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Mnmoctpauma B meTadopuyeckoin ¢opme nNokasbiBaeT
npouecc NOAHOrO OMNWCaHMA OTAENbHOW KaTa/lIMTUYECKU-
aKTMBHOWM HAHOYaCTMLLbI, NOKPLITON KNacTepamm nannagams, c
MOMOLLBIO  3NEKTPOHHOM  MWMKPOCKONMW U METOA0B
MalUMHHOro 06y4yeHuA. LleHTpanbHbIMM 06bEKTaMM CLEHbI
: ABNAIOTCA fABa pobOTa, OAMH M3 KOTOPbIX YyAeprKuBaeT
ST L L HaHOYacTULY W PErUCTPUPYET ee MNOJIOKEHWe, Toraa Kak
Apyroi poboT BbINOAHAET IOKAIN3ALMIO KNacTeEPOB MeTanna
Ha ee noBEepXHOCTU. J[laHHble, TMOAyYeHHble 0boumM
poboTamn, HanpaBAAlTCA Ha 06paboTKy MeTodamm
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4761 10.4 138,425,744 aHa/M3a BbIBOAATCA Ha gucnaen, n306pakeHHbI B HUXKHEN
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Yyactm wuanlcTpaumm. B pesynbrate uvccnepoBaHuAa  Bce
KnacTepbl mMeTas/ia Ha MOBEPXHOCTM YacTULbl OKa3biBAlOTCA
naeHTMdULMpoBaHbl. Mcnonb3oBaHMe o06pas3oB poboToB,
MUKPOCXEeMbI M KOMMNbIOTEPHOTO AMCMNEN NOAYEPKMBAET aBTOMATUYECKYO NPUPOAY aHaIn3a, ee MallMHHYHO
CYLLHOCTb, B OCHOBE KOTOPOW /IEXKUT UCKYCCTBEHHbIA MHTENIEKT, YTO NPUAAET M306paXKEHUIO KOTHUTUBHbIN
ACMeKT, TO ecTb AaeT HenoAroToBAEHHOMY 3pUTENO0 MPeacTaBleHWe O CYLHOCTM TaKoro aHanusa. Ona
pPa3BUTMA 3MOLMOHANbHOW COCTaBAAOWEN MNPOU3BEAEHUA WMCMOMb3YETCA O/IMLETBOPEHME - HadeNleHue
O4HOro M3 PobOTOB YEPTAaMM HKUBOTO CyLLECTBA: 0GOPMIEHHOMN U YETKO OT/IMMMMOM OT «Tena» rofioBbl, Ha
KOTOPOW pacno/0XKeHbl KaMepbl-r/1a3a M NYYOK aHTEHH. B pe3ynbTaTe 3TOro 3pMTens Ha4MHaeT BOCIPUHUMATD
n306pakeHHbIX POOOTOB He KaK 06BbEKTbI NPeaMETHOM BM3yasiM3aLMK, @ KaK OA4yLIEBNEHHbIX NEPCOHANXKEN,
YYaCTBYIOLWMX B COBMECTHOM MUCCNEA0BaHMU. DNEMEHTAMM 3CTETMUECKOIO acneKTa UACTPaLMmM ABNAIOTCA
MCNONb30BaHME OAHOPOAHOrO TEMHOIO GOHa U SIOKaNbHOTO HanpaB/AEHHOFO OCBELLEHUSA, NO3BONAIOWMMM
€034aTb U3006pasnTeNbHbIN aKLEHT Ha ob6beKTax cueHbl. Kpome 3Toro, TemHbii GoH 3ddeKTHO BblaenseT
MHOXEeCTBO WCTOYHWKOB CBETA, MCMONAb30BaHHbLIX B WAMOCTPALLMKM, UYTO XapaKTEPHO A1A MPOu3BeneHUi
M306pa3nTENbHOMO MCKYCCTBA, MOCBALLEHHbIX BbICOKMM TEXHO/MOMMAM, a TaK¥Ke [aeT BO3MOMKHOCTb
NpPUMeHeHNA 06BEMHOIO OCBELLEHMA, KOTOPOE AeNaeT BUAMMOW TPAEKTOPUIO € CKAHUPYIOLLEFO Sly4a» OAHOro
u3 poboToB. ABTOp UAOCTpaummn K.x.H. E. I Topgees (2022).
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KOHUENUUMA NONHOCTbIO OMNPEAENTEHHOIO KATAJINSATOPA: KOMBUHALUA ®USUKO-
XUMUYECKUX METO0B UCCZIEAOBAHUA U TNTYBOKOIO OBYYEHUA PACKPbLIBAET
HEOBbIYAMHYIO AKTUBHOCTb OTAE/IbHbIX YACTULL Pd/C

TpaAMUMOHHO MccieaoBaTeNn AENAT KaTa/M3aTopbl Ha rOMOreHHble U reteporeHHble. MMepsblid TMM
KaTa/NM3aToOpoB npeAacTasnset coboil MHAMBMAYA/bHOE BELLEeCTBO, MMEIOLWEe KOHKPETHYH XMMMYECKYHo
bopmyny U CTPYKTypy (Hanpumep, rasoreHuz nAaTMHbl, KOMIMJIEKC Nannagua v T.M.) U BCE MONEKY/bI

/ A TONs and loadings of Pd in heterogeneous reactioms\

This work
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PucyHok 1. (A) CpaBHeHWEe aKTUBHOCTM
reTeporeHHbIX KaTa/M3aTopoB, OMNybAMKOBaHHbIX
paHee K B onucbiBaemol paboTe; (B) cxemaTuuHbIl
3axBaT WMHAMBUAYANbHbIX YacTWL, KaTanausatopa
HaHOMaHMNYNATOPOM; n (Q) 06paboTka
MOAYYEHHbIX OaHHbIX HENPOHHOM ceTblo AnA
NoJHOro onucaHus KaTa/nsatopa no
PacroNiOKEHUIO M MPOYMM  XapaKTepucTUKam
HaHo4acTuu,

FTOMOreHHOro KataamsaTopa MAEHTUYHbI  MeXay
coboli. WccnepgoBatenb MoxKeT noayuntb 100 T
KaTanus3atopa, a Ha aHanm3  (AMP,  macc-

CNEKTPOMETPUSA, PEHTFEHOCTPYKTYPHbIN aHaN3) B3ATb
Bcero 10 mr (0,01% oT obuwei macchl) U onpeaenunTb
TOYHYIO  CTPYKTYpPYy  MOJIYYEHHOrO  COeAMHEHMUSA.
OcTaBweeca Belectso (99,99 %) 6yaer B TOYHOCTM
COOTBETCTBOBATb CTPYKTYPE, ONnpeaenieHHON paHee n3
HebonbLWOM ero Yacti. Ho BTOpPOM TMM KaTaan3aTopos,
reTeporeHHbl, TakMM CBOWCTBOM He obnagaer.
Hanpumep, npu ocaxkaeHMM HAHOYACTUL, NaaNaama Ha
rpaduT, HMKAKON 3aKOHOMEPHOCTM BO B3aAUMHOM
pacnosoxeHun/pasmepe 4vactuy, Habnwogatbca He
6yaeT. 9To MOXKHO CPaBHUTL € pa3bpacbiBaHNEM 3epeH
Ha cTtone. Ecamn caenatb 100 6pockos no 1000 3epeH 3a
pa3 mMbl noay4num 100 pa3HbIX KOMOUHALWI B3aMMHOIO
pacnosnoXeHma 3epeH, parke obliee MX KOANMYECTBO
pa3 OT pasa MOMKET OT/IMYaTbCsA, MOCKO/IbKY 4YacTb
MOXeT ynacTb cO cTona. Tak M MNpu ocaxaeHuu
HaHOYacTUL, MeTaina Ha  Hocutenb  byget
BapbMpoBaTbca Gopma, pasmep, obliee KOANYECTBO
HaHo4acTuy, Ha OTAENbHbIX MMKPOYACTULLAX
KaTasmnsatopa. A OT 3TOro 3aBMCUT KaTa/lMTUYecKan
AKTMBHOCTb MO/IY4EHHOWN CUCTEMDbI.

OgHMm  n3  Hambosee  pacnpoCTPaHEHHbIX
MEeTOL0B NCCNeA0BaHMA reTePOreHHbIX KaTan3aTopos
ABNAETCA 3/IEKTPOHHAA MUKpocKonuA. Ho aToT meTop,
OYeHb BPEMA3aTPaTHbIN. 3a MOJHOLUEHHbIN pabounii
AeHb, MOMeCTUB Nog, MMKPOCKon 1 mr KatanusaTopa
Pd/C (HaHo4acTMUpbl Mannagus Ha akTMBMPOBAHHOM
yrae), MOXHO paccmoTpeTb He 6Gonee 102% ponm
noBepxHocTM. [anee penaertcA  3KCTpanonsauuma
NOJIYYEHHbIX AaHHbIX HA OCTaBLUMIACA KaTanusaTop. B
CBA3M C 3TMM BO3HMKAET WHTepecHaa npobnema:
nccnepoBaTeslb Masio YTO 3HAeT O KaTa/M3aTope,
KoTopbIit fobasnseT B cuctemy!

B paHHOM paboTe Mbl cmorin 06OUTU 3TO
orpaHuyeHue, paspabotaB KoHUenT [lonAHOCTbIO
OnpepeneHHoro Katanunsatopa.

Mpy nomowM chneunanbHOro YyCTpoicTea —
HaHOMaHUNyNATopa  y4anocb  3axBaTuTb U
M30/1MpPOBaTb OT O0OWen maccbl OTAEeNbHblE
MMKpOYacTULbl KaTannsaTtopa Pd/C. NMocne yero atn
oTAeNbHble YacTuubl 6blIM - MCNOb30BaHbl B
KaTanuse peakumun Cysykn-Muaypeol.



3axBayeHHble YacTuLbl Umenu guameTp oT 0,5 40 HECKONbKUX MUKPOMETPOB, baarogapsa yemy yaanocb
nony4mTb MMKpodoTorpadmio, Ha KOTOPOI MOXKHO PA3NMUNUTL OTAE/bHblE HAHOYACTMLbI Nannaaus.

MocKo/bKY AaxKke Ha Takoi He6obLIOM NoWaaAn MHAMBMAYANbHOM YacTULLbl KaTaIM3aTopa HaHOYaCTUL,
npUcyTCcTBYET B Konndyectse oT 500 eanHUL, A0 COTEH TbICAY MPAKTUYECKM HEBO3MOMKHO OMMCATb Kaxayto
HaHoyacTuuy. Moatomy 6blia UCMNO/b30BaHa crneuyanbHO pa3paboTaHHasa HeMpoHHas ceTb, cnocobHas
aHaNM3MpoBaTb M300parKEHUA C 3NEKTPOHHOrO MUKpOCKona. TakMm o06pa3om, Becb reTeporeHHbIM
KaTa/an3aTop, KOTOPbI WMCNO/b30Ba/AM B peakuuu, Obll NpoaHanu3MpoBaH, a KarKAaAd HaHovacTuua
pacrno3HaHa HeMpOHHOW CeTblo, MPOHYMepoBaHa U Bblan onpeaeneHbl eé napameTpbl (popma, pasmep,
B3aMMHOE PACcno/ioXKeHME MO OTHOLLEHMIO K APYrMM HaHO4YacTULLAM).

Mocne npoBeaeHua peakumn CysyKuU-Musiypbl Ha NOJIHOCTbIO OMNPEAENEHHbIX YacTULLAX KaTa/mM3aTopa
METOAO0M MACC-CMEKTPOMETPUM C MeYeHbIM CTaHAApPTOM OblI0 U3MEPEHO, CKOIbKO MPOAYKTA peakumu
0bpa3oBanocb. IKCNEPUMEHT MO ONpPeaeNeHU0 KaTalMTUYECKON aKTUBHOCTM MHAMBUAYANbHbIX YacTuu,
KaTa/ansatopa Aan HeoXMAaHHbIM pe3ynbraT. OKas3anocb, YTO MX aKTMBHOCTb B MPOBEAEHHOW peaKkuunu
pocturana 10° (4Mcno, nokasbiBalollee CKOMbKO MOMEKYN NpogykTta 6bi1o nonyyeHo Ha 1 aTtome
KaTanmsatopa) 3a 24 uvaca. Ha fJaHHbIM MOMEHT 3TO camoe BbICOKOe ony6/IMKoBaHHOE 3HauyeHue
KaTa/IMTMYECKOM aKTUBHOCTU reTepOreHHOro KataamnsaTtopa. [pMunHa CTo/1b BbICOKOM aKTUBHOCTM MOKa elle
Hens3BecTHa, HO Oblno caenaHo MpPeano/NoXKeHWe, UYTO Ha OTAe/IbHbIX 4YacTMUAX KaTanmsaTopa BcA
NOBEPXHOCTb AOCTYNHA A1 peareHTOB U UCKAOYEHO B3aMMHOE NepeKpbIBaHNE U CAMMNAHUE MACCMBa YacTUL,
KaTasnmsatopa. TaK:Ke, BBUAY 0COBEHHOCTN MexaHM3ma npoBoauMon peakumm CysyKn-Muaypbl, nannaguni
nepexoguT B PAcTBOP C MOBEPXHOCTM YacTuubl. O4HAKO KOHLEHTpPauMA naniafma HacTo/bKO Mana, yto
CTaTUCTUYECKAn BEPOSTHOCTb CTO/IKHOBEHMSA ABYX YacTul, B 06beme pactBopa 6/1M3Ka K Hynto. ITO KpaiHe
BaYHO, MOCKONbKY OAHWUM M3 OCHOBHbIX NyTel Ae3aKTUBALMM KAaTaIM3aTopa KaK pas ABAAETCA CAUNaHMeE m
POCT YacTuu, nannagus B pacTBope. B uccneayemolt cucteme 3TOT NyTb [€3aKTMBALUMW KaTasmsatopa
MUWHMMMU3UPOBAH, bnarogapa yemy U HabnoaaeTca pekopaHan KaTaMTUYeCcKan akTUBHOCTb.

TakMm 06pasom, YyHMKaNbHOE COYETAHME 3/EKTPOHHOM MUKPOCKOMWMKM, HEMPOHHbLIX ceTei U macc-
CNEKTPOMETPUM BbLICOKOTO paspelleHns MNo3BOAUMNAO He TONbKO pas3pabortaTb HOBbIM noaxod no
NCCNEAO0BAHUIO FreTepPoreHHbIX KaTasnM3aTopoB, HO M OTKPbLIIO PEKOPAHYIO Ha CErOAHALHWIN aKTUBHOCTb
MHAMBKUAYaANbHbIX YacTuL, KaTannsatopa Pd/C.

Ccbinika:

D.B. Eremin, A.S. Galushko, D.A. Boiko, E.O. Pentsak, L.V. Chistyakov , V.P.
Ananikov, Toward Totally Defined Nanocatalysis: Deep Learning Reveals the
Extraordinary Activity of Single Pd/C Particles, J. Am. Chem. Soc., 2022, 144,
13, 6071-6079, DOI: 10.1021/jacs.2c01283
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MEXMOJIEKYTAPHAA ®OTOKATAIUTUYECKAA XEMO-, CTEPEO- U PETUOCE/ZIEKTUBHAA
PEAKUMA TUON-UH-EHOBOIO COYETAHUA

MoucK pasINYHbIX KaTa/IMTUYECKMX CUCTEM, HaMNpaBaeHHbIX Ha 0bpa3oBaHUe CBA3U YINepoa-yrnepos u
yrnepog, retepoatom (cepa, Kucnopog, asoT, docdop W.T.A4.) ABASETCA aKTya/ibHOM 3agadveirt Aans
nccneagoBaTesie Ha CerogHALWHMIA AeHb. Mcnonb3oBaHWEe BO3MOMKHbIX KOMOMHaLWI MEeTOA0B M NoAXoA08B
NO3BOASAET MOAYYaTb C BbICOKMMWN BbIXOAAMMU M CENEKTUBHOCTbIO WMPOKUIA pad npoaykToB. OgHAKoO 4acTo
NPUXOANTCA WCNO/Mb30BaTb HECKO/IbKO CTaauMi A CUHTE3a UefieBoM MoJiekysbl. Mcnosb3oBaHue
MHOTOKOMMNOHEHTHbIX PeaKLM NO3BOIAIOT NPOBOAUTL CUHTES COXKHbIX MOJIEKYN B OAHY CTaAMIO MCNO/b3yA
npu 3TomM pa3HoobpasHble Manble MOJIEKYNbl. Kaxkapl HOBbIA cybcTpaT, Hanpumep, nepexosg OT
TPEXKOMMOHEHTHOM CUCTEMbI K YETbIPEX MW AaKe NATUKOMMIOHEHTHON OTKPbIBAeT LUMPOKME BO3SMOXKHOCTHU
B NOCTPOEHMM MOJIEKYN PA3/INYHOM CIOKHOCTU, HO B TO *KE BpemMs co3aaeT A0NOIHUTE/IbHbIE TPYAHOCTU ANs
npoBeaeHMA peakumu.

/ R3SH SR3® ) modular synthesis from only alkynes and thiols \
- = /J\ atom-economic addition reactions
— R4 R*
R? SRS R2

ST T T T TS T T T T T \ > 1 —_— 1
' formal four- — R? R Sy\)\R“ R SJ\/AR“

: component coupling

| 4 6

\iall intermolecular R'SH ) + all metal-free + activated diene/

PucyHOK 1. O6u.|,a$| KoHuUenuuna MHOFOKOMMNOHEHTHOW peakynm TMon-nH-eH Co4YeTaHunA.

B naHHOWM paboTe BnepBble ONUCAH NPUMEP MEXMONEKYNAPHOM peakuUn TUON-UH-eH COYeTaHuA, B
KOTOPOI CUMHXPOHHO NpoUCXoaAUT obpas3oBaHWe CBA3el yrnepog-cepa W yrnepoa-yrnepog (puc. 1).
Ncnonb3oBaHWe GOTOKATAUTUHECKOWN CUCTEMBI HA OCHOBE J03MHa Y, He cogepiKallel meTanna, noaasnset
nepeHoc atoma Bogopoga (HAT) M accoumaTUBHyHO an-KOHBepcUio BoccTaHoBuTend. Kpome 3Toro
nccaefoBaHNE MEXaHU3Ma pPeakumm NyTeM CoYeTaHUsA OHNAMH Macc-CNeKTPOMETpUK, cnekTpockonum IMMP,
MeYeHUss N30TOMOB, ONpPeAeneHMA KBAHTOBOMO BbIXOAA, LMK/ANYECKON BOAbTAaMMNEPOMETPUMN, U3MEPEHUN
LWtepHa-®Ponbmepa UM KOMMbIOTEPHOTO  MOLENMPOBAHWUA,  MO3BOJIUIO  BbIABUTb  YHWKA/bHbLIN
$GOTOOKMCAUTENBHO-BOCCTAHOBUTE/IbHBIN LUK/ C YETbIPpbMS CTaAMAMM C y4acTuem paguKkanos (puc. 2). Ha
PUCYHKE Hafh KarKAbIM pPagMKaioM OMMCAHO, KaKMM MeTogOM NOoATBEpXKAeHO ero obpasosaHue. B
pe3synbTaTe 6blIN NOoNYYeHbl HEAOCTYMHbIE paHee NPOAYKTbl COYETAHUA C XOPOLUMMM BbIXOAAaMMU U BbICOKOM
CE/IeKTUBHOCTbIO. TakMe CoeguMHEeHUA MOTYT CAYXKUTb CTabuabHbIMKU MpealecTBEHHMKaMW O1a CUHTe3a
CMHTETUYECKM BOCTPebOBaHHbIX aKTUBMPOBaHHbIX 1,3-aMeHOoB.
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PucyHoK 2. MexaHn3m peakunm TPEXKOMNOHEHTHOrO TMON-UH-EeH COYeTaHuA.

Ccbinika:

JV. Burykina, A.D Kobelev.,, N.S. Shlapakov, AYu. Kostyukovich, A.N.
Fakhrutdinov, B. Konig, V. P. Ananikov, Intermolecular Photocatalytic Chemo-,
Stereo- and Regioselective Thiol-yne-ene Coupling Reaction, Angew. Chem.
Int. Ed., 2022, 61(17), €202116888, DOI: 10.1002/anie.202116888
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CUHTE3 FETEPOATOMHbIX CO/IEM UMUAA30/(UH)UA B O4HY CTAQMIO

YBnekatesbHaa U pasHOO6pasHaaA XMMUSA FETEPOLIMKINYECKUX COEANHEHNI MO NPaBYy 3aHMMAET OA4HO U3
NUANPYIOWMX MOJOMKEHUI B 0bnacT opraHuyecko xumuun. LLUMPOKUI Kpyr pasandHbix cybcTpatos
nosy4aemblXx Ha OCHOBE TaKOro KapKaca fIBNAATCA BMOI0rMUYECKM aKTUBHbIMU COeAMHEHUAMMU U BXOAAT B
COCTaB /IeKapCTBeHHbIX cpeacTs. Taknm 06pa3om pasnnyHblie cnocobbl CMHTE3a reTepoLUUKAOB NpeacTaBAAto
MHTEpec Ana uccnegosateneit no sBcemy mupy. B aaHHoM paboTte paspaboTaHa HoBasA cTpaTerns CMHTE3a
pPas3INYHbIX conet UMMAa30a1Ma U UMUAA30ANHNA (pyc. 1), B 0AHY CTaAMIO0 NOCPeACTBOM KacKaAHbIX peakuuit
nerkogoctynHbix  1,4-anasa-1,3-6yTagneHoB c  TpuankunoptopopmmataMnm U reTepoaToOMHbIMMU
HyKneodunamm, macwtabmpyemoit 4o rpaMmMoBbIX KonyecTs. Takaa YHUBEPCaNbHOCTb AOCTUraeTca 3a cyeT
becrnpeugaeHTHON HYKN1eopUIbHON/3NeKTPOPUIbHON MOAANbHOCTU Auna3abyTagMeHOBOro Kapkaca, uTo
AenaeT BO3MOXHOM 0AHOBPEMEHHYIO LMKNOKOHAEHCaLMIO C OPTOPOPMMATOM U YCTaHOBKY HYK1eOoPUAbHbIX
byHKUMOHanbHbIX rpynn Ha C4(5) uMMAa301bHOMO Ko/bLa UM aTOM Yriepoaa MeTUAbHOM rpynnbl. Takoi
NoAxo., OTKPbIBAeT OAHOCTaAUNHbBIN AOCTYN K CIOXHbIM reTePOLNKAMUYECKUM MOJIEKY/1IaM, KOTOpble paHee
NoTeHUMaNbHO MOTAN BbITb AOCTYMHbI TO/bKO C MOMOLLbIO MHOFOCTaAUMHbIX peaKLMiA.

/ o Boseans Artley £ \
OR  tMmsx
H CTO%R 25 °C O6n0x3Ka -
HypHana

Mone-step Mdiversity Msimplicity Mhigh yields
Y o

PucyHoK 1. KoHuenuua cuHTesa coneit umuaason(UH)us.

Bbino cuHTe3nposaHo OKOM0 100 yHMKaAbHbLIX CTPYKTYP, U NPOAEMOHCTPUPOBAHA MPUMEHUMOCTb
paHee HeAOCTYMHbIX cofel mmmaasonus, GyHKUMoHanmsmposaHHbix CH,Cl, n komnnekcos M/NHC B
KayecTBe HOBbIX N1AaTGOPM ANA PA3ANYHBIX TOCTMOANDUKALMIA U NOTEHLMANbHbBIX PeareHToB ANA CO34aHuA
wupokoro Kpyra cy6ctpatoe NHC 1 M/NHC (c ucnonib3oBaHneM peaKkLMOHHOMN CNocobHOCTU XI0PMETUNbHOM
rpynnbl). PaboTa 6bl1a oTMeYeHa Ha 0610KKe *KypHana Angew. Chem. Int. Ed.



PucyHoK 2. O6Lan cTpaTernsa cMHTe3a Mmuaasonmesbix coneit n M/NHC Komniekcos.

