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Hayuno-texHuueckuil pereHsupyemslil xypHai «ToHkHe XuMu-
YeCKHE TEXHOJIOTHID) OCBEIIIAeT COBPEMEHHBIE JIOCTIDKEHHS (QyHIa-
MEHTAJIbHBIX U NMPUKIAJAHBIX HCCIEIOBAHUH B OONIACTH TOHKHUX
XUMHMYECKUX TEXHOJIOIUM, BKJIIOYAs TEOPETUYECKHE OCHOBBI XUMHU-
YEeCKOHW TEXHOJOIHM, XUMHUI U TEXHOJOTHUIO JEKapCTBEHHBIX
TIperaparoB 1 OHOJIOTMYECKH aKTUBHBIX COSIMHEHHH, OpTraHUYeCKAX
BEIIECTB M HEOPraHUIECKUX MaTePHaJIOB, CHHTE3 H IiepepaboT-
Ky HOJIUMEPOB U KOMIIO3UTOB Ha UX OCHOBE, AHAJIMTUYECKHUE U Ma-
TeMaTHIECKHe METO/IbI M MH(POPMAIIMOHHBIE CHCTEMBI B XUMUHU U
XUMHUYECKOH TEXHOJIOTHH.
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COAEPXAHHE

TeopeTHYECKHE OCHORBBI
XHMHYECKOH TE€XHOAOTHH
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Ienu. Cmambes aHaausupyem 603MOIKHOCMb NPUMEHEHUST KOHMAKMHOU KPUCMAANUZAUUU C
UCNONB308AHUCM UCNAPSIOULUXCSL XN1A0A2EeHMO8 0151 8blOeIeHUS BEULeCME U3 UX BOOHbLX PACMEBO-
Dpos Ha npumepe useneuerus Hekomopbolx coneil (KNO,, Nal, (NH,),CO) u caxaposel. B kauecmee
xnadazeHma UCnolb3080H U306YMaH.

Memoowut. H3yueHue eauUstHUsL OCHOBHbLX MEXHON02UUECKUX NAPAMEmpPos8 — memnepamypsl 0X-
JIAKOEHUSL pacmeopa, €20 UCXOOHOU KOHUEHMPAUUU U 0A8/IEHUSL COKAMbLX Napos8 xiadazeHma —
Ha X00 paccmampusaemoz0 npoyecca pasoesieHus,, a markike aoblsieleHue 3aKoHomepHocmeti e2o
NnpomeKaHust NPo8OOUNOCH C NOMOULLIO 8bleedeHHblx paHee H.H. I'envnepursbim u I.A. Hocogbim
MmamemamuuecKux sagucumocmeti 0151 KaXK0ol cmaoul npoyecca KOHMAKmMHoU Kpucmaanusa-
yuu. Aemopsl uccnedo8anu eAUsIHUE YKA3AHHbIX NApamMempos8 HA 8blx00 KPUCMAJINUUECKOU U
JKuoKoll gpas, pacxood xnaddzeHma U MOULHOCMb KOMNPECCopPa.

Pe3synomamet. YcmaHO81EHO, UMO NPUMEHeHUe UCNAPSIOUUXCS X1a0az2eHmo8 no3gossiem cy-
UWecmeeHHO UHMEeHCUPULUUPOBAMb NPOUECC KPUCMAIUZAYUUU U obieeuaem omoesieHue ompa-
bomaHH020 xnadazeHma om obpasyroweiicss KpucCmaniiuueckol cycneHsuu. 9mo obycniosnieHo
mem, umo npu KoHmaxme >KU0K020 x1a0azeHma ¢ pacmeopom npoucxooum ezo ucnapeHue, Ko-
mopoe conpoeorK0aemesi UHMEeHCUBHbIM OXNaIKOeHUeM pacmeopa. YCmaHo8/eHo, umo maxoil
Nnpoyecc Moxem OCYuecmsasimsest NPU pasHOCmu memnepamyp xaadazeHma U Kpucmainusy-
toweticst cmecu nopsioka 0.5-1.0 °C.

Bbleoodsl. KoHmaxmuasi KPpUCmaaiu3ayust ¢ UCNO/b308AHUEM UCNAPSIHOULUXCS XA0A2EeHMO8
Mookem 6blmb YCneulHo NPpUMeHeHA Ot 8bl0esieHUSl PA3IUUHBLX 8eliecma U3 800HbLX PACmEo-
pos. BaxHbim npeumyuiecmaom npoeedeHust No00OH020 NPOYUeCcca s181s1emest OMHOCUMENbHO He-
6osbwoll pacxol xnadazeHma, NOCKONbKY omeo0 mensiomsl U3 pacmeopa OCYULecmensiemes 8
pesyabmame UsMeHeHUsl azpezamHo20 COCMostHus xaadazeHma. HMcnonwvzoeaHue KOHMAKMHOU
KPUCMANNIUIAUUU NO380Slem maK>Ke 3HAUUMEbHO Ynpocmums annapamypHoe ogpopmaeHue
npouecca.

Knroueevle cnoea: Kpucmaiiusayusl, KOHMAKMHOe OXAaN0eHUe, UCNapsliouLUecs, X1a0azeHmbl,
800HbLE pacmeopbl

na yumupoeanusa: Hocos I''A., YBapos M.E. KoHTakTHas KpuCTalIU3alKs BEIECTB U3 PACTBOPOB C NPUMEHEHUEM
xnanarenta. Tonkue xumuyeckue mexroaozauu. 2020;15(5):7-15. https://doi.org/10.32362/2410-6593-2020-15-5-7-15
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Contact crystallization of substances from solutions
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Objectives. The aim of this study was to analyze the possibility of using contact crystallization
with evaporating refrigerants for the isolation of substances from their aqueous solutions using
salts [KNO,, Nal, and (NH,),CO] as extraction examples and sucrose. Isobutane was used as a
refrigerant.

Methods. The analysis of the influence of the main technological parameters (i.e., solution’s
cooling temperature, initial concentration, and compressed refrigerant vapor pressure) on the
separation process and identification of its regularities was performed using mathematical
dependencies previously developed by N.I. Gelperin and G.A. Nosov for each stage of the contact
crystallization process. The authors studied the influence of these parameters on the yield of
crystalline and liquid phases, refrigerant consumption, and compressor power.

Results. The study showed that the use of evaporating refrigerants can significantly intensify the
process of separating the mixture and spent refrigerant from the resulting crystalline suspension.
This occurs owing to the evaporation of the liquid refrigerant that is in contact with the solution,
which is accompanied by intense cooling. This process can be carried out at the temperature
difference between the refrigerant and crystallizing mixture in the range of 0.5-1.0°C.
Conclusions. Contact crystallization with evaporating refrigerants can be successfully applied
to separate various substances from aqueous solutions. An important advantage of this process
is the relatively low refrigerant consumption because heat removal from the solution is carried out
as a result of changes in the aggregate state of the refrigerant. The use of contact crystallization
can also considerably simplify the equipment.

Keywords: crystallization, contact cooling, evaporating refrigerants, aqueous solutions

For citation: Nosov G.A., Uvarov M.E. Contact crystallization of substances from solutions using evaporating refrigerants.
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BBEJIEHHME

Kak wmsBectHo [1-4], mponecc KpuCTaUIM3aINH
MIMPOKO HCIIONB3YeTCs IS BBIJCICHUS BEIIECTB W3
Pa3IMYHBIX PACTBOPOB, OUNCTKH BEIIECTB OT IPUMECEN
MepeKpUCTaIUIN3aAIeH, a TaKkKe JUIS KOHIEHTPHPOBa-
HUSI pa30aBJICHHBIX PACTBOPOB IMYTEM BBIMOPAXKHBA-
HUs pactBopuTeneil. [Ipumenenne stToro mporecca He
OrpaHUYMBACTCs TOJIBKO JIMIIb XHUMHYECKOI OTpaciibio.
Kpucranmmsanus Takke ¢ OONBIIMM yCIEXOM IpHMe-
HSICTCSI B MHUIIEBOH, (hapMarieBTUIECKOl, HEPTEXUMHU-
YeCKOH MPOMBIIUIEHHOCTH, B CTPOUTEIEHON OTPAciH, B
MPOU3BOJICTBE PAAUOAICKTPOHUKH U Jp. [5—13]. Hamre
BCEr0 IaHHBIH NPOLECC OCYIIECTBISETCS IMyTeM
OXJIAXJICHUSI PacTBOPOB U paciiaBoB. Pexe mpu-
MEHsSeTCs BbIIapHas, BaKyyM-BBIITapHas KpUCTal-

TU3aIHsT U KPUCTAIUTH3ANNS ¢ IPUMEHEHHEM BBHICAIH-
BAaIOI[UX areHTOB.

B crmy4yae xpucTammu3aniyd METOIOM OXJIAKICHUS
OOBIYHO HCIIONB3YIOTCA ammaparhl, CHAOKEHHBIE pa3-
JTHMYHBIMHA OXJIQXKTAIOMIUME DJIEMEHTaMHU: pyOaIikaMu,
3MEeBUKaMH, TPyOuaTKaMu, OJIBIMU AUCKaMU U T.1. [Tpu
9TOM OTBOI TEIUIa OT KPHUCTAJUIA3YIOMIETOCS BEIIECTBA
MIPOUCXOJIUT Yepe3 TeIIoNepeaaronue CTeHKH yKa3aH-
HBIX BbIlIE ycTpoicTs [14]. MHorma nmporecc Kpucrai-
TU3AIMA  OCYIIECTBISAIOT MYTEM HEMOCPEICTBEHHOTO
KOHTaKTa pacTBOPOB C XJajareHTamu [2, 4, 15, 16].

OMHUM M3 CYHIECTBEHHBIX MPEUMYIIECTB MOCIE-
HETO SIBIICTCS. OTCYTCTBHE TEIUIONEPEIAIONINX —I10-
BEPXHOCTEH JUI OTBOJA TEIUIOBOTO MOTOKA. JTO 3HAYM-
TENFHO YIPOIIaeT KOHCTPYKIMIO aIaparoB, a TaKxkKe
CHUMaeT BONPOC WHKpycTamuu. K duciay JOCTOMHCTB
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TaKOTO IIpoIlecca TAKXKe CIEAYEeT OTHECTH BOZMOKHOCTh
JOCTIDKEHHUs 00Jiee pa3BUTON Mex(a3HOM MOBEPXHOCTU
B OTJIMYHE OT OOBIYHOTO OECKOHTAKTHOTO MeTojIa (hpax-
IIUOHHOM KpucTawm3anuu. [lepemMernnBaHie MacCOBBIX
MIOTOKOB B KOHTaKTHOM KPHCTAJLIH3aTOpe OOBIYHO TIPO-
HCXOMUT JIOCTaTOYHO HHTEHCHBHO. [IpoBeneHue Kpu-
CTAJUTH3AIIY TaKUM CITOCOOOM TIO3BOJISIET OCYIIECTBIATh
JIAHHBII MPOIIECC TPH CPABHUTEIBHO HEOOJIBIION pa3HO-
CTH TEMIIEpaTyp MEXKIYy KPHCTaJUTHU3YIOIMICHCS CMECHIO
U mocTymnaroumM xiagareHtoM (nopsaka 0.5-2.0 °C).
OTO MaeT BO3MOKHOCTh HE OTPaHWYIMBATHECS B BEIOOpE
KOHCTPYKIIHOHHBIX MATEPUAJIOB JIs1 KPHCTAJUIM3aTOPOB
TOJBKO JOPOTOCTOSIIUMH CTAJIIMH WM W3TOTaBINBAaTh
TaKUe anmaparbl U3 MaTepPHAaIoOB ¢ HU3KOM TEILUIONPOBO-
THOCTBHIO (TIOJIMMEPEI, CTEKII0, KepaMHKa 1 T.11.). Bee atn
JIOCTOMHCTBA B IIEJIOM OJIArOMpPHUSATHO OTPAKAIOTCS Ha
KaMTAIBHBIX U OKCIUTyaTaI[MOHHbIX 3aTpaTax.

[pu BEIOOpE KOHTAKTHOT'O METO/Ia KPUCTAILTH3AIUU
CIIETyeT YUUTHIBATh BOSMOKHOCTE 3arps3HEHHUS [ENIEBO-
ro MPOAYKTA XJIAJAreHTOM, YTO SIBIISETCS CYIIECTBCH-
HBIM HEJOCTAaTKOM JaHHOrO Tiporecca [2, 4]. C yuetom
9TOTO B paccMaTpuBaeMoM Ipoliecce HeoOXonuma cra-
TSI OT/ICTICHHSI OTPa0OTaHHOTO XJIaIareHTa OT KPHCTa-
T4YecKoi (hazbl.

Cremyer OTMETUTB, YTO TPH MPOBENCHUN IIPOIIEC-
ca KOHTAKTHON KPUCTAJUIU3AIMUA MOYKHO HCIIOJB30BaTh
pa3NUYHBIC THUIHI XJIaAareHTOB, OTINYAIOMIAECS MEXIY
co00# Termo(GU3nIecKUME CBOCTBAMH, a TaKXkKe arpe-
TaTHBIM COCTOSTHHEM. DTO MOTYT OBITH OXJIa)XKJICHHBIC
JKUIIKOCTH, CXKIDKCHHBIC M HE COKWKEHHbIC rasel. [lo-
CTYMAIONINE B KPHUCTAJUIM3ATOpP XJIAJareHTHl NMPH KOH-
TaKTe C KPUCTAJUTU3YIOMICHCS CMEChIO MEPEXOMIAIT B ra-
3000pa3Hoe cocTosiHue (Mcnapsitores) [2]. KontakTHyto
KPHUCTAILTH3AIUIO TAKIKE MOXKHO MMPOBOAUTH IyTEM CMe-
MIMBaHUS HCXOITHON cMecH (PacTBOpPa) C CHIILHO IEPeOX-
JaxkAEHHBIM pacTBOpUTeneM [17].

IIponecc KOHTAaKTHOW KPUCTAJUIM3ALUUA MOXKET
MPOTEKATh KaK B CIUIOIIHOM, TaK ¥ B TUCTIIEPCHOM (hazax
[2, 4, 16]. B aTOM city4ae WUCIONB3YIOTCS KUAKUE XJIa-
JIATCHTBI, KOTOPBIC HE CMEIIMBAIOTCSI C UCXOMHBIM pac-
TBOpOM. [luicrieprupoBanye OXJIaKIaeMOTo pacTBopa B
(hopme Karenb B MACCOBOM MOTOKE XJIaareHra oopasyer
IHcIiepcHyIo (asy. B ciaydae mucreprupoBaHus Xitaia-
TeHTa B KPUCTAJUTU3YIOIIUMCSI PacTBOpe (paza CTaHOBUT-
cs CIUIONIHOW. B 3aBHCHMOCTH OT MOCTaBJICHHOHN 3aaud
MPOIIECC KOHTAKTHOMN KPHCTAILTH3AIMI MOXKET OBITh peasiv-
30BaH KaK B MIEPUOIMICCKOM, TaK U B HEMPEPHIBHOM PEKH-
Mmax. [Ipyu BBIOOpE KOHTAKTHOTO METOA KPUCTANIU3AIMU
CIICAyeT YYUTHIBATh, YTO TIPU HE3HAYUTEIHHOM pPa3sHOCTH
IUIOTHOCTEH XJIaJlareHTa, MaTOYHOrO PacTBOpa U KPUCTAJI-
JIMYIECKOM (pa3bl YacTO BOSHHUKAIOT TPYIHOCTH pPa3IeNCHHs
MOJTYYCHHOW CYCIICH3UH, B PE3YJIBTATe Yer0 MOMKET IPOUC-
XOJIUTH 3arpsi3HEHIE TIPOIYKTOB PA3CIICHIS XJIaJareHTOM.

Hcnonk3oBanue ra3000pa3HbIX XJIAIareHTOB CY-
IIECTBCHHO OOJerJaeT WX OTHACNCHHWE OT CYCHCH3WH.

OpnHako B HacTosIee BpeMs B MPOMBIIUIEHHOCTH OHU
MIPUMEHSIOTCS HEYacTO, YTO BBI3BAHO OOJBIINUM Pacxo-
JIOM TaKHUX XJIAJaTeHTOB BCIICICTBUC MX HU3KOM TEILIO-
€MKOCTH.

[TepcniekTBa MPOMBITINIEHHOTO MPUMEHEHHS HC-
MapsIIOLIUXCs  XJIaJareHTOB B KPUCTAJUIM3allMOHHBIX
TpoIrieccax MpoJ0IKAeT OCTaBaThCs akTyaiabHOW. OHH,
C OJIHOH CTOPOHBI, O3BOJISIIOT CYIIECTBEHHO MHTEHCHU-
(uMpoBars Tporecc KPUCTAIUIM3AINHN, TaK KaK IMPH
WX UCHAPEHMH MOIVIOUIAETCS 3HAYUTEIbHOE KOJIMYECTBO
teruta. C Apyroit CTOPOHBI, HE BOSHUKAET MTPOOJIEM OTJIe-
JeHUs 00pa3yIOIIMXCs ApOB XJIaJareHTa OT CYCIIeH3HH.
B Hacrosmiee BpeMsi Takod MpoIECC KPUCTAJUIU3aLUKA
HCIIONIb3YETCS B OCHOBHOM JIJIsl OIIPECHEHUS! BOJABI Me-
TOJIOM BBIMOPQ)KHUBAHMS ¥ KOHIICHTPUPOBAHUs pa30aB-
JICHHBIX BOJIHBIX pacTBOpoB [2, 5, 16]. B manHoit cTa-
Th€ TPUBEICHBI PE3YNIbTaThl NUCCIIeIOBAaHUN KOHTAKTHON
KPUCTAJUIM3ALUHU IPUMEHUTENBHO K BBIIEJICHUIO HUTPA-
Ta KaJvs, KapOaMua, Houia HATPHS U caxapo3bl U3 X
BOJIHBIX PacTBOPOB.

OIIMCAHHUE YCTAHOBKHA
KPUCTA/VINBALIMOHHOI'O ITPOLECCA

Ha puc. 1 noxazaHa npuHIMNMAIbHAS CXEMa ycCTa-
HOBKM KOHTaKTHOW KPUCTAJUTM3AIMU. 31€Ch B KPHUCTA-
auzarop Cryst (cTagus KpUCTAIIU3alUU) HEINPEPbIBHO
IIOCTYNAET UCXOAHBIM PacTBOpP B KOJIMYECTBE [ C KOH-
LEHTPAUEH PaCcTBOPEHHOIO BEUIECTBA X, MPH TEMIIE-
parype f,, IOCTENEHHO OXJIAKAAICh 10 TEMIIEPATYPBI £
HIDKE TOUKM €r0 HachlllleHHs. B pesynsrare 3Toro mpo-
UCXOIUT 00pa30oBaHWE KPUCTAIUTMUYECKON (pasbl 1eneBo-
ro NpoayKTa B pacTBope. JXKuIKuil XnagareHT, nogasae-
MBIH B KPUCTAJLUIM3ATOP B KOMWYECTBE G, KOHTAKTHPYET
C OXJIaXKAaeMbIM PACTBOPOM. DTO NPUBOAUT K NOCTEMEH-
HOMY MCIIapEHUIO XJIaJlar€HTa ¢ MOCISAYIOIIUM OXJI1aXkK-
JIeHUEeM pacTBopa B KpucTamuzarope. Obpasyromiascs
B KPUCTAJUIN3aTOPE CYCIIEH3Us COCTOUT U3 KpHUCTaJIU-
veckoi paspl C cocTaBa X M MaTouHMKa M cocTasa x,,.
Hanee, cycnensus C+M HampasnseTcs Ha GUIBTPALIUAIO
Sep (crapus cemapainuu), rae NPOUCXOJUT U3BIECUCHUE
KPHUCTAIUTMIECKON (ha3bl B KOJMUECTBE S OT MATOUYHOTO
pactBopa L. Cnegyer OTMETUTb, UTO CEHApalUI0 Cy-
CTICH3UH MOYXXHO ITPOBOJAUTH HE TOIBKO METOAOM (DHIIb-
TpPAaLUH, HO TAKXKE K METONIOM IeHTpudyrupoBanus [18].

B paccmarpuBaeMoM Ipolecce MCIHOJIb3YETCs
MapOKOMIIPECCUOHHAsI XOJIOAUIbHAS YCTAHOBKA, B
KOHTYp€e KOTOPOW HUpPKynupyeT xnaxareHt G,. Kpu-
cramnuszarop Cryst, B KOTOPbII HENPEPBHIBHO MOCTY-
HaeT XKUAKWN XJTaJareHT, B JAHHOM CIIydae SBISETCS
HCIapUTENeM X0JIOAUIbHON ycTaHOBKH. [Tapsl xnana-
renra G, HaXOAAIIMECH B HACHILIEHHOM COCTOSHHH,
OTBOJSTCS U3 KPUCTAIM3ATOPa U JAaliee MOCTyNarT
B Komrpeccop Com s CKaTvs UX OT JaBJIEHHSA P,
1o naieHus p,. [lpu 5ToM Temneparypa cKUMaeMbIX
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Puc. 1. [IpuHuMnmanbsHas cxema yCTaHOBKH KOHTAKTHOM KPUCTAJUIM3AINK C HCTIAPSFOLIMMCS XJIaIareHTOM
JUTS BBIZICJICHHMS BEILIECTB U3 BOJHBIX PACTBOPOB.
Fig. 1. Schematic diagram of contact crystallization with an evaporating refrigerant
for the extraction of substances from aqueous solutions.

MapoOB MOBBIIIAETCS OT @1 o @2, a TEeIuIoCoep KaHNue
YBEIHMYUBAETCA OT I, 110 i,. Ha puc. 2 nokasano uzmene-
HUE MMapaMeTpoOB XJIaJareHTa Ha IuarpaMme JaBlieHUe —
sHTanenus. Ha nanHoii quarpaMme JinHus /—2 COOTBET-
CTBYET IPOLIECCY CHKATHUS XJIaJareHTa KOMIIPECCOPOM OT
nasienus p, 10 p,. Cxkarple napsl xaaaarenra G, 3aTeMm
MOCTYNAT B KOHJIEHCATOP XOJIOMWJIBHOW yCTaHOBKH
Cond, e onu OxnaxnarTcs motokoM Boabl G Ilpu
9TOM TEIIOCO/ICPIKAHUE XJIAJareHTa YMEHbBIIAeTCS OT
i, 1o i, (uuus 2-3). B kauecTBe KOHJEHCATOPA MOKET
OBITh HMCIOJIL30BaH OOBIYHBIN KOXYXOTPYOHBIH TeIio-
obmennuk. Ilepen momadeil xjajareHta B KpHCTasUld-
3aTOp HEOOXOAMMO MOHMU3HTH €ro AasieHue. Jist aToro
OH B KOHJEHCHUPOBAaHHOM BHJIE MPOXOAMUT uyepe3 Ipoc-
CeNbHBIN BeHTUIb Th, 4TO PUBOIUT K CHUIKECHHUIO JIaB-
JIEHUs XJIaJlareHra ot p, 10 p,. Ilocne sToro xmamareHt
CHOBA BO3BpalllaeTcs Ha cTaauio Kpuctauzanuu Cryst
B JKUJKOM cocTosHMHU. Ha nuarpamme cocrosiHus XJia-
JIareHTa JIMHUS 3—4 TOKa3bIBaeT U3MEHEHHUE ITapaMeTPOB
noroka G, pH €ro APOCCENMPOBAHUH. 3aMETHM, YTO JH-
TaJIbIHs TPU APOCCETUPOBAHUU OCTAETCS MOCTOSHHON
i,= 1, Jluaus 4—1 cOOTBETCTBYET UCIIAPEHHUIO XJIA/[areH-
Ta npu nasienun p,. [Ipu 3TOM sHTaNIBNUS XJIagareHTa
TOBBILIAETCS OT 3HAYECHHUS £, JIO 1.

METOAbI PACYETA

st pacuéra BbIXOJIa KPUCTAINTMYECKON U JKUJIKUX
(a3 mpu IPOBEACHUH PACCMAaTPHUBAEMOTO IIpoIIecca pas-
JIeJICHUs] MOTYT OBITh HUCIOJIB30BAHBI T€ YK€ 3aBUCHUMO-
CTH, YTO W TIPH OOBIYHOM IIPOIeCCe KPUCTAJUTU3AINH.
Tak, BBIXOJ KPUCTAIINYECKOW (Da3bl MOXKHO YCTaHO-
BHTb, UCIIOJIB3YSI 3aBUCUMOCTH [2]

plr——— —_— 1
| /

L b
3=1y i i i

Puc. 2. 3mMeHeHue napaMeTpoB XJ1aJareHra
Ha JMarpaMMe COCTOSTHUS p—i TIPU TIPOBEIICHUHT
KOHTAKTHOH KpHCTaJUIA3AIHH.
Fig. 2. Changes in the parameters of the refrigerant
in the p—i state diagram during contact crystallization.

Xr = Xu

C=F )

Xe =Xy

[JIE X . ¥ X,, — KOHLIEHTPALUsI PACTBOPEHHOIO BELIECTBA B
Kpucrauyeckoit gpaze C 1 marouHuke M.

YpaBHEHHE TEIUIOBOTO OajaHca MPOBOJAUMOM CTa-
Jun kpuctausanuu Cryst UMeeT BH
Fe b, +Cr +Gpi,=Cct,+Mc, 1. + G, 2)
e ¢, €, — TEIIOEMKOCTH KPUCTAINYECKON (asbl

BentectBa C M MaroyHoro pacrsopa M; r  —— Temiora
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KpUCTAJUIM3ALMU BEIIECTBA; | L u i , — OHTAJIBITHUS XJIa/1a-
TeHTa Ha BXOJIC U BBIXOJIE U3 KPUCTAILIM3ATOpa.

Ucnionb3ys ypaBHeHue (2), MOXKHO OMPENIEIUTH KO-
JIMYECTBO OTBOAMMOIO Teria O M pacxo[l XJIaJareHra
GR Ha ctaanu kpuctamm3anuu Cryst:

Qcool = GR(iI - 12) = FCFIF + C (rsub - Cthr) _Mthfr (3)
G — Qcool _ FCFZF + C(rsub — Cthr) _ Mthfr (4)
Reg—-i, i —i
1 4 1 4
Konn4ectBo oTBOAMMOM TeIoBo sHeprun O 0T

KOH/ICHCUPYIOILETOCS CXATOr0 TEIUIOHOCHUTEINSI B KOH-
neacarope Cond MOXKHO OIpENENUTh, UCTIONB3YS 3aBH-
CUMOCTb

Qcond = GR(IZ B l3) (5)
e i, ¥ i, — DHTAIBIHUS XJIA/[ATCHTA HA BXOJIE U BBIXOJIE
13 KOHJICHCATOpa.

3arpaunBaemas MOIIHOCTb TypOokommpeccopa N
Ha C)KAaTHE MapOB XJIa/IareHTa OT JABJIEHUs P, JIO JIaBle-
Hus p, onpenensercs [19]

— GR (12 _ll) (6)
real

nAnM
e 77A u 71M — aﬂHa6aTquCKHﬁ U MEXaHUYEeCKUU KO3(1)-
(bI/IHI/IeHT])I IIOJIE3HOTO Z[eﬁCTBHH KoMIIpeccopa.

PE3YJIBTATBI U UX OBCYXKJIEHUE

AHamM3 paccMaTpUBAEMOro Mporecca KpUCTallIn-
3allMd HAMHU ObUT BBIIIOJHEH Ha MpPUMEPE BBIJCICHUS
KNO,, (NH,),CO, Nal u caxapo3bl u3 ux BOIHBIX pac-
TBOpoB. Bce 3T BemiecTBa Npu KpHUCTaNIU3alUM HE
00pasyroT KpucTauIoruaparoB. Ha nnarpamMmmax nx pas-
HOBECHS C BOAON MMEIOTCS 9BTEKTUYECKHE TOUKH, Iapa-
METPHI KOTOPBIX IPUBEICHEI B TaOIHUIIE.

AHanmu3 paccMaTpUBaEMOro Ipolecca pasaeiaeHus
NPUBENEHHBIX BBIIIE OMHAPHBIX CHCTEM IPOBOIIIICS C
WCTOJNBb30BaHUEM H300yTaHa B KauyecTBE XJIAJareHTa.
[aBnenne mapoB m300yTaHa IOCIE APOCCETHMPOBAHUS
cocTaBiano p, = | arM, a CKaTue UX B KOMIIPECCOPE

HPOBOIWJIOCH B JMANa3soHe JI0 p, = 2—5 aTM B 3aBUCH-
MOCTHU OT TEMIICPATYPbl OXJIAXKACHHS PAaCTBOPOB B KpU-
CTJUIU3aToOPE 1.

B pesynbrate mpoBeseHHOro ananmu3za ObLIO ycTa-
HOBJICHO, YTO OXJI)KJICHHE pacTBOpa 10 Ooiee HU3KUX
TEMIIEPATYp f, TIPU MOCTOSHHON KOHIEHTPALMU UCXO/I-
HOTO PacTBOpa X, MPUBOJAMT K 3aKOHOMEPHOMY YBEJIH-
YCHUIO BBIXOAAa KPHUCTAIUIMYCCKOU (ha3bl BBIACISIEMOrO
BEIIECTBA M K COOTBETCTBYIOIIEMY CHIDKEHHIO BBIXO/IA
MaTOYHOTO pacTBopa (puc. 3).

CrnemyeT OTMETHTB, YTO U3MCHEHHE BBIXOAA KPH-
cTajuinyeckoil (aspl B CBOIO OYepeb BIUSACT M Ha
KOJIMYECTBO BBIIEISAEMOH TEIIOTH. Tak, MOHMKEHUE
TEMIEpaTyphbl OXJaXJIECHUs pacTBopa f., a, CIEJo-
BaTEJIbHO, U POCT BHIXONA KPHUCTAIIOB IPHUBOITHUT K
COOTBETCTBYIOILIEMY YBEIUUYCHHUIO KOJIHYECTBA BhI-
AeNAoUEncs Tennosol sueprun Q- (puc. 4a) u K
MOBBIIIEHHIO pacxo/a xyajaarenta G, Ha NPOBEECHUE
nponecca kpucramnuzanuu (puc. 4b). Bospacraer
Tak)Ke€ MOIIHOCTb Kommnpeccopa N, ., HCHOIb3yeMOTO
IUTSL CKATHSI TAPOB MPOMEKYTOUHOTO TEIIIOHOCHUTEIS
(puc. 5a) u konuuecTBO Tera Q ., OTBOJMMOIO NpH
KOHJ/ICHCAITMH C)KAThIX IMapOB TEIJIOHOCHUTENS B KOH-
JIeHCaTope yCTaHOBKHU (puc. 5b).

D} heKTUBHOCTh paccMaTpPUBAEMOro Mpolecca
pas/eNieHus CyIIeCTBEHHO 3aBHCHT OT KOHIIEHTPAIUU
MCXOIHOTO pacTBOpa X,. Ee NoBblleHHE NPUBOAWT
K 3aKOHOMEPHOMY POCTY BBIXOJa KPHUCTAJUIHYECKON
¢aser C (puc. 3) u konuvecTsa Temna O , OTBOJMMO-
ro Ha cTaauM Kpuctajuzanuu (puc. 4). Bospacraer
TaKKe pacxon xnajgarenTa G, ¥ MOIIHOCTh KOMIIpeC-
copa N__ (puc. 5).

[IpoBeneHHBIN aHATN3 OKA3aJI TAKKE, YTO IOMAMO
TeMIEPATypbl (pPAKIMOHUPOBAHUS [, M KOHIEHTPALUH
X, Ha pacxoj xjajaarenta G, 1 MOIIHOCTh KOMIIPECCOpa
N, CYIIECTBEHHOE BIMSHUE OKA3bIBAET IABICHHE P, 10
KOTOPOTO Taphl XJaZareHTa CKUMAIOTCS B KOMITPECCO-
pe. XapakTepHO, 4TO TpPU pa3leleHuu Pa30aBICHHBIX
pacTBOpoB BenmuuuHa G, C TMOBBINIEHHEM JABJICHHS P,
HECKOJIbKO CHIDKAETCsI, a IPU (HPaKIUOHUPOBAHHH KOH-
LEHTPHPOBAHHBIX PACTBOPOB OHA HECKOJIBEKO BO3PACTAET
(puc. 6a), MOITHOCTB ke KOMITPECcopa ¢ MOBBIIIEHUEM
D, BCETJIa yBEIMYMBAeTCs (puc. 6b).

