study was reviewed and approved by the Institute of
Chinese Meteria Medica, Academy of Chinese Medical Sciences.
Written informed consent was obtained from the owners for the
participation of their animals in this study.

AUTHOR CONTRIBUTIONS

Conceptualization, YM; methodology, investigation and original
draft preparation, YB and YZ; activity evaluation, XG; data
analysis, DZ; writing—review and editing, PS; funding
acquisition, YM and LY; All authors have read and agreed to
the published version of the manuscript.

FUNDING

This research was funded by the Beijing Natural Science
Foundation (grant number 7214292), the National Natural
Science Foundation of China (grant number 82104516 and
82141004), the Fundamental Research Funds for the Central
Public Welfare Research Institutes (grant number ZZ14-
YQ-054 and ZZ13-YQ-098), and the Scientific and
Technological Innovation Project of China Academy of
Chinese Medical Sciences (CI2021A05053).

ACKNOWLEDGMENTS

Thanks to Professor Huimin Gao from the Institute of Chinese
Materia Medica, China Academy of Chinese Medical Sciences, for
critical review of this manuscript.

SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found online at:
https://www.frontiersin.org/articles/10.3389/fchem.2022.850133/
full#supplementary-material

Frontiers in Chemistry | www.frontiersin.org

46

April 2022 | Volume 10 | Article 850133


https://www.frontiersin.org/articles/10.3389/fchem.2022.850133/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fchem.2022.850133/full#supplementary-material
https://www.frontiersin.org/journals/chemistry
www.frontiersin.org
https://www.frontiersin.org/journals/chemistry#articles

Bai et al.

REFERENCES

Asha, S., and Vidyavathi, M. (2009). Cunninghamella - A Microbial Model for
Drug Metabolism Studies - A Review. Biotechnol. Adv. 27,16-29. doi:10.1016/j.
biotechadv.2008.07.005

Bai, Y., Zhang, D., Sun, P, Zhao, Y., Chang, X., Ma, Y., et al. (2019). Evaluation of
Microbial Transformation of 10-deoxoartemisinin by UPLC-ESI-Q-TOF-MSE.
Molecules 24, 3874. doi:10.3390/molecules24213874

Han, F.,, and Lee, L.-S. (2016). Microbial Transformation of the Antimalarial
Sesquiterpene Endoperoxide Dihydroartemisinin. Nat. Product. Res. 31,
883-889. doi:10.1080/14786419.2016.1250092

Han, F., and Lee, 1. S. (2017). Microbial Transformation of the Antimalarial
Sesquiterpene Endoperoxide Dihydroartemisinin. Nat. Prod. Res. 31 (8),
883-889. doi:10.1080/14786419.2016.1250092

Hu, Y., Highet, R. J., Marion, D., and Ziffer, H. (1991). Microbial Hydroxylation of
a Dihydroartemisinin Derivative. J. Chem. Soc. Chem. Commun. 17,1176-1177.
d0i:10.1039/C39910001176

Kreidenweiss, A., Kremsner, P. G., and Mordmiiller, B. (2008). Comprehensive Study of
Proteasome Inhibitors against Plasmodium Falciparum Laboratory Strains and Field
Isolates from Gabon. Malar. J. 7, 187. doi:10.1186/1475-2875-7-187

Kumari, A., Karnatak, M., Singh, D., Shankar, R., Jat, J. L., Sharma, S., et al. (2018).
Current Scenario of Artemisinin and its Analogues for Antimalarial Activity.
Eur. ]. Med. Chem. 163, 804-829. doi:10.1016/j.ejmech.2018.12.007

Lee, L.-S., ElSohly, H. N., Croom, E. M., and Hufford, C. D. (1989). Microbial
Metabolism Studies of the Antimalarial Sesquiterpene Artemisinin. J. Nat. Prod.
52 (2), 337-341. doi:10.1021/np50062a020

Li, Y.-N., Fan, M.-L,, Liu, H.-Q., Ma, B, Dai, W.-L,, Yu, B.-Y,, et al. (2019).
Dihydroartemisinin Derivative DC32 Inhibits Inflammatory Response in
Osteoarthritic Synovium through Regulating Nrf2/NF-Kb Pathway. Int.
Immunopharmacology 74, 105701. doi:10.1016/j.intimp.2019.105701

Ma, Y., Sun, P, Zhao, Y., Wang, K., Chang, X,, Bai, Y., et al. (2019a). A Microbial
Transformation Model for Simulating Mammal Metabolism of Artemisinin.
Molecules 24, 315. doi:10.3390/molecules24020315

Ma, Y., Zhu, Y., Zhang, D., Meng, Y., Tang, T., Wang, K., et al. (2019b). Eco-
friendly Decarboxylative Cyclization in Water: Practical Access to the Anti-
malarial 4-quinolones. Green. Chem. 21, 478-482. doi:10.1039/C8GC03570A

O’Neill, P. M., Barton, V. E., and Ward, S. A. (2010). The Molecular Mechanism of
Action of Artemisinin-The Debate Continues. Molecules 15 (3), 1705-1721.
doi:10.3390/molecules15031705

Parshikov, I. A., Muraleedharan, K. M., Avery, M. A., and Williamson, J. S. (2004).
Transformation of Artemisinin by Cunninghamella Elegans. Appl. Microbiol.
Biotechnol. 64 (6), 782-786. d0i:10.1007/s00253-003-1524-z

Reiter, C., Frohlich, T., Gruber, L., Hutterer, C., Marschall, M., Voigtlander, C., et al.
(2015). Highly Potent Artemisinin-Derived Dimers and Trimers: Synthesis and
Evaluation of Their Antimalarial, Antileukemia and Antiviral Activities. Bioorg.
Med. Chem. 23 (17), 5452-5458. doi:10.1016/j.bmc.2015.07.048

Tu, Y. (2016). Artemisinin-A Gift from Traditional Chinese Medicine to the World
(Nobel Lecture). Angew. Chem. Int. Ed. 55, 10210-10226. doi:10.1002/anie.
201601967

Metabolites in Erythrocytes of Dihydroartemisinin

Tu, Y. (2011). The Discovery of Artemisinin (Qinghaosu) and Gifts from
Chinese Medicine. Nat. Med. 17, 1217-1220. doi:10.1038/nm.2471

Tu, Y. Y. (2009). “Dihydroartemisinin,” in Artemisinin and Artemisinin Drugs
(Beijing, China: Beijing Chemical Industry Press), 187-191.

Wang, D., Zhong, B., Li, Y., and Liu, X. (2018). Dihydroartemisinin Increases
Apoptosis of colon Cancer Cells through Targeting Janus Kinase 2/signal
Transducer and Activator of Transcription 3 Signaling. Oncol. Lett. 15,
1949-1954. doi:10.3892/01.2017.7502

Wang, X., Xu, C. C., and Liu, J. H. (2013). Optimization of the Biotransformation
Medium of Dihydroartemisinin. Nat. Prod. Res. Dev. 25, 1690-1695. doi:10.
14233/ajchem.2013.0h20

World Health Organization (2020). World Malaria Report. Available at: https://
apps.who.int/iris/handle/10665/330011.

Yang, J., He, Y., Li, Y., Zhang, X., Wong, Y.-K., Shen, S., et al. (2020).
Advances in the Research on the Targets of Anti-malaria Actions of
Artemisinin. Pharmacol. Ther. 216, 107697. doi:10.1016/j.pharmthera.
2020.107697

Yang, L, and Zhang, D. (2017). Summary of Dihydroartemisinin and its
Application for the Treatment of Lupus Erythematosus. Chin. Sci. Bull. 62,
2007-2012. doi:10.1360/N972017-00172

Zhan, Y., Wu, Y., Xu, F,, Bai, Y., Guan, Y., Williamson, J. S., et al. (2017). A
Novel Dihydroxylated Derivative of Artemisinin from Microbial
Transformation. Fitoterapia 120, 93-97. doi:10.1016/j.fitote.2017.
05.015

Zhang, T., Zhang, Y., Jiang, N., Zhao, X., Sang, X., Yang, N., et al. (2020).
Dihydroartemisinin Regulates the Immune System by Promotion of CD8+
T Lymphocytes and Suppression of B Cell Responses. Sci. China Life Sci. 63,
737-749. doi:10.1007/s11427-019-9550-4

Zhao, Y., Sun, P, Ma, Y., Chang, X,, Chen, X,, Ji, X,, et al. (2021). Metabolite
Profiling of Dihydroartemisinin in Blood of Plasmodium-Infected and Healthy
Mice Using UPLC-Q-TOF-MSE. Front. Pharmacol. 11, 614159. doi:10.3389/
fphar.2020.614159

Conflict of Interest: The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be construed as a
potential conflict of interest.

Publisher’s Note: All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated organizations, or those of
the publisher, the editors, and the reviewers. Any product that may be evaluated in
this article, or claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.

Copyright © 2022 Bai, Zhao, Gao, Zhang, Ma, Yang and Sun. This is an open-access
article distributed under the terms of the Creative Commons Attribution License (CC
BY). The use, distribution or reproduction in other forums is permitted, provided the
original author(s) and the copyright owner(s) are credited and that the original
publication in this journal is cited, in accordance with accepted academic practice.
No use, distribution or reproduction is permitted which does not comply with
these terms.

Frontiers in Chemistry | www.frontiersin.org

47

April 2022 | Volume 10 | Article 850133


https://doi.org/10.1016/j.biotechadv.2008.07.005
https://doi.org/10.1016/j.biotechadv.2008.07.005
https://doi.org/10.3390/molecules24213874
https://doi.org/10.1080/14786419.2016.1250092
https://doi.org/10.1080/14786419.2016.1250092
https://doi.org/10.1039/C39910001176
https://doi.org/10.1186/1475-2875-7-187
https://doi.org/10.1016/j.ejmech.2018.12.007
https://doi.org/10.1021/np50062a020
https://doi.org/10.1016/j.intimp.2019.105701
https://doi.org/10.3390/molecules24020315
https://doi.org/10.1039/C8GC03570A
https://doi.org/10.3390/molecules15031705
https://doi.org/10.1007/s00253-003-1524-z
https://doi.org/10.1016/j.bmc.2015.07.048
https://doi.org/10.1002/anie.201601967
https://doi.org/10.1002/anie.201601967
https://doi.org/10.1038/nm.2471
https://doi.org/10.3892/ol.2017.7502
https://doi.org/10.14233/ajchem.2013.oh20
https://doi.org/10.14233/ajchem.2013.oh20
https://apps.who.int/iris/handle/10665/330011
https://apps.who.int/iris/handle/10665/330011
https://doi.org/10.1016/j.pharmthera.2020.107697
https://doi.org/10.1016/j.pharmthera.2020.107697
https://doi.org/10.1360/N972017-00172
https://doi.org/10.1016/j.fitote.2017.05.015
https://doi.org/10.1016/j.fitote.2017.05.015
https://doi.org/10.1007/s11427-019-9550-4
https://doi.org/10.3389/fphar.2020.614159
https://doi.org/10.3389/fphar.2020.614159
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/chemistry
www.frontiersin.org
https://www.frontiersin.org/journals/chemistry#articles

& frontiers | Frontiers in Chemistry

ORIGINAL RESEARCH
published: 26 April 2022
doi: 10.3389/fchem.2022.867806

OPEN ACCESS

Edited by:
Simone Brogi,
University of Pisa, ltaly

Reviewed by:

David Morales-Morales,

Instituto de Quimica, Universidad
Nacional Auténoma de México,
Mexico

Kevin Alan Lobb,

Rhodes University, South Africa
Michal Szostak,

Rutgers University, United States

*Correspondence:
Mengqi Chen
479820476@qq.com
Weimin Song
gongyishi@126.com
Zhiyong Wu
zhiyongwu@henau.edu.cn

Specialty section:

This article was submitted to
Organic Chemistry,

a section of the journal
Frontiers in Chemistry

Received: 01 February 2022
Accepted: 09 March 2022
Published: 26 April 2022

Citation:

Wang Y, Shen H, Qiu J, Chen M,
Song W, Zzhao M, Wang L, Bai F,
Wang H and Wu Z (2022) Copper-
Promoted Hiyama Cross-Coupling of
Arylsilanes With Thiuram Reagents: A
Facile Synthesis of

Aryl Dithiocarbamates.

Front. Chem. 10:867806.

doi: 10.3389/fchem.2022.867806

Check for
updates

Copper-Promoted Hiyama
Cross-Coupling of Arylsilanes With
Thiuram Reagents: A Facile Synthesis
of Aryl Dithiocarbamates

Yiying Wang', Hongtao Shen?, Jianhua Qiu?, Mengqi Chen?®*, Weimin Song?*,
Mingqin Zhao', Longfei Wang', Feng Bai®, Hongxia Wang? and Zhiyong Wu*
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We report herein a facile Hiyama cross-coupling reaction of arylsilanes with thiuram
reagents (tetraalkylthiuram disulfides or tetraalkylthiuram monosulfide) enabled by
copper fluoride. Compared to our previous work, this protocol is an alternative
protocol for the generation of S-aryl dithiocarbamates. It features low toxic and readily
available substrates, cost-effective promoter, easy performance, and provides good
yields.

Keywords: Hiyama cross-coupling, arylsilanes, thiuram reagents, C-S bond formation, aryl dithiocarbamates

INTRODUCTION

Transition-metal-catalyzed cross-coupling reactions have been found broad applications for the
construction of carbon-carbon and carbon-heteroatom bonds enable the facile preparation of more
complex molecules (Miyaura, 2002; Magano and Dunetz, 2011; Negishi, 2011; Suzuki, 2011; Guo and
Rueping, 2018; Zhang et al., 2020). In 1972, Kumada and Tamao (Tamao et al., 1972) reported the
cross-coupling reaction of Grignard reagents (RMgX) with organic halides (R'X) catalyzed by nickel/
phosphine system. From then on, a wide range of organometallic reagents such as lithium
(Yamamura et al, 1975; Murahashi et al., 1979), aluminum (Negishi et al., 1978), zinc (Sekiya
and Ishikawa, 1976; King et al., 1977; Negishi and Van Horn, 1977; Negishi, 2011), zirconium
(Negishi et al., 1977; Okukado et al., 1978) and tin (Milstein and Stille, 1979a; Milstein et al., 1979b)
have emerged and exerted a ubiquitous influence on the synthesis community. However, their
instability, air and moisture sensitivity and the production of corrosive halogen wastes are
disadvantageous from both synthetic and environmental points of view. In addition to these
well-established organometallic reagents, the silicon reagent which was developed by Hiyama
and co-workers, is an alternative and attractive coupling partner for cross-coupling reactions
(the so-called Hiyama cross-coupling) (Nakao and Hiyama, 2011; Sore et al, 2012; Denmark
and Ambrosi, 2015; Komiyama et al, 2016). Generally, organosilicon reagents exhibit some
remarkable advantages such as non-toxicity, high stability, good tolerance toward various
functional groups and natural abundance of silicon. In the overpast several decades, significant
advances on transition-metal-catalyzed Hiyama cross-coupling have been achieved (Nareddy et al.,
2017; Nareddy et al., 2018; Gonzalez et al., 2019; Han et al., 2019; Zhang et al., 2019; Idris and Lee,
2020; Lu et al., 2020; Wu et al., 2021), nevertheless, the diverse applications of this methodology are
still less explored and worthy of in-depth exploration under the concept of green chemistry.
Thiuram reagents (tetraalkylthiuram disulfides TMTD, or tetraalkylthiuram monosulfide
TMTM) are cheap and stable organosulfur compounds which can be widely used in biologically
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SCHEME 1 | Different methodologies for the synthesis of aryl dithiocarbamates.

active compounds, agricultural pesticides and vulcanization
accelerators (Enders et al, 2010), and also act as readily
available sulfur reagents in organic synthesis. (Zeng et al,
2017a; Zeng et al, 2017b; Wu and Yan, 2019). Among them,
organic dithiocarbamates have been extensively investigated for
their outstanding biological activities (Hou et al., 2006; Zou et al.,
2014; Liénard et al., 2008; Horita et al., 2011) and synthetic value
(Boas et al., 2004; Derouet et al., 2009; Wults and Greene, 2007;
Zhang et al., 2005). Hence, much attention has been paid to the
development of highly efficient and convenient methods for the
construction of such scaffolds. Traditionally, the portion of S-aryl
dithiocarbamates was prepared through the reactions of classical
organometallic reagents with tetramethyllitium disulfide (Jen and
Cava, 1982; Knochel et al., 2006) (Scheme 1A). The reactions of
sodium dialkyldithiocarbamates with diaryliodonium salts (Chen
et al., 1987), aryl halide (Liu and Bao, 2007) or aryl boronic acid

(Gao et al.,, 2018) were also proved to be an effective strategy
(Scheme 1B). Recently, the three-component reactions of amines,
carbon disulfide, and diverse electrophiles including alkyl halides
(Azizi et al, 2006), aryl halides (Bhadra et al, 2008),
aryldiazonium fluoroborates (Chatterjee et al., 2011),
pentafluorobenzonitrile (Yin et al., 2015), and phenylboronic
acid (Qi et al, 2016) (Scheme 1C) have been achieved by
some research groups. Moreover, the cross-coupling reactions
of tetraalkylthiuram disulfide with aryl iodide (Dong et al., 2017;
Cao et al, 2018; Wu and Yan, 2019), phenylboronic acid (Xu
et al, 2018), diaryl disulfides (Peng et al, 2019), or
diaryliodonium salts (Zeng et al., 2017b) were also successively
established by some chemists (Scheme 1D). However, these
methods always suffer from one or more disadvantages such
as toxic reagents, multiple reaction steps or flammable and
explosive substrates, which limit their applications. To our
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TABLE 1 | Optimization of reaction conditions @,

C-S Bond Cross-Coupling

Me
Si(OMe) i ,Yle diti S ’ll
3 conaitions =
©/ , Me. S/STN\M‘? ©/ N Me
I S
Me S
1a 2a 3a
Entry Promoter Ligand (Equiv.) Solvent T (°C) Yields of
3a (%)°
1° CuF2 - Toluene 120 22
2 - - Toluene 120 0
3 CuF2 - Toluene 120 23
4 CoCl2 - Toluene 120 0
5 CuF2 bipyridine (2) Toluene 120 61
6 CuF2 1,10-phenanthroline (2) Toluene 120 82
7 CuF2 pyridine (2) Toluene 120 78
8 CuF2 N,N,N’,N'-tetramethylethylenediamine (2) Toluene 120 0
9 CuF2 2,2".6',2"-terpyridine (2) Toluene 120 43
10 CuF2 (R,R)-2,2’-(2,6-pyridinediyl)bis (4-isopropyl-2-oxazoline (2) Toluene 120 39
11 CuF2 8-benzoylaminoquinoline (2) Toluene 120 76
12 CuF2 1,2-bis(diphenylphosphino)ethane (2) Toluene 120 <5
13 CuF2 2,2'-pis(diphenylphosphino)-1,1’-biphenyl (2) Toluene 120 <5
14 CuF2 1,1'-bis(diphenylphosphino)ferrocene (2) Toluene 120 <5
15 CuF2 (R)-(+)-2,2"-bis(diphenylphosphino)-1,1’-binaphthy! (2) Toluene 120 1
16 AgF 1,10-phenanthroline (2) Toluene 120 0
17 CsF 1,10-phenanthroline (2) Toluene 120 0
18 CuF2 1,10-phenanthroline (2) Xylene 120 38
19 CuF2 1,10-phenanthroline (2) Msitylene 120 43
20 CuF2 1,10-phenanthroline (2) 1,4-Dioxane 120 20
21 CuF2 1,10-phenanthroline (2) Acetonitrile 120 42
22 CuF2 1,10-phenanthroline (2) DMF 120 0
23 CuF2 1,10-phenanthroline (2) DMSO 120 0
24 CuF2 1,10-phenanthroline (3) Toluene 120 58
25 CuF2 1,10-phenanthroline (0.5) Toluene 120 74
26 CuF2 1,10-phenanthroline (2) Toluene 120 37
274 CuF2 1,10-phenanthroline (2) Toluene 120 55
28° CuF2 1,10-phenanthroline (2) Toluene 120 26
29 CuF2 1,10-phenanthroline (2) Toluene 100 85
30 CuF2 1,10-phenanthroline (2) Toluene 80 88
31 CuF2 1,10-phenanthroline (2) Toluene 60 59
32 CuF2 1,10-phenanthroline (2) Toluene 120 84
339 CuF2 1,10-phenanthroline (2) Toluene 120 54

aTrimethoxy (phenyl)silane 1a (0.10 mmol), Tetramethylthiuram disulfide 2a (0.20 mmol), promoter (3.0 equiv.), and Toluene (1 ml) for 16 h, under air.

blsolated yields.

€20 mol% of CoCl2 was added.
9Promoter (4.0 equiv.).
°Promoter (2.0 equiv.).

24 h.

948 h.

knowledge, the synthesis of S-aryl dithiocarbamates using
thiuram reagents (tetraalkylthiuram disulfides (TATD), or
tetraalkylthiuram monosulfide (TATM)) and arylsilanes as the
coupling partners has not been documented so far. As a
continuation of our interest in the cross-coupling of
tetraalkylthiuram disulfide (Wu et al., 2018; Lai et al.,, 2019a;
Cheng et al., 2019; Hu et al., 2020), herein we wish to report the
first example of copper-mediated C-S bond construction by
cross-coupling of arylsilanes with thiuram reagents (TATD or
TMTM) in the presence of CuF2 and N ligand (Scheme 1E),
which would be an alternative way for the synthesis of S-aryl
dithiocarbamates.

RESULT AND DISCUSSION

Initially, the reaction parameters were optimized using
trimethoxy  (phenyl)silane (la) and tetramethylthiuram
disulfide (TMTD, 2a), and the results were summarized in
Table 1. Firstly, the reaction of la (0.l mmol) and 2a
(0.2 mmol) was performed in the presence of CuF2 (3 equiv.)
together with 20 mol% of CoCl2 in Toluene at 120°C. To our
delight, the initial reaction conditions provided the desired
product 3a (phenyl dimethylcarbamodithioate) in 22% vyield
(Table 1, entry 1). The exact structure of 3a was confirmed by
NMR and HRMS spectra. When the reaction was carried out in
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TABLE 2 | Reactions of arylsilanes 1) with tetramethyithiuram disulfide (2a) 2°.

C-S Bond Cross-Coupling

Me
Xy SHOMe)s e i S '\R/lle 1,10—ph(;:2$1t(:rjl?:;v(-; equiv.) N Sj(’{"l\/le
R{)/ ’ ,\’T/ll ° T e Toluene, 80 °C, 16 h TN S
e S
1 2a 3
|\|/|e l\l/le I\l/le l\l/le
©/STN‘Me /©/STN‘Me /©/STN\Me /@STN‘Me
S Me S MeO S ‘Bu S
3a, 88% 3b, 72% 3¢, 65% 3d, 71%
I\l/le l\l/le I\l/le l\l/le
Me\Ej/S\[(N\Me MGOOSTN\Me Me\@[STN\Me /©/S\H/N\Me
S S MeS Cl S
3e, 43% 3f, 55% 39, 54% 3h, 93%
'Yle l\l/le |\|/|e 'Yle
/@STN\M‘? CI\©/STN\Me F\©/STN\MG \/©/SYN‘Me
£ S S S N S
3i,78% 3j, 57% 3k, 83% 31, 52%

O Me l\l/le
|
S _N.
Y e Y
S \ (6] S

3m, 72% 3n, 62%

a1 (0.1 mmol), 2a (0.2 mmol), CuF2 (3 equiv.), 1,10-phenanthroline (2 equiv.), Toluene (1 mi), 80°C, 16 h, under air.

blsolated yields.

the absence of CuF2, it didn’t produce any products (Table 1,
entries 2 and 4). However, the reaction gave 23% yield of product
3a when CoCl2 was removed from the reaction system (Table 1,
entry 3). The control experiment clearly indicated that CuF2 was
indispensable for this reaction. Inspired by the reported literature
(Clarke., 2005; McManus et al., 2006; Fihri et al., 2007; Hachiya
et al.,, 2010; Wu et al., 2016; Sahani et al., 2018; Luo et al., 2020),
some nitrogen and phosphorus ligands were screened (Table 1,
entries 5-15, 0-78%), and 1, 10-phenanthroline was proved to be
the optimized N ligand, affording the product 3a in 82% yield
(Table 1, entry 6). Subsequently, other fluoride activators for the
C-Si bond cleavage were evaluated in this reaction (Table 1,
entries 16-17), but all of them turned out to be invalid. The effect
of solvents such as Xylene, Mesitylene, 1,4-Dioxane, Acetonitrile,
DMF and DMSO were also examined, and the experimental
results showed that Toluene was the most suitable candidate with
remarkably higher yields (Table 1, entry 6 vs entries 18-23, 82%
vs 0-43%). Furthermore, the effect of CuF2 and N ligand loading

was investigated (Table 1, entries 24-28, 26-74%). The obtained
results revealed that a relatively lower reaction efficiency was
detected in these reactions. Further optimization indicated that
the temperature also played an important role in this
transformation, and 80°C was identified as the ideal reaction
temperature (Table 1, entry 6 and entries 29-31, 88% vs 59-85%).
Meanwhile, the reaction time was also examined (Table 1, entries
32-33, 54-84%), and 16 h was found to be the best choice. Thus,
the reaction efficiently proceeded when 3 equiv. of CuF2 was used
in combination with 1,10-phenanthroline (2 equiv.) in Toluene at
80°C for 16h. Noteworthily, the combination CuF2/
phenantroline acted as the activator of C-Si bond, and also
acted as the promoter on the formation of C-S bond.

Having the optimized conditions in hand, we then proceeded
to explore the scope of the reaction with respect to both the
organosilane reagents and the thiuram disulfides (Table 2 and
Table 3). Generally, phenylsilanes bearing diverse substituents
such as methyl, methoxyl, tert-butyl, chloro and fluoro groups
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TABLE 3 | Reactions of arylsilanes 1) with tetraalkylthiuram disulfides (2) *®.

R2
SiOMs) S 32 CuF, (3 equiv.), s. N
i e)s 2 _ ; ; A “R2
R1—:\ . R\NkS/SYN\RZ 1,10 phenanthrollne(Zequw.)= R1—:<>/ T R
= R2 a Toluene, 80 °C, 16 h =~ S
1 2 4
Et IIEt llzt llzt
[
N. S N. S N.
Yy ore Ore (Jre
S S S
S Me MeO Bu
4a, 67% 4b, 61% 4c, 74% 4d, 39%
IT:t Ilzt IlEt Ilzt
Me S N. N. N S N
ot T oyt O
S S S
MeS Cl
4e, 59% 4f, 79% 49, 58% 4h, 85%
%t Ilzt Et llzt
|
S N. Cl S N. S N.
E TR YOy e E
E S S S N S
4i, 60% 4j, 60% 4k, 66% a1, 73%
O Et Et "Bu "Bu
| |
S N. S N
Y Y e e e
S N0 s S S
Me
4m, 59% 4n, 47% 40, 46% 4p, 52%
TBu
N
oy
S
MeO
4q, 59%

a1 (0.170 mmol), 2 (0.20 mmol), CuF2 (3 equiv.), 1,10-phenanthroline (2 equiv.), Toluene (1 ml), 80°C, 16 h.
Pisolated yields.

Me
; S S CuF;, (3 equiv.), N
©/SI(OM6)3 + Meo U me 1,10-phenanthroline (2 equiv.) ©/S\H/ "Me
"NT ST N P S
l\llle l\llle Toluene, 80 °C, 16 h
1a 5 3a, 46% yield

SCHEME 2 | Initial cross-coupling reaction of trimethoxy (phenyl)silane and TMTM aP_ 4 Reaction conditions: 1 (0.10 mmoal), 5 (0.20 mmol), CuF2 (8 equiv.), 1,10-
phenanthroline (2 equiv.), Toluene (1 ml), 80°C, 16 h b Isolated yields.
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C-S Bond Cross-Coupling

A
Si(OMe) )SJ\ '\'/Ie
M) Me S._N
(Y Ao,
Me S
1a 2a
B
Me. 2SOk Nz
JL + SN Me
Ph™ “Ph Me s
1,1-Diphenylethylene 2a
’ X
Si(OMe) Me. Me
P NN
Me Me
1a 5
D S s
J\ " Me‘NJ\SJ\N Me
Ph™ “Ph N/le Me
5
SCHEME 3 | Mechanistic experiments.

Me
|
standard conditions S\I(N Me
e e
S
3a
standard conditions ji/ |
e
Ph X S\[(N\
S
6, 29% yield
Me
|
standard conditions S\WN Me
S
3a
Ph [
standard conditions J\/
Ph X S\H/N\
S
6, N.D.

offered the desired products in moderate to good yields. Notably,
this reaction tolerated the electron-rich arylsilanes (Table 2, 3b-
g), as (4-methylphenyl) trimethoxylsilane, (4-methoxyphenyl)
trimethoxylsilane and (4-(tert-butyl)phenyl) trimethoxylsilane
coupled efficiently with tetramethylthiuram disulfide 2a to give
3b-d in 65-72% yields. When methyl, methoxyl, were introduced
into the meta position of phenylsiloxanes, slight lower yields were
obtained (3e-g, 43-55%), which may be caused by steric
hindrance effect. Excellent vyields were got for electron-
deficient arylsilanes such as (4-chlorophenyl)trimethoxysilane
and  (4-fluorophenyl) trimethoxysilane. Compared with
electron-rich  substituents, arylsilanes  with  electron-
withdrawing groups on the aromatic ring presented relatively
higher reactivity (3b-c vs 3h-i, 65-72% vs 78-93%). This result
makes the said cross-coupling reaction particularly attractive for
further transformation by transition-metal-catalyzed coupling
reactions. Pleasingly, these reaction conditions were also
compatible ~with  trimethoxy (4-vinylphenyl)silane, 1-
(trimethoxysilyl)naphthalene and  2-furan-trimethoxysilane,
which provided the corresponding products 31-n in 52-72 yields.

This cross-coupling reaction also demonstrated a good
tolerance toward other N,N,N’,N’-tetraalkylthiuram disulfides
as shown in Table 2. The N,N,N’N’-tetraethylthiuram
disulfide (TETD, 2b) showed a good reactivity and furnished

the corresponding S-aryl dithiocarbamates products in moderate
to good yields (4a-n, 39-85%). Comparatively, the reaction of
N,N,N’,N’-tetrabutylthiuram (TBTD, 2c) and arylsilanes showed
relatively lower reactivity, and afforded lower yields of the
corresponding products (40-q, 46-59%). It is worth noting
that the yields of the resulting products were modulated by
the presence of different alkyl substituents on the
tetraalkylthiuram disulfides. Slightly lower yields were obtained
when longer chain-substituted tetraalkylthiuram disulfides were
used in these reactions (3a vs 4a and 4°).

To further evaluate the applicability of this reaction, the
reactivity of trimethoxy (phenyl)silane (la) was investigated
using tetramethylthiuram monosulfide (TMTM, 5) as the
coupling partner (Wu et al., 2020). As expected, the cross-
coupling reaction occurred smoothly, and the phenyl
dimethylcarbamodithioate 3a was formed in 46% yield
(Scheme 2).

In order to find the appropriate conditions to achieve an ideal
yield, we spent a bit more time on the optimization of reaction
conditons. Some bidentate, tridentate N ligands as well as
diphoshines ligands and their loading to this reaction were
tested, and a summative result of the optimization was
presented in Supplementary Table S1. After the simple
optimization, we found that 1 equiv. of 2, 2'-bipyridine
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TABLE 4 | Reactions of arylsilanes 1) with tetramethylthiuram monosulfide (5) *°.

©/S|(OM9)3 . Me\
RT
=

b

C-S Bond Cross-Coupling

CuF, (3 equiv.), !

2,2'-bipyridine (1 iv. X h
ipyridine (1 equiv.) — W Me

nosn Toluene, 80 °C, 16 h ~~ S
Me Me ’ ’
1 5 3
I\l/le I\l/le 'Yle 'YIe
©/STN\Me QSTN‘Me /©/STN‘Me QSWN\Me
S Me S MeO S Bu S
3a, 82% 3b, 31% 3¢, 35% 3d, 40%
I\l/le I\l/le I\l/le l\l/le
Me\©/S\H/N\Me Meo\©/SYN\Me Me\@[S\H/N\Me /@STN\MG
S S MeS Cl S
3e,47% 3f, 63% 39, 28% 3h, 85%
'Yle l\l/le I\(Ie l\l/le
OSTN\MB CI\©/SW/N\M6 F\©/SWN\M6 \/@SWN\MG
E S S S AN S
3i, 60% 3j, 70% 3k, 88% 31, 31%

3m, 65% 3n, 68%

41 (0.70 mmol), 5 (0.20 mmol), CuF2 (3 equiv.), 2, 2'-bipyridine (1 equiv.), Toluene (1 mi), 80°C, 16 h.

bisolated yields.

increased the yield to 68% (Supplementary Table S1, entry 3),
N,N,N’,N’-tetramethylethylenediamine, ~ 2,2":6',2”-terpyridine;
(RR)-2,2’-(2,6-pyridinediyl)bis  (4-isopropyl-2-oxazoline, 8-
benzoylaminoquinoline, 1,2-bis(diphenylphosphino)ethane,
2,2'-bis(diphenylphosphino)-1,1'-biphenyl, 1,1'-
bis(diphenylphosphino)ferrocene and (R)-(+)-2,2'-
bis(diphenylphosphino)-1,1'-binaphthyl resulted in a relatively
lower yields (Supplementary Table S1, entries 4-11). It probably
because of the coordination of 2, 2'-bipyridine with copper,
which provided a more stable and active copper intermediate
for the said cross-coupling reaction. After the simple
optimization, we found that 1 equiv. of 2, 2'-bipyridine acted
as the suitable N ligand. With the new optimized reaction
conditions in hand, some more substituted arylsilanes were
subjected to this reaction and the results were summarized in
Table 4.

In general, the results obtained from the cross-coupling
reaction of arylsilanes 1) with tetramethylthiuram monosulfide
(TMTM, 5) are different from the reaction with
tetramethylthiuram disulfide (TMTD, 2a), in which the
electron-rich arylsilanes are less active (3b-g, 28-63%). With
regard to the electron-deficient arylsilanes, they showed a
similar efficiency as the reaction with tetramethylthiuram
disulfide (TMTD, 2a), and the products (3h-k) were provided
in 60-88% vyields. The 1-(trimethoxysilyl)naphthalene and 2-
furan-trimethoxysilane also participated in this reaction to give
the corresponding products (3m-n) in 65-68% yields, which are
nearly the same results compared with the reaction with TMTD
(2a). In contrast, the trimethoxy (4-vinylphenyl)silane exhibited a
less activity in this reaction and displayed lower yield (31, 31%).

In order to ascertain the mechanism, some control
experiments were conducted and the results were exhibited
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SCHEME 4 | Proposed reaction mechanism for the reaction of
arylsilanes with TMTD. SCHEME 5 | Proposed reaction mechanism for the reaction of
arylsilanes with TMTM.

in Scheme 3. When 2 equiv. of radical scavenger 2,2,6,6-
tetramethyl-1-piperidinyloxyl (TEMPO), butylated
hydroxyl toluene (BHT), galvinoxyl free radical or 1,1-
diphenylethylene were added to the reaction of la and 2a
under the standard conditions, a substantial decrease of the
reaction efficiency was observed (Scheme 3A). Subsequently,
the radical quencher 1,1-diphenylethylene was added to
the tetraalkylthiuram disulfides participated reaction
system, the thiuram radical was captured to give the
corresponding product six in 29% yield (Scheme 3B). The
above mentioned results illustrating that a radical process may
be exist in the reaction of 1a and 2a. In sharp contrast, when
the reactions were occurred between la and 5 in the
presence of radical inhibitors (2.0 equiv of TEMPO, BHT)
or 1,1-diphenylethylene, which gave the desired product 3a
in 77, 71, and 75% vyields, respectively (Scheme 3C).
Furthermore, no desired product six was observed when
1,1-diphenylethylene react with 5 (TMTM) under the
standard conditions (Scheme 3D). These results suggesting
that the reaction of 1a and 5 is more likely to be an ionic-type
pathway.

Considering the experimental evidence as well the previous
reports (Lu et al.,, 2020; Dong et al., 2017; Luo et al., 2020; Hao
et al., 2020; Lai et al., 2019b), a plausible reaction mechanism
was tentatively proposed and described in Scheme 4. Firstly, the
coordination of 1, 10-phenanthroline with copper salts to
produce the copper complex A. Simultaneously, the C-Si
cleavage process occurred lead to the intermediate B, which
activated by fluoride ion (Sugiyama et al., 2008). In step ii, the
reaction of intermediate B with copper complex A generates the
Cu(II) complex C. Subsequently, thiuram radical D may be
formed through the homolysis of tetramethylthiuram disulfide
at 80°C probably assisted by Cu(II). Then, the interreaction of
Cu(II) complex C with thiuram radical D to provide the
intermediate E, which undergoes reductive elimination to

yield the desired product three along with the release of
Cu(II) species.

With regard to the reaction pathway between la and 5
(TMTM), a plausible ionic-type reaction mechanism was
tentatively proposed according to the obtained results as well
as the reported literatures (Dong et al., 2017; Luo et al., 2020;
Wu et al,, 2020) and described in Scheme 5. Analogously, the
initial coordination of bipyridine with copper salts to produce
the copper complex F. Concurrently, the intermediate G is
generated by the C-Si cleavage manner, which activated by
fluoride ion (Sugiyama et al., 2008). Then, the intereaction of
intermediate G with copper complex F to generate the Cu(II)
complex H. In the meantime, nucleophile F probably produces
by the intereaction of copper ion with 5 at 80°C. Subsequently,
the interreaction of Cu(Il) complex H with nucleophile I to
provide the intermediate J, which undergoes reductive
elimination lead to the desired product three along with the
release of Cu(II) species.

