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Synthesis and biological evaluation of some new heterocyclic
derivatives from substituted thiopyrimidine

HADIL S. AZIZ, INTISAR Q. M. AL-ARAJ*, LINDA R. ABDUL-RAHEEM
and AMENA A. AHMED

Chemistry Department, College of Education for Pure Sciences, University of Mosul, Mosul, Iraq
(Received 13 August, revised 9 September 2023, accepted 30 June 2024)

Abstract: This study aimed at creation of a few new heterocyclic compounds
that include sulfur and nitrogen atoms. Also, some chalcones, thiazolidine and
Schiff base derivatives have been prepared. The spectroscopic data (IR, 'H-
and 13C-NMR) have verified the structure of the produced molecules. Interest-
ing findings were obtained when several synthetic substances were physio-
logically tested against a range of pathogenic Gram-positive and Gram-neg-
ative bacteria.

Keywords: thiazolidine; chalcones; Schiff bases; cyclization; pathogenic bacteria.

INTRODUCTION

Cyclic organic compounds, known as heterocyclic compounds, at least have
one heteroatom other than carbon in the cyclic ring structure. The three most
prevalent heteroatoms are oxygen, nitrogen and sulfur.! The most significant nat-
ural organic heterocyclic compounds are usually found in large quantities in the
products of both plants and animals.2 The use of heterocyclic compounds is
widespread in the fields of agrochemical, pharmaceutical and veterinary applic-
ations.3 Numerous heterocyclic substances are extremely beneficial and neces-
sary for human life.# Hormones, vital amino acids, antibiotics, alkaloids, haemo-
globin, vitamins, dyes and pigments are only a few examples of the many sub-
stances with heterocyclic structures.®> Many pharmaceuticals and agrochemicals
contain at least one heterocyclic unit; heterocycles play an important role in
many natural products.® Important building blocks for novel materials with inter-
esting electrical, mechanical or biological properties incorporate heterocyclic
systems.7

Pyrimidine has two nitrogen atoms and a six-membered heterocyclic struc-
ture.8 It is essential component of nucleic acid and widely distributed in nature in

* Corresponding author. E-mail: Mahmood _intisar@uomosul.edu.iq
https://doi.org/10.2298/JSC230813067A
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1402 AZIZ et al.

the form of N-substituted sugar derivatives (nucleosides).® Cytosine, thymine and
uracil are pyrimidines that contribute to the distinctive three- dimensional struc-
ture of RNA and the double helix of DNA.!0 Pyrimidine and its derivatives are
one of the most significant heterocyclic nitrogenous cycles .They are important
enough to a variety of biological activities.!! The ring system of pyrimidine is
found in several vitamins, antibiotics, alkaloids and nucleic acids and their deri-
vatives.!2

Thiazolidine is a chemical compound found in many pharmaceutical drugs.
It has been shown to have anti-inflammatory and antioxidant properties.!3 Thia-
zolidine has been studied for its potential use as a treatment for conditions such
as arthritis and diabetes.!4 Also, it may help improve cognitive function and
memory retention.!3 Its derivatives also exhibit anti-inflammatory and anti-tumor
properties, 10 that make them promising candidates for treating chronic inflame-
matory and certain types of diseases.!” After all, thiazolidine and its derivatives
have shown great promise as a versatile class of drugs with diverse therapeutic
applications.18

Chalcones are natural compounds found in plants and they have gained sig-
nificant attention due to their diverse biological activities.!® They have potential
in reducing inflammation, treating cancer and managing diabetes.20 These com-
pounds employ their medicinal properties by affecting various signaling path-
ways and enzymes, leading to a wide range of therapeutic effects.2! Interestingly,
chalcones are also present in some food sources like green tea, apples and
onions.22 Some studies suggest that incorporating chalcones into our diet may
offer health benefits like reducing the risk of cardiovascular diseases. Overall,
chalcones hold promising prospects for developing new drugs and improving
health outcomes.?3

Schiff bases are a significant class of the most frequently used organic com-
pounds. They have several uses in a wide range of industries.2426 A variety of
enzymatic processes appear to use Schiff bases as significant intermediates.27-28
Schiff bases, derived from heterocyclic compounds, are molecules of interest as
their chemical and biological properties suggest such compounds as probable
antibacterial candidates.

In this paper, we present synthesis of some novel heterocyclic compounds
with new substituents as well as antibacterial activity for some compounds with
different functional groups.

EXPERIMENTAL

General

The chemicals were obtained from two different commercial sources, BDH and Fluka
without any further purification, while substituted thiopyrimidine (1)?° was previously prep-
ared and purified before usage. Melting points (MP) were calculated on the Electro-Thermal
1A1900. IR (Shimadzu FT-IR-8400) spectrometer operating in the 4000—400 cm™! range with

Available online at: http://www.shd.org.rs/JSCS
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HETEROCYCLIC DERIVATIVES FROM THIOPYRIMIDINE 1403

KBr disks were used. 'H-NMR and 13C-NMR spectrum were captured using a Varian Agilant
USA 400 MHz, 100 MHz respectively, coupling constants (J) are provided in Hz, while
chemical shifts (J) are given in ppm. Spectrometer at the Laboret Centre, University of The-
ran. Thin layer chromatography (TLC) was used to monitor and confirm the compounds pur-
ity on TLC aluminium sheets.

General procedure

Synthesis of compound 2.39 A solution of 1-amino-4-methyl-6-phenylpyrimidine-2-(1H)-
thione (1, 0.01 mol), in absolute ethanol (30 mL) and potassium hydroxide (8 g) was stirred
for 35 min, then 0.01 mol of bromo ethyl acetate was gradually added. The reaction mixture
was refluxed for 8 h, then, the progress of the reaction was monitored through TLC. After
that, the mixture was mixed with crushed ice, ether was used to extract the product (4x30 mL)
and after the solvent was evaporated at low pressure, column chromatography (5 petrol:1
EtOAc) was used to purify and to give the ester compound 2.

Synthesis of compound 3.3! To a solution of the ester compound 2 (0.01 mol) and 50 mL
of absolute ethanol, 0.01 mol of hydrazine hydrate (85 %) was added. The mixture of the
reaction was refluxed for 2 h, using a water bath. When TLC showed no ester was left, the
mixture was cooled and the acid hydrazide was formed. Then, the resulting precipitate was
filtered, washed with water and recrystallized from ethanol to give the compound 3.

Synthesis of compounds 4—6.32 The acid hydrazide 3 (0.01 mol) was dissolved in ethanol
(30 mL), then p-nitrobenzaldehyde (0.01 mol) in ethanol (25 mL) was added and followed by
few drops of acetic acid to get a clear solution. After refluxing the mixture for 4 h, the prog-
ress of the reaction was monitored through TLC, cooling the mixture resulted the precipitate
which was filtered and purified using column chromatography (5 hexane:1 EtOAc) to give
compound 4. The above experiment was repeated, worked up and purified as mentioned
above using 0.01 mol of acid hydrazide with 0.01 mol of 2,4-dimethoxybenzaldehyde and
with 0.01 mol of 4-N,N-dimethylaminobenzaldehyde to give compounds 5 and 6, respectively.

Synthesis of substituted thiazolidines 7-9.33 In the presence of pyridine (20 mL), a mix-
ture of compound 4 (0.01 mol) and thioglycolic acid (0.01 mol) was refluxed for 5 h. The
TLC indicated that no starting materials were left, the mixture was cooled and concentrated.
Purifying the crud product with column chromatography (10 hexane:2 EtOAc) gave the title
compound 7. The above experiment was repeated, worked upon and purified as above using
0.01 mol of thioglycolic acid each separately with 0.01 mol of compounds 5 and 6 to give
compounds 8 and 9, respectively.

Synthesis of compound 10.3* A mixture of 1-amino-4-methyl-6-phenyl pyrimidine-2-
-(1H)thione (1, 0.01 mol) in 30 mL of ethanol and 0.01 mol of phenyl isothiocyanate was
refluxed using the steam bath for 8 h. When TLC confirmed the reaction was completed, the
mixture was cooled and stored overnight in the refrigerator. The filtration process was carried
out and of the resulting solid was purified by column chromatography (5 petrol:1 EtOAc) to
get compound 10.

Synthesis of compound 11.3° To a mixture of an equimolar of compound 10 (0.01 mol)
and malonic acid (0.01 mol), 30 mL of acetyl chloride was added and then refluxed for 3 h.
The progress of the reaction was monitored through TLC, then, the reaction mixture was
cooled, filtered and the crude product was purified by column chromatography (5 hexane:1
EtOAc) to give compound 11.

Synthesis of chalcone 13.3° A solution of 1-amino-4-methyl-6-phenyl pyrimidine-2-
-(/H)thione (1, 0.01 mol) in THF (20 mL) was stirred while acetyl chloride (10 mL) was
being added dropwise at 0 °C. The mixture was left to reach the room temperature, then it was
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1404 AZIZ et al.

refluxed for 3 h. When the TLC revealed that the reaction was completed, crushed ice was
added, then, an aqueous solution of (10 %) NaHCO; was used to neutralize the reaction
mixture. The resulted precipitate was firstly filtered, washed with water and recrystallized
from ethanol to produce compound 12.

In order to prepare compound 13, a flask with a magnetic stirrer was filled with 10 mL of
10 % sodium hydroxide solution along with 25 mL of ethanol, 0.01 mol of compound 12 and
0.01 mol of p-nitrobenzaldehyde. The mixture was stirred for 10 h at room temperature. The
formed precipitate was then filtered, washed with cold water until it almost became neutral
and dried before the crude product was purified using column chromatography (5 hexane:1
EtOAc) to give compound 13.

Synthesis of compound 14.3% Compound 13 (0.01 mol) and a nucleophilic reagent (thio-
urea, 0.01 mol) were dissolved in ethanol and sodium hydroxide was added (2 g NaOH and 10
mL ethanol). The mixture was stirred for 7-8 h. TLC proved that the reaction was complete.
The produced solid was filtered off, totally dissolved in water and precipitated with HCIL. The
obtained precipitate was then filtered, washed with water, dried and recrystallized from etha-
nol/dioxan to obtain the target compound.

RESULTS AND DISCUSSION

Organic compounds based on substituted thiopyrimidines have many differ-
ent applications in the field of synthetic organic chemistry. They are also sig-
nificant in medicinal chemistry. The structures of the newly prepared compounds
have been established after the target compounds were produced. The intermedi-
ates and final products were each characterized by FT-IR and !H-NMR and!3C-
-NMR. Compound 1 was used as starting material to obtain the target com-
pounds.

In Fig. 1 esterification of compound 1 via reaction with CH>BrCO;Et in the
presence of ethanol to give the corresponding ester 2 is presented. The structure
was confirmed by !H-NMR which showed a quartet at § 4.09 ppm and a triplet at
0 1.31 ppm related to methylene and methyl group for the ester 2, respectively. In
addition,!3C-NMR presented signal at § 168.6 ppm due to C=O group and signal
at 61.2 ppm refer to (CH; adjacent to O), IR spectrum presented the key band of
carbonyl group at 1745 cm! for the ester. Treatment of an ester 2 with NoHy-H,0
in absolute ethanol was carried out successfully to synthesized acid hydrazide 3.
The obtained spectral data confirmed the formation of the desired product. The
protons of amino group appeared as a doublet at 3.80 ppm in the acid hydrazide 3
demonstrating the elimination of the ester protons. The efficient reaction of sub-
stituted benzaldehydes with acid hydrazide 3 in ethanol gave the substituted hyd-
razones 4-6, respectively. IR spectra revealed bands corresponding to the azo-
methine (CH=N) group and the other groups substituted on the aldehyde such as
NO3, OCH3 and N(CH3), which confirm the coupling with aldehyde happened
successfully. The TH-NMR for compound 4 presented a singlet at 8.44 ppm
belonging to the proton of azomethine group, while for compound 5 it was a
singlet at 3.79 ppm related to OCH3 groups, also a singlet at 8.27 ppm belongs to
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Fig. 1. Synthesis of compounds 2—14.

the proton of CH=N group. For compound 6, the !H-NMR data showed a singlet
at 2.89 ppm referring to 6 protons of two methyl groups (V,N-dimethyl group)
and a singlet at 8.40 ppm for CH=N proton. Also, 13C-NMR showed signals at &
148.6 and 41.9 ppm related to CH=N and two CHj3 groups, respectively. On the
other hand, a new five membered heterocyclic compounds were formed by ref-
luxing substituted hydrazones 4—6 with thioglycolic acid in pyridine again the

Available online at: http://www.shd.org.rs/JSCS

(CC) 2024 Serbian Chemical Society.



1406 AZIZ et al.

resulting compounds were verified by !H-, 13C-NMR and IR. Compound 7
showed two doublets at 3.38 and 3.34 ppm for methylene group within the thia-
zolidine ring. The IR spectrum also confirmed the structure of 7 by showing an
asymmetric and symmetric stretching for NO, group at 1518 and 1345 cm™!, res-
pectively. Also, compounds 8 and 9 were confirmed by 'H-, 13C-NMR and IR
spectra which showed the essentially required peaks as presented in compound 7.
The second line consisted of two steps, the first one was formation of compound
10 by the reaction of compound 1 with phenyl isothiocyanate in ethanol. IR
showed band at 1485 cm™! belonging to C=S, 13C-NMR also confirmed the
formation of 10 with a signal at 6 180.5 ppm that refer to carbon in C=S group.
Treatment of equimolar of 10 and malonic acid in the presence of acetyl chloride
gave the target compound 11 which offered two bands for two carbonyl groups at
1734 and 1676 cm™1, respectively. Similarly, 13C-NMR showed two signals at ¢
164.4 and 161.5 ppm due to two (C=0) groups, IH-NMR gave a singlet at 2.97
ppm that belongs to CH, adjacent to C=0O group. The last line included three
steps, the first step was the synthesis of 12 through the reaction of compound 1
with acetyl chloride, lH-NMR showed a singlet at 2.01 ppm for acetyl protons,
I3C-NMR gave signal at 166.4 ppm belonging to C=0 and 20.5 ppm for CHj
adjacent to C=0. IR spectrum showed band at 1735 cm~! for carbonyl group.
Secondly, the reaction between compound 12 and p-nitrobenzaldehyde produced
compound 13. Again, the structure of the resulted compound was confirmed by
IH-NMR spectrum which showed two doublets at 7.79 and 7.03 ppm belonging
to the o and f3 protons, respectively. In addition, I3C-NMR indicate the formation
of structure by signal for C=0 at 166.1 and 122.2, 146.7 ppm of a and f carbon,
respectively. IR revealed a band at 1703 cm! due to the carbonyl group. Finally,
the cyclization of chalcone 13 via adding thiourea to give new substituted six
membered heterocyclic ring compound 14 was carried out successfully. 'H-NMR
spectrum showed a singlet at 9.02 ppm for the proton in the new-formed sub-
stituted thiopyrimidine ring.

The biological study

The disc diffusion method was used to test the antibacterial efficacy of some
synthesized compounds against two bacterial strains, Staphylococcus aureus
(Gram-positive) and Escherichia coli (Gram-negative). DMSO was used as a sol-
vent for both the control and the selected samples. For the initial assessment of
the invitro antibacterial activity, a total of five compounds were carefully chosen
from Fig. 1, taking into consideration the structural properties of the compounds
obtained, namely compounds 11 and 14. These compounds were deemed to be
the final products. In addition, compounds 2, 6 and 8 were also included in the
selection process due to their involvement as either intermediate or final products
in the various transformation steps outlined in the scheme. These five compounds
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HETEROCYCLIC DERIVATIVES FROM THIOPYRIMIDINE 1407

showed significant activities and could largely inhibit the bacteria growth.
According to the results shown in Table I, five different concentrations have been
taken (12.5, 25, 50, 100 and 200 mg/mL) to determine the optimal dose or therap-
eutic rang of the screened compounds.

TABLE I. Biological activity of some prepared compounds

Compound Concentration, g/L Bacteria -
S. aureus E. coli
14 200 12 24
100 8 19
50 0 16
25 0 14
12.5 0 5
2 200 21 20
100 19 18
50 17 14
25 13 12
12.5 9 5
6 200 9 18
100 0 16
50 0 12
25 0 10
12.5 9 5
11 200 10 23
100 8 19
50 0 17
25 0 12
12.5 0 7
8 200 23 25
100 21 20
50 15 17
25 13 14
12.5 6 8
Amikacin (amk) 20 mg/disc 21 20

At 200 mg/mL for compound 8 (23 mm) and compound 2 (21 mm), S.
aureus was inhibited, whereas compounds 14, 11 and 6 (12, 10 and 9 mm, res-
pectively) at 200 mg/mL of concentration E. coli was inhibited. Compounds 8,
14 and 11 had inhibition zones of 25, 24 and 23 mm, while compounds 2 and 6 at
200 mg/mL have 20 and 18 mm, respectively. It is thought to be that those com-
pounds exhibiting high activity are attributed to the multi-functional groups
(highly containing of nitrogen and sulfur) and the structure possessed by these
particular compounds.37

Chemically, it has been observed that antimicrobial activity can be enhanced
by introducing different constituents at different positions of the heterocyclic ring
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(thiazolidinone (8), pyrimidine thion (14)).38:3% Several studies indicated that the
bacterial death could occurr via either inhibiting DNA gyrase which is mainly
responsible for bacterial chromosome replication and transcription40 or likely by
inhibition of Mur ligases action which is responsible for peptidoglycan biosynthesis,
a crucial molecule that is giving the shape and rigidity to the cell wall envelope 1.4!

CONCLUSION

Synthesizing heterocyclic compounds containing multi-functional groups
with interesting biological activity could help develop new medicinal compounds
for treatment of complex infections and diseases. New heterocyclic compounds
have been successfully synthesized using substituted thiopyrimidine as a starting
material. The initial biological screening of some synthesized compounds (2, 6,
8, 11 and 14) against two pathogenic bacteria namely, S. aureus and E. coli showed
interesting biological properties. Compounds 8 and 14 presented the highest inhi-
bition activity compared to control. The reason behind that antibacterial activity of
these compounds could be related to inhibition of the essential enzymes (DNA
gyrase or Mur ligases) for the bacterial growth. In addition, the type and position
of substituents on the hetero-ring play a significant role in the activity. Spectral
data have been used to elucidate and confirm the structure of the prepared com-
pounds. Biological screening for some prepared compounds has been evaluated.
The outcomes revealed that the bioactivity of some synthesized molecules could
be employed in the field of pharmaceutical chemistry.

SUPPLEMENTARY MATERIAL

Additional data and information are available electronically at the pages of journal
website: https://www.shd-pub.org.rs/index.php/JSCS/article/view/12544, or from the corres-
ponding author on request.
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U3BOJ
CHUHTE3A U UCIITUTUBAILE BUOJIOIIKE AKTUBHOCTH HEKMX XETEPOIJUKIIMYHUX
OEPUBATA CYIICTUTYUCAHUX TUOITMPUMHUIHWHA
HADIL S. AZIZ, INTISAR Q. M. AL-ARAJ, LINDA R. ABDUL-RAHEEM 1 AMENA A. AHMED
Chemistry Department, College of Education for Pure Sciences, University of Mosul, Mosul, Iraq

Toxom OBOT HCTpakKMBaka OCMHUIBEHO je HEKOTMKO HOBUX XETePOLMKIIMYHUX jeNuberha
KOjU cafp)ke aToMe a30Ta M cymmopa. Takohe, CHHTETHCAHO je ¥ HEKOIHMKO JephBaTa daj-
KOHa, TMasonuauHa U Iludosux Hasa. Cnexrpockonckum nogauuma (IC, 'H- u *C-NMR)
nospheHa je cTpykTypa A00HjeHUX MoJeKysa. M HTepecaHTHH pe3ynTaTy Cy JOOUjeHH u3 duo-
JIOLIKUX TECTOBA IpemMa MajaeTy naToreHux I'paM-no3UTHUBHUX U ['paM-HeraTUBHUX DaKkTepHja.

(ITpumibeHo 13. aBrycra, pesuaupano 9. centembpa 2023, npuxsaheno 30. jyna 2024)
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SUPPLEMENTARY MATERIAL TO
Synthesis and biological evaluation of some new heterocyclic
derivatives from substituted thiopyrimidine

HADIL S. AZIZ, INTISAR Q. M. AL-ARAJ*, LINDA R. ABDUL-RAHEEM
and AMENA A. AHMED

Chemistry Department, College of Education for Pure Sciences, University of Mosul, Mosul, Iraq
J. Serb. Chem. Soc. 89 (11) (2024) 1401-1410
4-Methyl-6-phenyl-2-thioxopyrimidin-1(2H)-yl) ethyl glycinate (2)

Yield: 70 %, colorless oil; IR (KBr, cm™): 3101, 2950, 2845, 1745, 1217, 1166;'H-NMR
(400 MHz, DMSO-dg),(8, ppm): 8.28 (1H, s, C-H thiopyrimidine), 7.46 (2H, dd, J= 7.4, 1.5
Hz, Ar-H), 7.29 (2H, t, J =7.2 Hz, Ar-H), 7.26 — 7.19 (1H, m, Ar-H), 5.50 (1H, m, N-H), 4.09
(2H, q, J = 6.0 Hz, CH: ester), 3.60 (2H, d, J = 33.5 Hz, CH2 next to NH), 2.88 (3H, s, CH3
thiopyrimidine), 1.31 (3H, t, J = 6.0 Hz, CH3 ester). *C-NMR (100 MHz, DMSO-ds), (5,
ppm): 176.3, 168.6, 166.6, 160.9, 134.5, 129.4, 128.8, 127.6, 110.3, 61.2, 57.3, 24.8, 14.7.
2-((4-Methyl-6-phenyl-2-thioxopyrimidin-1(2H)-yl) amino) aceto hydrazide (3)

Yield: 75 %, solid powder (white); M.p.: 153 — 155 °C; IR (KBr, em™): 3315, 2920,
2850, 1681, 1150; 'H-NMR (400 MHz, DMSO-ds), (5, ppm): 8.17 (1H, s, NH next to NH>),
7.41 — 7.36 (2H, m, Ar-H), 7.25 (2H, dd, J =10.9, 4.2Hz, Ar-H), 7.22 — 7.18 (3H, m, Ar-H),
4.22 (1H, s, N-H) 3.80 (2H, d, J =15.8 Hz, NH>), 3.56 (1H, s, CHz next to C=0), 2.90 (1H, s,
CHz next to C=0), 2.68 (3H, s, CH3). *C-NMR (100 MHz, DMSO-d¢), (5, ppm): 176.3,
172.3,166.6, 160.9, 134.5, 129.4, 128.8, 127.6, 110.3, 53.3, 24.8.
2-((4-methyl-6-phenyl-2-thioxopyrimidin-1(2H)-yl)amino)-N'-(4-nitrobenzylidene)—
acetohydrazide. (4)

Yield: 86 %, solid powder (yellow); M.p.:200 -201 °C; IR (KBr, cm™): 3213, 2933,
2864, 1697, 1672, 1541, 1373, 1158; 'H-NMR (400 MHz, DMSO-ds), (8, ppm): & 9.83 (1H,
s, NH next to C=0 ), 8.44 (1H, s, CH =N), 8.22 (1H, s, CH thiopyrimidine), 8.08 (2H, d, J
=7.5 Hz, Ar-H), 7.78 (2H, d, J =7.5 Hz, Ar-H), 7.41 (2H, dd, J=7.5, 1.5 Hz, Ar-H), 7.30 (2H,
t, J= 7.4 Hz, Ar-H), 7.26 — 7.20 (1H, m, Ar-H ), 3.75 (1H, s, CH), 3.61 (1H, s, CH>), 3.49
(1H, s, NH), 2.92 (3H, s, CH3). *C-NMR (100 MHz, DMSO-ds), (5, ppm): 176.3, 166.6,
163.9, 160.9, 148.6, 148.0, 139.9, 134.5, 129.4, 128.8, 128.0, 127.6, 124.5, 110.3, 53.6, 24.8.
N'-(2,4-dimethoxybenzylidene)-2-((4-methyl-6-phenyl-2-thioxopyrimidin-1(2H)-yl)amino)
acetohydrazide. (5)

Yield: 69 %, solid powder (pale yellow); M.p.: 108-110 °C; IR (KBr, cm™):3188, 2939,
2835, 1681, 1602, 1207;'H-NMR (400 MHz, DMSOds),(5, ppm): 10.41 (1H, s, NH next to
C=0), 8.49 (1H, s, CH thiopyrimidine), 8.27 (1H, s, CH=N), 7.48 (1H, d, J= 7.4Hz, Ar-CH),

* Corresponding author. E-mail: Mahmood _intisar@uomosul.edu.iq
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7.44 (2H, dd, J= 7.4, 1.2 Hz, Ar-CH ), 7.29 (2H, t, J= 7.4 Hz, Ar-CH), 7.22 (1H, m, Ar-CH),
6.61 — 6.58 (2H, m, Ar-CH), 6.00 (1H, s, NH), 3.79 (6H, s, OCH3), 3.69 (1H, CH>), 3.51(1H,
CH2), 3.06 (3H, s, CH3). *C-NMR (100 MHz, DMSO-ds), (8, ppm): 176.3, 166.6, 163.9,
162.8, 161.0, 160.9, 149.8, 134.5, 129.7, 129.4, 128.8, 127.6, 117.5, 110.3, 107.0, 100.3, 56.8,
56.0, 53.6, 24.8.

N'-(4-(dimethyl amino) benzylidene)-2-((4-methyl-6-phenyl-2-thioxopyrimidin-1(2H)-
yl)amino)aceto hydrazide (6)

Yield: 77 %, solid powder (orang); M.p.: 229-231°C; IR (KBr, cm™):3201, 2923, 2836,
1675, 1634, 1150; '"H-NMR (400 MHz, DMSO-ds), (8, ppm): 10.93 (1H, s, NH next to C=0),
8.54 (1H, s, CH thiopyrimidine), 8.40 (1H, s, CH=N ), 7.49 (2H, dd, J= 7.4, 1.2 Hz, Ar-CH ),
7.37 (2H, d, J =7.5 Hz, Ar-CH), 7.30 (2H, t, J =7.2 Hz, Ar-CH), 7.26 — 7.20 (1H, m, Ar-CH),
6.64 (2H, d, J =7.5 Hz, Ar-CH), 5.73 (1H, s, NH), 3.56 (1H, s, CH>), 3.43 (1H, s, CH2), 2.96
(3H, s, CH3), 2.89 (6H, s, N-CH3). ¥C-NMR (100 MHz, DMSO-ds), (3, ppm): 176.3, 166.6,
163.9, 160.9, 153.9, 148.6, 134.5, 129.4, 128.8, 128.8, 127.6, 121.0, 111.0, 110.3, 53.6, 41.9,
24.8.
2-((4-methyl-6-phenyl-2-thioxopyrimidin-1(2H)-yl) amino)-N-(2-(4-nitrophenyl)-4-
oxothiazolidin-3-yl) acetamide (7)

Yield: 80 %, solid powder (white); M.p.: 226-228 °C; IR (KBr, cm): 3223, 2929, 2846,
1732, 1518, 1345, 1280, 712; 'H-NMR (400 MHz, DMSO-ds), (3, ppm): 9.29 (1H, s, NH),
8.45 (1H, s, CH thiopyrimidin ), 8.25 (2H, d, J=7.5 Hz, Ar-H), 7.57 (2H, d, J=7.7 Hz, Ar-H),
7.39 (2H, dd, J=7.4, 1.2 Hz, Ar-H), 7.28 (2H, t, J= 7.2 Hz, Ar-H), 7.24 — 7.20 (1H, m, Ar-H),
6.92 (1H, s CH thiazolidine), 3.51 (1H, s, NH), 3.48 (2H, s, CHa2 next to C=0), 3.38 (1H, d, J=
12.4 Hz, CH next to C=0), 3.34 (1H, d, J=12.6 Hz, CH next S), 3.05 (3H, s, CH3). *C-NMR
(100 MHz, DMSO-ds), (8, ppm): 176.3, 172.3, 168.3, 166.6, 160.9, 148.6, 148.2, 134.5,
129.4, 128.8, 127.6, 125.7, 123.9, 110.3, 67.6, 52.8, 33.3, 24.8.
Dimethoxyphenyl)-4-oxothiazolidin-3-yl)-2-((4-methyl-6-phenyl-2-thioxopyrimidin-1(2H)-yl)
amino) acetamide (8)

Yield: 69 %, solid powder (white); M.p.: 289-290 °C; IR (KBr, cm™): 3013, 2932, 2825,
1674, 1264, 1172, 1028, 720; 'H-NMR (400 MHz, DMSO-ds),(5, ppm): 9.39 (1H, s, NH next
to C=0), 8.47 (1H, s, CH thiopyrimidine ), 7.41 (2H, dd, J= 7.4, 1.5 Hz, Ar-H ), 7.28 (2H,
dd, J=12.1, 4.6 Hz, Ar-H ), 7.26 (1H, d, J =7.5 Hz, Ar-H), 7.23 (1H, dd, J =5.2, 3.8 Hz, Ar-
H), 6.63 (1H, d, J =1.4 Hz, Ar-H), 6.60 ( 1H, dd, J = 7.5, 1.4 Hz, Ar-H), 6.47 (1H, s, C-H
thiazolidine ), 4.10 (1H, s, NH), 3.80 (6H, s, OCH3), 3.50 (2H, s, CH2 next to C=0), 3.40
(1H, br.d, /= 12.3 Hz, CH next to C=0), 3.36 (1H, br.d, J = 12.4 Hz, CH next to S), 3.04 (3H,
s, CHz). BC-NMR (100 MHz, DMSO-ds), (5, ppm):176.3, 172.3, 168.3, 166.6, 161.3, 160.9,
155.6, 134.5, 129.7, 129.4, 128.8, 127.6, 120.0, 110.3, 107.4, 100.8, 61.4, 56.8, 56.0, 52.8,
33.3,24.8.

N-(2-(4-(dimethylamino)phenyl)-4-oxothiazolidin-3-yl)-2-((4-methyl-6-phenyl-2-
thioxopyrimidin-1(2H)-yl)amino)acetamide (9)

Yield: 75 %, solid powder (pale pink); M.p.: 247-249 °C; IR (KBr, cm™): 3372, 3221
,3062, 2953, 2848, 1715, 1290, 731;'H-NMR (400 MHz, DMSO-ds),(8,ppm): 8.45 (1H, s, C-
H thiopyrimidine), 7.80 (1H, s, NH), 7.41(2H, dd, J= 7.3, 1.5 Hz, Ar-H ), 7.25 (2H, dd, J
=10.7, 4.5 Hz, Ar-H), 7.23 — 7.21 (1H, m, Ar-H), 7.10 (2H, d, J =7.5 Hz, Ar-H), 6.68 — 6.65
(3H, m, Ar-H + C-H thiazolidine), 5.12 (1H, s, NH), 3.57 (1H, s, CHz next to NH), 3.37 (1H,
br.d, J = 12.4 Hz CHz next to C=0), 3.34 (1H, s, CH2 next to NH), 3.33 (1H, br.d, /= 8.8 Hz
CHznext to S) 3.04 (3H, s, CH3), 2.90 (6H, s, N(CH3)2). *C-NMR (100 MHz, DMSO-ds), (5,
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ppm): 176.3, 172.3, 168.3, 166.6, 160.9, 155.3, 134.6, 133.7, 129.4, 128.8, 127.6, 127.5,
111.4,110.3, 67.6, 52.8, 41.9, 33.3, 24.8.
1-(4-methyl-6-phenyl-2-thioxopyrimidin-1(2H)-yl)-3-phenylthiourea (10)

Yield: 88 %, solid powder (pale green); M.p.: 157-159 °C; IR (KBr, cm™): 3172, 2920,
2837,1560, 1485, 1372; 'H-NMR (400 MHz, DMSO-ds), (8, ppm): 9.86 (1H, s, NH), 8.39
(1H, s, C-H thiopyrmidine), 7.52 (2H, dd, J= 7.4, 1.2 Hz Ar-H), 7.32 (2H, t, J= 7.4Hz, Ar-H),
7.29 —7.24 (4H, m, Ar-H), 7.22 — 7.17 (1H, m, Ar-H), 7.13 — 7.08 (2H, m, Ar-H), 2.90 (3H, s,
CH3). BC-NMR (100 MHz, DMSO-ds), (5, ppm):180.5, 176.2, 166.6, 162.9, 139.2, 134.5,
129.4, 129.0, 128.8, 127.6, 124.5, 121.5, 113.2, 24.8.
5-(4-methyl-6-phenyl-2-thioxopyrimidin-1(2H)-yl)- 1-phenyl-6-thioxopiperidine-2,4-dione(11)

Yield: 65 %, solid powder (pale brown); M.p.: 87-89 °C; IR (KBr, cm™): 3020, 2978,
2840, 1734,1647, 1550-1392, 1502; 'H-NMR (400 MHz, DMSO-d6), (5, ppm): 8.68 (1H, s,
thiopyrimidine), 7.49 (2H, br.dd, J= 7.5, 1.4 Hz, Ar-H), 7.45 (2H, br.dd, J= 7.4, 1.3 Hz, Ar-
H), 7.37 (2H, t, J= 7.5 Hz, Ar-H), 7.29 (2H, t, J= 7.5 Hz, Ar-H), 7.23 — 7.19 (1H, m, Ar-H),
7.15 — 7.10 (1H, m, Ar-H), 3.03 (3H, s, CH3), 2.89 (2H, s, CHz Aliph. ring). '3*C-NMR (100
MHz, DMSO-ds), (3, ppm): 181.5, 169.2, 164.9, 164.5, 164.4, 161.5, 137.4, 134.6, 130.5,
129.9,129.7, 129.4, 129.2, 127.8, 110.5, 43.6, 24.8.
N-(4-methyl-6-phenyl-2-thioxopyrimidin-1(2H)-yl acet amide (12)

Yield: 85 %, solid powder (brown); M.p.: 184-186°C; IR (KBr, cm™): 3207, 2983, 2841,
1735, 1595-1404; 'H-NMR (400 MHz, DMSO-ds), (3, ppm): 9.05 (1H, s, NH), 8.26 (1H, s,
CH thiopyrimidine), 7.36 (2H, dd, J =7.3, 1.3 Hz, Ar-H), 7.23 (2H, t, J = 7.2 Hz, Ar-H), 7.20
—7.15 (1H, m, Ar-H), 2.88 (3H, s, CHs thiopyrimidine), 2.01 (3H, s, CHsnext to C=0 ). 3C-
NMR (100 MHz, DMSO-ds), (8, ppm):176.2, 166.6, 166.5, 134.5, 129.3, 128.8, 127.7, 113.2,
24.8,20.5.

N-(4-methyl-6-phenyl-2-thioxopyrimidin-1(2H)-yl)-3-(4-nitrophenyl) acrylamide (13)

Yield: 70 %, solid powder (Pale brown); M.p.: 178-180°C; IR (KBr, cm™): 3116, 2935,
2866, 1703, 1628; 'H-NMR (400 MHz, DMSO-ds), (8, ppm): 9.55 (1H, s, NH), 8.41 (1H, s,
C-H thiopyrimidine ), 8.17 (2H, d, J =7.5 Hz, Ar-H), 7.79 (1H, d, J =15.2 Hz, B-CH), 7.55
(2H, d, J = 7.7 Hz, Ar-H), 7.42 (2H, dd, J =7.4, 1.5 Hz, Ar-H), 7.26 (2H, t, J 7.3 Hz, Ar-H),
7.22 —7.17 (1H, m, Ar-H), 7.03 (1H, d, J = 15.2 Hz, 0-CH), 3.06 (3H, s, CH3). *C-NMR (100
MHz, DMSO-ds), (3, ppm): 176.2, 166.6, 166.1, 162.9, 147.8, 146.7, 142.4, 134.5, 129.4,
129.1, 128.8, 127.6, 124.5, 122.2, 113.2, 24.8.
4-methyl-1-((6-(4-nitrophenyl)-2-thioxo- 1, 2-dihydropyrimidin-4-yl) amino)-6-
phenylpyrimidine-2(1H)-thione (14)

Yield: 81 %, solid powder (pale green); M.p.: 81-82°C; IR (KBr, cm™): 3428,
2930,1632,1593;'H-NMR (400 MHz, DMSO-ds), (3, ppm):9.02 (1H, s, C-H heterocyclic ring),
8.88 (1H, s, C-H thiopyrimidine), 8.21 (2H, d, J = 7.5 Hz, Ar-H), 7.73 (2H, d, J =7.5 Hz, Ar-
H), 7.49 (2H, dd, J=7.4, 1.3 Hz, Ar-H), 7.24 (2H, t, J=7.4 Hz, Ar-H), 7.20 — 7.12 (1H, m, Ar-
H), 2.96 (3H, s, CH3). *C-NMR (100 MHz, DMSO-dg), (3, ppm):176.2, 175.8, 166.6, 163.8,
162.9, 148.8, 146.8, 142.3, 134.5, 129.4, 128.8, 127.8, 127.6, 124.1, 113.2, 98 .4, 24.8.

Note: The signal at 2.5 ppm in all spectra is related to the deuterated solvent (DMSO-
ds), and the signal around 3.3 ppm is due to the moisture in (DMSO-ds).
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Abstract: A series of 1,3-thiazoline-4-one derivatives bearing 2-phenoxyphenyl
moiety, were synthesized as potential new analgesic and anti-inflammatory
agents. The structures were confirmed by FT-IR, NMR and mass spectra. The
abdominal constriction (writing) test was selected to evaluate analgesic activity
and the results showed that nearly all of them were active, and the most potent
was 10m with 96 % inhibition when compared to the control. The best comp-
ounds were selected to investigate the anti-inflammatory activity by carra-
geenan induced rat paw edema test. The results showed that compounds 8 and
10h were active from the 2" to 5% hour of assessment. The ulcerogenic eva-
luation of two selected compounds showed that they are comparable with the
vehicle control group and without any ulcerogenic effect potential. The target
compounds showed an acceptable in silico ADME profile.

Keywords: thiazoline; fenamate; writing test; carrageenan induced edema; cyclo-
oxygenase.
INTRODUCTION

Non-steroidal anti-inflammatory drugs (NSAIDs) are important medications
for the treatment of arthritis. NSAIDs alleviate the pain and swelling related to

* Corresponding author. E-mail: almasirad.a@iaups.ac.ir
https://doi.org/10.2298/JSC231029064N
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1412 NASSIRI KOOPAEI et al.

arthritis by prevention of the arachidonic acid metabolism through the cyclooxy-
genase (COX) enzyme pathway and, as a result, thereby, the production of pros-
taglandins (PGs), which stimulate pain receptors.!>2

Additionally, there is a close relationship between some leukotrienes (LTs),
as the 5-lipoxygenase metabolites and the induction of hyperalgesia seen in the
inflammation pathway by lowering the sensitivity of C fibers.3:4

The LTs and PGs are involved in the acute ulcer caused by NSAIDs. There-
fore, compounds that, in turn, inhibit both 5-LO and COX alleviate side effects
and potentiate the pharmacological activity in the treatment of inflammation.
There are some findings about the induction of dual 5-LOX/COX inhibitory
activity of known NSAID, mefenamic acid, and its corresponding fenamate-like
derivatives by changing their acidic moiety to hydrazone or different heterocyclic
rings.1-5-10 Besides the anti-inflammatory activity of fenamate-like structures,
antiepileptic and CCK-B antagonistic effects have been reported in compounds
bearing these moieties.! 1,12

However, thiazoline-4-one is another moiety with known biological act-
ivities including antimicrobial,!3 antiparasitic,!4 antidiabetic,!5 antiviral,16 anti-
cancer,!7 antioxidant,!8 antiseizure!® and anti-inflammatory properties2? (Fig. 1).
Amongst different thiazolidinones, the arylydene substituted derivatives are more
attractive for medicinal chemists due to their pharmacological potential. The 4-
-arylidene conjugated with carbonyl moiety of this kind of heterocyclic ring can
prepare an electrophilic position to the nucleophilic groups in different proteins
and enzymes2!. On this basis and using molecular hybridization of previously
reported active compounds 1-3 (Fig. 2),22 herein the new 5-arylidene thiazoline-
-4-ones bearing fenamate-like structure 10a—n were designed and synthesized,
and their biological activities were evaluated.

EXPERIMENTAL
Chemistry

Thin layer chromatography was applied to control the reaction and purity of the pro-
ducts. Melting points were taken on an electrothermal IA 9300 capillary melting-point appar-
atus (Ontario, Canada) and are uncorrected. FT-IR spectra were recorded on Shimadzu FT-IR-
-8400 instrument in KBr disk. 'H-NMR spectra were recorded on Bruker AC-400 MHz FT
NMR (Brucker, Rheinstetten, Germany). 13C-NMR spectra were recorded on a Varian Unity
INOVA 500 MHz spectrometer. Mass spectra were obtained using a Finnigan Mat TSQ-70
spectrometer at 70 eV (Finnigan Mat, Bremen, Germany) and a 5973 network mass selective
detector (Agilent technology). Elemental analysis was performed with a Perkin—Elmer model
240-c apparatus (Perkin Elmer, Norwalk, CT, USA). The results of the elemental analyses (C,
H, N) were within 0.4 % of the calculated amount. Compound 6 was synthesized as reported
previously.?3

Analytical and spectral data of the synthesized compounds are given in Supplementary
material to this paper.
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Synthesis of (2-phenoxybenzylidene)thiosemicarbazide (7)

A suspension of 2-phenoxybenzaldehyde 6 (1 g, 5 mmol), thiosemicarbazide (0.45 g, 5
mmol) and ethanol (10 mL) was refluxed for 3 h. After cooling, the resulting thiosemicar-
bazone was removed by filtration and washed with water to give compound 7.

Synthesis of (2-phenoxybenzylidene)-2-(4-phenylthiazol-2-yl)hydrazine (8)
A mixture of thiosemicarbazone 7 (1 g, 3.7 mmol), phenacyl chloride (0.57 g, 3.7 mmol)
and dry sodium acetate (1.5 g, 18 mmol) was dissolved in 15 mL of dry 1,4-dioxan. The sol-

ution was heated under reflux for 12 h. The mixture was cooled and diluted with water to give
compound 8.

Synthesis of 2-(-2(2-phenoxybenzylidene)hydrazinyl)thiazol-4(5H)-one (9)
A mixture of thiosemicarbazone 7 (1 g, 3.7 mmol), and ethyl bromoacetate (0.4 mL, 3.7
mmol), dry sodium acetate (1.2 g, 14.7 mmol) was dissolved in 15 mL of dry 1,4-dioxan. The

solution was heated under reflux for 15 h. The mixture was cooled and diluted with water to
give compound 9.

s} NOy m N F”N R
N-py  HN N-N S @ St
Dan % =y @AH/ A

g S N s Ar %\/S }\/
QN o] 8]

Antimicrebial Antiparasitic Antidiabetic

X%},NHOH
P 0
o HN
{(H‘N\\rw’& K S
o T ol

R, OCH;3
Antiviral Antioxidant Anticancer

O

0 Nﬁl\é’@
O -

o] O 7 7/ o
@ S

\
=X

R N R

R4
Antiseisure Antiinflarematory

Fig. 1. Biologically active compounds bearing thiazolidinone ring.
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General procedure for the preparation of 1,3-thiazoline-4-ones (10a—n)

A mixture of thiazolone 9 (1 g, 3.2 mmol) in glacial acetic acid (10 mL), corresponding
aldehydes (3.4 mmol), and anhydrous sodium acetate (1 g, 12.8 mmol) were stirred under ref-
lux for 18 h. The end of the reaction was observed by TLC, then cold water was added to the
reaction mixture, and the resulting precipitate was filtered, washed by water and crystallized
by ethanol. The structural parameters of 10a—n were evaluated by FT-IR, NMR and mass
spectra and have been reported at supplementary material.

NH,

Darbfelon
2

Nimisulide 3

H N [e)
™ N
NN
(:C \<S N
o]
(j Ar

Fig. 2. The design of compounds 10a—n according to the pharmacophoric pattern of
well-known analgesic agents.

RESULTS AND DISCUSSION

Compound 6 was prepared by the reaction of salicylaldehyde 4 with bromo-
benzene 5 in dry DMF.23 The reaction of 6 with thiosemicarbazide gave the
thiosemicarbazone 7. Treatment of 7 with phenacylchloride afforded compound
8.25 The thiazolidinone 9 was obtained through the cyclization of 7 by ethyl
bromoacetate. The final derivatives (10a—n) were prepared via the reaction of 9
with different aldehydes (Fig. 3, Table I).26

The thiazolidinone ring formation was confirmed through the FT-IR spec-
trum by finding of carbonyl at 1712 cm~! and aliphatic CH; at 3.85 ppm in H-
-NMR. The structures of target compounds were confirmed by finding carbonyl
vibrations over 1700 cm~! and in 'H-NMR, olefinic CH, which was found in
some compounds separately from the aromatic protons over 7.50 ppm and the
imine proton N=CH that was well defined between 8.50-8.90 ppm. The imine
proton has appeared as two singlet signals in 10a—c, 10e, 10g—i and 10k—n that
proves the formation of both Z and £ isomers. However, the chemical shift of the
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olefinic proton in different compounds put an emphasis on the Z configuration
formation of the target derivatives over this band.2”

O Br 9
a
+ —_——
OH 0
4 5 6

H
Same |
o o}
8 7

d
~ N
N/\(N
E:C ° \/“/N:]/O
S e N\<
0
Ar

9

Fig. 3. Synthesis of compounds 10a-10s: a) Cu, CuCl, K,CO3, DMF, reflux; b)
NH,NHCSNH,, EtOH, reflux; c) Ph—COCH,Cl, 1,4-dioxan, reflux; d) BrCH,CO,Et,
1,4-dioxan, reflux; ¢) ArCHO, AcONa, AcOH, reflux.

