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INSTRUCTIONS FOR AUTHORS (2021)

GENERAL

The Journal of the Serbian Chemical Society (the Journal in further text) is an international journal
publishing papers from all fields of chemistry and related disciplines. Twelve issues are published
annually. The Editorial Board expects the editors, reviewers, and authors to respect the well-known
standard of professional ethics.

Types of Contributions

Original scientific papers ~ (up to 15 typewritten pages, including Figures, Tables and References)
report original research which must not have been previously published.

Short communications (up to 8 pages) report unpublished preliminary results of sufficient
importance to merit rapid publication.

Notes (up to 5 pages) report unpublished results of short, but complete, original
research

Authors’ reviews (up to 40 pages) present an overview of the author’s current research with
comparison to data of other scientists working in the field

Reviews? (up to 40 pages) present a concise and critical survey of a specific research
area. Generally, these are prepared at the invitation of the Editor

Surveys (about 25 pages) communicate a short review of a specific research area.

Book and Web site reviews (1 - 2 pages)

Extended abstracts (about 4 pages) of Lectures given at meetings of the Serbian Chemical
Society Divisions

Letters to the Editor report miscellaneous topics directed directly to the Editor

®Generally, Authors’ reviews, Reviews and Surveys are prepared at the invitation of the Editor.

Submission of manuscripts

Manuscripts should be submitted using the OnLine Submission Form, available on the JSCS Web
Site (http://www.shd-pub.org.rs/index.php/JSCS). The manuscript must be uploaded as a Word.doc or
artf file, with tables and figures (including the corresponding captions — above Tables and below
Figures), placed within the text to follow the paragraph in which they were mentioned for the first time.

Please note that Full Names (First Name, Last Name), Full Affiliation and Country (from drop
down menu) of ALL OF AUTHORS (written in accordance with English spelling rules - the first letter
capitalized) must be entered in the manuscript Submission Form (Step 3). Manuscript Title, authors’
names and affiliations, as well as the Abstract, WILL APPEAR in the article listing, as well as in
BIBLIOGRAPHIC DATABASES (WoS, SCOPUS...), in the form and in the order entered in the
author details

Graphical abstract
Graphical abstract is a one-image file containing the main depiction of the authors work and/or
conclusion and must be supplied along with the manuscript. It must enable readers to quickly gain the
main message of the paper and to encourage browsing, help readers identify which papers are most
relevant to their research interests. Authors must provide an image that clearly represents the research
described in the paper. The most relevant figure from the work, which summarizes the content, can also
be submitted. The image should be submitted as a separate file in Online Submission Form - Step 2.
Specifications: The graphical abstract should have a clear start and end, reading from top to bottom
or left to right. Please omit unnecessary distractions as much as possible.
Image size: minimum of 500x800 pixels (WxH) and a minimum resolution of 300 dpi. If a larger image is sent,
then please use the same ratio: 16 wide x 9 high. Please note that your image will be scaled proportionally to fit
in the available window in TOC; a 150x240 pixel rectangle. Please be sure that the quality of an image cannot
be increased by changing the resolution from lower to higher, but only by rescanning or exporting the image
with a higher resolution, which can be set in usual "settings" option.
e  Font: Please use Calibri and Symbol font with a large enough font size, so it is readable even from the image of
a smaller size (150 x 240 px) in TOC.
e  File type: JPG and PNG only.
No additional text, outline or synopsis should be included. Please do not use white space or any heading within
the image.



Cover Letter

Manuscripts must be accompanied by a cover letter (strictly uploaded in Online Submission Step
2) in which the type of the submitted manuscript and a warranty as given below are given. The Author(s)
has(have) to warranty that the manuscript submitted to the Journal for review is original, has been
written by the stated author(s) and has not been published elsewhere; is currently not being considered
for publication by any other journal and will not be submitted for such a review while under review by
the Journal; the manuscript contains no libellous or other unlawful statements and does not contain any
materials that violate any personal or proprietary rights of any other person or entity. All manuscripts
will be acknowledged on receipt (by e-mail).

Ilustrations

[lustrations (Figs, schemes, photos...) in TIF or EPS format (JPG format is acceptable for colour
and greyscale photos, only), must be additionally uploaded (Online Submission Step 2) as a separate file
or one archived (.zip, .rar or .arj) file. Figures and/or Schemes should be prepared according to the
Artwork Instructions - http://www.shd.org.rs/JSCS/jscs-pdf/Artwork_Instructions.pdf!

For any difficulties and questions related to OnLine Submission Form - https://www.shd-
pub.org.rs/index.php/JSCS/submission/wizard, please refer to User Guide - https://openjournal-
systems.com/ojs-3-user-guide/ , Chapter Submitting an Article - https://openjournalsystems.com/ojs-3-
user-guide/submitting-an-article/. If difficulties still persist, please contact JSCS Editorial Office at
JSCS@shd.org.rs

A manuscript not prepared according to these instructions will be returned for resubmission

without being assigned a reference number.

Conflict-of-Interest Statement*: Public trust in the peer review process and the credibility of
published articles depend in part on how well a conflict of interest is handled during writing, peer
review, and editorial decision making. A conflict of interest exists when an author (or the author's
institution), reviewer, or editor has financial or personal relationships that inappropriately influence
(bias) his or her actions (such relationships are also known as dual commitments, competing interests, or
competing loyalties). These relationships vary from those with negligible potential to those with great
potential to influence judgment, and not all relationships represent true conflict of interest. The potential
for a conflict of interest can exist whether or not an individual believes that the relationship affects his or
her scientific judgment. Financial relationships (such as employment, consultancies, stock ownership,
honoraria, paid expert testimony) are the most easily identifiable conflicts of interest and the most likely
to undermine the credibility of the journal, the authors, and of science itself. However, conflicts can
occur for other reasons, such as personal relationships, academic competition, and intellectual passion.

Informed Consent Statement*: Patients have a right to privacy that should not be infringed without
informed consent. Identifying information, including patients' names, initials, or hospital numbers, should
not be published in written descriptions, photographs, and pedigrees unless the information is essential for
scientific purposes and the patient (or parent or guardian) gives written informed consent for publication.
Informed consent for this purpose requires that a patient who is identifiable be shown the manuscript to be
published. Authors should identify Individuals who provide writing assistance and disclose the funding
source for this assistance. ldentifying details should be omitted if they are not essential. Complete
anonymity is difficult to achieve, however, and informed consent should be obtained if there is any doubt.
For example, masking the eye region in photographs of patients is inadequate protection of anonymity. If
identifying characteristics are altered to protect anonymity, such as in genetic pedigrees, authors should
provide assurance that alterations do not distort scientific meaning and editors should so note. The
requirement for informed consent should be included in the journal's instructions for authors. When
informed consent has been obtained it should be indicated in the published article.

Human and Animal Rights Statement* When reporting experiments on human subjects, authors
should indicate whether the procedures followed were in accordance with the ethical standards of the
responsible committee on human experimentation (institutional and national) and with the Helsinki
Declaration of 1975, as revised in 2000 (5). If doubt exists whether the research was conducted in
accordance with the Helsinki Declaration, the authors must explain the rationale for their approach, and
demonstrate that the institutional review body explicitly approved the doubtful aspects of the study.
When reporting experiments on animals, authors should be asked to indicate whether the institutional
and national guide for the care and use of laboratory animals was followed.

*International Committee of Medical Journal Editors (“Uniform Requirements for Manuscripts Submitted to Biomedical Journals™), February 2006
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PROCEDURE

All contributions will be peer reviewed and only those deemed worthy and suitable will be
accepted for publication. The Editor has the final decision. To facilitate the reviewing process, authors
are encouraged to suggest up to three persons competent to review their manuscript. Such suggestions
will be taken into consideration but not always accepted. If authors would prefer a specific person not be
a reviewer, this should be announced. The Cover Letter must be accompanied by these suggestions.
Manuscripts requiring revision should be returned according to the requirement of the Editor, within 60
days upon reception of the reviewing comments by e-mail.

The Journal maintains its policy and takes the liberty of correcting the English as well as false content
of manuscripts provisionally accepted for publication in the first stage of reviewing process. In this second
stage of manuscript preparation by JSCS Editorial Office, the author(s) may be required to supply some
additional clarifications and corrections. This procedure will be executed during copyediting actions,
with a demand to author(s) to perform corrections of unclear parts before the manuscript would be
published OnLine as finally accepted manuscript (OLF Section of the JSCS website). Please note that
the manuscript can receive the status of final rejection if the author’s corrections would not be satisfactory.

When finally accepted manuscript is ready for printing, the corresponding author will receive a request
for proof reading, which should be performed within 2 days. Failure to do so will be taken as the authors agree
with any alteration which may have occurred during the preparation of the manuscript for printing.

Accepted manuscripts of active members of the Serbian Chemical Society (all authors) have
publishing priority.

MANUSCRIPT PRESENTATION

Manuscripts should be typed in English (either standard British or American English, but consistent
throughout) with 1.5 spacing (12 points Times New Roman; Greek letters in the character font Symbol)
in A4 format leaving 2.5 cm for margins. For Regional specific, non-standard characters that may appear
in the text, save documents with Embed fonts Word option: Save as -> (Tools) -> Save Options... ->
Embed fonts in the text.

The authors are requested to seek the assistance of competent English language expert, if necessary,
to ensure their English is of a reasonable standard. The Serbian Chemical Society can provide this
service in advance of submission of the manuscript. If this service is required, please contact the office of
the Society by e-mail (jscs-info@shd.org.rs).

Tables, figures and/or schemes must be embedded in the main text of the manuscript and should
follow the paragraph in which they are mentioned for the first time. Tables must be prepared with the aid
of the WORD table function, without vertical lines. The minimum size of the font in the tables should
be 10 pt. Table columns must not be formatted using multiple spaces. Table rows must not be formatted
using any returns (enter key; - key) and are limited to 12 cm width. Tables should not be incorporated
as graphical objects. Footnotes to Tables should follow them and are to be indicated consequently (in a
single line) in superscript letters and separated by semi-column.

Table caption must be placed above corresponding Table, while Captions of the Illustrations
(Figs. Schemes...) must follow the corresponding item. The captions, either for Tables or
llustrations, should make the items comprehensible without reading of the main text (but clearly
referenced in), must follow numerical order (Roman for Tables, Arabic for Illustrations), and should not
be provided on separate sheets or as separate files.

High resolution Illustrations (named as Fig. 1, Fig. 2... and/or Scheme 1, Scheme 2...) in TIF or
EPS format (JPG format is acceptable for photos, only) must be additionally uploaded as a separate
files or one archived (.zip, .rar) file.

Illustrations should be prepared according to the ARTWORK INSTRUCTIONS -
http://www.shd.org.rs/JSCS/jscs-pdf/Artwork_Instructions.pdf. !

All pages of the manuscript must be numbered continuously.

DESIGNATION OF PHYSICAL QUANTITIES AND UNITS

IUPAC recommendations for the naming of compounds should be followed. Sl units, or other
permissible units, should be employed. The designation of physical quantities must be in italic throughout
the text (including figures, tables and equations), whereas the units and indexes (except for indexes having
the meaning of physical quantities) are in upright letters. They should be in Times New Roman font. In
graphs and tables, a slash should be used to separate the designation of a physical quantity from the unit
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(example: p / kPa, j / mA cm?,t/ °C, To/ K, z/h, In(j/mA cm?)...). Designations such as: p (kPa),
t [min]..., are not acceptable. However, if the full name of a physical quantity is unavoidable, it should be
given in upright letters and separated from the unit by a comma (example: Pressure, kPa; Temperature, K;
Current density, mA cm...). Please do not use the axes of graphs for additional explanations; these should
be mentioned in the figure captions and/or the manuscript (example: “pressure at the inlet of the system,
kPa” should be avoided). The axis name should follow the direction of the axis (the name of y-axis should
be rotated by 90°). Top and right axes should be avoided in diagrams, unless they are absolutely necessary.

Latin words, as well as the names of species, should be in italic, as for example: i.e., e.g., in vivo,
ibid, Calendula officinalis L., etc. The branching of organic compound should also be indicated in italic,
for example, n-butanol, tert-butanol, etc.

Decimal numbers must have decimal points and not commas in the text (except in the Serbian
abstract), tables and axis labels in graphical presentations of results. Thousands are separated, if at all, by
a comma and not a point.

Mathematical and chemical equations should be given in separate lines and must be numbered,
Arabic numbers, consecutively in parenthesis at the end of the line. All equations should be embedded in
the text Complex equations (fractions, integrals, matrix...) should be prepared with the aid of the
Microsoft Equation 3.0 (or higher) or MathType (Do not use them to create simple equations and
labels). Using the Insert -> Equation option, integrated in MS Office 2010 and MS Office 2013, as
well as insertion of equation objects within paragraph text IS NOT ALLOWED.

ARTICLE STRUCTURE

e TITLE PAGE;

e MAIN TEXT - including Tables and Illustrations with corresponding captions;
e SUPPLEMENTARY MATERIAL (optional)

Title page

e Title in bold letters, should be clear and concise, preferably 12 words or less. The use of non-
standard abbreviations, symbols and formulae is discouraged.

e AUTHORS’ NAMES in capital letters with the full first name, initials of further names separated
by a space and surname. Commas should separate the author’s names except for the last two names
when ‘and’ is to be used. In multi-affiliation manuscripts, the author’s affiliation should be
indicated by an Arabic number placed in superscript after the name and before the affiliation. Use *
to denote the corresponding author(s).

o Affiliations should be written in italic. The e-mail address of the corresponding author should be
given after the affiliation(s).

e  Abstract: A one-paragraph abstract written of 150 — 200 words in an impersonal form indicating the
aims of the work, the main results and conclusions should be given and clearly set off from the text.
Domestic authors should also submit, on a separate page, an Abstract - Izvod, the author’s name(s)
and affiliation(s) in Serbian (Cyrillic letters). (Jomahu aytopu wmopajy mnocraButu M3Bon
(yxpyuyjyhu umeHa aytopa M aduimjanujy) Ha CpPICKOM je3HMKy, HCIMCaHe hHpUIHIIOM, H3a
3axBasHHIEe, a pe cnucka pedepeni.) For authors outside Serbia, the Editorial Board will provide
a Serbian translation of their English abstract.

e  Keywords: Up to 6 keywords should be given. Do not use words appearing in the manuscript title

e RUNNING TITLE: A one line (maximum five words) short title in capital letters should be
provided.

Main text — should have the form:
e INTRODUCTION,
EXPERIMENTAL (RESULTS AND DISCUSSION),
RESULTS AND DISCUSSION (EXPERIMENTAL),
CONCLUSIONS,
NOMENCLATURE (optional) and
Acknowledgements: If any.
REFERENCES (Citation of recent papers published in chemistry journals that highlight the
significance of work to the general readership is encouraged.)
The sections should be arranged in a sequence generally accepted for publication in the respective
fields. They subtitles should be in capital letters, centred and NOT numbered.



e The INTRODUCTION should include the aim of the research and a concise description of
background information and related studies directly connected to the paper.

e The EXPERIMENTAL section should give the purity and source of all employed materials, as
well as details of the instruments used. The employed methods should be described in
sufficient detail to enable experienced persons to repeat them. Standard procedures should be
referenced and only modifications described in detail. On no account should results be
included in the experimental section.

Chemistry

Detailed information about instruments and general experimental techniques should be given in all
necessary details. If special treatment for solvents or chemical purification were applied that must be
emphasized.
Example: Melting points were determined on a Boetius PMHK or a Mel-Temp apparatus and were not
corrected. Optical rotations were measured on a Rudolph Research Analytical automatic polarimeter,
Autopol 1V in dichloromethane (DCM) or methanol (MeOH) as solvent. IR spectra were recorded on a
Perkin-Elmer spectrophotometer FT-IR 1725X. *H and ¥C NMR spectra were recorded on a Varian
Gemini-200 spectrometer (at 200 and 50 MHz, respectively), and on a Bruker Ultrashield Advance 111
spectrometer (at 500 and 125 MHz, respectively) employing indicated solvents (vide infra) using TMS as
the internal standard. Chemical shifts are expressed in ppm (J / ppm) values and coupling constants in
Hz (J / Hz). ESI-MS spectra were recorded on Agilent Technologies 6210 Time-Of-Flight LC-MS
instrument in positive ion mode with CHsCN/H20 1/1 with 0.2 % HCOOH as the carrying solvent
solution. Samples were dissolved in CH3CN or MeOH (HPLC grade purity). The selected values were as
follows: capillary voltage = 4 kV, gas temperature = 350 °C, drying gas flow 12 L min™?, nebulizer
pressure = 310 kPa, fragmentator voltage = 70 V.The elemental analysis was performed on the Vario EL
I11- C,H,N,S/O Elemental Analyzer (Elementar Analysensysteme GmbH, Hanau-Germany). Thin-layer
chromatography (TLC) was performed on precoated Merck silica gel 60 F254 and RP-18 F254 plates.
Column chromatography was performed on Lobar LichroPrep Si 60 (40-63 um), RP-18 (40-63 pm)
columns coupled to a Waters RI 401 detector, and on Biotage SP1 system with UV detector and FLASH
12+, FLASH 25+ or FLASH 40+ columns pre packed with KP-SIL [40-63 um, pore diameter 6 nm (60
A)], KP-C18-HS (40-63 um, pore diameter 9 nm (90 A) or KP-NH [40-63 um, pore diameter 10 nm
(100 A)] as adsorbent. Compounds were analyzed for purity (HPLC) using a Waters 1525 HPLC dual
pump system equipped with an Alltech, Select degasser system, and dual 1 2487 UV-VIS detector. For
data processing, Empower software was used (methods A and B). Methods C and D: Agylent
Technologies 1260 Liquid Chromatograph equipped with Quat Pump (G1311B), Injector (G1329B)
1260 ALS, TCC 1260 (G1316A) and Detector 1260 DAD VL+ (G1315C). For data processing, LC
OpenLab CDS ChemStation software was used. For details, see Supporting Information.

1. Synthesis experiments

Each paragraph describing a synthesis experiment should begin with the name of the product and any
structure number assigned to the compound in the Results and Discussions section. Thereafter, the
compound should be identified by its structure number. Use of standard abbreviations or unambiguous
molecular formulas for reagents and solvents, and of structure numbers rather than chemical names to
identify starting materials and intermediates, is encouraged.

When a new or improved synthetic method is described, the yields reported in key experimental
examples, and yields used for comparison with existing methods, should represent amounts of isolated
and purified products, rather than chromategraphically or spectroscopically determined yields. Reactant
quantities should be reported in weight and molar units and for product yields should be reported in
weight units; percentage yields should only be reported for materials of demonstrated purity. When
chromatography is used for product purification, both the support and solvent should be identified.

2. Microwave experiments

Reports of syntheses conducted in microwave reactors must clearly indicate whether sealed or open
reaction vessels were used and must document the manufacturer and model of the reactor, the method of
monitoring the reaction mixture temperature, and the temperature-time profile. Reporting a wattage
rating or power setting is not an acceptable alternative to providing temperature data. Manuscripts
describing work done with domestic (kitchen) microwave ovens will not be accepted except for studies
where the unit is used for heating reaction mixtures at atmospheric pressure.



3. Compound characterization

The Journal upholds a high standard for compound characterization to ensure that substances being
added to the chemical literature have been correctly identified and can be synthesized in known yield and
purity by the reported preparation and isolation methods. For all new compounds, evidence adequate to
establish both identity and degree of purity (homogeneity) must be provided.

Identity - Melting point. All homogeneous solid products (e.g. not mixtures of isomers) should be
characterized by melting or decomposition points. The colors and morphologies of the products should
also be noted.

Specific rotations. Specific rotations based on the equation [a]';D = (100 «) / (I ¢) should be reported as
unitless numbers as in the following example: [¢]?%; D = -25.4 (¢ 1.93, CHCIs3), where ¢/gmL? is
concentration and I / dm is path length. The units of the specific rotation, (deg mL) / (g dm), are implicit
and are not included with the reported value.

Spectra/Spectral Data. Important IR adsorptions should be given.

For all new diamagnetic substances, NMR data should be reported (*H, 13C, and relevant heteronuclei).
'H NMR chemical shifts should be given with two digits after the decimal point. Include the number of
protons represented by the signal, signal multiplicity, and coupling constants as needed (J italicized,
reported with up to one digit after the decimal). The number of bonds through which the coupling is
operative, *J, may be specified by the author if known with a high degree of certainty. **C NMR signal
shifts should be rounded to the nearest 0.01 ppm unless greater precision is needed to distinguish closely
spaced signals. Field strength should be noted for each spectrum, not as a comment in the general
experimental section. Hydrogen multiplicity (C, CH, CH2, CHs) information obtained from routine
DEPT spectra should be included. If detailed signal assignments are made, the type of NOESY or COSY
methods used to establish atom connectivity and spatial relationships should be identified in the
Supporting Information. Copies of spectra should also be included where structure assignments of
complex molecules depend heavily on NMR interpretation. Numbering system used for assignments of
signals should be given in the Supporting Information with corresponding general structural formula of
named derivative.

HPLC/LCMS can be substituted for biochemistry papers where the main focus is not on compound
synthesis.

HRMS/elemental analysis. To support the molecular formula assignment, HRMS data accurate within 5
ppm, or combustion elemental analysis [carbon and hydrogen (and nitrogen, if present)] data accurate
within 0.5 %, should be reported for new compounds. HRMS data should be given in format as is usually
given for combustion analysis: calculated mass for given formula following with observed mass: (+)ESI-
HRMS m/z: [molecular formula + H]* calculated mass, observed mass. Example: (+)ESI-HRMS m/z:
calculated for [C13HgBrCI2N + H*] 327.92899, observed 327.92792.

NOTE: in certain cases, a crystal structure may be an acceptable substitute for HRMS/elemental
analysis.

Biomacromolecules. The structures of biomacromolecules may be established by providing evidence
about sequence and mass. Sequences may be inferred from the experimental order of amino acid,
saccharide, or nucleotide coupling, from known sequences of templates in enzyme-mediated syntheses,
or through standard sequencing techniques. Typically, a sequence will be accompanied by MS data that
establish the molecular weight.

Example: Product was isolated upon column chromatography [dry flash (SiO2, eluent EA, EA/MeOH
gradient 95/5 — 9/1, EA/MeOH/NHj3 gradient 18/0.5/0.5 — 9/1/1, and flash chromatography (Biotage SP1,
RP column, eluent MeOH/H20 gradient 75/25 — 95/5, N-H column, eluent EA/Hex gradient 6/3 — EA).
was obtained after flash column chromatography (Biotage SP NH column, eluent hexane/EA 4:6 — 2:6).
Yield 968.4 mg (95 %). Colorless foam softens at 96-101 °C. [«]®; D = +0,163 (¢ =2.0x10" g/mL,
CHzClb). IR (ATR): 3376w, 2949m, 2868w, 2802w, 1731s, 1611w, 1581s, 1528m, 1452m, 1374s, 1331w,
1246s, 1171m, 1063w, 1023m, 965w, 940w, 881w, 850w, 807w, cm™. *H NMR (500 MHz, CDCls, §):
8.46 (d, 1H, J=5.4, H-2"), 7.89 (s, 1H, J = 2.0, H-8"), 7.71 (d, 1H, J = 8.9, H-5"), 7.30 (dd, 1H,
J1=8.8,J2=2.1, H-6%), 6.33 (d, 1H, J = 5.4, H-3"), 6.07 (s, HN-Boc, exchangeable with D20), 5.06 (s, 1H,
H-12), 4.92-4.88 (m, 1H, H-7), 4.42 (bs, H-3), 3.45 (s,CHs-N), 3.33 (bs, H-9°), 3.05-2.95 (m, 2H, H-11"),
2.70-2.43 (m, 2H, H-24) and HN, exchangeable with D20), 2.07 (s, CH3sCOO), 2.04 (s, CH3COO), 1.42 (s,
9H, (CHs)sC-N(Boc)), 0.88 (s, 3H, CH3-10), 0.79 (d, 3H,J = 6.6, CH3-20), 0.68 (s, 3H, CH3-13). 1*C NMR
(125 MHz, CDCls, §): 170.34, 170.27, 151.80, 149.92, 148.87, 134.77, 128.36, 125.11, 121.43, 117.29,
99.98, 75.41, 70.82, 50.43, 49.66, 47.60, 47.33, 44.97, 43.30, 41.83, 41.48, 37.65, 36.35, 35.44, 34.89,



34.19, 33.23, 31.24, 28.79, 28.35, 27.25, 26.45, 25.45, 22.74, 22.63, 21.57, 21.31, 17.85, 12.15. (+)ESI-

HRMS (m/z): calculated for [CasHes7CIN4Os + H]* 795.48219, observed 795.48185. Combustion analysis

for CasHe7CIN4Os: Calculated. C 67.94, H 8.49, N 7.04; found C 67.72, H 8.63, N 6.75. HPLC purity:

method A: RT 1.994, area 99.12 %; method C: RT 9.936, area 98.20 %.

Purity - Evidence for documenting compound purity should include one or more of the following:

a) Well-resolved high field 1D *H NMR spectrum showing at most only trace peaks not attributable to
the assigned structure and a standard 1D proton-decoupled 3C NMR spectrum. Copies of the spectra
should be included as figures in the Supporting Information.

b) Quantitative gas chromatographic analytical data for distilled or vacuum-transferred samples, or
quantitative HPLC analytical data for materials isolated by column chromatography or separation
from a solid support. HPLC analyses should be performed in two diverse systems. The stationary
phase, solvents (HPLC), detector type, and percentage of total chromatogram integration should be
reported; a copy of the chromatograms may be included as a figure in the Supporting Information.

¢) Electrophoretic analytical data obtained under conditions that permit observing impurities present at
the 5 % level.

HRMS data may be used to support a molecular formula assignment but cannot be used as a criterion
of purity.
4. Biological Data
Quantitative biological data are required for all tested compounds. Biological test methods must be
referenced or described in sufficient detail to permit the experiments to be repeated by others. Detailed
descriptions of biological methods should be placed in the experimental section. Standard compounds or
established drugs should be tested in the same system for comparison. Data may be presented as
numerical expressions or in graphical form; biological data for extensive series of compounds should be
presented in tabular form. Tables consisting primarily of negative data will not usually be accepted;
however, for purposes of documentation they may be submitted as supporting information. Active
compounds obtained from combinatorial syntheses should be resynthesized and retested to verify that the
biology conforms to the initial observation.

Statistical limits (statistical significance) for the biological data are usually required. If statistical limits

cannot be provided, the number of determinations and some indication of the variability and reliability of

the results should be given. References to statistical methods of calculation should be included. Doses
and concentrations should be expressed as molar quantities (e.g., mol/kg, pmol/kg, M, mM). The routes
of administration of test compounds and vehicles used should be indicated, and any salt forms used

(hydrochlorides, sulfates, etc.) should be noted. The physical state of the compound dosed (crystalline,

amorphous; solution, suspension) and the formulation for dosing (micronized, jet-milled, nanoparticles)

should be indicated. For those compounds found to be inactive, the highest concentration (in vitro) or
dose level (in vivo) tested should be indicated.

e The RESULTS AND DISCUSSION should include concisely presented results and there signi-
ficance discussed and compared to relevant literature data. The results and discussion may be
combined or kept separate.

e The inclusion of a CONCLUSION section, which briefly summarizes the principal conclusions, is
recommended.

o NOMENCLATURE is optional but, if the authors wish, a list of employed symbols may be included.

e REFERENCES should be numbered sequentially as they appear in the text. Please note that any
reference numbers appearing in the Illustrations and/or Tables and corresponding captions must
follow the numbering sequence of the paragraph in which they appear for the first time. When cited,
the reference number should be superscripted in Font 12, following any punctuation mark. In the
reference list, they should be in normal position followed by a full stop. Reference entry must not be
formatted using Carriage returns (enter key; < key) or multiple space key. The formatting of
references to published work should follow the Journal’s style as follows:



Journals®;  A. B. Surnamel, C. D. Surname2, J. Serb. Chem. Soc. Vol (Year) first page Number
(https://doi.org/doi)°

Books: A. B. Surnamel, C. D. Surname2, Name of Book, Publisher, City, Year, pp. 100-101
(https://doi.org/doi)°

Compilations:A. B. Surnamel, C. D. Surname2, in Name of Compilation, A. Editorl, C. Editor2, Ed(s).,
Publisher, City, Year, p. 100 (https:/doi.org/doi)°

Proceedings: A. B. Surnamel, C. D. Surname2, in Proceedings of Name of the Conference or
Symposium, (Year), Place of the Conference, Country, Title of the Proceeding, Publisher,
City, Year, p. or Abstract No. 100

Patents: A. B. Inventorl, C. D. Inventor2, (Holder), Country Code and patent number (registration
year)

Chemical A. B. Surnamel, C. D. Surname2, Chem. Abstr. CA 234 567a; For non-readily available

Abstracts: literature, the Chemical Abstracts reference should be given in square brackets: [C.A.

139/2003 357348t] after the reference
Standards:  EN ISO 250: Name of the Standard (Year)

Websites:  Title of the website, URL in full (date accessed)

& When citing Journals, the International Library Journal abbreviation is required. Please consult, e.g.,
https://images.webofknowledge.com/WOK46/help/WOS/A_abrvjt.html

® doi should be replaced by doi number of the Article, for example: http://dx.doi.org/10.2298/JSC161212085B (as
active link). If doi do not exist, provide the link to the online version of the publication.

Only the last entry in the reference list should end with a full stop.

The names of all authors should be given in the list of references; the abbreviation et al. may only
be used in the text. The original journal title is to be retained in the case of publications published in any
language other than English (please denote the language in parenthesis after the reference). Titles of
publications in non-Latin alphabets should be transliterated. Russian references are to be transliterated
using the following transcriptions:

k—zh, x—kh, n—ts, y—ch, mr—sh, m—shch, 1>y, 0—yu, 1s—ya, 3—e, ii—i, b—’.

Supplementary material

Authors are encouraged to presentthe information and results non-essential to the understanding of
their paper as SUPPLEMENTARY MATERIAL (can be uploaded inStep 4 of Online Submission). This
material may include as a rule, but is not limited to, the presentation of analytical and spectral data
demonstrating the identity and purity of synthesized compounds, tables containing raw data on which
calculations were based, series of figures where one example would remain in the main text, etc. The
Editorial Board retain the right to assign such information and results to the Supplementary material
when deemed fit. Supplementary material does not appear in printed form but can be downloaded from
the web site of the JSCS.

Mathematical and chemical equations should be given in separate lines and must be numbered,
Arabic numbers, consecutively in parenthesis at the end of the line. All equations should be embedded in
the text Complex equations (fractions, integrals, matrix...) should be prepared with the aid of the
Microsoft Equation 3.0 (or higher) or MathType (Do not use them to create simple equations and labels).
Using the Insert -> Equation option, integrated in MS Office 2010 and MS Office 2013, as well as
insertion of equation objects within paragraph text IS NOT ALLOWED.

Deposition of crystallographic data

Prior to submission, the crystallographic data included in a manuscript presenting such data should
be deposited at the appropriate database. Crystallographic data associated with organic and metal-organic
structures should be deposited at the Cambridge Crystallographic Data Centre (CCDC) by e-mail to
deposit@ccdc.cam.ac.uk

Crystallographic data associated with inorganic structures should be deposited with the
Fachinformationszentrum Karlsruhe (FIZ) by e-mail to crysdata@fiz-karlsruhe.de. A deposition
number will then be provided, which should be added to the reference section of the manuscript.

For detailed instructions please visit the JSCS website:
https://www.shd-pub.org.rs/index.php/JSCS/Instructions
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ARTWORK INSTRUCTIONS

JSCS accepts only TIFF or EPS formats, as well as JPEG format (only for colour and
greyscale photographs) for electronic artwork and graphic files. MS files (Word, PowerPoint,
Excel, Visio) NOT acceptable. Generally, scanned instrument data sheets should be avoided.
Authors are responsible for the quality of their submitted artwork. Every single Figure or
Scheme, as well as any part of the Figure (A, B, C...) should be prepared according to following
instructions (every part of the figure, A, B, C..., must be submitted as an independent single
graphic file):

TIFF
Virtually all common artwork and graphic creation software is capable of saving files in
TIFF format. This ‘'option' can normally be found under ‘the 'Save As..." or 'Export..."
commands in the 'File' menu.
TIFF (Tagged Image File Format) is the recommended file format for bitmap, greyscale
and colour images.
=  Colour images should be in the RGB mode
=  When supplying TIFF files, please ensure that the files are supplied at the correct
resolution:
1. Line artwork: minimum of 1000 dpi
2. RGB image: minimum of 300 dpi
3. Greyscale image: minimum of 300 dpi
4. Combination artwork (line/greyscale/RGB): minimum of 500 dpi
= Images should be tightly cropped, without frame and any caption.
= |If applicable please re-label artwork with a font supported by JSCS (Arial, Helvetica,
Times, Symbol) and ensure it is of an appropriate font size.
= Save an image in TIFF format with LZW compression applied.
= Itis recommended to remove Alpha channels before submitting TIFF files.
= Itis recommended to flatten layers before submitting TIFF files.

Please be sure that quality of an image cannot be increased by changing the resolution
from lower to higher, but only by rescanning or exporting the image with higher resolution,
which can be set in usual "settings" facilities.

EPS
Virtually all common artwork creation software, such as Canvas, ChemDraw, CorelDraw,
SigmaPlot, Origin Lab..., are capable of saving files in EPS format. This ‘option' can normally
be found under the 'Save As..." or 'Export...' commands in the 'File' menu.
For vector graphics, EPS (Encapsulated PostScript) files are the preferred format as long as
they are provided in accordance with the following conditions:
= when they contain bitmap images, the bitmaps should be of good resolution (see
instructions for TIFF files)
= when colour is involved, it should be encoded as RGB
= an 8-bit preview/header at a resolution of 72 dpi should always be included
= embed fonts should always included and only the following fonts should be used in
artwork: Arial, Helvetica, Times, Symbol
= the vertical space between the parts of an illustration should be limited to the bare
necessity for visual clarity
» no data should be present outside the actual illustration area
= line weights should range from 0.35 pt to 1.5 pt
= when using layers, they should be reduced to one layer before saving the image (Flatten
Artwork)



JPEG

Virtually all common artwork and graphic creation software is capable of saving files in JPEG format.
This 'option’ can normally be found under ‘the 'Save As..." or 'Export..." commands in the 'File' menu.

JPEG (Joint Photographic Experts Group) is the acceptable file format only for colour and
greyscale photographs. JPEG can be created with respect to photo quality (low, medium, high; from 1
to 10), ensuring file sizes are kept to a minimum to aid easy file transfer. Images should have a minimum
resolution of 300 dpi. Image width: minimum 3.0 cm; maximum 12.0 cm.

Please be sure that quality of an image cannot be increased by changing the resolution from
lower to higher, but only by rescanning or exporting the image with higher resolution, which can
be set in usual *"settings™ facilities.

SIZING OF ARTWORK

= JSCS aspires to have a uniform look for all artwork contained in a single article. Hence, it is
important to be aware of the style of the journal.

= Figures should be submitted in black and white or, if required, colour (charged). If coloured
figures or photographs are required, this must be stated in the cover letter and arrangements
made for payment through the office of the Serbian Chemical Society.

= As a general rule, the lettering on an artwork should have a finished, printed size of 11 pt for
normal text and no smaller than 7 pt for subscript and superscript characters. Smaller
lettering will yield a text that is barely legible. This is a rule-of-thumb rather than a strict
rule. There are instances where other factors in the artwork, (for example, tints and shadings)
dictate a finished size of perhaps 10 pt. Lines should be of at least 1 pt thickness.

= When deciding on the size of a line art graphic, in addition to the lettering, there are several
other factors to address. These all have a bearing on the reproducibility/readability of the
final artwork. Tints and shadings have to be printable at the finished size. All relevant detail
in the illustration, the graph symbols (squares, triangles, circles, etc.) and a key to the
diagram (to explain the explanation of the graph symbols used) must be discernible.

= The sizing of halftones (photographs, micrographs,...) normally causes more problems than
line art. It is sometimes difficult to know what an author is trying to emphasize on a
photograph, so you can help us by identifying the important parts of the image, perhaps by
highlighting the relevant areas on a photocopy. The best advice that can be given to graphics
suppliers is not to over-reduce halftones. Attention should also be paid to magnification
factors or scale bars on the artwork and they should be compared with the details inside. If a
set of artwork contains more than one halftone, again please ensure that there is consistency
in size between similar diagrams.

General sizing of illustrations which can be used for the Journal of the Serbian Chemical
Society:

= Minimum fig. size: 30 mm width

= Small fig. size - 60 mm width

= Large fig. size - 90 mm width

=  Maximum fig. size - 120 mm width

Pixel requirements (width) per print size and resolution for bitmap images:

Image width A B C
Minimal size 30 mm 354 591 1181
Small size 60 mm 709 1181 2362
Large size 90 mm 1063 1772 3543
Maximal size 120 mm 1417 2362 4724

A: 300 dpi > RGB or Greyscale image
B: 500 dpi > Combination artwork (line/greyscale/RGB)
C: 1000 dpi> Line artwork



The designation of physical quantities and graphs formatting

The designation of physical quantities on figures must be in italic, whereas the units are in
upright letters. They should be in Times New Roman font. In graphs a slash should be used to
separate the designation of a physical quantity from the unit (example: p / kPa, t °C, To/K,
z/h, In (j/ mA cm?)...). Designations such as: p (kPa), t [min]..., are not acceptable. However,
if the full name of a physical quantity is unavoiable, it should be given in upright letters and
separated from the unit by a comma (example: Pressure, kPa, Temperature, K...). Please do not
use the axes of graphs for additional explanations; these should be mentioned in the figure
captions and/or the manuscript (example: “pressure at the inlet of the system, kPa” should be
avoided). The axis name should follow the direction of the axis (the hame of y-axis should be
rotated by 90°). Top and right axes should be avoided in diagrams, unless they are absolutely
necessary. Decimal numbers must have decimal points and not commas in the axis labels in
graphical presentations of results. Thousands are separated, if at all, by a comma and not a point.

\ 3w amw® am0® amw? 3wt jam” :,4»;/‘

log K

INCORRECT
087 & 0.10 mol dm® NaOH
® 0.50 mol dm™ NaOH
4.2
‘TA .
© 1.6
X
£ ®
2.0
2.4 T T T T T v 1
3.10 3.20 3.30 3.40
i K

CORRECT



Journal of

the Serbian
i Chemical Society
%%gg”“m'“\’\*’\e\;&; JSCS-info@shd.org.rs » www.shd.org.rs/JSCS

J. Serb. Chem. Soc. Vol. 87, No. 6 (2022)

CONTENTS*

Organic Chemistry

N. Terzi¢-Jovanovié and V. Ajdaci¢: Palladium on carbon in PEG-400/cyclohexane:
Recoverable and recyclable catalytic system for efficient decarbonylation of alde-
DY@ - e et ettt et s he et e aeesae et e 669

Biochemistry and Biotechnology

G. Menghiu, R. Prodanovi¢, M. Blazi¢, M. Mincea, C. Moraru and V. Ostafe: Non-con-
ventional expression of recombinant chitinase A originating from Bacillus lichen-
iformis DSM8785, in Saccharomyces cerevisiae INVSCl ......ccccoevevvveviieciinieieenenne. 677

Theoretical Chemistry

R. A. da Costa, J. A. P. da Rocha, A. S. Pinheiro, A. S. S. da Costa, E. C. M. da Rocha, L.
P. C. Josino, A. da Silva Gongalves, A. H. L. Lima and D. S. B. Brasil: In silico
identification of novel allosteric inhibitors of Dengue virus NS2B/NS3 serine pro-
TEASE ..ttt a bbb n s 693

N. Acharjee, H. A. Mohammad-Salim and M. Chakraborty: Unveiling the regioselective
synthesis of antiviral 5-isoxazol-5-yl-2'-deoxyuridines from the perspective of a
molecular electron density theory ..........cocieeiiiiriiieiee e 707

Analytical Chemistry

S. Pogo Mracevié, S. Razi¢, J. Trisi¢, N. Mitrovi¢ and D. Puki¢-Cosié: Toxic elements in
children’s crayons and colored pencils: Bioaccessibility assessment .............cc.c.ee..ee 723

Thermodynamics

N. Setoodeh and A. Ameri: Correlation of the solubility of solid hydrocarbons in super-
critical CO, using different equations of state and mixing rules.............ccoeveeevereennnnne 735

Materials

A. M. Kalijadis, M. M. Maleti¢, A. Z. Bjelajac, B. M. Babi¢, T. Z. Minovi¢ Arsi¢ and M.
M. Vukcevi¢: Influence of boron doping on characteristics of glucose-based hydro-
thermal CarbONS .....ccuevuiiiiiicice ettt 749

Environmental

U. D. Jovanovié, M. M. Markovi¢, B. M. Cokesa, N. V. Zivkovi¢ and S. B. Radmanovic-
Self-aggregation of soil humic acids with respect to their structural characteristics... 761

S. Pordievski, H. Yemendzhiev, R. Koleva, V. Nenov, D. Medi¢, V. Trifunovi¢ and A.
Maksimovi¢: Application of microbial fuel cell for simultaneous treatment of
metallurgical and municipal wastewater — A laboratory study .........ccccooceevervienceniene 775

Published by the Serbian Chemical Society
Karnegijeva 4/111, P.O. Box 36, 11120 Belgrade, Serbia
Printed by the Faculty of Technology and Metallurgy
Karnegijeva 4, P.O. Box 35-03, 11120 Belgrade, Serbia

* For colored figures in this issue please see electronic version at the Journal Home Page:
http://www.shd.org.rs/JSCS/

Available on line at www.shd.org.rs/JSCS/

(CC) 2022 SCS.




Journal of

. @
the Serbian
g . .
_ > Chemical Society
R\
700017 /5 % JSCS@tmf.bg.ac.rs « www.shd.org.rs/JSCS
J. Serb. Chem. Soc. 87 (6) 669-675 (2022) Original scientific paper
JSCS-5549 Published 28 April 2022

Palladium on carbon in PEG-400/cyclohexane: Recoverable and
recyclable catalytic system for efficient decarbonylation of
aldehydes

NATASA TERZIC-JOVANOVIC! and VLADIMIR AJDACIC2##

!University of Belgrade — Institute of Chemistry, Technology and Metallurgy, National
Institute of the Republic of Serbia, Njegoseva 12, 11000 Belgrade, Serbia and 2Innovative
Centre Ltd., Faculty of Chemistry, Studentski Trg 12—16, 11158 Belgrade, Serbia

(Received 28 January, revised 28 February, accepted 7 March 2022)

Abstract. A simple methodology for the decarbonylation of aldehydes catalysed
by commercially available palladium on carbon in a green two-solvent system
is reported. Various aromatic, aliphatic and heteroaromatic aldehydes were
transformed to the corresponding decarbonylated products in good yields. Pro-
duct isolation from the reaction mixture is simple in practice, and the catalyst
can be reused three times.

Keywords: green chemistry; defunctionalization; heterogeneous catalysis.

INTRODUCTION

The transformation of aldehydes into hydrocarbons (deformylation/decar-
bonylation) promoted by enzymes,! transition-metals? or metal-free reagents3 is
an important reaction in academic research? and industry.5 The aldehyde group is
an useful promoter of certain transformations, such as the Diels—Alder reaction,
C—H activation, and domino oxa-Michael-aldol reaction, and its simple removal
via decarbonylation after it has served its purpose has been extensively applied in
numerous methodologies® and in the synthesis of complex molecules and natural
products.” Some metals of the first, second and third transition series, including
Ni,8 Ru,” Rh,10 Pd!! and Ir!2 as well as complexes thereof, efficiently perform
the mentioned transformation (Fig. 1). However, the toxicity and high cost of
these metals is a major drawback from an economic and environmental point of
view. Therefore, the use of recyclable heterogeneous catalysts for decarbonyl-
ation is both a greener and more economical alternative to homogeneous cat-
alysis.13

* Corresponding author. E-mail: ajdacic@chem.bg.ac.rs
# Serbian Chemical Society member.
https://doi.org/10.2298/JSC220128024T

669

Available on line at www.shd.org.rs/JSCS/

(CC) 2022 SCS.




670 TERZIC-JOVANOVIC and AJDACIC

oo |
26 ) (27 ) | 28
44 46

1 [0s)(Ir) (Pt .
;'\rC‘H ALY S8 L5 Y \r + CO
N o 9 Yo
. C\M,H
\r Fig. 1. Decarbonylation of aldehydes pro-
7 Via moted by transition-metals.

EXPERIMENTAL
The general information

Pd/C (10 wt.% loading) was purchased from Sigma Aldrich. Aldehydes were mostly
obtained from commercial sources and used without further purification, except for the 1-ada-
mantanecarboxaldehyde,!4 1-adamantaneacetaldehyde,!* 1-prop-2-yn-1-yl-1H-indole-3-carb-
aldehyde!’ and 1-benzyl-1H-indole-3-carbaldehyde,!> which were synthesized according to
known procedures. Unless stated otherwise, solvents and other reagents were obtained from
commercial sources and used without further purification. Dry-flash chromatography was per-
formed on SiO, (0.018-0.032 mm). 'H- and !3C-NMR spectra were recorded on a Bruker
Ultrashield Avance III spectrometer (at 500 and 125 MHz, respectively) and Varian 400/54
Premium Shielded spectrometer (at 400 and 101 MHz, respectively) using CDCl; (unless
stated otherwise) as the solvent and tetramethylsilane (TMS) as an internal standard. The
chemical shifts are expressed in ppm on the J scale and they were calibrated relative to those
of the solvent. GC-MS spectra of the synthesized compounds were acquired on an Agilent
Technologies 7890A apparatus equipped with a DB-5 MS column (30 mx0.25 mmx0.25 um),
a 5975C MSD and FID detector. The selected values are as follows: carrier gas was He (1.0
mL/min), temperature linearly increased from 40-315 °C (10 °C/min), injection volume: 1
pL, temperature: 250 °C, temperature (FID detector): 300 °C, and EI mass spectra range: m/z
40-550. For determination of GC-MS yield, the internal standard (naphthalene) was added to
the reaction mixture after the workup.

General procedure for decarbonylation of aldehydes 2a—n

Decarbonylation of biphenyl-4-carbaldehyde to biphenyl (2a) (CAS Reg. No. 92-52-4).
Dry glass reaction tube purged with argon and equipped with a magnetic stir bar was charged
with aldehyde (90 mg, 0.5 mmol), Pd/C (26 mg, 5 mol.% Pd), cyclohexane (750 pL) and
PEG-400 (750 pL). The sealed tube was heated at 140 °C for 24 h. The reaction medium was
then cooled to room temperature. The mixture of water and cyclohexane was then added to the
reaction mixture. The layers were afterwards separated and the aqueous layer was washed
with cyclohexane (5x5 mL). The organic layer was dried over Na,SOy,, and the solvent was
evaporated under reduced pressure. Compound 2a was obtained after dry-flash column chro-
matography (SiO,:cyclohexane) as a white solid (69.0 mg, 90 %).

Decarbonylation of 2-naphthaldehyde to naphthalene (2b) (CAS Reg. No. 91-20-3).
Following the general procedure for decarbonylation, compound 2b was prepared from alde-
hyde (78.0 mg, 0.5 mmol) using Pd/C (26.0 mg, 5 mol.% Pd) in a mixture of cyclohexane
(750 pL) and PEG-400 (750 pL) and was obtained after dry-flash column chromatography
(SiO,:cyclohexane) as a white solid (45.1 mg, 70 %).
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Decarbonylation of anthracene-9-carbaldehyde to anthracene (2c) (CAS Reg. No. 120-
-12-7). Following the general procedure for decarbonylation, compound 2¢ was prepared from
aldehyde (103.2 mg, 0.5 mmol) using Pd/C (26.0 mg, 5 mol % Pd) in a mixture of cyclohex-
ane (750 pL) and PEG-400 (750 pL) and was obtained after dry-flash column chromatography
(SiO,:cyclohexane) as a white crystalline solid (73.2 mg, 82 %).

Decarbonylation of 4-nitrobenzaldehyde to nitrobenzene (2d) (CAS Reg. No. 98-95-3).
Following the general procedure for decarbonylation, compound 2d was prepared from alde-
hyde (75.6 mg, 0.5 mmol) using Pd/C (26.0 mg, 5 mol % Pd) in a mixture of cyclohexane
(750 pL) and PEG-400 (750 pL) and was obtained as a yellow oil (GC-MS yield 90 % based
on naphthalene).

Decarbonylation of 5-fluoro-2-methoxybenzaldehyde to 4-fluoroanisol (2e) (CAS Reg.
No. 459-60-9). Following the general procedure for decarbonylation, compound 2e was pre-
pared from aldehyde (77 mg, 0.5 mmol) using Pd/C (26 mg, 5 mol % Pd) in a mixture of cyc-
lohexane (750 uL) and PEG-400 (750 pL) (GC-MS yield 60 % based on methyl benzoate as
standard).

Decarbonylation of diphenylacetaldehyde to diphenylmethyl (2h) (CAS Reg. No. 101-81-
-5). Following the general procedure for decarbonylation, compound 2h was prepared from
aldehyde (89 uL, 0.5 mmol) using Pd/C (26.0 mg, 5 mol % Pd) in a mixture of cyclohexane
(750 pL) and PEG-400 (750 pL) and was obtained after dry-flash column chromatography
(SiO,:cyclohexane) as a colorless oil (78.1 mg, 93 %).

Decarbonylation of 3-(1,3-benzodioxol-5-yl)-2-methylpropanal to dihydrosafrole (2i)
(CAS Reg. No. 94-58-6). Following the general procedure for decarbonylation, compound 2i
was prepared from aldehyde (83 puL, 0.5 mmol) using Pd/C (26 mg, 5 mol % Pd) in a mixture
of cyclohexane (750 pL) and PEG-400 (750 pL) and was obtained after dry-flash column
chromatography (SiO,:cyclohexane) as a colorless oil (59.3 mg, 72 %).

Decarbonylation of 1-adamantanecarboxaldehyde to adamantane (2j) (CAS Reg. No.
281-23-2). Following the general procedure for decarbonylation, compound 2j was prepared
from aldehyde (82.3 mg, 0.5 mmol) using Pd/C (26.0 mg, 5 mol % Pd) in a mixure of cyclo-
hexane (750 pL) and PEG-400 (750 pL) and was obtained after dry-flash column chromato-
graphy (SiO;:cyclohexane) as a colorless solid (67.3 mg, 84 %).

Decarbonylation of 1-adamantaneacetaldehyde to 1-methyl adamantane (2k) (CAS Reg.
No. 768-91-2). Following the general procedure for decarbonylation, compound 2k was pre-
pared from aldehyde (89.1 mg, 0.5 mmol) using Pd/C (26.0 mg, 5 mol % Pd) in a mixure of
cyclohexane (750 puL) and PEG-400 (750 puL) and was obtained after dry-flash column chro-
matography (SiO,:cyclohexane) as a colorless solid (74.0 mg, 73 %).

Decarbonylation of benzo[b]Jthiophene-3-carboxaldehyde to benzo[b]thiophene (2I)
(CAS Reg. No. 95-15-8). Following the general procedure for decarbonylation, compound 21
was prepared from aldehyde (81.1 mg, 0.5 mmol) using Pd/C (26.0 mg, 5 mol % Pd) in a mix-
ture of cyclohexane (750 puL) and PEG-400 (750 uL) and was obtained after dry-flash column
chromatography (SiO,:cyclohexane) as a colorless solid (47.1 mg, 70 %).

Decarbonylation of 1-prop-2-yn-1-yl-1H-indole-3-carbaldehyde to I-prop-2-yn-1-yl-
-1H-indole (2m) (CAS Reg. No. 19017-00-6). Following the general procedure for decarbonyl-
ation, compound 2m was prepared from aldehyde (92.3 mg, 0.5 mmol) using Pd/C (26.1 mg,
5 mol % Pd) in a mixure of cyclohexane (750 uL) and PEG-400 (750 pL) and was obtained
after dry-flash column chromatography (SiO,:cyclohexane) as a colorless solid (53.3 mg, 68 %).

Decarbonylation of 1-benzyl-1H-indole-3-carbaldehyde to 1-benzyl-1H-indole (2n)
(CAS Reg. No. 3377-71-7). Following the general procedure for decarbonylation, compound
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2n was prepared from aldehyde (89.2 mg, 0.5 mmol) using Pd/C (118.0 mg, 5 mol % Pd) in a
mixture of cyclohexane (750 uL) and PEG-400 (750 uL) and was obtained after dry-flash col-
umn chromatography (SiO,:cyclohexane) as a colorless solid (68.0 mg, 66 %).

Spectral data of the compounds are given in Supplementary material to this paper
Recycling of Pd/C and PEG-400 catalytic system for decarbonylation of aldehyde (1a)

Dry glass reaction tube purged with argon and equipped with a magnetic stir bar was
charged with aldehyde (1a, 90 mg, 0.5 mmol), Pd/C (26 mg, 5 mol % Pd), cyclohexane (750
pL) and PEG-400 (750 pL). The sealed tube was heated at 140 °C for 24 h. After the com-
pletion of the reaction, the cyclohexane layer was decanted with a pipette and PEG-400 layer
was washed with cyclohexane (52 mL). The formed residue (Pd/C in PEG-400) was used for
next reaction cycles following the general reaction procedure.

RESULTS AND DISCUSSION
Herein we report the efficient decarbonylation of aromatic, heteroaromatic
and aliphatic aldehydes mediated by palladium on carbon in ecologically
acceptable solvents, cyclohexane and PEG-400. To determine the optimal react-

ion conditions, biphenyl-4-carboxaldehyde (1a) was used as the model substrate
(TABLE I).

TABLE I. Optimization of reaction conditions

0,
Argon

1a 2a
Entry Solvent t/°C Time, h Yield?, %
1 H,0 160 24 trace
2 PEG-400 140 24 42
3 PEG-400 140 44 26
4 PEG-400/ cyclohexane (1:1, v,v) 140 24 90
Isolated yield

The initial conditions of 5 mol % palladium on carbon in HyO at 160 °C
provided only trace amounts of the corresponding decarbonylated product (entry
1). When PEG-400 was used instead of HO, the yield increased to 42 % (entry
2). Increasing the reaction time from 24 to 44 h led to a significant reduction in
the yield (26 %, entry 3). After a detailed analysis of the reaction mixture, it was
found that the reduced yield resulted from product evaporation. Finally, the addi-
tion of cyclohexane as a co-solvent increased the yield to 90 %.

To our surprise, after the reaction mixture had cooled, the catalyst particles
were located exclusively in the PEG-400 layer (Fig. 2).

The product was isolated by careful decantation of cyclohexane and addi-
tional extraction of the PEG-400 layer with cyclohexane. The residual catalyst in
PEG-400 was used successively three more times under the same reaction con-
ditions, without a significant loss of activity (Fig. 3).
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‘ Fig. 2. Reaction mixture after completion of the reaction.

Employing the optimized decarbonylation conditions, the aldehyde substrate
scope was investigated (Scheme 1). The non-functional polycyclic aromatic alde-
hydes (1a—c¢) were efficiently decarbonylated and the corresponding products
(2a—c) were obtained in good yields. Benzaldehyde bearing an electron-with-
drawing substituent (NO;) 1d generated the desired product 2d in high yield.
2-Fluoro-4-methoxybenzaldehyde afforded the decarbonylated product 2e in
moderate yield. In the case of 4-bromobenzaldehyde (1f) and 4-formylbenzoic
acid (1g) there was no reaction.

100

90 88
- 73 71
ol
40 |
.
o) NS Fig 3. Reusability of the Pd/C/PEG-400

Reaction cycle number catalytic system.

Yield, %

The substrate scope was then extended to aliphatic aldehydes. The aliphatic
aldehydes with an aromatic core successfully produced the desired products (2h,
and i) in good to excellent yields. Furthermore, the methodology was applied to
the sterically demanding aldehydes, adamantane-1-carbaldehyde (1j) and 1-ada-
mantylacetaldehyde (1k). The decarbonylated products, adamantane (2j) and
methyladamantane (2k) were isolated in good yields. The decarbonylation of
several heterocyclic aldehydes was also explored under the optimal reaction con-
ditions. The decarbonylation of benzo[b]thiophene-3-carboxaldehyde (11) afforded
the desired product benzo[b]thiophene (21) in good yield. In addition, the N-sub-
stituted indole derivates (1m and n) gave the corresponding decarbonylated pro-
ducts (2m and n) in good yields.
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Pd/C (5 mol.%)

2 PEG-400/cyclohexane
O)'LH (1:1, viv) OH
140°C, Ar, 24 h

1a-n 2a-n
H
H
O~ 200
2a, 90 %*® 2b, 70 %* 2c, 82 %*®
H H H H
,CFF
MeO
NO, Br COOH
2d, 90 %° 2e, 60 %° 21,0 % 29,0%
H H H
O oY i@ @
O O o H
2h, 93 % 2i, 72 %° 2j,84 %% 2k, 73 %2
H H H
s N N
“ph L\::
21, 70 %°? 2m, 68 %2 2n, 66 %*

? |solated yield
® Yields by GC/MS with naphthalene as an internal standard

Scheme 1. Substrate scope.

CONCLUSION

To conclude, the ligand-free palladium-on-carbon-catalysed decarbonylation
of aldehydes in ecologically acceptable solvents as an alternative to homogene-
ous catalysis was reported in this study. Various aldehydes were successfully
decarbonylated in moderate to excellent yields. The formation of byproducts
during the reaction and chromatography was not observed. Also, Pd/C and PEG-
-400 system could be recycled and reused in at least four consecutive reaction
cycles, without significant loss of catalytic activity.

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/11599, or from the corres-
ponding author on request.
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U3BOJ

[MAJTAIWJYM HA YIJBEHUKY ¥V PEG-400/LIUKJIOXEKCAHY: KATAJIMTUYKHU CUCTEM

KOJHU CE MOXE PEHUKJIMPATH U ITOHOBO YIIOTPEBUTH 3A EOUKACHO
JEKAPBOHUJIOBAILE AJINEXUIA

HATAIIA TEP3UR-JOBAHOBUR' 1 BIAIIUMUP AJJAUMR®

1Yuueep3umeu7y Beoipagy, Hncuiuitiyin 3a xemujy, exnonoiujy u mewanypiujy (MXTM), Fbeiowesa 12,

11000 Beoipag u *Unosayuonu uenmap Xemujckol paxynimetma, Cygeniticku wpi 12—16, 11000 Beoipag

Pa3Byjena je jemHOCTaBHA MeTOza 3a HeKapbOHWIOBaWe alfexuna Kopuctehu koMepLu-

jaJIHO HOCTYNHY NalalujyM Ha YIJbeHHKY y3 ynoTpedy 3eeHHX pacTBapaya. Pasnuuutu apo-
MaTHYHH, anu(aTHYHH U XeTePOaPOMATHUHHU aJIJIeXUId MOTy ce TpaHChHOPMHCATH Y JeKap-
OoHumIOBaHe NPOU3BOAE y AOOPOM NpHUHOCY U De3 HacTajama CIOPeAHUX NpousBoda. ITpous-
BOZIU C€ jeJHOCTaBHO H30/10jy U3 peaKklHOHe CMelle, a UCTU KaTaau3aTop Ce MOXe YIOTpe-
dutu jou Tpu nyTa He3 3HaUajHOT CMamemha MPHUHOCA.
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(TTpumisero 28. janyapa, pesunupano 28. dhedpyapa, mpuxsaheno 7. mapra 2022)

REFERENCES

N. Li, H. Norgaard, D. M. Warui, S. J. Booker, C. Krebs, J. M. B., Jr., J. Am. Chem. Soc.
133 (2011) 6158 (https://doi.org/10.1021/ja2013517)

A. Modak, D. Maiti, Org. Biomol. Chem. 14 (2016) 21
(https://doi.org/10.1039/C50B01949D)

. V. Ajdaci¢, S. Stepanovi¢, M. Zlatovica, M. Grudena, I. M. Opsenica, Synthesis 48

(2016) 4423 (https://doi.org/10.1055/s-0035-1562615)

A G. J. S. Dawes, E. L. Scott, J. Le Nétre, J. P. M. Sanders, J. H. Bitter, Green Chem. 17
(2015) 3231 (https://doi.org/10.1039/C5GC00023H)

U. K. Bagha, J. K. Satpathy, G. Mukherjee, C. V. Sastri, S. P. de Visser, Org. Biomol.
Chem. 19 (2021) 1879 (https://doi.org/10.1039/D00OB02204G)

H. Lu, T.-Y. Yu, P.-F. Xu, H. Wei, Chem. Rev. 121 (2021) 365
(https://doi.org/10.1021/acs.chemrev.0c00153)

7. Selakovié, A. M. Nikoli¢, V. Ajdaci¢, 1. M. Opsenica, Eur. J. Org. Chem. (2022)
(https://doi.org/10.1002/ej0c.202101265)

. K. Ding, S. Xu, R. Alotaibi, K. Paudel, E. W. Reinheimer, J. Weatherly, J. Org. Chem. 82

(2017) 4924 (https://doi.org/10.1021/acs.joc.7b00284)

G. Domazetis, B. Tarpey, D. Dolphin, B. R. James, J. Chem. Soc. Chem. Commun. (1980)
939 (https://doi.org/10.1039/C39800000939)

M. Kreis, A. Palmelund, L. Bunch, R. Madsen, Adv. Synth. Catal. 348 (2006) 2148
(https://doi.org/10.1002/adsc.200600228)

V. Ajdaci¢, A. Nikoli¢, M. Kerner, P. Wipf, I. M. Opsenica, Synlett 29 (2018)
1781(https://doi.org/10.1055/s-0037-1610433)

T. Iwai, T. Fujihara, Y. Tsuji, Chem. Commun. 46 (2008) 6215
(https://doi.org/10.1039/B813171F)

V. Ajdacié¢, A. Nikoli¢, S. Simi¢, D. Manojlovi¢, Z. Stojanovic¢, J. Nikodinovi¢-Runié, 1.
M. Opsenica, Synthesis 50 (2018) 119 (https://doi.org/10.1055/5-0036-1590892).

N. Terzic, J. Konstantinovic, M. Tot, J. Burojevic, O. Djurkovic-Djakovic, J. Srbljanovic,
T. Stajner, T. Verbic, M. Zlatovic, M. Machado, I.S. Albuquerque, M. Prudencio, R. J.
Sciotti, S. Pecic, S. D’Alessandro, D. Taramelli, B. Solaja, J. Med. Chem. 59 (2016) 264
(https://doi.org/10.1021/acs.jmedchem.5b01374)

Y. Sawama, Y. Miki, H. Sajiki, Synlett 31 (2020) 699 (https://doi.org/10.1055/s-0040-
1707993).

Available on line at www.shd.org.rs/JSCS/

(CC) 2022 SCS.



g Jpian Chep, s
Journal of
the Serbian
Y Chemical Society
%%s 000”.“\}79“3@00 JSCS@tmft.bg.ac.rs » www.shd.org.rs/JSCS
J. Serb. Chem. Soc. 87 (6) S135-S147 (2022) Supplementary material

SUPPLEMENTARY MATERIAL TO
Palladium on carbon in PEG-400/cyclohexane: Recoverable and
recyclable catalytic system for efficient decarbonylation of
aldehydes

NATASA TERZIC-JOVANOVIC! and VLADIMIR AJDACIC2*

!University of Belgrade — Institute of Chemistry, Technology and Metallurgy, National
Institute of the Republic of Serbia, Njegoseva 12, 11000 Belgrade, Serbia and 2Innovative
Centre Ltd., Faculty of Chemistry, Studentski Trg 12—16, 11158 Belgrade, Serbia

J. Serb. Chem. Soc. 87 (6) (2022) 669—675

SPECTRAL DATA OF THE SYNTHESIZED COMPOUNDS

Biphenyl-4-carbaldehyde to biphenyl (2a). "TH-NMR (500 MHz, CDCls, 6 / ppm): 7.60—
7.55 (m, 4H), 7.45-7.40 (m, 4H), 7.36-7.31 (m, 2H). 3C-NMR (125 MHz, CDCls, 6 / ppm):
141.2, 128.7, 127.2, 127.2. EI-MS (m/z (%)): 154.1 [M]" (100), 153.1 (38), 152.1 (26), 76.1

).

2-Naphthaldehyde to naphthalene (2b). "H-NMR (500 MHz, CDCls, § / ppm): 7.89 (dd,
Ji = 8.0 Hz, J, = 4.0 Hz, 4H), 7.53 (dd, J, = 8.0 Hz, J, = 4.0 Hz,4H). 3C-NMR (125 MHz,
CDCl3, 6 / ppm): 133.6, 128.0, 126.0. EI-MS (m/z (%)): 128.2 [M]* (100), 127.1 (16), 83.7
(11), 48.9 (16).

Anthracene-9-carbaldehyde to anthracene (2¢). "H-NMR (500 MHz, CDCls, J / ppm):
8.42 (s, 2 H), 8.05-7.95 (m, 4 H), 7.50-7.45 (m, 4 H). 3C-NMR (125 MHz, CDCl;, ¢ /
ppm): 131.7, 128.1, 126.2, 125.3. EI-MS (m/z (%)): 178.1 [M]* (100), 176.0 (18), 152.0 (7),
89.2 (8).

4-Nitrobenzaldehyde to nitrobenzene (2d). EI-MS (m/z (%)): 123.0 [M]" (66), 93.1 (13),
77.0 (100), 51.1 (39).

5-Fluoro-2-methoxybenzaldehyde to 4-fluoroanisol (2e). EI-MS(m/z (%)): 126.0 [M]*
(100), 96.0 (71), 83.1 (40), 57.1 (14).

Diphenylacetaldehyde to diphenylmethyl (2h). '"H-NMR (400 MHz, CDCl;, § / ppm):
7.33-7.23 (m, 4H), 7.30-7.20 (m, 6H), 3.97 (s, 2H). *C-NMR (101 MHz, CDCl;, J / ppm):
140.9, 128.8, 128.3, 125.9, 41.8. EI-MS (m/z (%)): 168.1 [M]" (100). 152,1 (30), 91.1 (20).

3-(1,3-Benzodioxol-5-yl)-2-methylpropanal to dihydrosafrole (2i). '"H-NMR (400 MHz,
CDCl;, 6 / ppm): 6.79-6.56 (m, 3H), 5.90 (s, 2H), 2.50 (dd, J, = 8.5 Hz, J, = 6.7 Hz, 2H),
1.59 (d, J = 7.5 Hz, 2H), 1.26 (s, 2H), 0.92 (¢, J = 7.3 Hz, 3H). 3C-NMR (101 MHz, CDCl;,
o/ ppm): 147.3, 145.2, 136.4, 120.9, 108.7, 107.8, 100.5, 37.6, 29.5, 24.6, 13.5. EI-MS (m/z
(%)): 164.1 [M]* (40), 135,1 (100), 105,1 (10), 77,1 (20).

* Corresponding author. E-mail: ajdacic@chem.bg.ac.rs
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1-Adamantanecarboxaldehyde to adamantane (2j). '"H-NMR (400 MHz, CDCls, & /
ppm): 1.86 (bs, 4H), 1.74 (bs, 12H). 3C-NMR (101 MHz, CDCls, § / ppm): 38.2, 28.8. EI-
-MS (m/z (%)): 136.1 [M]* (100), 121.1 (10), 107,1 (10), 93,1 (40), 79,1 (40).

1-Adamantaneacetaldehyde to 1-methyl adamantane (2k). '"H-NMR (400 MHz, CDCl;, 6
/ ppm): 1.92 (bs, 3H), 1.56-1.72 (m, 6H), 1.45 (d, J = 2.8 Hz, 6H), 0.76 (s, 3H). 3C-
-NMR (125 MHz, CDCl;, 6 / ppm): 44.8, 37.1, 31,6, 29,0, 27.1. EI-MS (m/z (%)): 150.1 [M]*
(20), 135,1 (100), 107,1 (10), 93,1 (30), 79,1 (20).

Benzo[b]thiophene-3-carboxaldehyde to benzo[b]thiophene (21). 'H-NMR (500 MHz,
CDCls, 0 / ppm): 7.88 (d, J = 8.0 Hz, 1H), 7.80-7.84 (m, 1H), 7.43 (d, J = 5.5 Hz, H), 7.30—
7.37 (m, 3H). 13C-NMR (125 MHz, CDCls, § / ppm): 139.7, 139.6, 126.3, 124.2, 124.1, 123.8,
123.6, 122.5. EI-MS (m/z (%)): 134.0 [M]* (100), 128.1 (14), 89.1 (10).

1-Prop-2-yn-1-yl-1H-indole-3-carbaldehyde to I-prop-2-yn-1-yl-1H-indole (2m). 'H-
NMR (400 MHz, CDCls, ¢ / ppm): 7.68-7.60 (m, 1H), 7.29-7.06 (m, 9H), 6.54 (dd, J, = 3.2,
Hz, J, = 0.8 Hz, 1H), 5.27 (s, 2H). 3C-NMR (101 MHz, CDCls, 6 / ppm): 137.7, 136.4,
128.9, 128.8, 128.0, 127.7, 121.8, 121.1, 119.6, 109.8, 101.8, 50.2. EI-MS (m/z (%)): 207.1
[M]* (70), 91,1 (100), 65,1 (20).
1-Benzyl-1H-indole-3-carbaldehyde to 1-benzyl-1H-indole (2n). 'H-NMR (400 MHz, CDCl;,
o/ ppm): 7.62 (dt, J, =7.9 Hz, J, = 1.0 Hz, 1H), 7.36 (dd, J, = 8.2 Hz, J, = 0.9 Hz, 1H), 7.23
(d,J=1.2Hz, 1H), 7.18-7.08 (m, 2H), 6.51 (dd, J; = 3.2 Hz, J, = 0.9 Hz, 2H), 4.79 (d, J=2.5
Hz, 2H), 2.37 (¢, J = 2.6 Hz, 1H). 13C-NMR (125 MHz, CDCls, 6 / ppm): 135.6, 128.7, 127.0,
121.7, 121.0, 120.9; 119.7, 109.1, 101.9, 73.3, 35.5. EI-MS (m/z (%)): 154.1 [M]* (100),
127,1 (10), 116,1 (30), 89,1 (20).

i bb

b

Fig. S-1. IH-NMR spectra of compound 2a.
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Fig. S-2. 13C-NMR spectra of compound 2a.
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Fig. S-3. 'H-NMR spectra of compound 2b.
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Fig. S-5. 'H-NMR spectra of compound 2c.
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Fig. S-7. 'H-NMR spectra of compound 2h.
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Fig. S-8. 13C-NMR spectra of compound 2h.
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Fig. S-14. 13C-NMR spectra of compound 2Kk.
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Fig. S-16. 13C-NMR spectra of compound 21.
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Abstract: Chitinases are glycosyl hydrolases, that cleave the f-1,4 linkage
between N-acetyl glucosamines present in chitin chains. Chitin is the second
most abundant polysaccharide on Earth after cellulose, and it is produced in the
exoskeleton of crustaceans and insects, and in some parts of the cell walls of
fungi. Enzymatic development and the extraction of superior derivatives from
chitin wastes — such as chitooligosaccharides with vast importance in the medi-
cal and biofuels industry — lead to the necessity of creating chitinases using dif-
ferent strains of organisms. In this paper, the chiA gene from the Bacillus lich-
eniformis DSM8785 encoding chitinase A (ChiA) with C-terminal hexahistid-
ine tag was cloned and expressed in the extracellular expression system pYES2
from Saccharomyces cerevisiae INVScl as a hyperglycosylated enzyme. The
production of recombinant ChiA was successfully confirmed by dot blotting,
using anti-His antibodies. The optimal time of expression was identified to be
24 h when galactose was added only at the beginning of fermentation, the chit-
inase activity starting to decrease after this threshold. Nevertheless, in another
experiment, when galactose was added every 24 h for 72 h, the expression con-
tinued for the entire period. The purified enzyme was detected, using sodium
dodecyl sulphate—polyacrylamide gel electrophoresis (SDS-PAGE), as a het-
erogeneous diffuse band between 80 and 180 kDa. The molecular mass of the
same ChiA enzyme expressed in Pichia pastoris KM71H and Escherichia coli
BL21 (DE3) was compared using SDS-PAGE with ChiA expressed in S. cere-
visiae INVScl. The activity of ChiA was determined using the fluorogenic
substrate, 4-methylumbelliferyl f-D-N,N,N-triacetylchitotrioside (4MUTC).
Using a bioinformatics simulation, the number of the glycolsylation sites of the
ChiA gene sequence and the proximity of these sites to the alpha factor sequ-
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ence were hypothesized to be a possible reason for which ChiA enzyme was
internally expressed.