CONCLUSION

In summary, we have developed an interesting methodology on
the copper-promoted cross-coupling of arylsilanes and thiuram
reagents (TATD or TMTM), affording the valuable S-aryl
dithiocarbamates in moderate to good yields. This facile
strategy allows practical and friendly reaction conditions,
which significantly broadens the substrate scope, improves the
functional group compatibility, and emphasizes the synthetic
application in complex molecules. It offers not only a protocol
for the streamlined synthesis of S-aryl dithiocarbamates from
cheap and stable substrates, but also a new example for the
application of Hiyama cross-coupling in biological interesting
molecules’ construction.
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Pyrene Functionalized Highly Reduced
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Nanocomposite: A Novel Catalyst for
the Mizoroki-Heck Reaction in Water
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Mohammad Shahidul Islam'*, Mufsir Kuniyil!, Merajuddin Khan’,

Mohammad Rafe Hatshan’, Riyadh H. Alshammari’, Mohammed Rafiq H. Siddiqui® and
Muhammad Nawaz Tahir?®

7Depazrfmem‘ of Chemistry, College of Science, King Saud University, Riyadh, Saudi Arabia, ZChemism/ Department, King Fahd
University of Petroleum and Minerals, Dhahran, Saudi Arabia, ®Interdisciplinary Research Center for Hydrogen and Energy
Storage (IRC-HES), King Fahd University of Petroleum and and Minerals, Dhahran, Saudi Arabia

The formation of a C-C bond through Mizoroki-Heck cross-coupling reactions in water
with efficient heterogeneous catalysts is a challenging task. In this current study, a highly
reduced graphene oxide (HRG) immobilized palladium (Pd) nanoparticle based catalyst
(HRG-Py-Pd) is used to catalyze Mizoroki-Heck cross-coupling reactions in water. During
the preparation of the catalyst, amino pyrene is used as a smart functionalizing ligand,
which offered chemically specific binding sites for the effective and homogeneous
nucleation of Pd NPs on the surface of HRG, which significantly enhanced the physical
stability and dispersibility of the resulting catalyst in an aqueous medium. Microscopic
analysis of the catalyst revealed a uniform distribution of ultrafine Pd NPs on a solid
support. The catalytic properties of HRG-Py-Pd are tested towards the Mizoroki-Heck
cross-coupling reactions of various aryl halides with acrylic acid in an aqueous medium.
Furthermore, the catalytic efficacy of HRG-Py-Pd is also compared with its non-
functionalized counterparts such as HRG-Pd and pristine Pd NPs (Pd-NPs). Using the
HRG-Py-Pd nanocatalyst, the highest conversion of 99% is achieved in the coupling
reaction of 4-bromoanisol and acrylic acid in an aqueous solution in a relatively short period
of time (3 h), with less quantity of catalyst (3 mg). Comparatively, pristine Pd NPs delivered
lower conversion (~92%) for the same reaction required a long reaction time and a large
amount of catalyst (5.3 mg). Indeed, the conversion of the reaction further decreased to
just 40% when 3 mg of Pd-NPs was used which was sufficient to produce 99% conversion
in the case of HRG-Py-Pd. On the other hand, HRG-Pd did not deliver any conversion and
was ineffective even after using a high amount of catalyst and a longer reaction time. The
inability of the HRG-Pd to promote coupling reactions can be attributed to the
agglomeration of Pd NPs which reduced the dispersion quality of the catalyst in water.
Therefore, the high aqueous stability of HRG-Py-Pd due to smart functionalization can be
utilized to perform other organic transformations in water which was otherwise not
possible.

Keywords: highly reduced graphene, palladium, catalyst, mizoroki-heck, aqueous synthesis
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INTRODUCTION

Traditionally, organic reactions are performed in hazardous
organic solvents due to the higher solubility of most of the
reactants in these mediums (Kitanosono et al., 2018). Since
solvents are used in large quantities comparatively to
reactants, currently they are considered the greater threat to
the environment (Cseri et al., 2018). Therefore, in current
circumstances, chemists are facing the challenging task of
developing green technologies for important organic
transformations (Soh and Eckelman, 2016). The “green
processes” should be capable of performing organic reactions
utilizing eco-friendly, sustainable, and economically beneficial
conditions (Sheldon, 2018). In this regard, the application of
water as a reaction medium greatly reduces the environmental
impact of organic synthesis (Simon and Li, 2012). Due to its
extraordinary characteristics such as biocompatibility, non-
flammability and high vapor pressure, etc., water is considered
“nature’s choice of solvent” (Gawande et al., 2013). In addition to
the environmental and economic benefits, water allows mild
reaction conditions, simplifies chemical processes, and also
offers unique reactivity and selectivity (Butler and Coyne,
2010). Nowadays, water is largely explored as a safe and
suitable alternative to the hazardous organic solvents for the
preparation of various industrially important fine chemicals and
pharmaceuticals compounds (Nebra and Garcia-Alvarez, 2020).

Among these, biphenyl derivatives and acrylates are an
important class of compounds that are extensively used as
starting materials during the synthesis of several applied
chemicals in the pharmaceutical and agrochemical fields.
(Kambe et al, 2011). Generally, methods used for the
synthesis of these compounds include Suzuki-Miyaura and
Mizoroki-Heck cross-coupling reactions (Frisch and Beller,
2005; Khazaei et al,, 2017; Baran and Nasrollahzadeh, 2020;
Easson et al, 2020). The latter is the coupling of aryl halides
with alkenes using palladium-based catalysts in the presence of a
base (Amatore and Jutand, 2000; Khan et al., 2017). These types
of coupling reactions are typically applied for the preparation of
stilbenes and cinnamic acid types of useful natural products,
pharmaceuticals, and other compounds with specific properties
including the presence of trans double bond (De Filippis et al.,
2017; Gao et al., 2019). Mostly, coupling reactions including the
Suzuki-Miyaura coupling have a few downsides, like difficulty in
the recovery of precious metals-based catalysts, application of
costly ligands, and environmental hazards due to the use of
organic solvents (Nasrollahzadeh et al., 2015; Guo et al., 2017).
Therefore, the use of water as a reaction medium for
Mizoroki-Heck reactions would greatly enhance the
development of chemical industrial processes and also
minimize the environmental impact (De Meijere and Meyer,
1995).

However, in most cases, water is not considered as an
appropriate solvent for the Mizoroki-Heck reactions. These
are usually carried out in organic solvents due to the relatively
higher solubility of reactants involved in the reactions (Phan
et al, 2006). Depending on the solubility of reaction
components, effortshave been carried out to develop

HRG-Py-Pd Nanocatalyst for Mizoroki-Heck Reaction

palladium-catalyzed coupling reactions including
Mizoroki-Heck cross-coupling using water as solvent
(Nasrollahzadeh et al., 2014b; Jagtap, 2017; Christoffel and
Ward, 2018). For this purpose, inorganic salt promoters, the
addition of phase-transfer agents, and the use of alternative
energy sources like microwave or ultrasound are used to
overcome the solubility challenge (Christoffel and Ward,
2018). Nevertheless, continued research in the field of
aqueous chemistry of the Mizoroki-Heck reactions would
be strongly beneficial to the environment (Jadhav and Rode,
2017).

Typically, coupling reactions are performed using palladium
salts or complexes as homogeneous catalysts. However,
homogeneous reactions usually suffer from the loss or
contamination of residual catalysts and often require tedious
workup procedures (Beletskaya and Cheprakov, 2000). To avoid
this, Pd NPs are commonly used as catalysts because
nanoparticles offer the benefits of both homogeneous
(solubility) and heterogeneously (easy recovery and improved
cyclability). Particularly, when synthesized using green protocols
which are independent of hazardous ligands (Mpungose et al.,
2018). The stability, separation, cyclability, and reactivity of Pd
NPs can be further enhanced by immobilizing them on suitable
solid supports (support materials in the nanosize regime) such as
graphene or mesoporous silica nanoparticles (Kuniyil et al., 2019;
Hong et al., 2020). Furthermore, these supports compensate for
the high cost of palladium because the amount of used palladium
in the main catalyst is diluted (Felpin et al., 2006). Therefore, the
use of effective supports is highly appreciable (Alonso et al.,
2018). Among various supports graphene offers a flat 2D surface
with high surface area for better adsorption of reactants, greatest
intrinsic carrier mobility, perfect atomic lattice, excellent
mechanical strength, and promising chemical and thermal
stability (Julkapli and Bagheri, 2015; Naghdi et al., 2016¢;
Nasrollahzadeh et al., 2018; Qian et al, 2020). In addition,
graphene supports can be converted to both hydrophobic and
hydrophilic substances with easy customization, which can be
very useful in heterogeneous catalysis (Nasrollahzadeh et al.,
2014a; Fakhri et al,, 2015; Naghdi et al., 2016a; Naghdi et al,
2016b). Hence, the development of a graphene supported Pd
based water dispersible catalyst which can be easily separated
from the product is highly desirable.

Considering the importance of water in Pd catalyzed reactions,
herein we report the synthesis of a water-dispersible,
heterogeneous catalyst for the Mizoroki-Heck coupling of aryl
halides and acrylic acid in an aqueous medium (cf. Scheme 1).
The heterogeneous catalyst was prepared by immobilizing
smaller size Pd NPs on pyrene functionalized highly reduced
graphene oxide according to our previously reported method
(Khan et al., 2020). The as-prepared catalyst is highly dispersible
in water, stable over weeks, and can be easily separated from the
reaction medium by simple filtration or centrifugation.
Furthermore, to evaluate the importance of functionalization,
the catalytic activity of pyrene functionalized highly reduced
graphene oxide-palladium nanocomposite (HRG-Py-Pd) is
compared with its non-functionalized counterpart (HRG-Pd)
and pristine Pd nanoparticles.
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SCHME 1 | Schematic representation of the HRG-Py-Pd catalyzed Mizoroki-Heck coupling reaction in an aqueous medium.

EXPERIMENTAL
Materials and Methods

All reactants and solvents were purchased from commercial
suppliers  (Sigma-Aldrich) and wused without any further
purification (extra purified chemicals are specifically indicated in
the main text). Graphite powder (99.999%, —200 mesh) was
purchased from Alfa Aesar. Other materials used are 1-
aminopyrene (1-AP, 97%), sodium tetrachloropalladate (II)
(99.9%), concentrated sulfuric acid (H,SO4 98%), potassium
permanganate (KMnQO,, 99%), sodium nitrate (NaNO;, 99%),
hydrogen peroxide (H,O,, 30 wt%), Acrylic acid, n-butylacrylate,
4-bromoanisol, sodium dodecyl sulfate (SDS, 98%), K;PO, etc. FT-
IR spectra were measured on Perkin Elmer 1,000 FT-IR
spectrometer from 400 to 4,000 cm™' by using KBr pellets. 'H
and °C spectra were obtained on a JEOL JNM-ECP 400 NMR
spectrometer. Powder XRD patterns were recorded on D2 Phaser
X-ray diffractometer (Bruker, Germany), Cu Ka radiation (k =
1.5418 A°). High-resolution transmission electron microscopy
(HRTEM) images and EDX were measured on JEM 2100F
(JEOL, Tokyo, Japan)). HPLC analysis on a Shimadzu LC-20A
Prominence instrument (Shi-madzu, Kuoto, Japan). Column used:
Daicel Chiralcel OD-H columns (Chiral Technologies Europe,
Illkirch Graffenstaden, France) (80-95% n-hexane/iso-propanol).

Synthesis and Functionalization of HRG

Highly reduced graphene oxide was prepared according to our
previously reported method (Khan et al, 2020). For the
preparation of HRG graphene oxide was used as a precursor
which was synthesized by the oxidation of graphite powder using

a modified Hummers method (Hummers and Offeman, 1958;
Cote et al, 2009). For the functionalization of HRG, freshly
prepared HRG is functionalized by using 1-aminopyrene (1-
AP) as a ligand. Briefly, a 10 ml dispersion of methanol was
prepared using sonication (30 min) by adding 25 mg of HRG.
Separately, 25 mg of 1-AP was dissolved in methanol (10 ml)
using stirring at room temperature. Both mixtures were
combined and stirred together for 48 h at room temperature.
Thereafter, the resultant mixture was sonicated at 20 °C for 6 h.
Finally, the sample was centrifuged for 15min to get rid of
residual 1-AP and the functionalized HRG is isolated. The
sample was further purified by re-dispersing in fresh methanol
(5 ml). The resulting dispersion was sonicated at 20°C (30 min),
centrifuged for 1hour and the product was isolated by simply
decanting the resulting mixture. This process was repeated several
times (3-4 times) to achieve maximum purity of the sample
which is dried overnight under vacuum.

Synthesis of HRG-Py-Pd, HRG-Pd, and

Pristine Pd NPs

To prepare HRG-Py-Pd equivalent weight (1:1) of freshly
prepared functionalized HRG and palladium precursor
(Na,PdCly) is used. For this purpose, 5mg of 1-AP
functionalized HRG was dispersed in 5ml of ethanol which
was added to a separately prepared 5ml ethanol solution of
Pd precursor (Na,PdCl, 5mg, 0.0169 mmol). The mixture was
sonicated for 1h which resulted in the formation of the
functionalized nanocomposite. Finally, the product was
separated by centrifugation (9,000 rpm), which was re-
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dispersed in water (10 ml) for later use. The non-functionalized
counterpart of HRG-Py-Pd was also prepared in a similar fashion,
however in this case freshly prepared pristine HRG was used to
obtain HRG-Pd. Pd NPs were also obtained using sonication in a
similar procedure as described above. In a typical procedure,
10 mg of Na,PdCl, (0.0338 mmol) was dissolved in 10 ml of
ethanol through stirring at room temperature. The solution was
then sonicated for 1h, subsequently, the product is isolated by
centrifugation and redispersed in 10 ml ethanol and sonicated for
further purification. The final product was separated by
centrifugation.

General Procedure For The Mizoroki-Heck

Coupling Reaction in an Aqueous Medium
In an airtight screw-capped vial (5ml) catalyst (HRG-Py-Pd,
3mg) or (Pd-NPs, 5.3 mg), K;PO, (106 mg, 0.5mmol), SDS
(72mg, 0.5 eq., 0.25mmol) and water (2ml) were charged
with a small magnetic stir bar. Then aryl halide 1 (0.5 mmol)
was added to it followed by acrylic acid 2 (36 mg, 0.5 mmol). The
reaction was left stirring at 100°C for 3h. The reaction was
monitored by HPLC (30% Hex/'PrOH, 0.5 ml/min). Then the
vial was cooled to room temperature and the product was
extracted in ethyl acetate (3 x 3 ml). The ethyl acetate layer
was basified with aqueous 4M K,COj3 (5 ml) and separated from
the organic layer then the aqueous layer was again acidified with
4N HCI (PH 1-2). Finally, the pure product was then extracted in
ethyl acetate (3 x 5ml) and the combined organics were dried
over anhydrous MgSO,. The organic layer was then concentrated
under reduced pressure to afford pure compounds MH product
3a-f. All the products were characterized by 'H-NMR and
C-NMR spectra.

Large Scale Mizoroki-Heck Reaction

For this, 4-bromoanisol 1 (1.86 g, 10 mmol) and acrylic acid 2
(720 mg, 10 mmol) in the presence of a catalyst (HRG-Py-Pd,
30.0 mg) and (Pd-NPs, 53.0 mg) were reacted according to the
general procedure described above (scale 20 times, but the time
was doubled to 6h) to afford pure 3a. Catalyst HRG-Py-Pd
yielded 1.73 g (97%) and Catalyst Pd-NPs yielded 1.58 g (89%)
respectively.

(E)-3-(4-methoxyphenyl)acrylic acid (3a): m.p 171-173°C
(lit.168-170°C)"; '"H-NMR (400 MHz, DMSO-dg) § 12.23 (s,
1H, COOH), 7.64 (d, ] = 8.8 Hz, 2H, Ar-H), 7.54 (d, ] = 16.0
Hz, 1H, CH = CH), 6.97 (d, ] = 8.2 Hz, 2H, Ar-H), 6.38 (d, ] = 15.8
Hz, 1H, CH = CH), 3.79 (s, 3H, OCH;); *C-NMR (101 MHz,
DMSO-dg) § 168.41, 161.52, 144.33, 130.52, 127.40, 117.07,
114.93, 55.88, 40.29, 40.08.

RESULTS AND DISCUSSION

Graphene-supported metal NPs based nanocatalysts offer several
advantages due to the combined effects of the inherent properties
of the components involved. For instance, in the case of HRG-Pd
nanocatalysts, the novel catalytic activity of Pd and the large
surface area of graphene provide sufficient active sites on the

HRG-Py-Pd Nanocatalyst for Mizoroki-Heck Reaction

surface of the catalyst leading to the enhancement of the catalytic
activity of the resultant composite. However, in many cases, the
aggregation of NPs on the surface of the support often diminishes
the performance of the material. Besides, the uncontrolled and
sporadic growth of NPs on the surface of the support also
adversely affects the catalytic potential of supported Pd-based
catalysts. To overcome this, herein we have applied non-
destructive, -t interactions-based non-covalent
functionalization technique. This was achieved by using 1-
amino pyrene as stabilizing ligand, which is a polycyclic
aromatic hydrocarbon (PAHs). The PAHs have a strong
ability to interact with the 2D flat surface of graphene via n-n
interactions due to their unique structures based on fused
aromatic rings. The 1-AP functionalized (HRG-Py-Pd) and
non-functionalized (HRG-Pd) graphene-palladium
nanocomposites and Pd NPs were prepared under facile
sonochemical conditions (Khan et al., 2020). Sonochemical
preparation is based on high-intensity ultrasound waves which
cause acoustic cavitation i.e., the formation, growth, and
implosive collapse of bubbles (Xu et al., 2013). The acoustic
cavitation generates extreme transient conditions which facilitate
the formation of a variety of novel materials, including metallic
NPs, under ambient conditions (Prekob et al., 2020). Particularly,
high-quality noble metal NPs can be prepared by dissolving
nonvolatile precursors in a volatile solvent (usually water or
alcohol) (Calcio Gaudino et al., 2018). Such as the in-situ
deposition of Pd NPs on the surface of HRG, which is
performed in this study by using sodium tetrachloropalladate
(II) as a nonvolatile precursor and ethanol as a volatile solvent. In
this case, ethanol vapors generated by the sonolysis which is
caused by high intensity ultrasound waves, act as strong reducing
agent, which facilitates the reduction of metal precursor to
produce ultrafine Pd NPs. While the ultrasonication produced
Pd NPs, the functionalized HRG with 1-AP potentially inhibited
the aggregation of NPs and facilitated the homogeneous
distribution of Pd NPs on the surface of HRG. In this case,
the basal plane of the pyrene ring helps to interact with the surface
of HRG through -7 interactions, while, the amine group (NH,)
of 1-AP promote the nucleation and homogeneous growth of Pd
NPs leading to the formation of highly dispersed HRG-Py-Pd
nanocatalyst. The as-prepared samples including pristine Pd,
HRG-Pd, and HRG-Py-Pd nanocatalysts were applied as a
catalyst for the Mizoroki-Heck reaction in the aqueous phase.

XRD Analysis

Initially, the phase and crystallinity of Pd, HRG-Pd, and HRG-
Py-Pd were confirmed by XRD analysis. The XRD diffractograms
of these samples are shown in Figure 1. The diffractogram of
pristine Pd NPs demonstrates several distinct reflections at 40.02°
(111), 46.49° (200), 68.05° (220), 81.74° (311), and 86.24° (222)
which are indexed to the face-centered cubic (fcc) structure of Pd
(ICDD card number PDF#46-1043 (JCPDS: 87-0641), space
group: Fm3m (225)) (Khan et al,, 2014). On the other hand,
the diffractograms of both HRG-Pd and HRG-Py-Pd consist of a
broad reflection at 26 = 22.4° corresponding to the HRG in
addition to the reflections belonging to the face-centered cubic
(fce) structure of Pd NPs (Khan et al,, 2014; Kadam et al., 2020).
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FIGURE 1 | XRD analysis of Pd NPs, HRG-Pd, and HRG-Py-Pd.
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FIGURE 2 | UV-Vis spectrum of pure 1-amino pyrene, HRG-Pd, and
HRG-Py-Pd.

This indicates the formation of HRG and Pd-based
nanocomposites to produce HRG-Pd and HRG-Py-Pd
nanocatalysts.

UV-Visible and FT-IR Analysis

The successful functionalization of HRG with1-AP in HRG-Py-
Pd is confirmed by both UV-Vis and FT-IR analyses. For this
purpose, the UV spectra of 1-AP, HRG-Pd, and HRG-Py-Pd are
compared as shown in Figure 2. The UV spectrum of 1-AP
exhibits three characteristic bands at ~242, ~285, and 360 nm
(Figure 2) which are also present in the UV spectrum of HRG-
Py-Pd (Figure 2). Apart from these (1-AP) bands, the HRG-Py-
Pd also consists of a characteristic absorption band of HRG,
which typically appears at ~270 nm, however, in this case, it is not
clearly visible due to the coexistence of the 1-AP absorption band
in a similar region (~285nm). Notably, the UV spectrum of

Transmittance(a.u.)

— 1-AP

— HRG-Pd
—— HRG-Py-Pd

3900 3400 2900 2400 1900 1400 900 400

Wavenumber(cm™)

FIGURE 3 | FT-IR spectrum of pure 1-amino pyrene, HRG-Pd, and
HRG-Py-Pd.

HRG-Pd only exhibits an absorption band at ~270 nm belonging
to HRG, thus the absence of the absorption bands of 1-AP in the
UV spectrum of HRG-Pd is also an indication of the successful
functionalization of the surface of HRG with 1-AP in HRG-Py-
Pd. Similarly, FT-IR analyses of these samples also confirmed the
non-covalent functionalization of HRG by 1-AP in HRG-Py-Pd,
as revealed by the comparison of the IR spectra of 1-AP, HRG-Pd,
HRG-Py-Pd (cf. Figure 3). The IR spectrum of 1-AP exhibits
several characteristic peaks, and most of these peaks also
appeared in the IR spectrum of HRG-Py-Pd. This clearly
indicated the presence of 1-AP on the surface of HRG in
HRG-Py-PD. For example, the IR peaks of the fingerprint
region of 1-AP between 800 and 1,700 cm™' are also present
in the IR spectrum of HRG-Py-Pd, whereas, these characteristic
peaks are absent in the IR spectrum of HRG-Pd which points
towards the absence of 1-AP in this sample.

Transmission Electron Microscopy and EDX
Analysis

Morphology and size of the as-prepared Pd NPs, HRG-Pd, and
HRG-Py-Pd were determined using transmission electron
microscopy (TEM) (Figure 4). The overview image in
Figure 4A exhibits the formation of spherically shaped, almost
homogeneous size Pd NPs with a size distribution of ~20-25 nm.
The elemental composition of the as-prepared NPs as determined
by using EDX confirmed the presence of only Pd. The
morphology and the structure of Pd NPs on the surface of
HRG in HRG-Pd is shown in the overview image in
Figure 4B which indicates the existence of small and spherical
shape Pd NPs on the surface of HRG. Whereas, the results of the
elemental composition of the as-prepared HRG-Pd nanocatalyst
determined by EDX (Figure 4E), revealed the presence of both
carbon and Pd NPs. Besides, the size and morphology of Pd NPs
on the surface of HRG in HRG-Py-Pd were also determined using
transmission electron microscopy (TEM). The TEM micrograph
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of HRG-Py-Pd is presented in Figure 4C. It shows the presence of
homogeneously dispersed ultrafine small size Pd NPs on the
surface of HRG. Unlike in HRG-Pd which exhibited relatively
larger size (10-20 nm), highly aggregated Pd NPs, the HRG-Py-
Pd demonstrate the presence of densely distributed, spherical-
shaped, smaller size (~2-4 nm) Pd NPs due to the presence of 1-
AP. The presence of Pd NPs onto HRG-Py-Pd is also confirmed
in the EDX spectrum of the functionalized nanocatalyst in
Figure 4F. Notably, the Pd to C ratio is relatively higher in
HRG-Py-Pd when compare with the Pd:C in HRG-Pd
nanocatalyst (Figure 4). Additionally, the particle size
distribution graph was assessed by using Image] software
(Figures 4A-C), the particle size distribution graph of the Pd
NPs (Figure 5A) displays the average particle size 12.98 + 0.09

nm, the particle size distribution graph of the HRG-Pd
(Figure 5B) displays the average particle size 6.72 + 0.01 nm
and the particle size distribution graph of the HRG-Py-Pd
(Figure 5C) displays the average particle size 2.06 + 0.02 nm.
This indicates that 1-AP effectively promotes the nucleation and
uniform growth of Pd NPs and also inhibits the aggregation of
HRG nanosheets may enhance the surface area of the material,
while the apparent dense distribution of Pd on the surface of HRG
offers increased catalytic active sites.

Catalytic Application

Water dispersible Pd-based heterogeneous catalysts are highly
required for various catalytic transformations including the
Mizoroki-Heck reaction in the aqueous phase. Particularly, Pd
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NPs immobilized on various solid supports including
carbonaceous materials, silica, and metal oxide NPs have
demonstrated excellent catalytic activity for these types of
coupling reactions. Therefore, heterogeneous catalysts based
on Pd have attracted significant attention for the Mizoroki-
Heck reactions under aqueous conditions. However, in many
cases, the catalytic efficiency of Pd-based nanocatalysts is
seriously hindered due to the aggregation of nanoparticles on
the surface of the support. This is typically avoided through the
functionalization of nanocatalyst with effective ligands. For
instance, in our previous study, we have demonstrated the
enhancement of the catalytic activity of HRG-Py-Pd
nanocatalyst in the Suzuki-Miyaura coupling reactions.
Stabilization of the surface of HRG with 1-AP has enhanced
the dispersibility and uniformity of nanocatalyst on the support
surface and solubility in water. This improved the efficiency of the
catalyst compared to its non-functionalized counterpart (HRG-
Pd). 1-AP with its active amine group offered efficient binding
sites for the growth of well-separated, densely distributed Pd NPs
on the surface of HRG, which increased the surface area of the
resulting nanocatalyst. In this study, we investigated the catalytic
activity of both functionalized (HRG-Py-Pd) and non-
functionalized HRG-Pd for the Mizoroki-Heck reactions under
aqueous conditions. Besides, the catalytic activity of these
nanocatalysts is also compared with the pristine Pd NPs which
were prepared using the ultrasonication method. In order to
examine the catalytic efficiency of our freshly prepared
nanocatalysts (Pd NPs, HRG-Pd, and HRG-Py-Pd) for the
Mizoroki-Heck cross-coupling reaction, 4-Bromoanisol (1a)
and acrylic acid (2) have been chosen as model substrate and
the reaction was performed in aqueous medium as shown in
Scheme 2.

The Mizoroki-Heck cross-coupling reaction of 4-bromoanisol
1a (0.5 mmol) and acrylic acid 2 (0.5 mmol) as model substrate
was carried out using freshly prepared catalyst Pd-NPs, HRG-Pd,
and HRG-Py-Pd (3.0-8.0mg) in the presence of K;PO,
(1.0 mmol) and SDS (0.25 mmol) in water (2 ml) at different
temperatures such as room temperature (r.t.), 90°C, and 100 °C
for 20 h (cf. Scheme 3). The results are summarized in Table 1.
Initially, catalyst Pd-NPs, HRG-Pd, and HRG-Py-Pd (5.3 mg)
were used in order to carry out the MH-reactions using K;PO,
(1.0 mmol) and SDS (0.25 mmol) at r.t. as well as at 90°C for 20 h,
but unfortunately, no MH product formation was observed
(Table 1, entries 1, 2, 6, 7, 11, 12). The reaction temperature
was then elevated to 100°C, keeping other parameters unchanged,

catalysts Pd-NPs and HRG-Py-Pd performed extremely well,
producing MH coupling products 4-Methoxycinnamic acid
(3a) with 92 and 84% conversion respectively (Table 1, entries
4, 14) while catalyst HRG-Pd remained inactive (Table 1, entry
8). To optimize catalyst loading, the MH reactions were further
performed using 3.0-8.0 mg of each catalyst (Pd-NPs, HRG-Pd,
and HRG-Py-Pd). It is observed that, the catalyst Pd-NPs
produced 40% (3mg) and 74% (8 mg) conversion (Table 1,
entries 3 and 5) whereas catalyst HRG-Py-Pd furnished 93%
(3 mg) and 71% (8 mg) conversion (Table 1, entries 13 and 15)
respectively. Catalyst HRG-Pd was again found to be inactive
even at higher temperatures and high catalyst loading (Table 1,
entries 8 and 10). Interestingly catalyst HRG-Py-Pd (3.0 mg)
performed excellently as compared to Pd-NPs (3 mg) at expense
of lower catalyst usage (Table 1, entries 13, 3). Upon increasing
the catalyst loading to 8 mg, yields were not improved for both the
catalyst Pd-NPs and HRG-Py-Pd, in fact, conversion significantly
dropped to 74 and 71% (Table 1 entries 5 and15) which could be
because of the aggregation of particles (particle-particle
interactions) which tend to decrease the exposed surface area
of the catalyst active sites. Therefore, our preliminary
investigation revealed that 5.3 mg of catalyst Pd-NPs and
3.0mg of catalyst HRG-Py-Pd are the best choice for
catalyzing MH reaction of 4-bromoanisol and acrylic acid in
water as a green medium at 100°C. Notably, non-functionalized
HRG-Pd proved to be an inactive catalyst that did not produce
any conversion even after a long reaction time, higher
temperature, and using a high amount of catalyst. Although
pristine Pd-NPs were active for the coupling reaction of 4-
bromoanisol and acrylic acid in an aqueous medium, the
inactivity of HRG-Pd under similar reaction conditions can be
attributed to the severe aggregation of Pd-NPs on the surface of
HRG which is also established by the HRTEM results. Aggregated
NPs not only decreased the number of active sites but also
affected the dispersibility of nanocatalysts in the aqueous
medium, which led to the inactivity of the HRG-Pd.

After examining the efficiency of all the as-prepared
nanocatalysts at different catalyst loading, the effect of
reagents (SDS, K;PO,), solvent, and reaction time were
evaluated on the same model MH reaction, using the best
performing catalyst mass loading condition ie. Pd-NPs
(5.3mg) and HRG-Py-Pd (3.0 mg), respectively, as both the
catalyst demonstrated best results with small amount of
catalyst loading and the outputs are shown in Table 2. When
reactions were performed in the absence of SDS using both the
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TABLE 1 | Mizoroki-Heck reaction (MH), 4-bromoanisol and acrylic acid as a model substrate. Catalyst screening.

SI. No Catalyst Cat. Wt. K3PO4 (eq.)
(mg)
1 Pd-NPs 5.3 2
2 5.3 2
3 3.0 2
4 5.3 2
5 8.0 2
6 HRG-Pd 5.3 2
7 5.3 2
8 3.0 2
9 5.3 2
10 8.0 2
11 HRG-Py-Pd 5.3 2
12 5.3 2
13 3.0 2
14 5.3 2
15 8.0 2

SDS (Eq.) Temp (oC) HPLC Conversion
0.5 R.T. —
0.5 90°C traces
0.5 100°C 40%
0.5 100°C 92%
0.5 100°C 74%
0.5 R.T. —
0.5 90°C —
0.5 100°C —
0.5 100°C —
0.5 100°C —
0.5 R.T. —
0.5 90°C traces
0.5 100°C 93%
0.5 100°C 84%
0.5 100°C 71%

Reaction condition: 4-bromoanisol (0.5 mmol) and acrylic acid (0.5 mmol), catalyst (3.0-8.0 mg), K3PO4 (1.0 mmol), SDS (0.25 mmol) and water (2 mi) at R.T.—100°C, time 20 h.

catalysts Pd-NPs (5.3 mg) and HRG-Py-Pd (3.0mg), no
conversion was observed (Table 2, entries 1 and 5). The MH
reaction was further carried out by using 0.25 eq., 0.5 eq., and 1.0
eq. of SDS without changing other parameters, and 0.5 eq. of SDS
was found to be the best choice for this catalytic reaction as it
produced 92 and 93% conversion respectively (Table 2, entries 3
and 7). This is in accordance with the literature, where the role of
SDS as a stabilizing agent in Pd catalyzed coupling reactions is
well established. For example, in the absence of SDS either the
reaction does not occur or the yield of the reaction is sharply
decreased (Sherwood, James, et al., 2019). After optimizing the
amount of SDS (0.5 eq.), we focused on the effects of K;PO, under
the optimized parameters (catalyst 5.3 mg of Pd-NPs and 3.0 mg
HRG-Py-Pd mg, 0.5 eq. of SDS in water 2 ml at 100°C for 20 h).
Therefore, MH reactions were carried out using 0.75 eq. as well
asl.0 eq. of K;PO, without altering the other optimized
parameters, and the conversions sharply increased from 68 to
98% (Table 2, entries 12 and 13) in the case of catalyst HRG-Py-
Pd, while significant improvement in conversion was achieved
20-37% (Table 2, entries 9 and 10) in case of catalyst Pd-NPs at a
much slower pace as compared to catalyst HRG-Py-Pd. Further,
we increased the amount of K;PO, to 1.5 eq. in order to achieve
further improvement in the reaction using both the catalysts
under the identical conditions, and this time yields of the reaction

doubled from 37 to 78% (Table 2, entries 10 and 11) while using
Pd-NPs; however, in case of HRG-Py-Pd, virtually no effect on
the conversion (97%) were observed it almost remained same
(Table 2, entries 14). Finally, reaction time optimization has been
done using both the catalyst under the individual optimized
reaction parameters. The MH reaction was performed using
Pd-NPs (53mg) as the catalyst and other optimized
parameters such as K;PO, (2.0 eq), SDS (0.5 eq.) in water
(2.0ml) at 100°C for 2, 3, and 8h and the respective yields
(20, 36, and 62%) were observed (Table 2, entries 15-17).
These findings tell us that the yield of the product is
continuously increasing with time at a slower pace while using
Pd-NPs as the catalyst. As we know from the previous
observation catalyst Pd-NPs took a longer time (20h) to
obtain 92% conversion (Table 1, entry 4). On the contrary,
using HRG-Py-Pd as a catalyst under the optimized condition
[K5PO, (1.0 eq.), SDS (0.5 eq.) in water (2.0 ml) at 100°C], MH
reactions were carried out for 2, 3, and 8 h. The results were
surprising and fascinating as 99% conversion was achieved just
within 3 h (Table 2, entry 19). However, very good conversion
(90%) was noticed just in 2 h while 98% were observed after 8 h
(Table 2, entries 18 and 20). From Table 2 findings, the time of
reaction has a diverse effect on the conversion of the reaction
when different catalysts were used. For example, in the case of
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TABLE 2 | Mizoroki-Heck reaction of 4-bromoanisol (1a) and acrylic acid (2) in aqueous solution using best catalyst HRG-Py-Pd; Optimization for K8PO4, SDS, and

reaction time.

Sl. No Catalyst Cat. Wt. K3PO4 (Eq.) SDS (Eq.) Time (h) HPLC Conversion
(mg)
SDS optimization
1 Pd-NPs 5.3 2 — 20 —
2 5.3 2 0.25 20 19%
3 5.3 2 0.5 20 92%
4 5.3 2 1.0 20 88%
5 HRG-Py-Pd 3.0 2 — 20 —
6 3.0 2 0.25 20 24%
7 3.0 2 0.5 20 93%
8 3.0 2 1.0 20 92%
K8PO4 Optimization
9 Pd-NPs 5.3 0.75 0.5 20 20%
10 5.3 1.0 0.5 20 37%
11 5.3 1.5 0.5 20 78%
12 HRG-Py-Pd 3.0 0.75 0.5 20 68%
13 3.0 1.0 0.5 20 98%
14 3.0 1.5 0.5 20 97%
Reaction Time Optimization
15 Pd-NPs 5.3 2.0 0.5 2 20%
16 5.3 2.0 0.5 3 36%
17 5.3 2.0 0.5 8 62%
18 HRG-Py-Pd 3.0 1.0 0.5 2 90%
19 3.0 1.0 0.5 3 99%
20 3.0 1.0 0.5 8 98%
Different Solvent System (DMF)
21 Pd-NPs 5.3 2.0 0.5 20 -
22 HRG-Py-Pd 3.0 1.0 0.5 20 -

Reaction condition: 4-bromoanisol 1a (0.5 mmol) and acrylic acid 2 (0.5 mmol), catalyst used Pd-NPs, 5.3 mg and HRG-Py-Pd 3.0, water (2 mi) at 100°C, time 2-20 h.

catalyst Pd-NPs, a longer reaction time was required as the
conversion of product increases slowly with time, whereas,
functionalized catalyst HRG-Py-Pd completed the conversion
in a very short time compared to Pd-NPs. Notably, in just
3 hours with 3.0 mg of catalyst HRG-Py-Pd, almost complete
conversion (99%, Table 2, entry 19). Additionally, the effect of
solvent was evaluated using DMF as a solvent instead of water. It
is noteworthy to mention that the reaction did not occur at all
when water is replaced with DMF (Table 2, entry 21 and 22), in
the case of both the catalysts. This can be attributed to the low
dispersibility of catalysts in solvents other than water.