As seen in Table II, nearly all the target compounds showed significant
analgesic activity in comparison to control, and amongst them, 10m was more
potent than mefenamic acid.

SAR studies showed that bioisosteric replacement of phenyl with some
heterocyclic moieties (compounds 10k—m) can lead to more potent compounds.
In general, substituted phenyl ring is better than unsubstituted ring. Both elec-
tron-donating and withdrawing groups on the para position of the phenyl ring are
tolerable. The comparison of 10e and 10f proves that substitution on para posit-
ion of phenyl ring with electron donating groups is preferable to ortho.
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TABLE I. The physical data of compounds 10a—n

\
Ar
8
Compound Ar Melting point, °C  Yield, % Mw  Mol. formula
8 - 136-137 51 371 CyH7N;0S8
10a Phenyl 249-251 42 399 C23H17N3OZS
10b 4-Fluorophenyl 186-188 50 417  Cy3HN3FO,S
10c 4-Chlorophenyl 227-229 51 433.5 Cy3H(N3CIO,S
10d 4-Br0rn0phenyl 273-275 67 478 C23H16N3BIOZS
10e 2-Hydroxyphenyl 169-171 45 415  Cy3H7N3058
10f 4-Hydroxyphenyl 213-215 50 415  Cy3H7N3038
10g 4-Methylphenyl 205-207 50 413 CyH 9N50,8
10h 4-Methoxyphenyl 174-176 71 429  CyH 9N5;03S
10i 4-Thiomethylphenyl 213-215 62 445  Cy4HgN;0,S,
10j 4-N1tr0pheny1 251-253 47 444 C23H16N404S
10k Furyl 186188 37 389 C,HisN3038
101 2-Pyridyl 209-211 36 400  CypHgN4O,S
10m 3-Pyr1dyl 260-262 42 400 C22H16N4OZS
10n 2-Phenoxyphenyl 219-221 50 491  Cy9H,1N303S

TABLE II. The effects of compounds 10a—n and mefenamic acid in the abdominal cons-
trictions induced by acetic acid in mice

Constriction No.

Compound (mean + SEM): Inhibition, %P P value
Control 63.5+£16.77 - -

Mefenamic acid 8.16+£3.31 87.13 <0.001
8 08.17+02.31 87.13 <0.001
10a 83.17+£23.57 30.97 >0.05
10b 34.00+03.41 46.45 <0.001
10c 16.50+£06.75 74.01 <0.001
10d 26.50+12.69 58.26 <0.001
10e 20.00+£03.41 68.5 <0.001
10f 11.00+£02.53 82.67 <0.001
10g 20.67+03.88 67.44 <0.001
10h 13.17+06.01 79.25 <0.001
10i 25.67+14.69 59.57 <0.001
10j 25.33+07.39 60.11 <0.001
10k 20.00+05.33 68.5 <0.001
101 21.50+03.45 66.14 <0.001
10m 02.17+01.72 96.58 <0.001
10n 15.00+£04.24 76.38 <0.001

aNumber of animals in each group n = 6; Pinhibition obtained by comparison with vehicle control group
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The pharmacological evaluation of the synthesized compounds showed that
most of them were active anti-inflammatory agents in comparison to control, and
the activity profile of compound 10h was similar to mefenamic acid (Table III).

TABLE III. The anti-inflammatory activity of the selected compounds in the carrageenan-
-induced paw edema model in rat expressed as increase in paw volume + SEM in %; number
of animals in each group: n = 6; ***p < 0.001, **p < 0.01, *p < 0.05 compared to control

group

Compound Time, h

1 2 3 4 5
Control 30.2943.146  49.87+2.10 52.67+2.61 50.87+2.33 46.37+1.85
Mefenamic ~ 21.18%1.34  27.37£1.64%** 25.7+1.88*** 22.66+1.43*** 19.69+0.70%**
acid
8 14.72+0.87*** 21.81£1.09%*** 32.71+1.60%** 37.83+0.80%* 33.12+£1.27**
10c 23.37+1.86  30.46+1.54%** 36,15+0.82*%**  41.25+£0.65  35.21+0.44*
10f 20.54+1.52  32.63+£2.76**  41.74+3.49 49.3844.51 46.07+4.15
10h 22.14+1.94  26.0042.43*** 29.98+3.75%** 30.85+£5.27** 27.444527**
10m 23.3241.39  32.56+4.43%*  34,1245.22%  33.06+6.59*% 29.08+6.53%*
10n 30.53+£1.79  34.344+3.15%* 39.13x1.21*  44.98+2.97 42.47+2.58

However, only compound 8 was effective from 15t to 5th hour. It could be
deduced by comparing the results that both electron-withdrawing and donating
groups on the benzylidene moiety are tolerable. The effectiveness of 10m empha-
sizes the possibility of the replacement of phenyl with other heteroaromatic ring
systems. Compounds 10c¢ and 10k were evaluated for their acute ulcerogenic
activity. A significant reduction in ulcerogenic activity without any stomach
ulceration was observed in the both compounds compared to indomethacin
(Table 1V). However, indomethacin as the standard drug displayed a high score
of 4 as shown in Table IV. In contrast, neither 10c¢ nor 10k induced significant
ulceration in comparison to control. The anti-oxidative activity of thiazolidinone
and thiazoline rings could be the reason for their low ulcerogenic properties.28

In silico ADMET evaluation

Eight pharmacokinetic parameters for forecasting oral bioavailability were
calculated by the Swiss ADME online program (www.swissadme.ch).29 As shown
in Table S-I (supplementary material), all compounds except 10i, 10j and 10n
have high GI absorptions.

One of several tools for evaluating properties such as toxicity risk, log p, log s,
fragment-based drug-likeness, and overall drug score is Osiris property explorer
(OPE, https://www.organic-chemistry.org/prog/peo/), which is a web-based prog-
ram. The OPE study demonstrated that except for compound 8, which showed
high risks of tumorigenic effects, compound 10f, which showed high risk of rep-
roductive effects, and compound 10k which showed the high risk of mutagenic
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effects, all compounds are supposed to be non-mutagenic, non-tumorigenic, non-
-irritant with no reproductive effects. The potential drug-likeness values of all
compounds were positive (3.04-5.67) except for 10j which was negative; hence,
their similarity to traded drugs was more than that of the commercial chemicals
Table S-II (Supplementary material). Another tool for assessing the ADMET
properties of compounds is a comprehensive platform called admetSAR3.0,
which is utilized for search, prediction, and optimization purposes.3? Due to the
admetSAR3.0, all compounds except for 8, 10g, 10h, 10m and 10n which dis-
play low oral bioavailability, are expected to exhibit high oral absorption. Com-
paring the SwissADME online program with admetSAR3.0, both tools are an
indicator of a poor oral bioavailability of derivative 10m. Furthermore,
admetSAR3.0, providing a more comprehensive and precise assessment, reveals
poor oral absorption for compounds 8, 10g, 10h and 10n. Regarding the toxicity
risks predicting by admetSAR3.0, all compounds, excluding 8, are anticipated to
be non-carcinogenic, non-irritant with no respiratory toxicity. Compound 8
stands out as carcinogenic. Additionally, a comparison between OPE and
admetSAR3.0 tools, reveals the mutual carcinogenicity of compound 8. OPE also
highlights compound 10c¢ for tumorigenicity. According to admetSAR3.0,
compounds 8, 10a, 10g, 10h, 10k and 10m are supposed to have no reproductive
toxicity. Conversely, other compounds are anticipated to exhibit harmful rep-
roductive effects. Notably, while OPE identifies compound 10h with high risks
for reproductive effects, admetSAR3.0 categorizes this derivate as posing low
risk Table S-III (Supplementary material).

TABLE IV. The ulcerogenic activity observed on gastric mucosa of rats; number of animals
in each group: n = 6; ulcerogenic activity = the mean score of control and each treated group,
**%p <0.001 as compared to indomethacin group

Compound Ulcerogenic activity (mean + SEM)
Control 0.00+0.00
Indomethacin 3.67£0.21

10c 0.00+0.00""*

10k 0.00+0.00"""

Pharmacological evaluations

All ethical manners for the use of laboratory animals were considered care-
fully, and the study protocol was approved by the IAU-TMS ethical committee.
The analgesic activity was determined in vivo by the acetic acid induced abdo-
minal constriction (writing) test on mice, and all the procedures, statistical ana-
lysis, and calculation of inhibition percent were performed conforming to our
previously expressed research.> In writing test, significant reduction in constrict-
ions, when compared to control, is an accepted parameter showing the analgesic
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potency of a compound and the procedure was explained in Supplementary mat-
erial.

The most potent compounds in the previous test were selected for further
evaluation. Anti-inflammatory activity was assessed by carrageenan-induced rat
paw edema test.>-23 In the mentioned test, the ability of compound to signific-
antly inhibit the paw edema induced by carrageenan could be considered as an
important parameter of anti-inflammatory activity and the procedure was des-
cribed in Supplementary material. Ulcerogenic potential of the two selected tar-
get compounds 10¢ and 10k were evaluated and scored by the method of Cioli on
Wistar rats.3! The method of performance and other situations and scoring sys-
tem (no lesion: 0 to more than one large ulcer: 4), were chosen as the previously
described procedures.27-32.33 In this experiment the mucosal damage induced by
high dose orally administered reference drug and 10¢ and 10k were evaluated
according to the mentioned scoring order and the method was illustrated in Sup-
plementary material.

CONCLUSION

New 1,3-thiazoline-4-one derivatives with 2-phenoxyphenyl and different
arylidene moieties were synthesized, their analgesic and anti-inflammatory act-
ivities were screened in vivo. The results revealed that most of them (10b—n)
were effective analgesic agents in comparison to control, and their activities were
comparable or higher than for mefenamic acid. Most of the evaluated compounds
and mefenamic acid were inactive at the 15t hour of evaluation, but compound 8
was active at this hour. Some of the final products (8, 10h and 10m) were effi-
cient anti-inflammatory agents when compared to the control, and they were act-
ive at the 2d to 5th hour of assessment, similar to mefenamic acid. The acute
gastric ulcerogenic activity of the selected derivatives (10¢ and 10k) was eva-
luated and, unlike indomethacin, their severity index was same as for the control

group.
SUPPLEMENTARY MATERIAL

Additional data and information are available electronically at the pages of journal
website: https://www.shd-pub.org.rs/index.php/JSCS/article/view/12641, or from the corres-
ponding author on request.
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H3BOJ

CHUHTE3A U IN SILICO UCITUTUBAILE ADMET OCOBMHA CEPUJE HOBUX JEPUBATA
THUA30JIA U THA3OJIMOANH-4-OHA KAO HE-YJILEPOITEHCKHNX AHAJITETUKA U
AHTHU-UHO®JIAMATOPHUX ATEHACA

MANSUR NASSIRI KOOPAEI!, MAHSHID MONAVARI? NASIM VOUSOOGHI**, SADAF MOSHIRABADI?,
MOHAMMAD JAVAD ASSARZADEH®, MOHSEN AMINI"® u ALI ALMASIRAD®

"Department of Medicinal Chemistry, Faculty of Pharmacy, Tehran University of Medical Sciences, Tehran,
Iran,?Department of Pharmacology and Toxicology, Faculty of Pharmacy, Tehran Medical Sciences, Islamic
Azad University, Tehran, Iran, *Department of Applied Cell Sciences, School of Advanced Technologies in
Medicine, Tehran University of Medical Sciences, Tehran, Iran, “Research Center for Cognitive and Behavioral
Sciences, Tehran University of Medical Sciences, Tehran, Iran, *Department of Medicinal Chemistry, Faculty
of Pharmacy, Tehran Medical Sciences, Islamic Azad University, Tehran, Iran u °Pharmaceutical Sciences
Research Center (PSRC), The Institute of Pharmaceutical Sciences (TIPS), Tehran University of Medical
Sciences, Tehran, Iran

CuHTeTHCaHa je HOBa cepHja mepvBata 1,3-THa3oyiKH-4-0HA, KOja campxH 2-GeHOKCH-
(pennHy rpyny, kao MOTEHIIHMjaJIHO HOBUX aHAJIT€TUYKUX U aHTH-UH(DIaMaHTODHUX areHaca.
Crpyxrype jemumema cy norsphene FT-IR, NMR u macenum cnexrpuma. Tect adnomanse
NyHKLHYje je ofadpaH 3a MCIUTHBAKE aHAITETHYKE aKTHUBHOCTH. JJOOMjeHM pe3ynTaTH MoKa-
3yjy ZHa cy CKOpO CBa jefuHema akTHBHA, U Aa je fepusar 10m HajakTUBHUjU ca 96 % WHXU-
duuuje y nopehewy ca koHTponHUM jenumermeM. HajakTHBHUja jenuewma Cy ogadbpaHa ga UM
Ce WUCMHTA aHTH-WH(IaMaTOpHA aKTUBHOCT TECTOM €/leMa M3a3BaHOI KapareHaHOM Ha Lianu
nauosa. PesynraTu nokxasyjy #a cy jenumemna 8 u 10h axTuBHa of 2. 1o 5. caTa TecTUpama.
HcnuTHBame yileporeHe akTHBHOCTH [Ba ofiladpaHa jeqvmbemna Cy yNopearuBa ca KOHTPOJIHOM
TPYIIOM U He T0Ka3yjy NOTEHLHjasl 3a YALEPOreHCKY aKTUBHOCT. llWbaHa jefumena MoKasyjy
npuxsaTwuBe in silico ADME mpodurne.

(ITpumsseno 29. oxrodpa, pesunrpaHo 12. pebpyapa 2023, npuxsaheno 23. jyna 2024)
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SUPPLEMENTARY MATERIAL TO

Synthesis and in silico ADMET evaluation of new thiazole and

thiazolidine-4-one derivatives as non-ulcerogenic analgesic and
anti-inflammatory agents

MANSUR NASSIRI KOOPAEI', MAHSHID MONAVARI?, NASIM VOUSOOGHI3#,
SADAF MOSHIRABADI’, MOHAMMAD JAVAD ASSARZADEH?, MOHSEN AMINI!-6
and ALI ALMASIRAD>*

!Department of Medicinal Chemistry, Faculty of Pharmacy, Tehran University of Medical
Sciences, Tehran, Iran, >Department of Pharmacology and Toxicology, Faculty of Pharmacy,
Tehran Medical Sciences, Islamic Azad University, Tehran, Iran, 3Department of Applied Cell

Sciences, School of Advanced Technologies in Medicine, Tehran University of Medical
Sciences, Tehran, Iran, *Research Center for Cognitive and Behavioral Sciences, Tehran
University of Medical Sciences, Tehran, Iran, Department of Medicinal Chemistry, Faculty
of Pharmacy, Tehran Medical Sciences, Islamic Azad University, Tehran, Iran and
SPharmaceutical Sciences Research Center (PSRC), The Institute of Pharmaceutical
Sciences (TIPS), Tehran University of Medical Sciences, Tehran, Iran

J. Serb. Chem. Soc. 89 (11) (2024) 14111422

Synthesis of (2-phenoxybenzylidene)thiosemicarbazide (7)

The yield was 1.0 g (69%), mp 203-205°C (EtOH); IR (KBr): vem™, 3426, 3264 (NH:
NH), 3165 (CH, aromatic, alkene), 1606 (C=N), 1365 (C=S). 'H NMR (DMSO-ds, 400MHz):
11.41 (bs, 1H, NH), 8.36 (s, 1H, CH=N), 8.20 (d, J=8.0Hz, 1H, aromatic), 7.95 (bs, 2H, NH>),
7.45-6.93(m, 8H, aromatic).

Synthesis of (2-phenoxybenzylidene)-2-(4-phenylthiazol-2-yl)hydrazine (8)

Yield (51%), IR (KBr): vem!, 3298 (NH), 3165 (CH, aromatic, alkene), 1686 (C=N). 'H
NMR (DMSO-ds, 400MHz): 12.20 (bs, 1H, NH), 8.31 (s, 1H, CH=N), 7.95 (d, J=7.6Hz, 1H,
aromatic), 7.84 (d, J=8.4Hz, 2H, aromatic), 7.43-7.38 (m, 4H, aromatic), 7.33 (s, 1H,
thiazole), 7.31-7.13 (m, 4H, aromatic), 7.01 (d, J=8.0Hz, 2H, aromatic), 6.94 (d, J=8.0Hz, 1H,
aromatic). *C NMR (125 MHz, DMSO-ds): &= 168.49, 157.62, 154.47, 136.28, 131.22,
130.60, 129.52, 129.05, 128.00, 126.38, 126.07, 125.99, 124.87, 123.86, 120.22, 118.40,
118.30, 104.25. MS: m/z (%) 371 (M*, 29), 356 (6), 328 (4), 269 (15), 198 (71), 181 (100),
168 (29), 152 (17), 134 (35), 77 (93),

51(44).Anal. Calcd. for C22H17N3OS: C, 71.15; H, 4.58; N, 11.32. Found: C, 71.20; H,
4.63; N, 11.27.

* Corresponding author. E-mail: almasirad.a@jiaups.ac.ir
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2-(2-(2-phenoxybenzylidene)hydrazinyl)thiazol-4(5H)-one (9)

The yield was 1.0 g (71%), mp 214-218°C (EtOH); IR (KBr): vem™, 3441 (NH), 3052
(CH, aromatic, alkene), 1712(C=0), 1641(C=N). 'H NMR (DMSO-ds, 400MHz): 11.95 (bs,
1H, NH), 8.48 (s, 1H, CH=N), 7.99 (d, 1H, J=7.2Hz, aromatic), 7.50-6.97 (m, 8H, aromatic),
3.85 (s, 2H, CHa, thiazolone). Anal. Caled. for CisH13N30.S: C, 61.73; H, 4.18; N, 13.50.
Found: C, 61.68; H, 4.14; N, 13.54.
2-(2-(2-phenoxybenzylidene)hydrazinyl)-5-(benzylidene)thiazol-4(5H)-one (10a)

Yield (42%), IR (KBr): vem™, 3411 (NH), 3059 (CH aromatic, alkene), 1719 (C=0),
1643 (C=N). 'H NMR (DMSO-ds, 400MHz): 12.61 (bs, 1H, NH), 8.67, 8.53 (s, 1H, CH=N,
E/Z isomers, 23% & 67%), 7.85-7.01 (m, 15H, aromatic, alkene). *C NMR (125 MHz,
DMSO-ds): 6= 168.59, 157.81, 134.45, 134.21, 131.38, 130.70, 130.64, 130.30, 130.14,
129.70, 129.34, 129.12, 128.38, 124.96, 124.31, 124.10, 123.92, 118.95, 118.31. MS: m/z (%)
399 (M7, 9), 307 (95), 230 (38), 219 (8), 197 (18), 181 (35), 134 (100), 104 (12), 90 (40), 77
(22), 51 (14). Anal. Calcd. for CsH17N30:S: C, 69.17; H, 4.26; N, 10.52. Found: C, 69.23; H,
431;N, 10.45.
2-(2-(2-phenoxybenzylidene)hydrazinyl)-5-(4-fluorophenyl)thiazol-4(5H)-one (10b)

Yield (50%), IR (KBr): vem™, 3444 (NH), 1716 (C=0), 1641 (C=N). '"H NMR (DMSO-
ds, 400MHz): 8.59, 8.52 (s, 1H, CH=N, E/Z isomers, 55% & 45%) 8.09-6.95 (m, 15H, =CH
alkene, aromatic). 3*C NMR (125 MHz, DMSO-ds): 6= 161.88, 157.63, 155.59, 133.09,
132.66, 132.59, 130.69, 130.63, 127.74, 125.72, 124.90, 124.77, 124.32, 123.93, 120.40,
118.96, 118.32, 118.22, 116.89, 116.71, 116.55, 116.37. MS: m/z (%) 417 (M", 2), 397 (3),
343 (10), 323 (6), 311 (18), 237 (78), 218 (17), 197 (90), 181 (100), 152 (34), 141 (22), 123
(42), 108 (68), 95 (37), 77 (40), 51 (28). Anal. Calcd. for C2sHi6N3FO:S: C, 66.18; H, 3.83; N,
10.07. Found: C, 66.24; H, 3.77; N, 10.02.
2-(2-(2-phenoxybenzylidene) hydrazinyl)-5-(4-chlorobenzylidene)thiazol-4(5H)-one (10c)

Yield (51%), IR (KBr): vem™, 3420 (NH), 3031 (CH aromatic, alkene), 1717 (C=0),
1643 (C=N). 'H NMR (DMSO-ds, 400MHz): 8.62, 8.53 (s, 1H, CH=N, E/Z isomers, 54% &
46%), 8.08 (dd, /=9.2Hz, J=2.0Hz, 1H, aromatic), 7.85 (d, /=8.4Hz, 2H, aromatic), 7.72-7.06
(m,9H, aromatic, alkene), 7.01 (d, J=8.4Hz, 2H, aromatic). >*C NMR (125 MHz, DMSO-ds):
o= 167.89, 157.56, 155.71, 152.61, 134.75, 133.22, 132.96, 131.93, 130.63, 129.99, 129.73,
129.44, 128.20, 127.79, 125.53, 124.84, 123.97, 120.30, 118.38. MS: m/z (%) 433 (M", 9),
375 (25), 340 (22), 324 (17), 255 (22), 197 (44), 181 (100), 168 (62), 152 (21), 139 (90), 124
(25), 111 (56), 77 (38), 51 (22). Anal. Calcd. for C23Hi6N3ClO:S: C, 63.66; H, 3.69; N, 9.68.
Found: C, 63.69; H, 3.75; N, 9.61.
2-(2-(2-phenoxybenzylidene)hydrazinyl)-5-(4-Bromobenzylidene)thiazol-4(5H)-one (10d)

Yield (67%), IR (KBr): vem, 3422 (NH), 3031 (CH aromatic, alkene), 1716 (C=0),
1645 (C=N). '"H NMR DMSO-ds, 400MHz): 12.65 (bs, 1H, NH), 8.53 (s, 1H, CH=N), 8.07-
6.96 (m, 14H, =CH alkene, aromatic). 3*C NMR (125 MHz, DMSO-ds): = 167.00, 156.89,
133.53, 133.29, 132.70, 132.40, 132.12, 130.72, 130.65, 130.22, 129.47, 128.38, 124.97,
124.94, 124.79, 124.38, 123.64, 119.43, 119.01. MS: m/z (%) 479 (M*+2, 5), 477 (M", 5), 392
(21), 311 (11), 297 (32), 284 (22), 254 (22), 213 (75), 211 (75), 196 (94), 181 (100), 165 (37),
152 (40), 133 (25), 115 (23), 89 (85), 77 (84). Anal. Calcd. for C23HisN3BrO.S: C, 57.74; H,
3.34; N, 8.78. Found: C, 57.69; H, 3.37; N, 8.82.
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2-(2-(2-phenoxybenzylidene)hydrazinyl)-5-(2-hydroxybenzylidene)thiazol-4(5H)-one (10e)
Yield (45%), IR (KBr): vem’, 3419 (OH,NH), 3031 (=CH aromatic, alkene), 1712
(C=0), 1630 (C=N). 'H NMR (DMSO-ds, 400MHz): 12.85 (bs, 1H, NH), 10.79 (s, 1H, OH),
8.74, 8.61 (s, 1H, CH=N, E/Z isomers, 65% & 35%), 7.80 (d, J=7.71, 1H, aromatic), 7.72-
7.63(m, 2H, aromatic), 7.53-7.02 (m, 11H, =CH aromatic, alkene), 6.96 (d, 1H, J=8.0Hz,
aromatic). 3C NMR (125 MHz, DMSO-ds): 6= 163.72, 158.31, 156.85, 155.84, 133.08,
132.28, 130.73, 130.65, 129.99, 129.38, 127.83, 127.53, 124.81, 124.41, 123.98, 123.45,
120.07, 119.43, 119.03, 118.36, 116.86. MS: m/z (%) 415 (M*, 8), 398 (6), 322 (11), 255 (13),
196 (21), 181 (100), 165 (37), 152 (14), 121 (30), 77 (60), 51 (30). Anal. Calcd. for
C23H17N30sS: C, 66.50; H, 4.09; N, 10.12. Found: C, 66.56; H, 4.04; N, 10.15.
2-(2-(2-phenoxybenzylidene)hydrazinyl)-5-(4-hydroxybenzylidene)thiazol-4(5H)-one (10f)
Yield (50%), IR (KBr): vem’!, 3354 (OH, NH), 3025 (=C.H aromatic, alkene) 1710
(C=0), 1636 (C=N). 'H NMR (DMSO-ds, 400MHz): 12.55 (bs, 1H, NH), 10.08 (bs, 1H,OH),
8.61 (s, IH, CH=N), 8.38 (d, 1H, J=6.4Hz, aromatic), 8.06-6.75 (m, 10H, aromatic), 7.57 (s,
1H, alkene), 6.87 (d, J=8.8Hz, 2H, aromatic). *C NMR (125 MHz, DMSO-ds): 6= 165.89,
159.80, 157.65, 155.58, 133.10, 132.59, 130.69, 130.63, 129.96, 127.84, 124.94, 124.31,
123.92, 120.43, 118.94, 118.31, 116.72, 116.25, 116.17. MS: m/z (%) 415 (M", 62), 398 (16),
339 (37), 322 (100), 225 (9), 196 (25), 181 (96), 165 (14), 150 (71), 121 (25), 77 (26), 51
(12). Anal. Calcd. for C23H17N30sS: C, 66.50; H, 4.09; N, 10.12. Found: C, 66.47; H, 4.06; N,
10.09.
2-(2-(2-phenoxybenzylidene) hydrazinyl)-5-(4-methylbenzylidene)thiazol-4(5H)-one (10g)
Yield (50%), IR (KBr): vem™, 3438 (NH), 3027 (=CH aromatic, alkene), 1712 (C=0),
1642 (C=N). 'H NMR (DMSO-ds, 400MHz): 12.55 (bs, 1H, NH), 8.54, 8.44 (s, 1H, CH=N,
E/Z isomers, 41% & 35%), 8.08 (d, 1H, J=8Hz, aromatic), 7.78-6.99 (m, 13H, , aromatic,
alkene), 2.36 (s, 3H, CH3). '*C NMR (125 MHz, DMSO-ds): &= 165.23, 157.76, 155.31,
141.20, 140.00, 132.73, 131.91, 131.65, 130.62, 130.28, 130.24, 130.17, 129.93, 128.30,
124.99, 123.82, 118.82, 118.73, 118.18, 21.53. MS: m/z (%) 413 (M, 66), 398 (12), 337 (42),
320 (100), 255 (10), 196 (19), 181 (92), 148 (62), 119 (19), 77 (21), 51 (10). Anal. Calcd. for
C24H19N3028S: C, 69.73; H, 4.60; N, 10.16. Found: C, 69.680; H, 4.65; N, 10.11.
2-(2-(2-phenoxybenzylidene) hydrazinyl)-5-(4-methoxybenzylidene)thiazol-4(5H)-one (10h)
Yield (71%), IR (KBr): vem™', 3430 (NH), 3040 (=C.H aromatic, alkene), 1712 (C=0),
1624 (C=N). 'H NMR (DMSO-ds, 400MHz): 12.50 (bs, 1H, NH), 8.60, 8.45 (s, 1H, CH=N,
E/Z isomers, 70% & 30%), 8.11-6.96 (m, 14H, aromatic, alkene), 3.83 (s, 3H, CH3). 13C
NMR (125 MHz, DMSO-ds): 6= 162.01, 160.88, 157.47, 155.62, 132.24, 130.70, 130.63,
130.11, 129.26, 127.02, 126.64, 124.33, 123.94, 120.64, 120.39, 118.95, 118.33, 115.27,
114.84, 55.82. MS: m/z (%) 429 (M", 80), 398 (35), 367 (60), 336 (100), 225 (10), 203 (15),
196 (12), 181 (87), 164 (55), 152 (45), 121 (25), 77 (35), 51 (16). Anal. Calcd. for
C24H19N30sS: C, 67.13; H, 4.42; N, 9.79. Found: C, 67.17; H, 4.38; N, 9.74.
2-(2-(2-phenoxybenzylidene)hydrazinyl)-5-(4-thiomethylbenzylidene)thiazol-4(5H)-one (10i)
Yield (62%), IR (KBr): vem™, 3416 (NH), 3050 (CH aromatic.alkene), 1711 (C=0),
1644 (C=N). 'H NMR DMSO-ds, 400MHz): 12.55 (bs, 1H, NH), 8.61, 8.49 (s, 1H,
CH=N,E/Z isomers, 51% & 49%), 8.09 (d, 1H, J=7.6Hz, aromatic), 7.78-6.95 (m, 13H,
aromatic, alkene), 2.53 (s, 3H, CH3). C NMR (125 MHz, DMSO-ds): 8= 162.01, 160.88,
157.47, 155.62, 132.24, 130.70, 130.63, 130.11, 127.02, 126.64, 124.92, 124.33, 123.94,
120.64, 120.39, 118.95, 118.33, 115.27, 114.84, 55.82. MS: m/z (%) 445 (M, 9%), 353 (44),
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197 (63), 181 (100), 139 (68), 123 (29), 51 (81). Anal. Calcd. for C2aH19N302S2: C, 64.71; H,
4.26; N, 9.43. Found: C ,64.67; H, 4.29; N, 9.47.
2-(2-(2-phenoxybenzylidene) hydrazinyl)-5-(4-nitrobenzylidene)thiazol-4(5H)-one (10j)

Yield (47%), IR (KBr): vem™, 3429 (NH), 3106, 3064 (CH aromatic, alkene), 1720
(C=0), 1645 (C=N), 1513, 1342 (NO). 'H NMR (DMSO-ds, 400MHz): 8.61 (s, 1H, CH=N),
8.36 (d, J=8.0Hz, 2H, aromatic), 8.08 (d, J=8.4Hz, 1H, aromatic), 7.90 (d, J/=8.0Hz, 2H,
aromatic), 7.65 (s, 1H, alkene), 7.61-7.13 (m, 6H, aromatic), 7.07 (d, J=8Hz, 2H, aromatic).
BC NMR (125 MHz, DMSO-ds): 6= 166.86, 157.62, 155.59, 147.24, 140.99, 133.08, 131.03,
130.81, 130.64, 128.83, 127.67, 125.75, 124.87, 124.68, 124.61, 124.50, 123.94, 120.38,
118.34. MS: m/z (%) 444 (M*, 36), 397 (15), 351 (92), 305 (12), 275 (8), 196 (37), 181 (100),
149 (20), 135 (15), 89 (42), 77 (28), 51 (12). Anal. Calcd. for C3H1sN+Os4S: C, 62.16; H, 3.60;
N, 12.61. Found: C, 62.21; H, 3.64; N, 12.64.
2-(2-(2-phenoxybenzylidene) hydrazinyl)-5-((furan-2-yl)methylene)thiazol-4(5H)-one (10k)

Yield (37%), IR (KBr): vem'!, 3423 (NH), 1709 (C=0), 1623 (C=N). 'H NMR (DMSO-
ds, 400MHz): 12.45 (bs, 1H, NH), 8.6, 8.32 (s, 1H, CH=N, E/Z isomer, 29% & 71%), 8.08 (s,
1H, Furan), 7.94 (s, 1H, aromatic), 7.53-6.93 (m, 9H, aromatic, alkene), 6.74 (s, 1H, furan),
6.68 (s, 1H, furan). 3C NMR (125 MHz, DMSO-ds): 6= 167.68, 157.59, 155.65, 150.30,
149.59, 147.18, 146.67, 133.15, 130.64, 125.65, 124.92, 123.97, 119.69, 118.35, 117.53,
117.07, 116.25, 113.74, 112.93. MS: m/z (%) 389 (M*, 22), 296 (17), 287 (62), 196 (7), 181
(35), 153 (11), 124 (100), 121 (10), 96 (35), 80 (20), 70 (13), 52 (29). Anal.Calcd.for
C21Hi1sN30sS: C, 64.78; H, 3.85; N, 10.79. Found: C, 64.72; H, 3.79; N, 10.74.
2-(2-(2-phenoxybenzylidene)hydrazinyl)-5-((pyridine-2-yl)methylene)thiazol-4(5H)-one (10l)

Yield (36%), IR (KBr): vem!, 3421 (NH), 3055 (CH aromatic, alkene), 1721 (C=0),
1638 (C=N). 'H NMR (DMSO-ds, 400MHz): 12.45 (bs, 1H, NH), 8.83 (d, 1H, J=4.8Hz,
Pyridin), 8.61, 8.43 (s, 1H, CH=N, E/Z isomers, 68% & 32%), 8.06 (m, 1H, pyridin), 7.93 (m,
2H, pyridin), 7.81 (d, J=7.2Hz, 1H, aromatic), 7.66 (s, 1H, alkene), 7.55-7.13 (m, 6H,
aromatic), 7.02 (d, J=8.0Hz, 2H, aromatic). *C NMR (125 MHz, DMSO-ds): 6= 168.08,
157.60, 155.63, 152.56, 152.37, 149.77, 137.73, 133.09, 130.64, 128.17, 127.67, 127.63,
126.26, 125.73, 124.91, 123.96, 123.77, 120.35, 119.69, 118.34. MS: m/z (%) 400 (M*, 38),
307 (100), 269 (8), 204 (41), 196 (28), 181 (95), 161 (20), 152 (15), 135 (73), 115 (8), 77
(30), 51 (21). Anal. Caled. for C22H16N1O2S: C, 66.00; H, 4.00; N, 14.00. Found: C,66.07; H,
4.05; N, 13.97.
2-(2-(2-phenoxybenzylidene)hydrazinyl)-5-((pyridine-3-yl)methylene)thiazol-4(5H)-one (10m)

Yield (42%), IR (KBr): vem'!, 3430 (NH), 1718 (C=0), 1636 (C=N). 'H NMR (DMSO-
ds, 400MHz): 8.96, 8.87 (s, IH, CH=N, E/Z isomers, 15% & 85%), 8.69 (m, 2H, Pyridine),
8.23 (d, 1H,J=8.0Hz, pyridin), 8.11-7.15 (m, 9H, aromatic, pyridine, alkene), 7.01 (d,
J=8.0Hz, 2H, aromatic). *C NMR (125 MHz, DMSO-ds): 6= 168.21, 157.61, 155.66, 151.68,
150.36, 136.30, 134.78, 133.26, 130.76, 130.64, 127.91, 125.96, 125.55, 124.96, 124.83,
124.18, 123.95, 120.40, 119.70, 118.34. MS: m/z (%) 400 (M*, 50), 307 (100), 280 (7), 218
(8), 196 (23), 181 (94), 162 (15), 152 (12), 135 (50), 91 (18), 77 (21), 51 (15). Anal. Calcd.
for C22Hi16sN4O2S: C, 66.00; H, 4.00; N, 14.00. Found: C,66.03; H, 4.06; N, 14.05.

2-(2-(2-phenoxybenzylidene) hydrazinyl)-5-(2-phenoxybenzylidene)thiazol-4(5H)-one (10n)
Yield (50%), IR (KBr): vem, 3419 (NH), 3032 (CH aromatic, alkene), 1716 (C=0),

1638 (C=N). 'H NMR DMSO-ds, 400MHz): 8.60, 8.51 (s, IH, CH=N, E/Z isomers, 28% &

72% ), 8.06 (d, 1H, J=7.2Hz, aromatic), 7.76-6.96 (m, 18H, aromatic, alkene).’C NMR (125
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MHz, DMSO-ds): 6= 169.97, 157.63, 156.94, 155.78, 155.61, 133.15, 132.03, 130.70, 130.64,
129.46, 127.77, 125.68, 125.59, 124.94, 124.79, 124.34, 123.94, 120.41, 119.45, 118.97,
118.32,. MS: m/z (%) 491 (M", 8), 398 (25), 311 (16), 218 (31), 196 (25), 181 (100), 165 (15),
119 (12), 77 (25). Anal. Calcd. for C2oH21N303S: C, 70.87; H, 4.27; N, 8.55. Found: C, 70.83;
H, 4.29; N, 8.51.

Pharmacological evaluations

Male NMRI mice weighing 20-25 g and male Wistar rats (100-150 g) (Pasteur Institute
of Iran) were used for analgesic activity evaluation by abdominal constriction test. Mefenamic
acid was prescribed (30 mg/kg) and target compounds were injected in an equal molar ratio to
30 mg/kg of reference drug, 30 min after the animals were injected ip with acetic acid (0.6 %,
0.1 ml/10 g). All the procedures, statistical analysis and calculation of inhibition percent were
performed conforming to our previously expressed research.! Wistar male rats were used in
carrageenan-induced rat paw edema test and the selected doses were similar to the writing test
and other situations, estimation of increment in paw volume and statistical analysis were done
similarly as reported earlier (Table III). >3

The results were expressed as the meantSEM of 6 animals per group. The data were
statistically analyzed by one-way analysis of variance (ANOVA) followed by Tukey
multicomparison test. Differences with P<0.05 between experimental groups were considered
statistically significant. In ulcerogenic test, suspension of indomethacin, 60 mg/kg and
compounds in an equal molar ratio to indomethacin dose, in 0.5 % aqueous sodium
carboxymethyl cellulose as vehicle, were administered orally to test animals. The control
group animals received the same volumes of dosing vehicle.

Insilico ADMET Evaluation

Lipinski’s rule of five important parameters for oral absorption of synthesized
compounds states that the molecular weight of the target compound should be < 500. The
number of hydrogen bond donors should be < 5 and the number of hydrogen bond acceptors
should be < 10. The topological polar surface area should be < 140. The number of rotatable
bonds should be < 10. If a compound violates two aforesaid rules, it will lead to poor oral
absorption.*

For determining drug-likeness, a fragment list was created by shredding 3300 traded
drugs as well as 15000 commercially available chemicals of Fluka company yielding a
complete list of all available fragments. The occurrence frequency of every one of the
fragments was determined within the collection of traded drugs and within the supposedly
non-drug-like collection of Fluka compounds. While 80% of the traded drugs have a positive
drug-likeness value, the big majority of Fluka chemicals account for a negative value. The
drug-score combines drug-likeness, clogp, clogs, molecular weight, and toxicity risks in one
functional value that might be used to judge the compound’s overall potential to qualify for a
drug.’

Another tool for assessing the ADMET properties of compounds is a comprehensive
platform called admetSAR3.0, which is utilized for search, prediction, and optimization
purposes. Within the search module, there are over 370,000 high-quality experimental
ADMET data entries available, covering 104,652 unique compounds. Moreover, it includes a
chemical structure similarity search function to aid in comparison. In the prediction module,
admetSAR3.0 covers an expanded range of endpoints, including 119 ADMET-related
endpoints across five categories: basic properties, ADME properties, human health toxicities,
environmental risk assessment, and cosmetic risk assessment. Within the optimization
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module, it optimizes ADMET properties via scaffold hopping and transformation rules. In
ADMETopt, more than 50,000 distinct scaffolds from the ChEMBL and Enamine databases
assist in matching similar scaffolds. Finally, the updated interface of admetSAR3.0 represents
users with succinct result presentations along with practical assistance. °

Table S-I: The significant pharmacokinetic parameters for acceptable oral bioavailability of
the synthesized compounds 8, 10a-10n

Compound (glg\;[rr(l)l) NROTB® HBA°® HBD! T(P;Z? ClogP! absocr};tion g

8 371.45 6 3 1 74.75 5.01 High 0
10a 399.46 6 4 1 88.35 4.55 High 0
10b 417.46 6 5 1 88.35 4.80 High 0
10c 433.91 6 4 1 88.35 5.01 High 0
10d 478.36 6 4 1 88.35 5.09 High 1
10e 415.46 6 5 2 108.58 4.02 High 0
10f 415.46 6 5 2 108.58 4.08 High 0
10g 413.49 6 4 1 88.35 4.83 High 0
10h 429.49 7 5 1 97.58 4.49 High 0
10i 445.56 7 4 1 113.65 5.04 Low 0
10j 444.47 7 6 2 138.01 2.74 Low 0
10k 389.43 6 5 1 101.49 3.90 High 0
101 400.45 6 5 1 101.24 3.84 High 0
10m 400.45 6 5 1 101.24 3.84 High 0
10n 491.56 8 5 1 97.58 5.73 Low 1

*Molecular weight; "Number of rotatable bonds; “Number of hydrogen bond acceptors; “Number of hydrogen
bond donors; °Topological polar surface area; ' Consensus log P, (logarithm of partition coefficient of
compound between n-octanol and water); ¢Lipinski’s violation

Table S-II: The toxicity risks, drug-likeness, and drug-score of target compounds 8, 10a-10n

Compoun Toxicity Risks! Drug-Likeness Drug-Score

d M? T I R®

8 - + - - 4.54 0.16
10a - - - - 3.92 0.36
10b - - - - 4.01 0.34
10c - - - - 5.67 0.3
10d - - - - 3.04 0.27
10e - - - - 5.13 0.38
10f - - - + 5.14 0.23
10g - - - - 3.56 0.33
10h - - - - 5.16 0.35
10i - - - - 5.1 0.3
10j - - - - -5.25 0.19
10k + - - - 4.69 0.25
101 - - - - 5.03 0.44
10m - - - - 5.48 0.44
10n - - - - 5.04 0.23

'Ranked according to (-) no risk, (£) medium risk, (+) high risk; M?, Mutagenic; T, Tumorigenic; I*, Irritant;
R’, Reproductive effective.
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Table S-III: Human oral bioavailability and toxicity risks of target compounds 8, 10a-10n

Compound Human oral Toxicity Risks!
bioavailability | Carcinogenicity Skin Reproductive  Respiratory
irritation toxicity toxicity

8 Low + - - -
10a High - - - -
10b High - - + -
10c High - - + -
10d High - - + -
10e High - - + -
10f High - - + -
10g Low - - - -
10h Low - - - -
10i High - - + -
10j High - - + -
10k High - - - -
101 High - - + -
10m Low - - - -
10n Low - - + -

'Ranked according to (-) low risk and (+) high risk.
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Abstract: This study reports the synthesis and evaluation of a series of new
pyridazin-3-ones with furan moieties Sa—j and 6a—f, to test for their antimyco-
bacterial and antifungal activities. The structures of the target compounds were
confirmed by elemental analysis and spectroscopic techniques (IR, mass, 'H-
and 13C-NMR). Amongst the compounds tested, Se, 5g, 5i and 6e exhibited
highest activity against Mycobacterium tuberculosis, while 5h, 6d and 6f
showed moderate in vitro antifungal activities against Candida albicans and
Candida parapsilosis.

Keywords: pyridazinone; furan; biological activity.

INTRODUCTION

Tuberculosis (TB), the main leading infectious killer globally, is a contag-
ious disease caused by Mycobacterium tuberculosis (Mtb). According to the
WHO report in 2022, TB was responsible for the deaths of 1.6 million people in
2021. The number of TB deaths increased in 2020 and 2021, breaking the down-
ward trend between 2005 and 2019. The fight against TB has been delayed since
the beginning of the pandemic.! Current treatment of drug-sensitive tuberculosis
is a 6-month regimen of 4 first-line drugs (isoniazide, rifampicin, ethambutol and
pyrazinamide). Treatment of cases with drug-resistant Mtb requires 18—24 months
of therapy with the addition of second-line drugs.2=> Mtb can survive in nutrient
and oxygen deprived conditions, and the disease most often becomes latent. The
ability of Mtb to enter latency makes it very difficult to eradicate. The react-
ivation of latent TB infection accounts for the majority of new TB cases, par-

* Corresponding author. E-mail: oyaunsal@hacettepe.edu.tr
https://doi.org/10.2298/ISC230424040K
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ticularly in countries with low TB incidence.® Considering the compliance prob-
lem in treatment, the increase in drug-resistant cases and the emergence of many
individuals with latent TB, new effective antitubercular agents are needed.” Pyr-
idazine-3(2H)-ones have attracted ample attention in the field of medicinal chem-
istry due to their diverse pharmacological properties such as antimycobact-
erial, 89 antibacterial,!0 antifungal,!! antiviral,!? anti-inflammatory,!3 antican-
cerl4 and anticonvulsant!5 activities. Pyridazine-3(2H)-ones also hold the adv-
antage that they are easy to modify from the different positions of the ring. It has
been reported in the literature that many compounds with a pyridazin-3(2H)-one
skeleton exhibited antimycobacterial potential. In particular, 2,6-disubstituted
pyridazin-3(2H)-ones have been found to have strong antimycobacterial activities
as summarized in Fig. 1.8.16-19

(0]

O CHy 0
N,CHZCONHN=CHQC1 N,CIIZCONIIN:COBr NANQ
X L& N Ny

N

= Cl

()

MIC=0.26 pg / mL Y MIC=5ug/mL MIC=0.2 pg / mL
(o]

0 0
AN B Fa
NT N NN N\> NTON
N N

CH;
O MIC= 16 pg/mL  He” MIC= 16 pg/mL * MIC=625 g /mL
Fig. 1. Some 2,6-disubstituted pyridazin-3(2H)-ones with antimycobacterial.

On the other hand, its effects on various microorganisms make the furan an
important moiety. Furan and nitrofuran structures have long been demonstrated
to be active in the development of new compounds with antimycobacterial20-27
and antifungal?8-30 activity (Fig. 2).