Ccbinka:

D. Pasyukov, M. Shevchenko, K. Shepelenko, O. Khazipov, J.V. Burykina, E.G.
Gordeev, M.E. Minyaey, V.N. Chernysheyv, V. P. Ananikov, One-Step Access to
Heteroatom-Functionalized Imidazol(in)ium Salts, Angew. Chem. Int. Ed.,
2022, 61,9, 202116131, DOI: 10.1002/anie.202116131

C: One-step synthesis from diazadienes (this work):
Ar
i /N‘ OC Y . N'
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\ 0, /| 1
up to 97% yield Ar
readily ava|lable starting compounds
products: postfunctionalization and complexes:
Ar Ar
Ar Ar Ar 7
R'O, N RSN : RNAN MR N
* N Cl N | > : >=ML
> I > I > / - D n
7 o / - Rr2- N+ X N
R1O N < X N+ Cl R2 N+ CI \
\ \ Ar Ar
Ar Ar Ar it - .
R" = pyridinium, imidazolium, N3, PhS;
54-97% isolated yields M = Pd, Ni, Cu, Ag, Au
\ Totally, more than 100 new imidazol(in)ium salts and M/NHC complexes j
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HA NMYTU K ONPELE/IEHUIO MOIEKYIAPHOW CTPYKTYPbl METO40M MACC-CMEKTPOMETPUU
C NOMOLLbIO KOMIMbOTEPHOIO MOAE/TMPOBAHUA: CTPYKTYPbl CYB-HAHOK/IACTEPOB
Cu U Pd, AMHAMUKA NOHOB B BAKYYME N METOAUYECKUE C/TOXKHOCTU

Macc-cnektpomeTpua (MC) — meToa YHWKaNbHbIM, HO CTaHZApTHbIM MC-3KCNepuMeHT He JaéT
MHGOPMALMM O CTPYKTYPE MOHOB B CNEKTPE, TONbKO NNLLIb O MOAEKYAAPHOU dpopmyne. [o3ToMy XMMUKaM-
nccnenoBaTenaM NOcne Takoro CTaHAapTHOrO 3KCNepumeHTa OCTaeTca AeNnaThb BbiBOAbl O CTPOEHUWU NULb
3BPUCTUYECKM — NOHUMAHWUA 3aKOHOMEPHOCTEN CTPOEHMA BeLLeCTB. [LoNONHUTEIbHAA CIOXHOCTb BOSHMKAET,
€CIM Mbl UCCAefyemM TaK Ha3blBAeMble «KOKTEMIbHbIE» KaTa/IMTUYECKME CUCTEMBI, B KOTOPbIX MOryT
06pa3oBbIBATLCA pasnyHble (GOPMbl KaTanusaTopa, KaK Ha pPUCYHKe HuKe. PacwudposbiBaTb U
aHaM3MpPOBaTb TaKOM MACCUB AAHHbIX «NO CTAPUHKE» 3aMMET Yepecyyp MHOFO BPEMEHWY.

Metal salt(s) Metal salt(s)

24 _ 2

" Precatalyst ~ Precatalyst M'L.]
@ activation IM'L,] @  Aactivation "
MLz
. . One type . T "Cocktail"
Classic of catalytic centers Pre-cocktail catalytic system
precatalyst solution
solution This work
. Complex
Simpler ESI-MS spectrum,
ES f-{\/FS spectrum, automation desirable,
routine analysis, unknown structure of species

known structure of species
I L o b l A A s

() (b)

PucyHoK 1. MeToa Macc-CMeKTPOMETPUM B MPUMEHEHMUU B KaaccuyeckuUm (a) U KokTeinnbHbim (b)
KaTa/MTUYECKMM cucTemam: 60/blioe KOAMYecTBO curHanoB B MC-cNeKTpe MOXKeT oTBevaTb 3a
Habntogaemblii KaTaNUTUYECKUIA NPOLECC (OTMEeYEHbI OKPYXKHOCTbIO), KaXKAblii CUTHA BasKeH.

MccnepoBaHHble NpeKkaTann3aTopbl — XN0puabl Meau U Nannagma, oKasaaucb B 3TOM MAaHe o4eHb
CNOXHbIMW cucTemamu. Mpu 3Tom, X10pUAbl MeAN U NanNaanA UCNONb3YIOTCA B OUYEHb LUIMPOKOM CNEKTpe
COBPEMEHHbIX KaTaZIMTUYECKMX peaKkuuit. B xoge noHusaummn ob6pasyloTca oanroMeTaninieckme Knacrtepsi,
M MOYTU BCE MMEIOT MHOMKECTBO pPefNeBaHTHbIX M30MEPOB C HU3KOW 3Heprueil. HekoTopble M3 TaKux
KNacTEPHbIX MOHOB OKas3a/iUCb CTPYKTYPHO HEXKECTKMMM. bosiee AeTanbHO, CTPYKTYPHO HEMXECTKMMMU
OKa3anncb meaHble LEHTPbl B MedHblX U MeAHO-MaNNaaMeBbix Knactepax. Takue KnacTepbl NOCTOAHHO
N30MEPU3YIOTCA NPU SKCMEePUMEHTANbHBIX YCI0BUAX MO AAaHHbIM CUMYAALMU MONEKYNAAPHOW AMHAMUKMN.

Ecnv oTnaguTb MEeToA0N0rMIo, TO KBAaHTOBO-XMMUYECKME METOAbl MO3BO/IAIOT OLUEHWTb Haubosee
BEPOATHbIE N30MEPbI MOIEKYNAPHOIO MOHA. B Xxoae paboTbl Mbl HACTPOUAM NOCAEA0BATENIbHOCTb PACHETOB,
KOTOpble HEOOXOAUMbI ANA NpeacKasaHUA CTPYKTYpbl MOHOB. Mpuuem BCe PaAcyéTbl MOMKHO cAenaTb Ha
06bIYHOM NabopaTopHOM KomnbtoTepe. Ha cxeme HUKe BMAHO, YTO CTPYKTYPY MOHOB C UCMO/Ib30BaHMEM
3TOM METOAMKU MOKHO ONpesenuTb ¢ NobbIM YPOBHEM AEeTann3aunn: oT MOJIeKyasApHOU dopmynbl [0
TPEXMEPHOW CTPYKTYpbl NpeacTaBuTenelt aHcambns M3omMepoB M panee, A0 AeTanel pacnpegeneHus
3/1EKTPOHHOW NJOTHOCTU B MOJIEKY1aX.
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ESI-MS spectrum
of metal salts solution

Mono- or bimetallic ionic clusters

Small m/z: unique defenition by a set of linear equations l l l l l u

Candidate ions ordered by cosine metric
(0 means isolopic patterns overlap ideally)

[PdsCl7]- 0.40
[CusPd:Clg]- 0.16
[PdaClx(O2)]- 0.67
[CusPdCl-0]- 0.65
MSARIS [PACIO- .70 |
QC-Hmdeling Select ions for initial structure deiermmanon T Skip MSARIS
via isomer and conformer samp.’mg (optional) |

[Cuapdacho O2)]-

. GFN2-xTB in xtb (MD & MetaD)

i and ORCA (opt+freq) $ @ @ @; @
Run (meta-)molecular dynamics (50 ps),

i take equitemporal samples (each ps),

: and optimize strictures isot is02

Select by U = Egeyors + Ezpve + Uip 0.0 kcal/mol 29
within 10 kcal/mol | /
Select ion(s) for finer structure determination
with DF Tmethods
RI-OLYP-D3(BJ)/ma-def2-SVP
in ORCA (opt+freq)
Select by U = Egenzxra + Ezpve + Uvip Structures may change qualitatively @
within 10 kcal/mo\ upon DFT optimization :
e e *
QTAIM analysis in AIMAII +0.52 0,21 0.48= q(A), Beider charge * Detailed chemical
structure; :
o(r) obtained at ZORA-MOG6L /triple-C* « Characterization of
or ZORA-TPSStriple-C* 025 atom-atom '
0.61 interactions
+. (bond type);
+ Charge and
+0.11 oxidation state
analysis.
 * triple-C = ma-ZORA-def2-TZVP 205068

-0.49

i & ZORA-TZVP for Cu and Pd

PUcyHoOK 2. MNpeanokeHHas B paboTe MHOrocTyneH4YaTas MeToAMKa ANA OLEHKW CTPYKTYpbl MOHOB B
Macc-CneKTpax.

Ccblnka:

A.A. Bondarenko, Yu.S. Vlasova, M.\. Polynski, VV. llyushenkova, V.P.
Ananikov, Towards Determining Molecular Structure with ESI-MS Backed by
Computational Methods: Structures of Subnanoclusters of Pd and Cu
Chlorides, lon Dynamics in Vacuum, and Challenges to the Methodology,
Inorg. Chem. Front., 2022, ASAP. DOI: 10.1039/D2Q101098D
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M3YYEHUE B3AMMOCBA3U CTPYKTYPA — BUOJIOTMYECKAA AKTUBHOCTb UOHHbIX
XUAKOCTEMN HA OCHOBE KOPUYHOW KUCNOTbI

O4HUM M3 BaKHbIX HAMpPaBAEHUI NPUMEHEHUS MOHHbIX XuakocTel (MXK) asnseTca nx ncnonbsosaHue
AN 6uonornyecknx n GapmaLeBTUYECKUX NPUAOKEHUI. MK MCnonb3yoTcsa ANA pacTBOPEHUA, SKCTPAKLMK,
XPaHEHMA U TPAHCNOPTUPOBKM BUONOrMYECKM aKTUBHBIX MoaeKyn. MHorne MK camoctoaTesbHO NposBAAOT
6MONOTNYECKYIO aKTMBHOCTb, BK/OYAA LMTOTOKCMYECKME, aHTUMMKPOOHbIE WM aHTUMBMPYCHble CBOMCTBA.
HenaBHO Obl/10 NPeaiioONKEHO U LWMPOKO M3YyYEeHO MOTEHLMANbHOe dapmaueBTMyeckoe npumeHeHue UK,
3aKfovatolleeca B npeobpasoBaHMe aKTUBHbIX papmaueBTUYecKux MHrpeaueHTos (APU) B dopmy MK
(ADN-UK). ITa cTpaTerna Hanpas/ieHa Ha NOBbIWEHWE PACTBOPUMOCTU, BMOAOCTYNHOCTU U CTabUAbHOCTH
A®W. ina 3Toro manopacTtsopuMble B Boge BMONOMMYECKM aKTUBHbIE COeAnHEHUA NepeBoaaT B dopmy UK
C NOMOLLBIO OHOrO M3 TPex NOAX0A0B: MOHHOTO (ADU B BUAE KaTUOHA MAM aHWOHA), KoBaneHTHoro (AGU
KOBa/JIEHTHO CBA3aH C KaTMOHOM WAKN aHWOHOM W), nanm KOMOBUHMPOBAHHONO (MOHHbLIN U KOBAJIEHTHbIN
noaxonbl OA4HOBPEMEHHO A/1A BKAOYEHUA ABYX nan bonee pparmeHTos AU B NHK).

KopunyHasa Kucnota n ee NpousBoAHbIE MPOABAAIOT LWMPOKYD BUONOMMYECKY0 aKTUBHOCTb, BK/tOYan
AHTUMMUKPOOHYIO, MPOTMBOIPUOKOBYID M MPOTUBOPAKOBYHD aKTUBHOCTb. lMepBble MOMbITKM MCMO/Ib30BaTb
CONN KOPUYHOWN KUCAOTbI ANA JIeYEHUN 3/10KaYeCTBEHHbIX Onyxonen 6bian NpeanpuHATLI ewe B Havane 20
Beka. C Tex nop Obl10 AOCTOBEPHO YCTAHOBAEHO WHIMbupylolee AeNCTBUE KOPUYHOM KUCIOTbl U ee
NPOM3BOAHbIX Ha PaKoBble KNeTKN. O4HAKO LWMPOKOE NpUMEHEHNE KOPUYHON KMCNOTbl OrpaHNYMBAET ee
nnoxas pacTteopumocTb B Boge (~ 0,5 r*n?), B To Bpema Kak pacTBOPMMOCTb ABAAETCA BaXKHbIM $aKTOPOM,
onpeaensowmMm sK0ON0rMYecKknin, buonornyecknii u Gapmakoaormyeckmii NOTeHLMaN COeANHEHUS.

B paHHOM pabote 6blnM nosy4vyeHbl pasanyHble MK Ha OCHOBE KOPUYHOM KUCAOTbl, B KOTOPbLIX
BapbMpoOBasacb NpUMpoaa KaTUoHa (MMuAasonueBble, NMUPUANHUEBLIE, XOJMHUEBDLIE), PYHKLMOHANbHbIE
rpynnbl Ha KaTuoHe (6e3 GYHKUMOHANbHbIX TPYNM, TMAPOKCK U 3PUPHbIE TPynnbl), AJAUHbI IMHKEepa (3TUA,
6yTnA) N NpMpoLa aHMOHA (xnopua, UMHHAMAT). Mcnonb3oBaHWe pasnnyHbIXx KombuHauun MK 1 KopmnyHoi
KMCNOTbl MO3BOIMAO  MOAYAMPOBATb (UIUMKO-XMMMYECKME CBOMCTBA WM OMONOMMYECKYHD aKTUBHOCTb
CUHTE3UPOBAHHbIX COEANHEHWUIA.

Bcero 6b1710 cMHTE3MPOBAHO 17 MOHHbLIX coeauHeHuit (16 UK n ogHo MoHHOe coeamnHeHue), 12 n3
KOTOpPbIX OblIM NONYyYeHbl BnepBble. BONbLWMHCTBO CUHTE3MPOBAHHbLIX COeAMHEHUI npeacTaBaann cobo
Mmacsaa Npu KOMHaTHOM TemMMNepaType U XOPOLIO PacTBOPAIUCL B BOAE, B OT/IMYME OT KOPUYHOM KUCNOTbI. B
3aBUCMMOCTM OT AAMHbI nHKepa WX, copeprkawime CAOXKHOIGUPHYIO TPynny, NPOABASAN Pa3/UYHYIO
TEHAEHUMIO K TMAPpoan3y. MonoKeHne KaTMOHa NO OTHOLLEHUIO K C/I0XKHO3GUPHOM rpynne (B 3aBUCMMOCTH
OT A/IMHbl INHKEPA) TaKMKe BUAAM Ha YYBCTBUTE/IbHOCTb K BO3AEMCTBMIO TeMMepaTypbl, Y/bTPas3ByKa,
OCHOBHOCTM M abcopbLmm Ha aKTUBMPOBAHHOM yrie

UmnToTOKCMYHOCTb HOBbIX MK, a TakKe HemoanoumumpoBaHHbIXx UK 6bliM M3ydeHbl Ha ONyXo/eBblX
KNEeTKax KoJopeKTasbHON ageHoKapuMHoMbl YenoBeKa (CaCo-2). Ha puc. 1 npeactaBieHo cxemaTuyHoe
n306parkeHne B3aMMOCBA3N CTPYKTYPbl COEAUHEHUN U UX UUMTOTOKCMYHOCTbIO. TaK, BBeaeHMe dparmeHTa
KOpu4HOM Kucnotel B WX npuBoanno K 3HAUUMTENbHOMY YBE/IMYEHWIO €ro aKTUBHOCTM BO BCEX
nccnenoBaHHbIX cayvanx. BeegeHne pparmeHTa KOPUUHOM KMCNOTbI B KAaTMOH MK vepes cnokHoadupHyto
CBA3b OKa3aso bonbliee BAMAHWME HA LUTOTOKCUYHOCTb, YEM 3aMeHa X/10pUA-aHNMOHA Ha LMHHAMAT-aHWUOH. B
cNyvanx, Korga ¢pparmeHT KOPUYHOMN KUC/OTbl BXOAMA B COCTaB KaTMOHA (KOBaneHTHOE CBA3bIBAHME) U
aHMOHA (MOHHOE B3aMMOAEWCTBME) LMTOTOKCMYHOCTb 3aBuCeNa OT npupoabl KaTvoHa UK. Takue UK
OKasa/iMcb Hambosnee OUMOaKTUBHble. YAJMHEHME aNKUAbHOW OOKOBOWM LenuM KaTMoHa B 6O/bLUMHCTBE
C/ly4aeB NO3BOJIAMO YBENUYUTD LIUTOTOKCUYECKYIO aKTUBHOCTb VXK.

B3anmogaencTeuns CTPYKTYPa-akKTMBHOCTb OblJIM NPOAHAIM3MPOBaHbI C UCMOJ/Ib30BaHUEM MOJIEKYISAPHOM
OVNHAMUKKU. MoneKkynapHoe MOALENMPOBaHME MNOATBEPAMAO CKAOHHOCTb KaTMoHoB MM ¢ ANMHHbIMUK
a/IKUIbHBIMM LEMNAMM CYLLECTBOBATb NPENMYLLECTBEHHO B IMHENHOM popMme, YTO, B CBOO oYepeab, MO0
cnocobcTBOBaTb NPOHUKHOBEHWIO TMAPOPOOHOM YacTn UK B KneTouHyto membpaHy. KaTuoHbl MK ¢ bonee
KOPOTKOWM aNKUAbHOM LLEMNbio CYLLLECTBOBAIN MPENUMYLLECTBEHHO B CBEPHYTOW dopme, NPENATCTBYIOLLEN UX
NPOHUKHOBEHMIO B KJIETOUYHYI0O MEMBPaHY, NPeANoOXUTENbHO NPUBOAALLEN K MEHbLUEN LLUTOTOKCUYHOCTY,
a Takxe 6onee HU3KOM rMApPONTUYECKOM CTabuabHOCTM No cpaBHeHuto ¢ UK ¢ 6onee ANNMHHbBIM IMHKEPOM.
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CC,,drops > 3times CCg,drops 2-3times  CCg, drops 1.5-2 times CCg, differ < 1.5 times

PucyHok 1. BsaummocssAzb mexay 244. CCsp (NoNymakcMmanbHOW — LMTOTOKCUYECKOM
KOHUEHTpaumen) u CTpyKTypamu wusydaembix APU-UK un He moguduumposaHHbimm UK. Ocu

COOTBETCTBYHOT TUMY KaTUOHa (X), 4/ IMHE aNKUAbHOM 6OKOBOW LLenu B KaTuoHe (y) M Tuny aHMoHa (z). Lset
chep oTparkaeT 3HayeHus 24 4. CC50 IL B knetkax CaCo-2, OT cambIX BbICOKMX (3eN1eHblli) A0 CamblIX
HU3KUX (KpacHbii). LIBeT CTpenoK MoKasbiBaeT Pas/iMumMa MeXay COOTBETCTBYIOLWMMU 3HAYEHUAMMU:

KpacHbIv uBeT, CC50 oTanyaeTca>3 pas; opaHKeBblii — 0T 2 40 3 pas; *KenTbli —oT 1,5 fo 2 pas; a TeMHo-
CMHUIA — MeHee Yem B 1,5 pasa.

bonee I'IOLI,pO6HO 06 n3y4yeHnUun (I)MBMKO-XMMMHGCKMX CBOICTB, LMTOTOKCUYHOCTMH, aHTM6aKTepMaI1bHOI71

dKTUBHOCTM MO OTHOWEHWUIKD K TrPaMnoNIoXUTE/IbHbIM U TPaMOTpPULUATENIbHbIM WITaMMaM 6aKTepMV1 n
pe3ynbTaTaX KOMNbOTEPHOIO MOAENNPOBaAHNUA NpeacTaB/eHO B CTaTbe.

Ccbinka:
AV. Vavina, M.M. Seitkalieva, A.V. Posvyatenko, E.G. Goedeev, E.N.
Strukova, K.S. Egorova, V.P. Ananikov, Merging structural frameworks of
% imidazolium, pyridinium, and cholinium ionic liquids with cinnamic acid to
@ tune solution state behavior and properties, J. Mol. Lig., 2022, 352, 118673,
DOI: 10.1016/j.mollig.2022.118673
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BMO/IOTMYECKAA AKTUBHOCTb, CO/IbBATALLMOHHbBIE CBOMCTBA U
MWKPOCTPYKTYPUPOBAHUE MPOTOHUMUOA3O/IUEBbLIX MOHHbIX YXUAKOCTEN

MN3yuyeHne cXoACTB U Pa3NMYN MeXK Iy anpPOTOHHbIMU MOHHbBIMU XUAKOCTAMM, NPOTOHHbIMMU MOHHbIMU
HKUAKOCTAMMU M NPOTOHCOAEPHKALWMMM HEOPraHUYECKMMN KNCoTamm (puc. 1) cylwecTBEHHO AN NOHMMAHUA
bnonorMyeckom aKTMBHOCTM MNpeAcTaBuUTENEer 3TUX KIaccoB coeAuHeHW. Kak M npoToHcodep»Kalume
KucnoTsl (puc. 1b), NpOTOHHbIE MOHHbIE KMAKOCTU (pUc. 1c) cogep:KaT «NOABUMKHbBIN» NPOTOH, Bnarogapn
KOTOPOMY MX NoBeAeHMe B PacTBOPE OT/IMYAETCA OT NoBeZeHMUA anpPOTOHHbIX MOHHbIX XUAKoCTel (puc. 1a).
CnocobHocTb popMMPOBaATbL YCTOMUYUBbLIE BOAOPOAHbIE CBA3M NO3BONSET MM B3aMMOAENCTBOBATL C 6e/lkamu
W ApYyrMmm 6MOMONEKyNaMu.

OTAMuNTENbHOM OCOBEHHOCTHIO KaK MPOTOHHbIX, TaK M anpPOTOHHbIX MOHHbIX XUAKOCTEN ABAAETCA
06bEMHDIN KAaTMOH, YTO MPUBOAMUT K HU3KON MAOTHOCTM MOJIONKUTE/IbHOIrO 3apAfia Ha KaTMOHe M HU3KOM
ckopoctn ero audodysmmn B pactesope. Mo npuunHe 60MbLIOrO pasmepa KaTMOHbI MOHHbIX KUAKOCTEN He
CNOCO6HbI MPOHUKATb B Y3KME MOJIEKYNSIPHbIE MOMOCTU, @ 3HAYMT, MPOCTPAHCTBEHHLIM daKTop MmeeT
pelatouiee 3HayeHne A9 GOPMUPOBAHUA acCOLMATOB MEXKAY MOHHbBIMMU KUAKOCTAMM U BUONOTMYECKMMUN
MONEKYNaAMM.

ONnA NPOTOHHbIX MOHHBLIX MOHHbIX XUAKOCTEN XapaKTepHo Hanunume ceAsu NH, KoTopas asnsertca
aKTUBHbIM AOHOPOM MNpoToHAa. COOTBETCTBEHHO, KAaTWMOHbl MPOTOHHbLIX MOHHbLIX KuAKocTel (puc. 1c)
COBMeLLALOT B cebe CBOMCTBA aNPOTOHHbIX MOHHbIX XWAKOCTEN M HEOPraHNYeCKMX KMcAoT. C 04HOM CTOPOHI,
CcnocobHoCTb PopMMPOBATL YCTONUYMBbIE BOAOPOAHbIE CBA3U NMO3BONSET MPOTOHHbLIM MOHHbLIM KUAKOCTAM
NepeHOCUTb NMOJIOXKUTENbHbIN 3apAg K Pa3/IMYHbIM y4acTKaM bMoormyeckux mosiekyn. C Apyroi CTOPOHbI,
NPOTOHHbIE WOHHbIE KUAKOCTM MOryT 06pas3oBbiBaTb 6o0siee yCTOMUYMBBIE accoumaTtbl €O cnabbimu
HYKNEeoUIbHbIMM LLEEHTPAMKU MO MPUYMHE HMU3KOM NOABUMKHOCTK npoToHa cBa3m NH n 6onee ob6bemHoro
OpraHUYecKoro KaTMoHa.

(a) Aprotic ionic liquids (APILs) (b) Acids
R.. A...R R...A.._.R )
NN, — NN ) H—X = H'+X
\—/ X —/ * X
. 3 — rapid delivery of positive charge; A

> slow deI|.very' of positive charge; — higher diffusion rate;

- sloyver dlffu.s!o.n rate; . ‘ — not sensitive to steric strain;

— cation sensitivity to steric strain; — enhanced penetration ability in crowded NN

~<  — lower penetration ability in crowded molecular molecular environment;
environment; — coordination to almost all types of heteroatoms

— selective coordination ability; and functional groups;

\_ — lower positive charge density in the cation. — maximal charge density in the cation. Y,
(c) Protic ionic liquids (PILs)
R.. A, H R...A. H RN
NNy =] NN, o = NN gy
\_/ \_/ \—/
J Dynamic equilibrium in solution
N J
\ f— \U,  — J

IL properties New properties Acid properties

PucyHoK 1. CpaBHEHMe CBOWCTB anpOTOHHbIX (a) U NPOTOHHBIX (C) MOHHBIX XUAKOCTEN, MONYHEHHbIX U3
KUCNIOT (b) R= CHs, C;Hs, C4Hg, CioH21; R':CH3; X:C|>, NOs’, HSOq,'.

