JOURNAL of the MEXICAN
) CHEMICAL SOCIETY

ISSN-e 2594-0317

S ————————

—————

Regular Issue

(J. Mex. Chem. Soc.)
Former Revista de la Sociedad Quimica de México (Rev. Soc. Quim. Mex.)




JOURNAL of the MEXICAN
) CHEMICAL SOCIETY

—————

Regular Issue

LA
=== e



The Sociedad Quimica de México was founded in 1956 as a non-profit associa-
tion to promote the development of the professionals and students of chemistry in
education, research, services and industry, and for the diffusion of chemical
knowledge. The Sociedad Quimica de México organizes annually the Mexican
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putational chemistry, organic chemistry, bioinorganic chemistry, etc). It is de-
voted to facilitating the worldwide advancement of our understanding of
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Abstract. One of the most common cancers that strikes women is breast cancer (BC). Twenty percent of cases of
BC are caused by human epidermal growth factor receptor-2 (HER2), which may be a target for the development
of BC medicines. Consequently, the main goal was to find a BC inhibitor by using pass prediction and in silico
docking techniques. Usnic acid may be used as a potential HER?2 inhibitor, according to in silico study results, and
compounds with high binding free energies may have significant anti-BC effects, making them promising
candidates for further therapeutic development. Usnic acid was shown to have an inhibitory effect against HER2
of -8.9 kcal/mol, which was comparable to the reference substance (co-crystal; -9.7 kcal/mol). Additionally,
because the probability active (Pa) value of usnic acid is greater than 0.700, it possesses a broad spectrum of anti-
neoplastic properties against BC. The main substance in the present study that can suppress BC has been shown
to be usnic acid, an active lichen extract. The present computational findings will be validated in a wet lab using
both in vitro and in vivo tests.

Keywords: Breast cancer; usnic acid; HER2; docking; PASS prediction.

Resumen. Uno de los canceres mas comunes que afecta a las mujeres es el cancer de mama (CM). El veinte
por ciento de los casos de BC son causados por el receptor 2 del factor de crecimiento epidérmico humano
(HER2), que puede ser un objetivo para el desarrollo de medicamentos contra la BC. En consecuencia, el
objetivo principal era encontrar un inhibidor de BC mediante el uso de prediccion de pases y técnicas de
acoplamiento in silico. El cido usnico puede usarse como un posible inhibidor de HER2, segtn los resultados
de un estudio in silico, y los compuestos con altas energias libres de union pueden tener importantes efectos
anti-BC, lo que los convierte en candidatos prometedores para un mayor desarrollo terapéutico. Se demostro
que el acido Gsnico tiene un efecto inhibidor contra HER2 de -8.9 kcal/mol, comparable al de la sustancia de
referencia (cocristal; -9.7 kcal/mol). Ademas, debido a que el valor de probabilidad activa (Pa) del acido usnico
es superior a 0.700, posee un amplio espectro de propiedades antineoplasicas contra BC. Se ha demostrado que
la principal sustancia en el presente estudio que puede suprimir la BC es el acido tisnico, un extracto activo de
liquen. Los presentes hallazgos computacionales se validaran en un laboratorio hiimedo mediante pruebas tanto
in vitro como in vivo.

Palabras clave: Cancer de mama; acido isnico;HER2; acoplamiento; prediccion PASS.
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Introduction

The most common cancer in women to be diagnosed is breast cancer (BC), which also happens to be
the second largest cause of cancer-related mortality in this population. BC can now be identified and diagnosed
with much greater accuracy. There is a correlation between a high-fat diet, excessive alcohol consumption, and
inactivity in relation to BC [1]. Reducing morbidity and mortality could be aided by the removal of these
variables. Early tumour diagnosis may be aided by breast self-examination, mammography, ultrasound, and
magnetic resonance imaging [2]. Lung cancer has been overtaken by BC (11.7 %) as the most common cancer
diagnosed in women. Lung cancer (11.4 %), colorectal (10.0 %), prostate (7.3 %), and stomach (5.6 %) follow.
About 2.1 million women are impacted by BC annually, and it is the primary cause of cancer-related deaths in
women. BC accounted for about 15 % of all female cancer deaths in 2020, affecting 2.3 million women
worldwide and resulting in 685,000 fatalities [1].

Human epidermal growth factor receptor 2 (HER2) is a member of the epidermal growth factor family
(ErbB family) that consists of four transmembrane tyrosine kinase receptors: ErbB1 (EGFR/HERI), ErbB2
(HER2), ErbB3 (HER3), and ErbB4 (HER4) [3]. Overexpression of HER2 has been associated with
adenocarcinomas, including those of the breast, ovaries, endometrium, cervix, and lung. HER?2 is therefore an
important target for a number of cancer therapeutic modalities [1]. Fifteen to twenty percent of BC cases had
overexpression of the HER2 gene, which is typically associated with a high degree of biological and clinical
disease aggression [4]. Many malignancies' biology is significantly influenced by HER2 [5]. In addition, novel
HER2-targeted medications have been thoroughly investigated recently and have demonstrated improved
results [1]. The development of active dimers is stabilised by ligand binding to the extracellular domain of ErbB
receptors, which are ordinarily inactive monomers (Fig. 1). Dimerization causes kinase domain activation,
which in turn causes transphosphorylation of tyrosine residues within the domains. It can happen between two
distinct ErbB receptors or between two domains of the same receptor.

Tyrosine residue phosphorylation generates binding sites for effector or adaptor proteins with
phosphotyrosine-binding domains and Src-homology (SH2) [6]. Two significant signalling pathways that are
triggered by ErbB receptors are phosphatidylinositol-3-kinase (PI3K) and mitogen-activated protein kinase
(MAPK) (Fig. 1). These pathways cause gene transcription, which produces proteins involved in cell division,
migration, proliferation, and death [3].

Ligand

HERI, HER3, HER4 HER2

Caell proliferation
Cell migration
Cell differentiation and apoptosis

Fig. 1. The Human epidermal growth factor receptor 2 (HER2) pathway. The generation of active HER2
heterodimers is stabilised by ligand binding to the extracellular domain of HER1/3/4.

The finest sources of therapeutic compounds are natural items. Because medicinal plants feature
intriguing secondary metabolites that may have undiscovered anticancer properties, there has been a surge in
scientific interest in these plants within the last several decades [7]. One of these is lichen, which is a symbiotic
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relationship between fungus and algae. There are around 20,000 types of lichen on the globe. A vast variety of
primary (intracellular) and secondary (extracellular) chemicals are produced by their chemistry. Amino acids,
polyols, carotenoids, polysaccharides, and vitamins are examples of primary metabolites. Lichen acids, or
secondary metabolites generated by the lichen's fungal partner, comprise most of the organic chemicals present
in lichens. More than 850 secondary metabolites have been found in lichens thus far, and research has
demonstrated that these chemicals are produced by lichens under duress and are crucial for the self-defence of
slow-growing lichens [8].

/0 HO o /O
OH ~o

Salazinic Acid Sekikaic Acid Usnic Acid

Fig. 2. Structure of selected secondary metabolites of Lichen.

A wide range of secondary metabolites, including those with antibacterial, antiviral, antitumor,
antioxidant, antihervivor, insecticidal, allelochemical, and allergenic properties, are produced by lichen [9]. The
fresh thallus of the natural lichens Ramalina celastri, Ramalina nervulosa, and Ramalina pacifica produce usnic
acid, salazinic acid, and sekikaic acid, respectively [10]. Based on the evidence by Morris Kupchan and
Kopperman (1975), we postulated that the secondary metabolites (salazinic acid, sekikaic acid, and usnic acid;
Fig. 2) may interact with BC's HER2 receptor in light of lichens' anti-cancer properties [11]. Therefore, the primary
emphasis of this work was on computer-aided drug design processes such as molecular docking, PASS prediction
methods, and e-pharmacophore to find a potential natural antagonist against the HER2 protein in order to cure BC.

Methodology

Molecular docking

The compounds were docked with the receptor separately using the CB-Dock (cavity-detection-guided
blind docking) protein-ligand docking technique [12]. The ChemSketch tool was used to create compound
structures, which were then saved in the .mol format. The RCSB Protein Data Bank provided the target protein
for docking, which had a resolution of less than 2.25 A, a R value of less than 0.260, and a PDB ID (PDB ID:
3PP0) [13]. According to Liu et al., the CB-Dock method accurately locates the binding zone, ascertains the
size and location of the centre, modifies the size of the docking region in response to the molecule input, and
then uses AutoDock Vina version 1.1.2 to dock [14]. A PBD file for the receptor and a .mol file for the ligands
were entered prior to docking. Each of the several top cavities that were automatically selected throughout this
process and used for additional research (cavity sorting) underwent molecular docking.

Prediction of anticancer activity

Using a web server called the PASS-Way2Drug server, the in-silico prediction of usnic acid's
anticancer characteristics was investigated further. P values for the similarity measures are provided by the
PASS (Prediction of Activity Spectra for Substances), which is based on the likelihood of anticancer activity
being highly or less likely [15]. At a false-positive rate of 0.05, it may get 65% positive findings. We sourced
the necessary entries from the PubChem service as it necessitates the canonical Simplified Molecular Input Line
Entry String (SMILES) of substances to be examined [16].

E-pharmacophore analysis
The energetic (e)-pharmacophore technique now incorporates both structure- and ligand-based
approaches. The pharmacophore sites of UA, such as hydrogen bond acceptor (A), hydrogen bond donor (D),
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hydrophobic group (H), positively ionizable (P), negatively ionizable (N), and aromatic ring (R), were identified
using the phase v 3.4 module in Schrodinger [17].
Results

Molecular docking

Table 1. Molecular docking analysis of lichen derived salazinic acid, sekikaic acid, usnic acid and reference
compound (co-crystal ligand) with the HER2 receptor of breast cancer (PDB ID: 3PP0).

Compound Name | Cavity Size | Vina Score Bound Amino Acids

Met774, Arg784, Thr862, Thr798, GIn799, Asn850,
Arg849, Ser728, Cys805 (H-B), Ala771, Glu770,
Met774, Leu769, Leu785, Phe864, Thr798, Ala751,
Lys753, Leu852, Val734, Leu726 (C-H)

Co-crystal (Control) 4513 -9.7

Leu726, Cys805, Arg849, Gly804, Thr862 (H-B),
Salazinic Acid 4513 -7.7 Leu726, Met801, Ala751, Leu852, Val734 (C-H),
Lys753 (ionic)

Thr862, Ala730, Asp863, Arg849, Cys805, Ser728,
Sekikaic Acid 4513 -8.1 Asp808 (H-B), Ala751, Leu800, Leu726, Val734,
Leu852 (C-H), Lys753 (ionic)

Thr862, Cys805, Asp808, Thr798 (H-B), Val734,

Usnic Acid 4513 89| Theg62, Leuss2, Met801, Leu726 (C-H), Lys753 (ionic)

The current work attempted to generate lead targeting HER2 by comparing docking scores and
subsequently the interactions with the co-crystal ligand from lichen-derived salazinic acid, sekikaic acid, and
usnic acid to inhibit BC. Table 1 lists the docking scores of the chosen lichen and the reference ligand (co-
crystal). The reference chemical showed a -9.7 kcal/mol docking score. It is well understood that a higher
affinity for the target receptor is indicated by a lower docking score. Docking scores of -7.7, -8.1, and -8.9
kcal/mol were observed for the salazinic acid, usnic acid, and sedikaic acid that were extracted from lichens,
respectively. Docking studies indicate that usnic acid may function as an HER2 receptor inhibitor.

T
-

(@) S728 ¥ (b) _ Gsoa_ C805-_

Vo
Q?
Lﬁﬁoc:/_ M!801 Pt

Fig. 3. Molecular docking interactions analysis of lichen derived (a) usnic acid and (b) reference compound
(co-crystal ligand) with the HER2 receptor of breast cancer (PDB ID: 3PP0).

681



Article J. Mex. Chem. Soc. 2025, 69(4)
Regular Issue

©2025, Sociedad Quimica de México

ISSN-¢ 2594-0317

Fig. 3(b) shows that the reference compound showed nine hydrogen bonds (H-B) with residues of
Met774, Arg784, Thr862, Thr798, GIn799, Asn850, Arg849, Ser728, and Cys805, whereas the usnic acid
showed four H-B with residues of Thr862, Cys805, Asp808, and Thr798 (Fig. 3(a)). The possible anticancer
effects of usnic acid have been thoroughly investigated, especially in relation to breast cancer [18-20]. It has
been shown that usnic acid causes apoptosis via a ROS-dependent mitochondrial route, therefore inhibiting the
survival of human breast cancer MCF-7 cells in a concentration- and time-dependent manner [21]. To increase
usnic acid's anticancer efficacy and selectivity, compounds such as isoxazole and pyrazole derivatives have
been created. It has been demonstrated that these compounds cause breast cancer cells to undergo cell cycle
arrest, apoptosis, and paraptosis-like cell death [22]. Furthermore, the docking score of usnic acid in the BCL2,
PI3KCA, and PI3KCG proteins was -36.51, -44.59, and -41.93 kcal/mol, respectively [23]. Human BC MCF-
7 cell viability was reduced by usnic acid in a concentration- and time-dependent way [24]. Moreover, usnic
acid suppresses VEGFR2-mediated AKT and ERK1/2 signalling pathways, which in turn decreases BC
angiogenesis and growth [25]. These academic works further supported our conclusions.

Prediction of anticancer activity

Using the PASS Online programme (http://www.way2drug.com/passonline), the possible BC
inhibitor, usnic acid, was subjected to biological activity analysis after docking [26]. We only forecasted the
anticancer activity in which the antineoplastic property—the primary parameter—was taken into account using
PASS Online. The PASS Online server forecasts the biological activities of various substances and displays the
outcomes as indicators of biological activity or inactivity. The likelihood of either biological activity (Pa) or
biological inactivity (Pi) is present [16]. Table 2 lists the UA's expected antineoplastic characteristics. Pa values
of usnic acid were greater than Pi for antineoplastic characteristics, indicating a higher likelihood of biological
activity as opposed to inactivity. It is noteworthy that the Pa value of usnic acid was significantly higher than
the Pi value. This indicates that there is a higher chance that usnic acid will block BC.

Table 2. Anti-cancer predictions of Usnic acid using the Pass server.

Compound Name Bioactivity Pa Pi

Usnic acid Antineoplastic (breast cancer) 0.710 | 0.005

E-Pharmacophore Analysis

By preserving the activity criterion in the range of 6.5 to 7.9, the data set was split into regions that
were actively, moderately, and inactively occupied. Due to the usnic acid binding domain's strong survival
value, the generic pharmacophore hypotheses were added among its four properties, as illustrated in Fig. 4. The
e-pharmacophore also reveals that usnic acid is composed of seven acquired acceptors (Al to A7), two obtained
donors (D8 and D9), two obtained hydrophobics (H10 and H11), and one obtained aromatic ring (R12).

Fig. 4. Pharmacophore hypothesis of Usnic acid. A denotes hydrogen bond acceptor in pink color, D denotes
hydrogen bond donor in blue, H denotes hydrophobic in green color and R denotes aromatic rings in brown
color from docked phytochemicals.
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Discussion

One of the most prevalent malignant illnesses in the world is cancer, with BC ranking as the second
most common cause of death for women. According to the World Health Organisation (WHO), were an
estimated 2.3 million women diagnosed with breast cancer and 670 000 deaths globally in 2022 [27]. Age, a
personal or family history of BC, radiation, inborn errors, and obesity are among the most significant risk factors
for BC. According to a case study conducted in Mexico City, women who are obese, overweight, or nursing
have an increased chance of developing BC [28]. In the ongoing search for more secure and potent medication
choices, innovative chemopreventive and anticancer therapy strategies are frequently highlighted. Various types
of natural and synthetic chemicals have already been used to investigate a large number of molecular targets of
distinct cellular processes during tumour formation. On the other hand, because cancer cells are immortal, many
scientists are interested in finding new techniques to cause cancer cells to undergo apoptosis in order to create
anticancer medications. Many new substances and anticancer medications can dramatically and occasionally
precisely cause apoptosis in a range of cancer cells [29]. Currently, one of the most actively researched areas in
BC research is tailored therapies, which can target certain targets. Following the oestrogen receptor-a, the
human epidermal growth factor receptor 2 (HER2) is a tyrosine kinase protein that is frequently targeted in BC.
HER2-positive tumours make up around 18-20 % of all other BC and are often more aggressive than HER2-
negative tumours [30]. Thus, it is essential to treat BC and stop the spread of malignant cells by suppressing
HER?2 expression and activity [31].

The most popular methods of treating BC have been linked to several drawbacks. According to
Muhammad et al., they primarily include stem cell and dendritic cell-based immunotherapy, radiation,
chemotherapy, and surgery [32]. Therefore, the development of novel drugs to treat BC is crucial. Massive
global research is being conducted by scientists to both prevent and treat BC. The invention of synthetic
medications started as a result of the rapid breakthroughs in technology, and the long-term use of medicinal
plants was forgotten. But over the past several decades, the promise of phytomedicine has drawn more attention
due to the serious side effects that such synthetic medications induce [33]. Natural goods are a reliable source
of pharmaceuticals. Among them, lichen demonstrated a wide range of biological properties, including the
ability to fight cancer [34, 35]. Given that lichens have anti-cancer properties, we speculate that salazinic acid,
sekikaic acid, and usnic acid—all derived from lichens—would be effective BC agents.

Theoretical and computational techniques employed in in silico drug creation can be utilised to find
new hits or leads against certain biologically active macromolecules. In order to find, create, and evaluate
medications and related physiologically active compounds, computer-aided drug design (CADD) techniques,
including virtual screening, molecular docking, and dynamic simulation methods, are now being utilised. A
compound's biological activity may be assessed anytime it attaches to a target macromolecule and sets off a
particular reaction. In traditional drug development, determining a compound's binding capability required
extensive in vitro and in vivo testing, which was time-consuming and expensive. However, using a molecular
docking technique simplifies this process quickly [36]. Additionally, pharmacology is using the e-
pharmacophore modelling approach to quickly create new medications [37]. The terms Pa (probability for
active molecules) and Pi (probability for inactive molecules) define the measurement data that PASS provides.
In order for a molecule to be classified as potential, its Pa and Pi values need to be between 0.00 and 1.00, with
Pa + Pi# 1. In this case, the chosen pharmacological molecule's biological activities are considered likely if Pa
> Pi [26]. Thus, the primary emphasis of this work was on computer-aided drug design processes such as e-
pharmacophore methods, pass prediction, and molecular docking to find a potential natural antagonist against
the HER2 protein in order to cure BC.

Salazinic acid, sekikaic acid, and usnic acid produced from lichens have docking scores of -7.7, -8.1,
and -8.9 kcal/mol, respectively. Usnic acid was regarded as the lead chemical based on the highest docking
score. Four hydrogen connections were observed between usnic acid and the residues of Thr862, Cys805,
Asp808, and Thr798. In addition, this molecule exhibited ionic connections with the Lys753 residue, which
enhances the inhibitory effect, and hydrophobic contacts with Val734, Thr862, Leu852, Met801, and Leu726.
The PASS prediction was evaluated using the Pass online biological activity prediction tool based on the
structure of usnic acid. Table 2 indicates that usnic acid has potential pharmacological effects (Pa > Pi), which
may include BC prevention. A lead molecule's activity is considered experimental if Pa > Pi. Pa values of 0.5
to 0.6 demonstrate considerable pharmacological potential, whereas Pa > 0.6 suggests a significant possibility
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of pharmacological potential [38]. It was predicted that usnic acid will function as an anti-cancer agent against
BC with a Pa of >0.7 and a Pi of <0.005. The generic pharmacophore hypotheses were added to the usnic acid
binding domain's four features due to its significant survival value, as shown in Fig. 4. Usnic acid is likewise
made up of seven acquired acceptors (Al to A7), two obtained donors (D8 and D9), two obtained hydrophobics
(H10 and H11), and one acquired aromatic ring (R12), according to the e-pharmacophore.

Ketone Moiety

4

Ketone Moiety

Fig. 5. Ketone moiety in usnic acid structure.

Usnic acid is a secondary metabolite of biologically active lichens that is well known as an antibiotic
but also endowed with several other interesting properties [39]. In addition, usnic acid is structurally unique
and has two ketone moieties, which could undergo further modification. For instance, the ketone moiety (Fig.
5) is potentially to be used in structural modifications such as the formation of new C-C and C-N bonds through
the Claisen-Schmidt condensation reaction and the Michael addition reaction, respectively. Furthermore, a.,-
unsaturated compounds like chalcone could be synthesised from the reaction of the usnic acid ketone moiety
and benzaldehyde. In this study, usnic acid showed anti-BC activity against the HER2 receptor. Based on the
results and discussion, we hypothesised that usnic acid derivatives could be good inhibitors of BC.

Conclusions

In silico research can save a great deal of time and money by avoiding the need for experiments before
they begin. In addition to computational tests, in silico methods can aid in the prediction of the likely active
medication. The best compound (usnic acid) was predicted using docking and Pass prediction algorithms in the
current study, which may open the door to the creation of novel, safer drugs for BC. We were able to identify
usnic acid as a BC inhibitor against the HER2 receptor with the use of the in silico platform. To further assess
usnic acid as a BC inhibitor, more wet-lab research is needed.
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Abstract. Immunotherapy is the current and an alternative therapy option for cancer. Targeting PD-L1
expression provides one approach for limiting cancer progression. Cinnamon is a plant with medicinal
properties that is also commonly used as a spice. Previous study indicates that cinnamon has multiple
therapeutic effects because it is utilized to treat a variety of diseases. The purpose of this research is to examine
the potential of bioactive compounds derived from cinnamon as potential cancer immunotherapy agents through
the inhibition of PD-L1 expression. In the present investigation, in silico approaches were used, which included
molecular docking and predicting the biological activity of cinnamon bioactive compounds. According to the
findings, the active compound of cinnamon was effective and had the potential to inhibit the JAK protein, but
not RAS or ERK. Furthermore, according to the biological activity predictions, cinnamon bioactive compounds
contribute as cancer fighting agents by having high Pa values for several parameters such as antineoplastic,
apoptosis agonist, BRAF expression inhibitor, JAK2 expression inhibitor, and Myc inhibitor also low Pa values
for M-CSF agonists. Finally, more detailed research on cinnamon bioactive compounds, particularly
caryophyllene, is required.

Keywords: Cancer-immunotherapy; ERK; JAK; PD-L1; RAS.

Resumen. La inmunoterapia es la opcion terapéutica alternativa actual para el cancer. Usar como blanco la
expresion de PD-L1 ofrece un enfoque para limitar la progresion del cancer. La canela es una planta con
propiedades medicinales que también se usa comunmente como especia. Estudios previos indican que la canela
tiene multiples efectos terapéuticos, ya que se utiliza para tratar diversas enfermedades. El propdsito de esta
investigacion es examinar el potencial de los compuestos bioactivos derivados de la canela como posibles
agentes de inmunoterapia contra el cancer mediante la inhibicion de la expresion de PD-L1. En la presente
investigacion, se utilizaron enfoques in silico, que incluyeron el acoplamiento molecular y la prediccion de la
actividad biologica de los compuestos bioactivos de la canela. Segtin los hallazgos, el compuesto activo de la
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canela fue eficaz y tenia el potencial de inhibir la proteina JAK, pero no RAS ni ERK. Ademas, segun las
predicciones de la actividad biologica, los compuestos bioactivos de la canela contribuyen como agentes
anticancerigenos al presentar altos valores de Pa para diversos parametros, como antineoplasico, agonista de la
apoptosis, inhibidor de la expresion de BRAF, inhibidor de la expresion de JAK?2 e inhibidor de Myec, asi como
bajos valores de Pa para agonistas del M-CSF. Finalmente, se requiere una investigacion mas detallada sobre
los compuestos bioactivos de la canela, en particular el cariofileno.

Palabras clave: Inmunoterapia contra el cancer; ERK; JAK; PD-L1; RAS.

Introduction

Nearly 2 million new cancer diagnoses and approximately six hundred thousand cancer deaths are
expected in the United States in 2023 [1]. According to the recent study, lung cancer will still be the primary
cause of cancer-related mortality in 2040, accounting for 63,000 deaths, while breast cancer will account for
364,000 cases of cancer overall [2]. Ironically about 35 % of global cancer-related mortality can be attributed
to lifestyle-related risk factors that are conceivably modifiable. These risks include smoking, alcohol intake,
infections, parasites, exposure to UV radiation, and nutritional factors [3]. For instance, a study showed the
excessive caloric consumption and insufficient physical activity are linked to elevated adipose tissue
accumulation, which ultimately results in overweight, obesity, and cancer [4].

The classifications of cancer treatment are divided into conventional and advanced categories.
Presently, established conventional treatment modalities, including surgery, chemotherapy, and radiotherapy,
continue to be employed. However, noteworthy progressions in recent years have been observed in the form of
targeted therapies, nanoparticles, hormonal therapy and stem cell therapy. Currently, oncology techniques have
their emphasis on the creation of safe and efficient cancer treatments [5,6].

Immune checkpoint inhibitors are examples of immunotherapy, a type of cancer treatment that uses
immune system components to combat tumor cells [7]. In various cancer cases, immunotherapy—either by
itself or in conjunction with conventional approaches such radiation and chemotherapy—has shown favorable
outcomes when utilized alongside standard care. PD-1 inhibitors, PD-L1 inhibitors, and CTLA-4 inhibitors are
three distinct classes of immune checkpoint inhibitors that have been used to treat different kinds of cancer.
However, only a small percentage of individuals recover from this treatment. A number of variables determine
immunotherapy outcomes, including tumor mutational burden, PD-L1 expression, hypoxia, extracellular
matrix, and molecular and cellular characterization within the tumor microenvironment [7,8]

In order to decrease T cell activation and the immunological response of T cells specific to antigens,
tumors overstimulate the PD-1/L1 signaling pathway. Apart from PD-L1 expression, cancer cells also trigger
intrinsic cellular signals that improve cancer cell survival, control stress reactions, and strengthen tumor
resistance to pro-apoptotic agents like interferons [7]. A study showed the stimulation of interferon could
increasing the expression of PD-L1 through JAK/STAT signaling pathway [9]. Another study in
cholangiocarcinoma cell lines showed that PD-L1 expression is modulated via ERK signaling [10]. Thus, by
blocking the signaling pathways that involved in PD-L1 expression might contribute in the anti-tumor
surveillance system. Recently, some immune checkpoint inhibitors have been proposed for targeting PD-1/PD-
L1, however, unfortunately, some additional adverse events also appears which need serious attention to solve
[11,12].

Recently, medicinal plants and their bioactive components have gained popularity as
immunomodulation and complementary cancer treatments [13-18]. Numerous clinical investigations have
found that medicinal plants improve survival, immunological regulation, and quality of life [19,20]. On a large
scale, cinnamon can be found in tropical regions. Cinnamon is widely utilized on a daily basis throughout the
globe and is regarded as one of the most essential spices. Importantly, cinnamon has antioxidant, anti-
inflammatory, antidiabetic, antibacterial, anti-obesity, and anticancer properties [21,22]. Interestingly, a study
showed that cinnamon extract inhibit the melanoma cell lines progression by reducing some factors related to
the angiogenesis. Moreover, the study also demonstrated that cinnamon extract increase the activity of CD8+
T cells which were known for its anti-tumor activity [23]. In light of the aforementioned, the intent of this study
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is to determine the potential of bioactive compounds found in cinnamon as a cancer immunotherapy drugs
candidate by blocking PD-L1 expression.

Experimental

Data retrieval and preparation

Bioactive compounds that widely found in cinnamon were occupied in this study [24]. The chemical
structure  of  bioactive = compounds  was  retrieved from  The  PubChem  database
(https://pubchem.ncbi.nlm.nih.gov/). About nine bioactive compounds (Fig. 1) including camphor (CID. 2537);
caryophyllene (CID. 5281515); caryophyllene oxide (CID. 1742210); cinnamaldehyde (CID. 637511); eugenol
(CID. 3314); trans-alpha-bergamotene (CID. 6429302); trans-cinnamyl acetate (CID. 5282110); a-bergamotene
(CID. 86608); and a-copaene (CID. 442355) were retrieved together with three control drugs including RAS
inhibitor/ Tipifarnib (CID. 159324); JAK inhibitor/ Ruxolitinib (CID. 25126798); and ERK inhibitor/ GDC-
0994 (CID. 154702204). In order to provide target proteins, homology modelling approach was applied. The
sequences of target protein were retrieved from UniProt (https://www.uniprot.org/) and the 3D structure of
target proteins was built through SWISS-MODEL (https:/swissmodel.expasy.org/) as our previous study [25-
27]. The detailed UniProt ID and protein template of each target proteins are RAS (UniProt ID. PO1112/
template 4q21.1.A); JAK (UniProt ID. P23458/ template 7t6f.1.A); and ERK (UniProt ID. P28482/ template
4qtb.1.A).

Molecular docking and data visualization

Molecular docking was performed by using PyRx (https://pyrx.sourceforge.io/) software [28,29]. Prior
to docking process, the whole structure of each target proteins was aimed by bioactive compounds and control
drug. The center coordinates for each target protein (A) are RAS (X=57.1120; Y= 71.3046; Z= 40.5094); JAK
(X=178.123; Y=198.282; Z=171.913); and ERK (X=33.2178; Y=46.6949; Z= 56.9310). Molecular coverage
area (A) for each target proteins are RAS (X= 39.8465; Y= 43.3056; Z= 42.5991); JAK (X= 85.5510; Y=
72.0893; Z= 148.8165); and ERK (X= 60.5657; Y= 47.6961; Z= 69.0495). After molecular docking was
performed, the data visualization then was conducted by wusing Biovia Discovery Studio
(https://discover.3ds.com/) software. Several parameters including protein — ligand interaction, amino acids
residues, H-bond, and hydrophobicity were visualized and analyzed [30,31].

Biological activity prediction

Biological activity prediction was performed on bioactive compounds derived from cinnamon through
the Way2Drug (https://www.way2drug.com/PassOnline/index.php) webserver. The purpose of this prediction
was to determine the effectiveness as well as the potential of the active compound derived from cinnamon with
regarding a variety of distinct biological activities. Some parameters were evaluated including antineoplastic,
apoptosis agonist, BRAF expression inhibitor, JAK2 expression inhibitor, Myc inhibitor, M-CSF agonist.

Results and discussion

It has been widely known that, the expressed PD-L1 on cancer cells interacts to the PD-1 on immune
cells promotes cancer progression and cancer immune escape. Therefore, the recent immunotherapy strategy is
to block the PD-1/ PD-L1 interaction which in turn could optimize the T cells function, reducing the regulatory
T cells activity, and other immune mechanisms in eliminating cancer cells [32,33]. Another strategy which
might work is to limiting the PD-L1 expression on the cancer cells by targeting RAS-JAK-ERK signaling
pathways [34,35]. In this present study, we evaluated the therapeutic properties of cinnamon bioactive
compounds through computational assessment and biological activity prediction.

According to the results of molecular docking, the bioactive components from cinnamon were found
to be in the same position as the control drugs across the RAS, JAK, and ERK target proteins (Fig. 2). This
suggests that these active compounds have a similar ability to interact at the same active site on target proteins
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as the control drug [36,37]. Interestingly, a binding affinity value was established based on the results of
molecular docking, which determines whether the active component from Cinnamon has greater potential than
the control drugs. Three substances, trans-cinnamyl acetate, trans-alpha-bergamotene, and caryophyllene oxide,
were found to have binding affinity values of -6.9, -6.2, and -6.1 kcal/mol for the RAS protein target. However,
the stated binding affinity value is still less effective when compared to the control drug, Tipifarnib, which has
a binding affinity value of -8.5 kcal/mol.

camphor caryophyllene oxide
o
r o
¢ o
[ 1
cinnamaldehyde eugenol trans-alpha-bergamotene
O
.T
i
trans-cinnamyl acetate a-bergamotene a-copaene

Tipifarnib Ruxolitinib GDC-0994

Fig. 1. The 2D structure of ligands used for targeting the RAS, JAK, and ERK protein.

Furthermore, binding affinity values for the JAK protein target were -7.0, -6.9, and -6.7 kcal/mol for
three substances, namely caryophyllene, caryophyllene oxide, and a-copaene. Surprisingly, it was discovered
that caryophyllene had a higher binding affinity value than the control drug while caryophyllene oxide had the
same binding affinity value as the control medication, Ruxolitinib, with a value of -6.9 kcal/mol. Finally, for
the ERK protein target, binding affinity values of -7.9, -7.5, and -7.3 kcal/mol were reported for three
compounds, namely caryophyllene oxide, caryophyllene, and a-copaene. Similarly to the RAS protein target,
the binding affinity value obtained for the ERK protein target is still less favorable when compared to the control
medication, GDC-0994, which has a value of -9.4 kcal/mol. Based on the findings from previous studies, it is
known that if a molecule has a rising negative binding affinity value, it has a higher proclivity to interact with
the target protein [38,39]. As a result, it was discovered in this study that the caryophyllene that interacts with
the JAK protein has greater potential than the control drugs due to the fact that has a lower binding affinity
value.
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Fig. 2. The 3D structure visualization of protein — ligand complexes after molecular docking. There are three
target proteins related to the PDL1 generation signaling including RAS (upper panel), JAK (middle panel), and
ERK (lower panel). The number shown in the figure represent the binding affinity value from each ligand to

the target protein.
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691



Article J. Mex. Chem. Soc. 2025, 69(4)
Regular Issue

©2025, Sociedad Quimica de México

ISSN-¢ 2594-0317

B SER
G a738
e Gl A670 PHE
i AiG67 A:669
GLY
GLY ¥ Lvs
A:BY:
SER A:673 4 A622
AT38
Lrs PRO LEU
: ILE
#:622 A674 A:589 A597
LEU ILE PHE PRO GLU
A669 | LEU
A721 A620 e A674 e ey
ASES
ILE VAL
AS97 as70 GLU VAL
A6 A651
oLy GLU
¢ g W °
LEU
1vs e 43 PHE
A718 ILE A669 VAL

ILE
A:597 A620 ABT0 n[;éé?

PRO

AB74
VAL
A0
LYs
LEu ILE A622
A721 Asa7

PHE
A669
LYS
A%22 2l
G AT21
A668 ILE SER
620 A738

ASH
A719 SER
A:738
ASP

8738 G
AB6T
GLY

VAL y
51 ABT3

l:l van der Waals I:' Carbon Hydrogen Bond

l:l Conventional Hydrogen Bond I:I Alkyll Pi-Alkyl
Fig. 4. The 2D structure visualization of ligand interaction to JAK protein after molecular docking. The order
of ligand showed in the figure based on the lowest binding affinity score; (A) Caryophyllene, (B) Caryophyllene
oxide, (C) Ruxolitinib, and (D) a-Copaene.

Furthermore, an overview of the chemical interactions established, and the amino acid residues
contained in these interactions is given based on 2D imaging of the protein-ligand complex. Van der Waals,
conventional hydrogen bond, carbon hydrogen bond, alkyl/pi-alkyl, pi-cation, pi-pi T-shaped, and pi-sigma
chemical interactions have been observed in the RAS protein target (Fig. 3). Meanwhile, various chemical
interactions were founded in the JAK protein target, including van der Waals, conventional hydrogen bond,
carbon hydrogen bond, and alkyl/pi-alkyl (Fig. 4). Finally, numerous chemical interactions were formed on the
ERK protein target, including van der Waals, conventional hydrogen bond, carbon hydrogen bond, unfavorable
donor-donor, pi-cation/ pi-anion, pi-sulfur, alkyl/ pi-alkyl, pi-pi T-shaped, and pi-sigma (Fig. 5). Noncovalent
interactions, such as electrostatic interactions, salt bridges, or hydrogen bonds, are commonly employed by
bioactive compounds and small molecules to bind to proteins [40]. The type of interaction between ligand and
protein is particularly essential in drug discovery and development research. The interactions that occur can be
beneficial or detrimental. For example, the interaction formed between the ligand and protein can increase the
ligand's activity and performance against the target protein, or conversely, it can reduce the effectiveness of the
ligand's work and increase the occurrence of side effects [41,42]. Furthermore, each complex of protein-ligand
interactions encompasses various amino acid residues. The presence of amino acid residues is particularly
crucial in drug discovery and development research since it may determine the strength and weakness of
interactions, folding, rigidity, and flexibility of complexes [43,44].
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Fig. 5. The 2D structure visualization of ligand interaction to ERK protein after molecular docking. The order
of ligand showed in the figure based on the lowest binding affinity score; (A) GDC-0994, (B) Caryophyllene
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In addition, we attempted to investigate and demonstrate the appearance of protein-ligand interactions
with H-bond composition and hydrophobicity features (Fig. 6). Commonly, in the interaction of protein-drugs,
H-bonds play a critical role. For example, the strength of the H-bond in an interaction influences drug release.
A number of variables influence the strength of the H-bond, including the sort of amino acid residue located in
the active site and the amount of hydrogen acceptors and donors. The experimental application of hydrogen
bonding interactions in drug research has yielded promising outcomes in terms of changing medicinal
properties, effectivity of recognition, and drug delivery [45-47]. Thus, in this present study, we assumed that
the hydrogen bond in the complex of protein — ligand might become favorable factors that improve the activity
of cinnamon bioactive compounds during protein — ligand interaction. It has widely known that hydrophobic
forces affect biology and pharmacological activity. In protein structures with open conformations, weak
intermolecular interactions like hydrogen bonding and hydrophobic interactions stabilize energetically-favored
ligands. More important, precision hydrophobicity measurements and hydrophobic interaction estimations may
significantly impact protein folding and side chain orientation models. Improved modeling and depiction of
hydrophobic interactions may assist to elucidate biological phenomena like efflux-induced medication
resistance [48,49].

Antineoplastic

M-CSF )
agonist -

Apoptosis
., agonist

—=—Trans-Cinnamyl acetate

—+—Trans-alpha-Bergamotene
Caryophyllene oxide

=e—Caryophyllene

——q-Copaene

" BRAF
expression
inhibitor

Myc
inhibitor

JAK2 expression
inhibitor

Fig. 7. The biological activities prediction of Cinamon bioactive compounds. The predicted biological activities
measured are related to the anti-cancer progression which include antineoplastic, apoptosis agonist, BRAF
expression inhibitor, JAK2 expression inhibitor, Myc inhibitor, and M-CSF agonist.

Moreover, we predicted the biological activity of bioactive compounds derived from
cinnamon (Fig. 7). By employing this biological activity prediction method, it is possible to ascertain the
propensities and potential of these active compounds as viable substitute therapies for specific diseases. Several
parameters with anti-cancer hallmarks were employed in this work, including antineoplastic, apoptosis agonist,
BRAF expression inhibitor, JAK2 expression inhibitor, Myc inhibitor, and M-CSF agonist [50,51]. A number
of compounds with prominent potential for various parameters were obtained according to our in silico study.
Caryophyllene oxide, caryophyllene, and o-copaene, for example, have a high antineoplastic potential.
Caryophyllene and caryophyllene oxide are powerful apoptosis inducers. Trans-alpha-bergamotene and trans-
cinnamyl acetate have the ability to suppress BRAF expression. JAK2 expression inhibitors comprise trans-
cinnamyl acetate, a-copaene, and caryophyllene. Trans-alpha-bergamotene and a-copaene have the potential to
be dominant as Myc inhibitors, while very few substances operate as M-CSF agonists, with only trans-cinnamyl
acetate having a high Pa value when compared to other drugs which indicates the other compounds exerts the
anti-M-CSF activation properties.
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Conclusions

In accordance with the results of biological activity predictions, it was discovered that cinnamon's
active compounds contribute as cancer fighting agents by having high Pa values for several parameters such as
antineoplastic, apoptosis agonist, BRAF expression inhibitor, JAK2 expression inhibitor, and Myc inhibitor
also low Pa values contrary to M-CSF agonists. On top of that, molecular docking experiments revealed that
caryophyllene compounds have higher binding affinity for JAK as a protein target than other compounds,
including control drugs. Even though the cinnamon compounds did not possess more affinity for binding than
the control drugs on the RAS and ERK protein, a larger investigation such as structure modification and
molecular dynamic simulations remains required.
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Abstract. A transcriptomic approach was employed to describe a set of putatively protein-coding sequences
involved in the biosynthesis of berberine and sanguinarine, the two major benzylisoquinoline alkaloids (BIA)
from Argemone mexicana (L.; Papaveraceae). A robust de novo assembled transcriptome was obtained from
developing seedlings. Initial screening identified 514 unigenes, from eight different Pfam domains, such as Cyt-
P450 dependent proteins, which are recurrently involved in BIA biosynthesis. Additional annotation by KEGG
Orthology and Gene Ontology supported putative participation of the selected proteins in alkaloid biosynthesis.
Moreover, in silico structure prediction of sanguinarine reductase (SanR), dihydrobenzophenantridine oxidase
(DHBO) and tetrahydroprotoberberine oxidase (STOX), involved in the last reactions of sanguinarine and
berberine biosynthesis, fitted to those of previously characterized proteins from related species, and thus, further
supporting proper annotation. Hence, the pipeline analysis presented can provide a comprehensive description
of the biosynthetic potential of this plant through functionality associated to its transcripts.

Keywords: Argemone mexicana; benzylisoquinoline alkaloids; cytochrome P450; dihydrobenzophenantridine
oxidase; sanguinarine reductase; tetrahydroprotoberberine oxidase; transcriptomics.

Resumen. Un acercamiento transcriptomico se empled para predecir un conjunto de secuencias condificantes
para proteinas presuntamente involucradas en la biosintesis de dos de los principales alcaloides
bencilisoquinlinicos (ABI) en Argemone mexicana (L.; Papaveraceae). Un transcriptoma robusto, se obtuvo de
plantulas en desarrollo. Un cribaje inicial identifico 514 unigenes de ocho dominios Pfam diferentes, incluyendo
proteinas dependientes del CitP450, que participan en muchas reacciones en la biosintesis de ABI. Anotaciones
adicionales siguiendo la ortologia KEGG y Gene Ontology sugirio la participacion de un grupo de proteinas en
la biosintesis de alcaloides. Mas aun, el modelaje estructural in silico de la sanguinarina reductasa (SanR),
dihidrobenzophenantridina oxidasa (DHBO) y tetrahidroprotoberberine oxidase (STOX), responsables de las
ultimas reacciones de la sintesis de sanguinarina y berberina encajaron los previamente descritos para estas
enzimas en otras especies relacionadas, confirmando la asignacion recibida en la anotacion. De este modo, el
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analisis bioinformatico realizado puede ser util para la descripcion detallada del potencial biosintético de esta
planta a través de la caracterizacion funcional de los candidatos seleccionados.

Palabras clave: Argemone  mexicana; alcaloides  bencilisoquinolinicos; citocromo  P450;
dihidrobenzofenantridina oxidasa; sanguinarina reductasa; tetrahydroprotoberberina oxidasa; transcriptomica.

Introduction

Argemone mexicana L., commonly known as Mexican prickly poppy, cardosanto or chicalote, belongs
to the Papaveraceae family. It is widely spread through tropical and subtropical ecosystems and often used in
traditional medicine. Ancient Mesoamerican cultures used it against parasitic and microbial infections [1-3].
However, it is also a poisonous plant, particularly for the presence of alkaloids in its seeds [4]. Although it
accumulates more than 20 alkaloids, berberine, a protoberberine, and sanguinarine, a benzophenanthridine,
represent the most prominent ones [5,6]. Sanguinarine has potent antiviral and cytotoxic effects [7,8], whereas
berberine displays important antidiabetic effects on hyperglycemic rats [9]. Moreover, recent studies have
demonstrated that berberine ameliorates the inflammatory response in severely affected COVID-19 patients
[10]. Hence, a growing interest exists in obtaining both these alkaloids. Unfortunately, only low quantities of
them could be recovered directly from plant tissues, so other viable alternatives are under analysis. Although
their chemical synthesis or semi-synthesis has been explored, the presence of multiple chiral centers makes
large-scale production economically unfeasible [11,12]. Metabolic engineering represents an interesting
approach for the up-yield production of plant specialized metabolites (PSM), especially in non-model species.
However, this approach requires an extensive knowledge of the genes involved in the metabolic pathways of
interest, not only for the biosynthetic process, but also for its regulation and intermediary transport [13]. In this
sense, high throughput technologies (“omic” sciences) constitute a valuable tool for the exploration, analysis
and application of the vast gene pool (genomics, transcriptomics) and molecular diversity (metabolomics)
related to PSM [14,15]. Next generation sequencing technologies, along with current methods for functional
annotation, offer comprehensive tools to predict and characterize proteins, within reasonably closeness to the
actual in vivo functions, offering a wide range of resources to be applied in alkaloid engineering research [16].
In this study, a high sensitivity bioinformatic method was used to identify a set of unique protein-coding
sequences involved in BIA biosynthesis, within an A. mexicana transcriptomic dataset in the absence of a
reference genome.

Experimental

Plant material

In vitro plantlets were obtained from seeds that were collected and disinfested as previously described
[17]. Developing seedlings were harvested after the emergence of the first pair of true leaves (non-cotyledonary)
and formation of secondary roots (ca. 20 days after germination). Both sanguinarine and berberine are actively
synthetized at these developmental phases [17]. Plantlets were sectioned into shoots (hypocotyl and leaflets)
and radicles (main and lateral roots). Fresh tissues were quickly processed in a ribonuclease-free environment
and immediately subjected to the extraction process to avoid important changes at the transcriptional level.

RNA isolation and sequencing

Total RNA was extracted using the Spectrum Plant Total RNA kit (Sigma-Aldrich, St Louis MO),
followed by DNA decontamination with Turbo DNA-free kit (Invitrogen, Waltham MA), according to the
manufacturer's protocols. Samples containing 5 pg of total RNA were preserved in RNAstable matrix
(Biomatrica, San Diego CA) until analysis. RNA NGS was performed using an Ion torrent semiconductor
sequencing platform by an external service provider. Prior to library preparation, RNA quality was verified by
capillary electrophoresis on the RNA 6000 pico gel matrix (Agilent Technologies, Santa Clara CA), loaded on
the Agilent 2100 Bioanalyzer. At this step, only two samples with an RNA Integrity Number (RIN) above 8§
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were selected for further processing. These QC-passed samples (one from root and other from aerial tissues)
were purified and polyadenylated mRNA enriched with Dynabeads mRNA DIRECT Micro Purification kit
(Ambion Austin TX). cDNA synthesis was conducted with Total RNA-Seq Kit v2 (Thermo Fisher Scientific,
Watham MA), using strand-compatible Ion Torrent sequencing adapters. RNA sequencing template was
prepared with the Ton PI Hi-Q OT2 200 Kit to deliver into the Ion Proton™ System (Thermo Fisher Scientific),
with a sequencing depth about 30 million reads and a length up to 200 bp fragment reads.

Transcriptome processing and assembling

Raw reads were examined and filtered with the FastQC tool [ 18]. Low complexity sequences and those
with a length below 20 bp and/or with a Phred score <23 were discarded. Next, all read sets were trimmed and
filtered with FASTX [19] to eliminate adapters and artifacts. In order to obtain a robust reference transcriptome
in terms of tissue representability, a de novo assembly of pooled read sets was conducted with Oases RNA-seq
assembler [20] configured to a k-mer of 27, after assaying different values (19, 21, 27 and 29). The assembly’s
completeness was assessed with the Benchmarking Universal Single-Copy Orthologue (BUSCO) tool v5.7.1
[21], using the eudicots odbl0 dataset in transcriptome mode. Additionally, N50 and N90 statistics were
calculated employing a custom script.

Functional annotation

All the analyzed sequences were retrieved from the above described XT1 4. mexicana assembled
transcriptome. The XT1 transcriptome was deposited as a Transcriptome Shotgun Assembly (TSA) project,
publicly available at NCBI Sequence Read Archive (SRA) under the run accessions SRR18335407 and
SRR18335408. Bioproject: PRINA814261. Biosample: SAMN26542188.

In order to predict proteins encoded by the XT1 reference transcriptome, open reading frame (ORF)
calling was performed with the TransDecoder module of Trinity suite [22], using default parameters. Translated
transcriptomes (longest_orfs.pep files) were header-formatted and indexed with SAMtools [23], in conjunction
with BEDtools [24] that was used to manipulate and extract sequence subsets for further analysis. The predicted
coding sequences (CDS) were analyzed using HMMER3 [25] versus the Pfam-A database [26] by hmmscan
searches for domain composition.

Best-hit results (cutoff e-value < 0.001) were screened for Pfam domains related to BIAs biosynthesis.
Protein families retrieved included pyridoxal-dependent decarboxylases, pathogenesis-related Bet v 1, mycolic
acid cyclopropane synthetase, berberine and berberine like, O-methyltransferase, Cytochrome P450,
NAD(P)H-binding domain and FAD binding domain proteins, corresponding to PF00282, PF00407, PF02353,
PF08031, PF00891, PF00067, PF13460 and PF01565 records, respectively [27-30].

Function of the Pfam selected CDS was further confirmed by local alignment against the NCBI RefSeq
non-redundant (nr) protein database (February 12, 2022 release) using DIAMOND v2.0.14 [31]. In addition,
sequences were re-annotated using the Kyoto Encyclopedia of Genes and Genomes (KEGG) Ortholog family
(KOfam) assignment, based on Hidden Markov Model (HMM) profiles [32]. Metabolic assignments of CDS
were reconstructed and visualized, employing KEGG mapper [32]. Finally, Gene Ontology (GO) terms of
annotated proteins were obtained at the PANNZER2 web server [34]. Visualization of GO terms were
conducted with REVIGO [35].

Selection and analysis of protein-coding sequences

Annotated sequences related to BIA biosynthesis were manually filtered to remove duplicates and
incompletes. DBOX [EC. 1.3.1.12] and SanR [EC. 1.3.1.107], corresponding to last step in sanguinarine
biosynthesis and dihydrosanguinarine interconversion, were selected for subsequent analysis, due to the lack of
reports in 4. mexicana. Multiple Sequence Alignments (MSA) were obtained with ClustalW, followed by a
phylogenetic analysis of maximum likelihood and JTT matrix-based evolutionary model [36]. All these
processes were conducted using MEGA X software [37]. For the above, the query sequences of previously
characterized enzymes in related species were obtained from public databases. Papaver somniferum ADOXS,
ADOX7 and ADOXS8 (NCBI accessions: AGL44334.1, AGL44335.1 and AGL44336.1), respectively, were
included for DBOX, as well as a FAD linked oxidase from Macleaya cordata (OVA00265.1) and the (S)-
tetrahydroprotoberberine oxidase from A. mexicana (ADY15027.1). In the case of SanR, the UNIPROT record
AO0AG6J0ZSP7, two sequences from Papaver somniferum (XP_026412126.1 and XP_026397103.1) and one
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from Eschscholzia californica (ADE41047.1) were included. The selected A. mexicana SanR candidates
(AmSanR1 and AmSanR2) were submitted to in silico 3D structural analysis using PHYRE2
(http://www.sbg.bio.ic.ac.uk/phyre2/) [38] and the 3D viewer FirstGlance (http://firstglance.jmol.org).

Results and discussion

Transcriptome overview
A total of 75,378 CDS, corresponding to at least 100 amino acid length putative proteins (PP), were
extracted from 97,592 de novo assembled transcripts from the A. mexicana seedling XT-1 transcriptome.
Comparison to Pfam and nr data bases assigned functional groups to over 70 % of these PP. in contrast, KEGG
and GO only assigned functional groups to 32 and 49 % of them, respectively (Table 1; Fig 1 and 2). KEGG
identified 24,364 Argemone PP, and 1,063 of them were assigned catalytic functions. Those PP were distributed
among 479 metabolic pathways; it is noteworthy to point out that they were involved in amino acid biosynthesis
and cofactors, as well as carbon metabolism (131, 100 and 104 hits, respectively; Fig. 1). Interestingly, up to
30 PP were related to isoquinoline alkaloid biosynthesis (map: 00950; Fig. 1). KEGG comparison also revealed
Argemone PP involved in the processing of environmental and genetic information, cellular processes, and
organismal systems (Supplementary file 1; Fig. S1).
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Fig. 1. Reconstruction of the metabolic pathways represented in the XT1 4. mexicana transcriptome by KEGG
mapper. Number of putative proteins identified of the different categories are indicated at the end of each bar.
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Table 1. Summary of XT1 sequencing, assembly statistics, and functional annotation features.

Aerial body post QC reads 17011 810
Root system post QC reads 17 757 669
Percentage of assembled reads 63.31%
Assembled contigs/transcripts 97 592
Largest contig/transcript size 1 0951 nt
N50 contig size 1 409 nt
N90 contig size 375 nt
Total BUSCO groups searched 2326
Complete BUSCOs 1 853 (80%)
Putative proteins from unigenes* 75378
Pfam annotated 54 867 (72.79%)
nr annotated 61969 (82.21%)
KEGG annotated (KOfam) 24 364 (32.32%)
GO annotated 37 241 (49.4%)

*Number of predicted protein-coding sequences using
TransDecoder.LongOrfs algorithm that identifies ORFs that are at
least 100 amino acids long.

GO annotation assigned 37,241 PP into three major categories (Fig. 2(A)). Most of GO terms related
to berberine and sanguinarine biosynthesis, such as tyrosine decarboxylase (G0O:0004837), (S)-coclaurine-N-
methyltransferase (G0O:0030794) and (S)-tetrahydroprotoberberine N-methyltransferase (G0:0030782)
activities, were highly represented within the recognized molecular functions, and this was consistent with
assignments made by Pfam and KEGG. Likewise, coincidences were also detected in terms associated to plant
growth regulators, such as receptors for ethylene (GO:0038199) and auxins (GO:0038198) (Fig. 2(B)).
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Fig. 2. GO annotation of XT1 transcriptome. (A) GO major category classification of protein-coding sequences.
(B) Revigo visualization of the molecular function terms. Labeled bubbles in B include terms representative for
specialized metabolism, amino acid biosynthesis and growth regulators.
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Fig. 3. Pfam classification of proteins involved in BIAs biosynthesis identified in the XT-1 A. mexicana
transcriptome. Pyridoxal_deC, Pyridoxal-dependent aminoacid decarboxylase; Bet_v_1, Pathogenesis-related
protein Bet v 1 Family; CMAS, Mycolic acid cyclopropane synthetase; BBE, Berberine and berberine like;
Methyltransf 2, O-methyltransferase; p450, Cytochrome P450; NAD_binding 10, NAD(P)H-binding;
FAD_binding_4, FAD binding domain.

BIA related proteins in XT1 transcriptome

A total of 514 unigenes encoding putative BIA biosynthetic enzymes were identified within the Pfam
screened transcriptome (Fig. 3). This set, together with sequences related to the secondary metabolism identified
by KEGG and GO functional annotations, were analyzed by BLAST to further confirm their identity
(Supplementary file 2; Dataset S1). The larger group corresponded to Cytochrome P450 proteins (CYPs)
followed by Pathogenesis-related protein 10/Bet v 1, from the major allergen protein family (PR10/Bet v1-like),
which shares homology with norcoclaurine synthase (NCS).

Interestingly, candidates for the complete biosynthetic routes for both berberine and sanguinarine were
reconstructed from the assembled transcriptome by phylogenetic analysis (Supplementary file 1; Fig. S2). The
related Pfam records, identified as described in Materials and Methods (see Functional Annotation), are displayed
in Fig. 4 and Table 2, which also lists the enzyme acronyms and EC numbers. The first set of reactions involves
the transformation of two tyrosine units into the three-hydroxylated intermediary norcoclaurine, with the
participation of TyDC and NCS (Table 2; Fig. 4). The next track of reactions consists in the transformation of
norcoclaurine into reticuline. This requires the addition of three methyl groups: two on hydroxyl substitutions and
one on the heterocyclic N of the structure. Further closing of the reticuline methylene bridge, performed by BBE,
produces scoulerine, the last common intermediary for sanguinarine and berberine synthesis (Table 2; Fig. 4).
Sanguinarine synthesis from scoulerine proceeds via a dehydro- intermediary and requires the formation of two
methylendioxy bridges, followed by oxidation and hydroxylation, as depicted in Fig. 4. This requires the
involvement of CheSyn (CYP719A14), StySyn (CYP719A13), TNMT, MSH and PH6. Final steps consist in the
interconversion of dihydrosanguinarine and sanguinarine with the participation of SanR and DBOX (Fig. 4). On
the other hand, berberine synthesis from scoulerine initiates with a methylation, followed by the formation of the
corresponding methylendioxy bridge and further oxidation (Fig. 4). These reactions are performed by SOMT,
CDS (CYP719A13) and STOX (Table 2) [6]. In this way, developing 4. mexicana seedlings possess the complete
set of enzymes involved in the synthesis of BIAs from both, the benzophenanthridine and protoberberine, groups.
This suggests that genes involved in coordinating the operation of both branches are also present in the XT-1
transcriptome. RPKM values (see Supplementary) indicated a lower BIA gene expression in aerial parts
(maximum 200 RPKM) than roots (Fig. S3(a)), which is consisted with previous observations in is Argemone
developing seedlings [5,17]. However, general transcriptional activity in aerial tissue seems considerable, as
suggested by a selected photosynthetic marker (ribulose bisphosphate carboxylase oxidase small subunit;
RuBisCO; rbes; Fig. S3(a)). Higher BIA gene expression in roots was confirmed by RT-qPCR analysis of a group
of selected genes (Fig. S3(b)) which showed a similar trend.
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Fig. 4. Schematic representation of sanguinarine and berberine biosynthetic pathways in A. mexicana. Colored
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60MT, norcoclaurine 6-O-methyltransferase; CNMT, coclaurine N-methyltransferase; NMCH, N-
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stylopine synthase/(S)-nandinine synthase/(S)-canadine synthase; TNMT, tetrahydroprotoberberine N-
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Fig. 5. In silico analysis of the putative SanR (AmSanR) and DBOX (AmDBOX) retrieved from the XT1 4.
mexicana transcriptome. (A) Maximum likelihood phylogenetic tree of sanguinarine reductase related
sequences. (B) Domain architecture scheme of UN23502 and UN23088 transcripts encoding a putative SanR
isoforms (AmSanR1 and AmSanR?2). (C) Maximum likelihood phylogenetic tree of dihydrobenzophenantridine
oxidase related sequences. (D) Domain architecture scheme of UN11221 transcript encoding a putative DBOX
(AmDBOX1). Bootstrap frequencies for each clade are percentages of 1000 iterations. Species and associated
GenBank accession numbers for phylogenetic tree construction are indicated in each taxon name. Numbers at
the bottom of the predicted architectures indicate the domain position in amino acids.
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Table 2. BIA biosynthetic enzymes identified in XT1 transcriptome.

Transcript ID
Enzyme Pathway (Length of predicted | Best hit accession
(Abbreviation) coding product in and/or reference
amino acids)
. UNO06517 (532)
Tyrosine/ D(()TP ‘?)‘ée)carboxylase Common UNO06518 (532) ACI76782.1
y UN07029 (537)
Norcoclaurine synthase Common UNI18055 (351) ACO090257.2 [51]
(NCS) UNO06380 (274) ACJ76785.1
Norcoclaurine 6-O-methyltransferase
(60MT) Common UN45871 (137) XP 026447518.1
Coclaurine N-methyltransferase Common UN22975 (365) XP 017224815.1
(CNMT) UN19321 (322) ANYS58190.1
., UN16831 (488
N-methylcoclaurine 3*-hydroxylase Common UNI3116 Es 133 XP_010253990.1
(NMCH) UN10440 (368) -
3 -hydroxy-N-methylcoclaurine 4 -O-
methyltransferase Common UN18945 (356) XP_026440860.1
(4°0OMT)
Berberine bridge enzyme Common UN14424 (548) ACJ76783.1
(BBE)
Cheilanthifoline synthase S
(CheSyn/CYPT19A14) Sanguinarine UN16884 (405) BINF20.1
Trifunctional (S)-stylopine synthase/(S)- Sanguinarine
nandinine synthase/(S)-canadine synthase and/or UNI11761 (504) BINF19.1 [45]
erberine
(CYP719A13) berberi
Tetrahydroprotoberberine N-
methyltransferase Sanguinarine [UIE } ‘5‘228 g gg; XP_026421878.1
(TNMT)
N-methyl-stylopine 14-hydroxylase Sanguinarine UN08536 (465) OVA14716.1
(MSH)
P“’“’p‘ne(ggll{y)dmxylase Sanguinarine UN04162 (511) XP_026456227.1
Dihydrobenzophenanthridine oxidase Sanguinarine UN11221 (540) AGL44334.1[44]
(DBOX)
Sanguinarine reductase Saneuinarine UN23502 (230) ADEA41047 [41]
(SanR) gl UN23088 (269) XP_026397103.1
Scoulerine 9-O-methyltransferase .
(SOMT) Berberine UN12378 (371) ALY11061.1
Tetrahydmpr(ost%kg;geme oxidase Berberine UN10862 (454) ADY15027.1 [52]
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Phylogenetic analysis and protein structure modelling of DBOX and SanR

Interconversion of sanguinarine to dihydrosanguinarine is carried out by the pair SanR/DBOX and
plays a critical role in protecting plant cells from the possible toxic effects caused by an excessive accumulation
of sanguinarine [39]. Although these enzymes have been described in other species, such as E. californica [39],
these ones in 4. mexicana have been not reported. Candidates for AmSanR and AmDBOX were identified in
the XT-1 transcriptome. For AmSanR, two proteins; AmSanR-1 and -2 were selected due to their phylogenetic
proximity to PsSanR1 (XP _026397103.1) and EcSanR1 (ADE41047) (Fig. 5(A)). Both PP presented the
required domains for binding of NAD(P)" and for reductase activity (Fig. 5(B)). Interestingly, despite being
only 230 and 269 residues long, respectively, both AmSanR-1 and -2 corresponded to complete proteins, as
revealed by the pairwise comparison to other SanR and for the presence of the untranslatable regions (UTRs)
at both ends of the original transcripts (UN23502 and UN23088). These results suggest that AmSanR1 and -2
represent possible isoforms, as it could be deduced from multiple alignment and protein in silico modeling (Fig.
6). On the other hand, the complete AmDBOX1 coding sequence, belonging to the UN11221 transcript, was
540 amino acids long and displayed 50 and 68 % identity to the P. somniferum DBOX (PsADOXS5) and
PsADOX7, respectively (Fig. 5(C)). The predicted architecture of AmDBOX1 included the typical structural
DBOX features, such as the FAD-binding pocket and the catalytic BBE-like domain (Fig. 5(D)).
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Fig. 6. AmSanR1 and AmSanR2 alignment and 3D structure. The 3D structure can be visualized at the top
panel. The alignment of both sequences with that of the PsSanR1 and EcSanR1 can be visualized at the lower
panel which indicates the divergent and conserved residues between them. The 3D structure and alignment were
realized through PHYRE2 and BioEdit respectively. The caption was created with BioRender.com.

