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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
Congress of Chemistry and the National Congress of Chemical Education, both
congresses include activities of current interest for professionals and students of
the chemical sciences. It grants annually the “Andrés Manuel del Rio” National
Award of Chemistry in the Academic area (field of research and field of educa-
tion) and in the Technological area (field of technological development). It also
grants each year the Rafael Illescas Frisbie Best Bachelor, Master and Doctoral
Thesis in Chemical Sciences Awards and the biennial Award of the Sociedad Qui-
mica de México in honor of the Doctor Mario J. Molina, directed to the profes-
sionals in Chemistry Sciences.

The Journal of the Mexican Chemical Society (J. Mex. Chem. Soc) is the
official journal of the Sociedad Quimica de México, it was published as Revista
de la Sociedad Quimica de México (Rev. Soc. Quim. Mex.) from 1957 to 2003,
changing its name in 2004. The Journal of the Mexican Chemical Society (J.
Mex. Chem. Soc.) is a scientific, blind, peer reviewed, and open access, free of
charge publication that covers all areas of chemistry and its sub-disciplines (i.e.
medicinal chemistry, natural products, electrochemistry, material science, com-
putational chemistry, organic chemistry, bioinorganic chemistry, etc). It is de-
voted to facilitating the worldwide advancement of our understanding of
chemistry. It will primarily publish original contributions of research in all
branches of the theory and practice of chemistry in its broadest context as well
as critical reviews in active areas of chemical research where the author has
published significant contributions. The J. Mex. Chem. Soc. is a quarterly pub-
lication in which language of submission and publication is English. To be suit-
able for publication in J. Mex. Chem. Soc., manuscripts must describe novel
aspects of chemistry, high quality of results and discussion an excellent bib-
liographic support, and contribute to the development of the field. Routine or
incremental works are not suitable for publication in J. Mex. Chem. Soc. Au-
thors are encouraged to send contributions in electronic form. Our online sub-
mission system guides you stepwise through the process of entering your article
details and uploading your files. The Sociedad Quimica de México also pub-
lishes since 2007 articles of general interest in the Boletin de la Sociedad Qui-
mica de México.

La Sociedad Quimica de México fue fundada en 1956 como una agrupacion sin
fines de lucro para promover el desarrollo de los profesionales y estudiantes de
la quimica en las areas educativa, investigacion, servicios e industria, y para
difundir el conocimiento de la quimica. La Sociedad Quimica de México organi-
za anualmente el Congreso Mexicano de Quimica 'y el Congreso Nacional de
Educacion Quimica, en los cuales se desarrollan diversas actividades de interés
para los profesionales y estudiantes de las ciencias quimicas. Asimismo, otorga
anualmente el Premio Nacional de Quimica “Andrés Manuel del Rio” en el
area Académica (campos de docencia e investigacion) y en el area Tecnologica
(campo de Desarrollo Tecnoldgico). También otorga anualmente el Premio a
las Mejores Tesis de Licenciatura, Maestria y Doctorado en Ciencias Quimi-
cas, Rafael Illlescas Frisbie. De manera bienal otorga el Premio de la Sociedad
Quimica de México en Honor al Doctor Mario J. Molina, dirigido a los profe-
sionistas de las Ciencias Quimicas.

El Journal of the Mexican Chemical Society (J. Mex. Chem. Soc.), es la
revista oficial de la Sociedad Quimica de México. Desde 1957 y hasta 2003
fue publicada como Revista de la Sociedad Quimica de México (Rev. Soc.
Quim. Mex.), cambiando su nombre en 2004. Es una publicacion trimestral
que tiene como objetivo coadyuvar al avance del entendimiento de la quimi-
ca; las instrucciones para los autores aparecen en cada fasciculo. La Sociedad
Quimica de México también publica desde 2007 articulos de interés general
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Abstract. Computational and theoretical modelling has become an important tool for the characterization,
development, and validation of packed beds. Relevant breakthrough curves would provide much valuable
information on designing a fixed bed adsorption process in field applications. In this study, the hydrodynamic
properties involved in the Navier—Stokes flow equation, such as velocity, pressure, and permeability, in a packed
bed were investigated. Experiments in natural porous media such as maize cane biomass for determining the
sorption of Cr(VI) are compared with numerical simulations. The relevant ordinary partial equations were solved
in COMSOL Multiphysics Software friendly and efficiently. The close agreement between the experimental and
numerical results suggests that the theoretical model of advection-hydrodynamic dispersion can be used to model
the transport of Cr(VI) in unsaturated porous media composed of maize cane biomass.

Keywords: Numerical simulation; hydrodynamic dispersion; sorption; porous media.

Resumen. El modelado computacional y tedrico se ha convertido en una herramienta importante para la
caracterizacion, desarrollo y validacion de lechos empacados. Las curvas de avance relevantes proporcionarian
informacion muy valiosa sobre el disefio de un proceso de adsorcion de lecho fijo en aplicaciones de campo. En
este estudio, se investigaron las propiedades hidrodindmicas involucradas en la ecuacion de flujo de Navier-Stokes,
como la velocidad, la presion y la permeabilidad, en un lecho empacado. Los experimentos en medios porosos
naturales como la biomasa de cafia de maiz para determinar la sorcion de Cr(VI) se comparan con simulaciones
numéricas. Las ecuaciones parciales ordinarias relevantes se resolvieron en COMSOL Multiphysics Software de
manera amigable y eficiente. La estrecha concordancia entre los resultados experimentales y numéricos sugiere
que el modelo teodrico de dispersion hidrodinamica por adveccion puede usarse para modelar el transporte de
Cr(VI) en medios porosos no saturados compuesta por biomasa de cafia de maiz.

Palabras clave: Simulacion numérica; dispersion hidrodinamica; sorcion; medios porosos.
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Introduction

Heavy metal ions ubiquitous in the environment but their increased levels in water are consequences
of man—made activities. One of the most toxic metal ions in our environment that has raised global concern is
chromium [1].

Chromium contamination of soil and groundwater is a significant problem worldwide and is becoming
a serious threat to our environment. The predominant forms of chromium in nature are Cr(III) (trivalent
chromium) and Cr(VI) (hexavalent chromium) as chromate ion, which have different physicochemical
characteristics including mobility, toxicity and bioavailability [2]. The Cr(VI) is 10 — 100 times more toxic that
the Cr(III) when both are introduced by oral ingestion [3]. The World Health Organization (WHO) reported
that chromium is a priority pollutant and proposed a provisional guideline value of 0.05 mg L' for total
chromium, mainly soluble Cr(VI), in drinking water [4,5].

A variety of methods and materials have been developed for the Cr(VI) removal including
precipitation, membrane separation, or solvent extraction, neutralization and adsorption [6,7]. Among these
techniques, biosorption using agricultural waste such as maize cane, has gained considerable attention because
of high efficiency, low cost, more availability, and ease of handling [1,8]. These materials have been reported
to possess good adsorption capability for Cr(VI) from aqueous system. The use of these waste material as
adsorbent also reduces the cost of the Cr(VI) treatment process and makes the application of adsorption
technology. The physicochemical and surface characteristics of this biomass and sorption properties, that make
it a candidate to absorb Cr(VI) are reported by Marin-Allende et al., 2017 [9].

The computational fluid dynamics (CFD) is a useful tool for the modelling of flow and contaminant
transport (hydrodynamics system). The main advantage of computational modelling may be that different
physical domains can be coupled and solved efficiently. In fixed beds column, in general, several modes of
transport and processes take place simultaneously. For instance, fluid flow, permeation, advection,
hydrodynamic dispersion, diffusion, and the chemical reactions involved in adsorption. The CFD simulations
can be applied by manually written codes or commercial software programs. Some commercial packages, such
as COMSOL Multiphysics (Femlab, formerly COMSOL [10], Inc., Sweden) has become popular for various
physics and engineering applications, geoenvironmental phenomena, or multiphysics in last decades since
commercial packages are designed to be user friendly. The purpose of these programs is to allow researchers
who may not be well versed in fluid dynamics to successfully model the channel fluid flow phenomena in an
interdisciplinary field such as column adsorption [11].

The main objective in this research is to evaluate the behaviour of the Cr(VI) sorption in natural porous
media such as maize cane biomass through the experimental and simulated breakthrough curves.

Experimental

The work model consists of a cylindrical container in three dimensions (3D), using porous biomass of
maize cane as a fixed bed column. The column of internal diameter 0.5 cm and length 15 cm with a cross-
sectional area of 0.78 ¢cm?, is installed in a vertical position. In order to obtain homogeneous porous packaging,
the column was placed in a vertical position. The filling of the column with material granular sorbent (biomass),
is poured into the column partially by layers of 3 cm, by adding water to prevent the formation of air bubbles
and lightly shaking the column to ensure a good compaction. Tests are conducted under a continuous flux of
dissolved solute [40 mg L' of Cr(VI) solution] as an influent for the sorption studies. The flow is described by
the average linear velocity or seepage velocity (v=q/n), which transports the dissolved solute by advection-
dispersion. The solute continuously moves down the column at seepage velocity v. Solute samples were
collected at the outlet of the column in glass tubes.

Numerical Solution using COMSOL software

COMSOL software (COMSOL [10] Multiphysics program, Version 3.5*) was used as a numerical
software package to solving sets of ordinary and/or partial differential equations for modelling predicting and

185



Article J. Mex. Chem. Soc. 2024, 68(2)
Regular Issue

©2024, Sociedad Quimica de México

ISSN-e 2594-0317

optimizing the performance of water treatment process, adsorption, operations, flow behaviour, etc. The numerical
solution by COMSOL software is performed based on the finite element method. The software runs the finite
elements analysis together using adaptive meshing refinement and error control by a variety of numerical solvers.

The simulation is performed assuming the biomass is as porous and permeable material, and saturated,
with a high surface area for capture of retention of Cr(VI) as polluting potential. The velocity field into the
cylindrical container was obtained by solving the Navier Stokes and continuity equations. The speed of the
porous media was obtained by solving the Brinkman and continuity equations. The dispersion, convection and
sorption of biomass were obtained by solving the transport equation. The equations were solved by the finite
element method. The COMSOL Multiphysics post processing was used to analyze the simulation results. The
analysis is performed by the generation of images of the process and its animation.

Generating of the geometry

The experimental device (Fig. 1) consists of the following elements:

The geometry is based on the experimental device used in the laboratory, in which the biomass is
packed in a cylindrical container with the dimensions indicates in Fig. 1.

upper and
f the packed
u

Fig. 1. Mesh for the simulation.

The system is divided into three zones; Zone 1 is the feed injection zone, in this area there is no biomass
and the feed flow is constant. In zone 2 the biomass is present, in this zone the interaction between the biomass
and Cr(VI) solution occurs, this is considered a saturated porous system. In zone 3, there is no biomass here; it
is when the Cr(VI) concentration value in the eluates is measured, to determine the concentrations of Cr(VI)
sorbed in the biomass, Fig. 2.

Zone 2 (biomass)

15cm

Fig. 2. Geometry, dimensions, and zone subdomains used for the simulation.

186



Article J. Mex. Chem. Soc. 2024, 68(2)
Regular Issue

©2024, Sociedad Quimica de México

ISSN-¢ 2594-0317

The flow in the interstitial access from the biomass is calculated by solving the equation governing the
water flow and continuity which is written in the form:

Dv

po.=—Vp+uviv+pg (1)

0
=~ pv) @

where p in the density [M L?], v is the velocity [L t'], t is the time [t], p is the pressure [M L't?], u is the
viscosity [M L't"!] and g is the gravity [L t2]. The equation used for the free flow in this simulation is obtained
from equation (1), which is written as follows:

(=V-u(Vo+ (V0)1)) + pv- Vo + Vp =0 (3)
where the density is considered constant and in the steady state equation the time dependent terms are eliminated

[12]. For the flow through the biomass (porous system), the Brinkman and the modified continuity equations
for the porous systems are:

—Vp—%v+,uV2v+pg=0 4)
Jp

L= _(v- 5
gat (V- pv) (5)

where k is the permeability [L t!], ¢ is the porosity (the ratio between porous volume and total container
volume). The equation used for the porous media flow in this simulation is obtained from equation 4, which is
written as follows:

(—V : g(w + (Vv)T)> - (%v +Vp) =0 (6)

where the density is considered constant and for steady state equation the time dependent terms has been
eliminated. The steady state equations (2, 3, 5 and 6) are solved according with the experimental methodology.
Cr(VI) transport and its sorption through the biomass are calculated by solving the transport equations. The
Freundlich isotherm solution is written as follow:

aC+ ac”ac+\7 [-eD,Vc+vc] =R, +R, +S (7)
ot TP 0 ot EOLVET P =R T 8p T2

dc
¢, = KpcV 6—5=NKFCN_1 (8)

where ¢ is the porosity, c is the solute concentration [M L], t is the time [t], py is the density of the porous
medium [M L], cp is the concentration of the solute sorbed in the biomass (the mass amount of solute sorbed
per unit of biomass), v is the velocity [L t'], Dy is the hydrodynamic dispersion tensor, KF and N are constants
of Freunlich isotherms (COMSOL 2008). The equation used for flow and transport in porous medium in this
simulation is obtained from equation (7), which is written as follows:

ac dc, dc
—+pb—cp—+V-[—8DLVC+vC] =0 9)

where the reaction terms are removed if there are no chemical reaction.
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Constants

The values of the constants were obtained according with the results from the physicochemical
characterization of the biomass and the interaction between the Cr(VI) as a solute-biomass to determine the
sorption rate, Table 1.

Table 1. Values of the constants obtained by experimental procedures [5].

Constants Value

Ps Biomass density 0.072 kg m3

& Porosity 0.76%

ks Permeability l4e*ms’!
Kr Freundlich constant 0.907 mg g*!
N Freundlich isotherms exponent 2.015

al Longitudinal dispersivity 0.03 m

a2 x Transversal dispersivity 0.005 m

a3 y Transversal dispersivity 0.005 m

Cin Feed concentration 0.04 kg m
Vinax Feed velocity 0.45 mL min’!

Definition of initial and boundary conditions

The initial and boundary conditions are the follow: for t = 0, ¢ = 0 and cp=0 and the boundary
conditions are shown in Fig. 3, where r=sqrt(x>+y?*+z?), R is the radius of the cylinder, Fig. 2, v is the velocity,
n is a unit vector normal to the plane, N is the total flux of Cr(VI), Vmax is the feed velocity (Table 1), Uchns is
the velocity calculated by the Navier Stokes equation, Cin is the initial concentration of Cr(VI) (Table 1), p is
the pressure, c is the Cr(VI) concentration in the solution, cp is the solute concentration sorbed in the biomass,
z is the coordinate in the xyz plane and t is the time.

[} L] Upper limit

Forz=0.165m

30
Forr=R v=0 v = Vmax * (1 _W)
nN = U_chns «C_in
Forr=R nN=0
Lower limit

Forz=0
p=0

nN=-U_chns*c

v 7

Fig. 3. Initial and boundary conditions for the Cr(VI) sorption simulation.
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Mesh and running solution

The quality of the mesh plays a significant role to achieve accurate results without unnecessary
computational demand. The cell shape and cell size have an important effect on the accuracy and stability of
the numerical solution. The very fine meshes can obtain more accurate results of solution but will cost higher
computer memory and central processing unit time [11]. The mesh elements are prism and we use for the
Navier-Stokes equation a total of 34,393 elements (Fig. 1). The finite element method is one of the most popular
mathematical techniques used in decades, and it is employed in popular modeling software is commonly used
to solve partial differential equations in systems possessing complex geometries [13].

Results and discussion

The Reynolds number value is 23, which were obtained by solving the fluid flow equations. The values
indicate that the flow is in the laminar regime, as also reported by Basak, 1977 [14]. In Fig. 4 we present the
velocity field at the entrance of the system and in the region occupied by the biomass that is represented as a
porous system. The velocity field is deviates when the Cr(VI) solution gets in contact with the biomass because
the porosity change and the permeability is modified.

A

streamline j

lenght

radius

Fig. 4. Flow lines simulation on column.

The input and output speed is shown in Fig. 5. The results indicate that the velocity is greater in the
center and zero on the walls. In the first case (Fig. 5(a)), the velocity field is uniform; the Cr(VI) solution is
injected at a constant rate around the entire surface.

Fig. 5(b) shows speed values larger than the maximum speed entry value due to the decrease in the
cross-sectional area, as well as a more uniform profile. The multiple core measurement at the outlet column
permitted an estimation of the velocity fluctuations. Due to different steady state infiltration rates, the water
content distribution in the non-living biomass column varied with depth. In the central region, the velocity is
greater than near the walls, this behaviour is correlated with Fig. 4 that indicates that in the core the velocity is
greater and so the Cr(VI) sorption is probably lower due of the lower Cr(VI)-biomass interaction time. On the
other hands, on the walls, the biomass has more interaction time with the solute, because the velocity of
interaction is lower, or the interstitial water is saturating the pores.
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H Inlet velocity

veloelty [m/s] Mar: 993 1 10¢

0
| B

veloelty [m/s] Max: LS4x10°

Min: 0

» .
n Outlet velocity

Fig. 5. Input and output velocity field.

The velocity field of the porous biomass is shows in Fig. 6. These results indicate that the pores of the
biomass were saturated by the Cr(VI) solution, and then the fluid velocity diminishes through the biomass
column, causing that the outlet velocity also decreases. Thus, higher values are obtained at the fluid outlet due
of the pressure difference between the input and output of the porous medium.

Max: 827 x 16F
velocity [m/s] i

-
-
-,
o 3
-
-
-
-
. 15
~
. 4
N
N
N
. b
N
~
Al 2
~
Min: 0

Fig. 6. Cr(VI) solution; velocities in biomass.

Solving the transport equation using the velocity field obtained previously, it was simulated the Cr(VI)
transport system and its sorption onto maize cane biomass. Fig. 7 shows the biomass saturation time evolution
during the Cr(VI) solution transport through the system at 5, 30, 60, 90 and 125 minutes. In the same Fig. 7 it
was observed that the Cr(VI) concentration is not present at the bottom of the column, but it increases when it
is transporting through the maize cane biomass. At 60 minutes is observed the Cr(VI) transport, the Cr(VI) is
sorbed on the biomass, in the upper of the biomass column; the system is getting saturated depending upon the
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Cr(VI) concentration transport. The Cr(VI) concentration in the solution increases because the biomass is
reaching its Cr(VI) saturation or the Cr(VI) concentration in the solution decreases through the biomass because
it is sorbed by the biomass. Finally, at 125 minutes the biomass reaches its Cr(VI) saturation, the concentration
is constant; the biomass is saturated and already does not sorbs Cr(VI) from solution.

M 00 by’

5 min 30 min 60 min 90 min 125 min l
&
! Mix:d

Fig. 7. Transport of the chromium (VI) solution in biomass, through the time, (kg m™).

Various mathematical models have been developed to predict the dynamic behaviour of sorption
column studies [15, 16]. In this case, the experimental and simulated breakthrough curves for Cr(VI) sorption
are shown in Fig. 8. Comparison between experimental and simulated breakthrough curves showed good
agreement of predicted software COMSOL values, which indicates that the chosen models are suitable for
explain the Cr(VI) sorption during the interaction between the biomass and the Cr(VI) solution.

1.0 Y rYY L]
0.8
)
LJ
= L]
J 0.6
o
0.4
0.2 ® EXPERIMENTAL
. == SIMULATION
0.0 Ledbe®
0 50 100 150 200 250
Time, minutes

Fig. 8. Experimental and predicted breakthrough curves of Cr(VI) sorption in a fixed column of biomass (maize
cane) in vertical flux.

According to breakthrough curves obtained with maize cane biomass, the point of rupture and
saturation in the vertical flow for experimental and simulated system are given in Table 2. This indicates a
greater capacity of sorption in vertical flow and that the COMSOL simulation is able to represent the dynamic
conditions observed in a biomass-column test for Cr(VI).
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Table 2. Breakthrough and saturation points of process sorption in maize cane biomass.

Biomass Process Procedure Breakthrough point, Satura.tmn point,
minutes minutes
Experimental 12 125
Maize cane Sorption
Simulated 27 125
Conclusions

Model the transport of Cr(VI) in unsaturated porous media composed of maize cane biomass enhances
our understanding of the fundamental physical behaviour of hydrodynamic flows and mass transfer in the
channels of packed beds. Performing computational modelling reduces the time needed to design and develop
adsorption systems because many physical parameters can be tested theoretically prior to the device fabrication.
Data obtained from simulations can be used to validate experimental data, thereby providing a theoretical
explanation of the performance of a system. Cr(VI) concentration measurements as obtained from experiments
during the solute-biomass interaction were used for the simulation of the hydrodynamic dispersion. COMSOL
software was proved to be an effective numerical tool to describe the transport and adsorption phenomena of
the Cr(VI) adsorption in fixed bed column. Good agreement between the experimental results and the predicted
theoretical breakthrough curves was observed. The computational fluid dynamics prediction can be used for
analysing the experimental study of the Cr(VI) sorption process in packed bed.
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Abstract. Singlet oxygen generation is possible by photosensitizer molecules able to absorb energy from light
and transfer it to molecular oxygen. Singlet oxygen is able to react with components of cellular membranes such
as cholesterol leading to peroxidation products implicated in photoaging. In order to prevent oxidative damage
caused by reactive oxygen species, skincare products enriched with antioxidants have been developed; in spite of
some pro-oxidant effects associated with antioxidants has been reported. Based on this data, the photosensitizing
ability of 14 antioxidants commonly used in skincare products was evaluated through the photo-oxidation of
ergosterol, using ergosterol as oxidizable substrate to quench singlet oxygen. Singlet oxygen indirectly detection
was performed through 'H-NMR mixtures analysis by ergosterol peroxide detection. The results revealed that
fisetin, retinol, cyanidin and hesperetin they acted as photosensitizer antioxidants in generation of singlet oxygen.
Conversely, caffeic acid, luteolin, rutin, vanillic acid, ascorbic acid, apigenin, epigallocatechin gallate, rosmarinic
acid, myricetin and kaempferol were not able to generate singlet oxygen through a photosensitized mechanism.
Our results allow us to suggest that the incorporation of antioxidants in skincare products as anti-aging treatments
should be supported by their evaluation against photosensitizing ability in order to increase their safety.
Keywords: Antioxidants; singlet oxygen; photosensitizing ability; photo-oxidation of ergosterol.

Resumen. La generacion del oxigeno singulete es posible a través de moléculas fotosensibilizadoras capaces
de absorber energia proveniente de la luz y transferirla al oxigeno molecular. El oxigeno singulete es capaz de
reaccionar con componentes de membranas celulares como el colesterol formando productos de peroxidacion
implicados en el foto-envejecimiento. Para prevenir el dafio oxidativo causado por especies reactivas del
oxigeno, se han desarrollado productos para el cuidado de la piel enriquecidos con antioxidantes, a pesar de que
han sido reportados algunos efectos prooxidantes asociados a los antioxidantes. Con base en lo anterior, se
evalu6 la capacidad fotosensibilizadora de 14 antioxidantes cominmente utilizados en productos para el
cuidado de la piel mediante la foto-oxidacion de ergosterol, utilizando ergosterol como sustrato oxidable para
atrapar oxigeno singulete. La deteccion indirecta del oxigeno singulete se realiz6 mediante analisis de mezclas
de RMN-'H a través de la deteccion de perdxido de ergosterol. Los resultados mostraron que fisetina, retinol,
cianidina y hesperetina actuaron como antioxidantes fotosensibilizadores en la generacion de oxigeno singulete.
Por el contrario, acido cafeico, luteolina, rutina, acido vainillinico, acido ascorbico, apigenina, galato de
epigalocatequina, acido rosmarinico, miricetina y kaempferol no fueron capaces de generar oxigeno singulete
mediante mecanismos fotosensibilizados. Los resultados permiten sugerir que la incorporacion de antioxidantes
en productos para el cuidado de la piel como tratamiento anti-envejecimiento debe respaldarse con la evaluacion
de la capacidad fotosensibilizadora para incrementar su seguridad.

Palabras clave: Antioxidantes; oxigeno singulete; capacidad fotosensibilizadora; foto-oxidacion de ergosterol.
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Introduction

Constant exposure to solar radiation entails negative skin effects induced by reactive oxygen species
(ROS) formation as singlet oxygen ('0,). 'O, is the first excited state of molecular oxygen (*0») and can be
endogenously generated in biological systems through photochemical reactions type II, where UVA/UVB
radiation as well as visible light can convert photosensitizer molecules into excited states that transfers absorbed
energy to 30; to generate '0,[1,2]. Of the total solar energy able to reach the earth’s surface, 6.8 % corresponds
to UV light, 38.9 % to visible light and 54.3 % to near infrared light [3]. Likewise, from UV light, more than 50 %
of UVA can penetrate the dermis, whereas only 14 % of UVB light reaches the epidermis, thereby photochemical
generation of 'O, in the skin is possible due to the presence of endogenous photosensitizer molecules such as
porphyrins, bilirubin, B vitamers and vitamin K [2,4]. 'O, is the predominant ROS from type II reactions that is
able to react with nucleic acids, unsaturated lipids and aminoacids to yield endoperoxides from [2 + 4]
cycloadditions, dioxetanes from [2 + 2] cycloadditions and hydroperoxides from “ene” reactions [5,6].

In recent years due to multiple benefits attributed to natural antioxidants, the cosmetic and dermatology
industry has focused on the development of skincare products such as anti-aging creams or sunscreens enriched
with antioxidants in order to prevent oxidative damage caused by ROS [7-9]. In this sense, the term antioxidant
has been defined as any substance that delays, prevents or removes oxidative damage to a target molecule [10].
Antioxidants can react by depleting molecular oxygen or decreasing its local concentration, removing pro-
oxidative metal ions, trapping aggressive reactive oxygen species such as superoxide anion radical or hydrogen
peroxide, scavenging chain-initiating radicals like hydroxyl (HO¢*), alkoxyl (RO¢*) or peroxyl (ROO¢), breaking
the chain of a radical sequence or quenching 'O, [11]. However, increasingly researches have reported pro-
oxidant activities of antioxidants such as resveratrol and quercetin [12—14]. Likewise, we previously reported the
photosensitizing ability to generate 'O, of curcumin, resveratrol and quercetin identified through the photo-
oxidation of ergosterol method [15]. Also, through this method, the photosensitizing ability of cosmetic colorants
to generate 'O, and the membrane cell damage caused by two of the nine cosmetic colourants evaluated has been
reported [16,17]. Furthermore, we recently reported on the pro-oxidant effect of five synthetic hydroxycoumarin-
based antioxidants by acting as photosensitizers in 'O, generation [18]. Therefore, the present study was aimed to
determine whether natural antioxidants commonly used in the development of skincare products are able to
generate 'O, by acting as photosensitizing molecules in the photo-oxidation of ergosterol reactions.

Experimental

Reagents

Fisetin, retinol, cyanidin, hesperetin, luteolin, rutin, L-ascorbic acid, apigenin, epigallocatechin gallate,
myricetin, kaempferol, ergosterol, eosin yellowish, sodium azide (NaN3) were purchased from Sigma-Aldrich
(Corp., St. Louis, Mo., U.S.A.). Caffeic acid, vanillic acid and rosmarinic acid were kindly provided by Prof.
Zaira Dominguez from the Universidad Veracruzana. Distilled ethanol, analytical grade was employed as a
solvent in photo-oxidation reactions.

Photo-oxidation of ergosterol

Ergosterol was used as 'O, chemical trap in the determination of the photosensitizing ability through
reactions of the photo-oxidation of ergosterol. 14 antioxidants were tested: Fisetin (1), retinol (2), cyanidin (3),
hesperetin (4), caffeic acid (5), luteolin (6), rutin (7), vanillic acid (8), ascorbic acid (9), apigenin (10),
epigallocatechin gallate (11), rosmarinic acid (12), myricetin (13) and kaempferol (14) (Fig. 1). For each reaction,
1 mM ergosterol and 144 uM antioxidant (initial concentration) was prepared in ethanol [15]. The solution was
placed inside a photo-oxidation camera and irradiated (four compact fluorescent lamps) during 2 h under
continuous oxygen flux (medicinal grade oxygen, flux rate: 75 mL/s), bubbled using a stainless-steel filter (10 pm
HPLC filter). The light intensity was 19623 +129 lux (YK-10LX light meter). The temperature inside the photo-
oxidation camera was 32 °C + 2. In order to establish reference controls, the photo-oxidation reaction by adding
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eosin yellowish 144 pM was established as positive control (+) and the reaction without a photosensitizer dye as
negative control (—). Sodium azide (1 mM) was used to confirm 'O, generation in photo-oxidation reactions.
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Fig. 1. Tested antioxidants through photo-oxidation of ergosterol.

Determination of singlet oxygen by nuclear magnetic resonance

Indirect detection of 'O, generation was made by proton Nuclear Magnetic Resonance (‘H-NMR)
recorded on a Bruker Avance HD III spectrometer (500 MHz) and Agilent DD2 500 MHz spectrometer for
NaN; reactions, using CDCl; as solvent and TMS as an internal reference. Ergosterol traps 'O, to form
ergosterol peroxide. Both sterols were detected by 'H-NMR mixtures analysis based on the comparison of
integrals of vinyl signals of H-6 and H-7 protons of ring B of ergosterol (6u.¢= 5.57 ppm, dd, 1H; duy.7= 5.38
ppm, dd) and ergosterol peroxide (du.= 6.50 ppm, d, 1H; dp7= 6.25 ppm, d). Once these signals were identified,
integration values were obtained from which the conversion ratio of ergosterol into ergosterol peroxide (E:EP)
was calculated. This ratio was also calculated for the positive and negative controls.

Antioxidants classification was established taking into reference the E:EP conversion ratio from the
negative control. Therefore, antioxidants used in photo-oxidation reactions where the ratio conversion E:EP
was higher than the negative control were considered as photosensitizer antioxidants in the generation of 'Os.
Conversely, antioxidants used in photo-oxidation reactions where the ratio conversion E:EP was lower than the
negative control were considered as antioxidant quenchers of 'O,. MestReNova software (v6.0.2-5475) was
used in '"H-NMR analysis and data processing.
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Results and discussion

10, generation was quantified by '"H-NMR mixtures analysis through the identification of ergosterol
peroxide (EP), an oxidation product of ergosterol (E) formed through a Diels-Alder reaction between 'O, and
a conjugate diene system of B ring of ergosterol. Indirect detection of 'O, through photo-oxidation of ergosterol
reactions allowed us to establish the photosensitizing ability of four out of fourteen screened antioxidants:
fisetin (1), retinol (2), cyanidin (3), hesperetin (4). Thereby, two double signals at 6.50 and 6.25 ppm attributed
to H-6 and H-7 protons from EP were identified in the 'H-NMR spectra, also two double-double signals
attributed to H-6 and H-7 protons from E were observed at 5.57 and 5.38 ppm, respectively (Fig. 2). The E:EP
conversion ratio was calculated from integration data of this signals and was also expressed as a percentage.
Thus, the results obtained from photo-oxidation reactions carried out with 1 and 2 converted 20 % of E into EP
and 3 and 4 allowed a 9 % of EP formation (Table 1). This suggests that fisetin, retinol, cyanidin and hesperetin
were able to generate 'O, through a photosensitized mechanism because the EP quantity detected was higher
than negative control (5 %).

6.6 6.5 6.4 6.3 62 58 57 56 5.5 5.4 s3 5.2 5.1 50

1 6.0 59
f1 (ppm)
Fig. 2. 'H-NMR spectra of mixtures reaction obtained from photo-oxidation reactions carried out with (a)

fisetin, (b) retinol, (¢) cyanidin and (d) hesperetin. Control (—): reaction without photosensitizer, Control (+):
reaction with eosin yellowish as photosensitizer.

Table 1. Conversion ratio of Ergosterol into Ergosterol peroxide (E:PE) calculated from 'H-NMR-signals
assignment of H-6 and H-7.

Ergosterol Ergosterol peroxide Conversion E:EP
Antioxidant
[H-6 [H-7 [H-6 [H-7 Ratio Periﬁtage
Control (-) 18H 18H 1H 1H 18:1 5
Control (+) NS NS 1H 1H 0:1 100
Fisetin 4H 4H 1H 1H 4:1 20
Retinol 4H 4H 1H 1H 4:1 20
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Cyanidin 10H 10H 1H 1H 10:1 9
Hesperetin 10H 10H 1H 1H 10:1 9
Caffeic acid 177H 181H 1H 1H 179:1 1
Luteolin 146H 151H 1H 1H 148:1 1
Rutin 129H 138H 1H 1H 133:1 1
Vanillic acid 191H 203H 1H 1H 133:1 1
Ascorbic acid 76H 77H 1H 1H 76:1 1
Apigenin 62H 64H 1H 1H 63:1 2
Epigallocatequin SIH 52H 1H 1H 52:1 2
gallato
Rosmarinic acid 42H 44H 1H 1H 43:1 2
Myricetin 26H 26H 1H 1H 26:1 4
Kaempferol 20H 20H 1H IH 20:1 5

J' integration values; NS: no signal detected.

Additionally, in order to confirm the presence of !O,, photo-oxidation of ergosterol reactions with fisetin,
retinol, cyanidin and hesperetin were carried out adding sodium azide (1 mM) as specific quencher of 'O,. After
the reaction time, a substantial reduction in the quantity of EP generated during photo-oxidation reactions was

observed (Fig. 3).

a)

6.6

6.4

6.3 6.1

T T

6.0 59
1 (ppm)

Fig. 3. 'H-NMR spectra of mixtures reaction carried out with (a) fisetin, (b) retinol, (¢) cyanidin, (d) hesperetin

plus NaNj3 (1 mM).

On the other hand, signals attributed to EP were barely detected in the "H-NMR spectra of the remaining
antioxidants tested, while signals corresponding to E were clearly visible (Fig. 4). Thus, the E:EP conversion ratios
obtained were lower than negative control in photo-oxidation reactions carried out with caffeic acid (5), luteolin
(6), rutin (7), vanillic acid (8) and ascorbic acid (9), in which only a 1 % of EP was formed. In a similar way, the
E:EP conversion ratios in photo-oxidation reactions carried out with apigenin (10), epigallocatechin gallate (11)
and rosmarinic acid (12) allowed the formation of 2 % of EP. Finally E:EP conversion ratios similar to the 5 % of
EP detected in the negative control were obtained in photo-oxidation reactions carried out with myricetin (13) and
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kaempferol (14)(Table 1). Therefore, because of the EP quantity detected in photo-oxidation reactions was <5 %
(negative control), we can assume that they were not able to generate 'O, through a photosensitized mechanism
thereby they were considered as antioxidants able to quench '0,.

AN A

T T T T T T
7 6.6 6.5 6.4 6.3 6.2 6.1 6.0 5.9
1 (ppm)

Fig. 4. 'H-NMR spectra of mixtures reaction obtained from photo-oxidation reactions carried out with (a)
caffeic acid, (b) luteolin, (¢) rutin, (d) vanillic acid, (e) ascorbic acid, (f) apigenin, (g) epigallocatechin gallate,
(h) rosmarinic acid, (i) myricetin, (j) kaempferol. Control (—): reaction without photosensitizer, Control (+):
reaction with eosin yellowish as photosensitizer.

Identification of compounds with the ability to photosensitize the generation of 'O, should be
considered an important issue owing to the fact that the presence of 'O, in cells is related to skin photoaging.
Cholesterol peroxidation can be caused through ene-reaction between 'O, and the cholesterol double bond in
carbons 5 and 6 to form cholesterol So-hydroperoxide, as the major product and cholesterol 60/f-
hydroperoxide as the minor products [19]. The significance of cholesterol peroxidation products in photoaging
has been clearly established because a mixture of cholesterol 5-hydroperoxide and cholesterol 7-hydroperoxide
induces the activation of matrix metalloproteinase-9 (MMP-9), a protein implicated in collagen degradation.
Loss of collagen in the skin results in wrinkles appearing and sagging skin, a hallmark associated with skin
photoaging [20]. Several researches have shown the efficient antioxidant, anti-inflammatory and anti-aging
activity of fisetin [21,22], retinol [23], cyanidin [24] and hesperetin [25], however our results show that under
specific conditions they are able to act as photosensitizer compounds in photochemical reactions and stimulate
the generation of '0,. Hence, the evaluation of the photosensitizing ability of compounds used in skincare
formulations should be considered an important issue by the dermatology and cosmetic industry.

Concerning antioxidants that show ability to quench 'O,, several researches have reported, not only on
their anti-inflammatory, anti-aging and free radical scavenging properties but also their ability to provide a
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protector effect against UVA/UVB-induced skin damage [26-30]. Likewise, no phototoxic effect has been
reported on caffeic acid and rutin [31]. Therefore, the ability to quench 'O added to all the beneficial properties
reported for caffeic acid, luteolin, rutin, vanillic acid, ascorbic acid, apigenin, epigallocatechin gallate,
rosmarinic acid, myricetin and kaempferol, allow us to suggest that they could be considered as promising
compounds to diminish, prevent or avoid skin photoaging caused by '0,.

Through the photo-oxidation of ergosterol, the photosensitizing ability of antioxidant compounds was
evidenced. Thus, fisetin, retinol, hesperetin and cyanidin aside from their antioxidant activity could show a pro-
oxidant effect caused by !O,. Moreover, the identification of antioxidant compounds with the ability to quench
10,, was seen to be possible because they provided protection to ergosterol against oxidation caused by 'O,.
Consequently, the results obtained allow us to increase the antioxidant classification based on their activity
against 'O, as we previously proposed [15]. Therefore, we suggest that caffeic acid, luteolin, rutin, vanillic acid,
ascorbic acid, apigenin, epigallocatechin gallate, rosmarinic acid, myricetin and kaempferol can be classified
as type 1 antioxidants: antioxidant quenchers of 'O,; and fisetin, retinol, hesperetin and cyanidin as type 2
antioxidants: photosensitizer antioxidants in generation of 'O,.

Conclusions

Antioxidants provide several health benefits. However, the endogenous generation of 'O, through
photosensitized mechanisms joined to non-photosensitized mechanisms could increase the presence of 'O, in
an organism, which can cause damage to cell membrane components and induce skin photoaging. Hence the
incorporation of antioxidants in skincare products as anti-aging treatments or sunscreens should be supported
by a previous evaluation of their photosensitizing ability in order to increase their safety.
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Abstract. The use of synthetic antioxidants to ameliorate oxidative stress goes with side effects. Some plants are
known to be sources of natural antioxidants and, hence, could be used as alternatives to synthetic antioxidants
without side effects. Meanwhile, the presence of the phytochemicals that exhibit antioxidant activity in plants
depends on environmental conditions that vary with the time of harvest of plant materials. This study, therefore,
investigated the effect of time of harvest on the chemical composition and antioxidant potential of leaf essential
oil of Syzygium guineense native to North central Nigeria. To accomplish these, pulverized (500 g) leaves of S.
guineense harvested in the morning and afternoon were separately hydrodistilled and yielded 0.25 + 0.002 % (w/w)
and 0.27 £+ 0.003 % (w/w) of essential oils. Characterization of the oils using GC-MS revealed the presence of
twenty-two and twenty-three compounds in the oils from morning and afternoon harvests. The most abundant
compound in the oils was p-bergamotene (30.1 % and 27.3 %). D-limonene (2.9 % and 5.6 %), B-ocimene (4.2 %
and 10.2 %), a-santalene (7.4 % and 7.7 %), a-cedrene (8.6 % and 9.0 %), B-farnesene (9.1 % and 10.2 %) and
calamenene (7.1 % and 5.2 %) were detected in significant quantities in the oils. DPPH radial scavenging assay
was used to evaluate the antioxidant activity of the oils with butylated hydroxyl toluene (BHT) as standard. The
oils exhibited antioxidant activity with ICso of 41.92 pg/mL and 33.12 pg/mL for the oils from morning and
afternoon harvests. Although the oils exhibited lower antioxidant activity than the standard (ICso of 28.63 ng/mL),
but the oils could be used to ameliorate oxidative stress after clinical trials.

Keywords: Syzygium guineense, antioxidant; a-bergamotene; 3-farnesene.

Resumen. El uso de antioxidantes sintéticos para mejorar el estrés oxidativo conlleva efectos secundarios. Se
sabe que algunas plantas son fuentes de antioxidantes naturales y, por lo tanto, podrian usarse como alternativas
a los antioxidantes sintéticos sin efectos secundarios. La presencia de fitoquimicos que exhiben la actividad
antioxidante en las plantas depende de las condiciones ambientales que varian con el momento de la cosecha
de los materiales vegetales. Por lo tanto, en este estudio se investigo el efecto del momento de la cosecha sobre
la composicion quimica y el potencial antioxidante del aceite esencial de hoja de Syzygium guineense, originario
del centro norte de Nigeria. Para lograr esto, se hidrodestilaron por separado hojas pulverizadas (500 g) de S.
guineense cosechadas en la mafana y en la tarde que produjeron 0.25 + 0.002% (p/p) y 0.27 + 0.003% (p/p) de
aceites esenciales. La caracterizacion de los aceites mediante GC-MS revel6 la presencia de veintidos y
veintitrés compuestos en los aceites de las cosechas de la manana y la tarde. Los compuestos mas abundantes
en los aceites fueron el B-bergamoteno (30.1 % y 27.3 %), D-limoneno (2.9 % y 5.6 %), B-ocimeno (4.2 % y
10.2 %), a-santaleno (7.4 %y 7.7 %), a-cedreno (8.6 % y 9.0 %), B-farneseno (9.1 %y 10.2 %) y calameneno
(7.1 % y 5.2 %). Se utilizo el ensayo de eliminacion radial DPPH para evaluar la actividad antioxidante de los
aceites con hidroxil tolueno butilado (BHT) como estandar. Los aceites exhibieron actividad antioxidante con
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IC50 de 41.92 pg/mL y 33.12 pg/mL para los aceites de las cosechas de la mafana y la tarde. Si bien los aceites
exhibieron una actividad antioxidante menor que el estdndar (IC50 de 28.63 pg/mL), los aceites podrian usarse
para mejorar el estrés oxidativo después de los ensayos clinicos.

Palabras clave: Syzygium guineense; antioxidante; a-bergamoteno; B-farneseno.

Introduction

Syzygium guineense (Willd.) DC. var. belongs to the family Myrtaceae. It is widely grown in the
forests and savannah regions of Africa [1]. The plant is commonly called “malmoo” by the Hausas, “sumsum”
by the Fulanis and “adere or igi-aro” by the Yorubas in Nigeria [2,3]. Traditionally, the fruit of the plant is used
to treat dysentery while the leaf decoction is used to cure stomach-ache, diarrhea, diabetes, ulcers, rheumatism,
malaria and inflammations. The bark is used for the treatment of hypertension [4,5]. The crude extracts from
the plant have been reported to possess antibacterial, antidiabetes, analgesic, anti-inflammatory,
antihypertensive, antioxidant and antimalarial activities [6-8]. Hence, justify its use in traditional medicine.
Reports on the phytochemical analysis of the plant extracts revealed the presence of flavonoids, tannins,
saponin, alkaloids and cardiac glycosides [9-11]. The phytochemicals detected in its various extracts, were
responsible for the reported biological and biochemical activities.

Previous work on the leaf essential oil of S. guineense from Natitingou, Peperkou, Tchaourou and
Terou locations in Republic of Benin revealed that the oils were of B-caryophyllene, cis-calamenen-10-ol,
viridiflorol and a-humullene chemotypes respectively. Other major constituents in the oils were humullene-1,2-
epoxide, epi-a-muurol, a-cadinol and caryophyllene oxide [9]. The leaf essential oil of the plant native to south-
western Nigeria was earlier characterized [12]. The oil was found to be of aromadendrene chemotype.
Germacrene D, fau- cadinol, caryophyllene oxide and a-cadinol were the other principal constituents in the oil.
The chemotypic variation of the oils is attributable to differences in environmental factors at various location
of the plant. The oil of the south-western Nigerian grown plant was reported to exhibit antioxidant activity. The
activity of the oil was linked to abundance of oxygenated terpenoids in the oil. The presence of these terpenoids
in an essential oil may vary with time of harvest of plant materials that bear the oil. It is on this basis that this
work investigated the effect of time of harvest on the chemical composition and antioxidant potential of
essential oils from leaves of S. guineense native to North central, Nigeria.

Experimental

Sample collection

Leaves of Syzygium giuneense (1500 g) were separately harvested in the morning (7.00 a.m.) and
afternoon (1.00 p.m.) at Oke Odo, Tanke, Ilorin-South LGA, Kwara State, Nigeria. The plant was identified by
Mr. Bolu at the Herbarium of Plant Biology Department, University of Ilorin, where voucher specimens were
deposited [UILH/002/0673].

Extraction of essential oil

Pulverized leaves (500 g) of S. guineense from morning and afternoon harvests were separately
hydrodistilled for 3 hours in a Clevenger setup based on British Pharmacopoeia specification [13]. The oils were
collected, preserved in a sealed sample tube, and stored under refrigeration at 4 °C until the analyses were carried out.

Gas Chromatography-Mass Spectrometry (GC/MS) analysis of the oils

An Agilent 190918 gas chromatograph coupled with a quadruple focusing mass spectrometer 433HP-5
mass detector was used. Helium was used as the carrier gas at a flow rate of 1.5 mL/min; all analyses were
performed at constant flow. The GC was fitted with a 30 m by 0.25 mm fused silica capillary column coated with
phenyl methyl siloxane at a split ratio 1:50. The film thickness was 0.25 pm. Oven temperature was initially kept
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at 100 °C for 5 min. and then 150 °C at a rate of 4 °C/min. for 8 min. and to 250 °C at a rate of 20 °C/min. Mass
detector conditions were as follows: Transfer line temperature at 300 °C, ionization mode electron impact at 70
eV. The percentage composition of the oil was computed in each case from GC peak areas.

Identification of constituents in the oils

The identification of the constituents in the oils was based on (i) comparison of their retention indices
(RI), calculated using a homologous series of n-alkanes (C7—Cso, Supelco Bellefonte, PA, USA) under identical
experimental conditions, co-injection with standards and compared with those data from Wiley 275 and NIST
08 libraries (ii) comparison of fragmentation pattern in the mass spectra of each constituent with those data
from Wiley 275 and NIST 08 libraries [14-17]. The relative quantity of each constituent was calculated based
on the peak area of the GC (FID response) without using a correction factor.

DPPH antioxidant assay of the oils

The antioxidant potential of the oils was measured in terms of its hydrogen-donating or radical
scavenging ability against DPPH, using the method reported by Ilhami [18]. In the method, 2,2-diphenyl-1-
picryl-hydrazil, DPPH, solution (1.5 ml of 10*M, in 95 % ethanol) (Meyer, Mexico) was separately mixed with
the oil (1.5) at various concentrations (12.5-200 pg/mL). Each of the mixtures was shaken thoroughly and
incubated in the dark for 30 minutes at ambient temperature. The control was prepared using the same procedure
without the oil. The absorbance of the solution was measured at 517 nm using UV-spectrophotometer. The
assay was carried out in triplicate and the results were expressed as mean values + standard deviation. The
concentration of the oil that gave 50 % inhibition (ICsy) was calculated from the graph of percentage inhibition
against the oil concentration. Butylatedhydroxy toluene (BHT) was used as standard. The percentage inhibitions
were calculated using the equation:

% Inhibition =A°;AT X 100

0

where A is the absorbance of the control sample (containing all reagents except the test compound) and Ar is
the absorbance of the test samples. Butylated hydroxytoluene (BHT, 1.0 mg/mL) (Sigma-Aldrich, Mexico) was
used as a positive control.

Statistical analysis

Tests were carried out in triplicates. The mean values were calculated from the three values. The data
for various biochemical parameters was expressed as mean = SD (n = 3) and compared using one way analysis
of variance (ANOVA) test, followed by Dunnett multiple comparison test with an equal sample size test. Values
were considered statistically significant at p < 0.05. The ICsy values were calculated by non-linear regression
analysis from the mean values. Statistics were done using SPSS for Windows version 10.