To further explore the scope of functionalized nanocatalysts
HRG-Py-Pd and non-functionalized Pd-NPs on different
substrates in cross-coupling reaction, a series of aryl halides
with diverse organic functional groups were applied as
substrates in the same model reaction under the above-
optimized reaction condition. For instance, in the case of Pd-
NPs, 5.3 mg of catalyst, 2.0 Eq. of K3POy, 0.5 Eq. of SDS, 2 ml of
H,0, and 20 h of reaction time were applied, whereas, for HRG-
Py-Pd, the amount of catalyst and the reaction time was reduced
to 3 mg and 3 h respectively (cf. Scheme 4). The results of these
reactions are summarized in Table 3, which indicate that the as-

prepared nanocatalysts have efficiently facilitated the coupling
reactions of diverse aryl halides including phenyl iodide, phenyl
bromide, etc., with acrylic acid under optimized conditions.
These diverse aryl halides with substituents at different
positions have resulted in the formation of corresponding
cinnamic acid derivatives in very good yield ranging from 83
to 92% in the case of Pd-NPs (5.3 mg) with 20 h reaction time,
whereas, HRG-Py-Pd (3.0 mg) has delivered excellent yield
between 87 and 99% for the same reactions (Table 3, entries
1-6). Notably, in both cases, the substrates with functional groups
at ortho positions have yielded a lower amount of product as
compared to meta and para substitution (Table 3, entry 3), which
can be attributed to the higher steric hindrance caused by the
substituents at ortho position positions. However, iodo-benzene
and iodo-toluene furnished maximum yields in the case of both
the catalysts (Table 3, entries 4 and 5). Both the catalysts were
unable to produce MH products when 2-bromopyridin was used
as substrate (Table 3, entry 7).

Additionally, the efficacy of the HRG-Py-Pd was determined
by comparing the data published in the literature with the results
of Mizoroki-Heck coupling reaction of 4-bromoanisol and acrylic
acid under similar reaction conditions obtained with a variety of
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R AN /\H/OH H,0 (2 mL), 100 °C, 3 h >R OH
L + o) Method (b): Pd-NPs (5.2 mg) :
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1a-f 2 - 3a-f
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H; X=Br, I H; X=Br, I
SCHEME 4 | Mizoroki-Heck reaction substrate scope under optimized reaction conditions using HRG-Py-Pd and Pd-NPs nanocatalysts.

TABLE 3 | Mizoroki-Heck reaction catalyzed by HRG-Py-Pd and Pd-NPs nanocatalysts, Substrate scope.

Sl. No Aryl Halides 1a-g 3a-f Yielda,c HRG-Py-Pd Yieldb,cPd-NPs
1 4-bromoanisol 1a 3a 98% (99%)d 91% (93%)d

2 3-bromoanisol 1b 3b 94% 88%

3 2-bromoanisol 1c 3c 87% 83%

4 4-lodotoluene 1d 3d 98% 92%

5 4-lodobenzene 1e 3e 98% 90%

6 4-bromobenzene 1f 96% 87%

7 2-bromopyridine 19 3f — -

Aryl halides (0.5 mmol), Acrylic acid (0.5 mmol); a Catalyst HRG-Py-Pd (3.0 mg), K3PO4 (1.0 eq.), SDS (0.5 eq.) in H2O (2 ml), 100°C, 2 h; b Catalyst Pd-NPs (5.3 mg), K3PO4 (2.0 eq.),
SDS (0.5 eq.) in H20 (2 mi), 100°C, 20 h; ¢ Isolated yields; d HPLC, conversion.

TABLE 4 | Comparison of the results obtained with the HRG-Py-Pd nanocatalyst for the Mizoroki-Heck reaction of 4-bromoanisol and acrylic acid in an aqueous solution
with previously reported results in the literature.

S. No Catalyst System Base Solvent System Temp. ('C) Conversion (%) References

1 HRG-Py-Pd K3PO4 H20 100 99 This study

2 Pd@SP-CMP K2C03 DMF 80 95 Ju et al. (2019)

3 MPCS-TI/Pd Et3N DMF/H20 110 91 Rezaei 2015

4 Fe304@PCA/Pd (0)-b-PEG K2C03 H20 90 91 Tabatabaei Rezaei et al. (2017)
5 PANI-Pd K2CO3 DMA 120 85 Patel et al. (2015)

6 Pd-CS@SiO2 K2C03 DMF 110 85 Jadhav et al. (2015)

7 Pd(OAc)2 ET3N H20 100 79 Patil et al. (2020)

TABLE 5 | Comparison of the reaction yield of Mizoroki-Heck reaction catalyzed by pristine Pd-NPs, HRG-Pd, and functionalized HRG-Py-Pd nanocatalysts using the same

amount of catalysts under similar reaction conditions.

Sl. No Catalyst Cat. Wt. (mg) K3PO0O4 (eq.) SDS (Eq.) Time (h) Temp (oC) HPLC Conversion
1 Pd-NPs 3.0 2 0.5 20 100 40%

2 HRG-Pd 3.0 2 0.5 20 100 —

3 HRG-Py-Pd 3.0 2 0.5 3 100 99%

supported Pd NPs based heterogeneous catalysts. Conversion
values obtained from the literature are listed in Table 4, which
indicate that the functionalized HRG-Py-Pd nanocatalyst
evaluated in this study has delivered a much higher catalytic
activity and is relatively superior to other catalyst systems used for
this reaction. Therefore, the non-covalent pyrene functionalized
HRG-Py-Pd nanocatalyst applied in this study is an effective
approach in terms of the use of efficient support (HRG, consisting

of high surface area and enormous active sites), smart design, ease
of deployment of catalyst, high dispersibility in water, versatility,
i.e, compatibility with a wide range of systems, and high
conversion.

To test the stability and reusability of HRG-Py-Pd, the
coupling of 4-bromoanisol la (3 mmol) and acrylic acid 2
(3 mmol) was used as a model reaction which generated the
highest yield (99%). The reaction was performed for 3 h using
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18 mg of HRG-Py-Pd, water (12 ml) at 100°C. The stability of the
catalyst was tested up to five reactions (5 cycles) (Supplementary
Figure 37A,B). After every reaction, the catalyst was recovered
via centrifugation, washed three times with DI water, dried in an
oven, and reused. Fresh catalyst in the first reaction yielded 99%
conversion, while in the successive reactions, the catalyst activity
reduced negligibly up to ~6-8% as shown in Supplementary
Figure 37B in the supplementary information. Even after five
cycles, the structure of HRG-Py-Pd catalyst almost remained
intact which is confirmed by XRD analysis Supplementary
Figure 37A.

CONCLUSION

Herein, a non-covalently functionalized HRG, decorated with Pd
nanoparticles (HRG-Py-Pd) based nanocomposite is prepared,
characterized, and applied as a nanocatalyst for the Mizoroki-
Heck reaction in an aqueous medium. Initially, the catalytic
efficacy of HRG-Py-Pd is tested for the conversion of 4-
bromoanisol and acrylic acid in water. The activity of HRG-
Py-Pd is also compared with non-functionalized HRG-Pd and
pristine Pd NPs based nanocatalysts. Among all the catalysts, the
HRG-Py-Pd has delivered the best results and yielded an almost
complete conversion of 4-bromoanisol and acrylic acid to
corresponding cinnamic acid (99%) in water. The reaction
occurred in a short time (3h) and just required a relatively
small amount of catalyst (3 mg). On the other hand, with the
same amount of catalysts (3 mg), the pristine Pd NPs just yielded
a meager 40% conversion even after 20 h, while the non-
functionalized HRG-Pd did not deliver any results and proved
to be ineffective for the same reaction (cf. Table 5). The superior
catalytic activity of HRG-Py-Pd is ascribed to the smart design of
nanocatalyst consisting of pyrene as the functionalizing ligand
because; 1) it significantly increased the physical stability and
dispersibility of the catalyst in water, and 2) it provides nucleation
sites for the homogenous and uniform growth of Pd
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Levoglucosone (LGO) is a bio-privileged molecule that can be produced on scale from
waste biomass. This chiral building block has been converted via well-established
chemical processes into previously difficult-to-synthesize building blocks such as
enantiopure butenolides, dihydropyrans, substituted cyclopropanes, deoxy-sugars and
ribonolactones. LGO is an excellent starting material for the synthesis of biologically active
compounds, including those which have anti-cancer, anti-microbial or anti-inflammatory
activity. This review will cover the conversion of LGO to biologically active compounds as
well as provide future research directions related to this platform molecule.

Keywords: levoglucosenone, bio-mass, platform chemical, chiral building block, drug discovery

INTRODUCTION

Levoglucosenone (LGO, 1) is a chiral building block that is readily available from the pyrolysis of
materials containing cellulose, including biomass waste such as wood chips and bagasse. Over the
past 50 years, research into the chemistry of LGO has established the high degree of orthogonality
in the reactive functional groups, and demonstrated the excellent stereochemical control offered by
the bicyclic ring-system (Witczak and Tatsuta, 2002; Witczak, 2007; Sarotti et al., 2012a; Comba
et al., 2018; Kithlborn et al., 2020). The chirality at C1 and C5 in LGO gives it advantages in
stereoselective synthesis compared to achiral biomass derivatives such as furfural, while the
reduced number of chiral centers simplifies its use compared to monosaccharides. Enantio-,
stereo-, regio- and chemoselective reactions have been executed around the core ring-system.
These include, 1,6-anhydro ring opening (Shafizadeh et al., 1979; Tagirov et al., 2015; Comba et al.,
2016; Pedersen and Pedersen, 2021), Baeyer-Villiger oxidation (Koseki et al., 1990; Koseki et al.,
1991; Teixeira et al., 2016; Bonneau et al., 2018; Diot-Neant et al., 2018), 1,2-addition (Shafizadeh
and Chin, 1977; Tsypysheva et al., 2000; Giordano et al., 2012; Debsharma et al., 2019; Sharipov
et al,, 2019), a-substitution (Ward and Shafizadeh, 1981; Ledingham E. et al., 2017; Ledingham E.
T. et al,, 2017; Giri et al,, 2017; Hughes et al., 2018; Liu et al., 2020), cycloaddition/cyclization
(Yatsynich et al., 2003; Novikov et al., 2009; Faizullina et al., 2011; Samet et al., 2011; Sarotti et al.,
2012b; Banwell et al., 2020; Fadlallah et al., 2020; Liu et al., 2020), and conjugate addition reactions
(Shafizadeh et al., 1982; Essig, 1986; Samet et al., 1996; Trahanovsky et al., 2003) (Figure 1). These
reactions have led to the controlled synthesis of a multitude of important biologically active motifs,
including enantiopure butenolides, dihydropyrans, substituted cyclopropanes, deoxy-sugars and
ribonolactones. The reactivity of the ketone and enone functionalities is influenced by the 1,6-
anhydro bridge, which strongly biases reaction to occur from the less hindered exo-face of the
molecule. Whilst the reactivity and potential of this molecule is well understood, it is only recently
that it has been produced on industrial scale allowing its use as a chiral feedstock (Lawrence et al.,
2012). This review will focus on the use of LGO as a starting material used for the synthesis of
biologically active materials, specifically: known bioactive compounds, analogues of bioactives

Frontiers in Chemistry | www.frontiersin.org

72 May 2022 | Volume 10 | Article 902239


http://crossmark.crossref.org/dialog/?doi=10.3389/fchem.2022.902239&domain=pdf&date_stamp=2022-05-31
https://www.frontiersin.org/articles/10.3389/fchem.2022.902239/full
https://www.frontiersin.org/articles/10.3389/fchem.2022.902239/full
http://creativecommons.org/licenses/by/4.0/
mailto:jason.camp@circa-group.com
https://doi.org/10.3389/fchem.2022.902239
https://www.frontiersin.org/journals/chemistry
www.frontiersin.org
https://www.frontiersin.org/journals/chemistry#articles
https://www.frontiersin.org/journals/chemistry
https://www.frontiersin.org/journals/chemistry#editorial-board
https://doi.org/10.3389/fchem.2022.902239

Camp and Greatrex

levoglucosenone

anhydro ring cleavage
endo face

O

exo face

<«—— Baeyer-Villiger
1,4-addition ——»

/¢ ~

1,2-addition

substitution

FIGURE 1 | Reactions useful for derivitizing levoglucosenone.

where the intact LGO ring-system has been incorporated into
the final structure as a bioisostere, and novel materials. In
addition, this review will briefly highlight how LGO
derivatives can intercept routes to drugs currently in
production.

Synthesis of Known Biologically Active

Molecules

Enantiopure cyclopropanes are found in a variety of existing
biologically active molecules, and are favoured for their rigidity
and relative stability under biological conditions. There are a
number of approaches for the preparation of cyclopropanes from
LGO including the direct cyclopropanation of the alkene of either
LGO or one of its derivatives (Samet et al., 2007; Ledingham E.
et al., 2017), reactions of malonates with the 3-iododerivative of
LGO (Valeev et al., 1999), or by transformation of LGO into a
suitably reactive species for cyclization. Using this last approach,
Stockton and Greatrex (2016) converted LGO into substituted
butyrolactones via either 1) reductive cross-coupling and Baeyer-
Villiger oxidation, or 2) reduction then Baeyer-Villiger oxidation
(Figure 2). Lactone 2 and 6 were then converted to epoxides 3
and 7 using standard protocols. Finally, treatment of the
epoxyesters 3 or 7 with lithium hexamethyldisilazide
(LiHMDS) in tetrahydrofuran (THF) gave cyclopropanes 4
and 8, which following elaboration of functional groups led to

Levoglucosenone: Platform for Drug Discovery

an intermediate used for the synthesis of the selective glutamate
receptor antagonist PCCG-4 and GABA, receptor agonist (1S,
25)-TAMP, respectively.

Tetrodotoxin is the principal toxin of the pufferfish that acts
through specific inhibition of sodium ion influx through excitable
membranes. In a series of publications, Isobe and co-workers
reported the first enantioselective total synthesis of this potent
biologically active compound using LGO as a key building block
(Figure 3) (Bamba et al., 1996; Urabe et al., 2006; Nishikawa and
Isobe, 2013). This example demonstrates the utility and reaction
control possible using LGO, whereby a one-pot two step C3
bromination of LGO followed by Diels-Alder cycloaddition
afforded tricycle 9 as a single regio- and diastereomeric
isomer. This transformation set key stereocenters that were
then relayed into the final natural product tetrodotoxin via
key intermediate 10.

Oncolys Bipharma used the reaction of LGO with TMS-
acetylide to give alkyne-alcohol 11 as a result of selective 1,2-
addition of the nucleophile to the ketone (Figure 4) (Nagai et al.,
2015). The bicyclic alcohol 11 was then converted to 4'-ethynyl
DA4T (censavudine), which is a stavudine analogue with decreased
cytotoxicity. This route via LGO allowed for the synthesis of the
active substance in a simpler way, at lower cost and in larger
quantities than previous routes. Censavudine has been
investigated as a novel drug therapy for human
immunodeficiency (HIV), with greater activity against the less
common HIV-2 variant (Smith et al.,, 2015).

Levoglucosenone in Analogue Synthesis or
as a Bioisostere

In addition to the synthesis of known biologically active
compounds, LGO has been used extensively in the synthesis of
analogues of bioactives. For example, many substituted
napthoquinone compounds are known to have antibiotic
activity, such as the natural product eleutherin isolated from
Eleutherine bulbosa (Bianchi and Ceriotti, 1975). LGO has been
used for the synthesis of a series of quinone derivatives, with the
core of the LGO converted into a tetrahydropyran or
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FIGURE 2 | Preparation of bioactive cyclopropanes from LGO.
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FIGURE 3 | Synthesis of tetrodotoxin key intermediate from LGO.
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FIGURE 4 | Key synthetic step towards censavudine from LGO.

dihydropyranone ring. Freskos and Swenton (1985) performed a
cycloaddition reaction between LGO and benzofuranone 12 to
afford tetracycle 13 in moderate yield (Figure 5). Opening of the
acetal ring and deoxygenation afforded napthohydroquinone
derivative 14 as a single enantiomer, while a later report from
the same group gave the natural product hongkonin (Swenton
et al, 1996). Chew et al. (1988) subjected LGO and
dibromoxylene 15 to sonication to afford tetracycle 16 as a
single enantiomer (Figure 5). Functional group modification
gave pyranonaphthoquinone derivative 17.

Conjugate addition to the enone functionality of LGO has also
been used to synthesize biologically active derivatives of known
compounds. Thromboxanes play a major role in blood clot
formation (thrombosis) and are formed via the oxidation of
arachidonic acid in wvivo. Tolstikov and Tolstikov (2007)
employed the LGO ring-system as a bioisostere for the cyclic
ether motif found in thromboxane A2. The authors used the

regio- and stereoselective addition of a mixed cuprate 18 to LGO
to give the alkene addition product 19 as a key step in their
synthesis of the thromboxane analogue (Figure 6). Alkylation of
tin enolate 19 followed by deprotection afford the desired
thromboxane analogue 20.

The use of the 6,8-dioxabicyclo [3.2.1]octane as a bioisostere
for the cyclohexyl group was examined by Eiden et al. (1994) in
their study of materials that bind to the N-methyl-p-aspartate
receptor NMDA receptor complex (Figure 7). Starting with LGO,
reduction and then Strecker reaction afforded the aminonitrile
21. Reactions of the aminonitrile 21 with aryl Grignard reagents
gave a series of CNS-active arylamines including 22, which was
shown to possess low micromolar activity at the NMDA receptor.

Synthesis of Novel Bioactive Materials

Due to the highly functionalized and rigid nature of LGO, as well
as its well understood reactivity, it has been used extensively as a
building block for the synthesis of novel biologically active
compounds. 1,2-Addition to the carbonyl of LGO was used by
Czubatka-Bienkowska et al. (2017) for the preparation of
S-glycosylated  thiosemicarbazone derivates, a class of
molecules that have shown potential medical applications as
antiviral, antibacterial and anticancer drugs. Thus,
condensation of the thiosemicarbazide with LGO in acetic acid
in ethanol afforded the desired adduct 23 in good yield (Figure 8).
Subsequent conjugate addition of the 1-thioglucose derivative to
thiosemicarbazone 23 gave S-glycosylated thiosemicarbazone 24.
Testing of the compound library for in vitro anticancer activity

OMe cN OMeOH OMe OH Me OMe O Me
DMSO, MelLi
Ej ——— ([ S = ?
THF, 0°C, 65% Me
OH O
1 12 13 Eleutherin
OH O Me
o) ultrasonic bath H B
oJ . Br 0hn — O COH
S Br .
(o) 1,4-dioxane, 53% H S
16 17 ©
FIGURE 5 | Pyranonaphthoquinones prepared from LGO.
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FIGURE 6 | 1,4-Additions of vinyl cuprates to LGO for the preparation of thromboxane analogues.
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The 1,4-addition of thiols to LGO has been used extensively 1

for the synthesis of biologically active levoglucosenone

O
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hexanethiol with LGO in the presence of a base to afford {\ Lo CH4,CN, RT, 89%

adduct 25 in good yield (Figure 9). The series of thio- 1 COM

derivatives synthesized in this way showed activity against

hepatocarcinoma cell lines and also illuminated the key role of o OAc LN 0~0
the carbonyl functionality to exert biological activity. Similarly, E\L . SH —° AQ 5 S
Witczak et al. (2014) demonstrated that substituted thiophenols S .

could be efficiently added to LGO in the presence of triethylamine "o A OAc OAe CHICN, B9% A:Q ore ©
to give thio-acid 26 (Figure 9). In the same report, 1-thiosugars 1 27 Ohc 28

were shown to be competent nucleophiles for conjugate addition
into LGO. For example, addition of protected 1-thioglucose 27 to
LGO in the presence of triethylamine afford the desired adduct 28

FIGURE 9 | Anticancer compounds through conjugate addition of thiols
to LGO.
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FIGURE 11 | Antimicrobial and anticancer derivatives of LGO via cross-
coupling reactions.

in good yield (Figure 9). Importantly, this series of functional
CARB-pharmacophores demonstrated cytotoxicity and apoptosis
against human cancel cell lines (A549, LoVo, MCF-7 and HeLa).
The thio-sugar motif was shown to be a promising construct for
the development of novel antineoplastic drugs.

Nitrogen and oxygen nucleophiles have also been shown to
undergo conjugate addition to LGO and a number of biologically
active derivatives have been formed using this chemistry. For
example, Westman et al. (2007) have patented the synthesis of
LGO derivatives for the treatment of disorders such as cancer,
autoimmune diseases and heart diseases (Figure 10). The
reaction of LGO with triazole derivative 29 in the presence of
base afford the desired 1,4-addition adduct 30 as a single
enantiomer. The approximately 90 derivatives were tested in a
range of assays, including in human H1299 lung carcinoma cells
lacking p53 expression and in H1299 His175 cells that carry
tetracycline-regulated mutant p53 constructs. From these studies,

a group of LGO derivatives were identified including 31 that
showed promise in the treatment of disorders in which a
malfunctioning p53 pathway could be involved. In a similar
synthetic approach, Sarotti and co-workers used the reaction
of sodium azide in acetic acid with LGO in the presence of
triethylamine to give pf-azidoketone 32 (Figure 10) (Tsai et al.,
2018). A subsequent click reaction with phenyl acetylene
performed without isolation of the {-azidoketone 32 afforded
triazole 33. Application of the methodology to a diverse series of
acetylenes gave triazole products, which showed satisfactory
antitumor activity when evaluated against TNBC cancer cell
lines. Primary amines have also been shown to be good
nucleophiles for addition to the enone functionality of LGO.
For example, further work by Sarotti and co-workers showed that
the reaction of propargyl amine to LGO in the presence of base
gave addition adduct 34 (Figure 10) (Tsai et al., 2020). Testing of
this chain extended series on MDA-MB-231 cells, specifically
endogenous mutant p53 knock down (R280K), and by
reintroducing p53 R280K in cells lacking p53 expression, anti-
proliferative activities against lung and colon cancer cell lines
were demonstrated. Further examples of LGO derivatives with
anticancer activity have been reported by the same group (Delbart
et al., 2022).

Carbon-Carbon bond formation via metal-mediated cross-
couplings has also been used for the production of novel
biologically active molecules based on LGO. Banwell and co-
workers employed a palladium-catalyzed Ullmann cross-coupling
between the C3 jodo derivative of LGO 35 and a variety of
bromonitropyridines such as 36 affording a range of LGO
derivatives (Figure 11) (Liu et al, 2020). It was found that the a-
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FIGURE 12 | Cycloaddition reactions of LGO for the preparation of carbonic anhydrase and RAS activation inhibitors.
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pyridinylated derivatives of type 37 had potent and selective
antimicrobial and/or cytotoxic properties, whereas the azaindole
derivatives were essentially inactive in all of the tests conducted.
1,3-Dipolar cycloadditions of nitrones with LGO have also
been used for the synthesis of biologically active derivatives. The

selectivity of the process was controlled by the 1,6-anhydro bridge
and the polarization of the conjugated alkene. Pratesi et. al. (2020)
exploited the reactivity of the enone functionality of LGO in a
dipolar cycloaddition reaction to give derivative 39 via reaction of
LGO with nitrone 38 (Figure 12). One of the glycomimetics
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showed strong inhibition of the central nervous system expressed
hCA VIII as well as selectivity towards a specific isoform, while
inhibitory activity against tumor associated hCA IX (K
35.9nM) was shown by another of the LGO derivatives. A
similar strategy was employed by Peri and co-workers for the
construction of Ras activation inhibitors (Miiller et al., 2009).
Thus, the reaction of LGO with a series of aromatic nitrones 40 in
the presence of zinc(II) chloride afforded the desired
levoglucosenone fused isoxazolidines 41a and 41b as a mixture
of diastereomers (Figure 12). These scaffolds were then further
manipulated to give a total of nine functionalized derivatives and
their biological activity examined. These molecules were shown to
be a novel set of Ras inhibitors with interesting biological activity
both in vitro and towards cells against a representative set of
human cancer cell lines.

Using LGO to Intercept Existing Routes to

Pharmaceuticals

LGO and its derivatives are attractive building block for the synthesis
of key intermediates used in the production of pharmaceuticals,
largely due to its well-understood chemistry and availability on scale.
As an example, Allais and his team at AgroParisTech have developed
straight forward protocols for the facile conversion of LGO to 5-O-
benzyl-D-(+)-ribo-1,4-lactone 43, which is a key building block for
the synthesis of the COVID-19 anti-infective drug remdesivir
(Figure 13) (Flourat et al, 2015; Moreaux et al, 2019). In this
work, Baeyer-Villiger oxidation of LGO to the butenolide 42
followed by alcohol protection and syn-dihydroxylation gave the
protected ribonolactone 43 in good yield and selectivity.

The ready transformation of LGO or its derivatives to 5-
hydroxymethylbutyrolactones via the Baeyer-Villiger reaction can
be used to access a variety of pharmaceuticals. For example, a
hydrogenation-aldol condensation-hydrogenation sequence starting
with LGO afforded ketone 44, which was then hydrogenated and
oxidized using peracetic acid to give the benzylated butyrolactone 45
(Figure 14) (Ledingham E. T et al., 2017). The configuration of the
benzyl group in the intermediate ketone 44 was controlled by steric
interactions with the oxymethylene bridge, resulting in the requisite
anti-configuration of substituents in the final butyrolactone. The
original route to 45, which was used to construct the core section of
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Violacein (Viol) is a bacterial purple water-insoluble pigment synthesized by Chromobacterium
violaceum and other microorganisms that display many beneficial therapeutic properties
including anticancer activity. Viol was produced, purified in our laboratory, and
encapsulated in a nanostructured lipid carrier (NLC). The NLC is composed of the solid
lipid myristyl myristate, an oily lipid mixture composed of capric and caprylic acids, and the
surfactant poloxamer P188. Dormant lipase from Rhizomucor miehei was incorporated into the
NLC-Viol to develop an active release system. The NLC particle size determined by dynamic
light scattering brings around 150 nm particle size and = —9.0 mV with or without lipase, but the
incorporation of lipase increase the Pdl from 0.241 10 0.319 (=32%). For scaffold development,
a 2.5 hydroxypropyl methylcellulose/chitosan ratio was obtained after optimization of a
composite for extrusion in a 3D-bioprinter developed and constructed in our laboratory.
Final Viol encapsulation efficiency in the printings was over 90%. Kinetic release of the
biodye at pH = 7.4 from the mesh containing NLC-lipase showed roughly 20% Viol fast
release than without the enzyme. However, both Viol kinetic releases displayed similar profiles at
pH = 5.0, where the lipase is inactive. The kinetic release of Viol from the NLC-matrices was
modeled and the best correlation was found with the Korsmeyer-Peppas model (R® = 0.95)
with n < 0.5 suggesting a Fickian release of Viol from the matrices. Scanning Electron
Microscope (SEM) images of the NLC-meshes showed significant differences before and
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Violacein Active Release

after Viol's release. Also, the presence of lipase dramatically increased the gaps in the interchain
mesh. XRD and Fourier Transform Infrared (FTIR) analyses of the NLC-meshes showed a
decrease in the crystalline structure of the composites with the incorporation of the NLC, and
the decrease of myristyl myristate in the mesh can be attributed to the lipase activity. TGA
profiles of the NLC-meshes showed high thermal stability than the individual components.
Cytotoxic studies in A549 and HCT-116 cancer cell lines revealed high anticancer activity of the
matrix mediated by mucoadhesive chitosan, plus the biological synergistic activities of violacein

and lipase.

Keywords: Violacein, nanostructured lipid carriers, Lipase, chitosan, 3D-bioprinter, controlled release, Violacein

active release

1 INTRODUCTION

Bacterial metabolites make up a great pool of molecules that, in
addition to having a wide range of biological activities, are
relatively simple and inexpensive to produce in a sustainable
way (Venil et al, 2020). In 2020, the GLOBALCAN reported
more than 19 million new cases and 10 million deaths.
Additionally, 80% of new cases occur in individuals over
50 years of age, so as the world population ages, the
prevalence of these diseases grows accordingly (Ferlay et al,
2020). Violacein (Viol) is a violet-purple pigment synthesized
by numerous Gram-negative bacterial strains that have
demonstrated beneficial antibacterial, antifungal, trypanocide,
antiviral, and antitumoral activities, among others (Duran
et al., 2021). Particularly, Viol inhibits the expression of some
cell markers associated with proliferation (e.g., cyclin-dependent,
mitogen-activated kinases, etc.), inhibit metalloproteinases,
enzymes essential to metastatic processes, and induces tumoral
cell death by different mechanisms mentioned recently (Durdn
et al., 2016).

Viol is practically insoluble in aqueous media and its high
hydrophobicity correlated well with the parameter XLogP3-aa =
2.7. XLogP3-aa is a statistical parameter used to estimate the
hydrophobicity/hydrophilicity of a molecule considering the
contribution of each atom, hydrogen bridges, and the terminal
groups (Cheng et al.,, 2007). The Viol insolubility in aqueous
media is a serious limitation for its prospective application as a
therapeutic agent because of low bioavailability. Besides, it is
estimated that between 50% and 90% of the new drugs in
development and 40% of the drugs currently available in the
market present the same drawback (Liu, 2018). Thus, Viol could
be a promising new drug but also an excellent therapeutic agent if
a suitable drug delivery system is developed. Since Viol is a
hydrophobic molecule, lipid systems can be considered as a
potential best drug carrier (Rivero Berti et al., 2020). Among
them, liposomes, and lipid nanoparticles are probably the most
popular structures employed for the development of drug
delivery systems because of their simple preparation, non-
toxic, easy scale-up, and reproducibility. However, liposomes
are thermodynamically unstable, with high structural
dependence on environmental conditions, unknown cargo
concentration, and unpredictable kinetic release. Meanwhile,
solid lipid nanoparticles display several advantages, such as

improving the solubility of poorly soluble drugs, and also
increasing circulation time, thus avoiding possible resistance
mechanisms displayed by tumor cells, such as efflux pumps
(Creixell and Peppas, 2012). Solid lipid delivery systems
propose platforms that are relatively simple to prepare,
extremely stable, have high loading efficiency for hydrophobic
drugs and have high biocompatibility (Scioli Montoto et al.,
2020). Although SLNs have a high encapsulation efficiency, in
some cases when the nanoparticles mature, the lipids of the
matrix crystallize, and the drug is expelled during the process
with the consequent loss of loaded drug. In nanostructured lipid
carriers (NLC) systems an oily lipid is added to the solid lipid core
to introduce entropy and prevent and/or reduce lipid
crystallization (Gordillo-Galeano and Mora-Huertas, 2018). In
the present work, myristyl myristate (MM) was selected as the
main lipid component for the NLC, since MM has shown
advantages in NLC preparation such as emulsification
enhancer, effective thickener, low acute toxicity in oral or
dermal tests, and its extensively used in personal care and
cosmetic products (Islan et al, 2016; Shilling, 1990; Berti,
et al, 2019). Also, a commercial mixture of caprylic and
capric acids was employed in the NLC preparation because it
is an oily liquid lipid at RT and used as a thickener to improve the
texture and stability of emulsions, it is biodegradable and
commonly used in pharmaceutical and cosmetic formulations
(Islan et al., 2016).

However, one of the main problems in cancer therapies for the
delivery of nanoparticles containing hydrophobic and/or
environmentally sensitive drugs is the low attachment of
nanoparticles to the cancer cell surfaces, insufficient drug
penetration, and inadequate drug release kinetics (Wang et al.,
2018). The consequent drug release failure can result in molecular
degradation under physiological conditions (i.e., lytic enzymes),
fast clearance, and/or formation of insoluble complexes (i.e., n-
stacking) that result in low drug bioavailability and could produce
also undesirable side effects. A potential solution could be the
development of a stimuli-responsive controlled release system
(SRCRS), which will be particularly useful for the treatment of
solid tumors. Among the main advantages of SRCRS is the
circumvention of premature drug clearance, high accumulation
on targeted cells or tissues, and proper stimuli-responsive drug
release with controlled kinetics (Rahim et al., 2021). Importantly,
SRCRS reduces the drug amount to be administered and gets the
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same therapeutic results, which is a substantial advantage for
improving the individuals’ quality of life, and principally for
oncological patients. The use of enzymes for the development of
SRCRS to release the cargo in place and with appropriate kinetics
was described. Enzymes such as proteases, glycosidases, and
lipases were tested for the release of growth factors
(i.e, hepatocyte growth factors and VEGF), insulin,
doxorubicin, nitric oxide, etc. from nanoparticle and hydrogel
devices (Chandrawati, 2016; Wang et al., 2018; Shahriari et al,,
2019).

Specifically, Viol release from the NLC during nanoparticle
disintegration can be affected because the hydrophobic character
of the biodye could be stuck to the lipids, and consequently Viol
bioavailability will be reduced. In this sense, the inclusion of an
inactive but dormant “alive” lipase in the NLC can improve Viol
release from the lipids by hydrolyzing the ester linkages of the
lipids in the presence of a physiological environment. Lipase from
R. miehei showed optimum activity at temperatures between 37°C
and 40°C, in the presence of surfactants, but the optimal pH is
strain-dependent and goes from the alkaline range (i.e, pH
between 8.0 and 8.8) to the acid one (i.e, pH = 5.0-5.4) (Tako
et al., 2017). Both simultaneous conditions are relevant for cancer
treatment since solid tumors show high temperatures compared
to the nearby normal tissue because of high metabolic rates, and
also an acid surrounding environment due to the exacerbated
production of lactic and acetic acids (Rahim et al., 2021). In
addition, lipase released from the NLC can act on the membrane
surface of cancer cells, not only disturbing its structure and
function but also hydrolyzing lipids that could facilitate the
diffusion of Viol into the cells. Moreover, the presence of
lipase released from the NLC could catalyze the hydrolysis of
triglycerides present in the serum, reducing the formation of
precancerous lesions as well as colon, pancreatic, and prostate
cancers (Chandra et al., 2020).

On the other hand, medical implants provide a novel platform
from which the drug can be released over time. Medical implants
show at least two obvious advantages: first, the release is site-
specific (or locoregional), reducing the adverse side effects
resulting from the systemic drug circulation and allowing a
better quality of life for the patient since no other tissues and
organs will be in contact with the drug. Second, they guarantee
the patient’s adherence to the treatment (Ahmed et al., 2019). In
the specific case of solid tumors, whenever possible, resection
surgery is the first treatment option, but combined therapies are
key in cancer treatment, and surgery is frequently associated with
adjuvant chemotherapy treatments (Wolinsky et al., 2012).

Three-dimensional bioprinters can be wused for the
development of organoids, tissue engineering, scaffolds for
drug delivery, tissue printing, and novel hybrid devices
(Stanisz et al, 2020). Particularly, a 3D bioprinter was
designed and constructed in our laboratory to develop
different matrix structures for drug delivery used as patches or
implants for the treatment of different pathologies (Katz and
Castro, 2019). The treatment of solid tumors with 3D-bioprinted
matrices has the advantages of personalized medicine because it is
possible to adjust the implant to the characteristics, size, and
location of the tumor. In addition, 3D implants can be placed as
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close as possible to the tumor surfaces adjusted to the tumor
microenvironment or also in the cavity left by the resected tumor
after a surgery that reduces the drug circulation in the body and
consequently, the administered drug amount and its adverse
effects.

Two biopolymers were selected for the development of a 3D-
bioprinted matrix: chitosan (Chi) and hydroxypropyl
methylcellulose (HPMC) because of their advantages. Chi is
composed of B-linked N-acetyl-D-glucosamine  and
D-glucosamine randomly distributed. Chi possesses a residual
positive charge making the biopolymer mucoadhesive and cell-
adhesive, very relevant properties to enhance the attachment of
the biopolymer gels to the cell surfaces, which increases tissue
permeability and drug residence time. In addition, Chi displays
antimicrobial and antioxidant activities. Chi is nontoxic,
biocompatible, and biodegradable by mammalian enzymes,
making the biopolymer an excellent candidate for biomedical
applications in the form of gels, nanoparticles, fibers, and films
(Shariatinia and Jalali, 2018).

Cellulose is the most abundant biopolymer found in nature
and is composed of linear $8-D-glucose units of different lengths,
but its limited solubility reduces applications. HPMC is a derivate
of methylcellulose containing propylene glycol ether. Also,
HPMC is a nontoxic polymer, considered generally recognized
as safe (GRAS) by the FDA, and approved as a food additive by
the EU (Siepmann and Peppas, 2012).

In the present work, a platform of stimuli-responsive
controlled release system (SRCRS) based on NLC containing
lipase as a trigger agent and covered with Chi was integrated into
a polymeric matrix composed of Chi and HMPC. The composite
polymeric matrix was optimized for stability and to be extruded
by a 3D bioprinter developed and constructed in our laboratory.
The purpose of the 3D-printed matrix was to be used as an
implant. Violacein was selected as a hydrophobic drug model
entrapped in NLC for the potential treatment of solid tumors.
The matrix system was characterized using biophysical
techniques, TEM, FTIR, TGA, and dispersive light. The release
of Viol from the matrices was studied by structured kinetic
models. Cytotoxicity in vitro was studied in A549 and
HCT116 cancer cell lines.

