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K IOBMIEIO BOPMCA COJIOMOHOBUMYA TYPOBA

Bopuc Conomonosuu Typos, mpodeccop, JOKTOP
XMMMYECKUX HAyK, 3aclTy>KeHHBII JeATenb HAyKU U
texuukn PO, 3acmyxeHHbI usobperarens PO,
Jlaypear = KOoHKypca  rybepHaropa  SpocmaBckoit
0671acTy 3a HayYHO-VICCTIELOBATENIbCKYIO HeATe/IbHOCTD,
Unen-KoppecnionieHT PoccniicKoi MH>XeHEPHOI aKaZieMII,
IIpencemarens ApocnaBckoro mpasneHns BcecorosHoro
(ceituac  Poccmitckoro) — XMMMYECKOTo  obIjecTBa
um. [I.V1. MeHnpeneeBa, popnics 16 gexabps 1935 r.

B 1958 rogmy  s3akonuumn  fpocmaBckuit
TEXHOJIOTMYeCKMII MHCTUTYT ¥ ObII HampaBjieH Ha
Apocnasckuin 3aBop CK, rme tpymuaca po 1970 ropa,
IIOCTIElOBATE/IbHO  3aHMMAas [NO/DKHOCTM  MHIKEHeEDa,
CTaplller0o MH)XXeHepa, 3aM. Haya/JbHMKA IO HAy4YHOII
pabore LlenTpanbHoll maboparopuu 3asopa. B 1966 rony,

BO BpeMs1 paboTsl Ha SIpocimaBckoM 3aBopie CK mogrorosun

Y 3aIUTU/ AMCCEPTAIINIO HA COMCKAHMEe YUYEHOI CTeNeHy KaHau/laTa XMMUYECKMX HayK.

Typos B.C. Bblgalompmiica y4YeHBlI B  00/lacT¥ XUMMUM ¥ TEXHOJIOTMU
BbICOKOMOJIEKY/IAPHBIX COEJMHEHNI, BHECIINII 3HAUNTE/IbHbIN BK/IaJ, B pa3BUTIE TEXHOIOTUMI
CMHTe3a KayIyKOB U MIPOAYKTOB VX MOAV(PIKAIIVIL.

VIm ony6mkoBaHo 60s1ee 250 HayYHBIX paboOT, HOTY4eHO 58 aBTOPCKUX CBUJIETEIbCTB, 8
13 KOTOPBIX YCIIEIIHO BHEJPEHBI B IPOMBIIIJIEHHYIO IPAKTUKY. CBOMM TPY/IOM U TaJJaHTOM OH
chopMmpoBaT HAYYHYI0 MIKOTY, IIOATOTOBIWI IeNyl IUIesAfy KBaIMQUIMPOBAHHBIX
CIIELMATNICTOB, KOTOpble IIPOJIOJDKAIT PasBMUBATh OTEYECTBEHHbIE MCCIENOBAHUA U
NIOCTVDKEHMA B XMMMYecKoil oTpaciu. B 1995 r. mpucBoeHo 3BaHMe "3ac/Ty)KeHHBIN [eATeNb
Hayku u TexHukum Poccuiickoit ®Pepepauyn’. B 1996 1. mpucBoeHO 3BaHMe
UneHa-KoppeclnoH/ieHTa I pocIaBCKOro pernoHa/IbHOrO OTAeneHus Poccuiickoi MHXeHepHO
akageMuy. Ha mpoTsKeHMM MHOIVX JIeT BO3IIaB/AN SpocimaBckoe orfenenne BececorosHoro
(ceituac Poccnitckoro) xummdeckoro obmecrsa um. [I.V1. Menpeneena.

3a BbICOKMe TIIOKasaTtemu B pabore bBopuc ComoOMOHOBMY HarpakieH MemaliiMu
«3a ;0OpOCOBECTHBIN TPYH B 03HaMeHoBaHue 100-nmetus co nHsA poxpeHus B.JI. JlennHar,
«Berepan Tpypma», opgeHoM «3a 3acmyrm nepen OrtedectBoM» II cremenm, HarpygHBIMMU
3Hakamyu «OTIMYHUK HedTelnepepabaTpiBaolell ¥ HePTEXVMUYIECKON MPOMBIIUICHHOCTI
CCCP», «3a aktuBHyio pabotry B HTO», «VM3o6peratens CCCP», «3a OT/IMYHbIE YCIIeXM B
pabore».

CeprieyHO >KeflaeM HalleMy JOPOTOMY IOOMJISPY KpPeIKOTO 3[0pOBbs, >XM3HEHHON
9HEPIWM, CEMEITHOTO CYacThs U OOAPOCTH AyXa, HOITYUX aKTVBHBIX JIeT KU3HN!
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K IOBWIEIKO AHATO/INA UBAHOBUYA 3AVIIIEBA

~ s . : “\"-\__\
Anatonuit VBaHoBuY 3aiilleB, JOKTOP TeXHMYECKUX HAYK, Ipodeccop, 3acmy>KeHHBIi

iesiTeNb HayKy ¥ TexHUKM Poccuiickoit @epeparuy, 3acmy>keHHbIN u3obperatens Poccuiickoi
®epepauny, Jlaypear Ilpemun IIpaBurenscrBa Poccuiickoit epepaunu B 06/1acTyi HayKu U
TexHVKY, [lodeTHbIT pabOTHUK BBICHIErO IpodeccroHanbHOro obpasoBanns PP, Berepan
tpyna AI'TY popuncs 22 centabpsa 1935 ropa.

HerctBo AnaTtonusa VIBaHoBMYa IpouIo B pofAHOM cenle PoxxpectBeHO MBIIIKMHCKOTO
paitona fpocmaBckoit obmacti. CoBceM He JIETKMM, M3BYWJIVICTBIM BBIFA/ICA IYTh OYAyIero
Y4€HOTO K HaydyHbIM BepmmHaM. Jlo mocTymreHnsa B Torga eme S pocmaBckmii
TexHomorndecknit MHCTUTYT (HbiHe SI'TY) Anarommit VIBaHOBUY ITpOIIeST HECKO/IBKO 3TAIlOB
JIMYHOCTHOTO CTAQHOBJIEHVS: OT PabOTBI CllecapeM M I[eXOBBIM MEXaHMKOM Ha OOOPOHHOM
npegnpuAtuy T. CBepHIoOBCKa IIOC/Ie OKOHYaHUA y4eObl B SIpoCTaBCKOM  XMMMKO-
MeXaHM4YeCKOM TeXHMKyMe f0 Cayk6pl B apmuu. Ilocrymmenme B SIpocimaBckmit
TEXHOTOTMYECKUIT MHCTUTYT OTKpPbUIO A AHaTomusA JIBaHOBMYA HOBYI0 CTpaHULY,
O3HaMEHOBAaBIIYI0 IPUOOILIeHNE K MICCIIELOBATEIbCKON Y M300peTaTe/IbCKOI HesATeTbHOCTI.
Pa6ora B KOHCTpYKTOPCKO-TeXHOMOIMYECKOM MHCTUTYTe MIMHHOI npombinuieHHocTH (KT,
B mocnefcteuy HUMmmemam 1. fpocmaBndg) Tompko ycwmwra >KelaH)Me MOJIOOTO
CIIelMa/INCTa IIPOJO/DKUTh 00ydeHNe B aCIPAHTYype, YTO M CBEPIINIOCh HECKOIBKO MO3/[Hee
B MOCKOBCKOM MHCTUTYTe XMMMU4eckoro mamyHocrpoenus (MVXM, HbIHe cocTaBisiomas
JacTh MOCKOBCKOTO monuTexa). [lanpHeias TpygoBas geATe/IbHOCTb AHaTo/ms JIBaHOBMYa
KPEIKO CBA3aHa ¢ fpoc/IaBCKMM rocylapCTBEHHBIM TEXHUYECKMM YHUBEPCUTETOM, B KOTOPOM
TO/IBKO B JIO/DKHOCTH 3aBepylouero kadenpoit «Teopernyeckass MexaHuKa» OH Ipopaborasn
6e3 maynoro 40 net o 2016 r., cOBMeljas Ha HEKOTOPBIX 3TAllaX CBOIO IEJArOTMYECKYI0 U
Hay4HYIO JIesITeIbHOCTD € JOJDKHOCTBIO ITpopekTopa 1o Hayke SII'TY. [Tpodeccop A.V. 3aiiues
- aBTOp 6onee 600 HayyHBIX, Y4eOHO-MeTOAMYECKUX paboT M MoHorpadmii, 60ee TPexcoT
aBTOPCKVIX CBUJETEIbCTB U ITATEHTOB Ha u300peTeHus PO.
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TpeboBaTenbHOE OTHOLLIEHNE, B IIEPBYIO OUY€PEib, K cebe, KaK K y4eHOMY, KaK K IIPaKTUKY,
XKeJTaHNe U CIIOCOOHOCTh PaboTaTh C MOJIOJEXKbIO, IE/IUTHCA CBOVIMM 3HAHVAMM VM YMEHUAMU
n03BO/IMIM AHaTonMo0 VIBaHOBMYY CO3[]JaTh HAaYYHYIO0 LIKOMY IO MCCAEJOBAHMIO JVHAMMKIU
IVCTIEPCHBIX CHUCTeM, OO/IacThi0 IPUMEHEHMsI KOTOpOJl CTaay IIPOLeCCHl M alIapaThl
xymudecknx rexsosnorui — ITAXT.

[leATenbHOCTD pa3nM4HOro pofa AHaToms VIBaHOBMYA OTMeYeHa MHOTVIMY OO/TaCTHBIMU
npemyAMM U efiepaIbHBIMM HarpagaMy, HO IJIaBHasA 3aciyra mpodeccopa — BOCHMTAHINE
Hay4YHbIX KaJpOB, IIOJ, €r0 Hay4YHbIM PYKOBOJCTBOM 3aLMILEHO OKO/IO 40 KaHAMJATCKUX U
9 DOKTOPCKMUX IMCCEPTALIA.

PemaxkumonHbI1 coBeT XypHana «OT XMMMM K TEXHOJIOTMM IIAr 3a HIarOM», PEKTOparT,
IIpernojaBaTe/n U COTPYAHMUKN S pOCIaBCKOTO rOCYyIapCTBEHHOIO TEXHIMYECKOTO YHUBEPCUTETA
BBIP@)KAIOT CBOI0 0/IarOJapHOCTD 3a 3HAYMMBIE YCIIeXV B HayKe, MHOTOJIETHIOI IIOfITOTOBKY
VH)XEHEPHBIX KaZIpoB [UIA IIPOMBIIIJIEHHON, CTPOUTeNbHON uHAyctpum Poccum u
no3jpas/AoT AHaronus VBaHoBuya aiineBa ¢ 90-1eTHUM 100M/IeeM, XKeJIaloT €My KPEeIKOro
3JJOPOBb, CYaCTbhs, HEMCCAKAEMON SHEPTUM U JOITONETHA!

10
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CUHTE3, CTPOEHUE, CBOVICTBA 1,2,4,5-TETPASVIHOB

A. 1. Koros', [I. 10. Camapenkosa', E. A. BacuibeBa®', . K. IIpockypuna’

Anexcanpp ImurpueBnu Kotos, f-p xuMm. Hayk, mpodeccop; Jappa IOppeBHa CaMapeHKOBa, MaruCTPaHT;
Enena AugpeeBHa BacunbeBa, acriupant; Vipnana Koncrantunosna IIpockypuHa, Kauz. 614071 HayK, JOLIEHT

' ®TBOY BO «fIpocmaBcknit rocyfapcTBeHHBbI Megarorndeckuit yayusepeureT uM. K.JI. YimHckoro», 150000,
Pocens, . SApocnaens, yn. Pecnybnukanckas, 108/1; kotad@mail.ru

2OTBOY BO «Poccuiickmit rocymapcrBenHsiit yHusepcurer uM. A.H. Koceirmua (Texnonormm. [usaitH.
VickycerBo)», Pocens, 119071, MockBa, yin. Manas Kanyxckas, 1, elena.vasileva.1997.lena@mail.ru

Knrouesvie cnosa: 1,2,4,5- Annomayus. B cmamve paccmompen cunmes 3,6-0uapunoueudpo-1,2,4,5-

MempasuHol, apomamuyeckue  MempasuHos  63auUMOOelicmeuemM  ApoMamu4eckux — HUMpUnos ¢

HUMPUnol, 2UOPASUHUOPAIH, 2UOPASUHZUOPAMOM 6 NPUCYMCMEUU INeMeHMHOL cepbl. B pesynvmame

Oueudpomempasutbl, peaxyuu  UCCIe008aHUS CIPOEHUS CUHMESUPOBAHHBIX uUOpo-1,2,4,5-mempasuHos ¢

OKUCTIEHUSA nomowgpro  SIMP  'H  cnexmpockonuu U K8AHMOB0-XUMUUECKO20
MOOenUPOBAHUS MeMO0OM PYHKUUOHATIA NIOMHOCU ¢ 6A3UCHBIM HAOOPOM
6-31G (d,p) ycmanosnerno, umo 1,4-0ueudpo- u 1,2-0ueudpomempasumoi
671U3KU N0 3HAYEHUAM 00U4eli IHePeUL U HAXOOSMCS 8 CMeCU 6 PABHOBeCUU 0TI
bonvuuHcmea cyocmpamos 6 HNPUOIUSUMENLHO DPABHBIX KONUHECHBAX.
Oxucneruem nomy4eHHoLx 0ueuopo-1,2,4,5-mempasumnos HUMPUMoM HAMPUs
8 7I0AHOTI  YKCYCHOU  KUCZIOMeE CUHME3UPOBAHbl  COOMBemCneyouue
3,6-0uapun-1,2,4,5-mempasunvs, cmMpyKmypa Komopvix noomeepioeHa
memodom SAMP 'H cnexmpockonuu. JIns 6écex CUHME3UPOBAHHBIX UeIe8bix
COeOUHeHULl NPOZHO3UPYEMCA IPPeKmusHoe ceA3bl6aHUE C PeUenmopamu u
pepmenmamu.

1 EUTUPOBAHNA:

KotoB A.Nl., CamapenkoBa [I.IO., BacunmbeBa E.A., IIpockypuna M.K. Cunres, crpoenue, cBoiictBa 1,2,4,5-
terpasyHoB // OT XmMum K TexHomormm mar 3a marom. 2025. T. 6, sem. 4. C. 11-18.
URL: https://chemintech.ru/ru/nauka/issue/6713/view

BBenenmne

Cpenyt 607bpIIOTO pa3HOOOpasusl TeTEPOLVIKINYECKUX COENVHEHUI o0coboe MecTo
3aHMMAIOT a3areTepoLVKIIbL [1], KOTOpble IpUB/IEKAIOT K cebe BHUMaHMeE, B IEPBYIO OYepenb,
U3-32 UX LIMPOKOTO CIIEKTpa OMOJIOTMYECKON aKTMBHOCTU. VI3 ceMelicTBa TeTpasMHOB
Hanbojiee M3BeCTHBIMM ABIAOTCA 1,2,4,5-TeTpasuubl. Hanuume B MX CTPYKType ueTbIpex
aKIeNITOPHBIX aTOMOB a30Ta OIpefeNnseT YHUKAIbHOCTb (DU3NMKO-XVMUYECKUX CBOJICTB
JIAHHOTO KJacca TeTepOLMKINYecKMX coeayHeHmit. OHM IpUBIEKAOT BHMUMAaHME
MICCTIeloBaTeIelt 3-3a UX (IyopecIieHTHBIX CBOVICTB [2], CIOCOOHOCTY B3aMMOZIEICTBOBATD C

© A. [I. Kotos, [I. I0. CamapenkoBa, E. A. Bacunbesa, V1. K. IIpockypuna, 2025
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pasIMYHBIMY HyK/IeodyaaMu u gueHoduaaMn [3-6], Kak BBICOKOHepreTIdecKre COeTHeHA
[7-11]. Vimest B cBOelt CTPYKType OOJBIIOE KOIMYECTBO TeTePOAaTOMOB, TEeTPa3MHbI 00/I1alaloT
JIOTIO/THUTE/IbHBIMY BO3MOYKHOCTSIMY [II HEKOBAJIEHTHOTO CBSI3BIBAHVSA C PasINYHBIMU
OMOIOTMYECKIMY MMIIEHSAMMY, a BBICOKUI 9/eKTPO(WIbHBIN XapaKTep reTepOLMKIa MOXET
obecrieyyBaTh XMMIYECKOE CBS3bIBAHNME C ITATOTEHHBIMYU O0'beKTaMM, IPUBOMS TEM CaMbIM K
HapymeHnio nx ¢yHkumit. [IosToMy HeyauBUTENbHO, YTO MPOM3BOAHbIE 1,2,4,5-TeTpasHOB
IPOSIB/IAIOT paslM4Hble BUJBI OMOJIOIMYECKON aKTMBHOCTY, TaKue Kak repouiupnas [12],
npotuBoMansgpuitHas [13], mpormBoBocmanutenbHas [14], anTmbakrepmanbHas [15],
npoTuBoomyxoneBas [16-18].

B cBsA3M ¢ 9TMM pa3paboTka MeTOJOB MOMydeHns u TpaHcopmannmit 1,2,4,5-TeTpasuHoB
SB/IAETCS aKTYa/JbHOJ 3ajaveil Ui MeAMILMHCKOV XMWY M XVMUM TeTepOLVIKINYeCKUX
COeJIUHEHUIA.

OcHOBHasA 4acTh

CuHTe3 IleNIeBBIX ITPOAYKTOB OCYLIeCTBIANM B JBe craguu. Ha mepsoit cragun
B3a/MOJEVICTBMEM  APOMATUYECKUX  HUTPWIOB  C  TUAPASUHTUAPATOM  IOTyYaan
3,6-muapunmuruapo-1,2,4,5-rerpasuHbl, KOTOpble Ha BTOPOJl CTafuM OKUCIAIN HUTPUTOM
HaTpMA B YKCYCHOI Kucnote B 1,2,4,5-TeTpasuHel (cxema 1).

[Tpy HarpeBaHUM apOMATNYECKUX HUTPUIOB B 3HAUNTE/TbHOM U30bITKe (15-T11 KpaTHOM
II0 MOJIIM) MOHOTMZpAaTa TMApPA3MHA BBIXOABI 3,6-muapmiguruppo-1,2,4,5-TeTpasuHoB He
npesbimamy 50%. [l HeKOTOpBIX CyOCTpaTOB BBIAEMUTb MHAVBULYaIbHbIE IPOAYKTHI
peakiuy BooOIle He YAanoch, MHOTME M3 CMecell ObUIM CMONMCTBIMM, YTO CBA3AHO C
IPUCYTCTBYEM B HUX IPOMEXYTOUYHBIX (aMUIPA3OHOB), MCXOHBIX U MOOOYHBIX COCAVHEHMIL.
B HEeKOTOpBIX /MUTEpAaTYpHBIX MCTOYHMKAX [19] ymoMmmHaeTca MCIO/Nb30BaHME Cepbl LA
Io/My4eHusa puruapo-1,2,4,5-reTpasmHoOB.

[lobaBneHne cepbl B peakuMio CUHTe3a AUIUAPO-1,2,4,5-TeTpasyHOB IO3BOIMIO HaM
HOBBICUTD BBIXOJ 3,6-iudenmnanruapo-1,2,4,5-rerpasuna 4a c 32% 1o 70%, a Takxe MOYIUTh
nuruapo-1,2,4,5-rerpasunsl 4(b-k), koTopsle He ynanoch moaydnTh 6e3 UCIIONTb30BAHNSA CEPBhI.

HN s R

N
N/
R—=N + H,N-NH, — NH, —~ s
2 Al

1(a-k) 2 3(a-k) H 4(a-k)
R = Ph (a), PhCH, (b), 4-BrCsH, (c), 4-FCsH, (d), 4-CH;OCsH, (e),
4-NOLCH, 0, 24-(CHLO)C, (9, Py (), )— (@), 3-Tp (), 4-CF.CaH, ()

Cxema 1
MexaHI/I3M peaKLU/H/I B HPI/ICYTCTBI/H/[ Cepbl HE 1ncciegoBaH, HO, CYJIH I10 TOMy, YTO B XOH€

peaKkuuM BbIIEIAETCSA CEPOBOJOPO, MOXKHO IO/IaraTh, 4YTO CHayajIa MPOMCXOAUT 3aMellleHle
umyHorpynns! (=NH) Ha cepy ¢ ee mocienyomuM oOTIIeIIEHNEM B X0Ofie peakunn (cxema 2).

NH o s N—NH
HN—NH, HN-NH," 25 H _ﬁ

Cxema 2
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3,6-Inapunauruppo-1,2,4,5-TeTpasHbpl MOTYT 00pa30BBIBATHCSI I HAXOAUTHCS B BUJE

7z 0N
NH

Tpex 130MepoB (cxema 3).

HN

8%

Cxema 3

Cnenyer OTMETUTb, YTO B JIMTEPATYPHBIX MCTOYHMKAX OJHM aBTOPBI IpE[IararoT
CTpYKTYypy 1,2-purunpo-1,2,4,5-TeTpasuHoB, KOTOPblE HEYCTOMYMBDI U IIOABEP>KEHbI OKICTIEHNIO,
npyrue — 1,4-nurupapo-1,2,4,5-1eTpasmMHoOB, a TpeTbu — 3,6-murnapo-1,2,4,5-rerpasunos. [Ipu
3TOM HMKTO 13 aBTOPOB He NPUBOJNT CIIEKTPA/IbHbIE JaHHbIE JIJI JAaHHOV TPYIIIIBI COENVIHEHNIA.
Bce nccnemoBaTeny ncnonb3oBay UX ganblie Ay nonydenns 1,2,4,5-rerpasunos. Hamu 661710
M3Y4EeHO CTpOEeHME CUMHTE3UMPOBAHHBIX 3,6-muapungurunpo-1,2,4,5-rerpasyHoB ¢ IOMOIIbIO
SAMP 'H cnekTpockonmy ¥ KBaHTOBO-XMMMIYECKOTo MopenupoBanus. V3 manubix IMP 'H
CIIEKTPOB C/Ie[iyeT, YTO OOBLUIMHCTBO JUTHPO-1,2,4,5-TeTpasuHOB 00pa3yIoTCs B BUie CMecei
M30MepOB C IpeoO/ajjaHNeM OFHOTO U3 HMX. Tonpko misa 3,6-pmbenswnpuruppo-1,2,4,5-
terpasuHa 4b u 3,6-mu(mupuaun-4-nn)-guruapo-1,2,4,5-rerpasuna 4h Ha cnexrpe AMP 'H
IPUCYTCTBYIOT CUTHA/Ibl NPOTOHOB OJHOTO M30MEPa, KOTOpPblE HEBO3MOXXHO OJJHO3HAYHO
OTHECTU K KOHKPETHOM CTPYKTYype.

s ompepenenyss Hambosmee YCTONYMBBIX M30MepoB 3,6-mudeHmnauruppo-1,2,4,5-
TeTpasyHa 4a, KOTOpbIe, CTIeflOBATEeIbHO, 1 OYAYT B OOJIbILIEM KOMMYECTBE MPUCYTCTBOBATD B
M30MEpPHOII cMecy, ObUIO IPOBefIeHO KBAaHTOBO-XVMMYECKOe MOJEMNpPOBaHME BCEX Tpex
BO3MOXXHBIX 130MepoB. Pacyersl ObUIM IPOBENEHB C JCIOIb30BAaHNEM IIPOIPAMMHOTO
xomitekca PC GAMESS /FireFly8.2 [20], pna rasosoit ¢asbl MeTosoM (yHKIMOHA/IA
IJIOTHOCTU C 6as3ucHbIM HabopoMm 6-31G (d,p). ITomydeHHBle pe3ynbTaThl NMpUBENEHBI B
tabmuie 1.

Tabmuma 1. DHepreTudecKue XapaKTepUCTHUKI M30MEPHBIX 3,6-IudeHnnpurugpo-1,2,4,5-TeTpasuHoB

N3somep O6uias aHeprus, ar. efn. (AE', k[x/Mob)
N—NH
©_<4 r/P_@ -759.6677
HN- (4E =0)
I

HN—NH
m r/P_@ -759.6573
- (AE =27.31)
I
N—_N
% rP_Q -759.6141
= (AE =140.75)
111

* - pacCuMTaHbl OTHOCUTEIPHO 3HEPTUM CaMOI'0 TEPMOAVNHAMMYIECKN YCTOI?I‘-II/IBOI‘O n3omMepa
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ITo paHHBIM pacueToB (Tabl. 1) MOKHO CHeNaTb BBIBOJ, YTO Haubosee YCTONYMBBIM
n3oMepoM sBsgercs 3,6-gudennn-1,4-quruapo-1,2,4,5-rerpasus I, a Haumenee YCTOMYMBBIM
3,6-mudennn-3,6-guruapo-1,2,4,5-rerpasus III. CnegoBarenpHo, 06pa3oBaHe ¥ HAXOXKICHE
IIOC/TIEJHETO M30Mepa B BbIJETIEHHOM IPOAYKTE ManoBeposATHO. CieflyeT OTMETUTb, YTO
1,4-purupporerpasut I n 1,2-guruapoterpasun II 61msky 1mo 3HayeHMsAM oOLIeil SHeprun
(AE =27.31 x/I)x/MO0B), 4TO IIO3BOJISAET CAEIATD IPEIIOIOXKeHe 00 VX B3aMOIIPeBpaIleHMX
U HAaXOXIEHNM B CMeCH B PAaBHOBECUM B IIPUMONMM3NUTEIBHO PAaBHBIX KOMMYECTBAX. ITO
O0BACHSAET CIIOKHYIO J/ISI MHTEPIIPETALUY CUCTeMY CUTHA/I0B poToHOoB Ha IMP 'H cnexrpe
3,6-qudennnpurnnpo-1,2,4,5-rerpasnuna 4a.

Hna mnonydenusa 3,6-guapun-1,2,4,5-TeTpasMHOB  OKMCIeHMEe 3,6-AMapVIgUTUAPO-
1,2,4,5-T€TpasMHOB HUTPUTOM HATpUA B JEAAHON YKCYCHOM KIUCAOTE IPOBOAWINA IIO
M3BECTHO METO/MKe, OIIMCaHHOII B paboTe [21] (cxema 4).

N R N R
NS NaNo, N2y
I - -
RJ\N,NH RJ\\N/h
4(a-k) 5(a-k)

R= Ph (a), PhCHz (b), 4-BI'C5H4 (C), 4—FC6H4 (d), 4-CH3OC6H4 (e),
4-N02C6H4 (f), 2,4-(CH3O)2C6H3 (g), Py (h), C|—<\:/>7 (i), 3-TP (j), 4-CF3C6H4 (k)

Cxema 4

CrpykTypa U 41CTOTa MONyYeHHBbIX BemlecTB 5(a-k) moarBepxens! ¢ momopio TCX,
anemeHTHOro aHaymsa u IMP 'H cnexrpockomnmm.

[l1s5 cMHTe3MpPOBaHHBIX COefVHEHUI ¢ momoubio mporpammbl PASS (Prediction of
Activity Spectra for Substances) Online [22] paccumraHbl npepnonaraemMble 61OIOTMYECKIie
aKTUBHOCTU. [I/1 Bcex McClnemoBaHHbBIX coeguHeHuit 5(a-k) mporuosmpyercs agdexrusHOE
CBsI3bIBaHMeE C perenitopamy U pepMeHTaMy (MHIMOMPOBaHMEe apyIMaIOHATieKapOOKCIIa3bl,
HUKOTMHOBBIX anbda-6-6era-3-6era-4-anpda-5 perenTopos u ap.).

IKCIepUMEeHTAIbHAs 9aCTh

Cnekrpsl SIMP perncrpupoBanu Ha npubope «Varian XL - 400» i1 pacTBOpOB B
IMCO-ds mpu 25 °C. B kauecTBe 3TanoHa I/I OTCYETa XUMUYECKIX CABUTOB ObIIM BBIOPAHBI
CUTHAIBI OCTaTOYHBIX IIPOTOHOB pactBoputensd (O 2.50 M.A.), B KadecTBe MapKepa
JVICIIOJIb30Ba/IM CUTHA/I TeTPaMeTMICUIAHA. DJIEeMEHTHBIN aHaIu3 IPOBOAMICS Ha Ipubope
Perkin Elmer 2400. TemmepaTypy IUIaB/IeHVs OIpefe/ s/l Ha ammapare IS OIpefe/eHNs
TOYKY IUTaBjeHus u kunenus Biichi M-560.

O6mas MeToguKa cuHTe3a coepmHeHnit 4(a-k). B mrockonoHHy0 K010y, CHa0>)KEeHHYIO
00paTHBIM XOJIOAVIBHMKOM, IoMeanu 30 MMoIb HUTpWIa, 209 MMO/Ib TUIpasuHIUIpaTa 1
30 MMOb cepbl, paCTBOPeHHOM B 15 M sTanona. IIpu nepeMemmBanny Ipu TemIieparype
100 °C B TeyeHme 3 4 peaKLUMOHHAs Macca 3aTBepfieBajla M IIpeBpalllajiacb B >KEITbIN
KPUCTA/UINYECKNIT «IIMPOr» (IIPOMCXOAWIO BblJielieHue cepoBojopoxa). Ilonmydennyro maccy
OXJTOXIAIN, OCafoK OT(PIWIbTPOBBIBAIM M IPOMBIBAIM Ha (UIbTpe 3TaHOMOM. IIpomykT
OuNIIIaIy NepeKpUCTaIM3alyel U3 3TaHoJA.
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3,6-Indennnpuruapo-1,2,4,5-rerpasun (4a). Boixom 2.49 r (70%), kpucTammmyeckoe
BellecTBO, T.I1. 195-197 °C. Haiigeno, %: C 71.24, H 4.95, N 23.81. C1;H1,N,. Beraucieno, %:
C71.17,H5.12, N 23.71.

3,6-Inbensunpurunpo-1,2,4,5-rerpasun (4b). Beixon 1.11 1 (28%), kpucrammyeckoe
BellecTBO 6enoro usera, T.11. 170-172 °C. AMP 'H (DMSO-ds, §, m.1., J/T'11): 4.08 (c, 2H, CH,),
5.81 (¢, 1H, NH), 7.08-7.32 (M, 5H, Ph). Hampgeno, %: 72.67, H 6.21, N 21.12. C;sH;sNa.
Beruncieno, %: C 72.70, H 6.10, N 21.20.

3,6-Ju(4-6pomdenn) gurnppo-1,2,4,5-terpasus (4¢c). Berxop 5.50 r (93%), kprcraimmraeckoe
BEILIeCTBO PpO30BOro LBeTa, T.UL. 194-197 °C. Haitgeno, %: C 42.56, H 2.67, N 14.03.
C1sH 10Br;N4. Beruucneno, %: C 42.67, H 2.56, N 14.22.

3,6-Ju(4-propdennm)muruapo-1,2,4,5-terpasnt (4d). Berxox 3.88 T (95%), Kprcrammraeckoe
BEIIeCTBO OpaHXXeBOro IBera, T.Iul. 182-185 °C. Haiimeno, %: C 61.53, H 3.77, N 21.01.
CisH1oF2N4. Beraucneno, %: C 61.76, H 3.70, N 20.58.

3,6-Iu(4-metokcudenun)gurupgpo-1,2,4,5-rerpasun  (4e). Bexog 1.07 1 (24%),
KPUCTA/ZINYECKOe BeIl[eCTBO XXENTOTo 1BeTa, T.Iv1. 194-197 °C. Haiigeno, %: C 64.71, H 5.53,
N 18.88. Ci6H1sN4O,. Beruncneno, %: C 64.85, H 5.44, N 18.91.

3,6-Iu(4-autpodenun)gurunpo-1,2,4,5-rerpasun ~ (4f). Bexom 099 r (25%),
KPUCTA/ZINYeCKOe BeleCTBO KpPAacHOTO IiBeTa, T.I. 195-198 °C. Haiigeno, %: C 51.66, H 3.11,
N 25.65. C14H10N6O4. Beruncneno, %: C 51.54, H 3.09, N 25.76.

3,6-11u(2,4-pumetokcudenmn) guruppo-1,2,4,5-rerpasun  (4g). Boxog 1.92 r (36%),
KPUCTA/ZINYeCKOe BellleCTBO KpacHOTO 1iBeTa, T.Iv1. 97-100 °C. Haitgeno, %: C 60.46, H 5.75,
N 15.62. C1sH20N4O4. Beraucneno, %: C 60.66, H 5.66, N 15.72.

3,6-Iu(mupupuH-4-wn)guruppo-1,2,4,5-rerpasus~ (4h). Beixog 042 r  (12%),
KpUCTa/UTNYeCcKOe BellecTBo Oemoro 1Bera, T.11. 186-189 °C. SIMP 'H (DMSO-ds, 6, m.x., J/T1y):
6.51 (¢, 1H, NH), 8.12 (m, 2H, H-3,5, J=7.5), 8.76 (m, 2H, H-2,6, J]=7.5). Haiigeno, %: C 60.55,
H 4.14, N 35.31. Ci2H10Ns. Beruncneno, %: C 60.50, H 4.23, N 35.27.

3,6-Iu(2-xnopimpunnH-4-wn) gurupgpo-1,2,4,5-rerpasun  (4i). Bwixom 2.03 r (44%),
KPUCTA/ZINYECKOe BELeCTBO OpaH)XeBoro Isera, T.IL. 187-190 °C. Haitgeno, %: C 46.80,
H 2.65, N 27.19. C12HsCl:Ne. Boruncneno, %: C 46.93, H 2.63, N 27.36.

3,6-Mu(tnoden-3-un)guruppo-1,2,4,5-rerpasun~ (4j). Beixog 149 1 (40%),
KPUCTUUIMYECKOE BelleCTBO KMPIUYHOro LBeTa, T.Iu1. 203-207 °C. Haiipgeno, %: C 48.43,
H 3.29, N 22.35. C1oHsN4S,. Beraucneno, %: C 48.37, H 3.25, N 22.56.

3,6-u(4-(rpudropmernn)dennn) quruppo-1,2,4,5-rerpasun (4k). Berxop 2.73 t (49%),
KPUCTa/ZIMYECKOE BELECTBO PO30BATOro 11BeTa, T.Iv1. 180-183 °C. Haripeno, %: C 51.74, H 2.66,
N 14.92. Cy6H10FsN4. Boruncneno, %: C 51.62, H 2.71, N 15.05.

Oo6mras meToguka cuHTe3a 3,6-mmapmi-1,2,4,5-terpasuHoB 5(a-k). B miockomonHoI
Ko/mbe, CHaO>)XEHHOI OOpPAaTHBIM XONMOAVIBHUKOM, pacTBOpsimu 12 MMonb guruapo-1,2,3,5-
TeTpasyHa B 10 M 71eIAHOM YKCYCHOM KHUCIOTBHL. IIpm oxXmapgeHum M VHTEHCUBHOM
nepeMeIlMBaHNY BHOCWIM pacTBOp HuTpura Hatpusa (20 mmonb) B 5 mi Bogbl. Cmech
nepeMemyBany B TedeHume 20 MUH, BBIIABIIMII OCafoOK OTQWIBTPOBBIBAIM U
MIepeKPUCTA/UIN30BbIBAIN 13 9TAHO/IA.
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3,6-Indennn-1,2,4,5-rerpasun (5a). Beixox 1.26 r (45%), KpucTa/Indeckoe BeleCTBO
SIPKO-P0O30BOro 11BeTa, T.IUI. 193-195 °C. AMP 'H (DMSO-ds, §, m.p., J/T1): 7.68-7.75 (m, 3H, Ph),
8.54-8.58 (M, 2H, Ph). Haitneno, %: C 71.66, H 4.32, N 23.82. C,H0N4. Beraucneno, %: C 71.78,
H 4.30, N 23.92.

3,6-Inbensnn-1,2,4,5-rerpasus (5b). Berxon 1.07 r (34%), KpucTa/mm4eckoe BeleCTBO
po30Boro 11BeTa, T.11. 63-64 °C. IMP 'H (DMSO-ds, §, m.zi., J/Tn): 4.58 (¢, 2H, CH,), 7.22-7.32
(M, 5H, Ph). Haitgeno, %: C 73.37, H 5.45, N 21.18. C;6H;4N,. Boruncneno, %: C 73.26, H 5.38,
N 21.36.

3,6-n(4-6pomdennn)-1,2,4,5-rerpasun (5¢). Borxon 1.41 r (30%), Kpucrammmdeckoe
BEIl[eCTBO CBET/IIO-PO30BOro IiBera, T.Iw1. 195-197 °C. AMP 'H (DMSO-ds, §, m.o., J/Tn):
7.69 (m, 2H, H-3,5, J=8.5), 8.00 (m, 2H, H-2,6, J=8.5). Haiineno, %: C 43.04, H 2.16, N 14.19.
C1sHsBr,N4. Beraucneno, %: C 42.89, H 2.06, N 14.29.

3,6-In(4-dropdennn)-1,2,4,5-rerpasun (5d). Boxom 0.91 r (28%), kpucTammmieckoe
BEI[eCTBO PO30BOro 1BeTa, T.1. 183-185 °C. AMP 'H (DMSO-ds, §, m.z., J/Tn): 7.28-7.34
(M, 2H, H-3,5), 8.65-8.69 (m, 2H, H-2,6). Haiineno, %: C 62.01, H 3.08, N 20.88. C1;HsF,N,.
Breraucneno, %: C 62.22, H 2.98, N 20.73.

3,6-u(4-metokcudennn)-1,2,4,5-rerpasus (5e). Beixon 0.76 T (24%), Kpucrammmieckoe
BelecTBO Gp1oIeToBOro 1BeTa, T.IL. 220-223 °C. IMP 'H (DMSO-ds, §, m.p1., J/T'11): 4.00 (¢, 3H,
CH.), 7.10-7.30 (m, 2H, H-3,5), 8.45-8.55 (m, 2H, H-2,6). Haiineno, %: C 65.42, H 4.68, N 19.08.
Ci6H14N4O,. Beruncneno, %: C 65.30, H 4.79, N 19.04.

3,6-Iu(4-autpodennn)-1,2,4,5-rerpasun (5f). Borxon 1.87 r (48%), Kpucrammmyeckoe
BelecTBO G10n1eToBOro 1BeTa, T.11. 231-234 °C. IMP 'H (DMSO-ds, 6, m.z., J/T1): 8.51 (1, 2H,
H-2,6, ]=8.6), 8.91 (m, 2H, H-3,5, J= 8.6). Haineno, %: C 51.76, H 2.51, N 25.85. C;sHsNO..
Breraucneno, %: C 51.86, H 2.49, N 25.92.

3,6-Hdu(tmpupun-4-un)-1,2,4,5-terpasun (5h). Berxon 0.42 r (15%), Kpucrammdeckoe
BelecTBO (roneToBoro 1Bera, T.Iwi. > 250 °C (c pasn.). AMP 'H (DMSO-ds, §, m.i., J/T1):
8.46-8.53 (M, 2H, H-3,5), 8.93-8.90 (M, 2H, H-2,6). Haitgeno, %: C 61.09, H 3.44, N 35.51.
C12HsNe. Beruucneno, %: C 61.01, H 3.41, N 35.58.

3,6-Iu(2-xnopmmpuaun-4-un)-1,2,4,5-rerpasua~ (5i). Bwixog 282 1 (77%),
KPUCTA//INYECKOe BELeCTBO KMPIUYHOTO IiBeTa, T.IUI. 186-188 °C. Haiineno, %: C 47.09,
H 2.07, N 27.31. C;2HsCl:Ne. Boruncneno, %: C 47.24, H 1.98, N 27.54.

3,6-Mu(tnoden-3-un)-1,2,4,5-rerpasun (5j). Boxom 1.56 r (53%), xpucrammmdeckoe
Bell[eCTBO PO30BO-HEOHOBOro nBera, T.Iu1. 208-210 °C. AMP 'H (DMSO-ds, 8, m.z., J/Tn):
7.87 (1, 1H, H-5, J= 5.1), 7.99 (1, 1H, H-4, J= 5.1), 8.76 (c, 1H, H-2). Haitneno, %: C 48.60,
H 2.40, N 22.56. C10HeN.S,. Berancneno, %: C 48.76, H 2.46, N 22.75.

3,6-In(4-(rpucpropmernn)pernn)-1,2,4,5-rerpasun  (5k). Bexom 129 r (29%),
KPUCTA/UTNYeCKOe BelecTBO GroIeToBOro 1BeTa, T.1L. >220 °C (¢ pasn.). AMP 'H (DMSO-ds,
8, M., J/T): 7.88-7.92 (m, 2H, H-2,6), 8.75-8.79 (m, 2H, H-3,5). Haiizeno, %: C 51.79, H 2.26,
N 15.19. Ci6HsFsNy. Beraucneno, %: C 51.90, H 2.18, N 15.13.

16



OT XHMHM K TEXHOJIOTHH TOM 6, BbINYCK 4, 2025

BriBonb1

B Xopie BBINIO/THEHUS JAHHOTO VICCTIEROBaHMs OblIa M3y4eHa peaKIIOHHasl ClIOCOOHOCTD
apoOMaTUYeCK/X HUTPUJIOB B PeaKUMAX C TUAPasUHIUIPATOM U CAE/IaH BBIBOJ, O TOM, YTO LA
adbdexTuBHOTO CUMHTe3a AUTUAPO-1,2,4,5-TeTpasMHOB HEOOXOAMMO HajmM4ume  Cepbl.
B pesynbrare mccneoBaHuA CTPOEHMA CUHTE3MPOBAHHBIX AUIUAPO-1,2,4,5-Te€TpasuHOB ¢
nomosio IMP 'H cnekTpockomnmy 1 KBAHTOBO-XMMIYECKOTO MOJIeIMPOBAHNS YCTAaHOBJIEHO,
410 1,4-puruapo- u 1,2- AUrnpoTeTpasuHbl O/IM3KY 110 3HAYEHVSM 00111ell SHEepTUY Y HAXOATCS
B CMeCU B PaBHOBECUM B NPUONIM3UTENTBHO PAaBHBIX KonudecTBax. Ha ocHOBe IoOTy4eHHBIX
auruppo-1,2,4,5-TeTpasHOB ObUIM CUHTE3MPOBAHBI CTPYKTYpbI 1,2,4,5-TeTpasuHOB U [ BCEX
CMHTEe3VPOBAaHHBIX COeIMHEHMIT IIPOTHO3MPYeTCsl 3P (eKTUBHOE CBSA3BIBAHNE C PELeIITOPaMy
u pepMeHTaMIL.
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IVN3AVH CTPYKTYPBI HOBBIX AHTUBAKTEPUAIbHBIX
ITPEITAPATOB HA OCHOBE HE®ATTIOTUHA
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BanentuHOBHA ATamuHa, KaHA. ¢papM. Hayk, foueHT, FOmua HukonaeBna BygaeBa, KaHf. X/M. HayK, HOLIEHT,
ITonnua BacunbeBHa CHAOPEHKO, CTapIINII IPETofiaBaTeb

OIBOY BO «Bonrorpamckmit TOCyfapCTBEHHBINI MeNMLUMHCKUI yHuBepcuter» M3 P®, 400066, Poccus,
r. Borrorpap, wiomans [TaBmmx Boprios, a. 1; rodina.natasha@inbox.ru

Knrouesvie cnosa: Annomauus. B nacmosweii pabome npedcmassner 6apuan KOMNbIOmepHoL
NeHUYUILTIUH, Uedanomun, MoOoupukayuy Monexkyn uedaromuna Hampuesoti conu ¢ NeHUUUIUHOM,
uedanomuna Hampuesas ABNAOWULIC  HOBOTL  CMPYKMYPOli, — NOMEHUUANLHO  NPOABNAIOULELE
conv, bema-naKmomasHas aHmubaxmepuanvHylo aKmueHocmv. Buigenena 3asucumocmv  mexnoy
AKMUHoOCMb papmaxonozueckoti AKMUBHOCMDIO, papmakoxuHemu1eckumu

noxkasamenamuy, 4 mMaKxe MOKCUKONOZUHECKUMU  C60LcMeamu  om
cmpykmypvL  coeduHenus. Vlccnedosanue OCHO8AHO HA — NpPUMeHEHUU
KOMNbIOMEPHBIX MexHon02ul, 10360AIOULUX MoOenuposarmv
papmakonozureckue ceoiicmea Hobix coeduHeHudi. IIpednoxervl Hosvie
cmpykmypHovle  MOOUDUKAYUU  UCXOOHBIX  MOJIEKYZl € yAyHuieHHbIMU

noxkazamenamu 6ema-1aKmama3Hotl AKMueHoCmu.

T nuTHpoBaHMA:

Moponbckuit O.1., Tumodees I.A., Atanuna H.B., bymaesa F0.H., Cugopenko I1.B. [lusaitH cTpyKTypbl HOBBIX
aHTMOAKTEPUAIbHBIX [IPErapaToB Ha OCHOBe HedanornHa // OT XuMMU K TEXHOJIOTUM Liar 3a marom. 2025. T. 6,
BoIII 4. C. 19-26. URL: https://chemintech.ru/ru/nauka/issue/6713/view

BBengenue

AHTMOMOTHKM - 3TO BellleCTBAa, MPOSB/IAININE AHTUMMKPOOHYI0 aKTMBHOCTD,
IPUPOJHOTO IPOMCXOXKIEHUS WIM IONydeHHble MeTOfaMM XUMWYECKOTO CHUHTe3a,
npyMeHsieMble B Tepamuy MH(QEKUMOHHBIX 3aboneBanmit. [IpoTMBOMMKpOOHBIE CpencTBa
MOTYT HpOSBIATb OaKTepUIU/HbIe CBOJCTBA, YOMBas MUKPOOPTaHM3MBI, WM K€
OakTepumoCTaTM4eCcKMe — OCTAHaBIMBas MX pasMHOXKEHNe, II03BOJSISA  e€CTEeCTBEHHBIM
3aIMTHBIM MeXaHM3MaM MaKpOOpraHM3Ma YCTPaHATb VX.

