ISSN 2220-637X

BicCHUK
XapKIBCBKOTO
HaltiloHaABHOTO
YHIBEPCUTETY

imeH1 B. H. Kapaizina

CEPIA «XIMIA»
Burt. 43 (66)

Kharkiv University Bulletin
Chemical series. Issue 42 (65)

3acHoBaHuii 1935 poKy K Published since 1935; initially

“Tpyau iHCTUTYTYy XeMii Ipu under the title "Proceedings of
XapKiBCbKOMY Aep3KaBHOMY the Institute of Chemistry at
yHiBepcureTi” Kharkiv State University"

XapkiB Kharkiv
2024



YOK 54

daxose BMAAHHS 3 XiMiYHMX HayK, kaTeropis "Bb"

3aCHOBHMK: XapKiBCbKUI HaLlioHanbHUI YHiBepcuTeT iMeHi B. H. KapasiHa. Pik 3acHyBaHHs: 1935
My6nikye cTaTTi, NPUCBAYEHI Pi3HNM acnekTaM TEOPETMYHOI XiMii, XiMIYHOrO aHani3y, opraHiyHoi XiMmii,
cnekTpockonii,  i3MKo-XiMii  pO3uMHIB  Ta MOBEPXHEBUX  SIBULL,  E€N1IEKTPOXiMii,  XiMiYHOro
MaTepiano3HaBCTBa. BicHWK BKIoYeHO A0 nepeniky (axoBuX BuMAaHb, B SIKUX MOXYTb NybnikyBaTMCS
OCHOBHi pe3ynbTaTh AWCEpPTALiHMX pPoBIT Ha 3400YyTTS HAyKOBMX CTYMEHIB JOKTOpa Ta KaHAuaaTa
XiMiyHnx Hayk. (Hakas MiHictepctBa oCBiTM i Haykm YkpaiHm No 1643 Big 28.12.2019 poky).
MepioanyHICTb 2 BMNYCKM Ha piK

3ameepoxkerHo 0o Opyky piweHHsIM Buenoi padu XapkigcbKkoz20 HAUIOHABLHO20
yHieepcumemy imeri B.H. Kapasina (npomoxon Ne 26 6i0 23 epyoHa 2024 p.)

FonoBHUI pegakTop

0.1. Kopobos A4.X.H., npod., XHY imeHi B.H. KapasiHa, YkpaiHa
Pepnaktopu

A.O. [dopoLueHko A4.X.H., npod., XHY imeHi B.H. KapasiHa, YkpaiHa

M.O. Mueanos-leTpocsH A.X.H., npod., XHY imMeHi B.H. KapasiHa, YkpaiHa,

yneH-kopecnoHaeHT HAH Ykpainu

TexHiuHM pepakTop
A.B. 3axapoB K.X.H., XHY imeHi B.H. KapaziHa, YkpaiHa

PepakuiiHa paga

B.B. IBaHOB 4.X.H., npod., XHY imeHi B.H. KapasiHa, YkpaiHa

B.O. YepaHoBcbkuii A4.¢.-M.H., npod., XHY imMeHi B.H. KapasiHa, YkpaiHa

C.A. LlLWanoBanos A4.X.H., npod., XHY imMeHi B.H. KapasiHa, YkpaiHa

O.1. IOpueHko A.X.H., npod., XHY imMeHi B.H. KapasiHa, YkpaiHa
MixxHapoaHa KOHCy/IbTaTUBHA paja

. Ennoscki npodecop, YHiBepcuTeT Kapoi cTepxasu, YroplmHa

A. Ippucci npodecop, YHisepeuteT Jlnnng, OpaHuis

0O.M. KanyriH K.X.H., npod., XHY imeHi B.H. KapasiHa, YkpaiHa

A.10. HazapeHko PhD, Prof., Buffalo State College, USA

0.B. Mpexao PhD, Prof., University of Southern California, USA

B.A. YebaHoB A.X.H., npo@d., HTK «IHCTUTYT MOHOKpUCTanis», YKpaiHa,

yneH-kopecrnoHaeHT HAH YkpaiHu

PenakTopu KOHCYJ/IbTaHTU

I.M. B'toHuK A4.X.H., npod., XHY imMeHi B.H. KapasiHa, YkpaiHa
B.I. JlapiH A.X.H., npod., XHY imMeHi B.H. KapasiHa, YkpaiHa
B.I. Jlebigb A.X.H., npod., XHY imMeHi B.H. KapasiHa, YkpaiHa

Anpeca pepakuiviHoi konerii: YkpaiHa, 61022, Xapkis, MaiaaH Ceoboau, 4,
XHY imeHi B.H. KapasiHa, xiMmiuHuin dakynbteT; Ten.: +38 057 707 51 29.
E-mail: chembull@karazin.ua a.korobov@karazin.ua

CTaTTi NPOMLLAM BHYTPILIHE Ta 30BHILUHE peLeH3yBaHHS.

Ioernmudcpixamop media y Peecmpi cyb’ekmie y cgpepi media: R30-04479 (PiwweHHs
No 1538 8i0 09.05.2024 p. HauioHanvHol padu YrkpaiHu 3 numaHb menebaueHHs i
paodiomosnerHs. I[Ipomokon Ne 15)

© XapKiBCbKWIA HaLiOHaNbHWUIA YHIBEPCUTET
imeHi B.H. Kapa3iHa, opopmneHHs, 2024



UDK 54

Professional publication in chemical sciences, category "B"

Founder: V. N. Karazin Kharkiv National University. Year of foundation: 1935

Publishes papers devoted to various aspects of theoretical chemistry, chemical analysis, organic
chemistry, inorganic chemistry, physical chemistry of solutions and surface phenomena,
electrochemistry, materials chemistry. The bulletin is officially authorized by the Highest Attestation
Commission of Ukraine to publish results of research submitted for PhD and ScD degrees. (Order of
the Ministry of Education and Science of Ukraine No. 1643 of December 28, 2019). 2 issues per year

Publication of this issue is approved by the Academic Council of V.N. Karazin Kharkiv
National University (protocol Ne 26 from 23.12.2024).

Editor-in-chief

Alexander Korobov ScD, Prof., V.N. Karazin Kharkiv National University
Editors

Andrey Doroshenko ScD, Prof., V.N. Karazin Kharkiv National University

Nikolay Mchedlov-Petrossyan ScD, Prof., V.N. Karazin Kharkiv National University,

corresponding member of NAS of Ukraine

Managing editor

Anton Zakharov PhD, V.N. Karazin Kharkiv National University
Editorial board

Vladimir Ivanov ScD, Prof., V.N. Karazin Kharkiv National University

Vladislav Cheranovsky ScD, Prof., V.N. Karazin Kharkiv National University

Sergey Shapovalov ScD, Prof., V.N. Karazin Kharkiv National University

Oleg Yurchenko ScD, Prof., V.N. Karazin Kharkiv National University
International advisory board

Pal Jedlovszky Dr. Prof., Eszterhazy Karoly University, Hungary

Abdenacer Idrissi Prof., Universite Lille, France

Oleg Kalugin PhD, Prof., V.N. Karazin Kharkiv National University

Alexander Nazarenko PhD, Prof., Buffalo State College, USA

Oleg Prezhdo PhD, Prof., University of Southern California, USA

Valentyn Chebanov ScD, Prof., SSI "Institute for Single Crystals", Ukraine

corresponding member of NAS of Ukraine

Consulting editors

Ivan Vyunnik ScD, Prof., V.N. Karazin Kharkiv National University
Vasyl Larin ScD, Prof., V.N. Karazin Kharkiv National University
Valentyn Lebed ScD, Prof., V.N. Karazin Kharkiv National University

Address of editorial team: 4 Svobody Sq., Kharkiv, 61022, Ukraine, V.N. Karazin Kharkiv
National University, School of Chemistry; tel.: +38 057 707 51 29.
E-mail: chembull@karazin.ua a.korobov@karazin.ua

All articles have been reviewed.
Media identifier in the Register of the field of Media Entities: R30-04479 (Decision

Ne 1538 dated May 9, 2024 of the National Council of Television and Radio
Broadcasting of Ukraine, Protocol Ne 15)

© V.N. Karazin Kharkiv National University,
Design, 2024



BicHuk XapkiBChKOTO HalliOHAJILHOTO YHIBEpCUTETY, cepis "Ximis", pur. 43 (66), 2024

26

38

48

56

3MICT

MopiBHAHHS edEeKTUBHOCTI NPOrHo3yBaHHS 3D-CTpyKTypu 6inka 3 BUKOPUCTaHHSIM
AlphaFold 3 Big Google DeepMind. €. Alyma, O. KupuueHko.

EBontouiiHa onTuMisauiss 6ya0BM €eHCITpenBipy $IK HEKOBANEHTHOro iHribitopa
OCHOBHOI npoTea3n SARS-COV-2 MP°, K.O. JlorauoBa, A. C. CssTeHKO,
O. B. KupuueHnko, O. M. KanyriH.

CTpyKTypa Ta TpaHCMNOPTHI BNacTMBOCTI po3unHiB NaPFs y cymiwax eTuneHkapboHaTy
3 OUMETUNIKApOOHATOM [Ans  HATPiM-iOHHMX akymynsTopiB: M/J  MoAentoBaHHS.
A.B. Boposuk, f1.B. KonecHuk, 0.M. KanyriH.

MeToaM  3aXUCTY/3HATTS  3aXUCTYy  TiAPOKCWABHWUX  rpyn  NpuU  CUHTES3I
nonirigpokcudgnasoHonis. 0. flemmnaos, O. Powans.

CnHTE3 MOHO- Ta AudeHIn 3aMilleHnx caniumnoBux anbAerigis, BaXnuBux 6inanHr-
6nokiB ans cMHTe3sy dnyopecueHTHUX 6apBHUKIB Ta 6apBHUMKIB-ceHCcubinizaTopiB Ans

DSSC. M. B. TpoctaHko, B. B. Nawko, C. M. KoBaneHko.



BicHuk XapkiBChKOTO HalliOHAJILHOTO YHIBEpCUTETY, cepis "Ximis", pui. 43 (66), 2024

26

38

48

56

CONTENTS

Benchmarking Google DeepMind’s AlphaFold 3 Performance for Protein 3D-Structure
Prediction. Y. Duma, A. Kyrychenko.

Evolutionary Structure Optimization of Ensitrelvir as Non-Covalent Inhibitor of SARS-
CoV-2 Main Protease MP°. K. O. Lohachova, A. S. Sviatenko, A. V. Kyrychenko,
O. N. Kalugin.

Structure and Transport Properties of NaPF6 Solutions in Mixtures of Ethylene
Carbonate with Dimethyl Carbonate for Sodium-Ion Batteries: MD Simulation.
A.V. Borovyk, Y.V. Kolesnik, 0.M. Kalugin.

Methods of Protection/Deprotection of Hydroxy Groups in the Synthesis of
Polyhydroxy Flavonols. O. Demidov, A. Roshal.

Synthesis of Mono- and Diphenyl Substituted Salicylic Aldehydes, Important Building
Blocks for the Synthesis of Fluorescent Dyes and Dyes-Sensitizers for DSSC.
P. V.Trostianko, V. V. Pashko, S. M. Kovalenko.



BicHuk XapkiBChKOTO HalliOHAJILHOTO YHIBEpcUTeTY, cepis "Ximis", pur. 43 (66), 2024

https://doi.org/10.26565/2220-637X-2024-43-01 ISSN 2220-637X
VJK: 544.165+577.322

BENCHMARKING GOOGLE DEEPMIND 'S AlphaFold 3 PERFORMANCE FOR
PROTEIN 3D-STRUCTURE PREDICTION
Y. Duma?®, A. Kyrychenko®

V. N. Karazin Kharkiv National University, School of Chemistry, 4 Svobody sqr., Kharkiv, 61022
Ukraine

a) [ yelyzaveta.duma@student.karazin.ua _https://orcid.org/0009-0004-0873-6490
b) [ a.v.kyrychenko@karazin.ua _https.//orcid.org/0000-0002-6223-0990

The 3D structure of proteins is directly linked to their function, making its determination crucial for under-
standing biological processes and addressing issues related to human health and life sciences. Despite the con-
tinuous experimental acquisition of new protein structures, there remains a significant gap between the number
of protein sequences available and those that have an established experimental high-resolution tertiary struc-
ture. Several computational approaches have focused on predicting protein structures using either templates or
empirical force field modeling. In recent years, various methods have been combined to address the individual
limitations of these approaches, leading to the development of AlphaFold 3 (AF3) by Google DeepMind. AF3
enables prediction of 3D protein structures with high accuracy based on its amino acid sequence. In this study,
we benchmarked applicability, performance, and limitations of AF3 for predicting 3D structure of a broad series
of proteins, including SARS-CoV-2 coronavirus proteins, other bacterial and viral proteins, as well as some plant
enzymes. We found that AlphaFold 3 could capture the overall backbone features of the most examined pro-
teins in terms of small deviation from available X-ray structures. Some minor miss-folding of N- and C-terminal
segments were common, which, often, did not affect biological roles of the studied proteins. In cases involving
protein dimers or higher-order oligomers, there are notable differences between the predicted AF3 models of a
single-chain monomer and their corresponding experimental structures. These discrepancies are particularly ev-
ident in regions related to protein dimerization, assembly, and binding interfaces. Ultimately, while capturing the
overall fold, predicting the complex structure of the Spike glycoprotein is still beyond the current capabilities of
AF3.

Keywords: protein folding, enzyme, 3D structure, drug design, artificial intelligence, AlphaFold 3.

Introduction

Tertiary protein structures are typically determined using techniques, such as X-ray crystallogra-
phy, electron cryomicroscopy (cryo-EM), and nuclear magnetic resonance (NMR). However, these
methods are complex, time-consuming, and expensive, and they often do not capture the protein in its
native form. Given these challenges, it is not surprising that the number of proteins with resolved ter-
tiary structures is relatively small — only ~202000 entries in the Protein Data Bank (PDB) — com-
pared to the vast number of known protein sequences, which stands at 240 million entries in UniProt
DataBase. This disparity presents an open challenge, highlighting the need for innovative approaches
in protein structure prediction, particularly methods that utilize computational models to predict 3D
protein structures from polypeptide sequences .

Several algorithms and web servers have been developed to enhance protein structure prediction
. The significance of these efforts is highlighted by their impact on various applications, including ra-
tional drug design, mutational studies, structural comparisons, evolutionary analysis, and folding stud-
ies . However, despite significant advancements, leading to gradual improvements in accuracy, the
fundamental problem of predicting protein structures remained largely unsolved for decades . Since
the introduction of AlphaFold by Google DeepMind in 2018 and AlphaFold 1 in 2019, these systems
have rapidly outperformed other computational methods in predicting protein structures. Following
this, AlphaFold 2 was released in 2020 and revolutionized the field of protein structure prediction .
The latest version, AlphaFold 3, was presented in May 2024 and represents a significant
advancement . The major improvements in AlphaFold 3 stem from a substantial evolution in its net-
work architecture and training procedures, allowing it to represent a wider range of chemical structures
and enhancing the efficiency of learning from available data. Additionally, AlphaFold 3 incorporates a
diffusion model to predict the coordinates of each atom, replacing the structure module used in Al-

© Duma, Y., Kyrychenko A., 2024
This is an open access article distributed under the terms of the Creative Commons Attribution License 4.0.
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phaFold 2, which operated at the amino acid level . So, recent studies have demonstrated that AF3 can
achieve experimental accuracy in an increasing number of cases . Finally, considering all these efforts,
AlphaFold's developers, David Baker, Demis Hassabis and John Jumper, have been awarded the No-
bel Prize for Chemistry 2024 for their work on computational protein design and protein structure pre-
diction.

In this study, we benchmarked AlphaFold 3's applicability and limitations for predicting 3D ter-
tiary structure of a broad series of proteins, including SARS-CoV-2 virus enzymes, bacterial and viral
proteins, as well as some plant enzymes.

Results and Discussion

To benchmark performance of AF3 for protein structure prediction we selected diverse families
of functional proteins and enzymes, such as SARS-CoV-2 proteins, some proteins from Mycobac-
terium tuberculosis, as well as other crucial enzymes. Selection criteria were based on biological im-
portance and availability of experimental high-resolution 3D structures. The selected proteins are com-
posed of various conservative secondary structures, such as a-helixes and B-pleated sheets, offering
some computational challenge for their structure evaluations.

Key proteins of the SARS-CoV-2 coronavirus

Coronavirus disease 2019 (COVID-19) is caused by a novel member of the Coronaviridae fam-
ily known as Severe Acute Respiratory Syndrome Coronavirus 2 (SARS-CoV-2). The genome of this
virus contains both structural and non-structural proteins (NSps). The structural proteins include Spike
(S), membrane (M), hemagglutinin-esterase (H), and envelope (E) proteins, while the NSPs consist of
accessory proteins and replicase proteins (Fig. 1) .

Figure 1. Architecture of the SARS-CoV-2 genome and proteome, demonstrating key enzymes of the coron-
avirus. Adopted with permission from . Copyright © 2021 Wiley Periodicals LLC.

The structural and Nsp components of SARS-CoV-2 are crucial for its infectivity, and some
may play significant roles in the development of chronic diseases such as cancer, coagulation disor-
ders, neurodegenerative disorders, and cardiovascular diseases . Additionally, the proteins of SARS-
CoV-2 interact with targets like the angiotensin-converting enzyme 2 (ACE2) receptor.
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A structural comparison of several essential SARS-CoV-2 proteins, including ten variants of the
Spike protein and cysteine proteases, was recently conducted using an earlier version of AlphaFold 2 .
In this study, some of these structures were reanalyzed using the newer version, AlphaFold 3.

The first set of the studied proteins were selected from SARS-CoV-2 coronavirus’ lifecycle.
SARS-CoV-2 has a genome that consists of a long RNA strand, making it one of the largest among all
RNA viruses. When the virus infects a cell, this genome acts like messenger RNA (mRNA) and di-
rects the synthesis of long polyproteins (Fig. 1). These polyproteins contain the components necessary
for the virus to replicate and produce new viruses. The proteins include a replication/transcription
complex that generates more RNA, several structural proteins that assemble new virions, and two cys-
teine proteases. These proteases are crucial as they cut the polyproteins into the functional pieces
needed for the virus's lifecycle. In this set, the main protease M (PDB: 6LU7 ), papain-like protease
PLP™ (PDB: 7SGW ), Nsp12-Nsp7-Nsp8 complex of non-structural proteins (Nsp) (PDB: 7BV1 ) were
considered (Fig. 2). Additionally, Spike protein of recent Omicron variant of the virus is also consid-
ered.

Main protease Mpro
(PDB 6LU7)

Nsp12-Nsp7-Nsp8
complex in an apo form
Papain-like protease (PDB 7BV1)
(PDB 7SGW)

Omicron Spike (S) protein
in an open state
(PDB 7WVO)

Figure 2. The X-ray or cryo-EM structures of some essential proteins of the SARS-CoV-2 virus. The corre-
sponding PDB codes are given in brackets.

Some recent studies utilizing X-ray crystallography cryo-electron microscopy have reported the
high-resolution structure of some essential SARS-CoV-2 proteases, such as main and papain-like pro-
teases, Nsp complex was well as Spike-proteins, as summarized in Fig. 2. Therefore, these selected
proteins of the SARS-CoV-2 family were subjected to the AF3 evaluation using their FASTA se-
quences (Table 1).

Table 1. Amino acid sequences of the M and PL"™ proteases used for AF3-prediction.

Protein, FASTA Sequence

PDB Code

Main pro- | SGFRKMAFPSGKVEGCMVQVTCGTTTLNGLWLDDVVYCPRHVICTSEDML-

tease NPNY  EDLLIRKSNHNFLVQAGNVQLRVIGHSMQNCVLKLKVDTANPKTP-

MPre, KYKFVRIQPGQ TFSVLACYNGSPSGVYQCAMRPNFTIKGS-

6LU7 FLNGSCGSVGFNIDYDCVSFCYMHHM ELPTGVHAGTDLEGNFYGPFVDRQ-
TAQAAGTDTTITVNVLAWLYAAVINGDRWFLN RFTTTLNDFNL-

VAMKYNYEPLTQDHVDILGPLSAQTGIAVLDMCASLKELLQNGMN GRTIL-
GSALLEDEFTPFDVVRQCSGVTFQ

Papain-like | SNAEVRTIKVFTTVDNINLHTQVVDMSMTYGQQFGPTYLDGADVTKIKPHN-
protease SHEGK TFYVLPNDDTLRVEAFEYYHTTDPSFLGRYM-
PLM™, SALNHTKKWKYPQVNGLTSIKWADN  NCYLATALLTLQQIELKFNPPALQ-
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7SGW DAYYRARAGEAANFCALILAYCNKTVGELGDVR ETMSYLFQHANLDSCK-
RVLNVVCKTCGQQQTTLKGVEAVMYMGTLSYEQFKKGVQI
PCTCGKQATKYLVQQESPFVMMSAPPAQYELKHGTFTCASEYT-
GNYQCGHYKHITS KETLYCIDGALLTKSSEYKGPITDVFYKENSYTTTIK

Main protease MP°. The main protease, known as M”® (a 3C-like protease), is responsible for
cleaving eleven specific sites on the two SARS-CoV-2 polyproteins. MP® is comprised of three do-
mains: a chymotrypsin-like domain (Domain I), a 3C-protease-like domain (Domain II), and a third
domain (Domain III) that contains five a-helices . The binding pocket of M is situated between Do-
mains [ and II and features a catalytic Cys-His dyad, consisting of Cys145 and His41 . Therefore, M
has attracted essential attention and is considered an ideal target for developing antiviral agents .