Conclusions

In exploring an 4. mexicana trancriptomic data set by homology of protein domains using the hidden
Markov models, Pfam classification and predictive structural modeling allowed the identification of strong
candidates of coding sequences involved in the complete BIA biosynthetic pathway in 4. mexicana, a non-
model plant species used in traditional medicine. Hence, this approach may be applied in similar studies, such
as the identification of regulatory proteins or those involved in metabolite transportation.
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Abstract. An acid-catalyzed regioselective addition of diverse nucleophiles to exo-oxazolidin-2-one dienes was
presently carried out, leading to a series of functionalized 4-oxazolin-2-ones. The direct formylation of 4-methyl-
4-oxazolin-2-ones provided the corresponding 5-formyl-4-oxazolin-2-ones, which were applied in the
construction of the 4,5-dihydrobenzo[d]oxazolones through a Staunton-Weinreb annulation process. The
reactivity of symmetrical and unsymmetrical exo-imidazolidin-2-one dienes was studied in Diels—Alder
cycloadditions with dienophiles N-phenylmaleimide and benzyne. The aromatization of the [4+2] adducts led to
the polycyclic benzo- and naphtho[d]imidazol-2-ones, which have potential pharmacological activity.
Keywords: 4,5-dimethylene-2-oxazolidinone dienes; 5-functionalized 4-oxazolin-2-ones; 4,5-dimethylene-2-
imidazolidinone dienes; Staunton-Weinreb annulation; Diels—Alder reaction.

Resumen. Se describe la adicion regioselectiva catalizada por acido de diversos nucleéfilos a los dienos exo-
oxazolidinonas que conduce a una serie de 4-oxazolin-2-onas funcionalizadas. La formilacion directa de 4-metil-
4-oxazolidin-2-onas proporciond las 5-formil-4-oxazolin-2-onas correspondientes, las cuales se emplearon en la
construccion de las 4,5-dihidrobenzo[d]oxazolonas mediante un proceso de anillacion de Staunton-Weinreb. Se
estudio la reactividad de dienos exo-imidazolidin-2-onas simétricos y no simétricos en cicloadiciones de Diels-
Alder con los diendfilos N-fenilmaleimida y bencino. La aromatizacion de los aductos [4+2] condujo a los benzo-
y nafto[d]imidazol-2-onas policiclicas como compuestos con actividad farmacoldgica potencial.

Palabras clave: Dienos 4,5-dimetilen-2-oxazolidinonas; 4-oxazolin-2-onas 5-funcionalizadas; dienos 4,5-
dimetilen-2-imidazolidinonas; anillacion de Staunton-Weinreb; reaccion de Diels—Alder.

Introduction

Conjugated dienes constitute a seminal molecular building block due to their potential use in the
construction of six-membered rings through a concerted [4+2] Diels—Alder addition [1]. Moreover, they may have
an important role in the regio- and stereoselective synthesis of highly functionalized double bonds [2]. Since the
Diels—Alder reaction is relevant from a theoretical [3] and synthetic viewpoint [4], a diversity of dienes has been
designed and synthesized, including outer-ring o-carbodimethylenes [5]. There has been considerable interest in
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the preparation of exo-heterocyclic dienes for the study of their reactivity [5b,5¢,6], given that their heteroatoms
increase such reactivity and allow for much greater versatility in the functionalization of the cycloadducts.

Over the years, our group has described the regio- and stereoselective one-pot synthesis of novel N-
substituted exo-2-oxazolidinone dienes 1-3 [7] via a base-assisted condensation of a-diketones 4 and
isocyanates 5 (Scheme 1). This method has been adopted for the synthesis of 1,4-disubstituted exocyclic dienes
[8] and heterocycle-fused endo-cyclohexenic dienes [9], which undergo regioselective Diels—Alder
cycloadditions to monosubstituted dienophiles with electron-withdrawing groups. The corresponding adducts
were useful precursors for preparing 2-(3H)-benzoxazolones 6 [10], which were involved in a general approach
for the formation of the carbazole scaffold 7 [11], being applicable in the total synthesis of natural carbazoles
[12]. Furthermore, dienes 1-3 have been efficient substrates for the synthesis of Fe(CO); complexes and their
conversion into conjugated enamido-enol Fe(CO); complexes [13], or new polycyclic oxazol-2-one derivatives,
in the latter case by reacting them with Fischer (arylalkynyl)(alkoxy)carbenes [14].

0]

Ar\NJJ\

o © o
>_.<_ + Arnco BN
R Li,CO3 \ R
4a,R=H 5 1,R=H
4b, R = Me 2,R = Me
4c, R = Et 3,R=Et
R
R Z =<O z
-
o)
-
/ \ R N
N /
H  OMe Ar
7 6

Scheme 1. Synthesis of exo-2-oxazolidinone dienes 1-3 and their conversion into carbazoles 7.

A single-step and regioselective procedure was developed by our group to prepare 4-oxazolin-2-ones
9 and 4-methylidene-2-oxazolidinones 10 through a solvent-free condensation between isocyanates 5 and o-
ketols 8, carried out under conventional heating or microwave (MW)-assisted thermal conditions (Scheme 2)
[15,16]. Both heterocycles served as a building block for the divergent synthesis of propellane compounds [9],
o-hydroxyamides [16], aza-polycyclic compounds [17], enantiopure heterocyclic frameworks [18], natural
pyridocarbazoles [19], and functionalized indoles [20].

(@] (0]
0 OH MW Ar\ )L o) Ar< N )L

W- + ArNCO4,
R /L& M

8, R =H, alkyl, aryl,
2-furanyl, SAr, 5 10, R"=H, Me
3-indolyl
=H, Me

Scheme 2. Preparation of 4-oxazolin-2-ones 9 and 4-methylidene-2-oxazolidinones 10.

Due to the synthetic potential and versatility of 4-oxazolin-2-ones 9, a new approach for their formation is
presently explored, starting from N-substituted exo-2-oxazolidinone dienes 1 and 2 and proceeding to a Brensted
acid-promoted addition of a variety of nucleophiles to generate a series of 4-methyl-5-substituted 4-oxazolin-2-ones.

Moreover, novel exo-imidazolidin-2-one dienes 15 and 16 were synthesized as part of our ongoing
research on the elaboration of new exo-heterocyclic dienes and the examination of their reactivity in Diels—
Alder reactions (Scheme 3) [21,22]. Symmetrical N,N’-substituted dienes 15 were prepared through two routes.
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The first one was based on the reaction of a-iminoketones 11-12 with isocyanates 5 under basic conditions [21]
and the second on a bis-condensation of a-bis-imino compounds 13 with triphosgene (14) [22]. The first
approach was applied in the case of unsymmetrical dienes 16, utilizing a-iminoketones 12 and isocyanates 5
substituted by different aryl rings [21]. The Diels—Alder addition of dienes 15 with symmetrical or
unsymmetrical dienophiles afforded the respective adducts 17, which underwent a subsequent aromatization to
give to benzimidazol-2-ones 18 (Scheme 3) [21,22]. The processes with unsymmetrical dienes and dienophiles
resulted in a mixture of regioisomers, except when catalysis was performed with a Lewis acid [22].

o)
JU A (crco)co

Ar"}_{ ArNCO, 5 ATSNTON- 14 AF—N\)_(—R
EEE— B e — N\
R EtN, Li,CO; MR EtN, PhMe N-Ar
0,
1R=H M s A=A 0°C.3N 43 R=H, Me,Et
12,R = Me 12 16, Ar # Ar
OHC Lewis acid

m -78°C

Ar' R Ar' R
N CHO  ppq N CHO
O=< — > O=<
N CH,Cl, N
Ar 20°C, 24 h Ar

17 18
Scheme 3. Synthesis of exo-imidazolidin-2-one dienes 15 and 16 as precursors of benzimidazol-2-ones 18.

Owing to the pharmacological value of benzimidazol-2-ones as potent antagonists of neurokinin NK; [23],
calcitonin gene-related peptide (CGRP) [24], 5-HT4 [25], and progesterone [26] receptors, and as anticancer agents
[27], a variety of tricyclic benzo[d]imidazol-2-ones are herein synthesized through the Diels—Alder cycloadditions of
dienes 15 and 16 with symmetrical dienophiles such as N-phenylmaleimide (19) and benzyne (20).

Experimental

General

Melting points were determined with a capillary Kriiss KSP 1N melting point apparatus. The IR spectra
were recorded on Perkin-Elmer 2000 and Smiths Detection IlluminatIR (ATR) spectrophotometers. 'H (300,
500, or 600 MHz) and '*C (75.4, 125, or 150 MHz) NMR spectra were recorded on Varian Mercury (300 MHz),
Varian VNMR System (500 MHz), and Bruker 600AVANCE III (600 MHz) spectrometers, with TMS and
CDCl; as internal standards. Assignment of the NMR signals was made by HMQC, HSQC, and HMBC 2D
methods. Mass spectra (MS) were obtained in the electron impact (EI) (70 ¢V) mode on Thermo Polaris Q-
Trace GC Ultra and Hewlett-Packard 5971A spectrometers. High-resolution mass spectra (HRMS) were
captured in the ionization mode on Jeol JSM-GcMatell and Bruker MicrOTOF-Q II spectrometers. MW
irradiation was generated in a CEM MW reactor. Analytical thin-layer chromatography was carried out on 0.25
plates coated with silica gel 60 F254 (E. Merck), which were visualized by a long- and short-wavelength UV
lamp. Flash column chromatography was performed over silica gel (230-400 mesh, Natland International Co.).
All air moisture sensitive reactions were carried out under N, atmosphere with oven-dried glassware.
Triethylamine (TEA) was distilled on NaOH. Toluene and MeOH were freshly distilled over sodium, and DMF,
DMSO, and CH,Cl, over 4A molecular sieves and then over CaH,. Li,CO; was dried overnight at 200 °C prior
to use. All other reagents were employed without further purification. Compounds 1a—c, 2a—c, 15a, 16a—b,
16d, and 32a—c were prepared as reported [7,10,15,21,22].
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5-(Methoxymethyl)-4-methyl-3-phenyloxazol-2(3H)-one (22a). In a round-bottom flask (100 mL) equipped
with a magnetic stirring bar, 1a (0.121 g, 0.65 mmol), MeOH (1.58 g, 49.4 mmol), and HCI (38 %) (0.061 g,
0.63 mmol) were mixed under N, atmosphere at rt. The mixture was stirred for 1 h, dissolved in CH,Cl, (10 mL),
and washed in an aqueous saturated solution of NaHCOs3 (2 x 5 mL) and water (2 x 5 mL). The organic layer was
dried with Na,SOs; and the solvent was removed under vacuum. The residue was purified by column
chromatography over silica gel (30 g/g crude, hexane/EtOAc, 8:2) resulting in 22a (0.131 g, 92%) as a yellow oil.
Rf0.32 (hexane/EtOAc, 7:3). IR (film): © = 1759, 1598, 1505, 1380, 1191, 1096, 1045, 983, 767, 715, 695 cm™".
"H NMR (500 MHz, CDCl3):  1.95 (s, 3H, CH5-C4), 3.42 (s, 3H, CH;0), 4.26 (s, 2H, CH,OMe), 7.27-7.31 (m,
2H, H-2%), 7.37-7.43 (m, 1H, H-4"), 7.45-7.50 (m, 2H, H-3"). 3C NMR (125 MHz, CDCl5): 5 8.8 (CH3-C4), 58.1
(CH30), 63.1 (CH20OMe), 122.9 (C-4), 126.9 (C-2"), 128.5 (C-4’), 129.4 (C-37), 132.5 (C-5), 133.3 (C-1"), 154.2
(C-2). HRMS (EI, [M™]): m/z calcd for C12H13NOs: 219.0895; found: 219.0901.

5-(Methoxymethyl)-4-methyl-3-(p-tolyl)oxazol-2(3 H)-one (22b). Following the method for preparing 22a, a
mixture of 1b (0.050 g, 0.25 mmol), MeOH (1.58 g, 49.4 mmol), and HCI (38 %) (0.053 g, 0.55 mmol)
generated 22b (0.048 g, 83%) as a yellow oil. Rf0.21 (hexane/EtOAc, 7:3). IR (film): v = 2927, 1755, 1699,
1516, 1452, 1380, 1282, 1244, 1170, 1094, 1045, 985, 820, 756, 723 cm’'. "H NMR (500 MHz, CDCl5): 3 1.94
(br s, 3H, CH3-C4), 2.40 (br s, 3H, CH3Ar), 3.42 (s, 3H, CH30), 4.26 (br s, 2H, CH,OMe), 7.16—7.19 (m, 2H,
H-2’), 7.26-7.29 (m, 2H, H-3"). 3*C NMR (125 MHz, CDCl;): § 8.8 (CH;-C4), 21.1 (CH3Ar), 58.1 (CH;0),
63.2 (CH.OMe), 123.1 (C-4), 126.9 (C-27), 130.1 (C-3"), 130.7 (C-17), 132.4 (C-5), 138.7 (C-4"), 154.4 (C-2).
HRMS (EI, [M*]): m/z caled for C13H;sNOj3: 233.1052; found: 233.1054.

5-(Methoxymethyl)-3-(4-methoxyphenyl)-4-methyloxazol-2(3H)-one (22¢). Following the method for
preparing 22a, a mixture of 1c (0.050 g, 0.23 mmol), MeOH (1.58 g, 49.4 mmol), and HCI (38 %) (0.052 g,
0.54 mmol) gave 22¢ (0.048 g, 84%) as a yellow oil. Rf0.13 (hexane/EtOAc, 7:3). IR (film): v = 2933, 1756,
1516, 1444, 1383, 1299, 1250, 1168, 1094, 1044, 984, 835, 757 cm™'. 'H NMR (500 MHz, CDCl5): § 1.92 (br
s, 3H, CH3-C4), 3.42 (s, 3H, CH30), 3.83 (s, 3H, CH30Ar), 4.25 (br s, 2H, CH,OMe), 6.96-6.70 (m, 2H, H-3"),
7.19-7.23 (m, 2H, H-2"). 3C NMR (125 MHz, CDCL): 8 8.8 (CH3-C4), 55.6 (CH30), 58.2 (CH3OAr), 63.2
(CH,0OMe), 114.8 (C-3), 123.3 (C-4), 126.0 (C-17), 128.5 (C-27), 132.3 (C-5), 154.6 (C-2), 159.7 (C-4’). HRMS
(EL [M*]): m/z calcd for Ci3HisNO4: 249.1001; found: 249.1004.

(4-Methyl-2-0x0-3-phenyl-2,3-dihydrooxazol-5-yl)methyl acetate (23a). In a round-bottom flask (100 mL)
equipped with a magnetic stirring bar, 1a (0.029 g, 0.16 mmol) and glacial AcOH (1.05 g, 17.5 mmol) in CH,Cl,
(2 mL) were mixed under N atmosphere at rt and stirred for 24 h. The mixture was dissolved in CH,Cl, (5 mL)
and washed in an aqueous saturated solution of NaHCOs3 (3 x 5 mL). The organic layer was dried with Na,SO4
and the solvent was removed under vacuum. The residue was purified by column chromatography over silica gel
(30 g/g crude, hexane/EtOAc, 8:2) to provide 23a (0.037 g, 95%) as a yellow oil. Rf'0.25 (hexane/EtOAc, 7:3).
IR (film): © = 2928, 1765, 1743, 1598, 1505, 1380, 1365, 1220, 1047, 1022, 986, 768, 712, 695 cm™". 'H NMR
(500 MHz, CDCl3): 6 1.98 (br s, 3H, CH3-C4), 2.11 (s, 3H, CH3COy), 4.91 (br s, 2H, CH,OAc), 7.28-7.31 (m,
2H, H-2”), 7.39-7.44 (m, 1H, H-4), 7.45-7.50 (m, 2H, H-3"). 3C NMR (125 MHz, CDCl): 6 8.9 (CH3-C4), 20.8
(CH3COy), 55.0 (CH20AC), 124.4 (C-47),126.9 (C-27), 128.7 (C-4”), 129.5 (C-37), 130.5 (C-5’), 133.1 (C-17), 154.0
(C-2%), 170.7 (CH3COz). HRMS (EI, [M]): m/z caled for Ci3H13NO4: 247.0845; found: 247.0845.

(4-Methyl-2-0x0-3-(p-tolyl)-2,3-dihydrooxazol-5-yl)methyl acetate (23b). Following the method for
preparing 23a, a mixture of 1b (0.050 g, 0.25 mmol) and glacial AcOH (1.05 g, 17.5 mmol) in CH,Cl; (4 mL)
afforded 23b (0.053 g, 81 %) as a yellow oil. Rf'0.28 (hexane/EtOAc, 7:3). IR (film): v = 1770, 1744, 1519,
1398, 1364, 1220, 1046, 1022, 988, 820, 756 cm™’. 'H NMR (500 MHz, CDCl5): & 1.97 (br s, 3H, CH5-C4),
2.11 (s, 3H, CH3COy), 2.39 (br s, 3H, CH3Ar), 4.91 (br s, 2H, CH>0Ac), 7.15-7.19 (m, 2H, H-2"), 7.25-7.30
(m, 2H, H-3”). 3C NMR (125 MHz, CDCl;): § 8.9 (CH3-C4), 20.8 (CH3CO>), 21.1 (CH3Ar), 55.1 (CH,0Ac),
124.6 (C-4’), 126.8 (C-27), 130.2 (C-3”), 130.4 (C-5°), 130.5 (C-17), 138.9 (C-47), 154.2 (C-2"), 170.7
(CH3CO»). HRMS (EI, [M]): m/z calcd for Ci14HsNO4: 261.1001; found: 261.1000.

(3-(4-Methoxyphenyl)-4-methyl-2-0x0-2,3-dihydrooxazol-5-yl)methyl acetate (23c¢). Following the method
for preparing 23a, a mixture of 1¢ (0.050 g, 0.23 mmol) and glacial AcOH (1.05 g, 17.5 mmol) in CH,Cl, (4 mL)
furnished 23¢ (0.037 g, 59 %) as a yellow oil. Rf0.13 (hexane/EtOAc, 7:3). IR (film): v = 2937, 1766, 1744, 1516,
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1443, 1398, 1365, 1300, 1249, 1221, 1169, 1046, 1025, 987, 837, 757 cm’. 'H NMR (500 MHz, CDCL): § 1.95
(brs, 3H, CH3-C4), 2.11 (s, 3H, CH:CO), 3.84 (s, 3H, CH;0AT), 4.91 (br s, 2H, CH>0Ac), 6.96-7.00 (m, 2H,
H-3”), 7.18-7.22 (m, 2H, H-2”). 3C NMR (125 MHz, CDCly): & 8.8 (CH;-C4), 20.8 (CH;CO,), 55.1
(CH>0Ac), 55.5 (CH;OAT), 114.8 (C-37), 124.7 (C-4%), 125.8 (C-17), 128.4 (C-2"), 130.3 (C-5°), 154.4 (C-2"),
159.7 (C-47), 170.7 (CH3CO,). HRMS (EL [M*]): m/z caled for C14H;sNOs: 277.0950; found: 277.0949.

5-(((4-Chlorophenyl)thio)methyl)-4-methyl-3-phenyloxazol-2(3H)-one (24a). In a round-bottom flask (100
mL) equipped with a magnetic stirring bar, 1a (0.06 g, 0.32 mmol), 21¢ (0.089 g, 0.62 mmol), and H3PO4 (85 %)
(0.036 g, 0.31 mmol) in CH,Cl, (5 mL) were mixed under N, atmosphere at rt and stirred for 24 h. The mixture
was dissolved in CH,Cl, (10 mL) and washed in an aqueous saturated solution of NaHCO3 (2 x 5 mL). The
organic layer was dried with Na;SO4 and the solvent was removed under vacuum. The residue was purified by
column chromatography over silica gel (30 g/g crude, hexane/EtOAc, 85:15) to obtain 24a (0.063 g, 60%) as a
yellow solid. Rf0.38 (hexane/EtOAc, 7:3); mp 106—108 °C. IR (film): © = 1756, 1698, 1597, 1504, 1476, 1382,
1272, 1186, 1095, 1040, 1012, 981, 819, 766, 709, 604 cm™'. '"H NMR (500 MHz, CDCl3): & 1.59 (br s, 3H,
CH3-C4), 3.85 (br s, 2H, CH>S), 7.19-7.22 (m, 2H, H-2"), 7.28-7.32 (m, 2H, H-3"), 7.37-7.42 (m, 3H, H-4’,
H-27), 7.44-7.49 (m, 2H, H-3). 3C NMR (125 MHz, CDCl;): § 8.6 (CH3-C4), 30.2 (CH,S), 121.3 (C-4), 126.9
(C-2°), 128.6 (C-4"), 129.2 (C-37), 129.5 (C-3’), 131.2 (C-5), 132.8 (C-17), 133.3 (C-17), 134.2 (C-47), 1343
(C-27), 154.0 (C-2). HRMS (ESI, [M + H]"): m/z caled for Ci7H;sCINO,S: 332.0512; found: 332.0465.

5-(((4-Chlorophenyl)thio)methyl)-4-methyl-3-(p-tolyl)oxazol-2(3H)-one (24b). Following the method for
preparing 24a, a mixture of 1b (0.040 g, 0.20 mmol), 21¢ (0.056 g, 0.39 mmol), and H3PO4 (85 %) (0.028 g,
0.24 mmol) in CH>Cl, (5 mL) yielded 24b (0.052 g, 75%) as a yellow solid. Rf 0.44 (hexane/EtOAc, 7:3); mp
103-104 °C. IR (KBr): v = 1751, 1694, 1516, 1478, 1387, 1270, 1191, 1092, 1039, 1011, 988, 817, 755 cm"".
'"H NMR (600 MHz, CDCls): 6 1.57 (br s, 3H, CH3-C4), 2.38 (br s, 3H, CH3Ar), 3.85 (br s, 2H, CH,S), 7.07—
7.10 (m, 2H, H-2"), 7.24-7.27 (m, 2H, H-3"), 7.28-7.31 (m, 2H, H-3"), 7.38-7.41 (m, 2H, H-2"). 3C NMR
(150 MHz, CDCls): & 8.5 (CH3-C4), 21.1 (CH3Ar), 30.2 (CH2S), 121.4 (C-4), 126.7 (C-2’), 129.1 (C-37), 130.1
(C-3”), 130.6 (C-17), 130.9 (C-5), 132.8 (C-17), 134.1 (C-47), 134.3 (C-27), 138.7 (C-4’), 154.1 (C-2). HRMS
(EL [M™]): m/z calcd for Ci3H;sCINO,S: 345.0590; found: 345.0589.

5-(((4-Chlorophenyl)thio)methyl)-3-(4-methoxyphenyl)-4-methyloxazol-2(3H)-one (24c). Following the
method for preparing 24a, a mixture of 1¢ (0.040 g, 0.18 mmol), 21¢ (0.054 g, 0.37 mmol), and H3PO4 (85 %)
(0.029 g, 0.25 mmol) in CH,Cl, (3 mL) generated 24¢ (0.049 g, 74%) as a yellow solid. Rf0.38 (hexane/EtOAc,
7:3); mp 84-86 °C. IR (film): © = 2930, 1759, 1698, 1515, 1476, 1387, 1300, 1251, 1169, 1095, 1036, 1012,
983, 832, 755 cm™. 'TH NMR (500 MHz, CDCl5): 8 1.55 (br s, 3H, CH3-C4), 3.82 (s, 3H, CH50), 3.84 (br s, 2H,
CH,S), 6.94-6.98 (m, 2H, H-3"), 7.10-7.14 (m, 2H, H-2"), 7.28-7.31 (m, 2H, H-3”), 7.37-7.41 (m, 2H, H-2").
3C NMR (125 MHz, CDCl): 8 8.5 (CH3-C4), 30.2 (CH:S), 55.5 (CH30), 114.8 (C-37), 121.6 (C-4), 125.9 (C-1"),
128.3 (C-2°), 129.1 (C-37), 130.8 (C-5), 132.9 (C-17), 134.1 (C-4"), 134.3 (C-27), 154.3 (C-2), 159.6 (C-4").
HRMS (EI, [M™]): m/z caled for CisHisCINO3S: 361.0539; found: 361.0535.

5-(4-Hydroxybenzyl)-4-methyl-3-(p-tolyl)oxazol-2(3H)-one (25a). In a round-bottom flask (100 mL)
equipped with a magnetic stirring bar, 1a (0.06 g, 0.32 mmol), 21d (0.06 g, 0.64 mmol), and H3;PO4 (85 %) (0.062
g, 0.54 mmol) in CH,>Cl, (5 mL) were mixed under N, atmosphere at rt and stirred for 24 h. The mixture was
dissolved in CH2Cl, (10 mL) and washed in an aqueous saturated solution of NaHCO; (2 x 5 mL) and EtOAc (2
x 5 mL). The organic layer was dried with Na,SOj4 and the solvent was removed under vacuum. The residue was
purified by column chromatography over silica gel (30 g/g crude, hexane/EtOAc, 7:3), resulting in 25a (0.058 g,
64 %) as a yellow oil. Rf0.21 (hexane/EtOAc, 7:3). IR (film): v = 3328, 1737, 1699, 1614, 1597, 1515, 1504,
1388, 1265, 1227, 1171, 1044, 986, 833, 766, 695 cm™.. 'H NMR (600 MHz, CDCl;): & 1.86 (br s, 3H, CH3-C4),
3.67 (brs, 2H, CH,Ar), 6.77-6.79 (m, 2H, H-3”), 7.03-7.07 (m, 2H, H-2"), 7.26-7.28 (m, 2H, H-2"), 7.35-7.38 (m,
1H, H-4%), 7.42-7.46 (m, 2H, H-3"). 3C NMR (150 MHz, CDCl3): & 8.7 (CH3-C4), 30.0 (CH,Ar), 115.6 (C-3”),
118.5(C-4), 126.9 (C-2°), 127.6 (C-17), 128.5 (C-4"), 129.39 (C-27), 129.43 (C-3"), 133.3 (C-17), 135.6 (C-5), 155.0
(C-2), 155.5 (C-4”). HRMS (ESIL, [M + H]"): m/z caled for Ci7H1sNO;3: 282.1130; found: 282.1072.

5-(4-Hydroxybenzyl)-4-methyl-3-(p-tolyl)oxazol-2(3 H)-one (25b). Following the method for preparing 25a, a
mixture of 1b (0.080 g, 0.40 mmol), 21d (0.075 g, 0.80 mmol), and H3PO4 (85 %) (0.077 g, 0.67 mmol) in CH>Cl,
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(5 mL) gave 25b (0.081 g, 69 %) as a yellow solid. Rf0.21 (hexane/EtOAc, 7:3); mp 218-220 °C. IR (KBr): v =
3256, 1733, 1695, 1614, 1515, 1452, 1393, 1276, 1261, 1234, 1173, 994, 825, 758 cm™.. 'H NMR (600 MHz,
CDCls): 6 1.88 (brs, 3H, CH3-C4), 2.38 (br s, 3H, CH3Ar), 3.69 (s, 2H, CH>Ar), 5.81 (br, 1H, OH), 6.80-6.83 (m,
2H, H-3”), 7.11-7.14 (m, 2H, H-2”), 7.16-7.19 (m, 2H, H-2"), 7.24-7.26 (m, 2H, H-3"). *C NMR (150 MHz,
CDCls): 6 8.8 (CH3-C4), 21.1 (CH3Ar), 30.1 (CH2Ar), 115.6 (C-3”), 118.6 (C-4), 126.8 (C-2"), 128.4 (C-17), 129.6
(C-27), 130.1 (C-3’), 130.9 (C-1"), 135.1 (C-5), 138.6 (C-4’), 154.9 (C-2 or C-47), 155.0 (C-4” or C-2). HRMS
(EL [M"]): m/z calcd for CisHi7NOs3: 295.1208; found: 295.1218.

5-(4-Hydroxybenzyl)-3-(4-methoxyphenyl)-4-methyloxazol-2(3H)-one (25c¢). Following the method for
preparing 25a, a mixture of 1e¢ (0.065 g, 0.3 mmol), 21d (0.056 g, 0.6 mmol), and H3PO4 (85 %) (0.058 g, 0.5
mmol) in CH>Cl, (5§ mL) provided 25¢ (0.079 g, 85 %) as a yellow solid. Rf'0.12 (hexane/EtOAc, 7:3); mp 194—
195 °C. IR (KBr): v = 3359, 1751, 1702, 1611, 1596, 1515, 1444, 1401, 1300, 1247, 1227, 1168, 1028, 989, 833,
757,683 cml. 'TH NMR (500 MHz, CDCl5): 8 1.84 (br s, 3H, CH3-C4), 3.69 (br's, 2H, CH,Ar), 3.83 (s, 3H, CH;0),
6.81-6.84 (m, 2H, H-3"), 6.94-6.98 (m, 2H, H-3’), 7.09-7.13 (m, 2H, H-2"), 7.18-7.22 (m, 2H, H-2’), 7.36 (br,
1H, OH). *C NMR (125 MHz, CDCl): § 8.5 (CH3-C4), 30.0 (CH2Ar), 55.4 (CH30), 114.6 (C-3"), 115.5 (C-37),
118.5 (C-4),126.2 (C-17), 127.8 (C-17), 128.3 (C-2"), 129.4 (C-27), 134.8 (C-5), 154.8 (C-2), 155.5 (C-4”), 159.3
(C-4"). HRMS (EI, [M"]): m/z calcd for CisHi7NO4: 311.1158; found: 311.1154.

5-(1-Methoxyethyl)-4-methyl-3-phenyloxazol-2(3H)-one (26a). In a round-bottom flask (100 mL) equipped
with a magnetic stirring bar, 2a (0.060 g, 0.30 mmol), 21a (2.37 g, 74.0 mmol), and HCI (38 %) (0.062 g, 0.65
mmol) were mixed and stirred under N, atmosphere at -10 °C for 24 h. The mixture was dissolved in CH,Cl; (5
mL) and washed in an aqueous saturated solution of NaHCOs (2 x 5 mL) and EtOAc (2 x 5 mL). The organic
layer was dried with Na,SO4 and the solvent was removed under vacuum. The residue was purified by column
chromatography over silica gel (30 g/g crude, hexane/EtOAc, 75:25), leading to 26a (0.046 g, 67%) as a yellow
solid. Rf'0.31 (hexane/EtOAc, 7:3); mp 100-102 °C. IR (KBr): © = 3054, 2987, 2936, 1746, 1693, 1598, 1504,
1396, 1259, 1116, 1090, 991, 767, 752, 712 cm™. '"H NMR (500 MHz, CDCL): 6 1.51 (d, J = 6.5 Hz, 3H, H-2"),
1.96 (s, 3H, CH3-C4), 3.31 (s, 3H, CH30), 4.25 (q,J = 6.5 Hz, 1H, H-17"), 7.30-7.33 (m, 2H, H-2"), 7.39-7.43 (m,
1H, H-4"), 7.46-7.51 (m, 2H, H-3"). '*C NMR (125 MHz, CDCl;): & 8.8 (CH3-C4), 18.7 (C-2”), 55.9 (CH;0),
69.4 (C-17), 121.1 (C-4), 127.0 (C-27), 128.5 (C-4"), 129.5 (C-3”), 133.3 (C-1"), 134.5 (C-5), 154.3 (C-2). HRMS
(EL [M"]): m/z calcd for Ci3HisNOs: 233.1052; found: 233.1046.

5-(1-Methoxyethyl)-4-methyl-3-(p-tolyl)oxazol-2(3H)-one (26b). Following the method for preparing 26a, a
mixture of 2b (0.060 g, 0.28 mmol), 21a (2.38 g, 74.4 mmol), and HCI (38 %) (0.068 g, 0.71 mmol) produced 26b
(0.047 g, 69 %) as a yellow solid. Rf'0.26 (hexane/EtOAc, 7:3); mp 84-86 °C. IR (film): b = 2986, 2931, 1760,
1698, 1519, 1450, 1398, 1387, 1351, 1258, 1117, 1088, 994,981, 821, 757, 723 cm™'. 'H NMR (500 MHz, CDCl5):
6 1.50 (d, J= 6.5 Hz, 3H, H-2”), 1.94 (s, 3H, CH3-C4), 2.39 (br s, 3H, CH3Ar), 3.31 (s, 3H, CH30),4.24 (q,J =
6.5 Hz, 1H, H-1), 7.17-7.21 (m, 2H, H-2"), 7.25-7.30 (m, 2H, H-3"). 3C NMR (125 MHz, CDCl;): 5 8.7 (CH3-
C4), 18.7 (C-27), 21.1 (CH3Ar), 55.9 (CH30), 69.5 (C-17), 121.3 (C-4), 126.9 (C-2°), 130.1 (C-3’), 130.7 (C-17),
134.3 (C-5) 138.6 (C-4’), 154.4 (C-2). HRMS (EI, [M™]): m/z caled for C14H7NOs5: 247.1208; found: 247.1215.

5-(1-Methoxyethyl)-3-(4-methoxyphenyl)-4-methyloxazol-2(3H)-one (26¢). (Z)-5-Ethylidene-4-methoxy-3-
(4-methoxyphenyl)-4-methyloxazolidin-2-one (26¢’). Following the method for preparing 26a, a mixture of 2¢
(0.060 g, 0.26 mmol), 21a (2.38 g, 74.4 mmol), and HCI (38 %) (0.063 g, 0.66 mmol) afforded 26¢ (0.05 g, 73 %)
and 26¢’ (0.01 g, 15%) as yellow solids. Data for 26¢: Rf0.21 (hexane/EtOAc, 7:3); mp 88-90 °C. IR (film): v =
2985, 2936, 1759, 1698, 1610, 1517, 1444, 1399, 1351, 1301, 1252, 1168, 1117, 1088, 1033, 981, 836, 758 cm™.
"HNMR (500 MHz, CDCl;): 6 1.50 (d, J = 6.5 Hz, 3H, H-2"), 1.93 (s, 3H, CH5-C4), 3.31 (s, 3H, CH50), 3.84 (s,
3H, CH;0Ar), 4.24 (q,J = 6.5 Hz, 1H, H-17), 6.96-7.00 (m, 2H, H-3"), 7.20-7.24 (m, 2H, H-2"). 3C NMR (125
MHz, CDCl3): 6 8.7 (CH3-C4), 18.8 (C-27), 55.5 (CH30Ar), 55.9 (CH;0), 69.5 (C-17), 114.8 (C-37), 121.4 (C-4),
125.9 (C-17), 128.5 (C-27), 134.2 (C-5), 154.6 (C-2), 159.6 (C-4’). HRMS (EL, [M™]): m/z calcd for C14H17NOs:
263.1158; found 263.1158. Data for 26¢’: Rf0.57 (hexane/EtOAc, 7:3); mp 58—60 °C. IR (film): v = 2938, 1785,
1713, 1515, 1376, 1298, 1250, 1169, 1120, 1065, 1035, 833 cm™'. 'H NMR (600 MHz, CDCl): § 1.47 (s, 3H, CHs-
C4),1.82(d,J=6.9 Hz, 3H, CH3CH=), 3.29 (s, 3H, CH30), 3.82 (s, 3H, CH30Ar), 5.03 (q,/=6.9 Hz, 1H, CH;CH=),
6.92-6.96 (m, 2H, H-3"), 7.27-7.31 (m, 2H, H-2). 3C NMR (150 MHz, CDCL): § 10.0 (CH;CH=), 24.8 (CH;-C4),
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50.1 (CH;0), 55.5 (CH30AT), 92.2 (C-4), 100.6 (CH3CH=), 114.5 (C-3°), 126.6 (C-17), 127.1 (C-2’), 146.7 (C-5),
153.2 (C-2), 158.7 (C-4"). HRMS (EL [M*]): m/z caled for C14H;7NO4: 263.1158; found: 263.1159.

5-(1-((4-Chlorophenyl)thio)ethyl)-4-methyl-3-phenyloxazol-2(3H)-one (27a). In a round-bottom flask (100
mL) equipped with a magnetic stirring bar, 2a (0.050 g, 0.25 mmol), 21¢ (0.069 g, 0.48 mmol), and H3PO4
(85 %) (0.034 g, 0.30 mmol) in CH>Cl: (5 mL) were mixed under N, atmosphere at rt and stirred for 24 h. The
mixture was dissolved in CH»Cl, (10 mL) and washed in an aqueous saturated solution of NaHCOs (2 x 5 mL).
The organic layer was dried with Na;SO4and the solvent was removed under vacuum. The residue was purified
by column chromatography over silica gel (30 g/g crude, hexane/EtOAc, 9:1) to furnish 27a (0.051 g, 60%) as
a yellow solid. Rf 0.50 (hexane/EtOAc, 7:3); mp 128-129 °C. IR (film): © = 2979, 2930, 1760, 1694, 1598,
1504, 1475, 1395, 1384, 1261, 1167, 1094, 1013, 981, 824, 768, 709, 696 cm™. 'H NMR (500 MHz, CDCl): &
1.41 (s, 3H, CH3-C4), 1.63 (d, J= 7.1 Hz, 3H, H-2”), 4.14 (q, J= 7.1 Hz, 1H, H-17), 7.14-7.17 (m, 2H, H-2"),
7.28-7.31 (m, 2H, H-3""), 7.37-7.41 (m, 3H, H-4’, H-2""), 7.43-7.48 (m, 2H, H-3"). 3C NMR (125 MHz,
CDCl3): 6 8.4 (CH3-C4), 18.1 (C-27),40.0 (C-17), 120.2 (C-4), 126.9 (C-2"), 128.6 (C-4"), 129.0 (C-3""), 129.5
(C-3%), 132.4 (C-1""), 133.3 (C-17), 134.3 (C-5), 135.0 (C-4’"), 136.6 (C-2""), 154.0 (C-2). HRMS (EL, [M']):
m/z calcd for CisH16CINO,S: 345.0590; found: 345.0580.

5-(1-((4-Chlorophenyl)thio)ethyl)-4-methyl-3-(p-tolyl)oxazol-2(3H)-one (27b). Following the method for
preparing 27a, a mixture of 2b (0.050 g, 0.23 mmol), 21¢ (0.067 g, 0.46 mmol), and H3;PO4 (85 %) (0.032 g, 0.28
mmol) in CH>Cl, (5 mL) yielded 27b (0.053 g, 64 %) as a yellow solid. Rf'0.51 (hexane/EtOAc, 7:3); mp 109—
111 °C. IR (film): ©=2979, 2928, 1756, 1694, 1572, 1518, 1475, 1396, 1386, 1262, 1168, 1095, 1013, 984, 820, 754
cm. 'TH NMR (500 MHz, CDCls): § 1.38 (s, 3H, CH3-C4), 1.62 (d,J=7.0 Hz, 3H, H-2"), 2.37 (s, 3H, CH3Ar), 4.13
(g, J/=17.0 Hz, 1H, H-17), 7.00-7.05 (m, 2H, H-2’), 7.23-7.27 (m, 2H, H-3"), 7.28-7.31 (m, 2H, H-3""), 7.35-7.40
(m, 2H, H-2""). BC NMR (125 MHz, CDCL): 8 8.4 (CH3-C4), 18.1 (C-27), 21.1 (CH3Ar), 40.0 (C-17), 120.3 (C-4),
126.8 (C-27), 129.0 (C-3’), 130.1 (C-37), 130.6 (C-1"), 132.4 (C-1""), 134.1 (C-5), 135.0 (C-4’"), 136.6 (C-2""),
138.7 (C-4’), 154.2 (C-2). HRMS (EL [M"]): m/z caled for Ci1oH1sNO2SCI: 359.0747; found: 359.0741.

5-(1-((4-Chlorophenyl)thio)ethyl)-3-(4-methoxyphenyl)-4-methyloxazol-2(3H)-one (27¢c). Following the
method for preparing 27a, a mixture 2¢ (0.060 g, 0.26 mmol), 21¢ (0.075 g, 0.52 mmol), and H3PO4 (85 %) (0.036 g,
0.31 mmol) in CH,Cl, (5§ mL) provided 27¢ (0.06 g, 62 %) as a yellow solid. Rf0.37 (hexane/EtOAc, 7:3); mp 117—
119 °C. IR (film): ©=2931, 1754, 1694, 1516, 1475, 1397, 1388, 1301, 1251, 1165, 1095, 1032, 1013, 983, 832 cm’
!, ITH NMR (500 MHz, CDCl): & 1.37 (s, 3H, CH>-C4), 1.63 (d, J= 7.0 Hz, 3H, H-2"), 3.82 (s, 3H, CH0), 4.13 (q,
J=17.0 Hz, 1H, H-1"), 6.93-6.98 (m, 2H, H-3"), 7.04-7.08 (m, 2H, H-2"), 7.27-7.32 (m, 2H, H-3""), 7.36-7.40 (m,
2H, H-2"). 3C NMR (125 MHz, CDCl;): § 8.3 (CH3-C4), 18.1 (C-2”), 40.0 (C-1"), 55.5 (CH30), 114.8 (C-3"),
120.5(C-4),125.8 (C-17),128.3 (C-27), 129.0 (C-3""), 132.5 (C-1""), 134.0 (C-5), 135.0 (C-4""), 136.6 (C-2""), 154.3
(C-2), 159.6 (C-4’). HRMS (EIL, [M*]): m/z caled for Ci19HsNO3CIS: 375.0696; found: 375.0690.

5-(1-(4-Hydroxyphenyl)ethyl)-4-methyl-3-phenyloxazol-2(3 H)-one (28a). In a round-bottom flask (100 mL)
equipped with a magnetic stirring bar, 2a (0.06 g, 0.30 mmol), 21d (0.052 g, 0.55 mmol), and H3PO4 (85 %)
(0.086 g, 0.75 mmol) in CH,Cl, (3 mL) were mixed under N, atmosphere at rt and stirred for 24 h. The mixture
was dissolved in CH»Cl, (5 mL) and washed in an aqueous saturated solution of NaHCOs3 (2 x 5 mL) and EtOAc
(2 x 5 mL). The organic layer was dried with Na,SO4and the solvent was removed under vacuum. The residue
was purified by column chromatography over silica gel (30 g/g crude, hexane/EtOAc, 7:3), resulting in 28a
(0.053 g, 60%) as a yellow solid. Rf'0.33 (hexane/EtOAc, 7:3); mp 168—170 °C. IR (KBr): b = 3398, 2979,
2930, 1732, 1689, 1610, 1594, 1515, 1504, 1389, 1263, 1224, 1174, 1057, 987, 839, 773, 761, 710, 694 cm™.
'"H NMR (500 MHz, CDCls): 8 1.58 (d, J = 7.5 Hz, 3H, H-2"), 1.83 (br s, 3H, CH3-C4), 3.91 (q, J = 7.5 Hz,
1H, H-17), 6.81-6.84 (m, 2H, H-3""), 7.17-7.22 (m, 2H, H-2’”), 7.26-7.30 (m, 2H, H-2"), 7.36-7.40 (m, 1H,
H-4%), 7.42-7.47 (m, 2H, H-3). 3C NMR (125 MHz, CDCl5): § 8.8 (CH3-C4), 19.9 (C-2”), 35.4 (C-17), 115.6
(C-3),117.1 (C-4), 127.1 (C-2"), 128.3 (C-2"), 128.4 (C-4’), 129.5 (C-3"), 133.5 (C-1), 134.2 (C-1""), 138.9
(C-5), 154.8 (C-2), 155.0 (C-4’"). HRMS (EI, [M*]): m/z caled for CisHi7NO3: 295.1208; found: 295.1199.

5-(1-(4-Hydroxyphenyl)ethyl)-4-methyl-3-(p-tolyl)oxazol-2(3H)-one (28b). Following the method for
preparing 28a, a mixture of 2b (0.060 g, 0.28 mmol), 21d (0.047 g, 0.50 mmol), and H3PO4 (85 %) (0.081 g, 0.7
mmol) in CH>Cl, (5 mL) gave 28b (0.058 g, 67 %) as a yellow solid. Rf0.31 (hexane/EtOAc, 7:3); mp 197-199 °C.
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IR (KBr): © = 3282, 2980, 1731, 1692, 1614, 1516, 1448, 1393, 1259, 1231, 1173, 835, 756 cm’'. 'H NMR (600
MHz, CDCL):  1.57 (d, J= 7.2 Hz, 3H, H-2"), 1.81 (br s, 3H, CH3-C4), 2.37 (s, 3H, CH3Ar), 3.90 (q, J= 7.2 Hz,
1H, H-17), 6.55 (br, 1H, OH), 6.81-6.84 (m, 2H, H-3""), 7.13-7.16 (m, 2H, H-2"), 7.17-7.20 (m, 2H, H-2""), 7.23—
7.26 (m, 2H, H-3"). 3C NMR (150 MHz, CDCL): § 8.7 (CH-C4), 19.9 (C-2”), 21.1 (CH:Ar), 35.3 (C-17), 115.6 (C-
37), 117.3 (C-4), 126.9 (C-2°), 128.2 (C-2""), 130.1 (C-3"), 130.8 (C-17), 134.0 (C-1""), 138.6 (C-4"), 138.9 (C-5),
155.1 (C-2), 155.3 (C-4""). HRMS (EI, [M*]): m/z calcd for C1oH1sNOs: 309.1365; found: 309.1366.

5-(1-(4-Hydroxyphenyl)ethyl)-3-(4-methoxyphenyl)-4-methyloxazol-2(3H)-one (28c). Following the
method for preparing 28a, a mixture of 2¢ (0.07 g, 0.3 mmol), 21d (0.048 g, 0.51 mmol), and H3PO4 (85 %)
(0.086 g, 0.75 mmol) in CH>Cl, (3 mL) led to 28¢ (0.063 g, 64 %) as a yellow solid. Rf'0.15 (hexane/EtOAc,
7:3); mp 179-180 °C. IR (KBr): ©=3318,2972, 1732, 1690, 1611, 1516, 1442, 1393, 1305, 1255, 1228, 1169, 1035,
992, 834 cm!. 'H NMR (500 MHz, CDCl): 8 1.58 (d, J = 7.3 Hz, 3H, H-2"), 1.79 (s, 3H, CH>-C4), 3.82 (s, 3H,
CH50),3.90(q,J=7.3 Hz, 1H, H-17), 6.22 (br, 1H, OH), 6.80-6.84 (m, 2H, H-3"""), 6.93—6.97 (m, 2H, H-3"), 7.16—
721 (m, 4H, H-2’, H-2"”). 3C NMR (125 MHz, CDCL): § 8.7 (CH3-C4), 19.9 (C-2”), 35.4 (C-17), 55.5 (CH50),
114.7 (C-3"), 115.6 (C-3""), 117.4 (C-4), 126.1 (C-17), 128.2 (C-2""), 128.5 (C-2"), 134.2 (C-1""), 138.7 (C-5), 155.1
(C-477), 155.2 (C-2), 159.5 (C-4’) HRMS (EI, [M]): m/z calcd for C1oHoNO4: 325.1314; found: 325.1308.

5-(Hydroxymethyl)-4-methyl-3-phenyloxazol-2(3H)-one (29a). In a round-bottom flask (100 mL) equipped
with a magnetic stirring bar, 23a (0.150 g, 0.60 mmol) and NaOH (0.036 g, 0.90 mmol) in MeOH/H>O (8:2)
(12 mL) were mixed at rt and stirred for 30 min. The mixture was neutralized with AcOH (1.0 M) and extracted
with EtOAc (2 x 5 mL). The organic layer was dried with Na,SO,4 and the solvent was removed under vacuum.
The residue was purified by column chromatography over silica gel (30 g/g crude, hexane/EtOAc, 6:4) to
produce 29a (0.11 g, 90 %) as a yellow solid. Rf 0.05 (hexane/EtOAc, 7:3); mp 126-128 °C. IR (film): v =
3404, 1756, 1698, 1597, 1504, 1398, 1385, 1277, 1215, 1185, 1047, 1003, 767, 712, 696 cm™'. 'H NMR (600
MHz, CDCl3): & 1.94 (br s, 3H, CH3-C4), 2.77 (br, 1H, OH), 4.45 (br d, J = 4.8 Hz, 2H, CH,0OH), 7.29-7.32
(m, 2H, H-2"), 7.40-7.43 (m, 1H, H-4"), 7.46-7.50 (m, 2H, H-3"). *C NMR (150 MHz, CDCl;): & 8.8 (CH3-C4),
54.0 (CH2OH), 121.6 (C-4), 127.1 (C-2’), 128.7 (C-4’), 129.6 (C-3°), 133.4 (C-1"), 134.9 (C-5), 154.5 (C-2).
HRMS (ESL, [M + H]"): m/z caled for C11Hi2NOs: 206.0817; found: 206.0769.

5-(Hydroxymethyl)-4-methyl-3-(p-tolyl)oxazol-2(3 H)-one (29b). Following the method for preparing 29a, a
mixture of 23b (0.25 g, 0.96 mmol) and NaOH (0.057 g, 1.43 mmol) in MeOH/H,O (8:2) (18 mL) furnished
29b (0.19 g, 91 %) as a yellow solid. Rf0.058 (hexane/EtOAc, 7:3); mp 128-131 °C. IR (film): v =3411, 2926,
1760, 1740, 1702, 1518, 1398, 1386, 1277, 1213, 1048, 991, 820, 757 cm™. '"H NMR (500 MHz, CDCl): &
1.92 (brs, 3H, CH3-C4), 2.39 (br s, 3H, CH3Ar), 2.64 (br, 1H, OH), 4.45 (br s, 2H, CH,OH), 7.15-7.19 (m, 2H,
H-2%), 7.26-7.29 (m, 2H, H-3"). *C NMR (125 MHz, CDCl;): 5 8.8 (CH3-C4), 21.1 (CH3Ar), 54.0 (CHOH),
121.7 (C-4), 126.9 (C-2"), 130.2 (C-37), 130.7 (C-1"), 134.6 (C-5), 138.8 (C-4"), 154.6 (C-2). HRMS (EI, [M*]):
m/z calcd for Ci12H13NO3: 219.0895; found: 219.0897.

5-(Hydroxymethyl)-3-(4-methoxyphenyl)-4-methyloxazol-2(3H)-one (29¢). Following the method for
preparing 29a, a mixture of 23¢ (0.04 g, 0.14 mmol) and NaOH (0.009 g, 0.22 mmol) in MeOH/H,O (8:2) (6 mL)
afforded 29¢ (0.03 g, 87 %) as a yellow solid. Rf0.034 (hexane/EtOAc, 7:3); mp 162—164 °C. IR (film): 0= 3413,
2929, 1738, 1698, 1516, 1398, 1249, 1170, 1030, 990, 841, 757 cm™. '"H NMR (500 MHz, CDCl3): § 1.92 (br s,
3H, CH3-C4), 2.00 (br, 1H, OH), 3.84 (s, 3H, CH30), 4.47 (br s, 2H, CH,OH), 6.97-7.00 (m, 2H, H-3), 7.19—
7.22 (m, 2H, H-2"). 3C NMR (125 MHz, CDCl;): & 8.8 (CH3-C4), 54.3 (CH,OH), 55.6 (CH;0), 114.9 (C-3"),
122.0 (C-4), 126.0 (C-17), 128.5 (C-27), 134.2 (C-5), 154.6 (C-2), 159.7 (C-4"). HRMS (EI, [M*]) m/z calcd for
Ci2H13NO4: 235.0845; found: 235.0850.

4-Methyl-2-0x0-3-phenyl-2,3-dihydrooxazole-5-carbaldehyde (30a). Method A: In a round-bottom flask
(100 mL) equipped with a magnetic stirring bar, 29a (0.110 g, 0.54 mmol) and IBX (0.760 g, 2.70 mmol) in
DMSO (20 mL) were mixed at rt and stirred for 24 h. The mixture was washed with water (2 x 5 mL) and extracted
with EtOAc (2 x 5 mL). The organic layer was dried with Na,SO4 and the solvent was removed under vacuum.
The residue was purified by column chromatography over silica gel (30 g/g crude, hexane/EtOAc, 8:2) to provide
30a (0.07 g, 64 %) as a brown solid. Method B: In a round-bottom flask (50 mL) equipped with a magnetic stirring
bar, a mixture of DMF (0.042 g, 0.57 mmol) and POCIl; (0.097 g, 0.63 mmol) under N atmosphere at 0 °C was
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stirred for 30 min. Subsequently, 32a (0.100 g, 0.46 mmol) dissolved in CH»Cl, (3 mL) was added dropwise and
the mixture was stirred at rt for 24 h. The mixture was neutralized with a 5% aqueous solution of NaOH at 0 °C
and extracted with CH>Cl, (4 x 10 mL). The organic layer was dried with Na;SO4and the solvent was removed
under vacuum. The residue was purified by column chromatography over silica gel (40 g/g crude, hexane/EtOAc,
8:2) to yield 30a (0.03 g, 51%) as a brown solid. Rf'0.18 (hexane/EtOAc, 7:3); mp 154-155 °C. IR (film): v =
1776, 1723, 1667, 1499, 1401, 1332, 1270, 1056, 729 cm™!. "H NMR (600 MHz, DMSO-dg): & 2.26 (s, 3H, CHs-
C4), 7.52-7.56 (m, 3H, H-2’, H-4"), 7.57-7.60 (m, 2H, H-3"), 9.58 (s, 1H, CHO). '3*C NMR (150 MHz, DMSO-
ds): 6 8.9 (CH3-C4), 127.6 (C-2"), 129.5 (C-4"), 129.6 (C-3’), 132.0 (C-17), 134.3 (C-5), 141.4 (C-4), 152.0 (C-2),
175.1 (CHO). HRMS (ESI, [M + H]"): m/z calcd for C;1H;oNOs: 204.0661; found: 204.0626.

4-Methyl-2-0x0-3-(p-tolyl)-2,3-dihydrooxazole-5-carbaldehyde (30b). Method A: Following method A for
preparing 30a, a mixture of 29b (0.100 g, 0.46 mmol) and IBX (0.638 g, 2.28 mmol) in DMSO (10 mL) resulted
in 30b (0.074 g, 75 %) as a brown solid. Method B: Following method B for preparing 30a, a mixture of DMF
(0.039 g, 0.53 mmol), POCI; (0.088 g, 0.57 mmol), and 32b (0.050 g, 0.26 mmol) led to 30b (0.028 g, 48 %)
as a brown solid. Rf0.21 (hexane/EtOAc, 7:3); mp 141-142 °C. IR (film): v = 2925, 1773, 1668, 1516, 1408,
1337,1271, 1062, 990, 741 cm™'. '"H NMR (500 MHz, DMSO-ds):  2.24 (s, 3H, CH;-C4), 2.38 (s, 3H, CH;Ar),
7.35-7.38 (m, 2H, H-3"), 7.39-7.42 (m, 2H, H-2"), 9.57 (s, 1H, CHO). 3C NMR (125 MHz, DMSO-dc): 5 8.9
(CH3-C4), 20.7 (CH3Ar), 127.4 (C-27), 129.4 (C-17), 130.0 (C-37), 134.2 (C-5), 139.3 (C-4"), 141.6 (C-4), 152.1
(C-2), 175.0 (CHO). HRMS (EL, [M*]) m/z calcd for C1oH11NO3: 217.0739; found: 217.0736.

3-(4-methoxyphenyl)-4-methyl-2-0x0-2,3-dihydrooxazole-5-carbaldehyde (30c). Method A: Following
method A for preparing 30a, a mixture of 29¢ (0.30 g, 1.3 mmol) and IBX (1.76 g, 6.3 mmol) in DMSO (20 mL)
gave 30c (0.205 g, 69 %) as a brown solid. Method B: Following method B for preparing 30a, a mixture of DMF
(0.035 g, 0.48 mmol), POCl; (0.082 g, 0.54 mmol), and 32¢ (0.050 g, 0.24 mmol) generated 30¢ (0.032 g, 56 %)
as a brown solid. Rf'0.16 (hexane/EtOAc, 7:3); mp 162—-163 °C. IR (film): v = 2931, 1771, 1667, 1516, 1404,
1337, 1301, 1252, 1143, 1029, 837, 746 cm™. '"H NMR (600 MHz, DMSO-ds): & 2.23 (s, 3H, CH-C4), 3.82 (s,
3H, CH;0), 7.08-7.12 (m, 2H, H-3"), 7.43-7.47 (m, 2H, H-2"), 9.56 (s, 1H, CHO). '*C NMR (150 MHz, DMSO-
ds): 6 8.9 (CH3-C4), 55.5 (CH30), 114.8 (C-3’), 124.4 (C-17), 129.0 (C-27), 134.2 (C-5), 141.9 (C-4), 152.3 (C-2),
159.8 (C-4), 175.0 (CHO). HRMS (EL [M"]): m/z caled for C12H11NO4: 233.0688; found: 233.0691.

6-Acetyl-3-(p-tolyl)-4,5-dihydrobenzo[d]oxazol-2(3 H)-one (31b). In a round-bottom flask (50 mL) equipped
with a magnetic stirring bar, KOz-Bu (0.048 g, 0.43 mmol) was added to a solution of 30b (0.050 g, 0.23 mmol)
in anhydride THF (10 mL) under N, atmosphere at -78 °C and stirred for 40 min. Then, MVK (0.031 g, 0.44
mmol) was added dropwise and the mixture was stirred for 1 h, then at 0 °C for 30 min before removing the
solvent under vacuum. The residue was purified by column chromatography over silica gel (30 g/g crude,
hexane/EtOAc, 8:2) to produce 31b (0.013 g, 21 %) as a yellow solid. Rf'0.31 (hexane/EtOAc, 7:3); mp 113—
116 °C. IR (film): © = 2924, 1770, 1668, 1644, 1570, 1516, 1422, 1371, 1322, 1288, 1218, 1004, 819, 748 cm’'.
"H NMR (600 MHz, CDCls): 8 2.37 (s, 3H, CH3CO), 2.40 (s, 3H, CH3Ar), 2.66 (br t,J = 9.9 Hz, 2H, H-4), 2.79
(brt, J=9.9 Hz, 2H, H-5), 7.12 (br s, 1H, H-7), 7.22-7.24 (m, 2H, H-2"), 7.27-7.30 (m, 2H, H-3"). 3*C NMR
(150 MHz, CDCl3): 8 19.9 (C-4), 20.9 (C-5), 21.1 (CH3Ar), 24.9 (CH3CO), 124.2 (C-7), 124.9 (C-2’), 128.6
(C-3a), 130.2 (C-3"), 130.5 (C-17), 131.4 (C-6), 134.1 (C-7a), 138.6 (C-4’), 154.1 (C-2), 196.2 (CH3CO).
HRMS (ESL, [M + H]"): m/z caled for Ci6HisNO3: 270.1130; found: 270.1080.