Keywords: chitinolytic enzymes; molecular cloning; dot blotting, fluorescent
assay; glycosylation.

INTRODUCTION

Chitinases (EC 3.2.2.14) are glycosyl hydrolases that hydrolyze the S-1,4
linkage of the N-acetyl glucosamine group in chitin chains.! The production of
chitinases is an important step in the bioconversion process of treating shellfish
waste, resulting in proteins for animal and aquaculture feed and in valuable chito-
oligomers. The production of chitinase enzymes is presently unprofitable due to
the high prices of commercially available chitinases. A more efficient and eco-
nomically reliable process is essential for chitin exploitation and the management
of shellfish wastes.? Genetic engineering technology offers a method to approach
this problem by using recombinant enzymes. Recombinant enzymes, which are
used in biotechnology or in waste management, require high thermostability. The
glycosylated proteins are more stable at higher temperatures compared to their
non-glycosylated counterparts. As a general rule, when proteins are expressed by
Escherichia coli and other types of bacteria, a glycosylation portion is not added
to the protein. For eukaryotic cells, glycosylation constituents are usually added
to the expressed proteins, helping secretion outside the cells. The glycosylation
pattern is species dependent. For example, Saccharomyces cerevisiae usually
creates a hyperglycosylation pattern that depends on the primary structure of the
protein, while Pichia pastoris creates a rather frequent and repetitive glycosyl-
ation pattern, similar to all types of expressed proteins.3 While glycosylation of
P. pastoris can have 20 residues in length, S. cerevisiae exceeds 100 residues.

It is well known that glycosylated proteins and enzymes are more thermo-
stable than less or aglycosylated variants, therefore strains with glycosylation
pathways are often preferred for production of proteins. One of the most well-
known strains that can create hyperglycosylated enzymes is S. cerevisiae. In con-
trast with other yeasts, such as P. pastoris, the endoplasmic reticulum (ER) of S.
cerevisiae involved in the glycosylation process is dispersed differently in the
cells.# This feature makes S. cerevisiae a model organism with regard to its mode
of glycosylation. This yeast is also an attractive host for the production of recom-
binant proteins, enzymes and different pharmaceuticals.> Other advantages
offered by these systems are well-defined DNA transformation and secretory sys-
tem (the ability to secrete biologically active enzymes into the culture medium),
rapid growth, and the simple and inexpensive culture media.® It is therefore a
very attractive system for the production of industrial enzymes, such as chitinase,
a-amylase, xylanase, f-glucanase and human therapeutic proteins.’
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In the present paper, the chitinase A gene from Bacillus licheniformis
DSM8785 was cloned and expressed in S. cerevisiae INVScl. The optimal time
of expression was investigated when galactose was added only at the beginning
of induction or every day during fermentation. The ChiA was purified from S.
cerevisiae INVScl cells and its molecular mass was compared to the same ChiA
expressed by P. pastoris KM71H and E. coli BL21 (DE3).

EXPERIMENTAL
Chemicals, enzymes and antibodies

The chemicals were purchased from Carl Roth and Sigma-Aldrich, Germany. The res-
triction enzymes Kpn I and Bam HI, T4 DNA ligase, Dpn I; calf intestinal alkaline phosphat-
ase (CIAP) and PNGase F kit were purchased from Thermo Fisher Scientific or New England
Biolabs, Ipswich, MA, USA. The DNA purification kit, plasmid purification columns (Nuc-
leoSpin®) and PCR products were supplied by Macherey-Nagel, Germany. Pfu HF DNA
polymerase and Taq DNA polymerase were bought from Agilent Technology, Santa Clara,
CA, USA. Anti-6-His antibody produced in rabbit, goat anti-rabbit IgG antibody, (H+L) alkal-
ine phosphatase conjugate and chromogenic phosphatase substrate solution (Nitro-Blue tetra-
zolium chloride (NBT)/5-bromo-4-chloro-3-indolylphosphate toluidine salt (BCIP)) were pur-
chased from Sigma Aldrich.

Plasmids and genes

The synthetic ChiA gene from Bacillus licheniformis DSM8785 (GenBank Accession
Number FJ465148) was provided by GenScript (USA) and used as a template for molecular
cloning in the yeast expression system. The S. cerevisiae INVScl expression vector pYES2
(#V82520) was purchased from Invitrogen, USA. The ChiA gene was cloned as well in Pichia
pastoris KM71H pPICZaA extracellular expression system® and E. coli BL21 (DE3)
pET22b(+) periplasmic expression system (this research is the subject of another article).

Organisms and growth conditions

S. cerevisiae INVScl (#C81000, Invitrogen) was cultured in SC-U medium containing
2 vol. % glucose at 27 °C. The basal components of the SC-U medium were 0.67 % yeast nit-
rogen base, 0.12% amino acid mix without uracil (0.01 % adenine, arginine, cysteine, leucine,
lysine, threonine, tryptophan; 0.005 % aspartic acid, histidine, isoleucine, methionine, phenyl-
alanine, proline, serine, tyrosine, valine), 2 vol. % glucose or galactose. The SC-U medium
and glucose solution were autoclaved at 120 °C for 20 min. The galactose solution was added
to the medium in order to induce enzyme expression and was separately sterilized using a 0.2
um PDVF filter. For the preparation of the solid medium, in addition, 2 % agar was added
before autoclaving. After the yeast was transformed with ChiA_pYES2 or pYES2 plasmid,
the cells were cultured on YPD medium containing chloramphenicol (50 pg mL!). Plasmids
were also inserted and amplified into E. coli XL10 Gold ultra-competent cells and grown in
LB medium.

Subcloning of ChiA gene into pYES?2 expression vector

The ChiA gene was cloned by the classical PCR/restriction method using forward primer
FP pro a Kpn I (5" ATC GGT ACC ATG AGA TTT CCT TCA ATT TTT ACT GCT GTT
TTA TTC-3') and reverse primer RP his Bam HI (5'-ATT GGA TCC TCA GTG GTG GTG
GTG GTG GTG TTC GCA GCC TCC GAT CAG CC-3’). The PCR reaction mixture con-
sisted of 1 pL ChiA template (58.6 ng uL!), 2 pL forward primer (25 pM), 2 pL reverse pri-
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mer (25 pM), 2 uL deoxynucleotide mixture (ANTP, 10 mM), 10 uL 10x Pfu buffer, 2.5 pL
Pfu DNA polymerase (2.5 U/uL) and 80.5 puL ultrapure water. PCR amplification comprised
an initial denaturation step at 95 °C for 3 min followed by 25 cycles at 95 °C for 30 s, 50 °C
for 30 s, and 72 °C for 4 min, followed by a final extension step at 72 °C for 10 min. The
reaction products (100 uL) were treated with 1 uL Dpn I (10 U pL-1) for 1 h at 37 °C to eli-
minate the template, then purified on NucleoSpin Plasmid Columns.

The pYES2 vector and PCR products containing amplified ChiA were each double dig-
ested with Kpn I and Bam HI. The vector was treated with calf intestinal alkaline phosphatase
and the components were ligated overnight at 17 °C using T4 DNA ligase. The ligated vector
was inserted into E. coli XL10 Gold cells by heat-shock transformation.® The insert was veri-
fied by colony PCR and Sanger sequencing.!® The verified ChiA pYES2 and pYES2 plas-
mids were used to transform the Saccharomyces cerevisiae INVScl strain, using the lithium
acetate/single-strand carrier DNA/poly(ethylene glycol) method.!

Chitin agar plate assay

Around 15 colonies of transformed S. cerevisiae INVScl containing ChiA pYES2 or
pYES2 were transferred on plates with a solid SC-U media containing 2 % galactose and 0.5
% colloidal chitin. The plates were incubated at 27 °C for 3 days. After this step, the S.
cerevisiae INVScl cells were removed by washing the plate surface with water and the plate
was subjected to staining with Congo Red.?

Dot blot analysis

A preculture (25 pL) of S cerevisiae INVScl containing ChiA-pYES2 or pYES2 was
inoculated in an Elisa plate containing 85 pL well of SC-U with galactose and then the plate
was incubated at 30 °C and 900 rpm for 48 h. The fermented cultures (18 pL) were transferred
to a dot blot plate fitted with a nitrocellulose membrane and connected to a vacuum. After
each 3 pL transferred in 6 rounds, the cultures were allowed to adsorb for a few minutes. Anti-
6-His antibody produced in rabbit was used as the positive control. The nitrocellulose mem-
brane was incubated for 30 min in 25 mL 5 % milk powder. The membrane was washed
several times with PBS-T buffer. The anti-6-His antibody produced in rabbit was added (3 pL
of 1 mg mL-! antibody in 10 mL PBS-T) and incubated for 1 h under mild mixing. The mem-
brane was washed several times and then the goat anti-rabbit IgG antibody, (H+L) alkaline
phosphatase conjugate (3 pL of 0.6 mg mL! antibody in 10 mL PBS-T) was added. After 1 h,
the second antibody was removed by washing with PBS-T. Then, 10 mL of NBT/BCIP (100
uL NBT (18.8 mg mL-)/BCIP (9.4 mg mL")) in 67 % DMSO stock solution diluted in 10
mL alkaline phosphatase buffer) was added. After 5 min, the dots were observed and photo-
graphed.

Heterologous expression of ChiA

A volume of 6 mL of S. cerevisiae INVScl preculture containing the recombinant plas-
mid ChiA-pYES2 was diluted in 50 mL of SC-U medium supplemented with 2 % galactose
contained in two different flasks. The cultures were incubated for 72 h at 27 °C and 160 rpm.
In one culture, galactose was added at the beginning of the expression, in the other culture, 2.5
mL of 20 % galactose was added every 24 h, for 72 h. Cell culture samples (1.5 mL) were
taken after 0, 4, 24, 48 and 72 h of expression. The samples were kept at —20 °C until use. Ali-
quots from samples (1 mL) were centrifuged at 11000 g for 5 min and the supernatant was
separated from the cells in order to determine whether the expression of chitinase was intra- or
extracellular. The cells were diluted with 1 mL of water to equalize the cell concentration to
the supernatant concentration.
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Chitinase activity assay

Chitinase activity was verified by fluorogenic substrate analysis using 4MUTC as fol-
lows: 25 uL of samples were rapidly mixed with 25 uL of 0.05 mg mL' 4MUTC and the
fluorescence product was measured at an excitation of 355 nm and emission of 460 nm. The
negative control comprised 25 pL distilled water mixed with 25 uL of 0.05 mg mL-! 4MUTC.

Production of ChiA

A preculture of S. cerevisiae INVScl containing ChiA-pYES2 plasmid (5 mL) was dil-
uted in 400 mL of SC-U medium supplemented with 2 % glucose (OD 600 start = 0.083). The
culture was divided into two portions of 200 mL in two Erlenmeyer flasks (5 L). The cultures
were incubated at 27 °C, 160 rpm for 24 h. After 24 h, the OD 600 of the culture was approx-
imately 1.805. Chitinase expression was induced by the addition of 1 L of SC-U supplemented
with 2 % galactose (six times dilution, OD 600 start = 0.608), to each 200 mL culture. The
culture was incubated for 24 h at 27 °C, 160 rpm. After 24 h of incubation at 27 °C, the exp-
ression culture was centrifuged at 6200g, 4 °C for 20 min. The cells were resuspended in 70
mL of their own supernatant then passed through a French press four times at 10000 psi*
(pound-force per square inch). After pressing, the cells were centrifuged again for 30 min at 4
°C at 27200g. The enzyme-containing supernatant was first filtered through a 0.2 um mem-
brane to remove cell debris and then filtered through centrifugation at 3000g using Millipore
50 kDa membrane filters. The concentrated enzyme was dialyzed in 4 L of 10 mM Tris-HCl
buffer, pH 7.0, for 24 h at 4 °C.

Purification of ChiA

A sample of dialyzed enzyme (11 mL) was injected into a 20 mL DEAE Sepharose FF
16/10 HiPrep column. The column was equilibrated with 2 column volumes of 10 mM Tris-
-HCl buffer, pH 7.0. The elution gradient was operated from 0 to 100 % of 10 mM Tris-HCI/1
M NaCl buffer pH 7.0, over 20 column volumes. The injection flow and flow rate were 0.5
and 1 mL min’!, respectively. The volume of each collected fraction was 2 mL.

The concentration of purified chitinase enzyme was determined using a spectrophoto-
metric method at 280 nm adapted after Grimsley and Pace.!? A solution of commercial chit-
inase from Streptomyces griseus with a known concentration was used as the standard.
Deglycosylation of purified ChiA

The deglycosylation reaction comprised of 40 uL ChiA (1.2 ug uL!) and 20 pL glyco-
protein denaturing buffer was first incubated at 100 °C, after which 10 pL glycobuffer 2, 10
puL NP-40 (10 %), 3 uL PNGase F and 17 pL distilled water were added. The reaction mixture
was incubated at 37 °C on a shaker platform. The same procedure was undertaken for the
negative control, except for the presence of PNGase F.

SDS-PAGE analysis

Three different samples of the same purified recombinant ChiA produced in three differ-
ent strains of S. cerevisiae INVScl, P. pastoris KM71HS, . coli BL21 (DE3, the purification
of this strain will be the subject of another article) was exposed to polyacrylamide gel electro-
phoresis (PAGE) according to Laemmli, 1970.13 Purified ChiA samples (30 puL, 1.0 mg mL!)
were loaded into the gel. The samples were subjected to electrophoresis using a current of 120
V for 90 min. The proteins were stained with Comassie Brilliant Blue, then progressively

*1 psi= 6896 Pa
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decolorized with 10 % acetic acid solution. The deglycosylated sample was subjected to SDS-
-PAGE under the same conditions.
Bioinformatics analysis

For bioinformatic analysis, the DNA sequence of the ChiA was first translated in protein
sequence using the Translate tool - Expasy. Based on the amino acids sequence, the theor-
etical molecular mass and isoelectric pH were calculated applying the Compute pI/Mw tool —
Expasy. The amino acids sequence (Fasta format) was analyzed in a NetNGlyc - 1.0 server in
order to predict the N-glycosylation sites and examine the sequence context of Asn-Xaa-Ser/
/Thr sequins, where Xaa is represented by any amino acid except for proline.!4 According to
this bioinformatics protocol, the protein sequences of hexose oxidase (HOx), cellobiose
dehydrogenase (CBDH), and glucose oxidase (GOx) were compared to chitinase A. The com-
parison was focused on the number of N-glycosylation points in the protein structures, and the
distances between these points and N-glycosylation points from signal peptides attached to
proteins. The results obtained were outlined in a schematic figure.

RESULTS AND DISCUSSIONS
Molecular cloning of chiA gene in pYES2 expression vector

The ChiA gene derived from Bacillus licheniformis DSM8785 was cloned
into the extracellular expression vector pYES2, compatible with the expression
system of S. cerevisiae INVScl. The pYES2 vector is an extracellular expression
vector that allows the cloning of the gene of interest and the selection of trans-
formants on uracil deficient environments due to its ura3 gene construct for ura-
cil-specific synthesis required for cell growth.!5 The B. licheniformis DSM8785
ChiA gene has an open reading frame (ORF) of 2023 bp, including a factor and
6x his tag sequences. The main genetic elements involved in gene cloning and
expression are outlined in Fig. 1A. The presence of the GAL1 promoter induces
the expression of chitinase in S. cerevisiae in the presence of galactose and acts
as a repressor in the presence of glucose. For the extracellular expression of chit-
inase, the gene was cloned with the a-factor pro-peptide sequence.!® The sequ-
ence encoding 6 histidines was introduced at the C end of the gene that allowed
easy detection of recombinant chitinase A by dot blot analysis. Restriction endo-
nucleases Bam HI and Kpn I were used in the gene and vector digestion step to
create compatible sticky ends. The ChiA pYES2 recombinant plasmid scheme
was created using Vector NTI bioinformatics software, created by InforMax Inc.,
North Bethesda, MD, USA. The ChiA gene linked to 6 histidines sequence
encodes an enzyme with a theoretical molecular mass of 64.77 kDa and an iso-
electric pH in the acid range at 5.21, according to the Expasy Bioinformatics
Resource Portal program.!7

PCR amplification of the gene consisted of introducing restriction sites
for Bam HI and Kpn I endonucleases at its ends, for ligation compatibility in the
pYES2 vector. The ChiA gene amplified by PCR (Fig. 1B, line 1 and the vector
pYES2 line 2) were digested with Bam HI and Kpn I restriction enzymes and
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ligated to form the recombinant plasmid ChiA pYES2. The ligation products
were checked on a agarose gel and, as can be seen in Fig. 1B, line 3, there are
several DNA fragments. The DNA fragments located at about 2.0 and 6.0 kbp
correspond to the ChiA gene and pYES2, respectively, representing non-ligated
fragments. The 8.0 kbp DNA fragment represents the recombinant ChiA_pYES2
plasmid, summing the vector and gene mass. At approximately 4.0 kbp, a band
appears that could represent self-ligation of two ChiA genes, a situation created
when several gene fragments are partially digested by one of the restriction enz-
ymes, or not digested at all. By DNA sequencing, the correct insertion of the
ChiA gene into the vector pYES2 was confirmed.!0

A B
GAL 1 promoter  Kpn | kp M 123
/ 10 Yazap saw chiA pYES2
[ alpha factor :g [t e PYES2
5
4 - Boers
3 e
_—chil Zf : = chiA
chiA_pYES2 15 wew
7878 bp :
_—bxhistag 1 .
" BamHI
0.5 B

Fig. 1. Theoretical scheme of ChiA gene inserted into pYES2 vector and the main genetic
elements used for cloning and expression (A). Agarose gel electrophoresis for the ChiA
gene (B). Line M = DNA molecular marker, line 1 = PCR amplified ChiA gene,
line 2 = pYES?2 vector, line 3 = ligation products.

A fast chitin agar plate assay highlighted that there was no difference
between cells that produce recombinant chitinase and those that did not produce
(data not shown). The information obtained from this test is proof of chitinase
activity. The negative control shows enzymatic activity coming from native chit-
inase in S. cerevisiae!8 located in the periplasmic space and allowing the enzyme
to act on the secreted chitin in that space during cell septum formation. The
function of native chitinase in cell division is suggested by the high concentration
found during exponential growth, compared to the stationary phase, in yeast
cells.19 Additional experiments were performed to detect recombinant chitinase
A. The ChiA gene was inserted into the expression vector pYES2 having six his-
tidine residues at the C terminus, which allowed western blotting to detect it
using rabbit anti-His antibody and goat anti-rabbit antibody coupled to alkaline
phosphatase. Thus, a dot blot analysis was performed using samples from a cul-
ture of S. cerevisiae INVScl that expressed chitinase A. The negative control
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consisted of yeast cells containing only the vector and not producing recombinant
chitinase, and the positive control consisted of the rabbit anti-His antibody.

Following this assay, the presence of recombinant ChiA in the yeast culture
containing the plasmid ChiA pYES2 was demonstrated, as could be seen in Fig.
2 (lines 1 and 2). In the negative sample (line N) containing S. cerevisiae cells
with pYES2, the peptide sequence of 6 histidines was not detected.

A G AN F
Fig 2. Dot blot analysis for recombinant chitinase expressed by S. cerevisiae INVScl cells.
Line N = negative control — S. cerevisiae INVScl pYES2 cells, line 1-2 = §. cerevisiae
INVScl ChiA_pYES2 cells, line P = positive control — rabbit anti His antibody.

Optimization of protein expression

Since each enzyme behaves differently, it is important to optimize the
growth and expression conditions. The recombinant B. licheniformis ChiA gene
was controlled by the GAL1 promoter in S. cerevisiae allowing the induction of
gene expression on 2 % galactose. The coding sequence was also fused to the a-
-factor pro-peptide to ensure the secretion of the enzyme to the extracellular
medium. The expression of ChiA in the S. cerevisiae strain INVScl was ana-
lyzed by growing the strain transformed with ChiA_pYES2 in a small volume of
SC-U expression medium, and the culture samples were tested for the presence
of ChiA over the next 72 h. This analysis was realized within two conditions:
first, with the addition of galactose inductor only at the moment of the beginning
of expression and second, with the addition of galactose every 24 h, for 72 h. The
optimal chitinase expression time was found to be about 24 h after galactose
induction. After 48 h, the relative activity of chitinase droped below 20 % (Fig.
3A). Surprisingly, when galactose was added to the expression medium on a
daily basis, chitinase activity existed throughout the expression range (0-72 h),
which translates to the fact that the recombinant enzyme was synthesized cons-
tantly (Fig. 3B). The consumption of galactose is the explanation for which the
production of ChiA stagnates after 48 h, this fact being revealed by a decrease of
the enzyme activity.

To determine whether recombinant chitinase A is produced as an intra- or
extracellular enzyme, samples were taken after 24 h of expression and centri-
fuged to separate the supernatant from cells. Using 4MUTC fluorogenic sub-
strate, the chitinase activity from the supernatant and cells of S. cerevisiae con-
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taining ChiA_pYES2 or pYES2, was verified. Unexpectedly, only in the cell
samples was chitinase activity observed, as could be seen in Fig. 4.

A B
120 120
a\a 100 c\o 100
2 %0 £ 80
2 =
2 =
g 60 2 60
@ @
b -
‘é 40 — g
= T
g 20 — & 20
,. = A BB
0 4 8 24 48 72 0 4 48 7
Expression time, h Expression time, h

Fig. 3. Optimal expression time of recombinant chitinase A produced by S. cerevisiae
INVScl1, on a4 MUTC fluorogenic substrate, at different expression time intervals.
A) Galactose was added only at the beginning of expression; B) galactose was added
at every 24 h, for 72 h. Fluorescent assay was realized on culture samples.
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Fig. 4. Relative activity of recombinant chitinase from supernatant and cells of S. cerevisiae
INVScl, on a 4MUTC fluorogenic substrate. The negative control contained only distilled
water and fluorogenic substrate.

Based on the optimized small-scale fermentation conditions, the recombinant
ChiA was produced for 24 h at 27 °C. The enzyme was recovered from the cells
and purified using anion exchange chromatography on a Sepharose/DEAE column.
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From the fractions obtained, only those that showed chitinase activity on the
fluorogenic substrate were collected. Purified recombinant chitinase A revealed
on SDS protein electrophoresis to be a highly glycosylated enzyme.

In order to see the mode of expression, from a glycosylation point of view,
ChiA produced in S. cerevisiae INVScl was compared to the same enzyme pro-
duced in P. pastoris KM71H8 and E. coli BL21 (DE3) (purification of ChiA
from this strain will be subject of another research article). As could be observed
in Fig 5A, line 1, recombinant ChiA produced in S. cerevisiae is represented by a
heterogeneous diffuse band between 80 and 180 kDa, which means strong glyco-
sylation. In Fig 5A, line 2, ChiA produced in P. pastoris shows a visible lower
molecular mass, being situated between 70—130 kDa. In contrast, in line 3, from
the same figure, ChiA produced in E. coli is aglycosylated, having a molecular
mass around 75 kDa.

A B
m/kDa 1 2
170 S
m/kDa 1 2 3 130 —
170 95—
130 f— . 72 ‘3 '
ey B S
e i
72 - 43—
- | e
5 - -
26

Fig. 5. SDS-PAGE (9 % gel) analysis of purified recombinant ChiA under reducing con-
ditions. A) SDS-PAGE analysis of purified recombinant ChiA expressed by different
strains. Line m / kDa = protein molecular marker, line 1 = ChiA expressed in S. cerevisiae
INVScl, line 2 = ChiA expressed in, line 3 = ChiA expressed in E. coli BL21 (DE3).
B) SDS-PAGE analysis of deglycosylated ChiA produced in S. cerevisiae INVScl.
Line 1 = ChiA deglycosylated with PNGase F, line2 = ChiA hyperglycosylated.

Deglycosylation was performed using PNGase F, the most effective enzyme
for removing completely N-linked oligosaccharides from glycoproteins,20 in
order to confirm the theoretical mass of ChiA. This reaction confirmed as well
the hyperglycosylation of the recombinant ChiA in S. cerevisiae (Fig. 5B). In S.
cerevisiae most proteins are synthesized in the extracellular medium as hyper-
glycosylated proteins.2! Nevertheless, the recombinant ChiA, originated from B.
licheniformis was not exported in extracellular space. In order to have a better
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understanding on mode of expression of other proteins, in S. cerevisiae INVScl,
a synthetic view is presented in Table I. As could be seen, after expression, pro-
teins have higher molecular mass, because of the glycosylation. Molecular mass
of heterologous expressed proteins is even 3 times higher than mass of the same
proteins produced in the organism of origin.

As it can be seen in Table I, extracellularly expressed proteins have relat-
ively small mass even after glycosylation. Signal sequences are the strategic fac-
tors adjusting protein secretion. Introduction of a signal peptide improves the
secretion of heterologous proteins in yeast. However, it is clear that even with a-
-factor signal peptide proteins can remain in the intracellular space. Some studies
showed that the secretion efficiency of foreign proteins in recombinant microbes
is strongly dependent on the combination of the signal peptides.22:23 This could
be a possible explanation for the case when some proteins are exported in extra-
cellular space, some are not, when an o-factor signal peptide is used for sec-
retion.

TABLE I. An overview of expression of different enzymes in S. cerevisiae INVScl, by galac-
tose induction

. . m/kDa Location of .
Organism of  Expression Recomb. Native Recomb. expressed Peptide

origin vector enzyme sequence
enzyme enzyme  enzyme

Bacillus lich- pYES2  Chitinase 66.8 95-180 Intracellular o-Factor  This

Ref.

eniformis A signal paper,
DSM8785 peptide 2
Melanocarpus pMS174  Laccase 80 95 Intracellular o-Factor 25
albomyces pMS175 (major part) signal peptide

and extra-  and propep-

cellular tide

Aspergillus  pYES/EXL, Cutinase 26 - Intracellular - 26
oryzae pYES3/CT (cell walls

and/or bet-

ween cell wall
and cell mem-

brane) and
extracellular
(traces),
extracellular
for protoplasts
Lentinula pYES2  Cytochro- 46.8 61 Intracellular - 27
edodes me P450 (microsomes)
Insect-derived pYES2  Alpha- - ~53  Intracellular No 2
amylolytic amylase and extracel-
enzyme lular (major
part)
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TABLE I. Continued
Or_ga}nism of  Expression Recomb. % Ig(cpz;t:;:egf Peptide of
origin vector enzyme sequence
enzyme enzyme  enzyme

Acinetobacter  pYES2- Peroxiredo 20 —  Extracellular  o-Factor 28
sp. SM04 alpha (pYa) Xin signal peptide
Aspergillus pYES2  Xylanase 27.2 —  Extracellular  o-Factor 29
niger signal peptide
Dioscoreo- pYES2  Monellin 11 ~10.7 Extracellular  a-Factor 30
phyllum (sweet signal peptide
cumminsii protein)
Bombyx mori pYES2/CT Cecropin 4 6-10 Extracellular  o-Factor 31

antibac- signal peptide

terial pep-
tide

Phanero- pYES2 Cellobiose =~90 120-150 Extracellular  a-Factor 32
chaete dehydro- signal peptide
chrysosporium genase

In 1982, Elango et al.19 during the transformation of yeast cells into proto-
plasts observed as well that only about half of the yeast chitinase were released
into the medium, indicating that part of the enzyme is located in the periplasmic
space, and the other part remains in vacuoles or intracellular vesicles.

The capacity of the endoplasmic reticulum (ER) to fold and process foreign
proteins is a significant factor restricting the expression of foreign proteins in S.
cerevisiae and could represent another reason for which ChiA remain blocked in
the cells.

A schematic overview representing glycosylation sites of different enzymes
expressed with a pro-peptide signal in S. cerevisiae pYES2 system is presented in
Fig. 6. Chitinase A (Fig. 6A) and hexose oxidase Fig. 6B) enzymes even though
they are cloned with a factor signal peptide are not externally expressed in the
culture medium. Nevertheless, cellobiose dehydrogenase (Fig. 6C) and glucose
oxidase (Fig. 6D) are secreted in the culture medium.

The main hypothesis in this case was correlated with the glycosylated sites
and the molecular mass at which the enzyme reaches after glycosylation. Chitin-
ase A was expressed in the P. pastoris KM71H pPICZaA system as an external
glycosylated enzyme with a molecular mass between 70 and 130 kDa.8 In this
case, the signal peptide was efficient and transported the enzyme out of the cell.
Despite this fact, in S. cerevisiae INVScl, the signal peptide is not efficient,
chitinase A being blocked in the intracellular or periplasmic space of the cells. In
S. cerevisiae INVSc1, ChiA was internally expressed as a hyperglycosylated enz-
yme, with a molecular mass between 80 and 180 kDa, 50 kDa higher than of
ChiA expressed in P. pastoris. Number of glycosylation residues at S. cerevisiae
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is higher than at P. pastoris and this could be a possible explanation for blocking
the ChiA in the cell.

A
o factor Chia| GxHis tag
23| 57|67 Ed 186 443
B [ 560
HOx WIyc tag | 6xHis tag
C
o factor CBDH
31 |g5][75] 118 162 208 [280287 376 a74|[507] 592
—_ [ |
D 1 —{ S e {702
MFal1S-proGOx | Gox |
- Signal peptide ‘Amino acid of start/end of the sequence‘
|Aminn acids sequence of enzyme [ \ N-glycosylated asparagine in the amino acids sequence

Peptide tags BN potential N-glycosylated asparagine in the amino acids sequence|

First amino acid of the enzyme, marking the site of signal peptide binding

Fig. 6. Schematic representation of glycosylation sites in 4 different enzymes expressed in the
S. cerevisiae pYES2 system. A) a factor_ChiA (chitinase A) 6xHis tag, B) a-factor HOx
(hexose oxidase) Myc_ 6xHis tags, C) a-factor CBDH (cellobiose dehydrogenase),

D) MFalS-pro_GOx (glucose oxidase). The sequences were analyzed using
Expasy Bioinformatics tools and NetNGlyc 1.0 Server — DTU.

CONCLUSIONS

The recombinant ChiA enzyme originating from Bacillus licheniformis
has been successfully expressed in the S. cerevisiae INVScl expression platform.
Unlike the native enzyme, the recombinant ChiA produced in S. cerevisiae
INVSc1 was hyperglycosylated. Hyperglycosylation of ChiA was confirmed, as
well, by a comparative analysis between the same recombinant ChiA produced in
P. pastoris and E. coli systems. It was shown that by adding of galactose induc-
tor, every day to culture medium, the expression of chitinase is constant, for 72 h.
Production of hyperglycosylated ChiA into the yeast cells was confirmed by
fluorescent activity assay. The number of the glycosylation sites of the ChiA
gene sequence and the proximity of these sites to the a factor sequence were
hypothesized to be a possible reason for which ChiA enzyme was internally
expressed instead to be secreted by S. cerevisiae INVScl strain.
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M3BOJ

HEKOHBEHLUIMOHAJIHA EKCITPECHUJA PEKOMBUHAHTHE XUTUHA3E A [TIOPEKJIOM
U3 Bacillus licheniformis DSM8785 Y Saccharomyces cerevisiae INVSC1

GHEORGHITA MENGHIU", PAOMBOJE [TPOJAHOBHUR?, MAPUJA BJIAXKHUE®, MANUELA MINCEA',
CRISTINA MORARU' u VASILE OSTAFE'

Advanced Environmental Research Laboratories, Department of Biology — Chemistry, West University of
Timisoara, Timisoara, Romania u *Xemujcxu paxyninen, Yuusep3uiiein y Beoipagy, Beoipag

XuTHHa3e Cy [TIMKO3WI-XUAponiase Koje uemajy A-1,4 Besy uamehy N-aueTwi-TIyKo3a-
MMHA, KOjU Cy NPUCYTHH Y XUTHHCKUM JIaHIMMa. XWUTHH je JPYTH HajpaclpoCTpambeHHuju
NOJIMCaxapyl Ha 3eM/bM HAKOH LieTysio3e U (popmMupa ce Y ersockeseTy pakoBa M MHCEKaTa, a
HaJla3y Cce M y HeKUM JernoBuMa hemujckux 3uzoBa neyypaka. EH3MMCKO [€jCTBO M €KCTpak-
UHja BULIMX IepHUBaTa M3 XUTHHCKOT OTNaja (Kao IITO Cy XUTOOJIHUTOCAXapHUId KOjH HUMajy
BaKHY YJIOTY Y MEIULIUHCKO]j U UHAYCTPUjU OUOroprBa) ZOBOIE IO MOTPAXKIE 38 XUTHHA30M B
IEHOM CHHTE30M YIIOTPeOOM paslIMYUTUX COjeBa OpraHusama. Y OBOM pafly je KJIOHUDPaH reH
ChiA wu3 Bacillus licheniformis DSM8785 koju kogupa xutuHasy A (ChiA) ca C-TepMHHAIHUM
XEKCAaXHUCTUIUHOM, a eKCIPUMHUPaAH je y BaHhenujckomM ekcrnpecHoHoM cucremy pPYES2 wu3
Saccharomyces cerevisiae INVSc1 ka0 XWIepriavko3WioBaH eH3WM. IIpousBonwma pexomdu-
HaHTHOr eH3uma ChiA je ca ycrmexom notepheHa Taukactum OmoTom ymotpebom anTH-His
aHTUTena. YTBpheHo je ma je onmTUManHO BpeMe excrpecuje 24 h kana je momara ramakrosa
camo Ha NovyeTKy hepMeHTalHje, OBHOCHO /1a HAKOH TOT BpEMEHa aKTUBHOCT XMTHHA3€e onaja.
Y mpyrom excriepuMeHTy je yTBpheHo fia ce ekcipecHja HacTaBba 72 h, yKOIHKO ce rajakTo3a
nonaje cBaka 24 h. ITpeunmrheH eH3uM je ferexkToBaH npumeHom SDS-PAGE kao xeteporeHa
mudysna tpaxa usmehy 80 u 180 kDa. Ynopehusana je mosnexyicka maca eHsuma ChiA exc-
nepumupasor y Pichia pastoris KM71H, Escherichia coli BL21 (DE3) u Saccharomyces cere-
visiae INVSc1 meronom SDS-PAGE. AxtusHocT eH3uma ChiA je yrephena ymorpedom diyo-
poreHor cymncrpata 4-metunymbenudepun S-D-N,N,N-tpuauerunxurorpuosuna (4MUTC).
Kopucrehu dmonHdopmaTUuKy cHMyaldjy, MOCTaB/beHa je XUIOTe3a 0 Moryhem pasiory
yHyTaphenujcke ekcrpecuje eHsuma. IIpernocraBka je ga cy Opoj mMecTa I[TIMKO3HWJIOBama
kogupanux y ChiA reny u OnusuHa oBHUX MecTa cekBeHLH anda gakxropa moryhu pasmior
OBaKBe eKCIpecHje.

(ITpumbeno 13. centemdpa, pesunupano 29. neuemdpa 2021, mpuxsahero 28. dbedpyapa 2022)
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Abstract: Although dengue is a disease that affects more than 100 countries and
puts almost 400 million lives at risk each year, there is no approved antiviral in
the treatment of this pathology. In this context, proteases are potential bio-
logical targets since they are essential in the replication process of this virus. In
this study, a library of more than 3,000 structures was used to explore the
allosteric inhibition of the NS2B/NS3 protease complex using consensual
docking techniques. The results show four best ranked structures that were sel-
ected for molecular dynamics and free energy simulations. The present analysis
corroborates with other studies (experimental and theoretical) presented in the
literature. Thus, the computational approach used here proved to be useful for
planning new inhibitors in the combat against Dengue disease.

Keywords: NS2B/NS3pro; consensual docking; molecular dynamics; binding
free energy calculations.

INTRODUCTION

Dengue is a disease caused by the dengue virus (DENV), which affects the
tropics and subtropics and is transmitted by the dedes aegypti. In more than 100
countries, the virus causes approximately 390 million infections per year. DENV
infections can result in several clinical conditions, even leading to death.!-3 Not-
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ably, there are no approved antiviral drugs for this disease and, currently, patients
are treated with supportive care to relieve fever, pain, and dehydration.# There-
fore, a new strategy is needed to discover potential antiviral agents for treating
the dengue virus. The success of such research lies in finding protease enzymes
that are indispensable for virus replication and for maintaining its infectivity. For
this purpose, the NS2B/NS3 protease (NS2B/NS3pro) complex appears promis-
ing, as it is necessary for processing at the junctions of NS2A/NS2B, NS2B/NS3,
NS3/NS4A and NS4B/NS5, NS3, NS2A and NS4A in dengue, and is therefore
an important target for the development of drugs against dengue infection.5-
Most studies targeting NS2B-NS3pro by small-molecule inhibitors have focused
on the active site, but unfortunately none of the drugs that inhibit the enzyme by
binding to the active site have been approved to date. The flat and charged nature
of the NS2B-NS3pro active site may be responsible for the difficulties in the
development of inhibitors, which suggests that a strategy for exploring allosteric
sites may be useful.”

A promising strategy is to design small molecules directed at the allosteric
site.8 Allosteric sites are defined as regions of a protein that, when linked to a
small ligand, change the conformation or change the conformational balance,
affecting the enzyme function. Allosteric sites have previously been considered
important in proteases, making the exploration of allosteric sites in DENV
NS2B-NS3pro promising.” Thus, in this work, the results of virtual screening
(VS), consensual docking, molecular dynamics (MD), and free energy calcul-
ations for a bank of molecules that may be active against the DENV NS2B/
/NS3pro allosteric site are presented. This study is expected to contribute to the
discovery of novel and potent anti-dengue agents. The use of molecular-scale
methods for the discovery of new potential active ligands, as well as binding sites
for unknown target proteins, is now an established reality. The literature offers
many success stories of active compounds developed from insights obtained in
silico and approved by the Food and Drug Administration (FDA). One of the
most famous examples is raltegravir, an inhibitor of HIV integrase, developed
after the discovery of a transient binding area through molecular dynamics simul-
ations. These simulations in biomolecules and biomacromolecules are an inter-
esting and fast method that is increasingly contributing to the fundamental under-
standing of living organisms, as well as having a profound impact on numerous
diverse scientific endeavors, from biotechnological applications such as the
manufacture of new intelligent biomaterials, DNA sequencing and the treatment
of disease and drug development. Using computer modeling to complement exp-
eriments is helping to bridge the gap between atomic-level properties with
whole-organism function, an effort that cannot be accomplished by either
approach in isolation. A combination of several computational techniques, span-
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ning a wide range of time and size scales, is ideal for capturing information at
biological scales.10-11

EXPERIMENTAL
Virtual screenings and consensul docking

A library of 3940 compounds from the BaSe FilTer!? (Part 1/20 of the total compounds
present in the bank) were submitted to a VS and subsequently to a consensus analysis. The
crystallographic coordinates of the DENV NS2B/NS3pro enzyme (PDB code: 2FOM)!3 ret-
rieved from the Protein Data Bank (PDB) were used as a model of the biological target.

Consensual docking is an approach that consists of combining the results obtained by
different scoring functions and ranking them, according to the combination of the results, imp-
roving the results obtained and compensating for the deficiencies found in each scoring func-
tion.!* Thus, consensus analysis is considered more efficient than single scoring for molecular
docking and represents an effective way to achieve better hit rates in various VS studies.!>!°
In both programs, fluctuations of the enzyme and the ligands were not allowed. Therefore, the
docking results were analyzed using different protocols to obtain the most consistent binding
affinity of the ligands. First, a VS was performed with the compounds in DENV NS2B/
/NS3pro using two programs: CSDGOLD!7 and DOCK6.!8 The CSDGOLD program uses the
empirical fitness function called ChemPLP, which consists of applying hydrogen and metal
bonding terms and piecewise linear potential (PLP) to model the steric complementarity
between the protein and the ligand. The dimensionless scoring scale measures the success of
the pose; higher scores indicate better docking positions.!” The DOCK6 program is charac-
terized by the use of an incremental construction algorithm. The scoring functions that guide
the ligands to the target are based on a grid of potential energy, where van der Waals inter-
actions are assessed by Lennard—Jones potentials, and the electrostatic interactions are eva-
luated through time-dependent dielectric functions. '8

To perform molecular docking calculations, the coordinates for the search box were
positioned based on the position of the allosteric binding site DENV NS2B/NS3pro according
t0.1? For the CSD-GOLD protocol, the following parameters were set for the ChemPLP algo-
rithm: all water molecules and ions were removed, then the coordinates for the search box
were centered in x = —10.004, y = —8.839 and z = 7.879. For the DOCK®6 protocol, the hyd-
rogens were removed from the crystallographic model, and a box of 10 A in size was gener-
ated and calculated by the dms, SPHGEN, grid and SHOWBOX programs.20-2!

The consensual docking analysis was performed using the scaled-rank-by-number
method. The scaled-rank-by-number is employed by scoring the energy values predicted for
all compounds in the molecular docking with the different programs, according to Eq. (1):

)(ranked = (XﬁXmin)/(Xmax 7Xmin) (1)
where the scored value is obtained; X, and X, are, respectively, the maximum and mini-
mum values of the utilized set. X, corresponds to the most favorable affinity energy (lowest
energy value), i.e., Xnkeq €quals 1; the least favorable affinity energy value (highest energy
value) is assigned 0, i.e., Xnkeq €quals 0. The respective values scored for the compounds are
then summed up in each program, and the final rank of the compounds that were best scored
by different scoring functions is obtained.??

Molecular dynamics simulations

For analyze conformational changes in proteins and ligand structures, as well as the stab-
ility of ligand-receptor complexes, MD simulations were performed using the Amber18 pack-

Available on line at www.shd.org.rs/JSCS/

(CC) 2022 SCS.



696 DA COSTA et al.

age. Amber ff14SB and the amber general force field (GAFF) were applied to treat the struc-
tures of the protein and the four ligands best scored by the consensual dock, respectively.?3:24

The atomic charges of the ligands were calculated using the restrained electrostatic pot-
ential (RESP) protocol at the HF/6-31G* level of theory?® using the Gaussian 09 software2®
(see Supplementary material to this paper). First, the protonation states of the ionizable resi-
dues of the protein structures were analyzed by pK, calculation at neutral pH using the H™
server.2” All systems were solvated in the Leap module using a cubic water-box with the
TIP3P model.28 Na* was added to maintain the electroneutrality of the systems. All hydrogen
atoms were minimized by 2000 steps of steepest descent, followed by 3000 steps of conjugate
gradient algorithm. Next, the positions of the water molecules were relaxed using the same
protocol. The whole system was energy-minimized for 5000 steps of the steepest descent plus
5000 steps of conjugate gradients. Thereafter, the system was heated from 0 to 300 K running
200 ps of MD and, next, 300 ps to density equilibration with position of the starting restraints
on the protein-ligand atoms at a constant volume. Before performing the production step, all
protein-ligand systems were equilibrated with 500 ps of MD without positional restraints at a
constant pressure. The temperature was maintained at 300 K by coupling to a Langevin ther-
mostat using a collision frequency of 2 cm™!. A cutoff of 8 A was employed for non-bonded
interactions, the particle mesh Ewald (PME)?° method and the Shake3? algorithm were used to
restrict the bond lengths involving the hydrogen atoms. Finally, the MD simulations (product-
ion) were performed using 100 ns at a temperature of 300 K without positional restraints. The
generated trajectories were used to analyze the behavior of each complex to access the stab-
ility of the system in the explicit water environment. The deviations of the protein and pro-
tein—ligand complex system was analyzed by calculating root mean square deviation (RMSD),
root mean square fluctuation (RMSF), radius of gyration (RG) and solvent accessible surface
area (SASA).

Generalized Born and surface area continuum solvation (MM/GBSA)

End-point methods are strategies to perform binding free energy calculations in struc-
ture-based drug discovery, known for their accuracy/time consuming advantage, once it is
considered the end of trajectory simulations as sample, where theoretically it should have a
more stable structure, with lower RMSD fluctuation values through MD simulations. There-
fore, using these methods to perform predictions about the strength of a receptor—ligand type
of structure is advantageous, and usually more accurate than the scoring functions imple-
mented in molecular docking.3!

A widely used method in the literature is the molecular mechanics/generalized-Born
surface area (MM/GBSA) method that was first implemented in studies with RNA and DNA
complexes.32

The MM/GBSA method was applied to estimate the binding free energy change (AGy;nq).>
The last 10 ns of MD simulations of each system were used for binding free energy calcul-
ations.

AGy,;nq can be calculated according to the Egs. (2)—(5):

AGbind = Gcomplex - (Gprotein - Gligand) (2)
AGping = AH — TAS = AEypy + AGyypy — TAS 3)
AEMM = AEinternal + AEelectrostatic + AH, vd (4)
AGgly = AGGp + AGpenpol (5)

where AGy,q is the inhibitor—protein binding free energy change resulting from the sum of
the molecular mechanic energy (AEyy), the desolvation free energy change (AG,,,) and the
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entropic change term (—7TAS). The gas-phase molecular mechanic energy change (AEyp) can
be described by the sum of the internal energy contributions (AEj,emar), the sum of the
energies due to the bonds, angles and dihedrals, electrostatic contributions (AFEjecirostatic)> and
the van der Waals term (AE4,,). The desolvation free energy change (AG;,,) is the sum of the
polar (AGgg) and non-polar (AGpgppe1) contributions. The polar desolvation term was cal-
culated using the implicit generalized Born (GB) approach. The entropic contribution explicit
by the term —TAS in Eq. (3) is often disregarded when one is interested in relative and not
absolute free energies, because it is significantly costly to compute entropic conformational
changes.3! In this work ligands with similar structures were analyzed, and for this reason a
normal mode calculation was not used for this analysis because of computational cost and the
tendency to have a large margin of error, introducing compelling uncertainty to the final result.
Per-residue energy decomposition

A per-residue energy decomposition method was used to determine the total energy con-
tribution of each residue to the drug—receptor interaction and also to investigate the chemical
nature of its interactions.3*

MM/GBSA allows analysis of the contributions of individual residues or energetic terms
by free energy decomposition analysis, which provides detailed energetic contributions to
each specific amino acid residue sidechain to the binding state of the system, identifying the
leading interactions in the binding process. That information can help further researchers to
get a drug developed with the help of theoretical studies in the complex formation with
proteins or another receptor type.

The interaction energy between an inhibitor and every residue in an enzyme could be
described, according to Eq. (5), as the sum of of van der Waals (AE,4,, terms) and electrostatic
(AE,) contributions in the gas phase, and polar (AG,,) and nonpolar solvation (AGyenpol)
contributions:

AGinhibitor—residue = AEvdw + AGele - AGpol + AGnonpol (6)

RESULTS AND DISCUSSION

Analysis of selectivity of ligands to DENV-2 NS2B/NS3pro alosteric binding
pockets

VS was performed for 3940 compounds and the efficacy of these compounds
against DENV-2 NS2B/NS3pro was evaluated using consensual molecular dock-
ing, MD simulations, and binding free energy calculations. First, the docking
scores obtained from GOLD and DOCK®6, as well as the number of H-bond inter-
actions formed with the amino acid residues from protein allosteric site, were
analyzed. The consensual scoring values obtained for all 3940 compounds bound
to the DENV-2 NS2B/NS3pro structure are given in Table S-1 (Supplementary
material). The results demonstrated that compounds 33-P5, 3-P5, 1466-P6 and
2645-P15 showed the best consensus docking rank. Thus, these ligands were sel-
ected for the MD simulation. The final ranks are listed in Table L.

Molecular docking is a powerful computational method used to investigate
the selectivity and affinity of a ligand in a macromolecular receptor,3> and has
been widely applied in structure-based virtual screening approaches combined
with in silico MD simulation techniques, and in calculating the free energy of

Available on line at www.shd.org.rs/JSCS/

(CC) 2022 SCS.



698 DA COSTA et al.

binding in the search for allosteric inhibitors of DENV-2 NS2B/NS3pro.36-38
Based on the consensual docking results, the four best compounds were selected
for analyzing the conformational dynamics of the complexes and their binding
affinities.

TABLE 1. Consensual docking rank final of four compounds docked against the DENV-2
NS2B/NS3pro structures

Compound ID Rank final Structure

Compound_33-P5 1.65 . KQ
W"an@

Compound_3-P5 1.64 {Oj

' H
\CEI/“ H\/\O/
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l
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The four best compounds were selected for MD simulation analysis to assess
their stability and conformational changes, and to understand the dynamic char-
acteristics of these ligands in relation to time in nanoseconds. Overall, the back-
bone RMSD values for Apo NS2B/NS3, NS2B/NS3pro-3-P5, NS2B/NS3pro-33-
-P5, NS2B/ /NS3pro-1466-P6 and NS2B/NS3pro-2645-P15 are < 3 A throughout
the 100 ns simulation time, reflecting the stability of the systems. Fluctuations
between 1 and 3 A within a reference protein structure are perfectly acceptable
and indicate the stability of the complex.3® Note that ligand 1466-P6 showed the
highest RMSD value of =2.5 A, lightly greater than the RMSD value for the free
protein (Apo). We believe that this ligand is undergoing a process of reaccom-
modation in the allosteric site. The 3-P5 and 2645-P15 ligands showed the lowest
RMSD values of 1.4 and 1.7 A, respectively, even less than the value for free pro-
tein (Apo, Fig. 1). This fact may suggest that these two simulated ligands have
high affinity for the protein.

Compound 2645-P15 1.63

Compound 1466-P6 1.62

Molecular dynamics
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Fig. 1 Structural dynamics of NS2B/NS3pro enzyme-ligand complexes (3-P5 in cyan, 33-P5
in blue, 1466-P6 in mangeta and 264-P15 inhibitor in orange) and unbounded Apo (black)
during 100 ns of MD simulations. A) Co. backbone RMSD in A of all the selected compounds
bound to the NS2B/NS3pro enzyme; B) RMSF values in A plotted against the residue number
for all the selected compounds bound to the NS2B/NS3pro enzyme; C) SASA values of the Ca
backbone atoms; D) Rg values after compound binding.

The RMSF values (Fig. 1B) support this hypothesis. The highest fluctuations
correspond to free protein and the 1466-P6 ligand, while the lowest values are
attributed to systems complexed with ligands 3-P5 and 2645-P15, suggesting that
these systems are more stable.

A solvent accessible surface area (SASA4) analysis was performed to define
the hydrophobicity of the protein in relation to the solvent. An SASA analysis is
important for an energetic evaluation of biological macromolecules.4? The SA4S4
results for all systems during 100 ns of MD simulations are shown in Fig. 1C.
The average SASA4 values for the APO protein and the complexes 3-P5-NS2B/
/NS3, 33-P5-NS2B/NS3, 1466-P6-NS2B/NS3 and 2645-P15-NS2B/NS3 were,
respectively, 9176 (black), 9014 (cyan), 8955 (blue), 9499 (magenta) and 9132
A2 (orange), showing that the systems NS2B/NS3-ligands were relatively more
stables.
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A calculation of the radius of gyration (Rg) was performed to evaluate the
stability of the protein—ligand systems by calculating the structural compactness
along the MD trajectories.#! After the MD simulation calculation, the calculation
of Rg was also used to determine the stability of the folded and unfolded protein,
and the complexes system. A graph of Rg as a function of time for the protein
and all the protein-ligand complexes (NS2B/NS3pro-3-P5, NS2B/NS3pro-33-P5,
NS2B/NS3pro-1466-P6 and NS2B/NS3pro-2645-P15) is shown in Fig. 1D. The
average Rg value of the Apo protein was 16,10 A (black). The average Rg value
of the complexes were 16.21 (cyan), 16.22 (blue), 16.46 (magenta) and 116.24 A
(orange), respectively. It was found that all complexes exhibited relatively simi-
lar and consistent Rg values as compared to the Apo protein, which indicates that
these are perfectively superimposed with each other and have good stability.
Since the radius of gyration had a relatively consistent value throughout the MD
simulation, it was regarded as stably folded.*2

To further explore the binding mode of the complexes, the MMGBSA
method was applied to the simulated systems, and the values of the free energies
and their components for the complexes formed between DENV-2 NS2B/NS3pro
ligands 3-P5, 33-P5, 1466-P6 and 2645-P15 indicated that the formation of the
four complexes was favorable. The AGpinq and the values of the van der Waals
energy change (AEyqw), and the electrostatic (AEg)e), polar (AGgg), and non-
polar (AGponpol) contributions are summarized in Table II. Based on the binding
free energy calculations, the complex of ligand 2645-P15 with DENV-2 NS2B/
/NS3pro showed the lowest affinity energy change (AGyinq) based on the MM/
/GBSA method.

TABLE II. Affinity energy values (J mol'!) and energy components. AE,4,, van der Waals
contributions; AE,, electrostatic contributions; AGgp, polar contributions; AGy,, non-polar
contributions; AGy;,g, affinity energy; the values + correspond to the standard error of the mean

Ligand 1D AEVdW AEele AGGB AGNP AGbind
3-P5 —184765.44 —70165.68 158531.76 —23346.72 -120624.72
+376.56 +962.32 +878.64 +376.56 +334.72
33-P5 —136440.24 —118323.52 175142.24 —15899.20 —95478.88
+418.4 +962.32 +920.48 +41.84 +376.56
1466-P6 —174682.00 —-66818.48 149619.84  —21296.56 —113135.36
+460.24 +794.96 +711.28 +41.84 +418.40
2645-P15 —-199200.24 -36066.08 117235.68 -24016.16 —-140164.00
+292.88 +627.60 +543.92 +251.04 +334.72

The main energetic contributions to the interaction of the DENV-2 NS2B/
/NS3pro receptor with the ligands are van der Waals contributions. It was obs-
erved that the energetic contribution of the hydrophobic residues of Leul06 (76),
Trp113 (83), Ile153 (123), Vall84 (154), Alal94 (164) and Alal96 (166), are
present in the DENV NS2B/NS3pro allosteric site;38:43 the numbers in paren-
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theses indicate the numbering in the Erbel!® model. In general, this is the pre-
ferred type of interaction observed between the complexes under study and pro-
tein residues.** To a lesser extent, electrostatic and nonpolar contributions also
favored system formation.

The energy contributions in the simulations of each residue to the four com-
plexes are shown in Fig. 2. This energy decomposition analysis shows the resi-
dues that contribute most significantly to the total interaction energy and, there-
fore, to the stabilization of the complexes.
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Fig. 2. Graphical representation of the interaction energy per residue (left) for the formed
complexes: A) ligand 3-P5, B) ligand 33-P5, C) ligand 1466-P6 and D) ligand 2645-P15.
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Analyzing the decomposition energy per residue of the NS2B/NS3pro struc-
ture complexed with ligand 2645-P15, it was observed that the residues Lys103
(73), Lys104 (74), Leul06 (76), Thr150 (120), Tle153 (123), Glyl178 (148),
Leul79 (149), Asnl82 (152), Vall84 (154), Alal94 (164), 1le195 (165) and
Alal96 (166) from the NS2B/NS3pro allosteric site*3 formed favorable interact-
ions with the aforementioned ligand, thus contributing to the stabilization of this
complex. Of the other complex, 3-P5 presented the second lowest affinity energy
and from an analysis of the residues that contribute favorably to the interaction
with it, the influence of Lys104 (74), Leul06 (76), Trp113 (83), Ile153 (123),
Asnl82 (152), Vall84 (154), Alal94 (164) and Alal96 (166). For the ligand
1466-P6, the residues Lys104 (74), Leul06 (76), Trp113 (83), Leull5 (85),
Leul79 (149), Alal94 (164), 1le195 (165), Alal96 (166) were the main contri-
butors to stability and to ligand 33-P5, the residues Lys103 (73), Lys104 (74),
Vall84 (154), Tyr191(161) and Val185(155) had favorable contributions. All lig-
ands present favorable interactions that stabilized the complexes with residues
from the NS2B/NS3pro allosteric site.”-19:43 Therefore, inhibitors targeting this
pocket may potentially be broad spectrum flavivirus inhibitors.

The residues Lys104(74) and Leul06(76) contribute significantly to the four
simulated complexes. However, the interaction of Lys104(74) with the double
benzene ring of the 3-P5 ligand is 1 kcal* mol~! greater than that of the other
systems, which is also well highlighted for the 2645-P15 ligand that also under-
goes hydrogen bonding interaction with Thr150, is well highlighted. The triad of
residues Alal94(164), 1le195(165), and Alal196(166) seems to contribute to the
stabilization of the ligands at this site, especially in the systems of ligands 33-P5
and ligand 1466-P6. Based on this strong link with the triad, structural modific-
ations to obtain more promising compounds are possible.

Although the two systems share similar bonds and interactions, which
ensures that the inhibitors can bind tightly to the receptor protein, the existence of
subtle discrepancies can be used in the future for designing drugs having these
residues, with a high binding capacity.

The favorable interactions presented for the 3-P5 and 2645-P15 ligands cor-
roborate the results observed in the literature that report NS2B/NS3pro allosteric
inhibitors in silico and in vitro studies.38:43:45:46 This fact suggests that these lig-
ands may show inhibitory activity directed at the NS2B/NS3pro allosteric site.

In particular, analyzing the ligand 2645-P15, which showed the best binding
affinities (AGpinq) based on the MM/GBSA method, it was possible to observe
interactions with the residue Lys103 (73), Lys104 (74), Leul79 (149) and
Asnl182 (152), Vall84(154) that, according to experimental and theoretical stu-
dies, are essential for protease inhibition.19-38:43.45 Othman and collaborators4®
observed that interactions with residues Lys104 (74) and Leul79 (149) explained

*1kcal=4184 ]
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the difference in the inhibition activity of non-competitive inhibitors in their
studies. This interaction with Lys104 (74) is directly linked to Asp75 inducing a
change in the region of the catalytic triad. This, presumably, could interrupt the
electron transfer process necessary for the binding of the substrate at the active
site, thus affecting the activity of the protease. Herein, the effects of the protein
environment on the ligand binding could be highlighted. Some reports have
considered the protonation pattern of the protein system determined by calcul-
ating the electrostatic energies from the solution of the linearized Poisson—
—Boltzmann Equation (LPBE).4748 The present results using an empirical
approach (H++ server) indicate that the protonation states are in accordance with
other studies, as mentioned above. Finally, it should be stressed that Leul79
(149) residue plays a role in the inhibition activity by blocking the entry of the
ligand into the active site due to its position in the protease.38:46

CONCLUSIONS

In the present study, molecular docking, MD simulations and binding free
energy calculations were used to investigate the binding affinity, selectivity and
stability of candidates for allosteric inhibitors of the DENV NS2B/NS3pro enz-
yme. GOLD and DOCKG6 programs were used to filter 3940 compounds through
consensual docking, where the best positions were chosen based on the docking
energies and hydrogen bonds. To estimate the dynamic behavior, MD simul-
ations were performed for four protein—ligand complexes that proved to be pro-
mising in the consensual approach, and simulations of 100 ns each were per-
formed using the AMBER package. The binding free energies were calculated
for the simulated systems, highlighting the ligands 3-P5 and 2645-P15 that pre-
sented interactions with several residues of interest, these results are consistent
with the results of other studies. Among them, the residues Lys103 (73), Asn182
(152), Lys104 (74) and Leul79 (149) are highlight. In addition, the triad of resi-
dues Alal94(164), 11e195(165), and Ala196(166) seems to be important in the
stability of all systems and could be explored in the future when designing new
compounds. The computational approach used herein proved to be useful for
designing new inhibitors to combat Dengue.

SUPPLEMENTARY MATERIAL

Docking energy values for all compounds obtained by the GOLD and DOCK6 programs
and their final classification values collected by the consensus platform Additional data and
information are available electronically at the pages of journal website: https://www.shd-
pub.org.rs/index.php/JSCS/article/view/11230, or from the corresponding author on request.
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U3BOJ
IN SILICO UIEHTUOUKALUJA HOBHUJUX AJIOCTEPUUHUX UHXUBUTOPA CEPUH
[TPOTEA3E OEHI'A BUPYCA NS2B/NS3
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Institute of Exact and Natural Sciences, Federal University of Pard (UFPA), 66075-110 Belém-PA, Brazil,
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Haxo je Ilenra rposHula donect koja Hanaga npexo 100 seMama ¥ CBaKe TOAHUHE U3Jaxe
OIIaCHOCTH cKopo 400 MMIMOHA XKMBOTA, HEMA ONOOPEHOr aHTUBUPYCHOT Jieka 3a TPETHpatbe
OB€ TaToJIOTHje. Y TOM KOHTEKCTY, IPOTeas3e Cy NMOTEHLHjalHU OMOJIOMKH LUBEBU MOIITO CY
OHe OUTHE y mpollecy YMHO)XKaBamwa OBOT BHUpyca. Y OBOj CTYAWjH je xopuurheHa dubnuoreka
ca Buure on 3000 cTpykTypa na Ou ce ucTpakuia anocrepuyka nHxubunuja NS2B/NS3 kxom-
IJleKca IpoTeasa KopuirhemeM TeXHHKa cariacHor pokuHra (consensual docking tech-
niques). Pe3ynraTu mokasyjy 4eTHpH Hajbosbe paHTHpaHe CTPYKType Koje cy omadpaHe 3a
cUMYyJaliije MOJIeKY/ICKe OUHaMUKe U ciaobonHe eHepruje. Haua aHanusa je moap)kaHa Apy-
TUM CTyfyjamMa (eKCIepUMEHTaTHAM U TEOPUjCKUM) U3HECEHUM Y JIUTepaTypu. Tako je noxa-
3aHO fa oBe KopulIheH payyHapCKU MPUCTYI MOe OUTH KODHUCTAH 3a IUIaHMpame HOBUX
nuxuduropa y bopdu mporus Jenra donectu.

(ITpumiseno 29. centembpa 2021, pesunupano 20. janyapa, npuxsaheno 17. pebpyapa 2022)
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TABLE S-I. Docking energy in final rank of all compounds

Docking energy, kJ mol’!

Compound

GOLD DOCK6 RANK
Compound_493-P10 55.0145 -40.4792 1.05
Compound_494-P10 48.3619 -40.6335 0.94
Compound_498-P10 47.2003 -33.1897 0.70
Compound 499-P10 42.4681 -32.8555 0.61
Compound_500-P10 49.1437 -35.1738 0.79
Compound_501-P10 45.8524 -35.1685 0.74
Compound_502-P10 42.9861 -34.5863 0.67
Compound_505-P10 43.5991 -35.0761 0.69
Compound_506-P10 35.3827 -34.7362 0.55
Compound_508-P10 49.0915 -37.4725 0.86
Compound_525-P10 43.4997 -34.5456 0.68
Compound_526-P10 39.5333 -34.9957 0.62
Compound 527-P10 53.3547 -36.2203 0.89
Compound_528-P10 46.6404 -37.0252 0.80
Compound 529-P10 43.2136 -37.0475 0.75
Compound_532-P10 51.9567 -41.3784 1.02
Compound_533-P10 66.5579 -45.3406 1.38

* Corresponding author. E-mail: joao.rocha@ifpa.edu.br
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Docking energy, kJ mol’!

Compound GOLD DOCK6 RANK
Compound_534-P10 66.3429 -44.8105 1.36
Compound 535-P10 54.8078 -46.4996 1.22
Compound_555-P10 47.1294 -42.0086 0.96
Compound_559-P10 72.8622 -43.7078 1.44
Compound_560-P10 53.2122 -43.6176 1.11
Compound_660-P10 43.7724 -42.6863 0.92
Compound_661-P10 51.1173 -43.8134 1.08
Compound 662-P10 37.5227 -43.0681 0.82
Compound_663-P10 48.0049 -41.0775 0.94
Compound_667-P10 60.6392 -44.2672 1.25
Compound_669-P10 59.9525 -44.3928 1.24
Compound_671-P10 43.0997 -44.2358 0.95
Compound 808-P10 47.4178 -44.9295 1.05
Compound 814-P10 43.6496 -38.7764 0.80
Compound 817-P10 48.6523 -40.2933 0.93
Compound_818-P10 53.1156 -44.8452 1.14
Compound_822-P10 52.9414 -40.9323 1.02
Compound_833-P10 63.2860 -41.3482 1.21
Compound 834-P10 53.6338 -37.4700 0.93
Compound 846-P10 40.7596 -36.3473 0.68
Compound 1267-P10 36.9559 -38.9872 0.70
Compound 1277-P10 64.6098 -42.0334 1.25
Compound 1301-P10 59.8522 -41.5171 1.16
Compound 1302-P10 54.2002 -42.6608 1.10
Compound 1314-P10 57.7154 -44.2496 1.20
Compound 1316-P10 41.4238 -43.2699 0.90
Compound 1320-P10 57.0063 -42.7086 1.14
Compound 1321-P10 46.9147 -42.1110 0.96
Compound 1323-P10 53.5591 -34.9115 0.86
Compound 1325-P10 60.4689 -41.5155 1.17
Compound 1326-P10 49.1343 -41.4219 0.97
Compound 1330-P10 53.6180 -44.0684 1.13
Compound 1632-P10 53.8111 -45.7540 1.18
Compound 1833-P10 42.6250 -31.3776 0.57
Compound 2036-P10 61.8467 -37.5276 1.08
Compound 2037-P10 50.6276 -31.6351 0.71
Compound 2038-P10 60.7469 -36.6313 1.03
Compound 2061-P10 69.9754 -43.6064 1.39
Compound 2092-P10 57.9794 -44.8444 1.22
Compound 2093-P10 40.4366 -46.7546 0.98
Compound 2094-P10 61.2447 -44.7289 1.27
Compound 2095-P10 60.2489 -45.1089 1.27
Compound 2096-P10 45.0966 -44.4462 0.99
Compound 2097-P10 59.4450 -43.3326 1.20
Compound 2100-P10 51.1354 -41.5047 1.01
Compound 2105-P10 48.4534 -33.6467 0.74

Available on line at www.shd.org.rs/JSCS/

(CC) 2022 SCS.



DA COSTA et al.

Docking energy, kJ mol’!

Compound GOLD DOCK6 RANK
Compound 2106-P10 48.1227 -35.4610 0.78
Compound 2109-P10 44.1434 -43.4043 0.95
Compound 2114-P10 50.9913 -43.1084 1.05
Compound 2115-P10 67.3150 -43.6992 1.35
Compound 2118-P10 34.3255 -42.4298 0.75
Compound 2119-P10 54.3968 -43.9169 1.13
Compound 2121-P10 53.7670 -39.4133 0.99
Compound 2122-P10 42.4321 -40.5701 0.83
Compound 2125-P10 38.0393 -33.2455 0.55
Compound 2131-P10 44.0794 -45.0650 0.99
Compound 2136-P10 48.9384 -46.9752 1.13
Compound 2137-P10 42.4597 -42.3731 0.89
Compound 2138-P10 40.7445 -35.0601 0.65
Compound 2139-P10 60.8563 -45.3153 1.29
Compound 2140-P10 34.9478 -46.1151 0.87
Compound 2144-P10 38.3626 -46.3833 0.93
Compound 2145-P10 53.1406 -46.4414 1.19
Compound 2146-P10 36.3688 -43.3671 0.81
Compound 2147-P10 38.3319 -46.8173 0.95
Compound 2155-P10 39.4951 -46.2351 0.95
Compound 2159-P10 48.3234 -47.2788 1.13
Compound 2160-P10 39.0845 -45.1868 091
Compound 2180-P10 32.8939 -30.8277 0.39
Compound 2219-P10 41.3088 -34.5854 0.64
Compound 2254-P10 55.0989 -35.7801 0.91
Compound 2278-P10 49.1206 -39.4010 0.91
Compound 2339-P10 53.8117 -43.1300 1.10
Compound 2359-P10 60.1688 -36.6478 1.02
Compound 2424-P10 56.7177 -42.6482 1.14
Compound 2565-P10 68.5571 -42.2957 1.33
Compound 2577-P10 66.5549 -47.4789 1.44
Compound 2579-P10 41.1970 -41.3316 0.84
Compound 2583-P10 54.2175 -46.0503 1.19
Compound 2616-P10 57.9462 -42.7637 1.16
Compound 2664-P10 67.7664 -40.7089 1.27
Compound 2727-P10 65.7697 -44.9486 1.36
Compound 2737-P10 59.7896 -43.1793 1.21
Compound 2766-P10 46.2643 -35.6101 0.76
Compound 2767-P10 51.5390 -36.7953 0.88
Compound 2776-P10 51.2687 -37.9631 091
Compound 2440-P11 39.7743 -32.3569 0.55
Compound 2441-P11 50.1818 -32.1041 0.72
Compound 2463-P11 48.3836 -36.9779 0.83
Compound 2539-P11 53.3664 -37.9739 0.94
Compound 2546-P11 45.2918 -38.4890 0.82
Compound 2547-P11 63.4939 -39.4801 1.16

Available on line at www.shd.org.rs/JSCS/

(CC) 2022 SCS.



SUPPLEMENTARY MATERIAL

S151

Docking energy, kJ mol’!

