AHOTAIISA

TI'opoeesa 1. O. PeaktuBHICTh N-OKCHIIBHUX PaJUKaiB y peaklifix BiIPUBY
H-aroma Big Monekyn O0eH3unoBux cnupTiB. — KBamidikariiiina HaykoBa mpars Ha
paBax PyKOIUCY.

Hucepramisi Ha 3100yTTS HAyKOBOTO CTyMeHs 1oKTopa (imocodii 3a
cnemianpHicTIO 102 «XiMmis». — JloHenbkui HaIlOHAJLHUM YHIBEPCHUTET IMEHI
Bacwuis Cryca, Biaaurg, 2021.

Hucepraiiisi mpucBsYeHa JOCIIKEHHIO peakiiii nepeHocy H-aroma (HAT)
MDK napa-3aMillleHUMHA OCH3UJIOBUMU CIIUPTAMU Ta HITPOKCHWIBHUMU paJrKaIaMu
pI3HOI CTPYKTYpPH 1 BCTAHOBJIEHHIO KIJIBKICHOTO 3B’SI3Ky «Oy/IOBa PEaKTaHTIB —
peakmiitna 3gaTtHicT». HAT peaxiiii 3a y4acTio HITPOKCHIBHHUX PaJUKaIlB €
KIIOYOBUMH B TIPOIlECax pPaJUKaIbHO-JIAHIIIOTOBOTO CEJICKTUBHOTO OKHCHEHHS
OpraHIYHMX CHOJIyK Il Yac BHKOPUCTAHHS OpPraHIYHUX KaTali3aTopiB
N-TiApoKCHiMiIB Ta OKCHMIB. 3alpollOHOBaHa y poOOTI MOJenb A
MPOTHO3YBaHHS BEIWYMH KOHCTaHT MBUAKOCTI HAT peakuiii € iHCTpyMeHTOM,
KWW MOK€ BUKOPHUCTOBYBATHUCS TI1J] YaC CUHTE3Y HOBUX €(PEKTUBHUX OpPTaHIYHHX
KaTaji3aTopiB Ta JJI1 ONTUMI3ALll CKIAJHUX PAJUKAIbHO-JAHIIOTOBUX IPOIIECIB
OKHCHEHHS OPTaHIYHUX CTIOJIYK MOJICKYJISIPHUM KHCHEM.

BuB4yeHO KiHETHMKY peakIilii yYTBOPEHHS Ta CIOHTAaHHOTO PO3Majy
HITPOKCUJIIBHUX paaukamB — ¢ramimia-N-okcunpanx paaukamis (PINOs) 3
CJIEKTPOHO-IOHOPHUMH  Ta  CJIIEKTPOHO-AaKIENTOPHUMH  3aMICHUKaMHU Y
oenzonbHOMy Kinbili (4-CH30-, 4-Cl-, 4-HOOC-), xinomiHimia-N-OKCHIBHOTO
(QINO), 6enzorpiazon-N-okcunpaoro (BTNO) Ta paaukana BioJdypoBOi KHUCIOTH
(RVA). Pamukanu reHepyBajy 3a peakiiiero okucHeHHs BianoBigaux NOH-crmomyk
(apwmzaminiennx  N-rigpoxcudranmimigize  (NHPIS), 1-rinpokcuben3orpiazony
(1-HBT), BiomypoBoi kucimotu (VA)) OKHCHUKaMU — (QEHUTHOI0/IialeTaTOM
(PIDA), denimiiomomutpudayoparerarom (PIFA) Ta uepiii (IV) amowii HiTpaTOM
(CAN). N-okcunbHi pagukann igeHtudikyBanmu 3a EIIP-cekrpamu  Ta

