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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Short communications (up to 8 pages) report unpublished preliminary results of sufficient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Notes (up to 5 pages) report unpublished results of short, but complete, original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.
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Synthesis and properties of new fused pyrrolo-1,10-phenan-
throline type derivatives

CRISTINA M. AL-MATARNEH!2* IRINA ROSCA!, SERGIU SHOVA!
and RAMONA DANAC?**

1 Petry Poni” Institute of Macromolecular Chemistry of Romanian Academy, 414 Grigore
Ghica Voda Alley, lasi 700487, Romania and *Chemistry Department, Faculty of Chemistry,
“Al. I. Cuza” University of lasi, 11 Carol I, lasi 700506, Romania

(Received 19 August 2020, revised 10 July, accepted 13 July 2021)

Abstract: New fused pyrrolo-phenanthroline type derivatives were synthesized,
in two steps, from 1,10-phenanthroline and evaluated for antimicrobial activity
and fluorescence properties. Our synthetic approach involved a 3+2 dipolar-
cycloaddition of some selected N-substituted 1,10-phenanthrolin-1-ium ylides,
(m)ethoxycarbonyl and cyano (1,2-di)substituted acetylenes and alkenes, res-
pectively. The structures of compounds were supported by analytical and spec-
troscopic data. The molecular structures of four selected compounds have also
been also determined by monocrystal XRD analyses. All synthesized com-
pounds were then evaluated for their potential antimicrobial activity against
Staphylococcus aureus ATCC25923, Escherichia coli ATCC25922 and Can-
dida albicans ATCC10231. Two of the compounds demonstrated significant
activity against the above tested strains.

Keywords: azahetarenes; 1,3-dipolar-cycloaddition; antimicrobial activity; flu-
orescence; phenanthrolinium-N-ylides.

INTRODUCTION

1,10-Phenanthroline is, “traditionally”, a privileged moiety, being endowed
with a series of significant properties such as the convenient placement of the
nitrogen atoms which make it a valuable chelating bidentate ligand used for the
detection or removal of metal ions, and the rigid planar structure with an
extended m-conjugation, thus conferring challenging semiconducting and emis-
sive properties. Moreover, due its specific structure, 1,10-phenanthroline has a
good intercalation ability with DNA base pairs, being an excellent scaffold of
choice in the generation of unique bioactive compounds.!-3

*%* Corresponding authors. E-mail: (*)almatarneh.cristina@icmpp.ro; (**)rdanac@uaic.ro
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1,10-Phenanthroline derivatives have found various uses in domains like
solid-state device technology, particularly organic light emitting diodes (OLEDs),%>
luminescence® or pharmacology.’-10

However, the main drawback of using 1,10-phenanthroline derivatives as
drugs consists of their toxicity given by its intrinsic chelating nitrogen atoms that
can inhibit diverse metalloenzymes.® Therefore, an adopted strategy for the red-
uction of the toxicity, without affecting the planar geometry of 1,10-phenanthro-
line mandatory for the DNA intercalation, is the “locking” of one of the nitrogen
atoms. This can involve, for example, the quaternization of one of the nitrogen
atoms by forming monoquaternary salts,”-8 or the synthesis of fused 1,10-phen-
anthroline compounds in which just one nitrogen atom is bridgehead.”

On the other hand, the fusion of two or more heterocyclic rings is a well-
known strategy leading to new classes of condensed heterosystems, many of
them providing different properties against to the initial ones.

On the other hand, pyrrole is equally an important nitrogen containing het-
erocycle, largely documented in pharmaceuticals, agrochemicals, solar batteries,
OLED’s and organic semiconductors chemistry.11-13

Fluorine incorporation into biologically active molecules confers modific-
ations in their chemical, physical, and biological properties. From the medicinal
point of view, this is an important motif because of its stereoelectronic pro-
perties.14 The trifluoromethyl group can increase lipophilicity of a molecule to
improve its in vivo transport. Also, the formation of secondary metabolites is red-
uced because of the strength of the C-F bond.!3

Using some structural combination strategies, several series of fused pyr-
rolophenanthroline derivatives were so far reported to possess not only bio-
impact, but also other interesting properties, in order to increase the structural
diversity of the potential biological active compounds.16-18

From the synthetic point of view, the methods for obtaining pyrrolo[1,2-a]-
[1,10]phenanthrolines are very limited. 1,3-Dipolar cycloaddition reactions of
phenanthrolinium N-ylides to n-deficient alkynes or alkenes is one of the most
useful strategies to afford pyrrolo-phenanthroline derivatives.!9-22 Multicompo-
nent condensation reactions,23-24 different cyclization reactions including dom-
ino-Knoevenagel-cyclization,22:25 or one pot four component microwave-assis-
ted reactions!826 are the additional reported pathways to form pyrrolo[1,2-a]-
[1,10]phenanthroline fused system.

As a continuation of our research focused on phenanthrolines fused sys-
tems27-30 and as part of our concern in the field of biologically active com-
pounds,31-35 the purpose of our present study was to synthesize new 1,10-phen-
anthroline derivatives having one of its N-atoms locked in order to ensure a pot-
ential bio-activity (by maintaining the rings coplanarity and reducing the toxicity
due to N-atoms internal chelating propensity). Thus, herein we report the syn-
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thesis, structure, fluorescence and the in vitro antimicrobial evaluation of several
new 1,10-phenanthroline derivatives.

EXPERIMENTAL
Chemistry

Melting points were recorded on an A. Kriiss Optronic melting point meter KSPI and are
uncorrected. 1D-, 2D-, H- and 13C-NMR spectra were recorded on a Bruker Avance III 500
instrument operating at 500 or 125 MHz for 'H- and !3C nuclei, respectively. All chemical shifts
(9 values) are given in parts per million (ppm); all homo- and heterocoupling patterns ("J values)
are given in Hertz (Hz). No TMS was added, chemical shifts were measured against the solvent
peak. IR spectra were recorded on a FTIR Shimadzu or Jasco 660 plus FTIR spectrophotometer.
Thin layer chromatography (TLC) was carried out on Merck silica gel 60F,s4 plates. Visualiz-
ation of the plates was achieved using a UV lamp (A, = 254 or 365 nm). UV—Vis spectra were
recorded on a Lambda 35, Perkin Elmer spectrometer. Fluorescence measurements were carried
out using a Fluoromax 4, Horiba fluorescence spectrophotometer. All commercially available
products were used without further purification unless otherwise specified.

General procedure for synthesis of salts 3

To an acetone (5mL) solution containing 1,10-phenanthroline (1 mmol), the corres-
ponding 4-(tri)fluoro(methyl)phenacyl bromide (1.1 mmol) was added. The reaction mixture
was stirred at room temperature over the night. After this period, the resulted suspension was
filtered off and the solid was washed with acetone to give the desired product.

The following compounds were synthesized:

e 1-[2-(4-Fluorophenyl)-2-oxoethyl]-1,10-phenanthrolin-1-ium bromide (3a);

o [-[2-(4-Trifluoromethylphenyl)-2-oxoethyl]-1,10-phenanthrolin-1-ium bromide (3b).
General procedure for synthesis of compounds 4-7

At room temperature and under inert atmosphere, to a dichloromethane (5 mL) suspen-
sion containing the cycloimmonium salt (1 mmol) and dipolarophile (dimethylacetylene dicar-
boxylate (DMAD), ethyl propiolate (EP), acrylonitrile or fumarodinitrile, 1.1 mmol) tri-
ethylamine (TEA, 3 mmol) was added dropwise over 1 h with vigorous stirring. The reaction
mixture was then stirred over the night at room temperature (rt). Methanol (5 mL) was added
and the resulting mixture was kept over the night without stirring. The resulted suspension
was filtered off to give a solid that was washed with methanol. The crude product was then
crystallized from an appropriate solvent (reported in Supplementary material to this paper for
each compound).

The following compounds were synthesized:

e Dimethyl 11-(4-fluorobenzoyl)-10,11-dihydropyrrolo[1,2-a][1,10]phenanthroline-9,10-
-dicarboxylate (4a);

e Dimethyl 11-[4-(trifluoromethyl)benzoyl]-10,11-dihydropyrrolo[1,2-a][1,10]phenanthro-
line-9,10-dicarboxylate (4b);

e Ethyl 11-(4-fluorobenzoyl) pyrrolo[1,2-a][1,10]phenanthroline-9-carboxylate (5a);

e Ethyl 11-[4-(trifluoromethyl)benzoyl]pyrrolo[1,2-a][ 1,10]phenanthroline-9-carboxylate
(5b);

e 11-(4-Fluorobenzoyl)-10,11-dihydropyrrolo[1,2-a][1,10]phenanthroline-9-carbonitrile
(6a);

o 11-[4-(Trifluoromethyl)benzoyl]-10,11-dihydropyrrolo[1,2-a][ 1,10]phenanthroline-9-
-carbonitrile (6b);
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o 11-(4-Fluorobenzoyl)-8a,9-dihydropyrrolo[ 1,2-a][ 1,10]phenanthroline-9,10-dicarbonit-
rile (7a);

o 11-[4-(Trifluoromethyl)benzoyl]-8a,9,10,11-tetrahydropyrrolo[ 1,2-a][ 1,10]phenanthro-
line-9-carbonitrile (7b).

The physical and spectral data for compounds 3—7 are provided in the Supplementary
material of this paper.
X-Ray crystallography

X-ray diffraction measurements were carried out with a Rigaku Oxford-Diffraction
Xcalibur E CCD diffractometer equipped with graphite-monochromated MoKa radiation.
Single crystals were positioned at 40 mm from the detector and 325 frames were measured
each for 30 s over 1° scan width. The unit cell determination and data integration were carried
out using the CrysAlis package of Oxford Diffraction.3® The structures were solved by Intrin-
sic Phasing using Olex237 software with the SHELXT38 structure solution program and ref-
ined by the full-matrix least-squares on F2 with SHELXL-201539 using an anisotropic model
for non-hydrogen atoms. All H atoms were introduced in idealized positions (dcy = 0.96 A)
using the riding model with their isotropic displacement parameters fixed at 120 % of their
riding atom. The molecular plots were obtained using the Olex2 program. The crystallo-
graphic data and the refinement details are given in Table S-I (Supplementary material to this
paper) as CCDC 2056678 (for 4b), 2015662 (for 6a), 2056679 (for 6b) and 2056680 (for 7b).
These data can be obtained free of charge from the Cambridge Crystallographic Data Centre
via www.ccdc.cam.ac.uk/data_request/cif.

Photophysical investigations (UV-Vis and fluorescence spectra)

Spectroscopic grade solvents were used for the photophysical characterization of the syn-
thesized derivatives. UV—Vis measurements were performed on a Lambda 35 device (Perkin
Elmer, USA). The absorption spectra were measured in the 270-700 nm range for identical
sample volumes (3 mL) with the following parameters: slit width 1 nm, scan speed 480 nm/
/min and data interval 1 nm. The spectra of the samples were measured at room temperature
using 1 cm path length quartz cuvettes. The UV—Vis absorption and the emission spectra of
1,10-phenanthroline derivatives employed in this study were recorded in dilute solution
(2x10°7 mol/L) using dimethylsulfoxide (DMSO). Fluorescence measurements were carried
out using a FluoroMax-4 spectrophotometer (Horiba, Kyoto, Japan). The emission spectra
were collected using an excitation wavelength of 292 nm.

Antimicrobial activity

The antimicrobial activity was determined by disk diffusion assay against three different
reference strains: Staphylococcus aureus ATCC25923, Escherichia coli ATCC25922 and
Candida albicans ATCC10231. All microorganisms were stored at —80 °C in 20 % glycerol.
The bacterial strains (S. aureus and E. coli) were refreshed in Mueller-Hinton broth at 36+1
°C, and the yeast strain (C. albicans) was refreshed on Sabouraud dextrose broth at 36+1 °C.
Microbial suspensions were prepared with these cultures in sterile solution in order to obtain
the turbidity optically comparable to that of 0.5 McFarland standards (yielding a suspension
containing 108 CFU mL"! for all the microorganisms).

Volumes of 0.4 mL from each inoculum were spread onto Mueller—Hinton agar and
Sabouraud dextrose agar and all the tested samples were added after the medium surface
dried. The sterilized paper discs (6 mm) were placed on the plate and an aliquot (20 pL) of the
tested compounds (concentration 100 mg/mL, dissolved in DMSO) was added on the paper
discs. As controls it was used Trimethoprim 98 % (TMP, Acros Organics, New Jersey, USA)
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against the bacterial strains and nystatin 85+ % (NS) (Acros Organics, New Jersey, USA)
against the yeast strain at the same concentrations as the tested compounds. To evaluate the
antimicrobial properties, the growth inhibition was measured under standard conditions after
24 h of incubation at 36+1 °C. After the incubation, the diameters of inhibition zones were
measured by using Image-J software. Minimum inhibitory concentration (MIC) was deter-
mined from a 10-dilution series starting from 100 mg/mL.

RESULTS AND DISCUSSION
Synthesis and characterization

Our strategy to access the pyrrolo[1,2-a][1,10]phenanthroline skeleton
involved a two steps sequence including first the monoquaternization of 1,10-
-phenanthroline, and second, the 3+2 dipolar-cycloaddition of the azomethine
ylides, generated in situ from the monoquaternary salts, to different dipolarophiles.

Thus, monoquaternary salts 3a and b were obtained with excellent yields by
an N-alkylation reaction of 1,10-phenanthroline 1 with 2-bromo-4’-fluoroaceto-
phenone 2a or 2-bromo-4’-trifluoromethylacetophenone 2b (Scheme 1). Com-
pound 3a was previously reported, the analytical data being in accordance to the
literature.40

6 5

Br
7 4
° 8</ \g } \>§@
acetone, rt _ _ /" a. R = F (yield 65 %)
7 N\ A\ e R, SN eN=/ Br b. R = CFj (yield 80 %)
—N N=— 10 H20\|| 17 5
1 d?,;@rR

R 2 3
2a,b 3a,b

Scheme 1. Synthesis of monoquaternary salts 3a and b.

Next step was the dipolar cycloaddition of the ylides 4’a and b (generated in
situ upon triethylamine treatment from the corresponding salts 3a and b) to
dimethylacetylene dicarboxylate (DMAD) and ethyl propiolate (EP), respectively
(Scheme 2).

An earlier insight concerning the cycloadditions of the N-ylide 3’a to
DMAD and EP was previously reported by Dumitrascu et al., using similar
reaction conditions.#! While, from the reaction of 3’a with EP, only one single
regioisomer of the expected aromatic pyrrolo[1,2-a][1,10]phenanthroline 5a has
been isolated in accordance with the reported data,*! the reaction of 3’a with
DMAD, led, to the new 10,11-dihydropyrrolo[1,2-a][1,10]phenanthroline deri-
vative 4a (Scheme 2) in a moderate yield. The compound 4a was different with
respect to the those reported in Ref 41 (a mixture of similar substituted 8a,9-
-dihydropyrrolo[1,2-a][1,10]phenanthroline and pyrrolo[1,2-a][1,10]phenan-thro-
line derivatives) by the position of the double bond in the pyrrole ring. Thus, our
NMR data of compound 4a clearly revealed that the double bond was, in fact,
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located between C-3 and C-3a atoms of the fused pyrrole ring. Similarly, the

compounds 4b and 5b were also obtained in the reaction between N-ylide 3’°b
with DMAD and EP, respectively.

1,3-prototropic shift
-

R 4a, yield 30 %
4b, yield 55 %

{ \g } ) ELN C< >j
=N @N= o /ﬂ: oN=

Et3N HBr

-2[H]
COOCH,CH; =~———

5a, yield 40 %
R 5b, yield 45 % L

Scheme 2. Proposed reaction pathways for the synthesis of compounds 4a and b and 5a and b.

Thus, it was assumed that the cycloaddition resulted initially in the form-
ation of no isolable 8a,11-dihydropyrrolo[1,2-a][1,10]phenanthroline intermedi-
ates 4’a and b and 5’a and b, respectively, which next underwent different path-
ways: an oxidative aromatization in case of 5°a and b (converting them into the
more stable aromatic compounds, 5a and b) and a 1,3-protopropic shift (initiated
by the excess of TEA) in the case of 4’a and b leading to the compounds 4a and
b (Scheme 2).

By comparing the magnitude of the coupling pattern 3JH,H(H-1/H-2), exhi-
bited by compound 4a (5.0 Hz), with the ones reported for other similar com-
pounds (4.8 Hz), whose X-ray molecular structure displayed the geometry of the
dihydropyrrole ring,40 it was clear that substituents at C-1 and C-2 were located
in a trans-configuration, i.e., 1S*, 2S*, Next, spectral data (IR, NMR) of com-
pound 5a were in accordance with those reported in the literature.40

Next, the similar conditions were created (dichloromethane as solvent at
room temperature) for the cycloaddition of the N-ylide 3’a and b to acrylonitrile
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and fumarodinitrile, respectively (Scheme 3). Each reaction afforded just a single
regioisomeric (3a and b — 6a and b) or diastercomeric (3a — 6a, but 3b — 7b)
product. Thus, in the case of salt 3a, the both compounds obtained 6a and 7a
proved to possess a 10,11-dihydropyrrolo[1,2-a][1,10]phenanthroline structure
(Scheme 3). In the case of salt 3b (issued from the reaction with fumarodinitrile),
the compound 6b with 8a,9,10,11-tetrahydropyrrolo[1,2-a][1,10]phenanthroline
structure was produced, while in the case of reaction with acrylonitrile, the
compound 7b with 10,11-dihydropyrrolo[1,2-a][1,10]phenanthroline structure
was isolated (Scheme 3). Compounds 6a and b and 7a were formed during the
subsequent partial oxidation of a tetrahydropyrrolo[1,2-a][1,10] phenanthroline
type intermediates, which is supposed to be formed in the first stage.20

6a, yield 40 %
6b, yield 40 %

Scheme 3. Synthesis of compounds 6a and b and 7a and b.

As for compound 4a and also in the case of compound 7a, we re-found the
same size of the coupling pattern, namely 3JH,H(H-l/H-Z) = 5.0 Hz, that we
assigned, once again, to a trans-arrangement (1S*, 2S*) of the ligands —CN and
4-fluorobenzoyl.

All (poly)chiral compounds 4a, b, 7a and 7b were obtained as major racemates.

The results of X-ray diffraction study for compounds 4b, 6a, 6b and 7b are
shown in Fig. 1. The selected bond distances and angles are summarized in Table
S-I of trhe Supplementary material. According to X-ray crystallography, all the
compounds crystallized with one molecule in the asymmetric part. There is no
co-crystallized solvent molecule in all the crystals. As it was expected, due to
steric hindrance, all the molecules exhibit essentially non-planar conformation.
The dihedral angle between two sets of co-planar atoms were found to be of
74.83(8), 87.88(16), 99.1(3) and 110.2(1) for 4b, 6a, 6b and 7b, respectively.
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Fig. 1. X-ray molecular structure of compounds: 4b (a) as (14S, 15S), 6a (b) as (15R), 6b (c)
as (15S) and 7b (d) as (12R, 13R, 14S, 15S) enantiomers with atom labelling and thermal
ellipsoids at 50 % level.

Further investigation of the crystal structures packing revealed the presence
of one-dimensional arrays of the neutral molecules determined by C-H:---O
intermolecular hydrogen bonding along with ©—r stacking interactions in 4b and
6a (Figs. 2 and 3). In the absence of m—m stacking, the supramolecular chains in
6b and 7b (Figs. 4 and 5) were formed due to C—H--*N (for 6b) and C—H---N and
C—H---O hydrogen bonds (for 7b), respectively.

Photophysical investigations

The electronic absorption spectra of 1,10-phenanthroline derivatives exhi-
bited three main absorption bands located in the following domains: 350—410 nm
(a band), 295-325 nm (p band) and 250-280 nm (f band), Fig. 6. All electronic
absorption spectra kept still up the fine structure, specific for the phenanthrene
spectrum.#? The nature of the (di-, tetra)hydropyrrole ring together with that if
its substituents exerted an important influence on the position of the absorption
and the emission bands of phenanthroline derivatives. Thus, the presence of CN
or COOMe groups in position C-3 of the pyrrole like moiety resulted in a blue
shift of the absorption and emission bands of phenanthroline derivatives (4 and
7). Moreover, the unique insertion of a CN group at C-3 position only, or in dup-
licate, in C-2 and C-3 positions of the (di-, tetra)hydropyrrole ring of compounds
7a and b promoted the appearance of a new absorption band at 530 nm. The rep-
lacement of fluorine atom in compounds 3a—7a with trifluoromethyl group in
compounds 3b—7b led to an increase as tenfold of the absorbance.

The fluorescence spectra of 1,10-phenanthroline derivatives 3—7 in DMSO
displayed two emission bands located around 230 and 335 nm (Fig. 7).
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Fig. 2. The role of n-w stacking and H-bonds in the formation of 1D homochiral
supramolecular array in the crystal structure of compound 4b. H-bonds and
centroid-to-centroid distances are shown as dashed black and orange lines, respectively.
H-bonds parameters: 254-H---O4 [C25-H 0.95 A, H---04 2.47 A, C25---04(x, y — 1, 2)
3.3295(6) A, ZC25HO4 145.6°].

Fig. 3. The role of n-i stacking and H-bonds in the formation of 1D homochiral
supramolecular array in the crystal structure of compound 6a. H-bonds and
centroid-to-centroid distances are shown as dashed black and orange lines, respectively.
H-bonds parameters: C3-H---O1 [C3-H 0.93 A, H---O1 2.43 A, C3---Ol(x, | +y,
2)3.166(4) A, ZC3HO1 135.8°]; C20-H---N3 [C20-H 0.93 A, H---N3 2.65 A,
C20--"N3(0.5 - x, 1.5+, 0.5 - 2) 3.571(4) A, ZC20HN3 171.1°].
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Fig. 4. One-dimensional homochiral supramolecular architecture in the crystal structure of
compound 6b. H-bond parameters: C7-H---N3 [C7-H 0.95 A, H---N3 2.60 A,
C7---N3(x- 1,y- 1, 2) 3.453(5) A, ZC7HN3 150.1°].

Fig. 5. One-dimensional homochiral supramolecular architecture in the crystal structure of
compound 7b. H-bonds parameters: C4-H---N4 [C4-H 0.95 A, H---N4 2.60 A,
C4---Nd(x, y— 1, 2) 3.392(6) A, ZC4HN4 130.1°]; C13-H---O1 [C13-H 1.00 A,
H---012.21 A, C13---O1(-x, 0.5+, 0.5 - 2) 3.042(5) A, ZC13HN4 139.4°].
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Fig. 6. UV—Vis absorption spectra in DMSO of pyrrolo[1,2-a][1,10]phenanthroline
compounds 3-7.
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Fig. 7. Fluorescence spectra of substituted pyrrolo[1,2-a][1,10]phenanthroline derivatives
3-7a, b in DMSO.

These emission bands were broad and structureless. In the case of com-
pounds 7a and 7b, the appearance of a third band at about 445 nm, was also
observed. As shown in Fig. 4, compound 4a displayed no emissive properties.
Usually, the fluorescence spectra of compounds with similar skeleton are sub-
stituent dependent, and in this case small differences were registered for the
investigated compounds. Finally, we note the fluorescence emission being three-
fold increased when fluorine from compound 3-7a was replaced with trifluoro-
methyl group in compounds 3-7.

Antimicrobial activity

Our group has previously reported several 1,10-phenanthrolinium mono-
quaternary salts’, possessing antibacterial and antifungal activities. Within this
context, we tested all synthesized compounds 3—7 against both Gram-positive S.
Aureus and Gram-negative E. coli strains, but also against C. albicans fungus.
The antimicrobial evaluation revealed that only compounds 3a, b proved anti-
microbial activity, especially compound 3b against the yeast strain represented
by C. Albicans (up to 45 mm of inhibition zone). The minimum inhibitory con-
centration (MIC) values for compound 3b were 3.125 mg/ml against S. Aureus
and C. Albicans and 6.25 mg/ml against E. coli, respectively.

When compared with the control specimens, even if they proved to be effi-
cient against S.aureus and E. coli, their activity was not better than the known
antibiotic trimethoprim (TMP). In the same time compound 3b proved to be by
far more efficient in fighting C. albicans than the ordinary antifungal drug repre-
sented by nystatin (NS). Data on the average diameters of the inhibition zones for
the tested compounds are presented in Table I. These results suggests that the
chemical modification of 1,10-phenanthroline by locking one nitrogen atom via
quaternization with p-(tri)fluoro(methyl)phenacyl moiety can be beneficial for
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the antimicrobial activity (as we reported earlier’), while the locking by bridging
a nitrogen atom into fused pyrrolo[1,2-a][1,10]phenanthroline leaded to the loss
of antibacterial properties.

TABLE I. Antimicrobial activity of the controls and compounds 3a and b against the refe-
rences strains; 3a did not show activity against C. albicans ATCC10231

Diameter of inhibition zone + SD, mm
S. aureus ATCC25923 E. coli ATCC25922 C. albicans ATCC10231
T™MP 3a 3b TMP 3a 3b NS 3b
100 41.15+£0.01 25.0+0.1 31+2 41.42+0.03 25.0+0.2 23.5+0.9 29.77+0.06 461
50 40.17+£0.0123.48+0.0528.4+0.1 40.3+0.2 22.0+0.2 23.4+0.1 29.3+0.1 36.0+0.6
25 38.33+0.06 22.0+0.2 21.4+0.6 40.3+0.2 13.69+0.0519.8+0.6 28.6+0.6  31.3+0.8
12.5 36.7£0.1 17.3+0.1 16.4+0.940.24+0.0111.60+0.1316.5+0.5 28.6+0.2  25.6+0.4

c
mg mL!

6.25 35.89+0.01 15.1£0.2 11+l 39.38+0.01 - 11+l 27.30+£0.05 22.1+0.4
3.125 32.54+0.2 — 8.2+0.6 38.3+0.2 — — 26.8+0.1  14.3£0.1
CONCLUSION

The synthesis and structure of novel fused 10,11-dihydropyrrolo[1,2-a]-
[1,10]phenanthroline were presented. The cycloadducts were obtained via 3+2
dipolar-cycloaddition reactions to (un)symmetrically substituted n-deficient alk-
ynes and alkenes as dipolarophiles. The cycloadditions to unsymmetrically sub-
stituted dipolarophiles (acrylonitrile and ethyl propiolate) occurred with complete
regioselectivity, under charge control. The monocrystal X-ray diffraction analysis
of (poly)chiral compounds 4b, 6a and b and 7b proved unambiguously the com-
pounds structure and the configuration of the (di-, tetra)hydropyrrole ring and
brings remarkable information concerning lattice structure.

The absorption and emissive properties of (di)hydropyrrolo[1,2-a][1,10]phe-
nanthroline derivatives in DMSO were substituent dependent and the introduct-
ion of trifluoromethyl substituent in benzoyl para-position led to a significant
increase of both absorbance and emission properties. The antimicrobial activity
of the synthesized compounds was measured, the salt 3b proved to be very effi-
cient against S. aureus and C. Albicans, with MIC values of 3.125 and 6.25
mg/ml, respectively.

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/9813, or from the corres-
ponding author on request.
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U3BOJ
CHUHTE3A U OCOBMHE HOBUX KOHJEH30BAHUX JEPHUBATA
[MTHUPOJI-1,10-OEHAHTPOJ/IMHA

CRISTINA M. AL MATARNEH"? TRINA ROSCA', SERGIU SHOVA' 1 RAMONA DANAC*

" PetruPoni” Institute of Macromolecular Chemistry of Romanian Academy, 41A Grigore Ghica Voda Alley,
Iasi 700487, Romania u “Chemistry Department, Faculty of Chemistry, “Al. I. Cuza” University of Iasi,
11 Carol I, Iasi 700506, Romania

CuHTeTHCaHa je HoBa cepuja pepusara nupon-1,10-peHaHTposvHa y ABa peaxkluoHa
Kopaka, nonasehu ox 1,10-deHaHTPONMHA U UCITHUTAHA je HUXOBAa aHTUMHUKPOOHA aKTUBHOCT
U QuiyopecuieHTHe KapakTepuctuke. OmucaH CHHTETUUKH NMPUCTYN YK/byuyje 3+2 AUNONapHy
UuKIoaguuujy onadpanux N-cynctutyucanux-1,10-geHanTponus-1-uym-ununa, (m)eTokcu-
KapOOHUI M 1MaHo(1,2-01)CYNCTUTYHCAaHUX alleTWIEHa M ankeHa, pefoM. CTpyKTypa CHH-
TETHCAHMX je[UIberha je MOTBpHeHa aHATUTUYKUM U CIIEKTPOCKOTICKUM Tojanuma. Ocum tora,
MOJIEeKyJICKa CTPYKTypa 4eTHpH onabpaHa jenumemna je ogpehena XRD aHaIM30M MOHOKDHC-
Tana. McrnuTaHa je aHTAMHUKPOOHA aKTUBHOCT CBUX CUHTETHCAHUX jelUierma npema Staphylo-
coccus aureus ATCC25923, Escherichia coli ATCC25922 u Candida albicans ATCC10231.

(TTpumssero 19. asrycra 2020, pesuaupano 10. jyna, mpuxsahero 13. jyna 2021)
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PHYSICAL AND SPECTRAL DATA FOR THE SYNTHESIZED COMPOUNDS
1-(2-(4-fluorophenyl)-2-oxoethyl)- 1, 1 0-phenanthrolin-1-ium bromide (3a)

6 5

7 4
VaYaw
=N oN=/_Br
10 HZC\III . 5
o

Pink powder, mp = 277-279 °C, yield: 65%. Spectral data are in accordance to
the literature.40 Obtained by general procedure, at room temperature in acetone.
Pink powder, mp = 277-279 °C, yield: 65 %. IR (KBr): 3062, 3027; 2986, 2916
1687 1595, 1531, 1230 cm!. 'H NMR (500 MHz, DMSO-d6, §(ppm)): 9.66 (1H,
dd, J=6.0, 1.0 Hz, H-2), 9.61 (1H, dd, J= 8.5, 1.0 Hz, H-4), 8.78 (1H, dd, J = 8.0,
1.5 Hz, H-9), 8.63 (1H, dd, J = 8.5, 6.0 Hz, H-3), 8.50 (3H, m, H-7, H-5, H-6,),
8.30 (2H, m, H-2’, 6°), 7.91 (1H, dd, J = 8.0, 4.0 Hz, H-8), 7.60 (2H, m, H-3", 5°),
7.29 (2H, as, H-11). 13C RMN (125 MHz, DMSO-d6, §(ppm)): 189.4 C-12, 165.5
(d,Jc,F=251.0 Hz, C-4°), 152.1 C-2, 148.8 C-9, 148.2 C-4, 138.4 C-10a, 138.0 C-
7,136.2 C-10b, 132.0 C-4a, 131.5 C-6a, 131.3 (d, Jc = 10 Hz, C-2°, C-6°), 131.0
(d, Jc,F=2.5Hz, C-1"), 130.7 C-5, 127.0 C-6, 125.5 C-8, 124.3 C-3, 116.4 (d, Jc,
= 22.5 Hz, C-3°, C-5°), 69.5 C-11. Combustion analysis for CyoH4BrFN>O:
Calculated. C 60.47, H 3.55, N 7.05; found C 60.49, H 3.53, N 7.08.
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1-(2-0x0-2-(4-(trifluoromethyl)phenyl)ethyl)-1, 1 0-phenanthrolin-1-ium bromide (3b)
6 s

x</ \g 2 \>3®
—N ®N= Br

/1 2 6

9
10 H2C\||

:
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o )rors
O

2' 3

Obtained by general procedure, at room temperature in acetone. Pink powder,
mp = 212-215 °C, yield: 80 %. IR (KBr): 2988, 2918, 1691, 1630, 1585, 1321,
1230, 1175, 1126, 1065 cm™l. IH NMR (500 MHz, DMSO-d6, §(ppm)): 9.65 (1H,
d,J=5.5 Hz, H-2), 9.62 (1H, dd, J = 8.5, 1.0 Hz, H-4), 9.20 (1H, dd, J= 4.5, 1.5
Hz, H-9), 8.80 (1H, dd, J = 8.5, 1.5 Hz, H-7), 8.64 (1H, dd, J = 8.5, 6.0 Hz, H-3),
8.51 (1H, d, J = 9.0 Hz, H-6), 8.49 (1H, d, J = 9.0 Hz, H-5), 8.40 (2H, d, /= 8.0
Hz, H-2’,6%), 8.13 (2H, d, J= 8.0 Hz, H-3", 5°), 8.00 (1H, dd, /= 8.5, 4.5 Hz, H-
8), 7.30 (2H, bs, H-11). 13C RMN (125 MHz, DMSO-d6, §(ppm)): 190.0 C-12,
152.1 C-2, 148.7 C-9, 148.3 C-4, 138.2 C-10a, 138.1 C-7, 137.6 C-1’, 136.1
C-10b, 133.3 (q, Jc, F = 31.3 Hz, C-4’), 132.1 C-4a, 131.5 C-6a, 130.8 C-5, 129.1
(C-2’, C-6’), 127.1 C-6, 124.9 C-3, 124.6 C-8, 123.8 (q, Jc, r = 270.0 Hz, CF3),
1264 (q, Jc, 7= 3.8 Hz, C-3°,C-5’), 69.6 C-11. Combustion analysis for
Cy1H4BrF3N>0: Calculated. C 56.39, H 3.16, N 6.26; found C 56.40, H 3.14, N
6.28.

Dimethyl 11-(4-fluorobenzoyl)-10,11-dihydropyrrolo[1,2-a][l,10]phenanthroline-9,10-
dicarboxylate (4a)

Crystallized from methanol-chloroform 1:1, (v/v). Red crystals, mp =
235-237 °C, yield: 30 %. IR (KBr): 3070, 2954, 2920, 1749, 1688, 1627, 1592,
1566, 1497, 1230, 1119, 1047 cml. IH-NMR (500 MHz, CDCl3, §(ppm)): 8.13
(2H, m, H-2°, H-6’), 7.96 (1H, d, J=4.5 Hz, H-10), 7.92 (1H, d, J =7.5 Hz, H-4),
7.79 (1H, d, J = 8.5 Hz, H-8), 7.56 (1H, d, /= 5.0 Hz, H-1), 7.26 (1H, d, J= 7.5
Hz, H-5), 7.25 (2H, bs, H-6, H-7), 7.19 (2H, m, H-3’, H-5"), 7.13 (1H, dd,
J=28.5;4.5 Hz, H-9), 4.00 (1H, d, J= 5.0 Hz, H-2), 3.72 (3H, s, CH3), 3.62 (3H,
s, CH3). 13C-RMN (125 MHz, CDCl3, §(ppm)): 189.3 C-13, 173.9 COggter, 166.1
COgster, 166.0 (d, Jc = 253.75 Hz, C-4°), 155.3 C-3a, 146.5 C-10, 137.6 C-7,
136.6 C-4, 1358 C-11b, 132.0 (d, Jcp= 8.75 Hz, C-2’, C-6°), 130.1 (d,
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JcF= 3.75 Hz, C-1’), 1269 C-6, 126.1 C-7a, C-11a, 125.6 C-5a, 122.0 C-9,
121.0 C-5, 119.7 C-8, 116.2 (d, Jc.p= 21.25 Hz, C-3’, C-5’), 88.2 C-3, 71.3 C-1,
52.9 CHj, 50.6 CHj, 49.6 C-2. Combustion analysis for CpygHi9FN;Os:
Calculated. C 68.12, H4.18. N 6.11; found C 68.15, H 4.15, N 6.14.

Dimethyl 11-(4-(trifluoromethyl)benzoyl)-10, 1 1-dihydropyrrolo[1,2-a] [1,10]phenanthroline-
9,10-dicarboxylate (4b)

Crystallized from methanol-chloroform 1:1, (v/v). Red crystals, mp =
225-226 °C, yield: 55 %. IR (KBr): 3022, 2953, 1728, 1690, 1630, 1585, 1547,
1463, 1230, 1115, 1065 cm™1. IH-NMR (500 MHz, CDCl3, 8(ppm)): 8.29 (2H, d,
J=8.0 Hz, H-2’, H-6"), 8.02 (1H, d, /= 8.0 Hz, H-4), 7.97 (1H, d, J=4.5 Hz, H-
10), 7.85-7.89 (3H, overlapped signals, H-3°, H-5’, H-8), 7.62 (1H, d, /=4.0 Hz,
H-1), 7.44-7.48 (2H, overlapped signals, H-6, H-7), 7.37 (1H, d, J = 8.5 Hz,
H-5), 7.23 (1H, dd, J = 7.5; 4.0 Hz, H-9), 4.07 (1H, d, J = 4.5 Hz, H-2), 3.79 (s,
3H, CHj3), 3.70 (s, 3H, CHj3). 13C-RMN (125 MHz, CDCl3, &(ppm)): 189.23
C-13, 173.7 COggter, 166.0 COggter, 155.1 C-3a, 146.5 C-10, 137.4 C-7, 136.8
C-4, 136.6 (C-1°), 135.6 C-11b, 134.8 (q, Jcr= 31.3 Hz, C-4’), 130.5 C-7a,
129.8 (C-2°, C-6%), 127.0 (C-6, C-5a), 126.0 (C-3’, C-5°, C-11a), 122.1 C-9,
123.76 (q, Jcy= 271.3 Hz, CF3), 121.1 C-5, 119.8 C-8, 88.2 C-3, 71.3 C-1, 53.0
CH3, 50.6 CH3, 49.5 C-2. Combustion analysis for Cy7H19F3N>Os: Calculated.
C 63.78, H3.77, N 5.51; found C 63.80, H 3.76, N 5.53.

Ethyl 11-(4-fluorobenzoyl) pyrrolo[1,2-a][1,10]phenanthroline-9-carboxylate (5a)

Crystallized from methanol-chloroform 1:1, (v/v). Yellow crystals, mp =
162-164 °C, yield: 40 %. IR (KBr): 2981, 1697, 1645, 1596, 1226, 1121 cml.
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ITH-NMR (500 MHz, CDCls, 8(ppm)): 8.58 (1H, d, J = 9.5 Hz, H-4), 8.33 (1H,
bs, H-8), 8.44 (1H, bs, H-10), 8.15 (2H, bs, H-2’, H-6"), 7.94 (1H, d, J = 8.5 Hz,
H-7), 7.87 (1H, d, J = 8.5 Hz, H-6), 7.72 (1H, d, J = 9.5 Hz, H-5), 7.50 (1H, m,
H-9), 7.53 (1H, s, H-2), 7.21 (2H, at, /= 8.5 Hz, H-3, H-5"), 4.40 (2H, q, J="7.0
Hz, CHy), 1.42 (3H, t, J = 7.0 Hz, CH3). 13C-RMN (125 MHz, CDCl3, §(ppm)):
191.4 C-13, 164.6 COgster, 165.2 (d, Jcf = 252.5 Hz, C-4’), 157.4 C-3a, 145.9
C-10, C-11b, 137.4 C-8, 134.9 (d, Jc g = 3.75 Hz, C-1°), 131.9 (d, Jc g = 8.75
Hz, C-2’, C-6°), 127.4 C-7, 127.9 C-7a, C-11a, 125.7 C-5, 125.1 C-5a, 125.0 C-
6, 122.8 C-9, 121.0 C-4, C-2, 115.7 (d, Jc.p = 21.25 Hz, C-3’, C-5°), 107.3 C-1,
104.5 C-3, 60.3 CHjp, 14.7 CHj3. Combustion analysis for C;sH;17FN>O3:
Calculated. C 72.81, H 4.15, N 6.79; found C 72.83, H4.12, N 6.81.

Ethyl 11-(4-(trifluoromethyl)benzoyl)pyrrolo[1,2-a][1,10]phenanthroline-9-carboxylate (5b)

Crystallized from methanol-chloroform 1:1, (v/v). Yellow powder, mp =
220-221 °C, yield: 45 %. IR (KBr): 3072, 2986, 1697, 1651, 1584, 1236, 1126
cm'l. TH-NMR (500 MHz, CDCl3, §(ppm)): 8.60 (1H, d, J = 9.0 Hz, H-4),
8.25-8.33 (4H, overlapped signals, H-8, H-10, H-2’, H-6"), 7.93 (1H, d, J = 8.5
Hz, H-7), 7.82-7.85 (3H, overlapped signals, H-6, H-3’, H-5"), 7.75 (1H, d, J =
9.0 Hz, H-5), 7.54 (1H, s, H-2), 7.43 (1H, dd, J = 7.5; 5.5 Hz, H-9), 4.40 2H, m,
CHy), 1.42 (3H, t, J = 7.0 Hz, CH3). 13C-RMN (125 MHz, CDCl3, §(ppm)):
192.9 C-13, 164.6 COggter, 157.4 C-3a, 146.1 C-10, 141.2 C-11b, 138.4 (C-1"),
136.9 C-8, 133.8 (q, Jcr = 31.3 Hz, C-4’), 130.3 (C-2’, C-6°), 128.0 C-7a,
C-11a, 127.1 C-7, 125.8 C-5a, 125.7 C-5, 125.6 (q, Jcf = 2.5 Hz, C-3’, C-5°),
125.2 C-6, 124.0 (q, JcF = 271.3 Hz, CF3), 122.8 C-9, 121.6 C-2, 120.6 C-4,
106.9 C-1, 104.4 C-3, 60.3 CHjp, 14.7 CHsz. Combustion analysis for
Cy6H17F3N,03: Calculated. C 67.53, H 3.71, N 6.06; found: C 67.56, H 3.68, N
6.05.
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11-(4-fluorobenzoyl)-10,11-dihydropyrrolo[1,2-a][1,10]phenanthroline-9-carbonitrile (6a)

Crystallized from ethanol-chloroform 1:1, (v/v). Red solid, mp = 213-215
°C, yield: 40 %. IR (KBr): 3060, 2962, 2917, 2160, 1695, 1594, 1458, 1192 cm~
I, IH-NMR (500 MHz, CDCl3, §(ppm)): 7.99 (2H, m, H-2’, H-6"), 7.88 (2H,
overlapped signals, H-10, H-8), 7.12-7.27 (7H, overlapped signals, H-5, H-3’,
H-5’, H-4, H-6, H-1, H-9), 6.77 (1H, s, H-7), 3.38 (1H, t, J = 13.5; 11.5 Hz, H-
2a), 2.85 (1H, dd, J = 15.0; 6.0 Hz, H-2b). I3C-RMN (125 MHz, CDCl;,
d(ppm)): 190.2 C-13, 165.9 (d, Jcr = 253.75 Hz, C-4’), 157.4 C-11a, 146.4
C-10, 137.1 C-3a, 136.6 C-11b, 136.4 C-8, 135.8 C-7a, 131.5 (d, Jcr = 8.75 Hz,
C-2’, C-6°), 130.6 (d, Jcr = 3.75 Hz, C-1"), 126.9 C-6, C-5, C-5a, 122.1 C-9,
120.6 C-4, 120.2 CN, 118.0 C-7, 116.3 (d, Jc.F = 21.25 Hz, C-3°, C-5’), 69.4
C-3, 68.0 C-1, 33.0 C-2. Combustion analysis for Co3H14FN3O: Calculated. C
75.19, H 3.84, N 11.44; found C 75.18, H 3.81, N 11.46.