Compound GOLD DOCK6 RANK
Compound 2548-P11 51.8828 -40.3744 0.99
Compound 2550-P11 41.3962 -43.2997 0.90
Compound 2551-P11 39.1605 -42.6747 0.84
Compound 2552-P11 55.3679 -41.9173 1.09
Compound 2554-P11 59.3719 -45.4047 1.26
Compound 2555-P11 45.2353 -45.6473 1.03
Compound 2569-P11 44.5374 -35.2276 0.72
Compound 2570-P11 42.4711 -37.3101 0.74
Compound 2571-P11 54.3922 -40.1765 1.03
Compound 2572-P11 49.8883 -40.0611 0.95
Compound 2573-P11 49.3663 -40.3050 0.94
Compound 2574-P11 67.9678 -44.0928 1.37
Compound 2584-P11 38.6052 -39.0160 0.72
Compound 2585-P11 49.7889 -43.4295 1.04
Compound 2586-P11 52.5446 -42.5088 1.06
Compound 2588-P11 57.9195 -44.7613 1.22
Compound 2589-P11 58.5917 -43.6817 1.20
Compound 2591-P11 53.3422 -46.7401 1.20
Compound 2592-P11 62.6974 -39.6109 1.15
Compound 2593-P11 52.2059 -40.6821 1.00
Compound 2594-P11 60.2085 -46.9019 1.32
Compound 2595-P11 45.6377 -45.2476 1.02
Compound 2596-P11 53.1575 -42.0078 1.06
Compound 2598-P11 54.1807 -42.3687 1.09
Compound 2599-P11 54.0687 -46.4592 1.20
Compound 2652-P11 31.5918 -38.9124 0.60
Compound 2657-P11 449156 -38.7006 0.82
Compound 2665-P11 43.7432 -40.3750 0.85
Compound 2667-P11 65.9916 -40.7361 1.24
Compound 2668-P11 52.5808 -39.2773 0.97
Compound 2669-P11 56.2488 -40.9469 1.08
Compound 2670-P11 44.6478 -43.0276 0.94
Compound 2689-P11 37.4111 -37.7554 0.67
Compound 2690-P11 41.7158 -40.8678 0.83
Compound 2691-P11 44.4737 -42.7648 0.93
Compound 2692-P11 46.0591 -41.3822 0.92
Compound 2693-P11 61.5882 -42.0828 1.20
Compound 2695-P11 41.9024 -41.6596 0.86
Compound 2696-P11 66.3707 -44.0720 1.34
Compound 2698-P11 43.7714 -39.8152 0.834
Compound 2699-P11 44.4826 -39.8318 0.85
Compound 2700-P11 45.5816 -45.3305 1.03
Compound 2701-P11 64.5427 -45.6295 1.36
Compound 2703-P11 62.0708 -48.1437 1.39
Compound 2714-P11 44.5524 -36.0907 0.74
Compound 2715-P11 61.4006 -40.9367 1.17

Available on line at www.shd.org.rs/JSCS/

(CC) 2022 SCS.



DA COSTA et al.

Docking energy, kJ mol’!

Compound GOLD DOCK6 RANK
Compound 2716-P11 48.4413 -42.1222 0.98
Compound 2717-P11 39.0429 -41.6999 0.81
Compound 2718-P11 50.2161 -42.3834 1.02
Compound 2720-P11 70.4130 -45.8771 1.46
Compound 2734-P11 63.5645 -44.2241 1.30
Compound 2735-P11 48.2251 -44.6284 1.05
Compound 2736-P11 64.2626 -46.7529 1.38
Compound 2743-P11 49.5718 -41.4932 0.98
Compound 2744-P11 41.9503 -44.4549 0.94
Compound 2745-P11 67.8441 -45.6421 1.41
Compound 2746-P11 60.8689 -42.2971 1.20
Compound 2747-P11 54.1800 -41.2640 1.05
Compound 2748-P11 51.7120 -47.0152 1.18
Compound 2750-P11 54.9374 -46.3364 1.21
Compound 2751-P11 43.5952 -45.1259 0.99
Compound 2818-P11 38.3860 -38.5915 0.71
Compound 2926-P11 63.1888 -42.1957 1.23
Compound 2939-P11 67.1451 -40.8512 1.26
Compound 2947-P11 79.2870 -43.8454 1.56
Compound 2948-P11 43.0468 -41.9508 0.88
Compound 2950-P11 66.7275 -41.3116 1.27
Compound 2951-P11 62.4857 -42.7354 1.24
Compound 2952-P11 59.7380 -42.4072 1.18
Compound 2960-P11 63.5794 -41.7107 1.23
Compound 2961-P11 60.0337 -41.6643 1.17
Compound 2963-P11 43.2168 -43.8173 0.94
Compound 2977-P11 38.9457 -39.8107 0.75
Compound 2978-P11 58.2777 -41.4194 1.13
Compound 2987-P11 54.3138 -42.0076 1.08
Compound 2988-P11 48.8261 -45.7669 1.09
Compound 2989-P11 63.9906 -45.9240 1.36
Compound 2990-P11 55.9811 -44.1223 1.17
Compound 2991-P11 54.2087 -44.0480 1.14
Compound 2992-P11 57.2201 -43.9059 1.18
Compound 2993-P11 49.6923 -45.3260 1.10

Compound_7-P12 58.1285 -41.2478 1.12
Compound_11-P12 39.2064 -43.7520 0.87
Compound_16-P12 64.3475 -46.0334 1.37
Compound 17-P12 62.3227 -43.6602 1.26
Compound 18-P12 50.2518 -43.8827 1.06
Compound_19-P12 47.6999 -44.1428 1.03
Compound 20-P12 45.6626 -45.8612 1.04
Compound 21-P12 53.6205 -45.2832 1.16
Compound 22-P12 45.4960 -46.5368 1.06
Compound 23-P12 49.0648 -45.1276 1.08
Compound 24-P12 44.6797 -44.9049 1.00

Available on line at www.shd.org.rs/JSCS/

(CC) 2022 SCS.



SUPPLEMENTARY MATERIAL

S153

Docking energy, kJ mol’!

Compound GOLD DOCK6 RANK
Compound 25-P12 473316 -44.8282 1.04
Compound 34-P12 448141 -45.1385 1.01
Compound 35-P12 57.1023 -48.3877 1.31
Compound 36-P12 48.1950 -42.3645 0.98
Compound 42-P12 43.9065 -44.7252 0.98
Compound 43-P12 46.8825 -45.9323 1.07
Compound_44-P12 43.6752 -46.7260 1.03
Compound 69-P12 44.6811 -43.9480 0.97
Compound_73-P12 50.2951 -43.2508 1.05
Compound_74-P12 64.9289 -47.9564 1.43
Compound_82-P12 60.9698 -44.9682 1.28
Compound_83-P12 65.7484 -47.5668 1.43
Compound 87-P12 34,7672 -45.9655 0.86
Compound 88-P12 51.4550 -46.9608 1.17

Compound 126-P12 45.2388 -43.5365 0.97
Compound_129-P12 45.4882 -44.4994 1.00
Compound_136-P12 42.7748 -44.3435 0.95
Compound_137-P12 58.1166 -43.9229 1.20
Compound 138-P12 51.4574 -45.2706 1.12
Compound 146-P12 53.2765 -42.2250 1.07
Compound_147-P12 53.6617 -44.1477 1.13
Compound_150-P12 41.2204 -42.0893 0.86
Compound_151-P12 52.7339 -46.6455 1.19
Compound 152-P12 79.9672 -42.3993 1.53
Compound 153-P12 52.5741 -43.9431 1.10
Compound 155-P12 70.1897 -45.3428 1.44
Compound_156-P12 53.7179 -47.0722 1.21
Compound 157-P12 48.5293 -43.7938 1.03
Compound_183-P12 66.5172 -42.4638 1.30
Compound_220-P12 48.2077 -37.4034 0.84
Compound_221-P12 47.5117 -39.0119 0.88
Compound 222-P12 38.0102 -38.4851 0.70
Compound 223-P12 62.4553 -41.2578 1.19
Compound_224-P12 62.2008 -46.5198 1.34
Compound_225-P12 56.9408 -44.6311 1.20
Compound_232-P12 42.5467 -35.8072 0.70
Compound_233-P12 47.0232 -40.1599 0.90
Compound 234-P12 50.5868 -40.4429 0.97
Compound 235-P12 33.7772 -41.1330 0.70
Compound 237-P12 29.4502 -43.2434 0.69
Compound_238-P12 66.1052 -44.4000 1.35
Compound_239-P12 46.4590 -43.8220 1.00
Compound_260-P12 47.1868 -41.9991 0.96
Compound 261-P12 61.1859 -42.7580 1.22
Compound 263-P12 43.6539 -42.3964 091
Compound 264-P12 55.7679 -43.5930 1.15

Available on line at www.shd.org.rs/JSCS/

(CC) 2022 SCS.



S154 DA COSTA et al.

Docking energy, kJ mol’!

Compound GOLD DOCK6 RANK
Compound_265-P12 55.9379 -46.3870 1.23
Compound 266-P12 46.9191 -43.5543 1.00
Compound 267-P12 59.0686 -43.6316 1.21
Compound 268-P12 60.4902 -39.6845 1.12
Compound_269-P12 50.9549 -39.7859 0.96
Compound 270-P12 52.8004 -39.8881 0.99
Compound_271-P12 43.1304 -42.5918 0.90
Compound 272-P12 50.7148 -44.0636 1.08
Compound 275-P12 64.5592 -45.7428 1.36
Compound 317-P12 45.2689 -39.4437 0.85
Compound 318-P12 38.1824 -38.0762 0.69
Compound_319-P12 47.3405 -41.1609 0.93
Compound 320-P12 33.5390 -41.5117 0.71
Compound 321-P12 39.7915 -38.5122 0.73
Compound_322-P12 50.0678 -39.9441 0.95
Compound_323-P12 49.0724 -40.4058 0.94
Compound_324-P12 52.7995 -43.0872 1.08
Compound_326-P12 37.1693 -39.4723 0.71
Compound 327-P12 53.4869 -44.0562 1.12
Compound 328-P12 46.0680 -39.2524 0.86
Compound_329-P12 61.8525 -40.9092 1.17
Compound_330-P12 42.1432 -45.6131 0.98
Compound_331-P12 43.7936 -45.4231 1.00
Compound_339-P12 52.7022 -41.6552 1.04
Compound 340-P12 38.5761 -43.5686 0.86
Compound 341-P12 47.4463 -39.0420 0.88
Compound_342-P12 51.1874 -41.4556 1.01
Compound_343-P12 61.6994 -42.6910 1.22
Compound_344-P12 47.6461 -44.4160 1.03
Compound_345-P12 68.7693 -45.5231 1.43
Compound_346-P12 39.0499 -43.5352 0.86
Compound 347-P12 47.8762 -44.4228 1.04
Compound 362-P12 45.5614 -42.9589 0.96
Compound_363-P12 56.5986 -42.3588 1.13
Compound_364-P12 70.3903 -42.7190 1.37
Compound_365-P12 47.8858 -41.5470 0.96
Compound_366-P12 49.6425 -42.9748 1.03
Compound 367-P12 52.1089 -40.0191 0.98
Compound 368-P12 50.7542 -40.3889 0.97
Compound_369-P12 58.6640 -38.7588 1.06
Compound_370-P12 71.6724 -40.1290 1.32
Compound 371-P12 50.0969 -40.0148 0.95
Compound_372-P12 57.3259 -42.9412 1.16
Compound 373-P12 60.5865 -40.4950 1.14
Compound 374-P12 45.9589 -41.1502 091
Compound_375-P12 55.4855 -45.8678 1.21

Available on line at www.shd.org.rs/JSCS/

(CC) 2022 SCS.



SUPPLEMENTARY MATERIAL

S155

Docking energy, kJ mol’!

Compound GOLD DOCK6 RANK
Compound_376-P12 46.9243 -43.8303 1.01
Compound 377-P12 50.6913 -42.9026 1.04
Compound 378-P12 55.7973 -40.1780 1.05
Compound_379-P12 59.6804 -42.4551 1.18
Compound_380-P12 51.6952 -45.1844 1.13
Compound_381-P12 55.4237 -40.6277 1.06
Compound_382-P12 39.4086 -43.1960 0.86
Compound 383-P12 46.4308 -42.8481 0.97
Compound 384-P12 51.9058 -47.4080 1.19
Compound 718-P12 51.8337 -40.0717 0.98
Compound_720-P12 59.4739 -46.5939 1.30
Compound_739-P12 49.0808 -34.7179 0.78
Compound 741-P12 43.0800 -38.9961 0.80
Compound 742-P12 61.0861 -44.0639 1.25
Compound_743-P12 68.0726 -43.5887 1.36
Compound_747-P12 47.2582 -38.2264 0.85
Compound_748-P12 45.7214 -34.9126 0.73
Compound_780-P12 41.1400 -26.5671 0.41
Compound 782-P12 50.2483 -35.4410 0.82
Compound 783-P12 44.0104 -37.0640 0.76
Compound_785-P12 46.5577 -41.6131 0.93
Compound_789-P12 51.0346 -35.9160 0.85
Compound_814-P12 56.5264 -39.7178 1.05
Compound_815-P12 53.2572 -37.0403 0.92
Compound 822-P12 56.2107 -41.0110 1.08
Compound 824-P12 55.4603 -36.9822 0.95
Compound_842-P12 43.5716 -33.9995 0.66
Compound_846-P12 41.9325 -34.3117 0.64
Compound_847-P12 49.1093 -38.8561 0.90
Compound 850-P12 43.0629 -37.8122 0.77
Compound_868-P12 49.2019 -36.5176 0.83
Compound 869-P12 46.6886 -38.1351 0.84
Compound 870-P12 68.1718 -41.4734 1.30
Compound_875-P12 43.3789 -40.2097 0.834
Compound 883-P12 52.9995 -39.8665 0.99
Compound_884-P12 64.3404 -43.4453 1.29
Compound_885-P12 45.2835 -41.7532 0.92
Compound 889-P12 42.8562 -39.7402 0.82
Compound_896-P12 48.0709 -38.5519 0.87
Compound_899-P12 54.2277 -42.7077 1.10
Compound 900-P12 40.5952 -39.5418 0.77
Compound 901-P12 33.6413 -41.1663 0.70
Compound_902-P12 48.1626 -42.2867 0.98
Compound 909-P12 66.0470 -47.6562 1.44
Compound 910-P12 58.5755 -40.8439 1.12
Compound 911-P12 61.2639 -42.1278 1.20

Available on line at www.shd.org.rs/JSCS/

(CC) 2022 SCS.



DA COSTA et al.

Docking energy, kJ mol’!

Compound GOLD DOCK6 RANK
Compound_912-P12 46.5436 -44.3495 1.01
Compound 914-P12 65.3786 -42.8472 1.29
Compound 915-P12 40.1401 -45.8248 0.95
Compound_934-P12 55.1278 -46.6926 1.23
Compound_943-P12 57.9137 -44.7958 1.22
Compound_946-P12 35.3749 -36.9199 0.61
Compound_958-P12 69.5183 -42.6556 1.36
Compound 961-P12 63.2124 -43.4353 1.27
Compound 966-P12 54.2059 -39.6576 1.01
Compound 968-P12 45.4178 -39.6811 0.86
Compound_970-P12 52.6497 -41.9318 1.05
Compound_975-P12 36.8547 -39.0582 0.70
Compound 978-P12 65.2279 -40.5311 1.22
Compound 982-P12 55.5538 -41.3965 1.08
Compound 983-P12 63.1675 -44.9975 1.32
Compound 984-P12 46.9892 -41.5429 0.94
Compound 986-P12 66.2708 -43.7086 1.33

Compound 1004-P12 50.4445 -39.8501 0.95
Compound 1005-P12 60.6039 -41.1211 1.16
Compound 1007-P12 52.5963 -38.5765 0.95
Compound 1064-P12 53.5345 -42.3624 1.08
Compound 1070-P12 54.0613 -36.2323 091
Compound 1086-P12 57.7422 -35.7439 0.95
Compound 1088-P12 46.9075 -39.3295 0.87
Compound 1098-P12 57.1922 -35.1776 0.93
Compound 1109-P12 53.5266 -36.2018 0.90
Compound 1116-P12 51.2038 -43.1477 1.06
Compound 1119-P12 46.8142 -40.3522 0.90
Compound 1122-P12 58.1418 -44.0157 1.20
Compound 1229-P12 40.8363 -39.6448 0.78
Compound_1230-P12 41.1799 -32.6199 0.58
Compound 1238-P12 57.0396 -49.1078 1.33
Compound 1746-P12 38.8517 -46.3792 0.94
Compound 1748-P12 67.8588 -44.8080 1.39
Compound 1751-P12 57.7686 -48.8908 1.34
Compound 1757-P12 66.6318 -44.1677 1.35
Compound_1769-P12 42.4267 -44.5245 0.95
Compound 1770-P12 47.0593 -39.7181 0.89
Compound 2313-P12 36.2422 -44.2302 0.84
Compound 2321-P12 46.4107 -42.6761 0.96
Compound 2324-P12 44.8323 -42.7807 0.94
Compound 2327-P12 52.8229 -42.8714 1.08
Compound 2339-P12 59.3147 -43.9784 1.22
Compound 2428-P12 34.2659 -44.0945 0.80
Compound 2430-P12 35.8132 -43.9411 0.82
Compound 2444-P12 48.8790 -45.4703 1.09

Available on line at www.shd.org.rs/JSCS/

(CC) 2022 SCS.



SUPPLEMENTARY MATERIAL

S157

Docking energy, kJ mol’!

Compound GOLD DOCK6 RANK
Compound 2477-P12 35.0684 -45.9967 0.87
Compound 2513-P12 57.7514 -40.8408 1.10
Compound 2516-P12 41.5891 -40.3276 0.81
Compound 2519-P12 58.0976 -43.4975 1.19
Compound 2576-P12 45.1658 -41.7509 0.92
Compound 2579-P12 58.8898 -43.0667 1.19
Compound 2582-P12 62.9167 -42.9882 1.25
Compound 2593-P12 33.4096 -42.8882 0.75
Compound 2614-P12 37.7373 -44.7578 0.88
Compound 2634-P12 42.8016 -45.6161 0.99
Compound 2686-P12 46.7598 -40.2014 0.90
Compound 2689-P12 58.0220 -42.0360 1.14
Compound 2692-P12 44.0234 -44.3581 0.97
Compound 2702-P12 41.1141 -43.9412 0.91
Compound 2797-P12 64.3679 -44.7752 1.33
Compound 2800-P12 52.6577 -44.8663 1.13
Compound 2803-P12 48.2608 -45.5384 1.08
Compound 2814-P12 38.7355 -45.1140 0.90
Compound 2882-P12 49.5151 -44.6195 1.07
Compound 2883-P12 36.2996 -43.4463 0.81
Compound 2886-P12 63.2164 -44.9135 1.31
Compound 2948-P12 24.8651 -43.4045 0.62

Compound_11-P13 50.8179 -42.7679 1.04

Compound_12-P13 44.0068 -41.3465 0.88

Compound 15-P13 60.5646 -39.1283 1.10
Compound 2452-P13 68.8033 -45.8146 1.43
Compound 2454-P13 54.0255 -43.0710 1.10
Compound 2455-P13 53.1834 -44.9230 1.14
Compound 2460-P13 54.5596 -41.1024 1.06
Compound 2463-P13 57.4093 -42.4225 1.14
Compound 2507-P13 57.8295 -35.9483 0.96
Compound 2511-P13 46.1377 -33.8329 0.70
Compound 2513-P13 45.3246 -40.4507 0.88
Compound 2518-P13 47.5901 -36.5015 0.80
Compound 2520-P13 44.3699 -38.5697 0.81
Compound 2524-P13 51.5027 -38.8883 0.94
Compound 2529-P13 60.6094 -39.3514 1.11
Compound 2530-P13 46.6495 -33.1950 0.69
Compound 2532-P13 56.5132 -39.8657 1.05
Compound 2540-P13 42.9762 -36.2652 0.72
Compound 2542-P13 54.2782 -38.7066 0.98
Compound 2549-P13 62.5866 -39.4564 1.14
Compound 2550-P13 48.7098 -37.6657 0.86
Compound 2558-P13 46.1899 -34.6363 0.73
Compound 2601-P13 79.3081 -44.3116 1.57
Compound 2602-P13 52.7671 -46.3412 1.18

Available on line at www.shd.org.rs/JSCS/

(CC) 2022 SCS.



DA COSTA et al.

Docking energy, kJ mol’!

Compound GOLD DOCK6 RANK
Compound 2667-P13 39.0287 -43.8395 0.87
Compound 2704-P13 47.9596 -33.7660 0.73
Compound 2706-P13 50.2584 -36.2616 0.84
Compound 2719-P13 52.3933 -40.2722 1.00
Compound 2721-P13 47.6982 -41.2643 0.94
Compound 2731-P13 43.4613 -34.8812 0.69
Compound 2771-P13 68.3343 -41.1504 1.29
Compound 2772-P13 69.7717 -42.3348 1.35
Compound 2789-P13 54.0643 -34.8607 0.87
Compound 2806-P13 49.1660 -33.3193 0.74
Compound 2807-P13 56.4184 -36.2483 0.95
Compound 2820-P13 37.0031 -44.6431 0.86
Compound 2821-P13 54.7284 -46.4566 1.21
Compound 2822-P13 57.7087 -45.0919 1.23
Compound 2829-P13 45.1063 -43.0206 0.95
Compound 2833-P13 29.7739 -45.7938 0.77
Compound 2834-P13 50.4251 -43.3978 1.05
Compound 2835-P13 48.9238 -44.6719 1.06
Compound 2836-P13 55.6036 -42.6940 1.12
Compound 2837-P13 32.8043 -43.3681 0.75
Compound 2844-P13 75.9887 -43.9979 1.50
Compound 2851-P13 39.8603 -48.3251 1.02
Compound 2854-P13 55.6174 -43.1775 1.13
Compound 2857-P13 52.0878 -46.0637 1.16
Compound 2858-P13 60.4387 -45.6487 1.29
Compound 2859-P13 55.8397 -46.8769 1.25
Compound 2861-P13 57.8992 -41.7518 1.13
Compound 2862-P13 55.8713 -46.1819 1.23
Compound 2863-P13 49.5151 -47.0837 1.14
Compound 2865-P13 43.6891 -44.6283 0.97
Compound 2868-P13 50.7243 -41.9483 1.02
Compound 2870-P13 57.0489 -41.3935 1.11
Compound 2871-P13 45.2534 -43.1990 0.96
Compound 2878-P13 34.7022 -39.0567 0.66
Compound 2879-P13 52.3703 -43.1414 1.08
Compound 2880-P13 62.1641 -42.0084 1.21
Compound 2881-P13 53.9229 -41.9310 1.07
Compound 2894-P13 62.5096 -44.3977 1.29
Compound 2909-P13 46.3798 -51.4962 1.22
Compound 2911-P13 42.1408 -49.1917 1.08
Compound 2916-P13 41.1081 -44.1473 0.92
Compound 2921-P13 55.0710 -50.5722 1.34
Compound 2928-P13 53.5942 -42.6343 1.08
Compound 2938-P13 55.8512 -47.3414 1.26
Compound 2970-P13 66.0422 -45.8864 1.39

Compound 42-P14 55.3744 -32.6016 0.82

Available on line at www.shd.org.rs/JSCS/

(CC) 2022 SCS.



SUPPLEMENTARY MATERIAL

S159

Docking energy, kJ mol’!

Compound GOLD DOCK6 RANK
Compound_65-P14 41.2803 -34.6891 0.64
Compound 90-P14 62.7892 -35.2004 1.02

Compound_116-P14 75.0843 -40.9241 1.40
Compound_140-P14 51.2651 -34.8180 0.82
Compound_143-P14 49.2783 -35.1801 0.79
Compound_177-P14 44.8657 -37.1976 0.78
Compound_244-P14 45.3575 -39.0454 0.84
Compound 258-P14 40.2202 -35.6684 0.65
Compound 271-P14 50.5715 -38.4632 091
Compound_272-P14 50.1430 -40.8325 0.97
Compound 330-P14 57.0592 -36.0526 0.95
Compound_341-P14 61.0548 -36.2365 1.03
Compound 342-P14 31.0110 -33.2370 0.43
Compound 343-P14 46.1652 -36.7920 0.79
Compound 1577-P14 61.4422 -42.4758 1.21
Compound 2140-P14 52.7434 -44.2709 1.12
Compound 2141-P14 54.8068 -45.3000 1.18
Compound 2143-P14 47.1215 -50.1559 1.19
Compound 2144-P14 46.7221 -45.9093 1.06
Compound 2146-P14 44.1755 -45.6099 1.01
Compound 2147-P14 56.7071 -46.2304 1.24
Compound 2148-P14 40.3410 -47.3501 1.00
Compound 2149-P14 53.0775 -43.2231 1.09
Compound 2150-P14 60.6179 -48.4633 1.37
Compound 2152-P14 36.3999 -44.3614 0.84
Compound 2155-P14 52.9803 -47.3252 1.21
Compound 2156-P14 32.8452 -50.1278 0.95
Compound 2160-P14 41.0716 -44.0075 091
Compound 2161-P14 51.8595 -44.8165 1.12
Compound 2172-P14 31.8272 -50.2355 0.93
Compound 2175-P14 41.5615 -45.0386 0.95
Compound 2176-P14 66.8294 -48.7733 1.49
Compound 2181-P14 58.5780 -43.9837 1.21
Compound 2182-P14 54.1331 -45.7173 1.18
Compound 2187-P14 38.0742 -46.3311 0.93
Compound 2189-P14 46.7889 -47.5741 1.11
Compound 2190-P14 54.3031 -48.4801 1.27
Compound 2199-P14 35.9274 -44.9020 0.85
Compound 2203-P14 57.8520 -47.8872 1.31
Compound 2208-P14 64.8630 -42.1623 1.26
Compound 2209-P14 32.6154 -44.4828 0.78
Compound 2210-P14 48.1178 -43.6813 1.02
Compound 2211-P14 60.8221 -51.5269 1.46
Compound 2213-P14 51.9480 -47.6416 1.20
Compound 2217-P14 63.1143 -47.6602 1.39
Compound 2315-P14 49.3407 -45.2599 1.09

Available on line at www.shd.org.rs/JSCS/

(CC) 2022 SCS.



S 1 60 DA COSTA et al.

Docking energy, kJ mol’!

Compound GOLD DOCK6 RANK
Compound_60-P15 32.3295 -44.9280 0.79
Compound 67-P15 30.6566 -42.7533 0.70
Compound 68-P15 39.0790 -45.1744 091
Compound_71-P15 33.5893 -49.7783 0.95
Compound_78-P15 46.0844 -46.9450 1.08
Compound_79-P15 42.7280 -47.2661 1.03
Compound_85-P15 32.2533 -47.6859 0.87
Compound 93-P15 37.4089 -48.1520 0.97
Compound 94-P15 47.3043 -45.1388 1.05
Compound 97-P15 48.3480 -49.3361 1.19
Compound_100-P15 51.3545 -48.0847 1.20
Compound_109-P15 49.9687 -46.1713 1.12
Compound 135-P15 37.4457 -46.7330 0.93
Compound_169-P15 32.9391 -48.6293 0.91
Compound_175-P15 31.4659 -44.5367 0.76
Compound_186-P15 34.5471 -49.2542 0.95
Compound_193-P15 42.9731 -48.1355 1.06
Compound 252-P15 37.2600 -45.2948 0.88
Compound 256-P15 34.9926 -43.9475 0.81
Compound 257-P15 45.6171 -43.1089 0.96
Compound 258-P15 49.9877 -45.7923 1.11
Compound_264-P15 33.1361 -44.8677 0.80
Compound 265-P15 45.6921 -43.9153 0.99
Compound 268-P15 54.2503 -46.1010 1.20
Compound 274-P15 45.9556 -47.0223 1.08
Compound 275-P15 47.8914 -46.2281 1.09
Compound 277-P15 52.9905 -50.5947 1.30
Compound 279-P15 28.0927 -44.4183 0.70
Compound_306-P15 45.9079 -47.4787 1.09
Compound 331-P15 46.8655 -47.3582 1.11
Compound_337-P15 26.8009 -44.6027 0.69
Compound 338-P15 229179 -43.7928 0.60
Compound_342-P15 32.3415 -46.1482 0.82
Compound_346-P15 46.4526 -43.4514 0.99
Compound_347-P15 52.5922 -46.4871 1.18
Compound_350-P15 38.0346 -46.4183 0.93
Compound_358-P15 30.4845 -47.3617 0.83
Compound 359-P15 63.7881 -45.4389 1.34
Compound_360-P15 45.9847 -50.9792 1.20
Compound_362-P15 60.0864 -48.4227 1.36
Compound_370-P15 61.5580 -46.6328 1.34
Compound_392-P15 46.6412 -46.9900 1.09
Compound_422-P15 26.4722 -46.8790 0.75
Compound 428-P15 42.5447 -43.8131 0.93
Compound_430-P15 31.7284 -46.5914 0.83
Compound_439-P15 30.8850 -45.6602 0.79

Available on line at www.shd.org.rs/JSCS/

(CC) 2022 SCS.



SUPPLEMENTARY MATERIAL

S161

Docking energy, kJ mol’!

Compound GOLD DOCK6 RANK
Compound_442-P15 49.6041 -45.4664 1.10
Compound 487-P15 38.2995 -45.9030 0.92
Compound_516-P15 32.3646 -47.3933 0.86
Compound_523-P15 34.0456 -47.3401 0.89
Compound 524-P15 25.0075 -47.3510 0.73
Compound_526-P15 54.9836 -48.1793 1.27
Compound_535-P15 53.9476 -48.6813 1.27
Compound 538-P15 38.2954 -48.7358 1.00
Compound_546-P15 28.8341 -47.2486 0.80
Compound_579-P15 59.1526 -49.7576 1.39
Compound_605-P15 51.5081 -46.9275 1.17
Compound_610-P15 32.5445 -46.8332 0.85
Compound 613-P15 29.4016 -47.9031 0.83
Compound 632-P15 53.9406 -48.2980 1.25
Compound_670-P15 41.7274 -50.3554 1.11
Compound 692-P15 39.3112 -41.1517 0.80
Compound_693-P15 44.0866 -45.0908 0.99
Compound_695-P15 57.6035 -45.1391 1.22
Compound 702-P15 47.7467 -44.4198 1.04
Compound_706-P15 61.8490 -44.6390 1.28
Compound_773-P15 27.2407 -46.5854 0.75
Compound_780-P15 26.3601 -44.6025 0.68
Compound_781-P15 43.6357 -44.2313 0.96
Compound_782-P15 54.5992 -48.1450 1.26
Compound 784-P15 28.8929 -47.3242 0.80
Compound_792-P15 48.8650 -47.1912 1.14
Compound_799-P15 55.9166 -45.1213 1.20

Compound 1181-P15 51.0767 -41.7666 1.02
Compound 1182-P15 35.3816 -45.0646 0.84
Compound 1183-P15 36.4037 -44.0670 0.83
Compound_1208-P15 44.2462 -44.1954 0.97
Compound 1209-P15 43.4463 -44.3126 0.96
Compound 1235-P15 64.1974 -44.2686 1.31
Compound 1241-P15 49.1386 -45.2867 1.09
Compound 1243-P15 62.5753 -45.4635 1.32
Compound 1256-P15 58.8681 -45.4229 1.25
Compound_1301-P15 51.3504 -46.2105 1.15
Compound 1303-P15 47.0571 -40.3263 0.91
Compound 1306-P15 45.7446 -41.9908 0.93
Compound 1307-P15 41.9399 -40.4053 0.82
Compound 1309-P15 60.1089 -43.9201 1.23
Compound 1311-P15 55.9244 -44.2489 1.17
Compound_1313-P15 58.8805 -38.0490 1.04
Compound 1320-P15 59.3806 -41.7253 1.16
Compound 1321-P15 65.6545 -43.6465 1.32
Compound 1323-P15 58.3101 -37.4927 1.02

Available on line at www.shd.org.rs/JSCS/

(CC) 2022 SCS.



S 1 62 DA COSTA et al.

Docking energy, kJ mol’!

Compound GOLD DOCK6 RANK
Compound_1644-P15 60.8990 -43.6940 1.24
Compound 1645-P15 47.6756 -41.9188 0.96
Compound 1648-P15 50.7563 -38.6211 0.92
Compound_1649-P15 56.5494 -31.4920 0.81
Compound 1685-P15 48.8819 -43.7566 1.04
Compound 1712-P15 38.5345 -42.3829 0.82
Compound_1728-P15 57.5719 -38.7876 1.04
Compound 1729-P15 49.5271 -36.7886 0.85
Compound 1732-P15 65.0854 -35.2740 1.07
Compound 1733-P15 35.6220 -30.3358 0.42
Compound 1750-P15 57.5548 -40.1350 1.08
Compound 1762-P15 57.2331 -40.6421 1.09
Compound 1785-P15 67.5036 -41.1095 1.28
Compound 1857-P15 41.7836 -29.7616 0.51
Compound 1859-P15 47.8030 -32.4814 0.69
Compound_1860-P15 39.0058 -30.6567 0.49
Compound 1932-P15 49.5756 -41.6036 0.99
Compound 1934-P15 50.6396 -40.5538 0.97
Compound 1957-P15 52.9920 -42.7341 1.08
Compound 1977-P15 70.0229 -44.2620 1.41
Compound 1993-P15 58.3564 -39.3281 1.07
Compound 2005-P15 48.9091 -34.1063 0.76
Compound 2057-P15 53.9821 -42.7896 1.10
Compound 2065-P15 63.7709 -43.7793 1.29
Compound 2076-P15 41.1918 -46.0370 0.97
Compound 2077-P15 63.4482 -41.7132 1.22
Compound 2078-P15 54.2703 -43.4468 1.12
Compound 2079-P15 54.6507 -41.7211 1.08
Compound 2095-P15 53.3392 -42.1439 1.07
Compound 2103-P15 49.1762 -40.1984 0.94
Compound 2110-P15 54.1972 -41.4947 1.06
Compound 2111-P15 56.1692 -43.0690 1.14
Compound 2112-P15 57.0978 -38.7341 1.03
Compound 2113-P15 54.7997 -39.1574 1.00
Compound 2114-P15 60.0865 -43.8622 1.23
Compound 2118-P15 52.2012 -38.4421 0.94
Compound 2121-P15 59.1667 -43.7910 1.21
Compound 2125-P15 51.8480 -39.1995 0.95
Compound 2163-P15 38.3008 -32.3324 0.53
Compound 2164-P15 33.9065 -31.3917 0.42
Compound 2177-P15 48.1718 -37.0025 0.83
Compound 2178-P15 39.5657 -36.8605 0.68
Compound 2206-P15 42.6848 -38.9908 0.79
Compound 2214-P15 42.8826 -40.0391 0.83
Compound 2215-P15 48.3048 -37.3888 0.84
Compound 2218-P15 38.9508 -37.9610 0.70

Available on line at www.shd.org.rs/JSCS/

(CC) 2022 SCS.



SUPPLEMENTARY MATERIAL

S163

Docking energy, kJ mol’!

Compound GOLD DOCK6 RANK
Compound 2221-P15 64.1949 -37.6293 1.12
Compound 2225-P15 41.6237 -32.3240 0.58
Compound 2227-P15 40.8592 -39.8476 0.79
Compound 2427-P15 37.3116 -31.4091 0.48
Compound 2554-P15 44.0038 -42.2172 0.91
Compound 2555-P15 46.0343 -41.7871 0.93
Compound 2556-P15 48.2442 -40.6091 0.93
Compound 2557-P15 49.5253 -35.3491 0.80
Compound 2558-P15 52.1322 -37.1202 0.90
Compound 2560-P15 60.5354 -47.9124 1.36
Compound 2561-P15 58.7299 -47.4359 1.31
Compound 2562-P15 46.0176 -44.6051 1.01
Compound 2565-P15 59.1507 -47.6397 1.32
Compound 2566-P15 63.7380 -43.7822 1.29
Compound 2568-P15 52.8986 -41.4391 1.04
Compound 2571-P15 61.0430 -44.6434 1.27
Compound 2572-P15 59.1238 -42.7411 1.18
Compound 2574-P15 57.3728 -45.4308 1.23
Compound 2575-P15 43.1054 -44.5721 0.96
Compound 2576-P15 58.8568 -45.9396 1.27
Compound 2577-P15 58.7662 -45.3395 1.25
Compound 2578-P15 52.4911 -44.9423 1.13
Compound 2581-P15 50.2484 -46.0829 1.13
Compound 2584-P15 51.8196 -42.4146 1.05
Compound 2592-P15 71.7780 -45.0486 1.46
Compound 2593-P15 53.4809 -47.4443 1.22
Compound 2595-P15 55.5752 -45.2087 1.19
Compound 2596-P15 54.1647 -42.6255 1.09
Compound 2601-P15 42.6830 -35.2035 0.68
Compound 2604-P15 50.1052 -39.8099 0.94
Compound 2607-P15 70.0806 -43.2477 1.38
Compound 2608-P15 51.5240 -39.3056 0.95
Compound 2617-P15 51.6089 -40.7447 1.00
Compound 2619-P15 42.8593 -40.0761 0.83
Compound 2627-P15 50.5989 -37.6181 0.89
Compound 2631-P15 49.3238 -39.5076 0.92
Compound 2642-P15 56.3187 -38.3923 1.01
Compound 2643-P15 45.7776 -33.2832 0.68
Compound 2644-P15 50.4238 -44.3790 1.08
Compound 2645-P15 81.3018 -45.3161 1.63
Compound 2646-P15 53.9802 -43.0922 1.10
Compound 2648-P15 70.3747 -46.1624 1.47
Compound 2652-P15 75.4642 -43.2966 1.48
Compound 2654-P15 61.3965 -42.6950 1.22
Compound 2657-P15 48.8215 -44.6131 1.06
Compound 2658-P15 43.9239 -43.4404 0.94

Available on line at www.shd.org.rs/JSCS/

(CC) 2022 SCS.



DA COSTA et al.

Docking energy, kJ mol’!

Compound GOLD DOCK6 RANK
Compound 2661-P15 50.2732 -43.7017 1.06
Compound 2664-P15 72.6534 -43.6379 1.44
Compound 2669-P15 52.4027 -40.3921 1.00
Compound 2677-P15 48.1132 -43.8065 1.02
Compound 2678-P15 45.7188 -45.8239 1.04
Compound 2680-P15 57.1952 -44.0820 1.19
Compound 2682-P15 47.0028 -40.4378 0.91
Compound 2837-P15 47.6584 -42.0570 0.97
Compound 2892-P15 48.6865 -42.5318 1.00
Compound 2977-P15 55.1704 -43.2227 1.13
Compound 2979-P15 67.2393 -43.0887 1.33
Compound 2981-P15 49.7755 -43.9746 1.06

Compound 124-P16 52.4495 -44.9170 1.13
Compound 131-P16 60.1977 -44.4027 1.25
Compound_140-P16 52.0827 -42.2185 1.05
Compound_142-P16 57.7677 -41.0080 1.11
Compound 144-P16 48.9522 -41.4201 0.97
Compound_159-P16 47.6440 -44.2410 1.03
Compound 171-P16 58.5275 -43.3978 1.19
Compound 177-P16 57.6102 -43.8220 1.19
Compound 317-P16 45.7847 -40.8902 0.90
Compound 321-P16 37.8708 -45.2762 0.89
Compound_334-P16 53.9178 -39.7262 1.01
Compound_337-P16 62.9704 -40.4457 1.18
Compound 348-P16 38.0308 -42.8054 0.82
Compound 351-P16 44.1183 -45.1353 1.00
Compound 454-P16 52.4464 -40.5505 1.00
Compound_455-P16 41.3746 -39.2035 0.78
Compound_463-P16 61.3136 -42.7951 1.22
Compound_489-P16 50.7249 -43.2933 1.05
Compound_558-P16 31.8131 -42.3571 0.71
Compound 570-P16 59.5072 -46.8233 1.31
Compound 663-P16 55.5288 -44.8932 1.18
Compound_667-P16 37.4258 -43.0287 0.82
Compound_683-P16 51.7006 -44.9901 1.12
Compound_769-P16 49.9098 -42.3585 1.01
Compound_1357-P16 66.1906 -41.2510 1.26
Compound 1377-P16 57.3907 -43.8614 1.18
Compound 1391-P16 52.0908 -45.7779 1.15
Compound 1437-P16 45.4896 -45.3549 1.03
Compound_1479-P16 31.9536 -45.5066 0.80
Compound 1492-P16 60.6088 -47.7705 1.35
Compound 2123-P16 51.9581 -34.6681 0.83
Compound 2124-P16 42.2631 -31.3513 0.56
Compound 2125-P16 42.8302 -32.3024 0.60
Compound 2126-P16 41.1547 -32.7854 0.59

Available on line at www.shd.org.rs/JSCS/

(CC) 2022 SCS.



SUPPLEMENTARY MATERIAL

S165

Docking energy, kJ mol’!

Compound GOLD DOCK6 RANK
Compound 2127-P16 39.3869 -31.6594 0.52
Compound 2128-P16 41.5567 -31.8395 0.57
Compound 2129-P16 50.2926 -32.1875 0.72
Compound 2130-P16 40.4039 -32.4652 0.56
Compound 2131-P16 47.9443 -32.4849 0.69
Compound 2132-P16 44.6951 -33.7888 0.68
Compound 2133-P16 35.4693 -28.6157 0.37
Compound 2352-P16 64.6752 -38.3925 1.15
Compound 2357-P16 53.7315 -37.3640 0.93
Compound 2358-P16 53.7148 -36.2203 0.90
Compound 2360-P16 44.6103 -36.2844 0.75
Compound 2455-P16 50.0787 -42.2774 1.01
Compound 2457-P16 47.7185 -43.3636 1.01
Compound 2458-P16 56.9074 -42.2748 1.13
Compound 2459-P16 48.6665 -44.2148 1.05
Compound 2460-P16 53.9491 -45.1302 1.16
Compound 2461-P16 43.7045 -43.2457 0.93
Compound 2462-P16 54.1436 -45.4115 1.17
Compound 2472-P16 48.2059 -41.0919 0.95
Compound 2475-P16 52.6139 -43.2361 1.08
Compound 2627-P16 66.8982 -36.4001 1.13
Compound 2630-P16 46.6629 -37.6086 0.82
Compound 2631-P16 51.7221 -39.3665 0.96
Compound 2651-P16 49.9435 -37.6244 0.88
Compound 2652-P16 46.2248 -37.5736 0.81
Compound 2654-P16 49.7225 -37.9376 0.88
Compound 2659-P16 36.5227 -30.5166 0.44
Compound 2660-P16 51.1211 -37.5821 0.90
Compound 2661-P16 54.5194 -36.1991 0.91
Compound 2662-P16 47.7907 -36.5050 0.81
Compound 2707-P16 49.4028 -41.0740 0.97
Compound 2708-P16 39.4753 -40.7519 0.79
Compound 2717-P16 51.2964 -42.6839 1.05
Compound 2719-P16 47.1152 -44.7233 1.03
Compound 2722-P16 55.6537 -44.8379 1.18
Compound 2784-P16 49.4411 -42.0685 1.00
Compound 2787-P16 49.1795 -42.4673 1.00

Compound 533-P17 51.2692 -42.3004 1.03
Compound_534-P17 64.9323 -39.1565 1.18
Compound_535-P17 53.6961 -39.9897 1.01
Compound_605-P17 53.5001 -38.5964 0.97
Compound_608-P17 43.9293 -35.5325 0.71
Compound_623-P17 49.4270 -39.5870 0.92
Compound 634-P17 60.7085 -40.7726 1.15
Compound_721-P17 49.0744 -42.0801 0.99
Compound 772-P17 42.3118 -43.9820 0.93

Available on line at www.shd.org.rs/JSCS/

(CC) 2022 SCS.



DA COSTA et al.

Docking energy, kJ mol’!

Compound GOLD DOCK6 RANK
Compound_773-P17 47.6912 -42.8445 0.99
Compound 774-P17 41.8753 -37.5698 0.74
Compound_775-P17 67.9827 -45.1521 1.40
Compound_776-P17 71.4452 -47.1162 1.52
Compound_777-P17 47.5593 -46.2752 1.09
Compound_779-P17 55.2081 -48.9935 1.30
Compound_780-P17 47.6416 -45.3834 1.06
Compound 781-P17 73.0370 -46.0913 1.52
Compound_787-P17 37.6163 -45.2412 0.89
Compound_789-P17 50.4900 -49.3306 1.23
Compound_790-P17 61.7092 -47.3133 1.36
Compound 791-P17 70.7876 -47.9107 1.53
Compound 792-P17 45.1031 -46.7589 1.06
Compound_795-P17 51.2514 -47.8907 1.20
Compound_797-P17 53.1722 -48.7654 1.25
Compound_808-P17 43.8569 -46.0572 1.02
Compound_810-P17 44.2197 -45.7135 1.01
Compound_811-P17 49.9819 -47.7311 1.17
Compound 816-P17 64.9593 -47.6965 1.42
Compound 968-P17 47.8106 -40.9960 0.94
Compound 987-P17 65.3041 -42.1414 1.27

Compound 1009-P17 40.8505 -42.2598 0.86
Compound 1010-P17 56.3070 -41.2587 1.09
Compound 1015-P17 51.8829 -44.1294 1.10
Compound 1021-P17 53.7931 -41.7998 1.06
Compound 1022-P17 59.7375 -40.4266 1.12
Compound 1023-P17 50.8909 -42.5343 1.04
Compound 1024-P17 52.5244 -44.1059 1.11
Compound 1025-P17 39.4157 -41.4701 0.81
Compound 1031-P17 65.4147 -38.9928 1.18
Compound 1101-P17 57.9656 -41.4027 1.12
Compound 1420-P17 53.6367 -41.8422 1.06
Compound 1434-P17 51.3604 -38.2585 0.92
Compound 1461-P17 62.7630 -36.7154 1.07
Compound_1499-P17 47.4332 -38.8108 0.87
Compound 1500-P17 56.5873 -41.4155 1.10
Compound 1922-P17 39.4114 -35.3593 0.63
Compound 1939-P17 32.0445 -36.4906 0.54
Compound 1956-P17 34.0169 -36.6275 0.58
Compound 2023-P17 39.6930 -37.5380 0.70
Compound 2035-P17 44.5120 -35.2791 0.72
Compound 2043-P17 36.5173 -36.7516 0.62
Compound 2074-P17 59.7928 -35.9209 0.99
Compound 2688-P17 62.6735 -40.5096 1.18
Compound 2754-P17 59.4220 -43.0009 1.19
Compound 2982-P17 50.2026 -45.2009 1.10

Available on line at www.shd.org.rs/JSCS/

(CC) 2022 SCS.



SUPPLEMENTARY MATERIAL

S167

Docking energy, kJ mol’!

Compound GOLD DOCK6 RANK
Compound 2983-P17 38.1697 -42.4606 0.82
Compound 2984-P17 38.9068 -43.5795 0.86
Compound 2985-P17 48.7949 -42.8186 1.01
Compound 2990-P17 57.9452 -44.8733 1.22

Compound_7-P18 48.1272 -45.1446 1.06
Compound 12-P18 65.7802 -43.0451 1.30
Compound_703-P18 53.9190 -38.3648 0.97
Compound 705-P18 41.7242 -42.6024 0.88
Compound_709-P18 54.8831 -42.2655 1.10
Compound_713-P18 50.7650 -37.8667 0.90
Compound_714-P18 53.4571 -39.7973 1.00
Compound_715-P18 25.8035 -38.8792 0.50
Compound 716-P18 40.6429 -37.9756 0.73
Compound 717-P18 37.3795 -39.5573 0.72
Compound_718-P18 58.4892 -39.8162 1.09
Compound_719-P18 39.4414 -38.6070 0.73
Compound_720-P18 48.6751 -39.7485 0.92
Compound 721-P18 46.8555 -41.1915 0.93
Compound 723-P18 59.6604 -40.9862 1.14
Compound 724-P18 55.2125 -41.3037 1.07
Compound_735-P18 50.7487 -42.5265 1.03
Compound_736-P18 61.3985 -42.2070 1.20
Compound_742-P18 61.6744 -42.3897 1.21
Compound_743-P18 29.6019 -43.4504 0.70
Compound 744-P18 55.9017 -42.8997 1.13
Compound 745-P18 49.9978 -40.8856 0.97
Compound_746-P18 60.4094 -42.8778 1.21
Compound_782-P18 52.5304 -46.3234 1.17
Compound_818-P18 58.2595 -39.9032 1.08
Compound 819-P18 52.6216 -38.6911 0.95
Compound_820-P18 43.1711 -38.1142 0.78
Compound 840-P18 43.8606 -38.5295 0.80
Compound 841-P18 47.8748 -39.1663 0.89
Compound_848-P18 47.6013 -39.8695 0.90
Compound_849-P18 38.8294 -40.0181 0.76
Compound 865-P18 31.2535 -44.0680 0.75
Compound_867-P18 44.1860 -37.6432 0.78
Compound 868-P18 38.4658 -37.3854 0.67
Compound 871-P18 48.7854 -37.9044 0.87
Compound_873-P18 25.1743 -37.4437 0.45
Compound_879-P18 47.8473 -36.6262 0.81
Compound_885-P18 47.7792 -38.1566 0.86
Compound_888-P18 53.9354 -37.8858 0.95
Compound 945-P18 43.6949 -43.5656 0.94
Compound 947-P18 25.4351 -44.6409 0.66
Compound_952-P18 36.4785 -47.2050 0.93

Available on line at www.shd.org.rs/JSCS/

(CC) 2022 SCS.



DA COSTA et al.

Docking energy, kJ mol’!

Compound GOLD DOCK6 RANK
Compound_957-P18 42.6647 -44.8725 0.96
Compound 959-P18 42.3601 -45.5220 0.98
Compound 961-P18 23.3454 -41.8400 0.55
Compound_962-P18 39.9807 -41.3895 0.82
Compound_963-P18 58.8655 -40.5795 1.11
Compound 971-P18 43.6614 -43.2640 0.93
Compound_972-P18 49.3106 -49.8042 1.22
Compound 977-P18 48.8926 -45.0998 1.08
Compound 987-P18 35.1285 -48.7679 0.95
Compound_996-P18 55.3720 -44.0286 1.15
Compound_997-P18 40.6848 -47.8666 1.02

Compound 1042-P18 41.1127 -39.4130 0.78
Compound 1047-P18 50.8675 -40.2877 0.97
Compound 1048-P18 54.1436 -41.8955 1.07
Compound 1057-P18 69.3621 -42.4581 1.35
Compound 1059-P18 33.3993 -42.7991 0.75
Compound 1082-P18 51.5548 -41.8388 1.03
Compound 1085-P18 51.9438 -36.9464 0.89
Compound 1086-P18 36.4177 -40.4483 0.73
Compound 1087-P18 51.9892 -43.2757 1.08
Compound 1088-P18 29.5077 -43.6467 0.70
Compound 1091-P18 37.7620 -45.3097 0.89
Compound 1093-P18 59.4624 -44.2239 1.23
Compound 1108-P18 56.1209 -31.6580 0.81
Compound 1110-P18 41.4434 -31.1492 0.54
Compound 1111-P18 44.9902 -30.2159 0.58
Compound 1114-P18 48.0206 -36.8853 0.82
Compound 1118-P18 44.4421 -29.8637 0.56
Compound 1120-P18 45.8803 -29.0904 0.56
Compound 1123-P18 43.1116 -37.0432 0.74
Compound_1125-P18 49.9017 -35.7130 0.82
Compound 1126-P18 42.6408 -29.3065 0.51
Compound 2373-P18 52.8613 -34.3359 0.83
Compound 2661-P18 44.3483 -41.5203 0.89
Compound 2664-P18 46.9535 -32.9651 0.69
Compound 2665-P18 50.3171 -30.7221 0.68
Compound 2667-P18 46.4664 -35.3501 0.75
Compound 2668-P18 53.1194 -34.8296 0.85
Compound 2669-P18 46.2173 -32.3664 0.66
Compound 2670-P18 37.5517 -29.2327 0.42
Compound 2671-P18 33.8878 -32.1066 0.44
Compound 2672-P18 31.6705 -26.8557 0.25
Compound 2673-P18 43.9961 -33.4592 0.65
Compound 2678-P18 54.0282 -34.1937 0.85
Compound 2680-P18 49.0198 -39.5344 0.92
Compound 2681-P18 48.6102 -34.4593 0.76

Available on line at www.shd.org.rs/JSCS/

(CC) 2022 SCS.



SUPPLEMENTARY MATERIAL

S169

Docking energy, kJ mol’!

Compound GOLD DOCK6 RANK
Compound 2683-P18 44.7049 -33.1393 0.66
Compound 2684-P18 41.3823 -43.7072 0.91
Compound 2685-P18 41.3245 -37.6868 0.73
Compound 2686-P18 47.8214 -38.1406 0.86
Compound 2687-P18 33.1189 -35.9685 0.54
Compound 2688-P18 47.9522 -40.0911 0.91
Compound 2691-P18 58.5036 -41.5314 1.14
Compound 2693-P18 39.4441 -41.5193 0.81
Compound 2694-P18 41.3051 -37.7864 0.73
Compound 2695-P18 40.9183 -33.9117 0.62
Compound 2696-P18 56.8132 -39.4019 1.05
Compound 2697-P18 52.8807 -33.7136 0.81
Compound 2698-P18 47.5149 -33.5569 0.72
Compound 2700-P18 53.3278 -38.7362 0.97
Compound 2701-P18 49.0645 -41.9010 0.99
Compound 2726-P18 57.3266 -34.8446 0.92
Compound 2734-P18 42.7746 -37.3884 0.75
Compound 2737-P18 48.2100 -39.9646 0.92
Compound 2740-P18 43.5814 -37.4258 0.76
Compound 2741-P18 38.5688 -29.7682 0.46
Compound 2742-P18 63.9009 -37.1037 1.10
Compound 2743-P18 42.4683 -35.1000 0.68
Compound 2744-P18 54.2458 -40.6883 1.04
Compound 2747-P18 57.5007 -37.9556 1.01
Compound 2748-P18 38.9087 -41.6218 0.80
Compound 2757-P18 38.7761 -34.0572 0.58
Compound 2765-P18 38.9456 -39.9749 0.76
Compound 2767-P18 37.1455 -34.6151 0.57
Compound 2772-P18 39.0484 -31.7681 0.52
Compound 2773-P18 43.4703 -28.4667 0.50
Compound 2774-P18 26.5100 -28.0408 0.20
Compound 2775-P18 36.8545 -23.2490 0.24
Compound 2776-P18 31.2249 -31.8513 0.39
Compound 2777-P18 34.8815 -27.9856 0.34
Compound 2778-P18 46.2998 -31.6880 0.64
Compound 2779-P18 43.7258 -30.9712 0.58
Compound 2780-P18 38.8679 -28.3339 0.42
Compound 2791-P18 37.8782 -33.2534 0.54
Compound 2792-P18 51.3478 -30.8954 0.71
Compound 2793-P18 41.4913 -35.6056 0.67
Compound 2800-P18 48.0613 -35.1340 0.77
Compound 2801-P18 38.8983 -39.7673 0.75
Compound 2805-P18 42.5077 -33.0831 0.62
Compound 2808-P18 50.0865 -34.5618 0.79
Compound 2813-P18 44.9705 -33.0059 0.66
Compound 2814-P18 37.2571 -34.8121 0.58

Available on line at www.shd.org.rs/JSCS/

(CC) 2022 SCS.



S 1 70 DA COSTA et al.

Docking energy, kJ mol’!

Compound GOLD DOCK6 RANK
Compound 2816-P18 51.7890 -35.2531 0.84
Compound 2817-P18 37.6119 -33.6597 0.55
Compound 2819-P18 33.9733 -38.7617 0.64
Compound 2821-P18 45.1838 -36.4662 0.76
Compound 2823-P18 48.5255 -33.1486 0.72
Compound 2824-P18 48.8884 -37.1275 0.84
Compound 2825-P18 45.5927 -41.0466 0.90
Compound 2836-P18 44.1235 -39.8603 0.84
Compound 2837-P18 44.5509 -35.9233 0.74
Compound 2943-P18 40.0764 -45.7037 0.94
Compound 2946-P18 48.2217 -40.6703 0.94
Compound 2947-P18 37.0229 -40.6138 0.74
Compound 2948-P18 44.4439 -39.5095 0.84
Compound 2972-P18 63.3247 -50.5631 1.48
Compound 2999-P18 59.5477 -40.9061 1.14
Compound 3000-P18 65.1723 -43.8721 1.32

Compound 6-P19 44.3074 -44.5106 0.98

Compound 7-P19 35.2933 -45.3531 0.85

Compound 9-P19 65.0941 -46.5354 1.39
Compound 138-P19 45.8869 -35.2536 0.74
Compound 139-P19 49.4719 -36.6764 0.834
Compound 150-P19 47.2633 -37.3139 0.82
Compound_156-P19 52.9781 -38.4495 0.95
Compound 163-P19 47.0599 -38.2792 0.85
Compound 180-P19 38.1420 -37.5590 0.67
Compound 187-P19 40.1973 -38.0297 0.72
Compound 191-P19 51.1396 -35.9205 0.85
Compound_348-P19 49.8115 -39.5414 0.93
Compound_349-P19 33.2567 -39.2863 0.64
Compound 350-P19 36.7458 -38.2978 0.67
Compound_351-P19 53.3319 -36.7740 0.91
Compound 353-P19 34.8623 -33.6476 0.50
Compound 357-P19 55.4755 -42.1813 1.10
Compound_359-P19 47.8868 -44.3044 1.04
Compound_360-P19 38.6299 -41.8870 0.81
Compound_363-P19 40.2338 -46.4591 0.97
Compound_364-P19 54.3007 -41.8593 1.07
Compound 366-P19 45.5168 -42.1410 0.93
Compound 368-P19 52.6406 -45.5691 1.15
Compound_377-P19 49.8562 -41.3665 0.98
Compound_378-P19 53.5929 -43.7447 1.12
Compound_379-P19 54.7375 -43.5894 1.13
Compound_380-P19 65.0321 -42.2134 1.27
Compound 381-P19 42.9079 -42.1550 0.89
Compound 382-P19 49.5514 -42.0562 1.00
Compound_384-P19 66.3114 -44.2590 1.35

Available on line at www.shd.org.rs/JSCS/

(CC) 2022 SCS.



SUPPLEMENTARY MATERIAL

S171

Docking energy, kJ mol’!

Compound GOLD DOCK6 RANK
Compound_388-P19 62.9252 -47.0196 1.37
Compound 392-P19 49.7143 -39.0531 0.91
Compound 396-P19 46.4255 -41.9484 0.94
Compound_397-P19 54.5856 -41.5966 1.07
Compound_402-P19 45.7707 -43.1309 0.97
Compound_403-P19 48.7414 -42.9119 1.01
Compound_404-P19 61.4852 -44.2437 1.26
Compound_ 406-P19 58.0569 -42.7491 1.16
Compound 408-P19 51.2843 -39.5322 0.95
Compound 413-P19 52.2200 -45.7202 1.15
Compound_414-P19 47.1290 -43.1244 0.99
Compound_654-P19 61.9789 -45.9705 1.32
Compound 655-P19 57.8314 -40.8139 1.10
Compound 692-P19 53.1820 -37.9619 0.94
Compound 693-P19 55.8534 -40.1468 1.05
Compound_694-P19 47.0840 -40.4775 091
Compound_711-P19 52.7027 -40.7125 1.01
Compound_712-P19 41.2678 -39.3768 0.78
Compound 727-P19 44.9386 -43.2542 0.95
Compound_742-P19 58.7186 -40.7332 1.12
Compound_749-P19 55.3089 -35.2595 0.90
Compound 751-P19 41.1812 -36.1155 0.68
Compound_756-P19 50.0977 -35.8771 0.83
Compound_767-P19 48.0756 -34.2355 0.75
Compound 768-P19 50.8859 -33.2033 0.76
Compound 771-P19 59.0929 -38.1013 1.05
Compound_772-P19 47.5089 -37.5411 0.83
Compound_784-P19 54.4735 -35.3938 0.89
Compound_788-P19 59.0346 -35.1613 0.96
Compound_790-P19 42.1735 -34.6326 0.66
Compound_799-P19 53.6600 -36.2690 0.90
Compound_804-P19 53.2965 -33.1012 0.80
Compound 811-P19 53.5804 -43.7337 1.12
Compound_823-P19 45.5421 -34.7739 0.72
Compound_835-P19 48.4364 -38.5315 0.88
Compound_836-P19 45.8590 -38.1765 0.82
Compound_837-P19 48.6907 -37.5119 0.85
Compound 840-P19 39.5688 -31.5952 0.53
Compound_854-P19 34.1498 -32.6718 0.46
Compound_862-P19 49.9185 -37.0740 0.86
Compound_863-P19 55.7602 -40.1102 1.05
Compound_864-P19 48.9547 -36.8476 0.84
Compound_867-P19 47.0354 -39.7645 0.89
Compound 868-P19 40.3310 -40.9032 0.81
Compound_869-P19 46.1659 -39.4092 0.86
Compound_873-P19 44.8826 -33.2144 0.66

Available on line at www.shd.org.rs/JSCS/

(CC) 2022 SCS.



S172 DA COSTA et al.

Docking energy, kJ mol’!

Compound GOLD DOCK6 RANK
Compound_874-P19 44.3529 -34.8560 0.70
Compound 876-P19 37.4223 -30.8314 0.47
Compound 878-P19 46.5360 -29.0431 0.57
Compound_888-P19 45.0754 -38.1268 0.81
Compound_893-P19 49.9788 -32.5239 0.73
Compound_894-P19 47.9031 -30.9960 0.65
Compound_897-P19 55.9827 -28.0014 0.70
Compound 900-P19 48.8830 -34.3000 0.76
Compound 902-P19 50.3124 -32.0555 0.72
Compound 903-P19 40.3077 -27.7988 0.43
Compound_905-P19 44.8586 -34.5649 0.70
Compound 911-P19 53.7554 -35.7985 0.89
Compound 912-P19 40.7090 -33.5434 0.60
Compound 933-P19 45.3791 -38.9924 0.84
Compound 951-P19 63.5275 -40.0152 1.18
Compound 958-P19 54.9209 -34.8170 0.88
Compound_959-P19 46.8039 -34.0570 0.72
Compound_964-P19 45.4306 -36.6807 0.77
Compound 965-P19 42.2932 -35.3341 0.68
Compound 966-P19 47.6798 -33.8220 0.73
Compound 975-P19 55.7516 -37.8758 0.98
Compound 976-P19 49.5146 -35.4944 0.81
Compound_979-P19 51.9169 -35.9787 0.86
Compound_980-P19 43.3741 -34.0677 0.66
Compound 985-P19 44.6039 -36.5865 0.76
Compound 986-P19 51.0791 -34.8250 0.81
Compound 994-P19 52.2508 -33.9653 0.81
Compound_995-P19 53.8626 -34.0651 0.834
Compound_996-P19 49.8827 -33.6874 0.76
Compound 1000-P19 54.2383 -34.9787 0.87
Compound 1001-P19 43.8734 -33.7084 0.66
Compound 1011-P19 49.8949 -38.2766 0.89
Compound 1012-P19 46.0276 -38.4556 0.83
Compound 1017-P19 55.1627 -35.5567 091
Compound 1018-P19 43.5936 -33.4179 0.65
Compound 1019-P19 44.9945 -33.2032 0.66
Compound_1034-P19 48.9689 -31.5827 0.68
Compound 1052-P19 479186 -35.7912 0.79
Compound 1053-P19 55.6747 -35.3573 0.91
Compound 1056-P19 40.2838 -32.4244 0.56
Compound 1081-P19 51.2181 -41.9048 1.02
Compound 1082-P19 54.3931 -41.0739 1.05
Compound_1083-P19 44.2686 -40.5334 0.86
Compound 1087-P19 54.2213 -38.1415 0.96
Compound 1088-P19 46.2163 -36.6740 0.79
Compound 1093-P19 50.2417 -32.2778 0.73

Available on line at www.shd.org.rs/JSCS/

(CC) 2022 SCS.



SUPPLEMENTARY MATERIAL

S173

Docking energy, kJ mol’!

Compound GOLD DOCK6 RANK
Compound_1094-P19 54.0245 -33.1573 0.82
Compound 1096-P19 41.2786 -33.5010 0.61
Compound 1105-P19 50.0705 -39.1624 0.92
Compound 1111-P19 61.3292 -32.7504 0.93
Compound 1112-P19 44.4731 -32.4586 0.63
Compound 1114-P19 37.7098 -30.7275 0.47
Compound 1117-P19 60.9053 -31.6603 0.89
Compound 1120-P19 42.1654 -29.3942 0.51
Compound 1122-P19 47.4651 -37.3467 0.83
Compound 1123-P19 48.7371 -37.4366 0.85
Compound 1124-P19 58.7640 -34.0345 0.92
Compound 1127-P19 49.5807 -33.5966 0.75
Compound 1128-P19 45.0447 -33.6904 0.68
Compound 1150-P19 40.1852 -36.2042 0.67
Compound 1175-P19 46.7146 -40.6346 0.91
Compound 1188-P19 43.3506 -34.2727 0.67
Compound 1190-P19 41.0564 -28.3900 0.46
Compound 1195-P19 50.3015 -38.8191 0.92
Compound 1196-P19 43.3101 -34.3217 0.67
Compound 1197-P19 45.7354 -25.7859 0.46
Compound 1208-P19 44.1975 -35.2433 0.71
Compound 1260-P19 55.1546 -46.6992 1.23
Compound 1263-P19 53.2898 -43.8229 1.11
Compound 1348-P19 62.0831 -40.6267 1.17
Compound 1349-P19 63.9169 -40.9800 1.21
Compound 1350-P19 32.7956 -43.6419 0.76
Compound 1351-P19 54.9087 -40.2681 1.04
Compound 1369-P19 48.5091 -37.3771 0.85
Compound 1411-P19 46.8608 -34.9670 0.75
Compound 1420-P19 37.9236 -37.2662 0.66
Compound 1443-P19 44.7146 -28.5593 0.52
Compound 1705-P19 59.3836 -44.4411 1.23
Compound 1709-P19 53.7171 -47.1859 1.22
Compound 1712-P19 53.2987 -40.4852 1.02
Compound 1716-P19 51.3835 -42.9556 1.06
Compound 1725-P19 36.9072 -46.0693 0.90
Compound_1842-P19 60.0227 -31.9646 0.88
Compound 2191-P19 48.9228 -31.0282 0.67
Compound 2989-P19 38.9140 -31.1741 0.50

Compound 188-P1 45.7733 -38.0209 0.82
Compound 189-P1 52.5142 -43.8409 1.10
Compound_370-P1 46.7556 -42.1784 0.95
Compound_530-P1 41.4861 -41.9434 0.86
Compound 672-P1 32.7816 -32.5210 0.44
Compound_751-P1 49.4778 -37.3502 0.86
Compound_771-P1 55.9456 -38.6238 1.01

Available on line at www.shd.org.rs/JSCS/

(CC) 2022 SCS.



S174 DA COSTA et al.

Docking energy, kJ mol’!

Compound GOLD DOCK6 RANK
Compound_851-P1 51.2702 -39.1796 0.94
Compound 853-P1 52.5064 -37.1493 0.91
Compound_865-P1 37.6504 -32.3977 0.52
Compound_890-P1 47.2072 -36.9125 0.81
Compound 891-P1 44.8696 -35.7664 0.74
Compound 892-P1 40.3265 -35.1897 0.64
Compound_894-P1 41.1637 -37.4576 0.72
Compound 985-P1 51.0694 -43.2225 1.06
Compound 986-P1 41.4665 -34.2860 0.64
Compound 1027-P1 50.2264 -39.3076 0.93
Compound 1066-P1 41.3851 -39.5438 0.79
Compound_1166-P1 45.2830 -37.5549 0.80
Compound 1192-P1 41.3554 -33.0645 0.60
Compound 1221-P1 49.4055 -34.9437 0.79
Compound_1336-P1 45.8612 -41.3780 0.92
Compound_1337-P1 54.0925 -43.8430 1.13
Compound_1385-P1 48.2290 -36.1998 0.81
Compound_1407-P1 51.3227 -37.9468 0.91
Compound 1469-P1 47.0385 -38.2233 0.84
Compound_1472-P1 42.3044 -31.9142 0.58
Compound_1474-P1 40.1100 -32.1383 0.55
Compound_1606-P1 47.7148 -42.5239 0.98
Compound_1607-P1 50.2809 -37.3254 0.87
Compound_1636-P1 49.2539 -35.4009 0.80
Compound 1651-P1 61.0846 -43.1661 1.23
Compound_1715-P1 49.3389 -37.6323 0.87
Compound_1725-P1 41.8657 -27.8953 0.46
Compound_1754-P1 43.6031 -37.4005 0.76
Compound_1784-P1 52.8471 -40.5714 1.01
Compound_1785-P1 42.1036 -39.6049 0.80
Compound_1786-P1 50.3460 -38.2159 0.90
Compound_1794-P1 38.1559 -33.975 0.57
Compound_1795-P1 46.8089 -36.4657 0.79
Compound_1796-P1 49.9783 -39.3874 0.93
Compound_1797-P1 38.8844 -36.7301 0.66
Compound 1804-P1 55.6323 -37.5051 0.97
Compound_1805-P1 56.8035 -37.4806 0.99
Compound_1873-P1 46.8691 -36.0224 0.78
Compound_1924-P1 29.8855 -44.2065 0.73
Compound_1938-P1 51.0436 -43.4280 1.06
Compound_1939-P1 49.8509 -46.8226 1.14
Compound_1940-P1 48.2612 -41.4959 0.96
Compound_1955-P1 43.1855 -42.5290 0.90
Compound_1962-P1 47.6298 -40.8750 0.93
Compound_1986-P1 41.7985 -46.4207 0.99
Compound_2090-P1 56.3740 -39.1430 1.03

Available on line at www.shd.org.rs/JSCS/

(CC) 2022 SCS.



SUPPLEMENTARY MATERIAL

S175

Docking energy, kJ mol’!

Compound GOLD DOCK6 RANK
Compound_2147-P1 55.2153 -39.2223 1.01
Compound 2151-P1 48.4837 -37.9815 0.86
Compound 2155-P1 46.0551 -35.8144 0.76
Compound_2274-P1 47.3442 -38.5784 0.86
Compound 2275-P1 42.9640 -36.7927 0.73
Compound 2276-P1 38.7735 -37.1531 0.67
Compound_2279-P1 40.1856 -38.6084 0.74
Compound 2280-P1 47.6738 -39.7615 0.90
Compound 2287-P1 46.6132 -38.1428 0.834
Compound 2288-P1 45.8882 -36.1515 0.76
Compound_2295-P1 56.4527 -40.8720 1.08
Compound_2299-P1 50.3383 -34.7932 0.80
Compound 2300-P1 39.8669 -33.9974 0.60
Compound 2301-P1 55.1002 -38.0583 0.98
Compound 2317-P1 50.8961 -32.3080 0.74
Compound_2384-P1 48.5193 -37.4172 0.85
Compound 2389-P1 43.0082 -35.2004 0.69
Compound_2390-P1 51.8695 -37.0355 0.89
Compound 2391-P1 48.2416 -38.6694 0.88
Compound 2399-P1 51.4178 -39.6501 0.96
Compound_2400-P1 45.8709 -40.5779 0.89
Compound_2409-P1 45.1807 -35.5990 0.74
Compound_2414-P1 45.4891 -34.6046 0.71
Compound_2415-P1 49.7350 -36.3606 0.84
Compound 2421-P1 48.2003 -38.2169 0.86
Compound 2422-P1 49.9433 -39.1626 0.92
Compound_2453-P1 48.0252 -35.7347 0.79
Compound_2695-P1 43.1010 -34.9401 0.68
Compound_2810-P1 55.4221 -44.1011 1.16
Compound_2812-P1 50.1788 -37.5453 0.88
Compound_2813-P1 52.8589 -44.3778 1.12
Compound 2819-P1 56.1674 -39.8642 1.05
Compound 2820-P1 439184 -41.1261 0.88
Compound 2821-P1 55.2055 -42.0001 1.09
Compound_2822-P1 62.4376 -40.9447 1.19
Compound 2823-P1 52.9541 -38.0968 0.94
Compound_2824-P1 58.2865 -39.9983 1.09
Compound 2825-P1 54.0658 -38.2005 0.96
Compound 2827-P1 40.4912 -41.4373 0.83
Compound 2828-P1 48.6306 -39.8172 0.92
Compound_2835-P1 62.2363 -44.4676 1.28
Compound_2905-P1 57.6916 -40.3382 1.09
Compound_2985-P1 56.9140 -44.8783 1.21

Compound 4-P20 47.2373 -37.5831 0.83
Compound_8-P20 52.2456 -36.2770 0.88
Compound_18-P20 54.4898 -39.8425 1.02

Available on line at www.shd.org.rs/JSCS/

(CC) 2022 SCS.