Pacxon xnamarenta G, ¥ MOUIHOCTh KOMIIPEC-
copa N OnpeneneHHbIM 00pa3oM MOTYT 3aBHCEThH
TaKkKe OT (PUBHKO-XUMHUYECKHX U TeIo()HU3ndecKux

HapaMeTpLI TOYKHU 3BTCKTUKHU JJI1 HCKOTOPBIX 6I/IHapHI)IX CUCTCM

Parameters of the eutectic point for some binary systems

o,
Syatem. R £ °C
KNO,-H,0 11 -2
(NH,),CO-H,0 32 -12
Nal-H,0 47 -32
C,H,0,-HO0 63 ~14
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0.9

0.6

Puc. 3. Biusnue temMneparypbl OXJIaKIEHUS £, HA BBIXOJ KPUCTALIMYECKOH (hasbl (a) M MaTo4HOTO pacTeopa (b)
(cuctema (NH,),CO-H,0; p, = 2 atm): x,,= 40% (NH,),CO (1); 45% (2); 50% (3); 55% (4).
Fig. 3. Influence of the cooling temperature 7, on the yield of the crystal phase (a) and mother solution (b)
(system (NH,),CO-H,0; p, = 2 atm): (1) x,, = 40% (NH,),CO; (2) x, = 45%; (3) x,. = 50%; (4) x, = 55%.

0.4
— 4
03 —
\
\ 3
\
\
0.2 e ——
S 2
—_—
—
—_—
0.1
T 1
—
—
—_—
0
-5 -3 -1 1 3
1, °C
a
200
%‘3 150 T~
S |
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0 10 20 30
tfr s °C

b

Puc. 4. 3aBUCUMOCTD KOJIMUECTBA TEILIOTHI, OTBOJIMMOIO U3 KpUCTaiuin3aropa (a) u pacxona xianarenra (b)

OT Temniepatypsl ¢ppaxmuonnposanns (cuctema KNO,~H,O; p, = 2 atm): x, = 20% KNO, (1); 30% (2); 40% (3); 50% (4).
Fig. 4. Dependence of the amount of heat removed from the crystallizer (a) and the refrigerant flow rate (b)

on the fractionation temperature (KNO,~H,O system; p, = 2 atm): (1) x,. = 20% KNO,; (2) x,, = 30%; (3) x,, = 40%,; (4) x, = 50%.

CBOMCTB KPUCTAJUTH3YIOMMXCS BEIICCTB U UX BOAHBIX
pactBopoB [17]. Tak, Hampumep, NMpHU OJUHAKOBOM
BBIXOZle KpucTautmiyeckoi ¢aser nius Nal pacxon
SHEPrUu Ha MPOBEJIECHHME KOHTAKTHOW KpHUCTaJIu3a-
nuu B 1.5-2.0 pasa Bblle, 4eM IpU KpUCTAUIM3ALUU
caxapos3bl.

3AK/IIOYEHUE

AHanu3 JIMTEPaTypHbIX JaHHBIX, & TAKXKe IpPOBe-
JIEHHBIE HAMU MCCIIEJOBAHUS TOKA3aJIH, YTO KOHTAKTHAs

KPUCTAITM3AUS. C HCIIOIB30BAHUEM HCHAPSIOIIUXCS
XJIaJIaTeHTOB MOXKET OBITh YCIIEIITHO IPMEHEHA JUIsl BBI-
JICTICHUS IIEJIOTO PsAa BEIIECTB M3 MX BOXHBIX PacTBO-
poB. OCOOGEHHO BBITOZHO €€ MIPUMEHSITh, KOTa MPOLece
KPUCTAITM3ALUN OCYIIECTBISIETCS B O0MACTH HU3KHX
temreparyp. [Ipu ee UCIIONB30BaHNH CYIIECTBEHHO WH-
TeHCcH(UIUpyeTcst Mex(a3HbIH TEII00OMEH U yIpoIa-
eTcs armaparypHoe oopMIIeHHe Ipoliecca pa3aeIeHHs.
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N/E, ki/kg

Gy /F

Qcond /E k]/kg

0,
ty, °C . oC

a b

Puc. 5. 3aBucuMocTb 3aTpaunBaeMoil MOITHOCTH KOMITpeccopa (@) U KOJIMYeCTBa OTBOAMMON TEIUIOTHI
TP KOHJIEHCAIIMH MTapoB XJazarenta (b) ot Temneparypsl ¢ppaximonuposanus (cuctema (NH,),CO-H,O; p, = 2 atm):
x,=40% (NH,),CO (1); 45% (2); 50% (3); 55% (4).
Fig. 5. Dependence of the compressor power consumption (a) and the amount of heat removed during the
condensation of refrigerant vapor (b) on the fractionation temperature (system (NH,),CO-H,O; p, = 2 atm):
(1) x,. = 40% (NH,),CO; (2) x, = 45%; (3) x, = 50%; (4) x, = 55%.

0.8 60

_//"’_’/———

0.6

04 . 2 <
o
i 1 =
02—
0 0
2 3 4 5 2 3 4 5
Py, atm Py, atm
a b

Puc. 6. 3aBucuMoCTh pacxoia XJiajareHTa (a) 1 MOIMIHOCTH KoMmmpeccopa (b) OT maBiieHusI XJIagareHTa Ha BBIXOIE
u3 komrnpeccopa (cucrema Nal-H,O; ¢, = =28 °C): x, = 60% Nal (1); 63% (2); 66% (3); 69% (4).
Fig. 6. Dependence of the refrigerant flow (a) and compressor power (b) on the refrigerant pressure
at the compressor outlet (Nal-H,O system; ¢, = =28 °C): (1) x,, = 60% Nal; (2) x,. = 63%; (3) x, = 66%; (4) x,. = 69%.

Obo3nauenusn

Cryst — kpucrasuuzarop / crystallizer;

Sep — dunbTp (cemapanus) / filter (separation);

Com — Typ6okommpeccop / turbocharger;

Th — apoccenbhblii BeHTHH / throttle valve;

Cond — konzieHcarop xnangarenra / refrigerant condenser;

F — maccoBblit moTok ncxoaHoro pacrsopa / mass flow of the initial solution;

C — BBIXOJ KpUCTayuIMUeckoit ¢assl / output of the crystal phase;

M — BBIXOJ MaTOYHOTO pacTBopa / output of the stock solution;

S — MaccoBbIi IOTOK M3BJICUCHHON KpucTauinueckoi ¢assl / mass flow of the extracted crystal phase;

Toukue xumudeckue TexHoaoruu = Fine Chemical Technologies. 2020;15(5):7-15
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L — MaccoBbIii OTOK yaassieMoro Matounuka / mass flow of the removed uterus;

G, —pacxon xnazarenta / refrigerant consumption;
G, — pacxon BozsI / Water consumption;

X, — KOHLIEHTPALlKs HCXOHOIo pacTBopa / concentration of the initial solution;

X, — KOHIIEHTPALMs M3BIEYCHHOTO BEILECTBA B KPHCTAILIMYeCKOi (ase / concentration of the extracted substance in the crystal phase;
X, — KOHIEHTpaLHus BEMIECTBA B MaTOYHOM pacTsope / concentration of the substance in the mother liquor;

¢, — TeMIeparypa oxJaxeHus pacTopa (ppakuuonrposanus) / cooling temperature of the solution (fractionation);

~

O — Temneparypa XJiaJlareHTa Ha BXojie B komiipeccop / temperature of the refrigerant at the compressor input;

@, — Temneparypa cxxatoro B KoMrpeccope xianareHra / temperature of the refrigerant compressed in the compressor;
t'  — TeMIiepaTypa BOJIbI Ha BXOJIC B KOHIeHcaTop / water temperature at the condenser input;

)

==

’
t W

— TeMIiepaTypa BOJIbl Ha BXOJIe U3 KOHJICHCaTopa / water temperature at the condenser output;

p, — JaBJIeHHE XJIaJlareHTa Ha Bxoje B kommpeccop / pressure of the refrigerant at the compressor input;

D, — IaBJIEHHE CHKATOro B Kommpeccope xnaaarenta / pressure of the refrigerant compressed in the compressor;
h, — SHTaNbIUA XJIafareHTa Ha Bxoze B komnpeccop / enthalpy of the refrigerant at the compressor input;

i, — DHTAJIBIKA CKATOTO B KOMIIpeccope xyanarenTa / enthalpy of the refrigerant compressed in the compressor;
i, — SHTaJIBIKA XJIaJIareHTa Ha BhIXOe U3 KoHaeHcaropa / enthalpy of the refrigerant at the condenser output;

i, — DHTaJIBIKA XJIaJlareHTa Ha BXozie B kpuctaamsarop / enthalpy of the refrigerant at the crystallizer input.
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IMenu. Ilonyuume GAKEHUN-2eM-OUXTIOPUUKIONPONAHbL HA OCHO8E NUNepuieHa, npogecmu ux
MepMoKamaiumuueckyto U3oMepu3ayuIo U 2u0puposaHue.

MemoowuL. /s onpedeneHus KauecmeeHHo2o U KOAUUEeCMEEeHH020 COCMABA PeAKUUOHHBIX MACC
UCNONB308AHbL Cedyroujue Memoodbl AHANUZA: 2A302KUOKOCMHASL Xpomamozpagus (Ha annapam-
Ho-npozpammHom kKomnaekce «Kpucmann 2000»), xpomamomacc-cnekmpomempust (Ha npubope
Xpomamar-Kpucmann 5000M» ¢ 6aszoti NIST 2012) u cnekmpockonusi 10epH020 MAZHUMHO20
pesoHaHca (IMP) (na npubope «Bruker AM-500» ¢ pabouumu uacmomamu 500 u 125 MT'u).
Pesynomamet. AnkeHun-2emM-0UXTOPYUKIONPONAHbL CUHME3UPOBAHbL 8 NPUCYMCMBUU KAMAU-
3amopa mpusmunbeH3UNAMMOHUL xiopucmaolil. /lansHeliuell ux uzomepusayueli U eoccmaHogle-
HUeM NolyueHbl COOm8emcmayrouue 2em-OUXTOPYUKAONEHMEH U U0MePbl ANKUT-2eM-OUXTIOPYUU-
raonponaHos. CmpoeHue CUHMEe3UpPOBAHHbBLX 8eU4ecmas NPOaAHANIUIUPOBAHO U 00KA3AHO Memooamu
2A30)KUOKOCMHOTU Xpomamozpaguu, macc-cnekmpomempuu u SIMP-cnekmpockonuu.

Bbleoobl. YcmaHo8ieHO, Umo HenosiHoe OUXJOPUUKIONPONAHUPOS8AHUE NUNEpuieHa npome-
Kaem KoOAUUecmeeHHo ¢ 06pasosaHuem uemolpex U30MepHBLIX 3aMeULeHHBLX 2eM-OUX/IOPYUUKO-
nponaros, nNpu mepmoKamaiumuueckoll U3omMepusayuu Komopsulx 8 Npucymcmeuu yeoiuma
SAPO-34 npoucxooum obpazosaHue 00H020 NPOOYKmMa — 2em-OUXJIOPUUKIONEeHMeHA, d NPU UX
8occmaHoseHUU ¢ nomowbio kamanuzamopa Pd/C nabnrodaemes obpazogarue mpex usomep-
HbLX ANKUJ-2eM-OUXTIOPYUUKIONPONAHOS.

Knroueeble cnoea: alKeHUN-2eM-OUXJOPUUKJIONPONAHBL, U30Mepu3ayus, 2udpuposaHue,
SAPO-34, Pd/C

Jlna yumuposanus: Mycun A.U., Bopucosa 10.I'., Packunsnuna I'.3., Pabaes P.V., Jlamunes P.P., 3norckuii C.C.

CHHTE3 M peakIuu aJKeHHII-2eM-TUXJIOPIUKIONPONAHOB Ha OCHOBE NMUIEpUIEHA. TOHKUEe XUMUYeCKUe MexXHoI02uu.
2020;15(5):16-26. https://doi.org/10.32362/2410-6593-2020-15-5-16-25
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Synthesis and reactions of alkenyl-gem-dichlorocyclopropanes
obtained from piperylene

Airat I. Musin!, Yulianna G. Borisova?@, Gul’nara Z. Raskil’dina?, Ruslan U. Rabaev?,
Rustem R. Daminev!, Simon S. Zlotskii?

Ufa State Petroleum Technological University, Branch in Sterlitamak, Sterlitamak, 453118
Russia

2Ufa State Petroleum Technological University, Ufa, 450062 Russia

@Corresponding author, e-mail: yulianna_borisova@mail. ru

Objectives. This study aims to obtain alkenyl-gem-dichlorocyclopropanes from piperylene. The
products are then subjected to thermocatalytic isomerization and hydrogenation.

Methods. To determine the qualitative and quantitative composition of the reaction crudes, the
following analytical methods were used: gas-liquid chromatography using the Crystal 2000
hardware complex, mass spectrometry using a Chromatec-Crystal 5000M device with the NIST
2012 database, and nuclear magnetic resonance (NMR) spectroscopy using a Bruker AM-500
device at operating frequencies of 500 and 125 MHz.

Results. Alkenyl-gem-dichlorocyclopropanes were synthesized in the presence of triethylbenzyl
ammonium chloride as catalyst. Their isomerization and hydrogenation gave the corresponding
gem-dichlorocyclopentene and isomers of alkyl-gem-dichlorocyclopropanes. The structure of
synthesized substances were analyzed by gas-liquid chromatography, mass spectrometry, and
NMR spectroscopy.

Conclusions. The results show that formation of four isomeric substituted gem-
dichlorocyclopropanes occurs in high yield during incomplete dichlorocyclopropanation of
piperylene. The thermocatalytic isomerization of substituted gem-dichlorocyclopropanes in the
presence of SAPO-34 zeolite leads to the formation of one product, i.e., gem-dichlorocyclopentene,
and hydrogenation of substituted gem-dichlorocyclopropanes in the presence of Pd/C catalyst
gives three isomeric alkyl-gem-dichlorocyclopropanes.

Keywords: alkenyl-gem-dichlorocyclopropane, isomerization, hydrogenation, SAPO-34 zeolite,
Pd/ C catalyst

For citation: Musin A.l., Borisova Yu.G., Raskil’dina G.Z., Rabaev R.U., Daminev R.R., Zlotskii S.S. Synthesis and
reactions of alkenyl-gem-dichlorocyclopropanes obtained from piperylene. Tonk. Khim. Tekhnol. = Fine Chem. Technol.
2020;15(5):16-25 (Russ., Eng.). https://doi.org/10.32362/2410-6593-2020-15-5-16-25

BBEJEHHUE MATEPHAJIBI U METO/IbI

3amMenieHHbIe TPEXUJICHHBIC K&p6OHI/IKHBI, B 4acT- Ananm3 PCAKMUOHHBIX MacCC OCYLICCTBIIAIN C II0-

HOCTH, 2eM-AUXJIOPIUKIIONPONAHbl ITUPOKO UCTIONb3Y-
I0TCSI B XUMHH TPUPOIHBIX W JIEKAPCTBCHHBIX BEIIECTB
[1-8]. Haubonee 3¢ pekTUBHBII MyTh CHHTE3A ceM-TH-
TaJOTEeHIMKIONPONaHOB OCHOBBIBACTCS Ha peakx-
uuu [2 + 1]-muknonpucoenunenus :CCl-kapOeHoB 110
KpaTHBIM CBsI3AM [9—18]. DTUM MeTomoM W3 MPOMBIII-
JICHHBIX UCHOB (IAMBUHIJI, W30MPCH, 2,3-IUMETUI-
OyTaaneH) MOTyJaloT COOTBETCTBYIONINE aTKCHHUI-ceM-
JIIXJIOPIMKIIONPOIIAHBI, KOTOPBIE HAXOIST MPUMEHEHHE
B TOHKOM opranmdeckoM cuHTe3e [19, 20]. B cBs3u ¢
3THUM, II€JIb HACTOSIETO UCCIEOBAHUS — PACCMOTPEThH
IUXJIOpKapOCHUPOBAaHIE MHOTOTOHHAKHOTO THEHA, TIH-
HEpUIICHA, U OCYIIECTBUTD Psil MPEBPAIEHUH COOTBET-
CTBYIOIINX aJIKCHUII-2eM-THXIOPIUKIONPOIIaHOB.

MOIIbIO Ta30KUIKOCTHON Xpomarorpaduu (Ha amma-
parHO-TiporpaMMHOM KomIutekce «Kpuctamm 2000,
OOO HII® «Mema-xpowm», Poccust). Macc-crieKTpsl
OBUIH ITOJTYYEHBI C TIOMOIIBIO Tprbopa «Xpomar3k-Kpu-
ctain 5000M» (BAO CKb «Xpomamoxy, Poccus) c
0azori NIST 2012 (National Institute of Standards and
Technology, CIA). CiekTpsl 41epHOTO MAaTHUTHOTO pe-
3onanca (JIMP) 'H u BC perucrpupoBanu Ha CIIEKTPO-
metpe «Bruker AM-500» (Bruker Corporation, CIIA) ¢
pabounmu yactoramu 500 u 125 MI'1, cooTBeTCTBEHHO,
B pacteoputene CDCL,. Xumuueckue cIBUTH NPUBE/IE-
HBI 110 1KaJje & (M.JI.) OTHOCUTEIHHO TETPAMETHIICHITaHA
KaK BHYTPEHHErO CTaHiapTa. KOHCTAHThI CITUH-CIIMHO-
BOTO B3auMojeicTus (J) mpuBeeHb! B [11.
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CHHTE3 H PEaAKIIHH AAKEHHA-2eM-AHXAOPIITHKAOIIPOIIAHOB HA OCHOBE ITHIIEPHACHA

B pabore wucmomp30BaHBI 3aMEIICHHBIE BH-
HUJI-2eM-TUXJIOPLUKIONPONaHsl 22,0, 32,0 MoIydcHHbIC
10 METOJIMKE, ONrcanHol B [19], ¢ mpumeHeHneM XJj10-
podopma, 50% pacTBopa menoun U Mex(pazHOro Kara-
JIU3aTOpa TPUATHIOCH3NIIAMMOHHIA XJIOPUCTHIH.

ITo naHHOM METOAMKE MOITYUYEHBI:

1,1-Auxaop-2-((1-Z)-npon-1-eH-1-wi)uuxiaonpo-
naH (2a). becuserHas xxuakocts. Boixon (2 + 3) 95%,
T . =48-50°C (35mmpr. ct.). 'H SIMP-cnextp (CDCL,),
o, M. (J, ['m): 1.20 o (1H, CH_, J = 5.3 T'm), 1.72 n (1H,
CH,, J=5.3Tm), .75 T 3H, CH,, J = 3.1 I'm), 2.38-2.43
M (1H, CH), 5.15 t (1H, CH, J = 6 T'y), 5.20-5.25 m
(1H, CH). "C AMP-cnextp (CDCL), 5, m.zi.: 14.39 (CH,),
2742 (CH,), 28.72 (CH), 61.09 (C), 126.11 (CH), 128.97
(CH). Macc-cniexrp, m/e (I, %): 150/152/154 (<3) M,
135/137/139 (<5), 115/117 (44/12), 99/101 (22/8), 79/100,
77/65.

1,1-Auxaop-2-((1-E)-npon-1-en-1-na)mukio-
nponaH (26). becuBernas xuakocts. Beixox (2 + 3)
95%, T = 48-50 °C (35 mm pr. c1.). 'H SAMP-cnextp
(CDCL), 8, m.a. (J, T): 1.20 o (1H, CH,, J = 5.3 T'n),
1.72 n (1H, CH,, J= 5.3 I'n), 1.75 T (3H, CH,, J = 3.1 '),
2.08-2.12 m (1H, CH), 5.28-5.35 m (1H, CH), 537 n
(1H, CH, J = 13.7 I'n). "C SIMP-cnextp (CDCL,), 3,
m.a.: 18.03 (CH,), 28.39 (CH), 27.69 (CH,), 61.09 (C),
126.63 (CH), 130.12 (CH). Macc-cnektp, m/e (I,
%): 150/152/154 (<4) M", 135/137.139 (5), 115/117
(42/12), 99/101 (20/10), 79/100, 77/72.

yuc-1,1-Anxy0p-2-BUHUI-3-MeTHIN KO-
nponan (3a). becusernas xuakocts. Bexon (2 + 3)
95%, T, = 48-50 °C (35 mm pr. ct.). 'H AMP-cniektp
(CDCL), 6, m.a. (J, Tm): 1.42 ¢ (1H, CH), 1.35 1
(3H, CH,, J=7.8Tu), 2.20-2.30 m (1H, CH),
5.45-5.60 m (2H, CH,), 5.75 nn (1H, CH, J = 10, 13 I'n).
BC SIMP-cnextp (CDCL), 5, m.1.: 9.68 (CH,), 31.90 (CH),
35.91 (CH), 61.09 (C), 120.11 (CH,), 134.32 (CH). Macc-
cexrp, m/e (I, %): 150/152/154 (<4) M", 135/137/139
(<5), 115/117 (36/12), 99/101 (20/8), 79/100, 77/70.

mpanc-1,1-JIlnxaop-2-BUHUI-3-MeTHINUKIO-
nponan (30). becuBernas >kuakocth. Beixon (2 + 3)
95%, T = 48-50 °C (35 mm pr. ct.). 'H SAMP-cnextp
(CDCL), 8, m.. (J, T'm): 1.11 n (1H, CH, J=10T'm), 1.52
T (3H, CH,,J=6.8 I'n), 2.20-2.30 m (1H, CH), 5.45-5.60
M (2H, CH,), 5.75 nn (1H, CH, J= 10, 13 T'n). *C SIMP-criektp
(CDCL), 8., m.1.: 9.68 (CH,), 33.15 (CH), 40.19 (CH),
61.09 (C), 118.29 (CH,), 134.32 (CH). Macc-cmektp,
m/e (I, %): 150/152/154 (<8) M’, 135/137/139 (<8),
115/117 (46/26), 99/101 (22/10), 79/100, 77/72.

Hzomepuszayuro TPOBOIMIIM HA MTPOTOYHON YCTaHOBKE
C HETIO/IBMKHBIM cJIoeM Karanm3aropa. O0beM peakropa 15
CM’, TaBIIeHHE aTMOC(EpHOE, HHTEpBaI TeMrieparyp ot 130
110 280 °C. B kauecTBe Karaam3aropa i30MepH3alii B pado-
Te ucnonb3oBat neonut SAPO-34 (npoussoactso Kuraif),
KOTOpBIii IIepet IPUMEHEHUEM aKTHBUPOBAJIN B TOKE BOJIO-
pona nipu 550 °C B Teuenue 5 4. Ceipbe B KoymuecTse 50 Mt

(cMech BUHHIT-2eM-AUXIIOPIUKIIONPONaHa B JIeKaHe, B 00b-
€MHOM COOTHOIIICHMH | : 2, B IOJIB3Y JIeKaHa) TOJaBaioCh C
MIOMOIIIBIO Hacoca. OTOOPaHHBII KaTalli3ar OCYIIaIH CBe-
JKCTIPOKAJICHHBIM  XJIOPUJIOM KaJIbLUA, OT(I)I/IJILTpOBbIBaIII/I
COITb ¥ YAAJISUTH PACTBOPHTENH IPH CITA00M BaKyyMe.

ITo naHHOM METOAMKE MOJTYUEH:

4,4-Tluxnop-3-meruanukiaonenten (4). becuger-
Hast KUAKOCTh. Boixon 94%, T =57 °C (35 MM pr. €T).
'H SIMP-cnextp (CDCL,), 6, m.a. (J, Tm): 1.35 T (3H,
CH,,J=7.0Tn), 2.53 n (I1H, CH, J=3.9 I'n), 2.85 T
(1H,CH,,J=3.6Tm),5.56 T (1H,CH,J=61m), 5.88 n(1H, CH,
J=5.9Tm). "CAMP-ciexrp(CDCL), 5, m.1.: 14.99 (CH,),
53.22 (CH,), 62.68 (CH,), 81.16 (C), 124.92 (CH=), 141.06
(C=). Macc-cniexrp, m/e (I, %) (150/152/154)/35/16/5
M, (115/117) / (100/34), (77/79)/(89/55), 51/27.

Tuopuposanue. Karanuzarop — namiaguii Ha yrie,
Pd/C rpanymuposanusiii, TY 2170-300-29131036-97!,
nepesl UCTIONb30BaHUEM W3MeNbYalld B CTYIKE, Impoce-
UBAJM ¥ XpaHWIN B OIOKce B dKcuKartope. s rumpu-
POBaHUSI B PEAKTOP 3arpyXkajid pacyeTHOE KOJIMYECTBO
IpeIBapUTEIHLHO TOHKO M3MEIBUCHHOTO B CTYIKE Kara-
mu3aropa Pd/C, B3BelIeHHOro Ha aHAIUTHYECKUX BEcax
(pucynok). obGasmsiim 20 M pacTBOpa JUXJIOPITUKIIO-
nporaxa 2a,0, 32,0 B 3TUIAllETaTe C MACCOBOM KOHIIEH-
tpamwmeit 50 r/n. Y3 rereparopa Bonopoza 6 pH OTKPHITOM
KpaHe | 1 3aKpbITOM KpaHe 2 3arnonHsm Oy(hepHyo eMKOCTb 7
BOZIOPOZIOM. 3aKpbIB KpaH | 1 OTKPBIB KpaHbl 2—4, TIpA BbI-
KIIOUEHHOM [IEpEMENINBAIOLIEM ycTpoiicTse 11 u npu nosn-
HOCTBIO 3aITOJTHEHHOM KHIKOCThI0 cocyne 10, mpomyBanu
CUCTEMY BOJIOPOJIOM. 3aTeM 3aKphIBAJIM MOCIE0BATEIb-
HO KpaHbl 4 ¥ 3 ¥ TIPHU OTKPBHITOM KpaHEe 5 3aroJHsIIN
MWIMHAPUYECKHIA coCcy]] 8 BOJOPOAOM U3 OydepHoii em-
KOCTH IO HIDKHEH OTMETKH, CO37aBasi HE3HAUUTEIHHOE
M30BITOYHOE JIABICHUE BOASHOTO CTOJI0A U3 HATIOPHOTO
pesepByapa 9. 3akpbiBaiu KpaH 2, OTKPBIBAIN KpaH 3 U
BKJTIOYAJIM TEPEMEIINBAIOIEe YCTPOHCTBO, YCTaHOBHB
3aJaHHYI0 CKOPOCTh NEPEMENIMBAHMA. 33 XOIOM pe-
aKLUU CIEAUIN MO 00beMY MOTIIOIIEHHOTO BOAOPOJA.
OMBIT MPOJOIDKATN IO 3aAMETHOTO CHIDKCHHSI CKOPOCTH
MOTIOLICHUsT BOJJOPO/A.

IIo naHHON METOHKE MOTYyUEHBI:

1,1-Iuxiiop-2-nponui-uukiaonponan (5). bec-
IBETHAS KUJIKOCTh. Berxox (5 + 6) 95%, r, = 54 °C
(35 mm pr. ct.). 'H SAAMP-cnexrp (CDCL), 6, m.a. (J, T'):
0.95T(3H, CH,,J=7Tm), 1.20-1.25 m (6H, 3CH,), 1.36-1.55
M (1H, CH). "C AIMP-criexp, 8., m.1.: 15.03 (CH,), 23.99
(CH,), 27.06 (CH,), 31.09 (CH,), 38.44 (CH), 65.44
(C). Macc-cniextp, m/e (I, %): 152/154/156 (7) [M"],
123/49, 110/66, 75/5, 87/37, 51/100.

yuc-1,1-/Iuxsiop-2-MeTHI-3-3 THIIMKJIONPOonaH (6a).
Becusernas sxuakoctb. Beixon (5 + 6) 95%, T’ =54 °C

M

! Mudopmanuss 0 Karaiu3aTtope MpEACTaBiIcHA Ha caiite
npousBoautenst https://www.kazanorgsintez.ru [Information
about the catalyst is available on the manufacturer’s website
https://www.kazanorgsintez.ru.]
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YcTraHOBKa [T THAPUPOBAHMS [IPU aTMOC(HEPHOM IaBICHUH. 1—5 — KpaHbl, 6 — TeHepaTop BOAOPO/Ia,
7 — OydepHast eMKOCTb, 8 — IMIMHIPUUECKHI COCY/l, 9 — HaMOpHBI pe3epByap, 10 — peakTop ruaprUpoOBaHUs,
11 — mepemMermBaroIiee yCcTpoicTBo.
Schematic representation of the installation for hydrogenation at atmospheric pressure. Valves (1-5), hydrogen generator (6),
buffer tank (7), cylindrical vessel (8), pressure tank (9), hydrogenation reactor (10), stirring device (11).

(35 mm pr. ct.). 'H AMP-cnextp (CDCL,), 6, m.1. (J, ['n):
0.90 n(1H, 1 CH,J=7Tm), 1.02T(3H, CH,,J=5Tm), 1.45
T (3H, CH,, J =3 I'n), 1.61-1.66 m (1H, CH), 1.78-1.83
M (2H, CH,). “C AMP-cnextp (CDCL), &, m.a.: 10.55
(CH,), 14.09 (CH,), 19.44 (CH,), 32.94 (CH), 34.01 (CH),
67.55 (C). Macc-cnexrp, m/e (I, %): 152/154/156 (9)
[M™], 123/59, 110/30, 75/15, 87/67, 51/100.
mpanc-1,1-1uxjaop-2-MmeTna-3-3THAUUKIO-
npomnaH (60). becuserHast xxuakoctb. Beixox (5 + 6)
95%, T, =54°C (35 mmpr. ct.). 'H AAMP -cnexrp (CDCL,),
0, m.a. (J, I'm): 1.05-1.15 m (1H, CH), 1.02 T (3H, CH,,
J=5Tn), .45 1 (3H, CH,, J =3 Tw), 1.61-1.66 m (1H,
CH), 1.78-1.83 m (2H, CH,). “C AAMP-cniexrp (CDCL,),
d., m.a.: 11.01 (CH,), 15.88 (CH,), 19.44 (CH,), 34.71
(CH), 41.39 (CH), 67.67 (C). Macc-cuektp, m/e (I, %o):

OTE

152/154/156 (7) [M*], 123/49, 110/66, 75/5, 87/37, 51/100.

PE3VYJIBTATBI U UX OBCYXKJIEHUE

MBI HalLIH, YTO HA HAYAIbHOW CTaJANM TUXJIOpKap-
OenunpoBaHus 110 MeToy Maxkormu [21] koMMepaecKoro
nunepuieHa (cooTHomeHue yuc-1a : mpanc-16 popm =
1 : 4) xapOeHBI IPUCOESTUHSIOTCSI K HEIKBUBAJICHTHBIM
KOHLIEBBIM U BHYTpEeHHUM JBOUHBIM C=C-CBsI35M C pas-
HOM CKOPOCTBIO, YTO MPHUBOAUT K 0OPA30BAHUIO CMECH
MIPOTICHIIITIPOU3BOHBIX 22,0 ¥ BHHWJINPOU3BOIHBIX
3a,06 B cooTtHowmeHuu 1 : 3, cooTBETCTBEHHO (cxema 1).
DTO CBSA3aHO C TEM, YTO METHIILHBIA 3aMECTHTEIb, HAXO-
JAIIMNACS B 0-TIOJIOXKEHUH, aKTUBUPYET JBOWHYIO CBSI3b
10 OTHOLIEHHUIO K dyieKTpoHoakuentopaomy :CCl,-kapGe-
Hy. OT™MeTHM, YTO B M30IpEHE 2,2-1u3aMeIIeHHAsT IBOM-
Hasl CBsI3b HA MOPSIOK aKTHUBHEE HezameleHHoH [19].