[TeHVIMIINHBL SBJAIOTCA aHTMMUKPOOHBIMM IperapaTaMiy, OTHOCSIIVIMUCSA K KIaccy
[-MaKTaMHBIX aHTMOMOTUKOB, IPOVM3BOJAVMBIX IIECHEBbIMM TIpubkamu popa Penicillium.
Knacc meHMIMIIMHOB OT/INMYaeTCsl BbIPAKEHHBIM OaKTEPULVIHBIM [IeJICTBMEM, MEXaHVU3M

© [I. II. ITomonbckmit, [I. A. Tumodees, H. B. Atanuna, 0. H. Bynaesa, I1. B. Cugopenko, 2025
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KOTOPOTO OCHOBaH Ha VHIMOMPOBAaHUY CUHTe3a MEeNTHOIIIKAHA — OCHOBHOTO KOMITOHEHTA
KJIeTOYHOU CTeHKU Oaktepuit. IloMuMMO 9TOro, HeHMUIMWUIMHBI O0aJal0T XOPOIIVMU
IOKas3aTe/IsIMU pacrpefiefieHysi B OMOTOTMYECKUX >KMUAKOCTSAX OpraHM3Ma ¥ IPOSIBIISIOT
JIOCTATOYHO HM3KME IIOKa3aTely TOKCUYECKOTO MeVICTBMA Ha OpraHbl M  TKAaHU
MUKpPOOpPraHM3MOB. TeM He MeHee, B OTHOIIEHWYM MMKPOOPTaHM3MOB HEHMIIVJUIVHBI
IPOSIB/IAIOT BBICOKYIO CTEIIeHb OAaKTepUMIVIHOM aKTMBHOCTM M OTHOCATCA K IIpernapaTam
IIMPOKOTO CHEeKTpa JeCTBUA, JII HUX BO3MOXKHO KaK ITapeHTepaJbHOe BBefieHMe, TaK U
IpyieM BHYTpb.

IledanmociopuHbl - K/macc [(-TaKTaMHBIX AaHTMOMOTMKOB, B OCHOBE XMMMYECKOI
CTPYKTYpPbl KOTOPBIX JIEKUT 7-aMuHoledanrocopaHoBas KuUCIOTa. MexaHU3M IeiiCTBUS
neda/oCIOPMHOB Ha MMKPOOHYI0 K/IETKY aHQJOTMYeH [eliCTBUI0 NEeHUIVUIMHOB -
6710KMpoBaHMe CUHTe3a Oelka KIeTOYHOJ MeMOpaHbl OakTepuy. OHM OKa3bIBAIOT MOI[HOE
OakTepyLMIHOE [efiCTBMEe, NOJKOOHO IEHUIVWIUIMHAM, O0JafaloT IIMPOKUM CIEKTPOM
aHTMOAKTePUATIPHON aKTMBHOCTM, OTHOCUTE/IPHO HU3KVE YPOBHU TOKCUYECKMX 3((deKTOoB.
[TpumeHenne 11epaOCIOPMHOB BO3MOXKHO B COYETAHUM C JPYIMMMU aHTUOAKTepaTbHBIMU
IperapaTamu.

Ilens pa6otsr. Pazpaborka Mofeny HOBOI aKTMBHOI KOMIIBIOTEPHOM MogudUKaLum,
IpefCTaB/IANell co00il coenyHeHMe ILedaJoTVHA HATPUEBOV COMM C IEHVIVJUINHOM.
KoMIbIOTepHBII CKPUHMHI psfa aHAIOTMYHBIX coefuHeHmit. OIlleHKa YpOBHSA UX
(bapMaKkolIOrMyecKoil  aKTMBHOCTM, IIapaMeTpPOB  OMONOIMYECKONl  HOCTYIIHOCTY U
TOKCUKOJIOTMYeCKOTO Hpoduis. BblsABIeHMe MOJEKy/Ibl, KOTOpas C Haubomee BBICOKOI
BEPOSITHOCTBIO B 9KCIIepUMEHTe NPOABUT 3G (DeKT Oerna-nakTaMasHOTO MHIMOMPOBaHMA.

MaTepMamﬂ " ME€TOabI

[TpoBemeHBI HOMCK ¥ CUCTeMaTM3aLus CBeJEeHUII 00 aHTMMUKPOOHBIX IIperaparax
HNEeHUIVUUIMHOBOTO U IedanocnopnHoBoro psAga. OCyllecTBlIeH aHaIM3 COBPEMEHHOI
HAay4YHO!l JIMTEpaTypbl IO TeMe ucclefoBaHus. IIpomsBeeHa paboTa ¢ HayYHBIMU
9/IeKTPOHHBIMYU OMbOMMoTekamu u 6Gasamm paHHbIX elibrary, CyberLeninka, PubChem.
PeammsoBano MopenupoBaHne ¢(apMaKOIOTMYeCKNX IMapaMeTPOB HOBBIX KOMIIBIOTEPHBIX
Mopudukanuii Ha mrat¢popmax PASS Online m ADMETIab 2.0. OcymecrBren pacuer
TEOPeTUYECKNX CIIeKTPAIbHBIX XapaKTepUCTUK ¢ nomouipio cepsuca NMR Predict: ciekrpst
ANEPHOTO MAarHMTHOTO pPe30HaHCca Ha M3oTomax Bopopoma 'H m yrmepoma "“C, yacrora
criektpoMerpa 400 MI'n. Ilpu paspaboTke HOBBIX COEAVHEHWII MCIOTb30BAHBI CTPYKTYPBHI
nedanoTNHA U IEHNLIW/UIMHA.

Pe3ynbrarsl n 06cyKaeHne

[l mporHo3upoBaHysA papMaKOAMHAMIIECKIX ¥ papMaKOKIMHETHYECKMX [TOKa3aTeei
npuMeHsmu nporpammel PASS online [1] 1 ADMETIab 2.0 [2] cooTBeTcTBeHHO.

urepuer-mnarpopma PASS - 310 cepBuC, NO3BOMAWIINIT IpeACKas3blBaTh IO
CTPYKTYpHOI (opMy/ie COeAVHEHMs MeXaHU3MBbl (apMakonorndeckux 3¢(eKToB HOBBIX
XUMMYECKUX COeAVHEHMII. Pe3y/IbTaTbl MOMEMMPOBAHNUA IPENCTAB/IAIT CO00il Ha3BaHNA
BEPOATHBIX aKTUBHOCTEN COENVHEHNI, COOTHECEHHBbIE C OILleHKaMI BEPOATHOCTEN Ha/IN4Ms
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(P.) m orcyrcrBus (Pi) KaXKEoil akTMBHOCTY, UMelolye 3HadeHys oT 0 go 1. Yem 6Gorbuie s
KOHKPETHOJI aKTMBHOCTM Be/lnuuHa P, M 4eM MeHblle BenmumHa Pj, TeM 6osbllle IIaHC
OOHApYXXUTb JAHHYIO aKTVBHOCTD B SKCIIEpYIMEHTe.

[Topgxon, mpumensiembiit B PASS 1 mporHo3upoBaHysi 6MOIOTMYECKOV aKTUBHOCTH
TOTO VIV MHOTO XMMIYECKOTO COeVIHEH I, 6asupyeTcs Ha IpefIoNI0>KeHNN, YTO aKTUBHOCTD
HAIpsAMYIO CBSI3aHA C OPTaHMYECKOil CTPYKTypoll coeguHeHuA. CTpoeHue, B CBOIO OdYepefb,
OIIVICBIBACTCS OT/IE/IbHBIMU JieCKpUITOpaMu — papmMakoOpHBIMM TPYIIIaMy aTOMOB [3].

BeposaTHocTh TposBIeHMs (apMaKoOIOrMIecKnx 3(QeKTOB OIleHeHa OTHOCUTENTbHO
CTIeYIOLIVIX BU/IOB aKTVBHOCTIL:

1. Bema-makTamMasHoe MHTMOMpPOBaHME — 3TO IPOIECC, CBA3AHHBIN C MEXaHM3MOM
JeICTBYST Y YCTOMYMBOCTY OaKkTepmil K aHTMOMOTMKAaM TPYNIBI OeTa-TaKTaMoB, KOTOpbIE
BK/IIOYAIOT IIEHUIVUUIMHBL, 1Lea/oCIOpMHBl U KapbOameHeMbl. bema-makramasel — 3TO
dbepMeHTDI, BbIpabaTbiBaeMble HEKOTOPBIMM OaKTepUsMM, KOTOpbIe CIOCOOHBI pa3pyLIaTh
6ema-naKTaMHOE KOJIbII0 aHTMOVOTHKOB, YTO JieaeT X HedPPeKTVBHBIMIL.

2. VIHrmbupoBaHMe MypaMOWI TeTpamenTuy KapOOKCUIENTHIA3bl — MYpPaMOWI
TeTPAIeNTI], ABJAETCA BaKHBIM 3/7EMEHTOM K/IETOYHOJ CTEHKM OaKTepuil, B JaCTHOCTH,
rpaMIONOXNUTeNbHBIX. OH IpefcTaBIsieT cob0it (parMeHT, KOTOPbII y4acTBYyeT B cOOpKe
HENTUAOITIMKaHA — OCHOBHOTO CTPYKTYPHOT'O KOMIIOHEHTA KJIETOYHOII CTeHKM. VIHrnbmpoBaHe
KapOOKCUIIENTNA3, KOTOpble OTBEYAIOT 3a paspylleHye VI MOAM(UKAIMIO 9TOTO HeNTI/a,
MOXXET CYIIeCTBEHHO IIOBIMATh Ha CTaOMJIBHOCTb M II€JIOCTHOCTb KJIETOYHON CTEHKU
OakTepuil.

3. AurtubakrepuanbHOoe peiicTBue — 9(p(deKTUBHOEe aHTMOAKTepUaNbHOE [eiiCTBIE
I03BO/IA€T YHMYTOXUTH IIATOT€HHble OaKTepuy M IIPeSOTBPATUTh pPacIPOCTpPaHEHIEe
MHQpEKIUIL.

ADMETIab 2.0 - 3T0O KOMIIBIOTEpPHBII MHCTPYMEHT, IIPeJHA3HAYEHHBIN IS OL[€HKN
(dbapMaKOKMHETNYECKMX IIapaMeTpoB/ CBOJVICTB JIEKAPCTBEHHBIX BEI[ECTB HAa OCHOBE UX
MOJIEKY/IAPHBIX CTPYKTYP. B cTaThe OTpaskeHbl pe3y/nbTaThl 10 C/IEAYIOIMM TOKa3aTe IsIM:

1. BcacpIBaHMe JIEKAaPCTBEHHOTO COEMHEHNA Yepe3 KIeTOYHYI0 000/I0YKY KMIIeYHMKA
yenoBeka (HIA (human intestinal absorption)) sBnsercss BaXKHBIM CBOJICTBOM [JIA
NOTEHIMAIbHBIX KaHJV/JATOB B JIEKAPCTBEHHBIE IIpeNaparhl, IOCKOJIbKY ABJIACTCSA OJHNUM V3
K/TIOYEBBIX IPOIIECCOB, OIpee/IANINX OMOMOCTYIIHOCTD IIperapaTa Ipy IepopaTbHOM
npueMme.

2. Blood-brain barrier permeability - nmokasaresnp, 103BO/IAIOLINIT OLIEHUTH CIIOCOOHOCTD
IPOXOXKJEHNS XMMIYECKOTo coefiHeHns yepes ['Db. [l ero onpepenenns BHICYUTHIBACTCS
ypoBeHb cBoOOmHON muddysum, yUuUTHIBAA PAL  XapaKTEePUCTMK  BeljecTBA:  €ro
IO UIBHOCTD, MOJLIPHYIO MacCy, KOJIMYECTBO BOJOPORHBIX CBS3EI 1 JIp.

3. Plasma protein binding - sro ¢usmonornyecknit mporecc, KOTOPBIN peryampyer
pacnpefieneHne M aKTMBHOCTb Pa3NYHbIX BellleCTB B KpoBU. OH BK/IIOYAET B3aNIMOJEIICTBIE
MeXpay Oenkamy IUTa3Mbl, TaKMMM KakK aabOyMuH ¥ anbda-1 KMUCIBIT ITIMKONPOTEVH, U
HeOO/MbIIMMY MOJIEKy/IaMyl, HalpyMep, JeKapcTBaMy, TOPMOHAMM ¥ IIPOMEXYTOYHBIMU
IPOAYKTaMy MeTaboIM3Ma.
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4. CL - («xmmpeHc») 0003HaYaeT CKOPOCTb, C KOTOPON JIEKAPCTBEHHOE BEIEeCTBO
BBIBOAMTCS M3 OpPTaHM3Ma. ITO BaXKHBII ITapaMeTp, KOTOPBIl IIOMOTaeT IOHATh, KaK ObICTPO
IpenapaT BBIBOAUTCA U3 KPOBM U, COOTBETCTBEHHO, KaK MONro ero 3¢p¢eKT MOoXXeT
COXPaHATBCA.

5. LogS - nmokasaTenb pacTBOPUMMOCTHI COEVIHEHNA B BOJIE.

6.LogP - aro oOmuit norapudmM OTHOLIEHMs KOHIIEHTpAIWii BellecTBa B MBYX
pacTBOpuUTESAX (HampyuMep, BOJe ¥ OPraHMYecKuX pactBopurensax). [lo stomy mapamerpy
OLIEHMBAIOT TUAPOGUIBHOCTD U TUAPOPOOHOCTD BelleCTBa.

7. LogD - nokasaTe/b, MO3BOJIAIOIINIT OLEHUTb TNIO(PUIBHOCTD COeVIHEHNA.

8. hERG blockers - 6mokama kanmneBoro kanana hERG saBiserca ogHOM 13 BaXKHEMIINX
aHTUMUIIEHe, OTpee/AIINX KapAMOTOKCUYHOCTb IOTEHIIVa/IbHbIX IEKAPCTB.

9.Human Hepatotoxicity = (H-HT) -  («remaToTOKCMYHOCTB»)  IIOKas3aTesb,
OIIVICBIBAIOIVII PA3/IMYHbIE BU/IbI TOBPEX/IEHMS TIeYeHN, KOTOpPbIe MOTYT IIPUBECTH K cOO0 B
paboTe opraHa M jaxke CMEpPTHL.

10. Rat Oral Acute Toxicity — 3TO cTaHEApTHBII METOJ, OLIEHKM TOKCHYHOCTV HOBBIX
JIEKapCTBEHHBIX BeI[eCTB. JTOT IIOKa3aTelb IIO3BOJISAE€T YCTAHOBUTb, CKOJNIbKO BeleCTBa
HeoOXOAMMO JJIs1 HaHeCeHMsI Bpefja OpraHU3MYy >KMBOTHOTO TPV OHOKPAaTHOM IIepOpPaIbHOM
npuéme. OCHOBHBIM pe3y/lIbTaTOM TeCTa ABJIAETCA OIpefe/ieHNe CpefiHell CMepTe/IbHOI 103bI
(LDso) — o3blI BelecTBa, Ipy KOTOPOit 50% MCIBITYeMBIX )KMBOTHBIX TOTM0AI0T. ITO 3HaYEHNE
IIOMOTaeT KJIaCCU(PUIIPOBATh BElJeCTBO 110 YPOBHIO TOKCUYHOCTIL.

PaccMorpuM  cTpykTypHble (POpMYNIBI M HEKOTOpPble XapaKTepUCTUKU JCXOIHBIX
COEeVIHEHNUI ¥ HOBOJ KOMIIBIOTEPHOV MOAVI(IIKAIIVIIL.

Ta6mima 1. CTpyKTypbl 1 UX CIIEKTPanbHbIe XapaKTepUCTUKN

n};‘; Crpykrypa HaumenoBanue Teopernueckne IMP cnexTpsl
L. IledanoTnna HarpueBas 'H JIMP (400 MTI'n): § 2.06
COJIb (¢, 3H), 3.75 (m, 1H, ] = 13.1 T),
((6R,7S)-3- 3.83-3.98 (3.88 (¢, 1H), 3.88
(anernnokcumermn)-8-oxkco- | (¢, 1H), 3.91 (m, 1H, J = 13.1 T'p)),
7-[(2-Tnoden-2- 4.56-4.66 (4.61 (c, 1H), 4.64
) o O (o] Na WMTALeTT)aMUHO | -5-Tua-1- (¢, 1H)), 4.97 (m, 1H, J = 7.8 T'ny),
— \ d asabummkio[4.2.0]okto-2-en- |  5.34 (1, 1H, ] = 7.8 Tny), 7.17
H A\ CH, 2-KapOOKCUIAT HaTPUA) (mm, 1H,J=7.5,5.0 T'ny), 7.31-7.45

(7.37 (mm, 1H, J = 5.0, 1.3 I'ny),
7.39 (om, 1H, J=7.5, 1.3 Tr)).

BC JAMP: § 20.8,24.7, 31.7, 57.3,
59.3,64.7, 124.8, 126.0, 126.6,
127.1, 134.0, 136.2, 166.9, 167.8,
169.1, 178.5.
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2. Henuuummnnu 'H AMP (400 MTn): § 1.21-1.31
((2S,5S,6R)-3,3-mumeTnn-7- (1.26 (¢, 1H), 1.26 (¢, 1H)),
0KCOo-6-[(2- 3.70-3.80 (3.75 (¢, 1H), 3.75
denmnanernn)amunol-4-ma- | (¢, 1H)), 4.34 (¢, 1H), 4.92-5.15
1-azabunukino[3.2.0]renraHn- (4.98 (@, 1H, J = 8.1 I'ry), 5.09
o o 2-KapbOKCMIaT HATpu) (m, 1H, J = 8.1 I'my)), 7.22-7.42
o Na (5H, 7.30 (1, ] = 7.7, 1.5 Tp),
N /&N 7.32 (aapp, J = 7.8, 1.5, 1.2,
H s CH; 0.5 T'w), 7.35 (mppm, J = 7.8, 7.7,
H; 1.8,0.5 ).
B3C AMP: § 26.6, 31.0, 42.5, 58.4,
65.4,67.4,69.8,127.2,128.7 (2C),
128.9 (2C), 134.8, 167.5, 171.5,
173.9.
3. Mopudnkanms 'H AMP (400 MTn): § 1.21-1.31
((2S,5R)-3-(2-tnoden-2- (1.26 (¢, 3H), 1.26 (¢, 3H)),
mnaneTunkapbamonn)-7,7- 2.54-2.65 (2.60 (g, 1H, J = 7.0 I'ry),
nuMeTuia-4-tua-1- 2.60 (m, 1H, J = 7.0 Ty)),
azabunukno[3.2.0]rernran-2- 3.61 (mppon, 1H, J=7.0,7.0, 1.8,
KapOOKCcMIaT HaTpus 1.8 T'm), 4.34 (¢, 1H), 4.92-5.15
S\ 5 © o (4.98 (m, 1H, J = 8.1 T'ry), 5.09
N Na (1, 1H, J = 8.1 T)), 5.75-5.88
N /&N (5.81 (w1, 1H, ] = 9.7, 1.8 Ty),
H S CH,3 5.81 (mm, 1H, ] =9.7, 1.8 T'y)),
H; 6.26-6.38 (6.32 (1, 1H, J = 9.7 T'y),
6.32 (m, 1H, J = 9.7 Trr)).
BC AMP: 6 26.6, 31.0, 40.4, 42.6,
58.4, 65.4, 67.4, 69.8, 129.6-129.7
(20), 137.3-137.5 (2C), 167.5,
169.1, 171.5.

Ilo BBIIIETIPMBENEHHBIM KPUTEPUAM (501 OCYLIECTBIEH Pacde€T BEPOATHOCTHDBIX

nmokasareneit (apMaKOIOTMYeCKON AKTUBHOCTYU JUISI UCXOMHBIX COENVHEHUIN U I UX

KOMITBIOTEPHBIX MOAVIpUKaLnit. Peanns3oBaH cpaBHUTE/IbHBII aHATINS.

Ta6muma 2. CpaBHUTEIBHBIN aHAIU3 UCCIENyeMbIX MOJIEKY/I Ha OCHOBaHMM JaHHBIX cepuca PASS Online no

KpUTepUAM BpapMaKOTOIMIECKOil aKTBHOCTH

HasBanmne coegunenmns/ IHedanornna
Hennuunnma Mopndukanus
aKTUBHOCTb HaTpueBasd COlb
Bera-makramassr MHTUOUTOD 0,952 0,873 0,919
Mypamon-terpanentu
P P ! 0,905 0,985 0,983
KapOOKCU- eI TH/a3bI MHTUOUTOP

AHTubaKTepuaabHOE AeJiCTBIE 0,764 0,721 0,735
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[To pesympraraM aHalM3a BEPOATHOCTENl TEOPETHYECKUX (apMaKOIOTMIECKUX
3¢ heKkTOB BO3MOXKHO CfieiaTh CIefylollee 3aK/II0UeHIe: HOBOE COefiIHEeHIe CcoYeTaeT B cebe
CBOJICTBA CKOMOVHVPOBAHHBIX ()ParMeHTOB: BEPOSTHOCTb MHIMOMPOBaHN - TaKTaMasbl /1
HOBOJI MopuduKauyuyu B OSKCIEPMMEHTe MMeeT IIOKasaTelb ONMM3KMII K TaKOBOMY ML
medagoOTNHA HATPMEBONl COMM ¥ IPEBOCXOAUT €r0 OTHOCUTENBHO IEHMIV/UINHA.
B03MO>KHOCTH ITOfjaB/IeHIsE aKTMBHOCTY MyPaMONJI-TeTpaIleN iy KapOoKcy-TenTrassl [4] mo
JlAHHBIM IIPOTHO3a /I HOBOTO COEAVMHEHMs, MMEIOT ONU3KMIl YpOBEHb 3HAYEeHUl K
IIOKa3aTe/lsAM MCXONHBIX (parMeHToB. TeopeTnmueckoe aHTMOAKTEpPUATbHOE —[eICTBUE
BBISIBJIEHHO MO):[I/I(i)I/IKaLU/H/I TaK)XX€ COOTHOCUTCA C MCXOOHBIMIU CTPYKTypaMM ¥ UMEET
YIOBIETBOpNTE/NIbHOE 3HadeHme. Ha cremyiomem 9rame ObUla IIPOBefieHa OLieHKa
OM0IOrMYecKOolt JOCTYITHOCTH.

Tabmmma 3. CpaBHUTENbHBIN aHAaMM3 MCCIENYeMbIX MOJIEKYI Ha OCHOBaHMU JaHHbIX cepBuca ADMET mo
KPUTEPUAM OUOTOTUYECKO JOCTYITHOCTU

HasBanmne coennnenust/ nokasaremn | Iledamormna narpuesas conp | Iennummumiun | Mogudukanms

LogS
LogP
LogD
HIA
PPB, %
BBB Penetration
CL

ITo pamsbiM  1watrgopmbr  ADMET, HoBoe coenuHeHue sBjsercss  6oree
IPeJIIOYTUTETbHBIM I10 ITapaMeTpaM OMOJIOTMYeCKO JOCTYITHOCTI: Iy4llle paclpenenseTcs B
OpTraHM3Me, MCXOAA U3 JOrapuPMIIECKNX 3HAYEHNII pacTBOPMMOCTY, 0OafaeT XOpOIIMMI
IIOKa3aTe/leM BCAChIBAEMOCTH, HA OCHOBAHUY KPUTEPVS >KeNMYJOYHO-KUIIEYHON abCcopOImm.
ViMeeT ymoBeTBOpUTE/IbHBIE ITOKa3aTeb CBA3BIBAEMOCTM C OelKaMy IUIa3Mbl, YTO TAKKe
ABJIAETCS PAaHHMM MHAVKATOPOM BBICOKOJ OMO/IOrMYecKoil mocTymHocTi. IlokasaTenb
IPOHMKHOBEHUsI dYepe3 TreMaTodHLepanndecKuii Oapbep IPEeBOCXOAUT TaKOBOM /I
nedasoTHA HATPMEBOIL COMM U AeT OCHOBAHYE /I BBIBVDKEHIIA IUIIOTE3BI O BO3SMOXXHOCTH
IpUMeHeH)sI HOBO MOAM(UKAIVM B KayecTBe aHTMOAKTEPUATbHOTO IIperapara, JeliCTBIe
KOTOPOTO HAaIIpaB/IeHO Ha Tepamnuio MHPEKIMOHHBIX IOpa)KeHNIT HepBHO TKaHM [5].

Ta6muma 4. CpaBHUTENbHBI aHAIN3 UCCIENYyeMbIX MOJIEKy! Ha ocHoBaHuu cepsuca ADMET mo xpurepusam

TOKCUMYHOCTI

Haspanue coeguHenns/ IleparoTnna

HHennumunnmu Mopudukanus

IMOoKa3aTenmn HaTpueBasda COMb

hERG Blockers
H-HT
Rat oral Acute Toxicity

IIo JaHHBIM aHa/IM3a TEOPETUIECKNX TOKCUKOJIOTUYIECKUX XAPAKTEPUCTUK, HOBOE
COECIVMHEHNE IMEET CaMbIil HU3KUJ MOKa3aTellb KapAMOTOKCMYIHOCTH, I'€IIaTOTOKCMYIHOCTN 1
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TOKCMYHOCTM B JVICHBITAHUAX Ha JKVBOTHBIX OTHOCUTETBHO MCXONHBIX BeLeCTB. OTHU
Pe3y/IbTaThl MOBBILIAIOT BEPOSTHOCTb PACCMOTPEHNSI HOBOJ MoAMdUKaLmy Kak 6e30macHoOro
HOTEHIIMAIBHOTO JIEKapCTBEHHOTO BeIlecTBa.

ITo pesynbTaTaM CKpVMHMHIA BbifiesleHO ofHO coefvHenne (Lledanornna HaTpreBas comb +
HNeHNLIWUIMH), TIOCKOJIBKY OHO MMeeT HamOO/IbLIYI0 BepOSITHOCTb (DapMaKOIOTMYeCKOro
apdexTa B IKCIIEpPUMEHTE, TEOPETHMYECK)M He TOKCUYHO, IIOKa3aTey €ro OMOIornd4ecKoi
JIOCTYITHOCTY OOHAPY>KMBAIOTCS B MaIla30He ONTYMA/IbHBIX.

BriBonb1

[To pesynbraTaM HCCIeOBaHMA, LE/bI0 KOTOPOTO SBJISAETCS BBbISAB/IEHNE AKTUBHOI
KOMOVHAIVIM IIEHMIVJIIMHA C IiedaToTIHA HAaTPMEBOI COMbIO, ObIIa ITO/TyYeHa KOMITbIOTepHas
Moz UKaIs, KOTOpas ClIocOOHA IPOSB/IATH BbIPa>KeHHBIT aHTIOaKTepuabHbliT 3¢ deKT [6]
u 00majaTh CBOWCTBOM Oema-naKkTaMasHoro wHrnobuposanus. I[Ipm cpaBHeHMn ee c
VICXOJHBIMM) BellleCTBaMM YCTaHOBJIEHO, YTO CTPYKTypa OOIafaeT JMydYIIUM BCAachIBAaHMEM U
BbIBEJICHNEM U3 OpPTaHM3Ma, MEHbIIell TOKCMYHOCTBIO TI0 CPAaBHEHUIO C pacCMaTPUBAaeMbIMU
COENVIHEeHMAMIL.

PuHaHCHpOBaHUe

Pabora BbIIONHEHAa B COOTBETCTBUM C IUIAHOM HAyYHO-UCCIENOBATENbCKUX paboT
kadenpe! xumun GTOY BO BonrrTMY M3 PO.

Kondnukr nmaTepecon

ABTOpBI 3asBJIAIOT 00 OTCYTCTBMM KOH(IMKTA MHTEPECOB B (PMHAHCOBOI MM KaKoii-
nmbo nHo cdepe.
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Knioueevie cnosa: Annomauus. B nacmosweil pabome ankunuposanuem 6Oen3ona — eekcanonom-1

Ankunuposauue,  CUHIME3UPOBAHA CMECD, COCMOAULAA U3 60-65% 2-penuneexcana u 35-40% 3-pernunzexcana.
oKucneHue, Hccnedosan nepcnekmueHuiil, HO MAZOU3YHeHHDLTl Npoyecc aspobHoz0 HuUOKOPHA3HO20
2-penuneexcat, OKUCTIEHUST OaHHOTL cMect 00 COOMBEMCMBYIOUAUX 2UOPONEPOKCUO08 C Uerblo 0anvHeliuiezo
3-¢penuneexcan NOZyHeHUs BbICUUX KEMOHO0B8. YCMAHOB/IEH0, 4MO UCNONb308aAHUE HA MOl cmaduu

N-eudpokcupmanumuda  noseonsem  0OCMUUD  MeXHONOZUMECKUX — nokazameret,
npuemnemuvix 075 npomvuusienHoll peanuzayuu. Tax, KoHeepcus cmecu eHunzexcaHos
cocmaensem Oonee 30% 3a 60 MuHym peakuuu npu BbiCOKOLU CeleKMUBHOCMU
06paszosanus 2udponepoxcudos.

st pUTUpOBaHMA:
®pomos A.C., Kypraunosa E.A., Kouens I'H., Kab6anosa B.C., baés E.J., CmypoBa A.A. CruHTe3 1 OKUC/IeHNue
¢enmwirekcanos // OT xmmum K TexHomormm mar 3a urarom. 2025. T. 6, Bem. 4. C. 27-34.

URL: https://chemintech.ru/ru/nauka/issue/6713/view
BBenenue

Bpiciie KeTOHBI CIy>KaT IIeHHBIM CBIpbeM JJIA IIPOM3BOACTBA IIMPOKOTO psfia
MartepuanoB. C KaXKIbIM FOOM CIIPOC B pasHbIX 00/IaCTsAX Ha KeTOHBI Bo3pacTaeT. Ha maHHBIN
MOMEHT KeTOHBI VICHO/Ib3YIOTCA B IIPOV3BOAICTBE Macesl, TIeKapCTBEHHBIX IIPeNapaToB, IAKOB,
YUCTAMMNX CPEACTB, KOCMETMYECKON MpOAYKIMM, B KadeCTBe pacTBOpUTENell, IIpu
nepepabOTKe IONMMMEPOB, B YACTHOCTM BBICIINME KETOHBI IIMPOKO IPUMEHSIOTCA B
nap¢romepun [1]. KeTOHBI MOTYT BBICTYIIATh PETY/IATOPAMM U JOIIOTHUTETbHBIM UCTOYHMKOM
SHEPTYM J/IA CepALla U COCYAMCTON CUCTEMBI KaK Y 3/[OpPOBBIX JIIOfIETL, TaK ¥ JIIOZEN C cep/iedaHO
HEJOCTaTOYHOCTbI0O MM IOocAe MHGpapKTa Muokappa [2]. Bpicume KeTOHBI BBICTYHAIOT
OCHOBHBIMM IPOTUBOTPUOKOBBIMY COEAVMHEHMAMM, @ TaKKe MCIOIb3YITCA B IIMIEBON
IPOMBIIIEHHOCTH IIPY IPOM3BOJICTBE CHIPOB [3, 4].

2-T'eKCaHOH - CBIpbe NPV IPOM3BOJCTBE KPAacOK ¥ pasbaBuUTesneil I HMUX, TaKXKe
pacTBOpuTenb Macen M BOCKOB. OH IpUMeHsSeTCs [JIA IedaTy Ha IUIAcTUUIVPOBAHHBIX

© A. C. ©pornos, E. A. Kyprauosa, I'. H. Komens, B. C. Kabanosa, E. I1. Baés, A. A. Cmyposa, 2025
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TKaHAX U JyI1 CO3[aHNA BIAaTO3aIUTHON Ofie>Xabl [5]. 3-TekcaHOH B OCHOBHOM NCIIO/Ib3YeTCS
B Ka4eCTBe PeaKTMBa B XMMIYECKOIT TPOMBIITeHHOCTH. COeMHEeHNsI Ha eT0 OCHOBE II0Ka3a/in
BBICOKYIO 9 PeKTUBHOCTb B 60pb0e ¢ allONTO30M KapAMOMUOLUTOB — OZHOTO M3 K/IIOUEBBIX
(dhakTOpOB pasBUTHU ULIEMUYECKOI O0Ie3H cepaua [6].

J3BecTHBIE METOMIBI ITOTy4YEeHNA KeTOHOB B OCHOBHOM 3aK/II0YAIOTCA B KaTa/IMTUIECKOM
OKMC/IEHM! QJIKAaHOB [7] ¥ BTOPUYHBIX cIUPTOB [8, 9] CHMIBHBIMU OKUCIIUTENAMY, a TaKXKe
ankeHoB. [locmemuuit cmoco6 mpepncraBisseT CcoO0J HPOMBINIIEHHBII OKMCIUTEIBHO-
BOCCTQHOBUTE/IBHBIN IIPOL[ECC CHHTE3a KETOHOB C JCIIO/Ib30BaHMEM MeTa/UIOKOMITIEKCHBIX
KaTa/IM3aTOPOB, M3BECTHBIN Kak Bakep-mporecc [10]:

PdCl, CuCl, C;I;o
—_—

R

R/§c|-|2 + 1/20,

[Ipumenenne TpaguimonHoy romorenHon xnopugHon cucrteMbl PACL/CuCl/O; n ee
Mo UKAIVIT 1A OKUC/IEHNsA HEPa3BeTBJICHHBIX a/IKEHOB ITOKAa3bIBAET, YTO PeaKIVIOHHASA
CIIOCOOHOCTD 1-a/IKeHOB B JAHHOJI peaKI[yyl YMeHbIIAeTCs C yBe/IMYeH)eM JJINHBI YITIePOJHO
yenu. Tak, B ciaydae nponmnena ero okucinenue npu 50-120 °C u gasnenun 9,8 MIla npuogut
K 00pa30BaHUIO alleTOHa ¢ BBIXOIoM 99%. Okucnenue xe H-6yreHoB pu 100 °C u gaBneHun
no 4.5 MIla maeT METMISTUIKETOH C CelTeKTMBHOCTBIO okomo 80% [11, 12]. Kpome TorO,
orpaHnyeHns Bakep-cucreMbl, CBSI3aHHBIE C BHICOKOJ KOPPO3MOHHOI aKTMBHOCTBIO, a TAK)Ke
00pa3oBaHNEM XJIOPKETOHOB, KOMNYECTBO KOTOPHIX BO3pacTaeT C  IIOBBIIIEHNEM
KOHIIEHTPAL[UU MEeTHBIX COJell ¥ KMCTOTHOCTH pacTBopa [13], coep>kMBaioT ee mpakTudeckoe
JICIIOTIb30BaHYe B CYHTe3e (PeHVIITeKCaHOB.

Vi3BecTHO 60sbIIOE YMCTIO MOAM(UKALUI 3TOTO METO/A IIOTy4eH)s BBICIINX KETOHOB,
CBSI3aHHBIX C JCIIOJIb30BAaHMEM PpA3INYHBIX [100aBOK, HAIle/ICHHBIX Ha pelleHle
OOHapYXEHHBIX /I TPAUIIOHHON CUCTeMbl mpobseM. Tak, IpenaraeTcs OCYIIeCTBIIATH
IpoljecC B BOZHO-OpPTaHMYeCKMX cpepax [14] ¢ moOaBneHueM KaTanu3aTopoB MeX(asHOTO
nepeHoca (UMKJIONEKCTPUMHBI, IIOMMITWICHITIMKONY, Ka/MMKCapeHbl 1  YeTBepTUYHBbIE
aMMOHMeBble comn) [15, 16] u retepononmcoenuuennit [12, 14] B kayecTBe COKaTann3aToOpoB,
IepOKCOCOeVHEHNII B KadecTBe okucimreneir [17]. Tem He MeHee, ocTaeTcsa psAf
HepaspelleHHbIX Ipo0/ieM, B OCHOBHOM CBA3aHHBIX C JCIIO/Ib30BaHMEM IIOBBIIIEHHOTO
JlaBJICHN I, BBICOKOJ CTOMMOCTBIO VI HECTAOV/IBHOCTBIO KaTaIUTYECKUX CYCTEM.

Hacrosee nccneoBanme MOCBAIEHO aIbTEPHATUBHOMY CIIOCO0Y TIOTy4YeHMsT BBICIINX
KEeTOHOB COBMECTHO C (EHOJIOM, KOTOPBIJI 3aKII0YaeTcsi B IONy4eHUM (QeHVIreKCaHa,
OKVICJIEHUY €TO0 0 TUIPONIePOKCHA U TTOC/IeAYIoIIeM KUCIOTHOM Pa3/io>KeHUN:

C5H130H CgHq3 2 CgH1,0-OH H* ¢ OH
— + CgHq20
HZSO4 N-FQVI t

-H,0

CremyeT OTMeTUTDb, YTO HApARY C IeKCAaHOHAaMM M (PEeHOIOM Ba)KHOE IMPAKTMYeCcKoe
3HaYyeHNUe }MeeT ¥ IPOMEXYTOYHOe COefyiHeHMe (GEeHWIreKCaH, NPUMEHSIOMIICS Mt
npousBopacTsa IIAB, npucagok K MaciaM, BCIIOMOTaTe/IbHBIX BEIIECTB B XVMUM IIO/TMMEPOB,
MEeCTULMIOB U 9KCTPAreHToB [9], a Tak)Ke B MCCIeOBATEIbCKUX Lesix [18].

IlanHas paboTa IOCBsALIEHA IEPBBIM IBYM CTAafMAM YKa3aHHOTO IIPOLiecCa — CUHTE3y
(dbeHMITeKCaHa 1 U3YYEeHNIO 3aKOHOMEPHOCTEI €ro a9pOoOHOT0 >KMAKO(]PA3ZHOTO OKVCTIEHNA.
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JKcnepuMeHTalbHas 9acTh

B paboTe mcronpb3aoBaHbl KOMMEPYECKV JOCTYIIHBbIe peakTuBbl: rekcanon-1 (TY 6-09-
3499-79), 6enson, u.m.a., (TOCT 5955-75), cepHas kucnota, x.4., (OCT 4204-77), ykcycHas
KUCTIOTA, X.4., (TOCT 61-75), kanuit itogucTsiit, 4.4.a., (TOCT 4169-76), runocynb¢ut HaTpus
(TY-6-09-2540-72), ruppokcupm Hatpus, d4.g.a., (FOCT 4328-77), xampLuil XJIOPUCTBIi
6e3Bopublit (TY 6-09-4711-81), N-rugpokcudramnumug (Sigma-Aldrich, 97%).

CuHTe3 ¢eHMmITeKcaHa IPOBOAVIIN TI0 M3BECTHON METOAMKE ITyTeM aIKMIMPOBAHMA
OeH30/1a TeKCaHO/MOM-1 B IIPUCYTCTBMM KOHLIEHTPUMPOBAHHBIN CepHOV Kucimotel [19].
[Tory4eHHbBIe IPOAYKTHI peaKLUy aTKWIMPOBAHNA, IIPefiCTAaB/IAIe COO0 CMeCh >XMIKIX
BeIL[eCTB, Pasfie/is/Ii METONOM PeKTUUKALUU O BaKyyMOM B BJi€ dpaxiyu 85-90 °C npu
ocraToyHoM jaBneHun 0,2 arm. IIpoAykTel peakuuyu aHaJIM3UPOBANM METOHAMMU
rasoxmugKoctHoit xpomarorpadun, VIK- u AMP 'H-cnekrpockonuu.

Oxucnenne ¢eHMITeKCcaHa IIPOBOAVIIN Ha YCTAaHOBKE IIPOTOYHO-3aMKHYTOTO TUIIA IO
MeToAVKe, ommcaHHoll B [20]. B xome peakumm OCYIIeCTB/SUIM 3aMep KOJIMYECTBA
IOTJIOIEHHOTO KMC/IOPO/ia, IPOAYKTHI PEAKIMI aHA/IU3MPOBAIM METO/IOM J10JJOMETPUYECKOTO
TUTpOBaHMsA [21].

XpomarorpapuecKuii aHa/mm3 MPOBOAVIIN C VCIIO/Ib30BaHMEM aIIAPaTHO-IIPOrPaMMHOTO
KoMIekca «Xpomarek-kpuctamn 5000.2». VIK-cnexkTpockonmdecknii aHanus MpOBOANWIN Ha
npubope VIK ®yppe RX-1 B obmactu 4000-400 cM™ B Bufie MUKPOCTIOSN MEXHY CTEK/IaMIU U3
O6pomupma kamusi win B KioBete n3 Opommpa kamus ¢ d = 0,0011 cm. Crnektper IMP 'H
perucrpuposamu Ha crekrpomerpe Bruker DRX 400 (400 MI'n). B xauecTBe pacTBOpUTENA
ucnosnb3oBaH IMCO. B kauecTBe BHYTpEHHETO CTaH/JapTa UCIIO/Ib30BA/ICA TeTPAMETU/ICUIIAH.

OcHOBHasA 4acTh

Hecmorpss Ha OGonbuioit MaccuB uHpOpMAILMM, KacAWOIIMIICS 3aKOHOMEPHOCTeIR
UIKWIMPOBAHMA AapOMATUYECKUX VIVIEBOZOPOROB OJepMHAMU WIM CHOUPTAMM, HAaHHBbIE
IPYMEHNUTE/TbHO K CMHTe3y (PeHIITeKCaHa B HayYHO-TEXHIYECKOI INTepaType MpaKTUIecKu
OTCyTCTBYIOT. OmMCaHbl METOABI OTy4YeHNs 2-PeHWITeKCcaHa IyTeM aJIKVINPOBaHMsA OeH30/1a
1-xmoprekcaHoM [22] 1 1-TeKCeHOM € Pa3IMYHBIMU KMUCIOTHBIMM KaTalM3aTOpPaMM, TAaKUMU
Kak neHTapTOpuj CypbMbl, TpudropMmeraHcynbonata ckangusa (III) [23], dochoproit
KJCNIOTHI [24], TeTepOTreHN3VpPOBAaHHOTO XJIOPVCTOTO MIOMMHMA [25] M ¢ MCIIoIb30BaHNMEM
11e0/INTOB, MOAM(UIMPOBAHHBIX IJIATUHOM U rajueM [26]. OgHaKO 9TH MPOLIeCChl He HALIIN
CBOETO NPOMBIIIJIEHHOTO IIPUMEHEeHM .

B Hacrosmeit paboTe IpOBefeHbI JCCIENOBaHMA, HAIpaB/JIeHHble Ha IIOMyYeHIE
(beHnnrekcaHoB aJIKWJIMPOBAHMEM 6ensona reKCaHoIoM-1 B OPUCYTCTBUN
KOHLIEHTPMPOBAHHON CEPHOM KMUC/IOTHI 10 CXEMeE:

HsC CH.  H.C CH3
CgHq30H 3 3
_ = +
H,S0, t°
1 -H,0
2 3

V3sy4eHo BnusAHMe TeMmuepaTrypbl B uHTepBane oT 60 mo 80 °C 1 mMpojo/HKUTENTbHOCTH
mpoIiecca o 5 4acoB Ha MapaMeTpbl aIKMINpOBaHMA 6eH307a reKcaHonoM-1. B mpomykrax
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peakuyy OOHApy>KeHO fABa M3oMepa QeHmrekcaHa: 2-¢eHmnrekcan u 3-(eHmIreKcan B
COOTHOLIEHNSAX, YKa3aHHBIX B Tabmuie 1. CTPYKTyp IMHEHOTO CTPOeHNUs He OOHAPY>KEHO.
[To60YHBIMY TIPOAYKTAMIU B OCHOBHOM SIB/ISIOTCS AU3aMellleHHbIe TeKCUITOEeH30/Ibl, KOTOPbIe
Beixoat npu [DKX cempro cMexxHbIMM MKamu. [lonydeHHBIe HaHHBIE MpPeJCTABIEHbI B
tabmmie 1.

Tabmuma 1. 3aKOHOMEPHOCTM TIpoIlecca ANTKIWINPOBaHMA OeH30ma TeKCaHOIoM-1. MonbHOoe COOTHOIIeHVe
0eH301 : reKcaHo-1 : cepHas kucnora = 3:1:3.

CooTHomIEeHNE Boixopn ¢geHmirekcanos
o IIpopomKUTeNbHOCTD .
Temmnepartypa, °C 2-¢pennmnrexcan / Ha 3arpy>KeHHbII
peakumm, 4
3-pennnrexcan rekcaHomn-1
60 5 1,44 62
3 1,40 71
70 4 1,39 65
5 1,44 66
1 1,86 53
2 1,49 76
80 3 1,49 76
4 1,45 72
5 1,40 68

V3 skcnepMMeHTaIbHbIX JAHHBIX BUJIHO, YTO B/IMAHUE IPOJO/DKUTEIbHOCTU PEAKLUN
HeogHOo3HauyHO. C OJJHOJ CTOPOHBI, OYEBMIHO YMEHbIIEHNe COOTHOIIEHNA 2-(eHMITeKCaHa K
3-peHmwrekcaHy B IpOAYKTax peakuuu ¢ 1,9 B mepBbIil yac peaknum f0 1,4 crmycTs 5 4acos.
ITo-BupguMOMYy, 3TO CBSI3aHO C IIEPEXOJOM OT KMHETUYECKOIO K TEePMOJAVMHAMUYECKOMY
KOHTpO/II0 Xofia peakiuu. C OpPyroil CTOPOHBI, BBIXOZ (PEHM/ITeKCAaHOB IPOXOAUT uepe3
MaKCUMYM B MHTepBajie 2-3 9acoB, ITOC/IE Yer0 HaYMHAEeT HECKOIbKO CHIDKAThCA B OCHOBHOM
113-32 IPOTEKAHNA PEAKII IOIMANTKAIMPOBaHNUA.

[Ipn Temmnepatype 80 °C M NIPOAO/DKUTENIBHOCTY peakuymy 2 4daca ObUI JJOCTUTHYT
MaKCUMA/IbHBI/I BBIXOJ, (eHWIreKcaHoB (76%), MaTepuanbHBIN OalaHC Ipoljecca B ITUX
YC/IOBVISIX TIpUBEJeH B Tabyie 2.

Tabmuua 2. MaTepuanpHblit 6amaHc mpolecca aTKMIMpoBaHus Oensona rekcanonom-1 mpu 80 °C B TedeHnme
2 9acoB, MOJIbHOE COOTHOLIEHNY GEH307I : TeKCaHOI-1 : cepHast Kucnorta = 3:1:3.

Monapnas macca, 3arpyxeHo ITony4eno
Coenunenne
r/MOIb r % macc. r % macc.
benson 78,11 169,2 37,1 71,8 15,7
T'excanon-1 102,17 73,7 16,2 0 -
Cepnas kucnora 98,08 212,6 46,7 212,6 46,7
DeHnreKcaHbl 162,28 0 - 89,0 19,5
[To6o4HBIE TPOTYKTBI - 0 - 14,0 3,0
IToTepn - 0 - 68,1 15,1
Bcero - 455,5 100 455,5 100

CMech m30MepoB (PeHWITeKCaHa BbIfie/ieHa U3 IIPOAYKTOB AJIKIIVPOBAHMA ITyTeM
BakyyMHOI pektu¢ukanuu. I[lo pesynpTataM XpoMaTorpaduueckoro aHaamsa 4YUCTOTA
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IpoAyKTa coctaBmia 97,3%. KadecTBeHHBINT cOCTaB cMecu M30MepoB (eHMIreKcaHa ObUI
noarBepxaeH MeroroM VK- u AMP 'H-cnekTpockonum.