6-Acetyl-3-(4-methoxyphenyl)-4,5-dihydrobenzo[d]oxazol-2(3H)-one (31c¢). Following the method for
preparing 31b, a mixture of 30c (0.050 g, 0.21 mmol), KO#Bu (0.043 g, 0.38 mmol), and MVK (0.028 g, 0.40
mmol) afforded 31¢ (0.014 g, 22 %) as a yellow solid. Rf0.35 (hexane/EtOAc, 7:3); mp 168—170 °C. IR (film):
0 = 2933, 1770, 1669, 1644, 1570, 1515, 1372, 1288, 1252, 1218, 1029, 1002, 834 cm™. 'H NMR (600 MHz,
CDCl): 6 2.37 (s, 3H, CH3CO), 2.64 (br t, J=9.9 Hz, 2H, H-4), 2.79 (br t, /= 9.9 Hz, 2H, H-5), 3.84 (s, 3H,
CH;0), 6.98-7.01 (m, 2H, H-3"), 7.12 (br s, 1H, H-7), 7.25-7.28 (m, 2H, H-2"). 3C NMR (150 MHz, CDCL):
6 19.8 (C-4), 20.9 (C-5), 24.9 (CH3CO), 55.6 (CH30), 114.9 (C-37), 124.3 (C-7), 125.7 (C-1"), 126.6 (C-2"),
128.9 (C-3a), 131.3 (C-6), 134.0 (C-7a), 154.3 (C-2), 159.5 (C-4’), 196.3 (CH3CO). HRMS (EL, [M™]): m/z
calcd for Ci6HsNO4: 285.1001; found: 285.1011.
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(E)-3-((3-Methoxyphenyl)imino)butan-2-one (11c). In a round-bottom flask (250 mL) equipped with a magnetic
stirring bar, a mixture of 4a (0.98 g, 11.4 mmol) and m-anisidine (1.40 g, 11.4 mmol) in MeOH (150 mL) was stirred
under N, atmosphere at rt for 24 h. The solvent was removed under vacuum and the residue was purified by
column chromatography over silica gel (10 g/g crude, hexane/EtOAc, 98:2) to furnish 11¢ (1.63 g, 75 %) as a
yellow oil. Rf0.75 (hexane/EtOAc, 80:20). IR (film): © = 2938, 1698, 1504, 1243, 1033, 841 cm™'. "H NMR (300
MHz, CDCl;): 6 1.97 (s, 3H, H-4), 2.51 (s, 3H, H-1), 3.81 (s, 3H, CH30), 6.30-6.37 (m, 2H, H-2’, H-4"), 6.66—
6.72 (m, 1H, H-6"), 7.23-7.31 (m, 1H, H-5"). 3C NMR (75.4 MHz, CDCl;): § 14.0 (C-4), 24.5 (C-1), 55.2
(CH30), 104.3 (C-2"), 110.0 (C-4"), 110.6 (C-6"), 129.9 (C-57), 150.8 (C-17), 160.2 (C-3"), 166.1 (C-3), 200.3
(C-2). MS (70 eV): m/z 191 (M*, 6), 162 (10), 148 (100), 108 (13), 92 (24), 77 (9), 63 (20). HRMS (EI, [M]"):
m/z caled for C11H13NO;: 191.0946; found: 191.0956.

1-(3-Methoxyphenyl)-4,5-dimethylene-3-(p-tolyl)imidazolidin-2-one (16¢). In a round-bottom flask (100 mL)
equipped with a magnetic stirring bar, a mixture of 11¢ (0.499 g, 2.61 mmol), dried Li.CO; (1.93 g, 26.1 mmol), and
dried Et;N (0.659 g, 6.53 mmol) in anhydrous PhMe (30 mL) was stirred at rt under N, atmosphere in the dark
for 90 min. Subsequently, a solution of 5b (1.04 g, 7.83 mmol) in PhMe (10 mL) was added dropwise, and the
mixture was stirred at rt for 24 h. The mixture was filtered over Celite and washed with CH>Cl, (3 x 20 mL),
and the solvent was removed under vacuum. The residue was purified by column chromatography over silica
gel (10 g/g crude, hexane/EtOAc, 95:5) to provide 16¢ (0.610 g, 76%) as a white solid. Rf0.65 (hexane/EtOAc,
80:20); mp 112-113 °C. IR (film): © = 1737, 1604, 1517, 1494, 1399, 1267, 1044, 818, 756 cm™'. '"H NMR (300
MHz, CDCl): 6 2.39 (s, 3H, CH3Ar), 3.82 (s, 3H, CH30), 4.32 (d, /= 2.4 Hz, 1H, =CH), 4.39 (d, J = 2.4 Hz,
1H, =CH), 4.79 (d, J = 2.4 Hz, 1H, =CH), 4.82 (d, J = 2.4 Hz, 1H, =CH), 6.91 (dm, J = 8.1 Hz, 1H, H-4"),
6.95 (dd, J =2.4,2.1 Hz, 1H, H-2"), 6.99 (dm, J= 8.1 Hz, 1H, H-6"), 7.28 (s, 4H, H-2”, H-3”), 7.37 (t, J = 8.1
Hz, 1H, H-5). 3C NMR (75.4 MHz, CDCl3): § 21.2 (CH3Ar), 55.4 (CH30), 82.7 (CH,=), 82.9 (CH>=), 112.9
(C-2"), 114.0 (C-4"), 119.7 (C-6"), 127.3 (C-2"), 130.0 (C-5"), 130.1 (C-37), 131.5 (C-17), 135.3 (C-1"), 137.9
(C-47), 140.0 (C-4 or C-5), 140.2 (C-5 or C-4), 153.5 (C-2), 160.3 (C-3’). HRMS (EI, [M]"): m/z calcd for
Ci9H18N202: 306.1368; found: 306.1376.

1,3,6-Triphenyl-4,4a,7a,8-tetrahydroimidazo[4,5-f]isoindole-2,5,7(1H,3H,6 H)-trione (33a) [21]. In a
round-bottom flask (100 mL) equipped with a magnetic stirring bar, a mixture of 15a (0.05 g, 0.19 mmol) and
19 (0.036 g, 0.21 mmol) in anhydrous CH,Cl, (20 mL) was stirred at 0 °C under N, atmosphere for 1 h. The
solvent was removed under vacuum, and the residue was purified by column chromatography over silica gel
(20 g/g crude, hexane/EtOAc, 8:2), leading to 33a (0.075 g, 90%) as a pale green solid. Rf0.20 (hexane/EtOAc,
7:3); mp 128-129 °C [Lit. [21] 128-129 °C].

1-(4-Methoxyphenyl)-3,6-diphenyl-4,4a,7a,8-tetrahydroimidazo[4,5-f]isoindole-2,5,7(1 H,3H,6 H)-trione
(33b). Following the procedure for 33a, a mixture of 16a (0.10 g, 0.34 mmol) and 19 (0.065 g, 0.38 mmol)
yielded 33b (0.151 g, 95 %) as a pale green solid. Rf'0.40 (hexane/EtOAc, 1:1); mp 107-108 °C. IR (KBr): v
=2917, 1710, 1514, 1501, 1383, 1250, 1170, 1028, 838, 735, 693 cm’'. 'H NMR (500 MHz, CDCl3): § 2.74—
2.86 (m, 2H, H-4, H-8), 3.05 (d, /= 16.0 Hz, 1H, H-4 or H-8), 3.10 (d, J = 15.0 Hz, 1H, H-8 or H-4), 3.42—
3.52 (m, 2H, H-4a, H-7a), 3.82 (s, 3H, CH30), 6.97 (d, J= 8.5 Hz, 2H, H-3"), 7.23-7.30 (m, 4H, H-2’, 2ArH),
7.30-7.50 (m, 8H, PhH). '3C NMR (125 MHz, CDCl3): § 19.9 (C-4 or C-8), 20.0 (C-8 or C-4), 38.7 (C-4a or
C-7a), 38.8 (C-7a or C-4a), 55.5 (CH30), 114.5 (C-3’), 114.6 (C-3a or C-8a), 115.6 (C-8a or C-3a), 126.1
(2ArH), 126.2 (2ArH), 126.9 (C-1°), 127.4 (ArH), 127.6 (2ArH), 128.7 (ArH), 129.2 (2ArH), 129.3 (2ArH),
131.7 (C-17 or C-1°"), 134.5 (C-1"" or C-17), 152.4 (C-2), 158.9 (C-4’), 177.8 (C-5, C-7). MS (70 eV): m/z 465
(M*, 58), 444 (77), 415 (43), 339 (26), 321 (36), 291 (59), 217 (54), 122 (91), 53 (100). HRMS (EI, [M*]): m/z
calcd for CogH23N304: 465.1689; found: 465.1692.

1-(4-Chlorophenyl)-3,6-diphenyl-4,4a,7a,8-tetrahydroimidazo[4,5-f]isoindole-2,5,7(1H,3H,6 H)-trione

(33c¢). Following the procedure for 33a, a mixture of 16b (0.100 g, 0.34 mmol) and 19 (0.059 g, 0.34 mmol)
gave 33¢ (0.146 g, 92 %) as a pale green solid. Rf'0.40 (hexane/EtOAc, 1:1); mp 112—113 °C. IR (film): v =
2970, 2932, 1735, 1708, 1596, 1505, 1388, 1279, 1059 cm™'. "H NMR (300 MHz, CDCl5): § 2.74-2.90 (m, 2H,
H-4, H-8), 3.06-3.18 (m, 2H, H-4, H-R), 3.43-3.58 (m, 2H, H-4a, H-7a), 7.25-7.53 (m, 14H, ArH). 3C NMR
(75.4 MHz, CDCl3): 6 19.9 (C-4 or C-8), 20.0 (C-8 or C-4), 38.6 (C-4a or C-7a), 38.7 (C-7a or C-4a), 114.9 (C-
3a or C-8a). 115.6 (C-8a or C-3a), 126.1 (4ArH), 127.2 (2ArH), 127.6 (ArH), 128.8 (C-4”), 129.2 (2ArH),
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129.4 (2ArH), 129.5 (2ArH), 131.5 (Ar), 132.8 (Ar), 133.1 (Ar), 134.0 (Ar), 151.9 (C-2), 177.7 (C-5, C-7).
HRMS (EI, [M*]): m/z caled for C27H20N305Cl: 469.1193; found: 469.1184.

1-(3-Methoxyphenyl)-6-phenyl-3-(p-tolyl)-4,4a,7a,8-tetrahydroimidazo[4,5-f]isoindole-2,5,7(1H,3H,6 H)-
trione (33d). Following the procedure for 33a, a mixture of 16¢ (0.150 g, 0.49 mmol) and 19 (0.093 g, 0.54
mmol) generated 33d (0.174 g, 74 %) as a white solid. Rf0.21 (hexane/EtOAc, 70:30); mp 175-176 °C. IR
(film): v = 1717, 1632, 1517, 1411, 1397, 1255, 1131, 853, 820, 785 cm™!. 'H NMR (500 MHz, CDCl5): § 2.38
(s, 3H, CH3), 2.75-2.88 (m, 2H, H-4, H-8), 3.06 (br d, J = 15.0 Hz, 1H, H-4 or H-8), 3.13 (br d, /=16.0 Hz, H-8
or H-4), 3.41-3.43 (m, 2H, H-4a, H-7a), 3.80 (s, 3H, CH30), 6.87-6.92 (m, 1H, H-4’), 6.89-6.96 (m, 2H, H-2’,
H-6"), 7.20-7.52 (m, 10H, Ar-H). *C NMR (125 MHz, CDCl5): § 19.9 (C-4 or C-8), 20.0 (C-8 or C-4). 21.1
(CH3), 38.7 (C-4a or C-7a), 38.8 (C-7a or C-4a), 55.4 (CH30), 111.7 (C-2’), 113.7 (C-4’), 115.0 (C-3a or C-
8a), 115.4 (C-8a or C-3a), 118.3 (C-6’), 126.1 (2ArH), 126.2 (2ArH), 128.8 (C-4”), 129.2 (2ArH), 130.0
(2ArH), 130.1 (Ar-H), 131.5 (Ar), 131.6 (Ar), 135.3 (Ar), 137.6 (Ar), 152.2 (C-2), 160.3 (C-3°), 177.7 (C-5 or
C-7), 177.8 (C-7 or C-5). HRMS (EI, [M*]): m/z calcd for CogH23N304: 465.1689; found: 465.1652.

1,3-Diphenyl-4,9-dihydro-1H-naphtho[2,3-d]imidazol-2(3H)-one (35a). In a round-bottom flask (50 mL)
equipped with a magnetic stirring bar, TBAF in furane (1.0 M) (0.120 g, 0.46 mmol) was added dropwise at 0 °C
under N, atmosphere to a mixture of 15a (0.080 g, 0.31 mmol) and 34 (0.091 g, 0.31 mmol) in anhydrous
CH,Cl, (2 mL), stirring it in the dark for 24 h while it rose from 0 °C to rt. The solvent was removed under
vacuum, and the residue was purified by column chromatography over silica gel (10 g/g crude, hexane/EtOAc,
85:15) to obtain 35a (0.058 g, 56%) as a white solid. Rf0.61 (hexane/EtOAc, 8§0:20); mp 211-212 °C. IR (film):
0= 1727, 1681, 1596, 1497, 1470, 1394, 1242, 1182, 1024, 857, 740, 692 cm™. 'H NMR (300 MHz, CDCl;):
8 3.76 (s, 4H, H-4, H-9), 7.18 (br s, 6H, H-6, H-7, H-2’, H-2”), 7.34-7.40 (m, 2H, H-4’, H-4"), 7.40-7.54 (m,
8H, H-5, H-8, H-3’, H-3”, H-1", H-1”). 3C NMR (75.4 MHz, CDCl3): § 26.6 (C-4, C-9), 115.2 (C-3a, C-9a),
126.4 (C-2’, C-27, C-6, C-7), 127.3 (C-4’, C-4”), 129.2 (C-3°, C-3), 129.3 (C-5, C-8), 131.8 (C-4a, C-8a),
135.1 (C-1°, C-17), 152.4 (C-2). HRMS (EI, [M*]): m/z calcd for C23H13N,O: 338.1419; found: 338.1422.

1-Phenyl-3-(p-tolyl)-4,9-dihydro-1H-naphtho[2,3-d]imidazol-2(3 H)-one (35b). Following the procedure for
35a, a mixture of 16d (0.100 g, 0.36 mmol), 34 (0.108 g, 0.36 mmol), and TBAF in furane (1.0 M) (0.141 g,
0.54 mmol) produced 35b (0.076 g, 60 %) as a white solid. Rf0.50 (hexane/EtOAc, 1:1); 189-190 °C. IR (film):
v =1726, 1680, 1603, 1518, 1501, 1473, 1398, 1246, 1175, 859, 738 cm™. 'H NMR (300 MHz, CDCl5): § 2.42
(s, 3H, CH3), 3.76 (s, 4H, H-4, H-9), 7.20 (br s, 4H, ArH), 7.26-7.44 (m, SH, ArH), 7.46-7.54 (m, 4H, ArH).
BC NMR (75.4 MHz, CDCl5): § 21.1 (CH3), 26.5 (C-4 or C-9), 26.6 (C-9 or C-4), 115.0 (C-9a or C-3a), 115.4
(C-3a or C-9a), 126.4 (4ArH), 126.5 (2ArH), 127.3 (ArH), 129.2 (2ArH), 129.3 (2ArH), 129.9 (2ArH), 131.8
(Ar), 131.9 (Ar), 132.3 (Ar), 135.1 (Ar), 137.3 (C-47), 152.5 (C-2). HRMS (EI, [M*]): m/z calcd for C24H20N2O:
352.1576; found: 352.1568.

1,3,6-Triphenylimidazo[4,5-f]isoindole-2,5,7(1H,3H,6 H)-trione (36a). A mixture of 33a (0.070 g, 0.16
mmoles) and DDQ (0.073 g, 0.32 mmol) in anhydrous CH>Cl, (15 mL) was stirred at 20 °C under N, atmosphere
for 24 h. The mixture was filtered over a mixture of Celite/silica gel (3:5 g) with CH»Cl,. The solvent was
removed under vacuum, and the residue was purified by column chromatography over silica gel (20 g/g crude,
hexane/EtOAc, 95:5) to provide 36a (0.058 g, 90%) as a white solid. Rf'0.52 (hexane/EtOAc, 1:1); mp 190-
191 °C.1IR (KBr): 0 = 1727, 1593, 1498, 1383, 1272, 1105, 756, 692 cm™'. 'H NMR (500 MHz, CDCl;): § 7.37—
7.41 (m, 1H, ArH), 7.42-7.45 (m, 2H, ArH), 7.47-7.54 (m, 4H, ArH), 7.58-7.64 (m, 8H, ArH), 7.62 (s, 2H, H-4,
H-8). 3C NMR (125 MHz, CDCl;): § 104.4 (C-4, C-8), 126.3 (C-2°, C-2”), 126.4 (C-4a, C-7a), 126.4 (C-2"),
127.9 (C-4"), 128.9 (2ArH), 129.1 (2ArH), 130.0 (C-3’, C-3”), 131.8 (C-1""), 133.2 (C-17, C-17), 134.3 (C-3a,
C-8a), 152.3 (C-2), 167.1 (C-5, C-7). HRMS (EI, [M*]): m/z calcd for Co7H7N30s: 431.1270; found: 431.1261.

1-(4-Methoxyphenyl)-3,6-diphenylimidazo([4,5-f]isoindole-2,5,7(1H,3H,6 H)-trione (36b). Following the
procedure for 36a, a mixture of 33b (0.100 g, 0.21 mmol) and DDQ (0.098 g, 0.43 mmol) yielded 36b (0.074 g,
75 %) as a yellow solid. Rf0.53 (hexane/EtOAc, 1:1); mp 135-136 °C. IR (film): 0 = 1738, 1592, 1483, 1395,
1264, 1236, 824, 780 cm™'. "H NMR (300 MHz, CDCl5): § 3.90 (s, 3H, CH;0), 7.08-7.14 (m, 2H, H-3"), 7.35—
7.54 (m, 8H, ArH), 7.56 (s, 1H, H-4 or H-8), 7.58-7.66 (m, 5H, H-4 or H-8, ArH). '3C NMR (75.4 MHz,
CDCl3): 8 55.6 (CH30), 104.2 (C-4 or C-8), 104.3 (C-8 or C-4), 115.2 (C-3°), 125.6 (Ar), 126.2 (2ArH), 126.40
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(Ar), 126.42 (ArH), 127.7 2ArH), 127.9 (2ArH), 128.9 (2ArH), 129.1 (2ArH), 130.0 (2ArH), 131.7 (Ar), 133.3
(Ar), 134.1 (Ar), 134.8 (A1), 152.5 (C-2), 159.8 (C-4), 167. 2 (C-5, C-7). HRMS (EI, [M*]): m/z calcd for
CasH19N304: 461.1376; found: 461.1381.

1-(4-Chlorophenyl)-3,6-diphenylimidazo|[4,5-f]isoindole-2,5,7(1H,3H,6 H)-trione (36¢). Following the
procedure for 36a, a mixture of 33¢ (0.071 g, 0.15 mmol) and DDQ (0.069 g, 0.30 mmol) gave 36¢ (0.071 g,
72 %) as a yellow solid. Rf0.61 (hexane/EtOAc, 1:1); p.f. 117-118 °C. IR (film): v = 1734, 1708, 1596, 1519,
1505, 1387, 1277, 1059, 874, 751 cm™. 'H NMR (300 MHz, CDCl;): & 7.39-7.47 (m, 3H, Ar-H), 7.48-7.67
(m, 13H, Ar-H). 3C NMR (75.4 MHz, CDCl5): 6 104.2 (C-4 or C-8), 104.5 (C-8 or C-4), 126.2 (2Ar-H), 126.4
(2ArH), 126.5 (Ar), 126.6 (Ar), 127.5 (2ArH), 128.0 (ArH), 129.0 (ArH), 129.1 (2ArH), 130.1 (2ArH), 130.2
(2ArH), 131.6 (Ar), 131.7 (Ar), 133.0 (Ar), 133.8 (Ar), 134.3 (C-3a or C-8a), 134.7 (C-8a or C-3a), 152.1 (C-2),
167.0 (C-5, C-7). HRMS (EL [M]): m/z calcd for C»7HsN303Cl: 465.0880; found: 465.0875.

1-(3-Methoxyphenyl)-6-phenyl-3-(p-tolyl)imidazo[4,5-f]isoindole-2,5,7(1H,3H,6 H)-trione (36d).
Following the procedure for 36a, a mixture of 33d (0.100 g, 0.21 mmol) and DDQ (0.098 g, 0.43 mmol)
furnished 36d (0.074 g, 75 %) as a yellow solid. Rf'0.50 (hexane/EtOAc, 1:1); mp 113—-114 °C. IR (film): v =
1730, 1710, 1600, 1499, 1385, 1281, 1111, 762, 688 cm™. '"H NMR (500 MHz, CDCls): § 2.47 (s, 3H, CH»),
3.87 (s, 3H, CH30), 7.05 (ddd, J = 8.4, 2.7, 0.9 Hz, 1H, H-4’), 7.11-7.18 (m, 2H, H-2’, H-6), 7.37-7.54 (m,
10H, H-5°, H-2”, H-3”, PhH), 7.57 (d, J = 0.5 Hz, 1H, H-4 or H-8), 7.64 (d, J = 0.5 Hz, 1H, H-8 or H-4). 13C
NMR (125 MHz, CDCls): 6 21.2 (CHs), 55.5 (CH30), 104.3 (C-4 or C-8), 104.4 (C-8 or C-4), 112.1 (C-6’),
114.7 (C-4"), 118.2 (C-27), 126.1 (2ArH), 126.2 (Ar), 126.3 (Ar), 126.4 (2ArH), 127.9 (ArH), 129.1 (2ArH), 130.4
(Ar), 130.5 (2ArH), 130.5 (ArH), 131.7 (Ar), 134.1 (Ar), 134.2 (Ar), 134.4 (Ar), 139.1 (Ar), 152.3 (C-2), 160.7
(C-3"), 167.2 (C-5, C-7). HRMS (EI, [M*]): m/z caled for C20H21N304: 475.1532; found: 475.1537.

1,3-Diphenyl-1H-naphtho|2,3-d]imidazol-2(3H)-one (37a). A mixture of 35a (0.086 g, 0.25 mmol) and DDQ
(0.114 g, 0.50 mmol) in anhydrous CH>Cl, (5 mL) was stirred under N, atmosphere at rt for 24 h. The mixture
was filtered over Celite and washed with CH,Cl, (15 mL). The filtered solution was concentrated under vacuum,
and the residue purified by column chromatography over silica gel (10 g/g of crude, hexane/EtOAc, 8:2) to
deliver 37a (0.084 g, 99 %) as a white solid. R0.52 (hexane/EtOAc, 8:2); mp 211-212 °C. IR (film): v = 1728,
1497, 1471, 1394, 1245, 743, 692 cm™. "H NMR (300 MHz, CDCl5): § 7.32-7.39 (m, 2H, H-6, H-7), 7.42-7.49
(m, 4H, H-4, H-9, H-4’, H-4"), 7.55-7.63 (m, 4H, H-3", H-3”), 7.64-7.70 (m, 4H, H-2’, H-2"), 7.70-7.78 (m,
2H, H-5, H-8). 3C NMR (75.4 MHz, CDCl): § 104.7 (C-4, C-9), 124.5 (C-6, C-7), 126.3 (C-2’, C-2”), 127.2
(C-5,C-8),127.9 (C-4’, C-4”), 129.6 (C-3°, C-37), 130.0 (C-3a, C-9a), 130.3 (C-4a, C-8a), 134.5 (C-17), 134.7
(C-17), 153.1 (C-2). HRMS (EI, [M*]): m/z calcd for C23H 6N2O: 336.1263; found: 336.1267.

1-Phenyl-3-(p-tolyl)-1 H-naphtho|[2,3-d]imidazol-2(3H)-one (37b). Following the procedure for 37a, a
mixture of 35b (0.080 g, 0.23 mmol) and DDQ (0.104 g, 0.46 mmol) in CH>Cl, (15 mL) resulted in 37b (0.077
g, 97 %) as a white solid. Ry0.55 (hexane/EtOAc, 1:1); mp 178-179 °C. IR (film): v = 1727, 1603, 1518, 1502,
1472, 1397, 1246, 1176, 856, 744 cm™'. "H NMR (300 MHz, CDCl3):  2.46 (s, 3H, ArCHs), 7.33-7.38 (m, 2H,
H-6, H-7), 7.38-7.42 (m, 3H, H-4 or H-9, H-3"), 7.45 (s, |H, H-9 or H-4), 7.42-7.49 (m, 1H, H-4"), 7.51-7.56 (m,
2H, H-2"), 7.56-7.63 (m, 2H, H-3"), 7.65-7.70 (m, 2H, H-2"), 7.71-7.78 (m, 2H. H-5, H-8). *C NMR (75.4 MHz,
CDCl3): 6 21.2 (ArCH3), 104.7 (C-4, C-9), 124.4 (C-6 or C-7), 124.5 (C-7 or C-6), 126.2 (C-2"), 126.3 (C-2"),
127.1 (C-5 or C-8), 127.2 (C-8 or C-5), 127.9 (C-4"), 129.6 (C-3"), 129.9 (Ar), 130.0 (Ar), 130.26 (C-3"), 130.29
(Ar), 130.6 (Ar), 131.7 (Ar), 134.5 (Ar), 138.0 (C-4"), 153.2 (C-2). HRMS (EI, [M*]): m/z calcd for C24HsN>O:
350.1419; found: 350.1418.

Results and discussion

Regioselective functionalization of exo-oxazolidin-2-one dienes 1 and 2

The previously reported method [7,10] was applied for the preparation of dienes 1a—c, which were
submitted to the Bronsted acid-catalyzed addition of a series of nucleophiles (Table 1). Thus, the addition of
MeOH/HCI at room temperature (rt) for 1 h provided the series of 4-oxazolin-2-ones 22a—c in good yields
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(entries 1-3), while the addition of acetic acid furnished the series 23a—c in moderate to good yields (entries 4—
6). Regarding the addition of 4-chlorothiophenol (21¢) to afford the series of 4-oxazolin-2-ones 24a—c, the
optimal catalyst (phosphoric acid) rendered satisfactory yields (entries 7-9).

Table 1. Acid-catalyzed addition of nucleophiles 21a—c to dienes 1a—c to prepare the series of 4-oxazolin-2-
ones 22a—c, 23a—c, and 24a—c.?

o (e}
Ar\f\JJ\Zd H Ar~ N/lko
43 g 5 + R-XH E— —
6 7 )_«—XR
1a, Ar=Ph 21a, X =0, R =Me 22a-c, RX =0OMe
1b, Ar = CgHy-4-Me  21b, X=0,R=Ac 23a-c, RX = 0OAc
1c, Ar = CgH4-4-OMe 21¢, X =S, R = CgH,4-4-Cl 24a-c, RX = SC4H4-4-Cl
Entry 1 21 H* Ar 22-24 Yield (%)°
1 1a 21a HC1 Ph 22a 92
2 1b 21a HC1 CsHs-4-Me 22b 83
3 1c 21a HCl CsH4-4-OMe 22¢ 84
4 la 21b AcOH Ph 23a 95
5 1b 21b AcOH CsHy-4-Me 23b 81
6 1c 21b AcOH CsH4-4-OMe 23c 59
7 1a 21c¢ H;PO4 Ph 24a 60
8 1b 21c H;PO,4 CeHs-4-Me 24b 75
9 1c 21c¢ H3PO4 C6H4—4—OMC 24c¢ 74

3 Standard conditions: 1a—c (1.0 mol equiv), 21a—c (2.0-75.0 mol equiv), and H* (1.0-11.0 mol
equiv), at rt, 1-24 h. For 21b and 21¢, the reaction was performed in CH2Cl. ® Isolated yields.

Interestingly, the dienic moiety underwent a regioselective addition of the nucleophiles to the terminal
C-7 carbon atom of the double bond, possibly because of the capture of the proton, liberated by the catalyst, from
the terminal C-6 carbon atom of the double bond to give species I (Scheme 4). The latter C-4/C-6 vinyl bond is
more likely to be activated by the heterocyclic nitrogen electron lone pair than is the C-5/C-7 double bond by the
oxygen lone pair, which is more electronegative. This difference in reactivity was supported experimentally and
by theoretical calculations in relation to the regioselective Diels-Alder additions of dienes la—c with
unsymmetrical dienophiles [7a], and to the electrophilic addition to the double bond of 4-oxazolin-2-ones 9 [28].

Due to the formation of the conjugated vinylogous iminium ion in I, the nucleophiles (21a—c) attack
the terminal C-7 carbon atom of the C-5/C-7 vinylic moiety, which is softer [29] and less hindered than the C-
4 iminium carbon atom, leading to the observed products 22-24.

o o}

o
.. +
Ar< N%J\O H* Ar\NJJ\O R-XH Ar\NJ\O
— \ —_— __
M ﬂ 21a-d
R H R B XR'

6 7 6 7

R
1a-¢c,R=H | 22-24 R=H
2a-c, R =Me ] 26-28, R = Me

Scheme 4. Mechanism of reaction of dienes 1a—c¢ with nucleophiles 21a—d to furnish 4-oxazolin-2-ones 22-28.
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Given that thiophenol 21¢ was an efficient nucleophile in the addition to dienes 1a—c, the reaction of
phenol (21d) with the same dienic substrates was explored, using phosphoric acid as the catalyst and CH>Cl,
as the solvent (Scheme 5). In contrast to the series of 22-24, where the oxygen and sulfur atoms were the
nucleophilic center, the addition of 21d took place at the para position of the aryl ring to provide the series of
4-oxazolin-2-ones 25a—c. This is probably because of the effect of the greater softness of the aryl ring than the
oxygen atom of 21d when reacting with the soft conjugated iminium species 1.

X X
Ar\N o H,PO, Ar\N o
T T Towe, T =
2v12
i, 24 h OH

1a, Ar = Ph 21d 25a, Ar = Ph (64%)
1b, Ar = CgHy-4-Me 25b, Ar = CgH,-4-Me (69%)
1¢, Ar = CgH-4-OMe 25¢, Ar = CgH,4-4-OMe (85%)

Scheme 5. Preparation of 4-oxazolin-2-ones 25a—c by addition of 21d to 1a—c.

Dienes 2a—c were also synthesized by the reported procedure [7,10], and their reaction with
nucleophiles 21a and 21c—d was catalyzed by a Brensted acid (Table 2). With these dienes, the addition of
MeOH/HCI was carried out at —10 °C for 24 h to avoid a larger amount of polymerization, resulting in the series
of 4-oxazolin-2-ones 26a—c in modest yields (entries 1-3). With diene 2¢, the mixture of adducts 26¢/26¢’
(83:17) found by 'H NMR was separated and characterized. With dienes 2a and 2b, the '"H NMR analysis of
the crude reaction mixtures detected trace signals attributed to the corresponding regioisomers 26a’ and 26b’.
However, the isolation of these compounds was not viable.

Table 2. Acid-catalyzed addition of nucleophiles 21a, 21¢, and 21d to dienes 2a—c for the preparation of the
series 4-oxazolin-2-ones 26a—c, 27a—c, and 28a—c.?

0 o o
Af\aNJJ\Zd H Ar~ NJJ\o Ar\NJJ\O
M + RXH ——— = + ) ﬂ
§§’, i Z:H4—4—Me 212 o g,' Ro gj—l4-4-CI §3§i§ Ve g('\tnj-l4—4—CI 2
2¢, Ar = CgH;-4-OMe 21d, X =0, R = Ph 28a—c, Y = CgH,-4-OH
Entry 2 21 H* Ar 26-28 Yield (%)

1 2a 21a HC1 Ph 26a 67
2 2b 21a HC1 CsHs-4-Me 26b 69
3 2¢ 21a HC1 CsHs-4-OMe 26¢/26¢’ (83:17) 73/15
4 2a 21c H;PO,4 Ph 27a 60
5 2b 21c H3PO4 CsHs-4-Me 27b 64
6 2¢ 21c¢ H3PO4 CsHs-4-OMe 27¢ 62
7 2a 21d H3PO4 Ph 28a 60
8 2b 21d H3PO4 CsHs-4-Me 28b 67
9 2¢ 21d H3PO4 CsHs-4-OMe 28¢ 64

3 Standard conditions: 2a—¢ (1.0 mol equiv), 21a, 21¢, or 21d (1.6-240.0 mol equiv), and H" (1.2-2.5 mol
equiv), at -10-25 °C, 1-24 h. For 21¢ and 21d, the reactions were carried out in CH2Cla. ® Isolated yields.
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The presence of 26¢’ could be explained by the plausible addition of the hard nucleophile (MeOH) to
the hard C-4 iminium carbon atom of species II (Scheme 4). Another factor is the greater stability of the
intermediate species II in relation to species I, caused by the supplementary methyl group [30].

Of course, the addition of soft nucleophiles 21¢ and 21d did not result in the C-4 addition regioisomers,
but rather exclusively to the expected series of 4-oxazolin-2-ones 27a—c and 28a—c, respectively, in modest
yields (entries 4-9). On the other hand, the addition of acetic acid (21b) promoted the formation of complex
mixtures of products.

Conversion of 4-oxazolin-2-ones 23a—c into 4,5-dihydrobenzo|[d]oxazol-2(3H)-ones 31

The satisfactory preparation of 4-oxazolin-2-ones 23a—c allowed for an exploration of a further
transformation in route to the construction of a fused six-membered ring, as with 4,5-dihydrobenzo[d]oxazol-
2(3H)-ones 31a—c (Scheme 6). The synthetic route comprised the consecutive saponification and oxidation of
4-oxazolin-2-ones 23a—c to provide alcohols 29a—c and aldehydes 30a—c, respectively. The first step consisted
of the common and efficient hydrolysis with NaOH in a mixture of MeOH/H-O (8:2) to give the desired alcohols
29a—c in high yields. Analogous alcohols prepared with reported procedures have shown great value as synthons
in the construction of molecules with potential synthetic and pharmacological activity [31].

0] o} (¢]

Ar\NJJ\ Ar— NJ\ J\

o NaOH o} IBX Ar~N"No

— —_— — —_— —
MeOH/H,O H DMSO )—&
H 2 OH =0

OAc 250°C, 0.5h 25°C, 24 h
23a, Ar = Ph 29a, Ar = Ph (90%) 30a, Ar = Ph (64%)
23b, Ar = CgH,-4-Me 29b, Ar = CgHy-4-Me (91%) 30b, Ar = CgHy-4-Me (75%)
23c, Ar = CgHy-4-OMe 29¢, Ar = CgH,-4-OMe (87%) 30c, Ar = CgH,-4-OMe (69%)
THF
KOt-Bu l -78°C, 0.5 h
o) o)
0 o} / \< o}
o Z0(-
O=< - O:< | ©) 470 O=< |
N N THF N )
A’ Al -78°C,1h A’

31a, Ar = Ph (traces) 1\ L]
31b, Ar = CgH4-4-Me (21%)
31c, Ar = CgH,-4-OMe (22%)

Scheme 6. Preparation of 5-formyl-4-oxazolin-2-ones 30a—c and their conversion into compounds 31b—c.

Although diverse reagents were employed, including PCC, PDC, MnO,, and IBX [32], it was very
difficult to establish the optimal oxidation conditions for the conversion of alcohols 29a—c into aldehydes 30a—
¢. The reaction of IBX in DMSO at rt for 24 h turned out to be the best procedure, furnishing the desired
products in good yields (Scheme 6). On the other hand, the starting material was recovered with the use of PCC,
and the decomposition of the substrate was observed with PDC or MnOs.

The Staunton—Weinreb annulation is a valuable strategy for the synthesis of a six-membered ring based
on the condensation of an ortho-toluate (as the nucleophile) with a conjugated carbonyl compound (as the
electrophile), involving a Michael addition followed by a Dieckmann condensation and, if possible, a
subsequent aromatization [33]. Hence, the exocyclic crotonaldehyde—like moiety of the 4-oxazolin-2-one
scaffold (30a—c) was examined as a potential synthon in the construction of 4,5-dihydrobenzo[d]oxazol-2(3H)-
ones 31a—c through a Staunton—Weinreb—like reaction (Scheme 6).

The classical procedure of the Staunton—Weinreb cascade annulation involves a strong base, such as
LDA or LiHMDS. With either of these two bases, the reaction of 30b—c with MVK as the electrophile led a
complex mixture of products. With the base KOz-Bu, the reaction provided the desired products 31b—c, but in
low yields. It is likely that the presence of the heteroatoms in the 4-oxazolin-2-one ring decreased the acidity
of the C-4 methyl protons and consequently diminished the stability of the conjugated anion species III. The
conjugated addition of the latter species to MVK afforded species IV, which underwent the Dieckmann
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condensation to generate the isolated adducts 31b—c. When the process was carried out with 30a, the starting
material was recovered and only a trace amount of the expected adduct 31a was obtained.

Owing to the interest in insuring a readily supply of aldehydes 30a—c, a shorter synthetic route was
designed. Thus, the straightforward construction of the 4-oxazolin-2-ones 32a—c was achieved in accordance
with the previously reported methodology [15], involving a solvent-free addition/cyclization/dehydration
cascade reaction between ketol 8a and isocyanates S5a—c under MW irradiation (Scheme 7). With slight
modifications in the reaction conditions, such as a reduction in the MW potency (from 200 to 150 W) and an
increase in the temperature (from 120 to 150 °C) and reaction time (from 1.5 to 5.0 h), the yields of 5-formyl-
4-oxazolin-2-ones 32a—c¢ were improved. The application of the usual Vilsmeier—Haack reaction conditions to
32a—c gave the desired products 30a—c in modest yields.

X X
O, OH  AINCO Ar~N"o POCI, Ar~N" o
s _ - " _
>—/ MW (150 W) )= DMF )_<=
150°C, 5 h 25°C, 24 h o
8a 85-91% 32ac 30a, Ar = Ph (51%)

30b, Ar = CgHy-4-Me (48%)
30c, Ar = CgHy-4-OMe (56%)

Scheme 7. Preparation of 4-oxazolin-2-ones 32a—c and their conversion into aldehydes 30a—c.

Synthesis of tricyclic benzimidazol-2-ones via Diels—Alder cycloadditions of exo-imidazolidin-
2-one dienes 15a and 16a—f

The symmetrical diene 15a and unsymmetrical dienes 16a—d (R = H) were elaborated based on
previously described methods [21,22]. The reaction of a-iminoketones 1la-c¢ with the corresponding
isocyanates 5a-d furnished the desired dienes 15a and 16a—d in good yields. The new diene 16¢ was obtained
starting from o-iminoketone 11c¢ with isocyanate Sb (Scheme 8).

JOL
o O /©/NCO Li,CO5, EtsN Q\N N@/
+ _— = 2 g

\ MeO
PhMe
25°C, 24 h

11c, Ar = CgHy-3-OMe 5b 16c (76%)
Scheme 8. Synthesis of diene 16c¢.

Preliminary results shown that diene 15a undergoes Diels—Alder cycloaddition with N-
phenylmaleimide (19) under mild conditions (CH2Cl, 0 °C, 1 h) to furnish adduct 33a in high yield [21]. In
order to gain more insight into the reactivity of unsymmetrical dienes, analogues 16a—c were submitted to
cycloaddition with 19 under the same reaction conditions, leading to adducts 33b—d in high yields (Table 3,
entries 2—4). As can be appreciated, the cycloaddition takes place regardless of the substituents located at the
aryl ring of the dienes. Hence, reactivity is not dependent on the perturbation of the electron density of N,N -
aryl rings on the conjugated dienic moiety, a phenomenon that can be attributed to the almost orthogonal
orientation of the aryl ring with respect to the heterocycle. This conformational preference of the substituted
aryl rings, shown by quantic calculations and X-ray crystallography [22], impedes their conjugation with the
nitrogen lone pairs of the imidazolidin-2-one ring. Thus, the aryl rings do not have any significant electronic
effect, which agrees with previous results [21,22].

724



Article J. Mex. Chem. Soc. 2025, 69(4)
Regular Issue

©2025, Sociedad Quimica de México

ISSN-¢ 2594-0317

Table 3. Diels—Alder cycloaddition of dienes 15a and 16a—d to dienophiles 19 and 20 to afford adducts 33a—d

and 35a-b.?
oTf
| 0

T™MS ,
Ar< N JJ\N, Ar

Ar'\ (e}
N N
20 34 19
KT it = e ol T e
N TBAF, CH,Cl, CH,CI, N
/
r (6]

A 0°C-tt, 24 h 0°C,1h 4
35a-b 15a, 16a-d 33a-d
Entry | Diene | Dienophile Ar Ar 330r35 | Yield (%)°
1 15a 19 Ph Ph 33a 90
2 16a 19 Ph CsHs-4-OMe 33b 95
3 16b 19 Ph CeHs-4-Cl 33¢ 92
4 16¢ 19 CsHs-3-OMe CsHs-4-Me 33d 74
5 15a 20 Ph Ph 35a 56
6 16d 20 CsHs-4-Me Ph 35b 60

2 Standard conditions: Method A: 15a and 16a—c (1.0 mol equiv) with 19 (1.1 mol equiv), in CH2Clz, 0 °C,
1 h. Method B: 15a and 16d (1.0 mol equiv) with 34 (1.0 mol equiv) and TBAF (1.5 mol equiv) in CH2Cl2
0 °C-rt, 24 h. ® Isolated yields.

Benzyne (20), an in situ-formed highly reactive molecule [34], is one of the most important
dienophiles in Diels—Alder cycloadditions, generating linear and non-linear homologation of aromatic
multicyclic six-membered rings [4,35], and be involved in natural product synthesis [36]. 2-
(Trimethylsilyl)phenyl triflate (34) reacts under mild conditions with TBAF to generate 20 (Table 3) [35,36].

Dienes 15a and 16d were evaluated in Diels—Alder cycloadditions with benzyne (20) (Table 3,
entries 5—6). The latter was generated in situ by reacting 34 with TBAF in the presence of the corresponding
diene at 0 °C. The mixture was stirred until reaching rt (for about 24 h), to obtain adducts 35a—b in moderate
yields. Despite the high reactivity of 20, the conversion rate is not always complete, due to the well-known
behavior of 20. Once formed, this molecule undergoes dimerization, thus decreasing its concentration in the
reaction medium [34].

In the Diels—Alder additions with dienophiles 19 and 20, derivatives 15a and 16a—d proved to be
potent dienes capable of providing a series of tricyclic tetrahydrobenzo[d]imidazol-2-ones 33a—d and 35a—
b, which in turn can serve as precursors of aromatic analogues with potential synthetic and pharmacological
value [23-27].

With the aim of exploring a preliminary synthetic application of adducts 33a—d and 35a-b, they
were aromatized with 2,3-dichloro-5,6-dicyano-p-benzoquinone (DDQ) under mild conditions, converting
them into aromatic tricyclic benzo[d]imidazol-2-ones 36a—d (Scheme 9, Eq. 1) and naphtho[2,3-d]imidazol-
2-ones 37a-b (Eq. 2), respectively, in high to excellent yields. The yields for the second series of aromatic
products were higher, because of the greater stability gained by the formation of a naphthalene ring.
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Ar, 0
N
DDQ
o= N-Ph ——» 0= (Eq. 1)
NJO:‘(( CH,Cl :©:f<
o]
Al 5 20°C, 24 h

33a-d 36a, Ar = Ar' = Ph (90%)
36b, Ar = Ph, Ar' = CgH,-4-OMe (75%)
36¢, Ar = Ph, Ar' = CgHy-4-Cl (72%)
36d, Ar = CgH,-3-OMe, Ar' = CgH,-4-Me (75%)

o= :“ CH20|2 o= :“ (Ea-2)

35a-b 37a, Ar = Ar' = Ph (99%)

37b, Ar = CgH4-4-Me, Ar' = Ph (97%)
Scheme 9. Synthesis of tricyclic benzo[d]imidazol-2-ones 36a—d (Eq. 1) and naphtho[2,3-d]imidazol-2-ones
37a-b (Eq. 2).

All the structures of the intermediates and products of these synthetic pathways were characterized by
IR, 'H and '3C NMR spectroscopy, assisted by 2D (HMQC, HSQC, and HMBC) experiments and high-
resolution mass spectrometry (HRMS).

Conclusions

Dienes 1-2 proved to be versatile compounds not only as reactive and regioselective dienes in Diels—
Alder additions, as previously demonstrated, but also as substrates for the regioselective synthesis of
functionalized 4-oxazolin-2-ones 22-28. The latter compounds were uncommon substrates in a Staunton—
Weinreb-like annulation, converting aldehydes 30b—c into 4,5-dihydrobenzo[d]oxazol-2(3H)-ones 31b—c,
although in low yields. A shorter synthetic approach for an alternative preparation of aldehydes 30a—c was
carried out through a two-step route starting from ketol 8a.

Symmetrical exo-2-imidazolidinone diene 15a and unsymmetrical dienes 16a-d were reactive
substrates in the Diels—Alder cycloadditions with dienophiles N-phenylmaleimide (19) and benzyne (20). The
corresponding adducts were efficiently aromatized to furnish a series of benzo- and naphtho[d]imidazol-2-ones,
which potentially have pharmacological activity.
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Abstract. The paper investigates the catalytic reduction of nitroaromatic compounds (4-nitroaniline (4-NA) and
2-nitroaniline (2-NA)) by Co0304/CuO nanocomposite. Also, the degradative property of nanocomposite was
assessed using both anionic (methyl orange (MO)) and cationic (safranin O (SO)) dyes pollutants and simulated
by the linear isotherm models and kinetic equations. Nano metal oxides CuO and Co304, as well as its
nanocomposite, were synthesized using a precipitation-calcination method. The crystalline pattern, morphological
structure, functionality, surface chemistry, and elemental content were evaluated. The catalytic efficiency in the
reduction of nitroanilines and dyes was evaluated by sodium borohydride (NaBH4). 100 % conversion of
nitroanilines to their corresponding amines could be achieved in just 2 minutes for 4-nitroaniline and 10 minutes
for 2-nitroaniline. The Co304/CuO nanocomposite shows 100 % and 76.6 % TOC for degradation of MO and SO.
Additionally, the nanocomposite demonstrated stable performance over five consecutive reduction cycles for both
dyes and NAs. Overall, the synthesized Co304/CuQ nanocatalyst proves to be a cost-effective and high-performing
candidate for remediation of pollutants in wastewater. Its easy recovery nature and efficient catalytic performance
make it an excellent choice for environmental cleanup efforts.

Keywords: 4-Nitroaniline; Co3;04/CuQ; safranin O; methyl orange; catalytic reduction.

Resumen. El articulo investiga la reduccion catalitica de compuestos nitroaromaticos (4-nitroanilina (4-NA) y
2-nitroanilina (2-NA)) mediante un nanocompuesto de Cos0s/CuQO. Ademas, se evaluo la propiedad degradativa
del nanocompuesto utilizando colorantes contaminantes anidnicos (naranja de metilo (MO)) y cationicos
(safranina O (S0Os)) y se simuldé mediante modelos de isotermas lineales y ecuaciones cinéticas. Los nanodxidos
metalicos CuO y Cos0s, asi como su nanocompdsito, se sintetizaron mediante un método de precipitacion-
calcinacion. Se evaluaron el patron cristalino, la estructura morfoldgica, la funcionalidad, la quimica superficial
y el contenido elemental. La eficiencia catalitica en la reduccion de nitroanilinas y colorantes se evalué mediante
borohidruro de sodio (NaBH3). La conversion del 100 % de nitroanilinas a sus aminas correspondientes se logro
en tan solo 2 minutos para la 4-nitroanilina y 10 minutos para la 2-nitroanilina. El nanocompuesto de
C0303/CuO muestra un 100 % y un 76,6 % de COT para la degradacion de MO y SO. Ademas, el
nanocompuesto demostré un rendimiento estable durante cinco ciclos de reduccion consecutivos tanto para
colorantes como para NA. En general, el nanocatalizador de CosOs/CuO sintetizado demuestra ser un candidato
rentable y de alto rendimiento para la remediacion de contaminantes en aguas residuales. Su facil recuperacion
y su eficiente rendimiento catalitico lo convierten en una excelente opcion para las iniciativas de limpieza
ambiental.

Palabras clave: 4-Nitroanilina; Cos0s/CuQ; safranina O; naranja de metilo; reduccion catalitica.
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Introduction

N Nitroanilines (NAs) are commonly utilized in the fabrication of fuel additives, insecticides,
pharmaceuticals, dyestuffs and plastics [1-4]. Among them, 4-nitroaniline (4-NA) is an especially hazardous
chemical that poses serious environmental risks, including mutagenic and teratogenic effects [5,6]. This
dangerous compound is often found in wastewater from industries involved in pesticide manufacturing, dyeing,
petrochemicals, oil refining, and chemical paints [7-9]. Due to its high solubility, 4-NA can easily infiltrate
water and soil, leading to environmental contamination [9]. In some regions, sewage sludge is commonly
recycled and used as fertilizer in agricultural fields [10]. However, the presence of toxic compounds such as
chloroaniline and nitroaniline in sewage sludge can be detrimental to the environment [11]. The Environmental
Protection Agency (EPA) has categorized 4-NA as a priority pollutant, with levels recorded in the environment
reaching up to 100 mg L' [8]. The presence of 4-nitroaniline (4-NA) in water is a serious concern for both
developed and developing countries due to its harmful effects on human and aquatic life [8]. As a high-priority
water contaminant, there are strict regulations on the manufacturing, use, and disposal of 4-NA [12]. It is
imperative to find sustainable and environmentally friendly methods for removing 4-NA pollution. Numerous
methods have been employed to detect and remove 4-NA using various materials. The use of nanomaterials in
developing new catalyst platforms has emerged as a promising alternative to traditional methods. Recent
research has highlighted the unique characteristics and applications of nanomaterials in addressing 4-NA
contamination in water [13]. Bimetallic oxides have garnered considerable attention due to their unique
properties that differ from those of monometallic components [14,15]. It is widely recognized that incorporating
a second metallic component can improve the selectivity, activity and stability of pure metal catalysts [16,17].
The urgent need to remove 4-nitroaniline (4-NA) from the environment is undeniable, prompting the
exploration of various technologies to address this challenge. Despite the use of technologies such as thermal
degradation, electrocoagulation, adsorption, ozonation, photodegradation, electrochemical degradation, electro-
Fenton method, and biodegradation [18-24], these methods often face drawbacks such as generation of
secondary pollutants, prolonged treatment times, low efficiency, adverse environmental impacts and high costs
[25-28]. This has led to the search for alternative methods [29], among which catalytic reduction via NaBH4
has emerged as a promising and environmentally friendly approach to converting nitroaniline to aminoaniline
[30-31]. The reduction reaction is of significant interest due to the production of 4-aminoaniline, an intermediate
with various industrial applications in engineering polymer, hair dyes, rubber antioxidant and hena. Catalytic
reduction reactions rely heavily on the choice of catalyst, emphasizing the importance of developing efficient
catalysts with robust adsorption capacity for NaBHj, stability, affordability, and excellent electron transfer
capabilities. This not only benefits industrial and economic aspects but also plays a crucial role in achieving
environmental goals.

The presence of toxic dyes, which pose serious risks to both aquatic ecosystems and human health, is
a significant environmental concern that leads to the depletion of aquatic life [32]. Some of the detrimental
effects include respiratory issues, skin cancer, pneumonia, genetic disorders, and cardiovascular diseases. [33].
To address the challenges posed by toxic dyes in water, various technologies and processes have been developed
to effectively remove these contaminants from wastewater. These methods encompass physical, chemical, and
biological approaches [34]. Catalytic reactions are particularly important in this context, as they can function
under mild conditions, thereby lowering the costs and energy requirements of the treatment process while
maintaining high selectivity [35].

This study focused on the synthesis and application of Co3;04/CuO nanocomposite for the reduction of
dye pollutants and nitroanilines with NaBHy as a reductant. The results clearly show the effectiveness of the
nanocomposite in reducing all mentioned contaminants. A key benefit of this nanocatalyst is its easy
recyclability and reusability, making it cost-effective for practical use. Additionally, the nanocomposite is easy
to synthesize, highly stable, exhibits strong catalytic activity, aligns with green chemistry principles, and can
operate under mild reaction conditions. It is worth mentioning that all experiments were conducted using water
as a solvent, known for being the most environmentally friendly option due to its low impact, safety,
affordability, and eco-friendliness.
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Experimental

Preparation of Co3;04/CuQO nanocatalyst

To synthesize the Co304/CuO nanocomposite, a well-defined procedure was followed. Initially, an
aqueous solution containing cobalt (III) nitrate hexahydrate and copper (II) nitrate trihydrate in a 3:4 molar ratio
in 20 mL of distilled water was prepared. The reaction mixture was stirred until a clear solution was obtained.
Subsequently, the pH of reaction mixture was carefully adjusted to 9 using ammonium solution (3M). The
obtained solid product was sonicated for 1 hour. The resulting product was filtered, washed with deionized
water and ethanol several times, and dried at 80 °C for 24 hours. The Co304/CuO nanocomposite was obtained
by calcined precursor at 700 °C in air for 5 hours. Similar experiments have been done for preparation of CuO
and Co304 nanoparticles.

Characterization of catalyst

The Fourier transform infrared (FT-IR) spectra were taken by means of a Perkin-Elmer Spectrum RXI FT-
IR spectrophotometer in the range of 4000-400 cm™'. Powder X-ray diffraction (XRD) analyses were performed with
a Ni-filtered Cu Ko radiation X-ray diffractometer (PANalytical/X'Pert Pro MPD) with a wavelength (A) of 1.5406
A. UV-vis spectra were obtained through a Perkin-Elmer Lambda 25 UV-vis spectrophotometer, covering the
wavelength range of 200-600 nm. An in-depth investigation into the size and morphology of the Co304/CuO
nanocomposite was conducted using a MIRA3 TESCAN field emission scanning electron microscope (FESEM)
equipped with an energy dispersive X-ray (EDX) analyzer. The surface area of the nanocomposite was determined
using the Brunauer Emmett Teller (BET) model. This involved N, gas adsorption—desorption isotherm measurements
conducted on a BELSORP Mini II instrument. Furthermore, the Barrett-Joyner-Halenda (BJH) method was utilized
to study the pore size and volume pore distribution of the nanocomposite.

Catalytic activities test for the reduction of nitroanilines and dyes

The catalytic activity of the CuO, Co304 and Co304/CuO nanocomposite in the reduction of nitroanilines
and dyes (MO and SO) with an excess of NaBH4 was methodically evaluated in a quartz cell at indoor temperature.
The catalytic reduction of 2-nitroaniline (2-NA) by NaBHj4 served as the model reaction, and the reaction progress
was monitored via UV-vis spectroscopy. For the catalytic assessment, a quartz cell containing 2 mL of 2-NA (0.2
mM) was utilized. To this, 0.5 mL of NaBH4 (20 mM) was added, followed by the introduction of a proper amount
of the catalyst. Subsequently, at 2-minute intervals, the conversion of 2-NA was scrutinized within the scanning
range of 200-500 nm. Upon completion of the reaction, the catalyst was separated from the solution, subjected to
multiple washes with deionized water (DI-H,O), and then dried for subsequent cycles. The dosage of catalyst for
the reduction reaction was investigated from 1 to 5 mg of catalyst, and the best amount of catalyst was 3 mg and
the other experiment was done with 3 mg of catalyst. The degradation of methyl orange and safranin O (0.2 mM)
was assessed in a quartz cell consisting of 2 mL of dye and 0.5 mL fresh NaBH4 (20 mM). The progress of dyes
reduction by C0304/CuO nanocomposite in the present and absence of NaBH,4 and desired amount of catalyst was
monitored via UV-vis in the range of 200-700 nm.

Equations (1) and (2) were employed to calculate the rate constant and conversion efficiency. Also,
the total conversion of dyes (TOC) was calculated by equations (2). Cy and C; represent the initial and time-
dependent concentrations of nitroanilines or dyes, as determined by the absorption spectrum.

— _In&t
Kt ll’lc0 (1)
Co — Gt
R(%) = C— x 100 (2)
0

It's important to highlight that the pH of the solution created by mixing the dyes with NaBH4 was
initially measured at about 6.5 before the nanocomposite was added. A pH level below 7.0 is generally more
conducive to the degradation process and has been shown to enhance catalytic activity. Therefore, no
modifications to the pH were necessary, eliminating the need for any adjustments during the experiment.
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Optimization of the synthesis conditions

In this study the impact of various factors such as amount of catalyst, concentration of dyes and
nitroanilines were investigated for catalytic reduction reaction. Also, we evaluated the effect of molar ratio,
temperature, pH and aging time on the production of Co304/CuO nanocomposite to determine the most positive
synthesis conditions. Moreover, the concentration of NaBH4 in the catalytic experiments underwent assessment.
The results show that the best condition for preparation a pure nanocomposite obtain at pH=9 and calcinations
at 700 °C. Consequently, it was observed that lower temperatures are insufficient for the production of
C0304/CuO nanocomposite, leading in a multi-phase structure.

Results and discussion

Characterization of pure samples and Co3;04/CuO nanocomposite

The FT-IR spectrum of the pure samples and Co304/CuO nanocomposite was recorded at the 400-4000
cm’' range to distinguish the functional groups and chemical bonds present in the samples (Fig. 1). The
absorption bands at 536 cm™! and 584 cm™! are related to the Cu—O stretching vibrations of CuO nanoparticles
in the monoclinic system. The bands appear at 700-500 cm! are assigned to metal oxides in nanocomposite.
The stretching band for T4 system in Co3O4 are discernible at 725 cm™ and 532 c¢cm’!, respectively [36]. A
strong band at 1630 cm! corresponds to the OH vibration of water molecules that physically adsorbed on the
surface of nanocomposite [37].The stretching vibrations in the range of 30003500 cm™! are associated with the
—OH groups of water molecules [37]. These FT-IR spectral features provide important insights into the chemical
composition and functional groups present in the synthesized samples.

T%

v
i Co;0,/CuO

4000 3400 2800 2200 1600 1000 400

em!
Fig.1. FT-IR spectra of Co304, CuO and Co0304/CuO nanocomposite.

The XRD diffraction patterns of Co0304/CuO nanocomposite, CuO and Co3Os nanoparticles are
illustrated in Fig. 2. Strong diffraction peaks located at 260 =19.07 °, 31.33 °, 36.91 °, 44.88 °, 59.41 ° and
65.29 °, corresponding to (220), (311), (511), and (440) correspond to the (111), (220), (311), (400), (511) and
(440) crystal planes of Co3O4 phases in accordance with the JCPDS card number 71-0816 [33]. Additionally,
the peaks at 20 =32.65 °, 35.68 °, 38.85 °,48.91 °,53.59 °,61.67 °, 66.37 ° and 68.18 ° corresponding to various
crystallographic planes, including (110), (002), (111), (202), (020), (113), (311), and (220), which are indicative
of copper oxide, in accordance with the JCPDS card number 45-1548. The peaks of CuO were determined to
be pure copper oxide, and the diffraction peaks of the samples were sharp, which indicates that the CuO is
monoclinic. As depicted in Fig. 2, the Co304/CuO nanocomposite exhibits the coexistence of CuO and Co0304
phases without any impurity phase.
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Fig. 2. XRD pattern of CuO, Co304 and Co304/ CuO nanocomposite.
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The results of SEM analysis are shown in Fig. 3, revealing the shape, size and surface morphology, of
the prepared structures. The SEM images in Fig. 3 demonstrate that the nanocomposite comprises nanohexagonal
persmatic. The particle sizes are uniform with average diameter of about 57-59 nm. The particle sizes for CuO and
Co304 are about 38-40 nm and 55-57 nm respectively. To further investigate the elemental distribution and
composition of the Co304/CuO nanocomposite, EDX mapping measurements were conducted (Fig. 4). The EDX
analysis shows the existence of Cu, Co, and O elements with atomic percentages of 18.76, 29.56, and 51.68
respectively. Indeed, these obtained atomic percentages are in well agreement with the prepared Co3;04/CuO
nanocomposite. It can been seen from the maps in Fig.4 all elements are uniformly distributed over the samples,
validating the homogeneity of the nanocomposites. Fig. 5 presents the N, adsorption-desorption isotherm curves
for the synthesized Co304/CuO nanocomposite, which exhibits a type IV isotherm along with an Hs hysteresis
loop in the relative pressure range of P/Py = 0.4-1. This behavior indicates the presence of a porous structure. The
effective BET specific surface areas of the synthesized nanoparticles were measured to be 4.59 m?/g for the
Co0304/CuO nanocomposite, 4.19 m?/g for Co304, and 4.10 m?/g for CuO. Notably, the adsorption capacity of the
Co0304/CuO nanocomposite significantly increased at a relative pressure of P/Py<0.4. This enhancement can be
attributed to the nanocomposite's specific surface area, which promotes monolayer adsorption of N, onto the walls
of its mesoporous structure. Additionally, using the BJH method applied to the adsorption branch of the N,
isotherm, the average pore diameter was calculated to be 2 nm, with a total pore volume of 0.014 cm?/g for the
C0304/CuO nanocomposite.

<
'a??’