Results and discussion

Hydrodistilled leaves of S. guineense harvested in the morning and afternoon afforded essential oils in
the yields of 0.25 + 0.002 % (w/w) and 0.27 + 0.003 % (w/w) respectively. The yields were lower than the yield
from the leaves of the plants growing in South western Nigeria, but higher than the yields of oils from the leaves
of the plant harvested from four different locations in the Republic of Benin [12,19]. The variations in the oil
yields could be linked to differences in the number of secretory organs in the leaves of the plant at their
respective locations. Meanwhile, the afternoon harvest yielded more oil than the morning harvest. This is
attributable to environmental conditions that favoured the formation of more oil in the afternoon than in the
morning. The identities, retention indices and percentage composition of constituents of leaf essential oils of
the plant harvested in the morning and afternoon are presented in Table 1.
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% Composition
S/N Compound RI* RI® Mass spectra data
Morning Afternoon

1 2-Carene 1001 1001 1.4 - 150,121,93,67,53

2 B-Pinene 980 982 32 - 68,79,93,107,121

3 B-Ocimine 1050 1053 42 10.2 68,79,93,107,121

4 y-Terpinene 1062 1057 - 0.5 136,105,93,77,65
5 a-Terpinolene 1088 1089 - 1.4 27,53,93,121,136
6 Limonene 1031 1027 29 5.6 136, 107, 93, 68,53
7 a-Terpineol 1189 1189 0.7 1.2 43,59,81,93,107

8 Thymol 1290 1291 1.5 0.7 51,77,91,121,135
9 o-Santalene 1420 1422 7.4 7.7 41,69,94,121,161
10 a-Cubebene 1345 1351 0.5 0.4 105,119,161,189,204
11 a-Copaene 1378 1376 4.0 3.5 105,119,161,189,204
12 a-Cedrene 1409 1410 8.6 9.0 55,93,119,136,161
13 B-Santalene 1462 1462 1.3 1.0 41,69,94,107,148
14 a-Bergamotene 1436 1435 30.1 27.3 55,79,93, 119, 161
15 B-Farnesene 1458 1455 9.1 10.2 93,119,161,134,147
16 a-Muurolene 1499 1499 1.2 0.8 204,134,105,93,81
17 Muurola-3,5-diene 1450 1454 - 0.4 133,145,161,175,189
18 Calamenene 1521 1498 7.1 52 133,147,161,179,189
19 B-Bisabolene 1509 1513 1.5 - 69,79,93,109,119
20 Sesquieneole 1541 1541 1.3 1.3 139,140,161,176,189
21 5-Cadinene 1524 1524 2.8 2.4 119,134,161,189,204
22 Cadina-1,4-diene 1532 1532 2.1 2.8 91,105,119,161,204
23 B-Cadin-4-en-10-ol 1580 1581 1.6 0.6 135,149,161,179,189
24 Nerolidol 1564 1564 - 0.6 41,69,93,123,161
25 B-Bisabolol 1668 1662 29 2.8 69,82,93,111,119
26 a-Bisabolol 1683 1685 2.1 1.1 69,109,119,134,147

204




Article J. Mex. Chem. Soc. 2024, 68(2)
Regular Issue

©2024, Sociedad Quimica de México

ISSN-¢ 2594-0317

% Monoterpenoids 13.9 196
% Hydrocarbon
Sesqquiterpenoids 77.0 72.0
% Oxygenated
Sesquiterpenoids 6.6 51
Total (%) 97.5 96.7

Compounds are listed in order of elution from fused silica capillary column coated on CP-Sil 5; RI* = Literature
Retention Indices, RI® = Calculated Retention Indices; Bolded name = Chemotype

In the Table, twenty-two and twenty-three compounds that constituted 97.1 % and 96.7 % of the oils
from morning and afternoon harvests were identified from their mass spectra. The percentage composition of
monoterpenoids in the oils from morning and afternoon harvests were 13.9 % and 19.6 %. Sesquiterpenoids
constituted 91.6 % and 76.8 % of the oils from morning and afternoon harvests respectively. The major
constituents of the oils were; B-ocimene (4.2 % and 10.2 %), D-limonene (2.9 % and 5.6 %), a-santalene (7.4 %
and 7.7 %), a-copaene (4.0 % and 3.5 %), a-cedrene (8.6 % and 9.0% ), a-bergamotene (30.1 % and 27.3 %),
B-farnesene (9.1 % and 10.2 %), calamenene (7.1 % and 5.2 %), 6-cadinene (2.8 % and 2.4 %), cadina-1,4-
diene (2.1 % and 2.8 %), a-bisabolol (2.9 % and 2.8 %) and B-bisabolol (2.1 % and 1.1 %). Other principal
constituents in the oil from morning harvest were B-pinene (3.2 %) and B-ocimene (4.2 %). Terpenoids that
were detected in significant quantities in the oils from the two harvests were a-terpineole (0.7 % and 1.2 %),
thymol (1.7 % and 0.7 %), B-santalene (1.3 % and 1.0 %), a-muurolene (1.2 % and 0.8 %), and -cadin-4-en-
10-0l (1.6 % and 0.6 %). Sesquieneole constituted 1.3% of each of the oils. 2-Carene (1.4 %) and B-bisabolene
(1.5 %) that were present in appreciable amounts in the oil from morning harvest were not detected in the oil
from afternoon harvest. Meanwhile, the oil from the afternoon harvest contained appreciable quantities of y-
terpinene (0.5%), a-terpinolene (1.4 %) and nerolidol (0.6 %) but the compounds were not found in the oil of
the morning harvest. a-Cubebene (0.5 % and 0.4 %) was detected as a minor constituent in the oils. Irrespective
of time of harvest of the leaves, a-bergamotene was the most prominent compound in the oils. This revealed
that the oils were of a-bergamotene chemotypes. Aromadendrene and a-hunmullene chemotypes were earlier
reported for the leaf essential oils of the plant native to Republic of Benin and south-western Nigeria [12,19].
The chemotypic differences in the oils could be attributed to differences in climatic conditions of the three
geographical regions.

It has been found that the synthases of the most abundant mono- and sesquiterpenoids in an essential
oil usually facilitate the biosynthesis of all terpenoids in plants [20-22]. The activities of the synthases are
influenced by environmental factors that subsequently determine the quantity and the type of compounds in the
oil. The predominance of B-ocimene and a-bergamotene in the oils of morning and afternoon harvests implied
that their synthases facilitated the transformation of their precursors, (geranyl, neryl and farnesyl
pyrophosphates) to all mono- and sesquiterpenoids in the oils. B-Ocimene synthase aided the formation of 2-
carene [6] and B-pinene [9] in the oil of morning harvest but the environmental conditions did not favour the
activity of the synthase to facilitate the biosynthesis of the compounds in the oil from afternoon harvest.
Meanwhiile, the environmental conditions that favour the formation of y-terpinene [11] and a-terpinolene [14]
that constituted the oil from afternoon harvest did not favour their formation in the oil of the morning harvest.
The a-bergamotene synthase facilitated the formation of B-bisabolene [21] in the oil of the morning harvest but
the environmental condition was not conducive for its activity to mediate the formation of the compound in the
oil from afternoon harvest. In contrast, the environmental condition was conducive for the activity of the
synthase to aid the biosynthesis of muurola-3,5-diene and nerolidol in the oil of the afternoon harvest but did
not favour their formation in the oil of the morning harvest.

B-Ocimene synthase catalyzed the biosynthesis of B-ocimene [16], limonene [7[, a-terpineol [5] and
thymol [13] in the oils. However, the compounds were of greater quantities in the oil of the afternoon harvest
than that of the morning harvest except thymol. Similarly, both oils contained a-santalene, a-cubebene, o-
copaene [25], a-cedrene [37], P-santalene, a-bergamotene [35], B-farnesene [32], a-muurolene [39],
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calamenene [41], a-sesquieneole, d-cadinene [26], cadina-1,4-diene, f-Cadin-4-en-10-ol, a-bisabolol [28] and
B-bisabolol [29]. Their formations in the oils were aided by a-bergamotene synthase. Meanwhile, a-cubebene
[33], a-copaene [25], a-bergamotene [35], B-santalene, o-muurolene [39], calamenene [41], d-cadinene [26], B-
cadin-4-en-10-0l [27], a-bisabolol [28] and B-bisabolol [29] were of higher quantities in the oil of morning
harvest than the oil of afternoon harvest. On the contrary, the oil from afternoon harvest was richer in o-
santalene, a-cedrene [38], B-farnesene [32] and cadina-1,4-diene [30] than the oil from morning harvest. The
lower quantity of some compounds in the oils could be attributed to subjection of their reactive intermediates
to premature termination [23]. The mechanisms of biogenesis of some of the mono- and sesquiterpenoids in the
essential oils from both during their formation harvests are presented in Reaction Schemes 1 and 2.

The DPPH radical scavenging of essential oils from leaves of S. guineense harvested in the morning

and afternoon is shown in Fig. 1.
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Fig. 1. DPPH Radical Scavenging Activity of Essential Oils from Leaves of S. guineense Harvested in the
Morning (7.00 a.m.) and Afternoon (1.00 p.m.).

The figure revealed that the antioxidant activity of the oils was concentration dependent. The oils
scavenged DPPH radical with ICsy of 41.92 ug/mL and 33.12 pl/ml for the oils from morning and afternoon
harvests respectively. The oils were less active when compared to the activity of butylated hydroxytoluene,
BHT, (ICso = 28.63 pg/mL) that was used as standard. Irrespective of the time of harvest, the oils showed better
antioxidant activity than the oil from the leaves of the plant earlier reported from the northern part of Nigeria
(12). Interestingly, the oil from afternoon harvest showed higher activity than the oil from morning harvest. The
oil was richer in a-terpineol and limonene and also contained y-terpinene, a-terpinolene and nerolidol which
were not found in the oil from morning harvest. It has been established that essential oils containing greater
amounts of oxygenated compounds usually possess higher antioxidant activity [24,25]. For instance, the DPPH
radical scavenging activity of leaf essential oils of Ocimum basilicum and Scutia buxifolia was linked to the
predominant of linalool, carvacrol, 1,8-cineole and spathulenol in the oils [26,27]. The oils also contained
terpinolene and y-terpinene which were separately reported to show stronger DPPH radical-scavenging activity
than trolox which was used as a reference. The DPPH radical scavenging activity of limonene and a-terpineol
has also been documented [28,29]. Thus, the stronger DPPH radical scavenging activity of the oil from
afternoon harvest could be attributed to the presence and higher quantities of the listed compounds above as
compared to the oil from morning harvest.

Conclusions

The yields of essential oils obtained from S. guineense harvested in the morning and afternoon differ
significantly. More oil was obtained from the afternoon harvest which was linked to a higher number of
secretary cells in the afternoon than in the morning. The phytochemical profile of the oils also varied with times
of harvest which sample harvested in the subsequently affected plant harvested in their antioxidant activity.
Irrespective of the time of harvest of the leaves, the oils scavenged DPPH radicals with the oil from afternoon
harvest showing greater antioxidant activity. Hence, the oils could be used as alternative antioxidants to
ameliorate oxidative stress after clinical trials.
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Abstract. Aliskiren (Alk) is a highly selective competitive inhibitor of renin used for the treatment of hypertension
and related cardiovascular diseases. With the aim of improving its biological properties by the strategy of the
induction of favorable conformational changes, we designed a metal-based drug. In this work we report the
synthesis of a solid copper(II) complex with aliskiren, CuAlk, and its characterization in solution and solid-state.
Moreover, and based on the association of hypertension with elevated levels of reactive oxygen species (ROS),
the antioxidant properties of CuAlk were studied measuring the activities against 2,2-diphenyl-1-picrilhidrazil
(DPPH?®), hydroxyl (OH*®) and peroxyl (ROO®) radicals, in addition to its superoxide dismutase (SOD) simil
activity. Both the ligand and the complex were able to scavenge hydroxyl radicals, but upon complexation, the
SOD mimetic activity of the ligand is enhanced.

Keywords: N-ligands, copper, antioxidants, EPR, superoxide dismutase.

Resumen. El Aliskiren (Alk) es un inhibidor por competencia altamente selectivo de la renina que se utiliza en el
tratamiento de la hipertension y enfermedades cardiovasculares relacionadas. Se disefio un metalofarmaco con la
idea de mejorar las propiedades biologicas mediante la induccion de cambios conformacionales favorables. En
este trabajo se reporta la sintesis de un complejo soélido de cobre(Il) con aliskiren, CuAlk, junto con su
caracterizacion en fase sélida y en solucion. Ademas, de acuerdo con la relacion que existe entre la hipertension y
los niveles elevados de especies reactivas de oxigeno (ROS), se estudian las propiedades antioxidantes del CuAlk
frente a los radicales 2,2-difenil-1-picrilhidracilo (DPPH®), hidroxilo (OH®) y peroxilo (ROO?®), ademas de la
actividad superoxido dismutasa simil (SOD). Tanto el ligando, como el complejo fueron capaces de secuestrar
radicales hidroxilos, pero, luego de la complejacion, se mejoro la actividad SOD simil del ligando.

Palabras clave: N-ligandos, cobre, antioxidantes, EPR, superdxido dismutasa.

Introduction

Aliskiren (Alk) was the first reported compound in a novel class of renin inhibitors with the potential
for treatment of hypertension and related cardiovascular diseases [1]. Being a highly selective competitive
inhibitor of renin, it is able to block effectively the conversion of angiotensinogen to angiotensin I, as well as
the later production of angiotensin II (Ang IT). When Ang Il levels are inhibited, the feedback loop is suppressed,
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resulting in further reduction in plasma renin concentrations [2]. The drug is commercially available as aliskiren
hemifumarate (Fig. 1).

H,Nw_° \o
( / OH |
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NH,
Fig. 1. Aliskiren hemifumarate (commercial drug).

In addition, it has been shown that Alk has a protective role against cisplatin induced nephrotoxicity
in rats [3] and this could be associated to its antioxidant activity. It has been reported that Alk can decrease the
Reactive Oxygen Species (ROS) produced by the Renin Angiotensin Aldosterone System (RAAS) at doses
independent of decreasing blood pressure [4].

Copper(Il) plays a critical role in the antioxidant defense of organisms, particularly in Cu/Zn-SOD,
and in cardiovascular disease, as the heart and blood vessels are particularly susceptible to Cu deficiency [5].
Due to this, numerous copper(Il) complexes with antihypertensive drugs, including f-blockers, vasodilators,
ACE inhibitors, diuretics [6], and sartans, have been synthesized, some of which have improved the efficacy of
the parent drug [7]. The action of these complexes is based on the ability of metal-based drugs to enhance the
pharmacological effects of the original drug through various mechanisms, such as acting as a prodrug,
improving targeting strategies, enhancing the lipophilic nature [8], and other mechanisms [9].

Taking this into account, we propose in this study to investigate a coordination complex containing
copper(Il) and Alk. In a first step, the aliskiren base (Alk base) was isolated from the hemifumarate anion. Then,
a copper complex (CuAlk) was synthesized and characterized in both solid and solution states. This is, to our
knowledge, the first metal coordination complex reported with Alk.

With the aim of studying how the in vitro antioxidant activity of the ligand is affected by complexation,
we have performed several experiments that can be divided in three general groups: i) those based on the
scavenging activity of a previously generated radical, such as 2,2-diphenyl-1-picrilhidrazil (DPPH®) or hydroxyl
(OH") radicals; ii) assays based in the mimetic activity of an antioxidant enzyme, like superoxidedismutase
(SOD), in which the capacity of a compound to favor the dismutation of the generated superoxide radical is
studied; iii) The third group involves the competitive methods, which use a reference compound as a probe, like
the present method for the scavenge of the peroxyl (ROO®) radical, that follows the decay in the absorbance of
pyranine (probe) by UV-vis spectrometry. To sum up, herein we report the synthesis and characterization of a
copper(Il) complex with Alk and the measurement of its antioxidant activity against different radicals.

Experimental

General section

All chemicals were used without further purification. Copper(Il) nitrate hexahydrate was purchased
from Biopack, and pure commercial samples of aliskiren hemifumarate (Jinlan Pharm-Drugs Technology Co.,
Ltd (China)). Elemental analysis for carbon, nitrogen and hydrogen were performed using a Carlo Erba EA
1108 analyzer. FTIR spectra of powdered samples (as pressed KBr pellets) were measured with an Equinox 55
FTIR-spectrophotometer from 4000 to 400 cm™'. Thermogravimetric analysis (TGA) and differential thermal
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analysis (DTA) were performed on a Shimadzu system (model TG-50 and DTA-50 respectively) working in an
oxygen flow (50 mL min™) at a heating rate of 10 °C min"!. Sample quantities ranged from 5 to 10 mg. AL,Os
was used as a differential thermal analysis standard. UV-vis in solution and diffuse reflectance spectra were
collected from 185 to 900 nm with a spectrophotometer Shimadzu UV-vis 2600, equipped with halogen and
deuterium lamps. For diffuse reflectance measurements MgO was used as an internal standard. A X-band EPR
spectrometer (Bruker Elexsys ESO0T-A) was used to record the electron paramagnetic resonance (EPR) spectra
of the complexes at room temperature and 120 K (with liquid air) in solid state and at room temperature in
ethanolic solution. A computer simulation of the EPR spectra was performed using the program Easyspin 5.2.28
in Matlab 2014. NMR experiments were carried out using NMR tubes adapted with J-Young valves. NMR
spectra were recorded on a Bruker 400 MHz spectrometer. NMR chemical shifts are reported in ppm with de-
DMSO as internal reference. MS experiments were performed on an LTQ Orbitrap FTMS instrument (LTQ
Orbitrap Elite FTMS, Thermo Scientific, Bremen, Germany) operated in positive mode, coupled with a robotic
chip-based nano-ESI source (TriVersa Nanomate, Advion Biosciences, Ithaca, NY, U.S.A.). A standard data
acquisition and instrument control system were utilized (Thermo Scientific), while the ion source was controlled
by Chipsoft 8.3.1 software (Advion BioScience). Samples were loaded onto a 96-well plate (Eppendorf,
Hamburg, Germany) with an injection volume of 5 pL. The experimental conditions for the ionization voltage
were +1.4 kV, and the gas pressure was set at 0.30 psi. The temperature of the ion transfer capillary was 120 °C.
FTMS spectra were obtained in the 80-1000 m/z range in the reduced profile mode, with a resolution set to
120,000. In all spectra, one microscan was acquired with a maximum injection time value of 1000 ms.

Aliskiren free base

0.25 g of the aliskiren hemifumarate (0.4 mmol) were dissolved in 15 mL H,O and 1.5 mL NH4OH
were added, obtaining a cloudy suspension. The free base (C3Hs3N30s) was obtained by two subsequent
extractions with ethyl acetate (7.0 mL each). The organic phase was washed with 5 mL of distilled water and
then all the volatiles were removed using a rotavapor, obtaining a colorless gel. A colorless solid can be
collected by cooling the gel formed in the previous step. (0.167 g, 67 % yield). The absence of the fumarate
bands [10] at 1565 cm™ (vas coo.) and 1635 cm™ (vs coo.) in the FTIR spectrum confirms its separation of the
aliskiren base (Fig. S1). UV (EtOH) Amax (log €) 227 (3.998) nm (shoulder); 280 (3.468) nm; IR (KBr) vmax
3408, 3355, 2958, 2931, 2873, 1663, 1650, 1608, 1591, 1515, 1469, 1443, 1425, 1386, 1369, 1260 1236, 1191,
1161, 1138, 1122, 1052, 1028, 807, 767, 607, 552, 435 cm™'; '"H NMR ((CD3),SO, 400 MHz) § 6.84 (1H, t),
6.54 (1H, s), 6.09 (2H, d), 6.0 (1H, s), 5.95 (1H, d), 2.96 (4H, s), 2.74 (3H, t), 2.50 (3H, s), 1.81 (3H, s), 1.70
(1H, m), 1.62 (2H, m), 1.40 (1H, t), 1.20 (2H, t), 0.90 (4H, m), 0.56 (1H, t), 0.43 (2H, m), 0.32 (6H, s), 0.10
(6H, 1), 0.03 (6H, t); *C NMR ((CD3),S0O, 100 MHz) § 166.60, 151.3,113.8, 111.7, 71.4, 68.4, 65.1, 57.7, 55.3,
49.4,46.2,42.4,33.3,32.9,30.1, 28.6, 23.1, 20.5, 19.8, 19.4, 16.9.

[Cu(AlK)2(H20):](NO3): (CuAlk)

An ethanolic solution of Cu(NOs3), (2 mmol, 2mL) was added dropwise to an ethanolic aliskiren base
solution (1 mmol, 5 mL). This excess of copper(Il) was added to favour the formation of the complex. Afterwards,
the pH was adjusted to 12 with 1 M NaOH, leading to the precipitation of the excess of Cu(Il) as a light blue solid
(Cu(OH),, confirmed by FTIR spectroscopy) and the formation of a purple solution. After removing the solid by
filtration, the purple solution was acidified with HNOs (0.1 mol/L) until pH 7 were the colour changes to blue.
Then, the solution was slowly evaporated until I mL and afterwards, 3 mL of water were added, after an oily solid
was obtained. The blue solid was separated from the solution and dried in oven at 60 °C (0.87 g, 70 % yield).
Amorphous powder: UV-vis (EtOH) Amax (log €) 644 (1.504) nm; Diffuse reflectance Amax 646 nm (Fig. S2), IR
(KBr) vimax 3431, 3335, 2959, 2832, 2873, 1665, 1658, 1650, 1608, 1591, 1515, 1468, 1443, 1425, 1384, 1260,
1235,1191, 1161, 1138, 1121, 1052, 1029, 807, 768, 631 cm™'; 'H NMR ((CD3).SO, 400 MHz) 5 6.80, 6.60, 3.90,
3.72,3.44,3.24,2.50, 1.90, 1.02, 0.80 (very broad peaks); *C NMR ((CD;),SO, 100 MHz) § 147.0, 146.4, 111.2,
67.8, 64.7, 57.1, 54.8, 28.3; FTMS m/z (rel. int.) 1165.7 [M*, CuAlk,*](26.1), 1164.7 [M H-1%] (37.5), 1166.7
[MH"] (25.0), 1842.0 (2.3), 1841 (1.7), 1718 (4.9), 1717.1 (5.4), 1716.1 (5.0), 1286 (1.0), 1188.7 (2.2), 676.2 (1.3)
(Fig. S3 and S4); Anal. C 54.2 %, H 8.4%, N 8.3 %, calc. for CuCgH;10NsO2 (Mw 1325.5 g/mol), C 54.3 %, H
8.2 %, N 8.4 %; Thermogravimetric analysis (TGA) range 50-100 °C (Calc. loss: 2.1 %, Exp. loss: 1.7 %, two
labile water molecules per copper atom) with a broad endothermic peak, around 100 °C, DTA, At 800 °C the
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weight loss (94.0 %, calc.; 94.1 %, exp.) represents the formation of CuO that was characterized by FTIR
spectroscopy. No suitable crystals for X-ray structural determinations were obtained.

Spectrophotometric titration

Prior to determining the stoichiometry of the complex (CuAlk) in solution, it was necessary to remove
fumarate anion from Alk hemifumarate. To accomplish this, 0.1218 g of Alk hemifumarate (0.1 mmol fumarate,
0.2 mmol Alk) were dissolved in 10 ml of 96 % ethanol. Next, 0.0242 g of Cu(NO3),.3H,0 (0.1 mmol) were
added to the solution. The resulting mixture formed a light blue solid (copper fumarate by FTIR), which was
then filtered and washed three times with 96 % ethanol. The remaining ethanolic solution and the washed
solution (Alk base) were transferred quantitatively to a graduated flask and made up to 25 mL (8 mM).
Subsequently, the molar ratio method was applied by adding varying quantities of ethanolic solution of
Cu(NO3)2.3H20 (0.01 M) in a ligand-to-metal ratio ranging from 10 to 0.7. pH values were adjusted to 7.5 using
0.1 M NaOH solution in 96 % ethanol (Fig. S5).

Antioxidant properties

In these experiments the compounds were dissolved in the minimum quantity of ethanol (EtOH) to
avoid their precipitation and were then added to the aqueous buffer and substrate solutions. The basal
measurements were performed using the same proportion of EtOH. The final concentration of EtOH in each
test achieved a maximum of 2 % in the final reaction mixtures. Due to the required conditions for each study,
the maximum concentration tested for each compound can differ among experiments.

Scavenging of the hydroxyl radical (OH")

Hydroxyl radicals were generated by the ascorbate—iron—H»O, system. The reaction mixture was
prepared by the addition of all the reagents up to the following concentrations: 3.75 mM 2-deoxyribose, 2.0
mM H,0,, 0.1 mM Fe**-EDTA and the test compound in 20 mM KH,POs~KOH buffer (pH 7.4). The reaction
was initiated by the addition of 0.1 mM of sodium ascorbate, followed by incubation (heating and shaking at
37 °C for 30 min). The extent of deoxyribose degradation was measured by the thiobarbituric acid method
[11,12]. The solutions of FeCls, ascorbate, and H,O, were prepared in distilled water immediately before use.

Scavenging of the 1,1-diphenyl-2-picrylhydrazyl radical (DPPH")

A methanolic solution of DPPH® was added to the compound solutions (final concentration of each
compound 50, 100, 250 and 500 uM) dissolved in 0.1 M tris(hydroxymethyl)aminomethane-HCl buffer (pH
7.1) at 25 °C. The absorbance at 517 nm was measured after 60 min of the initiation of the reaction in the dark
and compared with the absorbance of the control (Fig. S6).

Inhibition of the peroxyl radical (ROO")

The decrease in pyranine (probe) intensity at 454 nm was followed by UV-vis spectrophotometry.
Peroxyl radicals were generated by the thermal decomposition of AAPH (2,2-azobis(2-amidinopropane)
dihydrochloride) [13], which can generate free radicals at a steady rate for extended periods of time (half-life
of 175 h). Reaction mixtures of 3.0 mL contained 50 mM of AAPH, 0.05 mM of pyranine and different
concentrations in the range 0.1-0.5 mM of the compounds to be studied. The absorbance spectra were measured
with a thermostated cell at 37 °C. The delay of pyranine consumption (lag phase) was calculated as the time
before the consumption of pyranine started (Fig. S7).

Superoxide dismutase assay

The superoxide dismutase (SOD) activity was examined indirectly using the nitroblue tetrazolium
(NBT) assay. The ability of the compounds to inhibit the reduction of NBT by the superoxide anion generated
by the phenazine methosulfate (PMS) and reduced nicotinamide adenine dinucleotide (NADH) system was
determined. The system contained 0.5 mL of the sample, 0.5 mL of 1.40 mM NADH, and 0.5 mL of 300 uM
NBT, in 0.1 M KH,PO4-NaOH buffer (pH 7.4). After incubation at 25 °C for 15 min, the reaction was started
by the addition of 0.5 mL of 120 uM PMS [14]. Then, the reaction mixture was incubated for 5 min, and the
absorbance of the band at 560 nm was measured. Each experiment was performed in triplicate and at least three
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independent experiments were performed in each case. The SOD activity is expressed as the concentration of
the tested compounds that produces the 50 % inhibition of the NBT reduction by superoxide produced in the
system (ICso values) and was evaluated from the absorbance decrease at 560 nm in comparison with the blank
(the reaction mixture without the addition of the different compounds) (Fig. S8).

Results and discussion

Characterization of the structure of the complex

CuAlk was characterized by FTMS, FTIR, EPR, NMR and diffuse reflectance spectroscopies. The
room temperature EPR spectra (Fig. 2) of solid-state showed an elongated octahedral geometry, g, > g1, dx?-y?
ground state. The g values of g, = 2.221; g1 = 2.052 and A, = 196 x 10*cm™!; AL =23 x 10® cm™! are in
agreement with a coordination environment of two nitrogen and two oxygen atoms in the equatorial plane,
CuN,0; [15-17]. Values of G = (g/- 2) / (g1 - 2) = 4.25 (higher than 4) show that no significant magnetic
exchange is present. Furthermore, low-temperature EPR measurement at 120 K has been performed but no
super hyperfine coupling constant for nitrogen has been observed (Fig. S9). In addition, the diffuse reflectance
spectrum (Fig. S2) showed a very broad band at 646 nm, consistent with a tetragonal distortion (Jahn-Teller
effect) where more than one d-d transition is allowed [17,18], as was also suggested by EPR spectroscopy.

a .
- N / ™
&
ind
‘@ -
c
2
£
|A”=196x10'i \ |
g,=2221 !
solution (EIOH)I I“ ,"
— solid ¥
- - - - calculated h
T T T T T
25 2.4 23 2.2 21 2.0 1.9
g value

Fig. 2. Experimental (solid lines) and calculated (dotted lines) room temperature Band-X EPR of CuAlk. Solid complex
in black and ethanolic solution (0.025M) in gray. Calculated values of g, and A are also shown in the Figure.

Alk molecule (Fig. 1) contains a primary aliphatic amine, a hydroxyl group, and primary and secondary
amide groups. Although there have been reports of copper complexes with deprotonated amide groups at neutral
pH [19,20], Alk also possesses an amine and hydroxyl groups with higher basicity (the amine group in the free
base exhibits a pKa value of 9.49 [1]). Consequently, we propose that the interaction between Alk and Cu(II)
occurs through its aliphatic amine and hydroxyl groups. Therefore, only small changes are expected in FTIR
spectrum of Alk, according to a previous report by Aydogmus et al. [21], since several absorption bands for
stretching of O-H and N-H bonds are in the same region, and only a few of them are modified by metal
complexation. However, clearer changes have been observed in the EPR and NMR spectra. The FTIR spectral
changes are shown in Fig. S1 and listed in Table 1. In the 3500-3000 cm™! region, only a change in the pattern
of the broad band is observed due to the modification of the stretching frequencies of O-H and N-H (amine)
involved in the coordination and the presence of coordinated water molecules in the metal complex. In the
1700-1600 cm™ region, no changes in amide band [22] have been observed. The sharp band in 1384 cm™! in
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CuAlKk is assigned to an ionic nitrate (non-coordinated) stretching mode [23]. The decrease of intensity of the
band at 1138 cm’!, assigned to the deformation N-H and rocking NH, modes [24], and the increase of intensity
of the band due to the C-N stretching plus NH, torsion in 1050 cm’!, present as a small shoulder next to the
strong band in 1095 cm™ are the main changes observed due to coordination of Alk to Cu(Il).

Table 1. Tentative assignment of the main bands observed in FTIR spectra. Values are expressed in cm™.

Assignment Alk base CuAlk
v N-H (amine and amide) + 3355 (br,s) 3335 (br, s)
v O-H (Alk) + v O-H (water) 3408 (br) 3431 (br)
1663 (vs) 1665 (vs) 1658 (s)
_ . i 1650 (sh) 1650 (sh)
v C=0 (amide) + & (N-H) 1608 (sh) 1608 (sh)
1591 (sh) 1591 (sh)
v N-O (nitrate) - 1384 (vs)
8 (N-H) +y NH; 1138 (m) 1138 (m/w)
v C-N aliphatic amine + © NH» 1052 (sh, w) 1052 (m)

Abbreviations: vs: very strong, s: strong, br: broad, sh: shoulder, m: medium, w: weak.

The measured '"H NMR and '*C NMR spectra of the free ligand, Alk, are in agreement with the reported
values (Fig. S10 and S11) [25]. On the other hand, the 'H NMR spectrum of a solution of CuAlk in ds-DMSO
showed broad resonances, as expected for the coordination to a paramagnetic Cu(Il) center. The *C NMR
spectrum suggests the coordination to the Cu(Il) center, which may result in a reduced number of resonances
and a broader range of chemical shifts.

Even though it is difficult to establish differences between the vibrational modes of the three N-
containing groups, the tentative assignment presented here is supported by the higher basicity of a primary
amine in comparison with primary and secondary amides [21], and the formation of a S-member ring with
Cu(Il), and the EPR, NMR and FTMS spectral information. Based on these findings, we propose that CuAlk
has a structure in which a Cu(II) center is tetragonally coordinated by two nitrogen and two oxygen atoms from
the ligand in the equatorial plane (Fig. 3).

(NO,),

Fig. 3. Proposed structure for CuAlk complex.
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The stability of CuAlk in ethanolic solution was determined using UV-vis spectroscopy. The observed
UV-vis transition with a maximum at A=644 nm and an &= 31.9 M"! cm™! corresponds to d-d transitions, and
therefore metal-centered, no band for Alk base has been observed in this region. No changes were observed up
to 2 h, and the spectral patterns observed were similar to those of the blue solid obtained by diffuse reflectance
spectroscopy (Fig. S2). Hence, we propose that the structure of the solid was retained upon dissolution and the
complex remained stable at least during 2 h. Furthermore, a spectrophotometric titration of Alk:Cu (Fig. S5)
was conducted using various ligand-to-metal molar ratios in ethanolic solutions ranging from L:M 10 to 0.7 at
pH 7.5. The results indicated a final stoichiometry of 2:1 (L:M), which is consistent with the structural
determination of the solid complex. The recorded FTMS spectrum in EtOH solution shows a complex with two
ligands per Cu center as the most abundant species in the solution, indicating also, that the stoichiometry of the
complex is retained in solution. The spectrum also shows the presence of different fragments, such as the free
ligand and other Cu:L complexes with lower intensities (Fig. S3 and S4).

Antioxidant activities

The antioxidant properties of the free ligand and CuAlk were studied by different techniques: the
scavenging power of the DPPH?, the scavenging of OH® radical, the inhibition of the production of peroxyl radical
(ROQO?, lag phase) and the ability of mimic the SOD activity according to previously reported methods [26].

Neither Alk or CuAlk have shown significant scavenging activities on DPPH® or on ROO® radicals at
concentrations up to 500 uM (Figs. S6, S7). Even though Cu(Il) did not show any scavenging activity on OH*
radical in the range of concentrations studied, Alk and CuAlk exhibited a significant scavenging activity of this
radical (Fig. 4). The statistical analysis of the data shows no difference between them, with an inhibition close
to 40 % at the maximum concentration tested (100 pM).

100 - o * " B (B cCuAk
[
i - I cu(l)
80 * "
*
60 -
40 4
20 4
0 — ‘ . : .
0 20 40 60

80 100

% Basal

Conc (uM)

Fig. 4. Scavenging of hydroxyl radical (OH®) for CuAlk (black), Alk (red) and copper(Il) salt (blue). *
Significant values in comparison with the control (p < 0.05).

For CuAlk, the measured SOD activity (ICso = 0.69 uM) (Table 2) is significantly lower than the
corresponding value obtained for the metallic cation and comparable to the activity reported for the bovine
enzyme (ICso=0.21 pM) [26]. Alk base has not shown significant activity since at the maximum concentration
tested (100 M), an inhibition of only the 65 % of the NBT reduction was observed. In general terms, at neutral
pH the value of the rate constant for the second order spontaneous dismutation of the native enzyme is about 2
x 107 M s7! [27]. From the obtained 1Csp values, we have compared the activities from the calculation of
the kmccr (McCord-Fridovich) constant that standardizes the values and is independent of both detector
concentration and nature [28]. The constant is calculated from the equation: Kyecr = Kdetector' [detector]/ICs,
where knpr (pH = 7.8) = 5.94 x 10* mol"' L s! and [detector]= NBT concentration in the mixture. Again, a SOD
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mimetic value in the order of the value of the native enzyme was obtained for the complex. Based on these
results, it is possible to conclude that the complexation of Cu(Il) by Alk enhanced considerably its SOD mimetic
behaviour. Just a few reported complexes exhibited such an enhancement in the SOD mimetic activity [29].

Table 2. ICs values and kinetic constants of CuAlk, Cu(II) salt and bovine erythrocyte superoxide dismutase.

ICso (uM) Kniccr (mol 'L s1)
Cu(Il) 3.20° 1.3x10°
Alk 100° ND¢
CuAlk 0.69 6.4x10°
SOD 0.212 2.1x107

2according to [26], ® corresponds to 65 % inhibition, °not determined

It was suggested that the SOD mimicking ability depends on the coordination geometry around the
metal center and the ligand system used, which affects its redox potentials [29]. For example, in copper(II)
complexes with peptides and amide groups, a higher SOD-like activity is observed when the complex has a
specific nitrogen donor set forming the metal binding site, and the Cu(II) center is weakly coordinated to solvent
molecules in the axial position [30]. In this case, the improvement of CuAlk in comparison to Alk, could be
due to the complexation of copper(II) with N and O donor atoms, according to the previous suggestions.

Conclusions

In this work, a new copper(Il) complex [Cu(Alk)2(H20):]J(NOs)2, CuAlk was synthesized by the
addition of cupric nitrate to an ethanolic solution of aliskiren. In this new compund, the renin inhibitor aliskiren
is acting as a bidentate ligand. The complex is stable in solution at physiological pH value. Neither the complex,
nor the ligand were able to scavenge the DPPH* and ROO* radicals. On the other hand, both compounds have
shown activity against OH® radical. Furthermore, the complexation of Cu(Il) with aliskiren has shown an
increase in the SOD mimetic activity, considerably improving the antioxidant properties of the metal center.
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Abstract. Sickle cell disease is an inherited blood disorder indicative of red blood cells becoming sickle-shaped. The
study investigated the in vitro anti-sickling potentials of the seed oil of M. flagellipes. The phytochemistry (fatty acids,
vitamins, and minerals) was also determined using standard protocols. Finally, nutritional calculations on the oil were
performed to determine its suitability for nutritional purposes. The result showed high zinc content (780 + 2.50 pg/
100 mg), while low iron content was observed (170 £ 1.30 pg/ 100 mg). Vitamin analysis showed the presence of
vitamins A, E and K with values of 220 = 1.60, 370 + 2.20, and 197 + 0.23 ng/100 mg respectively. The fatty acid
profile revealed oleic (31.87 %) and linoleic (18.30 %) fatty acids as the major unsaturated fat in the oil, while palmitic
fatty acid (5.91 %) was the major saturated fatty acid. Nutritional calculations showed high PUFA/SFA (2.07),
MUFA/SFA (3.62), and UI (68.47). However, the index of thrombogenicity (0.07) and atherogenicity (0.11) was low
in the seed oil. Finally, the in vifro anti-sickling potentials of the seed oil showed the oil inhibited and reversed sickling
in a dose-dependent manner. Hbs polymerization was also inhibited and Fe?*/Fe* was upregulated following treatment
with the seed oil. Collectively, the oil showed good anti-sickling potentials, which can be labelled to the presence of
zinc, vitamins and unsaturated fat. The nutritional calculations suggest that the seed oil is cardio-friendly and does not
pose any nutritional threat.

Keywords: Anti-sickling, M. flagellipes, zinc, vitamins, unsaturated fats, polymerization.

Resumen. La anemia falciforme es un trastorno hereditario de la sangre que indica que los globulos rojos adquieren
forma de hoz. Este estudio investig6 los potenciales de evitar la malformacion de células falciformes (anti-sickling)
in vitro por el aceite de la semilla de Macuna. flagellipes. La fitoquimica (4cidos grasos, vitaminas y minerales) se
determind utilizando protocolos estandar. Finalmente, se realizaron calculos nutricionales del aceite para determinar
su idoneidad para fines nutricionales. El resultado mostr6 alto contenido de zinc (780 2,50 pg/100mg), mientras que
se observod bajo contenido de hierro (170 1,30 ug/100mg). El anélisis vitaminico mostrd presencia de vitamina A, E y
K con valores de 220 + 1.60, 370 = 2.20 y 197 + 0.23 pg/100 mg, respectivamente. El perfil de acidos grasos reveld
acidos oleicos (31.87 %) y linoleico (18.30 %) como las principales grasas insaturadas del aceite, mientras que el
acido palmitico (5.91 %) fue el principal acido graso saturado. Los calculos nutricionales mostraron un alto
PUFA/SFA (2.07), MUFA/SFA (3.62), UI (68.47). Sin embargo, ¢l indice de trombogenicidad (0.07) y aterogénesis
(0.11) fue bajo en el aceite de semilla. Por tltimo, los potenciales para evitar la malformacion de células falciformes
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in vitro por aceite de semilla mostraron que el aceite inhibid y revirti6 la enfermedad de una manera dependiente de
la dosis. La polimerizacion de Hbs también fue inhibida y Fe?*/Fe*" fue sobreregulada después del tratamiento con el
aceite de la semilla. Colectivamente, el aceite mostré un buen potencial evitar la malformacion de células falciformes,
que puede ser atribuido a la presencia de zinc, vitaminas y grasa insaturada. Los célculos nutricionales sugieren que
el aceite de semilla es cardio-amigable y no representa ninguna amenaza nutricional.

Palabras clave: Anti-sickling; M. flagellipes; zinc; vitaminas, grasas insaturadas; polimerizacion.

Abbreviations
Gas chromatograph-mass spectroscopy GC-MS
Hemoglobin HB
Hypercholesterolemic HYPER
Hypocholesterolemic HYPO
Index of atherogenicity IA
Index of thrombogenicity IT
M. flagellipes seed oil MFSO
Methemoglobin MHb
Molecular weight MW
Monounsaturated fatty acid MUFA
National Institute of Standards and Technology NIST
Oxidizability Oxi
Polyunsaturated fatty acids PUFA
Recommended dietary allowance RDA
Retention time RT
Saturated fatty acid SFA
Sickle cell anemia HbSS

Introduction

Sickle cell disease is an inherited blood disorder characterized by the production of erythrocytes that are
sickled or shaped like crescents. In sickle cell disease, the body produces hemoglobin S, which is considered abnormal
and affects the transport of oxygen around the body. Generally, it is caused by a mutation in the amino acid located at
position 6 of the B-globin gene [1]. The amino acid valine replaces glutamic acid in the 6 position of the p-globin
chain located on chromosome 11. These series of events lead to the formation of the abnormal red blood cell with
hemoglobin S, which displays a sickled shape [2]. This abnormality reduces the efficiency of the sickled hemoglobin
to transport oxygen around the body, decreasing the solubility of blood in the deoxygenated form. Moreso, when the
partial pressure of oxygen decreases, the abnormal hemoglobin becomes less soluble, forming polymers with other
sickle hemoglobin [3]. The inefficiency of abnormal hemoglobin (hemoglobin S) to transport oxygen around the body,
coupled with its ability to form polymers that can block blood flow routes, leads to the development of secondary
conditions such as oxidative stress, inflammation, pain, cardiovascular diseases, vaso-occlusive crises, organ
malfunctioning, and bone degeneration accompanying this disease [4].

This disease condition currently has no known cure, but medications are available to manage the condition
and also alleviate the symptoms of the secondary complications associated with it. Furthermore, the use of nutrients
such as vitamins, amino acids, and fatty acids in diets for managing the disease condition has long been documented
in the literature [5-9]. Several drugs used in the management of this disease condition, such as hydroxyurea, piracetam,
calcium antagonists, and several painkillers, are not without side effects and toxicities to body organs, which are
attributed to their long-term use [3,10]. These drugs when available in developing countries are very expensive to
afford, driving the search for alternatives from plants, which are widely available, relatively safe, and cheap [4].
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Numerous studies have reported the application of plant materials for the management of sickle cell disease
[4,11]. The plant M. flagellipes, which belongs to the family Leguminosae, is a plant localized mainly in Africa but
present in other parts of the world [12]. The high nutritional profile and minerals of the leaves of Mucuna flagellipes
have been reported by Thedioha and Okoye [13]. The phytochemistry profile and mineral estimation of the seeds have
shown a high content of flavonoids, vitamin C, zinc, and iron [14]. Furthermore, Uchegbu et al. [15] reported the
presence of 9-octadecenoic acid, ethyl ester linoleic acid, ethyl ester, 9-octadecanoic acid, hexadecanoic acid, ethyl
hexadecanoate, ethyl octadecenoate, eicosanoic acid, ethyl icosanoate, 3-hydroxypropyl-9-oate, and 9-methylbicyclo
(3,3,1) nonane in the plant extract. Ajayi et al. [16] reported the presence of stearic, palmitic, linoleic, and oleic as
major fatty acids in the seed oil of M. flagellipes. Recently, animal studies by Abireh et al. [17] reported the potential
of M. flagellipes leaf extract to alleviate the bone marrow suppression, anemia, and leukemia effects following
cyclophosphamide treatment of malignancies. The extract significantly improved packed cell volume, white blood
cell counts, and the number of proliferating cells in the bone marrow. The ethanol extract of the seeds has been reported
to possess anti-hypertensive potentials in salt-induced hypertension in rats via its ability to reduce blood pressure
parameters [18]. In traditional systems in Eastern Nigeria, plant material is widely employed for the treatment of
various ailments by traditional medical practitioners, specifically for the reduction of hypertension and blood-related
issues.

Interest is growing in the use of seed oils rich in polyunsaturated and omega-3 fatty acids for managing sickle
cell disease [19]. Polyunsaturated and omega-3 fatty acids have been reported to possess antioxidant activities and
membrane protection potentials, which are strongly required in sickle cell disease fatty acids and omega-3 fatty acids
for managing various diseases [9,20]. Furthermore, the identification of new sources of zinc in the diet of sickle cell
patients is a new focus in managing the abnormalities associated with the disease.

Currently, there is no information on the in vitro anti-sickling potential of the seed oil extract of M. flagellipes.
Therefore, the study aimed to assess the in vitro anti-sickling potentials of M. flagellipes seed oil (MFSO) by looking
at its effects on inhibition and reversal of sickling, inhibition of hemoglobin polymerization, and the Fe?*/Fe’" ratio.
The minerals (zinc and iron), vitamins (A, E, and K), and fatty acid profile were determined using spectrophotometric
techniques. Nutritional calculations were employed to determine the safety potential of consuming the seed oil.

Experimental

Methods
Chemicals used
All chemicals used for this study were of analytical grade and were obtained from Merck, Germany.

Plant material procurement

The seeds of M. flagellipes were purchased in July 2021 from Orie Ntigha market in Isiala Ngwa North Local
Government Area of Abia State, Nigeria. A sample of the seed was identified as M. flagellipes seed by Dr. Magnus
C. Nwoko, a taxonomist at the Department of Biology, Federal University of Technology, Owerri, Imo State, Nigeria.
A voucher specimen was assigned to the plant material (AEE/21/0155), and the specimen was deposited in the
herbarium of the Department of Biology, Federal University of Technology, Owerri, Imo State, Nigeria.

Plant materials preparation and oil extraction

The casing of the seeds was cracked open to obtain the seed cotyledons. The seed cotyledons were washed
in running tap water to remove sand and debris and then dried under shade for two weeks to attain an unformed weight.
The dried seeds were milled into powder form with a mechanical blender and then stored in an airtight container.
Extraction was performed using a Soxhlet extractor and n-hexane as a solvent. Briefly, 50 g of seeds of M. flagellipes
powder were extracted and soaked in 500 mL of n-hexane (1:10 w/v) with the temperature set at 35 °C throughout the
extraction process. To ensure complete extraction of oil in the sample, the set-up was allowed to reflux continuously
till a clear liquid was seen [21]. The extract was evaporated using a rotary evaporator and stored in a sterile brown and
amber bottle in the dark prior to further analysis.
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Phytochemical profile
GC-MS profiling and fatty acid analysis of seed oil extract

GC-MS analysis was performed using the method described by Ariyike et al. [22] at the University of Lagos,
Lagos State, Nigeria. The composition of M. flagellipes seed oil (MFSO) was analyzed using a gas chromatograph
coupled with a mass spectrometer GC-MS-QP 2010 Plus Shimadzu system. Operating condition of the GC-MS was
Column Elite-1 fused silica capillary column (30 m x 0.25 mm 1D x ul df, composed of 100 % dimethyl polysiloxane).
The carrier gas was ultra-pure helium (99.999 %) at a flow rate of 1.0 mL/min and an injection volume of 2 pL was
employed (split ratio of 10:1). The injector temperature was set at 250 °C, ion source temperature 280 °C. The oven
temperature was programmed 110°C (Isothermal for 2 min) with an increase of 10 °C /min to 200 °C then 5 °C/min
to 280 °C/min, ending with a 9 min isothermal at 280 °C. Mass spectra were taken at 70 eV; a scan interval of 0.5 s
and fragments from 40 to 550 Da. Total GC running time was 22 min and the compounds were identified by direct
comparison of the retention times (RT) and mass fragmentation pattern with those from the National Institute of
Standards and Technology (NIST) Library [23-24].

Vitamin estimation of MFSO

Vitamin A and E concentrations were determined in the oil sample using spectrophotometric methods as
described by De’Leenheer et al. [25]. Briefly, exactly 0.1 g of the sample was dissolved in an acetone/hexane mixture
(70:30 v/v), and the total carotenoid and vitamin E determinations were carried out by measuring absorbance at 470

nm and 270 nm, respectively, against a blank sample (solvent). Vitamin K was determined spectrophotometrically, as
described by Gul et al. [26].

Mineral estimation of MFSO

The estimation of iron and zinc was performed using the wet digestion method described by AOAC [27].
Briefly, 0.5 g of the oil sample was boiled at 100 °C with 5 mL of concentrated nitric acid and 5 mL of a 30 %
hydrogen peroxide solution for about 2 hours in an electric heating mantle until a clear solution was obtained. The
solution was cooled and filtered through the Whatman No. 45 filter paper and then through 0.45 Millipore filter paper.
The obtained filtrate was made up to 25 mL of the volumetric flask with distilled water and then analyzed for the
individual minerals using an atomic absorption spectrophotometer (Bulk Scientific AAS model 210, equipped with a
single slot burner and an air acetylene flame). Working standard solutions of zinc and iron were prepared, and the
calibration and measurement of absorbance against a blank were performed using an AAS. The absorbance of each
element in the filtrate was read at its wavelength from the spectrophotometer, and its concentration in the sample was
extrapolated from the standard curve produced from the absorbance of the standard elements.

Nutritional indices of oil sample (MFSO)
Fatty acids ratios

The ratio between polyunsaturated fatty acid (PUFA) and saturated fatty acid (SFA) [PUFA/SFA] also
regarded as the polyene index was estimated as described by Chen and Liu [28] and Eke et al. [29]. The ratios between
monounsaturated fatty acids (MUFA) and SFA [MUFA/SFA], PUFA and MUFA [PUFA/MUFA], and
[(PUFA+MUFA)/SFA] were calculated to indicate the nutritional potentials of SOPA.

Oxidizability
The oxidative stability which is also regarded as the oxidizability was determined using the formula described
by McCormick et al. [30]

0.02(% oleic) + % linoleic]

100 M

Oxidizability = [

Index of atherogenicity (IA)
The index of atherogenicity was calculated as described by Chen and Liu [28].

[C12:0 + (4 x C14:0) + C16:0]/UFA 2)
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where C12:0 is lauric fatty acid; C14:0 is myristic fatty acid and C16:0 is palmitic fatty acids. UFA is summation of
unsaturated fatty acids in oil samples.

Index of thrombogenicity (IT)
The thrombogenicity index was calculated as Chen and Liu described [28].

IT= (C14:0+C16:0+C18:0)/[0.5 x MUFA + 0.5 x n-6 PUFA + 3 x n—3 3)
PUFA+n—3-n—0]

where C18:0 is stearic fatty acid; C14:0 is myristic fatty acid and C16:0 is palmitic fatty acids. MUFA is summation
of monounsaturated fatty acids in oil samples.

Hypocholesterolemic/ hypercholesterolemic ratio
The hypocholesterolemic/ hypercholesterolemic ratio was calculated as described by Chen and Liu [28]

(cis — C18:1 + PUFA)/(C12:0 + C14:0 + C16:0) (4)

Unsaturation index (UI)
The UI which shows the level of unsaturation in oils was determined as described by Chen and Liu [28]

Ul = 1 x(% monoenoics) + 2 x (% dienoics) + 3 x (% trienoics)
+ 4 x (tetraenoics) + 5 x (% pentaenoics) (5)
+ 6 x (% hexaenoics)

In vitro anti-sickling assay
Collection of blood sample and ethical approval

Sickle cell patients attending the Clifford University Medical Centre, IThie, Isiala Ngwa North LGA, Abia
State, Nigeria, provided blood samples for the research after getting their consent and approval. Ethical clearance for
the study was obtained from the Clifford University Research Ethics Committee, and ethical clearance number
CLU/ETC/21/103 was assigned. Six milliliters (6 mL) of blood were used the same day for analyses.

Sickling inhibition test

The in vitro sickling inhibition assay was performed using the method described by Egba et al. [31]. Briefly,
2 drops of HbSS blood, 2 drops of freshly prepared 2 % sodium metabisulphite and 2 drops of MFSO were mixed and
covered. The solution was incubated for 30 mins at 37 °C and with the aid of a pipette, a drop was put on a slide,
covered with a cover slip, and then viewed using a microscope at x 10 and x 40 magnifications. One hundred (100)
cells were counted each from three randomly selected fields to evaluate the effect of MFSO on the HbSS erythrocytes.
The test was performed in replicate, and the average reading was taking. The sickling inhibition (%) was determined
using the equation below:

number of cells unsickled

Percentage inhibition = x 100 (6)

Total number of cells counted

The control experiment was set up and did not contain MFSO, while p-hydroxybenzoic acid (5 % PABA)
was used as standard agent.