VK-cniextp, v/em: 3084, 3036, 3028 (=C-H), 2957, 2925, 2872 (CHs), 1604, 1494 (-C=C-),
1452.5, 1377.8 (CH,);

Cuexrp IMP 'H (IMCO-dg, §, m.p1., J/T1): 7.31-7.23 (M, 5H, Ph®), 7.19-7.10 (M, 5H, Ph®),
2.63 (cekcr., 1H, CH®, J = 7.1), 2.39 (11, 1H, CH®, J = 9.5, 5.3), 1.67-1.42 (M, 6H, CH,?,
2CH,®), 1.30-1.01 (M, 9H, CH;®, 2CH,®, CH,®), 0.85-0.75 (M, 6H, CH;®, CH;®), 0.70 (1, 3H,
J=7.4,3H, CH;®).

HaC CH,

B-CH2
CH3

| |

I f‘\ cH ‘ /

“ “ \ ‘ : | A
by A L
a-CH> |

I B N Ml

T
@
0

Hapou.

8.06

7‘,5 7'.0 6’.5 6‘,0 5‘,5 5‘,0 4‘.5 4’.0 3‘.5 3‘,0 2‘.5 Z‘AO
Puc. 1. IMP 'H-criexTp eHMITeKCaHOB

Taxoke IoKasaTe/b IPeJIOM/IEHNS JAHHOTO BEIeCTBA, TOJTyYeHHBIN OIBITHBIM ITyTeM Ha
pedpakToMeTpe, COBIaZaeT ¢ MOKa3aTe/eM U3 CIPaBOYHBIX TaHHBIX (1,486) [27].

Taxum o6pasom, HalifieHb! 9pPeKTUBHbIE YCTIOBMA JIA CMHTe3a cMecH 2-peHnIreKcaHa
u 3-peHmIreKcaHa ¢ BBIXOIOM 76%, 4TO COTIOCTABUMO C JIKVMINPOBaHMeM OeH3071a H-TeKCEHOM
B IIPUCYTCTBUM TeTeporeHusuposanHoro AlCl; [25], ogHako cooTHOIeHMe 2-(eHMITEeKCaH :
3-peHmIreKcaH B 3TOM Ciy4ae cocrasisgeT 1,8 : 1, o CpaBHEHMIO C IOTy4eHHBIM B JAHHOM
UccaeqoBaHUM COOTHOIIeHMEeM 1,4 : 1 COOTBETCTBEHHO.

Ha BTopoii cragum paccMaTpruBaeMOro IIpoLecca MOy4eHns 2-TeKCaHOHA 1 3-TeKCaHOHa
CUHTE3MPOBAaHHYK CMECh MU30OMEPHBIX YIJIEBONOPOAOB OKUCIAKT [O COOTBETCTBYIOIINX

CeHis o CgH;,0-OH
©/ NTOW, €

N-FQDVI t°

TUZIPOTIEPOKCHU/IOB:

|-|3c
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B Hacrosmieit paboTe ObUIM MCCTETOBAHBI 3aKOHOMEPHOCTM 3TOTO IIpoljecca B
npucyrcrBun  N-rugpokcudpramumupa (N-I'OM), xoropelit 3apeKOMeHfOBalT cebA  Kak
3¢ deKTUBHBI KaTa/IM3aTOP P TUAPOIIEPOKCUIHOM OKMC/IEHUN IPYTUX YIIEBOJOPOLOB [28].
VIsydyeHO BIVsIHME TEMIIEPATypbl, KOHIEHTPAIL[MM KaTaausaTtopa ¥ MPOJO/DKUTETbHOCTI
peaxuyy Ha IMOKasaTe/Iy Mpoliecca XUAK0(HasHOTO a9pOOHOTO OKVIC/IEHNUS N30MEPHOI cMecu

(eHMITeKCcaHoB, pe3y/IbTaThl IIPefiCTaB/IeHbI B Tab/uIle 3 U Ha PUCYHKe 2.

Ta61mua 3. BnusHue TeXHOIOTMYeCKUX IIapaMeTpOB Ha COAEPIKaHME TUIPOIIEPOKCUIOB B IIPOAYKTAX OKMC/IEHUA
CMeECH N30MEPOB (beHI/IHI‘CKCﬁHa.

Copep>xanue
Copep>xanue N-TOI,
R IIpopomKuTenbHOCTH TUPONEPOKCUTIOB B
Temmneparypa, °C %Macc. OT 3arpy3Ku
peakuuu, MuH MPOAYKTaX OKUCTEHNA
anKmwiIbeHsona
¢dennnrexkcanos, %macc.

130 7
60

140 2 18

30 13

14

60 2 31

150

4 24

90 18

120 2 10

160 60 12

Copepsxanne I'TI, % macc.
[\
o

0 1 1 1 1 J

0 10 20 30 40 50 60
Bpems, mun

Puc. 2. KuHernyeckne KpuBble OKucieHus oktunbensonos. Copeprxanme N-I'OU, 2 %macc OT 3arpysku
YITIeBOLOPO/a; TeMIeparypa, °C: 1 - 130, 2 - 140, 3 - 150, 4 - 160.

YcTaHOB/IEHO, YTO MaKCMMa/lIbHOE COfiepyKaHNe Tuapornepokcnos (31%) B mpoayKTax
OKMCIeHMA pocturaercs npm temmneparype 150 °C 3a 60 MMHYT peakuum B IPUCYTCTBUM
2 %macc. N-I'OI.

BriBonbl

VccnenoBaHbl 3aKOHOMEPHOCTH IIPOLIECCOB IKMIMPOBAaHMsA OeH30/1a TeKCaHONIOM-1 B
HNPUCYTCTBUM KOHIICHTPMPOBAHHOM CepHOM KMUCAOThl. CHMHTe3MpOBaHAa CMeChb M30MEpPOB
(deHmTeKcaHa ¢ BBIXOAOM 76% U BBIieNIeHa C YMCTOTON 6omee 97%. Yucrora n cTpyKTypa

coepuHeHnit moprBepxaeHb! Metofamu [DKX, VK- n AMP 'H- ciektpockommu.
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VIsydeHBl 3aKOHOMEpPHOCTM  KMAKOPA3HOTO adpOOHOrO OKWUC/IEHUsI M30MEpOB
¢denmnrexcana B npucyrcrBun N-ruppokcudranmummpa. OnpefeneHsl YCIOBYUA IPOBENEHN
peaxuuy, IO3BOJIAINE JOCTMYb KOHIEHTPALMM TUAPOIEPOKCUAOB 2-(eHNMIreKcaHa u
3-denmnrexcana 6omnee 30%.

HaiimeHHble @IapaMeTpsl CUMHTe3a ¥ OKUAKO(A3HOTO OKUCIEHUS IONTy4eHHbBIX
(beHMIreKCaHoB SABMIAIOTCS IPUEMIEMBIMI C TEXHOIOTMYECKOI TOYKY 3PEHMSI, YTO OTKPhIBAET
HYTb [JIs1 IPAKTUIECKOTO IPYMEHEHMsI 3TOTO IPolecca.

Kon¢dnukr naTepecon

ABTOpBI 3asAB/IAIOT 00 OTCYTCTBUM KOH(QIVKTAa MHTEPECOB B (PMHAHCOBOI MM KaKOJi-
6o uHo cdepe.
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OLEHKA ITEPCIIEKTVB ICITIO/Ib3OBAHIA TEPMOOKUC/IEHUA
SJIEKTPOJHOTO IIEKA IJIA ITOJIYYEHUA
BBICOKOTEMIIEPATYPHOTIO IIEKA CBA3YIOLIEI'O
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Kniouesvie cnosa: Annomayus. B pabome nposeder aHAnU3 NeKoBbIX NPOOYKINOE MePMOOKUCTEHUS
KAMEHHOY20/IbHbLLL Nek, aneKmpooHoz0 nexa mapku B. B cmamve nokasanvi pesynvmamvi aHAAU3A
MepmMOoOoKUCTIeH e, NOMYYeHUs  6bICOKOMEMNEPAMYpPpHO20  NeKka  nymem  mMepMOOKUCTEHUS
memnepamypa a71eKmMpoOH020 neka Mapku B 6 peaxmope ¢ 6onvusumM 2a306biM NPOCPAHCIEOM.
pasmsaeueHus, 6bixo0 neka,  OnpedeneHvl 3A6UCUMOCIIU MeMNePAMYPbl PASMAZHEHUS U 8bIX0006 TEMYyHUxX
8bICOKOMEMNEPAmypHbLLi seujects om pacxoda 6030yxa npu OAHHOM mune mepmooxucnenus. Ilonyuena
nex, cesA3y0usULl nex, 3a8UCUMOCb  6bIX00A KAPOOHUIAMA OM ONUMENbHOCU  MePMOOKUCTIEHUS
neKosuili Kap6oHu3am, anekmpooHozo nexa mapku B. Kapbonusayuwo nposodunu nymem HazpesaHus
1eK0-KOKCOBAS CMECD. UCX00H020 I7eKMPOOH020 neka Mapku B u mnexos, nomyueHHbix e20

MepMOOKUCTIEHUEM. Yemanosnenwt Kpumepuu ons 0aHH020 muna
MePMOOKUCTIEHUA, NPU KOMOPBbLX MOHHO NOBLICUMb KAMe20PUto nexka. Ioxasanuvt
pesynomamol no Kap601-tu3auuu NneKo-KOKCOB01i cMecU ¢ CO@EPWCQHMEMPQWZM%HMX
munos neka.

T nuTHpoBaHMA:
Kopanes P.IO. Onenka mepcrnekTUB JCIONb30BAHUA TEPMOOKMUC/IEHMA 3/IE€KTPOSHOTO IeKa /I MOTydYeHUA
BBICOKOTEMIIEPATyPHOTO TeKa cBAsyioutero // OT XuMmu K TeXHOOrUy war 3a marom. 2025. T. 6, Boim. 4. C. 35-49.

URL: https://chemintech.ru/ru/nauka/issue/6713/view
BBenenmne

KaMeHHOYTO/BHBIN IIeK - OCTAaTOK PasTOHKM KaMEeHHOYTOJIBHONM CMOJIBI Ha (paKuym
(nerkass (T < 170 °C); denonpnas (T = 170-210 °C); nadrammuoBas (T = 210-230 °C);
nornorutenbHas (T = 230-270 °C); anrpanenosas (T = 270-360 °C); kaMeHHOYTOJIbHBIN 1K
(T < 360 °C)).

KaMeHHOYTO/IbHBIIT IIeK IPYMEHAETCS B Ka4eCTBe CBA3YIOLIETO B OTYYeHUY YI/IEPOHBIX
MaTepuanoB. A VMEHHO IleK MMeeT IIPaKTNYecKoe IIpUMeHeHNe B Ka4eCTBe CBS3YIOLIEro I
HOJTy4eHVsI 3JIEKTPOZIOB, B IIPOM3BOJICTBE AHOJHON MACcChl ¥ B IIOTY9CHNUM 3/IEKTPOYTOIbHBIX
uanemmit. CormacHo [l] B KadyecTBe CBS3YIOLIEro /I AQHOLHOM MacChl INPUMEHSIOT
anexTpopHble meku Mapok b1, B. Ocobblit MHTepec mpencTaBisieT MpUMeHeHe B KadeCTBe

© P. I0. KoBanes, 2025
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CBA3YIOILLETO NEeKOB C TeMIiepaTypoil pasmardenus T, > 100 °C u BbICOKOTeMIEpaTypPHbBIX
nekoB. B pabore [2] omeHeHa mpakTudeckas 3HaYMMOCTb IPVIMEHEHNS BBICOKOTEMIIEPATYPHOTO
IleKa B KadecTBe CBs3ymolero. B paborax [3-5] ycTaHOBNIEHO, YTO HEKM C TeMIIEPaTypoil
pasmardenns T, = 100-110 °C cHmXaoT paspylIaeMoOCTb aHOAHOI Maccel. B pabore [6]
YCTaHOB/IEHO, 4YTO 3HAa4YeHMs IUIOTHOCTM, BA3KOCTUM ¥ IIOBEPXHOCTHOTO HATSKEHMUsA
BBICOKOTEMIIEPAaTypHOTO IIeKa BbIlle, 4YeM [jid 9JeKTPOJAHBIX IIEKOB, 4TO OIpefie/ideT
IepCIeKTUBY ero MCIOMb30BAHMA KaK CBA3YIOIETO.

PaccmoTpuM  TexHomormm monydeHusA cBsAsyomux mneko ¢ T, > 100 °C wnu
BBICOKOTEMIIEPATYyPHbIX IEKOB CBA3yloIuX. B pabore [7] MerogoM meperoHku
KaMEHHOYTOJIbHOJ CMOJIBI ITyTEM €€ Harpesa co CKopocTbio 5 °C/MuH fo Temneparypsl 430 °C
C JanbHeNIIeN BbIJEP>KKOM IIpM HAHHON TemIlepaType B TedeHMe 1 4yaca IOIy4eH IeK C
T, = 139,5 °C, comep>xanne a = 51,7%, comepxanne a; = 17,3%, 30mpHOCTD — 0,09%. B pabore [8]
BBICOKOTEMIIepaTypHble IeKM CBA3YIOIIMe IOTydald METOIOM TePMMUYECKOTO PacTBOpPEHU:A
yI7Iell B aHTpaneHoBol ¢pakuuu. HanpuMep, METOZOM TepMIYECKOTO paCTBOPEHNSA IIVXTHI
yrneit [7K+K B anTpanenoBoit ¢ppakunm (COOTHOLIEHME YTONIb/pacTBOpUTENDb ~1,5) monyden
nek ¢ T, = 139 °C. B pabore [9] cosmaHa TeXHONIOIMS IONYYeHUs] BBICOKOTEMIIEPATyPHBIX
HeTAHBIX ITEKOB M3 TsDKEMION CMOJbI mupomusa. B pabore [10] Xupkmit ek TepMUYIeCKOro
KPEeKJHIa IIO/IBEpIrajiil pPasTOHKe [0 TeMIIepaTypbl BAKYyMHOI KojoHKM 363 °C mpu JaBaeHUN
B BakyyMmHoI1 KonoHke (P = 1,6 kxIla) B pesympTate yero 6bu1 momyden mek ¢ T, = 133 °C.
Bricokoremneparyphbiit ek ¢ T, = 135 °C (a = 48,5%, oy = 11,6%) momydamm myreMm
nobaBleHNsA K BBICOKOTeMIlepaTypHOMy IeKy ¢ T, = 145 °C (a = 52%, ai = 26%)
bypdymmoaneToHa ¢ MaccoBolI iontelt 7% U HasbHeNIIelt TepMiudeckoit o6paboTkoit mpu 150 °C
B TeueHye 30 MIH C OX/TaX/[eHJeM CMeCH ¥ IOBTOPHOJ TePMIYECKOT 00pabOTKOII IIPY TO >Ke
TeMIepaType B TedeHue 25-30 muH [11].

Ocobpblii  WHTepec IA  WMCCACHOBAHMII  IpPEACTaB/IAET  METOJ  IONTy4eHN
BBICOKOTEMIIEPATypPHBIX CBA3YIOLINX ME€KOB C IIOMOIIbI0 T€PMOOKUC/IEHNA MUCXOJHOTO ChIPbS.
B pabore [12] MeTOOM TepMOOKMCIEHNsI KAMEHHOYTO/IBHOV CMOJIBI IIyTeM IIOIBOfIa BO3/IyXa
K CMoJle 4Yepe3 TPYOKy AmaMeTpoM 9 MM mpm Temmeparypax 260-360 °C (mmmTenbHOCTDb
nporecca t = 73 MMH, CKOPOCTb pacxofia Bozayxa v = 100 51/4) monyden ek ¢ T, = 128 °C.
[ToxasaHo, YTO TEPMOOKNUC/IEHNE IPUBOANT K POCTY A U oi-(PpaKIuil B KOHEYHOM IIPOAYKTE.
B pabote [13] meTomom Tepmooxuciennus (T = 260-360 °C, v = 63 1/4) cMecu Ky0OBOTO OCTaTKa
pextndukanyy crupona (KOPC) m kaMeHHOYronpHOM CMOIBI B COOTHOmeHMM 1:1 ¢
IIpeIBApUTENbHON YIbTPa3ByKOBOM 00paboTKoll cmecu momydeH nek ¢ T, = 104 °C (Bbxof
neka — 25%, JJIMTENIbHOCTb TepMOOKMCIeHnA t = 40 MyuH). [l ITOTy4eHHOTO IeKa KOKCOBBIN
ocTaToK coctaBui 40,5%, cofep>kaHye BOKYIUX ¢ppakumit — f+az = 60,5%, 30mpHOCTD 0,25%.
B pa6ote [14] meTomom Tepmmueckoro okucnenus (T = 260-360 °C, v = 63 /4, t = 25 MuH)
aHTpal[eHOBOI ¢pakuuy ¢ gobasnenneM yris mapku I' (6,3%) monyden nek ¢ T, = 135 °C,
BBIXOJ ITeKa — 29%, KOKCOBBIN OCTaTOK — 46,5%, 301bHOCTD — 0,96%. B pabote [15] MeTomom
Tepmmdeckoro okucnenus (T = 260-360 °C, v = 63 n/4, t = 135 MIH) KaMEeHHOYTOJIBHO CMOJIBI
¢ mobaB/eHMeM pe3VNHOBON Kpoluku (5%) nomydeH mek ¢ T, = 184 °C, Bbixop neka — 37%,
KOKCOBBIIT OCTaTOK — 75,2%, 30mpHOCTH — 0,5%. B pabore [16] mMeTomoM TepMMYecKOro
okucnenus (T = 260-360 °C, v = 63 n/4, t = 91 MUH) KaMEHHOYTO/IBHOJ CMOJIBI C J0OaB/ICHIEM

36



OT XHMHM K TEXHONOTHM TOM 6, BbINYCK 4, 2025

nomkap6oHara (5%) momyden ek ¢ T, = 131 °C, BbIxof mexa — 29%, comepskaHue BSOKYIIUX
¢bpakunmit — f+a, = 74,3%, KOKCOBBIIT OCTATOK — 40,6%, 30mbHOCTD — 0,06%.

[ToMumo 3TOrO, ClIEAyeT PacCMOTPeTb IpMUMEphl IOMY4eHNUsA CBA3YIOLUMX IeKOB C
T, =110-120 °C u BBICOKOTEMIIEPATYPHOTO II€Ka CBA3YIOIIETO METOOM Te€PMOOKMUCIEHNA
9/IeKTPOfHOrO TIeka. B pabore [17] MeTogOM HM3KOTEeMIIEPaTypPHOTO TEPMOOKVICTEHNS
(T =260-300 °C, v = 40 /4, t = 90 muH) anexkrpopHoro neka mapku B (T, = 91 °C) monyden
nek ¢ T, = 107 °C. [In4 mony4yeHHOro IleKa XapaKTePHO BBICOKOE COflep)KaHMe BDKYILINX
dpaxuuit: MpoucxXoawIo UX yBenmdenne ¢ 63,8% mo 70% 1o CpaBHEHMIO C MCXONHBIM IIEKOM
[17]. B pabote [18] MeTOOM HM3KOTEMIIEPATYPHOTO TEPMOOKVICTIEHUS 3ME€KTPORHOTO ITeKa
mapkn B (T, = 91 °C) nonyuam mexn ¢ T, = 110-120 °C. AHanmorn4yHble 5KCIEPUMEHTHI
npoBoaVIICh B pabote [19]. B pabote [20] metomom Tepmookucienns (T = 260-360 °C, v = 80 n/y,
t = 110 MuH) monmy4anmu BbICOKOTeMIlepaTypHbli mek ¢ T, = 136 °C. Tepmookmucrenne
9/IeKTpOJHOrO T1eka B pabore [20] mpoBommmm B peakTope ¢ OONBLUIMM Ta30BBIM
IIPOCTPAHCTBOM.

B manHo11 paboTe mpoBeieHa OLleHKA IPYMEHEHM I TEPMOOKIIC/IEHNA 3/IeKTPOJHOTO IeKa
Mapku B B peakTope ¢ 6O/MBIIMM Ta30BBIM IIPOCTPAHCTBOM JyIA  HOJTy4eHNA
BBICOKOTEMIIEPATypHOTO IleKa cBA3yiomero. ChenaH CpaBHUTEIbHBI aHA/IN3 COCTaBa
MICXOJIHOTO TIeKa MapK B 1 1oyry4eHHbIX IeKOBBIX IPOIYKTOB TEPMOOKIC/IEHNS B peaKTope C
0O0/IBIIVIM F'a30BBIM IIPOCTPAHCTBOM, OIIpefie/IeHbl IIapaMeTPhl TEPMOOKVCIIEHIS, IIPY KOTOPBIX
MOXKHO Iony4daTh rneku Mapku Bl. Takke npousseleHbl MoJelbHble 3KCIIEPUMEHTHI II0
B/IMAHUIO TIOJTy4€HHOTO METOLOM TePMOOKMCIEHMS 3/IeKTPOSHOrO IeKa MapKu B Ha BbIxof
KapbOOHM3aTa II€KO-KOKCOBOJl cMecu. B KadecTBe WCIIBITyeMOTO IIeKa JCIIO/Ib30BasIN
IOTyYeHHbII ~ METO[JOM  TEePMOOKNCIEHNMsA  9JeKTPOJHOr0  Ieka  Mapku B
BBICOKOTEMIIEpAaTYpHbII 1eK. IlomydeHHble JaHHDBIE O BBIXOfje KapOOHM3aTa MeKO-KOKCOBOI
CMecH MO3BOJIAT OLIeHUTD IepPCIIeKTUBbI IPYMeHeHNA NaHHBIX IIeKOB B Ka4eCTBe CBA3YIOLIEro
IpY IOJy4eHUM YITIepOJHBIX MaTepuanoB. lIpuBefieHHbIE BbIllle JOBOAbI U OIpPeMeNAIT
IPAaKTUYECKYI0 3HAYMMOCTD JJAHHOI paboThl. [JaHHast paboTa ABIsAETCA NPOO/DKEHMEM paboT
[12, 17, 18, 20-24] 10 NpYMeHEHNIO TePMOOKICIEHNsI Y TEPMOOOPAOOTKY MICXOJHOTO ChIPbS
[ TIOJTy4€HN A BBICOKOTEMIIEpPAaTypHOTO TIeKa CBA3YIOLIEro.

Ienu manHOI pabOTHI: OIIPENe/TNTD 3aBUCYMOCTD 3HAYECHNI TeMITepaTyphl pa3MAT4eHN
¥ BBIXOJJOB JIETYYNX BeILleCTB ITEKOBBIX IPOJYKTOB TEPMOOKICIIEHNS B PeaKTOpe ¢ OOMbIINM
ra3oBbIM IIPOCTPAaHCTBOM OT pacxofia BO3/lyXa; OIEHUTb IEepCIeKTUBY IPUMeHEeHM
HI3KOTEMIIEPATyPHOTO TePMOOKVCIIEHVS 9JIEKTPOLHOTO IieKa MapKy B B peakTope ¢ 60/1bImm
ra3oBbIM IIPOCTPAaHCTBOM /ISl IIOBBILIEHMA KaTerOpUM 3JIEKTPOJHOIO IIeKa; YCTAaHOBUTD
B/IMsSIHVIE TEPMOOKMC/IEHNS 3/IeKTPOJHOTO IleKa MapKu B B peakTope ¢ OOIBLIMM ra30BBIM
IIPOCTPAHCTBOM Ha BBIXOJ] IEKOBOTO KapOOHM3aTa I KapOOHM3aTa IIeKO-KOKCOBOII CMECHL.

MaTepMamﬂ " ME€TOabI

B pmanHOM paboTe IpoBeleH aHAMN3 BIMAHUA TEPMOOKUCIECHNS 3JIEKTPOLHOTO IIeKa
MapKky B Ha XapaKTepMUCTMKM IOTy4eHHBIX IIeKOB M Ha BBIXOJ, IPOAYKTOB KapOOHM3aLMIL.
OKCIIepUMEHT 10 TEPMOOKIC/ICHNIO 9/IEKTPOJHOTO IleKa MapKyu B mpoBoammm B peakTope ¢
60/IBIINM Ta30BBIM ITPOCTpaHCTBOM (puc. 1) B pabote [20].
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Puc. 1 Cxema ycranoBku TO ameKTpofHOTO meKa: 1 — KOMIIpeccop; 2 — poTaMeTp; 3 — 3/IeKTpPOHArpeBaTebHaA
CHUCTeMa; 4 — KOPITYC PEaKTOpa; 5 — KPhIIIKAa PeaKTopa; 6 — TepMonapa I U3MEPEHNA TeMIIEPATYPhl B PEAKTOPE;
7 — BTOPMYHBIII 97IEMEHT; 8 — TEPMOPEry/LATOP; LWINHAPUYecKas TPyOKa /i1 OKUCIeHNs; 9 — TepMOIIapa Harpesa;
10 — xonopmnpHUK; 11 — cOOpHUK AUCTWIIATOB;12 — OKMcanUTenbHas Tpyoka (10 MM); 13 — CIMBHOI BEHTWIIb;
14 - nmpotuBeHs; 15 - mex [20].

[Tpoumecc 06pabOTKM BO3AYXOM [JIsi OKMCIIEHMs IIeKa IPOMCXOAWI 4epe3 TPYOKy
nuamerpoM 10 MM u pmHoit 5,7 cM (12), paccTosiHue OT TPYOBI [0 [HA peakropa 24,3 cM.
Vcnonp3oBanach HaBecka meka m = 100 T (15). YYuTbIBas BBICOTY peaKToOpa M PacHoIoXeHe
OKJC/IUTENBbHOI TPYOKM, MOXKHO CUMTATh, YTO IPOI[ECC IPOBOAWIN B pPeakTope ¢ 6O/IbIINM
o6beMoM 1A rasoBoit (aspl. Bosmyx momasanca kommpeccopoM (1), a ckopocTh pacxopa
BO3JIyXa pery/upoBanach poTaMeTpoM (2).

TepMooKuceHre IPOBOAVIIN ITPY CIEAYIOIMX TeMIIEpAaTypHbIX pexkumax: T = 260-300 °C
(Hmskoremmneparypaoe) u T = 260-360 °C (BpIcOKOTeMIIepaTypHOe). BbUTO ycTaHOB/IEHO, 4TO
pocty T, cmoco6cTBOBalO  yBelMYeHME  JUIUTENBHOCTYM  BBICOKOTEMIIEPATYPHOTO
tepmookucnenns npu T = 300-360 °C. B rabmmue 1 npepcraBlIeHO paclpefesieHne
JTUTENbHOCTEN BBICOKOTEMIIEPATYPHOTO TEPMOOKICIEHNA 3TIEKTPOJJHOTO IIeKa MapKu B.

Tabnuua 1. Pactipeenenue mnnrensHocTelr TepMmookucimenus mpu T = 260 — 360 °C [20] (t - obigee Bpems
TEepPMOOKUCTIEHU:A, ty — IJIMTENIbHOCTb TepMooKmcineHmsa npum T = 260-300 °C, a T - [INTeIBHOCTD IIpU
T = 300-360 °C).

Ne t ty T
1 20 10 10
2 48 23 25
3 63 30 33
4 110 32 78

Ha puc. 2 npepcrabinena 3aBUCUMOCTb T, IpU T€PMOOKUC/IEHUN 3TE€KTPOJHOTO IIeKa
MapKu B B peakTope ¢ 60/IbLINM ra30BbIM IPOCTPAHCTBOM. VI3 Hero BUIHO, YTO MHTEHCUBHBIN
poct T, mpoucxoput npu t > 50 muH. TaxKe CTOUT OTMETUTD, YTO IPY HU3KOTEMIIEPATYPHOM
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TEPMOOKVC/IEHNN C MaKCYMA/IbHOM JIUTENTbHOCTBIO t = 40 MMH (IIpM HM3KOTEMIIEPaTypHOM
TepMOOKUCIeHnNn t = t,) yBemmuenue T, npoucxopmno go 98 °C. MakcumanbHOe 3HaYeHME
t. = 32 MUH, JaHHBII (aKT TOBOPUT O TOM, YTO IIPY TEPMOOKIC/IEHUN B peaKTope ¢ 60IbIINM
ra3soBbIM IIPOCTPAHCTBOM Ha 3HadeHue T, CyllecTBeHHO BIMAMa AAUTENbHOCTD T. Ha puc. 3
IIpefiCTaB/IeHa 3aBYICUMOCTD B Bufie rpaduka T, = {(1).

150
Tp. °C

T,,°C
140 1 140 P

130
130

120
120

110
110
100
100
90
90
80

T MUH.

t, MUH 80
70 0 20 40 60 80 100

0 20 40 60 80 100 120

Puc. 2. 3aBucumocts pocra T, or mmmrenpHoct Puc. 3. 3aBucumocts pocra T, OT AnmMTenbHOCTH T
TEPMOOKUCTIEHN 37IeKTPOJHOTO TIleKa Mapku B mIpm  BBICOKOTEMIIEPATYpPHOM  TepMOOKUCIEHUM
B peakTope ¢ 60/IbLINM Fa30BBIM IIPOCTPAHCTBOM [20]:  3/ekTpopHOro meka Mapku B B peakTope ¢ 60/mbuim
1 - BBICOKOTEMIIEPAaTypHOE TEPMOOKNCIEHNE; Ta30BBbIM IIPOCTPAHCTBOM.

2 — HU3KOTeMIIepaTypHOe TepMOOKICTIEHMeE.

I3 puc. 3 BUFHO, 4TO IIpU BBICOKOTEMIIEPATYPHOM TEPMOOKVCIEHNY 3/IEKTPOJHOTO IeKa
Mapku B B peakrope ¢ OOnbIIMM Ta30BbIM IIPOCTPAaHCTBOM CTpeMMTeNbHbI pocT T,
IPOMCXOAWT IpK T = 25 MyH. Ha OcHOBaHMM [aHHBIX, IIOJYYeHHBIX B paboTe [20], MOXHO
IPUITA K BBIBOZIY, YTO BBIXOJI II€Ka YMEHbIIA/ICA IpU yBemmdenun T. Ha puc. 4 nmpepcrasnenbr
aIIIPOKCUMIPOBAaHHbIE 3aBMCUMOCTY BBIXO/IOB II€Ka OT JI/IMTE/IbHOCTEN t 1 T.

o W 00 W, %

W=a,*t +a t? + a,'t +b
R*=1

W=a/1+b
R? = 0,9967

t, MUH. T,MUH,
5 75
0 20 40 60 80 100 120 0 20 40 60 80 100

Puc. 4. 3aBucMMOCTb yMeHbllleHMs Bbixoja Ieka W or pgimtenpHocty t (1) [20] u T (2) mnpm
BBICOKOTEMIIEPATYPHOM TEPMOOKMCIIEHMM 3/IEKTPOJHOrO IeKa Mapky B B peakrope ¢ GONBIIMM Tra30BbIM
IPOCTPAHCTBOM.

3 puc. 4 BupHO, 4TO Npy ammpokcumanyy 3aBucumoctb W = f(t) BbIpaxaercs
HO/ITHOMVHAIbHOV (PYHKIIVIEVT CTIeAYIOIero THUIIA:

W=ayxt3+a, xt>?+a,xt+b,

rie ap = 6¥10°, a; = -0,0022, a, = 0,0588 — koadduumenTs mpu t*, t* U t COOTBETCTBEHHO,
a koadpduiyent b = 91,673 - cBOOOIHBII YIeH.
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[Tpn annpoxcumanyy 3aBucumoct W = f(T) BUIHO, 4TO 3Ta 3aBUCKMOCTD SIBJIAETCS
JIVHEVIHOI, O YeM CBUJETe/IbCTBYeT KBampaT KoadduiveHTa MMHETHON Koppemsaunun R=1.
VI3 paHHOV 3aBUCUMMOCTM MOXXHO OIIPENeNTh CKOPOCTb YMEHbUIEHMSA BBIXOJA IIeKa
AW /At = 0,18 %/MuH IIpM TepPMOOKMC/IEHUM STIEKTPOIZHOTO IleKa Mapku B B peakrope c
0O0/IBIIVIM I'a30BBIM IIPOCTPAHCTBOM. 3HaueHMe b =~ 92% B cinyuae KpuBOil 1 COOTBETCTBYET
3HavyeHno W npu to = 20 MuH, a B c/Ty4ae KpMBOII 2 COOTBETCTBYeT 3HaueHn0 W nipu To = 10 MuH.

B Tabmu1je 2 mpepcTaBieHbl CpaBHUTE/IbHbIE XaPAKTEPUCTUKIU MCXOLHOTO /IEKTPOZHOTO

neKa MapKy B 1 o/TyueHHOTo 13 Hero BbICOKOTEeMIIepaTypHOro IeKa.

Ta6bmuna 2. XapaKTepUCTUKY 9T€KTPOJHOTO MeKa MapKy B U IMOTy4eHHOTo 13 HErO BBICOKOTEMIIEPATypPHOTO

meka [20].
Ne Hassanne W, % X, % T,, °C a, % az, % a, % 3onbHOCTD, %
1 ITex B (mcx) - 53 91 34,3 26,8 7,5 0,15
2 BTII 80 32 136 454 37,4 8,0 0,15

Temmneparypy pasmardenus T, [ MCXOHOTO M IOTYYE€HHOTO II€Ka OIPEeNeNIANN 10
merony «Kombro n crepxkernp» (TOCT 9950-83), a copepkaHye HEpPAaCTBOPUMBIX B TOTyOJIe
BewectB a-ppakuuu no FOCT 7847. ConeprkaHue HEPacCTBOPUMON B TONYOJI€ M XVHOJVHE
ar-ppakuun onpepenssmt nmo [OCT 10200 meromom nentpudyruposanua. CopeprkaHie
ar-ppakuyM OIpefiefN IO Clefyoleir Gopmyne: @, = a — y. TexHMYecKuii aHamM3
IPOBOAM/IM IO M3BECTHBIM METOAMKAM, BBIXOJ, JIETYYMX BellecTB X OINpefensan IIo
I'OCT 9951-73, 3ompHOCTb 11ekoB onpepens 1o [OCT 7846-73. VI3 Tabmuibl 2 BUFHO, YTO
IPU TePMOOKVCIEHM) 3/IeKTPOJHOTO IleKa MapKu B B peakTope ¢ 6ONBLIMM Ia30BBIM
IPOCTPAHCTBOM IPOUCXOAUT 3HAYUTEIbHOE YMEHbIIEHMEe BbIXOJa JIeTy4MX BeIlecTB.
YBemdeHne copiepyKaHms BKyIIEN op-ppaKkuny B KOHEYHOM IPOAYKTe IMPOUCXoauT Ha 8%,
HaOJII0faeTcsl He3HAUMTENbHBIN pocT ou-¢ppakumy Ha 0,5%, 4TO ompefendeT IepCIeKTUBY
IPYMEHEHN MTOTy4EHHOTO MTeKa B KaueCTBe BbICOKOTEMIIEPATYPHOTIO IeKa CBA3YIOLIETO.

B panHOM paboTe mpoBemeHa OIeHKAa BBIXO[ja Ta3000pasHBIX M SKUAKUX IPOAYKTOB
TEPMOOKVIC/IEHVIS] B PeaKTOpe € OOJIBIINM Ta30BbIM IPOCTPAHCTBOM JIEKTPOJHOTO IeKa Mapku B.
B npouecce TepMOOKMCIEHNS IIPOUCXOAMIO OTAEIEHME SKUAKNX U ra3000pasHbIX IPOLYKTOB.
B mpotiecce HM3KOTeMIIEpaTypPHOTO T€PMOOKMUC/IEHNA B OCHOBHOM IIPOMCXOM/IO OTJE/IeHNe
ra3oo0pasHbIX IPOAYKTOB. BBeeM BeMMUMHY BBIXOfAa Ta3000pasHBIX IIPOAYKTOB

TepMOOKMCIeHn Vig:
m — Mrq
Vig = ——= x 100 %,
m
I7le M — Macca UCXOJHOTO 1eKa, a Mg — Macca IeKoBOro NpoyKTa TEPMOOKIUCIEHNU .
Ha puc. 5 nokasana 3aBucumoctb Vg oT gimrenbHocTu t. VI3 Hero BUAHO, YTO IpU

YBEIMYEHUN [JIUTEIbHOCTY TepMOOKucaeHua or 20 go 110 MMH IpouCXOQUT yBeIndeHue

3HaueHmit Vg o1 5 10 20%. [laHHbBI GaKT 1 0OBACHAET yMEHbIIIEHE BBIXO/A IeTYIX BEIeCTB.
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Puc. 5. 3aBucumocts Vi; B mpoliecce TEPMOOKMCIEHNS OT J/INTETbHOCTH IIPOLiecca.

BBepieM IOHATHME pacxof BO3ZyXa q M IOKaKeM (OPMY/IbI IS €r0 HaXOXKJAEHUA U3
oIpefieNiAeMbIX 3HaYEHMII CKOPOCTeN pacxofia Bosjayxa Q. Pacxon Bosyxa pacCYMTBIBANIM 110

cnenyomuM GopMyiam:
-2
= Txm
e g, — pacxop Bo3gyxa npu T > 300 °C, rie T - gmTenbHOCTb TepMookucnenus npu T >300 °C,
m — Macca HaBeCKM IIeKa.

_ @
= tixm
Ime g - pacxoj Bosgyxa mpu TepmookucieHunm T = 260-360 °C, t - [IIUTETbHOCTDb
BBICOKOTEMIIEPATyPHOTO TEPMOOKVCIEHN L.

B nmanHON paboTe TaKKe IPOBENEH OSKCIEPUMEHT II0 YCTAHOBJIEHUIO BIIVISTHVS
KapOOHM3aIMy IIEKOB OT JUIMTETbHOCTM TepMOOKMCcIeHuA. IIpomecc KapOoHM3aunmm
IIPOBOIM/IM ITyTEM HarpeBa co CKOpocTbio 6,5 °C/MUH ¢ BbIepKKoii nekos npu 1000 °C B
TeyeHye 1 vaca. Onpenensamn BoIxof Kap6oHmsara Kigo Kak IPOLIEHTHOE OTHOLIEHVE MACChI
KapboHM3aTa K Macce Ineka. KapOoHM3aumio IpOBOAMINM IyTeM IIOMEILeHUs IeKa B
KepaMuJecKue TUITM C HarpeBOM B MYy(QeIbHON Ieuyy COIIACHO METOAVKe, ONVICAHHON B
pabote [21]. ITocne xapOOHM3aLMY TOJYYEHHBIN NPOAYKT OXIKHANCSA B Yy B TeUYeHME
17-20 yacoB 10 KOMHATHOM TeMIIEpPaTyphl.

CMemuBamy TOTOBbIe ¥ U3MeJIbUeHHBbIE IIeKOBble KapOOoHM3aThl: 1 — KapOOHM3aThI
TepMOOOPaOOTaHHBIX 97IEKTPOJHBIX ITeKoB Mapok b u b1 (jymrenbHocTh TEpMOOOpabOTKY 2 1),
HO/Ty4eHHBIX B paboTe [21] (MakcuMaIbHBI pa3Mep YacTULl 5 MM, O/ COTEP>KaHMs B CMec
KapboHnsara neka mapku b1 - 2,16%, kapbonnsara neka mapku b - 8,7%); 2 — kap6oHU3aTHI
IOJTy4eHHble 13 BbICOKOTEMIIEpAaTYPHbIX IE€KOB IyTeM HarpeBa fo 950 °C co CKOpOCTbIO
6,6 °C/muH u Boigepxkoit pu T = 950 °C B Teyenne 1 yaca (gona kapboHM3aTa IIOTy4eHHOTO
u3 neka ¢ T, = 148 °C - 38,03% (MakcuMmanbHbII pasMep wactuy 10 MM), kapb6oHM3aTa
noydeHHoro us meka ¢ T, = 150 °C - 10,56% (MakcuManbHBIN pasMep dacTul 5 Mm)) [22];
3 - kapOoHU3aT (MaKCMMaIbHBI pa3Mep 4acTuy 10 MM) IOTy4eHHBII IyTeM HarpeBa Mo

850 °C ¢ BBIfIep>KKOIT B TedeHMe 1 daca cMecu 3JIeKTPOJHOrO Ileka Mapku b ¢ jobasneHnem
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4,76% BBICOKOTEMIIEpATypHOTO IeKa [23]; 4 — kap6oHM3aT (MaKCHMAaIbHBI pasMep 4acTMUI]
5 MM) IOTy4YeHHBINI IyTeM HarpeBa meka ¢ T, = 140 °C pgo temmeparypsl T = 850 °C ¢
BBIJIEp)XKOJI B TedeHue 1 vaca (moms pmobaBku B cmecu — 14,72%) [24]; 5 - xapboHmsar
(MakcuManbHbI pasMep wactuy 10 MM) BbIcokortaBkoro meka ¢ T, = 202 °C (20,78%),
HOJTy4eHHbII IyTeM Kap6onusanum rpu 850 °C ¢ Bbigepxkoir 1 gac [23].

[Tonyuennyio cMmech KapOoHm3atoB HarpeBamm o T = 1050 °C u BbIiepXXUBA/ININ B
TedeHne 30 MMH, IOTy4EHHBIV IPOJYKT MOXKHO CYMTATh IIEKOBBIM KOKCOM, IIPOM3BEICHHBIM B
MabOpaTOPHBIX yC/IOBMAX. [I14 o/TyYeHnA KapOOHM3aTOB ITeKO-KOKCOBO CMeCH ITOTyYeHHBIN
IIEKOBBINl KOKC pa3Mesibyaiy O pasMepoB ~1 MM, 3aTeM CMeNIVBa/IN C M3MeIbYeHHBIM (IO
pasmepoB 0,2 MM) IleKOM C JanpHeimuM HarpeBoM o 1000 °C u BBIIEP)KKOIT B TedeHUe
3ajjlaHHOr0 BpeMeHM. Ompefne/siM BbIXOf, KapOOHM3aTa IIeKO-KOKcoBoil cMmecu CP, kax
IIPOLIEHTHOE OTHOILIEHMEe Macchl KapboHM3aTa K Macce cMecu IeKa 1 Kokca. Kapbonusanuio
IIeKO-KOKCOBOJ CMeCy IIPOBOJVIIN TaKXXe B My(e/IbHOI ITe4 COTJIACHO METOAVKE, OIIVICAHHON
B pabore [21]. ITocne kap6oHM3a My TOTyYeHHBI IPOAYKT OX/IAXK/JAJICS B IIe4M B TedeHme 17-

20 49acoB 10 KOMHAaTHOM TEMIIEPATYPbI.
O6cyxaeHne pe3ynbTaToB

1. 3aBMCHMOCTD XapaKTepUCTUK NEKOBBIX MPOXYKTOB TEPMOOKNUCIEHNS OT pacxofa
BO37yXa.
Ha puc. 6 TTOKa3aHbI 3aBUCUMOCTH BbIXOJ 0B IIPOAYKTOB TEPMOOKMCIIEHNA 3NTEKTPOTHOTO

neKka Mapky B B peakrope ¢ 60/1bIIMM Ta30BBIM IIPOCTPAHCTBOM OT PacXofia BO3JyXa.
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Puc. 6. 3aBucHMOCTD BbIXOfIa TPOJYKTa TEPMOOKIC/IEHNUSA 37IEKTPOJHOTO TIeKa MapKu B oT pacxofia Bo3ayxa, I/ie
1 - 3aBucumoctb W 0T q; 2 — 3aBucumMoctb W OT Q.

V3 puc. 6 pna xpuBoii 1 BugHO, 410 mpoucxoput peskun crag W or 100 mo 90% npn
yBemmueHun q fo 300 71/Kr BeleAcTBYe NMOBbIMIeHN JauTenbHocTH t oT 0 mo 20 muH. [lanee
3HadeHMsA W MOHOTOHHO yMeHbIIanuch oT 90 mo 80% npu ysemmyenun q ot 300 mo 1500 i1/kr
BCJ/IEZICTBYE MOBBILIEHNS IuTenbHOCTY t OT 20 o 110 MuH (puc. 4). s xpusoit 2 (puc. 6)
TaKKe HabOmofancs peskuii crapg sHadeHuit W co 100 go 90% npum yBemrdeHuu q: ot 0 fo
133 51/Kr BCIeACTBYE TOBBILIEHUS JyInTeIbHOCTH T OT 0 1o 10 MuH (puc. 4). [Janee 3sHauenns W
MOHOTOHHO yMeHbIIamich oT 90 fo 80% npu yBenmmdennn q. oT 133 go 933 n/Kr Bcnencreue

MOBBILIEHNS JyIUTeNbHOCTU T OT 10 o 78 MuH (puc. 4).
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Ha puc. 7 nokasaHa 3aBUCMMOCTb 3HadeHMit T, [JI1 IEeKOBBIX NMPOAYKTOB OT pacxoja
BO3JIyXa IIpY TEPMOOKIVICIIEHUY TIeKTPOJHOTO IleKa Mapky B B peakTope ¢ 60/IbIINM Ta30BbIM

IIPOCTPAHCTBOM.

145 5, T,°C
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Puc. 7. 3aBucuMOoCTb TeMIepaTypbl pasMArdeHns T, MeKOBBIX IPOAYKTOB TEPMOOKICIEHNSA 3/IEKTPOFHOTO IeKa
MapKnu B oT pacxopa Bo3gyxa, rae 1 — saBucumoctsd T, oT g; 2 — 3aBUCHMOCTD T}, OT G

V3 puc. 7 pna xpusoit 1 BUiHO, 4TO mpoucxogut peskuit poct T, ot 91 go 102 °C npnu
yBemmuenun q fo 300 1/Kr BelrencTBye MOBbIMIeHNA JuuTenbHocTH t o1 0 mo 20 muH. [lanee
3HaueHue T, ObIIO MPaKTUYECKM HEM3MEHHBIM IPU MOBbBIIEHUN 3HaueHus q ot 300 mo
600 n/kr. 3atem 3HaYeHMs T, MOHOTOHHO yBenmuuBanuch ot 103 go 138 °C npu yBenndennn q
ot 600 o 1500 n/Kr BCaencTBUe MOBbIMEHMs JuTenbHOCTH t oT 40 no 110 muH (puc. 2).
Il xpuBoii 2 (puc. 7) Taxxe Habmopancs pesknit poct Tyo1 91 mo 102 °C npu yBeMueHUn qx
ot 0 7o 133 n1/Kr BcnencTBue moBbieHns anutenbHocT T oT 0 1o 10 muH. [Toce yero Taxke
MIPOVICXOANIO 3aMelyieHne pocTa T, mpy noBplleHN q- oT 133 o 333 j1/Kr npy NOBBILIEHUN
AMUTenbHOCTY T OT 10 g0 25 MuH. 3HadyeHus T, MOHOTOHHO yBenm4yuBanuch ot 103 go 138 °C
Ipy yBenum4eHUM q. oT 133 mo 933 j1/Kr BeecTBYE MOBBIMIEHNA AIUTENIBHOCTY T OT 25 J10
78 muH (puc. 3).