Fig. 3 shows the overlap of the AF3-predictuted structure (green) of the M protease with its
native X-ray structure (PDB 6LU7, blue) in two different views. We estimate quantitative measure of
AF3 performance as the C, root mean square deviation (C, RMSD) between the predicted AF3 model
and experimental X-ray structure for entire protein, calculated by PyMOL tool super. The AF3 pre-
dicted models show an average global C, RMSD of 0.411 A from the experimental structures, suggest-
ing that the global structure properties of M have been captured by AlphaFold3. In addition, the
RMSD of main chain atoms between the predicted AF3 model and experimental X-ray structure for
MP© were also calculated by Discovery Studio software and found to be 2.796 A, as summarized in
Table 2. Some key metrics of AF3 confidence measures for its structural predictions are also given in
Table 2.

Figure 3. Overlay of the native X-ray structure of the M protease (PDB 6LU7, blue) and the AF3-
predictuted structure (green) in a side (a) and 180°-rotated (b) views, respectively. Some disagreement
between the AF3-predicted model and the experimental structure are highlighted in red circles.

Papain-like protease PL". In SARS-CoV-2, the Nsp3 protein consists of 1,945 residues (ap-
proximately 212 kDa), and PL” is a domain of this large, multidomain protein that plays a crucial role
in the replication-transcription complex (RTC) . PLP is located in Nsp3, positioned between the
SARS unique domain (SUD/HVR) and a nucleic acid-binding domain (NAB). This enzyme is highly
conserved and is found in all coronaviruses .

PLP™ exhibits multiple functions, including proteolytic activity, processing of Ppla/Pplab, and
deubiquitination, which involves efficiently disassembling mono-ubiquitin, polyubiquitin chains, and
branched polyubiquitin chains . It features a canonical cysteine protease catalytic triad, making it a tar-
get for anti-COVID-19 drug development .

Fig. 4 demonstrates comparison of the AF3-predictuted structure (green) of the PLP® protease
with its native X-ray structure (PDB 7SGW, blue) in two different views. The RMSD between the pre-
dicted AF3 model and experimental X-ray structure for PLP™ was found to be 0.456 A (PyMOL) and

pro
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0.522 A (Discover Studio), suggesting that AlphaFold3 maintains its excellent performance in predict-
ing overall 3D structures of monomeric single-chain proteins.

Table 2. Comparison of AF3-predicted models for the studied proteins, focusing on AF3 confidence
metrics and their deviation from experimental results.

AF3 confidence metrics RMSD (A)
Protein, PBD Chain Chain Ranking C. Main chain
PTM! pair PAE Score? (PyMOL) (Discovery
min’ Studio)
Main protease MP™, 0.93 0.76 0.93 0.411 2.796
6LU7
Papain-like protease PL- 0.92 0.76 0.92 0.456 0.522
e 7ISGW
Nsp12-Nsp7-Nsp8 0.94 0.76 0.95 0.614 1.303
complex, 7BV1
Omicron Spike (S) pro- 0.76 0.76 0.81 2.046 9.488
tein, 7WVO
Oxidoreductase DprEl, 0.90 0.76 0.94 0.236 1.355
4FF6
Dihydrofolate reductase 0.94 0.76 0.94 0.408 0.486
DHFR, 1DF7
Pantothenate kinase 0.86 0.76 0.89 0.629 2.560
PanK, 4BFT
Enoyl-ACP reductase 0.95 0.76 0.95 0.385 1.421
InhA, 4TRO
Sirtuin SIRT1, 4151 0.83 0.76 0.87 1.279 3.301
Sirtuin SIRT2, 4ARMG 0.92 0.76 0.92 0.586 1.938
Diphtheria toxin, 7K7E 0.89 0.76 0.89 0.792 16.034
Paenibacillus polymyxa 0.96 0.76 0.97 0.371 0.736
B-Glucosidase B, 209R

' — A per-chain pTM score, which suggests confidence for the individual chain structure.

? — Minimum predicted aligned error (PAE) for chain pairs, indicating reliability of structural align-
ment.

? - A general confidence score, which summarizes different predictions.

Figure 4. Overlay of the native Cryo-EM structure (PDB 7SGW, blue) of the PLP® protease and the
AF3-predictuted structure (green) in a side (a) and 180°-rotated (b) views, respectively.
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Nsp12-Nsp7-Nsp8 complex. The genome organization of SARS-CoV-2 comprises sixteen non-
structural proteins, Nsp1—-16, which are highly conserved among coronaviruses (Fig. 1) . Non-struc-
tural proteins from this family present essential challenge for 3D structure prediction.

Fig. 5 illustrates the AF3-predicted model of the Nsp12-Nsp7-Nsp8 complex, which is part of
the RNA-dependent RNA polymerase (RdRp) enzyme of SARS-CoV-2. When compared to the exper-
imental Cryo-EM structure, which was measured at a resolution of 2.8 A, the AF3 model displayed a
more compact fold, with two terminal protein segments predicted to differ in several aspects. While
the C, RMSD measured using PyMOL was relatively small at 0.614 A, the main chain RMSD showed
a deviation of 1.303 A (Table 2). This suggests that predicting the structures of viral nonstructural pro-
teins remains a significant computational challenge.

Spike (S) protein. The SARS-CoV-2 virus is covered by a large number of glycosylated Spike
(S) proteins, which bind to the host cell receptor known as angiotensin-converting enzyme 2 (ACE2).
This binding mediates the entry of the virus into host cells (see Fig. 1) . The S protein is crucial for re-
ceptor recognition and the process of cell membrane fusion, consisting of two subunits: S1 and S2.
The S1 subunit contains a receptor-binding domain that recognizes and attaches to ACE2, while the S2
subunit facilitates the fusion of the viral and host cell membranes by forming a six-helical bundle
through its two-heptad repeat domain . When the S protein binds to the receptor, it is activated by the
host cell's TM protease serine 2 (TMPRSS2), a type 2 transmembrane serine protease. This activation
promotes the entry of the virus into the cell. Once inside, the viral RNA is released, and the cell trans-
lates polyproteins from the RNA genome. The replication and transcription of the viral RNA genome
occur via protein cleavage and the assembly of the replicase—transcriptase complex. Consequently, the
design of antibodies or small-molecule entry blockers targeting S proteins is highly significant for pre-
venting the virus and treating COVID-19 .

00

Figure 5. Overlay of the native Cryo-EM structure of the Nsp12-Nsp7-Nsp8 RdRp complex in an apo-
form (PDB 7BV1, blue) and the AF3-predictuted structure (green) in a side (a) and 180°-rotated (b)
views, respectively. Essential disagreements between the AF3-predicted model and the experimental
structure are highlighted in red dotted circles.
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Figure 6. Overlay of the native X-ray structure of the Omicron Spike (S) protein in an open state (PDB
TWVO, blue) and the AF3-predictuted structure (green) in a side (a) and 180°-rotated (b) views, re-
spectively. Essential disagreements between the AF3-predicted model and the experimental structure
are highlighted in red dotted areas.

Considering the complex structure of the S-protein, which consists of 1,258 amino acids (Fig.
2), this case represents one of the most challenging tests for AF3 to date. Figure 6 illustrates the model
of the S-protein predicted by AF3 and compares it with the corresponding cryo-EM structure. It is evi-
dent that AF3 successfully captured most secondary structure features, such as a-helices and p-sheets.
However, some crucial segments of the S-protein, particularly the receptor-binding domain (RBD) that
plays a central role in ACE2 recognition, were predicted with unexpectedly low accuracy (Table 2).
Therefore, we can conclude that predicting the structure of the Spike glycoprotein remains beyond the
capabilities of AF3 at this time.

Essential proteins from Mycobacterium tuberculosis

Mycobacterium tuberculosis (Mtb), the bacterium responsible for tuberculosis (TB), is a re-
silient pathogen that has latently infected about one-third of the world's population. However, tradi-
tional TB treatment regimens are increasingly inadequate in addressing the rising threat of drug resis-
tance. This situation has prompted the development of innovative anti-tuberculosis agents, particularly
those targeting new proteins. The Mtb genome contains approximately 4,000 predicted proteins, many
of which are enzymes involved in various cellular metabolic processes. Notably, over 200 of these
proteins play a role in fatty acid biosynthesis. This process is crucial for building the cell envelope and
is closely linked to the pathogenesis and drug resistance of mycobacteria .

Therefore, the second set of the proteins were selected from Mycobacterium tuberculosis (Mtb)
family , as summarized in Fig. 7.

Oxidoreductase DprE1. Decaprenylphosphoryl-B-D-ribose 2'-oxidoreductase (DprEl) is a
highly conserved enzyme that contains FAD. Together with its downstream NADH-dependent reduc-
tase, DprE2, it facilitates the conversion of decaprenylphosphoryl-f-D-ribofuranose (DPR) into de-
caprenylphosphoryl-p-D-arabinofuranose (DPA). DprEl is a promising target for the development of
new anti-tubercular drugs, and researchers are actively investigating various inhibitors of DprE1 .
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Mycobacterium tuberculosis proteins

Oxidoreductase DprE1  Dihydrofolate reductase Pantothenate kinase PanK
(PDB 4FF6) DHFR (PDB 1DF7) (PDB 4BFT)
N o

Enoyl-ACP reductase InhA (PDB 4TRO)

Figure 7. The X-ray or cryo-EM structures of some essential proteins of the Mycobacterium
tuberculosis. The corresponding PDB codes are given in brackets.

Fig. 8 shows the AF3-predicted model of DprE1 enzyme that revealed the very good agreement
with the corresponding X-ray structure. The PyMOL C, RMS deviation was found to be 0.236 A only.
Some larger RMSD of 1.355 A for the main chain DprEl is because of contribution of non-structured
loops (Fig. 8a-b). It should also be noted that the AF3-predicted model was able to reconstruct a large
protein segment of 269-283, missed in the original X-ray structure.

Figure 8. Overlay of the native X-ray structure of the oxidoreductase DprE1 measured with resolution
of 2.6 A (PDB 4FF6, blue) and the AF3-predictuted structure (green) in a side (a) and 180°-rotated (b)
views, respectively. Some disagreements between the AF3-predicted model and the experimental
structure are highlighted in red dotted areas.

Dihydrofolate reductase (DHFR). The dihydrofolate reductase (DHFR) enzyme catalyzes the
NADPH-dependent reduction of dihydrofolate to tetrahydrofolate. This reaction produces a precursor
for cofactors necessary for synthesizing thymidylate, purine nucleotides, methionine, serine, and
glycine, which are required for DNA, RNA, and protein synthesis . Therefore, DHFR is a promising
target for developing novel antitubercular agents .
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Fig. 9 demonstrates the strong correlation between the AF3-predicted model of DHFR and the
available X-ray structure. The calculated RMSDs of 0.408 and 0.486 A rank DHFR among the best
predicted models analyzed in Table 2.

Figure 9. Overlay of the native X-ray structure of the dihydrofolate reductase DHFR (PDB 1DF7,
blue) and the AF3-predictuted structure (green) in a side (a) and 90°-rotated (b) views, respectively.

Pantothenate kinase PanK. Pantothenate kinase (PanK) is responsible for the phosphorylation
of pantothenate, which is the first committed and rate-limiting step in the biosynthesis of coenzyme A
(CoA). Research has shown that the type I isoform, encoded by the coaA gene, is an essential pan-
tothenate kinase in Mycobacterium tuberculosis. This crucial information has been utilized to screen
large libraries for the identification of different classes of PanK inhibitors that operate through various
mechanisms .

Figure 10. Overlay of the native X-ray structure of the Pantothenate kinase PanK measured with reso-
lution of 2.29 A (PDB — 4BFT), blue) and the AF3-predictuted structure (green) in a side (a) and
180°-rotated (b) views, respectively. Essential disagreements between the AF3-predicted model and
the experimental structure are highlighted in red dotted areas.

Fig. 10 illustrates the strong correlation between the AF3-predicted model of PanK and the
available X-ray structure in most segments, with the exception of a-helix 4. In the X-ray structure, o-
helix 4 is crucial for binding between PanK chains A and B, as it forms a helix-helix dimer (see Figure
7). Consequently, the proper conformation of a-helix 4 is maintained in the PanK dimer, which is why
this protein segment is not accurately predicted single-chain PanK by AF3. The calculated Ca. RMSD
is 0.629 A, while the main chain RMSD of 2.560 A indicates this deviation (refer to Table 2).

Enoyl-acyl carrier protein reductase InhA. Enoyl-ACP reductase (InhA) is a vital biosyn-
thetic enzyme involved in the production of mycolic acids (MAs). It catalyzes the NADH-dependent
reduction of long-chain trans-2-enoyl-ACP in the type II fatty acid synthesis of Mycobacterium tuber-
culosis (Mtb). Importantly, Mtb InhA does not have a human counterpart, which may reduce the risk
of toxicity from inhibitors targeting this enzyme. As a result, InhA has been established as a reliable
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target for the design and discovery of novel agents against Mtb, particularly for frontline and second-
line antitubercular drugs such as isoniazid and ethionamide .

Figure 11. Overlay of the native X-ray structure of the Enoyl-ACP reductase InhA measured with res-
olution of 1.40 A (PDB — 4TRO), blue) and the AF3-predictuted structure (green) in a side (a) and
180°-rotated (b) views, respectively. Essential disagreements between the AF3-predicted model and
the experimental structure are highlighted in red dotted areas.

Fig. 11 illustrates the AF3-predicted model of InhA, which resemble some prediction features of
the above mentioned PanK. In particular, AF3 performs well in most protein segments, with the ex-
ception of a-helixes 6 and 7. These a-helixes are crucial for assembling the quaternary structure of
InhA composed of four chains A-C, as shown in Fig. 7. Consequently, this case further demonstrate
some limitation of AF3 in reproducing 3D-structure of a single-chain protein when it is a part of com-
plex quaternary structure, such as dimer or tetramer. The AF3 confidence score of 0.95 for InhA is
also among the best, as seen in Table 2.

Results of calculations

In our recent studies, we also considered several important enzymes, which are now selected for
benchmarking using AlphaFold3. These enzymes are promising targets for drug design and develop-
ment, making the prediction of their structure and function critically important. Among them are silent
information regulators, a plant hydrolase, and the full-length diphtheria toxin (Fig. 12).

Sirtuins. Silent Information Regulator Two Homologue One (SIRT1) is the most extensively
studied member of the Sirtuin family, which is related to the class III histone deacetylases and utilizes
NAD" as its cofactor. SIRT1 is one of seven human Sirtuins, which are conserved from archaea to
mammals . These proteins play key roles in regulating transcription, genome stability, longevity, and
metabolism . SIRT1 influences transcription by deacetylating various transcription factors, including
PPARy, NF«B, and the tumor suppressor protein p53. Research indicates that SIRT1, along with its
histone and non-histone targets, is involved in a wide range of biological processes. These include
metabolic diseases, age-related conditions, viral infections, inflammation, and the growth and metasta-
sis of tumor cells. Consequently, modulating SIRT1 expression could offer new insights into the de-
velopment of therapeutics, whether they are derived from natural sources or synthetic origins .
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Sirtuin SIRT1
catalytic domain
(PDB 415I)

Paenibacillus polymyxa
B-Glucosidase B
(PDB 209R) Diphtheria toxin (PDB 7K7E)

Figure 12. The X-ray or cryo-electron microscopy structures of SIRT1, SIRT2, diphtheria toxin and f-
glucosidase, respectively. The corresponding PDB codes are given in brackets.

Despite the relatively simple folding of SIRT1's catalytic domain, predicting its structure with
AF3 faced several systematic challenges. Fig. 13 compares the structures predicted by AF3 with those
obtained through X-ray crystallography. However, there are significant deviations and inconsistencies
between the two.

G

Figure 13. Overlay of the native X-ray structure of the catalytic domain of Sirtuin SIRT1 (PDB 4I5],
blue) and the AF3-predictuted structure (green) in a side (a) and 180°-rotated (b) views, respectively.
Essential disagreements between the AF3-predicted model and the experimental structure are high-
lighted in red dotted areas.

Most of these discrepancies occur in the flexible, unstructured loops that connect various sec-
ondary structural elements, such as a-helices. So, SIRT1 is characterized by the largest RMSD of
1.279 A and 3.301 A observed among all the studied proteins, as detailed in Table 2.

AF3 faced similar systematic challenges when predicting the 3D structure of human Sirtuin
SIRT2, as summarized in Fig. 14. Several unstructured loops were not accurately reproduced. Addi-
tionally, the experimental X-ray structure omitted some sequence segments, specifically 47-51 and
379-381. As a result, the reconstruction of these unstructured segments by AF3 produced an artificial
prediction of a-helices.
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Figure 14. Overlay of the native X-ray structure of the human Sirtuin SIRT2 (PDB 4RMG, blue) and
the AF3-predictuted structure (green) in a side (a) and 180°-rotated (b) views, respectively. Essential
disagreements between the AF3-predicted model and the experimental structure are highlighted in red
dotted areas.

Diphtheria toxin. Diphtheria toxin is an exotoxin produced by Corynebacterium that causes
disease in humans by inhibiting protein synthesis. It enters the cell through a process called receptor-
mediated endocytosis. Once inside, the acidification of the endosome triggers a series of conforma-
tional changes . This results in the refolding and insertion of the translocation (T) domain into the
membrane, ultimately allowing the catalytic domain to be transported into the cytoplasm . Addition-
ally, the T-domain has become a convenient model for studying pH-triggered protein-membrane inter-
actions .

Figure 15. Overlay of the native X-ray structure of the diphtheria toxin (PDB 7K7E, blue) and the
AF3-predictuted structure (green) in a side (a) and 180°-rotated (b) views, respectively. Essential dis-
agreements between the AF3-predicted model and the experimental structure are highlighted in red
dotted areas.

In its crystalline form, the diphtheria toxin exists as a homodimer, with its quaternary structure
maintained by strongly bound interfacial segments (see Fig. 15). Predicting the 3D structure of a sin-
gle chain monomer of the toxin presented expected challenges with AF3, as illustrated in Fig. 15. AF3
predicts a compact fold for the toxin; however, the C-terminal domain in its native conformation un-
folds towards another part of the homodimer (see Fig. 15). All these deviations are highlighted in Ta-
ble 2.

Paenibacillus polymyxa B-Glucosidase B. Bacterial species that degrade cellulosic substrates
produce various enzymes. Paenibacillus polymyxa encodes B-glucosidase B (BgIB), a monomeric en-
zyme that functions as an exo-beta-glucosidase, hydrolyzing cellobiose and higher-degree cellodex-
trins . It is a 1,4-B-glucosidase. B-Glucosidase is an important target in developing substrate-specific
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inhibitors, passive binders and studying protein-ligand interactions . The X-ray structure of BglB
(209R) is available making it possible to do direct comparison to the AF3 prediction.

Figure 16. Overlay of the native X-ray structure of Paenibacillus polymyxa B-Glucosidase B (PDB
209R, blue) and the AF3-predictuted structure (green) in a side (a) and top (b) views, respectively.

Fig. 16 demonstrates the impressive performance of AF3 in predicting the 3D structure of the
water-soluble single-chain enzyme, such as -glucosidase (BglB). This enzyme consists of a bundle of
nine a-helices that encircle a deeply buried catalytic site. AF3 successfully predicted the 3D structure
of BglB with exceptional accuracy, as indicated by a small C, RMSD (Root Mean Square Deviation)
of 0.371 A. Even with the presence of numerous connecting loops, AF3 surprisingly reproduced their
structure well, achieving a main chain RMSD of only 0.736 A (Table 2). The AF3 confidence score of
0.97 for this protein is also among the best, as seen in Table 2.

Conclusion

Computational prediction of protein structure from its amino acid sequences has been a central
problem in molecular biology since the 1960s, when it was demonstrated that a protein's amino acid
sequence determines its 3D-structure . Beyond its theoretical significance in understanding the funda-
mental principles governing biological macromolecules, solving this problem offers some practical
implications in protein design for various medical and industrial applications .

In this study, we benchmarked applicability of AlphaFold3 for predicting 3D structure of some
proteins of varying sizes and functions, including SARS-CoV-2 coronavirus proteins, bacterial and vi-
ral proteins, as well as plant enzymes. We found that AF3 could capture the overall backbone features
of the most examined proteins with small RMS deviation <0.5 A from available X-ray structures.
Some common deviation issues were observed for N- and C-terminal segments, which, however, did
not affect biological roles of the studied proteins. In cases involving protein dimers or higher-order
oligomers, we observed notable differences between the predicted AF3 models of a single-chain
monomer and their corresponding experimental structures. These structural discrepancies are particu-
larly apparent in regions associated with protein dimerization, assembly, and binding interfaces. Ulti-
mately, while capturing the overall fold, predicting the complex structure of the Spike glycoprotein re-
mains beyond the current capabilities of AF3.

From a practical standpoint, AF3 is becoming a highly promising computational tool for pre-
dicting the three-dimensional structure of proteins, especially when available X-ray or Cryo-EM struc-
tures are poorly resolved or have missing sequence segments (as demonstrated in Figs. 8 and 14) . Ad-
ditionally, there is a new, encouraging direction in the virtual screening of protein mutations to evalu-
ate their impact on protein folding, protein-protein interactions, and overall activity .

