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I'PAOUYECKHUE PE®PEPATDI

ObLIASA, HEOPTAHUYECKASA U PUSNYECKAS XUMUA

DoTOCTHMY/IHPOBAHHBIE POLECCHI B CTEKJIAX U CTEKJIOKPHCTAIINYECKUX
Martepuanax cucreMbl MgO-Al;03-TiO;-SiO2, MoanpunupoBaHHBIX
auddysueii cepedpa
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OPTAHUYECKAA U BUOOPI'TAHNYECKASA XUMUSA

Total synthesis of colchicine
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Strategy of C-H functionalization in the design of pharmacologically active
compounds and functional materials
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B cratbe npuBedeHbl pesynbTaThl UCCNeoBaHWA  (POTOCTUMYNMPOBAHHBLIX MPOLECCOB
KpucTannusauum B CTeknax u CTEKNoKpucTannuyeckux matepuanax cuctembl MgO-Al,Os-TiO2-SiO,,
MOAMULMPOBaHHbLIX Anddy3vent cepebpa MoHOOOMeHHON 06paboTkoM B CONEBOM pacnnaBse
AgNOs/KNO; npu  pasnuuHbix  TemnepaTtypax, Y®-obnyyeHnem 1 OOMNOMHUTENbHOMN
OLHOCTYyMeH4YaTon TepmMmudeckon obpaboTkon. [lonyyeHHble Martepuanbl ObinmvM  UCCNeLoBaHbl
MeToAaMM ONTUYECKOW U NMIOMUHECLIEHTHOW CNEKTPOCKONUK, pedppakToOMeTpun, peHTreHodasoBoro
aHanusa u usmepeHusaMu MukpotsepgocTtu. O6nydeHne CTekon, NOABEPrHyTbIX MOHOOGMEHHOMN
06paboTke, NPUBOANT K OOPaA30BaHMIO M POCTY MOJEKYNSAPHbIX KIACTEPOB M HaHo4acTuy, cepebpa,
KOTOpbIE UrpatoT Posib LIEHTPOB KPUCTaNM3aumm 1 YCKOPSIOT KpucTannm3aumio cTekna B npouecce
€ro [oMofIHUTENbHON TepMoobpaboTkM. JKCNEPUMEHTaNbHO YCTaHOBMNEHO BrusiHne Y® obnyveHns
Ha nokasaTenb MPENOMMEHUS U MUKPOTBEPAOCTb MNPO3payHbiX WM ONanecumpylowmx CTekon u
CTEKIMOKPUCTamNNNYeckux MaTepuanos, Nony4yeHHbIX Npu A4oNoNHUTENbLHON TepmoobpaboTke cTekon,
NoABEpPrHyTbIX MIOHHOMY OOMEHY.

Bubn. cceinok 31, puc. 6, Tabn. 2


https://doi.org/10.54503/0515-9628-2024.77.1-6

Kntrouesvie cnosa: cTexio, KpUCTauIM3alus, MOHHBIN 0OMeH, tudy3us,
MOJIEKYJISIPHBIE KJIacTephbl Ag.

@DOTOYYBCTBUTEIIBHBIE CHIIMKATHBIE CTEKJIA M CUTAJLIBI U3BECTHBI MHOTO
JeT W IIHPOKO HCIOJB3YIOTCA B KadyecTBe (POTOXPOMHBIX MAaTEpUAIOB,
($oTOCUTAIIIOB, B KayeCTBE ONTUYECKHX Cpen s rojorpaduu U 3amucu
uHpopmanuu [1-8]. B kauecTBe POTOUYBCTBUTEIHLHOIO KOMIIOHEHTA B 3THX
MaTepuajiaXx 4acTo HCHoib3yeTcs cepebpo. Beenenue cepebpa B coctaB
CHWJIMKATHBIX MaTE€PHUAaJIOB OCYILECTBISIETCS 100aBIEHHUEM €r0 COSIMHEHUN B
coctaB CTeKONbHOW mmxthl [9-11] wimm muddysueit monos Ag" B mo-
BEPXHOCTHBIE CJOM CTEKOJ WM CTEKIOKPUCTAJUIMYECKHX MaTepHalloB
[1,4,12].

WzBectro [1, 3, 5, 6], uto yactuiel Ag MOTYT UIpaTh PoJib LIEHTPOB
KpUCTAJUTU3AIMK B rporecce GopMUPOBaHHS CTEKIOKPHCTALIMYECKIX Ma-
TepuanoB. HekoTopblie KOMIOHEHTHI (DOTOUYBCTBUTENBHBIX CTEKON (Takue
kak coenuHenus Ce u Sb) wim npumecu (Fe, Sn) MoryT BoccTaHABIMBAThH
nonsl Ag™ 1 croco6eTBOBaTh (HOPMUPOBAHUIO METAUIMYECKMX HAHOYACTHIL
cepebpa [1, 7, 13]. Tak, B pabote [13] ObLI0 YCTAHOBIIEHO, YTO KOHIIEHTPAIINS
coenuHenuii Ce u Sb oka3piBaeT CHIBHOE BIMSHHE HAa BOCCTAHOBJICHHE
noHoB Ag" W 3Q(EKTUBHOCTH METAIMYECKHX YaCTHIl cepedpa Kak
reTepOreHHBIX HYKJIEaTOPOB KPUCTAJUTM3AIMH CTEKIIA.

V@ 06iyueHne CTUMYJIMPYET BOCCTAaHOBJIEHHE HOHOB AJ™ 1 moce 1y o-
mee oOpa3oBaHME B CTEKJIax HAaHOUYAcTHIl cepedpa. DoTroxumuueckue
Ipolecchl, MpoTrekatomue mnoj naeiicteuem Y@ wusnyudeHus B (GpOTOUyBCT-
BUTENIbHBIX CTEKJIaX, UTPAIOT KJIIOUEBYIO POJIb B U3TOTOBJICHUHU TOJIOTpa-
(UYECKUX AIIEMEHTOB IS JIa3epHO# TexHuku [14-16].

OO0pa3oBaHne HAHOUYACTHUI[ cepedpa 3HAYMTEIBHO YCKOPSET IMPOIECCHI
KpUCTaM3alii B cTekiaax. B padore [11] ObL10 mMpeanosiokeHo, 4yTo He-
OoJbIIME MOJICKYJSPHBIE KJIacTephbl cepedpa TakKe YCKOPSIOT KPUCTAILIH-
3aIMOHHBIE TIPOIECCH B CTEKIaX. bbIIo ycTaHOBJIEHO, 4TO oOmydyeHue YD
cBeToM Ag-cozepikaiiero (pOTOYyBCTBUTEIBHOIO CTEKJIA MOHMKAET TEM-
neparypy Hayaja ero Kpucrauimsanuu Ha ~ 50° [2].

MexaHn3Mbl U3MEHEHUS TOKa3aTelsi MPEeJOMIICHHsI B TPOIECCe KpHUC-
Talu3aud  (POTOUYBCTBUTENBHBIX AJ-COoAepKallluX CTEKONn Obuln 00-
cyxeHsl B [6-8, 17, 18]. PasauuHble MPOLECCH, TAKHE KaK KPUCTAILIH3AIIHs
¢bropunnsix kpuctawioB NaF [6], CaF. [11, 18] wmm dopmupoBanue
CTPYKTYpPHBIX HaIlpsDKEHUH paccMaTpuBalMCh B KauyeCTBE MEXaHU3MOB,
ONpEAESAIONINX MU3MEHEHHs MOoKa3aTess NpPeJoMJICHHs B Mpoliecce Kpuc-
TAJTU3AIMN 3TUX CTEKOJI.

HNonnblit 00MEH XOpOLIO M3BECTEH U IIMPOKO HMCIOJB3YETCS B TEXHO-
JOTHH CTEKJIOKpUCTATMUeCKuX MmarepuanoB [1, 19-22]. B pesynbrate
MOHHOTO OOMEHa TPOUCXOJUT HM3MEHEHHE XHMHUYECKOTO COCTaBa, KpHC-
TaJUIMYECKOW CTPYKTYpbl U CBOMCTB IMOBEPXHOCTHBIX CJIOEB CTEKJIOKPHC-

7



TaJuIn4eckux MatepuanoB. OOBIYHO B Mpoliecce HOHOOOMEHHOI 00paboTKu
onnosanentusie uoHbl (K'; Na'; Ag") u3 pacraBoB comel 3aMemaroT
wenounsie kKatuousl (LiT, Na*) ncxomno Haxoasimuecs B cocTaBe CTEKIa WU
CTEKJIOKPUCTAIUINYECKOTO MaTepuaia. Tak, HoHHbIH 00MeH Li*crexno + K pacn.
< Litpaon + K'oewo HCHOnb3yercs s ympounenus cutamios [20].
Huddysus Ag" nonos u3 pacmaasa cucreMbl NaNO3/AgNOs B ¢orouys-
CTBUTENLHOE CTEKJIO Obuta omucaHa B [1]. Takke, B nutepaType OomucaHO
MOHOOOMEHHOE YIIPOYHEHHE CUTAJIOB TIpH 3aMeleHud Hous Mg?* monamu
Li* [20, 21]. DToT mpomece CyIeCTBEHHO YBEIUYMBAET MUKPOTBEPAOCTL M
Moayib KOHra cTeKkIoKprCcTalIndeckoro MaTepuaia.

W3BectHO, uto cutamisl cucteMbl MQO-Al;03-SiO2, comeprkaine
pasnuunbie HykiaeaTtopbl (TiO2, ZrOz, ZrO2+Y203) [19, 22, 23, 24], mupoko
UCIIONB3YIOTCS. BO MHOTUX TPAKTHYECKUX MpuiioxkeHusix [24, 25]. Monoo6-
MeHHass oOpabotka crekon cucteMbl MQO-Al;03-TiO2-SiO2 ¢ ucmosns-
3oBanreM paciuiaBa KNO3/AgNOs wiM crenuanbHbIX MMacT MPUBOIAWT K
(OPMHUPOBAHUIO B UX MOBEPXHOCTHBIX CJIOSIX HEOOJBIIMX MOJICKYJISPHBIX
KJIaCTEepOB cepedpa M CYLIECTBEHHO IMOBBIIIACT MEXaHHYECKYIO NMPOYHOCTD
MatepuanoB [19, 22]. CepeOpo, BHEAPEHHOE B CTEKJIO, TOHMKACT TEM-
nepaTrypy ero KpucCTaJUTM3allMM U UTPaeT Pojb HyKJIeaTropa, CYHUIECTBEHHO
YCKOPSisS KpUCTAJUTM3AIUIO cTeka [22].

[enpro HacTosIIeH pabOTHI SABISIIOCH M3ydYeHHE BIUSHUS YD 00iry-
YCHHUSI HAa TEPMUYECKYIO IBOJIIOIUIO CTPYKTYPBI U CBOMCTB CTEKJIAa CUCTEMBI
MgO-Al>O3-TiO,-SiO2, moaudumpoBaruoro auddysueii cepedpa.

MaTepI/laJ'lbI H METObI

CunTe3 cTekia OblT OCYIIECTBIICH TPAIUIIMOHHBIM METOJIOM IIJIaBJICHHS
HCXOJHBIX KOMIIOHEHTOB B KOPYHJOBOM THIJIE B T€UCHHE 3 u TPHU TEeMIIe-
patype 1560 °C B Bo3aymHON atMocdepe. [TomyueHHBIH OTHOPOAHBIN pac-
I1aB ObUI OTIIMT HA HPEIABAPUTEIBHO IMOAOTPETYI0 IpaduToBYIO (GopMmy.
AHaTUTHYECKHI COCTaB CTEKJa ObUI YCTAHOBJIEH YHEPro-IUCIIEPCHOHHBIM
MetonoM, ucrnonbdyss mukpockon TESCAN VEGA 3 SBH ¢ npucraskoit
Advanced Aztec Energy setup (Oxford Instruments). OnpeneneHnbiii 3TuM
METOJIOM aHAJMTUYECKHI COCTaB cTekia coctaBui, (mor.%): Al.Oz - 18.2;
MgO -18.2; TiO; - 9.0; u SiO - 54.6. TemmnepaTypHbIi HHTEPBal CTEKIIO-
BaHMs CTEKJIa cocTansieT 716 °C+ 732 °C[22].

[MomupoBanubie 00pasiel cTekina pazmepamu 30X30X2 mm moaBepra-
JMCh HOHOOOMeHHOM 00paboTke B coneBoM paciiase 99KNO3/1IAgNOs npu
temneparypax 400 °Cuun 500 °C B TeueHune 2 unu 3 vacos.

Yactb nomydeHHbIX 00pa3noB Obl1a noaseprayta Y ® o0nydeHuro npu
MCIOJIb30BaHUU PTYTHOM nammbl Bbicokoro gasnenust (JAPT-250; Poccus).



CriekTp SMHUCCUU 3TOM JIaMITbl ObLT IpUBeEH panee B [26]. [Ipu nmpoBeneHuu
SKCIIEPHMEHTOB TIOTHOCTH MOIIHOCTH M3TydeHus coctapisna 0.3 Bm/cy?.
[Tocne Y@ o0ry4eHHs HCXOTHOE CTEKIIO, a TAK)KE 00pa3Ilbl, TOTYYCHHbBIE
B pe3yJbTaTeé HOHHOrO OOMeHa, OBLIM IOABEPrHYTHI JOIMOJIHUTEIBHOMN
TepmoobOpaboTke. Ommcanus ycnoBuit quddy3nonHon oopadbotku, YD 00-
Jy4eHUS W JOTIOJTHUTEIbHON TepMOOOPaOOTKH MTPUBEICHBI B Ta0I. 1.

Tabumua 1
TexHoJI0THYECKHE YCTIOBUS 00padOTKI MaTepUAaJIOB

ObpaszernTemnepatyp|lIponomkuren | I[Ipomomxute |Temmepary Buewnuii Bua
a b-HOCTb Jp-HOCTh Y@ |pa oOpasma
mupdysun,| auddysum, 00JyueHus, |Tepmoobpa-
c yac. MUH. 6otku, C
1 400 4 - [Ipo3paunsrit
2 400 4 3 - [Ipo3paunsrit
3 400 4 120 - [Ipo3paunsrit
4 400 4 - 900 Omnanecuupyto
Ui
5 400 4 120 900 Onanecuupyo
Ui
6 500 2 - - [Ipo3paunsIit
7 500 2 - 600 [Ipo3paunsrit
8 500 2 30 - [Ipo3paunsIit
9 500 2 60 - [Ipo3paunsIit
10 500 2 60 600 [Ipo3paunsIit

CreKTpbl MOTJIOIICHUsS] 00pa3ioB ObUTH HM3MEPEHBI B CIEKTPATbHOM
nuanazone 300+700 nu Ha cniektpodortomerpe Perkin Elmer Lambda 650.
Crektpbl (OTOTFOMUHECHCHIIMN U CIIEKTPbI BO30YKICHUS JIFOMHUHECIICHIIMN
ObLIH Hccne0Banbl Ha criekTpodiroopumerpe Perkin Elmer LS-50 B.

Kpucrammyeckass CTpyKTypa MaTepualoB HM3ydaslaCh  METOJOM
peHTreH0(a30BoOro aHanu3a, ucrnon3ys npuoop Rigaku Ultima IV.

W3mepenns MEKpOTBEpIOCTH TI0 Bukkepcy oOpa3iioB MpoBOIMIOCH HA
npudope IIMT-3 (Poccust) ¢ morpemnoctsio + 5%. Pedpakromerp MPD-
454B2M (AO JIOMO, Poccust) OblT MCIIONB30BaH Uil U3MEPEHUI IMOKa-
3aTess npesomiieHus Np CTEKON U CTEKIIOKPUCTAITMIECKUX MaTePHAIIOB.



Pe3ysabTatsl M 00CyKIeHHE

B mpouecce uonnoro obmena monsl Ag" m K' mudpdymaupyror B
MOBEPXHOCTHBIE CloM cTekaa. Yacte noHoB AQ" BOCCTAHABIMBAETCS W
dopmupyeT HeOOJbIINE MOJICKYJIsApHbIC Kiactepbl Agn (N<5) B mud-
¢by3uoHHOM citoe crekia [22]. U3sectro [1, 15, 16, 19, 22], uTo 9T Ki1acTepsl
XapaKTepU3yI0TCsS HAJIMYMEM MHOTOYHUCIECHHBIX MOJIOC JIIOMUHECICHIUH B
BUAMMOM dYacTu crekTtpa. OTHOCHTENbHBIE WHTEHCHBHOCTH ATHUX II0JIOC
JFOMHUHECLICHIIUH 3aBUCUT OT KOHIIEHTPAIMHU U pa3MepoB KIIacTepOB cepedpa.

Puc. 1 nemoHCTpHpyeT CHEKTpPhl BO3OYXIECHUS JIOMUHECHEHINH (a) U
CHeKTpsl sMuccuu (0) oopasna Nel (Tad:1. 1), moaBEprHyTOr0o HOHOOOMEHHOM
oOpaboTke. Habmiogaemple MHOTOYMCIICHHBIE TOJOCHI JIIOMHUHECIICHIIN B
BUAMMOM CIIEKTPAJHHOM [HAla30HE CBs3aHbl C 00pa30BaHHWEM B IOBEPX-
HOCTHBIX CJIOSIX CTEKJIa MOJICKYJISIPHBIX KiacTepoB cepedpa Agn [1, 19, 22,
27]. Tak, ”HTEHCUBHBIE ITOJIOCHI AMUCCUH C Amax = 560 1 ~ 605 1y MOTyT OBITH
MPUIHCAHBl SMUCCUH MOJCKYJISIPHBIX KiacTepoB Ags [27]. DxcneprMeHTHI
Mmokazanu, 4ro usMeHeHus Temiepatypbl (ot 400°C o 500°%) wu
IIPOI0JIKUTEIBHOCTH HOHOOOMEHHON 00pa0OTKHU BIUSIOT HA OTHOCUTEJIbHbIE
WHTEHCUBHOCTH ITMKOB SMUCCHH H TIOJIOC BO30YKICHHUS IIOMUHECLIEHIINH, HO
00N BH]I CTIEKTPOB COXPaHSIICS.

Intensity, a.u.
Intensity, a.u.

230 280 330 380 430 480 330 380 430 480 530 580 630
Wavelength, nm Wavelength, nm

a) 0)

Puc.1.a CnekTpbl BO3GY¥aeHUa niomuHecueH-  Puc.1.6 CnekTpel (hOTONMOMWHECLEHUNK CTEKNa,
UMW cTeKna, NoABeprHyToro WOHOOGMeHHOW  NOABERrHYTOro MoHoobmeHHoW obpaboTke (06-

obpaboTke (oGpasey 1). AnuHa BonHbl aMue-  pasey 1). OnuHa BonHel BoabyxaeHUS [THOMU-
cun, HM: 400 (kpusas 1); 490 (kpneas 2); 590  HecueHuum, Hu: 300 (kpusas 1), 400 (kpusan 2);
(kpnBagq 3). 420 (kpuBasa 3); 500 (kpusas 4).

ComnocraBnenue puc. l.a u puc. 1.0 mokassIBaeT, 4TO B CIEKTPAIHLHOM
muanazone A = 380+430 wm HaOmMOmaeTcs MEepeKphITHE MOJOCHl IMHUCCHH
(xpuBast 1 (Asoss. = 300 mm), puc. 1.6) u MONOCH BO30OYXIACHHS JIFOMHUHEC-
ueHnuu (kpuBast 3 (Asw. = 590 xum, puc. 1.a). TO MO3BOIISET NPEATIOIOKUTD
BO3MOXXHOCTh TIEpeladd DHEPTHH BO30YKICHHUS MEXIYy MOJCKYJISIPHBIMU
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KJIactepaMu cepebpa pa3IMyHOTO pa3Mepa WU Tpolecca peadbcopOumm
U3Iy4deHus. MajeHbKHe MOJICKYJIIpHbIC Kiactepbl cepedpa Agn (n<5),
UMEIONIME TI0JIOCHI TOrJomeHuss B Y@ nuama3oHe MOMIONIAI0T KOPOT-
KoBOJIHOBOE m3nyuyeHue (300 #u) u MOTYT mepeaTh SHEPTUI0 OONBIIUM 10
pa3Mepy Kiactepam cepeOpa, KOTOphIe H3IIyYaroT CBET B JKENTO-KPacHOM
obmactu criektpa (590 mm).

, 40

w

Intensity, a.u.
u
Intensity, a.u.
w
Intensity. a.u.

0.
430 as0 330 380 430 480 530 580 630

560 600 230 280 330 380
‘Wavelength. nm Wavelength, nm

440 480 520
‘Wavelength, nm

a) &) B)
Puc.2.a.CnekTpbl Puc.2.6. CriekTpbl B03ByKaeH!s Puc.2.8. CNeKTpbl 3MACCHA CTEKNa,
¢ OTONOMUHECLEHLWK TIIOMUHECLEHLUM CTEKNa, MOABePrHyTOro NoABeprHyToro MOHOOGMEHHOIR
obpasyos 1 (kpueas 1) n 2 WCHHOMY 0BMeHY 1 nocnegyroLemy Yo obpaboTke 1 YP 0Bny4eHuo B TeHeHKe
(kpuBas 2). InnHa BONHbI 06nyyeHnio B Teuerne 30 MUHYT (oBpasey 30 MuHYT (o6pasel| 7). [AN1Ha BOMHbI
B036yAeHUA 7). ANnHbI BOMH aMrccum, HM: 400 (Kpusas BO3BY#AEHNA MIOMU-HECLIEHLIM, HM:
NIoMUHECUEHLUMN 400 HM. 1); 490 (kpueas 2); 590 (kpueas 3). 300 (kpueasn 1); 400 (kpusan 2); 420

(kpuBasn 3); 500 (kpuBas 4).

Puc. 2.a nokaspiBaeT BiHsHUE KpaTKoBpeMeHHOro Y® olmydeHus Ha
CIIEKTP AIMHCCHUH CTEKJIA, IPEIBAPUTENBHO TOABEPTHYTOrO HOHHOMY OOMEHY.
3HaYUTEeNbHOE YBEJINYEHNE HHTEHCUBHOCTHU MOJIOC JTIFOMUHECIIEHIIH (IOYTH
B 2 pa3a) HaOII01aI0Ch B CIIEKTPE CTEKIIA, MOIBEPTHYTOTO0 HOHHOMY OOMEHY,
yxke nociie Y® o0iydeHus B Teuenue 3 mun (puc. 2.a). IToT GakT mo3BoIseT
[PEANOIOKHUTh, YTO HOHBI AQ’ pacronokeHsl B HOHOOOMEHHHOM CJIO€
cTeksa OJIM3KO APYT OT JIpyTa.

Puc. 2.a,6,B 1eMOHCTpUPYET CIIEKTPBI BO30YKACHUS TIOMHUHECIICHIINT
(a) u smuccun (0) MOABEPTHYTOr0 HOHHOMY 0OMeHy oOpasma Ne7 (Tabir. 1)
nocie ero Y® o0nyuyenus. ConocrapieHue puc. 1 u puc. 2 noka3plBaer, 4To
WHTEHCUBHOCTH BCEX MUKOB KaK B CIIEKTPE BO30YKIACHUS JTFOMUHECIICHIIHH,
TaK M B CIIEKTPE SMHUCCUHM CHIBHO (0OJjiee 4eM Ha TMOPSAIOK BEITHYUHBI)
BbIpociH. Takxe, MUKU CTali 0oJiee Pe3KUMHU U UX pa3pelIeHne 3HAYUTEIbHO
yBenuumwioch. Takum  obOpazom, VY@ obnydyeHue cTekia, MOJHU-
¢unmpoBanHoro auddysueit cepedpa, 3HAUUTEIBHO YBEIMYMBAET WHTEH-
CUBHOCTb €r0 JIIOMUHECLIEHIIUHU 32 CUET BOCCTAHOBJICHUS JOMOJIHUTENbHbIX
KOJIMYECTB HOHOB AQ™ C MOCIENYIOIUM 00pa30BaHUEM JIFOMUHECIMPYIOIIUX
MOJIEKYJISIPHBIX KJIacTepoB cepebpa.
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Puc. 3 wumocTpupyeTBIMSHHE JUIMTSILHOCTH Y@ o00iydeHHs Ha
CHEKTPHI JTIOMUHECLIEHIIMU CTEKIIA, NPEIBAPUTENBHO MOABEPTHYTOTO MOHO-
oOMeHHOI o00pabotke mpu 500°C B Teuenue 2 u. bonee mmTenbHOE
00Jy4YeHHe yMEHbBIIAET JIOMUHECIEHLUIO CTEKJIa B CHHEM CHEKTPaJIbHOM
nuanazoHe (puc. 3.a) ¥ yBEIWYMBAET WHTEHCHUBHOCTH JIIOMUHECLEHIMH B
KpacHoii obnactu criektpa (puc. 3.0).

UzBectHo [27], uTo oOwmEell TeHAEHUMEW SBISETCS CIOBUT IOJIOC
JIOMHHECIEHIIMU MOJIEKYJISIPHBIX KJIACTEpPOB cepedpa B JIMHHOBOIHOBYIO
YacTh CIEKTpa MPH YBEIMYCHWH WX pa3MepoB. Takum oOpas3om, Haliro-
JlaeMble M3MEHEHHs B CHEKTpax JIOMUHECICHIUU (CIABUT TMOJOC JIOMHU-
HECIICHIIMM B KPAacHYIO 00JacTh CIIEKTpa) MOXKET OTPa)kaThb yBEIHMUCHHE
pa3MepoB MOJIEKYJISIPHBIX KJIAcTepoB cepedpa Mpu yBEIMYEHUH JJIUTEIIb-
HocTH Y@ 00yueHuUs.

80
1004

[-.]
=]
1
o
=]
I

Intensity, a.u.
-9
(=]
(-3
<

Intensity, a.u.
e
=
i

N
hd

350 400 450 500 550 450 480 510 540 570 600
Wavelength, nm Wavelength, nm

a) 0)

Puc. 3. BnusiHne npoaomkutensHocTn YO obnyyeHns Ha cnekTpbl POTOMOMUHECLIEHLMM
(Aex. = 300 HM (a) 1 400 HM (6)) cTekna nocne noHoobmeHHom obpaboTkm npu 500 °C'B
TeyeHue 2 4. [AnutenbHocTb YO obnyyvenns: 30 muH. (kpmueas 1), 60 muH (kpusas 2).

Pa3nuiia Mexay HHTEHCUBHOCTSIMHU (DOTOTFOMUHECIICHIINU O0TYYSHHBIX
00pa31oB Ne8 1 Ne9 OTHOCUTEIILHO MaJjia [0 CPABHEHUIO C Pa3IUIUEM MEXKITY
BBICOKMMHM MHTEHCUBHOCTH (DOTOJTFOMUHECIICHIINY THX 00pa3IoB U MaJIOi
WHTEHCUBHOCTBIO AYMUCCHH HE0OIydeHHOro obpasua Ne6. JlomonmauTepHOE
Y@ o6nydenue B TeueHue 30 mun obpasna Ne7 ciiabo BIAUSCT HA KOHIICHT-
panuio MOJIEKYJISAPHBIX KJIacTepoB cepedpa, HO HECKOJIbKO HM3MEHSET HX
pacmpesesieHue mo pa3Mepam. ITO MO3BOJISET MPEAIOIOKUTE, UTO rociie Y D
o0nyuenus B Teyenne 30 mun BoccraHoBiaeHre MoHOB Ag' u 0OpazoBaHue
KjacTepoB Agn B 00JIy4eHHBIX 00pa3ax NpakKTUYECKU 3aBEPILIEHO.
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IIpouecchl KpUCTAIIM3ALUA

[Tocne repmoobpadoTku npu 500 °C 06pa3ibl COXpaHIIOT BU3YaTbHYIO
mpo3paqHocTh. OJHAKO, Ha pEHTreHorpamMme OOJIydeHHOTro obOpasma NelO
HAOIOTAIOTCST  HEOOJBIME MUKW, KOTOPhIE MOTYT OBITh TPHUIHCAHBI
NeTANINUTO-000HO# KpucTandeckoii ase [25, 28] (metanut — LiAlISisO10)
(puc. 4.a). Dra xkpuctauimyeckas (asa dYacto MPOSABISICTCA B
CTEKJIOKpUCTA/UINYECKUX Matepuanax cucremsl MgO-Al,0s3-SiO; [25, 28,
29]. Takxe, puc. 4.a TOKa3pIBACT OTCYTCTBUE KAKMX-THOO MHUKOB HA PEHT-
reHorpaMMe HeoOJy4eHHOro oOpasma Ne7. HaOGmomaemoe pazmuuue B
pPEHTreHOrpaMMax CBs3aHO ¢ Oojee 3(p(EeKTHBHBIM YCKOPCHHUEM KPHCTAI-
JU3alluy CTEKJIa COeTMHEHUAMHU cepedpa B 00IydyeHHOM oOpasiie.

@ petalite-like phase

c
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3
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2
F
g
s
T
=y @ s =
2 G| 5 . £z
z gl 3 & £ _ 5 £ 5
£ E 3 & EeT ¢ E E £ ¢
e 39 =] - 2
£ 1 zTg| 23%s3 % s 53
= =8 g FEEY Y Z 558 £ %
£ fzzSz g » 2% 2 2
F3 & 582888 ¢ =5 I 3
? W o =t ® 3 M
ESnll i4cifdgy ot 2 = -
i | S=Eo T o2 & g 3 =
= \ EFgsy ol §2 B Fd -
™ e 484 T 9] SE g 43 2
Wn @ A a
: , : . , y R e P
15 20 25 30 35 40 45 50 55 60 15 20 25 30 35 40 45 S0 66 60 65 70 75 80
2-Theta, degrees 2 Theta, degrees
a) 0)

Puc. 4.a. PeHTreHOrpaMME! 06pasiios 7 (kpHBad Puc. 4.6. Pentrenorpamma o6pasna 3

1)u 10 (kpuBas 2)

Kpucrammuzamust crekna npu 900 °C mpoTtekaeT OBICTpO W 00pasiibl
CTaHOBSTCS ONAJECHUPYIOUIMMU IOCTEe TEPMOOOPAOOTKU MPH TOW TemIle-
parype. Puc. 4.0 moka3piBaeT peHTreHOrpaMmy oOpasia NeS5, Ha KOTOPOH
BUIHBI TMHUKH Pa3In4HbIX Kpuctauimueckux ¢a3 (mmuHens MgAILOqs;
TBEPIBI PAcTBOp CO CTPYKTYpO# [-KBapua; MarHueBO-aTIOMHUHHUEBBIN
tuTaHat). POpMHUpOBaHHE OTHX KpPUCTAJUIMYECKHUX (a3 B CTEKIOKpPHUC-
tTajutnueckux marepuanax cucrembl MgO-Al203-SiO2 B mpouecce Kpuc-
TaJUTM3AllMM MaTepuaia COOTBETCTBYET paHee OIyOJMKOBAaHHBIM JaHHBIM,
onucanHbM B [25]. Taroke, cieayeT OTMETUTh NMPUCYTCTBHE HA PEHTIe-
HOTpaMMe IMUKOB METALTHYECKUX AJ HAHOYACTHII.

Puc. 5 neMoHCTpHUpPYET CEKTPhI CBETOOCIA0IEHH HCXOAHOTO CTEKIa
(xpuBast 1) u obpasuoB 7 (kpuBas 2) u 10 (kpuBas 3), MOABEPrHYTHIX TEP-
Moob6pabotke mpu 600 °C. O6a obpasnia cOXpaHSIIOT BH3YaIbHYIO TIpO3pad-

13



HOCTb IT0CJie TepM0o00OpaboTku. OJHAKO YPOBEHB CBETOOCIA0ICHHMSI, KOTOPBIT
ompeieisieTcss Kak IOIVIONCHHEM CBeTa, TaK M €ro paccesHueM
ysemmumBaercs (K ~ 0.3 cv?) B oGomx TepMooGpabOTaHHBIX 06pa3lax
(xpuBble 2 1 3) MO CpaBHEHHUIO C MCXOAHBIX cTekyioMm (kpuBas 1). Cnemo-
BaTEJIbHO, OCHOBHOI BKJIAJ]] B YBEIWYEHHE CBETOOCTAOJICHHUS BHOCHUT POCT
paccesiHUSL CBETa, CBS3aHHBIM C HAYaBIOIMMCS MPOTEKaHWEM B TepMoOpa-
0OTaHHBIX 00pa3IaX MPOIECCOB KPUCTAIIITN3AIINH.

HeGomnpimme mosiochl MOTJIONICHHsI CBeTa HaHo4acTuliamMu Ag HaOITo-
Jar0TCs B criekTpe o0iydenHoro oopasia 10 (puc. 5, kpuBas 3). Hamwuue
JIBYX HEOOJIBIIINX MAKCUMYMOB MOJKET OBITh CBSI3aHO ¢ Hecepuieckont op-
Moii copMHpOBaBIIMXCS HaHOYacTHUI[ cepedpa [30,31].

-
oo

¢

-
[

-
N

Absorption cosfficient, em-!

Puc.5. CnekTpbl cBeToOCnabneHWs MCXogHOro
do e W W cTekna (kpusasa 1) n obpasuyos Ne7 (kpueas 2) u
Ne10 (kpueasa 3), noaBeprHyThixX
TepmoobpaboTke npw 600 °C

Absorption cofficient, cm-1
5: o
(=] w

e
w

=

360 410 460 510 560 610 660
Wavelength, nm

Puc.5 nokaspiBaer, 4To motepu cBera B oOpasue Ne7, HE TMOABEpraB-
memMycsi 00JydeHuro, (KpuBasi 2) 3HaYMTEIHHO BBIIIE, Y€M MOTEPH CBETA B
ucxonHoM crekie (kpusas 1). Oto siBneHue mpossisercs 3¢gdexkrom mpen-
KPUCTAJUTU3AIMOHHBIX TPOIECCOB, MPOTEKAIOUIMX BO BHYTPEHHHX CIIOSX
CTeKJIa, He cojepkalmux cepeOpo. B crarbe mpuBeneHbl pe3ynbTaThl HC-
ClIeIOBaHM (POTOCTUMYITHMPOBAHHBIX MPOLIECCOB KPUCTAIUTM3ALINY B CTEKJIAX
U CTEKJIOKpHUCTaTHueckux marepuaiax cucteMbl MgO-Al20s3-TiO2-SiO,
MoaudunmpoBanneix nuddysuerr cepedbpa Crexino MoaupuUIEpPOBATH
HMOHOOOMEHHOM 00paboTkoii B coneBom pacmiaBe AgNO3/KNOs mpu pas-
JUYHBIX Temreparypax, Y D-o0iyueHreM U JOMOTHUTEIbHON OJHOCTYIICH-
4aToil Tepmuueckoil o0paborkoil. IloidydyeHHsle Marepuansl ObLIM HC-
CIIEZIOBAaHBl METOJAMH ONTUYECKOW M JIIOMHUHECLUEHTHOW CHEKTPOCKOIHH,
pedpakTOMeTpUH, PEHTreHO(Pa30BOro aHalM3a U H3MEPEHUSIMH MUKPOT-
BepaocTu. OO0iydeHne CTEKOJ, MOJIBEPTHYTHIX MOHOOOMEHHOUW 00paboTke,
MPUBOJIUT K 00pa30BaHUIO U POCTY MOJIEKYJISIPHBIX KIaCTEPOB U HAHOYACTHULL
cepebpa, KOTOpbIE WIPAIOT POJIb LEHTPOB KPUCTAIUIM3ALMH U YCKOPSIOT
KPHUCTAJLTU3AIHMIO CTEKJIA B IPOLIECCE €T0 JOMOTHUTEIBHON TEPMOOOPaOOTKH.
DKCNEpUMEHTAIBHO YCTAaHOBICHO BiusiHUE YD 00ayyeHus Ha MoKaszareib
MPETOMJIEHUSI U MUKPOTBEPAOCTb MPO3PAUYHbIX U ONAIECHUPYIOUIMX CTEKOJ

14



U CTEKJIOKPUCTAJUIMYECKUX MAaTEPHUAJIOB, IOJYUYEHHBIX NP JOTOJTHUTEIHHON
TepMO0OpabOTKE CTEKOJI, MOABEPTHYTHIX HOHHOMY OOMEHY.

CriekTpbl (POTOTIOMHHECIICHIIUH OMaJIECHUPYIOMUX 00pa3oB Ne 4 u
Ne 5, moaBeprayThIX TepMoobpabotke mpu 900 °C mpuBeaeHBI Ha puc. 6.
Habnromaemble MHTEHCUBHOCTH MTUKOB SMUCCHH MOJICKYJISIPHBIX KJIACTEPOB
cepebpa Majbl IO CPaBHEHHIO ¢ MHTEHCHUBHOCTHIO NMUKOB, HAOIIOJAEMBIX B
CHEKTpax CTeKJa JI0 ero kpucrawuzauuu (puc. 1-3). Puc. 6 nmokaspiBaet, 4To
WHTEHCUBHOCTH IHUKOB YMHCCUU HEMHOTO BBIIIE B 00ydeHHOM Y® cBeToM
oOpa3siie Ne 5, 10 CpaBHEHHIO U MHTEHCHBHOCTBIO IMMKOB B 0Opasie Ne 4, He
nojBeprasuemMycs o0aydeHuro. [IpucyTcTBre MaleHbKUX JTIOMUHECIUPYIO-
IIMX MOJIEKYJISIPHBIX KJIacTEpOB cepedpa B MaTepHaiax, MPOKaJCHHBIX MPH
OTHOCHUTENLHO BbICOKOW Temreparype (900 °C) MoxkeT OOBSICHATHCA Kak
BBICOKOW BS3KOCTBIO CTEKJA, TaKk M (QOpMHUpOBaHHEM «IU(PPY3HOHHOTO
Oapbepa», OKpYIKAIOIETro KIIAcTephl cepedpa M MPEeMsATCTBYIOIIErO MX ar-
peraruu u pocty [11].

0.6

=
=
1

Puc. 6 Cnektpbl OTONOMWHECLEHLNN
obpasuos Ne 4 (kpueble 1,2) n Ne 5 (kpuBble
3, 4). InnHa BonHbl BO3OY¥AEHUA NHOMUHEC-
ueHuun, AM: 350 (kpueele 1, 3); 420 (kpusble
2, 4).

Intensity, a.u.

0.2

400 a5 s00 | ss0 60 6
Wavelength, nm

BBbIMOTHEHHBIE SKCIIEPUMEHTBI MOKA3aJd, YTO TPOIECC KPUCTAIUIH-
3al[d 3aMETHO W3MEHSET ONTHYECKHE M MEXaHHYEeCKHUE CBOMCTBA CTEKOI
cuctembl MgO-Al>03-TiO2-Si0,, mogudunnpoBaHHbIX 1uddy3uei cepedpa.
Pe3ynpraThl M3MEpEHHI MHKPOTBEPAOCTH M IOKA3aTelNsl MPEIOMIICHHS
00pas3IoB NMPUBEACHBI B TA0I. 2.

Tabamnuna 2
IMoka3aTenn npeoMIIeHHsI 1 MUKPOTBEPIOCTH 00Pa3LoB
CTEKOJI M CHTAJLJIOB

O6paszen MuxkpoTtBepaocts, Mlla ITokazarenn
peIOMIICHHS Np
4 832 1.6072
5 1038 1.6064
7 861 1.5786
10 977 1.5816
VcX0aHO€E CTEKIIO 836 1.5908
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BenuuuHbl MUKPOTBEPIOCTH BCEX OOpa3LOB, MOABEPTHYTHIX HOHHOMY
o0MeHy ¢ MocleAyromei TepMooOpabOTKOM, BBIIIE, YeM 3HaYCHHE MHUKPOT-
BEPJOCTH HCXOJHOTO CTEKJIA. DTO SBICHHE HAOII0JAIOCh B [22] B MOTIJIO
OBITh CBSI3aHO KaK C U3MEHEHUEM XHMHUYEKOTO COCTaBa M KPUCTAIUTMYESCKON
CTPYKTYpbl MaTepuajia B IMOBEPXHOCTHOM CJO€ Marepuana, Moauduimpo-
BaHHBIM HMOHHBIM OOMEHOM, TaK U JIeHCTBHEM C(OPMUPOBAHHBIX IPU 3TOM
BHYTPCHHUX HAIPSKESHUA.

W3mepenust mokaszarens IMPeIOMJICHHS W MHUKPOTBEPAOCTH IMOKa3alH
3HaYuTeNbHOE BIUsSHHE Y@ 00mydeHUs Ha CBOMCTBa 00pas3IoB, MpeaBa-
PUTENBHO TMOABEPTHYTHIX HOHHOMY oOMeHy. [IpenBaputensnoe YO o6my-
gyeHue 00pas3moB Ne 5 1 Ne 10 CyIIeCTBEHHO YBEIHYMBAET UX MUKPOTBEPAOCTD
M0 CPaBHEHHIO C HEOOJMydeHHbIMU oOpasuamu Ne 4 u Ne 7. HaGmomaemoe
SIBIICHHE MOXET OOBSCHATHCS HEKOTOPBIM pa3indMeM B KPUCTAJUTUYECKOM
CTPYKTYpe OOJIyuYeHHBIX U HEOOIy4eHHBIX 00pa3IoB.

[Tokazarenb nMpenoMIICHUS TPEABAPUTEIHHO 00IyYEHHOTO PO3PAYHOTO
obpaszua 10 Bbllle, yeM IMOKa3aTellb NPEJIOMIICHHsS HEOOJIyuYeHHOIro Mpo-
3padHoro obpasma Ne 7, U pa3HHIA B ITOKA3aTeNsAX MPEIOMIICHUS 00pa3LoB
nocturaer 3107, ManeHbKkue KpHCTAIUIBI, MMEIOIIME METATUTO-TION00HYIO
CTPYKTYypy, HaOJII0adich Ha peHTreHorpaMmme obpasua Ne 10. OgHako, ux
XMMUYECKUH COCTAB U MOKA3aTelb MPEIOMICHHS HEU3BECTHBI.

B omimmume oT mpo3payHbIX 00pas3oOB, IMOKAa3aTeldb MPETOMIICHHS
00JIy4eHHOTO omnajecuupyromero oopasmna Ne 5 Huxke, 4eM y He0OJIy4eHHOTO
obpazua Ne 4. B aTux oOpasmax pasHMIA B TIOKa3aTeNsAX IMPETIOMIICHUS
cylecTBeHHO MeHbIue (8-107%).

OU3MKO-XUMUYECKUE MEXaHH3MBbI, ONPEACISIONINe HAOII0IaeMbIe 13-
MEHEHUS TI0Ka3aTelIsl MPEIOMIICHHs TPEOYIOT JOTOIHUTENLHOTO I€TAIEHOTO
uccrenoBanua. TeM He MeHee, MOJyYeHHbIE AKCIEPHUMEHTAILHBIE Pe3yIib-
TaThl CBUACTEIBCTBYIOT O TOM, 4T0 cTeki1o cucteMbl MgO-Al203-TiO2-SiOz,
MonudunrpoBanHoe auddysueit cepedpa, AEMOHCTpUPYET (HOTOUYBCTBU-
TEJNbHBIE CBOMCTBA M MOXET OBITh NMEPCIEKTUBHO JUIS PAa3IUYHBIX OITH-
YECKUX MPHIIOKEHUM.

3akiaouenune

UccnenoBanus mokazanu, 4ro Y® oOgydeHHe CTHMYIUPYET pOCT
MOJIEKYJISIpHBIX KiacTepoB Agn (N <5) u oOpa3oBanue metauindeckux Ag
HAHOYACTHI[ B MOBEPXHOCTHBIX CJIOSIX CTEKOJ M CTEKJIOKPHUCTAJUTMYECKUX
matepuanioB cucteMbl MgO-Al,03-TiO2-SiO2, MomuduipoBaHHBIX TU}-
(dy3ueit cepebpa. ITO CYIIECTBEHHO YCKOPSIET KPUCTATUTM3AIMOHHBIC TPO-
LIECCHI B CTEKJIE NP €T0 JOMOIHUTENbHOU TepMooOpadoTke. Y® obimyueHue
CYLIECTBEHHO W3MEHSET KPUCTAJUIMYECKYIO CTPYKTYpY, MOKa3aTesb Ipe-
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JOMJICHHST ¥ MHKPOTBEPIOCTh CTEKJIOKPHUCTAUTUYECKUX MATEPUAIOB CHC-
tembl MgO-Al203-TiO2-SiO2, MomudunmpoBanubix auddysucii cepedpa.
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PHOTOSTIMULATED PROCESSES IN GLASSES AND GLASS-
CRYSTALLINE MATERIALS OF THE MgO-Al:03-SiO2 SYSTEM MODIFIED
BY SILVER DIFFUSION

EVSTROPIEV S.K.}?3, BULYGA D.V.1%, SHASHKIN A.V.5, DUKELSKY K.V.13
STOLYAROVA V.L.45 MANUKYAN G.G.5, KNYAZYAN N.B.5,

LITMO University, Saint Petersburg, Russia
2 St. Petersburg State Technological Institute (Technical University), Saint Petersburg, Russia
3 JSC "Research and Production Corporation S.1. Vavilova", Saint Petershurg, Russia
4 St. Petersburg State University, Saint Petersburg, Russia
5 Grebenshchikov Institute of Silicate Chemistry, Russian Academy of Sciences, Saint
Petersburg, Russia
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The article presents the results of studies of photostimulated crystallization
processes in glasses and glass-crystalline materials of the MgO-Al,O3-TiO-SiO; system
modified by silver diffusion. The glass was modified by ion-exchange processsing in
AgNO3/KNO; salt melt at different temperatures, UV irradiation and an additional one-
step thermal treatment. Received materials were studied using optical and luminescent
spectroscopy, refractometry, X-ray phase analysis and microhardness measurements.
Irradiation of glasses subjected to ion-exchange treatment leads to the formation and
growth of molecular clusters and silver nanoparticles, which play the role of
crystallization centers and accelerate the crystallization of glass during its additional heat
treatment. The effect of UV irradiation on the refractive index and microhardness of
transparent and opalescent glasses and glass-crystalline materials obtained by additional
heat treatment of glasses subjected to ion exchange has been experimentally established.
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O BJIUSTHUM CEPHUCTOT'O TA3A HA KHHETHKY LEITHOM
PEAKIIMU OKUCJIEHUSI BOJOPOJIA
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M3y4eHo BN1siHNME CEPHUCTOrO ra3a Ha NpoLecc oKMcneHns Bogopoaa. lNokaszaHo, 4To peakums
OKMCINEHUst BOAOPOAA B MPUCYTCTBMM CEPHUCTOro rasa B obractu camMoBOCNIaMEHEHUs Mpu
onpefenéHHbIX ycrnoBusiX (4aBneHve, TemnepaTtypa, COCTaB rasoBOW CMEeCW, BPEMSsI KOHTaKTa)
npotekaet B KonebaTenbHOM pexvMe W COMpOBOXAAeTCs CBeTou3nydyeHuem. [lokasaHo, 4To
CEPHUCTbLIV ra3 B MasblxX KONMYECTBax U Npu NoHWXKeHHbIX TemnepaTtypax (700 K - 900 K) oka3biBaeT
3HaAUUTENbHOE YCKOpsiloLLee BO3LENCTBME Ha NPOLEeCC OKUCNEeHWs BoAopoda. 1o KMHeTuyeckum
KPVBbLIM pacxoa K1crnopoaa Ans pa3HbiX Temnepartyp, KOTopble Obinv Nony4YeHbl PaCYETHBIM NYTEM,
onpefeneHo 3HaveHne aEeKTUBHOM SHEPrMKN aKTMBaLMK Ansi npolecca B uenomM. ConocrasneHne
3KCMEPUMEHTAlbHbIX AaHHbIX, MOMYyYEHHbIX NPY OKUCIIEHUM BOAOPOAA B MPUCYTCTBUM CEPHUCTOrO
rasa C pesynbTatamy pacy€ToB npedniaraemMon MOAENVW UCCNeayemoro npoiecca, nokasano
Xopollee coBrnageHve. BbIACHEHO, YTO MPOLIeCC OKMCMEHNst BOOOPOAA B NPUCYTCTBMU CEPHUCTOrO
rasa npoTtekaeT Mo BbIPOXXAEHO-LENHOMY MEXaHW3MY 1 CYLLLEECTBEHHYIO POfb B NPOTEKaHWUK npoLecca
urpaeT NepPBUYHBIN NPOAYKT NPEBPAaLLEHNs CEPHUCTOrO ra3a — 3akucb cepbl (SO).