XapaKTepUCTUUYHUMHU CMyTraMH TOIJIMHAHHA B a0COpOLIWHUX EeIeKTPOHHHUX
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CIEeKTpaX. YTBOPEHI paguKalid € HEeCTaOUIbHHUMH 1 3 4YacoM PO3KJIaJal0ThCS.
KinetnuHi KpuBlI BUTpayaHHS paJudKalIiB OINUCYIOTHCA PIBHSHHAIM IEPIIOTO
nopsaaky. JocmikeHnuit y poOOTI psii HITPOKCHIIBHHUX PaJWKaliB OXOILIIOE
7 cionyk. KOHCTaHTM WIBHAKOCTI peakiiii CHOHTAaHHOIO pO3Maay paJuKaliB
(kg, ¢1) smiHIOIOTBCS B Mekax 4-X NOpSAAKiB. BCTaHOBIEHO, MO HalMEHNI
ctabinpHuM € BTNO paawkan, skuii po3KIagaeThesl 3 KOHCTAHTOK MIBUAKOCTI Ky =
0,014 ¢, a RVA B yMOBax eKCIIEpUMEHTY HE PO3KIaNa€ThC IPOTATOM T'OJIMH.

VYmepmie oOTpuMaHO KOHCTAHTH IMBUAKOCTI mepeHocy H-atoma s
peakiiitHoi cepili 3 ceMH HITPOKCWIBHUX PAJMKAIIB PI3HOI CTPYKTYpHU 1 I SATH
napa-3aMileHnx OCH3UJIOBUX CHUPTIB. BCTaHOBIEHO 3aJEXHICTh «CTPYKTypa
pEaKTaHTIB — peakUiiHa 31aTHICTb» A paaukaiiB 1 mosiekyn B HAT peakmisx y
Mexkax nBoBUMIpHOT BUOIpku (7 x 5) 3 35 enmemenTiB. KiHeTuky peaxiiiii BUBYAIN
3a npornomMoror Y®-BuauMoi CEeKTPOCKOMii B yMOBaX MCEBIO-TIEPIIOT0 MOPSIKY
3a HAJUMIIKY #1apa-3aMileHuX OCEH3UJIOBUX CHHUPTIB. AOCOIOTHI KOHCTAHTU
IBHAKOCTI GiMonekyssapHoi peakuii H-inpusy (ky, M?t-¢t) 6ymu pospaxosani i3
3AIeKHOCTEH crocTepeKyBaHuX KOHCTAHT (Kobs, ¢1) BiJl KOHIEHTpaLili CIIUPTIB K
ycepeaHeH1 3HaueHHs 7-10 mapaneabHux AOCIIIB.

PeakTuBHICTh napa-3aMillleHMX OCH3UJIOBUX CIHUPTIB 3pOCTa€ B Pl
n-NO,-PhCH,OH < PhCH,OH < »n-CI-PhCH,OH < #n-CH3-PhCH,OH <
n-CH30-PhCH,OH. PeakiitHa 3matHicTh N-OKCHJIBHHMX pPaauKajiB BiJIIOBIIa€e
nopsaaky: RVA < BTNO < 4-CH30-PINO < PINO < 4-CI-PINO < 4-HOOC-PINO
< QINO. BenuuuHu KOHCTaHT IBUAKOCTI peakiii H-mepenocy Bim o-C-H
3B’SI3KIB  napa-3aMillieHuX OEH3WIOBUX CIHUPTIB Ha HITPOKCWIbHI paguKalv
3MIHIOIOTBCSI Y BHBUYEHIM cepli B Mexax 4YOTHPbOX TMOPSAKIB. BBengeHHs
CJIEKTPOHO-AKIIENITOPHUX 3aMICHUKIB y OeH3ombHE Kimbile PINOS Ta enexktpoHo-
JIOHOPHUX 3aMICHHUKIB Yy Aapa-TIOJOXEHHS apOMaTUYHOTO KUTIbIA OEH3UIOBOTO
CIOUPTY MPHUBOAUTH J10 30UIbIIEHHS KOHCTAaHT mBUAKOCTI HAT peaxuiii. 3amina
6en3onbHOTO Kubist B Mojiekyni NHPI wa mipuaun Takox cripusie 3011bIIECHHIO
koHcTaHTu mBUAKOCTI HAT peakmii gt QINO, mopiBassHo 3 PINO, uyepes

€JIEKTPOHO-AKIIETITOPHI BJIACTUBOCTI MIPUIUHOBOTO KIJIBIIS.