The aim of this study was to synthesize a set of new 4-(furan-2-ylmethyl)-6-
-methyl-pyridazin-3(2H)-ones, which are the hybridization product of furan and
pyridazin-3(2H)-one ring, and test them for antimycobacterial and antifungal
activity.

EXPERIMENTAL

Chemistry

The melting points were measured using the Thomas—Hoover capillary melting point
apparatus (Philadelphia, PA, USA); the data are uncorrected. ATR-FTIR spectra were
acquired using a Spectrum BX FTIR spectrometer (Perkin Elmer) with MIRacle ATR attach-
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Fig. 2. Furan/nitrofuran compounds with: A) antimycobacterial and B) antifungal activity.

ment (Pike Technologies), and they were published in cm!. The 'H and '3C-NMR spectra
(DMSO0-d6/CDCls) were recorded on a Varian Mercury 400 FT NMR or Bruker Avance Neo
500 MHz spectrophotometer using TMS as an internal reference (chemical shift represented in
0 / ppm). The ESI-MS spectra were obtained using a micromass ZQ-4000 single quadruple
mass spectrometer. Elemental analyses (C, H and N) were carried out using a Leco CHNS 932
analyzer.

Synthetic procedures

6-Methyl-4,5-dihydropyridazine-3(2H)-one (1). 50 mmol of hydrazine hydrate was
added to a solution of 50 mmol of levulinic acid in 60 mL of ethanol and heated under reflux
at 120 °C for 2 h. After evaporation of the solvent, the resulting solid was filtered and washed
with ether to get the desired compound?.

4-(2-Furylmethyl)-6-methylpyridazin-3(2H)-one (2). 3.36 g (30 mmol) of 1 was dis-
solved in a 5 % KOH solution (35 mL) in ethanol. 2.48 mL (30 mmol) of furfural was added
and refluxed for 4 h. Some of the solvent was removed and the mixture was concentrated.
Subsequently, the solution poured into ice water was acidified with 2 M HCI (pH 2). The
precipitated solid was crystallized from ethyl acetate. Yield, 3.51 g (62 %).

General procedure for the preparation of 2-chloro-N-arylacetamides (3a—j) and
2-chloro-1-(4-arylpiperazin-1-yl)ethanones (4da—f)

Various aryl amines (10 mmol) or N-arylpiperazines were dissolved in 10 ml of acetone.
Potassium carbonate (20 mmol) was added and mixed in an ice bath for 5 min. Chloroacetyl
chloride (12 mmol) was added dropwise under a fume hood. The reaction mixture was rem-
oved from the ice bath and stirred for 1 h at room temperature. When the reaction was com-
plete, the mixture was poured into ice water, the precipitated solid was filtered off and desired
intermediate compounds were obtained.3! The details for 3a—j and 4a—f are given in Supple-
mentary material to this paper.
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General procedure for the preparation of 2-[5-(furan-2-ylmethyl)-3-methyl-6-oxopyridazin-
-1(6H)-yl]-N-(aryl)acetamides (Sa—j) and 4-(furan-2-ylmethyl)-6-methyl-2-[2-o0xo0-2-(4-
-arylpiperazin-1-yl)ethyl]pyridazin-3(2H)-ones (6a—f)

The mixture of 2 (2 mmol) and potassium carbonate (4 mmol) in 20 mL of acetonitrile
was refluxed for 30 min. Subsequently, 3a—j or 4a—f was added and mixture was refluxed for
4—6 h. When the reaction was complete, it was poured into ice water and extracted with ethyl
acetate. After the ethyl acetate phase was dried with anhydrous sodium sulfate and filtered, the
excess solvent was removed. It was purified by column chromatography with the appropriate
ethyl acetate: n-hexane solvent system.

Biological studies

In-vitro M. tuberculosis MABA assay. Antimycobacterial activities of synthesized com-
pounds against Mtb H37Rv strain were tested using microplate alamar blue assay (MABA)
technique. In antimycobacterial activity studies, isoniazid was used as reference compound.
The minimum inhibitor concentration (MIC) values of the compounds are given in Table I in
pg / mL. Mtb H37Rv was inoculated from a freezer stock into 7H9+OADC and grown to mid-
log phase. Logarithmically growing Mtb was then inoculated into Sauton’s medium in 96 well
plates with wells containing increasing concentrations of test compounds at an ODA 600 of
0.0008, corresponding to approximately 4x10° CFU/mL in 200 pL per well. Plates were
incubated at 37 °C for 1 week, at which point 32.5 pL of a resazurin—tween mixture (8:5 ratio
of 0.6 mM resazurin in 1XPBS to 20 % Tween 80) was added and the plate was incubated at
37 °C overnight. Production of fluorescent resorufin was used as an indication to determine
the MIC of the compounds.

Antifungal activity. Antifungal activity of the target compounds and fluconazole was
tested against the American Type Culture Collection (ATCC) strains of Candida albicans
(ATCC 90028), Candida krusei (ATCC 6258) and Candida parapsilosis (ATCC 90018). MIC
values (ug/mL), were determined by broth microdilution method according to Clinical and
Laboratory Standards Institute (CLSI) reference documents.3? Briefly, the strains which were
stored at —80 °C in glycerol were thawed and subcultured twice onto Sabouraud dextrose agar
before the test. Broth microdilution was performed using RPMI 1640 broth (ICN-Flow, with
glutamine, without bicarbonate and with pH indicator) buffered to pH 7.0 with 3-N-morpho-
linopropanesulfonic acid (MOPS). The inoculum densities were prepared from 24 h subcul-
tures. The final test concentration of fungi was 0.5-2.5x103 cfu/mL. Fluconazole was dis-
solved at a concentration of 64—0.0625 pg/mL in sterile deionized distilled water. The target
compounds were dissolved in dimethyl sulfoxide and diluted with distilled water until their
final twofold concentrations of the compounds in microtiter plate wells ranged from 1024—
—0.25 pg/mL. After 48 h incubation at 35 °C, the plates were checked visually for the growth
of fungi and the MIC values were calculated. The MIC values of the compounds were det-
ermined from three independent experiments.

RESULTS AND DISCUSSION

Chemistry

The title compounds 5a—j and 6a—f were synthesized via the pathway shown
in Fig 3. 6-methyl-4,5-dihydropyridazine-3(2H)-one 1, used as starting material,
was synthesized by heating levulinic acid and hydrazine hydrate in ethanol. The
reaction of 1 with furfural in the presence of potassium hydroxide gave 4-(2-
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furylmethyl)-6-methylpyridazin-3(2H)-one 2. The intermediate compounds (3a—j
and 4a—f) were gained by reacting chloroacetyl chloride with the appropriate
arylamines/N-arylpiperazines. The target compounds, 5a—j and 6a—f were obtained
by N-alkylation with 3a—j and 4a—f in the presence of potassium carbonate.
Characterization of newly synthesized compounds (2, 5a—j and 6a—f) was per-
formed using IR, 'H- and 13C-NMR, mass spectral data as well as elemental ana-
lysis. Spectral data details and spectra are presented in the Supplementary
material.

0 SN 0" "CHO Y0 AN
s CH, CH,
1 2
0]
Ar
H S NU (\ N
L]WN\Ar \ 0 | = Cl/ﬁfN\/

0 0 2 o N

N N
@Aﬁ” SO
0 N O 0 _N O

CH;, CHjy
5a-j 6a-f
N=
Ar= 5a, 6a @ 5g QF 5§ 4@
5b, 6b 4@(}[3 c
)
5S¢, 6¢ OOCHs O
5d, 6d —@NOZ
s 1
Se, 6e 4@(31
5f, 6f OF 0

Fig. 3. Synthesis of the target compounds. Reagents and conditions: i. NH,NH,-H,0, reflux,
ii. 5 % KOH/ethanol, HCI, reflux and iii. K,COs3, reflux.

Biological activity

2-Substituted-4-(furan-2-ylmethyl)-6-methyl-pyridazin-3(2H)-ones (5a—j and
6a—f) were tested for their antimycobacterial activities against Mtb reference
strain H37Rv in comparison with isoniazid. These components were also tested
with regard to their antifungal activities against strains of the yeast species C.
albicans, C. krusei and C. parapsilosis in comparison with fluconazole. The MIC
values of the compounds against these organisms were reported in Table 1.
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TABLE I. Antimycobacterial and antifungal activities of the compounds

MIC / pg mL"!
Compd. Ar M. tuberculosis  C. albicans C. krusei C. parapsilosis
H37Rv ATCC 90028 ATCC 6258 ATCC 90018
5a @ 64.8 256 256 256
5b TN e 67.6 256 256 256
Y 3
5¢ \""”/ OCH,8 70.8 256 512 512
5d \"“/ NO, 36.9 256 256 256
Se N o 17.9 256 512 256
N/
5f \*/ ¢ 34.2 256 256 256
5g - 19.9 256 256 256
N/
o
5h 37.4 128 256 128
5i O 20.1 256 256 256
5j @ 65.1 256 256 128
N
6a @ 39.3 256 256 256
6b TN on 429 256 256 256
N\ 4 s
6¢c QQCHs 423 512 256 256
6d TNeNo 46.03 128 256 64
N 2
6e @CE 22.56 256 256 256
6f \*/ ¢ 41.1 128 256 128
Isoniazid 0.02
Fluconazole 1 32 1

The highest activity against Mtb H37Rv was found for Se, 5g, 5i and 6e
(MIC 15-25 pg/mL). Chlorine substitution (Se, 5g, 6¢) to the phenyl ring caused
an increase in activity for both series (5a—j and 6a—f). For 2-[5-(furan-2-yl-
methyl)-3-methyl-6-oxopyridazin-1(6H)-yl]-N-(aryl)acetamide derivatives (5a—j),
it was observed that the activity increased with the replacement of small groups
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such as phenyl (5a, MIC = 64.8 pg/mL) and pyridine (5j, MIC = 65 pg/mL) with
larger groups such as biphenyl (5i, MIC = 20 pg/mL) and naphthyl (Sh, MIC =
=37.4 pg/mL). In addition, for the same series, introducing the electron donating
groups to the phenyl ring (5b and 5¢, MI: 65-70 pg/mL) did not contribute to the
activity. No significant increase in the antimycobacterial activity of 6a—f bearing
the piperazine ring was observed.

The antifungal activity tests against three fungi strains (C. albicans ATCC
90028, C. krusei ATCC 6258 and C. parapsilosis ATCC 90018) showed that Sh,
6d and 6f proved to exhibit some moderate in vitro antifungal activities against
C. albicans and C. parapsilosis (MIC: 64—128 pg/mL). However, all compounds
were inactive against C. krusei (MIC > 256 pg/mL). Electron withdrawing groups
(F and NO») on the phenyl ring slightly improved the activity. These activities
are the only modest ones in comparison with fluconazole, the standard (MIC =1
pg/mkL).

CONCLUSION

In summary, a series of new pyridazin-3-ones having furan moiety Sa—j and
6a—f was designed and synthesized to assess their antimycobacterial and anti-
fungal activities. The structures of the target compounds were characterized using
elemental analysis and spectroscopic methods (IR, mass, !H- and 13C-NMR).
Amongst the tested compounds, Se, 5g, 5i and 6e showed highest activity against
M. tuberculosis and all chlorine-bearing compounds were found to be in this
group. For antifungal activity, Sh, 6d, and 6f exhibited weak in vitro antifungal
activities against C. albicans and C. parapsilosis. Further modifications of pyri-
dazine-3-ones are required to enable even lower MICs and therapeutic potential.

SUPPLEMENTARY MATERIAL

Additional data and information are available electronically at the pages of journal
website: https://www.shd-pub.org.rs/index.php/JSCS/article/view/12361, or from the corres-
ponding author on request.
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H3BOJ

CHUHTE3A U UCITUTUBALE AHTUMHUKOBAKTEPUJCKE U AHTU®YHI'AJTHE
AKTHBHOCTHU HOBUX NJEPUBATA 4-(®YPAH-2-UJIMETWII)-
-6-METWJITIMPUJA3UH-3(2H)-OHA

BURCU KARAYAVUZ!, SIVA KRISHNA VAGOLU?, DIDEM KART?, TONE T@NJUM?* 1 OYA UNSAL-TAN'

"Department of Pharmaceutical Chemistry, Faculty of Farmacy, Hacettepe University, Ankara, Turkey, *Unit
for Genome Dynamics, Department of Microbiology, University of Oslo, Oslo, Norway, *Department of
Pharmaceutical Microbiology, Faculty of Pharmacy, Hacettepe University, Ankara, Turkey u *Unit for
Genome Dynamics, Department of Microbiology, Oslo University Hospital, Oslo, Norway.

TokoM HCTpakMBama HM3BpIIEHA je CHHTE3a M eBajlyallujd cepHje HOBUX AepuBarta 4-
-(bypaH-2-unmeTnn)-6-metwinupunasu-3(2H)-osa 5a—j 1 6a—f u ucnuraHa je mwUXoBa
aHTUMHUKODAKTepHjcKa ¥ aHTU(QYHTaTHA aKTUBHOCT. CTPYKType LWbHUX jelHberba MoTBpheHe
Cy eJeMEHTAapHOM aHAIM30M H CIEeKTPOCKONCKHM TexHHKama (IR, mMaceHOM cmexrpome-
tpujom, 'H u 13C-NMR). Mehy Tectupanum jenumemnuma, 5e, 5g, 5i u 6e cy moxasane
Hajsehy axtuBHOCT poTUB Mycobacterium tuberculosis, nok cy 5h, 6d u 6f nokasane ymepeny
in vitro autudyHranHy aktuBHocT npotuB C. albicans and C. parapsilosis.

(ITpumsbeHo 24. anpuna, pesuaupano 12. jyna 2023, npuxsaheno 31. mapta 2024)
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SUPPLEMENTARY MATERIAL TO
Synthesis, antimycobacterial and antifungal evaluation of new
4-(furan-2-ylmethyl)-6-methylpyridazin-3(2H)-ones

BURCU KARAYAVUZ!, SIVA KRISHNA VAGOLU?, DIDEM KART?,
TONE TONJUM?# and OYA UNSAL-TAN!*

! Department of Pharmaceutical Chemistry, Faculty of Farmacy, Hacettepe University,
Ankara, Turkey, ?Unit for Genome Dynamics, Department of Microbiology, University of
Oslo, Oslo, Norway, 3Department of Pharmaceutical Microbiology, Faculty of Pharmacy,

Hacettepe University, Ankara, Turkey and *Unit for Genome Dynamics, Department of

Microbiology, Oslo University Hospital, Oslo, Norway

J. Serb. Chem. Soc. 89 (11) (2024) 1423-1431

4-(2-Furylmethyl)-6-methylpyridazin-3(2H)-one (2). m.p. 126—127 °C. IR; 3124 (N-H),
2960, 2842 (C-H), 1648 (C=0), 1609, 1562, 1505, 1473, 1434 (C=N ve C=C). 'H-NMR
(DMSO-d¢, 400 MHz); 6 2.18 (3H; s; —CHj3), 3.80 (2H; s; —CH,-), 6.20 (1H; d; furan Hj. J=
3.2 Hz), 6.39 (1H; dd; furan Hy- J; = 3.2 Hz, J, = 2 Hz), 6.98 (1H; s; pyridazinone Hs), 7.56
(1H; d; furan Hs- J = 1.6 Hz), 12.76 (1H; s; NH) ppm. !3C-NMR (DMSO-d4, 100 MHz); §
20.21 (CH3), 27.20 (CH,), 107.38, 110.61 (furan Cs, C4), 131.08 (pyridazinone Cs), 139.11
(pyridazinone C,), 142.17 (furan Cs), 144.11 (pyridazinone Cg), 150.89 (furan C,), 160.18
(pyridazinone CO) ppm. ESI-MS (m/z): 191.27 [M+H]", 213.27 [M+Na]* (100%). Anal.
Calcd. For CoH;(N,0,: C, 63.15; H, 5.30; N, 14.73. Found: C, 62.96; H, 5.34; N, 14.70.
2-[5-(Furan-2-ylmethyl)-3-methyl-6-oxopyridazin-1(6H)-yl]-N-phenylacetamide (5a)

Yield 45 %; m.p. 124—125 °C. IR; 3265 (N-H), 3088 (C-H), 1671, 1658 (C=0), 1613,
1600, 1553, 1501, 1446 (C=N ve C=C). "H-NMR (CDCls;, 400 MHz); § 2.30 (3H; s; —CH3),
3.95 (2H; s; -CH,-), 4.95 (2H; s; CH,CONH), 6.21 (1H; d; furan Hs- J = 3.2 Hz), 6.35-6.36
(1H; dd; furan Hy: J; = 3 Hz, J, = 2 Hz), 6.85 (1H; s; pyridazinone Hs), 7.05 (1H; t; Ar—Hy»»),
7.23-7.27 (2H; m; Ar-Hj» 5»» ve CHCly), 7.38 (1H; dd; furan Hs- J; = 2 Hz, J, = 0.8 Hz),
7.48 (2H; d; Ar-Hy» ¢ J = 7.6 Hz), 8.95 (1H; s; NH) ppm. I3C-NMR (CDCl5, 100 MHz); §
20.94 (CHsy), 28.34 (CH,), 57.83 (CH,CO), 108.15, 110.63 (furan Cj, Cy), 119.83, 124.25,
128.84, 131.17, 137.70, 140.16, 142.26, 145.76 (aromatic carbons), 150.14 (furan C,), 160.59
(pyridazinone CO), 165.19 (CONH) ppm. ESI-MS (m/z): 324.34 [M+H]*, 346.30 [M+Na]*
(% 100). Anal. caled. for C1gH;7N505: C, 66.66; H, 5.30; N, 13.00. Found: C, 67.01; H, 5.43;
N, 13.00.
2-[5-(Furan-2-ylmethyl)-3-methyl-6-oxopyridazin-1(6H)-yl]-N-

-4-methylphenyl)acetamide (5b)

Yield 39 %; m.p. 112 °C. IR; 3271 (N-H), 3072 (C-H), 1702, 1640 (C=0), 1607, 1546,

1515, 1446 (C=N ve C=C). 'H-NMR (DMSO-dg, 400 MHz); § 2.23 (3H; s; —CH3), 2.25 (3H;

* Corresponding author. E-mail: oyaunsal@hacettepe.edu.tr
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s; —CH3), 3.85 (2H; s; —CH,-), 4.83 (2H; s; CH,CONH), 6.22 (1H; d; furan H;. J= 2.8 Hz),
6.40—6.42 (1H; dd; furan Hy J; = 3.2 Hz, J, = 2 Hz), 7.05 (1H; s; pyridazinone Hs), 7.11
(2H; d; Ar-Hj3» 5 J = 8.4 Hz), 7.45 (2H; d; Ar—Hy» ¢ J = 8.8 Hz), 7.58 (1H; d; furan Hs- J =
1.2 Hz), 10.18 (1H; s; NH) ppm. 13C-NMR (DMSO-dq, 100 MHz); § 20.27, 20.40 (CH3),
27.59 (CH,), 54.73 (CH,CO), 107.54, 110.64 (furan Cs, Cy4), 119.00, 129.15, 130.93, 132.27,
136.22, 138.79, 142.24, 143.85 (aromatic carbons), 150.73 (furan C,), 159.09 (pyridazinone
CO), 164.90 (CONH) ppm. ESI-MS (m/z): 338.35 [M+H]", 360.31 [M+Na]* (% 100). Anal.
caled. for CgH9N3O5: C, 67.64; H, 5.68; N, 12.46. Found: C, 67.42; H, 5.74; N, 12.41.
2-[5-(Furan-2-ylmethyl)-3-methyl-6-oxopyridazin-1(6H)-yl]-N-

-(4-methoxyphenyl)acetamide (5c)

Yield 38 %; m.p. 73 °C. IR; 3268 (N-H), 1649 (C=0), 1600, 1546, 1463, 1440, 1415
(C=N ve C=C). 'H-NMR (DMSO-dg4, 400 MHz); § 2.23 (3H; s; —=CH3), 3.72 (3H; s; -OCH3),
3.85 (2H; s; —CH,-), 4.81 (2H; s; CH,CONH), 6.22 (1H; d; furan H;- J = 3.2 Hz), 6.41 (1H;
t; furan Hy-), 6.88 (2H; d; Ar—H3» 5 J =9.2 Hz), 7.05 (1H; s; pyridazinone Hs), 7.48 (2H; d;
Ar-Hy» 6 J = 9.2 Hz), 7.58 (1H; m; furan Hs:), 10.12 (1H; s; NH) ppm. '3C-NMR (DMSO-
-dg, 100 MHz); § 20.27 (CH3), 27.60 (CH,), 54.66 (CH,CO), 55.12 (OCHs), 107.54, 110.64
(furan Cs;, Cy), 113.89, 120.51, 130.91, 131.88, 138.79, 142.24, 143.83, 155.25 (aromatic
carbons), 150.74 (furan C,), 159.09 (pyridazinone CO), 164.65 (CONH) ppm. ESI-MS (m/z):
354.29 [M+H]", 376.26 [M+Na]" (% 100). Anal. calcd. for C19H gN30,: C, 64.58; H, 5.42; N,
11.89. Found: C, 64.31; H, 5.56; N, 11.66.
2-[5-(Furan-2-ylmethyl)-3-methyl-6-oxopyridazin-1(6H)-yl]-N-

-(4-nitrophenyl)acetamide (5d)

Yield 37 %; m.p. 165-166 °C. IR; 3227 (N-H), 1719, 1648 (C=0), 1595, 1576, 1503
(C=N ve C=C). '"H-NMR (CDCls, 400 MHz); § 2.35 (3H; s; —CHj3), 3.97 (2H; s; —-CH,-),
5.02 (2H; s; CH,CONH), 6.20 (1H; dd; furan Hs3- J; = 3.2 Hz, J, = 0.8 Hz), 6.36 (1H; dd;
furan Hy: J; = 1.6 Hz, J, = 0.8 Hz), 6.98 (1H; s; pyridazinone Hs), 7.37 (1H; dd; furan Hs- J;
= 1.6 Hz, J, = 0.8 Hz), 7.48-7.52 (2H; m; Ar-Hj~ ¢), 7.96-8.00 (2H; m; Ar-Hs- 5-), 9.95
(1H; s; NH) ppm. '3C-NMR (CDCl;, 100 MHz); & 20.95 (CH;), 28.48 (CH,), 58.09
(CH,CO), 108.12, 110.68 (furan Cs, C4), 119.10, 124.64, 131.95, 139.83, 142.35, 143.28,
143.62, 146.33 (aromatic carbons), 149.91 (furan C,), 160.77 (pyridazinone CO), 165.79
(CONH) ppm. ESI-MS (m/z): 369.27 [M+H]*, 391.21 [M+Na]* (% 100). Anal. calcd. for
CigH16N4O5: C, 58.69; H, 4.38; N, 15.21. Found: C, 58.26; H, 4.25; N, 15.11.
2-[5-(Furan-2-ylmethyl)-3-methyl-6-oxopyridazin-1(6H)-yl]-N-

-(4-chlorophenyl)acetamide (5e)

Yield 46 %; m.p. 131 °C. IR; 3277 (N-H), 3082 (C-H), 1708, 1649 (C=0), 1551, 1489,
1421, 1400 (C=N ve C=C). 'H-NMR (DMSO-dg, 400 MHz); § 2.24 (3H; s; —CH3), 3.85 (2H;
s; —CH,-), 4.85 (2H; s; CH,CONH), 6.22 (1H; d; furan Hs- J = 3.2 Hz), 6.40-6.41 (1H; dd;
furan Hy J; = 3.2 Hz, J, = 2 Hz), 7.06 (1H; s; pyridazinone Hs), 7.37 (2H; d; Ar—H3» 5 J =
8.8 Hz), 7.58-7.61 (3H; m; Ar-H,» ¢~ and furan Hs), 10.43 (1H; s; NH) ppm. 3C-NMR
(DMSO-dg, 100 MHz); 6 20.24 (CH3), 27.59 (CH,), 54.86 (CH,CO), 107.54, 110.64 (furan
Cs, Cy), 120.57, 126.95, 128.71, 131.02, 137.66, 138.80, 142.25, 143.95 (aromatic carbons),
150.71 (furan C,), 159.08 (pyridazinone CO), 165.37 (CONH) ppm. ESI-MS (m/z): 358.24
[M+H]*, 380.21 [M+Na]" (% 100), 382.20 [M+Na+2]*. Anal. calcd. for C;gH;cCIN;O5: C,
60.42; H, 4.51; N, 11.74. Found: C, 60.12; H, 4.43; N, 11.66.
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2-[5-(Furan-2-ylmethyl)-3-methyl-6-oxopyridazin-1(6H)-yl]-N-
-(4-fluorophenyl)acetamide (5f)

Yield 55 %; m.p. 132 °C. IR; 3294 (N-H), 3095 (C-H), 1703, 1645 (C=0), 1598, 1557,
1537, 1409 (C=N ve C=C). 'H-NMR (DMSO-dg4, 400 MHz); § 2.24 (3H; s; —CH3), 3.85 (2H;
s; —CH,-), 4.85 (2H; s; CH,CONH), 6.22 (1H; d; furan Hs- J = 2.8 Hz), 6.40-6.41 (1H; dd;
furan Hy J; = 2.6 Hz, J, = 1.6 Hz), 7.06 (1H; s; pyridazinone Hs), 7.13-7.18 (2H; t;
Ar-Hj 5), 7.57-7.60 (3H; m; Ar-H, ¢~ and furan Hs-), 10.34 (1H; s; NH) ppm. *C-NMR
(DMSO-dg, 100 MHz); 6 20.26 (CH3), 27.59 (CH,), 54.75 (CH,CO), 107.54, 110.64 (furan
Cs, Cy), 115.36, 120.76, 130.99, 135.11, 138.80, 142.24, 143.92, 156.83 (aromatic carbons),
150.72 (furan C,), 159.14 (pyridazinone CO), 165.12 (CONH) ppm. ESI-MS (m/z): 342.29
[M+H]*, 364.26 [M+Na]* (% 100). Anal. calcd. for CigH;cFN3O5: C, 63.34; H, 4.72; N,
12.31. Found: C, 63.23; H, 4.79; N, 12.15.
2-[5-(Furan-2-ylmethyl)-3-methyl-6-oxopyridazin-1(6H)-yl]-N-
-(3-chloro-4-fluorophenyl)acetamide (5g)

Yield 39 %; m.p. 140-141 °C. IR; 3280 (N-H), 3076 (C-H), 1711, 1644 (C=0), 1593,
1555, 1538, 1400 (C=N ve C=C). 'H-NMR (CDCl;, 400 MHz); § 2.32 (3H; s; —CH3), 3.95
(2H; s; —CH,-), 4.95 (2H; s; CH,CONH), 6.19 (1H; dd; furan Hs- J; = 3 Hz, J, = 0.6 Hz),
6.35 (1H; dd; furan Hy: J; = 3 Hz, J, = 1.8 Hz), 6.92 (2H; ; pyridazinone Hs and Ar—Hg:),
7.13-7.15 (1H; m; Ar—Hs>»), 7.37 (1H; dd; furan Hs: J; = 2 Hz, J, = 0.8 Hz), 7.63 (1H; dd;
Ar-Hy» J; = 6.8 Hz J, = 2.4 Hz), 9.41 (1H; s; NH) ppm. 3C-NMR (CDCl;, 100 MHz); §
20.92 (CHy), 28.42 (CH,), 57.84 (CH,CO), 108.09, 110.64 (furan C;, C4), 116.20, 119.16,
120.74, 121.64, 131.60, 134.46, 139.89, 142.27, 146.00, 153.27, 155.71 (aromatic carbons),
150.02 (furan C,), 160.64 (pyridazinone CO), 165,24 (CONH) ppm. ESI-MS (m/z): 398.18
[M+Na]* (% 100), 400.17 [M+Na+2]". Anal. calcd. for C;gH;sCIFN;O5: C, 57.53; H, 4.02;
N, 11.18. Found: C, 57.41; H, 3.91; N, 11.06.
2-[5-(Furan-2-ylmethyl)-3-methyl-6-oxopyridazin-1(6H)-yl]-N-

-(naphthalen-1-yl)acetamide (5h)

Yield 41 %; m.p. 165 °C. IR; 3303 (N-H), 2956 (C-H), 1671, 1651 (C=0), 1603, 1544,
1504, 1467, 1434 (C=N ve C=C). 'H-NMR (CDCls, 400 MHz); & 2.33 (3H; s; —CH3), 4.01
(2H; s; —CH,—-), 5.10 (2H; s; CH,CONH), 6.22 (1H; d; furan Hs: J = 3.2 Hz), 6.34 (1H; dd;
furan Hy- J; = 3.4 Hz, J, = 2 Hz), 6.87 (1H; s; pyridazinone Hs), 7.36—7.37 (1H; dd; furan Hs
J; = 1.8 Hz, J, = 1.2 Hz), 7.43-7.56 (3H; m; Ar—H), 7.65 (1H; d; Ar—H J = 8.4 Hz), 7.84
(1H; d; Ar—H J = 7.6 Hz), 7.98 (1H; d; Ar—H J = 8.4 Hz), 8.14 (1H; d; Ar—H J = 7.2 Hz),
9.39 (1H; s; NH) ppm. 3C-NMR (CDCl;, 100 MHz); & 20.96 (CH3), 28.29 (CH,), 58.34
(CH,CO), 108.22, 110.65 (furan Cs, Cy), 119.21, 120.73, 125.26, 125.74, 12591, 126.12,
126.37, 128.64, 131.28, 132.47, 133.96, 140.36, 142.31, 146.10 (aromatic carbons), 150.05
(furan C,), 160.80 (pyridazinone CO), 165,79 (CONH) ppm. ESI-MS (m/z): 374.29 [M+H]*,
396.25 [M+Na]* (% 100). Anal. calcd. for C,,HgN305: C, 70.76; H, 5.13; N, 11.25. Found:
C,70.47;H,5.14; N, 11.23.
2-[5-(Furan-2-ylmethyl)-3-methyl-6-oxopyridazin-1(6H)-yl]-N-
-((1,1"-biphenyl)-2-yl)acetamide (5i)

Yield 45 %; m.p. 158—159 °C. IR; 3288 (N-H), 3045 (C-H), 1697, 1642 (C=0), 1522,
1475, 1449, 1437, 1418 (C=N ve C=C). 'H-NMR (CDCls, 400 MHz); § 2.14 (3H; s; —CHj3),
3.82 (2H; s; —CH,-), 4.79 (2H; s; CH,CONH), 6.22 (1H; d; furan Hs- J = 3.2 Hz), 6.39 (1H;
dd; furan Hy: J; = 3 Hz, J, = 1.8 Hz), 6.66 (1H; s; pyridazinone Hs), 7.14-7.19 (2H; m;
Ar-H), 7.23-7.26 (2H; m; Ar—H), 7.34-7.38 (4H; m; Ar-H), 7.43 (1H; m; furan Hs:), 7.75
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(1H; s; NH), 8.36 (1H; d; Ar-H J =8.4 Hz) ppm. 3C-NMR (CDCl;, 100 MHz); § 20.92
(CH3), 28.15 (CH,), 56.20 (CH,CO), 108.32, 110.70 (furan Cs, Cy), 121.30, 124.51, 127.75,
128.44, 128.84, 129.17, 130.03, 130.50, 132.38, 134.28, 137.97, 140.35, 142.29, 145.50
(aromatic carbons), 150.12 (furan C,), 159.74 (pyridazinone CO), 165.03 (CONH) ppm. ESI-
MS (m/z): 400.27 [M+H]*, 422.25 [M+Na]* (% 100). Anal. caled. for C,4H,;N305: C, 72.16;
H, 5.30; N, 10.52. Found: C, 72.08; H, 5.39; N, 10.30.
2-[5-(Furan-2-ylmethyl)-3-methyl-6-oxopyridazin-1(6H)-yl]-N-

-(pyridin-2-yl)acetamide (5j)

Yield 44 %; m.p. 178 °C. IR; 3264 (N-H), 3087, 2983, 2949 (C-H), 1671, 1658 (C=0),
1613, 1600, 1553, 1501, 1445 (C=N ve C=C). 'H-NMR (CDCl;, 400 MHz); § 2.28 (3H; s;
—CHj;), 3.97 (2H; s; —CH,—), 4.99 (2H; s; CH,CONH), 6.21 (1H; dd; furan H3> J; = 3.2 Hz, J,
= 0.8 Hz), 6.36 (1H; dd; furan Hy- J; = 3 Hz, J, = 2 Hz), 6.79 (1H; s; pyridazinone Hs), 7.03
(1H; ddd; Ar—H J; = 7.4 Hz, J, = 5 Hz, J; = 0.8 Hz), 7.39 (1H; m; furan Hs>), 7.68 (1H; ddd;
Ar-H J, = 8.6 Hz, J, = 7.2 Hz, J; = 1.4 Hz), 8.19 (1H; d; Ar-H J = 8.4 Hz), 8.28 (1H; ddd;
Ar-H; J; = 5.1 Hz, J, = 2 Hz, J; = 0.8 Hz), 9.18 (1H; s; NH) ppm. '3C-NMR (CDCl3;, 100
MHz); & 21.00 (CHy), 28.23 (CH,), 56.51 (CH,CO), 108.25, 110.61 (furan C;, Cy), 114.37,
120.03, 130.80, 138.42, 140.56, 142.24, 145.55, 147.77, 150.25, 151.09 (aromatic carbons),
160.32 (pyridazinone CO), 165.57 (CONH) ppm. ESI-MS (m/z): 325.31 [M+H]", 347.27
[M+Na]™ (% 100). Anal. caled. for C;H¢N4O3: C, 62.95; H, 4.97; N, 17.27. Found: C,
62.66; H, 4.92; N, 16.97.
4-(Furan-2-ylmethyl)-6-methyl-2-[2-oxo-2-(4-phenylpiperazin-
-1-yl)ethyl]pyridazin-3(2H)-one (6a)

Yield 40 %; m.p. 124 °C. IR; 3116, 2982, 2828 (C—H), 1647 (C=0), 1605, 1535, 1493,
1443 (C=N ve C=C). 'H-NMR (DMSO-d¢, 500 MHz); § 2.22 (3H; s; —CH3), 3.12-3.14 (4H;
m; piperazine), 3.59-3.66 (4H; m; piperazine), 3.84 (2H; s; —CH,-), 4.99 (2H; s; CH,CO),
6.22 (1H; d; furan Hs: J= 3.05), 6.41 (1H; m; furan Hy’), 6.83 (1H; m; Ar—H), 6.98 (2H; d;
Ar-H J = 8.25), 7.05 (1H; s; pyridazinone Hs), 7.25 (2H; m; Ar-H), 7.58 (1H; s; furan Hs)
ppm. BC-NMR (DMSO-dg, 125 MHz); § 20.73 (CHs), 28.14 (CH,), 44.43, 48.88 (piperazine
carbons), 53.25 (CH,CO), 108.00, 111.13 (furan C;, Cy4), 116.42, 119.88, 129.48, 131.35,
139.19, 142.72, 144.17 (aromatic carbons), 151.26 (furan C,), 159.57 (pyridazinone CO),
165.20 (CH,CON) ppm. ESI-MS (m/z): 393.31 [M+H]", 415.30 [M+Na]" (% 100). Anal.
caled. for C,,HyyN4O5: C, 67.33; H, 6.16; N, 14.28. Found: C, 67.24; H, 6.10; N, 14.21.
4-(Furan-2-ylmethyl)-6-methyl-2-[2-o0xo-2-(4-(4-methylphenyl)piperazin
-1-yl)ethyl]pyridazin-3(2H)-one (6b)

Yield 47 %; m.p. 140 °C. IR; 3127, 3105, 2982, 2810 (C-H), 1679, 1649 (C=0), 1605,
1537, 1512, 1445 (C=N ve C=C). 'H-NMR (CDCls, 400 MHz); § 2.27 (6H; d; —CHj),
3.11-3.19 (4H; m; piperazine), 3.64-3.67 (2H; m; piperazine), 3.78-3.80 (2H; m; piperazine),
3.93 (2H; s; -CH,-), 4.99 (2H; s; CH,CO), 6.19 (1H; d; furan Hs- J = 3.2), 6.35 (1H; dd;
furan Hy J; = 2.8 Hz, J, = 1.6 Hz), 6.78 (1H; s; pyridazinone Hs), 6.83—6.86 (2H; m;
Ar-H,» ), 7.10 (2H; d; Ar-Hj» 5+ J = 8 Hz), 7.38 (1H; m; furan Hs:) ppm. '3C-NMR
(CDCl3, 100 MHz); 6 20.46 (CHj3), 21.00 (CHs), 28.25 (CH,), 42.10, 44.88, 50.00 (piperazine
carbons), 52.96 (CH,CO), 108.06, 110.58 (furan C;, Cy4), 117.16, 130.23, 140.08, 142.11,
144.67, 148.77 (aromatic carbons), 150.57 (furan C,), 160.04 (pyridazinone CO), 164.71
(CH,CON) ppm. ESI-MS (m/z): 429,28 [M+Na]* (% 100). Anal. calcd. for Cy3H,4N4O0;: C,
67.96; H, 6.45; N, 13.78. Found: C, 67.83; H, 6.51; N, 13.68.
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4-(Furan-2-ylmethyl)-6-methyl-2-[2-oxo-2-(4-(4-methoxyphenyl)piperazin-
-1-yl)ethyl]pyridazin-3(2H)-one (6¢)

Yield 47 %; m.p. 121-122 °C. IR; 3047, 2996, 2838 (C-H), 1671, 1641 (C=0), 1599,
1510, 1463, 1447 (C=N ve C=C). 'H-NMR (CDCl;, 400 MHz); & 2.26 (—CH3), 3.04-3.12
(4H; m; piperazine), 3.64—3.66 (2H; m; piperazine), 3.77-3.80 (5H; m; piperazine and
—0OCH;), 3.93 (2H; s; —CH,-), 4.99 (2H; s; CH,CO), 6.19 (1H; d; furan Hs- J = 2.8 Hz), 6.35
(1H; dd; furan Hy- J; = 3 Hz, J, = 1.8 Hz), 6.78 (1H; s; pyridazinone Hs), 6.84—6.92 (4H; m;
Ar-H), 7.37 (1H; m; furan Hs)) ppm. 3C-NMR (CDCl;, 100 MHz); § 20.98 (CH3), 28.24
(CH,), 42.22, 44.99, 50.93 (piperazine carbons), 52.96 (CH,CO), 55.54 (OCH;), 108.04,
110.57 (furan C;, Cy4), 114.54, 119.08, 130.58, 140.08, 142.10, 144.67, 145.18, 154.50
(aromatic carbons), 150.57 (furan C,), 160.05 (pyridazinone CO), 164.71 (CH,CON) ppm.
ESI-MS (m/z): 423.42 [M+H]", 445.39 [M+Na]" (% 100). Anal. caled. for Co3HysN4Oy4: C,
65.39; H, 6.20; N, 13.26 Found: C, 65.17; H, 6.20; N, 13.16.
4-(Furan-2-ylmethyl)-6-methyl-2-[2-oxo-2-(4-(4-nitrophenyl)piperazin-
-1-yDethyl]pyridazin-3(2H)-one (6d)

Yield 51 %; m.p. 153—-154 °C. IR; 2879 (C-H), 1673, 1650 (C=0), 1595, 1505, 1483,
1434 (C=N ve C=C). 'H-NMR (DMSO-dg4, 500 MHz); § 2.22 (3H; s; —CHj), 3.52-3.54 (2H;
m; piperazine), 3.62 (4H; m; piperazine), 3.72 (2H; m; piperazine), 3.84 (2H; s; —CH,-), 5.00
(2H; s; CH,CO), 6.22 (1H; dd; furan Hs- J; = 3.2 Hz, J, = 0.7 Hz), 6.41 (1H; dd; furan Hy J;
=3.1 Hz, J,= 1.9 Hz), 7.03-7.05 (3H; m; pyridazinone Hs ve Ar—H, ¢), 7.58 (1H; dd; furan
Hs: J; = 1.8 Hz, J; = 0.8 Hz), 8.09 (2H; m; Ar—Hj~5) ppm. 3C-NMR (DMSO-dg, 125
MHz); & 20.72 (CH3), 28.14 (CH,), 43.71, 46.21, 46.42 (piperazine carbons), 53.25 (CH,CO),
107.99, 111.13 (furan C;, Cy), 113.06, 126.21, 131.37, 137.50, 139.20, 142.71, 144.20, 154.80
(aromatic carbons), 151.28 (furan C,), 159.57 (pyridazinone CO), 165.52 (CH,CON) ppm.
ESI-MS (m/z): 460,38 [M+Na]* (% 100). Anal. calcd. for C5,H»3NsOs: C, 60.40; H, 5.30; N,
16.01 Found: C, 60.35; H, 5.38; N, 15.79.
4-(Furan-2-ylmethyl)-6-methyl-2-[2-o0xo-2-(4-(4-chlorophenyl)piperazin-
-1-yl)ethyl]pyridazin-3(2H)-one (6e)

Yield 51 %; m.p. 146—-147 °C. IR; 3047, 2935 (C-H), 1677, 1649 (C=0), 1537, 1497,
1467, 1451, 1432 (C=N ve C=C). 'H-NMR (CDCls, 400 MHz); & 2.25 (3H; s; —CH;),
3.13-3.21 (4H; m; piperazine), 3.65-3.67 (2H; m; piperazine), 3.77-3.80 (2H; m; piperazine),
3.92 (2H; s; —CH,-), 4.98 (2H; s; CH,CO), 6.19 (1H; d; furan Hy. J = 2.8 Hz), 6.35 (1H; dd;
furan Hy> J; = 3.2 Hz, J, = 2 Hz), 6.78 (1H; s; pyridazinone Hs), 6.82—6.84 (2H; m;
Ar-Hy» ), 7.21-7.26 (2H; m; Ar-Hs: 5+), 7.37 (1H; d; furan Hs: J = 1.6 Hz) ppm. 13C-
-NMR (CDCl;, 100 MHz); & 20.98 (CHjs), 28.23 (CH,), 41.90, 44.71, 49.40 (piperazine
carbons), 52.92 (CH,CO), 108.06, 110.57 (furan C;, Cy4), 117.96, 125.59, 129.13, 130.61,
140.07, 142.11, 144.71, 149.46 (aromatic carbons), 150.53 (furan C,), 160.03 (pyridazinone
CO), 164.79 (CH,CON) ppm. ESI-MS (m/z): 427,38 [M+H]", 449,35 [M+Na]* (% 100),
451,34 [M+Na+2]*. Anal. calcd. for C,,H,3CIN,O;: C, 61.90; H, 5.43; N, 13.12 Found: C,
61.79; H, 5.57; N, 12.91.
4-(Furan-2-ylmethyl)-6-methyl-2-[2-oxo-2-(4-(4-fluorophenyl)piperazin-
-1-yl)ethyl]pyridazin-3(2H)-one (6f)

Yield 50 %; m.p. 105 °C. IR; 2921, 2855 (C-H), 1667, 1644 (C=0), 1606, 1507, 1446
(C=N ve C=C). 'H-NMR (CDCl;, 400 MHz); § 2.26 (3H; s; —CH3), 3.08-3.16 (4H; m;
piperazine), 3.65-3.67 (2H; m; piperazine), 3.78-3.80 (2H; m; piperazine), 3.93 (2H; s;
—CH,-), 4.99 (2H; s; CH,CO), 6.19 (1H; d; furan H;. J = 3.2), 6.35 (1H; dd; furan Hy: J; =3
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Hz, J, = 1.8 Hz), 6.78 (1H; s; pyridazinone Hs), 6.87-6.90 (2H; m; Ar-H, ), 6.96-7.00
(2H; m; Ar-Hs+ 5), 7.37 (1H; dd; furan Hs J; = 2 Hz, J, = 0.8 Hz) ppm. '*C-NMR (CDCl;,
100 MHz); § 20.99 (CHj3), 28.23 (CH,), 42.10, 44.88, 50.46 (piperazine carbons), 52.95
(CH,CO), 108.06, 110.58 (furan Cs, Cy), 115.73, 118.76, 130.62, 140.08, 142.12, 144.73,
147.53, 156.52, 158.90 (aromatic carbons), 150.53 (furan C,), 160.06 (piridazinon CO),
164.76 (CH,CON) ppm. ESI-MS (m/z): 411,46 [M+H]*, 433,43 [M+Na]" (% 100). Anal.
caled. for C,,Hy3FN4O5: C, 64.38; H, 5.65; N, 13.65 Found: C, 64.11; H, 5.77; N, 13.47.