11-(4-(trifluoromethyl)benzoyl)-10, 1 1-dihydropyrrolo[1,2-a] [ 1,10]phenanthroline-9-carbo-
nitrile (6b)

Crystallized from methanol-chloroform 1:1, (v/v). Red crystals, mp = 240-
242 °C, yield: 40 %. IR (KBr): 2995, 2943, 2243, 2172, 1680, 1639, 1595, 1452,
1128 cml. IH-NMR (500 MHz, CDCl3, §(ppm)): 8.15 (2H, d, J = 7.5 Hz, H-2,
H-6"), 7.99 (1H, d, J = 7.5 Hz, H-8), 7.85-7.88 (3H, overlapped signals, H-10,
H-3’, H-5"), 7.20-7.37 (5H, overlapped signals, H-5, H-4, H-6, H-1, H-9), 6.86
(1H, bs, H-7), 3.47 (1H, t, J = 14.0 Hz, H-2a), 2.93 (1H, dd, J = 14.5; 6.5 Hz,
H-2b). 13C-RMN (125 MHz, CDCl3, 8(ppm)): 190.1 C-13, 157.4 C-11a, 155.1
C-3a, 146.3 C-10, 136.8 C-8, 135.8 C-11b, 130.6 C-7a, 129.3 (C-2’, C-67), 137.4
(C-1°), 134.79 (q, Jcf = 31.3 Hz, C-4°), 126.9 C-6, C-5, C-5a, 126.2 (C-3’,
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C-57), 123.7 (q, Jcr = 271.3 Hz, CF3), 122.2 C-9, 120.9 C-4, 120.7 CN, 118.0
C-7, 67.9 C-1, 66.8 C-3, 32.9 C-2. Combustion analysis for Co4H4F3N3O:
Calculated. C 69.06, H 3.38, N 10.07; Found C 69.08, H 3.35, N 10.09.

11-(4-fluorobenzoyl)-8a,9-dihydropyrrolo[1,2-a] [ 1, 10]phenanthroline-9, 10-dicarbonitrile (7a)

Crystallized from ethanol-chloroform 1:1, (v/v). Orange solid, mp =
238-240 °C, yield: 52 %. IR (KBr): 3062, 2978, 2925, 2225, 2175, 1691, 1596,
1460, 1153cml. IH-NMR (500 MHz, CDCl3, §(ppm)): 8.17 (2H, m, H-2’, H-
6’), 8.05-8.09 (2H, overlapped signals, H-10, H-8), 7.74 (1H, d, /= 5.0 Hz, H-1),
7.50-7.53 (2H, overlapped signals, H-4, H-7), 7.34 (2H, t, J = 8.5 Hz, H-3’,
H-5%), 7.30 (1H, dd, J = 8.5; 4.5 Hz, H-9), 7.26 (1H, d, J = 9.5 Hz, H-5), 6.99
(1H, d, J = 8.5 Hz, H-6), 4.13 (1H, d, J = 5.0 Hz, H-2). 13C-RMN (125 MHz,
CDCl3, 8(ppm)): 187.2 C-13, 166.6 (d, Jcr = 253.75 Hz, C-4’), 158.2 C-3a,
147.2 C-10, 137.8 C-7, 137.0 C-8, C-11b, 135.2 C-11a, 131.8 (d, Jc g = 10.0 Hz,
C-2’, C-6’), 130.7 C-7a, 129.1 (d, Jc g = 3.75 Hz, C-17), 127.0 C-4, 125.9 C-5a,
122.6 C-9, 122.2 C-6, 122.1 C-5, 118.0 CN, 117.5 CN, 117.0 (d, Jc.p= 22.5 Hz,
c-3, C-5), 71.2 C-1, 63.0 C-3, 35.6 C-2. Combustion analysis for
C4H13FN4O: Calculated. C 73.46, H 3.34, N 14.28; found C 73.44, H 3.31, N
14.30.

11-(4-(trifluoromethyl)benzoyl)-8a,9,10, 1 1-tetrahydropyrrolof1,2-a] [1,10]phenanthroline-
-9,10-dicarbonitrile (7b)

9

Crystallized from methanol-chloroform 1:1, (v/v). Orange solid, mp =
230-232 °C, yield: 68 %. IR (KBr): 2996, 2914, 2365, 2249, 1688, 1647, 1454,
1126 cml. TH-NMR (500 MHz, DMSO-d6, 8(ppm)): 8.36 (2H, d, J = 8.0 Hz,
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H-2’, H-6"), 8.09 (1H, dd, J = 8.0; 1.5 Hz, H-8), 8.04 (2H, d, J =8.0 Hz, H-3’,
H-5’), 7.53 (1H, dd, J = 4.5; 1.5 Hz, H-10), 7.28 (1H, d, J = 8.5 Hz, H-6),
7.18-7.21 (2H, overlapped signals, H-7, H-9), 6.72-6.77 (2H, overlapped signals,
H-5, H-1), 5.88 (1H, dd, J = 10.0; 2.0 Hz, H-4), 5.40 (1H, dd, J =4.5; 1.5 Hz, H-
3a), 4.33 (1H, dd, J = 7.0; 5.0 Hz, H-3), 4.08 (1H, t, J = 7.0 Hz, H-2). 13C-RMN
(125 MHz, DMSO-d6, &(ppm)): 192.6 C-13, 145.0 C-10, 138.3 C-1°, 137.3
C-11b, 136.5 C-8, 136.3 C-11a, 132.6 (q, Jc,F= 32.5 Hz, C-4°), 129.8 (C-2’, C-
6’), 129.5 C-7a, 128.3 C-5, 126.8 C-6, 126.0 (d, Jc.p= 3.8 Hz, C-3°, C-5°), 123.5
(g, JcF= 271.3 Hz, CF3), 121.1 C-7, 119.9 C-4, 118.7 C-5a, 117.8 CN, 117.3
CN, 116.8 C-9, 65.7 C-1, 63.6 C-3a, 39.5 C-3, 32.9 C-2. Combustion analysis for
Cy5H5F3N40: Calculated. C 67.57, H 3.40, N 12.61; found C 67.59, H 3.38, N
12.62.

TABLE S-I. Crystallographic data and refinement details

Compound 4b (4719) 6a (4665) 6b (4819) 7b (4833)
Empirical formula C27H19F3N205 C23H14FN3O C24H14F3N3O C25H15F3N4O
Formula weight 508.44 367.37 417.38 44441
Temperature/K 200 293 200 140
Crystal system triclinic monoclinic triclinic monoclinic
Space group P-1 C2/c P-1 P2,/c
alA 7.5236(5) 26.468(2) 5.4429(5) 9.2761(4)
b/A 9.5486(7) 6.2708(4) 9.7038(8) 11.1990(4)
c/A 17.3690(12)  22.8898(19)  18.6668(14) 20.0050(9)
al® 77.052(6) 90 75.239(7) 90
pl° 87.591(6) 113.351(11) 82.490(7) 91.083(4)
y/° 70.374(6) 90 80.305(7) 90
Volume, A3 1144.66(15) 3488.0(5) 935.77(14) 2077.81(15)
Z 2 8 2 4
Peqlel / cm? 1.475 1.399 1.481 1.421
y/ mm’! 0.119 0.095 0.113 0.108
Crystal size, mm? 0.3x0.15 0.15 0.15x0.10x0.10 0.3x0.15x0.15 0.30x0.25x0.20
20/° 4.646 to 50.046 3.352 to 57.404 4.384 to 50.052 4.072 to 50.038
Reflections collected 9201 9862 8106 11269
4009 3942 3306 3668

Independent reflections p  _ 03611 [R, = 0.0735] [Ry=0.0311] [Ry= 0.0409]
Data/restraints/parameters  4009/0/336 3942/0/253  3306/81/277  3668/70/299

R 0.0667 0.0671 0.0841 0.050
R,® 0.1561 0.1827 0.2286 0.2300
GOF¢ 1.091 0.994 1.050 1.055

Largest diff. peak/hole, e A2 0.28/-0.29 0.17/-0.23 0.82/-0.79 0.50/-0.48
WR\=Z||F| - [Fl/ZIF, ). PWRy={Z[W(F2-F ) VEIWF )1} 2 CGOF={Z[W(F*-F2)*/(n-p)} ',
where 7 is the number of reflections and p is the total number of parameters refined.
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Fig. S-1. 'H NMR spectrum of compound 4b.
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Fig. S-2. 13C NMR spectrum of compound '3C NMR of 4b.
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Fig. S-4. 13C NMR spectrum of compound 13C NMR of 5b.
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Fig. S-6. 13C NMR spectrum of compound 3C NMR of 6a.
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Fig. S-7. 'TH NMR spectrum of compound 7a.
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Abstract: Alepterolic acid is a natural diterpenoid isolated from Aleuritopteris
argentea (S. G. Gmél.) Fée, a fern with potential medicinal activity, used in
China as a folk medicine to regulate menstruation and prevent cancer. Never-
theless, there are few reports about the structural modification of this natural
product. With the wide application of 1,2,3-triazole derivatives in medicines,
pesticides, functional materials, the synthesis of 1,2,3-triazoles derivatives has
attracted the attention of synthetic chemists. In this article, 23 new derivatives
of alepterolic acid combined with 1,2,3-triazole were designed and synthesized
by esterification and click chemistry reaction in a fast, conventional and effi-
cient way. All the products were obtained in good yields (72 to 97 %). The
structure of these compounds was confirmed by 'H-, 13C-NMR and mass spec-
tral data. The use of the easily available reactants and the common reaction
conditions furnish an efficient method for the synthesis of alepterolic acid deri-
vatives. The preparation of these compounds would enable further biological
evaluation in the future.

Keywords: diterpenoid; 1,2,3-triazole; structural modification.

INTRODUCTION

Aleuritopteris argentea (S. G. Gmél.) Fée, also known as Cheilanthes argen-
tea (S. G. Gmél.) Kunze, is a kind of medicinal fern plant growing in China,
Japan, the Korean Peninsula and Russia. Extracts from the fern possess a wide
range of medicinal values, such as promoting blood circulation, regulating mens-
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truation, tonifying asthenia and relieving cough. In 1962, Ageta et al. isolated a
diterpenoid compound from A. argentea for the first time, namely alepterolic
acid (Fig. 1).! Later, it was found that alepterolic acid was produced in speci-
mens of A. argentea from Japan and mainland Asia, while ent-anti-copalic acid
was present (Fig. 1) in specimens from Taiwan island. Thus, the types and con-
tent of metabolites of this fern are different according to the geographical distri-
bution.? These two diterpenoids share the same labdane frame, with a hydroxy
group at 3-positon in the molecule of alepterolic acid. Recently, Idippily et al.
reported the structural modification of ent-anti-copalic acid by amination and est-
erification reactions. Compared to that of ent-anti-copalic, the anticancer activity
of those semi-synthesized derivatives against LNCaP cell line considerably inc-
reased.> However, the modification of alepterolic acid was less investigated.

Alepterolic acid ent-anti-Copalic acid

Fig. 1. Structure of alepterolic acid and ent-anti-copalic acid.

1,2,3-Triazole, as one of the most important heterocycles, can form various
non-covalent interactions such as hydrophobic interactions, hydrogen bonds, van
der Waals forces with different biological targets.# Accordingly, the compounds
with 1,2,3-triazole moiety possess diverse pharmaceutical properties such as anti-
bacterial,> antimalarial,® antifungal,’ antiviral,® antitubercular® and anticancer!0
activities. The combination of 1,2,3-triazole with other bioactive drug molecules
or natural products may produce hybrid molecules with better biological activity
performance.!1-12 Previously, our group reported the structural modification of
rupestonic acid (Fig. 2) by the introduction of the 1,2,3-triazole. The synthesized
derivatives displayed interesting potency against influenza A viruses.!3 Carnosic
acid (Fig. 2), a diterpenoid, exhibited potential antiproliferative and antifungal
activities after combination with 1,2,3-triazole by Pertino et al.!4 Acanthoic acid
(Fig. 2), also a kind of diterpenoid compound, was recently modified by Kase-
msuk, with the results demonstrating that the triazole ring and nitro group on the
benzyl ring play a pivotal role in the cytotoxic activity against cholangiocarci-
noma.!5 It was reported that hybrids of oleanolic acid (Fig. 2) and 1,2,3-triazole
possess considerable anticancer activity and could inhibit the proliferation of a
variety of tumor cells.!® Based on the above-mentioned studies, the introduction
of 1,2,3-triazole moiety into alepterolic acid is supposed to be a prospective
derivatization method to acquire or enhance the bioactivities.
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Our group recently isolated grams of alepterolic acid from A. argentea. A
pioneer derivation was achieved by incorporation of amino moiety to the 15-car-
boxy group.!” The obtained compounds showed improved cytotoxic activity
against HeLa cell lines compared to alepterolic acid itself. Taking these factors
into account, we intended to further modify alepterolic acid by introducing 1,2,3-
-triazole moiety.

CHj

T

COOH e8on

Rupestonic acid Carnosic acid Acanthoic acid Oleanolic acid

Fig. 2. Structures of rupestonic acid, carnosic acid, acanthoic acid and oleanolic acid.

EXPERIMENTAL

Visualization on TLC was achieved by use of UV light (254 nm) or iodine. NMR spectra
were recorded on a Varian Inova-400 MHz spectrometer (400 MHz for 'H, 100 MHz 13C).
The spectra were recorded in CDCl; as solvent at room temperature, 'H- and '3C-NMR
chemical shifts are reported in ppm relative to either the residual solvent peak (13C, § = 77.16
ppm or 'H, § = 7.26 ppm) as an internal standard. Data for 'H-NMR are reported as follows:
chemical shift (6 / ppm), multiplicity, integration, coupling constant (Hz) and assignment. The
melting point of the product was determined by Buchi M-560 melting point apparatus.

Propargyl bromide, NaN3;, CuSO4 5H,0, substitued benzyl bromides and anilines are
purchased from Adamas Reagent, Co. Ltd. (Shanghai, China) and were used without further
purification.

Synthesis of prop-2-yn-1-yl (E)-5-((IR,4aS, 6R,8aS)-6-hydroxy-5,5,8a-trimethyl-2-methylene-
decahydronaphthalen-1-yl)-3-methylpent-2-enoate (3)

To the solution of alepterolic acid (960.7 mg, 3.0 mmol) in 10 mL of DMF was added
potassium carbonate (621.9 mg, 4.5 mmol) and propargyl bromide (428.3 mg, 3.6 mmol). The
reaction was stirred at room temperature for 12 hours. Then the mixture was quenched with
water and extracted with ethyl acetate (3x10 mL). Combined organic layers were washed with
water (3%20 mL), brine (20 mL), and dried over Na,SO,. After the solvent was removed in
vacuum, the crude product was purified by column chromatography (petroleum ether:ethyl
acetate, 4:1 to 1:1 volume ratios) to afford 969.1 mg of desired product as a yellow solid
(yield 90 %).

General procedure for the synthesis of substituted phenyl azides 4a—n

To a stirred solution of substituted aniline (1.0 mmol) in 2 mL of 6 N HCI at 0 °C was
added NaNO, (103.5 mg, 1.5 mmol) in H,O (2 mL). After stirring for 15 min, a solution of
NaNj; (78 mg, 1.2 mmol) in H,O (1 mL) was cautiously added dropwise. The reaction was left
to stir for 1 h at room temperature, followed by extraction with ethyl acetate (3%5 mL). The
combined organic layers were dried over Na,SO,, and carefully concentrated under reduced
pressure to give corresponding phenyl azide. The crude product was used directly without
purification.
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General procedure for the synthesis of substituted benzyl azides 40—w

To a stirred solution of substituted benzyl bromide (1.0 mmol) in 4 mL of acetone was
added NaNj; (96 mg, 1.50 mmol) in 1 mL of water. After stirring for 12 h, the reaction mixture
was extracted with ethyl acetate (3x10 mL), washed with brine, dried over Na,SO,4, and
concentrated carefully under reduced pressure to give corresponding benzyl azide. The crude
product was used directly without purification.

General procedure for the synthesis of 1,2,3-triazoles derivations of alepterolic acid 5a—w

To the solution of compound 3 (30.0 mg, 0.083 mmol) and corresponding azide (0.10
mmol) in 4 mL of DMF/H,0 (1:1 volume ratio) was added sodium ascorbate (6.5 mg, 0.033
mmol) and CuSO,4-5H,0 (3.8 mg, 0.014 mmol). The reaction was stirred at 60 °C for 6 h and
monitored by thin layer chromatography to ensure that compound 3 had been completely con-
sumed. Then the mixture was quenched with ice-cold water and extracted with ethyl acetate
(3x5 mL). Combined organic layers were washed with water (3x5 mL), brine (10 mL), and
dried over Na,SO,. After the solvent was removed in vacuum, the crude product was purified
by column chromatography (petroleum ether:ethyl acetate, 1:1 to 1:4 volume ratios) to afford
the desired products Sa—w.

The detailed spectral data of synthetic compounds are presented in the Supplemental
material to this paper.

RESULTS AND DISCUSSION

Click chemistry is applied to all aspects of drug discovery to form 1,2,3-tri-
azole compounds. The copper-(I)-catalyzed 1,2,3-triazole formation from azides
and terminal acetylenes is a very useful route to create a library of new com-
pounds for the screening of activity, due to its high degree of dependability,
complete specificity and the biocompatibility of the reactants.!® With that in
mind, we used classical click reaction conditions to prepare a series of 1,2,3-tri-
azole derivatives of alepterolic acid, taking copper sulfate pentahydrate and
sodium ascorbate as the source of catalytic copper ().

At the beginning, the substrate of the click reaction, propargyl alepterolate
(3) was prepared by simple derivatization on alepterolic acid in yield of 90 % by
mixing alepterolic acid (1) and 3-bromoprop-1-yne (2) with potassium carbonate
in N,N-dimethylformamide for 12 h (Scheme 1).1°

KoCOs

_ =

DMF, 12h

Scheme 1. Synthesis of propargyl alepterolate. Reaction condition: propargyl bromide,
alepterolic acid, K,CO3, N,N-dimethylformamide, r.t.

Other components of the click reaction substrate, are phenyl azides and ben-
zyl azides. Phenyl azides 4a—n were synthesized by firstly mixing the corres-
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ponding aniline, sodium nitrite and concentrated hydrochloride at 0 °C for 15
min, then adding sodium azide to the system and stirring at room temperature for
1 h.20 The resulting products are listed in Table 1. Benzyl azides 40-w were
synthesized by mixing the corresponding benzyl bromide and sodium azide in a
mixed solvent of acetone and water and reacting overnight.2! The resulting pro-
ducts are listed in Table II. All the azides were obtained in high yields after
simple work-up and directly used in the next step without further purification.

TABLE I. Preparation of phenyl azides 4a—n; ®reaction conditions: 1) NaNO,, aniline, 6 M
HCI, H,0, 0 °C; 2) NaNj, r.t., H,O
RNH2 (1) HCI NaNO, RN3

(2) NaN;

Entry Azide R Yield?, %
1 4a Ph 91
2 4b 2-MePh 75
3 4c 3-MePh 85
4 4d 4-MePh 90
5 4e 4-FPh 67
6 4f 4-CIPh 92
7 4g 4-BrPh 85
8 4h 4-MeOPh 77
9 4i 4-CNPh 93
10 4j 4-CF5Ph 90
11 4k 4-NO,Ph 62
12 41 2,4-2CI1Ph 93
13 4m 3,4-2CIPh 80
14 4n 1-Nap 81
Isolated yield

TABLE II. Preparation of benzyl azides 40—4w; reaction conditions: NaN3, benzyl bromide,
acetone/ H,O, r.t.

RBr—_"e > RN,
Entry Azides R Yield?, %
1 40 Bn 95
2 4p 4-MeBn 94
3 4q 4-FBn 85
4 4r 4-CIBn 90
5 4s 4-BrBn 88
6 4t 4-MeOBn 88
7 4u 4-CNBn 85
8 4v 4-CF;Bn 92
9 4w 4-NO,Ph 95

Isolated yield

The preparation of 1,2,3-triazoles derivatives of alepterolic acid Sa—w were
achieved as depicted in Scheme 2. All the products were prepared in good yields
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as displayed. It is worth mentioning that when ortho substituted phenyl azides
participated in the reactions such as 4b or 41, the yields were relatively lower
than with the other substrates, which implied that steric hindrance affected and
limited the scope of the reaction to some extent similar to that previously rep-
orted.22 Due to the existence of the ester group, most of the products stayed oily
at room temperature.

5a-5w
KO- O O
5a, 90% 5b, 73% 5c, 92% 5d, 95% 5e, 91% 5f, 90%
Cl
e Hom+Oo O Ko K
59, 90% 5h, 81% 5i, 92% 5j, 89% 5k, 86% 51, 72%
cl 0 d d d d
b b 20 3
Hoe ()
F Cl
5m, 92% 5n, 84% 50, 87% 5p, 96% 5q, 79% 5r, 80%
d d d d d
oA, O, o, T
Br OMe CN CF, NO,
5s, 80% 5t, 81% 5u, 94% 5v, 88% 5w, 97%

Scheme 2. Synthesis of 1,2,3-triazoles derivtives of alepterolic acid. Reaction conditions:
propargyl alepterolate, azides, sodium ascorbate, CuSO,4-5H,0,
N,N-dimethylformamide/H,0, 60 °C; isolated yield.

The structures of obtained compounds were analyzed by NMR and HRMS.
The assignments of 1H and 13C spectra to the peak positions of the synthesized
derivatives Sa—w were attained by comparison with the signals to the original
NMR data of alepterolic acid.?-!7 Compared with the H-NMR of propargyl alep-
terolate, the terminal alkyne hydrogen signal disappeared, and the aromatic hyd-
rogen atom signals appeared, while no obvious change was observed in the signal
of methylene at the a-position of the ester group. The 'H-NMR revealed the
signal of hydrogen atom fluctuating from ¢ = 8.19 to 7.51 ppm in the newly
formed five-membered 1,2,3-triazole rings. The signal of 3-OH in the target com-
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pounds appeared at d = 3.24 or 3.23 ppm, usually as a doublet of doublets, just
like that of alepterolic acid, indicating that 3-OH was left untouched in the react-
ions. The signals of 14-H and 17-H on the NMR spectra were similar to those of
alepterolic acid, which revealed the double-bond was tolerable for click chemis-
try. The signals of the four methyl groups stayed the same as those in alepterolic
acid. From the information provided by IH-NMR, it can be concluded that the
frame of alepterolic acid other than the carboxyl group was not affected during
the whole process of the reactions. The 13C-NMR data also consisted to the rel-
ated structures, which tallied with previous literature reports.2-17 The mass of the
products showed molecular ion peaks corresponding to the molecular weight of
the acquired structures.

CONCLUSIONS

Alepterolic acid, as the main metabolite of the fern plant A. argentea, is a
diterpenoid worthy of structural modification. In this work, we have successfully
developed a rapid and efficient process for the synthesis of 1,2,3-triazole deri-
vatives through the application of click reaction. Twenty-three derivatives were
synthesized in good yields and characterized by spectral analysis. These com-
pounds would be evaluated with regard to their biological activities, such as anti-
cancer or antiviral activities for future drug discovery.

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/10525, or from the corres-
ponding author on request.
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AjenTeposiiuHa KHUCeIVHA je IPUPONHU OUTEepIIeHOW] M30JI0BaH U3 mampatu Aleuritop-
teris argentea (S.G. Gmél.) Fée, xao jenvmeme ca MOTEHUHjATHOM MEIUIIMHCKOM MPUMEHOM,
KOje ce KOPHCTH Y KMHECKOj HapOJHO] MENUIIMHHU 33 peryiauujy MeHCTPYalTHOT LHUKIyca U
peBeHIMjy KaHuepa. Mnak, mocToju Mano pafoBa y KOjuMa Cy ONMHCAaHe CTPYKTYpPHE MOIH-
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¢uKkauvje oBOT MPUPOSHOT Mpou3Bofa. 3dor mwupoke mpumene 1,2,3-Tpuasona y MemuluHH,
UCTpaKUBamy NEeCcTULH/Ia U MaTepHjaiia, NOCTOjU BEIMKO UHTEPECOBame 3a CUHTEe3Y NepuBarta
1,2,3-Tpuasona. Y oBOM pafly CHUHTETHCAHO je 23 nepuBata ajernTepoMyHe KHCeIuHe ca
1,2,3-TpHa30CKUM CETMEHTOM, IPUMEHOM Dpeaklidja ecTepudHUKanuje U “KIUK’-XeMHuje, Ha
Op3, edukacaH ¥ KOHBEHIHMOHaNAaH HauuH. CBU NPOM3BOAHU Cy NOOHjEHH Yy NOOPOM IPHUHOCY
(om 72 mo 97 %). CTpykType jenumerma notspheHe cy 1H—, 13C-HMP u macenum CHEKTPUMA.
Ynorpebom NMpHUCTYNauyHUX peareHaca 1oj yodHuajeHHM peakLHOHUM yCJIOBUMA Pa3BHjeH je
edukacaH NOCTyIak 3a CUHTe3y JepuBaTa ajlenTepoiauyHe kucenrHe. CUHTe3a OBUX jelUbenha
he omoryhutu fama duosnouika UCIUTHBa®ka y HAPEOHOM NEPHUOLY.

(ITpumbeHo 16. Mapra, pesunupano 30. maja, mpuxsaheno 14. jyna 2021)
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of Physics and Chemistry, Chinese Academy of Sciences, Urumgqi, 830011, P.R. China,
2University of Chinese Academy of Sciences, Beijing, 100049, P.R. China, 3College of Life
Sciences, Shanghai Normal University, Shanghai, 201418, P.R. China, *CAS Key Laboratory
for Receptor Research, Shanghai Institute of Materia Medica, Chinese Academy of Sciences,
Shanghai 201203, P. R. China and ’College of Chemistry and Chemical Engineering, Anhui
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J. Serb. Chem. Soc. 86 (10) (2021) 917-925

SPECTRUM DATA OF THE COMPOUNDS

Prop-2-yn-1-yl (E)-5-((1R,4aS,6R,8aS)-6-hydroxy-5,5,8a-trimethyl-2-methylenedecahydro-
naphthalen-1-yl)-3-methylpent-2-enoate (3)

'H NMR (400 MHz, CDCls) & 5.68 (s, 1H, 14-H), 4.86 (s, 1H, 17-H), 4.69 (d, J = 2.4
Hz, 2H, a-CH,), 4.49 (s, 1H, 17-H), 3.25 (dd, /= 11.7, 4.4 Hz, 1H, 3-H), 2.47 (t, /= 2.4 Hz,
1H, c-H), 2.40 (ddd, J = 12.8, 4.3, 2.4 Hz, 1H, 7-H), 2.35 — 2.27 (m, 12-H), 2.17 (d, J=1.2
Hz, 3H, 16-CH3), 2.01 — 1.90 (m, 2H), 1.81 — 1.52 (m, 7H), 1.37 (td, J = 12.9, 4.3 Hz, 1H,
6-H), 1.15 (td, /= 13.2, 3.8 Hz, 1H, 1-H), 1.07 (dd, J = 12.5, 2.8 Hz, 1H, 5-H), 0.99 (s, 3H,
18-CH3), 0.77 (s, 3H, 19-CH3), 0.68 (s, 3H, 20-CH3). 13C NMR (100 MHz, CDCl5) § 165.86
(C-15), 163.05 (C-13), 147.71 (C-8), 114.32 (C-14), 106.94 (C-17), 78.86 (C-3), 78.30 (b-C),
74.63 (c-C), 55.94 (C-9), 54.64 (C-5), 51.26 (a-C), 39.92 (C-10), 39.52 (C-4), 39.25 (C-7),
38.21 (C-12), 37.15 (C-1), 28.42 (C-18), 27.99 (C-2), 24.09 (C-6), 21.71 (C-11), 19.26
(C-16), 15.54 (C-19), 14.61 (C-20).
(1-Phenyl-1H-1,2,3-triazol-4-yl)methyl (E)-5-((1R,4aS, 6R,8aS)-6-hydroxy-5,5,8a-trimethyl-2-
-methylenedecahydronaphthalen- 1-yl)-3-methylpent-2-enoate (5a)

Chemical Formula: CpgH39N303
Exact Mass: 477.2991
Molecular Weight: 477.6490

* ** Corresponding authors. E-mail: (*)haji@ms.xjb.ac.cn; (**)guozheng.huang@ahut.edu.cn
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35.6 mg, yield 90 %, white solid, m.p.= 50-52 °C; 'H NMR (400 MHz, CDCl;) ¢ 8.06 (s,
1H, c-H), 7.77 — 7.69 (m, 2H, 2xPh-H), 7.58 — 7.40 (m, 3H, 3xPh-H), 5.69 (q, /= 1.2 Hz, 1H,
14-H), 5.33 (s, 2H, a-CH,), 4.85 (s, 1H, 17-H), 4.49 (s, 1H, 17-H), 3.24 (dd, J=11.7, 4.4 Hz,
1H, 3-H), 2.39 (ddd, J = 12.8, 4.3, 2.4 Hz, 1H, 7-H), 2.34 — 2.25 (m, 1H, 12-H), 2.17 (d,
J=1.3 Hz, 3H, 16-CHy;), 2.01 — 1.88 (m, 2H, 7-H, 12-H), 1.80 — 1.46 (m, 7H, 1-H, 2-CH,,
6-H, 9-H, 11-CH,), 1.37 (qd, J = 12.9, 4.3 Hz, 1H, 6-H), 1.14 (td, J = 13.1, 3.6 Hz, 1H, 1-H),
1.07 (dd, J = 12.5, 2.7 Hz, 1H, 5-H), 0.98 (s, 3H, 18-CH3), 0.76 (s, 3H, 19-CH3), 0.67 (s, 3H,
20-CH3). 13C NMR (100 MHz, CDCl3) 6 166.62 (C-15), 162.52 (C-13), 147.73 (C-8), 144.10
(b-C), 137.02 (Ph-C), 129.91 (2xPh-C), 129.07 (Ph-C), 122.16 (c-C), 120.76 (2xPh-C),
114.73 (C-14), 106.92 (C-17), 78.85 (C-3), 56.83 (a-CH,), 55.99 (C-9), 54.63 (C-5), 39.94
(C-10), 39.52 (C-4), 39.24 (C-7), 38.20 (C-12), 37.14 (C-1), 28.41 (C-18), 27.98 (C-2), 24.08
(C-6), 21.75 (C-11), 19.27 (C-16), 15.54 (C-19), 14.60 (C-20). (+)ESI-HRMS (m/z):
calculated for [C,9H3oN;05 + HT] 478.3064, observed 478.3052.
(1-(o-Tolyl)-1H-1,2,3-triazol-4-yl)methyl (E)-5-((1R,4aS,6R,8aS)-6-hydroxy-5,5,8a-trimethyl-
-2-methylenedecahydronaphthalen-1-yl)-3-methylpent-2-enoate (5b)

Chemical Formula: C3oH41N303
Exact Mass: 491.3148
Molecular Weight: 491.6760

29.8 mg, yield 73 %, white solid, m.p.= 46-48 °C; "H NMR (400 MHz, CDCls) 6 7.81 (s,
1H, ¢-H), 7.49 — 7.30 (m, 4H, 4xPh-H), 5.70 (q, J = 1.3 Hz, 1H, 14-H), 5.34 (s, 2H, a-CH),),
4.85 (s, 1H, 17-H), 4.49 (s, 1H, 17-H), 3.24 (dd, J = 11.7, 4.4 Hz, 1H, 3-H), 2.39 (ddd,
J=128, 4.3, 2.4 Hz, 1H, 7-H), 2.36 — 2.24 (m, 1H, 12-H), 2.22 (s, 3H, Ph-CH3;), 2.17 (d,
J=1.3 Hz, 3H, 16-CH3;), 2.03 — 1.86 (m, 2H, 7-H, 12-H), 1.81 — 1.47 (m, 7H, 1-H, 2-CH,, 6-
H, 9-H, 11-CH,), 1.38 (qd, J = 12.9, 4.3 Hz, 1H, 6-H), 1.14 (td, J = 13.1, 3.7 Hz, 1H, 1-H),
1.07 (dd, J = 12.5, 2.7 Hz, 1H, 5-H), 0.98 (s, 3H, 18-CHj3), 0.76 (s, 3H, 19-CHj3), 0.67 (s, 3H,
20-CH3). 13C NMR (100 MHz, CDCl3) 6 166.61 (C-15), 162.45 (C-13), 147.73 (C-8), 143.16
(b-C), 136.38 (Ph-C), 133.75 (Ph-C), 131.66 (Ph-C), 130.13 (Ph-C), 127.00 (Ph-C), 126.08 (c-
C), 125.43 (Ph-C), 114.74 (C-14), 106.91 (C-17), 78.85 (C-3), 56.82 (a-CH,), 55.99 (C-9),
54.63 (C-5), 39.93 (C-10), 39.51 (C-4), 39.24 (C-7), 38.20 (C-12), 37.14 (C-1), 28.41 (C-18),
27.97 (C-2), 24.07 (C-6), 21.74 (C-11), 19.25 (C-16), 18.05 (Ph-CH3), 15.54 (C-19), 14.60
(C-20). (H)ESI-HRMS (m/z): calculated for [C5oH4N3;O; + HT] 4923221, observed
492.3208.

(1-(m-Tolyl)-1H-1,2,3-triazol-4-yl)methyl (E)-5-((1R,4aS,6R,8aS)-6-hydroxy-5,5,8a-trimethyl-
-2-methylenedecahydronaphthalen-1-yl)-3-methylpent-2-enoate (5c)

Chemical Formula: C3gH41N303
Exact Mass: 491.3148
Molecular Weight: 491.6760
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37.5 mg, yield 92 %, white solid, m.p.= 50-53 °C; 'H NMR (400 MHz, CDCl;) 6 8.04 (s,
1H, c-H), 7.56 (s, 1H, Ph-H), 7.52 — 7.46 (m, 1H, Ph-H), 7.41 — 7.33 (m, 1H, Ph-H), 7.26 —
7.19 (m, 1H, Ph-H), 5.68 (q, J = 1.3 Hz, 1H, 14-H), 5.31 (s, 2H, a-CH,), 4.84 (s, 1H, 17-H),
448 (s, 1H, 17-H), 3.24 (dd, J = 11.7, 4.4 Hz, 1H, 3-H), 2.44 (s, 3H, Ph-CHj3;), 2.38 (ddd,
J=12.8,4.3, 2.4 Hz, 1H, 7-H), 2.35 — 2.23 (m, 1H, 12-H), 2.17 (d, J = 1.2 Hz, 3H, 16-CHj),
2.00 - 1.87 (m, 2H, 7-H, 12-H), 1.79 — 1.47 (m, 7H, 1-H, 2-CH,, 6-H, 9-H, 11-CH,), 1.37 (qd,
J=12.9, 4.2 Hz, 1H, 6-H), 1.14 (td, J= 13.0, 3.5 Hz, 1H, 1-H), 1.06 (dd, J = 12.5, 2.6 Hz,
1H, 5-H), 0.98 (s, 3H, 18-CH3), 0.75 (s, 3H, 19-CHj), 0.66 (s, 3H, 20-CH3). 13C NMR (100
MHz, CDCl3) ¢ 166.60 (C-15), 162.47 (C-13), 147.70 (C-8), 143.92 (b-C), 140.15 (Ph-C),
136.91 (Ph-C), 129.80 (Ph-C), 129.66 (Ph-C), 122.21 (Ph-C), 121.38 (c-C), 117.78 (Ph-C),
114.72 (C-14), 106.89 (C-17), 78.81 (C-3), 56.81 (a-CH,), 55.96 (C-9), 54.61 (C-5), 39.91
(C-10), 39.49 (C-4), 39.22 (C-7), 38.18 (C-12), 37.12 (C-1), 28.39 (C-18), 27.95 (C-2), 24.05
(C-6), 21.73 (C-11), 21.53 (Ph-CH3) , 19.25 (C-16), 15.52 (C-19), 14.57 (C-20). (+)ESI-
-HRMS (m/z): calculated for C5oH4 N3O3 [M+H+] 492.3221, observed 492.3208.
(1-(p-Tolyl)-1H-1,2,3-triazol-4-yl)methyl (E)-5-((1R,4aS,6R,8aS)-6-hydroxy-5,5,8a-trimethyl-
-2-methylenedecahydronaphthalen-1-yl)-3-methylpent-2-enoate (5d)

Chemical Formula: C3pH41N303
Exact Mass: 491.3148

Molecular Weight: 491.6760

38.8 mg, yield 95 %, white solid, m.p.= 48-49 °C; 'H NMR (400 MHz, CDCl;) & 8.02 (s,
1H, ¢-H), 7.64 — 7.56 (m, 2H, 2xPh-H), 7.37 — 7.28 (m, 2H, 2xPh-H), 5.68 (q, J = 1.3 Hz, 1H,
14-H), 5.31 (s, 2H, a-CH,), 4.84 (s, 1H, 17-H), 4.48 (s, 1H, 17-H), 3.86 (s, 3H, PhO-CH;),
3.24 (dd, J = 11.7, 4.4 Hz, 1H, 3-H), 2.41 (s, 3H, Ph-CHs) ,2.38 (ddd, J = 12.8, 4.3, 2.4 Hz,
1H, 7-H), 2.35 — 2.23 (m, 1H, 12-H), 2.17 (d, J = 1.2 Hz, 3H, 16-CH3;), 2.00 — 1.88 (m, 2H,
7-H, 12-H), 1.80 — 1.46 (m, 7H, 1-H, 2-CH,, 6-H, 9-H, 11-CH,), 1.37 (qd, J = 12.9, 4.2 Hz,
1H, 6-H), 1.14 (td, J = 13.2, 3.8 Hz, 1H, 1-H), 1.06 (dd, J = 12.5, 2.7 Hz, 1H, 5-H), 0.98 (s,
3H, 18-CHj;), 0.76 (s, 3H, 19-CHj), 0.67 (s, 3H, 20-CH;).13C NMR (100 MHz, CDCl5) &
166.60 (C-15), 162.49 (C-13), 147.71 (C-8), 143.84 (b-C), 139.25 (Ph-C), 134.68 (Ph-C),
130.39 (2xPh-C), 122.19 (¢c-C), 120.63 (2xPh-C), 114.72 (C-14), 106.90 (C-17), 78.82 (C-3),
56.78 (a-CH,), 55.97 (C-9), 54.61 (C-5), 39.92 (C-10), 39.50 (C-4), 39.23 (C-7), 38.18 (C-
12), 37.13 (C-1), 28.39 (C-18), 27.96 (C-2), 24.06 (C-6), 21.73 (C-11), 21.25 (Ph-CH3), 19.25
(C-16), 15.53 (C-19), 14.58 (C-20). (+)ESI-HRMS (m/z): calculated for [C5oH4N;O, + H*]
492.3221, observed 492.3207.
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(1-(4-Fluorophenyl)-1H-1,2,3-triazol-4-yl)methyl (E)-5-((1R,4aS,6R,8aS)-6-hydroxy-5,5,8a-
-trimethyl-2-methylenedecahydronaphthalen-1-yl)-3-methylpent-2-enoate (5e)

4

150 N=N
O\A/N
a b c F

5e

19 18

Chemical Formula: CpgH3gFN303
Exact Mass: 495.2897
Molecular Weight: 495.6394

37.4 mg, yield 91 %, colorless oil, white solid, m.p.= 50-52 °C; 'H NMR (400 MHz,
CDCl3) 6 8.02 (s, 1H, ¢-H), 7.78 — 7.62 (m, 2H, 2xPh-H), 7.41 — 7.02 (m, 2H ,2xPh-H), 5.68
(q, J = 1.3 Hz, 1H, 14-H), 5.31 (s, 2H, a-CH,), 4.84 (s, 1H, 17-H), 4.48 (s, 1H, 17-H), 3.24
(dd, J=11.7,4.4 Hz, 1H, 3-H), 2.39 (ddd, /= 12.8, 4.3, 2.4 Hz, 1H, 7-H), 2.35 —2.24 (m, 1H,
12-H), 2.17 (d, J= 1.2 Hz, 3H, 16-CH3), 2.00 — 1.88 (m, 2H, 7-H, 12-H), 1.79 — 1.44 (m, 7H,
1-H, 2-CH,, 6-H, 9-H, 11-CH,), 1.37 (qd, J = 12.9, 4.3 Hz, 1H, 6-H), 1.14 (td, J = 13.1, 3.6
Hz, 1H, 1-H), 1.06 (dd, J = 12.5, 2.7 Hz, 1H, 5-H), 0.98 (s, 3H, 18-CHj3), 0.76 (s, 3H,
19-CHj3), 0.67 (s, 3H, 20-CHj3). 13C NMR (100 MHz, CDCl3) 6 166.59 (C-15), 162.64 (C-13),
162.61 (d, J = 249.3 Hz, Ph-C), 147.71 (C-8), 144.22 (b-C), 133.27 (d, J = 6.1 Hz, Ph-C),
122.74 (d, J = 8.6 Hz, 2xPh-C), 122.35 (c-C), 116.89 (d, J = 23.4 Hz, 2xPh-C), 114.65
(C-14), 106.89 (C-17), 78.83 (C-3), 56.75 (a-CH,), 55.98 (C-9), 54.62 (C-5), 39.93 (C-10),
39.50 (C-4), 39.23 (C-7), 38.18 (C-12), 37.13 (C-1), 28.40 (C-18), 27.96 (C-2), 24.06 (C-6),
21.74 (C-11), 19.26 (C-16), 15.53 (C-19), 14.60 (C-20). (+)ESI-HRMS (m/z): calculated for
[CoH3gFN305 + H*] 496.2970, observed 496.2958.
(1-(4-Chlorophenyl)-1H-1,2,3-triazol-4-yl)methyl (E)-5-((1R,4aS,6R,8aS)-6-hydroxy-5,5,8a-
-trimethyl-2-methylenedecahydronaphthalen- 1-yl)-3-methylpent-2-enoate (5f)

Chemical Formula: CogH3gCIN3O3

Exact Mass: 511.2602

Molecular Weight: 512.0910

38.3 mg, yield 90 %, colorless oil; 'H NMR (400 MHz, CDCls) § 8.04 (s, 1H, c-H), 7.72

—7.65 (m, 2H, 2xPh-H), 7.57 — 7.45 (m, 2H, 2xPh-H), 5.67 (q, J = 1.3 Hz, 1H, 14-H), 5.31 (s,
2H, a-CH,), 4.84 (s, 1H, 17-H), 4.48 (s, 1H, 17-H), 3.23 (dd, J=11.7, 4.4 Hz, 1H, 3-H), 2.39
(ddd, J = 12.8, 4.3, 2.4 Hz, 1H, 7-H), 2.35 — 2.23 (m, 1H, 12-H), 2.16 (d, J = 1.2 Hz, 3H,
16-CH3), 1.94 (m, 2H, 7-H, 12-H), 1.80 — 1.46 (m, 7H, 1-H, 2-CH,, 6-H, 9-H, 11-CH,), 1.37
(qd, J=12.9, 4.2 Hz, 1H, 6-H), 1.14 (td, J = 13.1, 3.6 Hz, 1H, 1-H), 1.06 (dd, J = 12.5, 2.6
Hz, 1H, 5-H), 0.98 (s, 3H, 18-CHj), 0.76 (s, 3H, 19-CHs), 0.66 (s, 3H, 20-CHs). 13C NMR
(100 MHz, CDCl) § 166.58 (C-15), 162.64 (C-13), 147.72 (C-8), 144.41 (b-C), 135.50
(Ph-C), 134.80 (Ph-C), 130.08 (2xPh-C), 122.02 (c-C), 121.86 (2xPh-C), 114.65 (C-14),
106.90 (C-17), 78.83 (C-3), 56.77 (a-CH,), 55.99 (C-9), 54.63 (C-5), 39.94 (C-10), 39.50
(C-4), 39.23 (C-7), 38.19 (C-12), 37.14 (C-1), 28.40 (C-18), 27.96 (C-2), 24.07 (C-6), 21.75
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(C-11), 19.26 (C-16), 15.53 (C-19), 14.59 (C-20). (+)ESI-HRMS (m/z): calculated for
[CaoH3sCIN;O5 + H'] 512.2674, observed 512.2668.