Ha puc. 8 mpepcraBieHbl 3aBMCMMOCTM BBIXOfIa JIETyYMX BellleCTB X IPOJAYKTOB
TEPMOOKUCIEHNsI 9JIEKTPOJHOTO TleKa Mapku B B peakTope ¢ OOBIIMM Ta30BBIM

IIPOCTPAHCTBOM OT pacXxofia BO3ayxa.
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Puc. 8. 3aBucMOCTD BBIXO/A JIETYYMX BeIeCTB X JI/Is HEKOBBIX IPOAYKTOB TePMOOKMC/IEHNA 3/IEKTPOFHOTO NeKa
Mapku B oT pacxopa Bosziyxa, rie 1 — saBucumocts T, 0T q; 2 - 3aBucHMOCTD T, OT (.

W3 puc. 8 BUgHO, yTO yMeHblIeHHE X OT q U ] CBA3aHO C YMEHBIIEHUEM BBIX0/1a JIETYUHUX
BEIECTB OT t T (puc. 9).
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Puc. 9. 3aBucrMOoCTb BBIXOfA IETYYMX BellleCTB IPOAYKTOB TePMOOKMCTIEHNA 37IEKTPOJHOTrO IeKa MapK B B peakTope
¢ 607IBLIMM ra30BbIM IIPOCTPAHCTBOM OT JIUTeIbHOCTY: 1 — 3aBucuMocTb X ot t [20]; 2 — 3aBucuMMOCTb X OT T.

V3 puc. 9 BUAHO, YTO IPOUCXOAUT yMeHbIIeHne X BCIE/ICTBYE MOBBINIEHNA t M T B
mpolecce TePMOOKNMCIEHUs 3MeKTPORHOTO IeKa Mapky B. JlaHHbI (akT M ompepenser
yMeHblIeHMe X BC/IEICTBUE YBENNYEHNA q U Gr.

2. BnusiHue TepMOOKMCIEHNS Ha MIOBbINIEHNE KaTerOpMN 371eKTPOJHOTO IeKa.

B pab6ote [18] MeTO[JOM HM3KOTEMIIEpPaTyPHOTO TEPMOOKIC/IEHNS TOBBIIIA/IV KATETOPIIO
neka ¢ Mapku B mo mapkm Bl. B pmanHO# pabore ciemyeT paccMOTpeTb JCIIONIb30BaHME
HI3KOTEMIIEPaTyPHOTO TePMOOKICIIEHVS 9JIEKTPOLHOTO IIeKa MapKy B B peakTope ¢ 60/1bImm
ra30BbIM IIPOCTPAHCTBOM /I OBBILIEHN A KaT€TOPUMA.

Ta6muma 3. XapakTepMCTVKI 97TeKTPOJHOTO IIeKa MapK/ B 11 IoTy4eHHBIX 13 Hero nekoB

Ne HasBanue ‘ Pexxum nmonyyennsa T,, °C X, %

ONeKTPOAHBIN IIeK MapKu B 91 53,1
2 I1-1 T =260-300 °C, t = t, = 12 muH, Q = 80 n/4 92 52,9
3 I1-2 T =260-300 °C, t = t, = 25 muH, Q = 80 n/4 95 52,6

M3 rtabmuubl 3 BupHO, 4to meku II-1 u II-2 momydeHHble HU3KOTEMIIEPATYPHBIM
TEPMOOKJUC/ICHVEM 9/IeKTPOJHOTO IleKa Mapku B B peakTope ¢ OOIBLUIMM Ta30BBIM
IIPOCTPAaHCTBOM IO CBoeil T}, ¥ BBIXOZy /IeTy4uX BellecTB X COOTBETCTBYIOT IeKaM Mapku Bl
cormacio I'OCT 10200-2017. 30mbHOCTD I JAaHHBIX MEKOB 6buta ~0,15% u, cOrmacHo
VICCTIEIOBAHMSAM, IIPOBeeHHBIM B  paborax [17-18], mnpm  HM3KOTeMIIepaTypHOM
TEpMOOKVC/IEHNN COfiepKaHMe o;-PPaKINI OCTAeTCS MeHTUIHBIM VICXOTHOMY IIeKy a; = 7,5%.
ITpoBemeM OILIEHKY cofiep>KaHusA da-Qpakuuy COIMacHO pe3ynbrataM paborer  [20]
(mpencraBnensl B Tabmuie 2): copepkanme a-ppakuyy B mekax I1-1 u I1-2 HaxomuTcs B
uHTtepBane 34,3% < a <45,4%. VI3 npuBefeHHbIX BhIIIE PE3y/IbTaTOB, MOXKHO CKa3aTh, YTO IEKU
I1-1 n II-2 coorBercTBYIOT mekam Mapku Bl cormaco T, TexHMYecKOMy aHaIu3y u
($paKIIOHHOMY COCTaBY.

3. Kap6oHusanus neKkoB 1 MeKo-KOKCOBOJ CMeCH.

MeropoM HarpeBaHMsA INEKOB co cKopocTbio 6,8 °C/MuH o 1000 °C ¢ BbIIEp>KKON B
TeyeHMe 1 yaca IMoTy4yann mekoBble kapoormsarsl. Ha puc. 10 nmpencrasnena 3aBucumocts K
OT JUIMTENTBHOCTY TEPMOOKVCIIEHVS 9TIeKTPOJHOro IleKa MapKu B B peakrope ¢ 60/mbIimm
ra30BbIM IIPOCTPAHCTBOM.
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Puc. 10. 3aBucumocTs Koo OT MTeIbHOCTH IIpOIecca TEPMOOKICIEHUA 3/IeKTPOSHOTO TIeKa MapKy B.

W3 puc. 10 BUAHO, 4TO NPy YBeINYEHNN IIUTETbHOCTY TePMOOKIC/ICHNS STIEKTPOJHOTO
nieka MapKu B yBenmuuBaercs BbIXof Kapoonusata ¢ 50 1o 55%. Pesknit poct Koo Habmrogancs
IpY JUINTEIBHOCTY TePMOOKUCIeHus t > 40 MyH. AHanorm4ubiil poct Kss Habmopnancs npu
t>20 muH B paborte [20]. B pabore [20] poct Ksso mpoucxommn ¢ 48 mo 59%. Paznuums B
3HaueHMAX Ksso 1 Kiooo ¥ MX pocTe B 3aBUCHMOCTM OT t MOTYT OBITb CBSI3aHBI C Pa3InyyueM
CKopocTy Harpesa (B pabore [20] HarpeB IeKOB IPOU3BOAIICS CO CKOpOCThIo 9-10 °C/MuH) 1
pasnuumeM B KOHEYHOI TeMmueparype Kap6oHmsaumyu. OdeBUJHO, 4TO B Ipoljecce
TePMOOKMC/IEHUA IPOMCXOAMIN PeaKIyy KUCTOPOa BO3lyXa ¢ MOJIEKY/IAPHOI CTPYKTYpOI
IeKa, HPUBOAAINME K YKPYIHEHUIO MOJeKyn [25], TeM caMbIM yBeIMuyuBas BBIXOJ
KapOoHM3ara. [laHHBI pe3yIbTaT KOPpeInupyeT ¢ JaHHbIMK pabdot [12, 21]. B paborax [12, 21]
9KCIIEPUMEHTA/IPHO II0Ka3aHO, 4TO POCT BBIXOJa KapOOHM3aTa CBsI3aH C YBeIMYEHUEM
a-pakiun B mexe.

PaccMoTpyM BiMsIHME Pa3/IMUHBIX [IEKOB HA BBIXOJ, KapOOHM3aTa IIEKO-KOKCOBOI CMECHL.
B xauecTBe 00pa31ioB neka ucnonp3oBanyu: oopasen rneka ¢ Tp = 138 °C (BTTI-1), momy4eHHBbI
B pabote [20] METOIOM TepMOOKMC/IEHNS B peakTope ¢ OO/NbIINM Ta30BBIM IIPOCTPAHCTBOM;
BbICOKOTeMIlepaTypubii mek ¢ T, = 150 °C (BTII-2), momy4yeHHBII TepMOOKUCIEHVEM
3/IEKTPOJIHOTO IIeKa B pabore [26]; BricokomaBkuit rek (BIIII) ¢ T, = 202 °C, nony4eHHbIi
YyepefoBaH/eM TEPMOOKIC/IEHNS ¥ TePMOOOPaOOTKY B BOCCTAaHOBUTe/IbHO cpefe ipu T > 400 °C
B pabote [27]. Bce mepeumcieHHble IEeKM OBUIM IIONTYy4EeHBI IIYT€M TEPMOOKUCIUTETBHON
00paboTKy 3meKkTpogHOro meka Mapku B. Vismenbuennsie mexm BTII-1, BTII-2, BIIII, B
CMeIIVBA/IM C IEKOBBIM KOKCOM U KapOOHN3MpoBany B MydenbHoit neun. Onpefensm MHAEKC
cOpacpIBaHNA KaK IPOLEHTHOE OTHOLIEHNe KyMY/IATMBHONM MacChl, T.e. Macchl KapOOoHM3aTa
IIEKO-KOKCOBOJI CMeCHM, OCTaBlIelicA Iociae cOpoca Ha CUTaX HOMMHAIBHOTO pa3Mepa
oTBepcTMii, paBHBIX 10 MM, K oOmeil Macce NCIBITYeMOro o6pasua. JlcmblTaHue Ha
cOpacpiBaHye TIPOBOMVIM IIyTeM OIpPOKUABIBaHUSA 00pasl[oB  KapOOHM3aTOB W3
MeTaJ/UINYeCKOTO AMMKA Ha CTAIbHYI0 CTaHMHY, 3aKpeIUIEHHYI0 Ha OeTOHHOM OCHOBaHMUIL
VcnpiTanue Ha cOpachiBaHMe IIPOBOAWIN C BBICOTHI 1,8 M. Benmunna nHpekca cOpachiBaHMs
XapaKTepy3yeT IPOYHOCTHbIE XapAKTEPUCTUKY ITOJTy4aeMOro YIIEPOJHOTO MaTepHaa.
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Ta6muia 4. XapakTepycTUKY BBIXOZIOB I1€KO-KOKCOBOJ CMeCH II0CTIe KapOOoHM3am

H
Ne aspanue (OTHOIIEHHe CP, % Pexxum kapboHm3anmm Mupekc coOpaceiBanms, %
KOKC/TIeK, %)
1 K/BTTI-1 (60/40) 76,4 T =1000°C,24 98,6
K/BTII-1
2 82,6 T =1000°C, 1 97,3
(66/34) E
T =450 °C,
3 K/BIIIT (40/60 80,1 99,4
/BIIII (40/60) T=1120°C, 14
K/BTTI-2 (62/38) 80,1 T=1000°C, 14 98,5
5 K/B (60/40) 76,01 T=1000°C, 14 96,6

V3 Tabmuiel 4 BUIHO, YTO MakcuManbHoe 3HadeHre CP Habmromanoch mis obpasia Ne2,
C COOTHOILIEHMEM KOKca U Ieka (66/34), HO I JaHHOTO IeKa ObI/I MUHUMA/IbHBINA MHIEKC
copaceiBanus 97,3%. VI3 maHHBIX Tabmuipl 4 ompeseneHo ucnonb3oBaHue reka BTTI-1 kak
IPOAYKTa TEPMOOKNCIEHNs NeKa B B peakTope ¢ OONBIIMM Ia30BBIM IPOCTPAHCTBOM B
KayecTBe CBA3YIOLIET0 B IOAYYEeHUM YITIEPOJHBIX KOHCTPYKIMOHHBIX MaTepuanoB. s
obpasna Nel mosbrmenue pgomu 1meka BTII-1 ¢ 34 mo 40% wm yBemuueHyme BpeMeHNU
Kap6oHusauymu ¢ 1 o 2 yacoB ymensuano CP ¢ 82,6% o 76%, 3aTo yBeMUYNBAIO VHAEKC
copacpiBanuA ¢ 97,3% mo 98,6%. Ilpnm mcnonpsosanuy meka BIIIT m mpm cocraBneHuu
IIeKO-KOKCOBOJI cMecy B cooTHoueHnn 40/60, ¢ manpHelimei kapboHmsamyeit Obl1 IOMTy4eH
HEOTHOPOIHDIN MPOJYKT, COCTOAIIMI M3 IOPOILIKA M M3 MAcCUBHON Macchl. Iloaromy pmnd
HOJTy4eHUsI BBICOKOIIPOYHOTO M OIHOPOJHOTO MaTepuana yBenuumay copeprkanue BIIII,
BBEJIM JOIIOHUTE/NIbHYIO BBIIEPXKKY Ipy 450 °C 1 yBemu4mIm TeMIIepaTypy KapOOHM3aIVIN.
[Tony4enusiit npopykt (ob6paser; Ne3) ¢ npumenennem BIIIT nmen Bbicokoe 3Hauenne CP u
MHAeKca cOpacbiBaHMA. Taxoke M3 TaOMUIBI 4 BUJHO, YTO /IS IIEKO-KOKCOBOI CMeCH I
3/IeKTPOJHOTO Neka Mapky B sHaueHne CP u MHAeKca cOpachIBaHMA HIDKe, YeM I/IA IPOAYKTOB
ero Tepmookucnenuda. I meka BTII-1 mannbnt ¢dakT cBA3aH ¢ yBemmueHneM Ko mocme
TEePMOOKVC/IEHNsI 9eKTPORHOro meka Mapku B (puc. 10). JaHHBII ¢akT TakKe CBs3aH C
pocroM BbIxofia kapOoHusara i neka BTII-2 cormacHo pesynpraTam pabotsl [25].

TepMookucneHe 37IEKTPOHOTO MTeKa B peakTope ¢ OOJIbIINM Ta30BbIM IPOCTPAHCTBOM
OPUBOANUT K pocTy a-ppakumm ¢ 34,3% po 45,4% (tabm 2) ¢ MMHUMAIbHBIM POCTOM
a;-ppakiuu. B pabore [28] mpoBomgmaym 9KCIEpUMMEHT IO TEPMOOKNCIEHUIO B peakTope ¢
00/IBIIVIM Ia30BBIM IPOCTpaHCTBOM Ipu 350 °C co CKOpOCThIO pacxona Bosgyxa 1200 i1/kr*y,
pPoOCT a-ppakumy COIMPOBOXKAAICA pPocToM a;-ppakuym. IIpu yem B pabore [28] Bo3myx
HofiaBasICs O/yDKe K paciUIaBIeHHOMY IIeKy, YeM B Halleit pabore.

3asucumoctn gia W (puc. 6), T, (puc. 7) n X (puc. 8) ot pacxofa Bo3ayxa q IOKa3bIBAIOT
KaK MEHAIOTCA [AaHHble BEIMYMHBI OT YBeIMYEHMA ( BCAEACTBME IIOBbINIEHMA t.
TepMookucneHue 3/MeKTPOXHOTO IIeKa Mapku B B peakrope ¢ 06ONbIIMM Tra30BBIM
IPOCTPAaHCTBOM CYIIeCTBEHHO yMeHbIaeT W, a nopbilieHne T, IpoucXoguT B OCHOBHOM 32
CUeT YBe/lMYEeHMS IIUTEeTbHOCTU T. IIpy JaHHOM TuUIle TEPMOOKUC/IEHNA B OCHOBHOM UAYT
rasodasHele (y>a,) u xmakodasHble peakuyn (B>az) mpu T > 300 °C, KoTOpble IPUBOJAT K
POCTy ap-PpakLny, ONMPAACh HA MICCIEOBaHNA IIpuBefeHHbIe B [29, 30]. Takxe mpyu gaHHOM
TUIIE TEPMOOKVCIIEHNA TPEJIOIOKUTENbHO IPOUCXOAUT OTAYBKA JIETYYMX BEIIECTB O 4eM
CBUJIETE/IbCTBYIOT 3aBUCUMMOCTH (puc. 5 u puc. 9).
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Poct snauenmsa Ko IpOMCXOAUT 3a CYeT HAKOIUIEHMSA o-(pakium BCIeICTBUE
TePMOOKMC/IEHNA, 4YTO KO/IMYECTBEHHO YBeMYMBAeT BBIXOJ KapOoHm3ara. B mporecce
KapOOHM3aMy BO BpeMs HarpeBa mnpu Temreparype Bbime 300 °C HpOMCXORUT pPOCT
a;-ppakiuy B meKax cormacHo paboram [31, 32], a mpu remmeparypax 400-500 °C mponcxopat
Me3o¢asHble IpeBpallieHNsA, U B JJAHHOM TeMIIepaTypHOM MHTEpBaje MOXKET HaOTofaTbcsa
yCcuIeHHbIT pocT ai-ppakuum [33]. Tem camMbIM ITOKa3aHO, 4TO a-PpakLus y4acTByeT B
npoliecce KapOOHM3aLNN TTeKa.

Tepmooxucnenne ysemmumBanio CP ¥ NIpOYHOCTHBIE XapaKTePUCTHKY IIOTYy4aeMOro
yInepopfHoro Matepuaina. [loBbleHne BpeMeH) KapOoOHM3auy ymeHbInano 3HadeHue CP n
MOBBIIIA/IO IPOYHOCTHBIE XAPAaKTEPUCTUKM YIVIEPOJHOTO MaTepuana. OKCIepPUMEHTATbHO
II0Ka3aHa BO3MOXKHOCTb IIPVMMEHEHMS BBICOKOIUIABKOTO IIeKa B Ka4yeCTBe CBA3YIOUIETO LA
HOJTy4YeHNsl YIIepomHoro Martepuana. Jnsa ysemumdenusa CP Tpe6oBanmoch yBemmueHMs
copep>xanus neka BIIIT u aBykpaTHas Boiiepxkka. Kapoonusar neka BIIIT o6magaeT BbICOKMM
BeixozioM K = 80,2% (pexxum kap60oHU3auy coryiacHo Tabmuiie 4) ¥ MHAEKCOM COpachIBaHVS
96,1%.

BriBoabl

1. Temneparypa pasmardenusa T, yBemmumsanach oT 91 mo 136 °C mpu yBenmueHun
pacxoga Bosmyxa mo 1400 s/Kr BcmefcTBME NOBBIIIEHNA JIMTENbHOCTY TEPMOOKMCIEHNA
3JIEKTPOJHOTO IleKa MapKu B B peakTope ¢ 60/bIIMM ra30BBIM IPOCTPAHCTBOM.

2. Boixop nery4yux BemiecTB X yMeHbINAACA OT 53 mo 32% mpy yBeIMYeHMM Pacxoja
BO3Jyxa fo 1400 1/Kr BCeCcTBYE OBBIIIEHN IJINTETbHOCTY TEPMOOKIIC/IEHNA 3/IEKTPO/IHOTO
nexa Mapkn B B peakTope ¢ 60/IbLINM Ta30BBIM IIPOCTPAHCTBOM.

3. OnpepieneHbl yclIOBUA HU3KOTEMIIEPATYPHOTO TEPMOOKUCIEHNSA 3/IEKTPOJHOIO IMeKa
Mapku B B peakrope ¢ 60NMBIIMM Ta3oBBIM IPOCTPAHCTBOM IPY KOTOPBIX IIO/NTy4eH
37IEKTPOJIHbIN ITeK MapKu Bl.

4. TepMooKMC/IeHNe 3/IEKTPOJHOTO TeKa Mapkyu B B peakrope ¢ 6ONMBIIMM Ta3oBBIM
IIPOCTPAaHCTBOM YBe/IMYNBaeT BBIXOJ IIEKOBOTO KapOOHM3aTa 1 KapOOHM3aTa MeKO-KOKCOBOI
CMECH.

Paboma evimonnena 6 pamxax eocyoapcmeennozo 3adanus OPIGHY «Dedepanvhuoiii
uccnedosamenvckuti ueHmp yens u yenexumuu Cubupckoeo omoenernus Poccuiickoti akademuu
Hayk» npoexm Ne 124041100047-4.
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BBenenne

BricokoaddekTiBHbIe HOMIMepPhI HA OCHOBE II0/TyapOMATIIeCKIIX MOHOMEPOB C XKECTKIMM
AMIUKIMYeckuMy ¢pparMeHTaMu (IpousBojHble 4-apui-1,2-HOpOOpHaH-IMKapOOHOBOI U
4-apuy-1,2-UKIOTeKCAaHAMKAPOOHOBOI KICIOT) MPEICTAB/IAIOT 3HAYNTE/IbHBIN MHTEPeC IS
CO3[JaHNsI MaTeprajioB HOBOTO MoKosmeHusA. CodeTaHye IMKIOAMN(aTUIecKnX 3/IeMEHTOB B
CTPYKTYpe MOHOMepa C apOMaTUYeCKMMM 3aMeCTUTENSAMM ¥ (PYHKIIVOHAIbHBIMY TPYIIIaMyU
(kapOoKcuIbHasE M KapOOHWIbHAs TPYIIIBI, MMMJHBIA LMK/I) HO3BO/AET IPOEKTMPOBATH
no/3(pVPEL, HOMMUMUAKETOHBI ¥ ITONMNAGUPYUMUALKETOHBI, TOJIMVMMBI C IIMPOKUM CIIEKTPOM
TpebyeMbIx cBOVICTB [1-4]. Hanpumep,4-dennnrekcarnapo-2-6eH3opypan-1,3-11oH 03BOIseT
CO31aBaTh TEPMOPEAKTUBHbIE KOMIIO3UTHI JyIsI NpUMeHeHus B puciiesx [5, 6]. Ilarent [7]
ONNCBIBAaeT IpPUMEHEeHMe NIUKI0AaMN(pATNIeCKNX JMOKCUAHBIX CMOT I YIydIIeHNs
XapaKTepUCTUK MAaTepMaoB, MCIOIb3yeMBbIX B 3/I€EKTPOHHBIX YCTPOJCTBAaX: yBeIMYeHNE

© A.A. Dupcrosa, [I.A. Oropopuukos, 10.P. FOcudosa, E.P. Kodanos, A.C. Jlebenes, 2025
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TeMIIepaTypbl CTEK/IOBaHMs, obecledeHyue XOpOIleil IIOCKOJ HOoBepXHocTH. B cratbe [4]
KOMIIO3UT  Ha  OCHOBe  aHIMApUAA  5-HOpOOpHeH-2,3-IMKapOOHOBON  KVUCTIOTHI
IIPOJIEMOHCTPUPOBAJ 3HAUNTETbHOE YIydIIeHVe MeXaHNIeCKIX CBOJICTB.

B pabore [8] omicaH cMHTe3 HOBOTO CHJIOKCAaH-HOPOOPHAHOBOTO AMAHTUAPUAA IIyTeM
TUZIPOCYIVPOBAHIA SHMKOBOTO aHIMAPH/A TETPAMETIIIVICHIOKCAHOM, Ha OCHOBE KOTOPOTO
paspaboTaH 3MOKCUIHBIN MIPEKYPCcOop. ABTOPBI YTBEPXKJAIOT, YTO pa3pabOTaHHBI MaTepuas
coueTaeT YAYYIIEHHYI0 XMMMYECKYI0 CTaOVIbHOCTb, TEPMOCTOMKOCTb M MeXaHWIeCKoe
HOBeJleHIe, YCTPpaHAA MpobieMy (a3oBoro pasfie/neHns KIacCU4ecKuX aHaloroB.

BBepieHre IVMK/IOT€KCAHOBBIX (PPArMEHTOB YIydINAeT TepMIIECKVe VM MeXaHUYecKie
CBOJICTBA MONMMePOB. Kpome Toro, mojmmmMepsl ¢ IIVK/IOreKCaHOBBIMM pparMeHTaMy 00/1aialoT
CIIOCOOHOCTBIO K OMOpPA3/IOKEeHUI0 B OKpY)Kaolleil cpefie. DTU pe3y/lbTaThl YOeqUTETbHO
CBUJETENbCTBYIOT O TOM, YTO IIPOCTOE IVIKIOTEKCAHOBOE KOJIBII0 MOXKHO JMCIIO/Ib30BaTh B
KauecTBe 0OMOpas3/IaraeMoro CTPOUTEIBHOIO 07I0Ka, OOMafjaloliero >eCTKOCTbIO U
JIeMOHCTPUPYIOIIETO YIy4LIeHHbIe TepMudecKue U (pusmdeckme cBoicTsa [9].

Cunres apwinukaoamudarndeckux (¢GparMeHTOB MOXXeT ObITb  OCyIIeCTB/IEH
VICTIOJIb30BaHVIEM PeaKIMM AJIKVIMPOBaHMs Kak MeTop popmupoBanys cBsasu C-C. B cratpe [10]
OIVCaH BBICOKOI((EKTUBHBIN KaTaIM3aToOp Ha OCHOBE IA/UIA/VsA, KOTOPbII MCIIONb3YIOT IS
peakiuy anKWwIMpoBaHUA (QEHWINOAMAA IIMPOKUM KPYTOM OMIMKINYECKMX aIKeHOB, B
YaCTHOCTY QJIKEHOB C HOPOOPHEHOBBIM, HOPOOPHAIMEHOBBIM, OKCa- ¥ a3a0UIIVIK/INIeCKIMU
¢parmentamu. Takme KaTamM3aToppl Ha OCHOBe Ma/UIafMs IIOKa3blBaeT OTPOMHOE
IIPEeBOCXOZICTBO BO MHOTMX OTHOIIEHMAX Oarofaps UX CTaOMIBHOCTU K BO3JYXy ¥ K BIIare,
VICITO/Ib30BAHVIO KaTa/IMTUYECKNX KOMMYECTB U BbICOKON addexTnBHOCTI. B 2015 1. Mmypa ¢
Koteramy [11] coobmwpmmm o KaTtamu3upyeMoll pojueM peakLuu 3IeKTPOPUIBHOTO
3aMelleH1sI ¢ 00pa3oBaHyeM M-, TPU- U TeTpa3aMellleHHBIX aPEHOB.

B 2006 r. pAx y4eHBIX INPOTECTMPOBaIM AKTMBHOCTb Pa3/IMYHbIX KKUCIOT JIblouca u
Bpencrena B peakuyn ankwmposanusa no ®pupento-Kpadrey [12]. Onu obHapyxmm, 410
Hanbosee 3PpPeKTVBHBIMY SBJISIOTCS COMY NEPEXONHBIX META/IIOB, Takue Kak, HAuCly, IrCls,
[MesW(CO)s], RhCls, H,PdCL, H,PtCls n FeCls. Xnopup xenesa sBseTCs MpUBIEKATETbHOM
a/IbTEPHATMBON peNKO3eMe/NIbHBIM TpuaaTaM, IOCKOIbKY OH HETOKCHYEH, JeIleB U
nerkopgoctyneH [13]. Emje ogHMM IpuMepoM IpUMEHEHMs COJIeil IEePeXORHBIX MeTalIoB
ABNAETCA KOOANbT-M(OCHUHOBBIN KaTanu3aTop, KOTOPBIN CIOCOOCTBYET NPVCOERVNHEHNIO
apWILHKOBOTO peareHTa K IpOM3BOAHBIM HOpOOpHeHa [14].

Karanmus KoHfeHcauuy IVIK/IOATKEHOB C apOMAaTMYeCKVMMU COENVHEHWsAMY OMVICAH C
IpUMeHEHJEeM COJIell MeIM ¥ MOXKeT OBIThb yZJauHO 3aMeHeH B CIy4yae IPYMEHEHNA JOPOTUX
KaTa/JM3aTOPOB Ha OCHOBe Mawtapusa [15]. HoBble KaTanmmTuyeckue IOAXOABI, @ VIMEHHO
aJIKWIpOBaHMe apeHOB U rerepoapeHos 1o Opupeno-KpadTcy ¢ ncnonb3oBaHmeM TONTBKO
KaTaIUTUYECKUX KONMMYECTB KUCTOTHI JIployca, MMEIT NPEeUMYILIeCTBa MO CPAaBHEHUIO C
KIaccyaeckumu ycmoyaMu peakuym Ppupena-Kpagdrca, MOCKONIbKY BMECTO TOKCHYHBIX
OeH3WITa/IOTeHNI0B MOXXHO MCIIO/b30BaTh O€H3WIOBble, IMPONAPTMIOBbIE ¥ aJUIMIOBbIE
CIIMPTBHI WV CTUPOJIBI [16].

Takum o6pasoM, paspaboTKa MeTOAVIK CMHTe3a HOBBIX IMKIOT€KCAaHCOAEepIKaIlNX
MOHOMEpPOB U YCTaHOBJIeHNe WX 0a30BBIX (QU3MKO-XMMMYECKUX IapaMeTpoB ML
HOCTIEAYIONIEero PYMEHEHVS B PeaKIMy TIO/IMKOHAEHC AL ABJIAETCA aKTya/IbHO 3amader.
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OcHoBHasA YacTh

Panee B cratbax [17, 18] ommcaH crnoco6 MOMyYeHUsA CTPYKTYP € LIMKIOATKAaHOBBIMM
¢parmenramu. Hamy npefiyioxkeH anbTepHATUBHBIN CIIOCO0 CHHTe3a COeIVHEHMII Ha OCHOBE
COuYeTaHMA peaKIUil aIKVINPOBaHNA-aIVIMPOBAHNA 1 OCTeAYIoNero okmucienns (cxema 1).

iii
De-
Ry OH

o
1a-c

(a): R=none, R; = H; (b): R = CH, R; = H, (¢): R = none, R, = CH;

i: PhMe, AICls, 40 °C, 4 h; ii: AcCl, CHCIs; iii: PhMe, AlCls, AcCl; v, vi: Oz, Co(AcO)2, Mn(AcO),, NaBr;
iv, vii: NaOH, Br»

Cxema 1

4-(3-Auetnn-4-mMeTnndeHNT) IMKIOANKWIANKAPOOHOBbIe  KUCIOTH  3a-C  IOTyYayn
nByMs crioco6amu. [TepBblit cioco6 coCTOS 13 TOC/Ie0BATENbHOTO B3aIMO/IeVICTBIISI TONIYO/Ia
C IMK/IOANKeH-1,2-IMKapOOHOBBIMM KHUCTOTaMM la-c B IPUCYTCTBUM KaTaamsaTopa C
BBbIIe/ICHVEM IIO/TyYeHHBIX 4-MeTuI(eHNIIMKIOATKMIANKAPOOHOBBIX KUCIOT 2a-C U
[la/IbHEVIIINM BBEIEHNEM VX B PeaKkIMIO C aleTWIXIOPUOM B IPUCYTCTBUM KaTaIM3aTopa
xnopupa amoMmyans — AlCls. Beixon 64% 1o aByM cTafmsM.

Bropoit criocob mpepcTaBsin co60i1 OZHOPEAKTOPHBIN METOJ| aIKMIVPOBAHMSI TOTYO/Ia
IUIKIOQ/IKeH- 1,2- 1MKapOOHOBBIMM KUCTOTaMM la-c M mocefyomiee annumipoBanne. B atom
CITy4ae JICIIO/Ib30Ba/IVl MHEPTHBIN PaCTBOPUTENb — TeTpaxlopaTaH. Beixon 60%. Ilonyyennsnie
IIPOAYKThI OYMILA/IVN NIepeKpucTanInsanyeit u3 60%-oi1 yKCyCHOM KMUCIOTHI.

Hanee coeguHeHUs 3a-C BBOAWINM B PEAKIVIO OKWUCIEHMS: ALeTWIbHBI (parMeHT
OKVC/SIIM C VICIIONIb30BaHMEM MeTOAMKY TranodopMHOi peakumy [17], MeTWIbHBIT —
0 MeTOAVIKE >XUAKO(A3HOTO OKNUCIEHUA KICIOPOAOM B IPUCYTCTBUM KaTa/lM3aTOPOB —
arleTaToB KoOanbTa 1 Maprasua [18]. YcraHOB/IeHO, UTO ITPY IIPOBEJIEHNI PeaKIVIV OKMCTIeHVIA
4-(3-auerwn-4-MeTyneHT) IVIKITOAIKMIAVKAPOOHOBBIX KUCIOT 3a-C KUC/IOPOJOM  JaeT
HV3KIII BBIXOJ NPOAYKTa. I10-BUAMMOMY, 9TO CBS3aHO C BIMSHMEM aLleTM/IbHOI TPYIIIBI Ha
obpa3oBaHue NOH-PaAUKaIoB 7, 8 (cxema 2) B peakuum XuaKo(ha3HOTO OKICIeHUs. B ob1em
Buzie peakiyio okycnenys Co’* MOXKHO IPeCTaBUTh CIeAYIONM obpasom [19]:
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co’*

-Co%*

4a-c

(a): R=none, R; = H; (b): R = CH, R; = H, (¢): R = none, R, = CH;
Cxema 2

[Ins mopTBep>K[eHUsA [JAaHHOV TUIIOTE3bl OBUIM BBIMOHEHBI KBAaHTOBO-XMMMYECKUE
pacyeTbl SHEPIMil MCXO[JHBIX, IIPOMEXYTOUYHBIX COENVIHEHMII M TPOAYKTOB. [l pacdera
CTPYKTYp MCIIO/Ib30BaH MeToj, (PyHKIMOHama 3/MeKTpoHHON IotHocT B3LYP [20] ¢
IprMeHeHreM TpoiHoro ©6asmca 6-311G(d,p). MonexkynapHbele CTPYKTYpbl — ObUIN
ONITMMM3VPOBAHBI, TIOC/IE YeTO MOCTIeN0BaTe/IbHO OLIeHEeHbl TePMOAVHAMIYECKIIe TapaMeTphl
JUIS1 BCEX ONTVMMM3MPOBAHHBIX T€OMETPUI.

OmeHKa TepMOJVMHAMUYECKON BEPOATHOCTM IIPOTEKAHMSA PeaKIUyM OKMUCIIeHNA
coeilHeHNN 3a 1 4a B coefyiHeHMEe 6a OCYIeCTBIANACh KBAHTOBO-XMMWYECKMMI METONAMIL:
pacyeTsl 37IEKTPOHHBIX CTPYKTYP MOJIEKYII, S9HEPIUM, CTPYKTYPBl MOJIEKYI, TEPMOXUMUYECKIe
CBOJICTBA, JHEpreTMyecKye XapaKTePUCTUKM peaKIuil B OCHOBHOM U BO30YXXIEHHOM
cocrostHum [21]. Ins ananmsa HamMm oTOOpaHbl TermnoTa obpasoBanms (AHy kxan/monb),
nonHasg oHeprus (Ew, Kkan/monb), sHeprus Imb66ca (AG, Kkam/MOnb), SHTPOIMS
(AS, Ix/(monp-K)). DTO OCHOBHBIE XapaKTePUCTUKM, KOTOPBIE II03BOJIAIOT OLIEHUTH
CTaOMIBHOCTD 00pasyIoIuXCs coefnHennit (Tabmma 1).

[Tpy cpaBHeHMM SHTAIBINI 00PAa30BAHNA MCXOFHBIX, IPOMEXYTOYHBIX COeVHEHNIT 1
IIPOZYKTOB MOXKHO YTBEP>KJaTh, 4TO 0OpasoBaHue paankana 10 6onee BeirogHo. bonee Huskas
SHTAIBIIUA /I COefuHEeHNsA 3a MOXKeT ObITh MHTEPIPeTHpPOBaHA KaK BO3MOXKHOCTb Ooriee
ObICTpOro 00pa3oBaHMs MPOAYKTA ¥, KaK C/Ie[iCTBUE, 60/lee BBICOKNUII BBIXOJ] IIPORYKTA. DTU
JlaHHBIE COITIACYIOTCS C 9KCIePUMEHTA/IbHBIMIL.

[lns mopTBepKIeHNs peanbHOCTY IIePeXOJHOTO COCTOSIHUA BBINO/HSINCD PacyeTh
BHyTpeHHeil kooppauHaTHOM peakunn (IRC), mosBonsmomme mccnenoBaTb KOHQUTYpALINIo
9HepreTNYecKoro naHymadTa BOKPYT TOUKM mepexosa [22, 23]. Tonbko i coeguHeHns 4a
IIePeXO/HOE COCTOSIHME XapaKTePU30BANOCh HAIMYMEM eUHCTBEHHOIO OTPUIATEIBHOTO
COOCTBEHHOTO 3HaYeHMsI MaTpullbl ['ecce, mpyyeM COOTBETCTBYIOLINMIT COOCTBEHHBII BEKTOP
YeTKO OTpakaJl IepeMellleHVe BJIOJIb pPeaKIMOHHON KoopauHatel (puc. 1). Jlokammsarnus
IIepeXOHOTO COCTOSIHNA IIPOBOAMIACE 1O anroputmy Metozia TS (Transition State) [24].
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Ta6muma 1. TepMoguHaMIdecKye XapaKTepUCTUKY CTPYKTYp 3-4a, 6a, 7-10 (Temmepatypa 298.15K n gaBnenue
101.325 kITa)
CrpyxTypa [Tonnas sneprus OHTaNbINA Oneprus ['mb66ca IuTpomnus AS,

Eio, kxan/monp'10° | obpasosanus AHg, | AG, kkan/mons 10 | hx/(monb-K)
KKaji/mMonp'10°

(o)

OH

H
o ° -650.099 -649.867 -649.913 152.219

(o)

(0}
[0} OH
HO OH -672.639 -672.421 -672.466 148.614
(o)

H,C._O
*H,C o
g“ -671.629 -671.428 -671.474 154.670
H
(o]
Coepnunenne 9
HO. o
*H,C o
g: -649.1 -648.884 -648.93 153.721
o]

Coepunenne 10

OH

HO OH

HO -766.287 -766.077 -766.125 159.612

o (e]
o (e]

Coepnunenne 6a

Total Energy along IRC

Total Energy (Hartree)

B A e B s ]
-15 -10 -5 0 5 10 15 20 25 30
Intrinsic Reaction Coordinate

Puc. 1. IIpouenypa BoccTaHOB/IeHNA KOOpAKMHATEI peakuuy MeTofioM IRC coennnennsa 4a
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Ananusupys myTu peaklUM ¥ KOHEYHbIe CTPYKTyphl mpoueaypbl IRC, MoXXHO cfienaTh
BBIBOJ], YTO peaKI[VA OFHOCTA/IUITHAA Y He MIMeeT Ha CBOeM ITyT! KaKMX-1O0 NHTepMe1aToB,
KpoMe CTab0CBA3aHHBIX NPEAPEaKLMIOHHOTO I IIOCTPEaKIMIOHHOTO KOMIIEKCOB.

Hamu mpoBefieHO 1cC/leloBaHNMe IO BAMAHUIO BpEMEH!U peaKIy Ha BBIXOJ, IPOAYKTa
okucnenus 6a. Peakuuio nposoanau npu temueparype 90 °C, Bpemsa peaknun 3 4. Kaxjble
nomyaca oroupam npoby u aHamsupoam MetofoM BIJKX. Pesynbrarsl mccnemoBaHmit
IIpeJiCTaB/IeHbl B Tabuie 2.

Ta6muma 2. BisaHne BpeMeHN peakIyy OKVC/IEHNA Ha COiepKaHue IIPOfyKTa 6a, %

CocTaB peakI[MOHHOI cMecH, %
Bpems peaxiun, 4
VlcxomHoe BemecTBO 3a, % IIpopykT peakuuu 6a, %
0,5 55 45
46 64
0,05 99,95
3 0,05 99,95

CornacHoO JaHHBIM TabMUIIBI, 0Opa3oBaHMe NMPOAYKTa HabIIOaeTcs yxe yepes 30 MuH,
a HayOO/IBIINII BBIXOJ, JOCTUTAETCS Yyepes 2 4.

BriBoabl

Paspaboran = Mmerom = cuHTe3a  TeTPakapOOHOBBIX  KUCIOT,  COflep>KAIUX
nyKnoanudaTideckuit GpparMeHT, O3BOJLAIONINIT IT0TY4aTh IPOAYKTHI C BBICOKMM BBIXOJJOM
oT 60%. IIoxasaHa BO3MOXXHOCTDb IIOJTy4eHMs TeTPAKapOOHOBBLIX KVUCIOT OFHOPEAKTOPHBIM
MerozoM. Ha 0cHOBe KBaHTOBO-XMMIYECKIX METONOB IIPOBEEHBI pacyeThl ¥ ONIpefie/ieH IIyTh
¥ TIOC/Ie[lOBaTe/IbHOCTb PeaKlMil OKUCIeHNsI METM/IbHON U aliWIbHOI Tpymil. B pesynbpraTe
VICCTIEIOBAHMsI PeaKLVM OKMCIIEHUs YCTaHOBJIEHO, YTO HaMOONBIIMII BBIXOZ, IPORYKTA
HabmojaeTcs yepes 2 4.

SKCHCPI/IMCHTa}IbHa}I qacTh

KoHTponb mporekanms peakuuil ¥ MAeHTU(UKALUA CUHTE3VPOBAHHBIX COENVHEHMUI
OCYIeCTB/ISUIUCH C MCIOIb30BaHMEM TOHKOCTONHOI xpomarorpadun (TCX) Ha mmactmHax
Kieselgel-G (MerckSi 254F). B xauecTBe a/110eHTa IIPUMEHATACh CMeCh IIETPOJIETHOTO 3¢dupa,
TOJIyOJIa, alleTOHA M YKCYCHOU KUCIOTHL B cooTHOMeHM 50:30:50:1 (1o o6bemy).

Nndpakpacusie (MK) cnexktper peructpupoBamuch Ha Dypbe-crekTpomerpe
PerkinElmer «SpectrumTwo» ¢ wncnonp3oBaHyMeM TPUCTaBKM HAPYLUIEHHOTO IIOJTHOTO
BHyTpeHHero orpaxenus (HIIBO). Crnextper 'H u *C SIMP 3anuceiBanu Ha npubope Varian
UNITY plus 400 MI'y mpu 303 K. Bce coepyHeHNs aHaMM3MPOBamu B Buje 5% pacTBOPOB B
IMCO-ds ¢ BuyrpeHHuUM cranpaproM TerpamerwicunanoM (TMC). Xummdeckue caBuru
SIMP 'H npuBemeHbl OTHOCUTENBHO ocTaTouHOro curHana (OH 2.5 m.z.). XuMudeckue cqBuru
SIMP BC npuBefieHbI OTHOCUTETIBHO LIeHTpanbHOrO curHama pacroputens (6C 39.5 m.x.).
TeMnepaTypsl I1aBeHNs COeANHEHNIT OIpefie/IICh ¢ moMobio mpubopa Electrothermal IA
9300 Series. Macc-clleKTpbl  BBICOKOTO  paspellleHMsI 3allicaHbl Ha  YCTPOJCTBe
«BrukermicrOTOF 1II» ¢ wmoHusanueit amexTpopacubuienreM (VMOP). Pearentsr u

55



.xt OT XUMHUU K TEXHOJIOTHW [ITEARETNIIZNNY TOM 6, BbIMYCK 4, 2025

pactBoputermn («Aldrich», «Acros») sABIAIOTCA KOMMepYeCKM [JOCTYHHBIMM M ObUIN
VICIIO/Ib30BaHbI 0e3 IpeiBapUTe/IbHOI OYVMCTKI.

Cnoco6sb! cuHTe3a U QUBMKO-XMMUYECKVe XapaKTepUCTUKY COeHeHMil 2a-c 1 6a-c
omnucansl B [17,18].

Cunre3 4-(3-amernn-4-MeTmi¢eHIT) IUKIOATKIWIANKAPOOHOBBIX KUCIOT. O6mas
METOAVKA

B xo0710y, cHab>XeHHYI0 XOMOAMIBHUKOM U MEIIAJIKOIL, 3arpyskatot 10 M1 xmopodopma u
0.5r (1.81 mmomnb) coemmueHus 4-6. Ilpu temmeparype 50 °C moprusiMu fo6aBisiorT 1r
(7.24 mmonp) xymopupa amoMuHusA, a 3areM 0.2 ma (2.17 MMOmb) aUeTWIXIOPUAA.
ITepememmnBaror B Teyenue 4 4 npu temmneparype 50 °C. PeakumoHHyI0 CMeChb BBIIE/IAIOT
OCKJIEHVMEM B BOJY CO JIBAOM U € 5 M 36%-HOV COJNAHOM KUC/IOTHI. BbhImaBumii ocamok
¢unpTpylor u cymart. IlomydeHHBII MPOAYKT OYMINAIOT KPUCTAUIM3ALMeNl 13 BOJHOTO
pacTBOpa YKCYCHOII KUC/IOTHI.

Cunres 4-(3-ameTnn-4-metnng eHII) MKIOATKIIANKAPOOHOBBIX KILCIIOT.
OpHopeakTOpHaA MeTOMKA

B xon6y, cHa6>keHHYI0 XOTOAV/IbHUKOM U MEIIIJIKOI1, 3aTPY>KatoT 10 MJI TeTpaxjopaTaHa
n 0.5 r (2.74 mmonb) coennuenus 1-3. IIpn temneparype 50 °C mopumsamu gobasmsamor 1.1 T
(8.24 MMonb) XNOpUja ATIOMVHMS ¥ IepeMeIlMBaIOT B TedeHMe 2 4, 3aTeM BHOCAT 0.36 r
(2.74 mmornp) xnopupa amomuuua u 0.2 M (2.17 MMonb) anervnxinopuza. [lepemenmmBaior B
TedeHue 2 4 npu Temrneparype 50 °C. PeakIIMOHHYI0 cMeCh BBIJEIAIOT OCAKEHMEM B BOIY CO
MbIOM U C 5 M 36%-HOH COMAHOM KUCTOTHL. BbImaBmmil ocafiok GUIBTPYIOT M CYLIAT.
ITonmy4eHHBIN IPOAYKT OYMILAIOT KPUCTA/UIM3ALMEN 13 BOGHOTO pacTBOPa YKCYCHOM KMUCIOTDI.