S 1 76 DA COSTA et al.

Docking energy, kJ mol’!

Compound GOLD DOCK6 RANK
Compound_19-P20 39.4755 -34.9926 0.62
Compound 21-P20 48.2209 -35.9581 0.80
Compound_40-P20 49.9410 -38.9077 091
Compound 41-P20 54.9698 -35.5985 0.90
Compound_43-P20 49.9768 -38.1576 0.89
Compound_44-P20 58.2847 -37.7453 1.02
Compound_45-P20 45.7981 -36.7932 0.78
Compound_48-P20 42.9312 -38.5150 0.78
Compound_50-P20 47.3909 -37.6691 0.83
Compound_64-P20 55.7161 -32.8364 0.834
Compound_75-P20 47.2395 -36.5848 0.80
Compound_76-P20 43.0483 -38.3223 0.78
Compound 88-P20 39.5176 -31.8613 0.53

Compound_100-P20 50.9323 -43.1232 1.05
Compound_118-P20 53.3136 -42.2320 1.07
Compound 120-P20 47.1924 -36.6702 0.80
Compound 128-P20 50.9761 -39.0669 0.94
Compound_129-P20 55.2128 -39.0490 1.01
Compound 130-P20 47.1924 -37.8846 0.84
Compound 134-P20 46.2483 -38.8362 0.85
Compound_135-P20 37.2670 -37.8499 0.67
Compound_139-P20 56.4995 -43.4741 1.16
Compound_141-P20 61.5949 -39.7043 1.14
Compound_736-P20 47.1548 -38.0939 0.84
Compound 742-P20 53.8893 -36.8363 0.92
Compound_743-P20 54.6919 -40.1230 1.03
Compound_744-P20 54.6562 -43.8956 1.14
Compound 748-P20 52.1262 -37.9993 0.92
Compound_787-P20 48.5125 -38.3731 0.87
Compound 788-P20 38.7202 -39.5314 0.74
Compound_789-P20 50.4095 -40.8466 0.98
Compound_790-P20 42.1697 -37.9980 0.76
Compound_800-P20 48.3315 -41.1332 0.95
Compound_802-P20 49.9569 -43.6114 1.05
Compound_804-P20 61.3303 -44.0072 1.26
Compound_864-P20 48.1587 -39.5842 0.90
Compound_866-P20 25.0719 -38.0390 0.47
Compound_868-P20 48.5298 -40.5310 0.94
Compound_898-P20 39.1607 -32.3247 0.54
Compound_900-P20 38.7676 -43.1134 0.85
Compound_901-P20 37.0507 -30.6419 0.45
Compound_902-P20 37.8428 -33.6363 0.56
Compound_903-P20 42.2485 -35.9948 0.70
Compound 904-P20 32.6209 -39.3472 0.63
Compound_905-P20 40.2484 -37.8880 0.72
Compound_906-P20 56.6482 -35.7666 0.94

Available on line at www.shd.org.rs/JSCS/

(CC) 2022 SCS.



SUPPLEMENTARY MATERIAL

S177

Docking energy, kJ mol’!

Compound GOLD DOCK6 RANK
Compound_907-P20 55.3290 -37.7977 0.97
Compound 908-P20 39.2947 -36.6559 0.67
Compound_909-P20 36.3065 -34.1416 0.54
Compound_910-P20 34.7343 -34.0624 0.51
Compound 911-P20 43.7893 -37.4319 0.77
Compound 913-P20 40.5744 -39.5917 0.77
Compound_915-P20 48.0120 -37.6511 0.84
Compound 916-P20 46.2088 -37.8146 0.82
Compound 933-P20 57.0508 -38.7602 1.03
Compound_934-P20 51.5258 -40.7731 0.99
Compound_935-P20 53.5548 -44.9848 1.15
Compound_936-P20 38.7576 -45.9705 0.93
Compound 938-P20 55.1472 -36.0139 0.92
Compound 939-P20 47.4134 -34.5338 0.74
Compound_940-P20 46.4727 -34.5534 0.73
Compound_941-P20 62.9269 -38.8224 1.13
Compound_943-P20 55.1663 -42.3451 1.10
Compound_953-P20 39.8264 -36.6816 0.68
Compound 955-P20 49.7221 -40.5529 0.96
Compound 956-P20 37.2109 -28.7686 0.40
Compound_957-P20 44.1767 -32.9350 0.64
Compound 960-P20 41.4051 -35.7321 0.68
Compound_968-P20 63.2407 -40.7471 1.19
Compound 972-P20 41.1019 -32.9714 0.59
Compound 981-P20 45.2392 -42.8393 0.95
Compound 982-P20 50.0335 -36.3658 0.84
Compound 988-P20 41.5113 -33.0425 0.60
Compound_989-P20 41.7070 -33.0803 0.60
Compound_990-P20 43.5727 -34.6274 0.68
Compound 991-P20 43.1329 -36.8295 0.74
Compound_992-P20 45.2134 -36.3690 0.76

Compound 1005-P20 34.2049 -33.7888 0.50
Compound 1006-P20 43.4794 -37.3573 0.76
Compound_1007-P20 32.7415 -33.6963 0.47
Compound 1008-P20 35.1082 -34.2604 0.53
Compound_1009-P20 51.1905 -35.6619 0.84
Compound_1010-P20 61.0697 -37.2607 1.06
Compound 1012-P20 52.8861 -42.5919 1.07
Compound 1014-P20 56.6650 -38.8221 1.03
Compound 1016-P20 48.0607 -36.4743 0.81
Compound_1039-P20 35.1842 -33.4781 0.51
Compound_1040-P20 42.3744 -36.3041 0.71
Compound_1041-P20 47.8614 -37.0537 0.82
Compound 1042-P20 25.6296 -29.3219 0.22
Compound 1043-P20 33.0862 -34.6831 0.50
Compound_1050-P20 63.7649 -44.0363 1.30

Available on line at www.shd.org.rs/JSCS/

(CC) 2022 SCS.



S 1 78 DA COSTA et al.

Docking energy, kJ mol’!

Compound GOLD DOCK6 RANK
Compound_1086-P20 40.4423 -46.7327 0.98
Compound 1093-P20 51.8696 -37.1846 0.90
Compound 1094-P20 53.7561 -42.8220 1.09
Compound 1095-P20 47.0708 -37.0197 0.81
Compound_1097-P20 51.1108 -42.2384 1.03
Compound 1101-P20 60.6178 -44.8460 1.27
Compound_1103-P20 35.5308 -37.3624 0.62
Compound_1104-P20 35.5043 -33.4754 0.51
Compound 1105-P20 38.5386 -34.7593 0.60
Compound 1106-P20 51.3025 -33.3902 0.78
Compound 1108-P20 49.6975 -37.6050 0.87
Compound 1110-P20 36.7866 -33.6733 0.54
Compound 1111-P20 38.2891 -34.6834 0.59
Compound 1113-P20 429141 -40.8382 0.85
Compound 1114-P20 46.0229 -33.8141 0.70
Compound 1123-P20 47.3492 -40.0615 0.90
Compound_1125-P20 42.2151 -40.1559 0.82
Compound 1185-P20 35.4616 -43.8363 0.81
Compound 1187-P20 47.6967 -44.0974 1.03
Compound 1193-P20 59.0395 -43.5560 1.20
Compound 1261-P20 41.6968 -45.9409 0.98
Compound 1262-P20 36.6163 -43.1475 0.81
Compound_1290-P20 47.8853 -40.7867 0.93
Compound 1291-P20 52.2645 -44.2484 1.11
Compound 1311-P20 30.0768 -39.7482 0.60
Compound 1322-P20 45.6856 -35.1867 0.73
Compound 1326-P20 54.4994 -36.8929 0.93
Compound 1327-P20 41.3433 -34.8881 0.65
Compound_1328-P20 47.5949 -34.3418 0.74
Compound 1329-P20 51.0505 -39.3329 0.95
Compound_1334-P20 46.2608 -37.7071 0.82
Compound 1337-P20 35.2979 -33.3913 0.50
Compound 1417-P20 57.6220 -40.8189 1.10
Compound 1418-P20 38.3346 -37.2462 0.67
Compound_1421-P20 44.1931 -39.0777 0.82
Compound 1439-P20 62.7599 -43.7083 1.27
Compound_1455-P20 65.1042 -42.4724 1.28
Compound 1459-P20 62.8124 -42.2647 1.23
Compound 1462-P20 62.0588 -43.1627 1.24
Compound_1464-P20 50.3724 -43.4750 1.05
Compound_1465-P20 64.1062 -43.0453 1.27
Compound_1495-P20 57.0610 -38.8148 1.03
Compound_1501-P20 58.4298 -41.3646 1.13
Compound 1503-P20 47.0229 -40.6064 0.91
Compound 1504-P20 52.6580 -41.0202 1.02
Compound_1506-P20 55.7860 -40.7974 1.07

Available on line at www.shd.org.rs/JSCS/

(CC) 2022 SCS.



SUPPLEMENTARY MATERIAL

S179

Docking energy, kJ mol’!

Compound GOLD DOCK6 RANK
Compound_1508-P20 55.6971 -41.8094 1.10
Compound 1544-P20 60.2396 -41.4775 1.16
Compound 1662-P20 46.8395 -41.2498 0.93
Compound_1668-P20 36.6564 -47.2668 0.93
Compound 1669-P20 66.2982 -43.7038 1.33
Compound_1670-P20 59.2275 -44.4737 1.23
Compound_1671-P20 61.3081 -42.5833 1.21
Compound_1764-P20 53.3124 -33.6836 0.82
Compound 1766-P20 54.1464 -39.8037 1.01
Compound 1767-P20 61.1432 -38.1590 1.08
Compound_1770-P20 44.3317 -38.9390 0.82
Compound _1776-P20 46.6417 -40.1366 0.89
Compound 1777-P20 36.9439 -41.0954 0.76
Compound 1778-P20 52.1695 -41.5365 1.03
Compound 1782-P20 52.1088 -37.0285 0.90
Compound 1783-P20 40.1960 -41.4939 0.82
Compound_1784-P20 42.8503 -40.0084 0.83
Compound 1789-P20 59.5260 -39.9101 1.11
Compound 1791-P20 47.4126 -40.1249 0.91
Compound 1792-P20 37.2035 -41.8176 0.78
Compound 1795-P20 54.7666 -41.4768 1.07
Compound_1796-P20 51.9281 -44.5724 1.11
Compound 1798-P20 51.1196 -38.7129 0.93
Compound 1799-P20 50.0267 -37.6472 0.88
Compound 1833-P20 55.6795 -43.0723 1.13
Compound 1834-P20 33.1493 -43.8321 0.77
Compound 1835-P20 47.6039 -42.9787 0.99
Compound 1836-P20 40.4522 -38.9515 0.75
Compound_1837-P20 45.2165 -40.1505 0.87
Compound_1846-P20 40.9976 -37.7203 0.73
Compound_1847-P20 55.1244 -37.4314 0.96
Compound 1853-P20 39.1061 -38.9025 0.73
Compound 1854-P20 45.5418 -40.4389 0.88
Compound_1865-P20 52.6835 -39.9931 0.99
Compound_1866-P20 47.6847 -42.1448 0.97
Compound_1869-P20 52.8948 -40.5046 1.01
Compound_1889-P20 64.8486 -43.0385 1.29
Compound 1890-P20 59.4902 -42.2794 1.17
Compound 1899-P20 44.7253 -38.6712 0.82
Compound_1900-P20 47.1703 -40.6245 0.92
Compound 1911-P20 46.7001 -39.7667 0.88
Compound 1912-P20 49.4574 -40.8834 0.96
Compound_1917-P20 46.0342 -39.8914 0.88
Compound 1918-P20 52.0909 -38.6772 0.94
Compound 1919-P20 56.2928 -38.0288 1.00
Compound 1920-P20 53.0737 -38.7453 0.96

Available on line at www.shd.org.rs/JSCS/

(CC) 2022 SCS.



S 1 80 DA COSTA et al.

Docking energy, kJ mol’!

Compound GOLD DOCK6 RANK
Compound_1921-P20 52.4948 -40.6234 1.01
Compound 1925-P20 62.0506 -43.6445 1.26
Compound 1926-P20 53.7117 -40.6719 1.03
Compound 1930-P20 41.3891 -36.3827 0.70
Compound 1937-P20 44.4917 -38.6927 0.81
Compound 1939-P20 46.9295 -37.5647 0.82
Compound_1940-P20 41.4992 -36.6272 0.70
Compound 1941-P20 41.0335 -41.0912 0.83
Compound 1944-P20 61.2642 -39.8674 1.13
Compound 1945-P20 61.5886 -39.4240 1.13
Compound_1950-P20 46.8587 -37.3562 0.82
Compound 1974-P20 54.5598 -41.7479 1.07
Compound 1975-P20 43.2308 -43.0071 0.92
Compound 1976-P20 67.1734 -41.5208 1.28
Compound 1979-P20 38.8333 -39.2272 0.73
Compound 1980-P20 53.9995 -41.5778 1.06
Compound_1988-P20 41.0484 -38.5647 0.75
Compound 1989-P20 63.7526 -40.6108 1.20
Compound 1991-P20 58.8442 -41.9440 1.15
Compound 1995-P20 62.0584 -39.6983 1.14
Compound 1996-P20 52.8185 -40.3744 1.01
Compound 2008-P20 53.0026 -40.2162 1.00
Compound 2009-P20 55.1120 -41.5028 1.08
Compound 2013-P20 42.2243 -41.2654 0.85
Compound 2014-P20 49.0981 -40.5044 0.95
Compound 2024-P20 43.3753 -44.6582 0.97
Compound 2025-P20 48.4383 -41.9249 0.98
Compound 2030-P20 46.0566 -39.2977 0.86
Compound 2031-P20 57.9856 -42.3691 1.15
Compound 2037-P20 48.0534 -40.0889 0.92
Compound_2040-P20 37.3627 -39.6138 0.72
Compound 2041-P20 31.5315 -40.2709 0.64
Compound 2042-P20 38.5870 -37.4337 0.68
Compound 2047-P20 54.9237 -37.3698 0.95
Compound 2048-P20 48.9983 -36.5413 0.83
Compound 2049-P20 60.8614 -38.5957 1.09
Compound_2050-P20 44.7106 -38.4175 0.81
Compound 2051-P20 56.9392 -41.5393 1.11
Compound 2057-P20 47.7987 -38.8330 0.88
Compound 2058-P20 45.3166 -39.9968 0.87
Compound 2059-P20 49.2034 -41.5309 0.98
Compound 2060-P20 42.6464 -41.7792 0.87
Compound 2061-P20 54.2473 -41.4250 1.06
Compound 2063-P20 51.3565 -33.8150 0.79
Compound 2064-P20 59.6600 -36.0208 1.00
Compound 2065-P20 45.8178 -40.3901 0.89

Available on line at www.shd.org.rs/JSCS/

(CC) 2022 SCS.



SUPPLEMENTARY MATERIAL

S181

Docking energy, kJ mol’!

Compound GOLD DOCK6 RANK
Compound 2066-P20 54.6862 -39.5302 1.01
Compound 2069-P20 34.2227 -39.3566 0.66
Compound 2070-P20 51.8876 -40.0315 0.98
Compound 2071-P20 45.7058 -41.0240 0.90
Compound 2072-P20 36.8466 -40.7402 0.74
Compound 2077-P20 56.7363 -41.2678 1.10
Compound 2078-P20 61.6675 -42.3239 1.21
Compound 2079-P20 50.6615 -44.1706 1.08
Compound 2080-P20 45.7835 -35.5593 0.75
Compound 2081-P20 60.1745 -39.9495 1.12
Compound 2084-P20 44.9425 -39.5686 0.85
Compound 2087-P20 43.0768 -38.5208 0.79
Compound 2092-P20 39.6129 -42.1005 0.83
Compound 2093-P20 38.4286 -41.7239 0.80
Compound 2094-P20 41.7703 -42.3771 0.88
Compound 2095-P20 50.8339 -35.5530 0.83
Compound 2096-P20 51.9070 -37.3471 0.90
Compound 2097-P20 34.2944 -41.7104 0.73
Compound 2099-P20 63.1917 -41.7047 1.22
Compound 2100-P20 51.3382 -41.4486 1.01
Compound 2101-P20 52.6780 -38.9220 0.96
Compound 2105-P20 46.4973 -39.5948 0.88
Compound 2106-P20 54.8318 -40.8760 1.05
Compound 2108-P20 40.9246 -42.4679 0.86
Compound 2112-P20 44.8146 -37.6125 0.79
Compound 2113-P20 47.7471 -41.9587 0.96
Compound 2128-P20 41.5196 -42.4736 0.87
Compound 2130-P20 45.7366 -43.5349 0.98
Compound 2134-P20 49.6503 -42.9900 1.03
Compound 2135-P20 43.4970 -42.9508 0.92
Compound 2138-P20 48.4097 -39.1152 0.89
Compound 2139-P20 49.9014 -40.0395 0.95
Compound 2140-P20 34.3418 -41.4644 0.72
Compound 2141-P20 55.4306 -41.8926 1.09
Compound 2142-P20 47.1080 -40.1773 0.90
Compound 2143-P20 46.0869 -42.0539 0.94
Compound 2149-P20 57.7322 -39.6219 1.07
Compound 2150-P20 44.4876 -42.9204 0.94
Compound 2151-P20 51.7468 -41.3269 1.01
Compound_2154-P20 51.7576 -39.2785 0.96
Compound 2155-P20 46.2823 -40.9488 0.91
Compound 2166-P20 34.8253 -44.1919 0.81
Compound 2168-P20 44.8483 -40.2969 0.87
Compound 2169-P20 42.5350 -41.8737 0.87
Compound 2171-P20 41.5520 -38.7447 0.77
Compound 2172-P20 41.7339 -41.0473 0.834

Available on line at www.shd.org.rs/JSCS/

(CC) 2022 SCS.



S 1 82 DA COSTA et al.

Docking energy, kJ mol’!

Compound GOLD DOCK6 RANK
Compound 2183-P20 56.2545 -41.6955 1.10
Compound 2184-P20 58.0324 -42.8440 1.17
Compound 2185-P20 67.8677 -42.3419 1.32
Compound 2192-P20 61.2011 -38.7465 1.10
Compound 2193-P20 50.5935 -40.8976 0.98
Compound 2200-P20 53.8695 -40.4379 1.03
Compound 2204-P20 52.0480 -39.7767 0.97
Compound 2207-P20 43.7845 -39.7073 0.83
Compound 2208-P20 56.1962 -39.6687 1.04
Compound 2209-P20 42,9411 -40.4515 0.84
Compound 2210-P20 62.7111 -39.8886 1.16
Compound 2214-P20 51.4698 -35.7576 0.85
Compound 2215-P20 47.8897 -38.0605 0.85
Compound 2218-P20 43.1822 -42.1067 0.89
Compound 2219-P20 51.7244 -42.4641 1.05
Compound 2222-P20 42.7810 -42.0953 0.88
Compound 2223-P20 45.8189 -39.6974 0.87
Compound 2230-P20 51.6863 -39.8597 0.97
Compound 2233-P20 51.8606 -36.8298 0.89
Compound 2234-P20 46.2380 -40.4727 0.90
Compound 2235-P20 47.8241 -43.4129 1.01
Compound 2238-P20 42.0623 -40.4964 0.83
Compound 2239-P20 75.3779 -43.4974 1.48
Compound 2255-P20 68.5071 -45.1179 1.41
Compound 2256-P20 41.6689 -44.2828 0.93
Compound 2257-P20 52.6019 -44.2303 1.11
Compound 2264-P20 44.4206 -39.7962 0.85
Compound 2265-P20 50.5031 -42.0209 1.01
Compound 2269-P20 45.6076 -41.3622 0.91
Compound 2270-P20 60.0763 -38.8687 1.09
Compound 2280-P20 28.0228 -45.9083 0.74
Compound 2283-P20 52.6815 -42.0062 1.05
Compound 2284-P20 51.6036 -43.5254 1.08
Compound 2287-P20 50.6985 -40.6441 0.98
Compound 2288-P20 53.0094 -42.9799 1.08
Compound 2302-P20 54.9517 -40.9521 1.06
Compound 2303-P20 56.1798 -43.0132 1.14
Compound 2307-P20 59.0296 -41.2494 1.14
Compound 2308-P20 52.7870 -37.5051 0.92
Compound 2309-P20 51.8253 -38.5068 0.93
Compound 2311-P20 444172 -37.5936 0.78
Compound 2312-P20 30.8006 -38.7066 0.58
Compound 2313-P20 45.0748 -38.7811 0.83
Compound 2318-P20 53.5334 -34.4157 0.84
Compound 2319-P20 55.6671 -35.3954 0.91
Compound 2323-P20 37.0303 -40.6920 0.75

Available on line at www.shd.org.rs/JSCS/

(CC) 2022 SCS.



SUPPLEMENTARY MATERIAL

S183

Docking energy, kJ mol’!

Compound GOLD DOCK6 RANK
Compound 2328-P20 38.2381 -36.5919 0.65
Compound 2330-P20 48.4147 -40.9305 0.95
Compound 2331-P20 43.1801 -40.2455 0.84
Compound 2336-P20 32.2742 -35.4194 0.51
Compound 2337-P20 46.1068 -36.4985 0.78
Compound 2339-P20 54.8363 -41.9866 1.09
Compound 2340-P20 58.0980 -39.6967 1.08
Compound 2343-P20 58.5008 -40.9924 1.12
Compound 2345-P20 49.0782 -36.5190 0.83
Compound 2346-P20 38.7279 -37.6272 0.69
Compound 2363-P20 42.4406 -40.8809 0.84
Compound 2365-P20 48.5773 -41.2990 0.96
Compound 2368-P20 52.3573 -44.6349 1.12
Compound 2370-P20 37.7360 -38.4379 0.69
Compound 2371-P20 60.3305 -42.3751 1.19
Compound 2376-P20 41.9904 -39.4740 0.79
Compound 2378-P20 37.4372 -41.0037 0.76
Compound 2388-P20 52.5724 -40.4651 1.00
Compound 2391-P20 49.9655 -44.2550 1.07
Compound 2396-P20 46.3500 -40.7132 0.91
Compound 2405-P20 46.5935 -38.2597 0.84
Compound 2406-P20 49.8264 -37.6098 0.87
Compound 2409-P20 37.3003 -44.1776 0.85
Compound 2415-P20 46.1044 -38.9846 0.85
Compound 2416-P20 33.4095 -41.6022 0.71
Compound 2417-P20 44.4062 -35.7987 0.73
Compound 2418-P20 50.4811 -38.6211 0.91
Compound 2420-P20 47.1613 -41.4818 0.94
Compound 2421-P20 46.8811 -41.8984 0.95
Compound 2422-P20 46.6664 -41.9250 0.95
Compound 2425-P20 46.8667 -41.2638 0.93
Compound 2426-P20 42.1588 -43.3449 0.91
Compound 2427-P20 36.3856 -42.9205 0.80
Compound 2428-P20 37.2468 -42.0404 0.79
Compound 2434-P20 56.8162 -44.1448 1.18
Compound 2435-P20 56.0653 -43.7206 1.16
Compound 2436-P20 42.5377 -38.7110 0.78
Compound 2437-P20 53.1946 -39.4543 0.98
Compound 2438-P20 55.1826 -42.4213 1.10
Compound 2439-P20 50.3089 -43.2028 1.04
Compound 2441-P20 49.7795 -37.2383 0.86
Compound 2442-P20 32.2811 -39.5798 0.63
Compound_2444-P20 42.8857 -42.0334 0.88
Compound 2446-P20 45.6453 -37.8555 0.81
Compound 2447-P20 45.6206 -38.7284 0.84
Compound 2449-P20 42.3145 -42.3208 0.88

Available on line at www.shd.org.rs/JSCS/

(CC) 2022 SCS.



DA COSTA et al.

Docking energy, kJ mol’!

Compound GOLD DOCK6 RANK
Compound_2450-P20 50.5618 -44.4376 1.08
Compound 2451-P20 46.8829 -42.5238 0.97
Compound 2453-P20 60.3772 -42.3802 1.19
Compound 2454-P20 52.1756 -43.6856 1.09
Compound 2458-P20 48.5926 -39.5652 0.91
Compound 2459-P20 48.9583 -41.1455 0.96
Compound 2483-P20 32.3273 -46.7898 0.84
Compound 2484-P20 39.1000 -46.9158 0.96
Compound 2486-P20 38.6578 -42.4338 0.82
Compound 2487-P20 46.9934 -44.0738 1.01
Compound 2489-P20 41.4154 -44.3254 0.93
Compound 2490-P20 48.3376 -44.6652 1.05
Compound 2493-P20 62.6533 -40.6192 1.18
Compound 2494-P20 55.7760 -41.9151 1.10
Compound 2498-P20 50.8971 -41.7902 1.01
Compound 2499-P20 53.8329 -43.1124 1.10
Compound 2510-P20 32.7193 -40.7777 0.68
Compound 2526-P20 60.6222 -40.8084 1.15
Compound 2527-P20 45.0699 -42.8887 0.95
Compound 2529-P20 50.0703 -41.2802 0.98
Compound 2530-P20 61.9276 -42.1644 1.21
Compound 2531-P20 47.8621 -40.6083 0.93
Compound 2533-P20 42.0606 -40.5928 0.83
Compound 2534-P20 55.5328 -41.2223 1.08
Compound 2535-P20 54.3247 -42.1969 1.08
Compound 2542-P20 60.2846 -42.0712 1.18
Compound 2543-P20 51.5187 -37.2278 0.89
Compound 2544-P20 60.9812 -38.3942 1.09
Compound 2546-P20 36.7415 -40.3610 0.73
Compound 2550-P20 51.1993 -39.9930 0.97
Compound 2551-P20 39.5081 -39.2563 0.75
Compound 2557-P20 37.7314 -35.8314 0.62
Compound 2558-P20 47.7286 -37.1571 0.83
Compound 2564-P20 34.8365 -35.2032 0.55
Compound 2565-P20 30.8959 -36.4412 0.52
Compound 2566-P20 41.6868 -39.2353 0.78
Compound 2569-P20 49.4959 -38.5332 0.90
Compound 2571-P20 343131 -44.4463 0.81
Compound 2572-P20 63.7537 -38.2888 1.13
Compound 2573-P20 56.0141 -40.1590 1.05
Compound 2590-P20 35.4080 -41.5822 0.74
Compound 2591-P20 53.2701 -40.6822 1.02
Compound 2599-P20 54.2608 -38.4120 0.97
Compound 2600-P20 49.2665 -40.3457 0.94
Compound 2602-P20 57.0597 -42.4615 1.14
Compound 2603-P20 48.0228 -41.8076 0.97

Available on line at www.shd.org.rs/JSCS/

(CC) 2022 SCS.



SUPPLEMENTARY MATERIAL

S185

Docking energy, kJ mol’!

Compound GOLD DOCK6 RANK
Compound 2613-P20 60.1746 -43.5899 1.22
Compound 2616-P20 47.9872 -44.9737 1.06
Compound 2631-P20 49.5947 -45.0039 1.08
Compound 2636-P20 53.9330 -40.5066 1.03
Compound 2640-P20 51.2475 -40.3634 0.98
Compound 2643-P20 52.9772 -40.6465 1.02
Compound 2644-P20 39.2803 -41.8984 0.82
Compound 2649-P20 48.1839 -35.0458 0.77
Compound 2654-P20 24.9414 -36.9540 0.43
Compound 2655-P20 51.7612 -39.0107 0.95
Compound 2657-P20 47.5894 -40.6997 0.93
Compound 2658-P20 47.8391 -39.9446 0.91
Compound 2659-P20 58.7360 -45.4741 1.25
Compound 2660-P20 62.0732 -45.7128 1.32
Compound 2661-P20 41.3586 -42.2060 0.86
Compound 2672-P20 29.3482 -45.6107 0.76
Compound 2675-P20 57.2938 -39.9112 1.07
Compound 2676-P20 51.1162 -41.1858 1.00
Compound 2678-P20 48.2153 -43.8341 1.03
Compound 2683-P20 46.7592 -40.2224 0.90
Compound 2684-P20 30.5087 -43.1504 0.71
Compound 2697-P20 47.0001 -43.1345 0.99
Compound 2701-P20 53.3451 -41.6223 1.05
Compound 2702-P20 37.9133 -42.0519 0.80
Compound 2717-P20 57.0880 -41.1643 1.10
Compound 2725-P20 59.0604 -45.7349 1.27
Compound 2730-P20 54.8740 -36.9105 0.94
Compound 2731-P20 53.2472 -38.0170 0.94
Compound 2732-P20 33.0719 -39.8222 0.65
Compound 2740-P20 38.6503 -35.4302 0.62
Compound 2741-P20 39.8412 -39.5159 0.76
Compound 2744-P20 49.7199 -34.7759 0.79
Compound 2745-P20 50.4153 -34.6399 0.80
Compound 2746-P20 41.0427 -41.5217 0.834
Compound 2749-P20 55.8703 -38.8723 1.01
Compound 2750-P20 48.0936 -35.4785 0.78
Compound 2751-P20 49.3530 -38.5381 0.89
Compound 2763-P20 40.0523 -42.3867 0.85
Compound 2764-P20 49.2972 -36.0784 0.82
Compound 2771-P20 55.8050 -35.2836 091
Compound 2772-P20 43.1117 -37.0858 0.74
Compound 2773-P20 479112 -40.0828 0.91
Compound 2782-P20 39.3098 -41.1261 0.80
Compound 2784-P20 443741 -42.0452 0.91
Compound 2795-P20 45.3835 -37.0950 0.78
Compound 2796-P20 68.1320 -40.8568 1.28

Available on line at www.shd.org.rs/JSCS/

(CC) 2022 SCS.



DA COSTA et al.

Docking energy, kJ mol’!

Compound GOLD DOCK6 RANK
Compound 2798-P20 60.5011 -39.4322 1.11
Compound 2800-P20 54.1514 -42.9674 1.10
Compound 2803-P20 445115 -38.1391 0.80
Compound 2804-P20 44.1127 -41.4173 0.89
Compound 2811-P20 40.5254 -43.5847 0.89
Compound 2812-P20 38.6924 -40.4369 0.77
Compound 2816-P20 56.7695 -43.7863 1.17
Compound 2818-P20 46.1659 -37.9595 0.82
Compound 2822-P20 60.8497 -38.7500 1.09
Compound 2824-P20 54.4909 -39.9321 1.02
Compound 2832-P20 38.3162 -39.6510 0.74
Compound 2838-P20 48.8312 -37.5309 0.85
Compound 2841-P20 51.6045 -37.6873 0.91
Compound 2845-P20 47.7608 -41.2271 0.94
Compound 2863-P20 56.9436 -42.1684 1.13
Compound 2866-P20 33.8354 -45.1391 0.82
Compound 2867-P20 47.9376 -40.6511 0.93
Compound 2869-P20 54.2137 -39.4403 1.00
Compound 2871-P20 55.1501 -44.7662 1.17
Compound 2873-P20 66.3993 -36.5893 1.13
Compound 2874-P20 55.3653 -38.9314 1.01
Compound 2894-P20 59.5290 -39.8102 1.10
Compound 2895-P20 37.2975 -44.3245 0.86
Compound 2906-P20 50.8415 -46.1295 1.14
Compound 2913-P20 44.7081 -43.4897 0.96
Compound 2914-P20 52.2120 -43.9610 1.10
Compound 2917-P20 60.5291 -39.0770 1.10
Compound 2926-P20 56.8378 -42.0827 1.12
Compound 2930-P20 45.9377 -43.0360 0.97
Compound 2931-P20 59.8000 -41.5908 1.16
Compound 2934-P20 42.0213 -42.5522 0.88
Compound 2935-P20 43.2191 -41.8190 0.88
Compound 2936-P20 59.6786 -44.9079 1.25
Compound 2937-P20 56.9473 -37.6587 1.00
Compound 2938-P20 60.6126 -40.0444 1.13
Compound 2943-P20 43.6097 -38.6411 0.80
Compound 2946-P20 48.7175 -42.7870 1.01
Compound 2947-P20 44.4019 -43.0146 0.94
Compound 2949-P20 44.9274 -41.2155 0.90
Compound 2963-P20 51.5463 -42.7902 1.05
Compound 2965-P20 42.4670 -41.4828 0.86
Compound 2970-P20 38.8775 -45.5296 0.92
Compound 2974-P20 63.0047 -39.3148 1.15
Compound 2975-P20 48.4616 -42.1787 0.98
Compound 2979-P20 51.7337 -40.0263 0.98
Compound 2980-P20 45.0788 -42.6923 0.94

Available on line at www.shd.org.rs/JSCS/

(CC) 2022 SCS.



SUPPLEMENTARY MATERIAL

S187

Docking energy, kJ mol’!

Compound GOLD DOCK6 RANK
Compound 2995-P20 53.4670 -42.1637 1.07
Compound 2996-P20 45.9670 -43.9964 0.99
Compound 2998-P20 37.1226 -43.0113 0.81

Compound_9-P2 55.2653 -44.7582 1.17
Compound 22-P2 41.2397 -43.5645 0.90
Compound_24-P2 46.1508 -45.4218 1.04

Compound_110-P2 53.1964 -34.7250 0.85
Compound 112-P2 47.4644 -42.2660 0.97
Compound_113-P2 46.2341 -41.0134 091
Compound 118-P2 46.8434 -42.8512 0.98
Compound_120-P2 38.5798 -35.1944 0.61
Compound _122-P2 49.3046 -39.0021 0.91
Compound 123-P2 41.4380 -37.9708 0.74
Compound_129-P2 41.7378 -36.7641 0.71
Compound 131-P2 37.3168 -41.9137 0.79
Compound 142-P2 53.9650 -32.3761 0.79
Compound 143-P2 51.6997 -33.4637 0.79
Compound_147-P2 38.5198 -27.9737 0.40
Compound 150-P2 58.9588 -37.6252 1.03
Compound_156-P2 45.3552 -39.1067 0.84
Compound_160-P2 48.2470 -33.8176 0.74
Compound 166-P2 56.4127 -34.5775 0.90
Compound 209-P2 50.1403 -39.1654 0.92
Compound 210-P2 50.0800 -38.3564 0.90
Compound 230-P2 45.2953 -37.5568 0.80
Compound 234-P2 60.1448 -41.7892 1.17
Compound 328-P2 60.4353 -40.9585 1.15
Compound 333-P2 47.1658 -34.5049 0.74
Compound 341-P2 55.3774 -38.0279 0.98
Compound 430-P2 442333 -29.6579 0.55
Compound_463-P2 47.2158 -39.6697 0.89
Compound_466-P2 30.5912 -39.0835 0.59
Compound_470-P2 51.0755 -43.9973 1.08
Compound 473-P2 51.8213 -44.3024 1.10
Compound 475-P2 59.5938 -41.9150 1.17
Compound 476-P2 49.9768 -40.3047 0.95
Compound 478-P2 56.1760 -44.1138 1.17
Compound 497-P2 42.2531 -43.6377 0.92
Compound 498-P2 55.2655 -40.2258 1.04
Compound_503-P2 60.7608 -42.9657 1.22
Compound 511-P2 65.3407 -42.5305 1.28
Compound_514-P2 52.1467 -40.7620 1.01
Compound_515-P2 46.2021 -35.7633 0.76
Compound_548-P2 63.5626 -42.0082 1.24
Compound_589-P2 53.9779 -40.7805 1.04
Compound 612-P2 36.5516 -50.9958 1.04

Available on line at www.shd.org.rs/JSCS/

(CC) 2022 SCS.



S 1 8 8 DA COSTA et al.

Docking energy, kJ mol’!

Compound GOLD DOCK6 RANK
Compound_619-P2 66.4298 -46.1925 1.41
Compound 622-P2 63.1300 -37.2779 1.09
Compound_723-P2 63.2842 -42.5811 1.25
Compound_745-P2 37.1222 -42.7961 0.81
Compound_747-P2 47.4629 -42.7842 0.98
Compound_764-P2 45.6719 -44.0303 0.99
Compound_776-P2 64.6085 -43.2070 1.29
Compound_846-P2 45.3191 -44.6434 1.00
Compound_947-P2 59.4647 -44.0085 1.22
Compound 948-P2 51.7558 -42.3395 1.04
Compound 949-P2 44.4432 -40.3243 0.86
Compound 952-P2 38.5339 -46.3370 0.94

Compound 1020-P2 56.5300 -45.1857 1.21
Compound 1023-P2 54.3292 -44.9802 1.16
Compound_1072-P2 41.8648 -39.5667 0.80
Compound_1073-P2 49.8048 -39.5665 0.93
Compound_1089-P2 37.7552 -40.7328 0.76
Compound 1091-P2 36.3674 -35.0488 0.57
Compound 1092-P2 54.8765 -40.1982 1.04
Compound 1093-P2 44.5843 -43.4346 0.95
Compound 1103-P2 45.8569 -39.9308 0.87
Compound_1104-P2 36.1701 -40.4850 0.73
Compound_1117-P2 53.5569 -41.5691 1.05
Compound_1119-P2 53.1302 -45.0865 1.15
Compound 1125-P2 41.9972 -34.3285 0.65
Compound 1126-P2 36.5210 -32.4523 0.50
Compound_1129-P2 32.5827 -44.0136 0.77
Compound 1130-P2 55.2567 -39.8426 1.03
Compound_1131-P2 35.0896 -41.4862 0.74
Compound_1151-P2 55.4872 -42.3484 1.11
Compound_1153-P2 38.6614 -37.3289 0.68
Compound 1164-P2 48.7131 -36.7129 0.83
Compound_1165-P2 42.6935 -34.0675 0.65
Compound_1166-P2 42.3792 -35.6382 0.69
Compound_1173-P2 43.9900 -38.8769 0.81
Compound 1182-P2 38.1026 -34.6323 0.59
Compound_1244-P2 55.4161 -43.6182 1.14
Compound 1246-P2 58.3536 -49.1160 1.35
Compound_1394-P2 44.4020 -40.7070 0.87
Compound_1396-P2 51.5752 -38.9659 0.94
Compound_1397-P2 40.8691 -40.7717 0.81
Compound_1398-P2 37.8556 -30.9075 0.48
Compound_1399-P2 39.5882 -37.9256 0.71
Compound_1400-P2 54.7730 -40.9177 1.05
Compound_1409-P2 48.8841 -35.5741 0.80
Compound_1435-P2 43.0699 -40.4570 0.834

Available on line at www.shd.org.rs/JSCS/

(CC) 2022 SCS.



SUPPLEMENTARY MATERIAL

S189

Docking energy, kJ mol’!

Compound GOLD DOCK6 RANK
Compound_1447-P2 48.8540 -31.4717 0.68
Compound 1455-P2 44.6498 -31.2212 0.60
Compound_1546-P2 47.9023 -41.6371 0.96
Compound_1547-P2 69.8251 -45.5243 1.44
Compound_1606-P2 44.3452 -44.3909 0.98
Compound_1809-P2 62.9775 -46.6216 1.36
Compound_1828-P2 47.4243 -44.3539 1.03
Compound 1832-P2 46.0262 -39.9295 0.88
Compound_1842-P2 51.2745 -42.8205 1.05
Compound_1851-P2 46.7041 -34.3643 0.73
Compound 1855-P2 52.2443 -39.3671 0.97
Compound_1857-P2 46.5851 -39.0246 0.86
Compound 1863-P2 49.5324 -41.1981 0.97
Compound 1978-P2 40.8616 -38.5986 0.75
Compound 2028-P2 39.6926 -39.1667 0.75
Compound_2174-P2 41.2540 -40.9200 0.82
Compound_2175-P2 49.9404 -39.4581 0.93
Compound 2177-P2 45.3667 -45.0981 1.02
Compound 2182-P2 52.4605 -44.0678 1.11
Compound 2193-P2 48.8114 -42.9310 1.01
Compound 2194-P2 56.5924 -39.7800 1.05
Compound 2244-P2 64.1343 -44.3433 1.31
Compound_2263-P2 52.0155 -39.2207 0.96
Compound_2264-P2 52.7445 -43.7705 1.10
Compound 2353-P2 51.5283 -38.1098 0.92
Compound 2368-P2 65.7495 -46.0764 1.39
Compound 2371-P2 67.2480 -46.9933 1.44
Compound_ 2372-P2 48.5103 -43.0831 1.01
Compound_2374-P2 43.0768 -44.3294 0.95
Compound_2375-P2 47.4112 -48.1953 1.14
Compound_2391-P2 41.7257 -47.4531 1.02
Compound 2392-P2 50.5350 -47.3056 1.17
Compound 2394-P2 37.9301 -47.1841 0.95
Compound 2411-P2 52.9866 -41.2910 1.03
Compound_2412-P2 52.5620 -46.1588 1.17
Compound_2414-P2 37.0041 -52.2249 1.08
Compound_2448-P2 38.3916 -42.3894 0.82
Compound 2517-P2 50.7271 -41.5953 1.01
Compound 2522-P2 48.8318 -44.9158 1.07
Compound 2531-P2 52.2662 -35.6993 0.86
Compound_2532-P2 58.8413 -44.4437 1.23
Compound_2533-P2 58.0308 -44.3953 1.21
Compound_2616-P2 45.7688 -39.3945 0.86
Compound 2721-P2 55.1269 -43.0005 1.12
Compound 2723-P2 43.5502 -42.5240 091
Compound 2786-P2 42.8761 -39.8269 0.82

Available on line at www.shd.org.rs/JSCS/

(CC) 2022 SCS.



S 1 90 DA COSTA et al.

Docking energy, kJ mol’!

Compound GOLD DOCK6 RANK
Compound_2787-P2 46.3103 -40.8670 0.91
Compound 2788-P2 46.7562 -36.1581 0.78
Compound 2789-P2 57.3871 -41.5185 1.12
Compound 2791-P2 50.2076 -36.5387 0.85
Compound_2792-P2 61.4160 -49.5119 1.42
Compound_2820-P2 48.1275 -41.5088 0.96
Compound 2821-P2 51.3970 -43.8518 1.08
Compound 2822-P2 44.5361 -32.4341 0.63
Compound 2823-P2 62.4160 -41.2394 1.19
Compound_2852-P2 45.4143 -31.8115 0.63
Compound_2854-P2 47.4291 -34.7189 0.75
Compound 2856-P2 39.6198 -32.4772 0.55
Compound 2861-P2 50.1237 -43.2838 1.04
Compound 2867-P2 43.5306 -35.5902 0.71
Compound 2868-P2 52.0374 -36.6872 0.89
Compound_2869-P2 51.0459 -39.4449 0.95
Compound_2870-P2 47.2751 -38.6886 0.86
Compound_2907-P2 44.7120 -43.5481 0.96
Compound 2925-P2 30.3815 -27.0788 0.24
Compound 2926-P2 43.0538 -37.5758 0.76
Compound 2941-P2 41.9792 -31.9010 0.58
Compound 2942-P2 52.3818 -32.6381 0.77
Compound_2949-P2 25.7030 -25.1083 0.10
Compound_2950-P2 46.2701 -25.3758 0.46
Compound 2951-P2 30.7584 -27.8851 0.27
Compound 2952-P2 34.7939 -27.6349 0.33
Compound 2953-P2 38.7039 -27.4849 0.39
Compound 2954-P2 35.3172 -26.5562 0.31
Compound 2955-P2 35.5159 -29.1544 0.39
Compound_2956-P2 31.4698 -28.3726 0.29
Compound_2957-P2 36.2478 -30.8706 0.45

Compound_3-P4 64.8396 -41.8643 1.25
Compound 34-P4 35.1408 -38.5929 0.65
Compound 43-P4 448774 -35.3229 0.72
Compound_44-P4 42.8558 -34.4959 0.67
Compound_45-P4 52.5763 -36.5612 0.89
Compound_46-P4 47.8773 -36.7727 0.82
Compound_84-P4 43.3467 -37.6203 0.76
Compound_86-P4 49.4063 -39.2242 0.91
Compound 90-P4 47.3623 -39.7788 0.90

Compound 391-P4 55.9498 -44.1598 1.17
Compound 392-P4 35.7724 -43.2654 0.80
Compound _393-P4 51.7638 -47.8267 1.20
Compound 396-P4 52.2459 -44.7974 1.12
Compound 397-P4 38.2379 -44.3156 0.87
Compound 398-P4 59.8581 -46.1690 1.29

Available on line at www.shd.org.rs/JSCS/

(CC) 2022 SCS.



SUPPLEMENTARY MATERIAL

S191

Docking energy, kJ mol’!

Compound GOLD DOCK6 RANK
Compound_405-P4 48.7911 -40.9687 0.95
Compound_424-P4 43.2388 -38.7308 0.79
Compound 427-P4 52.1795 -45.2714 1.14
Compound_455-P4 42.3026 -41.4418 0.86
Compound 457-P4 42.1628 -38.8949 0.78
Compound_514-P4 50.7049 -35.6579 0.83
Compound_529-P4 39.6904 -32.3732 0.55
Compound 621-P4 42.5315 -47.7133 1.04
Compound_623-P4 36.1954 -42.3638 0.78
Compound_628-P4 54.0081 -47.5665 1.23
Compound_676-P4 50.5759 -42.7368 1.04
Compound 677-P4 50.2263 -43.7986 1.06
Compound 698-P4 56.9422 -45.4387 1.22
Compound_699-P4 35.2207 -40.5453 0.71
Compound_708-P4 37.9417 -34.3708 0.58
Compound_721-P4 49.9226 -40.9443 0.97
Compound_725-P4 42.7958 -43.1067 0.91
Compound_726-P4 48.1453 -42.9922 1.00
Compound 728-P4 56.5104 -44.1085 1.18
Compound 957-P4 44.9744 -40.2148 0.87
Compound 962-P4 57.3223 -45.4819 1.23
Compound 991-P4 51.5424 -44.4777 1.10
Compound 992-P4 49.8424 -42.8239 1.03
Compound 993-P4 40.4780 -45.2554 0.94
Compound 994-P4 55.9599 -37.3483 0.97
Compound 995-P4 46.4700 -43.1942 0.98
Compound 999-P4 61.1665 -40.6328 1.15

Compound_1160-P4 44.5154 -42.0208 091
Compound_1161-P4 49.3359 -43.9000 1.05
Compound_1162-P4 40.9367 -43.3998 0.89
Compound_1163-P4 39.7497 -50.0681 1.06
Compound_1166-P4 48.7200 -42.8007 1.01
Compound_1167-P4 52.4006 -38.2477 0.94
Compound_1169-P4 48.6625 -46.8934 1.12
Compound_1176-P4 55.8167 -42.7526 1.13
Compound 1177-P4 38.1200 -38.0263 0.69
Compound_1181-P4 53.5731 -42.7639 1.09
Compound 1183-P4 46.7899 -41.5695 0.94
Compound_1184-P4 57.9176 -43.4204 1.18
Compound_1222-P4 47.0546 -34.5120 0.74
Compound_1223-P4 45.7119 -39.7514 0.87
Compound_1229-P4 58.0825 -40.0292 1.08
Compound_1230-P4 38.4174 -35.8689 0.63
Compound 1242-P4 54.6107 -41.2791 1.06
Compound_1243-P4 49.7547 -39.9635 0.94
Compound_1245-P4 53.7566 -38.3779 0.96

Available on line at www.shd.org.rs/JSCS/

(CC) 2022 SCS.



S 1 92 DA COSTA et al.

Docking energy, kJ mol’!

Compound GOLD DOCK6 RANK
Compound_1247-P4 46.6590 -41.6424 0.94
Compound 1251-P4 52.9296 -43.5040 1.10
Compound_1253-P4 55.0565 -40.2190 1.04
Compound_1255-P4 70.9198 -43.0144 1.39
Compound_1260-P4 50.7472 -40.4363 0.97
Compound 1261-P4 46.1446 -41.6075 0.93
Compound_1263-P4 60.8911 -46.5662 1.32
Compound 1278-P4 54.7742 -40.5639 1.04
Compound_1279-P4 49.5799 -39.2958 0.92
Compound_1280-P4 55.6884 -41.0141 1.07
Compound_1281-P4 58.5202 -38.2166 1.04
Compound_1282-P4 52.5101 -41.5027 1.03
Compound 1283-P4 50.0610 -30.8856 0.68
Compound 1288-P4 40.1303 -42.3511 0.85
Compound_1290-P4 46.3151 -39.7881 0.88
Compound_1291-P4 56.7440 -43.5972 1.17
Compound_1292-P4 54.7256 -44.7010 1.16
Compound_1293-P4 57.1668 -47.2251 1.28
Compound 1296-P4 42.9606 -33.6094 0.64
Compound 1299-P4 53.6746 -37.4307 0.93
Compound_1300-P4 52.4333 -41.6470 1.04
Compound_1303-P4 68.1046 -40.2834 1.26
Compound_1304-P4 41.9075 -40.2285 0.82
Compound_1305-P4 54.2735 -37.0532 0.93
Compound 1306-P4 51.3084 -40.4878 0.98
Compound 1307-P4 47.5185 -31.9356 0.67
Compound_1308-P4 49.4747 -30.3534 0.66
Compound_1312-P4 47.0433 -42.2575 0.96
Compound_1313-P4 38.7049 -43.9013 0.87
Compound_1315-P4 58.7582 -41.1243 1.13
Compound_1318-P4 56.0773 -42.6518 1.13
Compound 1320-P4 72.5038 -46.3616 1.51
Compound_1321-P4 66.3441 -46.1531 1.40
Compound_1322-P4 45.0911 -41.1785 0.90
Compound_1324-P4 49.3214 -32.2603 0.71
Compound_1326-P4 48.6279 -36.6961 0.83
Compound_1327-P4 51.0655 -41.7116 1.01
Compound 1328-P4 55.7923 -37.7429 0.98
Compound_1329-P4 59.9370 -40.4538 1.13
Compound_1332-P4 64.4020 -41.1249 1.22
Compound_1333-P4 43.2280 -40.1171 0.83
Compound_1334-P4 46.3811 -43.0096 0.97
Compound_1335-P4 44.1123 -38.3881 0.80
Compound 1336-P4 48.2341 -33.7950 0.74
Compound_1337-P4 46.8008 -30.8633 0.63
Compound_1342-P4 50.7846 -41.6918 1.01

Available on line at www.shd.org.rs/JSCS/

(CC) 2022 SCS.



SUPPLEMENTARY MATERIAL

S193

Docking energy, kJ mol’!

Compound GOLD DOCK6 RANK
Compound_1343-P4 53.1073 -42.8981 1.08
Compound 1345-P4 49.9691 -47.7974 1.17
Compound_1347-P4 37.4611 -38.5327 0.69
Compound_1348-P4 45.9722 -37.6753 0.81
Compound_1349-P4 45.2244 -39.1792 0.84
Compound_1353-P4 44.7903 -39.9238 0.86
Compound_1354-P4 37.1166 -41.4137 0.77
Compound 1355-P4 55.1301 -35.7098 0.91
Compound_1356-P4 45.7881 -41.7557 0.93
Compound_1357-P4 43.5694 -38.1443 0.78
Compound_1359-P4 39.0405 -33.8627 0.58
Compound_1360-P4 44.6897 -32.4048 0.64
Compound 1368-P4 42.3879 -41.9675 0.87
Compound 1370-P4 43.5283 -38.9883 0.81
Compound_1372-P4 53.5965 -41.8191 1.06
Compound_1373-P4 42.1747 -43.2747 091
Compound_1375-P4 53.1847 -33.4957 0.81
Compound_1378-P4 46.8351 -37.7155 0.83
Compound 1379-P4 38.7476 -39.1844 0.73
Compound_1450-P4 49.1950 -41.4019 0.97
Compound_1451-P4 33.9352 -40.1768 0.68
Compound_1452-P4 61.3817 -40.5301 1.16
Compound_1453-P4 35.9869 -42.6054 0.78
Compound_1454-P4 50.5686 -35.4567 0.82
Compound 1457-P4 53.2844 -43.9944 1.12
Compound 1461-P4 48.3152 -43.4954 1.02
Compound_1462-P4 55.1740 -48.1113 1.27
Compound_1464-P4 47.5909 -42.4415 0.98
Compound_1465-P4 38.6454 -40.7794 0.78
Compound_1468-P4 52.5291 -42.0476 1.05
Compound_1469-P4 45.1014 -43.3616 0.96
Compound 1470-P4 48.3787 -40.7274 0.94
Compound_1471-P4 53.6530 -44.1429 1.13
Compound_1472-P4 51.3192 -38.3767 0.92
Compound_1473-P4 46.4168 -37.4980 0.81
Compound_1477-P4 40.4579 -44.2904 0.91
Compound_1479-P4 59.0527 -44.3485 1.23
Compound 1481-P4 42.7480 -37.2267 0.74
Compound_1483-P4 60.3982 -42.2795 1.19
Compound_1484-P4 39.2777 -43.4469 0.86
Compound_1553-P4 46.8519 -40.2420 0.90
Compound_1555-P4 52.1259 -44.6131 1.12
Compound_1556-P4 49.9801 -42.2106 1.01
Compound 1558-P4 43.5489 -44.1419 0.96
Compound_1559-P4 54.8696 -43.6420 1.13
Compound_1560-P4 53.1644 -45.9706 1.17

Available on line at www.shd.org.rs/JSCS/

(CC) 2022 SCS.



S 1 94 DA COSTA et al.

Docking energy, kJ mol’!

Compound GOLD DOCK6 RANK
Compound_1562-P4 57.5095 -43.5080 1.18
Compound 1563-P4 50.1186 -44.7398 1.09
Compound_1565-P4 54.0870 -40.4273 1.03
Compound_1566-P4 42.5727 -40.9659 0.85
Compound_1567-P4 60.8653 -43.1023 1.22
Compound_1568-P4 57.9583 -43.8787 1.19
Compound_1570-P4 61.1500 -44.0336 1.25
Compound 1571-P4 62.0724 -45.4361 1.31
Compound_1572-P4 48.1641 -45.2930 1.07
Compound_1573-P4 39.2575 -40.3922 0.78
Compound_1574-P4 49.7983 -40.4956 0.96
Compound_1575-P4 55.6365 -44.6076 1.18
Compound 1576-P4 74.0539 -47.0347 1.56
Compound 1577-P4 53.8425 -45.5121 1.17
Compound_1579-P4 38.5607 -42.6510 0.83
Compound_1580-P4 52.9020 -46.2713 1.18
Compound_1583-P4 50.1295 -42.5809 1.02
Compound 1586-P4 51.0613 -39.1192 0.94
Compound 1587-P4 68.4840 -42.3231 1.33
Compound_1590-P4 56.6619 -44.7564 1.20
Compound_1594-P4 47.4786 -44.4655 1.03
Compound_1595-P4 52.8482 -45.2243 1.15
Compound_1597-P4 59.2344 -46.6137 1.30
Compound_1598-P4 51.9690 -46.3821 1.17
Compound 1600-P4 54.8253 -45.8941 1.20
Compound 1603-P4 43.3834 -44.1781 0.96
Compound_1607-P4 39.6197 -39.0822 0.74
Compound_1608-P4 47.4663 -40.0037 0.90
Compound_1613-P4 54.2144 -38.5349 0.98
Compound_1614-P4 47.4265 -38.6852 0.86
Compound_1621-P4 50.3469 -43.0010 1.04
Compound 1622-P4 50.9257 -42.0635 1.02
Compound_1682-P4 50.8647 -39.8069 0.96
Compound_1683-P4 40.6868 -38.6724 0.75
Compound_1684-P4 63.6591 -39.0154 1.15
Compound_1685-P4 46.6192 -38.9345 0.86
Compound_1686-P4 54.4201 -41.0134 1.05
Compound 1687-P4 47.0157 -38.6472 0.86
Compound_1691-P4 50.1081 -39.6955 0.94
Compound 1717-P4 55.7154 -39.6172 1.03
Compound_1722-P4 49.4059 -37.7106 0.87
Compound_1723-P4 48.6438 -37.7271 0.86
Compound_1724-P4 33.6288 -34.8455 0.52
Compound 1725-P4 44.6506 -32.2867 0.63
Compound_1796-P4 40.2086 -42.5825 0.85
Compound_1797-P4 45.8542 -40.1611 0.88

Available on line at www.shd.org.rs/JSCS/

(CC) 2022 SCS.



SUPPLEMENTARY MATERIAL

S195

Docking energy, kJ mol’!

Compound GOLD DOCK6 RANK
Compound_1798-P4 48.7802 -38.8192 0.89
Compound 1799-P4 44.3908 -40.0405 0.85
Compound_1800-P4 43.1898 -38.2718 0.78
Compound_1801-P4 37.8841 -38.0866 0.68
Compound_1802-P4 44.2290 -39.4203 0.83
Compound_1803-P4 33.3616 -37.9477 0.60
Compound_1806-P4 50.5455 -42.8202 1.04
Compound 1826-P4 48.7858 -42.7723 1.01
Compound_1831-P4 45.2964 -39.2994 0.85
Compound 1832-P4 42.9362 -35.7109 0.70
Compound_1833-P4 44.0457 -37.2159 0.76
Compound_1834-P4 33.7373 -38.9214 0.64
Compound 1835-P4 40.6549 -38.7868 0.75
Compound_1836-P4 39.1013 -34.3265 0.60
Compound_1837-P4 46.2963 -35.8333 0.76
Compound_1838-P4 40.9736 -38.0857 0.74
Compound 1841-P4 40.1099 -36.3618 0.67
Compound_1844-P4 33.5500 -35.0059 0.52
Compound 1845-P4 41.3507 -37.3205 0.72
Compound 1846-P4 50.1780 -42.9483 1.04
Compound_1883-P4 53.7150 -38.7923 0.97
Compound_1886-P4 61.3802 -40.2562 1.15
Compound_1898-P4 61.8682 -38.1925 1.10
Compound 1899-P4 53.5348 -38.8137 0.97
Compound 1900-P4 53.1504 -42.0040 1.06
Compound 2003-P4 42.7755 -40.1476 0.83
Compound_2004-P4 35.2888 -38.7606 0.66
Compound_2009-P4 45.5491 -43.4474 0.97
Compound 2011-P4 45.4722 -48.1904 1.11
Compound_2014-P4 43.3663 -49.7047 1.12
Compound_2016-P4 39.5825 -45.0216 0.91
Compound 2022-P4 42.6503 -40.8646 0.85
Compound 2023-P4 42.0405 -44.2359 0.93
Compound_2024-P4 40.9123 -45.1518 0.94
Compound_2025-P4 46.3980 -47.6410 1.11
Compound_2028-P4 50.7817 -46.2146 1.14
Compound_2030-P4 47.9754 -49.0606 1.17
Compound 2033-P4 35.8685 -50.6124 1.01
Compound 2080-P4 54.6273 -39.3000 1.00
Compound_2081-P4 52.0896 -42.1022 1.04
Compound_2089-P4 43.3842 -44.4139 0.96
Compound 2091-P4 66.3032 -47.3571 1.44
Compound_2117-P4 54.0288 -43.4021 1.11
Compound 2118-P4 48.3983 -42.4276 0.99
Compound 2123-P4 64.1809 -46.8474 1.39
Compound_2125-P4 45.4061 -47.1303 1.08

Available on line at www.shd.org.rs/JSCS/

(CC) 2022 SCS.



S 1 96 DA COSTA et al.

Docking energy, kJ mol’!

Compound GOLD DOCK6 RANK
Compound_2128-P4 50.1467 -48.1581 1.19
Compound 2131-P4 33.4585 -41.6958 0.71
Compound 2132-P4 56.8461 -46.8574 1.26
Compound_2133-P4 57.7937 -48.6395 1.33
Compound_2134-P4 33.0025 -37.9317 0.60
Compound 2135-P4 42.5853 -39.6755 0.81
Compound_2136-P4 42.8285 -44.1783 0.95
Compound 2137-P4 55.1004 -46.4951 1.22
Compound 2138-P4 67.1081 -46.8034 1.43
Compound_2139-P4 64.0940 -44.9093 1.33
Compound_2140-P4 57.3536 -46.1236 1.25
Compound 2151-P4 38.4933 -37.4440 0.68
Compound 2152-P4 52.5681 -38.8963 0.96
Compound 2155-P4 43.7776 -43.3893 0.94
Compound 2157-P4 48.0119 -44.4854 1.04
Compound_2160-P4 46.8027 -45.2795 1.05
Compound_2166-P4 42.1285 -42.7328 0.89
Compound 2167-P4 36.5834 -43.2411 0.81
Compound 2168-P4 56.6917 -47.1238 1.27
Compound 2173-P4 51.4238 -46.2763 1.15
Compound 2180-P4 40.8223 -46.3117 0.97
Compound_2314-P4 34.2845 -33.0871 0.48
Compound_2315-P4 37.2828 -28.4651 0.40
Compound 2371-P4 53.4385 -47.0057 1.21
Compound 2372-P4 37.5626 -45.6671 0.90
Compound 2377-P4 43.1331 -42.5496 0.90
Compound 2378-P4 44.6380 -42.9963 0.94
Compound_2379-P4 46.0620 -42.4138 0.95
Compound_2380-P4 38.6706 -43.6165 0.86
Compound 2381-P4 37.8001 -45.6111 0.90
Compound_2382-P4 56.1160 -45.3342 1.21
Compound 2653-P4 65.9770 -39.4781 1.20
Compound 2657-P4 45.3024 -41.4858 091
Compound_2659-P4 429155 -36.2111 0.72
Compound_2663-P4 46.7489 -36.9540 0.80
Compound_2669-P4 56.8967 -38.3031 1.01
Compound_2679-P4 55.8411 -39.7994 1.04
Compound 2696-P4 50.2721 -36.6761 0.85
Compound 2697-P4 51.3207 -36.4222 0.87
Compound_2698-P4 45.6292 -38.0340 0.82
Compound_2700-P4 49.3852 -38.0764 0.88
Compound 2741-P4 39.3740 -54.7273 1.19
Compound_2743-P4 40.5606 -34.5158 0.63
Compound 2745-P4 48.2048 -37.6243 0.85
Compound 2751-P4 48.3303 -36.9094 0.83
Compound_2754-P4 42.2264 -35.1774 0.67

Available on line at www.shd.org.rs/JSCS/

(CC) 2022 SCS.



SUPPLEMENTARY MATERIAL

S197

Docking energy, kJ mol’!

Compound GOLD DOCK6 RANK
Compound_2756-P4 56.2616 -39.5942 1.04
Compound 2758-P4 47.6676 -39.8452 0.90
Compound_2779-P4 56.0812 -43.5328 1.15
Compound_2794-P4 60.4013 -38.6582 1.08
Compound_2800-P4 46.6625 -40.1538 0.89
Compound_2876-P4 35.3833 -45.1179 0.85
Compound_2877-P4 47.8093 -46.3575 1.09
Compound 2889-P4 45.6986 -43.2878 0.97
Compound 2891-P4 55.1729 -42.5653 1.11
Compound_2893-P4 50.2159 -46.5270 1.14
Compound_2894-P4 48.2016 -47.2498 1.13
Compound_2896-P4 54.5995 -41.4752 1.07
Compound 2897-P4 53.7311 -43.5776 1.11
Compound 2898-P4 55.7255 -42.8226 1.13
Compound 2899-P4 61.2710 -46.1960 1.32
Compound_2900-P4 64.5871 -46.1375 1.37
Compound 2901-P4 55.4712 -48.7930 1.29
Compound_2903-P4 60.3972 -46.8923 1.32
Compound 2905-P4 52.3028 -45.9515 1.16
Compound 2908-P4 51.4424 -47.1259 1.18
Compound 2909-P4 41.1266 -44.3335 0.92
Compound_2910-P4 53.9262 -45.6568 1.18
Compound 2917-P4 51.7524 -37.7412 0.91
Compound 2918-P4 56.8506 -40.7251 1.08
Compound 2924-P4 65.2797 -42.5369 1.28
Compound 2926-P4 41.7955 -43.4656 0.91
Compound 2927-P4 47.0122 -47.3023 1.11
Compound_2929-P4 47.2537 -45.7527 1.07
Compound 2931-P4 50.0217 -42.1048 1.01
Compound_2932-P4 43.7152 -42.0594 0.90
Compound_2933-P4 51.1196 -44.3410 1.09
Compound 2935-P4 31.1730 -39.7081 0.62
Compound 2936-P4 64.3870 -40.6084 1.21
Compound_2937-P4 62.7215 -44.5098 1.29
Compound 2938-P4 47.6632 -47.1987 1.12
Compound 2939-P4 69.2399 -48.6792 1.53
Compound_2940-P4 55.1414 -46.7122 1.23
Compound 2942-P4 51.8905 -45.2026 1.13
Compound_2944-P4 56.7918 -45.6392 1.23
Compound_2946-P4 50.9874 -45.9844 1.14
Compound_2947-P4 48.7430 -44.8538 1.07
Compound_2948-P4 35.8922 -47.0134 0.91
Compound_2949-P4 39.2538 -40.9193 0.79
Compound 2951-P4 51.9817 -44.7726 1.12
Compound 2952-P4 42.8958 -43.2260 0.92
Compound_2953-P4 55.4342 -46.7473 1.23

Available on line at www.shd.org.rs/JSCS/

(CC) 2022 SCS.



S 1 98 DA COSTA et al.

Docking energy, kJ mol’!

Compound GOLD DOCK6 RANK
Compound_2954-P4 56.6655 -39.7670 1.05
Compound 2955-P4 45.6682 -40.5815 0.89
Compound 2956-P4 56.5035 -43.1577 1.15
Compound_2957-P4 81.0314 -42.5339 1.55
Compound_2958-P4 50.0491 -44.6677 1.08
Compound_2960-P4 54.9285 -44.1309 1.15
Compound_2962-P4 54.6272 -44.6485 1.16
Compound 2963-P4 57.2218 -48.5572 1.32
Compound 2965-P4 39.2056 -45.4320 0.92
Compound_2966-P4 53.6360 -43.0639 1.10
Compound_2967-P4 49.5127 -42.9369 1.02
Compound_2972-P4 41.1540 -41.7526 0.85
Compound 2978-P4 443810 -44.9418 0.99
Compound 2980-P4 51.0935 -45.2592 1.12
Compound 2983-P4 46.1072 -45.7275 1.05
Compound_2984-P4 54.4354 -41.4305 1.06
Compound_2985-P4 50.3303 -44.7293 1.09
Compound 2991-P4 56.1446 -43.4777 1.15
Compound 2992-P4 48.1392 -44.3723 1.04
Compound 2993-P4 53.6253 -47.4065 1.22
Compound 2998-P4 51.7928 -47.3983 1.19

Compound_2-P5 40.4799 -45.0664 0.93
Compound_3-P5 73.3080 -50.0978 1.64
Compound_10-P5 42.8506 -43.2061 0.92
Compound 11-P5 38.4490 -45.6078 0.91
Compound_12-P5 57.9826 -47.3254 1.29
Compound_24-P5 60.3688 -44.3826 1.25
Compound_25-P5 55.9169 -46.6615 1.24
Compound_27-P5 61.9207 -48.5159 1.40
Compound_28-P5 47.0937 -47.9874 1.13
Compound_30-P5 50.0907 -39.2070 0.93
Compound_31-P5 67.8346 -40.2421 1.26
Compound_32-P5 54.5447 -45.0408 1.17
Compound_33-P5 76.9626 -48.4025 1.65
Compound_34-P5 53.3445 -48.4883 1.25
Compound_35-P5 61.1948 -47.6792 1.36
Compound_37-P5 55.5826 -46.9374 1.24
Compound_39-P5 53.9618 -48.7174 1.27
Compound_42-P5 62.5841 -47.2883 1.37
Compound_43-P5 46.5313 -42.1676 0.95
Compound_44-P5 59.4122 -45.5692 1.27
Compound_51-P5 52.8071 -38.6758 0.96
Compound_52-P5 32.7595 -40.4604 0.67
Compound_58-P5 58.1447 -43.3433 1.18
Compound_60-P5 53.2720 -44.2074 1.12
Compound_61-P5 60.1981 -49.9015 1.41

Available on line at www.shd.org.rs/JSCS/

(CC) 2022 SCS.



SUPPLEMENTARY MATERIAL

S199

Docking energy, kJ mol’!

Compound GOLD DOCK6 RANK
Compound_63-P5 42.5509 -43.5243 0.92
Compound_65-P5 43.5981 -44.3731 0.96
Compound 69-P5 51.1257 -40.4852 0.98
Compound_70-P5 54.7070 -40.7664 1.05
Compound_74-P5 67.0215 -46.7196 1.43
Compound_76-P5 45.1461 -45.0017 1.01
Compound_79-P5 43.4350 -46.9259 1.04
Compound_81-P5 45.1087 -44.3023 0.99

Compound_103-P5 49.2023 -42.0978 0.99
Compound_104-P5 34.7205 -42.1047 0.75
Compound_106-P5 59.5949 -46.0615 1.29
Compound_107-P5 43.6168 -44.8696 0.98
Compound 109-P5 56.4977 -41.9924 1.11
Compound 110-P5 38.6820 -42.1488 0.82
Compound_111-P5 36.5764 -46.2549 0.90
Compound 112-P5 46.2182 -45.6770 1.05
Compound_113-P5 53.9656 -47.4672 1.23
Compound_114-P5 40.6887 -48.0226 1.02
Compound 116-P5 63.1109 -47.3176 1.38
Compound 118-P5 51.2778 -45.7736 1.14
Compound_121-P5 47.5834 -46.7166 1.10
Compound_122-P5 52.6081 -43.9007 1.10
Compound_123-P5 34.4510 -45.6823 0.85
Compound 124-P5 50.3888 -40.7382 0.97
Compound 125-P5 55.8954 -43.8938 1.16
Compound_126-P5 41.5311 -39.5551 0.79
Compound_128-P5 40.8590 -43.1917 0.88
Compound 129-P5 45.8889 -42.9615 0.96
Compound_130-P5 41.7789 -44.6405 0.94
Compound 131-P5 34.5220 -36.7159 0.59
Compound_132-P5 47.1587 -38.0250 0.84
Compound 133-P5 41.9327 -40.2123 0.82
Compound_134-P5 46.3439 -41.8564 0.94
Compound_135-P5 52.4827 -42.0476 1.05
Compound_136-P5 58.1602 -44.3281 1.21
Compound 139-P5 26.2221 -43.0346 0.63
Compound_140-P5 51.1534 -45.5507 1.13
Compound_142-P5 51.9802 -43.3501 1.08
Compound_143-P5 55.9774 -41.8720 1.10
Compound_144-P5 43.5300 -41.7710 0.89
Compound_145-P5 44.1167 -41.7100 0.90
Compound_146-P5 37.2128 -41.8575 0.78
Compound_148-P5 50.9771 -45.0876 1.11
Compound_149-P5 42.8780 -43.8695 0.94
Compound_150-P5 56.0432 -45.9184 1.22
Compound 151-P5 45.9821 -39.8223 0.87

Available on line at www.shd.org.rs/JSCS/

(CC) 2022 SCS.



SZOO DA COSTA et al.

Docking energy, kJ mol’!