(1-(4-Bromophenyl)-1H-1,2,3-triazol-4-yl)methyl (E)-5-((1R,4aS,6R,8aS)-6-hydroxy-5,5,8a-
-trimethyl-2-methylenedecahydronaphthalen- 1-yl)-3-methylpent-2-enoate (5g)

Chemical Formula: CogH3gBrN3;O3
Exact Mass: 555.2097
Molecular Weight: 556.5450
41.6 mg, yield 90 %, white solid, m.p.= 66-68 °C; 'H NMR (400 MHz, CDCls) J 8.05 (s,
1H, c¢-H), 7.70 — 7.55 (m, 4H, 4xPh-H), 5.67 (q, J = 1.2 Hz, 1H, 14-H), 5.31 (s, 2H, a-CH,),
4.84 (s, 1H, 17-H), 4.47 (s, 1H, 17-H), 3.23 (dd, J = 11.7, 4.4 Hz, 1H, 3-H), 2.38 (ddd,
J=12.8, 4.3, 2.4 Hz, 1H, 7-H), 2.29 (ddt, J = 13.0, 8.7, 1.5 Hz, 1H, 12-H), 2.16 (d,
J=1.2 Hz, 3H, 16-CHj3), 1.93 (m, 2H, 7-H, 12-H), 1.80 — 1.43 (m, 7H, 1-H, 2-CH,, 6-H, 9-H,
11-CH,), 1.37 (qd, J = 12.9, 4.3 Hz, 1H, 6-H), 1.13 (td, J = 13.0, 3.6 Hz, 1H, 1-H), 1.06 (dd,
J=12.5, 2.7 Hz, 1H, 5-H), 0.97 (s, 3H, 18-CHj), 0.75 (s, 3H, 19-CHj3), 0.66 (s, 3H, 20-CHj3).
13C NMR (100 MHz, CDCly) 6 166.57 (C-15), 162.64 (C-13), 147.71 (C-8), 144.42 (b-C),
135.97 (Ph-C), 133.02 (2xPh-C), 122.66 (2xPh-C), 122.07 (2xPh-C), 121.95 (c-C), 114.64
(C-14), 106.89 (C-17), 78.81 (C-3), 56.76 (a-CH,), 55.99 (C-9), 54.62 (C-5), 39.93 (C-10),
39.50 (C-4), 39.23 (C-7), 38.18 (C-12), 37.14 (C-1), 28.40 (C-18), 27.96 (C-2), 24.06 (C-6),
21.74 (C-11), 19.26 16(C-16), 15.53 (C-19), 14.58 (C-20). (+)ESI-HRMS (m/z): calculated for
[CoH3gBrN;O5 + H*] 556.2169, observed 556.2183.
(1-(4-Methoxyphenyl)-1H-1,2,3-triazol-4-yl)methyl (E)-5-((1R,4aS,6R,8aS)-6-hydroxy-5,5,8a-
-trimethyl-2-methylenedecahydronaphthalen-1-yl)-3-methylpent-2-enoate (5h)

Chemical Formula: C3gH41N304
Exact Mass: 507.3097

Molecular Weight: 507.6750

34.1 mg, yield 81 %, white solid, m.p.= 48-49 °C; 'H NMR (400 MHz, CDCl3) 6 7.98 (s,
1H, c-H), 7.66 — 7.57 (m, 2H, 2xPh-H), 7.06 — 6.97 (m, 2H, 2xPh-H), 5.68 (q, /= 1.3 Hz, 1H,
14-H), 5.32 (s, 2H, a-CH,), 4.85 (s, 1H, 17-H), 4.48 (s, 1H, 17-H), 3.86 (s, 3H, PhO-CHj),
3.24 (dd, J=11.7, 4.4 Hz, 1H, 3-H), 2.39 (ddd, J = 12.8, 4.3, 2.4 Hz, 1H, 7-H), 2.34 — 2.25
(m, 1H, 12-H), 2.17 (d, J = 1.2 Hz, 3H, 16-CHj), 2.00 — 1.89 (m, 2H, 7-H, 12-H), 1.81 — 1.45
(m, 7H, 1-H, 2-CH,, 6-H, 9-H, 11-CH,), 1.37 (qd, J = 12.9, 4.2 Hz, 1H, 6-H), 1.14 (td,
J=13.1,3.6 Hz, 1H, 1-H), 1.07 (dd, J = 12.5, 2.7 Hz, 1H, 5-H), 0.98 (s, 3H, 18-CH3), 0.76 (s,
3H, 19-CHjs), 0.67 (s, 3H, 20-CH;).13C NMR (100 MHz, CDCl;) § 166.62 (C-15), 162.50
(C-13), 160.09 (Ph-C), 147.72 (C-8), 143.77 (b-C), 130.40 (Ph-C), 122.41 (2xPh-C), 122.36
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(c-C), 114.92 (2xPh-C), 114.74 (C-14), 106.92 (C-17), 78.84 (C-3), 56.78 (a-CH,), 55.98
(C-9), 55.78 (Ph-OCHj3), 54.63 (C-5), 39.93 (C-10), 39.51 (C-4), 39.24 (C-7), 38.20 (C-12),
37.14 (C-1), 28.41 (C-18), 27.98 (C-2), 24.08 (C-6), 21.75 (C-11), 19.27 (C-16), 15.54
(C-19), 14.60 (C-20). (H)ESI-HRMS (m/z): calculated for [C3gH4 N304 + H] 508.3170,
observed 508.3158.

(1-(4-Cyanophenyl)-1H-1,2,3-triazol-4-yl)methyl (E)-5-((1R,4aS,6R,8aS)-6-hydroxy-5,5,8a-
-trimethyl-2-methylenedecahydronaphthalen-1-yl)-3-methylpent-2-enoate (5i)

Chemical Formula: C3pH35N403
Exact Mass: 502.2944

Molecular Weight: 502.6590

38.4 mg, yield 92 %, white solid, m.p.= 65-68°C; 'H NMR (400 MHz, CDCl;) 6 8.13 (s,
1H, c-H), 7.95 — 7.89 (m, 2H, 2xPh-H), 7.88 — 7.81 (m, 2H, 2xPh-H), 5.68 (q, /= 1.4 Hz, 1H,
14-H), 5.33 (s, 2H, a-CH,), 4.85 (s, 1H, 17-H), 4.48 (s, 1H, 17-H), 3.24 (dd, J=11.7, 4.4 Hz,
1H, 3-H), 2.40 (ddd, J = 13.0, 4.1, 2.4 Hz, 1H, 7-H), 2.35 — 2.25 (m, 1H, 12-H), 2.17 (d,
J=1.2 Hz, 3H, 16-CHj3), 2.01 — 1.88 (m, 2H, 7-H, 12-H), 1.80 — 1.45 (m, 7H, 1-H, 2-CH,,
6-H, 9-H, 11-CH,), 1.38 (qd, J=97.0, 12.9, 4.3 Hz, 1H, 6-H), 1.15 (td, /= 13.0, 12.3, 3.7 Hz,
1H, 1-H), 1.07 (dd, J = 12.6, 2.6 Hz, 1H, 5-H), 0.99 (s, 3H, 18-CH3), 0.76 (s, 3H, 19-CH3),
0.67 (s, 3H, 20-CH3). '3C NMR (100 MHz, CDCls) 6 166.58 (C-15), 162.98 (C-13), 147.74
(C-8), 145.02 (b-C), 139.82 (Ph-C), 134.10 (2xPh-C), 121.85 (c-C), 120.76 (2xPh-C), 117.80
(Ph-CN), 114.54 (C-14), 112.71 (Ph-C), 106.92 (C-17), 78.87 (C-3), 56.67 (a-CH,), 56.02
(C-9), 54.65 (C-5), 39.98 (C-10), 39.54 (C-4), 39.26 (C-7), 38.21 (C-12), 37.17 (C-1), 28.42
(C 18), 27.98 (C-2), 24.08 (C-6), 21.77 (C-11), 19.31 (C-16), 15.54 (C-19), 14.61 (C-20).
(+)ESI-HRMS (m/z): calculated for [C5oH33N305 + H*] 503.3017, observed 503.3011.
(1-(4-(Trifluoromethyl)phenyl)-1H-1,2,3-triazol-4-yl)methyl (E)-5-((1R,4aS,6R,8aS)-6-hy-
droxy-5,5,8a-trimethyl-2-methylenedecahydronaphthalen-1-yl)-3-methylpent-2-enoate (5j)

Chemical Formula: C3pH3gF3N303
Exact Mass: 545.2865
Molecular Weight: 545.6472

40.3 mg, yield 89 %, white solid, m.p.= 56-58 °C; '"H NMR (400 MHz, CDCls) J 8.13 (s,
1H, c-H), 7.97 — 7.85 (m, 2H, 2xPh-H), 7.84 — 7.77 (m, 2H, 2xPh-H), 5.69 (q, /= 1.2 Hz, 1H,
14-H), 5.33 (s, 2H, a-CH,), 4.85 (s, 1H, 17-H), 4.48 (s, 1H, 17-H), 3.24 (dd, J=11.7, 4.4 Hz,
1H, 3-H), 2.39 (ddd, J = 12.8, 4.3, 2.4 Hz, 1H, 7-H), 2.36 — 2.24 (m, 1H, 12-H), 2.17 (d,
J=1.2 Hz, 3H, 16-CHj3), 1.95 (m, 2H, 7-H, 12-H), 1.81 — 1.44 (m, 7H, 1-H, 2-CH,, 6-H, 9-H,
11-CH,), 1.38 (qd, J = 13.0, 4.3 Hz, 1H, 6-H), 1.14 (td, J = 13.0, 3.7 Hz, 1H, 1-H), 1.07 (dd,
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J=12.5,2.6 Hz, 1H, 5-H), 0.98 (s, 3H, 18-CHj3), 0.76 (s, 3H, 19-CHj), 0.67 (s, 3H, 20-CH3).
13C NMR (100 MHz, CDCl3) 6 166.60 (C-15), 162.82 (C-13), 147.73 (C-8), 144.72 (b-C),
139.41 (Ph-C), 130.98 (q, J = 33.1 Hz, Ph-C), 127.27 (q, J = 3.6 Hz, 2xPh-C), 123.62 (q,
J=272.2 Hz, Ph-CF3), 121.99 (c-C), 120.63 (2xPh-C), 114.60 (C-14), 106.91 (C-17), 78.85
(C-3), 56.73 (a-CH,), 56.00 (C-9), 54.64 (C-5), 39.96 (C-10), 39.52 (C-4), 39.24 (C-7), 38.20
(C-12), 37.15 (C-1), 28.41 (C-18), 27.97 (C-2), 24.07 (C-6), 21.76 (C-11), 19.29 (C-16),
15.53 (C-19), 14.60 (C-20). (HESI-HRMS (m/z): calculated for [Cs;oH3gF3N3;05; + HT]
546.2938, observed 546.2941.

(1-(4-Nitrophenyl)-1H-1,2,3-triazol-4-yl)methyl (E)-5-((1R,4aS, 6R,8aS)-6-hydroxy-5,5,8a-
-trimethyl-2-methylenedecahydronaphthalen-1-yl)-3-methylpent-2-enoate (5k)

Chemical Formula: CogH3gN4O5
Exact Mass: 522.2842
Molecular Weight: 522.6460

37.3 mg, yield 86 %, colorless oil; 'H NMR (400 MHz, CDCl;) ¢ 8.45 — 8.36 (m, 2H,
2xPh-H), 8.19 (s, 1H, c-H), 8.02 — 7.94 (m, 2H, 2xPh-H), 5.68 (q, J = 1.3 Hz, 1H, 14-H), 5.33
(s, 2H, a-CH,), 4.84 (s, 1H, 17-H), 4.48 (s, 1H, 17-H), 3.24 (dd, J = 11.7, 4.4 Hz, 1H, 3-H),
2.39 (ddd, J=12.8, 4.3, 2.4 Hz, 1H, 7-H), 2.36 — 2.24 (m, 1H, 12-H), 2.17 (d, /= 1.2 Hz, 3H,
16-CH3), 2.01 — 1.87 (m, 2H, 7-H, 12-H), 1.80 — 1.44 (m, 7H, 1-H, 2-CH,, 6-H, 9-H,
11-CH,), 1.37 (qd, J = 12.9, 4.3 Hz, 1H, 6-H), 1.14 (td, J = 13.0, 3.6 Hz, 1H, 1-H), 1.06 (dd,
J=12.5,2.7 Hz, 1H, 5-H), 0.98 (s, 3H, 18-CHz), 0.75 (s, 3H, 19-CH3), 0.66 (s, 3H, 20-CHj3).
13C NMR (100 MHz, CDCl3) § 166.55 (C-15), 163.03 (C-13), 147.70 (C-8), 147.39 (Ph-C),
145.10 (b C), 141.13 (Ph-C), 125.68 (2xPh-C), 122.04 (c-C), 120.67 (2xPh-C), 114.48
(C-14), 106.89 (C-17), 78.84 (C-3), 56.61 (a-CH,), 55.99 (C-9), 54.62 (C-5), 39.96 (C-10),
39.50 (C-4), 39.22 (C-7), 38.18 (C-12), 37.14 18(1-C), 28.40 (C-18), 27.94 (C-2), 24.05
(C-6), 21.75 (C-11), 19.29 (C-16), 15.53 (C-19), 14.58 (C-20). (+)ESI-HRMS (m/z):
calculated for [CyoH35N4O5 + H'] 523.2909, observed 523.2914.
(1-(2,4-Dichlorophenyl)-1H-1,2,3-triazol-4-yl)methyl (E)-5-((1R,4aS,6R,8aS)-6-hydroxy-
-5,5,8a-trimethyl-2-methylenedecahydronaphthalen- 1-yl)-3-methylpent-2-enoate (51)

Chemical Formula: CygH37CIoN303
Exact Mass: 545.2212
Molecular Weight: 546.5330

32.7 mg, yield 72 %, white solid, m.p.= 49-52 °C; 'H NMR (400 MHz, CDCl;) ¢ 8.05 (s,
1H, c-H), 7.63 — 7.52 (m, 2H, 2xPh-H), 7.47 — 7.39 (m, 1H, Ph-H), 5.68 (q, /= 1.2 Hz, 1H,
14-H), 5.33 (s, 2H, a-CH,), 4.84 (s, 1H, 17-H), 4.48 (s, 1H, 17-H), 3.24 (dd, J=11.7, 4.4 Hz,
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1H, 3-H), 2.39 (ddd, J = 12.8, 4.4, 2.5 Hz, 1H, 7-H), 2.35 — 2.24 (m, 1H, 12-H), 2.16 (d,
J=1.2 Hz, 3H, 16-CHj3), 2.01 — 1.88 (m, 2H, 7-H, 12-H), 1.81 — 1.44 (m, 7H, 1-H, 2-CH,,
6-H, 9-H, 11-CH,), 1.37 (qd, J = 12.9, 4.3 Hz, 1H, 6-H), 1.14 (td, /= 13.1, 3.5 Hz, 1H, 1-H),
1.06 (dd, J = 12.5, 2.6 Hz, 1H, 5-H), 0.98 (s, 3H, 18-CHj3;), 0.76 (s, 3H, 19-CHj3), 0.67 (s, 3H,
20-CH3). 3C NMR (100 MHz, CDCls) § 166.53, 166.51 (C-15), 162.54 (C-13), 147.71 (C-8),
143.47 (b-C), 136.46 (Ph-C), 133.50 (Ph-C), 130.74 (Ph-C), 129.4 (Ph-C), 128.62 (Ph-C),
128.44 (Ph-C), 125.81 (c-C), 114.68 (C-14), 106.91 (C-17), 78.83 (C-3), 56.74 (a-CH,), 55.97
(C-9), 54.63 (C-5), 39.92 (C-10), 39.50 (C-4), 39.23 (C-7), 38.19 (C-12), 37.14 (C-1), 28.40
(C-18), 27.96 (C-2), 24.07 (C-6), 21.72 (C-11), 19.25 (C-16), 15.53 (C-19), 14.59 (C-20).
(+)ESI-HRMS (m/z): calculated for [Cy9H37C1,N305 + H*] 546.2285, observed 546.2291.
(1-(3,4-Dichlorophenyl)-1H-1,2,3-triazol-4-yl)methyl (E)-5-((1R,4aS,6R,8aS)-6-hydroxy-
-5,5,8a-trimethyl-2-methylenedecahydronaphthalen- 1-yl)-3-methylpent-2-enoate (5m)

Chemical Formula: CogH37CI,N303
Exact Mass: 545.2212
Molecular Weight: 546.5330

41.7 mg, yield 92 %, colorless oil; 'H NMR (400 MHz, CDCls) 6 8.06 (s, 1H, c-H), 7.94
—7.84 (m, 1H, Ph-H), 7.66 — 7.55 (m, 2H, 2xPh-H), 5.67 (q, J = 1.3 Hz, 1H, 14-H), 5.30 (s,
2H, a-CH,), 4.84 (s, 1H, 17-H), 4.47 (s, 1H, 17-H), 3.23 (dd, J=11.7, 4.3 Hz, 1H, 3-H), 2.38
(ddd, J = 12.8, 4.3, 2.4 Hz, 1H, 7-H), 2.35 — 2.23 (m, 1H, 12-H), 2.16 (d, J = 1.3 Hz, 3H,
16-CH3), 1.93 (m, 2H, 7-H, 12-H), 1.80 — 1.43 (m, 7H, 1-H, 2-CH,, 6-H, 9-H, 11-CH,), 1.36
(qd, J = 12.9, 4.3 Hz, 1H, 6-H), 1.13 (td, J = 13.0, 3.4 Hz, 1H, 1-H), 1.06 (dd, J = 12.5, 2.6
Hz, 1H, 5-H), 0.97 (s, 3H, 18-CHj3), 0.75 (s, 3H, 19-CHj3), 0.66 (s, 3H, 20-CH3). 13C NMR
(100 MHz, CDCly) 0 166.55 (C-15), 162.80 (C-13), 147.69 (C-8), 144.65 (b-C), 135.98
(Ph-C), 134.10 (Ph-C), 133.09 (Ph-C), 131.59 (Ph-C), 122.37 (Ph-C), 121.97 (c-C), 119.56
(Ph-C), 114.55 (C-14), 106.88 (C-17), 78.78 (C-3), 56.68 (a-CH,), 55.97 (C-9), 54.60 (C-5),
39.93 (C-10), 39.48 (C-4), 39.21 (C-7), 38.17 (C-12), 37.12 (C-1), 28.39 (C-18), 27.93 (C-2),
24.04 (C-6), 21.73 (C-11), 19.26 (C-16), 15.52 (C-19), 14.57 (C-20). (+)ESI-HRMS (m/z):
calculated for [Cy9H37C1,N305 + H*] 546.2285, observed 546.2298.
(1-(Naphthalen-1-yl)-1H-1,2,3-triazol-4-yl)methyl (E)-5-((1R,4aS,6R,8aS)-6-hydroxy-5,5,8a-
-trimethyl-2-methylenedecahydronaphthalen-1-yl)-3-methylpent-2-enoate (5n)

1316

5n

Chemical Formula: C33H41N303
Exact Mass: 527.3148
Molecular Weight: 527.7090
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36.8 mg, yield 84 %, colorless oil; 'H NMR (400 MHz, CDCl3) § 8.07 — 7.93 (m, 3H,
c-H, 2xPh-H), 7.66 — 7.47 (m, 5H, 5xPh-H), 5.72 (q, J = 1.2 Hz, 1H, 14-H), 5.41 (s, 2H,
a-CH,), 4.85 (s, 1H, 17-H), 4.49 (s, 1H, 17-H), 3.23 (dd, J = 11.7, 4.4 Hz, 1H, 3-H), 2.39
(ddd, J= 12.8, 4.3, 2.4 Hz, 1H, 7-H), 2.37 — 2.24 (m, 1H, 12-H), 2.18 (d, J = 1.2 Hz, 3H,
16-CHs), 2.01 — 1.90 (m, 2H, 7-H, 12-H), 1.81 — 1.45 (m, 7H, 1-H, 2-CH,, 6-H, 9-H, 11-
CH,), 1.37 (qd, J = 12.9, 4.2 Hz, 1H, 6-H), 1.14 (td, J = 13.1, 3.6 Hz, 1H, 1-H), 1.06 (dd,
J=12.5,2.7 Hz, 1H, 5-H), 0.98 (s, 3H, 18-CH3), 0.75 (s, 3H, 19-CH3), 0.67 (s, 3H, 20-CHj3).
13C NMR (100 MHz, CDCly) § 166.59 (C-15), 162.49 (C-13), 147.71 (C-8), 143.38 (b-C),
134.23 (Ph-C), 133.61 (Ph-C), 130.63 (Ph-C), 128.50 (Ph-C), 128.41 (Ph-C), 128.05 (Ph-C),
127.22 (Ph-C), 126.44 (Ph-C), 125.07 (Ph-C), 123.69 (Ph-C), 122.36 (c-C), 114.72 (C-14),
106.89 (C-17), 78.79 (C-3), 56.92 (a-CH,), 55.96 (C-9), 54.60 (C-5), 39.92 (C-10), 39.49
(C-4), 39.21 (C-7), 38.18 (C-12), 37.12 (C-1), 28.38 (C-18), 27.94 (C-2), 24.05 (C-6), 21.72
(C-11), 19.25 (C-16), 15.52 (C-19), 14.57 (C-20). (+)ESI-HRMS (m/z): calculated for
[C33H4N3O5 + H'] 528.3221, observed 528.3213.
(1-Benzyl-1H-1,2,3-triazol-4-yl)methyl (E)-5-((1R,4aS,6R,8aS)-6-hydroxy-5,5,8a-trimethyl-2-
-methylenedecahydronaphthalen-1-yl)-3-methylpent-2-enoate (50)

Chemical Formula: C3gH41N303
Exact Mass: 491.3148

Molecular Weight: 491.6760

35.5 mg, yield 87 %, colorless oil; 'H NMR (400 MHz, CDCls) § 7.54 (s, 1H, c-H), 7.42
—7.32 (m, 3H, 3xPh-H), 7.30 — 7.24 (m, 2H, 2xPh-H), 5.63 (q, /= 1.3 Hz, 1H, 14-H), 5.52 (s,
2H, d-CH,), 5.24 — 5.16 (s, 2H, a-CH,), 4.84 (s, 1H, 17-H), 4.47 (s, 1H, 17-H), 3.24 (dd,
J=11.7, 43 Hz, 1H, 3-H), 2.38 (ddd, J = 12.8, 4.3, 2.4 Hz, 1H, 7-H), 2.33 — 2.21 (m, 1H,
12-H), 2.13 (d, J= 1.3 Hz, 3H, 16-CHj3), 2.00 — 1.86 (m, 2H, 7-H, 12-H), 1.79 — 1.45 (m, 7H,
1-H, 2-CH,, 6-H, 9-H, 11-CH,), 1.37 (qd, J = 12.9, 4.2 Hz, 1H, 6-H), 1.13 (td, J = 13.0, 3.5
Hz, 1H, 1-H), 1.06 (dd, J = 12.5, 2.7 Hz, 1H, 5-H), 0.98 (s, 3H, 18-CHj3), 0.76 (s, 3H,
19-CHj3), 0.66 (s, 3H, 20-CH3). 13C NMR (100 MHz, CDCls) § 166.51 (C-15), 162.36 (C-13),
147.71 (C-8), 143.55 (b-C), 134.29 (Ph-C), 129.30 (2xPh-C), 129.03 (c-C), 128.30 (2xPh-C),
123.82 (Ph-C), 114.70 (C-14), 106.89 (C-17), 78.81 (C-3), 56.66 (a-CH,), 55.96 (C-9), 54.61
(C-5), 54.53 (d-CH,), 39.89 (C-10), 39.49 (C-4), 39.23 (C-7), 38.18 (C-12), 37.12 (C-1),
28.40 (C-18), 27.96 (C-2), 24.06 (C-6), 21.71 (C-11), 19.20 (C-16), 15.53 (C-19), 14.58
(C-20). (H)ESI-HRMS (m/z): calculated for [C3oH4 N3O5 + H*] 492.3221, observed 492.3210.
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(1-(4-Methylbenzyl)-1H-1,2,3-triazol-4-yl)methyl (E)-5-((1R,4aS, 6R,8aS)-6-hydroxy-5,5,8a-
-trimethyl-2-methylenedecahydronaphthalen-1-yl)-3-methylpent-2-enoate (5p)

Chemical Formula: C31H43N303

Exact Mass: 505.3304

Molecular Weight: 505.7030

40.3 mg, yield 96 %, colorless oil; 'H NMR (400 MHz, CDCls) 6 7.51 (s, 1H, ¢c-H), 7.17

(s, 4H, 4xPh-H), 5.63 (q, J = 1.2 Hz, 1H, 14-H), 5.47 (s, 2H, d-CH,), 5.20 (s, 2H, a-CH,),
4.84 (s, 1H, 17-H), 4.47 (d, J = 1.6 Hz, 1H, 17-H), 3.24 (dd, J = 11.7, 4.3 Hz, 1H, 3-H), 2.38
(ddd, J = 13.0, 4.3, 2.5 Hz, 1H, 7-H), 2.34 (s, 3H, Ph-CH3), 2.32 — 2.21 (m, 1H, 12-H), 2.13
(d, J=1.2 Hz, 3H, 16-CH3), 2.00 — 1.87 (m, 2H, 7-H, 12-H), 1.80 — 1.46 (m, 7H, 1-H, 2-CH,,
6-H, 9-H, 11-CH,), 1.37 (qd, J = 12.9, 4.2 Hz, 1H, 6-H), 1.13 (td, /= 13.0, 3.4 Hz, 1H, 1-H),
1.06 (dd, J = 12.5, 2.6 Hz, 1H, 5-H), 0.98 (s, 3H, 18-CH3), 0.76 (s, 3H, 19-CH3), 0.66 (s, 3H,
20-CHj3). 13C NMR (100 MHz, cdcls) 6 166.50 (C-15), 162.25 (C-13), 147.71 (C-8), 143.49
(b-C), 138.97 (Ph-C), 131.31 (Ph-C), 129.92 (2xPh-C), 128.34 (2xPh-C), 123.63 (c-C),
114.73 (C-14), 106.88 (C-17), 78.80 (C-3), 56.72 (a-CH,), 55.95 (C-9), 54.60 (C-5), 54.27
(d-CH,), 39.88 (C-10), 39.48 (C-4), 39.22 (C-7), 38.17 (C-12), 37.12 (C-1), 28.39 (C-18),
27.95 (C-2), 24.05 (C-6), 21.70 (C-11), 21.30 (Ph-CHj3), 19.19 (C-16), 15.53 (C-19), 14.57
(C-20). (H)ESI-HRMS (m/z): calculated for [C3;H43N305 + H*] 506.3377, observed 506.3370.
(1-(4-Fluorobenzyl)-1H-1,2,3-triazol-4-yl)methyl (E)-5-((1R,4aS,6R,8aS)-6-hydroxy-5,5,8a-
trimethyl-2-methylenedecahydronaphthalen-1-yl)-3-methylpent-2-enoate (5q)

Chemical Formula: C3gH40FN303

Exact Mass: 509.3054

Molecular Weight: 509.6664

33.4 mg, yield 79 %, colorless oil; 'H NMR (400 MHz, CDCls) § 7.53 (s, 1H, c-H), 7.34

—7.23 (m, 2H, 2xPh-H), 7.13 — 6.97 (m, 2H, 2xPh-H), 5.63 (q,J = 1.2 Hz, 1H, 14-H), 5.48 (s,
2H, d-CH,), 5.21 (s, 2H, a-CH,), 4.84 (s, 1H, 17-H), 4.47 (s, 1H, 17-H), 3.23 (dd, J = 11.7,
4.3 Hz, 1H, 3-H), 2.38 (ddd, J = 12.8, 4.3, 2.4 Hz, 1H, 7-H), 2.33 — 2.21 (m, 1H, 12-H), 2.13
(d, J=1.3 Hz, 3H, 16-CHj3), 1.98 — 1.86 (m, 2H, 7-H, 12-H), 1.79 — 1.42 (m, 7H, 1-H, 2-CH,,
6-H, 9-H, 11-CH,), 1.37 (qd, J = 12.9, 4.3 Hz, 1H, 6-H), 1.13 (td, J = 12.9, 3.7 Hz, 1H, 1-H),
1.06 (dd, J = 12.5, 2.8 Hz, 1H, 5-H), 0.98 (s, 3H, 18-CHj), 0.76 (s, 3H, 19-CH3), 0.66 (s, 3H,
20-CH3). 13C NMR (100 MHz, CDCl;) § 166.52 (C-15), 163.01 (d, J = 248.1 Hz, Ph-C),
162.35 (C-13), 147.72 (C-8), 143.79 (b-C), 130.29 (d, J = 3.2 Hz, Ph-C), 130.17 (d, J = 8.4
Hz, 2xPh-C), 123.65 (c-C), 116.29 (d, J = 21.7 Hz, 2xPh-C), 114.70 (C-14), 106.88 (C-17),
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78.81 (C-3), 56.74 (a-CH,), 55.98 (C-9), 54.62 (C-5), 53.67 (d-CH,), 39.90 (C-10), 39.49
(C-4), 39.23 (C-7), 38.18 (C-12), 37.14 (C-1), 28.40 (C-18), 27.96 (C-2), 24.06 (C-6), 21.72
(C-11), 19.19 (C-16), 15.53 (C-19), 14.58 (C-20). (H)ESI-HRMS (m/z): calculated for
[C30H40FN303 + H+] 5103126, observed 510.3115.
(1-(4-Chlorobenzyl)-1H-1,2,3-triazol-4-yl)methyl (E)-5-((1R,4aS,6R,8aS)-6-hydroxy-5,5,8a-
-trimethyl-2-methylenedecahydronaphthalen-1-yl)-3-methylpent-2-enoate (5r)

Chemical Formula: C3pH40CIN3O3
Exact Mass: 525.2758

Molecular Weight: 526.1180

34.9 mg, yield 80 %, colorless oil; 'H NMR (400 MHz, CDCls) § 7.54 (s, 1H, c-H), 7.40
—7.31 (m, 2H, 2xPh-H), 7.24 — 7.18 (m, 2H, 2xPh-H), 5.63 (q, /= 1.2 Hz, 1H, 14-H), 5.48 (s,
2H, d-CH,), 5.20 (s, 2H, a-CH,), 4.84 (s, 1H, 17-H), 4.47 (s, 1H, 17-H), 3.23 (dd, J = 11.7,
4.3 Hz, 1H, 3-H), 2.38 (ddd, J = 12.8, 4.3, 2.4 Hz, 1H, 7-H), 2.33 — 2.21 (m, 1H, 12-H), 2.13
(d, J=1.2 Hz, 3H, 16-CHjy), 1.99 — 1.86 (m, 2H, 7-H, 12-H), 1.79 — 1.45 (m, 7H, 1-H, 2-CH,,
6-H, 9-H, 11-CH,), 1.37 (qd, J = 13.0, 4.3 Hz, 1H, 6-H), 1.13 (td, J = 13.0, 3.7 Hz, 1H, 1-H),
1.06 (dd, J=12.5, 2.8 Hz, 1H, 5-H), 0.98 (s, 3H, 18-CHj3), 0.76 (s, 3H, 19-CHj3), 0.66 (s, 3H,
20-CH3). 3C NMR (100 MHz, CDCls) § 166.51 (C-15), 162.34 (C-13), 147.71 (C-8), 143.90
(b-C), 135.02 (Ph-C), 132.96 (Ph-C), 129.57 (2xPh-C), 129.46 (2xPh-C), 123.68 (c-C),
114.70 (C-14), 106.87 (C-17), 78.80 (C-3), 56.77 (a-CH,), 55.97 (C-9), 54.62 (C-5), 53.62
(d-CH,), 39.89 (C-10), 39.49 (C-4), 39.22 (C-7), 38.18 (C-12), 37.13 (C-1), 28.39 (C-18),
27.96 (C-2), 24.06 (C-6), 21.72 (C-11), 19.19 (C-16), 15.52 (C-19), 14.58 (C-20). (+)ESI-
-HRMS (m/z): calculated for [C3oH4oCIN3O5 + H*] 526.2831, observed 526.2831.
(1-(4-Bromobenzyl)-1H-1,2,3-triazol-4-yl)methyl (E)-5-((1R,4aS,6R,8aS)-6-hydroxy-5,5,8a-
-trimethyl-2-methylenedecahydronaphthalen-1-yl)-3-methylpent-2-enoate (5s)

Chemical Formula: C3oH40BrN3O3
Exact Mass: 569.2253
Molecular Weight: 570.5720

37.9 mg, yield 80 %, colorless oil; 'H NMR (400 MHz, CDCls) § 7.54 (s, 1H, c-H), 7.52
— 7.47 (m, 2H, 2xPh-H), 7.21 — 7.10 (m, 2H, 2xPh-H), 5.64 (q, J = 1.3 Hz, 1H, 14-H), 5.47 (s,
2H, d-CH,), 5.21 (s, 2H, a-CH,), 4.84 (s, 1H, 17-H), 4.47 (s, 1H, 17-H), 3.24 (dd, J = 11.7,
4.3 Hz, 1H, 3-H), 2.39 (ddd, J = 12.8, 4.3, 2.4 Hz, 1H, 7-H), 2.34 — 2.22 (m, 1H, 12-H), 2.14
(d, J=1.2 Hz, 3H, 16-CHj3), 2.00 — 1.88 (m, 2H, 7-H, 12-H), 1.79 — 1.46 (m, 7H, 1-H, 2-CH,,
6-H, 9-H, 11-CH,), 1.37 (qd, J = 13.0, 4.4 Hz, 1H, 6-H), 1.14 (td, /= 13.0, 3.7 Hz, 1H, 1-H),
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1.06 (dd, J=12.5, 2.8 Hz, 1H, 5-H), 0.99 (s, 3H, 18-CHj3;), 0.76 (s, 3H, 19-CHj3), 0.67 (s, 3H,
20-CHj3). 13C NMR (100 MHz, CDCls) § 166.53 (C-15), 162.41 (C-13), 147.73 (C-8), 143.90
(b-C), 133.43 (Ph-C), 132.47 (2xPh-C), 129.87 (2xPh-C), 123.74 (c-C), 123.21 (Ph-C),
114.70 (C-14), 106.90 (C-17), 78.84 (C-3), 56.73 (a-CH,), 56.00 (C-9), 54.64 (C-5), 53.75
(d-CHy), 39.92 (C-10), 39.51 (C-4), 39.24 (C-7), 38.20 (C-12), 37.15 (C-1), 28.41 (C-18),
27.99 (C-2), 24.08 (C-6), 21.74 (C-11), 19.22 (C-16), 15.53 (C-19), 14.60 (C-20). (+)ESI-
-HRMS (m/z): calculated for [C39H4oBrN;Oz + H"] 570.2326, observed 570.2346.
(1-(4-Methoxybenzyl)-1H-1,2,3-triazol-4-yl)methyl (E)-5-((1R,4asS,6R,8aS)-6-hydroxy-5,5,8a-
-trimethyl-2-methylenedecahydronaphthalen-1-yl)-3-methylpent-2-enoate (5t)

Chemical Formula: C31H43N304

Exact Mass: 521.3254

Molecular Weight: 521.7020

35.1 mg, yield 81 %, colorless oil; 'H NMR (400 MHz, CDCls) § 7.51 (s, 1H, c-H), 7.25

—7.16 (m, 2H, 2xPh-H), 6.94 — 6.81 (m, 2H, 2xPh-H), 5.63 (q,J= 1.3 Hz, 1H, 14-H), 5.44 (s,
2H, d-CH,), 5.20 (s, 2H, a-CH,), 4.83 (s, 1H, 17-H), 4.47 (s, 1H, 17-H), 3.80 (s, 3H, Ph-
OCHs), 3.23 (dd, J=11.7, 4.3 Hz, 1H, 3-H), 2.38 (ddd, /= 12.2,4.3, 2.4 Hz, 1H, 7-H), 2.33 —
2.21 (m, 1H, 12-H), 2.12 (d, J= 1.2 Hz, 3H, 16-CH3), 1.98 — 1.87 (m, 2H, 7-H, 12-H), 1.79 —
1.44 (m, 7H, 1-H, 2-CH,, 6-H, 9-H, 11-CH,), 1.37 (qd, J = 12.9, 4.1 Hz, 1H, 6-H), 1.13 (td,
J =13.0, 3.5 Hz, 1H, 1-H), 1.06 (dd, J = 12.5, 2.7 Hz, 1H, 5-H), 0.98 (s, 3H, 18-CH3), 0.75
(s, 3H, 19-CHj3), 0.66 (s, 3H, 20-CH3). 13C NMR (100 MHz, CDCls) 6 166.50 (C-15), 162.32
(C-13), 160.11 (Ph-C), 147.71 (C-8), 143.38 (b-C), 129.91 (2xPh-C), 126.22 (Ph-C), 123.59
(c-C), 114.70 (C-14), 114.62 (2xPh-C), 106.87 (C-17), 78.79 (C-3), 56.63 (a-CH,), 55.94
(C-9), 55.46 (C-5), 54.60 (Ph-OCHj3), 54.09 (d-CH,), 39.87 (C-10), 39.48 (C-4), 39.22 (C-7),
38.17 (C-12), 37.11 (C-1), 28.39 (C-18), 27.95 (C-2), 24.05 (C-6), 21.69 (C-11), 19.20
(C--16), 15.53 (C-19), 14.57 (C-20). (+)ESI-HRMS (m/z): calculated for [C3;H43N;0,4 + H]
522.3326, observed 522.3320.
(1-(4-Cyanidebenzyl)-1H-1,2,3-triazol-4-yl)methyl (E)-5-((1R,4aS, 6R,8aS)-6-hydroxy-5,5,8a-
trimethyl-2-methylenedecahydronaphthalen-1-yl)-3-methylpent-2-enoate (5u)