Habniogaemoe cooTHOLIEHUE CTEPEOU30MEPOB
2a:26=1:4 coBnianaer ¢ conepKaHueM yuc- u mparc-popm

CHj H
+CCl,
| i "
4 H;C 4 H;C
2\_/3/ %|5/H . 2\_/3/4§ 5/CH3 \L3/ s N 2 L/4§5
| -~ ~ Ny
o Sar O o ~a B y /\ 1/\ T ou \l/\
28 o’ a o’ a
26 3a 36

Cxema 1. KapGenupoanue numnepuiieHa 1a,0.
Scheme 1. Carbenation of piperylene 1a,b.
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B cxonHOM jueHe 1a,6. [Ipucoennnenue quxiopkapoe-
Ha 110 3aMEUIEHHON TBOMHOMN CBSA3M MPOTEKAET HECTEPE-
OCEJIEKTUBHO, U n30Mephl 32,06 00pa3yroTcss B OIU3KHUX
konuuectBax (3a:30=1:1.5).

TepMoKaTamuTHIECKYI0 M30MepU3anuio (cxema 2)
MOJTYYEHHBIX alTKeHUII-eeM-AUXJIOPLUUKIONPONaHOB 22,0
n 3a,6 mpoBoauu npu Temneparype 230 °C mo onucan-
HOIi paHee MeToJuKe [22] ¢ UCTIOIB30BaHUEM TPOMBIIII-
neHHo poctymnHoro neosmra SAPO-34 [23].

B pesynbrare peakuuu mnonyudeH 4,4-auxiop-3-me-
THJIIHKIIONIEHTeH 4 ¢ BhIxozoM Ooree 90%. Ero obpaso-
BaHUE MPOUCXOJNT 3a CUET PACKPBITUS Ha KaTaIu3arope
3-x-3BeHHOrO mukia mo ces3sm C'-C3 kapborukma. B
MPOAYKTaX peakiuu He OOHApy>KeHbl COCTUHEHUs, 00-
pasylomuecst B pe3yisrare paspymenns nukia mo C—C3
YIJICPOIHBIM CBSI3SIM.

T'mapupoBanue (cxema 3) alKeHHII-ceM-ITUXIIOP-
LUKJIONponanoB 2a,0 1 3a,0 oCyleCTBISUIM Ha MPO-
MBITINIeHHOM Katanm3atope Pd/C [24, 25] npu tem-
nepatype 22-24 °C u atMoc(epHOM [aBICHHH B
teueHnue 3.5-4 u.

| H
4
SN 2 37 x5 CHs
N/ | LY |
I I
o Sa b cr” >a o
2a 26

B 3THX ycnoBMAX OOCTHTraicsi KOJIMYECTBEHHBIN
BBIXOJI TIPOTNHUJI-2eM-AUXIIOPIUKIONpONana 5 u yuc-6a,
Mpanc-2-MeTUI-3-3TUI-2eM-JUXIOPLUUKIONPONAaHOB
60. CooTHOIIEHHE TNOCIEIHUX COOTBETCTBYET CTapTO-
BOMY COZEP)KaHHUIO B UCXOAHOH CMECH BHHUIIIIPOU3BO-
JTHBIX (62 :60=3a:30=1:1.5).

MeTonoM KOHKYpeHTHOW KWHETHKH [26] (KoHBep-
cust He Oosnee 30%) Oblia ompenereHa OTHOCUTENbHAs
peakImoHHasi CIIOCOOHOCTh TPOTICHUI- 22,0 U BHHMUII-
pon3BoAHbIX 32,0 B peakuuu TUIpUpPOBaHUSA. B u3-
YUCHHBIX YCJIOBUSIX?, CYyIsl MO CKOPOCTH HAKOIUICHHS
IIPOLYKTOB 5 1 62,0, BunMInpoussoguse 3a,0 B 2 pasa
aKTHUBHEE MPOTICHUJIOBHIX 2a,0.

CocTaB MoJIy4YeHHBIX TPOJAYKTOB 22,0, 32,0 u 5,
6a,0 1 BBIJICIICHHOTO MHANBUYAJIBHOTO COeTUHECHUS 4
ycraHoBWIN MeTtofgaMu SAMP-crniekTpockonuu u Xpo-
MaT0-Macc-CIeKTPOMETPHUHU.

'H SIMP-criekTp cMecH MPOAYKTOB KapOCHHUPOBAHHS
2a,06 1 3a,0 xapakTepu3yeT HAJMYUE CHUTHAIOB KpPaTHOMN
cBs13u nipotoroB mpu C* u C° yrepoHbix aromax. st Mo-
Jexyibl 2a npotod npu C* atome yrrepoma MpoOsIBIIIeTCs

H3C\ ts H3C\ Ilj )
- \L/B/\ P 2 35
I H + H \1/

o a o al
3a 36

230°C | SAPO-34

Cxema 2. M3omepu3anus anKeHUI-2eM-TIXI0PIAKIONPOnaHoB 2a,0 u 3a,0.
Scheme 2. [somerization of alkenyl-gem-dichlorocyclopropanes 2a,b and 3a,b.

T H H3C\ s H3C\ T )
VAR N
237 Nss SIEP AR —3 37 NS
\/ I Y, | . HT\/ Sy T\
o Sa O o N H o’ i cr’ Nl
3a 36
2a 2% |
H;C 4 H
H;C
AN Moy S ’ L )
HT N/ vl
\/ N vooH N/
o a o Nal N
cr’
5 6a 66

Cxema 3. BoccraHoBieHue ajaKeHWI-2eM-IUXJIOPLUUKIONponaHoB 2a,0 u 3a,0.
Scheme 3. Reduction of alkenyl-gem-dichlorocyclopropanes 2a,b and 3a,b.

2 CraproBoe coorHomienue 2a,6 : 3a,6 = 1 : 3 [The starting ratio 2a,b : 3a,b =1 :3.]
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tpuruieToM 1ipa 5.15 M. GJ = 6 T'), npu C° ymrepoaHoM
aroMme — MyIBTUTIIeToM B obmactu 5.20-5.25 M.1., 4TO Xa-
pakTepHo I yuc-uzomepa. Torma kak st mpanc-20
u30Mepa CurHas nporoHa mpu & C* yriepoaHoMm atome
nposiBisiercst pu 5.28-5.35 m.x., a ipu C° — nybietom
B obnactu 5.37 m.a. (°J = 13.7 '), uTo noaTBEpXKIAET
mpaHc-KOHPUTYpaIUIo JBOHHON cBsi3u. B cMmecu coe-
JuHeHui 3a u 30 aHaJIOTMYHbIE CUTHAJIBI IIPOTOHOB IIPU
C* u C° yIaepomHbIX aToMax PEe30HHPYIOT OIMHAKOBO
nyoner ayoneramu npu 5.75 ma. CJ =10 u 13 Tn) u
MYyJIBTAILIETOM TIpH 5.45—5.60 M. 1. [IpoToHBI IUKITOTIPO-
naHoBOro Konbiia C? yrimepomHoro aroma uisl yuc-2a u
mparc-26 U30MEPOB MPOSBIISIOTCS OMHAKOBO JIBYMsI JTyOe-
tamu iput 1.20 M. (J=53Tw) u 1.72 ma. 3J = 5.3 T).
AmnanornyHblii curaan nporona npu C? arome yriepoma
MoJeKyl 3a u 30 perucTpupyercs OIUHAKOBO MYJbTHU-
wretoM tpu 2.20-2.30 m.a. ITporon npu C? yriepomHom
aToMeE J1s1 COCAUMHCHU L 3a MPOSIBJIACTCA B BUIC CUHITICTA
mipu 1.42 M.11., 4TO yKa3bIBaET Ha €T0 YUC-PACTIONOKEHUE,
a ays coeiuHeHus 30 — B CUJIBHOM MOJIE JyOJIeTOM IpU
1.11 m.a. 3= 10 I'), 9TO XapakTepHO IS MPAHC-KOH-
(purypanuu npoToHa.

B 'H SIMP-cniekTpe cMecH IpOIyKTOB THAPHPOBA-
HUS 5 W 6a,0 HanU4yMe TPONHI-eeM-AUXJIOPLUUKIONPO-
MMaHa S XapakTepu3yeT TPUIUIET CUTHajda METHIbHOU
rpymmnsl B cuiibHO# obmactu tipu 0.95 m.a. (3 = 7 T
U MYJBTHIDICT CHTHAJIOB ABYX METHJICHOBBIX TPYIII
nponwisHOro (hparmenta B odmactu 1.20-1.25 m.a. s
TeOMETPHICCKUX HN30MEPOB 62,0 OTIMYUTEIHEHBIM SIBIISI-
eTCsl HAIMUKME CHUTHAJIOB MpoToHOB mpu C3 yrmepomHom
aToMe, COMNPSDKEHHOTO C ATWIbHOW rpymmoi. Tak, as
yuc-1,1-nuxsop-2-MeTui-3-3THILHKIIONponaHa 6a curxHain
nporoHa 1pu C* yIiiepomHOM aroMe [MKJIONPOIIaHa TPOSiB-
asiercst ayoneroM B crntbHOU obmactu 0.90 M. (=7 T'),
Torna Kak mnst mpawc-1,l-guxmop-2-meTni-3-3Tui-
LUKJIONpONaHa 60 aHaJOrM4YHbI CUTHAJl IPOSIBIIAETCS
MYJIBTHILIETOM B OoJjiee ciraboii oonactu 1.05-1.10 m.1.

B crekrpax SIMP *C cmecu ankeHHI-eem-auXaop-
[IUKJIONPOIaHOB 22,0 1 32,0 061uMm siBisiercst curnai C!
aroma yrepoja npu 61.09 m.a. Jlns yuc-2a usomepa C*
u C® yriiepoHbie aTOMBbI IBOWHOM CBSI3H PETHCTPUPYIOT-
cst B oomactu 126.11 u 128.97 M.7., COOTBETCTBEHHO, a
JUTsL mpanc-206 u3oMepa MposBISIOTCS B Ooliee ciiaboM

nojye 126.63 u 130.12 m.x., cooTBeTcTBeHHO. Hanmmaune
CHJIBHOMIONBHBIX curHaioB yraepoaoB C? u C* (31.90 u
35.91 M.J1.) TUKIIONIPOTIAHOBOTO KOJIBIIA JIIST COSTMHEHHSI
3a monTBepKAACT yuc-KOHPUTypaIHio, TOTIa KaK cia-
6ononeabie curaansl C? u C* (33.15 1 40.19 m.x1.) Mote-
Kyabl 30 XapaKTepUu3yloT mpaHc-OpUEHTALUIO H30MEpa.

B cmekrpax SMP BC cmecn amkuimpou3Bo-
JTHBIX 5 U 6a,0 XapakTepUCTUYHBIMH SIBIISIOTCS CHUT-
Hayel atromMoB yrepoaa C!' B obmactu 6567 m.a. s
1, 1-auxop-2-nponuinuKIONponata S MeTUIbHAs [PyII-
ma nposiisiercst npu 15.03 m.a., B Monekynax 6a,0 — B
6onee cunpHOM mosnie ipu 10.55 u 11.01 m.1., coorBer-
crBenHo. Hammuwme curnanos C? u C3 yriepooB B o0ia-
ctu 32.94 u 34.01 M.A. QUKIONPONAHOBOTO KOJIbIIA IS
COeIMHEeHNsT 6a TIOATBEPKAAIOT yUC-KOH(PUTYPALINIO.
st mostexyint 36 curnasist C2 u C* atomoB mipu 34.71 u
41.39 M.J1., HaxXOIAIIHMEeCs B CIA0OM IT0JIe, YKa3bIBAIOT Ha
mpanc-KOH(PUTYpaLUIO H30Mepa.

Jtst cMecH eem-TuXITOPIUKIONPONaHoB 22,0 u 3a,0
JIUCCOIIMATUBHAS HMOHM3AIMA MPOTEKAeT HECKOIbKUMHU
MyTAMU: MOJIEKyJIa paclajaercs Ha JUXJIOPLUKIIONPO-
MaHOBBIN (h)parMeHT M 3aMECTHTENb WM MOJEKyla Te-
pSET aToMBbl XJ0pa, HO OCHOBHOU YIJIEPOJIHBINA CKEJIET
COXpaHseTCs.

B Tabnume mpeacTaBieHBI 3HAYCHUS MAacChl OCKO-
JIOYHOTO MOHA 7 ¥ OTHOCUTEIbHOW WHTEHCUBHOCTH IH-
KOB MOHOB e (% OT MakCMMaJbHOTO) JUIsl COSTMHEHUN
2a,0 u 3a,0.

JucconuaruBHas HOHU3ALUSA [UId  2eM-TUXJIop-
LUKJIONponaHoB 6 u 7a,0, Tak *e Kak U JUIsl aJjIKe-
HUJI-2eM-TAXJIOPIHUKIONPONanoB 2a,0 u 3a,0, mpore-
KaeT HECKOJIbKMMHM IMyTAMHU: MOJIEKYJa pacrajaeTcs Ha
JUXJIOPITUKIIONIPOTIAHOBEI  (PparMEeHT W 3aMECTHUTEINh
R, mnbo mornekyna TepsieT aToMBbI XJIOpa ¢ COXpaHEHHUEM
YIJIEPOIHOTO CKEJIETa.

3AK/IIOYEHUE

YCTaHORBIICHO, UTO IXJIOPKApOCHUPOBAHNE IUTICPHIICHA
C KOJIYECTBEHHBIM BBIXOJIOM 10 METOY MaKOILM POTEKAET C
o0pazoBaHueM yuc-, mparc-1,1-muxiop-2-(npon-1-ex-1-w)-
LMKJIONPONIAaHOB U yuc-, mparc-1,1-1uxnop-2-BuHui-3-Me-
TIIUKIIONpoNanoB. [lpu TUIpupOBaHWU TOITYYEHHBIX

3HaYeHHsI MaCChl OCKOJIOYHOIO HOHA /71 M OTHOCUTEIbHOM HHTEHCHBHOCTH ITUKOB HOHOB € (% oT MaKCI/IMaJ'IbHOI‘O)

JIJIs coeAMHEeHuI 2a,0 u 32,0

Values of fission ion mass m and relative intensity of ion peaks e (% of maximum)

for compounds 2a,b and 3a,b

m/e (%)
CoennHeHHe o
Compound
p 150/152/154 79 77 115/117 99/101 135/137/139
2a/2a <3 65 44/12 22/8 <5
26/2b <4 72 42/12 20/10
100 <5

3a/3a <4 70 36/12 20/8
36/3b <8 72 46/26 22/10 <8
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M30MEPHBIX  alIKCHUII-2eM-TUXIOPIHKIONPOIIaHOB  Ha
nannaaueBoM karanuzarope (Pd/C) ¢ BbICOKUM BBIXOZOM
obpasyrorcst 1, 1-muxI0p-2-NpONMIIUKIONPONaH U yuc-,
mpanc-1,1-1uxnop-2-MeTuiI-3-3TiiyKIIonponansl.  Luc,
mparc-1,1-muxnop-2-(mpor- 1 -eH- 1-ui)IUKIoNponanel - 1
yuc-, mparc-1,1-auxaop-2-BUHUI-3-METUIILHUKIIONPOTIAHbI
TP TEPMOKATATUTHIECKON H30MEPH3AIiH B TIPUCYTCTBHU
neomuta SAPO-34 nepexomsaT B 4,4-1uXyop-3-MeTHIIIH-
KJIOIIEHTEH C BBIX0IOM Oomee 90%.
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HAYYHAS CTATbHA

Cunre3 1 OMoIOrHYecKasi AKTUBHOCTD /N-(0-1u3TOKCU(pochopuII-
HHUKJIONPONUIKAPOOHUT)AMUHOKHUCIOT — CTPYKTYPHBIX AHAJIOTOB
N-¢pocponaneruni-L-acnaprara

H.C. Ky3smuu?, [1.10. IOpreB, I''A. Tonopkos, A.B. KaauncTpaToBa, A.B. KoBaaeHKO

Poccuiickuil xumuro-mexHonozuueckuit yHusepcumem um. [.H. MeHOeneesa, Mocksa,
125047 Poccus
@ Aemop ons nepenucku, e-mail: kyzkaO6@mail.ru

Ienu. C passumuem U coeepuleHcmao8aHuem HO8bLX cucmem 00CmasKu 01t 8eULeCMeE Pasiuu-
HO20 xapaxmepa, 8H08b Npuobpemarom aKkmyanrbHOCMb pocghopopearuuecKue cCoeOuHeHuUst ¢ aH-
mumemaboaumHbIM mMexaHusmom oeticmeust. K HUM MOXKHO omHecmu, Hanpumep, gpocghopop-
eaHuueckue aHanozu kapboHoswblx Kuciom, maxue kax N-gpocchoHayemun-L-acnapmam (PALA)
u N ¢gpocgporauemun-L-usoacnapazut, sgasrouiuecs dbUOPAUUOHANTHO pa3pabomaHHbIMU aHA-
Jl02aMU Nepexo0H020 COCMOsIHUSL Kapbamounacnapmama 8 peakyuu buocuHmesa nupuMuouUHo-
8blX OCHOBAGHUI, KOmMopas Kamanusupyemcs. pepmeHmom acnapmam-mpaHcKkapbamounasoil
(ATCase). Hecmompsi HQ 8blCOKYHO AKMUBHOCMb 9MU COEOUHEHUST He HAWU UUUPOKO020 NPUMEHe-
HUsl u3-3a 601UL020 Koluuecmaea noboursblx sgpgpexmos u Huskol buodocmynrnocmu. C yuemom
OMKPbLBAIOULUXCSL 803MOIKHOCMETN no docmaeske pochamHblX U hOChOHAMHBLX NPOUZBOOHBLX 8
KiemKu-mMuueHu, noayueHue bonee sagpgpexmusHolx ananozoe PALA kaxkemcesi uHmepecHoi u
nepcnexmueHotl 3adauetl. ITosmomy yenoto 0aHHOU pabomel S8ASANUCL CUHME3 U UCCe008aHUe
buosi0zuuecKoil aKMU8HOCMU HO8bLX NPOU3BOOHbLLX (hochoHYyKCYCHOU Kuciomsl — N-(a-dusmorcu-
ochopunyuKionponUAKapOOHUN)-3aMEUEHHBLX aMUuHOKUciom — aHasnozoe N-¢hochoroaue-
mun-L-acnapmama (PALA).

Memooeul. /11 HanpaeieHHOU pabombl 8 pamMKax UCCAe008AHUSL NPUMEHSIU MEemOo0 MOJIeKY-
JISIPHO20 O0OKUH2A, KOMOpbLU nos3gossiem cmooenuposams cessviearue N-(a-ousmorcugpocgo-
PUNYUUKNIONDONUNKAPOOHUN)-3AMEULeHHBIX AMUHOKUCTIOM ¢ ACnapmam-mpaHckapbamounasou.
Llenessle coeduHeHust ObLIU CUHME3UPOBAHBL C UCNONL308AHUCM KAACCUUECKUX Memo008 Opaa-
Huueckozo cunmesa. HcenedosaHue yumomokcuuHoCmu npo8oouULU no OMHOUEHUIO K Klemou-
HbIM JIUHUSIM paka MOJIoUHOU skenesvl uenogexa (MDA-MB-231), paka kooku (A-375) u 2nuo-
6racmomol (U-87 MG).
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26



H.C. Ky3bmuH, [1.10. IOpseB, I''A. TonopkoB H Ap.

Pesynemamet. B pamkax pabomsl Oblnl ocyuiecmener cuHmes 8ocbMu Hogblx N-(a-ousmorcu-
ochopunyurionponunkapboHuUN)-3aMeUeHHbIX amuHokucriom. Heenedosarue psioa cuHmesu-
POBAHHBLX NPOU3BOOHBLX HO NPOMUBOPAKO8YH AKMUBHOCMb HE 8bl8UJ0 3HAUUMO20 NPOSI8NEHUSL
UUMOMOKCUUHOCMU.

Buleoodst. N-(a-0usmorcugochopusyuKionponuaKapOOHUNL)-3aMEULeHHbLE  AMUHOKUCOMbL
npedcmaessnsitom coboii cuHmemuuecku docmynHole aranoeu PALA, cnocobHble K 6oee CulbHO-
My e3aumooeticmeuro c ATCase. Tem He meHee cuHmMe3uposaHHble 8 0AHHOU pabome coeOuHeHUs.
He NPOSIBUU 8bLPAIKEHHBIX NPOMUBOPAK08bLX cgolicma. OOHOU U3 NPUUUH HUSKOU aKmugHocmu
MooKkem 6bimb HAUUUE IPUPHBLX 2pYNN 8 POCHOHAMHOM CMPYKMYPHOM /lemMeHme.

Knroueevle cnoea: pocpoHrkapboHosble kKucniomol, N-cpochorauemun-L-acnapmam (PALA),
acnapmam-mpaHckapbomounasa (ATCase), ousmorcugocopunykcycHas rKucaoma, a-ous-
moxcugpochopunyurionponaHkapborosas kucioma, N-(a-ousmorxcugocgopunyurionponu-
KapboOHUN)-3ameueHHble AMUHOKUCIOMAbL.

Jna yumuposanusa: Kyssmun 1.C., FOpees J[.1O., Tonopkos I'.A., Kanuctparosa A.B., Koanenxko JI.B. Cunres u 6uosnoru-
YyecKasi aKTHBHOCTh N-(0i-THATOKCH (DO CHOPHITIUKIONPONUIKAPOOHIIT ) aMUHOKHCIIOT — CTPYKTYPHBIX aHanoros N-pocdonareru-
-L-acmaprara. 2020;15(5):26-35. https://doi.org/10.32362/2410-6593-2020-15-5-26-35

RESEARCH ARTICLE

Synthesis and biological activity of N-phosphonacetyl-L-aspartate’s
structural analogs NV-(a-dietoxyphosphorylcyclopropylcarbonyl)-
amino acids

Ivan S. Kuzmin®, Danil Yu. Yuriev, Grigorii A. Toporkov, Antonida V. Kalistratova,
Leonid V. Kovalenko

D.I. Mendeleev University of Chemical Technology of Russia, Moscow, 125047 Russia
@Corresponding author, e-mail: kyzkaO6@mail.ru

Objectives. With the development and improvement of new delivery systems for substances of
various natures, organophosphorus compounds with an antimetabolic mechanism of action have
become relevant again. A few examples of them are organophosphorus analogs of carboxylic acids,
such as N-phosphonacetyl-L-aspartate (PALA) and N-phosphonacetyl-L-isoasparagine, both of
which are bio-rationally developed analogs of the transition state of carbamoylaspartate in the
biosynthesis of pyrimidine bases, which is catalyzed by the enzyme aspartate transcarbamoylase
(ATCase). Despite their high activity, these compounds have not found widespread use as
anticancer agents due to a large number of side-effects and low bioavailability. Given the
emerging opportunities for the delivery of phosphate and phosphonate derivatives into target
cells, obtaining more effective analogs of PALA seems to be an interesting and promising research
objective. The goal of the present study was thus to synthesize and study the biological activities
of novel PALA analogs that are derivatives of phosphonacetic acid.

Methods. For directed work within the framework of the study, we used the molecular docking
method, which allowed us to simulate the binding of N-(a-diethoxyphosphorylcyclopropylcarbonyl)-
substituted amino acids to ATCase. The target compounds were synthesized using classical
methods of organic synthesis. The obtained compounds’ cytotoxicity was probed in relation to cell
lines of human breast cancer (MDA-MB-231), skin cancer (A-375), and glioblastoma (U-87 MG).
Results. The synthesis of eight novel N-(a-diethoxyphosphorylcyclopropylcarbonyl)-substituted
amino acids was carried out. A few of the synthesized derivatives were tested for anticancer
activity, but none displayed significant cytotoxicity.

Conclusions. N-(a-diethoxyphosphorylcyclopropylcarbonyl)-substituted amino acids are synthetically
available analogs of PALA, a compound capable of strong interaction with ATCase. However, the
compounds synthesized in this work did not display any pronounced anticancer properties.
One of the reasons for the observed low activity may be the presence of ether groups in the
phosphonate building block.
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BBEJEHHME

[IporuBoomyxoseBble Mpenaparbl ¢ aHTHMeTado-
JUTHBIM MEXaHU3MOM aKTHBHOCTH MPOYHO BOLUIH B
MPAKTHKY JICUCHUSI OHKOJIOTHYECKUX 3a0oneBaHuil. OHU
Pa3IUIaloTCsS MO CTPYKTYpPE, BHYTPHKICTOYHOMY METa-
00IM3My, MEXaHU3MY L[UTOTOKCHYECKOTO JCHCTBHS, HO
BCE OHU TaK HJIM HHAYC SBJLIFOTCS aHAJIOTaMH €CTECTBCH-
HBIX METa0OIUTOB U MOTYT KOHKYPUPOBAaTh C HUMHU U 3a
TPaHCIOPTHEIC ITYTH B KJICTKY, U 32 y4acTHE B KIFOUCBBIX
(bepMeHTaTUBHBIX Tporeccax. [y JedyeHnss OHKOJIOTH-
YeCKUX 3a00JIeBaHU OCOOCHHO aKTyaJbHbI aHTHMETAa-
601TH OMOCHHTE3a HYKIEUHOBBIX KHUCIIOT.

OnmHUM W3 TIEPCIEKTHBHBIX MPOTHBOOITYXOJICBBIX
npenaparoB 80-x rogoB XX Beka SBISICSA pa3paboTaH-
Hasi B pe3yibTare OMopanuoHanbHOTro moaxona N-doc-
¢donanerun-L-acnaprar (PALA) 1 (puc. 1). IIpotuBopa-
koBasi akTUBHOCTh PAL A ocHOBaHa Ha €ro CTPYKTYPHOM
MofoOUN TNEPEXOAHOMY COCTOSHHIO KapOamowusacmap-
Tara, KOTOPHIH YY4acTByeT B peakInu OMOCHHTE3a IH-
PUMUIMHOBBIX OCHOBaHUM, KaTaJu3upyeMol acnaprar-
Tpanckapbamomazoii (ATCase) [1-4].

PALA mposiBUI BBICOKYIO aKTUBHOCTh B OTHOIIIE-
HUH COJHMIHBIX OIMyXOJeH M Mpommén aBe (as3bl KIMHA-
Yeckux ucnbiTaHuit [5, 6]. K coxanenuto, kak ¥ ajst
MHOTHX JIpyruXx (QochopopraHM4ecKuX COCTUHCHHUH,

BBICOKasi akTUBHOCTh PALA in vitro He Bocipon3BoanT-
csl in vivo U3-3a HU3KOH OMOIOCTYMHOCTH 3TOrO COeu-
HEHHS W OOJBIIOTO KONMWYECTBA BOZHUKAIONIMX MOO0U-
HbIX 3¢ ¢ekToB [7, 8]. [losToMy npeacTaBisieT HHTEPEC
CUHTE3 HOBBIX NPOU3BOAHBIX (HOCHOHYKCYCHOU KHCIIO-
TBI C TIOTCHI[MAJIBHON MPOTUBOPAKOBOM AKTUBHOCTBIO U
YAYYIICHHBIME (hapMaKOJIOTHIECKIMHU CBOMCTBAMH.

K wu3BecTHbIM mnpousBoaHbIM (pochoHyKCYCHOIM
KHCJIOTBI, SIBJISTIONIMMCSL  CTPYKTYPHBIMH — aHAJOTaMHU
PALA, orHocsiTcsi coequHenusi 2—4, Tpe/icTaBIeHHbIC
Ha puc. 2. DTU COCAMHEHUS O0JIAat0T MEHBIIUM CYyM-
MAapHBIM 3aPsI0M H YIYUIICHHBIMU (hapMaKOIOTHIECKHU-
MH CBOWCTBaMH, HO 3HAYMUTEILHO 00JIee HU3KOH aKTHB-
HOCTBIO TI0 cpaBHeHuto ¢ PALA [9].

YuuteiBas cTpykTypHOE monodue PALA mHTEepMe-
Iuaty OMOCHMHTE3a KapOoMomIacmaprara, Mbl MPEAIo-
JIOKMIIN, 9TO ISl YBEITHMUCHHUS OMOJIOTHUCCKON aKTHBHO-
CTH MPOU3BOAHBIX (OCHOHYKCYCHBIX KUCIOT KIFOYECBOEC
3HaYEHUE UMEET ONTUMAaJbHBINA yron cBsa3u P—C, koro-
pBIil TIO3BOJHUT O0ECIEUUTh YCTOHYMBOCTH KOH(OpMa-
UM, Hawbojee ONaronpusTHOW s (GOPMUPOBAHUS
KOMILJICKCA C aKTHBHBIM LIEHTPOM (epMeHTa. JlomoiaHu-
TENFHO YYHUTHIBAJIOCH HAJIHYHE B CTPYKTYPE MOJCKYIIBI
BbIpaKeHHOTO TruaApodoOHOro ¢parMeHta us-3a MpH-
cyrctBus B cTpykrype ATCase «runpohodHoro kapma-
HAY, YTO YBEJIUYUT IPOYHOCTh CBsI3bIBaHUS (EPMEHTA C
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| | Aspartate @ o@
P. ) | | o o
H,N O/ L%D\OGD ATCase O//P\ —0-- -",H \\\\\\COZ ATCase NH,
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Carbamoylphosphate HoN Y CO, pi N COO
H

) 3 ©
O/P\ \(g%,)_—',H \\\\\\CO2
N="\
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H
PALA 1

Carbamoylaspartate

Puc. 1. Crpykryproe nmonooue PALA maTep™MenanaTy OnocuHTe3a KapdaMomiacaprara.
Fig. 1. Structural similarity between N-phosphonacetyl-L-aspartate
and the intermediate of carbamoylaspartate biosynthesis.
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Puc. 2. Crpykrypabie popmyns ananoroB N-pocdonanerni-L-acnaprara.
Fig. 2. Structural formulas of N-phosphonacetyl-L-aspartate analogs.

cyOcTpaToM. DTO BOZMOKHO IIyTeM BBECHUS 00BEMHBIX
3aMecTuTeNell 'y aroma yriaepoja (ocoHAEeTaTHOro
ckerera. MIHTepeCHBIMHU ¢ TOYKN 3pEHUS] CHHTETHYECKOM
JIOCTYIIHOCTH, BapbupoBanus ynia csssu P-C u conep-
KaHU TUAPOGOOHOTO pparMeHTa ABISIOTCS UKIONPO-
MaHMWI-3aMenieHHbIe (OCHOHYKCYCHBIE KUCIIOTHI, CHH-
TEe3 1 M3y4deHHe NMPOTHBOPAKOBOH aKTHUBHOCTH KOTOPBIX
U OBIIM OCYIIECTBJICHBI B paMKaxX JaHHOW paOOTEHI.

MATEPHAJIBI 1 METO/IbI

XpomaTo-Macc-CeKTPOMETPUUECKUA  aHaIU3
ocymectBisid Ha ipudope Thermo Fisher Scientific
Surveyor MSQ (Thermo Fisher Scientific, CILIA) c
KOJIOHKOH JUIsl BBICOKOA(D(PEKTHUBHON IKHIKOCTHOM
xpomarorpaguu Phenomenex Onyx Monoliythic
C18 25 x 4.6 mm (Phenomenex, CIIIA). B xauectBe
MOABMXKHOM (pa3pl mpuMeHsIach ABYXKOMIIOHEHTHAs
cmech 0.1% pacTBOopa MypaBbMHOM KMCIJIOTHI U alle-
ToHuTpuna (pacteoputens — 100% auMETUICYB-
dokcua (IMCO), rpaareHTHOE MIFOUPOBAHHUE, CKO-
pocTh motoka — 1.5 mu/muH, Temneparypa — 25 °C
OPUMEHSIEMBI THI HOHHU3AIHH TPH aTMOChepHOM
JaBlieHUH, dnekTpocnpei). CnekTpsl SAepHOTO Mar-
HutHOTO pe3onanca (SIMP) 'H peructpupoBanu Ha
npubope Varian MercuryPlus 400 (Varian, CIIA)
(CDCI,, IMCO-d,, BHyTpeHHMI CTaHAapT — TeTpa-
MeTuJicuiaH). TemnepaTypsl MJIaBICHUS ONpeAessiiin
Ha npubope Stuart SMP20 (Stuart, BenukoOpura-
Hud). s ToHKOCI0iHOHM XpomaTorpaduu UCIOIb30-
Banuch amoMuaueBslie actuaku Merck TLC Silica
gel 60 F254 (pa3mep 10 x 20 cm) (Merck, I'epmanus).
s KoJTOHOYHOW Xpomarorpaduil MPUMEHSUTH CHIHKa-
renb 60 ¢upmbl Merck ¢ pazmepom yactui ot 0.015 Mm
110 0.040 mm. 1y ipoBeieHUsI peaKIiyii IO/ BO3IEHCTBH-
em CBY-00myueHus MCIoib30Bajld MUKPOBOJIHOBBIH pe-
axtop CEM DU 9369 (CEM Corporation, CIIA).