Bubn. ccbinok 30, puc. 8, Tabn. 3.

K1oueBble cjI0Ba: OKHCIICHHE BOJIOPOJA, CEPHUCTBIN aHTHIPUA, cepa,
CBETOM3ITY4YCHHE.

BBEJIEHUE

B nHacrosmiee BpeMsi BecbMa aKTyalbHOH SBISETCSA MpolieMa yTHiIn3a-
LMY CEPHUCTOTO r'a3a, BEIOpackIBa€MOro B aTMoc(epy ¢ OTXOASIUMU ra3aMu
TEeIIOEMKHUX MpOou3BOACTB. B pabotax [1-3] mokazano, 4To B mporiecce
TOpPEHHsI BOJOPOA-KUCIOPOIHBIX CMecel, M0OaBKM CEPHUCTOTO Ta3a MOJI-
BEPraloTcs XMMHUYECKOMY IpEeBpalleHHI0 ¢ oOpa3zoBaHueM cepbl. Heobxo-
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JMMO Tak)K€ OTMETUTh, YTO CEPHHUCTHIN Ta3 B Mpolecce FOPeHHs BOJOPO/I-
KHCIIOPOJIHBIX CMECeH, ITOJIBEPrasiCch XUMUYECKOMY ITPEBPALLIEHHIO, OTHOBPE-
MEHHO OKa3blBaeT BJIMSHME HAa JMHAMUKY IIpOLEcca, U, B 3aBUCUMOCTH OT
YCIIOBUI MPOTEKaHMs IMPOLecca, MOXKET OKa3bIBaTh KaK MPOMOTHPYIOIIEE,
TaK U MHrHOUpYyrolee Biausaue [4-6].

[Tpu onpeneneHHbIX AABIECHUAX, TEMIIEpaTypax M CKOPOCTSIX MPOXOK-
JICHHsI Ta30BOM CMECH 4Yepe3 PeakTOp BO3HUKAET HOBOE SIBJICHHE: MPOIECC
HU3KOTEMIIEPATyPHOT0 FOPEHUs U3 peXUMa HEIPEPHIBHOIO IUIAMEHU Iepe-
XOIMT B KOJICOATEIBbHBIN PEKUM, XapaKTEPU3YIOLIHICS ITOCIIEI0BATEIbHBIMH
CBETOBBIMU BCIIBIILIKAMHU OMPEEICHHON YaCTOThl U UHTEHCUBHOCTH [7, 8].

Jannas paboTa MOCBSIIEHA M3YYEHUIO XHMHYECKOTO IPEBPAIICHHS
JMOKCHUIAa Cephbl ¢ 00pa30BaHHEM 3JIEMEHTAPHON Cephbl B PEKUME HU3KOTEM-
MEepaTypHOTO ropeHusi 00raToil BOJAOPOA-KUCIOPOAHON cMecu ¢ J00aBKOH
cepHucToro rasa. [Ipouecc okucnenus Bogopoia B IpUCYTCTBUU CEPHUCTOTO
raza u3ydaiu B KojeOaTenbHOM pexkume. CrnenmanbHO pa3zpaboTaHHAs
METOJIMKa TIO3BOJISUIA PETUCTPUPOBATH CBETOM3IYUYCHHE W aHAIM3UPOBATh
JaHHbIE N0 MHTEHCUBHOCTH, YaCTOTE€ W JUHAMMKE BCIBIIIEK, KOTOPBIMHU
COIIPOBOKAAJIOCH XUMHUYECKOE MPEBpaIlIeHUE B KOJIEOATEIILHOM PEeXUME, U
9TH JaHHBIE COTIOCTABIISUIM C PE3yJIbTaTaMH, MOJTYYSHHBIMH PACUETHBIM ITy-
TéM. COOTBETCTBUE HKCHEPUMEHTAIBHBIX JAaHHBIX U PE3yJIbTaTOB PacuyeToOB
MO3BOJMJIO TMPUMEHHTHh METOJ] YHCIEHHOTO MOJENIUpPOBaHHA uii Oojee
MoIPOOHOTO aHAIM3a KHHETUKH U MEXaHW3Ma N3y4aeMoTo MpoIiiecca.

IKCIHEPUMEHTAJIBHAS YACTb

OKCHEpUMEHTBl MPOBOAWIM HAa BaKyyMHOH INPOTOYHOH YCTaHOBKE,
cxema KOTOpO# mpuBeneHa Ha puc. 1. B kadecTBe peakTopa MCIONB30BAIN
kBapuesblil muwmHAp (=80 mm, 1=230 mm). Cmech pearupyrommx ra3os
TOTOBWJIM B CTEKJISIHHBIX OaioHax (12), mpuCOeOMHEHHBIX K KOJUIEKTOPY
(14), oTkyna oHa mMOJ| HYXXHBIM JlaBlieHWEM MojaBaiach B peaktop (1).
CkopocTb ra30BOro MOTOKA M AaBJIEHUE PETYIUPOBAIN C TOMOIBIO BEHTHIIEH
(16), ycraHOBIIEHHBIX Ha BXOJI€ U BBIXOJIE peakTopa. /[aBieHune B peakrope
U3MEpSIM  PTYTHBIM ~ MaHomeTpoMm  (15). Peaktop momorpeBaincs
aneKkTponeubto (3) crenuaibHOM KOHCTPYKIMU. B OOKOBOW CTeHKE W Ha
TOpIIE TIEYH UMEJIMCh CMOTPOBBIE OKHA (2) /ISl BU3yaJbHBIX HAOIOICHUH 1
naTtyuk (7) A7s perucTpalyy BCIBILIEK CBETOYYBCTBUTEIbHBIM MPUEMHHUKOM.

22



/
14

— o

/f s Ho]

Puc. 1. 1- kBapLeBbI peakTop, 2— CMOTPOBOE OKHO, 3— 3fieKTpoHarpeBsaTenb, 4— Tepmonapa,
5- TepmoperynsTop, 6- peructpaTtop TemnepaTypbl, 7- 4aTY4K AnNS perucTpaumm
CBETOU3MYYEHNs, 8- perncTpaTop CBETOM3NyYeHus, 9- aNeKTPOHHbIN NpeobpasoBartens, 10-
3NEeKTPOHHbIN ocumnnorpad «S-Recorder-2», 11- nepcoHanbHbIV KOMNbOTEP, 12- 6annoHbI
ONsl COCTaBMNEHUSA N XpaHEHUSI pearnpyoLLen ra3oBon cmecu, 13- BakyyMHble kpaHbl, 14-
konnekTop, 15- pTyTHble MaHOMETpPbI, 16- BEHTUNW ANA PErynMpoBK/ AaBNEHUS B peakTope,
17- nosyLKa, oxnaxgaemas >xXuaknum a3otom, 18- BakyyMHbIN Hacoc.

s mosrydeHusi BOCIIPOU3BOJUMBIX JTAaHHBIX, MEpe]l MPOBEACHUEM W3-
MEpEHM MPOU3BOINIM OYUCTKY BHYTPEHHEH NOBEPXHOCTH peakTopa. C 3Toi
uenbto peaktop npu temmneparype 1000 °C mpoayBaicsi KHUCIOPOIOM B
TeyeHue yaca. CBETOM3IydyeHHE PETHUCTPHPOBAIOCH MPeodpa3zoBaTeIeM U
1 pOBBIM MHOTOKaHAIBHBIM camornuciieM «S-Recorder-2y, moacoenuHéH-
HBIM K KOMITBIOTEPY, YTO IO3BOJISUIO TIPOBOANTE BU3yaJIbHbIC HAOIIOACHUS U
pEerucTparmio.

Amnanu3 BnusHus SOz Ha MPOIECC OKUCIUTENBFHOTO MPEBPAIECHHS BO-
J0poJia MPOBOJAMJICS METOJIOM UHCJIEHHOTO MOJEIUPOBAHUSA C TOMOILBIO
nporpammbl SENKIN:CHEMKIN Il [9] ans ycnoBuit (naBnenue, temrie-
parypa, cocTaB ra30BOM CMeCH, BpeMsl KOHTAKTa), MPU KOTOPBIX H3y4daH
KonebarenbHblid  mporecc. OnbITBI  MPOBOJWIM CO CMEChIO  Ooraroi
BoiopoJioM ¢ nmobaBkoi cepHuctoro rasza: Hz:02:S02:N>=10:1:1:0.5, npu
temneparypax 743, 763 u 783 K, naBnenun Po= 30 Topp n BpeMeHU KOHTaKTa
=09c.

OBCYXIEHUE PE3YJIBbTATOB

OKCHepUMEHTAIbHbIE IAHHBIE [0 U3YUYEHHUIO NPOLIECCa OKUCIIEHHS BOIOPO/a
B KoOJjeOaTenmbHOM peXMMe, TOdydeHHble (HKcanmuell | MOCIeyrouei
KOMITBIOTEPHOH 3aIMCHI0 CBETOM3ITYUCHHUS TIPH Pa3IMIHbIX TeMrepartypax (743,
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763 u 783 K), naBnenvu P=30 Topp v Bpemenn konTakta = 0.9 ¢, mpeacTapicHbI
Ha puc. 2.

X o
0.2
0.4 n h ” h 743K
0 “tywrme
o, _J\_JLJLJULMJJU“K
- _A.JL.A..A..JLM.,LM,J\_U%K

0.5 1.0 1.5 2.0 2.5 30 tc

Puc. 2. 'ameHeHe NHTEHCUBHOCTM CBETOU3NYYEHNSI BO BPEMEHW NMpu TemnepaTypax 743,
763 n 783 K, paBneHun P = 30 Topp v BpemMeHn koHTakta T = 0.9 c.

OcHOBHBIE XapPaAKTCPHUCTUKH CBCTOU3ITYUYCHUI, Ha6J'IIOI[a€MOFO B IIpoLecce
OKUCJICHHA BOAOpPOJa C )106aBKaMI/I CCPHUCTOI'O rasa, CBEACHLI B Tabm. 1.

Taoauna 1
BJ'[l/lﬂHI/le TeMnepaTypbl HA MHTCHCHUBHOCTbD, '-laCTOTy n nepnon KOJ’[eﬁaHHﬁ B
npouecce OKUCJIEHUs] BOA0POJa ¢ 100aBKaAMU CEPHUCTOIO raza

T, I, oTHOCHUTENBHBIE 4 | mepmop xonebaHM, ¢ TCPHO MLy KILHH,
K IMHHLIBI V€ SKCTIEPHMEHT ¢
pacuér
743 0.20 2 0.51 0.49
763 0.09 3 0.33 0,34
783 0.05 4 0.24 0,22

Kax BumHO 13 Tabm. 1, meprop! KoneOaHuii B SKCIIEPUMEHTE M B pacuéTax
O4YeHb ONM3KH, M C YBEIMYEHHEM TeMIEpaTypbl HaOMIOACTCS YBEIMYCHUE
YacTOThl BCIIBIIIEK M YMEHBIIEHWE WX HMHTEHCUBHOCTH, YTO OOBACHSETCS
YMEHBUICHHEM BPEMEHU MHAYKIHHW IPoLecCa 1 YMEHbIICHUEM MHWHUMAJIbHOI'O
KOJIMYECTBA TA30BOM CMecH, OOEeCHeuMBaIOIIeH MpPOTEKaHHe KOoiIedaTebHOro
nporiecca.
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Tabauna 2
Ha6op 0CHOBHBIX 3J1IeMEHTAPHBIX PeaKIUil, XapaKTepU3yIOUUX
OKHCJMTEIbHOE NpeBpalleHre BOAOPOAa ¢ 100aBKaMU IHOKCHAA Cepbl

Peaxnun k = AT"exp(-E/RT) Jlutepa-

Ne A, monv-cm-c-K | n E, kan/mone pa
1 H2+0,—20H 7.95 101 0.0 44950.0 10
2 OH+H,—H20+H 2.20 103 0.0 5140.0 11
3 H+02—OH+0 9.75-10% 0.0 14850.0 12
4 O+H2—OH+H 4.78 -10* 2.67 6290.0 13
5 H+02+tM—HO2+M 1.10 -10% 0.0 0.0 14
6 HO2+HO2—H20,+02 2.00- 10*? 0.0 0.0 15
7 H202—OH+OH 3.00-10% 0.0 50700.0 13
8 H20:4M—OH+OH+M | 1.21-10Y 0.0 47500.0 13
9 H+S0.—SO+0OH 1.35-10% -2.30 | 30965.0 16
10 H+S0,—HSO2 5.31-108 1.59 2470.0 16
11 H+S0,—HOSO 2.33-108 1.63 7300.0 16
12 HSO2+M—SO+OH+M | 3.01-10% 0.0 0.0 17
13 HOSO—OH+SO 1.66:10%° -0,32 | 67724.0 18
14 SO+SO—S+S02 1.21-101 0.0 0.0 19
15 SO+0—S+02 2.05-108 0.0 14150.0 20
16 SO+O0+M—S02+M 1.81-10Y7 0.0 0.0 21
17 S+02—S0+0 5.18:10* 24 -1907.0 22
18 S0+02—S02+0 9.63-10%0 0.0 4531.0 23
19 S+S02—S0+SO 5.88:10%2 0.0 9034.0 24
20 S+S+M—S2+M 7.18:10% 0.0 -407.0 25
21 SO2+0—S0+02 5.00-10% 0.0 19460.0 21
22 H+HSO2—H2+S02 1.57-10%? 0.0 0.0 26
23 OH+HSO2—H20+S02 4.58:10%2 0.0 0.0 26
24 S02+0+M—S03+M 3.45:10% -3.0 4765.0 27
25 SO3+S0—S02+S02 1.27-107 0.0 0.0 28
26 H—0.5 Hz 2.50-10% 0.0 0.0

27 OH+H+M— H20+M 3.27-10% 0.0 0.0

28 0—0.5 02 3.10-10° 0.0 0.0

Bcnencreue manbix BPEMCH MPOTCKAHWA MPOUeCCa SKCIECPUMCHTAJIbLHO
MOJIYUYUTb JaHHBIC 10 KWHETUKEC pacxXoJa HCXOJHBIX PpCAarcHTOB U HAKOIIJICHUSA
OpOAYKTOB pC€aKUMH HE TMPCACTABIIACTCA BO3MOXKHBIM, II03TOMY Onl1a

25



NPENPUHSTA TOTBITKA CACTATh 3TO METOAOM YHCICHHOTO MOJICIIUPOBAHHUS C
ucnoib3oBanueM kommbroTepHOi mporpamMmmbl SENKIN:CHEMKIN 1.

W3yueHrne KHHETUKN OKUCIUTENHFHOTO MPEeBpaIIeHs] BOIOPOa B KoJie-
0aTenbHOM PEXUME M aHAJHM3 BIMSHHS CEPHHCTOrO Ia3a Ha 3TOT MPOIEcc
MIPOBOJMIIN MPU YCIOBHSAX, COOTBETCTBYIOIINX TOSIBICHUIO CBETOBBIX BCIIBI-
IIeK, C WCIIOJIb30BAaHHEM MOJENM, BKJIIOYAIOIIEH 3JIeMEHTapHbIe PEaKlu,
Mpe/ICTaBICHHbIE B Ta0I. 2.

PaccmarpuBaemast Mozienb BKITIOYAJIa 3JIeMEHTapHbIe Peakiiy Ipoiecca
OKHCJIMTEIBHOTO TpeBpalieHus Bojopona B npucyrctBuu SOz, a UMEHHO
peaKIMy 3apOoXKICHHs, TPOIOJDKCHUS, Pa3BETBICHHS U THOenu neneit. Pac-
4eThl JAaHHOW MOAENH Ui COCTaBa MCXOJHOM Ta30BOMl  cMmecH
H2:02:502:N2=10:1:1:0.5, B temneparypaom uaTepasie 700 K — 900 K u
nasinenus Po=30 Topp mnokazanum 3aMeTHOE YCKOpPEHHE Ipolecca, YTo
COOTBETCTBYET SKCIIEPUMEHTAIBHBIM JaHHBIM.

3aBUCUMOCTH HW3MEHEHHs KOHLEHTpAIMK KHUCIOpOJa U HEKOTOPBIX
MPOJYKTOB PEAKIIMU B PEaKTOPE OT BPEMEHH MPH Pa3IMYHbIX TEMIIepaTypax
npeCTaBiIeHbl Ha pHuc. 3-5. B mpaBoM BepxHeM yrily pUCYHKOB 3-5 mpen-
CTaBIICHBI 3aIlUCH CBETOHM3IIyYeHHs, HaOIlI0JJaeMOro BO BpeMs Ipolecca
OKHCJICHHsI BOJOPOJa B TPUCYTCTBHM CEPHHCTOrO Tasa, IOJyYeHHBIC C
MOMOIIBIO IIU(YPOBOrO MHOTOKaHAIILHOTO caMonucia «S-Recorder-2y.

C,MOﬂbeM‘
5.0E-8

4.0E-8

3.0E-8

2.0E-8

1.0E-8

0 0,10 0,20 0,30 0,40 0,50 0,60 ¢t

Puc. 3. KuHeTnuyeckue KpmBble pacxoga KMCnopoaa, a Takke HakonneHna S u S, B npouecce
okucneHua sogopoaa B npucytcteum SO,. T = 743 K, P = 30 Topp.
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C.MOI‘Ib/CM’ I ,OTH.en
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Puc. 4. KuHetnyeckune kpvBble pacxoa KMCNOPOAaA, a Takke HakonneHns S u S, B npouecce
okucneHua sogopoaa B npucytcteum SO,. T = 763 K, P = 30 Topp.

C,MOﬂbICM’
5.0E-8 | ,OTH.eA

4.0E-8
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0 0,10 0,20 0,30 0,40 0,50 tc

Puc. 5. KuHetnyeckune kpvBble pacxoda KMCNOpPoAa, a Takke HakonneHns S n S, B npouecce
okucneHusa sogopoaa B npucytcteum SO,. T=783K, P=30 Topp.

CpaBHeHue nepuoaa kojaeOaHUH CBETOU3IYYEHUS U BPEMEHH IIOJIHOTO
pacxojia KHCIIOpOoJa B PEaKIIMOHHON cpejie Ha puc. 3-5 MOKa3bIBaeT, YTO OHU
B K&XJOM M3 TpEX CIIlyuyaeB COBMANAIOT. DTOT (PAKT FOBOPUT O TOM, 4YTO
pe3yIbTaThl PACYETOB, BHIIIOJHEHHBIX C MCIIOJIB30BaHUEM, ITPEICTABICHHON
MOJIENIM IPOoLecca OKUCICHHUS BOJOPOAA B INPUCYTCTBHM CEPHUCTOrO rasa,
XOpOILIO COTJAacylTCs ¢ HKCIEPUMEHTAIbHBIMU JaHHBIMU. Clle0BaTENbHO,
MOJIeJIb, NIPEJCTABICHHAs B Ta01. 2, MOKET ObITh YCHEIIHO MPUMEHEHA JUIs
aHaJIM3a IpoLecca OKUCICHHUsS BOAOPOAA B NMPHUCYTCTBUM CEPHUCTOIO ras3a
IIPY TIOBBIIICHHBIX TEMIIEPATypax, JaBJICHUSIX U Pa3IUYHBIX COOTHOLICHHUSIX
peareHToB.

27



TaK, HUCIIOJIB3Yd PACYCTHBIC OJAHHBIC 110 HM3MCHCHHIO KOHICHTpalWH
CEpHHUCTOTO Tra3a oT BpeMeHu B uHTepBajie temreparyp 700-1300 K, Oputn
paccunTaHbl MAKCHMAIIbHBIE CKOPOCTH TpoIiecca MPEeBPaIleH s CEPHUCTOTO
ra3a JUisl yKa3aHHOTO TeMIIEPaTypHOrO WHTEpBAJla, M OHH IMPEICTABIICHBI B
Tabnure 3.

Tabauua 3
3aBUCHMOCTh MAKCUMAJIBHOM CKOPOCTH
NnpeBpallleHUsl CEPHUCTOrO0 ra3a 0T TeMNEpPaTypbl
Ne T, K W, moav/cmc Igw /T, Kt
4 700 0,780404E-6 -5,1057 1.4286 E-3
5 750 0,83524 E-6 -5,0765 1.3333 E-3
6 800 0,92890 E-6 -5,0321 1.2500 E-3
7 850 0,98618 E-6 -5,0060 1.1764 E-3
8 900 1,07897 E-5 -4,9670 11111 E-3
9 1000 1,22441E-5 -4,9121 1.0000 E-3
10 | 1100 1,34513 E-5 -4,8712 0.9091 E-3
11 | 1200 1,45242 E-5 -4,8379 0.8333 E-3
12 | 1300 1,64239 E-5 -4,7845 0.7692 E-3

[IpuHsB, YTO CKOPOCTh pEAKIMH IPONOPLUOHAIFHA KOHCTAHTE
CKOpPOCTH, PACCUUTAHHON MpPU OJAMHAKOBBIX KOHIIEHTPAIUSAX KHCIOPOIa
0.5E-9 monv/cm® B 061acTH, KOTOPOit HAGMIOAAETCA MAKCHMATbHAS CKO-
pPOCTh, MOCTPOMJIM TIpaUyecKyl0 3aBUCHUMOCTb JIOrapU(PMHUECKON
dbopmbl ypaBHeHHUsT Appernyca. 3aBucumocTb IgW - 1/T npeacrasiena Ha
puc. 6.

lgeW o08E3 10E3 1263 14e3 /T, K?

-4.8 \\\'
.
-4.9 =
I
>
\\\
-s ol

< IgW = -482_85(1/T) - 4.4283 ~ .

Puc. 6. 3aBrMcumocTb norapmdma MakcumarnbHOWM CKOPOCTU npoLecca, onpeaensemMon no
pacxofy kucrnopoaa ot obpaTHol TemnepaTypsl.

Kak BugHO u3 puc. 6, naHHas 3aBUCUMOCTb TMOJYHHSCTCS JTUHEUHOMY
3aKkoHy. [1o TaHreHcy yria HakIoHa ObLIO pacCUUTaHO 3HaueHUE (PHEeKTUBHOI
SHEPIrUH aKTHUBALIUK IpoIiecca, KOTopasi okazanach paBHoi 2200 kan/mons.
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AHanu3 pacyeTHBIX JaHHBIX (PHUC. 7) MO U3YUYECHUIO BIUSHUS KOJIHUECTBA
CEpPHUCTOr0 Ta3a, 3aMEIIAIOIIEro MHEPTHBIM ra3 a3oT B BOAOPOA-
KHCIIOPOJIHOM CMeCH, Ha KHMHETHKY IMpoliecca, MoKa3al, YTO YCKOpSIollee
BIUsIHUE 0OJiee 3aMETHO MPU €ro MajbIX KOJIMYECTBaX M MpH Oojiee HU3KUX
TEMIIEpaTypax.

tkon, C
a4 L

o L L L
(0] 0.2 0.4 0.6 0.8 in

Puc. 7. 3aBncnmocTb BpemeHn 99% pacxoga kucnopoaa (tkon) OT BEMMYMHBI N-4acTH
CEepHWCTOro rasa, 3aMeLLaoLLEero MHePTHbIV a3 a3oT B ra3oBOW CMeCU

H2:0,:S0,:N»=10:1: n:(1.5- n). 1-743, 2-763, 3-783 K.

HuTepecHo ObUTO TakKe MPOCIEAUTh H3MEHEHHE PACCYMTAHHBIX 3HAUE-
HUN COOTHOLIEHHS BpeMeHU MHAyKUuu nponecca (tu.o) KO BpeMEHH Ipo-
Tekanus nponecca (teos-tuwo) 1 CONOCTABUTH UX C aHAJIOTMYHBIMU MOTYYCH-
HBIMH B DKCIIEPUMEHTE. DTH JaHHbBIE TIPECTaBICHBI Ha puC. 8.

1oL -1,.)

JN
o

6 2

————

750 850 950 1050 1150 1250 T.K

Puc. 8. 3aBUCUMOCTb XECTKOCTU tunal (trow-tuno) KPUBOM N3MEHEHUS KOHLIEHTPaLMN CEPHUCTOrO
rasa Bo BpeMeHU OT TemnepaTypbl. 1 — pacyéT, 2 — 9KCNepUMEHT.

W3 puc. 8 BUAHO, YTO 3KCNIEPUMEHTAIBHBIC JJaHHBIE COBMAJAIOT C Pac-
YEeTHBIMU JTaHHBIMH. B HU3KOTemMmepatypHoi obmactu - 10 800 K kECTKOCTH
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KPHMBOW BBICOKA, ¥ B 3TOW 00JacTH HaAOJI0AaeTCA MPEPHIBUCTHIA B3PHIBHOM
IpoIecc, a NPU BBICOKMX TEMIIEpaTypax peakiys OKUCIEHHsS BOIOPOAa
MIPOTEKAET B CHOKOMHOM pexkume. OnHako pacy€Thl MOKa3alu, YTO
KOJIMYECTBO MPEBPAIIEHHOTO CEPHHUCTOTO ra3a B MOJEKYISIpHYIO cepy (S2),
HE3aBUCHMO OT TEMIIepPaTyphl, JOCTUTAaeT MaKCHUMaJbHOTO 3HAYECHUS KO
BpPEMEHH TpoIiecca MPUOIM3UTEILHOCEKYHAA U OHU oueHb Om3ku K 100%-
HOMY TpeBpauieHnio cepHucroro raza SOz B Sz. Mcxons u3 3T0ro, MO>XHO
NPENONI0KNTh, YTO TAKOrO THUIA MPOIECChl NPaKTHYHEE M BBITOJHEE
MIPOBOJIUTH MPH OTHOCUTENHHO HU3KUX Temneparypax — a0 900 K.

CremyeT oTMeTUTD, uTo yTunu3aius SO2 B Bue S2 HAMHOTO yaoOHee 1
NpakTUYHee, YeM NpPEeBpalICHUE CEPHUCTOrO ra3a B CEpHBIH aHTHIAPUIL.
Hcnonp30BaHue MOPOIIKOOOPA3HOM cepbl HAMHOTO NPOIIE B OTIUYUE OT
CEPHOTO aHTUAPHUAA, TPEOYIOIIEro ero MpeBpamleHus B CEPHYIO KUCIIOTY.

3akio4enne

AHanu3upysi KHHETHYeCKHEe KPUBbIE U3MEHEHHs KOHIIEHTPALUU peareH-
TOB, CBOOOJHBIX PaJUKAJIOB, MOHOOKCHJA CEepbl U MPOAYKTOB pPEAaKIHH B
IIMPOKOM HHTEpBaje TEMIIEpPaTyp MOKHO IPEIOJIONKHUTh, YTO IpoLecc
OKHCJIEHHsI BOJOPOJA B MPHUCYTCTBUU CEPHUCTOIO raza MPOTEKaeT IO BbI-
POXJIEHO - HEMMHOMY MEXaHU3My U OJJHUM U3 INIABHBIX MHUI[MATOPOB IPOTE-
KaHHs IIpoliecca SABJISAETCA NMEPBUYHBIN NMPOAYKT MPEBPAIIEHHs CEPHHCTOrO
ra3a — 3akuch cepsl (SO). Paccunrannoe 3HaueHue 3¢GeKTUBHON 3HEPruu
aKTUBALMU HE IPOTUBOPEUYMT BBIIIECHU3JI0KEHHOMY IPEAOI0KEHHIO [29].

YTUIM3auio CepHUCTOrO Ta3a B BUJE 3JIEMEHTApHON Cephl 11e1ec000-
Pa3HO MPOBOJUTH IIPU OTHOCUTENIBHO HU3KUX TeMieparypax — 10 900 K.

UOURP GrY0PUR T UQPESNRANRLL QMUOVE ORURMLBUUY GUPUSULUTL
eUY8PUBH YhULGEShYUBH /U,

E.U. UUHUIr3UY*, 2.0, 2ULMRE3NRL3UTY

Newnedimufiplly £ 88Spuypls qugp wynkgnffiniiip gpuwdhft opufipuyduk
qapdphffwgl fpuw: 8y b npulby, np gpuidhf opufrpuygdwd nkwlypul 88dpf
Epliopupinh waljpuynflywdp fuptiwpnilfui mfpngffaod npnywlf
wpui ikl (Shpnod, gbpduwmn i, guquigph fuwniopgf puquigpnffen,
Yntmudpnfi dwdwinnly) piffwinod b oowmwbngulub abdpufn, aph nogblgnos
Eynowwpduwlydwdp: BnLJH Ewpdby, np opuwidf opufipugdwh ypngbuf ffpu 68dph
Eplopupipp sfnpp puwbiwlpncffyudp b guwdp ghpdwmmpfwihbpnol (700K-900K)
nchifi gy wpwgquygiing wygkgngfn: Swppkp gbpdwmnpCwihkpf Sunfwp
PPfwobp  vupundwlh  hpbknply hnpbpp Spdwh fpw, npelp swmwgdl; B
Awpdwplugply Epwinelnd, npnpdby £ wdpngy wypngbup Swidwp wpggnii]bm
wlpmnffwgdwh Eubpgpugp wpdbpp: O0sdpf bplopufinp wnljugnffudp gpwdif
opufiquigduwlh ey gt d thnpduwpwpwljuh uiifpuibp fr
Awdbduwmncffyndip moonofliwoppdng grpéphflugh  wnwgwplpws  dnghf
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ON THE INFLUENCE OF SULFUR DIOXIDE ON THE KINETICS OF THE
CHAIN REACTION OF HYDROGEN OXIDATION

EM. MAKARYAN*, HAA. HARUTYUNYAN

Institute of Chemical Physics named after. A.B. Nalbandyan NAS RA
0014, Yerevan, 5/2 P. Sevak str.,
E-mail: makaryan@mail.ru

The influence of sulfur dioxide on the process of hydrogen oxidation has been
studied. It has been shown that the oxidation reaction of hydrogen in the presence of sulfur
dioxide in the autoignition region under certain conditions (pressure, temperature,
composition of the gas mixture, contact time) proceeds in an oscillatory mode and is
accompanied by light emission.

It has been shown that sulfur dioxide in small quantities and at low temperatures
(700 K-900 K) has a significant accelerating effect on the process of hydrogen oxidation.

Based on the kinetic curves of oxygen consumption for different temperatures,
which were obtained by calculation, the value of the effective activation energy for the
process as a whole was determined.

Comparison of experimental data obtained during the oxidation of hydrogen in the
presence of sulfur dioxide with the results of calculations of the proposed model of the
process under study showed good agreement.

It was found that the process of hydrogen oxidation in the presence of sulfur dioxide
proceeds according to a degenerate-chain mechanism and the initial product of the
transformation of sulfur dioxide, sulfur oxide (SO), plays a significant role in the process.
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B pnaHHow paboTe npvBeaeHbl pe3ynbTaThl UCCneaoBaHnst pasoobpasoBaHns Npu BBEOEHUN
oT 3,0 po 6,0 macc% Fe,Os; n AlF; B cuctemy CaO-Al,O3-SiO,, Bkntoyarowen nons nepBUYHON
Kpuctannusauun coegunHenni Ci,A7, CA 1 orpaHUMYeHHON NOCTOsHHBIM codepxaHnem 10 macc%
SiO, 1 n3ameHeHns TemnepaTypbl NMkBuayca cuctembl. CUHTE3 NPOU3BOAUICA METOAOM MNaBreHns
McXofdHoW WwuxTel npu TemnepaTypax 1400-1500°C npu M30TEPMUYECKON BbIAEPXKKE OAWH Yac.
Metogamu OTA n POA vccnenoBaHbl 3aKOHOMEPHOCTU 06pa3oBaHuUsi KpUcTannmyeckux ¢as no
pa3pesy C nocTosiHHbIM cofepxaHuem Al,O; paBHbiM 50 mMacc% v yTOYHEHbI Nonsi NepBUYHON
KpUCTannu3aummn cocyLlecTBylolwmx a3 npy BBeAeHWN Nerkonnaekux gobasok. BeisiBneHo, yto
OCHOBHbIMU KpuUCTannuueckumun asamu sensoTcs CiA;, CA, a oTcyTCcTBUE B MPOAyKTax
KpucTannmsaumy pacniasos antoModeppuTHbIX (a3 CBA3aHo ¢ M30MOPMHLIM 3ameLlleHrem AR Ha
Fe®* B kanbuUMeBbIX antoMuHaTax. BbisBrneHo, YTo gononHuTensHoe seBeneHne Fe,O; u AlF; B
MCXOOHYI0 CUCTEMY MpPUBOAWT K CHWXKEHWIO TemnepaTypbl IMKBMAYyca, CMNOCOOGCTBYS HU3KO-
TemnepaTypHoMy pOpMMPOBaHUIO anmtoMUHATOB. [oka3aHo, YTO OAHOBPEMEHHOE BblAeneHne AByX
anoMyHaTHBIX a3, PasnUyaloLMXCA KPUCTannMYeckon CTPYKTYPOW, CnocobCTBYeT nonyyeHuio

LleMEHTa C BbICOKOM CKOPOCTbHO CXBaTbIBAHUA.

Bubn. cebinok 11, puc. 3

Knrouesvie cnosa: BHICOKOTIMHO3EMHCTHIN [IEMEHT, aJTFOMHHATHI KaJlb-
1usl, AMarpaMMa COCTOSIHUS, TUIaBJIEHUE, KPUCTANIU3alus, TePMUYECKUN U
(azoBbIif aHaMM3.
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B o0nactu HeOpraHu4eckoro MaTepragoBeICHUsI CBOE I0CTOHHOE MECTO
3aHMMAIOT [IEMEHTBI, UCII0JIb3yEMbIE KaK Ha/IeKHbIE U YCTOMUUBBIE BSKYILIUE
B CTPOUTENIbHBIX MaTepuanax. Cpeau BSOHKYIIMX MaTepHalioB CBoe ocoboe
MECTO 3aHMMAET IVIMHO3EMHCTBIA LIEMEHT, XapaKTepPU3YIOIIUKUCS BBICOKOM
CKOPOCTBbIO TEIUIOBBIICICHHS W TBEPACHHUS, BBICOKOM IPOYHOCTBIO.
BeicTpoTBEpACOIMI LIEMEHT, B COCTaBE KOTOPOTO MPEBAIUPYIOT HU3KOOC-
HOBHBIE aJTIOMUHATHI KaJIbIIHSL, TOYYa0T METOOM IUIABJICHUS WK CTIEKAaHUS
CMECH, C TOCJIEAYIOMHMM JpOOJIeHHEM M TOHKHUM IIOMOJIOM. YKa3aHHBIHI
LEMEHT NPUMEHSETCS MPH YCKOPEHHBIX CTPOUTENBHBIX paboTax, MPH HU3KUX
TEeMIIEpaTypax, YTO CHOCOOCTBYET OBICTPOMY BOCCTAHOBJICHHIO COOPY KEHUN
[1, 2]. [TMHO3eMHUCTBIN IIEMEHT OTJIMYACTCS BBICOKOH YCTOMYHMBOCTBIO K
OpPraHUYECKUM KHCJIOTaM M IMPAKTUYECKU HE KOPPO3UPYET B MOPCKOU BOJE.
Ero MOXHO mOJIy4HTh CIEKaHHMEM CBIPbEBOM CMECH B I€4aX pa3HOU
KOHCTPYKIIMM W CIIOCOOOM TUIaBjieHHs Tpu Temmeparypax 1400-1600 °C.
XUMUYECKMI COCTaB U  COAEpPKAHME OCHOBHBIX KOMIIOHEHTOB, B
3aBHCHUMOCTH OT MCIOJIB3YEMOTO CBHIPhSl U CBOMCTBA LIEMEHTOB, H3MEHSIETCS
OTHOCHUTEIILHO B y3KHX npeaenax: macC% Al,0z 30-35; CaO 35-45; Fe,O3 5-
15; SiO2 5-10 [3].

W3BecTHO, YTO B MPOU3BOJCTBEHHBIX YCIOBHSX KIMHKEPHbIE (ha3bl
SBJIIOTCS. MHOTOKOMIIOHEHTHBIMH, COJEP)KallMMH KaK OCHOBHBIE, TaK WU
NPUMECHBIE COCAMHEHUs. MUHEepaTorn4ecKuid, 1 OCOOCHHO, XUMHYECKHUMA
COCTaB CBHIPHEBBIX MATEPHAJIOB SABJISIETCS OCHOBHBIM IapaMeTpOM, OIpeaes-
SIOIIKUM TEeMIIepaTypHO-BPEMEHHBIE YCJIOBHS MPOTEKAaHUs CIIEKaHMsI, IUIaB-
JIEHUS ¥ KIMHKepOOOpa30BaHus, 0COOEHHOCTH XUMUYECKUX MPOLECCOB TU/-
paTanMM W CXBaThIBaHWS IIEMEHTa. B TpPHUPOIHBIX MaTepuanax, HCIOJb-
3yeMBIX NpPU MOJYyYEHUU KIMHKEpa, MPUCYTCTBYIOT LIEIBIA Psiji 3JIEMEHTOB,
KOTOpBIE HE SBJSIFOTCS TJIaBHBIMU JJIsl TOJYYEHHMsS OCHOBHBIX KpHUCTAll-
nudeckux ¢a3 MeMeHTa, HO CHIDKAIOT TeMIlepaTypy oOpa3oBaHMs paciiiaBa
3a cueT 00pa3oBaHMUs HU3KOTEMIEPATYpPHBIX IBTEKTUYECKHX COCTABOB M
NOSIBJIEHUS >KUAKON (a3pl. [loHmkeHHe TemnepaTypbl MOSIBICHUS KUIKON
¢da3bl ciocoOcTBYeT OBICTPOMY TPOTEKAHUIO AU(PPY3MOHHBIX MPOIECCOB U
00pa30BaHMIO HE TOJILKO OCHOBHBIX (Da3 KIMHKEpa, HO M PaCIIUPEHUIO TEM-
HepaTypHOro MHTEPBaJa )KUAKO-TBEPBIX peakimid [3].

Baxxnoe 3HaueHue i1 XUMUU TIMHO3EMHCTOTO M BBICOKOTITHHO3EMHUC-
TOTO IIEMEHTa PUoOpeNn uccieaoBanus $pa3oBbIX paBHOBecHii ciucteM CaO-
AlO3, CaO-Al;03-Fe;03, CaO-Al03-SiO,, 4r0 MO3BOJNMIO BBIABUTH
TEMIEPaTyphl TUIABJICHUS W KPHUCTAUIM3AIWN COCYIIECTBYIONMX (a3, Mo-
TU(PUKAMOHHBIE MPEBPALICHHS], N3MEHEHUSI COOTHOLICHHSI KpUCTAJIN4ec-
KOM ¥ ®uako ¢azamu u 1p. i pa3paboTKH HOBBIX COCTaBOB, BSXKYIIIUX Ha
OCHOBE AQIFOMUHATOB KaJIbITUs, 0OCO0O€ 3HAYCHWE WMEIOT JHarpaMMbl
COCTOSIHUS TPEX- M YETHIPEXKOMIOHEHTHBIX cucTteM Ha ocHoBe CaO, AlxOs,
Fe>O3 u SiO2 oOpasyromrie OCHOBHbIC KIUHKepHbIe (a3el [3,4]. st cHu-
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KEHHsI TeMIepaTypbl 00pa30BaHus KUAKOHN (a3bl B pssie CIydyaeB BBOISTCS
JIOTIOJTHUTENIbHBIE KOMIIOHEHTBI, YUUTBIBAas COCTaBbl MCXOIHBIX CHIPHEBBIX
MaTepHaJIOB, CHIKAIOIINX TAK)Ke BA3KOCTh KIMHKEPHOH KUIKOH (asbl.

B nByxkommnonentHoii cucreme CaO-AlxO3, koTopast SIBISETCS OCHOB-
HOM /7151 CHHTE3a TJIMHO3EMHCTHIX LIEMEHTOB, CYLIECTBYIOT IISITh COSAMHEHUI
(B crkoOkax ykazaHbI cOKpaimieHHoe oOo3HadeHne coenunenuii) 3CaOAl2Os3
(CsA), 12Ca07Al03 (C12A7), CaOAl,03 (CA), Ca0Al0s (CA2) u
CaOsAl203 (CAs) [5,6]. B IpoH3BOACTBEHHBIX YCIOBHIX KIMHKEPHBIC (ha3bl
ABISIOTCS. ~ MHOTOKOMIIOHEHTHBIMH, W BBIIBICHHE  OCOOCHHOCTEH
o0Opa3oBaHMs KIMHKEPHBIX (pa3 MpHU BBEICHUU MPUMECHBIX KOMIIOHEHTOB B
UCXOIHYIO CHUCTEMY, BIMSHHMS Ha CBOWCTBA KIMHKEpA SIBISIETCS BAKHOM
3aaueil XMMUU U TEXHOJIOTHH BSDKYIIUX MaTepuanoB. MccnenoBanue, Takxe
aKTyaJlbHO YYHTBHIBAsl CHIDKEHHE TeMIIepaTypbl CHHTE3a U HCIOJIb30BaHHE
HOBBIX MECTOPOKACHUH U TEXHOTCHHBIX OTXOJIOB.

B pabote mpuBeneHbl pe3ysibTaThl HCCIENOBAaHUs MPOLEccoB (a3000-
pasoBanus rpu BBeaeHuu ot 3,0 10 6,0 macc% Fe203 u AlFs B cuctemy CaO-
Al;03-Si02, BKIIOYAIONIYIO TOJIS TEPBUYHON KPUCTALTH3ALUKN COSINHCHUM
CsA, C2A7, CA m orpaHW4eHHYIO TIOCTOSIHHBIM cojepxkanuem 10 macc%
SiO2 ¥ W3MEHEHHEM TEeMIIEPaTyphl JIMKBUAYCAa CHCTEMBbL. FlcciiemoBaHbl
3aKOHOMEPHOCTH TpoIeccoB (a3000pa30BaHusl MO pa3pe3y € MOCTOSHHBIM
conepxanuem 50 macc% Al0Os.

Metoabl ucciaenoBanusi. CUHTE3 OINpPEACICHHBIX COCTAaBOB MPOBO-
IWIICs BYMsl criocob0amu: TBepAo(a30BbIM CHHTE30M H ILJIABICHHUEM
HIMXTHI B 27ekTprdeckoii meun Nabertherm P570 B atmocdepe Bozmyxa mpu
temneparypax 1400-1500 °C kopyHI0BOM THIJE € HPOAOIKUTEILHOCTHIO
60 Mun, CKOPOCTH OXJIAXKIEHHS pacluaBa B meun coctaBuna ~20 °Cuun’™.
Jlnst cuHTEe3a KIMHKEPOB NMPUMEHSUIUCh XMMUYECKH YHCTHIE BEIECTBa (X4)
CaCOs, AlOs, Fex0s, AlFs. IuddepeHipaabHO-TEPMUIESCKUI aHAIN3
(ITA) mnpoBomwics TpPH HATPEeBaHHHM MOPOIIKOOOpa3HOTO oOpasima B
IUIATHHOBOM THIIIe Ha aepuBaTtorpade Q-1500 (3ramon-Al203), ckopocTsb
Harpesa — 10 °C mun. Pentrenoda3oBslii aHAIN3 CHHTE3HPOBAHHBIX MaTe-
puasioB npoBoauian Ha mudpakromerpe URD 63 ¢ ncnombszoBanuem Cukq—
W3IY4YCHUS! U HUKEJIEeBOro (uibTpa, CKOPOCTh PErHCTPALlUM COCTABIIsLIA
2°/mun. DAEKTPOHHO- MUKPOCKOIMYECKHAE HCCIICIOBAHUS MPOBOAMINCH Ha
anekTpoHHOM Mukpockone (SEM) Prisma E( Thermo Fisher Scientific).

JKcnepuMeHTAlbHAs YacTh. Ha puc. 1 npeacrasieHa yacTb CUCTEMBbI
Ca0-Al203-SiO2 u cocTaBbl M3y4eHHBIX OOpPa3OB, PACHOIOKEHHBIX IO
paspesy ¢ nmocTosHHbIM coaepxkanneM 50 macc% AlxOs. cxoamblit cocta
Ha guarpamme CaO-Al2O3 pacronoxen nesee coemunenus CioA7 (coaep-
xanue Al2O3 51,47 macc%), 061acTh CTAOMIIBHOCTH KOTOPOT'O PacIiOJIOKEHA
mexay coequnenusiMu C3A u CA. [lone KpucTau3anuu TPEXKaabIIHEBOTO
amomuHata C3A TpaHUYUT; C OJHOW CTOPOHBI C MOJEM KPUCTAIUIM3AIUU
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C12A7, a B BBICOKOKPEMHE3E€MHUCTOH YacTH_ - C MOJEM KPHUCTALIU3AINH
reneauta CpAS (2CaOAl03Si02). C3A  cymiecTByeT TOJBKO OJHOM
KPUCTALTHYECKON (hOPMOM, CTPYKTYpa KOTOPOH CTpOHUTCS TOIbKO n3 AlO4
TeTpadapoB. CoeNWHEHWE TIUIABUTCS HWHKOHTPYSHTHO mnpu ~1540°C c
obpazoBanreM CaO u pacmiaBa, ruapaTupyeTcs ObIcTpee IPyrux aJroMH-
HATOB M MIPAKTUYECKUN POYHOCTHIO HE 00JIagaeT.

Kak Bunno u3 kpusoit ITA (puc.2, xp.1) coenunenue Ci2A7 maaBuTCs
KOHTY?HTHO Tipu Temneparype 1395 °C (puc.2 a, kp.1). C12A7 oOpasyeT Taxe
aBTekTUKY ¢ CA mpu comepxanuu ~ 52,5 macc% Al20s) [6]. Ucxons u3
pe3yJIbTaTOB PEHTreHO0(a30BOro aHajgn3a MOXKHO MPEANOI0KHUTb, YTO
COM3MEPUMOCTh HHTEHCHBHOCTEH AU(PAKIMOHHBIX MaKCHMYMOB COIH-
Henuii C12A7 u CA (puc.2.0 kp.1) cBsI3aHO, KaK NMPaBHJIO, HU3KUM COJIEP-
KaHUEeM KUAKOW (a3bl M BBIICJICHHEM CMECH KpPUCTATMYECKHX ¢a3.
CrnenoBarenbHO, TPU OXJAXKICHUM paAcIUiBa OKOHYATEIbHAs KPHCTAJLIU-
3anusi, y4uThiBasg Onm3octh cotaBoB C12A7 M ATEKTHUKH, 3aKaHYMBACTCS B

IBTEKTHYECKON TeMITEpaType COBMECTHBIM BhIIMICHHEM KpHCTALIOB C1oA7
u CA.

i

4 45 50 Cr:ALOs55 60

ALO,  wmacc.%

Puc. 1. Ouarpamma coctosiHnsi cuctembl CaO-Al,03-SiO,

B MccnegoBaHHoOM obracTu u coctaBbl 06pasLoB; cogepxanune ceepx 100 Fe,O3 n AlF; B
cnepyoLWwmx konmyecTsax (Macc%):

Ca0 50,A,0350 ; 2. CaO 48,A1,0348, Si0, 4,0, Fe;033,0; 3. CaO 46,A,0346. Si0O, 8,0,
Fe,053,0 (AlIF56,0)

Ob6nacte ctabmibHOCTH coennHeHns: C12A7 HEOObIIAs, PACTIOIOKEHA B
unTepnane coaepxkanus Al,Oz ot 50,7 no 52,7%. Kpucrannuueckas pemerka
crpourcss U3 AlOs TeTpasapoB, MOHBI KaIbIHS HAXOIATCS IIECTEPHOU
KoopauHarmu 1o kuciopoxy. C12A7 obpasyer npu 1360 °C’ n1Be 3BTEKTHKH C
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C3A u CA, mnaButcsi KOHIpY?HTHO Tipu 1392 °C; nipu ruapatanuu JaeT BbI-
COKYIO TIPOYHOCTh, OBICTpO cxBaThiBaeTcs [4-7]. B pabortax [8-9] ort-
MeYaeTcs, YTO KOOPAUHHUPYIOIINE KUCIOPOJHbIE aTOMBI BOKPYT MOHA KaJlb-
st 00pa3yroT 0O0JIbIINE CTPYKTYPHBIE OJIOCTH, CIOCOOCTBYS MOTIIOIIEHHIO
BOJABl U YCKOPEHHIO THApaTaluu ajdoMuHarta. M3 nuarpaMMbl COCTOSIHMS
BHUJHO, 4TO ToJisi mepBudHON kpuctammmianuu C12A7 u CoAS pazgenser
y3Kasi morpaHuyHas Kpusas [6].