Sickling reversal test

The sickling reversal test was performed as described by Ekeke et al. [32]. Briefly, 2 drops of HbSS blood were
mixed with 2 drops of freshly prepared sodium metabisulphite and the mixture was covered. The mixture was incubated
for 30 min during which sickling was induced. This was followed by the addition of 2 drops of buffered extract and the
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resulting mixture was incubated for another 30 min. Buffer was used in place of the extract for the control, and a drop of
each was placed on a slide and viewed at x 40 magnification. The percentage reversal was calculated as:

number of cells unsickled

Percentage reversal = x 100 (7)

Total number of cells counted

Polymerization studies

The polymerization study was performed as described by Noguchi and Schechter [33]. Briefly, 0.25 cm® of
normal saline (0.9 % w/v) was added to each test tubes containing 0.5 cm® of various dilutions of the MFSO
respectively. Freshly prepared aqueous sodium metabisulphite (2.2 cm®) and HbSS erythrocytes (0.05 cm®) were added
into the test tubes simultaneously. The contents were mixed, and the absorbance taken at 700 nm using a
spectrophotometer after standardizing it with distilled water as blank. Readings were taken at 5- min interval for a
period of 35 min and appropriate control experiment was set up without the extracts.

Determination of the Fe?*/Fe*" ratio in sickle cell blood

The method of Tietz [34] was adopted for the determination of Fe?"/Fe3* ratio in sickle cell blood. This
method works on the principle that hemoglobin and methemoglobin absorbs light at 540 nm and 630 nm respectively.
Exactly 5.0 cm? distilled water and 0.02 cm? sickle cell blood was placed in a test-tube. Exactly 0.02 cm? saline
solution was introduced into the test tube and this served as the control. The test tube was kept for an hour at an
ambient temperature and a spectrophotometer was used to determine its absorbance at 540 nm and 630 nm
wavelengths. To determine the effect of MFSO on Fe?*/Fe*" ratio, the process described above was repeated replacing
saline solution with different dilutions of the extract. The percentage hemoglobin and methemoglobin were determined
thus:

(A540)?
(A540)2 + (A540)2

Percentage hemoglobin (Fe?") = x 100 (8)

The ratio of Fe**/Fe3* was determined by dividing the values of each % Hb with the corresponding values
of % MHb (before approximation).

Statistical analysis
The results were expressed as mean + standard deviation. Data were analyzed using one way analysis of

variance (ANOVA) and grouping information by Tukey pairwise comparison method with the Minitab 17 software,
USA. Values were with p < 0.05 were considered as being significant.

Results

Quantification of MFSO fatty acids and phytocompounds

Table 1. Identified compounds present in M. flagellipes seed oil (MFSO).

etk | NameorCompound | v g | PO || KT leor | Concpttin
1 2-hexanamine, 4-methyl 115.22 - 6.54 C/Hi7N 0.52
2 Resorcinol 110.11 - 7.73 CsHsO> 1.37
3 Cathinone 149.19 - 8.83 CoH1NO 1.33
4 Guanidine, N,N-dimethyl 87.12 - 11.84 C3HoN; 4.00
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Pentadecanoic acid**
6 (pentadecyclic acid) 242.39 SFA 14.55 Ci5H300; 1.04
n-Hexadecanoic acid**
7 (palmitic fatty acid) 256.40 SFA 14.82 C16H3,0, 5.91
9,12-Octadecadienoic
8 acid** (linoleic fatty acid) 280.44 PUFA-6 15.92 CisH3,0; 18.30
9-Octadecenoic acid**
9 (oleic acid) 282.47 MUFA 15.99 C1sH340, 31.87
] 1% %
12 Octadecanoic acid 284.48 SFA 16.46 Ci5H360, 1.85
(stearic acid)
13 Phenylephrine 167.20 - 17.76 CoH3NO, 1.87
14 I-Guanidinosuccinimide 141.13 - 17.96 CsH7N30, 0.69
16 Propanamide 73.09 - 19.13 CsH;NO 1.03
17 N-Desmethyltapentadol 207.31 - 19.58 Ci3H21INO 0.79
19 Alanyl-beta-alanine 344.40 - 20.03 CeH12N0; 1.65
1,8-Octanediamine, N,N'-
20 dimethyl- 172.31 - 20.09 CioH24N, 1.85
21 3-Propoxamphetamine 193.28 - 20.21 Ci12H 19Ny 0.94
2 I'Phe“anth;i‘ilg carboxylic | 55 74 ; 20.29 C1sH100s 10.61
2-Heptenoic acid, 4-
24 cyclopropyl-5-methylene-, 194.27 - 20.43 Ci2Hi30, 9.22
methyl ester, (E)-
25 3-Keto-isosteviol 332.40 - 20.59 Co0H2804 4.42

RT: Retention time (min); MW: Molecular weight (g); ** indicates fatty acids; SFA:

fatty acids; MUFA: Monounsaturated fatty acids

Vitamin and mineral content of MFSO

Table 2. The vitamin and mineral content of MFSO.

Saturated fatty acids; PUFA: Polyunsaturated

Vitamin Concentration (ug/100mg) (mg /251]1)1;:/ day)
A 220 £ 1.60 (2.2 mg/kg) 0.9
370 +£2.20 (3.7 mg/kg) 15
K 197 £0.23 (1.9 mg/kg) 0.12
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Minerals
Fe 170 £ 1.30 (1.7 mg/kg) 8
Zn 780 £2.50 (7.8 mg/kg) 7-9

Data are mean = SD, n=3; MFSO- M. flagellipes seed oil; RDA: recommended dietary allowance

Nutritional indices of MFSO

Table 3. The nutritional indices of the MFSO oils.

(PUFA+

PUFA/ | MUFA/ | PUFA/ HYPO/
Sample | g SFA | MUFA Mg;:)/ 1A IT uyper | Ul OXI
MFSO | 2.07 3.62 0.57 5.70 0.11 0.07 3.09 6847 | 0.18

MFSO- oil of M. flagellipes seeds; Oxi- oxidiziability; HYPO- Hypocholesterolemic; HYPER- Hypercholesterolemic

Effects of MFSO extracts on sickling inhibition
The MFSO significantly (p < 0.05) decreased sickling in human erythrocytes when compared to the

negative control (normal saline) at all concentrations tested in which sodium metabisulphite was used to
exacerbate sickling. The highest inhibition (52.66 + 0.18) was observed at the highest concentration, 100 %.
However, this activity was low compared to the standard agent used p-hydroxybenzoic acid (PABA) used as

the positive control.

100.00—

20.00—

60.00—

% Inhibition

40.00—

20.00—

[

T T
Mormal Saline  PABA 5%

als) T T T T T
100 % 50 % 25 % 12.5 % B.25 %

Extract Concentration

Fig. 1. % sickling inhibition of MFSO.

Effect of MFSO on sickling reversal
The MFSO significantly (p < 0.05) reversed sickling in human erythrocytes when compared to the

negative control (normal saline) at all concentrations tested in which sodium metabisulphite was used to
exacerbate sickling. The highest inhibition (91.76 + 0.65) was observed at the highest concentration, 100 %.
However, this activity was low compared to the standard agent used p-hydroxybenzoic acid (PABA) used as

the positive control.
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Fig. 2. % sickling reversal of MFSO.

Fig. 3. The normalization of sickle cells treated n-hexane seed extracts of M. flagellipes at different concentrations.

Effect of MFSO on polymerization of sickle cell blood

The MFSO which shows a dose dependent activity, significantly decreased (p < 0.05) polymerization of
sickle cell at all studied concentration compared to negative control (normal saline). The observed activity for MFSO
was however lower than the standard agent used. This indicates the ability of MFSO to inhibit polymer formation.

1.4 -
19 - ——100%
3 ——-50%
c
S 25%
c
S 12.50%
o
é —%—6.25%
—®— Normal Saline
- : : : ‘ PABA 5%
0 10 20 30 40

Time (minutes)
Fig. 3. Polymerization of sickle cell blood treated with MFSO at different concentration.
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Effect of MFSO on % Hb, % MHb and Fe*'/Fe*" ratio in sickle cell blood

The MFSO inhibited the formation of methemoglobin formation, and this activity was dose dependent.
At the highest concentration, the percentage methemoglobin formation has the lowest value of 10.8 £ 2.3 %
and the ratio of Fe?*/Fe** is 8.2. This activity was however lower than the standard agent used.

Table 5. Showing percentage hemoglobin, percentage methemoglobin and Fe?'/Fe’* ratio in sickled blood
treated with MFSO.

Conc. (%) %Hb %MHb Fe**/Fe’ ratio
100 89.242.3 10.8+2.3 8.2
50 88.2+0.7 11.8+0.7 7.5
25 76.6+1.9 23.4+1.9 33
12.5 67.9+1.2 32.1+1.2 2.1
6.25 65.4+0.5 34.6+0.5 1.9
5% PABA 95.0+0.08 4.0+£0.32 23.8
NS 64.3+1.4 35.7£1.4 1.8

Discussion

The use of natural products of plant origin in managing and treating disease is on the rise. More
specifically, plant materials are strongly employed in managing sickle cell disease, especially in traditional systems
in underdeveloped and developing countries. GC-MS quantification of fatty acids in the seed oil presented in Table
1 showed the presence of five (5) fatty acids, such as pentadecyclic acid (1.04 %), palmitic acid (5.91 %), linoleic
acid (18.30 %), oleic acid (31.87 %), and stearic acid (1.85 %). The major saturated fatty acid was palmitic acid,
while oleic fatty acid was detected as the major unsaturated fatty acid in the seed oil. The result for fatty acid
analysis agrees with the report of Ajayi et al. [16], who reported the presence of oleic, linoleic, palmitic, and stearic
acids as the major fatty acids in M. flagellipes seed oil (MFSO). Furthermore, the concentration of oleic acid in
this study was similar to the value obtained by Ajayi et al. [16] for the seed oil of M. flagellipes. The application
of essential fatty acids in managing pain and other abnormalities associated with sickle cell disease has been
properly documented [5,9,20]. These fatty acids are also known to promote cell membrane activity and prevent
vaso-occlusive crises. The high amount of oleic acid and linoleic acid, which are known polyunsaturated fatty
acids, in the oil sample may contribute to phospholipid requirements in sickle cell disease to keep membrane
integrity intact. The fatty acid n-hexadecenoic acid (palmitic fatty acid) has been reported to exert its action on
sickle red blood cells via stabilization of the sickle cell membrane against hemolysis and formation of HbSS
polymers [35]. Furthermore, linoleic acid has been linked to analgesic, antibacterial, antioxidant, antipyretic,
antispasmodic, and sedative activities. These activities are highly needed in the sickle cell disease crisis. Thus, this
suggests that the seed oil of M. flagellipes may offer many therapeutic potentials in sickle cell disease [3]. Fratianni
et al. [36] also reported that oleic acid has antioxidant activity. In sickle cell disease, where abnormal hemoglobin
thrives, the hemoglobin stabilizing capacity is negatively affected, thereby making the red blood cells more
susceptible to damage from oxidative stress. This may overwhelm the antioxidant defense system. It has been
shown that sickle red blood cells produce more quantities of superoxide radicals, hydrogen peroxide (H,O.), and
hydroxyl radicals than normal erythrocytes [37].

The result for vitamins and minerals is presented in Table 2. The results showed a great number of fat-
soluble vitamins; vitamin A (220 £ 1.60 pg/100mg), vitamin E (370 + 2.20 ng/100mg) and vitamin K (197 + 0.23
ug/100mg), which was within the RDA for the vitamins. The values reported for vitamin A and E in the seed oil
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were lower than the values reported by Nwajagu et al. [38] in the processed and unprocessed seeds of M. flagellipes
and its flour product. Deficiencies of antioxidant vitamins such as vitamin A and E have been reported in anemic
conditions [39], and due to the nature of sickled cells, there is a constant need to furnish them with minerals and
vitamins so as to keep them stable. Vitamins A and E, which are strong antioxidant vitamins detected in the seed
oil, could contribute to the overall antioxidant status of the sick patient, and reduce symptoms. These antioxidant
vitamins also play a role in the fight against infection, fight oxidative stress, and enhance iron absorption [7].
Vitamin K, a soluble vitamin, is useful in preventing excessive bleeding, which can lead to iron deficiency anemia.
Mineral estimation showed an appreciable concentration of Fe (170 + 1.30 pug/100 mg) and Zn (780 £+ 2.50 ug/100
mg) in the seed oil. Interesting, the concentration of zinc was higher than iron in the sample and was within the
recommended dietary allowance. The result reported for zinc and iron in the seed oil for this study was lower than
the value reported for these minerals in the seed flour of M. flagellipes (32.60 + 0.14 and 6.40 £ 0.03 mg/100g
respectively) [40] and leaves (57.08 + 8.44 and 5.83 £ 3.14 respectively) as reported by Ihedioha and Okoye [13].
This difference can be attributed to various factors ranging from the source of minerals to planting season, soil
type, climate, and genetic and environmental factors [41-42]. Sickle cell anemia has been linked with zinc
deficiency, making zinc supplementation in the diet helpful to manage or prevent some clinical manifestations
[43]. Similarly, Datta et al. [8] reported the ability of zinc to prevent infection in sickle cell anemia, and reduced
zinc bioavailability in sickle cell patients has been reported to lead to the development of several complications,
ranging from wound healing problems to delayed or slow growth and vaso-occlusive crises [44]. The activity of
zinc in reversing the functional state of sickle erythrocytes to their original biconcave structure, coupled with
increasing their oxygen affinity, is established. Considering the value obtained for zinc in the seed oil, this plant
material can contribute to the zinc bioavailability of sickle cell patients when consumed. Iron overload has been
reported in patients with sickle cell anemia [45-46]. Therefore, it is important that iron supplementation be minimal
for sickle cell patients, unless there is a proven case of iron deficiency. The result obtained for iron in this study,
which was small compared to zinc, further justifies the use of seed oil in managing anemic conditions as it may
not contribute to the overall iron burden of the sickle cell patient.

Sickle cell anemia is an inherited genetic disorder characterized by the inability of the red blood cells
(erythrocytes) to carry enough oxygen around the body, leading to anemia and occlusion of small blood vessels.
This series of activities leads to the development of excruciating body pains, crises, complications, and other
manifestations [47]. The percentage activity of the seed oil on sickling inhibition and reversal is presented in
figures 1 and 2. The seed oil at all studied concentrations significantly inhibited sickling and promoted reversal.
This activity was however lower compared to 5 % p-hydroxybenzoic acid (PABA), the standard agent used. The
anti-sickling potential observed in this study by the seed oil can be linked to the presence of zinc and some key
vitamins present in the sample. The mechanism employed by zinc in inhibiting and reversing sickling has been
reported [48]. Zinc binding to hemoglobin in sickle cells increases oxygen affinity and increases cell membrane
filterability [49]. Zinc also decreases the quantity of hemoglobin linked with the red blood cell membrane, reducing
the calcium effect in causing hemoglobin retention by the membrane and thus reducing the clumping that is
observed in sickle cells. Zinc inhibits the role played by oxidative stress and proteins involved in inflammation
(cytokines) in promoting sickle cell disease, and this is facilitated by its ability to promote and increase anti-
inflammatory proteins [50].

The seed oil of M. flagellipes significantly inhibited HbS polymerization compared to the negative
control, as seen in figure 3. The ability to inhibit HbS polymerization is a key area when looking for compounds
with anti-anemic potential. The role played by minerals and vitamins in the prevention of HbS polymerization has
been properly documented [6]. Zinc has been reported to stimulate the synthesis of metallothionein, a protein that
binds and traps copper within the intestinal cells, inhibiting copper absorption [51]. The ability to keep copper
trapped and not released is a key mechanism employed by zinc in inhibiting HbS polymerization. Copper has been
reported to increase HbS polymerization by 33.13 % [6]. The high zinc content of the seed oil of M. flagellipes
may contribute to this effect, as seen in this study. A key mechanism for inhibiting HbS polymerization is to
increase oxygen affinity. Zinc plays a major role in increasing oxygen affinity in HbS conditions [52].
Experimental data has shown that the effect of oxygen on the inhibition of polymerization could be likened to the
2-state allosteric MWC (Monod-Wyman-Changeux) model of enzymes [53-54]. This suggests that an equilibrium
exists between the low oxygen affinity of fully deoxygenated hemoglobin, which is labeled the T quaternary
structure, and the high affinity arrangement of fully oxygenated hemoglobin, called the R quaternary structure.
Increased oxygen affinity effectively controls polymerization via a shift from the T-R equilibrium towards the R
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equilibrium and is considered an effective treatment approach in anemic conditions [55]. Also, the treatment of
sickled blood cells with plant extracts has been suggested to inhibit the Ca*"-activated K™ channel [56]. The
inhibition of this channel prevents the loss of water and potassium ions from sickled blood cells, preventing
dehydration. This facilitates a decrease in the intracellular concentration of hemoglobin S and further prevents
polymerization and sickling of erythrocytes. This could therefore have been another mechanism employed by the
seed oil of M. flagellipes in preventing polymer formation, as seen in this study. The inhibition of HbS
polymerization in this study can also be attributed to the presence of vitamins A and E and zinc, as recorded in
this study. Studies by Djote et al. [19] attributed the anti-sickling potentials of Azadirachta indica seed oil to the
presence of linoleic fatty acids and vitamin E.

The result for the effect of the seed on % Hb, % MHb, and the Fe?*/Fe’" ratio is presented in Table 4. The
oil extracted from the seeds of M. flagellipes showed potential to increase the Fe**/Fe*" ratio. This occurs by
decreasing the methamoglobin (MHb) concentration that is produced from the conversion of the iron of deoxy-
hemoglobin (Fe?*, reduced state) to the ferric state (Fe3*, oxidized state) [57]. The ratio of ferrous and ferric iron
indicates the level of oxygen affinity for red blood cell hemoglobin [58]. The high Fe?"/Fe*" ratio observed in this
study, as shown by the seed oil-treated group, corroborates the activity of the extract in improving oxygen affinity
in sickled erythrocytes, which can be attributed to the presence of zinc, antioxidant vitamins, and polyunsaturated
fatty acids present in the sample. Furthermore, the increased Fe?*/Fe" ratio as revealed by the seed oil confirms
the sickling reversal, indicating the seed oil's ability to convert deoxy-HbS to oxy-Hbs.

The nutritional index values of the oil extracted from M. flagellipes are presented in Table 3. Nutritional
indices of oils are strongly employed to determine how fit an oil sample is for consumption. The PUFA/SFA ratio,
also called the polyene index [29], is used to ascertain the impact of edible oils on the cardiovascular system.
Saturated fatty acids (SFA) have been reported to promote high serum cholesterol levels, while polyunsaturated
fatty acids (PUF As) are established to reduce cholesterol levels. This has made the PUFA/SFA ratio a useful guide
to determining if an oil sample will have positive effects on the body. Generally, a high PUFA/SFA ratio indicates
a positive effect of the oil sample on overall cardiovascular health [28]. In this study, the PUFA/SFA ratio for
MFSO was 2.07. This value was lower compared to the value report for soya bean seed oil (3.03-3.76) [59]. This
suggests a great nutritional potential of MFSO, which is strongly linked to the high amount of PUFAs in the oil
sample. The MUFA/SFA, PUFA/MUFA, and (PUFA+MUFA)/SFA values were 3.62, 0.57, and 5.70,
respectively, and this corroborated the polyene index of MFSO and can be attributed to the rich amount of
unsaturated fats in the oil sample. Consumption of oil rich in unsaturated fats suggests a low potential to develop
cardiovascular diseases. The oxidizability value of the oil was 0.18, and this value was lower than the value
reported for soya bean seed oil (7.51-7.63) [59]. Generally, oil samples with low oxidizability values are known
to be more stable than their counterparts. The index of atherogenicity (IA) and index of thrombogenicity (IT) are
employed to characterize the atherogenicity and thrombogenicity potentials of oil samples. While the IA shows
the link between SFAs and the sum of unsaturated fats, the I'T suggests the potential of the oil sample to form clots
in blood vessels. The consumption of fats with low IT and IA has been linked to reducing cholesterol levels and
contributing significantly to improved cardiovascular health. The IA value of 0.11 in this study was similar to the
value reported for sunflower oil (0.09—-0.11) [60]. The low value of IA in this study further suggests a good
nutritional property of MFSO. The values reported for IT (0.07) in this study suggest the ability of the oil to prevent
or not initiate thrombogenesis. In this study, we ascertained the hypocholesterolemic/hypercholesterolemic (HH)
[61] ratio to determine the effect of the oil on the composition of cholesterol. It shows the relationship between
hypocholesterolemic fatty acids (cis-C18:1 and PUFA) and hypercholesterolemic FA. A high HH value indicates
a reasonable nutritional index of the oil sample. As seen in this study, the HH value was 3.09, which is low
compared to Camelina oil (11.2—15.0) [60]. The UI value shown in this study (68.47) was low when compared to
soybean oil (148-155) [62]. Oils with high UI values have been reported to maintain membrane fluidity under
stress-associated conditions [63].

Conclusions

Despite the myriad uses of this plant in traditional systems, its seed oil's anti-sickling properties have
not been investigated. The results obtained from this study have shown that the seed oil has great potential to
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serve as an anti-sickling agent. The high zinc and vitamin content of the seed oil suggests it can replenish
nutrients lost in sickle cell disease. The fatty acid profile of the seed oil shows a high level of unsaturated fatty
acids, which are cardio-friendly and thus may not pose a threat when consumed. Further studies will be required
to isolate and identify the specific anti-sickling agents in the seed oil. Furthermore, studies to determine the best
way of processing and preserving the seed oil are warranted.
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Abstract. In this context, an amine-functionalized magnetite nanoparticle was synthesized from FeCl3*6H,O and 1,
2-ethylenediamine at 110 °C in ethylene glycol within 6 hours. Then, the obtained corresponding Fe;O4@NH, was
used for the preparation of Fe;O4@NH>@oxalic acid as organoacid-magnetic nanoparticles under ultrasonic
irradiation at 60 °C within 4 hours. Its chemical structure was characterized by FT-IR, XRD, SEM, VSM, and EDAX
spectra. The Fe;O4@NH>@oxalic acid nanoparticles were successfully used for the synthesis of pyrrolinones
derivatives in excellent yields of the products (90-95 %) within 6-10 hours at room temperature in ethanol.
Keywords: Ethylenediamine, amino-functionalization, nano-magnetite, pyrrolinones, green chemistry.

Resumen. Se sintetizo una nanoparticula de magnetita funcionalizada con aminas a partir de FeCl3*6H,O y 1,2-
etilendiamina a 110 °C en etilenglicol durante 6 horas. Posteriormente, el Fe;04@NH: que se obtuvo se utilizd para
la preparacion de nanoparticulas magnéticas organoacidas de Fe;Os@NH>@#écido oxalico por irradiacion ultrasonica
a 60 °C durante 4 horas. Su estructura quimica se caracterizo por sus espectros de FT-IR, XRD, SEM, VSM, y EDAX.
Las nanoparticulas de Fe;O4@NH>@acido oxalico se utilizaron existosamente para sintetizar derivados de
pirrolinonas con rendimientos excelentes (90-95%), en 6-10 horas de reaccion a temperatura ambiente en etanol.
Palabras clave: Etilendiamina, funcionalizacién amino, nanomagnetita, pirrolinonas, quimica verde.

Introduction

The functionalization of the magnetic nanoparticles (the F-MNPs) is crucial for chemical processes,
and they have many applications in medical and biological research. Meanwhile, the amine-functionalized
magnetite nanoparticles (the AF-MNPs) have received more attention because of their properties such as
excellent magnetism, tunable sizes, good crystallinity, and facile dispersion in water [1-13].

The AF-MNPs and their derivatives have been used for different fields in organic chemistry such as
bio-conjugated to biological molecules (proteins, nucleic acids, and peptides) [1], for cellulase immobilization
to prevent wastage of cellulosic resources [2], to prepare cis-pinane [3], catalyst for Heck reaction [4], synthesis
of xanthenes [5], selective separation of catecholamines in urine [6], hydrogenation and Heck reactions by Pd
immobilized on the AF-MNPs [7], for attachment of polyacrylic acid [8], for the treatment of gastric, colon, and
pancreatic cancers in near future [9], for the synthesis of carbamates [10], for degradation of the methyl orange
and p-nitrophenol reduction in aqueous media [11], enhanced photocytotoxicity [12], and removal of carmoisine
dye from aqueous solutions [13].
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On the other hand, pyrrolin-2-one skeleton has biological activity in some synthetic drugs and natural
products, for example: Cotinine [14], Doxapram hydrochloride [15], Ethosuximide [16], Rolipram [17],
Lactacystin [18], Salinosporamide [19], (—)-Azaspirene [20] and Pesticides [21] (Scheme 1).

_ MeQ
k o” N G NH

N
-/
Cotinine Doxapram Ethosuximide Rolipram
The predominant of A respiratory stimulant A succinimide anticonvulsant  An inhibitor of cardiac cyclic
metabolitenicotine in AMP phosphodiesterase
tobacco

R4
e} .
Et 3 O Et
X,
SN PR R? Me
Me L oM 1,N
O CH R O Et
Lactacystin Salinosporamide A (-}-Azaspirene Pesticides
Synthesized by bacteria of the  Produced by bacteria  An angicgenesis inhibitor that is
genus Streptomyces Salinispora tropica extracted from the fungus

Neosartorya sp
Scheme 1. The chemical structure of some natural products and drugs with pyrrolinone moiety.

Some procedures have been reported for the synthesis of pyrrolin-2-ones [22-27]. However, a coupling
of arylamines and aromatic aldehydes with acetylenedicarboxylates is an important synthetic method for the
synthesis of this class of compounds. This method has been studied by several protocols such as using of nano-
TiO; [28], in water as a green solvent [29], by p-toluensulfonic acid [30], under ultrasound irradiation [31], or
microwave irradiation [32], by ionic liquids [33], in the presence of nano-magnetic particles [34], and
AmberChrom as a polymer catalyst [35]. For improving the obtained result as a part of the synthetic project we
turned attention to the synthesis of a more stable and convenient catalyst for this procedure. Thus, we decided
to link oxalic acid on magnetite nanoparticles by a covalent bond. Our survey showed using of amine-
functionalized magnetite nanoparticles (the AF-MNPs) is a good approach for this subject. Thus, pyrrolin-2-
ones were synthesized by a new methodology from aldehydes, anilines and dimethyl acetylenedicarboxylate by
Fe;O4@NHz@oxalic acid as a reusable nano-magnetic catalyst at room temperature (Scheme 2).

Oxalic acid: 1-2 mmol
EtOH: 5 mL, 24 hours, RT, 1a: 0% MeO,C. OH

COyMe
Ar-CHO + Ar-NH, + || ArS NS0
CO,Me Ar
1mmol 1 mmol 1 mmol Fe;0,@NH.@0Oxalic acid (0.2 g) (a)

EtOH: 5 mL, 8 hours, RT, 1a: 95%

1a: Ar(Ph)Ar(Ph)(8 h, 95%); 2a: Ar(Ph)Ar'(4-MeOPh)(6 h, 90%); 3a: Ar(3-CIPh)Ar'(4-MeOPh)(6 h, 95%);
4a: Ar(4-BrPh)Ar'(4-BrPh)(10 h, 93%); 5a: Ar(3-NO,Ph)Ar'(4-BrPh)(10 h, 91%); 6a: Ar(Ph)Ar'(4-BrPh)(10 h, 94%);
7a: Ar(2-CIPh)Ar(4-MeOPh)(6 h, 90%); 8a: Ar(2-MeOPh)Ar'(4-MePh)(8 h, 92%)
Scheme 2. The synthesis of 1,5-diaryl-3-hydroxy-4-methoxycarbonyl-3-pyrrolin-2-ones by
Fe;O4@NH,@oxalic acid as a catalyst.
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Experimental

Materials

All reagents were purchased from Sigma-Aldrich Company. FT-IR spectra were recorded on a
Bruker spectrometer. XRD patterns were recorded using a Holland Philips (model: PW1730) (radiation, A=
0.154056 nm, CuK), Step size 0.05°, time per step 1 second (26=5°-80°). SEM images were performed on a
Model FESEM: TESCAN company (model: MIRA IIT) manufactured by Czech. EDX (Energy Dispersive
X-Ray Analysis) was taken by FESEM: model: MIRA II from TESCAN company manufactured by Czech
(Detector: SAMX, France). VSM analysis was taken by model MDKB manufactured by Kavir Kashan
Magnet Company (Iran). TGA analysis was recorded by Model Q600; TA company manufactured by the
USA. IR and '"H NMR spectra were recorded on PerkinElmer FT-IR RXI and 300 MHz Bruker spectrometers,
respectively. Pyrrolinone derivatives were characterized by their "H-NMR, FT-IR spectra. All yields referred
to isolated pure products. TLC was applied for reaction monitoring over silica gel 60 F»s4 aluminum sheet.

Synthesis of Fe;O4@NH: nanoparticles

The magnetic amine-functionalized nanoparticles (Fe;Os@NH>) were prepared via solvothermal reaction
with major modification [1]. FeCl3.6H,O (1.5 gr), 1, 2-ethylenediamine (3 g), and sodium acetate anhydrous (12 g)
were dissolved in ethylene glycol (45 mL) via vigorous mechanical stirring. Then, the reaction was heated at 110°C
for 6 hours under the Ar atmosphere. The obtained magnetic nanoparticles were isolated by a powerful magnet, and
washed with distilled H,O, and EtOH several times. Then, the product was dried at 60 °C for 2 hours.

Preparation of Fe;0s@NH;@Oxalic acid nanoparticles

Fe304@NH; nanoparticles (0.25 g) were dispersed in ethanol (15 mL) by ultrasonic bath for 30 minutes. Then,
a solution of oxalic acid (0.4 g) in ethanol-water (20mL/10mL) was prepared and was charged in the above solution.
The obtained mixture was irradiated by ultrasonic irradiation for 4 hours at 60 °C under the Ar atmosphere. The obtained
magnetic nanoparticles (i.e Fe;O4@NHx@Oxalic acid) were isolated by a powerful magnet, washed with ethanol, and
distilled water several times to remove all organic impurities. Then, the product was dried at 60 °C for 2 hours.

The synthesis of 1,5-diphenyl-3-hydroxy-4-methoxycarbonyl-3-pyrrolin-2-one (1a) by
Fe;0s@NH:@oxalic acid; A typical procedure

A mixture of benzaldehyde (0.106 g, 1 mmol), aniline (0.093 g, 1 mmol), and Fe;Os@NH>@oxalic
acid (0.2 g) in 5 mL of ethanol was prepared in a round-bottomed flask (25 mL) equipped with a magnetic
stirrer and was strongly stirred at room temperature for 40 min. Then to the mixture dimethyl
acetylenedicarboxylate (0.14 gr, 1 mmol) was added. The reaction was completed within 8 hours. The
reaction was monitored over silica gel 60 F»ss aluminum sheet (eluent: ethyl acetate/n-hexane: 1/1). The
catalyst was separated by using a strong magnet. The separated catalyst was washed with acetone and ethanol
two times then dried in an oven (50 °C) and reused for further reactions. The solvent has been evaporated by
a rotary instrument and further residue was recrystallized from methanol. The white solid achieved an
excellent yield of 0.295 g (95 %) with a melting point of 182—183 °C [30]. The product was characterized
by 'H-NMR, *C-NMR, FT-IR and C, H, N elemental analysis.

FT- IR (KBr)(cm™): 3260 (OH), 2958, 1702 (C=0), 1680 (C=0), 1498, 1382, 1232, 1002; 'H NMR
(CDCl3): 8 3.60 (s, 3H, CH3), 6.10 (s, 1H, CH), 7.07-7.62 (m, 10 H, Ar and br s, 1H, OH); '*C NMR (CDCl;):
850.55,61.05, 112.35, 122.96, 125.80, 128.13, 128.38, 128.73, 129.13, 136.74, 137.00, 153.14, 162.96 (C=0),
164.49 (C=0). Anal. Calcd for C1sHisNO4: C, 69.89; H, 4.89; N, 4.53. Found: C, 69.92; H, 4.81; N, 4.48.

Results and discussion

A literature survey showed that the preparation of the AF-MNPs by direct coupling of amino agents to
magnetite nanoparticles has been carried out by different chemical procedures. The chemical conditions for
these methods have been summarized in table 1 for more consideration.
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Table 1. Synthesis of the AF-MNPs by different protocols.

Entry Magnetite Amino agent Steps | Size, nm
source
] 1-3,7-8, 40, 44-46, 48, 50, 52-53 FeCl;*6H,0 1,6-hexadiamine 1 1.95-200
F eC13'6H20 & . .
5 -
2 FeClye4H,0 1,6-hexadiamine 1 20
FeC13-6H20 & .
6, 38,49 -
3 FeCle4H,0 H>N(CH»)3Si(OCH3)3 2 13-150
4362 FeClz*6H,O H>N(CH»)3Si(OCH3)3 2 250
FeC13-6H20 & .
36
5 FCSO4' 7H20 HzN(CH2)3 SI(OCH3)3 2 10
64245 Fe(NO3);*9H,0 HN(CH2)3Si(OCHs)s 2 20-40
74394 FeCl3*6H,O triethylenetetramine 1 70-100
FeClz*6H,0 & .
Q¥ ;Ze (:312- 41312 o | (CH:0):Si(CH):NH(CH2,NH(CH:NH, | 2 20-100
3 poly(propyleneglycol)bis
? FeCls.6H:0 (2-aminopropyl ether) ! 20
10% FeCl3*6H,0 2,2’-(ethylenedioxy)-bis-(ethylamine) 1 6
113! FeCl3*6H,O 2-aminoterephthalic acid 2 4
F eC13'6H20 & .
6
12 FeSO4+7H,0 HoN(CH»)3Si(OEt)s 2 none

In continuous of these procedures (table 1), FesO4@NH, was synthesized by a new protocol. The
magnetite nanoparticles were prepared from FeCl3*6H,O. Also, 1, 2-ethylenediamine was used as an amino
agent. As shown in table 2, some experiments were carried out for optimizing the best ratio of the reagents,
temperature, and reaction time. All reactions were performed by a one-pot reaction of FeCl;*6H,O and 1, 2-
ethylenediamine in the ratio (1:10) in ethylene glycol at different temperatures & times under an inert

atmosphere.
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Table 2. Optimization reaction conditions for the synthesis of FesO4@NH; (product) from FeCl3*6H,0 (A), 1,
2-ethylenediamine (B), and sodium acetate anhydrous (C) in ethylene glycol (45 mL).

Entry Alg | B/g | Clg /° C th Product
1 1.5 2 3 150-190 | 3and 6 impure
2 1.5 3 6 200 3and 6 impure
3 1.5 2 12 200 6 impure
4 1.5 3 6 110 3 poor quality
5 1.5 3 12 110 6 good quality
6 1.5 3 6 110 12 poor quality

The quality of the obtained AF-MNPs was determined by comparing FT-IR spectra as shown in Fig.
1(a-c). In Fig. 1(a), the band at 645 cm™' assigned to the impurity some amount of maghemite [36b] when the
reactions were carried out at 200 °C (table 2, entry 2-3). The same results were achieved at 150-190 °C (table
2, entry 1). Due to the absorbance bands at 3428 cm™' (NH stretching vibration) and 2934 and 2862 cm’!
(asymmetric stretching vibration and symmetric stretching vibration of CHb), 1, 2-ethylenediamine was coated
better at 110 °C within 6 hours (Fig. 1(c)) (Table 2, entry 5), while the coating was reduced in fewer time of
reaction (3 hours, Fig. 1(b)) (Table 2, entry 4).

102610

(c)

131690
162415 154185

9057 285714

342307

131620

(b)

162415 154785

Transmittance (%)

202857

(a)

342307

4000.0 3600 3200 2800 2400 2000 1300 1800 1400 1200 1000 800 &00 4500
Wavenumber, cm™
Fig. 1. (a) FT-IR spectrum of synthesized of Fe304-CH>CH,-NH, at 200 °C within 6 hours (Table 2, entry 3).

(b) FT-IR spectrum of synthesized of Fe;04-CH,CH>-NH; at 110 °C within 3 hours (Table 2, entry 4). (¢) FT-
IR spectrum of synthesized of Fe304-CH>CH»-NH, at 110 °C within 6 hours (Table 2, entry 5).

Thus, the results (Table 2, entry 5) showed that a one-pot reaction of FeCl3*6H,O and 1, 2-
ethylenediamine in the ratio (1:10) at 110 °C within 6 hours in ethylene glycol gave the best quality and quantity
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of Fe304-CH2CH>-NH; (Fe;04@NH») as shown in Scheme 1. The chemical structure of FesOs@NH> was
characterized by FT-IR and VSM spectra.

A one-pot reaction of FeCl3.6H,O and 1, 2-ethylenediamine in the ratio (1:10) at 110 °C within 6 hours in
ethylene glycol gave the best quality and quantity of Fe;O4-CH>CH>-NH, (Fe;Os@NH>) as shown in Scheme 3.

NH>

NH.
HoN

FEC|3_6H20 2

y Ethylene glycol NH2
CH3COONa Y Y H,

+ Qil bath,110 °C NH
H N/\,NHz Inert Atmosphere 2

2 6 hours oN NH,

Scheme 3. The synthesis of Fe;O4@NH> nanoparticles.

Then, oxalic acid as an organic acid was linked to surface of Fe;O4@NH, nanoparticles. The best
reaction conditions were obtained by performing some reactions in different conditions as shown in Table 3.

Table 3. Optimization reaction conditions for the synthesis of Fe;Os@NH.@oxalic acid (product) from
Fe;04@NH> (1 g) under the Ar atmosphere.

Entry Mloxalic acid | & Conditions 0/°C t/h Product!

1 0.4 - RT 2or4 no

2 0.4 ultrasonic RT 2or4 no

3 0.8 ultrasonic 40 2or4 no

4 1.2 ultrasonic 40 2or4 no

5 1.2 ultrasonic 60 2 no

6 1.2 ultrasonic 60 4 yes

7 1.2 - 60 4 no

82 1.6 ultrasonic 60 4 yes

92 1.2 ultrasonic 60 8 yes
The formation of the product (FesOs@NHx@oxalic acid) was characterized by FT-IR
spectrum.

The obtained results from entries 8 and 9 are similar to entry 6. These results showed that more
amounts of oxalic acid and more reaction time for the preparation of the product are not
required.

The results showed (Table 3, entry 6) that oxalic acid can be linked by using ultrasonic irradiation at
60 °C within 4 hours under the Ar atmosphere. Thus, the Fe3;04-CH,CH,NH-CO-CO,H (Fe;04@NH>@oxalic
acid) nanoparticles were successfully synthesized, as shown in Scheme 4. The chemical structure of the
Fe;04@NH>@oxalic acid was characterized by FT-IR, XRD, SEM, VSM, and EDAX spectra.
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NH2 N HOC-OCHN — NHco-couH
N ) HO,C-OCHN
, NHCO-CO,H
HoN Ultrasonic Irradiation HO-C-OCHN
2 N 2C-
NF; Inse?'t /-‘c«;t!rr?oggﬁg'e NHCO-CO,H
AN NH, HOC-0CHN NHco-copH

Scheme 4. The synthesis of FesO4@NH @oxalic acid nanoparticles from Fe;O4@NH> nanoparticles under
ultrasonic irradiations.

The FT-IR spectrum of Fe;04-CH,CH>-NH» (Fe;O4@NHo») is shown in Fig. 2(a). The band at 3428
cm! was assigned to NH stretching vibration which was combined with OH stretching vibration of the absorbed
water on Fe;0s. The bands at 2934 cm™! and 2862 cm™! were assigned to asymmetric stretching vibration and
symmetric stretching vibration of CH,. The band at 1626 cm™! was assigned to OH bending vibration of the
absorbed water on Fe;O4. The band at 1547 cm™! was assigned to NH bending vibration. The band at 1316 cm
! was assigned to C—C stretching of vibration. The band at 1023 cm™! was assigned to C-N stretching vibration
and the band at 583 cm™' was assigned to the Fe~O bending vibration [34b].

The FT-IR spectrum of Fe;04-CH,CH>NH-CO-CO;H (Fe;O4@NH>@oxalic acid) has been shown in
Fig. 2(b). The band at 3394 cm™! was assigned to OH stretching vibration of the COOH group. The band at
1684 cm™ and 1673 cm! were assigned to C=0 bond stretching vibrations of the COOH and CO-NH groups,
respectively. The band at 1397 cm™! was assigned to OH bending vibration of the COOH group. The band at
1267 cm! was assigned to C—O stretching vibration. The band at 1037 cm™! was assigned to C-N stretching
vibration. The band at 787 cm™ was assigned to OH bending vibration of the COOH group, and 567 cm™! was
assigned to the Fe—O bending vibration.

A comparison of the FT-IR spectra of Fe;O4@NH, in Fig. 2(a) and Fe;O4@NH>@oxalic acid in Fig.
2(b) shows that a band at 1626 cm™' in Fig. 1(a) does not appear in the FT-IR spectrum of Fe;0s@NH@oxalic
acid Fig. 2(b). Because this band was replaced by a doublet band at 1684 cm™! (acidic C=0) and 1673 cm!
(amide C=0). This result that was indicated the successful attachment of oxalic acid to Fe;Os@NH,
nanoparticles.

¢) Oxalic Acid

1212

350810

b) Fe304-CH2CH2NH-CO-CO2zH

/\/‘ e 10
12

30414

124876
158175

T 103707

126773

1297 05

Transmittance, %

131600

206243 154734
203406
162690

305

242837

a) Fes0s-CH2CH2-NHz

4000.0 3800 3200 2800 2400 2000 1800 1600 1400 1200 1000 500 &00 4500

Wavenumber, cm™

Fig. 2. The FT-IR spectra of (a) FC304-CH2CH2-NH2 (FC304@NH2), (b) FC304-CH2CH2NH-CO-C02H,
(FesOs@NH@oxalic acid) (¢) oxalic acid.
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The VSM spectrum was used to evaluate the magnetic measurement of magnetite nanoparticles at
room temperature as shown in Fig. 3(a). Due to the lack of magnetic remanence and coercivity, the room-
temperature magnetization curve of the Fe;O4@NH, and Fe;Os@NH @oxalic acid nanoparticles suggests a
paramagnetic state of the nanoparticles. The magnetization curves indicate the saturation magnetization of
FesO4@NH@oxalic acid and Fe;O4@NH» nanoparticles, which were diminished to 10.50 emu/g from 12.90
emu/g. These results are significantly smaller than reported values for bulk Fe;O4 (92 emu/g and 100 emu/g)
[54]. In the FesO4@NH> and Fe;Os@NH @oxalic acid adsorbed water, amine agent, and oxalic acid reduce the
measured magnetic strength because magnetic nanoparticles are diluted with diamagnetic physically.

The SEM images of nano-Fe;Os@NH>@oxalic acid (Fig. 3(b)) show the presence of spheric
nanoparticles with 81 nm of average diameter.

£ D3=8694 nm

S000 10000 15000

Magnetization, emu/g

D2=67.43 nm

| — Fe:0.@NH:
15 | o Fes04@NH:@0xalic Acid

Applied field, Oe D1 = 90,06 nm

SEM MAG: 200 kx Det: InBeam 1

Fig 3. a) The room-temperature magnetization curve the Fe4@NH2 and FesOs@NH>@oxalic acid
nanoparticles. b) The SEM spectra of Fe;Os@NH>@oxalic acid.

The XRD patterns of the Fe;O4@NH>@oxalic acid nanoparticles are presented in Fig. 4. The peak positions
are indexed as (111), (220), (331), (400), (422), (511), (440), (620), (533) and (444) in the 26 range of 20-80°. These
results reveal the existence of a Fe3O4 core in the Fe;Os@NHx@oxalic acid which is in good agreement with the
literature [54-55]. Fig. 5 shows EDAX analysis of Fe;O4@NHx@oxalic acid nanoparticles. The sample peaks are
observed for carbon, oxygen, iron, and nitrogen. It reveals that carbon was from 1, 2-ethylenediamine and oxalic acid,
oxygen from oxalic acid and Fe3;Os, iron from Fe3Os4, and nitrogen from 1, 2-ethylenediamine. These results shows
that surface of Fe3;O4 was coated more than 93 % by organic materials (1, 2-ethylenediamine, and oxalic acid).
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Fig 4. The XRD patterns of Fe;O4@NH:@oxalic acid nanoparticles.
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Fig 5. EDAX analysis of FesOs@NH>@oxalic acid nanoparticles.

The synthesized Fe;Os@NH:>@oxalic acid nanoparticles were used for the synthesis of
pyrrolin-2-one derivatives after optimum reaction conditions as shown in Table 4. It was best to combine
benzaldehyde (1 mmol), aniline (1 mmol), and 0.2 g Fe;0s@NH@oxalic acid nanoparticles as the catalyst in
ethanol. The reaction was completed after 8 hours to give the corresponding pyrrolin-2-ones in 95 % yields as
shown in Scheme 2.

Table 4. Optimization reaction conditions for the synthesis of 1,5-diphenyl-3-hydroxy-4-methoxycarbonyl-3-
pyrrolin-2-one in the presence of Fe304@NH2@oxalic acid nanoparticles as catalyst at room temperature.*

Entry Catalyst Amounts (g) Solvent t/h Yields, %”
1 Fe;O4@NH:@oxalic acid 0.1 EtOH 12 35
2 Fe;04@NH:@oxalic acid 0.15 EtOH 12 60
3 Fe;04@NH:@oxalic acid 0.2 EtOH 8 95
4 Fe;04@NH:@oxalic acid 0.5 EtOH 6 93
5 Fe;O4@NH>@oxalic acid 1 EtOH 6 90
6 Fe;O4@NH:@oxalic acid 0.2 MeOH 2 90
7 Fe;04@NH:@oxalic acid 0.2 EtOAc 24 75
8 Fe;04@NH>@oxalic acid 0.2 H,O 24 0
9 Fe;04@NH:@oxalic acid 0.2 THF 24 47

%benzaldehye (1 mmol), aniline (1 mmol), DAMD (1 mmol). ®The yields were referred to as isolated products.

For more proofing, the reaction of a variety of anilines and aromatic aldehydes was performed under
optimized reaction conditions. All the reactions were completed within 6-10 hours in the excellent yields of
pure products (1-8a) (90-95 %) as shown in scheme 2. All products were characterized by FT-IR, 'H-NMR,
13C-NMR and C. H, N elemental analysis. In the "H-NMR spectrum, the chemical shifts of the CH group in the
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heterocyclic ring appear around 5.62-6.41 ppm, as a single signal. In the FT-IR spectrum, the C=O stretching
frequency of the products appears around 1675-1693 cm!. The melting points of the products were measured
and compared with the literature [30-35].

Due to the chemical structure of Fe;O4@NH>@oxalic acid, CO.H groups can provide an acidic surface
with good polarity. All moieties in this reaction are polar. Thus, they can react and condensate more easily on
FesO4@NHx@oxalic acid surface by dipolar-dipolar interactions. Fe;Os@NHx@oxalic acid nanoparticles
activate the aldehyde functional group for reaction with aniline. Thus, an imine as an intermediate (step (1),
Scheme 3) is produced. Then, the obtained H,O molecules from this condensation reaction, react with DMAD
and produce a 1,3-dipolar intermediate (step (II), Scheme 3) [30], which would undergo the addition to the
imine (step (Il & IV), Scheme 3). Then, an intramolecular attack of the amino group on one of the esters results
in the formation of the five-membered ring as pyrrolin-2-one skeleton (a, step (V), Scheme 3).

+ MeO

0O .
k;,\* 3 Ar e G=Nn Af O
v Hose. S0Meo ™ )
‘ ’ COZH e0C

M
HO,C CoH (1) Ar
(Il {Ho.C
HO.C COH (V)-MeOH
CO,H COzH
MGOQC
CO,Me

COgMe Ar'
(a)

CO,H
HO:C CO:H
Hozcﬂ'c% = Fe30,@NH,@oxalic acid
HOLC COH
COH

Scheme 3. The schematic and the tentatively proposed mechanism for the synthesis of pyrrolin-2-one
derivatives by Fe;Os@NH @oxalic acid as catalyst.

Table 5. Comparison of synthesis of 1,5-diphenyl-3-hydroxy-4-methoxycarbonyl-3-pyrrolin-2-one by
Fe304@NH2@oxalic acid with the different protocols.

. Green R Reusable
Entry Protocol Yield | t/h Profile Availability Catalyst Reference
Fe;04@NH:@oxalic

1 acid/EtOH/RT 95 8 yes yes yes current
2 EtOH/H,O/RT 87 15 yes yes no 29

3 P-TsOH/EtOH/RT 62 48 no yes no 30

4 Citric Acid/US/ EtOH/RT 90 0.3 yes no no 31

5 P-TsOH/MW/EtOH/RT 96 0.1 no no no 32

6 TiO; admicelle/H,O/RT 75 18 yes no no 28

7 [bmim]BF4+/PEG-400/RT 89 1 yes no yes 33a

MW/[BBSI]|Cl/Ethylene
8 alycol/RT 90 0.1 yes no yes 33b
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9 [BBSI]Cl/ball milling/RT 90 0.5 yes no yes 33¢
10 [B]?:ill]lﬁz%{,bau 87 0.4 yes no yes 33c
| "Wbsaponmr | 7 [ 8| e | w s |34
12 | FeO@ERGAO0@oxle | 90 | 24 | yes no yes 35
13 ngziﬁ;ﬁgga 94 | 08 | yes no yes 56
14 Ambe}:zr%lg;}rilw/rbrine/ 95 6 yes yes yes 35

The reusability of Fe;O4@NH:@oxalic acid catalyst was examined. The recycled catalyst can be used
three more times. For example, the second and third rounds yields of the product (Scheme 2, 1a) were 92 %
and 93 % respectively. For more consideration, the efficiency of Fe;Os@NH>@oxalic acid nano-magnetic
catalyst for the synthesis of 1,5-diphenyl-3-hydroxy-4-methoxycarbonyl-3-pyrrolin-2-one (Sheme 2, 1a) has
been compared with other reported protocols as shown in Table 5. The comparison shows Fe;Os@NH>@oxalic
acid catalyst has a good potential for the synthesis of pyrrolin-2-one derivatives.