TABLE S-1. Yields, melting points and literature melting points of 2-Chloro-N-arylacetamides
(3a-j) and 2-chloro-1-(4-arylpiperazin-1-yl)ethanones (4a-f)

H —~ 0
AF/NE/\C; Ar—N\_/N—(vCI
3a-j Ag-f
Compound Ar Yield (%) M.p. [Lit M.p.] (°C)
3a @ 94.9 133 [132]'
3b chs 96.8 119 [130]
3¢ Oowg 96.0 119 [119-120]°
3d L eNo, 920 18 [18F
3e Ocz 93.2 148 [150F
3f o= 94.2 131 [130-131]*
3g 'QF 92.4 75 [75-77]°
Ci

3h 90.1 150 [154]°

(J
3i : 86.2 152 [152-153]°

g
3j ) 83.4 175 [178-1807
4a — ) 67.6 75 [77)°
4b L cH, 83.2 75 [60-1]°
4c ( ocn 814 106 [109-111]'0
4d Omz 78.28 104 [100-101]""
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4e o T 81 [84-85]"2
m {}F 85.13 104 [95]"
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4-(2-FURYLMETHYL)-6-METHYLPYRIDAZIN-3(2H)-ONE (2)
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fvomr] fvomrsys/data

sample directory:

B2 20210220 01
FidFile: CAREON 01

Fulse Sequence: CARECHN (sZpul)
solvent: dmso
Data collected cm: Feb 20 2021

Temp. 25.0 €/ 2981 E
operator: vomrl

Relax. delay 1.000 sec
Fulss 45.0 degrecs

aeg. time 1.550 sec

width 11141.6 =2

700 repetitions

OBEERVE ©13. 100.6243762 MEz
DECOUFLE E1. 400.1778555 MEz
Fowsr 38 48

continuously oo

WALTZ-16 modulated

DATA FROCESEING

Line broadening 0.5 Ex

FT s1ze 65536

Total tims 30 min

Agilent Technologies

180 160 140 120 100 80 60 40
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144.110

160.178
150.894

142,167

139.109

SUPPLEMENTARY MATERIAL

110,608
107.376

131.081

39.295

/_39.712
39.500

39,017

\—39.n93

/tﬂ.lii

38.878

7.202

S433

.207

160 150

140

130 120 110 100 20 80 70 60
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S434 KARAYAVUZ et al.

2-[5-(FURAN-2-YLMETHYL)-3-METHYL-6-OXOPYRIDAZIN-1(6H)-YL]-N-
PHENYLACETAMIDE (5a)

540 5§
100

107111

9% 326581 ‘ /s

7312 120429 54,12

12553 114160 101081

el

164 32 72530
165875,

1550 96

161349

40000 3600 3200 2800 2400 2000 1800 1600 1400 1200 1000 800 6000
el

|BURCU B2A 1(0.076) Cn (Cen,2, B0.00, Hf) Scan ES+
100-‘ 346,30 1.21e8

24730 !
- |

231.30

2434

parkil 34338

20328 2

05555 TAT3oen102 e 1230613808 %456 %37 a0 | 2734129536 31345 | ||, 37825394 34
80 80 100 120 140 160 180 ' 200 _ 220 240 260 280 300 320 340 360 360 400 |

.30
362
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SUPPLEMENTARY MATERIAL S43 5

— JL _L . - J
— —— — — . —
a 8 7 3 5 4 3 ppm
M PR A L T A L
| |
ks J A . e
. S ‘ ‘ : : ‘ ;
9 8 7 [ 5 4 3 Ppm
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S436

KARAYAVUZ et al.

BIA
Sempla Memas Agilent Technologies
nan
Data Collected oms
marcuryd0o-zarcury4a0
Archive directorys
/Bome,vamrl fvarsys /data
Sampla diractory.
BIA 20201130 01
PidPile: curraat
Fulse Sequence: CRAEEGN (sZpal)
Solvent, caail
Data collacted om: Now 30 2020
Temp. 25.0 C / 298.1 K
Operator: vomrl
Relax. dalay 1.000 sac
Dulss 45.0 degress
Acg. tima 1.550 sac
Width 21141.6 Hr
512 rapatitions
OSEERVE C13, 100.6238513 MEx
DSCOUFLE E1, 400.1760547 MEx
Dowar 38 @B
contimucusly ca
WALTI-16 modulated
DATA PROCEEEINC
Line brosdesing 0.5 Ss
FT miza €5536
Total time 48 min
L o o o o o e R R R R e e e e e e
180 160 140 120 100 80 €0 40 20 0 ppm
* 8
R
K
=S
g
-
= -
8 g .
- o 3 8
] a d
o b o s g b
= H 43 - 2
iz i . 13 3
e z 3
15 & 3 °
s @ t 2
i 3 3
C. 2 3 |75 B
Toe 5 = a3 £
8 o s =
A ER
i
L e e e L e e e e e B L B L
160 150 140 130 120 110 100 90 80 70 60 50 40 30 ppm
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SUPPLEMENTARY MATERIAL

S437

2-[5-(FURAN-2-YLMETHYL)-3-METHYL-6-OXOPYRIDAZIN-1(6H)-YL]-N-(4-

METHYLPHENYL)ACETAMIDE (5B)

1150

%T

10

105

100

451

164017

H
\\ | r\Il/\"/N
o ~2.N O CH a5 75

744

B

72280

40000

3600 200 2000 2400 2000 1200 1600 140 1200 1000
o1
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S43 8 KARAYAVUZ et al.

BURCU B2A4CHI 1I (0.126) Cn (Cen,2, 80,00, HY) Scan ES+
| 100, 26031 1.7869
| |
] |
| |
I | |
| \
l |
| | |
. |
| | |
|
| | |
| |
| |
| | i361.32 [
[ I
| |
|
2313
| | | |
33835 |
s57 7390 12201 |232.32 | 38728 | 362,32 |
| o SEET L eegeaetr TV 13807 1812819729 %Dlw-z'ﬂ_iz |r 25735 2952831135 329.97) W e, |
i 5 g e T ey : L2028

L .60- 80 100 120 140 160 180 200 220 ' 240 260 280 | 300 320 340 360 360 400

M
T T T T [ T T T T T T T T [ T T T T T T T T T T T B
10 9 B8 7 13 4 3 opm
T T T TF T T T =T
= = 3 %3 = & = 2 S
= B o oe A = o e - -
§ 3
§ F
g H 1
- 2 .
2
| | I
| ‘\ | A |
L J J A JlL
5.0 4.8 4.6 4.4 4.2 4.0 3.8 3.6 3.4 3.2 3.0 2.8 2.6 2.4 Ppm
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SUPPLEMENTARY MATERIAL S439

7.579

10.176
7.582
—7.462

\7.082

6.415
410
6.407
6.402
6.226

6

B33

Sampla Wames Agilent Technologies
BIAZ
Data Collected cm:
marcurysld-marcurydon
Archive directary:
/bome/voaT) fvaTeysfdata
Sampla directory:
BIA3 2020021% 01
PiaPile. curraat

Pulge SGqUeNCE: CAZEON (s2pal)
Solvact: dmso
Data collectad om: Fab 13 2020

Tewp. 35.0 €/ 2981 T
Sperators vamrl

Relax. delay 1.009 sec
Pulse 45.0 degreas

Aog. time 1.550 mac

Width 21141.6 32

1716 repetitioas
OBEERVE C13, 100.6243770 MEx
DECOUPLE El. 400.1775555 Mz
Towar 38 4B

contimucusly ca

WALTI-16 Bodulatad
DATA PROCEESING

‘{ L 1[“

" " " St

is0 180 140 120 lo0 B0 &0 40 20 0 ppm
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S440

KARAYAVUZ et al.

T
45 10 15 10 25 20 ppm
o
a
3 3 o
". a =
N N g 7 g o ‘ E E
g 5 3 5 E &
: = 2 9 9 s A
ﬁ‘ ﬂ ‘ ‘ : ‘
| . | . I J J L
T T T T T T 1 1 [ N B
165 160 155 150 145 140 135 130 125 120 115 110  ppm

Available online at: http://www.shd.org.rs/JSCS

(CC) 2024 Serbian Chemical Society.



SUPPLEMENTARY MATERIAL

S441

2-[5-(FURAN-2-YLMETHYL)-3-METHYL-6-OXOPYRIDAZIN-1(6H)-YL]-N-(4-

1069

METHOXYPHENYL)ACETAMIDE (5C)

385

6000

%t = 141511
% 181
74
72
73093
mn
68
3 345 31
64
w1
62 164935
60
160002
58 1238 67
36
34
52
30
83
40000 3600 3200 2800 2400 2000 1800 1600 1400 1200 1000 800
el
- - |
BURCU BZAOCHS 1 (0.067) Cn (Cen,2, 80.00, Hi) Scan ES+ |
762\ 1.07e9
[ 100
|
| ‘
la77.25
23128 45429
392.24
; 23230 35528
glses2 7389 8588 12298 13700 159 971972520328 f 25318 ammap 840 . 39325
L e P Vo AN L L P12 LTS s VAOOO f —_— . -
50 @0 100 120 ' 140 160 180 200 220 240 260 ' 280« 300 & 320 340 360 380 400
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S442

KARAYAVUZ et al.

r —
,_l'_ _[ {‘ﬂ':/ ‘ J g
L [ L \_J-.__._jL 4[._,_J|,_._
— T T — T — T T —— — — T
10 9 8 7 6 s 4 3 opm
s T T T T T b T b
2 = 3 7 a - 2 3 oa £
s = : s a i, -
l ' A
| N || | A I
JU il e JL e
T T T T T e
5.0 1.8 1.6 1.4 4.2 1.0 3.8 3.6 3.4 3.2 3.0 2.8 2.6 2.4 ppm
h | ‘n\ - i)
. L S Jo_J
— . . — — T T ——
10.0 .5 .0 8.5 0 7.5 7.0 E.5 ppm
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SUPPLEMENTARY MATERIAL S443

B2R0CE3

Sazple Name: Agilent Technologies
Data Collected ons
zarcuryt0s-sarcary4on
xrentve diractarys
/noma/voaT) /YErEys faata
Sa3ple arrectorys
BIADCHS 20209213 01
FLaFile: CAZEON 01

Pulse Sequence: CAREON (sZpal)
Solvent: dmso
Data collacted oms Peb 13 2020

Tomp. 35.0 ¢/ 2981 K
operators vamrl

Relax. dalay 1.000 sac
Tulse 45.0 gegrees

AC. TiZa 1.550 mac

Wit 21141.6 Ex

2000 repatitioas

OHEERVE CL3, 100.6243768 MEx
DECOUFLE EL, 400.1773555 MEx
Towar 38 @B

contimucusly o

WALTZ-16 modulated

DATA FROCEESTRC

Line broadesing 0.5 Hx

FT siza 65536

Total tima 1 Br, 28 min

LD . J

180 160 140 120 100 a0 60 40 20 0 ppm

39.712
39.295

38,917
39.083

55.119
40.128

54.650
27.600
20,271

55 50 45 40 35 30 25 ppm

120,514
113.891

155.254
150.740
143,832
142.244
138.794
130.914
110.640
107,543

164,647
159.088
131,882
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S444 KARAYAVUZ et al.

2-[5-(FURAN-2-YLMETHYL)-3-METHYL-6-OXOPYRIDAZIN-1(6H)-YL]-N-(4-
NITROPHENYL)ACETAMIDE (5D)

32221

[ ——

3162
o8 310556
1411]
3 139894
bl 44
94
2 ‘
9062
T
S0
is2bs
82 1648 08|
171936 11270
50
6
o " e
2228
o N ‘ =
E \ | | /W 1 }7555
O ~.N O
o NO,
CH 126055
7% 3
159558 7825
76 133,71
1508 66

740

40000 3600 3200 2800 2400 2000 1800 1600 1400 1200 1000 200 6000

el

BURCU B2ANO2 1 (D.135) Cn (Cen,2, 80,00, Ht) Scan ES+
100- 3922 1.12e8

3sz21

39323

41320
20528 37938 3esay oMl ¥ 45005 4872249723

60 80 100 120 140 160 180 200 220 240 260 280 300 320 340 350 380 400 430 440 450 ad0  meo

7267 8s72 12307 137.28 18125 209.21 331 19 3
L.l e S, Maras 35&32
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SUPPLEMENTARY MATERIAL

S445

—
J— -
T T T T T T T T T T T
10 9 8 7 E 5 4 3 TDm
= '—|—“—‘|.—‘T‘ T T T T b
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3 : 4z : 2 i - a
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" K
3
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N J . o e
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10 9 8 7 6 5 4 3 ppm
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S446 KARAYAVUZ et al.

BIANOZ

Agilent Technologies

Sampla Namas
BIAND2

Data Colleoted cos
Barcuryd00-zarcury4o0
Archive directorys
/bome/voRTl/voRTEYS fAata
Sampla diractorys
B2AND2 20201130 01
FLaF1lG,: curraac

DPulse Sequence: CAREON (s2pul)
Solvent: cdell
Data collectsd oo How 30 2020

Temp. 25.0 C / 298.1 K
operatar: vamrl

Relax. dalay 1.000 mac
Pulse 45.0 degreas

Acg. time 1.550 mec

Width 21141.6 Hz

448 rapatiticns

OSSERVE C13, 100.£238513 MEx
DHECOUPLE El, 490.1760547 MEx
Towar 38 @B

continuously ca

WALTI-15 modulatad

DATA PROCESSING

Lize broadening 0.5 Hx

FT sira 65536

Total time 1 br, § min

“ “”‘ | — ik &

180 160 140 120 100 80 60 40 20 0 ppm

77.348
76.713

027

124 .642
119.102

110,677

108.119
28.476

165.788
146.334
143.615
143.275
139,832
131,982
58.003
20.949

160.773
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SUPPLEMENTARY MATERIAL S447

2-[5-(FURAN-2-YLMETHYL)-3-METHYL-6-OXOPYRIDAZIN-1(6H)-YL]-N-(4-
CHLOROPHENYL)ACETAMIDE (5E)

1164
114
112
110
108
106
104
102
100 | |
o8 1421 et s
96
04
5 has 17
00 13210 9“5
88
% a6 ‘
§58.11
o o082
82 1251.90
20 847 53|
7 81091
6 O 140075
14 H 17829
7 X | II\]/\n/ 130553
g \_0 _N 0O bal] | oo
& CI 155191 73085
- CHj
62
&0
585
40000 3600 3200 2300 2400 2000 1800 1600 1400 1200 1000 200 6000
emel
BURCL B2ACL 1 {0.076) Cn (Cen,2, 80.00, Hy) . Scan ES+
‘ 8021 1.00e9
100
EX
382,20
38321
12328 : " 1’31 2 455,04 57575
8127 19725 20927 | o475 329.33
5647 12218 13712 ! S g7134 20536 403,30 415:30
0-beirrers 8233?3‘?3 . |JI 135'0'? :|| Jl I} |ﬁ sl ﬁl TS LY FORNN [ FIT) |||_|I sl B L sl D
. 60 BO 100 120 140 160 180 200 220 240 280 280 300 320 340 360 380 400 420

Available online at: http://www.shd.org.rs/JSCS

(CC) 2024 Serbian Chemical Society.



S448

KARAYAVUZ et al.

e o B R
T T T L T e B B m e e I e e e B e B
10 8 7 [ 5 4 3
T 3 T T T T _r _ _m
H 2 s H = 8 z B s
E s @ o s 4
298
7
b
=
LT - 2
R -
Se - o+ b -
. /) Js %zgsis 2
§ o dtlea 5
N |
L SN ﬁ._ﬂ J Ju o A
— T T T T T T T T T
10 8 7 [ 5 3 ppm

BIACL

Sazpla Namas
B2AC1
Data Collected cms
marcury409-asrcury40o
Archive directozys
fhome/voarl fvoaTays/data
SaEpla AiTectoTys
BZAC1L 20200215 01
PLdPile: CARBON 01

DPulse Sequences CAREON (s2pal)
Solvent: dmsc
Data collectsd oms Pab 15 2020

Temp. 25.0 € / 298.1 K
oparator: vomri

Relax. dalay 1.000 sac
Pulse 45.0 degreas

Acg. time 1.550 sac

Width 21141.6 Hz

1564 Topatiticns

CESERVE C13, 1006243768 Mz
DECOUFLE E1. 4001778555 Mz
Powar 38 &8

contimously om

WALTZ.16 modulatad

DATA PROCEESINC

Lizs brosdesizg 0.5 Sz

PT aize 65536
Total time 1 br, 50 min

I |

WL

5 Agilent Technologies

180 160

120 120 o0 8o &80 40
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SUPPLEMENTARY MATERIAL

S449

R
el 2
E 2
; 2
= g
s @ -
- g ¢
w 4 N
3
] IMH i J
\ i
T — — — —— —— . — T . —
55 50 45 40 35 30 25 20 Ppm
2
4
= B 9 -
S @ 3 3
= g s R
" 2 - g - K 3 i
2 P s 2 =8 s o n
i g 2 8 : A
& d b 3 g E g
8 B
| J ‘ ‘ H L J J
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2-[5-(FURAN-2-YLMETHYL)-3-METHYL-6-OXOPYRIDAZIN-1(6H)-YL]-N-(4-
FLUOROPHENYL)ACETAMIDE (5F)

1188

31644
309585

329477

a H
N
N N
\_0 |/|/\(f)f\©\
F

CHs

170343

73675

1645.10] 120822

3600 3200 2800 2400 2000 1800
eml

1600 1400 1200 1000 200 6000

BURCU B2AF 1 (0.084) Cn (Cen,2, §0.00, Ht)

]

55,80 T3.83
Dt -

L 60

2312

grpa 12305 1372116818 4g492 ’f!_:l:il.21
e -

23229
-

Scan ES+ |

36428 1.34e8

3228|5526
361 3‘*\| |; _380.22

253.30 |
! 4 3 4
T iz

50 80 100 120 140 160 180

200 220 240

260 280 300 320 340 360 380 400
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SUPPLEMENTARY MATERIAL S451

T T T T T
10 ]

3

0.93 {

5 4
L__E__4 [
S 2

2,70+
1,96
[EE bl
0,79+
0.0

i erﬁ‘kj@* E‘j

3,33

4.838
3.848

2.505
2.501

2,486

7581

10.337
T.604
7.570
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S452 KARAYAVUZ ef al.

B2AF
Sazple Nama: Agilent Technologies
B2AF
Data Collected ome
Tarcury40e-zarouIy400
Azonive diractorys
/bong/vomrl/voarsys/data
Sample directorys
B2AF 20200718 01
F1aFile: CAREGN 01
Pulsa Soquences CARBON (sZpal)
solvart: cmso
Data collacted ome Fab 13 2020
Temp. 25.0 € / 2381 E
Operator: wvoarl
Selax. dalay 1.000 sac
Fulse 45.0 degrees
. tiza 1.550 sac
Width 21141.6 Hr
2512 Tepetiticas
CREERVE C13, 100.634376% ME:
DECOUFLE E1, 400.1773555 MEx
Fowar 38 B
contimcusly on
WALTZ-16 Eodulated
DATA PROCESSING
Lina broadening 0.5 Ex
FT aise 63536
Total time 1 br, 50 mim
‘ l “ ‘ | J ]
L o B LI B B e o R R s R
180 160 140 120 100 80 €0 10 20 0 ppm
oo
233
£3a
il
. -
5 2
2 3
B g
S s
S 3
g z
. g s
=
J w“‘”
A "
e e e e L e e e L A e e L e e e e A B e e e BRI S
60 55 50 45 40 35 30 25 ppm
1 N
o ] - 3
g . b z S
b1 2a 5w = El
] a 2 " g s T -
2 s a = ] S J
E 2 H a 3 &z s
g MF” 1 3 43 b
v e
L e e A e e o s e e e e LA e e o e e e e LA B o e e e o AL o o s e e s
165 160 155 150 145 140 135 130 125 120 115 ppm
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SUPPLEMENTARY MATERIAL S453

2-[5-(FURAN-2-YLMETHYL)-3-METHYL-6-OXOPYRIDAZIN-1(6H)-YL]-N-(3-
CHLORO-4-FLUOROPHENYL)ACETAMIDE (5G)

1087

106
104
102
100
£
% 1073,
04
92
0 103658
E 101151
£ 131780 87663
1257 |
84 11454 a
. wifs
wr © %796
"
76
1400 29
74 i
T
7
70
@
] 121795
6a
62
Ll
58
36
54
516
40000 3600 3200 2800 2000 2000 f:? 1600 1400 1200 1000 200 6000
BURCU B2A3CL4F 1 (0.143) Cn (Cen,2, 80.00, HI) Scan ES+
100 3%.18 2.00e8
2
400.17
401.16
415.26
0 _ 970420326 201303741 2e3a5 szazs  3sgap 10, | 4182 48T 540

60 180 200 220 240 280 280 300 320 340 360 380 40074-20 440 460 480 SOE;HZ

Available online at: http://www.shd.org.rs/JSCS

(CC) 2024 Serbian Chemical Society.



S454

KARAYAVUZ et al.
-
:( dj “ )
| E—_— L [ JL 1 J L_JIL
— — — T T T T T —
8 7 6 5
T T TIT T By —
ke e | : 2 K K E
| |
)\ ” .
T LRARRRRRESRRRE} T T T T T T T T ARARNRRRER T T T T T T T TTITTT
5.2 5 4.6 4.4 4.2 4.0 3.8 3.6 3.4 3217 3.0 4 ppm

Available online at: http://www.shd.org.rs/JSCS

(CC) 2024 Serbian Chemical Society.



SUPPLEMENTARY MATERIAL S455

153

7.148
7.141
7.138
7.132
6.921

v

6.941

o -
Sew e f
ER IR
moa~E5s
PN TR «
N fme Ao
= o fas. .3,
TROEgT2e
B 5 we s Yo
Yeg B 5
o SBEg : i
o ] @
El £
. &
o

/

BIAICLF

Sazpla Mames

BIAICIAF
Data Collected cus

marcurys09-zarcarydsn
Archnive airactorys

/home /vnarl/voaTeys/data
Sazpla directorys

B2A3C14F_ 20210221 01
FidFilc: CAREON 01

Agilent Technologios

Pulse Sequence: CARECH (s2pal)
solvant: cecid
Tata collacted oms Fab 21 2021

Tomp. 3.0 € f 296.1 K
gperators vamrl

HGlax. dalay 1.000 sac
Dulsc 45.0 dogroas
. tima 1.550 mac
Width 21141.§ Bz
1256 repatiticms
QHEEEVE C13, 100.5238513 M3z
DECOUPLE  E1. £00.1760547 Mz

Hu‘ | 1” |

continucasly oo
e

WALTI-16 modulatad
L e B B R R R R R RS RS EEEEEEEE R

DATA PROCEESTEC
Lina broadening 0.5 Hz
180 160 1420 120 100 80 &0 40

FT siza 65536
Total time 55 min

- i "

20 0 ppm
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S456

77.008

77329
—
T\ is.ene

KARAYAVUZ et al.

57.837
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134,472
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SUPPLEMENTARY MATERIAL S457

2-[5-(FURAN-2-YLMETHYL)-3-METHYL-6-OXOPYRIDAZIN-1(6H)-YL]-N-
(NAPHTHALEN-1-YL)ACETAMIDE (5H)

1120

110
108
106
104
102
100
o
3
96 86244
9%
B
3303 96 17.50
Bl
88 3828
] ‘
3
T 4
o ‘
o 6751
» o
7 o)
" H 13389 ‘
7 S N/\n/N 93444
n | |
o (_N o b
]
&
CH3 Q 1571447 ‘
64 Al
@ L608.30 |]504.27 ‘
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BIANaf

Sampla Namas
B2ANaf
Data Collected cas
BATCUTYE00-BATCUry400
Archive diractorys
{/homs /voaT froarays/data
Sampla directorys
BIANaf 20201201 01
FidFila: CARBON 01

Dalsa Scquences CAREON (sIpal)
solvant: cocia

Data collacted om: Dac 1 2020

Temp. 25.0 € / 298.1
Operators vomrl

Relax. dalay 1.000 sec
Pulse 85.0 degreas

Acg. time 1.550 sac

Width 21141.6 Hz

1512 repatiticas

QBEEEVE C13, 100.6238513 Mz
DECOUPLE  E1, 490.1760547 Mz
Powar 38 4B

contimucusly ca

WALTI-16 modulated

DATA PROCEEEIRC

Lina broadesing 0.5 Bz

FT Biza 65535

Total time 1 Er, 6 min

| |

SUPPLEMENTARY MATERIAL

JI‘\ JIITH

S459

t) Agilent Technolagios
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B LA B B B B e I A A I
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2-[5-(FURAN-2-YLMETHYL)-3-METHYL-6-OXOPYRIDAZIN-1(6H)-YL]-N-((1,1'-
BIPHENYL)-2-YL)ACETAMIDE (5I)

1188

115
110
105

100

304585

328295

. ()
(0]
&0 H
A N 164228 |
\ | e 135
35 P N 69954
CH

30
24 3

40000 3600 3200 2800 2400 2000 1800 1600 1400 1200 1000 200 6000
eml

BURCU B2BIF 1 (0.101) Cn (Cen,2, 80.00, Ht) Scan ES+

100 42225 1.61e8
2
42123
424 24
56.93 101.83122.80 165.06 44 438.21
ol —7pan IONBEINGSE 500900513 291M 2533826108 31105%1 gspar  aopzy 41945 18P 420

60 B0 100 120 140 180 180 200 220 240 260 280 300 320

40 360 380 400 420 440 460 480 500

Available online at: http://www.shd.org.rs/JSCS

(CC) 2024 Serbian Chemical Society.



SUPPLEMENTARY MATERIAL S461
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Baamar

Sazple Nama: Agilent Technologies

Data Collected oms

Barouryd0s-zersarydto
Arcuive atrectorys

/boms fvmar fvearays/data
sampla airectorys

m2amLr 20201200 01
F1aP1lcs CAREGN 01

Dulss Soquences CARECH (s3pal)
Solvent: cocld
Data collacted ms Dez 1 2820

Temp. 25.0 € / 295.1
operator: vamrl

Relax. dalzy 1.000 mac
Pulse 45.0 degress
- tiza 1.550 sac

Wiatn 21181.6 Ex

3000 repatiticas
OEEENVE C13, 100.6238513 MEr
DIECOTFLE E1, 400.1760547 MEx
Tower 38 ¢

contimuously oa

MALTI 16 modulatod
DATA FROCESETNG

Lins broadentng 0.5 Bz

T si1a 65535

Total time 2 br, 12 min

I ‘_“JJ o " |

180 160 140 120 100 80 60 40 20 0 ppm
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f N
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120 110 100 90 80 70 60 50 40 30 ppm
| | AL

L B s s L B S S S B
165 160 155 150 145 140 135 130 ppm
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S463

2-[5-(FURAN-2-YLMETHYL)-3-METHYL-6-OXOPYRIDAZIN-1(6H)-YL]-N-(PYRIDIN-

2-YL)ACETAMIDE (5)
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B2APAT

Agilent Technologies

Sampla Wama:
B3APLE
Data Collected oms
Barcuryd0o-aarouryd 0o
Arshive directorys
/mome/voarl froareysfdata
Sazpla dirsctorys
BIAPIr 20201201 01
FidPile: CAREON 01

DPulse Sequence: CARBON (sIpul)
Solvart: cgcll
Data collacted oms Dec 1 2020

TeEp. 25.0 € / 298.1 K
operators vmari

Relax. dalay 1.000 sec
Pulse 45.0 degress

Aoq. time 1.550 sec

Width 21141.6 Hx

1000 repetiticas

OSEEEVE CL3, 100.€235513 MEx
DECOUFLE  E1, 400.1760547 MEx
Powar 38 @B

contimuously oa

WALTI-16 modulated

DATA PROCESSING

Line broageaing 0.5 Hx

FT siza 6553

Total time 44 min
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4-(FURAN-2-YLMETHYL)-6-METHYL-2-[2-0XO-2-(4-PHENYLPIPERAZIN-1-
YL)ETHYL]PYRIDAZIN-3(2H)-ONE (6A)
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SUPPLEMENTARY MATERIAL S467

FP 1{0.082) Cn (Cen.2, BOOD, HI) ' Scan ES+
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KARAYAVUZ et al.

B2FP 1 1 "D:\Bruker\TopSpin4.0.7\0YA UNSAL TAN"
r =
o
&=
= < ~owo © =
= < THOT = 3 L
& < omnd = &
@ © = [T o
<+ © eI o o &
| | R | |
| w
=
2
o
e .
T N S e I B — T — T T —
5.0 4.5 4.0 3.5 3.0 25 [ppm]
E2FP 1 1 "D:\Bruker\TopSpind.0.T7\OYA UNSAL TAN"
=
2
e
r ot ey @ =@ [y S om [=1-] -
= Mool 9 om mow ] et
@ ] B G~ Fa= o i o
o PN S an Do + <+ ey
~ AT ~ wwo woo wwo oo L
| S | N R b L
Lo
oo
@
=
o
J\ J -
T T T T T T T T T T T r
7.5 7.0 6.5 [ppm]

Available online at: http://www.shd.org.rs/JSCS

(CC) 2024 Serbian Chemical Society.



SUPPLEMENTARY MATERIAL 8469

Current Data Parameters
HAME BIFP
2

PROCHO 1

F2 - Acquisition Parameters
20201022
10.30 h
Avance
Z151574_0038 (

4
30120.482 H:
0.915204 H

2 1.0B78877 mec
B 10
W 16.600 us=c
DE £.50 usec
TE 297.7 K
o1 2.00000000 zec
D11 1.03000000 sec
OO 1
EFO1 125.7T703641 MHz
NUC1 13
Bl 3,33 usec
Pl 10.00 usec
PLN1 85.18093976 W
£F02 500.1320005 MHz
NUC2 H
CPDPRG[2 waltz6s
BCBD2 80.00 usec
BLNZ 24.04299827 W
PLN12 0.2£043000 W
PLW13 0.12093000 W
F21 - Processing parametars
£1 12768
EF 135 _75T78BS MHz
WOW EM
SEB 0
I8 1.00 Hz
ca 0
T 1.40
T T T T T T T T T T T
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B2FP 2 1 "D:\Bruker\TopSpin4.0.7\OYA UNSAL TAN"
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S472 KARAYAVUZ ef al.

4-(FURAN-2-YLMETHYL)-6-METHYL-2-[2-OXO-2-(4-(4-
METHYLPHENYL)PIPERAZIN-1-YL)ETHYL]PYRIDAZIN-3(2H)-ONE (6B)
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SUPPLEMENTARY MATERIAL S473

BURCU B24MFP 1 (0.057) Cn (Cen,2, 80.00, Ht)

Scan ES+
100 42928 1.08e9
Ed
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56.60 ) . 5 15 | 44524
oL 2% 7247 12301 146.03 _ 177.31 20947 231.39 253,08 261.24296.46 "0 *°338.40 388,56 42215 " 4593206 a7
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SUPPLEMENTARY MATERIAL S475

BR4MFD

Sz=pla Nama: tb Agilent Technologios
BIANFD
Data Collected om:
ERrcury40d-marcury4o0
Archive diractorys
/none/voery fYoaTeys/data
Sampla directory:
BI4NFT 20210221 01
FidFile: CAREON 01

Pulse Sequence: CARBON (s2pal)
Solvant: cdell
Tata collected ona Pab 21 2021

Temp. 33.0 € / 1361 K
operators wmmrl

Relax. dalay 1.000 sec
Pulse 45.0 degreds

Acg. tizma 1.550 sac

Width 21141.6 Bz

1000 ropatiticas
GEEERVE C13. 100.6238513 Mz
DECOUPLE EL. 400.1760547 Mz
Powar 38 &3

contimucusly oo

WALTI-16 modulated

IATA PROCEESIRG

Line broadening 0.5 Bz

FT miza 65535

Total tiza 44 min

A I.|H all i i
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4-(FURAN-2-YLMETHYL)-6-METHYL-2-[2-0XO0-2-(4-(4-
METHOXYPHENYL)PIPERAZIN-1-YL)ETHYL]PYRIDAZIN-3(2H)-ONE (6C)
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{4 -

o il ]
Aﬁ\%f Jd— I Jl_JIuU P | (.

-

7.5 7.0 6.5 6.0 5.5 5.0 4.5 . .
e —_—— = = B —
2 2 8 8 £ 32 & 3 3 a 8
= - < = = A LR -
PR
th Agilent Technologies

Sample Name:
BIMGOED
Data Collected cms
Barcury809-sarcurydoo
Arenive airectorys
/nomc/vnaT fenarsys/data
Sample directorys
BINGOFP 20210220 01
FidFilc.: CAREON 01

DPulsa Sequances CAREON (s2pal)
Solvant: cdcll
Data collacted oms Fb 20 2021

Temp. 35.0 €/ 298.1 K
Operators vomrl

Relax. dalay 1.000 sac
Pulse 45.0 degrees

Acg. tima 1.550 sac

Width 21181.6 Hr

1000 Topatitioas
OSEERVE C13, 100.£238513 MEx
DECOUPLE E1, 400.1760547 MEx
Powar 38 4B

contimucusly oo

WALTI-16 modulated

DATA PROCESSING

Lina broadening 0.5 Hr

FT 8112 65536

Total tima 44 min

| |
—
LI L L B B L R N N RN EEEEEEEEEEEEEEE]
iseo 1g0 140 120 100 80 &0 40 20 0 ppm
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S479
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4-(FURAN-2-YLMETHYL)-6-METHYL-2-[2-0XO-2-(4-(4-NITROPHENYL)PIPERAZIN-
1-YL)ETHYL]PYRIDAZIN-3(2H)-ONE (6D)

1062

104
101
100
E
96
" 207963
92
el
8 uyu
% 54695
84
2
0
” j
po374
wr 78 i 7
74
72 167347 N39384
70 143428
63
B 82088 74590
64
62
0
389
8
36 122395
54
32 1258
50
a2
463
40000 3600 3200 200 2400 2000 1800 1600 1400 1200 1000 200 6000

eml

Available online at: http://www.shd.org.rs/JSCS

(CC) 2024 Serbian Chemical Society.



SUPPLEMENTARY MATERIAL S481

BURCU B24NFP 1 (0.202) Cn {(Cen,2, 80.00, Ht) Scan ES+
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#
461,38
. 462,37
56.53 1 139.32
P 1T 14 20 | 2e91as0genes WMo WS worse W | T

60 BOD 100 120 140 160 180 200 220 240 260 280 300 320 340 360 380 40(5“456—“44[.1.45[)“ 480 500

H24NFF 3 1 *D:‘\Brukar\TopSpind.0.T7\OYA UNSAL TRE™

4 (

// L
| o b § .

BoA B OEE B omE ]

] T L] H]

Available online at: http://www.shd.org.rs/JSCS

(CC) 2024 Serbian Chemical Society.



KARAYAVUZ et al.

S482
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SUPPLEMENTARY MATERIAL 8483

Current Data Parameters
HAME B24NFP
EXPHO 1
PROCNO 1

F2 - Acquisition Parameters

Date_ 20201022

Ti 12.00 b
Avance

Z151574_003E8 |

4
30120.482
0.513204

mm

AQ 1.0878977 sec
RG 101
oW 16.600 usec
DE &.50 usec
TE 259.2 K
o1 2.00000000 sec
D11 0.03000000 sec
TDO 1
EFD1 125.7T703643 Mz
HNUC1 13c
PO 3.33 usec
Pl 10.00 usec
PLW1 B5.18093976 W
EF02 500.1320005 MHz
HUC2 H
CPDFRG[2 waltzEs
PCPD2 80.00 usec
PLNZ 24.04295927 W
PLW12 0.24043000 W
PLW13 0.12093000 W
F2 - Processing parameters
EI 32768
EF 125.7577885 MHz
WDW EM
EEB L]
LB 1.00 Hz
" | GB L]
o P 1.40
T T T T T T T T T T T
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KARAYAVUZ et al.
B24NFE 1 1 "D \Bruker\TopSpin4.0.7\OYA UNSAL TAN"
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Abstract: In the present work, a computational study of the chemical reactivity
of alliin at the X/DGDZVP level of theory (where X is B3LYP, M06, MO6L or
wB97XD) was performed. The distribution of active sites on alliin was deter-
mined by evaluating the Fukui function. For electrophilic attacks, the more
reactive sites are on the carbon atoms of the prop-2-ene moiety. The more
active sites for nucleophilic attacks are located on the thioether group. In the
case of free radical attacks, the more reactive sites are on the carbonyl, thio-
ether and prop-2-ene moieties. Additionally, the molecular docking study rev-
ealed that, alliin is able to dock to the protease MP™ of SARS-CoV-2 through
interactions with the catalytic CYS145-HSD164 dyad via van der Waals inter-
actions, with MET49 with interactions alkyl-type ions and with PHE140 by
hydrogen bonds. Also, the molecular dynamic study indicates that alliin rem-
ains in the pocket site. Last result suggests that this molecule is a potential can-
didate for further in vitro evaluation as a drug for the treatment of the major

protease-based SARS-CoV-2 virus.

Keywords: Fukui function; molecular docking; non-covalent.

INTRODUCTION

Alliin (2-amino-3-prop-2-enylsulfanylpropanoic acid), is the most important
sulfur compound present in garlic Allium sativum.! It is well known that alliin is
a bioactive compound with medicinal activity, and its organosulfur compounds
serve as important storage peptides and synthetic intermediates.2 Alliin has
shown anticarcinogenic3 and antibiotic activity.4 In addition, alliin exhibit cardio
and neuroprotective actions and is able to suppress inflammatory responses.2
Also, its antiviral activity has been studied for herpes simplex type 1 and 2, influ-
enza type 3, vaccinia virus, stomatitis, vesicular and human rhinovirus; however,

* Corresponding author. E-mail: hhuizar@uaeh.edu.mx
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1434 LOPEZ-OROZCO e dl.

at working concentrations, it has presented cytotoxicity by which is necessary to
extend the study.> Additionally, alliin and its derived sulfoxides have shown a
mechanism of action that prevents the formation of free radicals by electron
capture, which gives rise to its antioxidant activity.® Also, it has been evaluated
as an inhibitor of SARS-CoV-2 MPr® through molecular docking analysis’ and
molecular dynamics.” It was found that the formation of hydrogen bonds
between this serine-type protease and alliin in the active site regions inhibits the
COVID-19 outbreak.” Here, it is important to mention that the AG energy change
of antigen—receptor binding represents the basis of the virus—host interaction at
the cell surface, which allows the virus to enter its host cell. Thus, in order to
infect a host cell, a virus must have an antigen (for example, the spike glycopro-
tein of SARS-CoV-2) that has a negative AG of binding to the host cell receptor
(e.g., the ACE2 receptor for SARS-CoV-2). Thus, thermodynamic and kinetic
studies play an important role in the evaluation of antiviral agents because of the
complexes formed by virus receptors with the study agent.8.9 In this sense, these
kinds of studies related to the formation of the aliin—-MP™ complex have allowed
to evaluate the binding of the complex for different Omicron variants of SARS-
-CoV-2.10 Since the binding AG plays an important role in determining the stab-
ility of the complex with which viral infectivity and mutability may be evaluated.
Thus, the bioinformatics studies reported in the literature suggest that alliin may
be used alone or in combination with the main therapeutic drug, which would be
an efficient therapy to eradicate SARS-CoV-2 with the lowest side effects and
toxicity.”>!! Nevertheless, no drugs have been developed based on the potential
of this bioactive molecule because it is necessary more information related to the
alliin—receptor binding. Additionally, we consider that the determination of alliin
electronic properties would allow understanding the therapeutic effect towards
different diseases. In this sense, to the best of our knowledge, only different sul-
fur derivatives of alliin have been studied from theoretical point of view employ-
ing semiempirical methods!2 and ab initio methods in order to investigate their
structural properties, vibrational modes and electronic structure.!3 Thus, in the
present work, we evaluated the global and local reactivity parameters of alliin,
the binding energy of the complex alliin—MP™, and validate the docking analysis
with a molecular dynamic study. We believe that this type of study contributes to
a better understanding of the chemical behaviour of this important bioactive com-
pound.

Theory

Within the framework of density functional theory, it is possible to derive
parameters that can be used to analyse the reactivity of a molecular system, such
as: the electronic chemical potential (u), electronegativity (}), hardness (77) and
the electrophilicity index (@):14
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In these equations, £, N and Wr) are the energy, the number of electrons and
the external potential exerted by the nuclei, respectively. / is the ionization pot-
ential and A4 corresponds to the electronic affinity. & is the energy of the lowest
unoccupied molecular orbital (LUMO), while &g is the energy of the highest
occupied molecular orbital (HOMO).!5 The electronic chemical potential is rel-
ated with the electronic escape tendency.!® The hardness is related to the stability
of molecular systems!7 because it allows measuring the chemical susceptibility
of the species to accept electrons.!3 The electrophilicity index suggests a good
nucleophile for higher values, while it indicates the presence of a good electro-
phile at higher values. In addition, it is possible to define the powers of electro-
acceptance (@) and eletrodonation (@"):13

BT Ge ey

o = 5)
2n 2(1 - A4) 2(er —€R)
1 2 1 2
e (ﬂ+)2 _ (_Z(]+3A)) _ (—Z(EL +3¢R)) ©
2n 2(1-4) 2(e —€n)

Also, the Fukui function (FF), f{(r), is a local parameter commonly used to
identify the regions of increased activity on a molecular system,!8 and is defined

as follows:18
_(9p(r) [ ou(r)
/ (r)_( N jv(,)_[av(r)J M

where p(r) is the electron density. Note that Eq. (7) allows us to identify the
regions in which the electron density is modified by varying the number of elec-
trons, which is useful for identifying the molecular regions most susceptible to
nucleophilic and electrophilic attacks.!9 Also, it is possible to evaluate FF using
different approaches which are: a) frozen core approximation (FC)!8, b) finite
differences (FD)!8 and c) finite differences employing atomic charges (FDAC).20
Under the FC approximation, FF is evaluated as:

Available online at: http://www.shd.org.rs/JSCS

(CC) 2024 Serbian Chemical Society.



1436 LOPEZ-OROZCO et dl.

S~ =pr (e (1) =pu(r) (8)
ST =0 (e ()= pL() ©)
where f(r) and f(r) correspond to electrophilic and nucleophilic attacks, respec-
tively, pp(r) is the electron density of the HOMO orbital, and py (7) is the elec-
tron density of the LUMO orbital. In the case of FD and FDAC approximations,

it is possible to define the FF for the electrophilic, the nucleophilic and the free
radical attacks f9(r). Thus, in the FD approximation, FF is determined as:

1) = pr(P) = i () (10)
T =pya(—-pn) (11)
f"(r)%(pNﬂ(r)—pN_l(r)) (12)

where pn+1(7), pn(r) and pn_1(¥) correspond to the electron density of the
anionic, neutral and cationic species, respectively. In the third approximation
(FDAC), g; is the atomic charge at the jgsimo site for neutral (N), anionic (N+1),
or cationic (N-1) of the chemical species:

Ji M =a;n-1y—49v (13)

I =a;v) =) (14)

f](')(r):%(q]'(N—l) —4q(N+1)) (15)
EXPERIMENTAL

The alliin structure was subjected to full geometric optimization in the aqueous phase
employing the X/DGDZVP level of theory?! (where X is B3LYP,%2 M06,23 MO6L?* or
©B97XD?5). The solvent phase optimization was carried out using the continuous polarizable
model (PCM) developed by Tomasi et al.2 In all cases, vibrational frequencies were calcul-
ated to ensure that the stationary points were minimal on the potential energy surface. All
quantum calculations reported in this research were performed with the Gaussian program
0927 and visualized with the packages GaussView,28 Gabedit?® and Multwfn.?? The docking
study was performed through the Swiss Bioinformatics Institute website with the free software
SwissDock.3! Visualizations of the ligand/receptor complex were performed by the programs
Chimera3? and Discovery Studio Visualizer 2019.33

RESULTS AND DISCUSSION
Reactivity parameters and molecular interactions

The alliin structure was optimized without restrictions at the X/DGDZVP
level of theory at gas and aqueous phase3 (where X is B3LYP,22 M06,23 M06L24
or ®B97XD?25), as can be seen in Fig. 1. Here, it is important to mention that no
significant differences were obtained, neither in distances nor in angles, when the
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solvent effect was considered at the different levels of theory employed in this
work. All the frequency values calculated at the theoretical level X/DGDZVP2!
in both phases were positive and are in good agreement with the values reported
in the literature, suggesting that the level of theory employed is able to predict
the electronic properties of alliin. A summary of the main bands for the aqueous
phase present in the alliin spectrum is shown in Fig. S-1 of the Supplementary
material to this paper which are at 270 cm™! for the N—H bending out of plane,
580 cm~! O—H bending out of plane, 970 cm~! S=O stretching, 1160 cm~! N-C
stretching, 3060 cm~! C—H stretching, 3500 cm~! N—H stretching and 3690 cm™!
O—H stretching.

a) b)
? ’ 1.46 }
1545 N
J“ 12385 -')_{-;?f; Ciss
1.34‘%/ 9 ‘J
9

Fig. 1. Structure of alliin. a) Gas phase and b) aqueous phase, optimized at the
B3LYP/DGDZVP level of theory in the aqueous phase using the PCM solution model.
Bond distances are given in A, DA = dihedral angle.

Global reactivity descriptors

The global reactivity descriptors for alliin were evaluated using Egs. (1)—(6)
and are reported in Table 1. The electronic chemical potential values indicate that
alliin is a good nucleophile. It is also a stable molecule according to the hardness
values obtained at all levels of theory. Note that the presence of a solvent has no
effect on the global chemical reactivity of alliin.

Local reactivity parameters

The local reactivity of a molecular system can be evaluated through the
Fukui Function, using the FC and FD approximations. Fig. 2 shows the distrib-
ution of the electrophilic sites in alliin, using the FC approximation in the aque-
ous phase, it is worth mentioning that a similar behaviour was observed in the
gas phase (see Fig. S-2 of the Supplementary material). Note that for alliin the
HOMO (distribution is localized over the sulfoxide and the alkene, while the
LUMO distribution is localized over the whole molecule except for the nitrogen
bonded hydrogens.

