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azomniB. KBamigikaiiitna HaykoBa mpartisi Ha paBax PyKOIIUCY.
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cnemianbHicTio 102 — Ximis (10 — [Ipuponuunyi Hayku). — KuiBcbkuii HanioHaabHUN
yHiBepcuTeT iMeH1 Tapaca Illeuenka, Kuis, 2026.

['eTepolMKIIIYHI CIOJIYKH TMOCIAAI0Th OJHE 3 IIEHTPaJIbHUX MICIb Yy Cy4YacHIH
OpraHiuHii, MEJMYHINA Ta Marepianio3HaByiil XiMii, OCKUIBKA caMe TreTepoapoMaTHuH1
dbparMeHTH 4YacTO BU3HAYaAIOTh O10JIOT1YHY aKTUBHICTH, 3AATHICTH JI0 CHEU(IUYHOT
B3a€EMOJIi 3 MOJIEKYJSIPHUMHM MIIIEHAMH, (I3UYHI BIIACTUBOCTI Ta MPAKTUUYHY
PUIATHICTh OPTaHIYHUX MOJIEKYJ /10 BAKOPUCTAHHSA K (PYHKI[IOHAIBHUX MaTepialliB.
Cepen  uMCIEHHHMX  KJAclB  TETEPOLMKIIB  OCOOJIMBE  3HAUYE€HHS  MaloTh
OCH30KOH/ICHCOBAH1 a30JIM, 30KpeMa OeH30Tia30id Ta OeH31Mi1a300u. L1 cTpykTypHi
MOTHBHU BXOJSITh JO CKJaAy JIKapChbKUX 3aco0iB, O10JOTIYHO AaKTHUBHUX CIIONYK,
diryopeclieHTHUX OapBHUKIB, CCHCOPHHUX MOJIEKYJ, MaTepiajiB JJisi ONTOCICKTPOHIKU
Ta MPOMDKHUX MPOAYKTIB TOHKOTO OpraHiyHOro cuuresy. lloeqHaHHs apoMaTH4HOi
CTPYKTYpH, HAsSBHOCTI TE€TEPOATOMiB 1 MOXJIHMBOCTI (yHKIIOHAM3AIll B PI3HUX
MOJIOXKEHHSX pOOUTH OE€H3a30JIbHI CUCTEMHU 3PYUYHUMHU MIaT@opMamMu IJisi CTBOPEHHS
CHOJYK 13 33JaHUMHU BJIACTUBOCTSIMHU.

He3Bakatoun Ha 3HAYHUHN PO3BUTOK XiMii O€H3a30J11B, MPAKTUYHUN JOCTYI /10
OKpeMHUX TMpPEACTABHUKIB I[BOIO Kjacy, o0coOiMBOo y OararorpaMoBuX 1
HaMBIIPOMHUCIIOBUX KIJTBKOCTSIX, 3aJUIIAETHCSI HETPUBIAIIBHUM 3aBaaHHsIM. KiacuuHi
MIIXOAW A0 CHUHTE3y OEH30TIa30/iB YacTO TIPYHTYIOTbCA Ha BUKOPUCTAaHHI 2-
aMiHOTiO(peHOJIB a00 iX CHHTETMYHHUX E€KBIBAJIEHTIB, TOM1 SIK CUHTE3 O€H31M1/1a30J1iB
3a3BUYai mependavae 3aCTOCyBaHHS opmo-heHieHaiaMiHiB. Taki BUXiJHI pEYOBHHH
MOXYTh OyTH HEIOCTaTHHO CTAOUTbHUMHM, YYTIMBUMU 10 [1i KMCHIO MOBITpPS, CBITIA
abo Temmeparypd, a TaKOXX He 3aBKIU JOCTYIIHUMH Yy TOTpiOHOMY
dbyHKIIOHATI30BaHOMY BUTISL. JlogaTKOBUMU OOMEXKEHHSIMU TPATUIIIHHUX METO/IB €
BUKOPUCTAHHS METaJeBUX BIJHOBHHUKIB, JOpPOTrMX a00 TOKCHYHHUX pPEarcHTIB,
CHeIiaJbHUX aKTUBYIOUMX areHTIiB, )KOPCTKUX YMOB, XpoMaTorpadiyHOTO OYUIIECHHS
Ta CKIJIAJHICTh MacITaOyBaHHs. Y 3B’SI3KY 3 [IMM, aKTyaJIbHUM 3aBIaHHSIM CY4acHOTO
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OpPraHiYHOTO CUHTE3Yy € PO3pOOKa MPOCTUX, BIITBOPIOBAHUX, EKOHOMIYHO JOIUIBHUX 1
MacIITa0OBaHUX METO/IB MOOYI0BH OEH30TIa30JbHOTO Ta OEH31M1Aa30JIBHOTO SIEp 13
JOCTYIHHX 1 CTaOIIbHUX MOTIEPETHUKIB.

Huceprariitna poOoTa IpUCBSYEHA pO3pOOITl MPAKTUYHUX IMIAXO/IB 0 CUHTE3Y
OeH30Tia30iB Ta OEH31MIJA30I]iB 13 HITPOBMICHUX BUXIAHHMX CIIOJNYK Y CEPEIOBHIII
KapOOHOBUX KHCIIOT 3a Y4YacTiO OKcocosned cipku. OCHOBHa KOHIIEMINS poOOTH
noJisirajia y BUKOPUCTaHHI CTa01JIbHUX HITPOIIONEPEAHUKIB K TEXHOJOTTYHO 3PYUHUX
CKBIBAJICHTIB  HECTAOLIbHUX  aMmiHOTiOpeHomB abo  opmo-(heH1IeH /11aMiHIB.
[Tepenbauanocs, 1m0 3a BIAMOBIAHOTO TIA0OPY BIJIHOBHUKA Ta PEaKIIHOTO
CEepeloBUILA TakKl MONEPEIHUKH MOXYTh O€3MOCEepeqHbO B PEAKIINHINA CyMilll
NEPETBOPIOBATUCS HA B1JIMOBIIHI O1()yHKIIIOHATIBHI THTEPMEIIaTH, SIK1 Jaji BCTYNal0Th
y UMKIOKOHACHCAII0 3 KAapOOHOBUMH KHUCIOTaMH 3 (OpPMYBaHHSAM IL1JIBOBUX
OCH3a30JIbHUX CHUCTEM. BaXIMBOIO OCOONMBICTIO LBOr0 MiAXOAY € MOTEHLIHHA
HOJBIHA pOJb OKCOCOJEH CIpKU: BOHM MOXYTh 3a0e3leduyBaTH BiJHOBJIECHHS
HITPOTPYIIH 1 BOIHOYAC F'€HEPYBATH CIPKOBMICHI YaCTUHKH, 30KpemMa SO,, 31aTHI OpaTu
y4acTh B aKTUBaLlli KAPOOHOBOI KHCIIOTH.