SEM HV: 15.0 kV WD: 13.77 mm MIRA3 TESCAN SEM HV: 15.0 kV WD: 13.68 mm
View field: 1.43 pm Det: SE 200 nm View field: 2.77 ym Det: SE 500 nm

Fig. 3. SEM images of C0304/CuO nanocomposite.
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Fig.4. EDX diagrams and the corresponding elemental mapping images of C0304/CuO nanocomposite.
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Fig.5. N, desorption-desorption isotherm of Co3;04/CuO nanocomposite.
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Catalytic reduction of nitroanilines

The as prepared Co30s4, CuO and Co3;04/CuO samples used as catalyst for the reduction of
nitroanilines, in the presence of NaBH4 as a reducing agent. Initially, we used 2-nitroaniline to optimum the
reaction condition and the progress of reduction reaction was monitored by UV—vis spectroscopy. Normally, 2-
nitroaniline solution shows a broad peak around 412 nm [31]. Upon adding NaBHj4 to the reaction mixture, the
intensity of this peak remains unchanged after 30 minutes validating that the reduction reaction has not occurred
without a catalyst due to a high kinetic barrier between the donor and acceptor molecules (BHs™ and 2-NA,
respectively). As a result, the addition of a catalyst to the reaction mixture is essential to conquer this kinetic
barrier, providing the monitoring of the reduction reaction by UV—vis spectroscopy. To explore this, parallel
experiments were carried out by the 2-NA-NaBHjy-catalyst solution. With adding catalyst into the reaction
mixture, the intensity peak at 412 nm starts to reduce. The reduction reaction of 2-NA was completed within
18 minutes and 30 minutes in the presence of CuO and Co30s, respectively (Fig. 6(a) and (b)). However the
reduction reaction was completed after 10 minutes with Co304/CuO nanocomposite (Fig. 6(c)). Outstandingly,
with the reduction reaction completion a clear, colorless solution was obtained. Based on the obtained results
the Co0304/CuO nanocomposite illustrates excellent activity toward 2-nitroaniline reduction into its
corresponding 2-aminaniline (2-AA). For finding the best amount of catalyst some experiments were performed
with 1mg to 5 mg catalyst and the best performance was observed for 3 mg of catalyst in the presence of
2-NA—-NaBH4—H>O solution. The results show a distinguished acceleration in the rate of reduction reaction
with increasing dosage of Co3;04/CuO nanocatalyst, carrying out the reaction below 1 minute and it was hard
to monitor the progress of reaction in appropriate time. Therefore, we chose 3mg of catalyst as the optimal
quantity for subsequent experiments with Co304/CuO nanocatalyst. The increase of Co304/CuO nanocatalyst
dosage facilitates better accessibility to active sites for 2-NA adsorption, thus enhancing the reduction reaction
rate. The better catalytic efficiency of the Co304/CuO nanocomposite can be attributed to the close contact
between Co304 and CuO, which facilitates electron transfer from BHy4 to 2-NA. The synergistic effect of Co3O4
and CuO into the nanocomposite raises the accessibility of active sites for the production of H, and e~ (from
NaBH34) on the Co304/CuO surface, accordingly accelerating the reduction reaction speed. At first, H> molecules
are generated by the reaction of water and BH, ions. Then, these molecules and 2-nitroaniline are adsorbed
simultaneously onto the surface of the Co0304/CuO nanocomposite. The nanoparticles in the Co304/CuO
nanocomposite facilitate electron transfer to 2-NA, effectively overcoming the reaction kinetic barrier. After
that adsorbed BH4 ions, released hydrogen as hydride, the hydride anion transfers to the metal in the
C0304/CuO nanocomposite and producing a complex. Eventually, the nitro group of the 2-nitroaniline is
reduced by taking the hydride from the complex. Subsequent to three hydro-deoxygenation reactions, 2-AA is
formed. In the final step, 2-AA is desorbed from the nanocomposite's surface. The Langmuir-Hinshelwood
model was applied to estimate the performance of the Co304/CuO nanocomposite for kinetic analysis. Since
the concentration of NaBH,4 solution was high relative to 2-NA concentration, the pseudo-first-order kinetics
model was considered to determine the reaction rate constants (k). The kinetics were investigated using the
equation In(Cy/Cop) = —kt, where Co and C; correspond to the first and time 't' concentrations of 2-nitroaniline,
respectively [29-31]. Fig. 6(d) illustrates a linear relationship between In(Cy/Co) and time during the reduction
reaction catalyzed by Co3;04/CuO nanocomposite, validating the pseudo-first-order kinetics. The rate constant
(k) was determined from the slope of the straight line, yielding a value about 0.408 min! for the Co304/CuO
nanocatalyst, indicating excellent performance in converting 2-NA to 2-AA. This excellent catalytic efficiency
is related to the close contact and interaction between Co304 and CuO nanoparticles. The results of this study
on reducing 2-nitroaniline using the 2-NA-NaBHs-H,O system was compared with other studies, as illustrated
in Table 1 [31,36-40]. Here we compared different parameters with other reported previously for reducing 2-
nitroaniline to 2-aminoaniline (Table 1). The Co0304/CuO nanocomposite exhibited exceptional catalytic
activity in reducing 2-nitroaniline (Table 1). The dosage of the catalyst in our study was lower compared to
those given in Table 1. Additionally, the concentration of 2-nitroaniline in our study was higher than in previous
reports. The Co304/CuO nanocatalyst used in this study was constructed without toxic or expensive materials,
making it suitable for practical applications. Furthermore, the prepared Co304/CuO nanocomposite displayed
astonishing efficacy in reducing 4-nitroaniline (4-NA) with NaBH4, as shown in Fig. 6(e). The data clearly
indicate a significant decrease in the characteristic absorption peak of 4-nitroaniline (4-NA) at 374 nm, which
is accompanied by the emergence of two new peaks at 239 nm and 305 nm. These new peaks correspond to the
characteristic absorption of 4-aminoaniline (4-AA). As shown in Fig. 6(e), the addition of the Co304/CuO
nanocomposite resulted in a notable reduction in UV-vis absorption at 374 nm, while the absorption at 305 nm
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increased. This change reflects a decrease in the concentration of 4-NA and a corresponding increase in the
concentration of 4-AA at 305 nm. The reduction reaction was completed within just 2 minutes. To study the
stability and reusability of Co3;04/CuO nanocomposite, the used catalyst was collected, washed with H,O/EtOH
several times and dried to use for new runs. Based on the results, the catalytic activity remained unchanged
after four runs. These findings confirm the stability and excellent catalytic efeciency of the Co3;04/CuO
nanocomposite compared to the fresh catalyst. As a result, the Co304/CuO nanocomposite appears as an
excellent, efficient, stable, and reusable catalyst for the reduction of nitroanilines and other nitroaromatic
compounds.

2 2
1.6 - (a) t=18 min L6 IR (b) t=30 min
1.2 - 1.2 -
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0.8 1 0.8
0.4 \ 0.4 -
200 300 400 500 200 300 400 500
A/nm Anm
3 6
: 4 Co0304/Cu0O
4 ] () t=10 min 5 (d) oo
4 - HCo304
3 .
A
2
1 -
0 T T
200 300 400 500 40
Mnm t (min)
2
(e t=2 min
1.6 -
1.2
A
0.8 -
0.4 -
0 T T
200 300 400 500
AMnm

Fig. 6. The reduction of 2-nitroaniline (2-NA) in the presence of (a) CuO, (b) C0304, (¢) Co304/CuO with
NaBH4 and 3 mg of catalysts (d) plot illustrating pseudo-first order kinitic, In(Cy/Cy) verses reaction time (k =
0.147 min "' (CuO), k = 0.117 min *' (C0304), k = 0.408 min -' (Co304/ CuO), (e) The reduction of 4-nitroaniline
(4-NA) in the presence of C0304/CuO nanocomposite.
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Table 1. Comparative characteristics of catalysts for reducing 2-nitroaniline.

Catalytic .
Entry Catalyst NaBHq activity Catalyst 2-NA conc. Tu.ne Ref.
conc. o amount (min)
(%)
02mM
o 0
1 CoFe;O4/ZtMCM4125% | 20 mM 100% Smg (k=0.15 min") 12 [31]
1 mM [34]
0
2 AgzPO4/PPy/PANI 10 mM 100% 1 mg (k=0.022min") 120
. . SmM [35]
0
3 Cu0/TiOy/Ti3Co 10 mM 100% 10 mg (K=0.163min ) 15
. 0.15mM [36]
0
4 NiO NPs 14 mM 62% Smg (k=0.007 min ") 120
0.2 mM This
0
5 C0304/CuO 20 mM 100% 3mg (0408 min™) 10 work

Reduction of safranin O and methyl orange by Co3;04/CuO

The degradation of carcinogenic anionic and cationic dyes, such as safranin O (SO) and methyl orange
(MO) were investigated using NaBH4 as a green reductant. The main aim was to evaluate the catalytic
performance of Co304/CuO in the degradation of these dyes pollutants. Some experiments were carried out
with SO and MO, and their results are exhibited in Figs. 7(a) and (b). The results show that the peak intensity
of SO and MO start to decrease when Co0304/CuO nanocomposite and NaBH4 solution added to the reaction
mixture. In UV-vis spectrum MO show absorption peak at 482 nm assigned to the azo bond [41] and this
absorption peak was monitored to follow the reduction reaction. As shown in Fig. 7(a) the peak at 482 nm
disappeared after 4 minutes with 100 % TOC (total conversion). The first-order kinetic model depicting the
reduction of MO is illustrated in Fig. 7(c), showing the efficient catalytic behavior. In the absence of
nanocatalyst the reduction reaction was not progressed. The calculated rate constant for MO is about 1.57 min®
!"as shown in Fig. 7(c). Table 2 compares the prepared Co;04/CuO nanocomposite and others reported in the
literature [42-44]. The spectrum of SO demonstrated a absorption peak at 507 nm [45] and it was selected to
monitor the influence of the Co304/CuO nanocatalyst. The results show that, the absorption spectra of SO
remain constant after one-hour reaction period, suggesting that decolorization did not happen in the absence of
the catalyst. Furthermore, comparable outcomes were found in the case where only NaBH4 was used. Upon
adding Co3;04/CuO and NaBH; into the reaction mixture, the degradation profile of SO undergoes a gradual
change, with approximately 76.6% degradation observed within 12 minutes, the degradation reaction was
stopped after 12 minutes (Fig. 7(b)). These results emphasize the excellent catalytic ability of Co304/CuO
nanocatalyst in the reduction of SO and MO with NaBHa, confirming the vital role played by the nanocomposite
due to its excellent catalytic activity. The first-order kinetic model of SO reduction in the presence of
C0304/Cu0O is shown in Fig.7(c). The Langmuir-Hinshelwood mechanism [46] accurately elucidates the
degradation process of MO and SO dyes. In this mechanism, the dyes and BH4™ ions undergo adsorption onto
the surface of the Co304/CuO catalyst. The Co304/CuO catalyst facilitates transmit of electrons from BH4™ ions
to dyes. The Co0304/CuO reduces the energy obstacle between the product and reactant, resulted in the
achievement of the degradation reaction within 12 and 4 minutes for SO and MO, respectively [47]. The
percentage of degradation was calculated by equation (3):

% Degradation= (Co-C)/Co x 100 3)
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The used Co0304/CuO catalyst was collected, thoroughly washed with a mixture of H,O and EtOH
multiple times, and then dried for reuse in subsequent experiments. The results indicate that the catalytic activity
remained consistent after four cycles for MO catalytic reduction. These findings demonstrate the stability and
exceptional catalytic efficiency of the Co304/CuO nanocomposite in comparison to the fresh catalyst (Figures

7(d) and 8).
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Fig.7. Degradation absorption spectra of MO (a) and SO (b) with NaBH, and Co0304/CuO nanocomposite, (¢)
plot of In(Cy/Co) verses t (min) for Co304/CuO nanocomposite (3mg) (k=1.5 min! for MO and 0.1 min™! for
SO), (d) MO degradation with recycled catalyst.

Table 2. Comparative characteristics of catalysts for reducing methyl orange.

NaBH4 Catalytic Time
Entry Catalyst Amount conc. activity (%) MO conc. (min) Ref.
. . 02 mM
V)
1 Ti0»/CoFe;04/Si0s Smg 20 mM 100 % (k=0.59 min") 8 [38]
0.1 mM
- 0,
2 Ag@MIL-100(Fe) 1 mg 100mM 100 % (k=0.236min")) 5 [39]
- 0.06 mM
0,
3 BiTiOS 5mg 13 mM 100 % (k=0.809 min ") 4 [40]
0.2 mM This
0,
4 C0304/CuO 3mg 20 mM 100 % (k=1.5 min") 4 work
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Conclusions

The C0304/CuO nanocomposite was successfully synthesized using the calcination method, resulting
in a hexagonal structure with an average particle size of approximately 25 nm. The combination of Co30O4 and
CuO significantly enhanced the catalytic activity of the nanocomposite towards the reduction of 4-nitroaniline,
2-nitroaniline, and toxic dye pollutants (MO, SO). The synthesized Co3;04/CuO nanocomposite exhibits
numerous merits, including excellent performance, ease of fabrication, cost-effectiveness, and recyclability,
distinguishing it from other nanocatalysts. The results indicated that the reduction of 2-nitroaniline in the
presence of Co304/CuO was superior to use CuO or Co304 alone, highlighting the synergistic effect between
these metal oxides. Furthermore, the nanocatalyst maintained its activity after being recycled for four runs. This
study provides a new strategy for developing an efficient reusable nanocatalyst for pollutant degradation via an
environmentally safe process in which the nanocatalyst is easily collected from water thus mitigating its
environmental impact.
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Abstract. One way of cultivating different aromatic Lamiaceae species, especially those classified in the
Nepetoideae section, is eco-agricultural production. This modern trend makes new products with less
environmental pollution and a high value for human health and nutrition. Winter savory (Satureja montana),
peppermint (Mentha piperita), thyme (Thymus vulgaris), and sage (Salvia officinalis) are highly important
medicinal plants that were introduced and are being successfully cultivated in agricultural fields in Vojvodina.
This study aimed to determine 10 phenolic compounds in ethanolic extracts of peppermint, sage, thyme, and winter
savory cultivated according to eco-agricultural principles. The amount of examined phenolic compounds was
measured using liquid chromatography method (HPLC-DAD). In all four extracts, rosmarinic acid (RA) was the
most abundant compound, with the highest amount recorded in peppermint (12863.6 ug/g), followed by thyme
(7083.76 pg/g). Other detected compounds ranged from 29.29 to 484.37 pg/g for chlorogenic acid, 22.67 to 979.77
ng/g for caffeic acid, 11.8 to 339.59 ug/g for ferulic acid, not detected (ND) to 45.93 pg/g for p-coumaric acid,
14.9 to 63.72 pg/g for cinnamic acid, ND to 68.13 pg/g for gallic acid, LOD to 125.03 pg/g for rutin, 38.98 to
82.75 ng/g for quercetin. Quercitrin was detected only in sage (50.78 pg/g). The results suggest that peppermint
especially accumulates higher amounts of RA when cultivated under ecological conditions. Therefore, it represents
a valuable resource of biologically active compounds, and the whole process could contribute to sustainable
development if post-distillation waste material is used.

Keywords: Lamiaceae; ecological cultivation; phenolics; rosmarinic acid; HPLC.

Resumen. Una forma de cultivar diferentes especies aromaticas de Lamiaceae, especialmente aquellas
clasificadas en la seccidn Nepetoideae, es la produccion ecoagricola. Esta nueva tendencia genera nuevos
productos con menor contaminacion ambiental y un alto valor para la salud y nutricion humana. La ajedrea
(Satureja montana), la menta (Mentha piperita), el tomillo (Thymus vulgaris) y la salvia (Salvia officinalis) son
plantas medicinales muy importantes que se introdujeron y se cultivan con éxito en los campos agricolas de
Vojvodina. Este estudio tuvo como objetivo determinar 10 compuestos fenolicos en extractos etanolicos de menta,
salvia, tomillo y ajedrea cultivadas segiin principios ecoagricolas. La cantidad de compuestos fendlicos
examinados se midio utilizando el método de cromatografia liquida (HPLC-DAD). En los cuatro extractos, el
acido rosmarinico (AR) fue el compuesto mas abundante, registrandose la mayor cantidad en la menta (12,863.6
ng/g), seguida del tomillo (7,083.76 pg/g). Otros compuestos detectados variaron de 29.29 a 484.37 pg/g para el
acido clorogénico, de 22.67 a 979.77 pg/g para el acido cafeico, de 11.8 a 339.59 ng/g para el acido fertlico, de
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no detectado (ND) a 45.93 pg/g para el 4cido p-cumarico, de 14.9 a 63.72 pg/g para el 4cido cindmico, de ND a
68.13 pg/g para el 4cido gélico, de LOD a 125.03 ng/g para la rutina, de 38.98 a 82.75 ng/g para la quercetina. La
quercetina se detecto solo en salvia (50.78 pg/g). Los resultados sugieren que la menta, especialmente, acumula
mayores cantidades de RA cuando se cultiva en condiciones ecologicas. Por lo tanto, representa una valiosa fuente
de compuestos biologicamente activos y todo el proceso podria contribuir al desarrollo sostenible si se utilizan los
residuos de la post-destilacion.

Palabras clave: Lamiaceae; cultivo ecologico; compuestos fendlicos; acido rosmarinico; HPLC.

Introduction

The Lamiaceae plant family, one of the most prominent plant families, is divided into two subfamilies:
Nepetoideae and Lamioideae [1]. Plants from the Neptoideae subfamily are characterized by rosmarinic acid and
a higher amount of essential oil [2]. On the other hand, plants from the Lamioideae subfamily contain iridoids and
smaller amounts of essential oil [3]. However, plants from the Nepetoideae section possess the most significant
pharmaceutical potential due to their expansive range of uses, including medicinal and aromatic properties [4].
They are also often used as culinary herbs, mainly for flavoring and food preservation. They are also used in
condiments, beverages, aromatics, and cosmetics [5].

Species from this family show cosmopolitan distribution as they grow wild and are cultivated worldwide.
Modern trends in agriculture, such as eco-agriculture, especially in medicinal and aromatic plant production, make
new products less polluting and damaging to the environment and ecology, with a high value for human health
and nutrition [6]. Eco-agriculture production preserves biological diversity and soil fertility, protects the
environment, and, at the same time, improves the health and safety of produced herbs [7]. This production method
involves pesticide-free cultivation but is not organic [8]. It was developed using organic fertilizer to support the
farm's environmental sustainability [6]. It is characterized by diverse products with high quality, pests and weeds
controlled without harmful ecological input, and improvement in soil quality [9]. These facts are of massive
importance because medicinal plants are mainly consumed as tea or spices, row, without any chemical engineering
processes. Consequently, herbal material produced in this way reaches a higher price on the processing market of
medicinal plants and also in the production of preparations based on them (both drugs and dietary supplements).

In recent decades, the production of medicinal and aromatic plants has been an essential part of
agriculture. However, nowadays, a relatively small part of arable land is covered with these plants when compared
to areas used for producing cereals, fruits, vegetables, and industrial and fodder plants [10]. Due to the increased
demand on the global market, the production of medicinal and aromatic plants also shows a growth tendency. Yet,
despite favorable natural conditions, producers still fail to provide sufficient amounts of these plants. Floristic
analysis of the Vojvodina region (Republic of Serbia) reveals the presence of around 650 plant species known for
their medicinal potential. Although the demand, especially for some aromatic herbs, is constantly growing,
numerous factors affect the quality of herbal material regarding pharmacologically active compound content. The
concentration of phenolic compounds, which were the focus of this study, is influenced by climate conditions.
Some plants, such as sage and winter savory, are more prone to reducing phenolic compounds' production. In
contrast, peppermint and thyme produce considerable amounts of rosmarinic acid on Vojvodinian fields. However,
only a few species are being cultivated regularly, and efforts are being made to promote and introduce important
medicinal and aromatic herbs to the fields [11]. Winter savory (Satureja montana L.), peppermint (Mentha piperita
L.), thyme (Thymus vulgaris L.), and sage (Salvia officinalis L.), though some native to the Mediterranean region
are promising examples of highly important medicinal plants that were introduced and are being successfully
cultivated on fields in Vojvodina. Food- and pharmaceutical products derived from these plants are available
worldwide in the form of teas, tea mixtures, various types of dietary supplements, and herbal remedies and are
widely used by the general population [12]. Active principles of these plants exhibit, among others, vigorous
antibacterial, antifungal, and antioxidant activities [1]. Furthermore, these species are used to extract and isolate a
significant number of biologically active compounds, such as rosmarinic acid, chlorogenic acid, and rutin [13].
Although numerous representatives of the Lamiaceae family, especially those belonging to the Nepetoideae
subfamily, are characterized by the essential oil, the high content of various phenolic compounds, which contribute
to overall medicinal potential, must not be neglected. Namely, rosmarinic acid, one of the most important phenolic
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compounds, is a promising agent for various ailments [14]. However, the percentage of produced rosmarinic acid
and other active principles vary due to numerous environmental (photoperiod, cold stress, and soil type) as well
as biotic factors (phenophase of collected plant material), which could be reduced using controlled eco-cultivation.
Consequently, plant material of uniform quality would lead to better quality control of produced extracts in the
pharmaceutical industry [15]. Therefore, the aim of this study was detailed chemical profiling of water-alcoholic
liquid extracts of winter savory, mint, thyme, and sage cultivated according to eco-agricultural principles as well
as evaluation of positioning of these extracts in comparison to literature data of extracts obtained from wild-
growing plants or cultivated regularly.

Experimental

Plant material and preparation of extracts

Four medicinal crops from the Lamiaceae family (sect. Nepetoideae) — winter savory cv. Domaci (S.
montana), peppermint cv. Danica (M. piperita), thyme cv. N-19 (T. vulgaris), and sage cv. Primorska (S.
officinalis) — were cultivated at the Institute of Field and Vegetable Crops in Novi Sad, Alternative Crops
Department, located in Backi Petrovac (45°21'N, 19°35'E). Voucher specimens were confirmed and deposited at
the BUNS Herbarium under the numbers 2-1561, 2-1530, 2-1557, and 2-1548, respectively [16].

The selected plants were planted in spring 2017 using seedlings for winter savory, thyme, sage, and
stolons for mint. The experiment was conducted on carbonate chernozem soil, and planting was done with a 70
cm row spacing for all plants to enable mechanical weed control. The application of nutrients is harmonized with
soil fertility, and irrigation is performed as needed. Neither foliar fertilization nor plant protection agents were
used. The experimental plot size was approximately 10m2 (5 rows, 3m long). The harvest was conducted in the
second year of cultivation (2018), at the optimal development stage for each species, which occurs during July
under the agroecological conditions of Serbia. The plant material was cut approximately 5 cm above the ground
(one row per repetition, with the two marginal rows excluded from the test). The harvested plant material was then
transferred to a solar dryer, where the temperature did not exceed 40 °C until constant weight was achieved (within
3 days). Dry plant materials were ground to a size of 200 mesh and placed into percolation devices. Extracts were
obtained by triple percolation with 40 % ethanol at a drug/solvent ratio 1:4 for 72 hours.

Chemicals and reagents

Methanol and formic acid (HPLC grade) were purchased from Merck KGaA (Darmstadt, Germany).
Standard substances including gallic acid (GA), caffeic acid (CA), chlorogenic acid (CHA), ferulic acid (FA),
rutin (R), rosmarinic acid (RA), p-coumaric acid (pQA), trans-cinnamic acid (CNA), quercetin-dihydrate (Qe) and
quercitrin (Qt) were purchased from Sigma-Aldrich GmbH (Sternheim, Germany).

Preparation of standard solutions

A stock standard solution containing a mixture of GA, CA, CHA, FA, RA, pQA, CAN, R, Qe, and Qt at
a concentration of 1 mg/mL was prepared in methanol. A series of working solutions ranging from 0.18 — 36
png/mL were prepared by dilution of stock standard solutions with methanol.

Sample preparation

Each liquid extract in 2.5 g was evaporated and redissolved in 5 mL of methanol. Before injection, the
sample solutions were filtered through a 0.45 um membrane PTFE filter (Rotilabo-Spritzenfilter 13 mm, Roth,
Karlsruhe, Germany). The amounts of quantified phenolics and flavonoids were expressed as pg/g of liquid
ethanolic extract and pg/g of dry extract (after quantification of dry extract yield).

Instrumentation and analytical conditions

HPLC was performed on Nucleosil C18 4.6 um, 250 mm column by Agilent 1100 series instrument
equipped with a diode array detector (DAD). The solvent gradient was performed by varying the proportion of
solvent A (1 % formic acid in water (v/v)) to solvent B (methanol) as follows: initial 10 % B (flow 1 mL/min); 10
min, 25 % B (flow 0.8 mL/min); 20 min, 45 % B (flow 0.7 mL/min); 35 min, 70 % B (flow 0.7 mL/min); 40 min,
100 % B (flow 1mL/min). The total running time, including post-run time, was 48 min. The column temperature
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was maintained at 30 °C, while the injection volume was 10 pL. The elution of compounds of interest was
monitored at 280, 330, and 350 nm. The UV Amax for gallic, caffeic, and trans-cinnamic acids was 280 nm for p-
coumaric, chlorogenic, rosmarinic, ferulic, and quercetin at 330 nm. In comparison, rutin and quercitrin were
monitored at 350 nm.

Method validation

The developed method was validated in terms of linearity, repeatability, reproducibility, recovery, limit
of detection (LOD), and limit of quantification (LOQ). Linearity was established by least-squares regression
analysis of the results obtained after injection of six calibration standards mixture of increasing concentration in
duplicate. The goodness-of-fit of the data was established by the determination of the linear regression coefficient
(R2). Recoveries were assessed by spiking each extract at two concentration levels with a mixture of standards.
The precision of the method was estimated through repeatability and reproducibility expressed as relative standard
deviations (RSDs) of six replicates performed on the same day (intra-day) and three different days (inter-day) at
three concentration levels for each compound. Limits of detection and quantification were determined as three and
10 standard deviations (SD) obtained after injection of natural samples spiked with low concentrations of analytes.
These values were considered acceptable when the signal-to-noise ratio was >3 for LOD and >10 for LOQ.

Data processing

The results were processed using Microsoft Office Excel v2016 and Statsoft Statistica v12.5 software
packages. The differences between analyzed extracts regarding the quantity of secondary metabolites were tested
by the Kruskal-Wallis test, followed by the posthoc Dunn test. In contrast, the level of significance was kept at p=
0.05.

Results and discussion

Validation results

The applied chromatographic elution protocol separated peaks of interest well in the examined samples
(Figures 1 and 2), enabling simultaneous quantification of ten phenolic compounds with suitable sensitivity,
accuracy, and precision. Validation data are summarized in Table 1.

[

Fig. 1. HPLC-DAD chrdmatograﬁ of calibration st;mdards mixture (c =8 ug/rﬁL) with detectioti at 280 nm (blue),
330 nm (red) and 350 nm (green): 1 — gallic acid, 2 - p-coumaric acid, 3-quercetin, 4 -caffeic acid, 5 - chlorogenic
acid, 6 - rosmarinic acid, 7 — rutin, 8 — quercetin, 9 - trans-cinnamic acid, 10 — ferulic acid.
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Fig. 2. HPLC-DAD chromatograms of analyzed liquid extracts of M. piperita (A), S. montana (B), T. vulgaris (C), and
S. officinalis (D) with detection at 280 nm (blue), 330 nm (red), and 350 nm (green). Detected compounds: 1 — gallic
acid, 2 - p-coumaric acid, 3-quercetin, 4 -caffeic acid, 5 - chlorogenic acid, 6 - rosmarinic acid, 7 — rutin, 8 — quercetin,
9 - trans-cinnamic acid, 10 — ferulic acid.

Table 1. Analytical method validation data.

A 11;1;;1;};1; Linearity "
Analyte Equation K (recf)ffl:e:;,c?’lﬁ) Intra- I;:tel‘- (I;Lfg)/g) zl.fg)/(g)) (;:gall:rgli) (E‘;))
day day

RA y=3.5125x+0.3322 | 0.9983 | 91.20-101.47 1.33 127 0.15 0.50 0.5-30.0 6
CHA | y=2.9003x+4.6876 | 0.9995 | 100.71-101.32 | 4.50 1.40 0.15 0.30 0.3-30.0 5
CA y=6.4807x+1.4903 | 0.9999 | 100.17-100.46 | 1.70 1.19 0.05 0.20 0.2-12.0 5
FA y=1.6072x-5.5118 | 0.9979 | 96.96-101.38 | 0.95 0.64 0.10 0.20 0.2-36.0 6
pQA | y=5.5894x+12.473 | 0.9901 | 94.65-102.41 1.70 201 0.05 0.20 0.2-12.0 10
CNA | y=7.9398x+6.5653 | 0.9997 | 101.82-10644 | 134 .77 0.05 0.10 0.1-6.0 11
GA y=3.0497+54495 | 0.9986 | 90.07-101.44 1.19 233 0.10 0.30 0.3-18.0 15
R y=2.1225x+5.4787 | 0.9959 | 99.56-104.91 1.46 1.38 0.20 0.50 | 0.15-30.0 8
Qe y=9.4489x+8.399 | 0.9981 | 97.61-102.78 1.42 1.24 0.05 020 | 0.18-10.71 7
Qt y=2.4017x+2.8372 | 0.9996 | 98.39-99.87 1.80 0.94 0.15 0.50 0.5-30.0 5

*Expanded measuring uncertainty calculated with factor k=2

Analysis of samples

According to ethnobotanical studies performed throughout Serbia, Lamiaceae species and preparations based
on them are the most frequent plant agents of traditional usage, including medicinal and culinary applications [17]. Their
widespread use is supported by general recognition throughout history as safe and health-promoting. Still, nowadays,
many scientific studies confirm the effectiveness and safety of these plants and their bioactive constituents [18]. The
biological and medicinal potential of Lamicaeae species mostly correlates to the content of phenolic substances and
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essential oils, which are being extracted under various conditions, including different types of solvents and techniques
such as maceration, ultrasonic extraction, extraction at elevated pressures, etc. [19-21] Beside essential oil
characterization, the phenolic profile is of unquestionable interest for evaluating the pharmacological activity of medicinal
plant raw materials. The chemical profiles of examined winter savory, mint, thyme, and sage ethanol extracts are presented
in Table 2. In all four extracts, rosmarinic acid was the most abundant compound. The highest amount of rosmarinic acid
was recorded in peppermint extract (12.86 mg/g), followed by thyme extract (7.1 mg/g). The lowest amount was
characteristic of winter savory extract (4 mg/g). These results correspond to one of the previous chemical screening studies
of 29 species belonging to the Lamiaceae family. However, the same investigation showed a higher amount of RA in Salvia
officinalis extract when compared to Mentha piperita extract, which is not the case in this study [22]. The mint extract
examined was also characterized by the highest amounts of phenolic acids (caffeic, chlorogenic, and ferulic acid) and rutin.
However, the quantity quantified of rutin was significantly lower than previously reported [23].

The application of principal components analysis to a dataset containing results of detailed chemical
characterization from the current study and results from previously conducted studies about investigated species shows
that the first two Principal components (PCAs) describe around 60 % of samples’ variability (Fig. 3). Results from
previous studies, which were the basis for statistical analysis, are presented in Table 3 [21,23-41]. In terms of the first
principal component (PCA1), the explained variability mostly correlates with the detected amounts of rosmarinic, gallic,
and ferulic acids, while the amounts of chlorogenic acid and rutin dictate the shape of variability (PCA2). The position
of the examined samples in the space defined by the first and second-factor axis indicates the separative grouping of
processed samples. Namely, it can be concluded that most S. officinalis extracts usually contain lower amounts of
chlorogenic acid and higher amounts of rutin, opposite to mint. However, the sage extract examined in this study (Sol),
obtained from ecologically grown S. officinalis, contained a lower amount of rutin. The explanation for this difference
may be the impact of climate change on sage cultivation. In the studies above, plants were collected from their natural
habitat, unlike plants in this research that were cultivated in Vojvodina, which is characterized by specific ecological
abiotic factors. The same pattern can also be noticed in the case of S. Montana extract (Sm1), whose position is in the
positive part of PCA2. On the other hand, thyme (Tv1) and peppermint (Mp1) extracts show separative grouping about
other samples, mainly as a result of caffeic and rosmarinic acids amount, which allows us to hypothesize that the
ecological cultivation of mint favorizes accumulation of RA. Rosmarinic acid, the most abundant in all extracts, has
exciting properties. These properties have led to various applications, from food preservatives to cosmetics [42].
Different studies have shown that RA possesses more antioxidant activity than vitamin E, enabling its use as a stabilizer
in natural cosmetics products [42,43]. Also, RA has been reported to have some important biological activities such as
antiviral, antibacterial, and anticancerogenic [44,45]. In in vivo studies, it has been noticed that RA exhibits anti-allergic,
anti-thrombotic, anti-inflammatory, and anticarcinogenic properties as well [46,47]. The inhibition of cyclooxygenase,
especially inducible COX-2 isoform, whose expression and activity can be stimulated by various carcinogens, growth
factors, inflammatory cytokines, and tumor promoters, is significant in terms of antiinflammatory action but also in
cancer prevention [48]. Interestingly, RA and rosmarinic acid-rich extracts protect the skin from the oxidative stress
induced by UVA radiation and thus may find their usage in photoprotective dermo-cosmetic preparations [49].

Because of the high content of RA, ethanolic extracts obtained from examined plants can present a good way
to consume rosmarinic acid and achieve its benefits for the body. Consuming mint supplements containing phenolic
compounds can lead to various benefits because of the highest content of RA and other phenolic acids, such as
chlorogenic and ferulic acids. Chlorogenic acid (CHA) is an essential dietary polyphenol that possesses several important
therapeutic activities such as antioxidant activity, antibacterial, hepatoprotective, cardioprotective, anti-inflammatory,
antipyretic, neuroprotective, anti-obesity, antiviral, anti-microbial, anti-hypertension, and a central nervous system
stimulator. Furthermore, it has been found that CHA could modulate lipid and glucose metabolism. The
hypocholesterolemic influence of CHA may result from the altered metabolism of nutrients, including amino acids,
glucose, and fatty acids [50]. Ferulic acid (FA) is another phenolic acid with high medical potential. Based on preclinical
research, FA has been suggested as a potential treatment for many health problems, including Alzheimer’s disease,
cancer, cardiovascular disorders, diabetes mellitus, and skin disease [51]. Also, flavonol rutin has demonstrated several
pharmacological activities, including antioxidant, cytoprotective, vasoprotective, anticarcinogenic, neuroprotective, and
cardioprotective activities, and is also present in a notable concentration in the mint extract [43]. This increases the
potential benefits of this extract. Furthermore, it must not be neglected that the examined aromatic plants are widely used
to isolate essential oil, where valuable phenolic compounds remain unused. It has been suggested that the plant waste
material remaining after the isolation of essential oil could be used to isolate various phenolic compounds, especially
rosmarinic acid [28]. In conclusion, it can be stated that medicinal and aromatic plants, especially peppermint and thyme,
are highly suitable for ecological cultivation in Vojvodina. This may represent an adequate response to worldwide

748



Article J. Mex. Chem. Soc. 2025, 69(4)
Regular Issue

©2025, Sociedad Quimica de México

ISSN-¢ 2594-0317

increased demand for such species. Furthermore, the results suggest that mint mainly accumulates higher amounts of
rosmarinic acid when cultivated under ecological conditions. Although these plant species are extensively studied and
well-documented, it is recognized that their secondary metabolite content can vary significantly based on factors such
as environmental conditions, geographical origin, and cultivation methods. This variation in chemical composition
ultimately influences the medicinal potential of the plant. The innovation of this study lies in comparing the chemical
profiles of plants grown using a novel cultivation approach—one that excludes pesticide use while promoting
sustainability and environmental stewardship—against those from wild sources or alternative cultivation practices.
Considering that evaluated species are mainly being used for essential oil extraction, in this case, the post-distillation
waste material would represent a valuable resource of biologically active compounds, and the whole process would
contribute to sustainable development.

Table 2. Chemical profiles of examined winter savory, mint, thyme and sage liquid ethanolic extracts (different small
Latin letters indicate statistically significant differences at p=0.05 level).

Satureja montana- | Mentha piperita - Thymus vulgaris - Sabvia officinalis -
Analyte Sm1 Mpl Tvl Sol
(ng/g extract)

RA 4011.44+240.68* 12863.6+771.82° 7083.76+425.02° 5432.44325.94¢
CHA 239.85+11.99* 484.37+24.22° 29.29+1.46° 98.87:4.94¢

CA 31.17£1.56° 979.77+48.99* 334.07+16.70° 22.67+1.132

FA 90.54+5.43 331.59+£19.89° 11.840.71¢ 45.8242.75¢
pQA 45.934+4.59* 29.53+2.95° 16.99+1.70° <LOD¢
CNA 63.7247.01* 23.13+2.54° 62.744+6.90° 14.9+1.64¢
GA <LOD? 0.42+0.07° 68.13+£10.22° <LOD?

R <LOD* 125.03+10.00° 40.35+3.23¢ 114.76+9.18"
Qe 70.644+4.94 71.85+5.03 82.75+5.79* 38.98+2.74°
Qt <LOD* <LOD* <LOD* 50.78+2.54°

Dry extracts yield (%) 6.82 15.33 721 14.1

Standardized Biplot (PCA1 vs. PCA2)

PCA2: 22.77%

PCA1: 35.95%
Fig. 3. Principal component analysis biplot.
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pg/e d.e. RA CHA CA FA pQA pCA tCNA GA R Qe Ref. Origin of plant material
18262 NDt 2079.6 7269 NDt NDt 258 772.05 56812 1200.5 [24] Cultivated in an experimental farm
17000 NDt ND NDt 100 NDt 100 NDt 500 1500 [25] Wild growing plants
S. montana NDt NDt 65.95 252 24.1 NDt NDt NDt NDt NDt [26] Wild growing plants
NDt NDt NDt NDt NDt NDt NDt NDt 12160 NDt [27] Wild growing plants
58818.18 | 3516.86 457.04 362.16 183.72 | 18372 254.88 ND ND 282.56 TS Eco-agricultural production
10190 560 2530 180 NDt NDt NDt 130 1250 ND [28] Cultivated
12400 730 1860 ND NDt ND NDt ND 2180 840 [23] Cultivated
35330 NDt 1460 NDt NDt NDt NDt NDt NDt NDt [29] Cultivated
NDt NDt NDt NDt NDt NDt NDt NDt 6080 NDt [27] Wild growing plants
M. pipreita
NDt 1074.5 4835 2155 NDt NDt NDt ND 560 ND [30] Wild growing plants
NDt NDt NDt 175 NDt 31 NDt NDt 621.5 NDt [31] Cultivated in an experimental farm
19085 NDt 271 NDt NDt ND NDt ND NDt NDt [32] Comercially available
83911.29 | 3159.62 6391.19 | 2163.01 19263 | 192.63 1509 2.74 815.59 468.69 TS Eco-agricultural production
94200 560 900 8640 180 NDt NDt 1004.18 14160 830 [28] Cultivated
534.36 ND 102.2 267.18 70.08 NDt 2083.42 ND NDt NDt [21] Cultivated
T. vulgaris 56620 NDt 1460 NDt NDt NDt NDt NDt NDt NDt [29] Cultivated
NDt NDt NDt NDt NDt NDt NDt NDt 14400 NDt [27] Wild growing plants
14720 NDt 590 NDt NDt NDt NDt NDt NDt NDt [33] Cultivated
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ND NDt 58 ND NDt | 12.00 NDt ND NDt NDt | NDt | [34] Comm;ﬂg;;agﬁ;"r wild
21861 NDt 1215 NDt NDt 400 NDt 375 NDt NDt NDt [32] Comercially available
NDt NDt 5170 905 NDt ND NDt NDt NDt NF NDt [35] Comercially available

5700 ND 550 ND NDt 180 NDt NDt NDt NDt NDt [36] Comercially available

98249.10 | 40624 463343 163.66 | 23564 | 23564 | 870.18 944.94 559.64 | 539.79 ND TS Eco-agricultural production

10353 70.76 114.84 1089.82 69.6 NDt 149.06 ND NDt NDt NDt [21] Cultivated

34520 NDt 1460 NDt NDt NDt NDt NDt NDt NDt NDt [29] Cultivated

6500 NDt 520 NDt NDt NDt NDt NDt NDt NDt NDt [37] Comercially available

NDt NDt NDt NDt NDt NDt NDt NDt 26880 NDt NDt [27] Wild growing plants

16330 NDt 680 NDt NDt NDt NDt NDt NDt NDt NDt [33] Cultivated

48656 NDt 1298.05 1220.5 NDt NDt NDt 18.7 NDt NDt NDt [38] Wild growing plants

91890 ND 34752 1562.15 NDt ND NDt 94.1 NDt NDt NDt [39] Cultivated

S. officinalis 36434 783.5 594 NDt NDt 562.5 NDt NDt NDt NDt NDt [40] Wild growing plants

504.58 NDt ND ND NDt NDt NDt NDt NDt NDt NDt [41] Cultivated in an experimental farm
201.55 NDt 1.94 3.1 NDt NDt NDt NDt NDt NDt NDt [41] | Cultivated in an experimental farm
NDt NDt ND 49 NDt | ND NDt ND NDt NDt | NDt | [34] C"mercgiilvyvii‘l;agfgg"r wild
6811 NDt 548 NDt NDt 559 NDt ND NDt NDt NDt [32] Comercially available

NDt NDt 2960 135 NDt 103 NDt NDt NDt 1780 NDt [35] Comercially available

5500 ND 510 50 NDt ND NDt NDt NDt NDt NDt [36] Comercially available

38527.66 701.21 160.78 324.96 ND ND 105.67 ND 8139 283.5 360.14 TS Eco-agricultural production

NDt — not determined; ND — not detected; TS — this study
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Abstract. The quenching of TP enzyme activity helps treat and control diseases. In this research, computational
methods investigated a series of thirty isatin-based oxadiazoles as potential TP inhibitors. 3D-QSAR was used
to design four isatins (A, B, C, and D) derivatives with high anticancer activity. Molecular Docking was used
to investigate interaction types between designed isatin derivatives (A, B, C, and D) and the TP enzyme (PDB:
4EAD); the results show that all compounds have several types of exciting interactions with no unfavorable
interactions, but only compounds A and B have conventional hydrogen bond interactions as promising
inhibition activity. The Binding Energy between (A, B, C, and D) compounds with TP enzyme were obtained
by molecular dynamic simulation at 100 ns. A and B compounds had a more substantial binding free energy
than C and D compounds, with binding energies of-20.1374 +/- 0.1189 kJ/mol, -20.1897 +/- 0.1333 kJ/mol, -
18.1344 +/-0.1604 kJ/mol, and 19.077 +/-0.1549 kJ/mol, respectively. The pharmacokinetics of (A, B, C, and
D) molecules were obtained by using ADMET predictions. Based on the above findings, the current work
recommends four compounds as potential TP enzyme inhibitors that activate colorectal and breast cancers.
Keywords: Cancer; isatin; molecular modeling; thymidine phosphorylase (TP).

Resumen. La inhibicion de la actividad de la enzima TP ayuda a tratar y controlar las enfermedades. En esta
investigacion, se utilizaron métodos computacionales para investigar una serie de treinta oxadiazoles basados
en isatina como posibles inhibidores de TP. Se utilizé 3D-QSAR para disefiar cuatro derivados de isatinas (A,
B, C y D) con alta actividad anticancerigena. Se utiliz6 el acoplamiento molecular para investigar los tipos de
interaccion entre los derivados de isatina disefiados (A, B, Cy D) y la enzima TP (PDB: 4EAD); los resultados
muestran que todos los compuestos tienen varios tipos de interacciones excitantes sin interacciones
desfavorables, pero solo los compuestos A y B tienen interacciones de enlace de hidrégeno convencionales
como actividad de inhibicion prometedora. La energia de enlace entre los compuestos (A, B, Cy D) y la enzima
TP se obtuvo mediante simulacion dinamica molecular a 100 ns. Los compuestos A y B tenian una energia libre
de enlace mas sustancial que los compuestos C y D, con energias de enlace de -20,1374 +/- 0,1189 kJ/mol, -
20,1897 +/- 0,1333 kJ/mol, -18,1344 +/- 0,1604 kJ/mol y 19,077 +/- 0,1549 kJ/mol, respectivamente. La
farmacocinética de las moléculas (A, B, C y D) se obtuvo mediante predicciones ADMET. Con base en los
hallazgos anteriores, recomendamos considerar cuatro compuestos como posibles inhibidores de la enzima TP
que activan los canceres colorrectales y de mama.
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Introduction

Cancer is a dangerous, deadly disease and is considered the second leading cause of premature death
in the world after cardiovascular diseases [1-2]. The growth of cancer cells contributes to the spread of tumor
cells to other organs by moving cancer cells through the blood vessels, a process called malignant disease [3—
4]. The spread of cancer and its infecting various parts of the human body prompted researchers worldwide to
find practical solutions to treat this disease, which exhausted the health sector and drained a lot of money [5].
TP is a nucleoside enzyme that plays an essential role in pyrimidine metabolism. It catalyzes thymidine
conversion to thymine and 2-deoxy-a-D-ribose-1-phosphate (dRib-1-P) by a catabolic pathway. TP has been
shown to promote tumor angiogenesis and is overexpressed in several human cancers, metastasis, invasion,
immune response evasion, and resistance to apoptosis. Indeed, TP is used clinically against several cancer
diseases, such as colon and metastatic breast cancer [6], because it is vital in activating capecitabine drugs
against lung cancer and colorectal cancer [7-8]. Thymidine phosphorylase results in various pathological
diseases such as rheumatoid arthritis, atherosclerosis, psoriasis, and inflammatory bowel disease [9]. Previous
research investigations have revealed that isatin compounds have a wide range of biological activities, including
anti-inflammatory [10], anti-HIV [11], antidepressant [ 12], anticonvulsant [ 13], antimalarial [ 14], antimicrobial
[15], antiviral [16], antibacterial [17], and potential anticancer drugs [18-20]. In addition, isatin is widely
distributed in the central nervous system and has been detected as a metabolite of epinephrine or tryptophan
[21]. Isatin molecule was discovered by two chemists, Auguste Laurent and Otto Linné Erdmann [22]; it has a
molecular formula of CgHsNO, a naturally occurring substance found in Couroupita guianensis plants of isatis
[23-24].

In this work, computational studies based on 3D-QSAR, Comparative Molecular Similarity Indices
Analysis, and Field Analysis (CoMSIA and CoMFA) [25-26] were used to understand the relationship between
the structure of isatin-based oxadiazole and activity as TP inhibitors. Furthermore, four novel isatins were
designed as effective inhibitors of TP inhibitors as potential anticancer drugs by utilizing the structural
information obtained from the two models that exhibit excellent predictive potencies.

The pharmaceutical properties for designed (A, B, C, and D) molecules were explored by ADMET
studies [27]. Furthermore, molecular dynamics simulations were performed for designs (A, B, C, and D) to
investigate the stability of interactions with TP inhibitor enzyme.

Materials and methods

In the computational investigation of anticancer isatin-based oxadiazoles activity, the 30 compounds
were divided into 2 groups: a training set of twenty-four molecules and six a test set of the remaining
compounds. For the calculations, all experimental ICso (UM) activity values were transformed to the negative
logarithm of pICso, the pICs calculated to use the formula (pICso = -logICs) and (1uM=1.0x10-M). Table 1
and Fig. 1 show the isatin-based oxadiazoles' structures and their pICso biological activity [9].

N
0)
\
O
N\< )
N-N

Fig. 1. Structures of isatin-based oxadiazole in the current study.
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Table 1. Structures of isatin-based oxadiazole with TP inhibition activities.
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N R R: R: pICso (M)
HO
1* \©ﬂ N-Isopropyl H 5.11
2 - N-Butyl H 5.03
3 - H S-isopropyl 5.28
4 - N-Pentyl H 4.78
5 - H - 4.71
OCH,
6 ['©: - 5-isopropyl 5.21
OH
7 - N-Isopropyl H 533
8 - N-Butyl - 5.28
Cl
9% ‘J©: H S-isopropyl 4.84
OCH,Ph
10* - N-Isopropyl H 4.95
11 - N-Butyl - 4.75
OMe
12 /@;\ H 5-isopropyl 431
Br
13 - N-Isopropyl H 4.54
14 - N-Butyl - 4.41
15 - N-Pentyl - 4.34
16 - H - 431
CN
17 ©:‘ N-Isopropyl - 4.60
CN
18 M©/ N-Butyl - 471
19+ - N-Pentyl - 4.46
20 - H S-isopropyl 4.57
21 - N-Isopropyl H 4.74
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N R R: R: pICso (M)
CN
22 @ N-Butyl - 4.43
23 - N-Pentyl - 4.58
24 - H S-isopropyl 4.66
CN
25 U H i 4.47
26* - N-Pentyl H 4.46
27 - N-Butyl - 4.52
28 - H - 473
CN
29+ ,'©/ . . 4.75
CN
30 @ . . 4.79

Minimization and alignment

The essential characteristic in 3D-QSAR investigations is molecular alignment [28]. Sybyl was used
to study molecular structures, then reduced using the Tripos Force Field [29] with 0.01 kcal/mol gradient
convergence criteria and Gasteiger—Huckel charges, as well as the conjugate gradient approach. The Sybyl
software was utilized to align the isatin compounds by using the most active molecule C7 template.

QSAR Studies
CoMFA and CoMSIA contours

To determine CoOMFA and CoMSIA contour as QSAR keys, the electrostatic (E) and steric (S) fields
are observed on the first contour. Whereas in the second contour, the hydrogen bond acceptor (A), hydrogen
bond donor (D), and hydrophobic (H) fields are observed. The calculations are made at 2.0 A for each lattice,
and Gasteiger—Hiickel method is loaded for each structure [30].

PLS validations

Partial Least Squares (PLS) is an application used to predict a linear correlation between anticancer
activity values and the two contours by obtaining the Leave-One-Out (LOO) approach was used to obtain the
optimal number of components (N) and the coefficient of cross-validation correlation (Q?) [31]. The non-cross-
validation approach yielded the correlation coefficient (R?), F-test value (F), and standard error of the estimate
(SEE). At the same time, external validation was also used to evaluate the testing sets by (r%x > 0.6), the needed
criterion.

External validation
The criteria of Golbraikh, Tropsha, and Roy [32] are relationships to create reliable models and can be

used to predict molecular activities for the test set. Table 4 below shows all the criteria results r?ext = 1 —
PRESS

SD
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PRESS: Indicates squared deviations between predicted and measured values.
SD: The total of the squared deviations between the average activity of the test set and training set.

2 2 2
Z<YpredXYtest> Z(YtestXYpred) Z<?pred_k><?pred) 2
k' = test — test 12 _ 1— test test 2 1 _ L(Ypred/test—KXYpred,test)
= = = —test  fest' = —
S (Ytest)? ’ Z(Ypred)z o 0 Z(Ypred/test_kXYprecl/test)2
test 2| Ypred—kXYpred
test test

Y test and Y pred: Indicates the experimental and calculated values successively.

At zero intercepts, we start the calculation with K, K' then we can calculate r(')2 and ré. In addition to
these external validation criteria, and in order to obtain a predictable and reliable model, the researchers have
used another criterion called Roy [33], Roy's criteria are determined using the parameters, rZ, ArZ, ArZ and
r;nz, both require the expressions below:

2 / 2 2 2
rrzn=r2(1—w/(r2—l‘g)); ' =r2<1— (r2 —ry ));Ar(%:rg—r{) ;Ar2 =1, — 12,

Molecular docking

Molecular Docking was used to determine the interactions with ligands (A, B, C, and D) and the TP
enzyme (4EAD) [34-35]. The preparation of Protein is the first step after downloading this Protein from a
PDB (Protein Data Bank) database (www.rcsb.org), then eliminating the water molecules of this receptor
and adding polar hydrogens and Kohlman charges. In addition, the Surflex-dock technique available in
Sybyl-x.2.0 was used for the docking protocol's protein and ligand preparation steps. Each complex of ((A,
B, C, and D) and the TP enzyme (4EAD)) was investigated by the pymol program to be exported in a single
file in pdb form [36]. The complex structures were studied by Discovery Studio in 2016 to know and see the
types of interaction [37].

ADMET properties

The term ADMET uses in silico techniques to better forecast and understand how medications affect
the body. It can optimize clinical usage, reduce unwanted side effects, direct research toward development, and
improve therapeutic options. The developed drugs' physicochemical characteristics were assessed using the
SwissADME and pKCSM online programs [38]. The absorption, distribution, metabolism, excretion, and
toxicities are examples of traditional pharmacokinetic parameters (ADMET) [39].

Molecular dynamics simulation (MD)

The four complexes (A, B, C, and D) were chosen for MD simulation, and the Gromacs simulation
package [40] was used, using a truncated octahedral box containing TIP3P Water molecules with Charmm36
force field [41-44]. To ensure a fully converged system, the NPT and NVT are fixed at 1000ps (1,000,000 steps)
and 100ps (50,000 steps), using 0.1 and 0.2 fs, respectively. To eliminate any steric problems, the convergence
was attained within the maximum force limit of 1000(KJ mol-1 nm-1), the steepest descent method was used
to do a depreciation for 5000 cycles, and the neutral solution was obtained with the addition of chlorine and
potassium ions. The simulation was also carried out with a pressure (1 atm) and a temperature (300K) as a
reference. They were controlled using Parrinello-Rahman barostat and Berendsen thermostat, respectively. In
the following part and to obtain a time step (2 fs), the hydrogen atom lengths were held rigid at ideal bond
lengths using the Linear Constraint Solver (lincs) algorithm. The systems were subjected to free 100 ns
production simulations, with the Particle Mesh Ewald (PME) to calculate the electrostatic interactions, the verlet
scheme for calculating non-bonded interactions, and Periodic Boundary Conditions (PBC) for all x, y, and z
directions.

Binding energy calculations

The energies of complexes play a critical part in many biological functions. Thus, it is crucial to figure
out what they are. The binding energies of interactions were determined using the molecular mechanics
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generalized Born surface area (MM-GBSA) technique and the total energy was obtained using the equation
below:

AGping = AGg, — AGr — AG, and  AGpimg = AH — TAS = AEyy + AGsy; — TAS

Experimental

Materials and methods
The alignment of molecules

The alignment of molecules is the most precise method to explore molecules databases belonging to
the same families is the alignment of the molecules, where the alignment cores are illustrated in Fig. 2.

Fig. 2. Alignment compounds left, a core right.

3D-QSAR results

The compounds are separated into two groups: a training set of 24 and a test set of six compounds. The
appropriate values for the COMFA model are R? (0.93), F (91.51), Q?(0.56), and Scv (0.09). With three being
the ideal number of indicators, the external validation gave the value of r?ex (0.98), the steric (S) contribution
was 65%, but the electrostatic (E) did not exceed 35%.

CoMSIA's results suggest that non-cross-validated R? (0.85), Q? (0.60), a three-component optimum
number, F (39.55), Sev (0.13), as well as solid regard for external validation rext (0.98), all values are acceptable.
The contributions of the steric (S), hydrophobic (H), electrostatic (E), H-donor (D), and acceptor (A) fields
were 24 %, 20 %, 13 %,10 %, and 33 %, respectively, indicating that the H-bond acceptor, steric, and
hydrophobic fields are essential in this contour. Table 2 shows the statistical findings of the models, whereas
Table 3 and Fig. 3 shows the expected and actual values of pICso. The difference between these values is not
higher (at most 1). It indicates that these calculations are reliable.

Table 2. The study results.

Contours | R? | Q? | Scv F |N| x| S E H D A

CoMFA | 093 |0.56 | 0.09 | 91.51 | 3 | 0.98 | 0.65 | 0.35 - - -

CoMSIA | 0.8510.60 | 0.13 | 39.55| 3 | 098 |0.24 | 0.13 | 0.20 | 0.10 | 0.33
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CoMFA CoMSIA
N° | pICso (M) | Predicted | Residuals | Predicted | Residuals
1* 5.11 5.11 0.00 5.06 0.05
2 5.03 5.03 0.00 5.04 -0.01
3 5.28 5.13 0.14 5.30 -0.02
4 4.78 4.84 -0.06 4.83 -0.05
5 471 4.67 0.04 4.86 -0.29
6 5.21 5.23 -0.02 5.21 -0.01
7 5.33 5.36 -0.04 5.37 -0.04
8 5.28 5.32 -0.04 5.29 -0.01
9% 4.84 4.88 -0.04 4.88 -0.04
10* 495 4.96 -0.01 4.93 0.02
11 4.75 4.75 0.01 4.75 0.01
12 431 433 -0.02 4.34 -0.02
13 4.54 4.52 0.02 4.48 0.06
14 441 4.39 0.03 437 0.04
15 434 438 -0.05 4.36 -0.03
16 431 432 -0.01 431 0.00
17 4.60 4.62 -0.02 4.63 -0.03
18 4.71 4.70 0.00 4.71 -0.01
19* 4.46 4.42 0.04 4.44 0.02
20 4.57 4.68 -0.11 471 -0.14
21 4.74 4.76 -0.02 4.77 -0.03
22 4.43 4.43 0.00 4.45 -0.02
23 4.58 4.52 0.06 4.52 0.06
24 4.66 4.63 0.03 4.64 0.02
25 447 4.45 0.02 4.44 0.02
26* 4.46 4.54 -0.08 4.53 -0.07
27 4.52 4.64 -0.12 4.65 -0.13

ISSN-e 2594-0317
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CoMFA CoMSIA
N° | pICso (M) | Predicted | Residuals | Predicted | Residuals
28 4.73 4.63 0.10 4.75 -0.02
29* 4.75 4.67 0.07 4.68 0.06
30 4.79 4.77 0.02 4.79 0.00
y=0.97x +0.13
e ©

@Training set @Test set ”
4.20 4.40 4.60 4.80 5.00 5.20 5.40
Observed
CoMSIA y =0.96x +0.21
R2=0.93
@trainingset @Test set
4.20 4.40 4.60 4.80 5.00 5.20 5.40
Observed

Fig. 3 Observed and predicted pICso of all compounds employed in constructing CoMSIA and CoMFA

contours

Graphical interpretation
The contours were generated to determine the types of substituents that can decrease or increase

activity. The Steric and electrostatic contours of COMFA are given in (Fig. 4(a) and (b)). In contrast,
Hydrophobic, hydrogen bond donor and acceptor contours of COMSIA are displayed in (Fig. 5(a), (b), and
(¢)). In this study, all contours indicated the default 80 percent and 20 percent level contributions of the select
and unfavored areas, respectively, utilizing the structure of compound 7 as a model.
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CoMFA contour
I? d
i i
AA
/!" /\h,ﬁr_,.--' -
: e ol

Fig. 4 CoMFA analysis. (a) Steric, (b) Electrostatic.

In the steric field (Fig. 4(a)), the green color is seen near the phenyl ring of 1,3,4 oxadiazole parts
and N-methyl. This indicates that the inhibitors with bulky molecules at these positions could increase the
activity. So, compounds 2, 7, and 3 have higher activity than 5, 1, and 6.

In (Fig. 3(b)), the blue contour indicates that the electron donor groups near the 3-hydroxyl and
methoxy groups of the phenyl part and N-alkylated methane group might have high activity, so compounds
3 and 8 are higher than 12 and 14.

CoMSIA contour maps
CoMSIA contour explains H bond donor-acceptor (D-A) and hydrophobic (H), Fig. 5(a), (b), and
(c) present the graphs of these fields, and the other fields (S, E) are the same in both contours.

Fig. 5. CoMSIA analysis. (a) Hydrophobic, (b) H bond donor, (¢) H bond acceptor fields.

The hydrophobic field was presented in (Fig. 5(a)) a large yellow color map that covers all the
compounds except the 3-hydroxyl and methoxy on phenyl positions, which indicates that groups with
hydrophobic character are favored more in these positions and might have enhanced activity. Compounds 2
and 4 are higher than 14 and 12. The purple color (Fig. 4(b)) appears near the OH, OCH3, and C2 substituents
of the phenyl ring, revealing that the hydrogen bond donor is not preferred in this region, and the substituents
of this type might decrease the activity. The Magenta contour (Fig. 4(c)) seen near the hydroxyl (OH) of the
phenyl ring explains that substituents with hydrogen bond acceptor type can enhance the activity. In contrast,
the red color around C1, C2, C3, C4, and C6 of the phenyl ring part and N-isopropyl reveals that hydrogen
acceptor is not preferred in this region. This fraction is less than the others, so it will not be considered.

External validation results

The Golbraikh, Roy, and Tropsha criteria are essential expressions for creating accurate models and
applying them to the prediction of compound activities, as shown in Table 5, which lists the criteria results.
In this table, the values of r(;z and ¢ are more significant than 0.5; CoOMFA has 0.962 and 0.965; CoMSIA

2_.2 2 _ 172
ré -5 r% -1y .
= > = < 0.1) remains

has 0.971 and 0.999, respectively. That explains the ratio of the two values (
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less than 0.1, (2, 1;,° > 0.5), ArZ < 0.3 and Ar;2 < 0.2 for both ficlds. In addition, the slopes k' and K have
1.012 and 1.013 in CoMFA. Moreover, COMSIA has 0.991 and 0.995, respectively. The values are less than
1.15 and more significant than 0.85 in both contours. All parameters respect their margins of variation, which
gives credibility to the present studied model to design new molecules, such as thymidine Phosphorylase
(TP) inhibitors against cancer activity.