Finally, the appearance of AlphaFold 3 has spurred rapid development throughout the field of
Computational Biology, inspiring the creation of competing and complementary tools, such as
RoseTTAFold by the Baker Lab . OpenFold is an important open-source implementation of
AlphaFold, facilitating further customization and innovation, which is expected to accelerate the field
in the coming years .
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€. B. Oyma, O. B. KupuueHko. MopiBHAHHSA eceKTUBHOCTI NporHo3dyBaHHs 3D-CTpykTypu Ginka 3 BUKOPUCTAHHSAM
AlphaFold 3 Big Google DeepMind.

Xapkiecbkull HauioHanbHUl yHigsepcumem imeHi B.H. KapasiHa, ximiyHul c¢bakynbmem, matidaH Ceobodu, 4,
Xapkis, 61022, YkpaiHa

TpuBuMipHa cTpykTypa 6inkiB 6e3nocepeqHbO NoB’s3aHa 3 IXHLOK (YHKUE, WO pobutb ii BU3HaAYeHHSA
BMpiLLanbHUM Ans po3yMiHHA BionoriYH1X NpoueciB i BMPILLEHHS Npobrem, NoB’A3aHnX 3i 340pOoB’AM MAUHW Ta
HayKamu npo XuTTa. Hessaxaroun Ha NocTiiHe eKkcrnepumeHTanbHe OTPMMaHHSA HOBKX BINKoBMX CTPYKTYp, 3anu-
LIAETLCSA 3HAYHWUIA PO3PUB MiX KiMbKICTIO JOCTYMHMX BiNKOBUX NOCMILOBHOCTEN Ta €KCNEPUMEHTaNbHUX TPETUHHNX
CTPYKTYP.

. OcTaHHi pocnigxeHHs1 3ocepedXXeHi Ha NMPOrHo3yBaHHi BiNKOBMX CTPYKTYp 3a AOMOMOro 0B4MCNoBanbHUX
MeTOZiB, 3acHOBaHMX abo Ha LwabnoHax, abo Ha MoAentoBaHHI eMNipUYHOro CUMoBOro nossi. B ocTaHHi poku pisHi
MeToan Oynu ob’egHaHi ANs BUPILLEHHA OKpeMux OOMeXeHb Uuux niaxodiB, WO Mpu3Beno A0 po3pobku
AlphaFold3 Google DeepMind. Llen iHHOBaLiiHWIA IHCTPYMEHT [03BOMSE MPOrHO3yBaTW TPUBUMIPHI CTPYKTYpU
Oinka 3 BMCOKOI TOYHICTHO Ha OCHOBI MOro aMiHOKUCITOTHOI MOCMIAOBHOCTI. Y LbOMY OOCHiZAXEHHI MU NepeBipunun
3aCTOCOBHICTb, MPOAYKTUBHICTL i 06mexeHHs AlphaFold3 (AF3) ansa nporHo3yBaHHSA TPMBUMIPHOT CTPYKTYPY LUK -

24


https://doi.org/10.1016/j.jmb.2024.168764

Benchmarking Google DeepMind’s Alphafold 3 Performance for Protein 3D-Structure Prediction

pokoro psigy GinkiB, Bkntoyaroum 6inkun kopoHasipycy SARS-CoV-2, iHwi 6akTepianbHi Ta BipycHi 6inkv, a Takox
pocnuHHi bepmeHTn. M Busisunu, wo AlphaFold3 gobpe BiaTeoptoe 3D-6ynoBy binbLuocTi 3 gocnigxeHunx Binkis
3 TOYKM 30pY BiAXWUMEHHS Big OOCTYMNHUX PEHTIEHIBCbKMX CTPYKTYP. [eski He3HauHi nomMmunkn aroptaHHs N- i C-KiH-
LEBUX CErMEHTIB Bynun NOLWMPEHUMY, LLO YAcTO He BMnmMBano Ha GionoriyHy ponb gocnimpxyBaHux Ginkis. Y Bu-
nagkax, noB’a3aHux i3 6inkosumu gumepamum abo oniromepamMm BULLOTO NOPSAAKY, CnocTepirancsa NOMITHI BigMiH-
HOCTi MiXX MporHo3oBaHuMu mogenamm AF3 ona ogHOMaHUoroBUX MOHOMEPIB Ta iX BiQMOBIAHMMM €KCNepUMEH-
TanbHUMK cTpyktypamu. Lli posbixHocTi 6ynu ocobnmeo o4eBnaHi B obnacTsx, NoB'a3aHnx 3 gumepusadieto 6in-
ka, BGiNKOBOI acoujauieto i Ha rpaHuLi CTUKYBaHHA BinkiB. 3peLTolo, He3BaXkakun Ha BiATBOPEHHS rnobanbHoro
donaiHry, NporHo3yBaHHs CKagHoi CTPYKTypy Spike rnikonpoTeiHiB Bce Lie BUXOOAUTb 32 MeXi MOTOYHMX MOXIN-
Bocten AF3.

Knro4yoei croea: 3zopmaHHsi binka, chbepmeHm, mpusumipHa cmpykmypa, ou3alH ki, wmy4Hul
iHmenekm, AlphaFold3
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Ensitrelvir is a non-covalent, non-peptide inhibitor of the SARS-CoV-2 main protease, MP™. It has demon-
strated effective antiviral activity against various coronavirus variants in vitro, along with favorable drug me-
tabolism and pharmacokinetic profiles suitable for oral treatment. Thus, developing novel analogues of en-
sitrelvir is of great importance. In this study, we conducted in silico design of its analogues by employing
evolutionary structure optimization of the parent ensitrelvir scaffold. In the first stage, we generated a virtual
evolutionary library consisting of 6334 new analogues based on a series of fitness criteria, including molecu-
lar weight (My), cLogP, polar surface area, structural and conformational similarity, flexibility, and molecular
shape. Next, we filtered the evolutionary library using a 3D pharmacophore model created from the avail-
able X-ray structure of the co-crystallized complex of ensitrelvir and MP°. We then performed molecular
docking calculations to rank the selected candidates according to their binding affinity and selectivity for the
MP™ receptor. This binding score ranking allowed us to identify ten analogues of ensitrelvir that exhibit supe-
rior binding affinity to the protease MP™ compared to the original ensitrelvir inhibitor. Our evolutionary struc-
ture optimization indicates that the primary structural modifications that enhance the overall antiviral effect of
ensitrelvir are found in the 1-methyl-1H-1,2,4-triazole and 6-chloro-2-methyl-2H-indazole fragments.

Keywords: coronavirus, COVID-19, heterocyclic compounds, MP™, evolutionary library, molecular docking.

Introduction

Severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2), which emerged in late 2019,
led to a global epidemic and was declared a pandemic by the World Health Organization (WHO) on
March 11, 2020 [1]. The 2019 coronavirus disease (COVID-19) pandemic has left an irreversible im-
pact on the world, with more than 18 million deaths and significant disruptions to the global economy
that continue to be felt today [2]. The rapid introduction of vaccines has effectively reduced the risk of
severe illness from the disease [3-4]. COVID-19, caused by the highly contagious and mutating
SARS-CoV-2, saw the Omicron variant replace the Delta variant, and it continues to evolve into vari-
ous new strains. This ongoing evolution presents substantial challenges for healthcare systems and
public health infrastructure [5-7]. Overall statistics indicate that vaccination does not provide long-
lasting immunity against the SARS-CoV-2 virus. Although the outbreak of COVID-19 has transi-
tioned to a more normalized phase, ongoing research into inhibitors remains crucial for the prevention
of future coronavirus pandemics [8-9].

COVID-19 is a respiratory disease caused by the SARS-CoV-2 virus, which is a positive single-
stranded RNA virus [10]. This virus contains several structural proteins, including the nucleocapsid
protein (N), spike protein (S), envelope protein (E), and membrane glycoprotein (M), along with its
RNA genome. SARS-CoV-2 is classified as part of the B-coronavirus genus, which also includes
SARS-CoV, HCoV-0OC43, HCoV-HKU1, and MERS-CoV.

Structural proteins, particularly spike (S) proteins, are crucial in viral pathogenesis as they facil -
itate receptor recognition and membrane fusion. Although E proteins are the smallest structural pro-
teins, they are essential for viral assembly, budding, envelope formation, and overall pathogenicity. M
proteins play a key role in the assembly of the virus, while N proteins have multiple functions, includ-
ing the packaging of the viral RNA genome. Nonstructural proteins of SARS-CoV-2, such as the main
protease (MP°) and RNA-dependent RNA polymerase (RdRp), are highly conserved across different
virus strains. This conservation makes them attractive targets for drug development, as targeting these
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proteins can minimize interference with host cell physiological processes [11-13]. Importantly, the
major protease (M) of SARS-CoV-2 exhibits unique substrate specificity by cleaving peptides exclu-
sively after glutamine residues, which reduces the risk of host cell toxicity from inhibitors targeting
MP™, Inhibition of SARS-CoV-2 MP™ has become a promising approach for the development of thera-
peutics for the treatment of COVID-19 [1, 14] (Fig. 1). MP® is characterized as a three-domain cys-
teine protease with a catalytic dyad consisting of Cys145—-His41 located in the cleft between Domains

Iand II[1, 15].
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Figure 1. The X-ray structure and a binding site of the main cysteine protease M™ of SARS-CoV-2 (PDB:
8HEF) [16]. An insert shows the MP* binding site and two crucial catalytic residues of His41 and Cys145, are
rendered as blue and red sticks, respectively.

Shionogi Pharmaceutical Company, in collaboration with Hokkaido University, has developed a
non-peptide oral drug called ensitrelvir (experimental name S-217622, systematic name 1-(2,4,5-triflu-
orobenzyl)-3-[(1-methyl-1H-1,2,4-triazol-3-yl)methyl]-(6E)-6-[ (6-chloro-2-methyl-2H-indazol-5-yl)-
imino]-1,3,5-triazinane-2,4-dione, see Fig. 2a). This drug received approval for sale in Japan on No-
vember 22, 2022 [17]. The molecule was discovered through a process that included virtual screening,
biological analysis, and optimization of the hit compound using a structure-based drug design ap-
proach. The X-ray crystal structure of the ensitrelvir complex with the MP® enzyme reveals that the 1-
methyl-1H-1,2,4-triazole link at the S1 position forms a H-bond of 2.99 A with the side chain NH of
H163 (see Fig. 2b) .

T26 S1 E166

Ensitrelvir (S-217622)
 \

(a)
Figure 2. (a) Chemical structure of ensitrelvir. (b) The X-ray crystal structure of the ensitrelvir complex with

MP* (PDB: 8HEF). Adapted with permission by [16]. Copyright © 2022. The Authors. Published by American
Chemical Society.
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In addition, the trifluorobenzyl group of ensitrelvir occupies the S2 hydrophobic pocket, aligning
parallel to the histidine H41 ring, which enhances contact. The 6-chloro-2-methyl-2H-indazole frag-
ment, located in the S1' pocket, forms a H-bond of 3.02 A with the NH of the main chain at T26 and
maintains hydrophobic interactions with M49. Finally, one of the carbonyl groups of the 1,3,5-triazi-
nane-2,4-dione moiety forms a H-bond of 3.25 A with the NH of E166.

Ensitrelvir showed significant inhibitory activity against SARS-CoV-2 MP as a non-covalent
non-peptide inhibitor, with an ICs, value of 0.013 uM and the effective antiviral activity with an ECs
value of 0.37 uM [17, 18]. It has demonstrated antiviral activity against a number of SARS-CoV-2
variants and coronaviruses in vitro, as well as favorable drug metabolism and pharmacokinetic pro-
files for oral dosing [21-24].

Therefore, the purpose of this research is to investigate the non-covalent interactions between lig-
ands and proteins. This study will focus on a virtual evolutionary library created based on the drug en-
sitrelvir and a leading compound that exhibits better affinity for the main MP* protease of the SARS-
CoV-2 virus.

pro

Evolutionary Algorithm

To generate the evolutionary library of ensitrelvir analogues we used OSIRIS DataWarrior soft-
ware [25]. The evolutionary algorithm mimics natural evolution and starts with a small initial set of
molecules (first parent derivative) [26]. In the next step, several derivatives, new but similar mole-
cules, are created by applying a small random structural modification (the first progeny generation).
Modifications such as single atom replacement, atom insertion, bond reordering, substituent migration,
ring aromatization, chiral center inversion, etc. are applied (Fig. 3). Each modification is then evalu-
ated on how well it meets the target criteria.

Parent Molecule

1%t Generation

2d Generation

3" Generation

4stGeneration

Figure 3. General scheme for generating the Evolutionary Library Tree. Bigger size symbols represent the 1%,
2™ 3" and 4™ survived generations, while smaller symbols illustrate some unsuccessful branches that did not
evolve into the next generation.

In a next step, the algorithm applies customizable fitness criteria to rank the new generation's
molecules according to these criteria. The highest ranking molecules from this generation are selected
to survive and form the parent molecules for the next generation. Typically, after about one or a few
hundred molecule generations DataWarrior has arrived at structures that optimally match the defined
fitness criteria..

Molecular docking setup

Molecular docking was carried out for all the synthesized compounds against the main protease
MP* (PDB: 8HEF) of SARS-CoV-2 [17]. The preparation of the receptor and ligands were carried out
with the LigandScout software, version 4.5 [27]. Molecular docking calculations were performed with
the built-in version of the AutoDock Vina 1.1.2 software [28]. We carried out the semi-flexible dock-
ing, so that the receptor was kept rigid and the ligand molecules were conformational flexible. In the
Autodock Vina, the Lamarckian genetic algorithm was used as a research parameter. For each ligand,
three independent runs were performed using different random seeds. The best docking mode corre-
sponds to the largest ligand-binding affinity. Molecular graphics and visualization were performed us-
ing VMD 1.9.3 [23].
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Results and Discussion

Generation of Evolutionary Library of Ensitrelvir Analogues

To create a library of new molecules that are structurally similar to the original structure of en-
sitrelvir, several approaches can be employed [30]. One promising method involves generating a vir-
tual library of ensitrelvir analogs using DataWarrior software [25]. This process utilizes an evolution-
ary algorithm that mimics the natural evolution of drug-like substances. The creation of new mole-
cules follows a specific procedure: it begins with the ensitrelvir molecule (Fig. 2a), referred to as the
"first generation" (Fig. 3). From this starting point, a series of similar derivatives are generated by ap-
plying minor random structural modifications to the parent structure. Each new modification is then
assessed based on its adherence to nine selected suitability criteria, including molecular weight (M),
logarithm of the partition coefficient (cLogP), polar surface area (PSA) [31], molecular shape, flexibil -
ity, and others (Table 1). The selection principles for these fitness criteria are discussed in more details
in our recent works [26, 32].

Table 1. Selected fitness criteria and their parameters used to create a virtual evolutionary library of ensitrelvir
analogues.

Fitness criteria Settings
Number of generations 25
Compounds per generation 2048
Compounds survive a generation 256
Structure similarity algorithm OrgFunctions

target - ensitrelvir

Conformational similarity algorithm PheSA
Molecular weight (M) 400-500 g/mol
cLogP 2-4
Polar surface area 80-120 A?
Molecular flexibility 0.3-0.7
Molecular shape 0.3-0.7
H-donors 3-5
H-acceptors 5-10
Rotatable bond count 4-8

Structural mutations that meet these criteria are more likely to occur. In the current generation,
the new counterparts were organized according to these criteria, allowing the molecules with the high-
est ranking to be selected for survival and to serve as parent molecules for the next generation. Follow-
ing this evolutionary algorithm, a total of 25 generations were produced, resulting in 6334 virtual en-
sitrelvir analogs.

(@) (b)

450 500 550 600

Molecular weight (g/mol) Molecular weight (g/mol)

Figure 4. Two-dimensional graph of molecular weight distribution versus cLogP (a) and PSA (b) parameters for
the created evolutionary library. The blue points indicate the parent ensitrelvir molecule.
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The evolutionary library of ensitrelvir derivatives was generated based on the principle of struc-
tural variation, as well as by applying specific fitness criteria (see Table 1). These criteria included
molecular weight (400 g/mol < M,, < 500 g/mol), polar surface area (80 A2 < PSA < 120 A?), and
cLogP values (2 < cLogP < 4). Figure 4 illustrates the two-dimensional distribution of these parame-
ters within the generated library, which exhibits a symmetric distribution.

3D Pharmacophore Screening

The created evolutionary library is large enough to verify its direction by the method of molecu-
lar docking. Therefore, at first the library was further analyzed and filtered in silico according to the
criterion of the correspondence of each new molecule to the 3D model of the ensitrelvir pharma-
cophore [33]. The pharmacophore model was created using the LigandScout software package [27]
(Fig. 5) based on the first available crystal structure of ensitrelvir in complex with M (PDB: 8HEF)
[16]. The screening procedure relative to the ensitrelvir 3D-pharmacophore model made it possible to
reduce the chemical space of the library from 6334 virtual molecules to 41 active ensitrelvir deriva-
tives that have pharmacophore structural similarity to the initial structure. In this pharmacophore filter-
ing, a pharmacophore-fit score cut-off of 75 or higher was utilized.
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Figure 5. (a) 3D model of the ensitrelvir pharmacophore constructed from its crystal structure in complex with
MP* (PDB: 8HEF) [16]. The labeled His41 and Cys145 residues are the active site of M™. (b) Scheme of inter-
molecular interactions of ensitrelvir with key surrounding residues of M,

Molecular Docking of Evolutionary Library

To identify potential leader compounds from the evolutionary library, we evaluated the binding
affinities of 41 selected active candidates by performing molecular docking with M using Ligand-
Scout software [27]. LigandScout incorporates a built-in version of the widely used AutoDock Vina
molecular docking method. To calibrate and validate the ligand-protease docking algorithm, we con-
ducted a docking study of ensitrelvir and compared its geometry to the corresponding X-ray structural
data.

Molecular docking was conducted for the selected inhibitors of the MP° main protease of the
SARS-CoV-2 coronavirus. The spatial structure of the main protease M (PDB ID: 8HEF) was ob-
tained from the Brookhaven Protein Data Bank (Fig. 6a-b) [16]. The results of the molecular docking
for ensitrelvir, along with the experimental crystallographic data of its complex with Mpro, are in
good agreement (Fig. 6¢). This consistency allows us to use this method for the quantitative analysis
of the affinity of new derivatives of ensitrelvir to M™™.

The molecular docking results for the selected 41 active derivatives revealed that 10 analogues
demonstrated a higher binding affinity to MP™* than the parent ensitrelvir. Figure 7 illustrates the struc-
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tures of the top five leading ligands, along with their energetic characteristics related to the protease-
ligand interaction.

(c)

Figure 6. (a, b) Configuration of ensitrelvir incorporation into the active site of M™ protease of SARS-CoV-2 virus (PDB:
8HEF) [16]. The catalytic amino acid residues His41 and Cys145 are shown in red. (c) Comparison of the molecular docking
results of ensitrelvir with its crystallographic structure in complex with MP™. The ligand configuration estimated by molecular
docking is shown in pink.

The following parameters were considered as binding energy criteria:
1. Binding affinity as determined by the AutoDock Vina docking algorithm.
2. Binding Affinity Score (BAS) calculated using the LigandScout software package.

The BAS score accounts for both the protein-ligand binding enthalpy and the solvent effects. It

is regarded as the most representative indicator and was therefore chosen for the selection of lead lig-
ands.
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Figure 7. Molecular structure of ensitrelvir and its analogues (1-10), which show the higher binding affinity to

M compared to the parent ensitrelvir.

A key structural feature of the binding and docking of the selected inhibitors with the active
site of MP™ is the maintenance of the configuration of the trifluorobenzyl fragment, as seen in deriva-
tives 1-10 illustrated in Figures 7 and 8, respectively. Efforts to replace the 2,4,5-trifluorobenzyl moi-
ety of ensitrelvir did not enhance the binding affinity. The overall binding affinity of these inhibitors
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increases due to structural modifications in other parts of the molecule. The primary structural modifi-
cations observed in inhibitors 1-10 occur in two specific fragments of the ensitrelvir molecule: the 1-
methyl-1H-1,2,4-triazole and the 6-chloro-2-methyl-2H-indazole fragments (see Fig. 7).

Figure 8. The best binding modes of ensitrelvir and its analogues 1-5 with the active center of My, protease of
the SARS-CoV-2 virus (PDB: 8HEF).

The results presented in Figures 7 and 8 indicate that the increase in the binding energy and
the enhancement of the overall affinity score result from paired structural modifications of the initial
structure of ensitrelvir (1). These changes include: replacing the methyl-1,2,4-triazole and 6-chloro-2-
methyl-2H-indazole with a pyrazole ring and aminonaphthol (ligand 1), an imidazole ring and an
indole ring (ligand 2), chlorindole and an imidazole ring (ligand 5), fluoromethylaniline and a
hydroxypyrrole ring (ligand 3), and ethylmethylaniline and a pyrrole ring (ligand 4). These
modifications significantly contribute to enhancing the antiviral efficacy of the ensitrelvir derivatives.