Conclusions

In this research, the Fe;O4@NH; nanoparticle was synthesized from FeCl;*6H,O and 1, 2-
ethylenediamine. Then, Fe;O4@NH,@oxalic acid as an organoacid-magnetic nanoparticle was synthesized by
coupling of Fe;O4s@NH, nanoparticle and oxalic acid under ultrasonic irradiations. Also, the nano-
Fe;04@NH>@oxalic acid was used for preparation of a variety of pyrrolin-2-ones. The reactions were
performed in ethanol in the excellent of yields at room temperature. The recovered and regenerated catalyst can
be useful for reaction with loss of activity. Thus, easy work-up, mild reaction conditions, recyclability, recovery,
non-toxicity, economically affordable, and high efficiency are valuable characteristics that make this new
method noteworthy.
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Abstract. Wild blackberries (Rubus) are fruits that grow in inaccessible high mountain areas, which has
made it difficult to study their chemical and nutritional composition. The objective of this research was to
evaluate the nutritional composition and the macro- and micro-nutrient profile of wild species of fruits of the
Rubus genus collected in Sinaloa, Mexico. Botanical samples of wild Rubus were identified and deposited in
the Herbarium of the Institute of Biology of the UNAM. Subsequently, the chemical composition the profile
of carbohydrates, lipids and minerals were evaluated. Wild Rubus species were identified as R. liebmannii,
R. coriifolius and R. palmeri. In addition, it was found that R. liebmannii is the first time it has been recorded
for the state of Sinaloa. Likewise, the results show that carbohydrates represent the largest proportion of the
macro-components (85 %, glucose and fructose); they have a high content of fatty acids (such as linolenic
acid) and are rich sources of minerals (such as K, Ca and Mg). The results of this research could be relevant
to be used in the genetic improvement of commercial species that currently exist in the market.

Keywords: Rubus; wild blackberries; macro-nutrients; minerals; fatty acids.

Resumen. Las zarzamoras silvestres (Rubus) son frutos que se desarrollan en zonas de alta montafia poco
accesibles, lo que ha dificultado el estudio de su composicién quimica y nutricional. El objetivo de la presente
investigacion fue evaluar la composicion nutricional y el perfil de macro y micronutrientes de especies
silvestres de frutos del género Rubus colectadas en Sinaloa, México. Muestras botanicas de Rubus silvestres
fueron identificadas y depositadas en el Herbario del Insituto de Biologia de la UNAM. Posteriormente se
les evalud la composicon quimica, el perfil de perfil de carbohidratos, lipidos y minerales. Las especies
silvestres de Rubus fueron identificadas como Rubus liebmannii, Rubus coriifolius y Rubus palmeri. Ademas,
se encontrd que Rubus liebmannii, es la primera vez que se registra para el estado de Sinaloa. Asimismo, los
resultados muestran que los carbohidratos representan la mayor proporcion de los macro-componentes (85 %,
glucosa y fructosa); tiene un alto contenido de acidos grasos (como acido linolénico) y son fuentes ricas de
minerales (como K, Cay Mg). Los resultados de la presente investigacion podrian ser de relevancia para ser
utilizados en el mejoramiento genético de especies comerciales que actualmente existen en el mercado.
Palabras clave: Rubus; zarzamoras silvestres; macronutrientes; minerales; dcidos grasos.
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Introduction

The genus Rubus L. is a large and complex group of plants in the family Rosaceae naturally
distributed in fresh and tropical regions worldwide with an uncertain number of species since some studies
estimate 250-330 species, but others up to 750 species [1-3]. In Mexico, Rzedowski and Calderén de
Rzedowski [4] catalogued 61 Rubus species, but recently, Rodriguez-Bautista et al. [5] reported only 42
species of this genus using bioinformatic tools. The most studied Rubus species in Mexico are mainly located
in the Trans-Mexican Volcanic Belt and the Sierra Madre del Sur [4-6], though some exploratory research
for the Sierras Madre Occidental has provided new records of wild Rubus for Sinaloa and Durango and some
of these species are underutilized as a seasonal food source by local human communities [7,8]. However, all
these investigations mention the need for more studies on this group's systematics, taxonomy, evolution, and
ecology for Mexico and the world.

Several authors mention that Rubus species, and other Rosaceae species, are difficult to delimitate
because of their easily hybridization among Rubus species, frequent apomixis, phenotypic plasticity and the
lack of a consensus on the morphology of the genus [9-11]. The morphology of the Rubus species is
multifaceted and varied since they can be shrub or woody plants, prostrate or erect, with compound leaf
blades and serrated-toothed margins [12,13], which are considered useful characters to generate taxonomic
discriminations when distinguishing these from other Rosaceae species [14]. However, within Rubus, the
most relevant criteria are those that show the least phenotypic variation, highlighting among their flowers
and fruits, as well as some constant characteristics of leaves, stems and roots [6,10].

The high variability is not exclusive to anatomical structures in Rubus plants since this diversity is
also found in the phytochemical profile of nutritional compounds and secondary metabolites of leaves, roots,
and fruits [15-20]. The macro- and micronutrients reported in Rubus fruits are well known in some popular
commercial-domesticated Rubus, such as R. fruticosus (common blackberry), R. coreanus (bokbunja or
Korean berry) and R. idaeus (common raspberry), which include a large variety of amino acids, vitamins,
carbohydrates, lipids, and minerals, as well as their phytochemical profile [16,20-22].

The chemical profile of bioactive compounds (including tannins, flavonoids, and phenolic acids) of
wild Rubus species from the “Chara Pinta (Tufted-Jay) Sanctuary” in Sinaloa, Mexico, is well documented
by previous works [18-20]. However, the composition of nutritional, macro- and micronutrients remains
unexplored. This study aims to evaluate the nutritional composition and the macro- and micronutrient profiles
of wild Rubus berries from Sinaloa, Mexico.

Experimental

Materials and methods
Plant material

A search for individuals of the genus Rubus L. was carried out in 3 sites with anthropogenic
alterations within the “Chara Pinta Sanctuary” (23°48'48.4 " N, 105°50'15.1" W), in the ejido lands of El
Palmito, Concordia, Sinaloa, Mexico, during the spring-summer 2015 season (June 29-30, 2015). The
collection sites were the Cabins of the Chara Pinta Sanctuary (CP, 2172 m a.s.l.), the Road to El Mirador
(CM, 2163 m a.s.l.) and kilometer 200 of Federal Highway 40 (CF, 2013 m a.s.l.) (Fig. 1). Specimens with
fertile stems (which presented leaves and inflorescences with fruits in different degrees of maturity and apical
flowers or buds) and sterile stems were collected, taking care that these came from the central part of the
plant, since in this region it is where it presents less phenotypic variability of the same structures, as different
previous studies have established [14]. The plant material was pressed and dried at 50 °C for 72 h. The
material was analyzed and herbarized with the support of the National Herbarium of the Institute of Biology
of the National Autonomous University of Mexico (MEXU) staff. About 1.0 kg of only ripe fruits of two
from three Rubus species was collected and immediately freeze-died at -80 °C. However, for one of them,
the collected fruits were insufficient for the subsequent nutritional evaluation.

249



Article J. Mex. Chem. Soc. 2024, 68(2)
Regular Issue

©2024, Sociedad Quimica de México

ISSN-e 2594-0317

MEX 40
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Fig. 1. Map of the wild blackberry collection sites in El Palmito, Sinaloa, Mexico. CP, Cabins of the Chara
Pinta Sanctuary; CM, Road to El Mirador; CF, Federal Highway México 40.

Identification of wild blackberry species

The characters present in the exsiccates were compared with those of specimens previously
identified and deposited in the MEXU, as well as with those described in the following floristic consultation
sites: Tropicos (www.tropicos.org); KEW: World Checklist of Selected Plant Families (apps.kew.org);
Catalog of Life (www.catalogueoflife.org); Global Biodiversity Information Facility (data.gbif.org); The
New York Botanical Garden Virtual Herbarium (data.gbif.org); JSTOR Plant Science (plants.jstor.org);
Encyclopedia of Life (www.eol.org); Biodiversity Heritage Library (www.biodiversitylibrary.org); and the
Mesoamerican Flora project (http://www.tropicos.org/Project/FM).

Proximate composition of berries

Protein, moisture, fat, and ashes contents were determined on a dry basis according to the AOAC
methods [23]. An amount of 0.2 g of freeze-dried fruits was digested with 1.625 g of catalyst (KSO4:CuSOs,
10:1, w/w) and 5 mL of H,SO4 for 6 h at 550 °C. Then, 10 mL of distilled water was added, before adding
15 mL of H3BO3 and 3 drops of methyl red as an indicator. The colour of the mix was adjusted with 40 %
NaOH and titrated with 0.08 N HCI. For moisture, 1.0 g of dried samples were held at 130 °C for 1 h to
remove remained moisture. The crude lipid content was estimated in 1.5 g of dried fruits in a Soxhlet system
using petroleum ether and Whatman paper #1. Finally, ash content was measured in 1.0 g of freeze-dried
fruits in a muffle at 550 °C for 12 h. Carbohydrates were estimated by weight difference.

Extraction of macro-nutrients

Freeze-dried powder (360 g) of both Rubus fruits were mixed with 1 L of acidified methanol (80:0.3,
MeOH:trichloroacetic acid, v/w) at 4 °C for 24 h, then filtered with Whatman paper #1. These steps were
repeated, and filtered fractions were collected together. Briefly, the MeOH was extracted by rotary
evaporation in a Biichi equipment (Labortechnick AG., Switzerland). The aqueous part was exposed to ethyl
acetate (1:1, v/v) and shacked vigorously for 2 min in a separatory funnel twice. The oily and watery phases
were concentrated by rotary evaporation. The non-polar fraction (NPF) was kept at -20 °C under its posterior
evaluation. For carbohydrate isolation, the defatted samples were freeze-dried at -80 °C, 5.0 g of this were
resuspended in 100 mL of acidified water (0.3 % TCA), and exposed to 100 g of Amberlite XAD-7 adsorption
resin (Sigma-Aldrich, St.-Louis, USA) for 30 min. A glass column of 300 x 25 mm was packed with the mix
and washed with 500 mL of acidified water. The pH of the liquid was adjusted to 7.0 and freeze-died under
its analysis.
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Profile of carbohydrates

The carbohydrate-enriched fractions (CEF) were profiled according to the procedure reported by
Xiang et al. [24], with some modifications. Briefly, 10 mg of CEF were solubilized with 50 pL of the
derivatizing N,O-bis(trimethylsilyl)trifluoroacetamide (BSTFA, 33027, Sigma-Aldrich, St.-Louis, USA) and
50 pL of pyridine (27047, Sigma-Aldrich, St.-Louis, USA), sonicated for 5 min and heated at 70 °C for 4 h.
Afterwards, 1.5 mL of HPLC grade MeOH was used to resuspend the mix. A volume of 5 uLL was injected
in a GC-MS Agilent system (GC6890N-MS5973, Agilent Technologies, Inc., La Jolla, USA) and carried out
with helium gas through a QUADREX 007-23 (30 m x 0.25 mm ID, 0.25 pm film thickness, Quadrex Corp.,
Woodbridge, USA). The injector temperature was 250 °C, while the oven was at 60 °C and the temperature
gradient of 5 °C/min until 200 °C and heated up 10 °C/min until 275 °C, remaining constant at 275 °C as far
as 60.5 min. Mass detector was operated in the electron impact mode with 70 eV of energy. The temperatures
for the detector and the quadrupole were 245 °C and 150 °C, respectively. The resulting data were compared
with the NIST/EPA/NIH database Version 2.0 (NIST 08 Mass Spectral Library, Gaithersburg, USA). The
obtained results were presented as relative percentages (%) of carbohydrates.

Profile of lipophilic compounds

The lipophilic profile was performed following the method described by Ahumada-Santos et al.
[25]. About 5.0 mg of FEF were solubilized in 1 mL of hexane HPLC degree and injected in an Agilent GS-
MS system (GC6890N-MS5973, Agilent Technologies, Inc., La Jolla, USA) through a QUADREX 007-23
(30 m x 0.25 mm ID, 0.25 pm film thickness, Quadrex Corp., Woodbridge, USA), using helium gas as a
carrier. A volume of 5 pLL was injected at 250 °C of vaporizer temperature, the oven started at 60 °C and the
gradient was increased 5 °C/min until 200 °C and heated up 10 °C/min until 275 °C, remaining constant at
275 °C as far as 60.5 min. The equipment mass detector was used in the electron impact mode with 70 eV of
energy. Temperatures for the detector and the quadrupole were 245 °C and 150 °C, respectively. The results
were compared with information compilated in the NIST/EPA/NIH database Version 2.0 (NIST 08 Mass
Spectral Library, Gaithersburg, USA). Results were expressed as relative percentages (%) of the identified
lipophilic compounds.

Profile of minerals

The mineral profiling was done following the procedure of Frias-Espericueta et al. [26], with slight
adaptations. About 1.0 g of freeze-dried powder of both fruits was calcinated at 550 °C for 2 h into a muffle.
Ashes were solubilized in 5 mL of concentrated HNO; (trace metal grade) and kept at room temperature for
1 h. Then, the mix was filtered and made up to 50 mL with Milli-Q water. Finally, 1.0 mL of sample was
injected in a Varian SpectrAA 220 atomic absorption spectrophotometry (Varian, Palo Alto, USA) and
monitored with the Varian AA software version v3.10 (Varian, Palo Alto, USA). Analysis of certified
reference material (DOLT-4, National Research Council Canada) gave recovery acceptable values of 95—
115 % in all analyzed metals. Results were expressed as mg/100 g dw.

Statistical analysis

Data were analyzed by one-way analysis of variance using the Statgraphics Centurion XVI.I
statistical package (Statgraphics Technologies, UK). Tukey’s test was used to compare mean values +/-
standard deviation under a statistical difference (p<0.05). All experiments were done in triplicate (n=3).

Results and discussion

Description of collected Rubus
The following Rubus species were described and identified in the Chara Pinta Sanctuary, Sinaloa (Fig. 2):

Rubus liebmannii Focke, Abh. Nat. Ver. Bremen 4: 158. 1874
TYPE: MEXICO, Oaxaca, Cerro de Zempoaltepec. 1842. Holotype: Liebmann s.n.; 1841-1843;
Mexico (C).
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Perennial stems, 2—3 m tall; shoots erect, terminal part arched, abruptly angulate, scarcely hairy and
armed with some compact curved spines; trimeric, deciduous leaves (Fig. 2(A.1)); petioles hairy, prickly, 4—
6 cm long; stipulate tiny, hoggy, 8—10 mm long; leaflets irregular, fine and pronouncedly serrated, green and
pubescent on both sides, terminal leaflet oval or elliptic, acuminate, with 8—10 veins on each side, 7-10 cm
long, its petiole 2-3 cm long; lateral leaflets 4-5.5 cm long, with petioles approximately 2 mm long (Fig.
2(A.2)); densely hairy and spiny flower stems, small, curved spines; terminal and axillary panicles, short,
sloping; tomentose stems and pedicels with small glands; cinereo-tomentose calyx, glanduliferous; sepals
extended or reflexed; oval, pink petals (Fig. 2(A.3)); fruits 1 cm long, black; numerous, tomentulous drupelets
(Fig. 2(A.4)).

Material examined: IBUNAM: MEXU: 1417228. Rubus liebmannii Focke ROSACEAE Shrub 2.5
m; spiny, semi-woody, hairy, brown, semiglabre stems; alternate, trifoliate, spiny leaves, biserrulous margin;
inflorescence in corymb: pink, pentameric, perfect flowers. El Palmito, Concordia, Sinaloa, Mexico.
23°35°22.5” N, 105°52°09.5” W, 2172 m a.s.l. 06/30/2015. Collector: Oscar Abel Sanchez-Velazquez.
Determined: Biol. Gilda Ortiz-Calderén / Dr. Oscar Abel Sanchez-Velazquez.

This species had not been previously reported for the state of Sinaloa. This blackberry is also known
as “tunita de cerro”, “zarza” and “zarzamora” in Spanish and “citun-zarza” and “tsitubi” in Purepecha. Its
geographical distribution is reported in the forested areas of Michoacan, Hidalgo, Durango, Jalisco, and
Guanajuato. Ecologically, like many Rubus species, they are important plants as colonizers of new sites for
the development of other associated species of primary vegetation [4]. Some anatomical parts (leaves, stems
and fruits) of this plant are used in traditional medicine for diarrhea, colds, dysentery, and insomnia [27].
This is a species of blackberry endemic to Mexico that is not under any category of protection under Mexican
law and that had not been reported for the state of Sinaloa.

Rubus coriifolius Liebm. Vidensk. Meddel. 1852: 157. 1853.

TYPE: MEXICO, Veracruz, Mirador. 1853. Type: Liebmann s.n.; Sep; Mexico: Alpatlahua,
7000'(C).

Perennial stems, 1.5-2 m tall; subrepent buds, pubescent, rarely with small thorns; stems angled,
with long, recurved and compact spines, puberulent at the base; leathery, persistent leaves, pentameric leaflets
(sterile stems) (Fig. 2(B.1)); semibristled stipules, 4—5 mm long, pubescent; pubescent petioles, rarely with
glands intermixed with villi, petioles and central vein spines, 5-7 cm long; leaflets elongated-ovate 5-10 cm
long, obtuse at the base, accumulated at the apex, roughly biserrated, dark green, puberulent, underside
densely pubescent, with prominent veins (Fig. 2(B.2)); petiole of the average follicle 3—4 cm long, those of
the lateral leaves approximately 2.5 cm long and those smaller than 4-6 mm long; alternate floral branch
leaves; leaflets 5—7 cm long, 2.5-3 cm wide; petiole of the middle leaflet 12—16 mm long, those of the lateral
leaflets 2—5 mm long; terminal and axillary panicles, the main frequently 30 cm long; scattered, tomentose
branches, often with interspersed glandular villi; lanceolate, sharp bracts; sepals thick, ovate, acuminating or
acute, tri-veined, tomentose, at the end reflexed; petals obovate, longer than sepals, pink or white (Fig.
2(B.3)); small fruits, red or black when approaching maturity, glabrous; 820 drupelets, ovoid, glabrous,
gradually fall apart (Fig. 2(B.4)).

Material examined: IBUNAM: MEXU: 1417229. Rubus coriifolius Liemb. ROSACEAE Shrub 3
m; climbing branches; spiny, semi-woody and herbaceous stems, hairy, glandular; alternate leaves, tri or
pentafoliate, spined, biserrulous margin; hairy-glandular inflorescence, corymb: perfect white, pentameric
flowers. El Palmito, Concordia, Sinaloa. 23°34°09.7” N, or 105°50’57.1” W. 2013 m a.s.l. 06/30/2015.
Collector: Dr. Oscar Abel Sanchez-Velazquez. Determined: Biol. Gilda Ortiz-Calderén / Dr. Oscar Abel
Sanchez-Velazquez.

Rubus coriifolius is a plant distributed in the mountainous systems of highlands forestry coverage in
Mexico and even in Central America and Venezuela [28]. Stems, leaves and fruits are used in traditional
herbalism for antimicrobial and antiparasitic purposes [29].

Rubus palmeri Rydberg, sp. Nov.

TYPE: MEXICO, Durango, San Ramoén. 1906. Isotype: T: Edward Palmer - 78. (MO/BC: MO-
197903/A: 1927515). Perennial stems, reclining on bushes or walls, 2—4 m long, angled, hairy, tomentose or
glabrous, the oldest, armed with strong recurved spines 5-8 mm long; pentafoliated or trifoliate leaves (Fig.
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2(C.1)); petioles, petioles and central veins hairy and heavily armed with curved spines; subulated stipules;
8—10 mm long; leaflets rounded-oval or obovate, abruptly short and acuminate at the apex, rounded or
bordered at the base, 5-10 cm long, light green, burr and irregularly serrated, with oval teeth, sparsely hairy
in the upper part, rather dense villi on the underside; about 10 lateral veins on each side (Fig. 2(C.2));
inflorescences with many flowers, frequent foliaceous, villous-tomentose bracts, some glands and armed with
recurved stingers; sepals are ovate, apiculate, tomentose on both sides, about 7 mm long; white, obovate
petals, 12—15 mm long (Fig. 2(C.3)); dark purple fruits, large, juicy; glabrous drupelets, 20-35; fall, 3 mm
long, strongly reticulated (Fig. 2(C.4)).

[ ;"

Sanctuary. A. R. liebmannii; B. R. coriifolius; C. R. palmeri; leaves (1); underside of leaflets (2); flowers (3);
fruits (4).
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Material examined: IBUNAM: MEXU: 1417230. Rubus palmeri Rybd. ROSACEAE Shrub 2 m;
hanging and creeping branches; spiny, semi-woody, hairy stems; alternate leaves, tri or pentafoliate,
spined, biserrulous margin; hairy inflorescence, corymb: white, pentameric, perfect flowers. El Palmito,
Concordia, Sinaloa. 23°34°55.7” N, or 105°51°21.4” W. 2163 m a.s.l. 06/29/2015. Collector: Dr. Oscar
Abel Sanchez-Velazquez. Determined: Biol. Gilda Ortiz-Calderén / Dr. Oscar Abel Sanchez-Veldzquez.

Rubus palmeri is a species native to northwestern Mexico and other states such as Chiapas, San
Luis Potosi, Tamaulipas, and Veracruz, in addition to being distributed in Guatemala [28]. Fruits of this
species are used to make jams, tamales, and sweets, while their leaves are used as medicines for parasitic
diseases and gastrointestinal system pain [4].

Despite their morphological peculiarities, these three species are evolutionarily related to each
other [5]. Rubus liebmannii and Rubus coriifolius belong to the Floribundi subgenus, while Rubus palmeri
is classified as part of Sapidi. The criteria for this robust grouping are more related to the characteristics
of inflorescences, such as the number and arrangement of flowers, as well as the presence and abundance
of glandular trichomes and spines [30]. Other related subgenres are Adenotrichi and Duri, in which most
of the tropical species described in the American continent are found [31].

The El Palmito Sanctuary region has a temperate sub-humid (Cwa) climate with a marked rainy
season between July and September. Peaks of more than 2,000 m a.s.l dominate the relief. And deep ravines
that converge in perennial water flows. That is why the vegetation is intimately linked to a high mountain
orography, typical of the Sierra Madre Occidental, where botanical communities such as mountain
mesophyll forest, pine forest and mixed oak-pine forest stand out, and to a lesser extent it can be found
riparian and gallery vegetation [32]. The dominant plant species belong to the genera Pinus and Quercus;
however, it is also frequent to find individuals from other genera such as Salix, Abies, Juniperus, and
Cupressus. While secondary vegetation is made up of species of Datura, Argemone, Salvia, Ipomoea,
Lopezia, Castilleja, Geranium, Sida, Oxalis, among many others, including Rubus coriifolius and Rubus
palmeri[7,32]. Human economic activities have modified the local ecosystems during the last one hundred
years, generating environmental conditions for foreign and exotic flora, like Hypoestes phyllostachya,
Ricinus cummunis, Ipomoea quamoclit, Taraxacum officinale, Trifolium repens, and Melinis repens, which
indicates that there is a flow of species from other latitudes to these sites, either deliberately or accidentally
[8].

Therefore, the collection sites have some representative characteristics of the different types of
vegetation in the Chara Pinta Sanctuary. The Cabins site (CP) is a deforested area of approximately 5 ha
of gentle inclination and bordered by a canopy of Nearctic affinity (Pinus herrerai, Pinus engelmannii,
Pinus lumholtzii and Pinus douglasiana). Human influence in CP is high due to the change in land use for
recreational purposes, whose occupation is restricted to no more than 50 people, but this figure is rarely
reached. Rubus liebmannii individuals were found at this site, forming corridors, at least 30 m long, on the
margin of a low-traffic dirt road. Additionally, a Rubus coriifolius specimen was identified at this location.

The path to the viewpoint (CM) is a crossing point to the Mirador, located between the cabins and
the community of El Palmito (Table 1). In this place are present individuals of Pinus engelmannii and
Pinus douglasiana, as well as Quercus urbanii, Arbutus xalapensis and Conostegia xalapensis. Mixed and
dispersed individuals of Rubus liebmannii and Rubus palmeri (RP) were observed at this site. Deforestation
of plants with a diameter greater than 1.5 m is still active here. Secondary vegetation is also made up of
some introduced grasses and herbaceous plants.

The last site consists of a point of convergence between Federal Highway Mexico 40 and a
constant flow (CF) waterfall. The flora present here corresponds to gallery vegetation and orographic
shade, with species such as Alnus glabrata, Dendropanax arborens, Arbutus madrensis, Casimiroa edulis,
Clethra hartwegii, etc. In addition, you can find minor species of Cuphea, Castilleja, Cosmos, Adiantum,
by others, as well as introduced species such as Leonotis nepetifolia, Lysamachia arvensis and Melinis
repens [8]. Individuals of RC and RP were found in interspersed communities on the roadside at a distance
of no more than 10 m between the convergence of the highway and the stream.

The reproductive season of wild Rubus in tropical ecosystems generally occurs a few weeks before
the rainy season. The simultaneous co-fructification of one or more species facilitates zoochory by sharing
dispersers in common with each other [33]. This phenomenon favors plant succession with native flora
and the recruitment of invasive or non-native species and, due to the characteristics of Rubus fruits, it is
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one of the genera that has increased its distribution to new lands around the world and has caused different
impacts on colonized ecosystems [33].

The ease with which wild Rubus species can colonize new pristine and degraded ecosystems, the
morphological plasticity of some taxonomic characters, apomixis, and interspecific hybridization makes it
difficult to keep floristic listings for Rubus up to date. Maintaining constant and consecutive studies of the
genus in the Chara Pinta Sanctuary can be useful to know the ecological relevance of these species to
maintain the quality of the ecosystem, as well as compile characteristics with possible agronomic interest
that allow us to enhance the knowledge of these fruits could increase their interest for human nutrition
purposes.

Table 1. Presence of Rubus species at collection site.

Species
Site Geographical Location
RL RC RP
CP N 23°35°22.5”, W 105°52°09.5” X X
CM N 23°34°55.7”, W 105°51°21.4”. X X
CF N 23°34°09.7”, W 105°50°57.1” X X

RL, Rubus liebmannii; RC, Rubus coriifolius, RP, Rubus palmeri; CP, Cabins Chara Pinta; CM, Road to El
Mirador; CF, Federal Highway México 40.

Proximate composition

Results from the chemical composition analysis of raw dried fruits of R. liebmannii and R. palmeri
are displayed in Table 2. The protein content for R. liebmannii was 5,402 mg/100 g dw, while for R. palmeri
it was 5,019 mg/100 g dw. It is known that the proteins and polypeptides in Rubus fruits are present in low
amounts, but with a rich profile of amino acids [34], additionally, the nitrogenous content decreases with the
maturity level of fruits [35]. In some grown Rubus berries, such as R. coreanus, R. ideaus or R. fruticosus
[16,36], the protein content is about 5—7 % dw, while in wild Rubus species from upper latitudes showed
protein proportions of 3.3—4.4 % dw, like R. ellipticus and R. niveus [37], although, for berries of the wild R.
amabilis, proteins can represent up to >10 % dw [38]. However, tropical blackberries such as R. adenotrichus
and R. ulmifolius presented values of 5.9 % and 6.56 % dw in ripe fruits [37]. It means that wild tropical and
cultivated blackberries could have similar protein content.

Table 2. Proximate composition and mineral profile of R. liebmannii and R. palmeri fruits.

Composition (mg/100 g dw)
Macro-nutrients
Rubus liebmannii Rubus palmeri
Protein 5,402 + 424 5,019 £ 5372
Lipids 6,433 +£398° 7,239 + 5202
Ashes 2,503 £211° 2,929 + 1102
Carbohydrates 85,749 + 7382 84,892 + 6152
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Micro-nutrients
Minerals RDA (mg/day)

Potassium (K) 3,500 592.8+31.92 480.0 + 33.9°
Calcium (Ca) 1,200 188.9+7.1° 205.1 £9.5°
Magnesium (Mg) 350 104.6 +3.8° 1654+ 19.7*

Sodium (Na) 2,000 61.4+2.5° 83.8+8.5°

Manganese (Mn) 75 10.7 £ 1.02 73+0.6

Iron (Fe) 15 4.4+0.3° 42+0.3°

Zinc (Zn) 10 1.8+0.1° 24+0.12

Copper (Cu) 2 0.7+0.0? 0.8+0.1*

RDA, recommended daily allowance minerals in adults (RDI, 2006). Mean = S.D. Similar letters at same line
indicate non statistical differences (p<0.05). n=3.

For R. liebmannii the lipid compounds represented 6,433 mg/100 g dw and for R. palmeri 7,239
mg/100 g dw, with differences (p<0.05) between them. Most of the oily portion of Rubus berries is found in
the dermis and seed [21,34]. Therefore, R. palmeri could have a greater quantity of lipids because it has more
oily structures in the fruitlessness (around >30 drupeols/drupelet) compared to fruits of R. liebmannii (<25
drupeols/drupelet). Our results indicate that R. liebmannii and R. palmeri have a higher content of lipids
compared to other Rubus berries, such as wild R. ellipticus, R. ulmifolius, and R. niveus with 1.1-4.7 % dw
[37]; wild genotypes of raspberry (R. idaeus) with 2.1-3.47 % dw; and grown raspberries and blackberries
with 3.3-4.2 % dw [16,21,39]. The presence of a number of oily anatomical structures in our Rubus fruits
could contribute to the superior content of lipids in these. However, also external circumstances may affect
their synthesis and concentration to protect the fruits against biotic and abiotic environmental conditions.

Ash content was 2,503 and 2,929 g/100 g dw correspondingly for R. liebmannii and R. palmeri, with
statistical differences (p<0.05) between them. Ashes represent the minerals contained within fruit structures and
may contribute to fruit nutraceutical properties [16]. These results are within the range reported for wild R.
amabilis [37,38] from fresh highlands, but lower than tropical wild or grown Rubus with ash contents of 3.0—
4.4 % dw [35,40]. This phenomenon is a natural process determined by factors such as mineral availability in
soil, diversity of micro- and macro-elements, or the metabolism of fruits during the ripening process [35,41].
Thus, Rubus fruits are an excellent source of microelements that could contribute to reaching the required daily
dose of minerals [16,37]. Individual minerals will be discussed in more detail in the next section.

The total carbohydrates contents were estimated at 85,749 and 84,982 mg/100 g dw for R. liebmannii
and R. palmeri, respectively, without statistical differences (p<0.05) between them. It is known that the
carbohydrates represent the major macro-compounds in Rubus berries (>80 % dw), so our results coincide
with the reported for wild blackberries genotypes, such as R. imperialis, R. ellipticus or R. idaeus [37,38],
but are lower than the >90 % dw reported in some grown Rubus genotypes [16]. The carbohydrates represent
the sum of free carbohydrates, fiber, and starch [35,42], and their structural and metabolic role is crucial for
the maturity process, synthesis of secondary metabolites, and sensory properties for the dispersing animals,
but also carbohydrates represent 40—-80 % of total energy requirement in humans [43].

Mineral composition
In both Rubus species, the blackberries presented the following mineral distribution:
K<Ca<Mg<Na<Mn<Fe<Zn<Cu. However, their contents were not the same in these berries (Table 2).
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Potassium (K) was the major mineral in both fruits, since in R. liebmannii its content was 592.9 mg/100 g
dw, while for R. palmeri was 480.0 mg/100 g dw, being this last statistically low (»p<0.05). The potassium
content in our fruits was lower than that reported for R. ellipticus, R. niveus and R. ulmifolius fruits (680-920
mg/100 g dw) [37], but higher than amounts reported for raspberry cultivars (103—152 mg/100 g dw) [44,45],
as well as fruits of R. amabilis (113.3 mg/100 g dw) [38]. The recommended daily dose of K is 2500 mg per
day, so the intake of 100 g of dry fruit of R. liebmannii or R. palmeri could contribute with the 16.9 % and
13.7 % of the K required in adults.

Table 3. Lipid and carbohydrate profiles of wild Rubus fruits.

Profile RT (min) Rubus liebmannii Rubus palmeri

Lipid compounds Proportion in NPF (%)
C16:0, palmitic acid 30.6 10.3 £ 0.4° 152+0.3*
C18:0, stearic acid 41.1 0.9+0.1° 0.6 £0.0°
C18:1, oleic acid 39.0 25.6+1.2° 30.7+1.52
C18:2, linoleic acid 39.8 15.1+ 1.4 6.3+0.8°
C18:3, linolenic acid 38.9 28.0+0.1° 30.2+0.12
a-tocopherol 52.6 12.5+1.18 9.0+1.8
B-sitosterol 53.9 6.5+0.5° 8.0+0.32

Carbohydrates Proportion in CEF (%)
D-fructose 30.31 48.7+0.5° 49.7+0.5*
D-altrose 31.74 72+1.7° 6.8 +0.4°
D-galactose 34.40 18.0+ 0.6 17.8+1.0%
D-xylose 34.51 6.7+0.92 5.5+0.4°
D-glucose 39.96 19.8£0.7 21.0£0.7*

RT, retention time; NPF, non-polar fraction; CFE, carbohydrate enriched fraction. Mean + S.D. Similar letters at same
line indicate non statistical differences (p<0.05). n=3.

Calcium (Ca) content in R. liebmannii and R. palmeri were 188.9 and 205.1 mg/100 g dw,
respectively, having differences (p<0.05) between them. The calcium concentration in R. palmeri was closer
to the highest values reported by Castilho Moro et al [45] for raspberry cultivars in tropical cultivars (162—
175 mg/100 g dw), similar to R. imperialis (190-202 mg/100 g dw) [39], but our two fruits had less Ca than
the reported for R. idaeus from cold latitudes, R. ellipticus, R. ulmifolius and R. niveus, ranged around 243—
620.5 mg/100 g dw [37]. For adults, 100 g of dried berries of R. liebmannii and R. palmeri could represent
15.7 % and 17.1 %, respectively, of the recommended daily allowance (RDA) of Ca [46].

Magnesium (Mg) was the third majority element in both species with values of 104.6 and 165.4
mg/100 g dw, respectively for R. liebmannii and R. palmeri being statistically different (p<0.05). R.
liebmannii presented Ca amounts lower than subgenus Ideaobatus cultivars and wild species (119-162
mg/100 g dw) [37,45]. On the other hand, the Mg content of R. palmeri is higher than raspberries and R.
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ulmifolius (149—162 mg/100 g dw), but inferior to the reported for R. niveous (179 mg/100 g dw) [37,45]. In
adults is necessary to consume around 300 mg of Mg/day, so 100 g of our dried fruits may represent 29.9 %
and 47.3 % of the Mg recommended daily dose.

Sodium (Na) concentrations in R. liebmannii and R. palmeri were 61.4 and 83.8 mg/100 g dw,
respectively, being different (p<0.05). Our values are included in the ranged Na content of 56.3-89.4 mg/100
g dw reported for several Rubus fruits [37]. The Na requirement is around 2,000 mg/day, so 100 g of dried
fruits of R. liebmannii and R. palmeri could represent only 3.1 % and 4.2 %, respectively.

Manganese (Mn) content was 10.7 and 7.3 mg/100 g dw for R. liebmannii and R. palmeri,
respectively, having differences (p<0.05). This microelement values were higher in our fruits compared to
other Rubus fruits, that ranged in 1.4-2.4 mg/100 g dw [37]. The Mn contents from R. liebmannii could
represent 14.3 %, while R. palmeri may be the 9.7 % of this mineral RDA consuming 100 g dry fruits.

Iron (Fe) contents for R. liebmannii and R. palmeri were 4.4 and 4.2 mg/100 g dw. This trace element
has values between 1.0 and 4.2 mg/100 g dw [37,39,45,47]. In contrast to other microelements, Fe content
increase with the fruit ripening process [47]. In cultured blackberries, the Fe content represents only 8 % of
the RDA [16], but 100 g of dried R. liebmannii and R. palmeri could represent more than 29.3 % and 30 %
of the RDA, respectively. Iron is an essential mineral for human health and plays a key role in a wide variety
of metabolic processes, such as the transport of oxygen, hormones, and connective tissue production, among
others [48].

Zinc (Zn) content was 1.8 and 2.4 mg/100 g dw for R. liebmannii and R. palmeri, respectively, with
differences (p<0.05). Zn concentration in these fruits resulted lower than species such as R. ellipticus, R.
ulmifolius or R. niveus (8.1-17.6 mg/100 g dw), but the concentration of Zn in R. palmeri is ranged from 2.1—
3.0 mg/100 g dw of species as R. amabilis and R. idaeus [37,38,45]. A portion of 100 g of dried R. liebmannii
or R. palmeri could represent 18 % and 24 % of the Zn RDA, respectively.

Lastly, the copper (Cu) amount in R. liebmannii was 0.7 mg/100 g dw and 0.8 mg/100 g dw for R.
palmeri. This trace element is reported in other Rubus berries in ranges of 0.1-0.6 mg/100 dw [37,39,45], the
reason why the Cu of our fruits is within the usual concentrations for the Rubus berries. The RDA of Cu is
relatively low (2 mg/day), thus, consuming 100 g dw of R. liebmannii or R. palmeri, could contribute to the
35 % and 40 %, respectively, necessary for an adult.

Lipid compounds

The profile of lipid compounds is resumed in Table 3. Five long-chain fatty acids (LCFA) were
found in both Rubus fruits, including two saturated fatty acids (C16:0, C18:0), one monounsaturated (C18:1),
and two polyunsaturated fatty acids (C18:2, C18:3). Palmitic or hexadecenoic acid (C16:0) was reported at
10.3 % and 15.2 % of the NPF for R. liebmannii and R. palmeri, respectively, having differences (p<0.05)
between them. Bushman et al. [34] reported in seeds of five Rubus genotypes, proportions of 1.9-3.5 % of
palmitic acid; Caidan et al. [38] reported in R. amabilis 0.27 % for hexadecenoic acid of the total oil content;
and in raspberry varieties Celik & Ercisli [21] found proportions of 4.9-8.3 % for this saturated fatty acid. It
means that our fruits had, at least, 0.2—1.8 times more proportions of C16:0. This is the most abundant
saturated fatty acid in foods and the human body, and it could be synthesized endogenously via de
novo lipogenesis [49]. Palmitic acid plays a key role in many physiological processes, but it should also be
noted that it can also have adverse health effects, especially when combined with other risk factors such as
heart disease and a high predisposition to cancer development [49-51].

Stearic or octadecanoic acid (C18:0) for R. liebmannii was 0.9 %, while for R. palmeri was
statistically lower (p<0.05) being only 0.6 % of the NPF. In both species, this was the minor fatty acid. In R.
idaeus, some genotypes presented non-detectable levels of C18:0, but in those who managed to be identified
they did not show quantities of stearic acid >1.2 % [21]; in seed-subproducts from five R. fruticosus cultivars,
the range of octadecanoic acid was 0.8-3.3 % [34]; and in R. amabilis this fatty acid showed values of 0.15 %
of total oil content [38]. Stearic acid is known to be less abundant than other saturated LCFA in foods, like
palmitic acid [49], and we confirmed this fact in R. liebmannii and R. palmeri NPF.

Oleic acid (C18:1) is an omega-9 fatty acid, monounsaturated and observed in R. liebmannii 25.6 %
of the NPF, while for R. palmeri it was 30.7 %. This fatty acid represents the major fatty compound in R.
palmeri and the second most abundant in berries of R. liebmannii, agreeing with other Rubus berries.
Therefore, fruits of a Tibetan blackberry showed a C18:1 content of 8.61 % of the total fatty fraction, while
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in seed oils from cultured blackberries and raspberries, Dimica et al. [52] and Radocaj et al. [53] reported
proportions of 3.43-3.53 %, and Bushman et al. [34] recorded percentages of 10.4—-17.3 in seed from five
varieties of caneberries (Rubus spp.). According to the last, R. liebmannii and R. palmeri presented higher
proportions of this vital fatty acid. In the human body, oleic acid has modulatory effects on health and chronic
degenerative diseases [54], thus the regular consumption of these fruits could provide a valuable amount of
omega-9 fatty acids.

Linoleic acid (C18:2) is an omega-6 fatty acid, polyunsaturated with a content of 15.1 % in the NPF
for R. liebmannii, while for R. palmeri it was statistically lower (p<0.05), representing 6.3 %. The C18:2 had
values of 42.2-52.6 % of oily proportion in cultured raspberries [21], whereas, for varieties of cranberry this
fatty acid was determined in concentrations of 53.1-63.7 % of oily content in seeds. Having said this, we can
see that our fruit has very low levels of C18:2 compared to the grown genotypes of some Rubus berries. This
content has beneficial effects for medical and nutritional purposes, including neuro and cardioprotection,
antimicrobial activity, and anticarcinogenic effects. It aids in the synthesis of beneficial lipoproteins while
reducing high-density lipoprotein levels [55].

The last fatty acid identified was a-linolenic acid (C18:3), an omega-3 fatty acid polyunsaturated
that represented 28.0 % of the NPF of R. liebmannii, and 30.2 % of R. palmeri. This omega-3 was the main
oily compound in R. liebmannii and the second most abundant in R. palmeri, having statistical differences
(p<0.05) between them. Hence, our fruits have linolenic acid levels in the range reported for grown Rubus
fruits, which reach the 15.2-31.2 % of the total oily portion [21,34,38]. a-Linolenic acid is an essential fatty
acid for humans and other animals, and it is fundamental to many cellular functions [56]. Together with
linoleic acid, this is the main fatty acid in plants and other Rubus berries [21,53], but in our case, oleic and
linolenic acids represented >58 % of the oil content.

In addition to fatty acids, two lipid phytocompounds were identified in R. liebmannii and R. palmeri
NPF (Table 3). A type of vitamin E, a-tocopherol, was identified in R. liebmannii in a proportion of 12.5 %
of the FNP, meanwhile, in R. palmeri it was statistically lower (p<0.05) with values of 9.0 %. a-tocopherol
is also reported in other Rubus berries, such as some cultivars of R. fruticosus in proportions of 0.8—1.3
mg/100 g of fruit pomace [16] and 1.6-12.6 % for cranberry seeds [34]. It is because in our fruits, the a-
tocopherol has relatively high levels of the potent lipid antioxidant [57]. a-tocopherol is considered a
homologous of vitamin E and exhibits antioxidant activity in the human body protecting polyunsaturated
fatty acids against free radicals [58]. This lipophilic compound is absorbed from several food sources, and
accumulated in cell membranes before scavenging radicals via delivering an H' to quench free oxygen and
other radicals, but the interactions “O-H” has been shown, at least, 10 % weaker than other antioxidant
phytochemicals. However, the tocopheryl radical produced is less reactive than the products of polyphenols
[59]. It is for all the above that R. liebmannii and R. palmeri may be considered good sources of this priceless
dietary component.

B-sitosterol was also detected in NPF of R. liebmannii and R. palmeri of 6.5 % and 8.0 %,
respectively, having statistical differences (p<0.05). B-sitosterol is a phytosterol that occurs naturally in
Rubus fruits and other plants with important roles related to cellular structures and membrane functionality
[60,61]. Blackberry pomaces made from grown varieties presented three types of sterols (campesterol,
stigmasterol and B-sitosterol), of which, B-sitosterol is the majoritarian (0.43 g/100 g dw) [53]. But also, have
been reported in other berries, such as R. suavissimus [59], R. glaucus [60] and R. idaeus [60]. This
phytosterol has shown antineoplastic activities, improves the permeability of the skin barrier, reduces
cholesterol levels, and promotes the synthesis of hyaluronic acid [62,63].

Carbohydrate profile

The carbohydrate profile was formed by a mix of an aldopentose, a ketohexose, and some
aldohexoses (Table 3). D-fructose was the main carbohydrate in the CEF from R. liebmannii and R. palmeri
with proportions of 48.7 % and 49.7 %, respectively, having differences (»<0.05) among them. During fruit
ripening Acosta-Montoya et al. [35] and Lefévre et al. [44] reported concentrations of fructose between 2.5—
10.4 g/100 g dw in R. adenotrichus and 18.3 mg/100 g dw in R. idaeus, respectively. Compared to these wild
and commercial Rubus genotypes, our fruits seem to show, at least, twice as much fructose. This ketohexose
is the major and most important carbohydrate in the human diet, only after glucose [43]. Interestingly, the
fructose content is not only favored by the ripening stage but also is influenced by the fruit size, since berries
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of R. hirsutus showed statistical differences (p<0.05) comparing large fruits with medium or small [35,42].
The berries from R. palmeri are 0.5-1.0 cm bigger than R. liebmannii fruits, and this size difference could be
one of the possible reasons for the D-fructose in these.

D-altrose was at proportions of 7.2 % and 6.8 % in the CEF from R. liebmannii and R. palmeri,
respectively. The altrose is an uncommon aldohexose not reported previously in fruits of this genus. But Tako
et al. [64] reported this unusual sugar as deoxy shape in some mushrooms with folk medical properties. But
also, the altrose could be wrongly identified as an isomer of other aldohexoses such as D-glucose, D-
mannose, or D-galactose, which have been recorded in Rubus fruits [42]. More studies are required on this
compound to confirm its presence in these fruits.

D-galactose was found to be 18.0 % and 17.8 % of the CEF for R. liebmannii and R. palmeri,
respectively. D-galactose was also identified in R. idaeus as part of hetero-polysaccharides or in form of D-
galacturonic acid [43]. Galactose is an important compound of cell walls in fruits and other plant anatomical
structures, but in nutraceutical terms, this plays an important role as part of anthocyanin moieties [40]. The
linked galactose to anthocyanidins influences the bioavailability, metabolism and bioactivity in the human
body [65].

D-xylose represented the lowest proportion of individual carbohydrates in R. liebmannii with 6.7 %,
and 5.5 % for R. palmeri, with statistical differences (p<0.05) between them. This aldopentose has been
recorded in other Rubus, such as grown R. idaeus [43]. However, it has not been previously quantified in
other Rubus berries. Xylose is present in Rubus fruits glucosiding or acyling aglycones like cyanidin or
delphinidin [66]. Furthermore, the xylosyl, an acyl group linking a hexose and an aglycone, allows holding
the stability of anthocyanins through the intestine biotransformation before joining the bloodstream [67].

Finally, the D-glucose occupied 19.8 % of the CEF from R. liebmannii, while for R. palmeri it
represented 21.0 %, as far as this aldohexose was the second most frequent in these fruits. This aldohexose
was reported in fruits of wild R. adenotrichus as the main individual at contents about 117 mg/g of dw [35].
Though, as Pentelidis et al. [68] claim in their work, the fructose content is predominant in Rubus berries,
and it is refuted by Lefevre et al. [44] in Russian-grown raspberries. Glucose is the most abundant
monosaccharide in nature, with many important functions in plants: most of the organoleptic attributes of
Rubus fruits are due to this aldohexose, since the sweetness, odor, or flavor is favored for this, and the main
sugar in anthocyanins of these red fruits [42,43,69]. Glucose stands out in the nutritious properties of Rubus
berries because it is the primary source of fuel for body metabolism, but their antioxidant effects are less
known as working in synergy with natural antioxidants such as a-tocopherol, tannins and flavonoids [18,69].

Conclusions

Specimens of Rubus liebmannii, Rubus coriifolius, and Rubus palmeri were well identified by their
anatomical attributes in the forested lands of the Chara Pinta Sanctuary, Sinaloa, Mexico. Rubus liebmannii
was recorded in Sinaloa for the first time. The proximate composition of two wild blackberries (R. liebmannii
and R. palmeri) was described for the first time. The protein content in these fruits was higher than other
popular Rubus berries. The carbohydrates represented the major macro-compounds (>85 % dw) made up of
>50 % fructose and glucose but also reported altrose for the first time for Rubus berries. Ashes in both species
resulted similarly to the reported for highland Rubus berries. The mineral profile showed a similar trend in
both fruits (K<Ca<Mg<Na<Mn<Fe<Zn<Cu). Potassium and calcium content in 100 g dw of our Rubus fruits
may contribute to the >15 % of the RDI, but for Mg, Fe or Cu represented at least 29 % of the RDI. Two
saturated, monounsaturated and two polyunsaturated fatty acids were identified in these fruits, a-linolenic
acid being the majority in the two berries. Also, the a-tocopherol and B-sitosterol were identified. The studied
R. liebmannii and R. palmeri fruits showed a quite rich profile and quantity of nutrients, which, in some cases,
were greater than those reported in the popular blackberries or raspberries. The attractive characteristics of
these fruits could be considered for the genetic improvement of existing crops or for exploiting these berries
as new cultivars in the forestlands of Sinaloa.
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Abstract. To improve the oleophilic and hydrophobic properties of two different types of polyurethane sponge
(flexible, FPU, and rigid, RPU) for oil spill cleanup, acrylamido phenyl chalcone palamitamid, a recently
synthesized monomer with long chains of linear alkyl groups, was in situ crosslinked with divinylbenzene.

Grafted PU cubes were characterized by Fourier transform infrared spectroscopy (FTIR) and scanning electron
microscopy (SEM). The water sorption of ungrafted FPU and RPU decreased from 18.05 and 15.66 to 7.31 and
7.06 for grafted FPU and RPU, respectively. The effect of oil type on the sorption capacity testing was explored
and compared using crude oil, diesel fuel, and water-oil systems. It was found that the crude oil and diesel fuel
sorption of grafted FPU and RPU cubes was increased compared with ungrafted FPU and RPU cubes, and the
maximum values for adsorption were recorded using crude oil. These results can be explained by increasing the
adherent forces between the adsorbent and the oil surface with increasing oil viscosity, and consequently, the
oil adsorption increases. The high oil absorption capacity is mainly attributed to the high porosity of the sponges.
The modified FPU and RPU cubes can be effectively used in oil and water spill cleanup.

Keywords: Oil spill; polyurethane; grafting; crude oil; diesel fuel.