2 MATERIALS AND METHODS

2.1 Materials

Violacein [3-(1,2-dihydro-5-(5-hydroxy-1H-indol-3-yl)-2-oxo-
3H-pyrrol-3-ylidene)-1,3-dihydro-2H-indole-2-one] was
synthesized by Chromobacterium violaceum CCT 3496 and
used following earlier techniques reported elsewhere. Briefly,
an isolated colony of C. violaceum from an agar plate was
inoculated in 250 ml Erlenmeyer containing 100ml of a
medium composed of 5gl™ D-glucose, 5gl™' peptone, and
2gl™" yeast extract dissolved in MiliQ water. The vessel was
incubated at 150 rpm on a rotatory at 30°C for about 36 h. Later
the bacterial culture was centrifuged at 10,000 x g for 15 min at
5°C, and the supernatant was discarded. Violacein was purified
from the cells using a Soxhlet extractor. The Viol purity was 98%
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purity determined spectroscopically (data not shown) (Mendes
et al., 2001; Berti, et_al., 2019).

Lipase, from R. miehei lyophilized powder (Lip), 4-
nitrophenyl palmitate (pNPP), Poloxamer 188 (Kolliphor®
P188), chitosan (Chi, poly (D-glucosamine) deacetylated
chitin, MW = 161kDa), and (hydroxypropyl)methylcellulose
(HPMC, MW = 26kDa) were bought from Sigma-Aldrich
(Buenos Aires, Argentina). Myristyl myristate a solid lipid at
RT (MM, Crodamol® MM, MP = 36-40°C), and cetyl palmitate
an oily triglyceride with saturated fatty acids (Crodamol® GTCC-
LQ, MP —4°C) were a generous donation of CRODA®
(Argentina). All other chemicals, solvents, and reagents
employed in the present work were of analytical grade.

2.2 Lipase Activity and Stability

Measurements

Lipase activity was measured by the release of the colored
compound 4-nitrophenol from 4-nitrophenyl palmitate
(pNPP) as previously reported (Romero et al., 2012). Briefly,
pNPP was pre-dissolved in 1:4 acetonitrile-isopropanol
supplemented with 0.1% (w/v) Triton X-100. The pNPP
solution was dispersed in a 10 mM buffer supplemented with
0.2% (w/v) Arabic gum to reach a final concentration of 500 uM.
One ml of pNPP was placed in a 48-well plate to run the
enzymatic reaction. A lipase sample was added, and the
solution’s absorbance was measured at 405nm at 37°C every
minute for 20 min to determine 4-nitrophenol concentrations.
Lipase activity was displayed as pmol of 4-nitrophenol released
per second.

The stability of lipase was determined at different pH values by
incubating the enzyme in different buffers at room temperature,
and then its activity was evaluated using buffer phosphate (pH =
7.4) and 37°C for 1 h.

2.3 Nanostructured Lipid Carrier and
Nanostructured Lipid Carrier With Lipase

Preparation

NLCs were synthesized by ultrasonication (Rodenak-Kladniew
et al., 2017). Concisely, a lipid phase containing 400 mg of the
solid lipid myristyl myristate (MM), 100 ul of a commercial
mixture of caprylic and capric acids (Crodamol® GTCC), and
20 umol Viol was melted in a 70°C bath. Later, 20 ml of 4.0% (w/
v) poloxamer 188 adjusted to pH = 5.0 with acetic acid/sodium
acetate buffer was mixed with the lipid phase and sonicated in an
ultrasonic processor (130 W, Cole-Parmer, United States) at 70%
amplitude for 15 min.

The Viol remaining in the NLC was assayed in a 500 pl
sample of the NLC-Viol formulations taken and filtered in
100 kDa cut-off filters (Amicon® Ultra- 0.5 ml, Merck
Millipore, Ireland). The absorbance of the filtered solution
was measured at 580 nm.

For formulations containing lipase (Lip), 5.0 ml of NLC
dispersion was incubated with enough lipase to produce an
activity of 2.0 pmol of 4-nitrophenol/s at 5°C overnight with
an agitation of 150 rpm with a magnetic stirrer.

Violacein Active Release

2.4 Nanoparticle Measurements
The average hydrodynamic diameter (Dy), polydispersity index

(PdI), and Z-potential ({) were determined for NLC-Viol and
NLC-Viol-Lip samples diluted 1/100 [2.0% (w/v) initial
concentration and 0.02% (w/v) final concentration of MM] in
ultrapure water using a Zetasizer Nano ZS series (Malvern
Instruments, United Kingdom). The determinations were
performed at a 633 nm (He-Ne) laser at a 173° measurement
angle at 25°C by triplicate.

Transmission electron microscopy (TEM) images of the
nanoparticles were acquired in a Jeol-1200 EX II-TEM
microscope (Jeol, Columbia, MD, United States). NLC
suspensions were diluted 1/100 [2% (w/v) and 0.02% (w/v)
initial and the final concentration of MM, respectively] in
ultrapure water or 10 mM phosphate buffer (pH = 7.4)
followed by spreading a 10 pl sample on a 400 mesh Cu grid.
The excess sample was removed with filter paper. A
phosphotungstic acid drop was added to the samples for
contrast enhancement.

2.5 Biopolymer Ink Preparation and

Extrusion

A weighted amount of 200 mg chitosan was hydrated in 1.0 ml of
10% acetic acid to form a homogenous paste. Later, 1.5 ml of NLC
formulation with or without Lip was added and mixed, and then,
500 mg of HPMC was added, and the ink was thoroughly mixed
and charged in a sterilized 5ml syringe with Luer lock
(TERUMO®, Philippines). The loaded syringe was later
centrifuged at 7,000 x g for 20min to eliminate any air
bubbles from the 3D ink. A conic plastic tip or nozzle (Fish
Dispensing, China) with a 0.41 mm exit orifice was attached to
the syringe before extrusion.

The 3D meshes were produced by extrusion in a 3D printer
designed in our laboratory. Briefly, the 3D printer consists of an
extruder that precisely pushes ink out of the syringe, a positioning
system for the movements on three axes, and a controller. The
extruder is composed of a socket for the syringe and a bipolar
Nema 17 stepper motor with a high precision planetary system;
the movement on the three axes is provided by two bipolar Nema
17 stepper motors coupled with 8 mm THSL screws and anti-
backlash nuts. The open-source electronics used contain a
16 MHz ATmega 2560 processor that is commanded with
Marlin firmware.

The 3D meshes produced by 3D bioprinting were submerged
for 10 min in a 3.0% tripolyphosphate (TPP) solution, washed
with ultrapure water, and saved in the fridge for biophysical
characterization. Samples of TPP solution and ultrapure water
used for washing were taken to determine Viol concentration.
Figure 1 shows a simplified workflow of NLC and 3D-mesh
production.

2.6 Entrapment Efficiency of the Meshes

Entrapment efficiency was measured for both matrices
prepared with NLC-Viol (Mesh-Viol) and meshes prepared
with NLC-Viol-Lip (Mesh-Viol-Lip). This was conducted by
two methods. The indirect method was carried out by
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FIGURE 1 | Simplified workflow to produce the 3D meshes.

*

Mesh-Viol-Lip

TPP solunon

/L.‘

Mesh-Viol

measuring Viol in the TPP solution and in the water used to
wash the 3D meshes, and then subtracting the violacein
amount in those solutions from the initial amount of drug,
using the following equation: Eq. 1

mViol; = (cViolrppsor X Vppsor)
—(cViolyy X Vi)

x 100%
mViol; ?

1

EEindirect (%) =

where mViol; is the initial amount of Viol present in the preparation,
cViolrpps, is the concentration of violacein in the TPP solution,
cViol,,, is the concentration of Viol in the ultrapure water after
washing, and Vyrpy and V,,,, are the volumes of those solutions.

On the other hand, the direct method consisted in adding
3.0 ml of ethanol to a weighted amount of Mesh-Viol or Mesh-
Viol-Lip followed by sonication in an ultrasonic cleaning bath for
30 min. The procedure was performed twice with ethanol
replacement. The efficiency was then calculated by the
following equation: Eq. 2

CViOll X V1 + CViOlz X VZ

- x 100%
mViol;

EEdireCt (%) = (2)
where mViol; is the initial amount of Viol added to the
preparation, cViol; and cViol, are the concentration of Viol in
the first and second ethanol extraction, and V; and V, are the
volumes of those solutions.

2.7 Violacein Release From the 3D-Printed

Meshes

Four meshes were weighed and placed in 30 ml of 10 mM phosphate
buffer at pH = 7.4 and 37°C, in duplicate. Every hour a 1.0 ml sample
of the media was taken and replaced with an equal volume of fresh
buffer. The samples were later filtered in 100 kDa cut-off filters
(Amicon” Ultra- 05ml, Merck Millipore, Ireland). Filtered
solution absorbance was determined at 580 nm to evaluate Viol’s
release. The results were expressed as a fraction of a total load of Viol
released versus time. The Viol release profiles were analyzed by
structured kinetic release models (Supplementary Table S1).

2.8 Physicochemical Characterization of the

3D Meshes

2.8.1 Fourier Transform Infrared Spectroscopy

FTIR spectra were performed in freeze-dried in a Nicolet 6700
model (Thermo Scientific CT, United States) spectrometer
coupled with an attenuated total reflectance (ATR) accessory.
Scans were performed 32 times for each sample in the range from
600 to 4,000 cm™! with a 4 cm™ resolution.

2.8.2 X-Ray Diffraction

Diffraction patterns of the freeze-dried samples were obtained in
an Analytical Expert instrument using Cu-K radiation (6=
1.54 A) from 20 = 10° to 70° in continuous mode with 0.07°
step size.

2.8.3 Thermal Analysis

Thermogravimetric analysis (TGA) was performed in a
Shimadzu TGA-50 instrument. All assays were carried out in
the range of 20°C-900°C at a heating rate of 10°C/min under an
N, atmosphere.

Differential scanning calorimetry (DSC) was carried out on a
Perkin Elmer Inc., Model Pyris 1 (Waltham, MA, United States)
instrument under an N, atmosphere. The heating rate of 10°C/
min was used in the range of 0-250°C. All samples were
previously frozen-dried.

2.9 Scanning Electron Microscope Image
Acquisition

SEM analysis of 3D-printed meshes was run with freeze-dried
samples that were then covered with a gold layer thickness of
15-20 nm using a Balzers SCD 030 metallizer. Images were
obtained in a Philips SEM 505 scanning electron microscope
and processed in an image digitizer program (Soft Imaging
System ADDA II, SIS). Later, the images were analyzed with
Image] software (NIH, United States), and the surface roughness
was estimated by the standard deviation of grey values in the
image histogram (Wang et al., 2005).
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FIGURE 2 | Lipase activity measured at pH = 7.4 and 37°C after
incubation for 6 h at room temperature at the indicated pH (white, ©) and
lipase activity assayed at the indicated pH and 37°C (black, m).

2.10 Cytotoxic Studies

Human colorectal carcinoma HCT-116 and lung
adenocarcinoma epithelial A549 cells were cultured in
Minimal Essential Medium (MEM, HyClone, CA,
United States) supplemented with 10% fetal bovine serum
(Internegocios S.A., Argentina) and 1.0% penicillin/
streptomycin (Gibco Invitrogen Corporation,
United States) in 5.0% CO, at 37°C. The viability of the
cells was assayed using MTT [3-(4,5-dimethylthiazol-2-yl)-
2,5-diphenyltetrazolium bromide] assay (Mosmann, 1983).
HCT-116 and A549 cells (4.0 x 103 cells/ml) were seeded in
96-well plates and incubated under standard conditions for
24 h. Then, the cells were exposed to 0.5, 2, or 4.0 uM of free
Viol (prepared in DMSO lower than 0.05% (v/v) final
concentration), or equivalent amounts (UM of Viol or mg/
ml of MM) of NLC and NLC-Lip with and without Viol for
24h. The medium was discarded and incubated in the
presence of 100 pl of 500 ug/ml MTT solution prepared in
MEM with 3 h incubation. Formazan was dissolved in 100 pl
DMSO. The microplates were stirred for 5 min and readings
of absorbance at A = 560 nm were determined in a microplate
reader (Beckman Coulter DTX 880 Multimode Detector,
United States). A reduction in cell viability by more than
30% was considered a cytotoxic effect (Doktorovova et al.,
2014). A conditioned medium was used to assay Mesh-Viol
and Mesh-Viol-Lip. That is, meshes with and without viol,
and with and without Lip were incubated in MEM
supplemented as before for 48 h. Then, the media was used
to incubate A549 and HCT116 cells for 24 h. Later, MTT
colorimetric assays were performed as previously described.

3 RESULTS AND DISCUSSION

3.1 Lipase Activity and Nanostructured Lipid

Carrier Preparation

The lipase activity was evaluated at different pH values at room
temperature. The high activity of lipase from R. miehei was
detected at pH = 7.4, but no enzyme activity was observed at
pH = 5.5 (Figure 2). However, 95% of enzyme activity was

Violacein Active Release

recovered at pH = 7.4 after lipase incubation at pH = 5.5 for
6 h, indicating a reversible enzyme inhibition. Based on this
result, the synthesis of NLC containing lipase was performed
at pH = 5.5.

Encapsulation efficiency of Viol in the NLC-Viol without and
with lipase was near 100% since Viol concentration in the filtered
solution was below the limit of detection (Supplementary
Material Table S3).

3.2 Nanostructured Lipid Carrier Size and
Z-Pot
The average hydrodynamic diameter (Dy), PdI, and Z-Pot ({)
are shown in Supplementary Table S2. The addition of lipase
does not significantly alter the mean particle size (154.3 nm for
NLC-Viol and 151.5 nm for NLC-Viol-Lip; p > 0.05), but it
does significantly alter the PdI (0.241 for NLC-Viol and 0.319
for NLC-Viol-Lip; p < 0.05). The { value is close to zero, as
might be expected from the fact that the surfactant used to
stabilize NLC, P188, is neutral in charge. The { change between
formulations with and without lipase is significant (p < 0.05)
but still very small. Results are summarized in Supplementary
Table S2.

TEM images for NLC-Viol-Lip before and after incubation in
a 10 mM phosphate buffer (pH = 7.4) for 6h are shown in
Figure 3. Before incubation NLC-Viol-Lip showed an average
diameter of 93.6nm based on 36 measurements from
micrographs (Figure 3A). After incubation aggregates were
observed (Figure 3B, arrows). These aggregates can be
explained since lipase activity probably weakens the structure
of the nanoparticle by catalyzing lipid hydrolysis, and therefore
remnant NLC produces aggregate structures.

3.3 Biopolymer Ink Preparation and

Extrusion

Different proportions of Chi and HPMC were tested to create an
appropriate polymer mixture to be extruded by the 3D bioprinter.
The final polymer concentrations for the bioink were 6.6% (w/w)
Chi and 16.6% (w/w) HPMC, equivalent to HPMC/Chi: 2.5 ratio.
Lower HPMC content resulted in an unstable printed bioink,
while higher HPMC concentrations drastically reduced the cross-
linking with TPP.

Maximum printing speed that did not produced errors in ink
continuity found was 400 mm/min. For the nozzle diameter used
(0.41 mm) a layer height of 0.33 mm was found optimal, since
layer heights less than that, caused the nozzle to damage the lower
layer and larger layer sizes prevented the correct adhesion of the
developing layer on the lower layer. A video illustrating the
printing process can be found in Supplementary Material.

The two methods used to estimate EE (%) gave differences
lower than 10% among them (Supplementary Table S3).
However, the average EE (%) of Mesh-Viol and Mesh-Viol-Lip
was 93.8% and 92.3%, respectively. These values are very close
considering the several experimental steps for the production of
the drug delivery devices (i.e., sonication, mixing, cross-linking,
and washing).
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FIGURE 3| (A) TEM micrography of a 1:100 dilution of NLC-Viol-Lip, and (B) TEM micrography of a 1:100 dilution of NLC-Viol-Lip after it was incubated at a pH =
7.4 for 6 h. Arrows in (B) point aggregates.

Peppas model can be used to predict the potential mechanism
involved in the drug release (Supplementary Table S1). In this
case, Mesh-Viol fitted an n = 0.17 and Mesh-Viol-Lip an n = 0.46;
both cases fall below n < 0.5 condition. Considering these
experimental values, the Korsmeyer-Peppas model predicts a
Viol release based mostly on Fick’s law, i.e., only based on the
diffusional mechanism (Ritger and Peppas, 1987).
Additionally, Viol releases from the Mesh-Viol and Mesh-
Viol-Lip matrices were performed at pH = 5.0. No significant
differences were found between the Viol release in both matrices
(Supplementary Figure S1). These results are indicative of the
= relevant lipase role in Viol release. However, the Viol release was
faster than in pH = 7.4 buffer, with around 65% of the drug
released in the first 2 h, which can be expected since Chi solubility
is greatly enhanced at lower pH (Kou et al., 2017).

100 -

Drug release (%)

Time (h)

FIGURE 4 | Violacein kinetic release from mesh (@), and mesh
containing lipase (A) at pH = 7.4 respectively. Baker and Lonsdale model fit for

mesh (- -, R = 0.95) and Korsmeyer-Peppas model fit (- --, R = 0.95) for 3.5 Mesh Physicochemical Characterization
mesh containing lipase. Upper and lower 95% confidence interval for 3.5.1 Scanning Electron Microscope Micrograph
each fit (). Results

The SEM images display the matrix structure after exposing the

3D prints to 10 mM phosphate buffer (pH = 7.4) for 24h

(Figure 5). The SEM images showed a relaxed matrix
3.4 Violacein Release From the Meshes structure with mesh gaps expanded, determined by the Image]
The difference between the two Viol release profiles of matrices  software (Supplementary Table S4). Meshes before drug release
with or without lipase is obvious (Figure 4). Lipase strongly  did not exhibit any significant difference (p > 0.05) and are
stimulates the release of Viol from the polymeric matrix, reaching ~ presented as one single group. However, changes in the structure
60% release at pH 7.4 after 2 h incubation. While only 20% of Viol =~ of the meshes with and without Lip after Viol release were
was released from the matrix without lipase under the same  significant (p < 0.05). The Mesh-Viol-Lip displayed a big
experimental conditions. The kinetic release of Viol from Mesh-  variation in the matrix structure that can be attributed to the
Viol and Mesh-Viol-Lip was analyzed with typical structured  presence of lipase in the matrix. This loosening in polymeric
kinetic models (Supplementary Table S1). The best correlations  structure can also be observed in the microstructure at higher
of Viol release were found with Higuchi (R? = 0.94), Korsmeyer- magnifications (x1,000) (Figure 5). Mesh-Viol-Lip shows a larger
Peppas (R? = 0.95) and Baker-Lonsdale (R* = 0.95) tested models number of cavities between polymer areas. Also, the roughness of
for the matrix without lipase. While the best correlation of Viol =~ Mesh-Viol-Lip estimated by the grey histogram confirmed this
release from the matrix containing lipase was observed in the  result (Supplementary Table S4). A comparative analysis of the
Korsmeyer-Peppas model (R* = 0.95) (Supplementary Table $5).  standard deviations of the matrices showed that Mesh-Viol and
The kinetic of Viol release from the matrices and Baker-Lonsdale =~ Mesh-Viol-Lip before drug release possess smother surfaces (SD
fit for Mesh-viol and Korsmeyer-Peppas for Mesh-Viol-Lip are = 35.5) than Mesh-Viol or Mesh-Viol-Lip after the release (SD =

«_ »

displayed in Figure 4. The “n” parameter in the Korsmeyer-  40.1 and 48.3 respectively).
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(C) respectively.

FIGURE 5 | SEM images for the 3D-Mesh previous release (A), Mesh-Viol and Mesh-Viol-Lip released in phosphate buffer (pH = 7.4) after 24 h incubation (B) and

3.5.2 X-Ray Diffraction Analysis

Figure 6 shows XRD patterns for both 3D meshes after 24 h
incubation in release buffer (pH = 7.4) as well as their pure
components. P188 showed a high degree of crystallinity when
pure, with two intense and characteristic peaks at 19.1° and 23.3°,
and a dimmer broader peak between 25.5° and 27.0° (He et al.,
2011). Chi showed a small peak at 19.7° and a dim broad peak at
9°, while HPMC exhibited a wide peak between 15° and 25°.
However, none of these peaks appear in the mixtures, indicating a
loss of the crystalline structure of the polymers in the composite.
Mesh-Viol and Mesh-Viol-Lip show a small compound peak at
21.6" and 23.7° (Figure 6 inset); these peaks also appear and are
characteristic of the MM diffraction pattern, although in much
higher intensity, which indicates that a few amounts of MM
remain in crystals after NLC preparation.

3.5.3 Fourier Transform Infrared Analysis

FTIR spectra for both 3D meshes as well as their major
constituents incubated in phosphate buffer (pH = 7.4) for
24 h are displayed in Figure 7. P188 showed an intense peak at
2,877.32 cm ™! attributed to C-H aliphatic stretching, a smaller
peak at 1,342.23 cm ™" attributed to in-plane O-H bending, and
a sharp peak at 1,099.24 cm™', and a smaller peak at
960.39 cm™' corresponding to ether C-O symmetric and
asymmetric stretching vibrations (Lal and Datta, 2014).
HPMC spectrum shows a broad peak between 3,100 and
3,600 cm™' corresponding to O-H stretching vibrations,
2,894.67, and 1,049.10cm™" in agreement with C-H and

C-O stretching respectively (Furqan et al,, 2017). Chi also
showed a broad O-H stretching vibration band between 3,100
and 3,600 cm™’, but partially overlapped with broadband due
to asymmetric/symmetric N-H bonds. The band at
2,871.53 cm™' was assigned to C-H axial stretching, while
the 1,641 cm™' band was attributed to -C=O stretching in
the acetamide groups, and the 1,556cm™' to the trans-
secondary amides (Acosta-Ferreira et al., 2020; Peng et al,,
2020); additionally, the 1,019 cm ™" band was attributed to C-N
primary amine stretch (Peng et al., 2020). MM showed three
sharp peaks at 2,848.39, 2,915.88, and 2,954.45cm’,
attributed to asymmetric, symmetric stretching of C-H
bonds on —CH, and C-H bond asymmetric stretching on
—CHj; groups respectively. Another relevant sharp peak was
found at 1731.8cm™, corresponding to ester carbonyl
stretching vibrations (Castro et al., 2021). Finally, both 3D
meshes showed a complex broad peak between 1,150 and
900 cm ™', from overlapping P188, HPMC, and Chi peaks in
that band of the spectrum, and broadband between 3,000 and
3,500 cm™' from O-H and N-H vibrations in HPMC and Chi.
However, the 3D meshes containing Lip (Mesh-Viol-Lip)
exhibited weaker peaks at 2,848.39 and 2,915.88 cm™', the
bands presented by MM. Furthermore, Mesh-Viol-Lip did
not show the characteristic peak at 1731.8 cm™" attributed
to —C = O stretching of the ester group, while it appeared
in the 3D mesh without Lip (Mesh-Viol). All these points
could reflect a loss in MM content in Mesh-Viol-Lip due to
lipase activity in the 3D mesh.
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(hydroxypropyl methylcellulose), and P188 (Poloxamer P188). Mesh-Viol and

3.5.4 Thermogravimetric Analysis

The thermal stability of the 3D meshes after release was studied.
Figure 8 shows the percentage mass loss versus temperature.

Both 3D meshes lose 10% of their weight between 0°C and 125°C,
which is due to remnant water in the samples; similarly, Chi and
HPMC lose 9% and 3% of their weight respectively.

The maximal HMPC weight loss was at 346°C, and before
400°C more than 90% of its mass was lost. This process is
normally attributed to the decomposition of cellulose esters,
and volatilization of these degraded residues (Hasanin et al.,
2022). On the other hand, Chi-MMW, weight loss after 250°C is
due to further dehydration, deacetylation, and
depolymerization (de Britto and Campana-Filho, 2007). MM
maximum weight loss was found at 283°C; this step is normally
attributed to volatilization rather than thermal degradation (Xu
et al., 2022).

Between 125°C and 290°C Mesh-Viol and Mesh-Viol-Lip lose
36.5% and 35.2% of their mass respectively, which coincides with
the acute mass loss of MM. Moreover, after finishing the essay,
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the Mesh-Viol has a remnant of 32.4% of its weight, 31.7% of
Mesh-Viol-Lip, and 25.0% of Chi. Since none of the other
constituents remain at this temperature, the meshes exhibit
greater thermal stability than pure materials, suggesting a
chemical interaction between the biopolymers. In the
Supplementary Material, a figure showing weight derivative
(%) versus temperature is provided (Supplementary Figure S2).

Violacein Active Release

3.5.5 Differential Scanning Calorimetry Analysis

The heat flow from the 3D mesh samples and their main
constituents versus temperature, “up” curves in the Y-axis
representing the exothermic process, and “down” curves showing
the endothermic process, are displayed in Figure 9. MM shows a
sharp intense peak at 41.7°C, corresponding to its melting
temperature (T,,), with an area under peak, that is, a melting
enthalpy (AH,,) of -205]/g, both results are consistent with the
bibliography (Aydn and Okutan, 2011), a small shoulder can be
attributed to a pleiomorphism transition. Similarly, T,, for P188 is
534°C (He et al, 2011), and a AH,, of —145]J/g. The broad
endothermic peak between 50°C and 100°C in HPMC and Chi-
MMW can be attributed to a loss of water (EI Maghraby and
Alomrani, 2009). DSC analysis for mixtures, Mesh-Viol and Mesh-
Viol-Lip showed a sharp and small peak near MM T,,, at 40.2°C and
39.9°C respectively. This T,, depression can be explained by the
Gibbs-Thomson equation (Supplementary Equation S1) and
(Supplementary Material) (Han et al, 2008). Based on the
Gibbs-Thomson equation, as the radius of the nanoparticle
decreases, so does its melting point. Also, a bigger and wider
peak appears before 100°C. Mesh-Viol-Lip small peak was
smaller, while the big broad peak was bigger, which may indicate
a change in Mesh lipid and water content after drug release.

3.6 Cytotoxicity Assays

Figure 10 A and B show cytotoxicity for different NLC
formulations and free Viol. At 0.5puM (filled in black) NLC-
Viol showed a greater effect than free Viol. On the contrary, the
cytotoxic effect was greater in 2.0 uM free Viol (filled in grey).
This was observed for both cell lines tested. This phenomenon
was already reported in previous works where Viol was
nanovehiculized (Berti, et_al., 2019; Berti et al., 2022).

Additionally, in both cell lines tested NLC-Viol-Lip showed
more cytotoxicity at 2.0 uM (filled in grey) than NLC-Viol (p <
0.05), even though at this concentration lipase and empty NLC
showed no toxic effects. This result revealed that a more efficient
biocide effect between NLC, Lip, and Viol could be attributed to the
increase of free biodye due to nanoparticle degradation by lipase
activity. However, other effects could contribute to this result.
Recently, Viol was described as a membrane disruptor in an
attempt to explain its various biological effects (Gupta et al,
2021). Considering this hypothesis, the activity of lipase and the
activity of violacein could produce a positive effect at their site of
action. Additionally, the incorporation of Lip into the formulation
can impact positively on the treatment of solid tumors since it was
found that lipase activity is suppressed or absent in some breast,
colorectal, and lung tumors; therefore, lipase activity may have a
tumor-suppressive effect (Sun et al., 2013).

Figure 10C shows the cytotoxicity assay for A549 and
HCT116 cell lines when they were incubated in a medium
that was in contact with 3D-printed meshes. CM-control
represents a medium without treatment, that is, without 3D-
printed mesh, which was incubated for the same period as the
treated media. This experimental procedure was considered the
“aging” of the medium alone, which presents a reduction in
viability in the HCT116 cell line (p < 0.005). However, the
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biopolymeric matrix alone without violacein or lipase (Mesh) did
not further reduce viability when compared with CM-control (p >
0.5). Besides, both the lipase effect (Mesh-Lip) and violacein effect
(Mesh-Viol) significantly decreased the cell viability (p < 0.005).
Additionally, the major cytotoxic effect on the HCT116 cell line
was observed with Mesh-Lip-Viol, being greater than that of
Mesh-Lip or Mesh-Viol (p < 0.05 in both cases).

4 CONCLUSION

Recent strategies for the treatment of several diseases could
involve the use of enzymes, with more than 100 potential
candidates. However, marketed enzymes applied in
biomedicine are still scarce (Bosio et al., 2016). The emergence
of nanotechnology opened a new landscape for the development
of efficient devices used in the treatment and diagnosis of diverse
pathologies, particularly cancer. In this regard, diverse
approaches of nanoparticles containing enzymes to target
tumors were recently reviewed (Li et al, 2020; Kapalatiya
et al, 2022). Smart nanoparticles containing enzymes were
developed using different strategies such as decorating
nanoparticle surface with specific enzymes acting over the
tumor surface or a ligand of nanoparticle surface for releasing
covalently linked molecules, nanoparticles loaded with prodrugs
enzyme-activable, and nanoparticles with enzyme-degradable
core for drug controlled release. In all cases, the effect of the
environmental conditions to trigger the drug is crucial,
particularly with enzymes located on the surface of the
nanoparticle which could be exposed to extreme conditions
such as high shear rate and acid pHs produced by the high
metabolism of tumor cells (i.e., lactic, and acetic acids) that can
inactivate and/or denature the biocatalyst. In the present work,
NLC contains a hydrophobic potential drug, Viol, and a latent
lipase that can be activated under physiological conditions by
hydrolyzing the lipid structure of the nanoparticle with
consequent release of the biodye with controlled kinetic. Also,
active lipase could act over cancer cells’ membrane facilitating the
contact of Viol within the cells and the entrance into the
cytoplasm. Particularly, the amount of enzyme can be
optimized to control the lipid hydrolysis and consequently
change the amount of Viol release. Additionally, the NLC
coated with Chi could guarantee the attachment of the NLC
to the surface of the tumor cells (Ahmad et al., 2017).

The progress of 3D scaffolds made of biopolymer is a new trend
for personalized medicine not only for the study of the
development of cancer tumors but also to find novel strategies
for cancer therapy, particularly after tumor resection and/or
intensive treatments when surgeries are not advised (Augustine
et al, 2021). In previous work, bacterial cellulose scaffolds
containing SLN loaded with doxorubicin were successfully
applied in-vivo to treat an orthotopic breast cancer mouse
model. The results indicate a substantial decrease in tumor
growth and metastasis, as well as drug amount by the
treatment with a doxorubicin-NLC-loaded scaffold (Cacicedo
et al., 2018).

Violacein Active Release

The novel trends in biomedicine are involving the
development of more complex structures for tissue
engineering and repair, drug delivery, and organ
fabrications. Among them, the 3D bioprinter allowed for
the printing of hydrogels for the construction of 3D
matrices (i.e., scaffolds) with defined and unique properties.
Considering a personalized tumor therapy, the use of a 3D-
bioprinter allows tailoring scaffolds with defined chemical
composition and dimensions (i.e., size and thickness). In
addition, the inclusion of the NLC into the 3D Chi-HPMC
printed matrix will help to reduce the dispersion of the
nanoparticles in the body. Also, the contact of the 3D
scaffold containing the NLC-Viol with the solid tumor can
be associated with a decrease in the administered drug amount
which reduces the undesirable side effects of cancer drugs and
increases patient comfort.

Finally, a novel Stimuli-Responsive Controlled Release
System platform based on a 3D bioprinter and NLC
containing a hydrophobic molecule actively released by an
enzyme was developed. The main advantages of the platform
are the versatility of the system based on: 1) the development of
the composition of an appropriate nanostructured lipid carrier
according to the physicochemical properties of the drug; 2) the
incorporation of lipase in the NLC-drug that can control the
kinetics of the drug release and the amount of the drug; 3) the
inclusion of the NLC-drug-enzyme in a biodegradable 3D
matrix that can be tailored based on the tumor
characteristics; 4) the 3D matrix containing the drug could
be placed on the tumor site avoiding drug dispersion in the body
and/or inactivation and/or undesirable side effects; 5) the 3D
matrix containing chitosan, a mucoadhesive and cell-adhesive
polymer, can increase the contact with the tumor cells; 6) the
presence of lipase and chitosan in the formulation could
produce a positive effect, facilitating the entrance of the drug
into the cells since both components could act over cell
membranes just hydrolyzing lipids and interfering with the
transport cell mechanisms.
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Prostate cancer is one of the malignant tumors and the second most common
malignant tumor in men. Clinically used androgen receptor (AR)-targeted drugs
can antagonize androgen and inhibit tumor growth, but these drugs can cause
serious resistance problems. To develop novel AR antagonists, 22 kinds of
arylpiperazine derivatives were designed and synthesized, and the derivatives 5,
8,12,19, 21, 22, 25, and 26 not only showed strong antagonistic potency (>55%
inhibition) and binding affinities (ICso <3 uM) to AR, but also showed stronger
inhibitory activity to LNCaP cells versus PC-3 cells. Among them, derivative 21
exhibited the highest binding affinity for AR (ICso = 0.65 pM) and the highest
antagonistic potency (76.2% inhibition). Docking studies suggested that the
derivative 21 is primarily bound to the AR-LBP site by the hydrophobic
interactions. Overall, those results provided experimental methods for
developing novel arylpiperazine derivatives as potent AR antagonists.

KEYWORDS

prostate cancer, synthesis, antagonistic activity, binding affinities, molecular docking
Highlights

1. A series of arylpiperazine derivatives were synthesized

2. Antiproliferative (LNCaP cells versus PC-3 cells), AR antagonist activity, and AR
binding affinity of arylpiperazine derivatives were investigated.

3. Some derivatives exhibited strong cytotoxic activities against LNCaP cells versus PC-3
cells and exhibited potent antagonistic potency against AR and AR binding affinities.

4. Molecular docking and SAR of arylpiperazine derivatives were also studied.
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Introduction

Prostate cancer (PCa) is one of the malignant tumors and
the second most common malignant tumor in men that
seriously endanger human health, with nearly 140,0000 new
cases and 375,304 deaths in the year 2020 (Gandaglia et al,
2021; Sung et al,, 2021). Androgen receptors (AR) are steroid
receptors in the nuclear receptor superfamily and are highly
expressed in prostate cancer cells, which play an important role
in prostatic hyperplasia and growth. AR is involved in the
progression of PCa, and AR is expressed to a certain extent
in each stage of PCa (Bentel and Cardi, 1996; Bosland, 2000;
Culig et al., 2002; Gelmann, 2002; Taplin and Balk, 2004; Dehm
and Tindall, 2007). AR overexpression is also found in most
castration-resistant prostate cancer (CRPC). The AR pathway
still plays a key role in the growth and reproduction of CRPC,
and the reactivation of the AR signaling pathway is a key driving
force for the progression of CRPC. Therefore, AR has become
an important target for the treatment of PCa.

At present, the main treatment methods for CRPC
include endocrine therapy, chemotherapy, molecular targeted
therapy and immunotherapy, and androgen-deprivation
therapy is the standard treatment for advanced prostate
cancer, but most patients progress to an incurable CRPC
CRPC patients
prognosis, difficult treatment, and are prone to metastasis,

stage within 2-3 years. have a poor
with median overall survival <2years. Once PCa has
metastasized, no obvious therapies exist (Zou et al., 2012;
Dorff and Glode, 2013; Han et al., 2013; Loblaw et al.,
2013). Although chemotherapy is most commonly used to
treat advanced diseases (Beedassy and Cardi, 1999), and to
inhibit tumor growth and prolong the life of patients, none of
the conventional cancer therapy approaches have been
shown to be effective against PCa. Thus, it is urgent to find
and develop new therapeutic agents with obvious curative
effects for the treatment of PCa. AR antagonists inhibit the
activity of AR by directly binding and blocking the ligand-
binding domain of AR and preventing androgens to exert
the corresponding biological activity, thereby inhibiting
the development of PCa. Although clinically used AR-
targeted antagonists such as flutamide, hydroxyflutamide,
bicalutamide, enzalutamide, and ARN-509 (Figure 1) can
antagonize the function of androgens at the receptor level to
inhibit tumor growth, these drugs produce serious adverse
reactions and drug resistance after several years of targeted
therapy. Therefore, as the second most frequent malignancy in
men worldwide, it is an urgent problem to find and develop
effective anti-drug AR-targeted antagonists for treating PCa.

Piperazine is a six-membered heterocyclic compound, which
is one of the most popular heterocyclic compounds for new drug
candidates under development and existing marketed drugs
(Chaudhary et al., 2006). Moreover, piperazine compounds
have a broad spectrum of pharmacological activities because
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FIGURE 1
Structures of flutamide, hydroxyflutamide, bicalutamide,
enzalutamide, and ARN-509.

of their receptor-blocking (Leopoldo et al., 2007; Romeiro et al.,
2011; Chen et al.,, 2012; Ananthan et al., 2014; Baran et al., 2014)
and antiproliferative properties (Berardi et al., 2008; Lee et al.,
2010; Abate et al., 2011; Cao et al., 2013; Lin et al., 2013; Liu et al.,
2013; Arnatt et al, 2014; Guo et al., 2015). Arylpiperazine
derivatives also have obvious AR antagonism with an ICs, of
0.11 puM, whereas the ICs; of bicaluramide is 50 uM. Results of
animal experiments have shown that the mass of the prostate in
rats is significantly reduced, and the concentration of serum
testosterone is not significantly changed (Kinoyama et al., 2004;
Kinoyama et al.,, 2005; Gupta et al., 2016). Recently, our group
has also reported that some piperazine derivatives exhibit
excellent inhibitory activity to AR (Chen et al., 2019a; Chen
et al.,, 2019b). Inspired by these findings, in order to obtain more
effective AR antagonists to treat PCa, here, a class of
arylpiperazine derivatives (Scheme 1) was synthesized and
their biological activity was evaluated. The structure-activity
relationship (SAR) was also studied to further design the
potent AR antagonists and develop the novel arylpiperazine
derivatives. Compared to the reported derivatives, some
exhibited relatively —excellent

arylpiperazine  derivatives

bioactivity.