OTpumani pe3ysbTaTd JEMOHCTPYIOTh XOPOIIY KOPENSIII0 3a MPUHLIUIIOM
niniiHOCTI BinbHUX eHeprii ([IJIBE) 3 BUKOpHCTaHHSIM G'-KOHCTaHT 3aMiCHHUKIB
Oxkamoro—bpayna mns  wmosekyn cnupTiB. OTpuMaHO BiJ’ €MHI 3HAYCHHS
KOE(IIIEHTIB KYTOBOTO Haxwiy (p) JMIHIMHHUX perpeciii y KoOpAWHATaxX PIBHSIHHS
Fammera log ky*/ky vs. %, mo Bkasye Ha enekrpodilbHUN —XapakTep
HITPOKCWJIBHUX PATUKAIB 1 3HAUHUM BIUIMB MOJSIPHUX CTPYKTYp Y MEPEXiTHOMY
CTaH1 peaKIiu.

[IpoBeneHo KBaHTOBO-XIMIUHI PO3PAaXyHKH MOJEKYISIPHUX Ta EICKTPOHHHUX
XapaKTEePUCTUK HITPOKCWIBHUX pagukainiB metonoM DFT 3 Bukopucranasm
NpUKIAAHOrO makera BulbHOro jgoctyny «GAMMES-US». T'eomerpii
HITPOKCWJIBHUX PAJIMKAIIB ONTUMI3YBAIU 3 BUKOPUCTaHHSAM (QyHKIloHaTy B3LYP
3 6a3oBuM Habopom 6-31G(d,p) B pamkax HeoOMexeHOro Metonay XapTpi—Doka
(UHF) pns razoBoi ¢asu. OpnepxkaHO po3MOJAUT CIHIHOBOI 3aceeHOCTI 3a
Mamnnikenom Ha atoMmax Hitporeny (SDn) Ta Oxcureny (SDo) B >N—-O°® ¢pparmenTi
HITPOKCWIBHUX pajuKaiiB. [IpoaHanizoBaHO BIUIMB BEIMYUH CIIIHOBOI 3aCEJIEHOCTI
Ha PEaKTUBHICTh HITPOKCWIbHUX pamukaniB y HAT peakiisgx 3 O€H3UIOBUMHU
cnupramu. [lokazano, 1m0 B paauKali BiOJypOBO1 KUCIOTH HECMApPEHUN €IEKTPOH
nokanizoBanuii BUKIIOYHO Ha >N-O° pparmenTi. Jlenokamnizamis crina y PINOS ta
BTNO panukam BiOyBaeTbcs 3a y4acTIO apOMaTH4HOiI cucTeMu. BcraHoBieHo,
0 30UTBIIIEHHS CITIHOBOI 3acefieHOCTI Ha atroMi OxcureHy y ¢parmenti >N-O°
pajuKaia Ciupuse MiIBUIIEHHIO KOHCTaHTH mBUaKocTi HAT peaxitii.

J1J1st BCTAaHOBJIEHHS KUIBKICHOT 3aJIEXKHOCT1 «Oy10Ba peakTaHTIB — peakiliiiHa
3natHicTh» B HAT peakiisix Mi OCH3WJIOBUMHU CHUPTAMU 1 HITPOKCHJIBHUMU
paauKazamMu MpoBeaeHO OaraTo(akToOpHUN perpeciiHuil aHami3 3 BUKOPUCTAHHSIM
pI3HUX KOMOIHAIlIM 3 mapaMeTpiB PeakTUBHOCTI peareHTiB. Halikpaia kopensiis
CIIOCTEPITAEThCS TMiJT YaC BHUKOPUCTAHHS TPHOX JECKPUMNTOPIB PEaKTHUBHOCTI:
c'-KOHCTaHT 3amicHuKiB OkamoTo—bpayHa y MoJieKylaX CHHPTIB Ta CHIHOBOT
3aceneHocti Ha artomax Hitporeny Ta Oxcureny N-OKCHJIBHUX paJHKalliB.