Conclusions

Modern methods for discovering new potential drugs increasingly rely on computer
modeling techniques [14, 26, 30, 34-36]. In this study, design of novel analogues of ensitrelvir
was conducted by employing evolutionary structure optimization of the parent ensitrelvir
scaffold as summarized in Fig. 9.
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Figure 9. Workflow of discovery of novel ensitrelvir analogs

A library of 6,334 structurally similar ensitrelvir derivatives was created using a set of fitness
criteria, including molecular weight (M), cLogP, polar surface area, structural and conformational
similarity, flexibility, and molecular shape. Further filtering of this library based on its correspondence
to a 3D pharmacophore model of ensitrelvir led to the identification of 41 promising derivatives.
Subsequently, a detailed structural and energetic analysis of the binding affinity of these candidate
derivatives to the MP protease was conducted using molecular docking methods. This analysis
allowed us to select 10 ensitrelvir analogues that exhibit a stronger binding affinity to the MP® protease
compared to the original ensitrelvir inhibitor. Finally, we demonstrated for the first time that the key
structural modifications responsible for enhancing the overall antiviral effectiveness of the inhibitor
are found in the 1-methyl-1H-1,24-triazole and 6-chloro-2-methyl-2H-indazole fragments of
ensitrelvir. We believe that our proposed workflow for evolutionary optimization of existing scaffolds
of approved drugs is a promising, cost-effective strategy for developing new antiviral agents against
COVID-19 [37].
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K.O. JlorayoBa, A. C. CesiteHko, O. B. Kupuuerko, O. M. KanyriH. EBontouiina onTuMisauis 6yaoBu eHciTpensipy
SIK HEKOBaNeHTHOrO iHribiTopa ocHoBHOI NpoTeasn SARS-COV-2 MPe,

XapkiscbKkuli HauioHanbHUU yHieepcumem imeHi B.H. KapasiHa, ximidHUl c¢pakynbmem, matidaH Ceobodu, 4,
Xapkis, 61022, YkpaiHa

EHciTpenBip € HekoBaneHTHUM HenenTuaHUM iHriGiTopoM OcHOoBHOI npoTteasn MP™® Bipycy SARS-CoV-2. BiH
NpogeMOHCTpyBaB eeKTUBHY MNPOTMBIPYCHY [Lil0 MPOTWM Pi3HWX BapiaHTiB KOpPOHaBipycy in Vitro, a Takox
cnpuaTnMBKA MeTaboniam i hapmakokiHeTUYHI Npodpini, NpuaaTHi AN nepopanbHOro nikyBaHHS. Takum YMHOM,
po3pobKka HOBMX aHasnoriB eHCUTPENBIPY Mae BENUKE 3HAYEHHS. Y LUbOMY AOCHIMKEHHI M1 npoBenu in silico gn-
3aliH MOro aHasnoris, BUKOPUCTOBYIOUYM €BOSIOLLIIHY ONTMMI3aLito CTPYKTYpy BaTbKiBCbKOrO CKeneTta eHCiTperngipy.
Ha nepwomy etani Mmu cTBopunu BipTyanbHy eBOMoLinHy 6ibnioTeky, Wwo cknagaetbes 3 6334 HoBUX aHanoriB Ha
OCHOBI psgy KpuTepiiB NpuaaTHOCTI, BKOYatoun MonekynspHy macy (M), cLogP, nnolly nonspHoi noBepxHi,
CTPYKTYPHY Ta KOH(OpMaLiHy NofibHICTb, rHy4KicTb i MonekynsipHy copmy. Oani mu BiadinbTpyBanu esonto-
uinHy Gibnioteky 3a gonomorot 3D-mogeni dapmakodopa, CTBOPEHOI 3 AOCTYMHOI PEHTIEHIBCBbKOI CTPYKTYpU
CNiNbHO KPUCTarnisoBaHOro KOMMMeKCy eHcitpensipy ta MP®. ToTiM MM BMKOHaNM po3paxyHKU MOMEKYNsipHOro
OOKiHry, WwWob knacudikyBaT 0OpaHnx kaHaMAATIB BiAMOBIOHO [0 iX adhiHHOCTI 3B’A3yBaHHA Ta CENEKTUBHOCTI A0
peuenTopa MP®. Llein pernTUHr 3B’3yBaHHA [O3BOSMIMB HaM igeHTUIKyBaTM OeCATb aHanoriB eHCITpenBipy, ski
BUSIBMSAOTb KpaLly adiHHICTb 3B'A3yBaHHSA 3 npoTeas3old MP™® nopiBHSHO 3 BUXIOHWMM iHMGITOPOM eHciTpensipom.
Hawa eBontouinHa onTuMi3sauis CTPYKTYpU BKasye Ha Te, WO MEepPBUHHI CTPYKTYPHI MoaudikaLii, ski nocumoTb
3aranbHU NPOTUBIPYCHUIN edeKT eHCITpenBipy, po3TalloBaHi y CTPYKTYpHUX dparmeHTax 1-metun-1H-1,2,4-Tpi-
asony Ta 6-xnop-2-meTtun-2H-iHaasony.

Knroyoei cnoea: kopoHasipyc, KOBI[-19, cemepouyukniyHi cnonyku, MP™, esontouitiHa 6ibrniomeka,
MorsneKynspHuli O0KiHe
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HaTpili-ioHHi akymynaTopu (SIBs) NnoTeHLiIHO MOXYTb CTaTu HOBUMU e(DEKTUBHUMM NPUCTPOsSIMK 36epiraHHs

ToBNeHHs. [Ana npomucnosoro BupobHuuTBa SIBs HeobxigHO po3pobuTu KaTogHi Ta aHOA4HI MaTepianu, a Takox
nigiépaTn onTMManbHWUIA CKNag enekTponiTy. 3 Uil MeTOK 3a AOMOMOrOK METOAIB MONEKYNSIPHO-AMHAMIYHOIO
MOLENIOBaHHA HaMy Oyro po3paxoBaHO NyCTUHY, B'S3KICTb, €NEeKTPONPOBIAHICTL Ta KoeduiuieHTn audysii ana
cuctem NaPFg y 6iHapHoMmy po3unHHuKy EC:DMC (15:85 wt%, 30:70 wt% Ta 50:50 wt%), a Takox po3rnsHyTo ix
CTPYKTYPHi BMacTUBOCTI.

CTpyKkTypa conbBaTHOI 0GOMNOHKM KaTioHIB Ta aHioHiB Oyna BuBYeHa B pamkax OyHKUi pagianbHOro pos-
noAiny Ta NOTOYHMX KOOPAMHAUIMHMX Yncen. Pe3dynbTati BKasyloTb Ha Ginbll CTPYKTYpOBaHy corbBaTHY 060-
noHkKy kaTioHiB Na*, aHix aHioHiB PFg.

JocnimxkeHHs1 TpaHCNOPTHUX BMAcTMBOCTEN MOKa3arno, Wo HanbinbL niaxoasawumm enexkTpornitaMmm ans Bu-
FOTOBIEHHS HATPiV-iOHHNX akymynsTopiB € cuctemu, y skux EC:DMC=15:85 wt%. Lle nos’sa3aHo 3 TuMm, WO
€reKTPOriT caMe LUbOro CKnagy BUSIBUB HalMEHLUi BENUYUHM B’A3KOCTI B 06acTi BCiX KOHLEHTpaLi, a Takox
HalBuLi 3Ha4yeHHs enekTponposigHocTi. KoediuieHTn amdysii Na* gna uiei cuctemmn Takox HabyBaoTb
HaMBULLMX 3HAYeHb Y MOPIBHSIHHI 3 eneKkTporniTaMu iHWOoro cknagy, WO € NepekoHNMBUM aprymeHToMm y i
MabyTHbOMY 3aCTOCYBaHHI Y HATPIN-iOHHMX akyMynsiTopax.

KnioyoBi cnoBa: MonekynsipHoO-OUMHaMiyHe  MOAEMoBaHHS,  HaTPIN-iOHHI  akymMynatopw,  HaTpin
rekcacdTopodocdaT, eTuneHkapOoHaT, AumMeTunkapboHaT, CTPYKTYPHI BNAcTUBOCTI, TPAHCMOPTHI BNaCTMBOCTI,
MDNAES.

BcTtyn

Ha cporoaninHiii eHp HayKa pO3BUBAETHCS YK€ CTPIMKO, L0 PU3BOJUTH A0 BUHAXOLY Iepe-
JTIOBHX TEXHOJIOTIH y PI3HMX Tay3sX. 30KpeMa, BeJHKY yBary MpHBepHyJa METOANKAa BUPOOHHUIITBA Ta
30epiranHs eHeprii Jis MOBCAKISHHOTO 3aCTOCYBaHHS. 3a OCTaHHI POKU HAOyIM NMOMYJSIPHOCTI JIiTiH-
ionHi akymynstopu (LIBs), siki 3aBIsSKM BUCOKiM €HEpreTU4HiN IIIBHOCTI, HEBENUKIN Ba3i Ta MAJIOMy
CaMOPO3PSHKCHHIO MMTHPOKO 3aCTOCOBYIOTH Y OUIBIIIOCTI MOOITBRHUX EIEKTPOHHUX MPHCTPOSIX Ta
TPAHCIOPTHHUX 3ac0o0ax 3 eNeKTPHYHUM IBUTYHOM. OJHAK, OZHUM 3 HEJOJIKIB LOTO BHIY aKyMYJIs -
TOpIB € 0OMexeHa AoCTyIHICTh JIiTiro, HachiikoM yoro € 3pocTanHs miH Ha LIBs. Takum unHOM, 110-
CTa€ akKTyalbHE NHUTAHHS LIOJO0 CTBOPEHHS aJbTEPHATUBHHUX IPUCTPOIB 30€piraHHs ENEKTPUYHOI
eHeprii, aKi 0 3aJJ0BONBHAIIN MOTPEOH CIIOKMBAYIB HA BUCOKOMY PiBHI.

Harpiii-ionni akymynsitopu (SIBs) — e HOBe OKOJIIHHS aKyMYJISITOPiB, SIKE Hapas3i BBAYKAETHCS
Halikpamoro anprepHatuBoio LIBs, ockinbku HaTpiil mmpoko mocTymHH Ta Mae CXO0Xi XiMivHI Bia-
ctuBocTi 3 JlitieM. Benmka KiabKicTh pecypciB 1 Habarato Hrbk4da BapTiCTh MIHEPAJIbHOI CHPOBUHU, 3
K0T BUPOOJISIETBCSI KapOOHAT HATPIlO, TOPIBHSHO 3 KapOOHATOM JIITiIO, € MEPEKOHIUBUM OOTPYHTY-
BaHHsIM JU1a po3BUTKY SIBs. Takox ciin 3a3Ha4WTH, 10, HA BiAMIHY BiJ JITIH-IOHHUX aKyMyJSTOPIB,
SIBs mMosxHa 30epiraTu y TOBHICTBIO PO3PSAIKEHOMY CTaHi, IO 3Bene A0 MiHIMyMy HeOe3meky ix
TpaHCTIOpTyBaHHSA. Ha ChOTOAHINIHIA JCHH HEMae 3arajlbHO BH3HAHUX PEKOMEHIAIM IOJ0 Ma-
TepianiB AJs1 BUTOTOBJICHHS HATPid-I0HHUX aKyMyJSTOPiB, X04a, B OCHOBHOMY, KOMIIOHEHTH OaTapei
Ta MeXaHi3M HakommueHHs enekTpoeneprii SIBs ta LIBs € omHakoBuMu, 32 BUHATKOM HOCIIB 10HIB.

ITo-nepiue, akTyanbHUM HMUTAHHIM AJIS1 IPOMUCIOBOTO BUPOOHHUILITBA HATPil-IOHHUX aKyMyJIsi-
TOpPIB 3aIMIIA€ThCS MPAaBUIBHUE BUOIp MaTepiany enekTtpofiB. [lo-apyre, HeoOXimHO migiOpaTH THI
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CTpyKTypa Ta TpaHCTIOPTHI BIacTuBocTi po3unHiB NaPFs y cymimax eTnnenkapOoHaTy ...

EJIEKTPOJIITY TaK, MIO0M IOCATTH MaKCHUMAJIbHOI HMPAKTHYHOCTI y MOEJHAHHI 3 O€3MEKOI0 aKyMyJsi-
TopiB. Bee ne notpedye nocuts H6arato yacy ta MaciutaOHOro iHaHCYBaHHS.

MonexkynspHO-IUHAMIYHE MOJEIIOBAHHS € aJbTEPHATHMBHUM BHPILICHHSM BHIIE IOCTABIECHOI
po0JIeMH, OCKIJIBKU Ma€e Psiji epeBar Hajl JOCTIKSHHIMHE Y JIabopaTopisix, Taki sIK IMIBUIKICTh BUKO-
HaHHA €KCIIEPUMEHTY, a TAKOX HOTO JeIIeBU3HA.

VY 1iif cTaTTi po3IAOA€ThCS MUTAHHS CTBOPEHHS ONTHUMAJIBHOIO CKJIAaly OPraHidHOro PilKoro
€JIEKTPOJITY, IKWH MOTEHIIIITHO MOXXHA BUKOPHCTOBYBATH y HATPIH-IOHHUX aKyMyJsTOpax. Y SKOCTI
00’€KTiB  JOCHIpKeHHS Hamu Oyno oOpaHO TpH CHCTEMH Ha OCHOBI COJi  HaTpid
rexcadpropodocdary(V), po3uuHEHIH y CyMilll eTHICHKapOOHATy Ta JUMETHIKapOOHATy y pPi3HUX
CHiBBiAHOMEHHAX. Hamr BuOip JaHWX CECTeM MOJKHA TOSCHHUTH THM, 110 y Bunanky LIBs emextporit
caMme TaKoro CKJIajay € HalOUTbII NOMYJISIPHIM, 3aBASKH HOTO BUCOKIH 10HHIM MPOBIIHOCTI MPH JOCUTH
HU3BKUX 3HAUCHHAX B’sA3KocTi. ToMmy BHBYEHHS 00’€kTy, y skomy JliTiii 3amineHo Ha Harpiit
BUKJIMKA€ CUIbHUHI HayKoBUH iHTepec. OTxe, OCHOBHOIO METOI0 JaHOi poOOoTH OyJI0 MPOTHO3YBaHHS
eJIeKTPUIHOI MpoBinHOCTI po3uuHiB NaPFg y 3MimaHnx po3dynHHAKAX.

MeToponoris

Jerani MonexkynspHO-TuHaMiuHOoro MoxentoBaHHA. Jns M/] monemtoBanns NaPFq y Oinapwiii
cymimi EC:DMC 6ysno BuOpaHO cHCTEMH Pi3HMX KOHIIEHTPALIN COJIi 13 CIIIBBIIHOIIEHHSIM MOJEKYJ
po3uunnukiB 50:50, 30:70 Ta 15:85 3a macoro. KinbKicTh 4aCTHHOK KaTiOHY, aHIOHY Ta MOJIEKYJ PO3-
ynHHUKA HaBeneHo y Tabmumi 1. Kinekicts Monexyn EC ta DMC s K0oXHOi cHCTeMH pO3paxoByBa-
JIach BIMITOBITHO /IO 33aJIaHUX MACOBHUX CITiBBITHOIICHb, i3 CYMapHOIO KUTbKiCcTIO Omu3bKk0 250 More-
KYJL

Bci po3paxyHnku peanizoBani y nporpamaomy naketi MDNAES. MonentoBantst Oyio mpoBeneHO
y NPT ancam6umi mipu temmeparypi 298.15 K ta tucky 1 aT™ 3a 70mOMOTOI0 TepMOCTaTy i 6apocraTy
Bepengcena. Yac penakcanii cranoBUB Tr = 5 1ic Ta 77/ = 2-10° nc-arm, Bignosigxo. TpuBamicTs mia-
TOTOBYOTO 3amycKy MojentoBaHHs ckianana 10 mc. Jlani BpiBHOBaXKEHHSI KOXKHOT CUCTEMH MPOBOIM -
JIOCh MPOTATOM 1 HC 3 KpOKOM iHTerpyBaHHs 2 ¢c (A7 BHYTPIITHBOMOJEKYISAPHUX MoTeHiams 0.25
(hc). Po3paxyHOK BIacTHBOCTEH CHCTEM HAa OAHOMY €Talll TpUBaB 2 HC, KPOK iHTerpyBaHHS — 2 ¢c.
st 3HMKEHHSI BUINAAKOBOI TOXMOKM BU3HAYEHHS KUIBKICHHX XapaKTEPHCTHK MOJEIbOBAHUX CHCTEM
Ul KOXXHOI 13 HuX Oyno mpoBeaeHo 50 He3aJeKHHMX MOCHIJOBHUX MOJENIOBaHb CYMapHOIO TpH-
Banictio 100 He.

VY tabauui 1 HaBeneHO eKClepUMEHTANIbHI BEIMYMHU TYCTHHH, PO3PaxoBaHi 3 TaHUX cTarTi [12]
LUISIXOM IHTEpHOIIALii, sika Oyia BUKOpHCTaHa B poOOTi AJIsl Bajialii BUKOPUCTaHUX MOAETICH.

Taémums 1. Cxinag monenpoBanux cucteM NaPFg y 6inapwiii cyminm EC:DMC
Table 1. Composition of modeled systems of NaPF, in binary mixtures of EC:DMC

c¢(NaPFy), KinbkicTs KinbkicTs KinbkicTs KinbkicTs EKcnel?l/lcth:;;aﬂbHa

MOJIB/JI Na* PFs EC DMC y 3

P, KI/M
0.25 5 5 ) en. o 1230
0.50 10 10 FCDME=30:30 wie 1250
0.75 15 15 1270
1.00 20 20 ) _ap. o 1289
1.25 25 25 EC7.]gMC 30'7(1)7\?%) 1309
1.50 30 30 1329
1.75 35 35 ) e 0 1349
2.00 40 40 EC‘.‘](?MC B 15'82 l\gt/o 1368
2.25 45 45 1388

CrpyxkrypHi BractuBocTi NaPFs y 6inapaux cymimax EC:DMC Oynu mpoaHaii3oBaHi 3a JOIO-
Mororw (QyHKIIH pagiaabHOro po3noainy (OPP) Ta morounoro koopaunaiitinoro uucia (ITKY). Jlani
¢yHkuii Oynu po3paxoBaHi 3a piBHIHHAMU | Ta 2 BiANOBiAHO.

v o)

(r)=
g”( ) N 4zr’Ar

)
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N, -6, "
n;(r)= #2[47rr2g[j (r)dr 2)

e nij(r) — cepeaHsi KUIBKICTh aTOMIB COPTY j, L0 3HAXOASTHCS Ha BifgcTaHi r.r+Ar Bin LeH-
TpaILHOTO aTOMYy (COpTY 1).

Y pobGori Oynu po3paxoBaHi elIeKTPUYHA POBIHICTD, B'SI3KICTh Ta KoedimieHTn audy3ii st po3-
YHHIB.

Enextpuuny mpoBimHiCTh oOunciroBanu 3a piBHAHHAM ['piHa-Ky06o (piBHsHHS 3) 3 aBTOKOpE-
JAIHHOT QYHKITII MATTEBOTO CTPYMY IS pIBHOBKHOI CUCTEMH.

B’si3kicTh oOumcmroBanu 3a piBHAHHAM ['piHa-Ky0o (piBHsHHS 4) 3 aBTOKOpemsmiiHOi QyHKIi
Mo3aJiaroHaNbHUX €IEMEHTIB TEH30pa HANPYTH I PiIBHOBA)KHOI CHCTEMH.

Koedinieatn audysii Oynmm pospaxoBani 3a piBHSHHAM FEifHmTelHa (pIBHSHHS 5) Ha OCHOBI
(GYHKIIN cepeJTHbOKBAIPATUIHOTO 3MIIICHHS.

1 0
= C..(t)dt
= G0 9
1 o0
= dt(J7(0)I (¢
7 Vw!( () (1)) @

tim ((0)=r(r))") = 6D 5)

t—w

Cunosi nons. Ctpykrypy aniona PF¢ ta monexyn posunnauka EC ta DMC npezacraBieHo Ha
Pucynky 1.

Jlns xatioHy Hatpito Na* 6yno BukopucTtano mojens 3 OPLS-AA.

Hns aniony PFs mapamerpu Oynu B34Ti 3 Mozeni, 3anpornonoBanoi C. Lopes Ta iH.

Jns Monekyn eTnieHKapOOHATy Ta AMMETHIIKApOOHATY CHIIOBI MO OynHu B3ATI i3 pobotn [ly-
JapeBa 31 cmiBaTopaMu. 3aiyisd MOKPAIIeHHS Pe3yJbTaTiB MOJEIIOBAHHS BIIACTUBOCTEH BiAIOBIITHUX
PO3YMHHUKIB aBTOpU poOOTH ONTHUMI3yBai apaMeTpH y3sTi 3 Mmoneni OPLS-AA.

tlkifiaee

6 DMC

Pucynoxk 1. Ctpykrypa aniona PFs ta monexyn pozunaanka EC Ta DMC
Figure 1. Structure of the PF¢ anion and solvent molecules EC and DMC

s Bamiganii oOpaHrx Mojenel CUIIOBHX IOMiB HaMH Oylia BUKOpHCTaHa rycTiuHa. 3 Pucynky 2
0aunMo moOpe CHiBMAiHHSA BEIMYWH, OTPUMAHUX 3a AOIoMoror MJI; MomemoBaHHS 3 eKCIIEPUMEH -
tanpauMu Uit cuctemu EC:DMC=50:50. Cnuparoyuch Ha 1€, MU MOXEMO T'OBOPUTH IIPO YCIIIIITHE
MOIANTBIIIE MOJICITIOBAHHS 0€3 3MiH MOTEHIIaTbHHUX TIOMIB TOCITIKYBAaHIX YaCTHHOK.
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Pucynok 2. Konnenrpariiina 3anexHicts ryctuau pozunHiB NaPFs y EC:DMC y nopiBHsHHI 3 eKclieprMeH-
TaJIbHOIO

Figure 2. Concentration dependence of the density of the solutions of NaPF¢ in EC:DMC in comparison with the
experimental one

Pe3ynbTaTti Ta OGrOBOpeHHSI

CrpykrypHi BiaactuBocti. CtpykrypHi BnactuBocTi NaPFs y 6inapaux cymimax EC:DMC Oymu
MPOAHAJI30BaHi 3a JOIOMOTOI0 (YHKITIN pamiaasHoro po3noniny (OPP) ta moTodHoro KoopauHaIliii-
Horo uncna (ITKY).