MpOTOHHbIE WOHHbIE MWMAKOCTM C UMMMOA30JAMEBBIMM  KAaTMOHAMWU LUIMPOKO WCMNOML3YHOTCA B
COBpeMEHHOVI XUMUN KaK peareHTbl N KaTanm3aTopbl. OAHAKO MX TOKCUYHOCTb U pacreopAowmne CBOWCTBA
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HaMHOro MeHee M3y4yeHbl, YeM cBoMcTBa BoJsiee pacnpoCTPaHEHHbIX anpPOTOHHbLIX MOHHbIX KUAKoCTel. B
OaHHOM paboTe Mbl MCCNeaoBas M UUTOTOKCMYHOCTb AEBATU MPOTOHHbLIX MMMAA30AMEBbLIX WMOHHbIX
KUOKOCTEN C PA3INYHbIMU BOKOBBIMM ANKUNbHBIMW LLEMAMW B KATUOHE U CPAaBHWUAN €€ C LUTOTOKCUYHOCTbIO
aHaNI0rMYHbIX anPOTOHHbIX MOHHbIX }KUaKocTen. CornacHo Nosly4eHHbIM AaHHbIM, TUMN aHWOHA NPeACTaBAAN
coboit 0CHOBHOM ¢paKTOp, BAUAIOWMIA HA LMUTOTOKCUYHOCTb M3YYEHHbIX MOHHbIX *KUAKOCTEN C KOPOTKMMM
GOKOBbIMW aNKUAbHLIMW LLenAMU. [POTOHHbIE MOHHbIE XWAKOCTU C KOPOTKMMM anKWbHbIM LENAMM
NPOABAAAN MEHbLUYHO LUTOTOKCUYHOCTb, YEM MX aNPOTOHHbIE aHA/I0MN U HEOPraHNYeckme KMcaoTbl. OgHaKo
npu yaJMHeHN 6OKOBOM aflkUAbHOW Lenu Habatoaanca obpaTHbIl 3pPeKT: Tak, NPOTOHHAA UMKAA301MeBasn
MOHHAA XMWAKOCTb C AeuubHOM OOKOBOWM LENbio B KaTMOHe Oblna HamHOro 60see TOKCMYHA, Yem
COOTBETCTBYIOLL,AA aNnPOTOHHAA MOHHAA KUAKOCTb.

JKcnepMMeHTanbHble AaHHbIe BblIN NOATBEPKAEHDLI pe3ybTaTaMU KOMMbIOTEPHOIO MOAENMPOBAHMS.
CnegyeT oTMETUTb, UTO AaXKe HU3KOTOKCUYHbIE MPOTOHHbIE MOHHbIE XUAKOCTM B 3HAUYMTE/IbHOMN CTENEHMU
NOBPEXKAANN SYKAPUOTUUYECKUE KNETKU NMPU UCNONb30BaHMU MX B KaYecTBe cpeldbl A1 KPUOKOHCEpPBaLUM.
CornacHo AaHHbIM CKaHUPYIOLWEN 31eKTPOHHOM MUKPOCKONUK, MO NPUYMNHE clabbix amduduIbHbIX CBOUCTB
UMWUA30/IMEBbLIX KAaTMOHOB C KOPOTKMMW GOKOBLIMW aNKWU/IbHbIMU LENAMU U3YYEHHbIE CMECU WMOHHbIX
KUOKOCTEN C BOAOW coAepKanun npocTtbie TBepaodasHblie rmapaThbl, @ HE C/IOXKHbIE KUAKOda3HbIe CUCTEMBI
C MMKPOAOMEHHOM OpraHM3aLmen.

Ccbinika:

K.S. Egorova, M.M. Seitkalieva, A.S. Kashin, E.G. Gordeev, A.V. Vavina, A.V.
Posvyatenko, V.P. Ananikov, Biological activity, solvation properties and
microstructuring of protic imidazolium ionic liquids, J. Mol. Lig., 2022,
120450, DOI: 10.1016/j.mollig.2022.120450
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TUN KATANIU3A B PEAKLIUN TMAPOCUNTUIUPOBAHUA B NPUCYTCTBUU NNATUHDBI HA
YINEPOAHOM HOCUTENE — FTETEPOTEHHbINA UNU AUHAMUWYECKNIA?

Peakuus rmapocMANAMPOBAHMA - 3TO pPeakuma MPUCOeAMHEHUA CUIAHOB MO KpaTHbIM cBA3AM. K
AaHHOMY MOMEHTY OHa LUMPOKO M3yYyeHa M B KaYecTBe KaTa/iM3aTopa MCMOb3YyTCA Kak TOMOreHHble, TaK U1
reTeporeHHble CUCTEMDBI.

M3HauyanbHO NOMb30BaNNCh reTeporeHHbIMM  KaTaansaTopamu, TakKMMKM  Kak naaTuHa  Ha
aKTMBMPOBaHHOM yrne. OAHAKO OTKPbITUE TEKCAax/I0POMNJIaTUHOBOW KWUCNOTbl KaK oveHb 3deKTUBHOro
KaTanusaTopa CTafo CTpaTerMyeckKMM MOMEHTOM [ANA LIMPOKOro MpuUMeHeHus B nabopatopum U
NMPOMbILINIEHHOCTHK. 3aTEM YMEHbLLEHWE 3arpy30K U yaydlueHne CeNeKTUBHOCTU npoLiecca bbl1o AOCTUMHYTO
33 CYeT WCNONb30BaHMA KaTanusaTopoB Tuna Kapcteaa v Mapko. [danbHeilune ucciegoBaHuA
cBMAETeNbCcTBOBaIM 06 06pa3oBaHMM KONJIOMAHOW CUCTEMbI B XOAE Peakuuu, YTO NPUBENO K KOHLEenuuu
OVNHAMUYECKOWN KaTaUTUYECKON cucTembl.

KOKTenNbHbINA, UAN ANHAMUYECKUIA, KaTanu3 BbupaeT B cebs romoreHHbIM 1 reTeporeHHblid Tunbl. OH
npeAnonaraet MYUHT (BbIMbIBaHWE META/IIMYECKUX YacTUL,) U nocsieaytollee ob6pasoBaHue KaTaIMTUYECKU
aKTUBHbIX LIEHTPOB, Ha KOTOPbIX MOTYT MPOXOAWUTb OTAE/bHble KaTanuTUYeckne umkabl. CHadana 3Ta
KoHUenuua 6blna uM3ydyeHa ANA MannaguveBbiXx CUCTEM, a Ternepb pPachnpocTpaHaeTca W Ha Aapyrue
MeTaNnyeckme KaTtanmsaTtopbl.

HiuR3 R
R%
HETEROGENEOUS A studied by TEM and SEM/EDX
CATALYSIS SiR
R
detected by NMR confirmed by split test,
B leaching ESI-MS  and  ICP-AES
confirmed by nanofishing  Nanoclusters Nanoparticles characterized by TEM, SEM/EDX
@ C@ and nanofishing
SiR'; SiR';
R\/’I\ R\/J\
R detected by NMR
detected by NMR HS|R' HSlR' R
«COCKTAIL» - TYPE
CATALYSIS R PtL
Molecular complexes detected by ESI-MS and
ESI-MS online monitoring
m
HSIR'; SiR'
! ) R\/J\
/ R
R detected by NMR

PucyHok 1. MccnepoBaHHAA NIATMHOBASA KaTaMTUYECKas cCUCTemMa M UCMosibayemble meTogbl. (A)
[eTeporeHHbI TMN KaTanm3a Ha Pt Ha HocuTene, usydeHHblt ¢ nomotbio MM u COM/3AC; (B) npouecc
BbIMbIBAaHWSI COeAMHEHUIM NNaTUHbI B PAcTBOP, UCCef0BaHHbIN cnanT-Tectom, ESI-HRMS u ICP AES; Katanus
TMNa «KOKTelnb» BKAtoYaeT: (C) knactepbl Pt, Habnwogaemble ¢ nomouibto HaHoduwwuHra (F), u (D)
HaHou4acTuLbl Pt, oxapakTepnsoBaHHble ¢ nomoLpto TEM, SEM/EDX 1 HaHodbuumHra (F); (E) MonekynapHble Pt
KOMMNIEKCbI, 06HapyKeHHble ¢ nomoLbto ESI-HRMS 1 oHnaitH-moHuTOpKHra ESI-HRMS (G).

B AaHHOW paboTe Mbl M3y4yaNM MOALENbHYHO PEAKLMIO TMAPOCUANPOBAHUA aJlKMHOB B MPUCYTCTBUM
NAaTUHbI, HAaHECEHHOW Ha MHOrOCTEHHble yraepoAHble HaHoTpybku. C nomouwibio Habopa ¢uU3MKO-
XMMWYECKMX METOAO0B M TECTOB Mbl [OKa3anu MPUCYTCTBME HAHOYACTML, KNacTepPOB M MOJEKYNAPHbIX
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KOMNIEKCOB NJ1aTUHbI B peaKLI,VIOHHOlz cmecu (pl/IC. 1) MeTogom cnanT Tecta Mbl OLLEHMUAN KaTaMTU4eCKyro
AdKTUBHOCTb BbIMbITbIX B PAaCTBOP N OCTaBLUMUXCA Ha NOBEPXHOCTU HaHOprﬁoK 4yactuu,.

Taknm o6pa30M, NMOHUMaHME MNMPOUCXOXKAEHNA U AKTUBHOCTU KaTa/IMTUYECKU aKTUBHbIX LUEHTPOB B
peakymnax I'IpOMbILLIﬂeHHOVI 3HA4YNMOCTU Urpaet 60ﬂbLL|WO ponb. OTn uccneagoBaHUA UMeoT npunHUunnmnaibHoe
3Ha4vyeHune anA pa3pa60TKM AKTUBHDbIX, CTabUNbHBbIX U nepepa6aTb|BaeMb|x KaTa/IMTUHECKNX CUCTEM.
M3yqume MeEXaHM3Ma peakunun MMeeT pellatoulee 3Ha4yeHne anA pa3pa60TKM KaTaIMTUHECKUX CUCTEM Ha
OCHOBE HOBOTO NOKO/1EHUA KaTa/IM3aTOpP peaAKUUN TMAPOCUNTNINPOBAHNA.

Ccbinka:

E.O. Ondar, Ju.V. Burykina, V. P. Ananikov, Evidence for the “cocktail” nature
of platinum-catalyzed alkyne and alkene hydrosilylation reactions, Catal.
Sci. Technol., 2022, 12, 1173-1186, DOI: 10.1039/D1CY02006D
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WUCKYCCTBEHHbIA UHTENNEKT ANA GUCTAHLMOHHOIO AHAJIU3A
N NPOrHO3NPOBAHUA MPOYHOCTU MATEPUAJIOB

MalKnHHoe 0byyeHne B HacTosLLEee BpeMs ABASETCS O4HON U3 Haubonee JUHAMUYHO Pa3BMBatOLLUXCA
obnacteil MHGOPMALMOHHbBIX TEXHONOIMA Hnarofapas MNOUCTUHE YAMBUTENbHbIM BO3MOMXKHOCTAM, YiKe
HaweAWwnM NPUMeHEHWe B CamMbIX Pas/IMYHbIX 0b6nacTAX OT acTpoduM3MUEeCcKUX uccnedoBaHuini go cdepbl
ycnyr. CToNb MHTEHCMBHOE PACcMpPOCTPAHEHME MALLUMHHOIMO OOyYeHMs B COBPEMEHHOM MUpPEe CBA3AHO B
nepBylo oyepeab C BbICTPbIM HaKOM/JAEHMEM, BO3MOXKHOCTAMM XPaHEHUS M Nepesayn OrpoMHbIX 06beMOB
MHPopMaLMM B LMPPOBOM BMAE: HAyYHbIX, PUHAHCOBBLIX, MEOULMHCKUX AAHHbIX, U300pParKEHMI, 3BYKOBOWM
MHpopmaumm u 1.4. Tak HasbiBaemble «boO/blIME OAHHbIE» W CTa/IM TeM OOBEKTOM, Ha KOTOPOM METOZbl
MaLWMHHOTO ODOY4YeHUA NPOLEMOHCTPMPOBAAN CBOM MOTeHUMan B o6nact aHanusa wuHbopmaumn, ee
KnaccndurKaLLMmM U MOUCKA HOBbIX, MHOTAA CKPbITbIX, 3aKOHOMEPHOCTEN.

OgHot M3 MepcrnekTUBHbIX obnactel

NPUMEHEHNA MALLMHHOIO 0by4YeHua asaseTcA
NH TEXHUYECKan AMArHocTuKa. Llenb TexHuuyeckol
[ OMArHOCTUKM — onpejesieHne TeXHUYEeCKoro
COCTOAHUA OTAENbHOIMO W3AEeANA UAN LENon
KOHCTPYKLUMM B KOHTEKCTE MOMCKA BO3MOMKHbIX
HeucnpaBHoOCTel, onpegeneHna ctabunbHoOCTH
paboTbl WM OLEHKM OCTaBLIErocs pecypca
ycToiumBoro ¢yHKUMOHMpPoBaHUA. Pa3paboTka
3pPeKTUBHbIX MeTo40B TEXHUYECKOM
OMArHOCTUKN ABNSAIETCA BarKHeWLWel 3agayen
ON1A NpeaoTBPaLLLEHNA TEXHOTEHHbIX KaTacTpod,
HECYACTHbIX C/ly4aeB, IKOHOMMYECKOTO yLlepba
BCNeACTBME MOJIOMKM 0BOpyAoBaHMA B CaMbiX
pasfiMyHbIX obnactax TexHuku (puc. 1). Ons
peleHna Takmx 3aga4 ocobeHHo 3 deKTUBHDI

T
I

Demanding
applications

il

MeToAbl HepaspyLatoLLero KOHTpOASA,
no3BosiAloWMe BbIMONHUTL AUATHOCTUKY C
MWHUMaANbHbIMU OorpaHMYeHnamm B
npouecce 3KcNayaTauum Usgenunin.

PucyHok 1. OcHoBHble 06/1aCcTM NPUMEHEHUR Mbi npeanoXunu OpUrMHaNbHYO
ANCTaHUMOHHOrO HepaspyLatoLero KOHTpOASA METOZMKY, NO3BONAIOLLYIO BbINOAHATL OLEHKY
MeXaHUYeCcKoM NPOYHOCTH maTtepuanos n NPOYHOCTM M34ENNI HA OCHOBAHWW aHanNM3a
KOHCTPYKLMNA. TENNOBbIX  3QPEKTOB,  COMPOBOMXKAAIOLLMX

Aedopmaumio obpasLia B xo4e sKcnayaTauuu.

JaHHbIN noaxoa 6bln NPUMEHEH ANA U3yYeHMA NPOYHOCTU 06pa3LOB, N3roTOBEHHbIX MeTogom 3D-
neyaTu, B YaCTHOCTM HanaB/ieHUem TepmonaactuyHoro matepuana (FFF — Fused Filament Fabrication). Ana
u3agenuii, NpPonsBedeHHbIX TaKMM CNocoboM, XapaKTepHO Hanuume 6ONbLLIOrO Koaunyectsa AedeKToB B
maTtepwuane, NosBAEHNE KOTOPbIX CBA3AHO C HEMOJIHbIM CMJ/1aB/IEHMEM HEKOTOPbIX Y4ACTKOB C/10€B, HETOYHOM
paboToli MmexaHuMdeckux y3noB 3D-NpuHTEpa, HaAMYMEM MOCTOPOHHUX YacCTUL, B MNAACTUKE UM
TEXHONOMMYECKMX KaHalax neyaTatollei roI0BKU NPUHTEPA, OWMOKAMMU B NOATOTOBKE MOLENN U3Lenus K
agauTUBHOMY Mpou3BoAcTBY. Kpome 3Toro, Ana wu3genuin, W3rotoBneHHblXx metogom FFF, yacto
HabntogaeTca BblPaXKEHHAnA aHUM30TPOMMA MPOYHOCTHLIX CBOMCTB, TO €CTb pPas3/MyHaa CrnocobHOCTb
COMPOTMBAATLCA Pa3PYLLUEHMIO B 3aBUCMMOCTIN OT HanpaB/AeHUA AeNCTBUA NPUNOKEHHOM Harpy3Ku. Moatomy
OLLEHKA M NPOrHo3npoBaHue npo4vHocTh FFF-n3gennin asnaeTca BaXKHbIM TEXHO/IOTMYECKUM STAaNOM B C/ly4ae
NPOM3BOACTBA KOMNOHEHTOB OTBETCTBEHHbIX MEXaHUYECKUX Y3/10B.
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(C) (d) A Ethernet

Thermographic
camera

PucyHoOK 2. O6uian MeToaMKa M3ydYeHUs Tennosbix 3dpdeKToB B xohe Aedopmauun M paspylleHus
nnacTMkosoro obpasua: (a) — npouecc NPov3BOACTBA MAACTMKOBOrO o6pasua CTaHAAPTHOW reomeTpumn
meTogom FDM; (b) — obpaseul, 3aKpenneHHbIi B 3axBaTax YHUBEPCANbHOW UCMbITaTe/IbHOW MalluHbI; (c) —
06wt BUA, NopTaTUBHOIO TEN0BM30pa; (d) — TennoBM30p, NOAKNIOUYEHHbIM K KOMNAKTHOMY O4HOMNAaTHOMY
KomnbtoTepy; (e, f, g) — Tepmorpammbl naacTMkoBoro o6pasua 40 PaspyWeHUs, B MOMEHT paspyLweHus u
Cpasy nocne paspyLleHns COOTBETCTBEHHO.

JloKanbHbIN HarpeB maTepuana B xoae gedopmaumm U paspyLleHUs XOpOoLO M3BECTEH, O4HAKO A0
HACTOSLLEro BPEMEHWN OTCYTCTBYHOT paboTbl, NOCBALLEHHbIE CUCTEMATUYECKOMY KOZIMYECTBEHHOMY aHanusy
TaKUX TennoBbix 3PpPeKToB KaK AMarHOCTUYECKUX NapamMeTpoB B TEXHUYECKOW ANarHoCTUKe.

Ha nepsom 3Tane uccnepoBaHna metogom FFF ¢ ucnonb3osaHuem HactonbHoro 3D-npuHTepa
aBTopamu OblIM M3rOTOBJIEHbI CBbile COTHW MJIACTMKOBbLIX 0OpPasL0B, reoMeTpUs KOTOPbIX MOAHOCTbHO
COOTBETCTBOBA/Ia reOMEeTPUM CTaHAAPTHbIX 06pPasLOB ANA MPOYHOCTHLIX UCMbITaHUI (puc. 2a). B ceputo
MCNbITaHUM 6blan BK/IOYEHbI pasfinyHble TepmonaacTUYHble maTtepuanol: NoONNNAKTUA,
aKPUNOHUTPUNBYTAANEHCTUPON U  KOMMNO3ULMOHHbIE MaTepuanbl Ha €ero OCHOBe, YAaponpoYHbIi
NOANCTUPO, NONNITUEHTepedTanaT-rIMKoAb, NoaNKapboHar.

MexaHuyeckmMe ucnbiTaHUsA 06pa3LoB MPOBOAMIUCL C MOMOLLbIO YHUBEPCANbHOW WUCMbITaTe/IbHOM
MallKHbI, nossonstollel ¢ukcMposaTb obpasel, B 3axBaTax M MPUKNAAbIBaTb K HeMy Harpysky Ha
pacTaxeHue. Ana 6onee TOYHOrO M3IMEPEHUA YANMHEHUS AETaNu Ha ee NOBEPXHOCTb OblAN HaHEeCeHbI
BCromoraTtenbHble ToUKkK (puc. 2b). Pernctpauus Tepmorpamm B Xxoae pactaxkeHunsa obpasLos NpoBoaMaach
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aBTOpPaMu UCCAeAO0BaHWUS AUCTAHUMOHHO C NOMOLLLIO MOPTATMBHOM TENIOBU3MOHHOM Kamepbl (puc. 2c),
COeAMHEHHOM C KOMMAKTHbIM OAHOMMATHbIM KOMMNbIOTEPOM A/a 3anucu Tepmorpamm (puc. 2d). Ha
TepMorpammax XopoLlo BUAHO, YTO IOKa/bHbIN Harpes gepopmmnpyemoro obpasua HauMHaeT NPoABAATLCA
[0 paspylweHua maTepuana (puc. 2e) M CTaHOBUTCA MaKCUMaJibHbIM B MOMEHT paspyweHus (puc. 2f),
COXpaHASICb HEKoTopoe BpemMs U MNoc/ie NOAHOM AecTpykuuu agetanu (puc. 2g). MNpu aTom reometpus
HarpeTbix obslacTeit YaCTUYHO COOTBETCTBYET PACMNOJIONKEHUIO C/I0EB MaTepuana B usgenunun. MonyyeHHole
TePMOrpaMmmMbl COOTHOCU/INCL C U3SMEPEHHOM NPOYHOCTbLIO 06Pa3LLOB C NPUMEHEHMEM aNITOPUTMOB MALLMHHOTO
0byyeHusA, pa3paboTaHHbIX CNeuManbHO AN 3TUX LLeNel y4aCcTHUKaMM NPOEKTa.

MNpeanoxeHHas MeTOAMKA MO3BOMAET NpU  JasbHEeNWem pPasBUTMM  BbIMOHATb TEXHWUYECKYHO
AMATHOCTMKY AUCTAaHUMOHHO Ha OCHOBAHWM TEMJOBU3MOHHOM CbEMKU KOHCTPYKLUMOHHbLIX 3/IEMEHTOB C
nocneayrowmm WKU-aHannsom TennosBbiXx 3PPeKToB, BO3HUKAOWMX MO4 BO3AENCTBMEM BHELUHUX
MeXaHuYeckux ¢aKTopoB, BbISBNAA HANDO1ee CKAOHHbIE K Pa3pyLLUEHUIO YYaCTKN.

Ccbinka:

D.A. Boiko, V.A. Korabelnikova, E.G. Gordeev, V.P. Ananikov, Integration of
thermal imaging and neural networks for mechanical strength analysis and
fracture prediction in 3D-printed plastic parts, Sci. Rep., 2022, 12, 8944,
DOI: 10.1038/s41598-022-12503-y
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AAOUTUBHBIE TEXHONOTMKU ANA ®OTOXUMUYECKOIO CUHTE3A C/NOXKHbIX
OPTAHUYECKUX NMPOAYKTOB

doToKaTaIUTUYECKME peakuun, mHuuunmpyemble usnyvyeHnem B BUAMMOM [AUMaNa3oHe, ABAAKOTCA
3¢¢)€KTVIBHbIM cnocobom nonyyeHnAa CNOXHbIX OpPraHNYeCKux COG,EI,VIHGHMVI B OTHOCUTE/IbHO MATKUX
YCN10BUAX C BbICOKMMMU BbIXO4aMUN U CENEKTUBHOCTbIO. Bo mHormx Caydanax (I)OTOKaTaIIVB nosBonseT nsberkatb
MCNONb30BaHUA TOKCUYHbLIX WU O0POroCTtoAWNnX METANNZIOKOMNNEKCHbLIX KaTa/n3aTtoposB, 3HAYUTENIbHO
yBe/indynBaa 3KOI0rM4ecKyro 6e3onacHOCTb OpraHMN4eCcKoro CuHTe3a. doToKaTanuTHMYECKMe npespaweHna
Y€ aKTUBHO MNPUMMEHAIOTCA B MNpouecCax OYUCTKM CTOYHbIX BOA, ANA NOoJAydYeHMA BOAOPOAa WU
npoaemMoHCcTpunposaaun 0Fp0MHbIl7I noteHumnan AanAa CUHTE3a 610I0rNYECKU-aKTUBHBbIX Bewects u”
KOMMOHEHTOB /IEKAPCTBEHHbIX NPenapaTos.

PucyHok 1. KomnakTHas /siabopatopHasa ycTaHOBKA 418 GOTOXMMMYECKOTO CUHTEe3a, Kopnyc-
TensopacnpeaennTesib KOTOpoi msrotosneH metogom DMLS: (a) — obwuit BUA NONHOCTbIO COBPAHHOM
YCTaHOBKM € NpobupKoi u ceetoanonom; (b) — ogHa U3 BO3IMOMKHbBIX KOMIOHOBOK MOAY/IbHOM CUCTEMBI 1A
npoBeAeHMA NapanienbHbix OTOXMMUYECKUX CUHTE3OB.