The evaluation of the Fukui Function using the FD approximation (Egs.
(10)—(12)) in the aqueous phase is reported in Fig. 3 for alliin. The most active
sites towards nucleophilic attacks are found at 1C, 2C and 9C (Fig. 3a), on the
alkene carbons. For electrophilic attacks, the most reactive sites are found at pos-
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1438 LOPEZ-OROZCO et dl.

itions 3C, 4S and 50 (Fig. 3b), in the thioether region, while for free radical the
attacks on the most reactive sites are the same sites as the total for nucleophilic
and electrophilic attacks (Fig. 3c). It is clear from the FD approach that the most
reactive sites are located in the same positions for the gas and aqueous phase,
which is indicative that they are showing the same reactivity to the different
types of attacks (see Fig. S-3 of the Supplementary material).

TABLE 1. Global reactivity parameters calculated for alliin, evaluated at the X/DGDZVP
level of theory (where X is B3LYP, M06, MO6L or ®B97XD) in aqueous and gas phases,
using Egs. (1)—(6). Values in parentheses correspond to the values calculated using Koopmans
theorem

Leveltype I/eV  A/eV ul/eV ulevV w u yleV w/eVotleVw eV
Aqueous
B3LYP 6.76 094 -385 581 -6.76 —-094 385 127 0.08 393
(-0.83) (-6.76) (3.80) (5.92) (0.83) (6.76) (-3.80) (1.22) (3.85) (0.06)
MO06 6.89 082 -386 607 -6.89 —-0.82 386 122 0.06 391
(-0.51) (=7.07) (3.79) (6.56) (0.51) (7.07) (=3.79) (1.09) (3.81) (0.02)
MO6L 8.64 096 -480 768 -8.64 —-096 480 150 0.06 4.86
(0.96) (-5.89) (2.46) (6.85) (—0.96) (5.89) (-2.46) (0.44) (2.53) (0.07)
WB97XD  6.92 033 -3.63 659 -692 -033 3.63 1.00 001 3.63
(1.28) (-8.90) (3.81) (10.18) (—1.28) (8.90) (-3.81) (0.71) (3.89) (0.08)
Gas
B3LYP 6.75 096 -386 579 -6.75 096 386 128 0.08 3.93
(-0.86) (-6.76) (3.81) (5.90) (0.86) (6.76) (-3.81) (1.23) (3.87) (0.06)

MO06 690 0.83 -3.86 607 -6.90 —0.83 3.86 123 006 3.92
(-0.51) (-7.07) (3.79) (6.56) (0.51) (7.07) (-3.79) (1.09) (3.81) (0.02)
MO6L 905 096 -501 809 -9.05 —-0.96 501 155 0.06 5.06

(-1.26) (-5.89) (3.58) (4.62) (1.26) (5.89) (-3.58) (1.38) (3.75) (0.17)
WB97XD 692 033 -3.62 659 -692 -033 3.62 1.00 001 3.63
(1.28) (~0.89) (=0.20) (2.17) (~1.28) (0.89) (0.20) (0.01) (0.18) (0.38)

Fig. 2. HOMO and LUMO distributions on alliin obtained at the BSLYP/DGDZVP level of
theory in the aqueous phase using the PCM solution model. In all cases the isosurfaces were
obtained at 0.08 e/u.a.?

Furthermore, it is possible to condense the Fukui function through Egs. (13)—
—(15) to identify the point distribution of the active sites because the highest
values of CFF correspond to the most reactive atoms in the reference molecule.
In the case of Egs. (13)—(15), we used the Hirshfeld population analysis to evalu-
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CHEMICAL REACTIVITY OF ALIIN 1439

a)

c)

Fig. 3. Isosurfaces of Fukui Functions for alliin according to Egs. (10)—(12) at the
B3LYP/DGDZVP level of theory using the PCM solution model in the case of nucleophilic
(a), electrophilic (b) and free radical attacks (c). In all cases, the isosurfaces were obtained at

0.008 e/a.u.? The dotted circles show the most reactive zones in each molecule.

ate the CFF values because the values obtained are non-negative.35-36 The CFF
values for nucleophilic attacks at the different levels of theory, for alliin calcul-
ated in aqueous phase, are shown in Fig. 4. Note that alliin exhibits the most sus-
ceptible sites towards nucleophilic attacks at 1C, 2C and 9C. In the case of elec-
trophilic attack, the most reactive sites are 3C, 4S and 50 (Fig. S-4 of the
Supplementary material). Whereas, the most reactive sites towards a free radical

06

05 OB3LYP
= M06
aMO6L

04 4 ®WBI7XD

03 4

Condensed Fukul Function

0.2 4

01 4

i
1C 2C 3C 43 50 6C 7C 8H 9C 100 110 12N 13H 14H 15H 16H 17H 18H 19H 20H 21H 22H
Atom

Fig. 4. Condensed Fukui function values for nucleophilic attacks on alliin at the
X/DGDZVP level of theory (where X=B3LYP, M06, MO6L and ®B97XD), in the aqueous
phase using the Hirshfeld population and Egs. (12)—(14), the dotted circles show the most
reactive zones in each molecule.
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attack are 1C, 9C, 4S and 50 (Fig. S-5 of the Supplementary material). It was
also observed that the molecule has the same behaviour in the gas phase (Figs.
(S-6)—(S-8) of the Supplementary material).

In addition to global and local reactivity descriptors, it is possible to analyse
the chemical reactivity through molecular electrostatic potential (MEP) maps.3!
Fig. 5 shows the MEPs of the alliin molecule. In this image, the negative poten-
tial areas (red colour) are characterized by an abundance of electrons while the
positive potential areas (blue colour) are characterized by a relative lack of elec-
trons. Alliin exhibits the highest potential values on hydrogen and nitrogen atoms
compared to the other atoms, therefore they have a lower electron density around
them, and show that oxygen atoms are the sites with the lowest potential and
therefore are the most electrophilic active sites. The same occurred when the
MEP for almotriptan in the gas phase was performed, as shown in Fig. S-9 of the
Supplementary material.

Y J <2 9 Fig. 5. Mapping of the electrostatic potentials

#/ evaluated at the B3LYP/DGDZVP level of

. ’ ‘J theory using the PCM solvation model, on a

\ 9 density isosurface (value = 0.002 e/a.u.3) for
alliin.

Non-covalent interactions

As expressed by the NCI index, in regions far from the molecule, the density
decreases to zero exponentially and, consequently, the reduced gradient dis-
played large positive values, while in regions of covalent bonding and non-coval-
ent interactions, the reduced gradient will have values close to zero:37

S(l") = 1 |V,0(l”)|

2(371_2)1/3 p(l”)4/3
Fig. 6 shows this plot for alliin, note that, in the low reduced gradient region,
several interactions are observed, caused by the interactions in the amide. To

verify this result, the isosurface s(r) of the alliin structure was plotted, see Fig. S-10
of the Supplementary material.

(16)

Molecular docking

In order to analyse the influence of alliin structure on its role as an inhibitor
of SARS-CoV-2 virus replication for the treatment of COVID-19 disease, the
optimal ligand/protein configuration and binding affinity of aliin to MP™ were
analysed. Fig. 7 shows the alliin—MP™ configuration, where the binding energy is
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—29.79 kJ mol-!. This binding energy value is more negative that the previously
reported in the literature (—17.99 kJ mol1),38 suggesting a higher affinity to the
alliin to the active site of MP™. Although, it was previously reported a molecular
docking of alliin with the protease MP™ with a AG equal to —40.57 kJ mol-1, it is
important to mention that it was done in the presence of the inhibitor N3, and this
fact may decrease the number of interactions with the active site residues.” To
identify the interactions around 3 A, the interactions were plotted on a 2D map, as
shown in Fig. S-11 of the Supplementary material, thus it is observed that alliin
has van der Waals interactions at the catalytic site of the MPr reported.3 The
interaction of alliin with the catalytic site of MP™, at residues CYS145 and
HSD164, considered the catalytic dyad, in addition to ASN142, MET165,
HSD163, GLU166, HSD41, alkyl-type interaction with MET49 and by hydrogen
bridging with PHE140.

2.000
1.800
1.600
1.400
1200 gl
1.000

0800 pEmwe

Reduced density gradient

0600 -

0.400 -

0.200 -

0.000 . : ‘
0050 -0.050 -0030 -0.020 -0.010 0000 0010 0.020 0.030 0.040 0050

Sign(Az)p (a.u.)

Fig. 6. Plot of the reduced density gradient vs. sign(42)p for alliin in the aqueous phase.

Molecular dynamics simulation study

The molecular dynamics simulation allows the docking study to be validated
by evaluating the stability of the compounds docked to a protein, based on the
description of the forces. Here it is important to mention that recently was
reported in the literature a molecular dynamic study of 6lu7-alliin but with a
RMSD larger than 2 A, (see Fig. 2 in reference 12),” which is bigger than the
average values of RMSD reported as reliable. In this work, the molecular
dynamics simulation was performed for 20 ns for the MP™ alliin complex as
shown in Fig. 9. The system reached equilibrium after 10 ns and fluctuated
around the mean value of 0.8 A until the end of the simulation which suggest that
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the formation of complex protein-ligand is stable and may inactive to the M
receptorPro, 7,40

0 5 10 15 20
t/ns

Fig. 9. RMSD diagram of the SARS-CoV-2 MP™—alliin protease complex.

CONCLUSIONS

In the present work, the molecular chemical reactivity of the alliin structure
was studied in aqueous and gas phase. Through the Fukui Function it was iden-
tified that the most active sites towards the nucleophiles are located at 1C, 2C
and 9C the for electrophilic attacks 3C, 4S and 50 and for free radical attacks the
most reactive sites are the same sites as for nucleophilic and electrophilic attacks
and there was no significant change in the two phases. The AG of binding for the
alliin—-MPr© configuration was also calculated to be equal to —29.79 kJ mol~l.
Alliin showed interactions with important residues of the active site of the MP©
receptor.
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n3BO[J

XEMUHJCKA PEAKTUITHOCT AJTMMHA U FbETOBA MOJIEKYJICKA UHTEPAKLIMJA CA
SARS-COV-2 PROTEASE MPT©

WENDOLYNE LOPEZ-OR0ZCO, LUIS HUMBERTO MENDOZA-HUIZAR, GIAAN ARTURO ALVAREZ-ROMERO,
JESUS MARTIN TORRES-VALENCIA u MARICRUZ SANCHEZ-ZAVALA

Academic Area of Chemistry, Universidad Autonoma del Estado de Hidalgo, Carretera Pachuca-Tulancingo,
42184, Mineral de la Reforma, Hidalgo, Mexico

Y oBoM pamy je maTa padyHapcka CTy[OHja XeMHjCKe PeaKTHBHOWCTH alhMHa Ha
X/DGuDZVP nusoy teopuje (rme je X B3LYP, M06, MO6L unu wB97XD). Pacniogena akTus-
HUX MecTa Ha anuuHy onpeheHa je Ha ocHoBy Fukui ¢yHkuuje. 3a enexrpoduiHe Hamage,
HajpeakTUBHHjA MECTa Cy Ha YIJbeHMKOBUM aTOMHMa INpOMN-2-eHCKOT fnena. PeakTHBHHja
MecTa 3a HykjIeodHIHe Hamaje Cy JOUUpaHa Ha THOETapCKOj IPyMH. Y CiIydajy CI000SHO-
PafMKalCKUX Hamaja, PeakTHBHHja MecCTa Cy Ha KaDOHWJIHHUM, THOETapCKHUM W MPOI-2-eH-
CKUM fienioBUMa. JJofaTHO je CTyAxja MOJIEKYJICKOT JOKMHIa [ToKa3asla /1a je alukH y CTawmy fAa
mpucTtaHe Ha protease MP™ y SARS-CoV-2 xpo3 uHTepakuujy ca kaTanutuukom CYS145-
-HSD164 pujamom, npeko van der Waals uHTepakuuja, ca MET49 npeko uHTepakudja ca
jonuma anxun tvna, U ca PHE140 mpexo BomoHMYHHMX Besa. Takohe, cTymuje Mosexyscke
IOVHaMMKe yKa3yjy fa ce aluMH 3aip)kaBa Ha MecTy liena. HajHOBHjU pe3yiTaTy cyrepuuly na
je oBaj MOJIeKyJ MOTEHLMjaIH! KaHOUAT 3a Aasby in vitro eBaayalujy, Kao JeK 3a TPeTUPake
[JIaBHOT, Ha IpoTeasy 3acHoBaHor, SARS-CoV-2 Bupyca.

(ITpumsbeHo 17. aBrycra, peBuaupano 9. centemdbpa, npuxsaheno 11. okrobpa 2023)
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Figure S-1: Theoretical IR spectra of alliin in the aqueous phase obtained at the
B3LYP/DGDZVP level of theory.
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23, o

Figure S-2. HOMO and LUMO distributions on alliin obtained at the BILYP/DGDZVP level
of theory in the gas phase. In all cases the isosurfaces were obtained at 0.08 e/u.a.’ .

c)

Figure S-3. Isosurfaces of Fukui Functions for alliin according to equations (9), (10) and (11)
at the BBLYP/DGDZVP level of theory in the gas phase. In the case of (a) nucleophilic, (b)
electrophilic and (c) free radical attacks. In all cases the isosurfaces were obtained at 0.008

e/u.a. 3The dotted circles show the most reactive zones in each molecule.
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Figure S-4. Condensed Fukui function values for electrophilic attacks on alliin at the X/
DGDZVP level of theory (where X=B3LYP, M06, MO6L and ®B97XD), in the aqueous
phase employing the Hirshfeld population and equations (12)-(14), the dashed circles show
the most reactive zones in each molecule.
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Figure S-5. Condensed Fukui function values for free radical attacks on alliin at the X/
DGDZVP level of theory (where X=B3LYP, M06, MO6L and ®B97XD), in the aqueous
phase employing the Hirshfeld population and equations (12)-(14), the dashed circles show
the most reactive zones in each molecule.
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Figure S-6. Condensed Fukui function values for nucleophilic attacks on alliin at the X/
DGDZVP level of theory (where X=B3LYP, M06, MO6L and ®B97XD), in the gas phase
employing the Hirshfeld population and equations (12)-(14), the dashed circles show the most
reactive zones in each molecule.
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Figure S-7. Condensed Fukui function values for electrophilic attacks on alliin at the X/
DGDZVP level of theory (where X=B3LYP, M06, MO6L and ®B97XD), in the gas phase
employing the Hirshfeld population and equations (12)-(14), the dashed circles show the most
reactive zones in each molecule.
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Figure S-8. Condensed Fukui function values for free radical attacks on alliin at the X/
DGDZVP level of theory (where X=B3LYP, M06, MO6L and ®B97XD), in the gas phase
employing the Hirshfeld population and equations (12)-(14), the dashed circles show the most
reactive zones in each molecule.

Figure S-9. Mapping of electrostatic potentials evaluated at the BALYP/DGDZVP level of
theory in the gas phase, over a density isosurface (value =0.002 e/a.u.? ) for alliin.
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Figure S-11. 2D mapping of ligand/protein interactions for alliin.
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Identification of musk compounds as inhibitors of the main SARS-CoV-2
protease by molecular docking and molecular dynamics studies
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Abstract. As new drug development is a long process, reuse of bioactives may
be the answer to new epidemics; thus, screening existing bioactive compounds
against a new SARS-CoV-2 infection is an important task. With this in mind,
we have systematically screened potential odorant molecules in the treatment
of this infection based on the affinity of the selected odorant compounds on the
studied enzyme and the sequence identity of their target proteins (olfactory rec-
eptors) to the same enzyme (the main protease of SARS-CoV-2). A total of 12
musk odorant compounds were subjected to a molecular docking and mole-
cular dynamics study to predict their impact against the main protease of
SARS-CoV-2. In this study, we have identified two musk-scented compounds
(androstenol and vulcanolide) that have good binding energy at the major pro-
tease binding site of SARS-CoV-2. However, the RMSD values recorded
during dynamic simulation show that vulcanolide exhibits high stability of the
protein—ligand complex compared to androstenol. The perspectives of this
work are as follows: in vitro, in vivo and clinical trials to verify the comput-
ational findings.

Keywords: coronavirus; musk-smelling compounds; olfactory receptors; molec-
ular docking; molecular dynamics.
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INTRODUCTION

A new form of infection, the coronavirus caused by the SARS-CoV-2 virus,
has spread rapidly around the world,!> and continues to kill thousands of people
every day. This new form of coronavirus occurred in December 2019 in Wuhan,
China,® and to date no effective treatment against SARS-CoV-2 virus infection
has been reported.’”-8 The possible treatment of coronaviruses can be carried out
in two different ways: the first by strengthening the human immune system, and
the second by attacking the coronavirus itself.2 This virus is a member of the
beta-coronavirus family.® It infects cells by binding to ACE2 by its spike glyco-
protein (S). In order to complete the entry into the cell, the protease enzyme must
prime the spike glycoprotein; this protease is called TMPRSS2. In fact, the act-
ivation of TMPRSS2 as a protease is needed to attach the spike protein of the
virus to its human cellular ligand. The viral genome is transcribed and then trans-
lated after the virus enters the host cell and uncoats. Therefore, targeting and dis-
turbing the operation of one or many of those enzymes involved in viral replic-
ation, transcription, or translation can be effective in stopping the emergency of
this pandemic.? Here, it is important to mention that the structure-biology study
of coronavirus (SARS-CoV-2) proteins is still at an early stage. The crystal struc-
ture of the main protease, also named 3CLpro or 3-chymotrypsin-like protease,?
has many PDB structures (PDB code: 6LU7, 6M03, 6W4B, 6Y84, 6YB7, 5R7Y,
5R7Z, 5R80, 5R81, 6W63, 6M3M...).10 However, in this study, we are inter-
ested in the crystal structure of 3CLpro (PDB code: 6LU7) because the protease
activity that is responsible for polyprotein cleavage is present in this enzyme
(nsp5 protein).!! This crystallographic structure is encoded within the viral gen-
ome in complex with the N3 inhibitor.12 Here it is worth mentioning that the
reuse of bioactive compounds can be a good option in the face of the outbreak of
unexpected infectious diseases due to the long production time of new drugs.3:13
For example, the effect of chloroquine and hydroxychloroquine in the treatment
of COVID-19 has been evaluated in many research papers,3:14-16 and in fact,
these two drugs are used worldwide for the treatment of COVID-19 disease.!7!8
Therefore, there is an urgent task to discover novel bioactives with new method-
ologies to combat COVID-19 disease; and consequently, the challenge is to det-
ect chemical compounds with inhibitory effects on the SARS-CoV-2 main pro-
tease virus. Specifically, in the event of a pulmonary infection, volatile com-
pounds are very useful since the respiratory system will positively support ther-
apies of this kind.!9 Thus, the chemical constituents present in aromatic plants
have the potential to inhibit viral infections.!9-23 Musk-smelling compounds are
well known as a very odorous material, which is the secretion of the musk-carry-
ing Chevrotin.24 These musk-smelling compounds are able to activate the human
musk receptors ORSAN1 and OR1A1, and they could activate other kinds of rec-
eptors if they have homology. In this sense, two receptors have homology when
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their structures share a significant sequence similarity (a percentage of identity
greater than 40 % is considered to be a sign of homology unless the sequences
are of low complexity). Although a complete lack of similarity does not mean an
absence of homology, Moreover, the significant increase in the number of known
3D structures has made it clear that in many cases, two sequences with sequence
identities of the order from 20 to 40 % adopt similar folds and may have similar
functions.2> It is therefore important to look for possible structural analogies and
determine if these can correspond to common biological functions.?5. To the best
of our knowledge and based on exhaustive bibliographic research, the homology
between the olfactory receptors (OR5ANI1, OR1A1) and the 6L.U7 has not been
analyzed. Thus, in this paper, the goal is to evaluate the potential efficiency of 12
Musk-smelling compounds against novel coronaviruses by searching for the
sequence identity of their biological targets (olfactory receptors) with the 6LU7
and comparing the affinity and stability of these molecules at the binding site by
molecular docking and molecular dynamic methods, respectively.26.27

EXPERIMENTAL
Data set

In this study, we have chosen 12 musk-smelling compounds based on the fact that their
targets have a good sequence identity with 6LU7. These compounds are (3R)-3-methylcyclo-
pentadecan-1-one (R-muscone), 1,4-dioxacycloheptadecane-5,17-dione (ethylene brassylate),
So-androst-16-en-3a-ol (androstenol), (9Z2)-cycloheptadec-9-en-1-one (civeton), (82)-1-oxa-
cycloheptadec-8-en-2-one (ambrettolide), (6R,7R)-3,5,5,6,7,8,8-heptamethyl-5,6,7,8-etrahydro-
naphthalene-2-carbaldehyde (vulcanolide), as-hydryndacene-1-ol (hydrindacene), 1-
(3,5,5,6,8,8-hexamethyl-6,7-dihydronaphthalen-2-yl)ethenone (fixolide), 1-tert-butyl-3,5-di-
methyl-2.,4,6-trinitrobenzene (musk xylene), 1,1,3,3,5-pentamethyl-4,6-dinitroindane (mosk-
ene), 1-(4-tert-butyl-2,6-dimethyl-3,5-dinitrophenyl)ethan-1-one (musk ketone) and 4-tert-bu-
tyl-3-methoxy-2,6-dinitrotoluene (musk ambrette). Fig. 1 shows the chemical structure of
these compounds.

Sequence identity

The comparison between the sequence of SARS-CoV-2 main protease (PDB code 6LU7,
chain A) and the selected olfactory receptors was carried out using the Swiss-Model modelling
server (http:/swissmodel.expasy.org).2® To determine the sequence identity between SARS-
-CoV-2 main protease and these targets,2%-32 these targets are selected according to their sequ-
ence identity (ID) with SARS-CoV-2 main protease. All studied compounds were obtained from
chemical structure databases such as ChemSpider (An Online Chemical Information Res-
ource).33

Molecular docking

We performed a molecular docking study of 12 odorant molecules (Fig. 1). The ligands
(12 Musk-smelling compounds) of selected olfactory receptors (ORs) are indicated in the lite-
rature.3* The computational study was carried out with two programs; Autodock vina and
Autodock tools 1.5.6.35 The ligands and macromolecule preparation was carried out by Dis-
covery Studio 2016 program,3® the structure of SARS-CoV-2 main protease (PDB code 6LU7,
chain A)37 was imported to detect the binding site of this enzyme.2’ The center coordinates of
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the binding site are: x = —10.782, y = 15.787 and z = 71.277,38 and the grid size was set at
20%20x20 xyz points with a grid spacing of 1 A using N3 (co-crystallized ligand) as the center

for docking to determinate the accurate size.38

[e]
i‘ 3 /_\ HO L
O

(R)-muscone Ethylene brassylate Androstenol Civetone
,
- |
o
Ambrettolide Vulcanolide Hydrindacene Fixolide
C C O\ ) o] 0
I il I |
’ . N N
g o o
o o -~
_o X - o
\NI \ Il
o 0 o o

Musk xylene Moskene Musk ketone Musk Ambrette

Fig. 1. Musk-smelling compounds used in this study (their targets are human olfactory
receptors OSAN1 and OR1A1).

Molecular dynamic (MD) simulation

In order to validate whether the orientation and interaction energy in the active pocket
predicted by molecular docking correspond to stable and biologically relevant binding, we
performed a 100 ns molecular dynamics study of androstenol-3CLpro and vulcanolide-3CLpro.
The water was modelled using the TIP3P equation and placed in the octahedron center for a
100 ns MD simulation. Molecular dynamics calculation and visualization were performed
using the programs GROMACS3° and USCF-Chimera,*? respectively. Prior to the MD simul-
ation, an energy minimization process was performed and then equilibration process was
conducted in two phases. The first one was conducted under an NVT ensemble (constant
number of particles, volume, and temperature) and in the next step, the equilibrium of pres-
sure was conducted under an NPT ensemble (isothermal-isobaric ensemble) for 1 ns. Then a
MD for 100 ns was conducted to analyze the stability of the protein—ligand complex.
Molecular electrostatic potential (MEP)

It is widely recognized that MEP is capable of helping determine a molecule’s relative
polarity, which highlights a variety of interactions, including those involving chemical react-
ivity, hydrogen bonds and compounds that are biologically active.*!#2 In this work, the basis
set 6-31G(d) and the hybrid functional B3LYP#3:44 have been used to calculate MEP using the
Gaussian 09 package*’ and GaussView 5.08.40
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RESULTS AND DISCUSSION

Molecular docking

The top-scoring pose of each odorant molecule is presented according to the
best energy of interaction in the binding pocket of the SARS-CoV-2 main protease
(Table 1), and their targets (olfactory receptors (ORs)) present a good ID with the
SARS-CoV-2 main protease: human olfactory receptor O5SANI1 has the code
UniProtKB: Q8NGI8 and /D = 31.08 % with the SARS-CoV-2 main protease;
human olfactory receptor OR1A1 has the code UniProtKB: Q9P1Q5 and ID =
= 35.29 % with SARS-CoV-2 main protease.

This methodology was performed to find potential drugs for the studied
enzyme and the results are presented in Table 1.

TABLE I. Binding free energies, binding equilibrium constant and dissociation equilibrium
constant of Musk-smelling compounds in the binding site of the studied enzyme, and infor-
mation about their protein targets (ORs)

Binding equi-  Dissociation

Binding free ., . o Target and
o . . . librium cons-  equilibrium . .
N Potential drug energies with tamt constant sequence identity
6LU7, kJ mol’! K107 ’/ M K105 / I\’/I_l with 6LU7
1 Androstenol -28.0 8.1 1.2 Fuman olfactory
2 Vulcanolide -25.9 3.5 2.9
3 Fixolide 255 3.0 3.4 receptor OSANT
4 Civetone 255 3.0 34 code Tt
5 Ambrettolide -25.5 3.0 34 IDS 31.08 %
6 Ethylene brassylate -25.5 3.0 34 ’
7 (R)-Muscone -25.1 2.5 4.0 Fuman olfactory
8 Moskene -25.1 2.5 4.0 ORIAI
9 Musk ambrette 243 1.8 5.5 e _
10 Hydrindacene 243 1.8 5.5 code %‘I‘,‘f r"StKB :
11 Musk xylene -23.8 1.5 6.7 IDQ= 35 (2)9 %
12 Musk ketone -23.0 1.1 9.3 )

Here, it is important to mention that in a docking study, the scoring functions
evaluate the binding affinity, which is directly related to the Gibbs energy change
of binding (AgG®),%7 and this energy is the driving force for the acceptor—rec-
eptor binding process.*3:4% From this AgGY it is possible to evaluate the binding
equilibrium constant (Kg) through the Eq. (1):50

MG’
KB =e RT (1)

In addition, the binding strength of a ligand can also be evaluated by the
thermodynamic dissociation constant, Kp, which measures the strength of bind-
ing of the ligand to the protein.5! Thus, K is the equilibrium constant of the
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ligand—protein complex dissociation reaction in the free protein and the ligand
and is defined as:>!

Kp :K_B ()

In Table I, the values of Kg and Kp for the musk compounds docked to
6LU7 are reported. Note that the results indicate that androstenol and vulcanoide
interacted the best with both studied receptors, with binding free energies equal
to —28 and —25.9 kJ mol-!, respectively. Also, the ligands androstenol and vul-
canolide represent the highest binding equilibrium constant values, indicating a
high binding affinity between 6LU7 and these ligands.50 For androstenol and
vulcanoide, the Kp values are 0.012 and 2.9 M1, respectively. These Kp values
are lower than those found for the binding of glycans to the SARS-CoV-2 spike
protein,>2 suggesting a high affinity of androstenol and vulcanoide to 6LU7.
Thus, it is clear that these two musk-smelling compounds present the best
energies of interaction with the SARS-CoV-2 main protease, see Table I. We can
also observe that their target has a good ID with the SARS-CoV-2 main protease.
Based on the effect that structural homology is sometimes linked to functional
homology,2> two sequences with sequence identities of the order from 20 to 40
% adopt similar folds and may have similar functions. Thus, it is important to
look for the selected musk-smelling compounds (androstenol and vulcanolide);
these volatile molecules are very useful since the respiratory system will posi-
tively support therapies of this kind. The two selected molecules could have good
inhibitory effects on the SARS-CoV-2 main protease.30

The interaction results of androstenol in the binding site of the SARS-CoV-2
main protease (Fig. 2) show hydrogen bond interaction and a carbon-hydrogen
bond with His163 and Met165, respectively.

MET |
A:165 ‘

Interactions

[ conventional Hydrogen Bond [] carbon Hydragen Band

Fig. 2. Interactions between androstenol and the SARS-CoV-2 main protease.
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The interaction results of vulcanolide in the binding site of the SARS-CoV-2

main protease (Fig. 3) show alkyl and n-alkyl interactions with Met49, Cys145,
and His41.

CYS
A:145
MET49
///
Interactions
] Akl [ pi-alkyl

Fig. 3. Interactions between vulcanolide and the SARS-CoV-2 main protease.

Molecular dynamic (MD) simulation

The complex androstenol-3CLpro was unstable and after 1 ns of MD simul-
ation androstenol compound get out from the pocket site of 3CLpro (not shown).
The last one is probably due to the fewer interactions between this molecule and
the pocket site (see Fig. 2). In the case of the vulcanoide-3CL procomplex, a MD
simulation of 100 ns shows the complex is stable. In Fig. 4, the potential energy
behavior of the complex is depicted during the MD simulation. It may be seen
that the potential energy of the protein-ligand complex lies in the range from
—2.86x105 to —2.88x103 kJ mol~! and reaches a constant level after approx. 10 ns.

-2.82
-2.84
-2.86

-2.88

Potential energy x 10> (Kcal mol?)

-2.90 +
0 20 40 60 80

t/ns

10 Fig. 4. Variation of the potential energy
vs. simulation time.

Also, we mapped the interactions of vulcanolide with the closer residues in
the pocket site of 3CLpro, and they are summarized in Table II. Note that at O ns,
the main interactions are with the residues Cys145, His41 and Met49. However,
at 10 ns, the main interactions are with His41, Met49 and Metl165, suggesting a
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modification of the vulcanolide position in the pocket site. At 40 ns, the ligand
modifies its position again, but from 50 ns, in all cases, the ligand keeps strong
interactions with His41, Met49 and Met165 to the end of the simulation, suggest-
ing that a stable conformation was reached.

TABLE II. Interactions of vulcanolide with 3CLpro during the MD simulation

t/ns Interacting residue

0 Cisl45 His41 Met49

10 His41 Met49 Met165

20 His41 Met49 Met165

30 His41 Met49 Metl165

40 Cys44 His41 Metl165

50 His41 Met49 Metl65 Leul67
60 His41 Met49 Met165 GInl189
70 His41 Met49 Met165

80 Cys44 His41 Met49 Met165

90 His41 Met49 Metl165

100 His41 Met49 Met165

In Fig. 5, the variation of the distances of vulcanolide to the residues His41,
Met49 and Metl65 is depicted. Note that after 45 ns, the separation distance
between His41, Met49 and Met165 drops drastically from 6 to 3 A, and the dist-
ances are kept at the end of the simulation, indicating that a stable configuration
is reached.

W C8-HIS 41A CG
W C8 - MET 29A CE

W C9 -CYS 145A HG
7 C11 - MET49A CE

W C12 - MET 165A CA
W H22 - MET 165A CA

Fig. 5. RMSD of the characteristic
00 20 40 60 80 100 distances between the ligand (purple)
t/ns and the enzyme vs. simulation time.

o

Also, the RMSD plots of the drug and the complex were obtained separately,
and they are depicted in Fig. 6. Note that vulcanolide equilibrates rather quickly
than the protein, but the complex equilibrates until after 60 ns, and after this time,
the complex is stable.

Also, the coulomb interaction energy was analyzed (Fig. 7). At the end of the
simulation, this energy shows a value of —401 kJ mol~1, suggesting a strong inter-
action between the protein and the ligand.
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°

RMSD /A

Fig. 6. RMSD of the ligand (purple),
enzyme (green) and the ligand—enzyme
tins complex (blue) vs. simulation time.

-390 +

-392 +

-394

Coulomb interaction energy / k) mol?

-404

o 2 0 a0 100 Fig. 7. Variation of the Coulomb inter-
t/ns action energy during the simulation.

Molecular electrostatic potential (MEP)

Fig. 8 shows the MEP for vulcanolide. The red color indicates the existence
of a higher electron density site, while the blue color is associated with charge
deficiency and the presence of a maximum positive charge, and these sites are
primarily nucleophilic. If one compares the interactions observed in Fig. 3
between vulcanolide and SARS-CoV-2, note that vulcanolide is interacting with
3CLpro through its nucleophilic sites.

CONCLUSION

In this study, we have identified potential drugs that could have an effect on
the studied enzyme. This research will provide new principal musk-smelling
compounds that could have a good effect against SARS-CoV-2 main protease
because of their affinity energy and stability in the binding site of the studied
enzyme and their good sequence identity (/D) with the same enzyme (SARS-
-CoV-2 main protease). Androstenol and vulcanolide have the best energies of
interaction with the SARS-CoV-2 main protease. We can also observe that their
selected target has a good ID with the SARS-CoV-2 main protease. Based on the
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-7.038%1072 7.038x1072

Fig. 8. Maps of molecular electrostatic potential obtained at the B3LYP/6-31G(d) level of
theory onto a density isosurface of 0.002 e/u.a.3, for vulcanolide molecule.

fact that structural homology is sometimes linked to functional homology, it is
important to look for the selected compounds that could have good inhibitory
effects on the SARS-CoV-2 main protease. The RMSD values recorded during
the simulation (for drug vulcanolide) and fairly low potential energy of
—2.88x105 kJ mol~! show the high stability of the protein ligand complex and the
likeliness of the vulcanolide molecule to be a drug-like candidate. Thus, the eva-
luation of the activity, in vitro and in vivo, of vulcanolide against COVID-19
could be interesting.
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H3BOJ
UIOEHTUOUKAILIMJA MOITIYCHUX JEIULEHA KAO UHXUBHUTOPA I'JTABHE
SARS-COV-2 ITPOTEA3E, CTYOIUJAMA MOJIEKYJICKOT JOKHMHTA
U MOJIEKYJICKE JUHAMHWUKE

ASSIA BELHASSAN!, GUILLERMO SALGADO?, LUIS HUMBERTO MENDOZA-HUIZAR? HANANE ZAKI*, SAMIR
CHTITA®, TAHAR LAKHLIFI!, MOHAMMED BOUACHRINE"*, LORENA GERLI CANDIA® u WILSON CARDONA’

!Molecular Chemistry and Natural Substances Laboratory, Faculty of Science, Moulay Ismail University of
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Reforma, Hidalgo. México, “EST Khenifra, Sultan Moulay Sliman University, Benimellal, Morocco,
Laboratory of Analytical and Molecular Chemistry, Department of Chemistry, Faculty of Sciences Ben M'Sik,
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de Ciencias, Universidad Catélica de la Santisima Concepcién, Concepcién, Chile u "Facultad de Ciencias
Exactas, Departamento de Quimica. Universidad Andrés Bello. Concepcion, Chile

[TormTo je pa3Boj HOBUX JIEKOBA AYrOTpajaH MpoLiec, MOHOBHA yroTpeda SM0aKTUBHUX CYII-
CTaHLY OM MOIJIa OUTH OArOBOP Ha HOBE EMMIEMH]E; TAKO je CKpUHUHT nocTojehux OHoaKkTHBHUX
jenvmema npeMa HoBOj SARS-CoV-2 nHdekuujy BakaH 3apaTak. Ca THMe Ha MY, MU CMO CHC-
TEMAaTCKH IperJiefjaiy MOoTeHHjallHe MUPHCHE MOJIEKYJIe 3a TpeTHpame oBe HHGeKIMje Ha Ha3u
acduHuTeTa 0fadpaHUX MUPHUCHHUX jeumbea IpeMa NpoyyaBaHOM €H3UMY M UIEHTUYHOCT Cek-
BEHLIE HBUXOBUX LIM/BHMX NpOTeHHa (0/pakTOpHU DELIENTOpH) NMpemMa UCTOM €H3UMy (IJIaBHA
npotea3a SARS-CoV-2). YkymHO je 12 MOIIYCHUX MUPHUCHUX jeOUiera MONBPIHYTO CTYAUjH
IOKHHTA U MOJIEKYJICKEe TUHAMUKe [ja OU mpeBUIenH BUXO0B YTULIAj Ha IT1aBHY nporteasy SARS-
-CoV-2. Y 0BOj cTynuju uieHTH(GUKOBAINA CMO JIBA jeIHHbeHha MOLIYCHOT MUpHca (aHOPOCTEHOI
Y BYJIKQHOJIH]) KOja UMajy J0OpY €HEPIYjy Be3uBama Ha BE3UBHO MECTO I1aBHe mporea3e SARS-
-CoV-2. Mehytum, RMSD BpenHOCTH 3aderneskeHe TOKOM CHMYJalllje MOJEKYJICKe THHaMHKe
NI0Ka3yjy fa ByJIKaHOJIMJ MCI0/baBa BUCOKY CTaOMITHOCT NPOTEUH-TIUTaHAHOT KOMILIEKCA Y ITOpe-
hewy ca anppocteHonom. IlepcrniextuBe oBor pama cy cienehe: in vitro, in vivo U KIMHUYKA
UCIMTHBamba 3a NOTBphHBame pauyHapCKUX Halasa.

(ITpumrbeno 25. HoBemOpa, peBunupano 22. neuembpa 2023, mpuxsaheno 19. ¢pebdpyapa 2024)
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Abstract: Various types of wheat bread are present in the Serbian market:
white, brown, whole-wheat, wheat/rye, buckwheat/wheat, half-white and corn/
/wheat bread. This research included the quantification of the content of total
fiber, fiber fractions, and microelements (manganese, copper, iron and zinc) in
order to check whether the breads on the market contain the amounts that are
proven beneficial for health. The aim was also to determine the contribution of
these nutrients through the consumption of bread to the recommended daily
intake. The results show that the bread from the Serbian market contains a
large amount of arabinoxylan (1.2-2.6 g 100 g'!) and that wheat/rye, brown
and whole wheat bread are sources of dietary fiber (4.0—4.6 g 100 g'!). Also, an
important result is that all types of bread except white, contain more than 15 % of
dietary reference values for copper and manganese. The intake of total fiber
(+ 100 %), arabinoxylan (+ 117 %), copper (+ 118 %), and manganese (+ 85 %)
increases by replacing white bread with whole wheat bread, therefore it is of
great interest to raise awareness among consumers about the beneficial foods
that should be included in the diet. Methods applied in this research showed
acceptable precision and accuracy and also proved to be quite simple for rout-
ine analysis work.

Keywords: bread; total fiber; arabinoxylan; beta glucan; microelements.

INTRODUCTION

Recommendations on proper nutrition, as one of the basic prerequisites for a
healthy and quality lifestyle, clearly refer to the use of vegetables, fruits, grains,
dairy products, protein foods, and oils. These types of foods are good sources of
energy and nutrients, but one must take into account the changes caused by their
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processing, which can lead to the loss of important nutritionally active compo-
nents. No less important are the consumers’ habits that need to be adapted and
directed in the function of health.!

Bread is the basic component of the daily diet in Serbia — even 86.2 % of the
population consume it, mostly white bread (60.1 %).2-3

As bread belongs to the group of grain products, depending on whether it is
made from whole or refined grains, it is declared as whole-wheat or white bread.!
There is an important difference between these two types of bread regarding the
content of biologically active compounds. In contrast to white bread, whole-
wheat bread is rich in dietary fiber, vitamins and minerals.4

In whole grain cereals, dietary fiber in the rye is 15.5 % and in wheat, it is
nearly 12 % (results are in % dry basis).> The content of arabinoxylan, an import-
ant dietary fiber component, varies from 4.8 to 7.6 % in wheat and 7.6-12.1 % in
rye.® The whole grain is composed of 80-85 % endosperm, 12—18 % bran and 2—
—3 % germ.” The total nonstarch polysaccharides of wheat bran consist of arabin-
oxylan (17-33 %), cellulose (9-14 %), fructan (34 %) and B-D-glucan (1-3 %).8
The higher the proportion of wheat bran in the flour, the higher will be the con-
tent of arabinoxylan and beta-glucans.’

Dietary fiber, vitamins, and minerals are associated with a reduced risk of
various diseases.!0 Many studies indicate the beneficial effects of dietary fiber
and fiber fractions on health. Arabinoxylan, the most abundant dietary fiber frac-
tion, has been found to be very effective in preventing diabetes and reducing
postprandial glycemia.!l-12 The meta-analysis of prospective studies confirmed
an inverse relationship between the intake of wholegrain cereals and diabetes
mellitus type 2.13 Also, the meta-analysis by Huang et al. showed that high con-
sumption of whole grains or cereal fibers can be associated with a reduced risk of
non-communicable diseases (NCD).!4 Wolever et al. reported that beta glucan
from oats is more effective on lowering LDL-cholesterol than beta glucan from
wheat bran.!5 Regular intake of an adequate amount of dietary fiber is considered
good for controlling obesity and blood cholesterol levels.!6:17

Summarizing data from studies that dealt with the mineral composition of
grain products, it can be concluded that the most abundant microelements in
grains are iron, zinc, manganese and copper.!8:19 The importance of microele-
ments for the human organism is well known. Iron is a component of hemoglobin
and, as well as zinc, is important for the functioning of a large number of enz-
ymes.# Copper participates in the synthesis of hemoglobin, as well as in redox
reactions, while manganese is necessary for many metabolic functions.20-2! Due
to the importance of these elements, their appropriate intake is necessary and for
that reason, they are included in dietary reference values (DRVs) for nutrients.22

There are three goals of this study: to examine the quality of bread present in
the Serbian market from the aspect of the content of fibers and selected microele-
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ments, to determine to what extent these types of bread contain fibers and micro-
elements that were proven to be health beneficial and to determine what is the
contribution of these nutrients to their recommended daily intakes.

EXPERIMENTAL
Samples and sample preparation

A total of 69 bread samples were obtained from local markets in Novi Sad. All products
on sale in bakeries as well as unpacked products available in food shops were bought on the
same day when they were made, while a number of products were prepacked breads with pro-
longed usage periods, bought within their expiration date.

Bread samples were classified into seven types, based on their characteristics, i.e., main
ingredients. This classification was made following Serbian regulations regarding the quality
of cereals and cereal products.2? These seven types were: brown bread (BB, 17 samples),
whole-wheat bread (WWB, 12 samples), wheat/rye bread (WRB, 6 samples), buck-
wheat/wheat bread (BWB, 13 samples), half-white bread (HWB, 7 samples), white bread
(WB, 11 samples) and corn/wheat bread (CWB, 3 samples).

The samples were ground and homogenized in a blender, then transferred in polyethylene
containers (Lab Logistics Group GmbH, Germany) suitable for foodstuff according to the EU
Regulations?* and deep-frozen at —18 °C until analysis.

Determination of total dietary fiber

The content of total dietary fiber was determined by the enzyme-—gravimetric method
(AOAC method 985.29), as described by Proski et al. (1985)%, using the K-TDFR enzyme
assay kit (Megazime, Bray, Ireland). Phosphate buffer, pH 6.0, and enzymes (heat-stable a-
-amylase, protease and amyloglucosidase) are required for analysis. Heat-stable a-amylase
depolymerizes starch, protease depolymerizes and dissolves proteins, while amyloglucosidase
converts starch to glucose. After treating the sample with the mentioned enzymes and adding
ethanol to precipitate soluble fiber and remove depolymerized protein and glucose (from
starch), the residue was filtered, 95 % ethanol and acetone were added to it, subsequently, and
then dried and weighed. Protein content was determined in one part of the residue, using
Turbotherm digestion unit Gerhard TT100 and System for protein analysis Gerhardt VAP40
Vapodest. The other part of the residue was incinerated at 525°C to determine the ash content
(annealing furnace up to 1100 °C, Elektron, ELP-06, Banja Koviljaca, Serbia, were used). The
content of total dietary fiber was obtained by subtracting the mass of protein and ash from the
mass of the filtered and dried residue. Memmert 400 dryer was used for drying.

Determination of B-glucan

Beta-glucan was quantified according to McCleary and Codd by a spectrophotometric
method,2¢ using the K-BGLU enzyme assay kit (Megazime, Ireland). The samples were sus-
pended and hydrated in a pH 6.5 buffer solution, incubated with the purified lichenase enz-
yme, and then filtered. An aliquot of the filtrate was completely hydrolyzed with purified S
-glucosidase, yielding D-glucose, which was further assayed using the glucose oxidase/per-
oxidase reagent. The D-glucose thus formed was measured by absorption at 510 nm, by a UV—
—Vis spectrophotometer (Thermo Scientific Evolution 201, Waltham, MA, USA).

Determination of D-xylose including xylan and arabinoxylan

D-Xylose, including xylan and arabinoxylan, were determined by spectrophotometric
method using the enzymatic assay kit K-Xylose (Megazyme, Ireland). The assay was per-
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formed according to the producer instruction manual. The procedure is based on the intercon-
version of a-D-xylose to f-D-xylose later being oxidised by NAD* to D-xylonic acid. Intercon-
version of the a- and f-anomeric forms of D-xylose is catalyzed by xylose mutarotase. The -
-D-xylose is oxidised by NAD" to D-xylonic acid in the presence of S-xylose dehydrogenase at
pH 7.5. The amount of NADH formed in this reaction is proportional (directly correlated) to
D-xylose concentration. NADH is measured by the increasement of the absorbance at 340 nm,
by a UV-Vis spectrophotometer (Thermo Scientific Evolution 201, Waltham, MA, USA).
Arabinoxylan content is calculated according to the formula:
Arabinoxylan (g 100 g'!) = 100xD-xylose content (g 100 g'1)/62 (1)

The quality control of determination of total fiber content was conducted using the left-
over of the test material from the proficiency testing Nutritional Components in Breadcrumbs
(T2454, Fapas, UK). For the quality control of determination of fiber fractions — beta glucan
and arabinoxylan quality control materials Barley flour control (Megazyme, Lot 60301e, Ire-
land) and D-xylose standard (Megazyme, Lot 141005c, Ireland) were analyzed.