IMepen wucnonbzoBanuem mneperonsuiu JIMCO
HaJ THUAPUIOM KalbLUs; TUOPOMATAH IEPETOHSIH
MIPU MOHMKEHHOM J1aBJICHUH; MPUMEHsEeMble aMUHO-
KHCIIOTHI HE TIOJBEPTANN MPEABAPUTEIBLHON OUNCTKE;
TpudsTUiamMuH neperonsuin Hany KOH; Tpustundoc-
(uT He moABEpTa N MPeIBAPUTEIHLHON OYHCTKE; pac-
TBOPUTEINHU ISl SKCTPAKIIMU IPUMEHSIN 0e3 mpeaBa-
pUTENBHON TTOJITOTOBKH.

SKCHEPUMEHTAJIBHAS YACTb

TpusTi0BbIii 3¢pup PocoHyKcycHON KUCIOTHI (5).

B npoOupke 1111 MUKPOBOJIHOBOTO peakTopa 00beMOM
10 mu1, cHaGkeHHOM cenTol, cMmerkBaroT 3.32 1 (0.02 Mosib)
tpuaTIidochuta u 2.45 r (0.02 Monp) sTHIIOBOTO BdUpa
0-XJIOPYKCYCHOM KUCIIOTBL. Peakuiyto npoBosIT Py MUKPO-
BOJIHOBOM 00JTy4eHHH MoIIHOCTBIO 250 BT 1 Temneparype
170 °C B Teuenue 1 4. BeimeneHne KOHEUHOTO MPOIYKTa
OCYIIECTBIISIFOT BaKYyMHOW MEPErOHKOH Ha MAaCISTHOM
nacoce. Berxon 3.85 1 (86%). T, = 110 °C (0.1 mm pr. cT.).
'H SAMP-cnextp (400 MI'n, IMCO-d,): & (m.1.) 4.07
(dq,J=15.1,7.1T, 6H),3.10 (d, J=21.4 'y, 2H), 1.22
(dt,J=18.4,7.1 I'u, 9H).

ItunoBblii 3¢up o-AUITOKCUGPOCHOPHUIIHKIO-
NMPONaHKapOoOHOBOI KUCJIOTHI (6).

B ko16e oobemom 500 it emernmsarot 15 r(0.067 Morb)
mmensaeHnoro KOH u 100 v ceeskeniepernantoro JIMCO.
K nonyuennoii cycrieH3uu py nepeMeInBaHuy IOCIEN0-
BarebHO pubaBIstoT 1o KarisiM 7.48 r(0.03 Mors) aTrno-
BOro 3hupa IuITOKCUPOCPOHYKCYCHON KUCTOTHI 1 25.19 T
(0.268 wmomb) muOpomdTaHa. Jlaee K peaKIMOHHOM Macce
npubasisitor 170 vt IMCO. TorydeHHyto CycrnieH3Ho riepe-
MEIIHBAIOT TIPY KOMHATHOM TeMIieparype B Tedenue 72 4. s
otaeneHus npoaykroB peakuuy or JIMCO B peakiMoHHYyO
cMech J00arIsa 0T 200 MJT BOJBI U IPOBOAST IKCTPaK-
nuro 3¢upom (3 paza mo 100 mm), a 3arem xaopodop-
MoM (2 paza mo 100 wmm). IonmyueHHsie opranuyeckie
(aspr cymuar Han Na,SO,, OTQWIETPOBBIBAIOT ¥ OOBE/MHSIFOT.
PactBopuTens ynansror B BakyyMe BOIOCTPYHHOIO Hacoca.
Beienenue KOHEUHOrO MPOIYKTa OCYIIECTBILIIOT BaKyyM-
HOM IeperoHkoil Ha MaciisiHoM Hacoce. Boxon 5.60 1 (67%).
T . =110-115°C (0.1 mm pt. ctT.). 'H SAMP-cnextp
(400 MI'm, IMCO-d,): 8 (m.n.) 4.16-3.96 (m, 6H),
1.38-1.27 (m, 1H), 1.21 (dt, J=16.0, 7.1 ', 1H).

a-JImToxcudocopnInuKIONpoNnaHKapoOHOBAs
kucaora (7).

B mwiockononsoi kobe oosemom 500 Mi1 cMmerBa-
1ot 20.573 1 (0.08 Mob) 3TUIOBOTO dpHpa O-IUITOKCH-
dbochopunuukIonponaHKkapOOHOBOW KUCIOTH 1 140
mi 1 H. (0.14 monp) BogHOro pactBopa KOH. Ilepeme-
muBaroT B TedeHne 30 MUH MpU KOMHATHON TemIiepa-
Type, 3aTeM MOAKHUCISIOT peakiuoHHyo cMech 20%
pacteopom H, SO, no pH 2. Peaknuonnyio cMmech me-
pememuBaioT 30 MUH PU KOMHATHOHM TemIeparype.
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KoHeuHbIi IpoyKT SKCTparkpyroT xiopodopmom (4 pasa
o 50 mi). OObEIMHEHHBI OPraHUYECKUI SKCTPAKT Cy-
mar Hajx Na,SO,, pacTBOPUTENb YIAISAIOT HA POTOPHOM
HcIiapuTelie B BaKyyMe BOJOoCTpyHHOro Hacoca. [Ipogykr
TIePEKPHUCTAIUTU30BBIBAIOT U3 A(upa ¢ Jo0aBIeHHEM TeKca-
Ha. [Tomy4arot Oesble TUTPOCKOITUYHBIE KPUCTAILIBI C Kel-
TOBATbIM OTTEHKOM Maccoi 10.7 1 (60%). T = 85-87 °C.
'"H AMP-cuektp (300 MT'y, IMCO): 6 (m.x.) 4.16
(dq,J=14.2,7.1 I'u, 4H), 1.45-1.38 (m, 4H), 1.35 (t,
J=17.0T'u, 6H).

Xuopauruapua — a-AUITOKCH(pochHopHIINKIO-
MPONAHKAPOOHOBOH KUCJIOTHI.

K5 1 (0.023 moinb) a-au3ToKcH(OCHOpHUIIUKIONPO-
naHkapOoHOBOH kucnoThl gobaBisitoT 7 M (0.23 Moib)
SOCI,. Peaximonnyro cvmech Harpesarot 10 50 °C u mepe-
MEIIUBAIOT B TeUCHUE | 9 10 MpPEKpaIICHUs BBIACICHUS
raza. M36errox SOCI, ynansior B BakyyMe BOXOCTPYHi-
HOro Hacoca. [lomy4YeHHBIH XJIOpaHTHUAPH] UCIIOIB3Y-
0T B PEAKIUHU aIlWUIMPOBaHMs 0e3 MpelBapUTeIbHON
OYHCTKH.

Obuwiasa memoouKka noayuenus amuoos a-ou-
amokcugpochopunyuknonponankapoonosoil
kucnomur 8—11.

B Tpexropayro kondy oobemom 100 My, cHaOXeH-
HYIO0 TEPMOMETPOM, KarelbHOH BOPOHKOH U 00OpaTHBIM
XOJIOMMIIEHUKOM C XJIOPKAIBIUEBON TPyOKOH, ToMeIa-
o1 0.014 Monb cyXoro rupoxJopuaa 3THIOBOIO WU
METHIIOBOTO 3(Hpa aMHHOKHCIOTHI, IPEIBAPUTEIHHO
u3MenbuuB ero. Jlanee npu nepeMenIMBaHu 100aBis-
10T okosio 30 mi xjopodopma u 0.04 Mob TpUITHIIA-
MuHa. Peakiuonnyio cMech oxnaxaaroT 1o 0 °C B 6ane
co JpJioM B TeueHue 0.5 4 u, mpoAosrKas OXJIaxJaaTh,
aKKypaTHO 1006aBisioT o Kamiasm 0.014 momib xnopan-
ruapuia. PeakimoHHy10 CMeCh IepeMelInBalOT B TeUe-
Hue 0.5 4 mpu KOMHAaTHOM TeMIlepaType U yHnapHuBaroT
Ha POTOPHOM HCIIapuTelle B BaKyyMe€ BOAOCTPYHHOIO
Hacoca. K ocrarky mobGasnsror 100 mu sTmianerara,
nepeMemnBaoT B TeueHue 10 MHUH IpU KOMHaTHOM
TeMIepaType M TOIY4YEHHBIH OCal0K OT(UIBTPOBBI-
BatoT. OunprpaT ynapuparoT Ha POTOPHOM HCIapuTe-
JIe, OCTATOK PAa3JeNsioT KOJIOHOYHOM XpoMmarorpadueit
(omoeHT sTHUnanetar). lloayyaroT BA3KYIO JKHUIKOCTb
SIPKO-)KEJITOTO I[BETA.

ItuiaosBblil 3¢up N-(e-amdToKcHpochopuInn-
KJIonponuwiakapoonmwn)riunuaa (8), Beixox 3.18 1
(74%). 'H SAIMP-cnextp (400 MI'u, IMCO-d,): 6 (m.11.)
8.04 (t,J=5.5Tu, 1H), 4.20-4.04 (m, 6H), 3.94 (d,
J=5.7Tu,2H), 1.29 (t,J=7.1 'y, 9H), 1.26-1.13 (m, 4H).

Macc-criexrp (LC-MS), m/z (1, %): sxcm. 308.062
[MH]",100%; pacuer. 308.29 [MH]".

JumeruniioBblii 3¢up N-(o-mudTokcudocdopui-
U KJIOMPONMIKAPOOHMI)ACTIAPATHHOBON  KUCJIOTHI
(11), Beixox 3.88 1 (76%). 'H AMP-cniektp (400 MI1,
AMCO-d,): 6 (m.n.) 8.19 (d, J= 7.9 I'u, 1H), 4.74 (dt,

J=79,55Tn, 1H),4.08 (dq,J=11.3,7.1 ', 4H), 3.64
(d, J=14.3 I'u, 6H), 2.93-2.74 (m, 2H), 1.30-1.22 (m,
6H), 1.22—1.06 (m, 4H).

Macc-cnextp (LC-MS), m/z (I, %): sxcn. 366.108
[MH]", 100%); pacuet. 366.13 [MH]".

ITuaoBslii 3¢up N-(e-aud3Tokcudochopu-
IMKJONponWIKapooHumia)MeTuonuHa (9), Beixon 3.38
r (77%). 'H SIMP-cnextp (400 MI'u, CDCL,): & (m.1.)
8.05(d, J=7.5Tu, 1H), 4.67 (td, J=7.4,4.9 I'n, 1H),
4.17 (m, 4H), 3.74 (s, 3H), 2.58-2.46 (m, 2H), 2.17 (tt,
J=14.2,6.3 I'u, 1H), 2.08 (s, 3H), 2.06—1.95 (m, 1H),
1.51-1.42 (m, 2H), 1.35 (q, J = 7.3 I'y, 6H), 1.31-1.22
(m, 2H).

Macc-criextp (LC-MS), m/z (I, %): sxcm. 354.336
[MH]", 100%); pacuet. 354.38 [MH]".

MeTtuioBslii 3¢up N-(a-1uITOKCU(POCHOPHITIHKIIO-
NMPONUIKAPOOHIIT)-y-aMUHOMACJISIHOI  kucoTel  (10),
BbIX0J1 3.77 1 (84%). 'H SAIMP-cnextp (400 MI', IMCO-d,):
(M) 7.71 (t,J=5.5T1, 1H), 4.21-3.98 (m, 4H), 3.62
(s,3H),3.16 (q,J= 6.5 T, 2H), 2.42-2.29 (m, 2H), 1.70
(p,J=7.1Tn, 2H), 1.28 (t, J= 7.0 I'y, 6H), 1.24-1.01
(m, 4H).

Oowas memoouxa noyiyuenus Igpupos N-
(o-0uamoxcughocgpopunyuxnonponunkapoonu)-
amunoxuciom 12-15.

K 6.51 MmMonb cootBercTBytoIIero sgupa N-(o-1u-
ITOKCU(POCHOPHIIUKIONPOTIIKAPOOHIIT)aMUHOKHC-
JIOTHI TIPU TIepEeMEIMBaHNU J100aBIstoT 7.9 Mmons 1 M
pactBopa KOH u nepemeruBaior B TeueHue 24 4 npu
KOMHAaTHOM TeMneparype. PacTBop kanueBoil conu non-
kucisttor 20% HCI mo pH 3, nponormkast nepemeninBa-
Hue B TedeHue 30 MUH IpM KOMHATHOW TeMIIeparype.
PeakumonHyto cMech ynapuBarOT Ha pOTOPHOM HCIIapHTe-
Jie B BaKyyMe BOJIOCTPYHHOTO Hacoca, M00aBisitor 50 mi
M30MPOINUIIOBOTO CIUpTa M 00pa3oBaBLIMICA 0CaTOK
OT¢UIETPOBBIBAIOT. Opranndeckuil GuibTpar ymapusa-
0T HAa POTOPHOM HCHIapUTeNe B BAKyyMe BOAOCTPYHHOTO
HAacoca, 0CTaTOK OXJIAKJAIOT B MOPO3WIBHON KaMepe /10
KPUCTAJUIM3ALIMHU 11eJIEBOTO POIYKTa.

N~(0-am3TorcudochoprIIIKIONPONMIKAPOOHIT)-
raunun (12), Beixox 1.27 r (70%). T :75-77 °C.
'H AMP-cniextp (400 MI', JIMCO-d,): & (m.z1.) 7.94 (t,
J=55Tu, 1H), 4.19-4.01 (m, 4H), 3.83 (d, /= 5.5 T,
2H), 1.24 (t, J=7.0 T'n, 6H), 1.22—1.00 (m, 4H).

Macc-cnextp (LC-MS), m/z (I, %): skcn. 279.97
[MH], 100%); pacuer. 280.24 [MH]".

N~(o-mmyTokcudochoprImKIoNponuIKAPOOHIT )-
acnaparuHoBasi kucjora (15), Berxon 1.18 T (54%).
'H SAIMP-cniextp (400 MI'n, JIMCO-d,): & (m.11.) 8.32 (s,
1H), 8.13 (d, /= 7.8 T'n, 1H), 4.58 (dt, /= 7.9, 5.0 I'ny,
1H), 4.12-4.02 (m, 4H), 2.82-2.63 (m, 2H), 1.29-1.21
(m, 6H), 1.21-1.13 (m, 4H).

Macc-cnextp (LC-MS), m/z (I, %): sxcn. 338.111
[MH]",100%); pacuer. 338.27 [MH]".
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N~(o-mmTorcHpocopHIIHKIONPONHIKAPOOHUT)-
meruoHuH (13), Bexon 1.56 r (68%). 'H SIMP-ciexktp
(400 MTI'u, CDCL): 8 (m.1.) 8.00 (d, J = 7.3 I'u, 1H), 4.65
(td, J =7.2, 5.1 T'u, 1H), 4.17 (p, J = 5.7 ', 4H),
2.72-2.48 (m, 2H), 2.30-2.15 (m, 1H), 2.08 (s, 3H),
2.07-1.95 (m, 1H), 1.56-1.40 (m, 2H), 1.38-1.31 (m,
6H), 1.31-1.22 (m, 2H).

Macc-cniextp (LC-MS), m/z (I, %): axcm. 354.336
[MH]", 100%); pacuet. 354.38 [MH]".

N~(0-m3ToKcn(ochOPUIIHUKIIONPONHIKAPOOHMIT)-
y-aMHHOMACJsIHOHM Kuca0ThI (14), Boixoa 1.28 1 (64%).
'H SAMP-cniextp (400 MI'u, CDCL): & (m.1.) 9.14 (s, 1H),
7.70 (t,J=5.7Tm, 1H), 4.14 (dt, J= 8.2, 7.0 I'y, 4H), 3.32
(q,J=6.6 T, 2H), 2.36 (t,J=7.3 I'u, 2H), 1.85 (h,
J=17.5T1,2H), 1.54-1.39 (m, 2H), 1.32 (t, J=7.1 ', 6H),
1.28-1.15 (m, 2H).

Macc-criextp (LC-MS), m/z (I, %): sxcm. 308.059
[MH]", 100%); pacuer. 308.29 [MH]".

PE3VJIBTATBI U UX OBCYXJIEHUE

Jiisi mpOrHO3UPOBAaHHS MPUEMIEMON ISl CBS-
3piBanust ¢ ACTase (kox Protein Data Bank 5GIN')
CTPYKTYpBl HaMH OBUI IPUMEHEH METOA MOJEKY-
JISPHOTO MOJIETUPOBAHUSA C TOMOIIBI0 MPOTPAMMBbI
AutoDock Vina 1.1.2 [10]. bslna mpoBesieHa ONTUMU-
3aIMI0 TEOMETPUIECCKUX MTapaMeTPOB METOAOM MOJIe-
KyJIsipHO# MexaHukU B mporpamme Chimera 1.13.12
JIokuHT TO3BONMII TOKa3aTh, uTo B cTpykrype ATCase
uMeeTcs TuApoPOOHBIN «KapMaH», B KOTOPBIA C BHI-
COKOH BEPOSITHOCTHIO MOTYT BCTPAMBATHCS MPOU3BO-
nHbIe (OCHOHYKCYCHONH KHCIOTHI C IHKIMYCCKUMU
3aMeCTUTENISIMU y aToMa yriepona (puc. 3). Ha ocHo-

Puc. 3a. Monekyna PALA B akTuBHOM caiiTe acriaprar-
TpaHCKapOOMOMIIA3kI (JTAHHBIE PEHTTEHOCTPYKTYPHOTO
aHATN3a; H300paXKEHHE MONTYYESHO C TIOMOIIIBI0
nporpammbl Chimera).

Fig. 3a. An N-phosphonacetyl-L-aspartate molecule
in the active site of aspartate transcarbomoylase (X-ray
diffraction data; image obtained using
the Chimera software).

BaHHWH ATOTO METO/A TaKke OBLIO MOKa3aHo, UTO 3a-
MeHa OCTaTka aMHHOKHCIIOTHI BIUSET Ha KOHCTaHTY
cBsI3bIBaHMS cyOcTpara ¢ hepmenToM. [TosTomy Hamu
ObUTa TMpOBeJieHa CepHsl OIBITOB 10 MOJIyYEHHUIO Iie-
neBbIX  N-(0-IH3TOKCH(OCHOPUIIUKIONPOTTHIKAP-
OOHMII)-3aMEIICHHBIX AMHUHOKHCIOT C pa3jMYHBIMU
AMHUHOKHCIOTHBIMH OCTaTKaMH.

IMonyuenue 3¢gupoB N-(o-gudToKCcHPOCHOpPUI-
IHUKJIOMPONHIKAPOOHNIT )aMHUHOKUCIOT ~ OBLIO  OCY-
LIECTBJICHO TI0 CXeMe, NpeJICTaBIeHHON Ha puc. 4.
a-JludTokcudpochopuanuKIONpONaHKapOOHOBAS
Kkuciaora 7 Obla MoOJy4deHa B pe3yibTaTe MHOIOCTa-
OUIHOTO CHHTE3a, TJe B KAUeCTBE UCXOIHBIX CyOcTpa-
TOB HCIIOJIb30BAIHCH TPUAITHIPOCHUT M ITHIOBBIN
3¢ up XITOPYKCYCHOH KHCIOTHI, KOTOPEIE B PE3yIbTaTe
peakiun ApOy30Ba B yCJIOBUSIX MUKPOBOJIHOBOTO 00-
Ty4eHUS IPUBOAIM K TPUITHIOBOMY 3Pupy hocdo-
HyKCycHOH kucnoTsl 5 [11, 12].

[IpuanMas BO BHUMaHWE HAaJIN4YHAE aKTUBHOM Me-
TUJICHOBOW TPYIIBI B CTPYKTypax (ochoHyKCYCHOM
KHCJIOTHl M €€ MPOW3BOAHBIX, HAMH OBLT TOJTydYeH
MOJIHBII ATHJIOBBIN 3¢up a-ausToKcUpOChHOpUIILU-
KJIONPOMTaHKapOOHOBOH KHUCIIOTHI 6 B pe3ynbTaTe pe-
aKIUU MeX(pazHOTO aJKWIHpoBaHUs 1,2-1uOpoMd-
TaHoM Tpudpupa G(OCPOHYKCYCHOW KHUCIOTHI B
MPUCYTCTBUH JAMMETWICYIb(OKCHIA W THUAPOKCHIA
Kautusi. 3aTeM TPUATHIIOBEIN 3Qup o-audTokcudocdo-
PHJILIUKIONPONAaHKapOOHOBOM KHCIOTHI TIO/IBEPIaiCcs
THJPOIN3Y B IWICJOYHOM cpejie Mo KapOOKCHUIbHON
KOMIIOHEHTE, IPOTEeKaBIIeM ¢ 00pa3oBaHUEM O-U-
ATOKCU(POCHOPUIITMKIONPOITAHKAPOOHOBOM  KHCIOTHI
713, 14].

Puc. 36. Moiekyna N-(o-auruapokcrhochOprITuKIo-
TPOITHITKAPOOHIT)acIapariHOBO! KHCIOTHI B AKTHBHOM
caiiTe acriaprar-TpaHckapOoMorIIasbl (KoH(pOpMarLIys,
cMozeTMpoBaHHast mporpammoit Autodock; m3o0paskerre
MOJTYYEHO C TIOMOIIIBEO porpamMmbl Chimera).

Fig. 3b. An N-(a-dihydroxyphosphorylcyclopropyl-
carbonyl) aspartic acid molecule in the active site
of aspartate transcarbomoylase (conformation modeled
with Autodock; image obtained with the Chimera software).

! https://www.rcsb.org/structure/SG 1N (zara obparerwst 01.07.2020) [https:/www.rcsb.org/structure/SGIN (Accessed July 01, 2020).]
2 UCSF Chimera 1.13.1. 2018. https://www.cgl.ucsf.edu/chimera/ (Jlara o6pamiennst 20.07.2020) [UCSF Chimera 1.13.1. 2018. Available

from https://www.cgl.ucsf.edu/chimera/ (Accessed July 20, 2020).]
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3aKIFOUHUTEIBHBIM JTAIOM CTAJI0 TIPOBEACHNC PEaKIIHM
B3AUMOJICHCTBUS  O~IMATOKCU(OCHOPUILIMKIONPONAHKAPO O-
HOBOW KHCJOTHI 7 ¢ psiaioM 3(HPOB aMHHOKHCIIOT:
s¢upamMu TIUIUHA, METHOHWHA, METHIOBBIMH d(U-
paMH acraparvHOBOW KHUCIOTHI M Y-aMHUHOMACIISTHOMN
KHCIIOTHI. Peakuusi mpoBOIUiach 4depes MOIyYCHUE
COOTBETCTBYIONIETO  XJOPAHTUAPHUIA  O-IHITOKCH-
bochopuIIUKIONPONaHKAPOOHOBON KHUCIOTHI, KO-
TOPHI MCTIONB30BAJICS Janee 0e3 MpeaBapUTeIHHOTO
BBIJICNICHUS W O4YUCTKH. [IpoBeneHHMe peakiuuu Mpu
oxnaxaenun jo 0 °C B cpejpe cyxoro xiopodopma B
MPUCYTCTBUH TPUITHIIAMHHA, UCIIOJIB3YEMOTO B Kave-
CTBE OCHOBAaHHS M aKIETTOPa XJIOPHCTOTO BOAOPOIA,
MO3BOJISICT MOJNYYUTh C XOPOIIUMU BBIXOJAMH d(PUPHI
N-(a-au3ToKCcU(OCHOPUIIUKIOTPOTTHIKAPOOHNIT)-
3aMelleHHbIX aMuHOKHCIOT 8—11 (puc. 5).

[Toyuenubie 3Gupbl ObUIH TIEPEBEJCHBI B KHC-
JIOTBI MOCPEICTBOM IMICIOYHOTO THIPOIU3a IO Kap-
OOKCHUIBLHOU KOMITOHEHTe (coenuaeHus 12—15).

B B
o r\/r

CuHTE3UpOBaHHBIC Hamu coenuHenus 12-15 Obum
MCCIIEZI0BaHbl HA UTOTOKCHYHOCTD 110 OTHOILICHHIO K KJie-
TOYHBIM JIMHHSIM paKa MOJIOYHOH >keJie3bl yenoBeka (MDA-
MB-231, puc. 6), paka koxu (A-375, puc. 7) v IHoOIaCTOMBI
(U-87 MG, puc. 8) o MeTonHKe, OIFcanHon B padore [15].

Ku3HecrnocoOHOCTh KIIETOK OLIEHWBAIN C TIOMOIIBIO
TecTa, KOTOPBI UCTIONB3YETCS TS OLIEHKN META00TMIeCKON
aKTUBHOCTH K1eTOK (MTT-TecT), 0CHOBAHHOTO Ha KOJIOPHU-
METPHIECKUX M3MEPEHMSX KOHTPOIHGHOTO W HICTIBITYEMbIX
PacTBOPOB, KOTOPBIE MPEIBAPUTEIHFHO HHKYOHUPOBAIMCH
B cpene CO, c¢ nobaenennem pactBopa MTT (Gpomun
3-(4,5-aumMeTITHA301-2-11)- 2, 5- TU(PEHIIT-TETPA30IIHSL).
HuxornnamunaieHuHMHyKIeotundochar-H-3aBucumbie
KJIETOYHBIE OKCHJIOPEyKTa3HbIe (PePMEHTBI JKUBBIX KIIETOK
crnocoOHbI BoccTaHaBmBarh MTT 70 COOTBETCTBYFOIIETO
(hopmazaHa, UMEIOIIEro MypIypHOE OKparmBaHue. Jlanee
TIPOBOJIANIACH OIEHKA ONTHYECKOH TTIOTHOCTH MOy IeHHBIX
PacTBOPOB IpH JUTMHAX BOMH 594 HM 1 620 HM. Pesynbra-
ThI ICIIBITAHUH MTPEJICTaBICHBI HA PUCYHKaX 6—§.

1) INKOH

o 0 0
EtO
OEt  p(OEt)s EtO\J\)J\ KOH, DMSO. \J 2)20% HCI
Cl —_— —_— > - .
MW, 175°C g0 OEt EtO0 OFt

o 5

| 1) SOCI2 (ex.), 50°C
\J 2) NH2R, Et3N, CHCI3 5°C

o 0

1) INKOH  Et
_D20%HAL \|X‘\ /K’(

12-15

Puc. 4. O6mas cxema cunresa N-(0-AudTOKCU(OCHOPHIIHUKIONPONIIKAPOOHNIT ) aMUHOKHUCIIOT.
Fig. 4. General scheme for the synthesis of N-(a-diethoxyphosphorylcyclopropylcarbonyl)amino acids.

9:
=H, 70% 13:R=

S
CH2)2

|O (@]
\F[ Eto\u Eto\|
" R (CH2)
o gl\ﬂ/\[( o Eto/ / ﬁ/
(@]

R=Et,77%
H, 68%

0:R=Me,84% ©
14.R H, 64%

(0]
(|:) (0] OR
EtO
S o
to N
H

11: R=Me, 76% 0

15: R=H,

54%

Puc. 5. Py nomyuennsIx N-(0-auaToKcnhochOopHIMKIONPOTIIIKAPOOHHIT)aMHUHOKHCIIOT.
Fig. 5. A series of obtained N-(a-diethoxyphosphorylcyclopropylcarbonyl)amino acids, with their respective yields.
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0.05 - M 15 o 12 13 o4 0.05

0.04 1 r0.04

0.03 - r 0.03

0.02 1 r 0.02

Cell survival,
optical density in MTT test

B MTT Ttecre

0.01 r 0.01

BriKkuBaemocTh KJIETOK,
ONTHYECKasd MJIOTHOCTh

0.00 - L 0.00
S VS A AR M DS

Konuenrpauus, meM
Concentration, pM

Puc. 6. BepkrBaeMoCTh KIIETOK NPU Pa3IHYHBIX
KOHICHTPALUAX UCCIIEAYEMbIX COeZ[I/IHeHI/Iﬁ B Te€CTax
Ha UTOTOKCUYHOCTDH IMPOTUB KJIICTOUYHBIX JTUHUN
YEJIOBEUECKOTO PaKa MOJIIOYHOI KeNe3bl.

Fig. 6. Cell survival at various concentrations
of the compounds under study
as measured in cytotoxicity tests run against human breast
cancer cell lines.

0.6 1 r 0.6
M 15 o 12 o 13 o 14

0.4 1 r 0.4

0.2 1 r 0.2

Cell survival,
optical density in MTT test

BbIZKHBAEMOCTH KJIETOK,
ONTHYECKAS IIOTHOCTH
B MTT r1ecre

S AV MRS DAV S s RS
Konnenrpauusi, MM
Concentration, pM
Puc. 7. BeDKMBaeMOCTb KIIETOK IIPU Pa3IMUHbIX
KOHIIEHTPALIISIX UCCIIEAYEMBIX COSZIMHEHUH B TECTAX
Ha IUTOTOKCHYHOCTB IPOTHB KJIETOUHBIX JIMHUI
YEJIOBEUECKOTO PaKa KOXKH.
Fig. 7. Cell survival at various concentrations
of the compounds under study
as measured in cytotoxicity tests run against human skin
cancer cell lines.

Cell survival,
optical density in MTT test

BbIKHBAEMOCTH KJIETOK,
OoNnTHYECKadA INJIOTHOCTDH
B MTT Ttecte

S VS PAVS MRS A
Konnentpauusi, MM
Concentration, pM

Puc. 8. BopkrBaeMOCTb KJIETOK P Pa3TMYHBIX KOHIIEHTPALIUSIX
HCCIIETYEMBIX COSIMHEHHUI B TECTaX Ha IIMTOTOKCHYHOCTh
MPOTHUB KIICTOUHBIX JIMHHH YeJI0OBEYECKOMN ITHOOIACTOMBI.

Fig. 8. Cell survival at various concentrations of the
compounds under study measured in cytotoxicity tests run
against human glioblastoma cell lines.

OTcyTCTBHE OXHJIAEMON OHOJIOTMUECKOH aKTHBHO-
CTH HCCIIETyEMbIX COCAUHCHUNH MOXKET OBITH 00YCIIOBICHO
HaymareM 3HUpHBIX rpymm npu arome docdopa docdo-
HaTHOM rpynrsl [16]. Takum 006pa3oM, OJHUM M3 IJIaBHBIX
HaNpaBJICHUN JAJbHEUIINX HCCIICIOBAHUIN SABJISIETCS CHH-
Te3  N-(o-muraapokcruochOpUIIUKIONPONUIKAPOOHHIIT)
AMUHOKHCIIOT ¥ TIPOBEPKA NX OMOIOTNUECKOM aKTUBHOCTH.