OpHako 0CoBeHHOCTbIO (POTOKATAIMTUYECKMX MPOLLECCOB ABNAETCA BbICOKAA YyBCTBUTE/IbHOCTb K
M3MEHEHMAM YC/IOBUA XMMMYECKOTO CUHTE3a: HebonbluMe OTK/IOHEHWs OT ONTUMAaNbHOM TemmnepaTypbl,
N3MEHEHWE A/IMHbI BO/IHbI UHULMUPYIOLLETO U3/TlyYEHUS, HANUYME MOCTOPOHHUX MPUMECEN — BCE 3TO MOKET
3HAUYUTENIbBHO YXYALIMTb BbIXOA, LLENeBOro npoaykTa. Moatomy npu nposegeHun ¢GOTOKATANUTUYECKUX
peakuuii B 1abopaTtopun, Kak Ha aTane oNnTUMM3ALMKN YCIOBUN CUHTE3A, TaK U B XOA4€e NOJIyYeHUs LLeSIeBOro
NnpoAyKTa, BO3HUKAET HEOOXOAMMOCTb B TOYHOM KOHTPO/IE TEXHONOTMYECKUX MAPaMETPOB, TaKUX KakK
TemMnepaTypa, CKOPOCTb MoAayM peareHToB U Ap. Mo3Tomy B 3KCNepumeHTanbHOW GOoTOXMMUKM Bceraa
aKTyasleH BOMPOC CO34aHUA YHUKaNbHOro 060pyA0BaHMSA, NO3BOAIOLWENO OCYLLECTBUTb CUHTE3 B Hanbonee
ONTUMA/IbHBIX YC/TOBUSAX.

[o HepaBHero BpemeHW MPOM3BOACTBO KOMMOHEHTOB HayyHOro o6opyfoBaHMA B OLHOM WM
HECKO/IbKMX 3K3EMNIAPAX NPeACTaBAAN0 COOOMN CNOKHYIO, TPYA0EMKYIO M AOPOroCTOALLYIO 33434y, TaK Kak
TpeboBano NpuBieYEHNA BHELIHErO NPOU3BOACTBA, 06/1a4at0WEro COOTBETCTBYOWMM 06pabaTbiBatOLLMM
obopyaoBaHuem. JpyrMm BapnaHTOM peLueHUs TaK1X 3a4a4 ABNSETCA OPraHn3aumsa B paMKax XMMUYECKoro
Hay4yHO-MCCIeA0BaATE/IbCKOTO MHCTUTYTa COBCTBEHHOro Hebo/IbLOro MPOM3BOACTBA, UYTO TpPebyeT o4eHb
CYWECTBEHHbIX 3aTpaT, OTAE/NIbHOTO MOMELLEHUA WAM  Jaxe 343aHWA WM BKAOYEeHMA B wWTaT
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BbICOKOKBaIIMd)VILI,VIpOBaHHbIX cneunanncrtos, 4YTo He BCeraa u,enecoo6paaHo, TaK KaK TaKue npounsBoacrea
MOryT 6bITb 3arpy*eHbl HepPaBHOMEPHO U3-3a CI'IeLI,VI(I)MKM CaMOro Hay4yHoO-nccneaoBaTe/ibCKOro npouecca.

=N

(a)

3D printed
polycarbonate
LED holder

30 W LED matrix

Aluminum water
cooling block

Contacts to the
power supply

PucyHok 2. JlabopaTopHasa YycTaHOBKa Ans (QOTOXMMMUYECKOrO CMHTE3a C TepmMoCTaTom U
aBTOMaTUYECKMM [03MPOBAHNEM PeareHToB, KOMMNOHEHTbI KOTOPOK M3roToBAEHbLI MeTogoMm FFF: (a) — 610K
CBETOAMOA0B BbICOKOM MolwHocTH; (b) — Kamepa BOAAHOro TepmocTaTa, pasmelleHHasa Hag 610Kom
CBETOAMOA0B, C YCTAHOBAEHHbIMU CTEKAAHHBLIMWU PEAKTOPAMM ONA CUHTE3a; (C) — YCTaHOBKa B NOJHOCTbIO
cobpaHHOM BMAE C CUCTEMOM TEPMOPEryasauMu, WNPULEBBIMM HAacocamu ANSA NOAaYM pPeareHToB U
uMdpoBbIM 6NOKOM YNPaBAEHUA LUNPULLEBBIMU HACOCAMMU.

PacnpocTpaHeHWe agauTUBHBIX TEXHOIOMMI BO BCex chepax MPOU3BOACTBA NPUHLMNNAIBHO YNPOCTUIO
CO3ZaHMe YHWKa/bHbIX U3genuii 6narogaps YHMBEPCA/NbHOCTM M NPOCTOTE MCMo/b3oBaHuA 3D-nevatu
HenocpeacTBEHHO B XMMUYeCKoW fabopaTopun. MPUHUMNUANBHBIM OTIMYMEM aaaUTUBHBIX TEXHOMOTUI OT
TPAgMLUMOHHBIX NPOW3BOACTBEHHbIX METOAOB fBASETCA CaM Cnocob GopmMMpoBaHUS M3L4enus, KoTopoe
NOCTeNeHHO «BblpalLMBaeTcA» B Kamepe 3D-NpuHTepa nytem gobasneHns maTepuana c/ioi 3a CI0eM TeM
WY MHbIM cnocobom. B HacTosLLee Bpems CYLLECTBYIOT AECATKM Pas/IMYHbIX BUAOB M MOAUOUKALMI METOA0B
afOUTUMBHOTO MPOU3BOACTBA, PA3/IMYAIOLLMXCA TEXHOIOTMEN HaHEeCeHUs CNO0EB W MPUMEHAEMbIMU
KOHCTPYKLIMOHHBIMW MaTepuanamu, OgHaKO Cam NPUHLMI NOCAOMHOMO NOCTPOEHMUSA OCTAETCA HEM3MEHHbIM
AnA ntoboi agaAUTUBHOW TexHoNorMu. McxogHbIMKM JaHHbIMK s Havana 3D-neyatn asnsetca umdposas
TpexmepHasa mogenb Oyaywero M3genns, Ha OCHOBAHMM KOTOPOW MOATrOTaBAMBAETCA YNpPaBAAOLWAsA
nporpamma gna 3D-npuHTepa. [Mocne 3anycka ynpaBAslolWeEn nNporpammbl npouecc agavTMBHOMO
NpoM3BOACTBa NPOMUCXOAMUT B NOMHOCTLIO aBTOMATUUYECKOM PEXKMME, U yYacTUe yenoBeka TpebyeTcsa ToNbKo
ANA noctobpaboTkM rotoBon getann. Mcnonb3osBaHve LMOPOBOM MOAEAN W MNPUHUMM MOCAOMHOrO
NoCcTpoeHMss B CBOEM co4yeTaHuM AenatoT 3D-nedyaTb yHMBEPCaNAbHOW MPOM3BOACTBEHHOW TEXHOOTUEN,
No3BOAAIOLLEN CO34aBaTb 06BEKTbI 1060 FEOMETPUUECKOW CI0KHOCTM.

OgHMM M3 HanpaBieHW Hawel AeATeNbHOCTU ABASETCA WMHTerpauusa aaauTUBHbLIX TEXHOMOTUI B
Hay4yHO-MCCNeA0BaTENbCKYIO MPaKTMKY. B pamKax AaHHOro HanpasneHMA MPOBOAMTCA CO34aHME HOBbIX
XMMWUYECKMX PeaKTopoB ANA Pa3/MyHbIX MPOLECCOB TOHKOrO OPraHMYecKoro CUHTE3a, ONTUMM3aumA
NpoLeccoB aaaMTMBHOIO NPOM3BOACTBA A1A MOAYYEHUA U34ENUIA, B Hanbobluel cTeneHn NoAX04AALWMX ANA
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WCNONb30BAHUA B XMMWYECKOM 3KCMEPUMEHTE, CO34aHME HOBbIX TEPMOMAACTUYHBIX MaTeEPUanNos, B TOM
yncne KOMNO3ULMOHHBIX, COAEPKALLUMX YACTULbI KaTaAUTUYECKM-aKTUBHbBIX MaTePMAOB.

B yacTHOCTW, KOnneKTMBOM nabopatopumn 6biln NpeanokeH 3P eKTUBHbIN KOMMAKTHbIN peakTop Ana
nposegeHna (GOTOXMMMYECKOTO CWMHTE3a OPraHWMYecKMx npousBoAHbIX (puc. la). Peaktop coctouT U3
CTAHZAAPTHOWM CTEKNAHHOM NPOBMPKM MCNO/b3YEMOI B KaUeCcTBE peaKLMOHHOW EMKOCTU, KOTOpasa pasMmeLLaeTca
BHYTPM METAN/IMYECKOro TEMI0PACNpPeseMTe/IbHOrO KOpnyca, UMEIOLWEro LWTyUep 1A KpenneHUa MOLLHOIo
csetoamopa. TennopacnpenenvTenbHblit KOpnyc ABAAETCA LEHTPANbHOM 4YacTbto KOHCTPYKUMM, TaK Kak
obecneynBaeT paBHOMEPHbIN HAarpeB PeaKLMOHHOM Macchl B MPOBMPKE 1 B TO e BPEMA ABNAETCA MOHTAXKHOM
OCHOBOW A/11 KOMMOHOBKW BCel cucteMbl. KOHCTPyKLMA Kopnyca Bblia paspaboTaHa aBTOpamM NPOeKTa U
W3roToB/IEHA METOAOM CMeKaHua MeTanamndyeckoro nopowka (DMLS - direct metal laser sintering). JaHHbIi
meToz 3D-neyat gaeT BO3MOXKHOCTb M3rOTaBAMBATb M3AENUA U3 PAa3HOOOPA3HbIX METANI0B NYyTEM CMEKAHNA
MENKOAMCNEPCHOTO MOPOLLKA METansa C MOMOLLbIO Na3epHOro MsnyvyeHusa. HecmoTps Ha MoOpoLIKoBOe
COCTOSIHME UCXOLHOFO MAaTepuasna, CTeNeHb CNEKAHWA ero 4acTuy, AOCTaTOYHO BbICOKA, YTOObI MPOYHOCTbL M
TENIONPOBOAHOCTb MOJIYYEHHOrO M3genma 6OblanM  CONoCTaBUMbl € U3AEANEM, W3FOTOB/JEHHbIM U3
METa/I/INYECKOM 3aroTOBKM TPAAMLMOHHbIM cnocobom. bnarogaps BbICOKOW TenJONpPOBOAHOCTM MeETanna,
[AHHAA KOHCTPYKUMA peakTopa MNO3BOAAET 3a KOPOTKOE BPEMA BbINOHATbL HArpeB WM OXNarKAeHue
pPeaKkUMOHHON CMECU M MO 3TOWN Ke MNPUYMHE XapPaKTepPU3YEeTCA HWU3KOM TensoBOW MHepuuen, To ecTb
obecneymBaeT HbICTPOE U3MEHEHME TEMNEPATYPbl CMECK B C/ly4ae HEOBXOAMMOCTU ee MPOrpamMmmMmnpyemoro
M3MEHEHUA B XOAE CUHTE3a. TaKasa KOHCTPYKUMA GOTOXMMMYECKOTrO peakTopa Oblia yCnewHo MChbiTaHa B
npoleccax noayvyeHus NpousBoAHbIX GypaHOB M MOKasasa BbICOKYI 3GGEKTUBHOCTL Npu nabopaTopHOM
NCMO/Ib30BaHWNN: B YCIOBUAX TOYHOTO KOHTPO/IS TEMMEPaTYPbl NPOAYKT Obl NOAYYEH C BbICOKMM BbIXOAOM. 33
cyeT HeBO/bLINX Pa3MEPOB PEKTOPA NOABAAETCA BO3MOXHOCTb COOPKM MOAYNbHBIX CUCTEM, NPEACTABAAIOLLUX
cobolt coeguHeHHble onpeaenéHHbIM 06pa3soM MeTaNINYecKne peakTopbl (puc. 1b).

OfHako HepoctaTKom MeToga DMLS #M aHaNOrMYHbIX MOPOLIKOBLIX METO40B  afAUTUBHOIMO
NPOM3BOACTBA M3LENUNA U3 MeTanna SABNAETCA BbICOKas CTOMMOCTb 3D-MPUMHTEPOB M UCXOAHbIX
MeTaIINYECKMX NMOPOLLKOB. [103TOMY B TeX CayvasX, rae He TpebyeTca BbICOKAA MeXaHMYeCcKasa NPoYHOCTb U
TEN0NPOBOAHOCTb METa/I/IOB, LeNecoobpasHee WMCNO/b30BaTh MIACTUKOBbIE KOMMOHEHTbI XMMUYECKUX
YCTQHOBOK.

Hanbonee pacnpoctpaHéHHbIM MeTogom 3D-neyaTM ¢ MCNOMb30BaHMEM MIACTUKOBbLIX MATepMasnos
ABNAETCA METOZ HanaB/leHUs TepMoniacTUYHbIX nonumepos (FFF — Fused Filament Fabrication). [laHHbIl
MeTOoA, NoayyYnn 6o0nbllyto NONyAspHOCTb 6/arogapa HEBbICOKOM CTOMMOCTM MPUHTEPOB U LUMPOKOMY
aCCOPTUMEHTY HEeAOPOrMX TEPMON/IACTOB, BK/IIOYAIOLLMX KaK MAAacTUKKM obLuero HasHayeHus (ABS, PP, PLA),
TaK M UHXeHepHble MaTepuasnbl, Takne Kak noavamuabl. Metos FFF ocHOBaH Ha NOC/IOMHOM HannasaeHUN
TEPMOM/IacTa C NOMOLLbO MOABUXKHOM NeYaTatoLLLel FOI0BKKU, B KOTOPOM NPOUCXOANT NAaBAEHUE MaTepuana,
W ero aKCTPy3uma Yepes TOHKYI0 unbepy.

Onsa npoBefeHUs GOTOXMMUYECKOTO CMHTE3a C BO3MOMKHOCTbIO MOJYYEeHMA NPoAayTa B 3HAUYUTENIbHbIX
KO/IMYeCTBax, aBTOpaMKn MNPOeKTa Oblia NpeasoKeHa MOAY/IbHAaA XMMWUYECKasa YCTaHOBKa, COCTOALWAA U3
MacCMBa MOLLHbIX CBETOAMOLOB, TEPMOCTAaTUPYIOLLLEN BOAAHOM BaHK, 6/10Ka LWNPULLEBLIX HACOCOB 1 MOAYASA
UMPPOBOro ynpaBfeHWsA LWNPULEBbIMM Hacocamu (puc. 2). Kak B npegplayliem c/ydyae peakuMOHHbIMU
cocyfamy MOTYT BbICTYNaTb CTaHAApPTHble KOAObl, BMAnbl WAM ApyrMe CTeKNsHHble eMKOCTW, Bcerga
UMeLOLLMECH B XMMUYECKOWN NabopaTopumn. PeakuMoHHble cOoCcyabl NOMELLAIOTCS Ha CTEKAAHHOE AHO eMKOCTH
BOAAHOW HaHKM, KOTOpasa B CBOO ovepeab PasMeELLAeTcsa Had MacCMBOM CBeToAMoaoB. lNocne BKAtoYeHWMs
CBETOAMOA0B B PEAKUMOHHbIE COCyabl Yepe3 YMAOTHUTE/IbHbIE PE3NHOBbIE MPOKAALKM LUNPULEBLIMK
HacoCaMM NOAJAOTCA peareHTbl, NPUYEM CKOPOCTb NOAAYM PeareHTOB C BbICOKOM TOYHOCTbIO peryanpyetcs
3KCNEPMMEHTATOPOM C MOMOLLBIO MPOrpamMMMPYEMOro KOHTponaepa. B oTanume OT KOHCTPYKUMM C
MEeTa/INYECKUM Tensopacnpesenutenem B AaHHOM BapuaHTe KonebaHus TemnepaTypbl PeakuUMOHHOWN
CMEeCU CriaKeHbl BbICOKOM TeMNI0BOM UHepLmMel BoaaHoW 6aHK. MaccuB cBeTogMon08 60/bLON MOLHOCTH
B MpoLecce CMHTE3a NPOU3BOAUT BObLIOE KOAMYECTBO Tensa, No3ToMy g5 obecrneveHus 6onee BbICOKOM
TEMNNOCTOMNKOCTU CTEHKM TEPMOCTATa U3rOTOB/AEHbI M3 NOANKapboHaTa meTogom FFF.

Bbicokas 3¢ PeKTUBHOCTb NIACTUKOBOM MOAY/IbHOM CUCTeMbI Obl/la MOKa3aHa Ha NpUMepe BayKHenLwwero
$OTOKaTAaNUTMUECKOTO NpOoLLecca MapoTUOANPOBAHUA alKUHOB, MPUBOAALLETO K GOPMMPOBAHMIO NPOAYKTOB
CO CBA3bIO YINepos-cepa. Takne coegmMHeHUA MOTyT UCMNO/b30BATbCA ANA NONYYEHUA HOBbIX MaTepUanos U B
KayecTBe OCHOBbI /11 CUHTE33 BUONOMMYECKM aKTUBHbBIX COeAMHEHW.
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MpenmyLLEeCTBOM TaKOM NNaCTUKOBOMW YCTaHOBKM ABASETCA ee HU3KasA CTOMMOCTb, BC/eACTBME Yero Ans
Ka)K4oro TvMna cuMHTe3a MoryT 6biTb NPOTECTMPOBaHbI PasNnYHble KOHCTPYKUMW moayneit. Kpome 3Ttoro,
meTog FFF nossonset npousBoauTb rabaputHble AeTanAn C OTHOCUTE/IbHO BbICOKOW TOYHOCTbIO, YTO AaeT
BO3MOHOCTb JIerKO MacluTabupoBaTb YCTaHOBKY ANA UCMNO/Nb30BaHUA PeakUMOHHbIX COCya0B 60/bLIOro
o06bema, YTo TakKe 6bI10 NPOAEMOHCTPUPOBAHO B 4aHHOM MpPoeKTe.

MpeanoeHHbIn B AaHHOW paboTe noaxod NO  CO3AaHUIO  YHMKanbHOro obopyaoBaHuA,
ONTUMU3NPOBAHHOIO ANA NpoBeAeHUA onpeaeneHHbIX TUMNOB GOTOXMMUYECKMX MPOLLECCOB, NPUMEHUM He
TO/IbKO AN1A aKageMUYecKux uccneaoBaHuiA, HO U ANA opraHM3aLUmMmn onbITHOrO NPOU3BOACTBA 1IEKAPCTBEHHbIX
BellecTs, MmaTepuanoB OPraHNYECcKOl 3NEeKTPOHUKM, TO eCTb NPOAYKTOB TOHKOrO OpPraHMYeckoro CUHTe3a,
noJiydeHume KOTopbIX B 60/IbLUIMHCTBE CNyYaes He TpebyeT co3gaHna KPYNHOTOHHAXKHOIo NPoM3BOACTBa.

Ccbinka:

E.G. Gordeev, K.S. Erokhin, A.D. Kobelev, J.V. Burykina, PV. Novikov, V.P.
Ananikov, Exploring metallic and plastic 3D printed photochemical reactors
for customizing chemical synthesis, Sci. Rep., 2022, 12, 3780,
DOI: 10.1038/s41598-022-07583-9
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OTKPbITUE NMPOLLECCA N-NHC COYETAHUA B PEAKUUU AMUHUPOBAHNA BAXBA/IbAA—-
XAPTBUTA, KATAJIN3UPYEMOW NANNTAOUEBLIMU U HUKENEBLIMUA
KOMNJIEKCAMU C NHC TUTAHOAMMU

HaTm oTBeT, YTO MMEHHO KaTa/M3UPYeT peakuuio W Kakue TpaHchopmaumm npoucxogar C
KaTa/n3aTopom, YacTo HbiBaeT oueHb TpyaHO. O4HaAKO, U3yYeHUe KaTaIMTUUYECKOro UUKAA U 0bHapyXKeHue
NPOMEXKYTOUYHbIX KOMMNIEKCOB 3a4aCTyt0 MOMOraeT Ucciea0BaTeIaAM OTBETUTb HA 3TU U ApPyrMe BOMNpocol. B
3TOM Cy4Yyae HeobXoAMMO MMETb B apCeHaNe He TOIbKO OpraHMYeckne noaxonbl, HO U pas/inyHble GpU3MKo-
XMMMYECKMe MmeToAbl aHanusa, Hanpumep, AMP-CNEKTPOCKONMIO, MaCC-CMEKTPOMETPUIO BbICOKOIO
paspeLleHnsn, CONPAXKEHHYIO C Pa3/INYHbIMM XpomaTtorpadamu, rasoBbIMU U }KUAKOCTHbIMU, CKAHUPYIOLLYHO
W NPOCBEYMBAIOLLYIO SN1EKTPOHHYHO MUKPOCKOMMUIO, PEHTIEHOCTPYKTYPHbIM aHanus uU.T.4. icnonb3ays UMEHHO
TaKOW MeXANCUMNANHAPHbIMA noaxos 6blna AeTa/ibHO U3yYeHa peakums aMMHUPOBAHMUA, KaTansnpyemas
M/NHC Komnnekcamu.

4 . i amination:

(A) General mechanism of the M/NHC-catalyzed Buchwald-Hartwig amination:
M'/NHC
j [Red]
Ar—X
R

Ar N Ar

I A Il
;H . i

NHR' N X

R R
]
Base-l—?)& '
R'NH
M" N H 2
Base é >_
]
(B) This work: N-NHC coupling - an important pathway for catalyst deactivation
R NHR' R _
N / | N-NHC coupling N X
é P—M(X)(L) = § O)NHR' + "M% + L
N N
R R

X = Ar, halide, etc.
\_ ' J

PucyHoK 1. O6wmii mexaHM3m peakumMm aMMHUPOBAHMA.
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/ Model Buchwald-Hartwig reaction: \

M/NHC (10 mol%) H Fl’h
PhNH, + PhBr o + N
o Ph” Ph LN
3a 4da dioxane, 100 °c 5a: R" = Ph 6a: R" = Ph

Observed pathways of M/NHC decomposition:

R H R x
(@ LWV —= ;N\F,\Ln | | H-NHC coupling éN\; -
’ ’ —_— b —_—

| [

N X N

\ \

R R

(H) 7

R Ar R -
f\i K ‘ C-NHC couplin N?

N

\

N X
R R
] 8
R (‘)But R
/
M/NHC Bu'o- N K O-NHC coupling N
{C) or —_— é :>_|\|A||_L %; >:O + uMOs: + L + [BUH]
I, 1, Iv N X N +X
L R R
9
R KTR‘R”_ R R
N N-NHC coupling N+ base N
d : _ \ R4 spp0 g '
(d) g%nln L é;)—NRR+ MO + L »=NR
N o X N N
R _ R R
v 11, R' = alkyl, aryl, R" = H 10 (from 11)
\ 12, R' = alkyl, R" - alkyl isolable products/

PucyHoK 2. OcHOBHble NyTV Aerpagaummn Kataamsartopa.

B paHHOM paboTe AoOKa3aHa 3BOMIOLMA HUKENEBOrO M MajfafMeBOro KaTasiv3aTopa, a TaKxke
Habnoaanock NpoTeKkaHWe pasndHbiX NobouHbix TpaHchopmaumii, Hanpumep, H-NHC; C-NHC; O-NHC
coyeTaHuii, a Takxke N-NHC couyetaHua, noapobHOMY MccnefoBaHUIO KOTOPOW M NocBALeHa 3Ta paboTa.
O6wmit MexaHM3M peakuMKn NOKasaH Ha pUcyHKax 1 n 2. Ha nepBoi cTagmMn NPOUCXOAUT BOCCTaHOB/IEHME
KoMnieKkca meTtanana fo M(0), 3aTem OKUCAUTENbHOE NPUCOEANHEHWE apuaraioreHnaa u obpasosaHue
komnnekca |Il. [Jo6aBneHne amuHa npuBoaMT K obpasoBaHuio Komnnekca I, nocneaytoulee
[enpoToOHNPOBaHWE N BOCCTAHOBUTENIbHOE 3IMMUHUPOBaHWE 3aMblKaeT uukA. B cnydyae komnnekca IV NHC
C aMWHamM, BbIN M3yYyeH HOBbIA NyTb paclienneHusa cesasnm M-NHC ¢ obpasoBaHuem a3on-2(5)-MMMHOB M
M(0). Bblno n3yyeHo 17 pasnnyHbIX MOHO M BUAEHTAHTHbIX NPeALEeCcTBEHHMKOB KaTan3aTopa, COAEPKALLMX
B CBOEM COCTaBe, Pas/inyHble NraHgbl U meTannbl (Nannaguii u HUKenb). B pesynbTate 6bian BblaeNEHbI U
OXapaKTepmn3oBaHbl HABOPOM PUINKO-XMMUYECKUX METOL,0B HOBbIE COEAMHEHNA N ANA HEKOTOPbIX CTPYKTYP
npoBeaéH PEHTreHOCTPYKTYPHbIN aHanu3. lepexoaHble KOMNAeKcbl 6blan 3aperucTpuMpoBaHbl B Macc-
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CNEeKTpe A/1A peakunmn nannagmMeBoro c KoOMnaekca ¢ aHUAMHOM B MPUCYTCTBUM OCHOBaHMA BO BPeMA OHNaNH-
MOHUTOpUHra ESI-MS. TaHgemHas macc-cnektpomeTtpusa ESI-(+)MS/MS (CID), npogemoHcTpupoBana
obpasoBaHue [Pd-NHC] B KauecTBe OCHOBHOMoO Myt ¢parmMeHTaumm U Tem camblM NOATBEPAUAN CTaAMIO
BOCCTaHOBUTENbHOIO 3IMMUHMPOBaHNA N o0bpasoBaHue npoayKTos codetaHns N-NHC. Kpome atoro 6bino
nokasaHo, 4yto N-NHC coueTaHWe o4yeHb 4YYBCTBUTE/IbHO K CTepuyeckMm ¢akTtopam M MOXKeT ObiTb
3HAYMTENbHO NOAABAEHO MPU UCNONL30BAHUM HArPYKEHHbIX IMFAHA0B.