Ha mnepmiomy eram pocimipkeHHS Oyino po3poOJIeHO METOA CHUHTE3y 2-
aNKII3aMIIIEHUX OEH30Tia30J11B 13 BIANOBIIHUX Oic(2-HITpodeH1)aucyabdiiB.
[Ipaktnyna moTrpeba B TakoMy migxoai Oyna 3yMoOBlieHAa 3HAYEHHSIM  2-
METHJIO0CH30TIa30JbHUX TMOXIIHUX SIK KIIOYOBUX MPOMDKHUX MPOAYKTIB Y CHHTE31
[[1aHIHOBUX OapBHUKIB, (DIYyOpPECUEHTHUX 30H[IB 1 CHOPIAHEHUX (YHKIIOHATBHUX
Mouteky1. OcoOauBYy yBary Oyso IpUAICHO 2-MEeTHII-5-(METHITIO )OSH30Tia30.Ty, IKUH
€ BaXJMBUM OyiBeJIbHUM OJIOKOM JUIsl CTBOPEHHSI aHAIOriB 1H(QpayepBOHUX
ceHcuOUT3yrounx OapBHUKIB. Bimomi miaxogu 10 1I1€1 CHOJYKH BUSIBUIUCA
HEJIOCTaTHbO MPUAATHUMHU JUIsI MacIITaOyBaHHS 4yepe3 BHUKOPUCTAHHS LIMHKOBOTO
MOPOIIKY, OLTOBOIO AHTIAPUJlYy, T€TEPOreHHICTh PEAKIINHOiI CcyMill, 1HTEHCUBHE
ra30BUIIJICHHS Ta YTBOPEHHS 3HAYHOT KIJTbKOCTI HEOPTaHIYHUX BIIXO/IB. TOMY OTHUM
13 3aBAaHb pOOOTH OyJI0 CTBOPEHHSI aJIbTEPHATUBHOIO MTPOTOKOITY, SIKUW JO3BOJIUB OU
YHUKHYTH IUX OOMEXEHb 1 3a0e3neunB OU HajAiiiHe oflep>KaHHS TPOAYKTY Y BEIMKUX

KIJIBKOCTSX.



Sk BUXIJTHY pEUOBHHY TSI MOJICIIBHOTO JOCTIKEHHS 0y10 00paHo cTablIbHUN
1 gocrynuuit 6ic(2-nirpodenin)aucynpdina. Ha mouatkoBomy erami Oyno mepeBipeHO
MOXXJIMBICTh BUKOPHCTAHHS UTIOHITY HATpPIlO, SKAW € BIAOMHUM BiJHOBHUKOM
HITpOApEeHIB 1 TMOTEHIIIMHO 3JaTHUM TaKoXX OpaTh ydacTh Yy IEPETBOPEHHSIX
mucynbdigHoro ¢parmenTa. bymo BCTaHOBIEHO, IO B KUILUISYINA ONTOBIM KHCIIOTI
JTUTIOHIT HATPilO JIMCHO 3a0e3leuye YTBOPEHHs IILOBOTO OEH30Tia30iy, OJHaK
3aCTOCYBaHHSI TEXHIYHOTO PEareHTY CYIPOBOKYBAJIOCS YTBOPEHHSM HeOakaHOi
noMilIKM BifmoBimHOTO 2H-GeH30Tiazomy. MMOBIpHOI HPHUYMHOI IHOTO OYIIO
BU3HAHO HASBHICTH (popMiaTy HATPil0 B TEXHIYHOMY IUTIOHITI, IO YCKJIATHIOBAJIO
MOJaJiblI€ OYMIIEHHS NPOAYKTY. Y 3B’SI3Ky 3 IUM OyJI0 3I1MCHEHO TNOUIYK
aJbTEPHATUBHOTO peareHTy, sSIKUil 30epiraB OM 37aTHICTH 3a0e3MedyBaTH BITHOBHO-
KOHJICHCAIIMHUI TIpoliec, ajie OyB OM JCMICBIINM, JOCTYIHIIINM 1 MPUAATHIIIUM JJIs
MpenapaTiBHOTO BUKOPUCTAHHS.

VY pesynprari ontuMizaiii OylO BCTaHOBJIEHO, IO CYJIb(IT HATPIIO MOXKE
e(eKTUBHO MPOMOTYBATH MEPETBOPEHHS MOJIETLHOTO Oic(2-HiTpodeH1n)aucynbdiay B
2-MeTu-5-(MEeTUIITIO )0EH30TIa30J1 Y CePEOBUII OLITOBOI KUCIOTU. byo 10oCaiIKeHO
BILIMB CITIBBIJIHOIIEHHS BUXIiMHOI pedoBuHU, Na,SOs; ta AcOH Ha BUXIJ MPOAYKTY.
ITokazaHo, 1m0 30UIBIICHHS KIJIBKOCTI CYJIb(ITy HATPil0 MOKpAIlye Pe3yJabTaT 0
JOCSITHEHHS CriBBiAHOIIEHH cyocTpat/Na,SOs 1:8, Toal sk mojanbiie 301IbIIeHHS
KUIBKOCT1 BIJTHOBHUKA HE TIPUBOIUTH JI0 IIOMITHOTO MiABUINEHHS BUXOAY. Takoxk Oys10
OIITHMI30BAaHO KIJIBKICTh OIITOBOI KHCJIOTH, IIIO JJO3BOJIMJIO 3MEHIIIUTH 11 HaJTUIIIOK O3
BTpard €(EeKTUBHOCTI MPOIECy. 3a ONTUMAJbHUX YMOB IIJTLOBUN MPOIYKT OyII0
oTpuMaHO 3 BUXOAoM 89%, a OuHIEeHHS BAAIOCS 3AIUCHUTH O€3 KOJOHKOBOL
xpoMarorpadii, IUIIXOM €KCTPaKIlii Ta IEPETOHKH 3a 3HMKEHOTO TUCKY. Po3pobnenuit
MIPOTOKOJ OyJI0 YCHIITHO MacIITaboBaHO J10 ofepxkaHHs mpuOmm3HO 350 T mpoayKTy 32
OJTUH CUHTCTUYHHHA ITHKIT.