AmomuHaTt Kambiwsi CA, KOTOpBIM OTIMYaeTcss Hambosiee MUPOKOH
00JIaCThIO TEPBUYHON KPUCTAUIM3ALMH B HM3YYCHHOW YACTH CHCTEMBI,
SIBIIIETCS. OCHOBHBIM BSDKYIIUM KOMIIOHEHTOM B KJIMHKEPE TIMH3EMHUCTOTO
nemenTa. CaAloO4 mtaBuTcst KOHrpysHTHO Tipu 1600 °C 1 KpucTaum3yercs,
o0pa3ysl KpHUCTaJUTBI TMPU3MATHYECKOH MM HENPaBUIBHOH (QOPMBI, YTO
IIPUJIAET MaTEpUaLy BBICOKYIO aKTUBHOCTb Ipu rujparauuu [8]. Ctpykrypa
MOHOAIIIOMUHATA KaJbLUs MOJOOHO CTPYKType TPUIMMHTA, B KOTOPOM
aTOMBI KPEMHHS 3aMEICHbI aTOMaMH aJTFOMUHHSA, 8 OOJIBILINE aTOMBI KaJIbIIHS
BCTPAMBAIOTCSl B IyCTOTaX IPOCTPAHCTBEHHOTO Kapkaca. J[Ba KpymHBIX
kaToHa Ca®’ B HMCKaXEHHOH CTPyKType HAaXOAATcsA B IIECTEPHOH KOOp-
JUHALIMY, @ TPETUH KATHOH KOOPAMHUPYETCS CEMbI0 MOHAMU KHCIOpOJA.
HanpasnenHo 3akpuctaminzoBanubiii pacmias CA rugpatupyercs MeJjieH-
Hee, YeM aJIIOMHUHATBI C BBICOKMM conepxkanueM CaO, o0pasys BBICOKO-
npouHbid Kommosur [7, 10].
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Puc. 2. a-Tepmorpammbl Cyxux NOPOLLUKOBbLIX CMecel 06pa3LioB peHTreHorpaMMbl
CMHTE3MPOBaHHbIX 06Pa3LIoB, NOMy4YEHHbIX OXNaXAEeHWEM pacnnaBoB.

CocraBbl (Macc%): 1. CaO 50, Al,O3 50; 2. CaO 48, Al,03 48, SiO; 4,0, Fe,03 3,0;
3. CaO 46, A|20346, SIOZ 8, Fe203 3,0
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Ha xpuBbix JJTA HCXOAHBIX MOPOIIKOB SPKOBBIPAXKEHHBIN SHIOTEPMHU-
geckuit dpdekr B mHTepBasie 886-900 °C 00yCIIOBICH pa3ioKEHUEM Kap-
6onata kampist CaCOs ¢ coOpa3oBaHHEM OKCHAA KAIBIHS M YTJIEKHCIOTO
raza. CnaGoBbIpaskeHHbIE SHI0TepMHUUecKUe 3D (HEKTh Ha KPUBBIX 2 U 3 mpu
1357 °C cBs3aHbl ¢ TUIABJICHHEM OOpPA30BaBIICHCS IBTEKTUKHA MEKIY COe-
muHeHusMu C12A7 1 CA. PesynbTathl peHTreHO(a30BOT0 aHalM3a BTOPOTO
o0pa3ia, cocTaB KOTOPOro pacloIoKeH B [0JI€ KPUCTAIUIN3ALUH COSIUHEHUS
CA, yKa3plBalOT, YTO B MPOAYKTAX KPHCTALIM3ALUN TPEBATUPYET
MOHOAQITIOMUHAT KaJIbIHS, IUIABAIINICS KOHTPYIHTHO. OO 3TOM CBUIETENHCT-
BYET TaK)K€ YMEHBIICHHE MHTEHCUBHOCTEH MU(PAKIIMOHHBIX MAKCUMYMOB
coequaenust Ci2A7. CnenoBareibHO, MyTh KPUCTAJUIM3ALUH TPOXOIUT B
CTOPOHY KOHIPYHTHOH IMOTPAHUYHON KPUBOW, HA KOTOPOH MPH MOHIKECHUN
TeMIepaTypbl, 0JHOBpeMeHHO BblienstoTcs coeauHeHus CA u Ci12A7. Ha
PEHTT€HOTPaMMe MPOSIBIISIFOTCS OTHOCUTENBHO CIa0ble JIMHUH, OTHOCSIINECS
k remneHuty CpAS, KOTOpBI TakKe, KaK M BBLACIHMBIINECS KaJbIHEBbIC
aNMIOMHUHATHI, TaBuTcs 6e3 pasnoxkenus [11].  CocraB Ne 3 o6pasma
NPaKTUYEeCKH TOMaJaeT Ha KOHIPYSHTHYIO IIOTPAHUYHYIO KPHUBYIO,
PACIIONIOKEHHYIO MEXK Ty TTOJIIMU NepBUYHOM Kpuctaumzauuu CA u C2AS u,
CJIeZIOBAaTENIbHO, NPU OJHOBPEMEHHOM KpHCTAUIM3AallMM YKa3aHHBIX coe-
nuHennii (CA, C2AS) n3MeHeHne cocTaBa paciuiaBa OyJIeT epeMeniaThes B
CTOPOHY HOHWKEHHSI TEeMIIepaTyphl 10 MOTPaHUYHOM KpuBoil. Kak BUIHO U3
puc. 2.6.3. audpakiroHHble MaKCUMyMbI, oTHocsmmecs kK Ci2A7, 3Ha4H-
TEJBHO YMEHBUIAIOTCS, a MaKCUMyMbl st CA craHOBsATCS OoJjiee OTUETIIH-
BBIMH M HMHTCHCHUBHBIMU. HewsmeHHOCTh mHTEeHCHBHOCTEH NUKOB CoAS,
CBSI3bIBAETCS C BBICOKOW TeMmepaTypol rmiasineHus reienuta (1500 °C) u
HU3KOH CKOPOCTBIO 00pa30BaHMs KPUCTAIIIOB.

CrnenoBartenbHO, MyTh KPUCTAUTU3AIMH PACIUIABOB, COCTaBbl KOTOPBIX
pacrosiokeHs! B nosie kpuctaumzanuu CA ¥ JONOJHUTENBHO COAEPHKAT OT
3,0 1o 6,0 macc% Fe203(AlF3), npu oxiaxIeHUU 3aBEPIIAIOTCS B TPOMHON
TOYKE, B KOTOPO 3aMBIKAIOTCSI TIOJIsI HepBUYHON KpucTaiumzanun C12A7, CA
u C2AS.

HccnenoBanus, CKaHUPYIOLIMM 3JIEKTPOHHBIM MHUKPOCKOTIOM (pHc. 3.a,
0, B), TEKCTYPHO-CTPYKTYPHBIX OCOOCHHOCTEH 00pa3loB, MOIYYEHHBIX OX-
JAKICHNEM BBICOKOTEMIIEPATypHOTO paclljiaBa, IMOKa3aji, YTO CHHTE3UpO-
BaHHBIE MaTepHUAIIbl MPEICTABICHBI MOJHOCTHIO KPUCTAJUIMYECKOH CTpPYK-
TypOH, IZle OTCYTCTBYET cTekiIooOpa3Has (asa. [ng TekcTypsl 00pa3LoB
XapakTepHa HEKOTOpas 30HAJIbHOCTb, CBSI3aHHAsA, MO-BHANMOMY, C 0oOpa-
30BaHUEM TpaJMeHTa TeMIepaTypsl Mo 00beMy oOpasla MpH OXJIAXKICHUU.
CornacHo TaHHBIM MHKpPO30HJ0BOI0 aHaJIM3a KpUcTajuinyeckas (asza oTiau-
qaeTcs BbICOKMM conepxkanneM O, Ca m Al, B HEOONBIINX KOJMYECTBAX
npucytctBytot Fe, Si u F. Ha ocHoBe PDA 1 Mukpoananusa cieayer, 4To
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Puc. 3. DM cHumkM noBepxHocTen 06pasLioBa, NOMyYEHHbIX OXNaX4eHMeM pacnnasa oT

1500 °C co ckopocTbto 20 °C muH™

CocraBbl 06pasuos: a. CaO 50, Al,0350; 6. CaO 48, Al,0348, SiO; 4,0, Fe,033,0; B. CaO
46, Al,0346, SiO; 8, Fe,03 3,0(AlF3)

P COBMECTHOM BbIJeNEeHUH ABYX amoMuHaTtoB (C12A7, CA) B mosue nep-
BuyHON kpuctammmianuu CipAz, oOpasyercss 000I0YKa KPUCTATMYECKON
¢a3el 6oraroii okcuaoM Kanbiys. [Ipy KpucTayM3anuy paciuiaBoB B MOJIE
nepBUYHON Kpuctayumsanun CA, BELICTSIOTCS C(HOPMUPOBAHHBIC PA3BUTHIC
kpuctaimisl C12A7, CA, CAS. OO6pasmpl OTIMYAOTCS BBICOKOW OJTHO-
POHOCTBIO M BapHallMM COJAEP’KAaHUS OCHOBHBIX 3JEMEHTOB COCTABIISIET
0.9-1,5 %.

BeiBoabl. [lonyuennsie Ha ocHoBe MeTo0B JITA, POA u snexTpoHHON
MHUKPOCKOIUHU pe3ysibTathl uccienoBanus cuctemsl CaO-Al203-SiOp,
conepkamieir Fe203 u AlF3, cBuaerenscTByOT 00 3 heKTHBHOM IeiicTBIM
okcuaa u Gpropuaa TPEeXBaJICHTHBIX AJIEMEHTOB Ha CHIDKEHHE TEMIIEPaTyphl
JIUKBHyCa CUCTEMBI U Ha CKOPOCTh 00pa30BaHuUs Pa3BUTHIX KPUCTAIIIIOB.

BbrisiBEeHO, 4TO OTCYTCTBUE B MPOAYKTaX KPUCTAIITM3ALMH KAJIbLIUEBOTO
amoModeppuTa CBA3aHO TOTHBIM BHeApeHHeM Fe*' B kpucTammmueckyro
pemetky CA.
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GRUAULELS SUrrert 0RURSSNCPMA3RY ZUHELNRUTVES MGLARVEYN,
RULQruL3NRURLUSPY SGUBLSP USUSUUYL UMMULALULUSUNRF3NR VLG L

RA. UN4URU3 UL

Sy wipfuunnwhpned Dhpluwgugdws ki Ca0-Al:0s-SiOz Swdwlupy 3.0-fy
dpigh 6,0 quiq% Fe:Osp b AlFsp Gbpdniddwl qhbumypned $uqugnpmydub
n:.unufilwuﬁpnl./z?!wil luFII.JﬂLiI.piI[TF[I, npp bhpuwnnof £ C3/‘\, C12A7, CA Jﬁwgnl.-
Pynitiiibpp wnwghuwghl pynepbqugwl gupnbpp’ awSdwhwgulfus SiOx-f 10
quibiqt% Swumwmnd wupndilndfwdp b Swdwlupgf (ppdfpncof gbpduo-
wnfrubifs unspnfuncffyniditsbpp: UpbPlgh ppowluwiogdby b olpgpio ol poduposa-
fncpp Sugdudp 1400-1500°C bkl dw  Swnmunnndh ghpduumpfubwgpl upuyg-
Swihbpnud: WU L MO SEfnaqibpny nouncfimuppdby ki 50 quiq% Al:Os Suu-
il wpupnidilnffpudp fpnpdwépny pynepbguighl $ugbph dunpdub
opplwympnffniilibpp, b Syl B Swdunnby ponplgugdud wowghugpl gu,-
wnbpp’ gynpmiug Sudbpnfibph Dhpdnddwlp: RugwSwpndly b ap Spdilub
pynepbqugpl $uwgbph kit CpAy; b CA, pul Swynyffibpfh pynepbqugswl
wpguwuppbbpnud  wynolpliwpbppmwgple pugbph pugulwgngndp
g wlunfnpfwd b huwpgpnolp wynoSpiumibpnod AP -p Fe? - pgndnp$ sin-
fuwppidudp: Qwpgly b, np Fe:0sf b AlFs-p jpugnigpy tbpdnidnidp Gufu-
il Swdwlupy Swigbghnod Eippdppnof gbpdummpSwbp bugdub -
by wynidfimmibpp gudpgbpdwumpSwingph owfnplwip: Snyy b npdby,
np pymopliqugfte junngdudpn snwpphpdnng wynedflismugfle Eplne $uighph
dfrdwidwbilyyu wnwgugnedp bygumnnu b pupdp wpugnffyudp juspulgdng
ghdEinf vinwgdwip:

FEATURES OF OBTAINING HIGH-ALUMINA CEMENT CONTAINING
OXYFLUORIDE ADDITIVES OF TRIVALENT ELEMENTS

B.V. MOVSISYAN

M.G. Manvelyan Institute of General and Inorganic Chemistry NAS RA10, Argutyan str, 2 lane:
E-mail: bagrat.movsisyan@polytechnic.am

This paper presents the results of a study of phase formation when introducing from
3.0 to 6,0 wt% Fe;O3 and AlF; into the CaO-Al;05-SiO- system, including fields of
primary crystallization of compounds CsA, C12A7, CA and limited to a constant content
of 10 wt % SiO; and changes in the liquidus temperature of the system. The synthesis was
carried out by melting the initial charge at temperatures of 1400-1500 °C with isothermal
exposure for one hour. The patterns of phase formation along a section with a constant
Al,O3 content equal to 50 % wt. were studied using DTA and XRA methods. and the
fields of primary crystallization of coexisting phases with the introduction of low-melting
additives were refined. It has been revealed that the main crystalline phases are Ci2Az,

41


mailto:info@polytechnic.am

CA, and the absence of aluminoferrite phases in the crystallization products of melts is
associated with the isomorphic replacement of AI** by Fe3* in calcium aluminates. It has
been revealed that the additional introduction of Fe;O3 and AlF; into the initial system
leads to a decrease in the liquidus temperature, promoting the low-temperature formation
of aluminates. It has been shown that the simultaneous separation of two aluminate
phases, which differ in crystal structure, contributes to the production of cement with a
high setting rate.
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CHUHTE3 U CBOMCTBA IMTPO3PAYHBIX CUTAJIJIOB CUCTEMBI
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Tocmynuno 11.03.2024

M3yyeHbl obnacte M OCOBEHHOCTU CTEeknoobpas3oBaHusl, M YacTb AuvarpamMMbl COCTOSIHUS
ncesgoTponHon cuctembl MgAILO4-B,03-SiO, no paspesy ¢ NOCTOsiHHLIM copepxaHunem MgAlLO,
28,6 mM0m1.%, nNpouecchbl KpucTannmMaauum CTeKos, pacnonoXeHHbIX B AaHHOM obnacTu, B cocTaBax
KoTopbix SiO, 3aMelleH 3KBUMONSAPHbIM KonmyectBoM B,O;, a Ans uvHuupoBaHWs npouecca
KpUCTannunsaumnm CTekon NnponsBeaeHo YacTuiHoe 3amelleHre o 5 % MgO Ha MgF,. UccnepoBaHbl
obnacTb cTeknoobpa3oBaHus, nocneaoBaTenbHOCTb Y XapakTep KpUcTanmsauum CTeKor, yCrnoBus
ha3oBoro pasaeneHns, 3aBUCMMOCTU TEPMUYECKNX CBOMCTB U MUKPOTBEPAOCTU CTEKNOKPUCTAnNoB
OT cocTaBa . BbisiBneHo, 4To Npo3payHble CTEKNOKpUCTanbl C BbICOKOW MUKOTBEpAOCTbIo (Hv 2720
Ka/MM?) N HU3KAM TepMuyeckuMm paclumpernem (35-40.107K™) MOXHO NonyynTb OLHOCTaAWMHOM
TepmoobpaboTKo B TemnepaTypHow obnactu TpaHcdopmaumm ctekna.

Bubn. cebinok 11, puc. 3

Knroueswvie cnosa: CTGKJ'IOO6paSOBaHI/IC, JuarpaMMa IUIaBKOCTH, KpHUC-
TaJIn3alus, CTCKIOKPHUCTAJII, MUKPOTBEPAOCTh, TCPMHUYICCKOC pACIIMPCHUC.

Pa3paboTka TepMOCTOMKHX, BBICOKOMPOYHBIX M MPO3PAYHBIX CTEKIIO-
KEePaMHUUYECKUX MATEPUAIIOB JJIs AJIEKTPOHHON TEXHUKHU U KOHCTPYKIIHOHHOU
OIITUKHU, CO3JaHUC Ha UX OCHOBC CBCTOTCXHUUYCCKUX MATCPHUATIOB SABJISACTCA
aKTyaJbHOM 3aJaueii COBpEMEHHOTO MaTepUATIOBEICHHUSI.

OCOOCHHOCTBIO TPO3PAYHBIX CTEKJIOKPUCTAUIMYECKAX MaTEpUAIIOB
(cuTaJIIOB) SBISETCS OJM30CTh 3HAYCHUH CTPYKTYPHBIX TApaMETPOB, TEPMHU-
YECKHX CBOWCTB, TOKa3aTeliell NpPEeIOMIICHHS OCTaTOYHOW IPO3pPavyHOM
CTEeKJI000pa3HoH (ha3bl 1 HAHOPAa3MEPHBIX KPUCTAIUIOB, BBIJCIUBIINECS IPU
TEPMHUYECKON 00paboTke CTeKia B TemImepaTypHOH oOiactu TpaHchop-
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Mainuu. Takoe coueTaHue CBOMCTB CTEKJIAa M HAHOPA3MEPHBIX KPHCTAIIOB
CIOCOOCTBYET MaJlOMy pPAacCesSHHIO M OTPaKEHHIO CBETa B CTEKJIOKpHC-
TAJJIMYECKOM MaTepualle, CHW)KEHUIO OCTATOYHBIX HANpsHDKEHUH B Iepe-
XOJIHOM 30HE CcTeKJIo-KpucTaul. CBoMCTBa CTEKJIOKPUCTAIIMYECKUX MaTe-
pHAJIOB ONpEAETSIOTCS CTEKI000pasyromeil CHCTEMON U UCXOJIHBIM COCTa-
BOM CTEKJIa, onpeaesstomeii (pa3oBblii COCTaB BBIIEIUBIINXCS KPUCTAJIIOB,
CTPYKTYpHbIE OCOOEHHOCTH U CBOWCTBA CTEKJIOKpHcTaia. [l noaydeHus
CTEKJIOKPUCTAJUIOB M OCOOCHHO IMPO3PAayHBIX CTEKIOKPHCTAIIIOB OOJIbIIOE
3HAYEHUS UMEIOT YCIIOBHS U TEMIIEPATYPHO - BpEMEHHbIE TapaMeTphl BapKH
U BBIPAOOTKU CTEKJI000pa3ylollero paciuiaBa M Ipolecca HalpaBIeHHOM
KpPUCTAJTU3AIMHA UCXOTHOTO cTeksa. CTPYKTypa CTEKJIOKPHCTAIIIOB Xapak-
TEPU3YETCS MEIKO3EPHUCTHIMH, XaOTUYHO OPUEHTHPOBAHHBIMHU KPUCTAJLIA-
MU C HEOOJBUIMM KOJHWYECTBOM OCTATOYHOIO CTEKJa, HO 0e3 IyCTOT U
MUKpPOTpeEIIrH. B 0CHOBe HanpaBiIeHHOW KPUCTAIUIN3ANH JISKHUT 3 PeKTuB-
HOE 3apojbllieo0pa3oBaHHe ¥ JalbHEHINWH pocT KpuctamwioB [1, 2].
OCOOEHHOCTBIO TEXHOJIOTUH CTEKIOKPUCTAIMYECKUX MAaTEePUAJIOB SBIISETCS
JIOTIOJTHUTENbHAS TEepPMUYecKas 00paboTKa CTeKJia W BBIACICHHE KpHUC-
TaJTMYECKUX (a3 ¢ pa3MepoM KPHCTAIIIOB OT HAHOMETPOBBIX (> 10 um) mo
MHUKPOMETPOBBIX pa3MepoB (~2-3 MKM), IPAKTUYECKH OJUHAKOBBIX 110 pa3-
MepaM H OecropsI0oYHO paclpeleieHHbIX B OCTATOYHOH CTEKIO00pa3HOM
Mmatpuiie. [Ipo3padnble CTEKIOKEpaMHUECKHE MaTepHaIbl, OTIMYAOTCS
MaJibIM PacCEesIHUEM CBETa, BBICOKOW XMMHUYECKON U TEPMHUUYECKOM yCTONYH-
BOCTBIO.

OCHOBOII MHOTHX O€CIIIEIOYHBIX ATFOMOCHIMKATHBIX CUTAJLIOB (KOpAHe-
PHUTOBBIX, AHOPTUTOBBIX, MYJUIUTOBBIX U JIp.) SIBJISIOTCS CTEKIIA, COJCpIKAIUe
MIOMHUMO OCHOBHBIX CTEKJI000pa3oBaTelNeil, OKCUIBI, U B psle CIy4aes,
dropuasl Metaios (Mg, Ca, Sr, Ba, Zn, Pb, Ti, Zr u T.1.) [3-5]. Beicokumu
($U3NKO-MEXaHUYECKUMH, ONTHYECKUMM XapaKTEPUCTHKAMHM OTIMYAIOTCS
CTEKJIOKpUCTaIIbl Ha ocHOBe crcteMbl MgO-Al203-SiO;. [epcrniekTHBHBIM
HarpaBJIeHUEM SIBIISICTCS cO3JIaHHe NpO3paYHbIX HaHO-
CTEKJIOKPUCTAJUINYECKUX MATEpHAJIOB HAa OCHOBE CTEKOJI, JOMHMPOBAHHBIX
penKO3eMeNbHBIMU JIEMEHTAMH, TIOMUHECIIEHTHBIX MAaTEPHAIIOB.

Lenbto nanHOW paboTHI ABISETCS U3yYSHHE YACTH JUATPaAMMBbI COCTOS-
aust cuctembl MgA1>04-B203-SiO; 110 pa3pe3sy ¢ MOCTOSHHBIM COIEPIKAHUEM
MgAI20.4 28,6 m01.%, TiporieccoB KPUCTAITU3ALNHN CTEKOJI, PACIIOIOKCHHBIX
B 0011acTH, B cocTaBax KOTOPbIX S102 3aMelIeH SKBUMOJISIPHBIM KOJIMYECTBOM
B2O3 no 40,0 mon.% . VccrenoBaHbl MOCIEAOBATEIHHOCTh U XapakTep
KpUCTAIN3alMU  OJHOCTAJUIHON TepMOOOpaOOTKOM CTEKOJ, YCIIOBHS
¢da3zoBoro  pasjeneHus, 3aBUCUMOCTH  TEPMHUYECKMX  CBOMCTB U
MHUKPOTBEPAOCTH CTEKJIIOKPUCTAIUIOB OT COCTaBA.
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MeToabl HcCaeTOBAHUS.

CuHTE3 CTEeKOJ MPOU3BOAMICA B  KOPYHOOBBIX THUIISAX B
AJIEKTPUUYECKOW Teun B atMmocdepe Bosayxa mpu Temmeparypax 1400-
1450°C B Teuenme 60 mun w3 XxuMHUYecku YUCTBIX peakTnBoB MQCOs,
Al(OH)s, H3BOz wu SiO;. B kauecTBe TIUJIaBHM W WHHIIUPOBAHHS
KPUCTAJLTU3AIMH B COCTAB CTEKOJ JOMOTHUTENIHHO BBOAMIH pTopua MgF2 mo
5,0 %. PacnmaB BbUIMBajCs Ha XOJOJIHYIO CTajbHYIO IiauTy. OO6nacTb
MeTacTaOWIbHOM JMKBAIlMM ONpEAessUlach 10 3HAYEHHUIO TEeMIEpaTyp
obpazoBanus omajnecueHmuy. IIpu BaskocTu crexon ~107/1a-c mosBieHue
OomaJIeCIICHIIMA W pazzaeiieHne (a3 mpoucxoiat npu ~ 30-uunymmuou
Beiepkke. luddepennnanpHo-Tepmudeckuii  ananu3  ([ATA) crexon
MPOU3BOJWICS B IUIATHHOBOM TuTJIe Ha aepuBarorpade Q-1500 (sranon
Al;03), ckopocts HarpeBa — 15 “mun™. Temmepatypmbiii kod(durment
nunerinoro pacmupenust (TKJIP) u Temneparypa ctekinoBanusi (tg) crekon
mMepsanuck Ha gumatomerpe JJKB-4 mpu ckopoctu Harpea ~5 °Coyun,
TouHOCTH onpeaenenus - Aa £ 3,0-107°C™L. MukpoTsepaocTs onpeensnach
METO/IOM BJABIMBaHHMSA aiMa3HOW mmpamuasl Bukkepca (136%) B
MOJIMPOBAaHHYO MTOBEPXHOCTh cuTayia Ha npudope [IMT-3M. DiekTpoHHO-
MUKPOCKOIIUYECKHUE HCCIICOBAHMS TPOBOAWINCH HA CKAHUPYIOIIEM
anekTpoHHoM Mukpockorne (SEM) Prisma E (Thermo Fisher Scientific).
Pentreno¢a3zoBblii aHaMW3 MPUHYIUTEIHHO KPUCTATU30BAHHBIX CTEKOI
npoBoqwicss Ha gudpakromerpe URD 63 ¢ ucnonb3oBanumem Cuko—
W3IY4YCHUS! U HUKEJIEeBOro (uibTpa, CKOPOCTh PErHCTPALlUM COCTABISLIA
2°[mumn.

JKCNepUMEHTAJILHAS YaCTh.

Crekna B uzyuenHoi cucteme MgAl,04-B;03-SiO, o6pasyrores B obnactu
Beicokoro comepxkanuss  SiO2 u  ByOs, KkoTopas pacronoxeHa MeXIy
nceprobuHapabivi - cucteMamu  (MgO-Al2O3)-B.03s u (MgO-ALO3)-SiO;
KOHIIEHTPAIIMOHHOTO TpeyroybHuKa [6]. OCcOOEHHOCTBIO OOPOCHIIMKATHBIX |
AITFOMOOOPOCHITMKATHBIX CHCTEM SIBJISIETCS] HAJTMIME METACTaOMIbHOM JINKBALHH.
B cucremax ¢ nBymMs cTeKiooOpa3zoBaTeNsIMH, COAEPXAIIMX JIBYX- U
TPEXBAICHTHbIE MOAU(UKATOPBI, COCTaB OMHOM (pa3bl ocTaercs ONIM3KUM K
UCXOHBIM cTeksiooOpasoBatersiM [7]. CrienyeT Takke OTMETHTh, YTO MPH
BBICOKOM cozieprkanii AlxO3 CKIIOHHOCTh K (Da30BOMY pa3/IeliCHHIO CHCTEMBI
ymenbinaercst u - tetpadapel  AlO;  BXoaAT B Kapkac CTEKIA  Kak
crekooOpazoBatenu[8]. Ilpo3paunbie cTekna B TICEBAOOMHAPHBIX CHCTEMaxX
obOpazyrorcst ipu copepxkanuu 10 78,3 mon.% SiO2 m 1o 79.2 mon.% B0s.
HenpeppiBHOCTh 1 pacuimpeHyre 00nacTu CTEKI000pa3oBaHMs IMPO3pPauHbIX
CTEKOJI B TICEBIOTPOMHOM cHCTeMe OOBSICHSIOTCS COBMECTHBIM BBEICHUEM
creksioo0pasyrorero 1 Mmoxuduipytomero okcunoB Al,Oz u MgO, uro co3naer
YCIIOBUSL /ISl TOHOPHO-AaKIENITOPHBIX B3aMMOJICUCTBUI M TEpeXoja KaTHOHOB
aMOMUHUA ¥ OOpa B YETBHIPEXKOOPIMHUPOBAHHOE cocTosiHne. COBMECTHOE
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o0pa3oBaHye, TIOMIMO ATFOMMHATHBIX KoMIutekcos [AlOs2]*Mg?" B crpykType
CHIINKAaTHOTO CTeKya, 6opaTHBIX KomruiekcoB [BO42]>Mg?* ¢ katronom Mg?*,
CIIOCOOCTBYET TMOCTPOCHHIO OOPATHBIX, ATFOMUHATHBIX M CHJIMKATHBIX TPYII
€IMHOTO TPOCTPAHCTBEHHOIO KapKaca, YBEIMYMBAIOLIUN 00JIaCTh 00pa30BaHUsI
CTEKOJI TIPH TEX K€ YCIOBUAX OXJIXKICHHS PacIuiaBoB [7, 8].

Ha puc. 1.a wu 1.0 mpuBeneHsI 4acTh IUAarpaMMbl CTEKIO00pa30BaHUS U
mwiaBkocTh crcteMbl 2MgO-2Al03-5S102-2(MgO Al203)5B203 ¢ MeTacTabmib-
HO 00JIaCTBIO PACCIIANBAHUSI M TBEPIBIX PACTBOPOB IO Pa3pe3y ¢ MOCTOSHHBIM
conepxanrieM MgAl>04 28,6 mon.%.

1600

1200

1000 hyn + Hopa e D Ta. I8 Ko

10 20 30 a0 50
2{Mg0-A1,0,) 5Si0; Mon % 2ME-2A1,0,58,0,

6

Pwuc.1. Ouarpammbl obnactu cteknoobpasoBaHus (a) n nnaskocTu (6) cuctemsl
2MgO-2Al203-5Si02-2(MgO-Al203)5B203 ¢ meTacTabunbHon obnacTbio
paccnauBaHus 1 TBepAblX PpacTBOPOB (pa3pes C MOCTOSAHHLIM COAepXaHem
MgAI204 28.6 mon.%).

W3 puc.1l BUIHO, YTO MPO3pavHbIC CTEKIIA B IICEBAOOMHAPHBIX CHCTEMAX
obpasytorcst mpu SiO2 u MgO-Al203-5B>03 obmactu crekinoodpa3oBaHus
orpanmyeHsl mpu conepxkanus MgO'AlOs 58.0 mon.% u 63,0 mon%
cooTBeTCTBeHHO. B niceBnoounapHoii cucreme SiO2-MgO-Al,O3 o6pasyercs
TOJBKO OMHO coeauHenne — kopaumeput 2MgO2Al035Si0;, miaBsmiics
MHKOHIPY3HTHO nipu 1545 °C, pasnarasice Ha pacIuiaB U KpUCTAILIBI MYJUIMTA.
Kopaunepur o0paszyer HECKONBbKO MONMUMOPOHBIX (OPM, HMPOMEKYTOUHBIX
(a3 ¥ TBEpIBIX PacTBOPOB. B cTpyKType KOpAnepuTa Tpu aToMa aIFOMHHUS
HAXOJISTCS B OKTadAPHUYECKON KOOPIMHAIINH, & Y€TBEPTHIN - 3aMeIaeT OJ1H
aTOM KpPEeMHUsI B KOJIbIIEBOW CTpykType, oOpasys AlSisOs- rpymmer [9].
CocraB KoOpaWepurTa pacloiioKeH B 00NacTH CTEeKI000pa3oBaHUS, W
CUUTAETCs, YTO M30MOP(HOE BXOKICHUE ATIOMUHUS B CTPYKTYPY CTEKJIa
IPOMCXOIMT 3a cyeT obpasoBaHMs KomiuiekcoB [AlOs]?Mg?* [10,11].
OnHako, yka3aHHOE 3aMeIlleHHe MPOUCXOIUT B Y3KUX MpeAeiax B CBS3U C
BBICOKOM CHJIOM TIONS KaTMOHA MArHWs, NPENATCTBYIOMIEH MOCIe
onpeneneHHoN KoHueHTpauun AlOz peanusaimy TETpas3ApUUYEcKOd Koop-
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muHaimi amomuHns. CrexitooOpazoBanne B cucteme SiO2-MgOAlLOs mpe-
KpalaeTcsl u3-3a PEe3KOro IMOBBIICHUS TEMIIEPAaTypPhl JIMKBUIYCA CHCTEMBI JI0
1560 °C.

Kak Bumno u3 puc. 1.0, mpu BBeaennu B,Os B ucxomnyio cucremy, Ha-
OnroraeTcss CHWDKEHWE TeMIlepaTypbl JmkBuayca cuctembl 1o 1100°C ¢
00pa3oBaHMEM HBTEKTUKH. B 001acTi HM3KHX TeMIepaTryp JAO0IBTEKTHYECKOTO
COCTaBa BBISIBIICHO 00pa30BaHUE METACTAOMIIbHOM 00JIaCTH pacCiauBaHus, O YeM
CBHICTEIILCTBYeT S-oOpa3Has (opma W3MEHEHHsS KpHUBOW TeMIlepaTyphbl
mukBuayca.  OOmacth  MeTacTaOWIBHOW — JIMKBAaIlMd — PACIoOJIOKEHa B
TOJICOJTMTYCHOM 00JIACTH CUCTEMBI B MPE/ieiax COCTaBOB, COEPIKAIUX OT 7,5 10
30 mon.% anmromoOopata 1 UMeeT BEPXHIOI KPUTHIECKYT0 TOUKy ripu ~1055 °C. B
pPaHHUX HCCIEOBAHMUSAX BBIABICHO, YTO oOmactu coctaBoB 10 5,0 mon.%
Mg2Al:B10023 Beimie 1420 °C cocymiectBytoT pacmiaB u Myt 3A10s2SiO,,
HIDKE - B IMPoKoM uHTepBasie Temreparyp (1420-1150 °C) u cocraBoB (o ~15
mon.% Mg2AlsB10023), paciiaB  HaxoguTcss B PAaBHOBECHH C  JIBYMs
kpuctaumyeckumu - dazamu:  3A103-2Si0; u MgO-Al,03. Bommu  niHuM
Conyayca B METacTaOMJILHOM PAaBHOBECHH HAXOISTCS TPH KPUCTALTMYECKUE
(a3bl 1 pacIuiaB, MPH MOITHON KPUCTAINTU3ALIH KOTOPOTO BBIIEISIFOTCS MYJUTAT U
TBEpIbIC PACTBOPBI KoOpauepuTa. [IpW WCCIECIOBAaHMH KPUCTAIIA3ALIN
pacIUIaBOB TIOCJIE HBTEKTHYECKOM TOYKHM, BBIABICHO OOpa3oBaHHE OO0JACTH
TBEPIBIX PacCTBOPOB. B 3T0i1 001acTH pacTBOPUMOCTH OOPATHON M CHUITMKATHON
COCTaBJISIFOIIMX CUCTEMBI orpannueHa coaeprkanuem 2(MgO-Alx03)5B20;3 ot 30
1o 50 mon.% . Tlo-BumumoMmy, JOMOJTHUTEIbHOE BBeeHne MgF2 n oOpazoBaHvie
KOHIIEBBIX CBS3€M B CTPYKType CTEKJIa CIOCOOCTBYIOT KOOPIHUHAIMOHHBIM
niepexonam 6opa. Takum 00pa3zom, MOKHO TPEATIONOKUTh, YTO BBIICTHUBIINICS
TBEP/bIi PACTBOP C YBEIMUSHUEM KOHIIEHTPAIIMH OOPaTHBIX IPYHITUPOBOK MOKET
UMETh  pa3MYHble  CTCNIeHH  YIOPSJOYEHHOCTH W TeMIepaTypbl
NEePEeKPUCTALIN3ALIIH.

W3BecTHO, 4YTO MpEeIKpUCTAUIM3ALMOHHOE MeTacTalmibHOe — (ha3oBoe
pazzeNieHne MepeoXJIaKACHHOIO  CTEKJIO00PAa3yIoIIero paciuiaBa, KOTOpOe
HaOJTI01aeTCsl B U3y4YEHHOM CHCTEME CITOCOOCTBYET 00pa30BaHMIO TPAHHUII pa3ziena
(a3 1 BBIIETICHHIO HAHOPa3MEPHBIX KPUCTAILIOB. PABHOMEPHOCTH pactpeneneH s
KPUCTAUIOB, WX KOJMYECTBO M pPa3Mepbl B CTEKJIE 3aBUCHUT OT CKOPOCTH
OXJIKAEHUS] pacIlaBa W TeMIIepaTypbl BTOPUYHOM TepMooOpabotku. Ilpu
HU3KMX TEMIlepaTypax BBICOKAsh BSI3KOCTh paciUlaBa ©  HEJAOCTATOUHO
MHTEHCUBHOE TEPEMEIICHNE 3aMe UISIOT 00pa30BaHUe HOBOM KPHCTAILIMUECKOM
Ga3l  TO Ke camoe TPOSIBISACTCS TIPH KCCICAOBAaHUH TEMIIEPaTypPHOIO
koo ¢uumenta tepmudeckoro pacumpenus (TKJIP) crexnokpucramioB u
TeMreparypbl Hauaiga JedopMaiyy, T HAONIOMAaeTcsl — MPaKTUYeCKU
HEM3MEHHOCTh 3Ha4eHHH Tepmirdeckoro pacimperns 10 800-900 °C, necmoTps Ha
TIOBBIILICHHE TEMIIEPaTypbl IeOpMallid OCTATOYHOTO CTEKJIa C TMOBBIIICHHEM
TeMneparypsl (puc.2 a).
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Puc 2. a - 3aBncumoctb TKIIP cutannos ot Temnepatypbl TepMoobpaboTku:
6- 3aBMCMMOCTb MUKPOTBEPAOCTU CUTANIIOB OT TemnepaTypbl TEPMOOOPabOoTKN CTEKIT

W3meneHne 3HaueHUst MUKPOTBEPAOCTH PO3PAYHBIX CUTAIIIIOB IIPH pas3-
JMYHBIX TEMIIEpaTypax 00padOTKHU CBA3aHO C YMEHBIICHHEM MUKPOBEPIOCTH
70 TOsBJICHMs omajecieHnuu B creknax (850-900°C) (puc. 2.6). Ilpm
MOBBIIICHNH TEMIepaTypbl HaOMIONaeTcs pe3Koe YBEIMYEeHHE pazMepa
BBIJICJISIFONIMXCS. KPUCTAUIOB U TIyIICHHE CTeKoy. ONTUMaNbHOE TeMmIlepa-
Typa TepMOOOPaOOTKU sl MONyYeHHs HEOOXOAUMOU CTPYKTYpPBI CTEKIIO-
KpHUCTaJla MOXKHO OTIPEIEIUTh HIKCTPANIOSIIKEH BBEPX UIYIIUX KPUBBIX 3HA-
YCHUH MHUKPOTBEPJOCTH. MCmonb3ysi pe3ysibTaThl HMCCIIEIOBaHUS MHUKpPO-
TBEPJIOCTU CUTAJUIOB HA CTaIUHM OOpPa30BaHUsS ONPEACICHHOTO KOIUYECTBA
LEHTPOB KPUCTAJUIM3ALMH U COOTHOIIEHHUsS] HEOOXOAMMBIX (a3 B 00IacTH
HU3KUX TEMIIEPaTyp, MOXKHO MPEUIOKUTh CIIOCO0 OMpPEIe/ICHHs ONTUMATh-
HOU TeMIlepaTypbl TEPMOOOPAOOTKHU ISl CUTAJUIM3ALUH CTEKOII.

DJIEKTPOHHOMUKPOCITMUECKUE UCCIIEIOBAHMUS 3aKAIEHHBIX CTEKOJ (CKO-
pocth oxmaxaeHus pacriaBa <10 K/C) pasiuynbIX y4acTKOB 00pasiioB
MOKa3ajiy, 4To KarieoopasHas ¢asza ¢ pazmepamu kamenb 30-40 wv paBHO-
MEpPHO pacrpesiesieHa B MaTpu4HoOi (paze crekia, a Ooyee pa3BUThIE KpHUC-
TaJJIbl PABHOMEPHO paclpe/iesIeHbl Ha MOBEPXHOCTH CTEKIIA.

Jnist mosyueHusi CTEKJIOKPUCTAUTMYECKUX MaTepHajioB C OIpe/elieH-
HBIMH CBOHCTBAMH HMCXOJHBIE CTEKJIa OBLIM IMOJBEPTHYTHI TEIUIOBOWH 00-
paboTke Mpu TemmepaType CTEKJIOBAaHMSA, ONpeaeIeHHol MeTogoM audde-
peHnumanbHo-TepMudeckoro ananusa (JJTA), B untepBane temneparyp 500-
900 °C'8 Teuenue 120 ymum.
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Pnc.3 MukpocTpykTypa TepmMoobpaboTaHHbIX CTEKON Npy Temnepartypax:,
1-600 °¢, 2-700 °C, 3-800 °C (BblaepxKa 2 4)

W3 mpeicTaBieHHbIX MHKPOCKOITMYECKMX CHUMKOB BHJIIHO, YTO TPU HU3-
KOTEMITEpaTypHOU TEpMOOOPaOOTKE CTEeKIa 00pa3yroTCs TEPMOAWHAMUYECKU
BBITOJIHBIE YCIIOBUSI JIs1 0Opa30BaHuUs OOJIBIIOrO KOJMYECTBA HAHOKPHCTAILIOB.
Pa3mepsr kpuctammioB m3menstorcss or 50-100 wm. Tak ke BHaHO, 4TO Ha
TOBEPXHOCTH CTEKIa o0pasytorcs Oojiee pa3BUThIE KPHUCTAUIBL, KOTOpPBIC
PaBHOMEPHO pacrpesiesieHbl 10 BCeW TUIOMIAAN MOBEPXHOCTH. YUHTHIBAs, YTO
CTPYKTYpOOOpa3yronye TpyHIbl HAHOPAa3MEPHBIX KPHUCTAUIOB M MAaTPHYHOTO
cTeKia OJM3KH, CIe0BaTeNbHO, B 00PAa30BABIIEHCS TE€TEPOreHHON CHCTEME He
o0OpasyeTcst pe3koi TpaHULbI pa3aeneHus AByX (a3. CienoBaTenbHO, OCTaTOUHAs
crexnoaza sBIsIeTCS HENpephiBoi  (a3oil W TMpemonpeieNsieT W3MEHEHHUs
TEPMHYECKUX F ONITHYECKUX CBOMCTB MPO3PAYHBIX CHTAILIOB.

BbiBoabI. Taxum o0pazom, HCCIIEIOBAaHUEM CUCTEMBI
2MgO-2A1:03-5S102-2(MgOAI;03)5B,03 ¢  mMeracTaOiibHOW — OOJIACTBEO
paccianBaHusl 110 pa3pe3y ¢ NOCTOSHHBIM cozepxkanneM MgAl,O4 28,6 mon.%. n
YIIPABIISIS TPOIIECCOM KPUCTAJUTH3AIUH MAarHuicoIepKammx
aMOMOOOPOCHITMKATHBIX CTEKOJI Ha CTaJuu OOpa30BaHMsA HaHOPa3MEPHBIX
KPHUCTAUIOB M TEMIIEPaTypHO - BPEMEHHBIMH TIapaMeTpaMy TepMOOOpabOTKH
THOJTyYeHbI TPO3pPavHbIe TEPMOCTOMKHE CTEKIOKPUCTAUIMYECKHUE MaTepHalbl ¢
Hu3kumu 3HaueHusimu TKIIP (34 - 40)-10-7K-1 MuUKpOTBEpAOCTHIO
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600-650 x2/mm?. Pe3yabTaThl HCCIENOBAHNSA MOTYT OBITH BajKHBI MPH
CO3/IaHUM HOBBIX MAaTEPHAIOB JUJIS DJIEKTPOHHOW ONTHUKH, a TAKXKeE JII0-
MHUHO(OPOB H IMHPOKOIOIOCHBIX JATYUKOB U3IIYUYCHHS.

MgO/MgF:-B;0;-Al:035-SiOz ZUWUTBYUL Hh FPUPULLSPY URSULLENh URLREY Y,
2USYNrRP3NRLLEN

2.0+ ERL3UY

Neuncdfwufipyly b MgALO.-B20s-SiOz Swduljupyp Sugugfeis qfossgqpusf
S dwup’ 28,6 dn.% MGALOs Swumunnnt wwpnihwlnfpudp lnpdwspf bp-
fyugliprdf, wyn inppnyff qinbifng wepulfibph pynepbqugdwi wpngbutbpp,
apnty  puquppnadibpng SiOp  pnpumppinfned b ByOsp Suwdupdbp
puwbwlnd, pulp pynepbqugidwt ypngbuf whmpofwgdfwl Swifwp wwwln
wulpnid dpigh 5% MO dnfuwppigb; b MQFe-nifs Niuncdimmuppfly b
wiulppbipf dpuunpSuwbwgfb gbpdwg it dyuwlpfudp pyneplqugdul pbffugpi ne
punyfp, pwquypl pudwindul  wwpdwhbbpp,  puqugpoffnedfy fuofudud
wulbpynepbqubph  ghpduwghte Sunnlnffyndilibph b dplpalpupdpn iy
frsparfusdneflymitip: Dwpqily by np popdp dphpnlupspnfyudp (HV 2720 Yg/dd*)
b gudp ghpdught phpupdwldwdp (35-4010°K") L fudfulighly wupulb-
pymepliglibp Juplf b wnwloy wwpulne inposbpuagdwl gbpdumpubugpbf
dpgulpuygpned dfunmpuwlughl gbpdugfiis dpwlpdudp:

SYNTHESIS AND PROPERTIES OF TRANSPARENT SITALS OF THE
MgO/MgF2-B203-Al203-Si02 SYSTEM

J.R. YEGANYAN

Institute of General and Inorganic Chemistry named after M.G. Manvelyan NAS RA
Armenia, 0051, Yerevan, st. Argutyan, 2 per., building 10
E-mail: julia.yeganyan@gmail.com

The areas and features of glass formation, and part of the phase diagram of the
pseudoternary system MgAl,04-B203-SiO; along the section with a constant content of
MgAl,O, 28.6 mol%, the glasses crystallization processes are located in this region, in
the compositions of which SiO; is replaced by an equimolar amount of B,Os, and for
initiation during the glass crystallization process, up to 5% MgO was partially replaced
by MgF». The areas of glass formation, the sequence and nature of glass crystallization,
the conditions of phase separation, the dependence of the thermal properties and
microhardness of glass crystals have been studied. It has been revealed that transparent
glass crystals with high microhardness (Hv >720 kg/mm2) and low thermal expansion
(35-40.10-7K-1) can be obtained by one-stage heat treatment in the temperature range of
glass transformation.
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O6obLeHbl pe3ynbTaTbl UCCMEAOBaHWS MyTeW ynpaBneHWs PpeakuMOHHOW CnoCOGHOCTLIO
BELLeCTB MOCPEACTBOM YMNPAaBMEHUS WX CTPYKTYPHOW perynspHoOcTbio. lMokasaHo, 4To mpu npo-
BeAeHUV TBEpPAOda3HbIX peakumin NpeanoyTMTENbHO NCNoNb3oBaHne npsamoro apdekta Xeasanna,
obnagatoLero cpaBHeEHUIO C MexaHoaKTuBaLuvel AByMS NpUMYLLECTBaMU — BOCTIPOM3BOAMMOCTLIO 1
OfHOHanNpaBneHHOCTbIO. [MofyYeHbl COOTHOLLEHWS ANt KOHTPOMSA CENEKTUBHOCTU peakLmn, NpoayKT
KoTopow nonmmopdeH. OnpeaeneHbl ycrnoBus cTabunbHOCTU kBasukpuctannunyeckunx gas. Ocoboe
BHUMaHvWe yAeneHo BO3MOXHOCTAM MPOBEAEHUS TETEPOreHHbIX KaTanuMTUYEeCKUX peakun B

pexunmMmax pe3oHaHCa U aHTUpe3OoHaHca.