3AK/IIOYEHUE

Pezynbrarsl uccnenosanuii PALA u mosnexyisipHo-
TO JIOKMHTa IUKJIONPOIIAaHNPOBAHHBIX aHAIOTOB (ocdo-
HYKCYCHOW KHCJIOTHI YKa3bIBAaIOT Ha OOJBIION MOTEHINAI
N-(0-Turuapokcudo cHOPHITIHUKIONPOHIKAPOOHIT )-3a-
MEIICHHBIX AMHHOKHCIIOT. TeM He MeHee OTpHIaTeIbHbIC
JAHHBIE 110 IIUTOTOKCHYHOCTU MOIYYEHHBIX COEIUHEHUI
Ha WCTOJB30BAHHBIX B Pab0Te KJICTOUHBIX JMHHAX paKa
HE COOTBETCTBYIOT OXKHMJAEMbBIM PE3YIILTaTOM, YTO MOXKET
OBITH CIIEICTBUEM HAIMYUS Y(PUPHBIX TPYNI B COCTaBE
(dochonaTtHOH KOMIOHEHTHI N-(0-IHITOKCUPOCHOpHII-
LUKJIOTPOIIIIKaPOOHIIT )aMIHOKHUCIIOT.
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Karnonnsie ampudpuiisbi Ha 0CHOBE aMUI0B MAJIOHOBOM KUCJIOTHI
B KayecTBe MeIMATOPOB TPaHcpeKumu

H.A. PomaHOBa, Y.A. BynanoBa®, I0.A. Ce6saruH

MHP3A — Poccuiickuil mexHono2uueckuil yHusepcumem (MHcmumym moHKUX XUMUUECKUX MEeXHOI02UTL
umeru M.B. ANomoHocosa), Mockea, 119571 Poccus
@Aemop oas nepenucku, e-mail: c-221(@yandex.ru

ITenu. 3adaua 0aHHOU pabombl 3aKOUANACL 8 NOSYUEHUU KAMUOHHBbLX AMPUPUNO8, SI8SSIOULUX-
csi amudamu ManoHoeoll Kucriomel. Llenegvle amgpugpusibl 00NKHbL CO0EpIKAMb HACLIULEHHYIO U
HEHACBbIUEHHYIO ANKUNbHbLEe Uenu 8 2u0pogpobHOM O0Ke, a maksKe 00UH UL 08G NOJIOIKUMEb-
HbLX 3apsi0a 8 NOJSPHOU 20108HOTL HaACMU 3A cUem SMUNeHOUAMUHA U AMUHOKUCIOMbL L-opHu-
muHa. s maxkux KAmuoHHbLX amMgpuguios 00 KHbL bbimb onpedesneHbl Pu3UKO-XUMUUECKUe
cgotlicmea U mpaHcPeKUYUOHHAS. AKMUBHOCMb JIUNOCOMANTbHLIX KOMNO3UYUL HA UX OCHO8E.
Memoobst. HcxooHbim coeduHeHuem 6 cunmese 6bll OUIMUL08bLL 3PpUp MAIOHOB0U KUCLO-
meot. C Hum npogodunu peaxyuto C-ankunuposaHus 0nsi npucoeouHeHust nepeoil 2uopogpobHoil
uenu (c ucnosnvzogaHuem okmuabpomuoa, dodeyunbpomuda u oxkmaoeyunbpomuda). B kaue-
cmee emopoll 2udpogobHoll yenu ucnoab3oeanu N-oneunamuH, Komopwvlii NPUCOeOUHSU No
KapbOKCUNBHOU epynne MAaloHO80U KUCI0msl nymem 0bpazoearust amMudHoll cessu. ITonspHas
2on08Hast epynna bvlia npedcmasaieHa SMULeHOUAMUHOM, KOMOPbLU NPUCOEOUHSU N0 0CMas-
weticst KapboKCuNbHOU epynne mMaioHo8ol Kuciomel. Jdanee K amuneHOUAMUHY NPUCOEOUHS-
au L-opHumuH 0nst NoAYyueHUsT KAMUOHHBbIX AUNUO08 € 08YMSL NOJOIKUMENbHbIMU 3apL0aAMU
8 20108HOU 2pynne. CmpyKkmypsbl COeOUHEHUT XapaKmepu3oeaiu ¢ NOMOULbIO UHDPAKPACHOT
CNeKmpocKkonuu, CneKkmpocKkonuu 10epHo20 MA2HUMHO20 Pe30HAHCA U 2/1leMEeHMHO020 AHANU3A.
Memooom pomoOHHO-KOPPENAYUOHHOIU CNeKmpOoOCKONUU OUeHU8ANU pacnpedeseHue uacmuy, no
pasmepam. C nomowbto nwoyugepasHozo mecma onpedensnu spgpexmusHocms mpaHcger-
uuu Ha kaemourHou auHuu Hela.

Pesynomameut. PaspabomaHa cxema cuHmesa HO8bLX KAMUOHHbIX AMUPUEPUIO8 C HecumMme-
mpuuHbIM 2UOPOPOObHBIM b610KOM. [ToNYUueHHble HA UX OCHO8E JTUNOCOMANbHBbLE UACMUYbL UMerom
paszmep okosno 120 Hm u obradarom 0oCmMamouHo 8blcoKUM 03ema-nomeryuaniom (29-30 mB).
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Buieo0bl. Pasmep NOAYUEHHBbIX JUNOCOM NO38OJISIEM UM NPOHUKAMb 8 KJIemKu, umo denaem
B03MOIKHBIM UCNOSB308AHUE MAKUX KOMNO3UUUL 0158 mpaHcdekyuu. Boicokuil 03ema-nomeH-
yuan ceudemenocmayem 06 ux cmabunoHocmu. Hawu pe3ysiemamsl nokasaniu, umo aggex-
MueHOCMb MPAHCHERUUU NONYUEHHBIMU JTUNOCOMAMU 8 CMECU C XOIeCMEePUHOM CONOCMABUMA
¢ Kommepueckum npenapamom. KamuoHHble amgpuguibl Ha 0OCHO8E amMudo8 MALOHO80U KUCO-
mbl SI8ASIOMCSL NePCNeKMUBHbIMU O/t pa3pabomiKi. mpaHCHeKyUOHHBIX JTUNOCOMATbHBLX KOM-
no3uUyUll Ha UX OCHo8e.

Knroueesle cnoea: KaAmuoHHble Jlunu()bl., amudvl MALOHOBOTL Krucsiomosl, KAMUOHHble JTUNoCcoMubl,
mpaHCd?eK?L_l,uOHHafl aKkmueHocCmo, HanpasJsjeHHAast docmaexa, KamuoHHble aM@ud’)lL/lbl.

Ana yumupoeanun: Pomanosa H.A., bynanosa Y.A., Cebsaxun F0.JI. Katuonusie ambuduisl Ha 0CHOBE aMUI0B
MaJIOHOBOW KHCIIOTHI B KauecTBE MeauaTopoB TpaHchekuuu. Toukue xumuueckue mexunonoeuu. 2020;15(5):36-45.
https://doi.org/10.32362/2410-6593-2020-15-5-36-45

RESEARCH ARTICLE

Cationic amphiphiles based on malonic acid amides
as transfection mediators

Nadezhda A. Romanova, Ulyana A. Budanova®, Yury L. Sebyakin

MIREA — Russian Technological University (M.V. Lomonosov Institute of Fine Chemical Technologies),
Moscow, 119571 Russia
@Corresponding author, e-mail: c-221@yandex.ru

Objectives. The aim of this work is to synthesize cationic amphiphiles based on malonic
acid amides. The target compounds should contain saturated and unsaturated alkyl chains
in the hydrophobic portion, and one or two positive charges in the polar head as created by
ethylenediamine and amino acid L-ornithine. For such cationic amphiphiles, we determined
physicochemical properties and transfection efficiency of liposomes based on them.

Methods. The initial compound in the synthesis is diethylmalonate. We used C-alkylation to
add the first hydrophobic chain (with octylbromide, dodecylbromide, or octadecylbromide).
N-oleylamine was used as the second hydrophobic chain, which was attached at the carboxyl
group of the malonic acid via amide bond formation. The polar head was represented by
ethylenediamine, which was then attached at the second carboxyl group of the malonic acid.
Further, L-ornithine was attached to ethylenediamine to produce cationic lipids with two positive
charges in the head group. The structures of the compounds were characterized by infrared
spectroscopy, nuclear magnetic resonance spectroscopy, and elemental analysis. Particle size
distribution was evaluated by photon correlation spectroscopy. The luciferase test was used to
determine transfection efficiency using HeLa cells.

Results. We have developed a synthesis scheme to produce new cationic amphiphiles with an
asymmetric hydrophobic part. The obtained liposomal particles are approximately 120 nm in size
and have a relatively high zeta potential of 29-30 mV.

Conclusions. The size of these liposomes allows them to penetrate into cells, which makes
it possible to use these compositions for transfection. The high zeta potential shows that the
particles are stable. Our results demonstrate that the transfection efficiency of our liposomes
(mixed with cholesterol) is comparable to a commercial formulation. Cationic amphiphiles based
on malonic acid amides have great potential for liposome development for transfection.

Keywords: cationic lipids, malonic acid amides, cationic liposomes, transfection efficiency,
targeted delivery, cationic amphiphiles.

For citation: Romanova N.A., Budanova U.A., Sebyakin Yu.L. Cationic amphiphiles based on malonic acid amides as transfection
mediators. Tonk. Khim. Tekhnol. = Fine Chem. Technol. 2020;15(5):36-45 (Russ., Eng.). https://doi.org/10.32362/2410-6593-2020-15-5-36-45
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BBEJIEHHME

I'ennas Tepamusa sBIfeTCS MHOTOOOELIAIOIINM
TTOJTXOJIOM JUTSI JICUCHHU ST OOJIBIIOTO KOJIMYECTBA TCHETH-
YecKUX 3a00JIeBaHUH — 3a CUET BBEICHUS OTCYTCTBYIO-
[IMX TeHOB MJIM 3aMEHBI JIe(DEKTHBIX TEHOB 3I0POBBIMHU
[1]. C magana pa3paboTKu KOHIEHIIMKA TeHHOU TepaIuu
B MeIUIMHE ObUTH MpeaioxkeHbl 3QPeKTHBHBIE METO-
JIbl TIEPEHOCa HYKJIEMHOBBIX KUCIIOT B KJIETKH [2]. DTn
METOJIbl 00ECIIEUYNBAIOT JOCTABKY TTOJUHYKICOTHIIOB B
OMOJIOTHYECKYIO TKaHb WM KJIETKH — TaK HAa3bIBAEMYIO
TpaHchekuo TeHoB. M3-3a nerpaganuu noja 1elcTBU-
eM Hykiea3 «uuctas» JHK nnmn PHK He moxeT mpo-
HUKHYTH 4epe3 KICTOUHYI0 MeMOpaHy 0e3 HCIIONb30-
BaHUA (PU3MUECKUX METOAOB, TAKUX KaK MHBEKIUHU WU
«TEHHAs IyIIKa, TO3TOMY HEOOXOIUMbI HOCUTEIIHU, KO-
TOopble MoK Obl TpancnopTupoBarh JJHK uepes kpo-
BOTOK U 3((}EKTHBHO BBICBOOOXKIATh T€HETHYCCKUI
MaTepuai BOJIU3U KJIeTOYHOro siapa [3].

CuHcTeMbl JOCTaBKH MOJHMHYKICOTHJIOB JIEATCS Ha
JIBa OCHOBHBIX KJIacca: BUPYCHbBIE U HEBUPYCHbBIE BEK-
Topel [4-5]. HecMoTpst Ha BBICOKYIO 3((EKTUBHOCTH
TpaHC(EKIHH, BUPYCHBIC CUCTEMBI HUMEIOT HEHOCTAT-
KM, TaK KaK MOTYT BBI3bIBATh UMMYHHBIE OTBETHI B
OombIIeil UM MEeHbIIEH cTeneHH [6].

CHCTEMBI—HOCUTENH HYKIEHHOBBIX KHCIIOT Ha OC-
HOBE KaTHMOHHBIX JIUMIUJOB SIBJIAIOTCS MEPCHEKTUBHBIM
(hapManeBTUYECKUM HWHCTPYMEHTOM Ui Peallu3aliu
TeHHBIX TepaleBTHYecKuX ctpareruil [7]. B ominuune
OT BUPYCHBIX CHCTEM, OTH KOMIUJIEKCHI HE O0O0JIaJaroT
MMMYHOT€HHBIM MOTEHLHUAJIOM WJIM OrpaHUYeHUSIMHU
0 pa3Mepy JOCTaBISIEMbIX T€HETHIYESCKUX (hparMeHTOB
[8]. OnHako KaTMOHHBIE JTUIUABI, a TaKXKe Apyrue He-
BHUPYCHBIE BEKTOPBI, TAKUE KaK IMOJIMMEPHI U TIENTHIBI,
MPOSIBIISTIOT HU3KYHI 3()()EeKTUBHOCTD TpaHC(EeKInu U
BBIPAKEHHYIO TOKCUYHOCTS [9].

Ha myTu kK cO31aHUI0 ONTUMANBHEIX TPpaHC(HEKIU-
OHHBIX CHUCTEM TOCTOSTHHO CHHTE3UPYIOT U UCCIEIYIOT
HOBBIC TUIHIBL. J{7Is1 yBEeTHYCHHS CKOPOCTHU TPaHCPEK-
MU U3MEHSIOT CTPYKTYPY KATHOHHBIX JTUTHIOB, MCHSI-
IOT COOTHOULIEHHE C HE3apsDKEHHBIMH BCIIOMOTaTesb-
HBIMH JIUTIAJIAMH, JTOOABIISIOT pa3IndHbIe KOINYESCTBA
JHK [10-12]. B cBsi3u ¢ 3TUM Ba)XxHO HCCIIE€OBATh
(DUBHKO-XMMHUYECKHE CBOWCTBA JIMIUIOB, YTOOBI IO-
HSTh 3aBHCHMOCTH «CTPYKTYPa—3(P(PEKTHBHOCTEY IS
neperoca redoB [7]. [ToaToMy He0OX0MMMbI MHOTOUHC-
JIEHHBIE HUCCIEJOBAHUS C MYJIBTUIUCHUILIMHAPHBIMU
noaxomamu [13].

[IpeumyiiecTBO KaTHOHHBIX JIMIIHMIOB 3aKiova-
€TCs B TOM, YTO OHH MOTYT OBITh CKOHCTPYHUPOBAHBI B
COOTBETCTBUU C «MOAYJIBHBIM NMPUHIUIIOM» — MOKHO
BBITIOJHATh CTPYKTYPHBIC M3MEHEHUS OT/ACIHHO B TO-
JIOBHOM rpyImie, B IMHKepe U B TUNO(PHUIbHOI o0nacTu
[11, 14, 15]. CrpykTypa ruapodpoOHOTO JOMEHa OIpe-
JiessieT TeMIeparypy (pa3zoBoro mepexojna U TEKy4yecTh

Omcios, YTO B JaNbHEHIIEM OKa3bIBae€T BIUSHUE Ha
cTabunbHOCTH unocoM, 3amury JIHK ot Hykieas, sH-
JIocOMaJIbHBIN BbIX0J, BhicBOOOXKAeHue JJHK u3 murmo-
TUIeKCa U IPOHUKHOBEHUE B A1po [3, 16]. OnenHoBbie
HEHACHIIIEHHBIE IIETIH CIOCOOCTBYIOT DHI0COMAIBHO-
My BBICBOOOXICHHIO OJarojapsi MOBBIIICHUIO TEKyYe-
CTH MeMOpaHbl TpaHC(HEKIIMOHHBIX KOMIUIEKCOB [17].
Taxoxke Ha 3(pYeKTUBHOCTL TpaHC(EKIUM KATHOHHBIX
munuIoB Bimset 3pdext acummerpu [3]. Kpome Toro,
MHOTOBAJICHTHBIC JIUIHIbI 00Jiee aKTUBHBI MO CpaBHE-
HUIO ¢ OMHOBAJICHTHBIMH [11].

[lepcrnieKTUBHBIM KJIACCOM KaTMOHHBIX JIUIIHJIOB
SIBIISTFOTCS JUAMUIBI MaJIOHOBOM KucaoTH [ 13]. Katn-
OHHBIE JIUTIU/IbI HA OCHOBE MaJIOHOBOM KUCIOTHI OBLITH
BIIEPBEIC OMHCAHBI B JIUTEpaType (B KauecTBE HOCH-
Tenell HyKJIECHHOBBIX KHCJIOT) okono 10 mer Hazan.
JusTUnoBeIl 3Qup MamoOHOBOW KHCIOTHI SIBISCTCS
LHEHTPAJIbHBIM CTPOUTEIBHBIM OJOKOM CUHTEe3a. XH-
MHYECKHE CBOMCTBA MaJOHOBOW KHCIOTBHI ITO3BOJIS-
10T IPUCOEIUHATE AJIKUIIbHBIE LENH Yepe3 alluIbHbIe
(byHKIIMY B BUJIE aMHJIOB WITH CIOXKHBIX 3¢upos [11].
JAuaMuapl MaJOHOBOW KHCIOTBHI C ABYMsS JJIUHHBIMU
rUAPOo(OOHBIMI ANKWIBHBIMA IEMSMU U TOJSIPHON
TOJIOBHOM T'PYMIIOii, HCIIOJIb3yeMbI€ B KaU€CTBE HOBO-
T'0 KJIacca HEBHPYCHBIX areHTOB, IIEPEHOCAIINX TCHEI,
MOKAa3aJll BBICOKYIO 3()PeKTUBHOCTH TpaHCHEKIUU
U yMEpEeHHYI0 TOKCHYHOCTh. Kpome TOro, aMumHBIE
CBSI3U JIEMOHCTPHUPOBAIM 0oJiee BHICOKYIO CTaOWIIb-
HOCTh B OTHONICHUH THUAPONIH3A, YeM CIOXKHOIPHP-
Hble cBs3U. [lokazaHo, 4TO yBeNWYEHHUE KATHOHHOM
TOJIOBHOW TPYTIIIHI TyTEM COUETAHHUS C IBYMSI MOJIEKY-
JaMHU JIU3WHA, a HE TOJIBKO OJHOM, TPUBOIUT K MOBBI-
meHuo dpdextuBHOCTH TpaHcheknuu [10, 15]. Ta-
KM 00pa3oM, XapaKTEepUCTHKa OHWOCOBMECTUMOCTH
9(()EeKTUBHBIX JHUIHUIHBIX KOMIIO3HUIIMH M HCCIEH0-
BaHHE TEPANeBTHUUYECKUX KOHLEMNIUH [Js MEIUIINH-
CKOTO MPUMEHEHUS BBICOKOI(P(PEKTUBHBIX KATHOHHBIX
JUTUIOB, TOJYYEHHBIX M3 MaJOHOBOW KHCIIOTHI, SIB-
JSIOTCS aKTyaabHOU 3amadeit [11].

Lenbro naHHOM pabOTHI ABISIETCA MOJTYyYECHHUE Ka-
THOHHBIX aM(HU(IIOB, SBISIONINXCSI aMUIaMH Majo-
HOBOHM KHCJIOTHI (cXeMma), CollepkKalluX B CBOEM CO-
CTaBe HACBHINICHHYIO W HEHACBHINICHHYIO aJKHUIbHEIC
nenu B rupodoOHOM OJIOKE, a TaKkKe OJUH WM JIBa
MTOJIOKUTEIBHBIX 3apsia B TOJSAPHON TOJOBHON 00Ja-
CTH, CO3JIaHHBIX STHJICHANAMUHOM U L-OpHUTHHOM, U
HU3yYCHHE CBOWCTB M TPAHCPEKIIMOHHON aKTHUBHOCTH
JUTIOCOMAJIbHBIX KOMIIO3UIIMN Ha UX OCHOBE.

MATEPHUAJIBI U METO/bI

Obwue memoouxku

Bce xuMuueckue BemecTBa U peareHThl HCIOJIb-
30BaJUCh 0€3 TPeaBapUTEIbHON OYHUCTKHU: JTUITHII-
MaJIOHAT, STHUJCHIWAMHUH, OKTHJIOPOMHUI, OJICIIHII-
opomun, okranemmwiOpomuna (Bce — Acros Organics,
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Cxema. AMHIBI MaJIOHOBOM KHCJIOTEL.
Scheme. Malonic acid amides.
benbrus), N-oneunamun (Sigma-Aldrich, CIIA), S.p.A, Utanus). Toukocnoiinyto xpomatorpaduro (TCX)

nu-mpem-Oytunnaukapbonar (Boc,0) (Sigma-Aldrich,
CIIA), L-opautuna monoruapoxiopun (L-Orm*HCI)
(Acros Organics, benbrus), N,N -TUIUKIOTEKCUIKAp-
oomunmun (DCC) (Sigma-Aldrich, CIIA), 1-ruapokcu-
oenzorpuazon (HOBT) (Sigma-Aldrich, CILIA), kamus
THAPOOKUCH (Xummed, Poccust), HaTpuil CEpHOKUCIIBII
oe3BoaHbIN (Xummeo, Poccust), TpudTopykcycHas Kuc-
norta (TFA) (Biochem, Poccus).

CreKTpsblI SiIEpHOT0 MAarHUTHOTO pe3oHanca 'H SIMP
PETHCTPUPOBAIN B JICHTEpUPOBAHHOM XJIOpohopmMe
Ha mMmmynbcHoM SIMP crniektpomerpe BrukerWM-400
(Bruker, Tepmanus) ¢ paboueit wactororr 400 MIm.
BHyTpennuil crangapt — rekcaMeTHIauCcuiIokcad. 1u-
(pakpacHble CHEKTphl peructpuposanu Ha HWK-Oy-
pre cniektpomerpe EQUINOX 55 (Bruker, I'epmanmst).
OneMeHTHBIH aHanu3 npooAwin ¢ nomousio CHNS
anaymzatopa FLASH EA 1112 (Thermo Finnigan Italia

npoBowIK Ha mactuakax Copodwn (MMHU]], Poccus),
KOJIOHOYHYIO XpOMAaTorpa(uio OCyIIeCTRISIN Ha CUIIN-
karene pasmepom 0.040-0.063 mm (Merck, Tepmanmus).
Jnst oOHapyxenus nsteH npu TCX ucmonb3oBainy Ha-
rpeBaHue HaJl IJIaMEHEeM CHUPTOBKU. JJis BBISABICHUS
BEIIECTB, COAEPXKAIIMUX aAMHHOTPYMIBI, NPUMEHSIIH
5%-HbI{ pacTBOP HUHTUAPHHA C IOCIENYIOIKUM Harpe-
BaHueM 110 50 °C.

SKCHEPUMEHTAJIBHAS YACTb

Mono-N-mpem-0yTOKCUKAPOOHUJIITHICH -
amun (1). 8.01 r (133.5 mmomnp) 1,2-3THNeHIMAMUHA
PacTBOPSUTH B TUOKCAHE B MHEPTHOI aTMOC(epe aproHa,
1 npukanbBand pactBop 3.78 r (17.34 mmone) Boc,O
B JMOKcaHe B TedeHue 3 4. CMech NnepeMenuBany Mpu
KOMHATHOH Temreparype B TeueHue 24 4. PactBopurens
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OTTOHSUTH B BaKyyMe, OCTaTOK PacTBOPsUIN B Boze. [IpomykT
BBIJICJISUIN SKCTpaKIueid auxiopMeradoM (3 x 50 mit). Boi-
xop poxykra coctaBmi 2.18 T (78.5%).

UK-cmektp (v, cm'): 3355 (NH), 2978, 2934
(CH,), 1693 (C=0, «I amuanas nomnoca»), 1526 (NH, «II
aMujHas royiocay), 1392, 1367, 1278, 1253 (C-0), 1173
(C-N), 1045 (CH,), 966 (CH,).

Ju3THII0BbII 3()UP OKTUIMAJIOHOBOH KHCJIOTHI (2a).
K pactBopy 3 r (18.75 Mmonb) ausTHIMaIoHaTa B O€3-
BOJIHOM TeTparuapodypane nopruoHHo aodasmsum 0.49 r
(20.42 mMomnp) THAPHAA HATPUS W MEpeMeNMBaId 1
pu KOMHATHOHM Temmeparype. [locie 3Toro x mpoto-
HUPOBAaHHOMY JMATHIIMAJIOHATY JOOABIISUIN IO KarIsM
pactBop 3.29 r (17.05 MMoIb) OKTUIOpOMHIA B OE3BOTHOM
Terparuapodypane 1 nepemMenmBaiy B TedeHne 24 4. Pac-
TBOPUTEJIb OTTOHSJIM Ha pOTOpHOM Hcmapurene. K pe-
AKIMOHHOM Macce JT0OABIISIIHN JISNTHYIO BOILY, IPOTyKThI
9KCTPArupoBajy ATUIALETATOM, CYLIMIIH Cylb(aTom Ha-
TpHsI, PACTBOPUTEIH OTTOHSUIM Ha POTOPHOM HCIIAPUTE-
ne. Tomyunnu 4.23 1 (82.9%) nponykra.

'H SIMP-cnextp coenunenus 2a (CDCL,, 8, m.1.):
0.86 (1, 3H, —-CH,), 1.27 (m, 18H, -CH,CH,, -OCH,CH.),
1.89 (m, 2H, -CHCH,-), 3.35 (1, 1H, -CH-), 4.18 (™, 4H,
-OCH,CH,).

JAudTHI0BBINA 3(HUP 10AeHIMATOHOBON KHC-
a0Tsl (2b). Ananoruyno: u3 3 t (18.75 mmons) nu-
sTunmanoHnara, 0.49 r (20.42 Mmmonp) TuApUIA HATPHS
u 4.24 v (17.03 mMmMomas) moaenuiadopoMuna. Beixon
npoaykra 5.16 r (83.9%).

'H AMP-cnextp coemunenus 2b (CDCL, 6, m..):
0.87(r, 3H,-CH,), 1.28 (m, 26H, -CH,CH,,~OCH,CH,),
1.78 (m, 2H, -CHCH ), 3.30 (1, 1H, ~CH~-), 4.20 (M,
4H, -OCH,CH,).

JuaTHnoBbIi 3¢GuUp OKTAAEUIMAJOHOBOH KHC-
J0TbI (2¢). Ananornyno: u3 2 1 (12.50 mmonb) nu-
stunmanonara, 0.33 r (13.75 MMonb) ruapuaa HaTpUs
n 3.79 v (11.37 mMmonb) okranenuaopomusa. Beixon
nponykTa 3.91 r (83.5%).

'H SIMP-cnextp coenunenns 2¢ (CDCIL,, 6, m.1.):
0.90 (r, 3H,-CH,), 1.27 (m, 38H,-CH,CH,,~OCH,CH,),
1.84 (m, 2H, -CHCH -), 3.37 (1, 1H, -CH-), 4.21 (M,
4H, ~OCH,CH,).

MoHO3THJIOBBIN 3()HP OKTHIMAJIOHOBOW KHCJIO-
ThI (3a). K pactBopy 8.37 r (30.77 MMOITh) coeTMHEHUS
2a B aTaHoJie J00aBJsUIA MO KarisiM pactBop 2.07 r
(36.96 mmons) KOH B 3Tanosne B TeueHue 1 4. Jlanee
CMECh MepeMelINBald B TEYCHUE 3 Y U OCTABILIM Ha
HOYb Oe3 mepemenmBaHus. [locme 3Toro oTroHsuTH Ta-
HOJI JI0 TOJIOBUHBI 00bEeMa, PacTBOP MOAKUCIISIIN YKBH-
MousspHbIM KonraectBoM 0. 1M comnsiHoit kucnotsl. Lemne-
BOE COEJJMHEHHE HKCTPArMPOBAIN THIIAIICTATOM, CYIIMIN
Cy/b(aToM HaTpHs, PACTBOPUTEINh OTTOHSIIN Ha POTOPHOM
ucnapurene. [Ipoxykr Beiaensim Quoi-xpomarorpadueit
C AITFOLFEH TeKCAHOM, 3aTeM CHCTEMOH XJIOpO(OpM : MeTa-
Hou (15 : 1). [omyyamu 3.69 1 (49.2%) nponykra.

'H AMP-cnextp coemunenns 3a (CDCI,, 6, m.1.):
0.86 (t,3H,-CH,), 1.28 (m, 15H,-CH,CH,,-OCH,CH,),
1.89 (m, 2H, -CHCH ), 3.37 (1, 1H, ~CH-), 4.19 (m,
2H, -OCH,CH,).

MoHo3TI/10BbIi 3¢GuUp 10AeHNIMATIOHOBOH KHUC-
Jaotel (3b). Ananoruuno: u3 7.83 r (23.87 mMmoib) co-
enunenus 2b u 1.6 T (28.57 mmons) KOH. Beixon mpo-
aykra 2.9 r (33.6%).

'H SIMP-cnextp coenunenus 3b (CDCIL,, 8, m.z1.):
0.87(t,3H,-CH,), 1.24 (m, 23H,-CH,CH,,-OCH,CH,),
1.70 (m, 2H, -CHCH ), 3.20 (1, 1H, -CH-), 4.16 (M,
2H, -OCH,CH,).

MoHO3TIIOBBII 3P OKTaAeNNJIMAJIOHOBOMI
kucea0ThI (3¢). Ananoruuno: u3z 7.02 r (17.04 mmons)
coequnenus 2¢ u 1.15 v (20.54 mmons) KOH. Beixon
npoaykra 2.6  (39.8%).

'H SIMP-cnektp coenunenus 3¢ (CDCI,, 6, m.n1.):
0.88 (1, 3H,-CH,), 1.28 (m, 33H,-CH,CH,,-OCH,CH,),
1.91 (m, 2H, -CHCH,CH -), 3.38 (1, 1H, -CH-), 3.72
(m, 2H, -CHCH,-), 4.18 (m, 2H, ~OCH,CH,).

OtunoBbiii  dpup 2-{[(9Z)-oxTanen-9-eHousn-
amMuHO|KkapOoHuI}AekaHOBON KucjaoThl (4a). K ox-
naxxaerHomy 110 0 °C pactopy 217.9 mr (0.89 mmosnb)
coenvHeHuss 3a B 0E3BOJHOM XIIOPUCTOM METHUIICHE
npu nepeMenuBanuu 100asisau 241 mr (1.79 mmors)
HOBT u pactBop 368 mr (1.79 mmons) DCC. Ilocne
3TOrO K pacTBopy nodasisutu 287 mr (1.07 mmois) one-
nraMuHa B 0e3BOTHOM auxiiopmerane. CMech BBIAEP-
JKUBAIK 2 9 TP OXJTXKIACHUU U OCTABISUIA HA CYTKHU
IpyU MEepeMENIMBAHUK TPU KOMHATHOW TeMmIeparype.
BreimaBmmii ocaok oTGUIBTPOBBIBAIIN. PacTBOpUTENH
OTTOHSUTM Ha POTOPHOM wucmaputene. [IpomyKkT BbI-
JIeNISIIN KOJIOHOYHOHM Xpomartorpadueii B cucreme Te-
TpaxsopMmetaH : Meranos (40 : 1). [Monyunmm 299 mr
(68.0%) mpoxaykra.

'H SIMP-cnextp coenunenus 4a (CDCIL,, 6, m.z1.):
0.86 (T, 6H,2CH,), 1.26 (M, 37H,-CH,CH,,-OCH,CH,),
1.47 (m, 2H, -NHCH,CH -), 1.84 (m, 2H, -CHCH -),
1.97 (m, 4H, -CH,CH=CHCH,-), 3.23 (M, 3H, -CH-,
~CH NHCO-), 4.18 (m, 2H, ~OCH,CH,), 5.35 (™, 2H,
—CH=CH-), 6.55 (M, 1H, -NH-).

dtunoBbiii  3¢pup 2-{[(9Z)-oxkTanen-9-eHomi-
aMHUHO|KapOOHMWI} TeTpaleKaHOBOli KucjaoThl (4b).
AmnanornyHo: u3 182 mr (0.61 Mmmons) coequnenus 3b,
164 wmr (1.21 mmoms) 1-ruapokubersoTprasona, 251 mr
(1.22 mmonb) N,N’-ITUIUKIOTEKCHIIKApOOIUUMKIA 1
195 mr (0.73 mMmonb) onemnaMmuHa. BeIxoJ mpoaykra
226 mr (67.5%).