Method performance parameters (precision and accuracy) are presented in Table I. The
limit of quantification (LOQ) was 0.1 mg kg'! for total fiber, 0.3 mg kg'! for beta glucan and
0.1 mg kg™! for arabinoxyan.

TABLE 1. Quality control of total dietary fiber, beta glucan and arabinoxylan content deter-
mination

Precision?® . Quality control material
Analyte RSD, /% Recovery, % Assigned value Result
Total fiber 2.6 98 4.24 g 100 g1t 4.16g100 g!
Beta glucan 3.6 96 4.1 %° 39%
Arabinoxylan 2.0 104 0.25 mg mL-1d 0.26 mg mL"!

3precision under repeatability conditions; Pbreadcrumbs (FAPAS T2454); ‘barley flour control (Megazyme lot
60301¢); 9D-xylose standard (Megazyme lot 141005¢)

Determination of microelements

Microelements: manganese, iron, copper and zinc were quantified by inductively
coupled plasma mass spectrometry (ICP-MS) after microwave digestion of bread samples.

Test portions of about 0.5 g of grinded and homogenized bread samples were weighed
into polytetrafluoroethylene (PTFE) vessels for microwave digestion. Nine mL of 65 % nitric
acid (Suprapur®, Merck, Germany) and 1 mL of 30 % hydrogen peroxide (Emsure®, Merck,
Germany) were added to the vessels and the mixture was mineralized in a microwave closed
digestion system (Ethos Up, Milestone, Italy) by heating up to 200 °C for 15 min, followed by
digestion at 200 °C for 20 min, and cooling for 30 min. The digested solutions were quantitat-
ively transferred into 50 mL volumetric flasks and diluted with deionized water (electrical res-
istivity 18.2 MQ cm) obtained using a Simplicity® water purification system (Merck Milli-
pore, USA). The blank solution was prepared in the same way.

Trace element levels were determined by inductively coupled plasma mass spectrometer
(ICAP RQ, Thermo Scientific, USA) in KED mode of operation. The entire system was con-
trolled with the Qtegra Instrument Control Software (Thermo Scientific, USA). Instrumental
conditions were as follows: RF power 1548 W; argon (> 99.999 %) flows: 14 L min’! (cool-
ing); 1.1 L min'! (nebulizer); 0.8 L min"! (auxiliary gas); helium (> 99.9999 %) flow: 5 L min’!
(CCT); acquisition time: 3x60 s; points per peak: 3; dwell time: 10 ns; detector mode: pulse.
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The measured isotopes were: Mn, °Fe, %3Cu and °Zn. For the quantification of these
metals, stock solutions of iron, copper and zinc, concentration of 100 ug mL! each, in 2-5 %
nitric acid (AccuTrace™, AccuStandard, USA) and stock solution of manganese, concen-
tration of 100 mg mL"! in 2 % nitric acid (CPAchem, Bulgaria) were used. The intermediate
multi-element standard solutions were prepared from these stock solutions. The results were
expressed as mg per 100 g of bread samples.

For the quality control of the entire analytical procedure the certified reference material
(CRM) NIST® SRM® 1568b (National Institute of Technology, USA) was analyzed. Method
performance parameters (precision and accuracy) are presented in Table II. The limit of quant-
ification (LOQ) was 0.20 mg kg! for manganese, 0.80 mg kg! for iron, 0.16 mg kg'! for
copper and 0.40 mg kg"! for zinc.

TABLE II. Quality control of the determination of microelement content

Analyte Precision Recovery, % p CRM

RSD, | % ’ Certified value, mg kg"! Result, mg kg'!
Manganese 3.6 103 19.2+1.8 19.7
Iron 4.7 101 7.42+0.44 7.49
Copper 5.9 97 2.3540.16 2.27
Zinc 3.3 100 19.424+0.26 19.36

3precision under repeatability conditions; PNIST® SRM® 1568b rice flour

Data analysis

Results obtained in this experiment were analyzed using the SPSS version 20.0 program
(Chicago, IL, USA). The sample size was shown and descriptive statistics (mean, median,
minimum and maximum) were calculated. Principal component analysis (PCA) was applied to
integrate the results of chemical parameters, discover the possible correlations among mea-
sured parameters, and classify them in a factor plane. The analyzed fiber, fiber fractions and
microelements of breads were used to generate the PCA model. The level of significance was
set at 0.05.

RESULTS AND DISCUSSION

The content of fibers and microelements in different bread types

The content of total dietary fiber, fiber fractions (arabinoxylan and A-glucan)
and microelements determined in bread samples is presented in Table III. The
results are expressed as g per 100 g for fiber and fiber fractions, and as mg per
100 g for microelements, wet weight both. The parameters of descriptive statis-
tics are presented in the same Table I11.

Total fiber, arabinoxylan and B-glucan

In Table III it can be clearly observed that BB, WWB and WRB did not
substantially differ among themselves concerning total fiber, beta glucan and
arabinoxylan contents, and the same was true for BWB, HWB, WB and CWB
when compared among themselves. Therefore, based on these results the exam-
ined samples were divided into two aggregate groups: the first one (a total of 35
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samples) included BB, WWB and WRB samples, while the second one (a total of
34 samples) included BWB, HWB, WB and CWB samples.

TABLE III. Content of fiber fractions, total fiber and microelements in different bread types;
SD — standard deviation, BB — brown bread, WWB — whole-wheat bread, WRB — wheat/rye
bread, BWB — buckwheat/wheat bread, HWB — half white bread, WB — white bread, CWB —
corn/wheat bread (CWB)

Parameter Value Bread type
type BB (17) WWB (12)WRB (6)BWB (13)HWB (7) WB (11)CWB (3)

Arabinoxylan =~ Mean 24 2.6 1.7 1.5 1.4 1.2 1.6
g100 g'! SD 0.9 0.7 0.7 0.3 0.3 0.5 0.7
Median 2.4 2.7 1.5 1.4 1.4 1.3 1.4
Maximum 4.3 3.6 3.0 2.2 1.9 2.0 2.4
Minimum 1.3 1.6 1.1 1.2 0.9 0.4 1.1
F-Glucan Mean 0.8 1.0 1.2 0.5 0.3 0.4 0.3
g100 g'! SD 0.5 0.5 0.2 0.3 0.1 0.2 0.1
Median 0.8 1.0 1.2 04 0.3 0.3 0.3
Maximum 1.7 1.7 1.5 1.2 0.4 0.9 04
Minimum 0.2 0.3 1.0 0.2 0.2 0.2 0.3
Total fiber Mean 44 4.6 4.0 2.9 2.6 2.3 2.3
g100 g'! SD 1.4 1.1 1.1 0.7 0.5 0.8 0.6
Median 4.0 4.5 4.0 3.0 3.0 2.0 2.0
Maximum 7.0 6.0 6.0 4.0 3.0 4.0 3.0
Minimum 3.0 3.0 3.0 2.0 2.0 1.0 2.0
Mn Mean 1.08 1.05 1.26 1.01 0.71 0.54 0.73
mg 100 g! SD 0.48 0.68 0.99 0.68 0.18 0.40 0.40
Median  0.92 0.85 1.05 0.69 0.79 0.51 0.52
Maximum 1.96 2.71 2.62 2.45 0.95 1.42 1.29
Minimum 0.31 0.21 0.20 0.30 0.44 0.11 0.38
Fe Mean 1.90 1.51 1.96 1.51 1.60 1.01 1.15
mg 100 g! SD 0.65 0.66 1.15 0.57 0.40 0.63 0.37
Median 1.67 1.40 1.78 1.35 1.53 0.85 0.95
Maximum 3.22 3.15 4.02 2.90 2.43 2.38 1.66
Minimum 0.94 0.71 0.51 0.86 1.14 0.39 0.84
Cu Mean 0.22 0.22 0.18 0.34 0.19 0.12 0.16
mg 100 g! SD 0.10 0.16 0.15 0.27 0.11 0.10 0.04
Median  0.18 0.16 0.15 0.26 0.16 0.10 0.15
Maximum 0.42 0.56 0.40 1.11 0.42 0.37 0.21
Minimum 0.10 0.03 0.02 0.07 0.05 0.02 0.13
Zn Mean 1.28 1.14 1.14 1.20 0.88 0.72 1.07
mg 100 g! SD 0.57 0.75 0.74 0.63 0.44 0.44 0.29

Median 1.19 0.88 0.93 0.86 0.82 0.56 1.26
Maximum 2.48 3.20 2.13 2.61 1.64 1.86 1.29
Minimum  0.43 0.44 0.31 0.56 0.25 0.22 0.67

The determined value of total fiber content in bread samples from the first
aggregate group was around 4 g 100 g1, while in the second group, it was around
2g100g 1.
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Data on fiber content in various types of bread were presented by many
authors.#27-30 Most of those results for WB#28-30 were in agreement with the
results of the current study, while Lee ef al. have reported a slightly higher value
(3.45 g 100 g 1).27 However, greater differences in fiber content were observed
in case of wholegrain and wholemeal bread. Carocho et al. presented lower values
(3.3 g 100 g 1), while Kurek et al. obtained higher results (about g 100 g-1).4.29
On the other hand, Benitez ef al., presented a content of total fibers similar to the
content obtained in this study (4.9 g 100 g1).30 In the case of WWB, WRB and
CWB obtained results (4.6, 4.0 and 2.0 g 100 g1, respectively) were similar to
those reported in the study of dietary fiber in Serbian diet, carried out by Dod-
evska et al. (7.03£1.11, 6.16£0.89 and 3.41£0.57 g 100 g~! of dry matter, res-
pectively), where a substantially smaller number of bread samples was analyzed.?8
Noorth et al. in their manuscript presented two healthy bread products that con-
tained about 7 g of total fiber per 100 g of product.3!

Based on the results of the current study, the claim “source of dietary fiber”
according to the European Regulation (EC) no. 1924/200632 may be applied to
brown, integral and wheat/rye bread, since the total content of dietary fiber in
these samples exceeded 3 g per 100 g.

Results for the arabinoxylan contents in the first aggregate group of bread
samples were greater than those in the second one. Thus, for example, the values
for arabinoxylan in BB and WWB (2.4 and 2.6 g 100 g1) were almost twice
greater than in BWB, HWB and WB samples (1.5, 1.4 and 1.2 g 100 g1, respect-
ively). Regarding arabinoxylan, the current study confirmed that wholemeal or
rye bread are good source of it. The amounts of arabinoxylan were greater than
those presented by Benitez et al., because, in their study, the analyzed breads
were made from different percentage compositions of white flour, cereal pro-
ducts and seeds.30

Regarding the content of A-glucan, the first aggregate group of bread
samples, especially WWB and WRB samples, stood out in comparison to the
samples from the second group. The contents of beta-glucan in WWB and WRB
samples were 2.5 to 3-fold greater than the average f-glucan content in the
samples from the second group.

Microelements

Investigated microelements: Mn, Fe, Cu and Zn were quantified in all bread
samples. The descending order of microelements according to their content was
Fe > Zn > Mn > Cu. It is noticeable, comparing all tested samples, that the con-
tent of microelements was the lowest in WB. On the other hand, the highest con-
tent was observed in WRB in the case of Mn and Fe, and BB and BWB in the
case of Cu and Zn.
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Numerous authors have dealt with the analysis of microelements in various
types of bread. Basaran included several types of bread in his research (multi-
-grain, wholemeal, whole wheat, rye and white bread), which were quite similar
to those from the current study. However, he reported much higher values for Cu
(from 0.27 to 0.65 mg 100 g~!) and Mn (from 1.16 to 4.30 mg 100 g1).33 Higher
values for Cu (from 0.38 to 0.84 mg 100 g~!) were also obtained by Carocho et
al* In the current study, Cu content was relatively uniform in all bread types
(Table III), except BWB, where it was the highest (0.34 mg 100 g1). A similar
result for Cu content (0.38+0.01 mg 100 g~1) was reported by Rogaska et al.34
The highest content of Mn was found in WRB (1.26 mg 100 g1), as it was rep-
orted for Polish wheat-rye bread “Magnus”, which showed much higher Mn level
(10.41+0.47 mg kg1).35 Contrary to that, Mn content in WRB investigated in the
current study was about 2.5-fold higher than those investigated by Carocho et al.#
Iron was the most abundant element in all bread types (1.01-1.96 mg 100 g1),
which is in agreement with other studies.#35:36 Fernandez-Canto et al. reported
slightly different data for wholegrain bread, where Mn was the most abundant
(4.8 mg 100 g1).19 The Zn content ranged from 0.72 in WB to 1.28 mg 100 g!
in BB samples, corresponding well with results reported for wholemeal and
wheat/rye bread and refined bread.#:19 However, in the formulations of the so-
-called healthy breads (Salutello and HealthBread) developed by Noorth et al.,
made from whole grains and with a high fiber content, the content of Zn (2.3 and
2.0 g 100 g1, respectively) and Fe (2.4 g 100 g~! for both breads) were much
higher than those obtained in the current study.3!

The intake (contribution to the recommended intake) of fibers and microelements
from various bread types

The regulation of the Republic of Serbia37 is aligned with the European
Dietary Reference Values for Nutrients.22 The reference intakes for adults are Fe
14 mg per day, Zn 10 mg per day, Mn 2 mg per day, and Cu 1 mg per day. Based
on the determined content of microelements in various bread types and dietary
reference intakes (DRIs) for adults, Fig. 1 presents the contribution of one portion
of bread, i.e., 30 g, then of 100 g of bread, as well as of 166 g38 of bread per day
to the DRVs for minerals (Fig. 1a and b) and recommended intakes of fibers (Fig.
1c). If the intake of bread at the daily level is 166 g, only Mn from WRB and Cu
from the BWB sample is near the 50 % of the respective DRV. However, they
are not the type of bread traditionally represented in the daily diet of the Serbian
population.32 The upper Cu level for the adult population of the EU is set at 5 mg
per day, making these breads contribute 11.3 % of this limit.40

In relation to a portion of 30 g of bread, Cu contribution ranges from 2.82 to
9.36 % of its DRV, while Mn contribute in larger amounts, from 4.28 to 9.69 %
of its DRV. This means that one portion of bread is not a source of either Cu or
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Mn, but at a level of consumption of 100 g, all types of bread except WB contrib-
ute a minimum of 15 % of DRVs for these two elements. The contributions of Fe
and Zn remain below 15 % of their respective DRVs even at the level of cons-
umption of 100 g of bread (Fig. 1a).
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Fig. 1. Contribution of investigated bread types to the Dietary Reference Values (DRVs) of:
a) manganese (Mn; 2 mg per day) and copper (Cu; 1 mg per day), b) iron (Fe, 14 mg per day)
and zinc (Zn, 10 mg per day) as well as to the recommendations for intake of c) total fibers
(25 g per day) and arabinoxylan (8 g per day), related to the intake of 30, 100 and 166 g of the
tested bread types.

According to Regulation (EC) No. 1924/2006, a product could bear a nutrit-
ional claim of being a source of a nutrient if contains no less than 15 % of its res-
pective DRV .32

Total fiber (contribution range from 2.8 to 5.5 % of recommended intake)
and arabinoxylan (contribution range from 4.5 to 9.8 % of recommended intake)
do not reach 15 % of the recommended intake in case of consumption of one 30
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g-portion of bread. If the consumption amount increases to 100 g, the contribut-
ion of arabinoxylan rises to 15-32.5 % of the recommended intake. For total
fiber, higher contributions per 100 g of bread were observed in BBW, BB and
WRB bread samples (18.4, 17.6 and 16 % of recommended intake).

Principal component analysis (PCA)

Principal component analysis was applied to integrate the results of chemical
parameters, discover possible correlations among measured parameters and classify
the parameters in a factor plane. The analyzed fiber, fiber fractions and micro-
elements of breads were used to generate the PCA model.

According to PCA for bread samples (Fig. 2), the highest content of total
fiber, arabinoxylane, Zn and Cu (which show a strong positive correlation with
the first axis: 0.917, 0.848, 0.722 and 0.686, respectively) were observed in BB,
WWB and BWB (it can also be seen from their position), while WRB is the most
significant source of S-glucan, Mn and Fe (strong positive correlation with the
second axis: 0.757, 0.709 and 0.664, respectively).

F2 (38.0 %)

Total fiber

WWEB 3
" Arabmoeylan

Cu
Fig. 2. The biplot of PC1 and PC2 of total
2 3 0 i 2 fiber, fiber fractions and microelements
F1 (57.0 %) content of various bread types.

CONCLUSION

Bread is present in the Serbian diet on daily basis, mostly as white bread.
Considering that whole wheat bread, compared to refined, contains more fiber
and microelements, and knowing the habit of consuming large amounts of bread
in this region, if white bread were to be replaced with whole wheat, thus
introduced fiber and microelements would have a significant contribution to the
total daily intake of these nutrients. Just by replacing white with whole wheat
bread, the intake of total fiber would increase by 100 %, especially arabinoxylan
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(117 %). There would also be an increase in microelements intake, particularly
copper (+ 118 %) and manganese (+ 85 %).

The increased intake of fiber and microelements through the consumption of
staple food such as bread, supports, in the overall result, the intake of the
amounts of nutrients that are proven to be adequate for maintaining health and
which are associated with reduction of the risk of certain chronic diseases. There-
fore, special attention must be paid to raising awareness among consumers about
the food that should be consumed, as well as about its health impact.

H3BOJ
CAJIPXXAJ BTJAKAHA 1 MUKPOEJIEMEHATA YV PA3JTMYUTUM BPCTAMA
MIMEHUYHOT XJIEBA

A3PA PELIETIOBUR-FOPBEBUR!, MAPTAPUTA JIOJIEBCKA?, MUIIMLIA JOBETUR® 1 MAPUJAHA AYAHCKH*

"Uncmumyw 3a jasno 3gpasne Beoipag, Beotpag, *HUncmutly 3a jagro 3gpasie Cpbuje ,Jp Munan
Josanosuh Baimyim”, Beoipag, *lupexuuja 3a Hayuonanne pedepeninne nadopamopuje, MuHuCmapcmeo
#omoipuspege, 80goupuspege u uymapcimed, Beoipag u ‘Texnonowxu Gpaxynine Ynugepsuineiid
y Hosom Cagy, Hosu Cag

Ha tpxuwty Cpduje npUCyTHE Cy pasld4uTe BPCTe MIIEHWYHOTr xy1eda: Denu, IpHy, HHTe-
rpajiHy, MIIEHUYHO/PaXeHU, Xe/bIUHO/IMIIEeHUYHH, NOoNnydend U KyKypy3HO/NIIeHWYHH Xied.
OBo ucTpakvBame je 00yxBaTuIO0 ogpehuBame cafipkaja yKyNHHUX BllakaHa, (ppakuuja BlaKkaHa
¥ MUKpoesieMeHaTa (MaHraHa, dakpa, reoxia U [MHKa) Kako Ou ce mpoBepuiIo 1a i xiuedosu ca
TPXKHLITA CagpXXe KOJMMYHMHE OBUX XPaH/BMBUX MaTepHja 3a Koje je JOKa3aHO Ja Cy KOpHCHE 3a
3npassbe. Llusb je 610 u 1a ce ompeny KOMHKH je HOTPUHOC OBUX XPAaH/bUBUX MaTepHja Mmpenopy-
YEHOM IJHEBHOM YHOCY KOH3yMHUpameM xieda. Pesynratu noxasyjy fa xneb ca Tpxumra Cpduje
CafIpXXH BEJIMKY KOMMYKHY apaduHoKcwiaHa (1,2-2,6 ¢ 100 g'), a ma cy mimeHAYHO/paXkeHH,
UPHU ¥ MHTErPIHM Xj1ed W3BOPH OWjeTeTcKux BiaakaHa (4,0-4,6 g 100 g!). Takohe, Bakan
pesyiTar je na cse Bpcre xneda ocum desor cagpxke Buiie off 15 % pedepeHTHUX BpeSHOCTH y
UCXpaHHU 3a Dakap U MaHraH. 3aMeHOM Oenor xyeda MHTerpaqHuM nosehaBa ce YHOC yKyNMHHX
BrnakaHa (+ 100 %), apadunoxcumnana (+ 117 %), bakpa (+ 118 %) u manraHa (+ 85 %), crora je
Ofl BEJIMKOT MHTEpeca INOAW3ame CBECTH MOTpolllaya O KOPUCHUM HaMHUpHHMLIaMa Koje Tpeda
YK/BYYUTH Y UCXpaHy. MeTome MpUMemeHe y OBOM HCTpaKUBamy Cy IoKas3ajie IPUXBaT/bUBY
MPELU3HOCT ¥ TaYHOCT U Takohe Cy ce nokasasne MPUINYHO jeJHOCTaBHUM 33 PYTHHCKH aHa/ld-
THYKH pam.

(ITpumrbeno 11. dedpyapa, pesunupano 4. anpunia, mpuxsaheno 21. asrycra 2024)
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Abstract: This paper describes the analysis of the thermal decomposition of poly-
meric nickel (IT) oxalate complex, a homopolynuclear coordination compound
having the formula [Ni(C,04)(H,0),],-xnH,0. The thermolysis was conducted
in both dynamic oxidative and inert atmospheres by simultaneously applying
thermogravimetry (TG), differential thermogravimetry (DTG) and differential
thermal analysis (DTA). The proposed decomposition mechanism was con-
firmed using evolved gas analysis (EGA) technique via the Fourier transform
infrared spectroscopy (FTIR) of the gaseous decomposition products. The solid-
-state decomposition products formed during heating were investigated by chem-
ical analysis, FTIR, Raman spectroscopy and X-ray diffraction (XRD). The
structure, morphology and properties of the final decomposition products were
characterized by XRD, FTIR, energy dispersive X-ray spectroscopy (EDX) and
transmission electron microscopy (TEM). These analyses show that the final
decomposition product in oxidative atmosphere was nickel oxide, shaped as
polygonal particles with widely distributed sizes. As for the results in inert atmo-
sphere, they outlined a mixture of Ni and NiO as rhombohedral particles in a 3:2
mole ratio.

Keywords: homopolynuclear coordination compound; nickel oxide; evolved gas
analysis.
INTRODUCTION

Oxide systems, generated through various methods, are nowadays required in
increasing quantities because of the development of modern technologies in many
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fields such as sensing, environmental remediation, energy storage and conversion,
catalysis, optoelectronics, photonics and pharmaceuticals.! One of the synthetic
pathways used for their preparation consists in the thermal conversion of homo-
and heteropolynuclear metal complexes, which contain anions of carboxylic acids
as ligands.2

Previous papers2—* have described the products of the redox reactions between
several diols, such as ethylene glycol, 1,2-propanediol and 1,3-propanediol and
certain metal nitrates. All the coordination compounds obtained through this
method contain carboxylate or hydroxycarboxylate anions as ligands (i.e., glyoxy-
late, oxalate, lactate or 3-hydroxypropionate). These complexes, which contain
simple organic ligands, have one main advantage over other coordination comp-
ounds: they undergo thermally induced degradation to metals, alloys and oxide
structures at considerably low temperatures, with the release of gaseous species
such as carbon oxides (CO, CO,), hydrocarbons (e.g., CH4) and water. The comp-
osition of the obtained powders depends on both the structure of the coordination
compound and the thermal treatment being applied.

A variety of preparative methods allow for the production of nickel oxides
with specific properties regarding their crystallinity degree, particle size (from nm
to mm), morphology and surface area.’

Nanosized materials have attracted many researchers because of their unusual
properties based on the size-quantization effect and the large surface area. Nano-
sized nickel oxide is of great interest because it exhibits anomalous electronic® and
magnetic’ properties. The characteristic properties of nanosized NiO particles also
enable one to tailor materials for various applications, including catalysis,? electro-
chromic windows? and sensors.10 These properties can be enhanced by decreasing
the particle size, on which they are highly dependent. This is why precise control
of the size and distribution in the nanometre regime is required. In addition, a facile
preparation process that allows the convenient production of these particles is
necessary for miscellaneous new applications. So far, many different methods have
been attempted to synthesize nanosized NiO, such as thermal decomposition, ! 1-12
microemulsion,!3 precipitation,!415 electrochemical deposition,!® sol-gel tech-
nique!7:18 and surfactant-mediated method.!?

The present paper aims to clarify the mechanism involved in the thermal
decomposition of polymeric nickel(II) oxalate complex, namely nickel(IT) oxalate
dihydrate having the formula [Ni(C204)(H20),],,-xnH0,20 in both oxidative and
inert atmospheres. Macklen?! analysed the thermal behaviour of the simple nickel
(II) oxalate dihydrate obtained through classical methods. On the other hand, our
study refers to a polynuclear compound obtained by an original method, starting
from nickel (II) nitrate and ethylene glycol in the presence of nitric acid. The in
situ generation of the ligand, the oxalate anion, simultaneously with its coordin-
ation to the complex generator, Ni2*, leads to a polynuclear structure, which pos-
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sesses high stability: it is virtually insoluble in water and common organic solvents,
and it can only be decomposed in a strongly acidic medium.20 This study also
shows that, following the thermal decomposition at relatively low temperatures of
this complex compound, nickel oxide is obtained in oxidative atmosphere, while a
mixture of nickel oxide and nickel is produced in inert atmosphere.

EXPERIMENTAL

[Ni(C,04)(H,0),],,-xnH,0O was prepared starting from nickel (II) nitrate hexahydrate
(Merck) and ethylene glycol (Sigma—Aldrich), in the presence of nitric acid (Sigma—Aldrich),
using an original method, as described in a previous paper.2® The compound was purified by
refluxing in a 5:1 by volume acetone/water mixture (acetone from Chimreactiv Bucharest) in
an ultrasonic bath before being used.

For the thermal analysis, a Netzsch STA 409 PC coupled with a Bruker 27 FTIR instru-
ment (for evolved gas detection) was used, with the following measuring conditions: 10 °C min
! heating speed, 100 mL min™! synthetic air flow and 20.58 mg sample weight for the oxidative
decomposition, as well as a gas flow rate of 100 mL min'! and a 30.00 mg sample weight in
dynamic atmosphere of argon.

The phase composition of the powders obtained through the complex’s thermolysis at 400
and 1000 °C was investigated by X-ray diffractometry (XRD) using a Rigaku Ultima IV dif-
fractometer with CuK, radiation (1 = 1.5406 A). The lattice parameters (a, b, c) and the average
crystallite size (d) were calculated by using the whole pattern profile fitting (WPPF) method.
The instrument influence over the lines’ broadening was subtracted using the diffraction pattern
of a Si standard recorded in the same conditions.

The FTIR spectra of the solid products were acquired on a Vertex 70 (Bruker, Germany)
FT-IR spectrometer in the 4000—400 cm™! domain, using KBr pellets.

The Raman spectra were measured at room temperature using a MultiView-1000 system
(Nanonics Imaging, Israel) incorporating the Shamrock 500i Spectrograph (Andor, UK). A laser
wavelength of 514.5 nm was used as the excitation source, with a 20 s exposure time and a 300
L mm™! grating.

For the TEM analyses, the materials were deposited from ethanol on 200 mesh TEM
copper grids covered with lacey carbon film. A Titan G2 80-200 TEM/STEM (FEI Company,
The Netherlands) instrument with an image corrector was used to record the images at 200 kV
accelerating voltage. Digital micrograph, ver. 2.12.1579.0 (for image recording), and TEM
Imaging & Analysis, ver. 4.7 (for EDX analysis), were the software employed during the TEM
investigation.

RESULTS AND DISCUSSION

Thermal decomposition in air

Thermoanalytical methods have been used to clarify the mechanism involved
in the thermal decomposition of [Ni(C,04)(H0)5],,'xnH50, in both air and argon,
as well as the decomposition products formed during its heating.

The TG, DTG and DTA curves, corresponding to the thermal decomposition
in flowing air of [Ni(C04)(H20),],,-xnH0, are shown in Fig. 1a, while the FTIR
curves of the gases evolved during the same process are shown in Fig. 1b.
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Fig. 1. Thermoanalytical curves for the thermolysis of [Ni(C,04)(H,0),],,:xnH,0 in flowing

air: a) TG, DTG and DTA results; b) FTIR analysis of generated gaseous products (not to
scale): CO, 2361 cm™!, CO 2108 cm!, H,0 1508 cm'!.
The annealing was monitored by chemical analysis, XRD, FTIR, EDX and

TEM.

Figs. 2 and 3 comparatively show the FTIR and Raman spectra of the coor-
dination compound and its decomposition products.
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Fig. 2. FTIR (a) and Raman (b) spectra of the studied coordination compound.

The corresponding assignments of the FTIR and Raman spectra of
[Ni(C204)(H70),],,-xnH,0 are given in Table 1.11,20-25

The intense FTIR band at 1639 cm™! (Fig. 2a) is attributed to the asymmetrical
vibration of the carboxylate ion. The value shows that the resonance from the
carboxylate group is maintained during complex formation since the metal—car-
boxylate bond is preponderantly ionic. The band with the maximum at 1385 cm™!
is attributed to the v5y(OCO) symmetric vibration. The absence of the bands from
the 1720-1660 cm™! range, attributed to the Vasy(C=0) vibration in the case of
coordination compounds in which C,042~ is coordinated as bidentate chelate lig-
and, shows that, in the synthesized complex compound, the resonance of the car-
boxylate groups is achieved, and that the four oxygen atoms are equivalent, the
oxalate anion being a bridging ligand.2> At the same time, the value for Vsy(0OCO),
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i.e., 1385 cm!, along with the (OCO) found at 1317 cm™1, are in agreement with
the positions of the corresponding absorptions in oxalate-bridged complexes.?2!
The very sharp and strong band at 488 cm™! is attributed to the v(Ni—O) vibration
and/or ring deformation.
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Fig. 3. FTIR (a, c) and Raman (b, d) spectra of the air decomposition products at 400 (a, c)
and 1000 °C (b, d); the FTIR bands at 3435 and 1636 cm™! are owned to traces of water.

TABLE I. Assignment of the FTIR and Raman spectra of [Ni(C,04)(H,0),],,-xnH,0 (band
positions are expressed in cm™); vs — very strong; s — strong; m — medium; w — weak; br — broad;

sh — shoulder; H,O* —

coordinated water

FTIR Raman Assignments
3398/3389 vs, br v(OH) (H,0), hydrogen bonding
1707 w Vasy(C—0O)
1639 vs, br 1625 w Vo (OCO) + 8(H,0%)
1474 w 1477 vs V4 (C=0) + v(C-C)
1454 s, sh V& (C-0) + §(0CO)
1385 vs Vs(OCO)
1360 vs, 1317 vs V4, (C-0) + 3(0CO)
1048 m Ve, (C-0)
920 w 918 m v(C-C)
857w v(C-C)
827 s V& (C—C) + 8(0CO)
754 m, 669 m, 648 m p(H,0)
592 m, 536 s Sring and/or lattice water

488 vs, ~460 sh

V(Ni—O) and/or &,
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The FTIR spectra of the thermal decomposition products show the character-
istic bands of nickel oxide. In the case of the product obtained at 400° C (Fig. 3a),
besides the two absorption bands of NiO at 625 and 438 cm~!, other bands also
appear and indicate the presence of traces of the partially decomposed coordination
compound. At the same time, the FTIR spectrum of the product synthesized at
1000 °C (Fig. 3b) shows the absorption bands at 669, 560 (shoulder) and 457 cm™!,
slightly shifted with respect to the characteristic bands of nickel(Il) oxide men-
tioned in the literature.26 The more relevant bands of [Ni(C,04)(H20);],,-xnH,0,
found at 1639, 1385, 1360, 1317, 827 and 488 cm™!, are no longer present, leaving
place for the two characteristic bands of nickel oxide. The other weak bands are
not relevant for the decomposition of [Ni(C,04)(H0),],,-xnH50. Also, the broad-
ness of the 457 cm~! band indicates that the NiO powder consisted of nanocrystals.2”

After analysing the Raman spectra of the same products (Fig. 3c,d), the
disappearance of the characteristic bands for the coordination compound can be
observed, confirming its degradation. The more relevant bands, found at 1477,
1454, 1048, 918 and 536 cm™! of [Ni(C204)(H,0),],-xnH,0 (Fig. 2b), are rep-
laced by the characteristic bands of nickel oxide. The Raman spectrum from Fig.
3d (for 1000 °C) shows the characteristic bands of nickel oxide (1075, 729, 542,
351 cm!) in accordance with literature data.22:24 Also, the Raman spectrum from
Fig. 3¢ (400 °C) reveals the presence of slightly shifted bands, confirming that it
is, to some extent, contaminated with the traces of the partially decomposed pre-
cursor.

Based on the FTIR and Raman spectra, it can be concluded that nickel oxide
as the final solid-state product is formed and [Ni(C704)(H,0)5],,-xnH0 entirely
decomposed.

The XRD patterns of the powders obtained by the annealing of coordination
compound at 400 and 1000 °C are presented in Fig. 4. Both patterns record the
diffraction lines of the single-phase NiO (rhombohedral, ICDD file 01-078-4374).
The powder annealed at 400 °C was composed of much smaller crystallites (4.4
nm) compared to the one annealed at 1000 °C (37.4 nm). For the powder annealed
at 1000 °C, the calculated values of the lattice parameters, a = b =2.9575 A, ¢ =
=7.2464 A, are close to the values found in the ICDD file (a =b=2.9633 A, c =
=7.2553 A).

These results allow some conclusions to be drawn based on the thermoana-
lytical curves presented in Fig. 1. The TG profile shows, in the first two steps, the
removal of the lattice water and of the coordinated water molecules (mass loss:
calculated 22.74 %; experimental: 22.89 %). Two endothermic DTA peaks located
between 25 and 160 °C (weak maximum at 134 °C), as well as between 160 and
286 °C (maximum at 260 °C) and a change on the DTG curve in the same tem-
perature ranges correspond to the removal of water. A completely dehydrated com-
pound is produced at around 300 °C, as confirmed in Fig. 1b. These results are in
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good agreement with literature data for nickel (II) oxalate dihydrate obtained
through classical methods.21-28 Also, the ratio between lattice water (3.57 % loss)
and coordinated water (19.32 % loss), as calculated from the thermogravimetric
analysis, shows for the [Ni(C,04)(H0)],,-xnH70O formula that x =~ 0.4, which is
slightly less than previously reported.20

)

o NiO () 400 °C
Z; A—lllm ("
.
== g5
== o
: ﬁ )
AN N — Fig. _4. XRD patterns o_f the powders
10 20 30 40 50 60 70 80 obtained by the coordination comp-
26/° ound’s annealing at 400 and 1000 °C.

In the third step, the almost complete combustion of the anhydrous compound
occurred within a narrow temperature range (286—345 °C), as shown by a steep
slope on the TG curve with an inflexion point at 313 °C. The total experimental
mass loss of 59.00 % (calculated 60.63 %) suggests NiO as the product of the
conversion. The formation of this product was accompanied by a very sharp exo-
thermic DTA peak located at 322 °C.

After analysing the FTIR curves from Fig. 1b, the water release can be con-
firmed due to the presence of two peaks: a weak one around 145 °C and the main
one around 263 °C. The carbon dioxide shows a very intense peak at around 323 °C.

An EDX quantitative elemental analysis of very small areas revealed that, on
the surface, the product obtained at 1000 °C in air is a non-stoichiometric oxide.
The EDX profile for an area of the surface is presented in Fig. 5. It should be noted
that the analysed area was smaller than 50 nm in diameter.

15000 Ni

100001

Ni

Counts, a.u.

5000+

Y o Fig. 5. EDX profile for a surface
0 3 H 3 3 area (C and Cu peaks belong to the
Energy, keV grid).
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Table II shows the stoichiometry and composition of the nickel oxide analyzed
by EDX.

TABLE II. Composition and stoichiometry of NiO obtained from EDX

Composition wt. % at. %
Ni 81.68 54.87
O 18.31 45.12
Ni:O (at. ratio) 1.2

The results indicate that, on the surface, the product is an oxygen-deficient
non-stoichiometric nickel oxide.

The TEM analysis was performed to obtain useful information about the mor-
phology and particle size of the nickel oxide originating from the thermal decom-
position of the complex. TEM images recorded at different magnification values
(Fig. 6) show that NiO was comprised of polygonal particles displaying some
defined edges and faces, which appear to be further composed of small and con-
glomerated particles. The polygonal particles were piled up to form inter-particle
pores of submicrometric sizes, corresponding to the spaces between them (Fig. 6a).
The increase in magnification (Fig. 6b—d) did not allow for the improved particle
differentiation. The formation of NiO aggregates, built from very small three-dim-
ensional disordered primary particles, was clearly visible. The 2.07 nm value
obtained from measurements performed on the TEM image shown in Fig. 6d cor-
responds to 10 interplanar spacings. The value for one interplanar spacing (2.07

B

Fig. 6. TEM images of NiO obtained by decomposition of [Ni(C,04)(H,0),],,-xnH,0 at
1000 °C in air atmosphere.
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A) is very close to the d-spacing of 2.095050 A from the previously mentioned
ICDD file 01-078-4374, which corresponds to the (012) crystal plane. Thermal
decomposition of [Ni(C,04)(H0)5],,:xnH70 resulted in the formation of NiO
with wide particle size distribution, from 4 nm to 1 um.

Thermal decomposition in argon

The TG, DTG and DTA curves, corresponding to the thermal decomposition
of [Ni(C204)(H70);],,;-xnH,0 in argon atmosphere, are shown in Fig. 7a, while
the FTIR curves of the gases evolved during the same process are shown in Fig. 7b.

0 376 °C
100 ro m2c —Carbon dioxide
—Carbon monoxide
90
—Water
80 1o - 3
Ed f=1 ©
- £ g %
£ 70 = E g
g E 5% g
¥ 20 =) 3
50
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Fig. 7. Thermoanalytical curves for the thermolysis of [Ni(C,04)(H,0),],,-xnH,0 in argon:
a) TG, DTG and DTA results; b) FTIR analysis of generated gaseous products (not to scale):
CO, 2361 cm!, CO 2108 cm™! and H,O 1508 cm!.

As can be seen in Fig. 7, the TG profile shows, in the first two steps, the
removal of the lattice water and of the coordinated water molecules (mass loss:
calculated 22.74 %; experimental: 23.17 %). The first mass loss, up until around
165 °C, has a maximum intensity recorded at 108 °C and a corresponding endo-
thermic DTA peak located at 138 °C, as confirmed by the FTIR spectrum (max-
imum at 150 °C). The second mass loss, up until around 291 °C, has a process
maximum intensity at 264 °C and a corresponding endothermic DTA peak at 268 °C.
This mass loss is also confirmed by the FTIR spectrum (maximum at 272 °C),
which shows that the breakdown of the C—C bonds begins in this step and con-
tinues in step three (up until around 400 °C), with CO; release. A weak trace of
CO was recorded in the third step at around 343 °C. The total mass loss of 65.01
% (calculated 65.66 %) suggests that the conversion product was a biphasic
Ni/NiO system in a 3:2 molar ratio. The following analyses confirm this result.

The FTIR spectrum of the decomposition product in argon atmosphere is
presented in Fig. 8. The spectrum shows a few absorption bands at 663, 555
(shoulder) and 476 cm™!1, slightly shifted compared with those from Fig. 3b,
probably due to the presence of metallic nickel.

The XRD pattern of the powder obtained by annealing the coordination
compound in argon at 1000 °C can be seen in Fig. 9. The XRD pattern records the
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diffraction lines of the NiO (rhombohedral, ICDD 01-089-3080) and metallic
nickel (cubic, ICDD 00-004-0850).
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Fig. 8. FTIR spectrum of biphasic Ni/NiO system obtained by thermal decomposition at 1000 °C
in argon atmosphere; the FTIR bands at 3435 and 1630 cm™! are owned to traces of water.
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Fig. 9. XRD patterns of biphasic Ni/NiO system.

The TEM images of Ni/NiO at different magnification (Fig. 10) showed that
the particles are of rhombohedral shape as well as the existence of submicrometric
pores, which was already observed at NiO obtained in air atmosphere. The mea-
surements performed on the TEM image presented in Fig. 10d show a value of
2.42 nm corresponding to 10 interplanar spacings. The value of 2.42 A, corres-
ponding to one interplanar spacing, is very close to the d-spacing of 2.412570 A
from the previously mentioned ICDD file 01-089-3080, which corresponds to the
(021) crystal plane.
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0mm

Fig. 10. TEM images of the NiO/Ni system obtained at 1000 °C in argon.

CONCLUSION

Three successive decomposition steps for [Ni(C>04)(H20);],,-xnH>O were
recorded during its thermal decomposition in dynamic air atmosphere, the first two
being endothermic and the third exothermic.

The thermal conversion of this homopolynuclear coordination compound
resulted in nickel oxide or a mixture of Ni and NiO in a 3:2 mole ratio, depending
on the oxidative or inert atmosphere.

The XRD results reveal the rhombohedral crystallinity of the synthesized NiO
phase and the cubic crystallinity of the metallic nickel phase. The TEM images at
different magnification values show NiO particles obtained by the thermal decom-
position of the coordination compound in air and consist of smaller particles. These
particles exhibit polygonal shapes, and their size is widely distributed between 4 nm
and 1 pm. The TEM images of the NiO/Ni system obtained in argon outline par-
ticles with rhombohedral shapes. For both oxidic systems, the particles were piled
up and formed the inter-particle pores with sizes of tens of nanometers.
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H3BOJ
TEPMHUYKO IMTOHAIIAKE ITOJTMMEPHOT KOMITJIEKCA HUKJI(I1)-OKCAJIATA
IOOBUJEHOI PEAKITMJOM HUKJI(IT)-HUTPAT/ETUJIEH-TTIMKOJI

MIRCEA NICULESCU', MIHAI-COSMIN PASCARIU%3, ANDREI RACU? n BOGDAN-OVIDIU TARANU?

"University Politehnica Timisoara, Faculty of Industrial Chemistry and Environmental Engineering, 6 Vasile
Parvan Blvd., RO-300223 Timisoara, Romania, ? National Institute of Research and Development for
Electrochemistry and Condensed Matter, 144 Dr. Aurel Paunescu-Podeanu, RO-300569 Timisoara, Romania
u3“Vasile Goldis” Western University of Arad, Faculty of Pharmacy, 86 Liviu Rebreanu, RO-310414 Arad,
Romania

AHa/IM3UPAHO je TEPMHYKO pasjiarame XOMOIOIUHYKIEAPHOT KOODAUHALMOHOT jeJHBEHa
[Ni(C204)(H20)2]»-xnH20, monumepror komriexca HUKiI(I1)-okcanara. Tepmonu3sa je ypahena y
IVHAMHWYKOj OKCHIATHUBHOj U MHEPTHOj aTMOC(hEPH UCTOBPEMEHOM NTPUMEHOM TEPMOTPaBUMET-
pyje (TG), oudepenuujante Tepmorpasumetpyje (DTG) u pudepeHrjanHe TepMUUKe aHaIK3e
(DTA). IpennoxeHy MeXaHW3aM pasjiarama je NOTBpheH ynoTpedoM TEXHUKE aHaAIHU3€ €BOIYH-
pasor raca (EGA) nmyrem nHdpaupseHe crekrpockonuje dypujeose Tpancdopmanuje (FTIR)
TaCOBMTHX IIPOM3BOJA pasiarama. [IpoM3BOIH Y UBDCTOM CTamy, KOjH HAaCTajy TOKOM 3arpeBarma,
WCTIUTHBAHU Cy XeMHjckoM aHanu3oMm, FTIR, PamaHoBOM cmekTpockonujom U Penarenckom
mudpakuujom (XRD). CtpykTypa, MOpgosoryja U CBOjcTBa (PMHAIHUX MPOX3BOJA pasiarama Cy
okapaxrepucanu XRD, FTIR, eHepreTcko JUCIIep3UBHOM PEHATEHCKOM crieKTpockonujoM (EDX)
U TPaHCMHUCHjCKOM €JIEKTPOHCKOM MHUKpockonujom (TEM). Pesyntaty aHanusa nokasyjy na je
(bvHaNMHM NPOM3BOA pasiarama y OKCHIATHBHOj aTMOCGHEDPH HUKI-OKCHUT, Y ODIMKY IOJMIOHAN-
HHX YeCTHIa, JOK ce y HHepTHOj atMocdepH, noduja cmema Ni 1 NiO y odmuxy pomdoenapckux
YeCTHLla Y MOJIAapHOM OfHOCY 3:2.

(ITpumsseno 13. oxrobpa, pesuaupano 25. fenemdpa 2023, npuxsaheno 18. asrycra 2024)
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Abstract: Ultrasonic analysis can be very helpful to comprehend the molecular
dynamics and interactions in liquid systems. Employing the Anton-Paar (DSA
5000 M) at concentrations and 0.1 MPa, sound speed as well as density of
glycol ethers, i.e., phenoxyethanol (PE) and butoxyethanol (BE) in solutions of
a well-known sugar alcohol (D-mannitol), were measured at 288.15-303.15 K.
A variety of advanced acoustic-thermodynamic parameters, including apparent
molar parameters, partial molar parameters and transfer molar properties, were
estimated using the experimentally attained the velocity and density values.
These derived values are used to express the interactions between solutes and
their solvents. The propensity of the solute to generate or destroy structures in a
solvent is also a subject of research. Analysis was done on the interactions
between the molecules in the ternary mixture of D-mannitol and glycol ethers
in aqueous medium.