OTpumaHe TpuIlapaMeTpOBE KOpEJsIiiHEe PIBHAHHS Jla€ 3MOTY 3 BHCOKOIO
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JIOCTOBIPHICTIO OI[IHUTH BEJIMYMHM KOHCTAHT INBHJAKOCTI pEakiiil BIJIPUBY
H-aroma N-okcunpHumuM panukaiamMua Big o-C-H 3B’s3KkiB  napa-3aMilieHUX
OceH3WIOBUX CIUPTIB. HanmiiiHICTh 3amporOHOBAHOTO PIBHSHHS 3a0e3Me4y€eThCs
JAHUMH CEKCIIEPUMEHTATbHUX KIHETUYHHX JOCTIIKEHh Ta KBAHTOBO-XIMIYHUX
PO3paxyHKIB IJis 35 eIeMEHTapHUX PEaKITii.

KuarouoBi cioBa: peakTuBHICTB, TiepeHoc H-aroma, N-OKCWIIBHI pagukam,
oensminoBi cnuptd, N-rimpoxkcudTamiMiay, 1-TiIpokcHOEH30Tpia3ol, BlOIypOBa
KHCJIOTa, KBaHTOBO-XiMiuHI DFT po3paxyHku, CHiHOBa 3aceleHICTb, PIBHSIHHS

['ammera.

SUMMARY

Hordieieva I. O. The reactivity of N-oxyl radicals in the H-atom abstraction
reactions from molecules of benzyl alcohols. — Qualification scientific work on the
rights of the manuscript.

Thesis for a degree of Doctor of Philosophy in speciality 102 «Chemistryy. —
Vasyl’ Stus Donetsk National University, Vinnytsia, 2021.

The dissertation is devoted to the study of H-atom transfer reactions (HAT)
between para-substituted benzyl alcohols and nitroxyl radicals of various structure
and the establishment of a quantitative relationship «the structure of reactants —
reactivity». HAT reactions involving nitroxyl radicals are key steps in the
processes of radical-chain selective oxidation of organic compounds using organic
catalysts such as hydroxylamine and oximes. The proposed model for predicting
HAT reaction rate constants is a tool that can be used for synthesis of new effective
organic catalysts and optimizing complex radical-chain processes of organic
compounds oxidation with molecular oxygen.

The nitroxyl radicals’ formation and spontaneous decay reactions’ kinetics
have been studied. Phthalimide-N-oxyl radicals (PINOs) with electron-donating
and electron-withdrawing substituents in the benzene ring (4-CHsO-, 4-Cl-,

4-HOOC-), quinolinimide-N-oxyl (QINO), benzotriazole-N-oxyl (BTNO) and
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violuric acid radicals (RVA) have been investigated. Radicals were generated in
the oxidation reactions of the corresponding NOH-compounds (aryl substituted
N-hydroxyphthalimide (NHPIs), 1-hydroxybenzotriazole (1-HBT), violuric acid
(VA)) with oxidizing agents such as phenyliodine(lll) diacetate (PIDA),
phenyliodine(ll1) bis(trifluoroacetate) (PIFA) and cerium (IV) ammonium nitrate
(CAN). N-oxyl radicals were identified by EPR spectra and characteristic
absorption bands in absorption electronic spectra. The obtained radicals are
unstable and decompose over time. The Kinetic curves of radical decay are
described by a first-order equation. Seven nitroxyl radicals have been investigated.
Values of the spontaneous decay rate constants (kg, s*) for these reactions vary
within 4 orders of magnitude. The least stable BTNO radical (decomposes with a
rate constant kg = 0,014 s1), and the RVA under experimental conditions has been
stabling for hours.