Table 4. The results of the Golbraikh Roy and Tropsha.

Criteria Acceptance criteria CoMFA | CoMSIA
2 ext r2>0.6 0.981 0.984
k 0.85<k<1.15| 1.013 0.995
3 82 >0.5 0.962 0.971
2 12>0.5 0.965 0.999
Ibraikh and Tropsh
Golbraikh and Tropsha [, 1 o5 v 115 | 1012 | 0991
2 _ .2
I~ <0.1 0.016 | -0.015
rZ
r2 —rg?
<0.1 0.019 0.013
rZ
r? rm2>0.5 0.845 0.871
2 72 >0.5 0.856 0.863
Roy
Ar2 ArZ <03 0.003 0.028
Ar2 ARz <0.2 -0.011 0.008

Newly designed compounds

The discovery of new drugs is one of the most complicated steps because this process involves
several very complex steps. In this context, and according to the 3D QSAR study based on steric and H-bond
acceptor fields, four more active compounds were designed with higher thymidine phosphorylase inhibitors
against cancer activity. The pIC50 values and structures of designed compounds are shown in Table 5.

Table 5. Newly designed compounds.

The expected pICso (M)
N° Compounds
CoMFA CoMSIA
CH; CHj
\
o}
A N 5.545 5.540
7\ 0 OH
N
— e
N
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The expected pICso (M)
N°e Compounds
CoMFA CoMSIA
CH; CH;
\
O
N
= \N—<\ N om
N
| T) \
O
C \ﬁ = 5.346 5.341
CH; CHj y
O
CHy O—
D N o 5.323 5.319
74 N o
= N’<\N/\N

Docking results

To verify its reliability, it is essential to study the redocking of co-crystal ligands before studying
molecular docking. Fig. 6 shows the highly superimposable and consistent between the two conformations, and
the RMSD was 0.861 A. This indicates that the docking protocol that was performed was reliable and could be
used for subsequent studies.

Fig. 6. Superimposition of the redocking pose (red) and the ligand pose in the co-crystal structure (green).

In an efficient state form (designed compounds-receptor), the Molecular Docking method was subjected to
explore the interactions between the currently designed compounds and the TP inhibitor. The structure of
thymidine phosphorylase (4EAD) was used as the receptor, and the compounds designed are the ligands; Table
6 summarizes the results of docking molecular.
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Table 6. Results of docking molecules: show the interaction of designed compounds (A, B, C, and D) as ligands
with the thymidine phosphorylase (receptor).

N°e 2D View N°e 2D View
A5y A30
AdY7
A
C
Interactions
Il conventional Hydrogen Bond I Pi-pi T-shaped Interactions
[] carbon Hydrogen Bond 0 Alkyl [ carbon Hydrogen Bond I Pi-pi Stacked
[] pi-Donor Hydrogen Bond 1 pi-dkyl [ Pi-Donor Hydrogen Bond [ Alkyl
B Pi-sigma [ pi-Lone Pair [ pi-Adieyl
Fi)Y
alhBs
B D
Alzﬁjf I’E Asﬂ?
Interactions
- ) - Sond i Interactions
C Nt rogen o =l .
— C:'r'::r: H‘:;dmgen od — Alkylg —_ C.drbun H@mgen Bond (| .v\.rkw,-l
[ 1 Pi-Donor Hydrogen Bond 1 Pi-alk| B3 Pi-Lone Pair 3 Ptk

The first component, A, demonstrates two conventional hydrogen bond interactions with THR123 and
SER95, two mixed interactions between carbon H-bond and Pi-donor are ASP92 and SER113, one of pi-sigma
with HIS8S5 residues, and four mixed interactions between Alkyl and Pi-Alkyl (LYS84, MET111, LEU117,
ILE187). The second compound, B, has different types of interactions: one of conventional hydrogen bond
interaction with THR123, two mixed interactions between carbon H-bond and Pi-donor (SER113, LYS84), one
of pi-sigma is LEU117, and three mixed interactions between Alkyl and Pi-alkyl are HIS85, ILE187-183.

The third component, C, has diverse interactions: two mixed interactions between the carbon-hydrogen
bond and pi-donor hydrogen bond (VAL177, THR120), one of pi-lone is THR87, and one of Pi-Pi stacked
interactions is PHE 210. Five mixed interactions between Alkyl and pi-alkyl are HIS85, LYS190, LEU117,
ILE183, and MET211. The fourth compound, D, has two interactions in the carbon-hydrogen bond (THR120 and
SER113), one of pi-Lone is THR87, and three mixed interactions between Alkyl and pi-alkyl are PHE210,
LEU117, and ARG115. The interaction types are summarized in Table 7. Compounds A and B have two groups
(OH, OCH3) and (OH, OH) in the substituent R), respectively. These groups are close to each other; because of
these groups, compound A has two interactions of type conventional hydrogen bond interactions with THR 123
and SER95. Moreover, compound B has a single bond of conventional hydrogen bond interaction with THR 123.
The types of interaction increase the stability of compounds A and B compared to the rest of the compounds (C
and D), but compound A is more stable compared to B. Compound C has bulky groups occupying most of the R
substituent positions. At the same time, Compound D has only two OCH3 groups, and one (CH3-CH-CH» (CH3)-
CH3) group at the R1 substituent; these types of groups decrease the stability of compounds.
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Table 7. The summary of the interaction types with the designed compounds and thymidine phosphorylase.

Compounds
Interactions
A B C D

Conventional THR123, SER95 THR123

H-Bond ’

Pi-Donor, H-bond/Carbon VAL177, HR120,
H-Bond ASP92, SER113 SER113,LYS84 THR120 SER113
Pi-Sigma, Pi-lone, Pi-Pi THRS7,

stacked HIS85 LEUI117 PHE210 THRS87

. LYS84, MET111,
Pi-Alkyl/ Alkyl LEUI117, ILE187 HIS85, ILE187-183

All the designed compounds do not have unfavorable interactions. The designed compound A has nine
interactions, characterized by two essential interactions of the conventional hydrogen bond type. Moreover,
compound B contains seven interactions in all, including one interaction of the conventional hydrogen bond.
These interactions play an essential role in increasing the stability of their compounds. However, compounds
C and D do not have any conventional hydrogen bond types. Therefore, it is crucial to determine the
pharmaceutical properties of these compounds.

ADMET prediction

ADMET method is used to understand the pharmacokinetics and determine the toxicity and safety of active
molecules as potential drugs in the human body. Table 8 summarizes ADMET results of (A, B, C, and D) compounds.

Table 8. ADMET prediction results of (A, B, C, and D) compounds.

Compounds
Model
A B C D
Absorption (A)
Intestinal absorption (human) 100 90.61 | 94.84 | 96.97
Distribution (D)
Blood-brain barrier (logBB) -1.932 | -0.752 | -1.073 | -1.994

Volume of distribution Vdss(log L/kg) | 0.194 | 0.249 | 0.344 | 0.246
Metabolism (M)

3A4 + + + +
Substrate (CYP)
2D6 - - - -
1A2 - - - -
2C19 + - - +
Inhibition (CYP) 2C9 + + + +
2D6 - - - -
3A4 + + + +
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Compounds
Model
A B C D
Excretion (E)
Clearance (log ml/min/kg) 0.66 0.59 0.53 0.65
AMES toxicity - - - -

The absorption of active molecules by the human intestinal system is indicated by the letter A,
computed by unit (% Absorbed). All molecules have a value closer to 100 %, indicating that this behavior is
highly favorable to the human gastrointestinal intestine [45]. The second letter, D, indicates distribution; it is
generally based on the (logBB) and VDss (log L/kg) that show the pathway of introducing drugs into the central
nervous system is dangerous for the brain. Therefore, it is essential to eliminate the passage of drugs to the brain
to protect the cerebral environment. The compounds A, D, and C have a value < -1, which indicates that they
will not cross the blood-brain barrier.

Moreover, compound C has a -1 <-0.752< 0.3, indicating an intermediate value. The second parameter
studied in the distribution is the volume of distribution VDss (log L/kg); the higher the volume, the more the
molecule will leave the vascular flow to diffuse in the body, but the brain has a protective barrier called the
blood-brain barrier, the values of VDss vary between -0.15 and 0.45, if this value is lower than -0.15, it is
considered a low. In contrast, if higher than 0.45, it is considered a high distribution. If -0.15 <VDss< 0.45,
these are intermediate values. The third letter in the ADMET is M, which indicates metabolism; this shows the
body’s enzymatic system transforms the drug at the level of the liver; studies have shown that there are 57 CYP
genes from 17 families in humans. Still, only CYPs (1A2, 2C9, 2C19, 2D6, and 3A4) are responsible for the
biotransformation of 90 % of drugs. In our case, all compounds are not substrates or inhibitors of the cytochrome
2D6. Still, they are substrates and inhibitors of CYP3A4; for the rest, all compounds do not inhibit 1A2, but for
cytochrome 2C19, only the B and C compounds are inhibitors. For the last cytochrome, all molecules are
inhibitors of 2C9. The fourth letter, E, indicates excretion or clearance; it is a value that calculates the
relationship between the rate of drug elimination and its concentration in the body. The results show a somewhat
high value and are acceptable, and all predicted compounds are not toxic; this indicates that these compounds
can be potent inhibitors of thymidine phosphorylase.

MD simulation analysis

Calculations of RMSD, RMSF, Radius of Gyration Rg, Hydrogen Bonding, Average Center-of-Mass
Distance, Contact Frequency (CF) Analysis, Potential energy, Pressure and Temperature, and MMGBSA
Binding Energy were carried out to evaluate the study of each structure about time.

Root mean square deviations (RMSD)

RMSD was used for the protein and ligand by using GROMACS program. RMSD graph (Fig. 7, Row
1), for the protein, the deviations of the proteins vary between 0.15 nm and 0.3 nm within 100ns of the
simulation. These minimal deviations indicate that the proteins are stable throughout the simulation, which is
the expected behavior of globular proteins. The RMSD of the ligand is shown in (Fig. 7, row 1); ligands A and
B show fewer deviations in the last 80 ns of the simulations. These deviations are less compared to the
deviations of ligands C and D. It indicates that ligands A and B showed higher stability than C and D. However,
the minimum deviation for all ligands (less than 0.3 nm) for 100 ns indicates that the ligand can attack the active
site of the protein.

Root mean square fluctuations (RMSF)

RMSF was calculated for protein based on 'C-alpha’ atoms using GROMACS program. (Fig. 7, Row
2) shows that the maximum fluctuation of all four complexes did not exceed 0.5 nm with residue 390 for
complex C. Moreover, all four complexes showed similar dynamic fluctuations, indicating that these inhibitors
have a similar binding mode with the enzyme Thymidine Phosphorylase.
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Radius of gyration (Rg)

The radius of gyration (Rg) was calculated for (A, B, C, and D) TP enzyme (4EAD)) complex based
on ‘C-alpha’ atoms using GROMACS program, where the values were measured in nm. As (Fig. 7, Row 3)
shows, ROG values for complex A stay between 2.26 nm and 2.34 nm or 22.6 A and 23.4 A. ROG for complex
B increased values from the beginning of the simulation until 40ns, then stabilized after that, where its values
stay between 22.9 A and 23.2 A with some slight fluctuations. After 10ns, ROG values after 10ns values 22.6
A and 23.4 A. ROG values complex D have an increasing pattern from the beginning of the simulation up to
40ns, stabilizing to values between 22.7 A and 23.2 A with some slight fluctuations. All four complexes show
a very stable radius of gyration with a fluctuation of around 1-1.2 A after 10ns, indicating the stability and
compactness of the structure. The slight fluctuation around 1.0 A Rog value during the MD simulation time
indicates a slight opening and closing of the N and C terminal domains.

Hydrogen bonds (HB)

The total number of HB formed between ligands (A, B, C, and D) and Protein (TP enzyme (4EAD)
during 100 ns of the simulation time is shown in (Fig. 9, Row 1), the maximum number of Hydrogen Bonds
formed by TP and ligands A, B, C, and D are found to be 3, 4, 5, and 5 respectively.

Average Center-of-Mass Distance

The average Center-of-Mass Distance between ligands (A, B, C, and D) and Protein (TP enzyme
(4EAD)) during 100 ns of the simulation time is shown in (Fig. 9, Row 2). All compounds have unstable
variations before 80 ns, but these graphs remain constant after this instant.

Fig. 7. From top to bottom: (1) RMSD, (2) RMSF, and (3) Rg of the complexes during 100ns MD simulation.
Compounds A (Column A), B (Column B), C (Column C) and D (Column D).

After completing the proposed compounds’ RMSD, RMSF, and Rg, Fig. 9 of the most ligands were
added to compare (below). The average value of RMSD of both the ligand and protein studied was similar at
all times of MD simulation analysis. We noticed they don’t have any intersection (C7-protein), indicating that
most compounds (C7) are unstable. Several fluctuations, e.g. characterize the mean RMSF values for the ligand
(C7). The figure shows four fluctuations over 0.4 nm. In all systems, the RMSF for this compound is unstable.

Rg assessment. Rg analysis determines whether the protein under study is compact and folded during
MD simulation. The overall results of Rg analysis show that the total Rg of compound 7 (C7) is comparatively
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higher than the proposed compounds in each complex (Fig. 7). The Rg of C7 was initially lower but increased
to 2.5A at 10 ns and then remained unstable up to 50 ns, after which the Rg of C7 reached a value between 2.6
A and 2.65 A, after 60 ns of simulation. We noticed that the Rg value in the C7 COMPOUND remained unstable
throughout the MD simulation compared to the proposed compounds.

Generally, the RMSD, RMSF, and Rg results indicate that the four predicted complexes (A, B, C, and
D) are stable and may serve as potential drug candidates as potential Thymidine Phosphorylase (TP) inhibitors
against cancer activity.

RMSD T RMSF

¥ E.. n
E !

R . Saea—_— S A — H‘l‘ | \
Ve e i i «JHJ'( \wj w

Rg i,

Fig. 8. RMSD, RMSF, and Rg of the complex (Compound?7 (C7) - TP enzyme (4EAD)) during 100ns MD
simulation.

o e oy o

Fig. 9. From top to bottom: (1) Hydrogen Bonds (Protein-ligand) and (2) Average distance between Ligand and
the Protein form of the complexes during 100ns MD simulation. Compounds A (Column A), B (Column B), C
(Column C) and D (Column D).

Percentage of Contact Frequency (CF)

The contact frequency (CF) analysis for (ligand (A, B, C, and D) and Protein (TP enzyme (4EAD))
complexes was done with 4 A as a cutoff threshold. The names of residues in function to the CF percentage are
presented in Fig. 10, where ligand D shows the highest contact frequency percentage.
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Fig. 10. Contact frequency (CF) analysis.

The supplementary section
Variation of pressure, temperature, and potential energy

The system’s potential energy, pressure, and temperature during 100 ns of MD simulation, as obtained
from the GROMACS file (Fig. 11), shows the evolution of the pressure, potential energy, and temperature
through the MD simulations. In MD simulation, fluctuation of thermodynamic parameters is expected due to
statistical fluctuation and sampling of different microstates. The running average of these data is the critical
value to be stable during the simulation because it represents the system’s ensemble property or the actual
thermodynamic macroscopic property. As shown in (Fig. 11), the average temperature, pressure, and potential
energy are constant throughout the simulation. The graph shows the converged potential energy, pressure, and
temperature throughout the 100ns simulations.

A - (B) ()

E (Kealimol)
|

Pressure [ar]

G g [y 0 W
Time fns) Time (ns) Time (ns)

Fig. 11. From left to right: (A) Temperature (B) pressure, and (C) potentlal energy durmg the 100ns MD simulations.

MMGBSA Binding Energy

To calculate the free energy between the ligands (A, B, C, and D) and the thymidine phosphorylase
enzyme, the most popular methods were the Molecular Mechanics/Generalized Born or Poisson Boltzmann
Surface Area (MM (GBSA, PBSA)). MM/GBSA calculation was performed because it is more precise and
faster. The results are shown in Table 9.

Table 9. The binding free energies [kcal/mol].

Complex AG AE(internal) AE(electrostaty T AGgsol) AEvpw)
A -20.1374 £0.1189 0 10.6882 -30.8256
B -20.1897 £ 0.1333 0 15.0771 -35.2668
C -18.1344 £ 0.1604 0 14.2583 -32.3926
D -19.077 £ 0.1549 0 13.5052 -32.5822
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The results showed that the A and the B complex had a solid binding free energy with the thymidine
phosphorylase enzyme (TP), and their binding energies were -20.1374 +/- 0.1189 kJ/mol and -20.1897 +/-
0.1333 kJ/mol, respectively. In addition, the other compounds, C and D, had less binding energy with the
thymidine phosphorylase enzyme (TP), and their binding energies were -18.1344 +/-0.1604 kJ/mol and -19.077
+/-0.1549 kJ/mol, respectively. The energy types are divided into internal energy, solvation energy,
electrostat energy, and van der Waals energy. Among them, the solvation and electrostatic energy between
the B and the TP enzyme was 15.0771 kJ/mol; this was the most critical factor in the binding energy. In addition,
the energies of the compounds C, D, A, and TP enzymes have been classified as 14.2583, 13.5052, and 10.6882
kJ/mol, respectively. The final energy remains zero for all compounds. The van der Waals energy of compounds
A, B, C,and D are -30.8256, -35.2668, -32.3926, and -32.5822 successively.

Comparative study

The selective inhibition potential of Thymidine phosphorylase (TP) is the mainstay intervention in
treating cancer activity in the absence of effective therapy for this severe disease. The design of new specific
and selective inhibitors based on an isatin scaffold by applying computational methods to investigate the
binding properties of isatin scaffold compounds as cancer inhibitors with target enzymes. In a previous study
by Jian-Bo et al., the quantitative structure-activity relationship of isatin-based oxadiazole derivatives as
Thymidine Phosphorylase Inhibitors was investigated by 3D-QSAR and molecular docking study [46]. The
present work investigated the cancer inhibitors’ activity of Thymidine Phosphorylase by 3D-QSAR, molecular
docking, and molecular dynamic simulation. Also, the pharmacokinetics and toxicity of designed compounds
were visually screened by ADMETox study. In this work, we used a 3D-QSAR, Molecular Docking, ADME-
Tox, and Molecular Dynamics Simulation analysis investigation of 30 compounds of anticancer isatin-based
oxadiazoles activity, and each method has a vital role in this study.

3D QSAR

Used after the reliability check and the robustness for determining the nature of the substituents, which
can decrease or increase the biological activities of the target compounds. Two contours determine the types of
substituents, Comparative Molecular Similarity Indices Analysis and CoMSIA and Comparative Molecular
Field Analysis COMFA, which are essential to building QSAR.

Molecular docking

It is an important method for exploring the interaction between ligands (A, B, C, and D) and the TP
enzyme (4EAD).

ADME-Tox

Drug research and development speed is accelerating, and the number of candidate compounds is
increasing. It would waste a lot of resources to put them into experiments directly. Therefore, it is necessary to
use computational modeling methods to evaluate their bioavailability and pharmacokinetics. The absorption,
distribution, metabolism, excretion, and toxicities are examples of traditional pharmacokinetic parameters
(ADMET) evaluation including Intestinal absorption (human), Blood-brain barrier (logBB), Volume of
distribution Vdss(log L/kg), cytochrome(CYP) enzyme inhibition and substrate, Clearance (log ml/min/kg),
and AMES toxicity.

Molecular dynamics (MD) simulation

MD simulation is essential for analyzing protein-ligand complexes. In this case, the ligands are the
proposed compounds (A, B, C, and D), and the enzyme is Thymidine Phosphorylase TP (4EAD).

We found that just one work used 3D-QSAR, but in this work, they proposed other compounds that
were different from our proposed compounds. The comparison between the results of both studies is
summarized in Table 10. The docking result of the current study shows different types of interactions:
conventional H-bond, Pi-Donor, H-bond/Carbon H-Bond, Pi-Sigma, Pi-lone, Pi-Pi stacked, and Pi-Alkyl/
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Alkyl. In addition, the present work contains other complementary studies, ADMET prediction, and MD
simulation analysis to study the properties and stability of the proposed compounds. The ADMET method is
used to understand the pharmacokinetics and determine the toxicity and safety of active molecules as potential
drugs in the human body. Section 3.6 (Table 8) summarizes the ADMET results (A, B, C, and D). The molecular
dynamics simulation used binding stability between ligand- thymidine phosphorylase enzyme (TP) (compounds
A, B, C, and D)- thymidine phosphorylase enzyme (TP) complexes. RMSD, RMSF, Radius of Gyration Rg,
Hydrogen Bonding, Average Center-of-Mass Distance, Contact Frequency (CF) Analysis, and MMGBSA
Binding Energy were carried out to assess the stability of each complex structure as shown in section3.7 MD
simulation analysis, figures 7, 8, 9, 10 and table 9.

Table 10. The comparison between the results of both studies.

N°e Present work N°e Present work
A5Y AH80
. e
A:&E?
A C
Interactions
I Conventional Hydrogen Bond I Pi-Pi T-shaped Interactions
[] tarbon Hydrogen Bond [ Alkyl [] carbon Hydrogen Bond I Pi-Pi Stacked
[ pi-Donor Hydrogen Band [ pi-alkyl [ pi-Denor Hydrogen Bond [ Alkyl
B ri-sigma [ pi-Lone Pair [ pi-alkyl
TS
atiEs
B D
A4k % = ~ib
Interactions
B Conventional Hydrogen Bond B ei-sigma Intarnctions
[1 carbon Hydrogen Bond [ Alkyl [ carbon Hydrogen Bond [ Alkyl
1 Pi-Donor Hydrogen Bond [ pi-Allyl 1 Pi-Lone Pair [ Pi-adicet
Other study

I. I-!—'\.-'.-"LT_ERR
B

(B) Hydrogen bond interaction between the newly
designed molecule 1 and 5.
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In literature, we can find work using these computational chemistry methods on other derivates and
other activities. Generally, each molecule has a specific activity (anti-cancer, anti-diabetic, anti-
inflammatory....). We used computational chemistry methods in several works, for example. In the work
titled”3D-QSAR, molecular docking, ADMET, simulation dynamic, and retrosynthesis studies on new
styrylquinolines derivatives against breast cancer [27]”. We used other derivatives of styrylquinolines
derivatives and their activity against breast cancer. In the second work titled”2-Oxoquinoline
Arylaminothiazole Derivatives in Identifying Novel Potential Anticancer Agents by Applying 3D-QSAR,
Docking, and Molecular Dynamics Simulation Studies [42]”. We used other derivatives of 2-Oxoquinoline
Arylaminothiazole. Generally, we have applied these methods to the design of new compounds against several
diseases, and we have also applied them to the validation of compounds proposed.

Conclusions

The 3D-QSAR study was used to determine the connection between molecules’ structure and activity
to determine the types of substituents that can increase the activity of the compounds. Both CoMFA and
CoMSIA contours are the critical basis for designing new compounds. In this study, the two contours were used
to design four molecules (A, B, C, and D), and the proposed compounds’ binding mechanism and interaction
with the active site of Thymidine Phosphorylase (TP) were studied using molecular Docking. Docking results
showed that compound A is ranked first in terms of stability with two types of classical hydrogen bonding
interactions, followed by compound B, which has only one kind of interaction. Two (A and B) compounds
remain more stable than (C and D) because they do not have any classic hydrogen bond with TP inhibitor
enzyme. The pharmacokinetic properties (ADMET) for (A, B, C, and D) compounds, including cell Blood-
brain barrier, intestinal absorption, the volume of distribution, and metabolism, where the results were found to
be non-Ames toxicity. Molecular dynamic (MD) results at 100 ns showed that all the compounds remained
stable during the simulation. Current results encourage in vitro and in vivo studies of the designed isatin
compounds as potent TP inhibitors.
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Abstract. We present the chemical speciation of [AgCl,]"™/Ag® redox couple in two media: the room temperature
ionic liquid (RTIL) 1-butyl-3-methylimidazolium bis(trifluoromethylsulfonyl)imide ([Csmim][NTf,]) as a model
ionic solvent, and aqueous medium. The logarithms of the formation constants (log B), solubility product constant
(pKsp), and formal reduction potential (E°') values of these chemical systems were estimated through open circuit
potential measurements using suitable indicator electrodes and representative potentiometric titrations. The
estimation of the extraction constant (Kg) of Ag" in the interphase water-RTIL was determined through a series of
extraction systems at different values of p(Vore/Vac), finding that the extraction of silver(I) is favorable towards
aqueous media at high pCl values. Also, a series of reference electrodes (RE) were constructed under different buffer
conditions for use in this ionic liquid to assess the utility of the collected electrochemical data. The potential drift of
the half-cells was determined via cyclic voltammetry using the cobaltocene redox couple, [Co(Cp)2]*", as an internal
redox reference; in addition, information on the Ag(I) extraction constant allowed to explain the effect of water as a
contaminant of these devices. Finally, specific configurations were identified for these REs, some exhibiting potential
drifts of less than 0.58 pV h!, rendering them comparable to commonly used REs in aqueous media.

Keywords: Room temperature ionic liquids; reference electrodes; silver; chemical speciation; liquid-liquid
extraction.

Resumen. Se presenta la especiaciéon quimica del par redox [AgCl,]'"/Ag® en dos medios: el liquido iénico a
temperatura ambiente (RTIL) bis(trifluorometilsulfonil)imida de 1-butil-3-metilimidazolio ([Csmim][NTf,]) como
solvente idnico modelo, y en medio acuoso. Los logaritmos de las constantes de formacion (log f3,), la constante del
producto de solubilidad (pKs) y los valores del potencial formal de reduccion (E°’) de estos sistemas quimicos se
estimaron mediante mediciones de potencial de circuito abierto utilizando electrodos indicadores adecuados y
valoraciones potenciométricas representativas. La estimacion de la constante de extraccion (Kg) de Ag* en la interfase
agua-RTIL se determiné a través de una serie de sistemas de extraccion a diferentes valores de p(Vorg/Vac),
encontrando que la extraccion de plata(l) es favorable hacia el medio acuoso a altos valores de pCl. Ademas, se
construy6 una serie de electrodos de referencia (RE) bajo diferentes condiciones de amortiguamiento para su uso en
este liquido i6nico, con el fin de evaluar la utilidad de los datos electroquimicos obtenidos. La deriva potencial de las
semiceldas se determind mediante voltamperometria ciclica usando el par redox de cobaltoceno, [Co(Cp)2]*"°, como
referencia redox interna ademas, la informacion sobre la constante de extraccion de Ag(I) permiti6 explicar el efecto
del agua como contaminante de estos dispositivos. Finalmente, se identificaron configuraciones especificas para estos
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REs, algunos de los cuales exhibieron derivas potenciales de menos de 0.58 uV h™', haciéndolos comparables con los
REs comunmente utilizados en medios acuosos.

Palabras clave: Liquidos i6nicos a temperatura ambiente; electrodos de referencia; plata; especiacion quimica;
extraccion liquido-liquido.

Introduction

Room-temperature ionic liquids (RTILs) are liquid ionic salts at temperatures below 100 °C [1]. These
primarily consist of a bulky organic cation with heteroaromatic atoms and an inorganic anion with low
coordinating capacities [2—4]. Given the vast cation-anion combinations and their functionalization capacity,
many of these compounds have been documented, each offering versatility and multiple applications in various
areas of chemistry. Ionic liquids are used as solvents and supporting electrolytes in routine electrochemical
analysis due to their board electroactive window and high specific conductivity, enhancing measurement
sensitivity and reproducibility. They are applied in electrochemical sensors for selective detection of redox
species, in cyclic voltammetry to study electrochemical stability and electron transfer kinetics, and in controlled
electrodeposition systems for characterizing metal film growth processes [5—7].

The reagents used for the synthesis of ionic liquids (ILs) often involve the presence of several metal cations,
such as silver, involved in metathesis reactions [8], resulting in solvents that are not entirely pure. Thus, their use as
solvents to increase reaction rates and enhance efficiency is a function of their initial purity [9]; furthermore, it must
be considered that such processes generate contaminated ionic liquids as waste. Although significant interest in ILs
for various applications stems from their properties as solvents, these acquire reference values under certain purity
conditions, so achieving successful, sustainable, and economical purification remains a significant challenge.

Reference electrodes (REs) are compartmentalized devices that maintain a known and constant half-
cell potential over time due to the presence of a redox couple in a buffered condition. However, the absence or
alteration of the relative concentrations of the chemical species defining the specific redox couple will inevitably
affect the observed electrode potential [10,11] . In Room Temperature Ionic Liquids (RTILs), several studies
have focused on developing reference electrodes, such as Snook et al., who proposed a Ag’/Ag” electrode, but
interactions with the RTIL's ions can compromise its stability and accuracy [12] . Huber and Roling developed
a micro Ag’/Ag" reference electrode, useful for small systems, though its long-term performance in RTILs
remains unvalidated [13] . Horwood and Stadermann introduced a Ag’/Ag,Ss) electrode with greater stability,
but its use is limited to certain RTILs [14]. Garcia-Mendoza and Aguilar-Cordero designed a Ag’/[AgCl,]'™"
electrode for bis(trifluoromethylsulfonyl)imide-based RTILs. However, its application is not generalizable to
other ionic liquids composed of different types of anions [15].

These electrodes must be specifically designed for the solvent in which they are used to ensure stability and
accuracy. Properly designed electrodes offer several advantages: (1) reproducible and stable potential over time, (2)
reversibility and adherence to the Nernst equation, (3) return to the initial value after a small current is applied and
the stopped, and (4) no hysteresis with temperature cycling [16-18] . Thus, it is essential to construct reference
electrodes tailored explicitly to the RTIL being studied to ensure reliable and analytically acceptable measurements.

Unfortunately, quasireference electrodes (QREs) are often used when nonaqueous solvents are used.
These devices maintain a potential value, albeit not well-defined or reproducible, during a series of
measurements [19]. This kind of electrode must be calibrated with respect to an internal reference system to obtain
meaningful potential values. Commonly used redox couples for this purpose include ferrocenium/ferrocene
([Fe(Cp)2]") and cobaltocenium/cobaltocene ([Co(Cp)2]*®) [20]. Furthermore, in QREs, the redox couple
responsible for the electrode potential is uncertain, as multiple uncontrolled processes can occur at the metal-
solution interface [21,22]. Furthermore, the destruction of QREs in RTILs due to their solubilization effect has
been reported [2], making their use not recommended for electrochemical assays conducted over extended periods
or for the characterization of processes occurring in the electric double layer (EDL) [23,24].

This work aims to describe the chemical speciation of the Ag'—Cl—e™ system in [C4smim][NTf,] and
the extraction of Ag(I) from this RITL towards water, using a variety of electrochemical techniques to analyze
the chemical species involved in potential drift in different architectures of true reference electrodes of Type 1
and Type 2 based on the concurrent interfaces Ag’|Ag’|| and Ag’|AgCl)|, respectively. The goal is to propose
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these half-cells as constant potential electrodes for use in [Csmim][NTf3], thereby minimizing the need for toxic
materials, such as mercury, and expensive ones, like platinum or palladium [22,25,26]. Additionally, estimating
the silver extraction constant at the water-RTIL interface is intended to provide comments on the exposure of
prepared REs in humid environments. This information could be used as a competitive, environmentally
friendly, and cost-effective purification technique, as it reduces the use of toxic, volatile, and flammable
contaminants required in other methods, such as distillation. Estimating this extraction constant allows us to
understand the partitioning behavior of silver(I) between the two phases, considering the effect of their pCl
imposed values, pH in the aqueous phase, and the volume ratio of the solvents, p(Vore/Vac).

Experimental methodology

Reagents

The aprotic ionic liquid wused in this work was 1-butyl-3-methylimidazolium
bis(trifluoromethylsulfonyl)imide ([Csmim][NT£,], Merck, purity > 98 %). For the chemical speciation of the
AgCls/[AgCla]'™ and Ag™” systems, silver wire (Ag®, Sigma-Aldrich, diameter = 1.0 mm, purity > 99.99 %),
1-ethyl-3-methylimidazolium chloride ([Comim]Cl, Sigma—Aldrich, purity > 98 %), and silver
bis(trifluoromethylsulfonyl)imide (Ag[NTf,], Sigma—Aldrich, purity > 97 %) were used. These materials were
common for the construction of the RE in the RTIL. For the identification of the intrinsic solubility of silver in
the RTIL, a medium composed of silver nitrate (AgNOs;, Sigma—Aldrich, purity >99.0 %), potassium
thiocyanate (KSCN, Sigma—Aldrich, purity > 98.5 %), ammonium nitrate (NH4NO3, Sigma—Aldrich, purity >
98 %), sodium sulfite (Na,SOs, J.T. Baker, purity > 98.52 %), and sodium thiosulfate pentahydrate
(NazS,03-5H,0, J.T. Baker, purity > 99.5 %) was used. Cobaltocenium hexafluorophosphate ([Co(Cp).][PFs],
Sigma—Aldrich, purity > 98 %) was used as an internal reference system in the RTIL, while ferrocenemethanol
([Fe(Cp).CH20H)], Sigma—Aldrich, purity > 97 %) was used as a redox standard in aqueous solution. The
reagents were used as received and stored in a desiccator cabinet Bel-Art Amber tinted UV blocking model
(relative humidity <5 %). The [Csmim][NTf,] and all solutions prepared in this RTIL as a solvent were dried
for 24 h at 90 °C in an oven before use. Deionized water (> 18 MQ cm ™) obtained from a Milli-Q system was
used for washing. Nitrogen 4.8 (N2, ProSpec, purity > 99.998 %) was used to perform measurements under an
inert atmosphere using an appropriate gas—washing glass bottle.

Instruments

For open circuit potential (OCP) measurements and the electrochemical preparation of AgCl
coatings, a potentiostat (model 920C, CH Instruments, USA) with a three-electrode setup was used. A silver
wire (Ag, Sigma—Aldrich, purity >99.99 %, 1.0 mm diameter, 30 mm length) was used as the working electrode
(WE), a platinum coiled wire (Pt, Sigma—Aldrich, purity > 99.99 %, 0.5 mm diameter, 37 mm length) was used
as the counter electrode (CE), and an appropriate RE was utilized. For electrochemical measurements by cyclic
voltammetry (CV), a potentiostat (PalmSens4 model, Palm Sens BV, NL) with a three-electrode setup was
used. A gold electrode (Au, CH Instruments, 2.0 mm diameter) and a glassy carbon electrode (GC, CH
Instruments, 3.0 mm diameter) were employed as working electrodes (WEs); a platinum coiled wire described
above was the counter electrode (CE). A Faraday cage (Cypress Systems, USA) was utilized to minimize
electrostatic interferences during data acquisition.

Every working electrode was polished with alumina powder (Buehler) with a particle size of 0.05 um
on a microcloth (Buehler) and washed with deionized water (> 18 MQ c¢cm™"). Immediately, electrodes were
sonicated in an appropriate volume of this solvent for 5 min and finally rinsed. Afterward, the electrodes were
placed under a flow of dry N,. All masses were measured using a Mettler balance (XP105DR, + 0.01 mg,
Mettler Toledo, USA). Gravimetric and volumetric errors were typically less than 2 %.

The temperature was ensured at T = 25.0 = 0.5 °C using a recirculating water bath connected to an
optimized thermostated electrochemical cell. The arrangement of the three-electrode cell used is shown
schematically in Fig. 1.
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Fig. 1. Schematic of the three-electrode cell setup for electrochemical measurements using a thermostated cell.

Electrochemical measurements

All electrochemical measurements were conducted under a dry N, atmosphere by bubbling the gas into
a cell with a maximum solution volume of 2.0 mL. The evolution of the RE potential values over time was
determined vs. the cobaltocene/cobaltocenium redox couple ([Co(Cp).]*"°) using CV at nine scan rates in V s :
0.005, 0.010, 0.025, 0.050, 0.100, 0.250, 0.500, 0.750, and 1.000. The redox standard solution was prepared by
weighing the necessary amount of cobaltocenium hexafluorophosphate in [Csmim][NTf,] and stirring under a
stream of dry N until complete dissolution of the solid. Care was taken to ensure that the concentration was the
same in all solutions of the redox standard (C = 25 mmol L"), achieving a similar final total mass for all the
solutions used by weighing the same amount of ionic liquid and standard. During data acquisition, compensation
was made for up to 95% of the electrical resistance of each solution in the form of an ohmic drop, iR.

The OCP of the [Comim]Cl and Ag[NTf;] solutions prepared in the RTIL was monitored in triplicate
for 600 s at intervals of 0.2 s using Ag® and AgCls, wires as convenient indicator electrodes, a Pt wire as the
CE, and a freshly calibrated RE with respect to the [Co(Cp)2]*"° redox couple. In aqueous media, the OCP of
the NaCl solutions prepared in water was monitored for 600 s at intervals of 0.2 s using a AgCls) wire, a Pt wire
as the CE, and a freshly calibrated RE with respect to the [FcMeOH]"° redox couple.

The determination of Ag(I) in the aqueous phase was carried out through potentiometric titrations
because the estimated concentration falls within the technique's linear limit of quantification. Potentiometric
monitoring was performed with a three-electrode system using a silver wire as the indicator electrode (IE), a
platinum wire as CE, and a Ag®/AgCl) RE. A salt liquid junction containing a saturated KNOj3 solution was
used to prevent the migration of Cl ions from the internal electrode chamber into the solution. The OCP was
measured for 300.0 s with stirring. Aliquots of 10.0 pL of a 0.1 M sodium chloride standard solution were added
to the aqueous solution, and the OCP was measured after each addition.

The determination of Ag(l) in the nonaqueous phase, [Csmim][NTf;], was carried out using Anodic
Stripping Square Wave Voltammetry (ASSWV) because the estimated concentration range falls within the
technique's linear limit of quantification. This analysis was performed using a glassy carbon electrode as WE
in a coordinating medium prepared in an aqueous solution in which a calibration curve was constructed using
standard additions of a previously standardized AgNOj3 solution.

Preparation of extraction systems
Two experimental setups were devised to evaluate the silver extraction constant. The pH of the aqueous phase
was buffered using a Britton-Robinson buffer solution, which was prepared to achieve the desired pH for the study.
For the first setup, an average volume of 0.4 mL of pure [Csmim][NTf,] was weighed into a glass vial,
followed by the addition of an average volume of 0.6 mL of a silver nitrate solution (0.095 + 0.001 M) using a
micropipette. The mixture was stirred for 15 min and left to rest for 24 h in the dark before phase separation.
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For the second setup, an average volume of 0.4 mL of a previously prepared solution of silver
bis(trifluoromethylsulfonyl)imide in [Csmim][NTf,] was measured. Then, an average volume of 0.6 mL of
deionized water or Britton-Robinson buffer solution was added to the sample in the glass vial. The mixture was
stirred for 15 min and stored in the dark for 24 h before phase separation.

The independent phases were preserved in glass vials for subsequent quantification.

Construction of reference electrodes

Four REs were fabricated. Two were based on the Ag®|AgCls)|Cl| half-cell, one based on the Ag’|Ag”||
half-cell, and another on Ag®|Cl| half-cell. A detailed description of the construction and labeling of the REs
is provided in Appendix A, Supporting Information.

Results and discussion

Potentiometric calibration curves

The Ag®|AgCl interface coating was produced through CV using an acidic medium in an aqueous solution.
Due to the imposed pCl value in the solution, there is no predominant presence of [AgCl,]'™ type complexes, with 1
<n <4 [27]. All coatings were visually inspected and presented a white color without cracks or dark spots. They
were dried under N> flow and stored in the dark for two days before being used in the RTIL.

A relationship was observed between the OCP values obtained when using Ag® and Ag®|AgCls, working
electrodes and the logarithm of the concentration of chloride and silver(I) solutions prepared in [C4smim][NTf>]. This
behavior fits linear relationships according to the archetypal model of the Nernst-Peters equation [18], where the
slope corresponds to the number of particles exchanged at equilibrium responsible for the potential at the interface in
terms of multiples of the quotient 2.3RT/F, as illustrated in Fig. S2 (Appendix B, Supporting Information). Thus,
when using a Ag” indicator electrode, a reversible and linear response is obtained over the entire range of analyzed
concentrations of Ag[NTf,] in the RTIL, as shown in the first row of Table S2, suggesting a Nernst equation that
coincides with the linear fit of E vs. log (C/M), where the intercept of the linear fit yields the value of E°’/V for the
Ag™ redox couple. Furthermore, when using a Ag’|AgCl, indicator electrode for these same solutions, a similar
OCP response is obtained, expressed in terms of a Nernst equation, as indicated in the second row of Table S2. The
intercept obtained from the linear fit is linked to the K, value of the AgCls/Ag" couple.

On the other hand, when a Ag’|AgCl) or Ag® indicator electrode is used to measure the potential of
[Comim]Cl solutions of different concentrations prepared in the ionic liquid, the same OCP response is obtained
regardless of the WE used. There is experimental evidence of the solubilization of AgCl) due to excess Cl in
molecular solvents and in other RTILs that share structural similarities and physicochemical properties with
[Csmim][NTf:] [28]. Hence, the formation of [AgCl,]'™ chemical species in this ionic medium, potentially
responsible for the electrode potential at the interface, is probable. Thus, the chemical equilibrium presented in the
third and fourth rows of Table 28 is presumed to be responsible for the electrode potential due to the presence of the
stabilized [AgCl;]* species [15]. These data are accompanied by a Nernst equation, whose intercept the E°’/V of the
[AgCl;]*/Ag® redox couple can be estimated.

The potentiometric methodology presented was replicated in an aqueous medium (Fig. S3) to calibrate the
Ag%AgCls) electrode for potentiometric titrations in this medium. Additionally, this methodology allows for
determining the number of particles exchanged in the redox pair. According to the experimental results, a slope
corresponding to a single particle exchanged in both equilibria was obtained, consistent with what has been reported
in the literature (Table S2) [29].

An alternative study to corroborate the number of electrons exchanged in the redox system of the Ag%/Ag"
pair in [Csmim][NTf,], similar to what occurs in aqueous medium, was performed through chronopotentiometric
studies in both aqueous medium and the ionic solvent. The results confirmed the exchange of a single particle
(Appendix D, Supporting Information).

Potentiometric titrations

A series of representative potentiometric titrations were carried out in both [Csmim][NTf;] and water
to obtain information related to the characteristic chemical equilibria of each stage of the analytical process, to
elucidate the chemical speciation of the Ag'™—Cl" system [15]. The general scenarios are established as follows.
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In the first scenario, the potentiometric titration of a [Comim]Cl solution was performed, to which
aliquots of Ag[NTf,] as the titrant were added, both solutions prepared in [Csmim][NTf]. Potentiometric
monitoring was performed using a Ag’|AgCl as an indicator electrode, previously calibrated with a series of
CI solutions of increasing concentration in the RTIL.

For an initial concentration, Cy, higher than the intrinsic solubility of the AgClys) species, So (Co > So),
the distinctive condition of a heterogeneous system is met, allowing the determination of the solubility product
constant, K, of the AgCls/Ag" pair through a Gunnar-Gran type adjustment using the added volume data and
the cell potential obtained before the equivalence point (Fig. S4, Appendix C, Supporting Information) [30]. A
white precipitate was observed during the titration, whose abundance visually increased from the beginning of
the process until the equivalence point, remaining constant thereafter. Potentiometric titration continued up to
a 400% excess of titrant relative to the first equivalence volume to form the [AgCl,]" and [AgCl3]* species, for
which there is evidence in these solvents and to estimate the values of the global formation constants, 3, and
B3, respectively (Fig. S6, Appendix C, Supporting Information). The final titration phase corresponds to a
plateau in the cell potential values determined by the Ag*° redox pair.

The second scenario was examined under one condition: the initial concentration was below the
intrinsic solubility, Co < So. Under this premise, a homogeneous system was established, so the titration of
[Comim]Cl in the RTIL with additions of Ag[NTf] resulted in the formation of the soluble [AgCl] species. No
solids were observed during the analytical process (Fig. S5, Appendix C, Supporting Information). The cell
potential data obtained before the equivalence point were fitted to a Gunnar-Gran function to estimate the global
formation constant, B, of the soluble [AgCl] species, using the law of mass action for the [AgCl]/Ag" pair. The
final titration stage showed a potential plateau determined by the same process as in the previous scenario.

The values of the constants obtained from the previous Gunnar-Gran type adjustments provided a
reference point for applying the ulterior non-linear adjustments, according to Brown's methodology [31]. The
Method of Extended Ringbom's Coefficients (MERC) [32], commonly used in aqueous media to describe
equilibrium systems, was successfully adapted to this ionic liquid to get a fourth-degree polynomial describing
the theoretical titration curve based on electroneutrality balance during the potentiometric titration,
incorporating condensed species for a more accurate description of the systems. Once the polynomial was
established, the Solver® tool, available as an add-in in Microsoft Excel®, was used to adjust the theoretical
values of pAg or pCl (calculated from the recorded cell potential values), minimizing the sum of squared
differences with respect to the volume. The goodness of the non-linear fit was verified in terms of R showing
that theoretical titration curves closely matched the experimental data (Fig. 2(A) and 2(B)). The logarithm of
the formation constants set was reported with a 95.45% confidence interval corresponding to a coverage factor,
k =2 (Table 2), assuming normally distributed data.

(A) 160 (B) 160 -
——Theorical data . * Theorical data

= Experimental data =Experimental data

140 ;o

R2= 0.5980

R?= 09996

pCl
®
=

pCl

0.0 . L ' ' L L L L L L )
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Vaqe /ML Vaqq ML
Fig. 2. Experimental curves, represented by a solid red line, and non-linear fits, represented by dots for (A) Records of
OCP evolution of a Ag” indicator electrode during the titration of [C;mim]Cl (Co = 0.10001 mol L") with additions of
Ag[NTH] (Cag = 0.09972 mol L) in [Csmim][NTE]; and (B) records of OCP evolution of a Ag’|AgCl, indicator
electrode during the titration of Ag[NT#] (Co = 0.09972 mol L) with additions of [C;mim]CI (C¢r = 0.10001 mol L)
in [Csmim][NTf;]. Additionally, the confidence intervals are outlined with a dashed line.
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A similar experiment was conducted in an aqueous solution, where aliquots of NaCl were added to a
solution of AgNOs. A typical potential response was obtained (results not shown), with an initial constant
potential region given by the AgCl/Ag" pair and a second plateau determined by the AgCl(/Cl" redox pair
(Fig. S7, Appendix C, Supporting Information). The methodology described above was successfully applied to
this system, yielding a pKs, value of 9.4 = 0.5 for the AgCl/Ag" pair [33,34].

Table S5, Appendix E, Supporting Information, presents the set of polynomials that describe the
different theoretical titration curves carried out both in [C4smim][NTf,] and in aqueous media, the Gunnar-Gran
equations and the explicit expressions of the distributive molar fractions, ¢;, used in such polynomials.

On the other hand, the residual analysis of silver(I) in the aqueous phase of each extraction assay was
performed through potentiometric titration using NaCl 0.1 mol L as the titrant. The experimental titration
curve shows a typical profile of a quantitative reaction. At the beginning of the titration, the solution is colorless;
with the first addition of the titrant, turbidity appears due to the formation of a white solid, which corresponds
to the formation of AgCl). Subsequently, the formation of a violet solid was observed until the equivalence
point. Once the endpoint of the titration was exceeded, the precipitate was partially dissolved. The determination
of the endpoint for the quantification of silver content in the aqueous phase was carried out using the first
derivative, ApCI/AV vs. Vadded. Table S3, Appendix C, Supporting Information presents the amount of substance
(in terms of Ag found) in the aqueous phase.

Total determination of soluble silver(I) in [Csmim][NTf;]
The total solubility of silver(I) in the RTIL, denoted as Spax, is given by contributions from molecular
and ionic solubility as described by Equation 1.

Smax = Z[[AgCln]l‘”] = [Ag™] + [[AgClI] + [[AgCL]17] + [[AgCL]* 7] + - Equation 1

n=0

To determine the maximum solubility of Ag(I) in [Csmim][NTf,] and its concentration in such phase,
several anodic stripping square wave voltammetry (ASSWYV) assays were conducted on a glassy carbon
electrode using a coordinating medium in aqueous solution [35]. The standard addition method was employed
on an aliquot of the sample, followed by the addition of a standardized AgNOj; solution (Fig. S8, Appendix C,
Supporting Information). The maximum solubility of Ag(I) in [Csmim][NTf,] was determined to be
log (Smax/M) = (2.8 £ 0.5). This solubility value is consistent with reports on other imidazolium-based ionic
solvents, where the hydrocarbon chain at position number one of the imidazole ring notably influences the value
of So. Increasing the number of carbon atoms in the chain leads to a decrease in So [15]. The amount of substance
in the nonaqueous phase was determined successfully, and it was observed that its value depends on the volume
ratio, p(Vore/Vac); these results are shown in Table S3, Appendix C, Supporting Information.

Estimation of the conditional extraction constant

The equilibrium associated with the extraction of Ag"® in the H,O-[Csmim][NTf;] system is
represented in Equation 2, where the species in the nonaqueous solvent is denoted with a straight line over the
condensed formula as follows Ag*; while the species in the aqueous medium simply as Ag" [36,37].

Agt 2 Ag? Equation 2

However, in the aqueous phase, both soluble and insoluble species may form due to the interaction of
silver(I) with the solvent, depending on the pH values in such phase [38]. The reaction scheme considering
these reactions is outlined in Equation 3.

Ag0y s (5
)
Ag* 2 Ag* Equation 3
T
[Ag(OH),]* ™"
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A conditional extraction constant is defined since the chemical species Ag" in the aqueous medium
significantly depends on the system's pH. According to the law of mass action, this constant is defined as the
ratio between the total concentration of Ag” in the nonaqueous phase and the total concentration of Ag* in the
aqueous phase [39], as represented in Equation 4.

[Ag™] [Ag*] .
K. = = — Equation 4
E [Ag*] [Ag+]aAg+(H) 1

By multiplying this conditional extraction constant by the alpha speciation coefficient in the
heterogeneous medium, defined according to the Method of Extended Ringbom's Coefficient under the working
conditions [32], aag ), the apparent extraction constant can be determined, as shown in Equation 5.

Ag™ .
Kg = Kg ApgtH) = —{AzJ& Equation 5

In each system, the amount of Ag” in both phases was quantified, and based on the volume ratio, the
values of the conditional and apparent extraction constants were calculated under buffered aqueous conditions.
The results of this determination are presented in Table 1.

Table 1. Conditional extraction constant values, Kg', apparent extraction constant, Kg, at different pH values
and volume ratios, p(Vore/Vag).

System P(Vorg/Vaq) pH Kr’ Kk log Ke
A -0.01 3.47 362.4 362.5 2.56
B -0.22 3.47 217.0 217.0 2.34
C 0.17 3.47 186.0 186.0 227
D 0.20 3.47 91.8 91.8 1.96
E 0.20 7.86 78.1 128.7 2.11
F 0.19 11.49 72.8 175.7 224
G 0.70 8.64 34.9 627.6 2.78

Thus, the apparent extraction constant, expressed in logarithm terms, for silver(l) in the water-1-butyl-
3-methylimidazolium bis(trifluorosulfonyl imide) system is log (Kg) =2.32 + 0.27.

Compilation of estimated equilibrium constants for Ag'—Cl—e™ redox system in [Csmim][NTf;]

Table 2 summarizes the calculated parameters pertaining to the Ag'—Cl—e" system in [Csmim][NTf].
Fig. 3 presents the solubility diagram for these systems, constructed by deducing a nonsegmented polynomial
considering phase transition and incorporating an extended concept of Ringbom's side reaction coefficients
(Method of Extended Ringbom's Coefficients) that is usually applied to describe chemical speciation in
multicomponent systems (Appendix E, Supporting Information) [15,32]. Although there is evidence of the
formation of ion pairs or other associated ionic species in RTILs [40], the effective concentration, being
relatively high, often surpasses the concentration of the solutes dissolved in them. Consequently, the ionic
strength in these systems is determined mainly by ions originating from the solvent itself. This phenomenon
establishes the baseline for estimated equilibrium constants, making them apparent constants. Similarly, the
estimated potentials are formal redox potentials, denoted as E®' [41-43].
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Table 2. Mean formal potential and apparent values of thermodynamic parameters obtained by potentiometry
and voltammetry measurements carried out in [Csmim][NTH] (N = 5).

Parameter Couple (donor/receiver) Value
E°’/ve Agl/Ag" 1.604 £ 0.006
E°’ /v AgY/[AgCl3]* 0.339 +0.007

pKsp AgCl/Ag' 16.6 £ 0.1
pKsp AgCls/Agt 9.4+0.5
log (B1) [AgCl)/Ag* 13.1+0.1
log (B2) [AgCL]/Ag" 16.6+ 1.5
log (B3) [AgCli]*/Ag" 179+1.7
log (Smax) AgCly/[AgCl] -2.8+0.5
log (Kg) (AgHrTi/(AgDm0 23+03
Cr.0 /ppm - 121.3+34

The potential values are presented relative to the [Co(Cp)2]*° redox couple.

"Determined in aqueous media.

With the constant values estimated in this work, it was possible to construct the Predominance States Diagram
(PSD) of the logarithm of the conditional extraction constant as a function of pCl (Fig. 3) for the [Csmim][NTf]-water
interface. The diagram was constructed using Equation S6, presented in Appendix E, Supporting Information. It is
imperative to highlight that in the present diagram, pCl is evaluated equally in both phases.
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Fig. 3. Predominance Diagram of States of the logarithm of the conditional extraction constant as a function of
pPCl at p(Vorg/Vag) = -0.01 and an initial concentration of Ag(I)' in [Csmim][NTf,] of 0.3 M.
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This diagram can be interpreted as analogous to traditional complex formation diagrams, wherein the
reactants are positioned at the apex of the diagram while the products occupy the lower region. Also, it allows
us to discern how variations in the pCl value, evaluated at the same concentration in both phases, influence the
direction of extraction, thereby facilitating the understanding of why trace water contamination does not affect
these systems, provided that pCl values remain low. The subsequent section dedicated to constructing true
reference electrodes offers a more detailed explanation.

Evaluation of the reference electrodes constructed in [Csmim][NTHf]

To evaluate the stability of the electrode potential values over time and determine the pCl and pAg' at
which the electrode potential drift of the reference electrodes is minimal, the Ey;, of the [Co(Cp)2]™° redox couple
was determined by CV using these reference electrodes (Appendix F, Supporting Information) in
[Camim][NTf:]. The drift was assessed for four electrodes constructed under the conditions described in
Appendix A of the Supporting Information over a period of 3500 h, as shown in Fig. 4.

=-XF Type
.10 +-XF Type
=-#=XD Type

==SH Type

WM

.
a
RIR= e — e 4 3
Yy ‘x I’.A"-":I\_.:Il* L1 1] Ly § BTN
Adaas - —— ‘
R L LR

Half-wave potential, E,; vV

o o

o 400 1.000 1.500 2,000 2.500 3.000 3.500
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Fig. 4. Variation of the electrode potential for the constructed reference electrodes over time using filling solutions
of [Comim]Cl and Ag[NTf] with concentrations of C = 0.0100 mol L! (Type XF); C = 1.000 mol L' (Type XD)
and C = 0.3000 mol L! (Type SH) in [Csmim][NTf,]. The E; value obtained by CV for the [Co(Cp).]""° redox
couple is reported.

The electrode potential values obtained were practically constant from the early days of fabrication,
with variations not exceeding +10 mV. The potential drift observed for the reference electrodes over time may
be attributed to the gradual degradation of the AgClys) coating due to UV radiation, causing the photoreduction
of the Ag® coating [44]. This phenomenon was not observed in REs that were permanently stored inside the
Bel-Art desiccator due to the device's UV protection. Although water absorption was observed by the RTIL
that make up the REs when stored without protection from atmospheric humidity, these devices can recover
their initial potential value after drying for 24 h in an oven at 90 °C.

It was observed that Type XD and SH electrodes showed the lowest potential drifts, 0.53 pV h™! and
0.58 uV h'!, respectively, compared to Type XF electrodes, which had a drift of approximately 9.5 pV h-!. Thus,
according to the solubility diagram in Fig. 5, constructed by deducing a nonsegmented polynomial considering
phase transition and incorporating the MERC, the Type D electrode contains buffering conditions to maintain
the speciation of Ag(l) predominantly in the form of [AgCls]>. On the other hand, the Ag®/Ag" redox couple
proves to be a system with a rapid and stable response in this ionic solvent. Although it has been reported that
for nonaqueous systems, the most common RE is the Ag%/Ag", and in this work, it has been shown that its
potential drift is very low, it should be considered that the extraction of this cation is possible when the
[Csmim][NTf;] comes into contact with water, causing a perceptible change in its concentration in the
nonaqueous phase and consequently, a more significant potential drift. Thus, the REs based on the concomitant
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Ag°|AgCl interface offer a better response to humidity conditions even to high pCl values in the nonaqueous
phase, since the extraction of the [AgCl,]'™ species from the [Csmim][NTf,] towards water is not favored.

i
]
20 ! AgCly,
1
= &
L 30 = .
o Q H H
2 40 £ | = f | Ag
=g | !
P2 [AgCl] |
50 - ! = | g !
1 H 1
] i |

6.0 -
Fig. 5. Solubility diagram of AgCl) in [Csmim][NTf,]. Depicted in blue for Ag*; green for [AgCl]; yellow for
[AgCL]; purple for [AgCls]*; and red for AgCly).

The liquid junction potential was calculated using the Henderson equation [45] based on the limiting
molar conductivity values of the corresponding chemical species [46]. This calculation resulted in potential
values below the resolution limit of the instruments used in this study. Additionally, Biilhmann et al. have
reported that liquid junction potentials in reference electrodes equipped with porous liquid junctions, such as
Vycor® type, tend to decrease as ionic strength increases. Since ions are the primary constituents of RTILs, the
ionic strength in these solvents is significantly high, resulting in remarkably low liquid junction potential
values [47].

Additionally, the water content in this ionic liquid was quantified through electrochemical techniques
[48], yielding an approximate water content of 121.3 ppm after a drying process of 48 h in an oven at 90 °C. If,
in Equation S6, the concentration of Cl in the inner chamber of the Type DB electrode is evaluated under a
hypothetical condition of high relative humidity, where a significant amount of water might infiltrate the ionic
liquid, a log K¢' value of -15.5 would be obtained. This value indicates that the equilibrium of Ag(I) in the RTIL
at elevated pCl values, in [Csmim][NTf>] phase, does not favor extraction into the aqueous phase, thus ensuring
a homogeneous and unaltered coating on the reference electrode, even in the presence of water contamination.

A similar study was carried out in parallel using commercial reference electrodes for use in aqueous
solution, finding that those based on the Ag’|AgCls, interface presented average potential drifts of 7.18 uV h!
in the same period when using a solution of ferrocenemethanol ([Fe(Cp).CH,OH)]), C =25 mmol L' in the
presence of LiClO4, C = 0.1 mol L™, as a redox reference system (Appendix G, Supporting Information).

Conclusions

In this work, we present a methodology to describe the chemical speciation of the system [AgCl,]'"/Ag’
in both [C4smim][NTf,] and aqueous solution, using various electrochemical techniques to obtain formal potential
values and apparent constants associated with the concurrent chemical equilibria in this ionic liquid. Additionally,
the logarithm of the extraction constant of Ag" in the water—RTIL interface was reported as log Kg = (2.3 +0.3),
indicating that the extraction of silver from the 1-butyl-3-methyl imidazolium bis(trifluorosulfonyl imide) ionic
liquid with water is favored, particularly at high pCl values imposed in both phases. This phenomenon suggests
potential applications for purifying this ionic liquid using water, a ubiquitous and low-cost solvent.

The information collected is useful for describing the processes responsible for the potential observed
in the true Type I and Type II reference electrodes, constructed based on the concomitant Ag’|[AgCl,]'™
interface, for use in this ionic solvent. For the RTIL [Csmim][NTf2], it was found that the best electrode
configuration was Ag°|AgCl)|[Camim]Cl, 1.000 mol L', [Csmim][NT£|| (0.53 pV h'"), which is competitive
with reference electrodes reported in aqueous media. In this way, the reference electrodes presented in this work
appear robust and have reproducible potential values. Also, it has been determined that under the pCl values
buffered for each phase in the configuration of the RE (low ones in the RTIL and high ones in the aqueous
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medium), the silver(I) does not transfer to the aqueous phase, thereby maintaining a homogeneous coating
inside de REs without causing any alteration in their composition.