Resumen. Para mejorar las propiedades oledfilica e hidrofoébica de dos tipos diferentes de esponjas de
poliuretano (flexible, FPU y rigida, RPU) para la limpieza de derrames de petrdleo, se llevo a cabo una reaccion
de entrecruzamiento in situ con divinilbenceno a partir de acrilamido fenil chalcona palamitamida, un
mondmero recientemente sintetizado y que contiene cadenas largas de grupos alquilo lineales. Los cubos de PU
injertados se caracterizaron mediante espectroscopia infrarroja por transformada de Fourier (FTIR) y
microscopia electronica de barrido (SEM). La sorcion de agua de FPU y RPU no injertadas disminuy6 desde
18,05 y 15,66 hasta 7,31 y 7,06 para FPU y RPU injertados, respectivamente. Se explord y compard el efecto
del tipo de petrdleo en las pruebas de capacidad de sorcion, utilizando petrdleo crudo, combustible diesel y
mezcla agua-petroleo. Se encontrd que la sorcion de petrdleo crudo y combustible diesel de los cubos de FPU
y RPU injertados aument6 en comparacion con los cubos de FPU y RPU no injertados, obteniéndose los valores
maximos de adsorcion para el caso de petroleo crudo. Estos resultados pueden explicarse en base al aumento
de las fuerzas de adherencia entre el adsorbente y la superficie del aceite al aumentar la viscosidad del aceite, y
como consecuencia la adsorcion del aceite aumenta. La alta capacidad de absorcion de aceite se atribuye
principalmente a la alta porosidad de las esponjas. Los cubos FPU y RPU modificados se pueden utilizar
eficazmente en la limpieza de derrames de petroleo y agua.

Palabras clave: Derrame de petréleo; poliuretano; injerto; petréleo crudo; combustible diesel.
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Introduction

Due to the oil industry's rapid expansion, which includes oil extraction and the creation of its
derivatives, as well as the industrial sector's rapid growth, there is now a considerable increase in the volume
of oily wastewater. Many activities, such as industrial effluent release, offshore and onshore petroleum
industries, and accidental spills, cause petroleum hydrocarbon contamination in water [1,2]. Petroleum
hydrocarbons (crude oil, diesel oil, engine oil, etc.) cause many toxic compounds that are potent
immunotoxicants and carcinogenic to human beings [3]. Many technologies, such as booms, skimmers,
dispersants, bioremediation, in situ burning, and sorbents, were utilized to prevent further environmental
damage from oil spills [4-7]. Among the methods mentioned above, adsorption has provoked considerable
interest because of its facile operation, low cost, and flexible design [8,9].

In recent years, great attention has been given to the fabrication of highly hydrophobic materials to
separate oil and water [10]. Polymers with hydrophobic—oleophilic properties could be used as low-surface-
energy materials for the surfaces of oil sorbents. Up to now, some of them, such as polypropylene (PP) and
polyurethane (PU), have already been commercialized [11]. Among the typical and extensively used polymers,
polyurethane (PU) is one of the front runners in synthetic polymer materials with excellent mechanical strength,
high abrasion resistance, toughness, low-temperature flexibility, corrosion resistance, processability, etc., and
is applied in coatings, adhesives, fibers, synthetic leather, and several other novel fields. In addition, PU
contains alternating hard and soft segments, which are easily "tailored-made" to gain desired performance by
altering the types and quantities of isocyanate, polyol, surfactants, catalysts, fillers, and matrices during the
manufacturing process or via advanced characterization techniques [12-14].

Recently, commercial sponge adsorbents, including polyurethane (PU) sponges, have attracted great
attention for oil-water separation due to their low cost, good flexibility, three-dimensional structure, and facile
design [15]. Given their outstanding properties, sponge adsorbents have been developed as alternative adsorbing
materials. However, both PU sponges are naturally amphipathic, limiting oil removal from oil-water mixtures
[16]. As aresult, recent research has focused on modifying the surface of PU sponges to convert the hydrophilic
surface to a hydrophobic surface. Such a surface would make the sponge have a high oil adsorption capacity
and good water repellency in the separation process of oil and water. To this end, various materials have been
selected to decorate the commercial sponges, including, hydrophobic polymers [9], hydrophobic nanoparticles
[17,18], carbon materials [19-21], and so on. These modification materials could successfully switch the
hydrophilic sponge surface to hydrophobic, making the sponge materials promising candidates for oil spill
cleanup. To address oil spill cleanup in specific situations, sponge adsorbents with additional properties such
as magnetic property, stimuli-responsiveness, and excellent durability under harsh conditions have recently
been investigated.

It is essential to create a quick and effective approach for changing the hydrophilic sponge surface to
a hydrophobic one to satisfy the application requirement in oil spill remediation [22—-24]. Herein, we explore
the chemical surface modification of two types of polyurethane (PU) surfaces: flexible polyurethane foam
(FPU) and rigid polyurethane foam (RPU) to compare their activity in cleaning oil spills. Utilize graft
polymerization to modify polyurethane (PU) surfaces with additional long-chain monomer molecules in the
presence of cross-linkers to improve the hydrophobic/oleophilic nature of the surfaces and, as a result, the
performance of the surfaces as oil-cleaning sorbents. The sorption capacities of both grafted PU foams were
evaluated in water, crude oil, and diesel fuel, and the capacities were compared between the two types of grafted
polyurethane (PU).

Experimental

Materials

All three Sigma-Aldrich, Merck, and Fluka companies supplied all the chemicals and solvents used in
this study. Arix S.p.A., an Italian company, provided the flexible polyurethane (FPU) sponge for commercial
use, and rigid polyurethane foam (RPU) was created following the published method [25], and rigid

265



Article J. Mex. Chem. Soc. 2024, 68(2)
Regular Issue

©2024, Sociedad Quimica de México

ISSN-¢ 2594-0317

polyurethane foam (RPU) was prepared as reported in the literature [25]. Both foams were cut to 1 cm? before
being used. The Zubair Field Operation Division Company (ZFOD) supplied the Iraqi crude oil and diesel fuel.

Hydrophobic/oleophilic compound

The new pre-prepared hydrophobic/oleophilic acrylamide phenyl chalcone palamitamid monomer [26]
was used to be crosslinked by divinylbenzene and in sifu grafting polymerization on the FPU and RPU foam
cubes. Its structure is exhibited in Fig. 1.

e X< Lt s r—

Fig. 1. The chemlcal structure of the prepared acrylamido phenyl chalcone palamitamid.

Grafting copolymerization

The in situ grafting reaction was performed in a 100-ml three-necked round-bottom flask equipped
with a thermometer, nitrogen gas inlet, and reflux condenser. The flask was filled with 0.01 g of the initiator
benzoyl peroxide (BPO) dissolved in 50 ml of toluene solvent. 0.2 g of ungrafted flexible polyurethane (FPU)
sponge or rigid polyurethane (RPU) foam cubes were immersed in the stirred reactive solution for 20 min at
80 °C. The flask was then filled with a mixture containing 0.3 g of each acrylamide phenyl chalcone
palamitamid and 0.003 g of the cross-linker divinylbenzene (DVB). After 6 hours of interaction under stirring
(500 rpm) and a nitrogen gas atmosphere at 80 °C, the cubes were washed with ethanol and deionized water
several times, then dried at 60 °C under vacuum for 48 hours [25,26]. Schemes 1 and 2 show the grafting
reactions of acrylamido phenyl chalcone palamitamid-crosslinked-divinylbenzene onto FPU and RPU,
respectively.
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Scheme 1. In situ grafting polymerization of the prepared crosslinked monomer onto the FPU surface.
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Scheme 2. /n situ grafting polymerization of the prepared crosslinked monomer onto the RPU surface.

Sorption capacity tests
The method improved for the measurement of the oil sorption capacity of the sorbent was based on ASTM
F726 2017 Standard Test Method for Sorbent Performance of Adsorbents for use on crude oil and related spills [27,28].

Water sorption tests

In these tests, the sorbent (FPU or RPU) cubes were initially weighed and then placed into a 100-ml
Erlenmeyer flask that contained 50 ml of deionized water. The closed Erlenmeyer flask was then put in a shaker
(150 rpm) and shaken for 15 minutes. The contents of the flask were allowed to settle for 2 minutes. The sorbent
was removed and allowed to drain for 30 seconds before being immediately transferred to a preweighed
Erlenmeyer flask and weighed. The water sorption was calculated using the following equation (1):

— (Swts_o So) (1)

Water sorption (g)

where S, is the initial dry weight of the sorbent and S, is the wet weight of the sorbent (after water sorption).

Qil sorption test

For oil sorption tests, crude oil, or diesel fuel (50 ml) was decanted into a 100 ml beaker. The sorbent
(FPU or RPU) cubes were weighed, and their value recorded, then they were immersed in crude oil or diesel fuel.
In general, after 20 minutes of inundation, the sorbent (FPU or RPU) cubes were removed and allowed to drain
for 30 seconds. The saturated sorbent was then immediately transferred to a pre-weighed weighing bottle and
weighed. On a weight basis, the oil sorption of sorbent (FPU) cubes was calculated as follows using equation (2):

, , (St - So)
Oil sorption (g/g) = —s (2)
o
where S, is the initial dry weight of a sorbent and S;is the weight of the sorbent with oil absorbed. Solvent
sorption capacity measurements were carried out similarly.

QOil-water system sorption test
In water—oil system sorption tests, 4.0 g of crude oil or diesel fuel was decanted into a 100 mL
Erlenmeyer flask that was filled with 50 mL of deionized water, and the thickness of the oil layer was 2—3 mm.
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The sorbent (FPU or RPU) cubes were initially weighed and put into the Erlenmeyer flask. The closed
Erlenmeyer flask was then put in a shaker (150 rpm) and shaken for 30 minutes. The contents of the closed
Erlenmeyer flask were allowed to settle for 2 minutes. The sorbent (FPU or RPU) cubes were then transferred
to an Erlenmeyer flask and extracted several times with petroleum ether (boiling range 30—60 °C); the sorbent
was then removed and squeezed to extract the absorbed petroleum ether. Anhydrous sodium sulfate was added
to the petroleum ether solution until there was no agglomeration, and then the Erlenmeyer flask was sealed for
30 minutes to dehydrate [27,28]. The oil-water system sorption capacities were obtained using equation (3).

, , _ (Mt - Mo)
Oil — water sorption (g/g) = — (3)
o

where M, is the constant weight beaker, Mt is the weight of the constant weight beaker with absorbed oil, and
S, is the initial dry weight of the sorbent.

Results and discussion

To develop the oleophilic and hydrophobic properties of PU foams, in sifu grafting polymerization
with acrylamido phenyl chalcone palamitamid monomer crosslinked with divinylbenzene was used to modify
two types of polyurethane (PU): flexible polyurethane (FPU) and rigid polyurethane (RPU). Fourier transform
infrared (Shimadzu FTIR-8400/Japan) and scanning electron microscopy (MIRA3 LMU TESCAN/Czech
Republic) were employed to analyze the polyurethane. The testing used crude oil and diesel fuel as oil samples,
and the sorption properties of the ungrafted and grafted PU cubes in water, pure oil phase, and water-oil systems
were fully investigated and compared. The experiment's data was an average of three experiments.

FTIR characterization

FTIR analysis confirmed the grafting polymerization of FPU and RPU foams with prepared
crosslinked grafted monomers. The reduction in the peak of the isocyanate group of the urethane at 2368 cm’!
in the FTIR spectra implied the correctness of the grafting process. When comparing the infrared spectra of
both grafted polyurethane foams (Figures 3 and 5) to the infrared spectra of an ungrafted polyurethane (Figures
2 and 4) we observe a decrease in the strength of the NCO peak that appears at 2250 cm’'. In addition to an
increase in the intensity of each of the (CH,) aliphatic peaks at (2866-2970) cm’!, the carbonyl group (C=0)
exhibits a shift from 1712 cm-1 to 1720 cm’!, as well as an increase in its intensity. These values agreed very
well with the results reported in the literature [29,30].
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Fig. 2. FTIR spectrum of ungrafted RPU foam.
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Fig. 3. FTIR spectrum of grafted RPU foam.

Fig. 4. FTIR spectrum of ungrafted FPU foam.
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Fig. 5. FTIR spectrum of grafted FPU foam.
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SEM characterization

Scanning electron microscopy (SEM) was used to analyze and study the morphological aspects of the
ungrafted PU surface and the modified PU surface. From the SEM micrographs of the ungrafted flexible and
rigid PU cubes and the grafted flexible and rigid PU cubes shown, the pentagonal cell structure of the ungrafted
PU cubes was not ideal.

Fig. 6 shows different magnification ratios of the SEM images of the PU sponges before and after
being grafted [31]. The surfaces of the untreated RPU sponges were smooth and flat (Fig. 6(a—c)), and there
was no destruction in the RPU cubes. Furthermore, Fig. 7 shows that the in-situ crosslinking grafting
polymerization destroyed the cell structure and backbone of the PU cubes [28]. The micrographs also show the
presence of thin cellular wall films within the foams, which may enhance their surface area, possibly further
aiding oil sorption.

There were no obvious micro-scale protrusions or spherical structures distributed on the surfaces at the
high magnification shown in Figures 6(a) and 7(a), as well as at low magnification in Figures 6 (b), (¢) and 7
(b), (¢). The high-magnification SEM picture also showed that numerous microscopic spherical particles were
dispersed on the sponge [32]. The SEM images demonstrated that grafting with the new monomers resulted in
the formation of spherical particles on the surface. The spherical particles were very important to the
hydrophobicity of the sponges, just like surface protrusions were to the hydrophobicity of lotus leaves [33].

/~ {
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Fig. 6. SEM photographs of the ungrafted RPU cubes (a-c), and grafted RPU (d-f).
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Fig. 7. SEM photographs of the ungrafted FPU cubes (a-c), and grafted FPU (d-f).

Water sorption capacity

In water sorption tests, the water sorption was calculated using Equation 1. The results obtained for
the water sorption capacity of ungrafted FPU, grafted FPU, ungrafted RPU, and grafted RPU cubes are listed
in Table 1 and shown in Fig. 8. The water sorption capacity is found to be higher for ungrafted FPU and RPU
cubes compared to the grafted FPU and RPU cubes, where it decreased by about 60 % after the grafting process
for the grafted FPU and by about 55 % for the grafted RPU, as shown in Fig. 8. This may be attributed to the
long alkyl chains of the crosslinked grafted monomer, which exhibit more oleophilic and less hydrophobic
properties simultaneously [34]. This implies that PU cubes grafted with the newly prepared crosslinked
monomer were more hydrophobic than ungrafted FPU and RPU cubes. The increase in the hydrophobic
properties of the grafted PU cubes may be attributed to the decrease in polarity due to the presence of more
non-polar methylene groups in the grafted crosslinked monomer [35].

It was also observed that for both ungrafted and grafted samples, the FPU's absorption capacity is
marginally greater than that of the RPU when comparing the two types of polyurethane. This is because flexible
polyurethane has heterogeneous pore geometry and pore distribution in contrast to rigid polyurethane, which
has rather homogeneous pore geometry and pore distribution [36]. These outcomes match those of the SEM
depicted in Figures 6 and 7. When compared to the uneven and poorly dispersed pores of RPU, the pores of
FPU are homogencous and well-distributed. Therefore, samples of FPU grafted and ungrafted will absorb water
more than those of RPU grafted and ungrafted.
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Table 1. The water sorption capacity of the ungrafted and grafted FPU and RPU cubes.

Water Sorption Capacity Ratio
Cube Type Se (2) Swt (g) Capacity (g/g) (%)
Ungrafted FPU | 0.1033 1.9674 18.05
59.50
Grafted FPU 0.1085 0.9012 7.31
Ungrafted RPU | 0.0881 1.4674 15.66
54.92
Grafted RPU 0.0914 0.73592 7.06
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Fig. 8. The water sorption capacity of the ungrafted and grafted FPU and RPU cubes.

Crude oil sorption capacity

The crude oil sorption of both grafted and ungrafted polyurethane foam was calculated using Equation
2. The results of the crude oil absorption capacity of ungrafted FPU and RPU cubes and grafted FPU and RPU
cubes obtained are shown in Table 2 and Fig. 9.

The results revealed that in situ crosslinking polymerization of the prepared monomer would increase
the oleophilicity of both types of tested PU, i.e., RPU and FPU. This effect may be attributed to the effect of
the alkyl chain length of the grafted monomer on the porosity of the grafted RPU and FPU, as seen by SEM on
the changed PU foam surfaces. The micrographs also show the presence of thin cellular wall films within the
foams, which may enhance their surface area, possibly further aiding oil sorption. The particles were generally
spherical. However, it can be said that the size distribution for all samples is rather wide. It can be seen that the
PU has a porous network structure. This indicates that the crosslinked alkyl chain length of the compounds
plays an important role in the capacity of the grafted RPU and FPU foam for crude oil absorbency. Increasing
the number of CH, groups in the alkyl chain length resulted in better crude oil sorption capacity due to the
increasing hydrophobicity properties [37].

272



Article J. Mex. Chem. Soc. 2024, 68(2)
Regular Issue

©2024, Sociedad Quimica de México

ISSN-¢ 2594-0317

Table 2. The crude oil sorption capacity of the ungrafted and grafted FPU and RPU cubes.

Crude Oil Sorption | Capacity Ratio
Cube Type Se (2) Seo (8) Capacity (g/g) (%)
Ungrafted FPU 0.0916 | 2.7536 29.06
40.46
Grafted FPU 0.1055 | 5.255 48.81
Ungrafted RPU | 0.1360 | 3.1587 22.23
46.10
Grafted RPU 0.1062 | 4.4861 41.24

Ungrafted FPU

Grafted FPU

Grafted RPU

50

e————
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Crude Oil Sorption Capacity (g/g)
Fig. 9. The crude oil sorption capacity of the ungrafted and grafted FPU and RPU cubes.

Diesel fuel sorption capacity

The diesel fuel sorption capacities of ungrafted FPU and RPU cubes and grafted FPU and RPU cubes
are calculated using equation 2 and shown in Table 3 and Fig. 10. As expected, grafted (FPU or RPU) cubes
showed enhanced performance in absorbing crude oil and diesel fuel, as shown in Figures 2 and 3, in contrast
with ungrafted (FPU or RPU) cubes. Comparing the two Tables (2 and 3), perhaps a difference was observed
in the absorption ratio between the grafted FPU and RPU cubes for both crude oil and diesel fuel absorption,
but it was much higher than the capacity of water absorption (Table 1).

Table 3. The diesel fuel sorption capacity of the ungrafted and grafted FPU and RPU cubes.

Crude Oil Sorption Capacity Ratio
Cube Type So (8) Seo (2) Capacity (g/g) (%)
Ungrafted FPU 0.1082 | 3.0587 27.27
35.53
Grafted FPU 0.1055 | 4.7841 42.30
Ungrafted RPU 0.1060 | 2.2587 20.31
45.36
Grafted RPU 0.0906 | 3.4861 837.4
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Fig. 10. The diesel fuel sorption capacity of the ungrafted and grafted FPU and RPU cubes.

Furthermore, the incorporation of long-chain crosslinked alkyl groups into the PU backbones improves
the hydrophobic properties of the FPU or RPU cubes. In contrast, the sorption capacity of the grafted PU cubes
for crude oil and diesel fuel increased in a higher manner than that of the ungrafted PU cubes due to the presence
of long aliphatic non-polar groups (-CHj3 and -CH>). These are hydrophobic groups in nature, and the enhanced
oleophilic and hydrophobicity of grafted (FPU or RPU) cubes may be used to explain this [38]. This can be
seen clearly in Table 4 and Fig. 12.

Table 4. The water, crude oil, and diesel sorption capacities of the ungrafted and grafted FPU and RPU cubes.

Cube Type Water Sorption Crude Oil Sorption Diesel F ll(?l Sorption
(g/8) (g/2) Capacity (g/g)
Ungrafted FPU 18.0454 29.0611 27.27
Grafted FPU 7.3059 48.8104 42.30
Ungrafted RPU 15.6560 22.2257 20.31
Grafted RPU 7.0516 41.2419 37.48
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Fig. 11. Water, crude oil, and diesel fuel sorption capacities of the ungrafted and grafted FPU and RPU cubes.

Water-oil system sorption tests

To investigate their sorption capacity in water systems, crude oil, and diesel fuel were accidentally
spilled on the water's surface. Grafted and ungrafted FPU and RPU cubes were simply placed on the surface of
the oil-water mixture to allow for the collection of oils from the water's surface, which was quickly absorbed,
and they were separated from the aqueous phase by removing the cube samples. Their oil sorption capacities in
the water—crude oil system and the water—diesel fuel system were calculated using Equation 3.

The results obtained are shown in Table 5 and Fig. 12 and Table 6 and Fig. 13, respectively. The largest
crude oil sorption capacity obtained with the grafted FPU was 46.65 g/g, which is greater than the grafted RPU
of 38.78 g/g. The same method obtained with a water-diesel fuel system ranged from 36.35 to 34.49 g/g. These
results imply that the grafted FPU and RPU were developed to show higher sorption capacities, as shown in the
tables and figures above. On the other hand, the results revealed that the hydrophobic surfaces have less
interaction with water because of the nonpolar functional groups at the surface. SEM analysis of these outcomes
provided support. When crude oil and diesel fuel were cleaned from the water's surface using PU cubes as
absorbent materials, they displayed great oil sorption capacity and selectivity by combining special wettability
and high porosity.

Table 5. The Sorption of water—crude oil system tests the ungrafted and grafted FPU and RPU cubes in the
water-crude oil sorption system.

Water-Crude Oil Capacity Ratio
Cube Type So M, M System Sorption P (o/y)
Capacity (g/g) ¢
Ungrafted FPU | 0.1033 | 43.2935 | 46.1122 27.29
41.50
Grafted FPU 0.1096 | 43.2935 | 48.4064 46.65
Ungrafted RPU | 0.1051 | 43.2935 | 45.6561 22.48
42.03
Grafted RPU 0.136 | 43.2935 | 48.5675 38.78
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Fig. 12. The crude oil sorption capacity in the water—crude oil system of the ungrafted and grafted FPU and RPU cubes.

Table 6. The sorption of water—diesel fuel system capacities of the ungrafted and grafted FPU and RPU cubes
in a water-diesel fuel sorption system.

Water-Diesel Fuel System Capacity Ratio
Cube Type S Mo M Sorption Capacity (g/g) (%)
Ungrafted FPU | 0.1033 | 43.2935 | 45.5954 22.28
38.71
Grafted FPU 0.1096 | 43.2935 | 47.2776 36.35
Ungrafted RPU | 0.1023 | 43.2935 | 45.3643 20.24
41.32
Grafted RPU 0.109 | 43.2935 | 47.0530 34.49
g
———
R ——
0 8 16 24 32 40
Water-Diesel Fuel system Sorption Capacity (g/g)

Fig. 13. The diesel fuel sorption capacity in water—diesel fuel system of the ungrafted and grafted FPU and

RPU cubes.
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Effect of the water-oil type on the sorption capacities

The effect of oil type on oil sorption capacity using water-crude oil and water-diesel fuel systems can
be demonstrated in Table 6 and Fig. 14. Both crude oil and diesel fuel have maximum sorption capacities, with
crude oil having the best value. Oil adsorption increases as oil viscosity increases because of the adhering forces
between the adsorbent and the oil surface. The PU cube's excellent capacity to absorb oil is due to its high
porosity. Oil was stored in the pores thanks to the attraction forces between the oil and the grafted FPU and
RPU. The sponge was filled with many holes that let water pass through. The exceptional oil absorption capacity
of the PU cubes is partly due to their high porosity.

Oil was able to be stored in the pores due to the forces of attraction between it and the grafted cubes.
Therefore, oil was able to reach a greater level. The entire structure could be thought of as capillary walls, and
these holes are roughly equivalent to capillaries. Because crude oil and diesel fuel have viscosities that are higher
than the viscosity of water, there may be a differential in the sorption capacities of the two substances in their
respective water systems. The competition between water and both crude oil and diesel fuel at the sponge's surface
is heightened, which lowers the amount of each liquid that is absorbed compared to when each liquid is alone.

Table 6. The water-crude oil, and water-diesel sorption system capacities of the ungrafted and grafted FPU and RPU cubes.

Cube Tvpe Water-Crude Oil System | Water-Diesel Fuel System
yp Sorption Capacity (g/g) Sorption Capacity (g/g)

Ungrafted FPU 29.0611 27.27

Grafted FPU 48.8104 42.30

Ungrafted RPU 22.2257 20.31

Grafted RPU 41.2419 37.48

= Crude Oil = Diesel Fuel
Ungrafted FPU
Grafted FPU
Ungrafted RPU
Grafted RPU
0 10 20 30 40 50
Sorption Capacity (g/g)

Fig. 14. The sorption of water-crude oil and water-diesel fuel systems of the ungrafted and grafted FPU and RPU cubes.

Conclusions

Commercial FPU and prepared RPU cubes were successfully grafted by in situ polymerization with
an oleophilic/hydrophobic crosslinked monomer based on the prepared acrylamido phenyl chalcone
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palamitamid. Oils were collected from the surface of the water by simply placing ungrafted and grafted (FPU
and RPU) cubes on the surface of the crude oil-water mixture and the diesel fuel-water mixture. The oil sorption
of modified FPU and RPU cubes was enhanced, especially in the water—oil system, meeting the challenge for
environmental protection of marine systems and aqueous ecosystems. When compared to ungrafted FPU and
RPU cubes, the grafting modification reduced the water sorption capacity by 60 % and 55 %, respectively. The
crude oil sorption and diesel fuel sorption capacities of grafted FPU were increased from 29.06 to 48.81 g/g and
from 27.27 to 42.30 g/g, respectively, compared to ungrafted FPU, while grafted RPU increased from 22.23 to
41.24 g/g and from 20.31 to 37.84 g/g for diesel fuel, respectively. in the water—crude oil system, compared
with ungrafted FPU and RPU cubes 0f 27.29 g/g for FPU and 22.48 g/g. The hydrophobic polyurethane sponges
described here might be a potential absorptive material for the cleanup of water-oil spills due to their simplicity
of manufacture, good commercial availability of raw materials, and outstanding reusability.
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Abstract. In this work, the synthesis and structural study by means of single-crystal X-ray diffraction of
compounds of general formula Ch(CsH4CH2X), (Ch =0, S; X = Cl, Br, I) is reported. These compounds contain
two flexible hydrocarbonated arms —CH>—X in the ortho positions to the Ch heteroatom. These compounds were
synthesized through a linear synthesis starting from diphenylether or diphenylsulfide. Based on the structural
analysis, we describe the more relevant molecular features as well as the non-covalent interactions that the heavy
halogen atoms display with other moieties that promote the cohesion of the crystal arrangement. The Hirshfeld
analysis displayed that the X:--m, X---X, and C-H:--X interactions are quite significant in the crystal arrangement.
Keywords: Non-covalent interactions; dihalogenated compounds; Hirshfeld surfaces.

Resumen. En este trabajo, se describen la sintesis y el estudio estructural de difraccion de rayos-X de
monocristal de seis compuestos con formula general Ch(CsHsCH»X), (Ch = 0O, S; X = Cl, Br, I), que contienen
dos brazos hidrocarbonados flexibles -CH,—X en las posiciones orfo al heteroatomo Ch. Estos compuestos
fueron sintetizados a través de una sintesis lineal, partiendo de difeniléter o difeniltioéter. A través del analisis
estructural se describen las caracteristicas moleculares mas relevantes, asi como las interacciones no-covalentes
que presentan los atomos de halégeno pesados con otros grupos funcionales para dar cohesion a la red cristalina.
El estudio de las superficies de Hirshfeld mostré que las interacciones X:--m, XX y C-H---X son muy
relevantes en esta cohesion.

Palabras clave: Interacciones no-covalentes; compuestos dihalogenados; superficies de Hirshfeld.

Introduction

In many aspects, the physicochemical properties and reactivity of halogenated organic compounds is
strongly based on the nature of the X halogen substituent (X = F, Cl, Br, or I); for example, with an increase in
the atomic number of the halogen, C—X bond energies decrease markedly, i.e., C—F > C—C1 > C-Br > C-1 [1],
and the order of reactivity can generally be predicted by the relative easiness with which the respective carbon—
halogen bonds are broken. Other features such as the electron-withdrawing effect, atomic size, and
polarizability of the halogen substituent also affect the reactivity of these halogenated compounds [2]. A typical
reaction of these compounds is nucleophilic substitution of the halogen by electron-rich molecules or anions
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such as ammonia, cyanide (a pseudohalide), hydroxide, alkoxides, or even another halogen [3]. In this vein,
halogen-by-halogen exchange substitution provides a convenient route for synthesizing alkyl halides [4]. Other
typical and very useful reaction of alkyl halides involves the formation of free radicals in the presence of very
active alkaline or alkaline earth metals; subsequent reaction of these radicals can lead to the formation of
organometallic compounds or coupling of the alkyl radicals to enlarge carbon chains [5].

On the other hand, the presence of a halogen atom makes possible the formation of either Y-X:--A
intra- or intermolecular non-covalent interactions; here, Y-X is the halogen bond donor such as I, Br,, ICI,
haloalkanes; haloarenes, haloimides, etc., meanwhile A represents the halogen bond acceptor that can be an
atom with an electronic lone pair, a p system, or an anion [6,7]. Moreover, the halogen atom usually displays
two regions; an electrophilic region diametrically opposed to the Y-X sigma bond (named as a c-hole) and a
nucleophilic region transversal to the stated bond (Fig. 1). Hence, due to the anisotropic distribution of the
electron density, these two interactions have an important electrostatic component. [8]

E , electrophile

nucleophilic
region
-

electrophilic
region

sesemmEEf A

Y
nucleophile

Fig. 1. Diagrammatic representation of an X---A halogen bond; also, is displayed a possible transversal E---X
interaction.

A chief key to the formation halogen bonds is the polarizability of the halogen atom. Therefore, the
strongest halogen bonds are formed by the most easily polarizable halogens, and the strength of the halogen
bonds typically decreases in the order I > Br > Cl > F [9]. Several distinctive features of X---A halogen bond,
such as the high directionality and strength tunability, prompted a plethora of applications in organocatalysis
[10], crystal engineering [11]and drug design [12], and their influence on packing modes and the consequent
orientation of organic molecules, are also considered important in conjunction with the practically ubiquitous
both classical and no-classical hydrogen bond [13,14].

Thus, as a part of our studies in the reactivity of halogenated compounds [15], herein we report the
structural analysis in crystalline state of two series of conformationally flexible di(2-halomethylphenyl)ethers
(compounds 3a, 4a, and 5a) and di(2-halomethylphenyl)thioethers (compounds 3b, 4b, and Sb) of general
formula Ch(CsH4CH,X),, where Ch is a chalcogen atom (oxygen or sulfur) and X = Cl, Br or I. To provide a
structural context, in the 3D pie chart showed in Fig. 2 are presented the results of a delimited search in the
Cambridge structural database for compounds containing at least one Ce—CH>—X moiety.

X

O Fluoro
& Chloro
B Bromo
M lodo

Fig. 2. Numerical and relative proportion of halocompounds containing at least one C—CH>—X moiety. (268
hits; data retrieved from CSD version 5.43, updated to November 2022).
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From these data, it is clear the dominance of the bromomethylenic compounds (167 compounds), and
the scarceness of fluoro- and iodo- ones. In addition, we want to highlight two experimental facts: the first one
is that the presence of two conformationally flexible —-CH,-Br arms in 1,4-dibromo-2,5-
bis(bromomethyl)benzene allowed dimorphism, displaying Br---Br non-covalent interactions in solid
crystalline state [16]. The second one is that there is just one compound with a slightly similar chemical
environment to 3a-5a and 3b-5b, reported as a private communication (Ref. CSD code MUMQAO) [17].

In the title compounds, the presence of two —CH>—X arms of different nature in both series prompted
the formation of several X---p and X---X alongside to C—H:--X interactions. A Hirshfeld surface analysis was
carried out to describe the interactions present in the isostructural compounds.

Experimental

Instrumentation and software

Melting points were determined with a Mel-Temp II instrument. IR spectra were recorded in the 4,000—
400 cm™! range on a Perkin-Elmer System 2000 FT-IR spectrometer, as KBr pellets. 'H and *C NMR spectra
were recorded in CDCls on a Bruker Avance 11T 400 MHz spectrometer (400.1 MHz for 'H and 100.0 MHz for
13C) at 23 °C and calibrated by using the residual proton resonance of CDCls. Chemical shifts (8) are reported in
ppm and coupling constants (J) are in Hz. For the assignment we used 2D correlation experiments such as COSY,
HSQC and HMBC.

Suitable crystals for the X-ray diffraction analysis were obtained for compounds 3a, 4a, Sa, 4b, and 5b by
slow evaporation of CH,Cl, solutions. Each single crystal was either glued on a tip of a thin glass fiber or mounted
on a Nylon loop. Diffraction data were collected at 294 K in an Agilent Gemini diffractometer equipped with an Atlas
CCD detector; we used graphite-monochromated Mo-Ka radiation (0.71073 A). Absorption corrections were made
by multi-scan methods using the CrysAlisPro software [18]. By using the Olex2 interface [19], the structures were
solved by intrinsic phase methods using SHELXT [21] and all the non-hydrogen atoms were anisotropically refined
by full-matrix least-squares on F>using SHELXL [22]. Hydrogen atoms were placed in their calculated positions and
then refined using the riding model. Crystallographic data are listed in Table 1, and selected bond distances and angles
are given in Table 2. The asymmetric unit of 3a displayed just the half of the molecule (see gray moiety in Fig. 3);
the other half is related by a two-fold axis, where the oxygen atom is placed on it (see green moiety in Fig. 3). The
ORTEP views of the molecular structures are shown in Figures 3 and 4.

3a (gray)/4a (green) 3a (green)/5a (gray) 4a (green)/5a (gray)
overlaying overlaying overlaying
(RMSD = 0.154 A; (RMSD = 1.172 A; (RMSD = 1.281 A;
deviation,,., = 0.359 A) deviation,,.,, = 3.234 A) deviation,,., = 3.578 A)

Fig. 3. Molecular structures of O(C¢H4CH2X), compounds (ORTEP at 50 %) and overlay results of the
corresponding pairs.
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4b (gray)/5b (green) overlaying
(RMSD = 0.064 A;
deviation,. = 0.1544 A)

Fig. 4. Molecular structures of S(CsH4CH»X), compounds (ORTEP at 50 %) and overlay results of the pair.

Table 1. Crystal data and refinement details.

3a 4a Sa 4b 5b
Empirical formula Ci4H12CLO CisH12Br,O CisH 2O CisH12Br2S CiH2lbS
Formula weight [g/mol] | 267.14 356.06 450.04 372.12 466.10
Crystal system triclinic monoclinic monoclinic triclinic triclinic
Space group P-1 D/a P2, P-1 P-1
alA] 7.6808(4) 12.279(3) 8.2871(4) 8.2610(14) 8.2734(5)
b[A] 7.9888(4) 9.2954(17) 4.6487(3) 9.2086(13) 9.5171(7)
c[A] 10.7391(4) 11.972(3) 18.5371(12) 10.6912(17) 10.7511(9)
o] 87.075(4) 90 90 102.043(13) 103.115(7)
BT 79.474(4) 99.17(2) 90.603(5) 101.772(14) 101.149(6)
v[°] 83.979(4) 90 90 113.586(15) 112.203(6)
vV [A3 643.95(5) 1349.1(5) 714.09(7) 690.4(2) 725.83(10)
Z 2 4 2 2 2
Feale [g/cm?] 1.378 1.753 2.093 1.790 2.133
Absorption - coefficient | , 4o, 5.990 4386 5.996 4453
[mm™]
F(000) 276 696.0 420.0 364.0 436.0
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Crystal size [mm’] 03x02x0.1 | 03x03%x02 | 02x02x0.1 | 05x05x0.5 |02x0.1x0.1
20 range data collection | 6.068 to | 6.722 to | 6.562 to
M 29,062 044 29278 6.858 10 59.262 | 6.85t0 59.148
Measured reflections 23203 5234 18168 5913 5595
zata/remmty Paramete | 3467/0/154 1678/0/78 3656/1/154 3262/0/154 3432/0/155
0.0609;
Ri; WR, [I>201(D)] 0.0416,0.0900 | 0.0442; 0.1146 | 0.0279;0.0528 | 0.0458;0.0795 | ;o
0.1339;
Ri; WR, [All data] 0.0680,0.1026 | 0.0975;0.1381 | 0.0417;0.0578 | 0.1054;0.1016 | ;'\ -0
Goodness-of-fit on F? 1.031 1.040 1.039 0.995 1.031
{ﬁ%?]“ diff. peak /hole | 7, 39 0.63/-0.57 0.46/0.52 033/-61 1.77/-1.32
. . . Not
Flack parameter Not applicable | Not applicable | —0.019(16) Not applicable applicable
CCDC 2252394 2252390 2252392 2252393 2252391
Table 2. Selected bond lengths (A) and angles (°) for Ch(CsHsCH,X)s.
3a 4a 5a 4b 5b
(Ch=0 (Ch=0 (Ch=0 (Ch=S (Ch=S
X = Cl) X = Br) X=1) X = Br) X=1)
-~ 1.801(2); 2.180(6); 1.971(4); 2.170(5);
X 1.802(2) 1.950(4) 2.150(6) 1.968(4) 2.163(5)
3 1.383(2); 1.368(6); 1.783(4); 1.776(4);
C-Ch 1385(2) 1.381(4) 1.408(6) 1.794(3) 1.769(4)
C-Ch-C 119.22(14) 118.5(4) 118.9(4) 101.03(17) 101.6(2)
C2-C3-Ch-C10 140.64(16) 138.6(4) 179.0(5) 134.9(3) 137.0(4)
C9-C10-Ch-C3 144.21(16) 138.6(4) 102.3(6) 127.3(3) 126.8(4)
Al 3.57 0.0 76.7 7.6 10.2

|Aul is the difference of the C—-C—Ch—C torsion angles; see text.

The atomic coordinates of all 3a—Sa diphenylether and 4b and 5b diphenylthioether compounds
determined by X-ray crystallographic studies at 294 K were used to construct the molecular Hirshfeld surfaces
based on the electron distribution calculated as the sum of spherical atomic electron densities (the promolecule),
which dominates the corresponding sum over the crystal (the procrystal) yielding an implicit 0.5 value for the
promolecule-to-procrystal ratio. The bond lengths involving hydrogen atoms were adjusted to values derived
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from neutron diffraction [22]. The Hirshfeld surfaces mapped with dnom and 2D fingerprint plots presented
were generated using CrystalExplorer21 with a high standard surface resolution [23]. They were mapped using
a fixed color scale, red-white-blue, where red highlights are for contacts shorter than van der Waals (vdW) radii
sum, white for contacts around vdW separation, and blue is for contacts longer than the vdW sum.

The molecular electrostatic potential mapping (MEP) was calculated to characterize the close contacts
by projecting the Hirshfeld surface with this MEP. We used the Tonto quantum modelling package [24]
implemented in CrystalExplorer21 using the Becke three-parameter Lee—Yang—Parr (B3LYP) hybrid
functionals [25] with the DGDZVP basis set [26,27].

General methods

All manipulations involving n-BuLi reagent were performed in a dry nitrogen atmosphere using
standard Schlenk techniques. Solvents, N,N,N'N’-tetramethylethylenediamine (TMEDA), and N,N-
dimethylformamide (DMF) were purchased from Sigma-Aldrich and dried by standard methods and distilled
prior to use. The reagents used in the syntheses were purchased from Aldrich and used without purification.
Merck Kiesel gel 60 (0.063—0.40 mm) was used for column chromatography.

The sequence of the reaction steps is summarized in Scheme 1. Dihalogenated compounds 3a, 3b, 4a,
4b, 5a and Sb were prepared by linear synthesis, starting from either diphenylether or diphenylthioether,
respectively (the a letter refers to the compounds with Ch = oxygen and b to compounds with Ch = sulfur).

PPh;/CCly Ch
e CH ;: o
1) n-Buli,
TMEDA, 1) Na[BHg4],
hexane . ethanol ]
©ch’© 2) DMF Chi 2) HCl, sz' Ch
3)HC/H.0 0% H H™ Yo OH OH 1) HBrac Ch
toluene Chi 4a 0O
ch ch 2) NaHCO; 4b
Ch=0, 1a O 2a O Br Br

1b 2b
KIEXCEES’

acetone

Ch
52 O
I I

Scheme 1. Synthesis of dihalogenated compounds.

Synthesis of the dialdehyde O(CsHsCHO): (1a)

Dialdehyde 1a is known from the literature [28, 29]. Modification of this method allowed the desired
product to be obtained in a much higher yield and without purification by column chromatography.
Diphenylether (6.5 mL, 41 mmol) was dissolved in dry hexane (40 mL) under an inert nitrogen atmosphere,
and TMEDA (13.5 mL, 90.2 mmol) was added at 25 °C. A solution of #-butyllithium in hexane (2.5 M, 36.1
mL, 90.2 mmol) was added dropwise to the stirred reaction mixture at 0 °C. This mixture was stirred at 0 °C
for 22 h, turning into a beige one. Then, dry DMF (11.5 mL, 147.6 mmol) was poured dropwise into the reaction
mixture. The white solution was stirred for 1 h at 70 °C. Aqueous hydrochloric acid (40 mL HCl in 60 mL of
distilled water) was added, and the mixture was stirred for fifteen minutes. After, the compound was extracted
with CHCls (30 mL). The combined organic phases were dried with Na,SO4, and the volatiles were removed
under reduced pressure to yield the title compound as a beige solid (8.8 g, 95 %).

mw = 226.22 g/mol. mp = 65 °C. IR (KBr, cm™): v = 3071, 2856, 2755, 1685, 1599, 1472, 1455, 1394,
1276, 1224, 1097, 881, 827, 758. 'H-RMN (400 MHz, CDCl3, ppm) 8 = 10.50 (s, 2H, H1), 7.99 (d, *J=7.69 Hz, 2H,
H7), 7.59 (t, 3J = 7.69 Hz, 2H, H5), 7.30 (t, >J = 7.80 Hz, 2H, H6), 6.96 (d, >J = 8.32 Hz, 2H, H4). *C{'H}-RMN
(100 MHz, CDCls, ppm) 6 = 188.7 (C1), 158.9 (C3), 136.1 (C5), 129.3 (C7), 127.3 (C2), 124.6 (C6), 119.2 (C4).
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Synthesis of O(CsHsCH,OH); (2a)

The diol 2a is known from the literature [30]; here is introduced an alternative procedure to obtain it in a
much higher yield. Thus, to an ethanolic solution (60 mL) of 1a (8.8 g, 38.9 mmol) was slowly added Na[BHs] (3.8
g, 97.4 mmol), and the resulting mixture was stirred for 1 h at 0 °C and three hours at room temperature. Then, it was
acidified with diluted HCI (40 mL HClI in 60 mL of distilled water), followed by extraction with CH>Cl, (60 mL).
The combined organic phases were washed with brine (60 mL), dried (Na>SOs), and the volatiles were removed
under reduced pressure. The product was obtained as a white solid (9.35 g, 99 %).

mw = 230.25 g/mol. mp = 86 °C. IR (KBr, cm™"): v=3272 (OH), 3082, 3039, 2929, 2886, 1689, 1604,
1581, 1484, 1452, 1230, 1110, 1034, 880, 755. 'H-RMN (400 MHz, CDCls, ppm) & = 7.39 (d, 3J = 7.19 Hz,
2H, H7), 7.25 (td, 3J = 7.69 Hz, 4J = 1.22 Hz, 2H, H5), 7.10 (td, *J = 7.44 Hz, *J = 0.69 Hz, 2H, H6), 6.82 (d,
3] = 8.06 Hz, 2H, H4), 4.68 (s, 4H, H1). *C{'H}-RMN (100 MHz, CDCl;, ppm) & = 154.8 (C3), 131.4 (C7),
130.1 (C5), 129.3 (C2), 123.7 (C6), 117.9 (C4), 61.2 (C1).

Synthesis of the dichlorinated compound [{O(CsH4CH2)2}Cl:] (3a)

To a reaction flask, were added the diol 2a (1.0 g, 4.3 mmol), carbon tetrachloride (20 mL), and
triphenylphosphine (2.73 g, 10.4 mmol). The solution was heated at 65—70 °C for 24 h, and the reaction mixture
was cooled and filtered. The yellow solution was chromatographed over a silica gel column with
hexane/dichloromethane (1:1). The solution was evaporated to give a colorless crystalline solid (0.50 g, 43%).

mw = 267.14 g/mol. mp = 68 °C. IR (KBr, cm™): v = 3036, 2922, 2851, 1581, 1483, 1452, 1239, 1193,
1104, 914, 748, 672. 'H-RMN (400 MHz, CDCls, ppm) & = 7.50 (dd, 3J = 7.60 Hz, “J = 1.50 Hz, 2H, H7), 7.28
(td, 3J=7.60 Hz, *J = 1.5 Hz, 2H, H5), 7.14 (t, *J = 7.40 Hz, 2H, H6), 6.83 (d, *J = 8.00 Hz, 2H, H4), 4.73 (s, 4H,
H1). BC{'H}-RMN (100 MHz, CDCls, ppm) & = 154.9 (C3), 131.2 (C7), 130.3 (C5), 128.7 (C2), 124.1 (C6),
118.5 (C4),41.2 (C1).

Synthesis of dibrominated compound [{O(C¢H4CH»),}Br,] (4a)

Dibrominated compound 4a was synthesized according with the literature procedure [30]. To a toluene
solution (30 mL) of 2a (9.35 g, 40.6 mmol), was added dropwise HBr (15.3 mL, 142.1 mmol) dissolved in
toluene (10 mL), and the resulting mixture was refluxed for 22 h. Then, saturated aqueous NaHCOj3 solution
(20 mL) was carefully added, followed by extraction with CH3Cls (20 mL). The organic phase was separated,
dried (Na,SOs), and evaporated to obtain a brown solid. The compound was purified by washing it with cold
ethanol, to obtain a white crystalline solid (6.37 g, 44 %).

mw =356.04 g/mol. mp =92 °C. IR (KBr, cm™!): v=3058, 3034, 2985, 1579, 1485, 1449, 1242, 1185,
899, 775, 605. 'H-RMN (400 MHz, CDCls, ppm) & = 7.49 (d, 3J = 7.60 Hz, 2H, H7), 7.28 (t, *J = 8.00 Hz, 2H,
H5), 7.13 (t, 3/ =7.60 Hz, 2H, H6), 6.85 (d, J =9.20 Hz, 2H, H4), 4.66 (s, 4H, H1). 3C{'H}-RMN (100 MHz,
CDCls, ppm) 6 = 154.9 (C3), 131.5 (C7), 130.3 (C5), 129.0 (C2), 124.1 (C6), 118.6 (C4), 28.2 (C1).

Synthesis of diiodo compound [{O(CsH4CH»):}1>] (5a)

Preparation of 5a was based on literature methods where the starting materials are also primary
alcohols [31, 32]. Thus, KI (3.5 g, 21.0 mmol) was added to 4a (3 g, 8.4 mmol) previously dissolved in acetone
(40 mL). This mixture was refluxed for 22 h. Next, the solvent was removed in vacuo, and the residue was
dispersed in CH>Cl, (50 mL). The resulting precipitate was filtered off, and the solvent was removed in vacuo
to yield 5a as a brown solid (3.7 g, 97 %).

mw = 450.0 g/mol. mp = 96 °C. IR (KBr, cm™!): v = 3034, 2972, 1577, 1484, 1450, 1243, 1150, 894,
755. 'H-RMN (400 MHz, CDCl;, ppm) 8§ = 7.45 (dd, 3J = 7.62 Hz, *J = 1.63 Hz, 2H, H7), 7.22 (td, 3J = 7.69
Hz, 4J = 1.68 Hz, 2H, H5), 7.07 (td, 3J = 7.52 Hz, *J = 0.98 Hz, 2H, H6), 6.81 (d, >J = 8.18 Hz, 2H, H4), 4.60
(s, 4H, H1). BC{'H}-RMN (100 MHz, CDCl;, ppm) § = 154.27 (C3), 131.0 (C7), 130.4 (C5), 129.7 (C2), 124.1
(Co), 118.6 (C4), —0.03 (C1).

Synthesis of the dialdehyde S(C¢H4CHO), (1b)

1b was prepared in a similar way as 1a [29]. For the formation of the dilithiated compound, we used
diphenylsulfide (5.0 mL, 30 mmol), dry hexane (40 mL), TMEDA (10.4 mL, 69.0 mmol), and n-butyllithium
in hexanes (2.5 M, 36.1 mL, 90.2 mmol). Then, this mixture was refluxed for 40 minutes forming an orange
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solution. The reaction was cooled down to 25 °C before dry DMF (8.1 mL, 105 mmol) was poured dropwise
into the reaction mixture. The white solution was stirred for 1 h. Aqueous hydrochloric acid (30 mL HCl in 60
mL of distilled water) was added, and the mixture was stirred for fifteen minutes, followed by extraction with
CH3C1 (30 mL). The combined organic phases were dried (NaxSQOs), and the volatiles were removed under
reduced pressure to yield the 1b as a brown viscous liquid (6.5 g, 90 %).

mw = 242.29 g/mol. IR (KBr, cm™!): v = 3059, 2850, 2738, 1688, 1584, 1458, 1440, 1259, 1198, 1040,
845, 822, 747. 'H-RMN (400 MHz, CDCls, ppm) & = 10.34 (s, 2H, H1), 7.95 (d, 3J = 7.42 Hz, 2H, H7), 7.47
(m, 4H, H5), 7.16 (d, °J = 7.68 Hz, 2H, H6). *C{'H}-RMN (100 MHz, CDCl;, ppm) & = 191.7 (C1), 138.7
(C3), 135.1 (C2), 134.8 (C4), 132.7 (C7), 131.9 (C5), 128.0 (C6).

Synthesis of the diol S(C¢iHsCH,OH); (2b)

2b was prepared in a similar was as the 2a compound. 1b (6.5 g, 27 mmol), ethanol (40 mL), Na[BH4]
(2.45 g, 64.8 mmol), diluted HC1 (10 mL HCl in 20 mL of distilled water), CH>Cl, (40 mL), brine (60 mL). The
product was a yellow viscous liquid (6.6 g, 99 %).

mw = 246.32 g/mol. IR (KBr, cm™!): v = 3376, 3283, 3057, 2884, 1613, 1442, 1198, 1031, 747. 'H-
RMN (400 MHz, CDCls, ppm) & = 7.45 (dd, *J = 7.50 Hz, *J = 0.82 Hz, 2H, H7), 7.27 (td, 3*J = 7.37 Hz, *J =
1.38 Hz, 2H, H6), 7.18 (td, 3J = 7.30 Hz, J = 1.54 Hz, 2H, H5), 7.12 (dd, 3J = 7.73 Hz, *J = 1.28 Hz, 2H, H4),
4.72 (s, 4H, H1), 2.92 (s, 2H, OH). 3C{'H}-RMN (100 MHz, CDCl;, ppm) & = 141.3 (C3), 133.3 (C2), 132.2
(C4), 128.8 (C7), 128.6 (CS5), 127.9 (C6), 63.4 (C1).