Ccbinka:

V.M. Chernyshev, 0.V. Khazipov, M.A. Shevchenko, D.V. Pasyukov, J.V.
Burykina, M.E. Minyaev, D.B. Eremin, V.P. Ananikov, Discovery of the N-NHC
Coupling Process under the Conditions of Pd/NHC- and Ni/NHC-Catalyzed
Buchwald—Hartwig Amination, Organometallics, 2022, 41, 12, 1519-1531,
DOI: 10.1021/acs.organomet.2c00166
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BOCCTAHOBUTE/IbHOE 3S/IMMUHNPOBAHUE NI AKTUBALIUA C-C-CBA3U C MOAE/IbHbIMMU
KOMMNEKCAMM Ni, Pd U Pt? BbICOKOTOYHbIN BbIYHUCIUTENbHBIA AHANTN3
PEAKLIMOHHOM CNOCOBHOCTH

B nuTepaType MO peakumsm KpOCC-COYETaHMA 4YacTo KJ/OYEBOE 3HayYeHMe MPUMUCHIBAOT CTaauu
oKUCAUTENbHOro npucoeanHenmsa (ON) ranoreHopraHMYECKOro COeAMHEHUA K KOMMJEKcaM MeTanna C
OOHUM WAW ABYMSA CTabUAMBUPYIOWMMWU IUraHgamMu. B AaHHOM MpoOeKTe Mbl TEOPETUYECKU W3YUYUn
BOCCTaHOBUTE/NIbHOE 3IMMUHUPOBaHKeE (BI), CpaBHMIM aKTUBHOCTb KOMMN/IEKCOB META/INI0B B HEN U NOKa3anu,
YTO Yy 3TOM CTagMu KaTa/JIMTUYECKOro LMKNA eCTb PAj, BaXKHEWLWMX CBOMCTB, KOTOPbIE MOTYT CYLLECTBEHHO
B/IMATb Ha KaTa/IMTUYECKUI NPOLECC B peaKUMAX KPOCC-COYETaHuUS.

R-R' L Ao Of1 — okvcnuTenbHoe NpUcoeanHeHne;
Pd MY — nepemeTannvpoBaHue;
B3 L on B3 — BOCCTaHOBWTENbHOE 3TMMUHUPOBAHNE.
L MepemeTannupylowmii peareHT:
L'-Pd-R' | L [MX] = MgX — Kymapa (Kumada);
R L _F;j'x [MX] = ZnX — Heruww (Negishi);
M [MX] = SnR"3 — Ctunne (Stille};
R'MX i X = OH 1 R-B(OH), [MX] = SiR"; — Xuama (Hiyama).
MX;
unu
B(OH)3

PucyHoK 1. Knaccmyecknin mexaHMsm peakLmin Kpocc-CoYeTaHus.

Habniogaemble 3aKOHOMEPHOCTM B OTHOCWUTE/IbHOM pPEeaKUMOHHOMW CNOCOBHOCTU  KOMMJIEKCOB
M306paKeHbl CXEMATUYECKM HaA PUCYHKe HuKe. Hambonee aKTUBHO 3/IMMMHMPOBAHME YINEBOAOPOAOB
NPOMUCXOAUT U3 KOMMNEKCOB HUKeNA. [pn 3TOM KOMMNEKCbl HUKENA NPOYHO CBA3bIBAIOTCA C HENpPeaeabHbIMM
yrnesogopogamm (Mogenb [btoapa-Yatra-[aHKaHCOHa), NO3TOMY YMeHbLUeHWe cBoboaHOM sHeprum Mb6ca
B CYMMapHO peakuuun B3 He camoe BbicoKkoe. Mpu 3Tom pasnoxkeHne mHorux agayktos Ni(0)-yrnesogopos,
BOOOLLE TEPMOANHAMMNYECKUN HEBBIFTOAHO. A BOT KOMMEKCHI Nanfiagunsa noasepraoTcs BOCCTaHOBUTENBLHOMY
3IMMUHMPOBAHNIO C Hanbonbwmnm ymeHblueHMem AG cpeamn M3yyeHHblX, HO peaKkuma mnaet 66abwmmm
6apbepamu, Yem B C/lyHae HUKeNeBbIX KOMMNIEKCOB. KoMMneKcbl MAaTUHbI MAIOAKTUBHbBI B peakLmm B3 — Kak
KMHETMYECKM (BbICOKME Bapbepbl aKTUBALLMMK), TaK U TEPMOANHAMUYECKU (HM3Kan Mo abCoOTHOM BeNYNHE
AG peakuum).

Ewe oaHMm nto6ONbITHBIM CBOMCTBOM KOMIMJIEKCOB HUKENA CTaso TO, YTO, MO AaHHbIM KBAHTOBO-
XMMMWYECKMX pPacyeToB, BOCCTAHOBMUTE/NbHOE 3/IMMUHMPOBAHUE M3 HEKOTOPbIX KOMMJIEKCOB HWKena c
3TMHUBbHBIM Y KaKUM-TMB0 APYrMM OpraHMYeCcKUM 3aMecTUTENIEM He BbIFrOAHO TEPMOAMHAMUYECKU. TO ecTb
MOXeT MATM obpaTHbI Mpouecc: No cocefHen STUHWUABHOM rpynne oauHapHoW C-C-cBA3M MOMET matu
BOCCTAHOBUTE/IbHOE 3IMMMHMpPOBaHMe. MNpnyem AG peakLMm 3aBUCUT OT PACTBOPUTENA: TO ECTb NOTEHLMANBHO
BO3MOXHO CO3JaHME KHACTPAMBAEMbIX» KaTaIUTUYECKMX CUCTEM, B KOTOPbIX HabatoaaeTca nan obpasosaHue
C-C-cBsi3u B pesynbTaTe B, 1M Ke ee paspbiB nod agencteMem meTannokomnaekca Ni(0).

29



Reductive elimination (RE) from [RR’ML] / C-C-bond activation by [ML,]

RE feasibility
(thermodynamic)

R-effect

RE feasibility
(kinetic)

R-effect

time scale*

C+C-bond act.
(thermodynamic)

R-effect
[ML;] affinity
to R-R’
R-effect

ML models
trained easily™

R2
RMSD (accuracy)

28 a8
Ni Pd
Eth « Ph=Vin<Et Eth « Ph=Vin<Et Eth « Ph=Vin<Et

© @ @

Fth < Ft < Ph <Vin @ Et < Eth < Ph < Vin

Et < Eth < Ph < Vin

instantly

v

Eth-R’ are reactive

®

Et < Ph < Vin < Eth

X

0.67 or much worse

up to a day

X

N/A N/A

Et= Ph <Vin= Eth Et=Ph<Vin < Eth

v v

=~1.0 =1.0

“infinitely”

X

>1.0 kcal/mol*™* <1.0 kcal/mol <1.0 kcal/mol

* At 298 K, according to Eyring’s equation, very approximmate;
** Machine learning models of AGgz and AGY;
*** Can be several kcal/mol

Key models used

Rotameric intermediates

P
[Et,PdL,]

Q=
hX

Aot. 1: Q, =0.06

Rot. 2: Q, = 0.94

AG;
e RT

AGj

e RT
i€

Glrr'miy) = Q161 + Q26

Rotameric transition states (new)

AG},, = —RTIn (

N i3

—AG]
Z QT-HH(QL')

i=1

)

PuUcyHoK 2. WHoorpaduKa: BbiABAEHHble NO pes3ynbTaTamM MOAE/NMPOBAaHMA 3aKOHOMEPHOCTU B

peaKLI,VIOHHOVI CNOCOBHOCTU  KOMMJIEKCOB

(cnesa)

METa/I/IOKOMN/IEKCOB M NEPEXOAHbIX COCTOAHMUI (cnpaBa).

Ccblinka:

M.V. Polynski, V.P. Ananikov, Reductive Elimination or C—C bond Activation

with Model Ni,

Pd, Pt Complexes? A High-Accuracy Comparative

Computational Analysis of Reactivity, Eur. J. Inorg. Chem., 2022, ASAP,

DOI: 10.1002/ejic.202200572

M 0cobeHHOCTU TEeopeTnvyeCKoro paccmoTpeHunA
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NOMHOCTbIO ABTOMATU3UPOBAHHbIN AHANTN3 AAHHbIX MACC-CMEKTPOMETPUYECKUX

AAHHbIX BbICOKOIO PA3SPELUEHWUA NMPU NOMOLLN MALLUHHOIO OBYYEHUA

B ctaTbe 6bln NpeaioxeH NoAxoa, NO3BONAIOLWMIA OCYLLECTBAATL aBTOMATU3MPOBaHHbIN aHanM3 macc-

CNEKTPOMETPUYECKUX AAHHbIX BbICOKOTO pa3peLlleHns Ha Tpex ypoBHsX (puc. 1):

AHanus CNneKkTpa B UEe/IOM (KﬂaCTepM3aLl,Mﬂ MacC-CneKkTpoB, NOUCK KOppEﬂHLI,VIﬁ mexagy
WHTEHCUBHOCTAMMW MOHOB B 60/1bLLIOM Ha60pe MaCC-CI'IEKTpOB).
LI,EIIEBOﬁ dHa/n3 OTAE/IbHbIX COG,CI,MHEHVIﬁ (onpe,u,eneHme Hanm4yma UOHa B MaCC-CNeKTpe

MHOTOKOMMOHEHTHOM CMECH Mo MONEKYNSPHON Gopmyne coeanHeHus).

HELI,EIIEBOﬁ dHa/N3 KaxXgoro coeamHeHuA (I'IOMCK MONIERYNTAPHbIX d)opmyn ana BCeEX WOHOB,

3apPervcTpUpPOBaHHbIX B Macc-CNeKkTpe).

A Levels of B Steps of typical workflow [ uses machin
mass-spectra ) . . .
A The framework makes analysis on all three level possible. All these steps can be efficiently merged into pipelines.
analysis
]
Spectra preprocessing Analysis itself Visualization g
prepare data analyze data draw conclusions 2
|J|u J‘LLLJLHIH | Vectorization Spectra Dimensinnality 2
. ) o ) comparison reduction =
Entire spectrum Simple binning is applied to the E
sample-oriented analysis mass spectrum, binning function Spectra compared with peak-by-peak Vectorized representations are used £
can be set manually (maximum, appraoch. A simple implementation as an input for the dimensionality £
— Dimensionality reduction minimum, mean). is used for formula presence checking. | reduction algorithms. =
— Whole spectra comparison
Cluster maps m
| ‘ J ‘ A cluster map is another way to =
RO N[V — visualize complex relationships in S
] a large set of samples. g
Individual compound g P §
targeted analysis 2
[]
— Mass difference ]
— Isotopic distribution comparison =
i ‘\ ‘\‘HH Deisotoping Formula generation [
Every single COI‘I’IpOUI‘Id A special procedure is performed For found isotopic distributions formula 1§‘
untargeted analysis to group peaks, corresponding to | may be generated, using DL model. &
the same ion. The algorithm uses g
— Formula generation gradient boosted decision trees. Element presence ‘g
visualization &
=
Original spectrum can be decomposed | Presence of certain elements or %
into element-containing and combinations of elements can be S
non-containing subspectra. plotted on the spectrum

PucyHok 1. Tpy ypoBHSA aHa/nM3a MACC-CMEKTPOMETPUYECKMX AaHHbIX (A); TpM 3Tana 06paboTku
AaHHbIX (B).

Bnarogapsa paspaboTaHHbIM anropMTMam yAanocb OTAMYATb CNEKTpbl 06pasuoB NPUPOAHOro
npoucxoXxaeHua apyr ot apyra. [lna npeacrasneHMa macc-CNeKTPOB B BUAE BEKTOPOB C nocieayloLem
NoHU)KeHUem pasmepHoctern metogamm PCA u t-SNE wucnonbzoBanca 1D-6UHHUHE. [pumeHeHue
arnoMepaTUBHOM KiacTepus3aumm noBepx TPAHCMOHWMPOBAHHOW MATPULbl AAHHbIX TaKXKe MO3BOJAMAO
BbIABNATL KOPPENALUM B KOHLLEHTPALUMAX OTAENbHbIX MOHOB.

[na onpefeneHns HaiMuMAa MOHA B MACC-CMEKTPe Mo ero XxmMmmyeckoin dopmyne Obla peanvsosaH
NnoAaxoA, OCHOBAHHbIM HA CPaBHEHUM BEKTOPA TEOPETUYECKOrO M30TOMHOro pacnpeneneHuns (YHUKasabHOro
“oTneyaTka” MOHA) C BEKTOPOM MUKOB W3 BXOLHOIO CMEKTPA, COMOCTAB/IEHHbIX C TEOPETUYECKUM C
MCMNONb30BAHUEM KA[HOTO anropuTma. METPUKOM CXOMKECTU [BYX BEKTOPOB BbICTYNMWUAO KOCMHYCHOE
pacctosiHme. [loNyYeHHbIA anropuTm MOKasan CBOK MNPUMEHMMOCTb Ha Habope paHHbIX M3 50
3KCNepUMeEHTaNIbHbIX CNEKTPOB MOHOB Pa3/IMYHOIO XMMUYECKOTO COCTaBa, a TaKXe NO3BO/INA aHaN3MpoBaTb
nocneaoBaTeNbHOCTM NENTUAOB NO TAaHAEMHbIM MACC-CMEKTPOMETPUUYECKUM IKCMEePUMEHTAMU.
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HeueneBoli aHanus 6bi1 peanns3oBaH U3 AByX 3TANOB:

[evsotonMpoBaHMe — BblAeNEHME OTAE/IbHbIX M30TOMHbIX PacnpedeneHuit B Macc-CrekTpe
MHOTOKOMMOHEHTHOM CMecH.

leHepaumsa MONEKYNAPHOW GOPMY/Ibl MOHA M3 U3OTOMHOIO pacnpeseneHus.

Ona pelweHnsa 3a4ayM 4en30TONMPOBAHMA Obll NpeasioXKeH anropuTm, OCHOBAHHbLIM Ha GWUHapHOW
KnaccuduKaumu, rae 06 bekTaMm ABAANIMUCL BO3MOKHbIE Napbl MMKOB, @ METKAMU — NPUHAANENKAT /M MUKK U3
OAHOW Napbl O4HOMY W TOMY Y€ WOHY WM HeT. Bbbino NpPoAeMOHCTPMPOBAHO, YTO WCMO/b30BaHME
CreHepUpPOBaAHHbIX TMPM3HAKOB MNap MMKOB C MOC/iedyloWwymMm NpUMeHeHneM aHcambnieBbix Mogenen
MalUnHHOro obyyeHus Ha aepeBbsx peweHuin (Random Forest, Gradient-boosting Decision Trees) yseanunno
TOYHOCTb K/accMdUKauum, B CPAaBHEHMM C MUCMOJIb3YEMbIMU Ha AAHHbIA MOMEHT JIMHENHbIMU MOAENAMM,
OCHOBAHHbIX Ha aHa/M3e pPasHMLbl Macc Mexay nukamu. JaHHoe HOBOBBeAEHME MPUBEIO K CHUMKEHMUIO
KOJIMYECTBA JIOXKHOMONOMKUTENbHBIX MPEeACKa3aHWii, YTO CHU3UIO KOJIMYECTBO OObEAMHEHMUI M30TOMHbIX
pacnpezeneHunii pasHbiX MOHOB B OA4HO, YTO OblJI0 NOATBEPIKAEHO KCMEPUMEHTANbHBIMUN AAHHbIMM.

Mocne [en3oTONMPOBaAHUA AN KaXKAOro MNOMYyYeHHOro M30TOMHOro pacnpegeneHus Heobxogumo
creHepupoBaTb dopmyny. B nccnegosaHumn bbina MMmnieMmeHTMpoBaHa AByHanpassieHHana LSTM-HelnpoHHan
ceTb AN NpeACKasaHua 3/1eMEHTOB, BXOAALWMX B COCTaB MOHOB (puc. 2). Ha Bxog nogaBanacb
noc/ie4oBaTe/IbHOCTb BEKTOPU30BAHHbIX OKPECTHOCTEN KaxKAoro arperMpoBaHHOrO M30TOMHOrO BapuaHTa.
CeTb MOKa3ana CBOK BbICOKYIO MPUMEHMMOCTb Ha 3KCMEepMMEHTa/ibHOM Habope AaHHbIX. Takke 6blan
peannsoBaHbl MOZENM, OcCylecTBasoWme perpeccuto dopmyn. JononHutenbHo 6bina npoBeaeHo
nuccnefoBaHMe  MHTEPNPETUPYEMOCTM W YBEPEHHOCTM MOAEAM C  UCMO/Ab30BaHWEM aHcambnei.
Mcnonb3oBaHMe AaHHbIX MOAENEN MO3BOJIMAO CYWECTBEHHO CY3MTb MPOCTPAHCTBO MOMCKA M TOYHblE
bopmynbl yKe ycTaHaBAMBaAUCb MeTodoM Nepebopa.

[na obyyeHna mogeneit 4ensoTonMpoBaHmsa, KnaccudmKaLMm 1 perpeccnm 3NeMeHTOB UCNONb30BaNCh
CUHTETUYECKME OaHHble C HA/NOKEHMEM ayrMeHTauMi, BK/AOYAIOWMX HaNOMKeHMe LWyma, CABUIMM U T.M.
Pa3paboTaHHbI NoaxoA UCMOAb30BaACA B U3YUYEHUW KaTaIMTUYECKOW cUcTeMbl peakumm CoHoralmpsl.

QOriginal spectrum is
searched for the isotopic
| I | distributions

T T T T T T
566 568 570 572 574 576 miz . .
The most intensive peaks

vicinities of each aggregated
Isotopic variant are selected

I L L for futher analysis

566 568 570 572 574 576 miz

Vectorized data is passed
into a LSTM neural network.

Resulting hidden state is
l l k l passed into the fully-connected

- L ... ———— classifier/regressor.
566 567 568 569 570 571 577

¢ l lv l i l l’ Fully-connected

— LSTM — — — h, = qassitier / regressor
—> cell — > = —>c,

PUCYHOK 2. lMoaxog K 06ydyeHno Mogenn ans Knaccudukaumm npUCyTCTBYIOLWMX SNEMEHTOB.

Ccbinka:

D.A. Boiko, K.S. Kozlov, Yu.V. Burykina, V.V. llyushenkova, V.P. Ananikov, Fully
Automated Unconstrained Analysis of High-Resolution Mass Spectrometry
Data with Machine Learning, J. Am. Chem. Soc., 2022, 144, 32, 14590-14606,
DOI: 10.1021/jacs.2c03631
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B CTOPOHY NOJIHOCTbIO ONPEAENEHHOIO HAHOKATAJ/IU3A — INMYBOKOE OBYYEHUE
PACKPBIBAET UCK/TIOYUTE/IbHYIO AKTUBHOCTb OTAE/IbHbIX
YACTUL, Pd/C KATANIUSATOPOB

O4HO M3 XapaKTepHbIX OTIMYUIA FeTepPOreHHOro Katajsu3a — 3TO, YTO B OT/IMYME OT FOMOFeHHOro
KaTanusa, TO, YTO MOMELLAETCA B PEaKkUMOHHYI0 CMeCb He A0 KOHUa u3BecTHo. TaK, B cnayyae Pd/C
KaTa/n3aTopoB MccnenoBaTeny OOblYHO He 3HAOT CKOMbKO HAHOYaCTWUL, KAaKOro pasmepa M C Kakum
pacnosioxKeHnem npeacTaB/ieHbl B KaTannsaTope. B gaHHoM paboTe npeanoreHo uccnenosatb Hebonblume
YyacTuubl KaTanmsatopa, cobupatb 60/1bLLIOE KOMYECTBO M306parXKeHUI ero NOBEePXHOCTH, aHAIM3MPOBATb UX
npu NOMoLM MaLlMHHOTO 06yYeHMA 1 TaKMM 06Ppa3oM NOSHOCTbIO XapaKTepmM3oBaTb KaTaansaTop.

image
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large particles at
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PucyHOK 1. ArpernposaHune CTaTUCTUKMU HaKonneHHOW no YacTMuam noAaNI0XKKWU KaTasin3atopa U“
HaHO4YaCTUUam Ha ero noBepxHoOCTh Npn noMmoLln aByx cCeErMeHTaLMOHHbIX HEVIpOHHbIX ceTen.

Ona obyyeHusa HeilpoceTei 6biNM pasmeyeHbl YacTUUbl KaTanusatopa M HaHOYaCTMUbl Ha ero
nosepxHoctn (puc. 1). PasmeTka npeacTasnsana coboii cermeHTauMoOHHble MacKM. Ha OCHOBaHWM 3TUX
[OaHHbIX C UCNONb30BaHNEM ayrMeHTaUMI Bblan 06ydYeHbl MOgEeNb ANA CErMEHTaL MM YacTuL, KaTamsaTopa U
HECKONIbKO MoAesieit AN CerMmeHTaL MM HaHoYacTuL, (Mo MoAEeNu ANA Kaskaoro BUAA NOANOMKKM U 3arpy3Ku
NnanfaAMeBoro KaTanus3aTopa). To4YHble ONTUMAJIbHbIE APXUTEKTYPbl 3HKOLEPOB B KAXKAOM Cayyae
OT/IMYANINCD, HO B BONBLUMHCTBE C/Ty4YaeB 3TO OblIM pas/iMyHbie BapuaHTbl ResNet apxmTeKTypbl.

TaK KaK 4/ YacTuL, KaTaamM3aTopa He0HX0AMMO TO/IbKO MOAYYUTL UX MIOWaAb, TO CEerMeHTauUoHHbIe
MaCKM MOHO WCMOAb30BaTb Hanpamyto. OAHaKo, OnA HaHouyacTul Tpebyetca MoAyuYuTb ewé u ux
KO/MIMYECTBO, a TaKk:e pasmep u ¢dopmy (puc. 2A, 2B, 2C). [daHHas 3afaya pewanacb MNpu MOMOLIM
K/1lacCMYecKoro noaxoAa, OCHOBHOMO Ha ajropuMTMax KOMMbIOTEPHOro 3peHns — MoACYeT PaccToAHUA A0
6AvKaliero NMKcena MHBEPTUPOBAHHOM MACKM U CermeHTaums ¢ ucnosibsosaHvem Watershed-anroputma.
B OoTAe/NbHbIX C/Ny4Yasx XOpoLMe pes3ybTaTbl MOKasbliBaa M aHa/M3 KOMMOHEHT CBA3HOCTU. MMonyyeHHble
pe3ynbTaTbl MOXKHO MCMO/b30BaTb AJ/1 aHa/IM3a arperMpoBaHHOM CTAaTUCTMKM MO HaHo4yacTMuam (puc. 2D), a
TaKXe aHaNN3MPOoBaTh AaHHble NO-0TAENbHOCTU (puc. 2E).

CobpaHHble AaHHble 06beAMHANUCL ANA NOJHOLEHHOM XapaKTepusauumu 4acTuubl KaTanausatopa M
M3MEPEHNA ero aKTMBHOCTM B XOA4E XMMMUYECKOoW peakumu. MNonHoe MOoKpbITUEe MAowWaau NO3BOIMT B
byayliem OOCTMYb KOHLEMUMM MOSHOCTbIO ONpeaeNneHHOro KaTa/avs3aTopa, OfHaKo TpebyeT pas3BuTusA
TEXHO/I0TUI1 aBTOMATUYECKOM PerncTpaumm MMKPOCKOMMUYECKUX M306pakeHU.
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PucyHoK 2. MoaxoAa K MOWCKY HaHO4YacCTUL: MCXOoAHoe n3obparkeHue (A), ncxogHoe msobpaxkeHue c
Ha/NOMEHHbIMU NPEeACKa3aHMAMW HeWpoHHoW ceTn (B), McxoaHoe wu306pakeHUe C  HaNOoXMEHHbIMU
OrpaHNYMBaOLLMMM NpAMOYToibHUKamK (C), npumepbl aHanusa pacnpegeneHua HaHovactuy, (D), npumepbl
HalAeHHbIX HaHovacTumL, (E).