Chemical Formula: C31HzoN4O3
Exact Mass: 516.3100
Molecular Weight: 516.6860
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40.3 mg, yield 94 %, colorless oil; 'H NMR (400 MHz, CDCl3) 6 7.72 — 7.63 (m, 2H,
2xPh-H), 7.60 (s, 1H, c-H), 7.38 — 7.32 (m, 2H, 2xPh-H), 5.64 (q, /= 1.3 Hz, 1H, 14-H), 5.58
(s, 2H, d-CH,), 5.23 (s, 2H, a-CH,), 4.84 (s, 1H, 17-H), 4.47 (s, 1H, 17-H), 3.24 (dd, J=11.7,
4.3 Hz, 1H, 3-H), 2.39 (ddd, J = 12.8, 4.3, 2.5 Hz, 1H, 7-H), 2.34 — 2.22 (m, 1H, 12-H), 2.14
(d,J=1.2 Hz, 3H, 16-CH3), 2.02 — 1.84 (m, 2H, 7-H, 12-H), 1.80 — 1.45 (m, 7H, 1-H, 2-CH,,
6-H, 9-H, 11-CH,), 1.37 (qd, J=12.9, 4.3 Hz, 1H, 6-H), 1.13 (td, /= 13.1, 3.6 Hz, 1H, 1-H),
1.06 (dd, /= 12.5, 2.7 Hz, 1H, 5-H), 0.98 (s, 3H, 18-CH3), 0.76 (s, 3H, 19-CH3), 0.67 (s, 3H,
20-CH3). 3C NMR (100 MHz, CDCl3) § 166.53 (C-15), 162.58 (C-13), 147.73 (C-8), 144.25
(b-C), 139.64 (Ph-C), 133.04 (2xPh-C), 128.59 (2xPh-C), 124.03 (c-C), 118.21 (Ph-CN),
114.63 (C-14), 113.02 (Ph-C), 106.89 (C-17), 78.84 (C-3), 56.73 (a-CH,), 55.99 (C-9), 54.65
(C-5), 53.62 (d-CH,), 39.93 (C-10), 39.51 (C-4), 39.24 (C-7), 38.19 (C-12), 37.16 (C-1),
28.41 (C-18), 27.98 (C-2), 24.07 (C-6), 21.74 (C-11), 19.22 (C-16), 15.53 (C-19), 14.60
(C-20). (H)ESI-HRMS (m/z): calculated for [C3;HsN4O3 + H*] 517.3173, observed 517.3163.
(1-(4-Trifluorobenzyl)-1H-1,2,3-triazol-4-yl)methyl (E)-5-((1R,4aS,6R,8aS)-6-hydroxy-5,5,8a-
trimethyl-2-methylenedecahydronaphthalen-1-yl)-3-methylpent-2-enoate (5v)

Chemical Formula: C31H4oF3N303

Exact Mass: 559.3022

Molecular Weight: 559.6742

40.1 mg, yield 88 %, colorless oil; 'H NMR (400 MHz, CDCl3) 6 7.66 — 7.60 (m, 2H,

2xPh-H), 7.59 (s, 1H, ¢-H), 7.40 — 7.35 (m, 2H, 2xPh-H), 5.64 (q, J = 1.2 Hz, 1H, 14-H), 5.58
(s, 2H, d-CH,), 5.22 (s, 2H, a-CH,), 4.84 (s, 1H, 17-H), 4.47 (s, 1H, 17-H), 3.24 (dd, J=11.7,
4.3 Hz, 1H, 3-H), 2.38 (ddd, J = 12.8, 4.3, 2.4 Hz, 1H, 7-H), 2.34 — 2.21 (m, 1H, 12-H), 2.13
(d, J=1.3 Hz, 3H, 16-CHj), 2.01 — 1.88 (m, 2H. 7-H, 12-H), 1.80 — 1.45 (m, 7H, 1-H, 2-CH,,
6-H, 9-H, 11-CH,), 1.37 (qd, J = 12.9, 4.3 Hz, 1H, 6-H), 1.13 (td, /= 13.0, 3.4 Hz, 1H, 1-H),
1.06 (dd, J = 12.5, 2.7 Hz, 1H, 5-H), 0.98 (s, 3H, 18-CHj3), 0.76 (s, 3H, 19-CH3), 0.66 (s, 3H,
20-CHj3). 13C NMR (100 MHz, CDCl3) 6 166.52 (C-15), 162.55 (C-13), 147.72 (C-8), 143.99
(b-C), 138.32 (Ph-C), 131.26 (q, J = 32.3Hz, Ph-C), 128.42 (c-C), 126.28 (q, J = 3.7 Hz,
2xPh-C), 123.99 (2xPh-C), 123.83 (q, J = 273.7 Hz, Ph-CF5), 114.63 (C-14), 106.88 (C-17),
78.83 (C-3), 56.65 (a-CH,), 55.98 (C-9), 54.62 (C-5), 53.76 (d-CH,), 39.91 (C-10), 39.50
(C-4), 39.23 (C-7), 38.18 (C-12), 37.13 (C-1), 28.40 (C-18), 27.96 (C-2), 24.06 (C-6), 21.72
(C-11), 19.20 (C-16), 15.53 (C-19), 14.58 (C-20). (+)ESI-HRMS (m/z): calculated for
[C31H40F3N3O3 + H+] 5603095, observed 560.3058.
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(1-(4-Nitrobenzyl)-1H-1,2,3-triazol-4-yl)methyl (E)-5-((1R,4aS,6R,8aS)-6-hydroxy-5,5,8a-tri-
methyl-2-methylenedecahydronaphthalen-1-yl)-3-methylpent-2-enoate (5w)

Chemical Formula: C3qH49N405
Exact Mass: 536.2999

Molecular Weight: 536.6730

43.2 mg, yield 97 %, colorless oil; 'H NMR (400 MHz, CDCIl;) 6 8.28 — 8.16 (m, 2H,
2xPh-H), 7.63 (s, 1H, c-H), 7.53 — 7.37 (m, 2H, 2xPh-H), 5.64 (s, 3H, 14-H, d-CH,), 5.23 (s,
2H, a-CH,), 4.84 (s, 1H, 17-H), 4.46 (s, 1H, 17-H), 3.23 (dd, /= 11.7, 4.3 Hz, 1H, 3-H), 2.38
(ddd, J = 12.8, 4.3, 2.4 Hz, 1H, 7-H), 2.34 — 2.22 (m, 1H, 12-H), 2.13 (d, J = 1.0 Hz, 3H,
16-CH3), 2.00 — 1.86 (m, 2H, 7-H, 12-H), 1.79 — 1.45 (m, 7H, 1-H, 2-CH,, 6-H, 9-H, 11-
CH,), 1.37 (qd, J = 12.9, 4.3 Hz, 1H, 6-H), 1.13 (td, J = 13.0, 3.5 Hz, 1H, 1-H), 1.06 (dd, J =
12.5, 2.7 Hz, 1H, 5-H), 0.98 (s, 3H, 18-CH3), 0.76 (s, 3H, 19-CH3), 0.66 (s, 3H, 20-CH3). 13C
NMR (100 MHz, CDCl3) § 166.52 (C-15), 162.63 (C-13), 148.23 (Ph-C), 147.72 (C-8),
144.27 (b-C), 141.46 (Ph-C), 128.80 (2xPh-C), 124.46 (2xPh-C), 124.11 (c-C), 114.60 (C-
14), 106.88 (C-17), 78.83 (C-3), 56.68 (a-CH,), 55.98 (C-9), 54.63 (C-5), 53.34 (d-CH,),
39.92 (C-10), 39.50 (C-4), 39.23 (C-7), 38.18 (C-12), 37.14 (C-1), 28.40 (C-18), 27.96 (C-2),
24.06 (C-6), 21.73 (C-11), 19.21 (C-16), 15.52 (C-19), 14.59 (C-20). (+)ESI-HRMS (m/z):
calculated for [C3gH4oN4Os + H*] 537.3071, observed 537.3060.
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Fig. S-1. 'H NMR spectrum of compound 3 (CDCl;, 400 MHz).
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Abstract: Three edible mushrooms of the Russulacea family (Lactarius deli-
ciosus, Lactarius sanguifluus and Lactarius semisanguifluus), most frequently
consumed in Serbia, were analyzed using the ICP-OES technique to evaluate
the content of K, P, Ca, Mg, Na, Al, As, Cd and Pb, both in cap and stipe.
Corresponding soils were analyzed, too. Based on the obtained values for the
elemental composition of the mushrooms and the soil, bioaccumulation and
translocation factors were calculated. All the examined mushrooms species
were recognized as bioexclusors of analyzed toxic elements, but bioaccumul-
ators of K, P and Ca. The studied mushrooms are good sources of macroele-
ments. One portion of 300 g of fresh mushrooms had a significant contribution
of K and P, exceeding 15 % of the recommended daily intake for the elements.
On the contrary, mushrooms had a low potential to bioaccumulate toxic ele-
ments, and presented results indicated the regular consumption of wild edible
mushrooms is safe for human health. Correlation analysis was applied to deter-
mine phosphorus’s influence on the elements’ content in the mushrooms and
corresponding soils, demonstrating the most remarkable mushrooms' tendency
to accumulate phosphorus.
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INTRODUCTION

Nowadays, food is not just an energy source for human beings. It is required
to be functional, to have medical properties, and thus to contribute to the well-
being of the organism. The mushrooms are appreciated in diet due to their chem-
ical and nutritional properties and their therapeutic and disease-preventing char-
acteristics.! Although commercial mushroom species are used in the diet on a
massive scale, the consumption of wild edible mushrooms is becoming increas-
ingly popular in Serbia.

The elemental composition of mushroom represents a spectrum of macro
and microelements. The abundance of macroelements such as P, K, Ca, Mg and
Na is desired in the human diet, and their determination in edible wild-grown
mushrooms is of great importance. Mushrooms can uptake large amounts of
water and elements (e.g., phosphorus, iron, potassium, cadmium, magnesium,
copper and zinc) due to mycelium’s extensive surface contact with the top layer
of so0il.2 Mycelium is perfectly adopted to penetrate and access soil pore spaces.
The fungal hyphae’s vast surface area and physiology enable an effective abs-
orption and bioconcentration of various metals, metalloids, and nonmetals.3 Des-
pite many positive aspects of mushroom consumption, there are risks associated
with their ingestion, such as poisoning with harmful elements, e.g., mercury,
lead, cadmium and arsenic, which might accumulate in mushrooms.# These ele-
ments are considered hazardous because, with greater exposure, they can lead to
increased health risks. A particular problem is the accumulation and deposition of
certain elements in the human tissues, from which they are difficult to eliminate.
The ability to accumulate heavy metals differs in certain types of mushrooms.
Usually, element concentration in caps is higher than in other parts of fruiting
bodies of mushrooms.>

A detailed review of the literature points to the lack of publication of the
elements' content in the Russulacea family’s mushrooms from Serbia. The aim of
this paper was to identify the inorganic composition of three wild edible mush-
rooms: L. deliciosus, L. sanguifluus and L. semisanguifluus. Content of toxic ele-
ments (Al, As, Cd and Pb) and macroelemnts (K, P, Ca, Mg and Na) was deter-
mined in caps and stipes, as well as in corresponding soil substrates. The obtained
values enabled a better understanding of the accumulation potential of the men-
tioned mushrooms because it was possible to calculate the translocation factor
(TF) and bioaccumulation factor (BAF) for each element. Also, the nutritional
value and possible risk of consuming wild edible mushrooms were determined.

EXPERIMENTAL

Chemicals and instrumentation for inorganic characterization

All reagents were analytical-reagent grade, purchased from Merck (Darmstadt, Ger-
many). Multielement standard solutions for ICP analysis were purchased from Ultra Scientific
(North Kingstown, RI, USA). Inorganic characterization (K, P, Ca, Mg, Na, Al, As, Cd and
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Pb) of mushrooms and corresponding soil substrates were carried by an ICP-OES iCAP 6000,
Thermo Scientific. In Table I are presented analytical parameters for ICP-OES that were used
for all measurements.

TABLE I. ICP-OES instrumental parameters

Flush pump rate 100 rev. min!
Analysis pump rate 50 rev. min’!
Nebulizer gas 0.7 L min™!
Coolant gas flow 12 L min’!
Auxiliary gas flow 0.5 L min™!
Plasma view Axial
Flush time 30s

The accuracy of method was determined using the European Reference Materials “ERM-
CD281: K, Ca, Na, As, Cd and Pb.” The referenced value is reported in Table II.

TABLE II. Comparison of found element concentrations and certified values, and obtained
recoveries (concentration+SD)

Element  Certified concentration, mg kg™! Found concentration, mg kgl Recovery, %
K 34000 33000 97.0
P 2800 2700 96.4
Ca 6300 6000 95.2
Mg 1600 1550 96.9
Na 4000 3900 97.5
As 0.04+0.01 0.04+0.01 95.2
Cd 0.120+0.007 0.11+0.03 96.7
Pb 1.7+0.1 1.6+0.1 96.4

Quantification of wavelengths for each element, the detection limits (LOD), the limits of
quantification (LOQ), and the correlation coefficients (+2) are represented in Table III.

TABLE III. Emission wavelengths, correlation coefficient of calibration curves, limit of
detection (LOD) and limit of quantification (LOQ) for each element analyzed

Element A/nm r2 LOD /pgL! LOQ /pgL!
K 766.5 0.9914 39.43 131.44

P 213.6 0.9995 6.93 23.10

Ca 3934 0.9999 0.09 0.32

Mg 279.6 0.9999 0.12 041

Na 588.9 1 0.46 1.53

Al 308.2 0.9998 4.52 15.07

As 189.0 0.9995 2.76 9.19

Cd 226.5 0.9994 0.19 0.63

Pb 220.353 0.99966 242 8.05

All the experimental results were the mean + standard deviation of three parallel mea-
surements.
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Sample collection

The mushroom samples (Lactarius deliciosus, Lactarius sanguifluus and Lactarius
semisanguifluus) were identified as edible mushrooms belonging to the family Russulaceae.
The samples of the species mentioned above were collected during 2020, in the rural,
unpolluted part of the Sic¢evo gorge, in the forests dominated by pine, away from the road. The
specimen vouchers were deposited in the Herbarium Moesiacum Nis (HMN), Department of
Biology and Ecology, Faculty of Science and Mathematics, University of Ni§, under the
acquisition numbers 17, 18 and 19. The mushrooms were collected at three experimental
points to overcome variability, taking approximately 200 g of each examined mushroom
species. Mushroom samples were cleaned, cut, and separated into two parts: cap and stipe; for
each mushroom species sampled, the soil, down to the depth of 10 cm, after removing the
superficial organic layer.

Digestion of mushroom samples

The element content of mushrooms was determined by the wet mineralization using a
modified procedure of Tiizen.® One gram of each mushroom species was mixed with 15 mL
oxi-acidic mixture consisting of HNO3:H,SO4:H,0, (4:1:1), heated up to 150 °C for 4 h, and
diluted to 25 mL with deionized water. A blank sample was prepared in the same way.
Digestion of soil samples

According to Method 3050B,” the pseudo total element contents of soils were deter-
mined. Weighted soil sample mass (1 g) was placed into an Erlenmeyer and treated with 10
mL of concentrated HNO; for 24 h and then heated to a small volume. A mixture of 30 %
H,0, and H,0 (3:2, volume ratio) was added and evaporated to a small volume. After cool-
ing, 3 mL of 30 % H,0, was added and evaporated. Then added 10 mL of concentrated HCI
and samples were left overnight. Obtained digestates were filtered and diluted with distilled
water to 25 mL.

RESULTS AND DISCUSSION

The element composition of fruiting bodies of three wild edible mushrooms
in the caps, stipes, and surrounding soils are presented in Table IV. All element
concentrations were determined on a dry weight (DW) basis. Still, for intake cal-
culations, 300 g of fresh weight (FW) mushroom samples (containing 30 g of dry
matter)® were presented, assuming the average portion per person (average body
weight 65-70 kg).9 The intake calculations were done on the average element
content in mushrooms. The intake of each element was calculated by consuming
a portion of 300 g. The results are presented in Table V.

Worth mentioning is that elements are accumulated in different quantities
comparing the cap and the stipe, depending on the species and the element con-
centrations in the substrate that the mushroom grew on.

Daily, the human body requires specific amounts of elements for the org-
anism’s proper functioning and development. Elements which in large quantities
can be found in the body, such as K, Na, Mg, Ca and P, are required for many
essential processes in human metabolism, such as fluid balance, proper formation
of bones and teeth, muscle contraction, and the functioning of the nervous sys-
tem. Mushrooms can be considered an essential source of biologically important
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elements, suggesting the existence of a very effective mechanism enabling them
to take up elements from the substrate more readily.10

TABLE IV. Element composition in studied mushroom species of the Russulaceae family in
caps, stipes and in corresponding soil substrates, and the bioaccumulation (BAF) and
translocation factor (TF) for the analyzed samples

Element/Content Origin L. deliciosus L. sanguifluus L. semisamguiufulus
K Content + SD Cap 141434498 133374450 134923+452
mg kg'! DW Stipe 11074+430 116556+441 12387+451
Soil 844124801 105524512 92424501
BAF 3 24 2.8
TF 1.3 1.1 1.1
P Content + SD Cap 8212+199 6510193 6386193
mg kg'! DW Stipe 5117181 4778+180 4939+182
Soil 1094+112 1045109 927499
BAF 12.2 10.8 12.2
TF 1.6 1.4 1.3
Ca Content £+ SD Cap 261+£13 266+12 332422
mg kgl DW Stipe 232413 245+12 340422
Soil 311£21 520+£32 379425
BAF 1.6 1 1.8
TF 1.1 1.1 1
Mg Content + SD Cap 718+52 630+50 697+45
mg kgl DW Stipe 519421 517431 578432
Soil 4791+180 5104+191 5144+190
BAF 0.3 0.2 0.2
TF 1.4 1.2 1.2
Na Content + SD Cap 2.3+0.1 8.4+0.8 7.1£0.6
mg kg'! DW Stipe 1241 10+1 8+1
Soil 17+1 18+1 19+1
BAF 0.8 1 0.8
TF 0.2 0.8 0.8
Al Content = SD Cap 73+6 98+8 87+7
mg kgl DW Stipe 82+7 105+9 159+9
Soil 57871+600 645634655 64436+654
BAF 0.003 0.003 0.004
TF 0.886 0.93 0.548
As Content + SD Cap 0.55+0.05 0.58+0.05 0.44+0.05
mg kg'! DW Stipe 0.40+0.04 0.49+0.05 0.48+0.05
Soil 2242 2442 2442
BAF 0.044 0.045 0.039
TF 1.345 1.191 0.928
Cd Content + SD Cap 1.1+0.1 0.58+0.05 0.45+0.05
mg kgl DW Stipe  0.53+0.04 0.36+0.04 0.34+0.04
Soil 8.13 8.78 9.98
BAF 0.196 0.004 0.09
TF 2.028 1.604 1.306
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TABLE IV. Continued

Element/Content Origin L. deliciosus L. sanguifluus L. semisamguiufulus
Pb Content + SD Cap 0.75+0.09 1.3+0.1 1.0+0.1
mg kg'! DW Stipe 0.67+0.05 1.140.1 0.56+0.06
Soil 45+3 4943 48+3
BAF 0.031 0 0.032
TF 1.126 1.24 1.82

TABLE V. Content of nutritionally important macroelements and toxic elements in selected
mushroom species calculated on 300 g of fresh mushrooms; daily intake of element relative to
RDI; DIE — daily intake of element relative to RD/

K P Ca Mg Na
Species Content DIE Content DIE Content DIE Content DIE Content DIE
mg/300 g % mg/300 g % mg/300 g % mg/300 g % mg/300 g %
FwW FW FW FwW FW
L. deliciosus 3783 189 1999 364 7.4 0.9 18.6 5.8 022 0.014
L. san- 3749 18.7 169.3 30.8 7.7 1.0 17.2 54 028 0.018

guifluus
L. semisam-  388.2 194 1699 309 10.1 1.3 19.1 6.0 023 0.016
guiufulus

Al As Cd Pb
Content, mg/300 g FW
L. deliciosus 2.3 0.014 0.024 0.021
L. san- 3.1 0.016 0.014 0.036
guifluus
L. semisam- 3.7 0.014 0.012 0.024
guiufulus

A portion of mushrooms’ contribution is considered to be significant if it
provides 15 % of the recommended daily intake (RDI) of nutritionally valuable
elements.!!

Macroelements, namely potassium and phosphorus, can be found in the most
considerable quantities in mushrooms. Potassium levels are between 20- and 40-
-fold higher in fruiting bodies than in underlying substrates.!2 Among the ana-
lyzed mushroom species, the content of K is higher in the caps than in the stipes,
and mushroom L. deliciosus stood out with the highest potassium content, 14143
mg kg~!. Seeger reported that the potassium content in 410 wild fungi species
ranges from 1.5-117 g kg1.13 Therefore, mushrooms can be used in the diet of
patients with chronic potassium deficiency, but care must be taken in people with
renal insufficiency. The RDI of potassium for adults is 2000 mg.14 From Table
V, it can be seen that all analyzed mushroom samples have a significant con-
tribution of potassium, from a portion of 300g of fresh mushrooms, because it
exceeds 15 %.
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Phosphorus is the second most abundant element in edible and wild mush-
rooms that can bioaccumulate in large quantities from the substrate. The concen-
tration of P in the analyzed mushrooms ranges from 4778 mg kg~! (stipe of L.
sanguifluus) to 8212 mg kg1 (cap of L. deliciosus). Also, it can be observed that
the bioaccumulation of phosphorus in the caps is higher than in the stipes. The
RDI for phosphorus is 550 mg.!5 Based on the results, it can be noticed that all
analyzed samples of mushrooms have a significant contribution to the daily
intake of phosphorus (> 15 %), and the species L. deliciosus has the highest
value, 36.4 %.

Calcium and magnesium are determined in mushrooms in lower amounts
than phosphorus and potassium. Calcium occurs in very similar concentrations in
caps and stipes in all the analyzed mushrooms. The species L. semisanguifluus
was separated with a slightly higher calcium content, 332 mg kg~! in cap and
340 mg kg! in stipe. The RDI for calcium is 800 mg,!4 and the highest Ca con-
centration found in this study is 10.07 mg/300 g of fresh mushrooms, which is
1.3 % of the average daily intake. It can be concluded that mushrooms represent
a small source of Ca in the diet. However, as calcium is generally not classified
as an element deficient in the human diet, this deficiency can be ignored.

Magnesium content in fruiting bodies were even lower than those in sub-
strates.!2 It seems either evenly distributed in caps and stipes, or somewhat
higher levels are observed in caps than in stipes,!® which is the case with these
mushroom samples. Among the tested mushroom samples, L. deliciosus has the
highest content of magnesium, 718 mg kg1, and consuming a portion of 300 g of
fresh mushrooms can provide a maximum of 6 % of magnesium daily intake.

Sodium is a macroelement found in small amounts in mushrooms, which is
very important because sodium excess in nutrition can lead to high blood pres-
sure. This element differs from other macroelements due to its more significant
presence in stipe than in the caps. All analyzed mushrooms showed lower sodium
levels than average, ranging from 50-750 mg kg~!.16 Mushrooms L. deliciosus is
different in terms of the highest sodium content in the stipe (12 mg kg~!) and the
lowest in the cap (2.3 mg kg1). The RDI for sodium is 1500 mg.!7 Consuming a
portion of 300 g of fresh mushrooms provides about 0.018 % of sodium per day,
which qualifies mushrooms as food recommended for consumption without the
risk of hypertension.

Since mushrooms have been viewed from a nutritional point of view and
have been found to accumulate macronutrients in appropriate amounts, toxico-
logical testing is necessary to determine that they are safe to consume.

Previous research showed a wide range of aluminium content in wild-grow-
ing species (<25 to 500 mg kg~! DW).16 The Al concentration in the mushroom
caps is 73 to 98 mg kg1, and these concentrations are lower than in the stipe in
all analyzed species. This metal concentration in the stipe was the highest in L.
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semisanguifluus, 159 mg kg~!, while L. deliciosus had the lowest, 82 mg kg!.
Zsigmond et al.13 obtained similar results examining the inorganic composition
of many mushrooms, among which the species L. deliciosus, and the obtained
results are similar to the results of this study, except that the concentration of alu-
minum in the cap (52.4 mg kg!) is higher than in the stipe (31.3 mg kg1).
Sarikurkcu et al.20 reported lower concentrations of Al in L. sanguifluus (63 mg
kg~ DW).19

According to the literature analysis, provisional tolerable weekly intake (PTWI)
was determined most frequently, but the Joint FAO/WHO Expert Committee on
Food Additives (JECFA) gives tolerable intake levels for contaminants, exp-
ressed on either a daily or a weekly basis.20 In view of the cumulative nature of
aluminium in the organism after dietary exposure, the Panel considered it more
appropriate to establish a tolerable weekly intake (TWI) for aluminium rather
than a tolerable daily intake (7D/) and based on the combined evidence from the
abovementioned studies, the Panel established a TWI of 1 (mg Alkg bw)/
/week.21 If 70 kg is taken as the consumer’s average weight, the TWI for Al is 70
mg per week. By consumption 300 g portions of fresh studied mushrooms
weekly, percentage of entered quantity Al ranges between 3.3 and 5.3 %.

Arsenic in mushrooms can be present in organic and inorganic forms.!® The
average content of arsenic in wild mushrooms are usually less than 1 mg kg!
DW.!2 In the present study, arsenic concentrations are similar in caps and stipes
for all analyzed mushroom species and ranged from 0.4 to 0.58 mg kg~!. There
are no significant differences observed between species. However, the L. san-
guifluus possessed a slightly more elevated mean concentration, 0.58 mg kg~! in
cap and 0.49 mg kg! in the stipe, than the other species. Xu et al.22 reported that
L. deliciosus had average arsenic concentration of 0.75 mg kg~!, which is slightly
higher than the result in this paper. Genetic and environmental factors determine
the concentration of arsenic in mushrooms. The role of genetic factors in As
regulation can be stated based on the remarkably high arsenic contents of the
same genus’ mushroom species (Agaricus, Clitocybe, Lepista, Macrolepiota).23
JEFCA noted that the previously established PTWI of 15 ug/kg body weight
(equivalent to 2.1 pg kg~! body weight per day) for inorganic arsenic was in the
region of the benchmark dose lower confidence limit (BMDLg 5) and therefore
was no longer appropriate. This PTWI was therefore withdrawn by the Com-
mittee.2* The CONTAM panel found BMDL values between 0.3 and 8.0 (ug/kg
bw)/day for an increased risk of lung, skin, and bladder cancer, as well as skin
lesions.24 Calculated at 70 kg body weight, it amounts to 0.021 to 0.56 mg arse-
nic per day. A portion of 300 g of fresh mushrooms maximum contains 16 pg of
arsenic, which does not exceed the regulations’ acceptable daily intake.

Cadmium is one of the most frequently determined elements in mushrooms
due to its harmful effects on human health.!¢ Cd is often found in soil and enters

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

(CC) 2021 SCS.



ELEMENTAL COMPOSITION OF MUSHROOMS/SOILS 93 5

the food chain through plants.25 Most significant concentrations of Cd were
obtained among analyzed species in L. deliciosus (1.1 mg kg1 in cap and 0.53
mg kg1 in stipe). Literature data reveal normal cadmium levels between <1-5
mg kg-! DW in wild-growing species, whereas contents >1 mg kg~! DW are
sparse within cultivated mushrooms.!® Commonly, cadmium contents are higher
in caps than in stipes,10 as is the case with results presented in this research. In
previous studies, content of Cd in L. deliciosus was 0.54 mg kg~1,26 1.91 mg
kg™1,22 and in L. sanguifluus was 0.43 mg kg~1.19 Aloupi et al27 reported Cd
concentrations at 0.06-0.25 mg kg1 in L. deliciosus, 0.08-0.59 mg kg~! in L.
sanguifluus, and 0.06-0.61 mg kg~! in L. semisanguifluus, which is similar to
results for the same mushrooms presented in this research.

The CONTAM Panel established TWI for cadmium of 2.5 ug/kg bw, which
for a 70 kg consumer is 0.175 mg per week and 0.025 mg per day.28 So, con-
suming a portion of 300 g L. deliciosus, 95.6 % of the cadmium could be ing-
ested daily.

Like most toxic elements, lead can be accumulated in the body for a long
time, and it is necessary to monitor its even low concentration in potential
sources.2? Obtained results (Table IV) point to lead evenly distribution in caps
and stipes. L. sanguifluus showed a slightly higher lead content compared to the
other two species, 1.3 (cap) and 1.1 mg kg! (stipe). The analysis of the lead
concentration in species L. deliciosus and L. sanguifluus was previously reported
from other researchers which indicated a lower content of this element in the
mentioned species.2® Regarding lead, the CONTAM panel concluded that the
provisional PTWI of 25 pg/kg body weight, set by JECFA and adopted by the
Scientific Committee on Food (SCF) is no longer appropriate.30-31 The respect-
ive BMDLs derived from blood lead levels in pg L-! (corresponding dietary
intake values in pg/kg bw per day) were: developmental neurotoxicity BMDLg1,
12 (0.50, corresponding to 35 pg per day for the average consumer); effects on
systolic blood pressure BMDLg1, 36 (1.50, corresponding to 105 nug per day for
the average consumer); effects on prevalence of chronic kidney disease BMDL ),
15 (0.63, corresponding to 44.1 pg per day for the average consumer).3% A por-
tion of 300 g of fresh L. sanguifluus may pose a risk to the health of consumers
because it contains 0.036 mg arsenic.

The logs of woods decomposed agro- and animal-wastes and soil are the
mushrooms’ natural substrates. Nutrients from the soil are available through ext-
ernal digestion and absorption by the mycelium. The concentration of elements in
the mushrooms and corresponding soils, served for each element’s bioaccumul-
ation factor calculation (BAF). The BAF is precious tool for estimation of the
accumulation efficiency of elements in mushrooms from growing media. For a
plant or mushroom to be an efficient for the polluted soil bioremediation, the
bioaccumulation factor has to be higher than 1.32
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The BAF values for most macroelements are higher than 1, meaning these
mushrooms can be considered as accumulators of these elements. Of all the ana-
lyzed elements, phosphorus showed the highest value of BAF in all three species
of mushrooms, which means that mushrooms can be considered accumulators
and hyperaccumulators of this element. The determined content of toxic elements
in all mushroom species was very low (BAF < 1). The extremely low BAF values
for analyzed toxic elements in all the mushrooms suggest that none of the species
act as an accumulator of hazardous elements to human health. Based on the
bioaccumulation factor, all the analyzed species were found to be bioexclusors of
toxic elements. Due to the low content of toxic elements, their intensive con-
sumption cannot lead to exceeding the tolerable levels of toxic elements intake.

The ratio cap/stipe expresses the translocation factor (7F) in the fruiting
body of mushrooms.33 For all macroelements, except Na, the TF value is greater
than 1, which means that the macroelements’ concentration is higher in cap than
in stipe for all of these species.

The translocation factor of toxic elements had high values, which means that
the concentration level for these elements was more elevated in the cap than the
stipe of mushroom.

Correlation analysis

The obtained results show that mushrooms contain the highest potassium
concentration, but based on the bioaccumulation factor, they offer the most
increased tendency to accumulate phosphorus. Consequently, P influences, or is
influenced by, the availability or utilization of many other elements, both
essential and nonessential.34 For that reason, the impact of the concentration of
phosphorus in soil on the concentration of other elements in soil and parts of
mushrooms was monitored.

Correlation coefficients among elements of the fruiting body (caps and
stipes) and corresponding soil substrates are presented in Fig. 1. Regarding cor-
relation coefficients, it can be noticed that the concentration of macro and toxic
elements in the soil depends on the concentration of phosphorus in the soil. The
concentration of phosphorus is negatively correlated with all determined ele-
ments in the soil, which suggests that the concentration of macro and toxic ele-
ments decreases with this element's increase. This fact is significant from the
toxicology point of view because it indicates that soil rich in phosphorus results
in a lower concentration of toxic elements in mushrooms. The concentration of
phosphorus in soil has the greatest influence on cadmium and sodium concentra-
tion, according to the high correlation coefficient (» = —1 and 0.97, respectively,
p <0.05).

The other elements concentration (in the stipe and cap) was strongly affected
by phosphorus concentration.
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Fig. 1. Correlation of content of elements in soil and different parts of mushrooms.

The highest positive correlation was recorded between P in soil and Na in
the stipe, » = 0.95 (p < 0.05), which indicates that mushrooms grown on P-rich
soil accumulate more Na in the stipe than in the cap. This is confirmed by the
translocation factor, which is the lowest for sodium, 7/ = 0.2. The strongest
negative correlations were between phosphorus in the soil and potassium in the
stipe, » = —-0.99 (p <0.05).

CONCLUSION

Results of this study confirm that mushrooms are a good source of macro-
elements, providing a balanced diet. The study results pointed to high K and P
contents surpassing more than 15 % of the recommended daily intake elements.
It was found that the consumption of these mushrooms does not represent a tox-
icological risk. Regarding the content of toxic elements, the studied mushrooms
are safe to consume and do not pose a risk to human health if consumed in the
prescribed portions.

Depending on mushroom species, BAF values varied highly depending on
the chemical element and were >1 for K, P, and Ca, while they were <1 for Mg,
Na, Al, As, Cd and Pb. The translocation factor depends on the studied elements
and their mobility in the mushroom's fruiting body and the mushroom species.
The highest mobility in the fruiting body was shown by cadmium, 7F = 2 for L.
deliciosus species.

Correlation analysis showed that phosphorus concentration in the soil affects
other elements' concentration in the soil and mushrooms.
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M3BOJ

[TOPEBEE CAIPXAJA MAKPO- U TOKCUYHUX EJIEMEHATA Y OIABPAHUM
CAMOHHWK/IMM ITEYYPKAMA KOJE ITPUTTIAJAJY ITIOPOAUIIY RUSSULACEA

MAPUJA IUMUTPUJEBUR', BUOJIETA MUTUR’, [PATAH BOPBEBUR?, TOPIAHA MTOTNIOBUR®, HEHAJL
KPCTUR’, JEJIEHA HUKOJIUE® n BECHA CTAHKOB JOBAHOBUR®
1YHueep3umew y Huwy, Meguyuncku paxyniei, Bynesap gp 3opana Bunhuha 81, 18000 Huw,
zYHueep3uu76m y Huwy, IIpupogro—matiematuuuxu paxyniei, Jeiapitiman 3a xemujy, Buweipagexa
33, 18000 Huw u 3YHueep3uu7aT4 y Beoipagy, ®apmaveyiicku Gaxyniteid, Jedapman 3a oGwiny u
Heopiancky xemujy, Bojeoge Ciuetie 450, 11000 Beotpag
LIusb oBor papa duio je ompehusame cagpxkaja K, P, Ca, Mg, Na, Al, As, Cd u Pb y tpu
jectuse, camonukie neuypke (Lactarius deliciosus, Lactarius sanguifluus u Lactarius semisan-
guifluus) xoje npunanajy nmopomuuu Russulacea. Takohe, ompeheH je u campxaj momeHyTHX
eJleMeHaTa y 3eM/BMIITYy Ha KOME Cy pacjie aHanu3upaHe neuyypke. Ha ocHOBY modujeHMx
pesyinTaTa, 3a CBAaKM €JIEMEHT je M3padyyHaT OMOaKyMyJallMOHU U TPaHCIOKALlMOHU (PaKTop.
bynyhu na je yrBpheHo a neuypke akyMynupajy oaropapajyhe maxpoenemeHTe, pe3yiaTaTH
Cy IIpHMKa3aHM U Kao yHoc (%) onrosapajyhux eneMeHaTa Ha OCHOBY Ipernopy4yeHe JHEBHE
nose, mpepavyyHaro Ha nopuujy on 300 g cBexux revypaxa. 3a TOKCHYHE eJleMeHTe U3payyHaT
je camprkaj yHOCa eleMeHaTa Ha OCHOBY IIDHUXBAT/bUBOT Hefle/bHOT yHoca. KopenanvoHa aHa-
nu3a je xopumheHa kaxko Ou ce yTBpAMO yTuuaj docdopa Ha cafp)kaj eleMeHara y Heuyp-
Kama U oAromapajyhum semspULITHMA, 003UpOM Jia je dochop Mokasao Haj3HAuYajHUjy TeH-
IEeHUUjy aKkyMylanuje.

(ITpumsbeHo 10. anpuina, pesugupaHo 19. Maja, npuxsaheHo 24.maja 2021)
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Synthesis, spectroscopic characterization, DFT, oxygen binding
and antioxidant activity of Fe(III), Co(II) and Ni(Il) complexes
with a tetradentate ONNO donor Schiff base ligand
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Abstract: The Schiff base ligand, namely (7E)-N-benzylidene-2-styrylbenzen-
amine-1,2-diamine-2,4-dihydroxy-phenol (L), was synthesized by conden-
sation of 2,4-dihydroxybenzaldehyde with o-phenylenediamine. The reaction
of the ligand with Fe(IIl), Co(II) and Ni(II) salts in an 1:1 ratio yielded three
complexes (1-3). Different analytical tools, like elemental analysis, ESI-MS,
UV-Vis, FT-IR, NMR and EPR spectroscopy, then molar conductivity and
magnetic susceptibility spectra, were used to elucidate the structure of the lig-
and and complexes. Density functional theory calculation at the B3LYP/3-
-211G++/LANL2DZ level of the theory has been carried out to optimize the
geometry of the ligand and complexes. The tetradentate ligand has coordinated
to metals through ONNO donors affording octahedral geometry. Complexes
were studied for their oxygen-binding activity and free radical scavenging acti-
vities. Complexes 1 and 2, which contain Fe(IIl) and Co(II), displayed rever-
sible oxygen binding activity. On the other hand, complex 3 fails to show oxy-
gen binding. The order of antioxidant activity is: 3>1>2 > L.

Keywords: oxygen binding study; thermodynamic parameters; FT-IR spectra;
UV-Vis spectra.

INTRODUCTION

The discovery of reversible oxygenation of salicylaldimine cobalt complex
by Tsumaki in 1938! has given considerable impetus to this objective. Since
then, it has been inspiring synthetic chemists to prepare artificial respiratory pig-
ment systems to imitate the natural ones in their activity. The proteins respon-
sible for oxygen transportation and storage in mammalian cells, haemoglobin
(Hb) and myoglobin (Mb), have often been used as examples of protein conform-
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ation, dynamics and function.2 The compounds called natural respiratory pig-
ments can reversibly absorb molecular oxygen.3 Naturally occurring oxygen
carriers and storage proteins contain a transition metal ion to which O, can rev-
ersibly bind, typically iron (in the form of ferrous heme in proteins such as myo-
globin and haemoglobin) or copper (hemocyanin). Many complexes of this type
have been used as models to aid in understanding protein’s function. Cobalt-sub—
stituted oxymyoglobin (CoMbO;) was also characterized, as well as synthetic
analogues.4 Cobalt(I) complexes of Schiff bases, porphyrins or phthalocyanines
have been widely studied as models of oxygen carriers.>

Interestingly, four-coordinated Schiff base derivative and macrocyclic com-
plexes of cobalt(Il) are poor oxygen binders. In contrast, their corresponding
five-coordinate cobalt complexes with heterocyclic as the cobalt(Il) ligand read-
ily bind oxygen reversibly under an ambient pressure of oxygen.® The reversible
O, binding can also occur for dicobalt(Il) systems based on alkoxido and phenol-
ato-hinged dinucleating ligands. In these, both cobalt atoms are oxidized from
Co(Il) to Co(IIT) by the oxidative addition of dioxygen, thus facilitating the red-
uction of O to peroxide rather than the highly reactive superoxide as is the case
for the mononuclear systems and which are prone to irreversible self-annihilation
reaction.” With the experience of Co(salen) and other complexes and their O,
binding activity many complexes incorporating Co(Il), Fe(Ill) and Ni(Il) have
been prepared with different tetradentate Schiff base in search of good oxygen-
-binding activity.8 Presence of oxygen in the living system is an essential con-
dition for the survival of the organism. Still, it is also associated with the gener-
ation of different free radicals in the system. The living systems have the inherent
protective mechanism to disseminate and neutralize these radicals. However,
sometimes due to a higher concentration of the free radicals in the body system, a
life-threatening situation may occur. In this situation role of free radical scav-
enger known as antioxidants become more important.”?

Therefore, in anticipation of good reactivity, oxygen-binding activity and
effective antioxidant activity of the resulting complexes, we have prepared a
tetradentate Schiff base by condensation of 2,4-dihydroxybenzaldehyde with
o-phenylenediamine. The reaction of the ligand with Fe(IlI), Co(II) and Ni(II)
leads to the synthesis of three novel complexes. Synthesized compounds were
characterized by spectroscopy. In the absence of a single crystal, density func-
tional theory (DFT) studies have been performed to optimize ligand and com-
plexes’ structure. A general scheme for the synthesis of ligand and complexes is
given in Fig. 1.

EXPERIMENTAL

o-Phenylenediamine (Research Lab), 2,4-dihydroxybenzaldehyde (Sigma—Aldrich),
anhydrous FeCl;, CoCl,-6H,0, NiCl,-6H,0 were purchased from E. Merck. Analytical
reagent grade solvents were used. Conductivity measurements were carried out at 25 °C on an EI-
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Fig. 1. General scheme for the synthesis of ligand L and complexes.

-181 conductivity bridge with a dipping type cell. ESI-MS spectra were recorded on Agilent-
6520(QTOF) mass spectrometer. FT-IR spectra were recorded in KBr pellets on Shimadzu-
8400 PC. Electronic absorption spectra were recorded with EI-2305, double beam spec-
trophotometer equipped with a PC. "H-NMR and "C-NMR spectra were recorded in DMSO-
-ds on Agilent-700-vamrs 700. The metal contents were analyzed gravimetrically by the litera-
ture procedure. EPR spectra of the complexes were recorded at X-band (9.439 GHz) fre-
quency in the EPR JEOL spectrometer.
Synthesis of Schiff base ligand (7E)-N-benzylidene-2-styrylbenzenamine- 1,2-diamine-2,4-di-
hydroxy-phenol (L)

2,4-dihydroxybenzaldehyde (2.76 g, 0.010 mol) dissolved in 25 mL of ethanol was
mixed with a solution of o-phenylenediamine (1.08 mL, 0.010 mol) in 25 mL of ethanol in a
flat bottom flask, and the resulting mixture was stirred for 1 h. After that, the reaction mixture
was kept under reflux for 8 h in an inert atmosphere. A pale yellow solid was obtained after
cooling the mixture, which was filtered off, washed several times with methanol. The solid
obtained was recrystallized from hot methanol to yield yellow crystals, dried over anhydrous
calcium chloride in a desiccator under vacuum.