Materials and methods
Materials and instruments

Anhydrous tetrahydrofuran was dried using standard

experimental procedures. Chemical reagents and other
solvents were purchased from Energy Chemical. Melting
points of compounds were obtained using an SGW X-4
micromelting point instrument (Uncorrected). NMR spectra
were recorded on a Bruker AVANCE-500 MHz instrument in
CDCl;. The chemical shifts are given in ppm, and J-values are

reported in Hz. High-resolution mass spectra (AB Sciex X500R
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Reagents and conditions are as follows: (i) BH3.S(CHs),, tetrahydrofuran, 11 h; (i) 2,3-dihydro-1H-inden-5-ol, potassium carbonate, acetonitrile,
85°C, 16 h; (iii) TsCl, EtsN and 4-dimethylaminopyridine, methylene chloride, 0°C, 16 h; (iv) arylpiperazines, potassium carbonate, acetonitrile,

85°C, 16 h.

QTOF) of the intermediates and the final compounds were
obtained equipped with an ESI source.

Synthesis of 2-(4-(bromomethyl)phenyl)
ethanol (2)

The intermediate 2 was obtained using previous literature
methods (Chen et al., 2018).

2-(4-((2,3-dihydro-1H-inden-5-yloxy)
methyl)phenyl)ethanol (3)

The intermediate 3 was obtained using methods outlined in
previous literature (Chen et al., 2018). White solid (ethyl acetate).
Yield: 60% (from compound 1); Mp, 45.8-46.5 °C; '"H NMR
(500 MHz, CDCL3) 8 7.42 (d, J = 7.9 Hz, 2H), 7.28 (d, ] = 7.9 Hz,
2H), 7.16 (d, J = 8.0 Hz, 1H), 6.91 (d, J = 2.0 Hz, 1H), 6.80 (dd, ] =
8.0, 2.0 Hz, 1H), 5.05 (s, 2H), 3.89 (t, ] = 6.6 Hz, 2H), 2.93-2.87
(m, 6H), 2.08-2.14 (m, 2H); HRMS (ESI) m/z [M+1]*: calcd for
CigHa005, 269.1536, found, 269.1536.

Frontiers in Chemistry

4-((2,3-dihydro-1H-inden-5-yloxy)
methyl)phenethyl 4-
methylbenzenesulfonate (4)

The intermediate 4 was obtained using previously reported
methods (Chen et al,, 2018). White solid (ethyl acetate). Yield:
95%. Mp 63.2-64.3 °C; "H NMR (500 MHz, CDCl;) § 7.70 (d, ] =
8.2 Hz, 2H), 7.34 (d, ] = 8.0 Hz, 2H), 7.30 (d, ] = 8.4 Hz, 2H), 7.14
(d, ] = 8.0 Hz, 3H), 6.89 (d, ] = 2.0 Hz, 1H), 6.78 (dd, J = 8.2, 2.0 Hz,
1H), 5.02 (s, 2H), 4.23 (t, ] = 7.0 Hz, 2H), 2.9 (t, J = 7.0 Hz, 2H),
2.89-2.83 (m, 4H), 2.45 (s, 3H), 2.07-2.13 (m, 2H); HRMS (ESI)
m/z [M+1]": caled for Cy5H,60,S, 423.1625, found, 423.1621.

General procedure for the synthesis of
arylpiperazine derivative 5-26

To a solution of 4 (100 mg, 0.23 mmol) in acetonitrile (10 ml)
was added arylpiperazine (1.2 equiv) and potassium carbonate
(6.0 equiv), and the reaction mixture was stirred at 85 °C for 16 h.
The inorganic solids were filtered by the Buchner funnel, and the
remaining filtrate was evaporated in vacuo. Obtained crude
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products were purified using column chromatography (Vpg:
VEa = 15:1) to give the respective product (5-26).

1-(4-((2,3-dihydro-1H-inden-5-yloxy)methyl)
phenethyl)-4-phenylpiperazine (5)

White solid (ethyl acetate); Yield: 64%; Mp 82.2-83.5 °C; 'H
NMR (500 MHz, CDCls) § 7.42 (d, ] = 7.9 Hz, 2H), 7.36-7.28 (m,
4H), 7.17 (d, ] = 8.2 Hz, 1H), 7.00 (d, ] = 8.2 Hz, 2H), 6.92 (t, ] =
7.2 Hz, 2H), 6.82 (dd, J = 8.2, 2.2 Hz, 1H), 5.06 (s, 2H), 3.29 (t, ] =
5.0 Hz, 4H), 2.95-2.85 (m, 6H), 2.80-2.67 (m, 6H), 2.12 (m,
2H).”C NMR (126 MHz, CDCl;) § 157.85, 151.35, 145.76,
139.95, 136.47, 135.23, 129.16, 128.95, 127.74, 124.79, 119.77,
116.11, 112.86, 110.96, 70.12, 60.48, 53.29, 49.20, 33.38, 33.23,
32.04, 25.89; HRMS (ESI) m/z [M+1]*: calcd for C,gH3,N,0,
413.2587, found, 413.2584.

1-(4-((2,3-dihydro-1H-inden-5-yloxy)methyl)
phenethyl)-4-benzylpiperazine (6)

White solid (ethyl acetate); Yield: 60%; Mp 71.1-73.3 °C; 'H
NMR (500 MHz, CDCl5) § 7.39-7.28 (m, 7H), 7.21 (d, ] = 8.0 Hz,
2H),7.11(d,J=8.1 Hz, 1H), 6.86 (d, ] = 2.0 Hz, 1H), 6.75 (dd, ] =
8.2, 2.0 Hz, 1H), 4.99 (s, 2H), 3.53 (s, 2H), 2.88-2.809 (m, 6H),
2.77-2.31 (m, 10H), 2.11-2.01 (m, 2H);"*C NMR (126 MHz,
CDCls) 6 157.93, 145.85, 140.08, 138.11, 136.56, 135.27, 129.39,
129.01, 128.36, 127.80, 127.21, 124.86, 112.94, 111.05, 70.22,
63.17, 60.54, 53.25, 53.09, 33.38, 33.31, 32.12, 25.97; HRMS
(ESI) m/z [M+1]*: caled for C,oH34N,O, 427.2744, found,
427.2742.

1-(4-((2,3-dihydro-1H-inden-5-yloxy)methyl)
phenethyl)-4-(pyridin-2-yl)piperazine (7)

White solid (ethyl acetate); Yield: 90%; Mp 90.1-91.8 °C; 'H
NMR (500 MHz, CDCl;) § 824 (dd, J = 5.0, 1.5Hz, 1H),
7.56-7.47 (m, 1H), 7.39 (d, ] = 7.9 Hz, 2H), 7.28 (d, J =
7.9 Hz, 2H), 7.15 (d, ] = 8.2 Hz, 1H), 6.90 (br s, 1H), 6.79
(dd, ] = 8.2, 2.0 Hz, 1H), 6.74-6.60 (m, 2H), 5.03 (s, 2H), 3.62 (t,
J = 5.0 Hz, 4H), 2.95-2.81 (m, 6H), 2.71-2.68 (m, 6H), 2.16-2.03
(m, 2H);°C NMR (126 MHz, CDCl3) § 159.55, 157.81, 148.00,
145.75, 139.85, 137.50, 136.45, 135.22, 128.94, 127.73, 124.77,
113.39, 112.82, 110.93, 107.13, 70.09, 60.47, 53.01, 45.19, 33.24,
33.21, 32.02, 29.74, 25.87, 22.73; HRMS (ESI) m/z [M+1]": calcd
for C,;H3;N50, 414.2540, found, 414.2536.

1-(4-((2,3-dihydro-1H-inden-5-yloxy)methyl)
phenethyl)-4-o-tolylpiperazine (8)

White solid (ethyl acetate); Yield: 85%; Mp 62.3-63.1 °C; 'H
NMR (500 MHz, CDCl3) § 7.37 (d, J = 8.0 Hz, 2H), 7.25 (d, ] =
8.0 Hz, 2H), 7.18 (J = 7.6 Hz, 2H), 7.12 (d, ] = 8.2 Hz, 1H), 7.05 (d,
J=7.5Hz, 1H), 6.99 (td, ] = 7.5, 2.0 Hz, 1H), 6.87 (d, ] = 2.0 Hz,
1H), 6.77 (dd, ] = 8.2, 2.0 Hz, 1H), 5.01 (s, 2H), 3.00 (t, ] = 5.0 Hz,
4H), 2.94-2.78 (m, 6H), 2.71-2.67 (m, 6H), 2.32 (s, 3H),
2.15-1.97 (m, 2H); *C NMR (126 MHz, CDCl;) § 158.06,
151.68, 146.01, 140.19, 136.71, 135.45, 132.87, 131.33, 129.20,
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128.00, 126.87, 125.02, 123.45, 119.29, 113.07, 111.17, 70.35,
60.83, 53.98, 51.89, 33.58, 33.46, 32.27, 26.12, 18.17; HRMS
(ESI) m/z [M+1]*: caled for CyyH34N,O, 427.2744, found,
427.2742.

1-(4-((2,3-dihydro-1H-inden-5-yloxy)methyl)
phenethyl)-4-m-tolylpiperazine (9)

White solid (ethyl acetate); Yield: 65%; Mp 61.2-62.7 °C; 'H
NMR (500 MHz, CDCly) 8 7.35 (d, ] = 8.0 Hz, 2H), 7.23 (d, ] =
8.0 Hz, 2H), 7.15 (t, ] = 7.8 Hz, 1H), 7.10 (d, ] = 8.0 Hz, 1H), 6.86
(d, ] = 2.0 Hz, 1H), 6.76-6.74 (m, 3H), 6.69 (d, J = 7.6 Hz, 1H),
499 (s, 2H), 3.22 (t, ] = 5.0 Hz, 4H), 2.88-2.81 (m, 6H), 2.70-2.63
(m, 6H), 2.32 (s, 3H), 2.09-2.03 (m, 2H);"*C NMR (126 MHz,
CDCls) 6 157.88, 151.42, 145.81, 139.94, 138.88, 136.51, 135.28,
129.06, 129.00, 127.80, 124.84, 120.77, 117.03, 113.31, 112.89,
110.99, 70.14, 60.50, 53.31, 49.26, 33.34, 33.28, 32.09, 29.81,
25.94, 21.90; HRMS (ESI) m/z [M+1]": caled for CyoH34N,O,
427.2744, found, 427.2740.

1-(4-((2,3-dihydro-1H-inden-5-yloxy)methyl)
phenethyl)-4-p-tolylpiperazine (10)

White solid (ethyl acetate); Yield: 68%; Mp 105.1-106.3 °C;
"H NMR (500 MHz, CDCl;) § 7.40 (d, ] = 8.0 Hz, 2H), 7.28 (d, ] =
8.0 Hz, 2H), 7.15 (d, ] = 8.2 Hz, 1H), 7.12 (d, J = 8.2 Hz, 2H),
6.91-6.89 (m, 3H), 6.80 (dd, J = 8.2, 2.0 Hz, 1H), 5.04 (s, 2H), 3.24
(t, J = 5.0 Hz, 4H), 2.95-2.84 (m, 6H), 2.81-2.68 (m, 6H), 2.31 (s,
3H), 2.15-2.06 (m, 2H);"*C NMR (126 MHz, CDCl;) § 157.80,
149.18, 145.75, 139.80, 136.46, 135.24, 129.68, 129.38, 128.94,
127.74, 124.76, 116.50, 112.82, 110.93, 70.09, 60.42, 53.24, 49.67,
33.21, 32.01.25.86.20.46; HRMS (ESI) m/z [M+1]*: caled for
CaoH34N,0, 427.2744, 427.2741.

1-(4-((2,3-dihydro-1H-inden-5-yloxy)methyl)
phenethyl)-4-(2,5-dimethylphenyl)
piperazine (11)

White solid (ethyl acetate); Yield: 46%; Mp 70.4-71.5 °C; 'H
NMR (500 MHz, CDCl;) § 7.41 (d, ] = 8.0 Hz, 2H), 7.29 (d, ] =
8.0 Hz, 2H), 7.16 (d, ] = 8.2 Hz, 1H), 7.11 (d, ] = 7.8 Hz, 1H),
6.92 (d,] = 2.0 Hz, 1H), 6.90 (br s, 1H), 6.85 (d, ] = 7.6 Hz, 1H),
6.81 (dd, J = 8.2, 2.0 Hz, 1H), 5.05 (s, 2H), 3.02 (t, ] = 5.0 Hz,
4H), 2.94-2.87 (m, 6H), 2.75-2.71 (m, 6H), 2.36 (s, 3H), 2.31 (s,
3H), 2.15-2.08 (m, 2H);">*C NMR (126 MHz, CDCl;) & 157.85,
151.31, 145.75, 140.01, 136.46, 136.14, 135.20, 130.91, 129.30,
128.95, 127.73, 124.77, 123.80, 119.78, 112.86, 110.96, 70.13,
60.53, 53.72, 51.64, 33.29, 33.22, 32.03, 25.87, 21.24, 17.51;
HRMS (ESI) m/z [M+1]*: caled for C3oH3sN,O, 441.2900,
found, 441.2896.

1-(4-((2,3-dihydro-1H-inden-5-yloxy)methyl)
phenethyl)-4-(2-methoxyphenyl)piperazine (12)
White solid (ethyl acetate); Yield: 50%; Mp 77.3-78.5; 'H
NMR (500 MHz, CDCl3) § 7.40 (d, ] = 7.9 Hz, 2H), 7.28 (d, ] =
7.9 Hz, 2H), 7.15 (d, ] = 8.1 Hz, 1H), 7.07-6.95 (m, 3H),
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6.93-6.88 (m, 2H), 6.80 (dd, J = 8.2, 2.0 Hz, 1H), 5.04 (s, 2H),
3.90 (s, 3H), 3.19 (br s, 4H), 2.93-2.86 (m, 6H), 2.81-2.72 (m,
6H), 2.13-2.07 (m, 2H);"*C NMR (126 MHz, CDCl5) § 157.83,
152.30, 145.73, 141.28, 139.91, 136.45, 135.21, 128.94, 127.72,
124.76, 123.00, 121.04, 118.27, 112.85, 111.22, 110.95, 70.11,
60.49, 55.39, 53.40, 50.56, 33.21, 32.02, 29.73, 25.86;
HRMS(ESI) m/z [M+1]*: caled for C,oH34N,O,, 443.2693,
found, 443.2691.

1-(4-((2,3-dihydro-1H-inden-5-yloxy)methyl)
phenethyl)-4-(2-ethoxyphenyl)piperazine (13)

White solid (ethyl acetate); Yield: 54%; Mp 65.2-66.1 °C;
'"H NMR (500 MHz, CDCl;) 8§ 7.40 (d, J = 8.0 Hz, 2H), 7.29
(d, J = 8.0 Hz, 2H), 7.15 (d, J = 8.2 Hz, 1H), 7.04-6.94 (m,
3H), 6.93-6.87 (m, 2H), 6.80 (dd, J = 8.2, 2.0 Hz, 1H), 5.04
(s, 2H), 4.11 (q, ] = 7.0 Hz, 2H), 3.22 (br s, 4H), 2.96-2.84 (m,
6H), 2.85-2.69 (m, 6H), 2.16-2.05 (m, 2H), 1.51 (t, ] = 7.0 Hz,
3H);">C NMR (126 MHz, CDCl3) & 157.84, 151.60, 145.74,
14133, 139.93, 136.45, 13521, 128.95, 127.72, 124.76,
122.81, 121.05, 118.22, 112.85, 112.52, 110.96, 77.34, 77.08,
76.83, 70.12, 63.59, 60.50, 53.41, 50.46, 33.21, 32.02, 25.87,
14.99; HRMS (ESI) m/z [M+1]": caled for C3oH3¢N,0O,,
457.2850, found, 457.2845.

1-(4-((2,3-dihydro-1H-inden-5-yloxy)methyl)
phenethyl)-4-(3-methoxyphenyl)piperazine (14)

White solid (ethyl acetate); Yield: 68%; Mp 74.2-75.4 °C; 'H
NMR (500 MHz, CDCl3) § 7.40 (d, J = 7.8 Hz,2H), 7.28 (d, ] =
7.8 Hz, 2H), 7.21 (t, ] = 8.2 Hz, 1H), 7.15 (d, ] = 8.2 Hz, 1H), 6.90
(brs, 1H), 6.79 (dd, ] = 8.2, 2.0 Hz, 1H), 6.59 (dd, ] = 8.2, 2.0 Hz,
1H), 6.52 (br s, 1H), 6.46 (dd, ] = 8.1, 2.0 Hz, 1H), 5.04 (s, 2H),
3.83 (s, 3H), 3.28 (t, ] = 5.0 Hz, 4H)), 2.99-2.82 (m, 6H),
2.80-2.63 (m, 6H), 2.17-2.03 (m, 2H);*C NMR (126 MHz,
CDCl;) & 160.61, 157.81, 152.67, 14574, 139.81, 136.46,
135.25, 129.81, 128.92, 127.73, 124.76, 112.83, 110.94, 108.91,
104.50, 10257, 70.10, 60.39, 55.21, 53.16, 49.02, 33.24, 33.20,
32.01, 29.73, 25.86; HRMS (ESI) m/z [M+1]*: caled for
CaoH34N,0,, 443.2693, found, 443.2689.

1-(4-((2,3-dihydro-1H-inden-5-yloxy)methyl)
phenethyl)-4-(4-methoxyphenyl)piperazine (15)

White solid (ethyl acetate); Yield: 45%; Mp 78.1-79.3 °C; 'H
NMR (500 MHz, CDCl3) § 7.39 (d, J = 7.9 Hz, 2H), 7.28 (d, ] =
7.9 Hz, 2H), 7.14 (d, ] = 8.2 Hz, 1H), 6.95 (d, ] = 9.0 Hz, 2H), 6.89
(brs, 1H), 6.87 (t, ] = 7.9 Hz, 2H), 6.79 (dd, ] = 8.1, 2.0 Hz, 1H),
5.03 (s, 2H), 3.80 (s, 3H), 3.23 (t, ] = 5.0 Hz, 4H), 2.93-2.84 (m,
6H), 2.81-2.67 (m, 6H), 2.13-2.06 (m, 2H); *C NMR (126 MHz,
CDCl3) § 157.82, 153.90, 145.74, 145.67, 139.82, 136.46, 135.24,
128.92, 127.72, 124.75, 118.28, 114.47, 112.84, 110.94, 70.10,
60.37, 55.59, 53.30, 50.58, 33.20, 32.01, 29.72, 25.85; HRMS
(ESI) m/z [M+1]": caled for C,oH34N,O,, 443.2693, found,
443.2690.
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1-(4-((2,3-dihydro-1H-inden-5-yloxy)methyl)
phenethyl)-4-(2-fluorophenyl)piperazine (16)

White solid (ethyl acetate); Yield: 90%; Mp 64.2-65.3 °C; 'H
NMR (500 MHz, CDCl3) 6 7.41 (d, J = 8.0 Hz, 2H), 7.28 (d, ] =
8.0 Hz, 2H), 7.15 (d, ] = 8.1 Hz, 1H), 7.13-6.94 (m, 4H), 6.91 (d,
J=2.0 Hz, 1H), 6.80 (dd, ] = 8.2, 2.0 Hz, 1H), 5.04 (s, 2H), 3.19 (t,
J = 5.0 Hz, 4H), 2.96-2.84 (m, 6H), 2.83-2.66 (m, 6H), 2.14-2.08
(m, 2H);">C NMR (126 MHz, CDCl;) 8 157.82, 145.76, 139.95,
136.46, 135.19, 128.95, 127.74, 124.77, 124.51, 124.49, 118.96,
118.94, 116.22, 116.05, 112.83, 110.93, 70.09, 60.50, 53.31, 50.59,
50.56, 33.34, 33.22, 32.02, 25.88; HRMS (ESI) m/z [M+1]*: calcd
for C,5H31FN,O, 431.2493, found, 431.2492.

1-(4-((2,3-dihydro-1H-inden-5-yloxy)methyl)
phenethyl)-4-(4-fluorophenyl)piperazine (17)

White solid (ethyl acetate); Yield: 52%; Mp 79.8-80.5 °C; 'H
NMR (500 MHz, CDCl5) § 7.40 (d, ] = 7.9 Hz, 2H), 7.28 (d, ] =
7.9 Hz, 2H), 7.15 (d, ] = 8.2 Hz, 1H), 7.00 (t, ] = 8.5 Hz, 2H),
6.94-6.92 (m, 2H), 6.90 (br s, 1H), 6.80 (dd, ] = 8.2, 2.0 Hz, 1H),
5.04 (s, 2H), 3.20 (t, ] = 5.0 Hz, 4H), 2.97-2.84 (m, 6H), 2.82-2.66
(m, 6H), 2.15-2.06 (m, 2H);*C NMR (126 MHz, CDCl;) §
158.18, 157.82, 156.28, 147.97, 145.75, 139.83, 136.47, 135.25,
128,92, 127.73, 124.77, 117.90, 117.84, 115.63, 115.45, 112.84,
110.94, 70.10, 60.36, 53.23, 50.17, 33.29, 33.21, 32.02, 29.73,
25.86; HRMS (ESI) m/z [M+1]": caled for C,gHs3 FN,O,
431.2493, found, 431.2487.

1-(4-((2,3-dihydro-1H-inden-5-yloxy)methyl)
phenethyl)-4-(2,4-difluorophenyl)
piperazine (18)

White solid (ethyl acetate); Yield: 43%; Mp 86.1-86.5 °C; 'H
NMR (500 MHz, CDCl3) 8 7.40 (d, J = 8.0 Hz, 2H), 7.28 (d, ] =
8.0 Hz, 2H), 7.15 (d, ] = 8.2 Hz, 1H), 6.99-6.92 (m, 1H), 6.90 (d,
J = 5.0 Hz, 1H), 6.88-6.77 (m, 3H), 5.04 (s, 2H), 3.12 (d, ] =
5.0 Hz, 4H), 2.93-2.86 (m, 6H), 2.81-2.67 (m, 6H), 2.16-2.05 (m,
2H);®*C NMR (126 MHz, CDCl;) § 158.06, 145.99, 140.13,
136.70, 135.46, 129.16, 127.97, 125.00, 119.73, 119.69, 119.65,
119.62, 113.07, 111.17, 111.04, 111.01, 110.87, 110.84, 105.15,
104.95, 104.75, 70.33, 60.65, 53.50, 51.18, 51.16, 33.54, 33.45,
32.25, 26.10; HRMS (ESI) m/z [M+1]": calcd for C,gH;,F,N,O,
449.2399, found, 449.2398.

1-(4-((2,3-dihydro-1H-inden-5-yloxy)methyl)
phenethyl)-4-(2-chlorophenyl)piperazine (19)
White solid (ethyl acetate); Yield: 43%; Mp 91.4-92.1 °C; 'H
NMR (500 MHz, CDCl,) §7.40 (d,J=7.8 Hz,3H),7.28 (d,/= 7.8 Hz,
2H),7.25(t,J=7.6 Hz,1H),7.15(d,J= 8.2 Hz,1H),7.10(d,/ = 7.6 Hz,
1H),7.01 (t,] = 7.6 Hz, 1H), 6.90 (br s, 1H), 6.80 (dd, / = 8.2,2.0 Hz,
1H), 5.04 (s, 2H), 3.16 (br s, 4H), 2.96-2.86 (m, 6H), 2.84-2.65 (m,
6H), 2.14-2.05 (m, 2H);"*C NMR (126 MHz, CDCl;) § 157.83,
149.30,145.74,139.97,136.46,135.20,130.67,128.93,128.82,127.72,
127.62, 124.76, 123.71, 120.41, 112.84, 110.95, 70.12, 60.46, 53.38,
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51.22,33.35,33.21, 32.02, 25.86; HRMS (ESI) m/z [M+1]": caled for
CasH31CIN,O, 447.2198, found, 447.2195.

1-(4-((2,3-dihydro-1H-inden-5-yloxy)methyl)
phenethyl)-4-(3-chlorophenyl)piperazine (20)
White solid (ethyl acetate); Yield: 71%; Mp 83.2-84.3 °C; 'H
NMR (500 MHz, CDCl3) § 7.40 (d, J = 7.9 Hz, 2H), 7.28 (d, ] =
2.3 Hz, 1H), 7.20 (t, ] = 8.1 Hz, 1H), 7.15 (d, ] = 8.2 Hz, 1H), 6.92
(t, ] = 2.0 Hz, 1H), 6.90 (s, 1H), 6.86-6.79 (m, 3H), 5.04 (s, 2H),
3.35-3.18 (m, 4H), 2.99-2.81 (m, 6H), 2.71 (dd, ] = 16.0, 7.0 Hz,
6H), 2.16-2.05 (m, 2H);'*C NMR (126 MHz, CDCl3) § 157.81,
152.29, 145.75, 139.72, 136.48, 135.29, 134.99, 130.05, 128.92,
127.74, 124.76, 119.36, 115.81, 113.91, 112.84, 110.94, 70.10,
60.30, 53.00, 48.62, 33.21, 32.02, 29.73, 25.86; HRMS (ESI) m/
z [M+1]": caled for C,5H;,CIN,O, 447.2198, found, 447.2196.

1-(4-((2,3-dihydro-1H-inden-5-yloxy)methyl)
phenethyl)-4-(4-chlorophenyl)piperazine (21)

White solid (ethyl acetate); Yield: 57%; Mp 117.2-118.6 °C;
'H NMR (500 MHz, CDCl3) 8 7.40 (d, J = 7.9 Hz, 2H), 7.29-7.23
(m, 4H), 7.14 (d, ] = 8.2 Hz, 1H), 6.90 (br s, 1H), 6.88 (d, ] =
8.2 Hz, 2H), 6.79 (dd, ] = 8.2, 2.0 Hz, 1H), 5.04 (s, 2H), 3.23 (t, ] =
5.0, 4H), 2.89 (m, 6H), 2.79-2.65 (m, 6H), 2.15-2.05 (m, 2H);"*C
NMR (126 MHz, CDCl;) § 157.82, 149.93, 145.74, 139.82,
136.47, 135.26, 128.97, 128.91, 127.72, 124.76, 124.57, 117.25,
112.84, 110.94, 70.10, 60.33, 53.07, 49.16, 33.29, 33.20, 32.01,
25.85; HRMS (ESI) m/z [M+1]": caled for C,3Hs;CIN,O,
4472198, found, 447.2194.

1-(4-((2,3-dihydro-1H-inden-5-yloxy)methyl)
phenethyl)-4-(2,3-dichlorophenyl)
piperazine (22)

White solid (ethyl acetate); Yield: 45%; Mp 77.2-78.4 °C; 'H
NMR (500 MHz, CDCl3) 8 7.40 (d, J = 7.9 Hz, 2H), 7.29 (d, ] =
7.9 Hz, 2H), 7.20-7.14 (m, 3H), 7.01 (dd, ] = 7.0, 2.5 Hz, 1H), 6.90
(brs, 1H), 6.80 (dd, J = 8.2, 2.0 Hz, 1H), 5.04 (s, 2H), 3.14 (br s,
4H), 2.93-2.83 (m, 6H), 2.83-2.66 (m, 6H), 2.14-2.06 (m, 2H);
3C NMR (126 MHz, CDCl3) § 157.82, 151.28, 145.74, 139.92,
136.46, 135.21, 134.06, 128.92, 127.73, 127.48, 124.76, 124.62,
118.64, 112.83, 110.94, 70.11, 60.41, 53.30, 51.34, 33.35, 33.20,
32.01, 29.73, 25.86; HRMS (ESI) m/z [M+1]": caled for
C,5H30CLN,0, 481.1808, found, 481.1796.

1-(4-((2,3-dihydro-1H-inden-5-yloxy)methyl)
phenethyl)-4-(5-chloro-2-methylphenyl)
piperazine (23)

White solid (ethyl acetate); Yield: 72%; Mp 87.4-88.3 °C; 'H
NMR (500 MHz, CDCl3) § 7.42 (d, J = 8.0 Hz, 2H), 7.29 (d, ] =
8.0 Hz, 2H), 7.16 (d, ] = 8.2 Hz, 1H), 7.13 (d, ] = 8.0 Hz, 1H), 7.03
(d, J = 2.0 Hz, 1H), 7.00 (dd, ] = 8.0, 2.0 Hz, 1H), 6.92 (br s, 1H),
6.81 (dd, ] = 8.0, 2.0 Hz, 1H), 5.05 (s, 2H), 3.00 (t, ] = 5.0 Hz, 4H),
2.96-2.85 (m, 6H), 2.74-2.71 (m, 6H), 2.30 (s, 3H), 2.16-2.04 (m,
2H);PC NMR (126 MHz, CDCls) § 157.84, 152.58, 145.75,
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139.96, 136.47, 135.22, 131.97, 131.77, 130.82, 128.95, 127.75,
124.78, 122.97, 119.49, 112.85, 110.95, 70.11, 60.49, 53.57, 51.55,
33.36, 33.23, 32.04, 29.75, 25.88, 17.57; HRMS (ESI) m/z [M+1]":
caled for C59H33CIN,O, 461.2354, found, 461.2350.

1-(4-((2,3-dihydro-1H-inden-5-yloxy)methyl)
phenethyl)-4-(4-bromophenyl)piperazine (24)

White solid (ethyl acetate); Yield: 70%; Mp 114.1-115.2 °C;
"H NMR (500 MHz, CDCl;) 8 7.40 (d, ] = 8.0 Hz, 2H), 7.38 (d, ] =
8.2 Hz, 2H), 7.28 (d, ] = 8.0 Hz, 2H), 7.15 (d, ] = 8.2 Hz, 1H), 6.90
(s, 1H), 6.83 (d, ] = 8.5 Hz, 2H), 6.80 (d, ] = 8.2 Hz, 1H), 5.04 (s,
2H), 3.24 (t, ] = 5.0 Hz, 4H), 2.92-2.85 (m, 6H), 2.79-2.69 (m,
6H), 2.16-2.04 (m, 2H);"*C NMR (126 MHz, CDCl;) & 157.81,
150.30, 145.75, 139.75, 136.48, 135.27, 131.89, 128.92, 127.74,
124.77, 117.66, 112.83, 111.88, 110.94, 70.09, 60.30, 53.01, 48.94,
33.23, 33.21, 32.02, 29.74.25.86; HRMS (ESI) m/z [M+1]": calcd
for C,3Hs1BrN,O, 491.1693, found, 491.1689.

1-(4-((2,3-dihydro-1H-inden-5-yloxy)methyl)
phenethyl)-4-(2-(trifluoromethyl)phenyl)
piperazine (25)

White solid (ethyl acetate); Yield: 46%; Mp 53.6-54.8 °C; 'H
NMR (500 MHz, CDCls) § 7.66 (d, J = 7.7 Hz, 1H), 7.55 (t, ] =
7.7 Hz, 1H), 7.44 (d, ] = 8.0 Hz, 1H), 7.41 (d, ] = 7.9 Hz, 2H), 7.28
(d,J=7.9 Hz,2H),7.26 (t, ] = 7.7 Hz, 1H), 7.15 (d, ] = 8.0 Hz, 1H),
6.91 (brs, 1H), 6.80 (dd, J = 8.1, 2.0 Hz, 1H), 5.04 (s, 2H), 3.04 (t,
J = 5.0 Hz, 4H), 2.96-2.83 (m, 6H), 2.72 (m, 6H), 2.15-2.05 (m,
2H);*C NMR (126 MHz, CDCl;) § 157.84, 152.61, 145.74,
140.00, 136.45, 135.19, 132.76, 128.93, 127.73, 127.24, 127.19,
124.76, 124.05, 112.85, 110.95, 70.12, 60.52, 53.57, 53.45, 33.38,
3321, 32.02, 25.86; HRMS (ESI) m/z [M+1]*": caled for
CaoH31F3N,0, 481.2461, found, 481.2458.

1-(4-((2,3-dihydro-1H-inden-5-yloxy)methyl)
phenethyl)-4-(4-(trifluoromethyl)phenyl)
piperazine (26)

White solid (ethyl acetate); Yield: 42%; Mp 135.3-136.5 °C;
"H NMR (500 MHz, CDCl;) § 7.52 (d, ] = 8.6 Hz, 2H), 7.40 (d, ] =
7.9 Hz, 2H), 7.28 (d, J = 7.9 Hz, 2H), 7.14 (d, ] = 8.2 Hz, 1H), 6.96
(d, J = 8.6 Hz, 2H), 6.90 (br s, 1H), 6.79 (dd, ] = 8.2, 2.0 Hz, 1H),
5.04 (s, 2H), 3.35 (t, ] = 5.0 Hz, 4H), 2.93-2.85 (m, 6H), 2.77-2.65
(m, 6H), 2.15-2.05 (m, 2H);"*C NMR (126 MHz, CDCl;) §
157.81, 153.28, 145.75, 139.72, 136.49, 135.30, 128.90, 127.73,
126.42,126.39, 124.76, 114.54, 112.83, 110.94, 70.10, 60.28, 52.91,
47.96, 33.25, 33.20, 32.00, 29.71, 25.84; HRMS (ESI) m/z [M+1]*:
caled for C,9H3,F3N,0, 481.2461, found, 481.2454.

Biological evaluation
Assay of antiproliferative activity

The antiproliferative activity of compounds 5-26 was
assessed using the CCK-8 assay (Chen et al, 2016; Chen
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etal., 2017; Chen et al., 2018; Han et al., 2020; Guo et al., 2021; Hu
etal., 2022; Zhou et al., 2022). The 96-well plates (1x10° cells/mL)
were seeded with cells in a medium, the plates were cultured at
37 °C for 24 h, then different concentrations of tested drugs were
added, and the plates were cultured for 24 h. After 24 h, 10 pL of
CCK-8 solution (5 mg/ml) was added to the wells, and the cells
were cultured for 1h at 37°C. Cell growth inhibition was
performed by measuring the absorbance at 450 nm using a
reader, growth

microplate and the percentage of cell

inhibition was then calculated for each tested drug.

Antagonistic activity in a;-ARs by dual-
luciferase reporter gene assay

The AR antagonist effect of tested compounds was evaluated
using the luciferase reporter gene assay (Xu et al., 2014; Xu et al.,
2015; Zuo et al., 2017; Xu et al., 2018). Briefly, RLUs were used to
indicate firefly and Renilla luciferase activity, and the activities
were evaluated using dual luciferase assay kits (Promega) in
accordance with the manufacturer’s instructions. RLUs were
measured using a GloMaxTM 96-Microplate Luminometer
(Promega) and three individual experiments were performed
as the mean + SEM. For agonists, fold of induction = LU, quced/
RLU ypinduced- For antagonists, % of control = 100 x RLU (agonist
+ antagonist)/RLU (agonist alone). All RLUs were normalized
according to firefly RLUs/Renilla RLUs. EC5(/ICs, values were
expressed as uM, and Graph-pad Prism 5 software was used to
calculate the ICs5y of phenylephrine (uM) by plotting the data

using nonlinear regression analysis.

Fluorescence polarization

The binding of the derivatives 5, 8, 12, 14, 15, 19, 21, 22, 25, 26
and enzalutamide to the AR was analyzed by FP technique using the
AR Competitor the
manufacturer’s instructions (Chen et al., 2019a; Chen et al,,
2019b). Briefly, titrations are performed between the tested
compounds and the preformed Fluormone™ AL Green and the
AR-LBD (GST) complex. The tested mixture was allowed to
equilibrate at room temperature in 384-well plates for 4 h. Then,

PolarScreen™ Assay according to

the fluorescence polarization values of the tested mixture were
SpectraMax®Paradigm”  Multi-Mode
Detection Platform at 485nm (excitation wavelength) and

performed using a

535 nm (emission wavelength). Data of the ligand binding assays
were analyzed using Prism software (GraphPad Software, Inc.).

Molecular docking simulation

The crystal structure file (PDB code: 20Z7) of the complex
was downloaded from the protein crystal structure database
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(Protein Data Bank, http://www.rcsb.org/pdb/) as the basis for
molecular docking. Molecular docking was performed using the
Surflex-Dock module in SYBYL-X2.0 and the program package
in AutoDock (Chen et al.,, 2019a; Chen et al., 2019b). The X-ray
crystallographic structures of androgen receptors were obtained
from the RCSB Protein Data Bank (http://www.rcsb.org/). A box
of 40 x 40 x 30 A3 around the binding site was built and grid
spacing is 1 A whose center was considered the geometric center
of the ligand. Finally, the representative compounds and the
exogenous ligands with 3D structure were docked into the
binding cavity of AR to obtain the lowest energy docking
method from 10 docking modes given by cluster analysis.

Results and discussions
Chemistry

Arylpiperazine derivatives 5-26 were synthesized using 1 as
starting material (Scheme 1). Firstly compound 1 is reduced by
borane-methyl sulfide complex (2M in tetrahydrofuran) to
obtain compound 2. The obtained crude products 2 were
directly used in the next step without purification. Then,
compound 3 was obtained after treatment of compound 2
and 2,3-dihydro-1H-inden-5-ol in the presence of potassium
carbonate in acetonitrile. Subsequently, compound 4 was
achieved by treatment of compound 3 with 4-toluene-ulfonyl
chloride the of and  4-
dimethylaminopyridine methylene Finally,

triethylamine
chloride.
compound 4 was treated with the different arylpiperazines in

in presence

in

the presence of potassium carbonate in acetonitrile to obtain
arylpiperazine derivatives 5-26 (Yield: 40-90%). All synthesized
derivatives were confirmed by 'H NMR, “C NMR, and HRMS.