[Ticnst onmTuMizaiii MOAEIBHOTO MPHUKIALy Oya0 AOCTIIKEHO MIKPIILY CEpito
oic(2-niTpodenin)aucynbdiiiB 13 PI3HUMH 3aMICHUKAaMU B apOMATUYHOMY KUIBII.
Byno BctanoBieHo, 110 €PEKTUBHICTh OKPEMHUX OKCOCOJICH CIPKH ICTOTHO 3aJICKUTh
BiJ1 mpupoau cyocTpary. Xoua Na,SO; OyB onTUMaTBHUM TSI MOJETBHOT CIIOMYKH, JJIS
IHIIMX TPEICTaBHUKIB PSAAY Kpaull pe3ylbTaTH 3abe3nedyBaB TiOCYlIb(paT HaTpilo.
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Bukopucranus Na,S,;03;-5H,O no03Boimino oaepkaTtd HUBKY 2-METUJI3aMIMIEHUX
O€H30Tia30/1B 13 BHCOKMMHU NpeNapaTMBHUMU BUXoIaMu. BaxmuBo, mo wmeton
BUSBHUBCSl CyMICHUM 13 BHXIJHUMH PEYOBHHAMU TEXHIYHOI YUCTOTH, a TAKOXK 13
CyMilllaM{ BIAMOBITHUX 0Opmo-HITPOTIOEHOMIB 1 JUCYAb(iAIB, 0 MaE CYTTEBE
MpaKTUYHE 3HAYCHHS ISl MacIITabOBAaHOTO CHHTE3y. byiao IMOKa3aHO MOXKIIUBICTH
OJIepKaHHSI METOKCH-, METWJI-, OpoM- 1 TpudTOpMETHI3aMillleHuX OEH30Ti1a30iB,
BKJIFOYArOYM (TOpPOpraHiyHl MOXifgHI, SKI MOXYTh OYTH KOPHCHHMH IPOMIKHHUMHU
MPOAYKTaMU JJII CTBOPEHHS KOH FOTOBAaHUX CHCTEM 1 010aKTUBHHMX MOJICKYIL.

O6nacTh 3acToCyBaHHS OEH30TIa30JIBHOTO MIAX0MY OYyJIO pO3IIMPEHO Ha 1HII
KapOOHOBI1 KMCJIOTH. 3aMiHa OLITOBOI KUCJIOTH Ha MypaIlIHY a00 MPOMIOHOBY KUCIIOTY
Jajga 3MOTY ojep)KaTh BiamoBigHI 2H-O0eH30Tia3onu Ta 2-eTuindeH3otiazonu. Kpim
TOro, OyJ0 MPOJIEMOHCTPOBAHO CYMICHICTh PEAKI[IHHUX YMOB 13 KapOOKCHUIILHOIO Ta
€CTEepHOI0 (DYHKLIOHAJbHUMHU TpylnaMd. TakuM YHHOM, PO3POOJICHUH METOHd He
O0OMEXKY€ETHCSI CUHTE30M JIMIIE 2-METHIMOXITHUX, a MOKe OyTH BUKOPUCTAHUN SK
3arajibHa Tuiargopma sl ojiepKaHHs (QYHKI1OHAII30BaHUX OCH30TIa30J11B 13 PI3HUM
XapakTepoM 3aMimeHHsd. [IpomyKTH yTBOPIOBAIHMCS 3 BHCOKMMH BHXOJAMH,
nepeBakHo B aiana3oni 78-90%, 1 Moriu OyTH OUHMIIEH] MPOCTOI0 TUCTUIIAIIEI0 a00
IHIITMMY TIPETapaTUBHO 3pYYHUMH METOJaMHU.

Ha ocHOBI CyKymHOCT1 €KCIIEpUMEHTAILHUX PE3yJIbTaTiB OyJI0 3alpOTIOHOBAHO
MOJK/IHBE MEXAHICTHUYHE MOSCHEHHS OCH30TIa30JIbHOIO MEPEeTBOPEHHS. VIMOBIpHO,
MpoIec BKJIIOYAE KiJbKa B3a€EMOIOB’S3aHUX  CTaid: BIAHOBICHHS  Oic(2-
HITpoQeHT)aucyabGinTy 10 BIANOBIAHOTO 2-amiHoTioheHory, yTBopeHHs SO, abo
CHOPIJTHEHUX CIPKOBMICHUX YACTHHOK y KHCIIOMY CEpEIOBHUIIII, aKTUBALIII0 KApOOHOBOI
KHUCJIOTA Ta MOJAJIbIITY TeTEepPOIMKIIIZaIlii0 3 (OpMYyBaHHSAM OEH30TIa30JILHOTO SJIpa.
BigminaocTi B eekruBHOCTI NaySO3, NayS;04, Na,S,05 Ta NaS,03 cBiggarts mmpo e,
110 JJ1s1 YCIIIIHOTO Mepediry peakilii BaKJIUBUMU € K BIJIHOBHA 3/1aTHICTh PEareHTy,
TaKk 1 HOro TOBEAIHKA B KHCJIOMY CEpEIOBHIII. 3ampONOHOBaHA MEXaHICTHYHA
IHTepHpeTallis He MPETEeHy€E Ha OCTaTOYHUI OMKC YCIX CTaii MpoIlecy, OJHaK 100pe
Y3TOKYETHCS 3 CKCIIEPUMEHTATLHUMH CTIOCTEPEIKEHHSIMH Ta MOSCHIOE KITFOYOBY POJTH

OKCOCOJIEH CIpKH.