'H AAMP-cnextp coemunenus 4b (CDCL, 6, m.1.):
0.87(t, 6H,2CH,), 1.26 (m,45H,-CH,CH,,-OCH,CH,),
1.48 (m, 2H, -NHCH,CH -), 1.86 (m, 2H, ~-CHCH -),
1.99 (m, 4H, -CH,CH=CHCH,~), 3.23 (M, 3H, -CH-,
—-CH NHCO-), 4.18 (m, 2H, ~OCH,CH,), 5.34 (M, 2H,
—CH=CH-), 6.58 (m, 1H, -NH-).
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IrunoBsliidpup 2-{[(92)-okTanen-9-eHonaamMuHo| -
KapOOHNJI}31IK03aHOBOM KUCJIOTHI (4€). AHATIOTHYHO:
u3 190 mr (0.49 mmonb) coenunenus 3¢, 134 mr (0.99 Mmmorb)
HOBT, 204 mr (0.99 mmonb) DCC 1 159 mr (0.59 Mmorb)
onennamuHa. Beixox nponykra 205 mr (65.5%).

'H SIMP-cnextp coenunenus 4¢ (CDCI,, 6, m.n1.):
0.87(r, 6H,2CH,), 1.27 (m, 57H,-CH,CH,,~OCH,CH,),
1.49 (m, 2H, -NHCH,CH -), 1.83 (m, 2H, ~-CHCH -),
2.00 (m, 4H, -CH,CH=CHCH -), 3.23 (m, 3H, -CH~,
~CH NHCO-), 4.18 (m, 2H, ~OCH,CH,), 5.34 (m, 2H,
—CH=CH-), 6.57 (m, 1H, -NH-).

2-{[(92)-okTanen-9-eHonIaMUHO|KAPOOHMI |-
nexanoBasi kucjiota (5a). K pacrsopy 277 mr (0.56 Mmors)
COeIMHEHHUs 4a B 3TaHOJe J00aBIsUIM MO KarjisM pac-
BOp 63 Mr (1.13 mmoms) KOH B sTanone B Teuenue 1 4.
[aiee pacTBOp niepeMeNInBaIv B TEUCHHUE 8 9 IIPU KHIISA-
geHnu. [lociie 3TOTO OTTOHSUTM 3TAHON 10 ITTOJIOBUHBI
o0beMa, PeaKMOHHYI0 MacCy TMOAKUCIISIIA YKBUMOJISIP-
HeIM KostmaecTBOM 0.1M comstHo#l xucinorel. Coenune-
HHUE DKCTParupoBad STHIIANETATOM, CYIIMIN Cylb(a-
TOM HAaTpHs M OTTOHSUIM PACTBOPHUTENb HAa POTOPHOM
ucnaputene. [lomyuanu 245 mr (94.0%) npoaykra.

'H SIMP-cnextp coemunenus Sa (CDCL,, 6, m.1.):
0.87 (, 6H, 2CH,), 1.27 (m, 34H, -CH,CH,), 1.47 (m, 2H,
-NHCH,CH -),1.94 (m,6H,-CHCH —,~CH CH=CHCH ),
3.19 (r, 1H, -CH-), 3.30 (m, 2H, -CH,NHCO-), 5.34 (M,
2H, -CH=CH-), 6.43 (M, 1H, -NH-).

2-{[(9Z)-okTagen-9-eHOUITAMHUHO|KAPOOHNUT } -
TeTpajaekaHoBasi kucjaora (Sb). Ananormuno: n3 200 mr
(0.36 mmonb) coenunenus 4b u 40 mr (0.71 mMmonb)
KOH. Brrxon mpomykra 153 mr (81.8%).

'H AMP-cnextp coemunenus Sb (CDCL, 6, m.1.):
0.90 (, 6H, 2CH,), 1.27 (m, 42H, -CH,CH,), 1.53 (m, 2H,
-NHCH,CH,-), 1.95 (m, 6H, -CHCH -, -CH,CH=CHCH ),
3.15(r, 1H,~CH~-), 3.31 (m, 2H, -CH . NHCO-), 5.35 (M,
2H, -CH=CH-), 6.26 (M, 1H, -NH-).

2-{[(92)-okTanen-9-eHonIaMuHO|KAPOOHMI |-
siiko3aHoBasi kuciaora (5c¢). Anamornyno: uz 190 mr
(0.30 mmonb) coenuuenust 4¢ u 34 mr (0.61 Mmonb)
KOH. Brixon npoaykra 170 mr (93.6%).

'H SIMP-cnextp coenunenus S¢ (CDCL,, 6, m.1.):
0.88 (t, 6H, 2CH,), 1.27 (m, 54H, -CH,CH,), 1.53
(m, 2H, -NHCH,CH ), 2.01 (m, 6H, —-CHCH,-,
—CH CH=CHCH,~), 3.16 (, 1H, -CH-), 3.30 (M,
2H, ~CHNHCO-), 5.35 (m, 2H, -CH=CH-), 6.33 (M,
1H, -NH-).

Huamun N-2-[(N-mpem-0y ToKCcUKApOOHUJI)-AMHHO |-
3THA-2-0KTHI-N’-[(9Z)-0kTanen-9-enon|nponana
(6a). K oxmaxngennomy no 0 °C pactBopy 255 mr
(0.55 Mmonb) coemuHEeHUsT 5a B O€3BOJJHOM XJIOPHCTOM
MeTHJIeHe T0OaBISUTH MpH riepeMertmBanny 149 mr (1.1 MMorb)
HOBT u pactBop 226 mr (1.1 mmons) DCC. 3atem n06aB-
st K pactBopy 105 mr (0.66 Mmons) Boc-3ammuimenno-
r0 STHIICHIUAMHHA B 0€3BOTHOM quxiopmeTane. CMech
BBIICP)KHMBAIIN 2 4 MPHU OXJIAXKJICHUU U TepEMEInBaIn

24 4 mpu KOMHATHOW TeMmrieparype. BrimaBmmii ocamok
OT(UIBTPOBBIBAINA. PacTBOpHUTENb OTTOHSIM Ha POTOP-
HOM ucnapurene. [IpoayKT BeIIEISUIA KOJTOHOYHOM XpO-
Marorpagueii B cucteme TerpaxiopMmeras : Merason (40 : 1).
Homyunmm 259 mr (77.8%) npoaykra.

'H SIMP-cniextp coenunenus 6a (CDCL,, 6, m.n1.):
0.88 (t, 6H, 2CH,), 1.23 (m, 34H, —-CH,CH,), 1.45 (m,
11H, 3CH,,-NHCH,CH-), 1.65 (m, 2H, -CHCH -),
1.95 (m, 4H, -CH,CH=CHCH,-), 2.95 (1, 1H, -CH-),
3.25 (m, 4H, -OCNHCH,-CH NHCO-), 3.43 (m, 2H,
~CH NHCO-), 5.01 (m, 1H, -NH-), 5.37 (m, 2H,
—CH=CH-), 6.82 (m, 1H, -NH-), 7.28 (M, IH, -NH-).

Huamug N-2-[(N-mpem-0yTokcuKapOOHUI)aMUHO]-
yTHA-2-n0aenna-N’-[(92)-oxkranen-9-enonsi|mpomna-
Ha (6b). Ananornyno: u3 66 mr (0.13 MMoJIb) coeuHe-
Hus Sb, 35 mr (0.26 mmons) HOBT, 53 mr (0.26 Mmmouib)
DCC u 26 mr (0.16 mmoi1b) Boc-3amuineHHoro 3TuieH-
JuaMmuHa. Beixon npoaykra coctaBui 55.1 Mr (65.6%).

'H SIMP-cnextp coenunenus 6b (CDCIL,, 5, m.z1.):
0.87 (t, 6H, 2CH,), 1.16 (m, 42H, -CH, CH,), 1.43 (c,
9H, 3CH,),1.63 (m, 2H, -NHCH,CH -), 1.81 (m, 2H,
—CHCH,~), 1.99 (m, 4H, -CH CH=CHCH,-), 2.94 (T,
1H, -CH-), 3.24 (M, 4H, -OCNHCH,-CH NHCO-),
3.43 (m, 2H, -CH NHCO-), 5.00 (m, 1H, -NH-), 5.34
(M, 2H, -CH=CH-), 6.81 (m, 1H,—NH-), 7.26 (m, 1H,-NH-).

HJuavmn  N-2-[(V-mpem-GyTokcMKApOOHIT)aMHHO)] -
3THI-2-0KTagenuia-N’-[(9Z)-okTagen-9-enounua|npo-
nana (6¢). Ananoruuno: u3z 160 mr (0.26 MMoItb) coem-
Henust 5S¢, 71 mr (0.53 mmone) HOBT, 109 mr (0.53 Mmmoib)
DCC u 51 mr (0.32 mmonb) Boc-3ammineHHoro STHIIeH-
muamuHa. Beixon mpoaykra 179.8 mr (90.8%).

'H AMP-cnektp coenunenns 6¢ (CDCI,, 6, m.1.):
0.87 (r, 6H, 2CH,), 1.20 (m, 54H, -CH CH,), 1.43 (c,
9H, 3CH,),1.60 (m, 2H, -NHCH,CH ~), 1.72 (m, 2H,
—~CHCH,-), 1.95 (m, 4H, -CH CH=CHCH-), 2.93 (T,
1H, -CH-), 3.23 (M, 4H, -OCNHCH,-CH NHCO-),
3.42 (m, 2H, -CH.NHCO-), 4.98 (m, 1H, -NH-), 5.32
(M,2H,—-CH=CH-), 6.76 (M, 1H,—NH-), 7.21 (M, 1H,-NH-).

Jduamua N-(2-aMUHOITHI)-2-0KTUI-NV’-[(92)-
okTaaen-9-eHomsjnponana (7a). K 248 wmr (0.41
MMOJIb) coeanHeHus 6a no6apnsuin 70 mr (6.14 MMoub)
TFA B 3 ™M xmopuctoro MetmiieHa. [lepemenmsanm 3 4
npu 0 °C. 3arem peakIHOHHYI0 Maccy mpoMbiBanu 10%-
HBIM PacTBOPOM THAPOKapOOHaTa HaTpHs U Bomoi. Op-
FaHUYECKUH OCTAaTOK CYIIMIH CYlb(haroM HaTpus, pac-
TBOPHUTENH OTTOHSIM B Bakyyme. [lomyummm 201.8 mr
(97.5%) nponyxra.

Jdunamug  N-(2-amuH03THN)-2-10Aenua-N-[(92)-
okranen-9-enowi|nponana (7b). Ananoruuno: u3 135 mr
(0.20 mmonb) coemuHenus 6b u 35 mr (3.07 MMoIB)
TFA. Beixon npoaykra 110.4 mr (96.0%).

Jdunammug N-(2-aMHUHO3THJI)-2-0KTagenna-N’-
[(9Z)-oxTanen-9-enoms|nponana (7c). AHaJIOTHUYHO:
n3 169 mr (0.23 Mmortb) coeraenust 6¢ v 39 mr (3.42 MMOITh)
TFA. Beixon npoaykra 142.6 mr (97.0%).
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Juamun N’-2-[(2,5-mu(N-mpem-GyTokcuKapOoHI)-
aMHHO-1-0KCONMEHTHJ)aMHHO |3 TUI-2-0KTHI-V-[(9Z)-
okTajaen-9-enons|nponana (8a). K oxnaxaennomy a0
0 °C pactBopy 250 mr (0.49 mmoinb) coequHeHUs 7a B
0e3BOJJHOM XJIOPUCTOM METHUJICHE IpHU IepeMelInBa-
Huu fo6amsumm 133 mr (0.99 mmons) HOBT u pactBop
203 mr (0.99 mmons) DCC. 3arem k pacTBOpy A00aBIs-
1 196 mr (0.59 mmonb) Boc-3amuiieHHoro OpHUTHHA
B 0e3BoAHOM AuxiopMeTraHe. CMech BBIACPKHUBAIN 2 4
IIpU OXJIAKIECHUU U NEepeMelIMBaiu 24 4 Ipu KOMHAar-
HOU TeMmeparype. BrimaBmuii ocanok oTQuIbTpoBbIBa-
mi. PacTBopHTeNh OTTOHSIIM Ha POTOPHOM HCIIApHUTEIIE.
[TponyKT BBIIENSIIN KOJTOHOYHOU XpoMarorpadueli B CH-
creme terpaxiopmeran : mMeranon (40 : 1). [Tomyuwnu
219 mr (54.1%) npoxnykra.

'H SIMP-cnextp coenunenus 8a (CDCL,, 6, m.z1.):
0.85 (1, 6H, 2CH,), 1.21 (m, 34H, -CH,CH,), 1.43 (c,
18H, 6CH,), 1.54 (m, 2H, -NHCH,CH -), 1.69 (m, 4H,
-CHCH,CH,CH,NHCO-), 1.93 (m, 6H, -CHCH -,
—-CH,CH=CHCH,-), 3.08 (m, 2H, ~CH ,NHCO), 3.20
(m, 3H, -CH-, -CH . NHCO-), 3.46 (M, 5H, -CH-, —
OCNHCH,-CH NHCO-), 4.10 (m, 1H, -NH-), 4.89 (m,
1H,-NH-), 5.23 (m, 1H, -NH-), 5.33 (m, 2H, -CH=CH-),
6.96 (M, 1H, -NH-), 7.37 (m, 1H, -NH-).

Jduamun N’-2-[(2,5-nu(N-mpem-GyTokcuKkap0ooHI)-
AMMHO-1-0KCONMEHTHJI)AMUHO |3 THI-2-T0AeUI-/V-
[(9Z)-oxTanen-9-enoun|nponana (8b). AHanmorndHo:
n3 141 mr (0.25 mmvonb) coeaunenus 7b, 68 mr (0.5 MMoIb)
HORBT, 103 mr (0.5 mmons) DCC 1 100 mr (0.3 Mmons) Boc-3a-
HIMIIIEHHOTO OpHUTHHA. Bbixom poykTa 166 Mr (75.5%).

'H AMP-cnextp coemunenus 8b (CDCL, 6, m.1.):
0.87 (r, 6H, 2CH,), 1.24 (m, 42H, -CH,CH,), 1.43 (c,
18H, 6CH,), 1.54 (m, 2H, -NHCH,CH -), 1.69 (m, 4H,
~CHCH,CH,CH ,NHCO-), 1.92 (m, 6H, -CHCH -,
—CH,CH=CHCH.-), 3.06 (M, 2H, -CH NHCO), 3.19 (M,
3H, -CH-, -CH NHCO-), 3.44 (m, 5H, -CH-,
~OCNHCH,-CH NHCO-), 4.10 (m, IH,-NH-), 4.87 (m,
1H, -NH-), 5.20 (M, 1H, -NH-), 5.33 (m, 2H, -CH=CH-),
6.94 (M, 1H, -NH-), 7.36 (M, 1H, -NH-).

Huamun N’-2-[(2,5-nu(N-mpem-6yTokcHKapOOHIT)-
AMHMHO-1-0KCOMEHTHUJI)AaMUHO|ITHI-2-0KTaje-
m-V-[(9Z)-oxranen-9-enoni|nponana (8c). Anaiuo-
rugHo: U3 159 mr (0.25 mmone) coenuHenus 7¢, 66 mr
(0.49 mmomnp) HOBT, 101 mr (0.49 mmons) DCC u 97 mr
(0.29 mmonp) Boc-3amumieHHoro opHUTHHA. BbIXos
nponykTa 158.8 mr (67.3%).

'H AAMP-cnextp coenunenus 8¢ (CDCL,, 6, m.z.):
0.87 (r, 6H, 2CH,), 1.20 (m, 54H, -CH CH,), 1.46 (c,
18H, 6CH,), 1.59 (m, 2H, -NHCH,CH -), 1.70 (m, 4H,

~CHCH,CH CH NHCO-), 1.92 (m, 6H, ~CHCH -,
—CH,CH=CHCH -), 3.07 (m, 2H, ~CH NHCO), 3.26
(M, 3H, -CH—, -CH NHCO-), 3.45 (m, 5H, -CH-,
~OCNHCH ~CH NHCO-), 4.15 (M, 1H,~NH-), 4.88 (,
1H, -NH-), 5.25 (m, 1H, -NH-), 5.33 (v, 2H, -CH=CH-),
6.94 (M, 1H, -NH-), 7.38 (v, 1H, -NH-).

Juavun N’-2-[(2,5-muamMuno-1-0KconeHTHIT)aMIHO |-
ITWI-2-0KTWI-N-[(9Z)-okTagen-9-eHoni|nponana (9a).
K 5 mn pactBopa 208 mr (0.25 mMonb) coennHenus 8a B
XJIOPUCTOM MeTuiieHe go0apnsum 1.59 1 (13.95 mmonb)
TFA B 1 ma xiopucroro MetuiieHa. [lepememmBanu 3 4
npu 0 °C. PacTBopuTens M H30BITOK KHCIOTHI OTTOHSIIN
Ha BaKyyMHOM poTopHOM Hcniaputene. [Tomyuunu 213 mr
(99.1%) npomyxra. Haiineno, %: C 56.19; H 8.25; N 7.95.
C, H_ .N.O.F. . Beruucneno, %: C 56.54; H 8.60; N 8.25.

407737577 6
Huavmn ~ N-2-[(2,5-muamvmnHo-1-0KCONEHTIT)aMIHO |-
3THI-2-101euna-N-[(92)-oxkraaen-9-enonsi|nponana
(9b). Ananoruuno: u3 64 mr (0.07 MMonb) coeauHe-
Hus 8b u 915 mr (8.03 mmons) TFA. Bexon npomykra
65 mr (98.5%). Haiineno, %: C 57.89; H 8.43; N 7.83.
C,_H,  N.O.F, . Beraucneno, %: C 58.34; H 8.95; N 7.74.

44781577 6"

Juavun  V’-2-{(2,5-mnamMumo-1-0KCOTIeHTHIT)aMUHO |-
3TUA-2-0kTagenua-N-[(9Z)-okTanen-9-enouns|npo-
nana (9¢). Ananornyso: u3 58 mr (0.06 MmMonb) coeau-
Henus 8¢ u 1.1 r (9.65 mmons) TFA. Beixon npojaykra
59 wmr (98.3%). Haiineno, %: C 60.32; H 9.14; N 6.82.
C..H..N.O_F_. Beruucneno, %: C 60.67; H 9.40; N 7.08.

507793 577 6°
Ilpuzomoenenue 1unocomanbHvIX Oucnepcuil

[Tonyyanu IUMOCOMBI ABYX BUJOB: M3 YHUCTOIO
KaTHOHHOTO JIMNMHJA M U3 CMECH KaTHOHHOTO JIUIIH-
Ila ¢ XOJECTEPUHOM B cooTHomeHuu 7 : 3. Kaxmwlid
THI JIMITAJTHOW KOMIIO3UIIMU Maccoi 4 MT pacTBOPSIIH
B xyopodopme. PacTBopuTe s OTTOHSIIN HA BaKyyM-
HOM POTOPHOM HCIIapUTeNe 10 00pa3oBaHUs TOHKOU
TUNUIHOU TuleHKH. [lonmydeHHbIe TUICHKH CYIIMJIA B
BaKyyMe€ B T€UCHHE 3 4 M 3aTe€M THUAPATUPOBAIU 2 MII
MUCTHLTHPOBAHHOW BOIBI IIPH KOMHATHOHW TeMmmepa-
Type. 'maparupoBaHHble MIEHKH BCTPSAXUBAIHU U 00-
pabaThiBaiiv B yIbTpa3ByKoBoM Oane (2 x 30 MuH) nipu
40 °C. Pacnipenenenue 9acTuil 110 pa3MepaM Ol[eHIBa-
JIM C TIOMOIIBI0 (POTOHHO-KOPPEIALMOHHON CIEKTPO-
CKOTIMH, KOTOpasi OCHOBaHA Ha MPHUHIMIIAX TUHAMU-
9ECKOTO CBETOPACCESHHUSI, Ha aHAIIU3aTOPe pa3MepoB
yactul Photocor Compact-Z (Poccus).

Tpancghexyusa nnazmuonoit JHK

HakanyHe TpaHC(EeKIUU KIETKU BBICAKHBAIH B
IUTaHIIeT B kojaudectse 7 X 10° KJIGTOK Ha JIYHKY B
300 mkn monmHOM muTarenbHOU cpensl DMEM u un-
xkyouposamu 24 4 npu 37 °C B CO, unkybarope 10
JNIOCTHXKEHHSI MOHOCTOos. Jlucnepcuio TpaHcpeKnoH-
HOTO areHrta o0muM o0beMoM 80 MK, COCTOSIIEIO
n3 1.177 mxa nnazmuasl pGL3 1 9 MK nTumocomans-
HOH AMCTIEPCUU, TOTOBWIH B 0€CCHIBOPOTOYHOH cpefie
OPTIMEM (cootHomenue N : P = 16 : 1). B kaue-
CTBE€ TOJOXKHUTEIHHOTO KOHTPOJIS HCIIOIB30BAIH KOM-
MepuecKuil TpaHcpekIMoHHbI areHT Lipofectamine
2000 (Thermo Fisher Scientific, CIIIA). B kauectBe
OTPHULATEIHHOTO KOHTPOJISI HCIIOIH30BATH «TOIYIO»
nna3mMuay. [IpUroTOBICHHBIE CMECH BbIIEPKUBAIN
20 MHUH TIpY KOMHATHOW TeMIIepaType U HAHOCUIIM Ha
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MOHOCJION KJIETOK B JIyHKax. KieTku WHKyOHpOBaIH
npu 37 °C B CO, unkybarope B TeueHue 24 4 u 3aTeM
OIIpEeIIsUIM aKTUBHOCTh ¢ HOMOIIBIO JIOIH(epasHo-
ro TecTa.

Jtrwoyughpepaznovrit mecm

TecT nmpoBOAUNM C HCIOJB30BAHHEM KOMMEP-
yeckoro Habopa Luciferase Assay System (Promega
Corporation, CIIA). [yt 3TOTO yaajisjid pOCTOBYIO
cpeay W3 IIyHOK, 3aTeM no0aBisnud 70 MKI JTU3H-
pytomero O0ydepa Glo Lysis Buffer, 1X (Promega
Corporation, CIIIA). Knetku BeiaepxuBanu 15 Mun
npu 37 °C B CO, uHKyOarope Uist JOCTHKEHHUS MOJI-
HOTO JIN3HCa. 3aTeM OTOMpaIH UX CO JHA SUCCK U Ie-
PEHOCHUIIM KJIETOUHYI0 CYCHEH3MIO B IJIaCTMAacCOBBIE
npobupku (Eppendorf, I'epmanns). Jng ocaxaeHus
KJIETOUHOIO Je0puca MoTy4eHHbIH 1u3ar LeHTpUudyrupo-
Basi 3 mMuH mipu 10 000 06/muH. OtOupanu mo 50 MK
CynepHaTaHTa W J00aBiIsM JronudepasHblii cyo-
ctpar B cooTHomeHuu 1 : 1. DppexTuBHOCTH TpaHC-
(exuuy OLEHUBAIH N0 YPOBHIO JIIOMUHECLEHIIUU Ha
npudope GloMax 20/20 Luminometer (CLLA).

PE3YJIBTATBI U UX OBCYXKIEHUE

B nannoif pabore OBUIM CHHTE3MPOBAHBI AMH-
JIbl MaJIOHOBOW KHCIIOTHI. MICXOOHBIM COEIMHEHUEM
B CHHTE3€ SIBJISUICS JUATUIOBBIA 3(PUP MalOHOBOH
KHCIOTHI. [10JBUNKHOCTH BOJOPOLOB O-METUIECHOBO-
ro 3B€HA W WX MOBBINICHHAS KUCIOTHOCTH B JTaHHOH
MOJIEKYJI€ TIO3BOJIIOT AOCTATOYHO JIETKO MPOBOJAUTH
peaknuio C-aTKHIUPOBAHUS, B PE3yIbTaTe KOTOPOU
MPOUCXOAHUT NPHUCOEIMHEHNE IMepBOH ruapodoOHOi
uenu. Jlnsa sroro mcnonssosamu 6pomuasr C.H Br,
C,H,.Bru C H, Br, TeM cambIM mosy4anu Tpu cOOT-
BETCTBYIOIINX KAaTHOHHBIX JIUINJA, Pa3IHYarOIINXCs
IUTHHOW TuApooOHOTO OI0KA.

W3 muteparypel M3BeCTHO O BiusHUH 3(dekra
ACHMMETPUH M TIPUCYTCTBHS B THApo(oOHOM OioKe
OCTaTKOB HEHACHIIEHHBIX BBICIIUX KUPHBIX KUCIOT Ha
s dexruBHOCTh Tpanchekmuu [3]. [loaTomy B kauecTBe
BTOPOH THIPO(GOOHON HENmH HCIOIH30BAIN N-OJNEHI-
aMUH, KOTOPBIH MPHUCOEAMHSIM MO KapOOKCHUIbHOMI
TPyIIIE MaJOHOBOW KHUCIIOTHI ITyTeM 00pa30BaHUS aMUI-
HOM cBsa3u. [lonsipHas roysoBHas rpymnmna cHadaja ObLia
MIPEe/ICTaBICHA YTUICHANAMHHOM, KOTOPBII IPHCOCHHS-
JIM TI0 OCTaBIIeics KapOOKCUIIBHOHM IpyIie MajJOHOBON
KHCJIOTBI TaKXKe ITyTeM (OPMHUPOBAHUS aMUTHON CBSI3H.
Janee K 3TWICHOUAMMHY MPUCOEAUHSIIM MPUPOAHYIO
aMUHOKHCIIOTY L-OpHUTHH JUIS MONy4YeHHS] KATHOHHBIX
JUIHJIOB C ABYMsI MTOJIOKHUTEIbHBIMU 3apsSAaMU B TOJIOB-
HOM rpynre.

Hccnenosanu Gpu3nko-xumMudeckue CBOUCTBA MOy~
YEHHBIX OJTHO- U JIBYXKOMITOHCHTHBIX JIMTIOCOMAIIbHBIX
JUCTIePCHi (KAaTHOHHBIN TN U CMECh KATHOHHOTO JIH-
MUJ1a C XOJIECTEPHUHOM B COOTHOIICHUH 7 : 3), onipeens-

W pa3Mepbl YacTHIl, JA3eTa-TOoTeHIHAI U 3pPexTus-
HOCTB TpaHcheKkuuu. Pa3mepsl yacTHIl TPaKTHYECKH HE
M3MEHSUTACH TTPH T00aBICHHUH K UMY X0JIECTEpUHA U
Haxonuiuch B npeaenax 100 HM, 4T0 HEOOXOAUMO ISt
a¢ddexruBHON TpaHcekuu (puc. 1). Bennunna n3e-
Ta-mOTEHIMaja KoMIo3uuuil cocraBuia 29-30 mB.
3HadeHus 3Toro napamerpa Ha ypoBHe 30 MB o3Ha-
YalT CTaOUIBHOCTH MOJYYEHHBIX YACTHUI[ — TO €CTh
WX YCTOWYMBOCTH 1O OTHOIICHHUIO K arperanu# [ 18].

100

75 1

50 4

Oo6wee ynciao, %/Cumulative number, %

25 1

le-4 0.01 1 100 let4 let6
Juamerp, im/Diameter, nm

Puc. 1. Pacnipesenenne 4acTUIl AUCHEPCUH
Ha OCHOBE coefiHeHus 7b o pa3mepam.
Fig. 1. Size distribution of dispersion particles
based on compound 7b.

N3zyuenne 3¢ppekTHBHOCTH TpaHCHEKINN MTOTyICH-
HBIX JIMIIOCOM OCYIIECTBIISUTM Ha JMHUM KieTok Hela
(KJIETKHM paKa IICHKH MarkKh), OLCHHWBAas ypOBEHb CBe-
YeHHs B KJIETOYHBIX CyIepHaTaHTaX HCCIIEITyeMbIX 00-
pa3LoB nociie focraBku miaasmuael pGL3, konupyromen
reH Jonugepaspl. B KauecTBe MOJIOKHUTEIBLHOTO KOH-
TPOJISL UCTIONB30BANN KOMMEPUYECKH JIOCTYIIHBIN areHt
tpanchekuuu Lipofectamine 2000, a B kauecTBe OTpH-
[aTEIFHOTO — «TONYIO» IIasMuay. beuto ycTtaHoBieHo,
410 oOpaser 7b, B KOTOPOM K KaTHOHHOMY JIMITULY OBLI
N00aBICH XOJECTEPUH, TOKa3ajl XOPOIIMH pPe3yibTar,
MIPAKTHYECKH JOCTUTHYB YPOBHS TPaHC(HEKIMOHHON aK-
tuBHOCTH Lipofectamine 2000 (puc. 2).
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Puc. 2. DddexTuBHOCT TpaHCHEKIINT
TMOJTYYCHHBIX JIMTIOCOM.
Fig. 2. Transfection efficiency for obtained liposomes.

SAKIIOYEHUE

Pazpaborana cxema cWHTE3a W TIONYYCHBI HOBBIC
KaTHOHHbIE aM(pudUIBI ¢ HECUMMETPUYHBIM THIPOHOO-
HBIM OJIOKOM; C(HOPMHUPOBAHBI JIUTIOCOMAIILHBIC JIHC-
MePCUH, U3yUYeHbl UX (U3UKO-XUMUYECKHE CBOWCTBA U
TpaHC(EKIIMOHHAS aKTUBHOCTB. [lomyueHnsIe pesynbTa-
ThI CBHJIETEIILCTBYIOT O OOJIBIIOM MOTEHIHAIE aMUI0B
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Bausinue kej1e30pyIHOr0 KOHIEHTPAaTa (MATHETUTA) HA KHHETUKY
BYJIKAHM3ALIMHU PE3MHOBBIX CMeceil HA OCHOBE Oy Ta/IMeH-CTUPOJILHOIO
KAay4yKa B IPUCYTCTBUHU PA3JIMYHBIX YCKOPHUTEJIEH
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Ienu. H3yuums 803MO2KHOCMb NPUMEHEHUSL 8 peuenmypax pesuHo8slx cmecell Ha ocHoge byma-
JueH-cmupoibHo20 Kayuyka bosee deulegozo uHzpedueHma — mazHemuma nymem OyeHKU e20
BIIUSIHUSL HA NPOUECC CepHOU 8YaKaHusayuu 6ymaoueH-cCmupoibHo20 Kayuyka 8 npucymemeuu
PAa3UUHbLX YcKopumeneti.

Memoovl. BrusiHue mazHemuma HA KUHEeMUKY 8YJKAHUSAUUL UCCAE008ANU C NOMOUbIO 6e3-
pomoprozo peomempa AlphaTechnologies PRPA 2000. Memodamu mepmozpasumempuueckozo
ananusa (TTA) u ougpgeperyuanvHo-ckarupyroueti karopumempuu (LICK) oueHunu enusHue
MazHemuma Ha NPOUECC OKUCIEHUS 8YAKAHUZAMO8 HA 0CHO8e OYymadueH-CmupoibHO20 Kayuyka
Ha npubope Mettler Toledo TGA/DSC 2.

Pesynemamet. [loka3aHo, umo MmazHemum eausilem HO KUHEeMUKY CepHOlU 8YaKaHU3A-
yuu bymaoueH-cmuposvHozo kayuyka SBR-1500 e npucymcmeuu yckopumeneli muasosnioso-
20 psida (OubeHzomuaszonoucyrbguo, 2-mepkanmobeH30muason), 8 mo spemst KaKk 8 cayuae ¢
1,3-0ugperunzyarudurom, cysrogpeHamudom T (N-mpem-6ymun-2-6eH3muazoncyibpeHamud) u mu-
ypamom (mempamemunmuypamoucyibgpud) mazHemum manoakmugeH. aHHble, NOAYUEeHHblE C
Tr'A//ICK, OemoHcmpupytom, umo mazHemum He3HAUUmMeslbHO 8usiem Ha OKUC/eHUe, 4 makike
HO MepMOoOeCmMpyKUU0 YAKAHU3IAMOE8 HA 0CHO8e bYymadueH-CMuUpoibH020 KayuyKa.