Synthesis of the dichlorinated compound [{S(CsH4sCH>):}Cl:] (3b)

3b was prepared in a similar was as 3a. 2b (1.5 g, 6.2 mmol), carbon tetrachloride (20 mL),
triphenylphosphine (3.6 g, 13.6 mmol). The yellow solution was chromatographed over a silica gel column with
hexane/dichloromethane (1:1). The compound is a yellow liquid (0.77 g, 44 %).

mw = 267.14 g/mol. IR (KBr, cm™!): v=3057, 2956, 2850, 1589, 1468, 1440, 1263, 1205, 1041, 821,
736, 666. 'TH-RMN (400 MHz, CDCls, ppm) & = 7.51 (dd, 3J = 7.50 Hz, *J = 1.10 Hz, 2H, H7), 7.30 (td, 3J =
7.80 Hz, “J = 1.30 Hz, 2H, H6), 7.24 (td, 3J = 7.40 Hz, *J = 1.30 Hz, 2H, H5), 7.16 (dd, >J = 7.71 Hz, *J = 0.90
Hz, 2H, H4), 4.79 (s, 4H, H1). BC{'H}-RMN (100 MHz, CDCls, ppm) § = 138.2 (C3), 135.0 (C2), 132.9 (C4),
130.7 (C7), 129.7 (C5), 128.2 (C6), 44.5 (C1)

Synthesis of dibrominated compound [{S(CsH4CH:):}Br:] (4b)

Dibrominated compound 4b was synthesized according with the literature process [30]. To a toluene
solution (20 mL) of diol 2b (6.6 g, 26.79 mmol) was added dropwise HBr (10.8 mL, 93.76 mmol) dissolved in
toluene (10 mL) and the resulting mixture was stirred for 22 h at reflux temperature. Then saturated aqueous
NaHCO; solution (20 mL) was added carefully, followed by extraction with CH3Cl (20 mL). The organic phase
was separated, dried (Na,SO4) and evaporated to obtain a brown liquid. For the purification of the compound
4b, a chromatographic column of the crude reaction is carried out, using silica as stationary phase and
dichloromethane as eluent. From the purification a light-yellow viscous liquid was obtained, to crystallize the
product were seeded crystals (2.5 g, 25 %).

mw = 372.11 g/mol. mp =71 °C. IR (KBr, cm™"): v=13051, 2973, 1563, 1469, 1440, 1218, 1038, 764,
730, 606. 'H-RMN (400 MHz, CDCls, ppm) & = 7.47 (dd, 3J = 7.54 Hz, *J = 1.35 Hz, 2H, H7), 7.27 (td, 3J =
7.07 Hz, *J = 1.55 Hz, 2H, H6), 7.22 (td, °J = 7.26 Hz, *J = 1.46 Hz, 2H, H5), 7.16 (dd, *J=7.71 Hz, *J = 1.35
Hz, 2H, H4), 4.71 (s, 4H, H1). *C{'H}-RMN (100 MHz, CDCls, ppm) 5 = 138.5 (C3), 135.2 (C2), 133.1 (C4),
131.2 (C7), 129.7 (C5), 128.2 (C6), 31.8 (C1).

Synthesis of diiodo compound [{S(CcH4CH>)2}12] (Sb)

Preparation of the title compounds was based on literature methods [31,32]. KI (1.12 g, 6.72 mmol) was
added to 4b (1.0 g, 2.69 mmol) dissolved in acetone (25 mL). This mixture was heated to reflux for 22 h. After
the solvent was removed in vacuo, the residue was dispersed in CH>Cl, (30 mL). The resulting precipitate was
filtered off, and the solvent was removed in vacuo to yield the desired diiodo Sb as a brown solid (1.23 g, 98 %).

mw = 466.10 g/mol. mp = 101 °C. IR (KBr, cm™!): v = 3043, 2929, 1557, 1470, 1437, 1206, 1151,
1030, 755. 'H-RMN (400 MHz, CDCl;, ppm) & =7.45 (dd, *J = 7.56 Hz, J = 1.51 Hz, 2H, H7), 7.22 (td, 3J =
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7.38 Hz, *J = 1.55 Hz, 2H, H6), 7.17 (td, J = 7.49 Hz, *J = 1.56 Hz, 2H, H5), 7.11 (dd, >J = 7.70 Hz, 4/ =1.47
Hz, 2H, H4), 4.64 (s, 4H, H1). 3C{'H}-RMN (100 MHz, CDCLs, ppm) & = 139.9 (C3), 134.3 (C2), 133.1 (C4),
130.7 (C7), 129.2 (C5), 128.3 (C6), 4.11 (C1).

Results and discussion

Synthesis

The overall linear synthesis of the respective diol compounds Ch(CsHsCH,OH), were based on a
regioselective double-lithiation of the corresponding diphenyl(thio)ether, followed by a formylation reaction
with DMF in situ; then a reduction of the resulting —CHO groups was carried out. Afterwards, the synthesis of
the dichloro compounds 3a and 3b was carried out under Appel conditions, by using carbon tetrachloride and
triphenylphosphine [33,34]. Dibrominated compounds 4a and 4b were obtained from a substitution reaction of
the hydroxyl groups, by using Br™ as a nucleophile. Finally, the Br-by-I halide exchange to obtain 5a and 5b
was achieved with an excess of potassium iodide in acetone, by using 4a and 4b as starting materials.

NMR analysis

NMR spectra of all compounds were recorded in CDCl; solutions at 25 °C; the assignment of the
signals was carried out by the heteronuclear and homonuclear correlation of two-dimensional experiments
(COSY, HSQC and HMBC). The signals of the aromatic protons of the ligand framework were observed as an
ABCD pattern. In 3C-NMR, six signals are observed for the different aromatic carbons; the signal found in
higher frequency correspond to the carbons directly bonded to the heteroatom, due to the electron-withdrawing
effect. This effect is more noticeable when Ch = O due to its higher electronegativity compared to the sulfur
atom. On the other hand, the —CH»— signals for both series of compounds (Ch = O, S) were used to monitoring
that the chemical transformations were successful. The changes of these signals are clearly noticeable on *C-
NMR. Thus, when the carbon atom corresponds to the CHO functional group, the signal is around 190 ppm,
and when the reduction reaction is carried out for its transformation into the -CH,—OH group, the carbon signal
shifts ca. 60 ppm low-frequency. Then, the carbon resonances for -CH,—X were observed at 41.2, 28.2, 44.5,
and 31.8 ppm for 3a, 4a, 3b, and 4b, respectively; when the halogen exchange occurs to obtain —CH>—1, a
considerable change in the displacement of these carbons towards frequencies close to 0 ppm was observed,
this due to the electro-donating effect exerted by the iodine atom.

X-Ray single crystal analysis
Molecular structures of Ch(CsHsCH:X);

There are some general features in the structural data of the 3a—5a diphenylether and 4b and Sb
diphenylthioether corresponding sets. In all compounds, the Cy,>—Ch and C,3—X bond distances are comparable
to the covalent radii sum [Zreo(Csp2, O) = 1.39 A; Zreov(C sp2, S) = 1.78 A; Treon(C sp3, C1) = 1.78 A; Zreon(C sp3,
Br) = 1.96 A; Zreov(C g3, I) = 2.15 A][35]. Also, the C—Ch—C angles are practically equal in each set, being the
C-O-C angle the wider one. The difference in C—Ch—C angles is the expected; this bond angle decreases as the
atomic number of the chalcogen atom (Ch) increases, as has been discussed by Prof. Gillespie for several
compounds of the p-block, where the central atom has unshared lone pairs. [36] To analyze the conformations
of the compounds in each set, we overlayed each pair of molecules (Figures 3 and 4). We used the Mercury 4.0
software [37] to calculate the root mean square deviation (RMSD) and the maximum deviation data in these
superimpositions. Thus, we observed striking differences in the conformation of the diphenylether derivatives
3a—5a in the solid state, despite the similitude of their skeletal structures. Firstly, the conformations of 3a and
4a are very similar (RMSD = 0.154 A), regardless of their different crystalline systems and space groups (vide
infra). The main conformational difference of this pair in comparison with 5a lays on the direction of the C—X
bonds; in 3a (X = Cl) and 4a (X = Br), the halogen atoms are pointed to opposite sides, while in the diiodo
compound, the C—I bonds are oriented to the same side. For the diphenylthioethers 3b and 4b, the conformations
are essentially the same (RMSD = 0.064 A, with a maximum deviation of 0.154 A, mainly due to the expected
difference in C—X bond lengths). In these compounds, the halogen atoms are also pointed to opposite sides. We
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also analyzed the C2—C3—Ch—C10 and C9—C10-Ch—C3 torsion angles. As a result, excepting the data for 5a,
the difference of these angles (|Aw|) is lesser than 10.3°, indicating a practically two-fold rotational symmetry
(in fact, 4a displays a perfect C, axis that bisects the C—O—C bond angle, with an obviously null difference in
torsion angles). On the other hand, S5a shows a difference of 76.7° that is consistent with an almost orthogonal
arrangement of both phenyl rings around the C—O—C plane.

Crystal arrangement of Ch(CsH4CH:X), derivatives

The chloro derivative 3a crystallized in the triclinic system, while 4a and 5a pair crystallized in the
monoclinic system, but in different space groups. On the other hand, both diphenylthioether compounds 4b and
5b, besides to be isostructural, they are also isomorphic, crystallizing in the centrosymmetric triclinic system,
with a higher cell volume in 5b due to the larger size of the iodine atoms. In all Ch(CsH4CH,X), derivatives,
notwithstanding the different nature of either Ch or X atoms, were observed non-classical C—H:--X hydrogen
bonding as well as p-interactions that contributes to the cohesion of the crystal (Fig. 5).

In the Fig. 5 we plotted a portion of the crystal structure where the molecules were related by their
symmetry operators and, for the sake of comparison, we highlighted the C—H- - -X hydrogen bonding around the
X atom in the asymmetric unit. In all plots, the asymmetric unit is displayed in gray color; the other colors are
used for moieties related by other symmetry operation, such as inversion (in yellow) or, in the case of 4a,
rotation, rotation-inversion (both in green), and gliding (in magenta). The tagged distances of the intermolecular
contacts and the symmetry operators for all compounds are summarized in Table 3. For 4a, the asymmetric unit
is just the half, with the oxygen atom positioned on a two-fold axis; the other half is generated by the
corresponding two-fold rotation. As commented, 4b and 5b were isomorphic and, for conciseness, we just graph
the structure of the iodo derivative. To build all the plots showed, we considered intermolecular H---X contacts
smaller than 3.6 A. From the plots, the number of contacts in the diphenylether derivatives decreases in the
order 3a>4a>5a; the magnitude of the distances must also decrease but in the inverse order because of the
different atom sizes. On the other hand, the number of intermolecular interactions is the same in the
diphenylthioethers 4b and 5b, as can be expected, because of their isomorphism.

Fig. 5. C-H---X hydrogen bonding in Ch(CsH4CH>X), derivatives (colours are used to highlight the symmetry
operation involved in the generation of symmetry-related moieties; see text).
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Table 3. Structural data of C—H- - - X hydrogen bonding in Ch(CsH4CH>X), derivatives and symmetry operators.

tag 3a 4a 5a 4b 5b
2.918; C 3.047; C- 3.358; C-H4--12 | 3.160; C-H4--Br2 | 3.239; C-H4--12
a H14---Cll H4---Brl . it Ix. 1oy 1—
1=x, 1=y, 1=z | x, 1/2-y,—1/2+z X,z XY, 2 X Ty,
. 3.186; C— . o
3.106; C—- H5---Brl 3.371; C-H5-- 11 3.302; C- 3.329; C
b H11---CI2 H13---Brl HI13---11
—l4x,y, 7 —1/2+x, —1/2+y, —1+x, l+y, z X, y, 14z %, y, ~1+z
7 —1/2+z > >
3.108; C— 3.207; C— . .
c He6---Cll H7---Brl Not applicable 3'333(’ C{{ls—i-z Br2 3.37—21’+(§(7H52 12
2-x, 1=y, 2z —1/2+x, 1=y, z Y 2 Y
3.130; C- . SO
d H13---CI2 Not applicable Not applicable 3.374 C-H7Brl | 3.574; C-H711
2—X,2-y,—Z 2-x,2-y, —Z
1-x, -y, 1-z
3.132; C- 3.454; C- 3.582; C—
e H7---CI2 Not applicable Not applicable H8B-:-Br2 H8B---12
1—x, 1y, 2—z X, 1=y, 1-z X, -y, 1-z
3.181; C— 3.469; C— 3.499; C-
f H5---CI2 Not applicable Not applicable HIA:--Brl HIA---I1
1—x, -y, 2z 1—x, 2—y, —z 1-x, 22—y, —z
3.254; C-
g H7---Cll Not applicable Not applicable Not applicable Not applicable
2-x, 1=y, 2—z

Hirshfeld surface analysis

The Hirshfeld surface (HS) encloses either a molecule or a cluster of molecules, and its corresponding
2D-fingerprint is unique for a given compound, therefore, the construction of this type of surfaces makes them
a useful approach to compare crystal structures [23]. The surfaces based on the dyorm of all Ch(CsHsCH2X),
compounds clearly exhibit red spots in the vicinity of the X substituents, corresponding to the presence of close
contacts due to C—H:--X non-classical hydrogen bonding, i.e., contact distances that are shorter than the van
der Waals radii sum [3a(1), 4a(1), 5a(1), 4b(1), and 5b(1) plots] in Fig. 6. The fragment patch plots are useful
to calculate the number of molecules that interacts with a central one; also, the area data of these patches can
be used to find the external major molecular fragments that are closer to a HS given. In Fig. 6 are plotted the
corresponding fragment patches over the HS [3a(2), 4a(2), Sa(2), 4b(2), and 5b(2) plots]. In the O(CsH4CH:X),
compounds, the number of interacting molecules is 15, 20, and 16, for 3a, 4a, and Sa, respectively (we
considered a radius of 4.10 A as an atom---atom distance, instead of the default value of 3.80 A in
CrystalExplorer). The four larger areas over the HS surface are 52.5, 43.0, 35.6, and 21.7 A? for 3a (52.5 %
superficial area); 52.7, 51.6, 42.0, and 42.0 A? for 4a (63.0 % superficial area); and 63.6, 61.5, 29.9, and 20.3
A? for 5a (57.0 % superficial area). For the isomorphic 4b and 5b there are 16 molecules around the HS in each
one; the larger areas are 52.5,47.8, 44.5, and 44.1 A? for 4b (62.2 % superficial area); and 55.0, 48.4, 47.3, and
43.5 A? for 5b (61.7 % superficial area). Overall, four interacting molecules cover more than 52 % of each
corresponding HS, despite their different surrounding number (see above).
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3a(l) 4a(1) Sa(1) 4b(1) 5b(1)
(290.96; 315.71) (298.80; 330.60)

(307.37; 350.05)

(303.70; 338.52) (314.43; 355.54)

-

d
1 3a3)

d|ch=0: X1 d, " Chas XaBr d | on-8 x-t _d

“loneoixed | df
a d.
| 3a(4) - 5a(4)
Cl—HH- ——Cl(anea 31.0%) dj " | Br-—-HH-— Sr{ama 315%)  d) | l—HH-—t (area 348%) d.- Bre—-HH-—-0 (erea 2&0%} d [ fee-HH—t rma 285%) d

F ig. 6 H1rshfe1d surfaces mapped over dm,,m, fragment patches and ﬁngerprmt plots for Ch(C6H4CH2X)2 (Ch
=0, S; X = Cl, Br, I) compounds (data in parentheses are superficial area in A> and volume in A?).

To evaluate the contribution of the intermolecular contacts we plotted the 2D-fingerprints of the
corresponding Hirshfeld surfaces [3a(3), 4a(3), 5a(3), 4b(3), and 5b(3) plots]. For the sake of comparison, we
decomposed the corresponding overall 2D fingerprints plots in their X---H/H---X [X = CL, Br, I; 3a(4), 4a(4),
5a(4), 4b(4), and 5b(4) plots in Fig. 7] fingerprint plots for all compounds. We also plot the contribution of all
contacts by means of a stacked bar chart, where we consider the reciprocal ones. The analysis of the
intermolecular contact contributions for all compounds showed that H:--H contacts are dominant, from 43.6 to
37.7 % contribution (Fig. 7). The next predominant non-covalent contributions are the X---H/H---X non-classic
hydrogen bonding (green bars); we observed that compounds with Ch = O display higher values, probably due
to the higher electronegativity of the oxygen atom in 3a-5a when compared to the sulfur atom in 4b and Sb. To
finish, the C---H/H:--C (black bars) also display significant contributions due to the presence of the aromatic
rings, which ones enhance C-H:-pi as well as pi--pi interactions.

291



Article J. Mex. Chem. Soc. 2024, 68(2)
Regular Issue

©2024, Sociedad Quimica de México

ISSN-¢ 2594-0317

0.0 10.0 20.0 30.0 40.0 50.0 60.0 70.0

3a (41.6)
4a (43.6)
5a (37.7) 0.1
4b (43.6)
5b (42.3)

mC-H/H-C mC-C B Ceo-X/X:C Ch---H/H---Ch

B X-H/H-X  EXX B Ch--C/C---Ch

Fig. 7. Relative contributions in percentage of various intermolecular contacts of Ch(CsH4sCH»X), (Ch =0, S;
X =Cl, Br, I) molecular crystals (H---H contacts are in parentheses).

A deeper analysis indicated that 4a displayed a high C:--Br/Br---C contribution (5.8 %, purple bar) in
a centrosymmetric arrangement, and the isomorphic 4b/5b pair displayed X:--X notable contributions (red
bars). In the first case, 4a displayed C—Br- - -pi interactions alongside with other two C—H:--Br interactions; the
distance from this bromo atom to the centroid of the three C4, C5, and C6 aromatic atoms is 3.801 A that is
longer than the van der Waals radii sum [Zr.aw(C, Br) = 3.55 A]. The analysis of their Hirshfeld surfaces
decorated with the molecular electrostatic potential (MEP) showed that the centrosymmetric arrangement of
two molecules effectively displayed complementary interactions (see Fig. 8). The bromo atom in the C—Br bond
display at its o-hole position a positive potential (5.96 kcal/mol, in blue colour), while the three C(4), C(5), and
C(6) aromatic atoms display a complementary negative potential (7.03 kcal/mol, in red colour) that is indicative
of a C—Br--pi interaction of attractive nature. Something similar is observed for the C-H(4)---Br interaction,
where the negative belt around the Br atom is displaying a negative potential (—15.06 kcal/mol, in red colour);
as expected, the hydrogen atom in the C—H(4) bond has a positive potential (14.62 kcal/mol, in blue colour).

5.96 kcal/mol

-7.03 kcal/mol

Fig. 8. Views of calculated electrostatic potential mapped on the Hirshfeld surface of 4a showing the potential
at the points of contact for Br---pi and C—H---Br noncovalent interactions.

Finally, as has been commented, the isomorphic 4b/5b pair displayed X:--X interactions (X = Br, I).
In Fig. 9 we show the corresponding Hirshfeld surfaces decorated with the MEP to highlight just these
interactions. In the front and rear plots, it is worth mentioning that there are differences in the positions of the
head black arrow and the dashed lines that specify the shortest X --X interatomic distances intersecting the HS
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decorated with the MEP. These positions are different because of we took the potential energy data from the
intersection of the surface with the straight line coming from either outer or inner C—X bond, since in this
position is where the s-hole is located. Each compound displays both complementary positive and negative
potentials; the C—Br(1) and C-I(1) inner bonds display positive potentials of 7.53 and 11.61 kcal/mol for 4b
and 5b, respectively (in blue color) while the matching negative potentials are —8.22 and —11.23 kcal/mol (in
red color). Also, in the rear plots we show other positive potentials of 7.65 and 15.19 kcal/mol that match with
the C(12) and C(13) benzenic carbons, similar to that observed in 4a.

-8.22 kealfmal .
Brlf E

7.65 kcalfmol

4b(rear)

7.53 keal fmol

e

Sb(rear)
—
11.61 keal fmol /
- 12 15.19 keal fmal
12 -

Fig. 9. Views of calculated electrostatic potential mapped on the Hirshfeld surface of 4b and Sb showing the
potential at the points of contact for C-X---X—C (X = Br, I) noncovalent interactions.

4b(front)

1

5b(front)

-11.23 keal fmaol

a

Conclusions

Two series of dihalogenated compounds of general formula Ch(C¢HsCH,X), were synthetized by a
linear approach from either cheap diphenylether or diphenylthioether used as starting materials. Despite the
similitude in the skeletal structure, all compounds based on the ether framework displayed different interactions
in the crystal arrangement. On the other hand, the thioether compounds were isostructural and isomorphic and,
in these two cases we observed that the bromo- and iodo compounds were more susceptible to form X---X
interactions and displayed little disposition to form X---H hydrogen bonding, due to the presence of the less
electronegative sulfur atom as compared with the oxygen ones in the diphenylethers.
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Abstract. In the present study, initially, a thiourea derivative symmetric Schiff base, (1E,3E)-1,3-bis(5-bromo-
2-hydroxybenzylidene)thiourea, was synthesized and characterized by FTIR and SEM-EDX analysis. In
addition, an all-solid-state composite Cu(Il)-selective potentiometric sensor based on this synthesized
compound as an electroactive substance was constructed. Optimization studies indicated that the composition
of the optimum sensing composite exhibiting the best potentiometric characteristics was 3.0% Schiff base,
5.0 % multi-walled carbon nanotube (MWCNT), 20.0 % paraftin oil and 72.0% graphite by mass. The proposed
sensor displayed a linear response in the concentration range of 5.0x10%-1.0x10! M with a slope of 31.1
mV/decade and a detection limit of 5.0x107 M. The proposed sensor exhibited a fairly selective, stable
(potential drift: 1.85 mV/h), and rapid (<10 s) response towards Cu(Il) ions. Because of the magnitude of its
potential drift, the sensor should be recalibrated along the analysis time at least half an hour apart. The sensor
can employed safely in the samples with pHs in the range of 2.0-6.5. The lifetime of the fresh sensor surface
was determined as 2 weeks. The most important advantage of the sensor is that the sensing composite surface
is renewable (at least 10 times) and thus the sensor can be used many times for a long period of time. The
analytical applications of the sensor were executed successfully by using the electrode in the potentiometric
titration of Cu(Il) ions with EDTA as an indicator electrode, in the direct determination of Cu(II) contents of
spiked water samples, and in the determination of (w/w) Cu% content of a Turkish coin.

Keywords: Potentiometric sensor; copper(Il)-selective electrode; all-solid-state sensor; copper(Il)
determination; symmetric Schiff base, thiourea derivative.

Resumen. En este estudio, inicialmente, se sintetizd una base de Schiff simétrica derivada de la tiourea,
(1E,3E)-1,3-bis(5-bromo-2-hidroxibenciliden)tiourea, y se caracterizd mediante analisis FTIR y SEM-EDX.
Ademas, se construy6 un sensor potenciométrico selectivo de Cu(Il) de estado solido basado en este compuesto
sintetizado como sustancia electroactiva. Los estudios de optimizacion indicaron que la composicion del
compuesto sensor 6ptimo que presentaba las mejores caracteristicas potenciométricas fue con 3 % de base de
Schiff, 5 % de nanotubos de carbono multipared (MWCNT), 20 % de aceite de parafina y 72 % de grafito en
masa. El sensor propuesto mostrd una respuesta lineal en el rango de concentracion de 5x10-6 a 1x10-1 M con
una pendiente de 31 mV/década y un limite de deteccion de 5x10-7 M. El sensor propuesto mostr6 una respuesta
bastante selectiva, estable (deriva de potencial: 1.85 mV/h) y rapida (<10 s) hacia los iones Cu(Il). Debido a la
magnitud de su deriva de potencial, el sensor debe recalibrarse a lo largo del tiempo de analisis con un intervalo
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de al menos media hora. El sensor puede emplearse con seguridad en las muestras con pH en el rango de 2.0 a
6.5. La vida util de la superficie fresca del sensor se determino en 2 semanas. La ventaja mas importante del
sensor es que la superficie del compuesto sensor es renovable (al menos 10 veces) y, por tanto, el sensor puede
utilizarse muchas veces durante un largo periodo de tiempo. Las aplicaciones analiticas del sensor se llevaron
a cabo con éxito, utilizando el electrodo en la valoracion potenciométrica de iones Cu(Il) con EDTA como
electrodo indicador, en la determinacion directa del contenido de Cu(Il) de muestras de agua enriquecidas y
en la determinacion del contenido (p/p) de Cu% de una moneda turca.

Palabras clave: Sensor potenciométrico; electrodo selectivo de cobre(Il); sensor de estado solido;

determinacion de cobre(Il); base de Schiff simétrica, derivado de tiourea

Introduction

One of the leading classes of environmental pollutants is heavy metals and they are major pollutants
particularly in water pollution. Although several heavy metals at trace levels play essential roles in the survival
of organisms, their excessive accumulation in living things has hazardous implications and is one of the primary
reasons of the emergence of certain diseases, especially cancer [1].

Due to its high electrical conductivity, chemical stability, plasticity, and capacity to form alloys with
numerous metals, copper is used extensively in industrial activities [2]. As a result of these activities, an
increasing amount of copper has been discharged into the environment day by day and led to various
environmental and health problems. The United States Environmental Protection Agency (EPA) and The World
Health Organization (WHO) have set permitted levels for copper in ground water and drinking water at 3 mg/L
and 2 mg/L, respectively [3]. The upper tolerable limit for copper in adults is reported as 10 mg per day [4].
High levels of copper exposure might create various health problems such as gastrointestinal distress, anemia,
and disruption of liver and renal functions [5]. In particular, the exposure of individuals with Wilson's and
Menke's disease to copper is more risky than healthy individuals [6].

Considering the toxic effects of copper, its determination is quite critical. There are a number of
analytical techniques that have been reported for the determination of copper ions at very low concentration
levels, including ion chromatography [7,8], UV-Vis Spectrophotometry [9,10], flame atomic absorption
spectrometry (FAAS) [11,12], graphite-furnace atomic absorption spectrometry (GF AAS) [13], Colorimetry
[14-16], fluorescence spectroscopy [17,18], ICP-MS [19], ICP-OES [20], ICP-AES [21], Capilarry
Electrophoresis-UV [22], titrimetry [23], gravimetry [24], electrogravimetry [25] and electrochemical methods
[26-30].

The majority of the above-mentioned techniques take a long time and need the use of environmentally
hazardous solvents, complicated pretreatment procedures, special tools, skilled operators, and expensive
reagents. Therefore, it is critical to develop a copper detection method that is more efficient, simple, economical,
and reliable.

Ion-selective electrodes create an impression as an alternative method to the majority of the
aforementioned detection methods for Cu?" due to their outstanding features such as high precision and
accuracy, broad linear operational range, relatively short analysis time, low limit of detection, adequate
selectivity, simple design, cost effectiveness, not to damage the studied samples, mostly no requirement of
preprocessing steps, and determinations in colored or turbid solutions [31]. In ionophore-based ISEs, the most
critical element controlling the analytical selectivity of the sensor is the chemical substance employed as the
ionophore. In the construction of ion-selective electrodes, Schiff bases [32,33], amide derivatives and oxamides
[34], crown ethers [35,36], calixarenes [37,38], cryptants [39,40], porphyrins [41,42], metal chelates and ligands
[43] are prevalently used as ionophore materials.

Schiff bases, reported first by Hugo Schiff [44], are compounds that bear the imine (-C=N-) functional
group. These are condensation products formed by the nucleophilic addition reaction of primary amines with
aldehydes and ketones. Schif bases have been resently used in various fields of application such as corrosion
inhibitor [45,46], in the structure of dyestuffs and pigments [47], stabilizers increasing the stability of polymers
and light stabilizer in thermoplastic resins [48], ion carriers in polymeric structures [49], in the production of
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anticancer, antimicrobial, antifungal and antioxidant substances [50,51], in the developments of fungicide and
insecticide in agriculture [52], in the production of cosmetics [53],in perfume [54] and pharmaceutical industry
[55].

In recent years, potentiometric sensor technology has made extensive use of all-solid-state composite
carbon paste type ion sensors because of their advantages over traditional PVC membrane ion-selective sensors,
including the lack of an internal reference solution, robustness and durability, ease of preparation, long life
span, renewability, and compatibility with miniaturization. It has also been reported in previous studies that
extra improvements in electrochemical performance properties of sensors can be obtained by doping carbon-
based nanomaterials (carbon nanotube graphene, etc.) into the sensing carbon paste composite [56,57]. In this
study, initially, a novel Schiff base was synthesized and characterized. Later, a composite copper(Il)-selective
potentiometric sensor based on graphite, carbon nanotubes, paraffin oil, and a currently synthesized symmetric
Schiff base as ionophore substance was constructed for the first time for Cu(Ill) determinations. The
potentiometric performance characteristics and analytical applications of the designed sensor were revealed.
We believe that the proposed sensor will make a significant contribution to the literature in this area due to its
properties as follows: miniaturization, durability, renewability, and performance characteristics comparable to
its counterparts.

Experimental

Material and reagents

All 5-bromo-salcilaldehyde (5-Br-SA), thiourea (TU), graphite, multi-walled carbon nanotubes
(MWCNTs) and paraffin oil were obtained from Sigma-Aldrich (Germany). All the cation solutions used
throughout the study were prepared from the nitrate salts of the relevant cations at analytical purity. Deionized
water (18.3 MQ) was used in the preparation of all the solutions.

Instruments

Potentiometric measurements were performed by a laboratory-made high input impedence computer-
controlled potentiometric measurement system. A Gamry (USA) brand saturated Ag/AgCl electrode was used
as reference electrode in all potential measurements. All pH measurements were performed with a desktop type
Thermo Fisher Scientific (USA) Orion Star A215 pH/Conductivity meter. The FTIR spectra of the samples
were attained by a Thermo Nicolet 6700 spectrophotometer in the region of 4000-400 cm™ using the KBr
technique. SEM/EDX data of the samples were obtained from field emission scanning electron microscopy
(FE-SEM) (Quanta FEG 450-FEI). ICP-MS analysis were conducted by an Agilent 7700 Series ICP-MS
system. The deionized water used along the study was supplied from the Human Corporation Zeener Power 11
(Korea) water purification system.

Potentiometric measurements
All potentiometric measurements were recorded at room temperature (20+2) °C. The utilized
electrochemical cell assembly for the entire study was as follow:

Ag/AgCl Reference Electrode || Cu(Il) solution | sensing carbon paste | Cu wire

The potentiometric data were collected while the indicator and reference electrodes were immersed in
25 mL of the test solutions, which were stirred at a constant speed. Between measurements, the reference and
indicator electrodes were rinsed with deionized water and wiped with soft adsorbent tissue paper.

Synthesis of (1E,3E)-1,3-bis(5-bromo-2-hydroxybenzylidene)thiourea

The  synthesis of  thiourea  derivative Schiff  base  (1E,3E)-1,3-bis(5-bromo-2-
hydroxybenzylidene)thiourea used as an ionophore in the study was carried out by modifying the synthesis
procedure followed by Xinde et al. [58]. For this, 5 mL solutions of thiourea (TU) (0.152 g, 2 mmol) and 5-
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bromo-salcilaldehyde (5-Br-SA) (0.804 g, 4 mmol) were combined and mixed at room temperature with the aid
of a magnetic stirrer until the final color of the solution turns yellow (72 hours). Later, the pH of the solution
was adjusted to 8.0 by incorporating concentrated ammonia solution to the solution. The mixture was stirred
again at room temperature for extra 24 hours until a yellow precipitate formed. After removing some of the
solvent by distillation, the solution was left to cool. The obtained precipitate was separated by filtration and
recrystallized in methanol. The resulting crystals were stored in a desiccator until used. The synthesis reaction
of Schiff base is given in Scheme 1.

0O S

H H
S
2 Br H + JJ\ Br C\“N/C\N,C Br & 2H20
H,N™ "NH,
OH OH HO

Scheme 1. The synthesis reaction of (1E,3E)-1,3-bis(5-bromo-2-hydroxybenzylidene)thiourea.

Fabrication of the sensors

The synthesized new Schiff base was used as an electroactive material in the production of all-solid-
state composite ion-selective sensors. Potentiometric response of the electrode is created by the complexation
reaction between Cu(II) ions and electroactive Schiff base compound present in the sensing composite. Sensing
composite component of the sensors were prepared by incorporating graphite, MWCNT, Schiff base and
paraffin oil components at different proportions and mixing them well. Then the obtained composites were
filled into a teflon tube (inner diameter: 0,4 mm, length: 15 mm) with a conductive wire attached to the other
end and pressed. The preparation and general structure of the electrodes are illustrated in Fig. 1. The sensors
were conditioned by immersing into 102 M Cu?" solution for 12 hours The constructed sensors were stored dry
under laboratory conditions when not in use. Before starting each measurement process, the sensors were
preconditioned in the conditioning solution for at least 1 hour. When the potentiometric behaviour of the sensor
was deteriorated, a thin layer of 1mm was removed from the sensor surface with a scalpel and a fresh surface
was obtained again. In this way, an electrode surface has the feature of being renewed by cutting 10 times. After
the removal of the thin section, the electrode was made ready for measurements by following the same
procedures as the newly prepared electrodes. The schematic representation of the potentiometric measurement
cell utilized in the current study is as given below:

Ag/AgCl, KC1 (3 M) || Cu** (Test solution) / sensitive composite/Cu wire

Paraffin Oil Sensing
( Composite
Teflon ™=
l Tube
i . Graphite
MWENT o W Electrical e
W I Connection I
lonophore ' (CuWire) :

(Schiff Base)
Fig. 1. The preparation and general structure of all solid-state composite potentiometric sensors.
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Results and discussion

Characterizations of synthesized Schiff Base

The FTIR spectra for the starting materials 5-BrSA and TU, as well as the product (1E,3E)-1,3-bis(5-
bromo-2-hydroxybenzylidene)thiourea compounds, are demonstrated in Fig. 2.

In the FTIR spectrum of pure 5-BrSA (Fig. 2(a)), O-H stretching at 3230 cm™!, O-H bending at 1650
cm™! and C-O stretching bands at 1270 cm™! are observed. The C-H stretching bands of the aldehyde group on
5-BrSA at 2920, 2877 and 2741 cm™'; and the bending band at 1374 cm™! are observed. The carbonyl (C=0)
stretching band of the aldehyde group is quite strong at 1672 cm’!. In addition, the C-H stretching band at 3045,
C=C stretching bands at 1609, 1560 and 1467 cm-1 and out-of-plane bending peaks below 1000 cm™ which
belong to the aromatic ring are observed.

When the FTIR spectrum of pure TU illustrated in Fig. 2(b) is examined, N-H bending band at 1620
cm!, N-H stretching bands at 3382, 3276 and 3179 cm™! belonging to amine group are observed. C-N and C=S
stretching vibrations also appear at 1412 cm™ and 1090 cm™, respectively.

When the FTIR spectrum of (1E,3E)-1,3-bis(5-bromo-2-hydroxybenzylidene)thiourea (Fig. 2(c))
which is obtained by the reaction of TU and 5-BrSA at a ratio of 1:2 is examined in detail, the N-H stretching
bands at 3382, 3276 and 3179 cm™, N-H bending band at 1620 cm! originated from TU amine group are
disappeared after the synthesis reaction. Similarly, after the reaction, aldehyde C-H stretching bands at 2920,
2877 and 2741 ¢cm’!, C-H bending band at 1374 cm-1 and strong C=0 stretching band at 1672 ¢cm’' emerged
from 5-BrSA are also disappeared. On the other hand, a new C=N stretch band appeared at 1650 cm-1 in the
synthesized compound. The appearance of a C=N stretching IR band and disappearances of N-H and C=0
stretching IR bands confirm that TU and 5-BrSA combine to form (1E,3E)-1,3-bis(5-bromo-2-
hydroxybenzylidene)thiourea Schiff base. Especially, disappearance of N-H stretching vibrations of -NH,
groups in TU compound verifies that TU and 5-BrSA are combined in 1:2 stoichiometry (Scheme 1) as an
expected chemical structure. In addition to these, the C=C stretch and C-H bending peaks of the aromatic ring
in the newly synthesized compound are also observed.
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Fig. 2. FTIR spectra of (a) 5-BrSA (b) TU and (¢) Schiff base.

SEM-EDX measurements were performed for further characterization of the synthesized compound
and the related SEM-EDX data is depicted in Fig. 3.
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Fig. 3. SEM-EDX analysis of the synthesized Schiff base.

The theoretically calculated atomic percentage values of the C, N, O, S, and Br atoms in the structure
of the compound are 68.18, 9.09, 9.09, 4.55, and 9.09, respectively. The values obtained by EDX measurements
for the interested elements are 69.97, 7.3, 8.46, 4.82, and 9.46, respectively. According to EDX analyses, the
atomic percentage values of N, O, and Br atoms are nearly two times greater than that of the S atom.
Additionally, the atomic percentage value of the C atom is approximately 15 times greater than that of the S
atom. These results endorse that the compound obtained in the synthesis reaction has the expected chemical
structure.

Optimization of the sensor composition

In potentiometric ion selective sensors, it is familiar that the structural composition of the sensing
unit tremendously influences the performance properties of the sensor. For this reason, composition of the
composite sensing unit displaying the best performance properties was scrutinized by studying the different
incorporation ratios of the components. The studied electrode compositions and a summary of some certain
potentiometric performance characteristics belonging to them were provided in Table 1 and Table 2,
respectively.

Initially, the influence of the paraffin oil ratio in the composite membrane structure on the
potentiometric performance properties of the sensor was investigated. For this purpose, the sensors
containing a fixed ionophore content of (w/w) 5.0 % were prepared using graphite and varying amounts of
paraffin oil (Composition 1-4). The data in Table 2 indicate that the best potentiometric performance
characteristics are obtained when (w/w) 20.0 % of paraffin oil is used in the composite structure
(Composition 3). In addition, the effect of MWCNT ratio used in the membrane structure on the
potentiometric behaviour of the sensor was investigated. Inevitably, the electrodes were produced by using
the compositions containing graphite and MWCNT in various ratios by keeping the paraffin oil ratio constant
at (w/w) 20.0% (Composition 1-4). The potentiometric performance characteristics of the sensors given in
Table 2 show that the membrane with the best performance in terms of MWCNT ratio is the one containing
(w/w) 5.0 % of MWCNT (Composition 7). In the following section of the optimization study, the influence
of the ionophore percent by mass on the final performance properties of the sensor was investigated. To this
end, a series of composites were prepared by using ionophore material at varying mass percentages by
keeping the paraffin oil and the MWCNT ratio constant at (w/w) 20.0 % and (w/w) 5.0, respectively
(Composition 7, 10-12). The calculated performance characteristics indicate that the composition containing
(w/w) 3.0 % ionophore (Composition 10) exhibits the best potentiometric performance properties in terms
of ionophore ratio. In the last part of the optimization studies, the influence of the ionic additive percentage
on the sensor performance was examined. Therefore, a series of all-solid-state composite electrodes were
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produced by adding ionic additives in the ratios varying between (w/w) 0.5-2.5 % to the composition of
(w/w) 20.0 % paraffin oil, (w/w) 5.0 % MWCNT, and (w/w) 3.0 % ionophore (NaTPB) (Composition 13-
17) and their performance characteristics were compared. The data given in Table 2 indicate that none of the
studied compositions including ionic additive had any premptory effect on the electrode performances. All
these membrane optimization studies indicate that the sensor composition exhibiting the best potentiometric
performance properties among the studied membranes consists of (w/w) 3.0 % ionophore, (w/w) 5.0 %
MWCNT, (w/w) 20.0 % paraffin oil and (w/w) 72.0 % graphite. The following section takes a closer look at
the potentiometric performance characteristics of the sensor prepared on the bases of the optimum
composition.

Table 1. The examined sensor compositions in the optimization study.

(wiw) %
Compositions Tonic Additive
Ionophore | Graphite | MWCNT | Paraffin Oil (NaTPB)

1 5.0 65.0 - 30.0 -

2 5.0 70.0 - 25.0 -

3 5.0 75.0 - 20.0 -

4 5.0 80.0 - 15.0 -

5 5.0 74.0 1.0 20.0 -

6 5.0 72.0 3.0 20.0 -

7 5.0 70.0 5.0 20.0 -

8 5.0 65.0 10.0 20.0 --

9 10.0 65.0 5.0 20.0 -

10 3.0 72.0 5.0 20.0

11 2.0 73.0 5.0 20.0 -

12 1.0 74.0 5.0 20.0 -

13 3.0 71.5 5.0 20.0 0.5

14 3.0 71.0 5.0 20.0 1.0

15 3.0 70.5 5.0 20.0 1.5

16 3.0 70.0 5.0 20.0 2.0

17 3.0 69.5 5.0 20.0 2.5
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Table 2. Some of the performance characteristics of the sensors prepared in the investigated membrane

compositions.
Compositions | Slope, mV/decade | Detection Limit, M | Linear Range, M R?
1 20.3 1.0x10* 1.0x103-1.0x107! 0.9981
2 21.8 1.0x10* 5.0x104-1.0x10"! 0.9943
3 24.4 5.0x10° 1.0x104-1.0x10! 0.9987
4 21.2 1.0x10* 5.0x10%-5.0x102 | 0.9921
5 25.0 1.0x10° 3.0x107-1.0x10! 0.9966
6 28.3 8.0x10°6 1.0x10-1.0x107! 0.9972
7 28.5 2.0x10°¢ 1.0x10-1.0x107! 0.9973
8 27.1 5.0x10° 1.0x103-1.0x102 | 0.9949
9 23.5 5.0x10° 1.0x104-1.0x102 | 0.9968
10 31.1 5.0x107 5.0x107-1.0x10"! 0.9959
11 29.7 9.0x107 7.0x107-1.0x10"! 0.9924
12 28.9 1.0x10°¢ 8.0x10-1.0x102 | 0.9924
13 26.2 8.0x10¢ 1.0x103-1.0x102 | 0.9986
14 27.8 8.0x10¢ 2.0x103-1.0x102 | 0.9962
15 27.4 7.0x10°¢ 2.0x103-1.0x102 | 0.9977
16 29.0 8.0x10°6 1.0x10-5.0x10° | 0.9938
17 28.9 6.0x10°¢ 1.0x10-5.0x10 | 0.9943

Potentiometric performance characteristics of the optimum sensor composition

In order to reveal the potentiometric performance characteristics of the developed Cu**-selective
electrode in detail, a series of potentiometric measurements were taken in standard Cu?" solutions in the
concentration range of 1.0x10'-1.0x10"® M. The obtained potentiometric response curve, calibration curve and
linear calibration plot were created and depicted in Fig. 4. The potentiometric response of the electrode fits the
mathematical equation of E=31,136.log[Cu?']+2769,2. The electrode exhibits a linear response to Cu?" ions in the
concentration range of 5.0x10%-1.0x10"! M with a slope of 31.1 mV/decade and a detection limit of 5.0x107 M
calculated according to the [UPAC recommendations [59]. As could be seen, the suggested electrode exhibits a
near-Nernstian response to Cu?" ions.
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Fig. 4. The potentiometric responses of the sensor in Cu®' solutions at different concentrations, the
corresponding response curve (upper left inset), and the calibration graph (bottom right inset) in the linear
operating range. (1: 1,0x10! M, 2: 5,0x102 M, 3: 1,0x102 M, 4: 5,0x107 M, 5: 1,0x10* M, 6: 5,0x10"* M,
7:1,0x10% M, 8: 5,0x10° M, 9: 1,0x10° M, 10: 5,0x10°° M, 11: 1,0x10° M, 12: 5,0x107 M, 13: 1,0x1077
M, 14: 5,0x10% M, 15: 1,0x10°° M).

Real-time measurements were taken from low concentration to high concentration and vice versa in
standard Cu®* solutions while the potentiometric system was continuously collecting data to determine the
response time of the sensor. Fig. 5 depicts the time required for the sensor response to reach equilibrium during
transitions between solutions at varying concentrations. The response time of the sensor was calculated as tos
for each concentration change, as recommended by IUPAC [59]. Taking the average of these calculated tos
values yielded the sensor’s average response time. It is seen that the sensor responds quickly enough to the
concentration changes of Cu?* ions and reaches equilibrium in a short time. It was determined that the average
response time of the sensor calculated at the studied concentrations was <10 s.
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Fig. 5. Response time of the suggested Cu?*-selective sensor. (1: 1.0x101 M 2: 1.0x102 M 3: 1.0x10 M 4:
1.0x10* M, 5: 1.0x103 M, 6: 1.0x10°M).
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To have an idea about the repeatability of the sensor response, repeated measurements were taken in
1.0x10, 1.0x10* and 1.0x10 M Cu?" solutions (Fig. 6). The mean and standard deviations of the potential
values obtained from the repeated measurements carried out in 1.0x10-, 1.0x10** and 1.0x10-* M Cu?* solutions
were figured out as 2613.6 £2.5,2641.3 = 0.6 and 2670.6 + 0.3 respectively. In addition to repeatability studies
of the proposed electrode, the reproducibility of the electrode behavior depending on the surface regeneration
was also investigated. Three fresh surfaces were created on the same electrode by removing 1 mm sections from
its surface each time. After each new surface was obtained, the surfaces were conditioned by following the
conditioning process of a new electrode and related calibration lines were created in standard copper(Il)
solutions (in the range of 5.0x10°-1.0x10"" M). The calibration lines obtained for each fresh surface are
illustrated in Fig. 7. As can be seen the slope values belonging to each fresh surface changed between 30.95
and 31.92 mV/decade which indicates that the potentiometric behaviour of the electrode remains nearly
unchanged. However, it should be noted that although there is not much change in the slope of the electrode
depending on surface renewal, there is a shift in the initial potentials of the calibration lines. Therefore, it seems
imperative to recalibrate the electrode after each surface renewal.

—0—Cu2+ —4—Na+ K+ NH4+ —e—Mg2+
—e—Ca2+ —e—Co2+ —e—Ni2+ —e—Mn2+ —e—In2+
Ba2+ Pb2+ Cr3+ +—Al3+
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2700
>
E
i
2600
2500
-6 -5 -4 -3 7 =) 0
Log[C,), M

Fig. 6. Repeatability of the sensor in Cu?* solutions at different concentrations.
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Fig. 7. Potentiometric response plots of the Cu**-selective electrode depending on surface renewal.
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To expose the selective behaviour of the sensor toward Cu?" in comparison to other ionic species,
potentiometric signals in Cu?* and other ionic species solutions at various concentrations were recorded. The
potentiometric response curves attained against the concentrations of the solutions are shown in Fig. 8. When
Fig. 8 is examined, it is noteworthy that the response of the sensor to Cu?" distinguishes significantly from the
response of the other studied ionic species. The selectivity coefficients for each examined ionic species were
computed using the Separate Solution Method [60] and reported in Table 3 in order to quantitatively express
the selectivity of the sensor.

——cu?t et K+ NHF —e—mg*t
——Ca?* o 0% o NiZt —e M2t ——zn?*
BaZt P2t o3t a3t
2800
2700
=
[
w
2600
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-6 -5 -4 3 2 1 0

Log[Cionl, M

Fig. 8. The potentiometric response of the Cu?**-selective sensor in solutions of different ions at different
concentrations.

Table 3. Selectivity coefficients were calculated according to the Separate Solution Method (SSM) for some
studied species.

Ion (X) log Kcuan,x Ion (X) log Kcuan,x
Cu** 0.00 Ni%* -3.01
Na* -2.33 Mn?* -4.30

K* -2.10 Zn* -4.00
NH,* -3.93 Ba?* -4.36
Mg -3.01 Pb** -4.01
Ca? -3.54 Cr -4.04
Co? -3.67 A" -3.98

Table 3 shows that K*, Na', and Ni*', in that order, are the most significant ions that interfere with
Cu?* ions. Even when compared to the most interfering K* ion, the electrode is more selective to Cu?* ions more

than 100 times.

In order to determine the useful pH operating range of the electrode, potential measurements were
recorded in the standard solutions containing 1.0x10° and 1.0x10* M fixed Cu?" and different H;O" ion
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concentrations (pH=0.5-11.6). The pH of the solutions was adjusted by adding a few drops of concentrated HCI
and NaOH solutions. The pH profile of the electrode was obtained by plotting the relevant potential values
against the solution pHs (Fig. 9). The potential values of the sensor against Cu?" ions in the pH range of 2.0-6.5
are strikingly unaffected by pH changes when the graph in Fig. 9 is inspected. It is observed that as the pH
levels of the solutions go below 2.0, the electrode potential begins to rise dramatically. This can be explained
by the fact that the selective composite begins to respond to increasing hydronium ions along with the copper
ions. When the pH of the solution exceeds 6.5, the electrode potential begins rapidly decrease, as expected. We
believe that this situation is related to the decrease in Cu(II) concentration through complex formation with OH
ions of Cu?" ions in the environment as the OH" concentration increases.

2750

—— 103 M Cu2* —— 104 M Cu2*
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Fig. 9. Variation of the potentiometric response of the Cu*"-selective electrode depending on the pH of the
measurement medium.