Ccbinika:

D.B. Eremin, A.S. Galushko, D.A. Boiko, E.O. Pentsak, 1.V. Chistyakov, V. P.
Ananikov, Toward Totally Defined Nanocatalysis: Deep Learning Reveals the
Extraordinary Activity of Single Pd/C Particles, J. Am. Chem. Soc., 2022, 144,
13, 6071-6079, DOI: 10.1021/jacs.2c01283
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KAK NO/1Y4UTb, BOCCTAHOBUTb AKTUBHOCTb U PETEHEPUPOBATb MELIHYIO
KATAIMTUYECKYIO CUCTEMY U3MEHEHUEM NONAPHOCTU SNIEKTPOAOB?

Pa3spaboTka 3HeprospPeKTUBHbLIX, 3SKONOTUYHbIX KATAMTUYECKMX MPOLECCOB C MMHUMAbHbLIM
KO/MYECTBOM CTaMA M OTXOAO0B ABAAKOTCA BA*KHbIM HaMpaBAEHWEM Pa3BUTUA COBPEMEHHON xumun. B
nocnefHue rodbl LWMPOKOE Pa3BUTUE MONYYUAN INEKTPOXMMUYECKME METOAbl, B KOTOPbLIX 3/IEKTPOHbI
BbICTYMAlOT B Ka4yecTBe BOCCTAHOBUTENEN A/1A 3aMEHblI XMMUYECKMX BOCCTAHOBUTENEN MNpesLlecTBEHHUKOB
MeTaN/0B U ABAAIOTCA Holee 6€30NacHbIM N5 OKPYKAKOLLEN cpesbl, YeM XMMUYECKME.

MonyyeHre MeTan-cofepiKallmMx KaTaanm3aToOpoB 3TO MHOFOCTYMEHYaTbl 3HepProsaTpaTHbIA nNpouecc,
npU KOTOPOM BblAENAETCA 3HAUYUTE/IbHOE KONMYEeCTBO OTX0A0B. Hampumep, npouecc NpomMbIWIeHHOro
nonyyeHusa xnopuaa meam (ll) ocHosaH Ha 06paboTke pyAabl FA3006Pa3HBIM XIOPOM UAU KMCAOPOLOM Npw
Temnepatype 300-400 °C. 3atem conm meay MOryT MCNONb30BATbCA B KAYeCcTBE MPEKATA/IM3aTOPOB, U, KaK
npasmao, TPebyoT akTUBaLMK ANnA 06pa3oBaHMA KAaTaIMTUUYECKM aKTUBHbIX META/IZI0B B peaKkLMOHHOM cpeae
(puc. 1B). AKTMBauuMs KaTanmM3aTopa 4acTo BKAKOYAET BOCCTAHOB/AEHME coseli megu o6paTHO Ao
HO/IbBA/IEHTHbIX META//IMYECKMX YacTUL, WAM HaHo-4yacTuL. Takum obpasom, meTannmyeckaa mefb
npespaLLaeTca B COJIM U CHOBA BOCCTAHAB/AMBAETCA A0 MeTasla BOCCTAHOBUTENAMMU WU IMFaHZaMKU. ITU
3Tanbl HEU36EKHO rEHEPUPYIOT 3HAYUTE/IbHOE KOJIMYECTBO HEXKelaTesbHbIX 0Tx0408 (puc. 1C). Kpome Toro,
nocse 3aBeplleHUa peakumMn U3BAeYeHne MeTanna U3 PeakUMOHHOW CMecu ABNAETCA AOMOAHUTENbHON U
C/IO}KHOM 3afadveit, ocobeHHO B c/lydae rOMOreHHOro Katanausa. [1oBTOpHOe MCNoAb30BaHWE MeTanna u
pacTBOPUTENA ABAAIOTCA ABYMSA BaXKHbIMWU Npobiemamu, CBA3AHHbIMU APYT C 4PYTOM.

Common approach
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+ ligands replacement Deactivation
J P Catalytic
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Waste Mmetalsalt oo

. This work
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PucyHok 1. Mepb-KaTanusmpyemble peakumu: oblwmii noaxon (cBepxy) v MpAMOe MCNoAb30BaHUE
MeTanna 4na reHepaunn/BoccTaHOBAEHNA KaTaansatopa (CHM3y nog yepTton).

MpaeanbHbIM anbTepHaTUBHbIM NOAX0A0M 6bl10 6bl NPAMOE UCNO/b30BaHME METa/1a B OpraHUYeckmx
npeBpaLLeHNAX MUHYA 3Tanbl 06pa3oBaHUA conei U BoccTaHoBAeHUA (puc. 1D) ¢ nonHoi pereHepaumeit
MCMO/1b30BaHHOrO PacTBOpPMTENA M METAZIMYECKOTo KaTaimM3aTopa nocse peakumu (puc. 1E). Takoi noaxon
NO3BO/INT CYLWECTBEHHO COKPaTUTb KOJIMYECTBO OTXOAOB WM MOBbICUTb 06LLYIO 3HepProspPeKTUBHOCTb
npouecca.

B HactoAwen paboTe Katanmsatop 6bla MOAyYeH HAMPAMYIO W3 MEAHOro  3/1eKTpoAa
3/1EKTPOXMMMYECKMM CMOCOBOM MUHYS AONONHUTE/bHbIE CTaaun. FeHepaLusa KaTaansatopa npouCcXoauT B
cpeae MOHHbIX Xugrocteit (MXK), KoTopble 06/1a4at0T BaXKHbIMU 418 3N1EKTPOXMMUYECKOTO NPUMEHEHUS
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CBOMCTBAaMM, KaK BbICOKaA CTabWUAbHOCTb, MPOBOAMMOCTb, CNOCOBHOCTb PacTBOPATb M CTabuamMsmMposaTb
HaHO-4YacTMubl meTannos. lNocne sToro B WK, copeprkawyto KaTanmsatop, A06aBnaAM peareHTbl U
NPOBOAMAMN KATA/IMTUYECKYIO PEAKLMIO. INEKTPUYECKUI TOK Obla HEOBXOAMM TONbKO ANs PacTBOPEHWMA
KaTann3aTopa, TOrAa KaK KaTa/MTMYecKasa peaKkuma nposBoaMnacb obbluHbIM obpasom u He Tpebosana
3NEKTPOXUMMUYECKUX YCNOBUIA. MI3MEHAA SNEKTPUYECKUI TOK UAWM HanpaXKeHWe, MOXKHO YBENMYMBaATb UK
YMeHbLUATb KONMYecTBa MeTanna, nepellewero B pacTBop € 3iekTpoaa. [NoTHOCTb TOKa, pacTBopuTenb U
[006aBKK, M TUN METaNNA TaKKe MOTyT BapbUpPOBaATLCA.

KaTanutuueckaa aKTMBHOCTb KaTanu3atopoB Oblna npoTecTMpoBaHa B peakuusax:  [3+2]
LUMKIONPUCOEANHEHUSA aZIKMHOB K asunaam («KAWK-peakuMm») M peakuum KpocC-COYETaHUsA asKMHOB U
TMonoB (peakums YnbmaHa). Bblna nonyyeHa cepus 1,2,3-Tpuaszonos (14 coeguHeHMIA) C BbICOKMMU
BbIxoAdaMKn (A0 99%) M BbICOKON CENEeKTUBHOCTbIO (TONbKO 4-3amellleHHble MPoAyKTbl). Takxke 6blno
MoKas3aHo, YTO JaHHaA MeToAMKa MO3BOJIAET Mo/y4yaTb rPaMMOBble Ko/auyecTBa npoaykta (1r, 97%).
MpoAyKTbl C BbICOKMMM BbIXOZAMM ObIIN NOSYYEHbI TaKXKe B C/TIy4ae UCMO/Ib30BAaHNA TBEPAOro a3naa HaTtpus,
ON8 NOMYYEeHUA OpPraHMYecKuX asnaos in situ, a TakKe TBEpAOro Kapbuaa KanbLmsa, B Ka4ecTBe UCTOYHMKA
aueTuneHa, HEenocpeacTBEHHO B peakuuu. Katanutuyeckaa  megb-cogepKawaa  cucrema
NpoAEeMOHCTPUPOBasa CTabUNbHOCTb U BbICOKYHO aKTUBHOCTb M B C/ly4ae BbICOKOTEMMepaTypHOW peakuum (>
100 °C) C-S Kpocc-coyeTaHus. MexaHU3M reHepauMy KaTasmM3aTopa M KaTa/IMTUYECKUA LMK peakuumu
UMKAONPUCOEANHEHUA  OblIM  U3Yy4YeHbl, W  MPOMENKYTOYHbIE COCTOAHMA  KaTaamsaTopa bbiau
NPOaHaNN3MpPOBaHbl C MOMOLLbIO PEHTTEHOBCKOM CNEKTPOMETPUM U MACC-CMEKTPOCKOMMUU.

OuyeHb BayKHO, YTO NOC/E NPOBEAEHWNS PEAKLNN U BblAeNeHNA HeoBXoANMbIX NPOAYKTOB, PpacTBOpUTENb
(MX) 1 KaTanm3aTop MOXKHO BOCCTAHOBUTbL MPOCTO NyTEM M3MEHEHMA NOAAPHOCTM a1eKTpoaos (puc. 1E), a
BOCCTAQHOB/IEHHbIA KaTanu3atop M MK cHoBa MCNonb30BaTb B CMHTE3e 6e3 MoTepu KaTaauTUYecKoM
AKTUBHOCTW.

Ccbinka:

K. S. Rodygin, D. E. Samoylenko, M. M. Seitkalieva, K. A. Lotsman, S. A.
Metlyaeva, V. P. Ananikov, Generation, regeneration, and recovery of Cu
catalytic system by changing the polarity of electrodes, Green Chem., 2022,
24,1132-1140, DOI: 10.1039/D1GC03975)
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HAYYHAA KOHPEPEHUUA-LLKONA «HOBbIE FTOPU30HTbI KATAJIU3A U
OPFAHUYECKOMN XUMUU

19-20 maa 2022 r, UOX um. H.L. 3ennHckoro PAH, r. Mocksa

19-20 man 2022 r 8 MOX um. H.[. 3ennHckoro PAH (MockBa) cocTosnach KoHpepeHuus HayuyHol WKosbl
akagemuKa B.M. AHaHMKOBa «HOBble FOPU30OHTbI KaTasiM3a M OpraHMYecKon xmmum». B KoHdepeHuun
nNpPUHANO y4yactue 6onee 60 monoabix yyeHbix M3 MocKebl, HoBoyepKkaccka, CaHkT-lMeTepbypra, Tynabl u
Omcka.

OcobeHHOCTbI0  KOHpEepeHUMU CcTana MEeXAUCUMNIMHAPHAA HanpaB/leHHOCTb WM MOMUCK HOBbIX
HanpaB/eHWI UcCneaoBaHUIM ans ByayLMX OTKPbITUIA B dyHAAMEHTaNbHOW HayKe.

B pamKkax kKoHbepeHLmMmM Bbinn cneayowme TemaTudeckme CeKLmm:

* leTepoumknnyeckune cuctembl, NHC anranapl, AM3aliH Katanutuyeckmux cuctem M/NHC

e Katanms 1 BM3yannsauma KaTaIMTUYECKMX NPOL,ECcCoB

® HaHeceHHble KaTaNUTUYECKNE CUCTEMBI

e MoneKynAapHOe MOAENMPOBAHNE KaTaIUTUYECKMUX NPOLLECCOB

e POTOKaATANINTUHECKNE peaKLUM

® M3y4eHne XMMUYECKUX peakumnii Ha MONEKYIAPHOM YPOBHE

¢ [M6pPUAHbIE OPraHO-HEOPraHUYECKNE MaTepuanbl

* XuMuA aueTuieHa n Kapbuaga Kanbumsa

¢ MalKnHHOe 0b6yYeHNE U UCKYCCTBEHHbIN UHTENIEKT B XMMUK

* AfANTUBHbIE TEXHONOTNU B XMMWNU

¢ KoHBepcua buomacchl n BO306HOBAsSIEMble pecypcbl

® IOHHbIE }KMAKOCTU B XMMWUKN U Buonormm
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HAYYHAA KOH®EPEHUHNA-LUKONA « DYHAAMEHTA/IbHbIE OTKPbITUA, POPMUPYIOLLUE
XUMMUIO CEFTOAHA» (FUNDAMENTAL DISCOVERIES SHAPING CHEMISTRY TODAY)

24-25 Hoabpa 2022 r, MOX um. H.A. 3enmHckoro PAH, r. Mocksa

24-25 HoAbpa 2022 r B UHCTUTYTE opraHuyeckon xummm um. H.[. 3enmHckoro PAH (MockBsa) coctoanacb
KOHdepeHumn HayyHoit wKonbl akageMuKa B.MN. AHaHMKoBa « PyHAaMeEHTaibHble OTKPbITUA, dopMupytoLLme
xumuto cerogHa» (Fundamental discoveries shaping chemistry today).

KoHdepeHuus Hbina NOCBALLEHA HAYYHOMY HACNeaMI0 U CBA3W CAENAHHbIX paHee ¢yHAAMEHTAIbHbIX
OTKPbITUA C COBPEMEHHOM HayKoh. B pamkax KoHdepeHuun Oblan caenaHbl MNAeHAPHbIE, YCTHble W
CTeHAOoBble AOKNaAbl NO CAeAyOWMM HanpaBaeHUAM:

® [OMOreHHbI METaNINIOKOMMJIEKCHbI KaTan3

* XuMuA aueTuieHa n Kapbuaa Kanbumsa

® M3yyeHne XMMUYECKMX peakunii Ha MOIEKYNIAPHOM M HAHOPa3MePHOM YPOBHe

® Pa3Butme U NpUMeHeHne aaauTUBHbBIX TEXHOIO0MUIM

* [M6pPUAHbIE HEOPraHUYECKME U OPraHO-HeoOPraHMYecKkne maTepuanbl

e ONTUMU3ALUMA KaTaIMTUYECKMUX CUCTEM AN OPraHUYeCcKOro CuHTes3a

B KauecTBe [OKNAAYMKOB BbICTYNWUAM COTPYAHUKM HayyHOW LIKOAbI U NPUIIALLIEHHble AOKAa4YMKK U3
Mocksbl, HoBouepKaccka, CaHKT-MeTepbypra, Tynbl, Hanbumka. Ha KoHdepeHumn bblno npeactaBneHo 5
naeHapHbix, 14 ycTHbIX U 48 cTeHAO0BbIX AOKMa40B. B paboTe KoHpepeHUMN npuHano yyactne 6onee 80
MONOAbIX YYEHbIX, B TOM Yucne 22 cTyaeHTa.
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YYACTUE HAYYHOM rPYNMbl B PABOTE OTEYECTBEHHbIX U
MEXOYHAPOAHbIX KOHOEPEHL MU

1. Gordon Research Conference "Exploring, Understanding and Controlling Nanoscale Structure and
Dynamics in Liquid", Lucca (Barga), Italy, 26-31 aHBapsa 2022 r.;

2. YenepoOHsili 6anaHc u yenepod-HelmpasbHble MEXHOA02UU 8 COBPEMEHHbIX UCC/Ae008aHUAX U
paspabomkax, EpeBaH, Apmenus, Mpesnanym HAH Apmernu, 10 mas 2022 r.;

3. OpeaHuyeckaa xumus XXI eeka, EpeBaH, ApmeHua, Poccuiicko-ApmMAaHCKUI YHuBepcUTeT,
11 mana 2022 r.;

4. 20-rd Conference on Organometallic Chemistry (EuCOMC-XX), St Andrews, United Kingdom, 30 utoHs-
4 vona 2022 r.;

5. IX Biennial Meeting on Microbial Carbohydrates (BCCM), Heanonb, Utanua, 27-29 wions 2022 r.;

6. 12-4 MeuOyHapoOHaA HAYYHO-MEeXHUYEeCKaa KOHgepeHyus «TexHuka U  mexHono2usa
Heghmexumu4eckoeo u Heghmeeaa3o8020 ripouszsodcmea», Omck, 16-19 despans, 2022 r.;

7. VI North Caucasus organic chemistry symposium (NCOCS-2022), Ctraspononb, 18-22 anpena 2022 r.;

8. XXlll MexdyHapoOHaa HAy4YHO-NMPAKMUYECKas KOHGepeHUUs cmyOeHmos8 U MOs00bIX yYeHbIX
«Xumusa u xumuveckasa mexHosoaus 8 XXI seke» (XXT-2022), Tomck, 16-19 mas 2022 r.;

9. 22-nd International Symposium on Homogeneous Catalysis (XXIl ISHC), July 24 - 29, 2022, Lisbon,
Portugal;

10. 18-th Session of the V.A. Fock Meeting on Quantum and Computational Chemistry, Bennkumn
Hosropog, 22-26 asrycta 2022 r.;

11. 9-th IUPAC International Conference on Green Chemistry (9-th ICGC), AdwvHbl, peuns, 5-9 ceHTAbps
2022 r,;

12. The Sixth International Scientific Conference «Advances in Synthesis and Complexing», PY[OH,
MockBa, 26-30 ceHTabpAa 2022 r,;

13. IV wKona-KoHpepeHYus 018 MosA00bix y4eHbix «CynpamoseKynapHsle cmpameauu 8 Xumuu,
buonoeuu u meduyuHe: pyHoameHmMasbHble npobsaemsl U nepcriekmussl» (C MexXayHapoAHbIM y4acTUeMm),
KasaHb, 3-6 okTAbps 2022 r.;

14. XXIll MexOyHapoOHaa YepHseeckas KOHepeHUUs Mo XumMuu, aHaaAuMuKe U mexHonao2uu
nAamuHo8bIX Memarisnos, HoBocnbupck, 3-7 okTabpsa 2022 r.;

15. 4-th International Conference on In Situ and Correlative Electron Microscopy (CISCEM-2018),
Saarbriicken, Germany, 10-12 oktabpsa 2022 r.;

16. 2-nd International Symposium “Noncovalent Interactions in Synthesis, Catalysis, and Crystal
Engineering”, Moscow, Russia, INEOS RAS, November 14 - 16, 2022.;

17. 26-th International Electronic Conference on Synthetic Organic Chemistry, Basenb, LLiseliuapusa, 15—
30 HoAbpA 2022 r.;

18. Bcepocculickas  Mos00exHAas HAy4yHaA  WKOAA-KOHpepeHyus «AkmyasnsHele  npobaemol
opeaHuyeckoli xumuu (Af10X-2022), Weperew, KemepoBckas obiactb, 20-26 mapTta 2022 r.;

19. X Bcepocculickaa Mos00exHas WKoAa-KoHpepeHyus "KeaHmoso-xumu4yeckue pacyemsl:
CMPYKMypa U PeakyuoHHAA CrocobHOCMb Op2aHUYecKUx U HeopaaHuveckux mosaekyn", MiesaHoso, 23-25
mapTa 2022 r.;

20. XXXIl MeHOeneescKkas WKoAA-KOHepeHUUs Monoobix y4eHbix, Mockea, 11-13 mana 2022 r.;

21. VIl Bcepoccutickuli monodex Hsili Hay4Hbili popym «Hayka 6yoyuwe2o — Hayka monoobix» (HBHM
2022), HoBocmbupck, 23-26 asrycta 2022 r.;

22. Bo3o6Hos19eMble Mamepudsabl HOB020 MOKOAEHUA U a0OUMUBHbIE MEeXHOM02UU 8 MPoeKmax
ycmoliyusozo pazsumusa, Tyna, buoXumTexlLleHTp TynbCKOro rocyAapCTBEHHOINO YHUBEPCUTETA,
27 ceHTAbps 2022 r.;

23. Bcepocculickasa wkona — koHpepeHyusa « POTOKATA/IN3Z — om pyHOamMeHmMaAbHbIX UCCAe008aHUL
00 nNpakmuyecko2o npumeHeHus», HoBocnbupck, 6-7 oktabpa 2022 r.;

24. Bo306Hos19eMble Mamepudsabl HOB020 MOKOAEHUA U a00UMUBHbIE MEeXHOM02UU 8 MPoeKmax
ycmoltiyusoeo pazsumus, KBI'Y um. X.M. bepbeKkoea, Hanbuuk, 10 oktabpa 2022 r.;

25. TpaeKTopua pa3BUTUA CTYAEHTA M acnMpaHTa B HaydHO-06pasoBaTenbHbIX npoeKkTax, KBy um. X.M.
BepbekoBa, Hanbuumk, 10 okTAbps 2022 r.;
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26. XX ecepocculickoe cosewaHUe «3AeKMPOXUMUS OpaaHU4Yeckux coeduHeHuli» 3X0C-2022,
HoBouepkacck, 18-22 oktsbpa 2022 r;

27. XXl Bcepocculickas WKona-KoHpepeHyus «AKmyassHele npobnems! HeopeaHu4eckol Xumuu:
CUHXPOMPOHHbIE U HelimpoHHble Memoodbl 8 XUMUU COBPEMEHHbIX Mmamepuanos», KpacHosmaoso, 11-13
Hos6pna 2022 r.;

28. HayyHas KoHbepeHyua Hay4YHoU wKonbl « DyHOameHmMasabHble OMKPbIMUSA, hopMupyrouue XUmuro
ce2o00HA» (Fundamental discoveries shaping chemistry today 2022), Mockea, 23-25 Hoabps 2022 r.;

29. XIl Bcepocculickas Hay4HAs KOHghepeHUUs C MeMOYyHAPOOHbLIM y4yacmuem U WKOAAd MOsA00bIX
yyeHbix «XUMUS U mexHOo02UA pacmumernbHbix geujecms», Kupos, 29 Hosbpa-2 gekabps 2022 r.;

30. Bcepocculickaa KoHgpepeHyus «OpeaHuyeckue paouKassl: (pyHOAMEHMAsbHble U MPUKAAOHbIe
acrnekmel», MockBa, 15-16 aekabps 2022 r.
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[Ty6nukammu 2022 rona

Transition-Metal-Cata|yzed C—S, C—Se, CHEMICAL

REVIEWS

atalyzed C-5, C-Se, and C-Te Bond Formations
Atom-Economic Addition Reactions.

and C—Te Bond Formations via Cross-
Coupling and Atom-Economic Addition
Reactions. Achievements and Challenges

Beletskaya I.P., Ananikov V. P.
Chem. Rev., 2022, 122, 16110-16293
doi: 10.1021/acs.chemrev.1c00836

In the present review, we discuss recent progress in the field of C-Z

bond formation reactions (Z = S, Se, Te) catalyzed by transition @ @ 0

metals. Two complementary methodologies are
considered—catalytic cross-coupling reactions and catalytic addition
reactions. The development of advanced catalytic systems is aimed
at improved catalyst efficiency, reduced catalyst loading, better
cost efficiency, environmental concerns, and higher selectivity and
yields. The important rise of research efforts in sustainability and
green chemistry areas is critically assessed. The paramount role of
mechanistic studies in the development of a new generation of
catalytic systems is addressed, and the key achievements,
problems, and challenges are summarized for this field.

Keywords
Addition reactions, catalysts, cross coupling reaction, metals,
palladium

https://doi.org/10.1021/acs.chemrev.1c00836 ~/- CTaTbA No noanucke,
[0CTyNHa Mo 3anpocy aBTopam

PenTuHr xypHana: @ — Web of Science @— Scimago NmnakT-dpaktop = 72.087 0 (>15)
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[Ty6nukammu 2022 rona

Intermolecular Photocatalytic Chemo-,

Stereo- and Regioselective Thiol-Yne-Ene
Coupling Reaction

Burykina Ju.V., Kobelev A.D., Shlapakov N.S., Kostyukovich
A.Yu., Fakhrutdinov A.N., Kénig B., Ananikov V. P.

Angew. Chem. Int. Ed., 2022, 61, e202116888

doi: 10.1002/anie.202116888

The first example of an intermolecular thiol-yne—ene coupling
reaction is reported for the one-pot construction of C-S and C-C @ @ @
bonds. Thiol-yne—ene coupling opens a new dimension in building
molecular complexity to access densely functionalized products.
The employment of Eosin Y/DBU/MeOH photocatalytic system
suppresses hydrogen atom transfer (HAT) and associative reductant
upconversion (via C-S three-electron o-bond formation).
Investigation of the reaction mechanism by combining online ESI-
UHRMS, EPR spectroscopy, isotope labeling, determination of
quantum vyield, cyclic voltammetry, Stern—Volmer measurements
and computational modeling revealed a unique photoredox cycle
with four radical-involving stages. As a result, previously
unavailable products of the thiol-yne—ene reaction were obtained
in good yields with high selectivity. They can serve as stable
precursors for synthesizing synthetically demanding activated 1,3-
dienes.