Compound GOLD DOCK6 RANK
Compound_152-P5 46.6931 -41.0108 0.92
Compound_153-P5 50.2256 -41.8796 1.00
Compound_154-P5 43.0917 -44.9124 0.97
Compound_155-P5 40.3501 -45.0136 0.93
Compound_156-P5 40.2018 -46.4097 0.97
Compound_158-P5 40.8406 -44.9715 0.93
Compound_164-P5 64.9247 -41.9668 1.26
Compound_167-P5 51.0975 -41.5322 1.01
Compound_168-P5 46.0196 -38.6617 0.834
Compound_174-P5 58.4288 -44.1452 1.21
Compound_176-P5 48.3839 -45.6130 1.08
Compound_178-P5 47.0532 -44.3760 1.02
Compound 179-P5 40.7799 -42.4218 0.86
Compound_180-P5 44.9260 -45.2271 1.01
Compound_186-P5 41.1485 -41.2279 0.83
Compound_187-P5 49.4445 -43.8545 1.05
Compound_188-P5 50.7279 -46.3907 1.14
Compound_193-P5 54.1547 -47.9984 1.25
Compound 199-P5 58.5493 -48.4961 1.34
Compound 200-P5 58.9677 -46.8934 1.30
Compound 207-P5 60.9423 -44.9913 1.28
Compound 208-P5 43.3978 -45.2777 0.99
Compound_209-P5 50.3704 -47.8472 1.18
Compound 222-P5 48.0295 -43.3256 1.01
Compound 223-P5 56.3713 -45.1164 1.20
Compound 225-P5 51.5265 -47.0803 1.18
Compound 226-P5 47.7416 -46.2624 1.09
Compound 228-P5 42.8128 -38.6811 0.79
Compound_229-P5 39.5821 -43.5299 0.87
Compound 230-P5 68.4123 -43.9286 1.37
Compound 231-P5 51.0410 -46.0128 1.14
Compound 232-P5 68.4364 -45.1292 1.41
Compound 233-P5 73.5798 -47.5240 1.57
Compound 235-P5 69.8391 -45.9459 1.46
Compound_239-P5 57.5506 -45.2669 1.23
Compound_240-P5 41.1676 -42.7695 0.88
Compound 241-P5 49.7668 -44.0768 1.06
Compound 247-P5 34.7152 -38.1543 0.63
Compound 248-P5 39.0731 -41.4817 0.80
Compound_254-P5 51.5685 -45.8028 1.14
Compound 256-P5 42.2385 -43.9623 0.93
Compound 257-P5 45.0243 -46.2938 1.04
Compound_259-P5 55.5468 -45.0744 1.19
Compound 261-P5 55.2298 -44.2667 1.16
Compound 265-P5 47.4001 -40.8107 0.93
Compound_266-P5 45.3443 -42.7965 0.95

Available on line at www.shd.org.rs/JSCS/

(CC) 2022 SCS.



SUPPLEMENTARY MATERIAL

S201

Docking energy, kJ mol’!

Compound GOLD DOCK6 RANK
Compound 271-P5 56.1760 -46.4395 1.24
Compound 273-P5 55.3269 -46.9777 1.24
Compound 276-P5 51.9491 -47.9317 1.21
Compound 278-P5 53.8563 -46.2525 1.19
Compound_300-P5 33.9699 -45.1431 0.82
Compound 301-P5 47.1354 -44.5879 1.03
Compound_303-P5 44.3079 -45.2061 1.00
Compound 304-P5 35.2433 -46.9295 0.90
Compound_305-P5 59.0213 -47.3939 1.31
Compound_306-P5 48.1068 -39.9674 091
Compound_307-P5 34.9992 -40.0354 0.69
Compound_308-P5 53.7818 -43.1904 1.10
Compound 309-P5 46.9950 -47.2307 1.11
Compound 310-P5 59.7847 -46.1881 1.29
Compound 311-P5 55.2883 -48.1222 1.27
Compound 312-P5 40.9707 -44.3149 0.92
Compound_314-P5 47.0531 -50.6705 1.21
Compound 315-P5 46.7144 -47.3676 1.10
Compound 316-P5 53.6081 -45.4622 1.17
Compound 317-P5 55.0648 -44.9473 1.18
Compound_320-P5 56.1079 -40.0275 1.05
Compound_326-P5 55.0941 -35.6331 091
Compound_327-P5 51.0107 -35.3571 0.83
Compound 331-P5 49.1322 -36.2684 0.82
Compound 360-P5 38.8158 -31.0422 0.50
Compound 363-P5 50.5423 -37.3681 0.88
Compound_365-P5 56.2222 -39.7196 1.04
Compound_366-P5 53.6292 -39.0633 0.98
Compound_578-P5 49.2361 -36.4673 0.83
Compound 581-P5 45.3371 -33.7885 0.69
Compound_685-P5 46.3201 -39.1703 0.86
Compound_686-P5 42.5681 -42.6200 0.90
Compound_734-P5 55.7011 -42.8275 1.13
Compound_738-P5 46.9505 -40.5126 091
Compound_743-P5 56.7710 -44.6501 1.20
Compound_750-P5 46.6732 -42.3114 0.96
Compound_752-P5 64.2460 -46.0005 1.36
Compound_753-P5 46.4858 -40.3088 0.90
Compound_760-P5 46.6440 -45.0071 1.03
Compound_761-P5 51.6921 -41.2305 1.01
Compound_763-P5 70.6863 -43.2598 1.39
Compound_768-P5 55.6140 -46.6724 1.24
Compound_769-P5 47.1584 -39.5244 0.88
Compound_770-P5 41.9009 -41.6524 0.86
Compound_771-P5 37.7792 -31.2564 0.49
Compound 772-P5 47.2692 -32.5921 0.69

Available on line at www.shd.org.rs/JSCS/

(CC) 2022 SCS.



8202 DA COSTA et al.

Docking energy, kJ mol’!

Compound GOLD DOCK6 RANK
Compound_778-P5 60.9020 -40.0407 1.13
Compound_786-P5 49.4677 -42.5369 1.01
Compound_793-P5 33.3068 -31.0297 0.40
Compound_794-P5 39.1815 -34.5651 0.60
Compound_882-P5 53.3321 -46.3812 1.19
Compound_883-P5 52.5986 -46.4243 1.18
Compound_884-P5 47.4617 -44.5343 1.03
Compound_896-P5 46.3656 -48.3423 1.13
Compound_898-P5 54.9235 -50.3225 1.33
Compound 903-P5 50.9155 -48.5939 1.21
Compound_909-P5 42.5553 -48.3538 1.06
Compound 922-P5 72.2317 -48.9625 1.58
Compound 929-P5 54.2439 -47.7438 1.24
Compound 954-P5 46.5957 -35.4873 0.76
Compound_968-P5 48.0017 -31.5160 0.67
Compound_969-P5 50.3639 -34.0084 0.78
Compound_1007-P5 44.0113 -42.9447 0.93
Compound_1008-P5 43.5492 -43.5727 0.94
Compound 1039-P5 47.1754 -41.6341 0.95
Compound_1041-P5 55.7439 -42.3185 1.11
Compound_1042-P5 47.7070 -38.7574 0.87
Compound_1044-P5 43.9553 -41.0389 0.87
Compound_1058-P5 49.0337 -45.6764 1.09
Compound_1059-P5 52.9447 -40.4071 1.01
Compound 1064-P5 45.2330 -46.6665 1.06
Compound_1065-P5 43.4695 -44.6442 0.97
Compound_1078-P5 45.0487 -44.7492 1.00
Compound_1111-P5 71.5005 -40.5855 1.33
Compound_1112-P5 45.4010 -41.0664 0.90
Compound_1113-P5 54.4409 -42.2894 1.09
Compound_1114-P5 42.9298 -43.9216 0.94
Compound 1115-P5 50.3552 -39.4523 0.94
Compound_1116-P5 55.9959 -34.6850 0.89
Compound_1117-P5 39.9356 -32.5834 0.56
Compound_1121-P5 53.7296 -44.3871 1.14
Compound_1123-P5 62.5683 -43.9180 1.27
Compound_1126-P5 45.9825 -45.0286 1.02
Compound 1127-P5 42.4210 -48.1396 1.05
Compound_1130-P5 42.7218 -38.7525 0.79
Compound_1132-P5 56.2104 -41.4647 1.09
Compound_1133-P5 50.7714 -41.4585 1.00
Compound_1136-P5 51.7903 -37.8502 0.91
Compound_1137-P5 55.0474 -42.4779 1.10
Compound 1138-P5 45.2039 -37.0256 0.78
Compound_1139-P5 41.2826 -32.2927 0.57
Compound_1146-P5 40.6848 -43.9863 0.90

Available on line at www.shd.org.rs/JSCS/

(CC) 2022 SCS.



SUPPLEMENTARY MATERIAL

S203

Docking energy, kJ mol’!

Compound GOLD DOCK6 RANK
Compound_1149-P5 49.0489 -43.3667 1.03
Compound_1150-P5 45.2098 -41.0139 0.89
Compound_1152-P5 39.4279 -47.9891 1.00
Compound_1153-P5 39.3786 -41.7568 0.82
Compound_1158-P5 40.6239 -41.0484 0.82
Compound 1159-P5 46.5018 -43.3983 0.99
Compound_1162-P5 48.5072 -43.0819 1.01
Compound_1163-P5 50.5992 -40.8283 0.98
Compound_1164-P5 37.6430 -39.1259 0.71
Compound_1165-P5 40.7456 -35.7133 0.66
Compound_1169-P5 63.6556 -44.1151 1.30
Compound_1171-P5 53.4023 -45.1575 1.15
Compound 1173-P5 49.7500 -47.3569 1.16
Compound_1174-P5 58.6710 -48.2654 1.33
Compound_1177-P5 47.2297 -38.4063 0.85
Compound_1185-P5 53.3093 -41.4697 1.05
Compound 1186-P5 36.5509 -40.6167 0.74
Compound 1187-P5 46.9507 -41.7902 0.95
Compound 1188-P5 52.5556 -43.4057 1.09
Compound_1189-P5 49.7112 -39.2874 0.92
Compound_1190-P5 38.1808 -34.2151 0.58
Compound_1202-P5 37.6204 -44.6923 0.87
Compound_1205-P5 36.0750 -45.2756 0.86
Compound_1207-P5 59.4473 -46.5424 1.30
Compound 1208-P5 35.7806 -48.3565 0.95
Compound 1212-P5 55.3589 -38.0083 0.98
Compound_1213-P5 43.3510 -35.2204 0.69
Compound 1215-P5 52.4646 -38.9732 0.96
Compound_1217-P5 45.5987 -39.0415 0.84
Compound_1218-P5 37.5371 -40.8593 0.76
Compound_1292-P5 40.4061 -43.0651 0.87
Compound 1293-P5 65.4879 -40.1566 1.21
Compound_1294-P5 56.7240 -43.6090 1.17
Compound_1295-P5 38.6428 -42.0146 0.81
Compound 1296-P5 53.8152 -37.1327 0.93
Compound_1297-P5 55.5348 -34.5481 0.88
Compound_1300-P5 48.7405 -44.3501 1.05
Compound_1302-P5 62.5695 -42.2606 1.23
Compound_1305-P5 55.8117 -48.6641 1.30
Compound_1307-P5 57.6247 -35.9446 0.96
Compound_1310-P5 41.5466 -42.3989 0.87
Compound_1315-P5 41.5464 -42.9342 0.89
Compound_1316-P5 51.3826 -40.6815 0.99
Compound 1317-P5 46.7329 -41.7658 0.94
Compound_1318-P5 52.9514 -38.9757 0.97
Compound 1325-P5 60.1382 -46.3654 1.30

Available on line at www.shd.org.rs/JSCS/

(CC) 2022 SCS.



8204 DA COSTA et al.

Docking energy, kJ mol’!

Compound GOLD DOCK6 RANK
Compound_1326-P5 41.5877 -42.6775 0.88
Compound_1328-P5 47.0467 -49.9331 1.18
Compound_1333-P5 46.7019 -43.3353 0.99
Compound_1348-P5 57.8882 -44.7270 1.22
Compound_1349-P5 57.7442 -40.6018 1.10
Compound 1351-P5 46.5659 -41.5295 0.93
Compound_1354-P5 51.4619 -36.7308 0.88
Compound_1384-P5 53.2378 -42.6699 1.08
Compound_1385-P5 53.3156 -43.5346 1.11
Compound_1398-P5 36.0160 -45.5073 0.87
Compound_1412-P5 43.5427 -44.9643 0.98
Compound_1416-P5 47.8538 -39.7105 0.90
Compound 1468-P5 42.4811 -49.3864 1.09
Compound_1470-P5 35.1816 -46.4673 0.88
Compound_1498-P5 46.9248 -46.8858 1.09
Compound_1499-P5 70.3351 -48.4254 1.54
Compound_1502-P5 49.7349 -47.4591 1.16
Compound_1503-P5 47.2068 -43.0559 0.99
Compound 1506-P5 57.8578 -39.6244 1.07
Compound_1522-P5 55.4131 -41.9227 1.09
Compound_1523-P5 57.5638 -41.8844 1.13
Compound_1525-P5 36.8099 -42.9154 0.81
Compound_1526-P5 67.3227 -43.4746 1.34
Compound_1530-P5 50.2977 -44.1743 1.07
Compound 1541-P5 61.2076 -44.3491 1.26
Compound_1545-P5 48.3143 -44.7506 1.06
Compound_1546-P5 52.7151 -44.8651 1.13
Compound_1553-P5 54.2046 -41.5940 1.06
Compound_1555-P5 52.5157 -40.2412 1.00
Compound_1557-P5 56.8176 -42.8188 1.14
Compound_1560-P5 43.1823 -45.6819 1.00
Compound_1561-P5 51.2729 -40.6325 0.99
Compound_1563-P5 40.4396 -43.9529 0.90
Compound_1569-P5 53.3739 -46.4255 1.19
Compound_1572-P5 51.4193 -43.7817 1.08
Compound_1581-P5 56.4135 -44.4856 1.19
Compound_1582-P5 54.0297 -41.9402 1.07
Compound_1588-P5 34.3010 -41.0870 0.71
Compound_1589-P5 53.6078 -44.9213 1.15
Compound_1594-P5 55.1991 -49.4713 1.31
Compound_1601-P5 52.6451 -47.3525 1.20
Compound_1622-P5 46.8891 -45.2300 1.05
Compound_1628-P5 39.8770 -42.2998 0.84
Compound_1629-P5 42.9470 -44.8493 0.97
Compound_1630-P5 46.6229 -46.5507 1.08
Compound_1633-P5 54.1216 -48.3686 1.26

Available on line at www.shd.org.rs/JSCS/

(CC) 2022 SCS.



SUPPLEMENTARY MATERIAL

S205

Docking energy, kJ mol’!

Compound GOLD DOCK6 RANK
Compound_1640-P5 46.3231 -45.8279 1.05
Compound_1641-P5 66.0964 -41.2892 1.26
Compound_1642-P5 50.1123 -42.8098 1.03
Compound_1644-P5 67.7068 -44.4102 1.38
Compound_1645-P5 29.1007 -43.9583 0.71
Compound_1646-P5 49.9206 -45.7135 1.11
Compound_1647-P5 39.7208 -40.6115 0.79
Compound_1648-P5 54.9028 -41.6218 1.08
Compound_1649-P5 38.9492 -42.2105 0.82
Compound_1650-P5 37.1726 -44.4490 0.86
Compound_1651-P5 50.8008 -44.7957 1.10
Compound_1652-P5 61.9703 -45.9708 1.32
Compound 1654-P5 44.5271 -42.9852 0.94
Compound_1660-P5 38.2798 -43.8368 0.86
Compound_1661-P5 60.3380 -43.8913 1.24
Compound_1662-P5 53.1422 -45.0845 1.15
Compound_1663-P5 47.6691 -43.8727 1.02
Compound_1665-P5 43.2824 -46.6846 1.03
Compound 1666-P5 37.3402 -45.7824 0.90
Compound_1668-P5 52.5727 -39.7069 0.98
Compound_1669-P5 51.0932 -42.5778 1.04
Compound_1670-P5 54.9243 -44.1776 1.15
Compound_1671-P5 52.1183 -47.0454 1.19
Compound_1672-P5 69.2117 -46.9718 1.48
Compound 1675-P5 56.8145 -45.8560 1.23
Compound_1680-P5 51.9372 -45.2937 1.13
Compound_1685-P5 48.9439 -37.8676 0.87
Compound_1693-P5 38.9481 -44.5487 0.89
Compound_1697-P5 50.8341 -48.1195 1.20
Compound_1704-P5 42.3155 -43.2731 0.91
Compound_1705-P5 34.8485 -45.3127 0.84
Compound_1706-P5 36.4002 -47.5113 0.93
Compound_1723-P5 38.9467 -45.6172 0.92
Compound_1724-P5 42.3095 -46.3391 1.00
Compound_1735-P5 48.9862 -42.8787 1.01
Compound_1741-P5 47.9579 -43.6844 1.02
Compound_1742-P5 54.1197 -45.4857 1.18
Compound_1743-P5 54.0389 -43.9094 1.13
Compound_1744-P5 50.7757 -48.0453 1.19
Compound_1748-P5 50.8627 -46.8225 1.16
Compound_1755-P5 54.5270 -46.8520 1.22
Compound_1761-P5 36.7710 -38.6492 0.68
Compound_1762-P5 44.6850 -40.1291 0.86
Compound_1768-P5 45.3244 -44.8004 1.01
Compound_1770-P5 34.6063 -46.4898 0.87
Compound_1773-P5 39.3847 -46.9654 0.97

Available on line at www.shd.org.rs/JSCS/

(CC) 2022 SCS.



8206 DA COSTA et al.

Docking energy, kJ mol’!

Compound GOLD DOCK6 RANK
Compound_1775-P5 42.4084 -44.2036 0.94
Compound_1801-P5 45.4592 -31.7044 0.63
Compound_1837-P5 49.3850 -39.0214 091
Compound_1848-P5 43.0344 -38.4109 0.78
Compound_1849-P5 41.4877 -37.1012 0.72
Compound_1850-P5 50.8645 -35.4917 0.83
Compound_1851-P5 66.8465 -38.3699 1.19
Compound_1852-P5 51.0373 -38.3689 0.92
Compound_1853-P5 42.9288 -37.4799 0.75
Compound_1861-P5 45.7499 -36.3736 0.77
Compound 1862-P5 52.2038 -38.3394 0.94
Compound 1863-P5 49.5927 -32.9516 0.74
Compound 1886-P5 45.0446 -36.5560 0.76
Compound_1975-P5 63.5885 -43.4039 1.28
Compound_1976-P5 54.5414 -42.5529 1.10
Compound_1977-P5 65.7635 -43.4240 1.31
Compound 1978-P5 68.6725 -43.7712 1.37
Compound_1979-P5 43.4721 -44.4866 0.97
Compound 1980-P5 48.2134 -43.0379 1.00
Compound_1985-P5 57.3361 -46.1887 1.25
Compound_1992-P5 44.6658 -38.4862 0.81
Compound_1993-P5 44.1682 -40.5949 0.86
Compound_1994-P5 61.0255 -41.4841 1.18
Compound_1995-P5 54.9185 -39.5243 1.02
Compound 1997-P5 55.2601 -39.6818 1.03
Compound_1998-P5 41.0012 -42.7832 0.87
Compound_2048-P5 51.0506 -33.1821 0.77
Compound 2109-P5 47.2566 -32.3932 0.68
Compound_2148-P5 33.6557 -33.4230 0.48
Compound_2250-P5 51.0774 -43.6636 1.07
Compound_2271-P5 54.1736 -43.0412 1.11
Compound 2272-P5 63.4586 -41.1395 1.21
Compound 2275-P5 472784 -45.0524 1.05
Compound_ 2287-P5 57.0384 -45.5006 1.23
Compound_2289-P5 63.6547 -43.5271 1.28
Compound_2292-P5 67.0451 -45.4917 1.40
Compound_2294-P5 46.2405 -34.2165 0.71
Compound 2295-P5 50.0192 -34.5654 0.79
Compound_2298-P5 54.0114 -44.8883 1.16
Compound_2305-P5 61.0604 -43.9419 1.25
Compound_2325-P5 52.1697 -35.1093 0.84
Compound_2326-P5 51.6397 -41.9718 1.03
Compound_2342-P5 51.7325 -41.5378 1.02
Compound 2343-P5 40.2525 -41.7727 0.83
Compound_2345-P5 449252 -40.1465 0.86
Compound_2355-P5 51.9398 -46.0995 1.16

Available on line at www.shd.org.rs/JSCS/

(CC) 2022 SCS.



SUPPLEMENTARY MATERIAL

S207

Docking energy, kJ mol’!

Compound GOLD DOCK6 RANK
Compound_2356-P5 57.7635 -43.4514 1.18
Compound 2360-P5 44.9223 -32.6895 0.65
Compound 2361-P5 45.8766 -33.8631 0.70
Compound_2363-P5 48.3274 -48.7553 1.17
Compound_2364-P5 57.6031 -42.1575 1.14
Compound_2366-P5 40.8728 -40.6236 0.81
Compound_2372-P5 57.6945 -46.6770 1.27
Compound 2387-P5 64.6946 -43.4511 1.30
Compound_2400-P5 47.7145 -41.4251 0.95
Compound_2406-P5 68.5700 -47.3240 1.47
Compound_2409-P5 55.3495 -45.5356 1.20
Compound_2412-P5 60.7488 -45.9796 1.30
Compound 2413-P5 61.0984 -43.6082 1.24
Compound 2414-P5 56.7382 -33.9447 0.89
Compound_2415-P5 61.9121 -44.6612 1.28
Compound_2418-P5 49.1126 -47.0248 1.14
Compound_2419-P5 41.8056 -45.5415 0.97
Compound_2653-P5 48.7400 -43.8164 1.04
Compound 2655-P5 41.6806 -41.7970 0.86
Compound 2661-P5 47.2977 -34.7183 0.75
Compound_2673-P5 48.1002 -43.0344 1.00
Compound_2674-P5 55.1440 -41.7014 1.08
Compound_2675-P5 43.3029 -39.9987 0.83
Compound_2676-P5 46.7136 -40.3679 0.90
Compound 2679-P5 45.4279 -34.3726 0.71
Compound 2690-P5 443773 -47.5447 1.07
Compound_2692-P5 37.7797 -42.1780 0.80
Compound_2695-P5 63.9478 -46.3534 1.37
Compound_2696-P5 52.4796 -48.8669 1.25
Compound_2697-P5 70.7623 -45.9253 1.47
Compound_2699-P5 51.1130 -43.0946 1.06
Compound 2706-P5 50.6867 -41.8064 1.01
Compound_2707-P5 37.7840 -41.6297 0.79
Compound 2712-P5 58.4960 -46.3784 1.28
Compound 2719-P5 48.3060 -43.8949 1.03
Compound 2721-P5 49.3766 -36.1624 0.82
Compound_2728-P5 57.3348 -48.3502 1.31
Compound 2730-P5 47.8459 -45.2372 1.06
Compound_ 2733-P5 49.4623 -46.6155 1.13
Compound_2734-P5 54.3246 -41.6539 1.07
Compound_2738-P5 55.0175 -47.9282 1.26
Compound 2739-P5 52.2264 -50.3962 1.29
Compound_2740-P5 57.5978 -47.7960 1.30
Compound 2744-P5 50.7963 -40.4502 0.97
Compound_2745-P5 41.1266 -45.2430 0.95
Compound_2748-P5 53.1932 -45.4869 1.16

Available on line at www.shd.org.rs/JSCS/

(CC) 2022 SCS.



8208 DA COSTA et al.

Docking energy, kJ mol’!

Compound GOLD DOCK6 RANK
Compound_2750-P5 52.3637 -46.1098 1.16
Compound 2755-P5 51.7107 -43.0837 1.07
Compound_2765-P5 58.8948 -49.3943 1.37
Compound_2769-P5 41.8108 -46.2488 0.99

Compound_51-P6 50.4464 -44.6464 1.09
Compound_60-P6 45.2243 -47.1530 1.07
Compound 97-P6 39.9459 -41.7794 0.83
Compound 99-P6 56.1093 -45.6552 1.21
Compound 112-P6 61.3602 -39.2664 1.12
Compound 116-P6 50.5681 -41.3995 1.00
Compound_120-P6 43.6167 -42.1042 0.90
Compound_151-P6 63.1773 -44.3950 1.30
Compound 165-P6 55.8268 -41.3409 1.08
Compound 171-P6 30.3903 -40.6505 0.63
Compound 293-P6 58.0073 -47.4506 1.30
Compound 299-P6 41.5593 -42.2017 0.87
Compound_300-P6 62.7522 -44.5477 1.30
Compound 301-P6 50.6694 -45.0428 1.10
Compound 302-P6 43.6003 -49.1364 1.10
Compound_306-P6 65.6874 -46.4082 1.40
Compound_308-P6 55.6688 -47.7453 1.27
Compound 311-P6 45.2769 -49.0770 1.13
Compound 313-P6 48.7929 -47.5400 1.14
Compound 314-P6 55.6742 -47.5767 1.26
Compound 321-P6 43.0572 -40.7953 0.85
Compound 322-P6 41.1691 -42.5978 0.87
Compound_ 328-P6 46.4051 -45.7544 1.05
Compound_330-P6 44.5651 -47.0357 1.06
Compound 333-P6 37.3959 -46.5899 0.92
Compound 335-P6 27.0547 -46.1973 0.74
Compound_479-P6 49.9384 -41.8468 1.00
Compound_480-P6 47.2195 -40.5943 0.92
Compound 481-P6 50.1435 -42.6716 1.03
Compound 482-P6 58.0918 -41.8754 1.14
Compound 483-P6 47.8874 -43.0377 1.00
Compound 484-P6 51.6902 -42.0171 1.03
Compound 491-P6 48.9227 -39.9429 0.93
Compound_503-P6 47.7601 -38.6887 0.87
Compound_504-P6 63.4299 -41.1098 1.21
Compound_726-P6 39.1830 -40.4303 0.77
Compound_727-P6 45.1490 -39.9779 0.86
Compound_732-P6 63.2549 -43.2229 1.27
Compound_734-P6 51.3500 -48.7099 1.22
Compound_736-P6 55.1071 -45.8663 1.20
Compound_738-P6 31.1933 -46.8285 0.82
Compound_760-P6 53.5832 -46.1667 1.19

Available on line at www.shd.org.rs/JSCS/

(CC) 2022 SCS.



SUPPLEMENTARY MATERIAL

5209

Docking energy, kJ mol’!

Compound GOLD DOCK6 RANK
Compound_765-P6 49.7470 -39.1204 0.92
Compound_766-P6 48.9969 -41.4774 0.97
Compound_767-P6 51.5408 -44.3499 1.10
Compound 768-P6 41.2397 -46.9122 1.00
Compound_772-P6 57.0199 -45.2082 1.22
Compound_774-P6 34.1856 -49.2218 0.94
Compound_777-P6 42.6035 -47.0123 1.02
Compound_779-P6 379115 -46.1888 0.92
Compound_780-P6 51.8116 -40.4524 0.99
Compound_781-P6 58.0704 -40.9717 1.11
Compound_782-P6 56.9545 -42.3176 1.13
Compound_783-P6 54.4938 -41.4184 1.06
Compound 784-P6 53.8753 -43.1890 1.10
Compound_785-P6 37.1390 -37.2342 0.65
Compound_786-P6 448764 -39.0528 0.83
Compound_787-P6 34.6463 -40.3040 0.69
Compound_788-P6 58.5163 -41.1290 1.12
Compound_789-P6 42.4238 -42.7858 0.90
Compound 790-P6 54.7003 -43.1056 1.12
Compound_792-P6 57.4329 -44.7208 1.21
Compound_794-P6 50.9387 -42.9447 1.05
Compound_795-P6 46.0883 -46.8414 1.08
Compound_797-P6 43.4548 -43.7644 0.94
Compound_798-P6 60.8150 -41.0164 1.16
Compound 799-P6 459311 -40.5796 0.89
Compound_800-P6 52.8726 -42.0156 1.05
Compound_801-P6 49.0784 -42.6064 1.01
Compound_802-P6 58.2600 -43.6497 1.19
Compound_803-P6 27.3434 -45.1232 0.71
Compound_804-P6 44.0660 -39.1426 0.82
Compound_805-P6 48.7103 -39.5080 0.91
Compound_806-P6 59.5982 -41.4564 1.15
Compound_807-P6 42.2788 -45.1411 0.96
Compound_808-P6 50.2744 -45.9844 1.12
Compound_810-P6 58.7128 -43.4333 1.19
Compound_815-P6 52.9987 -41.6413 1.05
Compound_816-P6 55.6012 -43.5764 1.15
Compound_822-P6 54.3674 -40.1554 1.03
Compound_823-P6 38.2708 -39.0644 0.72
Compound_831-P6 58.7400 -46.9013 1.30
Compound_834-P6 58.3037 -44.9807 1.23
Compound_836-P6 29.7462 -44.0335 0.72
Compound_843-P6 48.9998 -40.6747 0.95
Compound_844-P6 38.1141 -42.4139 0.81
Compound_845-P6 48.0342 -45.4214 1.07
Compound_856-P6 66.3551 -46.2762 1.41

Available on line at www.shd.org.rs/JSCS/

(CC) 2022 SCS.



SZ 1 0 DA COSTA et al.

Docking energy, kJ mol’!

Compound GOLD DOCK6 RANK
Compound_862-P6 38.1656 -42.8514 0.83
Compound_863-P6 37.1613 -44.8710 0.87
Compound_864-P6 53.0795 -47.6399 1.22
Compound_876-P6 58.3312 -43.8906 1.20
Compound_881-P6 34.6680 -39.3945 0.67
Compound 882-P6 46.1036 -41.6318 0.93
Compound_883-P6 55.9002 -43.0013 1.13
Compound_884-P6 58.7698 -45.2571 1.25
Compound_888-P6 59.9289 -44.9800 1.26
Compound_890-P6 64.8469 -45.4194 1.36
Compound_893-P6 57.8888 -44.6294 1.21
Compound_895-P6 53.0834 -44.9984 1.14
Compound 901-P6 43.0008 -38.3846 0.78
Compound 902-P6 29.5707 -38.9036 0.57
Compound_ 908-P6 63.1825 -43.7910 1.28
Compound 910-P6 37.0118 -46.4463 091
Compound 913-P6 52.9514 -46.4463 1.18
Compound 915-P6 56.5836 -42.9668 1.14
Compound 969-P6 49.7072 -45.6896 1.11
Compound 970-P6 28.7941 -46.3626 0.77
Compound 971-P6 35.4003 -46.3508 0.88
Compound 972-P6 45.3993 -45.8403 1.04
Compound 973-P6 53.2140 -50.2033 1.30
Compound 974-P6 55.5982 -40.7305 1.06
Compound 975-P6 48.2208 -41.9725 0.97
Compound 976-P6 57.6311 -46.2159 1.26
Compound 977-P6 67.1099 -45.4562 1.40
Compound 978-P6 53.1439 -49.6677 1.28
Compound_979-P6 53.3794 -47.2209 1.21
Compound 981-P6 62.5783 -45.8531 1.33
Compound_985-P6 48.5479 -42.9542 1.01
Compound 986-P6 56.6337 -45.4417 1.22
Compound 992-P6 50.7492 -40.7630 0.98
Compound 993-P6 45.3965 -41.6186 0.92
Compound_1001-P6 50.9344 -46.4834 1.15
Compound_1003-P6 58.0818 -45.7922 1.25
Compound_1005-P6 39.5064 -41.9967 0.83
Compound 1012-P6 33.3123 -42.4892 0.73
Compound_1013-P6 47.2749 -45.5227 1.06
Compound_1032-P6 39.1264 -44.5913 0.89
Compound_1033-P6 41.1279 -47.4160 1.01
Compound_1034-P6 48.9822 -47.9953 1.16
Compound_1046-P6 69.5502 -48.0028 1.51
Compound 1051-P6 55.4010 -41.5582 1.08
Compound_1052-P6 45.5526 -44.0384 0.99
Compound_1053-P6 62.8403 -43.9457 1.28

Available on line at www.shd.org.rs/JSCS/

(CC) 2022 SCS.



SUPPLEMENTARY MATERIAL

S211

Docking energy, kJ mol’!

Compound GOLD DOCK6 RANK
Compound_1054-P6 63.4844 -50.2235 1.47
Compound 1058-P6 54.9846 -46.2595 1.21
Compound_1060-P6 54.5985 -48.6323 1.28
Compound_1063-P6 57.2868 -48.1113 1.31
Compound_1065-P6 49.8374 -47.8103 1.17
Compound 1072-P6 51.8146 -38.9495 0.95
Compound_1073-P6 43.7179 -43.2362 0.93
Compound 1079-P6 61.4289 -47.8049 1.37
Compound_1081-P6 40.9999 -46.2771 0.98
Compound_1084-P6 50.7324 -47.6442 1.18
Compound_1331-P6 49.8654 -46.4896 1.13
Compound_1332-P6 31.5297 -45.2419 0.78
Compound 1333-P6 51.5287 -47.3719 1.19
Compound 1334-P6 56.3390 -44.3139 1.18
Compound_1335-P6 47.3041 -46.0053 1.07
Compound_1336-P6 44.5251 -42.0894 091
Compound_1337-P6 54.1005 -43.3568 1.11
Compound_1338-P6 72.5805 -42.7308 1.41
Compound 1339-P6 60.2624 -41.1936 1.16
Compound_1340-P6 38.1405 -42.0365 0.80
Compound_1341-P6 41.4365 -42.8746 0.88
Compound_1342-P6 46.3957 -43.9845 1.00
Compound_1344-P6 55.0333 -44.0411 1.15
Compound_1345-P6 53.3708 -44.2444 1.13
Compound 1346-P6 55.8194 -46.6348 1.24
Compound_1347-P6 47.0096 -41.3780 0.94
Compound 1351-P6 53.3699 -46.7229 1.20
Compound_1353-P6 37.8285 -47.2344 0.95
Compound_1354-P6 38.3075 -49.5809 1.03
Compound_1355-P6 38.1711 -50.0056 1.04
Compound_1362-P6 48.6578 -44.0038 1.04
Compound 1363-P6 46.8902 -47.2648 1.10
Compound_1364-P6 51.4221 -46.0964 1.15
Compound_1365-P6 44,9591 -44.2408 0.98
Compound 1366-P6 62.3652 -46.2181 1.34
Compound_1367-P6 58.0784 -44.9274 1.23
Compound_1369-P6 43.2536 -42.7881 0.91
Compound 1371-P6 50.5201 -44.3840 1.08
Compound_1372-P6 52.1946 -43.2979 1.08
Compound_1379-P6 54.8729 -45.7447 1.20
Compound_1385-P6 47.2221 -49.2449 1.17
Compound_1387-P6 53.7537 -48.6826 1.26
Compound_1390-P6 43.8729 -47.2841 1.05
Compound 1392-P6 49.8894 -46.4135 1.13
Compound_1417-P6 46.1290 -47.4769 1.10
Compound_1424-P6 34.4100 -43.3389 0.78

Available on line at www.shd.org.rs/JSCS/

(CC) 2022 SCS.



SZ 1 2 DA COSTA et al.

Docking energy, kJ mol’!

Compound GOLD DOCK6 RANK
Compound_1425-P6 44.2530 -46.8170 1.05
Compound 1426-P6 52.3842 -45.4414 1.14
Compound_1427-P6 54.7752 -47.7218 1.25
Compound_1431-P6 52.7185 -50.3784 1.29
Compound_1433-P6 43.5480 -47.2166 1.05
Compound_1436-P6 32.8650 -48.5968 0.90
Compound_1438-P6 36.3763 -47.4615 0.93
Compound 1439-P6 53.0719 -47.3038 1.21
Compound_1440-P6 49.6324 -41.3798 0.98
Compound 1441-P6 49.9649 -43.9460 1.06
Compound_1443-P6 49.1321 -45.6854 1.10
Compound_1444-P6 44.6460 -44.8394 1.00
Compound 1445-P6 49.1759 -46.9509 1.13
Compound 1446-P6 47.9443 -39.0591 0.88
Compound_1447-P6 41.7756 -40.3844 0.82
Compound_1448-P6 46.7770 -43.5878 1.00
Compound_1449-P6 47.8696 -44.2552 1.03
Compound_1450-P6 47.9834 -45.9072 1.08
Compound 1452-P6 45.1673 -44.3731 0.99
Compound_1454-P6 59.3630 -45.6760 1.27
Compound_1455-P6 43.5250 -48.3905 1.08
Compound_1457-P6 50.5180 -44.9264 1.10
Compound_1458-P6 50.0490 -43.5100 1.05
Compound_1459-P6 36.4804 -43.1963 0.81
Compound 1460-P6 60.1024 -42.8884 1.20
Compound 1461-P6 53.8543 -44.0098 1.13
Compound_1462-P6 56.4942 -45.6726 1.22
Compound_1464-P6 61.3845 -45.4174 1.30
Compound_1465-P6 41.8391 -46.0986 0.98
Compound_1466-P6 74.1660 -48.9269 1.62
Compound_1467-P6 49.9668 -41.2516 0.98
Compound 1468-P6 43.4099 -44.5804 0.97
Compound_1469-P6 57.8990 -46.8077 1.28
Compound_1470-P6 57.9500 -48.3207 1.32
Compound_1472-P6 45.7238 -45.7289 1.04
Compound_1476-P6 46.1221 -45.8825 1.05
Compound_1477-P6 39.8187 -43.6334 0.88
Compound 1478-P6 46.5908 -45.7837 1.06
Compound_1484-P6 46.2400 -41.1452 0.92
Compound_1485-P6 48.0662 -42.0548 0.97
Compound_1493-P6 45.0588 -48.6571 1.11
Compound_1496-P6 47.2350 -44.8485 1.04
Compound_1498-P6 36.1937 -43.3423 0.81
Compound_1506-P6 41.9781 -44.7919 0.95
Compound_1507-P6 37.7842 -44.7927 0.88
Compound_1508-P6 29.8843 -46.8959 0.80

Available on line at www.shd.org.rs/JSCS/

(CC) 2022 SCS.



SUPPLEMENTARY MATERIAL

S213

Docking energy, kJ mol’!

Compound GOLD DOCK6 RANK
Compound_1520-P6 43.9628 -49.8216 1.13
Compound 1521-P6 46.3800 -48.7942 1.14
Compound_1529-P6 26.9003 -47.7499 0.78
Compound_1530-P6 53.2425 -48.9772 1.26
Compound_1531-P6 34.7370 -49.5228 0.96
Compound_1551-P6 36.6521 -29.7434 0.42
Compound_1610-P6 43.9454 -37.8876 0.78
Compound 1621-P6 57.8002 -39.0244 1.05
Compound_1624-P6 48.0808 -37.1505 0.83
Compound_1639-P6 40.6384 -39.1761 0.76
Compound_1642-P6 49.2691 -44.9198 1.08
Compound_1643-P6 48.9159 -45.8339 1.10
Compound 1644-P6 66.1156 -38.0017 1.16
Compound_1657-P6 57.9108 -47.0329 1.29
Compound_1663-P6 46.0716 -43.6766 0.99
Compound_1665-P6 60.7189 -44.5762 1.26
Compound_1668-P6 67.4993 -47.1055 1.45
Compound_1670-P6 42.2411 -42.3437 0.88
Compound 1671-P6 51.1958 -43.8944 1.08
Compound_1675-P6 57.3188 -47.1114 1.28
Compound_1676-P6 48.6605 -46.5834 1.11
Compound_1678-P6 53.6614 -41.8420 1.06
Compound_1679-P6 43.2555 -44.2824 0.96
Compound_1684-P6 57.2643 -47.0006 1.27
Compound 1686-P6 48.7111 -43.4511 1.02
Compound_1689-P6 57.3012 -42.4334 1.14
Compound_1690-P6 47.6794 -45.7948 1.08
Compound_1691-P6 41.9843 -45.1843 0.96
Compound_1693-P6 50.4283 -45.1780 1.10
Compound_1708-P6 46.7089 -38.7095 0.85
Compound_1709-P6 57.7860 -44.2559 1.20
Compound 1748-P6 46.8392 -41.1496 0.93
Compound_1749-P6 43.8941 -43.2657 0.94
Compound_1750-P6 46.9460 -36.9812 0.81
Compound_1751-P6 42.5913 -34.7594 0.67
Compound 1752-P6 39.6692 -33.0841 0.57
Compound_1755-P6 56.3480 -39.0074 1.03
Compound 1756-P6 51.7021 -43.9399 1.09
Compound_1757-P6 58.6636 -44.0936 1.21
Compound_1764-P6 62.4800 -48.7616 1.41
Compound_1765-P6 41.6347 -40.7907 0.83
Compound_1766-P6 60.3491 -42.5657 1.20
Compound_1767-P6 39.1611 -35.5713 0.63
Compound 1768-P6 44.1998 -34.5234 0.69
Compound 1771-P6 52.6640 -44.0506 1.11
Compound_1772-P6 45.5447 -45.0455 1.02

Available on line at www.shd.org.rs/JSCS/

(CC) 2022 SCS.



SZ 14 DA COSTA et al.

Docking energy, kJ mol’!

Compound GOLD DOCK6 RANK
Compound_1773-P6 49.7359 -44.3025 1.07
Compound 1788-P6 49.0654 -46.1072 1.11
Compound_1799-P6 46.6521 -42.2928 0.96
Compound_1800-P6 48.7384 -41.8816 0.98
Compound_1801-P6 45.6810 -34.2342 0.71
Compound_1807-P6 48.0715 -43.2544 1.01
Compound_1809-P6 54.6670 -44.8931 1.17
Compound 1817-P6 44.6714 -48.4664 1.10
Compound_1823-P6 50.3549 -42.1575 1.02
Compound_1824-P6 49.5354 -39.1649 091
Compound_1825-P6 49.3856 -39.3309 0.92
Compound 1826-P6 50.1794 -33.7706 0.77
Compound 1830-P6 47.1595 -40.9590 0.93
Compound 1831-P6 53.8438 -44.4161 1.14
Compound_1832-P6 53.3143 -45.0179 1.15
Compound_1833-P6 70.2428 -46.9745 1.49
Compound_1834-P6 52.2382 -43.2175 1.08
Compound_1837-P6 65.2615 -47.3054 1.42
Compound 1840-P6 52.3870 -45.9167 1.16
Compound 1842-P6 57.5841 -48.7327 1.33
Compound_1845-P6 54.9612 -48.4048 1.27
Compound_1847-P6 56.5359 -50.0444 1.35
Compound_2134-P6 45.0349 -44.1511 0.98
Compound_2135-P6 50.4100 -43.0569 1.04
Compound 2136-P6 53.3177 -45.4808 1.16
Compound 2138-P6 58.1119 -42.5580 1.16
Compound 2172-P6 63.5886 -42.7498 1.26
Compound 2173-P6 65.1871 -41.1293 1.24
Compound_2174-P6 44.3719 -42.7091 0.93
Compound_2175-P6 51.1823 -42.3139 1.03
Compound_2176-P6 66.1535 -43.9635 1.34
Compound 2177-P6 63.2243 -46.2888 1.35
Compound 2187-P6 59.4059 -41.7919 1.16
Compound 2216-P6 59.7434 -40.3137 1.12
Compound 2217-P6 39.1817 -41.3381 0.80
Compound_2218-P6 54.5459 -39.4260 1.01
Compound_2221-P6 54.8399 -43.4413 1.13
Compound 2230-P6 41.3499 -37.5091 0.73
Compound 2231-P6 51.0841 -38.7195 0.93
Compound_2232-P6 39.1164 -41.5813 0.81
Compound_2234-P6 74.4927 -42.9391 1.45
Compound_2336-P6 62.7301 -42.8023 1.24
Compound_2359-P6 42.5867 -45.5805 0.98
Compound 2366-P6 49.7240 -42.4237 1.01
Compound 2367-P6 43.1073 -43.4179 0.93
Compound_ 2368-P6 51.5847 -45.8044 1.14

Available on line at www.shd.org.rs/JSCS/

(CC) 2022 SCS.



SUPPLEMENTARY MATERIAL

S215

Docking energy, kJ mol’!

Compound GOLD DOCK6 RANK
Compound_2369-P6 38.1999 -48.5113 0.99
Compound 2372-P6 51.2030 -47.5318 1.19
Compound 2374-P6 36.2429 -47.7442 0.94
Compound_2376-P6 45.3437 -49.7471 1.15
Compound_2378-P6 52.5137 -48.2705 1.23
Compound_2379-P6 36.0774 -41.3555 0.75
Compound_2380-P6 54.5962 -42.8072 1.11
Compound 2383-P6 47.0036 -45.3011 1.05
Compound 2384-P6 38.9226 -43.7292 0.87
Compound_ 2385-P6 63.2745 -45.8639 1.34
Compound_2386-P6 48.4059 -38.6258 0.88
Compound_2387-P6 55.6064 -40.1175 1.05
Compound 2388-P6 57.3318 -41.7120 1.12
Compound 2389-P6 65.4981 -44.6551 1.35
Compound 2390-P6 58.0433 -45.6537 1.25
Compound 2392-P6 45.0123 -43.7127 0.97
Compound_2394-P6 42.0215 -43.3685 0.91
Compound_2395-P6 53.4870 -46.3779 1.19
Compound 2397-P6 51.9905 -43.9930 1.10
Compound 2398-P6 47.6521 -42.1769 0.97
Compound 2399-P6 42.1351 -44.2736 0.94
Compound_2400-P6 28.5443 -42.6247 0.66
Compound_2401-P6 52.7936 -43.3405 1.09
Compound_2402-P6 41.2170 -43.5690 0.90
Compound 2405-P6 59.0628 -44.6009 1.23
Compound 2406-P6 51.2349 -45.4141 1.12
Compound 2407-P6 54.3701 -47.0442 1.23
Compound_2408-P6 31.9370 -39.7971 0.63
Compound_2409-P6 44.8943 -41.5158 0.90
Compound_2410-P6 44.0949 -42.8349 0.93
Compound_2411-P6 66.6133 -45.6356 1.39
Compound 2412-P6 56.2100 -45.5691 1.21
Compound 2413-P6 58.2214 -47.4112 1.30
Compound_2415-P6 70.2745 -45.8801 1.46
Compound_2420-P6 51.7483 -43.7959 1.09
Compound_2421-P6 53.0547 -45.9756 1.17
Compound_2422-P6 39.1994 -44.2900 0.89
Compound 2427-P6 44.0012 -39.0373 0.82
Compound 2428-P6 38.0348 -39.6664 0.73
Compound_2435-P6 47.8549 -44.2968 1.03
Compound_2438-P6 32.5637 -45.3202 0.80
Compound_2439-P6 47.8679 -42.8591 0.99
Compound_2446-P6 58.6531 -45.3953 1.25
Compound 2447-P6 53.8319 -46.7593 1.21
Compound 2448-P6 43.3977 -47.1213 1.04
Compound_2458-P6 58.2577 -47.8182 1.31

Available on line at www.shd.org.rs/JSCS/

(CC) 2022 SCS.



SZ 1 6 DA COSTA et al.

Docking energy, kJ mol’!

Compound GOLD DOCK6 RANK
Compound_2466-P6 35.4375 -44.7302 0.84
Compound 2467-P6 50.6360 -49.1373 1.22
Compound 2468-P6 63.4655 -46.3407 1.36
Compound_2480-P6 52.7151 -46.8799 1.19
Compound_2487-P6 44.4375 -42.1343 0.91
Compound_2488-P6 47.1434 -45.6255 1.06
Compound_2489-P6 55.4144 -48.2990 1.28
Compound 2493-P6 41.6094 -46.3752 0.99
Compound 2495-P6 64.8917 -48.0992 1.43
Compound_2498-P6 58.3738 -48.9769 1.35
Compound_2500-P6 43.0768 -46.9613 1.03
Compound_2501-P6 51.9080 -46.4530 1.17
Compound 2507-P6 65.5177 -39.8242 1.21
Compound 2508-P6 52.4057 -43.0718 1.08
Compound 2513-P6 71.3994 -46.3243 1.49
Compound_ 2515-P6 67.6183 -45.6979 1.41
Compound_2518-P6 42.9403 -44.2777 0.95
Compound_2520-P6 44.1034 -44.0369 0.96
Compound 2563-P6 45.5901 -39.8988 0.87
Compound 2564-P6 53.5802 -40.6951 1.03
Compound 2569-P6 39.4710 -46.2030 0.95
Compound 2571-P6 52.2288 -43.8670 1.10
Compound_2574-P6 50.9330 -46.0304 1.14
Compound_2576-P6 50.4824 -44.2869 1.08
Compound 2601-P6 46.7664 -42.7037 0.97
Compound 2608-P6 55.7355 -39.4863 1.03
Compound_2609-P6 45.4806 -41.2287 091
Compound 2610-P6 43.2468 -43.4362 0.93
Compound 2611-P6 56.5976 -43.7154 1.17
Compound_2615-P6 56.8246 -45.6827 1.23
Compound_2617-P6 47.0505 -44.5543 1.03
Compound 2620-P6 40.5700 -44.2004 0.91
Compound 2622-P6 52.8200 -43.4582 1.09
Compound_2623-P6 52.3945 -43.1142 1.08
Compound_2624-P6 56.2089 -36.9598 0.96
Compound 2625-P6 55.8578 -38.1197 0.99
Compound_2628-P6 52.2332 -41.6073 1.03
Compound 2629-P6 57.3466 -40.9553 1.10
Compound 2630-P6 48.3184 -45.7091 1.08
Compound 2631-P6 44.1220 -35.8216 0.73
Compound 2632-P6 52.8900 -38.1505 0.94
Compound_2633-P6 42.7019 -39.5847 0.81
Compound_2634-P6 51.6706 -40.9101 1.00
Compound 2635-P6 50.9261 -43.0196 1.05
Compound 2636-P6 47.4943 -43.7167 1.01
Compound 2638-P6 46.0721 -43.5301 0.98

Available on line at www.shd.org.rs/JSCS/

(CC) 2022 SCS.



SUPPLEMENTARY MATERIAL

S217

Docking energy, kJ mol’!

Compound GOLD DOCK6 RANK
Compound_2640-P6 49.5560 -43.0921 1.03
Compound 2641-P6 50.3298 -45.8005 1.12
Compound 2643-P6 44.1002 -42.2936 091
Compound_2644-P6 53.0905 -40.4392 1.01
Compound_2645-P6 44.3586 -42.3762 0.92
Compound_2646-P6 51.2614 -39.5683 0.96
Compound_2647-P6 55.7309 -40.1056 1.05
Compound 2650-P6 63.6777 -41.4938 1.22
Compound 2651-P6 50.2163 -42.1954 1.01
Compound_2652-P6 53.1214 -44.8713 1.14
Compound_2653-P6 45.7528 -39.2285 0.85
Compound_2654-P6 50.0775 -37.8074 0.88
Compound 2655-P6 50.3290 -42.3059 1.02
Compound 2656-P6 49.0027 -41.3366 0.97
Compound 2657-P6 54.0290 -42.6606 1.09
Compound_2658-P6 43.9424 -45.4759 1.00
Compound_2660-P6 56.4411 -43.0310 1.14
Compound_2665-P6 48.3460 -44.3903 1.05
Compound 2666-P6 44.4377 -43.1657 0.94
Compound 2667-P6 46.5363 -42.7073 0.97
Compound 2670-P6 47.9782 -37.6449 0.834
Compound 2671-P6 47.6430 -38.3888 0.86
Compound_2679-P6 44.6964 -41.3723 0.90
Compound_2682-P6 40.8739 -46.6378 0.98
Compound 2683-P6 29.3743 -41.0746 0.63
Compound 2689-P6 48.6946 -43.5111 1.03
Compound 2690-P6 64.5142 -41.7891 1.25
Compound 2691-P6 49.7811 -43.8721 1.06
Compound_2703-P6 53.4279 -42.2012 1.07
Compound_2704-P6 49.9536 -44.9878 1.09
Compound_2712-P6 48.6538 -47.1522 1.13
Compound 2713-P6 60.0110 -41.8142 1.17
Compound 2714-P6 42.7129 -45.5786 0.98
Compound 2727-P6 70.9962 -40.0377 1.30
Compound_2734-P6 50.0731 -38.0892 0.89
Compound_2735-P6 54.5046 -40.0956 1.03
Compound_2736-P6 53.9942 -40.8059 1.04
Compound 2737-P6 62.8412 -42.9370 1.25
Compound 2741-P6 61.0317 -44.0760 1.25
Compound 2743-P6 51.6358 -49.2391 1.24
Compound_2746-P6 46.2018 -43.9120 1.00
Compound_2748-P6 50.7618 -42.2378 1.02
Compound_2749-P6 55.0388 -42.8368 1.11
Compound 2755-P6 46.4314 -37.0166 0.80
Compound 2756-P6 49.1439 -38.5343 0.89
Compound_ 2762-P6 42.1179 -44.0763 0.93

Available on line at www.shd.org.rs/JSCS/

(CC) 2022 SCS.



SZ 1 8 DA COSTA et al.

Docking energy, kJ mol’!

Compound GOLD DOCK6 RANK
Compound_2764-P6 34.7611 -42.6164 0.76
Compound 2767-P6 42.0166 -41.7195 0.86
Compound 2769-P6 51.5455 -41.7859 1.02
Compound 2817-P6 50.7404 -43.3889 1.06
Compound_ 2818-P6 65.7862 -44.2814 1.34
Compound_2819-P6 65.4044 -45.8220 1.38
Compound_2820-P6 51.3518 -43.3648 1.07
Compound 2821-P6 60.4955 -43.3729 1.22
Compound 2842-P6 40.2198 -29.7428 0.48
Compound_ 2843-P6 36.2021 -31.3494 0.46
Compound 2887-P6 53.7702 -37.6527 0.94

Compound_47-P7 61.8755 -42.9410 1.23
Compound 48-P7 43.6514 -45.8497 1.01
Compound_63-P7 57.9493 -48.8234 1.34
Compound_70-P7 51.8349 -46.8244 1.18
Compound_71-P7 50.8437 -45.5807 1.12
Compound_72-P7 42.6438 -48.4208 1.07
Compound_84-P7 38.5424 -43.1026 0.84
Compound 85-P7 43.5337 -43.6958 0.94
Compound_88-P7 60.8070 -46.8732 1.33
Compound 89-P7 54.6031 -45.7743 1.19
Compound 91-P7 50.9865 -41.2154 1.00
Compound 92-P7 63.0303 -42.6940 1.25
Compound 93-P7 30.9479 -45.0055 0.77
Compound 94-P7 47.4531 -47.0964 1.11
Compound_97-P7 73.4931 -45.7643 1.51
Compound 103-P7 55.0877 -46.0915 1.21
Compound_106-P7 60.7930 -43.9610 1.24
Compound_107-P7 51.0736 -43.5744 1.07
Compound_112-P7 49.9584 -44.6845 1.08
Compound_113-P7 53.7700 -43.1781 1.10
Compound_124-P7 51.0181 -46.1299 1.14
Compound 131-P7 37.2220 -41.9500 0.79
Compound_132-P7 41.3889 -45.2200 0.95
Compound_138-P7 59.0413 -47.6961 1.32
Compound_151-P7 44.6865 -45.0706 1.00
Compound_152-P7 53.5934 -46.0789 1.18
Compound_173-P7 55.7339 -47.1185 1.25
Compound_188-P7 52.5551 -45.8819 1.16
Compound_195-P7 54.3727 -42.6789 1.10
Compound_196-P7 48.0436 -45.8900 1.08
Compound_197-P7 69.4811 -47.0461 1.48
Compound 202-P7 67.1843 -48.8797 1.50
Compound 208-P7 59.3863 -47.7759 1.33
Compound 216-P7 54.4183 -43.5846 1.13
Compound 217-P7 56.7802 -43.7733 1.17

Available on line at www.shd.org.rs/JSCS/

(CC) 2022 SCS.



SUPPLEMENTARY MATERIAL

S219

Docking energy, kJ mol’!

Compound GOLD DOCK6 RANK
Compound 218-P7 58.6574 -45.3853 1.25
Compound 223-P7 64.4202 -46.6939 1.39
Compound 229-P7 52.5132 -44.8437 1.13
Compound_230-P7 50.1921 -47.4301 1.17
Compound 282-P7 48.9524 -42.8780 1.01
Compound 283-P7 43.5952 -41.4295 0.88
Compound 284-P7 54.1433 -45.5645 1.18
Compound 289-P7 54.8432 -44.4055 1.16
Compound 296-P7 41.0421 -46.5911 0.99
Compound 297-P7 44.4024 -46.2205 1.03
Compound 298-P7 60.6413 -43.7811 1.24
Compound 299-P7 51.7654 -46.7936 1.17
Compound 305-P7 42.7782 -44.8143 0.96
Compound_306-P7 46.3618 -49.2895 1.15
Compound 310-P7 57.1940 -46.2092 1.25
Compound 313-P7 40.1338 -44.7752 0.92
Compound_314-P7 49.0286 -42.3826 1.00
Compound 315-P7 54.1867 -41.9478 1.07
Compound 318-P7 42.5344 -47.4822 1.04
Compound 319-P7 59.7270 -45.4947 1.27
Compound_320-P7 50.9504 -46.5025 1.15
Compound 321-P7 48.5441 -40.4111 0.93
Compound 322-P7 379116 -39.3828 0.72
Compound 323-P7 51.8383 -43.6303 1.08
Compound 324-P7 55.6086 -48.9604 1.30
Compound 325-P7 48.5144 -44.6440 1.06
Compound 327-P7 46.9796 -46.4611 1.08
Compound 333-P7 71.0834 -42.5380 1.38
Compound_334-P7 55.0384 -43.6896 1.14
Compound 335-P7 56.3812 -42.1630 1.12
Compound_336-P7 42.2563 -46.1024 0.99
Compound 339-P7 39.7453 -49.5577 1.05
Compound_340-P7 58.5732 -48.5191 1.34
Compound_342-P7 40.9529 -42.0708 0.85
Compound 343-P7 54.1325 -43.4812 1.12
Compound_344-P7 57.1287 -43.3495 1.16
Compound_345-P7 71.0577 -48.8984 1.56
Compound 348-P7 57.2438 -47.4928 1.29
Compound_ 353-P7 52.5812 -43.6599 1.10
Compound_362-P7 43.2056 -44.2119 0.95
Compound 363-P7 53.7203 -46.3518 1.19
Compound_364-P7 38.8999 -45.7555 0.92
Compound_383-P7 55.4987 -45.7105 1.21
Compound 384-P7 50.9824 -48.1120 1.20
Compound_396-P7 51.2548 -46.1300 1.15
Compound 397-P7 51.2244 -42.3470 1.04

Available on line at www.shd.org.rs/JSCS/

(CC) 2022 SCS.



8220 DA COSTA et al.

Docking energy, kJ mol’!

Compound GOLD DOCK6 RANK
Compound_403-P7 47.1635 -42.4813 0.97
Compound 404-P7 56.7815 -42.0000 1.12
Compound_405-P7 55.4553 -43.4231 1.14
Compound_406-P7 51.0742 -43.1046 1.05
Compound 410-P7 63.2271 -49.2774 1.44
Compound 416-P7 53.8381 -44.8445 1.15
Compound 417-P7 55.3687 -48.0488 1.27
Compound 418-P7 44.1689 -47.7923 1.07
Compound 419-P7 41.1193 -42.9188 0.88
Compound 423-P7 49.7050 -41.9523 1.00
Compound_424-P7 46.0735 -45.5293 1.04
Compound 426-P7 34.2426 -38.0964 0.62
Compound 427-P7 51.0134 -42.5845 1.04
Compound_428-P7 47.0479 -45.9601 1.07
Compound_429-P7 49.9917 -43.9303 1.06
Compound 433-P7 50.0393 -45.3116 1.10
Compound 435-P7 34.9448 -48.3269 0.93
Compound 438-P7 67.2594 -48.7786 1.49
Compound 440-P7 41.7704 -42.8927 0.89
Compound_ 441-P7 50.7287 -46.6395 1.15
Compound 491-P7 60.0033 -43.3995 1.22
Compound 492-P7 53.6260 -46.0269 1.18
Compound 497-P7 42.0318 -50.1116 1.10
Compound_503-P7 45.0105 -46.4631 1.05
Compound 504-P7 54.4168 -47.1932 1.23
Compound_505-P7 27.8368 -44.1594 0.69
Compound_506-P7 59.5712 -46.1338 1.29
Compound_512-P7 63.3786 -41.6824 1.22
Compound 513-P7 44.7969 -45.4168 1.02
Compound_514-P7 63.0252 -49.2109 1.44
Compound_515-P7 42.5631 -48.9451 1.08
Compound_519-P7 58.8225 -47.5591 1.32
Compound_525-P7 36.6566 -47.2137 0.93
Compound_526-P7 38.8735 -48.9553 1.02
Compound_527-P7 63.6320 -48.0952 1.41
Compound_528-P7 55.7065 -42.5877 1.12
Compound_529-P7 55.0275 -43.7948 1.14
Compound_532-P7 48.0804 -44.5346 1.05
Compound_533-P7 36.8649 -43.3708 0.82
Compound_534-P7 57.5201 -46.5198 1.26
Compound_535-P7 28.4751 -39.1946 0.56
Compound_536-P7 47.8897 -40.7104 0.93
Compound_537-P7 40.3546 -42.8663 0.87
Compound_538-P7 51.8337 -44.6102 1.11
Compound_539-P7 59.2676 -45.2622 1.26
Compound_540-P7 62.6605 -46.9015 1.36

Available on line at www.shd.org.rs/JSCS/

(CC) 2022 SCS.



SUPPLEMENTARY MATERIAL

S221

Docking energy, kJ mol’!

Compound GOLD DOCK6 RANK
Compound_542-P7 53.2690 -44.4052 1.13
Compound_547-P7 39.1288 -42.8016 0.84
Compound_548-P7 55.6706 -44.2329 1.17
Compound_549-P7 40.8567 -42.6019 0.87
Compound_550-P7 57.5311 -44.1264 1.19
Compound_551-P7 48.5801 -43.6281 1.03
Compound_554-P7 55.1745 -46.4190 1.22
Compound_555-P7 55.8267 -45.9231 1.22
Compound_557-P7 51.8231 -46.1747 1.16
Compound_558-P7 52.4433 -46.1038 1.17
Compound 559-P7 58.8429 -48.1063 1.33
Compound_562-P7 44.2092 -45.8203 1.02
Compound 567-P7 45.1722 -45.7881 1.03
Compound_575-P7 36.3140 -40.1496 0.72
Compound_576-P7 54.1816 -41.4414 1.06
Compound_582-P7 50.6838 -46.2138 1.14
Compound_587-P7 52.2550 -45.3085 1.14
Compound_596-P7 34.7073 -44.4974 0.82
Compound 597-P7 42.3632 -48.3040 1.06
Compound_598-P7 65.0987 -48.2946 1.44
Compound_616-P7 44,9856 -46.7043 1.06
Compound 617-P7 35.4250 -48.5027 0.95
Compound 631-P7 60.5947 -46.4641 1.31
Compound_632-P7 51.8732 -43.2625 1.07
Compound 638-P7 58.0488 -41.7640 1.13
Compound 639-P7 48.0521 -46.5003 1.10
Compound_640-P7 44,9445 -46.7717 1.06
Compound_641-P7 60.3131 -49.3209 1.39
Compound_645-P7 54.7256 -48.8541 1.28
Compound_651-P7 55.9006 -45.7770 1.21
Compound_652-P7 53.7272 -48.5893 1.26
Compound_653-P7 64.6774 -46.9398 1.40
Compound_654-P7 49.4077 -41.7048 0.99
Compound_658-P7 61.6856 -43.6430 1.25
Compound_659-P7 33.9288 -46.7147 0.87
Compound_661-P7 57.4340 -38.7755 1.04
Compound_662-P7 58.0144 -42.6120 1.16
Compound_663-P7 60.5544 -43.5015 1.23
Compound_664-P7 51.6558 -45.7524 1.14
Compound_668-P7 48.5560 -44.4393 1.05
Compound_670-P7 35.5997 -46.3179 0.88
Compound 672-P7 52.0472 -46.8103 1.18
Compound_674-P7 47.4989 -45.0857 1.05
Compound_675-P7 45.4854 -44.4555 1.00
Compound 988-P7 63.1445 -44.8086 1.31
Compound 989-P7 46.0425 -43.2745 0.97

Available on line at www.shd.org.rs/JSCS/

(CC) 2022 SCS.



8222 DA COSTA et al.

Docking energy, kJ mol’!

Compound GOLD DOCK6 RANK
Compound_990-P7 68.7976 -44.8573 1.41
Compound 991-P7 43.0879 -39.0598 0.80
Compound 992-P7 43.4406 -41.2573 0.87
Compound 993-P7 47.8244 -43.7736 1.02
Compound 994-P7 48.2157 -45.5070 1.08
Compound 995-P7 54.1487 -44.7404 1.15
Compound_996-P7 61.7700 -46.4941 1.34
Compound 998-P7 51.0344 -44.7981 1.10
Compound_1003-P7 56.0963 -45.0925 1.20
Compound_1004-P7 49.8601 -46.4468 1.13
Compound_1005-P7 41.4557 -44.4094 0.93
Compound_1006-P7 51.4131 -43.4204 1.07
Compound 1007-P7 44.6485 -46.6340 1.05
Compound 1010-P7 24.2092 -45.6451 0.67
Compound_1011-P7 50.0060 -47.4394 1.16
Compound_1013-P7 49.0411 -40.3595 0.94
Compound_1014-P7 31.3983 -44.0779 0.75
Compound_1015-P7 53.4778 -44.6068 1.14
Compound 1016-P7 43.0958 -45.9149 1.00
Compound 1017-P7 76.9825 -46.3706 1.59
Compound_1020-P7 56.4577 -46.0486 1.23
Compound_1025-P7 49.2571 -44.8950 1.08
Compound_1027-P7 41.0732 -45.5809 0.96
Compound 1030-P7 35.1609 -48.2846 0.93
Compound 1031-P7 61.5070 -45.1770 1.29
Compound 1032-P7 34.2633 -44.4699 0.81
Compound_1033-P7 38.7333 -40.1340 0.76
Compound_1034-P7 48.1150 -40.3839 0.93
Compound_1035-P7 50.0398 -44.9141 1.09
Compound_1036-P7 49.0007 -48.0321 1.16
Compound_1037-P7 57.8175 -49.3548 1.35
Compound 1039-P7 56.5373 -48.1990 1.30
Compound_1040-P7 43.4134 -43.3160 0.93
Compound_1046-P7 27.3222 -46.8431 0.76
Compound_1047-P7 62.2649 -43.4808 1.26
Compound_1048-P7 60.9192 -44.4013 1.26
Compound_1049-P7 48.5697 -41.0781 0.95
Compound_1050-P7 48.2960 -43.8128 1.03
Compound_1053-P7 56.7662 -46.2670 1.24
Compound_1054-P7 47.6393 -45.9481 1.08
Compound_1055-P7 34.5225 -46.3250 0.87
Compound_1056-P7 28.0052 -39.5815 0.56
Compound_1057-P7 45.7558 -41.9460 0.93
Compound 1058-P7 49.4618 -42.5955 1.01
Compound_1059-P7 48.8295 -43.9761 1.04
Compound_1060-P7 54.4170 -45.9272 1.19

Available on line at www.shd.org.rs/JSCS/

(CC) 2022 SCS.



SUPPLEMENTARY MATERIAL

5223

Docking energy, kJ mol’!

Compound GOLD DOCK6 RANK
Compound_1061-P7 58.0496 -47.1278 1.29
Compound 1063-P7 55.4802 -45.0427 1.19
Compound_1069-P7 58.7877 -43.3827 1.19
Compound_1070-P7 53.2698 -44.9882 1.15
Compound_1071-P7 42.0649 -43.5490 0.91
Compound_1072-P7 55.1345 -43.1295 1.12
Compound_1073-P7 40.6190 -41.9544 0.84
Compound 1076-P7 52.0019 -44.3496 1.11
Compound_1077-P7 47.8801 -44.5240 1.04
Compound_1079-P7 46.1192 -40.0443 0.88
Compound_1080-P7 45.1577 -40.5355 0.88
Compound_1081-P7 49.9214 -43.0975 1.03
Compound 1082-P7 53.1543 -46.2784 1.18
Compound 1083-P7 55.2366 -45.6333 1.20
Compound_1084-P7 55.2415 -45.2812 1.19
Compound_1086-P7 53.5856 -44.3207 1.13
Compound_1092-P7 45.6870 -43.5625 0.98
Compound_1093-P7 48.7179 -44.8023 1.06
Compound 1094-P7 37.5584 -43.8543 0.85
Compound 1095-P7 56.5508 -46.3014 1.24
Compound_1100-P7 63.6211 -44.7881 1.32
Compound_1101-P7 42.1680 -47.1739 1.02
Compound_1102-P7 43.5070 -45.8370 1.01
Compound_1103-P7 42.3697 -44.3443 0.94
Compound 1106-P7 54.7315 -45.8848 1.20
Compound 1107-P7 48.7362 -47.0811 1.13
Compound_1109-P7 41.8113 -41.2703 0.834
Compound_1110-P7 43.0842 -43.0079 0.92
Compound_1111-P7 56.1495 -47.5263 1.27
Compound_1112-P7 57.4736 -46.6771 1.27
Compound_1113-P7 59.8331 -49.9864 1.40
Compound 1114-P7 26.0823 -50.2973 0.84
Compound_1116-P7 50.4961 -43.8373 1.07
Compound_1119-P7 55.5477 -47.5485 1.26
Compound_1120-P7 42.8729 -46.7575 1.02
Compound_1122-P7 35.4879 -41.3346 0.74
Compound_1123-P7 45.1618 -41.9521 0.92
Compound 1124-P7 53.8451 -43.8525 1.12
Compound_1125-P7 47.2094 -45.4283 1.06
Compound_1126-P7 50.0000 -48.2437 1.19
Compound_1127-P7 57.8107 -48.3901 1.32
Compound_1129-P7 53.8421 -45.9842 1.19
Compound_1134-P7 54.8289 -44.6972 1.16
Compound 1135-P7 47.2085 -44.2273 1.02
Compound_1136-P7 49.3701 -45.3852 1.09
Compound_1137-P7 49.3998 -49.0433 1.20

Available on line at www.shd.org.rs/JSCS/

(CC) 2022 SCS.



8224 DA COSTA et al.

Docking energy, kJ mol’!