Buieoodbsl. HccnedogaHo enusiHue maeHemuma Ha KUHemuKy npouecca CepHOll 8YAKAHUIAUUU
6YymaoueH-cmuposibHO20 KAYUYKA 8 NPUCYMCMBUU PA3NUUHbLX YcKopumesnell. Haubonvwiuii ag-
exm Habrrdaemes 8 npucymemeuu yckopumeseii. muasosnogozo psioa.

Knroueevle cnoea: rxene3opyoHulii KOHUeHmpam, mazHemum, 6ymaoueH-cmuponsbHsulil Ka-
YuyK, aKkmusamop SYAKAHU3AUUU, KUHEeMUKA SYJAKAHU3AUUU, mepmozpasumempuuecKuil
aHanus, Ougp@epeHyuanbHO-CKaAaHUPYWas Katopumempus

Jna yumupoeanua: Xauarypos A.A., [loranos E.D., Pesanuenko C.B., Kosanesa A.H. Bausiaue xene3opyaHoro
KOHIIEHTpaTa (MarHeTUTa) Ha KHHETHKY BYJIKaHU3aLlUK PE3NHOBBIX CMeceil Ha OCHOBE OyTaIueH-CTHPOJIBHOTO KayuyKa B
MPUCYTCTBUHU PA3IMYHBIX YCKOpUTenen. Toukue xumuyeckue mexronoeuu. 2020;15(5):46-53.
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Objectives. To investigate the possibility of using a cheaper ingredient, such as magnetite, in
the synthesis of rubber compounds based on butadiene—styrene rubber by examining its effect
on the process of sulfuric vulcanization of butadiene—styrene rubber in the presence of various
accelerators.

Methods. The influence of magnetite on the vulcanization kinetics was studied using an Alpha
Technologies PRPA 2000 rotorless rheometer. Thermogravimetric analysis (TGA) and differential
scanning calorimetry (DSC) were performed using a Mettler Toledo TGA/DSC 2 device to evaluate
the effect of magnetite on the butadiene—styrene rubber-based vulcanizates’ oxidation.

Results. Magnetite was found to affect the kinetics of SBR-1500 butadiene-styrene rubber
sulfuric vulcanization in the presence of thiazole-type accelerators (2-MBT, 2-MBS); in contrast,
magnetite was inactive in the case of diphenylguanidine, sulfenamide T, and tetramethylthiuram
disulfide. The obtained TGA/DSC data showed that magnetite has no significant effect on the
butadiene-styrene rubber-based vulcanizates’ oxidation and thermal destruction.

Conclusions. The obtained data confirmed magnetite’s capability to act as a butadiene—styrene
rubber sulfuric vulcanization activator in the presence of various accelerators. The most significant
effect was observed in the presence of thiazole-type accelerators.

Keywords: iron ore concentrate, magnetite, butadiene—styrene rubber, vulcanization activator,

kinetics of curing, thermogravimetric analysis, differential scanning calorimetry

For citation: Khachaturov A.A., Potapov E.E., Reznichenko S.V., Kovaleva A.N. Influence of iron ore concentrate (magnetite)
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BBEJEHHE

BaxHoii 3agadeil B NpPOU3BOACTBE CEPUNUHBIX
AIACTOMEPHBIX M3JCTUIN SBISETCS BBIOOP KOMIIOHEH-
TOB PELENTYpbl pe3UHOBBIX cMeceil. B mpouecce pas-
pabOTKM HOBOTO M3JeNHsi HEOOXOJUMO YUYUTHIBATH TPH
OCHOBHBIX COCTaBJISIOIIUX PELENTYPOCTPOEHUS: CBOM-
CTBa, TEXHOJIOTUYHOCTh M IICHY AJIACTOMEPHOTO MaTe-
puana [1]. Ilpu 3TOM A MPOU3BOACTBEHHOW Cepbl
BCE BBIIIENIEPEUUCIICHHBIC COCTABIISIOIINAC SIBISFOTCS
Yype3BbIYaiHO Ba)KHBIMHM. Hampumep, HEKOTOpblE HH-
TPEMEHTHl MOTYT 3HAUUTEIBHO YIIYYIIaTh MapameTphbl
BYJKaHU3allMd U CBOICTBAa KOHEYHOIO NPOAYKTa, O[-
HAaKO BBHJy MHOTOKPAaTHOTO YBEIMYEHHUS CTOUMOCTH
TaKUX HU3JJUA OHM CTAHOBATCS HEKOHKYPEHTOCIO-
CcOOHBIMM Ha pbIHKE. J[pyrumMu cioBamu, nepen paspa-

OOTYMKOM PpEIENTyphl CTOUT 3ajada YIydlIuTh Kaue-
CTBO M3/IeJIHs, IPUIATh €My KOMIUIEKC HOBBIX CBOICTB,
YMEHBIINTH KOHLEHTPAIUIO JOPOTOCTOSIINX HHIPEAN-
CHTOB CHCTEMBbI, CHU3UTh CTOMMOCTH 0€3 yXyAIICHUS
TEXHOJIOTHYECKHUX XapaKTCPUCTHK CMECEH U CHUKCHUS
9KCIITyaTallHOHHBIX CBOMCTB roToBOro mM3aenus. [1o3-
TOMY TIOMCK HOBBIX HHTPEIUCHTOB PE3UHOBBIX cCMecei
SIBJISIETCS aKTyallbHOU 3ajadeit [2—-5].

B xone npenpyrymux padot [6, 7] ObUTO Hcceno-
BaHO BJIMSIHUE MarHeTUTa HA KUHETHKY BYJIKaHH3AI[MH
OyTaaueH-ctuponsHoro kayuyka CKC-30 APK B orcyT-
CTBHE OKCHJIAa IIMHKA W ITOKA3aHO, YTO MAarHeTUT CIIO-
co0eH IpOSBIATH ceOs B KauyecTBE aKTHBATOpa CEPHOI
BYJIKaHU3aIUH. XapaKTepPUCTUKHU BYJIKaHU3aTOB, MOIY-
YCHHBIX C €T0 HCIOJIb30BAHUEM, HE3HAYUTEIBHO YCTY-
MafoT CBOHCTBAM CTaHapPTHBIX PE3HH.

Toukue xuMmudeckue TexHosoruu = Fine Chemical Technologies. 2020;15(5):46-53
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MATEPHAJIBI U METO/IbI

OcHoBHasl 3a/1a4a JAHHOH Pa0OThI 3aKIII0YAIACh B UC-
CIICZIOBAHUH KUHETUKW BYJIKAHU3AIMH Ca)KCHATIOTHECHHBIX
AIIACTOMEPHBIX MaTepUaioB Ha OCHOBE OyTaMeH-CTUPOIb-
Horo kayuyka SBR-1500 B mpucCyTCTBUH KIacCHYECKON
BYJIKAaHM3YIOUIEH TIPyIIbl, a TalKe JPYTUX YCKOpUTEIed
CCPHOH BYITKAHHM3AIMH C IIENBIO TTOKA3aTh BO3MOYKHOCTH
MPUMEHEHHSI MarHeTHTa B COCTaBE CEPHOH BYIKaHHM3YIO-
IICH CHCTEMBI B Ka4ECTBE AKTHBHOTO KOMITOHCHTA, YITyd-
IIAIOIIET0  BYJKAHM3AIIMOHHBIC TapaMeTpbl PE3HHOBBIX
cmeceit. Kpome Toro, Xapakrep M3MEHEHHSI KPHUBBIX Tep-
Morpasumerpudeckoro anammsa (TTA) n mupdepenimans-
Ho-ckauupytoriel kanopumerpuu (JICK) BynkanmsaroB Ha
ocHoBe SBR-1500 rio3BosvI OLIEHUTH BIMSTHUE PA3TUIHOTO
CoIepyKaHNsl MarHEeTUTA Ha ITPOIeCC CTAPEHUSL.

B kauecTBe 00BEKTa MCCIENIOBAaHHUA B JIAHHOW pa-
00Te WCIONB30BAM JKEIC30PYIHBIH KOHIICHTPAT C
MaccoBoi Jonel xeneza 6oiee 69.5%, TY 0712-030-
001186803-99 (AO «Jlebedunckuii 2opHo-obocamu-
menbHbulll Komounamy, Poccus).

JucriepcHOCTD TTOPOIITKA HKENIe30PYIHOTO KOHIICHTPa-
Ta MCCIE0BAIN Ha J1a3epHOM audpakrtomeTpe Analysette
22 MicroTec Plus nipousBozctsa Fritsch GmbH, I'epmanmusi.

PE3VYJIBTATBI U UX OBCYXXJIEHUE

Pacripenenenue gactuil mo pasmepy (puc. 1) yHEMO-
nanbHOE (0T 0.1 1o 100 MKM). MakcumyMm b depeHimalib-
HOTO pacrpesiefieHust 00beMHOM JToM YacTHl dQ) TpHUxo-
JIUTCS HA YaCTHUIIBI pazMepoM okorto 20 MkM. MHTerpansHas
3aBUCHMOCTb 00BbEMHOM 1o yacTull O OT pa3MepoB Io-
Kas3biBaeT, 4to 50% yYacTHILl Kene30pyIHOro KOHLIEHTpara
UMEIOT pa3Mep MeHbIe 15 Mxm, a 90% menee 40 MxM.

dQ3(x) ,% Q3(x) ,%
5 100
2

4 80

3 160

2 40
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1

O Ll T T T 0

107 10" 10° 10 10? 10°
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Puc. 1. Iuddepermmansras dQ (1) u uarerpansaas O (2)
KPUBBIC PACIPEICIICHHS YaCTHI] JKEJe30PYAHOrO KOHIIEHTpaTa
mo pazmepam (Analysette 22 MicroTec Plus, Fritsch GmbH,
T'epmanms).

Fig. 1. Differential dQ (1) and integral O (2) curves of
iron ore concentrate powder particle distribution (obtained
using Analysette 22 MicroTec Plus, Fritsch GmbH,
Germany).

Ha puc. 2 nmpuBenena mudpaxrorpaMma IMOpOIIKa
JKEJIE30PYAHOI0 KOHILIEHTpAaTa, MOTy4YeHHAas Ha peHTre-
HOBCKOM audpaktomerpe HZG-4 (Helmholtz-Zentrum
Geesthacht, Tepmanus) (Ni — ¢pusrp): CuKo = 1.54051 A
Ha TUPPArHpPOBAHHOM ITydKe B TMOIIATOBOM PEIKHME CO
BpEeMEHEM Habopa UMITynbcoB 10 ¢ ¥ BeJIMUMHOM I1ara
0.02° B maTepBane yros 20 = 2°-80°.

JXKene3opynHblil KOHIIGHTPAT NMPEJCTaBISET CO00il
MarHeTHUT, O YeM CBUACTEIBCTBYIOT IH(PaKINOHHBIC
oTpaskeHUs mpu 20 ~ 36°, ~ 57°, ~ 63°. [lomy4yeHHBbIH
CIIEKTP XOpOIIO COIVIACYIOTCSI CO CIIEKTPOM U3 MEKIY-
HApOJHOW 0a3bl JNAHHBIX TU(PPAKIMOHHBIX CTAHIAPTOB
Crystallography Open Database!. B untepBane yrios
20 ~ 16°-26° nabironaercs amopdHoe rajio u audpak-
IIMOHHBIE OTpakeHus mpu 20 ~ 27°, ~ 41°, xapakrep-
Hble 15 kBapua [8]. ComeprkaHue AUOKCHIIA KPEMHHUS,
OTIPEZICTICHHOE N3 TU(PPAKTOTPaMM METOIOM ITOTYKOIHU-
YEeCTBCHHOTO aHAJIN3a (C UCTIOJIb30BAHUEM ITPOTPAMMHO-
ro komruiekca Match! (CRYSTAL IMPACT GbR, I'epma-
HUs1)?, COCTABIISAET OKOJIO 5—6%.

600

500

400 4

300 ~

200

WHTEeHCcMBHOCTL (MMn/cek) / Intensity (cps)

20 ()

Puc. 2. ludpakxrorpamma 5xe1e30pyIHOTO KOHIICHTpATa
AO «Jlebedunckuii 2opro-obocamumenbublil KOMOUHATI:
¢asa Fe,0, (1); paza SiO, (2).

Fig. 2. Diffraction pattern of iron ore concentrate obtained
from the Lebedinsky Mining and Processing Plant:

(1) Fe,O, phase; (2) SiO, phase.

PesnHOBBIE cMecH OBLTH PUTOTOBIIEHBI B J1A00PaTOPHOM
pesuHocMecutene Brabender (Brabender GmbH & Co KG,
I'epmanust) mpu Temneparype kamepsl T = 60 °C u yrioBoi
CKOPOCTH BpalleHHsI POTOpoB ® = 60—63 00/mMuH, odiiee
BpeMsl cMmemenus t < 10 mun. CMmeleHne IpoucxoJuiIo
B 2 cragnu. Ha mepBoif craany BBOAHMIH KayqIyK, OKCHIT
nuHka ZnO, CcTeapUHOBYIO KUCJIOTY U HAallOJHUTENH:
MarHeTurt, Jin0o Texandeckuit yriepon (TY) N339, mubdo
UX CMECH pa3IM4HOro cocrasa. [locie storo cmech ox-

! Crystallography Open Database.
URL: http://www.crystallography.net.
2 URL: http://www.crystalimpact.com/match/Default.htm.
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Jaxnaami. Ha BTopoil cTaguy BBOOWIN BYJIKaHU3YOIIYIO
cucteMy. IlomydeHHbIe cMecH 10padaThIBAIN Ha BaJIbLAX.

KomnyecTtBo Marmerura B CMecCSX Ha OCHOBE
SBR-1500 uzmensuiocs B pany 0, 25, 50 mac.4. npu He-
n3MeHHOH koHteHTparwu TY N339 50 mac.u. (Tabm. 1).
B ciyuae ansrakca (2-MBS) u cynspenamuna T (TBBS)
WCIIONIb30Bali  penentypy, coorBercTByronryto ['OCT
15627-79° u TOCT ISO 2322-2013*. Jlist ocrajbHBIX
yckoputeneir B coorBerctBun ¢ [SO 2322:2009 3ame-
Hsutn yckoputenu TBBS Ha 5KBUMOINISIPHOE KOJTHMUYECTBO
yckopuTened terpaMermituypamaucyibduaa (TMTD),
mupennnryanuguna (DPG) n kanrtakca (2-MBT). Hus
CMecei, cofepkanmx B KadecTBe yckopureneii DPG
u 2-MBT, npuiiocs yBeJIMYUTh UX COAEPKAHHUE [0
3.0 mac.4., Tak Kak 1Py MEHBIINX KOHIIEHTpanusx (yc-
JOBHs: TeMIeparypa Bynkanuzamuu 7, = 160 °C, mnu-
TENBHOCTH Tiporiecca T = 60 MHUH) KpUBasi 3aBUCUMOCTH
KPYTAIIET0 MOMEHTA OT BPEMEHM HE JOCTHraja IUIaTo
BYJTKQHH3AIIHH.

BynkaHuzanuoHHBIE — MapaMeTpsl  Ompeens-
U ¢ TIOMoINbio Oe3poTopHOro peomerpa RPA 2000
(AlphaTechnologies, CIIIA). Peomerpuueckue Kpu-
Bble CHUMaM npu temneparype T, = 160 °C B Teue-
Hue T = 60 MuH.

TT'A/JICK-nccrenoBanus MPOBOIMIIM Ha 00pa3liax Ha
ocHoBe SBR-1500, m3rorosieHHsix o ISO 2322:2009, ¢
MOCTOSTHHBIM CYMMAapHBIM COZICPKaHUEM HAITOTHUTEIICH
50 mac.u. JJo3upoBka MarHeTura yseauuusanack ot 0 1o

50 mac.u. ¢ rarom 10 mac.4., a jo3uposka TY N339 yopiBasia
B TakoM e nopsiake. Mamepennst Ha proope TGA/DSC 2
(Mettler Toledo, CILIA) npoBommm B arMocdepe azora N,
u kucmopona O, B TemnieparypHoM jmanasoue 25-250 °C u
ckopocty HarpeBanus 10 °C/muH.

Ha ocHOBaHMM KMHETHYECKHX KPUBBIX OBLIN OIpe-
JIETICHBI CIICMYIONTHE IMapaMeTphl: ONTUMAIFHOE BpeMs
Bynkanusauuu (#'90), Bpems moxsynkanusamuu (£ 1),
MHHUMaJbHBIA (M) ¥ MakcUMabHBIHA (M) KpyTAImii
MOMEHT. B Tabn. 2 mpuBeeHb! 3aBUCUMOCTH YKa3aHHBIX
apaMeTPOB OT CONEPKAHWS MarHEeTHTa B PE3MHOBBIX
cMmecax Ha ocHoBe SBR-1500.

Pasmiunoe coneprkanne MaraeTuTa (Tali. 2) BIHsCT
Ha BpeMs JOCTIDKEHUSI ONTUMYyMa BYJIKAHM3ALUM, BPEMs
TIONBYJIKAHHM3AINN, A TaKKE HA MHHUMAJIbHBIA M MaKCH-
MAJIbHBINA KPYTSIIUA MOMEHT B IIPUCYTCTBUH Pa3HBIX YCKO-
pureneid. Ilpu T, = 160 °C B NpuCyTCTBUM yCKOpHUTENEH
TBBS, 2-MBS, DPG u 2-MBT npu yBenuueHuu coaep-
JKaHWSI MAarHETHTa BPEMsI JOCTIDKCHHSI ONTHMyMa BYIKa-
Hmanuu 90 ymesbinaercs.. IIpu 3ToM MakCHManbHBIM
a¢dext nposBisiercs B ciaydae 2-MBT (90 cHmkaercst
¢ 36 no 19 muH, npu BBenennu 50 mac.4. MarueTuTa). B
cinyqae TMTD u3meHeHue conepkaHusl MarHETUTa Ipak-
THYECKH HE BIMSIET HA BPEMs JIOCTIDKGHUS ONTHMYyMa
BYJIKQHM3aIMH. Bpems MoiByIKaHM3aIlM B TPHCYTCTBHN
yckoputeneit TBBS u 2-MBT yMmeHblIIaeTcs ¢ yBeIUUCHH-
eM KoHIleHTparmu MarHetuta. B ciiyaae, DPG 1 TMTD
IIPY U3MEHEHUU COJCPIKAHMsS MAarHETUTA 3aBUCHUMOCTh

Tadnnua 1. Penentypsl 31acTOMEpHBIX cMeceit

Ha OCHOBE OyTa/ineH-CTUPOIbHOTO Kayayka SBR-1500 1 marHeTuTa ¢ pasHbIMH yCKOPHUTEIISIMH

Table 1. Formulations of elastomeric mixtures

based on butadiene—styrene rubber SBR-1500 and magnetite with different accelerators

Conepmalme KOMIIOHEHTAa, MacC.4.
Komnonent Component content, phr
Component
1 | 2345|678 ]9 |10|un|12]13]|14]15

SBR-1500 100 | 100 | 100 | 100 | 100 | 100 | 100 | 100 | 100 | 100 | 100 | 100 | 100 | 100 | 100
ZnO 3.00 | 3.00 | 3.00 | 5.00 [ 5.00 | 5.00 | 3.00 | 3.00 | 3.00 | 3.00 | 3.00 | 3.00 | 3.00 | 3.00 | 3.00
Cepa / Sulfur 175 | 175 | 1.75 [ 2.00 | 2.00 | 2.00 | 1.75 | 1.75 | 1.75 | 1.75 | 1.75 | 1.75 | 1.75 | 1.75 | 1.75
Creapunosast kienora / | 4 o6 1100 (1,00 [ 1.50 | 1.50 | 1.50 | 1.00 | 1.00 | 1.00 | 1.00 | 1.00 | 1.00 | 1.00 | 1.00 | 1.00
Stearic acid
TBBS 100100100 — | — | — | = | = | = | = | = | = | = | = | -
2-MBS | — | = {300[300[300| - | - | - | = | = | = | - | - | -
TMTD - = = =] - J1oo]1oo|100| — | = | = | = | = | -
DPG - - -] -] - - — |300][3.00][300] - | - | -
2-MBT === = = == = = = [300]3.00]3.00
TV N339 / CBN339 50.0 | 50.0 | 50.0 | 40.0 | 40.0 | 40.0 | 50.0 | 50.0 | 50.0 | 50.0 | 50.0 | 50.0 | 50.0 | 50.0 | 50.0
Maruerut / Magnetite | 0.0 | 25.0 | 50.0 | 0.0 {25.0 [ 50.0 | 0.0 [25.0|50.0 | 0.0 |25.0 [ 50.0 | 0.0 | 25.0 | 50.0

3*TOCT 15627-79 Kayuyku cunretudeckue Oyraanen-metuinctiupoibabiii CKMC-30APK u OyraaueH-ctuponsabiii CKC-30APK.
Texunueckue ycnoBus. M. UIIK HznarensctBo cranmaproB; 2003. 39 c. [GOST 15927-79. State Standard. Synthetic rubbers
butadiene-methylstyrene CKMC-30 APK and butadiene-styrene CKC-30 APK. Specifications. Moscow: IPK Izd. Stand.; 2003.]

4 TOCT ISO 2322-2013 Kayuyk OyTraaneH-cTupoibHbiid (SBR) aMynbcHOHHON U pacTBOPHON MoIMMepr3aniy. MeTo/Ibl OLEHKH.
M.: Crangaprundopm; 2014. 34 c¢. [GOST ISO 2322-2013. State Standard. Styrene-butadiene rubber (SBR) of emulsion- and
solution-polymerized types. Evaluation methods. Moscow: Standartinform; 2014.]

Toukue xuMmudeckue TexHosoruu = Fine Chemical Technologies. 2020;15(5):46-53

49



BaAHsTHHE 3KeA€30PYyAHOro KOHIIEHTPATA (MarHEeTHTA) HA KHHETHKY ByAKaHH3aIlHH Pe3HHOBBIX CMeCeH ...

Tadauna 2. 3aBUCUMOCTD BYJIKaHH3aIMOHHBIX XapAKTEPUCTUK OT KOHIICHTPAI[MH MAarHETUTa B CaXke-
HATOJIHEHHBIX cMecsX Ha ocHOBE SBR-1500 B npuCyTCTBHM PAa3INYHBIX YCKOPUTENIEH
Table 2. Dependence of vulcanization characteristics on magnetite concentration in black-extended
mixtures based on SBR-1500 in the presence of various accelerators

Tun Conep:xanue | Cogep:xanue | Coaepixanue ByJjikaHM3alHOHHBIE XapAKTEPHCTHKHU
YCKOPHUTEJISl | YCKOPHUTeIs, TY N339, MAarHeTUTa, Vulcanization characteristics
Accelerator Mac.4. Mac.4. mac.4. £'90, Mun t,1, Mun M, tHm M,, nHm
type Accelerator CB N339 Magnetite £'90, min .1, min M,, dyn'm M,, dyn'm
content, phr | content, phr | content, phr
1.00 50.0 0.0 15.84 5.32 2.8 22.41
TBBS 1.00 50.0 25.0 14.88 4.81 2.74 24.63
1.00 50.0 50.0 12.54 4.55 3.42 26.31
3.00 40.0 0.0 14.62 2.5 1.87 19.65
2-MBS 3.00 40.0 25.0 12.54 2.06 2.06 21.22
3.00 40.0 50.0 11.59 241 2.4 23.41
1.00 50.0 0.0 6.85 1.1 2.95 29.63
TMTD 1.00 50.0 25.0 6.26 1.26 3.16 31.67
1.00 50.0 50.0 6.57 1.28 3.58 34.69
3.00 50.0 0.0 32.86 245 2.58 18.73
DPG 3.00 50.0 25.0 31.93 2.71 2.64 19.48
3.00 50.0 50.0 31.23 2.49 2.82 20.07
3.00 50.0 0.0 36.29 1.83 2.7 16.99
2-MBT 3.00 50.0 25.0 23.97 1.33 2.93 20.69
50.0 50.0 19.22 1.3 2.98 23.09
BPEMEHHU NOABYIKAHU3ALUN IIPOXOAUT YEPE3 MAKCUMYM, . RN
a B ciydae 2-MBS uepe3 munumym. CTOUT OTMETHTS, R-5-S-R'+Fe? —=> Fe** +RS+R:S R R_(/Isy

YTO U3MEHEHHE a0CONIOTHOTO 3HAYECHHUS BPEMEHHU MOl
BYJIKAHM3AIlMU BO BCEX CIIyYasx He3HauuTelbHOe. Mak-
CUMAIIbHBIA KPYTSAIIMA MOMEHT B TPUCYTCTBHH BCEX
YCKOPHTENIEeH JIMHEHHO pacTeT (C pa3HOW CKOPOCTHIO) C
YBEJIIMYCHUEM COZICPIKaHUSI MATHETHUTA TIPU TTOCTOSIHHOM
conepxxanuu TY.

Hcxons u3 npeicTaBICHHBIX BBILIE TAHHBIX MOYKHO
MIPETONIOKNTh, YTO MAarHETHT MPOSIBJIIET ceOs B Kaue-
CTBE aKTUBATOpa Ipolecca cepHoi BylnkaHuzanuu. Ha
OCHOBaHHWH TOTO, YTO MAKCUMAJIbHBIA 3(PPEKT OT BBEIC-
HUSI MarHeTUTa HaOMI0AaeTCsl B IPUCYTCTBUH YCKOPHTE-
JIe THA30JI0BOTO PsiJia MOYKHO MPEIIOI0KNTh, YTO HOHBI
Fe™ u Fe™ Ha MOBepXHOCTH YaCTHI] MATHETHTA, KaTaJH-
THYECKU YCKOPSIFOT pacraj JUCYIb(UIHBIX CBS3EH 1O
MeXaHu3My (cxeMma), aHaJIOTUYHOMY JUIsi MHUIIMAPOBA-
HUS paJMKaIbHON MOJIMMEPU3aliH OKHUCITUTEIBHO-BOC-
CTAaHOBUTEJILHBIMU CUCTEMAMHU Ha OCHOBE COJICH JIBYX- U
TpexBaJieHTHOTO Jkene3a [9, 10]. Obpasyromuecs B pe-
3yAbpTaTe pacnana JUCYIb(UIHBIX CBA3CH YCKOPHUTEIS
pajivKajbl aKTUBUPYIOT MPOLECC CEPHOM BYJIKAHU3AIHH.

Tepmorpammsl TI'A Bynkanusaros (puc. 3 u 4) mo-
Ka3bIBAIOT, YTO MPH BBEJCHUN MAarHETHTA B PE3MHOBYHO
cmech Ha ocHoBe SBR-1500 B konmmyecTBe, SKBHBA-
neHTHoM KoHneHTpanuu TY N339 B ctangapTHoit cMe-
cu (50 mac.u.), HAOMIOAAIOTCS MEHBIINE TIOTEPH MACCHl,
4eM Jitst 00pasios, coaepxarmx Toibko TY N339, Bo Bcem
JMara3oHe TeMIeparyp Npu U3MEpPeHUu B aTMocdepe

R-S-S-R+ Fe*! %> Fe*2+ R-S-S+R* R-H

R-5-S,-S-R + Fe*2 —=> Fe*? + R-5-Sy, + R'S-S;

R-S-5,S-R+ Fe*d %> Fe*2 + R-8-Sur + R*

Fe/OH

R’-s-fX.y}sy-s-R”

Y,

Fe;04 |Fe™ @

Fe

~

OH

Cxema. [Ipenmnomnaraemoe B3anMOEHCTBIE YACTHIl MarHe-
TUTA U MAKPOMOJIEKYH OyTaJANeH-CTUPOILHOTO
KaydyKa B IPUCYTCTBUH yCKOPUTEIEH, COIEePIKaIINX
JUCYIb(MUIHBIE CBSI3H.

Scheme. Supposed interaction between magnetite particles
and butadiene—styrene rubber macromolecules
in the presence of accelerators containing disulfide bonds.

asota N,. B armocdepe kucnopona O, mabmomaercs
AQHAJIOTUYHBIN APQEKT, IPU STOM KPUBBIE XapaKTepH3Yy-
I0TCSI YBEJIMUCHUEM MAacCHl B IMAIa30HE TEMIIEpaTyp /10
100 °C, 4ro BeposiTHEE BCEro CBSI3aHO C HAKOILICHUEM
MPOIYKTOB OKHCIICHHS.

Hannbie JICK, npencraBneHnHbie Ha pHc. 5 (B UHEPT-
HOM cpene N,), CBUIETENBCTBYIOT O TOM, YTO MarHETHT
MIPAKTUYECKH HE YCKOPSIET MPOLIECChl TEPMOJIECTPYKIIUI
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BYJIKAHU3ATOB (PHIOTEPMHUUYECKHI TPOILECC), HE3HAUH-
TEJIbHBIC PA3JINIUsl HAOIIOMAOTCS JIUIIb B OOIACTH TEM-
niepatyp 6oxee 150 °C.

W,%
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99.90 A
99.70 A
99.50
99.30

99.10

—_ow B

98.90

25 50 75 100 125 150 175 200 225 250 T,°C

Puc. 3. Tepmorpammer TT'A BynkarmsaroB Ha ocHoBe SBR-1500,
coJeprKaliX pa3Hoe KoaudecTBo Mmarueruta U TY N339
(B arMocepe azora N,): 50 mac.4. TY N339 + 0 mac.u.
marreruta (1); 30 mac.q. TY N339 + 20 mac.u. maraeTuTa (2);
10 mac.g. TY N339 + 40 mac.4. mar"erura (3);

0 mac.g. TY N339 + 50 mac.4. maraetuta (4).

Fig. 3. TGA patterns for vulcanizates based on SBR-1500
with different magnetite and CB N339 (in nitrogen atmosphere)
contents: (1) 50 phr of N339 + 0 phr of magnetite;

(2) 30 phr of N339 + 20 phr of magnetite;

(3) 10 phr of N339 + 40 phr of magnetite;
and (4) 0 phr of N339 + 50 phr of magnetite.
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Puc. 5. Tepmorpamms! JICK BynkannsatoB Ha ocHoBe SBR-1500,
colepyKalliX pazHoe KomiecTBO Maruetuta u TY N339
(B armocepe azora N,): 50 mac.4. TY N339 + 0 mac.u.
marHetuta (1); 30 mac.y. TY N339 + 20 mac.u. maraerura (2);
10 mac.u. TY N339 + 40 mac.u. maraeturta (3);
0 mac.u. TY N339 + 50 mac.u. Mmarnetuta (4).

Fig. 5. DSC pattern for vulcanizates based on SBR-1500
with different magnetite and CB N339 (in nitrogen atmosphere)
contents: (1) 50 phr of N339 + 0 phr of magnetite;

(2) 30 phr 0of N339 + 20 phr of magnetite;

(3) 10 phr of N339 + 40 phr of magnetite;
and (4) 0 phr of N339 + 50 phr of magnetite.

AHaJIOTHYHbIC Pe3yJbTAThl MONYYCHBI U MPHU H3Y-
YCHUU TIPOLIECCOB TEPMOOKHCIUTEIBHON AECTPYKIIUU
B cpene O, (puc. 6). B oToM cilydae TEpMOOKHCIIEHHE

W,%
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25 5I0 7'5 I(I)O IéS léO II75 2(I)0 2&5 2%0 T,°C
Puc. 4. Tepmorpammer TI'A BynkarmzaroB Ha ocHoBe SBR-1500,
colep KalLX pa3HOe KoiuecTBO MarHetuTa u TY N339
(B armocepe kucmopora O,): 50 mac.u. TY N339 + 0 mac.u.
maraerrTa (1); 30 mac.a. TY N339 + 20 mac.u. maraerura (2);
10 mac.u. TY N339 +40 mac.u. maraeruta (3);

0 mac.y. TY N339 + 50 mac.u. maraeruta (4).

Fig. 4. TGA patterns for vulcanizates based on SBR-1500
with different magnetite and CB N339 (in oxygen atmosphere)
contents: (1) 50 phr of N339 + 0 phr of magnetite;
(2) 30 phr 0of N339 + 20 phr of magnetite;

(3) 10 phr of N339 + 40 phr of magnetite;
and (4) 0 phr of N339 + 50 phr of magnetite.