OkpeMuM acrneKkToM OEH30TIa30JIbHOI YaCTHMHU POOOTH CTalo JOCIIKEHHS
TEPMIYHOI CTAaO1IBHOCTI BUXITHUX HITpOCHOayK. OCKUTbKH poOOTa 3 HITPOBMICHUMHU
CIOJyKaMH, OCOOJMBO B YMOBAaX HarpiBaHHsS Ta MaclITaOyBaHHsA, MOTpeOye OIIHKU
MOTCHIIMHUX TEPMIYHUX PHU3UKIB, OYJIO MPOBEACHO TEPMOTIPABIMETPUYHHUI aHaI3
KOMEPIIIHUX 3pa3KiB BIANOBIIHUX Oic(2-HiTpodeHun)aucynbdiniB. [ms Oinpmiocti
JTOCTIPKEHUX CIIOJIYK OCHOBHI IIPOIIECH BTPAaTH MacH CIIOCTEpirajvcs B 1HTEpBai
npuban3Ho 220-310 °C, ToO6TO 1CTOTHO BUILIE TEMIIEPATYP, 110 BUKOPUCTOBYBAJIHCS B
CUHTETUYHHUX Mpoueaypax. Lle cBiAUUTH MpO BIJACYTHICTH OYEBUIAHOTO TEPMIUHOTO
KOH(IIKTY MK yMOBaMHU peakiliii 1 CTaOLIbHICTIO OUIBIIOCTI BUXIJTHHUX PEUOBHH.
Bonnouac mist TpudTopMeTHII3aMIIIIEHOT CTIONYKH OYyJio BHSIBIIEHO TTOCTYIIOBY BTPaTy
Macd B IIHPOKOMY TEMIIEpaTypHOMY JIialma3oHi, M0 BKa3zye Ha HEOOXIJIHICTb
JIOJJTATKOBOTO BUBYEHHS 11 TOBEAIHKY TIEPE]T MOATBIITUM MaCIITa0yBaHHSIM.

Jnst tubmoro po3yMiHHS BJIACTUBOCTEH BUXIJIHUX HITPOAUCYIb(DIIIB OyIIO
TaKOXX TMPOBEACHO I1X NPODUIIOBAHHS MIISXOM [UKIIYHOI BOJBTAMIIEPOMETIi.
3amimeHi  6ic(2-niTpodeHin)aucynbdiin TOEAHYIOTh Y CBOIM CTPYKTypl JBa
€JIEKTPOAKTHBHI (PparMeHTH — HITPOAPWIILHUN 1 AUCYIb(IAHUI, TOMY iXHSI KaroiHa
MOBEIIHKA O41KYBaHO € CKJIAJIHIIION, HIXK y IPOCTUX HiTpoapeHiB. [locmimkenHs O0yno
BUKOHAaHO B aneroHiTpuial 3 0,1 mons/n Et4NBFs sik (oHOBUM e€NeKTpoJiTOM Ha
CKJIOByIJIeIIeBOMY eJekTpoai BimHocHO Ag/AgCl. Bymno BcraHoBiIeHO, IO BCi
iHDOpPMATUBHI CHOMYKH JEMOHCTPYIOTh OararocTaiiiiHi KaTogHI TMPOIIECH, SIKi
BIJIPI3HSIOTECA B Mpo@uliB (POHOBOTO €JIEKTPONITY Ta HITpoOeH3eHy. Jns Oiiblu
PO3YMHHHUX CTIOYK BAAJIOCS 3A1HCHUTH HallIBKUIbKICHE TTIOPIBHSHHS IMOTEHINATIB MiKIB
1 CTPYMOBHUX BIJITYKIB, TOJI SK Ui MAJIOPO3YMHHUX CIIOJIYK aHAII3 OyJ0 0OMEXEeHO
SKICHIM OITUCOM TIOJIOKEHHSI OCHOBHUX KaTOAHHX MPOIIECiB.

[TopiBHSHHSA 3 HITPOOCH3EHOM JO3BOJIMIIO 3POOHWTH TOMEPEIHE BiTHECCHHS
OCHOBHHX eJIeKTpoxiMiuHux moxAid. Karomuuit mpouec moomuszy —1,1 B, 3Mmimenss
SIKOTO 3aJI€KaJIO Bijl IPUPOAM 3aMICHUKA, OyJ10 TTOB’13aHO TIEPEBAYKHO 3 BiTHOBIICHHSIM
HiTporpynu. [HTEeHCUBHIIMN Tpouec y AUISTHII Onu3bko —1,7 B y3romkyerscs 3
BITHOBHUM DPO3PUBOM JAMCYJIb(IAHOTO 3B’S3KYy Ta MOXKE YACTKOBO MEPEKpUBATUCS 3
UOIMMMHA ~ CTaJisIMA  HITpOBiAHOBIEHHA. [IOBTOpHI CKaHyBaHHS  TOKa3aJH
30epeKEeHHs] OCHOBHMX KaTOJHUX XapaKTEPHUCTHK, Xo4ya Mpodisib CTpyMy Ta 001acThb
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3BOPOTHOI XBWJII 3MIHIOBAJIUCS, IO BIJMOBIJAa€ OaraToCTaAiiHOMY €JIEKTPOIHOMY
npoLecy 3 NOAANbIIUMU XIMIYHUMU NIEPETBOPEHHAMH a00 MOBEPXHEBUMHU €(PEKTaMH.
TakuMm 4YMHOM, IMKJIIYHA BOJBTAMIEPOMETPIS MIATBEpAMIA, IO JOCIIHKEHI
HITPOOUCYIb(PITU HE € TPOCTUMH  «OJHOXBWJIBOBUMM)»  HITpOapeHaMu, a
XapaKTepU3YIOThCSl CKJIAAHOIO PEIOKC-TIOBEMIHKOI, SKa BioOpakae HasSBHICTH
KUIBKOX €JIEKTPOAKTUBHUX IIEHTPIB Y MOJICKYJII.