Keywords: phenoxyethanol; butoxyethanol; kosmotropes; chaotropic; acoustic
and volumetric.

INTRODUCTION

Every industry has recognized the usage of chemicals. By examining the
physicochemical characteristics of diverse liquids and mixtures using ultrasonic
techniques, numerous studies into the molecular interactions have been con-
ducted. The pharmaceutical, healthcare, cosmetic, food, leather, textile and auto-
motive industries all heavily rely on the use of ultrasonic technology to charac-
terize various thermophysical properties of liquid mixtures as well as their beha-
vior. Details about the character and intensity of molecular interactions occurring
within the mixture, is obtained from this technique since it is a non-destructive
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1490 CHAKRABORTY et al.

for describing the liquid systems.!=* The binding forces that form between the
molecules in a liquid directly affect the ultrasonic speed at which sound travels
through it.5~9

Phenoxyethanol, commonly known as 2-phenoxyethanol, is an aromatic
alcohol that is colorless and has a pleasant smell. Phenoxyethanol serves as an
antibacterial and is a common preservative in cosmetic goods. It works well
against a variety of bacteria and yeasts. The US Food and Drug Administration
has given 2-butoxyethanol permission for use as an adhesive, antibacterial agent,
defoamer, stabilizer, and preservative in food additives.?~12

Mannitol is a sugar alcohol or polyol with the chemical formula CgH1704
that is used as a sweetener and in medicine. Mannitol is a member of the class of
medications known as diuretics. D-Mannitol is readily available, reasonably
priced, and available in a variety of granular and powder forms. Water molecules
interact hydrophilically with mannitol. Due to the creation of H-bonds, D-man-
nitol and water molecules become associated molecularly. It is critically imp-
ortant for biological reasons because polyhydroxy chemicals assist stabilize glo-
bular proteins.13-17

Glycol ethers (PE/BE) have been the subject of extensive research, for ins-
tance, Scognamiglio et al. had analysed the toxic and dermatological behaveiour
of phenoxyethanol, which finds application as an ingredient in fragrances.!®
Whereas, Lowe and Southern had investigated the antibacterial properties of
phenoxyethanol and thiomersal, two preservatives.!® Both substances demons-
trated equal effectiveness at inactivating challenge doses of yeast, Gram-positive
and Gram-negative microorganisms, and reported that phenoxyethanol had no
effect on Gram-positive bacteria, but the yeast and both Gram-positive challenge
strains were rendered inactive by the vaccines as they were created.

Raman et al. had studied the intermolecular association in aqueous mannitol
solutions at multiple temperatures by evaluating various thermo-acoustic param-
eters from the experimental values of density and velocity. These properties
advocate the strong molecular interlinkage in the system.20

The literature review on mannitol and glycol ethers indicates that no volu-
metric and acoustic investigations for their combination have been published yet.
Based on the experimental findings, several thermodynamic parameters were
calculated to uncover the physical and chemical characteristics of the liquid sys-
tem. Glycol ethers and mannitol are commonly utilized in industries such as
medicine, cosmetics and chemicals. This present study aims to elucidate the
intermolecular interactions occurring in liquid mixtures, providing an opportunity
to assess the mixture and explore different attributes and properties that enhance
the quality of the product.

Available online at: http://www.shd.org.rs/JSCS

(CC) 2024 Serbian Chemical Society.



THERMOPHY SICAL INVESTIGATION OF GLYCOL ETHERS 149 1

EXPERIMENTAL
Materials used

Phenoxyethanol, butoxyethanol and D-mannitol are the chemicals employed in the cur-
rent experiment; their molar masses are 118.16, 138.16, and 182.172 g-mol'l, respectively.
The solvent mixtures were made using the sugar alcohol D-mannitol and degassed, triple-dis-
tilled water. Table I presents the characteristics of the compounds utilized in the study. The
mass fraction purities of, PE, BE and D-mannitol are all greater than 0.99. Although the
chemicals were dried and stored in desiccators over P,O5 for two days before usage, they were
employed without additional purification.

Methods used

The Anton-Paar DSA 5000 M instrument provides a reliable and accurate data for the
density and speed of sound. The high level of precision and accuracy required in the meas-
urements is crucial to ensure the validity of the results. The obtained measurements of differ-
ent concentration calculation methods that are included into the DSA use density and sound
speed as inputs. Degassed, triple-distilled water with a specific conductance of less than 10
S-cm! was used to create the solutions. The Sartorius CPA 225D was used to weigh the
samples and the precision was within +0.00001 g. The density and sound speed measurements
have precisions of £0.001 kg-m and +0.01 m-s’!, respectively. The corresponding measure-
ment uncertainties were +£0.001 K, £0.15 kg'm3 and +0.01 m-s’!, respectively for tempe-
rature, density and speed of sound.

TABLE I. Specifications of the chemicals utilized in this present investigation

Chemical Butoxyethanol Phenoxyethanol D-Mannitol

Source Loba Chemie Pvt. Ltd., India Sigma—Aldrich

Mass fraction purity (supplier) >0.99 >0.99 >0.99

Purification method Used as such Used as such Used as such
RESULTS AND DISCUSSION

Density

Experimental density values (p) for butoxyethanol (BE) and phenoxyethanol
(PE) in aqueous solutions of mannitol with 0.00, 0.02, 0.06 and 0.1 mol-kg~!
concentrations, were obtained at temperatures of 288.15-303.15 K and 0.1 MPa
pressure. The experimental density values for (water + mannitol) were cross-ref-
erenced with values from literature at 288.15, 293.15, 298.15 and 303.15 K,
which is shown in Fig. 1a, and the consistency between the experimental results
and the values found in the literature is demonstrated.2!-22 For this binary system,
Fig. 2 plots the deviation in density between the experimental density values and
those reported?1-22 at 288.15, 293.15, 298.15 and 303.15 K. It finds a good agree-
ment, with the maximum deviation falling within the reported experimental error.

By measuring the density of pure components, each experimental chemical
used in this work was verified, and the data were compared to the values found in
the literature,23-24 which are listed in Table II along with the percentage devi-
ation between the data from the experiment and reported data. In Table III the
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density values of glycol ethers at a specific concentration of mannitol are rec-
orded, and it can be observed that the p values are exhibiting linear trend, i.e.,
increasing with the rising values of mannitol concentrations as well as with the
molality of glycol ethers. This behavior implies that the water molecules form a
new structure, in existence that is more when projecting at higher concentrations.
The decline in p values occurs when the kinetic energy of solution molecules
exceeds the binding energy at high temperatures.25-27 Overall, the study provides
a comprehensive analysis of the density values of BE and PE in mannitol solut-
ions at different temperatures and mannitol concentrations in aqueous medium. 28,29
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For the binary system of (water + mannitol), Fig. 3 plots the deviation in
speed of sound between the experimental and literature2!-22 at 293.15, 298.15
and 303.15 K. It reaches a satisfactory agreement, with the highest difference fall-
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TABLE II. Comparison of experimental densities (p) and ultrasonic velocities (v) with lite-
rature values for pure chemicals at different temperatures

. px10-3/ kg:m3 v/ms!

Chemical T/K Exp. Lit. % Deviation  Exp. Lit. % Deviation

Butoxyethanol 288.15 0.9032 - - 1341.04 - -

(BE) 293.15 0.9001 0.900123 0.00000  1322.45 1322.502  0.00378
298.15 0.8960 0.8959%3 0.01116  1305.06 1304.9423  0.03218
303.15 0.8917 0.891723  0.00000  1288.52 1288.0223 0.03

Phenoxyethanol 288.15 1.1150 - - 1608.56 - -

(PE) 293.15 1.1080 1.1070%* 0.09033 1592.00 1591.80%4 0.0020
298.15 1.1020 1.1030%* 0.09066  1575.02 1574.60% 0.0042
303.15 1.0970 1.0990%* 0.18198  1557.80 1557.40% 0.0040

TABLE III. Values of density (p / g-em™) of (BE/PE) in aqueous solutions of D-mannito] at
different temperatures 288.15-303.15 K; m, is the molality of glycols in the aqueous solution
D-mannitol, standard uncertainties, u, are u(m) = 1 %, u(T) = 0.001 K and u(p) = 0.15 kg'm™

T/K T/K

my 288.15 293.15 298.15 303.15 |m, 288.15 293.15 298.15 303.15
molkg!  0.00 mol'kg’! D-mannitol + BE |mol'kg’!  0.02 mol-kg"! D-mannitol + BE
0.00000 0.9992 0.9982 0.9970 0.9956 | 0.00000 1.0006 0.9997 0.9984 0.9970
0.10016  0.9994 0.9984 0.9972 0.9958 | 0.09978 1.0008 0.9999 0.9986 0.9972
0.20147 0.9996 0.9986 0.9974 0.9960 |0.19899 1.0009 1.0001 0.9988 0.9974
0.29196  0.9998 0.9987 0.9976 0.9962 |0.30003 1.0011 1.0002 0.9989 0.9975
0.39510  0.9999 0.9989 0.9977 0.9963 |0.40010 1.0012 1.0003 0.9990 0.9976
0.49928 1.0001 0.9990 0.9978 0.9965]0.50003 1.0013 1.0004 0.9991 0.9977

0.06 mol-kg~! D-mannitol + BE 0.1 mol-kg' D-mannitol + BE
0.00000 1.0031 1.0021 1.0009 0.9996 |0.00000 1.0056 1.0045 1.0034 1.0021
0.10034 1.0032 1.0023 1.0010 0.9998 | 0.09894 1.0057 1.0046 1.0035 1.0022
0.20009 1.0034 1.0024 1.0011 0.9999 |0.19880 1.0058 1.0046 1.0035 1.0022
0.30012 1.0035 1.0025 1.0012 1.0000 |0.30001 1.0058 1.0047 1.0036 1.0023
0.39990 1.003 1.0026 1.0013 1.0001 |0.39959 1.0059 1.0047 1.0036 1.0024
0.50023 1.003  1.0026 1.0014 1.0001 |0.50005 1.0059 1.0048 1.0037 1.0024

0.00 mol-kg"! D-mannitol + PE 0.02 mol-kg"! D-mannitol + PE
0.00000  0.9992 0.9982 0.9970 0.9956 |0.00000 1.0006 0.9997 0.9984 0.9970
0.09102  0.9996 0.9986 0.9974 0.9961 |0.09983 1.0010 1.0002 0.9989 0.9975
0.20047 1.0002 0.9991 0.9979 0.9966 | 0.20034 1.0015 1.0006 0.9993 0.9979
0.29106  1.0005 0.9995 0.9983 0.9969 |0.30010 1.0019 1.0010 0.9997 0.9983
0.39951 1.0009 0.9999 0.9987 0.9974 10.39990 1.0022 1.0014 1.0001 0.9987
0.49928 1.0013 1.0002 0.9991 0.9977 10.50004 1.0026 1.0017 1.0004 0.9991

0.06 mol-kg"! D-mannitol + PE 0.1 mol-kg’! D-mannitol + PE
0.00000 1.0031 1.0021 1.0009 0.9996 |0.00000 1.0056 1.0045 1.0034 1.0021
0.10028 1.0035 1.0025 1.0013 1.0001 |0.09999 1.0060 1.0049 1.0038 1.0025
0.19996 1.0039 1.0029 1.0017 1.0004|0.19973 1.0063 1.0052 1.0041 1.00282
0.30056 1.0042 1.0033 1.0020 1.0008 {0.29880 1.0066 1.0055 1.0044 1.0031
0.40031 1.0045 1.0036 1.0023 1.0011 |0.40050 1.0069 1.0058 1.0047 1.0034
0.50009 1.0048 1.0039 1.0027 1.0015|0.50009 1.0072 1.0061 1.0050 1.0037
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ing within the expected experimental margin of error. The speed of sound of
these chemicals used in this study was confirmed by measuring the speed of
sound of pure components, and the results were compared to values from pre-
vious studies23.24 listed in Table 1I, including the percentage difference between
experimental and reported data. At 288.15-303.15 K, the speed of sound (v) of
glycol ethers in aqueous mannitol solutions, at different temperatures (and man-
nitol concentrations 0.00, 0.02, 0.06 and 0.1 mol-kg™!), are expressed in Table
IV. For the experimentally acquired speed of sound values for (water + man-
nitol), a comparison was made between the obtained values and the values doc-
umented in the literature for at certain temperatures. The experimental v measure-
ments align with the velocity values reported in the literature for various tempe-
ratures, as illustrated in Fig 1b.2! Results showed that speed of sound values
increased with temperature and (BE/PE) molality, and there was an observable
rise in speed of sound with an increase in mannitol concentration, which can be
attributed to the presence of a three-dimensional network of hydrogen bonds
within the water structure. Intramolecular and intermolecular hydrogen bonds in
solute—solvent molecules caused a hike in speed of sound values, while hydrogen
bond formation between water and mannitol degraded with the acceleration in
the molar mass of glycol ethers. The formation of a hydrogen bond network
occurs between the solute and aqueous mannitol molecules resulted in a rise of
speed of sound values with mannitol concentration, and new H-bonds were
created between glycol ethers and mannitol molecules. The study provided a com-
prehensive analysis of factors influencing speed of sound values in glycol ethers
in aqueous mannitol solutions at different temperatures and mannitol concen-
trations.30-36
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Fig. 3. Plot of deviation in speed of
sound, v, of binary mixture (D-man-
nitol + water) with the literature data at
different temperatures; square-brown:
293.15 K2!; diamond-green: 298.15
my/(mokkg’) K2!; triangle-yellow: 303.15 K21,
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The experimental density values were employed in the calculation of the
apparent molar volume (Vg) for binary mixtures of glycol ethers (BE/PE) and
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TABLE IV. Values of Speed of sound (v / m's'!) of BE/PE in aqueous solutions of D-mannitol
at different temperatures 288.15-303.15 K; m, is the molality of glycols in the aqueous sol-
ution D-mannitol, standard uncertainties, u, are u(m) = 1 %, u(T) = 0.001 K, u(v) = 1.0 m's!
T/K T/K
m, 288.15 293.15 298.15 303.15 |m, 288.15 293.15 298.15 303.15
mol'kg™! 0.00 mol-kg™! D-mannitol + BE | molkg! 0.02 mol-kg! D-mannitol + BE
0.00000 1466.6 1482.6 14959 1508.8 |0.00000 1469.5 1485.1 1499.0 15114
0.10016 1467.6 1483.5 1497.0 1509.6 |0.09978 1470.4 14859 1500.2 1512.2
0.20147 1468.6 1484.5 1498.2 1510.5|0.19899 1471.5 1486.8 1501.4 1513.1
0.29196 1469.5 14854 1499.5 1511.4|0.30003 1472.5 14879 1502.8 1514.0
0.39510 14709 1486.6 1501.0 1512.4 |0.40010 1473.6 1488.9 1504.0 1515.1
0.49928 1472.1 1487.7 1502.6 1513.6 |0.50003 14749 14899 15054 1516.2
0.06 mol-kg~! D-mannitol + BE 0.1 mol-kg' D-mannitol + BE
0.00000 1473.4 1489.3 1503.1 1516. |0.00000 1476.8 1492.8 1507.4 1520.6
0.10034 14744 1490.2 1504.1 1516.8 |0.09894 1477.8 1493.7 1508.4 1521.3
0.20009 14754 1491.0 1505.4 1517.7 |0.19880 1478.8 1494.5 1509.6 15224
0.30012 1476.2 1492.0 1506.5 1518.5|0.30001 1479.7 14953 1510.7 15234
0.39990 14774 14929 1507.6 1519.6 |0.39959 1480.8 14963 1511.7 1524.5
0.50023  1478.5 1493.8 1508.8 1520.7 |0.50005 1481.9 14974 1512.8 1525.6
0.00 mol-kg"! D-mannitol + PE 0.02 mol-kg"! D-mannitol + PE
0.00000 1466.6 1482.6 14959 1508.8 |0.00000 1469.5 1485.1 1499.0 15114
0.09102 1468.3 1484.2 1497.5 1510.5|0.09983 1471.2 1487.0 1500.6 1513.4
0.20047 1470.3 1486.3 1499.5 1512.7 |0.20034 1473.1 1489.1 1502.6 1515.5
0.29106 14723 1488.2 1501.2 1514.4 |0.30010 1475.3 1491.1 15044 15174
0.39951 14747 1490.3 1503.4 1516.5|0.39990 1477.6 1493.0 1506.7 1519.5
0.49928 1476.6 1492.2 15054 1518.6 |0.50004 1479.5 1495.1 1508.8 15214
0.06 mol-kg"! D-mannitol + PE 0.1 mol-kg’! D-mannitol + PE
0.00000 1473.4 1489.3 1503.1 1516.0 |0.00000 1476.8 1492.8 1507.4 1520.6
0.10028 14753 1491.0 1505.0 1518.0 [0.09999 1478.7 1494.8 1509.2 1522.6
0.19996 1477.3 1493.1 157.02 1520.0 |0.19973 1480.5 1496.8 1511.3 1524.5
0.30056 1479.4 1495.1 1509.1 1522.1 |0.29880 1482.6 1498.8 1513.2 1526.5
0.40031 1481.5 1497.1 1511.0 1524.1 |0.40050 1484.8 1500.8 15154 1528.5
0.50009 1483.5 1499.2 1513.0 1526.0 |0.50009 1486.8 1502.8 1517.3 1530.6

mannitol. The equation used for this calculation included the densities of the
solution (p) and solvent (pg), the molality of the solute per kg of solvent (mp),
and molar mass (M) of the solute:

Vo =M1p—(p—py) ! mpppy (1)

Table V illustrates the positive values of Vg calculated for different mannitol
concentrations and temperatures. As the temperature and mannitol concentration
increased, the Vg values also increased. The observed increase in the apparent
molar volume values with temperature implies a strong interaction between the
solute and solvent in the mixture, as depicted in Fig. 4.37-39 This suggests that
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the solvent exhibits a higher affinity for the solute at elevated temperatures,
leading to enhanced solute-solvent interactions.

TABLE V. Values of apparent molar volumes (Vg / m3-mol!) of BE/PE in aqueous solutions
of D-mannitol at different temperatures 288.15-303.15 K; m, is the molality of glycols in the
aqueous solution D-mannitol, standard uncertainties, u, are u(m) = 1 %, u(T) = 0.001 K, u(Vy)
=(0.023-0.028)x10° m3 mol!
T/K T/K

m, 288.15 293.15 298.15 303.15 | m, 288.15 293.15 298.15 303.15
mol'kg!  0.00 molkg! D-mannitol + BE |molkg!  0.02 mol-kg! D-mannitol + BE
0.10016 116.13 116.26 116.42 116.52 |0.09978 116.23 116.37 116.51 116.64
0.20147 116.20 116.33 116.49 116.60 [0.19899 116.33 11649 116.62 116.73
0.29196 116.26 116.39 116.55 116.66 |0.30003 11643 116.59 116.73 116.84
0.39510 116.34 116.47 116.63 116.75|0.40010 116.54 116.69 116.82 116.94
0.49928 116.44 116.57 116.74 116.86 |0.50003 116.62 116.78 116.92 117.05
0.10016 116.13 116.26 116.42 116.52 |0.09978 116.23 116.37 116.51 116.64

0.06 mol-kg~! D-mannitol + BE 0.1 mol-kg™!' D-mannitol + BE
0.10034 116.35 116.46 116.60 116.73 |0.09894 11643 116.56 116.69 116.81
0.20009 116.45 116.56 116.71 116.82 |0.19880 116.54 116.67 116.81 11691
0.30012 116.54 116.66 116.81 116.93 |0.30001 116.64 116.78 116.92 117.02
0.39990 116.65 116.76 11691 117.03 |0.39959 116.74 116.88 117.01 117.12
0.50023 116.76 116.87 117.03 117.15|0.50005 116.84 116.97 117.11 117.22
0.10034 116.35 11646 116.60 116.73 |0.09894 11643 116.56 116.69 116.81

0.00 mol-kg"! b-mannitol + PE 0.02 mol-kg™! D-mannitol + PE
0.10034 116.35 116.46 116.60 116.73 |0.09894 11643 11656 116.69 116.81
0.20009 116.45 116.56 116.71 116.82 |0.19880 116.54 116.67 116.81 11691
0.30012 116.54 116.66 116.81 116.93 |0.30001 116.64 116.78 116.92 117.02
0.39990 116.65 116.76 11691 117.03 |0.39959 116.74 116.88 117.01 117.12
0.50023 116.76 116.87 117.03 117.15|0.50005 116.84 116.97 117.11 117.22
0.10034 116.35 11646 116.60 116.73 |0.09894 11643 116.56 116.69 116.81

0.06 mol-kg"! D-mannitol + PE 0.1 mol-kg"! D-mannitol + PE
0.10028 133.70 133.78 133.88 133.96 (0.09999 133.82 133.89 133.98 134.09
0.19996 133.82 133.89 133.98 134.06 |0.19973 13391 133.98 134.07 134.18
0.30056 133.91 133.98 134.08 134.16 |0.29880 134.00 134.07 134.16 134.27
0.40031 133.99 134.07 134.17 134.25|0.40050 134.08 134.17 134.26 134.37
0.50009 134.09 134.17 134.27 134.35|0.50009 134.18 134.26 134.36 134.48
0.10028 133.70 133.78 133.88 133.96 /0.09999 133.82 133.89 133.98 134.09

Corresponding to the co-sphere overlapping model, when ionic species inter-
act in solutions, the volume of the solution increases, indicating the presence of
molecular interactions within the system through the formation of cavities among
the solution molecules.*-5 These cavities expand as the temperature rises, facil-
itating the interaction between solute and solvent molecules. However, at lower
temperatures, solute molecules encounter difficulties in fitting into the water struc-
ture, resulting in stronger interactions between solute and solvent molecules in
solutions.*0-42 Similarly, at higher mannitol concentrations, more solute—solvent
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Fig. 4. Graphical illustration of apparent molar volume (V) against the molality of BE/PE
(m,) at different temperatures: a) 0.00 D-mannitol + BE + water, b) 0.02 D-mannitol + BE +
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interactions can occur as water constituents are held in place by strong hydrogen
bonds instead of being directly attached to the surfaces of solute molecules. This
leads to the formation of gaps or cavities in the solutions, consequently inc-
reasing the apparent molar volume.40

Moreover, the presence of glycol ethers in the mixture with water induces a
combination of inter- and intramolecular hydrogen bonding, hydrophobic hydrat-
ion, and dipole—dipole as well as dipole—induced dipole interactions.21-23 The
increase in solute—solvent interactions in the sample compositions, as the molar
mass of glycol ethers increases from BE to PE, corresponds to the phenomenon
of solvation in the mixture at high temperatures and a greater affinity of the sol-
vent as depicted in the Scheme 1.6-8

Phenoxyethanol

Thermodynamic properties

(Mannitol + water)

solution

Ultrasonic properties

=
=
=
=
=
=
=
=
=
™
=
=
o
=
=
2
=
-
=
=
S
F
1
=2
=
w

Butoxyethanol

Scheme 1. Representation of BE/PE and mannitol interactions.

Apparent molar isentropic compressibility

The undermentioned formula is utilized to determine the isentropic comp-
ressibility of glycol ethers in aqueous mannitol solutions:

Ko s=Mkg/ p)—{(ksop —ksopPo)/ mappo} ()

which takes into account various parameters such as densities of solution (p) and
solvent (pg), molar mass of solute (M), molality of solute (mp), and isentropic
compressibility of pure solvent (ks ) and solution (ks).

The following Laplace-Newton formula is used to compute the isentropic
compressibility:8

ks =1/v2p 3)
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The values of apparent molar isentropic compressibility (Kg g) are presented
in Table VI, depicting their variation with temperature, glycol ethers molality,
and mannitol concentration. These relationships are also visually represented in
Fig. 5. The negative values of K¢ g decrease as temperature and mannitol conc-
entration increase, but they increase with higher glycol ethers molality. This
behavior can be attributed to the expulsion of solute molecules by thermal agitat-
ion, leading to volume expansion and an increase in compressibility. The negat-
ive values indicate that water molecules near the ionic charge groups of glycol
ethers are more compressible than the solute molecules, resulting in a reduction
in the structural compressibility of water.0-10 The presence of charged particles,
such as ions, contributes to the overall rigidity of the solution, explaining the
negative values of apparent molar isentropic compressibility in the presence of
glycol ethers. As the temperature of the solution rises, the solution becomes more
compressible due to the faster movement of ions and solvent molecules, which
overcomes the resistance of the charged particles, resulting in enhanced comp-
ressibility.10-13 The intermolecular hydrogen bonding between glycol ethers and
mannitol molecules forms compact structures, contributing to the reduction in
compressibility. Additionally, as compressibility increases at higher tempera-
tures, the average distance between molecules increases. The significant solvent—
—solvent interactions are evident through the dipole—dipole interactions between
nearby water molecules and the ~OH groups of glycol ethers.12-14

TABLE VI. Values of apparent molar isentropic compressibility (Kx10° / m3 mol! GPa!)
of BE/PE in aqueous solutions of D-mannitol at different temperatures 288.15-303.15 K; m, is
the molality of glycols in the aqueous solution D-mannitol, standard uncertainties, u, are u(m)
=1%, u(T) =0.001 K, u(Kgp) = 0.11x10° m3 mol!-GPa™!
T/K T/K

m, 288.15 293.15 298.15 303.15 |m, 288.15 293.15 298.15 303.15
mol'kg™! 0.00 mol-kg™! D-mannitol + BE | molkg! 0.02 mol-kg! D-mannitol + BE
0.10016 —46.04 —45.05 -44.25 -43.49 |0.09978 —45.85 —4490 —44.06 -43.34
0.20147 —46.28 —45.28 -44.48 -43.72/0.19899 —46.09 -45.13 —44.29 -43.57
0.29196 —46.36 —45.36 -44.56 -43.80 |0.30003 —46.18 -45.21 —44.37 -43.65
0.39510 —46.41 —4541 -44.60 -43.85|0.40010 —46.22 -4526 -4442 -43.69
0.49928 -46.44 4544 -44.63 -43.87 [0.50003 —46.25 4528 -44.44 -43.72
0.10016 -46.04 —45.05 -44.25 —-43.49]0.09978 -45.85 4490 -44.06 -43.34

0.06 mol-kg~! D-mannitol + BE 0.1 mol-kg™' D-mannitol + BE
0.10034 —45.61 -44.64 -43.83 —43.08 |0.09894 4540 -44.43 4357 -42.82
0.20009 —45.85 —44.87 -44.06 —-43.31|0.19880 —45.63 -44.66 —43.80 -43.04
0.30012 —45.93 4495 -44.13 -43.38 |0.30001 —45.71 -44.74 —43.87 -43.12
0.39990 —45.97 4499 -44.17 -43.42|0.39959 4575 -44.78 4391 -43.16
0.50023 —45.99 —45.02 -44.20 -43.45|0.50005 —45.78 -44.80 -—43.94 -43.18
0.10034 —45.61 —44.64 —43.83 —43.08 |0.09894 4540 —44.43 —43.57 4282
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TABLE VI. Continued

CHAKRABORTY et al.

T/K T/K
Ma .1 288.15 293.15 298.15 303.15 M .1 288.15 293.15 298.15 303.15
mol-kg mol-kg
0.00 mol-kg™! D-mannitol + PE 0.02 mol-kg™! D-mannitol + PE
0.09102 -46.00 -45.01 -4421 -43.46|0.09983 4587 -4491 -44.08 -43.35
0.20047 -46.30 4531 -4450 -43.75|0.20034 -46.12 -45.16 —-44.32 -43.60
0.29106 -46.39 4540 -44.59 -43.83 0.30010 -46.21 -45.25 -44.41 -43.69
0.39951 -46.46 4546 -44.65 -43.89(0.39990 -46.27 4531 4447 -43.74
0.49928 —-46.50 -45.50 -44.69 -43.93 0.50004 -46.31 -4534 4450 -43.78
0.09102 -46.00 -45.01 -4421 -43.46|0.09983 4587 4491 -44.08 -43.35
0.06 mol-kg"! D-mannitol + PE 0.1 mol-kg’! D-mannitol + PE
0.10028 —45.63 —44.66 —43.84 —43.10]0.09990 4542 —4445 4359 —42.84
0.19996 4587 —44.90 —44.08 —4333(0.19973 —45.66 —44.68 —43.82 —43.07
030056 —45.96 —44.99 —44.17 —43.42(029880 —45.75 4477 —4391 —43.15
0.40031 -46.02 -45.04 —4422 -43.47 (040050 4580 -4482 —43.96 -43.0
0.50009 -46.05 -45.07 4426 -43.50(0.50009 -45.83 -44.86 -43.99 -43.23
0.10028 —-45.63 -44.66 -43.84 -43.10(0.09999 4542 4445 -43.59 -42.84
—43.0 - ; - 8oy : _ v -
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Fig. 5. Graphical illustration of apparent molar isentropic compressibility (K¢ ), against the
molality of BE/PE (m,) at different temperatures: a) BE and b) PE (green, 0.00 D-mannitol;
red, 0.02 D-mannitol; blue, 0.06 D-mannitol; purple, 0.1 D-mannitol; square, 288.15 K; circle,
293.15 K; triangle, 298.15 K; inverted triangle, 303.15 K).

m,/(molkg ") m_/(mol-kg™")

Partial molar properties

Partial molar volume. The undermentioned formula used to attain the partial
molar volume of solution containing mannitol and glycol ethers. The partial
molar volume (V(g) values and experimental slope (S;) along with their stan-
dard errors corresponding to experimental temperatures and mannitol concen-
trations, obtained using the least square fitting method, are demonstrated in Table
VII. The equation used is:

4)

0 *
V(D :V(I) +SVmA
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The positive values of ch increase with the concentration of mannitol and
temperature, indicating the solute-solvent interactions in the liquid mixture which
is shown in Fig. 6. According to the co-sphere overlap model, the overlap of the
hydration co-sphere between two ionic species results in an increase in volume,
whereas the overlap of ion—hydrophobic and hydrophobic—hydro (})hobic groups
leads to a decrease in volume.*5 Thus, the positive values of Vg indicate that
ion—hydrophilic interactions prevail over hydrophobic—hydrophobic and ion—
—hydrophobic interactions, providing evidence for the strong hydrogen bond
formation between water molecules and the hydroxyl (-OH) groups of glycol
ethers.!2-15 The increase in Vq) values with temperature can be attributed to
several factors, such as the release of solvation molecules from the relaxed sol-
vation layers of the solute into the mixture, thermal expansion, and the formation
of hydrogen bonds. Additionally, as the molecular mass of the glycol ethers (BE
< PE) increases, the solute—solvent interaction becomes stronger, as evidenced by
the i increase in Vq) values with longer solute chain lengths 23-25

The SV values for each temperature and mannitol concentration are found
to be positive, representing the semiempirical solute-solute interaction parameter.
This indicates the presence of solute-solute 1nteract10ns within the mixture,
although their magnitude is smaller compared to the VcI) values. This suggests
that solute—solvent interactions dominate over solute—solute interactions in the
solution,18,32-34

TABLE VII. Values of partial molar volumes, (¥§), and experimental slopes, (Sy), of BE/PE
in aqueous solution of D-mannitol at different temperatures (288.15-303.15 K); m;, is the con-
centration of D-mannitol, standard uncertainties, u, are u(m) = 1 %, u(T) = 0.001 K, u(p) =
0.15 kg'm?3, u(v) = 1.0 m-s’L, u(Vg) = £0.01x10° m3-mol~! and u(Sy) = £0.03x10° m3-kg-mol2

V§x100 / m3-mol-! Syx10° / m3-kg-mol2
my,
mol-kg! I/K
288.15  293.15 298.15  303.15 288.15 293.15 298.15 303.15
BE
0.00 116.05  116.18 11633 11643  0.7484 0.7634 0.7975 0.8437
(#0.010)  (£0.012)  (20.010) (+0.010) (+0.032) (+0.037) (+0.046) (+0.032)
0.02 116.14  116.28 116.42  116.53 09783 1.0266 1.0059 1.0332
(£0.007)  (£0.011)  (£0.008) (£0.003) (+0.021) (+0.034) (£0.024) (+0.011)
0.06 11624  116.36 11650  116.62 1.0179 1.0176 1.0511 1.0490
(£0.004)  (£0.003)  (£0.002) (+0.008) (+0.014)(£0.008) (+0.008) (+0.025)
0.10 11634  116.46 116.59  116.71 1.0176 1.0304 1.0553 1.0310
(£0.004)  (£0.006)  (£0.009)  (£0.002) (+0.014) (0.020) (+0.028) (£0.006)
PE
0.00 13339 133.48 133.59  133.68 0.9026 0.9587 0.9370 0.9800
(£0.007)  (£0.009)  (£0.010) (£0.012) (£0.023) (£0.028) (x0.031) (+0.038)
0.02 133.53  133.61 13371 133.79 0.7092 0.7259 0.7682 0.7679

(£0.002)  (£0.002)  (£0.006) (£0.004) (+0.008) (+0.008) (£0.018) (£0.013)
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TABLE VII. Continued

VPx106 / m3-mol-! Syx10° / m3-kg-mol2
my
-1 T/K
mol-kg
288.15 293.15 298.15 303.15 288.15 293.15 298.15 303.15
PE
0.06 133.62 133.69 133.78 133.86  0.9415 0.9579 0.9713 0.9832
(£0.010)  (£0.006)  (£0.003) (£0.005) (£0.030) (:0.019) (£0.010) (£0.015)
0.10 133.73 133.80 133.88 133.99 0.8956 0.9168 0.9609 0.9636
(£0.002)  (£0.001)  (£0.003) (£0.005) (+0.006) (+0.004) (0.009) (:0.016)
% 1165 |- P . %us,s i . ) .
.;E_ ne4 b ” "E oy " -
;—116.3 - = . :.9_133_5 L . .
Tuerfp | ; - 2ssiskl 7 . = 28815 K
= * 29315K S : * 293.15K
1161 A 29815 K A 29815 K
i hd _‘m_)]ysK 1334 = v 30315 K|

s L s - L . s . L L
0.00 0.02 0.04 0.06 0.08 0.10 0.00 0.02 0.04 0.06 0.08 o.10
4 -
my/(mol-kg™) m,/(mol-kg™)

Fig. 6. Graphical illustration of partial molar volume (V") against the concentration of
mannitol (my,) at different temperatures: a) BE and b) PE (square, 288.15 K; circle, 293.15 K;
triangle, 298.15 K; inverted triangle, 303.15 K).

Partial molar isentropic compressibility

The partial molar isentropic compressibility of liquid mixtures containing
mannitol and glycol ethers is determined using as:

0 *
ko s =Kps+Skma ©)

Table VIII presents the Values of partial molar 1sentr0plc compressibility
(Kq, s) and experimental slope (Sk) In Fig. 7 the KcD s values are represented
graphlcally These values are acquired by applying the method of least square
fitting.

The Kq) g values are negative and decrease with increasing mannitol con-
centration and temperature. This trend implies the existence of strong interaction
in water and glycol ethers in the mixture, causing some water molecules to be
released into the bulk. The compressibility of water around glycol ethers is less at
lower mannitol concentrations, but more at higher concentrations because of
dominant interaction between mannitol and water, which dehydrates the glycol
ethers molecules. The K(stalues are affected by intermolecular interactions
and is connected to the partial volume change of a solution. Ion dipole and hyd-
rogen bonding occur, and are brought about by electrostatic forces between the
polar group of mannitol, water and the ions of glycol ethers.20-26 This shows that
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the molecules in the solutions are tightly packed and well organized as the tem-
perature drops, the strength of these connections increases, and partial molar
compressibility values decrease. It showed that ions developed their structure-
-forming or structure-deforming behavior as a result of their strong interactions
with water particles, such as H-bonding with water particles. Greater molecular
interactions are present in the system with a lower compressibility value and vice
versa.#0-43 According to the S, values in the table, solute—solute interactions are
minimal in a liquid mixture while they predominate in a solution.”

TABLE VIIL Values of Partial molar isentropic compressibility, (K% s / m*mol!- GPa!) and
experimental slopes, (Skx10° / kg-m3-mol2- GPa™!) of BE/PE in aqueous solution of D-mannitol
at different temperatures; m,, is the concentration of D-mannitol, standard uncertainties, u, are
u(m) =1 %, u(T) = 0.001 K, u(p) = 0.15 kg'm, u(v) = 1.0 ms”!, u(K g) = +0.01x10° m*mol!
and u(Si*) = £0.24x10° m3-kg-mol2

" Khs 5
1 T/K
mol-kg
288.15 293.15 298.15 303.15 288.15 293.15 298.15 303.15
BE
0.00 —46.03 —45.04 4424 4348 -0.9353 -0.9163 -0.9008 —0.8891
0.02 —45.84 4489 4405 4333 -09162 -0.8958 -0.8822 -0.8714
0.06 -45.60 -44.64 4382 —43.08 -0.8841 -0.8668 -0.8527 -0.8412
0.10 —45.39 4442 4357 4282 -0.8712 -0.8544 -0.8392 —0.8289
PE

0.00 -46.00 -45.01 4421 4345 -1.1271 -1.1058 -1.0907 -1.0772
0.02 —45.84 4489 —44.06 4333 -1.0338 -1.0141 -0.9998 -0.9899
0.06 —45.61 —44.64 4382 —43.08 -0.9959 -0.9782 -0.9650 -0.9538
0.10 —45.40 4443 4357 —42.82 -09705 -0.9542 -0.9395 -0.9274

~RSE Y b " ~sp v * 7 3

j% —44.0 £ “ _Fj: —44.0 ) Y .

?E —445 : ' ,-E 445 .

E * £ *

Z 50 o - S a0l e -
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Fig. 7. Graphical illustration of partial molar isentropic compressibility (K% s) against the
concentration of mannitol (my,) at different temperatures: a) BE and b) PE (square, 288.15 K;
circle, 293.15 K; triangle, 298.15 K; inverted triangle, 303.15 K).
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CONCLUSION

The Anton-Paar DSA 5000 M was employed in the experimental setup to
measure both the density and speed of sound. This data was pivotal in exploring
the volumetric and acoustic properties of the solutions. The substances under
investigation, glycol ethers, and D-mannitol, have diverse applications in indus-
tries like pharmaceuticals, cosmetics, leather and food. Examining the mixture’s
thermodynamics allows us to understand the molecular interactions between
these liquids. Using the DSA system is advantageous as it prevents structural
deformations in glycol ethers within aqueous D-mannitol, avoiding potential
errors from suspension formation. Analyzing the acoustical properties and their
variations with different molar concentrations of D-mannitol provides crucial
insights into the intermolecular forces in the mixtures. Measuring the speed of
sound is an effective means to characterize the physicochemical behavior of D-
-mannitol, reflecting solute—solvent interactions that lead to attracttive forces
contributing to structure formation. Additionally, interactions such as dipole—
dipole, dipole—induced dipole and electrostatic forces enhance the structure-for-
ming tendency in this medium. The data obtained from this study lays a solid
foundation for future research aimed at refining our understanding of these mole-
cular interactions. Further investigations could delve into optimizing the mix-
ture’s properties for specific industrial applications, thus contributing to advance-
ments in various sectors.

SUPPLEMENTARY MATERIAL

Additional data and information are available electronically at the pages of journal
website: https://www.shD-pub.org.rs/index.php/JSCS/article/view/12593, or from the corres-
ponding author on request.
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H3BOI

TEPMO®U3UYKO UCITUTUBAILE TTIMKOJI-ETAPA Y PACTBOPUMA MAHHUTOJIA HA
PA3JIMYUTUM TEMIIEPATYPAMA

NABAPARNA CHAKRABORTY!?, PRIYA THAKUR!, KAILASH CHANDRA JUGLAN' u ABRAR HUSSAIN SYED?
Department of Physics, Lovely Professional University, Phagwara, 144401, Punjab, India, ’Central
Instrumentation Facility, Research and Development Cell, Lovely Professional University, Phagwara,
144401, Punjab, India u *Research and Development, Saputo Dairy Australia, Freshwater Place,
3006, Victoria, Australia

YnTpasByyHa aHanusa Moxke OUTH ofi Benuke TMomMohM 3a pasymeBame MoJeKylapHe
IUHaMHKe U UHTepaKUHja y TeUHUM cucTemuma. [IpumeHom Anton—Paar uncrpymenra (DSA
5000 M), usmepeHe cy Op3uHa 3Byka W I'yCTHHA I[JIMKOJI-€Tapa, Kao IITO Cy (peHOKCHEeTaHO
(PE) u dyrtokcueranon (BE), y pactBopuma nodpo mosHartor mehepHor ankoxona (D-MaHH-
TOJI), IPH pasIWYUTAM KoHIeHTpauujama u 0,1 MPa, y omncery Temnepatypa 288,15-303,15
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K. U3pauyHaTH Cy Pa3NHYUTH aKyCTHYHO-TEPMOINWHAMHUYKY IapaMeTpH, YKbydyjyhu mpH-
BHIHE MOJIapHe IlapameTpe, TapLHjaiHe MoJapHe apaMeTpe U IIPEeHOCHa MOJIapHa CBOjCTBa,
KopuirhemeM eKCIepUMEHTaNHO NoOMjeHUX BpenHOCTH Op3uHe U ryctuHe. OBe H3BefieHe
BEJINYMHE Cy UCKOpHUITheHe 3a M3paXkaBawe HHTepakudja u3mely pacTBOpeHHX marepuja U
pactBapaua. ITpegMeT MCTpakMBama je U CKJIOHOCT PAcTBOPEHE CYNCTaHLe fja U3rpafd WM
pasopu CTPYKType y pacTtBapauy. YpaheHa je aHamusa uHTepakuuja usmehy monexyna y
TepHapHOj cMelId d-MaHUTOJIA U TTTUKOJI eTapa Y BOIEeHOj CPeIUHH.

(ITpumiseno 15. centemBpa 2023, pesuaurpano 21. pebpyapa, npuxsaheno 20. aprycra 2024)
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Partial molar volume of transfer

To determine the Transfer of partial molar volume of glycol ethers from
water to aqueous solutions of mannitol at infinite dilution, the formula used is
AV 2=V J(in aqueous d-Mannitol)- V,g(water) (SEql)
The partial molar volume of transfer allows for qualitative and quantitative
studies of solvent and solute interactions within the mixture, excluding
interactions resulting from solute-solute molecules. The results of this parameter
are presented in Table S-I, revealing that all AVpvalues are positive. This
indicates the presence of strong ion-ion interactions between mannitol and glycol
ethers, both of which contain polar groups. According to the co-spheres overlap
theory, the solute's ability to form structures is enhanced through their
interactions in the solution, resulting in a positive value that is attributed to the
structural interactions between the two co-spheres.'” The AV, values reflect the
different types of interactions in the solution, such as ion-hydrophilic
interactions, ion-hydrophobic interactions, hydrophilic-hydrophilic interactions,
and hydrophobic-hydrophobic interactions. These values primarily control the
solute-solute interactions, which are almost nonexistent in this case. The positive
AV values suggest the presence of ion-hydrophilic and hydrophilic-hydrophilic
contacts, as indicated by the co-spheres overlap model. On the other hand, ion-
hydrophobic and hydrophobic-hydrophobic interactions would have a negative
impact on the partial molar volume of transfer. Based on the current investigation
of the mannitol-water-glycol ethers system, the findings support the existence of
ion-hydrophilic and hydrophilic-hydrophilic interactions.

* Corresponding author. E-mail: nabaparnac@gmail.com
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Consequently, the results are interpreted as the following interactions-
i.  (hydrophobic-hydrophobic) interactions:

Between the alkyl groups of mannitol and glycol ethers
ii.  (hydrophilic- hydrophobic) interactions:

Between -OH group of mannitol and alkyl group of glycol ethers.
iii.  (hydrophilic-hydrophilic) interactions:

Between -OH group of mannitol and hydrophilic group of glycol ethers
iv.  (ion-hydrophobic) interactions:

Between alkyl groups of mannitol and zwitterions of glycol ethers
v.  (ion- hydrophilic) interactions:

Between -OH group of mannitol and zwitterions of glycol ethers.

It can be seen that the AV,J values of the solutions are increasing along the
concentrations of mannitol at specific temperature. The dominance of (ion-
hydrophilic) interactions in the system is established and is increasing with the
molar mass of the glycol ethers i.e., from BE to PE as AV, (BE) <AV2(PE).*"?