Synthesis of complexes

Ligand (L, 0.348 g, 0.0010 mol) was dissolved in 25 mL ethanol in a two neck flat bot-
tom flask. FeCl; (0.161 g, 0.001 mol)/CoCl,-6H,0 (0.237 g, 0.0010 mol)/NiCl,-6H,0 (0.237
g, 0.0010 mol) dissolved in 25 mL ethanol was added to the above reaction mixture dropwise
and stirred for 2 h. After that, the reaction mixture was refluxed for 9 h in an inert atmosphere.
A red precipitate was obtained, filtered, recrystallized by 2:2:1 volume ratio of ethanol:meth-
anol:acetone solvent mixture, and dried in a vacuum. Unfortunately, after several attempts, we
did not find any crystal suitable for single-crystal XRD.
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DFT Study

Density functional theory (DFT) was employed to achieve more insight into the mole-
cular structure. It was carried out using the method of B3LYP with 6-311++G(d,p) basis set
for all nonmetallic atoms and Los Alamos National Laboratory 2 double zeta (LANL2DZ)
basic set for the central metal atoms in the gas phase.!! Gaussian-09 software package was
employed to carry out all the quantum chemical calculations.!? Optimized structural parameter
of the compounds, such as bond lengths and bond angles, were calculated with the molecule's
atom numbering scheme. Several quantum chemical parameters have been calculated.!? The
FT-IR, !H-NMR and 3C-NMR Chemical Shifts of the molecule were calculated by the
gauge-independent atomic orbital (GIAO) method and compared with experimental results.
Oxygen binding study

A reversible oxygen-binding study of the synthesized complexes was done in the experi-
mental setup described earlier.!* In the second experiment, the most effective iron and cobalt
complexes were studied further, and oxygen-binding ability was observed at different tempe-
ratures (273-303 K) in DMF.!> The thermodynamics parameter such as AH° and AS® were
calculated using Van’t Hoff equation.!%!7
Antioxidant activity

The free radical scavenging activity of the compounds was determined with the 2,2-di-
phenyl-1-picrylhydrazyl (DPPH) method. Four solutions of different micromolar concentra-
tions of the compounds (0.002, 0.004, 0.006 and 0.008 uM) and standard ascorbic acid were
prepared in ethanol. The volume of each test tube was adjusted to 1.0 mL by adding ethanol.
DPPH was used as a control. After that, a 5 mL ethanolic solution of DPPH (0.1 uM) was
added. The tubes were kept at ambient temperature for 30 min. The absorbance of test solut-
ions and a blank solution of DPPH (2 mL) was measured at 517 nm. The decrease in the abs-
orbance of DPPH was calculated comparative to the measured absorbance of the control.!8

Radical scavenging activity was calculated as:
. . . -4
Radical scavenging activity, % = 100 eontrol = Arest (D
ontrol

where A4.oniro1 1S @absorbance of the control and A is absorbance of the test.

RESULTS AND DISCUSSION
Spectral characterization of complexes

Stoichiometries of the complexes conformed with elemental analyses data.
Molar conductance (Ay,) for complexes in 10-3 M concentration in DMSO was
in the range 1-4 Q! cm?2 mol-!: indicative of their 1:1 electrolytic nature.!® ESI-
-MS spectra of complexes exhibit several peaks. However, a pseudomolecular
ion peak for [M+H*] was present consistently in each case, which indicated the
molecular mass. ESI-MS spectra of ligand L. and complexes are shown in Figs.
S-1 and S-2a—c of the Supplementary material to this paper, respectively.

In the FT-IR spectrum of complexes, the band observed at ~3207 cm™!,
assigned for —OH vibration in ligand completely vanished, and a new peak at
lower frequency appeared at ~512 cm™!, which was assigned to M—-0.20 The
appearance of this peak indicates the bonding of metal with phenolic oxygen.
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The band due to azomethine HC=N groups was shifted downwards by 1598 cm™!
in complexes, which confirms the coordination of azomethine nitrogen with
metal. The coordination of azomethine nitrogen with metal was further ascert-
ained by the appearance of a peak at a lower frequency at ~433 cm™!, assigned to
M-N vibration stretching.2l Complexes also exhibit a band observed at ~2871
cm™! attributed to the aromatic ring’s C—H vibration. The vibrational band for
C-O stretching was observed at ~1180 cm™1.22 The experimental (solid phase)
and theoretical (gas phase) FT-IR spectra data of L and complex 2 is correlated
in TABLE S-I of the Supplementary material.

The calculated IR vibrations were slightly shifted from experimental values.
DFT calculations generally overestimate the frequencies and neglect the crystal
packing effects. However, anharmonicity and incompleteness of the basis set and
dynamic electronic correlation were also responsible for the above-stated devi-
ations.23 Therefore, we have derived scaling factors and applied them to get a
satisfactory value. The scaling factor for L was determined as 1.012 (R2 = 0.999)
over a complete range of spectrum and that in complex 2, it is 1.005 (R? =
=0.998). In comparison, it was observed that in the theoretical spectra after scal-
ing, the peaks for v(C-H), v(HC=N), v(C-O)sym, V(C-C), v(C-H), v(O-H),
v(M-0) and v(M-N) were observed with a very small deviation of 0.1 %. The
experimental and theoretical FT-IR spectra of ligand L are shown in Figs. S-3
and S-4 of the Supplementary material. Similarly, the experimental and theo-
retical FT-IR spectrum of complex 2 is shown in Figs. S-5 and S-6. The FT-IR
correlation curve for ligand L and complex 2 is shown in Fig. S-7. The expe-
rimental spectra of complexes 1 and 3 are shown in Figs. S-8 and S-9.

In the UV—Vis spectra of ligand L, an absorption band at 280 nm was
assigned to the intra-ligand m—m* transition, and a strong absorption band at 340
nm was ascribed to n—n*transition associated with imine moiety. Fe(Ill) com-
plexes exhibit a magnetic moment of ~5.54 BM as expected for the high spin
case. The ground state of high spin octahedral Fe(Ill) complexes is 6A1g. The
electronic spectrum of this complex exhibits bands at 660, 540 and 340 nm
assigned for the following transitions: 0A1g—4T 14, 0A1,—4T), and 6A g —4T,,
4Eg, respectively, as expected for the iron(Ill) octahedral complexes. Co(Il)
complexes exhibit magnetic moments of ~4.59 BM due to the presence of three
unpaired electron. The electronic spectrum of complexes exhibits bands at ~630,
~560 and ~390 nm assigned for the following transitions: 4Tjg (F)—4T2g (P)
(V1), 4T1g (F)—%Asg (F) (1) and 4Ty (F)—4Tye (F) (13), respectively. This
transitions suggest an octahedral environment around the cobalt(Il) ion.24 Ni(II)
complexes exhibit ~3.02 BM, indicating two unpaired electrons in Ni(II) ion
consistent with octahedral geometry. A spectrum of the nickel(Il) complex exhi-
bits three bands at ~610, ~520 and ~360 nm corresponding to 3A2g—>3T2g,
3A2g—>3T1g and 3A2g—>3T1 ¢(P) transitions, respectively, which indicate an octa-
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hedral geometry around nickel atom.25 UV-Vis spectra of L and complexes are
given in Figs. S-10 and S-11a—c of the Supplementary material.

TH-NMR of L exhibits a signal at § 8.81 ppm for two protons (numbered as
3 and 16) were attributed to two azomethine group present in the ligand. It is
positive evidence for the Schiff base formation.26 Two deshielded signals
appeared at ¢ 13.18 and ~9.91 ppm for two protons each, were assigned for the
phenolic-OH present at ortho (numbered as 40 and 41) and para-position (num-
bered as 39 and 42) to azomethine. A multiplet centred at 0 6.87 ppm for four
protons were due to four phenylene proton atoms (numbered as 10, 11, 12 and
13). A double doublet centred at 6 7.56 ppm for two protons were assigned to the
phenolic ring proton atoms present ortho to azomethine (numbered as 3 and 24).
A multiplet centred at ¢ 7.37 ppm for two protons was attributed to phenolic ring
proton atoms present meta to azomethine (numbered as 25 and 33). A singlet for
two protons at J 6.36 ppm was attributed to phenolic ring proton atoms present
between two hydroxyl groups (numbered as 23 and 32). The 'H-NMR spectrum
of ligand L is shown in Fig. S-12. The GIAO method calculated the theoretical
chemical shift values using TMS HF/6-31G(d) GIAO and TMS B3LYP/6-
-311+G(2d,p) GIAO level theory. The correlation coefficients of H-NMR were
determined as 0.978, as shown in Fig. S-13. For ligand L TH-NMR 6, 0.934,
Oexp + 0.327 (R? = 0.978). It was evident from the correlation graph that good
correlation exists in theoretical and experimental J values.

In the 13C-NMR of ligand L, a strong signal at § ~173.0 ppm was assigned
for the presence of imine (>C=N-) carbon. The signal that appeared at 6 ~166.0
ppm was attributed to the carbon linked with a hydroxyl group. All aromatic
carbon of phenylene and phenolic moiety display signals between 6 116.00 and
162.00 ppm.27 The 13C-NMR spectrum of L is shown in Fig. S-14. The correl-
ation coefficients of 13C-NMR for L was determined as 0.942, as shown in Fig.
S-15. For L, 13C-NMR 41 0.856, Jexp +22.68 (R? = 0.942). It was evident from
the correlation graph that a good correlation exists in theoretical and experi-
mental & values. The DFT and !H-NMR and 13C-NMR were correlated with the
experimental and theoretical J values. Data of L are displayed in TABLE S-II.

The EPR analysis of complexes 1-3 was performed at solid-state at room
temperature (RT).28 Spin-Hamiltonian parameters calculated for complex 1 at
RT shows g values: g; =2.408, g/ ~2.086 and g.=2.009. Spin-Hamiltonian
parameters calculated for complex 2 at RT shows g values: g, = 2.554, g| =
~2.148 and g, = 2.013. Spin-Hamiltonian parameters calculated for complex 3 at
RT shows g value: g; =2.354, g = 2.048 and g. = 2.011, suggesting that the
unpaired electron resides in dy2 y2 orbital and slightly distorted octahedral geo-
metry of the complexes. The EPR spectra of complexes 1-3 are shown in Fig.
S-16a—c.
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Quantum chemical calculations

The Mulliken population analysis obtained the net atomic charges of ligand,
L and complex 2.2% The Mulliken charge shows that in L maximum charge of
+0.28944 is observed on C27 because C27 is flanked between three highly elec-
tronegative atoms. Electronegative atoms such as O, N, N and O exhibit highly
negative charge due to the +I effect. O38 atoms from the hydroxyl group being
highly shielded have a maximum negative Mulliken charge value of -0.62650,
and azomethine-N have a charge of -0.27821. In complex 2, maximum +ve
charges of +0.326542 are observed on C27 since C27 is flanked between three
highly electronegative atoms. Electronegative atoms such as O, N, N and O exhi-
bit highly negative charge due to the +I effect. O41 atoms from the hydroxyl
group being highly shielded have a maximum —ve Mulliken charge of -0.580976,
and azomethine-N have a charge of -0.319319. The Mulliken charges of all com-
plexes are listed in TABLE S-III.

The atomic charge distributions for the complex was calculated with the
B3LYP/LanL.2DZ//6-311++G* basis set. The highest and lowest negative charge
to be found on complex 2 at N(2) (-0.47669 ¢) and O(37) (-0.74449 ¢). Thus the
observed bond length of Co-N(14), 1.87956 A and Co—-O(35) 1.82787 A are
different. According to the NPA, the natural electron configuration of Co is:
[core] 4s(0.26)3d(7.65)4p(0.51)4d(0.02). Thus, (17.99025) core electrons,
(8.41330) valence electrons (on 4s, 3d and 4p atomic orbitals) and (0.02571)
Rydberg electrons (mainly on 4p, 4d and 5p orbitals) give 26.42926 electrons.
This value is consistent with the calculated natural charge on Co atom +0.57074
in complex 2, which corresponds to the difference between 26.42926 ¢ and the
total number of electrons in the isolated cobalt atom 27 e. In addition, the atoms
0O(35), O(36), N(2) and N(14), have negative charge —0.63188, —0.61051,
—0.47669 and —0.54181 e, respectively. The charges of the atoms in the ligand L
and complex 2 are listed in TABLE S-1V.

The natural bond orbital (NBO) analysis of a representative complex 2 was
carried out by the BALYP/LANL2DZ level basis set.30 As expected, the strongest
donation occurs in the ligand L, which from the n(N2—C2) to n*(C6) antibonding
orbital and has the energy of 157.60 kJ/mol. The interaction between the
o(C2—-C5) and 6*(N2-C5) has the second-highest value of around 105.65 kJ/mol.
These transitions give greater stabilization to the molecule. The hyper conjug-
ative interactions of the ¢ and = electrons of selected C—C to anti— C—C bonds in
the complex 2 are listed in TABLE S-V. The values of stabilization energies are
in the range of 0.29-1.10 kJ/mol for c—c* transitions, 0.58-44.80 kJ/mol for
n—n* transitions. The n—n* transitions have high resonance energies, such
as C28-C29—C26-C27, C26-C27—C30-C31, C30-C31—C28-C29, C17 C18—
—(C21-C22, C21-C22—C15-C20 and C15-C20—C21-C22, with the resonance
energies 10.52, 10.50, 11.02, 11.10, 13.69 and 44.80 kJ/mol, respectively, that
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lead to the stability of the complex. According to the n—c* and n—n* inter-
actions, the strongest interactions are due to LP(1)Cl1—c*(C30-C31) 17.52,
LP(1)N—0*(036—Co044) 28.00, LP (1)C19—c*(C15-C20) 98.94, LP (1)C19—
—n*(C17-C18) 37.97, LP*(6)Co44—n*(N2—-C5) 84.91, LP*(6)Co44—
—1*(C4-C5) 16.57, ©(N2—-C5)—LP*(4)Co(44) 21.22 kJ/mol.

The molecule’s MEP surface was calculated by the B3LYP/LANL2DZ
method with the 6-311++G(d,p) basis set. As it can be easily observed from the
ligand L MEP map, the negative regions in MEP are related to the electronega-
tive or electrophilic site. In contrast, the positive regions are related to the elec-
tropositive or nucleophilic site. This molecule has several possible sites for coor-
dination. The negative regions are mainly over the oxygen atoms (deep red/yel-
low) on each of the O—H groups and nitrogen atoms of imine groups. The oxygen
and carbon atoms bear the maximum region of positive charge, and the most
positive regions (blue/green) are observed around the O—H groups as well as car-
bon atoms of imine groups. The colour codes of this map are in the ranges
between —0.122 (deep red) and +0.122 a.u. (deep blue) in the ligand L. Similarly,
in the complexes, the MEP map is between —0.113 and +0.113 a.u. for complex
1, -8.512 and +8.512 a.u. for complex 2 and —9.163 and + 9.163 a.u. for complex
3, respectively. The potential increases in the order: red < orange <yellow <
< green < blue.3! The MEP map of ligand L and complexes are shown in Fig.
S-17a—d.

FMOs analysis

The HOMO is the orbital that primarily acts as an electron donor, and the
LUMO largely acts as the electron acceptor. The energy gap between HOMO
and LUMO set apart the chemical stability of the molecule.3? The FMOs of the
energies of compounds are shown in TABLE S-VI. The energy differences
between HOMO and LUMO for ligand L is 4.13035 eV while in complexes
3.04545, 3.54941 and 2.97987 eV, respectively. The HOMO and LUMO energy
level diagrams of ligand L and complexes are shown in Fig. S-18a—d. The
calculated energies of the HOMO and LUMO show that there is a very small
energy gap (AFE) in complex 3, which may be responsible for its low kinetic
stability, reflecting efficient electronic charge transfer interaction and high
chemical reactivity, making the ligand strongly polarizable. It may lead to high
free radical scavenging activity.

Bond parameters

The optimized bond lengths and bond angles of investigated compounds
calculated by B3LYP/LANL2DZ methods with 6-311++G (d,p) basis set were
listed in TABLEs S-VII and S-VIII following the atom numbering scheme as
shown in Fig. 2a—d. The optimized geometrical parameters of ligand were com-
pared with complexes. The optimized O—H bond length in ligand was 0.962 A
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which was diminished in complexes, and a new M—O bond is formed with a bond
length of 1.800—1.828 A. The calculated >C=N— bond distance in ligand was
observed as ~1.293 A, which shows an increase of 0.005-0.006 A in the case of
complexes. This increase in the bond distance is due to the transfer of double
bond electron density towards metal and the decrease in the double bond char-
acter of C=N, which confirms the coordination of metal with azomethine-N. This
elongation in M—N bond lengths caused a slight distortion from the regular octa-
hedral geometry.

ah © 3511. a1 @ EM.

Fig. 2. DFT optimized structure of: a) ligand L and complexes: b) 1, ¢) 2 and d) 3.

Based on elemental analysis, electronic spectra, ESI-MS, FT-IR, !H-NMR,
I3C-NMR and DFT studies, optimized structures of the ligand L is suggested in
Fig. 2a. Similarly, based on elemental analysis, molar conductance, electronic
spectra, ESI-MS, FT-IR, EPR and DFT studies, optimized structures of the com-
plexes are given in Fig. 2b—d.

Oxygen binding study

Complexes dissolved in DMF were explored for Oxygen binding study, and
results are shown as spectra in Fig. 3. Absorbance change was noticed only in
complexes 1 and 2 containing Fe (III) and Co (II) as a central metal ion. How-
ever, complex 3 exhibited no change in the absorbance; Ni (II) as a central metal.
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It could be explained based on DFT optimization. It was observed in DFT opti-
mized structure that Ni-O(H»>O) bonds are slightly smaller than other M—O(H,0)
bonds and probably more stable, which may be the reason for the non-particip-
ation of these complexes in oxygen binding activity. From the graph, it was obs-
erved that the prominent absorption at 360 nm in complex 1, 390 nm in complex
2 diminished with time and seems to disappear in the presence of oxygen. Inter-
estingly, at the same time, the absorption of broad bands between 440—650 nm
attributable to d—d transitions becomes more pronounced. In cobalt complexes,
the reaction that most probably occurs in the presence of O is:

[CoL(H,0);] + 2DMF < [CoL(DMF),] + 2H,0 2)
[CoL(DMF),] + O3 <> [CoL(DMF)(O,)] + DMF 3)

However, in the case of Fe (III) complex reaction appears to proceed in the
following manner:

[FeL(H,0)Cl] + DMF «> [FeL(DMF)CI] + H,0 (4)
[FeL(DMF)CI] + O, <> [FeL(0O)Cl] + DMF (5)

4000 ——aomin ——0Omin
3500 \ —_30min —__0min
- 3':\‘ ——60min
= 3000 N
£ \
< 2500 —— 120 min
=

£ 3000 )
3 )
5 1500

1000 o f\\ o
—_———

Z
=—=—=—4

500

300 350 400 450 500 550 600 650 700 340 440 540 640
Wyaw elength, nm Wavelength, nm

(@ (&)
Fig. 3. UV-Vis spectra of oxygen binding study of complexes 1 (a) and 2 (b).

To understand the thermodynamics of oxygen binding reaction of com-
plexes, the reaction was carried out at various temperatures and the oxygenation
constant (Ko,), which is calculated according to the relation below:

Ko, = (CML(DMF)o /CML(DMF))Po, (6)

The data clearly show that the oxygenation constant decreases with an inc-
rease in temperature, which indicates that the oxygen-binding ability of com-
plexes decreases with rising temperature.33 The oxygenation constants at differ-
ent working temperatures are given in TABLE S-IX. The experimental values of
Ko,, at different temperatures, obey the Van’t Hoff equation.34 To determine the
thermodynamic parameters, such as AH° and AS®, the plot of In Ko, vs. 1000/T
was drawn Fig. S-19:

In Ko, =A1/T) (7)
In Ko, = —(AH°/RT) + (AS°/R) (8)
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It was observed from TABLE S-IX that the enthalpy change of complex 1 is
maximum negative. Negative enthalpy change is also an indicator of exothermic
oxygenation reaction. The negative value of AH® and AS° for complexes 1 and 2
demonstrate that these complexes consist of a good oxygen-binding capacity.3>

In vitro antioxidant activity

The results of the free radical scavenging activity of the compounds at dif-
ferent micromolar concentrations (0.002—-0.008 uM) are shown in TABLE S-X.
Ascorbic acid was used as a control to estimate the effectiveness of the tested
compounds under the same conditions. The measured compounds have exhibited
significant scavenging activity but lower than ascorbic acid. It has been observed
that complex 3 exhibited higher antioxidant activity of 46.33—76.33 % in the
given concentration range. It could be explained based on DFT, which calculates
the lower energy gap (AE) for complex 3. Due to the lower energy gap (AE),3°
complex 3 will be more reactive and can easily react with the free radicals to
yield a more resonance stabilized complex species.

CONCLUSION

A Schiff base ligand (7F)-N-benzylidene-2-styrylbenzenaminel,2-diamine-
-2,4-dihydroxy-phenol (L) and its novel metal derivatives of Fe(Ill), Co(II) and
Ni(IT) were synthesized and characterized by spectroscopy. The spectral data has
revealed that the Schiff base acts as a tetradentate ONNO donor ligand and coor-
dinated through phenolic oxygen and azomethine nitrogen. In FT-IR and NMR, a
quite good correlation has been observed in experimental and theoretical data.
Several quantum chemical calculations have been performed to achieve better
insight into molecular structure, and the geometry of complexes was optimized.
The bond parameters, bond distance and bond angles are slightly distorted from
octahedral geometry. In oxygen-binding experiment, 1 and 2 with Fe(Ill) and
Co(Il) exhibited good oxygen-binding capacity; however, 3 with Ni(Il) ion is
inactive probably due to greater stability of Ni-O(H>O) bonds. The negative
values of AH° and AS°® for 1 and 2 demonstrated that oxygenation reaction is
thermodynamically favored for these complexes. The decrease in oxygenation
constant with temperature indicates that the oxygen-binding ability of complexes
decreases with an increase in temperature. In the antioxidant activity experiment,
complex 3 displayed more antioxidant activity than 1, 2 and L, probably due to
lower AE.

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/10208, or from the corres-
ponding author on request.
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U3BOL
CHUHTE3A, CITEKTPOCKOIICKA KAPAKTEPHU3AIIUJA, DFT IIPOPAUYYHH, BE3UBAILE
KHMCEOHUKA U AHTUOKCUJATUBHA AKTUBHOCT KOMIIIEKCA Fe(III), Co(II) K
Ni(II) CA ONNO-TETPAJEHTATHOM IIIH®OBOM FA30M KAO JIMTAHIOM

SATYENDRA N. SHUKLA, PRATIKSHA GAUR, MOHAN L. RAIDAS u SANJAY S. BAGRI

Coordination Chemistry Research Lab, Department of Chemistry, Govt. Science College,
Jabalpur (M.P.), India

KonpensaunoHnoM peaxnujom usmely 2,4-puxugpokcudeHsannexusa v o-GeHUmeHIn-
amuHa nodujeHa je IlIudosa 6asa (7E)-N-DeH3unupeH-2-ctupundeH3eHaMuH-1,2-IMaMUH-
-2,4-puxuppoxcudenon (L), xoja je satum y peaxauuju ca Fe(I1I), Co(II) u Ni(II) conuma
(Moncky ogHoc 1:1) ynoTtpedrseHa kao nuraHj 3a CUHTe3y oaromapajyhux xommiekca (1-3).
Pa3nnuuTe aHaIUTHYKE TEXHUKE, KO LITO Cy eleMeHTanHa aHanu3a, ESI-MS, UV-Vis, FT-IR,
NMR u EPR cnexrpockomnuja, a 3aTUM MeTOa Mepera MOolapHe U MarHeTHe ITPOBOM/BUBOCTH,
ynotpedbeHe Cy 3a CTPYKTYpHY KapaKTepu3alHjy JuraHma U OAroBapajyhux KoMIUTeKkca
meTana. Ilpumenom DFT Mmetosme Ha 6asu B3LYP/3-211G'*/LANL2DZ TeopHjckux mpopa-
YyHa ONTHMH30BaHa je reOMETpHja Juranja U Komiuiekca mertana. Haheno je ga je nurang L
npexo ONNO [0HOPCKUX aToMa TeTpafeHTaTHO KOODAWHOBAH 3a joHe MeTasla IIpU YeMy Hac-
Tajy KOMIUIEKCH OKTaefjapcke reoMerpuje. McnuTruBaHa je CIOCOOHOCT KOMILIEKCA 33 BE3U-
Bamke KHUCeOHWKa U cnodbonuux papukana. Kommiexcu Fe(111) u Co(II) (1 u 2) cy nmokasamu
peBep3udUIHYy CIOCOOHOCT Be3uBamwa KuceoHHKa. CynpoTHO TOMe, KOMIUIEKC 3 HUje ToKa3ao
CTIOCODHOCT Be3MBamba KUCEOHMKA. AHTHOKCHIATHBHA aKTMBHOCT HCIUTUBAHUX je[UIEHA
Mewana cey Hu3y 3>1>2> L.

(ITpumsseHo 30. nenemdpa 2020, peunupano 14. mapra, npuxsaheno 7. anpuna 2021)
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J. Serb. Chem. Soc. 86 (10) (2021) 941-954
(7E)-N-benzylidene-2-styrylbenzenamine 1-2-diamine-2-4-dihydroxy-phenol (L)

M.p.: 285 °C; Color: Light yellow, Yield: 1.86 g (63 %); Selected infrared
absorption (KBr, cm!): w(O-H)arom, 3204s; v(C-H), 2874m; v(HC=N)imine
1631s; w(C=C), 1365w; v(C-0), 1244m; v(C-C), 1151m; y(C-H), 754w; y(O-H),
644w. Electronic spectra (Amax / nm (¢ / (mol L-! ecm-1)) in DMSO: 280(1585),
340(828). 'H-NMR spectra (400 MHz, CH3CN, 6 / ppm): (O-H)arom(ortho,para)»
13.18 (s, 2H), 9.91 (s, 2H), (HC=N)imine, 8.81 (s, 2H), (Ar-H)phenolic, 7-56 (dd,
J1 = 8.0, J, = 1.6, 2H), 7.37 (m, 2H), 6.36(s, 2H), (Ar-H)phynelene, 6-87(m, 4H).
I3C-NMR (700 MHz, CH3CN, 6 / ppm): (C-OH) 6 173.85, (>C=N)imine> 0
166.1, (Ar-C)phenolic, 0 119.20, 6 116.68, 6 123.77, 6 148.14, 6 119.58, 6 117.90,
0 119.46, 6 139.44, (Ar-C)pengene, 0 162.17, 0 158.17, 6 139.44, 6 151.95, ¢
150.79, 6 128.01. ESI-Mass spectra, (m/z): calculated for [C7HgNO, + HT ] =
137.0959, [Ci3H{NO, + H]" = 213.3582, [C 4H[{N;O3 + H]" = 240.2603,
[CooH[5N2O + HT]t = 332.2365, [CooH1¢N2O4 + HT]T = 349.0572, observed
348.352. Combustion analysis for CogH1gN2Og4: Calculated C 68.96, H 4.63, N
8.04, O 18.37; found C 68.94, H 4.61, N 8.01, O 18.35.

[Fe(L)CI(H>0) (1)

M.p.: 340 °C; Color: light gray, Yield: 0.286 g (62 %); uefr = 5.43 B.M.
Selected infrared absorption (KBr, cm-!): w(C-H), 2941s, v(HC=N)imine, 11618s,
w(C=C), 1351w, W(C-0), 1255m, v(C-C), 1190m, y(C-H), 738w, v(M-0O), 532s,
v(M-N), 432s. Electronic spectra (Amax / nm (¢ / (mol-! L c¢cm-1)) in DMSO:
Found: 340(1356); 540(389); 660(101). Molar conductance A, at 25 °C (Q!
cm? mol-1): 3 in DMSO. ESI-Mass spectra, calculated for (m/z): calculated for
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[C7Hs5FeNO, + H']"T = 191.9625, [C7H7CIFeNO3 + H]" = 245.4582,
[C13H|CIFeNO3 + H*]" = 321.5293, [C14H|2CIFeN,O3 + H']" = 348.5546,
[CooH 5CIFeN,O4 + HT]T = 439.1125, [CooH | 6CIFeN,O5 + HT]T = 456.2356,
observed 455.6494. Combustion analysis for CyoH1CIFeN,Os: Calculated. C
52.72, H 3.54, N 6.15, CI 7.78, Fe 12.26; found C 52.62, H 3.3.46, N 6.02, Cl
7.68, Fe 12.16.

[Co(L)(H20)7] (2)

M.p.: >350 °C; Color: light green, Yield: 0.332 g (61 %); pefr = 4.52 B.M.
Selected infrared absorption (KBr, cm-!): w(C-H), 2871s, W(HC=N)imine, 1583w,
v(C=C), 1315s, »(C-0), 1249s, v(C-C), 1180m, y(C-H), 750s, v(M-O), 532s,
Y(M-N), 434m. Electronic spectra (Amax / nm (¢ / (mol-! L cm-!)) in DMSO:
350(1452); 540(324); 630(48). Molar conductance Ay, at 25 °C (! cm? mol-!):
3 in DMSO. ESI-Mass spectra, (m/z): calculated for [C7HsCoNO, + H']t =
195.1798, [C7HyCoNO4 + HH]* = 231.2723, [C13H[3CoNO4 + H*T* = 307.1128,
[C14H[4CoNyO5 + 2HT]" = 349.0572, [CooH;7CoN,O5 + HT]" = 425.0930,
[CooH18CoNyOg + HT]H = 442.1558, observed 441.2999. Combustion analysis
for CooH1gCoNyOg: Calculated. C 54.43, H 4.11, Co 13.35; found C 54.41, H
4.09,N 6.31, Co 13.30.

[Ni(L)(H20)>] (3)

M.p.: >350 °C; Color: dark green, Yield: 0.362 g (67 %); uerr = 3.07 B.M.
Selected infrared absorption (KBr, cm!): w(C-H), 2837s, v(HC=N)imine, 1579s,
v(C=C), 1315w, v(C-0), 1232m, v(C-C), 1132m, y(C-H), 765w, v(M-0), 538m,
V(M-N), 455(m). Electronic spectra (Amax / nm (g / (mol-! L cm-!)) in DMSO:
370(1262); 410(1449); 550(158). Molar conductance A, at 25 °C (! cm? mol-
): 2 in DMSO. ESI-Mass spectra, (m/z): [C7H5NiNO, + HT]" = 194.8135,
[C7H9NINO4 + HT]" = 228.6958, [Ci3H|3NiNO4 + HT]" = 306.6514,
[C14H4NiN,O4 + HT]T = 333.9033, [CooH[7NiNoOs5 + HT]" = 424.3259,
[CooH[gN2NiOg + HT]" = 442.2542, observed 441.0601. Combustion analysis
for CooH1gN2NiOg: Calculated. C 48.86, H, 4.59, N 7.09, Ni 14.89; found C
48.46, H 4.48, N 6.95, Ni 14.71.
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TABLE S-1. FT-IR correlation data of Ligand (L) and Complex 2

SHUKLA et al.

Ligand L Complex 2
Peak Wavenumber, cm’’ Deviation,% Wavenumber, cm’’ Deviation,%
assignment Experimental Theoretical Experimental Theoretical
Unscaled Scaled Unscaled  Scaled
V(O-H)Arom 3207.73 3239.40 3204.52 0.1 - - - -
v(C-H) 2874.03 2881.74  2871.15 0.1 2871.39 2884.28 2865.64 0.2
v(>C=N) 1631.83 1625.98 1630.19 0.1 1583.61 1612.12 1580.44 0.2
v(C=C) 1365.65 1352.12 1364.28 0.1 1315.50 1345.18 1312.86 0.2
v(C-0) 1244.13 1266.33 1242.88 0.1 1249.91 1225.41 1178.10 0.2
v(C-C) 1151.54 1155.83 1150.38 0.1 1180.47 1153.81 1160.68 0.2
(C-H) 754.19 755.49 753.43 0.1 750.33 755.82  748.82 0.2
(O-H) 659.68 636.36 659.02 0.1 - - - -
v(M-0O) - - - - 532.37 53243 531.30 0.2
v(M-N) - - - - 434.09 44435 433.13 0.2

TABLE S-1I. DFT '"H-NMR and '*C-NMR correlation data of Ligand (L)

Ligand L "H-NMR

Ligand L "C-NMR

Calculated

(gas phase), Experimental

0/ ppm

Calculated

Calculated (gas phase)

(gas phase), Experimental

0/ ppm

Calculated (gas phase)

proton No  (solid phase) TMS HF*  TMS B3 carbonNo (solid phase) TMS HF* TMS B3®
H 41 13.173 12.726 9.010 C7 173.83 179.10 171.58
H 42 9.908 9.725 9.009 C4 166.15 179.09 161.57
H 39 8.806 8.985 8.125 C2 162.17 178.35 160.83
H 40 7.573 7.747 7.031 C22 158.17 177.32 160.80
H 36 7.569 7.746 6.715 Cll1 151.95 172.15 154.63
H 35 7.166 7.131 6.415 C12 150.79 172.15 154.63
H 38 7.162 7.130 6.415 C6 148.14 161.27 143.75
H 34 6.950 6.952 6.237 C24 134.44 161.27 143.75
H 31 6.948 6.952 6.237 Cl4 128.01 147.42 129.90
H 30 6.788 6.384 5.669 C15 123.77 147.38 129.86
H 33 6.361 6.384 5.669 C13 119..58 144.48 126.96
H 37 6.359 5.367 4.651 Cl6 119.46 144.48 126.96
H 39 6.354 5.357 4.641 C5 119.20 144.27 126.75
H 32 2.515 3.109 2.394 C19 117.90 144.24 126.75
H 27 2.506 3.007 2.291 Cl 116.68 128.88 115.36
H 28 2.502 2.603 1.888 C23 116.68 128.86 111.34
aTMS HF/6-31G(d) GIAO; PTMS B3LYP/6-311+G(2d,p) GIAO
TABLE S-III. Mulliken atomic charges of ligand (L) and complexes
Ligand L Complex 1 Complex 2 Complex 3
Atom Charge, e Atom  Charge, e Atom Charge,e  Atom Charge, e
Cl -0.028395 Cl -0.279899 Cl -0.322932 Cl -0.306675
N2 -0.278142 N2 -0.230275 N2 -0.249254 N2 -0.218530
H3 0.142925 H3 0.221662 H3 0.221162 H3 0.220057
C4 -0.115112 C4 -0.324478 C4 -0.331823 C4 -0.338667
C5 0.081922 C5 0.325814 C5 0.292318 C5 0.299563
C6 0.081973 C6 0.327865 C6 0.271380 C6 0.276403
C7 -0.115132 C7 -0.324922 C7 -0.346469 C7 -0.346174
C8 -0.146010 C8 -0.237032 C8 -0.246337 C8 -0.243885
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Ligand L Complex 1 Complex 2 Complex 3
Atom  Charge,e  Atom Charge, e Atom Charge,e  Atom Charge, ¢
C9 -0.146009 Cc9 -0.237502 Cc9 -0.258555 Cc9 -0.246488
H10 0.166444 H10 0.233980 H10 0.229655 H10 0.233799
Hl1l1 0.166443 Hl11 0.235923 Hl11 0.237212 Hl11 0.236210
H12 0.148326 HI12 0.240402 H12 0.235141 H12 0.237614
H13 0.148326 H13 0.240126 H13 0.235177 H13 0.237829
N14  -0.278212 N14  -0.294654 N14 -0.319319  N14 -0.274868
Cl15 -0.028300 Cl5  -0.294654 Cl15 -0.399989  CI15 -0.350614
H16 0.142904 Hl16 0.221944 Hl16 0.220854 H16 0.225315
Cl17 0.289863 Cl17 0.336164 Cl17 0.321346 Cl17 0.327852
Cl18 -0.213903 C18  -0.537853 Cl18 -0.550206  CI18 -0.542374
C19 0.254447 C19 0.319527 C19 0.308161 CI19 0.315890
C20 -0.025395 C20 0.302496 C20 0.303553 C20 0.303514
C21 -0.124779 C21  -0.343801 C21 -0.365357  C21 -0.353685
C22 -0.178644 C22  -0.390478 C22 -0.390082  C22 -0.392229
H23 0.156160 H23 0.264406 H23 0.253554 H23 0.258561
H24 0.164082 H24 0.231393 H24 0.229525 H24 0.230108
H25 0.169641 H25 0.254307 H25 0.246727 H25 0.249797
C26 -0.212183 C26  -0.526927 C26 -0.536415  C26 -0.534553
C27 0.289440 C27 0.335216 C27 0.326542 C27 0.329656
C28 -0.178308 C28  -0.386583 C28 -0.389225  C28 -0.392594
C29 -0.125144 C29  -0.343783 C29 -0.354769  C29 -0.349727
C30 -0.024687 C30 0.274928 C30 0.280329 C30 0.285695
C31 0.253547 C31 0.293275 C31 0.288878 C31 0.295498
H32 0.155256 H32 0.266886 H32 0.259093 H32 0.259823
H33 0.169622 H33 0.256006 H33 0.251180 H33 0.251036
H34 0.164075 H34 0.234151 H34 0.232076 H34 0.230932
035 -0.537508 035  -0.373478 035 -0.434564 035 -0.419015
036  -0.538336 036  -0.366402 036 -0.414691 036 -0.400433
037  -0.538336 037  -0.474245 037 -0.484140 037 -0.480142
038 -0.626509 038  -0.474195 038 -0.478871 038 -0.478260
H39 0.366892 H39 0.361192 H39 0.354386 H39 0.358803
H40 0.332135 H40 0.363998 H40 0.357967 H40 0.359064
H41 0.332970 Fe4l  0.123313 041 -0.580976 041 -0.631998
042 -0.625463 H42 0.215423 H42 0.411494
H43 0.440434 H43 0.48896 H43 0.408144
H44 0.441293 Co44 0.292168 044 -0.624676
Cl45  -0.138782 045 -0.574811  H45 0.438943
H46 0.458307 H46 0.403533
H47 0433172 Ni47 0.240452

TABLE S-IV. Selected natural atomic charges and electronic configurations for the complex 2

Atoms Natural atomic charge Natural electronic configuration
Co44 0.57074 [core]4s(0.26)3d(7.65)4p(0.51)4d(0.02)
N2 -0.47669 [core]2s(1.30)2p(4.15)3p(0.02)
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Atoms Natural atomic charge Natural electronic configuration
N14 -0.54181 [core]2s(1.29)2p(4.23)3p(0.02)
035 -0.63188 [core]2s(1.70)2p(4.93)3p(0.01)
036 -0.61051 [core]2s(1.70)2p(4.90)3p(0.01)
037 -0.74449 [core]2s(1.70)2p(5.04)3p(0.01)
038 -0.73920 [core]2s(1.70)2p(5.03)3p(0.01)

C4 -0.21332 [core]2s(0.96)2p(3.24)3p(0.01)
C5 0.12347 [core]2s(0.83)2p(3.03)3p(0.02)
C15 0.04377 [core]2s(0.91)2p(3.02)3p(0.02)
C17 0.33718 [core]2s(0.86)2p(2.79)3p(0.01)
C18 -0.31043 [core]2s(0.98)2p(3.31)3p(0.01)
C26 -0.30943 [core]2s(0.98)2p(3.31)3p(0.02)
C27 0.34945 [core]2s(0.86)2p(2.78)3p(0.01)
C28 -0.28239 [core]2s(0.97)2p(3.29)3p(0.02)
H3 0.18528 15(0.81)
H10 0.21220 15(0.79)
H11 0.21549 15(0.78)
H39 0.48621 15(0.51)
H43 0.48896 15(0.46)

TABLE S-V. The second-order perturbation energies® corresponding to the most important
charge transfer interactions (donor—acceptor) of complex 2 at B3LYP/LanL.2DZ//6-31*"G(d,p)

Donor Lewis  Acceptor Lewis Types E@/kcalmol! Ej—Eg/au  Fgj/au

NBO (i) NBO (j)
C1-C30 C26-C31 no* 2.02 118 0.062
C1-C30 C28-C29 o 1.81 1.18 0.059
C1-C30 C29-C30 nom* 0.58 1.18 0.033
C1-C30 C30-C31 6—0* 0.66 1.19 0.035
C4-C5 N2—C5 ot 105.65 1.16 0.469
C4-C5 C4-C9 ot 132 1.08 0.051
C4-C5 C5-C6 o 0.89 1.20 0.044
C4-C9 C4-C5 e 1.80 1.23 0.059
C4-C9 C8-C9 60" 0.74 1.23 0.038
C4-C9 N2-C5 P 6.98 0.40 0.075
C4-C9 N2—C5 o 1.05 0.89 0.041
C4-C9 C7-C8 P 11.20 0.28 0.072
C5-C6 N2—C5 o 0.99 1.07 0.041
C5-C6 N2—C5 G0* 0.77 0.88 0.040
C5-C6 N2—C5 o 473 1.37 0.114
C5-C6 C4-C5 6—0* 0.97 1.28 0.045
C5-C6 Cc6-C7 " 2.34 1.29 0.070
C6—C7 C5-C6 e 2.49 138 0.074
C6-C7 C7-C8 6—0* 0.99 1.25 0.045
C7-C8 C8—C9 6—0* 0.74 1.23 0.038
C7-C8 C4-C9 e 8.68 0.28 0.064
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Donor Lewis Acceptor Lewis Types E(Z) / kcal 1’1'101_1 E(_]) — E(l) /a.u. F(l,_l) /a.u.