Bubn. ccbinok 35, puc. 1, Tabn. 1.

Knroueswie cnosa: npsmoii 3pdext Xeapaiia, oOpaTHbiid 3P pekT Xen-
BaJuIa, CTPYKTypHas PEryJsipHOCTb, MOJIUMOP(}U3M, pEaKIMOHHAs CIOCO0-
HOCTb, KaTaJIMTUYECKUHA PE30HAHC, KAaTAIUTUYECKUH aHTHPE30HAHC, KBa-
3UKpUCTAJIINYecKas ¢asa.

BBenenune

W3MeHeHHe CTPYKTYPHOI peryisipHOCTH BEIIECTBa, BbI3BAHHOE BapHa-
nuei ero cocraBa aM00 M3MEHEHHMEM YCIOBUH ero oOpa3oBaHUs WM Cy-
IIECTBOBAHUS B I'PAaHUIAX O0JACTH YCTOMUMBOCTH, BEAET K COPa3MEPHBIM
M3MEHEHUSIM €r0 CTPYKTYpHO-UYBCTBHUTEIbHBIX CBOMCTB, OOPATUMBIM B TOH
e Mepe, HACKOJIbKO 00paTUMO W3MEHEHHE CTPYKTYpbl. Eciau Takyro TpaHc-
¢dopmanuio mpeTepreBaeT BEIIECTBO B COCTABE PEAKIIMOHHOM CMECH, TO
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pe3ynbTaToM TpaHCOpMaluy SBUTCS NMpeoOpa3oBaHHE COCTaBa, OTBEYAIO-
[IEro paBHOBECHIO 3ToW cmecH. [Ipu 3TOM TOYKa paBHOBECHS Ha OCH KOH-
[EHTPAIMH WK TeMIlepaTyp (a st ra30CcoepiKaIliuX cMeceil TakiKe 1 Ha OCH
JIABJICHUN) MOXET HE TOJIbKO CMECTHTBCS, HO M IPEBPATUTHCA B TOUKY
Ooudypkaum, B pe3yabTaTe 4ero MepBUYHbIC H/WIN BTOPUIHBIE TTPOIECCHI B
PEaKIMOHHON CMECH TpU IOPOTOBOM TpaHC(hOpManuu Kakoro-imoo eé
KOMIIOHCHTa MOT'YT U3MCHUTLCA HE TOJIBKO KOJIWMYCCTBCHHO, HO W KAa4CCT-
BeHHO. [IpesMeT Hamero uccienoBaHus — yrpasieHue (Ha3o00pa3oBaHuEM
NPOIYKTA PEAKIMH IOCPEJCTBOM KOHTPOJISI CTPYKTYPHOH peryisipHOCTH
KOMIIOHCHTOB PEaKIIMOHHOH CMECH.

Ipamoii 3¢pPext Xenpanaa

AHU30TPONUS CTPYKTYPhl YCUIIMBAET Pa3anyus yCTOMYUBOCTH KOMOMHA-
TOPHO PETYJSIPHOW YKJIaAKU CTPYKTYPHBIX €AMHHUII M METPUYECKH pe-
TYJISIPHOHM YKJIaJIKH TOTO k€ Habopa CTPYKTYPHBIX €IHHUIL], BCICICTBHE YETO
BCEM KpHCTaIIH4eckuM da3aM cBoiicTBeHeH momumopdusm. M. Xexpamn [1]
BIIEPBBIC OOpaTWJI BHUMAaHHE, YTO BOJM3H TOYKH NOJUMOPGHOTO Tpe-
BpallleHUs1 KPUCTAJUIMYECKOTO BEILECTBA €r0 XMMHUYECKas aKTMBHOCTh IIO-
BBIIIACTCS aHAIOTUYHO TOBBIIICHUIO PEAKIIMOHHON CIIOCOOHOCTH TPH IIIaB-
JICHUU. DTO OTKPBITUE CYIIECTBEHHO PACIIMPUIIO MPAKTUYECKHE BO3MOXK-
HocTH TBEpAO(da3Horo cuHTe3a [2, 3], OOHAKO TEOPETHUYSCKUH aHAIIN3
s dexTa Xeapaia 10 CUX MOP HE TPOBOIMICS.

HaspiBas s¢dexTom Xenpania MOBBIIEHHE PEAKIIMOHHON CIIOCOOHOCTH
BEIIECTBA B OKPECTHOCTU TOYKH €r0 MOJMMOP(HOTro npeBpaiieHust, 00bI9HO
MoJIpa3yMeBaroT, 4TO peub UAET 0 peareHTax. Mexay Tem, apdext Xeasanna
JIOJDKEH YYUTBIBAThCS KaK IPU PACCMOTPEHUU TPSMOU peakiiy, TaK U MpH
paccMOTpeHnr 0OpaTHON peakuy, IOCKOJIBKY Ha JOCTHKEHHUE PAaBHOBECHS
B TETEPOr€HHOW PEAKIIMOHHOW CMECH BIHMSET HE TOJBKO NOIMMOpP(U3M
peareHToB, HO M MOIMMOP(U3M HPOAYKTOB peakuuu. Jlamee Mbl Oyaem
paznuuate npsmod 3¢¢dekr Xenpamia (aBTOKaTaJIUTHYECKOE JAeicTBHE
nonuMopdusMa peareHTOB) W 0OpaTHbIM APdekT Xenpamia (CHIKEHHE
CEJIEKTUBHOCTH PEAKLIUHU U3-32 MOJIMMOp(pH3Ma e€ MPOTyKTOB).

[Ipsamoii apdext Xeapauia 00yCIOBIMBACT CAMOYCKOPEHUE PEaKIU C
y4acTUEM KPUCTAINIMYECKUX PEAareHToB, T.€. CO3AaET MPHU NPOTEKAHUHU TaKUX
peakiuii IMOJIOXKHUTEIbHYI0 OOpaTHYyI CBSI3b — AaBTOKATAJIUTHYECKOE
COIPsIKEHHE NEPBUYHON U BTOPUYHOH cTanuil peakuuu. OOLEN3BECTHO, YTO
IIPU TETEPOTrE€HHbIX PEAKLHUAX OOpaTHas CBA3b MOXKET ObITb TEPMHUYECKOU
0o XeMoMexaHudeckod. B paccmarpuBaemMoMm ciydae TEpMHUYECKHI
BapUaHT MCKIIOYEH, IIOCKOJIbKY TEMJIOBOM 3(dekT mnonumMoppHOro
MpEeBpallleHHs] 3aBEOMO Mall M0 CPaBHEHUIO C TEIUIOBBIM 3(PQeKToM
peakiuu. Takum o00pa3om, Mbl JOJDKHBI HCXOIWTH W3 TOTO, 4TO 00YycC-
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JOBJICHHAas TOJMMOP(U3MOM peareHTa aBTOKATAIUTHYECKas MeTIs
ABJIAETCS XEMOMEXAHNYECKOM.

YroObl BBIIBUTH €€ NMPUPOLY, OyJIeM pyKOBOACTBOBAThCA (DyHIaMEH-
TaJIbHBIM KPHCTAIUIOXUMHUYECKUM TPaBIIIOM [4]: muccumMMeTpust, BO3HUKAO-
1asi B CTPYKType CUCTEMBI, HATMUECTBYET B IIPUUMHAX, O0YCIOBUBIIUX 3Ty
auccumMmerputo.  Ilpu  nonmumopdHBIX — NpeBpalieHUsSX  BbI3BIBAIOLIME
JUCCUMMETPHU3AIMIO BO3JICHCTBHSI — OXJIQXKICHHE/HarpeB | (WJIM) THAPOCTA-
TUYECKOE C)KaTHE€ — HM30TPONHBI. AHHM30TPONHUS IOHMKECHUS CHMMETPUH
CTPYKTYpbI KpHCTa/lIa TIPU €ro MOIUMMOP(HHOM MpPEeBpaIleHUH U U30TPONUSL
BHEIIIHETO BO3JIE€HCTBUS, BBI3BIBAIOIIETO 3TO MPEBPALLCHUE, HUBEIUPYIOTCS
3a CuéT TOro, YTO NpPH IEepexoJie B HU3KOCUMMETPUUHYIO MOAU(DHUKALUIO
KpUcTal pa3duBaercst Ha gomeHsl. Eciu ° — rpymnma Ieccens BbICOKO-
CUMMETPUYHOM Momudukauuu, g — rpynmna ['eccenss HU3KOCUMMETPUYHON
MoAU(UKAIMU, TO CTPYKTypa OTAEJIBHOIO IOMEHa UMEET CUMMETPUIO TPYII-
bl ¢, TOrJa KaKk CUMMETpHs MOJIMIOMEHHOTO KPUCTAJlIa B LEJIOM COOT-
BercTByer rpymme ¢° [5].

B cBeTe BBIIEU3/I0)KEHHOTO SICHO, YTO MOBBIIIEHUE PEAKLIMOHHOM CIIO-
COOHOCTH KPUCTAJUIMYECKOTO BEIIECTBA B OKPECTHOCTU TOYKU €ro MOJIH-
MOp(GHOro NPEeBpaIIeHUs — Pe3yJIbTaT HAJIOKEHHS ABYX (DakTOpOB.

Bo-nepBbIxX, JOMEHHBIE T'PaHULBI "3aKPEIUIAIOTCA" HAa HEOIHOPOJHOCTSIX
U Jedexrax KpUCTaJUIMYECKON CTPYKTYpPHI, T.€. Ha PEaKLMOHHO AKTHUBHBIX
neHrpax. biaromaps 3ToMy NpH JOMEHHU3AlMM KPUCTAJUIa MOJABISAETCS
AHHUTWIALMA €r0 1e()eKTOB U TEM CaMbIM CTaOMIN3UPYETCs] KOHIIEHTpaLus
PEAKIMOHHO AKTUBHBIX LIEHTPOB.

Bo-BTOpBIX, pacnookeHne JOMEHOB B KPUCTAJIE HU3KOCUMMETPUYHOM
MOIU(GUKALMYA MOJYUHEHO D3JEMEHTaM CHUMMETPHM, YTPAYEHHBIM IIpU
noIUMOp(HOM Mepexosie: JOMeHU3aIus "pa3BopadnBaet” GparMeHThl Kpuc-
TAJJIMYECKOW CTPYKTYpbl, NpUAaBas COBOKYIHOCTH 3THUX (ParMEeHTOB
100aBOYHbIE TNIOCKOCTH W/MIM OCH CUMMETpHU. B pe3ynbTaTe mpoucxogur
M30METpU3aLus MEeKOJIOYHBIX T'PaHUL], 00Jeryarouas NpoTeKaHue peakuu
Ha 3TUX TPAHUIAX: PEAKLUS YCKOPAETCS KPATHO MOPSAKY HOATPYIIIIBI

F=g'\g. (1)

VYka3anHble (GaKTOpbl JEHCTBYIOT CUMOATHO, TOATOMY TBEPIO(A3HYIO
PEaKLHUIO eNecO00pa3sHO MPOBOAUTH B 00NACTH MOTUMOP(GHOro mpeBpa-
[IEHUS KPUCTAUIMYECKOTO peareHTa ¢ HCIOJIb30BaHHEM TOW €ro MOJU-
¢ukanyy, KoTopas B OOMbIIEH CTENeHM MOoJBEpKeHa noMeHuzanuu. Ilpu
IPYMIOBOM MOTYMHEHHOCTH CTPYKTYP CMEKHBIX MOAU(DUKAIHIA, T.€. IPH

gcg’, )

JIOMEHH30BaHa HU3KOCUMMeTpu4Has monudukauusa. I[lpu orcyrctBun y
CTPYKTYp CMEXHBIX Moaupukanmuidi momduHEHHOCTH (2) mpsmoi 3¢ dekT
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XenBamia oOJIErYUT MPOTEKaHWE PeaKLUM, €ClIU 3aJeHCTBOBaTb B HEH Ty
MOAU(UKAIMIO peareHTa, CTpyKTypa KOTOpoii 0ojiee HU3KOCUMMETPUYHA 110
OTHOIICHUIO K o0mIeit Haarpymme rpynn g u g°.

OcHOBHOE TpaKTHYECKOE 3HaueHue mnpsMoro 3ddexra Xenpamia —
CIIOCOOHOCTH 3HAYUTENILHO 00JIEYUTh IPOBEICHUE IETEPOTeHHBIX PEaKIUii ¢
y4acTHEM TYTOIUIABKMX PEareHTOB. JTO CYILECTBEHHO, T.K. IMOJHOLEHHOM
AJIbTCPHATHBBI TBépI[O(I)aSHOMy CUHTC3yY, OCHOBAHHOMY Ha BBICOKOWHTCH-
CUBHOM HarpeBe, oka HeT. OCHOBHBIM HallpaBJIE€HHEM pa3pabOTKU TaKou
aIbTEPHATHBEl HAa COBPEMEHHOM JTare sBiseTcs MexaHoxumus [6]. He-
CMOTpSI Ha aBTOPUTETHBIC MpeaocTepexenus [7, 8], MHOTHEe aBTOpPBI HCTOI-
KOBBIBAIOT CYTh MEXaHOXMMHUYECKOH aKTHBALUMKU pPeaKUUi yIPOIEHHO — KaK
U3MeNbYEHHE TBEPBIX PEareHTOB. B N1eHCTBUTENBHOCTH MEXaHOXMMHUYECKAs
00paboTKa,  BO-IEPBBIX,  YBEIMYMBAET  YyJEIbHYI0  PEaKIHOHHYIO
MOBEPXHOCTH, a BO-BTOPBIX, U3MEHAET KOJIMUYECTBO PEAKLIMOHHBIX IEHTPOB —
ne(eKToB KpUCTAJUINYECKOrO CTPOEHUs], HO BO3JCHCTBHE Ha3BaHHBIX (ak-
TOPOB Ha PEAKIMOHHYIO CIOCOOHOCTh BEIIeCTBA HE CUMOATHO, a €€ u3-
MEHEHHE 110 Mepe N3MENIbYECHUS BELECTBA HE MOHOTOHHO. [Ipoananusupyem
IPUPOAY 3TOU 3aKOHOMEPHOCTH.

Kaxplii 1eexT KpucTasIMuecKon peIéTKy co31aéT B Hell JIOKaJIbHOE
MEXaHUYECKOE HAIPSYKEHNE U HAXOIUTCA B TEPMOANHAMHUYECKU HEPAaBHOBEC-
HOM cocTosiHuu. [Ipu ero penaxcanuu NPOUCXOTUT BbITECHEHHE AE(EKTOB
CTPYKTYphl Ha TpPaHHUIBl KPUCTAJIOB. AJBTEpHATUBHBIE JE(EKTHI
(MOJIOKUTENBHBIE U OTPULATEIbHBIE AUCIOKALMM, aTOMHBIE BAaKaHCUU U
MEKy3e/bHbIE BHEAPEHMs) MOABEPKEHbl TAKOMY BBITECHEHUIO K IPaHULIAM
KpHUCTaJIINUECKON (a3bl B paBHOIM Mepe, a caM IpoILiecC BEIHOCA Ae(hEKTOB 13
BHYTPEHHUX 00JacTell KpUCTaula B €ro IOBEPXHOCTHBIM CIOH TeM
MHTEHCUBHEE, Y€M MEHbIIE KpucTaul. BenencrBue 3Toro moanoporoBoe
HU3MECJIbYCHUE MPUBOIUT K MEXaHOXUMUUECKOH ImaccuBallu: M3-3a aHHU-
TWIALUKY OObIIeH 9acTH Ne(EeKTOB pEaKkLMOHHAs CHOCOOHOCTh KPHUCTAi-
JIMUYECKUX MUKPO3EPEH OKa3bIBACTCS IOHWKEHHOM, a HE TIOBBILIEHHOM.

M3-3a onMCcaHHOM JUCHEPraliOHHOW WHBEPCUBHOCTH PEAaKLMOHHON
CIOCOOHOCTH KPUCTAJUIMYECKUX BEIIECTB MEXaHOXMMUYECKHE pEaKLHUU
TPYIHOBOCIIPOM3BOAMMEI 1 TIPOTEKAKOT KpaiiHe m3bupatensHo.”) B cBs3m ¢
9TUM MOXHO KOHCTATHPOBATb, YTO IO CPABHCHUIO C MCXElHO&KTI/IB&HI/ICfI
npsmMoit 3gdekt XenBamaa Kak MyTb obierdeHus TBEPAOGHA3HOIO CHHTE3a
obnagaer AByMs MPUMYILECTBAMU — BOCIPOU3BOAMMOCTBIO U OJHOHAIPAB-
JICHHOCTBIO.

") MHorHe BellecTBa, JIETKO BCTyMaloIMe B TBEPI0(ha3Hble peakiuu Mpy Harpese, He B3a-
UMOJICHCTBYIOT B MEXaHOXHMHYECKOM PEaKTOpEe AaXKe IMOCIe JECATKOB YacOB HEIMPEPHIBHOIO
SHEPTOHANPSHKEHHOTO pa3Mona (cM. 0630p [8]).
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Oo0paTHblii 3¢ dexT Xeapaia

[Tonmumophu3M NMpoAYKTOB peakuu 3aTpyaHseT e€ nposeaenue. [lomu-
MopdHBIE MOTUPHUKAIMNA COCTUHEHUS OJHOTO M TOTO K€ XHMHYECKOTO
COCTaBa 4acTO BeAyT ce0sl Kak pa3Hble BEIIECTBA, YTO CHIDKACT CEJICKTHB-
HOCTb CHHTEe3a. lIpu OIleHKE CEeIeKTHUBHOCTH pEaKIMH, Beayliel Kk obpa-
30BaHUIO KPUCTAITIMYECKOTO IPOAYKTA, CIEAYET YUUTHIBATH HEPAPXHUECKOE
COOTHOIIEHHE YaCTOTHOCTEH (HEAOPOBCKUX TPYMIT KPUCTAIUIMIECKUX CTPYK-
Typ Kak pemammuid (akrop (OpMUPOBAHUS CTPYKTYpPHOTO THIA 3TOTO
npoaykTa. IIpuHIMNHMATbHOE 3HAUYEHHE MMEET TO OOCTOSATENBCTBO, YTO Y
K101 13 (HETOPOBCKUX IPYTIIT OIHA U TA KE MPOCTPAHCTBEHHAS CUMMETPHS
BOIUIOIIAETCS B KPUCTAUIMUECKUX CTPYKTypax pasHbIMH CHOCO0aMu.
NMeHHO 53TOIl BapHAaTHBHOCTBIO ONPENENIAETCS B3aUMHOE COOTHOLICHHE
YaCTOTHOCTEH MPEeUMYIIECTBEHHBIX (HETOPOBCKUX TPYIIII.

[Ipy HanuuuM TUNEPKOOPIUHALMOHHBIX APQPEKTOB (T.e. MpU Hepas-
IPaHUYCHHOCTH TIEPBOM W BTOPOH KOOPAMHAIMOHHBIX Cdep, HEYETHOM
KOOpJAMHALIMM aTOMOB U T. I.) KPHUCTANIOXUMUYECKH MPEANOYTUTEIbHbI
ALICHTPUYHBIE TPUTOHAIBHO-IUIAHAILHBIE CTPYKTYPBl (PEXOPOBCKUX TPYIII
P3m1, P6m?2 u P6smc co ciemyronmM COOTHOMIEHHEM YaCTOTHOCTEH:

P3ml: P6m2: P6smc = 32.31:10.20: 1.

B oTcyTcTBHE THUNEPKOOPIMHAIMOHHBIX 3(PQPEKTOB OTHOCHUTEIbHAS
YaCTOTHOCTH HanboJiee BEPOSTHBIX KPUCTAIUTMYECKHUX CTPYKTYP BhIpa)KaeTCst
COOTHOLIEHHEM

P24y/c : Pégmme : Fm3m: Pm3m: G;: Fddd: Cmem: R3m: Gz G3:14/im: R3 : G
P3m1 =146.17:20.48:10.34:7.45:4.09:3.38:3.30:2.90:1.74:1.69:1.60: 1.54:1.24:1.

3xech Gi cootBercTByeT rpynne Im3m smbo 141/amd; G2 coorBercTBYeT
rpymne P6322, P4./mnm, P31221, Cmca, Fdd2, C2/m, P2/c mubo C2/c; Gs
cooTBeTcTBYeT rpynre P6222, [4/mmm 6o Pnma; Gs cooTBeTcTBYET rpymie
P4/mmm mu60 P4/mbm.

OxBayeHHbIC JaHHBIMH COOTHOIICHHUSMH YACTOTHOCTEH TMpEHMYy-
niecTBeHHbIE (DETOPOBCKUE TPYIITBI ONMUCHIBAIOT CTPYKTYPHI OOJBIIMHCTBA
(cBbime 2/3) M3BECTHBIX KPUCTAIUIMUECKUX COEAMHEHMHU, cocTaBisisi ~ 10%
MOJHOTO TepevHss (pEMOPOBCKUX TPYII, OCHOBHAS YacTh KOTOPHIX BOI-
JIOUICHA B €IUHUYHBIX CTPYKTypax. JpyruMu cioBaMu, KpUCTaUTMYECKUE
CTPYKTYphI "mpeamnounTaror" omnpenenéHHble (EIOPOBCKHE TpYMIIbI, "H3-
Oeras" 6onbmHCTBO Apyrux [9]. [Tpu atom rpynmer P4,22, P4,cm, P4omc u
rpymmsl P6, P622, P6/m, P6 sBsIOTCS MyCTBIMH, T.€. HE PEAM3YIOTCS B
KPUCTAJUIMYECKUX CTPYKTypax B cuiy (yHmameHtanpHbix npuuuH [10].
PykxoBoacTBysICh CKa3aHHBIM, KaXXJ01 (HEAOPOBCKON IpyIIe 1eIeco00pa3HO
COMOCTaBUTh €€ KPUCTAUIOXMMUYECKUH MPHOPUTET — OTHOCUTEIBHYIO
YaCTOTHOCTh (BEPOSITHOCTH) peaju3alMy JAaHHON TpYINIbl B KPUCTAJUIU-
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YEeCKUX CTPYKTypax. Pe3ynbrarel pacuéra 3TOi BETMUMHBI MPEICTABICHBI B
TabuIe.

KpucrannoxuMudeckuii IpUOPUTET CTPYKTYPHI BEIIEeCTBa, 00pa3oBaHUe
KOTOpPOTO B JIaHHBIX YCJOBUAX (XMMHMYECKUN COCTaB PEaKLMOHHON cCMecH,
0apoTepMUYECKUI pPEeXHUM) NPUHIMIIMAIGHO BO3MOXKHO, OOecreynBaeT
COpa3MEpHYI0 BEIMYMHE JTOr0 IPHUOPUTETA BEPOSITHOCTH NPOTEKAHUS
MPOIECCOB, BEAYIIUX K BBIJICJICHUIO 3TOTO BellecTBa. Huskuii kpucramio-
XUMHYECKUNA TPUOPUTET (HETOPOBCKOM TPYIIBI yKa3blBaeT Ha HHU3KYIO
"KpUCTAITIOXUMHYECKYIO IIeJIECO00Pa3HOCTh" COOTBETCTBYIOUICH CTPYKTY-
pBI, IOATOMY 00Opa30BaHHE TAKOW CTPYKTYPbl BO3MOXHO JIMIIb B TEPMO-
JTMHAMUYECKU CTaOMIBHBIX KpHUCTaUIaX. BBICOKMI KPUCTANTIOXUMHYECKHMA
MIPUOPUTET CTPYKTYPBI CIIOCOOEH 00eCTIeYnTh KHHETUIECKYI0 YCTOHYNBOCTD
TEPMOJIMHAMUYECKH HECTaOWJIBHONW KpHCTaJUIMYecKoH ¢a3bl C  Takoil

CTPYKTYpOIl.

OTHOCHTEJIbHASL YACTOTHOCTD peajin3auuu GEéIopoBCKUX IPyn
B KPUCTAJNIMYECKUX CTPYKTYpax

Déooposckaa | Omuocumenwvnan || @éooposckan | OmnocumenvHasn
2pynna yacmommuocmsp 2pynna uacmomuocmsp
P1 0,0075781220 Aba2 0,0009543585
Pl 0,2204929132 Fmm2 0,0001392847
P2 0,0001341261 Fdd2 0,0033196198
P2, 0,0378235469 Imm2 0,0002888869
Cc2 0,0073588775 Iba2 0,0005261868
Pm 0,0000013928 Ima2 0,0003301564
Pc 0,0040031468 Pmmm 0,0009337237
Cm 0,0008073357 Pnnn 0,0000567456
Cc 0,0095384258 Pccm 0,0000335315
P2/m 0,0003121010 Pban 0,0001547608
P2:/m 0,0064715820 Pmma 0,0003585293
C2/m 0,0125098338 Pnna 0,0012303486
P2/c 0,0068378493 Pmna 0,0003146804
P2i/c 0,2963463547 Pcca 0,0005545596
C2lc 0,0801738480 Pbam 0,0014212203
P222 0,0000386902 Pccn 0,0030539470
P222, 0,0000980152 Pbcm 0,0012845149
P2:2,2 0,0033428339 Pnnm 0,0017616941
P2:2:2; 0,0510427011 Pmmn 0,0009517791
C222, 0,0015837192 Pbcn 0,0079547067
C222 0,0001134913 Pbca 0,0280839320
F222 0,0000644837 Pnma 0,0207327925
1222 0,0002269826 Cmcm 0,0041914391
1212124 0,0000773804 Cmca 0,0019551452
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Déooposckasa | Omuocumenvhnan || Déooposckasn Omnocumenshnan
zpynna YacmomHoCcHb zpynna 4aAcCmomHoCcmy
Pmm?2 0,0000902772 Cmmm 0,0007015824
Pmc2, 0,0003585293 Ccem 0,0003482119
Pcc2 0,0000335315 Cmma 0,0001702369
Pma2 0,0000619043 Ccca 0,0004204336
Pca2; 0,0066805092 Fmmm 0,0003817434
Pnc2 0,0001134913 Fddd 0,0015811398
Pmn2; 0,0009930487 Immm 0,0011245954
Pba2 0,0001882923 Ibam 0,0006732096
Pna2, 0,0126594359 Ibca 0,0002811488
Pnn2 0,0004152749 Imma 0,0011529682
Cmm2 0,0000825391 P4 0,0000954358
Cmc2, 0,0021150647 P4, 0,0007041618
Ccc?2 0,0001109119 P4, 0,0000928565
Amm2 0,0002450380 P4 0,0007041618
Abm2 0,0000722217 14 0,0002914662
Ama2 0,0003069423 14, 0,0002759901

P4 0,0002450380 P4/mmm 0,0023549440
14 0,0017178452 P4/mcc 0,0001496021
P4/m 0,0001031739 P4/nbm 0,0001341261
P4,/m 0,0001470228 P4/nnc 0,0003069423
P4/n 0,0010085247 P4/mbm 0,0008176531
P4./n 0,0013464192 P4/mnc 0,0003533706
14/m 0,0016353061 P4/nmm 0,0019654625
14./a 0,0042533435 P4/ncc 0,0008898748
P422 0,0000154761 P4,/mmc 0,0002269826
P42,2 0,0001160706 P4,/mcm 0,0000902772
P4.22 0,0001186500 P4,/nbc 0,0000876978
P4,2,2 0,0016043539 P4,/nnm 0,0000928565
P4,2,2 0,0001444434 P4,/mbc 0,0002244032
P4s22 0,000118650 P4,/mnm 0,0014805453
P432,12 0,0016043539 P4,/nmc 0,0003791640
1422 0,0000748011 P4,/ncm 0,0002424586
14,22 0,0001547608 14/mmm 0,0050168302
P4mm 0,0003121010 14/mcm 0,0014031649
P4bm 0,0001753956 14,/amd 0,0010765757
P4,nm 0,0000825391 14,/acd 0,0010059454
P4cc 0,0000386902 P3 0,0004384890
P4nc 0,0001160706 P31 0,0006009879
P4,bc 0,0001005945 P3. 0,0006009879
14mm 0,0002011891 R3 0,0015037594
l4cm 0,0000773804 P3 0,0015476083
14;md 0,0000515869 R3 0,0082874424
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Déooposckasa | Omuocumenvhnan || Déooposckasn Omnocumenshnan
zpynna YacmomHoCcHb zpynna 4aAcCmomHoCcmy
14,cd 0,0003688466 P312 0,0000825391
P42m 0,0000386902 P321 0,0005519803
P42c 0,0000851185 P3:12 0,0000257935
P4 2,m 0,0008150737 P3:21 0,0009208269
P4 2,C 0,0010626910 P3,12 0,0000257935
P4m2 0,0000541663 P3:21 0,0009208269
P4c2 0,0000670630 R32 0,0007041618
P4b2 0,0000799598 P3m1 0,0001857130
P4n2 0,0002140858 P31m 0,0001753956
14m2 0,0001573402 P3cl 0,0001238087
14c2 0,0001573402 P31c 0,0006267814
142m 0,0005055520 R3m 0,0018210191
142d 0,0011478095 R3c 0,0015037594
P31m 0,0002140858 12,3 0,0003069423
P31c 0,0007480107 Pm3 0,0001367054
P3m1 0,0020273669 Pn3 0,0002682521
P3cl 0,0008486052 Fm3 0,0001650782
R3m 0,0048517520 Fd3 0,0003482119
R3¢ 0,0041965978 Im3 0,0008073357
P61 0,0005339249 Pa3 0,0018751854
P6; 0,0000438489 la3 0,0006809477
P63 0,0015037594 P432 0,0000335315
P64 0,0000361109 P4,32 0,0000232141
P6s 0,0005339249 F432 0,0000490076
P6s/m 0,0033944209 F4.32 0,0000799598
P6.22 0,0002888869 1432 0,0001109119
P6,22 0,0001083326 P4,32 0,0001908717
P6s22 0,0004023782 P4532 0,0001908717
P6,22 0,0001083326 14,32 0,0001031739
P6s22 0,0002888869 P43m 0,0003327358
P6mm 0,0000283728 F43m 0,0018003843
Pécc 0,0000180554 143m 0,0008124944
P6scm 0,0002605141 P43n 0,0005468216
P6smc 0,0016456235 F43c 0,0001676576
P6m2 0,0005803531 143d 0,0012277693
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P6c2 0,0001109119 Pm3m 0,0046505629
P62m 0,0008924541 Pn3n 0,0001547608
P62c 0,0003482119 Pm3n 0,0010988019
P6/mmm 0,0026851004 Pn3m 0,0001934510
P6/mcc 0,0006087259 Fm3m 0,0115967449
P6s/mcm 0,0007428520 Fm3c 0,0002682521
P6s/mmc 0,160253550 Fd3m 0,0010152311
P23 0,0000412696 Fd3c 0,0001470228
F23 0,0001212293 Im3m 0,0020299462
123 0,0003920608 la3d 0,0015372909
P23 0,0013438399

[Ipoananu3upyeM B CBETE BBILIECKA3aHHOTO SKCIIEPUMEHTAILHBIEC JTaH-
HBIE O KPUCTAJUIOXUMHUYECKUX OCOOEHHOCTSIX HEKOTOPBIX TBEPAOQAa3HBIX
CHHTE30B.

Oxkcun ceuria (IV) PbO; ussecten B hopme riartHeputa (mp.rp. P4o/mnm) u B
dopme  ckpyrunmTa (mp.rp.  Pbcn).  CKpyTMHHT HMMeeT — TOHIDKCHHYIO
TEPMOMHAMHYECKYIO YCTOWYMBOCTb, HO TIPU 3TOM OOJIafaeT TOBBIIICHHBIM
KpHcTamoxuMudeckuM  ripuopureroM  (Phen : P4o/mnm =5,37:1). Berencreue
sroro cuHTe3 PbO2 00bMHO 1aéT cMech ABYX €ro Momu(HKalii, B KOTOPOH
npeoOnagaHie Kakoi-m00 MOAM(UKALIN OMpeaesieTcs: KUCIOTHOCTBIO Cpefpl,
MPUPOION MPEKyPCOpOB, puUMecsiMA U T.11. [11].

CrabubHas popma okcra MoruozaeHa (V1) — o-MoOs (ip.rp. Pnma) — nmeer
BEChbMa BBICOKMI KPUCTAUIOXUMUYECKUI TPUOPHUTET, HO Y METAaCTaOWIBHOMU [3-
momudurarmu MoOs (mp.rp. P2y/c) on emé Boime {P2y/c:Pnma=14,29:1}.
Brnaronapst stomy B-momudukamms MoOs, cuHTe3upOBaHHAsE MPH CTaHJAPTHBIX
YCIOBUSIX, cIOcOOHa coxpansTees 10 773 K (em. [12]).

[TomyunTs B cuHTE3€ crexuomeTpudeckuii cynbdun xeneza(ll) kpaitne
CIIOKHO, T.K. TIpH ero obpasopanuu y Fe®* ocTaroTcs HeM3pacxo[0BaHHEIE
BalleHTHBIE DIEKTPOHBI: MOH Fe®' (koH(Urypanus BHeIIHeHd 000NOYKH
3523p®3d®) ciocoben npeocTaBUTE AT 06PA30BAHMS XMMHUECKOI CBSA3HM 110
2 a7IeKTpoHa Ha ofuH S, B TO BpeMs Kak HOHY S (KOH(MTypalus BHEIIHeit
obomouky 4s24p°) s cosmanms ycToitumBoro 18-31eKTPOHHOTO aHCAMOIs
HeoOxomumo 10 asnektponoB. Benencrtsue storo cymsdun sxeneza (l1)
00bIYHO UMeeT HecTexuomeTpruueckuii coctaB Fe1«S (0,1 < x <0,2). Bmecte
C TE€M, B CAMOPOJTHOM JKE€JI€3€ YaCTO OOHAPYKUBAKOTCS BKIFOUCHHS TPOHIUTA
FeS [13] — crexuomerpuueckoro cyabduna sxenesa (1), Huskas xumuueckas
CTaOMIIBHOCTh KOTOPOTO BO3MEIIACTCS BBICOKMM KPHCTANIOXUMHYECKHM
HNPUOPUTETOM €ro CTPYKTYphI (mp.rp. P6s/mmc).

HepapxuuHOCThIO (DETOPOBCKUX TPYIII TAK)KE OMPENENIeTCs] PeeMCT-
BEHHOCTh CTPYKTYp INPH PEKPHUCTAIUTM3ALMOHHBIX Tpoleccax. ITo, HANpH-
Mep, HATJISITHO MPOSIBIISIETCS] TIPU MHOTOCTYIICHYaTOM MPEBPAIICHUH OKCH/IA
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maprasuua (I1) MnO B raycmamur (Mn"Mn})O, B npucyrcrsum xmopu-
HOHOB B BojHOM cpene. Oxcoruapokcun Mapranna (I11), Haubonee ycroi-
4yuBbIii B opme manranuta (Y-MnOOH, np.rp. P21/C), Mmoxer Takxke 00-
HapyxwuBaThcs B (opme rpoyruta (0-MnOOH, mp.rp. Pbnm). B-monu-
dukamms MNOOH (eiirkrextut, np.rp. P3M1) — repmoamnamuaecku
HecTabmibHast hopma okcoruapokcuaa mapraunia (I11) [14], koropas, B oT-
JMYUE OT MaHTaHUTA U TPOYTUTA, B MUHEPAIbHBIX aCCOLUAIIUAX HE BCTpE-
qaercsi. BMecTe ¢ TeM, Ipy OCYIIECTBICHUH CTYIIEHYATOT O Ipolecca

MnO — MnOOH — Mn(OH), — Mnz(OH);Cl - (Mn'MnJ")0O,

B 1a00paTopHBIX ycioBusx [15] o6pasyercs IMEHHO (PEUTKHEXTUT — KpHC-
TAJUIOXHUMUYECKH LEIECO00pa3sHOe NPOMEKYTOYHOE 3BEHO TpaHC(OpMaluu
MnO (mp.rp. Fm3m) B mupoxpout Mn (OH), (mp.rp. P3m1).

OTnenbHOrO YIOMHUHAHMS 3aCily’KUBAaeT TaKoe MPOsIBICHHE HepapXuy-
HOCTH (ETOPOBCKUX TPYMNI KAaK MEXaHOXMMHUYECKAs PEeKPUCTAILTH3AIIMS:
MOCJIe U3MENBbYCHHS MOJUKPUCTAIUINYECKast (paza MOXKET OKa3aThCs HE B TOM
CTPYKTYpHOM MoauduKanuy, B Kakod oHa Obuia 10 u3MenbueHus. Ilpoa-
HAJIM3UPYEM MIPUPOY MEXAaHOXUMHUYECKOH PEKPUCTALTU3AIIHH.

[Tpu pa3apobieHuH KPUCTAIUIMYECKOTO BEIIECTBA BOZHHKAIOT TOBEPX-
HOCTH, 0Opa3yeMble aTOMaMM C HapyLIEHHOW 3apsii0BOH HEUTPaIbHOCTBIO.
BcrnencTaue 3Toro no Mmepe n3MeNbYeHus KpUCTaia B ero 00bEMe HapacTaeT
pa3bajaHCUpOBKAa MEXKAaTOMHBIX CHJI, CO3JAlOIIas BHYTPHUCTPYKTYPHBIE
HanpspKEeHUs. DTO MOBBIIIAET CBOOOAHYIO SHEPIHIO U3MEIbUaeMO KpUCTaI-
TYecKoi Qasbl, Jenas e€ mpeapactoiokeHHO! K (a30BbIM U XUMHUUECKUM
npeBpameHusM. B MeXaHOXMMHUYECKOM PEaKTOpe BEIIECTBO MOABEPTacTCs
BBICOKOMHTEHCUBHOMY JHEProONOABOJAY M MOTOMY HAaXOJIUTCS B HEPAaBHO-
BECHOM COCTOSIHUU. DHU3UKO-XUMHUECKAs IBOJIOIHS TAKOTO BEIIECTBA BHIXO-
JIMT U3 OTPaHUYEHH, HAKIIAABIBAEMbIX TPEOOBAHUSIMU TEPMOJMHAMUYECKOM
CTaOMIIBHOCTH, TOTJa KaK KPUCTAIUIOXUMHUYECKNE OTPAHUYEHHS] OCTAIOTCS B
cune. B pesynbrate mpu KpUTHYECKOM HAKOIJICHUH BHYTPHCTPYKTYPHBIX
HanpsHKEHUH n3MelbyaeMasi Kpuctainueckas ¢asa npuoOpeTaeT CTpyKTypy
c 0oJiee BEICOKUM KPUCTAJUIOXUMHUECKUM ITPHOPUTETOM.

Tak, wu3MenmpueHue TeTparuapara Terpameradocdara  HaATpHS
NasP4O12-4H20  mpeBpamaer e€ro  MOHOKJIMHHYK)  MOJIU(PHUKAIIUIO
(p.rp. P21/m) B Tpukmuunyio (np.rp. P1) [16]. D10 3aKOHOMEpPHO, T.K.
P2i/m: P/ =1:34,08. AHanorndHas MeXaHOMH/yIIHPOBAHHAS PEKPHCTAI-
nu3anus ¢ popMupoBaHueM 0osiee MPUOPUTETHOM CTPYKTYPhI HAOIOAaeTCs
y noguna prytu Hglz [17, c. 103-105]. M3menbyenue kpacHoi Momudu-
kai Hglo (mp.rp. P42/nmC) unayuupyeT mepexox B METacTaOUIIbHYIO
opamkeByto Moaubukarmioo (mp.rp. 141/amd), umeromyio Gosee BBICOKHIA
KpHCTaJUTOXUMUIecKkuid ipuoputetr (P42/nmc: 141/amd = 1:2,84). [lanbHei-
miee HU3MelibueHue opamxkeBod Moauduxammu woauna prytu(ll) tpanc-
dopmupyer e€ B xéntyro moaupukanuio (mp.rp. Cmc21), kotopas obnagaer
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Kak OOJbIIeH TePMOAMHAMUYECKONW YCTOMYMBOCTBIO, TaK M 00Jiee BHICOKHM
KpUCcTamioxuMudeckuM npuopureroM (14./amd: Cmc2: = 1:1,96).

KoHTpons mommopdu3Ma MPOIYKTOB PEAKIMK OCOOCHHO aKTyaseH Ui
¢dapmarieBTiuecko  xumud.  COaaHCUPOBAHHOCTH ~ PACTBOPUMOCTH U
OMOTIPOHUIIAEMOCTH  JICKAPCTBEHHBIX BEIIECTB YacTO YAACTcs 00ECTICUMTh,
BOCTIOJIb30BABIIICH TTOJIMMOP(GHU3MOM STHX BEHIECTB, a TOYHEE, TeM 00-
CTOSITEIILCTBOM, UTO METAaCTAOMIIbHBIE ()OPMBI, KaK MPaBHJIO, JTyYIle PACTBOPUMBI U
o0manaroT OoJiee BBHICOKOW aKTUBHOCTBIO. Ecii MeTacTaOmibHbIE MOMU(DUKAIIN
OOHApY)KMBAIOT ~ JIOCTATOYHBIA  TEMIICPATYPHBIA THCTEPE3UC, TO MOYKHO
CHHTE3MpOBaTh TaKue MOMU(UKALMK TPHU TOHWKEHHBIX TeMIlepaTypax, Mpu
KOTOPBIX OHU TEPMOJMHAMUYECKU CTAOWIIBHBI, & 3aTeM HCIIONb30BaTh B KAYECTBE
3aTPaBOK JJIs1 MACCOBOM KPUCTAIIIA3AIMYN TIPY HOPMAJTBHBIX YCIIOBHUSIX [ 18].

[TomumopdHble MOIM(UKAIMKM OPraHUYECKOTO BEILECTBA IPOIE BCEro
MOJTY4UTh, KPUCTAJUTU3YSl ATO BEIIECTBO M3 pasHbIx pactBoputener [19]. Ilpu
BapbUPOBAHWH ITyTeH CHHTE3a BAPUATHBHOCTH MOIMMOP(HU3MA OPraHUYeCKOro
KpHCTaJIIa pactmpsiercs enié Oompliie, HO B IPaKTUKE (hapMaIieBTUUECKON XHUMHUU
peayM3yeMbIMH YacTO OKAa3bIBAIOTCS JIMIIb HEMHOTME W3 TaKUX (DOpMaIIbHO
cymectBytonmx myteid [20]. OCHOBHOM NMPUYMHON SIBISIETCS HEXKENATEILHOCTh
HCIIONIb30BaHMs TOKCUYHBIX (TaJIOreH-, HUTPO- U HUTPO30COEPKAIINX) pEareHTOB
[21]. Hapsiy € 3TiM, B IOCIIETHUE TOJIBI KCCIICAOBATEIH BCE Yallle CTATKUBAKOTCS C
TIPETISITCTBUSIMY, BO3HHUKAIOIIMMHU HM3-32 SIBIICHUS 'TOJIMEHBI TOJMMOP(HBIX
Momubukarmii” [22]: TepBOHAYAIPHO KPUCTAJUTM30BABIIASACS MOIU(PUKALIIS
nepecTaéT 0o0pa3OBBIBATECS TIOCNIE TOTO, KAk Tody4yeHa npyras ¢opma, B
0COOEHHOCTH, €CITH MOCIIETHSAS] KPHCTAIUTU3YETCS B TEX JKE YCIIOBHSIX CIIOHTaHHO. B
TAaKOM CITydae pa3Hble KPUCTAILTIYECKHE MOAN(UKAIII 00pa3ytoTcsl P OTHON 1
TOM JKe TemIleparype, MO3TOMy B TPAKTUKE CHHTE3a TPEOYIOTCS KPUTEPHH,
TO3BOJISIFOIIME  OJTHO3HAYHO ONPEACIUTh HEPApXUUeCKOe COOTHOIICHHE Tep-
MOJIMHAMHYECKOW YCTOMYMBOCTH M30TEPMUYECKUX MOAM(PHKAIMIA TIPOIYKTa
CHHTE3A.

UroObl TONMYYUTh TaKWe KPUTEPHUH, PACCMOTPHM TIPOU3BOJBHYIO TMapy
n3oTepMuyecknx Moudukanmii | u 1, paznmmyas ux XapakTepuUCTHKH OIHUM U
nBymsi mTpuxamu. [lockonbKy B J11000M TOMOOHOM Tiape He Oosee OfHOM
TEPMOIMHAMUYECKH CTaOWIBHOM Moaudukaimy, noamMopdHoe NpeBpalieHne
I = Il MoxeT ObITh TOIBKO MOHOTPONHBIM. CKazaHHOE O3HAYAET, YTO B TOUKE
nepexofa | — Il mpopune G'(T) He mnepecekaercs ¢ mnpodmrem G”(T), a
COMNpPHKACAETCs C HUM (CM. PUCYHOK), TPUYEM KpUBH3HA PO, Onpeaessiemas
BEJIMYMHON MOJISIDHOW SHTPONMHM JAHHOM MOmu(UKaliy, 10 Mepe pocTa
TeMIIepaTypbl pacTéT TeM MeJJICHHee, YeM MeHee CTaOWibHAa MOIU(UKAIsL.
Orcropa criemyer, yro MeHee YCTOoi4MBash MOAUGUKALMS HMEET MEHBIIYIO
n300apHYTO TerIoEMKOCTh Cp:

C,<Cy. €))
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! 14
ITomumo Toro, u3 Hepasencta Gy > Gy (cm. [23]) BbITEKAeT cooT-
HomeHue mis MmonsipHoro odwvéma V: V' >V". CremosarenbHo, MeHee
ycToHuMBasg MOAU(UKALIUSA KIMEET MEHBLIYIO IIOTHOCTE P:

p<p. (4)
G, o
Gy
&\ \G
0 T
G
G, 2
Gy
&\ \¢@
0 T

MoHoTponHbI nonuMmopdHbIM nepexod | — I
a — nepexof B cTabunbHyto Mogudmkauuo, 6 — nepexon B MeTacTabusnbHyo Moandukaumo
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ony4yenne KBa3NKPUCTANIMIECCKUX (a3

BapuaTiBHOCTD CTPYKTYp CTaOMJIBHBIX KPUCTALIMYECKUX (a3 OrpaHmdeHa
OCHOBHOM  TEOpeMOil  KpHCTauiorpaduu, JOIMYyCKAIOIIeH MPUMHUTUBHYIO,
MOHOKIIMHHYO, POMOHYECKYI0, KyOHMYeCKyr0, TPHUTOHAIBHYIO, TeTParOHAIBHYIO
MO0 TeKCaroHaJbHYI0 CMMMETpHIO. [Ipy 3TOM HEBHHTOBBIE T'€KCAarHpHbBIE OCH
CUMMETPHU B KPHCTAJUIMYECKHX CTPYKTYpaX BO3MOMKHBI TOJIBKO B COYETAHHH C
MPOJIONBLHOM TIaHATIBHOM cMMeTpuei [24, . 55-58].

[lenTaroHanbHYI0 CHUMMETPHIO OTHOCST K all€pUOJUYHOM, T.€. COBMECTUMOM
TOJBKO C TPAHCISIMOHHO HEMHBAPHAHTHBIMU CTPYKTYpaMH, KOTOpbIE B
KJIACCHYECKOM  KpHCTAUIOXMMHMM  3ampemieHel.  [locme  oOHapyskeHus
MIEHTaroHAJIbHO CUMMETPHYHBIX TBEPIBIX (ha3, HA3BAHHBIX KBA3HKPUCTAILIAMH,
MOSIBUWJIACh ~ TEOpUSl  allepUOJIMUYECKUX  KPUCTAUTMYECKUX  CTPYKTYp  [25].
MOCTYJIMPYIOIIAs, 4TO KKIOMY KBA3MKPHUCTAUIMYECKOMY BEIIECTBY IPHUCYIIA
CBOsI CrIelM(UUecKast peryJsipu3alisl CTPYKTYpbl, 00eCTIeUHBArOIas 3aIl0THEHNE
IIPOCTPAHCTBA. JleTabHBIN aHAIN3 [IOKA3bIBAET, UTO TAKOM IOIXO/ HEIUIOAOTBOPEH
[26, 27]. B wacTHOCTH, TEOpUSI AaNIEPUOIMTIECKUX KPUCTAIIOB POTUBOPEYUT TOMY,
YTO MAaKPOCKONMYECKHE TEPMOJUHAMUYECKH CTAOWIbHbIE KBAa3HKPHCTAILIBI
yIaETCsl TIONYYUTh JIMIIb B €IUHIUYHBIX CITy4asiX.