Partial molar isentropic compression of transfer

The transfer of partial molar isentropic compression is determined using the
undermentioned formula at infinite dilution
AKS =K$ (in aqueous d- Mannitol)- K9 .(in water) (SEq2)
The results presented in Table S-I reveal that all (AKY ) values are positive
and exhibit an increasing trend with increasing mannitol concentration. However,
these values do not follow a consistent pattern with temperature. These findings
suggest that the interaction between the zwitterionic center of glycol ethers and
mannitol contributes to a structure-making tendency in the ions. This tendency
becomes more pronounced as the mannitol concentration increases and the
electrostriction decreases. The compressibility of bulk water experiences a
significant decrease as the mannitol concentration increases, resulting in positive
(AKS .)values. In contrast, for (BE/PE) at different concentrations of mannitol,
the K23 . values are negative. The cause of this behavior is due to incorporation of
more solute water molecules with solvent molecules, leading to increased
interactions within the ions. At lower mannitol concentrations and temperatures,
the water molecules are more likely to interact with each other, contributing to
the negative K3 ;values for (BE/PE).!*!3
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Table S-I. Values of Partial molar volumes of transfer (AV,”, and partial molar isentropic
compression transfer, AK,’ of (BE/PE) in aqueous solution of d-Mannitol at different
temperatures.

mb/ AVe0 * 106/(m3-mol-1) AK@0 * 106/(m3-mol-1- GPa-1)

(mol'kg-1) 288.15K 293.15K 298.15K 303.15K 288.15K 293.15K 298.15K 303.15K

BE

0.02 0.0844  0.0979  0.0921 0.1046  0.1836  0.1474  0.1824  0.1503

0.06 0.1934  0.1803  0.1713  0.1906  0.4224  0.4000 0.4138  0.4073

0.10 0.2843  0.2864  0.2655 0.2812  0.6328  0.6109 0.6695  0.6671
PE

0.02 0.1348  0.1362 0.1262  0.1107 0.1523  0.1165 0.1520  0.1202

0.06 0.2237  0.2174  0.1990  0.1800  0.3909  0.3691 0.3833  0.3771

0.10 0.3339  0.3244  0.2920  0.3097 0.5974 0.5761  0.6350  0.6331

my is the concentration of d-mannitol

Temperature dependent partial molar volume

The given equation describes the change in the apparent molar volume at
finite dilution corresponding the temperature
&
Vi=a +b(T — Trer) + c(T — Trer) (SEq 3)
The constants a, b, and ¢ represent empirical values, and the values of these
constants for three types of glycol ethers, where T is the experimental
temperature and T is the reference temperature, i.e., 298.15 K.
Utilizing these empirical parameters to derive deviations known as ARDs

(o), estimated and experimental values of V) are used to obtain the deviations.
These deviations (ARD) are obtained by applying the following relation.

o = (1/n) X[abs((Yexot. — Ycatc.)/Yexot.)] (SEq 4)
Here, Y =V}
After this above-mentioned substitution, equation (9) becomes-
o=(1/n)Xabs((VE. . —-Vi. . /v, ) (SEq 5)

To calculate the deviations, we employed equation (10). The present
investigation's R? results demonstrate that the polynomial equation is fully
appropriate, and the deviation values are considerably lower.'® Table S-II
displays the values of the empirical parameters (a, b, and ¢), ARDs (o), and R?.
The theoretical values of V) are evaluated using these empirical constants, and
they are then compared with the outcomes of the experiments.'> With regard to
temperature, the values of partial molar expansibility Eg is obtained by
differentiating equation (8) which becomes equation (11), mentioned as below:

E3=(9EQ/AT) = b+ 2c(T — Tyer) (SEq 6)
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These values are used to determine the partial molar expansibilities at
infinite dilution, which is considered to be a significant property for
characterizing the interactions between solute and solvent that take place in
solution.""'” The values of EJ are not showing any discrete trend but are all
positive, as shown in Table S-III, indicating that the volume is decreased
following the between the glycol ethers and aqueous mannitol solution.

In order to determine whether solute molecules tend to support or intervene
with the structure of the solvent molecules, Hepler proposed a mathematical
relationship that is assessed by the following equation.'’

(0E$/0T) . = (9*Vs/0T?)_ = 2¢ (SEq7)

according to Hepler's constant (92V,,/dT2)_, even a solute in a solution can
operate as a structural forming or deforming agent. Values with positive
(02V,,/dT?) values revealed the structure making property in the solutions.
Table S-III summarizes the computed (92Vy/dT2) data for all mixes under
investigation. The results showed that (92V,,/dT?2) values for aqueous mannitol
solutions containing glycol ethers are positive, demonstrating the solute's ability
to promote structure. This is shown by the fact that water molecules develop
weak intermolecular contacts with single charged ions with low charge densities,
and that these interactions have only a minimal impact on H-bonding. These ions
are classified as "structure deformer" or chaotropic ions. On the other hand,
stronger interactions with water molecules are produced by charged ions with
higher charge densities and can strengthen the H bonding in water structure.
These ions are referred to as kosmotropes or "structure-former" ions.'*! Positive
or small negative values of (9E$/dT)_ implies the structure making capability
solute, while negative values imply a structure breaker. In summary, the
thermodynamic equation provides a measure of the solute's ability to influence
the structure of the solution, and the sign of the partial molar expansibility
derivative determines whether the solute breaks or builds structures. In Table 8
values of (AE3 /AT) _are found to be positive which implies the structure making
property of glycol ethers in aqueous mannitol solutions.'®*
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Table S-II. Values of Empirical parameters (a, b, ¢) of (BE/PE) in aqueous solution of d-
Mannitol.

“mg/(molkg  a*10%(m*mol-  b*10%(m*mol ¢*10%(m*-mol! R? ARD
1) 1) I_K-l) ,K-Z)
BE
0.00 116.18813 0.01343 -0.00007 0.9999 0.00043
0.02 116.28039 0.01400 -0.00007 0.9999 0.00044
0.06 116.36480 0.01244 0.00002 0.9999 0.00041
0.10 116.46561 0.01279 -0.00003 0.9999  0.00055
PE
0.00 133.48155 0.00937 0.00004 0.9999 0.00027
0.02 133.61688 0.00897 -0.00001 0.9999 0.00025
0.06 133.69722 0.00819 0.00000 0.9999 0.00023
0.10 133.79504 0.00764 0.00010 0.9999  0.00029

my is the concentration of d-mannitol

Table S-III. Values of Partial molar expansibilities, (E,’), and its first derivatives
((0E¢@®/0T),) for (BE/PE) in aqueous solution of d-Mannitol at different temperatures.

Ymg/ E@®*10%(m> mol! K" (OE@%/0T)p/
(mol-kg™) 288.15K 293.15K T298.15 K 303.15K (m*mol!-K2)
BE
0.00 0.01474 0.01408 0.01343 0.01277 -0.00013
0.02 0.01537 0.01469 0.01400 0.01332 -0.00014
0.06 0.01214 0.01229 0.01244 0.01259 0.00003
0.10 0.01343 0.01311 0.01279 0.01247 -0.00006
PE
0.00 0.00864 0.00900 0.00937 0.00973 0.00007
0.02 0.00909 0.00903 0.00897 0.00891 -0.00001
0.06 0.01474 0.01474 0.01474 0.01474 -0.00013
0.10 0.00555 0.00659 0.00764 0.00868 0.00021

my is the concentration of d-mannitol

Pair and triplet coefficients

The partial molar volume of transfer (AVj) and partial molar isentropic
compression of transfer (AK3) can be calculated using the given equation, where
A represents glycol ethers, B represents d-mannitol, and my is the molality of the
aqueous d-mannitol solution. The interaction between the glycol ethers and d-
mannitol is characterized by pair and triplet interaction coefficients, denoted by
Vap, Vaps, K4p, and Kypp, which are listed in Table S-IV and calculated by the
undermentioned formula-

AV J(water to aqueous d- Mannitol solution)= 2Vyzmg + 3Vagpmp? (Seq 8)
AKQ(water to aqueous d- Mannitol solution)= 2K,zmg + 3Kagsmz? (Seq 9)

The separation of effects in liquid mixtures is examined using the McMillan
and Mayer hypothesis, which has been later studied by Krishnan-Friedman, and
Franks.>*?® At all temperatures for all glycol ethers, the triplet interaction
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coefficient V4pgis negative and the pair interaction coefficient V45 is positive.
For, the pair interaction coefficient K,z is positive; however, K g5 it is negative
for both glycol ethers, except at 303.15 K for PE. According to this hypothesis of
co-sphere, the water is released and enters the bulk, changing the volume.*’
Given that the water molecules are grouped in distinct structures, the change is
positive when the bulk is more structured than the co-sphere and it is negative
when the reverse is true. Additionally, because the interaction that took place was
a non-bonding one, the water molecules from the hydration co-spheres are
released into the bulk. The dominance of pair-wise interactions in the current
investigation is established by the higher positive values of the pair interaction
coefficients in the mixture of (mannitol + water + PE/ BE) compared to the triplet
interaction coefficients.*® %’

Table S-IV. Pair (Vag, Kas) and triplet (Vass, Kass) of (BE/PE) in aqueous solutions of d-
Mannitol at different temperatures

T/K Vas * 10° Vass *10° Kas *10° Kass *10°
(m*mol?* kg) (m*-mol~*-kg?) (m*mol* kgGPa!)  (m*mol?3-kg? GPa™)

BE

288.15 2.02 -4.08 4.35 -8.04

293.15 1.97 -3.75 3.78 -4.86

298.15 1.90 -3.95 4.02 -4.66

303.15 2.21 -5.53 3.61 -1.87
PE

288.15 2.70 -7.10 3.78 -5.33

293.15 2.68 -7.29 3.22 -2.21

298.15 2.49 -7.12 3.47 -2.04

303.15 1.97 -3.06 3.06 0.71

T/K is the temperature
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Abstract. Standards and outcomes-based education led to significant adjust-
ments in school organizations and contributed to the in-depth analysis of teach-
ers’ professional identity. This research aimed to examine the chemistry teach-
ers’ attitudes in the context of the implementation of the educational outcomes
and standards in educational policy and in the school practice, as well as to
ascertain the level of accomplished learning outcomes for the selected teaching
topic “Lipids”. The research sample included both, chemistry teachers (N = 4)
and high school students (N = 172) from two countries, Serbia and Monte-
negro. The data were analyzed qualitatively jointly for two countries using
mixed-methods research and constant comparison of the data. There are no sig-
nificant differences in teachers’ attitudes as well as in achievements among stu-
dents between these two educational systems. All teachers emphasized the
importance of learning outcomes and standards and confirmed that they help
them in organizing lessons and monitoring students’ assessments. However,
interviewed teachers pointed out the need for support and consideration of
teachers’ opinions about implementing educational changes. The results
obtained on the knowledge test have highlighted that knowledge about “Lip-
ids” among students is not at the expected level.

Keywords: chemistry teaching; educational policies; students’ assessments, teach-
ers’ perspectives.
INTRODUCTION

Changes in education and educational systems are common occurrences and
demand monitoring, examining and analysing in certain ways.! Introducing inno-
vation is not an easy process, and the success of the novelty depends on numer-
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ous factors.2-3 For decades, the Serbian educational system has been criticized as
highly centralized, while the most important shortcomings of the chemistry cur-
riculum refer to its extensiveness, generalization and abstraction.4¢ Related to
this, the educational reforms based on standards and outcomes started in the
2000s” but outcomes were not implemented until 2018/2019 when they were first
applied in the first and the fifth grade of primary school and in the first year of
general secondary education.8~10 Meanwhile, in 2009, the National Education
Council of the Republic of Serbia announced educational standards for the end of
compulsory education.!! The standards for the end of the first cycle of compul-
sory education were defined in 2011, whereas the standards of students’ achieve-
ment for the end of general secondary education and general education subjects
in secondary vocational education were created in 2013.12:13 In Montenegro
educational reforms were also intensively conducted since the 2000s, and along
with respecting the principle of individuation, imposed in 2017 the development
of curriculum based on learning outcomes.!4:!5 Revised educational programs
that included outcomes were put into practice in 2019 for primary and vocational
schools, and in 2020 for grammar schools.!%17 In both countries, there has been
trainings that should help teachers realize education based on standards/learning
outcomes.!8-20 In Serbia, training for the implementation of achievement stan-
dards started in 2016 and for outcomes in 2017 both by the Institute for the Imp-
rovement of Education and Training. In Montenegro, training began with the
realization in 2019-2021 by the Institute for Education of Montenegro. Since
then, every year there has been trainings on this theme.

In Serbian and Montenegrin educational systems, outcomes have the same
meaning and show the desired and expected results expressed in the form of
skills and knowledge that the student possesses at the end of a certain school
year.21.22 In terms of outcomes, neither quality nor quantity is specified. On the
other hand, the crucial quality of implementing standards in educational policy
and practice is that they are expressed in terms of measurable students’
behavior.23:24 In Serbia standards of achievements define the required know-
ledge, skills and attitudes for solving different social challenges. Accordingly,
standards can be understood as both, mandatory and recommendative, depending
on the educational context. For example, at the primary school level, it is spe-
cified that 80 % of students should achieve chemical knowledge at the basic level
of standards of achievement.25 As the standards of achievement for secondary
school represent expanded knowledge, skills and attitudes relative to those deter-
mined for primary school, it is expected that all high school students should
achieve a basic level of standards of achievement.!! In Montenegro, educational
standards and outcomes are used interchangeably, and they are set in educational
programs for each subject by the Institute for Education of Montenegro, as well
as in assessment catalogues, adopted by the National Council for Education.26-27
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The choice of a document depends on the teacher since standards/learning out-
comes are defined very similarly in both. Both Institutions are part of the Min-
istry of Education, Science, Culture and Sports.

There are certain similarities but also differences between outcomes and
standards. The main similarity is that both define what the student should know
at the end of the educational process (the outcomes refer to the end of the school
year, and the standards to the end of the educational cycle). The difference is that
the outcomes are broader (the teachers could choose teaching methods and how
they will present the material) while the standards are limited to a certain extent
(teachers receive detailed instructions for work).28 To evaluate students in a use-
ful and correct way, it is necessary to use outcomes and standards. Outcomes
show what students learned, while achievement standards show how successful
learning was.2%

Proper usage of educational outcomes and standards is not a simple activity.
For the appropriate management of outcomes and standards, the teacher must
understand and know how to apply the outcomes and standards in the right way.
Teaching outcomes and standards can help both, teachers to organize teaching
that is adequate for the realization of the potential of each student, as well as
students and parents as guidelines for them to follow during studying. In all
countries, during the creation and implementation of standards, one of the biggest
problems was disagreement among experts on what are the most important con-
cepts in certain areas, as well as the content of the standards. Also, there were
problems with teachers' training and designing and enforcement of procedures for
monitoring and measuring the achievement of standards. Furthermore, in Serbia,
there are no chemistry educational outcomes and standards that include know-
ledge of certain areas, and some basic chemical terms and laws.30

In light of this, the authors wanted to explore how the Serbian and Monte-
negrin chemistry teachers understand and apply the educational outcomes and
standards, as well as to discover the level of accomplished outcomes among high
school students for the selected teaching topic. Accordingly, the aim of the res-
earch is not to evaluate the reform or any educational change. The authors
emphasize that every idea that starts from the creators of educational policy
arrives in the classroom, and at the end, the main protagonists are students and
teachers. The value of this research lies precisely in including the perspectives of
both, teachers and students.

EXPERIMENTAL
Research aims and research questions

The change in teaching based on standards and outcomes led to significant adjustments
in school organizations and the perception of teachers' professional identity.3! The educational
outcomes and standards emphasize the conditions that are prerequisite for unfolding of the
learning process. Students cannot have a high level of achievement without qualified teachers
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who constantly upgrade their competencies through professional development, adequate time
for learning, necessary equipment and materials for learning, and an appropriate school envi-
ronment. This research aimed to examine the chemistry teachers' attitudes in the context of the
application of educational outcomes and standards, as well as to ascertain the level of
achieved learning outcomes for the selected teaching topic “Lipids”. Furthermore, the paper
contrasts teachers’ attitudes towards educational outcomes and standards in Serbian and Mon-
tenegrin secondary education with the teachers' attitudes in other parts of the world.

Due to strong historical ties education in Serbia and Montenegro is structurally similar.
Education in both countries is divided into four cycles: pre-primary, primary, secondary and
tertiary.2132 Primary education in Serbia is compulsory, it lasts for eight years, starting from
the age of 7, and is divided into two cycles, each one lasting four years. Before primary
school, a pre-primary educational period of one year is mandatory. Secondary education is
provided in high schools, grammar or vocational. In Montenegro, the duration of primary
(compulsory) education is extended to nine years, starting from the age of 6. Nine-year pri-
mary education is divided into three cycles, each one lasting three years. General secondary
education (grammar schools) is not compulsory and lasts for four years. After the completion
of secondary education, students can start education at the tertiary level choosing between
high schools of applied studies (lasting 3 years) and universities (Bachelor programs lasting
4-6 years, Master programs lasting 1-2 years and PhD programs lasting 3 years) in both
countries. Although the two countries share some educational features and have a similar
educational structure, each has an independent educational program. After 2006 each country
strived to find its own educational milieu (participation in PISA, increase in the number of
university graduates, adoption of educational outcomes and standards). The teaching curric-
ulums for the grammar school (general stream of studies) in Serbia and Montenegro include
the same content. Students in both states firstly elaborate on general chemistry with thermo-
chemistry (first grade), then inorganic chemistry (second grade), organic chemistry (third
grade) and in final year biochemistry (fourth grade). Also, both curriculums propose learning
outcomes for each topic and the same number of classes (2) per week. More details about
proposed learning outcomes in the curriculum will be given in the section Instrument/Design.

Accordingly, the following research questions were posed:

1. What are the attitudes of chemistry teachers, from Serbia and Montenegro, hold in reg-
ard to educational outcomes and standards?

2. To what extent are educational outcomes for the teaching topic “Lipids” which is
elaborated in the fourth grade of grammar schools, accomplished in Serbia and Montenegro?

3. What is the difference in the level of accomplished chemistry educational outcomes
for the teaching topic “Lipids” between the fourth-grade grammar-school students from Serbia
and Montenegro?

Sample/Participants

The research sample included both chemistry teachers and grammar school students. A
convenience sampling design was applied for the teachers' sample. The sample size corres-
ponds to the availability of teachers at the moment of research. A heterogeneous sample (N =
= 172) encompassed grammar school students from grammar school in Kragujevac, Serbia
(N = 83) and grammar school in Berane, Montenegro (N = 89). All students attended the 4th
grade of the grammar school, the general stream of studies. The curriculum of the two
countries encompasses a similar number of lessons per year, 68 in the grammar school in
Montenegro and 66 in the grammar school in Serbia. For the topic “Lipids”, all four teachers
planned 5 lessons and similar learning outcomes, hence, all participants were equipped with
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the necessary knowledge and skills for solving the knowledge test. The four teachers, two
from both countries, were involved in the research. The sample included 3 female and 1 male
chemistry teacher with 10-20 years of teaching experience. Based on years of experience,
only one was employed after implementing standards and outcomes-based education, whereas
three were in a transition phase and had to adapt to a new concept of education.

Instrument/Design

The data were collected by means of an interview and specially designed knowledge test
in the 2022/2023 school year. Two instruments were used for a deeper understanding of the
phenomenon of standards- and outcomes-based education. The first should give insight into
teachers’ perspectives and second unveil how successfully the idea of introducing outcomes
was realized from the aspect of improving students’ achievements. A semi-structured inter-
view protocol was created to examine teachers’ attitudes toward standards- and outcomes-
-based education. The interviews were conducted in person with each respondent individually,
in the schools where the teachers are employed. Participation in interviews was voluntary, and
their duration was between 50 and 70 min. both in Serbia and in Montenegro. The participants
were guaranteed confidentiality, and interviews were recorded and transcribed. The authors
emphasize that the results reported in this paper do not represent all teachers’ opinions and
practices regarding the implementation of educational outcomes and standards in Serbia and
Montenegro. Still, they do provide some information about teachers’ attitudes related to the
educational standards and outcomes. In order to explore to what extent the educational out-
comes for the teaching topic “Lipids” in the fourth grade the two above-mentioned grammar
schools are accomplished, a knowledge test was created based on outcomes defined in teach-
ers’ lesson plans. Teachers from both schools define and state educational outcomes in their
lesson plans, which is not done with the standards, and only for that reason the knowledge test
contained questions grounded on outcomes and not standards. The committee of experts (high
school chemistry teachers and university chemistry teachers) who were not involved in its
design confirmed the instruments validity. Based on the evaluations, the revised items were
held in the instrument. The framework formulations of questions from the interview and
knowledge test are given in Supplementary material to this paper.

Learning outcomes for all teaching topics for the subject Chemistry could be found in
educational documents proposed by corresponding institutions from both states.!%2¢ The
teaching curriculum for fourth grade grammar schools (general stream studies) in both
countries includes the same content, biochemistry and biologically important compounds.
Regarding content, the only difference among curriculums is the period of elaboration on the
teaching content. For example, according to the curriculum, students from Montenegro learn
about the “Lipids” in November, whereas Serbian students study “Lipids” in April/May. Both
curriculums define learning outcomes for each teaching topic but in a different way. In Serbia,
outcomes are broadly defined, and teachers must specify them for personal lessons. However,
within the Montenegrin document outcomes are already specified. Accordingly, differences in
defined outcomes in teachers’ personal lesson plans are expected. Learning outcomes for the
topic “Lipids“ defined by teachers from both schools are given in Supplementary material.
The outcomes predicted by teachers from Montenegro are more detailed than outcomes def-
ined by Serbian teachers, which is probably the effect of the curricula they use. Furthermore,
noticeable is the difference in the levels of knowledge defined by these outcomes (defines,
states, recognizes, knows, connects vs. observes, explains, writes, analyses).

The reason for choosing the topic “Lipids” was the presence and role of the selected
compounds in daily life, as well as a similar number of lessons regarding this teaching topic in
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both schools. A set of questions covered by the instrument was chosen under previously def-
ined learning outcomes by teachers. The instrument was designed with the intention to exam-
ine whether students achieve predicted learning outcomes and to what extent. Students should
get the necessary knowledge and skills to solve the test within the same number of lessons in
both schools. The first category of questions (first two questions) relates to the knowledge
about the chemical structure of lipids and covers the following outcomes: “defines lipids
according to their chemical composition” and “knows the structure of chemical compounds
that make up the composition of triacylglycerol, phospholipids and sphingolipids”. The sec-
ond category of questions (third and fourth) relates to the role and importance of fats and oils
in everyday life. The outcomes that shaped these questions are: “connects the structure of
lipids with properties and roles in living organisms” and “analyses the biological role of tri-
acylglycerol, phospholipids and sphingolipids”.

RESULTS AND DISCUSSION

The data were analysed jointly for Serbia and Montenegro, using mixed
methods research.33 The data obtained from the interview were analysed using a
thematic analysis approach and the method of constant comparison.34:35 Under-
standing teachers’ perceptions of their roles and competencies is critical for des-
igning systems of support that can improve teachers’ practices. A lot of attention
is devoted to studying the perspective of teachers, taking into consideration that
everyday school practice critically depends on teachers' understanding of spe-
cified requirements.36:37 The results from the knowledge test were analysed qual-
itatively. Answers were scored as correct, partially correct, wrong, and without
answer, and descriptive statistics will be provided in the form of percentages.

Furthermore, this section will describe Serbian and Montenegrin chemistry
teachers’ responses to questions from interviews in four categories: teachers’ per-
spectives of educational outcomes and standards, teachers’ understanding of edu-
cational outcomes and standards, teachers’ attitudes about the adequacy of educ-
ational outcomes and standards and teachers’ personal assessment of the imple-
mentation of outcomes and standards in teaching. Along with the analysis of the
answers, some of the responses of all four teachers will be shown using abbre-
viations (e.g., CTS1/2-Chemistry Teacher from Serbia 1 and 2; CTM1/2-Chem-
istry Teacher from Montenegro 1 and 2).

Teachers ‘ perspectives of educational outcomes and standards

The first category of questions was related to teachers’ information about the
implementation of educational standards and outcomes. Analysis of these res-
ponses should give an insight into whether and in what way chemistry teachers
were informed about standards and outcomes-based education. Also, the invol-
vement of teachers in the process of creating learning outcomes and standards
was examined.

All teachers stated that although they were informed about the outcomes and
standards, this was not done in a sufficient and adequate way. The teachers from
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Montenegro point out that they were not informed specifically, except through a
general lecture by the agent from the Ministry of Education with explanations of
how and in what way the standards/learning outcomes can be useful to the
teacher. Some of the answers were:

“They informed us about it in such a way, that I remember for a long time I
didn't even know how to use standards properly.” (CTM1)

“The standards are something that I remember from the first day of my work
experience. To the greatest extent, it was my colleagues who explained to me
how learning outcomes and standards work, and because of that, it was easier for
me to catch up on things.” (CTM2)

Teachers in Serbia were informed about outcomes and standards through
practical training, carried out at the national level. They emphasized that every
year there are trainings for novice teachers. One of the teachers particularly
emphasized the importance of the training:

“In my opinion, without that training, teachers who are just starting to do this
job, would not be able to start working.” (CTS1)

None of the interviewees was involved in the process of creating outcomes
and standards. They all were informed about the outcomes and standards only
when they were included in educational policy and school practice, which is
illustrated by some of the responses:

“Teachers were given the right to vote after the implementation of outcomes
and standards, then a public discussion was opened, but then, most of my
colleagues and I did not want to comment.” (CTS1)

“As far as [ remember, it was only served to us as something ready, it was up
to us to adhere to it, no one honestly asked us about our opinion, and even if they
did so, it would only have been done pro forma.” (CTM1)

Based on these answers, the authors established that teachers were informed
about the introduction of outcomes and standards, but believed that the process of
defining and creating standards and outcomes should have been implemented
differently.

“Outcomes and standards should have been crafted by teachers who know
what the real situation is in schools, not by someone who has no experience as a
teacher.” (CTS2)

“The people who are responsible for introducing outcomes and standards
should be available to all teachers, to answer any questions that teachers have.”
(CTS1)

Reasons for such teachers’ perspectives could be changes in education pol-
icy without their active participation in creating reforms. The collected results
regarding teachers' awareness of educational outcomes and standards and partici-
pation in the process of their implementation are in line with the results of prior
studies.438:39 Teachers worldwide generally feel disappointed because they do
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not have the opportunity to participate in the creation of standards and because
their role is reduced to applying standards that are defined by educational policy
makers. As mentioned, the findings of previous studies have shown that one of
the ways to successfully overcome these problems is to involve teachers, ,,pract-
itioners®, in the process of designing standards, instead of just informing them
that the standards have been defined and that their task is to apply them in the
classroom.30:40.41 Also, it is essential to address the quality of teacher instructors
because teachers demand well-trained instructors who can disseminate useful
information about educational changes and transfer examples of good practice.*2

Teachers ‘ understanding of educational outcomes and standards

The second category of questions aimed to unveil teachers’ comprehension
of learning standards and outcomes. Moreover, this sub-section outlines teachers
understanding of the importance of outcomes and standards and their opinion
about their function and purpose. Some of the questions were related to the imp-
act of outcomes and standards on lesson preparation and the usage of the out-
comes and standards for monitoring student achievements.

All respondents acknowledged the significance of the outcomes and stan-
dards and their necessity for lifelong education. On questions about similarities
and differences among outcomes and standards, teachers provided different ans-
wers, such as:

“The standards are the framework that determines the lesson plans, while the
outcomes are the goal that should be achieved by teaching, at the end of a certain
period, such as one particular class.” (CTM2)

“Novice teachers can only learn to apply outcomes and standards properly
after a few years, at the beginning it is tough, if not impossible.” (CTS1)

“In my opinion, there should only be either standards or outcomes, in the
end, both have the same function.” (CTM1)

Such teachers’ opinions are not isolated, since the majority of teachers
worldwide, find the implementation of outcomes and standards to be problematic
and confusing.3843 Also, teachers expressed concerns about the amount of
administrative work required for the teaching profession, which encompasses
defining outcomes and standards and their operationalization.#*45 These concerns
are expected due to very broadly defined learning outcomes in the Serbian teach-
ing curriculum.

All respondents viewed teachers as someone for whom educational standards
and outcomes are intended. Some of them stated that through using educational
standards and outcomes teachers can monitor the progress of each student as well
as organize their lessons. Also, teachers confirmed that with outcomes and stan-
dards, they are able to improve their lessons and ensure better achievement of
their students. One of the interesting answers was:
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“Educational standards and outcomes represent the roof of education, based
on them the teacher can see how to build a house, how high and wide, and no
house can be functional without a roof.” (CTS1)

They also mentioned the students and the school, as potential users of out-
comes and standards, but pointed out that “if the teacher adheres to the outcomes
and standards properly, then the results achieved by the school are better”
(CTS1). The teacher’s role in the process of accomplishing learning outcomes
and standards is important and highlighted in a similar study.#0

The teaching outcomes and standards eliminate uncertainties among teachers
in evaluating students as well as give insight to students and their parents in the
evaluation criteria. At the same time, it is easier to compare the marks between
students from different schools when educational standards are defined at the nat-
ional level. An overall positive response from teachers about the impact of edu-
cational outcomes and standards on students' achievements and organization of
the teaching process is complementary with results of similar studies.#38:47

Teachers  attitudes about the adequacy of educational outcomes and standards

This sub-section is related to the teachers’ perceptions of the adequacy of
educational standards and outcomes. The teachers were asked whether they think
that the defined standards and outcomes are good or not, how useful they are, and
as the most important item, whether education based on standards and outcomes
adequately meets the needs of all students.

Summed teachers’ opinions indicate the positive as well as negative sides of
standards and outcome-based education. As a positive side, teachers stated that
outcome-based education facilitated the planning and realization of teaching and
improved monitoring of the progress of each student. The following several
answers describe the downside of this form of education:

“They are bad due to not following the development of society, science, the
same has been taught for the last who knows how many years.” (CTS2)

“The teaching process must be modernized, the defined standards and
outcomes must be constantly revised, and the volume of material must be red-
uced.” (CTS1)

In earlier studies, teachers reacted differently when confronted with a new
curriculum.#® However, adequate support could contribute to the teachers’ easy
assimilation and accommodation with new pedagogies.*® Also, there are plenty
of examples of additional materials that show potential to improve the level of
students’ understanding, ability to think critically, and level of students’ science
literacy.50-51 Experiences from countries where teaching standards have been
part of educational policy for many years indicate that, for the acceptance of stan-
dards by teachers and the inclusion of standards in everyday teaching practice, it
is also important how the standards are formulated.52 Furthermore, it is important
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to understand them and that the way in which they are applied depends on
whether the standards will be “a good servant or an evil master”.53

Teachers ‘ personal assessment of the implementation of outcomes and standards
in teaching

In this research, the authors explored the teachers’ self-assessment of their
success in implementing the standards and outcomes. The teachers were asked
about the knowledge and skills required for implementing education based on
standards and outcomes. Furthermore, teachers’ self-assessment of competence
to deal with the demands of outcomes-based education was examined. Also,
ways of support that teachers see as essential for applying the concept of edu-
cation based on standards and outcomes in school practice have been identified.

Some of the answers about self-success in the implementation of teaching
based on educational standards and outcomes are given below:

“I will be able to assess that at the end of education of one generation, after
four years at least.” (CTS2)

“I think that after so many years, I can successfully apply the outcomes and
standards, and recognize what is most important for their achievement. Based on
the results achieved by the students, I can say that I am on the right path.”
(CTM1)

The first response in this sub-section is expected due to the fact one teacher
from the sample is a novice, and, hence, in need of support and experience. The
teachers believe that they can strengthen their knowledge and skills by constantly
revising standards and outcomes and that they should constantly be trained to
recognize what is most important for achieving outcomes and standards. On the
question about the knowledge and skills required for implementing educational
standards and outcomes, one of the teachers explained that “no matter how many
years a teacher works in education, no one is ever ready for all pedagogical
situations that may occur in class, and hence, support is always welcome”
(CTS1). Also, teachers emphasized the need for defining correlation among sub-
jects within outcomes and standards as an assistance for more efficient teaching.

“Several teachers from different subjects should teach the same or similar
material in the same time period, this should be acknowledged within outcomes
and standards, not just with a verbal agreement between the teachers.” (CTS2)

Based on this, it can be concluded that teachers should also have the com-
petence for cooperation with their colleagues. For successful teaching, with all
the changes that are being introduced, it is necessary to strengthen the compe-
tencies of the teacher, both the competencies for cooperation with students and
for cooperation with other teachers.54

Regarding the competencies that need to be strengthened, all of them cited
Information and Communication Technologies (ICT) competencies. This finding
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overlaps with other natural sciences teachers' opinions and indicates that teachers
are interested in the opportunities offered by ICT.35 ICT learning tools can be
useful for understanding many chemical phenomena. Thus, teachers need ade-
quate support from schools and faculties to use technology in teaching through
different pedagogical and technical trainings.

Analysis of the students * achievements on the knowledge test

The data collected with the knowledge test are presented in Table I. The
students’ achievements on the knowledge test were presented to chemistry teach-
ers and interpreted in tandem with them.

TABLE 1. Distribution of answers (%) on the knowledge test; GS — grammar school from
Serbia; GM — grammar school from Montenegro

Question No. (Table S-I11 Answer

of the Supplementary Correct Partially correct Wrong Without answer
material) GS GM GS GM GS GM GS GM

1 124 217 73.0 614 146 145 - 2.4

2 10.1 16.9 - - - - 89.9  83.1

3 82.0 81.9 18.0 145 - - - 3.6

4 68.5 699 315 30.1 — — — —

The first question investigated whether students know how to classify lipids
depending on their structure. Based on the given chemical representations, stu-
dents needed to determine which listed lipids could be saponified. In both gram-
mar schools, students did not show satisfactory knowledge about the structure of
lipids. In Serbia, out of a total of 89 students, only 12.4 % of them (11 students)
answered correctly, whereas that number was similar in Montenegro, 21.7 % (18
students) of a total of 83 students. Chemistry teachers point out that throughout
the elaboration on this topic, they paid little attention to the structure of phospho-
lipids, terpenes and other lipids, whilst they focused on fats and oils. Further-
more, they justify the above-mentioned result with the insufficient number of
classes and short class duration. The teacher from Kragujevac especially high-
lights the period of elaboration on this topic (April/May) as a cause of the low
number of correct answers, as during these months students are more focused on
preparation for faculty entrance exams. The majority of students partially ans-
wered this question correctly and circled only the answer ¢). A small number of
students circled the answer a) and not the answer c).

The second question examined students’ knowledge of physical properties of
lipids. Students were supposed to give an adequate explanation of the solvation
of fatty acids based on their structure. This question had the lowest number of
correct answers, in both countries. Based on the obtained data, it can be seen that
the majority of students did not attempt to answer this question. The teacher from
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Montenegro stated that he did not require students to know this explanation,
whereas the teachers from Serbia the low percentage of correct answers exp-
lained in the same way as in regard to the previous question, and they pointed out
students' lack of interest. Based on correct answers, it can be concluded that this
content does not have to be abstract for students, it is only important to connect
the previously acquired knowledge with the new one. As an illustration of the
previous statement, the authors list the following answers:

“A large hydrocarbon chain is non-polar, so fatty acids dissolve in non-polar
solvents and not in water.” and “Fatty acids do not dissolve in water because of
their non-polarity.”

With the third question, the authors examined whether students know basic
chemical concepts related to real life. Students were asked to state the roles of
fats and oils in human organism, as well as to name food sources that are rich in
fats and oils. This question had the highest number of correct answers (in both
grammar schools over 80 % of students). It should be pointed out also that none
of the students answered incorrectly to this question. Mostly, students cited an
energetic role, but a majority of students marked also a thermoregulatory role of
fats and oils. Almost all students listed food sources that are rich in fats and oils
(bacon, cheese, seeds, salmon, flax, almonds, avocados, dairy products, cream,
fish oil, butter, fish, nuts, ezc.). On the other hand, some of them did not mention
the role of fats and oils in the human body and, hence, such answers are accepted
as partially correct. This result could relate to the abundance of the respective
compounds in everyday life. Food packages contain this information, and this
topic is often discussed in the media and their social environment. One of the
teachers states that this was an “easy question”, because as she says, “as prom
night celebration draws nearer, most students go to the gym and know how much
they can take into their body, what role food plays in their body, as well as how it
affects their weight” (CTS1).

The fourth question is an extension of the previous question. The authors
were interested in whether the students could explain why polar bears survive at
extremely cold temperatures. About 70 % of students answered this question
correctly (in Serbia 68.5 % and in Montenegro 69.9 %), stating that the thermo-
regulatory role of fat in animal organism is responsible, as well as the role of fat
as a heat insulator. Answer such as the following: “Because of the large layer of
fat” and similar, are accepted as partially correct, due to this response being
correct in a certain way but unspecified. None of the students left the question
unanswered or answered incorrectly.

The following figure (Fig. 1) presents the percentages of correct answers of
students from both grammar schools on each of the four questions in the
knowledge test.
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Fig. 1 suggests that for the two questions (15t and 21d), defined learning out-
comes do not exceed 25 % of achievement among students. On the other hand,
outcomes on which questions number 3 and 4 were accomplished by nearly 80 %
of students. The level of achieved learning outcomes concerning the structure and
properties of lipids is concerning and needs improvement, in contrast to accom-
plished outcomes about the role and importance of lipids for the living world.
Students from the Montenegrin grammar school show somewhat better results
but overall, there is no significant difference between the results of students from
two states.

The collected data by a knowledge test could relate to earlier similar res-
earch that examined the level of achievement standard. Respective research inc-
luded not only grammar schools but also vocational school students and indicated
better achievements among vocational school students, hence, a lower level of
accomplished outcomes among students from the two grammar schools could be
expected.’® Through the preparation of the knowledge test, teachers already
knew which questions students would and would not be able to answer correctly.
Some reasons cited were that they did not ask the students to know certain con-
tent, while for other content, even though it is defined by the plan and program,
there is not enough time and classes during one school year. According to the
present and other prior research, the teachers are links between the defined out-
comes and the students.5” The teachers also state that the students did not give
correct answers to certain questions as majority of them do not want to study,
they lack interest, and if some students learn even the basic things it is a success.
There is a study with similar answers from their respondents.58 As a problem in
the realization of evaluating student achievements, the teachers state that the stu-
dents are not motivated to work in class, they do not have sufficiently developed
work habits, they are not focused on what the teacher presents during the class,
and the main problem is that the students learn only to get the desired grade.

CONCLUSION

The conducted study aimed to explore the teachers’ attitudes toward edu-
cational outcomes and standards in the two countries, Serbia and Montenegro, as

Available online at: http://www.shd.org.rs/JSCS

(CC) 2024 Serbian Chemical Society.



1520 STASEVIC et al.

well as to assess the level of students' accomplished outcomes for the teaching
topic ,,Lipids“. The key findings of this research can be summarized as follows.
Although research included teachers from two educational systems, Serbian and
Montenegrin, there are no significant differences in their attitudes and perspect-
ives. They all point out that it is essential to take into consideration teachers’
opinions about implementing educational changes, and thus, make reforms more
realistic and easier to implement in everyday school practice. Otherwise, teachers
may not consider themselves potential leaders in the process of changing con-
temporary educational practices. Teachers from both grammar schools emphasize
the importance of learning outcomes and standards and affirm that they help them
in organizing lessons and monitoring students' assessments. It is important to
support teachers in their demands referring to constant revising of standards and
outcomes, defining correlation among subjects within outcomes and standards,
reinforcing ICT competencies, etc., all in service to more efficient teaching.

The results gatherum the knowledge test have highlighted that knowledge
about ,,Lipids“ among students is not on an enviable level. Responses obtained
show that students recognize the importance of chemistry and lipids in everyday
life, and their presence in diet and environment. On the other hand, percentage of
correct answers was lower on questions related to the physical properties of fats
and oils, and their structure. There are no significant differences in achieved
accomplishments between students from two countries, Serbia and Montenegro.
There could be plenty of reasons for that, similar curriculum, teachers’ initial
education, pandemic effects and online learning, the individual characteristics of
both, teachers and students and the quality of the teaching process. Collected data
are in disagreement with teaching curriculum and defined outcomes, and imply
the need to make some changes in the two educational systems. Above all, learn-
ing activities that promote knowledge acquisition need to be developed. This
result can trigger the educational community to inspect the existing curriculum
and bring adequate changes to it. The teaching curriculum needs to be innovative
and it has to take into account new discoveries, students’ needs and the needs of
society as well as support students in their professional development.
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H3BOJ

OBPA30BHH UCXOIOU U CTAHIAPIHU 3A TPEOJMET XEMHWJA'Y CPEMJU U IPHOJ
IOPH. AHAJIM3A CTABOBA HACTABHUKA U ITIOCTUTHYRA YYHEHUKA

OUIUII CTALLEBUR!, AHIPEA BYBAIbA?, ATEKCAHIPA MAKCUMOBUR! u JETEHA BYPREBUR HUKOJIUR!

"Yrueepsuiuem y Kpatyjesuy, ITpupogro—maiemamiuuxy Gaxyniiei, Kpatyjesay, u “I'umnasuja ,J1anito
Manuwuh“, Bepane, Llpna T'opa

Pecdopme y obpasoBamy cy yoduyajeHa rojaBa YW 3axTeBajy [eTa/bHy aHanusy. Peanu-
3auuja obpa3oBama 3aCHOBAHOI Ha CTAHZApAMMa M WCXONWUMA NOBesa je [0 mpusiarohasama
IIKOJIa ¥ HAaCTaBHOT Tpolieca ¥ oCcTBapuBama NpodecHoHalHOT UIeHTUTeTa HacTaBHUKa. OBO
UCTpPa’KUBamWeE je UMaso 3a Wb Jja UCIIUTa CTaBOBE HACTaBHUKA XEMHjE Y KOHTEKCTY IPUMEHE
00pa3oBHUX UCXOJA U CTaHIAapZa, Kao W JIa OTKPHje HUBO OCTBAPEHHX MCXOJa y4yewma 33 Ofa-
OpaHy HacTaBHy TeMy ,Jlunuan“. UcrtpaxkuBameM cy odyxsaheHH U HacTaBHULM Xemuje (N =
= 4) n yuenunu rumHasydja (N = 172) u3 gse 3emsse, Cpduje u Llpre I'ope. [Togauu cy KBaHTH-
TaTWBHO W KBaJWTaTUBHO aHA/TWU3UPaHHU KOpUIIhemeM MHKC-METOJCKOI MPUCTyNa HCTpa-
JKUBama U KOHCTAHTHOT nopehema nogaraka. AHATH30M pe3yiTaTa yOueHo je 1a HeMa 3Hauaj-
HUX pa3/iiKa y CTaBOBMMa HaCTaBHUKA, Ka0 HU y MOCTUrHyhvMa yuyeHHuKa usMely JBe 3emibe.
CBHY HaCTaBHHUIM Cy UCTAK/IU 3HAYaj UCXOZA yuewa U CTaHZapAa MocTUrayha u moTBpowIu fa
UM MOMaKy Y OpPraHH30Bamwy 4acosa U mpahewy ouewmHBama yueHUKa. MehyTuM, uctakinu cy
3axTeBe 3a MOJPLIKY M yBakaBame MULIbeHa HACTaBHHKA O CrpoBohemy 0Opa3soBHUX pe-
(opmu. PesynTatH ca Tecta 3Hamwa Cy NoKasalM fia 3Hawe o ,JIunuguma“ ko yyeHHKa HUje
Ha OYeKHBaHOM HHBOY.

(ITpumimeno 27. nenemdpa 2023, pesuaupano 21. pedpyapa, npuxsahero 9. jyma 2024)
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TABLE S-II. Defined learning outcomes for the subject Chemistry, topic “Lipids” per a
school

Educational outcomes

Grammar school in Serbia Grammar school in Montenegro
-knows the structure of chemical
-defines lipids according to their compounds that make up the composition of
chemical composition; triacylglycerols, phospholipids and
-states the role of fats, oils and sphingolipids;
Waxes; -observes and explains experiments
-recognizes biologically important (acid-base hydrolysis of fats, acrolein test,
compounds as reserve building and energy and proving cholesterol);
value compounds; -writes the chemical formula of
-knows the meaning of essential cholesterol and describes its important
fatty acids; metabolites;

-knows food sources of biologically -analyses the biological role of
important compounds; triacylglycerol, phospholipids and
-connects the structure of lipids sphingolipids;

with properties and roles in living organisms. -presents on the topic: "Fats and oils

in the diet - advantages and disadvantages".

* Corresponding author. E-mail: jelena.djurdjevic@pmf.kg.ac.rs
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TABLE S-II. Framework formulations of questions from the interview

Questions

Are you informed about educational standards and outcomes? How are you informed
about the changes that have occurred during the transition to standards and outcomes-based
education? Were teachers sufficiently involved in the process of determining standards and

student achievement outcomes? Why do you think so?

From your point of view, what is the main purpose of implementing educational
standards and outcomes? What innovations bring the application of educational standards and
outcomes? Do you consider the implementation of outcomes and standards as a positive
change in the education process? In your opinion, why they are good or bad?

Teaching should enable the realization of the potential of each student. Do
educational standards and outcomes enable this? What is the main intention of stating
educational standards and objectives? Who do you think is most responsible for fulfilling the
defined outcomes and then the standards?

Who benefits from education based on educational standards and outcomes? In what
way? Do you think that you are successful/unsuccessful in implementing teaching based on
standards and outcomes?
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TABLE S-III. Question from the knowledge test

Question .
uestion
No. Q
Based on the given structures, which lipids can be saponified?
a)
O
(:Hz—()—y—(CHz)w—(zH,
i X
CH—0—C—{(CHs);;— CH
o) N
CIL*Ofy‘,7(0[12)—fCIL,ZCH*((?IIl)—,fCIIw,
)
(ﬁ Cily oIt 0
Q1 —0—P—ClL,—ClL,— N—Cll;
OH CH;
CH—NH—C—R
i
o]
Clly=—CI=CL=(Clly);,=—Cll;
5 Based on the chemical structure of fatty acids, explain why they
’ dissolve in non-polar solvents and not in water.
3 What is the main role of fats and oils in our body? List a few food
’ sources that are rich in fats and oils.
4. Polar bears can survive in extreme cold. One of the reasons is?

Available online at: http://www.shd.org.rs/JSCS

(CC) 2024 Serbian Chemical Society.
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