SAR analysis for antiproliferative and AR
antagonist assay

Antiproliferative activity of the novel arylpiperazine
derivatives was firstly evaluated against LNCaP cells using the
CCK-8 assay. Then, PC-3 cells were used to determine whether
the arylpiperazine derivatives depended on AR to exhibit
inhibitory activity and potent cytotoxic activities. Naftopidil
and finasteride (Banday et al, 2014) were used as control
compounds. RWPE-1 cells were used to compare their
toxicity. To clarify whether the antiproliferative activity was
related to any interference with AR function, the AR
antagonist effect was evaluated using the luciferase reporter
gene assay. In order to determine whether anti-proliferation
activities of derivatives were related to the interference of AR
function, the AR antagonist effect of tested compounds was
evaluated using the luciferase reporter gene assay. The AR
luciferase assays were conducted under the co-treatment of

frontiersin.org


http://www.rcsb.org/pdb/
http://www.rcsb.org/
https://www.frontiersin.org/journals/chemistry
https://www.frontiersin.org
https://doi.org/10.3389/fchem.2022.947065

Qi et al.

TABLE 1 Antiproliferative and AR antagonist activity of derivatives 5-26.

Compound PC-3* IC50 (uM)® LNCaP® IC50 (uM)®
5 >50 3.67 £ 0.14
6 11.34 £ 0.15 2345 £ 0.12
7 >50 1529 £ 0.13
8 >50 7.37 £ 0.15
9 >50 42.68 £ 0.14
10 17.23 £ 0.21 20.87 £ 0.22
11 4.31 £0.13 >50

12 25.62 £ 0.17 8.12 £ 0.11
13 >50 >50

14 0.87 £ 0.12 3.09 £ 0.11
15 8.94 + 0.21 9.72 £ 0.13
16 >50 18.56 + 0.17
17 145 + 0.17 1792 £ 0.13
18 192 + 0.24 10.69 + 0.14
19 >50 6.87 £ 0.06
20 1.56 + 0.14 16.98 + 0.15
21 >50 3.74 £ 0.24
22 2348 £0.23 6.32 £ 0.14
23 0.95 + 0.14 12.56 £ 0.22
24 231 +£0.23 14.73 £ 0.15
25 >50 1.24 + 0.15
26 >50 2.57 £ 0.24
Naftopidil 42.10 £ 0.79 22.36 + 0.61
Finasteride 17.80 13.53
R1881 N.D N.D
Enzalutamide N.D N.D

N.D, not determined.
N.E, no antagonistic effect.

10.3389/fchem.2022.947065

RWPE-1* IC50 (uM)® AR antagonistic activity

% (10 pM)

>50 625+ 1.2
11.58 £ 0.21 N.D
7.68 + 0.15 N.D
>50 58.1 + 0.8
10.96 * 0.16 N.D
9.24 +0.23 N.D
>50 352+ 1.1
>50 563 + 1.2
>50 N.D
>50 56.2 + 0.7
21.69 + 0.23 544 + 0.6
>50 N.D
>50 433 +£0.7
>50 442 + 0.5
32.67 £ 0.14 59.2 + 0.9
>50 452 £ 0.3
>50 762 + 0.4
>50 57.0 £ 1.2
>50 40.1 £ 0.8
>50 427 + 1.1
>50 68.4 + 0.5
>50 653 + 1.2
>50 N.D
N.D N.D
N.D N.E
N.D 847 + 14

“PC-3, and LNCaP, human prostate cancer cell line; RWPE-1, normal non-cancer human prostate epithelial cell line.

PICsy values were the mean + standard deviation of the three experiments.
“Inhibition rate was shown as a ratio to the R1881 control.

1nM AR agonist R1881, and the antagonistic activity was
measured by inhibiting the R1881-induced luciferase expression.

As shown in Table 1, the derivatives 5, 8, 12, 15, 19, 21, 22,
25, and 26 exhibited strong cytotoxic activities against LNCaP
cells (ICsy <10 uM). Compared to arylpiperazine derivatives
(Chen et al., 2016; Chen et al., 2017; Chen et al., 2019a), some
derivatives exhibited potent cytotoxic activities against LNCaP
cells. In addition, the majority of derivatives exhibited higher
anticancer activity than reported arylpiperazine derivatives
(Chen et al.,, 2016; Chen et al., 2017; Chen et al., 2018; Chen
et al., 2019b) against PC-3 cells. Moreover, those derivatives
displayed relatively strong AR-antagonistic potency (>55%
inhibition), which exhibited higher antagonistic potency than
previously reported derivatives (Chen et al, 2019a; <50%
inhibition). Meanwhile, those derivatives displayed comparable
antagonistic activity to ABO analogs containing the piperazine
moiety (Chen et al., 2019b). But, compared to ABO analogs, the
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derivatives 5, 21, 25, and 26 exhibited strong antagonistic
potency against AR (>60% inhibition). Especially, derivative
21 demonstrated the highest antagonistic potency (76.2%
inhibition). The derivatives 14 and 15 had relatively strong
antagonistic potency against AR (>50% inhibition), consistent
with the LNCaP cells’ antiproliferation activity (IC5o <10 uM).
However, they also exhibited toxicity against PC-3 cells.
Moreover, 11, 17, 18, 20, 23, and 24 displayed weak cytotoxic
activities against LNCaP cells and weak antagonistic potency
against AR. However, they displayed strong cytotoxic activities
against PC-3 cells and exhibited low cytotoxic character toward
RWPE-1 cells.

The SAR of the arylpiperazine derivatives was fully explored
and discussed. Taking compound 5 as a lead compound, (1) first,
compared with 6 and 7, strong cytotoxic activity was displayed by
5 against LNCaP cells (ICso = 3.67 uM), and it had potent
antagonistic potency against AR (62.5% inhibition). These
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TABLE 2 Binding affinity of 5, 8, 12, 14, 15, 19, 21, 22, 25, and 26 to
mutant AR.

Compound ICs¢/pum*
5 1.46 + 0.24
8 2.35 + 0.09
12 2.53 £ 0.15
14 2.62 + 025
15 2.85 + 0.65
19 2.06 + 0.21
21 0.65 + 0.08
22 247 +0.11
25 1.22 + 0.15
26 143 +0.18
Enzalutamide 1.32 £ 0.78

“The data represent the mean + standard deviation of the three experiments.

results suggested that other aryl groups substituted at the 4-
position of the piperazine ring were inauspicious for improved
activity. However, estrone derivatives containing the piperazine
moiety 6 (IC5o = 1.42 uM) displayed strong cytotoxic activities
against LNCaP cells (Chen et al, 2018). (2) The substitute’s
position and type on the phenyl group also affected the biological
activities. Compared with 9 (3-CHj3) and 10 (4-CH3;), 8 (2-CHj;)
displayed strong cytotoxic activity against LNCaP cells (ICsy =
7.37 uM) and relatively strong antagonistic potency against AR
(58.1% inhibition). Meanwhile, estrone piperazine derivatives (2-
CHj;, IC5, = 0.83 uM) displayed strong cytotoxic activity against
LNCaP cells (Chen et al., 2018). However, other derivatives with
a methyl substituent on the phenyl group exhibited weak
cytotoxic activity against the tested cells (Chen et al, 2017;
Chen et al, 2018). The activity profiles indicated that the
o-substituted phenyl group derivative (2-CH;) was beneficial
for cytotoxic activity and antagonistic activity. (3) Compared
with compounds 8 and 9, relatively strong cytotoxic activities
were exhibited by 11 (2,5-2CHj;) against PC-3 cells. Meanwhile,
estrone piperazine derivative (2,5-2CH3) also displayed strong
cytotoxic activity against PC-3 cells (ICso = 3.41 pM). These
results suggested that the disubstituted methyl derivative was
beneficial for cytotoxic activities. (4) Methoxyl-substituted
derivatives 12 (2-OCHj3), 14 (3-OCH3), and 15 (4-OCHj3) had
strong cytotoxic activities against LNCaP cells and relatively
strong antagonistic potency against AR. But, methoxyl-
substituted derivatives exhibited weak or no cytotoxic activity
LNCaP cells except the derivative 11 (Chen et al., 2017; Chen
et al, 2018). Moreover, the m-substituted phenyl group
derivative (14) and p-substituted phenyl group derivative (15)
also exhibited toxicity against PC-3 cells (Iwasa et al., 2007;
Dreaden et al.,, 2012; George et al., 2018; Saito et al., 2018), and
methoxyl-substituted derivatives also exhibited toxicity against
PC-3 cells except the derivative 12 (Chen et al., 2017; Chen et al.,
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TABLE 3 The binding affinities (kcal/mol) of docking of derivative 21
with three binding sites of AR.

Binding site Compound 21

LBP (PDB ID: 20Z7) -10.8
AF2 (PDB ID: 2YHD) =5.5
BF3 (PDB ID: 2YLO) -5.6

2018). (5) Compared with 16, strong cytotoxic activity was
displayed by 17 and 18 against PC-3 cells. However, fluro-
substituted ~derivatives displayed weak cytotoxic activity
against PC-3 cells (Chen et al, 2017; Chen et al, 2018).
these displayed
antagonistic potency against AR (<50% inhibition). These
findings that group
derivatives were inauspicious for improved activity. (6) Strong
cytotoxic activities were displayed by 19 (2-Cl) and 21 (4-Cl)
against LNCaP cells, and they had relatively strong antagonistic

Moreover, compounds relatively ~ weak

indicated fluro-substituted  phenyl

potency against AR and weak cytotoxic activity against PC-3
cells. The derivative 20 (3-Cl) displayed relatively weak
antagonistic potency against AR and strong toxicity against
PC-3 cells. However, 14 (2-Cl) and 16 (4-Cl) displayed weak
cytotoxic activity against PC-3 and LNCaP cells, and 15 (3-Cl)
displayed strong cytotoxic activity against PC-3 cells (Chen et al.,
2017). In addition, in Chen et al. (2018), fluro-substituted
derivatives displayed strong cytotoxic activities against
LNCaP cells except 18 and exhibited weak cytotoxic activity
against PC-3 cells. (6) More effective cytotoxic activity was
displayed by 23 (2-CHj, 5-Cl, ICsq = 0.95 uM) than 8 (2-CHj3)
and 20 (3-Cl) against PC-3 cells. Activity profiles indicated that
the introduction of methyl and chloro into the phenyl group
was beneficial for cytotoxic activity. (7) The trifluoromethyl-
substituted derivatives 25 and 26 exhibited strong cytotoxic
activities against LNCaP cells (ICsq <3 uM) and relatively
strong antagonistic potency against AR (>65% inhibition).
These derivatives also exhibited weak inhibitory activity
toward PC-3 cells and normal human prostate epithelial cells
(RWPE-1). However, in Chen et al. (2018) and Chen et al.
(2017), the trifluoromethyl-substituted derivatives displayed
weak cytotoxic activities against PC-3 and LNCaP cells
except 21 against PC-3.

Taken together, compared to the reported derivatives (Chen
et al., 2019a; Chen et al., 2019b), the SAR studies indicated that
the o-substituted phenyl group derivatives displayed moderate to
strong cytotoxic activities against LNCaP cells and relatively
strong antagonistic potency against AR. These derivatives also
exhibited weak inhibitory activity toward PC-3 cells, suggesting
that these compounds depended on AR to exert inhibitory
activity. The abovementioned results can also lead to a tool
that can further design these derivatives as AR antagonists for
in vitro and in vivo studies.
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MET745

ASN705

FIGURE 2
The docking view of compound 21-AR interaction.

Binding affinity assay of arylpiperazine
derivatives with potent AR antagonistic
potency

To further study the binding affinity of the arylpiperazine
derivatives with potent AR antagonistic potency, based on the
fluorescent tracer and nonfluorescent antagonist competing for
binding to AR, the binding affinity of 5, 8, 12, 14, 15, 19, 21, 22,
25, and 26 to AR was examined using the binding assay by the
fluorescence polarization technique. The results are shown in
Table 2; the tested arylpiperazine derivatives exhibited strong
AR-binding affinities (ICs, <3 uM), and the majority of
derivatives possessed higher binding affinities than some
reported derivatives (Chen et al,, 2019a; Chen et al., 2019b).
Among these derivatives, the derivative 21 (IC5, = 0.65 uM)
demonstrated the highest binding affinity to the AR, possessing
higher binding affinities than enzalutamide (ICso = 1.32 uM).
Among all tested derivatives, a correlation can be identified
between the effect on antagonistic activity and AR-binding
affinity. For example, 5, 21, 25, and 26 with higher affinity
for AR (ICsy <2 puM) also showed relatively strong antagonistic
activity (>60% inhibition). These results indicated that the AR-
binding affinity may play a key role in promoting the AR
antagonistic activity, and these arylpiperazine derivatives may
be efficient AR antagonists for PCa treatment. So, derivative 21
was selected to further investigate the binding site to the AR.

Docking study
To further understand the binding sites (ligand binding

pocket (LBP), activation function-2 (AF2), and binding
function 3 (BF3)) of the derivative 21 and AR, and to explore
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their dominant interactions with AR, the docking experiment
was carried out using SYBYL and AutoDock software (Axerio-
Cilies et al., 2011; Lack et al., 2011). The results were summarized
in Table 3.

As shown in Table 3, the binding free energy of derivative 21
with LBP was —10.8 kcal/mol. However, the binding free energy
of it with AF2 and BF3 was between —5.5 and —5.6 kcal/mol,
respectively. The results suggested that the AR-LBP site was the
major binding site for derivative 21. It can be observed in Figure 2
that the binding of derivative 21 to the AR-LBP site mainly
through the hydrophobic interactions with Asn705, Met742,
Met745, Leu707, etc. However, in Chen et al. (2019a), a
molecular docking study suggested that derivative 16 mainly
binds to the AR-LBP site by hydrogen bonding interactions, and
in Chen et al. (2019b), ABO piperazine analogs 23 mainly bind to
the AR-LBP site through the formation of Van der Waals force
with amino acid residues.

Conclusion

In this work, 22 novel arylpiperazine derivatives were
designed and synthesized, and their biological evaluation and
molecular docking were reported. The derivatives 5, 8,12, 19, 21,
22, 25, and 26 exhibited strong cytotoxic activities against
LNCaP cells versus PC-3 cells, and those derivatives displayed
relatively strong AR antagonistic potency (>55% inhibition) and
excellent AR-binding affinities (ICso <3 pM), which exhibited
higher bioactivity than previously reported arylpiperazine
derivatives. Among them, derivative 21 exhibited the highest
binding affinity for AR (ICso = 0.65uM) and the highest
antagonistic potency (76.2% inhibition). A molecular docking
study suggested the binding of derivative 21 to the AR-LBP site
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mainly occurred through the hydrophobic interactions with
amino acid residues. The SAR studies suggested that the
o-substituted phenyl group derivatives exhibited relatively
improved bioactivity. These results can lead to a tool that can
further design these novel derivatives as AR antagonists for
in vitro and in vivo studies.
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We herein describe an optimal approach for the efficient synthesis of
O-desmethylvenlafaxine succinate monohydrate (DVS) with high yield and high purity
through 5-step reactions, including benzyl protection of the phenolic hydroxyl group,
cyclohexanone condensation, deprotection, cyano reduction, dimethylation, and succinic
acid salt formation from p-hydroxybenzene acetonitrile as a starting material. 4-
Benzyloxyphenylacetonitrile (Intermediate 1) was prepared by the hydroxyl protection of
the bromide benzyl-p-hydroxyphenylacetonitrile catalyzed by potassium carbonate with
99.83% purity and 98.92% vyields. The 1, 2-nucleophilic addition of intermediate | to
cyclohexanone promoted by sodium hydroxide with the homogeneous catalyst
(n-Bu)sN*Br~ to the preparation of 1-[Cyano(4-benzyloxyphenyl)methyllcyclohexanol
(Intermediate 1) was obtained by 99.13% purity and 99.71% yields. Cyclohexanone
residues and benzyl bromide residues were trace, and tetrabutylammonium bromide
residues were UNDER 0.7 ppm, which further improves the residual standards for
genotoxic impurities (Gls). 1-[2-amino-1-(4-hydroxyphenyl)ethyl]cyclohexanol
hydrochloride (Intermediate Ill) was prepared by 10% palladium-carbon under 2.0 MPa
up to 98.32% purity and 94.20% yields. O-desmethylvenlafaxine (ODV) was synthesized
by dimethylation of intermediate Il with 37% formaldehyde solution and 85% formic acid
solution. The highest purity was up to 99.20% and the yield was up to 84.77%.
O-desmethylvenlafaxine succinate monohydrate (DVS) was formed from succinic acid
and O-desmethylvenlafaxine (ODV) and crystallized in a mixed solvent of acetone and
water (3:1) to obtain 99.92% purity and 90.27% yields. The 5-step total yields of
desvenlafaxine succinate monohydrate is 71.09%, and its crystal form has
characteristic peaks at 5, 10, 21, and 26 min by XRD powder diffraction, which is
consistent with the crystalline form |. Compared with conventional synthesis strategy,
we revealed a novel and green process with a high total yield, high atomic economy, low
environmental pollution, high operational safety, and high residual standards for genotoxic
impurities (Gls), which improves drug safety.

Keywords: O-desmethylvenlafaxine, genotoxic impurities, XRD powder diffraction, 1, 2-nucleophilic addition,
antidepressants
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INTRODUCTION

O-desmethylvenlafaxine (Deecher et al., 2006; Sopko et al., 2008;
Venu et al.,, 2008; Liu et al., 2016; Da Silva et al., 2020; Gahr et al.,
2020) is the major active metabolite of the third serotonin-
norepinephrine  reuptake inhibitor ~(SNRI) venlafaxine
approved by the US Food and Drug Administration for major
depressive disorder (MDD), used to treat mild or severe
depression, anxiety, and other mental disorders with superior
clinical advantages (Klamerus et al., 1992; Safer and Zito, 2019;
Zhang et al., 2019; Agiiera-Ortiz et al., 2020). The efficacy, safety,
or tolerability of preparation prescription drugs developed
through O-desmethylvenlafaxine succinate (@Pristiq) has been
favored by more and more psychiatrists as their first choice for
the treatment of depression and anxiety (Khandpekar et al., 2014;
Llorca et al., 2019). Therefore, the improvement of the novel
synthesis process and quality standards of desvenlafaxine
succinate has great practical significance and market value,
attracting more and more synthetic scholars to conduct
research (Kamath and Handratta, 2008; Duggirala et al., 2009;
Colvard, 2014; Dichiarante et al., 2015; Furlan et al., 2015).
Hadfield, A. F. (Hadfield et al, 2009) reported that
p-hydroxybenzene acetonitrile as the starting material was
used to produce p-methoxybenzene acetonitrile with the action
of methylating reagents (Figure 1). In addition, the flammable
and irritating compound diphenylphosphine were used in
relatively harsh conditions of the cyano group reduction,
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which does not meet the economic efficiency and is not
suitable for industrial production.

Zuo, M. H. (Zuo et al, 2019) reported that the amide
compound was prepared by acid halogenation and aminolysis
and condensed with cyclohexanone from p-hydroxyphenylacetic
acid as the starting material (Figure 2). In this method, the
operation in the first two steps was complicated due to its use of
acyl chloride reagent and dimethylamine aqueous solution in the
condensation and amide reduction reaction steps.

Zhao, J. (Zhao et al, 2014) reported that benzyl-protected
p-hydroxyacetophenone, which was syhthesized by benzyl
bromide under the existence of potassium carbonate, was
halogenated under the action of copper dibromide and the
dimethylation with 33% dimethylamine solution in bromine to
prepared 1-(4-(benzyloxy)phenyl)-2-(dimethylamino)ethan-1-
one hydrobromide (Figure 3). The method had long reaction
steps and low yield. The dimethylamine aqueous solution and
hydrogen bromide solution have a negative environmental
impact. Moreover, the use of sodium borohydride greatly
increases the risk factor of the reaction. The use of the n-butyl
lithium and 10% Pd/C in the hydrogenation reaction of H,
imposes higher requirements on the laboratory, which is not
conducive to industrial production.

Jerussi, T. (Jerussi and Senanayake, 2005) reported that
O-desmethylvenlafaxine was prepared using demethylation
reagents such as mercaptan, diphenylphosphine, and HBr
hydrobromide to remove phenol methyl from venlafaxine as
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FIGURE 1 | The synthesis of desvenlafaxine catalyzed by Li[sec-butyl]sBH.
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FIGURE 3 | The synthesis of desvenlafaxine from p-hydroxyacetophenone.
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FIGURE 4 | Removal of phenol methyl from venlafaxine.
the starting material (Figure 4). In this method, the  chromatography is needed, which is conducive to industrial

demethylation step uses toxic compounds that easily pollute
the air, as well as mercaptans, flammable and irritating
compounds such as diphenylphosphine, and a more corrosive
compound HBr, which increases the difficulty of operation and
subsequent production. The treatment process makes this type of
reaction unsuitable for industrial production. In addition, Furlan,
B. (Furlan et al, 2015) also reported a new strategy of 3-
mercaptopropionic acid, which was introduced as a cheap new
O-demethylating agent as exemplified by its application in the
synthesis of antidepressant O-desmethylvenlafaxine from
venlafaxine. The development of this method provides us with
a new direction for the one-step synthesis of desvenlafaxine by
venlafaxine.

The process route method we designed overcomes the
problem of cyclohexanone pollution in route five, and it
uses p-hydroxyphenyl acetonitrile as the starting material
to optimize the synthesis of desvenlafaxine with high yield.
The yield of each step is high, and the raw materials are easily
available. Reagent price is low, and no column

production (Figure 5).

RESULTS AND DISCUSSION

Condition Optimization of Intermediate |

The synthesis of Intermediate I was based on p-hydroxybenzene
acetonitrile as the starting material, under the action of an
inorganic base to protect the hydroxyl group of benzyl
bromide, wherein the molar equivalent ratio of
p-hydroxybenzene acetonitrile to benzyl bromide had little
effect on the purity of the product but much influence on the
product yield. The more benzyl bromide equivalent, the more
thorough the reaction. Under the premise of ensuring that the
residual excess of benzyl bromide does not exceed the standard,
1.2 equivalent of benzyl bromide is selected for the reaction, and
Intermediate I can be obtained with 99.83% purity and 90.10%
yield (Table 1, I-2). The reaction time is optimized from 2 to 4 h.
The reaction progress of different reaction times is tracked by
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98.92%yield
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_ HcHO Succinic acid coo
HCOOH Aceton /\Water ( - H,0
84.77%yield ns 90. 27%y|eld COOH

99.71%yield 94.20%yield

up to 71.09% Total yield

No Benzyl bromide residue

No cyclohexanone residue
Residual (n-Bu);N*Br < 0.7ppm

FIGURE 5 | The efficient synthesis of O-desmethylvenlafaxine succinate monohydrate (DVS) with high yield and high purity.

TABLE 1 | Condition optimization of Intermediate .
Br

oN & Additive CN
Solvent
HO BnO

T

No. n(Benzene acetonitrile) n(Benzyl bromide) Time/h T/°C Solvent Additive Purity/%* Yield/%"*®
I-1 1 1.1 3 45 Acetone KoCOg 99.60 87.80
1-2 1 1.2 3 45 Acetone KoCO3s 99.83 90.10
-3 1 1.3 3 45 Acetone KoCOg 99.60 90.82
|-4 1 1.2 2 45 Acetone K,COg 75.50° —
I-5 1 1.2 3 45 Acetone KoCOg 87.06° —
1-6 1 1.2 4 45 Acetone K>COg 99.56° —
-7 1 1.2 4 25 Acetone KoCOg 99.79 80.98
-8 1 1.2 4 35 Acetone KoCOg 99.69 92.19
-9 1 1.2 4 45 Acetone KoCOg3 99.71 90.28
1-10 1 1.2 4 55 Acetone KoCOg 98.93 97.94
1-11 1 1.2 4 55 Acetone KoCO3 98.22 93.00
I-12 1 1.2 4 55 Methanol KoCOg 99.53 89.27
I-13 1 1.2 4 55 DCM K2COs o¢ o¢
I-14 1 1.2 4 55 Ethylacetate KoCOg 99.64 86.76
1-15 1 1.2 4 55 Acetone K2CO3 99.42 98.92
I-16 1 1.2 4 55 Acetone NaOH 99.04 83.96
ADetected by HPLC.

POne recrystallization without column chromatography separation.
°HPLC detects the reaction progress of the reaction solution.
9No solid product is precipitated.

®Isolated yields % = (Actual isolated amount of product/Theoretical amount of product) x 100%.
The meaning of the bold values is to emphasize that this group of data with obvious advantages over other groups, and might be used as a potential optimal condition for further

optimization.

high performance liquid chromatography. The results show that
too short a time is not conducive to the formation of Intermediate
I. The reaction time of 4 h reaches the highest reaction progress
(Table 1, I-6). The reaction temperature mainly affects the yield
of Intermediate I. The higher the temperature, the more favorable

the nucleophilic attack of the phenoxy anion on the benzyl methyl
cation and the leaving of the bromide ion (Table 1, I-10). The
reaction did not produce a solid product in dichloromethane. The
purity of acetone, ethyl acetate, and methanol were similar, and
the yield of ethyl acetate was not dominant (Table 1,1-14). Under
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TABLE 2 | Condition optimization of Intermediate II.

(o}
CN
+ + (n-BuyyN*Br ————>
BnO
1

Advances in Synthesis of O-desmethylvenlafaxine

OH
Additive
Solvent  gno
|
Time/h T/°C Solvent Purity/%? Yield/%>®

4 25 H.O 94.42 90.00
4 25 H,O 97.83 98.59
4 25 H>O 95.62 94.64
4 25 H.O 96.51 98.43
4 25 H>O 93.15 99.71
4 25 H.O 98.85 99.90
4 25 H.0O 93.50 93.00
4 25 H,O 94.18 96.57
4 25 H.O 94.72 92.15
2 25 H>0O 0.04° —

3 25 H.O 72.92° -

4 25 Ho0O 95.66° —

4 10 H.O 96.97 95.57
4 25 H>O 98.69 99.71
4 35 H.O 96.97 94.86
4 25 H.0O 95.51 99.29
4 25 Acetone 5.719 30.01
4 25 CH;OH 47.46° 78.03
4 25 H.O 99.13 95.44
4 25 H.O 48.99 2.70
4 25 H>0 99.42 95.86

No. n(l) n(Cyclohexanone) n((n-Bu)4N + Br-) n(NaOH)
I1-1 1 1.0 0.08 1.0
-2 1 2.0 0.08 1.0
-3 1 3.0 0.08 1.0
II-4 1 2.0 0.06 1.0
11-5 1 2.0 0.08 1.0
-6 1 2.0 1.00 1.0
-7 1 2.0 0.08 0.5
11-8 1 2.0 0.08 1.0
-9 1 2.0 0.08 1.5
II-10 1 2.0 0.08 1.0
I1-11 1 2.0 0.08 1.0
11-12 1 2.0 0.08 1.0
1-13 1 2.0 0.08 1.0
1-14 1 2.0 0.08 1.0
I-15 1 2.0 0.08 1.0
I1-16 1 2.0 0.08 1.0
1-17 1 2.0 0.08 1.0
11-18 1 2.0 0.08 1.0
11-19 1 2.0 0.08 1.0
1-20 1 2.0 0.08 1.0°
-21 1 2.0 0.08 1.0f
4Detected by HPLC.

POne recrystallization without column chromatography separation.
°HPLC detects the reaction progress of the reaction solution.

9A small amount of solid product is precipitated.

°KoCOs3.

'KOH.

9isolated yields % = (Actual isolatedamount o produt/Theoretical amount of product) x 100%.

The meaning of the bold values is to emphasize that this group of data with obvious advantages over other groups, and might be used as a potential optimal condition for further

optimization.

the conditions of similar yield and purity, acetone is the best
reaction solvent (Table 1, I-11) from the perspective of atom
economy and raw material production cost. Among them, the
alkalinity of the inorganic base has a direct impact on the
reaction. Too strong an alkalinity will increase by-products
and affect the content of related substances and impurities in
Intermediate I (Table 1, I-16). The alkalinity is too weak to
prevent phenol. The H atom of the hydroxyl group undergoes
anionization, thereby reducing the nucleophilic offensive activity
of the oxygen anion on the benzyl methyl group of the benzyl
bromide, which is not conducive to the departure of the bromide
ion. Compared with other works, the synthesis process of
Intermediate I has the advantages of higher yield and better
purity, and the acetone solvent used can be continuously
recovered by rotary evaporator, and has the advantage of
continuous recycling after simple treatment.

Condition Optimization of Intermediate Il
Intermediate I and cyclohexanone are condensed to synthesize
Intermediate II under the condition of inorganic base catalysis.

Under the action of phase transfer catalyst (n-Bu),N"Br , the
reaction solvent has good yield and purity in water. When the
molar equivalent ratio of cyclohexanone to Intermediate I is 2.0, it
is beneficial to the 1, 2-nucleophilic addition reaction of
Intermediate I to the unsaturated carbonyl group on
cyclohexanone. The yield is high, and the residual
cyclohexanone is also removed in the subsequent process
(Table 2, II-2). (n-Bu),N'Br  is a genotoxic impurity, so the
catalytic dosage is relatively strict. It ensures that the benzyl anion
of Intermediate I undergoes a homogeneous reaction with
cyclohexanone through phase transfer catalysis, and no more
residues are allowed. To mitigate the risk of exceeding the
standard, when the equivalent ratio of (n-Bu),N'Br to
Intermediate I is 0.08, high yield and low residue results can
be obtained (Table 2, II-5). Carbanionization of the benzyl
methyl group of Intermediate I is also a crucial step, which
directly determines the 1, 2-nucleophilic addition reaction
activity to the unsaturated carbonyl group on cyclohexanone,
so the choice of additives and additive equivalents is also very
important. The condensation product was synthesized from
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TABLE 3 | Condition optimization of Intermediate Il

Advances in Synthesis of O-desmethylvenlafaxine

1, Pd/C, H, HoN
m 2, HCI /@)\?HO
HCl
i-propylOH
No. n(ll) 10%Pd/C (m/m) HCI (m/v) Time/h T/°C Solvent Purity/%? Yield/%"*®
-1 1 0.50 0.3 5 45 CH5OH 0.07 33.97
-2 1 0.40 0.3 5 45 CH5OH 99.11 72.00
m-3 1 0.30 0.3 5 45 CH5OH 98.82 87.00
mn-4 1 0.30 0.3 5 45 CH5OH 94.44 94.20
-5 1 0.30 05 5 45 CHsOH 91.31 85.13
-6 1 0.30 1.0 5 45 CH5OH 76.79 69.54
-7 1 0.30 0.3 5 25 CH5OH 90.42 77.32
-8 1 0.30 0.3 5 35 CH5OH 83.01 61.48
m-9 1 0.30 0.3 5 45 CHsOH 90.82 86.75
m-10 1 0.30 0.3 5 45 CH30H 81.09 87.53
111 1 0.30 0.3 4 45 Ethanol 86.12 70.90
n-12 1 0.30 0.3 4 45 i-propanol 4.07¢ 2.40°
n-13 1 0.30 0.3 2 45 CH5OH 66.93° —
-14 1 0.30 0.3 3 45 CH5OH 70.69° -
m-15 1 0.30 0.3 4 45 CH30H 74.15° —
4Detected by HPLC.

POne recrystallization without column chromatography separation.
°HPLC detects the reaction progress of the reaction slution.

9L jttle amount of solid product is precipitated.

CIsolated yields % =

(Actual isolated amount of produt/Theoretical amount of product) x 100%.

The meaning of the bold values is to emphasize that this group of data with obvious advantages over other groups, and might be used as a potential optimal condition for further

optimization.

Raney Ni
NH;- CH3OH

@*@

FIGURE 6 | Synthesis and structure confirmation of O-desvenlafaxine
impurity E.

H,N
OH
HC
nO

ODV impurity E

cyclohexanone and p-methoxybenzene acetonitrile catalyzed by
Li[sec-butyl];BH. The cyanide was used as the raw material in
this method, but at a slightly higher price. The reducing reagent
of Li[sec-butyl];BH has a high risk factor for fire or explosion.
The results show that when sodium hydroxide is used as an
inorganic base, by-products increase at 1.5 equivalents (Table 2,
I1-9) and, at 0.5 equivalents, the reaction activity decreases and
the reaction is incomplete (Table 2, II-7). In addition, the weak
alkaline condition of the inorganic base is not conducive to the
formation of benzyl methyl carbanion (Table 2, 1I-20). When
the alkalinity is strong, the generated carbanion continues to
produce intermediate 1, 2-nucleophilic addition to the
unsaturated carbonyl group. Form II, the yield is higher
(Table 2, II-21), the reaction is 4 h, the reaction is complete,
and the reaction progress of the reaction solution is 95.66%
(Table 2, II-12). The 1,2-nucleophilic addition reaction of the

carbanion to the unsaturated carbonyl group obtained by the
action of sodium hydroxide with the benzyl methyl group of
Intermediate I is relatively active, and the reaction temperature
at the beginning of the condensation reaction should not be too
high to reduce side effects. The formation of the product
(Table 2, II-14) was compared with organic solvents as
reaction solvents (Table 2, II-16, 17, 18), higher yield and
purity could be obtained in water, with no organic waste
liquid, and with the process being more green and
economical. Moreover, the detection results of (n-Bu),N*Br~
and cyclohexanone showed that cyclohexanone was not
detected, and the residual content of (n-Bu),N'Br~ was
below the standard, with a minimum of 0.7 ppm, which is of
great significance for improving the quality of APIs. Compared
with other works, our synthesis process of intermediate II not
only has the advantages of higher yield and better purity, but
also does not involve the participation of organic solvents,
which greatly reduces pollution and is environmentally friendly.

Condition Optimization of Intermediate Il

The deprotection of the benzyl group and the reduction of the
cyano group can be achieved by the palladium-carbon
hydrogenation method at the same time. The harsh
reaction conditions of a low temperature environment was
used for the condensation step with #-butyl lithium, and used
in the last step as the carbonyl reduction reagent reduced the
convenience and safety of industrialized production. From
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TABLE 4 | Condition optimization of ODV.

H,N

Advances in Synthesis of O-desmethylvenlafaxine

N
~
OH Solvent OH
+ 37% HCHO + 85% HCOOH
102 °C
HO'

Lt

NO. n(lll) 37%HCHO 85%HCOOH
ODV-1 1 2.0 7.0
ODV-2 1 2.5 7.0
ODV-3 1 3.0 7.0
ODV-4 1 4.0 7.0
ODV-5 1 5.0 7.0
ODV-6 1 6.0 7.0
OoDV-7 1 3.0 5.0
ODV-8 1 3.0 7.0
ODV-9 1 3.0 10.0
ODV-10 1 3.0 5.0
ODV-11 1 3.0 5.0
ODV-12 1 3.0 5.0
ODV-13 1 3.0 5.0
ODV-14 1 3.0 5.0
ODV-15 1 3.0 5.0
ODV-16 1 3.0 5.0
ODV-17 1 3.0 5.0
ODV-18 1 3.0 5.0
4Detected by HPLC.

POne recrystallization without column chromatography separation.
°HPLC detects the reaction progress of the reaction solution.
9A small amount of solid product is precipitated.

HO'

Solvent Time/h Purity/%? Yield/%"*
H,O 24 94.87 64.28
H,O 24 94.17 66.61
H>O 24 94.38 69.64
H,O 24 97.64 57.51
H.O 24 98.77 56.33
H,O 24 98.00 56.17
H,O 24 98.13 68.74
H.O 24 95.03 69.64
H,O 24 98.11 67.04
CH30H 24 99.13 48.27
H,O 24 95.12 70.24
i-propylOH 24 99.20 84.38
HCOOH 24 e -
i-propylOH 8 61.09° 57.13
i-propylOH 24 84.18° 83.04
i-propylOH 28 84.02° 83.79
j-propylOH 30 85.19° 84.62
i-propylOH 48 99.02 84.77

CIsolated yields % = (Actual isolated amount of product/Theoretical amount of product) x 100%.
The meaning of the bold values is to emphasize that this group of data with obvious advantages over other groups, and might be used as a potential optimal condition for further

optimization.

the perspective of cost saving, we have optimized the process
of palladium-carbon catalyst equivalent and recycling. The
catalytic equivalent of 10% palladium-carbon reductant is
0.30, 87% vyield (Table 3, III-3) can be obtained, and
0.60 equivalent of recovered palladium-carbon reducing
agent has the same reducing effect. The addition of
hydrochloric acid is beneficial to form a salt with the
amine group in the product, so that the cyano group is
continuously reduced to an amine group, and when the
equivalent weight is 0.3, a yield of 94.20% and a purity of
94.44% (Table 3, III-4) are obtained. The increase in the
equivalent of hydrochloric acid increases the by-products and
causes the isomerization of tertiary alcohols in an unstable
state under acidic conditions (Table 3, III-6). When the
benzyl group is deprotected and the cyano group is
reduced under pressure, the increase in temperature is
favorable for the reaction to proceed (Table 3, III-7, 8, 9).
When the protic solvent isopropanol is used as the reaction
solvent, more raw materials remain (Table 3, III-12), and
methanol has an advantage over ethanol in yield (Table 3, III-
10, 11). The reaction time should not be less than 5 h. It can be
seen from the results of HPLC tracking the reaction progress
of the reaction solution (Table 3, III-13, 14, 15) that the
reaction time is short to obtain the by-product desvenlafaxine
impurity E, which is not sufficiently reduced (Figure 6).