In summary, the description of chemical reactivity based on the Method of Extended Ringbom's
Coefficients was applicable in ionic liquids and offers an opportunity to optimize the design of reference
electrodes and specific reaction media, applying what we described in new RTILs.
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Sesuvioside A from Gomphrena celosioides possesses the Dual Anti-gout
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Abstract. Gomphrena celosioides Mart. has been widely used for the treatment of gout in Vietnam. A bio-
guided isolation of xanthine oxidase inhibitors revealed that sesuvioside A, the main constituent in the butanol
fraction of the aerial parts of G. celosioides, is a potential anti-gout compound. The anti-gout activity of
sesuvioside A, a main constituent isolated from the butanol fraction for the first time was further extensively
investigated using in vitro biological assays, including inhibition of xanthine oxidase (XO) activity, nitric oxide
(NO), intracellular reactive oxygen species (iROS), pro-inflammatory cytokines productions. The obtained
results indicated that sesuvioside A exhibited inhibitory activity against XO and NO production with the ICso
values of 31.6 uM and 18.3 uM, respectively. At concentration of 40.0 M, the compound significantly reduced
iROS level and the production of the pro-inflammatory cytokines TNF-o, IL-6, and IL-8 in the
lipopolysaccharide-induced macrophages. A molecular docking study revealed that sesuvioside A strongly
binds to the targets XO and p-38 MAPK with the estimated energy of -10.55 kcal/mol and -9.78 kcal/mol,
respectively. In conclusion, sesuvioside A from the aerial parts of G. celosioides is a new dual anti-gout agent
by expressing its inhibitory effects on XO activity and inflammatory targets. The traditional use of G.
celosioides as a remedy for gout was supported by the findings in this study.

Keywords: Gomphrena celosioides Mart; sesuvioside A; xanthine oxidase (XO); anti-inflammatory; anti-gout.

Resumen. La Gomphrena celosioides Mart. Es muy usada en Vietnam para el tratamiento de la gota
(hiperurisemia). A través de un proceso de aislamiento bio-dirigido de inhibidores de la xantina oxidasa (XO),
se identifico que el sesuvidsido A, el constituyente principal de la fraccion butanolica de las partes aéreas de G.
celosioides, es un compuesto que mostré actividad farmacoldgica y es candidato para el desarrollo de
medicamentos contra la hiperurisemia. La actividad del sesuvidsido A —aislado por primera vez como principal
componente de dicha fraccion— fue investigada extensamente mediante ensayos biologicos in vitro, incluyendo
la inhibicion de la actividad de la XO, la produccion de 6xido nitrico (NO), especies reactivas de oxigeno
intracelulares (iROS) y citoquinas proinflamatorias. Los resultados obtenidos indicaron que el sesuvidsido A
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present6 actividad inhibitoria sobre la XO y la produccién de NO, con valores de ICso de 31,6 uM y 18,3 uM,
respectivamente. A una concentracion de 40,0 pM, el compuesto redujo significativamente los niveles de iROS
y la produccion de las citoquinas proinflamatorias TNF-a, IL-6 e IL-8 en macréfagos inducidos por
lipopolisacaridos. Un estudio de acoplamiento molecular revelo que el sesuvidsido A se une fuertemente a los
blancos moleculares XO y p38 MAPK, con energias estimadas de -10,55 kcal/mol y -9,78 kcal/mol,
respectivamente. En conclusion, el sesuviosido A, aislado de las partes aéreas de G. celosioides, representa un
nuevo agente anti-gota dual, al ejercer efectos inhibitorios tanto sobre la actividad de la XO como sobre blancos
inflamatorios. Los hallazgos de este estudio respaldan el uso tradicional de G. celosioides como remedio para
la gota.

Palabras clave: Gomphrena celosioides Mart.; sesuviosido A; xantina oxidasa (XO); antiinflamatorio; anti-
gota (hiperurisemia).

Introduction

Gout is a type of arthritis characterized by sudden and severe pain, redness, and swelling of the joints.
This is caused by the accumulation of urate crystals in the joints, ultimately leading to inflammation and severe
pain.[1,2] These crystals trigger an immune response, thus inducing the release of inflammatory cytokines such
as interferon (IFN)-vy, IL-6, IL-8, IL-10, CCL2, and IL-1p by assembling and activating the pyrin receptor NOD-
like containing 3 (NLRP3), which causes inflammation.[3] The negative effects of urate are primarily due to its
ability to trigger the production of intracellular reactive oxygen species (iROS). The activation of the enzymes
NADPH oxidase, xanthine oxidase (XO), and nitric oxide synthase results in the production of hydrogen
peroxide (H,0O,), superoxide anion (O3’), and nitric oxide (NO")/proximities (ONOO"), respectively, thereby
increasing gout-induced joint damage.[4,5] Current conventional medical treatments for gout focus on chemical
drugs, such as nonsteroidal anti-inflammatory drugs (NSAIDs) and urate-lowering drugs; however, long-term
treatment also leads to unwanted side effects.

Flavones are a group of naturally occurring compounds that are present in various plants and are known
for their diverse biological activities. An important pharmacological property of flavones is their ability to
inhibit XO.[6] XO is involved in purine metabolism by catalysing the conversion of hypoxanthine to xanthine
and uric acid, which can lead to major complications such as gout and kidney stones.[7] Several flavone
compounds, including licoisoflavone A, butein, fisetin, diosmetin, luteolin, chrysin, baicalein, and wogonin
were found to be the potent XO inhibitors. These flavones exert their inhibitory effects through a variety of
mechanisms, including competitive or non-competitive inhibition of the enzyme active site and regulation of
XO expression and activity at the gene level. Studies have reported that flavones possessing XO inhibitory
activity can effectively reduce serum uric acid levels, thereby showing their potential as therapeutic agents for
treating hyperuricemia in gout patients. Furthermore, these compounds exhibit anti-inflammatory and
antioxidant properties that may contribute to their overall beneficial effects in gout treatment.[2,6,8] Moreover,
flavones have been demonstrated to modulate the activity of various signalling pathways involved in
inflammation, often leading to the generation of iROS, which can cause prolonged inflammation and tissue
damage. They can exhibit antioxidant activity by scavenging free radicals and inhibiting oxidative stress.[9]
These mechanisms collectively contribute to the suppression of inflammatory processes and make flavones
potential candidates for the development of novel anti-inflammatory therapies.

Nitric oxide (NO) is a signaling molecule that plays a key role in the pathogenesis of inflammation the
joint, gut and lungs. NO is considered as a pro-inflammatory mediator that induces inflammation due to over
production in abnormal situations.[10] Therefore, NO inhibitors represent important therapeutic advance in the
management of inflammatory diseases. Selective NO biosynthesis inhibitors and synthetic arginine analogues
are proved to be used for the treatment of NO™ induced inflammation. Nitrit (NO2"), the one electron oxidation
product of NO, is a dietary component and is present basally in red blood cells (RBC; 290 nM) and plasma (120
nM).[11] In tissues, nitrite is reduced along a physiological oxygen and pH gradient by different enzymes to
mediate responses, such as the modulation of protein expression, regulation of metabolism,[12, 13] and
cytoprotection after ischaemia/reperfusion injury.
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Gomphrena celosioides Mart belonging to the Amaranthaceae family, is distributed throughout South
America, Africa, Asia, Australia and Vietnam.[14] The aerial parts of this plant have been used in folk medicine
in many countries for the treatment of rheumatism, uninary tract, kidney stones, and several other diseases,
including skin, respiratory, gastro-intestine, arthritis, hyperalgesia, and diuretic.[15—17] Phytochemical studies
of the aerial parts have yielded isolation of 20-hydroxyecdysone; 20-hydroxyecdysone-20,22-monoacetonide;
umbellatoside B; aurantiamide, 3-(4-hydroxyphenyl) methylpropenoate.[18-20] In Vietnam, G. celosioides is
commonly used as a folk medicinal plant for gout treatment, however its mechanism of actions have not been
fully understood.[21]

In this study, to verify the folk uses of G. celosioides, sesuvioside A, a major compound, was isolated
from the aerial part butanol fraction of G. celosioides and the underlying molecular mechanisms of this
compound as a dual anti-gout agent were intensively investigated by exploring its inhibitory effects on XO
activity and pro-inflammatory cytokines, NO, and iROS formations in LPS-induced RAW 264.7 macrophages.
Molecular docking simulations were performed to determine the binding affinity and possible binding mode of
the compound to the targets XO and p-38 MAPK enzymes.

Materials and methods

Materials

Gomphrena celosioides Mart. were collected in Nam Dinh Province, Vietnam, in December 2021 and
were identified by Dr. Nguyen Quoc Binh, Vietnam National Museum of Nature, Vietnam Academy of Science
and Technology (VAST). A voucher (GC04.10/23-24) was deposited at the Institute of Chemistry, Vietnam.

Xanthine, xanthine oxidase (XO), and lipopolysaccharides (LPS) were purchased from Roche Co.,
Ltd. (Shanghai, China). Other analytical reagents were purchased from Sigma—Aldrich, Singapore. DMEM,
and FBS media for cell culture were ordered from Invitrogen (USA). Macrophage RAW 264.7 cells were
supplied by Prof. Domenico Delfino, University of Perugia, Italy.

Extraction and isolation

The aerial part dried powder of G. celosioides (3.0 kg) was extracted with ethanol at room temperature
for 24 hours (3 x 4 L) using ultrasonication, followed by solvent evaporation under reduced pressure to obtain
the crude extract (ND, 265 g). This crude extract was suspended in water and then partitioned with n-hexane,
ethyl acetate (EtOAc), and n-butanol (BuOH). After removal of the solvent in vacuo, the BuOH layers gave
NDB (86.0 g). The fraction was then chromatographed on a silica gel column (Merck Silica gel 60, 70-230
mesh) with an elution system of chloroform-acetone gradient (8: 3 — 8: 7, v/v) to obtain five subfractions:
NDBI (10.5 g), NDB2 (6.5 g), NDB3 (12.0 g), NDB4 (7.5 g), and NDBS (5.5 g). The NDB4 sub-fraction was
separated by column chromatography on silica gel RP-18 (YMC) and eluted with a mobile phase of acetone—
water (0.75: 2, v/v) to yield 1 (102 mg). The NDB2 was separated by column chromatography on silica gel, and
eluted with chloroform-acetone (6/1, v/v) to yield 2 (35.2 mg). The NDBS subfraction was further separated by
column chromatography on silica gel RP-18 (YMC) and eluted with a mobile phase of acetone—water (2.5: 1,
v/v) to yield 3 (14.8 mg), and 4 (16.3 mg). The chemical structure of compounds was identified by 1D- and 2D-
NMR and mass spectrometry (MS).

Xanthine oxidase inhibitory activity

XO inhibitory activity of the samples was determined as described by Noro et al. [22] The amount of
formed uric acid was measured at 295 nm at 37°C, pH 7.5. Allopurinol was used as a positive control. The
reaction mixture contained 100 uL of sesuvioside A solution, 300 xL of 50 mM phosphate buffer with pH 7.5,
and 100 L of XO enzyme solution (0.2 U/mL).

Cell viability

The macrophage cells (RAW264.7) were cultured (3-5 days) in DMEM medium with 2.0 mM L-
glutamine, 10.0 mM HEPES, and 1.0 mM sodium pyruvate, and 10 % fetal bovine serum (FBS- GIBCO) at 37
°C in an incubator with a 5 % CQO,. The cell viability was analyzed by an MTT assay. In brief, the cells were
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seeded into 96-well plates (1x10* cells/mL) and incubated with various concentrations of sesuvioside A (10,
20, 40, 80, and 100 uM) for 12 hours. Then, the MTT solution of 0.5 mg/mL was added and incubated for
another 4 hours. The formed formazan crystals were solubilized in dimethyl sulfoxide (DMSO), and the optical
density (OD) was measured at 570 nm by a microplate reader (PowerWave XS model, BioTek Instruments,
Inc., Winooski, VT, USA). The untreated cells were used as a control. The viability rate was calculated as a
percentage compared to the non-treated control.

Effect on nitric oxide production

The macrophage cells RAW264.7 were cultured (3-5 days) in DMEM medium with 1.0 mM sodium
pyruvate, 2.0 mM L-glutamine, 10.0 mM HEPES, and 10 % fetal bovine serum (FBS - GIBCO) at 37 °Cin 5 %
COz. Then, cells were collected and seeded in a 96-well plate at a concentration of 3 x 10* cells/well and
continued to grow for 24 hours before treatment with sesuvioside A at different concentrations for 2 hours.
After treatment, cells were stimulated with LPS (100 ng/mL) for 24 hours to generate NO. N%-Methyl-L-
arginine acetate (L-NMMA) was used as a positive control. Nitrite (NO>"), an indicator for NO generation, was
determined at 540 nm by a microplate reader (BioTek Elx 800). [23] The NO inhibitory production (IC) was
calculated using the formula (1):

IC% = 100 % - [ODsampie/ODLps]*100 (1)

Effect on cytokine

The macrophage RAW264.7 cells were cultured in DMEM medium supplemented with 10 % FBS in
96-well microplates at 37 °C with 5 % CO for 12 hours. The cells were then seeded into 6-well plates (3x10*
cells/well), followed by treatment with sesuvioside A at concentrations of 5.0, 10.0, 20.0, and 40.0 uM at 37°C
for 1 hour, and stimulated with LPS (100 ng/mL) at 37°C for 24 hours. The levels of TNF-a, IL- 6, IL8 and
IL-10 in the supernatant were measured using the ELISA kits according to the manufacturer's instructions.

Effect on iROS generation

The iROS were assessed as previously described,[24] in which 2',7'-dichlorofluorescein diacetate
(H2DCFDA) is converted to oxidized forms of dichlorofluorescein and 2',7'-fluorescence (DCF) by iROS.
RAW264.7 macrophages in DMEM medium supplemented with 10 % FBS were seeded in a 96-well plate with
a density of 3 x 10* cells/well. Cells were incubated for 30 min with different concentrations of sesuvioside A.
After that, cells were treated with 20 uM H2DCFDA for 30 min and then incubated with tert-butyl
hydroperoxide (tBHP; 200 M in PBS containing 1 % FBS) at 37°C for 1 hour. Fluorescence was measured at
excitation and emission wavelengths of 535 nm using a fluorescence microscope (ACCU-SCOPE 3012, New
York, USA).

Molecular docking

The structures of sesuvioside A and well-known inhibitors were drawn using Marvin JS software, and
the geometric optimization of the structures was performed using the MMFF94s force field with OpenBabel
software.[25,26] The crystal structures of p38 MAPK involved in inflammation, and XO involved in uric acid
formation were downloaded from the RCSB PDB with the PDB ID, IWBYV and 1FIQ, respectively. [27,28]
The preparation of protein structures and compounds was carried out similarly to previous studies.[29] Docking
simulations between sesuvioside A and anti-gout targets p38 MAPK and XO were conducted using the
AutoDock Vina v1.2.3 program.[30] The binding poses with the lowest binding energies for the compound
were selected for further in-depth analysis. The docking program was run with an exhaustiveness value of 400
and a grid box size of X: 31.2 A, Y: 53.0 A, Z: 99.0 A for XO and X: 6.2 A, Y: 14.5 A, Z: 36.1 for p-38 MAPK.
The Discovery Studio Visualizer software was used for visual inspection of the results and graphical
representation.[31]

Statistical analysis

The experiments were conducted in triplicate, and the mean values were subsequently calculated. The
results are expressed as the means =+ standard deviations, calculated using Microsoft Office Excel 2016.
Statistical analysis was carried out using the Student's #-test, with p < 0.05 considered to be significant.
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Results and discussion

Isolation of natural compounds from aerial parts of G. celosioides

The XO inhibitory activity of three different solvent partition residues (n-hexane, EtOAc, and BuOH)
of the ethanol extract of the aerial parts of G. celosioides was investigated, revealing that the BuOH fraction
possessed the highest activity with an ICso of 58.3 ug/mL (Table S1, Supporting Information (SI)). From this
fraction, four compounds (1-4) were isolated (Fig. 1) and their chemical structures were determined, including
sesuvioside A (1), aurantiamide acetate (2), eupalitin (3), and myricitrin (4) by comparison with their NMR and
MS spectral (Figures S1, S2, S3, S4, Supporting Information) data from the literature.[32-35] Among the
identified compounds, sesuvioside A (compound 1) showed to be a major compound and was isolated from the
aerial parts of G. celosioides for the first time.

Sesuvioside A (1): ESI-MS m/z 637.1 [M-HJ, Calcd for C2sH34016, MW: 638; 'H-NMR (DMSO-ds, 600 MHz)
1 6.87 (s, H-8), 8.10 (d, J = 8.4 Hz, H-2"/H-6"), 6.88 (d, J = 8.4 Hz, H-3/H-5"), 3.74 (s, 6-OMe), 3.92 (s, 7-
OMe), Galactose: 5.34 (d,J = 7.5 Hz, H-1"), 3.56 (dd, J = 9.0, 7.5 Hz, H-2"), 3.40 (dd, J = 9.0, 3.0 Hz, H-3"),
3.60 (t, J = 3.0 Hz, H-4"), 3.5 7 (m, H-5"), 3.26 (dd, J = 11.4, 5.4 Hz, H,-6"), and 3.57 (dd, J = 11.4, 1.8 Hz,
Hy-6"), Rhamnose: 4.39 (d, J = 1.2 Hz, H-1"), 3.37 (dd, J = 3.0, 1.2 Hz, H-2""), 3.28 (dd, J = 9.0, 3.0 Hz, H-
3",3.09 (t, J = 9.0 Hz, H-4""), 3.35 (m, H-5""), 1.05 (d, J = 6.6 Hz, H-6""); 3C-NMR (DMSO-ds, 150 MHz)
dc 157 (C-2), 133.3 (C-3), 177.8 (C-4), 151.6 (C-5), 131.7 (C-6), 158.7 (C-7), 91.4 (C-8), 151.8 (C-9), 105.3
(C-10), 120.8 (C-1'), 131.1 (d, C-2'/C-6"), 115.1 (d, C-3/C-5"), 160.1 (C-4"), 60.1 (6-OMe), 56.5 (7-OMe),
Galactose: 101.8 (C-1), 71.1 (C-2"), 73.0 (C-3"), 68.1 (C-4"), 73.7 (C-5"), 65.4 (C-6"), Rhamnose: 100.1 (C-
1), 70.4 (C-2", 70.6 (C-3""), 71.9 (C-4"), 68.3 (C-5""), 17.9 (C-6"").

Fig. 1. Chemical structure of sesuvioside A (1), aurantiamide acetate (2), eupalitin (3), and myricitrin (4)
isolated from the aeriel parts of G. celosioides

Besides, the results of screening the XO inhibitory activity of the four compounds also indicated that
sesuvioside A and aurantiamide acetate were the strongest XO inhibitors with the ICso values of 31.69 and 28.94
uM, respectively (Table S2, SI). However, cytotoxicity test indicated aurantiamide acetate (compound 2) was
significantly cytotoxic toward RAW264.7 cells (Table S3, SI); therefore, sesuvioside A was selected for further
study on its anti-inflammatory action mechanism in vitro.

Cell cytotoxicity

To select the suitable treatment concentrations for further experiments, sesuvioside A toxicity on RAW
264.7 macrophages was examined. The data in Fig. 2 indicated that sesuvioside A did not affect cell survival at
a concentration up to 100.0 uM.
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Fig. 2. Cell viability of RAW264.7 cells in the presence of sesuvioside A. Cell viability was determined using
the MTT method. The data are expressed as the means + SD, (n = 3), p> 0.05

Xanthine oxidase inhibitory activity

The experimental results (Fig. 3) showed that sesuvioside A exhibited XO inhibitory activity with an
ICso value of 31.69 + 0.49 uM which was higher than that of the positive control allopurinol (ICsy value of 8.67
uM) (Table S2, SI). Recently, Xu et al. (2023) reported that rutin, another known flavone compound was an
XO inhibitor with ICso value of 167.86 uM. Thus, sesuvioside A showed to be a more potent XO inhibitor with
an ICso value of 5 folds lower than that of rutin.[36] Li et al. (2022) showed that, owing to glycosylation at the
C3 position and increasing steric hindrance, the ability of rutin to inhibit XO was not strong.[37] The two
benzopyranone rings (A-B) of rutin stretch the hydrophobic end of XO, whereas the C-ring was inserted into
the XO active site and interacts with Phe-1013 and Phe-649 via n—r hydrophobic bonds with a very low affinity,
thereby reducing its XO inhibitory activity.[38] For sesuvioside A, the structure of the two methoxy substituents
at positions 6 and 7 of the A ring may affect the binding affinity of amino acids in the XO active site. As a
result, its inhibitory activity was improved.
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Fig. 3. XO inhibitory effects of sesuvioside A. Data were calculated as a percentage of the untreated sample
(control) and are expressed as the means = SD (n = 3), p*<0.05.
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Effect on nitric oxide production

Inhibitory activity of sesuvioside A against LPS-induced NO formation in RAW 264.7 cells was
evaluated. The data presented in Table 1 indicate that the compound suppressed NO formation with an ICsg
value of 18.34 + 0.15 uM. In contrast, allopurinol (a medication for gout) exhibited no effect (Table S3, SI).
The positive control, L-NMMA, possessed an ICsg value of 31.93 + 1.13 4M. Thus, the NO inhibitory activity
of sesuvioside A was markedly better than that of the L-NMMA positive control and even better than the gout
medication allopurinol, in terms of NO inhibition. In a previous study, we have reported three compounds
umbellatosides B, 20-hydroxyecdysone, and 20-hydroxyecdysone-20,22-monoacetonide also isolated from the
BuOH fraction of G. celosioides possessing the moderate XO and NO inhibitory activities. Of which,
umbellatosides B was the most potent inhibitor with ICso values of 33.78 uM for XO, and 19.55 uM for NO,[18]
nearly the same with sesuvioside A. Thus, our results suggest that there is an anti-gout synergistic effect of
multi-compounds rather than a single one. Sesuvioside A and umbellatosides B may be the two significantly
contribute to the anti-gout activity of BuOH fraction, as well as of G. celosioides.

Table 1. The inhibition of NO production by RAW264.7 macrophages of sesuvioside A.

Sesuvioside A L-NMMA
No Concentrate % cells SD Concentrate % cells SD
uM) inhibition of NO (ug/mL) inhibition of NO
1 0 0.26 0.05 0 1.65 0.18
2 0.8 16.30 0.02 0.8 9.57 0.29
3 4.0 32.88 0.22 4.0 24.36 0.72
4 20.0 45.20 1.02 20.0 80.73 1.86
5 60.0 61.8 1.06 60.0 92.84 1.08
6 100.0 73.04 1.29 100.0 99.39 1.59
ICso 18.34 £ 0.15 (uM) ICso 31.93 £ 1.13 (uM)

Note: Samples were incubated with RAW264.7 cells with sesuvioside A for 2 hours before LPS (100 ng/mL) was
added and incubated for another 24 hours. The NO-levels were measured at 540 nm and quantitated using the NaNO>
standard curve. L-NMMA was used as a positive control. Data were expressed as means = SD (n = 3), p = 0.017 (for
sesuvioside A), p = 0.030 (for L-NNMA).

Effect on cytokine production

The treatment of macrophages with sesuvioside A < 100 uM for 24 hours did not cause any noticeable
effect on cell viability (Fig. 2). Therefore, concentrations ranging from 5.0 to 40.0 uM were selected for
evaluation of the inhibitory effects on pro-inflammatory cytokines released by the marcrophages. The results
presented in Fig. 4 indicate that sesuvioside A 40.0 uM down-regulated TNF-a, IL-6, and IL-8 productions
while it had no effect on IL-10 (Fig. 4). It is known that certain inflammatory mediators such as NO, TNF-o,
IL-6, and IL-8 are strongly associated with gouty arthritis. [39] The accumulation of these inflammatory
mediators in tissues and cells lead to increased damage and consequently promotes severe inflammatory
reactions.[40,41] Thus, sesuvioside A suppressed all the pro-inflammatory mediators, thereby reducing
inflammation. Our findings agree well with those of quercetin or kaempferol derivatives,[42,43] suggesting the
possible applications of sesuvioside A in anti-gouty arthritis.
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Fig. 4. Effects of sesuvioside A on production of TNF-a, IL-6, IL8, and IL-10 by macrophages. The cells were
pretreated with sesuvioside A for 1 hour and then stimulated with LPS (100 ng/mL) for another 24 h. The levels of TNF-
a, IL-6, IL-8, and IL-10 were measured using ELISA kits. The data are presented as the means + SD (n = 3), p* <0.05.

Effect on iROS generation

iROS is an important signaling factor in LPS-stimulated macrophages. iROS formation in LPS-
stimulated macrophages can induce oxidative stress and amplifies the inflammatory response factors.[41] The
LPS pre-treated RAW264.7 cell lines can induce large amounts of iROS and therefore, activate various
signaling pathways involved in inflammation.[42] In this study, iROS levels generated by LPS induced
RAW264.7 macrophages were clearly down-regulated after treatment with sesuvioside A (Fig. 5). At a
concentration of 20.0 M, the reduction of iROS was not much different compared to that of the control DMSO.
However, at a concentration of 40.0 uM, it was markedly decreased compared to the positive control
dexamethasone (Dexa, 2.5 uM).

LPS (100 ng/mL)

Medium DMSO 20 uM 40 uM Dexa (2.5 uM)

Fig. 5. Effect of sesuvioside A on LPS-induced iROS in RAW264.7 macrophages. The cells were pre-treated
with 20.0 M and 40.0 uM sesuvioside A, DMSO, or dexamethasone (Dexa, 2.5 4M) for 30 min and then
treated with LPS (100 ng/ml) for 24 h. The iROS level was detected using a fluorescence microscope (DHE
(red) for iROS; scale bar = 200 mm

Molecular docking study

Molecular docking was performed to determine how sesuvioside A binds to possible anti-inflammatory
targets such as XO (responsible for uric acid production) and p-38 MAPK (involved in inflammatory signal
pathway mitogen activated protein kinase - MAPK). The compound was docked into the active site region of the
proteins using a grid box that was determined based on the coordinates of the co-crystallized ligands (Fig. 6).

For XO, it is known that the activation phase of the dehydrogenase to oxidase form by oxidation of
sulthydryl residues or by proteolysis plays an important role in XO activity. [28] The compounds that interfere
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with this process by binding to the flavin adenine dinucleotide (FAD) reaction site, the iron/sulfur domain (Fe/S
I-1II), and/or the molybdopterin center (Mo-pt), may be potent inhibitors of XO. According to the docking
results, we found that sesuvioside A mainly interacts with the FAD domain and partly interacts with the Fe/S
II binding site of dehydrogenase. Fig. 6(A) clearly shows the function of the di-glycoside moiety to form H-
bonding and van der Waals contacts with Glu263, Asp360, and Arg394, which are some of the key residues in
the FAD domain. However, the compound could not enter deeply into the domain as the coumarin moiety which
exhibited significant hydrophobic interactions at the rim of the pocket (I1le266, Val342) and with residues of the
Fe/S II binding site, such as Glu45 and Cys48. This fact could negatively affect the stabilization of sesuvioside
A in the complex. In addition, the compound also had some contact with residues of the active loop (pink ribbon
from Lys433) that could hinder the dehydrogenase-oxidase transition in XO (Fig. 6). The binding energy of
sesuvioside A to XO was estimated to be -10.55 kcal/mol (Table 2).

Table 2. Binding affinity, hydrogen bonding and alkyl interactions of sesuvioside A on proteins XO (PDB ID:
1FIQ) and p38-MAPK (PDB ID: 1WBV).

Binding affinity (AG, Hydrogen bonding Alkyl
kcal/mol) interactions interactions
Compound
X0 p-38 MAPK X0 p-38 MAPK X0 p-38 MAPK
Ile147
Gly170
Asp360 Alal72
Sesuvioside A | -10.55 9.78 Arg304 | Hisldg | 200 lle 5 ML TS,
Glu263 Arg189 &
Argl49
Glu71
Thr354,
. Asn261,
Allopurinol -5.7 - Val259, Glu263 -
Gly260
3-fluoro-N-1H- Asp168 lle141, Met78,
indol-5-yl-5- ] 0765 ] et ] Leu75, Thr106,
morpholin-4- ’ Lys53, Ile84,
ylbenzamide Ala51, His148

For p38-MAPK, it is expected that sesuvioside A could strictly bind to p38, which is a key regulator
of pro-inflammatory cytokine biosynthesis. It is widely known that p38 is activated through ATP and UTP.[44]
Gill et al. explored the binding modes of p38 by designing several indolyl derivatives targeting ATP binding
sites.[27] They crystalized a hit compound, 3-fluoro-N-1H-indol-5-yl-5-morpholin-4-ylbenzamide, which
shows an ICso of 162 M. Our compound, while showing better activity than 3-fluoro-N-1H-indol-5-yl-5-
morpholin-4-ylbenzamide, exhibited a different interaction network with the target compared to the co-crystal
ligand. Having di-glycoside structure, sesuvioside A mostly interacts with the hydrophylic residues (His148,
Gly170, Alal72, Argl89) and those of the ATP ribose binding region (Asp168). These structure - activity
relationships (SARs) suggest the importance of polar moieties (e.g., glycosides) and flexibility of the inhibitors.
Only two methoxy groups could form stacking interactions with hydrophobic regions 1 and 2 (Fig. 6(B)). The
binding energy of sesuvioside A to p38 was about -9.78 kcal/mol (Table 2). The docking results support a
different binding mode of sesuvioside A compared to co-crystal compound, as well as some SARs that may
increase the binding ability of p38-MAPK inhibitors toward the ATP binding site. More experimental works
are needed to clarify this hypothesis.
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Fig. 6. 3D and 2D interaction diagrams of sesuvioside A (green) against two targets (A) XO (PDB ID: 1FIQ)
and (B) p-38 MAPK (PDB ID: 1WBYV). Reference includes two cocrystal-ligands FAD (yellow) and compound
3-fluoro-N-1H-indol-5-yl-5-morpholin-4-ylbenzamide (cyan)

Conclusions

In conclusion, our findings clearly demonstrated that sesuvioside A, a natural compound newly
isolated from G. celosioides, is a new and promising dual anti-gout agent with multi-target actions, including
xanthine oxidase responsible for uric acid synthesis and NO, pro-inflamatory cytokines and iROS formation
responsible for inflammation. These results substantiate the potential of G. celosioides and sesuvioside A as
natural therapeutic agents for the treatment of inflammatory disorders. Nonetheless, further research is essential
to fully elucidate their molecular mechanisms of action and to validate their efficacy and safety in animal
models. Clinical trials should be followed to examine the optimal dosage, potential drug interactions, and the
long-term therapeutic effects in humans.
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Abstract. Fenugreek is widely known for its important medicinal, nutritional, and culinary applications, offering
antipyretic, anti-inflammatory, and antiviral effects. Its antiviral properties make it particularly interesting for addressing
viruses like Crimean-Congo Hemorrhagic Fever Virus (CCHFV). Given the lack of approved treatments for CCHFV
and the virus's high fatality rate, it demands urgent attention. The nucleoprotein of CCHFV, a critical factor in the virus's
replication process, has been identified as a promising target for the development of antiviral therapies. This study aimed
to discover inhibitors of this protein through virtual screening. A combination of docking studies and molecular
dynamics simulations was employed to screen active compounds from fenugreek for their ability to inhibit the
nucleoprotein. Given that CCHFYV is classified as a biosafety level-4 pathogen by the World Health Organization
(WHO), making it difficult to study in conventional laboratories, in-silico methods provide a safe and efficient alternative
for identifying potential inhibitors. Based on the results of molecular docking and dynamic simulations, Diosgenin,
Tigogenone, and Vicenin-2 are proposed as potential inhibitors of the CCHFV nucleoprotein. These findings suggest
that fenugreek constituents could be promising leads in the development of antiviral therapies for CCHFV.

Keywords: Fever; diosgenin; tigogenone; vicenin; antiviral.

Resumen. El fenogreco (Trigonella foenum-graecum) es conocido por sus importantes aplicaciones medicinales,
nutricionales y culinarias, ofreciendo efectos antipiréticos, antiinflamatorios y antivirales. Estas tltimas lo hacen
particularmente interesante para enfrentar virus como el de la Fiebre Hemorragica de Crimea-Congo (CCHFV, por sus
siglas en inglés). Dada la ausencia de tratamientos aprobados para el CCHFV y su alta tasa de mortalidad, se requiere
una atencion urgente. La nucleoproteina del CCHFV, un factor critico en el proceso de replicacion del virus ha sido
identificada como un objetivo prometedor para el desarrollo de terapias antivirales. Este estudio tuvo como objetivo
descubrir inhibidores de esta proteina mediante cribado virtual. Se empled una combinacion de estudios de acoplamiento
molecular y simulaciones de dindmica molecular para evaluar la capacidad de compuestos activos del fenogreco para
inhibir la referida nucleoproteina. Dado que el CCHFV esta clasificado por la Organizacion Mundial de la Salud (OMS)
como un patégeno de nivel de bioseguridad 4, se dificulta su estudio en laboratorios convencionales, por lo que los
métodos in silico ofrecen una alternativa segura y eficiente para la identificacion de posibles inhibidores. Con base en
los resultados del acoplamiento molecular y las simulaciones dindmicas, se proponen a la diosgenina, la tigogenona y la
vicenina-2 como posibles inhibidores de la nucleoproteina del CCHFV. Estos hallazgos sugieren que los componentes
del fenogreco podrian constituir candidatos prometedores en el desarrollo de terapias antivirales contra el CCHFV.
Palabras clave: Fiebre; diosgenina; tigogenona; vicenina; antiviral.

Introduction

Fenugreek (also known as Trigonella foenum-graecum) is a plant belonging to the Fabaceae family, widely
used for its medicinal properties, nutritional value, and culinary uses.[1] Native to the Mediterranean region, southern
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Europe, and western Asia, fenugreek seeds and leaves have been traditionally used in various forms, such as spices,
food supplements, and herbal remedies. Fenugreek seeds and leaves are commonly used in Middle Eastern, Indian,
and Mediterranean cuisine. Its seeds have a slightly bitter taste and are used in spice blends like curry powder.

Fenugreek has been traditionally used in many cultures to manage fever, inflammation, and symptoms of
viral infections. Although clinical studies on fenugreek's antiviral effects are limited, it is known to possess certain
compounds that contribute to its antipyretic, anti-inflammatory, and antiviral properties. [2,3]

Fenugreek has been used in traditional medicine to reduce fevers.[4] The seeds, when boiled into a tea or
decoction, are believed to help lower body temperature, soothe inflamed tissues, and boost immune function.[5] This
effect is thought to be related to its anti-inflammatory properties, which may help in managing fever as part of the
body’s inflammatory response to infections. Although specific studies on fenugreek's antiviral activity are not
extensive,[6] it has shown promising effects in traditional treatments against viral infections. Its bioactive compounds
can enhance the immune system, which helps the body fight viral pathogens. Fenugreek contains flavonoids and
polyphenols, which have been known to possess antiviral properties. These compounds may inhibit the replication
of viruses, reducing the severity of infections. Fenugreek has also demonstrated benefits in reducing symptoms
associated with viral respiratory infections, such as cough, congestion, and sore throat. It is sometimes used as a
herbal remedy for managing flu symptoms. Fenugreek's anti-inflammatory compounds, such as saponins and
alkaloids, help reduce inflammation in the body. This can be beneficial in managing the symptoms of viral infections,
which often involve inflammation of tissues, fever, and other systemic responses. [7,8]

The health benefits of fenugreek are attributed to its diverse chemical composition, which includes Amino
Acids, Alkaloid, Saponins, Fibers, Flavonoids and Polyphenols, Vitamins and Minerals.[9, 10] 4-Hydroxyisoleucine,
amino acid in fenugreek has been studied for its role in enhancing insulin secretion, which makes fenugreek
potentially useful in managing diabetes.[11] However, its impact on viral diseases is not directly established.
Trigonelline, a key alkaloid in fenugreek, is known for its potential health benefits, including blood sugar regulation
and anti-inflammatory properties.[12] Fenugreek contains various saponins, which are known to possess antioxidant,
anti-inflammatory, and immune-modulating properties. Diosgenin, a specific saponin found in fenugreek, is used as
a precursor in the synthesis of steroid hormones and has shown potential anticancer and anti-inflammatory
effects.[13] Quercetin is a well-known flavonoid with strong antioxidant and antiviral activity.[ 14] Fenugreek is rich
in both soluble and insoluble fibers, which contribute to its use in managing conditions like high cholesterol, blood
sugar regulation, and digestive health. Fenugreek seeds contain significant amounts of vitamin C, vitamin A, iron,
calcium, and magnesium, all of which support immune function, making it a useful supplement for boosting
immunity during illness.

Crimean-Congo Hemorrhagic Fever Virus (CCHFV) is a tick-borne virus that causes Crimean-Congo
Hemorrhagic Fever (CCHF), a severe viral disease in humans.[15-17] It belongs to the family Nairoviridae and is
primarily transmitted through the bites of infected Hyalomma ticks, or by direct contact with blood or tissues from
infected animals or humans.[15, 18-20] Symptoms of Crimean-Congo Hemorrhagic Fever can be severe and may
include High fever, headaches, muscle pain, dizziness at initial phase.[17,21-23] After several days, severe bruising,
nosebleeds, and uncontrolled bleeding from injection sites or internal organs may occur including Petechiae (small
red or purple spots on the skin), bleeding from gums, and bloody vomit or stools. Eventually, organ failure (liver,
kidneys) and shock can occur in severe cases. Mortality rates range from 10-40%, depending on timely medical
intervention. [15,24]

In this study, the interactions between various active compounds derived from fenugreek and the Crimean-
Congo Hemorrhagic Fever Virus (CCHFV) protein were thoroughly investigated to gain a deeper understanding of
the molecular mechanisms underlying protein-ligand interactions. Here the CCHFV nucleoprotein is mainly studied.
The nucleoprotein is essential for viral genome encapsidation, replication, and transcription, making it a critical
component for viral survival. Targeting the nucleoprotein can disrupt these processes, hindering viral propagation.
Additionally, inhibitors designed to interact with the nucleoprotein could prevent its interaction with RNA or other
viral components, thereby offering a promising antiviral strategy against CCHFV. This aspect will be incorporated
into the manuscript to strengthen the discussion on potential therapeutic targets. This was achieved through an
integrated approach utilizing both Molecular Docking and Molecular Dynamics (MD) simulations. Molecular
Docking helped predict the preferred binding orientations and affinities of the fenugreek constituents within the
CCHFV protein's active sites, while MD simulations were employed to monitor the stability and dynamic behavior
of these interactions over time. Together, these computational techniques provide valuable insights into how these
compounds may inhibit the CCHFV protein, potentially paving the way for future antiviral drug development.
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Computational details

Structural detail

A total of seventeen distinct compounds derived from fenugreek were selected for computational
analysis. These molecules are composed of hydrogen (H), carbon (C), oxygen (O), and nitrogen (N) atoms. The
chemical structures of these seventeen constituents are depicted in Fig. 1.

Preparation of the target structure for docking

The crystal structure of the Crimean—Congo hemorrhagic fever virus nucleoprotein (CCHFV N) in its
monomeric form was obtained from the Protein Data Bank (PDB) under the identifier 4AQG [19]. Upon
inspection, the structure was analyzed for any missing side chains or amino acids. It was found that eleven residues
between Asnl83 and Ser194 were absent from the structure, and these were subsequently modeled using the
SWISS-MODEL server.[25,26]

Additionally, sequence alignment was performed using EMBOSS Needle, which compares two input
sequences and generates an optimal global sequence alignment, outputting the results to a file (see Fig. S1) .[27]
The alignment, visualized in Fig. S1, was computed using the Needleman-Wunsch algorithm, ensuring the best
possible match (including gaps) over the full length of the sequences.[28] Preparation of the docked entity: 3D
structures of important constituent of fenugreek were downloaded from PubChem Website.
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Fig. 1. Molecular structure of (a) 4-Hydroxyisoleucine (PubChem ID: 2773624), (b) Calycosin (5280448), (c)
Diosgenin (99474), (d) Formononetin (5280378), (e) Schaftoside (442658), (f) Hiyodorilactone A (5281471), (g)
Irolone (5281779), (h) Isoorientin (114776), (i) Isovitexin (162350), (j) Kaempferol (5280863), (k) Luteolin (5280445),
() Mairin (64971), (m) Quercetin (5280343), (n) Sitosterol (222284), (o) Tigogenone (99516), (p) Vicenin-2 (442664),
and (q) Vitexin (5280441).
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Molecular docking

The interaction between a ligand and its receptor has been analyzed using molecular docking, which
reveals that ligand-receptor binding occurs via various non-covalent interactions between the protein and the
ligand. A single dominant form (at physiological pH) was chosen for the study to ensure consistency in the
computational approach. The default pH of 7.0 was used throughout the study. Several software tools are utilized
for docking studies. AutoDock Vina Programs and MGL Python-based tools have been employed to investigate
the effect of constituent of Fenugreek over CCHFV.[29-31]

Molecular dynamics simulation

To examine the influence of Fenugreek constituents on CCHFV, molecular dynamics (MD) simulations
were conducted using the Gromacs 2024 software suite.[32] The simulations employed the CHARMM27 force
field, which incorporates specialized terms for addressing dihedral potentials. This force field utilizes the TIP3P
water model with Lennard-Jones interactions for accurate molecular representation.[33] The simulations used an
all-atom force field designed for proteins, with the proteins solvated homogeneously within a cubic box containing
water molecules modeled by point charges. Periodic boundary conditions were applied to eliminate boundary
artifacts, and an appropriate number of counter ions were introduced to neutralize the system.[34]

To maintain bond lengths, including hydrogen bonds, a constraint-solving algorithm was employed.
Simulations were performed under an NVT ensemble (constant number of particles, volume, and temperature) at
300K, using Berendsen temperature coupling. This was followed by an NPT ensemble (constant number of particles,
pressure, and temperature) where pressure control was achieved via Parrinello-Rahman pressure coupling with a time
constant of 0.1 ps and a pressure of 1 bar. The cutoff radii for short-range electrostatic and van der Waals interactions
were set at 1.2 nm. The simulation utilized a time step of 2 fs and a Fourier spacing of 0.16 nm. The MD simulation
ran for 4000 ps (4ns), with coordinates saved every 10 ps for post-simulation analysis.

Results and discussion

A docking analysis was conducted for each key constituent of fenugreek with the Crimean-Congo
Hemorrhagic Fever Virus (CCHFV). [35, 36] The most energetically stable complexes between fenugreek
constituents and CCHFV were examined to identify the amino acids involved in the interactions. The findings,
detailing these interactions, are presented in Table 1.

Table 1. Analysis of the interaction of key constituents of fenugreek with the Crimean-Congo Hemorrhagic
Fever Virus (CCHFV).

Final Final Total Torsional | Unbound
Components Affinity Intermolecular Internal Free System's
Energy Energy Energy Energy
4-Hydroxyisoleucine -4.7007 -5.830 -0.277 1.237 -0.170
Calycosin -7.7641 -9.132 -0.377 1.362 -0.383
Diosgenin -9.4385 -9.714 0.000 0.276 0.000
Formononetin -7.5344 -9.031 0.076 1.101 -0.319
Schaftoside -8.794 -13.420 -1.900 4.627 -1.900
HiyodorilactoneA -8.1377 -11.260 -2.497 3.806 -1.822
Irolone -8.1980 -9.139 -0.210 0.959 -0.192
Isoorientin -8.0093 -11.220 -1.098 3.271 -1.054
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Final Final Total Torsional | Unbound
Components Affinity Intermolecular Internal Free System's
Energy Energy Energy Energy
Isovitexin -8.5264 -11.290 -1.079 3.240 -0.605
Kaempferol -8.3274 -9.615 -0.279 1.460 -0.106
Luteolin -8.1310 -9.392 -0.275 1.393 -0.331
Mairin -9.0790 -10.690 -0.302 1.592 -0.326
Quercetin -7.7339 -9.308 -0.271 1.582 -0.262
Sitosterol -8.1720 -11.290 -1.402 3.105 -1.421
Tigogenone -9.6047 -9.885 0.000 0.281 0.000
Vicenin2 -9.3007 -13.910 -1.828 5.709 -0.732
Vitexin -9.1962 -12.310 -1.154 3.494 -0.778

Table 1 presents molecular docking results, summarizing key interaction energies for key constituents of
fenugreek with the CCHFV protein. The data includes values for binding affinity, final intermolecular energy,
total internal energy, torsional free energy, and unbound system's energy. The constituents of fenugreek show a
range of binding affinities, with Tigogenone (-9.6047 kcal/mol) having the highest affinity, indicating stronger
binding with CCHFV protein whereas 4-Hydroxyisoleucine has the weakest affinity (-4.7007 kcal/mol).

Furthermore, Schaftoside shows the lowest final intermolecular energy (-13.420 kcal/mol), indicating
strong interactions with the CCHFV protein whereas 4-Hydroxyisoleucine again shows the weakest interaction
(-5.830 kcal/mol).

On inspecting the Total Internal Energy values. Most constituents of fenugreek with the CCHFV protein
have negative values, but Diosgenin, and Tigogenone show zero internal energy changes, indicating no
deformation or strain upon binding.

Interestingly, the Torsional Free Energy gave some relevant information too. Vicenin2 (5.709 kcal/mol)
and Schaftoside (4.627 kcal/mol) exhibit the highest torsional free energies, implying more flexibility or
conformational changes during binding. In contrast, Diosgenin and Tigogenone have zero torsional free energy,
suggesting rigid structures.

Furthermore, Sitosterol and HiyodorilactoneA show significant energy differences when unbound
(-1.421 kcal/mol and -1.822 kcal/mol respectively), while Diosgenin, and Tigogenone have zero unbound
energy, indicating no energy difference between bound and unbound states.

Eventually, constituents of Fenugreek like Diosgenin, Tigogenone and Vicenin2 exhibit strong binding
affinities with minimal conformational changes, whereas Vicenin2 show strong intermolecular interactions but
high flexibility.

Interaction of various constituents of Fenugreek with CCHFV

The interactions of seventeen distinct constituents of fenugreek with the CCHFV protein have been
investigated and are summarized in Table S1 (see supporting information).[37] Each constituent’s interaction is
subsequently detailed individually for a comprehensive analysis.

4-Hydroxyisoleucine against CCHFV

The binding of 4-Hydroxyisoleucine to the active sites of CCHFV was evaluated and documented. It forms
interactions with chain A of CCHFV via Gly409 and Leu335 residues. Specifically, a significant hydrogen bond with
Gly409 is observed at a distance of 2.71 A, while a hydrophobic interaction occurs with Leu335 at 3.59 A.
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Calycosin against CCHFV

The binding of Calycosin to CCHFV’s active sites has been studied and presented. It forms interactions
with chain A through residues such as I1e305, 1le374, 11e449, Ala451, Ala300, Ser387, and Thr411. Notable
hydrogen bond distances include 3.10, 2.13, 2.60, and 2.69 A with Ala300, Ser387, and Thr411, respectively.
Hydrophobic interactions with Ile305, 11e374, 1le449, and Ala451 are found at 3.93, 3.59, 3.77, and 3.81 A,
respectively.

Diosgenin against CCHFV

The interaction of Diosgenin with the binding sites of CCHFV has been analyzed. It forms bonds with
chain A via residues I1e305, Arg373, Tyr64, 11e449, and Ala451. Prominent hydrogen bonds are formed with
11e305 and Arg373 at 2.07 and 2.74A, respectively. Hydrophobic contacts occur with Tyr64, 1le449, and Ala451
at3.91,3.21, and 3.51 A, respectively.

Formononetin against CCHFV

The binding of Formononetin to CCHFV’s active sites has been studied and outlined. It interacts with
chain A via Arg373, Thr382, Arg385, 11e305, and Ile449. Notable hydrogen bond distances are 2.67, 2.26, and
3.49 A with Arg373, Thr382, and Arg3835, respectively. Hydrophobic contacts with 11e305, Arg373, Arg385,
and I1e449 are measured at 3.80, 3.57, 3.84, and 4.49 A, respectively.

Fig. 2. Ligand-Protein Cémplex for (a) 4-Hydroxyisoleucine, (b) Calycosin, (¢) Diosgenin, (d) Formononetin,
(e) Schaftoside, (f) HiyodorilactoneA, (g) Irolone, (h) Isoorientin, (i) Isovitexin, (j) Kaempferol, (k) Luteolin,
(1) Mairin, (m) Quercetin, (n) Sitosterol, (0) Tigogenone, (p) Vicenin2 and (q) Vitexin with CCHFV protein.
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Schaftoside against CCHFV

Schaftoside interacts strongly with the CCHFV protein through a combination of hydrophobic
interactions and hydrogen bonding, ensuring stable binding. Hydrophobic contacts with Asp-61, Tyr-64, and
Phe-442 (3.44-3.69 A) enhance ligand retention, with Phe442 likely contributing pi-stacking interactions for
additional stability. Hydrogen bonds with Gly341, Ser387, Gly409, His410, and Thr411 further reinforce
binding. Ser387 forms multiple bonds, while GLY-409 and THR-411 (both 2.09 A) provide strong stabilization.
His410’s imidazole may offer electrostatic support, while Gly residues ensure flexibility for ligand
accommodation.

HiyodorilactoneA against CCHFV

The binding of HiyodorilactoneA to CCHFV has been explored. It interacts with chain A via Thr342,
Ala65, Leu335, Pro339, and 11e386. A key hydrogen bond with Thr342 is formed at a distance of 3.90 A, while
hydrophobic interactions with Ala65, Leu335, Pro339, Thr342, and Ile386 are noted at 3.63, 3.77, 3.89, 3.70,
and 3.76 A, respectively.

Irolone against CCHFV

The binding of Irolone to the active sites of CCHFV was analyzed and reported. It interacts with chain
A via Ser387, Thr411, 11e305, 11e449, and Ala451. Major hydrogen bonds with Ser387 and Thr411 are formed
at3.00 A and 2.17 A, respectively. Hydrophobic interactions with 11e305, 11e449, and Ala451 are found at 3.83,
3.45,and 3.91 A, respectively.

Isoorientin against CCHFV

The binding of Isoorientin to CCHFV’s active sites has been studied. It forms interactions with chain
A viaIle305, Gly384, Ser387, Thr411, Ile374, and I1e449. Significant hydrogen bond distances are observed at
2.11,2.15,2.54, and 3.32 A with I1e305, Gly384, Ser387, and Thr411, respectively. Hydrophobic contacts with
Ile374 and 11e449 are at 3.62 and 3.66 A, respectively.

Isovitexin against CCHFV

The interaction of Isovitexin with CCHFV’s active sites has been studied. It interacts with chain A via
Ala233, Gly384, Ser387, Thr411, Ile374, 1le449, and Ala451. Notable hydrogen bond distances include 2.33,
2.99, 1.82, and 2.28 A with Ala233, Gly384, Ser387, and Thr411. Hydrophobic contacts occur with I1e374,
I1e449, and Ala451 at 3.46, 3.66, and 3.77 A, respectively.

Kaempferol against CCHFV

The binding of Kaempferol to CCHFV has been studied. It interacts with chain A via Ala300, Arg385,
Ser387, Ile374, Thr411, 1le449, and His454. Major hydrogen bonds are formed at 3.31, 2.46, and 2.88 A with
Ala300, Arg385, and Ser387, while hydrophobic interactions with Ile374, Thr411, Ile449, and His454 are
observed at 3.90, 3.69, 3.66, and 3.53 A, respectively.

Luteolin against CCHFV

The interaction of Luteolin with CCHFV’s binding sites has been explored. It forms bonds with chain
A via Ala303, 1e305, Arg373, Thr382, His454, GIn304, and Ile374. Major hydrogen bond distances include
3.63, 4.04, 2.93, and 3.12 A with Ala303, I1e305, Arg373, and Thr382. Hydrophobic contacts with GIn304,
Arg373, and Ile374 are observed at 3.85, 3.60, and 3.92 A, respectively.

Mairin against CCHFV

The interaction of Mairin with CCHFV’s active sites has been analyzed. It binds to chain A via Gly341,
GIn438, Alad451, Tyr66, and Val69. Key hydrogen bonds are found at 3.27, 3.13, and 2.69 A with Gly341,
GIn438, and Ala451, while hydrophobic interactions with Tyr66, Val69, and Ala451 are noted at 3.66, 3.95,
and 3.24 A, respectively.
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Quercetin against CCHFV

The interaction of Quercetin with CCHFV has been examined. It binds to chain A via Tyr64, Arg385,
Ser387, Glu388, Thr411, and 11e449. Major hydrogen bonds occur at 2.94, 2.73, 2.53, 2.88, and 1.84 A with
respective residues, while hydrophobic interaction with Ile449 is noted at 3.75 A.

Sitosterol against CCHFV

The binding of Sitosterol to CCHFV’s active pockets has been analyzed. It interacts with chain A via
Ala303, 11e305, Tyr64, 1le449, and Ala451. Significant hydrogen bonds are formed with Ala303 and Ile305 at
3.21 and 2.15 A, respectively. Hydrophobic interactions occur with Tyr64, 11e449, and Ala451 at 3.49, 3.29,
and 3.36 A, respectively.

Tigogenone against CCHFV

The interaction of Tigogenone with the binding pockets of CCHFV has been reported. It interacts with
chain A through Ala65 and Phe442. Significant hydrogen bonds are noted at 3.87 and 3.47 A with Ala65 and
Phe442, respectively.

Vicenin2 against CCHFV

The binding of Vicenin2 to CCHFV’s active sites has been studied. It interacts with chain A via
Leu335, Ala383, Gly384, Ser387, Thr411, Asp61, Tyr64, and Ala65. Major hydrogen bond distances are 3.75,
2.48,3.44,3.14, and 3.13 A with respective residues. Hydrophobic interactions occur with Asp61, Tyr64, and
Ala65 at 3.88, 4.00, and 3.51 A, respectively.

Vitexin against CCHFV

The interaction of Vitexin with CCHFV has been evaluated. It binds to chain A via Tyr64, Arg373,
Gly384, Arg385, GIn438, Ala451, His454, and 11e449. Major hydrogen bonds occur at 3.12, 2.24, 2.97, 1.84,
2.13, 2.50, and 3.04 A with respective residues, while hydrophobic interactions with Arg373, Ile449, and
His454 are found at 4.00, 3.49, and 3.34 A, respectively.

Fig. S2 particularly shows the three most stable Ligand-Protein Complexes among all ligands. These
complexes are for Diosgenin, Tigogenone and Vicenin2 for CCHFV protein.

Non-Covalent Interaction (NCI) plot

The Non-Covalent Interaction (NCI) plot is a valuable tool for analyzing various non-covalent
interactions present in macromolecules.[19,22,30,38] The reduced density gradient is to quantify the
parameters associated with non-covalent interactions in the NCI plot.[38] In this study, the NCI plot was
employed to investigate the interactions of Diosgenin, Tigogenone, and Vicenin2 within the active site of the
CCHFYV protein. For this analysis, the docking poses with the lowest binding energies were selected, and Pymol
software was used to identify close interactions within a distance of 3.5 A. Key residues from the CCHFV
protein, along with Diosgenin, Tigogenone, and Vicenin2, were chosen to generate the NCI plot.

Fig. 4 illustrates the NCI plots and the associated non-covalent interactions for Diosgenin, Tigogenone,
and Vicenin2 in complex with the CCHFV protein. The color scheme used in the isosurfaces is as follows: blue
indicates strong attractive interactions, green represents moderately strong interactions such as hydrogen bonding,
n-n interactions, and van der Waals (vdW) forces, while red signifies repulsive interactions. The NCI plots
predominantly show a mix of green and blue regions, indicating the presence of both electrostatic and dispersion
interactions. Fig. 4(a), (b), (c) display RDG plots from the NCI analysis of the docking poses for Diosgenin,
Tigogenone, and Vicenin2 with the CCHFV protein. These plots reveal that the binding strength primarily arises
from hydrogen bonding and vdW interactions, as reflected by the dominance of blue and green colors in the plots.

Fig. 4(d) illustrates the isosurface extraction from the NCI analysis, highlighting key hydrogen bonds
formed between Diosgenin and the CCHFV protein. Notably, these bonds occur with 1le305 and Arg373 at
distances of 2.07 A and 2.74 A, respectively, corroborating the interactions depicted in Fig. 2. Moving to Fig. 4(e)
and 4(f), they show the NCI isosurface extractions for Tigogenone and Vicenin-2, respectively, in complex with
the CCHFV protein. In Fig. 4(e), significant hydrogen bonds are observed between Tigogenone and Ala65 (3.87
A) and Phe442 (3.47 A). Fig. 5(f), on the other hand, details Vicenin-2’s interaction with CCHFV chain A through
residues Leu335, Ala383, Gly384, Ser387, Thr411, Asp61, Tyr64, and Ala65. Key hydrogen bond distances here
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include 3.75, 2.48, 3.44, 3.14, and 3.13 A. These NCI plots offer a comprehensive view of the intermolecular
interactions between the ligands and the CCHFV receptor, providing insights into the nature of their binding.

Fig. 4. The RDG plots along with its corresponding isosurface visualizations from the RDG analysis from the
NCI analysis for the docking configurations of Diosgenin, Tigogenone, and Vicenin2 with the CCHFV protein
are shown in figures (a & d), (b & e), and (¢ & f), respectively.

Molecular dynamic studies

The use of molecular dynamics (MD) simulation allows for real-time observation of ligand-protein
binding interactions over a specified duration, enabling the prediction of the ligand's conformational stability
within the protein's binding site. In this study, 2 ns MD simulations were performed to assess the stability of
Diosgenin, Tigogenone, and Vicenin-2, key constituents of fenugreek, when docked into CCHFV protein
binding pocket.

The simulation results indicated that these compounds maintained a stable conformation within the
protein's binding site throughout the simulation. The analysis of the root mean square deviation (RMSD) of the
protein backbone showed that the protein complexes formed with Diosgenin, Tigogenone, and Vicenin-2 reached
a stable equilibrium at the same time, signifying that these ligands provide structural stability to the protein.

Moreover, the comparison of the protein-ligand complexes with the unbound protein revealed that the
presence of these ligands increased the overall stability of the protein. This suggests that Diosgenin,
Tigogenone, and Vicenin-2 not only fit well into the binding pocket but also interact effectively with the
surrounding amino acids, enhancing the rigidity of the protein structure.

Hydrogen bond formation

The hydrogen bond formation between Diosgenin, Tigogenone, Vicenin-2, and the CCHFV protein
was evaluated over the 4000 ps molecular dynamics trajectory (Fig. 5). The Diosgenin-CCHFV complex
showed the formation of two hydrogen bonds, with one remaining stable throughout the simulation. In the case
of the Tigogenone-CCHFV complex, a single hydrogen bond was observed, which was consistently maintained
during the simulation period. For the Vicenin-2-CCHFV complex, four hydrogen bonds were formed, with two
or three bonds remaining stable throughout the simulation. It can be inferred that the stability of these complexes
is largely driven by persistent hydrogen bonding, especially for the Vicenin-2-CCHFV complex.
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Fig. 5. Number of hydrogen bond formations of Diosgenin (Black), Tigogenone (Red), and Vicenin2 (Blue)
with the CCHFYV protein during a 4000 ps MD simulation.

Analysis of principal components

Fig. 6(a) shows the 2D projection of the first two eigenvectors. In the Diosgenin-CCHFV complex, it
was observed that Diosgenin-CCHFV exhibited comparable diversity in conformations during the simulations
(shown in black) with Tigogenone (red), and Vicenin2 (blue) in complex with the CCHFV protein. It was
widely clustered in the range of —10 to 10. Fig. 6(b) shows that the eigenvalue of the Diosgenin (black),
Tigogenone (red), and Vicenin2 (blue) in complex with the CCHFV protein are 18.75 nm2, 13.75 nm2 and 10
nm2, suggesting that the secondary structure of the Diosgenin-CCHFV complex underwent significant
conformational changes throughout the 4 ns simulation, favouring the formation of a stable complex.

Gibbs free energy landscapes (FELs)

Fig. 7 illustrates the free energy landscapes (FELs) of the ligand-protein complexes involving (a)
Diosgenin, (b) Tigogenone, and (c) Vicenin2 with the CCHFV protein, plotted as a function of two reaction
coordinates or principal components (PCs). The FEL plots reveal distinct free energy distributions between the
unbound and ligand-bound protein complexes. Despite these differences, the protein was still able to adopt
energetically favorable and structurally stable conformations. The analysis of FELs indicates that the inclusion
of small molecules influenced both the size and position of the sampled energy basins, contributing to stable
equilibrium states.
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Fig. 6. (a) Principal component analysis (PCA) of the protein-ligand complexes: The collective motions of
Diosgenin (black), Tigogenone (red), and Vicenin2 (blue) with the CCHFV protein were analyzed by projecting
the MD trajectories onto two eigenvectors corresponding to the first two principal components. (b) The plot
shows the first 25 eigenvectors versus their associated eigenvalues for Diosgenin (black), Tigogenone (red),
and Vicenin2 (blue) in complex with the CCHFV protein.
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Fig. 7. Gibbs Free Energy Landscape for Ligand-Protein Complex of (a) Diosgenin, (b) Tigogenone and (c)
Vicenin2 with CCHFYV protein as a function of two reaction coordinates or principal components (PCs).
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Fig. 8. RMSD Plot for Ligand-Protein Complex of Diosgenin (Black), Tigogenone (Red) and Vicenin2 (Blue)
with CCHFV protein and separate protein (Green).