Jns cripoleHHs aHaiizyBand TUibkd PP Mik KOOpIMHALIHHUMHU LIEHTPaMHU i0HIB Ta MOJIEKYJI.
Ha Pucynky 3 moka3aHo KOOpAWHAIliIiHI IEHTPH €TWIEHKapOOHATy Ta AWMeTHiIKapOoHaty. llpm
anani3i ®PP napu kaTioH-pO3UMHHUK Y SIKOCTI KoopauHaiiiHoro nentpy EC ta DMC Buctynae atom
O, OCKIJIbKH BiH Ma€ HalOibII HEraTUBHUHN 3apsil. B iHIIOMY BUIAKy, Ui Mapy aHIOH-PO3YMHHHUK,
KOOpAMHAIIWHUMHY IIEHTpaMH cIyrytoTh atoMmu C,/Cs 3 HaAOLIBIIUM TO3UTUBHUM 3apsiioM (J1aHi aTo-
Mu cumetpruHi). Koopaurariitaum niearpom PFg~ € atom @ocdopy.

o} o} o}
My M He  Hs T Hy  Hy'Hg  Hs

Ql OH c, ¢, Ci-H C e, ¢ cln
N 177" 1 37y / N 177" 1 37"y
e o] Nof OO o] Nof
Hl'@"@“'f{zt Hl""/cz """ C\3“'H4
H2 H3 H2 H3
a) 0)

Pucynoxk 3. Koopmunaniiiai neatpu EC ra DMC ms ©PP i [1KY a) kaTioH-po34nHHNK; 0) aHIOH-PO3YHMHHUK
Figure 3. EC and DMC coordination centers for RDF and RCN of a) cation-solvent; b) anion-solvent

®PP Ta ITKY mix Na" Ta aromamu O; EC Ta DMC s BCiX IOCHIDKYBAaHUX CHCTEM CKIIALy
EC:DMC = 50:50 wt% mnpencrasieni Ha Pucynky 4. [l cucteM i3 CHiBBiIHOIIEHHSIM PO3YMHHUKIB
30:70 Ta 15:85 6ynu oTpuMaHi Taki cami pe3yiIbTaTH.

3 OPP 6aunmo, 1110 MOJI0KEHHS MaKCUMYMIB KPHBHX, a TAaKOX IIMPHHA MIKIiB 3aIHIIAI0THCS O]~
HAKOBUMH TIPY PI3HUX KOHIIGHTpaIisx coxi. Takoxk crocTepiraéMo BHCOKI Ta BY3bKi ITIKH, IO BKa3y-
FOTh Ha TOCUTH MIITHUI 3B 30K KaTiOHa 3 MOJICKyJaMH PO3YMHHHKA, TPO IO TAKOX CBITYUTH HASIB-
HicTh Tato Ha [TKY.

HocniguBuy nepumid MakcumyM OPP My MoxeMo nepeadadnTy BiACTaHb Mi>K OOpaHHMH IBOMa
aToOMaMu y Tepiriif conpBatHiit 00oxoHMi. Tak, mis nmapu Na-O; gc Ta Na-O,, puc MakcumMyM QyHKIIIT
crniocrepiraerbes mpu 0.238 HM.

[TonoxeHHs Mepmoro MiHIMyMy BKa3y€e Ha po3Mip Mepioi colbBaTHOI 0OOJIOHKM i CTaHOBHUTH
0.361 y Bunaaky napu Na-O, gc Ta 0.371 miis Na-O;, pme.
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Pucynok 4. ®yskii pagiarsHOTO po3nOAiny KaTioH-po3unHHUK a) Na-O, gc, 6) Na-O, pvc Ta MOTOYHI KOOpAH-
HaniifHi grcna B) Na-Ogc, T) Na-O;pvc. BepTukanbHa MyHKTHpHA JIiHIS BiAIOBiAE mepIuiid coipBaTHIN 000-
JIOHIII.

Figure 4. Radial distribution functions of cation-solvent a) Na-O,gc, b) Na-Oi,pmc and running coordination
numbers ¢) Na-Oy,ec, d) Na-Oy,pmc. The vertical dashed line corresponds to the first solvation shell.

3a 710moMoror rpadikiB HOTOYHOTO KOOPAMHAIIHHOIO Yucia OyjI0 BH3HAYEHO KOOPIAMHAIINHHI
YHciIa y mapax ioH-aToM po3udHHUKY. s PP 3 auMeTtnnkapOoHaTOM pe3yabTaTH KOOPAMHALIMHNX
YrceNl BUHTILTH OUTBIIIMH Ta CTAaHOBIATH Bif 3.2 10 2.4, y o vac sk miss OPP 3 erunenkapbonarom
KU Bapirorotbes Big 2.9 10 2.3 31 30UIbIICHHAM KOHIICHTPALIIT.

Ha Pucynky 5 mpencrasieni ®PP ta 1KY mix atomamu Docdopy aniony PFg Ta atomamu C,
EC ta DMC mu1s Beix TocmipKyBaHHX CHCTEM 31 CKiIaoM po3unHHUKA 50:50.

Bapro 3a3HaunTH, M0 Y IIOMY BHITAIKY SK BiJICTAHI MiXK aTOMaMH, TaK 1 KOOPJAWHAIIMHI dUCTa
npuiiMaroTh Oibii 3HaueHHs. OcTaHHiI BapitoloThes y Mexkax 5.1 - 4.1 g ®PP 3 EC ta 3.4 — 2.9 mns
©PP 3 DMC.

IIpore, Ha BigMiHy Bix map karioH-po3unHHUK, Ha OPP aniona 3 monexynmamu EC ta DMC miku
NpUOJU3HO B TP pasu HIKYE, a TAKOXK OLTBII MUpOKi. Lle ToBopHUTh PO Te, 10 aHiOHH JyXKe CIa0Ko
COJIbBATOBAHI IMMHU PO3YMHHHUKAMH, [IPO IO CBIAYMTS 1 BinCyTHICTH maro Ha [TKY.

42



CTpyKTypa Ta TpaHCTIOPTHI BIacTuBocTi po3unHiB NaPFs y cymimax eTnnenkapOoHaTy ...

1
' I —025M+8
! ——025M+8 I —050M+7
I Y I
. 161 I 075M+6
0.75M+6
161 . e | —100M+5
i A0S I 125M+4
. 1.25M + 4 | by
' e 121 : 175M + 2
& ' L L I 2.00M + 1
: 2.00 M+ 1 -

g(r)

1
B s._/\ﬁ;\:___—
1 1
1 4._/\_/\N’_v
1 1
1 1
1 / 1
0l— — ; ; ; 01— — ; ;
0.3 0.6 0.9 12 1.5 0.3 0.6 0.9 1.2 1.5
I, HM r, HM
(a) ©)
20 —025M 125 M 207 ——025M ——125M
——050M ——150M —050M —+1.50M
075 M 175M 075M 1 175M
—100M —+2.00M
. 1.00 M 200M 15 |
1
1
= el 1
= 10 € 10 1
1
1
1
5 5 1
1
1
1
0 —~ '. T . 0L— 1
0.3 0.6 0.9 1.2 0.3 0.6 0.9 1.2
r, HM I, HM
(8) ()

Pucynok 5. ®ynkuii paniansHOTo po3mnoniny aHioH-po3uMHHUK a) P-Cs e, 6) P-C; puc Ta moTo4Hi xoopnau-
HaniiHi yncna B) P-C, gc, T) P-Cs, pvc. BepTukaiibHa MyHKTHpPHA JIiHIS BIANOBINA€ MEPIIii CONbBATHIN 000JIOHIII.
Figure 5. Radial distribution functions of anion-solvent a) P-C; gc, b) P-C; pvc and running coordination num-
bers ¢) P-C; k¢, d) P-C; pmc. The vertical dashed line corresponds to the first solvation shell.

TpancmopTHi BracTuBocTi. Ha mepmiomy eTarmi y SKOCTi TPaHCIIOPTHHUX BJIACTHBOCTEH OyJIO BUB-
YEHO B’SI3KICTh Ta €ICKTPONpoBiaHicTh (PucyHOK 6 Ta 7).

Sk Mu 6aynMo, eKCTIEpUMEHTAIbHO BU3HAUCHI BEIMUMHH B SI3KOCTI JOOpE Y3TOKYIOTHCS 3 PO3-
paxoBaHUMH 3a jgomoMoror MJI MomenroBaHHS, Ta iX 3MiHa 31 30LIBIIEHHSM KOHIEHTpAIii BinOy-
BA€THCS Mailke eKCITOHEHLIHHO. Y 00J1acTi BCIX KOHIEHTPAIiil HIDKYY B SA3KICTh, Ma€ PO3YHH 31 CHIB-
BigHomenusM EC:DMC=15:85 (wt %), a naiiBuiry — EC:DMC=50:50 (wt %).

31 30UTBIIICHHSIM KOHIICHTPAIIii 3011y E€THCS B’ I3KICTh, 110 MEPEIIKOKAE 301TBIIIEHHIO eIEKTPO-
TIPOBIAHOCTI 3a PaxyHOK 30UIBIIEHHS KOHIICHTpAIlii HOCIIB CTpyMy. Y pe3yibTaTi CIOCTEPITaeThCs
eKCTpeMaJibHa 3aJeKHICTh TUTOMOT MPOBITHOCTI (SIKa MPSMO MPOTOPIiiiHAa KOHIIEHTpallii HOCIiB cTpy -
MY) 31 3MiHOIO KOHIIEHTpalii. 3011bIIeHHS! KOHIEHTpPaLii HOCIIB CTpyMy Ta 301IbIIEHHS B’ SI3KOCTI (aK-
TUYHO OOYMOBITIOE Pi3Ke MaMiHHS eIEKTPOIIPOBITHOCTI B 00JIACTi KOHIIEHTpAIlii ~ Oinbiie 1 MoJb/II.

EnexTponpoBinHiCTh — II¢ BEJIMYUHA, SKa BU3HAYAETHCS 3a pe3yibraramMud MJ| MomentoBaHHS 13
JOCUTH BEJTMKOIO BUITAJKOBOIO MOXMOKOI0. 3 ypaxyBaHHAM piBHS BUIAIKOBOI MOXUOKH Y BU3HAYCHHI
€JIEKTPOIIPOBITHOCTI OTPUMaHI JIaHi OyJIH OMKCaHI HAUITPOCTINIO KPUBOKO 3 EKCTPEMYMOM — Iapado-
JIOT0, BIATIOBITHO JUIS BCIX KOHIICHTpAIlii MaKCHMyM €JIEKTPOIPOBIAHOCTI MPUXOAUTHCS TPHOIN3HO
Ha KOHIIEHTpAIifo 1 MOJB/I.
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Pucynok 7. KoHuenTpaniiiHa 3aJ1e)XHICTh ITUTOMOT
€JIEKTPOIPOBITHOCTI PO3UMHIB
NaPFsy EC:DMC
Figure 7. Concentration dependence of specific con-
ductivity of the solutions of NaPFs in EC:DMC

Pucynok 6. KoHiieHTpaitiiiHa 3aJIe)KHICTh B’ I3KOCTI
po3unHiB NaPFg y EC:DMC y nopiBHsIHHI 3 eKcrie-
PHMEHTAIBHOIO
Figure 6. Concentration dependence of viscosity of
the solutions of NaPFs in EC:DMC in comparison
with the experimental one'?

Takox, JJisi BUBYCHHS TPAHCIIOPTHUX BIACTUBOCTEH MOCTIKYBaHUX PO3YHHIB, ¥ XOJi MOJIEKY -
JISIPHO-TMHAMIYHOTO MOJIETIIOBaHHS OyIn po3paxoBasi koedinieHTn qudysii (Pucynok 8).
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Pucynok 8. 3anexuicts koedimienTie qudysii Bix konueHrpamii NaPFs y EC:DMC
a) 50:50 wt%; 6) 30:70 wt%; B) 15:85 wt%.
Figure 8. Dependence of diffusion coefficients of NaPFs on concentration in EC:DMC
a) 50:50 wt%; b) 30:70 wt%; c) 15:85 wt%.

Koediuientn audysii npsiMo nponopuidHi pyxJMBOCTI 10HIB 1 4MM BHIIE KoedilieHT audys3ii
KaTioHa B €JICKTPOJIITHOMY PO3YHWHI, TUM OiJIbIIIe HOTO YHCIIO TIEPEHOCY, TOOTO TUM Kpalre BUKOPH-
CTOBYBATH TakKWi €JEKTPONIT B akymyisitopi. Y Tabmumi 2 HaBeleHO pe3yibTaTH PO3PaxyHKY KO-
edinienTiB audysii 3 BunagkoBumu noxudkamu. Takoxx Hamu OyIio pociimkeHo koedimienTn audys3ii
Na’ npu koHreHTpallii 1 MOJIB/JI, OCKIIBKH caMe Il KOHIIEHTPAIlS BiJOBi1a€ MAKCHMYyMY E€JIEKTPO -
MPOBIAHOCTI JUISI KOXKHOI CHCTeMH. 3 OTPUMAaHUX pE3yJdbTaTiB 0OadmMmo, MO0 Yy pO3YMHAX
EC:DMC=30:70 Ta EC:DMC=15:85 koediuient audysii Bumie, vixk y EC:DMC=50:50, sxuii Tpa-
TUIIITHO BUKOPUCTOBYETHCS B aKyMYJISITOpaXx.
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Tab6mums 2. Koedirientu mudysii ioHiB y cuctemax NaPFq y EC:DMC
Table 2. Ion diffusion coefficients in systems of NaPFs in EC:DMC

Konuenrpauisi, MoJab/J1 D(Na")-10°, m*/¢c D(PFs)-10°, m*/c
EC:DMC (50:50 wt%)
0.26 0.245+0.009 0.552+0.019
0.52 0.206+0.006 0.442+0.015
0.76 0.175+0.005 0.352+0.010
1.00 0.143+0.004 0.273+0.007
1.24 0.119+0.006 0.215+0.011
1.46 0.092+0.003 0.156+0.003
1.68 0.073+0.002 0.117+0.004
1.89 0.059+0.002 0.087+0.007
2.09 0.053+0.004 0.071+0.007
EC:DMC (30:70 wt%)
0.25 0.309+0.024 0.695+0.048
0.50 0.260+0.006 0.548+0.012
0.74 0.218+0.016 0.433+0.027
0.97 0.186=+0.005 0.344+0.012
1.19 0.155+0.010 0.270+0.008
1.41 0.123+0.008 0.200+0.011
1.62 0.098+0.007 0.150+0.009
1.82 0.082+0.003 0.120+0.007
EC:DMC (15:85 wt%)
0.24 0.350+0.024 0.800+0.049
0.48 0.312+0.021 0.658+0.032
0.71 0.260+0.014 0.486+0.028
0.94 0.217+0.010 0.384+0.021
1.36 0.155+0.004 0.241+0.013
1.57 0.127+0.006 0.187+0.008
1.77 0.103+0.004 0.148+0.009
BucHoBkM

3a I0MOMOTOI0 MOJIEKYJISAPHO-IUHAMIYHOTO MOJAEIIOBAHHS y po0OTi OYyJ0 JOCHIIKEHO TPU CH-
CTeMH Cib — OIHAPHUIA PO3YMHHMK, SKiI MOTEHIIITHO MOXXHA BUKOPHUCTOBYBAaTH y HaTpPiH-10HHUX aKy -
MmyssaTopax. OOpaHi MOJeNli MOJISKYJI PO3UMHHHUKA Ta 10HIB JOOPE BiITBOPIOIOTH €KCIICPUMEHTAIBHY
3aJIeKHICTh BEIMUMHH I'YCTHHH Ta B’ A3KOCTI.

Amnani3z QyHKIN pagialbHOTO PO3MOIIIY Ta MOTOYHUX KOOPAMHAIIMHUX YHCEN TTOKa3aB, Mo, Ha
BiZIMiHYy BiJl aHIOHIB, KaTiOHH J0Ope CONbBAaTOBaHI MOJIEKYJIaMH PO3YMHHUKIB. KaTioH HaTpilo Kparie
COJIBBATY€ETHCS AUMETHIKApOOHATOM, a MOTOYHI KOOpAWHALINWHI YKiciia BapiloIOThCS y Mexax Bin 2.4
no 3.2.

JociimKkeHHsT TpaHCIOPTHUX BIIACTHBOCTEH ITOKAa3ajo, [0 MaKCHUMallbHA €JIEKTPOIPOBIAHICTH
enekrponity NaPFg — EC — DMC Bignosigmae 1M po3unHy NaPFs y 3mimaHomy pO3YHMHHUKY
EC:DMC y mexax Bix 30:70 1o 15:85 (wt %) ta cranoButh 0.90-0.95 Cm/M. Koedimient mudysii Na*
y 1M po3uuHi €NeKTPONITy Aocsarae OinpImmx 3HadeHb 1 cuctemu EC:DMC=15:85 Ta mopiBHIOE
0.22:10° m*/c.

Moasikn

Astopu Bassuai MOH VYkpainu 3a (iHaHCOBY MIATPUMKY B Mekax 0a3oBoro (iHaHCYBaHHS 3a
HAP Ne 0121U112886. Kowmm’roTepHi po3paxyHKH Oynd TpOBEOCHI 3  BHUKOPHCTaHHSIM
po3paxynkoBoro pecypcy Dell EMC PowerEdge R740 supercomputer lIeHTpY KOJEKTHBHOI'O
BUKOPUCTAHHS HayKOBOro oOnanHaHHs "Jlabopamopis MIiKpo- ma HaAHO-cucmem, HOGUX Mamepianie
ma mexuonociu" MOH Ykpainu B XapkiBcbkoMy HallioHaJIbHOMY yHiBepcuTeTi iMeni B.H. Kapazina a
takox Azzurra HPC center, Université Cote d'Azur, Nice, France.
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Sodium-ion batteries (SIBs) have the potential to become new efficient electrical energy storage devices.
However, at the moment, the main problem is the lack of a clear technology for their production. For the industrial
production of SIBs, it is necessary to develop cathode and anode materials, as well as to choose the optimal
composition of the electrolyte. For this purpose, using molecular dynamics modeling methods, we calculated the
density, viscosity, electrical conductivity, and diffusion coefficients for NaPFs systems in the binary solvent
EC:DMC (15:85 wt%, 30:70 wt%, and 50:50 wt%), and their structural properties were also considered.

The structure of the solvation shell of cations and anions was studied within the framework of radial
distribution functions and current coordination numbers. The results indicate a more structured solvation shell of
Na* cations than of PFs anions.

The study of transport properties showed that the most suitable electrolytes for the production of sodium-ion
batteries are systems in which EC:DMC=15:85 wt%. This is due to the fact that the electrolyte of this particular
composition showed the lowest viscosity values in the region of all concentrations, as well as the highest values
of electrical conductivity. The Na* diffusion coefficients for this system also reach the highest values compared to
electrolytes of other compositions, which is a convincing argument for its future use in sodium-ion batteries.

Key words: molecular dynamics simulations, sodium-ion batteries, sodium hexafluorophosphate, ethyl-
ene carbonate, dimethyl carbonate, structural properties, transport properties, MDNAES.

Received 03.10.2024 Accepted 19.12.2024

Kharkiv University Bulletin. Chemical Series. Issue 43 (66), 2024

47


https://doi.org/10.26565/2220-637X-2024-42-03
https://doi.org/10.1021/jp0362133
https://doi.org/10.1021/ja9621760
https://doi.org/10.1007/978-3-322-90870-4
https://doi.org/10.1063/1.448118
https://doi.org/10.1063/1.2408420
http://dx.doi.org/10.1149/1945-7111/abf8d9
http://dx.doi.org/10.1149/1945-7111/abf8d9

BicHuk XapkiBChKOTO HalliOHAJILHOTO YHIBEpcUTeTY, cepis "Ximis", pur. 43 (66), 2024

https://doi.org/10.26565/2220-637X-2024-43-04 ISSN 2220-637X
YIK: 547.972.3+547.022

METHODS OF PROTECTION/DEPROTECTION OF HYDROXY GROUPS IN THE
SYNTHESIS OF POLYHYDROXY FLAVONOLS

0. Demidov?, A. Roshal®

V. N. Karazin Kharkiv National University, The Research Institute of Chemistry, 4 Svobody sqr.,
Kharkiv, 61022 Ukraine

a) < alex.demidov2019@gmail.com _https:/7orcid.org/0000-0003-4657-6884
b) U< alexandre.d.rochal@karazin.ua _https.//orcid.orgsz0000-0003-1537-9044

The article represents a review of methods for obtaining polyhydroxy flavonols without protection of hydroxy
groups, as well as syntheses using methylation, alkylation and benzylation of the initial reagents and, accord-
ingly, demethylation, dealkylation and debenzylation of the final flavonols. It is shown that the most convenient
for the synthesis of natural polyhydroxy flavonols and their analogues is the debenzylation reaction using a
Pd/C catalyst in tetrahydrofuran, which allows to obtain flavonols containing both hydroxy and methoxy groups.
Syntheses using benzylation/debenzylation reactions are easily scaled up, which allows to obtain of large
quantities of polyhydroxy flavonols, in addition, the latter do not contain impurities of hydrogen halides, which
makes it possible to use the obtained flavonols in the pharmaceutical and food industries.