4-(3-Anernn-4-MeTwideHII) HUKIOTeKcaH-1,2-1ukapooHoBas kucnora (3a). Berxop
80 %. Tu. 180-182 °C. MK-cmextp, v/cm':2950, 2856(vCH,, vCH3),2730, 2678, 2542(OH),
1720 (C=0, keron), 1698 (C=0, kucnota), 1603 (Ar), 1223, 1209 (C-0O), 925 (OH), 880, 816
(1,2,4-3amemenne).Crexrp AMP 'H (IMCO-d6, §, m.x., J/Tn): 12.13 (yur.c, 2H, COOH), 7.71
(1,]=8.4Tu, 2H, Ar), 7.17 (g, ] = 8.4 ', 1H, Ar), 7.11 (z, ] = 8.4 Ty, 3H, C(O)CH,), 2.72-2.64
(M, 1H, CH), 2.04-1.72 (M, 1H, CH), 2.12-2.10 (™, 2H, CHz>), 1.93-1.89 (M, 1H, CH), 1.64-1.51
(M, 1H, CH), 1.49-1.46 (M, 2H, CH>), 1.35-1.27 (M, 1H, CH), 1.07-1.05 (M, 3H, CH;). Criextp
AMP BC (100 MTI'n, §, m.4.):175.23, 174.95, 146.82, 138.83, 129.77, 127.81, 127.48, 126.55,
126.45, 124.75, 37.87, 36.55, 36.03, 32.43, 31.59, 23.69, 21.82. Macc-cnextp (JY, 70 3B), m/z
(IotH, %): 332 (28), 229 (59), 257 (32), 212 (100), 197 (25), 169 (35), 145 (30), 43 (30).
Macc-cnexrp (ESI), m/z: naitneno mis Ci7H200s: 304.1311, Berancneno ms Ci7Hz00s: 304.1335.

5-(3-Anermn-4-merwigennn)ounukino[2.2.1]rentan-2,3-gukapéonoBas kucnora (3b).
Boixop 81 %. Tys 101-103°C. UK, v/em™: 2964,2921, 2882 (vCH,, vCH3),2741, 2688, 2552 (OH),
1717 (C=0, keron), 1709 (C=0, xwucmora), 1605 (Ar), 1228, 1199 (C-0),928 (OH),864,
811 (1,2,4-3amewenne). Crextp AMP 'H (IMCO-d6, 6, m.p., J/T'1r): 12.03 (yur.c, 2H, COOH),
7.16 (1, ] = 7.5 I'u, 1H, Ar), 7.09 (m, ] = 8.4 I'u, 1H, Ar), 7.06-6.99 (M, 3H, C(O)CHs), 6.95
(n,]J=7.4 Ty, 1H, Ar), 3.03-2.99 (M, 2H, CH,), 2.89 (M, 2H, CH,), 2.42-2.37 (M, 2H, CH2),
2.06-2.01 (m, 1H, CH), 1.55 (M, 3H, CHs), 1.38-1.35 (M, 1H, CH), 1.19-1.15 (M, 1H, CH).
Coextp SIMP *C (100 MTI'L, 6, m.4.):174.23, 173.93, 147.02, 137.83, 129.47, 128.81, 128.38,
127.53, 126.75, 124.69, 47.87, 46.55, 46.03, 42.43, 41.59, 37.34, 33.69, 21.82. Macc-cnekTp
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(3Y, 70 3B),m/z (Ioth, %):344 (5), 271 (10), 256 (32), 242 (25), 183 (13), 156 (100), 141 (13),
128 (17), 113 (23), 91 (16). Macc-cuextp (ESI), m/z: naiipeno mna C;HzOs: 316.1311,
BpIuMcieHo mis C;H200s: 316.1345.

4-(3-Anernn-4-mernwigeHnn)-4-MeTWINUKIOTeKcaH-1,2-nukap6oHoBasa kucnora (3c).
Boixop 86%. Ty, 125-127°C. UK, v/em': 2918, 2988 (vCH,, vCH3), 2745, 2679, 2547 (OH), 1718
(C=0, keroH), 1705 (C=0, xkwucmora), 1605 (Ar), 1223, 1210 (C-0),945 (OH),882,
816 (1,2,4-3amewenne). Crnexrp AMP 'H (IMCO-d6, 6, m.p., J/Tn): 12.13 (yur.c, 2H, COOH),
7.24-7.20 (m, 2H, Ar), 7.14 (n, ] = 7.3 I'u, 3H, C(O)CHs), 6.98 (1, ] = 6.5I'y, 1H), 2.86 (¢, 1H,
CH), 2.31-2.27 (m, 2H, CHa>), 2.26-2.27 (m, 2H, CH,), 2.10-2.07 (M, 2H, CH>), 1.93-1.91 (M, 3H,
CH3), 1.21-1.18 (M, 1H, CH), 1.09-1.05 (M, 3H, CHs). Cnektp AMP *C (100 MTIy, 6, m.z.):
175.61, 175.46, 146.97, 138.17, 135.08, 129.87, 129.15, 126.89, 126.32, 125.43, 123.47, 38.63,
33.85, 31.33, 30.82, 24.82, 22.03, 21.09. Macc-criextp (Y, 70 9B), m/z (Ioth, %): 342 (5), 271
(10),242 (48), 183 (17), 156 (100), 145 (13), 113 (22), 91 (12). Macc-cuiekrp (ESI), m/z: naitneno
s CisH2»Os: 306.1461, Berancineno mia CisH»Os: 306.1467.

Cunres 4-(3-kap6okcu-4-MeTmngeHN) [UKT0ATKWITUKapOOHOBBIX KUCTOT. O61masn
MeTOMKa

B Tpexropmyio kon0y, CHabKeHHYIO MeIIaNKol, KalleJTbHOJ BOPOHKON ¥ TepPMOMETPOM,
IIpY MHTEHCUBHOM IlepeMelVBaHuu 1 oxnaxaeHuu fo 10 °C x pacTBopy 4 T eIKOro HaTpa B
50 mn Bogsl 3arpyxatoT 0,2 r (0.6289 mmonb) coemuHenus 7-9. [lanee 3arpyxainot 0,15 M
(1.887 mmornb) 6poMa O KaIuIsIM ¥ IlepeMelBaloT B TedeHue 15 MyH npu temieparype 0-5 °C.
ITocrne ocTaB/iAIOT TPV KOMHATHO TeMIIepaType 1 lepeMeIlnBanmuy Ha 1 4. 3aTeM HarpeBaroT
1o 50-60 °C B Teuenue 5 4. Orgensior obpasosasumiicss 6pomodopm. K menoanomy pactsopy
106aB/AI0T 5% BOIHBIN pacTBOP THOCYIb(aTa HATPUA ¥ MOAKNUC/IAIT KOHI[EHTPYPOBAHHON
consgHo kucnoToit fo pH 2-3. BemaBmmit ocajok pUabTPYIOT U CyILIAT.

4-(3-Kap6oxkcu-4-mernndeHmn) IMKIOreKcan-1,2-nukap6onoBass  kucmora  (4a).
Boixon 81%. Tu. 183-185°C. UK, v/em™: 2950, 2925, 2865 (vCH,, vCHs), 2655, 2575(OH),
1728 (C=0, keroH),1697, (C=0, xucmora), 1606 (Ar), 1250 (C-OH),931 (OH), 880, 826
(1,2,4-3amemmenne).Crnexrp SAMP 'H (IMCO-d6, §, m.a., J/T1):12.07 (ym.c, 3H, COOH),
7.11 (n, ] = 8.3Tu, 1H, Ar), 7.07 (1, ] = 6.7 Ty, 1H, Ar), 6.98 (1] = 7.4 Ty, 1H, Ar), 2.73-2.69
(m, 1H, CH), 2.49-2.47(m, 1H, CH), 2.48-2.40 (M, 1H, CH), 2.16-2.07 (M, 2H, CH), 1.94-1.88
(m, 3H, CH;), 1.63-1.58 (M, 1H. CH), 1.53-1.49 (v, 2H, CH,), 1.37-1.34 (m, 1H, CH), 1.20
(m, J=5.5T'y, 2H, CH,). Cuextp SIMP “C (100 MI'L, §, m.1.): 175.23, 174.95, 174.85, 130.78,
129.81, 127.83, 126.45, 125.45, 124.83, 37.87, 36.55, 36.03, 32.43, 31.59, 23.69, 21.82.
Macc-criextp (9Y, 70 9B),m/z (lotH, %): 348 (8), 304 (17), 272 (41), 244 (48), 229 (43), 212 (21),
185 (61), 169 (90), 132 (100), 105 (40), 91 (38), 59 (12), 41 (7). Macc-cnerp (ESI), m/z: HaiizeHo
st CisHi5Os: 306.1103, Beruncneno mua CieHis06:306.1145.

5-(3-kap6oxcu-4-mernndennn) onnukno[2.2.1]renran-2,3-gukap6onosas kucnora (4b).
Boixop 83%. Ty 141-143°C. VIK, v/em': 2965, 2935, 2885 (vCH,, vCH3), 2675, 2585, (OH), 1701,
1684 (C=0, kucmnora), 1605 (Ar), 1250 (C-OH), 935(OH), 886, 816 (1,2,4-3amemrenne). CnekTp
SAMP 'H (IMCO-d6, 6, m.i., J/Tu): 12.01 (yurc, 3H, COOH), 7.15 (m, ] = 8.4 'y, 1H, Ar),
7.09 (m,] = 6.4 'y, 1H, Ar), 6.95 (m, ] = 7.4 T'y, 1H, Ar), 3.06-2.99 (M, 2H, CH,), 2.91-2.87
(M, 1H, CH), 2.44-2.36 (m, 2H, CH.,), 2.25 (¢, 1H, CH), 2.67-2.07 (m, 1H, CH), 1.37-1.33 (v, 1H, CH),
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1.21-1.15 (m, 1H, CH, CH).Cruextp AMP “C (100 MTI'1, §, m.x1.): 174.23, 173.93, 173.55,132.38,
130.47, 129.82, 128.42, 127.33, 126.65, 47.74, 46.75, 46.13, 42.33, 41.69, 37.44, 33.71,
22.82.Macc-cnextp (ESI), m/z: naiigeno pns Ci;HisOg: 318.1110, Berumcneno g Ci7HisOs:
318.1103.

4-(3-kap6okcu-4-mermngeHnt)-4-MeTWIIMKIOTeKCaH- 1,2-tuKap6oHoBass Kucnora (4c).

Boixon 75%. Tan 147-149°C. VIK, viem™: 2950, 2932, 2886 (vCH,, vCHs), 2665, 2577 (OH),
1707 (C=0, xucmora), 1601 (Ar), 1250 (C-OH), 932 (OH), 880, 832 (1,2,4-3amemienne). CriekTp
SAMP 'H (IMCO-d6, §, m.n., J/T1):12.09 (ym.c, 3H, COOH), 7.21 (zn, ] = 6.2 I'y, 1H, Ar),
7.16-7.05 (m, 2H, Ar), 2.84 (c, 1H, CH), 2.26-2.20 (m, 3H, CH;), 2.16-2.05 (M, 2H, CH.,),
2.04-1.92 (M, 2H, CH»), 1.54-1.49 (M, 2H, CH,), 1.33-1.27 (M, 1H, CH), 1.25-1.21 (M, 1H, CH),
1.07-1.01 (M, 2H, CH»).Coextp SAMP “C (100 MI'W, §, m.n.): 175.61, 175.46, 174.76, 138.15,
136.18, 135.87, 129.25, 127.19, 126.34, 124.46, 38.73, 34.95, 31.23, 30.85, 24.85, 22.15,
21.29.Macc-criextp (ESI), m/z: nanpeno mnsa Ci7;Hz0Oe: 320.1268, Bbrancieno pist CizHzOs:
320.1260.
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PETMOCEJINEKTMBHOCTDb PEAKIIMMU SeAR
8-XJIOP-3,4-DUTUAPO-1H-[1,4]OKCA3VHO[4,3-A]BEH3VIMVIA3O0JIA
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Kntouesvie cnosa:
Bugpapmaxogoprovie
Mmonexyol,
KOHOEHCUPOBAHHbIE
npoussooHvle
6ensumudasona,
MOpPonuHOBbIIL YUK,
peauocenekmusHocmy,
Humposatue,

2anoceHuposarue

Annomayus. C uenvio adexmusHoil pynxyuoHanusayuu Ougdapmaxogoproii
monexynvl 8-xnop-3,4-oueudpo-1H-[1,4]oxcazuno[4,3-a]6ensumudasona 6 peakyusx
INEKMPOPUNDHO20 — HUMPOBAHUS U 2ANI02EHUPOBAHUS  U3YUEHO  BHIUSTHUE
memMnepamypvl npouecca U BPeMeHU BHECEHUsI INeKMPOPUNLHO20 d2eHMd HA
peeuocenexmusnocmy peakyuu SpAr. B xode Oanubix peaxuuti npoucxoousno
06pasosarue 08yx U3OMeEPHDIX 7- U 9-3ameuieHHbIX NPo0yKmos. B 6onvuiem xonuuecmee
7-R-8-xnop-3,4-0ueudpo-1H-[1,4]oxcasuno[4,3-a]6en3umudasor.

Vmenvuiernue memnepamypol peaxyuu u KOHUeHMPAUUU 371eKMpoPuIbHo20 azeHma

06pasosuvieancs

8 PeaKyuUoOHHOL MAcCce Y6enUHUBATIU CeIeKMUBHOCb NPOUecca 00pasos8anus 0aHHO020
usomepa.

T nuTHpoBaHMA:

Kyuepenko M.B., CaBuna JL.J., Berynos P.C., 3y6unmna A.A., I'paueBa E.JI. PernocenekTuBHOCTD peakiyu S;EAR
8-xm0p-3,4-gurapo-1H-[1,4]okcasuno[4,3-a)6ensumupasona // OT XxumMmuy K TeXHOIOTMY LIar 3a mrarom. 2025.
T. 6, Boim. 4. C. 60-71. URL: https://chemintech.ru/ru/nauka/issue/6713/view

BBengenue

OpHMM 13 NepCIeKTUBHBIX HAIPaB/IeHNII B KOHCTPYMPOBAHUY BellleCTB, 00/1aalolux
BBICOKOJI OMO/IOTMYECKOl aKTMBHOCTBIO, SB/IAETCA BKIIOYEHNE B CTPYKTYPY MOJIEKYJIbI
HEeCKONMbKNX (apMakopoOpHBIX ¢parMeHTOB [1-7]. B pesynbraTe mposBIA€TCA CHHEPIU3M
nevictBus papMako(OPHBIX I'PYIII, YTO HPUBOAUT K YCUIEHUIO TepalleBTUYECKOro s deKTa
paspabaTbIBaeMOro Ipenapara.

Hanpumep, Takoil IOAXOA MCHONb3yeTCsA A CO3[aHMA AHTUOMOTMKOB J[BOVIHOTO
mericTBus [1]. DTy mpemapaTbhl HEOOXOAMMBI I IPEOJONIEHNs HPOOIeMbl, CBA3aHHONM C
pasBUTHEM aHTUOMOTUKOPE3UCTEHTHOCTY Y MUKPOOpPraHmsMoB. [IBa ¢apmakodopa takoro
JIeKapCTBa MOTYT OBITH COEJVIHEHBI Yepes3 Clieficep HENMOCPEeCTBEHHO MM «C HeOONIbIINM
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nepekpbiBaHMeM». IlpeAmonaraioT, 4YTO KOBaJIEHTHOE CBs3BIBaHME B OTMYME OT
HEKOBAJIECHTHOTO [ienaeT Oosee mpefckasyeMbiMyt (papMaKOKMHETUYECKNEe XapaKTePUCTUKI
00pasyoIeyicst MOJIEKYJIBL.

Hauboree yacto BCTpeyaeMbIMU B COCTaBe JIEKAPCTBEHHBIX BelecTB (apmakodopamu
ABNAITCA OeH3uMupmazonpHblil [8-10] u MopdommHoBb [11-16] nmkasl. Tak, omenpason,
JICTIOJIb3YEMBIIl KaK IPOTMBOSI3BEHHOE CPEICTBO, KaHAeCapTaH, Te/IMUCAPTAH U a3MjIcapTaHa
MEZOKCOMWI -  QHTUTENIEPTOHMYECKMe  Tpemaparbl,  A1ubason,  MPOSIBISIOLINIL
CIIa3MOJIATHYECKOE HeVICTBUE, ¥ MHOrMe ppyrue (puc. 1) SBIAIOTCA IPOM3BOZHBIMU
Oensumnpgazona. Cregyer OTMETUTH, YTO OONBUIMHCTBO U3 ITUX COENVMHEHMIT COMepIKaT
3aMeCTUTENN B 1-M 1 2-M MOJIOXKEHUM TeTEePOLMKIIA.
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Puc. 1. JIekapcTBeHHbIE TIperapaThl, Coiep kaliye OeH3MMIa30/IbHBI UKL 1 — KaH#ecapTaH, 2 — a3WiIcapTaHa
MefJOKCOMII, 3 — GeHAaMyCTUH, 4 — TelIMMCapTaH, 5 — A16a3on, 6 — oMemnpason, 7 —faburaTpaHa sTeKCunaTa
Me3WjIaT, 8 — aCTEMM30JI, 9 — 9MeNACTUH

MopdonHOBBIT VKT COfiepXKaT TaKye JIeKapCTBEHHBIE IpelapaThl KaK aHTMOMOTUK
HOBOTO  IIOKOJIEHMS  JIMHE30MA,  AHTUAENPECCAHT  MOKIOOeMuy,  IpOSIBIAIOLINIL
IIPOTMBOPBOTHOE JIEVICTBIE AlIPEIIUTAHT, IIPOTUBOAPUTMIYECKOE CPELACTBO STMO3MH (puc. 2).
[TpenapaT repuTHNO MCIONMB3YETCS IS IeUeHNsT OHKOJIOTMYEeCKMX 3200 1eBaHMIA.
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Puc. 2. CtpykrypHble HopMy/Ibl MOPGOIMHCOEP>KAIINX JIeKaPCTBEHHBIX CpecTB: 10 — mHe3ommy, 11 — anpenurast,
12 — Mmoxno6emMug, 13 — 3TMO31H, 14 - retndpuHm1b
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[TosTomy panee Hamu 6bUT paspaboraH 3 PeKTUBHBIN CIIOCOO CHHTe3a IPOVU3BOLHOTO
OeH3MMNIa30/1a, COflepyKall[er0 aHHeTMPOBAHHBIN MO MONOXeHMAM 1 u 2 MopdonMHOBBIN
UK - 8-x10p-3,4-gurnnpo-1H-[1,4]okcasnno[4,3-a]6ensnmmpaasona (1) [17].

CoennHeHns, copieprKalye AaHHBII KOHIEHCHPOBAHHBIN IeTEPOLKII, VCIIOIb3YIOTCA
nis paspabotky adQekTuBHBIX (papMaleBTMIeCKux cybcraHiui [18, 19], Hampumep,
IPOTUBOBMPYCHBIX [20] ¥ IPOTMBOOIYXO0/IeBbIX [21] mpemapaTos.

B nmpopomkenne paboT 1o cosjaHNIo HOBBIX OMpapMaKOpOPHBIX MOJIEKYN B JaHHOM
UCCIeoBaHMM OBUI WM3y4eH OAMH M3 MyTell (QYHKIVOHAIM3aLMM KOH/IEHCHPOBAHHOTO
Oensummpgazonma 1 B Xofje peakiuil apOMaTHYECKOTO 3/M1eKTPO(UIbHOTO 3aMeljeHNs:
HUTPOBAHMS U TA/JIOTEHMPOBAHNUA, MO3BOJLAKIIEM C(QOPMUPOBATh B MOJIEKY/le HOBBIE

BbICOKOpeaKLU/IOHHOCHOCO6HI)I€ HEHTPI)I.
OcHOBHasA 4acTh

J114 BBeZleHM A HUTPOTPYIIIBI MCIIO/Ib30BA/IM HUTPYIOLIYIO CMECh — HUTPAT Ka/usA/cepHas
KUCTIOTa, KOTOPYI0 OBICTPO MO0AB/IANMM K PacTBOPY reTeponmkiaa 1 B cepHONM KMCIIOTe.
Peakiuto mpoBoaym ripu 30 °C B TedeHue 1 yaca. JJaHHbIe YCIOBYIA OBUIM MCIIOTb30BaHbI HAMMU
paHee mpu HUTpoBaHmMM mupuno|[l,2-ajoéensumupgasonos [22]. VI3 peakuyMoHHOV Macchl
ObITa BbIJie/IeHa CMeCh JBYX M30MepPHBIX HUTpOcoenyHeHnit 2a 1 2b B cootHomenuu 1 : 0.33

(cxema 1, i). CyMMapHbIiT BBIXOJ 130MepoB 2a u 2b coctaBun 97%.
NO,
O//\N
Cl
\/4\N
2a
\/Q \/<©\ N\
O\/Z Cl
\N
2b NO,

\/4

Cxema 1. Pearents! n ycnosus: i KNOs, H,SO,, 30 °C, 6pIcTpoe BHeceHMe HUTPYIOIETO areHTa, BpeMs peaKIun

0,

1 4; ii KNOs, H,SO,, 20 °C, mocreneHHOe BHeCEHNE HUTPYIOIETO areHTa B TedeHne 2 v; iii KNOs, H,SO4, 90 °C,
ObICTpOe BHECEHVe HUTPYIOIIETO areHTa, BpeMs peakium 4 4.

O6 o6pasoBaHMM [JBYX M30MEpOB IpM HUTPOBAHMM KOHIEHCHPOBAHHOTO
6ensumupaszona 1 coobmjamocs B mateHTe [18]. OmHaKO COOTHOIIEHNE W30MEPOB He
YKa3bIBa/IOCh, VX pasfieneHne 1 UAeHTUPUKAIVA He IPOBOAMINCE. bbUIN IpUBeEeHbI TOTBKO
JIaHHbIe MacC-CIIEKTPOMeTpUY BbIcOKoTo paspemenns (MS m/z (ESI): 254.2 [M*']) nnsa cmecn
BEIECTB.

B panHOM uccremoBanmy coenyHeHNA 2a u 2b ObUM BbIfeNeHBl B MHAVBUAYA/TbHOM

Buge. VIx cTpykrypa Obputa ompepmeneHa ¢ momompbio 'H, “C JAMP cnexrpockonun u
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Macc-CIIeKTPOMETPUM BBICOKOTO paspelieHuA. OTHeCeHMEe CUTHATIOB IIPOTOHOB CIeEaHO Ha
ocHoBaHuu gauHbIX 'H-'H NOESY cniekTpockonmum.

Ha puc. 3 npepcrasien 2D AAMP cnektp oJHOro 13 NpOAYKTOB peaKLy HUTPOBAHMNA,
KOTOPBII 00pa3oBbIBajics B 6onbliieM Konndectse. B 'H SIMP criektpe (ropusoHTanbHas 4acTb
CIleKTpa) B c/1abomosbHOM obmactu 7.9-8.5 M.Ji. NPUCYTCTBOBAIM 2 CUTHAAa IPOTOHOB,
uMenmux Bup cuHrinetos. B 2D IMP cnektpe ¢pukcupoBancs Kpocc-IMK B3aUMOJEVCTBIA
npotoHoB H** Mmop¢onuHOoBOro nmxia u apomatnyeckoro nporona HE. Takoit Buj curHanos
IIPOTOHOB M OTCYTCTBME 3aMECTUTENA B 6-M IOJIOKEHUU CBUIETENbCTBOBANMM O BBENECHUMU
HUTPOTPYIIIEI B 7-€ MOJIOXKeHNe reTeponykia. Takum o6pa3oM, HONTydeHHOe BEIeCTBO ObIIO
UeHTUOUIPOBAHO KaK 7-HUTPO-8-Xymop-3,4-guruapo-1H-[1,4]okcasuHo[4,3-a]6eHsnmungason
(2a). Janusie “C SIMP criekTpocKOImmMu ¥ Macc-CIIeKTPOMETPUY MOATBEPXKAIN CTPYKTYPY

HUTPOCOEONHEHNA 2a.

Hl,l
HS H°
H4,4H3,3
i,l. k. : E

- 13 43 a
— 6/4 o ¥3/4 .
] T 3R
1 4/6

Puc. 3. 'H-'"H NOESY SIMP cnekrp 7-unutpo-8-xmop-3,4-gurunpo-1H-[1,4]okcasuno[4,3-a]6ensumunpgasona (2a)
(DMSO-dy)

O6 ob6pasoBaHMM 9-3aMeLIEHHOTO TPOAYKTa - 9-HUTpO-8-x10p-3,4-muruppo-1H-
[1,4]okcasuno(4,3-a]6ensumunasona (2b) ceugerenvcreoBano Hamuuue B 'H IMP crektpe
(puc. 4, ropusoHTa/NbHAS YaCTh CIIEKTpPa) ABYX CUTHAJIOB apoMaTnyeckux nporonos He u H’,
uMeIuX Bup ayonera ¢ J = 8.6-8.7 I'. B 6onee cmabom nosne Bpixogu curian Hé, koTopsiit
UMeNT KPOCC-TIMK C MeTwieHOBbiMM mpoToHamy H*. Ilo cpaBHeHMIO ¢ coemyHeHUeM 2a
CUTHA/IBL IPOTOHOB M3oMepa 2b ObUIM cMelieHbl B 60/iee CUIBHONONMBHYIO 06macth SIMP

crekrpa 7.5-7.9 M.z,
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Hl,l
HH H**H?3? '
L M .. E
T
] | 1/3 413 -
_ ] 6/4 . i

| 3/1
_ e
I 16 4/6 -~

8 s 4 2 F2[ppm]

Puc. 4.'"H-"H NOESY SIMP cnextp 9-anrpo-8-xmop-3,4-gurunpo-1H-[1,4]okcasuno[4,3-a]6ensumupnasona (2b)
(DMSO-dy)

bobu1o usydeno BnusAHME TeMIepaTypbl ¥ BPEMEHM BHECEHMSA HUTPYIOIIErO areHTa Ha

PErnoceeKTUBHOCTD PeaKLNy apOMaTHYeCKOTo 37eKTpoduIbHOro 3aMelteHns (Tab. 1).

Ta6bmuma 1. BiusHue TeMepaTypsl ¥ BpeMeH) BHECEHNS HUTPYIOLIETO areHTa Ha COOTHOIIeH)e 00pasyIouxcsa

HUTpousoMepos 2a u 2b

Ne T, °C Bpemsa BHecenus | Bpems peakunn, 4 Y BoIxop (%) CooTHollleHne
peareHTa 2au2b 2au 2b*

1 10 =~ 5 cek 3 89 1:0.19

2 20 =~ 5 cek 1.5 91 1:0.22

3 30 =~ 5 cek 1 94 1:0.33

4 40 =~ 5 cek 0.75 96 1:0.35

5 50 =~ 5 cek 0.75 93 1:0.39

6 30 29 2%* 97 1:0.05

7 20 29 2% 96 1:0.03

* - cornacHo fauHbM 'H SIMP criekrpockorm
** - peaknys SgAr IpOTeKana B XOfie IIOCTEIIEHHOTO BHECEH A HUTPYIOLIE CMECU B TeUeHMe 2 4

Kak BUIHO M3 HaHHBIX TaOMUIIBI C YBEIMYEHNEM TeMIlepaTypsl peakunu (OmbITH 1-5)
9-HUTpO3aMeIleHHOTO MpoAyKTa 2b B peakuymoHHON Macce CTaHOBMIOCH OOJIblie.
Haubonpimas ceneKTMBHOCTb IIPOTEKaHMs peakUuy II0 IONOXKeHMIoo 7 cybcrpara 1
Habmopanack npu temreparypax 10 °C u 20 °C (onsits! 1 n 2). [Ipu aToM BpeMs peakiuu SgAr
YBEIMYMBAIOCH, Y B PEAKI[MIOHHOJ Macce BCera IpUCyTCTBOBaI usomep 2b.

B manpHeleM ¢ 1je/1bl0 YBEIMYEHNA CEIEKTUBHOCT IPOLECCAa HUTPOBAHMA, PEAKIINIO
IPOBOJVIIN TIPU HEJOCTaTKe HUTpYollero areHta (ombIThl 6 u 7). IlocTeneHHOe BHeceHMe
HUTPYIOIEl CMecu B TedeHue 24 MPUBOAWIO K OOpasOBaHMIO IPEUMYILIECTBEHHO
HUTpocoennHeHNA 2a. J[pyroit msomep 2b copmeprkancs B peakIMOHHON Macce B C/Ie[OBBIX
6eH3sMMMIa3son 2a  ObLI

METaHOJIE

KonnmdecTBax. llocrme mepekpucramamMsanuyu B

BbIleIeH ¢ BbIXO#OM 89%. Takum o6pasom, ObUM OTpabOTaHbl YC/IOBMS CUHTe3a
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7-HUTpO-8-x710p-3,4-murnapo-1H-[1,4]okcasuno(4,3-a]6ensnmmaasona (2a) (cxema 1, ii) B
XOJle peakLMyl HUTPOBAHNUSA B MHIVIBU/Iya/IbHOM BUJIE.

Vcnonb3oBaHme M30BITKA HUTPYIOIIETO areHTa IIO3BOMMIO IONYy4YUTh (cxeMma 1, iii)
7,9-guHUTpO-8-X710p-3,4-muruapo-1H-[1,4]okcasuno[4,3-a]6ensumupason (3) ¢ Beixomom 89%.
BBepieHme ABYX HUTPOTPYI B CyOCTpaT 1 Mpomcxoauio Tonbko npu remneparype Baiie 80 °C.
Peaxuyio mpoBoauau B TedeHue 4 4.

CornmacHo panubiM 2D SIMP cmekrpockommu (puc. 5), BBefjeHMe HUTPOTPYIII
IPOMCXOANIO COITIACHO OpMEHTUpYIolleMy 3QQeKTy 3aMecTUTesI B 7-€ U 9-e MOTO0KEHNs

KOHJIEHCMPOBaHHOTO OeH3uMuzasona 1.

1,1
H H 4 o
| T
13 4/33/4 -
_q 6/4 - ) . 3/1
T 4/6
8 - é - 4 | 2 F|2 [ppm]

Puc. 5.'"H-'"H NOESY SIMP criextp 7,9-gunantpo-8-xmop-3,4-gurnapo- 1 H-[1,4]okcasuno(4,3-a]6ensnmmpasona (3)

[Tpu ramoreHnpoBaHNY KOH/IEHCUPOBAHHOTO OeH3uMmAasona 1 N-6poMcykunHnMumom
B KOHIIEHTPVPOBAHHOI CEPHOIT KMCTIOTe HAOMIOAIICh CXOXKIE C peaKiyeil MOHOHUTPOBAHMS
(cxema 1, i) 3akoHoMepHOCcTM. CreyeT OTMETHUTb, YTO [aHHAas peaklus IpoTeKana
3HAYNTE/IbHO MeJJIeHHee, 4eM IIpoljecc HuTpoBaHusA. IloaTomy 6poMupoBaHue IpOBOAVIIN
npu 40 °C B TeueHne 9 4. IlonHoe pacxomoBaHMe cyOcTpara 1 B peaknuy HabMOAAIOCH IpU
ucnonb3oBanuu 1.4 sxks NBS.

ITpu ObIcTpOM BHeceHUM OPOMMPYIOILETO areHTa HPOMCXOAMIO OOpasoBaHMe MBYX
nzomepoB. B '"H AAMP cnekTpe momy4eHHON CMecy NPUCYTCTBOBAIM 2 CUTHA/A IPOTOHOB B
BUJie CUHITIeTa 7,8-IUrajoreH3aMell[eHHOTO M30Mepa U Ba CUTHAJIa, MMeIollyie B Aybrera ¢
J = 8.6 'y, gpyroro msomepa, KOTOpBII OOpasOBBIBAJICA B MeHbIleM KoindecTBe. [Ipu
YBEIMYEHUN TEMIIEPATYpPhbl peaKLy KOINYECTBO JAHHOTO COeVIHEHN)A B PEaKIIMOHHOI Macce
CTAaHOBMJIOCH OOsIbIIIE.

[Toctenennoe nobasnenne pacrBopa N-Opomcykiyaumyaa B Tedenue 94 mpu 40 °C B
PEeaKLVOHHYIO Maccy II03BOJIAJIO IIOTY4YUTh 7-6pom-8-xop-3,4-guruppo-1H-
[1,4]oxcasuno(4,3-a]6eH3uMunason (4) mocime NepPeKpUCTAIIM3ALVUM B M3OIPOIIAHOJE C

BBIXOTOM 91% (cxeMma 2).
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4 Br
3 6 7
//\5 //\
N 8 i N
o a — \/4 a
AN AN
1 N 9 N
1 4

Cxema 2. Pearents! u ycnosus: i NBS, H,SO,, 40 °C, mocTreneHHOe BHeCeHMe TaJIOTeHUPYIOIETo areHTa B TedeHue 9 4.

VInTepecHbIM IIPECTaB/IANOCh YCTAHOB/IEHVE HAIIPaBIEeHN A IPOTEKaHNA peakuum SgAr
Py HUTPOBAHMM [IMTAJIOTEHIIPOM3BOAHOrO 4. B [maHHOM ciaydae aTOMBI TaJlOr€HOB
OPVMIEHTUPYIOT BBe[jeHUe HUTPOIPYIIbI B pasHOe IOJIOXKeHMe MOJIeKynbl. Ilpm OpicTpom
BHeceHNM HuTpyolero arenTta npu 40 °C 06pa3oBbIBaIICh 2 TPOAYKTa HUTPOBAHUA B 9-€ U B
6-¢ monmoXkeHusA B cooTHomeHMMu 1 : 0.21, COOTBETCTBEHHO. YBEINYEHUIO CONEPKaHUA
9-3aMeIeHHOTO IPOAYKTa B PEaKIMOHHOI Macce CIOCOOCTBOBA/IO MOCTEIIEHHOe J0OaBIeHNe
HUTpyoomein cMecu B Tedenme 3 4. ITocnme mepexkpucraimmsanyuy B M3ONPOIIAHONE BBIXOT,

7-6pom-8-xy10p-9-HuTpO-3,4-muruapo-1H-[1,4]okcasuno[4,3-a]6ensummuaasona (5) cocraBun

91%.
Br Br
3 4 6 7
//\lfl 8 i //\N
AN XN
1 N 9 N
4 5 NO

2
Cxema 3. Pearents! u ycnosus: i KNOs, H,SO,, 40 °C, mocTeneHHOe BHeCeHe HUTPYIOIIETo areHTa B TedeHue 3 4.
B 2D SMP cnektpe (puc. 6) coefyHeHNs 5 MPUCYTCTBOBAI KPOCC-TIVK B3aVIMOMEVICTBYS

nporonoB H** MopdonmHoBoro 1mukma ¥ apomarmyeckoro mporoHa HS,  4ro
CBUJIETENIbCTBOBAJIO O BBEEHUY HUTPOTPYIIIbI B 9-€ MOI0XKEHNE.

H6 Hl,l
H4H33 _
’ [ §
) e
13473 ° ]
7 16/4 . "3/4
T3 _
] -#» ) - oo
4/6
8 6 4 2 F2[ppm]

Puc. 6. 'H-'H NOESY SAMP cmexkrtp 7-6pom-8-xm0p-9-Hutpo-3,4-gurnnpo-1H-[1,4]okcasunol4,3-
a]6ensumupasona (5) (DMSO-ds)
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Takum 060pa3oM, NIpuM HUTPOBAHUMM U TajlOreHUpoBaHMM 8-Xymop-3,4-guruppo-1H-
[1,4]okcasuno(4,3-a]6ensnmupnasona (1) npoucxoguno obpasoBaHye ABYX M30MepoOB: 7,8- u
8,9-IM3aMelleHHbIX IPOAYKTOB. Ha CeleKTMBHOCTb apoMaTM4ecKoro 31eKTPOQIIbHOTO
3aMellleHMsI OKasblBa/lMl BJVSHNE TeMIIepaTypa peakUuyu M, OCOOEeHHO, KOHI[eHTpauys
3NIeKTPO(UIBHOTO areHTa B peakIMOHHOI Macce. [Ipy yMeHbIeHNN TeMIepaTyphl Ipoljecca
¥l KOHLIEHTPAL[MY PeareHTa BBefieHle 37IeKTPOIIIbHON YaCTUIIBI IPOTEKAIO IPEVMYILeCTBEHHO
B IIOJIOXKeHMe 7 KOHIEHCMPOBAHHOTO TreTepolukaa. [Ipy HecornmacoBaHHON OpMEHTAI[UU
3amectuteneil B 7-6pom-8-xmop-3,4-guruppo-1H-[1,4]okcasuno(4,3-a]6ensumupnazone (4)
BBefieHVe 3/IeKTPOPIIBHOM YacTUIBI IPEVMYIECTBEHHO IPOMCXOAWIO B 9-e IOT0XKEHNe.
B pesynbpTaTte npoBefieHHBIX MCCIEOBAHNIT OB OTPabOTAaHbl YCIOBYS QYHKIVOHAIM3ALINNI
oucdapmaxodopHoit MoeKybl 8-x10p-3,4-nuruapo-1H-[1,4]okcasnno[4,3-a]6eHsnmugasona
B peakumym SgAr. IlomydeHHBIe I'aJIOT€HHUTPOIPOU3BOJHbIE MOTYT MJCIIO/Ib30BATbCS IS
fla/IbHeTiIell GYHKIMOHAMN3ALMN B PeaKIIsAX apOMaTUIeCKOTO HyK/Ieo(pI/IbHOTO 3aMelleHIs
U BOCCTAHOBJIEHMSI, YTO MO3BOIUT 3HAYUTEBHO PACIIMPUTD Psifi U3BECTHBIX MPOU3BOSHBIX
3,4-nuruppo-1H-[1,4]okcasnno[4,3-a]6eHsumupasona.

IKCIepUMEeHTAaTbHAs 9aCTh

Temneparypsl ItaBneHus omnpegmens/mi Ha npubope PolyTherm A co ckopocTbio
HarpesaHus 3 °C/mMuH u He KoppekTupoBamu. Crekrpsl IMP perucrpuposanyu Ha npubope
«BrukerDRX-400» mns pactBopoB IMCO-ds. B xauecTBe aTajioHa I OTCYETa XMMUYECKUX
CIBUTOB JICIIOTIb30BAJIV CUTHA/IBI OCTaTOYHBIX IIPOTOHOB pacTBoputens B 'H SAMP (8 2.5 m.p.)
v B BC IMP (6 = 39.5 m.11.).

Macc-ClieKTpbl BBICOKOTO paspelleHNs A BelecTB 3 M 5 3aperucTpMpoBaHBI Ha
npubope Bruker micrOTOF  (BpemsamponerHsiit  Macc-anamsarop) (Tepmanms),
000pY/IOBaHHOM VICTOYHMKOM MOHM3anuyu anekTpopacnbUienreM (VIOP). [lmamason
ckaHupoBaHuA m/z 50-2000. BHemmH0O0 KamOpOBKY MIKaIbl MacC OCYILIECTBIA/IN C IOMOIIBIO
HI3KOKOHIIEHTPMPOBAaHHOTO  Ka/mMOpoBoyHOro  pactBopa  “Tuning mix”  (Agilent
Technologies). Beox o06pasioB ocymiecTBismm ¢ nomoinbio mmnpuna Hamilton RN 1750
(IIBesirapusi) ©Ha 500 MK1.  VI3MepeHMs TIPOBOAMINCH B PeXVMe PETMCTPaLM
TIOJIOKUTETbHBIX MOHOB (+) (3a3eMJ/IeHHAsA MIJIA PACIbUICHNUA, BBICOKOBOIBTHBIN KaIVJULAP
4500 B; pasHOCTD MOTEHINAIOB C 3aLUTHBIM 9KpaHoM cipes —-500 B). CkopocTb moToka npu
BBOJIe KOHTPO/IMPOBA/IN LINPHUIIEBBIM HACOCOM (3 MK/I/MMH). A30T MCIIO/NIb30Ba/IN B Ka4eCTBe
rasa-pacnbuintens (1.0 6ap) u rasa ocymmrens (4.0 n1/mus, 200 °C). [JanHble 06pabaTbIBamy ¢
UCIIO/Ib30BaHNeM IporpaMmHoro nakera BrukerData Analysis 4.0.

Macc-crieKTpsl BBICOKOTO paspelleHus i BellecTB 2a, 2b 1 4 3aperncTpupoBaHbl Ha
npubope Agilent 6546 (BpemsamponerHsli Macc-aHammsaTop) (Agilent Technologies),
000pyZOBaHHOM JCTOYHVKOM MOHM3anuy snekrpopacubiieHneM (JIOP) B pexume
HOJIOXKUTENbHBIX MOHOB. O6beM BBopmuMOIT mpobel — 10 Mk [lapamerprl McTOYHMKA:
TeMIleparypa oOBolakuBaomero rasa - 350 °C; morok ob6BomakuBarlnero raza — 11 psi
(0.758 6ap), Temmneparypa rasa-ocymmrensa - 320 °C, CKOPOCTb IIOTOKa ra3a-OCYIIUTEs —
3 n/muH, ras-pacmpumiTenb — 35 psi (2.413 6ap), BBICOKOBOIBTHBIN Kamwuiap — 3500 B.
Kannb6poBouHBIiT pacTBOp cofepykasl iBe BHyTpeHHMe pedepeHcHble Macchl (mypuH, CsHaNy,
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m/z 121,050873; wn HP-921 [rexcakuc-(1H,1H,3H-TeTpadropnenroxcu)docdasen],
CisH1506N3P3F24, m/z 922.0098). C60p 1 06paboTKa HaHHBIX IPOBOAMINCH C VICIOTb30BaHIIEM
nporpaMMHoro obecnedennss MassHunter Workstation 10.0 (Agilent Technologies). Bce
MaccChl ITOJTy4eHBI C OIIMOKOIT MeHee 5 ppm.

OO6mas MeToguKa CHHTe3a 7-HUTPO-8-xm0p-3,4-gurnpapo-1H-[1,4]okcasuno[4,3-
al6ensummnpasona (2a) wu  9-HuTpO-8-x7M0P-3,4-HUTHAPO-1H-[1,4]0KCasuHo[4,3-
a]6ensumnpgasona (2b)

K pacrBopy 1 r (0.0048 monb) 6ensumupasona 1 B 20 min H.SO, npu 30 °C BHOCWIN
pactop 0.51 r (0.005 monb) KNOs B 20 M H,SO4. 3aTeM peakImoHHYIO CMeCh IlepeMeIlBai
B TeyeHue 1 4. [Tocme oxymak/ieHNsi peakIOHHYI0O MacCy BBUIMBAIN B JIef, M 0OpabaTbIBamn
NH,OH po pH 8. Bermasumit ocajox oTGuIbTPOBBIBAIN, CYLIVIIN Y IePEKPUCTAIN30BBIBA/IN
B MeTaHose. [Ipy oxmakpeHuy 13 MeTaHO/MA BbIMafial usoMmep 2a. OWIbTpaT ymapuBai.
[Tomy4yeHHBI CyXO¥ OCTaTOK ITePEKPUCTAIIM30BBIBAIN B M30onponanoe. [Ipu oxmaxeHnn n3
M30IIpOIIaHO/Ia BbIafan usomep 2b.

7-HUTPO-8-x10p-3,4-murngpo-1H-[1,4]okcasuno[4,3-a]6ensumngason (2a) Brixon
64 %. T . 212-215 °C. Crextp 'H SIMP (400 MT'1i, IMCO-de) 6 8.46 (c, 1H, H9), 7.92 (c, 1H,
H®), 5.01 (¢, 2H, H"'), 4.29-4.25 (M, 2H, H**), 4.19-4.16 (m, 2H, H?*?). Cnextp “C JIMP
(101 MI'u, IMCO-ds) 6 155.02, 145.63, 142.70, 132.84, 121.16, 119.33, 109.60, 64.93, 63.68,
43.17. ESI-HRMS: m/z BeruncieHo CioHoCIN;Os: 254.0327 [M+H]*, Hamgeno 254.0331;
A =1.60 ppm.

9-HuTpO-8-X710P-3,4-mUrnpapo-1H-[1,4]okcasnno[4,3-a]6ensumupmason (2b). Brixop
17 %. T mn. 156-160 °C. Cuextp 'H AMP (400 MI', IMCO-d;) 6 7.88 (m, ] = 8.7 T'y, 1H, H°),
7.54 (m, ] = 8.6 T'y, 1H, H’), 5.01 (¢, 2H, H"'), 4.31-4.27 (M, 2H, H**), 4.19-4.15 (™, 2H, H*>?).
Cnextp PC SIMP (101 M I'y, IMCO-ds) 6 153.35, 138.99, 135.97, 135.70, 123.30, 117.61, 114.96,
64.80, 63.63, 43.16. ESI-HRMS: m/z Bbruncineno Ci;oHyCIN;O;: 254.0327 [M+H]*, Haitgeno
254.0333; A = 1.78 ppm.

Meroguka CHMHTe3a 7-HUTPO-8-x10p-3,4-gurnpgpo-1H-[1,4]okcasuno[4,3-
a]O6ensumnpgasona (2a).

K pactBopy 1.0 r (0.0048 monb) 6ensumupaasona 1 B 20 i HoSO4 ipu 20 °C B Teyenne 2 4
npukanbiBamyu pactsop 0.51 r (0.005 monb) KNOs B 20 M H,SO4. 3aTeM peakijmoHHYIO cMech
BbUIMBanu B nieq u obpabarsiBamu NH,OH mo pH 8. BeimaBiumit ocagok oTduibTpoBbIBaIn,
CYLIVMIN ¥ IePEeKPUCTA/UIN30BbIBA/IM B MeTaHO/Ie. Boixon 1.08 T (89 %).

Meropuka cuHTe3a 7,9-ZUHUTPO-8-X1m0p-3,4-gurnpapo-1H-[1,4]okcasnno[4,3-
al6ensumnpgasona (3).

K pactBopy 1 r (0.0048 monb) 6ensumupmasona 1 B 20 mn H,SO, mpn 60 °C BHOCHIN
pactBop 1.02 1 (0.010 monb) KNOs B 20 M H,SO4. 3aTeM peakI[MOHHYIO CMeCh IiepeMelIlBa
npu 90 °C B TedyeHme 4 4. Ilocne oxmakfeHMA peaKkUMOHHYIO MacCy BBUIMBAIM B JIE[ U
obpabareiBam NH,OH po pH 8. BemaBmmit ocamok OTGMIBTPOBBIBAIYM, CYMIWIN U
MepeKPUCTA/UIN30BBIBAIN B cMecH n3onponanona u JMOA.

Beixon 1.28 1 (89 %). T . 244-247 °C. Cuextp 'H SIMP (400 MT'u, IMCO-ds) 6 8.87
(¢, 1H, H9), 5.08 (c, 2H, H'), 4.38-4.36 (v, 2H, H*), 4.21-4.18 (m, 2H, H*?). Criextp “C SIMP
(101 MTI', IMCO-ds) § 217.93, 157.59, 142.05, 139.31, 137.70, 134.69, 112.44, 111.71, 64.81,
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63.43, 43.80. ESI-HRMS: m/z Boruncnero C;oHsCIN,Os: 299.0178 [M+H]*, Haitgerno 299.0190;
A =4.01 ppm.