It is preferable for any sensor's response to remain stable and constant as long as the conditions do not
change. Based on this situation, we investigated the signal stability of the currently proposed sensor. The electrode
and the reference electrode were immersed into 1.0x10- M Cu?* solution and the potential of the electrochemical
cell was recorded over time for 11 hours. The recorded potentials over time is demonstrated in Fig. 10. As can be
seen, a total of 20.6 mV shift is observed in the potential of the electrode in 1.0x10 M Cu?" solution at the end of
the 11 hours period (1.85 mV/h). This magnitude of potential shift indicates that the sensor response is sufficiently
stable. At this point, it should be emphasized that a potential shift of 1.85 mV per hour can lead to a significant
error (approximately 3.0 % at logarithmic scale) in the determinations when the same calibration curve is used
after one hour. This is valid when the electrode is constantly in contact with the solution for 1 hour. As a result,
calibrating the electrode before each determination process will lead to more accurate and reliable analysis results.
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Fig. 10. The observed potential shift in the response of the Cu®*-selective sensor over 11 hours in 1.0x10° M

Cu?' solution.
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The slope of the potentiometric response in the concentration range of 5.0x10°-1.0x10"" M was
monitored daily to determine the useful life-time of the proposed sensor. Fig. 11 depicts the changes in the
calculated slope values depending on time. The slope value of the sensor (19.0 mV/ten-fold concentration
change) fell below 70 % of the initial slope value (31.1 mV/ten-fold concentration change) after the 14th day,
as seen in the graph. Thereof, the life-time of a new surface on the composite sensor is about 2 weeks. This
value is approximate and may vary depending on frequency of use. The lifetime of the sensor may seem very
short, but the fact that the surface of the composite sensor prepared in this study is constantly renewed by
removing a thin section from the surface. This way of use can provide a much longer operational life-time for
an existing sensor. This is one of the most significant benefits of the proposed composite membrane sensor.
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Fig. 11. Time-dependent change in the slope of the Cu?*-selective sensor in the linear working range.

Analytical applications

Several analytical applications of the recommended sensor were performed to demonstrate its
analytical usefulness. The sensor was initially used as an indicator electrode for the titration of Cu®* ions with
EDTA. Throughout the titration process, the measured potential values of the solution were recorded by the
potentiometric system while slowly adding 1.0x102 M EDTA solution in small volumes to continuously stirred
1.0x103 M 25 mL Cu?" solution. The obtained titration curve was illustrated in Fig. 12. Because the Cu®" ion
concentration decreased in the medium with each addition of EDTA to the solution, as a consequence of the
complexation reaction, the potential values gradually decreased in the later stages of titration process. Using
the portion of the titration curve where the sudden drop in potential occurred, the potentiometric end-point of
the titration was calculated as 2.6 mL. (Vincoretica=2.5 mL).
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Fig. 12. Titration curve obtained from potentiometric titration of 25 mL 1.0x10* M Cu?* solution with 1.0x102 M
EDTA solution.

In another analytical application of the present sensor, Cu(Il) determinations were carried out directly
in tap water samples into which Cu(1I) ions were spiked at concentrations ranging between 1.0x107-1.0x10*
M. The actual Cu?* concentrations in the solutions, the estimated Cu?" concentrations by the potentiometric
method and regarding recovery values were given in Table 4. As can be seen, fairly good recovery values
ranging from 98-111 % were obtained.

Table 4. Direct potentiometric determinations of Cu?" ions in spiked tap water samples by the proposed
electrode.

s::[::j: ; | Actual [Cu*'], M | Estimated [Cu*], M (N=3) | % RSD | Recovery
1 4.0x10" 4.5+0.3x10%* 7.8 111
2 2.0x103 2.1£0.1x10° 4.4 103
3 3.0x10°3 3.1£0.1x10° 3.9 104
4 4.0x102 3.940.2x10 4.6 98
5 6.0x107 6.2+0.1x107 2.3 102

With regard to the final analytical use of the sensor, the copper percentage of a Turkish coin (25 kurus,
year: 2009) was determined by using the proposed sensor. For this purpose, initially, about 0.4 g of coin was
completely dissolved in 10 mL of concentrated nitric acid, the resulting mixture was heated to dryness and then
diluted to a final volume of 1000 mL with de-ionized water. Sample solution prepared by diluting the main
sample solution in appropriate proportion was implemented for the determinations carried out by potentiometry
and ICP-MS. Before the potentiometric determination, pH of the analysed solution was adjusted to 5.0 with the
addition of small amount of NaOH solution. Standard addition method was used in the potentiometric
determination to eliminate errors brought on by the matrix. While the reported theoretical Cu percent by weight
is 60.0, the determined Cu percent for potentiometry and ICP-MS are 61.3+£0.3 and 59.7+0.2, respectively for
5 replications. In this case, the calculated recovery % value for potentiometric determination with respect to
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ICP-MS determination is 102.7. The most striking and impressive aspect of these results is that the standard
deviation values of the ICP-MS results and the potentiometric results are almost the same. This shows that the
repeatability of potentiometric measurements in this application is almost at the same level as that of ICP-MS
measurements. These results verify that the recently recommended all-solid-state composite Cu?-selective
sensor can be successfully and practically used for Cu?* determination in this sort of real samples as an
alternative to more sophisticated systems.

Conclusions

To some up, a novel potentiometric all-solid-state composite Cu?*-selective sensor based on a thiourea
derivative symmetric Schiff base, (1E,3E)-1,3-bis(5-bromo-2-hydroxybenzylidene)thiourea, was favourably
developed and employed for Cu?* determinations. Along the study, it was shown that the sensor had a high
affinity to Cu?* ions in a wide linear range with a well-nigh Nernstian behaviour. In terms of stability, response
time, life-time, pH range and selectivity, very satisfactory potentiometric performance characteristics were
obtained. The proposed sensor was successfully applied as the indicator electrode for the determination of Cu®*
ions by the titration of EDTA. It was also satisfactorily used for the determination of Cu®* contents of some
spiked tap water samples and (w/w) Cu% content of Turkish coins. One of the most striking advantages of the
sensor is that the regeneration of the sensor surface can be achieved by the removal of a thin section from the
sensing surface and can be used time and again, due to its structural nature. The sensor is sufficiently robust
and particularly ideal for miniaturization purposes. The proposed sensor can be preferred for rapid, accurate,
practical and cheap determinations of Cu?" levels at various sample types in the future.
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Abstract. Phosphine chalcogenides can form reliable and reproducible supramolecular synthons through
noncovalent interactions that can be employed for designing high dimensional supramolecular architectures.
Here, we systematically study the influence of non-covalent interactions in the fabrication of these synthons
and the stability of the crystalline structure of (N>CsH3)C(O)NHP(S)(CsHs)> (1) through non-covalent
interactions (NCI) analysis, molecular Hirshfeld surfaces and the corresponding two-dimensional (2D)
fingerprint plots. The theoretical studies were employed to further confirm the presence of these synthons by
comparing the stabilization energies of the dimers and monomers. The nature and electronic structure of the
phosphor-chalcogenid bond in (N2C4H3)C(O)NHP(E)(OCsHs)2(E = S(1), O(2), and Se (3)) have also been
evaluated by QTAIM, NBO, MEP, and HOMO-LUMO energy gaps.

Keywords: Phosphine chalcogenide; Non-covalent interaction; NCI analysis; Hirshfeld; QTAIM; NBO.

Resumen. Los calcogenuros de fosfina pueden formar sintones moleculares confiables y reproducibles por
medio de interacciones nocovalentes que se pueden utilizar para disefiar arquitecturas supramoleculares de alta
dimensionalidad. En este trabajo estudiamos sistematicamente la influencia de las interacciones nocovalentes
en la preparacion de estos sintones y en la estabilidad de la estructura cristalina de NoC4H3)C(O)NHP(S)(CsHs)2
(1), usando el analisis NCI de interacciones nocovalentes, las superficies moleculares de Hirshfeld y sus
correspondientes graficas bidimensionales (2D). Los estudios tedricos se usaron para confirmar la presencia de
estos sintones al comparar las energias de estabilizacion de los dimeros y monoémeros. La naturaleza y estructura
electronica del enlace fosforo-calcogenuro en (N>C4H3)C(O)NHP(E)(OCsHs)o(E = S(1), O(2), y Se (3)) también
se estudiaron con QTAIM, NBO, MEP y el gap de energia HOMO-LUMO.

Palabras clave: Calcogenuros de fosfina; interacciones nocovalentes; analisis NCI; Hirshfeld; QTAIM; NBO.

Introduction

Understanding directional and nondirectional intermolecular interactions in the crystal lattice and its
application to design supramolecular architectures with favorite chemical and physical features is the finaltarget of
crystal engineering. The crystal engineering of inorganic/organic compounds via intermolecular forces is considered
a traditional synthesis against novel synthesis through covalent bonds [1-4]. Crystal engineering is a research area
with goal of designing synthons that conserve intact from one lattice structure to another, which guarantees predict
ability and generality [5-7]. To justify the design of new supramolecular structures and methodologies for crystal
synthesis, non-covalent interactions including hydrogen bonds [8-10], halogen bonds [11-13], the m --- mstacking
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[14], C — H -+ m, cation/anion---7, and lone-pair---t [15] play essential roles in formation and stabilization of solid-
state architectures. Thus, recently, “non-classical” interactionshave become a noteworthysubject for study as they
have been proven to be equal or even dominating contributors to inorganic-organic crystal structure construction.
Tertiary phosphine chalcogenides having an O, S, or Se donor atom are considerable interestin the various
areas as coordination chemistry [16], chalcogen-transfer reactions [17], and organometallic chemistry [18]. These
substances are useful as startingcompounds for catalysis [ 19] and metal chalcogenide NPs [20]. Also, the synthesis,
characterization and crystalstructure of a lot of them have been investigated [21]. Phosphine chalcogenides
containing N-H and P=E groupscan act as a ligand to provide distinct complexing [22] with therapeutic [23]
properties as well as participate in non-covalent interactions as diverse types of hydrogen bonds. The
characterization of intermolecular forces involving N-H and P=E groups can clarify their critical roles in various
processes as interacting drug design [24]. On the other hand, density functional theory (DFT) is a complementary
theoretical approach for the experimental methods nearly all fields of chemistry [25]. Understanding diverse
intermolecular forces present in structure crystals of phosphoramidates and their metal complexes has been
contributed by Gholivand et al.[10,26]. Recently, we investigated intermolecular interactions in a triorganotin (IV)
cocrystal with a phosphoramide derivative both theoretically and experimentally [27]. In our previous studies, a
tertiary phosphine chalcogenide with formula (N>C4H3)C(O)NHP(S)(CsHs)2(1) was synthesized [28]. It was found
that there are few comprehensive studies about the role of the non-covalent interactions on the formation and
stability of the crystal structures and diagnosis of the typical synthons of phosphine chalcogenides [29]. Hence,
we determined to systematically study the various types of non-covalent forces inside the lattice and detect all the
molecular discernment properties that lead to the supramolecular synthons and compare these findings with the
theoretical results at the end. Subsequently, two other model compounds with formula
(N2C4H3)C(O)NHP(E)(CsHs)2 (E = O (2) and Se (3)) were selected to obtain more knowledge into the nature of
the P=E bond in phosphine chalcogenides, and the NBO and QTAIM analyses were carried out. The molecular
electrostatic potential (MEP) and energy gap of HOMO-LUMO for the title compounds were calculated as well.

Experimental

The structure of N-(diphenylphosphinothioyl)-2-pyrazinecarboxamide, (N2CsH3)C(O)NHP(S)(CsHs)2
(1), was taken from the ccdc database (Fig. 1)[28].

Fig. 1. Perspective view of compound 1 with displacement ellipsoid at the 50 % probability level.

Computational details
The geometry of molecule 1 was optimized by Cam-B3LYP [30] method with 6-311+G* basis set and
compared with the obtained experimental data. The optimized geometries are also confirmed by frequency
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analysis. To investigate the non-covalent interactions in solid-state structure, the X-ray structure of this
compound was also applied as starting point for DFT studies in the gas phase. The crystal structure was modeled
as dimers including two intermolecular-bonded phosphine chalcogenides. As X-ray crystallography cannot
accurately determine the position of the H atoms, optimization of the H-atom positions was performed at the
B3LYP/6-311G* level for the model clusters, while other atoms were kept frozen. The energies of
intermolecular bonding were computed at the M062X/6-311G* level, based on AE between the dimer and its
fragments, which are connected by the corresponding interaction as represented in the equation AE = Etoal —
(E¥ragt + EFrag2), fragments 1 and 2 are two phosphine chalcogenide compounds 1. The contact energies have
been corrected for the error owing to the superposition of the basis set (BSSE) through the counterpoise
procedure method [31]. Moreover, two selected model molecules were optimized at the same level. By QTAIM
[32] analysis at the Cam-B3LYP/6-311+G*, the electronic structure of substances was evaluated. NBO analysis
[33] was carried out at the same level of theory. Quantum chemical studies were performed by the Gaussian 09
[34] in the gas phase. Besides, the non-covalent interaction (NCI) and the reduced density gradient (RDG)
analyses [35] were performed to identify the intermolecular interactions observed in
(N2C4H3)C(O)NHP(S)(CeHs)s crystal structure at the M062X/6-311G* level using Multiwfn [36] and VMD
1.9.2 [37] programs. The value of sign (12)p exhibits the color of the isosurfaces. Hydrogen bonding, vander
Waals, and non-bonded interactions are described through blue, green, and red color codes. The Hirshfeld
surface analysis was performed by Crystal Explorer 3.1 program [38]. The intermolecular interactions in the
crystal structure are located by the normalized contact distance map, dno-m, and are quantified using the 2D
fingerprint plots [39]. Further, DFT calculations have been carried out to predict Enomo, ELumo, and the
electrostatic potential areas on the optimized geometry of all compounds at the Cam-B3LYP/6-311+G*.

Results and discussion

X-ray structure of (N>C4H3)C(O)NHP(S)(CsHs), (Fig. 1) was applied as starting point for theoretical
studies and optimized by Cam-B3LYP/6-311+G* level. The selected crystallographic data [28] and the theoretical
parameters are listed in Table S1. We have started by studying synthons RZ(6), R3(12), and R%(18) described in
Fig. 2, which form through C—H...S and C—H...O interactions, as well as the self-assembled dimmers where
different supramolecular interactions (C — H ..., C—H...N, N-H...N, and = ... w stacking) are accountable for
the fabrication of them and obtained these interaction energies. The studied dimers were obtained from the
intermolecular interactions of the crystallographic structure of 1. Different non-covalent interactions will be
discussed in light of NCI, Hirshfeld surface analyses, and the corresponding 2D fingerprint plots.
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> '|||\'1\"T‘ P . A ‘0“‘
g 9% L Sedoe
=" ’ v ’
(© T\Q RN % P ro.
f ’ .
HI8SA s) 7
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Fig. 2. Models used to evaluate several non-covalent interactions in (N2C4H3)C(O)NHP(S)(CsHs)2 (1).
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Non-covalent binding energies

Binding energies of supramolecular interactions in the crystal packing (AE) were calculated at the
M062X method with 6-311G* basis set. We used a series of models to evaluate interactions on the basis of the
reported method in papers [9,25]. First, the interaction energy of the complete assembly of each dimer was
calculated. After, in this method, in order to estimate the contribution of an individual interaction, a neutral
theoretical model has been used where the molecules of other interaction have been replaced or eliminated.
Consequently, enrgy proportion of desired interaction would obtain. Fig. 2 shows the computational model used
to study non-covalent interactions. Dimer 2a connects via C—H...S and C—H...O interactions to create R?(6)
synthon. The interaction energy of the complete assembly was calculated, and its value was -4.80 kcal mol .
To evaluate the share of both interactions (C—H...S and C—H...0), a model have been applied where the Oc-o
atom has been modified by a CH, group (Fig. 2(a), right). The interaction energy is reduced to AE>= —3.00
kcal/mol for C—H...S interaction, and as a result the C—H...O interaction energy was calculated -1.80 kcal
mol™'. A second model has also been utilized to measure C—H...O and C-H...T interactions in R (18) synthon
(Fig. 2(b)). H-bond arising between a soft acid CH and a soft base m-system exhibits a fundamental role in a
variety of chemical phenomena [40,41]. Based on the information provided, many organic structures showed
short contact between m-system and C—H bonds [42]. The total assembly has considerable interaction energy
(AE; = —13.59 kcal mol™) that is diminished to AE,>= —11.30 kcal mol™! for two C—H...O bonds, when the
phenyl ring has been changed using the methyl group (Fig. 2(b), right). The difference between both interaction
energies (AE1—AE>) can be assigned to the contribution of both C—H...7 contacts (nearly —1.147 kcal mol™! for
each C-H...m in agreement with distance; du..c; = 3.403 A). Moreover, we have analyzed other self-assembly
with N-H...N and & ... w interactions between Pyrazine and Phenyl rings, respectively (Fig. 2(c)). A theoretical
model has been used to determine the energy of each kind of non-covalent interaction. Therefore, hydrogen
bond of N-H...N can be approximately estimated —8.25 kcal mol! (Fig. 2(¢), right), and 7 ... 7 interaction
(dcg...ce = -3.56 A) roughly —3.83 kcal mol . Several researchers have documented the role of 7 ... 7w stacking
interactions in governing the structure of small compounds [14,43]. Finally, Fig. 2(d), e is shown R%(12)
synthon and the last self-assembly, where C-H...S and C-H...N interactions are formed between two
neighboring molecules, respectively. The interaction energy obtained for these assemblies is 4E = —1.80 kcal
mol'and -0.38 kcal mol™'.

NCI approach

Recently, the NCI-RDG theoretical method has been applied better than the AIM technique to
characterize van der Waals (vdW) interactions, repulsive steric interactions, and hydrogen bonds [44]. The NCI
and the RDG S vs. (sign A2)p plots are generated to investigate the existence of these interactions, where (sign
A2)p is the electron density multiplied by the sign of the second Hessian eigenvalue (4,) (Fig. 3, right). The (sign
J2)p value is useful helps in anticipation interaction nature. (sign 42)p < 0 correspond to attractive interaction
like hydrogen bonds, whereas sign(42)p =~ 0 and (signi2)p>0 correlate to the weak vdW types, and non-bonded
regions, respectively. In every dimer, the spikes at the zero region show van der Waals forces (-0.01 <sign(42)p
< +0.01 a.u.). Several peaks at positive signs can related to the non-bonded interactions with p critical values
of 0.017 and 0.025 a.u. due to the pyrazine and phenyl moieties. Besides, a broad spike of density at values
between -0.02 and -0.01 a.u. is observed in RDG graph, which demonstrates C-H...S, C-H:--N, C-H...O, and
N-H...N interactions. Fig. 3, left, exhibits the 3D plots of n---n stacking and C—H---& interactions in crystal
structure. The pill-shaped and flat isosurfaces shows the importance of these interactions which cause to stable
crystal packing.
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Fig. 3. Right: The NCI-RDG s vs. sign(A2)p plots for dimers of compound 1.Left: Coloured RDG-based NCI
isosurfaces for these dimers.

Hirshfeld surface analysis

The Hirshfeld surface analysis was used to characterize the non-covalent interactions [45] in molecular
structure of N-(diphenylphosphinothioyl)-2-pyrazinecarboxamide (1). The Hirshfeld surfaces (HS) mapped with
shape index range of -1.0 to 1.0 A, dyom range of -0.353 to 1.407 A, the overall fingerprint plots (FPs) and the
decomposed ones for the most significant contacts 2D fingerprint plots for 1 are shown in Figures 4 and 5. Pairs
of blue and red triangles with bow tie pattern (on the surface mapped with shape index) observed in Fig. 4(a), are
characteristic of m...w stacking interactions. On the Hirshfeld surfaces (duom) of 1, two deep red sites exhibit the
intermolecular N...H-N interactions (labeled as 1 and 2 in Fig. 4(b)). Moreover, intermolecular C-H...S
interactions are identified by light red areas near thiophenyl group and piprazine ring, labeled as 3 and 4 in Fig.
4(b). The C-H...S and C-H...O contacts are viewed as the pale red spots (labeled as 5 and 6). The decomposed
FPs of the selected compound clarify the effect of the S...H, C...H, O...H, N...H, C...C, and H...H
intermolecular interactions on the title molecular structures. Fig. 5 illustrates the contribution of all non-covalent
intermolecular interactions in the selected crystal. The N...H-N hydrogen bond reveals two long sharp spikes on
the 2D fingerprint plots of 1, containing 10.7 % of the total Hirshfeld surface area of substance (Fig. 5(b), left).
The lower spike relates to the hydrogen bond donor (where d.<d), and the upper spike correlates with the H-bond
acceptor (where d.>d;), with d.+d~2.2 A. The O...H-C and S...H-C interactions appear as shorter spikes in Fig.
5(b) (middle, right) with d, + d~2.5 A and 2.68, respectively. The broadness of them may be corresponded to the
presence of different O...H-C and S...H—C interactions. Further, H...H contacts view as a very distinguished
spike on the diagonal of the plot in Fig. 5(c), left with d. + d~2.36A and 38.9 % in 2D graphs. The share of
C...H/H...C contacts corresponding to C-H...m interactions is the most significant interactions after H...H
contacts (Fig. 5(c), middle). They have the value of de + di in molecule 1 (2.36 A). 5 % of the total Hirshfeld
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surface area is related to the  -+- 7 stacking interaction which indicated as a small segment in (Fig. 5(c), right). A
similar result was reported by Gholivand et al. in the case of the crystal structure of organotin (IV) with
phosphoramides [46]. The lowest share of the total Hirshfeld surface in structure 1 is from H...O/H...O
interactions at 8.1 %. All these interactions display the leading role in directing the crystal structure. [46,47].

Subsequently, we selected two model compounds with formula (N.C4H3)C(O)NHP(E)(OC¢Hs)2(E =
O (2), Se (3)) and investigated the electronic structure and nature of P=E bond, which may be connected with
electronic and steric effects, by DFT calculation, AIM, and NBO analyses. Although understanding the P=E
bond features is key to optimizing their coordination to metalcations and their usein biological activities, a
limited number of computational and experimental studies probe this issue.

4
Fig. 4. Hirshfeld surfaces mapped with (a) shape index and (b) dyorm 0of (N2C4sH3)C(O)NHP(S)(CeHs)s.
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Fig. 5. 2D fingerprint plots, full and resolved into NH/HN, OH/HO, SH/HS, H/H, CH/HC, and C/C contacts
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Molecular electrostatic potential (MEP)

The electrostatic potential is broadly applied to characterize their activity, molecular stability and to
distinguish the reactive sites of compound in nucleophilic/electrophili creactions and H-bonding interactions.
Considering the overall molecular charge distribution, every area of the surface is demonstrated by different
colors. Here, the blue and red maps display the electropositive and the electronegative potentials. The green
exhibits the potential halfway between these two atmos [48].

In Fig. 6, the negative potential areas are enclosed over the chalcogenid atoms (S, O, and Se), Oc-o,
and Npyrazine. Thus, these sites are the most desirable areas for electrophilic attack in molecules. The appearance
of the localized negative potential areas situated at the title regions is in agreement with the published
experimental findings, which identified these areas as a reactive and coordinating part to the metal ions by
coordination modes asmono, bridge, and bidentate ligand through Npyrazine, Ep=g, and Oc=o donor sites [49]. To
explain this issue, the electronic features of the N=C and P=E bonds in these molecules will be investigated in
the following sections.

Fig. 6. MEP surfaces of (N,C4H3)C(O)NHP(S)(CeHs), (E = S (1), O (2), and Se (3)).

QTAIM analysis

The values of electron density p(r), the electronic energy density H(r), and the Laplacian of the electron
density v?p(r) at the bond critical points (BCP) of P = E paths are presented in Table 2. The V?p values at the P
= E BCPs are in ranging from -0.045 to 1.44 a.u and negative except that of phosphine chalcogenide 2, and the
p values at the P = E BCPs are in the range of 0.135 - 0.232 au. Based on the calculated BCPs for P = E group
(E =S and Se) in compounds 1 and 3 (H(r) < 0 and V?p< 0), the results show the strong interaction of P=S and
P=Se bonds with the covalent bond property (Table 1). Further, the calculated charge density value at P=O BCP
of 2 was determined to be 0.232 au, and the corresponding V2pgcp value is positive, with amount to 1.44 au,
which characteristic the principally closed-shell interactions [32, 50]. For compound containing P=O group,
despite being positive V?p, H(r) is negative, and its value is -0.175 au, which indicates that this interaction is
electrostatic with some covalent properties [51].

Table 1. Calculated QTAIM parameters (electron density, p, its Laplacian,V?p, and total electronic energy
density, H(r)) at the critical point of P=E bond (E =S (1), O (2), and Se (3)).

Compound P=E
p vZp V(r) G() H(r)
1 0.172 -0.298 -0.1899 | 0.0577 | -0.132
2 0.232 1.439 -0.7094 | 0.5346 | -0.175
3 0.136 -0.046 -0.1387 | 0.0636 | -0.075
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Table 2. The values of XE® from lone pair (LP) of E ( =S, O, and Se) to P=X (X = N and C) antibonding
(BD") instudied compounds 1- 3 at Cam-B3LYP/6-311+G* levelof theory.

Compound Donor Acceptor E®"* ZE®
LP(1)S2 BD* (1) P1 — N4 0.83
LP(3)S 2 BD* (1) P1 — N4 27.35 28.18
LP(1)S2 BD* (1) P1 - C15 0.92
LP(2)S2 BD* (1) P1 - C15 14.65
! LP(3)S2 BD* (1) P1 - C15 5.08 20.65
LP(1)S 2 BD* (1) P1 — C26 1.01
LP(2)S 2 BD* (1) P1 — C26 15.24
LP(3)S2 BD* (1) P1 — C26 3.47 19.72
LP(1)0O2 BD* (1) P1 — N4 0.88
LP (3)02 BD* (1) P1 — N4 29.65 30.53
LP(1)0O2 BD* (1) P1 - C15 1.01
LP(2)02 BD* (1) P1 - C15 18.16
? LP (3)02 BD* (1) P1 - C15 433 235
LP(1)0O2 BD* (1) P1 — C26 1.14
LP(2)02 BD* (1) P1 — C26 18.67
LP(3)02 BD* (1) P1 — C26 2.80 22.61
LP (1) Se 2 BD* (1) P1 — N4 0.87
LP (3)Se2 BD* (1) P1 — N4 25.14 26.01
LP (1) Se 2 BD* (1) P1 - C15 0.95
LP (2) Se 2 BD* (1) P1 - C15 12.3
3 LP (3) Se 2 BD* (1) P1 - C15 432 17.57
LP (1) Se 2 BD* (1) P1 — C26 1.02
LP(2)Se2 BD* (1) P1 — C26 12.92
LP (3) Se 2 BD* (1) P1 — C26 2.87 16.81

aThe values are reported in Kcalemol'.
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NBO analysis

The natural hybrid orbitals (NHOs) of the P=E (E=0, S, Se) bonds in compounds 1 - 3 yielded the
following composition: ops=0.7090(sp>37d*"2)p+0.7052(sp*#d*3)s, opo =0.5179(sp*!°d*%)p+0.8554(sp'"*)o,
and opse=0.7398(sp>*d%92)p+0.6728(sp%%3d*%®)s.. Therefore, the phosphorus hybridization is between sp? and
sp? in the studied compounds and the d-orbital share to P=E bonding is negligible. Analysis by second-order
perturbation theory exhibited significant interactions between the P-Cipso and P-N antibonding orbitals and the
electron lone pairs on the chalcogen atoms in derivatives 1 — 3 (Table 2). Here, each lone pair interacts with
two P-Cipso and one P-N antibonding orbitals. More delocalization of the oxygen lone pairs lead tostronger
interaction in 2. The same trend was observed for the stabilization energies of the reported phosphine
chalcogenide [17]. This can be described by the stronger electron-withdrawing feature of the amido moietyas
canbe viewed from the higher value of the polarization coefficient of the P atom in the NHOs presented above.
Also, the NBO analysis exhibits that the LP(E) - ¢*(P — X; X = C, N) interaction among the subunits within
compounds. The stabilization energies E° of LP(E) —» o*(P — N) interaction are 28.18, 30.53, and 26.01
kecal/mol, and that of LP(E) » ¢*(P — C) interactions are 20.65, 19.72; 23.50, 22.61; 17.57, 16.81 in
compounds 1-3, respectively (Table 2). This electronic delocalization causes the weakening of the P — X bond
in order 2>1>3.

HOMO and LUMO

The energies of the lowest unoccupied molecular orbital (LUMO) and the highest occupied molecular
orbital (HOMO) for derivatives 1-3 were computed by Cam-B3LYP method with 6-311G* basis set [52]. Fig.
7 display isodensity surface plot of HOMO and LUMO and the energy gap for these substances. As shown in
Fig. 7, the LUMO electrons in all molecules are mainly delocalized on the pyrazine ring, C=O, and N-H
moieties. For the phosphine chalcogenide 1, the HOMO electrons are delocalized over the phenyl rings, as well
as, sulfide and oxygen atoms, while these electrons are delocalized over the phenyl rings and oxygen atom of
carbonyl group for 2 and Se atom for 3 only. Molecule 2 with P=0 group shows the highest energy gap and
hardness with the calculated values of 7.51 and 0.138, respectively. And in contrast to 3 with the P=Se group,
shows less energy gap and hardness than the other two chalcogenides (1 and 2). Using Exomo and Erumo,
electron affinity (EA) and ionization potential (IP) can be also estimated as Ea ~ -Erumo, IP ~ -Enomo [53]. The
chemical softness (S) = 1/2n [52] and chemical hardness (1) = (IP- EA)/2 [54] values were calculated and were
presented in Table 3. It is well known, softness (S) indicates the tendency of a molecule to react. According to
the information in Table 3, hardness values determined for derivatives 1, 2, and 3 are 0.122, 0.138, and 0.113.
Consequently, the hardness of material decreases with increase in the atomic size: Se>S>0. The trend observed
is in agreement with the softness of the reported compounds [18a, 55].

Fig. 7. Plots of the HOMO, LUMO orbitals and AF (the energy gap between HOMO and LUMO (eV)) of the
compounds 1, 2, and 3.
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Table 3. Quantum chemical descriptors for derivatives 1 — 3 at Cam-B3LYP/6-311+G* level.

Compound Enomo ELumo AE (ev) 1 = (Enomo-ELumo)/2 S=1/y
1 -0.282 -0.039 6.61 0.122 8.23
2 -0.314 -0.038 7.51 0.138 7.25
3 -0.264 -0.039 6.12 0.113 8.89

Quantum chemical descriptors include energy of highest occupied and lowest unoccupied molecular orbital (Exnovo
and Erumo), energy difference between the LUMO and HOMO (4E.-#), chemical hardness (1), and softness ().

Conclusions

The presence of structure-directing interactions in packing crystal of (N2C4H3)C(O)NHP(S)(CsHs)2(1)
have been investigated by NCI plot index, Hirshfeld surface, and finger plot analysis, as well as interaction
energies were computed by theoretical calculation. A distinguishing character of the crystal structure in the
monomeric substances is the fabrication of the dimeric motifs via H-bonding and interaction with aromatic
clouds. N—H...N interaction can be identified as an effective interaction to detect the alignment of compounds
in supramolecular assemblies. Go along with common hydrogen bonds, non-classical hydrogen bondings
including C—H ...S, C—H ...O, C—H...N, and C-H...r further stabilize the packing structures so thatenergy of
them is within a range of —0.38 (C—H...N) to —8.25 (N—H...N) kJ.mol . Pyrazine and phenyl rings have a
main role in directing the supramolecular assembly of the studied phosphine chalcogenideusing establishing C—
H...mw and 7 --- w interactions. Besides, the electronic structure and strength of other two model derivatives with
P=E functional group (E = O (2) and Se (3)) were optimized and investigated. The QTAIM analysis
demonstrates P=0 bond with electrostatic feature and a small amount of covalent overlap compared to P=E (S,
Se) bondings with the nature of covalent. Further, the HOMO-LUMO energy gap of the studied compounds
shows the effect of E atomic size on molecular softness. The NBO analysis exhibits that the LP(E) —
o*(P — X; X = C,N) electronic delocalization weakens the P-X bond in compounds 1- 3 in order 2>1>3.
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Abstract. The application of the four-component Ugi reaction for the synthesis of five bile acid derivatives bearing
modified side chains is described. The unambiguous structural characterization and assignment of the functional
"H NMR signals and all *C{'H} NMR chemical shifts are presented.

Keywords: Bile acids; Ugi 4CR; 'H NMR; *C{!H} NMR.

Resumen. Se describe la aplicacion de la reaccion de cuatro componentes de Ugi a la sintesis de cinco derivados
de acidos biliares que portan cadenas laterales modificadas. Se presenta la caracterizacion estructural inequivoca
y la asignacion de las sefiales funcionales de 'H RMN y de todos los desplazamientos quimicos de '3C{'H} RMN.
Palabras clave: Acidos biliares; Ugi 4CR; '"H RMN; '*C{'H} RMN.

Introduction

Bile acids (BA) are synthesized in the liver and play an important role in digestion and other physiological
processes.[1] Their structure consists of a tetracyclic rigid framework, with a lipophilic f-side bearing methyl
groups attached to positions C-10 and C-13, and a hydrophilic a-side that bears hydroxyl groups at different
positions of the steroid core. A side chain that ends in a carboxylic group is attached to position C-17.

OH 1a) Ry = R, = R3 = H, lithocholic acid
1b) R4= OH, R, = R3 = H, hyodeoxycholic acid
1¢) R1= R3 = H, Ry, = OH, chenodeoxycholic acid
1d) R1= Ry, = H, R3 = OH, deoxycholic acid
1e) Ry =H, R3;=Rj3=0H, cholic acid

Fig. 1. Structure of some of most common bile acids.
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In addition to the wide variety of pharmacological applications of naturally occurring bile acids and
their synthetic derivatives that have been described, multiple applications of this family of compounds have
been developed based on their amphiphilic nature.[2] Thus, monomeric, dimeric and trimeric bile acid
derivatives have been reported as molecular pockets,[3] anion receptors and transporters,[4] and gelators,[5]
amongst others. In particular, the modification of the structure of BA has been found to produce dramatic
changes in their aggregation properties [6] and crystal habits.[7]

Multicomponent Reactions (MCRs) allow the assemblage of three or more compounds into more
complex structures bearing a wide range of functional groups and substituents. Excellent reviews and books
have covered the development and application of these powerful diversity-oriented synthetic tools.[8] MCRs
have been employed for the derivatization of the skeleton and the side chain of a wide spectrum of steroids
triggering the generation of new physical, biological, and chemical properties.[9a] In particular, Rivera and
Wessjohann described an interestin application of the four component Ugi reaction (Ugi 4CR) to synthesis of
macrolactones derived from bile acids [9b].

The Ugi 4CR has revealed as a powerful and straightforward tool to develop structural diversity.[11]
The simple exchange of components allows the rapid development of compound libraries useful for the
systematic screening of properties.

As a part of our ongoing projects on the application of MCR to the generation of new steroid materials
[10] we have decided to the setup procedures for the synthesis and characterization of side chain-modified bile
acids derived from the four component Ugi reaction (Ugi 4CR) with formaldehyde, aniline and ethyl
isocyanoacetate, that will serve as models for the construction and characterization of more complex structures.

Herein we report on the synthesis of five different bile acid derivatives bearing modified side chains
(Scheme 1, vide infra). The unambiguous structural characterization and assignment of the functional 'H NMR
signals and all 3C{'H} NMR chemical shifts are presented.

Experimental

Chemistry

General procedures. Reactions were monitored by TLC on ALUGRAM® SIL G/UV254 plates from
MACHEREY-NAGEL. Chromatographic plates were sprayed with a 1 % solution of vanillin in 50 % HCIO4
and heated until color developed. Melting points were measured on a Melt-Temp II apparatus. Mass spectra
were registered in a Thermo-Electron and Jeol- SX102A spectrometers. NMR spectra were registered in CDCls
solutions in a JEOL JNM-ECZ600R spectrometer using the solvent signal as reference. NMR signals
assignments were carried out with the aid of a combination of 1D and 2D NMR techniques that included 'H,
3C, 'H-'H Correlated Spectroscopy (COSY), Nuclear Overhauser Effect Spectroscopy (NOESY),
Heteronuclear Single Quantum Coherence (HSQC) and Heteronuclear Multiple Bond Correlation (HMBC). All
2D NMR spectra were recorded using the standard pulse sequences and parameters recommended by the
manufacturer and were processed employing the MestreNova NMR processing program [See
http://mestrelab.com/]. For copies of the NMR spectra see Supporting Information.

General procedure for Ugi 4CR

Aniline (100 pL, 1.1 mmol, 1.1 equiv) and 37 % aq. formaldehyde solution (96 pL, 1.18 mmol, 1.18 equiv.)
were added to a suspension of the acetylated bile acid (1 mmol) in anhydrous CH3OH (6 mL) and 1,2-dichloroethane
(2 mL) and the mixture was stirred at room temperature for 15 min. Ethyl isocyanoacetate (120 pL, 1.1 mmol, 2.2
equiv.) was added and the mixture was stirred under reflux until the starting steroid was consumed (TLC). The solvent
was evaporated in vacuo and the residue was submitted to a chromatographic column packed with silica gel (35 g),
that was eluted with hexane/acetone mixture (85:15) to afford the desired adduct.

Ugi adduct 3a: Reaction time 29 h. Amorphous white solid (453 mg, 0.711 mmol, 71.3 % yield). 'H NMR
(400 MHz, CDCl3) &: 7.42-7.24 (m, 5H, H-32, H-33, H-34, H-35, H-36), 6.91 (t, /= 5.5 Hz, NH), 4.68 (tt, J =
11.3, 4.8 Hz, 1H, H-3), 4.30 (d, J=2.0 Hz, 1H, H-25), 4.19 (q, J = 7.1 Hz, 2H, H-29),4.01 (d, /= 5.5 Hz, 1H,
H-27),2.16 (ddd, J = 14.8, 10.8, 4.6 Hz, 1H, H-23a), 1.99 (s, 3H. CH3 acetyl), 1.26 (t, /= 7.2 Hz, 3H, H-30),
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0.88 (s, 3H, H-19), 0.68 (d, J = 5.8 Hz, 3H, H-21), 0.55 (s, 3H, H-18). BC{'H} NMR (100.53 MHz, CDCl;) §:
35.0 C-1,26.3 C-2,74.3 C-3, 32.2 C-4, 41.8 C-5, 27.0 C-6, 26.6 C-7, 35.7 C-8, 40.3 C-9, 34.5 C-10, 20.8 C-
11, 40.0 C-12, 42.6 C-13, 56.4 C-14, 24.1 C-15, 28.1 C-16, 56.0 C-17, 11.9 C-18, 23.3 C-19, 35.4 C-20, 18.2
C-21, 31.5 C-22,31.0 C-23, 175.0 C-24, 53.9 C-25, 169.2 C-26, 41.2 C-27, 169.7 C-28, 61.4 C-29, 14.1 C-30,
142.8 C-31,127.8 C-32 C36, 129.9 C-33 C-35, 128.4 C-34, 21.4 CH3; acetyl, 170.6 C=0 acetyl. HRMS (APCI)
m/z: [M+H]" calcd for C3sHs7N2Og 637.4211; found 637.42292.

Ugi adduct 3b: Reaction time 25 h. Amorphous white solid (558 mg, 0.802 mmol, 80.4 % yield). '"H NMR
(400 MHz, CDCl;) 6: 7.44-7.28 (m, 5SH, H-32, H-33, H-34, H-35, H-36), 6.96 (t, /= 5.5 Hz, 1H, NH), 5.11 (dt,
J=12.3,4.8 Hz, 1H, H-6), 4.67 (tt, /= 11.3, 4.7 Hz, 1H, H-3), 4.31 (d, J=2.2 Hz, 2H, H-25),4.20 (q, /= 7.2
Hz, 2H, H-29), 4.02 (d, J = 5.5 Hz, 2H, H-27), 2.17 (ddd, J =17.0, 10.5, 4.4 Hz, 1H, H-23a), 2.02 (s, 3H, CH3
acetyl), 1.99 (s, 3H, CH3s acetyl), 1.27 (t, J = 7.2 Hz, 3H, H-30), 0.93 (s, 3H, H-19), 0.69 (d, /= 5.7 Hz, H-21),
0.56 (s, 3H, H-18). 3C{'H} NMR (100.53 MHz, CDCl;) §: 35.0 C-1, 26.4 C-2, 73.6 C-3,26.2 C-4,45.3 C-5,
70.9 C-6,31.2 C-7,34.5 C-8,39.8 C-9,36.0 C-10,20.6 C-11, 39.8 C-12,42.8 C-13,56.0 C-14, 24.0 C-15,27.9
C-16, 55.9 C-17, 11.9 C-18, 23.2 C-19, 35.3 C-20, 18.2 C-21, 31.5 C-22, 31.0 C-23, 175.0 C-24, 53.9 C-25,
169.1 C-26, 41.2 C-27, 169.8 C-28, 61.4 C-29, 14.1 C-30, 142.8 C-31, 127.8 C-32 C-36, 129.9 H-33 C-35,
128.4 H-34, 170.4 2xC=0 acetyl, 21.3 2xCHj3 acetyl. HRMS (APCI) m/z: [M+H]" calcd for CsHsoN,Og
695.4266; found 695.42787.

Ugi adduct 3¢c: Reaction time 24 h. Amorphous white solid (612 mg, 0.880 mmol, 88.2 % yield). '"H NMR
(400 MHz, CDCl3) 6: 7.34-7.28 (m, 5H, H-32, H-33, H-34, H-35, H-36), 4.84 (q, /= 3.1 Hz, 1H, H-7), 4.56 (tt,
J=11.3,4.5 Hz, 1H, H-3), 4.31 (d, J= 4.6 Hz, 2H, H-25), 4.20 (q, /= 7.2 Hz, 2H, H-29), 4.02 (d, /= 5.4 Hz,
2H, H-27), 2.03 (s, 3H, CHs acetyl), 2.01 (s, 3H, CH; acetyl), 1.27 (t, J = 7.2 Hz, 3H, H-30), 0.89 (s, 3H, H-
19),0.70 (d, J = 5.9 Hz, 3H, H-21), 0.56 (s, 3H, H-18). *C{'H} NMR (100.53 MHz, CDCl5) &: 34.6 C-1, 26.7
C-2, 74.1 C-3, 34.8 C-4, 40.9 C-5, 31.3 C-6, 71.2 C-7, 37.8 C-8, 34.0 C-9, 34.7 C-10, 20.6 C-11, 39.4 C-12,
42.6 C-13,50.3 C-14, 23.5 C-15, 27.9 C-16, 55.8 C-17, 11.6 C-18, 22.6 C-19, 35.3 C-20, 18.2 C-21, 31.5 C-
22,31.0 C-23, 174.9 C-24, 53.9 C-25, 169.1 C-26, 41.2 C-27, 169.8 C-28, 61.4 C-29, 14.2 C-30, 142.8 C-31,
127.8 C-32 C-36, 129.8 C-33 C-35, 128.3 C-34,21.5, 21.4 CH; acetyl, 170.5, 170.4 C=0 acetyl. HRMS (APCI)
m/z: [M+H]" caled for C40HsoN>Og 695.4266; found 695.42884.

Ugi adduct 3d: Reaction time 30 h. Amorphous white solid (592 mg, 0.851 mmol, 85.3 % yield). '"H NMR
(400 MHz, CDCl3) 6: 7.43-7.28 (m, 5H, H-32, H-33, H-34, H-35, H-36), 6.95-6.86 (m, 1H, NH), 5.01-4.94 (m,
1H, H-12), 4.67 (tt,J = 11.2, 4.6 Hz, 1H, H-3), 4.31 (d, J = 5.8 Hz, 2H, H-25), 4.20 (q, J = 7.1Hz, 2H, H-29),
4.03 (d, J=5.3 Hz, 2H, H-27), 2.22-2.08 (m, 1H, H-23a), 2.01 (s, 3H, CHj3 acetyl), 2.00 (s, 3H, CHj3 acetyl),
1.27 (t,J=7.1 Hz, 3H, H-30), 0.87 (s, 3H, H-19), 0.64 (s, 3H, H-18), 0.58 (d, J= 5.7 Hz, 3H, H-21). BC{'H}
NMR (100.53 MHz, CDCl;) 8: 34.7 C-1, 26.6 C-2, 71.2 C-3, 32.2 C-4, 41.8 C-5, 27.2 C-6, 25.8 C-7, 35.6 C-
8,34.3 C-9, 34.0 C-10, 26.8 C-11, 75.8 C-12, 44.9 C-13, 49.3 C-14, 23.4 C-15, 25.6 C-16,47.5 C-17,12.3 C-
18, 23.0 C-19, 34.6 C-20, 17.4 C-21, 31.2 C-22, 30.9 C-23, 174.8 C-24, 53.9 C-25, 169.1 C-26, 41.2 C-27,
169.8 C-28, 61.5 C-29, 14.1 C-30, 142.7 C-31, 127.8 C-32 C-36, 129.9 C-33 C-35, 128.4 C-34,21.4,21.3 CHs
acetyl, 170.5, 170.4 C=0 acetyl. HRMS (APCI) m/z: [M+H]" caled for C40HsoN2Os 695.4266; found 695.4278.

Ugi adduct 3e: Reaction time 30 h. Amorphous white solid (665 mg, 0.883 mmol, 88.3 % yield). 'H NMR
(400 MHz, CDCl;) &: 7.43-7.27 (m, 5H, H-32, H-33, H-34, H-35, H-36), 6.87 (t, /= 5.5 Hz, NH), 5.00-4.97
(m, 1H, H-12), 4.87 (q, J = 3.1 Hz, 1H, H-7), 4.55 (tt, /= 11.4, 4.3 Hz, 1H, H-3), 4.30 (q, /= 15.3 Hz, 1H, H-
25),4.21 (q,J=17.2 Hz, 2H, H-29), 4.03 (d, /= 5.0 Hz, 2H, H-27), 2.07 (s, 3H, CH3 acetyl), 2.04 (s, 3H, CH3
acetyl), 2.03 (s, 3H, CHj acetyl), 1.28 (t, /= 7.2 Hz, 3H, H-30), 0.88 (s, 3H, H-19), 0.65 (s, 3H. H-18), 0.59 (d,
J=5.7Hz, 3H, H-21). BC{'H} NMR (100.53 MHz, CDCl3) &: 34.6 C-1,27.1 C-2, 74.0 C-3, 34.6 C-4, 40.9 C-
5,31.2 C-6,70.7 C-7,37.8 C-8, 28.9 C-9, 34.3 C-10, 26.8 C-11, 75.3 C-12, 45.0 C-13,43.3 C-14, 22.8 C-15,
25.5C-16,47.4 C-17, 12.1 C-18, 22.5 C-19, 34.5 C-20, 17.4 C-21, 31.2 C-22, 30.9 C-23, 174.7 C-24, 53.8 C-
25,169.02 C-26, 41.2 C-27, 169.8 C-28, 61.5 C-29, 14.1 C-30, 142.7 C-31, 127.8 H-32 C-36, 129.9 C-33 C-
35, 128.4 C-34, 21.6, 21.4, 21.3 CHj3 acetyl, 170.5, 170.4, 170.3 C=0 acetyl. HRMS (APCI) m/z: [M]" calcd
for C42H6()N2010 752.4242; found 752.4265.
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Results and discussion

Treatment of the acetylated lithocholic acid 2a with 1.1 equivalents of aniline, formaldehyde and ethyl
isocyanoacetate in methanol at room temperature afforded the desired Ugi adduct 3a in poor yield (less than
50 %) after more than 24 hours. The same reaction in refluxing methanol afforded 3a in 67.5 %. Refluxing 2a
in 3/1 anhydrous methanol/dichloroethane mixture increased the yield to 71.3 %. Thus, treatment of the parent
acetylated bile acids 2b-e un such conditions afforded the corresponding Ugi adducts 3b-e in good yields
(Scheme 1). This suggest that the low solubility of the staring material 2a, hindered the reaction.

2a)R;=R,=Ry=H

2b) Ry= OOCCH,, Ry =Ry = H
2¢) Ry= Ry =H, R, = OOCCH;
2d) Ry= Ry, = H, Ry = OOCCH;
2e)R;=H, R;=R;=00CCH;

3a)R; =R, =Ry = H, yield 71.3 %

3b) Ry= OOCCHj, R, = Ry = H, yield 80.4 %
3c) Ry= Ry = H, Ry = OOCCH;, yield 88.2 %
3d) Ry= Ry, = H, Ry = OOCCHj, yield 85.3 %
3e) Ry =H, R,=R;=00CCH,, yield 88.3 %

i) CH3OH, CICH,CH,Cl, reflux

Scheme 1. Synthesis of modified side chain bile acid by Ugi 4CR reaction.

Combined 1D and 2D NMR techniques allowed the assignment of the observed chemicals shifts and
the corroboration of the structures of the obtained Ugi adducts 3a-e. In addition to the NMR signals associated
to the functionality present in the steroid core of each bile acid, the most salient characteristics are the signals
of the enlarged and highly functionalized side chain. Tables 1 and 2 respectively show 'H and '*C NMR signals
of the side chain of the obtained compounds.

The signals of H-20, H-21 and H-23a,b corroborate the integrity of the fragment corresponding to the
side chain of the starting bile acid. The addition of the new fragment is evinced by the signals of the protons
of three new methylenes (H-25, H-27 and H-29) as well as that of the methyl group (H-30). Additionally, the
chemical shifts of the NH group and the aromatic protons characterize the introduced fragment (Table 1).

Table 1. Selected '"H NMR signals of the obtained compounds (8 ppm; J Hz).

3a 3b 3¢ 3d 3e
H-21 0.68(3,J=5.8) 0.69(8,J=5.7) 0.70(8, 7= 5.9) 0.58(8,7=57) | 0.59(,J=5.7)
) 2.16(8,J= 148, 2178, J=17.0, 218 (8, J= 148, 2.15 (8, J=15.1,
H-23a 10.8, 4.6) 10.5, 4.4) 11.5, 4.4) 112, 4.3) 215 (m)
H-23b 2.03 (m) 2.01 (m) 2.02 (m) 2.01 (m) 2.01 (m)
H-25 430(8,J=2.0) 4318,J=22) 431(8,J=4.6) 4318,J=58) | 430(,/=15.3)
H-27 4.01(3,J=5.5) 4.02(3,J=5.5) 4.02(8,J=5.4) 4.03(8,J=53) | 4.03(3,J=5.0)
H-29 4.19(3,J="7.1) 420(3,J=17.2) 420(8,7=1.2) 4208,7=7.1) | 421(,7=7.2)
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H-30 1.26(8,J=1.2) 1.27(8, J=1.2) 1.278,J=12) 1278,J=17.1) | 1.28@0,J=17.2)
H (Ar) 7.42-7.24(m) 7.44-7.28(m) 7.34-7.28(m) 7.43-7.28(m) 7.43-7.27(m)
NH 6.91(8,J=5.5) 6.96(3,J=5.5) 6.93(5,J=5.5) 6.91(3,J=55) | 6.87(5,J=5.5)

The connectivity in the enlarged side chain can verified by HMBC correlations. The combined HSQC
and NOE correlations also corroborate the signal assignment and the connectivity (Fig. 2).