The syntheses of hydroxy flavonols with a pyrogallol-like structure of the side phenyl ring were carried out,
and the natural flavonol fisetin, a promising medicinal product and component of food additives, was ob-
tained through benzylation/debenzylation reactions. effect of ensitrelvir are found in the 1-methyl-1H-1,2,4-
triazole and 6-chloro-2-methyl-2H-indazole fragments.

Keywords: Flavonols, flavonol synthesis, Algar-Flynn-Oyamada reaction, hydroxy group protection.

Introduction

Flavonoids are biologically active substances widespread in plants and fungi [1]. Of greatest in-
terest are the derivatives of 3-hydroxy-2-phenylbenzo-y-pyrone — flavonols (Figure 1), which are
powerful antioxidants, carcinostatics, and have anti-inflammatory properties [2]. Flavonols are also
used as complexing agents in the fluorescence analysis of some metal ions; the use of flavonols in-
creases the efficiency of metal ion extraction [3, 4]. In addition, flavonols are convenient models for
studying the excited-state intramolecular proton-transer reaction [5].

The greatest biological activity is demonstrated by polyhydroxy derivatives of flavonols con-
taining two to five hydroxy groups. Thus, 5,7,3',4'-tetrahydroxyflavonol (quercetin) is used as a medi-
cine in cardiology and phlebology, the diglucoside (rutinoside) of this compound - rutin is used as a
medicinal form of vitamin P [6, 7]. Currently, 7,3',4'-trihydroxyflavonol - fisetin, demonstrating neur-
otropic activity that supports the survival, differentiation, and functional maintenance of brain cells, is
beginning to be used as a medicine [8].

Currently, flavonols for medicinal use are extracted from plant raw materials. The processes of
extraction and purification of these compounds are labor-intensive, which determines the high cost of
the final product. Therefore, the development of effective and cheap methods for synthesizing polyhy -
droxyflavonols is currently very relevant.

There are several routes to synthesizing flavonols, the most commonly used being the oxidative
cyclization method. Typically, the first step involves synthesizing 2'-hydroxychalcone, which is then
followed by the Algar-Flynn-Oyamada cyclization reaction in the presence of hydrogen peroxide [9,
10]. This method is widely used to obtain synthetic derivatives of flavonols containing amino groups,
nitro groups, halogens, and to obtain heteroaromatic analogs of flavonols whose side ring is substi-
tuted with pyridine, benzadiazole, or thiazole fragments. However, the synthesis of natural flavonols
containing a large number of hydroxyl groups is associated with certain difficulties. Condensation of
the corresponding hydroxy acetophenones and hydroxy aldehydes is most often carried out in a highly
alkaline medium or in a basic solvent. This leads to the dissociation of hydroxy groups, forming unsta-
ble anionic forms that are oxidized by atmospheric oxygen and are less active in aldol condensations
when obtaining intermediate hydroxy chalcones. The Algar-Flynn-Oyamada reaction is also carried
out in an alkaline medium, where the resulting hydroxychalcone anions are oxidized by hydrogen per-
© Demidov O., Roshal A. , 2024
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oxide, which is used as a mandatory reagent. In this case, protection of the hydroxy groups is logical,
but this protection must occur selectively and not affect the 2'-hydroxy group of acetophenone and the
chalcone derivative.

In this article, we briefly reviewed methods for the synthesis of polyhydroxy flavonols contain-
ing the pyrogallol-like 3',4'-dihydroxy groups in the side benzene ring, which are most susceptible to
oxidation. We also discuss the possibility of obtaining partially methylated derivatives typical for
many natural compounds. Basing the information obtained, we carried out regioselective syntheses of
3'.4'-R-hydroxyflavonols and the natural flavonol fisetin using the debenzylation reaction. The struc-
tures of the obtained flavonols are shown in Table 1.

H Ry
L, _|
Ry 0
@@
Ry 0---?1

Figure 1. Scheme of flavonols’ synthesis according to Algar-Flynn-Oyamada reaction

Table 1. Structures of synthesized flavonol derivatives*

Substituents
R, (C4’) R,(C3’) R; R4 (C5)
(C7)

flavonol H H H H
1 OBn OBn H H

2 OH OH H H

3 OBn OMe H H

4 OH OMe H H

5 OMe OBn H H

6 OMe OH H H

7 OBn OBn OBn H
fisetin OH OH OH H

* OBn — benzyloxy-, OMe — methoxy- substituents.

Matherials and Methods

Commercial reagents were used for the synthesis and physicochemical studies of the flavonol
structure. The purification degree of intermediate and final reaction products was controlled using an
Agilent 1100 high-performance liquid chromatograph with a SUPELCO Ascentis Express C18
chromatographic column 2.7 pum 4.6 mm x 15 cm.

Identification of compounds was conducted by mass spectrometry using an Agilent LC/MSD
SL mass-selective detector. 1H NMR spectra were recorded using Unity Inova 400, Bruker Avance
DRX 500 and Bruker Avance III 400 MHz spectrometers in DMSO-d6. 13C NMR spectra were
recorded on Bruker Avance DRX 500 and Agilent ProPulse 500 MHz spectrometers at a working fre-
quency of 126 MHz in DMSO-d6. Chemical shifts are presented in & (ppm) scale. The reaction
progress and the individuality of the obtained substances were monitored by TLC on silica gel-coated
Polychrome SI F254 plates with a fluorescent detector in a hexane-ethyl acetate 2:1 system. Melting
points are performed using Hanon Instruments MP450 Automatic Melting Temperature Controller.

Results and Discussion

Analysis of scientific publications allowed us to identify two strategies for the synthesis of poly-
hydroxy flavonols (PHF): obtaining final products from the corresponding acetophenones and alde-
hydes without the protection of hydroxy groups, as well as synthesis with preliminary protection of
most hydroxy groups of the starting reagents (except for the 2-hydroxy group of acetophenones).
Methylation and benzylation were most frequently used to protect hydroxyl groups.
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As noted above, carrying out the reaction in an alkaline medium leads to partial oxidation of
both the initial reagents — hydroxy benzaldehydes and acetophenones, the intermediate products —
polyhydroxy chalcones, as well as the final flavonols initially formed in the anionic form. Neverthe-
less, the authors of works [11-13] attempted direct synthesis of hydroxy flavonols without protecting
hydroxy groups. The synthesis of flavonols with hydroxy groups in the C3' and C4' positions of the
side benzene ring was described in [11]. To prevent oxidation, the synthesis was carried out in a nitro-
gen atmosphere. The yield of the final compounds was 40-48%. The yield of 3'-hydroxy flavonol ob-
tained in the same synthetical way but in the presence of air decreased to 33% [12]. A compound with
an additional 7-hydroxy group was obtained with a lower yield. The authors of [13] performed syn-
theses of various flavonols in one and two stages, but they failed to reproduce the syntheses of polyhy-
droxy flavonols described in [11] and [12]. We also failed to reproduce the synthesis of 4'-hydroxy -
flavonol: the compound was obtained in low yield (<10%), and a high degree of resinification of the
final flavonol was observed when carrying out the Algar-Flynn-Oyamada reaction. Also, when purify-
ing the latter by column chromatography on silica gel, the flavonol partially decomposes during the
separation process upon contact with the sorbent.

The second method of synthesis is based on selective methylation, ethylation or butylation of
hydroxy groups in the initial acetophenones and aldehydes, obtaining alkoxy derivatives of 2'-hy-
droxychalcone in the first stage of synthesis, with subsequent cyclization of the latter into polyalkoxy
flavonols. Depending on the position of the alkoxy groups, the final yield of flavonols is within 15-
40%. The last stage of the PHF synthesis is the removal of protective alkyl groups. In this case, a 57%
aqueous solution of hydroiodic acid is frequently used for dealkylation of flavonols [14]. The yield of
polyhydroxy flavonols in the Hl-assisted dealkylation reaction is 40-60%. Demethylation of flavonols
with hydroiodic acid is also carried out in solutions of acetic acid [15] or acetic anhydride [16, 17] in
the presence of phenol [18] followed by extraction of the reaction mixture with ethyl acetate. In this
case, the demethylation yields of reactions are in the range of 50—75%.

Demethylation in aqueous HBr solutions occurs with a yield of approximately 20% [19], in gla-
cial acetic acid and in an inert atmosphere the reaction yield increases to 65% [20]. Demethylation of
3'- and 4'-hydroxy groups of flavonols using HCI in glacial hydrochloric acid has also been described
[21], in that case, polyhydroxy flavonols were obtained with a yield of 70-72%.

A less common method used to remove protective alkyl groups is dealkylation with BBr; in dry
dichloromethane, under an inert gas atmosphere and at —78°C [21] or by heating to 50°C [22]. The
yield of dealkylated compounds depends on the location of the protected groups and the presence of
other substituents and generally ranges from 50-70%.

All methods for obtaining hydroxy flavonols from initial methylated (alkylated) reagents with
subsequent demethylation (dealkylation) of the final compound are characterized by a number of dis-
advantages — first of all, the difficult purification of flavonols from traces of acetic acid and hydrogen
halides. The presence of traces of the latter in polyhydroxyflavonols limits their use as pharmaceutic-
als and components of food additives. In addition, none of the listed methods allows regioselective de-
methylation of flavonols. Since natural flavonoids can simultaneously have hydroxy and methoxy
groups, it is not possible to obtain such compounds using the above dealkylation methods. Even if the
molecule contains different protective fragments, such as methoxy, butoxy or benzyloxy groups, the
use of the above methods leads to their complete and non-selective removal.

Comparison of the synthetical methods showed that the most convenient is the protection of hy-
droxy groups of the initial reagents with benzyl residues, as well as the debenzylation of finally ob-
tained benzyloxy flavonols. As noted above, the benzyl group can be removed with hydrohalic acids
in concentrated acetic acid. For weaker acid HCl, it is necessary to heat the reaction mixture to boiling
[21, 23], the reaction with stronger HBr occurs at room temperature [24]. The yields of the debenzyla-
tion reaction are 45-70% and 60-80%, respectively, depending on the location of the benzyloxy groups
in the molecule. Benzyloxy groups are also removed with TiCls [25] with a hydroxyflavonols' yield of
64%, and trifluoroacetic acid in the presence of thioanisole as a catalyst [26, 27] with yields of deben-
zylated compounds of 30-60%.

The use of the BBr3 reagent in dichloromethane [21] is non-selective and results in the removal
of not only benzyloxy but also any other alkoxy substituents. In addition, the yield of debenzylated de-
rivatives for various compounds can vary widely from 30 to 95%.
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Recently, the removal of benzyl fragments by catalytic hydrogenation in the presence of a Pd/C
catalyst, metallic palladium adsorbed on a carbon carrier, has become widespread [28, 29]. The use of
palladium compounds as a catalyst, for example, PA(OH)2/C, is undesirable in the case of polyhy-
droxyflavonols since it leads to the formation of colored flavonol-palladium complexes [30]. Pd/C
catalysts are renewable, non-toxic, used in the food and pharmaceutical industries, and therefore are
most suitable for the synthesis of analogs of natural flavonols.

Tetrahydrofuran, methanol, ethanol, ethyl acetate, or their mixtures in various ratios are used as
solvents in debenzylation reactions [31-34]. However, when scaling up reactions to 1-10 grams, the re-
producibility of the methods with MeOH [35, 36], EtOAc [37], and EtOH [38, 39] turned out to be low,
with yields of 30-40%. This is due to the extremely low solubility of benzyloxy derivatives of flavonols
in the indicated solvents. The best reproducibility during the scaling up of syntheses was noted when us-
ing tetrahydrofuran [40] as a solvent. In our experiments, the use of 10-20 volume equivalents of tet-
rahydrofuran relative to the starting materials provided high yields in the range of 75-95%.

Taking into account the possibility of carrying out regioselective synthesis using debenzylation
reactions of flavonols, we obtained compounds with different arrangements of hydroxy and methoxy
groups and also synthesized the natural flavonol fisetin with the protection of hydroxyls by benzyl
groups with subsequent debenzylation reaction. Typical methods of flavonol synthesis are described
below. The results of physicochemical studies of the structure of the obtained compounds are given in
Tables 2-4.

General Procedure for the Synthesis of Chalcones. Under a nitrogen atmosphere, a suspension
of NaH (6.5 mmol, 60% dispersion in mineral oil) in DMF (20 mL) was cooled to 0 °C. A solution of
2'-hydroxyacetophenone (5 mmol) was then added dropwise, and the mixture was stirred at 0 °C for
10 minutes. Subsequently, a solution of the corresponding benzaldehyde (5 mmol) in DMF (10 mL)
was added dropwise, and the reaction was allowed to proceed at room temperature for 2 hours. The re-
action mixture was then gradually acidified with glacial acetic acid until pH 4. The resulting precipi-
tate was collected by filtration, washed with MeOH (10 mL), and used in the next stage without fur-
ther purification.

Table 2. Melting points and mass-spectra of synthesized flavonols, yields of flavonol synthesis stages.

Yield, %
a ) Mass spectra T o Claisen-
avonols (m/z, %) mps CC Schmidt AFO* Debe‘n- All
condensa- zylation stages
tion
451 ([M+H]', 74), ) 0 0 _ 0
1 473 (IM+Na[, 26) 146-158 90 % 74 % 67 %
271 (IM+H]", 88), o o o o
2 293 ([M+Na]", 4) 253-291 90 % 74 % 86 % 57 %
3 375 (IM+H]", 100) 153-155 98 % 67 % - 66 %
4 285 ([M+H]", 100) 242-253 98 % 67 % 90 % 59 %
375 ((IM+H]', 83), i N o 3 N
5 397 ([M+Nal’,12) 197-208 96 % 68 % 65 %
285 ([M+H]", 94), i 0 0 0 0
6 307 ((M+Na]’, 6) 207-208 96 % 68 % 90 % 59 %
7 557 ((M+H]', 100) 158-159 88% 65% - 57%
fisetin 287 ((IM+HT', 100) 329-331 88% 65% 85% 49%

* AFO — the yield of Flynn-Algar-Oyamada reaction

General Procedure for the Synthesis of Flavonols. A suspension of chalcone (6 mmol) in
MeOH (50 mL) was treated with a 15% solution of KOH (15 mmol) and stirred at -15 °C for 10 min-
utes. A 30% H,O, solution (18 mmol) was then added dropwise, and the reaction was allowed to pro-
ceed at room temperature for 2.5 hours. The reaction mixture was subsequently acidified with glacial
acetic acid until pH 2. The precipitate was collected by filtration, and washed with MeOH (20 mL) to
afford the pure product.

General Procedure for Debenzylation. The debenzylation reaction was carried out by dissolving
the target compound in THF (10-20 volEq.) in the presence of 10% Pd/C (0.1 weq.). The mixture was
stirred under a hydrogen atmosphere at room temperature for 12 hours. Upon completion, the catalyst
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was removed by filtration through a silica gel, and the solvent was evaporated under reduced pressure
to yield the deprotected product.

Conclusions

As shown by the analysis of the methods for hydroxy group protection in the synthesis of
flavonols, the best results are obtained using benzylation of the initial reagents and subsequent deben -
zylation of the reaction products.

Table 3. *C-NMR signals of synthesized flavonol

Atom numbering in *C NMR

Comp.  C-2 C-3 C-4 c-5 C-6 C-7 c-8 Cc9 C-10
spectra

1 1452 1384  172.6 1247 1240 1334 1183 1543 1219

2 1466 1384 1729 1252 1249 1338 1186 1548 1218

3 1453 1383  172.6 1247 1245 1334 1183 1543 1212

4 1459 1380 1725 1244 1246 1333 1183 1543 1218

5 1453 1383 172,66  113.0 1247 1334 1183 1544 1213

6 1459 1380 1725 1244 1246 1333 1183 1543 1218

Re O --H 7 1463  137.8 1728 1240 1251 1331 1150 1550 1582

fisetin 1455  137.6 1724 1229 1243 1341 1160 1567 1627

Comp. c-1' c-2' c-3' c-4' c-s' C-6' (CH3) C (CH») C (Ph¥)

1 121.2 1137 1477 149.8 113.7 124.4 - 70.4, 69.9 137.0, 136.8,
128.4,127.9,
127.8,127.6

2 122.8 116.1 145.6 148.1 1158 120.5 - - -

3 123.5 1127 1474 150.6 111.7 121.9 55.6 70.2 136.9, 112224; 128.1,

4 1223 1117 1474 148.7 115.5 121.3 55.7 - -

5 121.2 1113 148.7 149.3 124.4 123.9 55.7 69.8 136.7, 1122% 127.9,

6 122.1 1115 149.7 149.2 1147 121.0 - 71.2 128.0, 127.7, 127.1

fisetin 122.8 115.3 145.5 146.7 115.3 116.5 - - -
Table 4. '"H-NMR signals of synthesized flavonols
Flavonols H-5 H-6 H-7 H-8 H-2' H-5' H-6' H H H (Ph¥*) H
(OH) (CH,) (CHs)
1 8.09 783—  783—  754—  7194(s) 725  787(d) 952 522(d)  7.54-7.28 -
(@ 770  770(@m) 728 (@ (s) (m)
(m) (m)
2 79 743() 772—  179—-  179- 691 7.61 939 - - -
(dd) 765@m) 772 772 (@ (dd) (m)
(m) (m)
3 8.09 751-  751-  780-  7.51— 722 780—  948(s) 5.17(s) 7.88-7.80  3.85
@ 736 736(m) 773 736(m) (d)  7.73(m) (m),7.51—  (s)
(m) (m) 7.36 (m)
4 809  744(t  780—  7.80—  783(s) 696 7.80— 9.55 - - 3.86
@ 773(@m) 773 @  77Bm  (m) ()
(m)
5 8.10 7.94 —7.87 (m) 784—  749- 717 794—  950(s) 5.18(s) 749-738 386
@ and 772 738@m) (d)  7.87(m) (m), 7.34 ()
7.84 —7.72 (m) (m) ®
6 811  745(t) 773— 78—  783- 7.10 773-  929-— - - 3.86
(dd) 760(m) 773 773(m) (d)  7.60(m) 921 ()
(m) (m)
7 7.15 722 694 712 1 7.48730
8.05 @ © © @ 7(53 103 526 )
fisetin 9.49
7.90 7.52 7.67- 7.62- 6.95 6.85- (s)
@ © 6.64 6.58 @ 6.87 072 - - -
m () (m) ©

* Phenyl ring of benzyl moiety
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Debenzylation using a Pd/C catalyst in tetrahydrofuran provides a high yield of polyhydroxy
flavonols — 86-90%; the synthesis method is successfully scaled up, the catalyst is easily regenerated,
and the resulting final products do not contain traces of halogens, which allows them to be used in the
pharmaceutical and food industries. Debenzylation also allows one to obtain flavonols with different
arrangements of hydroxy- and methoxy- groups, which is important in the synthesis of natural com-
pounds. The results presented in the article confirm the possibility of synthesizing flavonols with vari-
ous substituents in the side phenyl fragment, as well as the possibility of successfully synthesizing
fisetin using benzylation/debenzylation reactions.
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O. Oemungos, O. Powanb. MeTtoau 3axucTy/3HATTA 3axMCTy TAPOKCUIBHUX TPYN MpW CUHTESI nonirigpokcudna-
BOHONMIB

Xapkiecbkuli HayioHanbHUl yHisepcumem imeHi B.H. Kapasina, HAI ximii, matidaH Ceobodu, 4, Xapkis, 61022,
YKpaiHa

Y cTaTTi NnpeAcTaBneHo ornsg MeTodiB oaepaHHs nonirigpokcudnaBoHoniB 6e3 3axucTy rigpokeurpyn, a Ta-
KOX CUHTE3IB i3 3aCTOCYBaHHAM METUMIOBAHHS, ankinyBaHHA Ta 6eH3VMBaHHA BUXIQHUX peareHTiB i, BiANoBigHO,
OeMeTUMoBaHHS, AearnkinyBaHHA Ta AeOeH3nntoBaHHs KiHLeBux dnaBoHonis. MokasaHo, Wwo HanbinbLw 3py4HO
0N CUHTEe3y MPUPOAHMX NONIriApoKCUEIaBOHOIMIB Ta iX aHAnNoriB € peakuis 4e0eH3MIoBaHHA 3 BUKOPUCTAHHSM
Pd/C katanizaTopa B TeTparigpodypaHi, Lo A03BOSSE OTpUMATK (PrIaBOHOMM, WO MICTSATb K MApPOKCU-, Tak i
meTokeurpynu. CrHTE3n 3 BUKOPUCTaHHAM peakLuii 6eH3unoBaHHA/0e6eH3nNoBaHHS Nerko MaclTadyTbes, Wo
[03BONSE OTPMMYBaTW BENWKI KiNbKOCTI NONirigpokcndnaBoHOMiB, KpPiM TOro, OCTaHHi He MICTATb AOMILLOK
ranoreHoBOAHIB, WO OAa€ MOXNMBICTb BUKOPUCTOBYBATU OTPMMaHi prniaBoHONM y dhapMaueBTUYHIN Ta Xap4oBin
NPOMMUCIOBOCTI.

lMpoBeaeHo cMHTE3N rigpoKCMdaBoHOMIB 3 Niporanon-noAibHoK CTPYKTYpol Bi4YHOro peHinbHoro um-
Kny. 3 BUKOPUCTaAHHAM peakuin 6eH3nnoBaHHA/aebeH3nnioBaHHA OTPUMaHO NPUPOAHNA chnaBoHON i3eTUH
— NEepPCrneKTUBHUN MiKapCbKUIN 3acid Ta KOMMOHEHT Xap4yoBMX JO0OaBOK.