T(C)
3050 70 90 110 130 150 170 190 210 230 250

Heat flow (w/g)

Puc. 6. Tepmorpamms! JICK ByrkannsatoB Ha ocHoBe SBR-1500,
coliepyKallix paHoe KommiecTBo Maruertuta u TY N339
(B armocdepe kuciopoa O,): 50 mac.u. TY N339 + 0 mac.u.
marHerura (1); 30 mac.u. TY N339 + 20 mac.u. maruerura (2);
10 mac.u. TY N339 + 40 mac.u. maruerurta (3);
0 mac.y. TY N339 + 50 mac.u. marneruta (4).

Fig. 6. DSC pattern for vulcanizates based on SBR-1500
with different magnetite and CB N339 (in oxygen atmosphere)
contents: (1) 50 phr of N339 + 0 phr of magnetite;

(2) 30 phr 0of N339 + 20 phr of magnetite;

(3) 10 phr of N339 + 40 phr of magnetite;
and (4) 0 phr of N339 + 50 phr of magnetite.
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BAHSTHHE KeA€30PYAHOr0O KOHIIEHTPATAa (MarHeTHTA) HA KHHETHKY ByAKAHH3AIIHH PE3HHOBBIX CMECEH ...

BYJIKQHM3aTOB HauMHAETCs pH Temrieparypax 190-220 °C.
[osBnsieTcst SK30TEPMHUUYECKUN MUK B 00JacTH Temile-
paryp 210-230 °C, koTopbslii cMeniaercss B 00acTh 00-
Jiee HU3KUX TEMIepaTyp ¢ yBEIUYEHUEM KOHIICHTPAIUn
MarHetuTa. Kakoro-nmbo 3aMeTHO-BBIpa)KEHHOTO aKTH-
BUPYIOIIETO JACWCTBUS MarHeTUTa Ha AT MPOLECCHl HE
0OHapyKEHO.

Opnnako u3BecTHO [11], 4TO KaTHOHBI XKenesa nepe-
MEHHOH BaJICHTHOCTH B TIOJIMMEPHOH (ha3e MHOTOKPATHO
YCKOPSIFOT OKUCIIUTENbHBIE MPOIECChl. DTO CIpaBeIn-
BO TOJBKO B TEX CIydYasx, KOTZIA CONH >Kele3a XOTsS OBl
YaCTUYHO pacTBOpeHbl B (haze momumepa. B cimyuae
MarHeTuTa, CIIOCOOHBIC BBI3BATh OKUCICHHE KATHOHBI
JKele3a MepeMeHHON BaJIEHTHOCTH JIOCTYITHBI TOJIBKO Ha
MIOBEPXHOCTH YACTHII, UTO CYIIECTBCHHO 3aTPYIHSCT Ka-
TaJN3 OKUCIUTEIBHBIX MPOIECCOB.

3AKVIIOYEHHUE

W3n0)keHHBIE BBIIIEC JAHHBIC MOATBEPKIAIOT CIIO-
COOHOCTh MarHeTUTa BHICTYNATh B Kaye€CTBE aKTHBHO-
TO areHTa B MPOIlecCe CEpHOH ByIKaHU3AIMH OyTaau-
€H-CTHPOJIbHOTO KaydyKa B IPUCYTCTBUH Pa3IUYHBIX
yckoputened. [1pu s3ToM Haubonbmuii 3QpexT Marue-
TUTA, KaK aKTUBHOTO KOMIIOHEHTA BYJIKaHU3YIOIIEH CH-
CTEMBI, MPOSIBIISICTCS B TPUCYTCTBUH YCKOPUTENEH THA30-
noBoro paga (2-MBS, 2-MBT). Kpome Toro, npucyTcTBre
MarHeTura B ByJKaHu3atax Ha ocHoBe SBR-1500 mpax-
TUYECKH HE BIUSAET Ha MPOLIeCC OKUCICHUS B 00JacTh
TeMIepaTyp HKCILTyaTalluyd OOJIBIIMHCTBA 3IaCTOMEp-
HBIX M3/EJINHN.
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Determining the phase stability of luminescent materials
based on the solid solutions of oxyorthosilicates
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Objectives. This study aimed to predict the limits of substitution and stability of luminescent
materials based on low-temperature modifications of solid solutions (spatial group P2, /c) with
lutetium oxyorthosilicates (Lu,_Ln )[(SiO,), O, J, where Ln represents the rare-earth elements
(REEs) of the La—-Yb series.

Methods. The V.S. Urusov’s crystal energy theory of isomorphous substitutions and a
crystallochemical approach in the regular solid solution approximation were used to calculate the
energies of the mixing (interaction parameters) of the solid solutions.

Results. Using the V.S. Urusov’s theory, we calculated the energies of mixing (interaction
parameters) in the systems under study. The dependences of the decomposition temperatures
of solid solutions on the REE number and composition (x) were obtained and used to create
a diagram of the thermodynamic stability of the solid solutions, allowing us to predict the
substitution limits depending on the temperature or determine the decomposition temperature
using the given substitution limits.

Conclusions. The results of the study can be useful when choosing the ratio of components in
matrices (host materials) and the amount of the activator (dopant) in the new luminescent, laser,
and other materials based on low-temperature modifications of solid solutions of “mixed” REE
oxyorthosilicates (Lu,_Ln )/(SiO,), O, .

Keywords: oxyorthosilicate, rare-earth elements, isomorphous substitution, solid solution,
energy of mixing
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HAYYHAS CTATbSA

Onpenenenue (pa3oBoii CTA0OUIBHOCTH JIOMUHECIIEHTHBIX
MAaTepHAaJIOB HA OCHOBE TBEPAbIX PACTBOPOB
oxcroprocuinkaros (Lu,_ Ln )[(SiO,), O, |, rre Ln = La-Yb

E.H. 'erpman’, I0.A. Oaekcuii!, C.B. Paauo'“, A.H. Apaanona?

! [loneykuill HAUUOHANLHBLLU YHUBepcumem um. Bacoinis Cmyca, BunHuya, 21021 YkpauHa
°I'ocyoapcmeeHHblll yHuesepcumem MuHHecomul, Manketlimo, MunHecoma, 56001, CIIA
@Aemop ons nepenucku, e-mail: radio@donnu.edu.ua

Ienu. Llenvto pabomobl S8UMAOCL NPOZHOIUPOBAHUE NPedesio8 3aMeUleHUS. U CMABUTbHOCIU JIHOMU-
HeCUEHMHBbLX MAMEPUAIO8 HA OCHO8E HU3KOMeMNepamypHblX MoOUpUKAUUT meepoblX pacmaopos
(npocmparcmeernas epynna P2,/ c) Ha ocrose okcuopmocunurxama sromeyust (Lu, Ln )[(SiO,), O, J,
20e Ln — peodrxozemenvHblil anemerm cepuu La—Yb.

Memooeul. /s pacuema sHepauil cmeueHust (napamempog ssaumoodeticmaust) O meepoblx pacmeo-
poe bbLna uchoab308aHA Meopust u3omopgpHol emecumocmu B.C. Ypycosa u Kpucmanioxumuueckuti
Nnooxo0 8 NPUONUIKEHUU pegyIspHO20 MBEPO020 PACMEOopal.

Pesynomamut. [lonyueHsbl 3a8UCUMOCMU mMemnepamyp pacnada meepoblx pacmeopos om nopsio-
08020 HOMEPA PeOKO3eMeNbHbBLX I/IeMEHMO8 U COCMABA, KOMOopble UCNO.16308AHbL 015 NOCMPOEHUSL
ouazpamm mepmoOUHAMUUECKOT Yycmoliuugocmu meepoblX pacmeopos, Wmo No3801UJN0 NPOZHO3U-
posamb npedesibl 3aMEUeHUSL 8 3a8UCUMOCMU OM Memnepamypbsl UL onpedessims memnepamypy
pacnada Ha 0CcHO8e 3A0AHHBIX NPedesiog 3aMeUuleHusl.

Bb1800bl. Pesysibmambl UCCiedo8aHus. moeym b6blmb NnosiesHbl npu 8blbope COOMHOUEHUSL KOMNO-
HEeHMOo8 8 Mampuuye («xo3siuHe») U KOIUUecmsa aKxmueamopa (00naHma) 8 Ho8blxX JMOMUHECUEHMHbLX,
JIA3EePHBIX U OPY2UX MAMEPUANIAX HA OCHOBE HUIKOMEeMNepamypHbiX Moougurkayuli meepoblx pac-
ME0PO8 (CMEUAHHbLLX» OKCUOPMOCUAUKAMO8 peoKosemeibHblx snemermos (Lu, Ln )/(SiO,), O, J.

Knroueenle cnoea: orxcuopmocunukam,; peoko3emeslbHble emMeHmbl;, U30MOpPpHOoe 3ame-
weHue; meepdslil pacmeop; sHepaust CMeuleHUs

Jlna yumuposanua: Get’'man E.1., Oleksii Yu.A., Radio S.V., Ardanova L.I. Determining the phase stability of luminescent
materials based on the solid solutions of oxyorthosilicates (Lu,_ Ln )[(SiO,), O ], where Ln = La=Yb. Tonk. Khim. Tekhnol. =
Fine Chem. Technol. 2020;15(5):54-62. https://doi.org/10.32362/2410-6593-2020-15-5-54-62

INTRODUCTION

Oxyorthosilicates of rare-earth elements (REEs),
Ln[(Si0,), .0, ], and solid solutions (Lu,_Ln )[(SiO,), O, ]
have attracted the attention of researchers, as they can
be applied as materials for producing luminophores
[1, 2], scintillators [3—7], lasers [8], among other purposes.
Initially, they were synthesized at a temperature of 1773 K,
and then single crystals were grown by the Czochralski
method, as they have significantly high melting
points [4]. The oxyorthosilicates obtained under these
conditions crystallize in the space groups P2 /c (for the
cerium subgroup) and in C2/c (for the yttrium subgroup)
into a monoclinic crystal system [3-5]. Subsequently,

the authors of [1] established that the oxyorthosilicates
of the yttrium subgroup can also be obtained as a low-
temperature modification (1173-1273 K) of nanosized
polycrystals (space group P2 /c). In this case, they are
isostructural crystals of the cerium subgroup.

The study of luminescent properties showed that
the polycrystalline oxyorthosilicate Lu[(SiO,),,0O,]:Ce
had better spatial resolution and image sharpness than
luminophore Gd,0,Si:Tb, which has been used in most
medical imaging methods in the last decades [6]. This
luminophore can be used in X-ray mammography
for visualization in both radiographic cassettes
and digital detectors. It has an excellent spectral
compatibility with the currently used Si-based films
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and photodiodes [7]. The luminescence intensity of a
polycrystalline, nanosized lutetium oxyorthosilicate
obtained by solution combustion synthesis (SCS) and
excited by X-rays is significantly higher (64 + 4) than
those of gadolinium (36 + 4) and yttrium (44.3 + 1.5)
oxyorthosilicates obtained by the same method, but
it is slightly lower than those of Gd and Y single
crystals (94 + 13 and 97 + 14 s7' mg™!, respectively)
synthesized by the Czochralski method [9].

Luminophores derived from lutetium oxyortho-
silicate (Lu[(SiO,), O, ]) suffer from several drawbacks.
First, they contain nearly 2.6% of the radioactive isotope
176Lu, which undergoes beta decay and causes noise in
scintillation devices. Second, lutetium is more expensive
than other REEs [10].

These drawbacks can be minimized by using “mixed”
oxyorthosilicates (Lu,_ Ln )[(SiO,),,O, ], which contain
not only lutetium but also other REEs [4, 9-12].

However, the physicochemical bases for the
synthesis of “mixed” solid solutions—phase diagrams
and, particularly, solubility regions of solutions based
on REE oxyorthosilicates—have not been studied yet.
The experimental determination of the solubility regions
in a solid phase is an independent task, which requires
special equipment expensive reagents, and long research
periods.

Therefore, most researchers studying the
luminescent properties of mixed REE oxyorthosilicates
have to choose the composition of the matrices and
activators either by analogy with similar systems or by
trial and error.

Occasionally, researchers do not consider the fact
that solid solutions synthesized at high temperatures
are prone to decaying upon cooling and can change
their phase compositions and properties. This can lead
to the degradation of the materials that are based on
these solutions in practical scenarios. Therefore, before
synthesizing and studying the properties, one must
evaluate the limits of isomorphous substitutions and
stability of solid solutions in the corresponding systems
both during their synthesis and intended use.

Accordingly, this study aims to predict the limits of
substitution and stability of luminescent materials based
on low-temperature modifications of solid solutions
(spatial group P2 /c) with lutetium oxyorthosilicates
(Lu,_Ln)[(Si0,),.O, ], where Ln represents REEs.

0.570.5

METHODOLOGY OF CALCULATION AND
INITIAL DATA

The calculations were performed within the
framework of the V.S. Urusov’s crystal energy theory
of isomorphous miscibility [13] in regular solid
solution approximation for one gram-atom number
of the substituting structural units in pseudobinary
(Lu,_Ln)[(Si0,),,0,] systems.

470.570.5

To calculate the substitution limit (x) for a given
decomposition temperature of a solid solution (7))
or to define a decomposition temperature for a given
substitution limit in the approximation of regular
solutions, we used the Becker equation [14] as follows:
= (1 = 2x)/In[x/(1 =x)] =RT/Q _, (1)
where R denotes the universal gas constant and Q
the mixing energy (or interaction parameter). Equation 1
can be used in our case if the dimensional parameter
of interatomic distances (the dimensional parameter is
calculated using the values of the substitutable structural
units or dimensions of the unit cells of the system
components) does not exceed 0.1 [13, 15, 16]. In the
systems under consideration, the value of the dimensional
parameter, which is calculated using the volumes of unit

cellsas [6 = (VLI/3 Vl/3 )/ V1/3] does not exceed 0.066
(see the table); therefore it is expedient to apply the
Becker equation. We used the volumes of unit cells in
our calculation because the literature data [1, 10, 17]
(pertaining to the synthesis and investigation of the
properties of nanoscale low-temperature modification
of Lu[(Si0,),,O,,]) did not contain the information on
its structural data. The authors in [1], who described
the low-temperature modifications of Ln[(SiO,),.O,.],
provided cell parameters only for the compounds of other
REEs that belonged to the yttrium subgroup, and not
for Lu[(S10,), O, ]. Therefore, the volume of the low-
temperature modification of the Lu[(SiO,) O, ] unit cell
(approximately 384 A®) was determined by extrapolating
the relationship between the volumes of low-temperature
modifications of Ln[(SiO,), O] unit cells, provided in
[1], and the ionic radii of REEs according to R. Shannon
[18] (see Fig. 1).

In the regular solution approximation, the mixing
energy can be determined by the enthalpy of mixing
(AH_)as Q . =AH . /(x, x x,), where x, and x, denote
the mole fractions of the solvent and dissolved substance,
respectively. Thus, the main task while calculating the
substitution limit for a given decomposition temperature
ofasolid solution or while determining the decomposition
temperature for a given substitution limit is to estimate
the enthalpy of mixing.

Normally, the enthalpy of mixing (AH ) in
Equation 2 proposed by V.S. Urusov [13, 15, 16]
arises because of three factors: the difference among
the sizes of the substituting structural units (AH,),
different degrees of ionicity of the chemical bonds
between the system components (AH ), and the
difference in their crystal structures (AH“I denotes
the enthalpy during the polymorphic transition from
the structure of the substituting component to the
structure of the substitutable component). One has
the following:
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Energies of mixing and critical decomposition temperatures of solid solutions

(Lu,_ Ln)[(Si0,), ;O]

Ln naA g J/in;:)l Lo € L5 J/%’ol J%ﬁiﬁl T, K
La 4652 | 006602 | 57428 1327 0.724 0.019 585 58013 3460
Ce 4552 | 005841 | 44947 1348 0.720 0.015 365 45312 2700
Pr 4451 | 005045 | 33528 1374 0.716 0.011 196 33724 2010
Nd 4393 | 004577 | 27719 1382 0714 0.009 131 27850 1660
Pm 4319 | 003998 | 21058 1391 0.712 0.007 79 21137 1260
Sm 4244 | 003390 | 15134 1410 0.708 0.003 s 15149 900
Eu 4179 | 002860 | 10776 1.433 0.704 0.001 2 10778 640
Gd 4140 | 002538 | 8484 1,386 0.712 0.007 79 8563 510
Tb 4002 | 002141 | 35967 1.410 0.708 0.003 s 5982 360
Dy 4040 | 001706 | 3834 1.426 0.706 0.001 2 3836 230
Ho 3975 | 001158 | 1767 1433 0.704 0.001 2 1769 100
Er 3956 | 0.009961 | 1305 1.438 0.703 0.002 6 1311 80
Tm 3897 | 0004925 | 317 1.455 0.700 0.005 40 357 20
Yb 3870 | 0002600 | 85 1.479 0.695 0.010 162 247 10
Lu 384.0 N N 1431 0.705 N N - N

Note: The volumes of the unit cells of cerium and promethium oxyorthosilicates are defined as the arithmetic mean of the
volumes of the unit cells of lanthanum and praseodymium oxyorthosilicates, as well as of neodymium and samarium, respectively.

Lu, Ln,[(Si0,),:0,)]

Cell volume, A’

T T T

I
1.07 1.06

T T T T T T T T T
1.05 1.04 1.03 1.02 1.01 1.00
Ionic radii of REE, A

Fig. 1. Dependence of the volumes of the unit cells
of low-temperature modifications of Ln[(SiO,), O, ]
on the ionic radii of REE.
AH,, =AH+AH +x,AH, = Coxpxmnz,z 8+

+ 1390x1x2mzmzxa(A8)2/(2r) + szHIlfl (2)

However, to the best of our knowledge, no data in
the literature pertains to the enthalpies of polymorphic
transitions AH, | for the oxyorthosilicates of REEs. This
equation can still be used for performing calculations in
cases wherein the system components are isostructural
(i.e., at AH, , = 0) or wherein the amount of the
dissolved substance is significantly low (at x, = 1 or at
x, <<1)[13, 15].

While performing calculations in systems with
isostructural components, the AH_. value consists of two

factors (see Equation 3): the difference in the sizes of the
substituting structural units (AH,), and different degrees
of ionicity of the chemical bonds between the system
components (AH ). One has the following:

AH  =AH +AH = Cxxmnz z 6 +
+1390x x,mz, z a(Ae)*/(2r), (kJ/mol) 3)

Therefore, the energy of mixing can also be
determined as the sum of two factors as follows:

0. =0,+ 0. =Cmnz z 8+ 1390mz,z a(Ae)/(2r) (4)

In this equation, C denotes a constant equal to
112.6 kJ and is calculated as C = 20(2Ay + 1) [16] by
using the electronegativity difference between cations
and anions, Ay [19-20] in a pseudobinary approximation.
The term m denotes the number of formula units in the
pseudobinary approximation, calculated per mole of a
substitutable structural unit (1 + 0.5 + 0.5 =2). The term
n denotes the coordination number of a substitutable
structural unit in the pseudobinary approximation of
the structure (at the first cation position (n = 7), there
are 6 SiO,* tetrahedra and one O* ions; at the second
position (n = 6), there are 3 SiO,* tetrahedra and three
O% ions; i.e., on average n = 6.5. The terms z and
z_denote the formal charges of the substitutable and
common structural units of the components, respectively:
z, =3,asz =4 x0.5+2x0.5=3. The term & denotes
a dimensional parameter, which is calculated for each

Toukue xumudyeckue TexHosoruu = Fine Chemical Technologies. 2020;15(5):54-62

57



Determining the phase stability of luminescent materials based on the solid solutions ...

system using the volumes of the unit cells, as shown in
[1,21]. The term a denotes a reduced Madelung constant
equal to 1.9 and is calculated by the Hoppe’s formula
[22] as follows: (a/n)* + o = 1.81, where n = 6.5 is a
coordination number in the pseudobinary approximation
of the structure. The degrees of ionicity of the chemical
bond & were determined using the electronegativity
difference (Ay) between the REE anions and cations, as
provided in[19]. The y value of the SiO,* anion according
to the recommendation provided in [20] was assumed to
be equal to that of the oxide anion, i.e., 3.7 [19]. The
term » denotes the average interatomic “cation—anion”
distance in the pseudobinary approximation, and it was
calculated for one of the previously studied structures
of this structural type, i.e., Gd[(SiO,),O0,]. The
“cation—tetrahedral anion” distances for two positions
of gadolinium were considered as the sum of distances
(Gd-O + Si—0) and the “cation—oxygen” distance (Gd—-0),
not bounded to silicon [21]. In the first position:
the cation was surrounded by 6 SiO,* tetrahedral
ions and 1 oxygen atom, and the average distance
was [6 X (2.49 + 1.63) + 2.35]/7 = 3.86 A. In the
second position: the cation was surrounded by 3 SiO,*
tetrahedral ions and 3 oxygen atoms, and the average
distance was [3 x (2.39 + 1.63) + 3 x 2.30)]/6 = 3.15 A.
The average distance between the two positions of the
cation was 7 =3.5 A.

RESULTS AND DISCUSSION

Some initial data and calculations results are
presented in the table. From the table, it is evident that the
values of size parameter () do not exceed 0.1, with the
maximum value being 0.066. Consequently, according to
[13], the dependence of the decomposition temperatures of
solid solutions on the system composition will be almost
symmetric, and the 7, values can be calculated using the
Becker equation for regular solid solutions.

As the REE number increases, the contributions to
the total energy of mixing O, consequently decreases,
as explained by the decreasing difference in the size
of the replacing structural units—REE ions. Their
electronegativity values (y, ) vary non-monotonically
unlike their ion radii: they grow with increase in the
REE number in the La—Eu series, sharply decrease
during the transition to Gd, and then again increase
with increase in the REE number in the Gd-YD series.
The electronegativity of Lu, as in the case of Gd, is also
significantly low. Such a change in the %, of REEs leads
to a situation wherein the differences in the degrees of
ionicity of the chemical bonds vary within the range
of 0.001-0.019 and do not significantly affect the total
energy of mixing, which decreases with increase in the
REE number. As recommended in [13], if Ag < 0.05,
the contribution of AH_to the mixing energy can be
neglected.

The critical decomposition temperatures 7, of the
solid solutions were calculated as 7 = Q . /2kN [13],
where k denotes the Boltzmann constant and N the
Avogadro number. As can be seen from the table and
Fig. 2 (curve for x = 0.50), their T values, as expected,
decrease with increase in the REE number.

Using the values of the decomposition temperatures
of solid solutions calculated by the Becker equation, we
plotted the dependences ofthe decomposition temperature
on the REE number (see Fig. 2) for the substitution limits
x = 0.01, 0.03, 0.05, 0.1, and 0.2. These dependences
can be used to define the substitution limit for lutetium,
replaced by REE, based on the given temperature or to
calculate the decomposition temperature by using the
substitution limit [23-24]. In the first case, we must
draw an isotherm from the given temperature to the
intersection with the vertical line of this REE. From the
point of the intersection, one can estimate the range of x
values, within which the substitution limit is located. The
substitution limit should be refined by interpolating the
vertical segment between the decomposition temperature
and REE number dependences, which are the closest to
the intersection points. In the second case, the position
of a point on the vertical line of given REE is determined
by its composition, after which a horizontal line is drawn
up to the intersection with the temperature axis. These
problems can be solved more precisely by plotting the
dependence of the decomposition temperature of the
solid solution on the composition (x) for each system by
using the Becker equation.

T, K
3500
3000
2500
2000
1500
1000

500

57 58 59 60 61 62 63 64 65 66 67 68 69 70
La Ce Pr NdPm Sm Eu Gd Tb Dy Ho Er Tm Yb
Atomic number

Fig. 2. Thermodynamic stabilities of the solid solutions
of (Lu,_Ln)[(SiO,), O, systems.

However, in contrast with the previously described
systems [23-24], the component Lu[(Si0,) O, ], which
serves as a basis for solid solution formation, undergoes a
polymorphic transition from the P2 /c space group to C2/c
at 1173 K in the case of synthesis by the sol-gel method
[1], or at 1273 K in the case of synthesis by SCS [10, 17].
This affects the phase relationships in the systems. At the
synthesis temperature or operation temperature lower
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than the temperature of the polymorphic transition of
Lu[(Si0,),0,], both the components in the systems
are isostructural, and the results can be used both to
select the ratio of components in solid solutions and the
number of activators.

However, if the synthesis temperature or operating
temperature exceeds the temperature of the polymorphic
transition of Lu[(Si0,), 0, ], a complete miscibility
does not work, as the oxyorthosilicates of the cerium
subgroup, unlike Lu[(SiO,),O,,], do not undergo a
polymorphic transition to a structure with the C2/c
space group, and the calculation results without regard
to the enthalpy of polymorphic transition may be
incorrect. Simultaneously, when choosing the amount
of the activator to be introduced at low substitution
rates (usually from a fraction of percent to several
percent), the contribution of the enthalpy of polymorphic
transition to the enthalpy of mixing will be negligible,
and the calculation results in this case can be considered
indubitable.

Noteworthily, when choosing the conditions for
obtaining solid solutions, one should consider that the
temperatures of the polymorphic transitions of REE
oxyorthosilicates exceed the temperatures of their
synthesis by the sol-gel method by only 50-75 K [1],
thereby requiring highly accurate temperature regulation.

From the diagram, one can estimate the regions
of thermodynamic stability of solid solutions. Thus,
at T>T,_ (i.e., in the region above the curve for x = 0.50,
see Fig. 2) the unbounded solid solutions, synthesized
at temperatures below the polymorphic transition
temperatures, are thermodynamically stable over the
entire concentrations range, i.e., 0 < x < 1. However,
in the region below the curve for x = 0.50 (7' < T)),
the unbounded solid solutions are thermodynamically
unstable and can decay into phases with partial
miscibility. Similarly, the solid solutions with x = 0.01,
0.03, 0.05, 0.10, and 0.20 are thermodynamically stable
in the regions above the curves but are unstable in the
regions below them.

With decrease in the temperature, the structural
units of a solid solution become less mobile owing to
the decrease in the diffusion rate while the solubility
regions become smaller [13]. This phenomenon
proceeds until the diffusion rate becomes so low that
the solubility regions practically stop decreasing,
meaning that spontaneous hardening occurs and
solid solutions become metastable. If we assume that
the quenching temperature is close to the minimum
temperature at which the components in the solid
phase start interacting and thus forming a solid
solution, then we can estimate the temperature of
spontaneous hardening and the region of metastability
in the system. REE oxyorthosilicates and solid
solutions based on them are usually synthesized

at temperatures ranging from 1773 K (using the
conventional solid phase method with oxides of the
corresponding elements as initial reagents [5]) to
1173 K (using the sol-gel method [1]). The latter
agrees with the Tammann’s rule, according to which
the structural units during heating begin to interact
in a mixture of solids at a temperature approximately
50% of the melting point [25]. Below the Tammann
temperature, the mobility of the structural units is
so low that the formation or decomposition of the
solid solutions does not occur. Considering that the
melting points of REE oxyorthosilicates range from
2170 K to 2320 K [26], one can assume that when
solid solutions cool down to the temperature below
~1173 K, the mobility of the structural units will be
insufficient for the thermodynamically unstable solid
solutions to decompose; i.e., the solid solutions will
become metastable.

Therefore, in (Lu,_Ln)[(SiO,),0,,] systems
containing REEs from La to Nd, the solid solutions,
which are thermodynamically stable at temperatures
above the critical temperature (3460-1660 K, see the
table and Fig. 2), become thermodynamically unstable
and can decay when the temperature decreases within
the range between 7 and ~1173 K. This occurs if
the diffusion rate and time are sufficient for the stable
nuclei of a new phase to emerge and start growing. At
temperatures below 1173 K, the solid solutions will not
decay, meaning that spontaneous hardening occurs and
the solid solutions become metastable.

In systems containing REEs from Sm to Yb, the
critical decomposition temperatures (900-10 K) are
significantly lower than the Tammann temperature;
therefore, unbounded solid solutions do not decay upon
cooling and are stable at temperatures higher than the
critical temperatures and metastable at temperatures
lower than the critical temperatures.

The difference between the critical temperature in a
system with Pm (1260 K) and the spontaneous quenching
temperature (~1173 K) is close to the calculation error
(£100 K); therefore, it becomes difficult to predict the
decomposition temperature of an unbounded solid
solution in this system.

To the best of our knowledge, the literature contains
no data pertaining to the energies of mixing and the limits
of substitution of lutetium by REEs for solid solutions
of REE oxyorthosilicates with partial miscibility of
components. Therefore, it becomes difficult to assess the
validity of the calculations performed. However, there
are data on the compositions and temperatures during
the synthesis of solid solutions (Lu _ Ce )[(SiO,),.O,.],
where x = 0.01 at 1273 K [27] and x = 0.02 at 1373 K
[28]. The graphical dependence of the calculated
decomposition temperatures of the solid solutions
(Lu,_Ce)[(S10,),,0,,] on the mole fraction of Ce
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Fig. 3. Fragment of the dependence of the calculated
decomposition temperatures of the solid solutions
in the (Lu, Ce)[(SiO,), O, ] system on the mole fraction
of Ce. Also presented are the experimental data
for the compositions wherein x = 0.01 at 1273 K [26]
and x = 0.02 at 1373 K [28].

(see Fig. 3) shows that when x = 0.01 at 1273 K [27]
or/and x = 0.02 at 1373 K [28], the calculation results
do not contradict the experimental data. This means that
these solid solutions are in the region of thermodynamic
stability as predicted by us. Both the compositions of
the (Lu_Ce)[(SiO,),,0,,] system, i.e., with x = 0.01
and x = 0.02, synthesized at 1273 and 1373 K [27-28],
are located in the regions of solid solutions, which,
according to the calculation results, extend to x = 0.016
and x = 0.023, respectively, at these temperatures.

CONCLUSIONS

A crystallochemical approach in the regular
solution approximation was used to calculate the
energies of mixing (interaction parameters) of
solid solutions, which were based on the low-
temperature modification of lutetium oxyorthosilicate
Lu[(Si0,),,0,,] and modified with REEs for
compositions with x=0.01, 0.03, 0.05, 0.10, 0.20, and
0.5. With increase in the REE number, the calculated
energies of mixing and the critical decomposition
temperatures of the solid solutions decreased, as
explained by the decrease in the REE ionic radii
in the series from La to Yb. It was shown that the
contribution of a system component to the energy of
mixing, caused by the difference in the sizes of the
substituting structural units, was significantly greater
than the one caused by the differences in the degrees

of ionicity of the chemical bonds in the components,
and hence the latter could be neglected.

The thermodynamic stability diagrams of
(Lu,_Ln)[(Si0,), .0, ] systems were shown, allowing
to estimate not only the stability of solid solutions in
a wide range of compositions and temperatures, but
also to determine the substitutions limits for a bounded
series of solid solutions at a given decomposition
temperature or calculate the decomposition
temperature at a given substitution limit.

In (Lu,_Ln)[(SiO,),;0,,] systems containing
REEs from La to Nd, the solid solutions, which are
thermodynamically stable at temperatures above the
critical decomposition temperatures 3460-1660 K,
become thermodynamically unstable and can decay
to form the bounded regions of solid solutions at
temperatures between 7' and ~1173 K. Below ~1173 K,
they do not decay and are metastable.

In systems containing REEs from Sm to Yb,
the critical decomposition temperatures (900-10 K)
are significantly lower than ~1173 K; therefore,
unbounded solid solutions do not decay upon cooling
and remain stable at temperatures higher than the
critical ones and metastable at temperatures lower
than the critical ones.

The calculation results for the (Lu,_ Ce )[(SiO,), O]
system did not contradict with the experimental data
obtained earlier by instrumental investigation methods
for solid solutions wherein x = 0.01 at 1273 K and
x=0.02at 1373 K[26-27]. This means that these solid
solutions are located in the region of thermodynamic
stability as predicted by us.
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