Meronuka CHMHTe3a 7-6pom-8-xm0p-3,4-guruapo-1H-[1,4]oxcasuno[4,3-
al6ensumunmasomna (4).

K pactBopy 1.0 r (0.0048 monb) 6ensumupaasona 1 B 20 i HoSO4 ipu 40 °C B Teyenne 9 4
npukanbiBamu pactsop 1.2 r (0.0067 mons) NBS B 30 M H,SO,. 3atem peakumoHHYyI0 cMech
BbUTMBanu B neq u obpabarsiBamu NH,OH mo pH 8. BeimaBmumit ocagok oTduibTpoBbIBaIn,
CYLIVIN U TIEPEKPUCTA/IN30BbIBA/IN B M30IIPOIIAHOIE.

Boixopm 1.26 T (91 %). T mn. 192-199 °C. 'H AMP (400 MI';, IMCO-ds) 6 8.02 (¢, 1H, H®),
7.84 (¢, 1H, H?), 4.94 (¢, 2H, H""), 4.09-4.23 (M, 4H, H>***). BC AMP (101 MI'u, IMCO-d;)
0 151.43, 143.09, 134.71, 126.78, 120.64, 115.57, 114.42, 65.01, 63.91, 43.12. ESI-HRMS: m/z
BeruncieHo CioHoBrCIN,O: 288.9559[M+H]", naitneno 288.9562; A = 1.12 ppm.

Metoauka cuHTe3a 7-0poM-8-xm0p-9-HUTPO-3,4-qurnapo-1H-[1,4]okcasunol4,3-
al6ensumumasona (5).

K pactBopy 1 r (0.0035 monb) 6ensumupasona 4 B 20 v H.SO4 ipu 40 °C B Tevenue 3 4
nocreneHHo BHOCUIM pactBop 0.37 r (0.0036 monp) KNO; B 20 Mt H,SO4. ITocne oxmaxkpenns
PeakIMOHHYI0 Maccy BeUMBany B jef u oopadareiamy NH4OH no pH 8. Bemmasumit ocagok
OT(UIBTPOBBIBAMY, CYLIV/IN U IIEPEKPUCTAIN30BBIBAIN B M30IPOIIAHOIE.

Beixop 1.06 T (91 %). T wr. 237-240 °C. Cuextp 'H AMP (400 MT'1, IMCO-ds) 6 8.42
(c, 1H), 5.01 (c, 2H, H"'), 4.30-4.26 (M, 2H, H**), 4.18-4.14 (m, 2H, H*?). “C JAMP (101 MI1,
IMCO-ds) 6 154.25, 139.60, 136.28, 135.13, 118.47, 117.85, 114.86, 64.77, 63.55, 43.45.
ESI-HRMS: Bbruncneno CioH;BrCIN;Os: 333.9411[M+H]*, Haitneno 333.9418; A = 2.10 ppm.

bnarogapHocTHn

ABTOpBI BBIp@XXAIOT OarOJAPHOCTh MIAfILIeMy HayYHOMY COTPYAHMKY TabopaTopuu
MeTa/UTOKOMITIEKCHBIX 11 HaHOpasMepHBIX KaTanmn3atopos (Ne30) MOX nm. H.JI. 3ennuckoro
PAH Banentnne BukropoBHe VINnbIOIIEHKOBOJ 32 perMCTPaLMIO ¥ OIMCAHME MACC-CIIEKTPOB
BEIIECTB, U ITOJIe3HbIe OOCYXK/IeHMA.

Kondnukr maTepecon

ABTOpBI 3aABJIAIOT 00 OTCYTCTBMUM KOH(IMKTA VIHTEPECOB, TPeOYIOIEro PacKphITUS B
JaHHOM CTaThe.

®OuHaHCHUpOBaHUe

Pabora BbIIIO/NHEHA B paMKaxX IOCYApPCTBEHHOTO 3aJjaHNs Ha OCYILeCTBJIEHVe HayYHBIX
VICCIEOBaHMII M pa3paboTOK  (efiepa/lbHOTO  TOCYHAPCTBEHHOTO  OIOJPKETHOTO
06pa3oBaTeNIbHOTO YYpEXIeHMs BBICIIET0 oOpasoBaHMA «SpocmaBckuil TOCymapCTBEHHBIN
MeIVILVHCKAN YHUBEPCUTET» MuHuUCTEpPCTBa 3apaBooxpaHennsa Poccuiickoit Pepepanym Ha
2025 rog mo Teme: «Pa3paboTka HOBBIX JIEKQpPCTBEHHBIX IIPeIapaToB [y TapreTHON
XUMMOTEPAINY OHKOJIOTMYEeCKIX 3a60/IeBaHMII HA OCHOBE KOH/ICHCYPOBAHHBIX IPOM3BOJHBIX
OeH3MMMa30/1a C Y3/I0BBIM aTOMOM a30Ta».
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Keywords: Abstract. The interdisciplinary field of dopamine-mediated coloration, spanning materials
dopamine, science, biomimetics, and sustainable chemistry, has experienced rapid growth, making
polydopamine, comprehensive literature synthesis increasingly challenging. This paper presents a novel

coloration, Citavi, — methodology for transforming the reference management software Citavi into a structured
knowledge system,  knowledge system, enabling both manual and AI-augmented trend analysis. We curated and

trend analysis, annotated over 1,000 publications, with particular focus on dopamine and polydopamine in
Al in research, textile functionalization and coloration. Structuring via custom taxonomies (e.g., substrate
Qwen3-Max, type, deposition method, durability metrics) enabled AI-driven synthesis using Qwen3-Max.
materials science,  Key insights include: (1) PDA’s role as a universal textile modifier enhancing dye fastness,
bibliometric enabling structural color, and imparting antimicrobial/UV functions; (2) enzymatic
synthesis (laccase-mediated) DA polymerization as an emerging green alternative; (3) under-explored

potential in wool and scalability studies. Al insights were reintegrated into Citavi as “Al
Insight Notes,” creating a dynamic human-Al collaborative environment. This approach
offers a reproducible framework for domain mapping in fast-evolving fields.
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Introduction

Dopamine, 2-(3,4-dihydroxyphenyl)ethylamine, initially recognized for its pivotal role as
a neurotransmitter in the mammalian central nervous system, has undergone a remarkable
scientific transformation from a biological signaling molecule to a cornerstone of modern
materials chemistry. This evolution began in earnest with the landmark 2007 study by Lee et al.
[1], who demonstrated that polydopamine (PDA), a synthetic polymer inspired by the adhesive
proteins of marine mussels, could form robust, conformal coatings on virtually any material
surface under mild aqueous conditions. This discovery unlocked a new paradigm in surface
engineering, positioning PDA as a universal platform for functionalization of various materials.

© F.Yu. Telegin, T.E. Nikiforova, J. Ran, V.G. Pryazhnikova, 2025
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In the decade that followed, research expanded rapidly beyond adhesion. Scientists
revealed that PDA’s chemical versatility rooted in catechol and amine functionalities enabled
applications in biomedicine (e.g., drug delivery, antifouling coatings), environmental
remediation (e.g., heavy metal adsorption [2-4]), energy storage (e.g., battery electrodes [5, 6]),
and catalysis [7-9]. Seminal reviews [10, 11] systematized the chemistry of PDA formation and
highlighted its role as a “molecular glue” for hybrid material design. Studies by Kohri and
colleagues (2025-2021), for example [12-14] illuminated PDA’s melanin-like optical properties,
drawing parallels between synthetic polydopamine and natural pigments responsible for
coloration in skin, hair, and feathers.

This optical dimension gradually catalyzed interest in color generation. Unlike
conventional dyes that rely on molecular absorption, PDA-based systems began to be explored
for their ability to produce structural color, a phenomenon where hue arises from nanoscale
architecture rather than chemistry. Early demonstrations included PDA nanoparticles for non-
iridescent coatings and PDA-assisted assembly of photonic crystals on textiles and polymers.
Several works [15, 16], and [14] established that PDA not only serves as a scaffold but also
enhances color purity by absorbing stray light, mimicking the function of natural melanin in
biological structural color.

As the field matured, dopamine-mediated coloration emerged at the intersection of
sustainable chemistry, biomimetics, and advanced functional textiles. Researchers began to
explore green alternatives, such as laccase-catalyzed dopamine polymerization ([17, 18]), and
multifunctional finishes that combine color with UV protection, antimicrobial activity, or
environmental responsiveness. Yet, this rapid expansion has led to fragmentation:
contributions now span chemistry, materials science, textile engineering, photonics, and
sustainability, making comprehensive synthesis increasingly difficult.

Traditional review methodologies struggle to map such a dynamic, interdisciplinary
landscape. There is thus a pressing need, not for another application-focused study, but for a
novel knowledge-mapping framework capable of revealing cross-cutting trends,
methodological shifts, and underexplored opportunities. This paper responds to that need by
introducing a structured knowledge system built in Citavi and augmented by AI-driven trend
analysis. Rather than presenting new experimental data, we offer a methodological innovation
for navigating complex scientific domains using dopamine-mediated coloration as a
representative case study.

Methods

Building a Structured Knowledge System in Citavi
Source Collection and Import
We collected over 1,000 publications (2007-2025) from Scopus, Web of Science, Google
Scholar, and eLIBRARY.ru. Sources included:
e peer-reviewed journal articles,
e review papers,
e conference proceedings,
e theses and technical reports.
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All items were imported into Citavi 6 (Windows) [19], with metadata (title, authors, year,
abstract, DOI) auto-extracted where possible. PDFs were attached and full-text indexed for

search.

Knowledge Structuring via Taxonomy and Metadata

We designed a domain-specific annotation schema using Citavi’s native features:

Hierarchical Keywords (Thematic Organization)

o

® O O O O ¢ O O O ® O O O

o O O O

Dopamine Form

Dopamine (monomer)
Polydopamine (polymer)
Material Substrate

Natural Fibers: Cotton, Silk, Wool
Synthetic Polymers: PET, Nylon
Inorganics: TiO,, SiO,
Coloration Mechanism
Oxidative Self-Polymerization
Metal-Ion Coordination (Fe**, Cu*)
Structural Color

Application Area

Textile Dyeing

Smart Sensors
Anticounterfeiting

Biomedical Coatings
Deposition Method
Dip-Coating

Spray Coating

Electrochemical

Vapor-Phase

Custom Fields (Structured Data Capture)

Field Type Example Value
pH of Reaction Number 8.5
Dopamine Concentration Number 2 mg/mL
Color (CIE L*a*b*) Text L*:60, a*:20, b*:30
Wash Stability (cycles) Number 50
Country of Study Text China, Russia, USA
Temporal Phase Text Foundational (2007-2015)

Annotation and Synthesis

Each entry received:

Quotations: Key methodological or result sentences.
Comments: 2-3 sentence summary of contribution.
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e Idea Notes: Cross-paper synthesis (e.g., “Contradiction: optimal pH reported as 8.5
vs. 9.0—needs meta-study”).
e Tasks: “Compare with Zhang 2023,” “Check scalability claim.”

Native Citavi Analytics
We used Citavi’s built-in tools for preliminary trend spotting:
e Statistics > Publications per Year: Growth curve of field.
e Statistics > Keywords: Frequency of themes (e.g., “Biomedical Coatings” rose 300%
post-2020).
e Filters: “Show all 2020-2025 papers on Silk + pH-responsive.”

AI-Augmented Trend Analysis with Qwen3-Max
About Qwen3-Max:
Qwen3-Max is the most capable variant in the Qwen3 series of large language models,
developed by Alibaba’s Tongyi Lab (2025) [20]. It features:
e Strong multilingual (EN/RU) and scientific reasoning
e 32,768-token context window—ideal for aggregated bibliographic datasets
¢ Instruction-following fine-tuning for analytical tasks
e We selected Qwen3-Max for its ability to perform thematic clustering, temporal
trend detection, gap analysis, and synthesis over structured metadata.

Workflow: Citavi > AI > Citavi

e Export: Citavi project exported as structured CSV (Title, Year, Keywords, Custom
Fields, Notes).

e Preprocess: Formatted into prompt-ready blocks.

e Prompting: Key prompts included:

o “Cluster these 1000+ entries by Material + Application + Year. Identify top 5
thematic clusters and their evolution.”

o “What material-application combinations are under-researched? Suggest 3 high-
potential opportunities.”

o “Detect contradictions in optimal pH or concentration across studies.”
Validation: AI outputs cross-checked against manual review and domain knowledge.

e Reintegration: Al insights added back into Citavi as “Al Insight Notes” attached to
relevant keywords or papers.

Results and Discussion

Key Trends Identified by AI Synthesis

Our Al-augmented analysis of the Citavi knowledge base reveals that dopamine-mediated
coloration has evolved from a biomimetic curiosity into a multifunctional platform for
sustainable materials engineering. Central to this evolution is the systematic structuring of
literature via domain-specific metadata, exemplified by the annotation schema in Table 1. This
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schema transforms Citavi from a passive bibliography into an active knowledge discovery
system. Each custom field encodes critical experimental and performance parameters:

- pH of Reaction and Dopamine Concentration capture synthesis conditions that dictate
coating morphology and adhesion;

- Color (CIE L*a*b*) provides objective, quantitative color data essential for comparing
structural vs. pigment-based hues;

- Wash Stability and the newly added Light Fastness fields directly address industrial
durability requirements;

- Substrate and Deposition Method enable cross-material comparisons (e.g., cotton
vs. PET) and green chemistry assessments (e.g., enzymatic vs. chemical oxidation).

Table 1. Citavi Annotation Schema — Custom Fields (Enhanced for Textiles)

Field Type Example Value Description
pH of Reaction Number 8.5 Optimal for PDA formation
Dopamine Concentration Number 2 mg/mL For uniform coating
Color (CIE L*a*b¥) Text L*:60, a*:20, b*:30 Measured color metrics
Wash Stability (cycles) Number 50 Post-wash color retention
Light Fastness (scale) Number 4-5 (ISO 105-B02) UV resistance rating
Substrate Text Cotton, Silk, PET Fiber type
Deposition Method Text Dip-Coating, Enzymatic Application technique
Temporal Phase Text Foundational (2007-2015) Historical context

This structured approach not only supports native Citavi analytics but also enables precise
Al prompting, such as “Compare light fastness of PDA-ZnO coatings on silk vs. cotton”,
thereby turning fragmented literature into a queryable, evolving knowledge map.

The dominant material in this domain remains polydopamine (PDA), synthesized via
oxidative self-polymerization of dopamine. Its unique combination of strong adhesion, high
refractive index, and tunable optical properties makes it ideal for surface functionalization.
Closely related are melanin-like nanoparticles, which leverage broad UV-visible absorption for
high-contrast, non-fading coloration.

Three primary coloration mechanisms emerged from the analysis:

1. Structural colors generated via light interaction with nanostructures - offering
eco-friendly, high-saturation alternatives to dyes;

2. Interference and scattering effects, enhanced by PDA’s high refractive index;

3. Non-iridescent colors, a recent research focus aimed at achieving angle-independent,
high-visibility hues for practical applications.

Surface coating and functionalization strategies further demonstrate PDA’s versatility.
Coatings are consistently reported as durable, wash-fast, and fade-resistant, while
functionalization with graphene, metal nanoparticles, or metal oxides imparts antimicrobial,
UV-protective, or conductive properties-transforming passive textiles into active, responsive
materials.

Application of Dopamine and Polydopamine in Textile Coloration
The application of PDA in textiles spans surface modification, durability enhancement,
and structural color fabrication. Critically, these advances are tracked and contextualized
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through the trends identified in Table 2, which highlights the most dynamic research
trajectories in the field.

PDA-templated antimicrobials (e.g., ZnO/Ag on cotton) represent a mature yet rapidly
growing area (+150% since 2018), directly enabled by PDA’s role as a nucleation platform. This
trend aligns with industrial demands for multifunctional finishes. Similarly, structural color on
silk/cotton has surged (+220% since 2020), driven by the need for non-toxic, non-fading
alternatives to synthetic dyes. Notably, PDA coatings significantly improve the light fastness of
natural dyes on silk [21]. Ran’s group further showed that PDA-ZnO hybrid coatings on cotton
not only enhance UV blocking but also impart photocatalytic self-cleaning properties without
compromising color stability [22]. This concept has been extended to other photocatalytic
nanocomposites: for instance, Ag-TiO, nanoparticles immobilized on polyester fabric (without
PDA) demonstrated enhanced solar-driven self-cleaning and antibacterial activity, with the
anatase phase content critically dependent on the Ag*/Ti*" ratio [23]. Similarly, mechanically
activated TiO,-pillared montmorillonite exhibited high photocatalytic efficiency in dye
degradation due to increased surface area and defect-mediated active sites [24]. The enhanced
activity of TiO, in the anatase phase suggests that PDA-based templating could further improve
the dispersion and adhesion of such advanced photocatalysts on textiles.

Table 2. Top 5 Research Trends in Textile Applications (AI-Identified)

Trend Description Key Papers Year | Growth
Structural Color on Rellpld, durable, angle- Zhu et al. 2020, 2021 [15]; 2020 | 220%
Silk/Cotton independent color [25]
. Eco-friendly, metal-free Nong et al. 2020; Jia et
Enzymatic (Laccase) ) o 2017 | 180%
Deposition functionalization al. 2017 [18]; [17]
PDA-Templated ZnO/Ag on cotto.n for durable Ran et al. 2018; Tania et 2018 | 150%
Antimicrobials protection al. 2021 [22]; [26]
Smart Responsive pH/temp—trlgg'ered color for He et al. 2014; Wang et 2014 | 130%
Textiles sensing al. 2022 [16]; [27]
Lack of industrial-scale process
Scalability Gap studies Al-flagged gap — —

The one-step, rapid fabrication of angle-independent hues, often using PDA-melanin
films, addresses both aesthetic and durability requirements.

Emerging green chemistry approaches are captured in the enzymatic (laccase) deposition
trend (+180% since 2017), which avoids toxic oxidants and enables metal-free
functionalization. This pathway complements conventional chemical methods and reflects the
field’s shift toward sustainability.

Meanwhile, smart responsive textiles (+130% since 2018) leverage PDA’s stimuli-
responsive chemistry for pH- or temperature-triggered color shifts, enabling applications in
sensing and adaptive camouflage.

Notably, Table 2 also exposes a critical gap: the scalability gap, flagged by Al as a complete
absence of studies on industrial-scale PDA coating processes. This insight, reintegrated into
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Citavi as an “Al Insight Note”, has already spurred new research tasks, such as “Collaborate
with textile mills to pilot continuous PDA coating lines.”

Together, Tables 1 and 2 form a complementary framework: Table 1 provides the
structured data foundation, while Table 2 reveals the emergent knowledge patterns. This
human-AT collaborative loop—structured data > Al synthesis > enriched annotations > deeper
queries—enables continuous refinement of the knowledge base and targeted identification of
research opportunities.

Research Gaps and Emerging Opportunities

The trends identified in Table 2 not only map the current frontiers of dopamine-mediated
textile functionalization but also expose critical imbalances in the research landscape. While
structural color on silk and cotton has surged by 220% since 2020, driven by demand for
eco-friendly, non-fading alternatives to synthetic dyes, this progress remains concentrated on a
narrow set of substrates. Similarly, PDA-templated antimicrobials (e.g., ZnO/Ag on cotton)
reflect a mature yet still expanding trajectory (+150% since 2018), demonstrating PDA’s utility
as a universal nucleation platform for durable, multifunctional finishes.

However, Table 2 also reveals a stark asymmetry: despite the rise of “green chemistry”
approaches like enzymatic (laccase) deposition (+180% since 2017), these innovations remain
confined to lab-scale demonstrations on silk or model surfaces. More critically, the “Scalability
Gap”, flagged by Al as a complete absence of studies on industrial-scale PDA coating processes,
represents a systemic blind spot. No publication in our knowledge base addresses continuous
dip-coating, roll-to-roll spray systems, or compatibility with existing textile finishing lines. This
disconnect between academic innovation and industrial applicability threatens to limit
real-world impact.

Furthermore, certain high-potential materials remain neglected. Wool, for instance,
appears in fewer than 10 studies, despite its protein-rich surface being highly compatible with
catechol-based adhesion and its relevance to sustainable fashion. This underrepresentation
suggests a significant opportunity for research that bridges biomimetic chemistry with natural
fiber valorization.

Human-AI Collaboration: Closing the Loop Between Insight and Action

The true power of our methodology lies not in AI’s ability to detect trends, but in the
feedback loop it enables between machine-generated insight and human expertise. As
illustrated in Table 2, AI does not merely list topics, it contextualizes them: identifying
“enzymatic deposition” not just as a keyword, but as an emerging green alternative with
standardization potential; framing the “scalability gap” not as a void, but as a high-impact
opportunity for industry-academia partnership.

This synergy is operationalized through reintegration: Al outputs are transformed into
actionable Citavi annotations — “Idea Notes,” “Tasks,” and “AI Insight Notes” — that directly
shape research strategy. For example:

- When Al flagged enzymatic deposition as rising, a human expert linked it to laccase-
catalyzed grafting on silk [18, 17], recognizing its alignment with metal-free, low-energy textile
processing.
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- When AI noted the absence of scalability studies, the team created a concrete task:
“Collaborate with textile mills to pilot continuous PDA coating lines”, turning a bibliometric
gap into an R&D agenda.

Thus, Table 2 is more than a summary of trends, it is a living roadmap, dynamically
updated through the Citavi > AI > Citavi cycle. This human-AI collaborative framework
ensures that literature synthesis is not a static endpoint, but a catalyst for targeted, forward-
looking research.

Guiding Future Research Through Structured Knowledge Mapping: Evaluating
Thematic Impact with AI-Augmented Citavi

A targeted assessment of the research group led by one of co-authors of current paper,
Ran J., reveals a highly focused and application-driven body of work that not only aligns with
current trends in dopamine-mediated coloration but also provides a strategic foundation for
future research directions.

The research group has consistently demonstrated that polydopamine (PDA) serves as a
robust, scalable platform for multifunctional cotton finishing, particularly through the in situ
growth of ZnO and Ag nanoparticles. Their landmark 2018 study [22] established a mild,
aqueous-phase protocol yielding fabrics with simultaneous UV resistance, photocatalytic self-
cleaning, antimicrobial activity, and enhanced dyeability, a combination directly responsive to
industrial demands for durable, eco-friendly textile functionalization. Critically, these methods
avoid high temperatures, organic solvents, or complex equipment, positioning them as near-
term translatable solutions.

This work intersects with three high-growth trends identified in Table 2:

- PDA-templated antimicrobials (+150% since 2018), where Ran’s ZnO/Ag systems offer
empirical validation of PDA’s nucleation efficacy;

- Light fastness enhancement, as PDA-ZnO coatings significantly improve UV shielding
without compromising color stability;

- Scalability-oriented processing, since their solution-based dip-coating is compatible
with existing textile finishing lines.

More importantly, Ran’s research trajectory anticipates and enables key future directions:

- Hybrid Functional Systems: By integrating PDA with metal oxides, her work lays the
groundwork for multimodal textiles (e.g., UV-protective + antimicrobial + conductive), a
frontier highlighted by AT as high-potential.

- Sustainable Process Optimization: While her group uses chemical oxidation, the mild
conditions they employ create a natural bridge to enzymatic (laccase-mediated) routes, the
fastest-growing green chemistry trend (+180% since 2017). Future work could hybridize Ran’s
templating strategy with enzymatic polymerization for fully metal-free, low-energy finishing.

- Industrial Translation: The absence of scalability studies in the broader literature (the
“Scalability Gap” in Table 2) makes Ran’s industrially compatible protocols especially valuable.
Her methods provide a ready-to-pilot framework for collaboration with textile mills, precisely
the action item generated by Al-human collaboration in Section 4.4.

Notably, Ran’s research does not overlap with structural color or wool functionalization,
two other emerging frontiers. This strategic focus is a strength: it establishes her group as a

79



FROM CHEMISTRY TOWARDS TECHNOLOGY Ellagi 114 VOL. 6, ISSUE 4, 2025

reference point for cotton-based, nanoparticle-enhanced PDA finishing, while leaving room for
complementary work on other substrates or optical effects.

In summary, Ran’s contributions exemplify how targeted, application-oriented research
can both validate current trends and scaffold future innovation. Her portfolio not only
reinforces the manuscript’s core thesis that PDA is a practical, scalable platform for sustainable
textile engineering, but also offers a concrete pathway to address the field’s most critical gap:
industrial translation. As such, her work serves as both an anchor for present understanding
and a springboard for next-generation research in dopamine-mediated functionalization.

Conclusion

The application of dopamine and polydopamine in coloration has evolved from
biomimetic curiosity into a platform for multifunctional, responsive, and industrially relevant
textile engineering. PDA serves as a universal modifier, enhancing dye fastness, enabling
durable structural color, and imparting antimicrobial, UV-protective, and conductive
properties. Critically, our AI-augmented knowledge system not only maps these advances but
also identifies actionable pathways for future innovation, such as the underexplored potential
of wool functionalization or the urgent need for scalable PDA coating processes.

The case of Ran’s research group exemplifies how targeted, application-driven work,
validated and contextualized through our framework, can serve as a springboard for industrial
translation. Their scalable, aqueous-phase protocols for cotton functionalization directly
address the “scalability gap” flagged by AI, demonstrating how structured knowledge mapping
can align academic output with real-world needs.

The Citavi > Al 5> Citavi methodology thus transcends traditional literature review: it is
a reproducible, domain-agnostic framework for strategic research planning in fast-evolving
interdisciplinary fields. By transforming fragmented publications into a dynamic, human-AI
collaborative knowledge environment, it empowers researchers not just to understand the
present, but to shape the future.
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1,2,4,5-tetrazines, of aromatic nitriles with hydrazine hydrate in the presence of elemental sulphur. We study
aromatic nitriles, the structure of synthesised dihydro-1,2,4,5-tetrazines by 'H NMR spectroscopy, quantum

hydrazine hydrate, ~ chemical modelling, and the density functional method with a basis set of 6-31G (d,p) basis

dihydrotetrazines, set. As a result, 1,4-dihydro- are similar to 1,2-dihydrotetrazines in terms of their total

oxidation reactions  energy values. Additionally, the equilibrium in a mixture is in approximately equal
amounts for most their substrates. The corresponding 3,6-diaryl-1,2,4,5-tetrazines were
synthesised by oxidising the obtained dihydro-1,2,4,5-tetrazines with sodium nitrite in
glacial acetic acid. Their structure was confirmed by '"H NMR spectroscopy. The authors
forecast effective binding to receptors and enzymes for all synthesised target compounds.
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Introduction

Azaheterocycles are of particular interest among the wide variety of heterocyclic
compounds [1]. They draw attention primarily because of their broad spectrum of biological
activity. The 1,2,4,5-tetrazines are the most widespread compounds. The presence of four
nitrogen acceptor atoms in their structure determines the uniqueness of the physicochemical
properties of this class of heterocyclic compounds. Indeed, they are high-energy compounds
[7-11], and have fluorescent properties [2], ability to interact with various nucleophiles and
dienophiles [3-6]. Tetrazines have a large number of heteroatoms in their structure and possess
additional capabilities for non-covalent binding with various biological targets. The highly
electrophilic nature of the heterocycle can enable chemical binding with pathogenic objects,
thereby disrupting their functions. Therefore, 1,2,4,5-tetrazine derivatives show various types
of biological activity, such as herbicidal [12], antimalarial [13], anti-inflammatory [14],
antibacterial [15], and antitumour [16-18].
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In this regard, the development of methods for obtaining and transforming
1,2,4,5-tetrazines is a crucial task for medical chemistry and the chemistry of heterocyclic
compounds.

Main body

We synthesised the target products in two stages. At the first stage, we obtained 3,6-diaryl-
1,2,4,5-tetrazines by reacting aromatic nitriles with hydrazine hydrate; at the second stage, we
oxidised them with sodium nitrite in acetic acid to 1,2,4,5-tetrazines (Scheme 1).

Upon heating aromatic nitriles in a significant excess (15-fold in moles) of hydrazine
monohydrate, the yields of 3,6-diaryl-1,2,4,5-tetrazines did not exceed 50%. It was not possible
to isolate individual reaction products for some substrates. Many of the mixtures were resinous.
This is due to the presence of intermediate (amidrazones), starting and by-products. Some
literary sources [19] mention the use of sulphur for the production of dihydro-1,2,4,5-
tetrazines.

The addition of sulphur to the synthesis reaction of dihydro-1,2,4,5-tetrazines allowed us
to increase the yield of 3,6-diphenyl-dihydro-1,2,4,5-tetrazine 4a from 32% to 70%, and also to
obtain dihydro-1,2,4,5-tetrazines 4(b-k), which could not be obtained without the use of sulfur.

H
"™ S N
R—=N + H,N-NH, — I};NH2 _— |
R” ™N-
1(a-k) 2 3(a-k) H 4(a-k)

R =Ph (a), PhCHz (b), 4-BrCeH, (C), 4-FCsH, (d), 4-CH;0CsH,4 (e),
4-NO,CeHj (), 2,4-(CH50).CeHs (g), Py (h), C@ (i), 3-Tp (j), 4-CF:CsH, (k)

Scheme 1
The mechanism of the reaction in the presence of sulphur has not been studied. However,

based on the fact that hydrogen sulphide is released during the reaction, it can be assumed that
the imino group (=NH) is first replaced by sulphur, which is then cleaved off during the reaction

(Scheme 2).
NH s S N—-NH
R — RA s RYO R
HN—NH, HN-NH,” 725 HN-
Scheme 2

3,6-Diaryl-1,2,4,5-tetrazines can be formed and exist in the form of three isomers

(Scheme 3).
2T de
s TN
HN—-NH N-N
O O<<0
Scheme 3 N
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According to the literature, some authors propose the structure of 1,2-dihydro-1,2,4,5-
tetrazines, which are unstable and prone to oxidation; others suggest 1,4-dihydro-1,2,4,5-tetrazines,
while the others - 3,6-dihydro-1,2,4,5-tetrazines. However, none of the authors provide spectral
data for this group of compounds. All researchers used them further to obtain 1,2,4,5-tetrazines.
We studied the structure of synthesised 3,6-diaryl-1,2,4,5-tetrazines using 'H NMR
spectroscopy and quantum chemical modelling. The data from the "H NMR spectra indicate
that most dihydro-1,2,4,5-tetrazines are formed as mixtures of isomers with one of them
predominating. The 'H NMR spectrum shows proton signals from one isomer for
3,6-dibenzyldihydro-1,2,4,5-tetrazine 4b and 3,6-di(pyridin-4-yl)-dihydro-1,2,4,5-tetrazine 4h.
It couldn't be clearly linked to a specific structure.

We performed quantum chemical modelling of all three possible isomers to determine
the most stable isomers of 3,6-diphenyldihydro-1,2,4,5-tetrazine 4a. These will therefore be
present in greater quantities in the isomeric mixture. We performed calculations using the PC
GAMESS/FireFly8.2 software package [20]; for the gas phase using the density functional
method with a 6-31G (d,p) basis set. Table 1 presents the results.

Table 1. Energy characteristics of isomeric 3,6-diphenyldihydro-1,2,4,5-tetrazines

Isomer Total energy, atomic units (4E’, kJ/mol)
N—NH
©_<1 r\?_® -759.6677
- (4E=0)

HN-NH

I
M r\?_® -759.6573
- (AE =27.31)
|
N_N
M r\P_Q -759.6141
= (AE =140.75)
I

* — calculated relative to the energy of the most thermodynamically stable isomer

According to the calculations (Table 1), the most stable isomer is 3,6-diphenyl-1,4-
dihydro-1,2,4,5-tetrazine I; the least stable is 3,6-diphenyl-3,6-dihydro-1,2,4,5-tetrazine III.
Consequently, the formation and presence of the latter isomer in the isolated product is
unlikely. The 1,4-dihydrotetrazine I and 1,2-dihydrotetrazine II are pretty close in terms of total
energy (AE = 27.31 kJ/mol). This allows us to assume they can turn into each other and be found
in a mixture in roughly equal amounts. It explains the complex proton signal system in the '"H
NMR spectrum of 3,6-diphenyldihydro-1,2,4,5-tetrazine 4a.

We performed the oxidation of 3,6-diaryl-1,2,4,5-tetrazines with sodium nitrite in glacial
acetic acid to obtain 3,6-diaryl-1,2,4,5-tetrazines using a well-known method described in [21]
(Scheme 4).

The structure and purity of the obtained substances 5(a-k) were confirmed by TLC,
elemental analysis, and "H NMR spectroscopy.
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N_R R
NSy NaNo, N
| —
4(a-k) S(a-k)

R= Ph (a), PhCHz (b), 4-BI'C5H4 (C), 4—FC6H4 (d), 4-CH3OC6H4 (e),

4-NO,CsHj (f), 2,4-(CH50),CsH; (g), Py (h), C@ (i), 3-Tp (j), 4-CFsCsH, (k)
Scheme 4

The predicted biological activities of the synthesised compounds were calculated using
the PASS (Prediction of Activity Spectra for Substances) Online programme [22]. The compounds
studied 5(a-k) are forecasted to bind effectively to receptors and enzymes (inhibition of
arylmalonate decarboxylase, nicotinic alpha-6-beta-3-beta-4-alpha-5 receptors, etc.).

Experimental part

We recorded NMR spectra on a Varian XL-400 instrument for solutions in DMSO-ds at
25 °C. The signals of the residual solvent protons (6x 2.50 ppm) were selected as the reference
for chemical shift counting; the tetramethylsilane signal was used as a marker. We performed
elemental analysis on a PerkinElmer 2400 unit. We determined the melting temperature using
a Biichi M-560 melting point and boiling point apparatus.

General method for synthesising compounds 4(a-k). We placed 30 mmol of nitrile,
209 mmol of hydrazine hydrate and 30 mmol of sulphur dissolved in 15 ml of ethanol into a
flat-bottomed flask equipped with a reflux condenser. The reaction mixture solidified and
turned into a yellow crystalline ‘cake’ when stirred at 100 °C for 3 hours (hydrogen sulphide
was released). We cooled the resulting mass, filtered out the precipitate, and washed it on a filter
with ethanol. We purified the product by recrystallisation from ethanol.

3,6-Diphenyldihydro-1,2,4,5-tetrazine (4a). Yield is 2.49 g (70%), crystalline substance,
melting point is 195-197 °C. Found, %: C 71.24, H 4.95, N 23.81. C,4sH1;N.. Calculated, %:
C71.17,H5.12, N 23.71.

3,6-Dibenzyldihydro-1,2,4,5-tetrazine (4b). Yield is 1.11 g (28%), white crystalline
substance, melting point is 170-172 °C. NMR 'H (DMSO-ds, 6, ppm, J/Hz): 4.08 (s, 2H, CHa),
5.81 (s, 1H, NH), 7.08-7.32 (m, 5H, Ph). Found, %: 72.67, H 6.21, N 21.12. C;sHsN4. Calculated,
%: C 72.70, H 6.10, N 21.20.

3,6-Di(4-bromophenyl)dihydro-1,2,4,5-tetrazine (4c) Yield is 5.50 g (93%), a pink
crystalline substance, melting point is 194-197 °C. Found, %: C 42.56, H 2.67, N 14.03.
C1sH1oBr,N4. Calculated, %: C 42.67, H 2.56, N 14.22.

3,6-Di(4-fluorphenyl)dihydro-1,2,4,5-tetrazine (4d) Yield is 3.88 g (95%), an orange
crystalline substance, melting point is 182-185 °C. Found, %: C 61.53, H 3.77, N 21.01.
CusHioF2Ny. Calculated, %: C 61.76, H 3.70, N 20.58.

3,6-Di(4-methoxyphenyl)dihydro-1,2,4,5-tetrazine (4e) Yield is 1.07 g (24%), a yellow
crystalline substance, melting point is 194-197 °C. Found, %: C 64.71, H 5.53, N 18.88.
C1sH1sN4O,. Calculated, %: C 64.85, H 5.44, N 18.91.
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3,6-Di(4-nitrophenyl)dihydro-1,2,4,5-tetrazine (4f) Yield is 0.99 g (25%), a red crystalline
substance, melting point is 195-198 °C. Found, %: C 51.66, H 3.11, N 25.65. CisH10NcO..
Calculated, %: C 51.54, H 3.09, N 25.76.

3,6-Di(2,4-dimethoxyphenyl)dihydro-1,2,4,5-tetrazine (4g). Yield is 1.92 g (36%), a red
crystalline substance, melting point is 97-100 °C. Found, %: C 60.46, H 5.75, N 15.62.
Ci1sH20N4O,. Calculated, %: C, 60.66; H, 5.66; N, 15.72.

3,6-Di(pyridin-4-yl)dihydro-1,2,4,5-tetrazine (4h). Yield is 0.42 g (12%), a white
crystalline substance, melting point is 186-189 °C. NMR 'H (DMSO-ds, 0, ppm, J/Hz):
6.51 (s, 1H, NH), 8.12 (d, 2H, H-3,5, J=7.5), 8.76 (d, 2H, H-2,6, J=7.5). Found, %: C 60.55,
H 4.14, N 35.31. C,H;0Ns. Calculated, %: C 60.50, H 4.23, N 35.27.

3,6-Di(chlorpyridin-4-yl)dihydro-1,2,4,5-tetrazine (4i). Yield is 2.03 g (44%), an orange-
coloured crystalline substance, melting point is 187-190 °C. Found, %: C 46.80, H 2.65, N 27.19.
C12HsCLNs. Calculated, %: C 46.93, H 2.63, N 27.36.

3,6-Di(thiophen-3-yl)dihydro-1,2,4,5-tetrazine (4j). Yield is 1.49 g (40%), a brick-
coloured crystalline substance, melting point is 203-207 °C. Found, %: C 48.43, H 3.29, N 22.35.
C1oHsN4S,. Calculated, %: C 48.37, H 3.25, N 22.56.

3,6-Di(4-(trifluoromethyl)phenyl)dihydro-1,2,4,5-tetrazine (4k). Yield is 2.73 g (49%), a
pinkish crystalline substance, melting point is 180-183 °C. Found, %: C 51.74, H 2.66, N 14.92.
CisH1oFeéN4. Calculated, %: C 51.62, H 2.71, N 15.05.

General method for the synthesis of 3,6-diaryl-1,2,4,5-tetrazines 5(a-k). We dissolved
12 mmol of dihydro-1,2,3,5-tetrazine in 10 ml of glacial acetic acid in a flat-bottomed flask
equipped with a reflux condenser. While cooling and stirring vigorously, a solution of sodium
nitrite (20 mmol) was added to 5 ml of water. The mixture was stirred for 20 minutes; the
precipitate was filtered off and recrystallised from ethanol.

3,6-Diphenyl-1,2,4,5-tetrazine (5a). Yield is 1.26 g (45%), a bright pink crystalline
substance, melting point is 193-195 °C. NMR 'H (DMSO-dj, &, ppm, J/Hz): 7.68-7.75 (m, 3H,
Ph), 8.54-8.58 (m, 2H, Ph). Found, %: C 71.66, H 4.32, N 23.82. C14H1oN4. Calculated, %: C
71.78, H 4.30, N 23.92.

3,6-Dibenzyl-1,2,4,5-tetrazine (Sb). Yield is 1.07 g (34%), a pink crystalline substance,
melting point is 63-64 °C. NMR '"H (DMSO-djs, 8, ppm, J/Hz): 4.58 (s, 2H, CH»), 7.22-7.32 (m,
5H, Ph). Found, %: C 73.37, H 5.45, N 21.18. CisH14N4. Calculated, %: C 73.26, H 5.38, N
21.36.

3,6-Di(4-bromophenyl)-1,2,4,5-tetrazine (5¢) Yield is 1.41 g (30%), a light pink
crystalline substance with a melting point of 195-197 °C. NMR 'H (DMSO-ds, &, ppm, J/Hz):
7.69 (d, 2H, H-3,5, J=8.5), 8.00 (d, 2H, H-2,6, J=8.5). Found, %: C 43.04, H 2.16, N 14.19.
C14HsBr2Ny. Calculated, %: C 42.89, H 2.06, N 14.29.

3,6-Di(4-fluorphenyl)-1,2,4,5-tetrazine (5d) Yield is 0.91 g (28%), a pink crystalline
substance, melting point is 183-185 °C. NMR 'H (DMSO-ds, &, ppm, J/Hz): 7.28-7.34 (m, 2H,
H-3,5), 8.65-8.69 (m, 2H, H-2,6). Found, %: C 62.01, H 3.08, N 20.88. C14HgF2Ns. Calculated,
%: C 62.22, H 2.98, N 20.73.

3,6-Di(4-methoxyphenyl)-1,2,4,5-tetrazine (5e) Yield is 0.76 g (24%), a purple
crystalline substance, melting point is 220-223 °C. NMR 'H (DMSO-ds, 8, ppm, J/Hz):
4.00 (s, 3H, CH3), 7.10-7.30 (m, 2H, H-3,5), 8.45-8.55 (m, 2H, H-2,6). Found, %: C 65.42,
H 4.68, N 19.08. C16H14N40O». Calculated, %: C 65.30, H 4.79, N 19.04.
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3,6-Di(4-nitrophenyl)-1,2,4,5-tetrazine (5f) Yield is 1.87 g (48%), a purple crystalline
substance, melting point is 231-234 °C. NMR 'H (DMSO-ds, §, ppm, J/Hz): 8.51 (d, 2H, H-2,6,
J=8.6), 8.91 (d, 2H, H-3,5, J= 8.6). Found, %: C 51.76, H 2.51, N 25.85. C1sHsNsO.. Calculated,
%: C 51.86, H 2.49, N 25.92.

3,6-Di(pyridin-4-yl)-1,2,4,5-tetrazine (5h). Yield is 0.42 g (15%), a purple crystalline
substance, melting point is > 250 °C (with decomposition). NMR 'H (DMSO-ds, 6, ppm, J/Hz):
8.46-8.53 (m, 2H, H-3,5), 8.93-8.90 (m, 2H, H-2,6). Found, %: C 61.09, H 3.44, N 35.51.
C12HsNg. Calculated, %: C 61.01, H 3.41, N 35.58.

3,6-Di(2-chlorpyridin-4-yl)-1,2,4,5-tetrazine (5i). Yield is 2.82 g (77%), a brick-coloured
crystalline substance, melting point is 186-188 °C. Found, %: C 47.09, H 2.07, N 27.31.
C1.HeCLNs. Calculated, %: C 47.24, H 1.98, N 27.54.

3,6-Di(thiophen-3-yl)-1,2,4,5-tetrazine (5j). Yield is 1.56 g (53%), a pink neon-coloured
crystalline substance, melting point is 208-210 °C. NMR 'H (DMSO-ds, §, ppm, J/Hz): 7.87 (d,
1H, H-5,]=5.1),7.99 (d, 1H, H-4, J]=5.1), 8.76 (s, 1H, H-2). Found, %: C 48.60, H 2.40, N 22.56.
C1oHgN,S,. Calculated, %: C 48.76, H 2.46, N 22.75.

3,6-Di(4-(trifluoromethyl)phenyl)-1,2,4,5-tetrazine (5k). Yield is 1.29 g (29%), a purple
crystalline substance, melting point is > 220 °C (with decomposition). NMR 'H (DMSO-ds, 6,
ppm, J/Hz): 7.88-7.92 (m, 2H, H-2,6), 8.75-8.79 (m, 2H, H-3,5). Found, %: C 51.79, H 2.26,
N 15.19. Ci6HsFsN,. Calculated, %: C 51.90, H 2.18, N 15.13.

Conclusions

During this study, the reactivity of aromatic nitriles in reactions with hydrazine hydrate
was investigated. The sulphur is necessary for the effective synthesis of dihydro-1,2,4,5-tetrazines.
As a result of studying the structure of synthesised dihydro-1, 2,4,5-tetrazines using '"H NMR
spectroscopy and quantum chemical modelling, we established 1,4-dihydro- and
1,2-dihydrotetrazines are similar in terms of total energy values and approximately equal in
quantity in the mixture at equilibrium. Based on the obtained dihydro-1,2,4,5-tetrazines,
1,2,4,5-tetrazine structures were synthesised. All synthesised compounds are prospective to
bind receptors and enzymes effectively.
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Introduction

Antibiotics are natural or chemically synthesised substances with antimicrobial activity
for the treatment of infectious diseases. Antimicrobial agents can exhibit bactericidal properties
(microorganisms’ termination) or bacteriostatic properties (stop bacteria reproduction) for the
natural defence of the macroorganisms.

Penicillins are antimicrobial drugs of the class of S-lactam antibiotics produced by mould
fungi of the genus Penicillium. The penicillin class is characterised by a significant bactericidal
effect. Its mechanism based on inhibiting the synthesis of peptidoglycan - the main component
of the bacterial cell wall. In addition, penicillins have good distribution in the body's biological
fluids and exhibit relatively low toxicity to the organs and tissues of microorganisms.
Nevertheless, penicillins demonstrate a high degree of bactericidal activity against
microorganisms and are classified as broad-spectrum drugs. They can be given parenterally or
taken orally.

Cephalosporins are a class of -lactam antibiotics based on the chemical structure of

7-aminocephalosporanic acid. The mechanism of action of cephalosporins on microbial cells is
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90


mailto:rodina.natasha@inbox.ru
https://chemintech.ru/ru/nauka/issue/6713/view

.X&ROM CHEMISTRY TOWARDS TECHNOLOGY VOL. 6, ISSUE 4, 2025

similar to that of penicillins: they block the synthesis of bacterial cell membrane proteins.
They have a significant bactericidal effect, similar to penicillins, a broad spectrum of
antibacterial activity, and relatively low toxic effect. Cephalosporins can be used in combination
with other antibacterial drugs.

Purpose of the study. The purpose of the research includes the development of a model
for a new active computer modification, representing a combination of cephalothin sodium salt
with penicillin. The objectives of the research are as follows: computer screening of a number
of similar compounds. assessment of their pharmacological activity, bioavailability parameters,
and toxicological profile, identification of the molecule most likely to show beta-lactamase

inhibition in the experiment.
Materials and methods

Information on penicillin and cephalosporin antimicrobial drugs was searched for and
systematised. An analysis of scientific literature on the research topic was conducted. The
scientific electronic libraries and databases eLibrary, CyberLeninka, and PubChem were used.
The pharmacological parameters of new computer modifications were modelled on the
PASS Online and ADMETIab 2.0 platforms. Theoretical spectral characteristics were calculated
using the NMR Predict service: nuclear magnetic resonance spectra on hydrogen isotopes 'H
and carbon isotopes "*C, spectrometer frequency 400 MHz. The structures of cephalothin and

penicillin were used in the development of new compounds.
Results and discussions

To forecast the pharmacodynamic and pharmacokinetic parameters, we used the
PASS online [1] and ADMETlIab 2.0 [2] programmes, respectively.