Knroyoei cnoea:.chnasoHonu, cuHmes c¢pnagoHosnie, peakuissi Anzapa-®niHHa-Osmadu, 3axucm
eidpokcuepyr.
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CUHTE3 MOHO- TA AN®EHIJ1 SAMILLEHUX CANNIUMNNTOBUX ANTbAEIIAIB,
BAXUINBUX BINNANHI-BJIOKIB A1 CUHTE3Y ®JIYOPECLEHTHUX BAPBHUKIB
TA BAPBHUKIB-CEHCUBIJII3ATOPIB AJ151 DSSC

N. B. TpoctsiHko 2, B. B. Nawko'®, C. M. KoBaneHko" ©

V. N. Karazin Kharkiv National University, School of Chemistry, 4 Svobody sqr., Kharkiv, 61022
Ukraine
"TOB «[oHay [1a6 YkpaiHa», syn. CmpameaidHe woce, 16, Kuis, 03028, YkpaiHa
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Caniuyunosi anbgerign CTaHOBNATb IHTEpPeC ANS CUHTEe3Yy BEMNMKOi KinbKOCTi BionoriyHO akTMBHUX CNOMyK, ni-
raHg KOMMIEeKCoyTBOPoBaYiB, ryopecueHTHMX 30HAIB Ta (pyHKUiOHanbHUX GapBHUWKIB-ceHcMbinisaTopis Ans
DSSC Touo.

B paHin poboTi Hamu po3pobrneHo MeToa CMHTE3Yy MOHO- Ta AUMEHIN 3amilleHnx caniumnoBmux anbaerigie 3a
peakuieto kpoc-cnony4veHHss Cyasyki-Mistypu BignoBigHux 6pomcaniuunoBux anbgerigis 3 peHinbopoHoBO Kn-
CMoTO, 3 METOK [OCNIMKEHHA MOXNuBOCTer moaudikauii 6ynoBu dyHkuioHanbHUX 6apBHUKIB. BukoHaHo
cepilo ekcnepuMeHTiB 3 Bapiauil yMOB CUHTE3y, 3aMiHW PO3YMHHUKIB Ta KaTanisaTopiB sk MPU KOHBEKLiMHOMY
HarpiBaHHi Npu aTMocepHOMY TUCKY, TaK i3 BUKOPUCTAHHSIM peakTopa KOHAYKTMBHOMO HarpiBy 3 repMeTU4HUM
pe3epByapom Anton Paar Monowave 50.

B npoueci nowyky onmumarnbHux ymo8 rnpoeedeHHs1 peakuii npudineHo eeniuky yeazy CyyacHUM 8uMOz2am
«3eneHoi ximii». Halkpawul pe3ynbmam o0epxxaHo rpu rnposedeHHi peakuii kpoc-crionydeHHss Cyd3syki-Missypu
6pomcaniyunosux anboezidie 3 ¢heHinbopPoOHOBO KUCIOMOK Yy 800i 3 BUKOPUCMAaHHSM Kamasnidamopa
Pd(PPhs)s. Llet memod edanocsi 00CKOHanumu, eukopucmosyroqu sik kamanizamop 10% Pd/C, wjo mae psd
rnepesae, a came: binbwa docmyrnHicmb, npocmoma 36epizaHHsI ma SUKOPUCMAaHHS, MeHwa eapmicmb ma
ekonoeidyHa 6esneqHicmb. Takox kamanizamop 10% Pd/C € 6inbw cmilkum 00 erniuey HasKOMUWHLO0E0
cepedosuwia, wo 003805UM0 NPosodumu peakuii 6e3 sukopucmaHHs iHepmHoi ammocghepu 8 peakmopi
KOHOYKMUBHO20 Hazpigy 3 2epmemuyHuUM pedepayapom Anton Paar Monowave 50.

KnrouoBi cnoBa: opeaHiyHuli cuHmes, caniyunosi anb0ezidu, Kpoc-crionydyeHHs, peakuis Cydsyki-Misypu,
3erileHa XiMisi, ekosoz2idyHo yucmul cuHmes, nanadiesull kamanizamop, peakmop Anton Paar Monowave 50,
¢rniyopecueHmHi 6apsHuku, DSSC.

BcTtyn

CamiunioBl ajJbIerigyd € BIIOMUMH OUIOUHT-OJOKAMH 3 BEIMKHM CHHTETHYHHM ITOTEHIIAIOM,
0 BUKOPUCTOBYIOTH B CHHTE31 ()IyOpecleHTHHUX OapBHUKIB [1], JiraHmiB KOMILIEKCOYTBOPIOBAUiB
[2], dayopecuienTHMX 30HAIB [3], METaJleBUX KOMIUICKCIB OapBHUKIB-ceHcHOLTI3aTOpiB mis DSSC
[4,5], sIK BUXi[HI CITOlYKH B CHHTE31 pi3HOMAHITHUX NOX1THMX KyMapuHiB [6] TOIIO.

EdexrusHicTs 6apBHUKIB-ceHcHOLTI3aTOpiB A1t DSSC TicHO mMOB’s13aHa 3 JTOBXXHUHOKO TT-CITPSI-
KEeHoro naHmrora. Tak, OMHUM 3 HANMOIMMPEHIINX METOJIB MOJOBXKCHHS JAHIIOra M-CIPSHKCHHS
OpraHiYHUX MOJIEKYJ € BUKOPHCTaHHSA peakiii Kpoc-crodydeHHs Cya3yki-Misypu [7]. 3 meroro
ONTHUMI3allii CHHTETHYHOTO UISAXY, HAMH OYyJIO MPOBEJECHO JOCHTIIKEHHS METOIIB CHHTE3y Ta Moudi -
Karlil CaIIIOBUX aNbICTiAIB, K BUXITHUX OLTIUHT-OJIOKIB M1 OApBHHUKIB, IO MICTATH KyMapHHOBY
JIaHKY.

B po6orti [8] onucano cunTe3 (eHiNcaniquiIoBUX aldbIeTigiB 3a KIacH4HO0 peakuieio Cynsyki-
Mistypu, 3 BUKOPHUCTaHHSIM aleTaTy Maiajiio Ta Jirauais Tpudeninpocdiny ams karamisy peakiii. Bi-
JIOMHH TaKO’K CHHTE3 MOXIAHUX 4-(eHUICaTIIUIOBOTO aNb/ETiTy, Yepe3 KPOC-CIOMyYeHHs ITPOMIXKHOT
aNiJIBHOT MOXiAHOT 3 BUKOpHCTaHHAM Katanizaropa Pd(PPh;)s Ta moganbimmm ii OKUCHEHHSIM 10 alibje-
rigy [9].

B cyvacHiii opraniuHiii XiMii aKTHBHO JOCIIDKYIOTh MOXIIMBOCTI “‘o3eneHeHHs” peakiii Cy-
I3yki-Missypu. Tak, BelNHMKy yBary NpUAUISIOTh 3aCTOCYBAHHIO €KOJIOTIYHO OE3MeYHMX PO3YMHHHUKIB,
takux sk H,O, MeOH, EtOH na 3aminy Hebe3neunnx DMF, DXN, THF Tommo. Takox 3acTOCOBYIOTH
OUTBII €KOJIOTIYHI Ta MPHUIATHI O BiTHOBIEHHS Ta MOBTOPHOTO 3aCTOCYBaHHS KaTalli3aTOpH, TaKi K
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CuHTEe3 MOHO- Ta MU(EH1T 3aMIllIEHUX CATIIUIOBUX aJIBJIET1]iB, BAXKIUBUX OLITUHT-OJIOKIB ...

HAaHOAMCIEPCHUN TManaaiidi Ha akTuBoBaHOMY Byrimii [10, 11], cknanHi ¢propoBaHi nmanamieBi KaTami-
3aTopH, MpHUAATHI A0 nepepoOku [12], Ta MeToau MIKPOXBHIIBOBOI'O CHHTE3Y B KOMOiHaLii 3 BuIle
HaBeIeHUMH Migxomamu [13].

Marepianu Ta MeTOoaMN

Buxinni pearentn Oymu npuabani y Sigma-Aldrich (USA) Ta Buxopuctani 6e3 101aTKOBOI
ouncTKH. KOHTpOJB peakiiii mpoBeeHo 3 BUKOPUCTAHHAM TOHKOIIAPOBOi XpoMaTorpadii Ha ImacTu-
nkax "Sorbfil UV-254" 3 BUKOpHCTaHHAM €NIOEHTY eTua anerar-rekcan 1:2, v/v. 'H ta “C SIMP-
crnektpu Oynu BuMmipsHi Ha Varian Gemini 400 MHz crektpomerpi y AeWTepOBaHOMY IUMETH-
ncyabdokcuni (DMSO-ds) sk pozunaauky. LC/MS criektpu onepkani Ha PE SCIEX API 150EX pi-
JuHHOMY Xpomarorpadi 3 YO netektopoM (Amex 215 Ta 254 HM) Ta konoHkoro Luna-C18. EmroroBan-
HSl TIOYMHAIM BOJOIO 1 3aKiHYYBAIM CYyMIIIIIIO aueToHITpui/Bona (95:5, v/v) 3 BUKOpUCTaHHSIM Jii-
HIHHOTO TpajlieHTa 31 MBHUIKICTIO TOTOKY 0,15 MJI/XB 1 TPUBAJICTIO IUKITY aHANi3y 25 XB.

Peaxkmop KoHOyKmugHo20 Hazpigy 3 zepmemuunum pesepgyapom Anton Paar Monowave 50
Monowave 50 — 1e peakTop AJs1 CHHTE3Y 3 KOHBEKLIHHUM MiAirpiBOM, CIeLiaIbHO CTBOPEHUH
JUTS HaBYAJIbHUX JTabopaTopiii Ta cTaHAApTHHUX MHpOIenyp eKcrepuMeHTanbHoi xiMmii (puc. 1). Llei
npuia] 3abe3nedye KOHTpoJboBaHUi HarpiB 10 250°C Ta KOHTpodb THUCKY a0 20 6ap, 10 103BOIISIE
JOCSITTH TPOIYKTUBHOCTI MIKPOXBHJIBOBOTO PeaKkTopa JAJisl IPOBEJCHHS PI3HOMaHITHUX peakwiil opra-

HiYHOTO cHHTE3Y [14].
Sealing piston
H with pressure sensor

Silicon cap

Glass vial

Heating coil

Heating jacket

Temperature sensor

Electromagnetic
stirrer

Puc. 1. a) Peakrop Anton Paar Monowave 50 3 HaT4MKOM THCKY, b) CXeMaTHYHE 300pa)KCHHS MPUCTPOIO
KOHIyKTHBHOTO HAarpiBy.

Fig. 1. a) Anton Paar Monowave 50 reactor with a pressure sensor, b) schematic representation of the conductive
heating device.

[puctpiit koHAYKTUBHOTO HarpiBy Monowave 50 ckiagaeThest 3 HarpiBaJibHOI 000JIOHKH, B SIKY
PO3MIIIYIOTh CKJIHY Biady 06’emMoM 10 MiI, CHIOPSKEHY MArHITHUM SKOPEM Ta CHIIIKOHOBOKO KpH-
mkoto 3 [ITOE mpoknaakoro. PiBHOMiIpHE HarpiBaHHS HPHUCTPOIO BiIOYBAETHCS 3a JOIIOMOTOIO CITi-
paJti, IO PeryoeThCsl BOYJOBAaHUM JATYMKOM TEMIIEPATYPH, 3 MOAATBIINM OXOJIO/DKEHHIM CTPYMOM
MOBITPs. YUIUIEHIOBAJILHUIM TOPIICHs 3 BOYNOBaHUM JAaTYMKOM THCKY 3a0e3leuye TepMETUYHICTh
peaxIiiifHoro cepenoBHUIla Ta KOHTPOJIb THCKY 10 20 6ap. [IpucTpiit ocHaIeHni CHCTEMOO EIEeKTPO -
MAarHiTiB JUIs epeMililyBaHHs cepezosuiia 10 1200 RPM.
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PeakTop Mae psii mepeBar Hall aHAJIOTaMH, a caMe: MPOTPaMOBAaHWI MOKPOKOBUH PEXHUM Ha-
IpiBaHHSA, HE3aJEKHICTD BiJl 34aTHOCTI Pi3HUX PO3UYMHHMKIB JI0 MOTJIMHAHHS €HEPril eNeKTPOMAarHiT-
HOTO BUIIPOMIHIOBAHHS, XapaKTePHU3YETHCS OUTBIITO0 OE3MEYHICTIO Ta 3PYIHICTIO Y BUKOPHUCTAHHI.

Pe3ynbtaTty Ta ix 06roBopeHHs

B naniii poOOTI MU JTOCTIAMIN METOIU CHHTE3y MOHO- Ta JU(EHLUI 3aMIIIEHUX CaliI[UIOBUX
aNpJIEri/liB 2a-e 3 BUKOPUCTAHHSM pPEaKTOopa KOHAYKTHBHOTO HArpiBy 3 TEPMETUYHHM pPE3ePBYapoM
Anton Paar Monowave 50, ToTpUMYHOUYHCH MAXOIB “3€IeHOT XiMii™.

Jns cuHTe3y MiTROBHX MPOAYKTIB Oyiia BUKOPUCTAaHA peakilisi Kpoc-cromydeHHs Cyasyki-Mis-
ypu OpOMOIIOXiAHUX CANIIUIOBOTO anbjaeriny la-e 3 (eHIIOOPOHOBOIO KHCIIOTOIO, B NMPHCYTHOCTI
nanajieBoro karamizatopa ta ocHosu K,COs (puc. 2) [8].

?  [10%PdiC, K;CO;, H0| 0
» »
L = 120°C, 10 min. 7
i " 7993% yield ~ ©N o
1a-e 2a-e

Puc. 2. CxeMa CHHTE3y MOHO- Ta TU(ESHIIT 3aMIIIICHUX CATIIMIOBUX aJIbJCTIIIB.
Fig. 2. Scheme of the synthesis of mono- and diphenyl substituted salicylic aldehydes.

Hamu npoBezieHo cepito eKCIIepUMEHTIB 3 ONTHMI3allii yMOB peakilii Kpoc-CIoTyuYeHHs, IO -
Halouu 3 migdopy mapaMeTpiB poOOTH peakTopa, pO3UMHHMKIB IS PEaKIIHOTO CepeOBHUINA, KaTawi-
3aTopa Ta TEMIIEPaTypH MIPOBEICHHS PEaKLIil.

O1xe, 0OpaHO TpW TeMIIEpaTypHi MMPOTpaMu I 3aCTOCYBAaHHS y peakTopi — MOBUIbHUHN Ha-
rpiB 1o 3aganoi temmepatypH (Tyvae = a) 100°C; b) 120°C; ¢) 150°C) mpoTsiroM 5 XB Ta yTpUMaHHS
npu i Temmeparypi me 10 xB. Ha puc. 3 HaBenmeHo BiAmoBiaHiI mpodim Temmeparypu (4epBOHHIMA
rpadik) Ta THCKY (CHHIN Tpadik). PeakTop 3abe3medye piBHOMIpHUH HarpiB Ta MiATPUMAHHS
TEMIIepaTypu Ta TUCKY 0e3 3HauHMX CTPUOKIB MapaMeTpiB (HE3HAUHMIA TIEpEerpiB Ha MOYATKY peaKiii
MOB’SI3aHUM 3 IPOLIECOM PO3UMHEHHS/PO3IUIABJICHHS PEareHTiB y CyMilli).

PesynpraTn exciepuMeHTy HaBeleHO Ha puc. 3 Ta B Tabmui 1.

TrG B) p/bar TFFC b) p/bar
2504 25 260 25
200 20 200 20
150 15 150 15
100- -0 100 10
50 5 50
0= | = D of = = 0
00:00 05:00 10:00 15:00 mm:ss  00:00 05:00 10:00 15:00 mm:ss
Tre c) p/bar
250 25
200- 20

150
100+
50

i} = — e L0
00:00 05:00 10:00 15:00 20:00 mm:ss
Puc. 3. [Ipodins Temneparypu Ta THCKY 3pa3ka peakiii y Boai a) Tywe = 100°C, t yrpumanus = 10 xB;
b) Tuae = 120°C, t yrpumanns = 10 xB; ¢) Tyaee = 150°C, t yrpumanss = 10 xs.
Fig. 3. Temperature and pressure profile of the reaction sample in water a) T max = 100°C, hold time =
10 min; b) Timax = 120°C, hold time = 10 min; ¢) Timax = 150°C, hold time = 10 min.
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Tabémuus 1. Pe3ysbraTi eKCIEPUMEHTY 3 CUHTE3Y S-(QEeHUICANIIUIOBOTO albaeriay 2a.
Table 1. Results of the experiment on the synthesis of 5-phenylsalicylic aldehyde 2a.

Ne Po3unHHUK Karanizatrop” | T,°C t Buxin, % | Ywucrora, %°*
| | DXN-H,0 10:1 Pd(PPhs), 80 | I2r 76 99
2 EtOH-H,O 2:1 Pd(PPh;)4 60 121 82 100
3 EtOH-H,O 2:1 10% Pd/C 60 121 80 100
4 H,0 Pd(PPhy)s 80 | 12r 74 9%
5 H,O 10% Pd/C 80 121 71 93
6 H,O 10% Pd/C K.T. 24 60 94
7 | DXN-H,0 10:1 Pd(PPhs), 120 | 10xs 84 99
8 | EtOH-H,0 2:1 Pd(PPhs), 120 | 10 xs 94 100
9 H,0 Pd(PPhs), 100 | 10xs 89 100
10 H,0 Pd(PPhs), 120 | 10xs 96 100
11 H,O 10% Pd/C 120 10 xB 92 100
12 H,O 10% Pd/C 150 10 xB 90 100

a* KUIBKICTh BUKOPUCTAHOTO KaTanizaropa — IMr Ha 500Mr BUXiTHOI CIIOJNYKH, IO BiJIOBiga€E-
7,57*107 % mol. Pd(0) s PA(PPhs)s, Ta 3,78%102 % mol. mnsa 10% Pd/C.
0* uncToTy 3pa3ka BH3HauYaiu 3a pe3ynbratoM LC/MS crnekrpoMerpii Micist OYMCTKH METOIA0M
¢em-xpomaTorpadii, emoeHT XJI0podopM.

3a pe3ynapTaTaMu MPOBEICHOI Cepii eKCIEPUMEHTIB, OyJ0 BH3HAYCHO, IO MPH IPOBEICHHI
peakuii B KJJaCHYHUX YMOBaxX BHKOpUCTaHHs Katanizatopa Pd(PPhs)s mae memo xpammii pe3ynbrar 3a
10% Pd/C, ane B HaAKpUTHYHUX YMOBaXx LSl PI3HUL Maike HIBEIOETHCS, [0 HA/IA€ 3HAYHY IIEepeBary
OCTaHHBOMY Y 3B’SI3Ky 3 €KOJIOTIYHOI0 Oe3MeYHICTIO, 3HAYHO HIDKYOI0 BapTICTIO, MPHUIATHICTIO 10
nepepoOKH Ta TOBTOPHOTO BUKOPUCTAHHSI.

[lizBuiena Temnepatypa peaxiii 103Bose €peKTUBHO BUKOPHCTOBYBATH BOLy SIK PO3YMHHUK
Yyepe3 YaCTKOBY PO3YMHHICTG Y Hill CANIIIMIOBUX albJIETi/IiB Ta X BiTHOCHO HU3bKY TEMIEpaTypy Iuia-
BieHHs (36 — 102°C).

B cBoro yepry, migBumieHHs: Temneparypu Buiie 120°C He mokpaiiye pe3yibTaTH CHHTE3Y,
OKpIM TEOPETUYHOI MOKIMBOCTI CKOPOTHTHU TPUBAJIICTD PEaKIii, BTIM 11€ HE 3HAYHO 3MEHILIY€ 3araibHi
BUTpATH 4Yacy Ha MPOBEACHHS EKCIEPUMEHTY.

3anponoHOBaHUI HAMH BapiaHT peakiii Kpoc-CHoNMydeHHs (peHICANTIIUIOBHX albACTiiB He
noTpedye BUKOPHCTaHHS KaTali3aTopiB MDK(A3HOTO MNEepeHOCy, HANpHKIad, TaKUX SK JOACHH-
ncynbdar Hatpito [11], TeTpa-H-OyTHinamMMoHiit Opomin [12] Tomio, MO CYTTEBO MOKPAIY€E €KOJIOTi-
YHICTP MPOIIECY Ta BiAMOBiAA€ MPUHIIUIIAM 3€JIE€HOT XiMii.