PenocTb MakpOCKOITMYECKIX KBAa3UKPHCTALTMYECKHX (a3 IPeonpeiesisieTcst
CJIO’KHOCTBIO PEATM3aLMH YCIIOBUI MX YCTOWYMBOCTH. BBISIBUM 3TH YCIIOBHSL.

HeoOxomumoe ycnoBue 00pa3oBaHUsl KBa3sMKPUCTALUIMYECKUX (a3 —
MKOCAdIPUYHOCTh JIMOO  JIOICKAAPUYHOCT aTOMHBIX TPYNIUPOBOK. [Ipm
BBITIOJIHEHHH 3TOTO YCIIOBHUS CTPYKTYPbI KBa3UKPHCTAIUTMYECKHX (Da3 MOTINHEHBI
rpyrme I'eccenst ¥'=532 mbo e€ ronosapuueckoi Haarpynme 1h. Cummerpus
Y u )y wu30MeTpuuYHa, a CJENOBATENbHO, WHBApHAaHTHA OTHOCHUTEIIBHO
HETEeTParoHaIbHBIX KyOWuYecKux rpymmn leccenms. ATOMHBIE TPYIITHPOBKH,
obOrajaromume TakoW HHBAPUAHTHOCTBIO, COBMECTHUMBI C HETETPAaroHAILHOMN
KyOMYeCKO PEeIIETKOM M IOTOMY CIIOCOOHBI BCTPAWUBATHCS B HEE TPEXMEPHO-
PEryIsipHBIM 00pa3oM, 00pasyst KBa3UIIEPHOANYECKYIO CTPYKTYDPY.

Cka3aHHOE 03HAYAeT, YTO MAKPOCKONUYECKUE KBA3HUKPUCTALINYECKUE (ha3bl
MOTYT OBITb TOJNYYeHbl TOJNBKO NPH KOHTPYSHTHOH  KPHCTAJLIM3ALMU
MHOTOKOMIIOHEHTHOTO paciuiaBa. [Ipy 3TOM JIOCTATOYHBIM YCIIOBHEM Tep-
MOJIMHAMHMYECKOM YCTOMUMBOCTU IIPOAYKTA TAKOW KPUCTALIM3ALMU SBIETCS
TpEXMepHasi ~ TEpHOJMYHOCT  BCTPAMBAHMK  HMKOCAYAPUYECKHX  JIMOO
JIONIEKaYIPUYECKUX AaTOMHBIX TPYHITUPOBOK B HETETPArOHATBHYIO KyOMYECKYIO
PEIETKY.

[Ipu uHOM aneproJMIHON CUMMETPUH aTOMHBIX ITPYTIIIMPOBOK X TPEXMEPHO-
PEryJsipHOE PAacoOKEHUE B IPOCTPAHCTBE HEBO3MOXHO. HeneHTaroHaibHbIe
KBAa3HKPHCTAUIBI MOTYT OBITh OOHAPYXKEHbI TOJNBKO B BHJE ME30CKOIMYECKUX
(HAaHOKPUCTAJUTMYECKUX U T. 11.) 00beKTOB. COOTBETCTBYIOLIME MPUMEPHI MOXKHO
HaiiTu B padore [28].
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Yupasisiemblil reTeporeHHbIN KaTAJIN3

[Ipy reTeporeHHOM KaTaiu3e BO3MOXKEH ONTHMAIIBHBIA PEXHM, OTBE-
yaromuii Makcumymy Cabatbe [29, c. 65]. Takol kaTaTuTHYECKUNA ONTUMYM
OOBIYHO  BO3HMKAET CIIOHTAaHHO NpU  OJATONPHUATHOM  COYETaHHU
MPAKTUIECKH HeKOHTpoupyeMbixX (pakTopoB [30]. Pemmts 3amauy Cabatsbe,
T.€. 00€CIeYnTh BOCIIPOU3BOIUMOCTD KaTAIUTUYECKOTO ONTUMYMa, MOXHO,
€CIIM TeTePOTCHHBIN KaTaIN3aTop MOJSPU30BaH.

KoHTponupyemblii KaTaIUTHYECKUI ONTHMYM J0 CHX IOp paccMaTpu-
BaeTCs JIMIIb KaK MPUHIMIIAAIBLHO BO3MOXKHBIN (cM. 0030psI [31, 32]), T.k.
MMEIOMIAsICSl TEOPHSI MOJISIPHBIX KPUCTAINIMYECKUX KaTanu3atopoB [33], [34]
HE TPUBOJUT K PELICHHUSM, MO3BOJISIONIUM OCYIIECTBUTh TaKOW KOHTPOIIb.
BrisiBUM myTH ynpaBieHuUs] KaTaTUTHUECKON aKTUBHOCTBIO TMOJISIPU30BAHHBIX
KpPHUCTAJIIOB.

W3 npunnuna Cabatbe BBITEKAET, YTO JUIS YIPABICHUS T€TEPOTreHHBIM
KaTaJu30oM HeoOXoauMa KOHTPOJIHpyeMasi HIMKIUYHOCTh YEPeIOBAHUS MPO-
LIECCOB CBSA3BIBAHHS AKTHBUPYEMBIX YACTHII Ha TIOBEPXHOCTH KaTalIl3aTopa U
MOCTeyIome necopOuy MpoIyKTa B3aUMOJEHCTBUS 3TUX YacTHIl, T.C.
UUKIUYHAs KOMIEHCAIUSI—ICKOMIIEHCAUsI TIOBEPXHOCTHBIX 3aps0B Kara-
nu3atopa. M3 olrielt 2IeKTpOCTaTUKH U3BECTHO, YTO IUIOTHOCTh G HOBEPX-
HOCTHBIX 3aps/I0B IUDJIEKTPUKA OJUUHICTCS PABEHCTBY

P =5,

rie P, — HopmanbHas cocTaBnsomas BEKTopa 3JIEKTPUYECKOMN TIONAPU3ALIIH.
CrnenoBarenbHO, U YHpaBICHHS AaKTHBHOCTBIO TETEPOr€HHOIO KaTa-
JM3aTopa ero MOJSPH3ALNI0 HeoOXOIUMO U3MEHsTh ¢ 4yactotou f, ynos-
JIETBOPSIOLIEH TPeOOBAHHIO
ko, (5)
N

rae K <N, K u N — nonoxxurenbHble [eNble YUClia, T — XapaKTepUCTHISCKAsT
9YacToTa LIEJIeBOI peakiny, T.e. 4aCTOTa, C KOTOPOH YaCTHUIIbI OKA3bIBAIOTCS B
PEaKIMOHHO-CTIOCOOHBIX TOJOKECHHSIX.

B cmyuae, xorma karanuzaTop SIBJSIETCS CETHETOMIEKTPUKOM, MOMHO
OCYIIECTBHUTH KaTATMTUYECKUI PE30HAHC HA OCHOBHOM YacToTe:

k=N, (6)

I[J'ISI 9TOro CJICAYCT UCII0JIb30BATh KOMGI/IHI/IpOBaHHOG IoJIc: ICPEMCHHOC
QJICKTPUUICCKOC MOJIC OOJDKHO IMPUKIIAAbIBATHECA COBMECTHO CO CTATHYCCKUM
QJICKTPUYCCKHUM I10JIEM IIpU

m

™y
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E <E, ®8)

rae E —ammintyaa Hanpsok€HHOCTH IEPEMEHHOTO 3JIeKTpUIecKoro mos, E
— HaANpsKEHHOCTh CTATHYECKOTO 3JIeKTpudeckoro mons. [Ipu Bo3aeicTBumM
KOMOHMHHUPOBAHHOTO 3jieKTpuueckoro mois (7), (8) BO3MOXHO MpoBeaeHUE
KaTAJTMTHYECKON PEaKIUK HE TOJbKO B PEXKHMME PE30HAHCA, HO M B PEIKUME
aHTUpe3oHaHca. B camom nene, eciu ycnoBus (7), (8) BBINOIHEHBI, TO
CETHETODICKTPUK OYyZeT HaXOOUTHCS B MOHOJOMEHHOM COCTOSHHH C
HEM3MEHHBIM HAIPABJIICHHEM MOJSPU3AIMU. JTO, BO-NIEPBBIX, UCKIOYACT
THCTEPE3HC, Jiesiasi TPOIecC C YYaCTHEM CErHETOdJICKTPHKA OTHO3HAYHO
BOCIIPOHM3BOJIMMBIM, a BO-BTOPBIX, OOECIIEYMBACT JIMHEWHOCTH MOJSIPU3a-
[IHOHHOTO OTKJIMKA, YTO MO3BOJISIET UCIIOIB30BATh JJIsl €r0 aHATUTHIECKOTO
omucaHus pejakcanuoHHoe ypaBHeHue Jlannmay-XanatHukoBa. Pemast 310
ypaBHEHHE C TOMOIIBI0 TePMOANHAMUYECKON (Gopmanuzanuu [35], MOxKHO
MOJIYYUTh CIICAYIONICE BBIPAKEHUE KOMIUIEKCHOHN IHMAIEKTPUYECKON BOC-
NPUMMYHBOCTH (TIOJISIPU3YEMOCTH) CETHETOIEKTPUKA B KOMOMHHPOBAHHOM
anekrpuyeckoM mose (7), (8), uaMeHsromeMcst ¢ IMUKINYECKO 9acToToi f:

~__ xuE)
X_1+i-2nfrr’ ®)

rae ¥ (E) — nonspusyeMocTh CErHeTORIEKTPHKA B CTATHYECKOM JIEKTPUYEC-
KoM 1oJie E, Tr — BpeMst penakcanuu mossipu3anum, | — MEAMast eauauna. 13
BbIpakeHUs (9) BHIHO, YTO BJICKTPOMHAYIIMPOBAHHBIE KOJEOAHUS TMOJIS-
pH3alMK CETHETORJIEKTPUYECKOTO KaTalu3aTropa JITKO HACTPOUTh B PE30-
HaHC 1100 B aHTUPE3OHAHC ¢ 4acToToW peakuuu ®. [logoOpaB Takum 00-
pa3oM yactoty f mepeMeHHOI COCTaBISIONIEH KOMOMHUPOBAHHOTO 3JICKTPH-
gyeckoro moiist (7), (8), MOKHO 3HAYUTETHHO MOBBICUTH CKOPOCTH IIEJIEBOM
peakuuu (KaTaIMTUYECKU pe30HaHC) 100, HA00OpOT, MOJABUTH HEXKE-
JaTEIbHYI0 PeakIyio (KaTaTUTHYECKUH aHTUPE30HAHC).

B Gonee obuiem ciydae, KOrja KaTtalin3aTop alleHTPUYeH, pE30HAHCHBII
PEKUM TaK)KE MOXKHO CO3/1aTh YNPYTUM Je()OPMHPOBAHUEM KpHUCTaLIa
MEPEMEHHBIM MEXaHHYEeCKUM HampspkeHuem. [Ipu 3ToM, OJHAKO, Clieayer
YUUTBIBATh, YTO MbE30MHAYIIMPOBAHHOE MPHUPALICHUE MOJSPU3ALUHN TPSMO
MPOTOPIIMOHATIFHO e(pOopManiy TONBKO TPU YCIOBHHM, YTO YacTOTa mMepe-
MEHHOTO MEXaHWYECKOTO HampspKeHUs Hu3Ka. [0 ykazaHHOW MpHYuHE IS
peaKxiuii, XapaKTepUCTUUECKAsT YaCTOTa KOTOPHIX BBICOKA, KATATMTUYECKUI
pe3oHanc (5) OyaeTr MeTh CyOTapMOHUYECKHUH XapakTep:

k=1, N>1. (10)
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3akjaouyeHue

[psimoii apdext Xensamia cnocoOeH 3HaUUTETHHO 00JIETYUTh MPOBE/IE-
HUE TeTePOTeHHBIX PEAKUU C y4acTHEM TYTOIUIABKUX PEareHTOB, €CIH
MPOBOJIUTH PEAKIMIO B 00JACTH MOIMMOP(HOro MpeBpamieHust KpucTauiu-
YECKOr0 peareHra ¢ HCIMOJb30BaHUEM TOW €ro MoAu(HKaIMHU, KOTOpas B
O0bIIel CTeTeH MojABep)KeHa JoMeHu3anuu. [Ipu 3ToM KpaTHOCTH yCKO-
peHus peakimu onpenaensercs paseHcTBOM (1).

3aTpyaHeHus, co3laBaeMble oOpaTHBIM 3¢ dekToM XeaBasia, MOXKHO
NIPEOI0JIETh, HCIIONB3YS Ul KOHTPOJIS CENEKTHBHOCTH PEaKIUH COOTHO-
menust (3) u (4). Ilpu oneHke CENEKTUBHOCTH peakiuu, BeAylled K 00-
pPa30BaHUIO MOIMMOP(PHOTO KPHUCTAJUIMYECKOTO MPOAYKTa, CIEAYeT Y4H-
THIBaTh MEPAPXMUECKOE COOTHOIIEHHE YacCTOTHOCTEH (EMOPOBCKHUX TPYII
[cm. Tabmuy].

Maxkpockonuieckne KBasUKpUCTAITMYecKue (a3pl MOTYT OBITH IMOJY-
YEeHbl TOJIBKO NPU KOHTPYIHTHON KPHCTALTU3ALMd MHOTOKOMIIOHEHTHOTO
pacmiaBa. HeoOxomumoe yclioBHE KBa3HKPUCTAJUIMYHOCTH — MKOCAdAPHU-
HOCTb JIMOO MTOJIEKA3APUYHOCTh aTOMHBIX TPYIIUPOBOK. TpéxmepHas me-
PHOAMYHOCTH BCTPAaUBAHHUN TAKHX TPYMNIUPOBOK B HETETPArOHAIBHYIO KyOu-
YEeCKYI0 pEIIETKY — JOCTaTOYHOE YCIIOBHE TEPMOAMHAMHYECKOW YCTOM-
YUBOCTH MaKPOCKOMUYECKON KBa3UKPUCTAIUTUIECKON (ha3bl.

Jns ynpaBieHHs aKTUBHOCTBIO T€TEPOTCHHOTO KaTalnu3aTopa ero Io-
JSApU3aIUI0 HEOOXOAMMO U3MEHSTH C YacTOTOH, YIOBJIETBOPSIOUICH Tpe-
ooBanuio (5). Bo3MOXKHBIE PE30HAHCHBIE PEKUMBI OMHCHIBAIOTCS COOTHO-
menusmu (6) u (10). Mcnonb3oBaHue MEPEeMEHHOTO AIEKTPUYESCKOTO TOJIS
(7), (8) mO3BONUT MPOBOANTH KATATUTUUECKHIE PEAKIIUHI HE TOIBKO B PEXKUME
pe30HaHca, HO U B PeXKUME aHTUPE30OHAHCA.

WNuPELUBSYUT UG Bvh2NSLNMPU3R PRURULYUY ESEUSTESL
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CHEMICAL EFFECTS OF CONDENSED PHASE ANISOTROPY

Ya. O. SHABLOVSKY

Gomel State Technical University,
Byelorussia, 246746, Gomel, October av., 48
E-mail: ya.shablowsky @yandex.ru

The results of studying the ways to control the reactivity by controlling the structural
regularity are summarized. It is shown that in contrast to mechanochemical activation
engaging the Hedvall effect to facilitate solid-phase reactions is much more preferable
due to the latter being reproducible and unidirectional. The conditions are stated to enable
simplifying realization of solid-phase reactions. Controlling the selectivity of reactions
yielding polymorphic products is studied. The stability conditions for quasicrystalline
phases are determined. Special attention is paid to possibilities of realizing heterogeneous
catalytic reactions both in regimes of resonance and antiresonance.

(1]
[2]
(3]
(4]
[5]
(6]

(]
9
(10]

(11]

68

JIMTEPATYPA

Hedvall J.A. - Einfithrung in die Festkorperchemie (Die Wissenschaft, Bd. 106). — Braunschweig: F.
Vieweg & Sohn, 1952, p. 292.

Rao C.N.R. - Chemical synthesis of solid inorganic materials// Mater. Sci. Eng. B., 1993, v. 18, Ne 1,
pp. 1-21.

Aykol M., Montoya J. H., Hummelshgj J. - Rational solid-state synthesis routes for inorganic materials
/1 3. Am. Chem. Soc., 2021, v. 143, Ne 24, pp. 9244-9259.

LllybHuxos A.B. - Tuccummvetpust // Borpocst Murepanorun u reoximun. M.: M3n-so AH CCCP,
1946. c. 128 —163.

Tagantsev AK.,, Cross L.E., Fousek J. - Domains in ferroic crystals. New York-Dordrecht-Heidelberg-
London: Springer, 2010, p. 822.

Moores A. - Solid-phase syntheses of inorganic nanomaterials by mechanochemistry and aging / Curr.
Opin. Green Sustain. Chem., 2018, v. 12, Ne 1, p. 33-37.

Fonovipes B.B. - MexaHOXUMHsI 1 MEXaHIUeCKast aKTUBALIMS TBEPIIBIX BEILECTB // Y CIIeXU XUMHH,
2006, T. 75, Ne 3, ¢. 203-216.

3bipsinos B.B. - MexaHOXMMIUECKH I CHHTE3 CIIOXKHBIX OKCHTIOB / Y criexut xumun, 2008, T. 77, Ne 2,
¢. 107-137.

Lla6noscruii A.0. - Penxue (hénopoBckue TPyl B CTPYKTYPHOMH MUHEpanoruy // Muneparnorus,
2019,1.5,Ne 2, ¢. 3-9.

Llabnoscruit A.0. - KpUCTaLIOXMMES PEeaKIIvii Ha MoBepxHOCTH TBEPION (asel / XDTTI, 2020, T.
11, Ne 3, ¢. 330-346.

Costa F., da Silva L. Fatores que influenciam a formagao da fase f-PbOz2// Quimica Nova, 2012, v. 35,
Ne 5, pp. 962-967.



[12] McCarron, E. B-MoOs: a metastable analogue of WOs // J. Chem. Soc. Chem. Commun., 1986, N 4,
pp. 336-338.

[13] Ricci F., Bousquet E. Unveiling the room temperature magnetoelectricity of troilite FeS // Phys.Rev.
Lett,, 2016, v. 116, Ne 22, pp. 227601-1-227601-6.

[14] HemJ. D., Lind C. J. - Nonequilibrium models for predicting forms of precipitated manganese oxides
/I Geochim. Cosmochim. Acta, 1983, v. 47, Ne 11, pp. 2037-2046.

[15] ITmrocruma JI. I1. - MuHepaioreHes e 1 paBiio cryrieHeit OcTBaiba B reOIONMUYeCKHX CHCTeMax //
Becrauk [lanbaeBoctousoro otenenrs PAH, 2007, Ne2, ¢. 117-122.

[16] Motooka L., Hashizume G., Kobayashi M. - Effect of dry grinding on the structure of sodium
tetrametaphosphates // Kogyo Kagaku Zasshi, 1968, v. 71, Ne 9, pp. 1412-1416.

[17] Kozin L.F., Hansen S.C. - Mercury Handbook. — London: The Royal Society of Chemistry, 2013, pp.
334

[18] Florence AT., Attwood D. - Physicochemical principles of pharmacy. 6% edition. London  Chicago:
Pharmaceutical Press, 2015, pp. 664

[19] Mobley W. C., Mansoor M., Cook Th. J. - Applied Physical Pharmacy, 3" edition. — New York:
McGraw Hill, 2019, pp. 574

[20] Ckauunosa CA, Hlunosa E.B., Mumpoxurn H.M. - CuHTe3 GHOJIOTUYECKH aKTUBHBIX BEIIECTB U
OrohapMareBTHIECKHE aCTIeKThI OMMOPGHBIX 1 COEBATOMOP(HBIX MombuKaryii // Vissectrst
Axanemun Hayk. Ceprst xummdeckast. 2014, Ne 5, ¢.1057-1068.

[21] Hanaeynsn I'T - HecranmapTHblii Iy Th CHHTE3a IPazoiiof 1,5-a] MpHUMUIHHOB U3 TIMPUMUIAHOB //
Hexotopsle ycniexu opranrdeckoit u (apmaneBTideckoii xumur: COOpHUK TpynoB. Bemyck 2.
Epepan: Hay4uHo-TeXHONOrHYECKHIA TISHTP OpraHidieckoi u dapmarieBtideckoi xumun HAH PA,
2015, c. 356-365.

[22] Dunitz J., Bernstein J. - Disappearing polymorphs // Acc. Chem.Res., 1995, v. 28, Ne 4, pp. 193-200.

[23] Ilabnosckuii A.0. - KonebarebHble U aCHMITTOTHIECKHE PEKAMbI KPHOXUMHUYECKIX PEAKIAH //
Xum. k. Apmennn, 2022, T. 75, Ne 3-4, ¢. 272-282.

[24] Hlabnosckuii A.O. - PaBHOBecuss ¥ TPeBpAIIEHHS KOHISHCHPOBAHHBIX (a3 C pEryJisipHON
crpykrypoit. [omens: ITTY, 2021, c. 243.

[25] Janssen T., Chapuis G., Boissieu M.D. - Aperiodic crystals. Oxford: Oxford University Press, 2007,
pp. 480.

[26] Mamacon A.E. - Cummerpust keazukprctaruios // Dusrka TeEpmioro Tesa, 2013, T. 55, Ne4, ¢. 784-796.

[27] Boiimexosckuii FO.JI. - Noaekasapo—ukocadqpuyeckas cucrema // 3amucku Poccuiickoro
MHUHepajorudeckoro obiectsa, 2020, T. 149, Ne 6, ¢. 101-109.

[28] Botimexoscruit FOJI, Yykaesa M.A., Cmenemyuros []1. - VIHBapHaHTBI MPOCTPAHCTBEHHBIX
pasOueHyit B MUHepaIbHO# 1 Groltoraeckoit npupoze // Tpyast DepcMaHOBCKOH HAYYHOH Ceccui
' KHII PAH. 2021, Ne 18, ¢. 102-106.

[29] Rothenberg G. - Catalysis: concepts and green applications. Weinheim: Wiley-VCH, 2008, pp. 279.

[30] Medford A.J,, Vojvodic A., Hummelshgj J.S. From the Sabatier principle to a predictive theory of
heterogeneous catalysis // J. Catal., 2015, v. 328, Ne 1, pp. 36-42.

[31] Wan L. - Catalysis based on ferroelectrics: controllable chemical reaction with boosted efficiency /
Nanoscale, 2021, v. 13, Ne 15, pp. 7096-7107.

[32] DingW. - Ferroelectric materials and their applications in activation of small molecules // ACS Omega,
2023, v.8,Ne 7, pp. 6164-6174.

[33] Khan M.A., Nadeem M.A,, Idriss H. Ferroelectric polarization effect on surface chemistry and photo-
catalytic activity: A review // Sur.Sci. Rep., 2016, v. 71, Ne 1, pp. 1-31.

[34] Arvin K., Altman E. - Ferroelectrics: A pathway to switchable surface chemistry and
catalysis // Surf. Sci., 2016, v. 650, pp. 302-316.

[35] Llabnosckuii A.0. - TlomumophusM CTPYKTYpbl B aHH3OTPOINHUSI CBOHCTB KPHCTAILTH-
gyeckux ¢a3. ['omens: [TTY, 2009, ¢.192.

69



<U3UWUSULh <UL rENESNFE3EV GhSNFE-3NFLLENP
W2%U3hTL U 6UPRY
HALIMOHAJIbHASI AKAJEMHSI HAYK PECIYBJIMKH APMEHUSI
NATIONAL ACADEMY OF SCIENCES OF THE REPUBLIC OF ARMENIA

Zuywuunulh phuhpwlul hubnku
XUMHYECKHI )KypHAT APMCHUM 77, Ne 1, 2024 Chemical Journal of Armenia

OPTAHUYECKASA U BUOOPITAHUYECKAA XUMMUSA

DOI: 10.54503/0515-9628-2024.77.1-70
TOTAL SYNTHESIS OF COLCHICINE ALKALOIDS

Y1 DU AND ANDREI V. MALKOV*

Department of Chemistry, Loughborough University,
Loughborough, LE11 3TU, UK.
E-mail: A.Malkov@Iboro.ac.uk

Received 12.01.2024

1. Introduction to N-acetylcolchinol and allocholchicinoids.
The Colchicum plant had been used for the treatment of gout in ancient
Greece for over two millennia before the active species colchicine (Figure 1,
1) was found and extracted from Colchicum for the first time by Pelletier and
Caventou in 1820.1 It took more than 100 years for researchers to determine
its structure. Dewar suggested that colchicine contained two 7-membered
rings,2 and later King and co-workers determined the structure of colchicine
was established by X-ray crystallography.3 The first total synthesis of
colchicine was accomplished by Eschenmoser in 1959.4 Nowadays,
colchicine is a well-known pseudo-alkaloid that has been widely used to treat
gout, immune-mediated diseases, and psoriatic arthritis.5 It was shown to
inhibit leukocyte-endothelial cells and T-cells by binding to intracellular
tubulin monomers, which prevents their polymerization.6 Thus, colchicine
has the potential to inhibit cancer cell growth, but it proved to be toxic to
normal cells. Instead, a less toxic to mammalian cells demecolcine 2), where
the acetyl group on the amino group is replaced with methyl, is used in
chemotherapy.
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OMe
(-)-1 Colchicine 2 Demecolcine
«NHAc “NHAc
MeO MeO
CO,Me OR
MeO OMe MeO OMe
(—)-3 Allocolchicine (-)-4 R = H, N-Acetylcolchinol

(-)-5 R = Me, N-Acetylcolchinol methyl ether
(-)-6 R =P(0)(OH),, ZD6126

Figure 1. Colchicine 1 and its analogues 2-6.

More recently, colchicine showed some positive effects as a potential
treatment for COVID-19 due to its anti-inflammatory properties.” Investiga-
tion of colchicine analogues revealed that allocolchicinoids derivatives where
the 7-membered tropolone ring was replaced with a benzene ring (3-6)
showed good biological activity and less toxicity compared to the parent
colchicine.® N-Acetylcolchinol 4 is a known tubulin polymerisation inhibitor;
its water-soluble phosphate ZD6126 6 was developed as the prodrug,® which
in vivo is converted into the active N-acetylcolchinol 4. ZD6126 selectively
induced tumour vascular damage and tumour necrosis at well-tolerated doses
in animal models, but it was found to be toxic to humans and, therefore, was
discontinued. However, the pronounced biological activity of colchicine
alkaloids helped to maintain a sustained interest in this class of compounds,
thus fueling the need for a robust methodology to access their synthetic
analogues. The review is divided into two main chapters. The first will cover
the diverse strategies for assembling the tricyclic core of the colchinoids apart
from the methods based on the arene-arene coupling to create ring B, while
the second chapter will focus on the strategies centred on these intramolecular
aromatic cross-coupling methods.

2. Synthetic strategies employed for the construction of the tricyclic core
of N-acetylcolchinol and analogues.

In mid 20th century, the first approaches to the synthesis of N-
acetylcolchinol methyl ether 5 were reported, where the 7-membered ring of
the colchinol core was constructed by the sequence of reactions involving
oxidative scission of the respective phenanthrene derivatives. Rapoport and
Cisney reported the first total synthesis of racemic colchinol methyl ether
from 2,3,4,7-tetramethoxyphenanthoic acid 7.2%! This was converted in three
steps to monoxime 8 and then to cyanoacid 9 by Beckmann rearrangement
(Scheme 1). Intermediate dihydrotropone 10 was achieved in five steps from
9. This synthetic route gave racemic colchinol methyl ether 11 in 4.5% overall
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yield over 13 steps. Chiral resolution of 11 with D-tartaric acid afforded free
amine crystalline salt and the subsequent acetylation of the primary amine
gave rise to (-)-N-acetylcolchinol methyl ether (-)-4.

COH MeQ

MeO MeO Z N Beckmann  MeO O COzH
rearr. CN
MeO O 3steps steps MeO O 76% MeO
0
OMe 64% 9 O

OMe //
7 8 5 steps OMe

o
MeO 2oteps 0 O
OMe
OMe MeO OMe

0,
MeO OMe 39%
1 10

Scheme 1.

At approximately the same time, Cook reported a synthetic sequence
towards the same dihydrotropone 10 starting from 2,3,4,7-tetramethoxy-9-
methyphenanthrene 12 (Scheme 2).%2 In their approach, the dihydroxylation
of 12 afforded 13. Treatment of 13 with lead tetraacetate cleaved the vicinal
diol followed by intramolecular aldol condensation under acidic conditions to
form tropone derivative 14, which was hydrogenated over palladium on
carbon to ketone 10. The reductive amination, chiral resolution and
acetylation sequence similar to the one described in Scheme 1 afforded the
target (—)-N-acetylcolchinol methyl ether (-)-4.

1) Pb(OAC)4
MeO Me 0s0, MeO 2) HCI/AcOH O Hy, Pd/IC
) O‘ O
MeO O 65%  MeO OMe
OMe oM OMe oM MeO
12

e e

Scheme 2.

A different strategy was introduced by Wulff and co-workers that centred
on a Diels-Alder cycloaddition to assemble the methyl benzoate ring of
allocolchicine 3, followed by aromatization (Scheme 3).2* The Diels-Alder
diene 16 was prepared from known benzosuberone 15 in 4 steps.
Cycloaddition with methyl propiolate gave the tricyclic core followed by
DDQ oxidation to afford 17 in 79%. Deprotection of the TBDMS, oxidation
of the resulting alcohol to ketone and asymmetric reduction with (+)-TarB-
NO2/LiBH4 produced enantioenriched alcohol 18 in 91% ee and 74% vyield
over 3 steps. The target (—)-allocolchicine 3 was achieved in further 3 steps
which included Mitsunobu substitution of the hydroxyl with azide, followed
by hydrogenation and acetylation.
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OTBDMS
4 steps MeO O
0,
MeO o 32% 2) DDQ OMe CO,Me

MeO

79% 17
3 steps
NHAc . OH ,//74%, 91% ee
MeO 5t MeO O O
CO,Me 751‘3}’5 CO,Me
MeO OMe MeO OMe
—)-3 Allocolchicine 18
Scheme 3.

A different approach was reported by Green.'* Construction of the biaryl
precursor 21 involved Suzuki coupling of commercial starting materials 19
and 20 followed by Corey-Fuchs protocol and then the formation of cobalt
complex 21 (Scheme 4). Treatment of 21 with Lewis acid furnished the
tricyclic colchinoid core. Decomplexation was accomplished by hydro-
silylation with Et3SiH followed by desilylation by TFA to give 22. Hydro-
boration and oxidation on the double bond gave alcohol 11. The rest of the
synthesis followed the protocols described by Wulff (Scheme 3);2 the overall
yield of this 11-step total synthesis was 18%.

Co,(CO
ACO/\\\/’\ 2(CO)e

OMe
MeO BOH):, g
T 0L
e0 OHC OMe ©Steps ‘
OMe

59% MeO
20 OMe 21

1) BF3+OEt,
2) (i) Et3SiH, (ii) TFA

. — 0
e = e Q Q
3 steps OMe 25teps OMe
MeO

60%

71%

Scheme 4.

Synthesis of a water-soluble pro-drug (-)-6 ZD6126 was reported by
Astra-Zeneca (Scheme 5).2° In this strategy, precursors 23 and 24 were
obtained in 2 and 3 steps, respectively, from commercial reagents. Then, they
were joined together through a Cu-mediated Ullmann-type coupling to give
25 in 77% vyield. Ring B was installed by aldol reaction after deprotection of
ketone in 25 to afford tropone 26, which in three steps was converted to
enamide 2, followed by catalytic enantioselective hydrogenation using
ruthenium/(S)-isopropyl-ferroTANE to afford (-)-4 (Scheme 5).
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MeO OMe MeO OMe
27 26
Scheme 5.

Later, Kocienski® modified the Astra-Zeneca route by applying Pd-
catalysed Suzuki-Miyaura coupling to construct ring B instead of the Ullmann
reaction (Scheme 6). In this method, protection of the ketone was not required.
The same tropone intermediate 26 was by a simple aldol reaction. To
complete the synthesis of N-acetylcolchinol (-)-4 (98% ee), the sequence
described by Wulff was employed (Scheme 3).1* Compared to the Astra-
Zeneca route (Scheme 5), the overall yield dropped to 22% due to the
increased number of steps.

(0}

MeO '

OBn
MeO B(OH), 1)Pd(PhsP), OMe K,COs o
OMe 2N NtaZHCOS MeO 68%

. 28 EtO O MeO O O
B MeO OBn

r 52% (l) o MeO OMe
OBn 30 26

o 29

Scheme 6.

A different approach to the construction of the tricyclic allocolchinoid core
was demonstrated by Ramana®’ who synthesised racemic allocolchicine 3 using
a Co-catalyzed alkyne [2+2+2]-cyclotrimerisation. First, alkene 32 was
synthesised from the commercially available 3,4,5-trimethoxylbenzaldehyde
31 by Grignard addition and deoxygenation. The diyne 33 was achieved in a
further 10 steps with a 23% overall yield. Then, the nucleophilic substitution of
chloride with p-methoxylbenzyl amine followed by acetylation afforded diyne
34. Finally, the construction of allocolchine 3 was accomplished by the
cyclotrimeraization of diyne 34 with methyl propiolate catalysed by
CpCo(CO)2 (20 mol%) under UV irradiation, followed by deprotection of the
PMB group with TFA to furnish (+)-3 with a 25% yield (Scheme 7).
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Scheme 7.
3. Synthetic strategies based on the construction of ring B by arene-arene

coupling

Among the plethora of synthetic approaches toward the structural core of
the colchicine alkaloids, the routes involving coupling of the two aromatic
fragments look most advantageous (Scheme 8), especially considering that the
immediate precursors 34 can be prepared by trivial synthetic methods from

the readily available materials.
~NHAc

NHAc
MeO
R Yas
R
MeO MeO OMe
34 4R =0H

6 R = CO,Me

Scheme 8.

The first such method was reported by Macdonald and co-workers.'® The
tricyclic core was built through a non-phenolic oxidative coupling (Scheme
9). Acid 35 was converted to the respective aldehyde through the
reduction/oxidation sequence followed by the addition of the Grignard
reagent to give racemic 1,3-diphenylpropanol 36 with a 77% yield. The latter
was converted in three steps to acetamide 37 through benzylic azidation
followed by reduction and acetylation in the overall 48% yield. The target
racemic N-acetylcolchinol 4 was achieved in 71% yield by a non-phenolic
oxidative coupling employing stoichiometric thallium(lll) trifluoroacetate and
TFA/TFAA in the presence of boron trifluoride etherate (Scheme 9).
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OMe
OMe OTBDMS
36
35 OTBDMS  77%
l 3 steps
l 48%
TI(OCOCF3)3 NHAc
TFAA/TFA MeO
BF3'Et20 ‘ O
MeO
71% OMe OTBDMS
37
Scheme 9.

This effective synthesis achieved the racemic N-acetylcolchinol in 6 steps with
a 26% overall yield. However, the major drawback was the use of the toxic TI®*
salt as a stoichiometric oxidant, therefore, new oxidative regents needed to be
explored. Banwell and co-workers used a slightly less toxic lead tetraacetate to
achieve the arene-arene oxidative coupling for the construction of the seven-
membered ring in the synthesis of racemic colchicine and allocolchicinoid
analogues 43 and 44 (Scheme 10).1%% In their strategy, the synthesis commenced
from commercial starting materials 31/39 and 38 to afford 40/41 in 75-85% yield
through the sequence of aldol condensation and reduction. After that, the oxidative
cyclisation was carried out with lead tetraacetate and TFA in 42-45% vyields.
However, the syntheses of racemic 43 and 44 required a further 7 steps which
resulted in 0.3% and 34% overall yields, respectively.

3 steps O O
70- 85% R'O OMe

H

31, R1 40,R'=M
38,R'= TBDMS 41,R‘=TBDMS

1) Pb(OAc)4
42-54% ll 2) TFA

OH
steps .
= o)

R'O OMe

OMe OMe
(+)-43, R' = Me, R2 = CO,H, R® = Ac (0.3%) 42
(+)-44, R' = H, R = OH, R3 = Me (34%)

Scheme 10.
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The coupling of two aromatic rings can be achieved by employing
transition metal catalysis. A total synthesis of allocolchicinoids using
palladium catalysis was reported by Fagnou (Scheme 11).2 It started with
joining haloarenes 46 and 47 with alkyne 45 by the Sonogashira cross-
coupling, followed by asymmetric reduction of the resulting ketones to the
chiral alcohols with (S)-pinene/9-BBN in 97% ee, which were protected as
MOM ethers and then hydrogenated to afford the respective intermediates 48
and 49. Ring B was constructed by the palladium-catalysed cross-coupling to
afford 50 and 51 in 73% and 69% yields. Analogue 52 was synthesized in
another three steps from 51. In this method, the toxic Tl or Pb compounds
were not involved in the construction of the seven-membered ring, which is
an improvement in terms of the environmental impact, the overall yield was

also a little higher
OMOM

2
4 steps ‘ O R
54- 56°/ MeO

48 R' = Cl, R2 = CO,Me
49, R'=Br,R2=H

Pd(OAc)2 +L

46,R' = C|, R2—Br
47,R'=Br,R2=H

K CO
OMOM zues
.
S Vad 4
NMe,
MeO OMe
50, R2 = CO,Me (73%)
52 51, R2 = H (69%)
Scheme 11.

A different protocol to install the stereogenic center was proposed by
Chong,? who employed alkynylation of N-acylbenzaldimine 54 with chiral
alkynylboronate 55 (Scheme 12). Enantioenriched diarylpropyne 56 was
obtained in 72% yield and 94% ee. N-acetylaldimine 54 was prepared from
aldehyde 53. Hydrogenation of 56 gave acetamide (-)-37 which was
converted to (-)-N-acetylcolchinol 4 following MacDonald’s TI** oxidative
coupling method®® with a 53% yield (38% overall yield). In this approach,
high enantioselectivity and a shorter pathway were achieved.
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Scheme 12.

Due to the potential of N-acetylcolchinol for pharmaceutical discovery,
Kocienski in cooperation with Astra-Zeneca developed several routes amen-
dable to a larger scale.? The Sawayer-Macdonald oxidative coupling strategy
was adopted but instead of the toxic Tl salts, they introduced non-toxic,
readily prepared hypervalent iodine reagents such as iodobenzenediacetate
(PIDA) or [bis(trifluoroacetoxy)iodo] benzenes (PIFA). One of the routes is
shown in Scheme 13. It started with aldol condensation of commercial
reagents 31 and 57 to the respective chalcone, which after hydrogenation and
protection of phenol afforded saturated ketone 58. Asymmetric transfer
reduction using catalyst 59 furnished the corresponding chiral alcohol (+)-36
in 96% yield and 92% ee. After e series of transformation shown in Scheme
13, acetamide (—)-37 was produced. The target (—)-N-acetylcolchinol 4 was
accomplished by oxidative intramolecular coupling employing PIFA in 50%
yield.

NaOMe

1)59 (1 mol%)  MeO
:@ﬁ 2) H2 p,02 PrOH/MeOH _ O O
3) TBDMSCI  MeO 96%, 92/ ee  MeO

69% OTBDMS 36 OTBDMS
1) MsCI, EtN | 4) Ac,0, Py
T , 2) NaN;, DMF
| s N ‘ 3) Hy/Pd(OH), 77% over 4 steps
| Ph\[N‘R L | PhI(OCOCF), YA
' Ru"~\~ : 3)2 :
P oppt TN | TFAATFA Meo
! H ! . BF3+OEt,
; . ; e BOR g
: 5 :
,,,,,,,,,,,,,,,,,,,,,,,,,, 50% OMe 37 OTBDMS
Scheme 13.

Lloyd-Jones reported a formal total synthesis of racemic allocolchicine 3
via gold-catalysed C-H arylation (Scheme 14).2* In this strategy, cyclisation
of intermediate 60 was achieved by an Au(lll)-catalysed coupling to give 61
in 56% vyield. The palladium-catalysed carbonylation produced protected
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alcohol 62 in 70% yield which can be converted to allocolchicine 3 following
the previously described method.?

OMOM

OMOM OMOM
o .
O O T weo (T S e O
MeO Megsl CO,Me
6°/ MeO OMe

70%

Scheme 14.

Roberts and co-workers reported an asymmetric synthesis of N-acetyl-
colchinol methyl ether (-)-5 (Scheme 15) from a, B-unsaturated Weinreb
amide 63 that, in turn, was prepared from the respective commercial aldehyde
by Wittig alkenylation.”® It was then reacted with lithium N-benzyl-N-(o-
methylbenzyl)amide followed by hydrogenolysis and acylation to afford the
corresponding enantiopure B-amino amide 64. The addition of Grignard
reagent 67 synthesised in situ from bromide 66 furnished intermediate 65
Further reaction sequence involved the reduction of the ketone,
deoxygenation of the alcohol and oxidative arene-arene coupling with PIFA
to afford the target (—)-5; the overall yield over the final three steps was 26%,
where the coupling was the lowest yielding step (30%).

1) Me Ph

o Ph/LN) AcHN O O NHAc
MeO S e N Me0\©)\)J\N,Me 67, THF  MeO O O
OMe  2)Hyp, Pd/C OMe 9%  MeO
63 3) Ac0, Py 64 OMe OMe
75% 65
i MeO Br Mg, I,(caty MeO MgBr | l 3 steps
: _— | ‘ 26%
| MeO M?l_'H(’C:at) MeO 3
: OMe 66 OMe 67 (-)-5
Scheme 15.

In 2021, Yang and co-workers reported a short total asymmetric synthesis
of (-)-colchicine 1 in only 7 steps with an overall yield of 27-36%, depending
on the scale of the reactions (Scheme 16).% In their protocol, the biaryl
intermediate 71 was constructed in three steps from the commercial
inexpensive isovanillin 68 through vinyl Grignard addition to give the
respective racemic alcohol followed by the Ir-catalysed allylic amination in
the presence of chiral ligand (S)-70 to furnish chiral acetamide 69 in 93%
yield and 99% ee; the reaction was amendable to scaling up without any
detrimental effect on the yield or enantioselectivity. The hydroboration of the
allylic acetamide 69 with 9-BBN followed by the Pd-catalysed Suzuki
coupling with aryl bromide 66 furnished acetamide 71 with yields ranging
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from 56-65%. Finally, treatment of 71 with PIDA and BF3-Et,O gave the
cyclised intermediate that in further 3 steps was converted to colchicine (-)-1
in 51-60% vyield over the final 4 steps.

Q1 Mgbr NHAc NHAG
HO HO _ ()9BBN .o :
2) AcNH, ies O O
MeO Iaied  Meo Pd(PPh3);  MeO OMe
68 93%, 99% ee 69 56-65% OMe 79 OH
O J 4 steps
‘ MeO Br o ‘ 51-60%
i P-N |
'+ MeO [e) 3 .
OMe OO O (“)-
| 66 ()70 |
Scheme 16.

The reinvigorated interest in electrochemical methodology for organic
synthesis, 23! prompted the design of the synthetic sequences that employ
electrochemistry. Waldvogel and co-workers in their synthesis of N-
acetylcolchinol methyl ether (+)-5 attempted to conduct some steps
electrochemically (Scheme 17).32 Thus, cathodic reduction of oxime 73
obtained from the known ketone 72 was accomplished in a nearly quantitative
yield using Pt anode and leaded bronze cathode in a divided cell.

In contrast, optimisation of the electrochemical dehydrogenative
coupling of 74 met with limited success. The best yield of 5 (33%) was
achieved with Mo anode and carbon graphite cathode in hexafluo-
roisopropanol (HFIP) in an undivided cell. However, the yield of 5 was
improved to 62% through a reagent-mediated coupling using 3 equiv. of
MoCl3(HFIP)..

N-OH 1) Pt || CuSn7Pb17
Q NH,OH 2% H,S0,/MeOH NHAc
MeO NaOAc MeO divided cell MeO ~
SRS O O 0
MeO MeOH  pmeo 2)Ac,0, Py MeO
OMe OMe
72 88% 7 Me 98% OMe 74 OMe
1)Mo || C NHAc

: MoCl3(HFIP),
Bu4NFéFﬁ_/HFIP MeO CH,Cl,, 3AMS
@5 IV
33% MeO 62%
OMe 74 OMe
Scheme 17.

With some experience in this field of electrochemistry,**-> Malkov and
co-workers®® designed a short synthetic sequence for N-acetylcolchinol 4,
where two out of four steps were carried out electrochemically (Scheme 18).
The aldol condensation of the inexpensive, commercially available ace-
80



tophenone 57 and aldehyde 31 gave chalcone 75 in 92% yield on a 10 mmol
scale. Chemoselective cathodic reduction of both the double bond and the
carbonyl produced alcohol 76 (92%). Next, the Ritter reaction in aqueous
acetonitrile in the presence of concentrated sulfuric acid gave rise to
acetamide 77. In the final step, intramolecular coupling of the two arene rings
was accomplished in a 68% yield in a non-divided cell equipped with two
carbon electrodes in MeCN in the presence of TFFA and TFA. The entire 4-
step synthesis furnished racemic colchinol (+)-4 in the overall yield of 41%
as a single diastereoisomer confirming that the stereoselectivity of the
aromatic coupling is controlled by the benzylic stereogenic centre, similar to
the oxidative coupling instigated by stoichiometric oxidants.

MeO S C (4IC()
Q/\O ©)‘\ NEat%’\Iille MeO O N O DMSO/MeOH (4:1) Meo
: , NH,SCN
MeO = .
92%  MeO MeO
OMe 10 mA, 92%
51 OH g7 OMe 75 OH OMe 76 OH
H,S0, conc
CHyCN/H,0
73%
~NHAc C(+)IIC(-) NHAc
TFAA/TFA (1:1) MeO
MeO Bu,NBF,
e O CH4CN
OH MeO
MeO OMe 15mA, 68 % OMe OH
(4 m
Scheme 18.

For the enantioselective variant of the synthesis (Scheme 19), 36 imine
78 was obtained from the respective ketone by heating in toluene with p-
anisidine in the presence of molecular sieves 5A. The catalytic asymmetric
reduction of 78 with trichlorosilane was carried out in the presence of catalyst
80 to afford a highly enantioenriched amine (+)-79 (91%, 99% ee), which was
subjected to electrochemical cyclisation into tricyclic (+)-81 (76%). Finally,
electrochemical deprotection of the N-PMP group followed by acylation
furnished the target (+)-N-acetylcolchinol 4 in a 70% yield over the two steps.
The complete synthetic route from the commercial starting reagents 31 and
57 was accomplished in 7 steps with a 33% over yield.
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Scheme 19.