Jpyruii OCHOBHUH HampsiM JHCepTaIiitHOl poOOTH OyB MPUCBIYCHUN CUHTE3Y
OEH31MI/1a30/11B 13 CTAaOUTLHUX HITPOBMICHUX IOINEPEIHHKIB. BuxigHO0O imeeo Oyio
MOIIMPEHHS KOHIICTIi BUKOPUCTAHHS OKCOCOJEH CIpKH 3 O€H30Tia30J1bHO1 cepii Ha
noOyioBy OeH3iMia3oibHOrO siapa. Ha BiaMiHy BiJ TpaauliiHUX MIAXOMIB, IO
BUKOPHUCTOBYIOTh opmo-(DEeHUIeHIIaMIHi $IK BHXIJIHI PEYOBUHH, 3alpONOHOBAHA
cTpareris nepeadoavyana reHepalito BiIMOBITHOTO JiaMiHy i1 Sify TIUIIXOM B1JTHOBJICHHSI
OpMO-HITPOAHUTIHY a00 opmo-AUHITPOOCH3EeHY O€3MOCEPEIHhO0 B CEPEIOBHIII
KapOOHOBOT KHUCIOTH. Takuil miaxiAg € MNpuBaOIMBUM 3 MPAKTHUYHOI TOYKHU 30Dy,
OCKUIBKH OpmoO-HITPOAHUTIHU Ta Opmo-IAHITPOOEH3EHU 3arajoM CTaOUIbHIIII,
3py4HilI y 30epiraHti Ta 4acTo JOCTYIHIII, HI>K BIATOBIHI J1aMiHHU.

Ha mouatkoBoMy eTari OeH31Mi1a30JIbHOT YaCTUHU OYJI0O TIPOBEIECHO CKPUHIHT
OKCOCOJIEM CIpKM B peakiisx (opMyBaHHS OCH31MiTa30JLHOTO siApa 3 MOJACIBHUX
Opmo-HITPOAHIIIHY Ta Opmo-AUHITpoOeH3eHy. byno BcTaHOBIIEHO, 1110, HA BIAMIHY Bijl
OCH30TIa30JIbHOI cepii, HalKpall pe3yabTaTu 3abesneuye came NapS;04. JIuTiOHIT
HaTPI0 JaB 3MOT'y OTPUMATU MOJIeNIbHI OEH31M1a301M 3 BUCOKUMHU MIpenapaTuBHUMHU
BUXOJaMH, TO1 K 1HIII1 OKCOCOJI CIpKH Oyu MeHII €(h)eKTUBHUMU a00 HEMPUAATHUMU
JUTSL IbOTO TIEPETBOPEHHS. Taka BIAMIHHICTh, IMOBIPHO, IIOB’s13aHa 3 IHIIUMHU PEAOKC-
BUMOTaMH JI0 BIIHOBJIEHHSI OpmO-HITPOAHIIIHIB 1 opmo-ITUHITPOOECH3EHIB TTOPIBHIHO
3 6ic(2-aiTpodenin)aucynbdigamu. OTpuMaHi pe3yabTaTd 3aCBITUWIN, 10 YCITIIIHE
dbopmyBaHHs OEH31MIJIa30JILHOTO si/ipa MOTpeOye MOEAHAHHS JOCTATHHOI BIJHOBHOI
3IaTHOCTI PEareHTy Ta 3AaTHOCTI PEAKI[IHHOT CHUCTeMU 3a0e3MEeYUTH MOMAIBIITY
IIUKJIOKOHICHCAIII 10 3 KAPOOHOBOIO KUCIIOTOIO.

[licnst BU3HAYEHHS ONTUMAJIBHOTO MPOMOTOpa OYJIO AOCHIIKEHO CHHTE3
OeH3IMiIa30I1B 13 opmo-nuHiTpoOeH3eHiB. lleil kiac cyOcTpariB € BaKJIUBUM,
OCKUIBKH MOKE PO3IIISAIaTUCS SIK CTAOIIbHUN €KBIBAJIEHT opmo-(eHUIeHA1aMIHIB. Y
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npucyTHOCTI NaxS;0O4 Ta MypallMHOI KUCIOTU Opmo-AUHITPOOCH3EHU 3a3HAaBAJIH
BIJTHOBJIEHHSI 000X HITPOTPYI 3 YTBOPEHHSIM BIAMOBIIHUX AlaMiHHUX 1HTEpMEAiaTiB,
SK1 JTajii BCTyNajiW B IMKJIOKOHACHCAIlI0 3 (opMyBaHHSIM OEH31MiZa30JILHOTO sIpa.
Byrno mokazaHno, 1110 peakiiis npujaaTHa JIjis HU3KUA 3aMIIeHUX opmo-IuHITPOOCH3CHIB
1 3a0e3medye onmep KaHHS BIAMOBIMHUX OCH31MIMTa30JiB i3 H0OpUMH a00 BUCOKUMU
BuxoaamMu. OcoOIUBO BAKIIMBUM € T€, 110 METOJI I03BOJISI€E YHUKHYTH MONEPEAHBOTO
CHUHTE3Y, OUMIICHHS Ta 30€piraHHs YyTJIWBHX Jl1aMiHIB, MIEPETBOPIOIOYN CTAOLIBHIIII
HITPOIOMNEPEAHUKHU Oe3MOCepEIHbO Ha LITHOB1 TETEPOIIUKIIH.

Jam Oyno JOCHIPKEHO Opmo-HITPOAHUIIHM SK 1€ MUPIIANA 1 MPaAKTHYHO
JOCTYIHIIIMK KJIac BUXIAHUX pE4YOBHH. Taki cyOcTpard MOXyTb OyTH OTpUMaHI
PI3HUMHU NUIIXaMU, 30KpeMa HyKJIeOo(PUIbHIUM apOMaTHYHUM 3aMIIIEHHSIM Y TTOX1THUX
OpMOo-XJIOPOHITPOOEH3EHY a00 KOHTPOJIHOBAHUM HITPYBaHHSIM BIJMOBIIHUX aHIIIHIB.
Byno BcTaHOBIIEHO, 11O PO3pPOOJIEHI YMOBU CYMICHI 3 IIUPOKUM Ha0OpOM 3aMICHHKIB Y
apoOMaTUYHOMY KUIBIll. [ajoreH3amillleHI opmo-HITPOAHUIIHM JaBajid BIiJIOBIIHI
OCH31M1a301M 3 BHUCOKMMH BHUXOJAaMH, IO € BaXJMBUM 3 OIVISIy Ha MOAANbIIe
BUKODUCTaHHS TaKUX MPOAYKTIB Yy peaKkUisiX KpOC-CIIONYYEHHS Ta I1HIIUX
dynkionamzaiisgx. CyOocTpaT 3 eJIeKTPOHOAKIIENTOPHUMU Tpynamu, 30kpema CFs,
CN Ta aneTWIbHOIO TPYIOK, TaKoXK VYCIIIIHO BCTyHajiud B  PEAKIIIo.
EnexTpoHOnOHOpHI 3aMICHUKH, BKIIOYAIOUM METOKCH- Ta JUMETHIIaMiHO(PparMeHTH,
HE TIepenKkokain ¢GopMyBaHHIO OEH3IMIJAa30JIbHOTO sjpa 1 3abe3nedyBayu
OJIEP>KAaHHS LIJIbOBUX MPOAYKTIB 13 TOOPUMHU BUXOAAMHU.