Condition Optimizationof ODV

The methylation reaction of the amine group is achieved by using
formaldehyde solution and intermediate III to form an imine
intermediate, and using formic acid as a hydrogen source to
reduce the imine intermediate to an amine methyl. However,
excess formaldehyde is unfavorable to the reaction, and the best
equivalent range is 2.0-3.0 equivalents (Table 4, ODV-1,2,3). When
the equivalent of formaldehyde exceeds 4 equivalents, the imine
intermediate formed is more stable and not easily destroyed to
obtain lower yield (Table 4, ODV-6). Similarly, the equivalent of
formic acid is 5 equivalents. By continuing to increase the equivalent
of formic acid, the product yield will not increase significantly, and
the material cost will be increased at the same time (Table 4, ODV-7,
8, 9). We were surprised to find that the reaction obtained
unexpectedly good results when isopropanol was used as the
reaction solvent (Table 4, ODV-12, 18). The highest yield was
84.77%, and the highest purity was 99.20%. The liquid progress,
product yield, and purity are far higher than the results of using
water or methanol as the solvent (Table 4, ODV-10, 11). It is also a
protic solvent. Methanol and water are more polar than isopropanol
and are more likely to form a solvation effect with Intermediate III,
which is not conducive to the formation of imine intermediates of
formaldehyde. When formic acid is used as the reaction solvent and
when the reaction is carried out under solvation-free conditions, few
products are produced and the yield is very low. This also proves that
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TABLE 5 | Condition optimization of DVS.

~
COOH
& COOH  g0-20°c [
* [ acelone/waler COOH
HO COOH

DVS

No. n(ODV) n(Succinic acid) Time/h Solvent (v/m) Purity/%? Yield/%""
DVS-1 1 0.90 4 10 99.79 51.72
DVS-2 1 0.95 4 10 99.72 59.47
DVS-3 1 1.00 4 10 99.69 58.00
DVS-4 1 0.95 2 10 99.90 (0918) 46.51
DVS-5 1 0.95 3 10 99.90 (0918) 53.97
DVS-6 1 0.95 4 10 99.92 (0918) 62.49
DVS-7 1 0.95 4 3 99.90 (0922) 68.74
DVS-8 1 0.95 4 5 99.90 (0922) 69.64
DVS-9 1 0.95 4 7 99.89 (0922) 67.04
DVS-10 1 0.95 4 5 99.90 (0924) 73.81
DVS-11 1 0.95 5 5 99.90 (0924) 85.95
DVS-12 1 0.95 6 5 99.90 (0924) 90.27
DVS-13° 1 0.95 6 5 99.91 (0926) 89.46
DVS-149 1 0.95 6 5 99.90 (0926) 85.17
DVS-15° 1 0.95 6 5 99.91 (0926) 82.39
DVS-16' 1 0.95 6 5 99.92 (0927) 82.15
DVS-179 1 0.95 6 5 99.90 (0927) 80.62
DVS-18" 1 0.95 6 5 99.90 (0927) 81.79

ADetected by HPLC. (HPLC conditions: the filler is octadecylsilane-bonded silica gel; the mobile phase A is phosphate buffer (adjusted to pH 3.0 with phosphoric acid)-acetonitrile (90:10),
and phosphate buffer (adjusted with phosphoric acid) is used as mobile phase A. pH to 3.0)-acetonitrile (40:60) as mobile phase B; detection wavelength at 225 nm; flow rate at 1.0 mi/
min; column temperature at 35°C; injection volume at 10 ).

POne recrystallization without column chromatography separation.

°Change the cleaning solvent from acetone to ethyl acetate and isopropanol (1:1) (5 v/m).

9Change the cleaning solvent from acetone to ethyl acetate and isopropanol (1:1) (10 v/m).

®Change the cleaning solvent from acetone to ethyl acetate and isopropanol (1:1) (15 v/m).

'Crystallization under complete solution conditions in ethyl acetate and isopropanol (1:1) (10 v/m).

9Beating at 50 °C in ethyl acetate and isopropanol (1:1) (10 v/m).
"Beating at room temperature in ethyl acetate and isopropanol (1:1) (10 v/m).

IIsolated yields % = (Actual isolated amount of product/Theoretical amount of product) x 100%.
The meaning of the bold values is to emphasize that this group of data with obvious advantages over other groups, and might be used as a potential optimal condition for further

optimization.

the greater the polarity of the protic solvent, the more unfavorable
the progress of the reaction (Table 4, ODV -13).

Condition Optimization of DVS

The synthesis process of O-desmethylvenlafaxine succinate
monohydrate crystalline form I is prepared by complete
solution reaction and natural cooling and crystallization in a
mixed solvent of acetone and water, and then purified by
acetone cleaning to obtain qualified products. When the
volume-to-mass ratio of the reaction solvent is 10 times the
amount, 0.5 equivalent of succinic acid can obtain 99.72%
purity and 59.47% yield (Table 5, DVS-2). The results of the
reaction time of 2-4 h (Table 5, DVS-4, 5, 6) show that the longer
the reaction time, the more conducive to crystallization, with a
highest purity of 99.90% and a yield of 90.27% (Table 5, DVS-12)
possible to obtain. Since O-desmethylvenlafaxine succinate
monohydrate has a certain solubility in water, the more the
amount of solvent, the less the product will be precipitated, and
reducing the amount of solvent has a good effect on the product
yield (Table 5, DVS-8). By changing the cleaning solvent acetone to
a mixed solvent of ethyl acetate and isopropanol to achieve the
maximum single impurity content control, it was found that as the

amount of mixed solvent increased, the purity of the product was
99.91%, and the yield was proportional to the amount of solvent.
The inverse ratio shows that the refining effect of the mixed solvent
at room temperature is not obvious (Table 5, DVS-13, 14, 15), and
the highest refining effect of the mixed solvent under heating
conditions is 99.92%, the single impurity content is 0.08%, and the
yield is low (Table 5, DVS- 16, 17, 18), which has a greater impact
on yield. XRD powder diffraction and DSC-TGA of the products
prepared by mixed solvents have done XRD powder diffraction
and DSC-TGA to detect the crystal form and crystal water of the
product, showing that the crystal form has changed compared with
the refining process of acetone (see SI).

EXPERIMENTAL SECTION

Synthesis of 4-Benzyloxyphenylacetonitrile
Add 200.0g p-hydroxybenzene acetonitrile, 282.56g benzyl
bromide, and 1,000 ml acetone to a 3.0 L reaction flask. After the
addition is complete, slowly add 320.28 g anhydrous potassium
carbonate in batches, stir and react overnight at 55°C, and
monitor the reaction by TLC (ethyl acetate: n-hexane = 5:1).
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After the reaction is complete, the solvent is directly removed by
rotary evaporation and a large amount of white solid precipitates out.
Filter, rinse the filter cake with a large amount of water, and dry to
obtain 331.19 g, 98.68% yield. C;sH;sNO, 'H NMR (400 MHz,
Chloroform-d) é 7.45-7.28 (m, 5H), 7.25-7.18 (m, 2H), 6.96 (d, ] =
8.7 Hz, 2H), 5.05 (s, 2H), 3.65 (s, 2H). °C NMR (101 MHz,
Chloroform-d) § 15857, 136.72, 129.17, 128.69, 128.13, 127.50,
122.14, 118.24, 115.53, 70.14, 22.85.

Synthesis of 1-[Cyano(4-benzyloxyphenyl)
methyl]cyclohexanol

Add 250.0 g of Intermediate I and 500 ml of water to a 1.0 L
three-necked reaction flask. Slowly add 176.02g of
cyclohexanone under stirring. After the addition is
complete, add 22.0 g of (n-Bu),N'Br’, and then slowly add
100 ml of 36.0 g sodium hydroxide aqueous solution at the
temperature of the reaction solution lower than 5°C,
mechanically stir at lower than 20°C for 4h after the
addition is complete, and monitor the reaction by TLC
(ethyl acetate: n-hexane = 5:1), a large amount of white
solid precipitates, Filter, rinse the filter cake with a lot of
water, and dry it to get 359.69g, the yield is 99.94%.
C2H23NO,, 'H NMR (400 MHz, Chloroform-d) § 7.46-7.35
(m, 4H), 7.33 (dd, J = 8.3, 5.5 Hz, 1H), 7.26 (d, ] = 8.7 Hz, 2H),
6.97 (d, ] = 8.7 Hz, 2H), 5.06 (s, 2H), 3.72 (s, 1H), 1.71 (d, ] =
13.1 Hz, 1H), 1.67-1.43 (m, 9H), 1.18 (dd, ] = 12.7, 6.2 Hz, 1H).
C NMR (101 MHz, Chloroform-d) § 158.97, 136.68, 130.72,
128.69, 128.15, 127.52, 123.98, 119.88, 115.00, 72.77, 70.14,
49.38, 34.98, 34.90, 25.22, 21.59, 21.51.

Synthesis of
1-[2-amino-1-(4-hydroxyphenyl)ethyl]
cyclohexanol Hydrochloride

Add 300.0 g of Intermediate II, 3,000 ml of industrial methanol to a
5.0 L high pressure hydrogenation reactor, slowly add 99.99 g 10%
Pd/C under stirring. Then slowly add 90.00 ml of concentrated
hydrochloric acid, reacting at 45°C and 2.0 MPa pressure for 4 h,
monitored by TLC (ethyl acetate: n-hexane = 2.5:1). After the
reaction is complete, the solvent is directly removed by rotary
evaporation and a large amount of white solid precipitates. The
solid is recrystallized twice with ethyl acetate and dried to obtain
179.90 g. The yield is 82.52%. C,4H,,NO,Cl, "H NMR (400 MHz,
DMSO-d6) § 943 (s, 1H), 7.78 (s, 3H), 7.06 (s, 2H), 6.75 (s, 2H), 4.46
(s, 1H), 3.06 (t, ] = 11.8 Hz, 1H), 2.82 (s, 1H), 1.78-0.86 (m, 11H).
3C NMR (101 MHz, DMSO-d6) § 157.00, 131.02, 128.53, 115.51,
72.24, 53.20, 36.80, 33.81, 25.81, 21.89, 21.57.

Synthesis of O-Desvenlafaxine

Add 150.0 g of Intermediate IIT and 1,500 ml of isopropanol to a
3,000 ml single-necked reaction flask. Slowly add 153.30 g of 37%
formaldehyde solution with stirring, stir for 2h at 20°C, and then
slowly add 176.70 g of 85% formic acid solution, at 103°C. The
reaction is monitored by TLC (dichloromethane: methanol:
trimethylamine = 2.5:10:1.0 drop). After the reaction is complete,
the solvent is removed by rotary evaporation to a syrupy state, 500 ml

Advances in Synthesis of O-desmethylvenlafaxine

of water is added, and filtered to remove floating insoluble matter.
The filterate is added for cleaning with 300 ml of toluene, liquid
separation, and removal. Water layer is adjusted to pH 9.5 with 50%
sodium hydroxide solution and filtered to obtain crude solids.
Recrystallize once with 1,500 ml water at 90°C, filter the residue
with 300 ml ethyl acetate, and then 300 ml isopropyl alcohol is
recrystallized once at 70°C, recrystallized twice, and dried to
obtain 14647 g, with a yield of 87.70%. C,¢H,sNO,, '"H NMR
(400 MHz, DMSO-d6) § 9.11 (s, 1H), 6.96 (d, ] = 6.9 Hz, 2H),
6.64 (d, ] = 6.9 Hz, 2H), 5.41 (s, 1H), 3.12-2.86 (m, 1H), 2.72 (s, 1H),
2.40-2.25 (m, 1H), 2.14 (s, 6H), 1.61-1.25 (m, 8H), 1.19-0.81 (m,
3H). ®*C NMR (101 MHz, DMSO-d6) & 156.04, 132.18, 130.55,
114.87,73.03, 60.92, 52.10, 45.77, 37.64, 32.86, 26.18, 21.74, 21.69. ESI
M + H]* 264.10.

Synthesis of O-Desmethylvenlafaxine

Succinate Monohydrate (DVS)

Add 64 g desvenlafaxine, 27.30 g succinic acid, 300 ml acetone,
and 100 ml water to an 1,000 ml round bottom flask, and stir well.
Slowly raise the temperature to 90°C and stir for 1 h to dissolve all
into a colorless and transparent shape. Cool down to 60°C and
filter to remove trace insoluble matter. Continue to lower the
temperature to 35°C, stir for 6 h, and make the product fully
discharged. Cool and filter in an ice-water bath, wash the filter cake
with 100 ml ethyl acetate and 100 ml isopropanol, drain well, and
dry at 60°C for 3 h to obtain the finished product of desvenlafaxine
succinate monohydrate, a total of 82.40 g. The yield is 85.83%.
C0H3,NO,, "H NMR (400 MHz, D,0) 8 7.19 (d, ] = 8.3 Hz, 2H),
6.83 (d, J=8.7 Hz, 2H), 3.64 (t, ] = 12.5 Hz, 1H), 3.51 (dd, ] = 13.1,
4.0 Hz, 1H), 2.97 (dd, J = 12.0, 4.0 Hz, 1H), 2.76 (s, 3H), 2.70 (s,
3H),2.44 (s,4H), 1.60 (d, = 13.4 Hz, 1H), 1.48-1.38 (m, 3H), 1.35
(dt, J = 7.3, 4.2 Hz, 1H), 1.33-1.23 (m, 2H), 1.19 (dd, J = 10.3,
4.5 Hz, 2H), 1.06-0.98 (m, 1H). °C NMR (101 MHz, Deuterium
Oxide) 6 179.65, 155.41, 127.44, 115.69, 73.31, 58.36, 50.32, 45.04,
41.37, 35.00, 33.87, 31.31, 24.85, 21.23, 20.99.

Synthesis and Structure Confirmation of

O-Desvenlafaxine Impurity E

Add 1-[Cyano(4-benzyloxyphenyl)methyl]cyclohexanol 20.00 g,
15.00 g Raney nickel, and 18 g amine methanol solution to 1.0 L
hydrogenation reactor, ventilate at 1.50 MPa, and react at 55°C
and 2.0 Mpa pressure for 4h. After the reaction, lower the
temperature to below 30°C, remove the remaining gas, open
the autoclave, and remove the reaction solution. Remove the
solvent by rotary evaporation to a syrupy state, add ethyl acetate
and stir uniformly. Slowly add concentrated hydrochloric acid
under ice-water bath conditions, and a white solid precipitates.
The white solid is filtered, the filter cake is washed twice with
100 ml ethyl acetate, and dried at 55°C for 2 h to obtain 16.77 g
with a yield of 99.70%. C,;H,,NO,, "H NMR (400 MHz, DMSO-
d6) & 7.84 (s, 3H), 7.50-7.44 (m, 2H), 7.44-7.38 (m, 2H),
7.38-7.28 (m, 1H), 7.22 (d, J = 8.5 Hz, 2H), 698 (d, ] =
8.7 Hz, 2H), 5.08 (s, 2H), 3.15-3.05 (m, 1H), 2.99-2.82 (m,
1H), 1.57 (d, ] = 10.5 Hz, 2H), 1.49-1.37 (m, 3H), 1.34-1.13 (m,
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3H), 1.12-0.98 (m, 2H).>’C NMR (101 MHz, DMSO-d6) &
157.98, 137.68, 131.24, 130.79, 128.93, 128.33, 128.22, 128.10,
114.77, 72.15, 69.66, 53.04, 36.76, 34.07, 25.78, 21.89, 21.57.

CONCLUSION

Through our continuous optimization of the existing process, the
high yield and high purity synthetic preparation of Intermediate I
and Intermediate II is obtained. The process of Intermediate II is
more green, and there is no organic waste liquid to eliminate the
pollution impact on the environment. At the same time, the
residues of benzyl bromide and (n-Bu),N'Br~ with genotoxic
impurities are below the standard limit, which improves the
quality of raw materials and makes the drug market safer. The
preparation of Intermediate III adopts a low pressure, normal
temperature, and dilute acid process conditions, which to a
certain extent reduces the safety risk of high pressure and high
temperatures in the reduction and hydrogenation of difunctional
groups, simplifies post-processing and refining operations, and is
more conducive to large-scale industrial production. The
preparation process of O-desvenlafaxine was revealed that
isopropanol, as a protic solvent, exhibits special advantages in
the dimethylation step, and isopropanol can also be recycled and
reused. The method can prepare desvenlafaxine succinate with
high yield and high purity, and different new crystal forms can be
obtained by using different refining conditions, which has
important reference significance for formulation process
development in formulation research and development.
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The sustainable use of resources is essential in all production areas, including
pharmaceuticals. However, the aspect of sustainability needs to be taken into
consideration not only in the production phase, but during the whole medicinal
chemistry drug discovery trajectory. The continuous progress in the fields of
green chemistry and the use of artificial intelligence are contributing to the
speed and effectiveness of a more sustainable drug discovery pipeline. In this
light, here we review the most recent sustainable and green synthetic
approaches used for the preparation and derivatization of chalcones, an
important class of privileged structures and building blocks used for the
preparation of new biologically active compounds with a broad spectrum of
potential therapeutic applications. The literature here reported has been
retrieved from the SciFinder database using the term “chalcone” as a
keyword and filtering the results applying the concept: “green chemistry”,
and from the Reaxys database using the keywords “chalcone” and “green”.
For both databases the time-frame was 2017-2022. References were manually
selected based on relevance.

KEYWORDS

chalcones, green chemistry, pharmaceuticals, drug discovery, green synthetic
techniques, privileged structures, artificial intelligence

1 Introduction

Since many years, the pharma industry has realized that the production of medicines
and pharmaceutical products needs to be accomplished by taking into account the
sustainability of the manufacturing pipeline. This requisite has prompted the
investigation and design of greener approaches for the production of active
pharmaceutical ingredients (APIs). In particular, the “12 principles of green
chemistry” should be applied not only during the manufacturing of APIs and related
products, but also in all phases of the drug discovery and development workflow, starting
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1,3-Diaryl-2-propen-1-one

FIGURE 1
General structure of chalcone.

from the early investigation of the chemical scaffolds suitable for
the synthesis through green and sustainable approaches.

The use of privileged structures, defined as molecular
scaffolds endowed with drug-like properties and characterized
by versatile binding modes, is a design strategy massively and
successfully exploited at the lead optimization stages of the drug
discovery pipeline. Among the plethora of privileged structures
identified so far, the chalcone framework, defined as a o,p-
unsaturated carbonyl moiety substituted by two aromatic
rings at both ends (general structure in Figure 1) is
particularly interesting due to its widespread diffusion in the
plant kingdom, food and nutraceuticals coupled to its interesting
biological properties. The pharmacological profile of chalcones
(Salehi et al., 2021) is wide and interesting and they are
potentially useful for the development of therapeutic agents
against cancer (Ouyang et al, 2021), infectious diseases
(Mahapatra et al, 2015; Duran et al, 2021; Pozzetti et al.,
2022), obesity, neurological/neurodegenerative disorders (Cho
etal,, 2011; Thapa et al., 2021), inflammatory-related syndromes
(Mahapatra et al., 2017), allergic illnesses (Yamamoto et al., 2004;
Iwamura et al., 2010) etc. In addition, antioxidant effects of
chalcones have been demonstrated (Jankovi¢ et al, 2020)
conferring to them the status of privileged scaffolds. In fact,
chalcone-based molecules such as metochalcone and sofalcone
are used in clinical practice as choleretic drugs and anti-ulcer
agents, respectively, also establishing gastroprotection in patients
suffering from Helicobacter pylori (Higuchi et al., 2010; Gomes
et al., 2017c¢).

Moreover, the chalcone structure represents a versatile
starting material suitable for further derivatization and
conversion into structurally diverse molecular entities, such as
pyrrole and pyrazoles, pyridines, pyrimidines, as well as bicyclic
derivatives such as indoles, quinolines and coumarins, all
characterized by drug-like properties. In this scenario, green
synthetic approaches for the preparation and derivatization of
natural and synthetic chalcones could represent the starting point
for greener and more sustainable drug discovery pipelines.
of reviews have focused on

A number synthetic

methodologies for the preparation and derivatization of
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chalcones using green approaches, often compared to
standard ones, or focused on their most relevant biological
activities (Rosa et al., 2017; Taresh, 2022; Wilhelm et al,
2022). Herein, we review the most recent literature (2017-to
date) describing green approaches for the synthesis and
derivatization of chalcone with a focus on methodologies
aimed at optimizing solvent and energy consumption. The
application of important green processes such as one-pot
syntheses, click-chemistry, biocatalysis, and green enabling
technologies such as flow chemistry and photochemistry will
also be discussed in the field of chalcone synthesis and
derivatization. Finally, artificial intelligence (AI) as a powerful
tool for the prioritization of compound libraries will also be

briefly outlined.

2 Green solvents for the synthesis and
derivatization of chalcones

The first principle of green chemistry is to prevent waste, the
fifth is the reduction of auxiliary substances as solvents and the
decrease in their toxicity. However, as often reported, the
greenest option for solvent is to avoid solvent. Though it is
not always an easy task in the managing of organic reactions,
many researchers have investigated the use of eco-friendly
solvents that owe this definition to environmental reasons,
low cost, time and energy waste. Amongst the many
techniques encompassing procedures or devices where
solvents are not necessary, several may be applied to the
formation of chalcones or their derivatives. The use of ionic
liquids as the catalyst allows to carry out solvent-free reactions,
increasing yield products, regioselectivity, minimizing the
production of chemical wastes, decreasing reaction time and
simplifying operational procedures (Mahato et al., 2017; Aegurla
and Peddinti, 2018; Bahrami et al., 2019; Das et al., 2020; Karimi-
Jaberi et al., 2020; Karimi-Jaberi et al., 2020). Solvent-free
conditions can be applied to microwave-assisted synthesis of
chalcones, speeding up the reaction time. A common association
is between solvent-free reactions and mechanochemical
techniques, which include grinding and high-speed ball
milling. These techniques are frequently used in the synthesis
of chalcones and chalcone derivatives in academic research as
well as in industrial applications allowing to reduce the
consumption of high cost catalysts and shortening the

reaction times (Praveena et al., 2019; Zangade and Patil, 2020).

2.1 Mechanochemistry and solvent-free
synthesis

In the recent years, mechanochemistry has combined the

principles of chemistry and mechanical engineering, assuming
that to get a chemical transformation, energy is needed. This
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FIGURE 2

(A) Synthesis of anthracene- and 4-benzyloxy-based chalcones; (B) Claisen-Schmidt condensation between 3-acetyl-2H-chromen-2-one
mono- and disubstituted benzaldehydes; (C) synthesis of polysubstituted 2,3-dihydropyrroles (relative stereochemistry is shown).

goal can be achieved either by using simple tools such as
mortar and pestle or by more costly instruments as a ball mill
(Gomes et al., 2020). The former is an easy-to-find tool but
significant variations may occur depending on the operator;
the latter is an automatic instrument, which leads to good
reproducibility thanks to the automatic control of many
parameters such as milling frequency, material and size of
the milling balls and jars, the number of balls and the type of
rotation (Gomes et al,, 2020). Many research groups are
investigating this new technology for implementing new
devices which are based on the simple principle of applying
a mechanical force during the reaction. Examples from recent
literature are reported below where chalcone formation and
chalcone derivatization reactions have been performed using
the principle of mechanical chemistry.

Praveena et al. described two examples of reactions carried
out through the use of pestle and mortar (Praveena et al,
2019). As 24,
benzaldehyde or 9-anthracenecarbaldehyde were mixed
with and NaOH and then
grinded with mortar and pestle for 10 min. The formed
solid chalcones were filtered off and re-crystallized from
2019).
laboratory device consisting of a single-screw drill (SSD)

exemplified in Figure 4-(benzyloxy)

1-(thiophen-2-yl)ethanone

ethanol (Praveena et al., Gomes et al. used a
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placed on top of a steel cylinder with a central hole, where
the drill screw penetrates once operated. A friction force is
generated using this technique, resulting in an intense shear
stress able to reduce the powders down to 1 pm in 1 min and
create a properly mixed reaction, subjecting the system to high
pressure. This technique has been tested on the classical
Claisen—Schmidt
aldehydes and methyl ketones as starting materials (Gomes

condensation reaction using various
et al., 2020). The same experiment was carried out using the
ball milling technique. The SSD tool, which uses the shear
force instead of shock pressure, allows a higher availability of
the molecular surface, increasing the reaction yields (Gomes
2020). The SSD method provided chalcones in high
yields regardless of the physical state (solid or liquid) or the
presence of functional groups (electron-donating, electron-

et al.,

withdrawing) on the starting material scaffolds. The aim of the
research group of Cuellar and co-workers was to synthesize
active pharmacological coumaro-chalcone compounds by a
sustainable route (Figure 2B). They applied a classic Claisen-
Schmidt condensation without solvent, obtaining high yields
(75.2-99.4%) with the selective formation of the trans isomer
in the chalconoid system (Cuellar et al., 2022). Exploiting the
mechanochemistry another

technique, research  group

performed reactions using nitrones as a replacement for

frontiersin.org


https://www.frontiersin.org/journals/chemistry
https://www.frontiersin.org
https://doi.org/10.3389/fchem.2022.988376

Marotta et al.

NHz’NHg*HZO

(4.0 mmol)

—»

0
H,O / CTAB HZNJ\NfNHz
H

10.3389/fchem.2022.988376

70°C

NH* HCI

HoN™ NH,

DBU (30 mol%)

Rs R4
O O=
4 cl /)
=0 0
Ry Ry

CTAC (0.015 equiv.)
H,0, 100 °C, 10 min

FIGURE 3

DBU (30 mol%)

I

(A) Synthesis of 4,5-dihydro-1H-pyrazoles and 4,6-diphenyl-pyrimidin-2-amine by micellar reactions; (B) synthesis of pyrrole derivatives in a

micellar medium.

aldehydes. In the experiments, they verified that the reaction
yield with nitrone derivatives and acetophenone does not
change as compared to the use of aldehydes. They also
tested the addition of small amounts of xylene, a high
boiling non-polar solvent, for facilitating the grinding
mechanism (Antony et al., 2021).

Being able to facilitate reaction conditions in the presence of
a small amount of solvent (or any), ball milling devices have
several applications in green organic synthetic approaches. Weng
et al. (Weng et al.,, 2021) exploited this technique for derivatizing
the scaffold of chalcones. Starting from a simple condensation
reaction, they developed a protocol for preparing a library of
polysubstituted 2,3-dihydropyrrole derivatives (Figure 2C). This
reaction was performed via iodine-promoted cyclization with the
use of additives such as liquid-assisted grinding solvents (LAGs).
Different solvents were tested, with different starting material
equivalents and different time rates, until the reaction was
optimized, and high yields were obtained. The optimization of
the above-described protocol allowed to create a consistent
library of 2,3-dihydropyrroles, and to study the effects of
substitution patterns on reactivity.
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2.2 Micellar chemistry

Water may be considered as the greenest solvent due to
several inherent properties (i.e., water is neither toxic, flammable
or carcinogenic, it is readily available and inexpensive).
Unfortunately, the use of water as a solvent for organic
chemistry reactions presents many limitations, the most
important being the poor solubility of most reagents. To
overcome this problem, surfactants are used tot increase the
miscibility among hydrophobic substances and water. Due to
their amphiphilic nature, in the presence of a large amount of
defined as
supramolecules with a colloidal size (Wei and Cue, 2018). The

water, surfactants form micelles, spherical
“supramolecule” term indicates that cohesion forces are not
covalent and even if the micelles appear as a homogeneous
phase, they consist of a micro-heterogeneous two-phase
system. Tensides are used in many industrial applications, in
chemical synthesis they are used as micellar catalysts able to
accelerate or inhibit a reaction process (La Sorella et al., 2015).

Starting from appropriately substituted chalcones, Mishra

et al. studied a new procedure to synthetize the 4,5-dihydro-
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(A) Synthesis of pyrano [3,2-clcoumarins; (B) synthesis of pyrano [3,2-clcoumarin using BAIL-1 as liquid ionic; (C) synthetic route for 1,3-
diphenyl-3-(pheny! thio) propan-1-one derivatives; (D) Michael addition followed by cyclo-condensation to give 1,5-benzodiazepines and 1,5-
benzothiazepines; (E) formation of the 2-amino-3-cyano-4H-pyrano.

1H-pyrazole and 4,6-diphenylpyrimidin-2-amine to prevent
environmental pollution and reduce the extensive use of
organic solvents.
bromide (CTAB) as the cationic surfactant for the micelles
added 1,5-diazabiciclo(5.4.0)undec-7-ene

(DBU) as the base catalyst. They screened different molar

They chose cetyltrimethylammonium
formation and

concentrations and several bases, gaining the best yields when
they used the conditions reported in Figure 3A (Mishra et al.,
2017).
reacting a-azidochalcones in the presence of metal B-

Rajaguru et al. aimed at synthesizing indoles by

diketonates using cetyl trimethyl ammonium chloride
(CTAC) in water as the micellar medium. During their
experiments they could obtain substituted pyrroles, and for
this reason they extended the study of reaction conditions in

Frontiers in Chemistry

order to improve the yields of the pyrrole derivatives, as
depicted in Figure 3B (Rajaguru et al., 2017).

Kothandapani and co-workers started with the synthesis of
the non-ionic surfactant stearyl methoxyPEGglycol succinate
(SMPS). This compound emerged as an interesting option due
to its non-toxic nature. Non-ionic surfactants SMPS can be
modified by changing the length of the hydrophilic tail to
improve their aqueous miscibility, while the substitution of
different alcohols to 1-octadecanol gave different degrees of
lipophilia (Kothandapani et al., 2017). To test the efficacy of
the surfactant that they synthesized, the research group applied
the reduction reaction of nitrochalcone derivatives to the classical
approach employing palladium/diphenyl sulfide complex

catalyst, which is expensive and toxic. Consequently,
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Kothandapani et al. performed the reduction by SMPS surfactant
in aqueous medium with zinc and ammonium chloride. The
efficiency of SMPS was verified by carrying out the reaction
under the same conditions the
(Kothandapani et al., 2017).

without surfactants

2.3 lonic-liquid synthesis

In chemical processes, organic solvents are used in enormous
amounts because they are needed during reaction, separation,
and formulation and, depending on an appropriate selection,
they can lead to good yields and bring a quality product. The use
of less toxic solvents would have an important impact on the
sustainability of the API manufacturing process. In the last few
years, ionic liquids have emerged as a green alternative to
common organic solvents. By definition, ionic liquids are salts
with a low melting point and are characterized by
physicochemical properties such as negligible vapor pressure,
high thermal stability, and wide liquid range; moreover, these
features can be modulated by combining two ILs or by modifying
the length and flexibility of the organic cation. This accounts for
their high adaptability to different specific applications. On the
other hand, the lack of data about endpoints and toxicity profiles,
their tendency to combustion, high cost and low potential
biodegradability led to the conclusion that ILs still need to be
studied and optimized (Wei and Cue, 2018).

Triethylammonium hydrogen sulfate is considered an
environmentally safe and cheap ionic liquid catalyst, which is
easily prepared by an acid-base neutralization reaction. This
catalyst has been successfully employed in the synthesis of
pyrano([3,2-c]coumarins by the reaction of 4-hydroxycoumarin
with differently substituted chalcones (Figure 4A) (Karimi-Jaberi
et al, 2020). Pyrano[3,2-c]Jcoumarines were synthesized by
Mahato et al. using Brensted acidic ionic liquids (BAILs)
4B). the

conditions coupled to heating at high temperatures, obtaining

(Figure Firstly, authors applied solvent-free
satisfactory yields. Then they also investigated different ad hoc
synthesized ILs, and the best result was obtained by BAIL-1, a
recyclable IL that can be easily purified with water being the only
byproduct (Mahato et al., 2017). 1,4-Addition of mercaptans to
chalcones was obtained under a variety of reaction conditions,
characterized by heating at high temperatures, the need of
expensive catalysts, and long reaction times. Shreyas S.
Mahurkar and co-workers developed a green method for the
of

derivatives using [hmim]OAc-ionic liquid for the thia-Michael

synthesis 1,3-diphenyl-3-(phenylthio)propan-1-one
addition reaction (Figure 4C). This ionic liquid was effective as a
reaction medium and a good catalyst. The authors hypothesized
that the dissociation constant of thiophenol, which is higher in
ionic liquids than in organic solvents, could be responsible for the
improved reaction outcomes (Mahurkar et al., 2019). Sakirolla
et al. employed imidazolium salt ionic liquids to synthetize 1,5-
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benzothiazepine starting from a,p-unsaturated carbonyl systems
typified by chalcones (Figure 4D). These ILs have proven to be
environmentally friendly since they can be recycled for three
cycles, IL-C is the most efficient reaction medium among the
others because it allowed to reduce the time reaction and increase
the final yield (Sakirolla et al., 2018). Recently, the research group
of Dhadda, has applied together with the use of ionic liquids with
the technique of sonication and managed to create a scheme for
different synthetic heterocyclic compounds, including 2-amino-
3,4-pyrimidine, pyrazole, oxazole, and pyridine derivatives. The
basic ionic liquid [DBUH]OACc has proven to be the best IL since
it leads to obtaining good yield of the desired result and it can also
be reused for up to five catalytic cycles (Dhadda et al.,, 2022).
Besides being used as solvents, ILs have also been used purely
as catalysts. Amino acidic-based ionic liquids such as L-proline
nitrate and [BMIm]-proline have been used as green and
biodegradable catalysts in conjugate addition reactions with
chalcones (Bahekar et al., 2017). In this case, the use of a -
proline nitrate avoids the need of long reaction times and high-
temperature, which are typical reaction conditions required for
thia-Michael reactions; at the same time, high yields and
environmental sustainability were attained [BMIm]-proline
proved to be an efficient ionic liquid catalyst allowing the
synthesis of various 2-amino-4H-chromene-3-carbonitrile
derivatives in high yields. The catalyst can be recycled up to
five times still giving good yields, though the recovery process can
be time-consuming (Figure 4E) (Hajipour and Khorsandi, 2017).

3 Synthesis of chalcones using green
sources of energy

In the last 30 years, ultrasound technique has encountered
increasing interest in the field of drug synthesis as an
advantageous  methodology  for more  sustainable
manufacturing approaches. Indeed, the mechanism of the
ultrasound system, also called sonochemistry, consists of
the generation of a high amount of energy released by the
collapse of microbubbles. Microbubbles are formed by
piezoelectrical materials subjected to electrical potential,
these materials convert electrical energy to mechanical
vibration energy letting it spread through the liquid
medium to form microbubbles (Wei and Cue, 2018; Draye
et al., 2020). These microbubbles absorb energy from the
waves generated by piezoelectrical materials and grow until
they implode. This localized explosion with extreme
conditions of temperature and pressure allows the reaction
to take place (Draye et al., 2020).

In the last decades, the microwave technique has proven
to be effective in increasing reaction yields and reducing both
reaction times and the formation of side products. In contrast
to conventional heating, microwave irradiation warms up the

solution homogeneously and rapidly. Microwave frequencies
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(A) Synthesis of (E)-3-(2,3-dihydrobenzofuran-5-yl)-1-(aryl)prop-2-en-1-one derivatives; (B) 6-fluorochroman-4-one and terephthalaldehyde
are used for a Claisen—Schmidt condensation to obtain bischalcone by ultrasound method and DABCO-based IL; (C) the last synthetic step to obtain
2-(5-substituted-furan-2-yl)-4H-chromen-4-ones; (D) final step of ultrasonication-ionic liquid synergy to obtain 1,2,4-triazol-1-yl-pyrazole based
spirooxindolopyrrolizidine derivatives; (E) ultrasonication reaction between chalcone derivative and ethyl-substituted acetate obtaining pyrano

[2,3-b]pyridine.

work as electric fields that generate heat when they encounter
materials with dielectric properties. Indeed, the selectivity of
the reaction can be enhanced by the knowledge that polar
molecules are more affected by microwave irradiation than
apolar ones. This technique falls into the sixth principle of
green chemistry since the energy efficiency is increased.
Despite this, the microwave is still considered ambiguous
as a green process because only 65% of electrical energy is
converted into electromagnetic radiation, and the radiation
heat can be slow when the mixture reaction is apolar.
Nonetheless, microwave chemistry is widely used for
solvent-free reactions or with the support of other
devices such as flow chemistry devices (De La Hoz et al,,
2016).