4. Conclusions

In conclusion, the diverse synthetic approaches to colchinoids present a
wealth of possibilities for the development of novel compounds with potential
therapeutic applications. Earlier methods avoided aromatic coupling and
employed starting materials with the pre-existing biaryl fragments, instead
focusing on the construction of the 7-membered ring B. As the chemical
methodology developed, the synthetic routes relying on cross-coupling came
to the forefront of the synthetic endeavours. The methods involved both
transition metal-mediated coupling and oxidative coupling of the two
aromatic rings using stoichiometric reagents. More recently, electrochemical
methodology capable of replacing toxic catalysts or hazardous reagents
started to attract the interest of researchers with several novel, more sus-
tainable approaches reported. By considering the strengths and limitations of
each method, researchers can strategically navigate the intricacies of the
synthesis of colchicine analogues. Future investigations could focus on
optimising existing methodology and techniques, exploring innovative
synthetic routes, and evaluating the biological activity of newly developed
colchinoid derivatives. These efforts contribute to the ongoing quest for
enhanced drug discovery and the advancement of medicinal chemistry in the
treatment of various diseases.
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KonxunuH sBIsieTcsl XOpOUIo W3BECTHBIM ICEBIOAIKAIONIOM, KOTOPBIH IIUPOKO
IIPUMEHSIETCS AT JISUSHUs [T01arphl, MIMMYHOOIIOCPEIOBAHHBIX 3a00JIeBaHUH H IICOpHUa-
TH4eckoro aprpura. OH 061a1aeT NOTEHIMATIOM HHTHOHPOBATh POCT PAKOBBIX KIIETOK,
HO OKazajcsd TOKCHYHBIM AJII HOPMAJBHBIX KIETOK. B XMMHOTEpamuu HCIOIb3yeTCs
MeHee TOKCHYHBIHM Ul KIETOK MJICKONUTAIONINX JAEMEKOJIINH, B KOTOPOM aleTHIIbHAsS
rpynna B aMHUHOTPYMIIE 3aMEHEHa Ha METWIbHYI0. B 0030pe ocyIecTBiIeH aHaIn3
pPa3sHOOOpa3HbIX IIOJXOJIOB, HANPABJICHHBIX Ha CHHTE3 KOJXHIMHA W HOBBIX
NIPOM3BOJHBIX  KOJXMHOMJOB, KOTOpblE  MOTYT  o0jajzarb  IHOTEHIHAIbHBIM
TEPaNeBTHUECKUM JICHCTBHEM.
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A key vector in the modern organic chemistry development is the targeted
design of molecular systems to create effective drugs based on them, as well
as “smart” materials for molecular electronics. A special place among the
organic and hybrid substances is occupied by azaheterocyclic compounds, on
the basis of which effective chemical pharmaceuticals to be used in the
diagnosis and treatment of infectious, oncological, cardiovascular,
neurodegenerative and other socially significant diseases are known. At the
same time, azaheterocyclic compounds, due to their unique electronic,
electrochemical, photophysical, coordination and other properties, are
attractive building blocks for the development of organic electronics
materials, primarily sensors, nonlinear optics, spintronics, catalysis and other
actively developing areas.

Among the known synthetic approaches, the methodology of direct C—H
functionalization is one of the most progressive strategies that has shown
effectiveness in the targeted modification of organic compounds of various
classes [1-3]. This approach considers the C—H fragment as an independent
functional group that, under certain conditions, can be modified under the
influence of various reagents that carry a certain functional load. The use of
C—H functionalization methods and approaches, in particular nucleophilic
hydrogen substitution reactions (Sx™), allows one to avoid the introduction of
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halogens or other auxiliary groups into azaheterocyclic substrates at
preliminary stages, as well as in some cases of using metal complex catalysis.
The competitive advantage of this strategy compared to the classical methods
used for constructing carbon-carbon and carbon-heteroatom bonds is that
these techniques are focused on optimizing synthetic schemes by reducing the
number of intermediate stages, minimizing losses and by-products,
eliminating the use of harmful substances in laboratory and industrial
processes.

The current work is a systematic study of the possibilities of the direct
C(sp?)-H functionalization strategy as an effective synthetic tool for the
targeted design of azaheterocyclic systems of aromatic and non-aromatic
nature for the preparation of promising organic and hybrid materials based on
them.

Nucleophilic hydrogen substitution reactions (S\™) uncatalyzed by
transition metals in azaheterocyclic systems

The concept of reactions of nucleophilic substitution of hydrogen (S\")
was first proposed and developed as an independent scientific direction in the
work of the Ural School of synthetic chemists. S\ Methodology, being a basic
synthetic tool for obtaining new functional derivatives of five- and six-
membered azaheterocycles, allowed the targeted construction of complex bi-
and polyfunctional organic assemblies for multifunctional purposes (Scheme 1).
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Scheme 1 — General scheme of nucleophilic hydrogen substitution reactions (SNH)
uncatalyzed by transition metals in azaheterocyclic systems (using the example of
functionalization of azaheterocyclic N-oxides)

According to the generally accepted concepts, reactions of nucleophilic
substitution of hydrogen (S\") proceed in two stages. At the first stage, the
nucleophilic reagent is added to the azaheterocyclic substrate with the
formation of c"-adducts, and at the second stage, these intermediates are
converted to SNH-products. The aromatization of c"-adducts can be carried
out in two ways: oxidative and eliminative pathways. In this regard, S\"
reactions should be classified as transformations occurring either according
to the “Addition-Oxidation” (SN'AO) or according to the “Addition-Elimi-
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nation” (S\MAE) scheme. It is worth noting that to implement the first type of
transformation, the presence of an oxidizing reagent in the system is necessary.
The elimination pathway of aromatization requires the presence of an auxiliary
group in the heterocyclic substrate or in the nucleophilic reaction participant
(vicary nucleophilic substitution).

The C-H/C-M (M=Li, MgX) coupling reactions proceeding according to
the nucleophilic substitution of hydrogen (SN scheme were used for the
synthesis of azaheterocyclic systems functionalized with fragments of nitroxyl
radicals, calixarenes, thiophene, imidazole, and pentafluorobenzene.

Calixarenes are of great importance in supramolecular chemistry; increased
interest in this class of macrocyclic structures is due to the wide possibilities of
their practical use [4]. Thus, effective ionophore receptors for the selective
extraction of metal ions, catalysts, chemosensors, transmembrane ion carriers,
materials for nonlinear optics, biologically active substances and drug delivery
systems based on calixarenes are known. The uniqueness of the applied
properties of calixarenes is associated with their complex structural organization.
The most common approach in the design of new functionally substituted
calixarenes is modification of the macromolecule at the upper (OH group) and
lower (at the C(sp?)—H bond of the aromatic ring) rim.

The methodology of nucleophilic hydrogen substitution (S\" reaction) in
azines and their N-oxides was used for the first time to obtain new
azaheterocyclic calixarene derivatives containing azaheterocycle fragments at the
meso-position  using  2-lithium-25,26,27,28-tetramethoxycalix[4]arenes  as
nucleophilic reagents (Scheme 2) [5]. The coupling products of lithiocalixarenes
with triazines, c"-adducts, were obtained in yields of 80-82%. Next oxidative
aromatization of adducts was carried out in THF at room temperature using 2,3-
dichloro-5,6-dicyanobenzoquinone (DDQ) as an oxidant t6o give the
corresponding Sn products in yields of 92-95%.

Scheme 2— C—-H/C-Li coupling of 1,2,4-triazines with lithium derivative of
tetramethoxycalixarenes
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Studies on the reactivity of substrates based on polycyclic azaaromatic
hydrocarbons, in particular 1,3,7-triazapyrene derivatives, in the processes of
interaction with lithium derivatives of calixarenes as nucleophiles were also
carried out. The increased interest in such compounds is due to the wide
possibilities of using derivatives of polycyclic azaaromatic hydrocarbons in
sensors and molecular electronics, in particular as working elements of
organic photovoltaics (OPVs), organic light-emitting diodes (OLEDs) and
organic field-effect transistors (OFETS).

To synthesize 1,3,7-triazapyrenes functionally substituted with a ca-
lix[4]arene fragment, a synthetic strategy that included a series of sequential
transformations of the macrocycle, namely the preparation of calixarenes with
protected hydroxyl groups, mesolithialation followed by the reaction of
nucleophilic hydrogen substitution (SN in 1,3,7-triazapyrene using
lithiumcalix[4]arene as a nucleophilic reagent, oxidation of the resulting
unstable c"-adduct under the action of DDQ and subsequent removal of the
protecting group under the action of cyclohexyl iodide in DMF was used
(Scheme 3) [6]. As a result, new 1,3,7-triazapyrene derivatives modified with
a tetramethoxycalix[4]arene fragment were obtained in 60-70% yields and the
corresponding tetrahydroxycalix[4]arenes 28 in 60-65% yields.

| 1. THF
[Li-q"‘“" ] -78°C—=rt.

aaaaaaaaa
2. THF, H,0

Scheme 3 — Synthesis of 1,3,7-triazapyrene derivatives, modified with a
tetramethoxycalix[4]arene fragment, and the corresponding tetrahydroxycalix[4]arenes

To expand the applicability of the proposed approach to other azahe-
terocyclic substrates, the interaction of the lithium derivative of tetrame-
thoxycalix[4]arene with non-activated azaheterocycles based on mono-
(pyridine, quinoline, isoquinoline, 2,2'-bipyridine) and diazines (pyrazine,
quinoxaline, pyridazine) was studied [7]. As a result, it was found that the
reactivity of these substrates was not sufficient to form the desired functional
derivatives. To solve this problem, structurally diverse N-oxides of mono- and
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diazines with mono-, bi-, and tricyclic structures were introduced in reactions
with lithium calixarene (Scheme 4). These transformations are a two-stage
process, the implementation of which is carried out according to the S\"AE
scheme. At the first stage, the nucleophilic reagent is added to the C=N bond
of azine-N-oxide with the formation of low-stable intermediate compounds -
ot-adducts. At the second stage, the elimination of the oxygen-containing
fragment takes place along with the proton at sp*-hybridized carbon atom of
the azaheterocycle with the formation of aromatized S\" products. The use of
AcCl at the aromatization stage makes it possible to obtain reaction products
in yields of 44-74%.
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Scheme 4 — Non-catalyzed transition metal C—H/C—Li combinations of azine-N-oxides with the
lithium derivative of tetramethoxycalixarenes

The synthesis of mono- and disubstituted 1,3,7-triazapyrenes containing
functional blocks that improve their fluorescent properties (quantum yield,
lifetime, solvatochromism, etc.) is an important task in the creation of organic
photoluminescent materials. One of the most frequently used structural
elements in the development of photoactive materials with desired properties
is the thienyl functional block. In particular, thiophene derivatives are used in
various fields of molecular electronics such as organic light-emitting diodes
(OLED:Ss), organic photovoltaics (OPVs), and organic field-effect transistors
(OFETS). It is also known that intermolecular S-S interaction enhances the
effect of intermolecular charge transfer in the solid state. In addition, the
design of organic molecules characterized by intramolecular charge transfer
effects (e.g., push-pull fluorophores) is one of the widely used strategies to
create organic fluorescent chemosensors for the detection of nitroaromatic
compounds. The properties of this series of compounds can be easily modeled
by changing the structure of the main substituent of the chemosensor, as well
as the nature and position of the functional groups. It should be noted that the
development and application of chemical sensors based on small molecules
seems relevant for the detection of nitroaromatic compounds, both for
assessing health or environmental risks, and for monitoring and studying the
condition of soils and groundwater.
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For the synthesis of mono- and bis-thienyl-substituted 1,3,7-triazapy-
renes, the strategy of oxidative nucleophilic hydrogen substitution (SNHAO)
in heteroarenes was used, in particular the BFz-catalyzed reaction of C-H/C-
Li coupling of 1,3,7-triazapyrene with 2-thienyllithium (Scheme 12) [8]. In
accordance with the proposed mechanism, in the first stage, triazapyrene is
activated by BFs-OEt, with the generation of the corresponding quaternary
salt, which further reacts with 2-thienyllithium to form the unstable cH-
adduct. This intermediate, under the action of an oxidizing agent, is converted
into the corresponding monosubstituted product, which can also react with
another 2-thienyllithium molecule to form 6,8-di(thienyl-2-yl)-1,3,7-
triazapyrene. In order to demonstrate the potential of the synthesized
compounds for further functionalization, bromination of the thiophene
fragment of 6,8-di(thienyl-2)-1,3,7-triazapyrene was carried out using NBS
(Scheme 5). As a result, 6,8-bis(5-bromothiophen-2-yl)-1,3,7-triazapyrene
was obtained in 71% yield.
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Scheme 5 — BFs-catalyzed oxidative C-H/C-Li coupling of 1,3,7-triazapyrene
with 2 thienyllithium

Molecular systems containing a biheterocyclic scaffold, in particular
azine derivatives functionalized with an imidazole moiety, are of interest as
promising pharmacoactive compounds capable of selectively binding to
biomolecule receptors. In addition, imidazoles derivatives are considered
today as critical building blocks in modern light-emitting and liquid
crystalline materials, solar cells, dyes and pigments.

For the synthesis of functionally substituted azaheterocycles, a simple
and convenient approach was developed based on Sy reactions of the lithium
derivative of aldonitrone with azines (Scheme 6) [9]. It is known that nitrones,
containing a proton at the a-carbon atom relative to the N-oxide group, exhibit
acidic properties and, when interacting with organometallic bases (s-BuL.i,
LDA), form the corresponding lithium derivatives. The relative stability of
the resulting intermediates, which are dipole-stabilized carbanions, is due to
both the electron-withdrawing effect of the N*— O™ group and the possibility
of the formation of a thermodynamically favorable intramolecular
coordination bond O---Li. During the investigation of the proposed S\"
approach, it was found that the lithium derivative reacted smoothly with z-
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deficient azaheterocyclic substrates. This transformation should also be
considered as a two-step S\ process leading to previously unknown 2H-
imidazolyl-containing azine derivatives. At the first stage, the nucleophilic
addition of the lithium derivative to the HC=N bond of azine occurs with the
formation of c"-adducts. These intermediates have limited stability and can
exist in two tautomeric forms. At the second stage, an elimination reaction
occurs with the formation of heterocyclic derivatives without an N-oxide
fragment in the structure, in this case the process should be classified as a
vicary hydrogen replacement.
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Scheme 6 — C—H/C-Li Coupling of azines with the lithium derivative of 2H-imidazole-1-oxide

It should be noted that in the case of using less electrophilic non-activated
monoazines (pyridine, quinoline) in reactions with organolithium compound,
the formation of the corresponding C—C coupling products was not detected.
To achieve the goal of obtaining biheterocyclic assemblies, the synthetic
possibilities of using N-oxides in this reaction were investigated (Scheme 7)
[10]. Thus, it was found that the lithium derivative of cyclic aldonitrone
interacted not only with the N-oxide of 1,2,4-triazines, but also with the
activated forms of quinoxaline, 1,10-phenanthroline and quinoline. These
transformations lead to the formation of two different types of products:
compounds with two N-oxide fragments and heterocycles containing N*-O
in the structure of imidazole and azine. Intermediate products formed at the
addition stage can exist in two tautomeric forms. These intermediates
correspond to S\"AO products, their structure is determined by the conditions
of the aromatization stage. In the absence of an oxidizing agent, compounds
are formed, containing one N*~O™ group in an azole or azine substrate, which
is due to the greater stability of the corresponding tautomeric forms of
intermediates.
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Scheme 7 — Non-catalyzed transition metal C—H/C—-Li coupling of azine-N-oxides with the
lithium derivative of 2H-imidazole-1-oxide

Heterocyclic compounds containing polyfluoroaromatic fragments are
substances with high potential for practical applications [11]. The increased
interest in these derivatives is due to the fact that the inclusion of fluorine
atoms or fluorine-containing groups in organic structures increases their
stability to oxidative and other undesirable degradation processes, improves
lipophilicity, as well as transport functions, including penetration through the
blood-brain barrier. The presence of an electronegative fluoroaryl moiety
leads to increased photoluminescence efficiency, minimization of self-
quenching, and a decrease in the difference in HOMO/LUMO energy levels,
which, in turn, is of key importance in the design of advanced photoactive
materials. In addition, the inclusion of organofluorine fragments into the
structure of organic molecules can be used to tune their properties due to the
spatial and electronic effects of organofluorine substituents in the structure of
the target compound. Today, the use of fluoroaryl synthons is actively used in
the development of promising drugs (antibiotics, anti-inflammatory,
antihypertensive, anticancer and antifungal drugs), effective plant protection
products, modern materials for molecular electronics, especially in field-
effect transistors (FET) and organic light-emitting diodes (OLED), photocells
organic thin film transistors (OTFT), radio frequency identification (RF-ID)
sensors, etc.

To create new polyfluoroaryl-substituted azaheterocyclic compounds, a
strategy of direct, non-C—H/C—L.i transition metal-catalyzed combinations of
azaheterocyclic substrates (azines, azine-N-oxides, and non-aromatic subst-
rates) with pentafluorophenyllithium, as well as accompanying structural
transformations, was developed.

The S\" reaction methodology was successfully applied to the direct
functionalization of azaheterocyclic substrates based on 1,2,4 - triazines 1
under the action of pentafluorophenyllithium as a nucleophilic reagent
obtained from pentafluorobenzene and n-BuL.i [12, 13]. It is worth noting that
the lithium derivative is a relatively stable compound due to the electron-
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withdrawing nature of the fluorine atoms in the aromatic ring (Scheme 8).
Synthetic studies have shown that at the first stage, stable dihydro compounds,
ct-adducts, are formed in yields of 55-87%.
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Scheme 8 — Addition of pentafluorophenyllithium to 1,2,4-triazines in the synthesis of
polyfluoroarylated azaheterocyclic systems

To obtain the corresponding S\ products, intermediates were subjected
to oxidative aromatization using various quinone-based oxidizing agents. The
best results (97-99% vyield) were achieved using DDQ (Scheme 9). Thus, the
capabilities of the methodology of oxidative nucleophilic substitution of
hydrogen (S\") in the design of polyfluoroarylated azaheterocyclic systems
have been demonstrated, which in turn deserve both independent attention for
the creation of promising materials based on them, and as objects for further

functionalization.
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Scheme 9 — Oxidation of pentafluorophenyl-substituted dihydro-1,2,4-triazines in the
synthesis of polyfluoroarylated azaheterocyclic systems
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The next step towards the target polyfluoroarylated 2,2'-bipyridines was
the use of the aza-Diels-Alder reaction for the synthesized functionally
substituted 1,2,4-triazines using 2,5-norbornadiene while boiling the reaction
mass in 1,2- dichlorobenzene (Scheme 10). As a result, a series of 2,2'-bipy-
ridine ligands were obtained in 75-85% vyields. Using 1-mor-
pholinocyclopentene as a dienophile, cyclopenta[c]pyridines were obtained
by boiling the reaction mass in 1,2-dichlorobenzene in yields of 55-62%. It
was also found that pentafluorophenyl-substituted triazines and their 2,2'-
bipyridine analogues could also be prepared beginning from 1,2,4-triazine-4-
oxides.
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Scheme 10 — Synthesis of polyfluoroarylated 2,2’-bipyridines and their structural analogues

In the case of C-H functionalization of mono-, di- and triazine-N-
oxides, the lithium derivative at the first stage adds to the C=N*-O~ bond
of azine-N-oxides with the formation of c"-adducts, which can then be
converted into various pentafluoroarylation products depending on the
conditions used in the aromatization step (Scheme 11) [14]. It was found
that pentafluorophenylazines were formed in 54-78% yield as a result of
elimination aromatization. The C-C coupling conditions were also
optimized using various deoxygenating agents such as AcCl, Ac.O and
TFFA. The highest triazine yield (65%) was achieved when the reaction
mixture was treated with AcCl as a deoxygenating reagent. In addition, to
obtain C-C combination products of azine-N-oxides while preserving the
N*-O~ group, the patterns of oxidative aromatization were studied.
Pentafluorophenyl-substituted 1,2,4-triazine-1-oxide was found to be the
only product of the reaction of 3,6-diphenyl-1,2,4-triazine-4-oxide with
lithium derivative in the presence of DDQ.

New pentafluoroaryl-substituted 2H-imidazole derivatives were synthe-
sized as a result of C-H/C-Li couplings of 2H-imiazol-1-oxides with pen-
tafluorophenyllithium obtained in situ from pentafluorobenzene (Scheme 12)

95



[15]. According to modern concepts of nucleophilic hydrogen substitution
reactions (S\), at the first stage pentafluorophenyllithium attacks the
HC=N*-Obond of imidazole-N-oxides, which are non-aromatic azahe

F

AcCl SN

S\MAE
F
O N F. Li THF F. N
H \g Fj@fF 78°C—= 1t E ;'c')u
F F £ Ph Ny
bba F \N‘U\Ph
THF F F &

b Sy S 3

Scheme 11— C-H/C-Li Coupling of azine-N-oxides with pentafluorophenyllithium

terocycles containing a carbon center active for nucleophilic C-H
functionalization C(5), with the formation of unstable ocH-adducts, which
could be converted into the corresponding Sn"™-products of two types -
compounds formed either according to the “Addition-Elimination” (SNHAE)
scheme or according to the “Addition-Oxidation” scheme (SNHAO). Thus,
in the presence of a deoxygenating agent in the reaction mixture, the
conversion of intermediates into pentafluorophenyl-modified SNHAE
products in yields of 64-75%; in the presence of an external oxidant, the
transformation proceeds according to the SNHAO scheme to obtain products
containing an N-oxide group in yields of 62-76%.
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Scheme 12 - Synthesis of 2H-imiazol-1-oxides with pentafluorophenyllithium according to the
Addition-Hydrolysis (SNYAE) or Addition-Oxidation (SNTAO) scheme

96



Dicarba-closo-dodecaboranes (carboranes) belong to organoboron
polyhedral closo clusters, which can be considered as non-classical three-
dimensional aromatic compounds [16]. The regular icosahedral structure of
carboranes is formed by 12 node atoms (10 boron atoms and two carbon
atoms), which are equidistant from the center and carry 26 electrons involved
in the formation of bonds between the vertices. Due to the unique structural
and physicochemical properties of carboranes, including their thermal and
chemical stability, these organoboron compounds are of great importance for
the development of materials for visualizing malignant tumors, agents for
boron neutron capture therapy (BNCT), ligands of biomolecular receptors,
immunostimulants, catalysts, luminescent materials, supramolecular
structures. In addition, organoboron derivatives containing both hydrophilic
(heterocyclic) and lipophilic (carborane) fragments play a key role in the
delivery of BNCT agents to tumor cells and their accumulation in
concentrations sufficient for the treatment of malignant neoplasms.

To obtain promising azaheterocyclic assemblies containing an organo-
boron functional block, coupling of azaheterocyclic substrates with
carboranyl lithium not catalyzed by C—H/C—L.i transition metals are currently
considered as an effective strategy. The synthetic availability of lithium
carboranes is due to the fact that dicarba-closo-dodecaboranes exhibit C-H
acidic properties and, under the action of bases, form mono- and dilithium
derivatives, which are highly active nucleophilic synthons for the construction
of new functionally substituted organoboron assemblies.

Among the many compounds formed by azinyl functional blocks,
molecular systems based on azapyrene are of particular interest in the series
of fused polycyclic heteroarenes. The increased interest in compounds of this
class is due to the fact that the inclusion of nitrogen atoms in the structure of
pyrene and its analogues affects the electronic characteristics of molecular
systems, making it possible to obtain organic semiconductors, redox-active
compounds and key building blocks of molecular devices, as well as
physiologically active substances that exhibit activity as DNA intercalators
and antitumor agents.

To synthesize the target functionally substituted derivatives of 1,3,7-
triazapyrene, we used the methodology of direct C—H functionalization of
azaheterocyclic substrate under the influence of carboranyl lithiu, formed in
situ from o-carborane and n-BuLi (Scheme 13) [17]. This transformation is
realized in two stages. At the first stage, the nucleophilic reagent adds to the
azomethine (-CH=N-) bond to form the anionic c"-adduct. Subsequent
rearomatization of intermediate 63 leads to the formation of a stable S\
product. It is worth noting that rearomatization of the triazapyrene fragment

97



requires an external oxidizing agent, so this process can be classified as
nucleophilic addition-oxidation (S\"AQ) hydrogen substitution.

n-BuLi H
H
THFE
-78°C

DDQ

THF
70°C

Scheme 14 - Synthesis of carboranyl-substituted derivative of 1,3,7-triazapyrene

Carboranyl-substituted triazapyrene is a C(6)-monosubstituted derivati-
ve, the structure of which contains two azomethine fragments with elect-
rophilic centers C(2) and C(8) of the azapyrene ring, which are available for
further nucleophilic functionalization as a result of oxidative S\" transfor-
mations. Substituted isomeric triazapyrene carborane molecules are known to
have valuable photophysical properties due to the diversity of both electronic
and spatial interactions between the triazapyrene ring and the introduced
functional blocks. To synthesize disubstituted derivatives, further
modification of mono derivative was carried out using the S\" reaction with
phenyllithium (Scheme 15). While carboranyl lithium reacts selectively at the
C(6) position of 1,3,7-triazapyrene, the coupling of mono derivative with
phenyllithium occurs at both the C(2) and C(8) positions. As a result, two
regioisomers (2-phenyl-1,3,7-triazapyrenylcarborane and 8-phenyl-1,3,7-
triazapyrenylcarborane) were obtained in yields of 41% and 17%,
respectively.

Scheme 15 — Synthesis of carboranyl-substituted derivative of 1,3,7-triazapyrene

98



To obtain carboranyl-substituted azaheterocyclic compounds based on
other azines, the C(sp?)-H functionalization methodology of azine-N-oxides
was used as the main synthetic approach. Thus, it was found that N-oxides of
mono- and diazines reacted with carboranyl lithium through the mechanism
of nucleophilic hydrogen substitution, which was realized according to the
“Addition-Hydrogen Ejection” (S\"AE) scheme with the formation of the
corresponding azinyl-substituted o-carboranes (Scheme 16) [18]. In this case,
at the first stage, the nucleophilic reagent is added to the HC=N"-O" bond of
azine-N-oxides to obtain the corresponding dihydro compounds - anionic -
adducts. At the second stage, deoxygenative aromatization of intermediates
occurs under by the action of acylating agents to form products in 46-80%
yields. In the case of pyrazin-N-oxide, the symmetric dimeric compound 5,5'-
bis(1,2-dicarba-closo-dodecaboran-1-yl)-2,2'-bipyrazine is formed in 38%

yield.
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Scheme 16 - Synthesis of carboranyl-substituted azinyl derivatives

Non-catalyzed by transition metal catalyzed C-H/C-Li couplings are
widely used in the chemistry of n-deficient (hetero)aromatic systems as a
convenient and efficient synthetic approach. These transformations have been
successfully applied to the synthesis of various mono-, di- and triazinyl-
modified carboranes via direct C-H/C-Li coupling of non-aromatic 2H-
imidazole-1-oxides with carboranyl lithium.

Cross-coupling reactions of 2H-imidazole-1-oxides with carboranyl-
lithium lead to carboranyl-substituted imidazoles, their structures are
determined by the implemented mechanism of S\ transformations:
“Addition—Elimination” (SN'AE) or “Addition — Oxidation” (S\"AO),
respectively (Scheme 17) [19]. In accordance with modern concepts of S\
transformations, the first stage of both transformations, SNYAE and S\"AO,
includes the reversible formation of unstable anionic c"-adducts as a result of
the nucleophilic attack of carbonyllithium on the CH=N"-O" bond of 2H-
imidazole-1-oxides. The second stage of the process can be implemented in
both elimination and oxidative variants to obtain the corresponding carbo-
ranylated 2H-imidazoles.
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Scheme 17— C-H/C-Li Coupling of 2H-imidazole-1-oxides with carboranyl lithium

To obtain new functionally substituted pyrazin-2(1H)-one derivatives, an
original synthetic strategy for combinations of 1-methyl-6-chloropyrazin-
2(1H)-one with organomagnesium compounds not catalyzed by C-H/C-MgX
transition metals was developed [20]. This approach is based on double
functionalization of N-protected pyrazin-2(1H)-ones, implemented by the
telenucleophilic hydrogen substitution (SN®®) mechanism, including
interaction with nucleophilic reagents and subsequent interaction with
electrophiles (Scheme 18).
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Scheme 18 — Reactions of telenucleophilic hydrogen substitution in 1-methyl-6-chloropyrazin-
2(1H)-one to obtain new 3,6-disubstituted-1-methylpyrazin-2(1H)ones.
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According to the proposed reaction mechanism, in the first stage, the
organomagnesium compound reacts with the pyrazinone substrate to form the
anionic o™ -adduct, which then reacts with various electrophiles to obtain the
target 3,6-disubstituted-1-methylpyrazine-2(1H)-ones.

Reactions of C—H/C—H non-transition metal-catalyzed combinations of
non-aromatic substrates with nucleophilic reagents, proceeding according to
the nucleophilic hydrogen substitution (S\") scheme, were used to synthesize
new 2H-imidazoles derivatives functionalized with fragments of m-excess
aromatic compounds.

To synthesize new functionally substituted 2H-imidazole derivatives
functionalized with fragments of m-excess azaheterocyclic compounds,
methods for C(sp?)-H functionalization in non-aromatic azaheterocyclic
substrates (2H-imidazole-1-oxides) using indoles, pyrroles and their
functional derivatives were developed [21]. In particular, by the reaction of
nucleophilic substitution of hydrogen (S\") in cyclic aldonitrones nder the
action of indoles, the products of C-H/C-H coupling un catalyzed by
transition metals were obtained in 82-92% yields under mild conditions
(Scheme 35). Thus, it was found that the nucleophilic attack of indoles on the
unsubstituted carbon C(5) of imidazole 1-oxide occured in the presence of
acetyl chloride as a reagent activating the electrophilic substrate and is a two-
stage process. At the first stage, nucleophilic indoles are added to the activated
nitrones with the formation of unstable c"-adducts. The elimination of acetic
acid from intermediate at the second stage leads to the S\ products in the form
of hydrochlorides. Their precipitation from reaction solutions shifts the
dynamic equilibrium towards the direct reaction, which provides good yields
of indolyl-substituted imidazoles. Subsequent hydrolysis of salts under the
action of NaHCOs in aqueous ethanol leads to the target indolyl-substituted
imidazoles in almost quantitative yields.
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Scheme 19 — Non-transition metal catalyzed C—H/C—H coupling of 2H-imidazole-1-oxides
with indoles

The possibilities of nucleophilic hydrogen substitution reactions accor-
ding to the “Addition-Elimination” (S\*AE) scheme in cyclic aldonitrones
were demonstrated using pyrrole derivatives of various structures as C-
nucleophilic reagents under similar conditions (Scheme 20) [22]. In this case,
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the products of C-C couplings were isolated in the form of stable
hydrochlorides, which were quantitatively converted into the corresponding
free forms 99 upon interaction with an aqueous-ethanol solution of NaHCOa.
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Scheme 20 — Non-transition metal C—H/C—H coupling of 2H-imidazole-1-oxides with pyrroles

New azaheterocyclic compounds containing phenolic functional blocks
were synthesized using direct uncatalyzed by transition metals C—H/C-H
coupling reactions of 2H-imidazole-1-oxides with phenols (Scheme 21) [23].
In this case, reactions of nucleophilic hydrogen substitution in non-aromatic
cyclic aldonitrones were realized according to the “Addition—Elimination”
(SNHAE) scheme through the stage of formation of oH-adducts with the
formation of new phenol derivatives in the form of hydrochloride salts, which
in some cases could be converted into the corresponding bases. To obtain the
target phenolic derivatives of imidazoles in free form, NaHCO3 (5% solution
in water) was used as a mild base, preventing the formation of the
corresponding sodium phenolates. Thus, a series of new phenolyl-substituted
azaheterocyclic derivatives with yields of 70-95% were synthesized for the
first time.
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Scheme 21—Non-transition metal catalyzed C—H/C-H couplings of 2H-imidazole-1-oxides
with phenols
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Transition metal-catalyzed cross-dehydrogenative coupling
reactions of non-aromatic azaheterocyclic systems

Cross-dehydrogenative couplings (CDC) reactions catalyzed by transi-
tion metals are a convenient synthetic tool in the targeted synthesis of bi- and
polyfunctional organic compounds by modifying the free C—H bond of the
starting organic substrate. Reactions of this type made it possible, within the
framework of the dissertation work, to obtain a number of previously
unknown functionally substituted azaheterocyclic systems of non-aromatic
nature by constructing new C—C and C—N bonds (Scheme 22).
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Scheme 22 — General scheme of metal-catalyzed reactions of cross-dehydrogenative
combinations involving non-aromatic azaheterocyclic systems (using the example of
functionalization of azaheterocyclic N-oxides)

According to generally accepted concepts, the key stage of cross-
dehydrogenative combinations is the formation of an organometallic
intermediate as a result of the interaction of the initial C—H substrate with a
catalytic agent based on the salt form of the transition metal. The relative
stability of the intermediate determines the possibility of implementing the
entire functionalization process, and two possible mechanisms for generating
the intermediate product are distinguished: electrophilic aromatic metalation
and synchronous deprotonation - metalation. Subsequent interaction of the
intermediate with a second participant in the reaction, in particular a
nucleophilic reagent, leads to the formation of the target product, which is
accompanied by the release of the transition metal in a reduced form.

C—H/C-H coupling reactions proceeding according to the scheme of
cross-dehydrogenative transformations catalyzed by transition metals were
used to synthesize new azaheterocyclic systems based on 2H-imidazole,
functionalized with fragments of pyrroles, indoles, thiophenes and their
derivatives.

It was found that cyclic nitrones containing a hydrogen atom in the a-
position to the N*~O~ group of the azomethine fragment, which can be
considered as non-aromatic analogs of azine N-oxides, enter into palladium-
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catalyzed oxidative C—C coupling reactions with various indoles (Scheme 39)
[24]. The reactions were carried out in 1,4-dioxane using pyridine as a base
and a ligand stabilizing the organometallic intermediate, palladium(ll) acetate
as a catalyst and copper(l1) acetate as an oxidizing agent. As a result, the C—
C coupling products were obtained in yields of 53-95%.
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Scheme 23 — Palladium-catalyzed oxidative couplings of 2H-imidazole-1-oxides with indoles

To obtain new C(5)-modified 2H-imidazole derivatives with a pyrrole
moiety, Pd(ll)-catalyzed C—H/C—H couplings of cyclic nitrones with various
n-excess heterocycles, namely pyrroles, were carried out (Scheme 24) and
thiophenes 106 a,b (Scheme 41), containing both electron-donating and
acceptor substituents [25]. The oxidative C—C coupling reactions used
allowed to synthesize a number of previously unknown biheterocyclic
assemblies containing an N-oxide group in the structure of the imidazole
fragment in yields of 40-78%.
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Scheme 24 — Palladium-catalyzed oxidative couplings of 2H-imidazole-1-oxides with pyrroles

Reactions with thiophenes were carried out under similar conditions to
those used for couplings of 2H-imidazole-1-oxides with indoles. For the
reaction of 2H-imidazole-1-oxides with thiophenes. As a result, it was shown
that the maximum yield of product was achieved when the reaction is carried
out for 24 h, when the reagents were taken in the following proportions: 2H-
imidazole-1-oxide (1.0 mmol), thiophene (2.0 mmol), palladium acetate (0.1
mmol), copper acetate (1.5 mmol).
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Scheme 25 — Palladium(ll)-catalyzed oxidative couplings of 2H-imidazole-1-oxides ¢ with
thiophenes

Metal-catalyzed cross-dehydrogenative C—H/N-H coupling reactions
have been used to synthesize novel 2H-imidazole-based azaheterocyclic
molecular systems functionalized with azole moieties. As a result of these
transformations, new biheterocyclic derivatives were obtained, which are
mainly of interest as potential bioactive molecules.

The formation of a previously unknown product of C—N coupling was
discovered in the reaction of 2H-imidazole-1-oxide with 1H-imidazoles under
the conditions of Pd-catalyzed oxidative C—H/C—H coupling of aldonitrones
with five-membered NH-containing heterocycles: 10 mol.% Pd(OAc)., 1.5
equiv Cu(OAc)2-H20, 1.5 equiv base/stabilizing ligand (pyridine or NEtz);
boiling in 1,4-dioxane for 24 h (Scheme 26) [26]. It was found that in the case
of imidazole, the use of pyridine as an auxiliary reagent is most suitable, while
for the 3,5-dimethylpyrazole coupling, higher yields are achieved when NEtz

is used.
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Scheme 26 — Palladium-catalyzed cross-dehydrogenation
C-N couplings of aldonitrones with 1H-imidazoles

Radical-induced C—-H/C-N reactions of cross-dehydrogenative
couplings of non-aromatic azaheterocyclic systems based on 2H-
imidazole-1-oxide

Cross-dehydrogenative couplings (CDC) reactions, in which radical
initiators play a key role, currently deserve special attention as convenient and
effective methods for the preparation of bi- and polyfunctional organic
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compounds. In this work, reactions of this type were used to obtain a number
of previously unknown functionally substituted azaheterocyclic systems of
non-aromatic nature by constructing new C-N bonds (Scheme 27). According
to generally accepted ideas, this type of cross-dehydrogenative combinations
involves the activation of the C-H bond under the action of the radical particle
Xe, which acts as the initiator of the process. The activated radical
heterocyclic substrate further interacts with the coupling partner, resulting in
the formation of an adduct, the elimination of the HX molecule from which
leads to the desired functionally substituted product.

Scheme 27 — General scheme of radical-induced reactions of cross-dehydrogenative
combinations involving non-aromatic azaheterocyclic systems (in a simplified form using the
example of functionalization of azaheterocyclic N-oxides)

In the course of the study, the possibilities of the Selectfluor®-induced
C(sp2)-H azolation reaction of cyclic nitrones under visible light irradiation
conditions were studied [27]. Thus, combinations of cyclic aldonitrones with
various NH-azoles/azoloazines were carried out. As a result, bifunctional
products containing a new C—N bond were obtained in yields of up to 94%
(Scheme 28).
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Scheme 28 — Radical-induced cross-dehydrogenative C—N couplings of
aldonitrones with azoles

In summary, original synthetic approaches have been proposed and
implemented, combined with a strategy of direct C(sp?)—H functionalization
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of azaheterocyclic substrates of aromatic and non-aromatic nature, as well as
accompanying structural transformations for the creation of promising
organic compounds containing various functional blocks in their structure
(calixarenes, polyfluoroarenes, carboranes, polyphenols, etc.). This chapter
presents the main results of synthetic studies, studies of the structural,
physicochemical and other properties of the obtained compounds, as well as
information about the practical value of the developed approaches and the
possibilities of practical use of the obtained compounds.

The research was supported by the Russian Science Foundation; Project
No. 23-63-10011, https://rscf.ru/en/project/20-73-10077/.
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O0630p HOCBSAIIEH BaKHEWIIEMY HaIpaBICHUIO Pa3BUTHSA COBPEMEHHOI opraHu-
YECKOM XMMHMM — LIEJICHANPABICHHOMY IIPOCKTUPOBAHUIO MOJEKYJIIPHBIX CUCTEM, KO-
TOpbIE HEOOXOJMMBI JUISl CO3JaHHMsS Ha MX OCHOBE S(P(EKTUBHBIX JIEKAPCTB, a TAKKE
«YMHBIX» MaTepUaJIOB JUIsl MOJIEKYJISIPHOM 3JIEKTPOHUKH Ha 0a3e a3areTepoIMKINYECKIX
coequHeHuil. Cpean N3BECTHBIX CHHTETHYECKHUX TOAX00B MeTooorus npsmoi C—H-
(GyHKIMOHaNM3aMK SBJISETCS OJAHOW M3 Haumbojee mporpeccuBHbIX. KoHuemnuus
peakuuii HyKi1eo(QUIEHOTO 3aMeleHus BOJOpo/ia Obula BIIEpBbIE ITPEAIOKEHa M Pa3BUTA
KaK CaMOCTOSITeNIbHOE Hay4YHOE HalpaBiieHHE B paboTaxX ypajbCKOM IMIKOJIBI XMMHKOB-
CHUHTETHKOB. lcnosip3oBaHue MeTOI0B W mojaxonoB ¢yHkiuonamusamun C-H, B
YACTHOCTH, PEAKIMH HYKICO(pHILHOro BogopomHoro 3amemenns (SN™), mossomser
n30exaTh BBEICHHMS TaJOr€HOB MM APYTHX BCIIOMOTaTelbHBIX T'PYII B a3arerepo-
LUKJIMYECKHE CyOCTpaThl Ha MpeIBapUTENIbHbIX cTanusix. Hactosimas padota nocssineHa
CHUCTEMAaTUYECKOMY HCCIIEI0BAaHUIO BO3MOXHOCTEHN CTpaTeruu IpSAMOH
¢ynxuuonammsanun  C(sp?)-H kax >(peKTUBHOrO CHHTETHYECKOTO MHCTPYMEHTa
HAIIPABJICHHOTO KOHCTPYUPOBAHUS a3areTEPOLMKIMYECKUX CUCTEM apOMaTHYECKOH U
HEapOMAaTHYECKOW MPUPOABI IS TOJyYEHHS MEePCHEKTUBHBIX OPTaHWYECKHX W
THOPUIHBIX MaT€PHAaJIOB Ha UX OCHOBE.
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OcyLecTBneH cuHTE3 amnaos, 1,2,4-TpusameLLeHHbIX MMnaa3on-5-oHo., 3-
oKkcobeH30[4,5]umnaaso-nmpasnHoB. M3y4yeHbl UX  PU3NKO-XMMMYeckmne
nokasaTenu n aHTupagukanoHble cBOMCTBa. B psagy amvaoB, nMUaa3onoHoB U
TpuumknoB ¢ 3amectutenamm CeHs, 4-CH30-CsH4, 3,4-OCH20-CgHs, 3-O2N-
CeH4, 4-(4-CH3-CsHa-S020)-CesH4, 3-CH30-4-CeHsCOO-CeH3z, 3-CH30-4-HO-
CeéHs wummpasonoH ¢ 3amectutenem  3-CHsO-4-HO-CeHs  npossnsieT
CpaBHUTEMNbHO BLICOKYID aHTUpagukanbHyt aktmBHocTb ~34,1%, a ero
cootBeTcTBytoWMA amug - 70,2 %. MW3ydeHbl Takke YD-cnekTpbl
CYHTE3UPOBaHHbIX COeOUHEHWU, onpeferieHbl UX MOnsApHble KO3MULNEHTHI
CBETOMOrnoWweHNs Npu Ayax.

Bubn. ccbinok 25, Tabn. 2, cxem.2.

ben3nmmniazo0n0HOBbINH (parMeHT NPUCYTCTBYET BO MHOTMX HM3BECTHBIX
npernaparax, KaKk HampuMmep: OMeIpasoli, TeJIMUCATpaH, OCTEeMH301, pade-
npo30i M T.J., ¥ HalleJd NPUMEHCHHWE B MEJHWIUHE W BeTepuHapuu, [1-9].
Kpome storo, mponsBogHbie OeH3MMHUIa301a 00JIaIal0T Pa3TnIHBIMU OHO-
noruveckumu cBoiictBamu [10-22]. Mcxons U3 3TOro, HaMU MPEANPUHST
CHHTE3 Pa3JIMYHBIX MPOU3BOIHBIX OCH3MMHIA3071a.
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Ar = a) C6H5, 6) 4-CH3O-C6H4, B) 3,4-OCH20-C5H3, r) 3-02N-C5H4, .Cl.) 4-(4-CH3-C5H4 -SOzO)-
CeH4, e) 3-CH30-4-C5H5COO-C5H3, )K) 3-CH3O-4-HO-C5H3.

Cxema 1.

Panee ObLIO MOKa3aHO, 9TO peakuus 2-henmnn-4-oensmmmaeH-5-(4H)-ok-
cazomona | (Ar = CgHs) amunomerunoenszumuaazomom (I1) mpusomur x
obpazoBanuio coorBerctBytomiero amuaa Il (Ar = CeHs), koTopbrii
Pa3UYHBIX YCIOBHSX MPUBOIUT K 00pa3oBaHuio mmugasosiona 1V (Ar
CeHs) wmu tpurukia V (Ar = CsHs) [23].

Hactosimiasi cTtaTesi MOCBSIEHA M3YYEHUIO BO3MOXKHOCTH CHHTE3a
nMuAa30710H0B 1V 1 TpurmkinoB V, HCX0/s U3 HEHACHIIIEHHBIX OKCa30JI0HOB
| (myts A 1 B). O4eBunHO, 9TO IPH ITOM CHHTE3 JIOJDKEH MPOTEKATh Yepe3
obpazoBanue amuna |ll. J{ns cpaBHUTENbHON OLEHKH T€ K€ MMHJIA30JIOHBI
IV u Tpunukisr V ObIITM CHHTE3UPOBAHBI U3 COOTBETCTBYIOMUX amMuaoB |11
(myte D, Eu F).

Cunre3 umuaazonaoHoB |V no mytu A ocylecTBIIsIN B3aUMOIEHCTBUEM
okcazooHoB | u guruapoxiopuna 2-amuHOMeTHiOeH3uMugazona (I11) B
MPUCYTCTBUM TpudTHWIaMuHa B JIM®DA npu kunsyeHuu B Teuenue 7 u. llpn
3TOM LejeBble MpoAyKThl 1V a-m, s ObUIM MOdy4deHbl ¢ BBIXOIOM 38,5 -
90,62%.

[Tpu sTom Habmromaercs (TCX B cucteMe rekcaH-3taHo-Toxyou 1,5:1:1)
Takke 00pa3oBaHME B MaJbIX KOJIMYECTBaX TpuuMKkia V. AHaloruyHoe
MOJIOKEeHNE HaOIr01aeTCst TaK)Ke pU KUIsT9eHNH pacTBopa amuza | 8 MDA
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(myts D). Ilpu stom wummpaszononsl 1Va-g, & yepes 7 u KUNAYEHUS
PEaKIMOHHON cMecH ObLIH BBIACIEHBI ¢ BhIxogoM 60,43 - 91,58%. Cunre3
TeX ke uMH1a3010H0B |Va-a, sk Ob11 ocymecTBiieH u3 amuaoB |11 peaknumeit
¢ TpexkpaTHbIM m30bITKOM 1,1,1,3,3,3-Trekcamerunnucunasana (I'MJIC) B
JIM®A (myts E). B 3TOM ciiydyae KurmsiaeHue peakiimOHHONH CMECH B TCUCHUE
1,5 y mpuBoguT K 00Opa3oBaHWIO IEJIEBBIX MMHIa30JI0HOB |V a-m, & C
BbIXoa0M 75,88 - 96,28%. [Ipu sTtom Ha TCX He HabmogaeTcst 0Opa3oBaHue

Tpunmkia V.
CunTes Tpunukia V oCyIIeCcTBIISIIN B3aUMO/ICHCTBUEM HEHACBHIIIICHHOTO
okcazonona | ¢ amunom |l (myts B) B mpucyrcTBuuM 6 SKBHBaJIEHTOB

KapOOHaTa KaJusl B TUOKCAHE. Y CTAHOBJICHO, YTO KHIITYCHUE PEAKITMOHHOM
cMecu 10 16 y mpuBouT K cMecH cocTosiei u3 amuaa |11, umunazonona 1V
u tputukia V (TCX). [Ipu sToM konuyecTBo Tpumkia V npeodiagaer, 4to
A II03BOJWJIO BBIAEINTH Va-a ¢ BeixomoMm 18,89 - 55,22%. Cunres xe

tpunukiaoB V u3 amuzoB Il a-m B anamorumunsix ycimousx (myTh F)
IIPUBOJUT K LIEJIEBBIM NIPOAYKTaM ¢ BbixoaoM 51,2 - 67,0%.
Otrmetum, uto amuiel |l a-e cuHTEe3upoBaHBl B3aUMOIEHCTBUEM

cootBeTcTBYyIOIIEro 5-(4H)-okcazonona | u Hebonpioro n3oeiTka amuna |l
B MPHUCYTCTBUU JABYX DKBUBAJCHTOB TPHATWIAMHMHA B JTWJIAllETaTe WIHA B
JIM®A npu koMHaTHOM Temneparype B Teuenue 24 u (myts C). IIpu stom
YCTaHOBJICHO, YTO 00a PacTBOPHUTENS NPUBOIAT K 0Opa3oBanuio amMmuioB |11
a-e ¢ xopomumu Bbixomamu (69,13-99,9%). Cunte3 amuma Il x ocy-
miectBiieH yaaneHueMm O-Oen3zowibHOM Tpymmbl u3 amuna Il e 3-(aume-
TunaMuHo)-1-npornunamuaom (JIMAIIA) B aneToHuTpuie Py KOMHATHOMN
TemrepaTtype B TeucHue 24 uacos (cxema 2). [24]

_CH
1 HZN-(CH2)3N\C|:3
O Q CH;CN 3
Ph NH /N 250C; 24 h,
\ :N 2) H,0 / HCl
H - PhCONH(CH,);N(CHs),
H,CO
PhOCO e o o
Ph NH N
\_</
\ N
—_— H
HyCO
HG 111 x
Cxema 2.
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B H! IMP cnekrpax amunos |11 a-s CHHTIETHBIH CHTHAT BUHMIEHOTO
MPOTOHAa OOHApy)KWBaeTcs B wWHTepBane 7.23 - 7.52 M.m., 49ro cCBUIE-
TENBCTBYET 0 Z-KOHUryparmu 3tux Bemiects [25]. ToT e curaan npoToHa
umuaazonoHoB 1V a-a, s o6HapyxuBaercs npu 7.10-7.31 m.a., B TpUIMKIaxX
Va-n paHHbIi curHan orcyrcrByer. Eme ogHMM  yOequTenbHBIM
JI0Ka3aTeIbCTBOM TOTO, YTO COEIUHEHHUS HaXOHATCs B Z-KOH(UTypauuu,
ABNISETCA 3HAYEHHME KOHCTAHTHl CIIMH-CIIMHOBOTO B3aMMOIEHCTBHS SJcH
KapOOHMIBLHOTO YIJIEPOAa C BUHMIBHBIM TpoToHoMm. Hampumep, B '°C
ciekTpe 0e3 pa3BsA3KM OT HPOTOHOB CHUTHAJI KapOOHWJIBHOTO Yyriepona
npencTaBisieT co0o0il 1yOeT TPUILJIETOB 3a CUET AaJTbHUX B3aUMOJCUCTBUH C
BUHHMIIBHBIM TIPOTOHOM ¢ Jcn=4.8 I'y n mporonamu CHz rpymmst 3Jcn=3.2 I'y
g coenunenuss 1Va. OOmiensBecTHO, YTO 3HAYEHHUS STOW KOHCTAHTHI
HaxoauTcs B npexaenax 4-8 [y nns Z-koudurypamuu u 6onee 10 Iy ans E-
KOH(UTYpAIIHH.