BaxnuBoro mepeBaror0 METOAy CTaja MOro TOJIGPAHTHICTH 10 HU3KH
¢yHKUlOHANBHUX Tpyl. byno mnoka3zaHo, mo HasgBHICTH (eHonbHOI OH-rpynw,
KapOOKCHUJIbHOI, €CTEPHOI Ta alleTUIILHOI IPYI HE MEepeIIKoIKae nepediry peakirii. Le
PO3IIMPIOE CUHTETUYHY IIHHICTh MIAXOAY, OCKUIBKM Takl (PyHKLIOHAJIbHI TpyNH
MOXYTh CJIYTYBaTH TOYKAMU JUIsl TIOAAJIBIIOI iepyuBaTU3aliii OeH31M11a30JIbHOTO SIpa.
Kpim Ttoro, Oymo mpOAEMOHCTPOBAHO MOXIJIHMBICTh OnEpkKaHHS N-3aMillIEHUX
OeH31M17a30:11B 13 BIAMOBIAHUX N-3aMIIIEHUX Opmo-HITPOAHUTIHIB. Y LHUX BUMOAIKax
peaxiIiis TakoX nepediraia 3 mpenapaTuBHO KOPUCHUMH BUXOJAMU, 1110 CBITYUTH MPO
IIUPIIAKA  TOTEHIIal METOMOJIOTIT ISl CHUHTE3y CTPYKTYPHO PI3HOMaHITHUX

OeH31M11a30JIbHUX ITOX1THUX.



Boanouac Oyno BCTaHOBJIEHO 1 TEBHI OOMEXKEHHS PO3POOJICHOTO MigXO.y.
CyOcTpati 3 BUTBHOIO TiIPOKCHUMETIIIBHOIO a00 aJbJETITHOI TPYIOK BHUSBUIIUCS
HECYMICHUMH 3 peakuiiHuMu ymoBamMu. CripoOa MOIIMPUTH METOMOJIOTII0 HA CUHTE3
OCH30KCa30IIB 13 0pmo-HITPOPEHOIIY TaKOXK HE MPU3BEJIa 10 YTBOPEHHS OY1KYBaHOTO
MOPOAYKTY 1 peakiis 3yNmuHsIacs Ha alUKIIYHOMY MpOMDKHOMY mnpomykTti. Lli
pe3yJabTaTH BaXJIMBI JIJI1 KOPEKTHOTO BU3HAUEHHS MEX 3aCTOCYBaHHS METONY 1
CBIJIYaTh MPO Te, 110 3aMPONOHOBAHA CHCTEMa € HalOUIbIl e()EeKTUBHOIO came i
noOynoBU OEH31M1Aa30IbHUX 1 OEH30TIA30JIbHUX CTPYKTYP, TOAI SIK ii MepeHeCeHHsI Ha
1HIII OeH3a30JIbHI KJIacHu IMOTpedye aojaTKoBoi ontumizarii. s O6eH3imiga3onbHOT
cepli Takoxk OyJ10 3alPONOHOBAHO MOXKJIMBE MEXaHICTUYHE TTOSICHEHHS.

CyKymHICTh pPe3yJbTaTiB JUCEPTAIIAHOT POOOTH PO3MIUPIOE CUHTECTUYHHIMA
1HCTpYMEHTapid Ximii OeH3a30J11B 1 AEMOHCTPYE, IO CTAOUIbHI HITPOBMICHI CIIOIYKU
MOXYTh OyTU €()EKTUBHO BUKOPHUCTAHI SIK MPUXOBAaHI €KBIBAJICHTU MajIOCTaOIILHUX
01dyHKIIIOHATBHUX TMpPeKypcopiB. Po3pobieHi mMmiIxoau MaroTh 3HAYEHHS SK i
MpenapaTUuBHOTO CUHTE3Y (DyHKIIIOHATI30BaHUX O€H30T1a301iB 1 O€H31M1/1a30J11B, TaK 1
JUTSI IOJANBIIOTO PO3BUTKY METOOJIOTI] MOJIOHUX OJHOPEAKTOPHUX MPOLECIB Y XIMii
TeTEPOITUKIIIB.

Knrwuoei cnosa: cuHTe3, reTepOIMKIIIYHI CIIOIYKH, O€H3a30JI1, O€H30T1a30I1H,
OoeHziMizazonu,  Oic(2-HiTpodeHU)AUCYnbpi,  opmo-HITPOAHUIIHU,  OpMO-
TUHITPOOEH3EHH, OKCOCOJI CIPKH, IUTIOHIT HATPii0, CYIb(IT HATPito, TIOCYIbdar
HaTpilo, KapOOHOBI KHCIIOTH, MACIITa0yBaHHS, LMKIIYHA BOJBTAMIIEPOMETPIs,

TEPMOTPaBIMETPUIHHI aHAaTI3.
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Heterocyclic compounds occupy a central position in modern organic,
medicinal, and materials chemistry, since heteroaromatic fragments often determine
the biological activity, molecular-recognition, physical properties, and practical
applicability of organic molecules as functional materials. Among numerous classes of
heterocycles, benzo-fused azoles, in particular benzothiazoles and benzimidazoles, are
of special importance. These structural motifs are found in pharmaceuticals,
biologically active compounds, fluorescent dyes, sensor molecules, optoelectronic
materials, and intermediates for fine organic synthesis. The combination of aromatic
nature, the presence of heteroatoms, and the possibility of functionalization at different
positions makes benzazole systems convenient platforms for the design of compounds
with predefined properties.

Despite the extensive development of benzazole chemistry, practical access to
certain representatives of this class, especially on multigram and semi-industrial scales,
remains a nontrivial task. Classical approaches to benzothiazoles commonly rely on 2-
aminothiophenols or their synthetic equivalents, whereas benzimidazole synthesis
usually involves the use of ortho-phenylenediamines. These starting materials may be
insufficiently stable, sensitive to air, light, or temperature, and are not always readily
available in the required functionalized form. Additional limitations of traditional
methods include the use of metal reducing agents, expensive or toxic reagents, special
activating agents, harsh conditions, chromatographic purification, and poor scalability.
Therefore, the development of simple, reproducible, economically reasonable, and
scalable methods for constructing benzothiazole and benzimidazole cores from
accessible and stable precursors remains an important task of modern organic
synthesis.