Frontiers in Chemistry

3.1 Ultrasound chemistry

Adole and co-workers reported the first synthetic route to
obtain (E)-3-(2,3-dihydrobenzofuran-5-yl)-1-(aryl)prop-2-en-1-
one derivatives under ultrasound irradiation. Their goal was to
simplify the work-up procedures. The best identified reaction
conditions consisted in reacting 2,3-dihydrobenzofuran-5-
carbaldehyde with substituted acetophenones in ethanol, in
the presence of sodium hydroxide, under ultrasound
irradiation at room temperature (Figure 5A) (Adole et al,
2020). Sharma and co-workers developed an approach to get
coumarin hybrids with other molecules such as maleimide, a-
lipoic acid and resveratrol, thus combining two biologically active

structures and also synthesisized a set of chalcones presenting
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coumarin heterocycle as the ring B (Sharma et al., 2018). Arafa et
al had the goal of finely-tune a new green protocol to synthesize
bis-chalcones through a Claisen-Schmidt condensation. Based
on their knowledge of ILs as sustainable solvents and the
ultrasound techniques, they optimized the reaction between 6-
fluorochroman-4-one and terephthalaldehyde, which occurred
with poor yields when using conventional methods, using
ethanol as the solvent, at room temperature, and using
sodium hydroxide as the base. A slight improvement was
attained using the ultrasound method. Subsequently, both the
solvent and the base catalysts were changed, and the best yields
were obtained with DABCO-based IL [DABCO-EtOH][AcO]
coupled to ultrasonication, as reported in Figure 5B. By using
these optimized reaction conditions, several bis-chalcone
derivatives have been obtained (Arafa, 2018). Kakade et al.
2-(5-substituted-furan-2-yl)-4H-chromen-4-ones
from furan-substituted chalcones, in dimethyl sulfoxide in the

synthesized

presence of a catalytic amount of iodine under ultrasound
irradiation at room temperature conditions (Kakade and
Vedpathak, 2020). The products depicted in Figure 5C were
obtained within a few minutes in good yields. Pogaku et al
developed a green procedure joining together the IL 1-butyl-3-
([Bmim|]BF4)
ultrasonication. Figure 5D represents the one-pot reaction

methlimidazoliumtetrafloroborate and

among a chalcone intermediate, isatin and L-proline to obtain
the final
spirooxindolopyrrolizidine derivatives. The identified optimal

product 1,2,4-triazol-1-yl-pyrazole-based
conditions exploited [Bmim]BF, with ultrasonication at 60°C.
The use of classical solvents such as methanol at room
temperature or under reflux resulted in no reaction or a very
low yield of the spirocyclic heterocycles (Pogaku et al., 2019). The
reaction reported in Figure 5E represents the synthesis of a series
of pyrano [2,3-b]pyridines elaborated by Rizk group. This
mild
conditions, starting from chalcone derivatives and reacting

procedure allowed to achieve high yields under
them with ethyl-substituted acetate under ultrasonic radiation.
The ethyl-substituted acetates used were diethylmalonate,
ethylacetoacetate or ethylcyanoacetate. The final pyrano [2,3-
b]pyridines obtained differ in the substitution of substituents X
and Y depending on the nature of the ethyl-substituted acetate
used and the number of reactants such as via three- or four-
component reactions. The same reaction was performed by
grindstone technology providing equally high yields (Rizk
et al.,, 2017).

Oxyprenylated chalcones of natural origin, such as cordoin
and 4-hydroxycordoin, have interesting biological properties.
Villena et al. have recently investigated the synthesis of
alkylation of 2'4'-
dihydroxychalcone with different alkyl bromides as the first

oxyprenylated derivatives through
step of the synthesis in the presence of a slightly basic
medium and under ultrasound conditions. The reaction
mixture was irradiated in a water bath by an ultrasonic

cleaner. The ultrasonic system allowed to reduce reaction
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time, improving the overall alkylation yields (Villena et al.,
2021). Several aryl/indolyl substituted 4,5-dihydro-1H-pyrazole
derivatives were synthesized by Kannan and co-workers.
Chalcones exposed to aryl hydrazides undergo a Michael
the
pyrazole scaffolds. This reaction was carried out both by

addition-cyclization reaction, forming corresponding
conventional method and ultrasonic irradiation, the latter
allowed to decrease the reaction time with a comparable yield
(Kannan et al., 2019). Thanks to the success of the previous
reaction, Kannan and co-workers extended the synthetic process
to indole-based chalcones by reacting them with different
carbohydrazides following the same ultrasonication conditions
reported above (Kannan et al., 2019). Finally, a one-pot cyclo
condensation reaction was performed between chalcone
derivatives and o-aminothiophenol by Devkate et al. In their
approach, several solvents were tested and PEG-400 was
identified as the best choice providing a shorter reaction time
and straightforward separation procedures for the target 1,5-

benzothiazepines (Devkate et al., 2018).

3.2 Microwave chemistry

Microwave irradiation is widely used for the synthesis of
chalcones and their derivatives. Chalcone synthesis is commonly
realized through conventional Claisen-Schmidt condensation at
high temperatures. With conventional heating, the reaction times
can rise to 24 h depending on the general structure of the starting
materials; moreover, the reaction yields are often not satisfactory.
For these reasons, new and green synthetic strategies using
microwave irradiation are more and more popular among
researchers.

Prabhakar and co-workers developed a green protocol for the
synthesis of 9-anthracenyl chalcone derivatives, which were
tested as anti-bacterial compounds against Staphylococcus
aureus and Bacillus subtilis. The reaction was carried out
under solvent-free conditions, using KOH as the catalyst and
under microwave irradiation, giving excellent yields in 5 min
(Prabhakar et al., 2017). This protocol can be applied to scaffolds
bearing different functional groups as reported by Sahoo and co-
workers (Sahoo et al., 2019; Tupare and Pawar, 2020).
Comparative studies to prove the effectiveness of microwave-
assisted synthesis over conventional methods for chalcone
synthesis showed that the conventional synthesis of chalcones
starting from o-hydroxyacetophenones requires longer reaction
times, higher solvent amounts and provides lower yields when
compared to microwave-assisted protocols (Shntaif, 2016; Sahoo
et al.,, 2017; Rahim et al., 2018).

Wang et al applied an original one-pot synthesis, made of
two steps, to obtain quinolinyl chalcones (Figure 6A). They used
Nafion NR50 as the catalyst in EtOH; it is a reusable synthetic
polymer with ionic properties that acts as an acidic catalyst
enhancing the yield rate and allowing a more sustainable
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synthesis of novel spiropyrrolidine derivatives; (C) synthesis of 3-(3-oxoaryl) indole derivatives; (D) synthesis of pyrazoline derivatives; (E) the final
step to synthesize 2-aryl-2,3-dihydroquinolin-4(1H)-ones by microwave technique.

synthesis of this important scaffold (Chan et al., 2020). Chalcones
were combined with the well-known 1,5-benzodiazepine moiety
to evaluate the biological activity of these complex poly-
functionalized heterocyclic scaffolds (Figure 6B). This one-pot
microwave-assisted synthetic strategy avoided the use of toxic
solvents and provided good yields and avoided the need of
purification by column chromatography. The desired starting
materials and basic alumina were grinded in a mortar with the
minimum quantity of solvent, and then the reaction mixture was
irradiated with microwaves until reaction completion (Balyan
et al, 2020). Muthuvel and co-workers used microwave
irradiation to synthesize styryl-2-pyrenylketones using zinc
phosphate (Figure 6C). The solvent-free procedure was carried
out with various benzaldehydes, the ones with electron-donating
groups gave better yields than the ones with electron-
withdrawing functional groups. The synthetic route was tested
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up to 6 times to verify the reusability of the catalyst and the
efficiency was not affected until the fifth reuse (Muthuvel et al.,
2021).

A solvent-free protocol was also tested by Chaudhari et al. as
reported in Figure 7. The routes to obtain the bis-chalcones
started with the reaction of an aromatic aldehyde with
N-phenylpyrrolidine-2,5-dione and N-phenyl piperidine-2,6-
dione (Chaudhari and Rajput, 2018).

Li et al. studied the use of eco-friendly catalysts in the
classical Claisen-Schmidt condensation synthesis of chalcones.
Reduced graphene oxide (RGO) is widely used and studied for
many industrial applications due to its chemical-physical
properties, likewise, ZnO nanoparticles have received a greater
interest as a catalyst in chemical reactions. The mixture of ZnO
nanoparticles dispersed on RGO (Zn/RGO) results in good
catalytic activity. This is often used during photocatalysts or

frontiersin.org


https://www.frontiersin.org/journals/chemistry
https://www.frontiersin.org
https://doi.org/10.3389/fchem.2022.988376

Marotta et al.

photodegradation reactions, but Li et al. evaluated its efficacy in
the Claisen-Schmidt condensation using different aryl aldehydes
and aryl ketones with a mixture of ethanol and water as
sustainable solvents under microwave heating. Further
research reported that the electronic and steric hindrance
effects of functional groups and electron-withdrawing groups
were the most effective (Li et al., 2017). The synthesis of 4-
piperidiniphenylenone by

Ranganathan et al. The reaction was performed by a

derivatives was carried out
microwave-assisted protocol with solid Cu®*/Zeolite catalyst
under solvent-free conditions. This approach highlighted that
benzaldehydes with electron-donating substituents gave higher
yields than those with electron-withdrawing substituents; the
best concentration of catalyst was also assessed (Ranganathan
et al,, 2020).

As previously mentioned, chalcones are not only
important biological scaffolds, but they are also useful
synthons. The growing interest in the synthesis of hybrid
molecules led Mubarak et al. to study a new scaffold obtained
by the condensation of nalidixic acid and chalcones to obtain
several N'-(1,3-diphenylallylidene)-1-ethyl-7-methyl-4-oxo-
1,4-dihydro-1,8-naphthyridine-3-carbohydrazides.

Figure 8A reports the green synthetic step used for the
preparation of the product, where microwave irradiation
was used to increase the yield and decrease the reaction
time. To assess the sustainability of the protocol, metrics of
atom economy, carbon efficiencies and reaction mass
efficiency were calculated, as well as energy consumption
data (Mubarak et al., 2019). Kalluraya and co-workers
reported a regioselective synthesis of spiropyrrolidine
derivatives in a comparative study in which microwave-
assisted reactions afforded the best results in facilitating the
condensation of starting materials and afterwards in the
of the final cycloadducts

(Figure 8B). The reactions were tested with and without the

formation regioselective
use of solvent, obtaining comparable results (Kalluraya et al.,
2018). In the same way, a new protocol, for the synthesis of 3-
(3-oxoaryl)indole derivatives, was developed through a
microwave-assisted Michael addition of the appropriate
chalcone derivatives using commercially available and non-
toxic catalyst under solvent-free conditions (Figure 8C) (Patel
et al., 2019). 1,5-Benzodiazepine derivatives were synthesized
with good yields and without the need for column
chromatography purification,
substituted
piperidine and ethanol with the aid of a domestic

starting from differently
chalcones and 2-aminoaniline dissolved in
microwave (Shetye and Pawar, 2017). Similarly, pyrazoline
derivatives were synthesized from the appropriate chalcones
and hydrazine hydrate derivatives with the addition of a
catalyst in ethanol under microwave irradiation (Figure 8D)
(Jasril et al., 2019). Rocha and co-workers synthesized the 2'-
aminochalcones derivatives using a green protocol employing
microwave radiations. After that, they submitted the chalcone
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derivatives to a cyclization reaction to obtain 2-aryl-2,3-
dihydroquinolin-4(1H)-ones (Figure 8E) (Rocha et al., 2019).

4 Tools and strategies for improving
the efficiency of chalcone synthesis
and derivatization

4.1 Click chemistry

Click chemistry has been well known since 2001, when Prof.
Barry Sharpless conceived its definition. Click reactions must be
modular and versatile, give high yields, be stereospecific, easy to
perform and must create only harmless by-products
(Shankaraiah et al., 2020). This methodology is regarded as a
powerful tool for green chemistry applications due to properties
such as no or few by-products, atom economy, use of catalysts
(re-usable), compatibility with water and benign reaction
conditions (Gupta et al., 2020). Chalcones containing alkyne-
based substituents at the A or B rings were found to be
compatible with the azide-alkyne Huisgen cycloaddition
leading to the 1,2,3-triazole conjugates. Some examples are
reported below.

The research group of Yadav reacted 4-O-propargylated
chalcone derivatives with organic azides and various benzyl
bromides. Importantly, the reaction was performed in the
of

(Figure 9A), which proved stable (reusable without losing any

presence cellulose-supported ~ copper  nanoparticles

significant ~ activity) and chemoselective for Huisgen
cycloaddition, justifying their increasingly widespread use
(Yadav et al.,, 2017). Yadav et al. also tested the same reaction
on different scaffolds. As reported in Figure 9B, a click reaction
between propargylated chalcones and azides using cellulose-
supported copper nanoparticles was performed using two
different reaction conditions. In the first method, chalcone
conjugates were reacted with sodium azides and various
benzyl bromides (R,-Br), while in the second method, the
previously functionalized azides (R,-N;) were used. Both
methods gave 1,2,3-triazoles in good vyields (Yadav et al,
2018). Pereira et al. also reported the preparation of chalcone
derivatives bearing a 1,2,3-triazole moiety. These compounds
were obtained, as represented in Figure 9C, using a click reaction
carried out with assisted copper(I)-catalyzed azide-alkyne
cycloaddition (CuCAA). O-propargyl intermediates and azide
sugar derivatives were the elected reagents (Pereira et al., 2021).
Similarly, Om and co-workers synthesized chalcone-triazole
hybrids, which showed a synergetic biological activity when
the

separately. The

compared to two pharmacophoric moieties taken

of the
subsequently of the triazole is carried out in DMF using an

one-pot  synthesis azide and
aqueous solution of sodium azide, 2-bromo-N-arylacetamides,
the propargylated sulfate

pentahydrate and sodium ascorbate as catalysts (Figure 9D)

and chalcone, using copper
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FIGURE 9

(A) Synthesis of chalcone derivatives starting with 4-O-propargylated benzaldehyde; (B) synthesis of 1,2,3-triazole derivatives using
propargylated chalcones and azides; (C) click reaction copper(l)-catalyzed azide-alkyne cycloaddition (CuCAA) to obtain flavonoid glycosides with
triazole moieties; (D) triazole synthesis through one-pot click reaction; (E) triazole synthesis through one pot click reaction catalyzed by CuSO,4 and

Na-Asc.

(Sharma et al., 2022). The click reaction can be carried out under
ultrasonication to enhance the reaction rate as reported by Kaur,
the reaction was performed with variably substituted aromatic
azides and terminal alkynes (Figure 9E) (Kaur et al.,, 2022).

4.2 One-pot synthesis

One-pot reactions consist of a sequence of several synthetic
transformations carried out in a single pot avoiding purification
steps of intermediate compounds. A one-pot procedure can form
several chemical bonds in one-row synthesis also allowing the
formation of very complex molecules. It can be considered a
green approach since the use of solvents and chemical waste is
minimal, harsh reaction conditions are avoided and the
simplification of the synthetic routes is maximized (Sydnes,
2014).

The chalcone chemical scaffold may be synthesized by
classical one-pot Claisen-Schmidt condensation, where the
desired aldehyde and ketone mixed under basic conditions

Frontiers in Chemistry

render final chalcones. (Murugesan et al., 2017a; Murugesan
et al, 2017b). They may also be obtained from alternative one-
pot synthetic approaches. Soozani et al. reported the synthesis of
quinoxaline chalcones via a one-step reaction of 3-substituted-2-
chloroquinoxalines, and aromatic aldehydes with calcium
carbide, in acetonitrile using diethylamine as the base and Pd/
Cu as the catalyst (Figure 10A) (Soozani et al., 2017). The use of
calcium carbide, to avoid protection and deprotection steps,
results in an efficient and green one-pot procedure (Soozani
et al, 2017). Dasari and collaborators developed a one-pot
indole-condensed

synthesis of variously functionalized

benzimidazole chalcones. Several solvents, catalysts, and
temperatures were evaluated to tune the best conditions to
obtain the desired compounds with good yields, as reported in
Figure 10B. The chalcone is formed as the first step of the
proposed mechanism and then it reacts as an intermediate
with the indole-derivative to produce the final compounds
(Dasari et al., 2020).

Several examples of chalcone derivatization have also been

developed. De Aquino et al. reported the synthesis of various
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(A) Synthesis of (E)-3-(2-aminoquinoxalin-3-yl)-1-arylprop-2-en-1-one derivatives from 2-amino-substituted-3-chloroquinoxalines, calcium
carbide, and aromatic aldehydes; (B) synthesis of indole-condensed benzimidazole chalcones via one-pot synthesis; (C) synthetic strategies for the
synthesis of 1,3,5-triaryl-4-(arylselanyl)-pyrazoles through one-pot synthesis; (D) metal-free approach to get off various isothiazoles via three-
component one-pot route: general synthesis; (E) synthetic strategy to obtain designed thiazolyl-pyrazole-biscoumarin via eco-friendly one-

pot synthetic approach.

1,3,5-triaryl-4-(arylselanyl)-pyrazoles via a one-pot approach

starting  from  properly  designed  chalcones  and
phenylhydrazines with the addition of acetic acid, diphenyl
diselenide, CuBr, 2,2’ -bipyridine (bpy) and solvent. 1,3,5-

Triaryl-4-(arylselanyl)-pyrazoles were obtained with good
yields via the optimized conditions, as reported in Figure 10C
2018). Several syntheses of substituted
isothiazoles are reported in the literature, starting from

(de Aquino et al,

different building blocks. Li and collaborators proposed the
synthesis of various isothiazoles through a one-step synthetic
route starting from, among others, chalcone derivatives. They
optimized the following procedure: NH,I, EtOCS,K and water
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were added to the desired chalcone in DMF, and the reaction was
carried out at 130°C for 12 h (Figure 10D). Isothiazoles were
obtained in high yields (Li et al., 2021). Mahmoodi and Ghodsi
the
derivatives by a one-pot three-component green cyclo-

reported synthesis of thiazolyl-pyrazole-biscoumarin
condensation of variously substituted coumarin chalcones,
with thiosemicarbazide and 2-bromocoumarin in ethanol and
a catalytic amount of HCI. Details are reported in Figure 10E
(Mahmoodi and Ghodsi, 2017).

Tran et al. reported a rare example of the synthesis of 4,5-
disubsituted thiazoles in a one-pot reaction assembling

chalcones, glycine ethyl ester hydrochloride and elemental
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FIGURE 11

(A) Synthesis of 4,5-disubstituted thiazoles; (B) general synthetic protocol for the preparation of benzothiazepines via catalyst-free one-pot
method using green glycerol medium; (C) one-pot synthesis of functionalized 3-acylindoles starting from properly selected chalcones.

sulfur (Tran et al.,, 2022). The research group also reported a
plausible reaction mechanism, in which a trisulfur radical-anion,
which is formed in situ, attacks the chalcone of interest, allowing
the formation of a thiirane intermediate. Subsequently, the key
enaminone intermediate is formed upon nucleophilic ring
opening of the thiirane intermediate, at which point, the
sulfuration of the activated alkene by excess elemental sulfur
at high temperatures, rapid sequential aerobic oxidation and the
final induced by NaCl high
temperatures afford the final thiazole (Figure 11A). Yadav and

dealkoxycarbonylation at
collaborators synthesized benzothiazepines via a clean and
efficient one-pot approach from chalcones and ortho-
aminothiophenol (Yadav et al., 2019). Glycerol was selected as
the medium to perform the synthesis under acid, base, or metal-
free conditions. It resulted in a green synthesis with reusable
media, short reaction time, catalyst-free conditions, easily
available starting materials, broad substrate panel, easy process
and work-up and final high yields (Yadav et al, 2019)
(Figure 11B). 3-Acylindoles were obtained through oxidative
rearrangement of 2-aminochalcone using a hypervalent iodine
reagent optimizing one-pot conditions. The chalcone moiety is
firstly functionalized as desired, and then cyclization of the indole
scaffold is carried out under basic conditions in the same
synthetic vessel. Optimized conditions (Figure 11C) afforded
the desired products in quantitative yields (Nakamura et al,
2017).

Other examples of one-pot chalcone derivatizations are those

reported by Ahmed et al., which were aimed at synthesizing novel
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pyrimidine-based compounds. They developed a one-pot
procedure where ketones and aldehydes were allowed to react
to form the intermediate chalcone, then the properly
functionalized guanidine was added to finalize the one-pot
reaction, catalyzed in water media by green bio-organic Zn
(L-proline), catalyst complex (Ahmed et al., 2021). Khalili and
colleagues proposed graphene oxide (GO) as a catalyst for the
sequential formation of chalcone and derivatization thereof by
aza-Michael addition of the desired amines to form B-amino
ketones (Khalili et al., 2020).

5 Green enabling technologies
applied to the synthesis and
derivatization of chalcones

5.1 Flow chemistry

Flow chemistry exploits a continuous flow reactor in which
two pumps push the reagents, generating a continuous flowing
the takes Different
transformations can be achieved using different reactors

stream  where reaction place.
such as coil, microchip, column, microspheres and tube-in-
tube (TIT) (de Souza et al., 2018). The use of a flow reactor has
several advantages, for instance, it is safer than the synthesis in
round-bottomed flasks and reaction time is reduced, therefore,
less energy is used. Moreover, gas substances can be used in flow

reactions while being safely managed. Thanks to the capability
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FIGURE 12

(A) Synthesis of 1,2,3-triazole-furan hybrid chalcone derivatives; (B) Pd/C-catalyzed reduction of chalcone moiety with diphenyl sulfide; (C)
decarboxylation and a denitrogenation reaction to obtain imidazole derivatives.

of modifying and controlling parameters such as temperature,
pressure and reactant concentration, it can be considered as a
high-performance device to build up rapid, efficient and
greener organic synthesis (de Souza et al., 2018). As detailed
below, the flow chemistry technique has been recently applied
to both the synthesis of heterocyclic chalcones and to the
derivatization of chalcones into further functionalized
analogues.

Kumar et al. described the synthesis of 1,2,3-triazole-furan
hybrid chalcone derivatives. The reaction depicted in Figure 12A
was firstly carried out in batch, optimizing the best basic
Then, the

microwave irradiation or in a flow reactor, thus attaining a

conditions. reaction was performed under
shortening of the reaction time, and an improvement of the
yield. The flow reactor device is favorable since it allows larger
scale processes than microwave irradiation (Kumar et al., 2020).
Moore and co-workers described a Pd/C-catalyzed reduction of
chalcone moiety based on the addition of diphenyl sulfide that
confers selectivity in conjugate reduction (Moore et al., 2019).
This reduction reaction was adapted into a continuous
hydrogenation method, based on the in situ constant
production of hydrogen by water hydrolysis (Figure 12B). In
order to avoid the poisoning of the catalyst caused by continuous
pumping of sulfide additive that reduces the reactivity,
pretreatment of the catalyst bed with a solution of diphenyl
sulfide was performed (Moore et al, 2019). Adiyala et al
developed a novel synthetic strategy starting from L-proline
and a-azidochalcones to obtain imidazole derivatives through
decarboxylation and a denitrogenation reaction, respectively. A
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Ru’*-immobilized polydimethylsiloxane (PDMS) microreactor
under fluorescent or white LED light was used for the continuous
flow procedure. In this way, time was reduced under 2 min and
yield increased up to 70-94% when compared to the reactions
run in batch (Figure 12C) (Adiyala et al., 2020).

5.2 Photochemistry

In the last decades, photochemistry techniques had an
exponential growth. The possibility of using visible light to
activate photocatalysts or substrate-catalyst complexes makes
this method an innovative and promising green approach. The
growth in interest in its potential use is due to the need of mild
reaction conditions. (Rehm, 2020). Photochemical chemistry uses
photons as a reagent to generate radical intermediates during a
reaction. Photons are the greenest reagents since no residues are
left at the end of the reaction, even if the photon is either absorbed
(and the reaction is activated) or not (and moves out of the vessel).
Despite the described advantages, nowadays photochemistry finds
poor applications both in academia and industries. Several reasons
limit the integration of this technique in synthetic schemes, among
which we can find the formation of undesired mixtures of products
and the unpredictable course of the reactions together with the
expensive devices (Wei and Cue, 2018).

Solar radiation is a green and renewable source of energy,
useful for both photochemical and thermal reactions. CSR
(concentrated solar radiation) can be obtained through the
Fresnel lens and allows rapid organic synthesis, eventually
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(A) Synthesis of chalcones with NHPI catalysts, an efficient visible light organophotocatalyst; (B) UV-radiation reaction procedure to afford
pyrimidine derivatives; (C) photo-induced tandem vinyl radical cyclization with a-bromochalcone and pyrrole derivatives; (D) visible-light induced
imidazo [2,1-blthiazoles synthesis with photocatalysts-, oxidants- and transition metal-free technique.

reaching high temperatures and gaining final compounds in high
yields. Jadhav and colleagues tested this new method by reacting
4-methoxyacetophenone with 4-fluorobenzaldehyde in the
presence of potassium hydroxide (Jadhav et al, 2017). The
advantage of using CSR instead of a classical reaction method
is a short-term reaction with a higher yield. The solar radiations
include infrared waves that allow the molecules to vibrate and
rotate faster. Interestingly, Jadhav group proposed a possible
explanation based on the bombardment radiations, giving an
increment of energy, that speed up the reaction itself (Jadhav
et al., 2017).

The synthesis of substituted chalcones reported in
Figure 13A was carried out by Tripathi et al. making the
new and re-usable organo-photocatalyst,
N-hydroxyphthalimide (NHPI), able to replace the metal-
based visible light photocatalysts. These latter are efficient
and productive, but could not be considered green catalysts
(Tripathi et al., 2018). After the optimization of the reaction
conditions, the compatibility of the synthetic methodology
with different electron-donating and electron-withdrawing
groups in the aromatic rings was assessed. Both gave high
yields of the desired products, although the electron-
withdrawing substituent allowed to achieve a faster
reaction and afforded slightly higher yields (Tripathi et al,,
2018). Saleem et al
scaffolds

conducted studies on pyrimidine

obtained from chalcone derivatives. They
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initiated with a conventional method, which includes the
solubilization of the chalcone, guanidine HCl and the
selected base in methanol. Subsequently, they performed
the with UV-radiation instead of
conventional heating (Saleem et al., 2018). The method
illustrated in Figure 13B has been compared to the classic

same reaction

one, which showed an increment of yield and time reduction,
giving the chance to perform the reaction in a more
sustainable way (Saleem et al., 2018). In the last few years,
many research groups have investigated the synthesis of
polycyclic xanthones by photo-induced tandem vinyl
radical cyclization. Yang and co-workers explored this
the
pyrrole, as represented in Figure 13C (Yang et al,,

reaction with a-bromo-chalcone and respective
2017).
Under these conditions, the products of this one-pot reaction
were obtained in a reasonable amount, and without the use of
transition-metal complexes or high boiling solvent, making
2017).

Several imidazo [2,1-b]thiazoles were constructed by Chen

the procedure environment-friendly (Yang et al,

and colleagues via electron-donor-acceptor (EDA) complex
of chalcones and 2-
(Figure 13D). The
aminothiolation reaction was performed through only
visible-light irradiation. With this new technique, Chen

by performing a cyclization

mercaptobenzoimidazoles

et al. avoided the use of transition metals, external

photocatalysts and oxidants (Chen et al., 2022).
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(A) General scheme of the biotransformation of methoxylated and methylated derivatives of 2'-hydroxychalcone in halophilic and freshwater
cyanobacterial cells; (B) chalcone biotransformation by A. niger, (C) reaction performed by bacterial CHI to obtain (S)-flavones.

6 Biocatalysis

Biocatalysis is considered a promising process in which
enzymes are used to obtain pharmaceutical compounds.
the
recyclability, an increase in atom economy, and safety are the

Among main features of biocatalysis, selectivity,
most relevant. At the beginning, lipases and ketoreductases were
the only available enzymes, now thanks to the development of
technology for the production of new enzymes, it is possible to
design an artificial “enzyme cascade” that allows to choose the
desired proteins for the production of the target compounds
(Carullo et al., 2019; Carullo et al., 2020; Mazzotta et al., 2021).
Synthesis and modification of chalcones can be obtained using
different biocatalytic approaches, whole-cell biocatalysts, free
enzymes, or agro-food wastes (Bell et al., 2021).

An example of biocatalysis in the preparation of the chalcone
scaffold is the one reported by Tamuli ef al., in which the use of
fruit peal ash, as a green, easily available, and biodegradable
catalyst for the Claisen-Schmidt condensation reaction allowed
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the formation of various chalcones and flavone derivatives. This
reaction protocol can be carried out at room temperature with a
reaction time that ranges from 10 min to 1 h, more importantly,
is the possibility of carrying out the reaction with the use of green
solvents or neat (Tamuli et al., 2020).

Zyszka-Haberecht et al. tested the introduction of
of 2'-
hydroxychalcone in a culture of halophilic and freshwater

methoxylated ~ and  methylated  derivatives
cyanobacteria to verify the conditions of cells to the exposure
of these molecules and the reactions occurring within the
organism. They determined that the methoxylated chalcone
derivatives were converted into the corresponding dihydro-
derivatives as the only product (Figure 14A); instead, the
methylated starting compounds gave dihydro- and hydroxy-,
also ethoxy derivatives, highlighting how the methyl group can
affect these biotransformations (Zyszka-Haberecht et al., 2019).

The ene-reductase (ER) enzyme is used to obtain pure
enantiomers using asymmetric bioreduction of activated C=C

double bonds when the stereogenic center is produced.
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Magallanes-Noguera and co-workers tried to expand the
applications of ene-reductase enzymes, studying three axenic
plant tissue cultures. Tessaria absinthioides calli demonstrated to
have high selectivity for the C=C double bonds, Medicago sativa
and Capsicum annuum were capable of hydrogenating also the
carbonyl group (Magallanes-Noguera et al, 2017). Non-
Conventional Yeasts (NCYs) were recently proven to express
ER activities, thanks to the presence of cofactor-recycling systems
for NAD(P)H useful for their cell metabolism. These ER activities
can be exploited for whole-cells biotransformations in NCYs and
have proven to be a cheap and useful alternative to purified
the  a,B-unsaturated

obtained
chalcones using a number of NCYs, such Cyberlindnera

enzymes to reduce chalcones.

Dihydrochalcones ~ were from  corresponding
amylophila, Kazachstania spencerorum, Naganishia diffluens,
Kluyveromyces lactis, among others, as reported by Filippucci
et al. From the latter study, several lyophilized NCYs turned out
as great alternatives with good reproducibility bioconversions,
low deviations and high yields were also obtained (Filippucci
et al.,, 2020).

Different biotransformation reactions can be achieved by A.
niger, including hydroxylation, hydrogenation, epoxidation,
hydrolysis, reduction, cyclization and alkylation, depending on
the starting materials and the reaction conditions (Figure 14B).
(Mohamed et al, 2022). Through the Sequence-Structure-
Function-Evolution (SSFE) strategy the research group of
Meinert and coworkers discovered 66 novel bacterial chalcone
isomerase enzymes (CHIs) using the GenBank database. These
enzymes have been investigated because they can be used as a
sustainable synthetic route to obtain (S)-flavones starting from
different hydroxylated and methoxylated
(Figure 14C) (Meinert et al., 2021).

(S)-chalcones

6.1 Artificial intelligence to design
chalcone derivatives

Due to their broad spectrum of biological activities and
therapeutic potential applications, the generation of focused
libraries based on the chalcone scaffold related to different
drug targets is a challenging task. To this end, in the new era
of drug discovery, computational approaches are highly valuable,
and not dispensable also for organic chemistry applications,
thanks the
algorithms, and data availability. In fact, in silico methods

to improvements in computing capacity,
based on AI could assist the synthesis of ad hoc compounds
saving time, and money, and preventing damage to the
environment (de Almeida et al., 2019; Jiménez-Luna et al.,
2021). Considering the growing interest in the chalcone
structural core, AI methods have been applied to prioritize
derivatives to be synthesized, and here we report some
in this field of chalcones and

successful approaches

derivatization products.
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In the field of anti-infective agents, some studies have
exploited Al to select and prioritize chalcone scaffolds. Gomes
these scaffolds
In particular,

and coworkers employed to develop

antitubercular agents. they developed a
computational tool using matched molecular pair analysis
(MMPA),
inhibition data against Mycobacterium tuberculosis strain
H37Rv, for establishing and validating binary QSAR muodels.

Fifteen different binary QSAR models were developed using

starting from 604 chalcone derivatives with

several key descriptors such as MACCS, AtomPairs, Morgan,
FeatMorgan, and Avalon fingerprints combined with machine
learning methods (SVM, gradient boosting machine (GBM), and
random forest (RF)). After that, they united all these models in a
consensus ensemble model with significant statistical parameters
(CCR =0.77; Kappa = 0.53; Se = 0.79; Sp = 0.74; Coverage = 1.00),
that was used in a screening of chalcone-based dataset,
prioritizing 33 compounds for the synthesis. The synthesized
compounds were evaluated for their antitubercular activity.
Among them, 10 heteroaryl chalcone derivatives were found
to exhibit nanomolar activities against replicating mycobacteria,
low micromolar activity against nonreplicating bacteria, and
nanomolar and micromolar activity against rifampicin- and
isoniazid-resistant strains (Gomes et al., 2017b). The same
different
approach, prioritized some compounds for the synthesis with

research  group, adopting a computer-based
potential anti-leishmanial activity. Starting from a chalcone-
based library previously designed, they developed a target
fishing protocol to identify possible activities against some
leishmania drug targets. Using this computational protocol,
nine most promising compounds and three potentially
inactive compounds were experimentally evaluated against
Leishmania infantum amastigotes and mammalian cells. Four
synthesized compounds exhibited ECs in the micromolar range,
potentially acting as procathepsin L inhibitors. Furthermore, two
chalcone-based derivatives, LabMol-65 and LabMol-73, showed
low cytotoxicity and high selectivity toward Vero cells (Gomes
et al, 2017a). Le and coworkers used a designed library
containing chalcone-based molecules to identify, using ligand-
and structure-based methods, possible molecules able to inhibit
efflux pumps such as P-glycoprotein and NorA. In particular, by
using machine learning techniques, they implemented a
computational model using a total of 184 MOE 2D
and 1,444 PaDEL 1D and 2D descriptors
representing 63 different types of molecular properties, along
with 166 MACCS (Molecular ACCess System) fingerprints,
881 PubChem fingerprints, and 307 substructure fingerprints

descriptors

to feature the compounds for the subsequent construction of
classification, regression, and cognitive map models, respectively.
Successivally, molecular docking studies employing the 3D
structures of the efflux pumps provided the most performing
compounds to synthesize. Based on this computer-based
analysis, the authors identified four compounds (F29, F88,
F90, and F91) potentially able to inhibit the selected efflux
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pumps. After the synthesis, the authors performed the validation
of the identified hit compounds by in vitro tests, showing that
F88 and F90
transporters, with effectiveness against different Staphylococcus

showed inhibitory potency against both

aureus strains overexpressing NorA and resistant to
ciprofloxacin (Le et al., 2022).

Dong and collaborators described the synthesis of five
chalcone-based derivatives endowed with a vasorelaxant
profile using Al-based methods such as the support vector
machine (SVM). This technique was used to generate a robust
classification model employing 111 vasodilators and 232 non-
The

predictive accuracy of 93.0, 82.6, and 89.5% considering the

vasodilators. developed computational tool showed
training set, the test set and a validation set, respectively.
Accordingly, they used the model for exploring the structure-
activity relationship (SAR), identifying five promising chalcone-
based derivatives classified as active as vasorelaxants. The
selected target compounds were synthesized and evaluated for
their vasorelaxant activity. Gratifyingly, all compounds showed a
vasorelaxant profile in agreement with the prediction obtained
employing the Al-based model (Dong et al., 2009).

Hwang and collaborators applied a computational protocol,
mainly based on QSAR techniques and molecular docking, to
perform a field-based rational design to synthesize a focused
library of histone acetyltransferase inhibitor (HAT). In particular,
starting from a previously developed HAT inhibitor, applying the in
silico protocol, they found that the replacement of a moiety of the
original inhibitor with a chalcone core improved the in silico
performance of the conceived inhibitors. Accordingly, they
synthesized some chalcone-based derivatives and among them,
one compound showed the best inhibitory profile against
p300 HAT in the submicromolar range. Because of the significant
inhibitory potency, they performed a preliminary characterization of
this chalcone derivative as an anti-fibrotic agent in both TGF-p1-
stimulated lung fibroblasts and bleomycin-induced in vivo lung
fibrosis mice. Delightfully, based on the obtained findings, the
chalcone derivative should represent a good starting point for
developing anti-fibrotic drugs (Hwang et al.,, 2020).

7 Conclusion

In the earlier phases of drug discovery, the hit and lead
optimization cycles are extremely important and need to be
accomplished in a timely fashion and in a highly efficient way
in order to explore ample chemical space around selected
scaffolds and/or privileged structures. For these and other
reasons, metal-based C-C and C-X formation reactions
represent a typical toolkit for medicinal chemists since the last
20 years. However, with the strong need of a paradigm shift

toward the development of greener and more sustainable

Frontiers in Chemistry

135

10.3389/fchem.2022.988376

toolboxes, medicinal chemists are facing new challenges and
bottlenecks in chemistry. Therefore, it is important to widen the
range of green chemistry tools that could be useful for the
preparation of biologically relevant structures. In this regard,
seminal and recent literature reports prove that a growing
interest is taking place in the development of sustainable
chemistry applied to the chalcone scaffold. In particular, in
the last few years, chalcones have been increasingly used as
starting materials for further transformations to afford novel
heterocyclic scaffolds endowed with potentially interesting
biological activities and contributing to increasing the
sustainable access to diverse scaffolds. Flow chemistry and
biocatalysis are the most interesting techniques so far
developed and show great potential for chalcones preparation
and derivatization, but also photochemistry, despite some
of

standardization of the reaction conditions could be a powerful

limitations such formation complex mixtures or
technique that should be more in-depth investigated. Finally, the
potential of Al for prioritizing compounds for the synthesis is
another important aspect and from the examples reported in this
review and considering the improvements that are expected in
computational methods in the next future, we can anticipate that
the in silico techniques will be necessary also for guiding the
synthesis of focused libraries as in the presented cases of
chalcone-based compounds. This will speed up the research
on drug discovery, paying attention to the environment,

reducing the experimental need.
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