UccnenoBansl Takke YP-CHOEKTPHl CHHTE3UPOBAHHBIX COCAUHEHUI B
JAM®A c koHIIeHTpaLuen 2:10° M. [Tomydennsie nqannbie (Tabdia. 1) mokassl-
BAalOT, YTO OCHOBHBIE MaKCUMyMbI cBeronoriomieHus amuaoB Il a-ik o6-
HapyXuBaroTcs npu A = 283 HM U A = 276 HM. (KpoMe 3TOro, BO BCEX
COEMHEHMSIX 3a(h)UKCUPOBaH TakKe MUK Ipu A = 261 win 269 nm, KOTOpBIi
B HEKOTOPBIX COEAMHEHHSX, MO—BUAUMOMY, NepeKpbIBaeTcsi Oojiee MHTEH-
CHBHOM 1os10coit A = 276 Hm, U €CTh ClTydau, KOTJa UMeeT MecTo 00paTHOe —
nepeKpbIBaeTcs nojoca ¢ A = 276 num, mubo oOHapyKuBaeTcs B BUJIE IUIeYa).

YcranoBneHo, uyto B psny amuaoB Il a-e, k onTuyeckas miIoTHOCTBH
(OIN) 1 k03P PUIIUEHT IKCTUHKLIUH MPH Ayax BO3PACTAIOT:

B) 3,4-OCH,0-CgHj3, x) 3-CH30-4-HO-CgH3, a) CeHs, 6) 4-CH30-CsHa,
e) 3-CH30-4-CsHsCOO-CeH3, x) 4-(4-CHs-CeHs -SO20)-CsHs, 1) 3-O2N-
C6H4 .

MaxkcuMyMbI CBETOMOTIIOIIEHUST UMUAa3010HOB 1Va-a, & npu A = 282
Hm (BMecTO A = 283 Hm) u A = 276 HM COXPAHSIFOTCS, OJTHAKO, B ITOM Clly4yae
MaKCUMaJIbHOE CBETOMNOIIIONIEHHE YMeHbIIaeTcs B 1,5 - 2 paza. Bmecre ¢ Tem
MOSIBJISIETCA HOBBIM TNWK B OoJiee NJIMHHOBOJIHOBOW OOJIACTH CIIEKTpa B
untepBane 376 - 410 wm, UHTEHCUBHOCTh KOTOPOTO BHINIE, YEM TPU OC-
HOBHBIX MTUKaX (A =282 wm u A =276 nm). CienuuIHbIi THK IMHJA30JI0HOB
IVa-n, »x B Ooyee JUIMHHOBOJIHOBOW OO0JAcTH OOBSACHSACT TOSBIICHHE
[BETHOCTH Y OSTHUX COCIWHEHUH: YAJIMHSAETCS LEMoYka mepexona m-m*
conpspkenust. V3 npencraBneHHOro BuaHO, uto criektp 1V x (3-CH30-4-HO-
CsHz3) Gomee mposiBiieH B JIMHHOBOTHOBOUM oOnactu A = 410 wm, namee B
ouepennoctu 1V B (3,4-OCH20-CeHa3) - A = 401 1m, 1V 6 (4-CH30-CeHs) - &
=392 um, IV T (3-02N-C5H4) ulVnp (4-(4-CH3-C5H4 -SOzO)-C6H4) -A=
378 um, IV a (CeHs) - A = 376 Hm.

B psay umunaszononoB IV a-a, %K 1m0 JJIMHHOBOJIHOBOMY MHKY ONTH-
Yyeckasi INIOTHOCTh M KOA((OUIMEHT SKCTUHKIIMN YMEHBIIAKOTCS |
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B) 3,4-OCH;0-C¢Hs3, ) 3-CH30-4-HO-CgHs, 6) 4-CH30-CgH4, @) CeHs,
1) 4-(4-CH3-CeH4-S020)-CeHas, 1) 3-O2N-CsH4

B ciyuae tpuiukioB Va-x ocHoBHbIC TUKU (A = 283 um u X = 276 Hm)
COXpPaHAIOTCA, T.€. He HAaOMIOAAOTCS OATOXPOMHBIA WM THUIICOXPOMHBIH
CIIBUTH, OJJHAKO MHTEHCUBHOCTD MX PE3KO CHIDKACTCS: MAKCHMAIIbHOE CBETO-
MOTJIONICHNE B CPAaBHEHUH C COOTBETCTBYIOIIMMH aMUIaMH YMCHBIIIACTCS B
2-4 paza. B psaay Tpunukios V a-a:

a) CeHs, 6) 4-CH30-CeH4, B) 3,4-OCH20-CeHs, o) 4-(4-CHs-CeHs -
S0,0)-CeHa, 1) 3-O2N-CeHs HabGmomgaeTcst moBbIIIEHHE HHTCHCUBHOCTH.

Tao6auna 1

Y®-cnekTpsl noraomenust amuaos |lla-x, umugazosnonos 1Va-n, sk u
Tpunuka0oB Va-1 (C = 2:10° moav/n; pacteopurenn IM®PA)

Ar 1l v Vv
Amax, HM lg e Amax, HM lg e Amax, HM lge
283 4.58 376,0 4,48 283,0 3,96
a 276 4,57 282,0 4,29 276,0 3,97
- - 276,0 4,27 261,0 IUIEYO
- - 260,0 4,20 - -
301 4,58 392,0 4,64 283,0 4,10
S 283 4,59 282,0 4,23 276,0 4,13
276 [1JIe40 276,0 [1JIe40 261,0 I1JIEYO
261 4,48 268,0 4,35 - -
322 4,36 401,0 4,70 283,0 4,15
B 283 4,39 282,0 4,44 276,0 4,12
276 4,35 276,0 7140 261,0 3,96
260 4,28 269,0 4,59 - -
282 4,71 378,0 4,42 283,0 4,21
r 276 4,73 282,0 4,51 276,0 IJIEY0
- - 276,0 4,49 269,0 4,29
R - 261,0 4,40
283 4,61 378,0 4,45 283,0 4,13
Il 276 461 282,0 4,39 275,0 4,18
261 4,48 275,0 4,42 267,0 4,16
- - 266,0 4,42 - -
e 283 4,59
276 4,59 - - - -
262 4,48
K 322 4,41 410,0 4,68
283 4,39 276,0 IIEYO
277 4,35 269,0 4,55 i i
260 4,30 - -
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C npumeHeHreM cTaOMIbHOrO paukaia — 2,2~ eHu-1-mikpuiruapasiia
(ADIIT+) - wuccnenoBaHbl AHTHPAIUKAIbHBIE CBOMCTBA CHHTE3HPOBAHHBIX
coenuHeHni. B pesynprare BocctanoBienus DI neenemyeMbiM cOeTMHEHUEM
B METAHOJIE CHWXaeTcs MypHypHO-cHHss okpacka I®DII™, 4yro mo3BossieT Mo
M3MEHEHNI0  onTryecko  totHoctn  J®III™ BO BpeMeHH —OIpeAeiuTh
AHTUPAMKATBbHYI0 akTHBHOCTH (APA). CornacHO TOMydYeHHBIM JAHHBIM TI0
varuouposanuto JIOII™, amumer 111 a-e, mvunazononst 1V a-a v tpuimkibe: Va-n
NPOSIBIISIIOT  CIa0yr0 aHTHUPaMKaIbHYI0 akTUBHOCTH (APA) (3,2 - 12,9%).
CoemuHeHnst ke, B CIPYKType KOTOPBIX TIPUCYTCTBYeT (DeHOJIbHAS WIIH
ruapokcunbHas rpymma (H1 sk — 70,2% u 1V x — 34,1%), cpaBHuTeNnbHO Gornee
aktuBHBI, Tipu 3ToM |V 3k ycrymaer mo APA KOHTPOJBHBIM COEIMHEHHSIM —
aCKOPOMHOBO# KUCIIOTE U 2,6-1mu-mpem-0OyTin-4-metmwidenony, a |1 s — Tonbko
acKkopOMHOBOM kucnore. O4eBUIHO, YTO BEICOKHE MHTHOUpYromve cBoiictsa 111 x
u |V ik cBs3aHBI C MOSBIICHUEM B CTPYKTYPaX 3THX COSIMHEHUH TMAPOKCHILHON
TPYIIbI, YTO TONTBEPXKIACTCS NPHU CpaBHEHMH 3HaueHHii APA maHHBIX
coeuHeHuH (Tad.2).

Tabamuna 2
3HaveHUs AaHTUPAAUKAJIBHBIX cBOMCTB amuaoB |11 a-ik, uMuIazo0HOB
IVa-r, .k u Tpunukiios Va-g

Coen. | Uarubmposanue | Coen. | MHrHOMpOBaHue Coen. Wurubuposanue
Ne JODT, % Ne JADDT, % Ne JDDT+, %
Ia 11,3 IVa 9.18 Va 5.05
1116 7.27 IV6 10.95 Vo6 3.17
I8 7,97 IVs 9.3 VB 3.36
HIr 7,08 Ivr 10.42 Vr 9.01
IIx 7,63 IV 12.9 Vi 9.35
IIIe 8,7 IV 34.1 AK* 85.7
Ix 70,2 - - JABMO* 68.9

* AK-ackop6unoBas kuciota, JIBM® — 2,6-nu-mpem-0ytin-4-metundenon

JKCMepUMeHTAIBLHAS YaCTh

WK criekTpbl COeAMHEHHI 3aperuCTpupoBaHbl Ha criekTpomeTpe “Nicolet
Avatar 330” B BasenunoBoM Macie. Crektpsl IMP *H u 3C monyuens na
npubope “Varian Mercury 300 VX” ¢ paboueit uwacrotoit 300 MIy B
pactBope JIMCO/CCl4 (1/3), BayTpennuii cranmapt — TMC.

Y®-criexktper  cHATEI Ha crektpodoromerpe «Cary 100 UV-Visy
(Agilent). AntupanukaibHas aKTUBHOCTH OIpEJElieHa Ha CHEKTPOQOTO-
metpe «Specord UV-VISy (T'epmanus).
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DONeMEeHTHBI aHaJM3 OCYIIecTBIeH Ha aHanuzatope Euro EA3000
CHNS-O. Macc-cniekTpbl cHATHI Ha Macc-criektpomeTrpe Waters, Xevo G3 Q
TOF MS ES+.

s merona TCX ucnons3oBansl VWR TLC Aluminium Plates Silica
F254; 200 um Layer thickness miacTHHKH B cCHCTEME pacTBOpUTEIIEH OSH301-
ATaHOJI-KUCIIOTa YKcycHas yensHas (5:1:1). BemectBa oOHapykeHbl Y®D-
00JTydeHHEM.

Temneparypsl TUIaBIICHHSI OINpPEACTICHBI HAa MHUKpOCTONMKe «Boetius»
(Fepmanus).

O0mas Metonnka cuHTe3a amuaos |11 a-e

1) Cmech 2,5 mmons HeHachimeHHoro 5(4H)-okcaszomnona (1), 2,5 mmons
auruapoxiopuaa 2-amuHoMeTwinoensumuaazona (1), 5 mmons (~0,7 mx)
TpudTHiIamMuHa B 15 Min [IM®A nepeMenBaiv Ha MArHUTHOM MeEIIAIKE TIPU
KOMHATHOU TeMmrieparype B TeueHue 24 y. Jlodapmsumu 80 Mz MOIKUCICHHON
koHi. HCI Boger (pH=5), ocraBmsim Ha 2 w, 0Opa30BaBIIMICSA OCAIOK
(GuIbTpOBaNIM, POMBIBAJIM BOJOW 110 HEHTpalbHOW peakuMu U CYLIMIN Ha
Bo3ayxe. [lepexpucrammmzoBanu 50%-bIM STaHOIOM.

2) Peakuusi ¢ TeMu K€ peareHTaMH, NpPH TeX K€ YCIOBHAX ObLia
OCyILECTBIICHA B cpesie aTuianeraTa. OJHAKO peakIMOHHYI0 CMECh CHayaa
(GUIBTPOBAIH [TO]] BAKYYMOM, Jajiee MOCTYyNau Kak B 1).

Oo0mas meroguka cuare3a amuaos I x

Cwmech 5,5 mmons amuaa 1 e u 11,0 mmons (~1,38 mn) JIMATIA B 20 mn
AllETOHUTPWIA TEepPEMEIIMBA HA MArHUTHOW MEIIaJKe MPU KOMHATHON
Temmeparype B TeueHHe 24 u. PeaknMOHHYIO cMech 00pabaThIBajaM Kak
orucaHo B 1).

(2)-N-(3-(((1H-6en3o[d]JumMuaz0s1-2-mi1)MeTHIT)aMHHO)-3-0KCO-1-
(dennnmpon-1-en-2-un)denzamun (111a). Berxox 94,06 %, 1. . 142-144°C, Ry
0,64. UK-ciextp, v, cm'™: 1645 (C=0 amunn.), 3223 (NH). Crexrp SIMP *H, §,
m.a. (J, ['y): 4.65 0 (1H, J=5.9, CHy); 7.07-7.14 m (2H, CeHa); 7.24 ¢ (1H, =CH);
7.26-7.38 m (3H, CeHs); 7.45-7.62 m (7TH, Ar); 8.07-8.13 .m (2H, CeHs); 8.80 T (1H,
J=5.9, NHCH,); 10.11 ¢ (1H, NHCO); 11.67 mc. (1H, NH). Cnekrp SIMP
BC{*H}, 8¢, m.a.: 37.5 (CHp), 114.3 (2*CH=), 121.2 (2*CH=), 127.7 (2*CH=),
127.90 (2*CH=), 127.95 (2*CH), 128.0 (CH=), 128.6 (CH=), 129.2 (2*CH=),
1295, 131.1 (CH=), 133.3, 134.0, 137.8, 152.0, 165.5 (C=0), 166.1 (C=0).
Haiineno, %: C 72.53; H 5,1; N 14.03. C24H20N4O>. Boruncneno, %: C 72.71; H
5.09; N 14.13.

(Z2)-N-(3-(((1H-6enzo[d]umuaazon-2-wia)MeTr)aMuHO)-1-(4-MeTOK-
cudenn)-3-oxconpon-1-en-2-wn)oenzamun (1116). Beixon 83,95%, 1. rut. 146-
148 °C, R¢0,63. UK-criektp, v, cm'*: 1663 (C=0 amunn.), 3255 (NH). Criexrp SIMP
H, §, ma. (3, I'y): 3.80 ¢ (3H, OCHa); 4.64 1 (1H, J=5.9, CHy); 6.84-6.90 m (2H,
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CsH4-O); 7.06-7.13 m (2H, CsHs- N); 7.24 ¢ (1H, =CH); 7.46-7.58 m (7H, Ar);
8.09-8.15 m (2H, CeHs); 8.70 T (1H, J=5.9, NHCH?>); 10.03 ¢ (1H, NHCO); 11.66
urc. (1H, NH). Criekrp SIMP BC{*H}, 8¢, m.z1.: 37.6 (CHy), 54.8 (OCHs), 113.6
(2*CH=), 114.4 (2*CH=), 121.0 (2*CH=), 126.4 (CH=), 127.3 (CH=), 127.8
(2*CH=), 127.90 (2*CH=), 129.0 (CH=), 130.9 (2*CH=), 131.1 (CH=), 1334,
138.24, 138.27, 152.1, 159.1, 165.7 (C=0), 166.1 (C=0). Haiineno, %: C 70.53;
H 5.38; N 13.03. C25H22N40s. Berumcieno, %: C 70.41; H 5.20; N 13.14.
(2)-N-(3-(((1H-6en3o[d]umunazo-2-mwi)MeTnin)aMmuHo)- 1-(6enso[d]-
[1,3]anox041-5-m1)-3-oxconpon-1-eH-2-mm)oenzamua (111B). Beixon 69,13 %, 1.
mn. 146-149°C, R 0,68. UK-ciiektp, v, cv’: 1638 (C=0 ammn.), 3232 (NH).
Cnextp SIMP *H, §, m.1. (3, T'y): 4.64 1 (2H, J=6.0, CHy); 5.98 ¢ (2H, OCHy); 6.80
1 (1H, J=8.1, 5-CsH3); 7.06-7.13 m (3H, Ar); 7.16 n (1H, J=1.3, 2-C¢Hs); 7.23 ¢
(1H, =CH); 7.45-7.58 m (5H, Ar); 8.06-8.13 m (2H, CeHs); 8.73 1 (1H, J=6.0,
NHCH>); 10.03 ¢ (1H, NHCO); 11.58 m.c. (1H, NH). Criextp SIMP BC{*H}, &c,
m.z.: 37.7 (CH), 100.8 (OCH?), 107.8 (CH=), 108.6 (CH=), 114.5 m.c. (2*CH=),
121.0 (2*CH=), 124.7 (CH=), 127.7,127.8 (2*CH=), 127.9 (2*CH=), 128.0, 129.1
(CH=), 131.2 (CH=), 133.4, 138.2 m.Cc. (2*CH=), 147.3, 147.5, 152.1, 165.6
(C=0), 166.2 (C=0). Haiineno, %: C 68.33; H 4.91; N 12.63. CzsH2N4Oa.
Bemaucrneno, %: C 68.17; H 4.58; N 12.72.
(2)-N-(3-(((1H-6en3o[d]umuaa3o-2-mr)MeTHII)aMUHO)- 1-(3-HUTPO-
(ennn)-3-okconpon-1-en-2-wi)oenzamu (111r). Beixoa 94,67%, T. . 205 °C,
R 0,63. IK-criektp, v, eyt : 1652 (C=0 ammn.), 3320 (NH), 3384 (NH). Criextp
SMP 'H, 8, m.1. (J, Ty): 4.70 1 (2H, J=6.0, CHy); 7.08-7.15 M (2H, CsH4-N); 7.35
¢ (1H, =CH); 7.46-7.62 m (6H, Ar); 7.92-7.97 m (1H, 6-CeHs-NOy); 8.02-8.13 m
(3H, Ar); 8.47-8.49 m (1H, 2-CeHs-NO2); 8.98 T (1H, J=6.0, NHCH>); 10.21 ¢ (1H,
NHCO); 11.76 m.c. (1H, NH). Criektp AMP 2C{*H}, 8¢, m.1.: 37.7 (CHy), 114.1
ur.C. (CH=), 114.7 urc. (CH=), 121.0 (2*CH=), 122.3 (CH=), 123.4 (CH=), 125.9
(CH=), 127.8 (2*CH=), 127.9 (2*CH=), 129.1 (CH=), 131.3 (CH=), 131.8, 133.3,
135.1 (CH=), 136.0, 138.0 m.c., 139.0 m.c., 147.7, 151.8, 165.1 (C=0), 166.2
(C=0). Haiineno, %: C 65,53; H 4,7; N 15.63. C24H19NsO4. Borurcneno, %: C
65.30; H 4.34; N 15.86.
(2)-4-(3-(((1H-ben3o0[d]uMuIA301-2-HIT)METHIT)AMHHO)-2-0eH3aMH10-3-
oxcornpon-1-en-1-wi)penmi-4-mernnoensoncyabponar (111x). Beixon 97,3%,
1. . 218-221°C, Rt 0,69. UK-cniextp, v, cv’: 1650 (C=0 ammzn.), 3266 (NH),
3369 (NH). Criextp SIMP *H, 8, m.1. (J, Tr): 2.44 ¢ (3H, CHs); 4.71 1 (2H, J=5.9,
CHy); 6.40 m.c. (1H, NH); 6.94-6.99 m (2H, CsH4-O); 7.16-7.21 m (2H, Ar, CeHs-
N); 7.25 ¢ (1H, =CH); 7.33-7.38 m (2H, CsH4-S) 7.45-7.60 m (7H, Ar); 7.64-7.69
M (2H, C¢H4-0); 8.06-8.11 m (2H, CeHs); 8.91 T (1H, J=5.9, NHCH>); 10.16 ¢ (1H,
NHCO). Crextp AMP BC{'H}, 8¢, m.i.: 21.1 (CHs), 37.6 (CH,), 114.2 m.c.
(2*CH=), 121.0 mr.c. (2*CH=), 121.8 (2*CH=), 126.9 (CH=), 127.7 (2*CH=);
1279 (2*CH=), 127.91 (2*CH), 129.5 (2*CH=), 130.3, 130.4 (2*CH); 131.2,
131.9 (CH=), 133.20, 133.21, 138.3 ur.c. (2*C), 144.8, 148.5, 151.9, 165.3 (C=0),
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166.1 (C=0). Haiineno, %: C 65.43; H 4.82; N 10.03; S 5.34. C31H26N4OsS.
Beraucneno, %: C 65.71; H 4.63; N 9.89; S 5.66.

(E)-4-(3-(((1H-6en30|d]uMuma3zo-2-1iI)MeTHI)AMHHO)-2-0eH3aMH10-3-
oxconpon-1-eH-1-mn)-2-merokcudenmni 6ensoat (l1le). Boxon 74,36 %, 1. .
158-160°C, Rs 0,69. UK-cmextp, v, cw: 1646 (C=0 ammmm.), 1742 (C=0
aupn.), 3231 (NH). Criextp SIMP *H, §, m.11. (J, I'y): 3.60 ¢ (3H, OCHg); 4.83 1
(1H, J=5.7, CHy); 5.74 m.c. (1H, NH); 7.10 x (1H, J=8.2, 5-C¢Ha); 7.21 ax (1H,
J1=8.2, J>=1.6, 6-CeHs); 7.27-7.34 M (2H, CsHs); 7.40-7.56 M (6H, Ar); 7.52 ¢ (1H,
=CH); 7.62-7.70 m (3H, Ar); 8.09-8.13 m (2H, C¢Hs); 8.15-8.20 m (2H, CsHs); 9.00
1(1H, J=5.9, NHCH>); 10.29 ¢ (1H, NHCO). Criextp SIMP BC{*H}, &c, m.1.: 36.6
(CHy), 55.0 (OCHg), 112.9 (CH=), 114.0 (2*CH=), 122.3 (CH=), 122.4 (CH=),
123.0 (2*CH=), 127.6 (2*CH=), 127.9 (2*CH=), 128.1 (2*CH=), 128.7, 128.8,
129.00, 129.6 (2*CH=), 131.1 (CH=), 132.8, 133.0 (CH=), 133.2, 134.3 (CH=),
139.5, 150.4, 151.8, 163.2 (C=0), 165.6 (C=0), 165.8 (C=0). Haiineno, %: C
70.53; H4.98; N 10.07. C32H26N4Os. Berancieno, %: C 70.32; H 4.79; N 10.25.

(2)-N-(3-(((1H-6enzo[dJumuaazo-2-wa)MeTHIT) aMHHO)- 1-(4-rHIPOKCH-
3-mMeTokcugenu)-3-okconpon-1-en-2-wi)oensamun (111:x). Boixon 69,7 %, T.
. 152-154 °C, R¢0,65. UK-ciektp, v, ey : 1647 (C=0 ammnn.), 3223 (NH), 3495
(OH). Criextp SIMP 'H, &, m.1. (J, Ty): 3.59 ¢ (3H, OCHs); 4.63 1 (2H, J=6.0,
CHy); 6.75 mn (1H, J1=8.2, J,=1.9, 6-C¢H3); 7.00 1 (1H, J=8.2, 5-C¢Ha); 7.06-7.12
M (2H, CeHg); 7.22 1 (1H, J=1.9, 2-CeHz); 7.25 ¢ (1H, =CH); 7.43-7.57 M (5H, Ar);
8.13-8.18 m (2H, C¢Hs); 8.66 T (1H, J=6.0, NHCH?>); 8.96 ur.c. (1H, OH); 10.03 ¢
(1H, NHCO); 11.66 m.c. (1H, NH). Cnexrp AMP BC{*H}, 8¢, m.z1.: 37.7 (CHy),
54.9 (OCHg), 112.6 (CH=), 114.5 m.c. (2*CH=), 115.2 (CH=), 121.0 (2*CH),
124.0 (CH=), 125.0, 126.2, 127.6 (2*CH=), 127.9 (2*CH=), 130.2 (CH=), 131.3
(CH=), 133.8, 138.0 m.c. (2*C), 147.1, 147.8, 152.3, 165.8 (C=0), 166.2 (C=0).
Haiineno, %: C 67.53; H 5.29; N 12.33. Cz5H22N4O4. Beraucneno, %: C 67.86; H
5.01; N 12.66.

Oo6mas metoguka cunrtesa 1,2,4-Tpu3aMenmieHHBIX HMIIa30J1-5-0HOB
1V (a-e, x):

A) Cmech 5 mmonv HenacwiieHHOro 5(4H)-okcazonona (1), 5 mmons
auruapoxiaopuaa 2-amuHomerunoensumuaazona (1), 10 smons (1.39 mx;
1,012 2) tpudtminamuna B 15 v JJM®A kunstunu B Koibe ¢ 0OpaTHBIM
XOJIOAWIBHUKOM B TeueHue 7 y. Tlocne oxmaxaeHust K peakllMOHHOW CMeCH
nobasisuin 80 ma pa3zbaBIEHHOrO0 pacTBOpa COJSHOM KHcIoThl 10 pH 4,
OCTaBIISIIM Ha 2 4, 00pa30BaBIIMNCS OCaJ0K (HIBTPOBAIH, IPOMBIBAIH 10
HEUTpaJbHOU PEaKIMU U CYLIWINA Ha BO3AyXE.

E) Cmech ~ 0,5 2 (Touno 1,26 mmons) amuna (1) u 3,78 mmons (0,79
mn, 0,6105 2) TMJIC B 10 M IM®A xunsatuiau B KoyOe ¢ 0OpaTHBIM
XOJOAMIbHUKOM B TeueHue 1-1,5 u. [locne oxnaxkaeHUs K peakUHOHHOMN
cmecu pobasmsin 80 mn Bomel, moakucnenHyro koui. HCl go pH 5,
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OCTaBJISUTH Ha 2 ¥, 00pa30BaBIIUICS 0CaJ0K (UIBTPOBAIN, IPOMBIBATIH 10
HEUTPAIBHON pEAKIUH U CYIIWIIN Ha BO3AYyXE.

D) 05 ¢ amuma B 12 mn IM®PA kunarwid B Koybe ¢ oOpaTHBIM
XOJIOJUIILHUKOM B TeueHue 7 u. Ilo OXJaXJEHUI0 K PEaKkIMOHHOW cMecH
nobasmsiin 80 Mz BOABI AMCTHIIIMPOBAHHOW, OOpPa30BaBIIMICS OCAIOK
(GuIBTpOBaNH, CYIINIIN HA BO3IyXeE.

O4YuCTKY LIETEBOTO MPOIYKTa MPOBOJUIHN TepeKpucTamn3anuein 50%-
bIM dTaHosoM. [IposBierHbie mpu TCX moO60YHBIE TPOTYKTHI, COBIAIAIOIINE
no R ¢ V a-a1, BBUy OYeHb HE3HAUYUTEIHHOTO KOJMYECTBA HE BBIACIISUTH.

(2)-3-((1H-6en30[d]mMuaa30-2-Ha)MeTHI)-5-0eH3MTUAEH-2- P e H -
3,5-murnapo-4H-umunazon-4-ou_(1Va). Beixon 0,477 2 (o mytu A - 76,4%,
no iyt E - 92,7%, no mytu D — 80,3%); 1. mn. 236-238 °C; Rt 0,92. UK-
ciextp, v, vt 1717 (C=0 muki.). Crexktp SIMP H, §, m.1. (J, I'y): 5.10 ¢
(2H, CHy); 7.08-7.16 M (2H, CeHa4); 7.17 ¢ (1H, =CH); 7.35-7.59 m (8H, Ar);
7.99-8.04 m (2H, CeHs); 8.26-8.31 m (2H, CeHs); 12.31 mr.c. (1H, NH).
Cnextp AMP BC{*H}, 5¢c, m.1.: 39.7 (CH2), 111.0 (CH=), 118.5 (CH=), 120.8
(CH=), 121.6 (CH=), 127.3 (CH=), 128.1 (2*CH=), 128.2 (2*CH=), 128.4
(2*CH=), 128.7, 129.6 (CH=), 130.9 (CH=), 132.1 (2*CH=), 134.0, 134.1,
138.4, 142.9, 149.0, 161.7, 170.4 (C=0). Haiineno, %: C 76.07; H 4.81; N
14.92. C24H18N4O. Brrunciteno, %: C 76.17; H 4.79; N 14.81.

(2)-3-((1H-6en3o[d]umumazoa-2-ua)meTui)-5-(4-MeToOKCHOC H3HITH -
neH)-2-¢enna-3,5-quruapo-4H-umunazon-4-oun (1V6). Beixon 0,479 2 (o
nytd A — 90,14 %, o nytu E - 96,28 %, no iyt D — 86,25 %); 1. 1. 264-
266 °C, Rr 0,92. UK-cnextp, v, cm™* : 1707 (C=0 muxn.). Ciextp SIMP H, §,
m.1. (J, Iy): 3.87 ¢ (3H, OCH3); 5.09 ¢ (2H, CH>); 6.94-7.00 m (2H, CeH4-0);
7.08-7.13 M (2H, CeHs-N); 7.14 ¢ (1H, =CH); 7.45-7.56 m (5H, Ar); 7.98-8.03
M (2H, CeHs); 8.23-8.29 m (2H, CsH4-0); 12.26 mr.c. (1H, NH). Criektp SIMP
BC{*H}, 6c, m.a.: 39.6 (CHy), 54.7 (OCHs3), 111.0 mc. (CH=), 113.8
(2*CH=), 118.4 mr.c. (CH=), 121.2 m.c. (2*CH=), 126.8, 127.5 (CH=), 128.2
(2*CH=), 128.3 (2*CH=), 128.9, 130.6 (CH=), 134.0 (2*CH=), 134.5 m.c.,
136.4, 143.1 m.c., 149.1, 160.2, 160.9, 170.2 (C=0). Haiineno, %: C 73.37;
H 4.99; N 13.86. C25H20N4O-. Beruucneno, %: C 73.51; H 4.94; N 13.72.

(2)-3-((1H-6en3o0[d]umunazon-2-wr)merui)-5-(oenso[d] [1,3]auoxcon-5-mn
MeTiIeH)-2-(penmt-3,5-muruapo-4H-uvunaszon-4-on (1VB). Beixox 0,720 2 (o
nyta A — 90,62 %, no nytu E - 92,6%, no nytu D — 60,43%); T. . 272-
276 °C, R; 0.92. UK-cniextp, v, cm’t: 1704 (C=0 mukn.). Crextp AMP H, §,
m.1. (J, 7'y): 5.09 ¢ (2H, CH>); 6.07 ¢ (2H, OCH2>); 6.88 1 (1H, J=8.1, 5-C¢H3);
7.10 ¢ (1H, =CH); 7.11-7.15 m (2H, Ce¢Ha); 7.39-7.57 m (SH, Ar); 7.58 o (1H,
J1=8.1, J>=1.5, 6-CeH3); 7.98-8.03 m (2H, CeHs); 8.15 n (1H, J=1.5, 2-CeHs3).
12.26 m.c. (1H, NH); Cnextp AMP BC{*H}, 8¢, m.1.: 39.7 (CH,), 101.1
(OCHy), 107.9 (CH=), 110.8 (CH=), 111.0 mr.c. (CH=), 118.5 mr.c. (CH=),
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120.8 mr.c. (CH=), 121.5 m.c. (CH=), 127.4 (CH=), 128.2 (2*CH=), 128.3
(2*CH=), 128.4 (CH=), 128.5, 128.8, 130.7 (CH=), 134.1 m.c., 136.7, 142.9
ur.c., 147.5, 149.0, 149.1, 160.5, 170.2 (C=0). Haiineno, %: C 70.77; H 4.18;
N 13.56. C25H18N4O3. Boiuucneno, %: C 71.08; H 4.30; N 13.26.

Macc-criextp, m/z: [M+H]": naiineno 423,1445; Beraucieno 423,1457.

(2)-3-((1H-6enzo[d|nvunazon-2-mwi)MeTnn)-5-(3-HuTpodeH3wIHIeH)-2-(heHIT-
3,5-muruapo-4H-uvmnaszos-4-on (1Vr). Beixox 0,719 2 (o mytu A - 81,0 %, o
nyta E - 93,0 %, mo mytu D — 81,25 %); 1. 1. 261-263 °C, Rf 0,92. K-
cHeKTp, v, cM - 1709 (C=0 muxn.). Ciextp SIMP H, §, m.1. (J, Iy): 5.13 ¢
(2H, CH2); 7.08-7.15 m (2H, Ce¢H4-N); 7.31 ¢ (1H, =CH); 7.38-7.61 m (5H,
Ar); 7.69 nn (1H, J1=8.1, J,=7.8, 5-CsHs—NO>); 8.02-8.06 m (2H, CsHs); 8.21
an (1H, J1=8.1, J>=2.1, 6-CeH4—NO>); 8.68 nx (1H, J1=7.8, J.=1.5, 4-CsHs—
NO); 9.21 an (1H, J1=2.1, J»=1.5, 2-CeHs—NO>); 12.32 m.c. (1H, NH).
Cnextp SIMP BC{*H}, ¢, m.a.: 39.7 (CHp), 111.0 m.c. (CH=), 118.6 m.C.
(CH=), 121.0 mw.c. (CH=), 121.7 m.c. (CH=), 123.6 (CH=), 124.1 (CH=),
126.2 (CH=), 128.3, 128.4 (2*CH=), 128.6 (2*CH=), 129.4 (CH=), 131.4
(CH=), 134.1 m.c., 135.7, 137.5 (=CH), 140.2, 142.2 m.c., 147.9, 148.9,
163.4, 170.3 (C=0). Haiineno, %: C 68.37; H 4.29; N 16.10. C24H17Ns0:s.
Brruncieno, %: C 68.08; H 4.05; N 16.54.

(2)-4-((1-((1H-6en30[d]uMua30.1-2-HIA)METHI)-5-0KCcO-2-PeHn-1,5-
auruapo-4H-umunazon-4-nanaeH)Merun)peHusn  4-MeTHIOEH30JICYJIb-
¢onat (IVn). Beixox 0,642 2 (o mytu A — 47,5%, no nytu E - 92,6%, no
nytu D — 91,58%); T. mn. 138-140°, R¢ 0,87. HK-cmektp, v, emt: 1713
(C=0 nuxkn.), 3349 (NH). Cniextp AIMP *H, &, m.z1. (J, I'y): 2.47 ¢ (3H, CHa);
5.09 ¢ (2H, CHy); 7.04-7.13 m (4H, Ar); 7.14 ¢ (1H, =CH); 7.36-7.42 m (2H,
CeH4-S); 7.42-7.57 m (5H, Ar); 7.69-7.74 m (2H, CeH4-S); 7.96-8.01 m (2H,
CeHs); 8.25-8.32 m (2H, CeH4-O); 12.29 m.c. (1H, NH). Cnektp SAMP
BC{H}, 8¢, m.a.: 21.1 (CHs), 39.6 (CHy), 111.0 m.c. (CH=), 118.5 m.c.
(CH=), 121.0 m.c. (CH=), 121.5 m.c. (CH=), 121.9 (2*CH=), 125.3 (CH=),
127.9 (2*CH=), 128.2 (2*CH=), 128.4 (2*CH=), 128.5, 129.5 (2*CH=),
131.0 (CH=), 131.9, 133.0, 133.4 (2*CH=), 134.5 m.c., 138.7, 142.8 m.cC.,
144.8, 149.8, 162.3, 160.9, 170.2 (C=0). Haiineno, %: C 67.47; H 4.59; N
10.29; S 5,89. C31H24N404S. Brruncneno, %: C 67.87; H 4.41; N 10.21; S
5,84.

(2)-3-((1H-6en30[d]uMuaazo-2-ua)meru)-5-(4-ruapoxcu-3-
MeTOKCHOeH3WInAeH)-2-penni-3,5-qruruapo-4H-umunazon-4-on  (1Vik).
Brixon 0,661 2 (o mytH A - 38,5%, o nytu E - 75,88%, o mytu D — 75,6%);
1. 1. 176 °C, R 0,86. UK-cniektp, v, cvt: 1696 (C=0 nmki.), 3507 (OH).
Cnextp IMP H, &, m.1. (J, I'y): 3.89 ¢ (3H, OCHs); 5.10 ¢ (2H, CH); 6.85
1 (1H, J=8.3, 5-C¢Hz3); 7.09-7.15 m (2H, CeHa); 7.11 ¢ (1H, =CH); 7.43-7.55
M (S5H, Ar); 7.62 nn (1H, J1=8.3, J.=1.4, 6-CeHa); 7.96-8.03 m (2H, CeHb);
8.13 1 (1H, 2-CgH3); 9.46 ¢ (1H, OH); 12.28 m.c. (1H, NH). Cnektp SIMP
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BC{H}, 8¢, m.a.: 39.7 (CHy), 55.2 (OCHs), 111.3 mc. (CH=), 115.4
(2*CH=), 118.2 mr.c. (CH=), 121.2 m.c. (2*CH=), 125.7, 127.4 (CH=), 128.2
(4*CH=), 128.7 (CH=), 129.0, 130.6 (CH=), 134.6 m.c., 135.6, 142.2 m.c.,
147.4, 149.3, 149.9, 156.4, 170.3. Haiineno, %: C 70.57; H 4.59; N 13.56.
Ca25H20N403. Beruncneno, %: C 70.74; H 4.75; N 13.20.

Macc-cniextp, m/z: [M+H]": naiineno 425,1612; Beraucieno 425,1614.

Oo0mas MeToanka cuHTe3a 3-0kco-0eH30[4,5|umunazo-nupa3uHoB V
a-a:

B) Cmeck 2 mmonp HeHachiieHHOTO S5(4H)-okcazomona (1), 2 Mmmomns
(0,4414 2) muruppoxiopua 2-amuHometwiOeH3umuaazona (I1), 12 mmoins
(1,66 2) KoCOz B 15 mrn nuoKcaHa KHITATHIM B KOJOe C OOpaTHBIM
XOJIOAWIBHUKOM B TeueHue 16 4. [Tocie oxnaxaeHus K peakimOHHON cMecH
nob6asisimu 80 mr nmogkucieHHoN Bozabl 10 pH 4, ocraBmsuin Ha 2 9 npu
KOMHATHOW  TeMmepaType, OOpa3oBaBIIUICS OCaAOK  (HIBTPOBAIIH,
MIPOMBIBAJIA BOJIOW 10 HEUTPAIBbHOM PEaKLIMHU U CYIIMIN Ha BO3TYyXe€.

F) Cmech 1,26 mmons amupa u 7,56 mmons (1,04 2) KoCOs3 B 15 mx
JMOKCaHa KUISITHIN B KOJIOe ¢ 00paTHBIM XOJIOAMIBHUKOM B TedeHue 16 y.
O6paboTKy peakIMOHHON CMeCH MTPOBOJIUIIHN KakK onucaHo B B)

[Tepexpucranau3anuio NpoBOIMIN aleToHoM. 13 ¢unbrpara BelIeIsIMN
NMO0OOYHBIH MPOJYKT, KOTOPBINA MO CBOUM (DPU3NKO-XUMHUUYECKHM MOKA3aTEeIsIM
uaeHTHYeH uMuaazoiony |V. (Ounbrpar OTroHsIM Ha POTALMOHHOM
UCHapuTere, MOoyYeHHbIH MOO0UHBIN IPOAYKT MNepekpuctamnzonanu 50%-
BIM 3TaHOJIOM).

N-(4-6en3ma-3-okco-1,2,3,4-teTparnapodenso|4,5|umuaaso|1,2-
a]mapasun-4-ui) 6enzamun (Va). Beixox 0,795 2 (o ytu B - 55,22 % ;
15,12 %-noGounsiii poaykt; no nytu F - 60,0 %); 1. mn. 254-258 °C, R¢
0,807. UK-cmextp, v, cw’’: 1655 (C=0 amuan.), 1681 (C=0 muxkmn.), 3289
(NH). Criextp AIMP *H, 8, m.1. (3, I'y): 3.48 an (1H, J1=17.3, J,=1.3, NCHy);
3.56 o (1H, J=13.2, CH2); 3.91 n (1H, J=13.2, CH2); 4.41 nn (1H, J1=17.3,
J2=2.6, NCH_); 6.50-6.55 m (2H, CsHs); 7.02-7.09 m (2H, CeHs); 7.13-7.24 m
(3H, Ar); 7.40-7.54 m (3H, CéHs); 7.54-7.59 m (1H, CeHa); 7.90-7.95 m (2H,
CeHs); 7.94-8.00 m (1H, CeHa4); 8.18 m.c. (1H, NHCH>); 9.73 ¢ (1H, NHCO).
Crextp AMP BC{*H}, 8¢, m.1.: 39.5 (CHy), 41.2 (NCHy), 72.6, 111.7 (CH=),
118.9 (CH=),121.5 (CH=), 121.7 (CH=), 127.1 (CH=), 127.5 (2*CH=), 127.7
(4*CH=), 129.4 (2*CH=), 131.1 (CH=), 131.7, 132.5, 133.0, 143.4, 146.1,
165.3, 165.9. Haiigeno, %: C72.37; H5.31; N 14.16. C24H20N4O;. Brrancieno,
%: C72.71; H5.09; N 14.13.

N-(4-(4-meTokcuben3mn)-3-okco-1,2,3,4-Terparuapodenso[4,5]umu-
na3o[1,2-a]nupazun-4-ua) 6enzamuna (V6). Beixox 0,677 2 (o mytu B —
32,12%, 25,0% -noGounsIii mpoaykT; o mytu F - 60,0%); 1. 1. 260-262 °C,
Rf 0,807. UK-cnextp, v, cm™: 1662 (C=0 amuzn.), 1680 (C=0 mukn.), 3352
(NH). Crextp IMP H, 8, m.a. (J, I'y): 3.50 1 (1H, J=13.5, CHy); 3.57 an
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(1H, J1=17.3, J>=1.3, NCH>); 3.69 ¢ (3H, OCHa); 3.84 1 (1H, J=13.5, CH);
4.43 nn (1H, J1=17.3, J>=2.5, NCH); 6.38-6.44 M (2H, CsHs-0O); 6.55-6.61 m
(2H, CeHs-0); 7.16-7.23 m (2H, CeH4-N); 7.38-7.53 m (3H, CeHs); 7.53-7.59
M (1H, CsHa-N); 7.87-7.94 M (2H, Ce¢Hs); 7.94-7.99 m (1H, CsH4-N); 8.18
ur.c. (1H, NHCH,); 9.70 ¢ (1H, NHCO). Cnextp AMP *C{*H}, 8¢, m.x.: 39.4
(CH.), 40.3 (NCHy), 54.4 (OCHg), 72.6, 111.7 (CH=), 112.9 (2*CH=) 118.9
(CH=), 121.4 (CH=), 121.5 (CH=), 124.2 (CH=), 127.59 (2*CH=), 127.61
(2*CH=), 130.4 (2*CH=), 131.6, 132.9, 143.4, 146.2, 158.4, 165.3 (C=0),
165.8 (C=0). Haiigeno, %: C 70.08; H 5.51; N 13.26. CzsH22N4Os.
Brruncieno, %: C 70.41; H 5.20; N 13.14.

N-(4-(0en3o0[d][1,3]amokcoa-5-na-meTni)-3-okco-1,2,3,4-rerparu-
po6en3o[4,5]lumunaso[1,2-a]nupasun-4-un)oenzamun (VB). Boixox 0,555
r (o mytu B — 38,93 %, 8,62%- nmoGounsIii mpoaykt; o myTtu F - 54,1%); T.
1. 279-282 °C, R¢ 0,807. UK-cniekTp, v, cv™: 1661 (C=0 amunn.), 1679 (C=0
ki), 3347 (NH). Crextp AMP H, &, m.1. (J, I'y): 3.47 n (1H, J=13.5,
CH>); 3.75 nn (1H, J1=17.3, J>=1.2, NCH>); 3.84 n (1H, J=13.5, CHy); 4.48
an (1H, J1=17.4, J,=2.2, NCH); 5.86-5.92 m (1H, 6-CsH3); 6.06 n (1H, J=1.3,
2-CeHa3); 6.50 1 (1H, J=7.9, 5-C¢Ha); 7.17-7.25 m (2H, CeHa); 7.40-7.60 m
(4H, Ar); 7.87-7.93 m (2H, C¢Hs); 7.93-8.00 m (1H, CeHa); 8.31 mic. (1H,
NHCH,); 9.71 ¢ (1H, NHCO). Crextp AMP BC{*H}, &¢c, m.x1.: 39.4 (CHy),
40.72 (NCH>), 72.5, 100.4 (OCH>), 107.3 (CH=), 109.5 (CH=), 111.7 (CH=),
118.9 (CH=), 1215 (CH=), 121.7 (CH=), 1225, 125.9 (CH=), 127.6
(2*CH=), 127.7 (2*CH=), 131.2 (CH=), 131.6, 132.8, 143.3, 146.2, 146.4,
146.7, 165.2 (C=0), 165.8 (C=0). Haiineno, %: C 68.07; H 4.79; N 12.56.
Ca5H20N4O4. Berumcneno, %: C 68.17; H 4.58; N 12.72.

Macc-crektp, m/z: [M+H]": naiineno 441,1556; Berancineno 441,1563.