Karamnizatop 10% Pd/C, y npotunexnicts Bin dpochinosux xomruiekcis Pd(I) ra Pd(0), € no-
CTaTHBO CTIMKMM JIO YMOB PEaKLiMHOro CepeloBHUINA, IO JO3BOJISE HE BUKOPHUCTOBYBATH HPUIHATY
s peaktiii Cya3yki-Missypu atMocdepy aproHy, BTIM OTPUMYBATH MPOTYKTH 3 KPANTUMH BHXOAaMH
Ta YUCTOTOIO.

[opanemmii cuHTE3 CHONYK 2a-€ OyJio MPOBEACHO 32 YMOB, HaBeAeHUX B 11.11 Tabmuni 1, Bu-
3HAYCHUMH HaMH K ONTUMAaIbHUX (Ta0IuIs 2).

Ta6muust 2. Pe3ynbraTi cuHTE3y MOHO- Ta AUQEHLT 3aMIIIEHUX CATIIUIOBUX aJlbACTiAIB 2a-€.
Table 2. Results of the synthesis of mono- and diphenyl substituted salicylic aldehydes 2a-e.

Ne BuxinHa cnonyka [poaykr Buxin, % UYucrora, %

o
(0] |

|
2a £>|)1 i O 2a 92 100
Br OH O ol
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w
(o] >L_O
-
- O
o -
T 5

2b 93 98
Br O O
' 0
2¢ d 1c | 83 92
O u'i! 2c
OH
0
0 |
' L
2d 1d OH 79 90
OH I

Br
0
0
Br ! O 2e
2e Te i 89 97
OH
Br O

Ymosu peaxkuii: 10% Pd/C (1 mr), K,CO; (2a-d: 1.5 eks., 2e: 3 eks.), PhAB(OH), (2a-d: 1.2
€KB., 2e: 2.4 exB.), H,0, 120°C, 10 xs.

BucHoBOKk

Hamu po3pobneHo epeKTHBHHI METOJ] CHHTE3Y MOHO- Ta TU(EHIT 3aMIMCHUX CATIIIIOBUX
anpJerifiB 2a-e 3a peakmielo Kpoc-criomydeHH Cyn3yki-Missypu OpOMOMOXiAHHX CallilHIOBOTO
anperixy la-e 3 (GeHITOOPOHOBOIO KHCIOTOIO 3 BUKOPUCTAaHHIM peakTopa Anton Paar Monowave 50.
YMOBH TIpOBEIIEHHST peakIlii 0yJIo ONTUMI30BaHO 3 ypaxXyBaHHSM IPHHIIMITIB ‘‘3€JICHOI XiMii~, 3 BHU-
KOPUCTaHHSIM BiIHOCHO eKkouyioriuHo OesneuHoro karamizatopa 10% Pd/C, ocnoBu K,CO; ta muc-
TWJIBOBAHOI BOJY SIK PO3YMHHMKA. 3a3HA4YCHi CIIONYKH MOXYTh OyTH BHUKOPHCTaHI AJISI CHHTE3Y Pi-
3HOMaHITHUX (YHKIIIOHATBHUX PEYOBUH, BKIIOYHO (hITyOpECIeHTHUX OapBHUKIB Ta OapBHUKIB-CEHCH-
oimizaropiB mist DSSC 3 KymMaprHOBOIO JTaHKOIO.

ExcnepuMeHTasibHa YacTUHa

3arajbHa MeTOIMKA CHHTE3Y CHOJIYK 2a-e.

Bpomcaninunosuii ansaeria 1a-e (500 mr), KoCO; (2a-d: 1.5 eks., 2e: 3 exs.), PAB(OH), (2a-d:
1.2 ekB., 2e: 2.4 exB.) Ta 4 M1 guctwiiboBanoi H,O BHecnn y Biany Ha 10 M1 G10, copsinnim KoMIuie-
ktHUM MarHiTHUM PTFE sxopem, momamm xatamizatop 10% Pd/C (1 mr), Ta 3akpuin CHITIKOHOBOIO
kpumkoro 3 PTFE cenroro. Biamy nocraBunm y HarpiBasbHHI NPUCTpil peakTopa. PeakuiliHy cymimn
noBiIbHO Harpinu a0 120°C npoTsArom 5 XB Ta yTpUMyBaJH Npu LiK TemiepaTypi npotsrom 10 xs. ITo
3aKiHUYEHHIO peaKIlii MpoBenn KOHTpolbHuH aHamiz meromoMm TILX. PeakmiiftHy cymim mepeHecnn B
IUTWIBHY JIIHKY, HEHTpai3yBaJld OITOBOIO KHCIIOTOIO O HEHTPAIILHOTO CEPEIOBHUINA Ta EKCTpary-
Banu Tpu pasu 1o 10 ma xjopodopmy. OpraniuyHuii map MoegHaIN, eKCTparyBaii oauH pasz 50 mi
JUCTUIIBOBAHOIO BOJOIO Ta 30 MJI HACHUEHUM PO3YMHOM XJIOpUAY HaTpito. OpraHidyHui map mocymu-
T Haja 0e3BOTHUM Cyih()aTOM HATPII0 Ta KOHIIEHTPYBAJIH Ha POTOPHOMY BHUIapoByBadi. OUHCTKY
MPOBOJMIIN METOAOM (hrem-xpomaTtorpadii, eMoeHT — TpaieHT H-reKcaH-XJI10podopm.

3-TI'inpokcu-[1,1'-6idenisi]-4-kapéansaeria (2a). Buxig 92%, 6ini ronpuati kpuctanu, Tn, =
71-72°C. 'H NMR (400 MHz, DMSO-ds) § 10.87 (s, 1H), 10.27 (s, 1H), 7.75 (d, J = 8.1 Hz, 1H), 7.72
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—7.64 (m, 2H), 7.55 — 7.46 (m, 2H), 7.46 — 7.40 (m, 1H), 7.31 — 7.22 (m, 2H). “*C NMR (100 MHz,
DMSO-ds) 6 193.07, 162.05, 143.98, 139.20, 131.71, 128.81, 127.73, 126.79, 121.64, 120.64, 114.66.
[MH]" m/z =199.1.

4-T'inpoxcu-[1,1'-6idenin]-3-kapéanbaerig (2b). Buxing 93%, xoBtuit nopomok, Ty, = 72-
73°C. '"H NMR (400 MHz, DMSO-ds) 6 10.70 (s, 1H), 10.32 (s, 1H), 7.92 (d, ] = 2.5 Hz, 1H), 7.84
(dd, J =8.6, 2.5 Hz, 1H), 7.69 — 7.50 (m, 2H), 7.45 (t, ] = 7.2 Hz, 2H), 7.34 (t, J = 6.8 Hz, 1H), 7.09
(d, J=8.4 Hz, 1H). *C NMR (100 MHz, DMSO-d;) 6 194.37, 162.41, 142.58, 132.94, 131.59, 131.44,
128.81, 127.73, 127.54, 120.63, 118.61. [MH]" m/z = 199.0.

3-T'inpokcu-[1,1'-6idenin|-2-kapoanbaerin (2¢). Buxin 83%, cBiTIO-KOBTHH CMOIUCTHIA
ocan, Tu, = 35-36°C. '"H NMR (400 MHz, DMSO-d;s) 6 11.65 (d, J = 1.9 Hz, 1H), 9.81 (s, 1H), 7.68 —
7.59 (m, 1H), 7.54 — 7.41 (m, 5H), 7.02 (d, J = 8.4 Hz, 1H), 6.93 (dd, J = 7.5, 1.1 Hz, 1H). “C NMR
(100 MHz, DMSO-ds) 6 192.77, 162.33, 139.68, 137.38, 133.50, 128.97, 128.75, 128.00, 122.26,
118.97, 117.28. [MH]" m/z = 199.0.

2-T'inpoxcu-[1,1'-0idenin]-3-kapoéannaeria (2d). Buxix 79%, xoBTtuit cmonuctuit ocan, Ty, =
37-38°C. '"H NMR (400 MHz, DMSO-d5) 6 11.36 (s, 1H), 10.09 (s, 1H), 7.81 (dd, J = 7.7, 1.7 Hz, 1H),
7.68 (dd, J =7.5, 1.8 Hz, 1H), 7.60 — 7.53 (m, 2H), 7.49 — 7.41 (m, 2H), 7.40 — 7.34 (m, 1H), 7.18 (t, J
= 7.6 Hz, 1H). *C NMR (100 MHz, DMSO-ds) § 193.23, 157.68, 139.37, 132.80, 132.25, 129.51,
128.07,127.95, 127.75, 121.38, 121.02. [MH]" m/z = 199.0.

4'-TI'inpokcn-[1,1':3",1""-repdenin]-5'-kapdananaeria (2e). Buxig 89%, xoBTHil mOpomoK, Tr,
=101-102°C. 'H NMR (400 MHz, DMSO-ds) 6 11.33 (s, 1H), 10.17 (s, 1H), 8.14 (d, J = 2.4 Hz, 1H),
7.93 (d, J =2.4 Hz, 1H), 7.78 — 7.73 (m, 2H), 7.70 — 7.64 (m, 2H), 7.48 (td, J = 7.7, 2.3 Hz, 4H), 7.44
— 7.34 (m, 2H). *C NMR (100 MHz, DMSO-ds) 6 195.27, 158.09, 141.33, 139.44, 134.57, 133.63,
131.70, 129.37, 129.18, 128.79, 128.06, 128.04, 127.86, 127.11, 120.73. [MH]" m/z = 275.0.

Moagska

Poboty Bukonano 3a ¢inancosoi migrpumku HJIP MOH VYkpainu, nepxaBHuil peecTpaliiHuit
Homep 0122U001485.
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Salicylic aldehydes are of interest for the synthesis of many biologically active compounds, ligands, fluores-
cent probes and functional dyes-sensitizers for DSSCs, etc.

In this work, we have developed a method for the synthesis of mono- and diphenyl substituted salicylic aldehy-
des by the Suzuki-Miyaura cross-coupling reaction of the corresponding bromosalicylaldehydes with phenyl-
boronic acid, in order to study the possibilities of modifying the structure of functional dyes. A series of experi-
ments were performed on the variation of synthesis conditions, replacement of solvents and catalysts both under
conditions of convection heating at atmospheric pressure and using a conductive heating reactor with a sealed
vessel Anton Paar Monowave 50.

In the process of searching for optimal reaction conditions, great attention was paid to the modern re-
quirements of "green chemistry". The best result was obtained by carrying out the Suzuki-Miyaura cross-
coupling reaction of bromosalicylaldehydes with phenylboronic acid in water using the Pd(PPh3), catalyst.
This method was improved by using 10% Pd/C as a catalyst, which has a number of advantages, namely:
greater availability, ease of storage and use, lower cost and environmental safety. Also, the 10% Pd/C cata-
lyst is more resistant to environmental influences, which allowed the reactions to be carried out without the
use of an inert atmosphere in a conductive heating reactor with a sealed tank Anton Paar Monowave 50..

Keywords: organic synthesis, salicylaldehydes, cross-coupling, Suzuki-Miyaura reaction, green chemistry,
eco-friendly synthesis, palladium catalyst, Anton Paar Monowave 50 reactor, fluorescent dyes, DSSC.
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ETAYHI HOPMHU NYBJIKAIIl HAYKOBUX PE3VYJBTATIB TA IX MOPYIIIEHHA.
PenakuiiiHa Kouseriss poOMTh BCE MOJMIIMBE ISl JOTPUMAHHS CTHUYHUX HOPM, MPUHHITHX MIXK-
HAPOJIHMM HAYKOBHM TOBAPHCTBOM, 1 JUIsl 3a100iraH s Oy/(b-AKHX MOPYIICHb X HOpM. Taka momiTu-
Ka € BaXJIMBOIO YMOBOIO TUTIJTHOT y4acTi KYpHAITY B PO3BUTKY LTICHOI CHCTeMH 3HaHb B raiysi Ximii
Ta CyMDKHHUX Tany3sx. JisIbHICTE PeAaKIiifHOl KOJIeTil 3HAYHOI0 MIpOIO CIIMPAETHCS HA peKOMeH,Z[aLlll
K0M1TeTy 3 €TUKHA HAyKOBHX Hy6J]1KaI_[H/I (Committee of Publication Ethics), a Takoxx Ha HiHHUH
JOCBIJ| MDKHAPOJHMX JKYpHAliB Ta BUaBHUUTB. IlojaHHs CTAaTTi Ha PO3IVISA O3HAYae, MO BOHA
MICTHTh OTPHMaHi aBTOPaMH HOBI HETPHBiaJbHI HAYKOBI pe3yJbTaTH, sIKi paHille He 6ym/1 ory6i-
koBaHi. KokHy cTaTTiO pereH3yoTh IOHaMEHIIIe [Ba eKCIIEPTH, SKi MAOTh yCi MOXIIMBOCTI BIJIBHO
BUCJIOBUTH MOTHBOBAaHI KpUTHYHI 3ayBa)KEHHS LI0AO0 PiBHS Ta SICHOCTI MPECTaBICHHS MaTepiany, Ho-
ro BIMOBIZHOCTI MPOGLIO KYpHaly, HOBU3HH Ta JIOCTOBIPHOCT] pe3ynbTaTiB. PexoMennarii pe-
LICH3CHTIB € OCHOBOKO JUISl IPHIHSATTS OCTATOYHOTO PillleHHs o0 mybuikauii crarri. SKino crarTio
NPUIHSTO, BOHA PO3MILILYEThCS y BIIKPUTOMY JOCTYIIi; aBTOPCBKi IIpaBa 30epiraioThCsi 3a aBTOPAMH.
3a HasABHOCTI OyAb-KUX KOHQIIKTIB iHTEepeciB (PpiHAHCOBUX, aKaJIEMIUYHHX, TIEPCOHATBHUX Ta 1HIIHX ),
YUACHHMKH NPOLECY PELCH3YBAHHS MAIOTh CIIOBICTHTH pelaKmiiiHy KoJjeriro mpo ne. Bei muranHs,
OB’s3aHI 3 MOXIMBUM IUlariatoM a6o Qanbcudikauiero pesyibTaTiB PETenbHO O6FOBOpIOIOTI>C$I
PEIAKLiHHOKO KOJIETI€0, PIBHO K CIIOPHU LIOJ0 aBTOPCTBA Ta JOLUIBHICTb PO3APOOICHHS Pe3yIIbTaTiB
Ha HEBEJNYKi CTaTTi. I[OBeI[em iariat un ganbcudikallis pe3yabTaTiB € MmiJcTaBaMu JJisi 6€3yMOBHO-
IO BiIXWJICHHS CTATTI.

STATEMENT ON THE PUBLICATION ETHICS AND MALPRACTICE. The Editorial
Board has been doing its best to keep the ethical standards adopted by the world scientific community
and to prevent the publication malpractice of any kind. This policy is considered to be an imperative
condition for the fruitful contribution of the journal in the development of the modern network of
knowledge in chemistry and boundary fields. The activity of the Editorial Board in this respect is
based, in particular, on the recommendations of the Committee of Publication Ethics and valuable
practice of world-leading journals and publishers. The submission of a manuscript implies that it con-
tains new significant scientific results obtained by authors that where never published before. Each pa-
per is peer reviewed by at least two independent experts who are completely free to express their moti-
vated critical comments on the level of the research, its novelty, reliability, readability and relevance
to the journal scope. These comments are the background for the final decision about the paper. Once
the manuscript is accepted, it becomes the open-access paper, and the copyright remains with authors.
All participants of the review process are strongly asked to disclose conflicts of interest of any kind
(financial, academic, personal, etc.). Any indication of plagiarism or fraudulent research receives ex-
tremely serious attention from the side of the Editorial Board, as well as authorship disputes and
groundless subdivision of the results into several small papers. Confirmed plagiarism or fraudulent re-
search entail the categorical rejection of the manuscript.
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IHO®OPMAULIA AJ51 ABTOPIB. Xypran nmy0mikye cTaTTi pociiChKOI0, aHTITIHCHKOIO Ta yKpai-
HChKOIO MoBamu. Jlo myOuikamii mpUAMAIOThCS: OTIISAAM (32 MOTOKEHHSM 3 PEIKOJIETIEI0); OpH-
TiHaJIBHI cTaTTi, 00caT 6-10 KXypHATBPHUX CTOPIHOK; KOPOTKI MOBIIOMIICHHS, 00CST 10 3 KypHAIBHUX
cTopiHOK. KpiM 3BHUAiHOTO CITUCKY JiTEpaTypH, B CTaTTi 0OOB'SI3KOBO IOBUHEH OYTH JPYTHUil CITUCOK,
BCi MOCHJIAHHS SIKOTO JaHi jaTtuHuuero. [IpaBuia MiIroTOBKM WIBOTO CHHCKY HaBeAEHI B PO3Zii
«TpancniTeparis» Ha caiiTi xxypHany. OOuaBa ciCKH MOBUHHI OyTH MOBHICTIO imeHTHuHI. [Ipu pe-
IIEH3YBaHHI CTaTey ONMH 3 KPHUTEPIiB - HASBHICTh MOCHIAHb Ha MyOiikamii ocTanHiX pokiB. CTaTTs
000B'I3KOBO MMOBHHHA MICTUTH PE3IOME POCIICHKOIO, YKPaiHCHKOIO Ta aHIJIIHCHKOI0 MOBaMH. Y BCiX
TPbOX HEOOXiJHO BKa3aTW Ha3BYy CTaTTi, MPi3BUILA aBTOPIB 1 KJIFOYOBI cjoBa. OpieHTOBHUHN 00CsT pe-
3toMe - 1800 3HaKkiB (0e3 ypaxyBaHHS 3aroJIOBKY 1 KIIFOYOBHX CIIiB). Pemakiiis mpuiiMae eeKTpOHHMI
(MS Word) i nBa po3npykoBaHUX (Uil XapKiB'sH) TEKCTy PYKOMHUCY. AJpecw BKazaHi B pO3ALIi
«Kontaktn» Ha caiiTi xypHaiay. CympoBigHWH JTUCT A0 CTaTTi, BUIPABIEHOI BiAMOBIAHO 10 3a-
YBa)XKEHb PEIICH3eHTa, TIOBUHEH MICTHTH Bi[MOBiNiI Ha BCi 3ayBakeHHA. llomaeTbes elneKTpOHHHH i
OZIMH pO3IpYKOBaHUH (75 XapKiB'siH) BapiaHT. Pykonwcn, SKi MpOHIIIN peneH3yBaHHs, IPUHHATI 10
nyOutikarii i opopMIIeHi BiMOBITHO 1O MpaBHJI AJs aBTOPiB, MpuiiMaroThes y ¢popmarti doc (ae docx)
enekrporHoto momtor (chembull@karazin.ua). Po3apykoBanuii Bapiant He notpibeH. JloknanHinma
iH(opMarris po3mimieHa Ha caiTi xxypHairy http://chembull.univer.kharkov.ua.

INFORMATION FOR AUTHORS. Papers in Ukrainian, Russian and English are published.
These may be invited papers; review papers (require preliminary agreement with Editors); regular pa-
pers; brief communications. In preparing the manuscript it is mandatory to keep the statement on the
publication ethics and malpractice, which can be found on the web-site and in each issue. The article
should contain summaries in English, Russian, and Ukrainian. In all three it is necessary to indicate
the title of the article, the names of the authors and the keywords. The approximate volume of sum-
mary is 1800 characters (excluding the title and key words). The help in translation is provided by re-
quest for foreign authors.. Any style of references is acceptable, but all references within the paper
must be given in the same style. In addition, the second, transliterated, list of references is required if
at least one original reference is given in Cyrillic. See section "Transliteration" of the web-site for de -
tails. Please use papers of previous issues as samples when prepare the manuscript. The MS Word for-
mat is used. Standard fonts (Times New Roman, Arial, Symbol) are preferable. Figures and diagrams
are required in vector formats. Figure captions are given separately. All figures, tables and equations
are numbered. Please use MS Equation Editor or MathType to prepare mathematical equations and
ISIS Draw to prepare chemical formulas and equations. The decimal point (not coma) is accepted in
the journal. Please avoid any kind of formatting when prepare the manuscript. Manuscripts may be
submitted to the Editor-in-Chief via e-mai chembull@karazin.ua. For more detailed information see
the journal web-site http://chembull.univer.kharkov.ua.
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	Для спрощення аналізували тільки ФРР між координаційними центрами іонів та молекул. На Рисунку 3 показано координаційні центри етиленкарбонату та диметилкарбонату. При аналізі ФРР пари катіон-розчинник у якості координаційного центру EC та DMC виступає атом О1, оскільки він має найбільш негативний заряд. В іншому випадку, для пари аніон-розчинник, координаційними центрами слугують атоми С2/С3 з найбільшим позитивним зарядом (дані атоми симетричні). Координаційним центром PF6− є атом Фосфору.
	
	
	
	
	а)
	б)
	Рисунок 3. Координаційні центри EC та DMC для ФРР і ПКЧ а) катіон-розчинник; б) аніон-розчинник
	Figure 3. EC and DMC coordination centers for RDF and RCN of a) cation-solvent; b) anion-solvent
	ФРР та ПКЧ між Na+ та атомами O1 EC та DMC для всіх досліджуваних систем складу EC:DMC = 50:50 wt% представлені на Рисунку 4. Для систем із співвідношенням розчинників 30:70 та 15:85 були отримані такі самі результати.
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