The PASS online platform is a service to forecast the mechanisms of pharmacological
effects of new chemical compounds based on their structural formula. The simulation results
are the names of the probable activities of the compounds. They correlated with the estimates
of the probabilities of presence (P.) and absence (P;) of each activity, with values ranging from
0 to 1. The higher the P, value for a particular activity and the lower the P; value, the greater the
chance of detecting this activity in an experiment.

The approach used in PASS to forecast the biological activity of a chemical compound is
based on the assumption that its activity is directly related to the organic structure of the
compound. The structure is described by individual descriptors — pharmacophore groups of
atoms [3].

The probability of pharmacological effects occurring has been assessed in relation to the
following types of activity:

1. Beta-lactamase inhibition is a process associated with the mechanism of action and
resistance of bacteria to beta-lactam antibiotics including penicillins, cephalosporins, and
carbapenems. Beta-lactamases are enzymes produced by certain bacteria that are capable of

destroying the beta-lactam ring of antibiotics, rendering them ineffective.
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2. Inhibition of muramyl tetrapeptide carboxypeptidase — muramyl tetrapeptide is an
important component of the cell wall of bacteria, particularly Gram-positive bacteria. It is a
fragment participating in the formation of peptidoglycan, the main structural component of the
cell wall. Inhibition of carboxypeptidases are responsible for the destruction or modification of
this peptide. They can significantly affect the stability and integrity of the bacterial cell wall.

3. Antibacterial action - this effective antibacterial action destroys pathogenic bacteria
and prevents the spread of infection.

ADMETIab 2.0 is a computer tool designed to evaluate the pharmacokinetic
parameters/properties of medicinal substances based on their molecular structures. The paper
presents the results for the following indicators:

1. The absorption of a drug compound through the human intestinal cell membrane
(HIA) is an important property for potential drug candidates. It is one of the key processes
determining the bioavailability of a drug when taken orally.

2. Blood-brain barrier permeability is an indicator that allows the ability of a chemical
compound to pass through the BBB to be assessed. To determine this, the level of free diffusion
is calculated, taking into account a number of characteristics of the substance: its lipophilicity,
molar mass, number of hydrogen bonds, etc.

3. Plasma protein binding is a physiological process regulating the distribution and
activity of various substances in the blood. It involves the interaction between plasma proteins,
such as albumin and alpha-1 acid glycoprotein, and small molecules, such as drugs, hormones,
and intermediate metabolic products.

4. CL (clearance) refers to the rate at which a drug is eliminated from the body. This is an
important parameter that helps to understand how quickly a drug is eliminated from the blood
and, accordingly, how long its effect can last.

5. LogS is an indicator of the solubility of a compound in water.

6. LogP is the common logarithm of the ratio of substance concentrations in two solvents
(e.g., water and organic solvents). This parameter is used to assess the hydrophilicity and
hydrophobicity of a substance.

7. LogD is an indicator that allows the lipophilicity of a compound to be assessed.

8. hERG blockers is a blockade of the hERG potassium channel is one of the most
important targets determining the cardiotoxicity of potential drugs.

9. Human Hepatotoxicity (H-HT) is an indicator describing various types of liver damage
that can lead to organ failure or even death.

10. Rat Oral Acute Toxicity is a standard method for assessing the toxicity of new drugs.
This indicator allows you to determine the quantity of a substance to cause harm to an animal's
body after a single oral dose. The main result of the test is the determination of the median
lethal dose (LDs) — the dose of a substance at which 50% of the test animals die. This value
helps us to classify the substance according to its level of toxicity.

We will consider the structural formulas and some characteristics of the initial
compounds and the new computer modification.
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Table 1. Structures and their spectral characteristics
Item .
/ Structure Name Theoretical NMR spectra
n/a

Cephalothin sodium salt
((6R,7S)-3-
(acetyloxymethyl)-8-oxo-
7-[(2-thiophen-2-
ylacetyl)amino]-5-thia-1-
azabicyclo[4.2.0]octo-2-
ene-2-carboxylate
sodium)

'"H NMR (400 MHz): 6 2.06 (s, 3H),
3.75(d, 1H, J = 13.1 Hz), 3.83-3.98
(3.88 (s, 1H), 3.88 (s, 1H), 3.91 (d, 1H,
J=13.1 Hz), 4.56-4.66 (4.61 (s, 1H),
4.64 (s, 1H)),4.97 (d, 1H, J = 7.8 Hz),
5.34(d, 1H, J= 7.8 Hz), 7.17 (dd, 1H,
J=7.5,5.0Hz), 7.31-7.45 (7.37 (dd, 1H,
J=5.0,1.3Hz),7.39 (dd, 1H, ] = 7.5,
1.3 Hz).

BC NMR: 6 20.8, 24.7, 31.7, 57.3, 59.3,
64.7,124.8, 126.0, 126.6, 127.1, 134.0,
136.2, 166.9, 167.8, 169.1, 178.5.

Penicillin ((2S,5S,6R)-
3,3-dimethyl-7-o0xo0-6-
[(2-phenylacetyl)amino]-
4-thia-1-
azabicyclo[3.2.0]heptane-
2-carboxylate sodium)

'H NMR (400 MHz): § 1.21-1.31
(1.26 (s, 1H), 1.26 (s, 1H)), 3.70-3.80
(3.75 (s, 1H), 3.75 (s, 1H)), 4.34 (s, 1H),
4.92-5.15 (4.98 (d, 1H, J = 8.1 Hz),
5.09 (d, 1H, J = 8.1 Hz)), 7.22-7.42
(5H, 7.30 (tt, ] = 7.7, 1.5 Hz),

7.32 (DDTS, J=7.8, 1.5, 1.2, 0.5 Hz),
7.35 (DDTS, J = 7.8, 7.7, 1.8, 0.5 Hz)).

BC NMR: § 26.6, 31.0, 42.5, 58.4, 65.4,
67.4,69.8,127.2,128.7 (2C), 128.9 (2C),
134.8,167.5,171.5,173.9.

Modification
((2S,5R)-3-(2-thiophen-
2-ylacetylcarbamoyl)-
7,7-dimethyl-4-thia-1-
azabicyclo[3.2.0]heptane-
2-carboxylate sodium

'H NMR (400 MHz): § 1.21-1.31
(1.26 (s, 3H), 1.26 (s, 3H)), 2.54-2.65
(2.60 (d, 1H, J = 7.0 Hz), 2.60 (d, 1H,
J=7.0 Hz)), 3.61 (DDTS, 1H, ] = 7.0,

7.0, 1.8, 1.8 Hz), 4.34 (s, 1H), 4.92-5.15
(4.98 (d, 1H, J = 8.1 Hz), 5.09 (d, 1H,
J = 8.1 Hz)), 5.75-5.88 (5.81 (dd, 1H,
J=9.7,1.8 Hz), 5.81 (dd, 1H, ] = 9.7,

1.8 Hz)), 6.26-6.38 (6.32 (d, 1H, J = 9.7

Hz), 6.32 (d, 1H, J = 9.7 Hz)).

BC NMR: 6 26.6, 31.0, 40.4, 42.6, 58.4,
65.4, 67.4, 69.8, 129.6-129.7 (2C),
137.3-137.5 (2C), 167.5, 169.1, 171.5.

Based on the above criteria, probabilistic indicators of pharmacological activity were
calculated for the initial compounds and their computer-generated modifications. A comparative

analysis was performed.
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Table 2. Comparative analysis of the molecules under study based on data from the PASS Online service according
to pharmacological activity criteria

Compound name/activity Cephalothin sodium salt Penicillin Modification
Beta-lactamase inhibitor 0.952 0.873 0.919
Muramoyl-tetrapeptide

0.905 0.985 0.983
carboxypeptidase inhibitor

Antibacterial action 0.764 0.721 0.735

Based on the analysis of the probabilities of theoretical pharmacological effects, the new
compound combines the properties of the two fragments: the probability of f-lactamase
inhibition for the new modification in the experiment is close to that for cefalotin sodium salt
and exceeds that for penicillin. The potential for suppressing the activity of muramyl
tetrapeptide carboxypeptidase [4], according to the forecast for the new compound, has a level
of values close to the initial fragments. The theoretical antibacterial activity of the identified
modification also correlates with the initial structures and has a satisfactory value. At the next
stage, the bioavailability was assessed.

Table 3. Comparative analysis of the molecules under study based on the ADMET service based on bioavailability
criteria

Compound name/indicators Penicillin Modification
LogS
LogP
LogD
HIA

PPB, %

BBB Penetration

CL

Cephalothin sodium salt

According to the ADMET platform, the new compound is more bioavailable: it is better
distributed in the body, based on logarithmic solubility values, and has good absorption rates
based on gastrointestinal absorption criteria. It has satisfactory plasma protein binding - an
early indicator of high bioavailability. The rate of penetration through the blood-brain barrier
exceeds that of cephalothin sodium salt. It provides grounds for hypothesising on the possibility
of using the new modification as an antibacterial drug for the treatment of infectious lesions of
nervous system tissue [5].

Table 4. Comparative analysis of the molecules under study based on the ADMET service according to toxicity

criteria
d halothi di
Con‘lp o.un Cephalothin sodium Penicillin Modification
name/indicators salt
hERG Blockers

H-HT
Rat oral Acute Toxicity

According to the analysis of theoretical toxicological characteristics, the new compound
has the lowest cardiotoxicity, hepatotoxicity, and toxicity in animal tests compared to the
starting substances. These results increase the chances of the new modification being
considered a safe potential drug substance.
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Based on the screening results, one compound (cephalothin sodium salt + penicillin) was
selected because it has the highest probability of pharmacological effect in the experiment.
It is theoretically non-toxic, and its bioavailability indicators are within the optimal range.

Conclusions

According to the results of a study aimed at identifying an active combination of penicillin
with cephalothin sodium salt, a computer modification was obtained. This modification is
capable of exhibiting a pronounced antibacterial effect [6] and possesses beta-lactamase
inhibitory properties. When compared with the original substances, it was found that the
structure has better absorption and excretion from the body and lower toxicity compared to the
compounds under consideration.
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Introduction

Higher ketones are valuable raw materials for the production of a wide range of materials.
Every year demand for ketones in various fields is growing. Currently, ketones are used in the
production of oils, medicines, varnishes, cleaning products, cosmetics, as solvents, in polymer
processing, etc. The higher ketones are widely used in perfumery [1]. Ketones can be the
regulators and the additional source of energy for heart and vascular system in both healthy
people and people with heart deseases or after myocardial infarction [2]. Higher ketones are the
main antifungal compounds and also used in the food industry in the production of cheese [3, 4].

2-Hexanone is a raw material used in the production of paints and thinners, solvents for
oils and waxes. It is used for printing on plasticised fabrics and creating waterproof clothing [5].
3-Hexanone is mainly used as a reagent in the chemical industry. Compounds based on it show
high efficiency in combating cardiomyocyte apoptosis — one of the key factors of ischaemic
heart disease [6].

The known methods for obtaining ketones mainly involve the catalytic oxidation of
alkanes [7], alkenes, and secondary alcohols [8, 9] with strong oxidants. The catalytic oxidation
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of alkenes is an industrial redox process for the synthesis of ketones using metal complex
catalysts, known as the Wacker process [10]:

PdCl,, CuCl, C;';o
R

The use of the traditional homogeneous chloride system PdCL/CuCl/O, and its

modifications for the oxidation of unbranched alkenes shows decreasing of the reactivity of

1-alkenes with increasing carbon chain length. Thus, the propylene oxidation at 50-120 °C and
a pressure of 9.8 MPa leads to the formation of acetone with a yield of 99%. The oxidation of

R/\CHZ + 120,

n-butenes at 100 °C and a pressure of up to 4.5 MPa yields methyl ethyl ketone with a selectivity
of about 80% [11, 12]. In addition, the limitations of the Wacker system, associated with high
corrosion activity and the formation of chloroketones, the amount of which increases with
increasing copper salt concentration and solution acidity [13], restrict its practical use in the
synthesis of phenylhexanes.

The modifications of higher ketones production method involve the use of various
additives to address the problems of the traditional system. For example, it has been proposed
to perform the process in aqueous-organic media [14] with the addition of interfacial transfer
catalysts (cyclodextrins, polyethylene glycols, calixarenes, and quaternary ammonium salts)
[15, 16], heteropolysubstances [12, 14] as co-catalysts, and peroxides as oxidants [17]. However,
a lot of problems remain; they are mainly related to the use of elevated pressure, high cost, and
instability of catalytic systems.

This research is devoted to an alternative method for obtaining higher ketones together
with phenol; the method consists of obtaining phenylhexane, oxidising it to hydroperoxide,
and decomposing it with acid:

C5H130H CeHys CeH120-0H 1+ o OH
—_— + CSH120
2304 N- HPI t

-H,0

However, along with hexanones and phenol, the intermediate compound phenylhexane
is also of practical importance. It is used in the production of surfactants, oil additives, auxiliary
substances in polymer chemistry, pesticides and extractants [9], and for research purposes [18].

This study is devoted to the first two stages of the process: the synthesis of phenylhexane
and the study of the patterns of its aerobic liquid-phase oxidation.

Experimental part

Commercially available reagents were used in the study: hexanol-1 (TU 6-09-3499-79),
benzene, p.a., (GOST 5955-75), sulphuric acid, c.p., (GOST 4204-77), acetic acid, c.p. (GOST
61-75), potassium iodide, p.a. (GOST 4169-76), sodium hyposulfite (TU-6-09-2540-72),
sodium hydroxide, p.a., (GOST 4328-77), anhydrous calcium chloride (TU 6-09-4711-81),
N-hydroxyphthalimide (Sigma-Aldrich, 97%).

We synthesised phenylhexane using a well-known method by alkylating benzene with
hexanol-1 in the presence of concentrated sulfuric acid [19]. The alkylation reaction products
(a mixture of liquid substances) were separated by vacuum rectification as a fraction of 85-90 °C
at a residual pressure of 0.2 atm. The reaction products were analysed by gas-liquid
chromatography, IR and 'H NMR spectroscopy.
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We conducted the oxidation of phenylhexane in a closed-loop flow system using the
method described in [20]. During the reaction, we measured the amount of oxygen absorbed.
We analysed the reaction products using iodometric titration [21].

We performed chromatographic analysis using the Chromatec-Crystal 5000.2 hardware
and software complex. IR spectroscopic analysis was performed on an IR Fourier RX-1 in the
4000-400 cm™ range in the form of a microlayer between potassium bromide glasses or in a
potassium bromide cuvette with d = 0.0011 cm. We recorded '"H NMR spectra on a Bruker
DRX 400 spectrometer (400 MHz). DMSO was used as the solvent. Tetramethylsilane was used
as the internal standard.

Main body

There is a lot of information on the patterns of aromatic hydrocarbons alkylation with
olefins or alcohols. However, there is a few data on the synthesis of phenylhexane in scientific
and technical literature. Methods for obtaining 2-phenylhexane by alkylation of benzene with
1-chlorohexane [22] and 1-hexene with various acid catalysts, such as antimony pentafluoride,
scandium trifluoromethanesulfonate (III) [23], phosphoric acid [24], heterogenised aluminium
chloride [25], and using platinum- and gallium-modified zeolites are described [26]. However,
these processes have not found industrial application.

We conducted research aimed at obtaining phenylhexanes by alkylation of benzene with
hexanol-1 in the presence of concentrated sulphuric acid according to the following scheme:

CH1OH_
sto4

The effect of temperature in the range from 60 to 80 °C and the duration of the process
up to 5 hours on the parameters of benzene alkylation with hexanol-1 were studied. Two isomers
of phenylhexane were found in the reaction products: 2-phenylhexane and 3-phenylhexane;
the ratios are shown in Table 1. No linear structures were found. The by-products are mainly
disubstituted hexylbenzenes, which appear as seven adjacent peaks in GC-MS. Table 1 shows
the data obtained.

Table 1. Regularities of the benzene alkylation process with hexanol-1. The molar ratio of benzene : hexanol-1 :
sulphuric acid = 3:1:3.

Temperature, °C Reaction time, h 2-Phenylhexane / '3-pheny1hexane Yield of phenylhexanes
ratio to charged hexanol-1
60 5 1.44 62
3 1.40 71
70 4 1.39 65
5 1.44 66
1 1.86 53
2 1.49 76
80 3 1.49 76
4 1.45 72
5 1.40 68

98



&&ROM CHEMISTRY TOWARDS TECHNOLOGY VOL. 6, ISSUE 4, 2025

The experimental data show an ambiguous effect of reaction duration. On the one hand,
there is a decrease in the ratio of 2-phenylhexane to 3-phenylhexane in the reaction products
from 1.9 in the first hour of the reaction to 1.4 after 5 hours. This is apparently due to the
transition from kinetic to thermodynamic control of the reaction. On the other hand, the yield
of phenylhexanes peaks in the 2-3 hours interval, after which it begins to decline slightly, mainly
due to polyalkylation reactions.

At a temperature of 80 °C and a reaction time of 2 hours there was the maximum yield of
phenylhexanes (76%); the material balance of the process under these conditions is shown in
table 2.

Table 2. Material balance of the benzene alkylation process with hexanol-1 at 80 °C for 2 hours, molar ratio of
benzene : hexanol-1 : sulphuric acid = 3:1:3.

Molar weight, Loaded Obtained
Compound
g/mol g weight % g weight %
Benzene 78.11 169.2 37.1 71.8 15.7
Hexanol-1 102.17 73.7 16.2 0 -

Sulfuric acid 98.08 212.6 46.7 212.6 46.7
Phenylhexanes 162.28 0 - 89.0 19.5
By-products - 0 - 14.0 3.0
Losses - 0 - 68.1 15.1
Total - 455.5 100 455.5 100

A mixture of phenylhexane isomers was isolated from alkylation products by vacuum
rectification. According to the results of chromatographic analysis, the purity of the product
was 97.3%. The qualitative composition of the mixture of phenylhexane isomers was confirmed
by IR and "H NMR spectroscopy.

IR-spectrum, v/cm™: 3084, 3036, 3028 (=C-H), 2957, 2925, 2872 (CHs), 1604,
1494 (-C=C-), 1452.5,1377.8 (CH,).

NMR spectrum 'H (DMSO-ds, 6, ppm, J/Hz): 7.31-7.23 (m, 5H, Ph®), 7.19-7.10 (m, 5H,
Ph®), 2.63 (sextet, 1H, CH®, J =7.1), 2.39 (tt, 1H, CH®, ] = 9.5, 5.3), 1.67-1.42 (m, 6H, CH,?,
2CH,®), 1.30-1.01 (m, 9H, CH;®, 2CH,®, CH,®), 0.85-0.75 (m, 6H, CH;®, CH5®), 0.70 (t, 3H,
J=7.4,3H, CH,®).

The refractive index of this substance, obtained experimentally using a refractometer,
coincides with the index from the reference data (1.486) [27].

Thus, effective conditions for the synthesis of a mixture of 2-phenylhexane and
3-phenylhexane with a yield of 76% have been found. This is comparable to the alkylation of
benzene with n-hexene in the presence of heterogenised AlICl; [25]. However, the ratio of
2-phenylhexane to 3-phenylhexane in this case is 1.8 : 1; it is compared to the ratio of 1.4 : 1
obtained in this study.
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Fig. 1. "H NMR spectrum of phenylhexanes

On the second stage of the process for obtaining 2-hexanone and 3-hexanone, the
synthesised mixture of isomeric hydrocarbons is oxidised to the corresponding hydroperoxides:

CHis o, CgH1,0-OH
—_—
©/ N-HPI, t° ©/

H;C CH OOH
¢ CH; HyC s HsC CH
+ _Z2
N-HPI, t°
2 3 4

This study investigated the patterns of this

OOH
CH,
H,C
. gv
5

process in

the presence of

N-hydroxyphthalimide (N-HPI). It has proven to be an effective catalyst in the hydroperoxide
oxidation of other hydrocarbons [28]. The influence of temperature, catalyst concentration,
and reaction duration on the parameters of the liquid-phase aerobic oxidation of an isomeric
mixture of phenylhexanes were studied. Table 2 and Figure 3 present the results.

Table 3. The impact of technological parameters on the content of hydroperoxides in the oxidation products of

a mixture of phenylhexane isomers.

Content of N-HPI, Hydroperoxide content in
Temperature, °C Reaction time, h % weight of alkylbenzene phenylhexane oxidation
loaded products, % weight
130 7
60
140 2 18
30 13
14
60 2 31
150
4 24
90 18
120 2 10
160 60 12
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Fig. 2. Kinetic curves of octylbenzene oxidation. N-HPI content, 2 weight % of hydrocarbon feed; temperature, °C:
1-130,2 - 140, 3 - 150, 4 - 160.

Therefore, the maximum content of hydroperoxides (31%) in oxidation products is achieved
at a temperature of 150 °C after 60 minutes of reaction in the presence of 2 % weight N-HPI

Conclusions

The regularities of benzene alkylation processes with hexanol-1 in the presence of
concentrated sulphuric acid were studied. A mixture of phenylhexane isomers was synthesised
with a yield of 76% and isolated with a purity of over 97%. The purity and structure of the
compounds were confirmed by GLC, IR, and '"H NMR spectroscopy.

The regularities of liquid-phase aerobic oxidation of phenylhexane isomers in the
presence of N-hydroxyphthalimide were studied. The reaction conditions to achieve
concentrations of 2-phenylhexane and 3-phenylhexane hydroperoxides of more than 30% were
determined.

The resulted parameters of synthesis and liquid-phase oxidation of the obtained
phenylhexanes are prospective in terms of industrial application of this process.
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mixture grade B electrode pitch and the pitches obtained by its thermal oxidation. The research
establishes criteria for the special type of thermal oxidation to increase the category of
coke and shows the results of carbonisation of a pitch-coke mixture containing various
types of coke.
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Introduction

Coal tar pitch (CP) is a residue of coal tar separation into fractions: light fraction (T<170°C);
phenolic fraction (T = 170-210 °C); naphthalene fraction (T = 210-230 °C); absorption fraction
(T =230-270 °C); anthracene fraction (270-360 °C); coal tar pitch (T < 360 °C).

Coal tar pitch is used as a binder in the production of carbon materials. Specifically, pitch
has practical applications as a binder in the production of electrodes, in the manufacture of
anode paste, and in the production of electrocarbon products. According to [1], electrode pitch
grades B1 and B are used as binders for anode paste. Of particular interest is the use of pitch
with a softening temperature T, > 100 °C and high-temperature pitch as binders. In [2], the
practical significance of using high-temperature pitch as a binder is assessed. In [3-5], it is
established that pitches with a softening temperature T, = 100-110 °C reduce the destructibility
of anode paste. According to [6], density, viscosity, and surface tension values of
high-temperature pitch are higher than those of electrode pitches. It determines its prospects
for use as a binder.

© R.Yu. Kovalev, 2025
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We consider technologies for producing binding pitch with T, > 100 °C and
high-temperature binding pitch. In [7], coal tar was distilled by heating it at a rate of 5 °C/min
to a temperature of 430 °C, followed by holding it at this temperature for 1 hour, to obtain a
pitch with T, = 139.5 °C (a content = 51.7%; a; content = 17.3%; ash content of 0.09%). In [8],
high-temperature binding pitch was obtained by thermally dissolving coal in the anthracene
fraction. For example, by thermally dissolving a mixture of GZh+Zh coals in the anthracene
fraction (coal/solvent ratio ~1.5), a pitch with T}, = 139 °C was obtained. In [9], a technology for
obtaining high-temperature petroleum pitches from heavy pyrolysis tar was developed. In [10],
liquid thermal cracking pitch was subjected to distillation to a vacuum column temperature of
363 °C at a vacuum column pressure (P = 1.6 kPa), resulting in pitch with T, = 133 °C.
High-temperature pitch with T, = 135 °C (a = 48.5%, a; = 11.6%) was obtained by adding
furfuryl acetone with a mass fraction of 7% to high-temperature pitch. This pitch T, = 145 °C
(a=52%, o = 26%) has furfuryl acetate with a mass fraction of 7%. It was further heat treated
at 150 °C for 30 min with cooling of the mixture; the heat treatment was repeated at the same
temperature for 25-30 min [11].

The method of obtaining high-temperature binding pitch by thermo-oxidation of the raw
material is of particular interest for research. In [12], coal tar pitch was thermally oxidised by
supplying air to the pitch through a 9 mm diameter tube at temperatures of 260-360 °C (process
duration t = 73 min, air flow rate v = 100 1/h) to obtain pitch with T}, = 128 °C. The thermal
oxidation leads to an increase in the a and a; fractions in the final product. In [13], by the
method of thermal oxidation (T = 260-360 °C, v = 63 1/h) of a mixture of styrene rectification
bottom residue (SBR) and coal tar resin in a 1:1 ratio with preliminary ultrasonic treatment of
the mixture, a pitch with T, = 104 °C was obtained (pitch yield is 25%, thermo-oxidation
duration t = 40 min). For the obtained pitch, the coke residue was 40.5%; the content of binder
fractions was P+, = 60.5%; the ash content was 0.25%. In [14], by the thermal oxidation method
(T =260-360 °C, v = 63 I/h, t = 25 min) of the anthracene fraction with the addition of grade G
coal (6.3%), a pitch with T, = 135 °C was obtained A pitch yield is 29%; coke residue is 46.5%;
ash content is 0.96%. In [15], by the thermal oxidation method (T = 260-360 °C, v = 63 l/h,
t = 135 min), coal tar with the addition of rubber crumbs (5%); yielded pitch with T}, = 184 °C;
pitch yield is 37%; coke residue is 75.2%; ash content is 0.5% was obtained. In [16], by the
thermal oxidation method (T = 260-360 °C, v = 63 1/h, t = 91 min), coal tar with the addition of
polycarbonate (5%) was used to obtain pitch with T, = 131 °C. The pitch yield is 29%; binder
fraction content is +a, = 74.3%; coke residue is 40.6%; ash content is 0.06%.

In addition, examples of obtaining binding pitch with T, = 110-120°C and high-temperature
binding pitch by thermo-oxidation of electrode pitch should be considered. In [17], by the
low-temperature thermo-oxidation method (T = 260-300 °C, v =40 l/h, t = 90 min) of electrode
pitch grade B (T, = 91 °C), pitch with T, = 107 °C was obtained. The resulting pitch has high
content of binding fractions: their content increased from 63.8% to 70% compared to the initial
pitch [17]. In [18], low-temperature thermo-oxidation of grade B electrode pitch (T, = 91 °C)
was used to obtain pitches with T, = 110-120 °C. Similar experiments were conducted in [19].
In [20], high-temperature pitch with T, = 136 °C was obtained by thermo-oxidation
(T =260-360 °C, v = 80 I/h, t = 110 min). Thermal oxidation of electrode pitch in [20] was
conducted in a reactor with a large gas space.
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This paper evaluates the use of thermal oxidation of grade B electrode pitch in a reactor
with a large gas space to obtain high-temperature binder pitch. A comparative analysis of the
composition of the initial grade B pitch and the pitch products obtained by thermal oxidation
in a reactor with a large gas space is made, and the thermal oxidation parameters at which grade
B1 pitch can be obtained are determined. Model experiments were also conducted on the effect
of grade B electrode pitch obtained by thermo-oxidation on the yield of carbonised pitch-coke
mixture. High-temperature pitch obtained by thermo-oxidation of B-grade electrode pitch was
used as the test one. The data obtained on the yield of carbonised pitch-coke mixture will allow
assessing the prospects of using these pitches as a binder in the production of carbon materials.
The above arguments determine the practical significance of this study. The study is a
continuation of studies [12, 17, 18, 20-24] on the use of thermal oxidation and heat treatment
of raw materials to obtain high-temperature binder pitch.

The purposes of this study are to determine the dependence of the softening temperature
and volatile matter yields of pitch products of thermal oxidation in a reactor with a large gas
space on the air flow rate; assess the prospects for using low-temperature thermo-oxidation of
grade B electrode pitch in a reactor with a large gas space to improve the grade of electrode
pitch; establish the effect of thermo-oxidation of grade B electrode pitch in a reactor with a large
gas space on the yield of pitch carbonatite and carbonatite of the pitch-coke mixture.

Materials and methods

The paper analyses the effect of thermal oxidation of grade B electrode pitch on the
characteristics of the resulting pitches and on the yield of carbonisation products. The
experiment on thermal oxidation of grade B electrode pitch was conducted in a reactor with a
large gas space (Fig. 1) in [20].

Fig. 1 Diagram of the electrode furnace installation: 1 — compressor; 2 — rotameter; 3 — electric heating system;
4 - reactor body; 5 - reactor cover; 6 — thermocouple for measuring the temperature in the reactor; 7 - secondary
element; 8 — temperature controller; cylindrical oxidation tube; 9 - heating thermocouple; 10 - refrigerator;
11 - distillate collector; 12 — oxidation tube (10 mm); 13 - drain valve; 14 - baking tray; 15 - pitch [20].
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We conducted the air treatment process for pitch oxidation through a tube with a
diameter of 10 mm, length of 5.7 cm (12), with a distance of 24.3 cm from the tube to the bottom
of the reactor. A pitch sample weighing m = 100 g was used (15). The height of the reactor and
the location of the oxidation tube, allow us to conduct a reaction with a large volume for the gas
phase. Air was supplied by a compressor (1); the air flow rate was regulated by a rotameter (2).

Thermal oxidation was conducted at the following temperatures: T = 260-300 °C (low
temperature) and T = 260-360 °C (high temperature). The raise in T, was facilitated by an
increase in the duration of high-temperature thermal oxidation at T = 300-360 °C. Table 1
shows the distribution of the durations of high-temperature thermal oxidation of electrode
pitch grade B.

Table 1. Distribution of thermal oxidation durations at T = 260-360 °C [20] (t is total thermal oxidation time, t,
is thermal oxidation duration at T = 260-300 °C, and T is duration at T = 300-360 °C).

Ne t t, T
1 20 10 10
2 48 23 25
3 63 30 33
4 110 32 78

Fig. 2 shows the dependence of T, during the thermal oxidation of grade B electrode pitch
in a reactor with a large gas space.
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Fig. 2. Dependence of T, growth on the duration of thermal oxidation of grade B electrode pitch in a reactor with
a large gas space [20]: 1 — high-temperature thermal oxidation; 2 - low-temperature thermal oxidation.

Fig. 2 shows the intensive growth of T}, occurring at t > 50 min. During low-temperature
thermal oxidation with a maximum duration of t = 40 min (during low-temperature thermal
oxidation, t = t,), T}, increased to 98 °C. The maximum value of t, = 32 min has a significant
effect on the value of T, during thermal oxidation in a reactor with a large gas space. Fig. 3
shows the dependence in the form of a graph T, = f(1).
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Fig. 3. Dependence of T, growth on duration t during high-temperature thermal oxidation of grade B electrode
graphite in a reactor with a large gas space.

According to Fig. 3, arapid increase in T, occurred at T > 25 min during high-temperature
thermal oxidation of grade B electrode pitch in a reactor with a large gas space. Based on the
data obtained in [20], the pitch yield decreased with increasing t. Fig. 4 shows the approximate
dependencies of pitch yields on durations t and .
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Fig. 4. Dependence of the decrease in pitch yield W on duration t (1) [20] and t (2) during high-temperature
thermal oxidation of grade B electrode pitch in a reactor with a large gas space.

Fig. 4 shows that, when approximated, the dependence W = f(t) is expressed by a

polynomial function of the following type:

W= ayxt3+a, Xt>+a,xt+bh,
where ag = 6*10, a; = -0.0022, a, = 0.0588 are the coefficients at t*, t* and t, respectively, and
the coefficient b = 91.673 is a free term.

When approximating the dependence W = (1), the dependence is linear. It is evidenced
by the square of the linear correlation coefficient R>~1. According to it, it is possible to determine
the rate of decrease in pitch yield AW /At = 0.18 %/min during thermal oxidation of grade B
electrode pitch in a reactor with a large gas space. The value b = 92% in the case of curve 1
corresponds to the value W at to = 20 min; curve 2 corresponds to the value W at to = 10 min.

Table 2 presents a comparison of the characteristics of the initial B-grade electrode pitch
and the high-temperature pitch obtained from it.
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Table 2. Characteristics of B-grade electrode pitch and high-temperature pitch obtained from it [20].

Ne Name W, % X, % T, °C a, % o, % a, % Ash content, %
1 Pitch B (initial) - 53 91 343 26.8 7.5 0.15
2 HTP 80 32 136 454 374 8.0 0.15

We determined the softening temperature T, of the obtained pitches by the method ‘Ring
and rod’ (GOST 9950-83). The content of a-fraction insoluble substances in toluene was
determined in terms of GOST 7847. That of a;-fraction insoluble in toluene and quinoline was
determined according to GOST 10200 by centrifugation. The a,-fraction content was
determined using the following formula:a@, = @ — ;. We performed technical analysis
according to known methods. Indeed, we determined the yield of volatile substances X
according to GOST 9951-73; ash content of pitch was determined according to GOST7846-73.
Table 2 shows a significant reduction in the yield of volatile substances during the thermal
oxidation of grade B electrode pitch in a reactor with a large gas space. The content of the
binding a, fraction in the final product increases by 8%. However, there is a slight increase in
the o, fraction by 0.5%; it determines the prospect of using the obtained pitch as a
high-temperature binding pitch.

This study evaluates the yield of gaseous and liquid products of thermal oxidation in a
reactor with a large gas space of grade B electrode pitch. During thermal oxidation, liquid and
gaseous products were separated. During low-temperature thermal oxidation, mainly gaseous
products were separated. We introduce the value of the yield of gaseous products of thermal
oxidation Vj;:

m—M
VlG:TTOX1OO%;

where m is the mass of the initial pitch; Mpq is the mass of the thermal oxidation pitch product.

Fig. 5 shows the dependence of V;; on the duration t.
25

20

15

Vi, %

10

0 20 40 60 80 100 120
t, MUH.

Fig. 5. Dependence of V}; during thermal oxidation on the process duration.
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According to Fig. 5, the duration of thermal oxidation increases from 20 to 110 minutes;
the values of Vj; increase from 5 to 20%. This fact explains the decrease in the yield of volatile
substances.

We introduce the concept of air consumption q and show formulas for its calculation
from the determined values of air flow rate Q. The air consumption was calculated using the
following formulas:

Q

T= T Txm
where g, is the air consumption at T > 300°C, where T is the duration of thermal oxidation at

T > 300°C; m is the mass of the pitch sample.
Q

= Txm
where g is the air consumption during thermal oxidation at T = 260-360°C; t is the duration of
high-temperature thermal oxidation.

Moreover, we also conducted an experiment to determine the influence of pitch
carbonisation on the duration of thermal oxidation. We carbonise a pitch by heating at a rate
of 6.5 °C/min, with the pitches held at 1000 °C for 1 hour. We determined the carbonisate yield
Kiooo as the percentage of the mass of carbonisate obtained to the mass of pitch. Carbonisation
was conducted by putting the pitch in ceramic crucibles and heating in a muffle furnace
according to the methodology described in [21]. The final product was cooled in the furnace
for 17-20 hours to room temperature.

The ready-made and crushed pitch carbonates were mixed as follows: 1 — carbonates of
heat-treated electrode pitches of grades B and B1. Their heat treatment duration is 2 hours.
They were obtained in the study [21]. Their maximum particle size is 5 mm. The proportion of
B1 grade carbonates in the mixture is 2.16%; B grade carbonates is 8.7%. 2 — carbonates obtained
from high-temperature pitches by heating to 950 °C at a rate of 6.6 °C/min. They are held at
T =950 °C for 1 hour. The proportion of carbonate obtained from pitch with T, = 148 °C is
38.03%. The maximum particle size is 10 mm. Carbonate obtained from pitch with T, = 150 °C
is 10.56%. Its maximum particle size is 5 mm [22]. 3 - carbonate. Its maximum particle size is
10 mm. It was obtained by heating a mixture of grade B electrode pitch with 4.76%
high-temperature pitch added to 850 °C and held for 1 hour [23]; 4 - carbonate. Its maximum
particle size is 5 mm. It was obtained by heating bauxite with T, = 140 °C to a temperature of
T = 850 °C with a holding time of 1 hour; the additive content in the mixture is 14.72% [24];
5 — carbonate. Its maximum particle size is10 mm. The high-melting pitch with T, = 202 °C is
20.78%. It was obtained by carbonisation at 850 °C with a holding time of 1 hour [23].

The obtained mixtures were heated to T = 1050°C and held for 30 minutes; the resulting
carbonisates can be considered pitch coke obtained under laboratory conditions. The pitch coke
was crushed to sizes of ~1 mm; mixed with crushed (to sizes of 0.2 mm) pitch, followed by
carbonisation at 1000°C. The pitch and cokes were ground separately in a mortar and sieved
separately through a sieve with specified mesh sizes. The yield of the pitch-coke mixture
carbonisate (CP) was determined as the percentage ratio of the carbonisate mass to the mass of
the pitch and coke mixture. Carbonisation of the pitch-coke mixture was also conducted in a
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muffle furnace according to the methodology described in [21]. After carbonisation, the
obtained product was cooled in the furnace to room temperature for 17-20 hours.

Discussion of the results of the study

Dependence of the characteristics of pitch thermal oxidation products on air consumption.
Fig. 6 shows the dependences of the yields of thermal oxidation products of grade B
electrode pitch in a reactor with a large gas space on air consumption.

100 100
95 95
1 2
90 90
85 = 85
80 80
q, n/kr qy, N/kr
75 75
0 300 600 900 1200 1500 0 300 600 900

Fig. 6. Dependence of the yield of thermal oxidation product of grade B electrode pitch on air consumption, where 1 is
the dependence of W on g; 2 is the dependence of W on g..

According to Fig. 6, there is a sharp drop in W from 100 to 90% for curve 1 as q increases
to 300 L/kg due to the increase in duration t from 0 to 20 min. Subsequently, the values of W
monotonically decreased from 90 to 80% as q increased from 300 to 1500 L/kg due to the
increase in duration t from 20 to 110 min (Fig. 4). For curve 2 (Fig. 6), a sharp drop in W values
from 100 to 90% was also observed as q: increased from 0 to 133 L/kg due to the increase in
duration 1 from 0 to 10 min (Fig. 4). Subsequently, the values of W monotonically decreased
from 90 to 80% as q. increased from 133 to 933 L/kg due to the increase in duration T from 10
to 78 min (Fig. 4).

Fig. 7 shows the dependence of T, values for pitch products on air consumption during
the thermal oxidation of grade B electrode pitch in a reactor with a large gas space.
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Fig. 7. Dependence of the softening temperature T), of thermal oxidation pitch products of grade B electrode pitch
on air consumption, where 1 is the dependence of T}, on g; 2 is the dependence of T}, on q-.
According to Fig. 7, there is a sharp increase in T, from 91 to 102 °C for curve 1 as q
increases to 300 L/kg due to the increase in duration t from 0 to 20 minutes. Subsequently,
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the value of T, remained almost unchanged as q increased from 300 to 600 L/kg. Then, the
values of T, monotonically increased from 103 to 138 °C as q increased from 600 to 1500 L/kg
due to the increase in duration t from 40 to 110 minutes (Fig. 2). For curve 2 (Fig. 7), a sharp
increase in T}, from 91 to 102 °C was also observed as q. increased from 0 to 133 L/kg due to the
increase in duration T from 0 to 10 minutes. The rate of increase in T}, also slowed as g increased
from 133 to 333 L/kg with the increase in duration T from 10 to 25 minutes. The values of T,
monotonically increased from 103 to 138 °C as g, increased from 133 to 933 L/kg due to the
increase in duration T from 25 to 78 minutes (Fig. 3).

Fig. 8 presents the dependences of the volatile matter yield X of thermal oxidation
products of grade B electrode pitch in a reactor with a large gas space on air consumption.
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Fig. 8. Dependence of the yield of volatile substances X for pyrolysis products of electrode pitch grade B on air
flow rate, where 1 is the dependence of T}, on g; 2 is the dependence of T, on g-.

According to Fig. 8, the decrease in X from q and q. is associated with a decrease in the
yield of volatile substances from t and t (Fig. 9).
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Fig. 9. Dependence of the yield of volatile substances of thermo-oxidation products of electrode pitch grade B in a
reactor with a large gas space on duration: 1 — dependence of X on t [20]; 2 — dependence of X on 7.

According to Fig. 9, X decreases due to an increase in t and t during the thermal oxidation
of grade B electrode pitch. It determines the decrease in X due to an increase in q and g-.

2. The effect of thermal oxidation on improving the category of electrode pitch.

In [18], low-temperature thermal oxidation was used to increase the grade of pitch from
grade B to grade B1. This paper considers the use of low-temperature thermal oxidation of grade
B electrode pitch in a reactor with a large gas space to increase the grade.
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Table 3. Characteristics of B-grade electrode pitch and pitch obtained from it

Ne Name Obtaining mode Ty, °C X, %
1 Electrode pitch B 91 53.1
2 P-1 T =260-300 °C, t = t, = 12 min, Q = 80 1/h 92 52.9
3 P-2 T =260-300 °C, t = t, = 25 min, Q = 80 I/h 95 52.6

According to Table 3, P-1 and P-2 pitches obtained by low-temperature thermal oxidation
of B-grade electrode pitch in a reactor with a large gas space correspond to Bl-grade pitches
and GOST 10200-2017 in terms of their T, and volatile matter yield X. The ash content for these
pitch grades was ~0.15%. According to studies conducted in [17-18], during low-temperature
thermal oxidation, the a, fraction content remains identical to the initial pitch a; = 7.5%.
We evaluate the a fraction content according to the results of [20] (presented in Table 2): the
a-fraction content in P-1 and P-2 pitches is in the range 34.3% < a <45.4%. Therefore, P-1 and
P-2 pitches correspond to Bl pitches according to Ty, technical analysis and fractional
composition.

3. Carbonisation of pitch and pitch-coke mixture.

Pitch carbonates were obtained by heating pitch at a rate of 6.8 °C/min to 1000 °C with a
holding time of 1 hour. Fig. 10 shows the dependence of K on the duration of thermal oxidation
of grade B electrode pitch in a reactor with a large gas space.
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Fig. 10. Dependence of Kigg on the duration of the thermal oxidation process of electrode pitch grade B

According to Fig. 10, the duration of thermal oxidation of electrode pitch grade B
increases; the carbonised product yield increases from 50 to 55%. A sharp increase in Koo was
observed at a thermal oxidation duration of t > 40 min. A similar increase in Ksso was observed
at t > 20 min in [20]. In [20], the increase in Ksso was from 48 to 59%. The differences in the
values of Ksso and Koo and their increase depending on t may be associated with the difference
in the heating rate. In work [20], the pitches were heated at a rate of 9-10 °C/min. There also
was the difference in the final carbonisation temperature. Indeed, during the thermo-oxidation
process, reactions of atmospheric oxygen with the molecular structure of the pitch occurred
lead to the enlargement of molecules [25], thereby increasing the carbonisation yield. This result
correlates with the data from [12, 21]. In [12, 21], the increase in carbonisation yield is
associated with an increase in the a-fraction in the pitch.
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We will consider the impact of various pitches on the yield of carbonised pitch-coke
mixture. The following pitch samples were used: a pitch sample with T, = 138 °C (HTP-1).
It was obtained in [20] by thermal oxidation in a reactor with a large gas space;
high-temperature pitch with T, = 150 °C (HTP-2). It was obtained by thermo-oxidation of
electrode pitch in [26]; high-melting pitch (HMP) with T, = 202 °C. It was obtained by
alternating thermal oxidation and heat treatment in a reducing environment at T > 400 °C in
[27]. All of the above-listed pitch types were obtained by thermo-oxidative treatment of
electrode pitch grade B. The crushed HTP-1, HTP-2, HMP, and B pitch types were mixed with
pitch coke and carbonised in a muffle furnace. The drop index was determined as the
percentage ratio of the cumulative mass, i.e. the mass of the carbonised pitch-coke mixture
remaining after discharge on sieves with a nominal hole size of 10 mm to the total mass of the
test sample. The drop test was conducted by dropping samples of carbonates from a metal box
onto a steel frame fixed to a concrete base. The drop test was conducted from a height of 1.8 m.
The drop index characterises the strength characteristics of the carbon material obtained.

Table 4. Characteristics of pitch-coke mixture outputs after carbonisation

Ne Name (coke/pitch ratio, %) CP, % Carbonisation mode Drop index, %
1 C/HTP-1 (60/40) 76.4 T=1000°C,2h 98.6
C/HTP-1
2 / 82.6 T=1000°C,1h 97.3
(66/34)
T =450 °C,
3 C/HMP (40/60 80.1 99.4
/ (40/60) T=1120°C,1h

C/HTP-2 (62/38) 80.1 T=1000°C,1h 98.5

5 C/B (60/40) 76.01 T=1000°C,1h 96.6

According to Table 4, the maximum CP value was observed for sample No. 2.
The coke-pitch ratio was 66/34. However, this pitch had a minimum drop index 0of 97.3%. Based
on the data in Table 4, HTP-1 pitch is a product of the thermal oxidation of HTP-1 pitch in a
reactor with a large gas space. It could be used as a binder in the production of carbon structural
materials. For sample No. 1, increasing the proportion of HTP-1 pitch from 34 to 40% and
carbonisation time from 1 to 2 hours reduced the CP from 82.6% to 76%. However, it increased
the drop index from 97.3% to 98.6%. When using HMP pitch and preparing a pitch-coke
mixture in a 40/60 ratio, followed by carbonisation, a heterogeneous product consisting of
powder and a solid mass was obtained. Therefore, to obtain a high-strength and homogeneous
material, the HMP content and carbonisation temperature were increased, additional aging at
450 °C was introduced. The resulting product (sample No. 3) using HMP had a high CP value
and drop index. According to Table 4, B-grade electrode pitch-coke mixture, the CP value, and
drop index are lower than for its thermally oxidised products. For HTP-1 pitch, this is
associated with an increase in Koo after the thermal oxidation of B-grade electrode pitch
(Fig. 10). It is also associated with an increase in the carbonisation yield for HTP-2 pitch
according to the results of [25].

Thermal oxidation of electrode pitch in a reactor with a large gas space leads to an increase
in the a fraction from 34.3% to 45.4% (Table 2) with a minimal increase in the «; fraction.
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In [28], an experiment was conducted on thermal oxidation in a reactor with a large gas space
at 350 °C with an air flow rate of 1200 1/kg*h. The increase in the a fraction was accompanied
by an increase in the a, fraction. Moreover, in [28], air was supplied closer to the molten pitch
than in our study.