NBO (i) NBO (j)

C8-C9 C4-C9 c—0* 0.77 1.24 0.039

C8-C9 C7-C8 60* 0.76 1.23 0.039
C15-C20 C18-C19 ot 2.02 1.17 0.062
C15-C20 C19-C20 6% 0.63 118 0.034
C15-C20 C20-C21 6—0* 0.59 1.18 0.033
C15-C20 C21-C22 ot 1.83 1.18 0.059
C15-C20 C21-C22 e 7.17 0.29 0.058
C17-C18 C17-C22 ot 131 1.26 0.051
C17-C18 C18-C19 6—0* 0.92 1.25 0.043
C17-C18 C21-C22 e 11.10 0.29 0.073
C17-C22 C17-C18 ot 1.18 1.25 0.048
C17-C22 C21-C22 6—a* 0.84 1.26 0.041
C18-C19 C17-C18 60* 0.96 1.24 0.044
C19-C20 C15-C20 60* 0.81 1.10 0.038
C19-C20 C18-C19 " 1.29 1.26 0.051
C19-C20 C20-C 21 ot 1.44 1.26 0.054
C20-C21 C15-C20 6—0* 0.75 1.08 0.036
C20—-C21 C19-C20 o7 1.71 1.25 0.058
C20-C21 C21-C22 P 0.91 1.25 0.043
C21-C22 C15-C20 e 2.41 1.08 0.064
C21-C22 C17-C22 6—0* 0.90 1.24 0.042
C21-C22 C20-C21 6% 1.09 1.24 0.046
C21-C22 C15-C20 " 13.69 0.23 0.081
C21-C22 C17-C18 ot 9.16 0.28 0.067
C26-C27 C26-C31 6—0* 0.89 1.25 0.042
C26-C27 C28-C29 " 10.04 0.29 0.069
C26-C27 C30-C31 P 10.50 0.29 0.073
C26-C31 C31-C30 e 275 1.08 0.069
C26-C31 C26-C27 6—0* 0.95 1.24 0.043
C27-C28 C26-C27 P 1.16 1.25 0.048
C27-C28 C28-C29 6—0* 0.83 1.26 0.041
C28-C29 C27-C28 6% 0.89 1.24 0.042
C28-C29 C29-C30 c—0* 1.10 1.24 0.047
C28-C29 C26-C27 " 10.52 0.28 0.071
C28-C29 C30-C31 e 8.58 0.29 0.066
C29-C30 C1-N2 e 1.22 1.24 0.049
C29-C30 C1-C30 5—c* 0.73 1.08 0.036
C29-C30 C28-C29 6% 0.90 1.25 0.043
C29-C30 C30-C31 ot 1.76 1.25 0.059
C30-C31 C1-C30 o—c* 0.81 1.10 0.038
C30-C31 C26-C31 P 1.27 1.26 0.050
C30-C31 C29-C30 R 1.49 1.27 0.055
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Donor Lewis

Acceptor Lewis

NBO (1) NBO (]) Types E(Z) / kcal 1’1'101_1 E(_]) - E(l) /a.u. F(l,_l) /a.u.
C30—-C31 C26—C27 T—T* 9.19 0.29 0.065
C30—C31 C28-C29 n—7* 11.02 0.29 0.072
C30-C31 C30-C31 T—T* 0.29 0.29 0.012
LP(1)Cl C30-C31 no7* 17.52 0.20 0.083
LP(D)N 036—Co44 n—7* 28.00 0.41 0.135
LP(1)C19 C15-C20 n—7* 98.94 0.09 0.126
LP(1)C19 C17-C18 T—T* 37.97 0.15 0.110
LP*(6)Co44 N2-C5 non* 84.91 0.11 0.209
LP*(6)Co44 C4-C5 T—T* 16.57 0.01 0.055
N2-C5 C6 non* 157.60 0.04 0.200
C6—N14 C15-C20 noT* 26.71 0.05 0.052
C15-C20 C21-C22 T—T* 44.80 0.06 0.087
TABLE S-VI. Quantum chemical parameters of compounds
Compounds Ligand L Complex 1 Complex2  Complex 3
Exomo / eV -5.80954 -5.57444 -5.45526 -5.15538
Erumo/ eV -1.67919 -2.52899 -1.90585 -2.17551
AE / eV 4.13035 3.04545 3.54941 2.97987
Ionization energies, eV 5.80954 5.57444 5.45526 5.15538
Electron affinities, eV 1.67919 2.52899 1.90585 2.17551
Mullikan electronegativity, eV 3.74436 4.05171 3.68055 3.66544
Global hardness, eV 2.06517 1.52272 1.77470 1.48993
Absolute softness, eV 0.48422 0.65671 0.56347 0.67117
Chemical potential, eV -3.74436 -4.05171 -3.68055 -3.66544
Global softness, eV 0.24211 0.32835 0.28173 0.33558
Global electrophilicity, eV 3.39445 5.39046 3.81654 4.50874
Electronic charge, eV 1.81309 2.66083 2.07389 2.46013
Varial ratio 2.0033 2.0520 2.0459 2.0485
Dipole moment, D 1.9848 10.7733 6.0253 6.9248
E (TD-HF/TD-KS*) / kcal mol! ~ -1181.99 -1395.63 -1478.69 -1502.84
*Time dependent Hartree-Fock / Kohn-Sham energies
TABLE S-VII. Geometrically optimized bond lengths of ligand L and complexes
Bond connectivity Bond length, A
Ligand L Complex 1 Complex 2 Complex 3

C=N (imine)

(C15-N14) 1.293

(C15-N14) 1.287

(C15-N14) 1.288

(C15-N14) 1.288

C=N’ (imine)

(C1-N2) 1.293

(C1-N2) 1.289

(C1-N2) 1.289

(C1-N2) 1.289

C'C(closc to imine C)

(C21-C22) 1.543

(C21-C22) 1.398

(C21-C22) 1.398

(C21-C22) 1.398

C'C,(closc to imine C)

(C28-C29) 1.544

(C28-C29) 1.398

(C28-C29) 1.398

(C28-C29) 1.398

C-O0

(C19-035) 1.428

(C19-035) 1.434

(C19-035) 1.433

(C19-035) 1.433

[eXe)

(C31-036) 1.430

(C31-036) 1.432

(C31-036) 1.431

(C31-036) 1.431

O-H

(035-H40) 0.960

O-H’

(036-H41) 0.962
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C-N (C6-N14) 1474  (C6-N14) 1.455 (C6-N14) 1.458  (C6-N14) 1.458
CN’ (C5-N2) 1463 (C5-N2) 1456  (C5-N2)1.459  (C5-N2) 1.459
M-N (imine) - (M41-N14) 1.888 (M44-N14) 1.879 (M47-N14) 1.879
M-N’ (imine) - (M41-N2) 1.889  (M44-N2) 1.884  (M47-N2) 1.884
M-Cl - (M41-C145) 2.150 - -

M-O coordination) - (M41-035) 1.830 (M44-035) 1.827 (M47-035) 1.827
M-0’ coordination) - (M41-036) 1.830 (M44-036) 1.829 (M47-036) 1.829
M-O i) - (M41-042) 1.820 (M44-041) 1.810 (M47-0O41) 1.800
M-O’ (yaten) - - (M44-045) 1.828 (M47-044) 1.801

TABLE S-VIII. Geometrically optimized bond angles of ligand L and complexes

Bond Bond angle, °
connectivity Ligand L Complex 1 Complex 2 Complex 3
L ON-C (£C6-N14-C15)  (2C6-N14-C15)  (£C6-N14-C15) (2C6-N14-C15)
119.99 119.20 119.89 119.89
JC=C-N (£C7-C6-N14) (£C7-C6-N14) (£C7-C6-N14)  (£C7-C6-N14)
119.99 125.82 125.20 125.20
L0-C=C (£035-C19-C20)  (£035-C19-C20) (£035-C19-C20) (£035-C19-C20)
119.99 123.84 123.29 123.29
(£C19-035-H40)
“«C-OoH 109.47 ) - )
JMN-C ] (£M41-C14-N15) (2M44-C14-N15) (£M47-C14-N15)
125.73 125.36 125.36
JN-M-O i (4N14-M41-035) (£N14-M44-035) (£N14-M47-035)
98.19 98.42 98.42
(£Cl45-M41-035)
£CI-M-O - 89.17 - -
P ] (£C6-N14-M41)  (2C6-N14-Mdd) (2C6-N14-M47)
115.06 114.73 114.73

TABLE S-IX. Values of the oxygenation constant and of the thermodynamic parameters

Temperature, K Complex 1 Complex 2
AS°/
AH®/ AH°®/ AS°®/
-1 -1 - -1
Ko,/ atm kJ mol-! J moll K- Kp,/ atm kJ mol! J mol! K-!
273 11.5 -32.6 -81.2 13.6 -28.3 -78.4
283 5.9 -32.6 -81.2 6.6 -28.3 -78.4
293 2.9 -32.6 -81.2 3.1 -28.3 -78.4
303 1.5 -32.6 -81.2 1.5 -28.3 -78.4

TABLE S-X. DPPH free radical scavenging activity of Schiff base ligand (L) and complexes

Concentrations, pM

Compounds 0.002 0.004 0.006 0.008
Free radical scavenging activity, %

Ascorbic acid 76.33 84.90 87.66 91.62

Ligand (L) 33.33 39.00 53.66 65.33
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[Fe(L)CI(H,0)]; 1 42.66 54.66 68.33 76.00
[Co(L)(H,0),]; 2 36.66 4233 54.66 70.66
[Ni(L)(H,0),]; 3 46.33 55.33 69.66 76.33
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Fig. S-1. ESI-Mass spectrum of ligand L.
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Abstract: The presence of organophosphorus compounds (OPs) in the environ-
mental counterparts has become an important problem because of their toxicity.
In this study, the photocatalytic degradation reactions of the three OPs with
hydroxyl radical were investigated by both experimental and quantum chemical
methods. Photocatalytic degradation kinetics of the examined organophos-
phorus compounds were investigated under UV-A irradiation using TiO, as the
photocatalyst. The effects of the initial concentrations on the degradation rate
have been examined. There was an observable loss of OPs in the presence of
TiO, photocatalyst under UV-A at 0.2 g TiO, per 100 mL. The quantum chem-
ical calculations have been carried out by the density functional theory (DFT)
at B3LYP/6-31g(d) level. The reaction pathways were modelled to find the
most probable mechanism for OPs with the OH radical and to determine the
primary intermediates. The rate constants of the eight reaction paths were cal-
culated by the transition state theory. Conductor-like polarizable continuum
model (CPCM) was used as the solvation model with the intention of under-
standing the water effect. The theoretical results were in agreement with expe-
rimental ones.

Keywords: UV-light; TiO,; heterogenous catalysis; DFT; CPCM.

INTRODUCTION

Organophosphorous (OP) compounds are structurally characterized as esters
or thiols derived from phosphoric, phosphonic, phosphinic or phosphoramidic
acid.! They are mainly used as pesticides, lubricating agent, fuel additives and as
warfare agents.2 They are also used to synthesize the plasticizers.3 The OP’s
mechanism of action depend on their binding properties to the enzyme acetyl-
cholinesterase at the nerve synapse in order to inhibite the hydrolysis of the
neurotransmitter acetylcholine.# Because of the effective properties of them as

* Corresponding author. E-mail: hatiparzu@yahoo.com
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the pesticides, OPs are used in the worldwide extensively.® the recent studies
have demonstrated that only the 1 % of utilized OP compounds from the 4
million tones of used pesticides had reached the targed pest, and the rest of them
distrubuted in the different environmental parts.® Unfortunately, due to the wide-
spread use, OP compunds have been detected in water, soil, even in the fruits and
vegetables.” It has been determined that the amount of OP in water is up to 506.6
ug L-1.8 OPs pose serious threats to human health with harmful effects such as
cytotoxicity, immunotoxicity, genotoxicity, and the joint effect of different OPs
may become seriously toxic to health.? In order to protect the public health, it is
important to find effective methods of removing them from the environment.

In recent years, there are many methods used to eliminate organic contamin-
ants in water.® The advanced oxidation process (AOP) is the most important one
of these methods. The main mechanism of this method is generating highly react-
ive radicals such as hydroxyl (*OH) or sulfate radicals. The most reactive one is
*OH, which reacts with contaminants unselectively and fast. Their reaction is the
dominant removal process of the contaminants in aquatic environment.* Several
researchers have studied the OP degradation with using AOPs. In some works,
different parameters and newly prepared photocatalyst materials effect on the
degradation reactions of OP compounds have been invesitigated. These studies
have demonstrated the pozitive effects of increasing temperature and TiO; effi-
ciency under UV irradiation light as a photocatalysis on the degradation of OP
compounds.?-!! In the literature, there are also some studies that related the
understanding of reaction mechanism and the detections of the intermediates of
these reactions. With these studies, reserarchers have tried to determine the toxic-
ity of intermediates of OP compounds degradation reactions during the different
AQP process. In these studies it has been found that the toxicities of transform-
ation intermediates can be even more dangerous than the parent
compounds.3-#:8:12,13 Though there are lots of studies about the degradation of
OP compounds, it is still very limited to fully understand their reaction mechanism.

One alternative to experimental methods are the quantum chemical calcul-
ations. It is important to know the position of a radical attack on an organic
molecule and how it will react.!4 However, it is difficult to find out which atom
in the molecule the radical will attack by only experimental methods.!> The
quantum chemical calculations are suitable for deciding a reaction path and det-
ermining the transition states and products of the reaction by providing the cor-
rect potential energy surface.l6:17 In literature, there are some theoretical res-
earch studies on the degradation reaction of the OP with the *OH. In these stu-
dies, it has been showed that the hydrogen atom abstraction from the a carbon
atom is a feasible reaction pathway.516-18 To the best of our knowledge, there
are no studies performed on the photo-oxidative degradation reactions of dimethyl
dimethyl phosphoramidate (DDMP), diethyl phosphoramidate (DEP) and isopro-
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phyl phosphorous (ISPC). The molecular structure of DDMP, DEP and ISPC are
shown in the Fig. 1.

(0]
i I
H,C— O0— P—O—CH, HsC;—0 —P—0—CoH;
NH, NH,
Dimethyl dimethyl phosphoramidate Diethyl phosphoramidate
(DDMP) (DEP)
H;C N ﬁ) % CHj3
HC—O0 —P—0— ({I
H,e” CH;
CH;
Isoprophylphosphorous
(ISPC)

Fig. 1. Molecular structures of studied OPs.

In the experimental part of this study, the photodegradation kinetics of three
OPs namely dimethyl dimethyl phosphoramidate (DDMP), diethyl phosphor-
amidate (DEP) and isoprophylphosphorous (ISPC) have investigated in aqueous
TiO; suspensions under UV irradition. In the theoretical part, the calculations for
all possible reaction paths have been performed by the quantum chemical density
functional theory (DFT). Based on the results, the rate constants of the reactions
were estimated by the transition state theory.

EXPERIMENTAL
Experimental methods

Materials. TiO, Degussa P25 grade with a particle size of about 21 nm and a surface
area of 50 m? g~! was used as the photocatalyst without further treatment. Degussa P25 pow-
der, which is a mixture of anatase and rutile phases (79 % anatase, 21 % rutile) is one of the
photocatalysts with high activity and has been used as a standard TiO, reference material. The
high activity is due to a synergistic effect between the two nanocrystalline phases.!® The OP
molecules was purchased from Merck. All the chemicals that were used in the experiments
were of laboratory reagent grade and used as received without further purification. The solut-
ions were prepared with doubly distilled water.

Photocatalytic activity experiments. The performance of the OP molecules were assessed
on TiO, by carrying out the photocatalytic degradation reactions. The photocatalytic activity
experiments were carried out in a constant temperature batch-type photoreactor. 16x8 W
blacklight fluorescent lamps were used as the light source. In the experiments, a stock solution
of OP molecules, at a concentration of 102 mol L-!, was used. The suspension was prepared
by mixing definite volumes of this solution containing the desired amount of OP molecules
with TiO, Degussa P25. The suspension was agitated in an ultrasonic bath for 15 min in the
dark before introducing it into the photoreactor. The volume of the suspension was 600 mL.
The amount of the photocatalyst used was 0.2 g/100 mL, which was determined as the corres-
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ponding optimum photocatalyst concentration. The suspension was stirred mechanically
throughout the reaction period in order to prevent TiO, particles from settling. Owing to con-
tinuous cooling, the temperature of the reaction solution was 2243 °C. All the samples, each
10 mL in volume were taken intermittently for analysis. The samples were then filtered
through 0.45 pm cellulose acetate filters (Millipore HA WG04751). Before analyzing, all the
solutions were wrapped by aluminum foil and kept in the dark. The concentration of OP
molecules were measured by a UV—Visible spectrophotometer (Perkin Elmer Lambda 25) at
318 nm which was the wavelength of maximum absorption of OP molecules. The calibration
curves were prepared for a concentration range (1.0-10.0)x1075 mol L™!. In the experiments,
the pH of the reaction solution decreased slightly. For 100 min of degradation the change in
the pH was £0.3, which did not affect the wavelength of maximum absorption in the UV
spectrum of OP molecules.

Computational methodology

The geometry optimizations of the reactants, the product radicals, the pre-reactives and
the transition state complexes were determined with the density functional theory (DFT)
within the Gaussian 09 package.29 The DFT calculations were performed by B3LYP method
which combines HF and Becke exchange term with Lee—Yang—Parr correlation functional
with 6-31G(d) level.2122 All the reactants, pre-reactive complexes and products confirmed as
the stationary point with zero imaginary frequency. Whereas the transition states complexes
were analyzed to be first order saddle points with the one negative eigenvalue that belong to
the reaction coordinate by the frequency calculations. The forming O—H bond was chosen as
the reaction coordinate for the determination of the transition states complexes for the OP +
OH reactions. Intrinsic reaction coordinate (IRC) analysis were also carried out to prove the
transition states really connected to expected reactants and the products.?? In order to inves-
tigate the water effect the conductor-like polarizable continuum model (CPCM) was used. In
this method, solute is placed in a cavity that surrounded by a polarizable continuum of solvent.2*

Rate constants of the reactions were calculated by using transition state theory (TST) for
273.15K:

k= kB_T q1s o~Ea/RT (1)
h qongor
In this equation, kg is Boltzman constant, % is Plank constant, F, is the activation energy
and ¢’s are the molecular partition functions of reactants and transition states.2> Each of the
molecular partition functions are the products of translational, rotational, vibrational and elec-
tronic partition functions of all species. The overall rate constant of all investigated molecules
reactions were obtained by the sum of all reaction path’s rate constant.

RESULTS AND DISCUSSION
Experimental results
In this study, photocatalytic degradation reactions of OP molecules in aque-
ous TiO; suspensions were examined. When TiO,, an n-type semiconductor, is
irradiated with UV radiation, an electron from valence band (VB) jumps to the
conduction band (CB), creating an electron—hole pair. Electron—hole pairs which
formed in this way, can initiate oxidation and reduction reactions on the surface
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of TiO,. In aqueous suspension systems, holes react with surface —OH groups
and generate *OH. *OH is very reactive to OPs and degrades them.26

Kinetics of DDMP, DEP and ISPC

Fig. 2 shows the disappearance kinetics of DDMP, DEP and ISPC from an
initial concentration of 107 mol L~! under three conditions. In non-irradiated
suspensions, there was a slight loss of three OPs, ~1.0 %, due to the adsorption
onto TiO, particles. However, in the presence of TiO», a rapid degradation of all
of the studied OPs occurred by irradiation. The concentration change amounts to
83 and 90 % after irradiating for 90 min for DDMP and ISPC, respectively. For
the DEP molecule the concentration change amounts to 87 % after irradiating for
100 min.

1 - e—— w-iwr—-ﬂ F
0s 08 08
(=) =] =]
::'_05 .fi 06 S os
~
L 04 S oa U 04
02 02 02
0o |2 ool ® G o
0 20 40 60 80 100 20 40 60 80 1000 0 20 40 60 80 100
Time, min Time, min Time, min

Fig. 2. Kinetics of the photocatalytic degradation of: a) DDMP, b) DEP and c) ISPC;
(#) photolysis, (m) adsorption in the dark, (») photocatalysis.

The semilogarithmic plots of concentration data gave a straight line. The
correlation constant for the fitted line for DDMP, DEP and ISPC were, r=
=0.9963, 0.9788 and 0.9821, respectively. This finding indicates that the photo-
catalytic degradation of OPs in aqueous TiO, suspensions can be described by
the first-order kinetic model, In ¢ = —kz + In ¢, where ¢ is the initial concentra-
tion and c is the concentration of the DDMP, DEP and ISPC at time ¢, respect-
tively. Under the experimental conditions used, as explained above, the rate cons-
tant k£ for the degradation of DDMP, DEP and ISPC was calculated to be
(2.890.006)x1078, (1.78+0.008)x107, (1.56 £ 0.003)*x 10710 min~!, respectively.

Catalyst and witial concentration effect

The effect of the catalyst on the degradation rate is shown in Fig. 3. As the
concentration of TiO; increased, the rate of degradation also increased up to a
certain value of catalyst, then begined to decrease slowly. The maximum deg-
radation was obtained at 0.2 g (100 mL)~! TiO; concentration.

The initial concentration has a significant effect on the photocatalytic deg-
radation rate, so the concentrations of OPs have been studied in the range 6-14
1075 mol L-!. The experimental results are presented in Fig. 4 and Table I,
together with the correlation coefficients for each of the fitted lines. The results
show that the degradation rate depends on the initial OPs concentrations. The rate
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constant & increases with increase in the initial concentration of DDMP, DEP and
ISPC. This finding indicates that the degradation kinetics of OPs is not of simple
first order but pseudo-first order.
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¢ e ha . Fig. 3. The effect of TiO, concentration on the deg-
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Fig. 4. Effect of the initial concentration on the degradation rate of DDMP, DEP and ISPC;
(#) 6x107, (W) 8x1073, (P)10x1073, (x) 12x10°3, (e) 14x1075 mol L.

TABLE 1. Apparent first-order rate constants £ and correlation constant » for the photocat-
alytic degradation of OPs

Initial concentration, 10> mol L-!

Parameter
6.0 8.0 10.0 12.0 14.0
DDMP
k /108 min’! 2.15240.001 2.274%£0.005 2.893%0.006 2.650%£0.002 2.493+0.003
r 0.9914 0.9865 0.9963 0.9813 0.9943
DEP
k /1077 min! 1.3534£0.004 1.462+0.006 1.784+0.008 1.672+0.005 1.550+0.001
r 0.9763 0.9811 0.9788 0.9877 0.9987
ISPC
k /10719 min-! 1.390+£0.009 1.431+0.008 1.561+0.003 1.514%£0.001 1.481%0.006
r 0.9836 0.9916 0.9821 0.9614 0.9878

As can be seen from Table I, there was a slight increase in the reaction rate
as the initial concentration increased from 6x1075 to 8x1075 mol L-1. However,
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there was an observable increase in the reaction rate as the concentration inc-
reased from 8x1075 to 1x10~4 mol L-!.This indicated that the photodegradation
degradation reaction occurs in solution as well as on the surface of TiO, par-
ticles. So, the initial concentration of OPs increases, the number of active sites on
the TiO, surface decreases and the reaction rate changes accordingly.

Computational results

*OH is a strong electrophilic radical and it reacts with organic molecules
directly.2” It has a strong oxidizing potential with the value of £ (OH/H,0) = 2.8
V. *OH and OPs reactions occur mainly in two ways. The first one, the radical is
able to abstract hydrogen from C—H and N—-H bonds to form the water molecule.
The second one, radical can make an addition to P=O bond.28 In a previous
study, it was found that the radical addition of organophosphorus to the P=0O
bond was not favourable because of the high activation energy.29-30 Thus, in this
study only hydrogen abstraction reactions of *OH were taken into consideration.

DDMP+*0OH reaction

DDMP+°OH degradation reaction pathways can take place with hydrogen
abstraction from methyl groups, as shown in Fig. 5, where all the hydrogen atoms
of the methyl group bonded to the same C atom are equivalent.

7
HsC —0—P —0O— CH; +H,0

N
S
S %
?‘) ) CHj; %.Hz
H;C —0— l‘—‘ —0—CH; +°OH
a
N 2
/N A
ch; CHs (3 (\I)

HyC —0— 1‘3 —0—CH, +H,0
Cﬁ3 e,
Fig. 5. Possible reaction pathways of the DDMP with *OH.

Pre-reactive complexes have important for the reaction mechanism due to
the energies of the reactants. These complexes have weak van der Waals bonds.
Such pre-reactive complexes affect the energy barrier of the reaction and the
cleavage energies of its products as well as the kinetics.27-3!

The structural geometries all of the pre-reactive complexes are given in Fig.
6. In DDMP+°*OH reaction two different pre-reactive complexes could occurr. As
it can be seen in the Fig. 6 for the PR1-DDMP structure, the oxygen atom of the
hydroxyl radical approached the one of the hydrogen atom of the methyl group of
DDMP molecule with the distance of 2.755 A and the hydrogen atom of the
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hydroxyl radical pointed toward the oxygen of DDMP molecule with the distance
of 1.895 A. These distances for PR2-DDMP were 2.398 and 1.806 A, respec-
tively. The angle of hydroxyl radical approaching to the DDMP molecule was
almost 80.20° in both PR1-DDMP and PR2-DDMP.

1 76495? :.2‘398;1

1.806A
PR2-DDMP

J""J\;J ‘1.99_2._,_&0‘) deﬁ

&
; 2.560
* < -9 20804 2 ® 1.
M 81.30° 97 ki@ @ @&
$8.720 d 9
- o e
2 53 23484 @
PRI-DEP PR2-DEP PR3-DEP
o

3

71030

48'“?3.627 Fr e
o

1.8124

PR3-ISPC

PRI-ISPC PR2-ISPC
Fig. 6. The optimized structures of pre-reactive complexes at the B3LYP/6-31g(d) level.

There are two transition states for this reaction, TS1-DDMP and TS2-DDMP.
The optimized geometries and the main geometrical parametres of transtion
states are given in the Fig. 7. As it can be seen in the Fig. 7, the major structural
changes in the transition states of DMMP geometry for the breaking of the C—H
bond was elongated, whereas the others stayed same. The elongation of breaking
bond length of TSI-DDMP and TS2-DDMP were 0.143 and 0.106 A, respect-
ively. So TS1-DDMP is the early transition state. The C—O bond is of a critical
length for the formation of the of the TS complex along the reaction coordinate.
The C-O bond lengths of TS1 DDMP and TS2-DDMP were 1.44 and 1.40 A,
respectively. The shortening of C—N and C-O bond lengths of TS1 and TS2 were
0.028 and 0.006 A, respectively.

The relative energies of the DDMP and reaction are given with Fig. 8. The
energies of the TS complexes were 4.39 and 3.06 kcal* mol~! for gas and aque-
ous phase, respectively, as it can be seen in Fig. 8.

*1kcal=4184 ]

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

(CC) 2021 SCS.



PHOTO-OXIDATIVE STUDY OF ORGANOPHOSPHOROUS COMPOUNDS 963

J
i 197A 96. 14 1 3044
142”}’ 1235&
;

TS1-DDMP TS2-DDMP

:f:) 123&2691&

9. '/svJ
9

JQ

9

TS1-DEP TS2-DEP TS3-DEP
9
>

> 1 283 A
é:t:‘) 99.74° {
&

1 2534

267
ﬂf‘“
J

9

TS1-ISPC TS2-ISPC TS3-ISPC
Fig. 7. The optimized structures of transition states complexes at the B3LYP/6-31g(d) level.
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Fig. 8. Relative energies calculated at the B3LYP/6-31g(d) level of the reaction for
DDMP+*OH: a) gas phase; b) aqueous medium.

In the aqueous phase the energies of TSs were decreased by around 7.98 kcal
mol-! for TSI-DDMP and 6.47 kcal mol-! for TS2-DDMP in the gas phase.
Thus, TS1 was the thermodynamically more stable complex (see Fig. 8). The
energies of reactants, pre-reactive complexes, transition states and products for
the all of the degradation reactions are given in the Supplementary material tothis
paper, as Tables S-I-S-III for both gas and aqueous phases.
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The reaction heats of all the reactions are given in the Table II for both gas
and aqueous phases, and both of reaction paths are exothermic. It may be con-
cluded that Path 1 was the more probable reaction path, with the higher exother-
micity for both phases. The values in Table Il showed that the activation energy
of Path 1 was 6.91 and 6.38 kcal mol~! lower than the Path 2, for the gas and
aqueous phase, respectively. However, water has a stabilizing effect in terms of
the energy barriers in aqueous solution. Energy barrier decreased 0.78 kcal mol~!
in aqueous solution.

TABLE II. Calculated activation energies, reaction heats and rate constants of the reactions at
the B3LYP/6-31g(d) level

Path Gas Aqueous
E, AH k E, AH k
kcal mol! kcal mol! cm3 molecule! s~ kcal mol'! kcal mol! cm? molecule’! s~
1 1
DDMP
Path 1 1.32 -18.34 1.73x10-8 0.81 -17.00 1.43x10°7
Path 2 8.23 -14.34 2.32x10-14 7.19 -12.59 3.02x10°12
Overall 1.73x10-8 1.43x10°7
DEP
Path 1 3.01 -10.91 3.15x107 4.70 -9.39 1.43x10°10
Path 2 2.67 -17.62 2.53x10-10 2.01 -16.20 2.49x10-10
Path 3 9.78 -8.37 2.54x10°14 9.39 -5.76 5.92x10°14
Overall 3.15x107 3.92x10-10
ISPC
Path 1 3.86 -10.80 1.26x10-8 3.36 -9.32 2.86x10-10
Path 2 2.60 -18.45 1.12x10-10 1.77 -17.30 4.19%x10-10
Path 3 9.33 -11.01 1.88x10°14 8.91 -9.56 2.96x1014
Overall 1.27x108 7.05x10°10

DEP+*OH reaction

There are three different abstractable hydrogen atoms for the DEP molecule,
two from ethoxy groups and one from amino group. The reaction paths of DEP
with *OH can be seen in Supplementary Fig. S-1.

There are three different pre-reactive complexes in these reaction, PR1-DEP,
PR2-DEP and PR3-DEP. The optimized structures of pre-reactive complexes can
be seen in the Fig. 6. *OH approached to the DEP molecule with the an angle
85.48°, which was almost the same for all three pre-reactive structures. The dis-
tances of oxygen of hydroxyl radical and hydrogen atom that were abstracted
were 2.560, 2.080 and 2.348 A for PR1-DEP, PR2-DEP and PR3-DEP, respect-
ively.

There are three transition states for the reaction of DEP with *OH. The opti-
mized structures of transition states TS1-DEP, TS2-DEP, TS3-DEP can be seen
in Fig. 7. The distances between the oxygen atom of *OH and hydrogen of DEP
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molecule were 1.269, 1.331 and 1.222 A for TS1-DEP, TS2-DEP, TS3-DEP, res-
pectively. According to the Hammond’s Postulate, TS2-DEP was an early tran-
sition state with 0.348 A, which is a higher elongation of occuring bond value.32
The calculated reaction enthalpies are listed on Table II. As seen in Table II,
second reaction path was the one that prevailed with the highest exothermicity.
For this reaction, the potential energy diagrams are given in Supplementary Fig.
S-2 for both phases. As seen in the diagrams that the energy values of transition
state structures were lower than those for the reactants for both phases, excluding
TS1-DEP. This transition state’s energy was approximately 3 kcal mol~! higher
than reactants because of steric effect. The energy decreased for TS2- DEP and
TS3- DEP were 4.29 kcal mol~! for gas and 3.35 kcal mol-! for DEP+°*OH
reaction. Comparing these three paths, Path 2 had the lowest activation energy,
which was compatible with the thermodynamic results of the three reaction
paths.33-35

ISPC+*OH reaction

The degradation reaction paths of ISPC with *OH are given in Suplementary
Fig. S-3. In this reaction, by the nature of the ISPC structure, hydroxyl radical
could abstract three different hydrogen atoms. Thus, this reaction has three
different reaction paths.

The pre-reactive complexes PR1-ISPC, PR2-ISPC and PR3-ISPC structures
are given in Fig. 6. Among the pre-reactive complexes PR1-ISPC and PR3-ISPC
are capable of forming a six-membered ring, while PR2-ISPC has the ability to
form a seven-membered ring. This is the reason for the relative stability of these
pre-reactive complexes compared to the reactant complexes. The oxygen of *OH
approached to one of the hydrogen atoms of ISPC with the distances of 2.505,
3.627 and 2.598 A for PR1-ISPC, PR2-ISPC and PR3-ISPC, respectively.

Depending on the *OH approach to ISPC, three different chemically acti-
vated transition states TS1-ISPC, TS2- ISPC and TS3- ISPC were determined.
As displaced in Fig. 7, for all the transition states, *OH approached to the hydro-
gen atom with the angle, 99.74, 94.00 and 97.51° TS1-ISPC, TS2-ISPC and TS3-
-ISPC, respectively. Shortening of C—O bond in TS2-ISPC structure was 0.012
A. There were also slight elongations of breaking bond, by around 0.109-0.175
A, for all the transition state complexes. As can be seen in Fig. 7, among the all
transition states, the longest O—H occurring bond length belonged to TS2-ISPC,
while TS1-ISPC and TS3-ISPC have much lower as bond length when compared
to TS2-ISPC, so, TS2-ISPC was an early transition state. The relative potential
energy versus reaction coordinate diagrams for gas and aqueous phases are given
in Supplementary Fig S-4. As seen in the diagrams, the energy values of tran-
sition state structures were higher than reactants for both phases excluding TS2-
-ISPC. This may be due to the branched structure of the ISPC. This transition
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state complex were 9.14 and 5.56 kcal mol~! lower than the reactants for gas and
aqueous phases, respectively. The energies of the transition states were around
7.34 kcal mol-! lower in the aqueous phase than in the gas phase. This can be
attributed to the hydrogen bonds between ISPC and water molecules. Thus, the
hydrogen bonding effect reduces the energies of these species. As can be seen
from the Table II, the reaction paths were all exothermic and Path2 was the most
exothermic one. This indicated that Path2 was the most probable hydrogen abs-
taction reaction from the ISPC with the lowest activation energy. This result is
consistent with Zhou et al. result.18

Rate constants

The rate constant of all the studied reactions were given in the Table II. The
calculated rate constants in Table II show that the highest rate constant belongs to
DEP + *OH reaction. The rate constants were in the order Apgp > Appmp > AISpC
for gas phase while in the aqueous medium order is kppmp > kispc > Apep. The
calculated rate constants showed that DDMP + *OH reaction proceeded slightly
faster in aqueous medium in comparison to the gas phase. However, DEP+*OH
and ISPC+°OH reaction rates decreased in aqueous solution. The reason may be
attributed to their branched structure and the steric effect caused by it. Due to
these structures, water molecules can have a weakening effect and the attack of
the *OH radical to DEP and ISPC molecules in the aqueous environment can be
sterically prevented.

As it can be seen in Table II, the reaction enthalpy change values are in
agreement with the activation energies. For the DDMP+°*OH reaction, the
enthalpy change value and the activation energy of path 1 is lower (more exo-
thermic) and this reaction pathway is faster than Path 2. There are 3 reaction
pathways in the DEP+°*OH and ISPC+°OH reactions. Of these paths, the most
exothermic one is path 2 for both reactions. These pathways have the lowest acti-
vation energy and are the fastest in the aqueous medium. Whereas, in the gas
phase the sequence is different. Though the Path 2 has the smallest activation
energy for DEP and ISPC molecules’ degradation reactions, they are not the fast
ones. This may be attributed to the structure of the molecules. As can be seen in
Fig. 6, for Path 1, it is easier to abstract the hydrogen atom at the end of the
molecule. In Path 2, it is more difficult to abstract the hydrogen atom due to the
steric hindrance. However, due to the branched structure, the hydrogen which
should be abstracted in Path 2 is forming hydrogen bonds with neighboring
atoms so it is difficult to abstract it.

CONCLUSION

In this work, the degradation kinetics of DDMP, DEP and ISPC were inves-
tigated both experimentally and theoretically. The photocatalytic degradation of
DEP, DDMP and ISPC was investigated in aqueous TiO; suspensions with UV
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light. The best degradation rate was obtained at 10 mol L-! initial concen-
tration with UV/Ti0,. The experimental results indicated that the maximum deg-
radation of DDMP, DEP and ISPC is due to photocatalysis at 0.2 g/100 mL TiO»
concentration. Based on the DFT calculations results, the weakly bonded pre-
reactive complexes were important for the degradation reactions because they
were reducing the energy barrier. It has been found that the presence of a dielec-
tric medium such as water has a stabilizing effect that reduces the total energy for
this reaction system. The calculated rate constants show that for all of the react-
ions the rate decreases with the effect of hydrogen bonds in aqueous medium.

SUPPLEMENTARY MATERIAL

Additional data and informationare available electronically at the pages of journal
website: https://www.shd-pub.org.rs/index.php/JSCS/article/view/10637, or from the corres-
ponding author on request.
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U3BOJ
KHHETHKA ®OTOJETPAJAIIMIE OPTAHOC®OCOOPHHUX JENUILELA CA
XUOPOKCHUJI PADIUKATTUMA: EKCITIEPUMEHTAJIHO U TEOPUJCKO UCITUTUBAILE

SEYDA AYDOGDU', ARZU HATIPOGLU', BAHAR EREN’ u YELDA YALCIN GURKAN®

'Yildiz Technical University, Department of Chemistry, 34220 Istanbul, Turkey u “Tekirdag Namik Kemal
University, Department of Chemistry, 59030 Tekirdag, Turkey

[TpucyctBo opraHodocdopuux jemumewa (OF) y mpuponu je BakaH mpodnem 30or
BUX0BE TOKCHYHOCTH. Y OBOM pafly UCHHTHBAHE Cy peakuuje ¢OTOKATaTUTHYKE pasrpajme
tpu OF ca XWAPOKCHI-PafvKaliMa eKCIEPUMEHTATHHUM M KBAaHTOXEMHjCKMM MeTojama.
Kuneruka ortokaranutuuke pasrpanwe OF je ucnntuBana npumeHom UV-A 3padewa u TiO2
¢orokaTtanuzatopa. Mcnutupanu cy eekTH MOYETHUX KOHLEHTpalXja Ha Op3UHY pasrpajme.
IerextoBaHo je cMmameme koHueHTpauuje OF y mpucyctsy TiO: doroxkaTtanusaropa mnpu
ocseT/paBamy ca UV-A 3payemem npu 0,2 g TiO2/100 mL. KBaHTOXEMHjCKH NPOpPavYyHH CY
U3BpIIEHU NpUMEHOM Teopuje dyHkuuoHana rycrude (DFT) na B3LYP/6-31g(d) HuBOY.
Peaxuuje cy MmopenoBaHe fa du ce ogpesuo HajBepoBaTHUjU MexaHu3aM ferpafjauuje OF ca
*OH u npumapuu uHTepMenujepu. Koncranre Op3suHa ocam peakifja Cy U3padyyHaTe momohy
TeopHje mpenasHor crawa. Conductor-like polarizable continuum model (CPCM) je xopuurhen
Kao CoJIBaTallMOHW Momen Ia O ce objacHHO edexar Boje. Pe3yntaTté TeopujckUx pa3ma-
Tpama Cy y CarJIaCHOCTH ca pe3y/iTaTUMa J0OMjeHUM eKCIIePUMEHTAIHUM METOJlaMa.

(ITpumibeHo 9. anpuia, peBuoupano 28. jyHa, mpuxsaheno 29. jyna 2021)
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TABLE S-I. Energies of reactants, prereactive complexes, transition states and products for
DDMP + *OH reaction

Molecule £,/ Ha

Gas Aqueous
DDMP+°*OH -857.2071 -857.2207
TS1 -857.2156 -857.2284
TS2 -857.2125 -857.2228
PR1 -857.2177 -857.2297
PR2 -857.2256 -857.2343
Pl -857.2305 -857.2471
P2 -857.2238 -857.2340

TABLE S-II. Energies of reactants, prereactive complexes, transition states and products for
DEP + *OH reaction

Molecule £/ Ha

Gas Aqueous
DEP+*OH -857.2272 -857.2455
TS1 -857.2225 -857.2404
TS2 -857.2378 -857.2533
TS3 -857.2303 -857.2431
PR1 -857.2301 -857.2479
PR2 -857.2420 -857.2565
PR3 -857.2459 -857.2581
Pl -857.2378 -857.2588
P2 -857.2493 -857.2694
P3 -857.2346 -857.2540

TABLE S-III. Energies of reactants, prereactive complexes, transition states and products for
ISPC +°OH reaction

Molecule £/ Ha

Gas Aqueous
ISPC+*OH -919.8349 -919.8445
TS1 -919.8175 -919.8287
TS2 -919.8232 -919.8367
TS3 -919.8390 -919.8473
PRI -919.8324 -919.8429
PR2 -919.8309 -919.8474
PR3 -919.8440 -919.8600
Pl -919.8321 -919.8485
P2 -919.8349 -919.8445
P3 -919.8175 -919.8287
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Abstract: A fluorescence compound with the typical skeleton of benzocoum-
arin was synthesized and its interaction with various metal ions was evaluated.
The synthesis was performed via Knoevenagel condensation whereas identific-
ation of the product was accomplished by various spectroscopic techniques.
The chemosensor test against representative metal ions was monitored by
fluorescence spectrophotometry. A density functional theory calculation (DFT,
functional/basis set; M06/6-31G (d, p)) was also performed to clarify the expe-
rimental results and to confirm the mechanism of interaction. 3-Oxo0-3 H-benzo-
[flchromene-2-carboxylic acid 1 was obtained as a yellow solid in 60 % chem-
ical yield. Melting point; 235.6-236.7 °C and A,,, UV/Vis, A, and Stokes
shift (MeOH, nm) of 374, 445 and 71 nm, respectively. The structure of the
compound was identified based on spectroscopic data and literature compar-
ison. Compound 1 exhibited a chelation quenched fluorescence (CHQF) phen-
omenon selectively toward the Na', with a binding stoichiometry (1:2) and
LoD and LoQ of 0.14 and 0.48 mg/L, respectively. Based on DFT calculations,
compound 1 chelated Na* through mechanism of oxidative (1:1 equivalent) and
reductive (2:1 equivalent) photoinduced electron transfer (PET), correspond-

ingly.
Keywords: benzocoumarin; fluorescence; CHQF; DFT; PET.