Keywords
Multicomponent Reactions, photocatalysis, reaction mechanisms,
Thiol-Yne—Ene, visible light

https://doi.org/10.1002/anie.202116888 * CTaTRA OTKPLITOTO AocTyna

PelTUHT XKypHana: @ — Web of Science @— Scimago NmnakT-dpakTop = 16.823 @ (>15)
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[Ty6nukammu 2022 rona

One-Step Access to Heteroatom-
Functionalized Imidazol(in)ium Salts

Pasyukov D., Shevchenko M., Shepelenko K., Khazipov O.,
Burykina Ju.V., Gordeev E.G., Minyaev M.E., Chernyshev V.N.,
Ananikov V. P.

Angew. Chem. Int. Ed., 2022, 61, e202116131

doi: 10.1002/anie.202116131

Imidazolium salts have ubiquitous applications in energy research,
catalysis, materials and medicinal sciences. Here, we report a new @ @ 0
strategy for the synthesis of diverse heteroatom-functionalized
imidazolium and imidazolinium salts from easily available 1,4-diaza-
1,3-butadienes in one step. The strategy relies on a discovered
family of unprecedented nucleophilic addition/cyclization reactions
with trialkyl orthoformates and heteroatomic nucleophiles. To
probe general areas of application, synthesized N-heterocyclic
carbene (NHC) precursors were feasible for direct metallation to
give functionalized M/carbene complexes (M=Pd, Ni, Cu, Ag, Au),
which were isolated in individual form. The utility of the
chloromethyl function for the postmodification of the synthesized
salts and Pd/carbene complexes was demonstrated. The obtained
complexes and imidazolium salts demonstrated good activities in
Pd- or Ni-catalyzed model cross-coupling and C-H activation
reactions.

Keywords
Heterocyclic chemistry, imidazolinium salts, imidazolium salts,
multicomponent reactions, N-heterocyclic carbene precursors

https://doi.org/10.1002/anie.202116131 8 CTaTbA NO NOANNCKE,

[0CTyNHa no 3anpocy aBTopam

PelTUHT XKypHana: @ — Web of Science @— Scimago NmnakT-dpakTop = 16.823 ° (>15)
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Fully Automated Unconstrained Analysis
of High-Resolution Mass Spectrometry
Data with Machine Learning

Boiko D.A,, Kozlov K.S., Burykina Yu.V., llyushenkova V.V.,
Ananikov V.P.

J. Am. Chem. Soc., 2022, 144, 14590-14606
doi: 10.1021/jacs.2c03631

Mass spectrometry (MS) is a convenient, highly sensitive, and
reliable method for the analysis of complex mixtures, which is vital
for materials science, life sciences fields such as metabolomics and
proteomics, and mechanistic research in chemistry. Although it is
one of the most powerful methods for individual compound
detection, complete signal assignment in complex mixtures is still a
great challenge. The unconstrained formula-generating algorithm,
covering the entire spectra and revealing components, is a “dream
tool” for researchers. We present the framework for efficient MS
data interpretation, describing a novel approach for detailed
analysis based on deisotoping performed by gradient-boosted
decision trees and a neural network that generates molecular
formulas from the fine isotopic structure, approaching the long-
standing inverse spectral problem. The methods were successfully
tested on three examples: fragment ion analysis in protein
sequencing for proteomics, analysis of the natural samples for life
sciences, and study of the cross-coupling catalytic system for
chemistry.

Keywords
Machine learning, neural networks, high-resolution mass
spectrometry, catalysis, metabolomics, FT-ICR MS

https://doi.org/10.1021/jacs.2c03631

[Ty6nukammu 2022 rona

JIAICIS

Fully Automated Unconstrained Analysis of High-Resolution Mass
Spectrometry Data with Machine Learniny

°)- cTaTbA NO NOAMNUCKe,
[0CTyNHa no 3anpocy aBTopam
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Toward Totally Defined Nanocatalysis:
Deep Learning Reveals the Extraordinary
Activity of Single Pd/C Particles

Eremin D.B., Galushko A.S., Boiko D.A., Pentsak E.O.,
Chistyakov L.V., Ananikov V. P.

J. Am. Chem. Soc., 2022, 144, 6071-6079
doi: 10.1021/jacs.2c01283

Homogeneous catalysis is typically considered “well-defined” from
the standpoint of catalyst structure unambiguity. In contrast,
heterogeneous nanocatalysis often falls into the realm of “poorly
defined” systems. Supported catalysts are difficult to characterize
due to their heterogeneity, variety of morphologies, and large size
at the nanoscale. Furthermore, an assortment of active metal
nanoparticles examined on the support are negligible compared to
those in the bulk catalyst used. To solve these challenges, we
studied individual particles of the supported catalyst. We made a
significant step forward to fully characterize individual catalyst
particles. Combining a nanomanipulation technique inside a field-
emission scanning electron microscope with neural network
analysis of selected individual particles unexpectedly revealed
important aspects of activity for widespread and commercially
important Pd/C catalysts. The proposed approach unleashed an
unprecedented turnover number of 109 attributed to individual

palladium on a nanoglobular carbon particle. Offered in the present

study is the Totally Defined Catalysis concept that has tremendous
potential for the mechanistic research and development of high-
performance catalysts.

Keywords
Catalysts, metal nanoparticles, microparticles, nanoparticles,
palladium

https://doi.org/10.1021/jacs.2c01283

PelTuHr xypHana: @ — Web of Science @— Scimago
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[Ty6nukammu 2022 rona

Nickel and Palladium Catalysis: Stronger —

Demand than Ever et oot

[ .

Chernyshev V.N., Ananikov V.P.
ACS Catal., 2022, 12, 1180-1200
doi: 10.1021/acscatal.1c04705

Key similarities and differences of Pd and Ni in catalytic systems are
discussed. Overall, Ni and Pd catalyze a vast number of similar C—C
and C-heteroatom bond-forming reactions. However, the smaller
atomic radius and lower electronegativity of Ni, as well as the more
negative redox potentials of low-valent Ni species, often provide
higher reactivity of Ni systems in oxidative addition or insertion
reactions and higher persistence of alkyl-Ni intermediates against
B-hydrogen elimination, thus enabling activation of more reluctant
electrophiles, including alkyl electrophiles. Another key point
relates to the higher stability of the open-shell electronic
configurations of Ni(l) and Ni(lll) compared with Pd(l) and Pd(lll).
Nickel systems very often involve a number of interconvertible
Ni™) active species of variable oxidation states (Ni(0), Ni(l), Ni(ll),
and Ni(lll)). In contrast, catalytic reactions involving Pd(l) or Pd(ll)
active species are still relatively less developed and may require
facilitation by special ligands or merging with photo- or
electrocatalysis. However, the relatively high redox potentials of
Pd™ species ensure their facile reduction to Pd® species under the
assistance of numerous reagents or solvents, providing relatively
high concentrations of molecular Pd:®© complexes that can
reversibly aggregate into active Pd, clusters and nanoparticles to
form a cocktail of interconvertible Pd,? active species of various
nuclearities (i.e., various values of “n”). Nickel systems involving
Ni(0) complexes often require special strong reductants; they are
more sensitive to deactivation by air and other oxidizers and, as
consequence, often operate at higher catalyst loadings than
palladium systems in the same reactions. The ease of activation
and relatively high stability of low-valent active Pd species provide
high robustness and versatility for palladium catalysis, whereas a
variety of Ni oxidation states enables more diverse and uncommon
reactivity, albeit requiring higher efforts in the activation and
stabilization of nickel catalytic systems. As a point for discussion,
we may note that Pd catalytic systems may easily form a “cocktail
of particles” of different nuclearities but similar oxidation states
(Pds, Pdn, Pd NPs), whereas nickel may behave as a “cocktail of
species” in different oxidation states but is less variable in stable
nuclearities. Undoubtedly, there is stronger demand than ever not
only to develop improved efficient catalysts but also to understand
the mechanisms of Pd and Ni catalytic systems.

Keywords
Catalysis, catalysts, ligands, palladium, reductive elimination

https://doi.org/10.1021/acscatal.1c04705 */- CcTaTbA NO NOANMCKe,
[0CTynNHa no 3anpocy aBTopam
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[Ty6nukammu 2022 rona

“Hidden” Nanoscale Catalysis in Alkyne
Hydrogenation with Well-Defined

Molecular Pd/NHC Complexes

Denisova E.A., Kostyukovich A.Yu., Fakhrutdinov A.N.,
Korabelnikova V.A., Galushko A.S., Ananikov V.P.

ACS Catal., 2022, 12, 6980-6996
doi: 10.1021/acscatal.2c01749

e

in Alkyne Hydrogenation with Well-
xes

Pd/NHC complexes are widely used as catalysts in hydrogenation PO
reactions. Usually, the operating mode of these systems is referred o
to as homogeneous. In this work, we demonstrated that mixed @ @ @

homogeneous—heterogeneous catalysis can be realized in the
hydrogenation reaction when Pd/NHC complexes were used as
precatalysts. Palladium NPs are formed in situ and act as “hidden”
nanoscale catalysts. Based on the quantum chemical calculations
and experimental XPS results, the presence of surface NHC ligands
on metal nanoparticles can be proposed. Herein, we propose a
method for the determination of dynamic transformations of
Pd/NHC complexes in transfer hydrogenation reactions via *C
labeling and NMR spectroscopy. This approach is based on the
introduction of a 3C label in the C2 position of the imidazolium
fragment of Pd/NHC, which is unique to the M—NHC bond. It was
found using NMR, ESI-MS, and TEM monitoring of the transfer
semihydrogenation of diphenylacetylene that Pd/NHC complexes
disappear from the reaction mixtures at the early stage of reaction.
Palladium atoms pass into a heterogeneous phase, forming NPs
with sizes ranging from 1 to 9 nm. The experimental study and
calculations performed in the present study revealed the role of the
ligands on the surface of metal nanoparticles. Comparative
modeling of hydrogenation reactions on ligand-free and NHC-
modified Pd clusters showed that modification of the metal surface
increased the catalytic activity by reducing the potential barriers of
the alkyne syn-addition and reductive elimination stages. Since the
presence of an NHC ligand in the catalytic system leads to a change
in the rate-limiting stage of the reaction, we proposed a combined
reaction mechanism, according to which oxidative addition
proceeds on a bare metal surface, and the remaining two stages
occur in the modified zone of NPs.

Keywords
Catalytic reactions, ligands, mixtures, palladium, transfer reactions

https://doi.org/10.1021/acscatal.2c01749 */- CTaTbA NO NOANMCKE,
[0CTynNHa no 3anpocy aBTopam
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Generation, regeneration, and recovery
of Cu catalytic system by changing the
polarity of electrodes

Rodygin K.S., Samoylenko D.E., Seitkalieva M.M., Lotsman
K.A., Metlyaeva S.A., Ananikov V.P.

Green Chem., 2022, 24, 1132-1140
doi: 10.1039/D1GC03975)

Considering a complete life cycle of metal catalysts, metals are
usually mined from ores as salts (MX’y), industrially processed to

the bulk metal (M) and then converted into the salts again (MX,) to

be used as catalyst precursors. Under catalytic conditions, metal
salts undergo transformations to form catalytically active species

(ML), and the anion (X) is typically converted to waste. Thus, there

are extra steps before a catalytic process may start, and the
chemical transformation involved therein generates considerable
amounts of waste. Here, we study the strategy for merging
electrodissolution with catalysis to skip these extra steps and
demonstrate efficient waste-minimized transformations to access
Cu catalysts from the metal. Bulk metal from an electrode can be
transformed directly into a catalytic reaction under the action of
electric current. As a representative example, dipolar addition of
azides to alkynes was successfully catalyzed by copper metal. The
reaction was carried out in an ionic liquid (IL), which acted
simultaneously as an electrolyte, a solvent and stabilizer of the
formed catalytically active species. The used catalyst can be
regenerated (or reactivated, if necessary) by application of reverse
polarity of electrodes and directly reused again. For metal and
solvent recovery, the ILs used were easily separated from copper
species by passing an electric current. The applicability of the
copper-catalyzed transformation was additionally tested for cross-
coupling of thiols with aryl halides (the Ullmann reaction), click
reaction with calcium carbide and three-component azide—halide—
alkyne coupling. The mechanism of copper dissolution from an
electrode was studied, and the intermediates were identified by
means of XRD, X-ray and HRESI-MS.

Keywords
Sustainable catalysis, waste minimization, catalyst recovery, Cu
catalyst, click reaction, C-S cross-coupling

https://doi.org/10.1039/D1GC03975J
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Fast evaluation of the safety of chemical
reactions using cytotoxicity potentials
and bio-Strips

Egorova K.S., Posvyatenko A.V., Galushko A.S., Ananikov V.P. : e e
Chemosphere., 2022, 313, 137378 = Eemee e
doi: 10.1016/j.chemosphere.2022.137378 |

We introduce new quantitative environmental metrics -
“cytotoxicity potentials” — which can be used for the preliminary

evaluation of the safety of chemical reactions from the viewpoint of @ @ @
the cytotoxicity of their components. We also elaborate the concept

of bio-Profiles to be employed for fast estimation of the potential
environmental dangers of chemical processes by (1) including the

common cytotoxicity scale for all routes of synthesis of a particular

product and (2) proposing a novel, more compact representation of

the bio-Profiles themselves in the form of bio-Strips. These

improvements allow direct comparisons of various synthetic routes

for a particular target product, thus providing faster assessment of

the reactions in question from the viewpoint of their “overall

cytotoxicity”. The advantages of these developments are illustrated

by 36 routes of synthesizing 1,1'-biphenyl and 72 routes of

synthesizing 4-methoxy-1,1'-biphenyl. The effect of incomplete

conversion on bio-Strips and their metrics is also discussed. In

addition, we address the impact of the selection of a particular cell

line on the evaluation of the reaction safety by comparing the

results obtained in three cell lines of various origins.

Keywords

Cytotoxicity, catalysis, environmental metric, environmental safety,
Bio-Profile
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Metal-Catalyzed Chemical Activation of
Calcium Carbide: New Way to
Hierarchical Metal/Alloy-on-Carbon
Catalysts

Lebedev A.N., Rodygin K.S., Mironenko R.M., Saybulina E.R.,
Ananikov V.P.

Journal of Catalysis, 2022, 407, 281-289
doi: 10.1016/j.jcat.2022.01.034

A simple and efficient strategy for the synthesis of “metal/alloy— @ @ @
on—carbon” catalysts was developed. A highly ordered extra pure

graphite-like carbon material as a catalyst support was obtained
after calcium carbide decomposition at 700 °C in a stream of
gaseous chlorine. When Pd, Pt, Ag, Au, Co, Ni, Fe, Cu salts were
added to calcium carbide prior to decomposition, a metal was
reduced from a salt by elemental carbon, despite an oxidizing
atmosphere. Metal particles were formed on the surface of the
layered carbon material, covered with a thin layer of high—purity
carbon and partially immersed in it. A catalytically active remaining
metal was available for organic molecules due to the porous
structure of carbon. At the same time, a metal was firmly held
inside the carbon shells and was not washed out during a reaction
and after washing procedures, keeping its catalytic activity
unchanged for several cycles. Mixing various salts together before
the reaction led to the alloys, and the ratio of the salts simply
determined the ratio of the metals in the desired alloy. This
approach allowed the synthesis of highly active metals/alloys on
carbon catalysts with intrinsic hierarchical organization, which
ensures a long-life cycle in the reaction. The obtained catalysts
were successfully tested in the Suzuki-Miyaura cross-coupling
reaction and showed excellent stability with a yield change less
than 1% over several cycles (compared with a 64% yield decrease
of commercial catalyst). The obtained catalysts have also shown
very good performance in the semihydrogenation of C=C bonds in
phenylacetylene and other alkynes with selectivity up to 96% at
99% conversion.

Keywords

Supported catalyst, Metal-on-carbon Pd/C, Pd alloy catalyst,
Calcium carbide
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Towards Determining Molecular
Structure with ESI-MS Backed by
Computational Methods: Structures of
Subnanoclusters of Pd and Cu Chlorides,
lon Dynamics in Vacuum, and Challenges
to the Methodology

Bondarenko A.A., Vlasova Yu.S., Polynski M.V., Ilyushenkova
V.V., Ananikov V.P.

Inorg. Chem. Front., 2022, 9, 5279-5295

doi: 10.1039/D2Q101098D @ @

Many practically relevant inorganic solution systems have complex
compositions with tens or hundreds of distinct species. Here, we
present an approach to analyzing ESI-MS spectra combining a set of
scripts for peak assignment and a quantum chemical methodology
for the determination of the structure of selected ions. We selected
solutions of CuCl, PdCl,, and the CuCl-PdCl, mixture as models of
popular precatalysts in cross-coupling reactions and the Wacker
process that can form “cocktail”-type systems. The spectra
exhibited a great number of signals of mono- and bimetallic
oligomeric chloride subnanoclusters. Few oligometallic ions had
core—shell structures, according to the computations; the structure
of most ions was completely unsymmetric, with bridging CI- ligands
supporting the oligomeric structures. Born-Oppenheimer molecular
dynamics showed that some ions were structurally flexible under
the selected conditions. Many considered ions exhibited rich
configurational and conformational isomerism. The activation
(polarization) of the N2 molecule (from the drying gas used during
electrospray ionization) by some ions was determined by the
analysis of electron density distributions. For the first time, we
describe a flexible approach for semiautomatic analysis of highly
complex mass-spectra of organometallic systems in solution with
the possibility of revealing molecular structures.

Keywords

ESI-MS, precatalysts, Born-Oppenheimer molecular dynamics,
semiempirical methods, automated analysis, transition metal
clusters, QTAIM
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Merging structural frameworks of

imidazolium, pyridinium, and cholinium
ionic liquids with cinnamic acid to tune
solution state behavior and properties

Vavina A.V., Seitkalieva M.M., Posvyatenko A.V., Goedeev
E.G., Strukova E.N., Egorova K.S., Ananikov V. P.

J. Mol. Lig., 2022, 352, 118673
doi: 10.1016/j.molliq.2022.118673

Solubility in water, interactions with the solvent medium and @
tuning of molecular conformation in the liquid phase are the key
issues to discover new biologically active molecules and to
understand the mechanisms of their action. In the present article,
we report synthesis, structural and biological activity studies, and
computational modeling of new ionic compounds. Structural
frameworks of well-known imidazolium, pyridinium and cholinium
ionic liquids (ILs) were combined with naturally occurring cinnamic
acid (CA), which is known to possess a wide spectrum of biological
activity. Different combinations of these two structural elements (IL
and Cin (cinnamic moiety)) allowed modulating the solubility,
physicochemical properties and biological activity of the resulting
molecules. A significant increase in the biological activity was
achieved for the three studied hybrid molecules - [Camim-Cin][Cl],
[Capy—Cin][Cl], and [Camim-Cin][Cin]. Multiparameter cytotoxicity
mapping was performed to visualize the biological activity of the 28
studied molecules. Detailed experimental investigation and
molecular dynamics simulation were performed to gain insight into
the structure—activity relationship. Of note, a folding
conformational change in the structure of [Cxmim-Cin][CI] hybrid
molecules in solution resulted in a substantial change in chemical
reactivity, with the activation energy of the hydrolysis reaction
decreasing from 32.1 to 23.9 kcal/mol.

Keywords

Solubility, solvationlonic liquid, cinnamic acid, cytotoxicity,
antimicrobial activity, API-IL, molecular dynamics
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NMR-Monitoring Of H/D Exchange
Reaction Of Ketones In Solutions Of

Imidazolium lonic Liquids

Shahkhatuni A.A., Shahkhatuni A.G., Ananikov V. P.,
Harutyunyan A.S.

J. Mol. Lig., 2022, 362, 119746
doi: 10.1016/j.molliq.2022.119746

NMR spectroscopy was used to study hydrogen—deuterium

exchange in CHs, CH; and CH moieties of ketones dissolved in
mixtures of solvents containing exchangeable deuteriums and @
imidazolium ionic liquids (IL) acting as catalysts. Factors affecting

the efficiency of the exchange, as well as the role of the deuterated

solvent, temperature and concentration, were investigated.

Depending on the sample composition and temperature, the

degree of deuteration can reach different values at equilibrium

state, and the exchange rate can vary from several minutes to

several months. ILs with OAc anions and with ethyl chain cations

exhibit significant catalytic properties and high degrees of

deuteration (up to 98%), which can be achieved by consecutive

deuteration cycles. A convenient practical protocol for monitoring

the exchange process by NMR spectroscopy and calculating the

degree of deuteration was developed and can be used for various

molecular systems.

Keywords

Ketones, *C chemical shifts, hydrogen—deuterium exchange, ionic
liquids, selective deuteration reaction, deuterium-labelled
compounds

https://doi.org/10.1016/j.molliq.2022.119746

°J- cTaTbsA MO NOAMMCKE,
[AOCTyMNHa No 3anpocy aBTopam

PenTuHr xypHana: —Web of Science @— Scimago MmnaKT-dpaKTop = 6.633

56


https://doi.org/10.1016/j.molliq.2022.119746

[Ty6nukammu 2022 rona

Biological activity, solvation properties
and microstructuring of protic

imidazolium ionic liquids

Egorova K.S., Seitkalieva M.M., Kashin A.S., Gordeev E.G.,
Vavina A.V., Posvyatenko A.V., Ananikov V.P.

J. Mol. Lig., 2022, 367, 120450
doi: 10.1016/j.molliq.2022.120450

Protic imidazolium ionic liquids (PILs) have shown great potential as
regents and catalysts in liquid-phase chemistry. However, their
biological activity/toxicity and solvation properties are rather @
understudied compared to those of more common aprotic ionic

liquids (APILs). In this work, for the first time, we studied the

cytotoxicity of nine chemically relevant imidazolium PILs with

various alkyl side chains in the cation and compared it with the

cytotoxicity of the corresponding aprotic analogues. The

experimental data were supported by computational modeling. The

results suggested the type of anion to be the major factor

governing the cytotoxicity of the studied ILs with short alkyl side

chains. Of note, even low-toxic PILs imposed considerable

deleterious effects on eukaryotic cells when used as

cryopreservation agents. According to a scanning electron

microscopy (SEM) study, due to the weak amphiphilic properties of
imidazolium cations with short alkyl side chains, the studied

IL/water mixtures tended to produce simple solid hydrates rather

than complex liquid systems with microdomain organization.

Keywords

Protic ionic liquid, aprotic ionic liquid, imidazolium ionic liquid,
cytotoxicity, microstructuring
https://doi.org/10.1016/j.molliq.2022.120450
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Thermal Mapping of Self-Promoted =
Calcium Carbide Reactions for
Performing Energy-Economic Processes

Rodygin K.S., Lotsman K.A., Erokhin K.S., Korabelnikova V.A.,
Ananikov V.P.

Int. J. Mol. Sci., 2022, 23, 2763
doi: 10.3390/ijms23052763

The syntheses of various chemical compounds require heating. The
intrinsic release of heat in exothermic processes is a valuable heat
source that is not effectively used in many reactions. In this work, @
we assessed the released heat during the hydrolysis of an energy-

rich compound, calcium carbide, and explored the possibility of its

usage. Temperature profiles of carbide hydrolysis were recorded,

and it was found that the heat release depended on the cosolvent

and water/solvent ratio. Thus, the release of heat can be controlled

and adjusted. To monitor the released heat, a special tube-in-tube

reactor was assembled using joining part 3D-printed with nylon.

The thermal effect of the reaction was estimated using a

thermoimaging IR monitor. It was found that the kinetics of heat

release are different when using mixtures of water with different

solvents, and the maximum achievable temperature depends on

the type of solvent and the amount of water and carbide. The

possibility of using the heat released during carbide hydrolysis to

initiate a chemical reaction was tested using a hydrothiolation
reaction—the nucleophilic addition of thiols to acetylene. In a

model experiment, the yield of the desired product with the use of

heat from carbide hydrolysis was 89%, compared to 30% in this

intrinsic heating, which was neglected.

Keywords

Molecular reactions, thermal mapping, energy economy, energy
saving, calcium carbide, acetylene, 3D printing
https://doi.org/10.3390/ijms23052763
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Sterically Hindered Quaternary
Phosphonium Salts (QPSs): Antimicrobial
Activity and Hemolytic and Cytotoxic
Properties

Ermolaev V.V., Arkhipova D.M., Miluykov V.A., Lyubina A.P.,
Amerhanova S.K., Kulik N.V., Voloshina A.D. Ananikov V.P.