HAT rate constants were firstly obtained for a reaction series of seven
nitroxyl radicals of different structure and five para-substituted benzyl alcohols.
The «reactant structure — reactivity» relationship of both radicals and molecules in
the reactions within two-dimensional samples (7 x 5) with 35 elements has been
studied. The HAT reactions kinetics were studied by UV-visible spectroscopy
under pseudo-first-order conditions with approximately tenfold excess of
para-substituted benzyl alcohols. The absolute rate constants of the bimolecular
H-abstraction reaction (ky, M-s) were calculated from the plots of the observed
constants (kops, ) on the alcohol concentrations as average values of 7-10
experiments.

The reactivity of p-substituted benzyl alcohols increases in the series:
p-NO2-PhCH,OH < PhCH,OH < p-CI-PhCH20H < p-CH3-PhCH,OH <
p-CH3O-PhCH,OH. The relative reactivity of N-oxyl radicals follows
correspondsng the order: RVA < BTNO < 4-CH3;0-PINO < PINO < 4-CI-PINO <
4-HOOC-PINO < QINO. The values of rate constants the H-transfer reactions
from the a-C-H bonds of para-substituted benzyl alcohol to nitroxyl radicals span

in the studied series within four orders of magnitude. Introducing electron-
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withdrawing groups into the benzene ring of PINOs and electron-donating
substituents into the benzyl alcohol molecule leads to increasing values rate
constants of HAT reactions. Replacement aromatic ring in the NHPI molecule with
pyridine also leads to increasing HAT reaction rate constant for QINO compared
with PINO due to the electron-accepting properties of the nitrogen in the pyridine
ring.

The obtained results show a good correlation on the linear free-energy
relationships (LFER) using Brown and Okamoto’s o*-constant of substituents for
benzyl alcohol molecules. Negative values of slope coefficients in linear
regressions (p) in the coordinates of the Hammett equation log ky*/ky vs. c* are
obtained, which indicates the electrophilic nature of the nitroxyl radicals and the
significant influence of polar structures in the transition state of reactions.

Quantum chemical calculations of molecular and electronic characteristics of
nitroxyl radicals by DFT method were performed using the «<GAMMES-US» open
access application package. The geometries of the nitroxyl radicals were optimized
using the B3LYP functional and the 6-31G(d,p) base set within the unlimited
Hartree—Fock (UHF) method for the gas phase. Spin population distribution on
nitrogen (SDy) and oxygen (SDo) atoms in the >N-O fragment of nitroxyl radicals
according to Mulliken is obtained. Influence of spin population in nitroxyl radicals
on their reactivity in HAT reactions with benzyl alcohol is analyzed. Unpaired
electron is shown to localize exclusively on the >N-O fragment in the RVA. Spin
delocalization in PINOs and BTNO radical occurs with the participation of the
aromatic system. Increasing spin population on the oxygen atom in the >N-O
radical fragment was found to help increasing the rate constant of the HAT
reaction.

The quantitative relationship «structure of reactants — reactivity» in the
reactions of H-atom transfer between benzyl alcohol and nitroxyl radicals and
multifactorial regression analysis using various combinations of reactivity
parameters of reagents has been established. The best correlation is observed when

using three reactivity descriptors: Brown and Okamoto’s o*-constant of
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substituents for benzyl alcohol molecules and spin population on nitrogen and
oxygen atoms of N-oxyl radicals. Three-parameter correlation equation was
obtained. It allows to estimate with high reliability the values of the HAT reaction
rate constants for the H-atom abstraction by N-oxyl radicals from the a-C-H bonds
of para-substituted benzyl alcohols. The reliability of the proposed equation is
ensured by the data of experimental kinetic studies and quantum chemical
calculations for 35 elementary reactions.

Keywords: reactivity, H-atom transfer, N-oxyl radicals, benzyl alcohols,
N-hydroxyphthalimides, 1-hydroxybenzotriazole, violuric acid, quantum chemical

DFT calculations, spin density.
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