Compound GOLD DOCK6 RANK
Compound_1142-P7 46.4063 -47.3593 1.10
Compound 1143-P7 55.4273 -44.9920 1.18
Compound_1144-P7 40.3648 -47.2221 0.99
Compound_1145-P7 39.7674 -44.4527 0.90
Compound_1148-P7 44.6979 -47.2099 1.07
Compound_1149-P7 46.4771 -50.3345 1.19
Compound_1151-P7 55.3563 -42.5174 1.11
Compound 1152-P7 53.0437 -43.5705 1.10
Compound_1153-P7 47.2235 -44.1946 1.02
Compound_1154-P7 47.7456 -49.8509 1.19
Compound_1155-P7 46.5206 -47.7123 1.11
Compound_1156-P7 43.4202 -47.4515 1.05
Compound 1158-P7 40.7167 -39.6695 0.78
Compound 1159-P7 44.5861 -40.5479 0.87
Compound_1162-P7 44.0260 -42.8209 0.93
Compound_1163-P7 35.3629 -42.5079 0.77
Compound_1165-P7 57.5551 -38.2776 1.03
Compound 1166-P7 40.0313 -38.9921 0.75
Compound 1167-P7 67.2561 -42.3947 1.31
Compound 1168-P7 54.0735 -42.4415 1.09
Compound_1169-P7 58.7526 -44.2039 1.22
Compound_1170-P7 57.2003 -44.0451 1.19
Compound_1172-P7 53.6726 -41.2468 1.05
Compound_1178-P7 54.7105 -41.5541 1.07
Compound 1179-P7 43.6681 -41.4372 0.88
Compound 1180-P7 39.8248 -41.4595 0.82
Compound 1181-P7 37.5349 -43.6808 0.834
Compound_1182-P7 46.5579 -45.6844 1.05
Compound_1185-P7 37.6943 -47.5357 0.96
Compound_1186-P7 48.7876 -45.8498 1.10
Compound_1188-P7 41.8693 -41.1316 0.84
Compound 1189-P7 55.4273 -42.3838 1.11
Compound_1190-P7 49.2750 -44.9783 1.08
Compound 1191-P7 60.1238 -47.2304 1.33
Compound_1192-P7 47.6756 -49.4890 1.18
Compound_1195-P7 60.7008 -47.9932 1.36
Compound_1201-P7 54.1487 -46.2430 1.20
Compound 1210-P7 56.7450 -47.3211 1.27
Compound_1213-P7 63.0518 -45.8191 1.34
Compound_1214-P7 39.5158 -48.2963 1.01
Compound_1220-P7 37.5482 -42.6021 0.81
Compound_1221-P7 42.5073 -43.5469 0.92
Compound_1227-P7 46.6020 -47.5940 1.11
Compound 1228-P7 38.6451 -48.3347 1.00
Compound_1231-P7 48.9072 -51.0712 1.25
Compound_1232-P7 442712 -44.6155 0.98

Available on line at www.shd.org.rs/JSCS/

(CC) 2022 SCS.



SUPPLEMENTARY MATERIAL

S225

Docking energy, kJ mol’!

Compound GOLD DOCK6 RANK
Compound_1234-P7 48.7559 -42.2682 0.99
Compound 1235-P7 48.7508 -43.7393 1.03
Compound_1236-P7 44.4323 -42.2195 0.92
Compound_1237-P7 36.2023 -47.5739 0.93
Compound_1238-P7 47.1771 -47.5981 1.12
Compound_1241-P7 52.3447 -49.4171 1.26
Compound_1246-P7 51.7953 -44.3638 1.10
Compound 1248-P7 34.7258 -45.0281 0.83
Compound_1255-P7 52.0308 -41.9064 1.04
Compound_1256-P7 53.8280 -45.0526 1.16
Compound_1283-P7 52.7780 -43.2154 1.09
Compound_1289-P7 39.7204 -48.3789 1.01
Compound 1296-P7 52.2646 -42.2400 1.05
Compound 1297-P7 50.8190 -43.8688 1.07
Compound 1317-P7 57.0612 -45.6242 1.23
Compound_1324-P7 479153 -42.5070 0.98
Compound_1325-P7 42.2873 -44.2302 0.94
Compound_1347-P7 47.1938 -41.1026 0.93
Compound 1348-P7 33.1047 -42.6453 0.74
Compound 1361-P7 32.7711 -45.1943 0.80
Compound_1362-P7 46.6821 -45.9872 1.06
Compound_1393-P7 34.2026 -44.1673 0.80
Compound_1394-P7 41.1329 -46.2514 0.98
Compound_1407-P7 42.5194 -44.0975 0.94
Compound 1408-P7 52.5174 -45.4862 1.15
Compound 1438-P7 41.4382 -40.9327 0.83
Compound_1439-P7 40.6237 -42.5290 0.86
Compound_1452-P7 38.8575 -43.0128 0.834
Compound_1468-P7 50.8079 -35.1998 0.82
Compound_1469-P7 52.9611 -33.9433 0.82
Compound_1470-P7 41.0046 -36.7307 0.70
Compound_1482-P7 44.3074 -35.9517 0.73
Compound_1487-P7 52.3339 -40.9762 1.01
Compound_1498-P7 46.3969 -39.5598 0.87
Compound_1516-P7 55.9473 -39.6403 1.04
Compound_1517-P7 58.8236 -44.2129 1.22
Compound_1603-P7 56.2907 -43.0720 1.14
Compound_1605-P7 64.7256 -44.4147 1.33
Compound_1673-P7 63.4099 -42.5593 1.25
Compound_1676-P7 47.5411 -41.4944 0.95
Compound_1677-P7 70.2605 -41.6239 1.34
Compound_1683-P7 52.3164 -41.7790 1.04
Compound_1689-P7 44.8381 -41.7303 0.91
Compound_1690-P7 47.1889 -42.1786 0.96
Compound_1691-P7 57.9028 -35.3415 0.95
Compound_1932-P7 39.2067 -35.3415 0.63

Available on line at www.shd.org.rs/JSCS/

(CC) 2022 SCS.



8226 DA COSTA et al.

Docking energy, kJ mol’!

Compound GOLD DOCK6 RANK
Compound_1939-P7 40.0871 -34.7056 0.62
Compound_1940-P7 36.9839 -33.3327 0.53
Compound_1948-P7 52.1477 -37.0139 0.90
Compound 1960-P7 27.8331 -32.9491 0.36
Compound_1969-P7 49.7203 -38.8223 0.91
Compound_2061-P7 40.6638 -42.3440 0.86
Compound_2062-P7 41.2426 -40.3393 0.81
Compound 2072-P7 50.0487 -37.6967 0.88
Compound 2075-P7 46.3665 -35.9147 0.77
Compound 2076-P7 41.1939 -36.2081 0.69
Compound_2077-P7 46.9229 -36.1600 0.78
Compound_2078-P7 50.2389 -37.1335 0.87
Compound 2219-P7 59.5093 -40.6528 1.13
Compound 2220-P7 48.5288 -41.5994 0.97
Compound 2222-P7 47.6792 -41.7915 0.96
Compound_2227-P7 43.7923 -39.2945 0.82
Compound_2233-P7 40.4422 -44.3447 0.91
Compound_2242-P7 57.1746 -41.1733 1.10
Compound 2261-P7 56.7244 -38.9581 1.03
Compound 2265-P7 32.7492 -39.9376 0.65
Compound 2266-P7 59.9447 -41.9562 1.17
Compound_ 2278-P7 42.3927 -44.2449 0.94
Compound_2284-P7 60.5630 -42.0874 1.19
Compound_2285-P7 54.1704 -42.0606 1.08
Compound 2286-P7 36.1607 -31.9691 0.48
Compound 2287-P7 51.5041 -32.4825 0.75
Compound 2289-P7 499213 -41.5895 0.99
Compound_2290-P7 49.5830 -40.2178 0.95
Compound_2295-P7 54.0634 -43.3870 1.11
Compound_2305-P7 58.6462 -40.3183 1.10
Compound_2306-P7 46.9475 -39.2798 0.87
Compound 2307-P7 49.7782 -45.4078 1.10
Compound 2338-P7 53.2778 -42.0251 1.06
Compound_2339-P7 38.3655 -48.1124 0.98
Compound_2345-P7 53.5066 -44.9871 1.15
Compound_2355-P7 55.6342 -42.4232 1.11
Compound_2357-P7 46.1940 -49.5161 1.16
Compound 2368-P7 52.2255 -52.0756 1.33
Compound 2374-P7 39.0901 -45.9000 0.93
Compound 2381-P7 45.3531 -43.1673 0.96
Compound_2382-P7 62.1530 -48.4448 1.40
Compound_2383-P7 59.9251 -50.5526 1.42
Compound_2391-P7 49.7859 -49.0996 1.21
Compound 2607-P7 29.1869 -35.6849 0.47

Compound 234-P8 66.7581 -43.3612 1.33
Compound 237-P8 51.2558 -35.2606 0.83

Available on line at www.shd.org.rs/JSCS/

(CC) 2022 SCS.



SUPPLEMENTARY MATERIAL

S227

Docking energy, kJ mol’!

Compound GOLD DOCK6 RANK
Compound_240-P8 48.3391 -39.1128 0.89
Compound 243-P8 43.7400 -34.1086 0.67
Compound 244-P8 52.2728 -43.5814 1.09
Compound_246-P8 49.5481 -39.0218 091
Compound_249-P8 63.1840 -39.4945 1.16
Compound 250-P8 41.1584 -38.2479 0.75
Compound_259-P8§ 47.3578 -35.5044 0.77
Compound 262-P8 64.8024 -39.8954 1.20
Compound 263-P8 40.0950 -38.9988 0.75
Compound 264-P8 48.7694 -41.4295 0.97
Compound 272-P8 48.6872 -35.5710 0.80
Compound 275-P8 39.6869 -34.3407 0.61
Compound 278-P8§ 472153 -44.0243 1.02
Compound 282-P8 50.9901 -41.3969 1.00
Compound 283-P8 52.8280 -38.0479 0.94
Compound 291-P8 43.7792 -37.7157 0.77
Compound 293-P8 49.1161 -34.8500 0.78
Compound 294-P8 49.8831 -36.8479 0.85
Compound 295-P8§ 46.8560 -34.8590 0.74
Compound 297-P8 50.9596 -37.8196 0.90
Compound_300-P8 62.0727 -41.9628 1.21
Compound 301-P8 56.6347 -38.9740 1.03
Compound_302-P8 58.9669 -38.4138 1.05
Compound_309-P8 50.1680 -36.3394 0.84
Compound 310-P8 49.7774 -34.9892 0.80
Compound 311-P8 47.3688 -36.9788 0.81
Compound_356-P8 53.4808 -42.9691 1.09
Compound_360-P8 48.4684 -37.7017 0.85
Compound_364-P8 43.3320 -37.8874 0.77
Compound_365-P8 51.8931 -36.8620 0.89
Compound_366-P8 41.6550 -36.7185 0.71
Compound 367-P8 39.8893 -38.4484 0.73
Compound 368-P8 46.6480 -35.2284 0.75
Compound 369-P8 52.1840 -41.5860 1.03
Compound_370-P8 53.9022 -42.9437 1.10
Compound 373-P8 54.3560 -36.4802 0.92
Compound_374-P8§ 63.3215 -44.7287 1.31
Compound 377-P8 47.8563 -44.6944 1.05
Compound_379-P8 47.1400 -40.0088 0.90
Compound_380-P8 42.5206 -40.0128 0.82
Compound 381-P8 41.8349 -40.3424 0.82
Compound 383-P8 45.9202 -42.4180 0.95
Compound_499-P8§ 45.1889 -38.5822 0.82
Compound_502-P8 37.6133 -36.8247 0.64
Compound_506-P8 53.5357 -40.8220 1.03
Compound_507-P8 54.9782 -44.7738 1.17

Available on line at www.shd.org.rs/JSCS/

(CC) 2022 SCS.



8228 DA COSTA et al.

Docking energy, kJ mol’!

Compound GOLD DOCK6 RANK
Compound_580-P8 50.9781 -39.5543 0.95
Compound 595-P8 48.0214 -31.7714 0.67
Compound_596-P8 48.5997 -42.0152 0.98
Compound_597-P8 60.5640 -40.7418 1.15
Compound 611-P8 35.0713 -39.7403 0.69
Compound 616-P8 50.2853 -36.8033 0.86
Compound_636-P8 51.8386 -41.9582 1.03
Compound 637-P8 56.7927 -42.2312 1.13
Compound_638-P8 44.2565 -43.2905 0.94
Compound_641-P8 47.8816 -44.8940 1.05
Compound_741-P8 59.5267 -34.5549 0.95
Compound_799-P8 44.6625 -40.7156 0.88
Compound 810-P8 48.3540 -30.3269 0.64
Compound_820-P8 49.9588 -35.6467 0.82
Compound 821-P8 41.5550 -38.7559 0.77
Compound_906-P8 62.6327 -40.6224 1.18
Compound 927-P8 42.1238 -37.9173 0.75
Compound 928-P8 44.1423 -38.4696 0.80
Compound 929-P§ 32.6839 -37.8176 0.59
Compound 930-P8 30.5247 -35.4441 0.48
Compound 931-P8 38.0321 -35.7559 0.62
Compound 932-P8 35.3340 -30.2779 0.42
Compound 933-P8 48.3145 -38.2636 0.87
Compound 934-P8 35.9008 -35.6987 0.58
Compound 935-P8§ 44.8941 -32.1905 0.63
Compound 936-P8 38.7300 -35.8318 0.63
Compound 937-P8 56.0910 -40.1107 1.05
Compound 938-P8 48.6016 -37.1475 0.834
Compound 939-P8 45.4500 -36.2572 0.76
Compound_940-P8 479712 -34.3684 0.75
Compound_945-P8§ 47.3202 -35.6250 0.77
Compound 946-P8 38.9769 -34.1023 0.59
Compound 947-P8 47.8052 -38.6357 0.87
Compound 952-P8 47.2836 -37.9630 0.834
Compound_954-P8 58.2165 -37.4743 1.01
Compound 955-P8 53.6321 -38.4914 0.96
Compound_956-P8 45.8146 -40.0473 0.88
Compound 960-P8 44.5847 -36.1536 0.74
Compound 961-P8 40.9954 -35.5142 0.66
Compound 962-P8 42.2871 -35.4578 0.68
Compound 963-P8 39.6413 -39.5175 0.76
Compound 965-P8 45.8753 -36.0580 0.76
Compound 967-P8 39.2451 -34.5654 0.61
Compound 968-P8 34.1728 -34.1753 0.51
Compound_969-P8 36.5298 -34.7004 0.56
Compound 971-P8 53.2566 -38.5804 0.96

Available on line at www.shd.org.rs/JSCS/

(CC) 2022 SCS.



SUPPLEMENTARY MATERIAL

5229

Docking energy, kJ mol’!

Compound GOLD DOCK6 RANK
Compound 972-P8§ 45.6230 -36.7384 0.78
Compound 1008-P8 60.8023 -43.0194 1.22
Compound_1009-P8 47.4767 -43.1303 0.99
Compound_1022-P8 69.6801 -45.7845 1.45
Compound_1029-P8 47.4867 -45.5367 1.06
Compound_1030-P8 43.7360 -45.3438 0.99
Compound_1052-P8§ 51.8200 -42.6611 1.05
Compound 1053-P8 48.4235 -42.8833 1.00
Compound_1062-P8 61.2329 -46.9038 1.34
Compound_1075-P8 64.2151 -42.6068 1.26
Compound_1076-P8 54.8990 -44.2344 1.15
Compound_1085-P8 38.9881 -47.6185 0.98
Compound 1098-P8§ 43.2054 -42.0926 0.89
Compound 1099-P8 56.0493 -42.9997 1.14
Compound_1108-P8 56.4600 -46.2937 1.24
Compound_1119-P8 48.9683 -44.4081 1.06
Compound_1120-P8 52.0397 -47.8346 1.21
Compound_1128-P8 29.8796 -49.1313 0.87
Compound 1137-P§ 49.9720 -45.2743 1.10
Compound 1138-P8 47.1697 -45.2544 1.05
Compound_1147-P8 56.3803 -50.7134 1.37
Compound_1159-P8 33.1459 -44.1839 0.78
Compound_1160-P8 48.7034 -44.2964 1.05
Compound_1169-P8 50.0077 -46.8630 1.15
Compound 1183-P§ 449881 -42.9751 0.95
Compound 1184-P8 37.8612 -42.1564 0.80
Compound 1193-P8 46.5732 -45.6206 1.05
Compound 1207-P8 38.3617 -45.0213 0.89
Compound 1208-P8 30.6709 -45.3912 0.77
Compound_1209-P8 59.8290 -47.2808 1.32
Compound_1231-P8§ 30.6124 -49.1296 0.88
Compound 1232-P8 51.3203 -47.0736 1.17
Compound_1255-P8 45.0792 -43.6716 0.97
Compound_1256-P8 56.2279 -46.0730 1.23
Compound_1257-P8 31.1806 -46.2615 0.81
Compound_1582-P8§ 39.0920 -44.0604 0.88
Compound_1604-P§ 29.9325 -45.3797 0.76
Compound 1605-P8 76.8056 -43.8847 1.52
Compound_1606-P8 48.7200 -44.6315 1.06
Compound_1612-P8 30.4653 -47.2524 0.82
Compound_1614-P8 63.0598 -43.2741 1.26
Compound_1615-P8 46.3273 -43.5493 0.99
Compound_1616-P8 45.7255 -43.5357 0.98
Compound 1617-P8 55.4224 -43.8335 1.15
Compound_1618-P8 52.2124 -42.9689 1.07
Compound_1619-P8 40.2125 -44.7658 0.92

Available on line at www.shd.org.rs/JSCS/

(CC) 2022 SCS.



8230 DA COSTA et al.

Docking energy, kJ mol’!

Compound GOLD DOCK6 RANK
Compound_1620-P8 48.0125 -36.9973 0.83
Compound 1621-P8 39.7003 -44.3787 0.90
Compound_1622-P8 38.5066 -44.4851 0.88
Compound_1623-P8 50.2636 -42.9684 1.04
Compound_1624-P8 37.1187 -43.9392 0.84
Compound_1625-P8 52.3956 -43.9544 1.10
Compound_1626-P8 46.7194 -46.0731 1.07
Compound 1627-P8 46.4625 -44.7853 1.03
Compound_1628-P8 53.1812 -45.1513 1.15
Compound_1629-P8 61.8198 -41.9734 1.20
Compound_1630-P8 42.4086 -44.1176 0.94
Compound 1631-P8 41.1979 -45.1861 0.95
Compound 1651-P8 50.4131 -42.3743 1.02
Compound 1653-P8 56.3467 -43.8525 1.17
Compound_1654-P8 55.9789 -44.9659 1.19
Compound_1660-P8 53.7903 -45.7219 1.18
Compound_1677-P8 55.1174 -43.0060 1.12
Compound_1678-P8 49.6692 -45.3543 1.10
Compound 1679-P§ 35.8870 -42.1969 0.77
Compound 1680-P8 54.5600 -43.1169 1.11
Compound_1681-P8 39.7469 -45.0686 0.92
Compound_1682-P8 53.6332 -43.7158 1.12
Compound_1683-P8 50.2368 -42.5862 1.03
Compound_1684-P§ 34.3412 -46.4047 0.87
Compound 1713-P§ 38.5986 -41.4477 0.79
Compound 1714-P8 56.2865 -44.8722 1.19
Compound 1715-P8 41.0827 -42.3735 0.86
Compound 1716-P8 35.5314 -41.7717 0.75
Compound_1717-P8 43.6846 -43.0485 0.93
Compound_1718-P8 35.9507 -42.9935 0.79
Compound_1719-P8§ 57.3505 -37.7274 1.01
Compound 1720-P8 44.8007 -43.1045 0.95
Compound 1721-P8 42.7316 -44.5330 0.95
Compound_1722-P8 40.3361 -44.2291 0.90
Compound_1723-P8§ 51.9612 -46.0525 1.16
Compound_1724-P8 39.6201 -41.5765 0.82
Compound_1725-P8§ 46.3607 -46.3702 1.07
Compound 1726-P8 45.1584 -45.2790 1.02
Compound_1727-P8 55.0489 -46.9348 1.23
Compound_1728-P8 58.3488 -42.7117 1.17
Compound_1729-P8 48.2737 -46.4172 1.10
Compound_1730-P8 51.3169 -48.2427 1.21
Compound_1731-P8§ 57.6523 -45.8649 1.25
Compound 1782-P8 53.2232 -42.4581 1.07
Compound_1783-P8 53.6952 -46.5468 1.20
Compound_1784-P8 52.7307 -42.4129 1.06

Available on line at www.shd.org.rs/JSCS/

(CC) 2022 SCS.



SUPPLEMENTARY MATERIAL

S231

Docking energy, kJ mol’!

Compound GOLD DOCK6 RANK
Compound_1787-P§ 44.7249 -45.7317 1.02
Compound 1821-P8 41.5617 -46.8208 1.00
Compound_1822-P8 37.8108 -43.9275 0.85
Compound_1823-P8 38.7755 -46.0004 0.93
Compound_1824-P8 49.6990 -44.5159 1.07
Compound_1825-P8 39.9135 -41.9044 0.83
Compound_1828-P8§ 55.1100 -46.8770 1.23
Compound 2154-P8 41.8642 -36.4461 0.71
Compound 2159-P8 51.6423 -39.5086 0.96
Compound 2162-P8 33.6694 -31.5508 0.42
Compound 2163-P8 37.1513 -33.3939 0.54
Compound 2165-P8 34.6978 -32.6078 0.47
Compound 2167-P§ 443774 -33.2440 0.65
Compound 2173-P8 44.0840 -35.2711 0.71

Compound_6-P9 56.6723 -35.4705 0.93
Compound_35-P9 51.8540 -37.8461 0.92
Compound_59-P9 58.5436 -43.0203 1.18
Compound_60-P9 50.1989 -31.2840 0.70
Compound 85-P9 53.5339 -44.3993 1.13
Compound_86-P9 49.3914 -41.8339 0.99
Compound 87-P9 44.8840 -45.2601 1.01
Compound 92-P9 53.5161 -44.5448 1.14
Compound 93-P9 61.7821 -44.3497 1.27

Compound_102-P9 40.8128 -44.5186 0.92
Compound 105-P9 59.3451 -44.4403 1.23
Compound_108-P9 43.4862 -42.9345 0.92
Compound_109-P9 46.7786 -42.0374 0.95
Compound_110-P9 46.4726 -43.0904 0.98
Compound 111-P9 32.0345 -44.8822 0.78
Compound 117-P9 66.2463 -43.9321 1.34
Compound_132-P9 38.4395 -45.3696 0.91
Compound 133-P9 40.7431 -45.6136 0.95
Compound_134-P9 66.0641 -43.2382 1.31
Compound_139-P9 54.9778 -46.2290 1.21
Compound_169-P9 56.0238 -42.4957 1.12
Compound_170-P9 51.2486 -42.5217 1.04
Compound_171-P9 53.8857 -46.8513 1.21
Compound_184-P9 53.3823 -45.1516 1.15
Compound_187-P9 56.2059 -46.7496 1.25
Compound_190-P9 60.1112 -41.6768 1.17
Compound_191-P9 39.9297 -44.2897 0.90
Compound_192-P9 44.5439 -45.5641 1.02
Compound_197-P9 48.2938 -43.6699 1.02
Compound 211-P9 44.2379 -42.3409 0.92
Compound 212-P9 66.3741 -46.1872 1.40
Compound 213-P9 53.9485 -47.1849 1.22
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Docking energy, kJ mol’!

Compound GOLD DOCK6 RANK
Compound 219-P9 60.1285 -46.4408 1.31
Compound 249-P9 44.1133 -43.1929 0.94
Compound 250-P9 48.1389 -40.5958 0.93
Compound 251-P9 55.7430 -42.3900 1.11
Compound 255-P9 47.4842 -44.2210 1.03
Compound 267-P9 54.6465 -42.1503 1.09
Compound_285-P9 45.8549 -44.5520 1.01
Compound 286-P9 51.8638 -42.4697 1.05
Compound 287-P9 53.1295 -44.8534 1.14
Compound_326-P9 31.6662 -44.2477 0.76
Compound 327-P9 51.4042 -46.6229 1.16
Compound 328-P9 39.0728 -46.7401 0.96
Compound 347-P9 55.7397 -46.0147 1.22
Compound 348-P9 58.5378 -43.3956 1.19
Compound_349-P9 45.8451 -47.9201 1.11
Compound 367-P9 62.4658 -44.9364 1.30
Compound_368-P9 45.6230 -48.2249 1.11

Compound_1637-P9 47.0912 -42.0385 0.96
Compound 1638-P9 48.7201 -41.4095 0.97
Compound 1639-P9 52.7153 -37.6972 0.93
Compound_1641-P9 46.9770 -37.6918 0.83
Compound_1643-P9 58.6849 -37.1289 1.01
Compound_1644-P9 50.6211 -35.6836 0.83
Compound_1645-P9 41.4088 -35.2710 0.66
Compound 1646-P9 38.7933 -36.0257 0.64
Compound_1647-P9 51.4704 -38.5231 0.93
Compound_1655-P9 54.2538 -37.7755 0.95
Compound 1657-P9 51.7163 -36.1179 0.86
Compound_1659-P9 58.1652 -37.3293 1.01
Compound_1660-P9 59.7533 -38.7719 1.08
Compound_1739-P9 48.7904 -43.3774 1.02
Compound 1763-P9 61.3436 -38.7019 1.10
Compound_1764-P9 56.2121 -39.6824 1.04
Compound_1765-P9 58.6354 -41.1602 1.13
Compound_1766-P9 60.1777 -40.0006 1.12
Compound_1767-P9 68.6311 -39.4588 1.25
Compound_1769-P9 44.9763 -40.8157 0.88
Compound 1777-P9 44.1812 -33.6788 0.66
Compound_1778-P9 42.9588 -35.5958 0.70
Compound_1779-P9 50.7943 -42.0577 1.02
Compound_1781-P9 45.5567 -39.1373 0.85
Compound_1782-P9 50.7745 -40.4750 0.97
Compound_1789-P9 65.0951 -42.1232 1.26
Compound_1790-P9 60.4844 -42.6247 1.20
Compound_1791-P9 66.2567 -39.9695 1.22
Compound_1805-P9 46.3417 -47.5761 1.10
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S233

Docking energy, kJ mol’!

Compound GOLD DOCK6 RANK
Compound_1806-P9 46.7299 -43.2352 0.98
Compound 1808-P9 68.8611 -46.9763 1.47
Compound_1809-P9 48.1966 -41.4197 0.96
Compound_1810-P9 54.6069 -45.2270 1.18
Compound_1814-P9 65.1453 -44.1495 1.32
Compound_1827-P9 57.8427 -44.4921 1.21
Compound_1828-P9 61.1266 -44.0879 1.25
Compound 1829-P9 53.5435 -44.9733 1.15
Compound_1963-P9 75.2702 -44.8408 1.52
Compound_1964-P9 64.6144 -44.9779 1.34
Compound_1965-P9 36.7678 -43.5817 0.83
Compound_1966-P9 60.1827 -43.9701 1.23
Compound 1980-P9 57.6712 -45.2954 1.23
Compound 1987-P9 57.4954 -42.8834 1.16
Compound_1988-P9 53.4074 -43.5373 1.11
Compound 2012-P9 57.0437 -46.0182 1.24
Compound 2013-P9 53.8472 -45.6514 1.18
Compound_2014-P9 58.3722 -47.6886 1.31
Compound 2062-P9 44.0666 -40.5500 0.86
Compound 2063-P9 58.6174 -40.7501 1.11
Compound 2064-P9 53.0274 -42.3817 1.07
Compound 2077-P9 46.4774 -44.0407 1.00
Compound_2084-P9 38.7815 -45.1497 0.91
Compound 2107-P9 57.3940 -42.9564 1.16
Compound 2108-P9 41.8756 -41.5723 0.85
Compound 2151-P9 45.6113 -42.8464 0.95
Compound 2152-P9 56.4150 -44.8409 1.20
Compound 2153-P9 64.8657 -44.1578 1.32
Compound_2166-P9 51.4718 -42.7985 1.05
Compound_2172-P9 46.9481 -47.1272 1.10
Compound_2195-P9 63.1438 -47.3715 1.38
Compound 2233-P9 45.7319 -41.2276 0.91
Compound 2234-P9 59.3901 -41.8725 1.16
Compound_ 2235-P9 39.6725 -44.4722 0.90
Compound_2236-P9 64.2093 -42.4152 1.26
Compound_2250-P9 60.1441 -42.7639 1.20
Compound_2256-P9 55.0731 -46.3385 1.22
Compound 2258-P9 57.1712 -44.3751 1.20
Compound 2259-P9 67.4395 -43.9396 1.36
Compound_2260-P9 51.6293 -46.5666 1.16
Compound 2283-P9 40.4029 -44.2979 0.91
Compound_2284-P9 55.8945 -44.6155 1.18
Compound_2285-P9 49.6169 -44.5675 1.07
Compound 2332-P9 50.4441 -46.0259 1.13
Compound 2354-P9 53.4648 -45.4808 1.16
Compound_2364-P9 42.9190 -46.2681 1.01
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Docking energy, kJ mol’!

Compound GOLD DOCK6 RANK
Compound_2368-P9 51.1516 -45.6172 1.13
Compound 2379-P9 51.8825 -45.4440 1.14
Compound 2380-P9 39.2950 -47.9497 0.99
Compound_2401-P9 49.7271 -41.8335 1.00
Compound_2402-P9 47.3024 -44.9053 1.04
Compound_2415-P9 48.4849 -47.3998 1.14
Compound_2428-P9 34.6541 -45.4594 0.84
Compound 2436-P9 60.6219 -45.0694 1.27
Compound_ 2450-P9 41.8648 -45.0780 0.96
Compound 2457-P9 37.3772 -44.6400 0.87
Compound_2477-P9 42.6218 -46.7665 1.02
Compound_2487-P9 54.2181 -46.5911 1.21
Compound 2517-P9 63.1955 -45.9437 1.34

Fig. S-1. Atomic charges of the ligands were calculated using the restrained electrostatic
potential (RESP) protocol at the HF/6-31G* level of theory using the Gaussian 09 software.
A-3-P5; B-33-P5; C-1466-P6; D-2645-P15.
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Abstract: The regioselective synthesis of a potent antiviral sugar nucleoside iso-
xazole analogue in the [3+2] cycloaddition (32CA) reaction of acetonitrile-
-N-oxide (ANO) and acetyl-protected S-ethynyl-2’-deoxyuridine (EDU) has
been studied at the MPWBI1K/6-311G(d,p) level within perspective of the
molecular electron density theory (MEDT). From an electron localization func-
tion (ELF) analysis, ANO is classified as a zwitterionic species devoid of any
pseudoradical or carbenoid centre. The ortho regioisomer is energetically pre-
ferred over the meta one by the activation enthalpy of 21.7-24.3 kJ mol!, sug-
gesting complete regioselectivity in agreement with the experiment. The act-
ivation enthalpy increases from 53.9 kJ mol"! in the gas phase to 71.5 kJ mol!
in water, suggesting more facile reaction in low polar solvents. The minimal
global electron density transfer (GEDT) at the TSs suggests non-polar char-
acter and the formation of new covalent bonds has not been started at the loc-
ated TSs, showing non-covalent intermolecular interactions from an atoms-in-
-molecules (AIM) study and in the independent gradient model (IGM) isosur-
faces. The AIM analysis shows more accumulation of electron density at the
C—C interacting region relative to the C—O one, and earlier C—C bond form-
ation is predicted from a bonding evolution theory (BET) study.

Keywords: isoxazole; MEDT; electron localization function; IGMH.

INTRODUCTION

The diverse biological properties of heterocyclic compounds!-2 have
attracted worldwide investigations on their synthetic aspects.3 Isoxazoles* 1
(Scheme 1), an important class of five membered heterocycles serve as the key

* Corresponding author. E-mail: nivchem@gmail.com
https://doi.org/10.2298/JSC211014106A
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pharmacophores in natural products and exhibit anti-inflammatory (2),> anti-
cancer (3),° antimicrobial (4),7 antidepressant (5),® anticonvulsant (6)° and sev-
eral other medicinal properties!? (Scheme 1).

o)
HaC N —_R Cl / |
3 \ | > o N S _Br
! \ o T\ (]
~, =
o ! N—g
Ry 2 NH,
3/N\ R = 2-Cl, 2-Br, 4-Cl, 4-Br
o' Anti-inflammatory (2) Anticancer (3) Antimicrobial (4)
4
s OH
R

Isoxazole n (6]
oY

N HN

Antidepressant (5) Antiiconvulsant(6)

Scheme 1. Biologically active compounds containing the isoxazole ring.

The therapeutic potential of isoxazoles was reviewed in 2018 by Agarwal
and Mishra,!0 while another review in the same year by Zhu et al.!! focused on
some of the significant applications of the isoxazoles in medicinal chemistry.
Very recently, in 2021, Eid et al.!2 reported the anticancer and antioxidant pro-
perties of novel isoxazole-amide analogues.

The first synthesis of isoxazoles dates back to 1903 by Claisen!3 from the
oximation of propargylaldehyde acetal. In 2005, Hansen et al.l4 reported the
more convenient regioselective synthesis of 3,5-disubstituted isoxazoles 7 from
the in situ generated nitrile oxide 9 (oximation of aldehyde 8) and terminal alk-
ynes 10 (Scheme 2). Recently, Carloni et al.!> synthesized 3,5-disubstituted iso-
xazoles from the O-silylated hydroxamic acid generated nitrile oxides and alkynes.

Q =R N
NH,OH.HCI, NaOH + ] 2 R
R—=—=N—0 — 10 | / 2
R H TsN(CI)Na.3H,0 cu(l)
8 9 R .

R4, Ry = alkyl or aryl

Scheme 2. 32CA reaction of nitrile oxide 9 and terminal alkyne 10.

Nucleoside analogues!6-17 represent an important class of antiviral drugs and
the synthesis of sugar modified nucleosides!® has gained sincere attention owing
to the search for non-toxic antiviral agents, especially against the HIV-1 and the
herpes virus. Lee et al.1° reported the synthesis of modified sugar nucleoside iso-
xazole (Scheme 3) possessing potent activity against the Herpes simplex virus
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(HSVs) 1 and 2 in the [3+2] cycloaddition (32CA) reaction of acetonitrile-N-
-oxide ANO 11 and acetyl-protected 5-ethynyl-2’-deoxyuridine EDU 12. The nit-
rile oxide ANO 11 was generated in situ from the corresponding oxime on treat-
ment with a commercial bleach agent (4 % NaOCI in THF). The reaction was
performed at room temperature and was found to be completely ortho regiosel-
ective, leading exclusively to the isoxazole 13 (Scheme 3).

H3C

3
o] o]
AN N< \
<|> | NH o] NH
N |
l” + AcO. N /KO THF AcO. /K
C|: O. room temperature O N ©
CH3
OAc OAc
11 12 13

Scheme 3. 32CA reaction of ANO 11 and EDU 12.

In 2016, Domingo proposed the molecular electron density theory
(MEDT)20.21 when considering the decisive role of electron density changes in
the molecular reactivity of chemical reactions. A reasonably good correlation can
be established within MEDT between the electronic structure and the reactivity
of the three atom components (TACs) participating in 32CA reactions,20-21
allowing the classification of the respective reactions into the pseudodirad-
ical20.21 type (pdr-type: when the TACs show the presence of two pseudoradical
centres and are associated with very low energy barrier and earlier TSs), the
pseudo(mono)radical?® type-2! (pmr-type: when the TACs show the presence of
one pseudoradical centres and less reactivity than the pdr-type), the carben-
0id20:21 type (cb-type; when, the TACs show the presence of one carbenoid
centres and almost similar reactivity as the pmr-type) and the zwitterionic?! type
(zw-type: when the TACs do not show the presence of any pseudoradical or
carbenoid centres and demand highest energy barrier with adequate electrophilic-
nucleophilic interactions). The predicted reactivity?! trend, pdr-type > pmr-type
~ cb-type > zw-type was observed in the experimental findings. MEDT has been
successfully applied to study several aspects of cycloaddition reactions, namely
the chemo,?! regio?! and stereoselectivity,2! substituent effects,2! copper catal-
yzed?! and Grignard reagent?! mediated 32CA reactions, strain promoted azide-
alkyne cycloadditions (SPAAC),22 unexpected reactivity of electrophilic diazo-
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alkanes,23 32CA reactions of strained allenes,?! competitiveness of Diels Alder
and Alder ene reactions,?! etc.

Herein, the MEDT report on the 32CA reaction of acetonitrile-N-oxide ANO
11 and acetyl-protected 5-ethynyl-2’-deoxyuridine EDU 12 experimentally per-
formed by Lee et al.1 are presented to generate the antiviral sugar nucleoside
isoxazole. This MEDT study provides the selectivity and solvent effect predict-
ions for the antiviral isoxazole synthesis that to the best of knowledge has not
been reported. The MPWBI1K/6-311G(d,p) level of theory has been reported as
the appropriate computational model for 32CA reactions in several recent stu-
dies2! and is therefore applied for this investigation.

This study is divided into five sections: 1) the electron localization func-
tion24.25 (ELF) of the reagents ANO 11 and EDU 12 were studied to determine
the electronic structures; 2) a conceptual density functional theory26-27 (CDFT)
analysis at the ground state of the reagents ANO 11 and EDU 12 was performed
to initially comprehend the electronic flux between the reagents; 3) the potential
energy surfaces?® (PES) along the feasible regioisomeric pathways were fol-
lowed to study the energy profile. Note that the energy profile was studied in the
gas phase, toluene, THF, dichloroethane, acetonitrile, DMSO and water to assess
the influence of solvent polarity on the energy profile. The global electron den-
sity transfer2? (GEDT)?2? at the TSs was calculated to predict the polar character;
4) the intermolecular interactions at the TSs were studied from the topological
analysis of the ELF and the quantum theory of atoms-in molecules (QTAIM),30.31
with the characterization of the non-covalent interactions from the independent
gradient model32 (IGM) analysis considering the Hirshfield partition of electron
density33 (IGMH); 5) and finally, the mechanism of the energetically feasible
reaction path was studied from the bonding evolution theory (BET) study.34

COMPUTATIONAL METHODS

Computation details are given in Supplementary material to this paper.
RESULTS AND DISCUSSION

Analysis of the ELF topology of the reactants acetonitrile-N-oxide ANO 11 and
acetyl-protected 5-ethynyl-2’-deoxyuridine EDU 12

The ELF constructed by Becke and Edgecombe?# gives a precise mathemat-
ical representation of the electronic structure in a chemical system and was sub-
sequently extended by Silvi and Savin23 to define three localization attractors,
namely the core, bonding and non-bonding ones to characterize different elec-
tronic regions in a chemical system. The core basins C(x) are considered by the
topological partitioning of the ELF gradient field surrounding the atomic nuclei;
the monosynaptic valence basins V(X) are associated with the non-bonding elec-
tron density of the lone pair or the pseudoradical centre at atom X and the
disynaptic basins V(X,Y) are associated with the bonding region between X and
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Y. Depending on the topological analysis of the ELF, the standard classification
of the three atom components (TACs) participating in 32CA reactions was pro-
posed by Domingo2?0, namely the pseudodiradical,20-2! pseudo(mono)radi-
cal,20.21 carbenoid?0-21 and the zwitterionic TACs.29%21. The ELF localization
domains and the most significant valence basin populations of the MPWB1K/6-
-311G(d,p) optimized reagents acetonitrile-N-oxide ANO 11 and acetyl-protected
S-ethynyl-2’-deoxyuridine EDU 12 are given in Fig. 1.

0,184 e
VICIN2) v ) -
1.97 Vo R 0 V(C4C5). V(CL.CS) 0025 SN
VE@NY S oo ¢ - il
232 - ' i ‘
0445 0.198 0208
u Q HC—C=N—10 ,. *’0 ' o
S
V'(C3,N2) \J ia
158 V(N2,01) "
. 171 '
V"(C3,N2)

0.20
1 12

Fig 1. MPWBI1K/6-311G(d,p) ELF localization domains and the basin attractor positions of
the acetonitrile-N-oxide ANO 11 and acetyl-protected 5-ethynyl-2’-deoxyuridine EDU 12 and
the proposed Lewis-like structures together with the natural atomic charges in average number

of electrons e. Negative and positive charges are shown in red and blue colours, respectively.

Protonated basins are shown in blue, monosynaptic basins in red, disynaptic basins in green

and the attractor positions in magenta colour (Isovalue = 0.83).

The ELF of ANO 11 shows the presence of V(O1) monosynaptic basin
integrating 5.71 e associated with the non-bonding electron density on Ol oxy-
gen, the V(C3,N2), V'(C3,N2), V"(C3,N2) and V''(C3,N2) disynaptic basins int-
egrating a total population of 6.07 e associated with the C3—N2 triple bond and
V(N2,01) disynaptic basin integrating 1.71 e associated with the N2-O1 single
bond. The absence of any pseudoradical or carbenoid centre in ANO 11 classifies
it as a zwitterionic TAC. The ELF of EDU 12 shows the presence of disynaptic
basins V(C4,C5) and V'(C4,C5) integrating a total population of 5.32 e asso-
ciated with the C4—C5 triple bond. The Lewis like structures of the reagents
ANO 11 and EDU 12 and the NBO derived charges are given in Fig. 1. Ol oxy-
gen is positively charged by 0.21 e, while C3 carbon is negatively charged by
—0.45 e, indicating the polarization of charge in the nitrile oxide framework. C,
carbon of EDU 12 shows a negligible charge of —0.03, while the Cg carbon is
negatively charged by —0.18 e owing to the conjugated double bond with the

o—Cp triple bond moiety.

Analysis of the CDFT indices

The analysis of CDFT26.27reactivity indices allows an initial comprehension
of the direction of electronic flux between the reagents to be obtained. The standard
reactivity27-35:36 scales were defined at the B3LYP/6-31G(d) level of theory and
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accordingly, the CDFT indices, namely the electronic chemical potential — 1,20
chemical hardness — #,37 electrophilicity — 3% and nucleophilicity3® N indices in
eV of the reagents ANO 11 and EDU 12 were computed at the B3LYP/6-31G(d)
computational level. The electronic chemical potential 4 of ANO 11 (1« =-2.90 eV)
is higher than that of EDU 12 (1 = -3.90 eV), suggesting the electronic flux from
ANO 11 to EDU 12 along the 32CA reaction. ANO 11 (@ = 0.55 eV) is classified
as the marginal electrophile, while EDU 12 (@w= 1.58 eV) as the strong electro-
phile. Both ANO 11 (N =2.39 ¢V) and EDU 12 (N = 2.80 ¢V) are classified as the
moderate nucleophiles within the standard nucleophilcity scale.30

Analysis of the potential energy surface along the feasible regioisomeric
pathways

The 32CA reaction of ANO 11 and EDU 12 can occur along two regio-
isomeric paths, namely ortho and meta, associated respectively with the attack of
nitrone oxygen to the C, and Cg carbon of EDU 12 (Scheme 4). The search for
the stationary points along the PES of these two reaction paths allowed the loc-
ation of the reagents ANO 11 and EDU 12, the TSs (TS1 and TS2) and the pro-
ducts 13 and 14. Some appealing conclusions could be derived from the energy
profile study:

i) The 32CA reaction of ANO 11 and EDU 12 shows negative reaction free
energies from —262.5 to —306.4 kJ mol~!, suggesting kinetic control and hence,
irreversibility.

i) The enthalpy of activation of TS1 is lower than that of TS2 by 24.3, 23.0,
22.1, 21.7, 22.1, 21.7 and 21.7 kJ mol~! in gas phase, toluene, THF, dichloro-
ethane, acetonitrile, DMSO and water, respectively, suggesting exclusive ortho
selectivity in complete agreement with the experimental finding.!?

iii) TS1 shows an activation enthalpy of 53.9 kJ mol~! in gas phase that is
increased to 63.5 kJ mol~! in toluene, 69.0 kJ mol~! in THF, 71.1 kJ mol~! in
acetonitrile and 71.5 kJ mol-! in dichloroethane, DMSO and water, suggesting an
increase of 17.6 kJ mol~! from gas phase to water, thus indicating the energetic-
ally feasible reaction in low polar solvents.

iv) The 32CA reaction shows negative entropies of activation owing to the
bimolecular character. The unfavourable entropies result in the increase in the
free energies of activation by 49.7-56.5 kJ mol-! relative to the activation enthal-
pies, while the reaction free energies were decreased by 51.9-69.0 kJ mol-! due
to the entropy factor consideration.

Thermodynamic correction to the reaction energies results in increase in the
activation enthalpies by 0-4.2 kJ mol-!, while the reaction enthalpies are dec-
reased by 15.5-19.6 kJ mol-! relative to the activation energies. The GEDT at
the TSs were calculated to assess the polar character and are listed in Table 1. The
located TSs show minimal GEDT from 0.001 to 0.055 e characteristic of null
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electron density flux3® (NEDF), indicating the non-polar character of the 32CA
reaction.

B o
o ka
.
I+ " N
Cc (6}
b
OAc OAc OAc
11 12 13 14
Ortho Meta

Scheme 4. Studied regioisomeric paths for the 32CA reactions of ANO 11 and EDU 12.

TABLE 1. MPWBI1K/6-311G(d,p) relative changes in energies (AE), enthalpies (AH), free
energies (AG), k] mol’!, entropies (AS), ] mol! K!, and GEDT (in average number of
electrons, calculated as the summation of the difference in the total electronic population of
the two reacting counterparts in the transition state ) of TSs and products for the 32CA
reactions of ANO 11 and EDU 12

Cmpd. Solvent AE AH AS AG GEDT Product AE  AH AS AG

TS1 Gas phase  53.553.9-174.7106.2 0.001 13 -380.8 —365.3 —198.6 -306.4
TS2 Gas phase  76.1 78.2 -188.5 134.2 0.055 14 -361.6 —345.7 -231.2 -276.7
TS1 Toluene 62.763.5-180.2 117.0 0.005 13 -367.0 -351.1 -197.3 -292.6
TS2 Toluene 84.986.5-188.9143.0 0.043 14 -348.2 -332.3 -202.7 -271.7
TS1 THF 68.669.0 -184.8 124.1 0.005 13  -358.2 -342.3 -191.0 -285.1
TS2 THF 89.991.1 -184.8 146.3 0.033 14 3419 -325.6 -210.7 -262.5

TS1  Dichloroethane 67.771.5-167.2 121.2 0.006 13 -357.4 -338.2 -173.5 -286.3
TS2  Dichloroethane 89.093.2-166.4 143.0 0.031 14 —341.5-321.9 -186.8 —266.3
TS1 Acetonitrile  71.171.1-175.6 123.7 0.005 13 -354.5 -338.2 —188.1 —282.2
TS2 Acetonitrile  92.093.2-181.0 147.1 0.027 14 —339.4 —323.1 -197.7 -264.2

TS1 DMSO 71.171.5-175.6 123.7 0.006 13  —354.5 -337.7 —187.7 -281.7
TS2 DMSO 92.093.2-180.6 147.1 0.027 14 —-339.0 -322.7 —194.8 -264.6
TS1 Water 71.571.5-175.6 124.1 0.005 13 —354.0 -337.3 —187.3 —281.7
TS2 Water 92.093.2 -180.2 147.1 0.026 14 —339.0 —322.7 —199.0 —263.3

The gas phase geometries of TS1 and TS2 are given in Fig 2. At TSI, the
distance between the C5 and O1 interacting centres is greater than that between the
C3 and C4 interacting centres by 0.235 A, while at TS2, the distance between the
C3 and C4 interacting centres is more than that between the C5 and O1 interacting
centres by 0.142 A, suggesting higher asynchronicity in TS1 relative to TS2. Inc-
lusion of solvent effects causes minimal changes in the distance between the C3
and C4 interacting centres, which are between 2.118-2.145 A in TS1 and between
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2.125-2.250 A in TS2, while the distance between the C5 and Ol interacting
centres are between 2.340-2.380 A in TS1 and between 2.108-2.229 A in TS2.

51
Fig. 2. MPWBI1K/6-311G(d,p) optimized gas phase TSs.

Topological analysis of the ELF and AIM at the TSs

The topological analysis of the ELF at the TSs allows their electronic struc-
ture and the extent of the bond formation process to be assessed. The ELF
localization domains and the basin attractor positions at the gas phase TSs asso-
ciated with the 32CA reaction are shown in Fig 3. The ELF of TS1 shows the
presence of V(O1) and V'(O1) monosynaptic basins integrating a total population
of 5.70 e while the ELF of TS2 shows the presence of V(O1), V'(O1) and
V"(0O1) integrating 5.61 e associated with the non-bonding electron density on
O1 oxygen. The ELF of TS1 and TS2 show the presence of V(C3,N2) and
V'(C3,N2) disynaptic basins integrating a total population of 4.45 e associated
with the C3—N2 bonding region and the V(N2) monosynaptic basin integrating
1.95 and 1.94 e at TS1 and TS2 associated with the non-bonding electron density
at N2 nitrogen. Note that the C3—N2 bonding region is depopulated from 6.07 e
at ANO 11 to 4.45 e at TS1 and TS2, indicating the rupture of the C3—N2 triple
bond at the TSs to create the non-bonding electron density at the N2 nitrogen.
The V(N2,01) disynaptic basin is depopulated from 1.71 e at ANO 1 to 1.48 e at
TS1 and TS2. Thus, the V(N2) monosynaptic basin mainly derives the electron
density from the C3—N2 bonding region. The ELF of TS2 shows the presence of
V(C3) monosynaptic basin integrating 0.04 e associated with the formation of
pseudoradical centre at C3, which is absent in TS1, suggesting that the less ener-
getically feasible TS2 is more advanced than TS1 along the reaction path. The
ELF of TS1 and TS2 show the presence of V(C4,C5) and V'(C4,C5) disynaptic
basins integrating 5.00 and 4.92 e associated with the C4-C5 bonding region.
Note that the C4-C5 bonding region experiences depopulation from 5.32 ¢ in
EDU 2 to 5.00 e and 4.92 e at the TSs to create a pseudoradical centre at C4
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indicated by the presence of the monosynaptic basin V(C4) integrating 0.14 ¢ and
0.33 e at TS1 and TS2, respectively.
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Fig. 3. MPWBI1K/6-31 lG(d,p) ELF localization domains and the basin attractor positions of
gas phase TSs TS1 and TS2. Protonated basins are shown in blue, monosynaptic basins in red,
disynaptic basins in green and the attractor positions in magenta colour (Isovalue = 0.83).

The intermolecular interactions at the TSs can be characterized from the
topological analysis of the AIM proposed by Bader and coworkers.30:31

The contour line maps of the Laplacian of the electron density V2p(r) at TS1
and TS2 on the molecular plane defined by atoms for C-O and C-C bond formation
are shown in Fig. 4. The bond critical points CP1 and CP2 are associated with the
C-0O and C—C interacting regions of the TSs. The total electron density p at CP1
are 0.034 and 0.056 e while those at CP2 are 0.060 and 0.051 e for TS1 and TS2
respectively, suggesting higher accumulation of electron density at the C—C inter-
acting region compared to that at the C—O interacting region of TS1, while the total
electron density at the C—C and C-O interacting regions are comparable at TS2, in
line with the higher asynchronicity in TS1 (Fig. 2). CP1 (V2p(r) = 0.084 au) and
CP2 (V2p(r.) = 0.058 au) show the positive Laplacian of the electron densities at
TS1, suggesting non-covalent interactions. Similarly, the positive Laplacian of the
electron densities 0.136 and 0.061 au are calculated at CP1 and CP2 of TS2. These
values suggest that the formation of covalent bonds has not commenced at the TSs
in agreement with the ELF study.

The non-covalent interactions at the TSs can be characterized from the rec-
ently proposed IGM analysis based on Hirshfield partition of electron density.
The IGMH isosurfaces of TS1 and TS2 are given in Fig 5. The C5-O1 inter-
acting region of TS1 shows strong attractive non-covalent interactions (blue port-
ions), while the C3—C4 interacting region shows both strong repulsive (red port-
ions) as well as strong attractive (blue portions) interactions. At TS1, hydrogen
bonding (green portion) is also observed with the O1 oxygen and the nearby hyd-
rogen atoms. The C5-O1 and C3—-C4 interacting regions of TS2 show both
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strong attractive (blue portions) and strong repulsive (red portions) non-covalent
interactions in the IGMH isosurface (Fig. 5).
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Fig. 4. Representations of the contour line maps of the Laplacian of the electron density at
TS1 and TS2 on the molecular plane defined by atoms for C5—-O1 (C-0O) and C3-C4 (C-C)
bond formation, CP1 and CP2 critical points respectively are marked on the representation.
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Fig. 5. IGMH isosurfaces (Isovalue = 0.01) at the TS1 and TS2.

BET study along the favoured regiochemical pathway

The BET proposed by Krokoidis3# applies the conjunction of the ELF24.25
and the Thom’s Catastrophe theory*0 to structure the plausible mechanism of a
chemical reaction. Herein, the BET of the energetically feasible ortho pathway is
studied at MPWB1K/6-311G(d,p) level of theory, which divides the reaction path
into seven topological phases. The most significant ELF valence basin popul-
ations at the starting point of each phase (S0-S6) and the product 13 are given in
Table II, with the simple representation of the predicted mechanism in Scheme 5.
Phase I starts at SO (d(O—C5) = 2.75 A and d(C3-C4) = 2.76 A) and shows the
presence of five V(O1) monosynaptic basins integrating a total population of
5.76 e associated with the non-bonding electron density of O1 oxygen. The
V(N2,01) and V(C3,N2) disynaptic basins integrate at 1.66 and 6.00 e associated
with the N2-O1 single bond and the C3—N2 triple bond respectively. The ELF of
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S0 also shows the presence of three V(C4,C5) disynaptic basins integrating 5.28
e associated with the C4—CS5 triple bond. Thus, the ELF of S0 is similar to that of
the separated reagents ANO 11 and EDU 12 (Fig. 1) and shows minimal electron
density flux with the GEDT of 0.03 e. Phase II starts at S1 (d(O1-C5) =2.55 A
and d(C3—-C4) = 2.44 A) and is characterized by the presence of V(N2) mono-
synaptic basin integrating 0.90 e associated with the non-bonding electron den-
sity at N2 nitrogen which mainly derives the electron density from the C3—N2
bonding region.

TABLE II. ELF valence basin populations, distances of the forming bonds, and relative elec-
tronic energies of the IRC structures S0—S6 defining the seven phases characterizing the mole-
cular mechanism of the 32CA reaction of 11 and 12

Phase
I II 111 v \% VI VII
Parameter
Structure
SO S1 S2 S3 S4 S5 S6 13

d(01-C5)/ A 2.749 2.546 2.380 2.353 2.241 2.072 1.553 1.333
d(C3-C4) /A 2758 2.440 2.145 2.095 1.893 1.657 1937 1417
AE / kJ mol’! 0.0 293 53.5 523 18.8 744 -137.5 -380.8

GEDT 003 005 0001 002 011 022 026 027
V(Ol) 225 289 288 289 288 291 263 439
V'(O1) 248 258 28 281 280 275 262
V"(O1) 065 026

V"(O1) 0.23

V™(Ol) 0.15

V(N2,01) 1.66 1.60 148 1.46 140 133 136 116
V(C3,N2) 600 268 228 206 189 174 175 285
V'(C3,N2) 253 217 2.09 1.84 165 153
V(C4,C5) 335 525 230 235 224 203 192 259
V'(C4.C5) 1.84 270 253 221 203 191
V"(C4,C5) 0.09

V(N2) 090 195 202 233 259 263  3.09
V(C4) 0.14 029

V(C3) 0.27

V(C5) 0.13

V(C3,C4) 132 186 209 250
V(01,C5) 068 170

Note that the V(C3,N2) disynaptic basin experiences depopulation from 6.00
e in S0 to 5.21 e in S1. This electronic change requires 29.3 kJ mol-! and the
GEDT at S1 is 0.05 e. Phase III starts at S2 (d(O1-C5) = 2.38 A and d(C3-C4) =
= 2.15 A) and is characterized by the presence of V(C4) monosynaptic basin
integrating 0.14 e associated with the pseudoradical centre at C4, which derives
electron density from the C4—C5 bonding region. Note that the C4-C5 bonding
region is depopulated from 5.25 e in S1 to 5.00 e in S2. TS1 belongs to this phase
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Scheme 5. Simplified representation of the mechanism along the ortho reaction path form the
bonding evolution theory study.

with the GEDT of 0.001 suggesting non polar character of the 32CA reaction.
Phase IV starts at S3 (d(O1-C5) = 2.35 A and d(C3—-C4) = 2.10 A) and is char-
acterized by the presence of V(C3) monosynaptic basin integrating 0.27 e associ-
ated with the pseudoradical centre at C3, which is created by deriving electron
density from the C3—N2 bonding region. Note that the C3—N2 bonding region is
depopulated from 4.45 e in S2 to 4.15 e in S3. Phase V starts at S4 (d(O1-C5) =
=224 A and d(C3-C4) = 1.89 A) and is characterized by the formation of
V(C3,C4) disynaptic basin integrating 1.32 ¢ associated with the C3—C4 single
bond. Note that the pseudoradical centres at C3 and C4 couple to form the
C3—C4 bond at a distance of 1.89 A and accordingly, the V(C3) and V(C4) mono-
synaptic basins are not observed in this phase. Phase VI starts at S5 (d(O1-C5) =
=2.07 A and d(C3—-C4) = 1.66 A) and is characterized by the by the presence of
V(C5) monosynaptic basin integrating 0.13 e associated with the pseudoradical
centre at C5, which derives electron density from the C4-C5 bonding region.
Note that the C4—C5 bonding region is depopulated from 4.45 e in S4 to 4.06 ¢ in
S5. Phase VII starts at S6 (d(O1-C5) = 1.55 A and d(C3—-C4) = 1.94 A) and is
characterized by the formation of the V(O1,C5) disynaptic basin integrating 0.68
e associated with the C5-O1 single bond. Note that the pseudoradical centres at
C5 couples with part of the non-bonding electron density at Ol oxygen to form
the C3-C4 bond at a distance of 1.55 A and accordingly, the V(C5) monosyn-
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aptic basin is not observed in this phase. Note that the formation of the O1-C5
bond begins when the formation of C3—C4 bond has been 84 %, completed sug-
gesting the high asynchronicity in the bond formation process. This is in agree-
ment with the longer C5-O1 bond distance compared to C3—C4 at TS1 and
greater accumulation of electron density in the C3—C4 interacting region relative
to that in the C5—O1 observed in the AIM study.

CONCLUSIONS

The 32CA reaction of acetonitrile-N-oxide ANO 11 and acetyl-protected
5-ethynyl-2’-deoxyuridine EDU 12 leading to the sugar nucleoside isoxazole has
been studied within the MEDT framework at the MPWB1K/6-311G(d,p) level of
theory. The ELF topological study classifies ANO 11 as a zwitterionic species
and the CDFT reactivity indices predict electronic flux from ANO 11 to EDU 12
along the 32CA reaction. The reaction is kinetically controlled with complete
ortho regioselectivity in agreement with the experimental findings. The acti-
vation parameters increase with increasing solvent polarity, suggesting facile
reaction in low polar solvents. The minimal GEDT at the TSs from ANO 11 to
EDU 12 predicts non-polar character. Early TSs were located in which the form-
ation of covalent bonds has not commenced, while the strong repulsive and
strong attractive non-covalent interactions were visualized in the IGMH iso-
surfaces of the TSs. The BET study predicts earlier C3—C4 bond formation with
high asynchronicity in the bond formation process.

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/11277, or from the corres-
ponding author on request.

U3BOJ
CKUIAE KOIIPEHE CA PETHOCEJIEKTUBHE CUHTE3E AHTUBHUPYCHOTI'
5-U30KCA30JI-5-UJI-2'-NE30KCUYPUIUHA CA TIEPCITEKTHBE TEOPUJE
EJIEKTPOHCKE I'YCTUHE MOJIEKYJIA

NIVEDITA ACHARJEE', HAYDAR A MOHAMMAD-SALIM” 1 MRINMOY CHAKRABORTY?
1Department of Chemistry, Durgapur Government College, Durgapur-713214, West Bengal, India,

“Department of Chemistry, University of Zakho, Duhok 42001, Iraq u *Department of Electronics and
Communication Engineering, Dr. B. C. Roy Engineering College, Durgapur-713206, West Bengal, India

[TpoyyaBaHa je pernocesekTHBHA CHHTE3a M30KCA30JCKUX aHa/lora, MOhHUX aHTHBHUPYC-
Hux mehepHUxX Hykneosuna, momohy [3+2] uuxnoamunuone peakuuje (32CA) alleTOHUTPHI-
N-oxkcupma (ANO) u amerwnom 3amtuheHor 5-etunun-2’-gesokcuypupusa (EDU), Ha
MPWB1K/6-311G(d,p) HHUBOy TeopHje H3 IepCIEKTUBE TEOpHje EeNeKTPOHCKE TYCTUHE Y
monexkyny (MEDT). ANO je Ha ocHOBY aHanu3e (yHKudje nokanusauuje enekrpoHa (ELF)
KIacuUKOBaH Kao zwitter-joHcka BpcTa §e3 MKaKBOT NCeynopPagHKalICKOT WIX KapOeHOUTHOT
ueHTpa. ortho Pernousomep je eHepreTCKd NOBO/BHHU]HU Y OOHOCY Ha metd y3 POMEHy eHTasl-
nyje aktuBaudje ox 21,7 mo 24,3 kJ mol ™, wro Cyrepuile MOTIYHY PErdoCceleKTUBHOCT Yy
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cKiany ca ekcriepumeHToM. [TpoMeHa eHTanmnuja aktuBauuje ox 53,9 kJ mol™ y racHoj dasu
pacre mo 71,5 kJ mol™ y BOIM yKa3yjyhu Ia je peakiudja onakillaHa y HENOJIAPHHUM pacTBa-
pauvma. MuHMMasaH npeHoc rinodanHe enekrpoHcke ryctude (GEDT) y npenasHum cTamuma
yKasyje Ha HerosjapaH KapakTep W fa (popMHpame HOBUX KOBAJIEHTHHUX Be3a HHUje T0YEeso Y
JIOLIUPAHOM IIPETa3sHOM CTamy W I0Kasyje HeKOBaleHTHe MelyMorekysacke MHTepaKluje Ha
OCHOBY CTyAuje aToMa y mosekyny (AIM M) U3 HM30-TOBpIIMHA MOJE/Na HE3aBUCHOT Ipajiv-
jenta (IGM). AIM ananu3a nokasyje mosehany akymynanujy eJeKTpOHCKe IyCTHHE Y 0051acTH
C-C Bese y nopehemy ca C—O Be3oMm, a panuje dopmupawme C—C Bese je npensubeHO CTyIHjoM
Teopuje eBoiyuyje BesuBama (BET).

(ITpumsbeHo 14. oxtodpa, peBunupano 3. neuemdpa, mpuxsaheno 7. nenemdpa 2021)
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Unveiling the regioselective synthesis of antiviral
5-isoxazol-5-yl-2'-deoxyuridines from the perspective
of a molecular electron density theory
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J. Serb. Chem. Soc. 87 (6) (2022) 707721
COMPUTATIONAL METHODS

Recent studies on polar and non-polar cycloaddition reactions have allowed
selecting the MPWBI1K! functions in conjunction with the 6-311G(d,p)? as the
most adequate computational model to study 32CA reactions and has been
consequently applied in the present MEDT study. The Berny analytical gradient
optimization method3 was used for the optimizations and the stationary points
were characterized by frequency calculations verifying the absence of imaginary
frequency for the minima and TSs with one imaginary frequency. The energy
profile connecting the TS and the associated minima was verified from the
Intrinsic Reaction Coordinate (IRC)?# calculations using the second order Gon-
z4lez—Schlegel integration method.3-¢ Solvents effects in toluene, THF, dichloro-
ethane, acetonitrile, DMSO and water were studied by optimizing the structures
in the respective solvents using the polarizable continuum model (PCM)7-8
within the self-consistent reaction field (SCRF)?-!l framework at PCM/
/MPWBI1K/6-311G(d,p) level of theory. The thermodynamic calculations were
performed at 298 K and 101.325 kPa pressure. Natural population analysis
(NPA)!2.13 was performed at the TSs to calculate the GEDT!! from the sum of
natural atomic charges (¢g) at each framework (f) using the formula GEDT:

(f)=24 (1)

qef
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where the positive GEDT denotes transfer of electron density from the con-
sidered framework. The CDFTindices!?13 were calculated from the standard
equations reviewed in Reference 14. All calculations were performed using the
Gaussian 16 suite of programs.!4 The topological analysis of the ELF and the
AIM and the IGMH calculations were realized using Multiwfn!5 software. The
ELF isosurfaces were visualized using UCSF Chimera!® software, and the IGMH
isosurfaces were visualized by VMD software.!7
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Abstract: Crayons and colored pencils for children may contain toxic elements
(TEs) exhibiting potential risk for children’s health including cognitive deve-
lopment, after their ingestion, through mouthing and chewing and eventually,
their accumulation. The aim of this study was to determine total content of As,
Pb, Cr, Cd, Ni and Sb and estimate their bioaccessibility conducting artificial
saliva extraction. Sixty samples of colored pencils and crayons from 10 manu-
facturers were analyzed. Microwave acid assisted digestion followed by induct-
ively coupled plasma optical spectroscopy (ICP-OES) was performed for deter-
mination of total content of TEs. Simulation of extraction by artificial saliva
was applied to get more reliable data when bioavailability is concerned. The
total concentrations of TEs were higher in colored pencils than in crayons and
their maximum levels were: 5.78, 9.36, 9.97, 0.615, and 6.63 mg kg! for As,
Pb, Cr, Cd and Ni, respectively. Concentration of Sb was below the detection
limit for all investigated samples. This study showed that concentration of As
and Pb in several samples did not comply with European Union regulative.
Bioaccessibility study showed the high degree of leaching of Cr and As from
pencils, but regardless of extracted portions, concentrations of selected inves-
tigated TEs were below allowed levels.

Keywords: children toys; toxic elements; ICP-OES, bioaccessibility study;
health risk.
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INTRODUCTION

Children are most susceptible to harmful effects of TEs, having in mind their
insufficiently developed detoxication mechanisms, increased intake of food and
drinks compared with adults (per unit of mass) as well as tendencies to put things
from their environment, especially toys and crayons, in mouth causing the ext-
raction of harmful substances via saliva and swallowing.!-2 An increased expo-
sition elevates hazardous effects with direct impact on TEs bioavailability, indi-
rectly affecting to physiological parameters and behavioral patterns.3# Drawing
and painting in early childhood help children to express themselves and contri-
bute to their physical and psychological development.!-3 However, it must be
taken into account that toys and crayons may have high levels of TEs, such as
lead, arsenic, cadmium, chromium and nickel, which can provoke serious health
problems.> Besides, there are various stabilizers, minerals and pigments, which
naturally contain heavy metals and can additionally contribute to potential toxi-
city. For example, kaolinite, as a constituent in clay and chalk, which is used for
children’s crayons, contains Pb in concentration range 29-91 mg kg1 of sample.®
This is serious threat since even a multiple purification processes are frequently
insufficient for their removal.

It is common knowledge that children are most vulnerable population when
lead poisoning is concerned. For example, two-year old children have the highest
concentration of Pb in their blood, partly because they put toys and various
objects in their mouth, and recent studies showed that blood Pb concentration
even less than 10 mg dm™3 can cause adverse health effects and/or decrease cog-
nitive development.”-8 Canfield at al.3 have shown significant correlation between
increased Pb concentration in blood and decrease of full-scale 1Q in children. In
order to address this problem, European Union adopted new annex® to the Toy
Safety Directive 2009/48/EC, in late 2016 early 2017, with lower allowable limits
for Pb concentrations in children’s toys. For dry, brittle, powder-like and play-
able toys including wooden crayons this value is 2 mg kg~! (instead of previous
13.5 mg kg1), and for liquid or sticker toys including water colors 0.5 mg kg~!
(instead of previous 3.4 mg kg1).

According to the Agency for Toxic Substances and Disease Registry
(ATSDR) 202110 As is the first one at the Priority List of Hazardous Substances.
Besides that inorganic arsenic is, according to the World Health Organisation
(WHO),!! the International Agency for Research on Cancer (IARC),!2 and the
Environmental Protection Agency (EPA),!3 marked as human carcinogen. The
arsenic exposure can also cause serious respiratory, gastroinestinal, hepatic, neuro-
logical, and immunological effects, as well as effects on the central nervous system
and impact on cognitive development of children.!-14.15 Different studies reported
a decrease in Full Scale 1Q, verbal comprehension, and working memory in
children aged 6-15, associated with increased levels of As in water, urine or
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blood.!:4:16 Cadmium is commonly used in Ni-Cd battery manufacturing, but it is
also used as a pigment in plastic, ceramic, and glass industry.! Some studies
reported correlation of decrease of full-score and performance IQ, with four-years
children, and higher frequency of attention and behavioral disorders in children
aged 7-16 years with higher levels of Cd in blood and hair.1:417-21 Similarly to the
Pb, EU adopted recently new limits for cadmium content in children's toys: 1.3 mg
kg ! (instead of previous 1.9 mg kg!) for dry, brittle, powder-like and playable toys
and 0.3 mg kg ! (instead of previous 0.5 mg kg!) for liquid or sticker toys.’

Chromium is present in our environment as a result of both natural occurring
element in Earth's crust and anthropogenic activities, such as mining and indus-
trial activities. This element is 17th at the ATSDR list!? as human carcinogenic
and associated with neurological and developmental disorders.22-23 The main
source of children’s exposure to cadmium, beside water and food consumption, is
associated with chewing and ingestion of inedible materials.22

Antimony has a wide range of industrial applications including electronics,
plastics and pants production.?4 This element has been used as a pigment for cen-
turies, mainly as antimony sulphide and lead antimonite.24 Exposure to Sb may
result in eye, skin, and lung irritation, but on long-term and chronic exposure may
result in the formation of antimoniosis, and causes heart, gastrointestinal, and lung
diseases, including pneumoconiosis, and lung cancer.25 According to EU legis-
lation the permissible limits for Sb content in toys is 45 mg kg~!. However, there is
a significant knowledge gap in different areas (environmental chemistry, toxic-
ology and bioavailability of antimony in the environment), and harmonization of
required standards for Sb limits is needed.2

Human exposure to the nickel can cause various health effects, including
immunologic, neurologic and reproductive disorder developments or even carcin-
ogenic effects.26 Beside, skin allergic reactions can occur after contact, oral intake
or inhalation.2” We are exposed to great number of nickel sources in everyday
life, thus European Food Safety Authority (EFSA)23 stated that more information
should be collected based on its bioavailability in foodstuffs, all in order to facil-
itate the establishment of food quality standards for this metal.

Determination TEs total content is important but, having in mind that mouth-
ing behavior plays an important role in children exposure to metal contamination
in toys, pencils, and crayons, the predict of mobilization of heavy metals into sal-
iva and their ingestion during mouthing requires additional attention. Several stu-
dies on in vitro bioaccessibility tests for prediction of bioavailability of metals to
children are published.#529:30 Those tests were based on extraction with artifi-
cial saliva (to simulate mouthing), or/and dil. HCI (to simulate conditions in sto-
mach).

This important topic defined our goals: to evaluate total content of As, Pb,
Cr, Cd, Ni and Sb in samples of 30 coloring pencils and 30 crayons from differ-
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ent vendors available on the Belgrade’s markets and to predict bioavailability of
metals based on artificial saliva extraction.

EXPERIMENTAL
Instrumentation and operating conditions

Acid digestion of the samples was performed using microwave digestion system (CEM
Mars 5, USA) equipped with polytetrafluoroethylene (PTFE) tubes.

For elements determination inductively coupled plasma optical emission spectrometer
(ICP-OES) with axial view (Thermo scientific iCAP 6000 series ICP-spectrometer, USA)
coupled with auto sampler Cetac ASX-510 was used. The wavelength used to determine ele-
ments were: As (189.042 nm), Cd (214.400 nm), Pb (220.353 nm), Cr (267.716 nm), Ni
(231.604 nm) and Sb (206.833 nm). During the analysis, the following instrumental operation
conditions were used: RF frequency 27.12 MHz; operating power, 1150 W; peristaltic pump
rate: 50 rpm; plasma argon flow rate 0.5 dm?® min'!; argon carrier flow rate 0.5 dm> min’!;
sample flow rate 0.02 cm® min~!.