INTRODUCTION

Discovering new ion sensors and molecular recognition has gained increased
consideration due to their prospective applications in analytical chemistry, life
science, catalysis and environmental monitoring.1-0 In particular, the ion fluor-
escence sensing based technique shows more prominent features than other
methods, such as AAS,” ICP spectroscopy,®® analysis based on neutron
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activation,!0 chromatography,!! voltammetry!2 and others!3-15 as it conserves
inherent sensitivity and selectivity, low cost, handiness, spatial and temporal
monitoring with instant response times.!® Among various metal ions, sodium is
predominantly attractive to current researchers, as it is one of the most abundant
metals in the environment and in biology, playing critical ecological and physio-
logical roles. To the best of our knowledge, Nat chemosensors based on such
fluorescence platforms as BODIPY,!7 rhodol,!8 anthracene and azo,!° ether and
aza crown derivatives,20 indole,2! benzophosphole,2? and calix[4]arene?3 have
all been explored. A relatively unexplored class of fluorescent platform for
sodium ion sensing is benzocoumarin which has better photophysical properties
than basic coumarin.?4 Furthermore, the synthetic pathway is simple and straight-
forward through Pechmann,?5 and Knoevenagel2® condensation. Accordingly, a
known fluorescent benzocoumarin-type compound was synthesized and its
chemosensory properties against sodium ion reported for the first time. In addit-
ion, a computational study of the chemosensor was performed herein.

EXPERIMENTAL
Materials and methods

P. a. grade chemicals, purchased from Sigma—Aldrich and Merck, were used. All glass-
ware apparatus was oven-dried prior to use. 'H- and !3C-NMR spectra were obtained on
Agilent 500 and 126 MHz spectrometers, respectively, in DMSO-dg. The NMR signals were
referenced to the residual peak of the (major) solvent. The deuterated solvents were stored
over activated 3 A molecular sieves (812 mesh) under dry N,. UV/Vis absorption spectra and
their molar absorptivity were measured on a Shimadzu 8400 UV/Vis spectrometer with
matched 1.0 cm quartz cells. The spectra were recorded over 0.1 nm interval data. Emission
spectra were recorded on an automated Fluorescence Agilent G9800A Cary Eclipse spectro-
meter in 1.0 cm quartz fluorescence cuvettes at 25 °C. The slit of the excitation and emission
slits were set to 5 nm, while the scanning rate was 600 nm min’! with interval data of 1 nm.
The sample concentration was adjusted to preserve the absorbance below 0.1 at A.,.; each
sample was measured three times and the spectra were averaged. Infrared spectra were
obtained on a Perkin Elmer FTIR instrument in potassium bromide (KBr) pellets. Relative
masses were recorded on a mass spectrometer (Waters high resolution-time of flight-MS
Lockspray/HR-TOF-MS) in the positive and negative ion mode. The melting points were det-
ermined on an uncorrected MP55 electrothermal melting point apparatus in open-end capillary
tubes. DFT calculations were performed on a PC with Processor Intel®Xeon (R) CPU E5-
-2650 v2@2.60 GHz x32, RAM 16 GB. The calculations were performed using the Gaussian
09 program?’ at the M06 hybrid meta exchange correlation density functional at the 6-31G(d, p)
level of theory.28 Furthermore, the structure of chemosensor was optimized with and without
M to confirm their stability, by comparing their frequency values. Frontier molecular orbital
analysis was accomplished to confirm the results of the experiment®? as well as the interaction
mechanism of chemosensor with the metal ion.

Synthesis of 3-oxo-3H-benzo[f]chromene-2-carboxylic acid (1)

The synthesis of compound 1 was carried out as in Scheme 1. The synthesis method was
based on procedure reported by Xiao et al.2® 2-Hydroxy-naphthaldehyde 2 (100 mg, 0.58
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mmol) and meldrum’s acid 3 (60.5 mg, 0.58 mmol) were dissolved in a two-neck, round-
bottom flask with 15 mL of ethanol. A drop of pyridine was added to the mixture and then
refluxed for 2—4 h at 80 °C. Afterwards, the reaction mixture was kept at ambient temperature
for 24 h. The precipitated solid was filtered and washed several times with ethanol to yield a
pure yellowish solid (83 mg, 60 %).

The analytical and spectral data of the compound are given in the Supplementary
material to this paper.

Method of metal ion sensing of 3-oxo-3H-benzo[f]chromene-2-carboxylic acid (1)

The method was adopted from procedure reported by Piao et al.39 and Amirnasr et al.3!
A stock solution of compound 1 (4.17x1073 mol dm™) was prepared in methanol, while stock
solution of representative metal ions (1-10x103 mol dm™) was dissolved in milli-Q water.
Some metal ions such as, Na™, Li", MgZ", Ni2*, and Cu?" were used as sulfate whereas some
others like, K*, Cd?", Ag", AI*", Pb2", and Cr3" were used as nitrate. The stock solution of 1
was mixed with solution of various metal ions in 5 mL volumetric flask at mole ratio of 1:9 to
9:1 (1:metal ion) by keeping constant total concentration. Binding stoichiometry was calcul-
ated based on Job’s plot experiment,3? while selectivity experiment was accomplished by
mixing 1 molar of compound 1 with 6 molar equivalents of Na* in the presence of each 6
molar equivalents of an interference ion. All fluorescence spectra were recorded at excitation
wavelength of 361 nm and the temperature was 20 °C.

RESULTS AND DISCUSSION
Synthesis of 3-oxo-3H-benzo[f]chromene-2-carboxylic acid (1)
Knoevenagel condensation of 2 and 3 over basic catalyst of pyridine resulted

in a 60 % chemical yield of 3-oxo-3H-benzo[f]chromene-2-carboxylic acid 1
(Scheme 1).

O._OH
(o]

Con , Oy r° g
OH 1. Pyridine (o)

S e OO

x 2. EtOH
Refluxed 4 h
2 3 1

Scheme 1. Synthesis of 1, 3-oxo0-3H-benzo[f]Jchromene-2-carboxylic acid.

Instead of Pechmann condensation,25 this pathway was one of the common
method to form coumarin skeleton through intramolecular heterocyclization
between an active hydrogen compound of meldrum’s acid with an o-hydroxy
aldehyde in the presence of a basic catalyst.26 In general, the achieved product
has similar properties to those obtained by Xiao et al.2%

The infrared spectrum of 1 (Fig. S-1 of the Supplementary material) showed
typical carboxylic acid absorbances at 3420 (broad weak) and 1750 cm~! (sharp
medium), which belong to stretching vibrations of the —-OH and C=0 moieties,
respectively. The appearance of ester lactone was characterized by the vibration
of C=0 and C-O at 1683 and 1218 cm™! (sharp strong), correspondingly. The
naphthalene moiety was confirmed by the stretching vibration of C—H sp? (sharp
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974 AL-ANSHORI et al.

medium) at 3058 cm~! and C=C aryl (sharp strong) at 1571 cm~!. To clarify the
data, 'H-NMR and 13C-NMR were recorded in aprotic solvent of DMSO-dg
(Figs. S-2 and S-3 of the Supplementary material). Seven different types of pro-
tons were observed in the spectrum. One proton resonance at 9.34 ppm was
attributed to the alkene proton of H-14 and the other six resonances at 7.59-8.57
ppm were recognized as aromatic naphthalene protons. In addition, 13 different
types of carbons appeared in the 13C-NMR spectrum. The signals were attributed
to one olefinic carbon at 112.50 ppm, nine aryl carbons at 116.94, 117.94,
122.77, 126.88, 129.45, 129.50, 130.27, 136.30 and 144.18 ppm, one oxygenated
aryl carbon at 155.49 ppm, one lactone carbonyl at 157.24 ppm, and one carbo-
xylic acid carbonyl at 164.78 ppm. All NMR data were in agreement with those
reported by Fu et al. (Tables S-1 and S-II of the Supplementary material).33
Finally, the molecular formula of 1 was confirmed as Cj4HgO4 by HR-TOF-MS
(ES— and ES, Fig. S-4 of the Supplementary material).

Photophysical properties of 3-oxo-3H-benzo[f]chromene-2-carboxylic acid (1)

Compound 1 showed strong absorption (Ayax) and emission maximum (Aep,)
in methanol at 374 and 445 nm, respectively (Fig. 1). The typical maxima ranged
within the benzocoumarin scaffold absorption and emission spectra at 355-488
and 400625 nm, correspondingly.26
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g 54 1 \
o 3
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5 I ! 400 <
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\
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250 300 350 400 450 500 550
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Fig. 1. Spectra of UV/Vis (solid line) and emission (dash line), A, 361 nm, of 1 (810 mol dm™?)
in MeOH.

Compared to the spectral properties of the basic coumarin skeleton, the ext-
ended conjugated 7 system of 1 was not only able to shift the maxima bato-
chromically by 20—50 nm but also increase its absorptivity by more than 10 times.
In addition, intermolecular hydrogen bonding between methanol and carbonyl
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moieties of such coumarine compound allowed an intramolecular charge transfer
(ICT)34 and red shifted the emission spectra of 1.35 Thus, the Stokes shift of com-
pound 1 was relatively large as 71 nm. Overall, the benzocoumarin system imp-
roved optical properties of the coumarin system, which could overcome the limit-
ations such as, photobleaching, photodamage, and shallow tissue penetration depth
in bioimaging application.36-39
Chemosensor properties of 3-oxo-3H-benzo[f]chromene-2-carboxylic acid (1)
against various metal ions

The interaction of 1 with representative metal ions (Li*, Na™, K*, Mg2*, Ag™,
Cu?*, Pb2*, Ni2*, Cd2*, Cr3* and AI3") was monitored qualitatively through visual
observation of the metal-induced fluorescence quenching under a 365 nm UV lamp
and quantitatively by fluorescence spectrophotometry in a mixture of MeOH:H,O
(2:8 volume ratio) at room temperature. Upon addition of respective equimolar
quantities of metal ions, i.e., Li", Na™, KT, MgZ" Ag®, Cu?*, Pb2", Ni2* Cd2*,
Cr3* and A3, to a 2.28x107% mol dm3 solution of 1, it was found that only Na*
induced blue fluorescence quenching of 1 (Figs. 2 and 3) with a binding stoichio-
metry of 1:2 (Fig. S-5 of the Supplementary material).

/ K',Li", Mg”, Ag’, cd™,
800 - Cu2+, Niy, Pby, Cl’3+, Als+

600

FI, a.u

400

200

. - :
500 550 600
A/ nm

i T
400 450

Fig. 2. Fluorescence spectra of 1 (2.28x107% mol dm) before and after addition of 6 molar
equivalents of various metal ions (L., = 361 nm, 4., = 455 nm).

Upon titration of 1 with sodium ions, red shifts of the emission spectra of the
1+ Na' complex were revealed up to +10 nm compared to the original emission
maxima of 1 (445 nm, Fig. 3). This implies that a dipolar interaction was formed
between the complex of 1+Na* and the polar solvent of MeOH:H,0 (2:8) and
thus, the energy of the excited state decreased and the maxima shifted to a longer
wavelength.40 Furthermore, based on the linear equation, obtained from the
calibration curve of 1 against various concentration of sodium ion (Fig. S-6 of the
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Supplementary material), the LoD and LoQ of 1 were found to be 0.14 and 0.48
mg L1, respectively.

1000 1

—1.CI

——2.Cl+1eqNa
——3.Cl+2eqNa’
: —4.CI+3eqNa+
V —scCl+aeqna’
——6.Cl+5eqNa’
——7.Cl +6eqNa’

800

600

FI, a.u.

400

200 4

a0 4% 500 550 600
A/nm
Fig. 3. The changes of fluorescence spectra of 1 (C1; 2.28x107% mol dm3) after addition of
1-6 molar equivalents of Na* in MeOH:H,O (2:8, volume ratio); Ae, = 361 nm, Ag, = 455 nm.

In fact, based on qualitative observation under UV light at 365 nm, the
fluorescence intensity of 1 was actually totally quenched by other metal ions but
at equimolar quantities of 15 to more than 500 (Fig. S-7 of the Supplementary
material). In general, the fluorescence quenching was attributed to the metal ion
chelation with the donor atom of carboxylate O in 1, known as a chelation-
-quenched fluorescence (CHQF) effect. The phenomenon is due to electron trans-
fer from the LUMO of the excited fluorophore to the vacant s-orbital of metal
ion.4! which promotes intermolecular charge transfer (ICT). The competitive
experiment to further estimate selectivity of 1 against Na' in the presence of
other metal ions including Li*, K*, Mg2*, Ag", Cu2*, Pb2*, Ni2*, Cd2*, Cr3¥,
and AI3* was accomplished under the same conditions (Fig. 4). It was clearly
noticeable that the presence of Nat among other metal ions showed immediate
response in quenching of fluorescence. The result revealed that recognition of
Na™ by 1 was relatively not influenced by other competitive metal ions.

Computational study of chemosensory mechanism of 3-oxo-3H-benzo[f]chrom-
ene-2-carboxylic acid (1) against sodium metal ion

To understand selectivity of compound 1 against sodium ion and its mech-
anism, DFT calculations were performed and analyzed using the Gaussian 09W
program. Since an intermolecular charge transfer (ICT) between a chemosensor
and a metal ion plays essential role during chelating processes,*? the calculation
was pointed to the energy gap of HOMO-LUMO of compound 1 against the
sodium ion.
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Fig. 4. Fluorescence intensity of compound 1 (C1; 2.28x10°¢ mol dm=) with various metal
ions (Ag®, Cd%t, Cr3*, Cu?t, Pb2", KT, Li2", Mg?", Ni?") in MeOH:H,O (2:8 volume ratio) in
the presence of Na* (1:6 molar equivalents; A, = 361 nm, A, = 455 nm).

Compound 1 + metal ions

N

N

In geometry optimization of 1, the minimum state was used to obtain a stable
structure of the compound, which could be observed from its positive frequency
value (Table S-III of the Supplementary material). Furthermore, frontier
molecular orbital (FMO) analysis of optimized 1 (Fig. S-8 of the Supplementary
material) confirmed that compound 1, which has a lower Egomo of receptor than
the Egomo of the fluorophore, emitted the fluorescence. On the other hand, upon
chelation toward the Na*t (Fig. 5), compound 1 exhibited fluorescence quenching
process, as described in Figs. 6 and 7.

FMO analysis of the optimized 1 against Nat (purple) with ratios 1:1 and
2:1, clearly distinguished typical photoinduced electron transfer occurred in the
chelating compound 1 + Na™*.

According to Fig. 6, when ratio of compound 1 to Na* was 1:1, fluorescence
quenching was allowed upon transfer of an excited electron of fluorophore to the
LUMO of receptor and finally to the HOMO of the fluorophore. The electron
transfer, identified as oxidative PET,*3 was plausibly occurring if the energy gap
of the LUMO of the fluorophore and receptor (0.631 eV) was lower than the
energy gap of the HOMO-LUMO of the fluorophore (4.347 eV).

On the other hand, when the ratio of compound 1 to Na* was 2:1 (Fig. 7),
quenching occurred through transfer of a HOMO electron of the receptor to the
HOMO of the excited fluorophore. The process, identified as reductive PET,*2
was probably occurring if the energy gap of the HOMO of the fluorophore and
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receptor (0.336 eV) was lower than the HOMO-LUMO energy gap of the fluoro-
phore (4.362 V).

A

Fig. 5. Structure modeling of 1 against Na™; A) 1:1; B) 2:1.

— UMD
‘ 1568 eV

QY
UMO————
‘ -2.199 eV
— HOMO
-5915eV

HOMO L

Fluorophore W
4

Oxidative-PET Receptor

Fig. 6. Calculated frontier molecular orbitals of compound 1 + Na* (1:1) and the
corresponding interaction of HOMO and LUMO orbital via oxidative-PET.
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Fig. 7. Calculated frontier molecular orbitals of compound 1 + Na* (2:1) and the
corresponding interaction of the HOMO and LUMO orbitals via reductive-PET.

Overall, the theoretical calculation was in accordance with the experimental
results. Furthermore, the interaction mechanism was clearly resolved in silico.

CONCLUSIONS

The benzocoumarin typical compound, 3-oxo-3H-benzo[f]chromene-2-carbo-
xylic acid (1) was successfully synthesized in 60 % chemical yield. The compound
showed prominent sensory properties against Na® selectively through oxidative
and reductive PET mechanisms. The LoD and LoQ 1 against Nat in MeOH:H,O
(2:8 volume ratio) were 0.14 and 0.48 mg/L, respectively. Thus, the compound was
suggested as potential chemosensor of Na™ ion in aqueous systems.

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/9945, or from the corres-
ponding author on request.
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U3BOJ
HATPUJYMCKHU XEMOCEH3O0P 3-OKCO-3H-BEH30[f]XPOMEH-2-KAPBOKCUJTHA
KHUCEJIMHA: ECITEPUMEHTATHA U KOMITJYTEPCKA CYJIHUJA

JAMALUDIN AL-ANSHORI, ANDI RAHIM, AJAR FAFLUL ABROR, IKA WIANI HIDAYAT, TRI MAYANTI,
MUHAMMAD YUSUF, JULIANDRI JULIANDRI u ACE TATANG HIDAYAT

Department of Chemistry, Faculty of Mathematics and Natural Sciences, Universitas Padjadjaran J1. Raya
Jatinangor km.21 Bandung-Sumedang, Jatinangor, 40133, Indonesia

CHHTeTHCaHO je (PIIyOpECLIEHTHO jeIUmbEemhe DEH30KyMapHUHCKe CTPYKType U UCTHTHBaHa
je meroea MHTEpaKLHja ca pasnuuuTUM MeTanuma. CHHTesa je usBefieHa mpumepom Knoeven-
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agel xoHEeH3alWje, NOK je uaeHTHdUKAIWja MPOH3BONA ypaheHa NMPHUMEpPOM PANTUUYUTHUX
CTEeKTPOCKONHUX TEXHHMKa. XeMOCEH30D je TeCTHpaH Ca penpe3eHTaTHUBHUM jOHMMa MeTana
¢nyopecuieHTOM criekTpockonujoM. [TpumeneHa je u Teopuja ¢yHKIHoHana ryctude (DFT),
pajy mojalikaBama eKCIEPUMEHTATHUX pesyJiTaTa U NOTBpAE MexaHusme peakuuje. Jodu-
jeHa je 3-okco-3H-OeH3o[f]xpomeH-2-kapbokcunHa kucenrHa (1), kao jKyTa CyIcTaHna ca
npuHOCOM 05 60 %, TaukoMm Totwbema Of 235,6-236,77 °C, Amax UV/Vis, dem u Stokes
nomepaweM (MeOH, nm) Ha 374, 445 u 71 nm, penom. CTpyKTypa jeleme je HWEEHTH-
(puxoBaHa Ha OCHOBY mopehema CIEKTPOCKONCKUX U MojaTaka U3 auTeparype. Jemuwemwe 1
ucnoskasa (DEHOMEH XeNallMoHOT ramewa dayopecuennuje (CHQF) cenextusHo mpema Na',
ca CTEXHOMETpHjoM 1:2 ¥ TMMHUTHMa JeTekuuje U kBaHTUduKauuje ox 0,14 u 0,48 mg/L. Ha
ocHoBy DFT kankynauuje, jemumewme 1 xemupa Na' mexaHusmuma oxcupaTuBHOr (1:1) u
penyktuBHOT (2:1) oTronHIyKoBaHOT enekTpoHcKor TpaHcdepa (PET).

(TTpumssero 29. centemdpa 2020, peBupupaHo 5. MapTa, npuxsaheno 23. mapta 2021)
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ANALYTICAL AND SPECTRAL DATA FOR 3-0X0-3H-BENZO[fJCHROMENE-2-
-CARBOXYLIC ACID (1)

Yield: 83 mg, (60 %); m.p.: 235.6-236.7 °C; IR (KBr, v / cm™1): 3420
(~OH), 3058 (C-H sp?), 1750 (C=O carboxylate), 1683 (C=O lactone), 1571
(C=C aromatic), 1218 (C—O—C ester); 'H-NMR (500 MHz, DMSO-dg, 6 / ppm):)
9.34 (1H, s, H-14), 8.56 (1H, d, J = 8.4 Hz, H-8), 8.29 (1H, d, J = 9.0 Hz, H-7),
8.06 (1H, d, J = 8.0 Hz, H-3), 7.75 (1H, t, J = 7.7 Hz, H-2), 7.64 (1H, t,J= 7.5
Hz, H-1), 7.57 (1H, d, J = 9.0 Hz, H-6); !13C-NMR (126 MHz, DMSO-dg, 6 /
ppm): 164.76, 157.23, 155.48, 144.18, 136.30, 130.26, 129.48, 129.45, 126.88,
122.75, 117.66, 116.93, 112.53; (—)ESI-HRMS (m/z): calcd. for [C14HgO4 —H]~
239.0344, observed 239.0293; (+)ESI-HRMS (m/z): caled for [C14HgO4 +H]T
241.0342, observed 241.0549; UV/Vis. spectra in MeOH (8x10-% mol dm3):
Amax / nm (& / mol~! dm3 cm1): 258 (6.5x10%4) 374 (6.7x10%); Emission spectra
in MeOH (8x106 mol dm3): Aoy / nm: 361, Aoy, / nm: 445, Stokes Shift: 71 nm.

* Corresponding author. E-mail: jamaludin.al.anshori@unpad.ac.id

S244

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

(CC) 2021 SCS.




SUPPLEMENTARY MATERIAL S 24 5

100.0

35 30580

30 14086

20 S

legp s
15 15712

100 3 4

4000.0 3000 2000 1500 1000 4500
em-1

Fig. S-1. Infrared spectra of 3-oxo-3H-benzo[f]chromene-2-carboxylic acid 1 in KBr disk.
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Fig. S-2. TH-NMR spectra (500 MHz) of 3-oxo0-3H-benzo[f]chromene-2-carboxylic acid (1) in
DMSO-dg.
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TABLE S-1. Data of 'H-NMR (500 MHz) of 1 in DMSO-d,; compared to literature data!

Compound 1 (500 MHz, DMSO-dj)

Literature (500 MHz, DMSO-d¢) Type of

No oq/ppm Iy Multiplicity &y / ppm Multiplicity proton
1 7.57 1 Doublet (/=9.0 Hz) 7.57 Doublet (/=9.0 Hz) H-6
2 7.64 1 Triplet J=75Hz)  7.64  Triplet(J=72Hz)  H-1
3 7.75 1 Triplet (J=7.7 Hz) 7.75 Triplet (/= 7.7 Hz) H-2
4 8.06 1 Doublet (J= 8.0 Hz) 8.06 Doublet (J = 8.0 Hz) H-3
5 8.29 1 Doublet (/=9.0 Hz) 8.29 Doublet (/= 9.0 Hz) H-7
6 8.56 1 Doublet (J= 8.4 Hz) 8.57 Doublet (/= 8.4 Hz) H-8
7 9.34 1 Singlet 9.34 Singlet H-14
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TABLE S-IL. Data of 13C-NMR (126 MHz) of 1 in DMSO-dg compared to literature data!

& / ppm
Literature (126 MHz, DMSO-dj) Compound 1 (126 MHz, DMSO-dgs) Type of carbon
112.55 112.14 Cl4
116.94 116.53 Cl1
117.68 117.27 C2
122.77 122.36 C3
126.88 126.49 C6
129.45 129.06 Cc7
129.50 129.09 C8
130.27 129.87 C4
136.30 135.91 C5
144.18 143.78 C10
155.49 155.09 c9
157.24 156.84 Cl12
164.78 164.37 Cl15
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Fig. S-4. Mass spectra of 3-oxo0-3H-benzo[f]chromene-2-carboxylic acid 1 (A) (—)ES
and (B) (+)ES.
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Fig. S-5. Job’s Plot for the binding of 1 (1.5x10~ mol dm™3) with Na* .

AA at 360 nm was plotted as a function of mole fraction.

Equation y=a+b*
900 + Weight No Weighting
J|Residual Sum 4759.98337 |
of Squares n
80( - [Pearson'sr 0.99015
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Fig. S-6. Calibration curve of 1 against various concentration of Na*
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Blank B+Li* B+Na* B+K* B+Mg?*  B+Ag'

B+Cu?* B+Pb?* B+Ni2* B+Cd?** B+Cr** B+AP*
Fig. S-7. Fluorescent intensity quenching of 1 (B; 8.32x10% mol dm™3) by addition of molar
equivalents of various metal ions (Li*: 100, Na*: 6, K*: 15, Mg2": 30, Ag*: 500, Cu?": 15,
Pb2*: 170, Ni2™: 60, Cd%*: 500, Cr3*: 400, AI3*: 200), observed under UV light at 365 nm.

TABLE S-III. Calculated imaginary frequency values of vibrated atoms of compound 1

Mode Frequency, cm’! IR intensity, km mol'!
1 55.44 0.5561
2 68.60 0.0011
3 105.12 2.6084
4 140.69 4.5864
5 159.17 0.5869
6 174.04 1.2744
7 251.91 11.1475
8 270.10 5.9061
9 323.47 1.3467
10 328.06 5.1032
11 37591 13.8163
12 380.17 0.4003
13 431.69 2.3291
14 434.01 7.7653
15 443.01 12.0847
16 520.79 0.4615
17 534.95 2.8835
18 540.64 0.0489
19 571.60 6.6310
20 618.64 11.7080
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of highly-condensed carbons
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Abstract: Highly condensed carbons from pet-coke were first treated with Na/K
hydroxides and carbonates and then with H,SO,. The esterification reaction of
palmitic acid reached conversions of up to 97 % on the yielded activated carbons.
The results evidence the relationship between the efficacy of Na/K hydroxides
and carbonates as treatment agents and their lattice potential energy. Moreover,
the analysis of carbonaceous solids confirms that both surface area and acidity
are primary factors promoting activity in the esterification reaction. Furthermore,
the results do not indicate a direct relationship between the activity and the
oxidized species (SO, ) arising from the treatment with H,SO,. The relatively low
melting and decomposition temperature of Na/K hydroxides can improve their
effect on the pet-coke matrix, leading to higher surface areas, acidities, and cat-
alytic activities than treatment with carbonates. This supports an affinity between
the carboxyl functions of the fatty acid molecules and the polar and catalytically
active centers of the hydroxide-treated solid surface.

Keywords: acidity; activated carbon; delayed pet-coke; esterification.

INTRODUCTION

Pet-coke is a petroleum refinement by-product, mostly composed of highly
condensed carbon species. A way to help address the amounts of pet-coke that
result from heavy-petroleum refinement consists in their conversion into environ-
mentally-friendly products with a higher aggregate value, as activated carbons.
The activated carbons have been extensively studied because of their catalytic
and adsorptive properties.!~# Moreover, their acid modifications have good acti-
vity in acid-catalyzed reactions>-¢ such as the hydrolysis of the cellulose> or the
esterification of free fatty acids.®

In the industries of cosmetology, solvents, polymers, and alternative fuels,
among others, esters play an important role. They mainly come from the trances-

* Corresponding author. E-mail: luis.isernia@gmail.com
https://doi.org/10.2298/JSC201211027E
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terification’ of triglycerides contained in vegetable oil and animal fats in the
presence of homogeneous catalysts, such as metal hydroxides or (less frequently)
inorganic acids. Likewise, in Fisher’s esterification of fatty acids, inorganic acids
are commonly used.

Special attention has been directed to the use of waste oils from industrial and
domestic sources to avoid the use of alimentary resources. However, the high
presence of fatty acids in these sources limits the efficacy of base-catalyzed trans-
esterification because of the formation of soaps. To overcome this problem, prior
esterification of fatty acids is applied in the presence of an alcohol and strongly
acidic homogeneous catalysts, such as H»SO4 and HF, followed by transesterific-
ation.8 Conversely, their corrosive nature and difficulties in separation from the
reaction product mixture have driven the search for heterogeneous catalysts of a
less corrosive nature and relatively easy separation and reutilization.8 In this sense,
several alternatives were analyzed, such as ion exchange resins,® superacids,
mesoporous aluminosilicates, microporous solids, such as zeolites!? and activated
carbons.!™* Activated carbons, for example, have remarkable properties as catal-
ysts and adsorbents.!~# These could be obtained by thermal treating (also called
“physical treatment”) between 873 and 1073 K, of organic precursors, such as
sugar, wood, charcoal or asphalt, among others, in the presence of CO, steam,
noble gases or Np,!! and/or by treatment with chemical reagents of diverse char-
acter.12,13

Among the different agents for the chemical treatment of carbonous precur-
sors, K and Na hydroxides have gained increasing attention. Zeng et al.2 reported
the use of activated carbon (achieved by step treatment with KOH and HySOy4 of
Chinese pet-coke) in oleic acid esterification with methanol. The resulting acti-
vated carbons had stronger acidity than that of SO42/ZrO, solids but were
slightly weaker than pure HySO4. Furthermore, their catalytic performance was
close to 72 %. Lee and Choi3 treated high sulfur petroleum coke with K and Na
hydroxides between 673 and 873 K. Their investigation revealed that KOH was a
more effective activating agent, leading to a surface area of 1980 m2 g-! with a
metal hydroxide to coke mass ratio of 4. Similar observations were first made by
Ehrburger et al.,!4 who reported that much more CO, was yielded from coal
treated with KOH than with NaOH.

Lillo and coworkers# proposed that K and Na hydroxides are reduced by the
carbon, producing a metallic element during the heat treatment:

4MOH + C & 4M + COy +2H,O0 (M =K, Na) (1)
6MOH+2C—2M+3H, +2M>CO3 (M =K, Na) 2)
However, there is increasing interest in the use of less aggressive or corros-

ives chemical activating agents. Na)CO3 and K»,COj3 offer a possible alternative.
In addition to their lower aggressiveness, CO32" were proposed as central parti-
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cipants in the reaction mechanisms that lead to activated carbons.!5 In this sense,
various researchers have proposed!® that carbonates could react with carbon dir-
ectly by reactions (3) and (4), yielding the associated metallic element and their
oxide during the heat treatment:

K>CO3 +2C « 2K +3CO 3)
K7CO3 + C < K,0 +2CO 4

Moreover, the derived metallic oxide can also be a key participant in the
reaction mechanisms that lead to activated carbons:

KO+ C — 2K+ CO %)

However, these reactions do not offer a direct explanation for the develop-
ment of an acidic character in some resulting activated carbons.

Inorganic acids, such as H3PO4, HySO4, HC1 and HNO, were early emp-
loyed!” for the synthesis of activated carbons. Between them, H,SO4 has consi-
derable use2-3:0 as a sulfonation agent.!® The incorporation of sulfuric acid into
the interior carbonous matrix promotes sulfonation!8 of aromatic structures that
constitute the coke and results in stable carbon structures with a higher density of
—SO3H groups. In this regard, various research groups’-¢ have reported the pre-
paration of activated carbons bearing —SO3H functions by treating several org-
anic species with concentrated sulfuric acid.

Carbons with —SO3H groups are known for their considerable acidity, show-
ing good activity in acid-catalyzed>-© reactions, such as the hydrolysis of cellu-
lose’ or the esterification of free fatty acids with methanol.6

The lattice potential energy!® (LPE) is usually expressed in kJ mol-! and
defined in some textbooks as the energy required for the endothermic breaking
apart of an ionic solid and the conversion of its component atoms into gaseous
ions, giving positive values. Another definition explains it as the reverse process,
giving negative values. The direct experimental determination of lattice potential
energy is difficult. Nevertheless, LPE can be calculated from other measurable
energy quantities through the Born-Fajans—Haber thermochemical cycle.20
Moreover, there are theoretical models for the calculation of lattice energies of
ionic crystals based on the Born-Mayer equation?! using the Madelung cons-
tant22 or more approximately through the Kapustinskii equation.23

The LPE can be taking into account as an indicator of the relative stabilities
of the treatment agents and their propensity to transformation in the chemical
species that effectively perform the chemical activation of carbons. In this sense,
it could be valuable to estimate the relative proneness of the activation.

Although there is substantial knowledge about the aforementioned features,
the understanding of their action on issues such as acidity, substrate adsorption,
or catalytic activity remains incomplete. Consequently, the present work addres-
ses these aspects through the study of KOH, NaOH, K>CO3 and NayCO3 acti-
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vating action and the subsequent treatment with sulfuric acid on the physico-
chemical properties and catalytic performance in the esterification of palmitic
acid; of highly condensed carbons obtained from Venezuelan delayed pet-coke.

EXPERIMENTAL
Synthesis and characterization of activated carbons

Venezuelan delayed pet-coke from the upgrader complex “José Antonio Anzoategui”,
ground and sieved to particles of about 53—500 um, was used as the raw material. KOH,
NaOH, Na,CO; and K,CO; were used as activating agents. To prepare each sample, 8 g of
each activating agent and 2 g of pet-coke (mass ratio of 4:1) were thoroughly mixed. The
samples were loaded in alumina crucibles into a horizontal tubular electric furnace under
argon flow, heated at 1073 K for 30 min, and left cool down to room temperature. Alternately,
the resulting materials were washed (by vacuum filtration) with a 5 % HCI solution and dis-
tilled water until reaching a neutral pH. Then solids were dried for 24 h at 343 K. The result-
ing four carbonaceous solids were labeled ActKOH, ActNaOH, ActK,CO; and ActNa,COs,
according to the activating agent. Half of each dry sample was stirred with 50 vol. % H,SOy,
using a ratio of 100 mL per gram of solid at 363 K foe 3 h. Then, each resultant solid was
washed with deionized water by vacuum filtration until reaching a neutral pH value and dried
for 24 h at 343 K. These solids were treated with H,SO, and labeled ActKOH_Su,
ActNaOH_Su, ActK,CO3;_Su and ActNa,CO;_Su.

Textural properties were acquired from N, adsorption isotherms at 77 K on a Micro-
meritics TriStar 3000 adsorption analyzer, with a vacuum pre-treatment at 423 K for 24 h,
following a previously published procedure.>* The surface area (Sggr) was acquired by the
BET model.?> The microporous volume (V) was determined by the “s-plot” method and the
“total porous volume” (V) by the “Gurvitsch” rule.2’

X-Ray photoelectron spectroscopy (XPS) analysis was performed under high vacuum
conditions (1076 Pa) on a Specs—Leybold instrument with a Phoibos 150 electron analyzer and
Al X-rays (1486.6 ¢V/240 W) emission source. The binding energy (BE) of 284.6 eV for the
C 1s core level was used as an internal standard.

The superficial acidity was obtained through a wet method,® in which 0.1 g of each solid
previously dried at 393 K for 24 h, was introduced into test tubes with airtight screw lids with
10 mL of KOH 0.01 mol L-!. In addition, a blank test with only 10 mL of KOH 0.01 mol L-!
was prepared. Then, the mixtures were vigorously stirred every 8 h for 3 days and centrifuged
for 10 min at 4000 min-!. Four milliliters from each tube were titrated with 0.01 mol L! HCI
using phenolphthalein as the indicator. After this, 2 mL of HCI were added and a back-titrat-
ion with KOH 0.01 mol/L was performed. The acidity was estimated in mmol g!:

4= [(VoHa +2) Nucr = (VokonNkon )} - I:(ViHCI +2) Nucr — (Vikon Nkon ):I ©)
0.4m
where m is the mass in grams of catalyst, Ngoy and Ny are the concentrations of KOH and
HClI in mol L, respectively, Vyycy and Vigey are the milliliters of HCI required to titrate the
blank test and each particular sample, V ko and Vixoy are the milliliters of KOH required for
the back titration of the blank test and each particular sample.

Catalytic activity evaluation

The catalytic behavior of each studied solid was evaluated through the Fisher esterific-
ation reaction for 24 h, using 0.150 g of catalyst and 0.500 g of palmitic acid (98 %) dissolved
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in 50 mL of ethanol (99 %) in a 100 mL PARR 4593 batch reactor with a Teflon liner con-
nected to a 4848 controller unit. A lateral port allowed syringe extraction of 3 mL aliquots
from the stirred reaction mixture at programmed reaction times, at 403 K. The syringe was
frozen before each extraction, and the aliquots were kept in refrigerated test tubes with airtight
screw lids, to freeze the reaction and prevent evaporation. Then all test tubes were allowed to
reach room temperature and centrifuged for 15 min at 4000 min'!. The fatty acid concen-
tration was determined by titration of 2 mL of the transparent supernatant solution of each test
tube with ethanolic 0.02 mol L-! KOH using phenolphthalein as indicator, and the conversion
(X) in each reaction time was calculated by the Eq. (7):

X= (MO_M)/MO (7)

where M, is the initial concentration in mol L' and M is the concentration for each reaction
time.

Adsorption isotherms of stearic acid

The adsorption isotherms of stearic acid at 305 K were obtained through a reported
methodology,® in which 0.1 g of each solid was shaken with 5 mL of stearic acid 103 mol L!
in hexane in sealed test tubes. After 24 h, all test tubes were centrifuged and 3 mL samples the
clear supernatant solution were taken and titrated with 2-propanolic KOH 2x10-3 mol L'!. The
amount in mg of stearic acid adsorbed per gram of adsorbent after equilibrium (Qe,), in the
point P, of the isotherm was calculated:

Qe = SMsa(Co=Ceo)/m ®)

where C, and Ce, are the concentrations in mol L1 of stearic acid before and after the
equilibrium, Mg, is the molar mass in g mol™! of stearic acid, and m is the mass in g of the
adsorbent. Every new point P; (i > 0) of the isotherm was obtained after the addition of 3 mL
of stearic acid with a increasing concentration (Cg;) from 2x10 to 102 mol L, and
repetition of the cycle (shaking, 24 h of waiting and titration) to calculate the next concen-
trations (C;) and adsorbed amount in equilibrium (Qe;):

C;=(0.4 Ce;y + 0.6 Cay) ©)
Qei = Qei—l +5 MSA(Ci — Ce,-)/m (10)

Eq. (11) represents the data of the isotherms fitted to the Langmuir model, where K; is a
constant and Om / mg g'! is the Langmuir monolayer capacity.

C_Ce, 1 (11)
Qe Om K Om
RESULTS AND DISCUSSION

The data in Table I (columns 3-5) confirm that the solids treated with hyd-
roxides (ActKOH, ActNaOH, ActKOH_Su and ActNaOH_Su) developed higher
values of BET specific surface area, total Vi, and microporous V), volumes than
those treated with carbonates (ActK,COj3, ActNayCOj3, ActK,CO3 Su and
ActNayCO3_Su). Additionally, KOH had higher effects over these textural pro-
perties than NaOH, K>,CO3 and NayCOj3. Moreover, the Na/K hydroxide-treated
solids suffered slight reductions of their superficial areas after HySO4 treatment
(3.43 and 14.18 %) unlike Na/K carbonate-treated solids (66.8 and 56.3 %). This
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behavior indicates the persistence of Na/K carbonate clusters after HCl washing
during treatment.

TABLE I. Catalytic performance, acidity, and textural properties of the studied solids; Sper =
surface area through BET model; V; = total porous volume, estimated by the Gurvitsch rule;
V., = microporous volume, estimated by the f-plot method; X = maximum conversion of
palmitic acid; k = rate constant; Om is the Langmuir monolayer capacity

ACldlty SBET I/t |4 X k Qm
Sample mmolg! m2g! cm?gl! <:m3”g‘1 % h! mg g
ActKOH 0.81 2713 1.2915 0.8044 96 0.777 416.7
ActKOH_Su 0.96 2620 1.2432 0.7659 97 0.361 434.8
ActNaOH 0.62 1456 0.7907 0.3988 97 0.496 238.1
ActNaOH_Su 0.86 1250 0.6958 0.3445 95 0.710 238.1
ActK,CO;5 0.28 268 0.1238 0.0881 28 0.0272 -
ActK,CO5;_Su 0.93 89 0.0445 0.0262 67 0.211 -
ActNa,CO; -0.14 32 0.0180 0.0026 28 0.114 -
ActNa,CO5;_Su 0.12 14 0.0079 0.0017 2.2 0.001 -
Pet-coke 0.15 18 0.0124 0.0011 19 0.0356 -
Self-catalyzed - - - - 9.7 0.007 -

The XPS spectrums of the S 2p core levels for the studied solids are shown
in Fig. 1. The signal near 164.04 eV could be associated with sulfur species of
thiophene compounds26 that remained as so-called refractory thiophene?7-28 after
achievement of the parental delayed pet-coke. This signal tends to decay after
chemical treatment at 1073 K, as a possible result of an early decomposition
(some authors mention higher temperatures27) with the removal of the residual
volatile sulfur products. Moreover, initial studies2? suggest that at high tempera-
tures, Na or K hydroxides and carbonates can react with thiophene compounds,
leading to M,S salts (M = Na or K), that would dissolve during the subsequent
HCI washing. Additionally, in the solids treated with HySOy4, a signal close to

=+ = ActKOH
— — - ActNaOH
------ ActK,CO3

Act NayCOs
Act KOH_Su
= ActNaOH_Su
"""" Act Na,CO3_Su
=== ActKsCO3_Su
PetCoke

45

35

Intensity, a.u.

25

B T N, ST IR o B i e e R G i e S e
fm A — ,\_/

155 1é0 1é5 170 1%5 150
Binding energy, eV
Fig. 1. XPS spectra of the S 2p region for the studied solids.
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168.90 eV30 associated with SO, groups, indicates sulfonation?9 of the aromatic
structures that constitute the coke matrix.

Treatment of pet-coke with hydroxides led to significant acidity (Table I,
column 2), KOH being more effective than NaOH. However, treatment with
carbonates led to poorly acidic solids, except for the ActKoCO3_ Su, the acidity
of which was similar to hydroxide-treated solids. The results also evidenced
some enhancing effect of HySO4 treatment over the acidity. Nevertheless, this
behavior does not yield a constant increase in the activity in the esterification
reaction (Table I, columns 2, 6 and 7). The low-accessibility of the fatty acid
molecules to the catalytically active SO, groups could cause this behavior.

A possible reaction between alkali metal hydroxides and halogen-substituted
aromatic species3! present in the coke matrix under the intense conditions
applied in this work would explain the acidic properties of resulting solids before
treatment with HoSO4 (Fig. 2).