The dependencies for W (Fig. 6), T, (Fig. 7) and X (Fig. 8) on the air flow rate q show
these values changing with an increase in q due to an increase in t. Thermal oxidation of grade
B electrode pitch in a reactor with a large gas space significantly reduces W. The increase in T,
occurs mainly due to an increase in the duration t. With this type of thermal oxidation,
gas-phase (y>a;) and liquid-phase (f->a.) reactions mainly occur at T > 300 °C. It leads to an
increase in the a, fraction, based on [29, 30]. Also, with this type of thermal oxidation, volatile
substances are presumably blown off, as evidenced by the dependencies (Fig. 5 and Fig. 9).

The increase in the Koo value is due to the accumulation of the a-fraction as a result of
thermal oxidation. It quantitatively increases the carbonisation yield. During carbonisation at
temperatures above 300 °C, the a, fraction in the pitch increases according to studies [31, 32].
Indeed, at temperatures of 400-500 °C mesophase transformations occur. The enhanced
increase in the a; fraction can be observed in this temperature range [33]. Thus, the a fraction
participates in the carbonisation process of pitch.

Thermal oxidation increased the CP and strength characteristics of the resulting carbon
material. Increasing the carbonisation time reduced the CP value and increased the strength
characteristics of the carbon material. The possibility of using high-melting pitch as a binder
for obtaining carbon material has been experimentally demonstrated. To increase CP, it was
necessary to increase the content of HMP pitch and double the exposure time. HMP pitch
carbonate has a high yield of K = 80.2% (carbonisation mode, Table 4) and a discharge index of
96.1%.

Conclusions

1. The softening temperature T}, increased from 91 to 136 °C when the air flow rate was
increased to 1400 1/kg. It is due to the increase in the duration of thermal oxidation of grade B
electrode pitch in a reactor with a large gas space.

2. The yield of volatile substances X decreased from 53 to 32% when the air flow rate was
increased to 1400 l/kg. It is due to an increase in the duration of thermal oxidation of grade B
electrode pitch in a reactor with a large gas space.

3. The conditions for low-temperature thermal oxidation of grade B electrode pitch in a
reactor with a large gas space, under which grade Bl electrode pitch was obtained, were
determined.

4. Thermo-oxidation of grade B electrode pitch in a reactor with a large gas space
increases the yield of pitch carbonatite and carbonatite of the pitch-coke mixture.

The work was performed within the framework of the state assignment of ‘Federal Research
Centre of Coal and Coal Chemistry of the Siberian Branch of the Russian Academy of Sciences’
project No. 124041100047-4.
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Introduction

Highly effective polymers based on semi-aromatic monomers with rigid alicyclic fragments
(derivatives of 4-aryl-1,2-norbornane dicarboxylic acid and 4-aryl-1,2-cyclohexanedicarboxylic
acid) are of considerable interest for obtaining of new-generation materials. The combination
of cycloaliphatic elements in the monomer structure with aromatic substituents and functional
groups (carboxyl and carbonyl groups, imide cycle) is used for design of polyesters,
polyimideketones and polyetherimideketones, polyimides with a wide range of required
properties [1-4]. For example, 4-phenylhexahydro-2-benzofuran-1,3-dione enables obtaining
the thermosetting composites for use in displays [5, 6]. Patent [7] describes the use of
cycloaliphatic epoxy resins to improve the characteristics of materials used in electronic devices:
increasing the glass transition temperature and ensuring a good flat surface. In [4], a composite
based on 5-norbornene-2,3-dicarboxylic acid anhydride demonstrated a significant
improvement in mechanical properties.

The paper [8] describes the synthesis of a new siloxane-norbornane dianhydride by
hydrosilylation of endic acid anhydride with tetramethyldisiloxane. Based on this compound,
an epoxy precursor has been developed. The authors claim that the developed material

© A.A. Firstova, D.A. Ogorodnikov, Yu.R. Yusifova, E.R. Kofanov, A.S. Lebedev, 2025
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combines improved chemical stability, thermal stability and mechanical behaviour, eliminating
the problem of phase separation of classical analogues.

The introduction of cyclohexane fragments improves the thermal and mechanical
properties of polymers. In addition, polymers with cyclohexane fragments are biodegradable.
These results convincingly demonstrate that a simple cyclohexane ring can be used as a
biodegradable building block. Those is rigid and exhibits improved thermal and physical
properties [9].

The synthesis of arylcycloaliphatic fragments can be performed using alkylation reactions
as a method for forming C-C bonds. The paper [10] describes a highly efficient palladium-based
catalyst used for the alkylation reaction of phenyl iodide with a wide range of bicyclic alkenes,
in particular alkenes with norbornene, norbornadiene, oxa-, and azabicyclic fragments. Such
palladium-based catalysts show enormous superiority in many respects due to their stability to
air and moisture, the use of catalytic amounts, and high efficiency. In 2015, Miuras et al. [11]
reported on a rhodium-catalysed electrophilic substitution reaction with the formation of di-,
tri-, and tetra-substituted arenes.

In 2006, the scientists tested the activity of various Lewis and Brensted acids in the
Friedel-Crafts alkylation reaction [12]. According to the studies, transition metal salts, such as
HAuCl,, IrCls, [MesW(CO);], RhCl;, H,PdCls, H,PtCls and FeCls, are the most effective ones.
Iron chloride is an alternative to rare earth triflates because it is non-toxic, inexpensive, and
available [13]. Another example of the use of transition metal salts is the cobalt diphosphine
catalyst. It promotes the addition of arylzinc reagent to norbornene derivatives [14].

The catalysis of cycloalkenes with aromatic compounds is described using copper salts
and can be successfully replaced in the case of expensive palladium-based catalysts [15]. New
catalytic approaches, namely alkylation of arenes and heteroarenes according to Friedel-Crafts
using only catalytic amounts of Lewis acid, have advantages over the classical Friedel-Crafts
reaction conditions, since benzyl, propargyl and allyl alcohols or styrenes can be used instead
of toxic benzyl halides [16].

Thus, the development of methods for synthesising new cyclohexane-containing
monomers and establishing their basic physicochemical parameters for subsequent use in
polycondensation reactions is a relevant issue.

Main body

Previously, articles [17, 18] described a method for obtaining structures with cycloalkane
fragments. We propose an alternative method for synthesising compounds based on a
combination of alkylation-acylation reactions and subsequent oxidation (Scheme 1).

4-(3-Acetyl-4-methylphenyl)cycloalkyl dicarboxylic acids 3a-c were obtained by two methods.
The first one includes the sequential interaction of toluene with cycloalkene-1,2-dicarboxylic
acids la-c in the presence of a catalyst with the isolation of the resulting
4-methylphenylcycloalkyl dicarboxylic acids 2a-c and their subsequent reaction with acetyl
chloride in the presence of an aluminium chloride catalyst — AICls. The yield was 64% in two
stages.
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iii
H@
R OH

(0]
1a-c
(a): R = none, R; = H; (b): R = CH,, R; = H, (¢): R = none, R, = CH;
i: PhMe, AICls, 40 °C, 4 h; ii: AcCl, CHCls;iii:PhMe, AICls, AcCl; v, vi: O,, Co(AcO),, Mn(AcO),, NaBr; iv, vii:
NaOH, Br,
Scheme 1

The second one was a single-reactor method of alkylation of toluene with cycloalken-1,2-
dicarboxylic acids 1a-c followed by acylation. In this case, an inert solvent, tetrachloroethane, was
used. Yield is 60%. The products obtained were purified by recrystallisation from 60% acetic acid.

Then compounds 3a-c were oxidised: the acetyl fragment was oxidised using the haloform
reaction method [17]; and the methyl fragment was oxidised using the liquid-phase oxygen
oxidation method in the presence of cobalt and manganese acetate catalysts [18]. The oxidation
of 4-(3-acetyl-4-methylphenyl)cycloalkyl dicarboxylic acids 3a-c with oxygen has a low product
yield. Apparently, this is due to the influence of the acetyl group on the formation of ion radicals
7, 8 (Scheme 2) in the liquid-phase oxidation reaction. In general terms, the Co’* oxidation
reaction can be represented as follows [19]:

o

dac 8a-c
(a): R = none, R, = H; (b): R = CH,, R, = H, (¢): R = none, R, = CH;
Scheme 2
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To confirm this hypothesis, quantum chemical calculations of the energies of the initial,
intermediate compounds, and products were performed. The B3LYP electron density
functional method [20] was used to calculate the structures, applying the 6-311G(d,p) triple
basis set. The molecular structures were optimised; after the thermodynamic parameters for all
optimised geometries were sequentially evaluated.

The thermodynamic probability of the oxidation reaction of compounds 3a and 4a to
compound 6a was evaluated using quantum chemical methods: calculations of the electronic
structures of molecules, energy, molecular structure, thermochemical properties, and energy
characteristics of reactions in the ground and excited states [21]. For analysis, we selected heat
of formation (AHj kcal/mol), total energy (Eiw: kcal/mol), Gibbs energy (AG, kcal/mol),
entropy (AS, J/(mol-K)). These main characteristics allow us to assess the stability of the
compounds formed (Table 1).

Table 1. Thermodynamic characteristics of structures 3-4a, 6a, 7-10 (temperature 298.15 K and pressure 101.325 kPa)

Structure Total energy E,, | Enthalpy of formation | Gibbs energy AG, | Entropy AS,
kcal/mol'10° AHj, kcal/mol 10° kcal/mol 10° J/(mol-K)
(o}
CH, OH
OH
o -650.099 -649.867 -649.913 152.219
o
H,C

Compound 3a

OH

HO OH -672.639 -672.421 -672.466 148.614

(o]
o (o]

Compound 4a
c._~©O

Hy
*H,C o
g: -671.629 -671.428 -671.474 154.670
o
*H,C o
g: -649.1 -648.884 -648.93 153.721

Compound 10

HO OH

HO -766.287 -766.077 -766.125 159.612

o (o]
(o] (o]

o

=

Compound 6a

When comparing the enthalpies of formation of the starting materials, intermediate
compounds, and products, the formation of radical 10 is more favourable. The lower enthalpy
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for compound 3a can be interpreted as the possibility of faster product formation and, as a
result, higher product yield. These agree with the experimental data.

To confirm the existence of the transition state, internal coordinate reaction (IRC)
calculations were performed. It allows us to investigate the configuration of the energy
landscape around the transition point [22, 23]. The transition state was characterised by the
presence of a single negative eigenvalue of the Hessian matrix only for compound 4a. However,
the corresponding eigenvector clearly reflects the displacement along the reaction coordinate.
The transition state was localised using the TS (Transition State) method algorithm [24].

Total Energy along IRC

-0.17

-0.18

-0.19+

-0.204

-0.21

-0.22

-0.23

-0.24

-0.25-

-0.26-

-0.27-

Total Energy (Hartree)

-15 -10 -5 0 5 10 15 20 25 30
Intrinsic Reaction Coordinate

Fig. 1. Procedure for restoring the reaction coordinate using the IRC method of connection 4a

According to reaction pathways analysis and final structures of the IRC procedure, the
reaction is single-stage one and does not involve any intermediates other than weakly bound
pre-reaction and post-reaction complexes.

We conducted a study on the effect of reaction time on the yield of oxidation product 6a.
The reaction was conducted at a temperature of 90 °C; a reaction time is 3 hours. Samples were
taken every half hour and analysed by HPLC (Table 2).

Table 2. Effect of oxidation reaction time on product 6a content, %

. . Composition of reaction mixture, %
Reaction time, h
Starting material 3a, % Reaction product 6a, %
0.5 55 45
46 64
0.05 99.95
3 0.05 99.95

According to the Table 2, product formation is observed within 30 minutes; the highest
yield is achieved within 2 hours.
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Conclusions

The method for the synthesis of tetracarboxylic acids containing a cycloaliphatic fragment
has been developed. It allows products to be obtained with a high yield of 60%. The probability
of obtaining tetracarboxylic acids using a single-reactor method has been demonstrated. Based
on quantum chemical methods, calculations were performed and the path and sequence of
oxidation reactions of methyl and acyl groups were determined. As a result of studying the
oxidation reaction, the highest product yield is observed in 2 hours.

Experimental part

Reaction monitoring and identification of synthesised compounds were performed using
thin-layer chromatography (TLC) on Kieselgel-G plates (MerckSi 254F). A mixture of
petroleum ether, toluene, acetone, and acetic acid in a ratio of 50:30:50:1 (by volume) was used
as the eluent.

Infrared (IR) spectra were recorded on a PerkinElmer SpectrumTwo Fourier transform
spectrometer using a near-infrared (NIR) probe. The 'H and *C NMR spectra were recorded
on a Varian UNITY plus 400 MHz instrument at 303 K. All compounds were analysed as 5%
solutions in DMSO-ds with tetramethylsilane (TMS) as an internal standard. The chemical
shifts of 'H NMR are given relative to the residual signal (6H 2.5 ppm). The chemical shifts of
BC NMR are given relative to the central signal of the solvent (§C 39.5 ppm). The melting
temperatures of the compounds were determined using an Electrothermal IA 9300 Series
instrument. High-resolution mass spectra were recorded on a BrukermicrOTOF II device with
electrospray ionisation (ESI). Reagents and solvents (Aldrich, Acros) are commercially available
and were used without prior purification.

The synthesis methods and physicochemical characteristics of compounds 2a-c and 6a-c
are described in [17,18].

Synthesis of 4-(3-acetyl-4-methylphenyl)cycloalkyl dicarboxylic acids. General
methodology

10 ml of chloroform and 0.5 g (1.81 mmol) of compound 4-6 are loaded into a flask
equipped with a refrigerator and a stirrer. Then we add 1 g (7.24 mmol) of aluminium chloride
in portions at a temperature of 50 °C, followed by 0.2 ml (2.17 mmol) of acetyl chloride. We stir
it for 4 hours at a temperature of 50 °C. The reaction mixture is precipitated in ice water and
5 ml of 36% hydrochloric acid. The precipitate is filtered and dried. The resulting product is
purified by crystallisation from an aqueous solution of acetic acid.

Synthesis of 4-(3-acetyl-4-methylphenyl)cycloalkyl dicarboxylic acids. Single-reactor
method

10 ml of tetrachloroethane and 0.5 g (2.74 mmol) of compound 1-3 are loaded into a flask
equipped with a refrigerator and a stirrer. At a temperature of 50 °C, 1.1 g (8.24 mmol) of
aluminium chloride is added in portions and stirred for 2 hours; then 0.36 g (2.74 mmol) of
aluminium chloride and 0.2 ml (2.17 mmol) of acetyl chloride are added. We stir it for 2 hours
at a temperature of 50 °C. The reaction mixture is precipitated in ice water and 5 ml of 36%
hydrochloric acid. The precipitate is filtered and dried. The resulting product is purified by
crystallisation from an aqueous solution of acetic acid.
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4-(3-Acetyl-4-methylphenyl)cyclohexane-1,2-dicarboxylic acid (3a). Yield is 80%. T
is 180-182 °C. IR-spectrum, v/cm™: 2950, 2856(vCH,, vCH3), 2730, 2678, 2542(OH), 1720
(C=0, ketone), 1698 (C=0, acid), 1603 (Ar), 1223, 1209 (C-O), 925 (OH), 880, 816
(1,2,4-substitution). NMR-spectrum 'H (DMSO-d6, §, ppm, J/Hz): 12.13 (br.s, 2H, COOH),
7.71 (t, ] = 8.4 Hz, 2H, Ar), 7.17 (d, ] = 8.4 Hz, 1H, Ar), 7.11 (d, ] = 8.4 Hz, 3H, C(O)CH.),
2.72-2.64 (m, 1H, CH), 2.04-1.72 (m, 1H, CH), 2.12-2.10 (m, 2H, CH,), 1.93-1.89 (m, 1H, CH),
1.64-1.51 (m, 1H, CH), 1.49-1.46 (m, 2H, CH,), 1.35-1.27 (m, 1H, CH), 1.07-1.05 (m, 3H, CH).
NMR-spectrum *C (100 MHz, §, ppm): 175.23, 174.95, 146.82, 138.83, 129.77, 127.81, 127.48,
126.55, 126.45, 124.75, 37.87, 36.55, 36.03, 32.43, 31.59, 23.69, 21.82. Mass-spectrum (EI, 70
eV), m/z (La,%): 332 (28), 229 (59), 257 (32), 212 (100), 197 (25), 169 (35), 145 (30), 43 (30).
Mass-spectrum (ESI), m/z: found for Ci7H;0Os: 304.1311, calculated for Ci7H20Os: 304.1335.

5-(3-Acetyl-4-methylphenyl)bicyclo[2.2.1]heptane-2,3-dicarboxylic acid (3b) Yield is
81%. Tmer is 101-103 °C. IR, v/cm™: 2964, 2921, 2882 (vCH,, vCHj3), 2741, 2688, 2552 (OH),
1717 (C=0, ketone), 1709 (C=0, acid), 1605 (Ar), 1228, 1199 (C-0),928 (OH), 864, 811
(1,2,4-substitution). NMR-spectrum 'H (DMSO-d6, §, ppm, J/Hz): 12.03 (br.s, 2H, COOH),
7.16 (t,] = 7.5 Hz, 1H, Ar), 7.09 (d, ] = 8.4 Hz, 1H, Ar), 7.06-6.99 (m, 3H, C(O)CHs), 6.95 (d,
J= 7.4 Hz, 1H, Ar), 3.03-2.99 (m, 2H, CH,), 2.89 (m, 2H, CH,), 2.42-2.37 (m, 2H, CH2),
2.06-2.01 (m, 1H, CH), 1.55 (m, 3H, CHs), 1.38-1.35 (m, 1H, CH), 1.19-1.15 (m, 1H, CH).
NMR-spectrum *C (100 MHz, §, ppm):174.23, 173.93, 147.02, 137.83, 129.47, 128.81, 128.38,
127.53,126.75, 124.69, 47.87, 46.55, 46.03, 42.43, 41.59, 37.34, 33.69, 21.82. Mass-spectrum (EI,
70 eV), m/z (L, %):344 (5), 271 (10), 256 (32), 242 (25), 183 (13), 156 (100), 141 (13), 128 (17),
113 (23), 91 (16). Mass-spectrum (ESI), m/z: found for Ci;H»Os: 316.1311, calculated for
Ci7H200s5: 316.1345.

4-(3-Acetyl-4-methylphenyl)-4-methylcyclohexane-1,2-dicarboxylic acid (3¢). Yield is
86%. Tmer is 125-127°C. IR, v/cm™: 2918, 2988 (vCH,, vCH3), 2745, 2679, 2547 (OH), 1718
(C=0, ketone), 1705 (C=0, acid), 1605 (Ar), 1223, 1210 (C-O), 945 (OH), 882, 816
(1,2,4-substitution). NMR-spectrum 'H (DMSO-d6, §, ppm, J/Hz): 12.13 (br.s, 2H, COOH),
7.24-7.20 (m, 2H, Ar), 7.14 (d, ] = 7.3 Hz, 3H, C(O)CH,), 6.98 (d, ] = 6.5 Hz, 1H), 2.86 (s, 1H,
CH), 2.31-2.27 (m, 2H, CH,), 2.26-2.27 (m, 2H, CH,), 2.10-2.07 (m, 2H, CH,), 1.93-1.91 (m, 3H,
CH,), 1.21-1.18 (m, 1H, CH), 1.09-1.05 (m, 3H, CH3). NMR-spectrum "*C (100 MHz, §, ppm):
175.61, 175.46, 146.97, 138.17, 135.08, 129.87, 129.15, 126.89, 126.32, 125.43, 123.47, 38.63,
33.85,31.33,30.82, 24.82, 22.03, 21.09. Mass-spectrum (EI, 70eV), m/z (L, %): 342 (5), 271 (10),
242 (48), 183 (17), 156 (100), 145 (13), 113 (22), 91 (12). Mass-spectrum (ESI), m/z: found for
CisH220s: 306.1461, calculated for CisH,,0s: 306.1467.

Synthesis of 4-(3-carboxylic-4-methylphenyl)cycloalkyl dicarboxylic acids. General
methodology

At the intensive stirring and cooling to 10 °C. 0.2 g (0.6289 mmol) of compound 7-9 is
added to a solution of 4 g of caustic soda in 50 ml of water in a three-necked flask equipped with
a stirrer, a dropping funnel and a thermometer. Next, we add 0.15 ml (1.887 mmol) of bromine
dropwise and stir for 15 minutes at a temperature of 0-5 °C. Then we leave it at room
temperature and stir for 1 hour. Next, we heat it to 50-60 °C for 5 hours. Then we separate the
resulting bromoform. We add a 5% aqueous solution of sodium thiosulphate to the alkaline
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solution and acidify with concentrated hydrochloric acid to a pH of 2-3. The precipitate is
filtered and dried.

4-(3-Carboxy-4-methylphenyl)cyclohexane-1,2-dicarboxylic acid (4a). Yield is 819%.
T is 183-185°C. IR, v/cm™: 2950, 2925, 2865 (vCH,, vCHj), 2655, 2575(0OH),1728
(C=0O.ketone), 1697, (C=0, acid), 1606 (Ar), 1250 (C-OH),931 (OH), 880, 826
(1,2,4-subtitution). NMR-spectrum 'H (DMSO-d6, §, ppm, ]/Hz):12.07 (br.s, 3H, COOH), 7.11
(d,J=8.3Hz, 1H, Ar),7.07 (d, ] = 6.7 Hz, 1H, Ar), 6.98 (d,] = 7.4 Hz, 1H, Ar), 2.73-2.69 (m, 1H,
CH), 2.49-2.47 (m, 1H, CH), 2.48-2.40 (m, 1H, CH), 2.16-2.07 (m, 2H, CH.), 1.94-1.88 (m, 3H,
CHs), 1.63-1.58 (m, 1H. CH), 1.53-1.49 (m, 2H, CH,), 1.37-1.34 (m, 1H, CH), 1.20 (d, J = 5.5 Hz,
2H, CH,). NMR-spectrum “C (100 MHz, §, ppm): 175.23, 174.95, 174.85, 130.78, 129.81,
127.83, 126.45, 125.45, 124.83, 37.87, 36.55, 36.03, 32.43, 31.59, 23.69, 21.82. Mass-spectrum
(EL, 70 eV), m/z (L, %): 348 (8), 304 (17), 272 (41), 244 (48), 229 (43), 212 (21), 185 (61), 169
(90), 132 (100), 105 (40), 91 (38), 59 (12), 41 (7). Mass-spectrum (ESI), m/z: found for C;sH1sOs:
306.1103, calculated for C;sH1506:306.1145.

5-(3-carboxy-4-methylphenyl)bicyclo[2.2.1]heptane-2,3-dicarboxylic acid (4b). Yield
is 83%. Tumer is 141-143°C. IR, v/cm: 2965, 2935, 2885 (vCH,, vCH3), 2675, 2585, (OH), 1701,
1684 (C=0, acid), 1605 (Ar), 1250 (C-OH), 935(OH), 886, 816 (1,2,4-substitution).
NMR-spectrum 'H (DMSO-d6, §, ppm, J/Hz): 12.01 (br.s., 3H, COOH), 7.15 (d, ] = 8.4 Hz, 1H,
Ar),7.09 (d, ] = 6.4 Hz, 1H, Ar), 6.95 (d, J = 7.4 Hz, 1H, Ar), 3.06-2.99 (m, 2H, CH), 2.91-2.87
(m, 1H, CH), 2.44-2.36 (m, 2H, CH.), 2.25 (s, 1H, CH), 2.67-2.07 (m, 1H, CH), 1.37-1.33 (m,
1H, CH), 1.21-1.15 (m, 1H, CH, CH). NMR-spectrum "*C (100 MHz, §, ppm): 174.23, 173.93,
173.55,132.38, 130.47, 129.82, 128.42, 127.33, 126.65, 47.74, 46.75, 46.13, 42.33, 41.69, 37.44,
33.71, 22.82. Mass-spectrum (ESI), m/z: found for C,7H50s: 318.1110, calculated for C;;H15Os:
318.1103.

4-(3-carboxy-4-methylphenyl)-4-methylcyclohexane-1,2-dicarboxylic acid (4c).

Yield is 75%. Tmer 147-149°C. IR, v/cm™: 2950, 2932, 2886 (vCH,, vCH3), 2665, 2577 (OH),
1707 (C=0, acid), 1601 (Ar), 1250 (C-OH), 932 (OH), 880, 832 (1,2,4-substitution).
NMR-spectrum 'H (DMSO-d6, §, ppm, J/Hz):12.09 (br.s., 3H, COOH), 7.21 (d, ] = 6.2 Hz, 1H,
Ar), 7.16-7.05 (m, 2H, Ar), 2.84 (s, 1H, CH), 2.26-2.20 (m, 3H, CH3), 2.16-2.05 (m, 2H, CH,),
2.04-1.92 (m, 2H, CH,), 1.54-1.49 (m, 2H, CH,), 1.33-1.27 (m, 1H, CH), 1.25-1.21 (m, 1H, CH),
1.07-1.01 (m, 2H, CH,). NMR-spectrum *C (100 MHz, §, ppm): 175.61, 175.46, 174.76, 138.15,
136.18, 135.87, 129.25, 127.19, 126.34, 124.46, 38.73, 34.95, 31.23, 30.85, 24.85, 22.15, 21.29.
Mass-spectrum (ESI), m/z: found for Ci7H2O¢: 320.1268, calculated for C;7H20Os: 320.1260.
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bifarmacophore agent addition time on the regioselectivity of the SgAr reaction. The purpose is an
molecules, condensed efficient functionalisation of the bifarmacophore molecule 8-chloro-3,4-dihydro-1H-
benzimidazole [1,4]oxazino[4,3-a]benzimidazole in electrophilic nitration and halogenation
derivatives, morpholine  reactions. Two isomeric 7- and 9-substituted products were formed during these
ring, regioselectivity, reactions. A larger amount of 7-R-8-chloro-3,4-dihydro-1H-[1,4]oxazino[4,3-

nitration, halogenation  a]benzimidazole was formed. Reducing the reaction temperature and the
concentration of the electrophilic agent in the reaction mixture increased the selectivity
of the process for forming the isomer.
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Introduction

Inclusion of several pharmacophore fragments into the molecular structure is one of the
promising directions in the design of substances with high biological activity [1-7]. As a result,
the synergistic action of the pharmacophore groups is observed. It leads to the enhancement of
the therapeutic effect of the drug under development.

For example, this approach is used to synthesise dual-action antibiotics [1]. These drugs
are essential for overcoming the issue associated with the development of antibiotic resistance
in microorganisms. The two pharmacophores of such a drug can be connected via a spacer
directly or with a slight overlap. It is suggested that covalent bonding, unlike non-covalent
bonding, makes the pharmacokinetic characteristics of the resulting molecule more predictable.
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The most common pharmacophores in medicinal substances are benzimidazole [8-10]
and morpholine [11-16] cycles. There are a lot of benzimidazole derivatives. For example,
omeprazole is used as an antiulcer agent; candesartan, telmisartan, and azilsartan medoxomil
are used as antihypertensive drugs; dibazol shows the antispasmodic properties effect, etc. (Fig. 1).
Moreover, the most of these compounds contain substituents in the 1st and 2nd positions of
the heterocycle.
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Fig. 1. Medicinal products containing a benzimidazole ring: 1 - candesartan, 2 - azilsartan medoxomil,
3 - bendamustine, 4 - telmisartan, 5 — dibazol, 6 - omeprazole, 7 - dabigatran etexilate mesylate, 8 — astemizole,
9 - emedastine

The morpholine cycle includes the following drugs: new-generation antibiotic linezolid,
the antidepressant moclobemide, the antiemetic aprepitant, and the antiarrhythmic agent
etmozin (Fig. 2). The drug gefitinib is used to treat cancer.
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Fig. 2. Structural formulas of morpholine-containing drugs: 10 - linezolid, 11 - aprepitant, 12 — moclobemide,
13 - etmozin, 14 - getifib

We have previously developed an effective method for synthesising a new benzimidazole
derivative. It contains a morpholine ring annulated at positions 1 and 2 - 8-chloro-3,4-dihydro-
1H-[1,4]oxazino[4,3-a]benzimidazole (1) [17].

Compounds containing this condensed heterocycle are utilized in the development of
potent pharmaceutical substances [18, 19], such as antiviral [20] and antitumor [21] agents.
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Continuing the work on the synthesis of new bipharcophore molecules, this study
investigated one of the ways of functionalising condensed benzimidazole 1 during aromatic
electrophilic substitution reactions: nitration and halogenation. They allow new highly reactive
centres to be formed in the molecule.

Main body

A nitrating mixture of potassium nitrate and sulphuric acid was used to introduce the
nitro group. It was quickly added to the solution of heterocycle 1 in sulphuric acid. We
conducted the reaction at 30 °C for 1 hour. We have used these conditions previously for the
nitration of pyrid[1,2-a]benzimidazoles [22]. A mixture of two isomeric nitro compounds 2a
and 2b in a ratio of 1 : 0.33 was isolated from the reaction mass (Scheme 1, 7). The total yield of

NO,
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5
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isomers 2a and 2b was 97%.

Scheme 1. Reagents and conditions: i KNOs, H,SO,, 30 °C, rapid addition of nitrating agent, reaction time is
1 hour; ii KNO;, H,SO4, 20 °C, gradual addition of nitrating agent is made during 2 hours; iii KNOs, H,SO4, 90 °C,
rapid addition of nitrating agent, reaction time is 4 hours.

Patent [18] reports the formation of two isomers upon nitration of condensed
benzimidazole 1. However, the isomer ratio was not specified in the patent, and their separation
and identification were not performed. Only high-resolution mass spectrometry data (MS m/z
(ESI): 254.2 [M*!]) for the mixture of substances was provided.

These compounds 2a and 2b were isolated individually during the research. Their
structure was proved by 'H, C NMR spectroscopy and high-resolution mass spectrometry.
Proton signals were assigned based on 'H-'H NOESY spectroscopy data.

Fig. 3 shows the 2D NMR spectrum of one of the nitration reaction products, which was
formed in larger quantities. Two proton signals in the form of singlets were present in the 'H
NMR spectrum (horizontal part of the spectrum) in the weak field region of 7.9-8.5 ppm.
A cross peak of interaction between protons H** of the morpholino cycle and aromatic proton
H® was recorded in the 2D NMR spectrum. This type of proton signal and the absence of a
substituent in the 6th position indicated the introduction of a nitro group in the 7th position of
the heterocycle. Thus, the substance obtained was identified as 7-nitro-8-chloro-3,4-dihydro-
1H-[1,4]oxazino[4,3-a]benzimidazole (2a). Data from "“C NMR spectroscopy and mass
spectrometry confirmed the structure of nitro compound 2a.
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Fig. 3. 'H-'"H NOESY NMR spectrum of 7-nitro-8-chloro-3,4-dihydro-1H-[1,4]oxazino[4,3-a]benzimidazole (2a)
(DMSO-ds)

The formation of the 9-substituted product, 9-nitro-8-chloro-3,4-dihydro-1H-
[1,4]oxazino[4,3-a]benzimidazole (2b), was evidenced by the presence in the 'H NMR
spectrum (Fig. 4, horizontal part of the spectrum) of two signals of aromatic protons H® and H’,
which had the form of a doublet with ] = 8.6 - 8.7 Hz. The signal H® appeared in a weaker field.
It had a cross-peak with methylene protons H**. Compared to compound 2a, the proton signals
of isomer 2b were shifted to the more strongly polar region of the NMR spectrum at 7.5-7.9 m.d.
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Fig. 4. '"H-'H NOESY NMR spectrum of 9-nitro-8-chloro-3,4-dihydro-1H-[1,4]oxazino[4,3-a]benzimidazole (2b)
(DMSO-ds)

We studied the effect of temperature and timing of nitrating agent addition on the
regioselectivity of aromatic electrophilic substitution reactions (Table 1).
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Table 1. The impact of temperature and timing of nitrating agent addition on the ratio of nitroisomers 2a and 2b

VOL. 6, ISSUE 4, 2025

formed
Ne T, °C Time of reagent Reaction time, h 2 yield (%) Ratio
addition 2aand 2b 2a and 2b*
1 10 =5 sec 3 89 1:0.19
2 20 = 5 sec 1.5 91 1:0.22
3 30 =5 sec 1 94 1:0.33
4 40 = 5 sec 0.75 96 1:0.35
5 50 =5 sec 0.75 93 1:0.39
6 30 2h 2% 97 1:0.05
7 20 2h 2% 96 1:0.03

“according to '"H NMR spectroscopy
** SgAr reaction proceeded during the gradual introduction of the nitrating mixture over a period of 2 hours.

As can be seen from the data in the table, the amount of 9-nitro-substituted product 2b in
the reaction mass increased with rising reaction temperature (experiments 1-5). The highest
selectivity of the reaction at substrate 1 position 7 was observed at temperatures of 10 and 20 °C
(experiments 1 and 2). At the same time, the reaction time of SzAr increased, and isomer 2b
was always present in the reaction mass.

Subsequently, in order to increase the selectivity of the nitration process, the reaction was
conducted with a shortage of nitrating agent (experiments 6 and 7). A stepwise addition of the
nitrating mixture over 2 hours led to the formation of mainly nitrocompound 2a. Another
isomer, 2b, was present in trace amounts in the reaction mixture. After recrystallisation in
methanol, benzimidazole 2a was isolated with a yield of 89%. Thus, the conditions for the
synthesis of 7-nitro-8-chloro-3,4-dihydro-1H-[1,4]oxazino[4,3-a]benzimidazole (2a) (Scheme
1, ii) via an individual nitration reaction were optimized.

The use of an excess of the nitrating agent afforded 7,9-dinitro-8-chloro-3,4-dihydro-1H-
[1,4]oxazino(4,3-a]benzimidazole (3) (Scheme 1, iii) in 89% yield. The introduction of two
nitro groups into substrate 1 proceeded only at temperatures above 80 °C. The reaction was
conducted for 4 hours.

According to 2D NMR spectroscopy data (Fig. 5), the nitro groups were introduced in
accordance with the directing effect of the substituent, specifically at the 7- and 9-positions of
the condensed benzimidazole 1.

1,1
H* H 4 s
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| 1/3 4/33/4’ .
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Fig. 5. '"H-'H NOESY NMR spectrum of 9-dinitro-8-chloro-3,4-dihydro-1H-[1,4]oxazino[4,3-a]benzimidazole (3)
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Halogenation of condensed benzimidazole 1 with N-bromosuccinimide in concentrated
sulfuric acid followed patterns analogous to the mononitration reaction (Scheme 1, ). It should
be noted that this reaction proceeded much more slowly than the nitration process. Therefore,
bromination was performed at 40 °C for 9 hours. Complete consumption of substrate 1 in the
reaction was observed when using 1.4 equivalents of NBS.

When the brominating agent was added rapidly, two isomers were formed. Two proton
signals were present in the 'H NMR spectrum of the mixture obtained, in the form of a singlet
of the 7,8-dihalogen-substituted isomer, and two signals in the form of a doublet with a
J-coupling of 8.6 Hz, of another isomer, which was formed in smaller quantities. As the reaction
temperature increased, the amount of this compound in the reaction mass also increased.

Stepwise addition of N-bromosuccinimide solution over 9 hours at 40 °C to the reaction
mixture yielded 7-bromo-8 -chloro-3,4-dihydro-1H-[1,4]oxazino[4,3-a]benzimidazole (4)
after recrystallisation in isopropanol with a yield of 91% (Scheme 2).

4 p Br
3 7
5
//\ N 8 i //\ N
0, Cl \/4 Cl
N N
1 N 9 N
1 4

Scheme 2. Reagents and conditions i NBS, H,SO,, 40 °C, stepwise addition of halogenating agent over 9 hours.

It was of interest to determine the regioselectivity of the SgAr reaction during the nitration
of dihalogenated derivative 4. In this case, the halogen atoms direct the introduction of the nitro
group to different positions in the molecule. Rapid addition of the nitrating agent at 40 °C
yielded two nitration products at the 9- and 6-positions in a ratio of 1:0.21, respectively. The
proportion of the 9-substituted product in the reaction mixture could be increased by the slow,
dropwise addition of the nitrating mixture over a period of 3 hours. After recrystallization from
isopropanol, the vyield of 7-bromo-8-chloro-9-nitro-3,4-dihydro-1H-[1,4]oxazino[4,3-

a]benzimidazole (5) was 91%.

R 4 6 5 Br Br
//\5 //\
N 8 i N
0, cl Cl
N X
1 N 9 N
4 5 NO

2

Scheme 3. Reagents and conditions: i KNO;, H,SO,, 40 °C, stepwise addition of halogenating agent over 3 hours.

In 2D NMR spectrum (Fig. 6) of compound 5, a cross-peak corresponding to the
interaction between the H** protons of the morpholine ring and the aromatic proton H® was
observed, confirming the introduction of the nitro group at the 9-position.

Thus, the formation of two isomers occurred during the nitration and halogenation of
8-chloro-3,4-dihydro-1H-[1,4]oxazino[4,3-a]benzimidazole (1): 7,8- and 8,9-disubstituted
products. The selectivity of aromatic electrophilic substitution was affected by the reaction
temperature and, in particular, by the concentration of the electrophilic agent in the reaction

mixture.
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Fig. 6. '"H-'"H NOESY NMR spectrum of 7-brom-8-chloro-3,4-dihydro-1H-[1,4]oxazino[4,3-a]benzimidazole (5)
(DMSO-d,)

When the process temperature and reagent concentration were reduced, the electrophilic
particle was introduced predominantly into position 7 of the condensed heterocycle.
Electrophilic attack predominantly occurred at the 9-position in 7-bromo-8-chloro-3,4-
dihydro-1H-[1,4]oxazino[4,3-a]benzimidazole (4), where the substituents exhibit mismatched
directing effects. As a result, the conditions for the functionalisation of the bipharcophore
molecule 8-chloro-3,4-dihydro-1H-[1,4]oxazino[4,3-a]benzimidazole in the SpAr reaction
were developed. The resulting halonitro derivatives can be used for further functionalisation in
aromatic nucleophilic substitution and reduction reactions. It will significantly expand the
range of known 3,4-dihydro-1H-[1,4]oxazino[4,3-a]benzimidazole derivatives.

Experimental part

We determined the melting points on a PolyTherm A device at a heating rate of 3 °C/min
and did not adjust. We recorded NMR spectra on a Bruker DRX-400 for DMSO-ds solutions.
We used the signals of residual solvent protons in 'H NMR (6 2.5 ppm) or in "C NMR
(6 = 39.5 ppm) as a reference for counting chemical shifts.

High-resolution mass spectra for substances 3 and 5 were recorded on a Bruker
micrOTOF (time-of-flight mass analyser) (Germany) equipped with an electrospray ionisation
(ESI) source. The scanning range was m/z 50-2000. External calibration of the mass scale was
performed using a low-concentration calibration solution “Tuning mix’ (Agilent Technologies).
Samples were injected using a Hamilton RN 1750 syringe (Switzerland) with a capacity of
500 pl. Measurements were performed in positive ion (+) mode (grounded spray needle,
high-voltage capillary 4500 V; potential difference with spray shield -500 V). The flow rate
during injection was controlled by a syringe pump (3 pl/min). Nitrogen was used as the
nebuliser gas (1.0 bar) and desiccant gas (4.0 I/min, 200 °C). The data were processed using the
BrukerData Analysis 4.0 software package.
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High-resolution mass spectra (HRMS) for compounds 2a, 2b, and 4 were recorded on an
Agilent 6546 time-of-flight (TOF) mass spectrometer (Agilent Technologies) equipped with an
electrospray ionization (ESI) source in positive ion mode. Sample injection volume was 10 pL.
Source parameters: sheath gas temperature is 350 °C; sheath gas flow is 11 psi (0.758 bar);
drying gas temperature is 320 °C; drying gas flow rate is 3 L/min; nebulizer gas is 35 psi
(2.413 bar); capillary voltage is 3500 V. The calibration solution contained two internal
reference masses (purine, CsHiNi, m/z 121.050873; and HP-921 [hexakis(1H,1H,3H-
tetrafluoropropoxy)phosphazene], CisHisOsN3PsF.s, m/z 922.009798). Data acquisition and
processing were performed using MassHunter Workstation 10.0 software (Agilent
Technologies). All masses were obtained with an error of less than 5 ppm.

General method for the synthesis of 7-nitro-8-chloro-3,4-dihydro-1H-[1,4]
oxazino[4,3-a]benzimidazole (2a) and 9-nitro-8-chloro-3,4-dihydro-1H-[1,4]oxazino[4,3-
a]lbenzimidazole (2b)

We added a solution of 0.51 g (0.005 mol) of KNO3 in 20 ml of H2SO4 to a solution of
1 g (0.0048 mol) of benzimidazole ; in 20 ml of H2504 at 30 °C. The reaction mixture was then
stirred for 1 h. Then we poured the reaction mixture into ice and treated it with NH,OH to pH
8. We filtered out the precipitate, dried it, and recrystallised in methanol. Upon cooling, isomer
2a precipitated. We evaporated the filtrate and recrystallised the dry residue obtained in
isopropanol. Upon cooling, isomer 2b precipitated from the isopropanol.

7-nitro-8-chloro-3,4-dihydro-1H-[1,4]oxazino[4,3-a]benzimidazole (2a) Yield is 64%.
T melt. 212-215 °C. Spectrum 'H NMR (400 MHz, DMSO-d;) ¢ 8.46 (s, 1H, H¢), 7.92 (s, 1H,
H®), 5.01 (s, 2H, H"'), 4.29-4.25 (m, 2H, H**), 4.19-4.16 (m, 2H, H*?). ®C NMR spectrum
(101 MHz, DMSO-ds) & 155.02, 145.63, 142.70, 132.84, 121.16, 119.33, 109.60,
64.93, 63.68, 43.17. ESI-HRMS: m/z calculated C,oHyCIN;O;: 254.0327 [M+H]*, found
254.0331; A = 1.60 ppm.

9-nitro-8-chloro-3,4-dihydro-1H-[1,4]oxazino[4,3-a]benzimidazole (2b). Yield is
17%. T melt. 156-160 °C. Spectrum '"H NMR (400 MHz, DMSO-d;) § 7.88 (d, ] = 8.7 Hz, 1H,
HY), 7.54 (d, J = 8.6 Hz, 1H, H’), 5.01 (s, 2H, H"'), 4.31-4.27 (m, 2H, H**), 4.19-4.15 (m, 2H,
H?*?). BC NMR spectrum (101 MHz, DMSO-ds) 6 153.35, 138.99, 135.97, 135.70, 123.30, 117.61,
114.96, 64.80, 63.63, 43.16. ESI-HRMS: m/z calculated C,0HoCIN3O3: 254.0327 [M+H]*, found
254.0333; A = 1.78 ppm.

Synthesis methodology of 7-nitro-8-chloro-3,4-dihydro-1H-[1,4]oxazino[4,3-
albenzimidazole (2a).

We added a solution of 0.51 g (0.005 mol) of KNO3 in 20 ml of H2SO4 to a solution of
1 g (0.0048 mol) of benzimidazole ; in 20 ml of H,SO, at 20 °C for 2 hours. Then we poured the
reaction mixture into ice and treated it with NH,OH to pH 8. We filtered out the precipitate,
dried it, and recrystallised in methanol. Yield is 1,08 g (89%).

Synthesis methodology of 7,9-dinitro-8-chloro-3,4-dihydro-1H-[1,4]oxazino[4,3-
a]benzimidazole (3).

We added a solution of 1.02 g (0.010 mol) of KNO3 in 20 ml of H2SO4 to a solution of
1 g (0.0048 mol) of benzimidazole 1 in 20 ml of H,SO, at 60 °C. The reaction mixture was then
stirred at 90 °C for 4 hours. Then we poured the reaction mixture into ice and treated it with
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NH,OH to pH 8. We filtered out the precipitate, dried it, and recrystallised in isopropanol and
DME.

Yield is 1.28 g (89 %). T melt. 244-247 °C. Spectrum '"H NMR (400 MHz, DMSO-d;) § 8.87
(s, 1H, H), 5.08 (s, 2H, H"!), 4.38-4.36 (m, 2H, H**), 4.21-4.18 (m, 2H, H*?). Spectrum *C NMR
(101 MHz, DMSO-ds) § 217.93, 157.59, 142.05, 139.31, 137.70, 134.69, 112.44, 111.71, 64.81,
63.43, 43.80. ESI-HRMS: m/z calculated Ci0HsCIN,Os: 299.0178 [M+H]*, found 299.0190;
A =4.01 ppm.

Synthesis methodology of 7-nitro-8-chloro-3,4-dihydro-1H-[1,4]oxazino[4,3-
albenzimidazole (4).

We added a solution of 1.2 g (0.0067 mol) of NBS in 30 ml of H2SO, to a solution of 1.0 g
(0.0048 mol) of benzimidazole 1 in 20 ml of H,SO4 at 40 °C for 9 hours. Then we poured the
reaction mixture into ice and treated it with NH,OH to pH 8. We filtered out the precipitate,
dried it, and recrystallised in isopropanol.

Yield 1.26 g (91 %). T melt. 192-199 °C. "H NMR (400 MHz, IMCO-d;) § 8.02 (s, 1H, H°),
7.84 (s, 1H, H’), 4.94 (s, 2H, H"), 4.09-4.23 (m, 4H, H****). ®C NMR (101 MHz, DMSO-d;)
0 151.43, 143.09, 134.71, 126.78, 120.64, 115.57, 114.42, 65.01, 63.91, 43.12. ESI-HRMS:
m/z calculated Ci0HoBrCIN,O: 288.9559[M+H]", found 288.9562; A = 1.12 ppm.

Synthesis methodology of 7-brom-8-chloro-3,4-dihydro-1H-[1,4]oxazino[4,3-
albenzimidazole (5).

We gradually added a solution of 0.37 g (0.0036 mol) of KNOs in 20 ml of H>SO4 to a
solution of 1 g (0.0035 mol) of benzimidazole 4 in 20 ml of H,SO, at 40 °C for 3 hours. Then we
poured the reaction mixture into ice and treated it with NH,OH to pH 8. We filtered out the
precipitate, dried it, and recrystallised in isopropanol.

Yield is 1.06 g (91 %). Tmelt. 237-240 °C. Spectrum '"H NMR (400 MHz, DMSO-ds) 6 8.42
(s, 1H), 5.01 (s, 2H, H '), 4.30-4.26 (m, 2H, H**), 4.18-4.14 (m, 2H, H>*). 3C NMR (101 MHz,
DMSO-ds) 6§ 154.25, 139.60, 136.28, 135.13, 118.47, 117.85, 114.86, 64.77, 63.55, 43.45.
ESI-HRMS: calculated C,oH;BrCIN;Os: 333.9411[M+H]*, found 333.9418; A = 2.10 ppm.
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