For pH control of artificial saliva pH meter Hanna Instruments 901 was used and extrac-
tion was performed using IKA® KS 260 Basic shaker.

Materials, reagents and solutions

For the evaluation of heavy metals content, 5 packages of colored pencils and 5 packages
of crayons from different manufactures / country of origin (A / China, B / Italy, C / China, D /
Czech Republic, E / Germany, F / China and G / China) and different cost range were pro-
vided from Belgrade’s bookstores. Six samples of different colors from each package were
analyzed: three major (yellow, red, and blue) and three derived colors obtained by mixing
major ones (green, orange and purple). In that way, the pool of 60 samples was created (30
samples of colored pencils, and 30 of crayons).

All solutions were prepared using analytical grade reagents and deionized water with res-
istivity of 18.2 MQ cm, obtained by a Milli-Q system (Millipore, Bedford, USA). Nitric acid
(65 %) suprapure quality (HNOj3, G.R., Lach-ner s.r.o., Czech Republic) and H,O, 30 % sol-
ution (Macron Fine Chemicals, Avantor Performance Materials, Poland) were used for sample
digestion. All containers used in the experiments were previously soaked in nitric acid solut-
ion (10 %) for 24 h and rinsed with deionized water afterwards.

For ICP OES analysis, external calibration was conducted using 5 working standards
obtained by dilution of multi-elementary stock solution (Titrisol, Merck, Darmstadt, Germany)
containing 1000 mg dm= of As, Pb, Cd, Cr, Ni and Sb. The correlation coefficients were
higher than 0.99 in all cases.

The values obtained for limits of detection (LOD) and quantification (LOQ) were calcul-
ated based on 3SD/m and 10SD/m, respectively, where m is the slope of the calibration curves
and SD is standard deviation of 10 consecutive measurements of the blank, multiplied by the
dilution factor used for sample preparation. For method validation, specificity, linearity, work-
ing range, accuracy, precision, LOD and LOQ were estimated and presented in Table L.

The accuracy of ICP-OES method was tested in analysis of certified reference materials
(CRM), fish protein (DORM-4, National Research Council, Canada) and cooking chocolate
(Standard Reference Material® 2384, National Institute of Standards & Technology, USA).
The obtained recovery values were in the range 82—-116 %. The precision was expressed as
relative standard deviation (RSD) and was less than 10 % in all cases (n = 3, Table I).
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TABLE I. Parameters of method validation for As, Cd, Pb, Cr, Ni, and Sb in ICP-OES analysis

Element R? LOD / mg kg'! LOQ / mg kg'! RSD /%
As 0.9997 0.05 0.15 0.92
Cd 0.9996 0.01 0.03 0.94
Pb 0.9968 0.01 0.02 0.97
Cr 0.9992 0.01 0.03 0.93
Sb 0.9986 0.07 0.20 0.92
Ni 0.9998 0.07 0.20 0.94

Microwave-assisted sample preparation

The crayons and the solid pigment cores of pencils were manually crushed with a porcelain
mortar and pestle to obtain smaller particles and better homogenization. Portions of 0.5 g homo-
genized samples were transferred to PTFE tubes and 4 cm® HNO; (65 %) and 1 cm® H,0, (30
%) were added. The tubes were submitted to a temperature of at 200 °C for 20 min under a mic-
rowave irradiation power of 800 W. After digestion, samples were filtrated through 0.45 pum
PTFE membrane filter and diluted with deionized water to the total volume of 50 cm?. The
sample preparation procedure was carried out in triplicate, including the blank solutions and
certified reference materials.

Bioaccessibility study

For bioaccessibility study all pencils and crayons were subjected to leaching procedure
with artificial saliva in order to simulate chemical environment in a mouth. Artificial saliva
was prepared according to unified BARGE method.3! Bioavailability tests were conducted
under the controlled conditions of temperature and pH. Each sample (0.5 g) was mixed with
25 cm? artificial saliva and shaken for 30 min (200 rpm, 37+2 °C), filtered through 0.45 pm
PTEF filter. Bioavailability tests were made in triplicate including the blank solutions.

RESULTS AND DISCUSSION

Concentration of total and oral bioaccessible toxic elements (As, Pb, Cr, Cd,
Ni and Sb) in the samples of 30 colored pencils and 30 crayons from different
vendors provided at Belgrade’s markets were analyzed.

Prior to measurements of As, Pb, Cr, Cd, Ni and Sb concentrations, the
samples were subjected to microwave acid assisted digestion. To assess the bio-
availability of TEs in the samples, extraction was performed using artificial sal-
iva, according to the procedure presented elsewhere.3! The TEs concentrations in
all aliquots were measured by ICP-OES. The obtained concentrations for the
TEs, expressed as average, are presented in (Tables II and III).

Generally, the total TEs content in the majority of tested samples is higher in
pencils than in crayons. Besides, the concentrations of TEs in artificial saliva ext-
racts were much higher from colored pencils, as expected, because of the colorat-
ion of filtrate due to dissolution of solid pigment core during the extraction process.
That is probably related to different material composition of crayons and pencils.

According to the recently updated European Union Directive?, allowed con-
centrations of heavy metals in children’s toys are as follows: As 3.8 mg kg1, Pb
2mgkg !, Cd 1,3 mgkg!, Cr37,5mgkg !, Ni 75 mg kg! and Sb 45 mg kg!.
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TABLE II. Concentration (mg kg'!, mean value, n = 3 determinations) of As, Cd, Pb, Cr and
Ni in crayons samples (C) of different manufacturers (A, B, C, D, and E) after microwave
assisted acid digestion and artificial saliva extraction with summary statistics; the concen-
trations of Sb (total content), Cd, Ni and Sb (artificial saliva extracts) were below the method
detection limits and from that reason not presented

Method
Color/ . ‘ ———— —— . .
Label manufacturer Microwave assisted acid digestion Artificial saliva extraction
As Cd Pb Cr Ni As Pb Cr
CAl Yellow/A 0382 ND 0312 0.163 ND 0.170 0.055 0.058
CA2 Red/A 0.247 ND 1.30 1.87 0311 0.074 0.169  0.623
CA3 Blue/A 0274 ND 0.148 0917 ND  0.129 ND 0.362
CA4 Green/A 0258 ND 0.949 0.889 0.241 0.084 0.165 0.286
CAS Orange/A 0258 ND 0.994 0.761 ND 0.099 0.154 0.264
CA6 Purple/A 0495 ND 278 0850 ND 0.141 0.167 0.208
CB1 Yellow/B  0.668 0.102 3.25 193 0.965 0.250 ND 0.468
CB2 Red/B 0.688 0.095 3.13 227 0.88 0.219 ND 0.532
CB3 Blue/B 0.783 0.118 344 237 0997 0.298 ND 0.845
CB4 Green/B 0962 0.122 3.07 154 420 0.305 ND 0.572
CB5 Orange/B  0.556 0.137 3.84 1.75 0937 0.284 ND 0.403
CB6 Purple/B 0.933 0.147 687 127 4347 0.327 ND 0.366
CC1 Yellow/C 0402 ND 0.687 0.906 0.234 0.185 ND 0.287
cC2 Red/C 0305 0.042 129 248 0344 0.083 ND 0.674
CC3 Blue/C 0.390 0.032 0.032 0974 0.253 0.149 ND 0.289
CC4 Green/C 0397 ND 0.630 255 0.861 0.183 ND 0.888
CCs5 Orange/C 0386 ND 0.846 2.12 0.695 0.142 ND 0.711
CC6 Purple/C 0276 ND 263 259 0.637 0.091 0.146 0.692
CDl Yellow/D 0367 ND 1.17 191 0.695 0.127 ND 0.484
CD2 Red/D 0358 0.032 259 476 132 0.043 ND 0.596
CD3 Blue/D 0583 ND 3.03 284 117 0.236 ND 0.750
CD4 Green/D 0337 ND 0 230 0913 0.263 ND 0.573
CD5 Orange/D 0377 ND 0 1.33  0.613 0.164 ND 0.451
CD6 Purple/D 0655 ND 494 217 1.17 0315 ND 0.751
CEl Yellow/E  0.745 ND 0 0.659 0.235 0.238 ND 0.237
CE2 Red/E 0.702 ND 0 1.20 0975 0.302 ND 0.357
CE3 Blue/E 0.622 ND 0 1.49 385 0.237 ND 0.430
CE4 Green/E 0353 ND 0 0.928 222 0.144 ND 0.263
CES Orange/E  0.392 ND 0 1.10 0.344 0.112 ND 0.269
CE6 Purple/E 0.517 ND 0 223 0953 0.227 ND 0.362
Average 0.489 0.027 159 170 1.17 0.19 0.143  0.468
SD 0.202 0.049 1.76 0906 1.18 0.082 0.044 0.208
Maximum 0962 0.147 687 476 435 0327 0.169  0.888

Arsenic content in the investigated samples was in the ranges of 1.67-5.78 and
0.246-0.9619 mg kgL, for pencils and crayons, respectively. With exception of
two samples of pencils of different manufacturers (F and D), both of purple color,
CPF6 (5.78 mg kg!) and CPD6 (4.15 mg kg 1), arsenic concentration was below
the allowable limit of 3.8 mg kg! in all others.”
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TABLE III. Toxic elements concentrations (mean value n = 3 determinations; mg kg'!') in
colored pencils samples of different manufacturers (B, D, E, F, and G) after microwave
assisted acid digestion and artificial saliva extraction with summary statistics; the concen-
trations of Sb (total content), Cd, Ni and Sb (artificial saliva extracts) were below the method
detection limits and from that reason not presented

Method
Color/ . . ———— —— . .
Label manufacturer Microwave assisted acid digestion Artificial saliva extraction
As Cd Pb Cr Ni As Pb Cr

CPF1 Yellow/F  0.505 0.111 1481 3.58 0.375 0.233 0.18 0.945
CPF2 Red/F 0.538 0.087 0957 124 0419 0.245 ND 0.259
CPF3 Blue/F 1.34 0.071 8415 226 2.06 0.623 0220 0.731
CPF4 Green/F 0.405 0.076 0.678 1.77 1.61  0.139 ND 0.637
CPF5 Orange/F  0.445 0.082 1.021 399 0.846 0.176 0.186 0.974
CPF6 Purple/F 578 0.615 8.613 1.82 3.61 2509 0779 0.532
CPBI Yellow/B  0.599 0.113 1.165 127 0.532 0.163 ND 0.348
CPB2 Red/B 0.423 0.085 0.524 1.15 0466 0.125 ND 0.467
CPB3 Blue/B 0.492 0.089 0.75 0.915 0.402 0.170 ND 0.246
CPB4 Green/B 0.589 0.103 0.951 0.637 0423 0.24 ND 0.179
CPB5 Orange/B  0.442 0.107 0942 2.62 0.532 0.184 ND 0.490
CPB6 Purple/B 1.04 0.1 0914 502 0745 0471 0208 0.692
CPDI Yellow/D  0.652 0.079 1.760 484 292 0227 ND 0.558
CPD2 Red/D 0.213 0.078 0.543 2.01 1.01 0.081 ND 0.671
CPD3 Blue/D 0.602 0.080 0.705 1.54 1.81 0.247 ND 0.597
CPD4 Green/D 0.691 0.070 2.561 2.72 240 0292 0.699 0.586
CPD5 Orange/D 0439 ND 1.517 459 248 0.168 ND 0.736
CPD6 Purple/D 415 0.075 4.623 1.60 0.695 1.814 ND 0.620
CPEl Yellow/E 1.64 ND ND 0.818 0.222 0433 ND 0.285
CPE2 Red/E 1.14 0.127 3311 3.85 328 0413 0525 0.793
CPE3 Blue/E 1.04 ND ND 1.94 0.795 0.246 ND 0.257
CPE4 Green/E .22 0.081 1.878 0.988 0.036 0.476 ND 0.248
CPES Orange/E 1.12  ND ND 1.10 0.351 0.461 ND 0.236
CPE6 Purple/E 1.68 ND 0.055 136 0485 0.467 ND 0.326
CPGl Yellow/G ~ 0.412 0.033 0.393 11.17 6.63 0.136 0.107 1.94
CPG2 Red/G 0.286 0.039 0.185 944 562 0.097 0.042 1.99
CPG3 Blue/G 0415 0.071 7.946 998 226 0.164 0.198 2.24
CPG4 Green/G 0.370 ND ND 559 3.68 0.103 0208 0.804
CPG5 Orange/G 0339 ND 524 6.07 429 0.117 0.149  0.789
CPG6 Purple/G 1.06 ND 936 6.12 478 0.315 0.151 1.47

Aver. 1.002 0.079 222 340 186 0385 0281 0.722
SD 1.16 0.109 2.84 284 177 0511 0231 0532
Max 578 0.615 936 11.17 6.63 2.509  0.779 2.24

Arsenic is naturally present in a yellow pigment (orpiment), as arsenic sulfide
but its highest concentration was measured in purple color. In artificial saliva ext-
racts of crayon samples, manufacturers A and C, the concentrations of As were
below the detection limit, while 28.5 to 51.2 % of extracted As was found in the
rest of samples. In majority of extracts obtained from pencils As was extracted up
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to 46.7 %. It is noteworthy that two samples with total As contents exceeded the
allowed concentration (CPF6 and CPD6). In those samples the extracted portions
were 43.4 and 43.7 %. These concentrations were below the allowable limit.

According to the reported data, kaolinite (contains Pb) is usually used as a
component of children’s crayons8, but besides that, Pb compounds are commonly
used as pigments, for example: lead (II) chromates (yellow, orange, red, and
green), lead oxides (red), lead (II) carbonates (white lead) and lead molybdates
(red orange).8-32 Following the obtained results for the Pb content in crayon
samples, it can be observed that the concentration of this metal varies widely
among manufacturers (Tables II and III). For example, Pb concentration in all
samples of crayons by manufacturer E is below the detection limits, and for all
samples of crayons manufacturer B, Pb content is above the EU safety limit.
Lead was detected in all colored pencils, with exception of four samples (CPEI,
CPE3, CPE5 and CPG4) where it was below the detection limit. Some of the
samples (manufacturers F, D, and G) had several times higher concentrations
than permitted by EU regulative (CPF3 8.41 mg kg1, CPF6 8.61 mg kg~!, CPD6
4.62 mg kg1, CPG3 7.95 mg kg1, CPG5 5.24 mg kg~ and CPG6 9.36 mg kg~
1), Moreover, higher concentrations of this metal were founded in blue and
purple colors. According to an earlier legislation®, the lead content was below the
allowable concentration (13.5 mg kg!) for all manufacturers. However, when
updated and stricter regulations are applied, only manufacturer E met the require-
ment for wooden pencils and wax crayons. These results can suggest that price
and, in some cases, country of origin (directives that some country follow during
the manufacturing and distribution) of investigated samples are the most signific-
ant factors in potential health risk for children.

In general, lead exposure causes health problems but, more significant with
children mostly because of mouthing habits, and also due to facilitated gastroin-
testinal lead absorption.32 It is important to know that lead has a half-life of 35
days in erythrocytes, two years in the brain cells and decades in the bones, with
evidence of greater absorption in children compared with adults.33 According to
the reported datad safe concentration of Pb in the blood, without effect on the
children’s intelligence quotient (/Q), is 10 mg dl-!. In another study,® the ana-
lysis was done with 172 children aged 0.5-5 years. It was found that increase of
Pb concentration from 1 to 10 mg dI-!, reduces /Q for 7.4 units. It can be con-
cluded that there is no safe limit for lead, so control of its content in crayons, as
well as in other toys should be mandatory. The extracted portion of Pb in the
artificial saliva varies up to 47 %, independently on color or the manufacturer,
but none of the samples exceeded the allowable value.

Chromium concentrations were all bellow the allowable limits (0.6368—0.974
and 0.1632-4.76 mg kg~! for pencils and crayons, respectively). Also, it has been
observed that Cr in all samples is extracted in similar portions (20-30 %), but these

Available on line at www.shd.org.rs/JSCS/

(CC) 2022 SCS.



BIOAVAILBILITY ASSESSMENT OF TOXIC ELEMENTS 73 1

concentrations are far below the permitted values. According to the literature,
higher content of this metal was expected in the yellow and orange colors, because
of lead (II)-chromate, which is used as a basic pigment.5-3435 However, the
obtained results showed no correlation between Cr concentration and sample color.
Guney and Zagury3© reported that no one of 30 investigated metallic toys and
jewelry exceeds the EU limit for Cr. On the other hand, Cui et al.’ tested 45
children’s toys and jewelry for total and bioaccessible metal concentrations and
found that those items were significant source of Ni and Cr. They also emphasized
the importance and need for more strict regulation of Cr concentration in toys and
jewelry.

After a total digestion, Cd was detected in crayon samples of two different
manufacturers: B (all colors) and C (only red and blue crayons) in the concen-
tration range 0.032-0.147 mg kg!. In pencils, Cd was detected in range of
0.033-0.615 mg kg~! in the samples of all manufacturers except the manufac-
turer E. It is found that concentration of Cd in all samples was below the EU
limit (1.3 mg kg~1) and no significant correlation was noticed between color and
cadmium content. In artificial saliva extracts, concentration of cadmium was
below the detection limit for all investigated samples. With exception of four
wax crayons (CAl, CA3, CAS and CA6), nickel was founded in all samples, in
the range from 0.235 to 6.63 mg kg~! and below the EU safety limits. Concen-
trations of Ni in artificial saliva extracts were all below the detection limits.
Finally, concentration of Sb was below the detection limits, as well as below the
EU safety limits, for all investigated samples.

CONCLUSION

The results presented in this study are important for many reasons, mostly as
potential health risk for children as well as environmental issues. In general, total
TEs contents, and their concentrations in artificial saliva extracts, were higher in
colored pencils than in crayons, due to better dissolution of solid pigment core.
Total concentrations of TEs in pencils and crayons vary widely among manufac-
turers, and for some samples of colored pencils concentration of As and Pb
excided the levels permitted by EU legislative. Chromium and arsenic showed
the very high leaching potential in bioaccessibility study (around 30 %, on aver-
age), but regardless of the portion of extracted elements by artificial saliva, all
values were below the allowable limits. The differences between these two types
of coloring pencils are probably related to their material composition, type of
used pigments, and manufacturing process, but it was not possible to make some
valid correlation without specific information and knowledge of these para-
meters, indicating that more research, in this field, is needed. To our best know-
ledge, this is the first comprehensive study, of this type, in Serbia and tends to
contribute to the database of similar published reports in Europe.
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M3BOJ

TOKCHUYHH EJIEMEHTH Y BOITAHUM U JIPBEHUM BOJUITAMA 3A JELIY: [IPOLIEHA
BUOOOCTYITHOCTH

CBETJIAHA FOI'O MPAYEBUR', CJIABULIA PAXXHR', JEEHA TPUIIMR?, HUKOJIA MUTPOBHER?
u JAHUJEJIA BYKUR-ROCUR*
1Kau76gpa 3a ananuiiuuky xemujy, Ynugep3uitiel y beoipagy, ®@apmaueyiicku paxyniteit, Bojeoge Cilieiie
450, 11221 Beoipag, “Roche d.o.0., Munyimuna Munanxosuha 11a, 11000 Beoipag, *Ynusep3uiieid y
Beoipagy, @apmauyeyticku paxyniiewi, Bojsoge Citiesie 450, 11221 Beoipag u 4KaWegpa 30 WOKCUKOTIOTUJY
JAxagemux Januno Congaitiosuh”, Ynuseepsutieii y Beoipagy, @apmaveyicku paxyniieid,
Bojeoge Cuietie 450, 11221 Beoipag

YobuuyajeHa HaBHMKa AeLie a OJI0BKE KBahy WM Op)e yCTMMa MOXKe JIOBECTH 10 OCJIO-
Oahama eBEHTYaTHO MPUCYTHUX TOKCHYHUX eJeMeHaTa W HUXOBOT YHOLIEHa Y OpPraHH3aM.
BehrHa TakBHX enieMeHaTa, 3aXBabyjyhH BETUKOM KYyMYJaTHBHOM IOTEHLHjasTy, MpeACcTaB-
7pajy TIOTEHLMjaIHU PU3UK II0 37paBibe Hele oMeTajyhu, mpe cBera, BHUX0B KOTHUTHBHM Pas-
BOj. Ilvm oBog pana 6uo je onpehusame ykynHor cappxkaja As, Pb, Cr, Cd, Ni u Sb y y3op-
MMa IPBEHUX W BOIUTAHUX Dojulla, Te MpoLeHa HUXO0BE OMOJOCTYIHOCTU. MCIUTHBAHO je
ykynHo 60 y3opaka dojunia, pasnuuutux doja, 10 pasnuuuTUX IMpousBohayda. Y3opuu cy npu-
NpeMaHd MEeTOIOM MHKDOTAalacHe SUrecTHje, a 3a MpoLeHy OHOJOCTYIHOCTH NMpUMeEHkeHa je
eKCTpaK{ja BelTaukoM caluBoM. CagpiKaj UCTIUTHBAHUX elleMeHara je ogpehuBan MeTonom
WHIYKTHBHO CIIPErHyTe IUIa3Me ONTHYKe eMucHoHe crekrpomerpuje (ICP-OES). Ykymax
cafipXKaj CBUX HCIUTHBAHUX efieMeHara je duo Behu y IpBeHUM Hero y BOIITAaHUM Dojuniama u
MaKkCHMasHe HW3MepeHe KOHLleHTpanuje (mg kg’1) usHoce: 5,78 (As); 9,36 (Pb); 9,97 (Cr);
0,615 (Cd); 6,63 (Ni). Campxkaj Sb je 3a cBe HCITUTHBAHE y30pKe HIKH OJf TPAHHULIE JETEKLHje.
JodujeHu pe3yntaTd Cy Mokasand na KoHUeHTpauuja As u Pb y Hexkonuko y3sopaka Sojuna
HHUje y camiacHOCTH ca Baxxehom perynatiBom EBponcke YHuje. McnuruBame dMOJOCTym-
HOCTH TOKCHYHHUX €JIEeMeHaTa je mokasano ja cy As v Cr 1ako eKCTpaKTadWiIHM, alH Hesa-
BHCHO OfI IPOLIEHTa eKCTpaKLyje cafip’kaj CBUX UCIIUTHUBAHUX eleMeHaTa y eKCTpakTUMa Belll-
Tauke CaJIUBE je HWXHU O] J03BO/bEHUX BPEJHOCTH.

(ITpumssero 10. centemdpa, peBunupaHo 23. centemdpa, npuxsaheno 5. oxrodpa 2021)
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Abstract: The supercritical extraction process is a technique that has inc-
reasingly been applied in various industries in recent years. Solubility deter-
mination in the supercritical region is the key feature for this process. How-
ever, high expenses and time consuming experiments for this task obligates the
need for process modeling. In this study, a thermodynamic model is proposed
to correlate the solubility of solid hydrocarbons, namely, 1-hexadecanol, 1-oct-
adecanol, anthracene, benzoin, fluorene, hexamethylbenzene, mandelic acid,
naphthalene, palmitic acid, phenanthrene, propyl 4-hydroxybenzoate, pyrene
and stearic acid in supercritical conditions, using Peng—Robinson (PR) and
Soave—Redlich—-Kwong (SRK) equations of state with one-parameter van der
Waals (vdW1) and two-parameters (vdW2) and covolume dependent (CVD)
mixing rules. For the above combination of equations of state and mixing rules,
binary interaction parameters were determined, utilizing the differential evol-
ution optimization strategy. The validity of the model was assessed by com-
paring the experimental solubility data with the results obtained from thermo-
dynamic model based on average absolute relative deviation (4A4RD). An emp-
irical correlation was proposed for the correlation of the solid solubilities in
supercritical CO,. For each compound, the constants of this equation were
obtained in such a manner to correlate the solubility at different temperatures
and pressures.

Keywords: supercritical extraction; solid compounds; thermodynamic model-
ling; PR; SRK.

INTRODUCTION

Application of new technologies in different industrial processes has led to
increase in the yield of processes. The supercritical fluid extraction (SFE) process
is a technology of growing interest in recent years covering various industries,
such as food, pharmaceutical, chemical, perfume and essence.

* Corresponding author. E-mail: ameri@iaushiraz.ac.ir
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Application of SFE in separation processes results in reducing energy con-
sumption, extraction at ambient temperature, improving product quality and
being healthy, full extraction of solute from solvent by the change of pressure or
temperature and reducing environmental pollution.!

The relatively high density of supercritical fluids leads to high solubility of
heavy hydrocarbons in supercritical fluid (SCF), while their solubility in fluids in
the gaseous state is low. Despite this, the solubility of compounds in SCF dep-
ends on the solute and solvent properties. A supercritical fluid such as CO; plays
the role of solvent and dissolves a solid compound in itself. The solubility of
these solid compounds in CO, depends on temperature and pressure. This solu-
bility can be calculated using phase equilibrium relations by equations of state
and mixing rules for a mixture of solid and SCF.

One of the most important applications of the SFE process is the extraction
of heavy hydrocarbons from the solid phase using supercritical CO5. In order to
correlate the solubility of heavy components in supercritical CO,, the use of an
appropriate equation of state (EoS) and mixing rule are required. As a result, it is
important to verify which EoS and mixing rule could better correlate the solu-
bility and are in better agreement with the experimental data.

Chafer et al. proposed a thermodynamic model for the solubility of quercetin
in supercritical CO», using the group contribution equation of state (GC-EoS),
and the Soave-Redlich-Kwong (SRK) EoS. They used ethanol as a co-solvent.?
Yang and Zhong used the statistical associating fluid theory (SAFT) equation of
state with a one-parameter mixing rule.3 They modeled the solubility of aromatic
compounds in supercritical fluids. Schultz et al. predicted the solubility of hex-
ane in supercritical carbon dioxide with the virial equation of state (V EoS) and
calculated its coefficients up to fourth-order using Mayer-sampling Monte
Carlo.* Two sparse Bayesian methods were applied by Tarasova et al. to derive
predictive models of the solubility of organic dyes and polycyclic aromatic com-
pounds in supercritical carbon dioxide.> Zeinolabedini et al. correlated the sol-
ubility of mefenamic acid in supercritical carbon dioxide with four empirical cor-
relations, namely Chrastil, Mendez—Santiago—Teja (MST), Bartle and Kumar and
Johnston (K-J).® A model was proposed for the solubility of fifteen pharma-
ceutical compounds in supercritical carbon dioxide with the regular solution
model and the Flory—Huggins equation by Huang et al.” Chie-Shaan Su fitted the
experimental data for the solubility of some fatty acids in supercritical carbon
dioxide by using a two-parameter solution model developed from the regular
solution model coupled with the Flory—Huggins equation.8 Shojaee et al. correl-
ated the solubility data of carvedilol in supercritical carbon dioxide. Their model
was fitted using density-based semi-empirical models, namely Bartle et al., Men-
dez-Santiago-Teja, Chrastil and Kumar and Johnston.? Cheng et al. correlated
the solubility data of ergosterol in supercritical carbon dioxide at high pressures
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by the Schmitt-Reid and Giddings models.!0 A model was developed for drug
solubility in supercritical carbon dioxide using equation of state based on the the
hole theory with molecular surface charge density by Sakabe et al.ll Asgarpour
Khansary et al. developed a new model for the empirical prediction of solute
solubility in supercritical carbon dioxide.12 Li et al. investigated the solubilities
of organic compounds in supercritical CO; using a modified solution model and
expanded liquid model.!3

Due to the time-consuming and high expense of experimental measurements,
modeling of the solubility behavior of solid compounds is needed. In this study, a
thermodynamic modeling was performed to correlate the solubility of thirteen
solid compounds, namely, 1-hexadecanol, 1-octadecanol, anthracene, benzoin,
fluorene, hexamethylbenzene, mandelic acid, naphthalene, palmitic acid, phenan-
threne, propyl 4-hydroxybenzoate, pyrene and stearic acid under supercritical
conditions, in the range of 303.1-343.1 K and 52.1-574.8 bar for various solid
compounds, !0:14-21 ysing the PR and SRK equations of state with vdW1, vdW2
and CVD mixing rules. For the above combinations of equations of state and
mixing rules, binary interaction parameters were determined, utilizing the differ-
ential evolution optimization strategy. As a result, which EoS and mixing rule
could better correlate the solubility behavior of compounds in supercritical CO,
could be chosen. In addition, an empirical correlation is proposed for the cor-
relation of the solid solubilities in supercritical CO;. For each compound, the
constants of this equation were determined in such a manner to correlate the
solubility at different temperatures and pressures.

THERMODYNAMIC MODEL

One of the important issues in order to correlate the solubility of heavy hydrocarbons
from the solid or liquid phase in SCF is the proper selection of the EoS and mixing rule.
Authors have used different equations of state, such as Peng-Robinson (PR), Redlich-Kwong
(RK), perturbed-hard-chain, Carnahan—Starling—van der Waals (CS-vdW); and different mix-
ing rules such as van der Waals 1 (vdW1), van der Waals 2 (vdW2), Huron—Vidal, modified
Huron and Viddal of order 1 (MHV1), modified Huron and Viddal of order 1 (MHV2), group
contribution of the Vidal and Michelsen (GCVM), linear combination of the Vidal and Mich-
elsen (LCVM), Wong—Sandler (WS), Orbey—Sandler (OS) and covolume dependent (CVD).
In this study, the PR and SRK equation of states along with vdW1, vdW2 and CVD mixing
rules were used and a comparison was made with experimental data for thirteen heavy com-
pounds, namely, 1-hexadecanol, 1-octadecanol, anthracene, benzoin, fluorene, hexamethyl-
benzene, mandelic acid, naphthalene, palmitic acid, phenanthrene, propyl 4-hydroxybenzoate,
pyrene and stearic acid.22-23

Using phase equilibrium relations for a mixture of a solid and a supercritical fluid, Eq.
(1) was obtained:

fi =15 M
Subscript 2 represents the heavy component and /5 and £ are fugacities of the solid
compound and supercritical fluid, respectively. The solid phase is pure and nonideal behavior
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is for the supercritical fluid. Thus, the fugacity of the pure solid component, f>5, at a specific
pressure P and temperature T is calculated by Eq. (2):

V; ( P- stat )
s — Psat psats 2
S > @ exp{ RT (2)

where, P, and ¢, are representative of the saturation vapor pressure and saturation
fugacity coefficient of solid compound, 15% is molar volume of solid solute and P, T and R are
pressure, temperature and universal gas constant, respectively. Due to low vapor pressure of a
solid compound, ¢ is assumed to equal 1. On the other hand, the fugacity of a solid
compound in SCF, £,5¢ is obtained by Eq. (3):

Jrt = yaps P 3
where, y, and p,°°f represent solubility and fugacity coefficient of solid compound in SCF.

Now, with assumption of equilibrium between the two phases, by equating Egs. (2) and (3),
the solubility relation for solid compound in the SCF is given by Eq. (4):

~ Piat L VS(P—PQSH‘)
e ¢

P,% the vapor pressure of the heavy component, is calculated from the Antoine Equation.

The accuracy of the solubility calculation depends on the proper selection of the equation
of state and mixing rule for the calculation of ¢f The two parameters PR and SRK
equations of state can be written as in Eq. (5):

_RT a
v-b (V+¢b)(v+eyb)
where, a and b are constants of the equation of state and v represents the molar volume. The
constants of Eq. (5) for the PR and SRK equations of state and vdW 1, vdW2 and CVD mixing
rules are given in the Supplementary material to this paper.

The optimal values of these model adjustable parameters were obtained using the robust
population-based differential evolution (DE) method for experimental data points. The most
accurate combination of equations of states with the mixing rules, which leads to the least
“absolute average relative deviation” (44RD, Eq. (6)) of the results from experimental values
are reported.

®)

V. éxp — ) éalc
Yexp
where yiexp and ', are experimental and calculated solubilities, respectively and # is the
number of data points. The value of ¢f is identified with ¢ in Eq. (7).2* Considering a
mixture of solid compound and SCF for PR and SRK equations of states we have:

. b o b | Z+oB
ng =-n(Z-B)+2(z-1)+— | LA [ 2797
b BRT(¢,—¢,)| a b | Z+c,B
d; and I;i in Eq. (7) are derivatives related to the attractive and repulsive parameters of EoS
and can be calculated according to equations in the Supplementary material to this paper.
The compressibility factor value, Z, needed for calculation of ¢ is obtained from the EoS
using Egs. (8) or (9):
For PR EoS:

AARD = i[

i

lJloo (©6)

n

(N

Z2—(1-B)Z2+(4-3B>-2B)Z— (4B~ B>~ B3 =0 (8)
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For SRK EoS:
B-724+(AB-B)Z-A4AB=0 9
Parameters 4 and B are defined by Egs. (10) and (11):
aP
"R 1o
bP
B=— 11
RT (1)

The adjustable parameters in the mixing rules (ky, /;; and Mj;, see Supplementary mat-
erial) were fitted to the experimental data by the following objective function:

N i v )2
0F=Z[—y°“’ _ y““j (12)
i Y éxp

The physical properties of 1-hexadecanol, 1-octadecanol, anthracene, benzoin, fluorene,
hexamethylbenzene, mandelic acid, naphthalene, palmitic acid, phenanthrene, propyl 4-hydro-
xybenzoate, pyrene and stearic acid are given in Table I. Joback group contribution methods
were applied for the calculation of the critical temperature and pressure.25 The values of the
acentric factor were estimated using the Ambrose-Walton corresponding-state method.25 The
Molbase chemical E-commerce platform site was referenced for the introduction of the molar
volume of the solid compounds.

TABLE I. Physical properties of the studied compounds

Component T./K P_/bar ® V¥, / m3 kmol!
Carbon dioxide (solvent) 304.2 73.7 0.225 -
1-Hexadecanol 761 14.9 0.748 0.2965
1-Octadecanol 777 13.4 0.863 0.3330
Anthracene 869.15 30.8 0.353 0.1426
Benzoin 853.52 26.6 0.599 0.1620
Fluorene 826.4 29.5 0.406 0.1393
Hexamethylbenzene 758 24.4 0.515 0.1527
Mandelic acid 903.79 34.73 34.73 0.1170
Naphthalene 748.4 40.51 0.302 0.111
Palmitic acid 776 14.9 1.083 0.2857
Phenanthrene 882.65 31.715 0.437 0.182
Propyl 4-hydroxybenzoate 815.92 31.30 0.722 0.1316
Pyrene 936 25.7 0.509 0.1585
Stearic acid 779 13.4 1.084 0.3024
RESULTS AND DISCUSSION

The fitted binary parameters for modeling results and 44RD for the combin-
ation of PR or SRK EoS and three mixing rules are given for 1-hexadecanol,
1-octadecanol, anthracene, benzoin, fluorene, hexamethylbenzene, mandelic acid,
naphthalene, palmitic acid, phenanthrene, propyl 4-hydroxybenzoate, pyrene and
stearic acid at different pressures and temperatures in Table S-I (Supplementary
material) for the calculation of the solubility of heavy compounds in supercritical
CO».
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At higher temperatures and pressures for some compounds, the AARD
becomes greater. 1-Hexadecanol shows high errors at 318.1 and 338.15 K for
vdW1 and all temperatures of the CVD mixing rule. 1-Octadecanol does not
match well with the experimental data at 328.1 and 338.1 K for vdW1 and CVD
mixing rules. Antheracene shows acceptable AARD values at almost all tempe-
ratures and mixing rules. Benzoin compound depicts AARD less than 10 % at all
its data points. CVD mixing rule at 343.1 K for fluorene does not show tolerable
AARD. Although, other conditions are in an appropriate circumstances. Hexa-
methylbenzene is another solid compound with low values of AARD for all tem-
perature and pressure ranges and mixing rules. Only the vdW2 mixing rule
resulted in low A4ARD for mandelic acid, and vdW1 and CVD mixing rules did
not respond well for this substance. All temperatures of the vdW2 mixing rule
illustrate a low AARD for naphthalene.

However, the vdW1 and CVD mixing rules show good results only for
temperatures of 308.1 and 328.1 K. This model did not responded well for
palmitic acid and high AARD values were obtained at all temperatures and for all
mixing rules. On the other hand, the results of phenanthrene were in good
agreement with the experimental data and all AARD values were acceptable
enough over wide temperature and pressure ranges. Propyl 4-hydroxybenzoate
was also a compound with low A4ARD values, except at 328.1 K, which showed a
little higher AARD. Pyrene and stearic acid did not show low 44ARD values for
any mixing rules at 343.15 and 338.1 K, respectively. Moreover, some com-
pounds, such as 1-hexadecanol, 1-octadecanol, mandelic acid and palmitic acid,
showed greater deviation from the experimental data due to their chemical struc-
ture and intermolecular forces and bonds and irregular trend of experimental data
according to pressure. As they are alcohols and carboxylic acids and their —OH
and —COOH functional groups caused inappropriate A4RD values. For instance,
at higher pressures, the cubic EoS could not well predict the solubilities of solids
in SCF and this causes higher error values at high pressures. As the values of T,
P. and w are not from experimental data and have been calculated from correl-
ations, this also could be considered as another source of uncertainty of data
correlated by the proposed model. The results show that the PR EoS has more
accuracy than the SRK EoS at most data points. In addition, the vdW2 mixing
rule is more accurate than vdW 1, as was to be expected. Finally, the CVD mixing
rule revealed less accuracy compared with the other mixing rules. Comparison of
the AARD values for different compounds revealed that the applied thermodynamic
model was not satisfactory for four compounds, namely, 1-hexadecanol, 1-octadec-
anol, mandelic acid and palmitic acid and the calculated and experimental solu-
bilities deviate greatly. This could be due to their linear structure unlike the other
compounds that contain an aromatic ring in their chemical structure. This shows
that the proposed model could not well correlate the solubilities of hydrocarbons
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containing only a linear chain no aromatic ring. In almost most compounds, the
modeling results indicated less accuracy at higher temperatures. This fact could be
related to the non-ideality of the system due to the effect of factors such as mole-
cular weight and molecular interaction of solid compound and Brownian motion at
higher temperatures. The intermolecular forces are more dominant at higher pres-
sures and lower temperatures due to the reduced kinetic energy. As a result, the
non-ideality of the gas becomes more prominent. As the gas molecules would be
close to each other at low temperatures and reach conditions for converting into the
liquid phase. As a result, the physical and thermodynamic properties of the com-
pounds could alter the accuracy of the proposed model the base of which is theor-
etical.

A comparison of the calculated solubility results with the experimental
datal0.17.18.26 for some solid compounds in supercritical carbon dioxide is shown
in Fig. 1 for the PR EoS and vdW2 mixing rule at 308.15 K, for example. The
solubility of a solid compound in SCF increases with increasing pressure due to a
reduction of the intermolecular distance. This leads to increasing density of the
supercritical CO,. As a result, the solubility of a solid compound in SCF inc-
reases due to the higher solvating strength at higher pressures.

] A
3.104 2404 i A
X [ ] A Anthracene . 4 Fluorene
4+ 210 v | o 1604 u ]
= X i = " x  Propyl 4-Hydroxy
X . Benzoine T A ]
N k] BN = Benzoate
|l =
1.10 0.809 =
o —x—x—A—A ®  Pyrene " B Phenanthrene
x* 'Y
(X
010+ — 0,01 b XX . ;
80 160 240 320 400 480 20 160 240 320 400
P/ bar P/ bar

Fig. 1. Comparison of solubility of solid components in supercritical CO, using the PR EoS
and vdW2 mixing rule at 7= 308.15 K with experimental data!0.17.18.26
(symbols: experimental data, lines: calculated data).

Temperature has the same effect on the solubility of hydrocarbons in SCF as
pressure. The solubility increases with temperature at a constant pressure. Unfor-
tunately, the solvating strength decreased as the temperature increases due to inc-
reasing density. On the other hand, increasing the temperature favors the solu-
bility of a solid in SCF due to enhanced solid vapor pressure. The net effect of
these two factors is in favor of solubility improvement.

For compounds shown in Fig. 1, anthracene, benzoine, pyrene, fluorene, pro-
pyl 4-hydroxy benzoate and phenanthrene, it could be seen that the correlated
model results are in close agreement with the experimental data at most points.

A comparison of the results for different mixing rules with PR and SRK EoS
with the experimental data for phenanthrene at 308.15 K is shown in Fig. 2. It
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742 SETOODEH and AMERI

could be observed that the vdW2 mixing rule is better than the vdW1 rule and
then the CVD, and PR results are more exact than the SRK EoS results. This
trend holds for most of the data obtained from modeling.

® Experimental

0.0020 - PR VDWI

==
0.0015 1 g e PR VDW2
s
0.0010 1 J/-‘" PR CVD
00005 { ¥ ——-SRK VDWI1
0 . , . —--—SRK VDW2
50 150 250 350
SRK CVD

P/ bar

Fig. 2. Comparison of solubility of phenanthrene in supercritical CO, at 308.15 K for PR and
SRK EoS and three different mixing rules with the experimental data.!8

In this study, an empirical correlation was evaluated by Eq. (13), by fitting
experimental data for thirteen solid compounds at various temperature and
pressure conditions:

2
y= a+£+clnP+i + e(lnP)2 +f1n—P+£+h(ln P)3 +iM

T T2 r 73
where, a, b, ¢, d, e, f, g, h, i and j are the constants of the equation and 7 is in K
and P is in bar. This kind of equation with ten constants was chosen in order to
contain all compounds investigated in this study. The constants of the proposed
equation are given in Table II along with AARD and the R-squared values (r2) for

InP
— (13)
T

TABLE II. Constants of the correlated Eq. (13) from solubility data of different solid
components in supercritical CO,

Component a b c d
1-Hexadecanol 11.54705  —-1106.09888 —6.11915 —1684300.000
1-Octadecanol 58.09549  —47365.50854 —6.04540 12968094.14
Anthracene —0.08523 70.96200 0.00544 —17060.97261
Fluorene 0.02995 20.50137 —0.05487 25370.86890
Hexamethylbenzene —0.20310 383.07771 —0.14506 —98450.62687
Mandelic acid 0.43494 222.04041 —0.40145 —115354.7488
Naphthalene —778.75029  716040.4887 23.55648 —217758344.2
Palmitic acid 29.98129  —19851.83296 —5.71884 5389525.856
Phenanthrene —1.04090 938.09129 —0.00131 —286301.88
Propyl 4-hydroxybenzoate 0.17340 —1.833323 —0.10634 -30732.90725
Pyrene 0.18200 -117.85981 —0.03993 28506.07751
Stearic acid 26.55206 —18856.81082 —4.39775 4924193.745
Component e f g h
1-Hexadecanol 0.44706 2474.25705 295954000 —0.00422
1-Octadecanol 0.24566 3162.35737  —1212649300 0.00127
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Component e f g h
Fluorene 0.02569 -36.37337 -9020275.86 —0.00059
Hexamethylbenzene 0.04026 —24.61846 5557533.278 —0.00171
Mandelic acid 0.06161 57.53582 —1639495.818 0.00109
Naphthalene 0.64636  —16838.10238 21924540172 -0.01076
Palmitic acid 0.67430 1397.120595 —716773367.1 0.00626
Phenanthrene 0.00416 —2.44702 30967674 —-0.00044
Propyl 4-hydroxybenzoate 0.00868 40.690182 3269272.063 0.00037
Pyrene 0.00426 13.02016 —2736351.611 0.000070
Stearic acid 0.38118 1573.72658 295954000 —0.00422
Component i J No. of points AARD /% 2
1-Hexadecanol —120.32106 —204469.418 43 495  0.999
1-Octadecanol —85.97946 —-378429.2624 41 3.71  0.999
Anthracene —0.17868 1288.87653 140 9.78  0.997
Fluorene —5.31945 12796.2177 157 873  0.998
Hexamethylbenzene —4.64411 9827.18519 23 9.70  0.997
Mandelic acid —23.67834  27243.98579 21 8.84  0.998
Naphthalene —153.59875 2889216.912 66 941  0.997
Palmitic acid —251.28354  205916.2349 19 9.50  0.997
Phenanthrene 0.72572 —2029.6518 151 7.50  0.999
Propyl 4-hydroxybenzoate =~ —4.34060 101.23586 21 7.35  0.999
Pyrene -1.01282 —632.60526 142 538  0.999

each equation obtained from comparing experimental data and results of this
equation for several sets of data. As could be seen, the results are in good agree-
ment with the experimental data and the A4ARD is given for each set of data for
each component. Hence, in the absence of experimental data at different tempe-
ratures and pressures and due to high expense and time-consuming experiments,
the proposed equation could be used to obtain the solubility of the herein studied
solid compounds in supercritical CO, at different temperatures and pressures
with good accuracy and reliability.

As an example, the solubility data obtained from Eq. (13) for some of these
solid compounds namely, pyrene, anthracene, Mandelic acid and propyl 4-hy-
droxybenzoate, are compared with experimental data in Fig. 3, which shows that

the correlated results with proposed equation match well with experimental data.
CONCLUSIONS

In this work, a thermodynamic approach was applied for the calculation of
the solubility of heavy hydrocarbons in supercritical CO, using PR and SRK
EoS’s and three vdW1, vdW2 and CVD mixing rules. The results were in good
agreement with the experimental data reported for the specified temperature and
pressure ranges. The results showed that the points correlated using the PR EoS
were more precise than those using the SRK EoS for most points. Additionally,
the vdW2 mixing rule revealed the maximum accuracy followed by the vdW1 and
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NOMENCLATURE

. Furthermore, the solubility values increased with increasing
temperature and pressure. For each combination of equation of state and mixing
rule, the optimized binary interaction parameters were reported for different
n order to correlate the solubility of heavy compounds in
an empirical equation with 10 constants was evaluated and
proposed by fitting several experimental sets of data according to temperature
and pressure. The constants of this equation were given for the compounds inves-
tigated in this study in order to predict the solubilities of these thirteen solid com-
ther temperatures and pressures without need to perform expe-
riments. In the same manner, a separate empirical equation could be obtained for

AARD Absolute average relative deviations
ki Binary interaction parameter
OF  Objective function

l

i Binary interaction parameter

P, Critical pressure
n Number of points
P Saturation vapor pressure

vdW1 One-parameter van der Waals

PR Peng-Robinson
vdW2 Two-parameter

van der Waals

SCFs  Supercritical fluids

y Solubility of solid solute

SRK  Soave—Redlich-Kwong

yicalc Calculated mole fraction of component i

T, Critical temperature
Yep  Experimental mole fraction of component i
T; Reduced temperature
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<
S,

Fugacity coefficient of supercritical fluid
Compressibility factor

Saturation fugacity coefficient

Indicative of intermolecular attractive energy
Fugacity coefficient

Indicative of size of the molecule

Molar volume

Fugacity of solid

Molar volume of the solid solute
Fugacity of supercritical fluid

Acentric factor

=3

e T8 S Ny,

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/11074, or from the corres-
ponding author on request.

U3BOJ
KOPEJIMCAE PACTBOP/JBMBOCTHU UBPCTUX YITbOBOOJOHUKA Y HAOPKPUTUYHOM
CO; KOPUIIRELEM PA3JIMUUTUX JETHAUUHA CTABA U [TPABUJIA MEIIIAA

NARJES SETOODEH 1 ABOLHASAN AMERI
Department of Chemical Engineering, Shiraz Branch, Islamic Azad University, Shiraz, Iran

HapkpuTHyHa eKcTpakLdja ce MOCIeJHUX TOOWHA CBE BHIIE NPHUMEBYjE Yy pasHUM
WHYCTPUjCKUM TpolleciMa. JelaH oJf HajBayKHUjUX MapaMeTapa Koju je MoTpedHo ofpenuTH
3a OBe IPOLECE je pacTBOP/BMBOCT jefUIEHma y HAaOKPUTH4YHOj obmacth. Mehytum, ycnep
BHCOKHX TPOLIKOBA M TyrOoTPajHHUX eKCIlepHMeHarta jamiba ce 1moTpeda 3a onpehuBamem pac-
TBODJBUBOCTH MOJIEJIOBalkEM. Y OBOM pazy MPeIJIOXKeH je TepMOAWHAMHYKU MOJEN 3a Kope-
JMcakbe PacTBOP/BUBOCTH YBPCTHX YITbOBOJIOHUKA (1-XekcazekaHosa, 1-oKkTagekaHosna, aHTpa-
ueHa, 0eH3oMHa, yopeHa, XxekcaMeTUnOeH3eHa, DameMoBe KUCenuHe, HadTaneHa, NaJlMHU-
THUHCKE KHCEIHHe, (heHaHTpeHa, Mponul 4-xunpoben3odeH3omna, NUPeHa U CTeapUHCKE KUCe-
JIMHE) Y HaJKPUTHYHUM yciloBUMA, kopHuurhewem Peng—Robinson (PR) u Soave—Redlich—
—Kwong (SRK) jemHauuHe cTama, U HHUXOBUM KOMOHWHOBamEM Ca jefHOIAapaMeTapCkKUM
(vdW1), nBomapamerapckum (vdW2) van der Waals u (CVD) nmpaBuinMa Melrama. 3a HaBe-
IeHe KOMOUHALHje jefHauYHWHA CTaka U MpaBuUia Mellamka, OMHAPHU UHTEPAaKIIUOHU MapaMeT-
pu cy ogpeheHy onTMMH3aLXjoM, IPDUMEHOM aITOPUTMa JUdepeHLYjalHe eBoyuyje. Banum-
HOCT MOZena je yTBpheHa Ha OCHOBY alCOJyTHE BPEJHOCTH CPEJHEr NPOLEHTyalHOI pena-
THUBHOT ofctynawa (AARD), omHOCHO, mopehemeM eKkcnepuMEeHTaTHUX IofaTaka pacTBOP-
JBUBOCTH Ca pe3y/iTaTHMa NOOMjeHUM IPUMEHOM TepMOJWHaMHMYKOr mogjena. Takohe, Ha
OCHOBY pe3yTaTa, Npe/loXKeHa je eMIHUpHjCcKka Kopenaluja PacTBOP/BUBOCTH UBPCTHX YIThO-
BOJOHHMKA y HagkpuTuyHoMm CO:. JlobujeHe KOHCTaHTe NpenoXKeHe Kopenaluje Ce MOry
KODHCTHTH 3a ofipehuBame pacTBOP/BUBOCT Ha Pa3IMUUTHM TEMIIEpAaTypama U IPUTHCLIMMA.

(TTpumisero 17. aprycra 2021, pesuaupano 3 genembpa 2021, mpuxsaheno 15. janyapa 2022)
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The constants of PR and SRK equations of state are as below:
For SRK equation of state, ¢;=0 and c,=1.

a=a0[1+m(l—\/f)}2 (S-1)

22
a, =0.42748 RT, (S-2)
m=0.48+1.5740-0.1760" (S-3)
RT
b =0.08664 P° (S-4)

where, T., P. and w are indicative of critical temperature, critical pressure and
acentric factor. 7, and R are the reduced temperature and universal gas constant.
Similarly, for the PR equation of state, c;=1-2"? and cz=l+21/ 2,

azac[l—km(l—\/?r)]z (S-5)

22

a, =0.45724—= (S-6)

m = 0.37464 +1.542260—0.269920° (S-7)
RT

b =0.007780—= (S-8)
P

For a mixture of heavy component and SCF, the EOS parameters ¢ and b are
calculated by the following mixing rules:'
vdW1 mixing rule:

* Corresponding author. E-mail: ameri@iaushiraz.ac.ir
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G=ZZM%
[
b=2 b,
j

@i = 44; (l—k,j)

vdW2 mixing rule:
a= Zzyiyjaij
i
b= Zzyiyjbij
i
4 = 44; (1_kij>

bij=b’;b«" (1-1,)

CVD mixing rule:

M‘/
b
a= Zzyiyjaij (b_j
i j ij
b=> yh
]
alj =. ;aiaj

b, =/bb,

(5-9)
(S-10)

(S-11)

(S-12)
(S-13)

(S-14)

(S-15)

(S-16)
(S-17)

(S-18)
(S 19)

Where, y; and yj are the mole fractions of the components i and j, and &;; and
l; are the binary interaction parameters, and 1 and j refer to i"™ and j"™ compound in
the mixture. Mj indicates the adjustable parameter in the CVD mixing rule. a;
and b; in equation (7) of the manuscript are derivatives related to the attractive
and repulsive parameters of EOS, which are calculated from the following

equations:
vdW1 mixing rule:

.| 9d(na) N
= —7 =2 ..
al |: al’l :|T,P,nj¢i ;yjalj

i

[;i — M =b,
on, T.P.n

1
SN

vdW2 mixing rule:
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N
a = [M} = 22 ya; (S-22)

ani T,Pn, 1

~ | d(nb N

n T.P.ny, J=1

CVD mixing rule:
a, = {M} = ZZ »4; (EJ + (Z - 1) ZZyiyjaijMij (EJ (S-24)
ani T,Pn, j=1 bij b i bij
b = 9(nb) =b, (S-25)
ani T,P.n,

The fitted binary parameters for modeling results and AARD for the
combination of PR or SRK EoS and three mixing rules are given for 1-hexa-
decanol, 1-octadecanol, anthracene, benzoin, fluorene, hexamethylbenzene, man-
delic acid, naphthalene, palmitic acid, phenanthrene, propyl 4-hydroxybenzoate,
pyrene and stearic acid at different pressures and temperatures in Table S-I for
calculation of solubility of heavy compounds in supercritical CO,.

TABLE S-I. AARD for the solubility of pure component in supercritical CO, with the
combination of three mixing rules and the PR and SRK EoS and optimized values of the
binary interaction parameters (k;, /; and M) for these EoS’s

Component: 1-Hexadecanol

Pressure range, Number of Mixing rule: vdW1
T/K bar points Ref. EoS ki AARD
Is PR 0.01587 48.906
381 S21-415d ! SRK 020536 51786
15 PR 0.04241 14.342
328.15 141.8-415.9 5 SRK 0.05924 15202
15 PR 0.08148 82.776
338.15 147.1-373 6 SRK 0.09667 86.544

Component: 1-Hexadecanol

T/K Pressure range, Mixing rule: vdW2 Mixing rule: CVD
bar ki I AARD M;; AARD
0.01572 0.09993 12.271 0.84757 55.306
318.1 >2.1-415.1 0.15127 0.25232 15.270 0.89164 55.306
0.04209 0.06995 13.290 0.85462 50.206
328.15 141.8-415.9 0.06198 0.09457 13416 0.87767 52.505
0.08308 0.15000 10.780 0.98826 100.204
338.1 147.1-373 0.14340 0.17999 11.032 0.91475 105.040

Component: 1-Octadecanol

Pressure range, Number of Mixing rule: vdW1

T/K bar points Ref. FoS ki AARD
16 PR 0.15736 8.756

318.1 1524379 4 SRK 0.18064 10.970
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16 PR 0.19985 69.686
328.1 139.9-447.7 7 SRK 022394 72 450
16 PR 0.13451 70.238
338.1 145.8-452.8 6 SRK 0.14392 74256
Component: 1-Octadecanol

T/K Pressure range, Mixing rule: vdW2 Mixing rule: CVD
bar kii lii AARD M AARD
0.01604 0.05836 2.756 0.89275 10.044
318.1 152.437.9 0.10013 0.13714 4.128 0.91746 14.206
0.13672 0.22387 7.128 0.93276 84.947
3281 139.9-4477 0.14236 0.23713 11.239 0.97265 85.283
0.15219 0.21613 8.237 0.98735 88.385
3381 145.8-452.8 0.16513 0.21624 9.023 0.98725 80.039

Component: Anthracene

Pressure range, Number of Mixing rule: vdW1
T/K bar points Ref. EoS ki AARD
24 PR 0.06689 14.106
303.1 104.3-414.5 4 SRK 0.07081 231
17 PR 0.06627 27.724
308.0 104.3-276.7 5 SRK 0.07145 31244
18 PR 0.23268 6.294
308.1 120-350 6 SRK 0.15031 8.859
19 PR 0.25591 7.764
3131 100-200 7 SRK 0.17976 10.071
17 PR 0.07212 14.413
318.1 104.3-276.7 6 SRK 0.07588 13584
24 PR 0.07064 23.709
323.1 90.6-414.5 10 SRK 0.07116 30354
24 PR 0.07226 12.258
343.1 118.1-414.5 9 SRK 0.06983 13.430

Component: Anthracene

T/K Pressure range, Mixing rule: vdW2 Mixing rule: CVD
bar ki I AARD M; AARD
0.05597 89.99946 7.358 0.79824 16.310
303.1 104.3-414.5 5.83E-02 84.99995 12.202 0.89274 15.320
0.05411 0.13341 26.105 0.76264 30.029
308.0 104.3-276.7 0.05136 0.14497 27.607 0.79284 31.394
0.03878 0.07999 4.373 0.84463 7.020
308.1 120-350 0.07346 1.99830 6.685 1.04595 11.800
0.04999 0.10454 4.401 0.86808 17.117
313.1 100-200 0.09315 0.12673 9.229 1.12968 20.102
0.07639 0.09930 12.988 0.84728 15.094
3181 104.3-276.7 0.08054 0.11931 12.429 0.87163 14.292
0.05834 0.14067 20.872 0.91273 23.695
3231 90.6-414.5 0.05316 0.16772 25.762 0.88264 29.290
0.06244 0.14487 10.054 0.78216 13.395
343.1 118.1-414.5 0.05683 0.16436 10.844 0.81738 15.204

Available on line at www.shd.org.rs/JSCS/

(CC) 2022 SCS.



SUPPLEMENTARY MATERIAL

Component: Benzoin

S241

Pressure range, Number of

Mixing rule: vdW1

T/K bar points Ref. EoS ki AARD
25 PR 0.10237 5.317

308.1 121.6-236.1 6 SRK 0.11717 5915
25 PR 0.11718 6.383

318.15 111.3-241.9 7 SRK 0.09175 6.014
25 PR 0.12747 8.264

328.1 114.8-244.3 6 SRK 0.13473 776

Component: Benzoin
T/K Pressure range, Mixing rule: vdW2 Mixing rule: CVD

bar ki I AARD M; AARD

0.09372 0.16382 4.183 0.81265 6.024

308.1 121.6-236.1 0.12175 0.15172 5.128 0.71636 6.847
0.10983 0.13286 5.185 0.87264 8.305

318.1 111.3-241.9 0.08617 0.17648 3.836 0.83764 7.430
0.11364 0.16353 7.763 0.80373 10.295

3281 114.8-244.3 0.14524 0.15473 6.263 0.81646 9.205

Component: Fluorene
Pressure range, Number of Mixing rule: vdW1

T/K bar points Ref. EoS ki AARD
24 PR 0.12918 12.481

303.1 83.6-483.5 ’ SRK 0.19448 18.104
2 PR 0.15221 15.929

308.1 83.7-414.5 6 SRK 0.15728 24.671
21 PR 0.12756 10.473

308.2 78.3-203.5 47 SRK 0.13139 10.986
2 PR 0.13105 12.054

308.2 83.6-4834 ! SRK 0.13889 14.129
19 PR 0.16936 6.369

3131 100-200 > SRK 0.17854 7.827
21 PR 0.28537 10.477

318.2 85-254 21 SRK 0.26448 12.685
24 PR 0.13858 25.059

323.15 69.9-414.5 9 SRK 0.16692 9,287
24 PR 0.14536 27.494

343.1 104.3-483.4 7 SRK 0.15939 30209
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Component: Fluorene

Pressure range,

Mixing rule: vdW2

Mixing rule: CVD

T/K bar ks I AARD M;; AARD
Y PV R R VR
0815 $I4S gisie g o049 tooos a4t
082 IS ghe om0y 0sm oo
082 W64 giol oowons 0w lots e
L T v ¢ R S R Y < VR
382 829 glgsr  oimam a9 Lo 14
R S
M1 144 (s oasos 105 0so0m  4sas
Component: Hexamethylbenzene _
W 9 7 Y Sk oims 1000
wsis 15030 4 © SRk iy iaso
3231 69.9-345.6 10 2“ SI;I; 8:1;32(2) }i;ggz
1 BTaBs 10 Y Sk oums isses
Component: Hexamethylbenzene

T/K Pressure range, Mixing Rule : vdW2 Mixing rule: CVD

bar kij Ly AARD M;; AARD
0.1 99356 glons  oais 730 oosies  i1ols
081 10350 i onge 730 ooy i
B0 9SS ohein  ooois 9939 oSewe  le1s
M1 BIADS hie  oiess 181 Loss 109

Component: Mandelic acid _

/K Pressugzrrange, ng'g})rirs of Ref. EoS M]Zﬂng rule: \ZIJXVRID
T R R
3181 102.3-225.7 7 » SI;}( 8:8;;?? ;’;g%
281 10442306 9 T O v
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Component: Mandelic acid

T/K Pressure range, Mixing Rule : vdW2 Mixing rule: CVD
bar ki; I;; AARD M, AARD
0.18347 0.41843 12.304 0.69294 57.303
308.1 101-228.5 0.08035 0.37998 12.999 0.65123 60.202
0.17476 0.37592 14.437 0.68871 35.203
318.1 102.3-225.7 0.08656 0.39999 13.059 0.69012 40.227
0.16832 0.41847 12.448 0.59283 33.203
328.1 104.4-230.6 0.16482 0.43284 10.403 0.61385 32.403
Component: Naphthalene
T/K Pressure range, Number of Mixing rule: vdW1
bar points Ref. EoS ki AARD
2 PR 0.09665 8.843
308.15 86.8-255.3 9 SRK 0.09987 5357
» PR 0.09852 23.707
328.1 82.2-287.8 16 SRK 0.09921 21278
2 PR 0.10633 38.764
3335 82.2-291.4 19 SRK 0.10529 30.104
2 PR 0.11224 22.926
338.0 165-252.4 ! SRK 0.11127 31.287
Component: Naphthalene
T/K Pressure range, Mixing rule: vdW2 Mixing rule: CVD
bar ki I AARD M; AARD
0.10868 0.49998 3.237 0.99272 9.101
308.1 86.8-255.3 0.10679 0.25133 4.244 0.82826 7.494
0.00309 0.24324 11.385 0.82716 25.209
328.1 82.2-287.8 0.02585 0.20343 7.491 0.84374 26.303
0.15622 0.18057 5.390 0.60929 41.304
3333 82.2-291.4 0.08823 0.25722 7.044 0.62847 45.339
0.07404 0.22484 2.786 0.78284 24.203
338.0 165-252.4 0.082027 0.25373 3.539 0.7182 35.294
Component: Palmitic acid
Pressure range, Number of Mixing rule: vdW1
/K bar points Ref. EoS k;; AARD
15 PR 0.04015 46.881
318.1 142.1-360.6 5 SRK 0.06423 55141
15 PR 0.03676 104.982
328.1 144.1-573.5 7 SRK 0.06380 101.197
15 PR 0.04938 111.431
338.1 142.5-574.8 7 SRK 0.07862 94291
Component: Palmitic acid
T/K Pressure range, Mixing rule: vdW2 Mixing rule: CVD
bar ki I; AARD M; AARD
0.01054 0.19484 34311 0.76725 51.045
31815 142.1-360.6 0.04610 0.24637 36.403 0.79135 52.037
0.07827 0.15737 45.302 0.79274 110.04
328.1 144.1-573.5 0.00793 0.16810 47.148 0.71546 113.504
0.05169 0.17383 35.492 0.82725 150.023
3381 142.5-574.8 0.09273 0.18393 37.428 0.87146 155.303
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Component: Phenanthrene

T/K Pressure range, Number of Mixing rule: vdW1
bar points Ref. EoS ki AARD
2 PR 0.11939 6.303
303.1 80.9-414.5 8 SRK 0.13847 7493
18 PR 0.12802 7.910
308.1 100-350 7 SRK 0.13311 5.969
21 PR 0.13029 12.493
308.2 78.3-203.5 47 SRK 0.12948 11.874
19 PR 0.11282 15.303
3131 100-200 > SRK 0.10943 20.202
26 PR 0.12060 12.817
3181 101-201 > SRK 0.12734 13.727
21 PR 0.09237 16.193
3182 93-254 20 SRK 0.13857 16.094
2 PR 0.13193 14.978
323.1 104.3-414.5 6 SRK 0.13346 10.992
21 PR 0.09937 12.048
3282 90-243 23 SRK 0.12847 13.857
2 PR 0.13757 15.303
343.15 104.3-414.5 7 SRK 0.14828 14.049

Component: Phenanthrene

T/K Pressure range, Mixing rule: vdW2 Mixing rule: CVD
bar kii lii AARD M AARD
0.13734 0.02857 6.304 1.01838 7.409
303.1 80.9-414.5 0.16657 0.03827 7.000 1.12743 13.102
0.10240 0.07309 6.692 1.10348 18.912
308.1 100-350 0.13357 0.16339 6.046 1.14257 14.385
0.19245 0.00002 10.019 0.93473 15.202
308.2 78.3-203.5 0.20103 0.01833 11.303 0.94637 17.101
0.02938 0.38287 8.028 0.91636 20.202
3131 100-200 0.19373 0.01736 9.038 0.93727 22.371
0.14274 0.06999 6.992 1.10338 14.234
31815 101-201 0.12682 0.05727 13.724 1.21212 47.381
0.07173 0.02748 12.203 0.81636 18.202
318.2 93-254 0.08273 0.01384 10.039 0.87463 17.209
0.10240 0.07309 6.692 1.10297 25.202
3231 104.3-414.5 0.12682 0.11938 9.652 1.39386 26.302
0.05663 -0.09983 8.0384 0.93874 18.503
328.2 90-245 0.02348 0.18373 12.393 0.91837 17.493
0.07263 0.08726 12.394 0.82737 22.224
343.1 104.3-414.5 0.07282 0.09826 13.928 0.82747 23.290
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Component: Propyl 4-hydroxybenzoate

Pressure range,

Number of

Mixing rule: vdW1

T/K bar points Ref. EoS ki AARD
25 PR 0.12737 10.2937
308.15 94.1-220.9 7 SRK 0.14829 16.293
25 PR 0.15828 14.203
3181 96.8-214.7 7 SRK 0.12848 15.238
25 PR 0.15838 19.230
328.1 105.1-220.2 7 SRK 0.17683 21,103
Component: Propyl 4-hydroxybenzoate
T/K Pressure range, Mixing rule: vdW2 Mixing rule: CVD
bar ki I AARD M; AARD
0.20193 0.19383 6.403 0.86253 15.204
308.1 94.1-220.9 0.27467 0.17472 7.302 0.81543 14.204
0.21737 0.18237 9.129 0.79384 13.204
3181 96.8-214.7 0.21384 0.19438 10.39 0.81264 16.204
0.28577 0.20194 18.303 0.83727 22.405
3281 105.1-220.2 0.21747 0.17436 20.203 0.87464 26.304
Component: Pyrene
Pressure range, Number of Mixing rule: vdW1
T/K bar points Ref. EoS ki AARD
21 PR 0.17473 15.393
308.2 80.4-203.5 45 SRK 0.15177 14203
2 PR 0.14900 14.126
308.2 83.6-4834 ! SRK 0.16027 16.301
21 PR 0.11393 10.934
3182 93-254 20 SRK 0.12859 11.304
24 PR 0.142989 23.531
323.15 104.3-483.4 7 SRK 014786 78,384
21 PR 0.12848 8.282
3282 105-245 20 SRK 0.15626 7.827
24 PR 0.17827 34.283
343.1 104.3-483.4 8 SRK 0.19383 37292
Component: Pyrene
T/K Pressure range, Mixing rule: vdW2 Mixing rule: CVD
bar ki I AARD M AARD
0.19193 0.17736 13.102 0.93736 18.403
308.2 80.4-203.5 0.18436 0.16382 13.872 0.89273 16.302
0.13469 0.16226 12.638 0.91920 18.102
3082 83.6-483.4 0.14892 0.29847 15.392 0.93747 20.102
0.18943 0.09848 9.029 0.96282 11.103
3182 93-254 0.15839 0.11483 10.903 0.92726 13.203
0.12978 0.15030 12.550 0.90283 28.039
323.1 104.3-483.4 0.13718 0.49999 18.922 0.89293 36.304
0.17837 0.13727 7.928 0.96635 11.048
328.2 105-245 0.18173 0.17165 6.239 0.92374 9.093
0.26473 0.20198 26.303 0.89276 35.34
34315 104.3-483.4 0.21283 0.26438 30.202 0.80837 40303 |
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Component: Stearic acid

Pressure range,

Number of

Mixing rule: vdW1

T/K bar points Ref. EoS ki AARD
16 PR 0.05372 17.309
318.1 145.4-361.5 6 SRK 006338 16.093
16 PR 0.078283 25.320
328.1 154.8-467.5 6 SRK 0.04829 32202
16 PR 0.00017 41.039
338.1 161.5-463.8 5 SRK 0.01736 40293
Component: Stearic acid

T/K Pressure range, Mixing rule: vdW2 Mixing rule: CVD
bar ki I AARD M; AARD
0.01837 0.01288 10.010 0.89264 20.293
318.1 145.4-361.5 0.02913 0.00182 11.202 0.82615 21.303
0.09837 0.16373 16.028 0.79374 34.204
328.1 154.8-467.5 0.11433 0.26736 17.439 0.79832 40.203
0.11284 0.21938 20.202 0.81763 50.393
338.1 161.5-463.8 0.02737 0.32278 21.239 0.89274 49.202

Available on line at www.shd.org.rs/JSCS/

(CC) 2022 SCS.






Journal of
the Serbian
Chemical Society

JSCS-info@shd.org.rs « www.shd.org.rs/JSCS
J. Serb. Chem. Soc. 87 (6) 749-760 (2022) Original scientific paper
JSCS-5555 Published 18 February 2022

Influence of boron doping on characteristics of glucose-based
hydrothermal carbons

ANA M. KALIJADIS!, MARINA M. MALETIC?*#¥ ANDELIKA Z. BJELAJAC23,
BILJANA M. BABIC4 TAMARA Z. MINOVIC ARSIC! and MARIJA M. VUKCEVIC#

!Department of Materials ,, Vinéa” Institute of Nuclear Sciences — National Institute of the
Republic of Serbia, University of Belgrade, Mike Petrovica Alasa 12—14, 11000 Belgrade,
Serbia, 2Innovation Center of the Faculty of Technology and Metallurgy, Karnegijeva 4,
11000 Belgrade, Serbia, 3C2N — Centre for Nanoscience and NanoTechnology, University
Paris-Saclay, 10 boulevard Thomas Gobert, 91120 Palaiseau, France, *Institute of Physics —
National Institute of the Republic of Serbia, University of Belgrade, Pregrevica 118, 11080
Belgrade, Serbia and > Faculty of Technology and Metallurgy, University of Belgrade,
Karnegijeva 4, 11000 Belgrade, Serbia

(Received 11 October 2021, revised 30 December 2021, accepted 3 January 2022)

Abstract: In this study, the influence of boron doping on structural and surface
properties of carbon material synthesized by a hydrothermal method was inves-
tigated, and the obtained results were compared with the previously published
influence that boron has on characteristics of carbonized boron-doped hydro-
thermal carbons (CHTCB). Hydrothermal carbons doped with boron (HTCB)
were obtained by the hydrothermal synthesis of glucose solutions with different
nominal concentrations of boric acid. It was found that glucose based hydro-
thermal carbon does not have developed porosity, and the presence of boron in
their structure has insignificant influence on it. On the contrary, additional car-
bonization increases the specific surface area of the undoped sample, while an
increase in boron content drastically decreases the specific surface area. Boron
doping leads to a decrease in the amount of surface oxygen groups, for both,
hydrothermally synthesized and additionally carbonized materials. Raman ana-
lysis showed that the boron content does not affect a structural arrangement of
the HTCB samples, and Raman structural parameters show a higher degree of
disorder, compared to the CHTCB samples. Comparison of structural and sur-
face characteristics of hydrothermal carbons and carbonized materials contri-
butes to the study of the so far, insufficiently clarified influence that boron
incorporation has on the material characteristics.