Root mean square deviation (RMSD) Plot

Fig. 8 presents the RMSD plot for the ligand-protein complexes of Diosgenin, Tigogenone, and
Vicenin-2 with the CCHFV protein over a 4000 ps simulation. The CCHFV protein alone displayed an average
backbone RMSD of approximately 1.25 A. In comparison, the Diosgenin, Tigogenone, and Vicenin-2
complexes with the CCHFV protein exhibited average backbone RMSD values of around 1.5 A, 1.4 A, and 1.7
A, respectively.

In summary, the MD simulations strongly indicate that Diosgenin, Tigogenone, and Vicenin-2 bind stably
within the CCHFV protein's binding site. Their presence not only stabilizes the protein-ligand complexes but also
imparts additional stability to the protein itself. These findings support the hypothesis that these fenugreek
constituents could potentially serve as potential inhibitor and effectively interacting with the CCHFV protein.

Conclusions

Fenugreek is renowned for its medicinal and antiviral properties, which makes it a compelling
candidate for combating viruses such as CCHFV. Due to the absence of approved treatments for CCHFV and
the significant mortality associated with the virus, there is an urgent need for attention. The nucleoprotein of
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CCHFV, which plays a key role in viral replication, has emerged as an attractive target for developing antiviral
treatments. This research aimed to identify potential inhibitors of this nucleoprotein through virtual screening
techniques. The study utilized a combination of docking and molecular dynamics (MD) simulations to evaluate
seventeen active compounds derived from fenugreek for their ability to inhibit the nucleoprotein. Given that
CCHFYV is classified as a biosafety level-4 pathogen by WHO, which limits research in standard laboratories,
in-silico approaches offer a safe and effective way to identify possible inhibitors. Based on the outcomes of the
docking studies and MD simulations, Diosgenin, Tigogenone, and Vicenin-2 are suggested as potential
inhibitors of the CCHFV nucleoprotein. These results indicate that compounds from fenugreek may serve as
valuable candidates for the development of antiviral therapies targeting CCHFV.
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Abstract. A rapid and simple high-performance liquid chromatography (HPLC) method using extraction with
zinc sulfate was developed for determining Casiopeina I1I-ia (CasllI-ia) levels and then validated for the linear 10-
120 pg/mL range in 200 pL of rabbit blood. An HPLC method for quantifying CasllI-ia in plasma has been
previously reported; however, studies on its distribution found that CaslII-ia concentrations were higher in whole
blood than in plasma. The analysis was performed using the following parameters: methanol-sodium phosphate
buffer (pH 6.5; 0.01 M) (40:60 v/v) mobile phase, using a 250 x 4.6 mm [.D Symmetry® Cis column and a particle
size of 5 um (Waters Associates, Milford, MA, USA) with a Cis 5 um guard column (Phenomenex®) was kept at
a isocratic flow-rate of 0.8 ml/min, room temperature at a wavelength of 262 nm. Acetaminophen was used as
the internal standard. The results showed that the assay is sensitive at 10 pg/mL. A linear relationship of r>=0.9954
for Cass-I1I-ia was plotted against concentrations ranging from 10 to 120 ug/mL; the analytical method complies
with linearity. The maximum intra-day relative standard deviation (RSD) was 5.10 %. An average 84.8 % intra-
day (n=15) and 92.5 % inter-day (n=30) recovery % of CasllI-ia was recovered for the whole blood samples. The
results demonstrated the applicability of this method for obtaining its in vitro distribution and also it’s for use in
pharmacokinetic studies at the preclinical level on rabbits. The present study shows an assay rapid, simple, precise,
and accurate for quantifying Cas Ill-ia in rabbit whole blood. The pharmacokinetic study, carried out in rabbits,
obtained the following pharmacokinetic parameters: (kel) = 0.0150 min-!; half-life time (Ti,2) = 53.9 min; with an
apparent volume of distribution (Vd) = 202.8 mL; clearance (CI) = 2.0 mL /mi; and area under the curve
(AUC)=23163.8 ng/mL.min. The results contribute to the preclinical characterization of Cas Ill-ia.

Keywords: Antineoplastic; Casiopeina I1I-ia; validation HPLC-UV; pharmacokinetics; copper compound.

Resumen. Se desarrollé un método rapido y sencillo por cromatografia liquida de alta resolucion (HPLC)
utilizando la extraccion por precipitacion con sulfato de zinc para determinar los niveles de Casiopeina IlI-ia
(CasllI-ia), se validé en un rango lineal de 10-120 mg/mL en 200 pL de sangre de conejo. Un método HPLC
para cuantificar Cas Ill-ia en plasma ha sido reportado previamente; sin embargo, estudios realizados sobre su
distribucion encontraron que las concentraciones de Cas Ill-ia eran mas altas en sangre total que en plasma. El
analisis se realizo utilizando los siguientes parametros: fase movil fue metanol y solucion amortiguadora de
fosfato sodico (pH 6,5; 0,01 M) (40:60 v/v) a un flujo de 0,8 mL/min, temperatura ambiente a una longitud de
onda de 262 nm. Se utiliz6 acetaminofén como estandar interno. Los resultados obtenidos mostraron que el
ensayo es sensible a 10 pg/mL. Se encontré una relacion lineal de r’=0.9954 para Caslll-ia contra

816


mailto:fuentesines16@gmail.com
http://dx.doi.org/10.29356/jmcs.v69i4.2397

Article J. Mex. Chem. Soc. 2025, 69(4)
Regular Issue

©2025, Sociedad Quimica de México

ISSN-¢ 2594-0317

concentraciones que van de 10 a 120 pg/mL; el método analitico cumple con la linealidad. La desviacion
relativa estandar (RSD) fue de 5.10 %. La media del recobro fue de 84.8 % intra-dia (n=15) y de 92.5 % inter-
dia (n=30) para Cas III-ia en muestras de sangre total. Los resultados demuestran la aplicabilidad de este método
para la obtencion de la distribucion in vitro y para su uso en estudios farmacocinéticos a nivel preclinico en
conejos. El presente estudio muestra un ensayo rapido, sencillo, preciso y exacto para cuantificar CasllI-ia en
sangre total de conejo. El estudio farmacocinético, realizado en conejos se obtuvieron los siguientes parametros
farmacocinéticos: (kel) = 0,0150 min-1; tiempo de semivida (Ti2) = 53,92 min; volumen aparente de
distribucion (Vd) =202,8 mL; aclaramiento (Cl) = 2,0 mL /mi; y 4rea bajo la curva (AUC)=23163,8 pg/mL.min.
Los resultados contribuyen a la caracterizacion preclinica de Cas Ill-ia.

Palabras clave: Antineoplésico; Casiopeina IlI-ia; validacion HPLC-UV; farmacocinética; compuestos de cobre.

Introduction

Several metal complexes have shown promising antineoplastic activity against cancer cells and tumors, both
in vitro and in vivo [1]. One group of such complexes, which resulted from the search for new anticancer drugs based
on endogenous (essential) metals that could have presented lower toxicity [2-4], Casiopeinas® have proven to be
cytotoxic to cancer cells that are sensitive or resistant to cisplatin and to xenograft tumors in mice. [3]

Some Casiopeinas® have exhibited greater antineoplastic potency than cisplatin in both in vitro and in
vivo studies on a variety of tumor cell lines [3,4] while also showing superoxide genomic instability due to
intrachromosomal recombination [5] and a low potency in inducing genomic instability via intrachromosomal
recombination [3]. These features suggest that these drugs are able to can diminish undesirable side effects [3],
while stability constants and structural data have also been reported [6] CasllI-ia (Fig. 1) has shown, in vitro,
both a pharmacological effect and selectivity towards tumor lines (MCF- 7, HCT-15, SK-N-SH neuroblastoma,
HeLa, and SiHa) and healthy cells such as T lymphocytes and macrophages [3,24] In addition, pharmacokinetic
studies on Cas IlI-ia have also been conducted on various species, including rats [3] and dogs [20]. It should be
noted that Cas Ill-ia is the first drug with anticancer activity and developed at a Mexican university to reach
Phase 1 for clinical studies in Mexico.

Some of the mechanisms reported for Casiopeinas® include DNA fragmentation and oxidation, which
generate reactive oxygen species (ROS) and, thereby, cause copper reduction [3]. Reactive oxygen species also
depolarize the mitochondrial membrane and cause mDNA damage by decreasing the levels of proteins involved
in the respiratory chain, causing cell apoptosis via the caspase pathway. Casiopeinas® have been found to
interact with the cytochrome p450 isoform CYP1Al enzyme and present an affinity for adenine [15].
Additionally, it has been reported that Casiopeinas® interact with tubulins, integrins, and proteins such as
fibronectin, there by producing changes in the cytoskeleton and, ultimately, cell death. [3]

The hemotoxicity observed in rats, points to a more complex in vivo cytotoxicity in the case of
Casiopeinas®, as the administration of a single C; (5 mg/kg) dose was found not to generate serious damage and
was within the functional range [3,7]. Acute toxicological studies conducted for Casiopeinas® in different species
at a preclinical level have reported the following results: for an LDso dose of Cas III-Ea in NIH mice 12.47 mg/kg
(females) and 6.67 mg/kg (males) via intraperitoneal administration and 7.12 mg/kg (females) and 10.15 mg/kg
(males) via intravenous administration; and, for an LDs dose of Cas III-Ea in Wistar rats 4.63 mg/kg (females)
and 5.26 mg/kg (males) via intraperitoneal administration and 8.48 mg/kg for both (males and females) via
intravenous administration. These findings show clear differences between the species, with a lower LDso dose
observed for the Wistar rats, indicating that they are more affected. Respective LDog doses of 200 mg/m? for Cas
I1I-ia and 160 mg/m? for Cas IIgly have been reported for their administration in dogs. The toxicity data found for
the different Casiopeinas® can serve as a scientific basis for selecting, by extrapolating from allometric studies, a
dose safe for use in future clinical studies. [3]

Studies on the pharmacokinetics of Cas Ill-ia in different animal species, such as rats and dogs, have
the reported on its viability in terms of the corresponding pharmacokinetic parameters, as related to body weight
and the physiological processes of each animal species. [3,14]

Cas I1I-ia (Fig. 1) is a potentially useful antineoplastic agent [13]. It is very active against L1210 leukemia
cells, kills cells by inducing apoptosis [11], induces a weak recombinogenic action, and is able to degrade DNA
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in vitro under a range of cultures. The use of high-performance liquid chromatography (HPLC) methods for the
quantification of Cas IlI-ia® and Cas IIgly® in rat plasma has also been reported [8,9]. However, to determine both
their preclinical pharmacokinetic parameters and in vitro distribution in rabbit blood, a sensitive and specific assay
method is needed to measure the levels of these drugs in the blood. Therefore, the present study developed and
validated a simple, inexpensive gradient reversed-phase HPLC. The method was validated according to procedures
and acceptance criteria based on national (NOM-177-SSA1-2013)[18] and international (FDA,2001) [19] guidelines,
as well as the recommendations made by other guides and authors related to the study of casiopeinas [10-12].

NO;

Fig. 1. Chemical structure of Cas III-ia,[_Cu(4,4’-dimethyl-1,1O;)henanthroline)(acetylacetonate)]NO3A

Materials and reagents

The Cas IlI-ia was obtained by the present authors at their laboratory facilities, in accordance with the
procedure reports set out in the corresponding patents [2,3]. The whole blood pool of rabbit samples was used for
the validation method, while acetaminophen (2.5 ng/ml, USP reference standard) was used as an internal standard.
It was added to the corresponding academic solutions (calibration samples stored in methanol and whole blood
rabbit control samples), with the relative peak area (drug peak/internal standard peak) also analyzed.

The methanol used in the present study was HPLC grade. The water was produced by the Milli-Q water
system (Millipore, Bedford, MA, USA), while the sodium phosphate and other reagents were commercially
available and were of analytical grade.

Animals
Male New Zealand rabbits, weighing between 2.0 and 3.0 kg, were used in the present study. The
animals were kept under clean conventional conditions and had access to food and water at libitum.

Methodology

Chromatographic conditions

The assay was performed using a high performance liquid chromatograph system with a Shimadzu
pump (model LC10ADVP; Kyoto, Japan), a Shimadzu variable wave length UV absorbance detector (model
SPD10ADVP), a Shimadzu automatic injector (model SILI0ADVP) fitted with a 50 uL sample loop (Cotati,
CA, USA), a Shimadzu system controller (model SCL10AVP; Kyoto, Japan), and a chromatography data
station, (Shidmadzu, Class VP, Version 5.0, Shimadzu, 1999). Chromatographic separation was carried out
under the following conditions: 250 x 4.6 mm 1.D Symmetry® C;s column and a particle size of 5 pm (Waters
Associates, Milford, MA, USA) and a C;s 5 pm guard column (Phenomenex®). A system of methanol-sodium
phosphate buffer (pH 6.5; 0.01 M) (40:60 v/v) as mobile phase and with an isocratic flow-rate of 0.8 ml/min.
The analyses were performed at room temperature. The absorbance at 262 nm was recorded at a sensitivity of
the detector expressed in mV (millivolts). The duration of the analytical run was 15 minutes.

Sample preparation
Two-hundred microliters of blood (Samples are collected in tubes containing heparin equivalent to 2 I.U.
used as an anticoagulant.) was added to 0.6 uL of methanol and then shaken for 30 s in a vortex, with 50 uL of
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zinc sulfate (10 % w/w) and 150 pL of acetaminophen (2.5 pg/mL concentration) added to the mixture, which
was vigorously stirred for 30 s and centrifuged for 5 min at 5000 g. The supernatant was transferred to vials
and a 50 puL then the aliquot was injected into the HPLC system.

Calibration curves in methanol

The stock Cas IlI-ia solution was prepared by dissolving 10 mg of Cas III-ia in methanol, which was
then diluted to 10 mL with the same solvent (1000 pg/mL). Table 1 presents the preparation of the calibration
curve in the system in a range of concentrations of 10—120 pg/mL were prepared in mobile phase and analyzed
by chromatography.

Table 1. Preparation of calibration curve in system.

Aliquot of stock Bring to capacity Final concentration
solution(mL) with mobile phase (mL) (ng/mL)
0.1 10 10
0.2 10 20
0.4 10 40
0.6 10 60
0.8 10 80
1.2 10 120

Calibration curves in whole rabbit blood

Four milligrams of Cas IlI-ia were diluted in 10 ml whole rabbit blood (400 ng/mL, stock solution),
the Table 2 shows the preparation of the calibration curve in whole rabbit blood in a concentration range of 10
to 120 ug/mL. Three calibration curves were prepared, and each calibration curve was prepared from a stock
solution of 400 pg/mL of CasllI-ia from an independent weighing. The calibration curves were subjected to the
pretreatment of the samples indicated in section sample preparation, only the step of collecting the aliquot in a
tube previously loaded with heparin was eliminated, since the collection of the aliquot (200 uL) was performed
in a microtube without heparin because the pool of whole blood that was used to prepare the calibration curves
was collected in falcon tubes of 50 mL previously loaded with heparin (containing heparin equivalent to 20 I.U.
used as an anticoagulant) to avoid the formation of clots. The treated samples were injected and analyzed by
chromatography.

Table 2. Preparation of calibration curve in whole rabbit blood.

Aliquot of stock Bring to capacity Final concentration
solution (mL) with whole rabbit blood (mL) (ng/mL)

0.25 10 10
0.5 10 20

1.0 10 40

1.5 10 60

2 10 80

3 10 120
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Limit of quantification and detection based on signal to noise

Limit of quantification (LOQ): the response of blanks (rabbit whole blood) and the response of
analytical samples (rabbit whole blood spiked with Cas IlI-ia) were determined. The amount of the analyte
(CasllI-ia) that generated a response with respect to the blank in a ratio of 10 to 1 was verified; this concentration
corresponds to the limit of quantification since it was evaluated that it complied with precision and accuracy
criteria.

Limit of detection (LOD): determination of the concentration that generated a response with respect
to the response of blanks in a ratio of 3 to 1 was evaluated.

Intra-day and inter-day relative standard deviation (RSD)
The analysis was conducted in quintuplicate, at three concentrations high, medium, and low-quality
(control points), corresponding to 15, 35, and 75 pg/mL.

Stability studies

For stability studies, the rabbit blood control and methanol solutions with Cas IlI-ia (1 mL) were added
in Eppendorf tubes, at both 4 °C (for 96 h) and room temperature, both with and without light protection (for
96 h). Each determination was performed in duplicate, and the samples were treated in accordance with how
they were prepared.

Preclinical pharmacokinetics

Healthy male New Zealand rabbits (n=10), weighing between 2.0 and 3.0 kg, were used in the study.
A 10.0 mg/kg Cas IlI-ia dose was prepared in 30 ml of a saline solution and methanol mixture (10:1) and then
administered via marginal ear vein for 60 minutes at slow infusion (0.5 mL/min). The blood samples were
collected in microtubes through a cannula inserted into the marginal ear vein, first prior to administration
(blanck sample) and then at 80, 90, 100, 110, 120, 140, 160, 180, 210, 240, 270, and 300 minutes post admin
istration. At the end of the extraction of each sample (200 pL), the cannula was flushed with an equal volume
of heparinized solution. The blood samples were then immediately stored at 4 °C until analysis.

Results and discussion

Representative chromatograms of the whole rabbit blood are shown as a blank chromatogram (Fig. 2),
the chromatogram of total blood spiked with acetaminophen as internal standard (a), and heparin (b) (Fig. 3),
and chromatogram for Cas IlI-ia with a retention time of 10.6 min (Fig. 4). No interfering peaks were detected
in the blood during the retention time for Cas Ill-ia.

150 150

puil

my

50

0 ]

Minutes
Fig. 2. Blank chromatogram in whole rabbit blood.
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Fig. 3. Chromatogram of total blood spiked with acetaminophen as internal standard (a), and heparin (b).

150

100

my

130

100

5o

5

Minutes

10

15

Fig. 4. Chromatogram of total blood spiked with internal standard (a), heparin (b), and Cas IlI-ia (c), retention

time 10.6 min.

The linearity system relationship (r?=0.9996) was found when the relative peak area for Cas I1I-ia was
plotted against concentrations ranging from 10 to 120 pg/mL (10.0, 20.0, 40.0, 60.0, 80.0, and 120.0 pg/mL),
curves corresponding to triplicate assays (Table 3 and Fig. 5).

Table 3. Cas Ill-ia system linearity, corresponding to triplicate assays.

Relative Relative Relative
Theoretical con- centration peak area peak area peak area Mean SD RSD%
(ng/mL)

Curve 1 Curve 2 Curve 3
10 0.9 0.9 0.9 0.9 0.00 0
20 2.0 2.0 2.0 2.0 0.00 0
40 3.7 3.7 3.7 3.7 0.00 0.0
60 5.6 5.6 5.5 5.6 0.06 1.04
80 7.3 7.3 7.3 7.3 0.00 0
120 10.8 10.8 10.8 10.8 0.00 0

RSD: relative standard deviation, SD: standard deviation
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Fig. 5. Average-curve for Caslll-ia in the system, corresponding to triplicate assays.
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A relationship (r>=0.9954) was found when the relative peak area for Cas Ill-ia was plotted against
concentrations ranging from 10 to 120 pg/mL (10.0, 20.0, 40.0, 60.0, 80.0, and 120.0 pg/mL) in 600 pL of
rabbit blood, with the curves corresponding to triplicate assays (Table 4 and Fig. 6).

Table 4. Cas IlI-ia linearity in whole rabbit blood, corresponding to triplicate assays.

Relative Relative Relative
Theoretical con- centration peak area peak area peak area Mean SD RSD%
(ng/mL)

Curve 1 Curve 2 Curve 3
10 0.9 0.8 0.9 0.9 0.04 5.0
20 1.8 1.8 1.8 1.8 0.01 0.5
40 3.6 35 35 3.5 0.00 0.2
60 5.2 53 5.4 5.3 0.03 0.7
80 6.9 6.9 7.0 6.9 0.07 1.1
120 9.6 9.7 9.6 9.6 0.04 0.4

RSD: relative standard deviation, SD: standard deviation

area ratio (analyte/E.1)

y = 0U0BD6X + 0.2892
R*=10.9954

[1]

0

a0

60 B0

100 120

Concentration (ug/mL)
Fig. 6. Average-curve for Caslll-ia in whole rabbit blood, corresponding to triplicate assays.
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Both the intra-day and inter-day precision of the method applied, obtained via the analysis conducted
on the samples, are shown in Table 3. The precision was estimated based on the control curve samples prepared
on both the same day (n=15) and subsequent days (n=30) using different stock solutions. The corresponding
relative standard deviation (RSD) was below 15 %, meeting the acceptance criteria.

The level of Cas IlI-ia recovery was determined by first identifying the relative peak observed for the
whole blood spiked with the different amounts of the compound (15, 35, and 75 pg/mL, control points) using
the extraction procedure described and then comparing this peak with the relative peak observed for the same
series when prepared in the mobile phase and injected into the HPLC. It is necessary to specify that to prepare
the control points, a clean pool of whole rabbit blood is used, which is obtained from rabbits that were not
administered any compound. The level of Cas Ill-ia recovered from each sample was determined in
quintuplicate (Table 5), with an average of 84.8 % intra-day (n=15) and 92.5 % inter-day (n=30) recovery %
from the blood. Previous reports describe Casiopeinas® in plasma protein having been observed, in binding
assays, to present a significantly higher accumulation in whole blood than in plasma, which is due to the
significant binding to blood cells reported in red blood cell/plasma ratios (Ke/p) of over 2 for human blood and
Beagle dogs at concentrations of 1 pg/mL [13,14]. Therefore, performing the extraction process in whole blood
was more efficient for comparing the pharmacokinetic parameters with those of rabbit plasma.

Table 5. Accuracy and precision of the use of the HPLC method in whole rabbit blood.

Theoretical concentration Avel;?fli:zg?j;:jntal
(ng/mL) (ug/mL) (n=5) Recovery (%) RSD(%)
Intra-day (n=15)
15 12.3 82.0 5.1
35 31.6 90.3 1.1
75 61.7 82.3 0.8
Average recovery
84.8
Inter-day (n=30)
15 12.4 83.0 2.2
35 33.9 97.0 0.9
75 73.2 97.7 1.5
Average recovery
92.5

RSD (relative standard deviation); LQC (low-quality control, 15 pug/mL); MQC (mid-quality control, 35 pg/mL);
and HQC (high-quality control, 75 ng/mL).

Defined as the sample concentration obtained from spiked blood and which presents a peak area of ten
times the noise level, the LOQ was observed at 5.08 pg/mL.

Defined as the sample concentration presenting a peak of three times the noise level, the LOD was
observed at 3.5 pg/mL.

The determination of the stability of Cas IlI-ia both before and after the sample pre- treatment revealed
that, after 96 h at 4°C, 99.85 % of the Cas IlI-ia was still present in the rabbit blood. At room temperature and
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without light protection, 74.96 % of Cas IlI-ia was observed after 96 h, whereas, at room temperature and with
light protection, 97.5 % of the blood was enriched with Cas IlI-ia after 96 h.

Pharmacokinetic results

No chromatographic interferences by any endogenous compounds were found. Fig. 7 shows the
average pharmacokinetic profile of Cas Ill-ia terminal phase data, after administration by intravenous infusion
in New Zealand rabbits (n=10), It was also found that the steady-state blood levels for Cas Ill-ia were 117.42+
3.26 pg/mL in a non-compartment model, was obtained by WINNOLIN software, while the half-life time was
53.92+ 25.41 min.

100

Blood Concentration {my/mL)

10 L 1 L ] 1 | L 1 L | 1
50 100 150 200 250 300

Time {min)
Fig. 7. Mean pharmacokinetic profile of Cas III-ia in whole blood (n= 10 New Zealand rabbit) after intravenous
infusion.

The following pharmacokinetic parameters were obtained from the rabbit blood samples: (kel) =
0.0150 min-'; half-life time (T1,2) = 53.92 min; the apparent volume of distribution (Vd) = 202.81 mL; clearance
(Cl) = 2.08 mL /min; and area under the curve (AUC)=23163.85 pg/mL.min. The results obtained reveal that
the half-life time in rabbit blood (0.89 h) is shorter than that found in for rat blood (12.46 h) [3]. An elimination
rate of 2.08 mL/min was observed for clearance in the rabbit blood samples, which was higher than that
observed for rat blood (0.45 mL/min). According to the basic concepts of pharmacokinetics, the higher the
elimination rate of a compound, the higher its clearance, and the smaller its distribution volume, the shorter its
half-life. The volume of distribution data obtained for the different rabbits (202.81 mL), rats (0.462 L), and
dogs (TMR= approximately 2 weeks) (data obtained from compartmental modeling program WINNOLIN) [3]
species show that Cas Ill-ia presents a wide distribution in tissue. This suggests that, as reported for other
Casiopeinas®, it has a wide distribution in tissues, such as blood, due to its high affinity with blood cells such
as erythrocytes. [13] However, although different doses were administered intravenously in each species, the
results obtained show that Cas Ill-ia presents low bioavailability across the three species of interest: 10 mg/kg
administered to a rabbit sample=23163.85 pg/mL*.min; 10 mg/kg administered to a rat sample=22.27 pg/mL*min
3.5 mg/kg administered to a dog sample =40472.75 pg/mL.min [3]. Furthermore, a smaller distribution volume
generates a higher concentration of the compound in the central circulatory system, and this is observed in the
bioavailability data, since the rabbit presented a slightly higher bioavailability compared to that reported for the
rat. (both species of rabbit and rat were administered the same dose of 10 mg/kg). These data indicate interspecies
variability, due to both the body weight and physiological processes specific to each species. Perfusion is the
flow of blood through blood vessels to multiple organs and tissues, therefore in rats, a greater perfusion could
be related to their heart rate and blood pressure. Therefore, the greater the blood perfusion of multiple organs
and tissues, the greater the volume of distribution of the compound in the organs of the rat, the lower the
perfusion, the lower the volume of distribution of the compound in the rabbit [20]. In addition to perfusion,
there is the pharmacokinetic parameter of binding to plasma proteins, with which it is known that only free drug
can cross the membranes of tissues and organs. Depending on this binding will be the distribution in the different
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species. Pharmacokinetic scaling between species is necessary to optimize test doses in humans via allometric
equations, in which biochemical, anatomical, and physiological similarities between animals can be generalized
and expressed in mathematical models [17].

Conclusions

The development of the method proved to be useful and reliable for determining Cas IlI-ia levels in
whole rabbit blood. The pre-treatment procedure applied on to the sample, which involved direct precipitation
with zinc sulphate, was found to be fast and simple. The method, validated for concentrations in the range of
10 to 120 pg/mL, presented a simple, repeatability, accuracy, and low limits for both: quantification and
detection. The recovery % of Cas Ill-ia was adequate and reproducible and constant over the range of the
calibration curve. This method is sufficiently sensitive for performing pharmacokinetic evaluations and can,
therefore, be applied at in the future in preclinical pharmacokinetic studies. The pharmacokinetic data obtained
by the present study, especially when compared with the data obtained for the different species reported [3],
contributes to the characterization of Cas Ill-ia. At a preclinical level, this data enables the bases to be
established for extrapolating an adequate dose, via allometric studies, for future clinical studies. The data also
contributes to the adequate design of dosing intervals’ safety for humans.
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Abstract. Green Chemistry is an approach that looks for a sustainable development, encouraging the industry to
migrate towards cleaner and more efficient processes, reducing waste generation, and depleting carbon footprint.
Continuous Manufacturing is an advanced production technology that has caught attention during the past decade
because of its flexibility, agility and robustness; lately, some regulatory agencies have endorsed its
implementation, but there are only a few cases of its actual applications in the manufacturing of drug substances
and products. In the current paper, we review some examples available up to date in which continuous processes
and green chemistry principles converge in the pharma-chemical & pharmaceutical industries in order to bring
elements to understand the future of drug molecules and pharmaceutical products production.

Keywords: Continuous manufacturing; green chemistry; pharmaceutical industry; drug manufacturing; flow process.

Resumen. La Quimica Verde es un enfoque que busca un desarrollo sostenible, alentando a la industria a migrar
hacia procesos mas limpios y eficientes, reduciendo la generacion de residuos y la huella de carbono. La Manufactura
Continua es una tecnologia de produccion avanzada que ha llamado la atencion durante la Gltima década por su
flexibilidad, agilidad y robustez; Giltimamente, algunas agencias reguladoras han avalado su implantacion, pero s6lo
existen unos pocos casos de sus aplicaciones reales en la fabricacion de farmacos y medicamentos. En el presente
articulo, repasamos algunos ejemplos disponibles en los que convergen la manufacturas procesos continuos y los
principios de la quimica verde en las industrias farmoquimica y farmacéutica, con el fin de aportar elementos para
comprender el futuro de la produccion de farmacos y productos farmacéuticos.

Palabras clave: Manufactura continua; quimica verde; industria farmacéutica; industria farmoquimica;
procesos de flujo continuo.

Introduction

The pharmaceutical industry is one of the main manufacturing businesses that generates the greatest
amount of waste mass with respect to the total mass of manufactured product. [1] This ratio is known as
Environmental factor (E-factor), and according to this parameter, the production of pharmaceutical products can
be considered as a pollutant industrial activity, as shown in Table 1. The E-Factor is calculated by the quotient of
the Total waste (kg) and Total product (kg), so the better performing a process is, the lower is the E-Factor value.
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Table 1. Current E-Factor values for different industrial sectors. [1]

. Production E-Factor Produced
Industrial sector (Ton/year) (kg/kg) waste
y gikg (Ton/year)
Petrochemical 10°-108 0.1 10°
Bulk chemicals 10*-10° 1-5 10°
Fine chemicals 10%-10% 5-50 10*
Pharmaceuticals 10-10° 25-100 10°

The pharmaceutical industry is also known for making multimillion-dollar investments in the research
and development of new active pharmaceutical ingredients (API) and drugs to treat diseases or search for
therapeutic solutions that improve the patients’ quality of life; however, the traditional manufacturing process
has changed very slowly over time, [2] and the pharmaceutical sector remains as a sector with little innovation.
The traditional manufacturing process for API and drugs that are predominant in the pharmaceutical industry
is known as batch manufacturing (BM), which can be summarized as a method where a predefined amount of
material is processed for a certain time and then it is tested to be released as a single and unique batch. To carry
it out, manufacturing conditions are previously established in compliance with current Good Manufacturing
Practices (cGMP). The batch production cycle typically involves several consecutive unit operations, where the
intermediate products are tested offline and stored before releasing them to move on to the next production
stage. Only after the finished product is approved by the Quality Control department, the batch can be released.

BM is based on inspection and tests performed in order to demonstrate that a certain product meets its
specifications. [3] Fig. 1 shows a traditional batch manufacturing process for hard gelatin capsules. In this
example, BM is verified in each of the three manufacturing sites. Although usually there are only two sites
involved in drug manufacturing (API and final drug production), for didactical purposes in this example the
whole process requires three manufacturing sites, and each site’s processes require to stop after each unit
operation for sampling and testing. A three-site scenario is not exaggerated, but actually frequent for omeprazole
oral capsules, to set an example. The API omeprazole is manufactured in one plant (let’s say, a pharma-chemical
site in Asia), then purchased by a pharmaceutical plant as raw material for pellets production (for instance, by
extrusion and spheronization methods, in a European facility). Omeprazole pellets are then converted in the
new raw material for the outsourced capsule-filling operation and final packaging in a Latin-American plant.
So, the BM process is carried out in three locations.

Whare house 1 Whare house 2
Shipping to Shipping to
Whare house 2 Whare house 3

API production Dosage form production Final drug production
synthesis
‘ ...w: urticatin ( : 1. Capsul
. Pt cnllru “" B\and\" ﬁ”:; < u age P:E:“:?,L
‘ndm, ‘._.,
Crysualization’
3 Pelletizing
Pharmochemical plant Pharmaceutical plant Pharmaceutical plant
facility facility A facility B

i o©o% EY.

Fig. 1. Example of a hypothetical BM process for a solid dosage form, consisting on hard-gelatin capsules filled
with pellets. Source: own elaboration.
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Traditional BM has changed very little in the past five decades. This is partially explained over historical
reasons. Being extremely regulated due to its direct impact in patients’ health, over the years the pharmaceutical
industry has adopted a position opposed to change, aimed to preserve the processes as they were first approved by
federal agencies. Pharmaceutical companies have managed to avoid risks and stay in a comfort zone, knowing that
any change will be examined with scrutiny by the regulators and may represent burdens, delays or fines to the
companies. [2] This explains why this industrial sector deals with issues such as: being slow in regards of product
supply chains, creating shortages for patients who require a product in time, and conserving pollutant and
inefficient processes that not only generate waste but also represent high costs related to scale up and tech transfer
between the Research and Development (R&D) stage and actual commercial manufacturing. [4]

In the last decade, greater interest has been shown in Continuous Manufacturing (CM) as an alternative
that can strongly impact operations including synthesis reactions, which is a key player in the drug development
process [5]; substantial research has been reported on reaction, crystallization and filtration using continuous
processes. [6-11] MC has been used to produce several active pharmaceutical ingredients, either in a laboratory or
on a commercial scale. Some examples are: aliskiren, artemisinin, ibuprofen, imatinib mesylate, quinolone
derivatives (such as a SHTI1B antagonist), rufinamide, thioquinazolinone, hydroxypyrrolotriazine, 2,2-
dimethylchromenes, fused-bycyclic isoxazolidines, 7-ethyltryptophol, 6-hydroxybuspirone. [12]

To introduce the GC concept, we need to acknowledge that one of the major challenges of humanity is
the damage to the environment, which is reflected in events such as climate change, the dispersion of toxic
elements and pollutants in land, air and water, the depletion of non-renewable resources, deforestation, the
destruction of biodiversity and the ozone layer, among the most relevant, which have worsened in recent years.
Most of these problems are generated by the implementation of chemical processes, the indiscriminate use of
natural resources and the inadequate management of domestic and industrial waste. [13]

There is common consensus that these material practices are unsustainable; mankind is struggling to
transition to an era of green awareness in favor of the environment with sustainable materials and processes. Part of
this shift has been the emergence of Green Chemistry (GC), which refers to the study of the general methodology for
the synthesis of chemical products and processes in a benign and environmentally safe manner. [14]

In 1990s, Anastas and Williamson presented the best-known definition of GC, being: "designing
chemistry for the environment", emphasizing the role of science in this challenge. [15] In 1998 Anastas and Warner
published the book Green Chemistry: Theory and Practice, where they defined GC as "the design of chemical
products and processes that are more environmentally benign and that reduce negative impacts to human health
and the environment". [16] Anastas and Warner's 12 principles of Green Chemistry, shown in Table 2, are still
considered as guidelines on how to perform chemistry with environmental awareness.

Table 2. The 12 principles of the Green Chemistry approach. [15-16]

No. Green Chemistry Principle
1 Prevention
2 Atom economy
3 Less hazardous chemical syntheses
4 Designing safer chemicals
5 Safer solvents and auxiliaries
6 Design for energy efficiency
7 Use of renewable feedstocks
8 Reduce derivative
9 Catalysis
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No. Green Chemistry Principle
10 Design for degradation
11 Real-time analysis for Pollution Prevention
12 Inherently safer chemistry for accident prevention

GC is involved in the optimization of materials synthesis, the use of renewable resources instead of non-
renewable resources (both chemical and energy), and the qualitative and quantitative control of the man-made
materials used and produced (as well as their waste). [17]. GC ushers scientists and engineers to rethink chemical
reactions and processes, empowering them to "protect and benefit the economy, people, and the planet by finding
creative solutions and innovative ways to reduce waste, conserve energy, and discover replacements for hazardous
substances". [18]

Although the approach of efficient and low waste chemistry existed before the 1990s, it was from the
2000s onwards that GC started to be applied in research and development and manufacturing processes in the
pharmaceutical industry. This has resulted in the discovery and publication of green syntheses of pharmaceuticals,
such as sertraline hydrochloride [19], sildenafil citrate [20], paclitaxel [21], and sitagliptin phosphate monohydrate
[22]. In 2022, WuXi STA, a manufacturer of active pharmaceutical ingredients and intermediates, opened a CM
site in Changzhou, China [23]; that same year, Patheon, another reknown manufacturing leader, built a CM plant
in Greenville, USA [24].

De Soete et al. assessed the potential implementation of a continuous production line at Janssen-Cilag SpA
pharmaceutical manufacturing plant, and reported great decreases in exergetic resource consumption of
electromechanical power, heating media, chemicals and cleaning agents and disposal when moving from a batch
granulation to a continuous granulation process for several unit operations when manufacturing Tramacet®, a drug
that was already in Teva’s commercial portfolio and is produced in a facility located in Ulm, Germany. The return of
investment resulting from moving from batch manufacturing to CM was verified in 3 years. [25] Also, back in 2019
in an internal conference held by Frank Streil, Chief Technical and Scientific Affairs Officer from Teva, he showed
evidence of the implementation and validation of a CM platform for tablet manufacturing at the Ulm plant in
Germany, and stated that a great advantage of this type of process is the consistency in the quality of the products; a
smaller amount of labor required for manufacturing; and the reasonable investment cost according to the required
production volumes, enhancing that CM has a high potential for savings in both manufacturing and quality costs.

The current review seeks for optimistic outcomes for implementing CM in terms of productivity and
sustainability, and comes to the conclusion that CM can produce a positive impact regarding productivity, yields and
financial indicators, and it is notable that it has proved to reduce the environmental impact, even helping in achieving
the Sustainable Development Goals (SDG) settled by the World’s Health Organization (WHO). For this reason, it is
important to explore and disseminate how the CM can uphold the GC principles, and turn the pharmaceutical industry
into a productive, agile, innovative, clean, green and socially responsible industry. For readers that have little
knowledge of this technology, we begin with an introduction of the CM process and its intrinsic relationship with the
12 principles of GC. We also discuss the framework that is being constructed by regulatory agencies, academia,
equipment suppliers, third party organizations and of course both pharma-chemical and pharmaceutical industries.
Further on, we recover five examples to show some advantages related to the change from BM to CM, also describing
the observed challenges. Throughout the document, we reference the principles of GC listed in Table 2. Ultimately,
we plan to point out how CM endeavors overlap some of the GC principles, thus harvesting benefits both in
productivity and economy, as result of the change from batch to continuous manufacturing.

Method

From a methodological point of view, we conducted a systematic review according to the Preferred
Reporting Items for Systematic Reviews and Meta-Analyses (PRISMA) guidelines. [26] The search was
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performed on articles’ title, abstract, and keywords slots available in Scopus, using search terms for three terms:
(1) "continuous manufacturing" OR "continuous process", (2) "Green chemistry”" OR "flow chemistry" OR
"Green engineering"; and (3) "pharmaceutical”. Inclusion criteria were defined as follows: article published in
a journal or conference proceedings, written in English or Spanish, original contribution and full text available.
This search yielded 86 papers. From this group, articles that reported on the adoption of CM for the API or drug
production processes were selected, yielding 37 publications from 2010 to 2023. We also reviewed the
regulatory documents available on-line from WHO, ICH, FDA, PMDA, EMA, ChFDA regarding continuous
manufacturing. With this information, we reviewed the state of the art in CM and GC applied to pharmaceutical
processes and a master dissertation was elaborated. [12] For the current article, we selected five cases that best
represent what has been achieved so far in this field; these are original articles with experimental evidence that
depict CM and GC applications for API production and liquid and solid dosage forms, providing thorough
description of the continuous production systems. Due to the nature of this investigation, there are several gaps
in the available data, starting by the fact that pharmaceutical companies publish very few of their findings in
order to protect their industrial property. Also, information varies from paper to paper, and pursuing a one-to-
one comparison among processes was out of limits since the beginning; differences in size, operations, dosage
forms and molecules are some of the difficulties when studying each process. Since the search method did not
include biological terms or references to them, we may have ruled out some other findings from the
biotechnological drugs. Given the fact that the production of biological drugs responds to completely different
processes, often based on microorganisms, we hypothesize that CM applications has not yet raised enough
awareness for this industry. Nonetheless, we did find scarce hints of the introduction of new biological and
biosimilar products in CM approaches. [27] Lastly, underlying private interests may bias the available
information and compromise the accuracy of the companies’ success claims, in a context in which competence
is central and the speed to achieve a market plays a major role.

Continuous manufacturing in the manufacture of API and pharmaceutical products

Continuous manufacturing: concept and utility

The essential characteristic of CM is that materials flow at a predefined rate through all the unit
operations involved. Only a relatively small amount is processed in a certain time. During the manufacturing
process, raw materials are continuously introduced, and the finished product is tested and released in real time,
based on the results of the Process Analytical Technology (PAT) [3], which is recommended to improve the
understanding and control of the manufacturing process. According to the FDA, CM “is a process in which the
input material(s) are continuously fed into and transformed within the process, and the processed output
materials are continuously removed from the system. Although this description can be applied to individual
unit operations or a manufacturing process consisting of a series of unit operations, as described in this
guidance, continuous manufacturing is an integrated process that consists of a series of two or more unit
operations.” [28, p. 1] CM uses closed-loop system controls, meaning that the process control systems
(controllers) can adjust based on the real-time data. [29] CM is based on an integrated conceptual sequence,
considering an end-to-end manufacturing process. Fig. 2 illustrates how former unit operations flow in to a
whole process with in-time & in-site controls.

At one plant facility & shorter supply chain

Single Pot Processor

Synthesis | W) Cry » I Sieving Blending Pelletizing (c:::"si:Iges] Packaging

PAT & active process control systems

Fig. 2. A conceptual integrated CM process of a hypothetical oral solid dosage form, consisting on hard-gelatin
capsules filled with pellets. Source: own elaboration.

831



Review J. Mex. Chem. Soc. 2025, 69(4)
Regular Issue

©2025, Sociedad Quimica de México

ISSN-¢ 2594-0317

Regulatory framework for CM of API and pharmaceutical products

As stated before, historically, pharmaceutical plants have been reluctant to adopting new production
technologies, blaming the tight regulation to which they are subject to, and fearing that the introduction of new
production technologies will bring heavy burdens and delays on the regulatory approval processes for new
products. This is a complex situation; as on one hand, the pharmaceutical stakeholders expect significant
regulatory challenges related to the implementation of continuous technologies, while on the other hand,
regulators continue to encourage their development. [27]

One of the main obstacles pertaining to the implementation of CM in pharmaceutical products was the
lack of a regulatory framework. Since the 2000s, however, the US Food and Drug Administration (FDA) has
provided strong support to explore the possibilities of CM. [29] In 2002, the FDA launched an initiative titled
Current Good Manufacturing Practices (CGMP) for Pharmaceuticals for the 21st Century: A Risk-Based
Approach to encourage the implementation of a modern science and risk-based pharmaceutical quality
assessment system. [30] This initiative was ground-breaking for the pharmaceutical industry. In November
2003, FDA agreed to work with the International Council for Harmonization (ICH) to develop a pharmaceutical
quality system based on the integration of risk management strategies and scientific data. The ICH established
several Expert Working Groups (EWG) in pharmaceutical development and these have published quality
guidelines that are followed worldwide to design effective and efficient manufacturing processes in order to
reach product quality, and define a “desired state” for manufacturing in the 21st century. [31] For instance,
Guidelines ICH Q8 Pharmaceutical Development describes how to build Quality by Design (QbD), and ICH
Q9 Quality Risk Management outlines how to take into account risks throughout the pharmaceutical product’s
life cycle. [32-33]

These regulatory agencies also stated that QbD and PAT are key elements to promote a vision of a
flexible, agile and efficient manufacturing sector that reliably manufactures high-quality pharmaceutical
products, based on the premise: “quality cannot be tested in products; It must be built-in or it must be by design.”
[34]

In March 2023, the FDA published the Guidance for Industry Quality Considerations for Continuous
Manufacturing. In the introduction, FDA states: “This guidance provides information regarding FDA’s current
thinking on the quality considerations for continuous manufacturing of small molecule, solid oral drug products
that are regulated by the Center for Drug Evaluation and Research (CDER).” [28, p. 1] Precisely, the
manufacturing processes of solid oral drug products made with small molecules comprise the traditionally
known unit operations that, although perfectible, have stayed still for decades, perhaps because companies
perceive changes as a threat, as in a “why fix it if it ain’t broken?” philosophy.

As observed, the FDA supports the adoption of modern manufacturing technologies that improve the
quality of pharmaceutical products and their ready availability to patients, and recognizes that CM is an
emerging technology that enables modernization and offer benefits to both the industry and patients. FDA
indicates that: “Continuous Manufacturing can improve pharmaceutical manufacturing, for example, by using
an integrated process with fewer steps and shorter processing times,; requiring smaller equipment footprint,
supporting an enhanced development approach (e.g. quality by design (QbD) and the use of process analytical
technology (PAT) and models); enabling real-time product quality monitoring, and providing flexible operation
to allow scale-up, scale-down, and scale-out to accommodate changing supply demands. We also expect that
this operational flexibility may decrease the need for some postapproval regulatory submissions. Therefore,
FDA expects that adopting continuous manufacturing for pharmaceutical production will reduce drug product
quality issues, lower manufacturing costs, and improve availability of quality medicines to patients.” [28, p. 2]

In November 2022, the ICH published the Q13 Guideline: Continuous Manufacturing for Drug
Substances and Drug Products, which describes the scientific and regulatory considerations for the
development, implementation, operation and life cycle management of CM of API and drugs. [35]

Other international regulatory bodies such as the European Medicines Agency (EMA), the Japanese
Pharmaceutical and Medical Devices Agency (PMDA). The China's Food and Drug Administration (ChFDA)
have also issued a favorable position towards the implementation of CM, indicating that the principles
established in the ICH Q13 Guideline are to be adopted. [4]

In this context, it is clear that trend-setting regulatory agencies have been recently active in establishing
guides to help clarify whatever requirements are needed to implement CM and shift pharmaceutical industry
practices.
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Continuous manufacturing and the pharmaceutical industry

As per the guidance and direction given by the regulatory bodies, thrusting a QbD approach leads to
new opportunities, such as process intensification, higher production rates in smaller manufacturing lines and
facilities, but also at lower energy and materials consumption levels. The industry has explored CM not only
for specific unit operations, but also to the complete manufacturing process.

In the continuous model, waiting times between stages can be eliminated. This represents an important
advantage for drugs or intermediates susceptible to degrading over time or that are sensitive to environmental
conditions, directly improving the product quality. Furthermore, one of the characteristics of CM is that it is
carried out on a small scale. An example of a CM platform for research purposes installed at Rutgers University,
New Jersey, USA, is shown in Figure 3. The model implies the reduction of safety risks associated with highly
energetic or dangerous materials and allows for greater flexibility in the use of equipment and facilities; [3 &
5] These effects show the close association between CM and GC. In 2019 Continuous Pharmaceuticals reported
the first fully automated, end-to-end integrated continuous manufacturing pilot plant yielding 4,800 tablets/h.
[36]

In recent years, the pharmaceutical community has admitted that CM can be competitive compared to
BM considering price and quality, also finding out that it can better meet the requirements set by regulatory
authorities. This scenario has encouraged the competition of large companies that are leading the way in
demonstrating the feasibility and benefits of this new manufacturing model. Until recently, there were only six
pharmaceutical products on the market that include continuous technologies in their manufacturing processes:
Pfizer’s Daurismo (glasdegib), Vertex’s Orkambi (lumacaftor/ivacaftor) and Symdeko (tezacaftor / ivacaftor),
Janssen-Cilag’s Prezista (darunavir), Eli Lilly’s Verzenio (abemaciclib), and Johnson & Johnson’s Tramacet
(tramadol, acetaminophen). [27]

These products have paved the way for other competitors; for example, the leading company in the
manufacturing of generic drugs Teva has implemented a CM platform in its Ulm, Germany site; WuXi STA
has announced the opening of a CM plant at Changzhou site in China; and the CMO leading company Patheon
has also built a CM site at Greenville, USA. Additionally, the equipment suppliers have taken important steps
to develop innovative CM concepts demonstrating greater interest (GEA, Bosch, Glatt, Bohle, Hosokawa, Fette,
Lodige, Gericke, Ktron, Schenk, among others). Recently, new suppliers of quality control equipment and
solutions have entered the market, creating more competition and, consequently, better solutions for the
industry. [29]

Examples of a readily commercialized CM product are the following. Orkambi, 200 mg lumacaftor
plus 125 mg ivacaftor fixed-dose combination coated tablets manufactured by Vertex. Orkambi is manufactured
by a two-stage process. In the first stage, ivacaftor crystal drug is dissolved with a polymer and a surfactant,
then spray-dried into a powder which undergoes a second drying phase to remove the solvents to acceptable
limits. This results in an amorphous intermediate, which is a free-flowing, compressible powder. The second
stage, consists of seven steps, comprising a continuous wet granulation process: a) intragranular mixing, b)
continuous granulation in a wet twin-screw, c¢) drying and grinding in a fluid bed, ) extra-granular mixing, f)
compression, g) film coating, and h) impression. This process occurs in three different manufacturing sites with
different PAT systems and capabilities and real-time release testing (RTRT).

Vertex's Symdeko (tezacaftor/ivacaftor), an orphan drug for cystic fibrosis, was developed by a Quality
by Design (QbD) approach, and phase I1I batches were manufactured by a CM process, confirming equivalence
as to the BM used in prior stages. Symdeko’s CM system uses gravity feeding for material transfer between
unit stages, along with a pneumatic conveying system to transfer granules, and a lift-container conveying system
to move forward the tablet cores. The individual components are mixed and conveyed using a worm system
(convective mixing) and the final mix is then fed into a roller compactor. The intragranular and extragranular
mixtures are transported separately by a pneumatic transfer device to the granule conditioning unit for further
grinding, where a segregation point device removes non-conforming material.

Prezista (600 mg darunavir tablets), a drug manufactured by Janssen-Cilag Prezista (JSC), is approved
in more than a dozen countries, including the USA, Brazil, Canada and Australia. On 2016 the FDA approved
the upgrade in the manufacture of Prezista, shifting to a CM production line at its facility in Gurabo, Puerto
Rico. The replacement of the BM process came as a result of a 5-year partnership with Rutgers University and
the University of Puerto Rico. This partnership made it possible to develop a process that integrates all
manufacturing steps (weighing, grinding, mixing, compression, and coating) into a single line. JSC collaborated
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with researchers at the Engineering Research Center for Structured Organic Particle Systems (C-SOPS) to
develop a full-scale CM and direct compaction production line at the Rutgers facility for testing, and the CM
line at the JSC facility was built using this design. By incorporating one of the first full-production-scale
continuous direct compression solid oral dose manufacturing facilities in Puerto Rico, JSC reduced a two-week
production led time to a one-day production lead time, allowing for continuous quality monitoring. [29] On
Janssen’s words posted at its website, "This new technology allows us to shorten production and test cycle
times, reduce waste and environmental impact, and reduce process risks. And all this while maintaining the
quality of the existing product by offering innovative therapies to patients. In this way, the technology is of
enormous importance for the future of pharmaceutical production, as it can reduce processing times and the
footprint of manufacturing facilities." [37] Lastly, Verzenio (abemaciclib) from Eli Lilly, an oncology drug for
the treatment of hormone-receptor positive women, also developed by QbD principles, is currently
manufactured by a near infra-red (NIR)-based PAT for drug concentration monitorization in a CM, followed
by a traditional batch process film coating operation. [25]

The examples given above show that CM, although not being a fast, low-investment and easy method,
is being conceived as a long-term, steady, robust, more sustainable and ultimately cheaper way of producing
medicines. As this paper shows, CM is not being implemented by small local industries, but by strong global
companies, who will lead the way in the future. The potential is huge, and will be used for competitiveness
purposes, for sure. Currently several vendors offer integrated PAT monitoring and process control platforms
balancing price affordability and ease of use. Furthermore, some advances in CM in pharmaceuticals and oral
liquid medications are taking place. [38-40] Also, developments for injectables are occurring. [2]

As it was mentioned, academia players are actively involved in learning more about CM processes.
[41 36] Since 2002, Rutgers University has focused on manufacturing solid dosage forms and operates the C-
SOPS. The Massachusetts Institute of Technology (MIT) supports the Novartis Project on implementing end-
to-end CM. In Austria, the Research Center for Pharmaceutical Engineering (RCPE) at Graz University of
Technology, and the University of Graz have been doing research on Hot Melt Extrusion (HME) technologies
in CM. The Ghent University at Belgium, has studied wet granulation CM. The Advanced Crystallization
(CMAC) body in the United Kingdom has focused on CM applied to API and crystallization processes.

The most powerful force driving this transition is the new global competence in performance and
quality. The equipment for freeze-drying operations, for instance, shows that despite the fact that the process
has not changed over the past 80 years, its market value is expected to double to $ 4.8 billion. [25]

Results

CM and GC applied to pharmaceutical products

According to our data base search, 37 publications from 2010 to 2023 relate CM and GC topics. This
number gave us a hint that GC activities converge with CM and that both approaches are suitable in the
production of drug substances and pharmaceutical products. [42-48] The integration of GC into the early
development stages of drugs also aligns to pharmaceutical Benign by Design (BbD) and QbD ideals, driving
research towards opportunities in process improvements and added value throughout products’ life cycle; for
instance, greater production with less use of space, energy and raw materials, as well as the mitigation of
additional costs associated with waste generation (i.e. reducing chemical substances that are not directly
converted into a product, as well as costs derived from the treatment and/or disposal/destruction of waste).
Given the fact that the environmental impact of pharmaceutical manufacturing has been greater than that of the
rest of the chemical industries, [1] companies that comply with GC principles through CM, may strive for
building up a better reputation while seizing a competitive advantage.

Although there are few examples, the review allowed us to realize that CM has started to be
implemented in pharma-chemical and pharmaceutical processes, and that large companies have already spotted
benefits with respect to BM. The pharmaceutical industry is exploring CM processes both in individual unit
operations and in end-to-end manufacturing systems. With respect to GC, some pharmaceutical companies have
sought to migrate towards sustainable manufacturing practices, having learned that these can broaden
production portfolios and increase competitiveness. The implementation of continuous processes using PAT
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tools helps to reduce waste by increasing the understanding of the process. Closed loop controls and online
optimization, for instance, drive the first principle of GC: waste prevention. [42] In sum, combining CM with
the GC principles can result in improved performance, additional capabilities and added efficiencies to products
and processes, while addressing environmental, safety and security concerns.

Now at days, there are 6 drug products that incorporate continuous manufacturing in their
manufacturing process: Vertex’s Orkambi and Symdeko, Johnson & Johnson’s Prezista, Eli Lilly’s Verzenio,
and Pfizer’s Daurismo have been approved in the US; Vertex’s Orkambi and Symkevi, Johnson & Johnson’s
Prezista, and Eli Lilly’s Verzenio in the EU; and Johnson & Johnson’s Tramacet and Eli Lilly’s Verzenio in
Japan. [38]

Manufacturers such as Pfizer and Johnson & Johnson, have reported advantages such as shortening
the manufacturing process from weeks to minutes, shorter cycle times, faster technology transfer, reduction of
the process variability, decrease of energy consumption and waste, as well as a lower environmental impact.
[25]

Although companies still have to face the challenge of getting acquainted to PAT and process
automation if they wish to succeed in the implementation of CM processes, the following appreciations have
been reported already.

A. The implementation of flow chemistry through clean technologies such as electrochemistry,
photochemistry, and microwave heating, are easy to scale up in a continuous mode.

B. CM technologies allow better control of the processes, and aid in reducing risky working
conditions found in BM facilities, such as high pressures and temperatures and use of
dangerous or explosive solvents.

C. CM permits to improve the purity and selectivity of the intermediate and final products to be
obtained.

D. By using smaller equipment and modules as compared to traditional manufacturing, the
equipment footprint and the environmental impact decrease.

According to Khinast, Kleinebudde & Rantanen, CM leads to economic success because it increases
the overall equipment effectiveness level, and reduces inventory value of work in progress, cycle times (less
downtime), operational costs, labor costs (direct and indirect), and quality analysis costs, but it also brings
savings in capital investment and product transfer, not to mention the inherent space reduction for a CM site.
[29]

In a 2015 press release, Pfizer company announced collaboration with Glaxo Smith Kline (GSK) on
the so called “Next-Generation Design of Portable, Continuous, Miniature and Modular (PCMM) Oral Solid
Dose Development and Manufacturing Units”. According to this information, “A PCMM facility has 60 to 70%
smaller footprint than a conventional production facility.” This platform is being used for the development and
launch of several products, shortening the manufacturing process from weeks to minutes, in Pfizer’s Groton
and Freiburg facilities, located in the USA and in Germany, respectively. The company estimates that 70% of
its portfolio of small-molecule oral solid doses will be manufactured in PCMM, which will produce shorter
cycle times, faster technology transfers, and reduced process variability, for which it estimates that this will
occur within the next 10 years. In 2017 Pfizer joined the consortium CMAC (Continuous Manufacturing and
Advanced Crystallisation), alongside with GSK, Astra Zeneca, Novartis, Bayer, Takeda, Lilly and Roche, led
by the University of Strathclyde, to accelerate progress in pharmaceutical manufacturing. CMAC focuses on
accelerating the adoption of CM for the production of medicines with a lower cost and improved sustainability.
[49]

Pfizer's first PCMM platform for oral-dose solid delivery systems was used for the development and
launch of Daurismo, which lead to shortening the manufacturing process from weeks to minutes. According to
the European Medicines Agency (EMA) [50] evaluation report, the cores of Daurism (glasdegib maleate tablets)
are in fact manufactured by direct compression using the PCMM. This CM process involves three first steps:
continuous feeding, continuous mixing, and tablet compression using a conventional rotary tablet press,
followed by one separate unit operation, consisting in film coating the cores, that is performed as a batch
manufacturing process using conventional equipment. Interestingly, the process flow and equipment used to
supply the European Union market is the same as that used in the manufacturing of clinical batches and batches
for stability studies.
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In the following lines, we show examples of how the CM of API and drugs can shift from a batch
scheme to a continuous flow, overcoming typical limitations of the traditional scheme. These five examples
denote the significant efforts that are being made to transit towards process designs, chemical reactions, and
pharmacochemical and pharmaceutical engineering for CM models, while approaching the GC principles.

Example of plug-and-play factories for on-demand CM of API

In 2011 the kick-off of the pharmacy-on-demand (PoD) project verified as part of the Defense
Advanced Research Projects Agency (DARPA), aiming to develop portable factories that integrated continuous
manufacturing technologies to enable the production of drugs anywhere, any time. These factories, which
occupy an environmental footprint the size of a commercial refrigerator, aim to solve drugs shortages in places
that are difficult to access or that have political-social problems, such as war zones and pandemics. The whole
idea is that in the future, when PoD initiative reaches a market phase, the manufacturing sites of pharmaceutical
products will be located closer than ever to the point of use, and a distribution network having an Amazon-like
storage system would be running. This production scheme would make possible to respond quickly to peaks in
demand and depletes the need of drug storage rooms that have a great economic and environmental impact for
its maintenance and replenishment. In the PoD approach, the drugs are expected to be fresher and have a longer
shelf life. Thus, PoD promotes the GC principle: “Real-time analytics for pollution prevention” and the SDGs:
“sustainable cities and communities” and “health and well-being”. [39,51,52]

The development of the first generation of platforms with plug-and-play modules helped to obtain a
purified stream of an API with a consistent solvent composition prior to the crystallization step. These platforms
provided liquid doses of diphenhydramine hydrochloride, lidocaine hydrochloride, diazepam and fluoxetine
hydrochloride, and ibuprofen and diazepam in solid forms. Platforms evolved into a second generation, where
synthesis occurs in a continuous flow until drug crystals are dissolved in order to obtain liquid doses of
nicardipine hydrochloride, ciprofloxacin hydrochloride, neostigmine methylsulfate, rufinamide, linezolid and
lisinopril. Some systems aim to manufacture at least 1,000 doses/day of diazepam, diphenhydramine
hydrochloride, ciprofloxacin hydrochloride, lidocaine hydrochloride, and atropine sulfate in a 3-week long
manufacturing campaign. New production systems comprise new set of modules, including one for synthesis,
two modules for the manufacture of the API and a module for solid dosages. Rogers and collaborators showed
the ability of these production platforms to manufacture all the way from the API to oral tablets, and showed
the manner for increasing production capacity. [42]

In 2021 Capellades and collaborators published the results of the first end-to-end continuous
manufacturing campaign, showing that it is possible to synthetize a drug molecule that consistently meets
quality specifications using a fully automated process and with a 4-fold increase in throughput. By switching
to continuous integrated and miniaturized processes, capital and operational costs were significantly reduced,
and at the same time product quality was improved. [39,53] This on-demand pharmacy initiative involved the
development of equipment and processes for the manufacture of ciprofloxacin hydrochloride, and covered the
implementation and development of control strategies.