This dissertation is devoted to the development of practical approaches to the
synthesis of benzothiazoles and benzimidazoles from nitro-containing starting
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materials in carboxylic acids medium in the presence of sulfur oxosalts. The main
concept of the work was to use stable nitro precursors as technologically convenient
equivalents of unstable aminothiophenols or ortho-phenylenediamines. It was assumed
that, under appropriate choice of the reducing agent and reaction medium, such
precursors could be converted directly in the reaction mixture into the corresponding
bifunctional intermediates, which would then undergo cyclocondensation with
carboxylic acids to form the target benzazole systems. An important feature of this
approach is the potential dual role of sulfur oxosalts: they can promote nitro-group
reduction and simultaneously generate sulfur-containing species, including SO,
capable of participating in carboxylic acid activation.

At the first stage of the study, a method for the synthesis of 2-alkyl-substituted
benzothiazoles from the corresponding bis(2-nitrophenyl) disulfides was developed.
The practical need for such an approach was associated with the importance of 2-
methylbenzothiazole derivatives as key intermediates in the synthesis of cyanine dyes,
fluorescent probes, and related functional molecules. Particular attention was paid to
2-methyl-5-(methylthio)benzothiazole, an important building block for analogues of
infrared sensitizing dyes. Known approaches to this compound proved insufficiently
suitable for scale-up because they involved zinc powder, acetic anhydride,
heterogeneous reaction mixtures, intensive gas evolution, and the formation of large
amounts of inorganic waste. Therefore, one of the aims of this work was to create an
alternative protocol that would avoid these limitations and provide reliable access to
the product on a large scale.

A stable and accessible bis(2-nitrophenyl) disulfide was selected as the starting
material for the model study. Initially, sodium dithionite was tested, since it is a known
reducing agent for nitroarenes and can potentially participate in transformations of the
disulfide fragment. It was found that, in boiling acetic acid, sodium dithionite indeed
afforded the target benzothiazole. However, the use of technical-grade reagent was
accompanied by the formation of an undesirable impurity, namely the corresponding
2H-benzothiazole. This was most likely caused by sodium formate present as an
impurity in technical sodium dithionite, which complicated further purification.
Consequently, an alternative reagent was sought that would retain the ability to
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promote the reductive-condensation process while being cheaper, more accessible, and
more suitable for preparative use.

As a result of optimization, sodium sulfite was found to efficiently promote the
conversion of the model bis(2-nitrophenyl) disulfide into 2-methyl-5-
(methylthio)benzothiazole in acetic acid. The influence of the ratio of starting material,
Na,SOs, and AcOH on the product yield was investigated. Increasing the amount of
sodium sulfite improved the outcome up to a substrate/Na,SO; ratio of 1:8, whereas
further increase in the amount of reducing agent did not lead to a significant
improvement. The amount of acetic acid was also optimized, allowing its excess to be
reduced without loss of efficiency. Under the optimized conditions, the target product
was obtained in 89% yield, and purification was achieved without column
chromatography, using extraction followed by distillation under reduced pressure. The
developed protocol was successfully scaled up to afford approximately 350 g of
product in a single synthetic run.

After optimization of the model example, a broader series of bis(2-nitrophenyl)
disulfides bearing different substituents in the aromatic ring was investigated. It was
established that the efficiency of individual sulfur oxosalts strongly depends on the
nature of the substrate. Although Na,SO; was optimal for the model compound, sodium
thiosulfate gave better results for other members of the series. The use of
NaxS;03-:5H,O enabled the preparation of a range of 2-methyl-substituted
benzothiazoles in high preparative yields. Importantly, the method was compatible with
technical-grade starting materials and with mixtures of the corresponding ortho-
nitrothiophenols and disulfides, which is of considerable practical importance for
scalable synthesis. Methoxy-, methyl-, bromo-, and trifluoromethyl-substituted
benzothiazoles were successfully obtained, including fluorinated derivatives that may
serve as useful intermediates for conjugated systems and biologically active molecules.

The scope of the benzothiazole approach was further extended to other
carboxylic acids. Replacement of acetic acid with formic or propionic acid enabled the
synthesis of the corresponding 2H-benzothiazoles and 2-ethylbenzothiazoles. In
addition, the compatibility of the reaction conditions with carboxylic acid and ester
functionalities was demonstrated. Thus, the developed method is not limited to 2-
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methyl derivatives but can be regarded as a general platform for the preparation of
functionalized benzothiazoles with different substitution patterns. The products were
formed in high yields, generally within the range of 78—90%, and could be purified by
simple distillation or other preparatively convenient methods.

Based on the combined experimental results, a plausible mechanistic explanation
of the benzothiazole-forming transformation was proposed. The process likely involves
several interconnected stages: reduction of the bis(2-nitrophenyl) disulfide to the
corresponding 2-aminothiophenol, formation of SO, or related sulfur-containing
species in the acidic medium, activation of the carboxylic acid, and subsequent
heterocyclization to form the benzothiazole core. Differences in the efficiency of
Na,S0s;, Na;S,04, Na,S,0s, and Na,S,05 indicate that both the reducing ability of the
reagent and its behavior under acidic conditions are important for successful reaction
progress. The proposed mechanistic interpretation is not intended to provide a final
description of all stages of the process, but it is consistent with the experimental
observations and explains the key role of sulfur oxosalts.

A separate aspect of the benzothiazole part of the work was the investigation of
the thermal stability of the starting nitro compounds. Since work with nitro-containing
compounds, especially under heating and scale-up conditions, requires assessment of
potential thermal risks, thermogravimetric analysis of commercial samples of the
corresponding bis(2-nitrophenyl) disulfides was performed. For most compounds
studied, the main mass-loss processes were observed in the range of approximately
220-310 °C, significantly above the temperatures used in the synthetic procedures.
This indicates the absence of an obvious thermal conflict between the reaction
conditions and the stability of most starting materials. At the same time, the
trifluoromethyl-substituted compound showed gradual mass loss over a broad
temperature range, indicating the need for additional study before further scale-up.