Keywords: hydrothermal synthesis; boric acid; Raman analysis; specific sur-
face area; surface oxygen groups.
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INTRODUCTION

Carbon can be found in a wide variety of allotropes from crystalline (dia-
mond, graphite) to amorphous (carbon black, activated carbon, glassy carbon,
etc.). In the past decades, nanostructured forms of crystalline carbon have rec-
eived increasing attention due to their remarkable properties based on their unus-
ual physicochemical properties.!-2 The main disadvantage of using such crystal-
line nanocarbons for energy and environmental-related application is their high
production costs. This is related to the rather expensive precursors and catalysts
utilized, as well as to the complicated apparatus needed for their production nor-
mally involving high temperatures.

Conversely, hydrothermal carbonization has gained increasing attention in
the field of material science, since it can successfully exploit cheap and renew-
able biomass as the carbon precursor.3-6 In addition, hydrothermal carbonization
demonstrates the capability of producing highly functionalized carbon material
under a mild temperature (<200 °C) and self-generated pressure.”-8 The resultant
materials were solid hydrophilic carbon microspheres with abundant functional
groups on the surface. The characteristics of these microspheres, such as size,
microstructure, and crystallinity, are controllable by the synthesis process and its
respective experimental parameters.” It was reported that the sizes of the carbon
spheres from styrene as a precursor can be controlled quite well by adjusting the
pyrolysis parameters.!9 The carbon spheres obtained after pyrolysis showed a
higher carbonization degree than those obtained by hydrothermal carbonization
because the pyrolysis occurs at much higher temperatures.

However, just because of its low process temperature, the materials obtained
by hydrothermal carbonization have some limiting factors, such as low ash con-
tent, low porosity, low aromatic structure, and low recalcitrance,8 and the pos-
sibility to modify some of these properties is crucial for the expansion of its
application. One of the most important prerequisites for the successful perform-
ance of hydrothermal carbonization-based materials in various applications is
material functionality. Typical materials produced by hydrothermal carbonization
contain polar surface oxygen groups, such as —-COOH, —OH and —C=0.!! The
flexibility of hydrothermal carbonized materials is that groups present on the sur-
face can be further functionalized. Two of the most commonly used methods of
functionalization are: in situ functionalization and post-modification strategies.
Heteroatom doping represents one of the possibilities for obtaining functional-
ized material in situ in one-step (bulk/surface) functionalization.!2:13 Among
many heteroatoms, boron has been proved to induce interesting electronic pro-
perties to carbon materials.!4-17 Boron with its electrical structure shows a ten-
dency for substitution incorporation in carbon structure up to its solid solubility
limit. Above this limit, boron atoms have been shown to occupy interstitial posi-
tions in the lattice and have a disturbing effect on the structural properties.!® The
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FUNCTIONALIZATION OF HYDROTHERMAL CARBON 75 1

presence of substitutionally bonded boron atoms in a carbon structure inhibit the
C-0, reaction because boron acts as an electron acceptor, which could decrease
the electron density at the carbon crystallite edges and this consequently leads to
a reduction of both the number of active sites and the reactivity of these sites.!®
Nevertheless, a previous study showed that the number and nature of active sites
and, consequently, the formation of surface oxides are dependent on the distri-
bution of boron in the precursors.20.21

High-temperature treatment (HTT) of hydrothermally derived spheres repre-
sents one of the post-modification strategies that could lead to the removal of
most of the oxygenated groups and convert the structure into a turbostratic-like
disordered carbon structure with aromatic character and hydrophobic pro-
perties.!2 A previous study was focused on the characterization of boron-doped
hydrothermal carbon with post high temperature treatment.22 It was shown that
the synergy of boron doping and thermal treatment to 1000 °C facilitated the
preparation of a material with specific structural and surface chemistry character-
istics, which are crucial for the application of the obtained material as a carbon
paste electrode.

Many previous studies were focused on both applications and fundamental
aspects motivated by the interest in producing carbonaceous powders with
tunable sizes and surface properties.23-26 To the best of our knowledge, there is
no publication regarding the characterization of boron-doped hydrothermal car-
bons. Moreover, the influence that boron atoms have on the characteristics of car-
bon materials have not yet been fully clarified and, based on previous work,20-22
it could be quite different, depending on boron concentration and distribution in
the carbon material, the type of the carbon material and the stage of its modi-
fication. Considering these facts, the present study was aimed at the clarification
of the influence of boron doping on the structural and surface properties of
carbons synthesized by hydrothermal carbonization and the comparison of the
obtained results with previously published results that are related to carbonized
glucose based hydrothermal carbons. This comparison could provide a better
insight into the influence of B doping on the structural and surface characteristics
of carbon materials in the different stages of synthesis.

EXPERIMENTAL

To produce boron doped hydrothermal carbon (HTCB) samples, a 2 M aqueous solution
of D(+)-glucose was prepared. Boric acid was used as the source of boron and it was added to
the starting solution to obtain nominal boron concentrations of 0.0 (undoped sample), 0.2, 0.6
and 1.0 wt. %. After sealing, the autoclave was heated in a programmable oven for 24 h at
180 °C. The obtained samples were filtered, washed with distilled water and ethanol, and
marked as hydrothermally carbonized samples: HTCB,, HTCB ,, HTCB( ¢ and HTCB;.

In order to reveal the influence of boron doping on the surface and structural character-
istics of the hydrothermally synthesized carbons, the HTCB samples were characterized and
the obtained results compared with the previously published?? characteristics of boron-doped
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hydrothermal carbons, synthesized in the same way, subsequently carbonized in nitrogen to
1237 K, and marked as CHTCB,,, CHTCB,, ,, CHTCB 4 and CHTCB;.

Final boron concentrations were determined using inductively coupled plasma mass
spectrometry (ICP-MS, Agilent 7500ce) with a detection limit for B of 0.1 gdm?3. The
samples were prepared according to the preparation method described in the literature: the
samples were digested by fusing with sodium carbonate and dissolving the resulting melt in
water with a small amount of hydrochloric acid.!4

Raman spectra were taken with an Advantage 532 Raman spectrometer (DeltaNu Inc.)
by a frequency doubled diode pumped YAG type laser operating at 532 nm.

Surface structure and morphology were studied by scanning electron microscopy (Mira
Tescan X3).

Qualitative analyses of surface oxygen groups of samples were performed by Fourier
transform infrared spectroscopy (FT-IR, Bomem MB-Series, Hartmann & Braun). The FT-IR
measurements were performed at wavelengths in the range 4000 to 400 cm ™.

The specific surface area of the HTCB samples was analyzed using the Surfer (Thermo
Fisher Scientific, USA), and the mesopore surface and micropore volume were estimated
using the #-plot method.2” The tested samples were degassed at 100 °C for 4 h, and N, ads-
orption and desorption isotherms were obtained at the temperature of liquid nitrogen.

The Boehm method?® was used for the determination of acidic and basic oxygen groups,
present on the surface of the HTCB and CHTCB samples. For determination of the acidic
sites, small quantities (0.1 g) of HTCB and CHTCB samples were mixed with 10 cm? of base
solutions (0.1 M NaOH, 0.1 M NaHCOj; or 0.05 M Na,CO3) in 25 cm? beakers. The beakers
were sealed and shaken for 24 h. The solutions were then filtered and titrated with 0.05 M
H,SO,. Similarly, the basic sites were determined by mixing 0.1 g of the examined materials
with 10 cm? of 0.1 M HCI. The obtained solutions were titrated with 0.1 M NaOH.

RESULTS AND DISCUSSION

The presence of B in the structure of the examined samples was confirmed
by ICP-MS, and the results are given in Table I. Considering that for the B-doped
samples the initial concentrations of boron in the starting glucose solution were
0.2, 0.6 and 1.0 wt. %, it could be concluded that a considerable portion (60—72
%) of the boron atoms was incorporated into the HTCB samples. In contrast to
that, the boron content in carbonized samples was significantly reduced and
ranged from 0.09 to 0.19 wt.%,22 indicating that a significant amount of boron is
lost during thermal treatment. The results show that the content of dopant in the
carbon materials obtained by the subsequent carbonization is not proportional to
the concentration of dopant in the precursor. Furthermore, these results indicate
that the chemical bonds between the boron and carbon atoms within the HTCB
samples are quite weak, especially for the samples with the high nominal concen-
tration of boron (0.6 and 1.0 wt. %), since most of the boron atoms leave the
material during HTT, and only a small portion of the boron atoms manage to
create chemical bonds and incorporate into the the structure of the carbonized
material.

The SEM photographs of HTCB samples are shown in Fig. 1. In general, the
morphologies of all samples consist of carbon spheres with a smooth surface.
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The presence of 1.0 % of boron in the precursor solution induced a significant
increase in the particle size, as well as an increase in the inhomogeneity of the
size of the spheres.

TABLE I. Measured boron concentration and incorporation efficiency, and calculated Raman
spectra parameters for the HTCB samples

c B incorporation Peak position Bandwidth

Sample wt. % efﬁcig)lcy, o, Peak o cm! /lg

HTCB, — — D 1390 221 1.7
G 1608 136

HTCBy, 0.12 60 D 1389 218 1.7
G 1605 130

HTCBy ¢ 0.38 63 D 1382 220 1.6
G 1597 133

HTCB, 0.72 72 D 1389 221 1.6
G 1607 138

As was previously shown,29 more acidic conditions of starting glucose sol-
utions induced by the addition of the boric acid could cause am enhancement of
the hydrothermal reactions, which could induce particle condensation. The same
trend of increasing particle size with the nominal concentration of boron is main-
tained after high temperature treatment.22

(N S um Sum
— —

Fig. 1. SEM photographs of a) HTCB,, b) HTCB,) ,, ¢) HTCB 4 and d) HTCB;.

The structural characteristics of the HTCB samples were analyzed by Raman
spectroscopy. From the Raman spectra of the HTCB samples (Fig. 2), it could be
noticed that the D and G peaks, which are characteristic of the disordered carbon
structure, are very well defined.20-30.31 As previously shown,22 incorporation of
boron into the structure of CHTCB samples to a nominal concentration of 0.6 wt.
% induced some kind of structural ordering, but for the sample with a nominal
boron concentration of 1.0 wt. %, deterioration of structural parameters was obs-
erved as a result of the greater lattice point occupation by boron atoms. Never-
theless, the peaks of the HTCB Raman spectra are similar to each other and sig-
nificantly wide, which indicates a more disordered structure of the HTCB samples
compared to the CHTCB samples. In order to analyze changes in the bonding
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structure, Raman spectra parameters (peaks position, bandwidth and intensity, /p
and /g) were obtained by deconvolution of the spectra (not shown here), using
Gaussian fitting. Values of Ip/Ig (Table I) also confirm the higher degree of dis-
order for the HTCB samples compared to CHTCB. Namely, for CHTCB samples,
the values of Ip/Ig were in the range from 0.9 to 1.2, while for HTCB samples the
values were 1.6 or 1.7 and this difference is a direct consequence of the thermal
treatment up to 1000 °C, which involves the formation of a more carbonic structure
with a higher degree of structural arrangement.32-34 According to the Raman spec-
tra parameters, B incorporation does not affect the structural characteristics of the
HTCB samples.

1100 1200 1300 1400 1500 1600 1700 1800
HTCB,

\

.| HTCB,,

HTCB,

Relative intensity, a.u

HTCB,

)

L L L !

P

1100 1200 1300 1400 1500 1600 1700 1800
o -1 .

Raman shift, cm Fig. 2. Raman spectra of the HTCB samples.

Nitrogen adsorption-desorption isotherms for the HTCB samples, as the amount
of N; adsorbed as function of relative pressure at —196 °C, are shown in Fig. 3.

Adsorption —=—
Desorption —0—

—=—HTCB,
—e—HTCB,,
7 —a—HTCB,,

Fig 3. Nitrogen adsorption—desorption
isotherms obtained for the HTCB
samples.
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According to the IUPAC classification,3> the isotherms of the samples are of
type II. Reversible type II isotherms are correlated with nonporous or macro-
porous adsorbents. The shape of isotherms is a consequence of the multilayer
adsorption where thickness of the adsorbed multilayer sharply increases without
limit at relative pressures close to 1. Specific surface areas calculated by the BET
equation, SggT, volume of micropores, Vmicro, and mesoporous surface area,
Steso, are listed in Table II.

TABLE II. Textural characteristics of HTCB samples

Sample Sgpr/ m? gl Sineso / M2 g7 Viniero / 1073 cm? g1
HTCB, 9.87 6.24 0.54
HTCB,, 8.12 4.98 0.47
HTCBy 4.03 2.19 0.35
HTCB;, 4.98 2.93 0.39

The obtained SggT values lie within 4-10 m2 g-! for all the tested samples
and, along with other presented textural characteristics, confirm that the HTCB
samples are nonporous. The reason for this lay in the chemical processes that
follow hydrothermal carbonization, and involve carbonization and solubilization
of the organics. Through these processes, tarry substances are formed, leading to
plugging of the pores and cause the formation of carbon materials with closed
porosity and very small values of the BET surface area.36-38

The ASggT values, which represent the magnitude of the change in the SggT
values after thermal treatment of HTCB samples, are shown in Fig. 4 (ASBgT =
= SReT(CHTCBy) — SgeT(HTCBY)). A significant difference in the SggT values
before and after HTT, of almost 40 times, can be noticed for the undoped sample
(0.0 wt.% B). However, for B-doped samples, the differences in the Sgpt values
decrease drastically, without showing a strictly doping-level dependence, even
having a negative value for the sample with the highest nominal boron concen-
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Fig. 4. The differences in Sgpt
o 02 04 06 08 10 values induced by subsequent car-
Nominal boron concentration, % bonization of the HTCB samples.
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tration (1.0 wt.% B). Based on this comparative analysis, it seems that the ther-
mal treatment of undoped sample, HTCB, has an improvement effect on the sur-
face area and porosity. On the contrary, the presence of B in the HTCB samples
induced an inhibition of the development of the surface area for the final CHTCB
samples. This may be a consequence of the alterations in the chemical reactions
and processes, which follow the arranging carbon structure during carbonization,
along with boron atom diffusion and its packing into the pores.22-3%

Hydrothermally derived carbons are generally characterized with abundant
functional groups on their surface.#0 To analyze the type of surface oxygen
groups, FT-IR analysis of HTCB samples was performed, and FT-IR spectra are
shown in Fig. 5. The broard band between 3000 and 3700 cm™! is assigned to the
stretching vibrations of O—H (hydroxyl or carboxyl), and the bands around 2815
to 3000 cm™! are the characteristic stretching vibrations of aliphatic C—H. The
bands near 1706 cm™! and at 1622 ¢cm™! are attributed to C=O and C-C vib-
rations, suggesting aromatization of the samples during the hydrothermal treat-
ment.#1:42 The peak at 1384 cm™! is related to the deformation vibration of the
C-O bond in the carboxyl group,22 while the peaks in the range of 1300-1000
cm~! may originate from the stretching vibrations of the C—OH bond, or bending
vibrations of the O—H bond, indicating the presence of hydroxyl groups.2?2 The
peak at 797 cm! originates from the out-of-plane bending vibration of the aro-
matic C—H bond, while the peak at 1510 cm™! originates from stretching vibrat-
ions of the aromatic ring.43 It could be noted that the intensity of FT-IR spectra
bands decreases for samples with higher boron content. A similar phenomenon
was previously observed for carbonized HTCB samples.2? The reduction of the
content of surface oxygen groups related to the presence of B atoms in carbon
structure is a well-known phenomenon. One of the explanations for this pheno-
menon is the redistribution of charge in a carbon material, which occurs when
boron is substituted into its structure in a way to block the otherwise accessible
active sites, and protect them from interaction with oxygen.20:44
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4000 3500 3000 2500 2000 1500 1000  seo  Fig. 5. FT-IR spectra of the HTCB
Wavenumbers, cm’ samples.
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The Boehm method was used to determine the acid/basic character of the
HTCB samples, through the amounts of acidic surface oxygen groups (carboxyl,
lactone, phenol), and basic functionalities (chromene, ketone, and pyrone groups,
along with the delocalized m-electrons of graphene layers). The results obtained
by Boehm titrations (Table III) confirmed the influence that the incorporated
boron has on the content of surface oxygen groups, through the trend of decreas-
ing the number of surface oxygen groups with increasing boron content. The
obtained results showed that basic groups are dominant on the surface of both
HTCB and CHTCB types of samples. The total amount of functional groups pre-
sent on the surfaces of CHTCB samples was drastically lower, compared with
HTCB samples, which is the consequence of the applied thermal treatment, which
leads to the conversion of the more disorder (hydrothermal) carbon structure into
a carbon structure with more prominent aromatic character and hydrophobic
properties, characteristic for carbon materials obtained by carbonization.!2

TABLE III. Amount of acidic and basic surface oxygen groups for the HTCB and carbonized
HTCB samples

Sample Amount of acidic groups, mmol g!  Amount of basic groups, mmol g'!
HTCB, 1.142 4.695
HTCBy, 1.153 4.502
HTCBy ¢ 0.925 1.892
HTCB, 0.896 1.388
CHTCB, 0.162 0.187
CHTCBy , 0.038 0.066
CHTCBy ¢ 0.031 0.056
CHTCB;, 0.030 0.058
CONCLUSIONS

Hydrothermal carbonization of glucose in the presence of boric acid led to a
significant incorporation of boron atoms into the structure of hydrothermal carbon
samples. However, under the high-temperature treatment, most of the boron atoms
leave the material structure, due to the weak bonding established between boron
atoms and hydrothermal carbon structure. Boron addition of 1.0 % in precursor
solution induced significant enhancement of particles size, although high-tem-
perature treatment led to a decrease of the particle size as a consequence of mass
loss and shrinkage processes, which occur during the treatment. The number of
surface oxygen groups was reduced by incorporation of boron, and further, even
more reduced by additional high-temperature treatment. Raman analysis showed
that the boron-doped hydrothermal carbon samples are characterized by a lower
carbonic structure with a lower degree of structural arrangement without a clear
dependence between parameters values and boron content in the structure. Due to
the structural transition that occurs during high-temperature treatment, carbon-
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ized boron-doped samples show much higher values of the specific surface area
compared to the boron-doped hydrothermal carbon samples, but inversely pro-
portional to the content of boron, the presence of which has a strong inhibitory
effect on the development of porosity. Nevertheless, comparison of the results
obtained for hydrothermal carbons in different stages of synthesis suggest that
the presence of boron brings significant changes in the characteristics of the mat-
erial, hence boron doping represent an effective method for tailoring the struc-
ture, morphology, and surface properties of hydrothermally synthesized carbons.
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Technological Development of the Republic of Serbia (Contracts No. 451-03-9/2021-14/
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U3BOJI

YTULIAJ IOINTUPALA BOPOM HA KAPAKTEPUCTUKE XUJPOTEPMATHUX KAPBOHA
HA BA3U I'TTYKO3E

AHA M. KAJIMJATIUC', MAPUHA M. MAJIETUR?, AHBEJIUKA 3. BJEJTAJALL*?, BUJbAHA M. BABUR",
TAMAPA 3. MUHOBUE APCUR' 1 MAPUJA M. BYKYEBUR®
’ﬂaéopauiopuja 3a mawiepujane, Unciutiyw 3a HyKieapHe Hayxe Bunua-Unciuiiyw og HAYUOHATHOT
3nauaja, Ynueepsutieini y beoipagy, Muxe Ietiposuha Anaca 12—14, 11000 Beoipag, *Unosayuonu ueninap
Texnonouko—meiaanypuixoi paxyniieiia, Kapneiujesa 4, 11000 Beoipag, *C2N — Centre for Nanoscience
and Nanotechnology Universite Paris-Saclay, 10 boulevard Thomas Gobert, 91120 Palaiseau, France,
4Hch7uu7ym 3a pusuxy-HHCTUTY W 0g HAUUOHATHOT 3HAaudja, YHueep3uiiell y beoipagy, IIpeipesuya
118, 11080 Beoipag u 4Texuonom1co—memaﬂypm1cu Qaxyniuein, Ynueep3uiieii y beoipagy,
Kapueiujesa 4, 11000 beoipag

Y oBOM pafly MCIHUTaH je yTHLaj MHKOpIopaudje dopa Ha CTPYKTypDHE M MOBPLIMHCKE
KapaKTepUCTHKe xuaporepmanHux kapdoHa (HTCB), mobujeHmx XuppoTepMaaHOM Kapdo-
HU3alMjoM ITIyKO3e y NPUCYCTBY Pas3IMYMUTHX KOHLIEHTpaluja DOpHe KHUCelrHe, Kao MpeKyp-
copa bopa. H3BplleHa je MOBPIIMHCKA U CTPYKTypHa KapaKTepH3aldja MaTepujana, a Zo0u-
jeHu pesyntaTH cy ynopeheHM ca kapakTepuCTHKama HaKkHagHO kapbonusoBaHux HTCB.
PesynrtaTé cy nokasaay fja XUApoTepMalHU KapdoH Ha Dasu IIykose Hema pasBHjeHy II0p03-
HOCT, a TIPUCYCTBO DOpa y CTPYKTYPH OBUX MaTepHjaja HEMa 3HadyajHUjer yTULaja Ha CIELH-
¢uuny nospiiuHy. C mpyre crpaHe, nojaTHa kapdoHusanuja nosehasa crenuduyHy HOBp-
IIWHY HeNOMWpaHOr y30pKka, a mosehawe campskaja 6opa JOBOOW IO OPACTHYHOT CMamema
cnenuduyHe noBpluvHe. Jonupawme HOpPOM MOBOAU 10 CMamema KOJMWYMHE MOBPUIMHCKUX
KHCEOHUKOBHUX TpyTa, Kako KOJ XUIPOTEPMAJIHO CUHTETUCAHHX, TAKO U KOZ AOJATHO Kapbo-
HU30BaHUX MaTepujana. AHanmsaom PaMaHckux cnekrapa yTBpheHo je Aa cangpskaj dopa He
yTHYEe Ha CTPYKTYpHO ypeheme ysopaka HTCB, kao 1 na HaxHagHa KapOOHU3aLHUja OBOOH [0
nosehama ypehenoctu crpykrype. [lopeheme CTpyKTypHUX M INOBPIIMHCKUX KapaKTEPUCTHKA
XUIPOTEPMATHUX KapdoHA NOMWpaHUX OOPOM M HAKHAOHO KapDOHM30BAHWUX MaTepHjaia
IorpuHehe pasjaurmerny yTrllaja HHKOpIIOpauyje dopa Ha KapaKTePUCTHKe OBUX MaTepHjana.

(TTpumisero 11. okrobpa 2021, pesuaupano 30. nenembpa 2021, npuxsaheno 3. janyapa 2022)
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Abstract: The main goal of this work was to estimate the influence of carboxyl
and phenolic groups, as well as aromatic, aliphatic and polysaccharide compo-
nents, on the soil humic acids (HA) self-aggregation process. Soil HAs (lepto-
sol and regosol) were separated using base resin getting fractions with different
functional group contents. Blocking of carboxyl groups was performed using
the esterification procedure to estimate the participation of each functional
group in the HA aggregation. The presence of HA structural components was
evaluated by potentiometric titration and ATR-FTIR. The aggregation was
monitored at pH 3 using dynamic light scattering. Results indicated that the
higher group content, the HA aggregation is less pronounced. A significant
positive correlation of aliphatic C and aggregate size revealed their dominant
influence in the HA self-aggregation. A lower abundance of aliphatic C in HA
fractions could be considered as not sufficient to start the process. An increase
of aromatic C in esters likely pointed out to its participation in hydrophobic
bonding and, consequently, more pronounced aggregation. The relation of HA
self-aggregate size with carboxyl and phenolic group, as well as aliphatic C, at
low pH, could be considered universal regardless of the structural character-
istics of the original or modified HA forms.

Keywords: fractionation; esterification; carboxyl group; phenolic group; ali-
phatic C; aromatic C.

INTRODUCTION

Humic substances (HS), having significant environmental functions, are the
most important organic components present in water, soil, and sediments.! HS
affect the soil and water properties through their participation in the dynamic
processes where their constituent molecules interact with other molecules or ions
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(complexation/decomplexation), solid surfaces (adsorption/desorption) and among
themselves (aggregation/deaggregation).2

The concept of HS molecular organization is based on the main principles of
supramolecular chemistry, namely HS represents ensembles of relatively small
organic molecules.3 Humic acids (HA), as one of the HS fractions, behave as
molecular aggregates or supramolecular structures, formed from small individual
moieties.# The HA aggregation process depends on various environmental con-
ditions such as suspension pH, ionic strength, HA concentration, residence time,
type and concentration of organic and inorganic ions and presence of solid par-
ticles, efc., as well as on the HA structural properties (size, shape, conformation,
functional groups).4-6

Humic acids have a large number of reactive functional groups influencing
their environmental behavior. That is why the HA functional groups recently
became the subject of great research interest. Most of the studies are related to
their interaction with various organic and inorganic compounds in soil and water,
predominantly pollutants. Some articles are dealing with the role of reactive
functional groups in the HA aggregation process in the presence of ionic or mole-
cular species.”? Mecozzi and Pietrantonio!0 which suggested that, besides func-
tional groups, other HA structural components such as carbohydrates, proteins
and lipids also participate in the HA self-aggregation process. Chilom et al.1! and
Hoffman et al.1? emphasized that lipid HA components play a facilitative role in
the forming of HA aggregates. Hakima and Kobayash!3 concluded that a higher
aromatic content induces more pronounced HA self-aggregation.

As the complex nature of HA makes it difficult to get precise information on
their chemical structure and properties, their heterogeneity can be reduced by
separating them into various fractions.!4 Different types of HA fractionations
were performed in order to obtain fractions with various structural properties.
Size-exclusion chromatography and electrophoresis, as well as their combination,
are widely used for HA fractionation.!5 In addition to the above, other fraction-
ation methods were used such as such as reversed-phase high-performance liquid
chromatography, aqueous alkaline and organic solvent extractions, subsequent
dissolution in buffers adjusted to different pH and sequential dissolution in buf-
fers with increasing pH values, separation by secondary amine weak base resin
etc.11,14,16,17

To the best of our knowledge, the relation between HA self-aggregation and
their functional group content, although very important, was not comprehen-
sively studied. Additionally, despite the participation of other structural compo-
nents in HA self-aggregation has been previously studied, no unambiguous con-
clusions were drawn. Hence, the main goal of this work is to estimate the influ-
ence of carboxyl and phenolic groups as well as aromatic, aliphatic and poly-
saccharide components on the soil HA self-aggregation process. In order to achi-
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eve this, two soil humic acids of different origin were separated using base resin
thus getting fractions which have different functional group contents. To estimate
the participation of each particular functional group in HA aggregation, blocking
of carboxyl groups was performed using the esterification procedure. The pre-
sence of structural components in the original and modified HAs was evaluated
by potentiometric titration and/or ATR-FTIR spectroscopy. The aggregation pro-
cess was monitored using dynamic light scattering (DLS) measurements.

EXPERIMENTAL
Humic acid extraction

Rendzic Calcaric Leptosol humic acid (RCLHA) was isolated from soil classified as
Rendzic Calcaric Leptosol (Loamic),!® originating from Negotin, Serbia. The soil has deve-
loped on indurated limestone, at 199 m above sea level (MASL), area under forest. The soil
sample taken from the A horizon (0-25 cm depth) had the following characteristics: light clay
texture, 4.2 % CaCOs, pH 7.71, 6.25 % total organic C. Leptic Calcaric Regosol humic acid
(LCRHA) was isolated from soil classified as Leptic Calcaric Regosol (Loamic, Aric),!$ ori-
ginating from Stari Slankamen, Serbia, developed on sandy marl, at 187 MASL, area under
grassland. The soil sample taken from the A horizon (020 cm depth) had the characteristics
as follows: sandy loam texture, 14.78 % CaCOs3, pH 7.69, 4.31 % total organic C. Soil texture,
pH (soil/water = 1/2.5), carbonate and total organic C content were determined by common
methods.!®

Humic acid (HA) samples were isolated using a modified International Humic Substance
Society (IHSS) method (HA gel was dried at 35 °C, powdered, and sieved using a 0.05 mm
sieve).20

HA elemental composition was determined to be as follows: C 51.82 %, H 4.80 %,
039.98 %, N 3.40 %, for RCLHA and C 52.04 %, H 5.18 %, O 37.96 %, N 4.82 % for
LCRHA. Elemental composition was determined by using the elemental analyzer (CHNS 628,
LECO Corporation, St. Joseph, MI, USA) after drying the samples over P,O5 under vacuum.
Their percentage was calculated on an ash-free basis.

The IHSS standard humic acid (ESHA) was isolated from Elliott Soil.20 Elliott Soil is silt
loam, silty clay loam or loam, moderately acid to neutral. In this study, ESHA was used only
in its unmodified form.

Humic acid fractionation

HA fractionation was performed according to Lin et al.!® The secondary amine weak
base resin (Amberlyst® A21 free base, Aldrich Chemistry, Germany) was soaked with 10 %
NaCl (Kemika, Croatia) solution, left for two hours and used as a column (1.95 cm diameter,
27 cm height) package (approx. resin volume 80 cm?). The resin was washed using deionized
water.

HA water suspension (0.1 %) was initially adjusted to pH 7, stirred overnight at 25+2 °C
and pumped through a column at a rate of 4 mL min!. The effluent collected is termed as
fraction 1 (F1). After rinsing with deionized water, the resin was eluted with 1 M NaOH sol-
ution until the discoloration and fraction 2 (F2) were obtained. The resin was washed again
with deionized water and as HA was not completely eluted, 10 % NaCl solution was pumped
through the column eluting fraction 3 (F3). To precipitate all the HA fractions obtained, pH
was adjusted to <1, centrifuged (4000 rpm) washing it with 0.1 M HCI until Na* concentration
in filtrates was less than 0.1 ppm (determined by atomic atomic absorption spectrometry
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(AAS), AAnalyst 700, Perkin Elmer, USA). Precipitates were dried at 38 °C and used for
further analyses.

Humic acid esterification

To block HA functional groups, the esterification procedure proposed by Andjelkovic et
al.?! was modified as follows: 5 ml of thionyl chloride (Merck, Germany) was added dropwise
using a dropping funnel to a stirred HA solution (300 mg of HA in 12 ml of methanol (Merck)
at approximately 5 °C (ice-cooling) and the mixture was stirred for 3 hours at the same tempe-
rature. Afterwards, the reaction mixture was left overnight at 2542 °C to decompose excess
thionyl chloride. The HA suspension was centrifuged at 4000 rpm for 10 min and the preci-
pitated ester was washed using distilled water and 0.1 M HCI until the test for sulphates was
negative. The esterification procedure was repeated twice, and the final esterified products
(HA E) were dried at 38 °C overnight.

Elemental analysis (C, H, N and S)

The C content of HA samples was determined by the elemental analyzer (CHNS 628,
LECO Corporation) after drying the samples over P,O5 under vacuum, carboxyl and phenolic
group contents were calculated.

Attenuated total reflection Fourier-transform infrared spectroscopy (ATR-FTIR)

ATR-FTIR spectra of HAs in the 4000-400 cm! range were recorded by an Alpha spec-
trometer (Bruker, Germany, 4 cm! resolution, 64 scans). The air spectrum was used as back-
ground. Peak intensities were determined relative to the baseline dependent on the spectral
region. Baselines in the 37001800 and 30002800 cm™! range were used for 3283 and 2920
cm’! bands, respectively. Intensities of 1705, 1620, 1520, 1080 and 1030 cm™!' bands were
determined using the baseline between 1830 and 400 cm'l. Relative peak intensities of 3283,
2920, 1705, 1620, 1080 and 1030 cm’! bands were calculated by dividing peak intensity
values by that for the 1520 cm'! band.?? Each peak height was calculated as an average of two
replicates.

Acid-base titrations

The modified procedure of Ritchie and Perdue?® was used for acid-base titrations of HA
functional groups. HA suspensions (0.36 g L'!) were prepared in 10 mL of 0.1 M NaCl, after
which 0.2 mL of 0.1 M NaOH were added and left overnight to be completely dissolved. To
neutralize the added NaOH, 0.2 mL of 0.1 M HCl was added, and titrations performed using
the automatic titrator (Radiometer TTT85, Denmark). The previously calibrated (pH 4, 7 and
10 standard buffers) combined pH electrode (Radiometer PHC2601-8, France) was used to
monitor pH. Temperature was maintained at 25.00+£0.02 °C and the sample continually stirred
under a nitrogen atmosphere. The initial pH suspension was recorded. The NaOH titrant was
added in 7 pL increments (titration rate 12.5 pL min!) and the next titration step was not ini-
tiated until a pH value stable for 7 s (with drift of no more than 0.001 pH unit) was obtained.
Each sample was titrated from its initial pH (3.0 to 3.3) to maximum 10.5-10.7 pH within 25
to 35 min. Three replicate titrations were performed for each HA sample, fourth titration done
only if unusual pH behavior or equipment malfunction were noticed.

Dynamic light scattering

To perform dynamic light scattering (DLS) measurements, the HA suspensions (0.02 g
dm3) were prepared in 0.1 M NaCl to maintain the ionic strength constant. Their pH value
was adjusted to pH 10 using 0.1 and 1.0 M NaOH solutions and suspensions were equilibrated
for 72 h at 2542 °C and their pH values checked prior to the measurement. Due to pronounced
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HA aggregation at low pH values, alkaline suspensions were acidified to pH 3 by HCI (0.1
and 1.0 M) for further size measurements.

Size measurements were performed using a Zeta-sizer Nano ZS with 633 nm He—Ne
laser (Malvern Panalytical, Malvern, UK), and data analyzed by the Zetasizer Software ver-
sion 6.20 (Malvern Panalytical, Malvern, UK). Measurement details are presented in Jovano-
vié et al.* Absorbances of alkaline and acid suspensions at 633 nm, needed for size measure-
ments, were recorded by UV—Vis spectroscopy (Evolution 60s, Thermo Fisher Scientific,
Waltham, MA, USA).

The aggregate size for both HAs, esters and fractions was correlated to carboxyl and
phenolic group content (obtained by the titration method) using Origin 8.5.1 software.

RESULTS AND DISCUSSION
HA carboxyl and phenolic functional groups content

Carboxyl and phenolic group content, obtained by titration method, as well
as the most intensive peak in the PSD (d), are summarized in Table 1. With a goal
to separate carboxyl and phenolic functional groups, HAs studied were fraction-
ated using the secondary amine weak base resin. According to Lin et al.,16 HA
solution, after passing through the resin column, should contain a higher content
of carboxyl group (F1), while the phenolic group should be retained at the resin
and eluted with 1 M NaOH solution (F2). But, as in this study, HA was not com-
pletely eluted (the resin remained dark colored), 10 % NaCl solution was pumped
through the column obtaining fraction F3. It is evident from functional group
contents obtained by the titration method that the separation procedure used did
not completely fractionate humic acids into phenolic and carboxyl groups, as
already concluded by Lin et al.16

TABLE I. Functional groups content and the most intensive peak in particle size distribution
(d) of Rendzic Calcaric Leptosol (RCLHA), Leptic Calcaric Regosol (LCRHA) humic acids,
their fractions (F1-F3) and esterified forms (E), and THSS standard Elliott Soil humic acid
(EHA)

Functional group content, mqe gC-!

HA sample - d/nm log(d/nm)
Carboxyl Phenolic
RCLHA 10.8£0.2 2.8+0.7 515.0 2.712
RCLHA E 9.710.3 2.1+0.2 3265 3.514
RCLHA F1 10.410.4 2.71£0.04 873.7 2.941
RCLHA F2 14.8+4.3 4.8+1.2 31.71 1.501
RCLHA F3 15.5£0.7 4.620.7 9.290 0.968
LCRHA 8.211.2 3.0£1.1 32.66 1.514
LCRHAE 4.0£0.5 4.0£1.3 506.3 2.704
LCRHA F1 8.311.0 3.3£1.1 997.4 2.999
LCRHA F2 13.92 5.42 39.44 1.596
LCRHA F3 11.9+0.2 3.02+0.06 9.483 0.977
EHA 7.5£0.5 2.7%0.1 5180 3.714

?0One measurement due to small F2 quantity
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By comparing carboxyl and phenolic groups content in fractions and unfrac-
tionated RCLHA, a difference was noticed within measurement uncertainty for
F1, while increase was obvious for F2 and F3. Both functional group contents for
LCRHA and F1, within measurement uncertainty, remained unchanged. LCRHA
F2 and F3 revealed carboxyl group content increase in comparison to unfrac-
tionated HA and F1, while the phenolic group content was higher in F2 only. The
differences noticed between unfractionated RCLHA and LCRHA and their frac-
tions, as well as among fractions themselves, were even less significantly pro-
nounced in comparison to Lin et al.16

RCLHA E and LCRHA E were obtained using the esterification procedure.
According to Andjelkovic et al.2! the esterification resulted in carboxyl group
blocking. It is obvious that carboxyl group content was slightly lower in RCLHA
E, but remarkably lower in LCRHA E in comparison with non-esterified forms.

HA ATR-FTIR spectra

ATR-FTIR spectra are illustrated in Fig. 1, while some relative band inten-
sities (/) and aromaticity index values obtained by ATR-FTIR are depicted in
Table II. ATR-FTIR spectra of RCLHA, LCRHA, their fractions and esters as
well as EHA, with absorption bands typical of humic acids,?* had most of the
peaks in the same position but with different intensities. Spectra of RCLHA,
LCRHA and EHA were quite alike suggesting their similar structure.

> o & & $
T K08
i RCLHA
it LCRHA E
™\ RCLHA E
X i X i
N o : "™\ LCRHA F1
g R RCLHAF1 8 A
c " %
S A\ RCLHAF2 § LCRHA F2
<] 5]
[ (7
Q Q
< % <
N\ RCLHA F3 LCRHA F3
T T T : T T — T :‘I T T T ; T - T T T T
4000 3500 3000 2500 2000 1500 1000 500 4000 3500 3000 2500 2000 1500 1000 500
Wavenumber, cm™' Wavenumber, cm™'

Fig. 1. ATR-FTIR spectra of Rendzic Calcaric Leptosol (RCLHA) and Leptic Calcaric
Regosol (LCRHA) humic acids, their fractions (F1-F3) and esterified forms (E),
and THSS standard Elliott Soil humic acid (EHA).

The applied fractionation and esterification procedures obviously led to
structure changes and resulted in different band intensities of fraction and ester
spectra. A mutual comparison of the recorded spectra was done using relative
band intensities. Both F1 fractions did not undergo any changes in the relative
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abundances of either phenolic (/3773) or carboxyl C (/1795). In F2 fractions there
was an obvious increase of both functional group relative abundances, while in
both F3 fractions the carboxyl C relative abundance was higher. Both esters
underwent an evident increase in /1705 relative intensity due to the stretching vib-
ration of ester groups formed. For both HAs the aromatic C (/14»¢) relative abun-
dance increased in fractions and especially in esters. Regarding the aliphatic C
(1r923), it was noticed that relative abundance values are higher in esters and F1,
while a decrease was obvious in F2, and particularly in the F3 fraction. Regard-
ing polysaccharide C (/1989 and /1¢30), the relative abundance increased in order
F2 > E > F1 and decreased in F3 fraction.

TABLE II. Some relative band intensities (/) (to intensity of C=C aromatic band at 1520 cm'l)
and aromaticity index values of Rendzic Calcaric Leptosol (RCLHA), Leptic Calcaric Rego-
sol (LCRHA) humic acids, their fractions (F1-F3) and esterified forms (E), and IHSS stan-
dard Elliott Soil humic acid (EHA), obtained by ATR-FTIR (measurement uncertainty < 5 %)

HA sample L3 L3 T1705 L1620 11080 11030
RCLHA 0.877 0.181 1.262 1.518 0.828 0.880
RCLHAE 1.029 0.205 2.481 2.321 1.190 1.055
RCLHA F1 1.092 0.300 1.550 1.810 1.006 0.986
RCLHA F2 1.378 0.139 1.953 1.924 1.287 1.187
RCLHA F3 0.986 0.083 1.975 1.957 0.871 0.657
LCRHA 0.928 0.204 1.258 1.531 0.797 0.840
LCRHA E 0.862 0.310 2.303 2.078 1.192 1.036
LCRHA F1 0.864 0.380 1.249 1.590 0914 1.008
LCRHA F2 1.256 0.126 1.669 1.748 1.337 1.322
LCRHA F3 0.948 0.089 1.628 1.734 0.800 0.664
EHA 0.897 0.110 1.352 1.523 0.864 0.907

HA self-aggregation

The volume-based particle size distribution (PSD) of unfractionated HAs,
fractions and esters is depicted in Fig. 2, while the most intensive peak in their
PSD (d) is summarized in Table I. PSD was obviously different for RCLHA,
LCRHA and EHA. Also, RCLHA E and LCRHA E differed in their PSD sig-
nificantly, while their fractions revealed quite similar PSD. It is clear that, after
the fractionation procedure had been performed, both HAs aggregated in a
similar way. Opposite to other authors,25-28 who detected three particle size pop-
ulations, PSDs obtained in this study did not show defined particle size regions.

It is obvious from Table I that the decreased content of both carboxyl and
phenolic groups in RCLHA F1 and E, in comparison to RCLHA, resulted in a
pronounced aggregate size (d =873.7, 3265 and 515.0 nm, respectively). Vice
versa, for a higher functional groups content in both RCLHA F2 and F3, a lower
aggregate particle size was noticed (d=31.71 and 9.290 nm, respectively).
Although both functional group contents were changed within measurement
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uncertainty, F1 and E aggregate sizes were remarkably higher compared to
LCRHA (d=997.4, 506.3 and 32.66 nm, respectively). Both F2 and F3, having
higher carboxyl, and F2 with higher phenolic concentration, showed a less pro-
nounced aggregation (d =39.44 and 9.483 nm, respectively) than LCRHA and
F1. Although the LCRHA aggregate size was lower than for RCLHA, the particle
size of its fractions retained the same order as for RCLHA (F1 > F2 > F3).

RCLHA LCRHA

Content, vol.%
Content, vol.%

01 1 10 100 1000 10000 01 1 10 100 1000 10000

RCLHAE LCRHAE

Content, vol.%
Content, vol.%

01 1 10 100 1000 10000 01 1 10 100 1000 10000

RCLHA F1

LCRHA F1 |

Content, vol.%

Content, vol.%

01 1 10 100 1000 10000 041 1 10 100 1000 10000

RCLHA F2 LCRHA F2

Content, vol.%
Content, vol.%

01 1 10 100 1000 10000 01 1 10 100 1000 10000

RCLHA F3 | LCRHA F3

Content, vol.%
Content, vol.%

01 1 10 100 1000 10000 01 1 10 100 1000 10000

EHA Size, nm

Content, vol.%

01 1 10 100 1000 10000
Size, nm

Fig. 2. Particle size distribution by volume (particle size content, vol.%) of Rendzic Calcaric
Leptosol humic acid (RCLHA) and Leptic Calcaric Regosol humic acid (LCRHA), their
fractions (F1-F3) and esterified forms (E), and IHSS standard Elliott Soil humic acid
(EHA) at pH 3 after 3 days.

To confirm dependence observed, the aggregate size for both HAs, esters
and fractions was correlated to carboxyl and phenolic group contents obtained by
the titration method and correlation presented in Fig. 3. Although the correlations
obtained were not strong (R=0.588, p=0.073 and R=0.574, p=10.083 for
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carboxylic and phenolic groups, respectively), it is apparent that, at low pH, the
higher groups content bring about the less pronounced HA aggregation.

Carboxyl Rvalue = 0.588 Phenolic Rvalue = 0.574
49 < p value (slope) =0.073 4 < p value (slope) =0.083
@Of\b
34 34
€ t
c c
T 2 T 77
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Fig. 3. The most intensive peak in particle size distribution (particle size log d) versus
carboxyl and phenolic group content (RCLHA - Rendzic Calcaric Leptosol humic acid,
LCRHA — Leptic Calcaric Regosol humic acid, F1-F3 — fractions; E — esterified form).

As the applied HA fractionation and esterification procedures led to structure
changes resulted in different ATR-FTIR band intensities, the aggregate size for
both HAs, esters and fractions was correlated to relative band intensities from
FTIR spectra. A significant positive correlation (R =0.76), depicted in Fig. 4,
was obtained for the 2923 cm! band only, indicating that the higher aliphatic C
components content influences the more pronounced HA aggregation.

Aliphatic Rvalue = 0.76
49 ¢ p value (slope) = 0.01

< o
P
@Q\'\)\ < \,G?X\P\
" ?\\,\P‘ -
e

B
c
s . o ‘ :
= Fig. 4. The most intensive peak in particle
o size distribution (particle size log d) versus
e 2923 cm! relative FTIR band intensity
o (RCLHA - Rendzic Calcaric Leptosol

. . T . humic acid, LCRHA - Leptic Calcaric
Regosol humic acid, F1-F3 — fractions; E —
2923 esterified form).

As already emphasized, fractionation and esterification procedures per-
formed led to structure changes, consequently influencing HA self-aggregation
process. Functional group contents indicated that the separation procedure used
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did not completely fractionate humic acids into phenolic and carboxyl groups.
Nevertheless, change of functional groups content in fractions was achieved.
Additionally, esterification led to change of functional groups content, both
resulting in different HA aggregate sizes. The correlation analysis indicated that
with the higher group content the HA aggregation is less pronounced, and one
can assume that both carboxyl and phenolic group are not predominant in the HA
self-aggregation process at low pH. According to the literature data,*° the hyd-
rogen from functional groups, forming hydrogen bonds at low pH, is likely
responsible for HA self-aggregation. Besides functional groups, from this study
arises that other HA components also participate in various phases of HA self-
aggregation process, as already suggested by Mecozzi and Pietrantonio. !0

As previously mentioned, correlation coefficient between aggregate size and
aliphatic, in comparison to other components, was obviously the highest. Since
the correlation for aliphatic components is stronger than for carboxylic and phen-
olic groups, it can be concluded that they strongly influence the self-aggregation
process in comparison to functional groups. Thus, F2 and particularly F3 frac-
tions revealed the less intense self-aggregation. It can be seen that aromatic C
was slightly higher and aliphatic C relative abundance profoundly lower in F2,
and especially F3. Some literature datal0-12 have suggested that carbohydrates
and proteins, as well as lipids, play a facilitative role in formation of HS aggre-
gates. Hence, the lower abundance of aliphatic C in F2 and F3 could be con-
sidered as insufficient to start the self-aggregation process. Regarding polysac-
charide relative abundance, no obvious regularity and influence to HA self-
aggregation was observed.

The largest aggregates were measured for esterified forms with blocked car-
boxyl groups. Although the particle size vs. aromatic C correlation was not high,
the increased relative abundance of aromatic C in esters is obvious, assuming
their participation in hydrophobic bonding and consequent influence to more pro-
nounced aggregation. Hakima and Kobayash!3 already emphasized that higher
hydrophobicity, i.e., aromaticity induces stronger hydrophobic interactions and
more pronounced HA self-aggregation.

The relation of HA self-aggregate size with carboxyl and phenolic group
content, as well as aliphatic C relative abundance, at low pH, could be considered
universal regardless of the structural characteristics of original or modified HA
forms.

CONCLUSION

To investigate the influence of structural components on the HA self-aggre-
gation process, soil humic acids were fractionated, using the secondary amine
weak base resin, and esterified to selectively block carboxyl groups. Both the
fractionation and esterification processes, herein applied, contribute to the HA
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structural changes which resulted in the content of functional groups determined
by titration, as well as from the ATR-FTIR spectra intensities. The performed
modifications influence the HA self-aggregation process by giving different par-
ticle size distributions.

According to the not strong negative correlations, between the carboxylic
and phenolic group content and aggregate size at low pH, the higher the groups
content is, the less pronounced is the HAs aggregation. It can be assumed that
functional group content, both carboxyl and phenolic, is not predominant in the
HA self-aggregation process.

Based on the ATR-FTIR data, the significant positive correlation of aliphatic
C components and aggregate size could indicate a dominant influence of these
components in the HA self-aggregation process. A lower abundance of aliphatic
C components in HA fractions could be considered as not sufficient to start the
self-aggregation process. Obviously, the increased relative abundance of aro-
matic C in esters likely points to its participation in hydrophobic bonding and,
consequently, more pronounced aggregation. The influence of polysaccharide C
relative abundance to HA self-aggregation was not observed.

The relation of HA self-aggregate size with carboxyl and phenolic group
content, as well as aliphatic C relative abundance at low pH, could be considered
universal regardless of the structural characteristics of original or modified HA
forms.
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-14/200017 and 451-03-9/2021-14/200116).

N3BOJI

CAMOATPETAITUJA 3EMJBUIITHUX XYMHUHCKHUX KUCEJTUHA Y 3ABUCHOCTH O[]
BUXOBUX CTPYKTYPHUX KAPAKTEPUCTUKA

YPOII 1. JOBAHOBHWR', MUPJAHA M. MAPKOBHR', FYPO M. YOKEIIA', HUKOJIA B. )KHUBKOBHUR'
v CBJETJIAHA b. PATMAHOBUR?

1YHusep3umeu7 y Beoipagy — Uncinuitlyi 3a Hyxaeapre Hayxe Bunua, u.up. 522, 11001 Beoipag u
’Yuueepwmew y Beoipagy — Iomwotipuspegru Gaxyniiei, Hemarwuna 6, 11080 Beoipag

OCHOBHH Wb OBOT pajia je UCIUTHBAaKe yTHLaja KapOOKCHIHUX U MEHOTHUX Ipymna, Kao
W apOMAaTHYHHUX, aludaTHYHHUX U MOJMCaxapUIHUX KOMIIOHEHTH, Ha camoarperauujy 3em-
JBULIHUX XyMUHCKUX kucenrHa (HA). la du ce modune dpaxmuje ca pasnuuuTHM cagpxajeM
¢yHxkuuoHanHux rpymna, semmumHe HA (Leptosol u Regosol) cy dpaxunoHHcaHe KOpPHLI-
hemeM joHou3MewUBauke cmone. [la du ce npoueHuo yTuuaj ceake GyHKIMOHAIHE Ipylne Ha
camoarperanuyjy, ecrepudrkanujom cy dnokupaHe kapdokcuiHe rpymne. [TpUcycTBO CTPyKTyp-
HUX koMroHeHTH y HA je onpeheno norennmomerpujckom tutpanujom u ATR-FTIR cnexTpo-
ckonrjom. [Iponec arperauuje Ha pH 3 je mpahen TeXxHWKOM AMHAMHUKOT pacejama CBET-
noctH. Pe3ynrartu yka3yjy na je arperanuja HA cimaduje nspaxeHa wro je Behu cagpkaj GyHK-
UMOHAMHUX I'pyna. 3HayajHa MO3UTHMBHA Kopenauuja anudarvuyHor C U BeIMUYMHE arperara
yKasyje Ha IBUXOB JJOMMHAHTaH yTHLaj Ha camoarperauujy HA. IToctoju moryhHoct fa je,
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30or HHCKe 3acTympeHOCTH anudathyHor C, 3amouyumame Ipolieca arperandje OTeXaHo.
IToBehawe mpucyctBa apomaruunor C y ecTpuMa BepOBaTHO yKasyje Ha BHUXOBO ydelrhe y
xunpododHUM Besama, yCilef, dera je uspakeHHja arperanuja. OmHOC BelIMYMHE arperara u
kapbokcunHe U deHoHe rpyne, kao u anudatuyHor C, Ha HUCKOM PH, Moxe ce cMarpatu
yHHBep3alHUM 0e3 0d3Mpa Ja /U ce pagu O CTPYKTYPHUM OCOOMHaMa HU3BOPHE WM MOIHU-
¢uxosane popme HA.

(ITpumsbeHo 25. HoBembpa 2021, pesupupaHo 16. pedpyapa, mpuxsaheno 21. dbedpyapa 2022)
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Abstract. Microbial fuel cell (MFC) is a hybrid technology that produces
electricity and recovers resources from wastewater through biocatalytic and
electrochemical reactions. Metallurgical facilities in Bor, Serbia, are a source
of copper-rich metallurgical wastewater, and the Town of Bor is a source of
municipal wastewater rich in organic matter. The aim of this paper is to inves-
tigate the possibility of application of MFC for the treatment of metallurgical
and municipal wastewater that are released into the Bor River in Serbia. A
prototype of MFC was constructed for this study, and 3 sets of experiments
were performed using model solutions and real wastewater. Copper was suc-
cessfully removed from the treated model solution with 99.42 % efficiency.
Solid copper particles were obtained with a particle size of about 1 pm. Maxi-
mum chemical oxygen demand (COD) removal rate of 191.7 mg L' h'! was
observed in the anodic compartment. The impact of this study is significant
because MFC was implemented for the simultaneous treatment of two types of
wastewaters, one containing metals and the other containing organic matter,
and both types of wastewater are released into the same river.

Keywords: Bor River; copper; organic matter; bacteria; electrochemical; proto-
type.
INTRODUCTION

Copper mine and metallurgical facilities in Bor, Serbia, are a large source of
pollution. A very high concentration of contaminants poses a serious concern to
scientists, experts, and citizens due to the effect on living organisms and environ-
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mental health.! Metal-rich metallurgical wastewater and acid mine drainage are
released into the Bor River without treatment. Municipal wastewater from the
Town of Bor is also released into the Bor River without treatment. This unique
phenomenon, where the river water is formed solely by mixing of untreated
wastewater containing a high concentration of metals and untreated wastewater
containing a high concentration of organic matter, is shown in Fig. S-1 of the
Supplementary material to this paper.2 The concentration of copper in Bor River
ranges from 5 to 30 mg L-!, and about 500 t of copper per year is released into
the Bor River through the metallurgical wastewater.2~* About 910 t of copper per
year is transported by Bor River and Timok River to the Danube River in dis-
solved and particulate form, which creates transboundary pollution, affecting the
Danube River in Romania and Bulgaria.> Various treatment methods could be
used for the purification of metallurgical and municipal wastewater from Bor,
however, by applying MFC, it could be possible to treat both types of waste-
waters simultaneously.6~8

MFCs are hybrid bio-electrochemical reactors able to use concentrated org-
anic waste streams, produce electricity, and recover resources from wastewater
through biocatalytic and electrochemical reactions.” MFC consists of an anode
and a cathode chamber which are generally separated by a proton exchange
membrane (PEM) to avoid the migration of electrolytes from one chamber to the
other (Fig. 1a).10.1l1 There are few types of MFC systems, and this separate
system is applied only to the two-chamber MFC system. In the anode compart-
ment, bacteria are used as catalysts to break down organic matter to carbon
dioxide, protons, and electrons through respiration mechanisms, but in the abs-
ence of oxygen. The resulting electrons are transferred to the anode surface
which plays the role of electron acceptor. Then, they are transferred to the
cathode via an external circuit, while the protons diffuse through the PEM.12-15
The final reduction reaction is performed in the cathode compartment where
protons, electrons, and usually oxygen are recombined to complete the reactor's
electrochemistry. As an alternative, various metal ions can be electrochemically
reduced in this reaction and eventually recovered from the solution by their
conversion to elemental form. In addition to metals, free radicals can also be used
as electron acceptors in the cathodic compartment.!6

The maximum current that can be produced by an MFC depends on the
actual rate of substrate biodegradation, whereas maximum theoretical cell voltage
(also called electromotive force or emf) depends on Gibbs energy change of the
overall reaction and can be calculated as the difference between the standard
reduction potentials of the cathodic oxidant (oxygen) and the chosen anodic sub-
strate.17 Power output of MFC could be enhanced by modification of electrodes
and PEM using polymeric nanocomposites.!8 However, the main advantages of
the MFC type reactors are beyond energy production and they could be a power-
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ful tool for wastewater treatment, as an alternative to the conventional biological
processes.

There are several reports on the successful application of MFC to remove
copper from model solutions with efficiency up to 99.88 % and yield of electrical
energy reaching 3.2 A m2.19:20 The most promising characteristic of the process
is that simultaneously in the anodic chamber domestic or other high organic
content wastewater could be treated, as well. The existing studies reported
chemical oxygen demand (COD) removal efficiency as high as 83 % in such a
setup.2] The optimal conditions for MFC operation were obtained using the
microbial cultures isolated from freshwater sediments, such as the sediment from
Danube River in Serbia and the sediment from Lake Uzungeren in Bulgaria.22-23

Based on the recent development in the field and taking into account the
situation in the region of Bor, Serbia, this paper aimed to investigate the eventual
application of MFC as an approach to manage the wastewater streams generated
by the local metallurgical industry and community. The performance of a lab-
scale reactor towards Cu ions and COD removal was tested using a model and
real wastewater samples.

EXPERIMENTAL
The details of the sampling of the wastewaters are given in Supplementary material.
Materials and MFC operation

The MFC used in this study was assembled as a cylindrical plastic reactor consisting of
two chambers separated by Nafion® 424 perfluorinated proton exchange membrane (Fig. 1).
The cell segments were equipped with the respective sampling and gas/liquid transport ports.
The electrodes were 30 mm in diameter and they were made of carbon cloth with stainless
steel current collectors. They were connected with an external electric circuit loaded with a
1000-Ohm resistor. The volumes of cathode and anode chambers were 40 cm3.

) 1000 © External
a TR

Electric Circuit
Outlet
Port l l

e e Outlet
M l ]_Port

Electro-
chemicaly
Active
Bacteria 1 Cuo

CATHODE
CHAMBER

Inlet 7/ I Inlet : ; ) .
'-Eoeﬂ I] Proton Exchange Membrane l I'Toert : ‘

Fig. 1. Microbial fuel cell; a) schematic diagram and b) the prototype constructed for this
study.

The electrochemically active microorganisms (electrogenes) were isolated from the
bottom sediments of “Poda” protected site located on the outfall of Lake Uzungeren, south of
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Burgas. The water of Lake Uzungeren is characterized by relatively high electrical conduct-
ivity and pH value (5230 pS/cm and 8.2, respectively), and a very low dissolved oxygen con-
tent (1.4-2.2 mg/l 0,).%3 The lake sediment had relatively high contents of organic matter
(22.5 %), iron (3.05 % Fe), and manganese (935 mg/kg Mn).23 Mersinkova and Yemendzhiev
demonstrated that the mixed culture of anaerobic bacteria isolated from this lake sediment was
capable of powering MFC.23

The enrichment of the mixed culture was performed in anaerobic conditions by inocul-
ation of sediment samples in 20 g L-! Luria—Bertani (LB) nutrient medium (10 g L*! tryptone,
5 g L'! yeast extract, and 5 g L'! NaCl, pH 7) containing 15 g L! glucose. After 96 h of cell
growth at 18 °C, the enriched culture was suspended in a fresh nutrient medium with a lower
concentration of organics (5 g L' LB) and 1 g L' acetate, as a carbon source, in order to
avoid fermentative metabolism. The initial microbial concentration in the anodic chamber was
set to be 107 CFU L'!. The process was conducted at 18 °C. In order to represent the
biological condition specific for the municipal wastewater, glucose solution inoculated with
municipal wastewater and sewage sludge from the Town of Bor were used in the Experiment
2 (Table I).

TABLE I. Compositions of solutions in anodic and cathodic compartments that were used in 3
different experiments.

Experiment Composition of solution in the Composition of solution in the
anode chamber cathode chamber
1 Bacteria isolated from the lake sediment and Model solution containing
LB nutrient medium 200 mg L Cu?*
2 Bacteria from municipal wastewater Model solution containing
and glucose 450 mg L1 Cu2*
3 Bacteria isolated from the lake sediment and Metallurgical wastewater

LB nutrient medium

2 % Potassium hexacyanoferrate solution or 1 M potassium permanganate solution was
used as catholyte for preconditioning of MFC, and the model solution containing copper
sulfate pentahydrate in deionized water, or real wastewater stream such as metallurgical
wastewater (collected at the outlets near mining and metallurgical facilities in Bor, Serbia)
were used as catholyte depending on the purpose of the experimental sets performed. Three
sets of experiments that were performed using the described solutions are summarised in
Table I.

Analytical methods

The pH values of underground mine wastewater, Robule Lake wastewater, and metal-
lurgical wastewater were measured in the field using the pH meter model IM-23P.

The concentrations of elements in the wastewaters were measured using PerkinElmer
ICP-MS NexION 1000. Rh was used as an internal standard for the determination of Cd, Co,
Cu, Mn, Ni, Zn, As and Cr. Re was used as an internal standard for the determination of Pb.
All elements were determined in Ar mode, except As which was determined in He mode. The
appropriate dilutions of original samples were made to match the concentration range of the
calibration curve. Certified standard solutions containing the applied elements were used for
calibration and quality control. The dynamics of Cu concentration during the experiments
were monitored both by ICP-MS and spectrophotometrically by HACH DR 3900 spectro-
photometer with Lange LCK 329 cuvette test. COD was determined spectrophotometrically
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by HACH DR 3900 spectrophotometer and Lange LCK 514 cuvette test. Change of voltage
was measured using a multimeter. Particle size analysis was carried out using a Microtract
Nanowave II particle size analyzer.

All measurements were performed in triplicate and the results presented here are mean
values.

RESULTS AND DISCUSSION

The results of the chemical characterization of the underground mine waste-
water, the Robule Lake wastewater, and the metallurgical wastewater are pre-
sented in Table II. The metallurgical wastewater had higher concentrations of
toxic elements such as Cd, Cu, Ni, Pb, Zn, As and Cr, when compared to the
other two wastewaters. The concentration of arsenic (As) was exceptionally high
in the metallurgical wastewater, reaching 28.8 ppm, which is about 3000 times
higher than the limit value for drinking water (0.010 ppm). On the other hand, the
concentrations of Co and Mn were the highest in the wastewater of Robule Lake
(1.19 and 84.8 ppm, respectively). The metallurgical wastewater had the highest
concentration of copper (215.5 ppm of Cu), so this wastewater was used as an
object to test.

TABLE II. Chemical characteristics of wastewaters around Bor

Underground mine Robule Lake Metallurgical Municipal

Parameter wastewater wastewater wastewater wastewater
pH 2.74 2.62 1.89 7.82
ccq/ ppm 0.13 <0.10 438 <0.00010
Cco / ppm 0.52 1.19 0.6 0.00081
cca/ Ppm 130.1 41.8 215.5 <0.010
Cvin / PPM 17.3 84.8 16.9 0.111
cni/ ppm 2.19 0.68 18.35 0.0033
cpp / ppm <0.10 <0.10 3.15 0.00057
czn/ ppm 9.2 253 51.5 0.0140
cas/ ppm 0.28 <0.10 28.8 0.0037
ccr/ ppm <0.10 <0.10 0.11 <0.00050

The change of voltage during the Experiment 1 (Table I) showed that the
reactor reached its optimal condition (in terms of electricity production) after 144
h of operation, which is probably a result of the growth and development of the
functional anodic biofilm that accelerated the activity of the electrogenic micro-
organisms (Fig. 2a). On the other hand, the voltage decreased gradually during
the experiment with the bacteria from municipal wastewater (the Experiment 2,
Fig. 2b). Copper concentration decreased along the time in both experiments with
model solution (the Experiments 1 and 2, Fig. 2d and e). However, the decrease
in the concentration of copper during the Experiment 1 was more drastic com-
pared to that in the Experiment 2. During the Experiment 1, the copper concen-
tration decreased from 200 to 1.15 mg L-! for 188 h, but the highest drop in Cu
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concentration occurred during the first 24 h of the experiment, from 200 to 22.6
mg L-1. During the Experiment 2, the copper concentration decreased from 434
to 194 mg L1 for 170 h. The efficiency of copper removal was better during the
Experiment 1 (99.42 %) compared to the Experiment 2 (55.40 %).
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Fig. 2. Change of voltage during Experiments: a) 1, b) 2 and c) 3; change of copper
concentration during Experiments: d) 1, e) 2 and f) 3.

The voltage during the Experiment 3 (Fig. 2c) increased drastically after 140
h from the beginning of the experiment. The reason for this change is unknown,
and there is also a possibility of measurement error. The copper concentration did
not change during the experiment with metallurgical wastewater (Fig. 2f)
because of the low pH value of this water (pH 1.89), and probably the presence
of other metal ions which are preferred as electron acceptors (Table II).

The effect of the cathodic reduction of the dissolved metal ions and their
transformation into an elemental (unsoluble) form is also demonstrated by the
data obtained from the particle size and distribution tests (Fig. 3). In the metal-
lurgical wastewater before the start of Experiment 2, the particle size ranged
from 1 to 2 nm, which is typical for smaller colloidal particles. However, larger
particles were obtained in metallurgical wastewater after the treatment with a
mode of about 0.9 um, which suggests that some chemical species changed their
form from dissolved or colloidal to solid during the treatment. Since the copper
concentration did not change during the treatment of metallurgical wastewater
(Fig. 2f), there is a possibility that chemical species other than copper were pre-
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cipitated. After the treatment of model solution containing Cu ions in Experiment
1, two particle size distributions were obtained with modes around 1 um and 2.5
um, which suggests that two processes of solid particles formation took place.
These solid particles were sedimented on the cathode chamber bottom or col-
lected on the cathode surface.
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Fig. 3. Particle size distribution diagrams: a) metallurgical wastewater before the start of
Experiment 3; b) metallurgical wastewater after 144 h of Experiment 3; ¢) model solution
with copper ions after 144 h of Experiment 1.

The COD removal rate was measured in the anode chamber to estimate the
organic matter degradation rate. When bacteria isolated from the lake sediment
and the model solution containing copper were used (Experiment 1), the maxi-
mum COD removal rate was 191.7 mg L~! h-1. When the metallurgical waste-
water was used as a catholyte, the maximum COD removal rate was 179.2 mg L1
h~! (Experiment 3).

The removal of copper from the model solution using MFC was relatively
efficient in all experiments and reached 99.42 %. The removal of copper from
real metallurgical wastewater using MFC did not show this positive result mostly
due to the bad physicochemical conditions of the wastewater, namely low pH.
Besides this, the presence of other metal ions with higher standard electrode
potential could explain the low effect on copper in this set of experiments. Pre-
treatment (neutralization) of wastewater such as metallurgical wastewater could
significantly improve the process.®-19:24 Even after neutralization, the copper red-
uction and removal will start after depletion of the high potential ions available in
the catholyte. The evidence that other chemical species from the metallurgical
wastewater were reduced in the cathodic compartment instead of copper is the
fact that a relatively high COD removal rate (179.2 mg L~ h-1) was observed,
and larger particles were present in the anodic compartment after the Experiment
3 (Fig. 3b).
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CONCLUSION

The prototype of MFC constructed for this study was efficient for the rem-
oval of copper from the model solution. Bacteria isolated from the lake sediment
had a higher ability to produce electrons and reduce copper ions from the model
solution than the bacteria from the municipal wastewater. Acidic pH value and
the presence of reducible chemical compounds with higher redox potential than
copper constrained the removal of copper from metallurgical wastewater. Addit-
ional experiments should be carried out in order to improve the efficiency of
MEFC for the treatment of metallurgical and municipal wastewater. The impact of
this study is significant because MFC was implemented for the simultaneous
treatment of two types of wastewaters, one containing metals and the other con-
taining organic matter, and both types of wastewater are released into the same
river. This is also an initial attempt to apply this technology for the purification
of locally present metallurgical and municipal wastewater in the region of Bor,
Serbia (Fig. S-1).

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/11261, or from the corres-
ponding author on request.
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U3BOJ
NMPYUMEHA MUKPOBHE 'OPUBE REJIMJE 3A HCTOBPEMEHU TPETMAH
METAJIYPIIKE U KOMYHAJIHE OTITAOHE BOJE — JIABOPATOPHUJCKA CTYIUJA

CTE®AH BOPBUEBCKHU', HYUSEIN YEMENDZHIEV?, RALITZA KOLEVA?, VALENTIN NENOV?, IPATAHA
MEIWR’, BAFbA TPUGYHOBUER' 1 AHA MAKCUMOBUR*
1I/Iucu7umyw 3a pygapciueo u meianypiujy bop, 3enenu Bynesap 35, 19210 bop, 2“Prof. Dr Assen Zlatarov”
University, Y.Yakimov blvd. 1, Burgas 8010, Bulgaria u *Texuuuxu paxynitein y Bopy, Bojcke Jyiocnasuje
12, 19210 bop u *Hesasucnu xoucynmanii, 11000 Beotpag

Muxkpodna ropusHa henuja (MFC) npencrasma XUOpHUAHY TEXHONIOTHjy noMmohy koje je
moryhe odUTH eleKTPUYHY eHeprHjy U MeTajle U3 OTHaJHUX BOJa MyTeM OHOKAaTATUTUYKUX U
€JIEKTPOXEMHUjCKUX peakuyuja. Mertanypuku odjekTd y bopy M3BOp Cy MeTalypLIKHUX OTHafn-
HUX Bofa foratux DakpoM, a rpan bop je U3BOp KOMYHAIHHX OTNATHUX BOJA DOraTUX OpraH-
CKUM Marepujama. Llwm oBor paza je ma ce ucnuta moryhHoct npumeHe MFC 3a mpeyni-
haBame MeTanyplIKUX ¥ KOMYHa/JHUX OTNafHUX BOJa Koje ce Ucmyumrajy y bopcky pexy. 3a
OBy CTYAHjy KOHCTpyHCaH je npototun MFC 1 usBeneHe cy 3 cepuje exkciepuMeHaTa KOpHUC-
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tehu mpunpem/beHe PacTBOpE M CTBapHe OTHajgHe Boje. bakap je ycHemrHo yKJIoweH U3 IpH-
npeMsbeHOr pacroBpa ca edukacHowhy on 99,42 %. JlodujeHe cy yBpcTe yectuue daxpa
BeIUYHHE O oko 1 pm. MakcumanHa Op3MHA CMamema XeMHjCKe MOTPOLIke KHCEOHHKa
(COD) on 191,7 mg O2/L Ha caT je U3MepeHa y aHOAHOM OJie/bKy. 3Hauaj OBe CTyAMje ornefa
ce y Tome 1To je MFC uMIuieMeHTHpaHa 3a HCTOBPEMEHHU TPETMaH JIBe BPCTe OTIANHUX BOJA,
0] KOjUX jeflHa cafp | MeTalle, a Opyra Koja cafip’kyd OpraHcke MartepHje, a ode BpCTe oTnan-
HHX BOJZIa UCITYIITAjy Ce y UCTY PEKy.
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Fig. S-1. Mixing of municipal wastewater (brown) and metallurgical wastewater (green) in the
canal of Bor River in Serbia.l

Sampling of the wastewaters

The wastewater samples are collected in plastic bottles at the outlets around mining and
metallurgical facilities in Bor in September 2020. The coordinates of sampling points of

* Corresponding author. E-mail: stefan.djordjievski@irmbor.co.rs
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underground mine wastewater, Robule Lake wastewater, and metallurgical wastewater were
44.093551, 22.095781; 44.063313, 22.136585; and 44.061819, 22.131387, respectively.
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