The following phase developed by Capellades, called Good Manufacturing Practice (GMP), aimed to
develop modules, platforms and processes for commercial purposes. To this end, it was important to introduce
design considerations, process controls, and understanding of the system to prepare the manufacture of
pharmaceutical products for human consumption. [39] Ciprofloxacin, a broad-spectrum antibiotic comprised in
the WHO?’s list of essential medicines, was chosen as the first drug to be tested, due to its strategic value in
medical emergencies and because this molecule was also the most challenging in the previous phases,
presenting operational difficulties during several stages of the production: synthesis and purification of the drug
molecule, full formulation of the final dosage form, and meeting of manufacturing performance demands.
[54,55]

This integrated manufacture of ciprofloxacin tablets was carried out in four modules: a first one for the
synthesis of the un-pure API. From there, the raw solution is transferred to a second processing module, where
it is purified. The product obtained is transferred to the third module where the isolation of ciprofloxacin
hydrochloride as a dry powder occurs. The pure molecule then reaches the fourth module, which is where the
production of the dosage form (in this case an oral tablet) is carried out.

In addition to testing the performance of the four aforementioned modules, Capellades and
collaborators defined the process parameters that have higher impact on process performance and in the Critical
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Quality Attributes (CQA) of the product. Having the process parameters defined, two test production runs were
performed, one with high flow (equivalent to 0.54 g/min of ciprofloxacin or 3,100 doses of 250 mg/day) and
another with a low flow (equivalent to 0.30 g/min of ciprofloxacin or 1,750 doses of 250 mg/ day). As a result
of these runs, tablets with essay test values of 96.83 + 0.70% for high flow and 97.28 + 0.28% for low flow
were obtained. After these runs, a CM campaign of four cycles with stable conditions was carried out
successfully. [39]

Due to the implementation of a closed-loop system for continuous operation in the purification and
isolation modules, the drug output rate increased 390%, moving from 215 doses/day (obtained in the
demonstration phase) to 839 doses/day in this GMP phase. Likewise, it was proven that 100% of the tablets
manufactured with the GMP phase platform comply with the USP essay specification range of 98.0 to 102.0%,
while meeting CQA such as crystal shape, particle size and water content.

According to the forementioned authors, there remain challenges to improve the continuous process
and have more attractive commercial platforms, among these is the search for a higher product output rate (that
is, more units or doses per day), which can be achieved by looking at other types of solvents and exploring
more configurations for the process parameters. For now, it has been demonstrated that it is feasible to have a
platform where the product is manufactured continuously, from the synthesis of the drug to the pharmaceutical
dosage form. [39]

Example of 3D printed reactors for CM systems

We selected this paper as the latest example of how continuous manufacturing has evolved and to show
the potential it has for the future. In this study, chemically resistant parts for a reactor for flow chemistry and
CM were manufactured using the fused filament 3D-printing process, from polyetheretherketone (PEEK), a
material that has higher chemical resistance than common fused filament manufacturing materials such as
acrylonitrile, butadiene styrene, polypropylene or even high-performance plastics such as polyetherimide, in
addition to having superior heat resistance it has excellent mechanical strength.

The 3D-printed PEEK reactors proved to be suitable for liquid-liquid extractions and flow chemistry
as they were able to withstand pressures of at least 30 bar, which allowed the use of superhot solvents. With
this, it has been shown that it is possible to design and use customizable and cost-effective reactors and flow
equipment that can be manufactured on relatively inexpensive 3D-printers. [56] Some tests were even carried
out at a pressure of 60 bar so that reactors with the capacity to operate at this pressure would be further designed.

Another innovative approach used in this study was the use of X-ray microcomputed tomography to
obtain images of the 3D printed reactor. This method allowed to non-invasively verify the internal structure, to
assume that it was manufactured according to specifications and served to the original design, which is a key
for the qualification of the equipment as a part of the regulatory requirements that apply to the pharmaceutical
industry. These results set the standard for how to manufacture mini and micro scale equipment for CM in the
future. Using the same 3D-printing method, a micromixer was manufactured to complement the microreactor
showing full functionality.

To test the system manufactured from PEEK 3D printing, the authors carried out a nucleophilic
substitution reaction (SNAr) of 2,4-difluoronitrobenzene with morpholine, using methanol for solvent, at a
reaction temperature of 80 °C and at a pressure of 100 psi.

Not all reaction products were necessarily observed, but the ortho and bis species predominated. In a
second 3D-printed mixer, the product at the outlet of the reactor was met with a stream of ethyl acetate and
water in equal parts, at a flow of 1 mL/min. After cooling the product down, a High-Performance Liquid
Chromatography (HPLC) analysis was executed. As a result, a high extraction efficiency (97%) of the product
in the organic phase was obtained, thus verifying the correct performance of the equipment designed and
manufactured by 3D-printing of PEEK.

As a highlight of this example, there have been developed, manufactured and tested chemically
resistant PEEK based flow reactors and mixers through 3D-printing, showing that these microreactors resist
high pressures and temperatures. The ability to produce customized reactors with customized geometries and
properties, similar to those of metal parts, is a valuable property in academia, research and industry for the
pharmaceutical fields. This equipment could be in the short-medium term the basis for CM and on-demand
pharmacy platforms that will help bring priority drug products to places that are difficult to access or where
greater demands need to be met.
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Example of a continuous system for the recovery of solvents in drugs production

Because the pharmaceutical industry uses relatively high amounts of solvents, solvent recovery is
necessary to achieve a sustainable manufacturing and comply with GC principles: “less hazardous chemical
syntheses”, “designing safer chemicals”, and “providing safer solvents and auxiliaries”.

Solvent recovery is defined as the process of extracting useful materials from waste or byproducts
during a manufacturing process. These recovered chemicals can be reused in the manufacturing process, greatly
reducing the need for new solvents and significantly reducing waste generation. This pursues the GC principles:
safer solvents and auxiliaries, and prevention. Solvents that can be recovered are aliphatic and aromatic
compounds, halogenated hydrocarbons, alcohols, ketones, and esters, among others. The most common
methods for solvent recovery include distillation, membrane separation, liquid-liquid extraction, thin film
evaporation, and chemical extraction. [36]

Between 90% and 95% of industrial separations are carried out by distillation because it is a fast,
effective and efficient method. [57] This process is used to separate the components in a mixture by means of
vaporization followed by condensation, thus taking advantage of the differences in concentration of the
components in vapor and liquid phases.

In 2020 Shores and collaborators designed a simple vapor-liquid equilibrium (VLE) arrangement using
a binary ethanol-cyclohexane system as the reference solvent. Process reliability was evaluated through the
VLE measurement of a two polar-solvents system. With this information different columns were designed for
distillation in a 30.7 m? CM pilot plant comprising dissolution & clarification bypass, reactive crystallization,
filtration & resuspension, drying and separation, extrusion-molding-coating (of tablets), and solvent recovery.
[36]

The purity of the recovered solvents was >99.9 % by weight for the first solvent and >99.8 % by weight
for the second solvent, reaching recovery yields of 94.9 % and 98.3 %, respectively. According to the E-Factor
analysis, approximately 30% waste saving was recorded in the CM implementation, as compared to the
corresponding BM process. After integrating the solvent recovery system, the E-Factors for both the BM and
CM processes decreased significantly, from 1.63 to 0.29 and from 0.77 to 0.21, respectively. [36]

As a conclusion to this example, the CM process coupled to the solvent recovery system allowed for a
sustainable manufacturing process for the pharmaceutical industry. This proves that CM has greater impact and
thrust on the GC principles than traditional BM: “less hazardous chemicals synthesis”, “design of safer
chemicals”, and “safer solvents and auxiliaries”. Given that solvent recovery was carried out by distillation,
which is an energy-consuming operation, there is an opportunity for optimization by testing different pressures
or mechanical vapor recompression to reach a more efficient design.

Example of a portable continuous system for tablet manufacturing

In 2018 Azad and collaborators designed a portable, reconfigurable and automated system for the
manufacture of tablets that included several unit operations: feeding, measuring, transporting, mixing,
dispensing, tableting (compression) and weighing. This increased the scope of the previous results on liquid
dosage forms. [58] A tablet production unit was designed with the capacity to produce hundreds to thousands
of tablets per day, resulting in the opportunity to "manufacture to distribute" (make and ship), which could
break the paradigm of the traditional industry scheme and could help limit drug overproduction. Overall, this
approach reduces the use of chemical reactants, including organic solvents, and at the same time, depletes the
waste volumes. The work of this research group supports GC principles of “Prevention” and stands for a
responsible production / consumption approach.

The compact, portable, reconfigurable, and automated tablet manufacturing equipment was designed,
built, and tested. The whole miniature system is the size of a household oven, 72.4 cm long x 53.3 cm wide x
134.6 cm high and upholds an on-demand and CM of tablets, going from drug crystals to oral tablets on scales
of hundreds to thousands tablets per day. The drugs tested were ibuprofen, a popular over the counter analgesic,
and diazepam, a controlled depressive of the central nervous system. Each API was manufactured using the
miniature system with different drug loads, in compliance with quality standards set by the Pharmacopoeia of
the United States of America. [58]

In summary, these miniature CM systems have the potential to aid in meeting the SDG 3 of “Good
Health and well-being” and 11 “Sustainable Cities and Communities”, as they:

A. Help mitigate drugs shortages
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Are a preferred option when manufacturing short shelf-life drugs

Produce drugs on-demand, thus avoiding storage costs and unnecessary inventories
Fast-respond to health emergencies, natural disasters and other catastrophic events
Improve access to medicines in underserved areas

monw

The miniature platforms for drug manufacturing open a future possibility to address the need for
personalized and on-demand medicines, through flexible production schemes in portable devices to treat
diseases at the point of care in shorter timeframes.

Example of a continuous reconfigurable system of liquid pharmaceutical products

In 2016 faculties from the Department of Chemical Engineering at Massachusetts Institute of
Technology (MIT) developed a continuous manufacturing platform that combined the processes of synthesis
and formulation of a finished product in a single compact unit. [38] The use of continuous flow within the
system allowed for the efficient heat and mass transfer, as well as the intensification and automation of the
process.

The platform was initially developed to carry out a CM process for the entire production train for
aliskiren hemifumarate, an API used for the treatment of hypertension, but the result was a reconfigurable
platform, called “plug-and-play”, having the size of a refrigerator (1.0 m width x 0.7 m length % 1.8 m height),
and a weight of approximately 100 kg. This platform allows simple or complex synthesis reactions, multiple
online purifications, post-synthesis processing and handling, crystallization, real-time process monitoring, and
ultimately, the end-to-end formulation of high-purity active pharmaceutical ingredients.

To demonstrate the capacity and flexibility of this manufacturing platform, hundreds to thousands of
doses of four different drugs were produced: diphenhydramine hydrochloride, an antihistamine used to treat
common cold, reduce allergy symptoms and gentle sleep aid; lidocaine hydrochloride, a common local
anesthetic also used for treating arrhythmias; diazepam, a controlled central nervous system depressant; and
fluoxetine hydrochloride, used as an antidepressant. The reconfigurable modules were custom made for each
API, varying reactors sizes (5 to 30 mL) and location of downstream units, waste collection sites, cartridges,
heaters, solvent delivery key points, membrane-based separators, in-line pumps, etc. Having generic molecules
from different chemical structures coming from diverse synthesis routes represented one of the main challenges
for this platform, with respect to capacity and technical limits ever thought for a continuous flow system.

These trials carried out by the MIT showed that CM systems aid in having integrated processing and
control, which in turn translates into safer processes aligned to GC principles. The plug-and-play platform
inherently brought a safer chemistry for accident prevention, since it is carried out without manual handling
and takes shorter process times. The use of smaller, highly adaptable equipment, with real-time monitoring,
also results in reductions in production costs and improvements in product quality. The CM of the afore
mentioned drugs demonstrated that it is feasible to carry out a continuous production on a small scale and on
demand. CM offers other advantages, such as the potential to scale up processes with relative ease and in the
right timing to satisfy the demand for product in the market. Interestingly, CM of drugs from beginning to end
reduces the use of solvents and other waste. The MIT’s research also proved to decrease energy consumption

LRI LEINNT3

and enhance process intensification, driving the GC principles of: “prevention”, “atomic economy”, “safer
solvents and auxiliaries”, “efficient energy design”, “reduction of derivatives”, “catalysis”, and “real-time
analysis for pollution prevention”. At the end, these principles stand for safer chemistry, but they also seek the

prevention of accidents. [42]

Discussion

Having analyzed the information, it is clear that the conditions that can drive the adoption and
implementation of CM have been created and are supported by new technologies, nurtured by an academic
research and development framework collaborating hand by hand with the industry. The regulatory agenda is
enabling to empathize with operational requirements, through issuing guides that facilitate learning and
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understanding CM. With this landscape, the transition from batch operations to continuous operations is
therefore the new challenge of pharmaceutical manufacturing. [27]
Yet, there are some key-points that need to be taken into account to facilitate CM implementation:
- Understand the product and the process
- Analyze the information and safeguard it
- Use tools as sensors, controllers, process simulators
- Implement tools in early development stages (design phase), or look for alternatives for
efficiency and reduction of waste and pollutants to optimize current processes
- Seek for the integration of quality and sustainability into the process and the product, beginning
from the design and following through real-time controls

There remain challenges to improve the continuous process at a commercial scale, such as meeting
higher product output rates, choosing solvents and exploring new configurations for equipment and process
parameters. Although the technologies are fully implemented, it is feasible to have a CM platform, either for
API or dosage forms, and even for a merge of both activities: drug substances and drug product manufacturing.
These groundbreaking results present the possibility of merging pharma-chemical (namely organic chemistry
methods) and pharmaceutical processes (unit operations as mixing and powder compaction) in a single
processing system rather than in two different manufacturing facilities.

As shown in this paper, new technologies such as 3D-printing microreactors with customized
geometries could be in the short-medium term the basis for CM and on-demand pharmacy platforms to bring
out priority drug products to hard-to-reach places or populations with the greatest demands. We also presented
CM developments coupled to solvent recovery systems allowing for sustainable manufacturing processes for
the pharmaceutical industry, proving to thrust on less hazardous chemicals synthesis, and safer solvents and
auxiliaries. As stated, integrated processing, such as the plug-and-play platform, can aid in having safer
chemistry practices for accident prevention, since they are carried out without manual handling and achieving
shorter process times. As reviewed, it is feasible to carry out continuous production of drugs on a small scale
and on demand. Some advances in CM in pharmaceuticals and oral liquid medications are also taking place,
along with some developments for injectables.

The explicit support of regulatory agencies, such as the FDA in the United States of America, the
European Medicines Agency in Europe and the Pharmaceutical and Medical Devices Agency in Japan has been
crucial for promoting the growth of CM in diverse fields such as research, development and implementation.
Global organizations, emphasizing the ICH, are also encouraging the implementation of advanced technologies
for CM. In the USA, the FDA envisages pharmaceutical companies to adopt CM for drugs production, and
declares confidence on the fact that it will reduce quality problems, lower manufacturing costs, and improve
the availability of quality medications for patients. Likewise in the USA the Environmental Protection Agency
has been a promoter of the implementation of GC, openly supporting the efforts of companies to mitigate their
environmental impact. This national structure is nurtured by the academy and by the equipment and service
suppliers, all working together to develop more and better machines, gears, and platforms. It should be noted
that for now these efforts are taking place mainly in the USA, Europe and Japan, so it will be important for
regulatory agencies in other regions, namely Asia and Latin America, to promptly work on guidelines for the
approval of this type of technologies in order to set a clear regulatory framework and stimulate its adoption.

Particularly for the pharmaceutical industry, the CM-GC duo is powerful factor, for speed is the key
to meet the market requirements. Most of the advantages of CM are a direct consequence of reduced operating
volumes. A full-scale manufacturing process of an API, including synthesis, purification and formulation
stages, can have an environmental footprint as small as that of the container used for its shipment. This drives
the principles of GC: “prevention”, “synthesis of less hazardous chemicals” and “design of safer chemicals”;
but also implies significant advantages with respect to temperature control, safety and simplified scaling [8],
promoting the GC principles: “energy efficient design”, “intrinsically safer chemistry for accident prevention”
(facilitating the integration of green chemistry into industry with a high environmental impact), and the
sustainable development goals (SDGs): “affordable and clean energy”; “industry, innovation and
infrastructure”, “responsible production and consumption”; “climate action”; and “life on land”. [42] Table 3
encloses how CM’s characteristics overlap some of the GC principles, which can be observed in Table 3.
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Table 3. Features of CM processes and its benefits observed from different perspectives (Green Chemistry /
Environmental, Economic and Productivity), adapted from: [42,43]. Numbers in parenthesis refer to GC principles.

CM’s Environmental . . . . .
Characteristic perspective Economic perspective Productivity perspective
Implementation of demanding
Use of Mini and separations (e.g., multistage
micro equipment, Minimal byproduct extraction)
capable to perform formation Incorporate total value of Accelerated implementation
the process of Atom economy (2) materials (shorter lead times, facilitated
intensification and Reduced environmental Reduced costs scale-up)
increase process burden and footprint Reduced hold-ups
efficiency Larger toolbox of reactions
More efficient process
Solvent reduction L “ . & through the elimination of large
Reduced environmental required. reactors
burden / Prevention (1) Reduced cost
. Catalyuc, low Higher efficiency, higher | Increased process understanding
L stoichiometry, recyclable. .. .
Reagent optimization . selectivity and thus, increased process
Reduced environmental
Reduced costs performance
burden (9)
Chance to use . Fe\yer potential Reduced waste / treatment for
. . intermediate and/or product . .
disposable equipment Isolations Higher efficiency, fewer waste
for highly potent or ) operations Avoid unnecessary steps
. Reduced environmental . .
cytotoxic reagents/ Reduced cost Direct processing of unstable
burden (2, 9) related to the ) .
products . . intermediates/products
improved process efficiency
More efficient heating
and cooling
. Reduced environmental Increased efficiency, .
Improved reaction . Smaller energy requirements to
burden. shorter processes, milder .
control for . o run continuous platforms
exothermic reactions Design for energy conditions Energy reduction
efficiency (6) related to Reduced cost
power generation, transport,
and use.
In situ analysis
. Real time data increases Large utilization of PAT for CM
Reduced potential for throughput and efficienc to ensure product quality and
Real time testing exposure or release to the fe\lz)v er reworks Y>'| reduce burden for final product
environment (11) Reduced cos t. testing
Reduction of variations between
batches
Small volumes of Nonhazardous materials and
. . Worker safety and
hazardous materials processes reduce risk of .
. reduced downtime Safety
being processed at exposure, release, . .
. . . Reduced special control Smaller equipment
any given time, explosions, and fires
. . measures.
increased control over | Inherently safer chemistry
. . Reduced cost
process parameters for accident prevention (12)
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A few large pharmaceutical companies have already begun to implement CM and GC, proving that it
is worthwhile to invest in flow technologies and qualified personnel to raise businesses’ return of investment.
Simply said: Innovation leads to economic benefits expressed as cut-offs in wastes, savings in resources, higher
energy efficiencies, and greater productivity and competitiveness, but also aids in meeting higher safety
standards. Another benefit is the improvement in the company's social/political reputation due to the reduction
of polluting waste, since results to mitigate the environmental impact are noteworthy. Environmental care
rewards not only consumers (patients) but the entire world and could assist in making employees feel a sense
of pride to be part of the organization. Ultimately, embracing GC could also reduce taxes. The adoption of flow
technologies by third-party manufacturers shows that there is a trend set to have more API and drugs
continuously manufactured in the near future.

As shown in this paper, Pfizer’s PCMM, the CMAC consortium and the joint ventures held with some
institutions such as Purdue University, are actions that have aid in facilitating the transition; in other words,
companies have already prepared to meet the evolving requirements, and regulatory agencies have supported
this transition.

Conclusions

For now, the greatest co-development of CM and GC has been applied to the manufacturing of
pharmaceuticals, especially solid oral pharmaceutical forms. In the short term, we visualize processes
comprising continuous stages combined with batch operations; in the long term, though, the trend will be for
the entire process to be continuous (depending on the cost-benefit evaluation).

The adoption of CM processes (and the GC intrinsic benefits) by the pharma-chemical and
pharmaceutical industries is happening already. There is a natural synergy in merging CM and GC to test or
implement both in the production of API or drugs. Academy set aside, large companies, technology suppliers
and standard-setting authorities are interested in the advantages brought together by these two industrial
approaches. CM and GC convergence has occurred naturally, since these two approaches promote innovation,
efficiency, competitiveness and productivity, and both synergize by seeking cost reduction through a wiser use
of resources. The CM-GC joint reduces variability and renders cleaner processes. The allure of this association
spontaneously lies in the potential for economic, productive and sustainability improvements of processes and
products.

Traditional BM operates around a supply chain that is subject to complex logistics and is vulnerable
to demand spikes and unplanned disruptions. In this regard, CM is a promising solution with applications in
medicine, pandemics and emergencies. To quote the FDA: “... the need for innovation goes beyond drug
discovery and approval — manufaturing processes and technologies must keep pace with advances in drug
research and development.” [59, p.22] The transition from batch to continuous operations is the new challenge
of pharmaceutical manufacturing.

Drug manufacturers need to implement strategies to achieve global supply, yet meet regional and local
demands. Part of these strategies lays on strengthening their plant's capabilities and processes with optimal
resource allocation and reduced complexity in manufacturing procedures. The most powerful force driving this
transition is the new global competence in performance and quality. This context has driven pharmaceutical
companies to explore the application of CM techniques in different pharmaceutical therapies, seeking to reduce
the time to scale-up and commercialization of drugs. For now, focus is on aiming to manufacture a great amount
of the highest volume products using CM within the next few years, but also in increasing processes’
throughput, reducing wastes and testing cycle times significantly. As shown here, new investment is being
allocated in new CM technology to produce medicines faster and to respond effectively to the demand for new
medicines. Examples are Pfizer, GSK, Vertex, Teva, Janssen-Cilag, Eli Lilly, and Johnson & Johnson, who
have heavily invested in CM processes, and noteworthy satellite industry (vendors) is doing so too, for instance
GEA, Bosch, Glatt, Bohle, Hosokawa, Fette, Lodige, Gericke, Ktron, Schenk. Also, academy has shown up for
the paradigm shattering, addressing a perfect convergence in science, technology and innovation.

Regulatory changes in the last years have paved the road for pharmaceutical companies to shift from
BM to CM and benefit from greener processes. CM and GC converged approaches have proved to promote
innovation, efficiency, competitiveness and productivity in some processes of the pharmaceutical industry. The
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reviewed examples of plug-and-play factories for on-demand CM of API, 3D printed reactors for CM systems,
continuous systems for the recovery of solvents in drugs production, portable continuous systems for tablet
manufacturing, and continuous reconfigurable systems of liquid pharmaceutical products, point out the benefits
brought by CM and GC, and show that this convergence will detonate different research angles in applied
sciences. Likely, CM interest will eventually move away from high volume production of solid oral dosage
forms to be applied in every other production line. As a final conclusion, it is expected that flow technologies
will be developed in the future for other pharmaceutical products, such as biological or biotechnological
products; yet, it is unclear now when will this happen.
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	The most common cancer in women to be diagnosed is breast cancer (BC), which also happens to be the second largest cause of cancer-related mortality in this population. BC can now be identified and diagnosed with much greater accuracy. There is a corr...
	Human epidermal growth factor receptor 2 (HER2) is a member of the epidermal growth factor family (ErbB family) that consists of four transmembrane tyrosine kinase receptors: ErbB1 (EGFR/HER1), ErbB2 (HER2), ErbB3 (HER3), and ErbB4 (HER4) [3]. Overexp...
	Tyrosine residue phosphorylation generates binding sites for effector or adaptor proteins with phosphotyrosine-binding domains and Src-homology (SH2) [6]. Two significant signalling pathways that are triggered by ErbB receptors are phosphatidylinosito...
	Fig. 1. The Human epidermal growth factor receptor 2 (HER2) pathway. The generation of active HER2 heterodimers is stabilised by ligand binding to the extracellular domain of HER1/3/4.
	The finest sources of therapeutic compounds are natural items. Because medicinal plants feature intriguing secondary metabolites that may have undiscovered anticancer properties, there has been a surge in scientific interest in these plants within the...
	Fig. 2. Structure of selected secondary metabolites of Lichen.
	A wide range of secondary metabolites, including those with antibacterial, antiviral, antitumor, antioxidant, antihervivor, insecticidal, allelochemical, and allergenic properties, are produced by lichen [9]. The fresh thallus of the natural lichens R...
	Methodology
	Conclusions
	In silico research can save a great deal of time and money by avoiding the need for experiments before they begin. In addition to computational tests, in silico methods can aid in the prediction of the likely active medication. The best compound (usni...
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	02 JMCS2241.pdf
	Nearly 2 million new cancer diagnoses and approximately six hundred thousand cancer deaths are expected in the United States in 2023 [1]. According to the recent study, lung cancer will still be the primary cause of cancer-related mortality in 2040, a...
	The classifications of cancer treatment are divided into conventional and advanced categories. Presently, established conventional treatment modalities, including surgery, chemotherapy, and radiotherapy, continue to be employed. However, noteworthy pr...
	Immune checkpoint inhibitors are examples of immunotherapy, a type of cancer treatment that uses immune system components to combat tumor cells [7].  In various cancer cases, immunotherapy—either by itself or in conjunction with conventional approache...
	In order to decrease T cell activation and the immunological response of T cells specific to antigens, tumors overstimulate the PD-1/L1 signaling pathway. Apart from PD-L1 expression, cancer cells also trigger intrinsic cellular signals that improve c...
	Recently, medicinal plants and their bioactive components have gained popularity as immunomodulation and complementary cancer treatments [13-18]. Numerous clinical investigations have found that medicinal plants improve survival, immunological regulat...
	Experimental
	Conclusions
	In accordance with the results of biological activity predictions, it was discovered that cinnamon's active compounds contribute as cancer fighting agents by having high Pa values for several parameters such as antineoplastic, apoptosis agonist, BRAF ...
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	Argemone mexicana L., commonly known as Mexican prickly poppy, cardosanto or chicalote, belongs to the Papaveraceae family. It is widely spread through tropical and subtropical ecosystems and often used in traditional medicine. Ancient Mesoamerican cu...
	Experimental
	Conclusions
	In exploring an A. mexicana trancriptomic data set by homology of protein domains using the hidden Markov models, Pfam classification and predictive structural modeling allowed the identification of strong candidates of coding sequences involved in th...
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	Conjugated dienes constitute a seminal molecular building block due to their potential use in the construction of six-membered rings through a concerted [4+2] Diels–Alder addition [1]. Moreover, they may have an important role in the regio- and stereo...
	Over the years, our group has described the regio- and stereoselective one-pot synthesis of novel N-substituted exo-2-oxazolidinone dienes 1–3 [7] via a base-assisted condensation of α-diketones 4 and isocyanates 5 (Scheme 1). This method has been ado...
	Scheme 1. Synthesis of exo-2-oxazolidinone dienes 1–3 and their conversion into carbazoles 7.
	A single-step and regioselective procedure was developed by our group to prepare 4-oxazolin-2-ones 9 and 4-methylidene-2-oxazolidinones 10 through a solvent-free condensation between isocyanates 5 and α-ketols 8, carried out under conventional heating...
	Scheme 2. Preparation of 4-oxazolin-2-ones 9 and 4-methylidene-2-oxazolidinones 10.
	Due to the synthetic potential and versatility of 4-oxazolin-2-ones 9, a new approach for their formation is presently explored, starting from N-substituted exo-2-oxazolidinone dienes 1 and 2 and proceeding to a Brønsted acid-promoted addition of a va...
	Moreover, novel exo-imidazolidin-2-one dienes 15 and 16 were synthesized as part of our ongoing research on the elaboration of new exo-heterocyclic dienes and the examination of their reactivity in Diels–Alder reactions (Scheme 3) [21,22]. Symmetrical...
	Scheme 3. Synthesis of exo-imidazolidin-2-one dienes 15 and 16 as precursors of benzimidazol-2-ones 18.
	Owing to the pharmacological value of benzimidazol-2-ones as potent antagonists of neurokinin NK1 [23], calcitonin gene-related peptide (CGRP) [24], 5-HT4 [25], and progesterone [26] receptors, and as anticancer agents [27], a variety of tricyclic ben...
	Experimental
	General
	Melting points were determined with a capillary Krüss KSP 1N melting point apparatus. The IR spectra were recorded on Perkin-Elmer 2000 and Smiths Detection IlluminatIR (ATR) spectrophotometers. 1H (300, 500, or 600 MHz) and 13C (75.4, 125, or 150 MHz...
	5-(Methoxymethyl)-4-methyl-3-phenyloxazol-2(3H)-one (22a). In a round-bottom flask (100 mL) equipped with a magnetic stirring bar, 1a (0.121 g, 0.65 mmol), MeOH (1.58 g, 49.4 mmol), and HCl (38 %) (0.061 g, 0.63 mmol) were mixed under N2 atmosphere at...
	5-(Methoxymethyl)-4-methyl-3-(p-tolyl)oxazol-2(3H)-one (22b). Following the method for preparing 22a, a mixture of 1b (0.050 g, 0.25 mmol), MeOH (1.58 g, 49.4 mmol), and HCl (38 %) (0.053 g, 0.55 mmol) generated 22b (0.048 g, 83%) as a yellow oil. Rf ...
	5-(Methoxymethyl)-3-(4-methoxyphenyl)-4-methyloxazol-2(3H)-one (22c). Following the method for preparing 22a, a mixture of 1c (0.050 g, 0.23 mmol), MeOH (1.58 g, 49.4 mmol), and HCl (38 %) (0.052 g, 0.54 mmol) gave 22c (0.048 g, 84%) as a yellow oil. ...
	(4-Methyl-2-oxo-3-phenyl-2,3-dihydrooxazol-5-yl)methyl acetate (23a). In a round-bottom flask (100 mL) equipped with a magnetic stirring bar, 1a (0.029 g, 0.16 mmol) and glacial AcOH (1.05 g, 17.5 mmol) in CH2Cl2 (2 mL) were mixed under N2 atmosphere ...
	(4-Methyl-2-oxo-3-(p-tolyl)-2,3-dihydrooxazol-5-yl)methyl acetate (23b). Following the method for preparing 23a, a mixture of 1b (0.050 g, 0.25 mmol) and glacial AcOH (1.05 g, 17.5 mmol) in CH2Cl2 (4 mL) afforded 23b (0.053 g, 81 %) as a yellow oil. R...
	(3-(4-Methoxyphenyl)-4-methyl-2-oxo-2,3-dihydrooxazol-5-yl)methyl acetate (23c). Following the method for preparing 23a, a mixture of 1c (0.050 g, 0.23 mmol) and glacial AcOH (1.05 g, 17.5 mmol) in CH2Cl2 (4 mL) furnished 23c (0.037 g, 59 %) as a yell...
	5-(((4-Chlorophenyl)thio)methyl)-4-methyl-3-phenyloxazol-2(3H)-one (24a). In a round-bottom flask (100 mL) equipped with a magnetic stirring bar, 1a (0.06 g, 0.32 mmol), 21c (0.089 g, 0.62 mmol), and H3PO4 (85 %) (0.036 g, 0.31 mmol) in CH2Cl2 (5 mL) ...
	5-(((4-Chlorophenyl)thio)methyl)-4-methyl-3-(p-tolyl)oxazol-2(3H)-one (24b). Following the method for preparing 24a, a mixture of 1b (0.040 g, 0.20 mmol), 21c (0.056 g, 0.39 mmol), and H3PO4 (85 %) (0.028 g, 0.24 mmol) in CH2Cl2 (5 mL) yielded 24b (0....
	5-(((4-Chlorophenyl)thio)methyl)-3-(4-methoxyphenyl)-4-methyloxazol-2(3H)-one (24c). Following the method for preparing 24a, a mixture of 1c (0.040 g, 0.18 mmol), 21c (0.054 g, 0.37 mmol), and H3PO4 (85 %) (0.029 g, 0.25 mmol) in CH2Cl2 (3 mL) generat...
	5-(4-Hydroxybenzyl)-4-methyl-3-(p-tolyl)oxazol-2(3H)-one (25a). In a round-bottom flask (100 mL) equipped with a magnetic stirring bar, 1a (0.06 g, 0.32 mmol), 21d (0.06 g, 0.64 mmol), and H3PO4 (85 %) (0.062 g, 0.54 mmol) in CH2Cl2 (5 mL) were mixed ...
	5-(4-Hydroxybenzyl)-4-methyl-3-(p-tolyl)oxazol-2(3H)-one (25b). Following the method for preparing 25a, a mixture of 1b (0.080 g, 0.40 mmol), 21d (0.075 g, 0.80 mmol), and H3PO4 (85 %) (0.077 g, 0.67 mmol) in CH2Cl2 (5 mL) gave 25b (0.081 g, 69 %) as ...
	5-(4-Hydroxybenzyl)-3-(4-methoxyphenyl)-4-methyloxazol-2(3H)-one (25c). Following the method for preparing 25a, a mixture of 1c (0.065 g, 0.3 mmol), 21d (0.056 g, 0.6 mmol), and H3PO4 (85 %) (0.058 g, 0.5 mmol) in CH2Cl2 (5 mL) provided 25c (0.079 g, ...
	5-(1-Methoxyethyl)-4-methyl-3-phenyloxazol-2(3H)-one (26a). In a round-bottom flask (100 mL) equipped with a magnetic stirring bar, 2a (0.060 g, 0.30 mmol), 21a (2.37 g, 74.0 mmol), and HCl (38 %) (0.062 g, 0.65 mmol) were mixed and stirred under N2 a...
	5-(1-Methoxyethyl)-4-methyl-3-(p-tolyl)oxazol-2(3H)-one (26b). Following the method for preparing 26a, a mixture of 2b (0.060 g, 0.28 mmol), 21a (2.38 g, 74.4 mmol), and HCl (38 %) (0.068 g, 0.71 mmol) produced 26b (0.047 g, 69 %) as a yellow solid. R...
	5-(1-Methoxyethyl)-3-(4-methoxyphenyl)-4-methyloxazol-2(3H)-one (26c). (Z)-5-Ethylidene-4-methoxy-3-(4-methoxyphenyl)-4-methyloxazolidin-2-one (26c’). Following the method for preparing 26a, a mixture of 2c (0.060 g, 0.26 mmol), 21a (2.38 g, 74.4 mmol...
	5-(1-((4-Chlorophenyl)thio)ethyl)-4-methyl-3-phenyloxazol-2(3H)-one (27a). In a round-bottom flask (100 mL) equipped with a magnetic stirring bar, 2a (0.050 g, 0.25 mmol), 21c (0.069 g, 0.48 mmol), and H3PO4 (85 %) (0.034 g, 0.30 mmol) in CH2Cl2 (5 mL...
	5-(1-((4-Chlorophenyl)thio)ethyl)-4-methyl-3-(p-tolyl)oxazol-2(3H)-one (27b). Following the method for preparing 27a, a mixture of 2b (0.050 g, 0.23 mmol), 21c (0.067 g, 0.46 mmol), and H3PO4 (85 %) (0.032 g, 0.28 mmol) in CH2Cl2 (5 mL) yielded 27b (0...
	5-(1-((4-Chlorophenyl)thio)ethyl)-3-(4-methoxyphenyl)-4-methyloxazol-2(3H)-one (27c). Following the method for preparing 27a, a mixture 2c (0.060 g, 0.26 mmol), 21c (0.075 g, 0.52 mmol), and H3PO4 (85 %) (0.036 g, 0.31 mmol) in CH2Cl2 (5 mL) provided ...
	5-(1-(4-Hydroxyphenyl)ethyl)-4-methyl-3-phenyloxazol-2(3H)-one (28a). In a round-bottom flask (100 mL) equipped with a magnetic stirring bar, 2a (0.06 g, 0.30 mmol), 21d (0.052 g, 0.55 mmol), and H3PO4 (85 %) (0.086 g, 0.75 mmol) in CH2Cl2 (3 mL) were...
	5-(1-(4-Hydroxyphenyl)ethyl)-4-methyl-3-(p-tolyl)oxazol-2(3H)-one (28b). Following the method for preparing 28a, a mixture of 2b (0.060 g, 0.28 mmol), 21d (0.047 g, 0.50 mmol), and H3PO4 (85 %) (0.081 g, 0.7 mmol) in CH2Cl2 (5 mL) gave 28b (0.058 g, 6...
	5-(1-(4-Hydroxyphenyl)ethyl)-3-(4-methoxyphenyl)-4-methyloxazol-2(3H)-one (28c). Following the method for preparing 28a, a mixture of 2c (0.07 g, 0.3 mmol), 21d (0.048 g, 0.51 mmol), and H3PO4 (85 %) (0.086 g, 0.75 mmol) in CH2Cl2 (3 mL) led to 28c (0...
	5-(Hydroxymethyl)-4-methyl-3-phenyloxazol-2(3H)-one (29a). In a round-bottom flask (100 mL) equipped with a magnetic stirring bar, 23a (0.150 g, 0.60 mmol) and NaOH (0.036 g, 0.90 mmol) in MeOH/H2O (8:2) (12 mL) were mixed at rt and stirred for 30 min...
	5-(Hydroxymethyl)-4-methyl-3-(p-tolyl)oxazol-2(3H)-one (29b). Following the method for preparing 29a, a mixture of 23b (0.25 g, 0.96 mmol) and NaOH (0.057 g, 1.43 mmol) in MeOH/H2O (8:2) (18 mL) furnished 29b (0.19 g, 91 %) as a yellow solid. Rf 0.058...
	5-(Hydroxymethyl)-3-(4-methoxyphenyl)-4-methyloxazol-2(3H)-one (29c). Following the method for preparing 29a, a mixture of 23c (0.04 g, 0.14 mmol) and NaOH (0.009 g, 0.22 mmol) in MeOH/H2O (8:2) (6 mL) afforded 29c (0.03 g, 87 %) as a yellow solid. Rf...
	4-Methyl-2-oxo-3-phenyl-2,3-dihydrooxazole-5-carbaldehyde (30a). Method A: In a round-bottom flask (100 mL) equipped with a magnetic stirring bar, 29a (0.110 g, 0.54 mmol) and IBX (0.760 g, 2.70 mmol) in DMSO (20 mL) were mixed at rt and stirred for 2...
	4-Methyl-2-oxo-3-(p-tolyl)-2,3-dihydrooxazole-5-carbaldehyde (30b). Method A: Following method A for preparing 30a, a mixture of 29b (0.100 g, 0.46 mmol) and IBX (0.638 g, 2.28 mmol) in DMSO (10 mL) resulted in 30b (0.074 g, 75 %) as a brown solid. Me...
	3-(4-methoxyphenyl)-4-methyl-2-oxo-2,3-dihydrooxazole-5-carbaldehyde (30c). Method A: Following method A for preparing 30a, a mixture of 29c (0.30 g, 1.3 mmol) and IBX (1.76 g, 6.3 mmol) in DMSO (20 mL) gave 30c (0.205 g, 69 %) as a brown solid.  Meth...
	6-Acetyl-3-(p-tolyl)-4,5-dihydrobenzo[d]oxazol-2(3H)-one (31b). In a round-bottom flask (50 mL) equipped with a magnetic stirring bar, KOt-Bu (0.048 g, 0.43 mmol) was added to a solution of 30b (0.050 g, 0.23 mmol) in anhydride THF (10 mL) under N2 at...
	6-Acetyl-3-(4-methoxyphenyl)-4,5-dihydrobenzo[d]oxazol-2(3H)-one (31c). Following the method for preparing 31b, a mixture of 30c (0.050 g, 0.21 mmol), KOt-Bu (0.043 g, 0.38 mmol), and MVK (0.028 g, 0.40 mmol) afforded 31c (0.014 g, 22 %) as a yellow s...
	(E)-3-((3-Methoxyphenyl)imino)butan-2-one (11c). In a round-bottom flask (250 mL) equipped with a magnetic stirring bar, a mixture of 4a (0.98 g, 11.4 mmol) and m-anisidine (1.40 g, 11.4 mmol) in MeOH (150 mL) was stirred under N2 atmosphere at rt for...
	1-(3-Methoxyphenyl)-4,5-dimethylene-3-(p-tolyl)imidazolidin-2-one (16c). In a round-bottom flask (100 mL) equipped with a magnetic stirring bar, a mixture of 11c (0.499 g, 2.61 mmol), dried Li2CO3 (1.93 g, 26.1 mmol), and dried Et3N (0.659 g, 6.53 mmo...
	1,3,6-Triphenyl-4,4a,7a,8-tetrahydroimidazo[4,5-f]isoindole-2,5,7(1H,3H,6H)-trione (33a) [21]. In a round-bottom flask (100 mL) equipped with a magnetic stirring bar, a mixture of 15a (0.05 g, 0.19 mmol) and 19 (0.036 g, 0.21 mmol) in anhydrous CH2Cl2...
	1-(4-Methoxyphenyl)-3,6-diphenyl-4,4a,7a,8-tetrahydroimidazo[4,5-f]isoindole-2,5,7(1H,3H,6H)-trione (33b). Following the procedure for 33a, a mixture of 16a (0.10 g, 0.34 mmol) and 19 (0.065 g, 0.38 mmol) yielded 33b (0.151 g, 95 %) as a pale green so...
	1-(4-Chlorophenyl)-3,6-diphenyl-4,4a,7a,8-tetrahydroimidazo[4,5-f]isoindole-2,5,7(1H,3H,6H)-trione (33c). Following the procedure for 33a, a mixture of 16b (0.100 g, 0.34 mmol) and 19 (0.059 g, 0.34 mmol) gave 33c (0.146 g, 92 %) as a pale green solid...
	1-(3-Methoxyphenyl)-6-phenyl-3-(p-tolyl)-4,4a,7a,8-tetrahydroimidazo[4,5-f]isoindole-2,5,7(1H,3H,6H)-trione (33d). Following the procedure for 33a, a mixture of 16c (0.150 g, 0.49 mmol) and 19 (0.093 g, 0.54 mmol) generated 33d (0.174 g, 74 %) as a wh...
	1,3-Diphenyl-4,9-dihydro-1H-naphtho[2,3-d]imidazol-2(3H)-one (35a). In a round-bottom flask (50 mL) equipped with a magnetic stirring bar, TBAF in furane (1.0 M) (0.120 g, 0.46 mmol) was added dropwise at 0 ºC under N2 atmosphere to a mixture of 15a (...
	1-Phenyl-3-(p-tolyl)-4,9-dihydro-1H-naphtho[2,3-d]imidazol-2(3H)-one (35b). Following the procedure for 35a, a mixture of 16d (0.100 g, 0.36 mmol), 34 (0.108 g, 0.36 mmol), and TBAF in furane (1.0 M) (0.141 g, 0.54 mmol) produced 35b (0.076 g, 60 %) a...
	1,3,6-Triphenylimidazo[4,5-f]isoindole-2,5,7(1H,3H,6H)-trione (36a). A mixture of 33a (0.070 g, 0.16 mmoles) and DDQ (0.073 g, 0.32 mmol) in anhydrous CH2Cl2 (15 mL) was stirred at 20 ºC under N2 atmosphere for 24 h. The mixture was filtered over a mi...
	1-(4-Methoxyphenyl)-3,6-diphenylimidazo[4,5-f]isoindole-2,5,7(1H,3H,6H)-trione (36b). Following the procedure for 36a, a mixture of 33b (0.100 g, 0.21 mmol) and DDQ (0.098 g, 0.43 mmol) yielded 36b (0.074 g, 75 %) as a yellow solid. Rf 0.53 (hexane/Et...
	1-(4-Chlorophenyl)-3,6-diphenylimidazo[4,5-f]isoindole-2,5,7(1H,3H,6H)-trione (36c). Following the procedure for 36a, a mixture of 33c (0.071 g, 0.15 mmol) and DDQ (0.069 g, 0.30 mmol) gave 36c (0.071 g, 72 %) as a yellow solid. Rf 0.61 (hexane/EtOAc,...
	1-(3-Methoxyphenyl)-6-phenyl-3-(p-tolyl)imidazo[4,5-f]isoindole-2,5,7(1H,3H,6H)-trione (36d). Following the procedure for 36a, a mixture of 33d (0.100 g, 0.21 mmol) and DDQ (0.098 g, 0.43 mmol) furnished 36d (0.074 g, 75 %) as a yellow solid. Rf 0.50 ...
	1,3-Diphenyl-1H-naphtho[2,3-d]imidazol-2(3H)-one (37a). A mixture of 35a (0.086 g, 0.25 mmol) and DDQ (0.114 g, 0.50 mmol) in anhydrous CH2Cl2 (5 mL) was stirred under N2 atmosphere at rt for 24 h. The mixture was filtered over Celite and washed with ...
	1-Phenyl-3-(p-tolyl)-1H-naphtho[2,3-d]imidazol-2(3H)-one (37b). Following the procedure for 37a, a mixture of 35b (0.080 g, 0.23 mmol) and DDQ (0.104 g, 0.46 mmol) in CH2Cl2 (15 mL) resulted in 37b (0.077 g, 97 %) as a white solid. Rf 0.55 (hexane/EtO...
	Conclusions
	Dienes 1–2 proved to be versatile compounds not only as reactive and regioselective dienes in Diels–Alder additions, as previously demonstrated, but also as substrates for the regioselective synthesis of functionalized 4-oxazolin-2-ones 22–28. The lat...
	Symmetrical exo-2-imidazolidinone diene 15a and unsymmetrical dienes 16a-d were reactive substrates in the Diels–Alder cycloadditions with dienophiles N-phenylmaleimide (19) and benzyne (20). The corresponding adducts were efficiently aromatized to f...
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	N Nitroanilines (NAs) are commonly utilized in the fabrication of fuel additives, insecticides, pharmaceuticals, dyestuffs and plastics [1-4]. Among them, 4-nitroaniline (4-NA) is an especially hazardous chemical that poses serious environmental risks...
	The presence of toxic dyes, which pose serious risks to both aquatic ecosystems and human health, is a significant environmental concern that leads to the depletion of aquatic life [32]. Some of the detrimental effects include respiratory issues, skin...
	This study focused on the synthesis and application of Co3O4/CuO nanocomposite for the reduction of dye pollutants and nitroanilines with NaBH4 as a reductant. The results clearly show the effectiveness of the nanocomposite in reducing all mentioned c...
	Experimental
	Conclusions
	The Co3O4/CuO nanocomposite was successfully synthesized using the calcination method, resulting in a hexagonal structure with an average particle size of approximately 25 nm. The combination of Co3O4 and CuO significantly enhanced the catalytic activ...
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	The Lamiaceae plant family, one of the most prominent plant families, is divided into two subfamilies: Nepetoideae and Lamioideae [1]. Plants from the Neptoideae subfamily are characterized by rosmarinic acid and a higher amount of essential oil [2]. ...
	Species from this family show cosmopolitan distribution as they grow wild and are cultivated worldwide. Modern trends in agriculture, such as eco-agriculture, especially in medicinal and aromatic plant production, make new products less polluting and ...
	In recent decades, the production of medicinal and aromatic plants has been an essential part of agriculture. However, nowadays, a relatively small part of arable land is covered with these plants when compared to areas used for producing cereals, fru...
	Experimental
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	Cancer is a dangerous, deadly disease and is considered the second leading cause of premature death in the world after cardiovascular diseases [1–2]. The growth of cancer cells contributes to the spread of tumor cells to other organs by moving cancer ...
	In this work, computational studies based on 3D-QSAR, Comparative Molecular Similarity Indices Analysis, and Field Analysis (CoMSIA and CoMFA) [25–26] were used to understand the relationship between the structure of isatin-based oxadiazole and activ...
	The pharmaceutical properties for designed (A, B, C, and D) molecules were explored by ADMET studies [27]. Furthermore, molecular dynamics simulations were performed for designs (A, B, C, and D) to investigate the stability of interactions with TP inh...
	Materials and methods
	Conclusions
	The 3D-QSAR study was used to determine the connection between molecules’ structure and activity to determine the types of substituents that can increase the activity of the compounds. Both CoMFA and CoMSIA contours are the critical basis for designin...
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	Room-temperature ionic liquids (RTILs) are liquid ionic salts at temperatures below 100  C [1]. These primarily consist of a bulky organic cation with heteroaromatic atoms and an inorganic anion with low coordinating capacities [2–4]. Given the vast c...
	The reagents used for the synthesis of ionic liquids (ILs) often involve the presence of several metal cations, such as silver, involved in metathesis reactions [8], resulting in solvents that are not entirely pure. Thus, their use as solvents to incr...
	Reference electrodes (REs) are compartmentalized devices that maintain a known and constant half-cell potential over time due to the presence of a redox couple in a buffered condition. However, the absence or alteration of the relative concentrations ...
	These electrodes must be specifically designed for the solvent in which they are used to ensure stability and accuracy. Properly designed electrodes offer several advantages: (1) reproducible and stable potential over time, (2) reversibility and adher...
	Unfortunately, quasireference electrodes (QREs) are often used when nonaqueous solvents are used. These devices maintain a potential value, albeit not well-defined or reproducible, during a series of measurements [19]. This kind of electrode must be c...
	This work aims to describe the chemical speciation of the Ag⁺–Cl⁻–e⁻ system in [C4mim][NTf2] and the extraction of Ag(I) from this RITL towards water, using a variety of electrochemical techniques to analyze the chemical species involved in potential ...
	Experimental methodology
	Conclusions
	In this work, we present a methodology to describe the chemical speciation of the system [AgCln]1-n/Ag0 in both [C4mim][NTf2] and aqueous solution, using various electrochemical techniques to obtain formal potential values and apparent constants assoc...
	The information collected is useful for describing the processes responsible for the potential observed in the true Type I and Type II reference electrodes, constructed based on the concomitant Ag0|[AgCln]1-n interface, for use in this ionic solvent. ...
	In summary, the description of chemical reactivity based on the Method of Extended Ringbom's Coefficients was applicable in ionic liquids and offers an opportunity to optimize the design of reference electrodes and specific reaction media, applying wh...
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	Gout is a type of arthritis characterized by sudden and severe pain, redness, and swelling of the joints. This is caused by the accumulation of urate crystals in the joints, ultimately leading to inflammation and severe pain.[1,2] These crystals trigg...
	Flavones are a group of naturally occurring compounds that are present in various plants and are known for their diverse biological activities. An important pharmacological property of flavones is their ability to inhibit XO.[6] XO is involved in puri...
	Nitric oxide (NO) is a signaling molecule that plays a key role in the pathogenesis of inflammation the joint, gut and lungs. NO is considered as a pro-inflammatory mediator that induces inflammation due to over production in abnormal situations.[10] ...
	Gomphrena celosioides Mart belonging to the Amaranthaceae family, is distributed throughout South America, Africa, Asia, Australia and Vietnam.[14] The aerial parts of this plant have been used in folk medicine in many countries for the treatment of r...
	In this study, to verify the folk uses of G. celosioides, sesuvioside A, a major compound, was isolated from the aerial part butanol fraction of G. celosioides and the underlying molecular mechanisms of this compound as a dual anti-gout agent were int...
	Materials and methods
	Materials
	Gomphrena celosioides Mart. were collected in Nam Dinh Province, Vietnam, in December 2021 and were identified by Dr. Nguyen Quoc Binh, Vietnam National Museum of Nature, Vietnam Academy of Science and Technology (VAST). A voucher (GC04.10/23-24) was ...
	Xanthine, xanthine oxidase (XO), and lipopolysaccharides (LPS) were purchased from Roche Co., Ltd. (Shanghai, China). Other analytical reagents were purchased from Sigma‒Aldrich, Singapore. DMEM, and FBS media for cell culture were ordered from Invitr...
	Extraction and isolation
	The aerial part dried powder of G. celosioides (3.0 kg) was extracted with ethanol at room temperature for 24 hours (3 × 4 L) using ultrasonication, followed by solvent evaporation under reduced pressure to obtain the crude extract (ND, 265 g). This c...
	Xanthine oxidase inhibitory activity
	XO inhibitory activity of the samples was determined as described by Noro et al. [22] The amount of formed uric acid was measured at 295 nm at 37oC, pH 7.5. Allopurinol was used as a positive control. The reaction mixture contained 100 µL of sesuviosi...
	Cell viability
	The macrophage cells (RAW264.7) were cultured (3-5 days) in DMEM medium with 2.0 mM L- glutamine, 10.0 mM HEPES, and 1.0 mM sodium pyruvate, and 10 % fetal bovine serum (FBS- GIBCO) at 37 oC in an incubator with a 5 % CO2. The cell viability was analy...
	Effect on nitric oxide production
	The macrophage cells RAW264.7 were cultured (3-5 days) in DMEM medium with 1.0 mM sodium pyruvate, 2.0 mM L-glutamine, 10.0 mM HEPES, and 10 % fetal bovine serum (FBS - GIBCO) at 37 oC in 5 % CO2. Then, cells were collected and seeded in a 96-well pla...
	Effect on cytokine
	The macrophage RAW264.7 cells were cultured in DMEM medium supplemented with 10 % FBS in 96-well microplates at 37  C with 5 % CO2 for 12 hours. The cells were then seeded into 6-well plates (3x104 cells/well), followed by treatment with sesuvioside A...
	Effect on iROS generation
	The iROS were assessed as previously described,[24] in which 2′,7′-dichlorofluorescein diacetate (H2DCFDA) is converted to oxidized forms of dichlorofluorescein and 2′,7′-fluorescence (DCF) by iROS. RAW264.7 macrophages in DMEM medium supplemented wit...
	Molecular docking
	The structures of sesuvioside A and well-known inhibitors were drawn using Marvin JS software, and the geometric optimization of the structures was performed using the MMFF94s force field with OpenBabel software.[25,26] The crystal structures of p38 M...
	Statistical analysis
	The experiments were conducted in triplicate, and the mean values were subsequently calculated. The results are expressed as the means ± standard deviations, calculated using Microsoft Office Excel 2016. Statistical analysis was carried out using the ...
	Conclusions
	In conclusion, our findings clearly demonstrated that sesuvioside A, a natural compound newly isolated from G. celosioides, is a new and promising dual anti-gout agent with multi-target actions, including xanthine oxidase responsible for uric acid syn...
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	Fenugreek (also known as Trigonella foenum-graecum) is a plant belonging to the Fabaceae family, widely used for its medicinal properties, nutritional value, and culinary uses.[1] Native to the Mediterranean region, southern Europe, and western Asia, ...
	Fenugreek has been traditionally used in many cultures to manage fever, inflammation, and symptoms of viral infections. Although clinical studies on fenugreek's antiviral effects are limited, it is known to possess certain compounds that contribute to...
	Fenugreek has been used in traditional medicine to reduce fevers.[4] The seeds, when boiled into a tea or decoction, are believed to help lower body temperature, soothe inflamed tissues, and boost immune function.[5] This effect is thought to be relat...
	The health benefits of fenugreek are attributed to its diverse chemical composition, which includes Amino Acids, Alkaloid, Saponins, Fibers, Flavonoids and Polyphenols, Vitamins and Minerals.[9, 10] 4-Hydroxyisoleucine, amino acid in fenugreek has bee...
	Crimean-Congo Hemorrhagic Fever Virus (CCHFV) is a tick-borne virus that causes Crimean-Congo Hemorrhagic Fever (CCHF), a severe viral disease in humans.[15-17] It belongs to the family Nairoviridae and is primarily transmitted through the bites of in...
	In this study, the interactions between various active compounds derived from fenugreek and the Crimean-Congo Hemorrhagic Fever Virus (CCHFV) protein were thoroughly investigated to gain a deeper understanding of the molecular mechanisms underlying pr...
	Computational details
	Conclusions
	Fenugreek is renowned for its medicinal and antiviral properties, which makes it a compelling candidate for combating viruses such as CCHFV. Due to the absence of approved treatments for CCHFV and the significant mortality associated with the virus, t...
	Acknowledgments
	SK thanks Magadh University, Bodh Gaya, Bihar, India for providing lab facility and SERB, Department of Science and Technology (DST), India (Grant No. SRG/2019/002284) for financial support.

	11 JMCS2397.pdf
	Several metal complexes have shown promising antineoplastic activity against cancer cells and tumors, both in vitro and in vivo [1]. One group of such complexes, which resulted from the search for new anticancer drugs based on endogenous (essential) m...
	Some Casiopeinas® have exhibited greater antineoplastic potency than cisplatin in both in vitro and in vivo studies on a variety of tumor cell lines [3,4] while also showing superoxide genomic instability due to intrachromosomal recombination [5] and ...
	Some of the mechanisms reported for Casiopeinas® include DNA fragmentation and oxidation, which generate reactive oxygen species (ROS) and, thereby, cause copper reduction [3]. Reactive oxygen species also depolarize the mitochondrial membrane and cau...
	The hemotoxicity observed in rats, points to a more complex in vivo cytotoxicity in the case of Casiopeinas®, as the administration of a single CI (5 mg/kg) dose was found not to generate serious damage and was within the functional range [3,7]. Acute...
	Studies on the pharmacokinetics of Cas III-ia in different animal species, such as rats and dogs, have the reported on its viability in terms of the corresponding pharmacokinetic parameters, as related to body weight and the physiological processes of...
	Cas III-ia (Fig. 1) is a potentially useful antineoplastic agent [13]. It is very active against L1210 leukemia cells, kills cells by inducing apoptosis [11], induces a weak recombinogenic action, and is able to degrade DNA in vitro under a range of c...
	Fig. 1. Chemical structure of Cas III-ia,[Cu(4,4’-dimethyl-1,10-phenanthroline)(acetylacetonate)]NO3.
	Materials and reagents
	Conclusions
	The development of the method proved to be useful and reliable for determining Cas III-ia levels in whole rabbit blood. The pre-treatment procedure applied on to the sample, which involved direct precipitation with zinc sulphate, was found to be fast ...
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	The pharmaceutical industry is one of the main manufacturing businesses that generates the greatest amount of waste mass with respect to the total mass of manufactured product. (1( This ratio is known as Environmental factor (E-factor), and according ...
	Table 1. Current E-Factor values for different industrial sectors. (1(
	The pharmaceutical industry is also known for making multimillion-dollar investments in the research and development of new active pharmaceutical ingredients (API) and drugs to treat diseases or search for therapeutic solutions that improve the patien...
	BM is based on inspection and tests performed in order to demonstrate that a certain product meets its specifications. (3( Fig. 1 shows a traditional batch manufacturing process for hard gelatin capsules. In this example, BM is verified in each of the...
	Fig. 1. Example of a hypothetical BM process for a solid dosage form, consisting on hard-gelatin capsules filled with pellets. Source: own elaboration.
	Traditional BM has changed very little in the past five decades. This is partially explained over historical reasons. Being extremely regulated due to its direct impact in patients’ health, over the years the pharmaceutical industry has adopted a posi...
	In the last decade, greater interest has been shown in Continuous Manufacturing (CM) as an alternative that can strongly impact operations including synthesis reactions, which is a key player in the drug development process (5(; substantial research h...
	To introduce the GC concept, we need to acknowledge that one of the major challenges of humanity is the damage to the environment, which is reflected in events such as climate change, the dispersion of toxic elements and pollutants in land, air and wa...
	There is common consensus that these material practices are unsustainable; mankind is struggling to transition to an era of green awareness in favor of the environment with sustainable materials and processes. Part of this shift has been the emergence...
	In 1990s, Anastas and Williamson presented the best-known definition of GC, being: "designing chemistry for the environment", emphasizing the role of science in this challenge. (15( In 1998 Anastas and Warner published the book Green Chemistry: Theory...
	Table 2. The 12 principles of the Green Chemistry approach. (15-16(
	GC is involved in the optimization of materials synthesis, the use of renewable resources instead of non-renewable resources (both chemical and energy), and the qualitative and quantitative control of the man-made materials used and produced (as well ...
	Although the approach of efficient and low waste chemistry existed before the 1990s, it was from the 2000s onwards that GC started to be applied in research and development and manufacturing processes in the pharmaceutical industry. This has resulted ...
	De Soete et al. assessed the potential implementation of a continuous production line at Janssen-Cilag SpA pharmaceutical manufacturing plant, and reported great decreases in exergetic resource consumption of electromechanical power, heating media, ch...
	The current review seeks for optimistic outcomes for implementing CM in terms of productivity and sustainability, and comes to the conclusion that CM can produce a positive impact regarding productivity, yields and financial indicators, and it is nota...
	Method
	Conclusions
	For now, the greatest co-development of CM and GC has been applied to the manufacturing of pharmaceuticals, especially solid oral pharmaceutical forms. In the short term, we visualize processes comprising continuous stages combined with batch operatio...
	The adoption of CM processes (and the GC intrinsic benefits) by the pharma-chemical and pharmaceutical industries is happening already. There is a natural synergy in merging CM and GC to test or implement both in the production of API or drugs. Academ...
	Traditional BM operates around a supply chain that is subject to complex logistics and is vulnerable to demand spikes and unplanned disruptions. In this regard, CM is a promising solution with applications in medicine, pandemics and emergencies. To qu...
	Drug manufacturers need to implement strategies to achieve global supply, yet meet regional and local demands. Part of these strategies lays on strengthening their plant's capabilities and processes with optimal resource allocation and reduced complex...
	Regulatory changes in the last years have paved the road for pharmaceutical companies to shift from BM to CM and benefit from greener processes. CM and GC converged approaches have proved to promote innovation, efficiency, competitiveness and producti...
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