To gain further insight into the properties of the starting nitro disulfides, their
cyclic voltammetric profiling was also performed. Substituted bis(2-nitrophenyl)
disulfides combine two electroactive motifs within one molecule, namely the nitroaryl
and disulfide fragments; therefore, their cathodic behavior was expected to be more
complex than that of simple nitroarenes. The study was carried out in acetonitrile with
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0.1 mol/L Et4NBF, as the supporting electrolyte on a glassy-carbon electrode versus
Ag/AgCl. It was found that all informative compounds exhibited multistage cathodic
processes clearly distinct from the profiles of the blank electrolyte and nitrobenzene.
For the more soluble compounds, semi-quantitative comparison of peak potentials and
current responses was possible, whereas for poorly soluble compounds the analysis
was limited to qualitative discussion of the positions of the main cathodic processes.

Comparison with nitrobenzene allowed tentative assignment of the main
electrochemical events. The cathodic process near —1.1 V, whose position depended on
the nature of the substituent, was mainly associated with nitro-group reduction. The
more intense process around —1.7 V is consistent with reductive cleavage of the
disulfide bond and may partially overlap with deeper stages of nitro reduction.
Repeated scans showed that the principal cathodic features remained recognizable,
although the current profile and reverse-wave region changed, which is consistent with
a multistage electrode process followed by chemical transformations or surface effects.
Thus, cyclic voltammetry confirmed that the investigated nitro disulfides do not behave
as simple one-wave nitroarenes, but instead display complex redox behavior reflecting
the presence of several electroactive centers in the molecule.

The second major direction of the dissertation was devoted to the synthesis of
benzimidazoles from stable nitro-containing precursors. The initial idea was to extend
the concept of sulfur oxosalt-mediated transformations from the benzothiazole series
to the construction of the benzimidazole core. Unlike traditional approaches based on
ortho-phenylenediamines, the proposed strategy involved in situ generation of the
corresponding diamine through reduction of an ortho-nitroaniline or ortho-
dinitrobenzene directly in a carboxylic acid medium. This approach is attractive from
a practical standpoint because ortho-nitroanilines and ortho-dinitrobenzenes are
generally more stable, easier to store, and often more accessible than the corresponding
diamines.

At the initial stage of the benzimidazole study, sulfur oxosalts were screened in
model reactions for benzimidazole-core formation from ortho-nitroaniline and ortho-
dinitrobenzene. It was established that, in contrast to the benzothiazole series, Na;S,;04
provided the best results. Sodium dithionite enabled the formation of model
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benzimidazoles in high preparative yields, whereas other sulfur oxosalts were less
efficient or unsuitable for this transformation. This difference is likely related to the
distinct redox requirements for the reduction of ortho-nitroanilines and ortho-
dinitrobenzenes compared with bis(2-nitrophenyl) disulfides. The results demonstrated
that successful formation of the benzimidazole core requires a combination of
sufficient reducing power and the ability of the reaction system to support subsequent
cyclocondensation with the carboxylic acid.

After identifying the optimal promoter, the synthesis of benzimidazoles from
ortho-dinitrobenzenes was investigated. This class of substrates is important because
it can be regarded as a stable equivalent of ortho-phenylenediamines. In the presence
of Na,S,0,4 and formic acid, ortho-dinitrobenzenes underwent reduction of both nitro
groups to generate the corresponding diamine intermediates, which then participated
in cyclocondensation to form the benzimidazole core. It was shown that the reaction is
applicable to a series of substituted ortho-dinitrobenzenes and provides the
corresponding benzimidazoles in good to high yields. Importantly, the method avoids
the preliminary synthesis, purification, and storage of sensitive diamines, converting
more stable nitro precursors directly into the target heterocycles.

Ortho-nitroanilines were then investigated as an even broader and more
practically accessible class of starting materials. Such substrates can be obtained by
various routes, including nucleophilic aromatic substitution of ortho-
chloronitrobenzene derivatives or controlled nitration of the corresponding anilines.
The developed conditions were found to be compatible with a broad range of
substituents in the aromatic ring. Halogen-substituted ortho-nitroanilines afforded the
corresponding benzimidazoles in high yields, which is important in view of the further
use of such products in cross-coupling reactions and other functionalizations.
Substrates bearing electron-withdrawing groups, including CF3, CN, and acetyl groups,
also participated successfully in the reaction. Electron-donating substituents, including
methoxy and dimethylamino groups, did not prevent formation of the benzimidazole
core and afforded the target products in good yields.

An important advantage of the method is its tolerance toward several functional
groups. It was shown that the presence of a phenolic OH group, carboxyl, ester, and
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acetyl functionalities does not interfere with the reaction. This expands the synthetic
value of the approach, since such functional groups can serve as handles for further
derivatization of the benzimidazole core. In addition, the preparation of N-substituted
benzimidazoles from the corresponding N-substituted ortho-nitroanilines was
demonstrated. These reactions also proceeded in preparatively useful yields, indicating
the broader potential of the methodology for the synthesis of structurally diverse
benzimidazole derivatives.

At the same time, several limitations of the developed approach were identified.
Substrates containing a free hydroxymethyl or aldehyde group were incompatible with
the reaction conditions. An attempt to extend the methodology to the synthesis of
benzoxazoles from ortho-nitrophenol also did not lead to formation of the expected
product, and the reaction stopped at the stage of an acyclic intermediate. These results
are important for defining the actual scope of the method and indicate that the proposed
system is most effective for the construction of benzimidazole and benzothiazole
structures, whereas its transfer to other benzazole classes requires additional
optimization. A plausible mechanistic explanation was also proposed for the
benzimidazole series.

Taken together, the results of this dissertation expand the synthetic toolkit of
benzazole chemistry and demonstrate that stable nitro-containing compounds can be
effectively used as masked equivalents of unstable bifunctional intermediates. The
developed approaches are relevant both for preparative synthesis of functionalized
benzothiazoles and benzimidazoles and for the further development of one-pot
reductive-cyclization methodologies in heterocyclic chemistry.

Key words: synthesis, heterocyclic compounds, benzazoles, benzothiazoles,
benzimidazoles,  bis(2-nitrophenyl)  disulfides,  ortho-nitroanilines, ortho-
dinitrobenzenes, sulfur oxosalts, sodium dithionite, sodium sulfite, sodium thiosulfate,
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