N-(4-(3-unTpo6en3mnn)-3-okco-1,2,3,4-rerparuapodenso[4,5 | umuaa-
30[1,2-a] mupaszun-4-ua) 6enzamun (Vr). Beixox 0,750 2 (o mytu B -
40,17%, 14,6% - no6ouHsIi ipoayKT; 1Mo myTH F - 67,0%); T. 1. 256-259 °C,
Rf 0,807. UK-cnextp, v, cmt: 1663 (C=0 amuan.), 1681 (C=0 muk.), 3329
(NH), 3386 (NH). Criextp SIMP *H, §, m.1. (J, I'y): 3.47 1 (1H, J=13.3, CHy);
3.75 nn (1H, J1=17.4, J,=1.9, NCHy); 4.14 n (1H, J=13.3, CH>); 4.52 nn (1H,
J1=17.4, J,=2.0, NCH); 6.66-6.71 M (1H, 6-CsHs-NOy); 7.21-7.30 m (3H,
Ar); 7.40-7.53 m (3H, Ar); 7.56-7.62 m (2H, Ar); 7.90-7.95 m (2H, CgHbs);
8.00-8.06 m (2H, Ar); 8.38 m.c. (1H, NHCH?>); 9.88 ¢ (1H, NHCO). Cnektp
AMP BC{*H}, ¢, m.a.: 39.5 (CH2), 40.4 (NCHy), 72.3, 111.7 (CH=), 119.2
(CH=), 121.9 (CH=), 122.0 (CH=), 122.1 (CH=), 124.4 (CH=), 127.70
(2*CH=), 127.72 (2*CH=), 128.7 (CH=), 131.3 (CH=), 132.7, 134.9, 135.4
(CH=), 143.4, 146.1, 147.3, 165.0 (C=0), 166.1 (C=0). Haiineno, %: C
65.17; H 4.52; N 15.59. C24H19Ns04. Beruucieno, %: C 65.30; H 4.34; N
15.86.
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4-((4-0en3zamumo-3-okco--1,2,3,4-rerparnapodenso[4,5]lumuaaso[1,2-
a]nupazun-4-win)merud)penun 4-meruadenzoncyabdonar (Va). Beixon
0,675 e (o myTu B - 18,89%, o mytu F - 51,2%); 1. 1. 220 °C; R0,868. K-
crextp, v, cmt: 1660 (C=0 amuan.), 1683 (C=0 muxn.), 3335 (NH). Criektp
AMP H, 8, m.a. (3, Ty): 2.50 ¢ (3H, CHs); 3.50 an (1H, J1=17.4, J,;=1.4,
NCH2); 3.55 n (1H, J=13.7, CH); 3.91 n (1H, J=13.7, CH2); 4.47 nn (1H,
J1=17.4, J,=2.4, NCH)>); 6.43-6.48 m (2H, Ce¢H4-0); 6.62-6.68 m (2H, CeHs-
0); 7.16-7.22 m (2H, CeHs-N); 7.38-7.52 m (5H, Ar); 7.54-7.60 m (3H, Ar);
7.86-7.93 (2H, CeHs); 7.93-7.98 m (1H, CsHs-N); 8.27 mr.c. (1H, NHCH>);
9.77 ¢ (1H, NHCO). Cniextp AMP *C{*H}, 8¢, m.1.: 21.1 (CHs), 39.4 (CHy),
40.5 (NCHy), 72.4,111.7 (CH=), 118.9 (CH=), 121.4 (2*CH=), 121.7 (CH=),
121.8 (CH=), 127.6 (2*CH=), 127.8 (2*CH=), 1279 (2*CH=), 129.7
(2*CH=), 130.6 (2*CH=), 131.2, 131.3 (CH=), 131.5, 131.9, 132.7, 143.3,
145.0, 146.0, 148.4, 164.9 (C=0), 165.9 (C=0). Haiineno, %: C 65.87; H
4.59; N 9.66; S 5.56. C31H26N4OsS. Breruncieno, %: C 65.71; H 4.63; N 9.89;
S 5.66.

Onpeneiienue Y®-cnekTpoB: YD-CrieKTpbl MOMYyYEHHBIX COCAMHEHUIA
crstel B uHTepBasie A = 190 — 500 rm, ipu b=1 cam; B KauecTBe pacTBOpa CpaBHEHHSI
ucnonszoa JIM®PA. Konnenrpaimu pactopoB coenunenuit 11, IV u V B
JIM®A 15t criekTpohoToMeTprpoBanus coctapimsui 2-10° monw/z. Onpenenenst
KO3 (OUILMEHTBI SKCTUHKIMHA IS Avax 3HAYCHUI. Pe3ynbTaThl mpeacTaBieHBI B
Tabme 1.

OnpenesieHne aHTHPAAUKAIBHBIX CBOMCTB. KMHETHKY B3auMOAEHCT-
BUs moaydeHHbIx coeaunenuit, AK u IBM® ¢ JADIIT (2,2-audennn-1-
NUKPWITHAPa3WIoM) Tpu 25 °C onpenensii CIeKTpohOTOMETPHUECKH 10
W3MEHEHUIO0 ontnyeckor muotHoctH DI B 3aBUCHMOCTH OT BpEMEHH
peakiuu pu A=517 nm. Hauvanwhbeie konnentpamuu DI cocrapisiu
0,025-10° moan/n, nccnemyemsix coeaunennii — 1,25-10° monv/n.

K 2 mn pactBopa DI B abconmoTHOM Metanone nobasisiu 0,04 an
METaHOJILHOTO PacTBOpa MCCIIEIYyEMOro BEUIECTBA U TOCIIE MePEMEIIUBAHUS
m3mepsimu OIT pactBopa B Tedenue ot 1 no 40 munym. Pesynbrarel npu-
BeJIEHBI B Ta0muIe 2.
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92U.968UT OPUULNNLLEIR b WURLNUGRPLRELIPURFUINLE MEUYSRUSE
NRUNRUGUURC MR E3NRY

U.2.UGLHUULL3UY, k.2, 2BUNR3UY,
U.B.CU2URNRTA, 4.0.PNPNRY3UT

Ppuwhwiwgyby & widpqlbpp,  pdpgugnnibbph,  Enghlybph opifbgp,
meuncdliwuppdby B wnwgmgwd ynoffhpp $hgplywppidpmlywh Sumlubpoibpp L
Sy filppgug i Sunnlpn fynciibpp: U gdm s wdpghkpfy, ppgugnniikpf,
bnghlybpf 4knlyuy wbquilyuyfiyibpn’ CeHs, 4-CH30-CgHy, 3,4-OCH20-C4Hs, 3-
OeN-CsHy, 4-(4-CHy-CsHy -SO:0)-CoHy, 3-CH;O-4-CsH;COO-CoHs, 3-CHO-4-
HO-C4H3; quppnud, 3-CH3;0-4-HO-C4H3 nbquljwpynd pdfgugninip gnugupbphy
Sy fuwh wJ[u}E‘ 70,2% : Newncdimufipfby B Sl afiffbggums iyncfFbpf
Amax- /1 4lquLLl[1“

STUDY OF THE REACTION OF UNSATURATED OXAZOLONES WITH
AMINOMETHYLBENZIMIDASOLE

S.H.MANGASARYAN, E.H. HAKOBYAN,
AA. SHAHKHATUNI, V.O. TOPUZYAN

The synthesiss of amides, 1, 2, 4- trisubstituted imidazole-5-ones, 3-
oxobenzo[4,5]imidazopyrazines has been carried out. The physicochemical characteritics
and antiradical properties of synthesizes compounds have been studied. In a series of
amides, imidazolones and threecycles with substituents CsHs, 4-CH30-CgHa, 3,4-
OCH20-CgH3s, 3-O2N-CgHa, 4-(4-CH3-CgHa -SO20)-CeHa, 3-CH30-4-CsHsCOO-CgHs,
3-CH30-4-HO-CgHs, the compound -imidazolone with substituent 3-CH30-4-HO-CgH3
has shown a high antiradical activity equal to 34,1%, and its amids has to 70,2%. Also
UV spectra of the synthesized substances have been studied. The molar light absorption
coefficients emax have been calculated at Amax.
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MMPABUJIA AJ1s1 ABTOPOB

Ob6ume noJioKeHnst

K my6rukanyu B « XUMHYIECKOM JKypHAZle APMEHUI» PUHUMAIOTCS. MATEPHAIIBL, COEPIKaILIe
pe3yNbTaThl OPUTHHAIBHBIX HCCIEAOBaHMH, O(QOpMIICHHBIE B BUJE OO30PHBIX (TEMATHUECKHUX WU
aBTOPCKHX) U MOJHBIX CTaTeH, KPaTKUX COOOIICHHUH U MUceM B peakimio. CTaTbH J0JKHBI coep-
KaTh MaTepHAJIbl, OCBSIIEHHbIE CHHTe3y HOBBIX BellecTB, JIH00 pa3padoTke NPHHIMIHAILHO
HOBBIX METO/I0B CHHTe3a, MCCJIE0BAHUST H HOBBIM XHMHYECKHM CBOHCTBaM (NMpeBpaIIeHHsIM)
M3BECTHBIX BEIIECTB, 4 TAK/Ke HM3YYeHHIO HOBBIX (PU3NKO-XHMHYECKHX CBOICTB M CTPYKTYPBI
CHHTE3MPOBAHHBIX MaTepUaJIoB/ BemecTB. JXKypHan myOimKyer paboThl Ha aHTIMHCKOM, PyCCKOM U
apMSHCKOM sI3BIKaX IO BCEM HAINpaBJeHWSIM XHMHYECKOH HayKH, B TOM dHCIE IO oOmied, Heop-
TaHUYECKON M aHAIMTHYECKOH XUMHUH, (U3MYECKOH XUMHHM U XUMHYECKOH (U3MKE, OpraHHIecKoit
XHUMHH, METAINIOOPTaHMYIECKOH ¥ KOOPANHAIIMOHHOW XUMHH, XUMHU TIOJMMEPOB, XMMUH MPHPOIHBIX
COEIMHEHHH, OMOOPraHMYeCcKOl XUMUM M XUMHU MaTtepranoB. CTaTby, TIpeytaraeMble K MMy OIMKaIi
B pazzene OMOOPraHMIecKO XUMHH, JOJDKHBI OBITh MOCBSIIEHBI MOMYYEHUIO HOBBIX IOTEHIIHATHEHO
OMOJIOTMYECKH aKTHBHBIX COCJMHEHUH, B TOM YHCIIE M BBIICICHHBIX W3 NMPHPOAHBIX 00BEKTOB. [Ipn
OIMCAaHNH HOBBIX BEIIECTB, 00JIAIAIOMINX 3HAUUTEIHHOH (B CPABHEHHUH C IPUMEHSIEMBIMU B MEJIUIINHE
JIeKapcTBaMH) OHOJIOTMYECKON aKTHBHOCTBIO, CTAaThsi MOXKET COZIEPKaTh Pe3yJIbTaThl OHOJIOTHIECKIX
HCCIIEIOBaHNH, BKIIOYAIONIMX CCHUIKM Ha WCIOJNB30BAaHHBIE METOJIBI M3YYeHHS] OHOIOTMYEcKOi
aKTHBHOCTH, MH(OPMAIMIO O THUIIC HCIOIB30BAHHBIX OMOOOBEKTOB, AKTMBHOCTH M TOKCHIHOCTH
CHHTE3UPOBAHHBIX NPEMAPaTOB B COMOCTABICHNH C COOTBETCTBYIOIINMY ITOKA3aTeISIMU IPUMEHIEMbIX
B MEIUIMHE JIEKapCTB. B 3aKimoueHn ciietyeT puBeCcTH KPATKUH apryMEeHTHPOBAHHBII BBIBOJ O CBI3H
MEXIy CTPYKTYPOH U OHOJOTHYECKON aKTHBHOCTHIO MCCIIEAOBAHHBIX coeHeHIN. OmyOIMKoBaHHEIE
MaTepHaibl, a TaKkKe MaTephalbl, IPEICTAaBICHHBIE Ul NMyOJMKalMyd B JPYTHX SKypHalax, K
PacCMOTPEHHIO HE MPHHUMAIOTCS. ABTOPCKHE 0030pHI (710 25 CTp.) MPENCTaBISAIOT co00i 0000MIeHIE U
aHAJIN3 Pe3yJIbTaToOB IMKJIA MCCIIEIOBAaHNH OHOTO MM HECKOJIBKUX aBTOPOB IO €MHOM TeMaTHKe, a
TEeMaTHYEeCKHe O0030pBI — JOJDKHBI OBITh MOCBSIICHBl aHAIM3Y pabOT IO OTHENBHBIM Kiaccam
COCIMHEHUH WM peakuyid. [ToHble cTaThi NPUHUMAIOTCS 00BeMOM JI0 12 cTpaHHIl, 00beM KpaTKoro
coobmieHnst — He Oosee 5 cTpaHu MamMHOMUCHOTO Tekcra. [Inebma B penakuuio (o6bemMoM 10 3
CTp.) JIOJDKHBI COAEpIKaTh M3JI0XKEHHbIE B KpaTKOH (hopMe HaydHBIE pPe3yNbTaThl MPHHIUITHAIEHO
BOKHOIO XapakTepa, TpeOylolue CpovHO myOnukanuu. Pemakmms ocraBiser 3a coOoil mpaBo
COKpAaIIaTh CTaThd HE3aBUCUMO OT HX oObeMa. [l myOnuKamuy CTaTbll aBTOpaM HEOOXOIMMO
TMIPEICTABUTh B PEAAKIIHIO CIIEIYIOIIME MaTepHallbl M JOKyMEHTHI*: 1) HampaBiieHHe OT OpraHn3alyy (B
1 5K3.); 2) NONMMCAHHBIH BCEMH aBTOPAaMH TEKCT CTaThH, BKIIIOYash aHHOTAIMIO, TaOJNIIBI, PUCYHKU U
TIOJITUCH K HUM (Bce B 2-X 9K3.); 3) rpadudeckuii pedepar (B 2-X 9K3.); 4) aHHOTAIMK HA JIBYX S3bIKaX,
OTJIMYHBIX OT SI3bIKa CAMOM CTaThu (HalpUMep, €CIIM CTaThsl Ha PYCCKOM, TO JIOJDKHBI OBITH TaKKe
AHHOTAIMH Ha aHTTIMIICKOM U apMSTHCKOM, IPAYEM TEeKCT AaHHOTAIN Ha aHTIIMHCKOM S3bIKE HE JOJDKEH
ObITE MeHbI1e 0,5 CTp); 5) SMEKTPOHHYIO BEPCHIO CTATHH, C aHHOTAIMSIMH, JINTEPATYPOil U TpaduaecKuM
pedeparom.

*B cayuae HeBo3MOACHOCHIU O0CIABKU MAMEPUATIO8 HENOCPEOCMBEHHO 8 PeOAKYUIO, OHU MOSYIM
Obimb BbICIAHYL 6 2NeKMPOHHOM 8ude. Takdice 6 anekmponnotl popme asmopam Oyoym npedocmasiensl
peyensuu, 3amedaniis 1 peKoMeHOayu No UCHPAGTIEHUIO CIAMbU.

Cratbst IOJDKHA OBbITh HaITFCaHa CKaTo, aKKypaTHO o(opMIIeHa U TIATEIBHO OTPEAAKTHPOBAHA.
He nomyckaercst yOnMpoBaHHe OJTHUX M TeX K€ JaHHBIX B TaOJMIAX, B CXeMaX U PHCYHKax. ABTOp
HECeT TIOJHYIO OTBETCTBEHHOCTH 32 JOCTOBEPHOCTH JKCHEPHUMEHTAIBHBIX JAHHBIX, HPUBOJUMEIX B
CTarbe.

Bce crartem, HampaBisleMble B PENAKIWMIO, TTOABEPralOTCS PEHEH3UPOBAHMIO W HAYIHOMY
penakrupoBanmo. CraThs, HalpaBlieHHas aBTOpaM Ha JOPadOTKY, MOJDKHA OBITH BO3BpAIEHA B
HCIPaBICHHOM BHJIE BMECTE C €€ MepBOHAYaIbHbIM BAPUAHTOM B MaKCHMAaJIbHO KOPOTKHe Cpoku. K
nepepaboTaHHOM PYKOMUCH HEOOXOIMMO TPUIIOXKUTB MHCHMO OT aBTOPOB, COJCPIKAIIIEEe OTBETHI Ha BCE
3aM€4yaHusA, KOMMCHTapUU W TOSACHAIOIIECE BCEC BHECCHHBIC H3MCHCHMA. CTabe[, 3aA€pKaHHasd Ha
UCTIpaBJIeHUH GoJiee OJIHOTO Mecsila MM TPeOyIoIas MOBTOPHOH NepepaboTKH, paccMaTpHBAeTCs KakK
BHOBB IIOCTYNHBIIIAsL. PeIaKiyst HockuIacT aBTopy Iepes HabopoM sl IPOBEPKH OTPETAKTHPOBAHHBII
9K3EMIUIIP CTAaTBH U KOPPEKTYPY.

Crpykrypa myOmukanmii. [TyOmukamust 0030poB, TOJHBIX CTaTel M KpaTKHX COOOIICHHI
HAYMHACTCS C 3arJIaBUsI CTAaThH, Jajiee MPUBOJIITCS HHHUIMAIBI M (JaMIIAY AaBTOPOB, HA3BAHUSI HAYTHBIX
YUpEeXICHUH, MOJHbIE IOYTOBBIE ajipeca C HMHIEKCAMH IOYTOB IIOYTOBBIX OTIENEHHH U ajpeca
9JIEKTPOHHO#! MOUTHI aBTOPa, OTBETCTBEHHOTO 3a IIEPEIMCKy. Benes 3a 3TuM aaetcst KpaTkast aHHOTALUS
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(ue Goree 12 cTpOK) ¢ yKa3aHHEM KOHKPETHBIX PE3YJIHTaTOB PAOOTHI M BEITEKAIONIHNX U3 HUX BBIBOJIOB,
TIPH 5TOM CliefyeT n30erars MyOIMpoBaHUs HA3BaHMS CTAThH M TEKCTa aHHOTanwy. Jlanee npuBoasTcs
KimoueBble cnoBa (5-7 cno). OTMETHM, YTO B Ha3BaHHM CTAThH CJEAyeT M30erarh COKpAIIECHUH H
¢dopmy.

B nepBbIx a03alax OCHOBHOTO TEKCTa KPAaTKO OOCY’KIAeTCs M3BECTHAS JUTepaTypHas HHGOpP-
Malys 1o HcciIeqyeMoMy Bompocy. Jlanee 0OBSCHIETCS CYLHOCTh PaboThl, YETKO YKa3bIBAIOTCS LIEIb
U 3a]1a4H UCCIIEIOBAHMSL. 3aTeM ClleyeT 00CYIUTh U OOBSICHUTH BCe MOJTydeHHBIE B paboTe BayKHEHIIHE
pe3ynbraTbl. OCHOBHOM TEKCT CTaThU 3aBEpIIAeTCs KPAaTKUMH BBIBOJIAMH O TIOTYYEHHBIX pe3yibTaTax
IPOBEICHHOT'O NCCIICAOBAHMSL.

B 3aximoueHWM TIPHBOAMTCS OSKCIEPUMEHTAJIbHAs WM METOJWYecKas dacTb. B Tekcre
00001IAI0TCS ¥ Pa3bSCHIIOTCS TOJBKO T€ CIIEKTPaIbHBIE JAHHBIE, KOTOPBIE MOATBEPXKIAIOT CTPYKTYPY
TOJTy4CHHBIX COCMHEHUH. PUCYHKN 1 TaOJIHIIBI MOTYT OBITH BBEICHBI B TEKCT.

I'paghuueckuii pepepam npunaraercs Ha oTAenbHON crpanuie (120%55 mm) u npeacTaBisier
MHGOPMATHBHYIO WITIOCTPALHIO (KIIOYEBYIO CXEMy WM CTPYKTYPY COCOWHEHHS, TpapuK U T.IL),
OTPaXKAIOILYIO CYTh CTaThbu B IpaduueckoM Buie. IIpuBeneHHas cxeMa B COYETaHMH C 3arjaBUeM
PYKOIIMCH JOJDKHA NpHBIIEKaTh BHUMAHME YHUTATeNs] W [JaBaTh BH3YaJbHOE IIPENCTABICHHE O
colepkaHuu cTatbu. [Ipumep epaghuueckozo pegpepama:

CuHTe3 HOBBIX TPOM3BOIHBIX H3ATHHA, coAepskaumx 1,2,3-Tpua3oasHoe KOJIbI0

3
»,NHi

N-NH

A.C. T'ancrsan U
T.A. Eransn @{gzo —_—, @jg:o
N N

T.B. Kouuksu

R=H.2-Ci. 3-Cl.4-C

Xum.ore. Apmenuu, 2022, m.75, Ne 1, c. 92

B «nucbMax B peJakuuIoy aHHOTALMS HAa PYCCKOM SI3bIKE HE IPUBOAMTCS M pa3OHBKa Ha
pasnensl He TpeOyercs. Benen 3a Ha3BaHMEM CTaThbU JIAIOTCS KJIIOUYEBBIC CIIOBA, Jajiee MPHBOJUTCS
OCHOBHOHM TEKCT, C OINHCAHHEM O3KCIEPUMEHTAJIbHBIX J@HHBIX, MOATBEPXKIAIONINX BBIBOIBI M pe-
3yJIbTaThl. B KOHIIE MPUBOITCS MHUIMAIEI M (PaMUIMK aBTOPOB, HA3BAaHNE HAYYHBIX YUPEKICHHI 1 UX
ajpeca, aJipec JEKTPOHHOM IOYTHI JUI NMEPEHCKH, a Ha OTIENbHBIX CTPAHMIAX - PE3OME Ha JBYX
sI3bIKaxX U rpadmdaeckuii pedepar.

ITpu HecOOMIOACHNH YKa3aHHBIX BBIILIE PABUJI CTAThsl HE IPUHUMAECTCS K Ty OJIMKALIHHL

Tpumep oghopmnenus 3aenasus cmamvi, CHUCKA A8MOPO8, AOPECO8 YUPENHCOEHUI, AHHOMAYUU.

B3AMMOJIEMCTBUAE METUJIITPOU3BOIHBIX MOHO- U BULIUKJIUYECKHX
NUPUMHUIUHOB C APOMATHYECKUMMU AJIBAET'UTAMUA
I'.T. TAHAT'YJSH 2, T.A. IAHOCSIH?, T.3. TEOPI'SIH 12, 0.C. ATTAPSIH *? u
M.P. APAKEJISTH 2

! Poccuiicko-ApmsHckuii (CiaBsHCKUiT) yHUBEpCUTET APMEHHS,
0051, r. EpeBan, yn. Ocenia Omuna ,123
2Hay4HO-TeXHONOTMYECKUH LIEHTP OPraHMuecKoi 1 papMaleBTHIEeCKOM XuMun HaronansHoi
akazemuu Hayk Pecriyoriku Apmenst, 0014, r. Epesan, np. AzatyTsH 26

E-mail: gdanag@email.com

M3yyeHbl peakumy pasnnyHbIX 3ameLLeHHbIX MEeTUNMMPUMUANHOB U BULIMKINYECKUX
1,2,4- Tpurasono[1,5-aJnMpMMMANHOB, coaepXKallMx MeTUbHbIE TPYMMbl B NMMPUMUOMHOBOM
KombLie, C 3amellieHHbIMM BeH3anbaernaaMmm U reTepoLMKNMYeckMMM anbaeriaami nupa-
30/1bHOMO M hypaHOBOro psida. B pesynbTaTte CUHTE3MpOBaHa Cepust CTUPWUM- U BUHWUM-
NPOV3BOAHbIX MUPUMUOMHA, CoAepPXaLlias ConpPsKEHHbIE TT-CBA3WN. B HEKOTOPLIX NpuMepax, B
YacTHOCTW, MpU B3aMMOAEWCTBUM  2-TMAPOKCU-4-MEeTUN-6-heHUNNMpUMUANHa ¢ napa-
OMMETUNaMnHO- U napa-aMaTunaMmuHobeHsanbaeraamy Obinu BblaeneHbl He CTUpUn-
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Npou3BOAHbIE, a MPOAYKTbl MPUCOEOVMHEHNS UCXOAHBbIX peareHToB — 2-rMapokeun-4-[(2-(4-
(avanknnammHo )-cbeHnN)-2-rmapoKenMaTun)]-6-peHnNNMpUMnanHLl,  TO  eCTb  NPOAYKTHI
rmapaTauum OXnmaaemblx CTUPWIT NPOU3BOAHbIX.

Bnbn. ccoinok 10, puc. 2, Tabn. 1.

Kniouegvie cnoea: nvpumunuH, anpnerunsl, 1,2.4-tpuaszono[l,5-ajmupumunuH, CTUPHI-
IIPOU3BOJIHBIE, TETEPOLIUKINIECKUE ATbACTHIBL

Teker craThy meuataercst uepe3 1.5 mHTepBana (Oe3 MOMapoOK M BCTaBOK) Ha Oenoit Oymare
cranzmaptHoro pasmepa (popmar A4) ¢ momsmu 3 cm ¢ JeBOM CTOPOHBL 1.5 cvm ¢ mpaBoit CTOpoHsL, 2.5
cm cBepxy, 2.5 cm cHmzy, pasmep uipudra — 12. Bee cTpaHHMIBI PYKOIHCH, BKIFOYAs CITHCOK
JIMTEpaTyphl, Pe3lOMe Ha JBYX s3bIKax M rpadudeckuii pedepar, HyMepyloTcs. YPaBHEHHUS, CXCMBI,
TaOMHIIbI, PUCYHKH M CCBUIKH Ha JIUTEPaTypy HyMEPYIOTCS B IIOPSJIKE MX YIIOMHHAHHS B TeKcTe. CITUCOK
LIUTHPYEMOH JIMTEPATyphI JOJDKEH BKITIOUATh CCHIIKM HA HanOoJIee CyIeCTBEHHbIE PaOO0ThI MOCIEIHIX
JIET 110 TeMe CTaThH, IPUYEM CTaThH CaMHX aBTOPOB (CaMOLMTUPOBAHS) HE JOJDKHBI IIpeBbath 40 %
OT BCEX CCBUIOK. B aBTOpCKMX 0030pax caMOIMTHPOBaHMS MOTYT nocturatb 60 %, HO, Kak U B
TEeMaTHIECKUX 0030pax, IIUTHUPYEMBIE CTaTbU JOJDKHBI BKIIOYATh B OCHOBHOM PaboThI mociexHux 10—
15 net. B TekcTe cTaThy IOMDKHBI ObITh YIOMSHYTHI BCE CCBUIKH, IPUBEICHHBIC B CIIUCKE JIMTEPATYPBL
CHHCOK JUTepaTyphl IIeYaTaeTcsl Ha OTACIBHON CTPAHHIIE C yKa3aHHEM WHHIMAIOB W (GaMuIuil Bcex
ABTOPOB.

Cnmcok JIUTepaTyphbl 10JKeH ObITH 0()OPMIIEH CIeAYIOIHM 00pa3oMm:

[1py uTHpOBaHUY CTaTel, OIyOINKOBAHHEIX 8 HAYUHBIX JCYPHALAX, BCIIS] 32 TIEPEUHCIICHHEM
Bcex aBTopoB (PHO) criemyer npUBOANTE Ha3BaHKE CTAThU, Jaliee Ha3BaHKeE KypHaJIa, TOJl, TOM, HOMep
(ecmm MmeeTcs) M CTpaHULB! (TepBas-iocienHss). [Ipy MTHPOBAaHMK PYCCKOS3BIYHOTO JKypHAJIa,
TIEPEBOIMMOTr0 Ha aHTJINICKHH, HEOOXO/IMMO TaKoKe MPHBOANTH CCHUIKY M Ha aHITIOA3BIYHYIO BEPCHIO.

Tpumepul ccvliok na cmamuu:

Das K., Konar S., Jana A., Barik AK.,, Roy S., Kar S.K. - Mononuclear, dinuclear and 1-D
polymeric complexes of Cd (II) of a pyridylpyrazole ligand: Syntheses, crystal structures and
photoluminescence studies // J. Mol. Struct., 2013, v. 1036, p.p. 392-401.

Jaiikos JIH., Yemoiniok FO.A. - Cuctema KBaHTOBO-xuMudeckux mporpamm "Ipupoma-04".
HoBble BO3MOXHOCTH HCCIIEZIOBAaHMSI MOJIEKYJSIPHBIX CHUCTEM C IPUMEHEHHEM HapalIeNbHBIX
Borurcienuii. / 3s. AH, Cep. xum., 2005, 1. 54, 3, c.c. 804-810 [Russ. Chem. Bull., Int. Ed., 2005, 54,
820-826].

Kuueu: byuauenxo A.JI., Baccepman A.M. CrabunbHblie paaukanbl. M., Xumus, 1973, 58 c.

ITpu 06CYKIEHNH YaCTHBIX BONIPOCOB YKA3bIBAIOT KOHKPETHYIO CTPAHHILY WIIH [J1aBy KHUTH.

A. @. Ioowcapckuii. TeopeTndeckue OCHOBBI XUMUH TeTePOLMKIIOB, Xumus, Mocksa, 1985, c. 57-
58.

Cmambu 6 cOOpHuKax:

Ona [Ixe., @apyk O., [paxaw /]c. K.C. B KH: AKTHBAIIUS ¥ KATATUTHYESCKHE PEAKIMH AJTKAHOB /
nof pea. KM. Xunna. M., Hayka, 1992, c. 39.

Ipy UTHPOBaHNK NMEPEBOAHBIX M3/IAHH MOCIE BHIXOIHBIX JAHHBIX PYCCKOSI3BIMHOM BEPCHU B
KBaJIpaTHBIX CKOOKaX HEOOXOAMMO YKa3aTh BBIXOJHBIC JIAHHBIE OPUTMHAIBHOTO M3nanus. Hanpumep:
Buytpennee Bpamierne moiekyi./ mox pea. B.J. Opsmwut-Tomaca. M., Mup, 1974, 374 c. [Internal
Rotation in Molecules, Ed. W. J. Orville-Thomas, Wiley, New York, 1974, 329 pp.].

ITamenmer: Ccplnasch Ha TATEHT WM aBTOPCKOE CBUICTEIBLCTBO HEOOXOAMMO YyKas3aTh
VHUIMAIE] ¥ (haMIITIH H300peTaTenel mim GUpMy-TIaTeHTOIepKaTelsl, HOMep ITaTeHTa H JaTy.

0. E. Hacakum, E. I'. Hukonaes, A. c. CCCP 1168554; b. 1., Ne 27, 90 (1985). J. E. Dunbar, J. W.
Zemba, US Pat. 4764608, 05.01.1994; Chem. Abstr., 100, 14852 (1994).

Juccepmayuu: Kopanes B.I'. ABroped. mucc. noxr.xuM.Hayk. «Hazeanue», ['opo, HHCTUTYT,
rof, CTp.

IIpozpammur: Sheldrick G. M., SHELXL93, Program for the Refinement of Crystal Structure,
Gottingen University, Géttingen (Germany), 1993.

FBanku oannsix: Cambridge Structural Database System, Version 5.17, 1999.

CChUTKH Ha HEOITyOIMKOBAaHHBIE PE3YJIBTAThl M YaCTHBIE COOOIIEHNST JAIOTCS HCKITIOUUTENBHO B
BHUJIC CHOCOK, a B CITMCKE J'll/ITepaTypr HE NPUBOAATCA U HE HyMepy}OTCﬂ.
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3aryiaBue CTaThH IODKHO MaKCHMAIBHO HMH(OPMATHBHO pacKpbiBaTth cyTh pabotel (Bold,
3arsaBHele, 12). Tlocie 3aronoBka criefyroT MHHIMANBI U damuanu aBropoB (AL IMamosH, Bold,
cTpouHsle, 12), Opranuzanuu (CTpOYHbIE, UTATHK, 12), SJIEKTpOHHAS MoYTa I HEPelUCKU. KpaTKas
aHHOTAIWs, B KOTOPOI cOOOIIaeTcs O LENH MCCIEAOBAHUS M MPUBOMISITCS OCHOBHBIE PE3yIbTaThl U
BBIBOJIbI PaOOTHL. AHHOTAIMSI HE JODKHA COAEp)KaTh HOMEPOB COEIMHEHMH, IKCIEepHMEHTaIbHBIE
JIaHHBIE U CCBUIKM Ha JIMTEpaTypy. B KOHIlE MPUBOAUTCS YUCIIO JIMTEPATYPHBIX CCBUIOK, PUCYHKOB U
Tabmm. [lanee IpUBOIATCS KITIOUEBBIE CI0Ba (5—7), OTpakaromiye OOIIHI THIT H3y9aeMbIX COSANHEHHI
1 XapaKTep PeaKIiii.

[NoBTOpeHne OMHUX W TEX XK€ HaHHBIX B TEKCTe, TAONMIaX M Ha PHUCYHKaX He IOITyCKaeTCs.
Kaxmast Tabmima M pUCYHOK JODKHBI OBITH 03aIjIaBiCHBl M COIPOBOXKIATHCS TOAIHCEHIO, HE
IyOmmpyromielf ocHOBHOM TekcT. KommdecTBO pHCYHKOB JOIDKHO OBITH CBEJEHO K MHUHHMYMY.
IpuBeneHue ogHNX U TEX XKe CTPYKTYPHBIX (POPMyIT HECKOJIBKO pa3 He JOITyCKaeTCsl.

B nauane DkcriepIMeHTaNbHOI YacTu MPHBOASTCS HA3BaHHs MPHOOPOB, HA KOTOPBIX MOIYYEHBI
(M3HKO-XNMIIECKHE XAPAKTEPUCTHKU BEIIECTB, yKAa3bIBAIOTCS JIMOO HMCTOYHHKH HCIONB30BaHHBIX
HETPUBHAJIBHBIX PEareHToB (HarmpuMep "KOMMepUYeCcKHe MperapaTsl, Ha3BaHue GupMer"), 1Mo JaroTcs
CCBUIKM Ha MeTOAMKM HX THoiydeHus. Kaxapli mnaparpag 3SKcrepuMeHTAILHOH YacTH,
ONMCBHIBAIOIIMIT TOy4YeHHE KOHKPETHOIO COCJIMHCHMs, /JOJDKEH COJep:KaThb ero IO0JIHOe
HauMeHoBaHue 1o HomeHkjaatype MIOITAK u ero nmopsinkoBblii Homep. [l Bcex BIIEpBbIC
CHHTE3UPOBAHHBIX COEIMHEHHH, OIHCHIBAEMBIX B JKCHEPUMEHMANLHOU uacmu, HEOOXO0IIMO
MIPUBECTH JI0KA3aTeNbCTBA MPUIUCHIBAEMOTO MM CTPOCHHS M JJaHHBIE, MO3BOJIIIOMINE CYIUTh 00 MX
WHAUBUIYaTbHOCTH W CTENCHH YHCTOTHL. B YacTHOCTH, HOMDKHBI OBITH IPEACTABICHBI JAHHBIC
3JIEMEHTHOTO aHAIM3a WIM MAaCC-CIIEKTPhl BBICOKOTO paspeiueHus M crekrpsl H SIMP  (pu
HeobxoauMocTH criekTpsl *C SIMP). JInis H3BECTHBIX BENIECTB, CHHTE3MPOBAHHBIX OIMYOTMKOBAHHBIM
paHee METOJIOM, JI0JDKHA OBITH IIPUBEICHA CChUIKA Ha JINTEpaTypHbIE JaHHBIE. J{11 N3BECTHBIX BEIIIECTB,
MOJIyYECHHBIX HOBBIMM WJIH MOIM(MHIMPOBAHHBIME METOJAMHM, JOJDKHBI OBITh TNPECTABICHBI HX
(u3MYecKiHe W CHEKTPOCKONMYECKHE XapaKTePHCTHKH, WCIOIB30BaHHBIC Il IOXTBEPKICHUS
HIICHTHYHOCTH CTPYKTYpPBI, METOJ] CHHTE3a U JINTepaTypHbIe TaHHbIe. [Ipy ormicaHny SKCIIEpUMEHTOB,
XapaKTEePHUCTHK COEAMHEHUH, CHEKTPOCKOMMYECKHX U KPUCTAIOrpadidecknx OaHHBIX CIETyeT
PYKOBOZCTBOBAThCS YKa3aHISMU, H3JIOKEHHBIMH HIDKE B HacTosinumx [IpaBumax.

Ecii, mo MHEHHIO pelieH3eHTa HIIH PeJaKTOpa, HOBBIE COSMHEHIS He OBLIH yOBIETBOPUTEIIHHO
OXapaKTepH30BaHbI, JTUOO CTaThsd HE COJIECPKUT HOBBIX METOJOB CHHTE3a M HOBBIX XUMHYECKHX
TNpEeBpaIleHHH, a TAK)Ke CHHTE3UPOBAHHBIE BEIIECTBA HE SIBISTIOTCS HOBBIMY, CTaThs HE Oy/eT NPUHSTA
K MevaTy.

Cratpsa 3akanumBaercs Cnuckom aumepamypul. CCbUIKM Ha JIMTEPaTypHble UCTOUHUKU B
TEKCTe M HOMepa CChUIOK B CIHCKE JIMTEPaTyphl, IPUBOIATCS B KBAJIPATHBIX CKOOKaX M HyMepYyIOTCs
CTpPOTO B MOPSIAKE UX YIOMHUHAHUSA. [107] OTHIM HOMEPOM MOJKET OBITh YKa3aH TOJIbKO OAMH HCTOTHHK.
VYCoBHBIE COKpAIIEHUsS HA3BaHMH PYCCKOS3BIMHBIX JKypPHAIOB M CIPAaBOYHIKOB TIPHBOASATCA B
COOTBETCTBHH C COKPAIICHWSIMH, NPHHATHIMEA B PedepatnBHOM *KypHame XUMIS, aHITIOA3BIYHBIX U
JIPYTUX MHOCTPAHHBIX JKYPHAIOB — B COOTBETCTBHU C COKpAICHHSIMH, pekoMeHayembiMu Chemical
Abstracts WM HCIIOIB3YEMBIMH CAMUMH THMH XKy pHATaMH.

Bce ccbulkM JaroTcsi B OpPUTMHAIBHOW TPAHCKPHIIINK, HeporTMQuyYeckue TEKCThl MOTYT
LIATHPOBATHCS KaK B PycCKoii (cM. PehepaTnBHBIi )KypHAIT XMMHN), Tak U B natnHCKoit (cM. Chemical
Abstract) TpaHCKPHIIIIUH, HO eMMHO00pa3Ho. [IpenmoyTurenbpHee TaTHHCKAS.

Tonmbko B TEKCTE MOXHO HCIOJIB30BAaTh PyCCKHe abOpeBHATyphl UL PacHpOCTPaHEHHBIX
peareHTOB, pactBopuTenci m ymrannos: Hampumep [MJIC — rekcamermnaucunokcad, [M®A —
rexcameTmwihochorpramun, IMCO — mamermwicynbdokenn, MDA — mumernnpopmamua, TI'O —
terparuapodypas, TMC — TeTpameTmiICHIaH, ¢ pacuIi(pPOBKOH Y MEPBOM YIIOMHHAHHH.

PexomeHyercs IpuMeHsITh B popMyJiax CieIyromue yCIoBHbIe 0003HaueHus : ankmi — Alk, apuin
— Ar, rerepui — Ht, ranoren — HIg, CHz — Me, C2Hs — Et, CsH7 — Pr(i-Pr), C4Hs — Bu (cootBercTBEHHO
s-Bu, i-Bu, t-Bu), CsHs — Ph, CH3CO — Ac, me3un — Ms, To3ui — TS.

[Ipu couerannu 1MGPOBBIX IMHMGPOB ¢ OyKBEHHBIMH HMHICKCAMH HCIIONB3YIOTCS OYKBBI
naTuHCKOro andasuTa. CoeMHEHNUS POJCTBEHHOH CTPYKTYphI MIU(PYIOTCs 00Iel 1mdpoi, HanpuMep
RX (2); nist 0603HaYeHHS] MX IPOM3BOIHBIX, COAEPIKAIINX PA3THMYHbIE 3aMECTUTENH, HCIIOB3YETCS Ta
e 1udpa ¢ GyKBEeHHBIM HHIEKCOM, Harpumep, cupT X = OH (2a), arerar X = OAc (2b), Tosunar X
= OTs (2c¢). [Ipu ynmoMHUHAHWHK TIOJHOTO HAa3BaHWS COENUHEHMsS UMD xaercs B ckoOkax. Hemp3s
yIoOTpeOATh H(pPbI 6e3 00001IAIoIIero CII0Ba (HAIpUMEp, PEAKIMs COeTMHEHNsT 2¢, HO HE PeaKIys
2c).
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JKcrnepuMeHTAIbHASI YaCTh I0JDKHA OBITh HallMcaHa B HACTOSIIIEM BpeMEHH (KHISITST, CYIIAT,
yaaasiior u T. 1.). 11 BHepBble ONMCAHHBIX COEIVHEHWH INPUBOAUTCS MOJHOE Ha3BaHHE IO
Homenknatype MIOITAK. B DkcriepuMeHTaNbHOM YacTH MPH yKa3aHUU Macchl (pasmepHocTh- |talic)
BBEJICHHBIX B PEAKIMIO PEareHTOB OJJHOBPEMEHHO NPHBOUTCS HX MOJIIPHOE KOJIMYECTBO, HAIpUMep: "
... 0.103 2 (1.0 mmonb) 2-3THHUIMHPUIKHA...". B drCcIIax IecCATHYIHbIE pa3psiibl OTACISIOTCS TouKoii (!).
B smmupudeckux 6pyTTo-hopMysax neMeHTbl pacnoiarartes mo cucteme Chemical Abstracts: C, H
1 J1ajiee COTMIacHO JIATHHCKOMY aiidaButy. PopMyIsl MOJIEKYISIPHBIX COSIMHEHNH U OHHUEBBIX COJeit
natorcst gepe3 Touky (Hanmpmmep CeHizN2e2HCI). Ilpn ommcaHvM WMCIONB30BaHUS TOHKOCIIOWHOMN
XpoMarorpauu Ui OYHCTKH MPOIYKTa PEaKIIIH, JOJDKHBI OBITh YKa3aHBI KaK COPOEHT, TaK U HIIOCHT.
Ou3uueckre KOHCTAHTBI U CIIEKTPAIbHBIE XapaKTEPUCTUKH PEKOMEHIYETCS CBOIUTH B TaOJIHIIEL
VYnomuHaeMble B 3aroJioBkax rpad TaOJMIbI BENMYMHBI JIOJDKHBI COIPOBOXKIATHCS OTAEICHHBIM
3aIsTOM yKasaHHeM, B KaKMX GAMHHIAX OHH BhIpakeHb! (Hampumep: "Boxon, %"). ®usmko-
XUMHMYECKHE XapAKTEPUCTHKH BEIECTB HEOOXOAMMO yKa3aTh B HIDKCHPUBEICHHOM HOpSIKE.
Temmeparypa IUIaBJICHHS U KUMEHUs. J[Hara3oH TeMIIepaTyphl IUIABICHHS BMECTE C PACTBOPUTEIIEM,
HCHOJIB3YEMBIM TIPH NEPEKPHUCTANTM3AINH, CIEAyeT YKa3blBaTh U KKIOTO KPHUCTaIMYECKOTO
MPOJIyKTa, Harpumep, "kénteie uribl, T. Wi 78—79 °C (EtOH) (r. mwt 79-80 °C (EtOH) [12])".
AHAJIOTHYHO JUTS )KHIKUX TPOIYKTOB — TEMITEpaTypa KHIIEHHUsI, HarpuMep "OecIiBETHOE Maciio, T. KHII.
127-128 °C (10 MM pr. cT.)".

UK u Y® cnekrpsl. B sxcnepumenransioit gacta 11t UK n YO criekTpoB JOKHBI OBITH
YKa3aHbI TOJIBKO XapaKTePHCTHYECKUE YacTOThI MOJIOC U JUTMHBI BOJIH MAKCUMYMOB moryiorieHust. TK
criekTp (TOHKHH coif), v, em—1: 1650 (C=N), 3200-3440 (O-H). V@ cnektp (EtOH), Amax, HM (lg €):
242 (4.55), 380 (4.22).

Crextpni IMP *H 1 13C. JIo/KHBI GBITh yKa3aHBI 4aCTOTa IPUOOPA, HCTIONE30BAHHBIN CTAHAAPT
u pactoputenb. Ecmm mis AIMP *H u 3C ucronssyercs ne TMC, To ciieflyeT yKa3aTh XUMHUECKHIA
CIIBUT CTaHIapTa B mKaje d. J{1st 0003Ha4YeHNs TIOJI0KEHHUST aTOMOB BOJIOpPOJIa CIIEAYET HCII0JIb30BaTh
o6o3nauenwst taa H-3. [IpoToHBI B coCTaBe CIIOYKHBIX IPYIII, K KOTOPBIM OTHOCHTCS CHTHAJI, CIISyeT
noruepkHyTh cHu3y [3.17-3.55 (4H, m, N(CH2CH3)2)]; st mostoskeHust 3amMecTuresiei 0003HaueHus 3-
CHs3; 1 0003HaUEHHS MOJIOKEHUS aTOMOB Menonb30BaTh: C-3, N-4 u 1. 1. Ecii Kakoii-1100 CUrHan B
CIIEKTPE ONHCHIBACTCS KaK JyOJeT, TPUIUIET U T. II. (2 HEe CHHIJIET MJIH MYJIBTHIUIET), TO HEOOXOJUMO
npuBectH cooTBercTBytomee KommaecTBo KCCB (Js6). CurHamel JOMDKHBI OBITH HPUBEACHBI JUISL
KaXI0r0 HOBOTO COCAMHEHMA. ECIM HpoBeieHbl MOAPOOHbIC MCCICNOBAHMS Ui YCTaHOBJICHHS
CTPOCHHS WJIM TIPOCTPAHCTBEHHBIX B3aMMOJIEICTBHIT aTOMOB, IODKHBI OBITh YKa3aHbI HCTIOIb30BaHHbIE
2D meropnsl.

IIpumepsI 3anucu:

Cnexmp SIMP *H (400 MTI'y, CDCl), 8, m. . (J, I'y): 0.97 3H, T, J = 7.0, CH3); 3.91 2H, x, J =
7.0, COOCH2); 4.46 (2H, 1, J = 6.1, NCHy); 7.10-7.55 (9H, M, H-6,7,8 + NHCH2CesHs); 7.80 (1H, ¢, H
Ar); 7.97 (1H, ¢, H-5"); 8.13 (1H, &, Js6 = 8.2, H-5); 11.13 (1H, ¢, NH). Criektp SIMP 3C (100 M7y,
CDCls), 3, m. 11.: 16.8 (CHs); 36.3 (CH2); 48.5 (C-5); 121.6 (C-3); 123.0 (C-9); 125.8 (C-3'5"); 128.9 (C-
6); 134.4 (C-5a); 143.4 (C-10a); 148.3 (C-8).

Macc-cnekmpol IPUBOIATCS B BHJE YUCIOBBIX 3HAYCHWH M/Z W OTHOCHTENBHBIX 3HAYCHUN
HOHHOTO TOKa B IOCTPOYHOM 3aIMCH WK B BHE TaOMIBL. Heo0XoqmMmo yKa3bsIBaTh HCHIOIB30BAHHYIO
Pa3HOBHIHOCTh METOJa MOHH3AlMM, SHEPrHI0 MOHM3AIMH, MacCOBBIC YKCIA XapaKTePHUCTHYECKUX
HOHOB, MX I'€HE3UC U MHTEHCUBHOCTb [0 OTHOIIEHUIO K OCHOBHOMY MOHY. Macc-ciiektp (Y, 70 3B),
M/z (low, %): 386 [M]* (36), 368 [M—H20]* (100), 353 [M—Me]* (23). Macc-cniektp (XU, 200 5B), m/z
(lom, %): 387 [M+H]* (100), 369 [M+H- H20]" (23).

Ilpumep 3anucu Oannvix macc-cnekmpa 6vicokozo paspeuwienus: Haiineno, m/z: 282.1819
[M+Na]*. C17H2sNNaO. BerarcneHo, m/z: 282.1828.

Tpumep 3anucu dannvix 31emenmnozo ananuza: Haiineno, %: C 55.22; H 4.09; Br 20.42; Cl
9.04; N 7.18. C18H16BrCIN20. Brrancneno, %: C 55.19; H 4.12; Br 20.40; C19.05; N 7.15.

JlaHHBIE PEHTTEHOCTPYKTYPHOTO HCCIENOBAaHUs CJENyeT MNPEAOCTaBIATh B BHIE PHCYHKA
MOJIEKYJIbI C IPOHYMepoBaHHbIMU aToMamy, Harpumep C(1), N(3) (o Bo3MOXHOCTH B IPECTaBICHHN
aTOMOB DJUTMIICOMIAMH TEIUIOBBIX KojeOanuii). TTonHble KprcTaiorpaguyeckue AaHHbIE, TAOIHIIbI
KOOpIIMHAT aTOMOB, JUTHH CBSI3¢i M BAJICHTHBIX YIVIOB, TEMIIEpaTypHbIe (aKTOPhI JACTIOHUPYIOTCS B
KeMOpumKcKoM OaHKe CTPYKTYPHBIX JaHHBIX (B CTarbe YKa3blBaeTCs PErMCTPAIMOHHBIA HOMEp
JICTIOHEHTA) MK TIPUBOJIATCS B (haiiyie COnpOBOANTENBHBIX MATEPUAIOB.

s opopmiieHnss XUMHYECKHX (OPMYNT M CXeM MpPEBpalICHUH CleqyeT WCIOoIb30BaTh
nporpammsl ISIS Draw uimn ChemDraw, gont — Times New Roman.
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