X o OH
H H _ H
20H" H
“H,0 - X
>633K

X = halogen Phenol

Fig. 2. The possible reaction between NaOH or KOH and halogen-substituted aromatic
species during the activation process.

OH

CO, + OH
-H,0
>633K

Phenol

Fig. 3. The possible reaction between phenols and CO, generated during the activation
process, leading to carboxylic groups.

Moreover, phenols could react?? with the CO, generated during the acti-
vation process, yielding carboxylic groups (Fig. 3). Such a possibility concords
with the similarity in the order of magnitude between the superficial chlorine
concentration (by XPS Cl 2p 207 eV. Fig. 4) in pet-coke (0.75 mmol g1) and the
average density of acid sites after treatment with KOH and NaOH (Table I, col-
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umn 2). The combination of these acidic structures, with an adequate porosity,
would act as active sites during the esterification of fatty acids. The characteristic
behavior of ActK,CO3 Su with respect the other carbonate treated solids could
originate from the smaller modulus of the lattice potential energy!® of K,CO3
with respect NayCOs3, which promotes further thermal decomposition of KoCO3
and prepares the available surface of pet-coke for the subsequent action of HySO4.

3.00

295

Intensity, u.a.

2.90 -
2.85

2.80
190 195 200 205 Fig. 4. XPS spectrum of the Cl 2p region of

Binding energy, eV the parental delayed pet-coke.

The moderately negative acidity of ActNayCO3 indicates the persistence of
alkaline NayCOj clusters after HCl washing during treatment.

The adsorption isotherms of stearic acid (Fig. 5) can be separated into the A
and B groups, related respectively to the hydroxide treated solids (with higher Qe
values), and pet-coke along with the carbonate-treated solids (with lower Qe
values).

385
A

® ActkOH_Su
A\ ActkOH

@ ActNaOH_Su
<> ActNaOH

335

285

—_
o
~ —
té‘) 235
~— 185
Z
-B-
25
Ql 135 @ ActksCOs
mm ActNa,COs_Su
Y% ActNa,CO,

0
4]
|

PetCoke

35 W ActK,CO;_Su

/ T T T
0 500 1000 1500 2000 2500 3000
Ce/(mg/L)
Fig. 5. Adsorption isotherms at 305 K of stearic acid on the studied solids.

The isotherms of the solids from group A fit with the linearized Langmuir
model (Fig. 6), providing monolayer capacities Om between 238 and 435 mg g!
(Table I, column 8).

Although studies of fatty acids adsorption isotherms on activated carbons are
scarce, a comparison with published values for diverse adsorbents$:32-34 reveals
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a good affinity between fatty acid molecules and the surface of the hydroxide-
-treated solids. Additionally, these results evidence that KOH yields activated
carbons with higher Om values than NaOH. On the other hand, pet-coke and
group B solids do not show good agreement with this adsorption model (not dis-
played), probably because of the low affinity of stearic acid for their surfaces.

ActKOH ActNaOH

12
/ 10 /
8
6
4
L 2
0
ActKOH_Su ActNaOH_Su

4 12
10
3

500 1000 1500 2000 0 500 1000 1500 2000 2500 3000
Ce/(mg/L) Ce/(mg/L)

[T R SV AN

(Cel Qe)/(g/L)

(Ce/ Qe)! (g/L)

=

Fig. 6. Fitting of the stearic acid adsorption isotherms on the hydroxide treated solids to the
linearized Langmuir model.

Moreover, treatment with HySO4 did not lead to a significant increase in the
Om values for stearic acid adsorption, as a possible consequence of the low
accessibility of the fatty acid molecules to the acidic SO, groups. Results evi-
dence the overall trend where solids with higher acidity and activity in the este-
rification reaction also show a higher affinity between their surface and fatty acid
molecules (Table I, columns 2, 6-8). This suggests adsorption of fatty acid mole-
cules with their carboxyl functions oriented to the superficial polar and catal-
ytically active centers. The nature of the superficial polar groups is no clear.
However, it would be related to carboxylic and phenolic functions resulting from
the action of hydroxide over substituted aromatic rings of the carbonous matrix.
Interaction with fatty acid molecules could be through hydrogen bonding, as shown
in Fig. 7. The sample ActK,CO3_Su represents an exception. It has significant
activity in the esterification reaction (Table I, columns 6 and 7), but it pertains to
group B (with lower Q. values, Fig. 5). This suggests a more complex interaction
between fatty acid molecules and the superficial active sites of this solid.

The linearized representation of In(1-X) as a function of the reaction time, ¢,
from the data of the esterification of palmitic acid is shown in Fig. 8, which is
compatible with a pseudo-first-order kinetic model:

In(1-X) = —kt (12)
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H H
HO, \c/ RY HoH
VY g 1
Al p
i L A LI
| H H H= HH =
? & T

Fig. 7. Possible interaction of the superficial polar groups with the fatty acid molecules
through hydrogen-bonding.

005 ActNayCO3_Su_

[}
4 -w: ActK5CO3_Su 0 - 3
-2 \G\ 20,05
-3 4 Self-catalyzed
b ActNAOH Su o1 et} !
% 5 - 50,15 4 PetCoke
= 2 4 3 8 0 0o 0
go 5 ™
A4 -0.25 4
24
S X 0.3 4
21 - 035
-4 ACTKOH ~ AcTKOH_Su - ActNa,CO3
-5 : : -0.4 r T r T |
o 2 4 6 8 10 0 2 4 3 8 10
t/h t/h

Fig. 8. Fitting of the data of the palmitic acid esterification to a pseudo-first-order kinetic
model.

Then, the values of the rate constant £ (Table I, column 7) reveal that hyd-
roxide-treated catalysts are more active than their carbonate-treated counterparts,
agreeing with the overall trend of both superficial area and acidity (columns 2
and 3). This behavior corroborates the fundamental role of the acid sites as
catalytically active centers and the surface area.

The superior performance of hydroxides as treatment agents might be caused
by the lower melting temperatures of K and Na hydroxides (591 and 683 K, res-
pectively)3> than their carbonate counterparts (1124 and 1178 K, respectively)*
favoring the action of hydroxides on the pet-coke.

Finally, the results evidence a relationship between the modulus of the lattice
potential energy!® (LPE) of Na/K hydroxides and carbonates and their efficacy as
treatment agents: The increase of the mean values of the properties from the der-
ived activated carbons (resulting from the treatment with each agent) with the
reduction of the LPE values are given in Table II. In this way, a lower LPE imp-
lies an easier thermal-decomposition of the treatment agents into the chemical
species that perform pet-coke activation. The impact of the LPE would explain
the superior efficacy of the potassium-based treatment agents in comparison with
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their sodium-based counterparts, also agreeing with previous findings!4 that
mention the superior effectiveness of KOH over NaOH as an activating agent.

TABLE II. Mean values of the properties from the derived activated carbons and the modulus
of the lattice potential energy (LPE) of the chemical treatment agents. Mean: before and after
H,SO, treatment. LPE: The values'’ correspond to the “Born—Fajans Haber thermochemical
cycle”

Treatment  Acidity Sggr V: Vu X k Om  Modulus of LPE

agent mmol/g m?g! emig! emig! % h! mgg! kJ mol’!

Na,CO;3 -0.01  23.00 0.01295 0.00215 15.1 0.0575 - 2030

K,CO;4 0.605 178.5 0.08415 0.05715 47.5 0.1191 - 1858

NaOH 0.740 1353 0.74325 0.37165 96.0 0.6030 238.1 900

KOH 0.885 2667 1.26735 0.78515 96.5 0.5690 425.8 804
CONCLUSIONS

Activated carbons of high surface acidity, obtained by treatment with K and
Na hydroxides and sulfuric acid on highly condensed carbons from Venezuelan
delayed pet-coke, were active in the esterification reaction of palmitic acid,
reaching conversion values of up to 97 %. The analysis of the carbonaceous
solids confirms that both surface area and acidity are primary factors that pro-
mote the activity in the esterification reaction. Moreover, the results do not indi-
cate a direct relationship between oxidized (SOy) species and activity. The relat-
ively low melting and decomposition temperature of Na/K hydroxides could imp-
rove their effect on the pet-coke matrix, leading to higher surface areas, acidities,
and catalytic activities than treatment with carbonates. This behavior matches
with the affinity of the carboxyl functions of fatty acid molecules to the polar and
catalytically active centers of hydroxide treated surface of solids. Likewise, the
results reveal the relationship between the lattice potential energy of Na/K hyd-
roxides and carbonates and their efficacy, where a smaller modulus of the LPE
promotes their thermal decomposition into the chemical species that perform
direct pet-coke activation.
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U3BOJI
YJIOTA EHEPTUJE PEHIETKE XEMHUJCKHUX ATEHCA Y AKTUBALIMJH BUCOKO
KOHJEH30BAHOT YITbEHUKA
EUMARIELYS M. ESPINOZA u LUIS F. ISERNIA

Laboratorio de Tamices Moleculares, Universidad de Oriente, Urb. Juanico, Calle Maldonado con Florida,
Maturin, Estado Monagas, Venezuela

Brcoko KOHIEH30BaHM yI/beHUK NOOHjeH off MmeTpos Kokca je mpBo TeptupaH Na/K-xun-
poxcumumMa uiu kapboHaTHMa, 11a 3aTHM CyMIIOPHOM kuceluHOM. Peakiyja ecrepudukanuje
NaJIMUTHUHCKE KHCEIUHE Ha YIJbEHUKY aKTHBUDaHOM XWIPOKCHAMMa W CYMIIODHOM KHCe-
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JIMHOM je JJOCTUIJIa cTelleH koHBep3uje 97 %. Pe3dynrtatu nokasyjy Besy usmely edukacHocTu
Na/K-xunpokcuzna u kapdoHaTa U BUXOBE eHepruje perietke. lomaTHO, aHaiu3a KapdoHHU-
30HOTI' MaTrepHjaia MoTBphyje fa cy U crneuudHYHa IOBPLUIMHA U KUCEJIOCT TPUMapHU (dak-
TOpPH KOjU HOTpUHOCe moBehawy aKTMBHOCTH y peakuuju ecrepudukanuje. Pesyntatd He
yKa3yjy Ha OUpeKkHy Be3y h3mely akTHBHOCTH M OkcHpoBaHUX BpcTa (SOx) Koje ce mojaBmyjy
ycien TpeTMaHa CyMIIOPHOM KHCETHHOM. PelaTHBHO HHCKa TeMIeparypa TOIUbelha M pas-
rpagie Na/K-XUIOpokcHoa MOKe YHAIpenuTH BUXOB YTHIQ) Ha MATPHKC IIeTPOT KOKCa,
3axBasbyhu mnosehawy crenuduvHe MOBPIIHHE, KHUCEIOCTH W KATaIMTHKE aKTHBHOCTH Y
nopehewy ca TperMaHoM KkapdoHaTuma. TpeTmaH xuapokcuguma obesdehyje Behu adunut
MOMAPHUX W KATQJIUTHYKH aKTUBHHMX LIEHTAapa MOBPLIMHE YIJbeHHKA MpemMa KapOOKCHIHUM
rpynama MacHUX KHCEeIHHa.

(ITpumsbeHo 11. nenemdpa 2020, peBunupano 22. mapta, npuxsaheHo 7. anpuna 2021)
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Abstract: The aim of this paper is to investigate the effects of the programme
for professional development of chemistry teachers on their competencies for
conducting formative and summative assessment in chemistry teaching. The
programme participants were 30 chemistry teachers from primary and second-
ary schools. Data were collected using a questionnaire at the beginning and at
the end of the programme implementation. The programme included four
workshops with the same structure: the introduction, group work and the dis-
cussion of the results obtained through group work. The workshops focused on:
i) the assessment as a support for chemistry learning; ii) the harmonization of
teaching and learning activities, formative and summative assessment, feed-
back from formative assessment and the criteria used to evaluate students in
summative assessment; iii) the evaluation of the validity of tasks used for form-
ative and summative assessment according to the curricula aims and the edu-
cational standards; iv) designing tasks for monitoring students’ progress tow-
ards certain educational standards. Teachers’ responses show the impact of the
programme for the development of their competencies for assessment, parti-
cularly regarding formative and summative assessment and designing various
kinds of assessment in accordance with the achievement standards.

Keywords: in-service teacher training; formative evaluation; summative evalu-
ation.

INTRODUCTION

Teacher knowledge was first described as a symbiosis of subject content
knowledge and pedagogical knowledge necessary for the transformation of
teaching topics into specific classroom activities by Shulman! through the model
of pedagogical content knowledge (PCK). Similar models were later developed,
with the emphasis on subject content knowledge as a component which provides

* Corresponding author. E-mail: bsteljic@chem.bg.ac.rs
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a necessary foundation and which should be integrated with pedagogical know-
ledge.2 By integrating these components specific and general pedagogical context
is formed.3 Subject content knowledge plays a crucial role in the meaningful
integration of the other components of teacher knowledge.#> The component
“assessment of scientific literacy” was introduced by Magnusson® et al. within
their PCK model (1999). The component “knowledge of science assessment”
includes both teacher knowledge of the dimensions of science learning and
teacher knowledge of the methods used to assess students’ learning within a spe-
cific topic. When introducing the component “subject matter specific pedagogical
knowledge”, Tamir” observed that testing and evaluation should also be a part of
PCK. The subsequent models of PCK point out the need for better interconnec-
tion of the components which constitute PCK,8 as well as the nature and strength
of the connection among them.” The interconnection and mutual dependence of
all PCK components indicate that the teachers who have better knowledge of
teaching strategies can also better assess students’ knowledge.

In the literature and research studies, a component of PCK referred to as
“teachers’ assessment competence or teacher competency in educational assess-
ment” comprises the teachers’ competency in the situations which require assess-
ment of students’ knowledge. Based on the understanding of competences as a
measurable ability the model of teachers’ assessment competence, which enables
a teacher to fulfil the requirements of assessment and quantification of know-
ledge in a wide range of situations, was developed.!0 This model integrates cog-
nitive judgment processes, assessment practices and the products of assessments.
It is also defined as assessment literacy (AL).

The significance and complexity of teacher knowledge of student achieve-
ment assessment can be represented using the conceptual framework teacher
assessment literacy in practice (TALiP), which represents the sublimation of the
research studies conducted and presented in the literature in the last several
decades.!! This framework connects two aspects of research studies — educat-
ional assessment and teacher education. Six principal components through which
assessment literacy (AL) should be considered are pointed out: 1. the knowledge
base of assessment, 2. teacher conception of assessment, 3. institutional and
socio-cultural contexts, 4. TALiP the core concept of the framework, 5. teacher
learning and 6. teacher identity (re)construction as assessors.

Since education and its requirements change during every teacher’s career, it
is necessary for teachers to improve their competencies through the programmes
of professional development and training.!2 The need for continuous teacher
development is particularly important in the situation when some significant
changes in the education system are introduced due to reforms or new regul-
ations.!3:17 However, it seems that not enough attention is devoted to teachers’
competences to conduct assessment of knowledge!® within these programmes.
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The complexity of the nature of knowledge assessment is caused by many insep-
arable educational and social functions which result from the structure and organ-
ization of the entire education system.!%:20 In a research study which investigated
teachers’ attitudes towards knowledge assessment, the items in the questionnaire
related to four concepts of assessment: improvement, student accountability,
school accountability and irrelevance.2! There was not a statistically significant
difference between the attitudes of primary and secondary school teachers tow-
ards school accountability and irrelevance. Primary school teachers agreed sta-
tistically significantly more with the statements which associated assessment
activities with the potential for Improvement. Statistically significantly more
secondary school teachers agreed with the significance of assessment for Student
Accountability. There was a correlation of the concept of Improvement with
School Accountability, but there was no correlation with Student Accountability.
This means that the teachers were willing to assume the responsibility for imp-
roving school outcomes and quality and fulfilling their professional account-
abilities, they were willing to include assessment in their professional respon-
sibilities in order to improve teaching and learning process, but they were less
aware of the significance of Student Accountability. The effects of assessment on
teaching and learning, certification of learning and accountability of teaching
were considered to have greater pedagogical-regulation significance by the pri-
mary school teachers, while they were considered to have greater societal-accre-
ditation significance by the secondary school teachers.!® The conducted cluster
analysis showed that teachers could have different attitudes towards assessment
at the same time.22 More than half of the teachers (51 %) had moderate, average
and homogenous views on different purposes of assessment which related to the
attitudes that “Assessment improves teaching and learning”, that “Assessment is
valid for accountability” and that “Assessment is irrelevant”. 28 % of teachers
expressed their opinion that the most important purpose of assessment is to
improve teaching and learning. Approximately 21 % of the teachers had a
marked tendency to question the accuracy of assessment and believed that it had
no impact on their teaching practice.

When evaluating the questionnaire items which related to the criteria of high
quality assessment on an 1-5 scale, the teachers gave high grades for all ten
criteria.23 They identified “Transparency” as the most important criterion (4.50),
while “Directness” (3.93) and “Reproducibility” (3.88) were considered to be the
least significant. The results show that teachers consider the existing, classic
assessment criteria equally important as some new ones (authenticity, cognitive
complexity, costs and efficiency, directness, educational consequences and
meaningfulness) which have been introduced with the orientation being shifted
towards competency-based education and assessment. This finding was contrary
to researchers’ expectations since teachers are sometimes reluctant to accept such
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changes, but this research study did not investigate whether the teachers actually
appreciated and applied all assessment criteria in their teaching practice.

In view of the theoretical framework presented above, the aim of this paper
was to establish the effects of the programme for professional development of
chemistry teachers on their competencies for conducting formative and sum-
mative assessment in chemistry teaching. Based on the aim, the following res-
earch question was raised: How do teachers’ attitudes towards the assessment in
general and the formative and summative assessment of student achievements
change under the influence of the programme for professional development of
chemistry teachers’ assessment competency?

EXPERIMENTAL

Assessment was the main focus of the two-day programme for professional development
of chemistry teachers’ assessment competency (PDChTAC), which was organized by the
Serbian Chemical Society and the University of Belgrade — the Faculty of Chemistry. Four
workshops were held in two days. The structure of all workshops was the same and they
included an introduction, group work and a discussion of the results obtained through group
work. The first workshop focused on assessment as a support for chemistry learning. The
second workshop focused on the issue of how to harmonize teaching and learning activities,
formative and summative assessment, feedback from formative assessment and the criteria by
which students are evaluated in the summative assessment. Within the third workshop par-
ticipants evaluated in groups the validity of tasks used for formative and summative assess-
ment according to the curricula aims and the educational standards. In the fourth workshop the
participants designed tasks for monitoring students’ progress towards certain educational
standards. Bearing in mind the research question, the data about the participants’ attitudes
towards assessment were collected using a questionnaire both before and after the programme
realization. The completion of the questionnaires was on a voluntary and anonymous basis
and in accordance with the Code of Conduct for Scientific Research of the University of
Belgrade (http://bg.ac.rs/files/sr/univerzitet/univ-propisi/Kodeks-naucnoistrazivacki-rad-
29.3.2018.pdf). The aim of the questionnaire completion was explained in several intro-
ductory sentences at the beginning of the questionnaire, and respondents were guaranteed the
confidentiality of the data collected.

Sample

Thirty chemistry teachers from primary and secondary schools participated in the prog-
ramme. The participants’ demographic data are shown in Table I.

Out of the 30 participants, 29 were females, while one was a male. The largest number of
the teachers were in 40—49 age group. Four fifths of the teachers in the sample had over 10
years of experience. University courses through which teachers could develop assessment
literacy (Chemistry didactics, pedagogy and psychology) had been attended by 22 (73.3 %)
participants.

Instrument

The questionnaire designed for this research study consisted of four parts: I — general
information about the respondents; II — teachers’ attitudes towards their usual practice of
assessment of student achievements; III — teachers’ general attitudes towards assessment of
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student achievements; IV — teachers’ attitudes towards competencies necessary for assessment
of student achievements.

The questionnaire contained 59 questions altogether: 6 multiple choice questions, one
open-ended question, and 52 questions in which the respondents were asked to express the
level of their agreement on a Likert-type scale.

TABLE I. Background data of the sample (V= 30), C — contribution of teachers in each category

Work Cl% Age CI% Length of

C/% Education C/% OMVeSIY g

place® service faculty®
PS 16.7 30-39 6.7 1-5 10.0 Undergraduate 80.0 UBFC 70.0
studies
GS 36.7 40-49 60.0 6-10 10.0 Undergraduate 20.0 UNSFS 6.7
and master
studies
VS 40.0 50-59 30.0 11-15 26.7 UBFTM 33
PS, GS, 33 60+ 33 16-20 20.0 UKFS 10.0
VS
PS, GS 33 20-30 30.0 UPKMFSM 33
30+ 33 UBFP 33
USFES 33

*PS — primary school, GS — grammar school, VS — vocational school; "UBFC: University of Belgrade — Faculty
of Chemistry; UNSFS: University of Novi Sad — Faculty of Sciences; UBFTM: University of Belgrade —
Faculty of Technology and Metallurgy, UKFS: University of Kragujevac — Faculty of Sciences; UPKMFSM:
University of Pristina, Kosovska Mitrovica — Faculty of Sciences and Mathematics; UBFP: University of Bel-
grade — Faculty of Physics; USFES: University of Sarajevo — Faculty of Educational Sciences

To confirm the content validity, the questionnaire was examined by the members of the
Department of Chemical Education, the University of Belgrade — Faculty of Chemistry, who
were familiar with the construct of interest and the research subject, but who were not
involved in designing and conducting the actual research study. They also reviewed
readability, clarity and comprehensiveness of the questions in the questionnaire and provided
a coherent estimation of the content validity of the questionnaire.

The reliability of the questionnaire was examined by means of Cronbach’s « coef-
ficient.2* The value of Cronbach’s « coefficient in the part with Likert-type questions was
0.873 for the first application of the questionnaire, and 0.866 for the second application of the
questionnaire, which indicated a satisfactory level of the internal consistency of the instru-
ment.

RESULTS AND DISCUSSION

Teachers’ evaluations of the statements in the questionnaire provide an
insight into the current practice of assessing and grading student achievements in
the field of chemistry in our schools (Table II).

The most frequent evaluations of chemistry teachers regarding the assess-
ment practice in our schools (Table II) will be presented in the following part of
this paper. Teachers rarely change grading criteria based on the results of written
assessment of students and decision on grades based on students’ suggestions and
arguments. However, they more often include the effort invested by the student
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in the grade and the majority of them always or almost always provide their
students with an explanation for the grades awarded. The largest number of
teachers sometimes or very often grade their students in the lessons during which
new material is introduced, but very often or always and almost always try to
make assessment contribute to further learning.

TABLE II. The teachers’ attitudes towards teaching practice of assessment of student achieve-
ments: 1— never or almost never; 2 — very rarely; 3 — sometimes; 4 — very often; 5 — always or
almost always

Contribution, %

Statement
1 2 3 4 5
1. I change the criteria for grading written assessment of 6.7 40.0 16.7 30.0 6.7
knowledge after gaining insight into students’ results.
2. Tinclude the effort invested by a student in his grade. - 3.3 30.0 30.0 36.7
3. Ichange my decision about the grade after students’ 16.7 233 40.0 16.7 -

suggestions or arguments.

4. I create questions for oral assessment of knowledge before 3.3 3.3 20.0 40.0 30.0
the lesson.

5. T use the material designed by my colleagues for assessment 20.0 30.0 36.7 13.3 —

of knowledge.

6. I grade my students in the lessons when new material is - 10.0 36.7 46.7 6.7
introduced.

7. Iprovide an explanation for the grades given to my students. —  — 10.0 90.0

8. T attempt to make knowledge assessment contribute to - = - 233 76.7
further learning.

9. Upon unsatisfactory results of assessing knowledge of - 6.7 13.3 50.0 30.0

certain concepts, I explain the same concepts again.

10. When assessing achievements I take into account the student 13.3 6.7 10.0 40.0 30.0
achievement standards.”

11. I design tasks for written assessment of knowledge bearing 6.7 6.7 6.7 43.3 36.7
in mind the student achievement standards.”

12. T design tasks for oral assessment of knowledge bearing in 6.7 6.7 13.3 53.3 20.0
mind the student achievement standards.”

13. T design tasks for practical assessment of knowledge bearing 10.0 3.3 20.0 53.3 13.3
in mind the student achievement standards.”

14. 1 provide feedback on the level of achievement and - 33 - 333 633
recommendations for further work to each student.

15. I make my decision on the final grade based on the resultsof — - 3.3 33.3 60.0
formative and summative assessment of knowledge.

16. I give my tests to colleagues so that they evaluate their 13.3 20.0 20.0 33.3 13.3

quality and validity before their application in practice.

17. I include my students in defining the criteria by which their 6.7 20.0 13.3 53.3 6.7
achievements will be assessed.

18. I include my students in the assessment of other students’ 10.0 10.0 23.3 40.0 16.7
achievements.

“The student achievement standards at the end of compulsory education and at the end of general secondary
education
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The majority of teachers very often or always and almost always explain the
concepts again after unsatisfactory results of assessment of knowledge. Teachers
sometimes or very rarely use materials for knowledge assessment designed by
their colleagues. The majority of teachers very often or always and almost always
create questions for oral assessment of knowledge before the lesson. Generally,
teachers very often or always and almost always take into account the student
achievement standards, mostly during the process of designing the tasks for
written assessment of knowledge, to a lesser extent when designing questions for
oral assessment of knowledge and least for practical assessment of knowledge.
The majority of teachers very often or always and almost always provide their
students with feedback on the level of achievement and recommendations for
further work, and they make their decision on the final grade based on formative
and summative assessment of knowledge. 40 % of the teachers very rarely or
sometimes give their tests to colleagues for the evaluation of quality and validity
before using them in the classroom, while 33 % of them do this very often.
Slightly more than half of the teachers very often include their students in def-
ining the criteria for evaluating achievements, while one fifth does this very
rarely. 40 % percent of the teachers very often include students in the evaluation
of other students’ achievement, while 23 % does this sometimes.

Teachers’ attitudes towards the function of assessment before the realization
of the programme for PDChTAC, and after the realization of the programme can be
observed from the degree of agreement with the statements presented in Table III.

Since the same group evaluated these variables, the sample is not inde-
pendent, so the Wilcoxon test was used to determine whether there were any
statistically significant differences between the evaluations provided by the group
before and after the realization of the programme for PDChTAC. Using SPSS
output, the data analysis shows that the evaluations provided by the group are
statistically significantly different for 6 out of 18 variables. In the following part
the results for the attitudes of teachers which are statistically significantly
different compared to the attitudes which had been expressed immediately before
the beginning of the development programme will be presented.

The largest percentage of teachers mainly or strongly agreed that the assess-
ment of student achievements is as important in the teaching process as acquiring
new knowledge on both occasions when their attitudes were investigated using
the same question within the research study. Upon the programme completion the
number of teachers who strongly agreed with the above-mentioned statement
increased (z=-2.32, p<0.05). After the development programme a larger
number of teachers expressed their opinion that they mainly agreed with the
statement that student achievements should be assessed in each lesson (z = —4.42,
p <0.0001). A large number of teachers changed their attitude that each assess-
ment of achievement should result in a grade, so two thirds of the participants
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stated that they strongly or mainly disagreed with this attitude (z=-2.26,
p <0.05). After the programme the number of teachers who strongly agreed that
the result of formative assessment enables a student to gain an insight into his
current level of achievement increased (z =—2.30, p <0.05), while none of the
teachers expressed disagreement with this attitude anymore.

TABLE III. Teachers’ attitudes towards the assessment of student achievements; i — at the
beginning of the programme realization; f — at the end of the programme realization: 1 —
strongly disagree; 2 — mainly disagree; 3 — both agree and disagree; 4 — mainly agree; 5 —
strongly agree

Contribution, %

Statement
1 2 3 4 5
1. Assessment of student achievements and acquiring know- - - 33 36.7 60.0
ledge are equally important parts of the teaching process. - = - 133 86.7
2. Student achievements should be assessed in every lesson. - — 233 30.0 46.7
6.7 46.7 46.7

13.3 16.7 50.0 20.0

233 433 26.7 6.7 —
6.7 20.0 333 333 6.7
13.3 30.0 26.7 233 6.7

3. The outcome of each assessment should be a grade.

4. Written, oral and practical assessment can provide the
same kind of feedback on student achievements.

5. One kind of assessment is sufficient to gain an insight 50.0 40.0 6.7 — 33
into student achievements. 76.7 200 33 - -
6. The results of formative assessment provide a student 33 6.7 133 63.3 133
with an insight into the current level of his achievements. - — 133 433 433
7. Being familiar with the assessment criteria contributes to - 33 33 533 40.0
better student achievements. - — 33 40.0 56.7
8. Providing an explanation for the grade has a positive - — 6.7 30.0 633
impact on student’s subsequent work. - - - 36.7 633
9. Students learn through the process of achievement — — 133 50.0 333
— 13.3 36.7 50.0
10. The results of achievement assessment depend on the — 10.0 30.0 46.7 10.0
type of assessment applied. - — 433 433 133
11. Good practice in achievement assessment includes a dis- - — 133 36.7 50.0
cussion on the level of knowledge achieved by students. - — 10.0 43.3 46.7

- 3.3 36.7 30.0 30.0
- 133 36.7 26.7 233
- 33 26.7 46.7 233
- 10.0 20.0 36.7 33.3
- 33 100 76.7 6.7
- 6.7 10.0 40.0 433

12. Unannounced assessment of knowledge leads to worse
results than announced assessment.

13. Formative assessment of knowledge requires special
preparation and analysis.

14. Knowledge assessment should present learning in a new
context.

15. Knowledge assessment should enable the improvement - - — 533 433
of learning strategies. - - 6.7 433 50.0
16. Students can draw conclusions about the level of their — 33 433 40.0 133
achievements based on their grade. - 20.0 56.7 23.3

- 10.0 43.3 36.7 10.0
- 13.3 333 40.0 133
233 233 433 6.7 33
f 533 26.7 133 33 33

17. A grade higher than the current level of achievement has
a positive effect on student’s further progress.

i
f
i
f
i
f
i
f
i
f
i
f
i
f
i
f
i
assessment. f -
i
f
i
f
i
f
i
f
i
f
i
f
i
f
i
f
18. Formative assessment excludes summative assessment. i
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Furthermore, the number of teachers who mainly or strongly agreed with the
statement that students can draw a conclusion about the level of their achieve-
ment based on the grade increased (z =—2.83, p <0.01). There was a statistically
significant difference in the number of teachers who had previously been undec-
ided, but who expressed their opinion that they strongly or mainly disagreed with
the statement that formative assessment excludes summative assessment after the
programme completion (z = —2.40, p < 0.05).

There were no statistically significant differences in the teachers’ attitudes
for the other 12 statements after the programme completion, but the results show
that there were certain shifts and changes. A higher percentage of teachers exp-
ressed their attitude that they strongly or mainly disagreed with the statements
that written, oral and practical assessment can provide the same kind of feedback
on student achievements and that one kind of assessment is sufficient to gain an
insight into student achievements. Furthermore, a higher percentage of teachers
mainly or strongly agreed that being familiar with the assessment criteria con-
tributes to better student achievements, which providing an explanation for a
grade has a positive impact on students’ subsequent work and that students learn
through the process of assessment of achievement.

The questionnaire was also used to investigate the teachers’ attitudes tow-
ards their competencies for assessing student achievements. The results obtained
through their responses are presented in Table V.

The Wilcoxon test was used to determine whether there were any statis-
tically significant differences in the evaluations obtained from the group. Using
SPSS output, the data analysis shows that the evaluations obtained from the
group is statistically significantly different for 8 variables. In the following part
the results for teachers’ attitudes between which there was a statistically sig-
nificant difference after the realization of the programme for PDChTAC are pre-
sented. In comparison with the initial evaluations, a higher percentage of teachers
strongly agreed that they could monitor and evaluate the effectiveness of their
work based on the results obtained through knowledge assessment (z=-2.97,
p <0.005) and that they understood the concepts of formative and summative
assessment (z =—3.54, p <0.001). Almost all teachers mainly or strongly agreed
that they were competent to design and realize formative assessment of know-
ledge (z=-2.37, p <0.05) and summative assessment of knowledge (z =-2.99,
p <0.05).

The number of teachers who considered that they were competent to design
and conduct written assessment in accordance with the achievement standards
also increased (z =—2.07, p <0.05) after the development programme, and none
of the teachers expressed disagreement with this statement.
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TABLE IV. The teachers’ attitudes towards the competencies for assessing student achieve-
ments; i — at the beginning of the programme realization; f — at the end of the programme
realization: 1 — I strongly disagree; 2 — I mainly disagree; 3 — I both agree and disagree; 4 — I
mainly agree; 5 — I strongly agree

Contribution, %

Statement
1 2 3 4 5

1. T meet the competency standards for the teaching i - - - 36.7 633
profession. f - - 33 46.7 50.0

2. Tam competent to design and conduct knowledge assess- 1 — - 16.7 433 36.7
ment in accordance with the student achievement f - - 6.7 600 333
standards.

3. Isuccessfully adapt knowledge assessment to students” 1 — 6.7 30.0 40.0 23.3
individual abilities. f - - 26.7 60.0 13.3

4. 1 can monitor and evaluate the effectiveness of my work 1 — - 233 66.7 10.0
based on the results obtained through knowledge f - - 10.0 53.3 36.7
assessment.

5. Tam competent to assess student achievements using i - - 6.7 50.0 40.0
various types of assessment. f - - 33 56.7 36.7

6. T understand the concepts of formative and summative i 3.3 6.7 30.0 36.7 20.0
assessment. f - - 33 333 633

7. T am competent to design and conduct formative i — 33 30.0 40.0 26.7
assessment of knowledge. f - - 33 56.7 40.0

8. I am competent to design and conduct summative i — 6.7 30.0 36.7 26.7
assessment of knowledge. f - - - 50.0 50.0

9. Iam competent to design and conduct written assessment i — - 6.7 36.7 56.7
of knowledge in accordance with the goals of chemistry f - - — 433 56.7
education.

10. T am competent to design and conduct oral assessment of 1 — - - 50.0 50.0
knowledge in accordance with the goals of chemistry f - - - 40.0 60.0
education.

11. T am competent to design and conduct practical assess- 1 3.3 — 6.7 633 26.7
ment of knowledge in accordance with the goals of f — 33 10.0 40.0 46.7

chemistry education.
12. I am competent to design and conduct written assessment 1 3.3 3.3 13.3 46.7 33.3

of knowledge in accordance with the achievement f - — 10.0 433 46.7
standards.

13. T am competent to design and conduct oral assessment i 3.3 3.3 20.0 36.7 36.7
of knowledge in accordance with the achievement f - - 6.7 433 50.0
standards.

6.7 33 26.7 36.7 26.7
- 33 16.7 46.7 333
10.0 3.3 20.0 30.0 36.7
- - 6.7 400 533

14. T am competent to design practical assessment of know-
ledge in accordance with the achievement standards.

15. I have improved my competencies for monitoring and
evaluating student achievements through professional
development programmes.

16. T have improved my competencies for monitoring and i 67 67 6.7 533 233
evaluating student achievements by reading specialized f - - 10.0 56.7 333
and scientific publications.

e
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A considerably higher percentage of teachers mainly or strongly agreed that
they were competent to design and conduct oral assessment of knowledge (z =
=—2.54, p <0.05) and practical assessment of knowledge (z =—2.05, p <0.05) in
accordance with the achievement standards. Responding to the statement which
referred to the previous improvement of competencies for monitoring and
evaluating student achievements through professional development programmes,
the teachers obviously included their experience of attending the programme for
PDChTAC (z =-2.50, p <0.05).

As far as the other statements are concerned, there was no statistically
significant difference between the responses given before and after the develop-
ment programme, but a higher percentage of teachers mainly or strongly agreed
with the statement that they were competent to design and conduct knowledge
assessment in accordance with the student achievement standards and that they
adapted knowledge assessment to individual abilities of their students.

CONCLUSION

Teachers’ responses regarding their assessment practice, i.e., how it is con-
ducted in schools, indicate that teachers attempt to harmonize it with the require-
ments prescribed by primary and secondary school regulations (they provide their
students with an explanation for their grades, they attempt to make assessment
contribute to further learning, they make their decisions about final grade based
on the results of formative and summative assessment, they provide their students
with feedback and guidelines for subsequent work, they explain the material
again in case their students failed to learn it, they take into account students’
effort when assessing them, they plan assessment in accordance with the student
achievement standards). However, they more rarely consider the criteria which
they use to decide upon grades and they more rarely consider grades in the light
of students’ arguments. Based on teachers’ responses it can be observed that they
do not cooperate enough with their colleagues as far as assessment is concerned,
both regarding the use of material developed by others and asking their colle-
agues’ opinion about the quality and validity of the instruments they use to assess
student achievements.

The two-day professional development programme for chemistry teachers,
which focused on strengthening their competencies for assessment, influenced
the teachers in such a way that there were statistically significant differences
regarding their more positive attitudes towards the following statements:

— knowledge assessment and learning are equally important segments of
teaching;

— knowledge assessment should be conducted continually (in every lesson);

— formative assessment helps a student gain an insight into his current level
of his achievements;
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- grades enable students to gain an insight into their level of achievements.

In addition to this, the programme has caused a statistically significant inc-
rease in the number of teachers who disagree with the statements that each
assessment of achievement should result in a grade and that formative assessment
excludes summative assessment.

As far as the statements which refer to the competencies for assessment are
concerned, after the programme, a statistically significant percentage of teachers
have a more positive attitude towards the following statements:

— they can monitor and evaluate the effectiveness of their work based on
the results of knowledge assessment;

— they understand the concepts of formative and summative assessment;

— they are competent to design and conduct formative and summative
assessment of knowledge.

Upon the programme completion, there was a statistically significant inc-
rease in the number of teachers who evaluated that they were more competent to
design and conduct written, oral and practical assessment based on the achieve-
ment standards.

Teachers’ responses show the impact of the programme for the development
of their competencies for assessment, particularly regarding formative and sum-
mative assessment and designing various kinds of assessment in accordance with
the achievement standards. This is a unique teacher development programme in
our education system which has changes identified in the knowledge, skills and
attitudes of the teachers upon its realization.
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U3BOJ

IMPOTPAM IMTPOPECHOHAITHOTI PA3BOJA KOMITETEHIIMJA HACTABHUKA XEMHUJE
3A TIPOBEPY 3HAIA

BUJbAHA U. TOMAIIEBWR, JPATULIA [I. TPUBUR, BECHA 1. MUWJIAHOBWHR u JIMIWUJA P. PAJIEBUR
Yuusepsutiewni y Beoipagy — Xemujcku Qaxynitieii, Ciiygenticku wpi 12-16, beoipag

Llwm oBOT paza je ucnuTHBame edekara mporpama 3a mpodeCHOHATHN Pa3B0j HACTAB-
HUKa XeMHje Ha BUXOBe KOMIIeTeHIIHje 3a u3Boheme JOPMATUBHOT U CyMAaTUBHOT OLleHBaba
y HacTaBU XeMHje. Y mporpamy je yuyectBoBano 30 HacTaBHUKA XEMHjeé U3 OCHOBHUX M
cpenwux wkosna. [logauy cy NpUKYIUbeHU TOMOhY yNUTHHKA, IPUMEHBEHOT HA MOYETKY U Ha
Kpajy peanusauyje mporpama. IIporpam ce cacrojao off Y4eTUPH PafUOHUIIE Ca UCTOM CTPYK-
TYpOM Daja: yBOA, IPyNHU Paj U OUCKyCHja pe3yiTaTa IpynHOr paja. Paguonuue cy dume
nocsehene: 1) ouewUBamy Kao MNOAPLILY y4yewy XeMuje; 2) yckaaheHOCTH aKTHMBHOCTH Hac-
TaBe U yuewa, GOPMATHUBHOT U CyMaTUBHOT OIlelmHBamka, MOBPAaTHUX HWHGpOpManuja dopma-
THUBHOI OlLleBMBama M KPUTEPHjyMa 3a CYyMaTHBHO OL€HBUBame; 3) NMPOLEHH Ba/baHOCTH
3amaraka 3a (DOpPMaTUBHO M CyMaTHBHO OLIEBHBAWE Y CKIafy C LIM/beBUMa HaCTaBHUX IIPO-
rpama ¥ 00pa3sOBHUM CTaHAApAXMa; 4) NpUIpemMu 3afaraka 3a npahewe HampeTka yuyeHHUKa
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mpeMa oppeheHUM 00pa3oBHUM cTaHZapauma. OIroBOpM HACTaBHHUKA MOKA3yjy HOMPUHOC
mporpaMa pasBojy HHUXOBUX KOMIIeTeHIWja 3a npaheme W MpOBepaBame yYUEHHIKHX I0C-
turayha, nocedHo y Be3u ¢ OpMaTHBHHUM U CYMAaTHBHUM IIPOBEPaBameM U NPHUIPEMameM
Pa3NUYUTHX HAYMHA MTPOBEpaBama yckaaheHo ca cTaHnapAuMa NoCcTurHyha.
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Errata
(Printed version only)

1. Volume 86, Issue 9, Cover Page, first line from the top should read:

JSCSEN 86(9)781-899(2021)
2. Volume 86, Issue 9, Page 899 should read:

J. Serb. Chem. Soc. 86 (9) 899 (2021) Note
JSCS-5470 Published 17 August, 2021

Retracting Note

Paper entitled “Bioleaching of copper, zinc and gold from a polymetallic ore
flotation concentrate from Coka Marin deposite (Serbia)”, by J. Avdalovié et al.
https://doi.org/10.2298/JSC210127016A, published on August 1, 2021 in the
OnLine First section of the Journal of the Serbian Chemical Society has been
retracted and withdrawn since the authors (corresponding author) did not approve
galley proof prepared by Editorial office.

Retracted manuscript was deposited in the DoiSerbia quarantine, Repository
service of the National Library of Serbia: http:/doiserbia.nb.rs/issue.aspx?
issueid=1981

https://doi.org/10.2298/JSC210817062R

1011
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