Int. J. Mol. Sci., 2022, 23, 86
doi: 10.3390/ijms23010086

Structure—activity relationships are important for the design of
biocides and sanitizers. During the spread of resistant strains of
pathogenic microbes, insights into the correlation between
structure and activity become especially significant. The most
commonly used biocides are nitrogen-containing compounds; the
phosphorus-containing ones have been studied to a lesser extent.
In the present study, a broad range of sterically hindered
quaternary phosphonium salts (QPSs) based on tri-tert-
butylphosphine was tested for their activity against Gram-positive
(Staphylococcus aureus, Bacillus cereus, Enterococcus faecalis) and
Gram-negative (Escherichia coli, Pseudomonas aeruginosa) bacteria
and fungi (Candida albicans, Trichophyton mentagrophytes var.
gypseum). The cation structure was confirmed to determine their
biological activity. A number of QPSs not only exhibit high activity
against both Gram-positive and -negative bacteria but also possess
antifungal properties. Additionally, the hemolytic and cytotoxic
properties of QPSs were determined using blood and a normal liver
cell line, respectively. The results show that tri-tert-butyl(n-
dodecyl)phosphonium and tri-tert-butyl(n-tridecyl)phosphonium
bromides exhibit both low cytotoxicity against normal human cells
and high antimicrobial activity against bacteria, including
methicillin-resistant strains S. aureus (MRSA). The mechanism of
QPS action on microbes is discussed. Due to their high selectivity
for pathogens, sterically hindered QPSs could serve as effective
tunable biocides.

Keywords

Phosphonium ionic liquids, QPS, antimicrobial activity, fungicidal
activity, cytotoxicity, hemolytic properties
https://doi.org/10.3390/ijms23010086
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Towards Sustainable Carbon Return from
Waste to Industry via C,-Type Molecular
Unit

Rodygin K.S., Lotsman K.A., Samoylenko D.E., Kuznetsov V.M.,
Ananikov V.P.

Int. J. Mol. Sci., 2022, 23, 11828
doi: 10.3390/ijms231911828 —

A general possibility of a sustainable cycle for carbon return to high-
value-added products is discussed by turning wastes into acetylene.
Pyrolyzed solid municipal wastes, pyrolyzed used cationic @
exchangers, and other waste carbon sources were studied in view

of the design of a sustainable cycle for producing calcium carbide

and acetylene. The yields of calcium carbide from carbon wastes

were as high as those from industrial fossil raw materials (coke,

charcoal, etc.). Conversion of carbon-containing wastes to calcium

carbide provides an excellent opportunity to make acetylene, which

is directly compatible with modern industry. Overall, the process

returns carbon-containing wastes back to sustainable cycles to

produce high-value-added products involving only C,-type

molecules (calcium carbide and acetylene). Calcium carbide may be

stored and transported, and on-demand acetylene generation is

easy to realize. Upon incorporation into the waste processing route,

calcium carbide may be an efficient carbon reservoir for quick

industrial uptake.

Keywords
Calcium carbide, acetylene, pyrolysis, municipal waste
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Evidence for the “cocktail” nature of
platinum-catalyzed alkyne and alkene
hydrosilylation reactions

Ondar E.O., Burykina Ju.V., Ananikov V. P.

Catal. Sci. Technol., 2022, 12, 1173-1186
doi: 10.1039/D1CY02006D
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Evidence for the “cocktail” nature of platinum
catalyzed alkyne and alkene hydrosilylation

Evidence of the involvement of a “cocktail”-type catalytic system in
the alkyne and alkene hydrosilylation reaction in the presence of — e

platinum on a carbon support is reported. The nature of the

catalytic system was studied by employing a consistently developed @
experimental procedure. The existence of a “cocktail”-type catalysis

pathway was shown for the hydrosilylation reaction catalyzed
platinum on multiwalled carbon nanotubes (Pt/MWCNT) and
platinum on charcoal (Pt/C), with silane variation. The type of

by

catalyst had a significant influence on the “cocktail”-type system
formation. Involvement of a multichannel catalytic system requires

critical rethinking of the principles of catalyst design. Another

approach should be utilized to achieve high activity, stability and
recycling compared to classical heterogeneous catalytic systems.

Keywords

Hydrosilylation, platinum catalysis, mechanism of reaction,
“Cocktail” of catalysts, Pt/Charcoal
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Preparation of Hybrid Sol-Gel Materials
Based on Living Cells of Microorganisms 5:»‘_»
and Their Application in Nanotechnology

Kamanina O.A., Saverina E.A., Rybochkin P.V., Arlyapov V.A,,
Vereshchagin A.N., Ananikov V.P.

Nanomaterials, 2022, 12, 1086
doi: 10.3390/nan012071086

Microorganism-cell-based biohybrid materials have attracted
considerable attention over the last several decades. They are
applied in a broad spectrum of areas, such as nanotechnologies, @
environmental biotechnology, biomedicine, synthetic chemistry,

and bioelectronics. Sol-gel technology allows us to obtain a wide

range of high-purity materials from nanopowders to thin-film

coatings with high efficiency and low cost, which makes it one of

the preferred techniques for creating organic-inorganic matrices for
biocomponent immobilization. This review focuses on the synthesis

and application of hybrid sol-gel materials obtained by

encapsulation of microorganism cells in an inorganic matrix based

on silicon, aluminum, and transition metals. The type of

immobilized cells, precursors used, types of nanomaterials

obtained, and their practical applications were analyzed in detail. In
addition, techniques for increasing the microorganism effective

time of functioning and the possibility of using sol-gel hybrid

materials in catalysis are discussed.

Keywords

Nanotechnologies, sol-gel, biohybrid, yeast, bacteria,
immobilization
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Automated Recognition of Nanoparticles -
in Electron Microscopy Images of
Nanoscale Palladium Catalysts

Boiko D.A., Sulimova V.V., Kurbakov M.Yu., Kopylov A.V.,
Seredin O.S., Cherepanova V.A., Pentsak E.O.

Nanomaterials, 2022, 12, 3914
doi: 10.3390/nan012213914

Automated computational analysis of nanoparticles is the key
approach urgently required to achieve further progress in catalysis,
the development of new nanoscale materials, and applications. @
Analysis of nanoscale objects on the surface relies heavily on

scanning electron microscopy (SEM) as the experimental analytic

method, allowing direct observation of nanoscale structures and
morphology. One of the important examples of such objects is

palladium on carbon catalysts, allowing access to various chemical

reactions in laboratories and industry. SEM images of Pd/C catalysts

show a large number of nanoparticles that are usually analyzed

manually. Manual analysis of a statistically significant number of
nanoparticles is a tedious and highly time-consuming task that is

impossible to perform in a reasonable amount of time for

practically needed large amounts of samples. This work provides a
comprehensive comparison of various computer vision methods for

the detection of metal nanoparticles. In addition, multiple new

types of data representations were developed, and their

applicability in practice was assessed.

Keywords

Nanoscale catalysts, computational analysis, machine learning,
supported catalysts, palladium nanoparticles
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Optimal balance in the catalyst dynamics
enables C(2)—Harylation of
(benz)imidazoles and (benz)oxazoles by
an in situ generated Ni/NHC system

Khazipov 0.V., Shepelenko K.E., Soliev S.B., Nikolaeva K.A.,
Chernyshev V.M., Ananikov V. P.

ChemCatChem, 2022, e202201055
doi: 10.1002/cctc.202201055

An efficient method for the C(2)-H arylation of (benz)imidazoles @
and (benz)oxazoles with aryl chlorides and aryl bromides under
Ni/NHC catalysis has been developed. The main benefit of the
method is the in situ generation of active Ni/NHC complexes from
the air-tolerant bench-stable precursors NiCl;Py,, IMes-HCI, and
potassium tert-butoxide, which plays a dual role as base and Ni(ll)
to Ni(0) reductant. The approach represents a user-friendly
alternative for procedures relying on the use of toxic phosphine
ligands or unstable air-sensitive Ni(cod).. The concept highlighted in
the present study shows that mapping a competitive picture of
catalyst dynamics and revealing the competitive processes towards
the destruction and stabilization of catalytically active species
enables a highly efficient catalytic system to be built under simple
conditions.
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C-H arylation, nickel catalysis, NHC ligands, catalyst deactivation
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Overclocking nitronyl nitroxide gold
derivatives in cross-coupling reactions e

Zayakin LA, Tretyakov E.V., Akyeva A.Ya., Syroeshkin M.A.,
Burykina J.V., Dmitrenok A.S., Korlyukov A.A., Nasyrova D.1.,
Bagryanskaya I., Stass D., Ananikov V.P.

Chem. Eur. J., 2022, e202203118
doi: 10.1002/chem.202203118

Nitronyl nitroxides are functional building blocks in cutting-edge
research fields, such as the design of molecular magnets, the
development of redox and photoswitchable molecular systems and

the creation of redox-active components for organic and hybrid @
batteries. The key importance of the nitronyl nitroxide function is

to translate molecular-level-optimized structures into nano-scale

devices and new technologies. In spite of great importance,

efficient and versatile synthetic approaches to these compounds

still represent a challenge. Particularly, methods for the direct

introduction of a nitronyl nitroxide moiety into aromatic systems

possess many limitations. Here, we report gold derivatives of

nitronyl nitroxide that can enter Pd(0)-catalysed cross-coupling

reactions with various aryl bromides, affording the corresponding
functionalized nitronyl nitroxides. Based on the high thermal

stability and enhanced reactivity in catalytic transformation, a new

reagent is suggested for the synthesis of radical systems via a

universal cross-coupling approach.

Keywords

Nitronyl nitroxides, molecular magnets, radical reactions, new
reagent design, thermal stability
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Integration of thermal imaging and

neural networks for mechanical strength R —
analysis and fracture prediction in 3D- gm
printed plastic parts
Boiko D.A., Korabelnikova V.A., Gordeev E.G., Ananikov V.P.

Sci. Rep., 2022, 12, 8944
doi: 10.1038/541598-022-12503-y

Additive manufacturing demonstrates tremendous progress and is

expected to play an important role in the creation of construction
materials and final products. Contactless (remote) mechanical @ @
testing of the materials and 3D printed parts is a critical limitation

since the amount of collected data and corresponding

structure/strength correlations need to be acquired. In this work,

an efficient approach for coupling mechanical tests with

thermographic analysis is described. Experiments were performed

to find relationships between mechanical and thermographic data.

Mechanical tests of 3D-printed samples were carried out on a

universal testing machine, and the fixation of thermal changes

during testing was performed with a thermal imaging camera. As a

proof of concept for the use of machine learning as a method for

data analysis, a neural network for fracture prediction was

constructed. Analysis of the measured data led to the development

of thermographic markers to enhance the thermal properties of the

materials. A combination of artificial intelligence with contactless

nondestructive thermal analysis opens new opportunities for the

remote supervision of materials and constructions.
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Exploring metallic and plastic 3D printed
photochemical reactors for customizing oot et i
C h e m ica I Synth es i S for customizing chemical synthesis

Gordeev E.G., Erokhin K.S., Kobelev A.D., Burykina Ju.V.,
Novikov P.V., Ananikov V. P.

Sci. Rep., 2022, 12, 3780
doi: 10.1038/541598-022-07583-9

Visible light photocatalysis is a rapidly developing branch of ,
chemical synthesis with outstanding sustainable potential and
improved reaction design. However, the challenge is that many @ @
particular chemical reactions may require dedicated tuned
photoreactors to achieve maximal efficiency. This is a critical
stumbling block unless the possibility for reactor design becomes
available directly in the laboratories. In this work, customized
laboratory photoreactors were developed with temperature
stabilization and the ability to adapt different LED light sources of
various wavelengths. We explore two important concepts for the
design of photoreactors: reactors for performing multiple parallel
experiments and reactors suitable for scale-up synthesis, allowing a
rapid increase in the product amount. Reactors of the first type
were efficiently made of metal using metal laser sintering, and
reactors of the second type were successfully manufactured from
plastic using fused filament fabrication. Practical evaluation has
shown good accuracy of the temperature stabilization in the range
typically required for organic synthesis for both types of reactors.
Synthetic application of 3D printed reactors has shown good utility
in test reactions—furan C—H arylation and thiol-yne coupling. The
critical effect of temperature stabilization was established for the
furan arylation reaction: heating of the reaction mixture may lead
to the total vanishing of photochemical effect.
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Chemical engineering, synthetic chemistry methodology,
process chemistry
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Atom-economic approach to the
synthesis of a-(hetero)aryl substituted
furan derivatives from biomass

Romashov L.V., Kozlov K.S., Skorobogatko M.K., Kostyukovich
A.Yu., Ananikov V.P.

Chem. Asian J., 2022, 17, 1, e202101227
doi: 10.1002/asia.202101227

An atom-economic ring construction approach to the synthesis of
a-(hetero)arylfurans based on renewable furanic platform
chemicals has been developed. Corresponding compounds have
been prepared in good to excellent yields via [2+2+2] and [4+2]
cycloaddition reactions using metal-catalyzed or photoredox
protocols. Easily available HMF-based 2-hydroxymethyl-5-
ethynylfuran and 2-hydroxymethyl-5-cyanofuran were used as
starting materials. A synthetic route with an improved carbon
economy factor has been implemented to achieve sustainability
aim. The possible application of arylfurans as molecular conductors
has been investigated by DFT calculations, which revealed excellent
charge transfer properties. As a future perspective, integration of
biomass processing strategy into manufacturing of molecular
electronics was pointed out to achieve the aim of sustainability.

Keywords
Biomass, HMF, atom economy, cycloaddition
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Synthesis and characterization of .
Pd/NHC; complexes with fluorinated aryl
groups

Prima D.O., Pankov R.O., Kostyukovich A.Yu., Minyaev M.E.,
Burykina Ju.V., Ananikov V.P.

Dalton Trans., 2022, 51, 9843-9856
doi: 10.1039/D2DT00892K

Synthesis and characterization of Pd/NHC;
. complexes with fluorinated aryl groupst$

The key problem of the instability of fluorine-containing
diazadienes was addressed to perform the efficient synthesis of
imidazolium salts containing fluorine substituents in the aryl @ @
groups. The subsequent reaction of fluorine-containing
imidazolium compounds (NHCg) with palladium salts under simple
conditions afforded new Pd/NHC: complexes. Computational and
structural studies were performed to assess the effect of fluorine
on the Pd-NHC bond and gave insight into the electronic effects in
the molecule. The introduction of fluorine substituents into the aryl
rings of the NHC ligands leads to a slight decrease in their o-donor
properties. At the same time, there is a slight increase in the m-
acceptor capacity of NHC:. These two effects compensate for each
other, so that the Pd-NHC bonding energy remains virtually
unchanged. Another observed effect is associated with a slight
weakening of the trans influence of the NHC¢ ligands, which is
expressed in the strengthening of the Pd—Solv bond in
(NHC)Pd(Solv) complexes. For the first time, a series of novel
Pd/NHC: complexes were synthesized via a straightforward
approach from fluorine-containing anilines.

Keywords

Pd/NHC complexes, NHCF ligands, fluorine effect, electronic
properties, stability, synthesis
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Yellow to blue switching of fluorescence p .
by the tuning of the
pentaphenylphosphole structure:
phosphorus electronic state vs. ring
conjugation

Shaydullin R.R., Galushko A.S., Pentsak E.O., Korshunov V.M.,
Taydakov I.V., Gordeev E.G., Minyaev M.V., Nasyrova D.I.,
Ananikov V. P.

Phys. Chem. Chem. Phys., 2022, 24, 25307-25315
doi: 10.1039/D2CP03723H
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Yellow to blue switching of fluorescence by the
tuning of the pentaphenylphosphole structure:
phosphorus electronic state vs. ring conjugation

The interaction between diphenylacetylene and
dichlorophenylphosphine under various conditions is a simple
method for the preparation of pentaphenylphosphole derivatives
exhibiting fluorescence properties. Depending on the electronic
state of the various centers of the phospholic structure, it was
possible to obtain molecules with fluorescence, as in the blue area
for 1,2,3,4,5-pentaphenyl-2,5-dihydro-phosphole-1-oxide (H,PPPO),
in the yellow area for 1,2,3,4,5-pentaphenylphosphole-1-oxide
(PPPO) and in the cyan area for 1,2,3,4,5-pentaphenylphosphole
(PPP). The effect of the structure and m-conjugation on the optical
properties of these compounds was studied using PPP derivatives
as examples. Unusual changes in the optical properties of PPP
derivatives in solution and in the crystalline state are explained. In
the case of agglomeration of PPPO and PPP molecules, the effect of
aggregation-induced emission (AIE) was observed to have weak
fluorescence in solution and strong fluorescence in the aggregated
state. However, for H,PPPO, the AIE effect remains mild. With the
help of experimental studies, supported by theoretical calculations,
the main mechanism of the optical properties of
pentaphenylphosphole derivatives has been revealed. It was
observed that the intramolecular motions of PPPO and PPP are
more limited in the solid state than the motions of H,PPPO, which
is associated with less conjugation of the phenyl rotors of H,PPPO.
The analysis of the structure and distribution of electron density
showed why hydrogenation of the phosphole ring leads to a sharp
change in the optical properties of pentaphenylphosphole
derivatives, while the oxidation of phosphorus does not lead to the
disappearance of the AIE effect and to a lesser extent affects the
change in the fluorescence wavelength. Thus, it was shown how
the regulation of various structural features of the phospholic ring
helps to control the optical properties of such compounds.

Keywords
AIE, fluorescence tuning, organophosphorus molecules
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Discovery of the N-NHC Coupling
Process under the Conditions of Pd/NHC-
and Ni/NHC-Catalyzed Buchwald-
Hartwig Amination

Chernyshev V.M., Khazipov 0.V., Shevchenko M.A., Pasyukov
D.V., Burykina Ju.V., Minyaev M.E., Eremin D.B., Ananikov V.P.

Organometallics, 2022, 41, 1519-1531
doi: 10.1021/acs.organomet.2c00166

Complexes of palladium and nickel with N-heterocyclic carbene
ligands (M/NHC, M = Pd, Ni) are widely used as effective catalysts
for various amination reactions. A previously unaddressed
transformation of M/NHC complexes under typical conditions of
the Buchwald—Hartwig amination is disclosed. M"/NHC complexes
react with primary aromatic and aliphatic amines in the presence of
strong bases to give azol-2(5)-imines and M(0) species via a
reductive elimination of NHC and azanide (N-deprotonated amine)
ligands. Depending on the structures of the NHC and azanide, the
N—NHC coupling can make a significant contribution to the M/NHC
catalyst decomposition in the Buchwald—Hartwig and other
amination reactions conducted in the presence of strong bases. The
discovery of the N-NHC coupling reaction has been shown to be
critically influenced by the steric bulkiness of N-substituents on the
NHC ligand. The high steric bulkiness of the NHC is an important
factor in suppressing the N-NHC coupling deactivation pathway.
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Amines, chemical reactions, ligands, organic reactions, palladium
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Studying photochemical transformations
using ESI-MS
Burykina Yu.V., Ananikov V.P.

ChemPhotoChem, 2022, e202200175
doi: 10.1002/cptc.202200175

This concept article reviews application-oriented possibilities in the
mechanistic investigation of photochemical reactions by
electrospray ionization mass spectrometry (Photo-Chem-ESI-MS). A
brief review of essential techniques for coupling photochemical
reactions with ESI-MS online monitoring is presented. @
Representative customized advanced tools for “light on/light off” @
mechanistic studies of photochemical reactions aimed at the

detection of specific intermediates are discussed. The design of

dedicated Photo-Chem-ESI-MS setups is the focus of modern

research and will enable more profound insight into the field.

Keywords

Electrospray ionization, mass spectrometry, photoredox catalysis.
reaction mechanisms
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Acetylene and ethylene — universal C,
molecular units in cycloaddition
reactions

Ledovskaya M.S., Voronin V.V., Rodygin K.S., Ananikov V.P.
Synthesis, 2022, 54, 999-1042
doi: 10.1055/a-1654-2318

Acetylene and ethylene are the smallest molecules that contain an
unsaturated carbon—carbon bond and can be efficiently utilized in a
large variety of cycloaddition reactions. In this review, we
summarize the application of these C; molecular units in @
cycloaddition chemistry and highlight their amazing synthetic

opportunities.

Keywords

Acetylene, cyclizations, cycloaddition reaction, ethylene,
heterocyclic compounds, organic synthesis
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Reductive Elimination or C—C bond
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Complexes? A High-Accuracy
Comparative Computational Analysis of
Reactivity

Polynski M.V., Ananikov V.P.
Eur. J. Inorg. Chem., 2022, 202200572
doi: 10.1002/ejic.202200572

The development of Pd- and Ni-catalyzed reactions for C-C bond
formation is one of the primary driving forces in modern organic
synthesis and the fine chemical industry. However, understanding
the role of conformational mobility in reaction mechanisms is a
long-standing challenge. We highlight the effect of a multirotamer
(multiconformer) system on the effective Gibbs free energy of
activation in the key C-C coupling process and promote the use of a
simplified version of multiconformer transition state theory that is
straightforward to apply. Multivariate regression helped to
quantitatively map the effect of coupled organic substituents (their
structural and electronic parameters), as well as to determine the
relative activity of metals. We provide computational evidence for
solvent control of the equilibrium in RE/C-C-bond activation for
some model complexes. We also demonstrate that Ni complexes,
being unique in the catalysis of sp3-sp® couplings, can be more
challenging for machine learning and computational chemistry. The
modeling was performed at an exceptionally high level, DLPNO-
CCSD(T)/CBS//RIJCOSX-PBEO-D4/def2-TZVP. The Conclusions
section contains an infographic summarizing the key findings
related to the fields of cross-coupling catalysis, machine learning in
catalysis, and computational chemistry.

Keywords

C-C activation, density functional calculations, machine learning,
guantitative structure property relationship, reductive elimination
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A novel approach to study catalytic
reactions via Electrophoretic NMR on
the example of Pd/NHC-catalyzed
Mizoroki-Heck cross-coupling reaction

eactions via
of PA/NHC-catalyzed
n

Valcating P, Ansnikow

Kulikovskaya N.S., Denisova E.A., Ananikov V. P.
Magn. Reson. Chem., 2022, 965-966, 122319
doi: 10.1002/mrc.5295

Investigation of catalytic reactions using nuclear magnetic
resonance (NMR) is a crucial task, which is often challenging to @
perform due to rather complex transformations at the metal

center. In this work, it was shown that electrophoretic NMR can

be a suitable method for studying catalytic reactions and for

observing the changes in the catalyst nature. As an important

example involving palladium catalysts with N-heterocyclic carbine

ligands (NHCs), the breakage of the Pd-NHC bond can occur during

the catalytic process. Electrophoretic NMR allows the distinction

of compounds in the spectra depending on the charge, thus

bringing new opportunities to mechanistic studies. Here, we

present independent evidence of R-NHC product formation in the

Pd-catalyzed Mizoroki—Heck reaction—the key process for catalyst

change from the molecular to nano-scale type.

Keywords

Electrophoretic NMR, *H eNMR, Mizoroki-Heck reaction, R-NHC
coupling
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Comparative assessment of
heterogeneous and homogeneous
Suzuki-Miyaura catalytic reactions using
bio-Profiles and bio-Factors

Pentsak E.O., Dzhemileva L.U., D'yakonov V.A., Shaydullin
R.R., Galushko A.S., Egorova K.S., Ananikov V.P.

J. Organomet. Chem., 2022, 122319
doi: 10.1016/j.jorganchem.2022.122319

Transition metals are essential for most catalytic systems in fine
organic synthesis. The usage of transition metals has traditionally
raised concerns about their toxicity and potential environmental
pollution problems. In this context, the issue of preference for
supported catalysts, which can be easily removed from the
reaction mixture, over metal complex catalysts is of significant
relevance. In this work, we used bio-Profiles and bio-Factors of
chemical reactions to assess the impact of catalyst type on the
toxicity of a reaction system in the practically important Suzuki-
Miyaura reaction. The supported catalysts had noticeably lower
cytotoxicity than soluble metal complex catalysts. However, the
combined effect of supported catalysts on the environment can
depend on their preparation procedure and may have a
noticeable “neglected” biological impact. Both types of catalysts
made no significant contribution to the “overall toxicity” of the
systems studied, while common and typically ignored byproducts
demonstrated significantly higher “overall” biological influence. In
the present study, we describe how to use bio-Profiles in order to
visualize and analyze the biological properties of different types of
catalytic reactions.

Keywords

Green chemistry, environmental effect, toxicity, catalysis, Bio-
Profiles, Bio-Factors, P-doped carbon, organophosphorus
compounds
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