Observed NOEs H-20—H-21; H-23+—H-32(36);

R =H 3a-¢c; R = OOCCHj; 3d-e

H-25-NH; H-25-H-32(36); H-27«5NH; H-29+>H-30
Fig. 2. Structure and 2D NMR correlations in the side chain of the obtained Ugi adducts.

The signals of carbons C-20 to C-24 account for the integrity of the fragment of the side chain coming
for the bile acid. The acetylated hydroxyl group at position C-12a in compounds 3d and 3e, exert minor
shielding effects on the signals of C-20 and C-21, compared to those in compounds 3a-c (vide supra, Figure 2).
The introduced fragment is characterized by the signals of the C=0O groups of the amide and ester moieties
installed at positions C-26 and C-28 respectively. In addition to the signals of the carbons of the ethyl group
(C-29 and C-30) of the ester at C-28, the chemical shifts of the methylenes C-25 and C-27 respectively attached
to the nitrogen atoms, also characterize the enlarged side chain. Additionally, the NMR signals associated to
the aromatic ring corroborate the introduction of the aniline fragment (Table 2).

Table 2. '*C{'H} signals of the obtained compounds (5 ppm).

3a 3b 3c 3d 3e
C-20 354 353 353 34.6 34.5
C-21 18.2 18.2 18.2 17.4 17.4
C-22 31.5 31.5 31.5 31.2 31.2
C-23 31.0 31.0 31.0 30.9 30.9
C-24 175.0 175.0 174.9 174.8 174.7
C-25 53.9 53.9 53.9 53.9 53.8
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C-26 169.2 169.1 169.1 169.1 169.0
C-27 41.2 41.2 41.2 41.2 41.2
C-28 169.7 169.8 169.8 169.8 169.8
C-29 61.4 61.4 61.4 61.5 61.5
C-30 14.1 14.1 14.2 14.1 14.1
C-31 142.8 142.8 142.8 142.7 142.7
C-32,C-36 127.8 127.8 127.8 127.8 127.8
C-33,C-35 129.9 129.9 129.8 129.9 129.9
C-34 128.4 128.4 128.3 128.4 128.4
Conclusions

We have set up optimal conditions for the four-component Ugi Reaction involving five different

acetylated bile acids, formaldehyde, aniline and ethyl isocyanoacetate that affords the corresponding adducts in

71 to 88

% yield. Combined 1D and 2D NMR techniques allowed the unambiguous structural characterization

and assignment of the functional '"H NMR signals and all '3C{'H} NMR chemical shifts.
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Abstract. Synthetic fungicides are used to control fungal diseases in plants, such as those caused by members of the
Fusarium genus. Nonetheless, the over-application of synthetic formulations can generate other problems, like
phytotoxicity, or the pollution of water and soil. In this context, botanical extracts with antifungal properties can
represent an environmentally friendly alternative to control fungal infections. The application of natural products in
the form of crude extracts still requires the incorporation of toxic organic solvents to be used as vehicle.
Nanotechnology allows the dispersion of hydroalcoholic extracts in water simply by the nanoencapsulation of the
active molecules in a biodegradable polymer, with the advantage that no organic solvents are required while, at the
same time, this polymer may protect the extract against photodegradation. The present study aims to encapsulate an
antifungal Piper schlechtendalii crude extract in poly(lactide-co-glycolide) acid nanospheres, conferring good
dispersion in water while protecting the active ingredients against degradation by solar irradiation. The particle size,
zeta potential, and encapsulation efficiency obtained were 170 nm, -37 mV, and 33.7 %, respectively. The system
obtained showed good dispersion in water, in the form of a colloidal suspension of polymeric nanospheres. After 24
h of exposure to UV-A radiation, crude extract only retained 58.35 % of its original Fusarium solani growth inhibition
capacity, while the nanoencapsulated extract retained 70 %. The study concluded that the biodegradable polymer
does confer photoprotection to the active ingredients in the antifungal Piper extract while simultaneously removing
the necessity of organic solvents as vehicles, potentially reducing the environmental impact.

Keywords: Plant extract; biodegradable polymer; fusarium; pesticide; colloidal suspension.

Resumen. Los fungicidas sintéticos son usados para controlar enfermedades flingicas en plantas, como aquellas
causadas por el género Fusarium. Sin embargo, la aplicacion desmedida de formulaciones sintéticas puede generar
otros problemas, como fitotoxicidad, o contaminacion de agua y suelos. En este contexto, extractos botanicos con
propiedades antifungicas representan una alternativa ecologicamente amigable para controlar infecciones
fingicas. La aplicacion de productos naturales en forma de extractos crudos atn requiere la incorporacion de
disolventes organicos toxicos para ser utilizados como vehiculos. La nanotecnologia permite la dispersion de
extractos hidroalcoholicos en agua simplemente nanoencapsulando las moléculas activas en polimeros
biodegradables, con la ventaja de que no requiere disolventes organicos mientras que, a la vez, dicho polimero
protege al extracto contra fotodegradacion. El presente estudio busca encapsular un extracto crudo antifiingico de
Piper schlechtendalii en nanoesferas de poli(acido lactico-co-glicolico), brindando buena dispersion en agua

332


mailto:felipe.barrera@inecol.mx
http://dx.doi.org/10.29356/jmcs.v68i2.1964

Article J. Mex. Chem. Soc. 2024, 68(2)
Regular Issue

©2024, Sociedad Quimica de México

ISSN-¢ 2594-0317

mientras se protege a los ingredientes activos contra degradacion por luz solar. El tamafio de particula, potencial
zeta, y eficiencia de encapsulacion obtenidos fueron 170 nm, -37 mV, y 33.7 %, respectivamente. El sistema
obtenido mostré buena dispersion en agua, en forma de una suspension coloidal de nanoesferas poliméricas.
Después de 24 h de exposicion a radiacion UV-A, el extracto crudo solo retuvo 58.35 % de su inhibicion de
crecimiento de Fusarium solani original mientras que el extracto nanoencapsulado retuvo el 70 %. El estudio
concluy6 que el polimero biodegradable logra brindar fotoproteccion a los ingredientes activos del extracto de
Piper mientras que, simultineamente, remueve la necesidad de usar disolventes organicos como vehiculo,
reduciendo potencialmente el impacto ambiental.

Palabras clave: Extracto vegetal; polimero biodegradable; fusarium; suspension coloidal.

Introduction

One of the most common alternatives to control fungal infections on plants, like those caused by fungi
of the Fusarium genus, is the application of synthetic fungicides, but such pesticides have a few problems
associated with them. Over 90% of the applied pesticides are unable to reach the target area required for
effective pest control. [1] This is due to different factors including the application technique, physicochemical
properties of the pesticides, and environmental conditions like wind speed, humidity, and temperature, influence
the extent of loss during application. [2,3] The remaining losses are attributed to leaching, evaporation,
deposition, being washed away, and degradation of the active ingredient by photolysis, hydrolysis, and
microbial activity. [4] Given all these accumulated losses, the amount of pesticide in the target area is below
the minimum effective concentration, and to achieve the desired biological response within a given period, it is
necessary to increase the quantity of product applied, as well as the number of applications. This does not only
increase the cost of the treatment, but also brings unfavorable outcomes either to plants or to the environment,
including soil and water pollution, ultimately endangering human health. [4,5] In addition to the previously
mentioned, there are reports that indicate that some synthetic fungicides, like the triazole fungicides, can
provoke phytotoxicity in economically important crops, affecting the growth and development of seedlings and
the root system, reducing the number of primary roots. [6]

As an environmentally friendly alternative, the search for natural products with applications related to
pest management is currently very active. Plant extracts with antimicrobial properties that contain a wide
spectrum of secondary or specialized metabolites, whose concentration of bioactive compounds and synergistic
effects depend on the environmental conditions, have generated interest from the field of plant disease control.
[7-9] In this regard, natural products in the form of extracts, fractions or pure compounds obtained from plants
of the genus Piper have shown promising antifungal activities. [10] For example, extracts of Piper capense and
P. eriopodon showed antifungal properties against filamentous fungi, such as mycotoxigenic species of the
genus Aspergillus, Fusarium, and Penicillium. [11] Piper divaricatum also showed antifungal activity against
Fusarium infection on black pepper, reaching up to 100% of growth inhibition.

[12] At the same time, hexanic extracts of P. auritum and Piper holtonii showed a relatively good
antifungal activity against different phytopathogenic fungi, including Collectotrichum acutatum,
Collectotrichum gloeosporioides, and Botryodiplodia theobromae. [13] Furthermore, isolated compounds
obtained from Piper spp. extracts have demonstrated fungicide properties against Fusarium spp. [14] This
biological activity of some of the genus Piper species is attributed to the presence of a wide variety of secondary
metabolites, like alkaloids, amides, propenyl phenols, lignans, terpenes, flavonoids, among others. [15,16]
Regarding the fungicidal activity (resistance to Fusarium solani f sp piperis), it is attributed to phenolic
compounds specifically found in American Piper species. [17] Biological history says that American Piper had
developed a mechanism of defense known as Systemic Acquired Resistance (SAR). [18,19] Phenols and
flavonoids are overexpressed and act in the fungal wall and the plasmatic membrane, resulting in the disruption
of the cell. [20] Some phenols and flavonoids with these characteristics present in Piper are: safrole, apiole,
dillapiole, asebogenin, apigenin, quercetin, kaempferol, myricetin and epicatechin. [21]

However, the usage of plant extracts can be hampered by the high volatility and easy degradation of
many of the active compounds. Furthermore, in many cases it is necessary to use toxic organic solvents as
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vehicles to incorporate these extracts in the final formulation. So, the encapsulation in suitable nanostructures
is a strategy for the preservation and controlled release of bioactive compounds, allowing a better dispersion in
water and safer application. [22] Among the materials used to encapsulate the plant extracts, it was found that
poly(lactide-co-glycolide) (PLGA) is a very promising one, due to being a biocompatible and biodegradable
polymer that degrades by hydrolysis of the ester backbone into non-harmful and non-toxic compounds, and it
has been used to enhance the antimicrobial activity of fruit extracts. [23-27] As an additional advantage, PLGA
has been proven to bring photoprotection to nanoencapsulated active ingredients. [28] This is relevant given
UV light may represent negative effects on natural extracts. The ethanolic extract of Euphorbia herita presented
antifungal and antibacterial activity against experimental pathogens such as Escherichia coli and Aspergillus
niger, but overexposure to ultraviolet light caused a gradual decrease in the antimicrobial capacity of this plant.
[29]This study aims to encapsulate an antifungal crude extract obtained from the Piper schlechtendalii, a plant
without previous antifungal activity studies and that is endemic to Mexico (with presence in the state of
Veracruz), in PLGA nanospheres to protect the active ingredients from photolysis and to preserve their
bioactivity when exposed to UV light, as well as to gain dispersion in water without the need of organic solvents.

Experimental

Reagents

G Hydrochloric acid (reagent grade, Sigma-Aldrich, USA), potato dextrose agar (PDA) (Difco, USA),
ethanol (analytical-grade, Quimica Rique, Mexico), dichloromethane (DCM) (industrial-grade, Pochteca,
Mexico), poly (lactic-co-glycolic) acid (PLGA) 85:15 (reagent grade, Mw 190,000- 240,000, Sigma-Aldrich,
USA), acetone (industrial-grade, Pochteca, Mexico), poly vinyl alcohol (PVA) (reagent grade, Mw 89,000-
98,000, Sigma-Aldrich, USA), sodium citrate tribasic (reagent grade, Sigma-Aldrich, USA), and type 1 distilled
water, obtained by a Genpure water purification system (Thermo Scientific, USA). All organic solvents were
purified by simple distillation before use. The industrial-grade solvents were previously distilled before being
used in the experiments. The nanoencapsulation of the extract was performed using either the emulsification
and solvent evaporation, or the diffusion and solvent evaporation techniques. [30] DCM and acetone were tested
as the solvents for the organic phase, PLGA was tested as the biodegradable carrier, and sodium citrate and
PVA were tested as the emulsion stabilizer.

Biological material

Plant material (stem and leaves) was collected in Zozocolco, Veracruz, Mexico (Lat 20.14186 Long -
97.587901), on April 13,2019. Only phenotypically similar specimens with healthy appearance were selected. For
the bioassays, a phytopathogenic strain of Fusarium solani was used, donated by Dr. Mauricio Luna Rodriguez,
researcher from the Faculty of Agronomy of the Universidad Veracruzana, Xalapa, Veracruz, Mexico. The strain
was cultivated in Petri dishes with potato dextrose agar (PDA) at 27 £ 1°C with periodic reseeding.

Piper schlechtendalii crude extract obtention

The vegetable material was dried on the stove at 45 °C and then pulverized. The hydroalcoholic extract
was obtained by maceration in ethanol solution/water solution (70:30), using a mass/volume (m/v) proportion
of 1:10, and constant stirring (90 rpm) for 48 h at room temperature. Using only water as solvent could yield a
much lower extraction when compared to ethanol or methanol, given these substances increase the solubility of
organic material with lower polarity. [31] The solvent was then separated by vacuum filtration and eliminated
by rotary evaporation (Biichi RII, Biichi, Switzerland), leaving a completely dry extract (PsE) that was stored
in refrigeration until use.

Preparation of stock aqueous solutions

The aqueous phase in the experiments consisted of the dissolution of an emulsion stabilizer in type 1
distilled water. Two different stabilizers were tested, using either a 1 mM sodium citrate solution, or a 1 % w/v
PVA solution, respectively. To avoid precipitation of the PLGA nanospheres during the washing process,
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washing solutions were prepared by diluting the aqueous phase ten times, obtaining a concentration of 0.1 mM
sodium citrate washing solution, and a 0.1 % w/v PVA washing solution.

Preparation of stock organic solutions
The organic phase consisted of the dissolution of PLGA 85:15 in an organic solvent, with a
concentration of 5 mg/L. Two solvents were tested separately: acetone and DCM.

Emulsification and solvent evaporation technique

For each emulsion prepared, 10 mg of the extract previously dissolved in 1 mL of ethanol were added
to 5 mL of the PLGA in DCM solution to conform the organic phase. Once homogenized by magnetic stirring,
the organic phase was added to 15 mL of the aqueous phase, consisting in a solution of either sodium citrate,
or PVA. The emulsion was obtained using an ultrasonic processor (Sonics & Materials, model VCX750-110V)
applying 70 % of amplitude in three intervals of 10 seconds. To avoid boiling the DCM, the emulsion was
rested in an ice bath for 10 seconds between each interval. Finally, the DCM was removed by rotary evaporation,
obtaining solid nanospheres of PLGA suspended in water. Each encapsulation process was repeated 3 times.

Diffusion and solvent evaporation technique

Similarly to the steps performed with the emulsification and solvent evaporation technique, 10 mg of
the extract was previously dissolved in 1 mL of ethanol and added to 5 mL of the PLGA solution, the difference
being that acetone was used as the organic solvent instead of DCM. Once homogenized by magnetic stirring,
the organic phase was poured to 15 mL of the aqueous phase (solution of either sodium citrate, or PVA) under
heavy stirring. Since acetone is miscible with water, there was no need for the ultrasonic processor to
homogenize both phases. Finally, the acetone was removed leaving the mixture in an extraction hood
overnight. Each encapsulation process was repeated 3 times.

Washing of nanospheres

To remove the fraction of extract and stabilizer that remained outside of the PLGA, the nanospheres
were washed by centrifugation at 5,000 x g for 30 minutes. Once the supernatant was discarded, the nanospheres
were re-suspended in a similar volume of the washing solution, obtaining a colloidal suspension of PLGA
nanospheres. This process was performed 3 times.

Characterization of nanospheres

The size and zeta potential were obtained using the dynamic light dispersion technique (DLS), while
scanning electron microscopy (SEM) was used to observe the form of the nanoparticles, obtaining the images
with a FEI Quanta 250 FEG (United States of America) scanning electron microscope in the Advanced
Microscopy Unit (INECOL) To measure the amount of encapsulated extract, it had to be released from the
nanospheres and then quantified. To achieve this, a known volume of nanospheres suspension was centrifuged
at 5,000 x g to remove the water. Then, a | mL of ethanol was added, and the suspension was left in an ultrasonic
bath for 30 minutes. After that, the nanospheres were centrifuged at 16,000 x g for 30 minutes. Finally, the
ethanol was collected, and the amount of released extract was measured by UV-vis spectrophotometry (Thermo
Scientific, Genesys 10S UV-Vis, United States of America). Given the chlorophyll presented the highest
absorbance peak, and assuming that all the chemical species in the extract were captured and released in the
same proportion, chlorophyll was used as the tracer to measure the concentration of the extract, at a wavelength
of 279 nm.

The encapsulation efficiency (EE) was calculated using Equation 1.

EE(%) = (EXm/ EX0) * 100 (1)

where EXj is the extract mass used in the encapsulation process and EXy, is the extract mass measured in the
ethanol after being released.

335



Article J. Mex. Chem. Soc. 2024, 68(2)
Regular Issue

©2024, Sociedad Quimica de México

ISSN-¢ 2594-0317

P. schlechtendalii extract release tests

The release profile was obtained by dialyzing 1 mg of extract (either encapsulated or in crude form) in
100 mL of a water/ethanol mixture (90:10), using 10 cm segments of semipermeable cellulose tubes (45 mm
flat, 12-14 kD). The pH of the release medium was adjusted to 5 with concentrated HCI, as this was the pH
obtained for the PDA used in the antifungal activity tests. The extract was incorporated in 5 mL of the
water/ethanol mixture and placed inside the tube (donor medium), while 95 mL of the same mixture was used
as the receiving medium, adding a total volume of 100 mL. The dialyzes were performed in amber capped
bottles, with constant magnetic stirring (60 rpm), shielded from light by using a cardboard box at room
temperature. Samples were taken at different time lapses, and the volume withdrawn was replaced with fresh
water/ethanol mixture. Finally, the extract concentration was measured by UV-Vis spectrophotometry. The
experiment was performed 3 times for both the crude extract and the nanoencapsualted extract, respectively.

Photodegradation assay

To measure if there is any photoprotection given by the PLGA, 1 mg of extract in crude and
nanoencapsulated forms, respectively, were placed in individual glass vials and then irradiated using a UV-A
lamp (A = 354 nm), receiving an irradiance of 13.73 + 0.035 mW/cm? for 24 h.

Antifungal activity of the crude and encapsulate P. schlechtendalii extracts

For antifungal characterization of the extracts, 3 uL of conidia suspension of F. solani were inoculated
in the center of the wells of 12-well culture plates with 1 mL of solid PDA, adjusting the final concentration to
5x10% spores/mL, approximately. To test the treatments, the Piper extract, either in the crude form or
nanoencapsulated form, was incorporated to the PDA up to a concentration of 1 mg/mL. The plates were
incubated at 28 + 1 °C in complete darkness for 5 days. PDA culture media with 5% of ethanol was used as
negative control (C-), while solid PDA culture media supplemented with commercial fungicide (Prozan ®) 0.5
pL was used as positive control (C+). The 5% of ethanol present in the control is due this solvent was used as
a vehicle for the crude extract. Empty PLGA nanoparticles were tested to evaluate the antifungal activity of the
encapsulating polymer, both before and after being exposed to UV-light for 24 h (P and UP, respectively). The
concentration of empty PLGA nanoparticles was the same as that of the PLGA present in the nanospheres that
contain 1 mg of encapsulated extract. The treatments tested consisted in the extract in its crude and
nanoencapsulated forms, before and after been exposed to UV light for 24 h; crude extract (E),
nanoencapsulated extract (N), UV irradiated extract (UE), and UV irradiated nanospheres with extract (UN). A
treatment consisting in the encapsulation of previously irradiated extract was tested as well (N-UE). The
experiments were performed with 5 replicates. The antifungal activity was recorded at 7 days after the
inoculation and the area of fungus growth were obtained with image analysis software Image J®. The growth
inhibition percentage (GIP) was calculated using Equation 2.

GIP (%) = 100 — (Ai/Ac) * 100 )

where A, is the growth area of the fungus in the negative control well (full growth), and A; is the growth area
of the fungus in the well exposed to the treatment.

Comparative chemical profiling of the extract

An untargeted metabolomic analysis was performed on the extract before and after been exposed to the
24 h of UV-light (n > 6), using an ultra-high performance liquid chromatography (UPLC) system (Waters, model
Acquity class I), coupled to a quadrupole time-of-flight (QTOF) mass spectrometer (Waters, model Synapt G2-Si
HDMi), as proposed by Monribot-Villanueva et al. [32] The chromatography was carried out on an Acquity BEH
column (1.7 pm, 2.1 x 50 mm) with a column and sample temperatures of 40 °C and 15 °C, respectively. The
mobile phase consisted of (A) water and (B) acetonitrile, both with 0.1 % of formic acid (SIGMA). The gradient
conditions of the mobile phases were 0-20 min a linear gradient from 1 to 99 % of B, 20-24 min 99 % of B, 24-25
min a linear gradient from 99 to 1 % of B (total run time 30 min). The flow rate was 0.3 mL/min and 5 pL of
extract was injected. The mass spectrometric analysis was performed with an electrospray ionization source in
positive mode with a capillary, sampling cone and source offset voltages of 3000, 40 and 80 V, respectively. The
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source temperature was 100 °C and the desolvation temperature was 20 °C. The desolvation gas flow was 600 L/h
and the nebulizer pressure was 6.5 Bar. Leucine-enkephalin was used as the lock mass (556.2771, [M+H]"). The
conditions used for MSe analysis were mass range 50-1200 Da, Function 1 CE, 6 V, function 2 CER 10-30 V,
scan time 0.5 sec. The data were acquired and processed with MassLynx (version 4.1) and MarkerLynx (version
4.1) software respectively. All statistical analysis (Hierarchical clustering, t-test and Fold Change analysis) were
performed in the bioinformatic MetaboAnalyst platform. [33]

Results and discussion

Characterization of nanospheres and selection of encapsulating systems

Table 1 shows the hydrodynamic particle diameter, zeta potential, and encapsulating efficiency for the
four encapsulating systems tested. Both particle size and zeta potential were obtained using a Malvern Zetasizer,
model Nano ZS90 (England).

Table 1. Parameters of the different encapsulating systems.

Solvent Stabilizer Size (nm) Zeta potential (mV) EF{"?ZI;;T;?’Z%

Acetone PVA 201.5+5.82 25.63 +£3.18 20.02 +£2.54

Acetone | Sodium Citrate 147.7+£3.05 37.67+4.93 24.95+3.49
DCM PVA 269.73 £3.75 27.77 +0.63 4.19£1.36
DCM Sodium Citrate 259.16 +3.31 3537+1.5 2.93+0.81

It can be observed that the emulsion stabilizer used in the encapsulation influences the size and the
zeta potential of the nanospheres, resulting in both a smaller diameter and a higher stability of the particles
when using sodium citrate. Fig. 1 shows the SEM images of the particles of each of the four encapsulating
systems, where spherical particles with smooth surfaces can be observed.

Stabilizer
PVA Sodium Citrate

Solvent
Acetone

DCM

a"a

Fig. 1. Morphology of the nanosphres taineduing differetslnts an stabilizers at 50 000 X: (a) Acetone
+ PVA, (b) Acetone + Sodium Citrate, (¢) DCM + PVA, (d) DCM + Sodium Citrate.
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Since smaller particles can achieve better penetration of the active substance into tissues with reduced
consumption rates, and a higher zeta potential denotes better dispersion of the particles in water for longer
times, sodium citrate was chosen as the best stabilizer to use in the nanoencapsulation of the extract. [34] On
the other hand, the solvent presents an important effect on the encapsulation efficiency, given that the systems
that used DCM only achieved percentages under 5 %, while the systems that used acetone managed to reach
encapsulations over the 20 %, making the acetone the better solvent to use in the extract encapsulation. In
addition to the previously mentioned, the system that used acetone and sodium citrate was the one that yielded
the smallest particle size, higher zeta potential, and higher encapsulation efficiency, making it the best
encapsulation system for the extract. The largest amount of extract is captured during the nanoemulsion step,
with a capture percentage of 0.5 to 20 %, depending on the type of nanosystem. The capture efficiency values
in PLGA nanoparticles are related to the solubility of the trapped material in water, since the hydrophilic
compounds during the synthesis tend to pass from the organic phase to the aqueous phase, presenting weaker
interactions with the polymer and resulting in lower capture efficiencies than the hydrophobic compounds. [29]
Regarding the polymer matrix, PLGA degrades in vivo into harmless products. Its final degradation products
are lactate (lactic acid salt form) and glycolate (glycolic acid salt form), and in ir vitro systems it does so through
hydrolysis of ester bonds, obtaining lactic acid and glycolic acid as final degradation products. [35]

Extract release profiles

It has been reported that the lipases from fungi of the Candida, Mucor, and Rhizopus geniuses have a
significant effect on PLGA degradation by enzyme-catalysed cleavage of ester bonds of the polymer. [36] More
specifically, studies have demonstrated that fungus of Fusarium genius would favor the degradation of PLGA
copolymers by destroying the crystallization of poly lactide acid (PLA) segments. [37] However, this process was
completed over a relative long time (15 weeks) compared to the 6 days that took the release profile experiment.
Given this, it is safely to asume that the extract is releases mainly by molecular difussion and not by erotion of the
polymer matrix. Preliminary results showed that the extract would not be released into distilled water due to its
low solubility, while a liberation in pure ethanol proved to be too fast, dialyzing 100 % of the extract in a few
hours, regardless of whether it was in its crude or nanoencapsulated form. Fig. 2 shows the release profiles obtained
for the crude extract and the nanoencapsulated extract in water/ethanol (90:10) medium, adjusted at pH 5.

Total mass released (%)

84 90 96 102 108 114 120 126 132 138 144

Time (h)

—e—Crude Extract  --@--Nanoencapsulated Extract

Fig. 2. Percentage of mass of Piper extract released in the water/ethanol (90:10) receiving medium.

At first sight, the nanoencapsulated extract is dialyzed slower than its crude form. This is congruent
with the literature, and is explained by the molecular diffusion, a relative slow mechanism of mass transport
that the extract must endure to travel from the PLGA polymer matrix of the nanospheres to the donor medium
inside the cellulose tube, and finally, from the donor medium to the receiving medium. [16] While the crude
extract has dialyzed 50 % of its mass in 5 hours, the nanoencapsulated extract took 11 hours to reach that
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percentage. Another important point is at hour 48, having almost reached 90% of the crude extract mass release
while the nanospheres still conserve 25 % of the extract load.

Photodegradation assay

In order to determine the effect of UV exposition on PsE, an untargeted metabolomic analysis was
performed comparing PsE exposed and non-exposed to UV radiation. The UV exposition clearly changes the
chemical profile of the PsE (Fig. 3(a)). The hierarchical clustering by the Ward algorithm displayed in the top
of Fig. 3(a) shows that UV treatment consistently affect the chemical composition of the Piper extract. The
compounds tentatively identified in the PSE exposed and non-exposed to UV radiation were grouped mainly in
seven metabolic pathways (Fig. 3(b)) which exhibited the highest pathway impact values. Detailed information
about all metabolic pathways and the tentatively identified compounds is shown in Supplementary Material.
When it is performed a comparative fold change (FC) analysis using a threshold value of 1.5 joined to a #-test
analysis between PsE exposed and non-exposed to UV radiation, the intensity of 294 features (mass/charge-
retention times pairs) remain unchanged, while the intensity of 20 and 58 features increased and decreased after
UV treatment, respectively (Fig. 3(c)). The compounds methyl-hexyl caffeate (FC=3.63) and linolenic acid
(FC=3.03) increased their content after UV treatment. On the other hand, the compounds feruloyltyramine
(FC=0.63), pyridoxine (FC=0.59), pantetheine phosphate (FC=0.59), apiole (FC=0.50), aceteugenol (FC=0.50),
methyl-trimethoxycinnamate (FC=0.48), eugenyl benzoate (FC=0.48), (2E,6E)-piperamide-C7:2 (FC=0.48),
sphinganine (FC=0.44), methyl 3-(3,4-dimethoxyphenyl)propanoate (FC=0.30), 3-hydroxy-4-methoxy-2-
(3,7,11-trimethyldodeca-2,6,10-trienyl)benzoic acid (FC=0.26), ethyl 3-(3,4-dimethoxyphenyl)propanoate
(FC=0.25) and acetoxychavicol acetate (FC=0.08) decrease their content after UV exposition (Fig. 3(c)).
Detailed information about the tentatively identified compounds is shown in Supplementary Material.
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Fig. 3. Comparative metabolomic analysis of PSE before and after UV treatment. (a) Heatmap showing the 372
features detected in the extract before (Control) and after UV treatment (UV treated). (b) Pathway impact of
the tentatively identified compounds. (¢) Volcano plot of the features intensity of UV treated/Control samples.
1: Methyl-hexyl caffeate; 2: Linolenic acid; 3: Feruloyltyramine; 4: Pyridoxine; 5: Pantetheine phosphate; 6:
Apiole; 7: Aceteugenol; 8: Methyl-trimethoxycinnamate; 9: Eugenyl benzoate; 10: (2E,6E)-Piperamide-C7:2;
11: Sphinganine; 12: Methyl 3-(3,4-dimethoxyphenyl)propanoate; 13: 3-Hydroxy-4-methoxy-2-(3,7,11-
trimethyldodeca-2,6,10-trienyl)benzoic  acid; 14: Ethyl 3-(3,4-dimethoxyphenyl)propanoate;  15:
Acetoxychavicol acetate.
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Antifungal activity

The fungal growth in the well plates at the time the experiment was concluded is shown in Fig. 4. It
can be perceived that the PLGA nanospheres, both before and after exposure to UV light, have very little
antifungal activity, and it’s close to the one presented by the negative control. Concerning the antifungal activity
of the crude PsE, it is comparable to the one reported for other plants of the Piper genius when tested in vitro
against fungi of the Fusarium genius. For example, Piper sarmentosum extracts exhibited inhibition activity
against F. graminearum at concentrations of 1 and 2 mg/mL. [38] This behavior is not limited to the Piper
extracts, since experiments using essential oils, such of the obtained from Piper auritum, demonstrated growth
inhibition against Fusarium oxysporum and Fusarium equiseti. [39]

Fig. 4. Representative image of the F. solani growth detected in the well plates with the different treatments;
crude extract (E), nanoencapsulated extract (N), UV irradiated extract (UE), UV irradiated nanospheres with
extract (UN), encapsulation of a previously irradiated extract (N-UE), growth control (CC), positive control
(C+), and negative control (C-).

100.0
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@0 77.7
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Fig. 5. Growth inhibition potential (GIP) values with standard deviation for the different treatments tested;
crude extract (E), nanoencapsulated extract (N), UV irradiated extract (UE), UV irradiated nanospheres with
extract (UN), encapsulation of a previously irradiated extract (N-UE), PLGA nanospheres (P), irradiated PLGA
nanospheres (UP), positive control (C+), and negative control (C-).

340



Article J. Mex. Chem. Soc. 2024, 68(2)
Regular Issue

©2024, Sociedad Quimica de México

ISSN-¢ 2594-0317

The GIP for the different treatments tested are shown in Fig. 5. The antifungal activity decrease
exhibited by PSE exposed to UV radiation compared to non-exposed treatment (UE vs E) can be explained by
the decrease in the content of the metabolites showed previously (Fig. 3(c)). Acetoxychavicol acetate, which
exhibited the largest decrease (FC=0.08) after UV treatment, has been reported in Piper cubeba [40] and it has
shown antifungal activity against Trichophyton mentagrophytes, Trichophyton rubrum, Trichophyton
concentricum, Epidermophyton floccosum, Rhizopus stolonifer, Penicillium expansum, Aspergillus niger and
Candida albicans. [41] Also, acetoxychavicol acetate inhibited the growth of Alternaria porri, Colletotrichum
gloesporioides, Fusarium oxysporum and Phytophthora nicotianae. [42]

It is important to mention that the PsE lost some growth inhibition capacity (about 7 %) when
encapsulated in the nanospheres. It happens because, at the start of the experiment, there is less availability of
the bioactive molecules in the extract, given they must be released from the PLGA matrix to the PDA medium,
while the E treatment has the 100 % of the active molecules available from the beginning. Nevertheless, after
being exposed from 24 h to UV light, the crude extract growth inhibition capacity was diminished down to
58.35 % of its original, while the nanoencapsulated extract retained up to 70 % of its original. In addition to
this, globally, the UN treatment achieved close to a 5 % more GIP than the UE. Finally, the N-UE treatment
yielded the lowest GIP, confirming that the PLGA is absorbing a portion of the UV radiation. Previous studies
have tested the photoprotective efficiency of PLGA nanoparticles to reduce the adverse biological interactions
of photo-degradation products of curcumin upon the exposure of UVA and UVB. The results demonstrated that
a significant DNA damage in the cells was due to free curcumin exposed to UV light, while the PLGA
nanoparticles with curcumin were totally photosafe. [43] Other studies have used PLA as wall material to
protect the photosensitive molecules of spinosad and emamectin benzoate, reaching a significantly higher long-
term toxicity to Plutella xylostella, as well as a reduction in the photolysis and hydrolysis of these insecticides.
[44]

Conclusions

The Piper schlechtendalii extract was successfully encapsulated in a PLGA nanospheres system, with
particle sizes under 150 nm, having a good dispersion in water, removing the necessity of organic solvents as
vehicle for the antifungal natural product. Using acetone as solvent for the organic phase proved to yield the
best encapsulation efficiencies, while using the sodium citrate solution as the aqueous phase yielded the best
particle size and Zeta potential. The dialysis experiments show that the encapsulated extract is released at a
much slower rate as compared to the crude extract. The advantage of this release profile lies in the fact that the
whole load of extract would not be exposed to sunlight at the same time (as in the case of the crude extract
treatment), but it is released fast enough to be able to control the in vitro growth of the Fusarium solani fungus
tested. /n vivo, tests are needed in order to determinate if there is a decrease in the antifungal activity due to a
very slow release of PsE in a medium lacking any organic solvent. Finally, even when the nanoencapsulated
extract was not as effective, compared to its crude form at the beginning of the experiment, once the treatments
were exposed to UV light, the PLGA probed to partially absorb the radiation, protecting the active ingredients
in the extract, and reaching a higher inhibition than the one yielded by the crude extract. This difference was
only 5 % but could grow if the treatments were exposed to the UV radiation for longer times. This
nanoencapsulated system has potential as a mean to protect the extract from photodegradation and perhaps
represents, in the future, an environmentally friendly alternative for the application of the antifungal Piper
schlechtendalii extract.
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	01 JMCS1859.pdf
	Heavy metal ions ubiquitous in the environment but their increased levels in water are consequences of man–made activities. One of the most toxic metal ions in our environment that has raised global concern is chromium [1].
	Chromium contamination of soil and groundwater is a significant problem worldwide and is becoming a serious threat to our environment. The predominant forms of chromium in nature are Cr(III) (trivalent chromium) and Cr(VI) (hexavalent chromium) as chr...
	A variety of methods and materials have been developed for the Cr(VI) removal including precipitation, membrane separation, or solvent extraction, neutralization and adsorption [6,7]. Among these techniques, biosorption using agricultural waste such a...
	The computational fluid dynamics (CFD) is a useful tool for the modelling of flow and contaminant transport (hydrodynamics system). The main advantage of computational modelling may be that different physical domains can be coupled and solved efficien...
	The main objective in this research is to evaluate the behaviour of the Cr(VI) sorption in natural porous media such as maize cane biomass through the experimental and simulated breakthrough curves.
	Experimental
	Conclusions
	Model the transport of Cr(VI) in unsaturated porous media composed of maize cane biomass enhances our understanding of the fundamental physical behaviour of hydrodynamic flows and mass transfer in the channels of packed beds. Performing computational ...
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	02 JMCS1925.pdf
	Constant exposure to solar radiation entails negative skin effects induced by reactive oxygen species (ROS) formation as singlet oxygen (1O2). 1O2 is the first excited state of molecular oxygen (3O2) and can be endogenously generated in biological sys...
	In recent years due to multiple benefits attributed to natural antioxidants, the cosmetic and dermatology industry has focused on the development of skincare products such as anti-aging creams or sunscreens enriched with antioxidants in order to preve...
	Experimental
	Conclusions
	Antioxidants provide several health benefits. However, the endogenous generation of 1O2 through photosensitized mechanisms joined to non-photosensitized mechanisms could increase the presence of 1O2 in an organism, which can cause damage to cell membr...
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	03 JMCS2035.pdf
	Syzygium guineense (Willd.) DC. var.  belongs to the family Myrtaceae. It is widely grown in the forests and savannah regions of Africa [1]. The plant is commonly called “malmoo” by the Hausas, “sumsum” by the Fulanis and “adere or igi-aro” by the Yor...
	Previous work on the leaf essential oil of S. guineense from Natitingou, Peperkou, Tchaourou and Terou locations in Republic of Benin revealed that the oils were of β-caryophyllene, cis-calamenen-10-ol, viridiflorol and α-humullene chemotypes respecti...
	Experimental
	Conclusions
	The yields of essential oils obtained from S. guineense harvested in the morning and afternoon differ significantly. More oil was obtained from the afternoon harvest which was linked to a higher number of secretary cells in the afternoon than in the m...
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	04 JMCS1981.pdf
	Aliskiren (Alk) was the first reported compound in a novel class of renin inhibitors with the potential for treatment of hypertension and related cardiovascular diseases [1]. Being a highly selective competitive inhibitor of renin, it is able to block...
	Fig. 1. Aliskiren hemifumarate (commercial drug).
	In addition, it has been shown that Alk has a protective role against cisplatin induced nephrotoxicity in rats [3] and this could be associated to its antioxidant activity. It has been reported that Alk can decrease the Reactive Oxygen Species (ROS) p...
	Copper(II) plays a critical role in the antioxidant defense of organisms, particularly in Cu/Zn-SOD, and in cardiovascular disease, as the heart and blood vessels are particularly susceptible to Cu deficiency [5]. Due to this, numerous copper(II) comp...
	Taking this into account, we propose in this study to investigate a coordination complex containing copper(II) and Alk. In a first step, the aliskiren base (Alk base) was isolated from the hemifumarate anion. Then, a copper complex (CuAlk) was synthes...
	With the aim of studying how the in vitro antioxidant activity of the ligand is affected by complexation, we have performed several experiments that can be divided in three general groups: i) those based on the scavenging activity of a previously gene...
	Experimental
	Conclusions
	In this work, a new copper(II) complex [Cu(Alk)2(H2O)2](NO3)2, CuAlk was synthesized by the addition of cupric nitrate to an ethanolic solution of aliskiren. In this new compund, the renin inhibitor aliskiren is acting as a bidentate ligand. The compl...
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	05 JMCS1898.pdf
	Sickle cell disease is an inherited blood disorder characterized by the production of erythrocytes that are sickled or shaped like crescents. In sickle cell disease, the body produces hemoglobin S, which is considered abnormal and affects the transpor...
	This disease condition currently has no known cure, but medications are available to manage the condition and also alleviate the symptoms of the secondary complications associated with it. Furthermore, the use of nutrients such as vitamins, amino acid...
	Numerous studies have reported the application of plant materials for the management of sickle cell disease [4,11]. The plant M. flagellipes, which belongs to the family Leguminosae, is a plant localized mainly in Africa but present in other parts of ...
	Interest is growing in the use of seed oils rich in polyunsaturated and omega-3 fatty acids for managing sickle cell disease [19]. Polyunsaturated and omega-3 fatty acids have been reported to possess antioxidant activities and membrane protection pot...
	Currently, there is no information on the in vitro anti-sickling potential of the seed oil extract of M. flagellipes. Therefore, the study aimed to assess the in vitro anti-sickling potentials of M. flagellipes seed oil (MFSO) by looking at its effect...
	Experimental
	Conclusions
	Despite the myriad uses of this plant in traditional systems, its seed oil's anti-sickling properties have not been investigated. The results obtained from this study have shown that the seed oil has great potential to serve as an anti-sickling agent....
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	The functionalization of the magnetic nanoparticles (the F-MNPs) is crucial for chemical processes, and they have many applications in medical and biological research. Meanwhile, the amine-functionalized magnetite nanoparticles (the AF-MNPs) have rece...
	The AF-MNPs and their derivatives have been used for different fields in organic chemistry such as bio-conjugated to biological molecules (proteins, nucleic acids, and peptides) [1], for cellulase immobilization to prevent wastage of cellulosic resour...
	On the other hand, pyrrolin-2-one skeleton has biological activity in some synthetic drugs and natural products, for example: Cotinine [14], Doxapram hydrochloride [15], Ethosuximide [16], Rolipram [17], Lactacystin [18], Salinosporamide [19], (−)-Aza...
	Scheme 1. The chemical structure of some natural products and drugs with pyrrolinone moiety.
	Some procedures have been reported for the synthesis of pyrrolin-2-ones [22-27]. However, a coupling of arylamines and aromatic aldehydes with acetylenedicarboxylates is an important synthetic method for the synthesis of this class of compounds. This ...
	Scheme 2. The synthesis of 1,5-diaryl-3-hydroxy-4-methoxycarbonyl-3-pyrrolin-2-ones by Fe3O4@NH2@oxalic acid as a catalyst.
	Experimental
	Conclusions
	In this research, the Fe3O4@NH2 nanoparticle was synthesized from FeCl3•6H2O and 1, 2-ethylenediamine. Then, Fe3O4@NH2@oxalic acid as an organoacid-magnetic nanoparticle was synthesized by coupling of Fe3O4@NH2 nanoparticle and oxalic acid under ultra...
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	07 JMCS1868.pdf
	The genus Rubus L. is a large and complex group of plants in the family Rosaceae naturally distributed in fresh and tropical regions worldwide with an uncertain number of species since some studies estimate 250–330 species, but others up to 750 specie...
	Several authors mention that Rubus species, and other Rosaceae species, are difficult to delimitate because of their easily hybridization among Rubus species, frequent apomixis, phenotypic plasticity and the lack of a consensus on the morphology of th...
	The high variability is not exclusive to anatomical structures in Rubus plants since this diversity is also found in the phytochemical profile of nutritional compounds and secondary metabolites of leaves, roots, and fruits [15-20]. The macro- and micr...
	The chemical profile of bioactive compounds (including tannins, flavonoids, and phenolic acids) of wild Rubus species from the “Chara Pinta (Tufted-Jay) Sanctuary” in Sinaloa, Mexico, is well documented by previous works [18-20]. However, the composit...
	Experimental
	Conclusions
	Specimens of Rubus liebmannii, Rubus coriifolius, and Rubus palmeri were well identified by their anatomical attributes in the forested lands of the Chara Pinta Sanctuary, Sinaloa, Mexico. Rubus liebmannii was recorded in Sinaloa for the first time. T...

	08 JMCS2046.pdf
	Due to the oil industry's rapid expansion, which includes oil extraction and the creation of its derivatives, as well as the industrial sector's rapid growth, there is now a considerable increase in the volume of oily wastewater. Many activities, such...
	In recent years, great attention has been given to the fabrication of highly hydrophobic materials to separate oil and water [10]. Polymers with hydrophobic–oleophilic properties could be used as low-surface-energy materials for the surfaces of oil so...
	Recently, commercial sponge adsorbents, including polyurethane (PU) sponges, have attracted great attention for oil-water separation due to their low cost, good flexibility, three-dimensional structure, and facile design [15]. Given their outstanding ...
	It is essential to create a quick and effective approach for changing the hydrophilic sponge surface to a hydrophobic one to satisfy the application requirement in oil spill remediation [22–24]. Herein, we explore the chemical surface modification of ...
	Experimental
	Conclusions

	09 JMCS2036.pdf
	In many aspects, the physicochemical properties and reactivity of halogenated organic compounds is strongly based on the nature of the X halogen substituent (X = F, Cl, Br, or I); for example, with an increase in the atomic number of the halogen, C–X ...
	On the other hand, the presence of a halogen atom makes possible the formation of either Y–X   A intra- or intermolecular non-covalent interactions; here, Y–X is the halogen bond donor such as I2, Br2, ICl, haloalkanes; haloarenes, haloimides, etc., m...
	Fig. 1. Diagrammatic representation of an X   A halogen bond; also, is displayed a possible transversal E   X interaction.
	A chief key to the formation halogen bonds is the polarizability of the halogen atom. Therefore, the strongest halogen bonds are formed by the most easily polarizable halogens, and the strength of the halogen bonds typically decreases in the order I >...
	Thus, as a part of our studies in the reactivity of halogenated compounds [15], herein we report the structural analysis in crystalline state of two series of conformationally flexible di(2-halomethylphenyl)ethers (compounds 3a, 4a, and 5a) and di(2-h...
	Fig. 2. Numerical and relative proportion of halocompounds containing at least one C6–CH2–X moiety. (268 hits; data retrieved from CSD version 5.43, updated to November 2022).
	From these data, it is clear the dominance of the bromomethylenic compounds (167 compounds), and the scarceness of fluoro- and iodo- ones. In addition, we want to highlight two experimental facts: the first one is that the presence of two conformation...
	In the title compounds, the presence of two –CH2–X arms of different nature in both series prompted the formation of several X   p and X   X alongside to C–H   X interactions. A Hirshfeld surface analysis was carried out to describe the interactions p...
	Experimental
	Conclusions
	Two series of dihalogenated compounds of general formula Ch(C6H4CH2X)2 were synthetized by a linear approach from either cheap diphenylether or diphenylthioether used as starting materials. Despite the similitude in the skeletal structure, all compoun...
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	One of the leading classes of environmental pollutants is heavy metals and they are major pollutants particularly in water pollution. Although several heavy metals at trace levels play essential roles in the survival of organisms, their excessive accu...
	Due to its high electrical conductivity, chemical stability, plasticity, and capacity to form alloys with numerous metals, copper is used extensively in industrial activities [2]. As a result of these activities, an increasing amount of copper has bee...
	Considering the toxic effects of copper, its determination is quite critical. There are a number of analytical techniques that have been reported for the determination of copper ions at very low concentration levels, including ion chromatography [7,8]...
	The majority of the above-mentioned techniques take a long time and need the use of environmentally hazardous solvents, complicated pretreatment procedures, special tools, skilled operators, and expensive reagents. Therefore, it is critical to develop...
	Ion-selective electrodes create an impression as an alternative method to the majority of the aforementioned detection methods for Cu2+ due to their outstanding features such as high precision and accuracy, broad linear operational range, relatively s...
	Schiff bases, reported first by Hugo Schiff [44], are compounds that bear the imine (-C=N–) functional group. These are condensation products formed by the nucleophilic addition reaction of primary amines with aldehydes and ketones. Schif bases have b...
	In recent years, potentiometric sensor technology has made extensive use of all-solid-state composite carbon paste type ion sensors because of their advantages over traditional PVC membrane ion-selective sensors, including the lack of an internal refe...
	Experimental
	Conclusions
	To some up, a novel potentiometric all-solid-state composite Cu2+-selective sensor based on a thiourea derivative symmetric Schiff base, (1E,3E)-1,3-bis(5-bromo-2-hydroxybenzylidene)thiourea, was favourably developed and employed for Cu2+ determinatio...
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	Understanding directional and nondirectional intermolecular interactions in the crystal lattice and its application to design supramolecular architectures with favorite chemical and physical features is the finaltarget of crystal engineering. The crys...
	Tertiary phosphine chalcogenides having an O, S, or Se donor atom are considerable interestin the various areas as coordination chemistry [16], chalcogen-transfer reactions [17], and organometallic chemistry [18]. These substances are useful as starti...
	Experimental
	Conclusions
	The presence of structure-directing interactions in packing crystal of (N2C4H3)C(O)NHP(S)(C6H5)2(1) have been investigated by NCI plot index, Hirshfeld surface, and finger plot analysis, as well as interaction energies were computed by theoretical cal...
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	Bile acids (BA) are synthesized in the liver and play an important role in digestion and other physiological processes.[1] Their structure consists of a tetracyclic rigid framework, with a lipophilic β-side bearing methyl groups attached to positions ...
	Fig. 1. Structure of some of most common bile acids.
	In addition to the wide variety of pharmacological applications of naturally occurring bile acids and their synthetic derivatives that have been described, multiple applications of this family of compounds have been developed based on their amphiphili...
	Multicomponent Reactions (MCRs) allow the assemblage of three or more compounds into more complex structures bearing a wide range of functional groups and substituents. Excellent reviews and books have covered the development and application of these ...
	The Ugi 4CR has revealed as a powerful and straightforward tool to develop structural diversity.[11] The simple exchange of components allows the rapid development of compound libraries useful for the systematic screening of properties.
	As a part of our ongoing projects on the application of MCR to the generation of new steroid materials [10] we have decided to the setup procedures for the synthesis and characterization of side chain-modified bile acids derived from the four componen...
	Herein we report on the synthesis of five different bile acid derivatives bearing modified side chains (Scheme 1, vide infra).  The unambiguous structural characterization and assignment of the functional 1H NMR signals and all 13C{1H} NMR chemical sh...
	Experimental
	Conclusions
	We have set up optimal conditions for the four-component Ugi Reaction involving five different acetylated bile acids, formaldehyde, aniline and ethyl isocyanoacetate that affords the corresponding adducts in 71 to 88 % yield. Combined 1D and 2D NMR te...
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	One of the most common alternatives to control fungal infections on plants, like those caused by fungi of the Fusarium genus, is the application of synthetic fungicides, but such pesticides have a few problems associated with them. Over 90% of the app...
	As an environmentally friendly alternative, the search for natural products with applications related to pest management is currently very active. Plant extracts with antimicrobial properties that contain a wide spectrum of secondary or specialized me...
	[12] At the same time, hexanic extracts of P. auritum and Piper holtonii showed a relatively good antifungal activity against different phytopathogenic fungi, including Collectotrichum acutatum, Collectotrichum gloeosporioides, and Botryodiplodia the...
	However, the usage of plant extracts can be hampered by the high volatility and easy degradation of many of the active compounds. Furthermore, in many cases it is necessary to use toxic organic solvents as vehicles to incorporate these extracts in the...
	Experimental
	Conclusions
	The Piper schlechtendalii extract was successfully encapsulated in a PLGA nanospheres system, with particle sizes under 150 nm, having a good dispersion in water, removing the necessity of organic solvents as vehicle for the antifungal natural product...
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