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OYHKUIOHANI3AUIA NOXIAHUX TETPANIAPOIHAOJ1-4-OHY

H.M. Konoc?, K.I. MapueHko®
V. N. Karazin Kharkiv National University, 4 Svobody sq., Kharkiv, 61022, Ukraine

a) [ nadiia.kolos@karazin.ua https://orcid.org/0000-0002-7520-656X
b) [ katyamarchenko1997@gmail.com https://orcid.org/0009-0005-6330-0232

OnwucaHi pocTynHi Ta edekTnBHI meToau TpaHcdopmalii noxiagHWx TeTparigpoiHgon-4-oHy, sKi
BKIOYaloTh (PyHKUiOHaMi3auilo atomy HiTporeHy, KapOoHinbHOi rpynu, GiYHNX naHutoriB B nonoxeHHsax 1,2,3,7
OiuMkny, a TakoX apomaTu3alilo LMKIOreKCeHoBoro dparmMeHTa B MNPUCYTHOCTI OEriapyluMx areHTiB.
PosrnaHyTo opwuriHanbHi npenapaTuBHi nigxoan A0 cuHTe3y [4,5]-koHgeHcoBaHMX NOXigHWX iHgony (miponwu,
TiodeHn, nipasdonu, isookcasonu, Tiasonw, 1,2,3-Tpmasonu, nNipMaa3MHOHK), LIO peani3ylTbCs  LUMSXOM
BBEAEHHS (PyHKUIOHaNbHWX rpyn B O-NMOMOXEHHSA A0 KapOOHINbHOI rpynu 3 HACTYNMHMMMW LMKITOKOHAEHCaLUisMu
(peakuii Manua, Maans-KHopa, [4+2] Ta [3+2]-umkni3auii). MeperpynyBaHHs BbekmaHa Ta LWwmigra B Ximii
TeTparigpoiHAOMNOHIB CyNpPOBOLXYIOTLCS PO3LUMPEHHAM UMKy 3 (opMyBaHHSAM naktamie abo npogykTiB ix
nepeTBopeHb. Peakuia diwepa [O03BONSE ogepXatv MOMIreTepoumknM 3 HOBUM iHOOMBbHUM LMKIIOM, a
neperpynyBaHHs [imMpoTa cuHTe3yBaTu niponoxiHonoHn. Cepen wnsxiB Mogudikauii 6idHux naHutoris
TeTparigpoiHAONOHY HalbINbLL NepCneKTUBHOK € TPUKOMMOHEHTHA peakuis [NacepiHi, ska 3abe3nedvye LWBMOKWNA
[OCTyn A0 noXigHux iHAonoH-N-amiHOKUCOT.

Knro4doei cnoea: 4,5,6,7-mempaeiopoiHdon-4-oHu, apomamu3ayis, ¢byHKUiOHani3ayis amoma HimpoeaeHy,
Mmoducpikauyisi KapOOHINBbHOI epyrnu, MemarnoKOMMIeKCHUU Kamaria, nosnieemepoyuKIu.

Bctyn

[HmoNMM € HAWOLTBII PO3MOBCIOKEHUMHU B TIPUPOAI TeTEPOIUKITIYHUME crionykamu [1]. CuHTe3y
MOXITHUX IHAONY Ta PiI3HOMAaHITHUM MOJH]iKalisM OIIMKIY MPHUCBSIYCHO LUIHHA psija OrisiaiB [2-4].
OpHaKk HE 3AJMIIMIUCSI OCTOPOHb YBarW JOCTIAHUKIB 1 4,5,6,7-TeTpariapoinaon-4-oHu — MOXIiJHI
1H/IOIIB, AKi Y CBOEMY CKJIaJli MarOTh BiTHOBJIEHE O€H30IbHE Aapo. Lli criomyku mpuBadmoTh crerialti -
CTiB B rajy3i MeauuHoi XiMil K MIMETHKM 1HJIOJY 3 BEJIHMKOIO JOJIEK Sp’-TiOpPUIM30BAHUX aTOMIB,
aJpKe 3aMiHa IJIOCKOTO KapKacy aluKIIYHUMU (parMeHTaMH € 3arajbHOI0 CTpaTericlo, siKa CIPHsE
ONTUMAaJIBHOMY 3B’S3YBaHHIO 3 aKTUBHUMH LIEHTpaMH (DepMEHTIB Ta 3a0e3nedye Kpaily po3unHHICTh
cybcrantiit [5]. Cepen MOXiMHUX IMiPOJIOIUKIOTEKCAHOHIB BiTOMHUI aHTHTICHXOTUIHHUH TTpenapar Mo-
niugoH [6], aronict 'TAMK penenitopiB 711 TiKyBaHHSI TPUBOXKHHX CTaHiB [7] Ta MOTYXHHUH 1HT10iTOp
TEIUIOBOTO IIOKY cneurgiunoro Oinka mpu JikyBaHHi paky [8]. Came peakuiliHa 34aTHICTh MiPOJIBHO-
ro LMKIY Ta KapOOHUIBHOI I'PYNH LUKIOTeKCEHOBOrO ()parMeHTa 3yMOBIIOIOTH LiHHICTH 4,5,6,7-
TETPAariipoiH/10J-4-0HIB AK MOTCHIIHHMX OYAiBEIbHUX OJIOKIB JJISi CHHTE3y BRXKIMBHX CTPYKTYD IS
noTped MEAMYHOI XiMil Ta CIIEKTPOCKOIIYHHUX JOCIIIKEHb.

B 1mpoMy orisimi po3riissHYTO HAMOIMBIN BakiauBI THNU Monau(ikamii TeTparigpoidmon-4-oHiB:
peakmii apomatu3arii, (QyHKIiOHai3amisi aToMa HIiTporeHy, Momudikarii KapOOHUTEHOI TPYIIH,
TpaHcopmallisi OIYHUX JTaHIIOTIB.

ApomMaTu3auifa noxigHMX TeTparigpoiHaon-4-oHiB

Apomartuzanisi TeTpariipoiHnon-4-oHiB — L€ LiHHWK Ta 3pyYHUH CrOCiO OTpUMaHHS MOXIAHUX
iHpoiny. Lle#t MeTon crae mpuBaOIMBUM 4Yepe3 Te, 110, MOYWHAIOYM 3 JOCTYIHUX METHJICHAKTUBHHUX
CIIOJIYK, €HAMIHOHIB Ta apWJITIIIOKCATiB, MOKHA CHHTE3yBaTH MOXIJIHI TETpariipoiHmoy-4-oHy 3 BH-
COKOIO BapiaTHBHICTIO 3aMiCHUKIB [9-12].

3BUYaifHO, I apoMaTH3allii BUKOPUCTOBYIOTh Taki Jeriipyroui areHtu sk DDQ (2,3-muxmiopo-
5,6-mutiano-1,4-6en3o0xinoH), Pd/C Ta iami. Ik mpaBuiio B monoxeHHs 4 iHAOJIHHOTO MUKIY BBOISITH
aTOMH TaJOreHy, aMiHO-, alleTOKCH- Ta cyib(oHibHy rpynu. Tak, Pemepcy [13] Bmanocs orpumaTu
1-6en3un-4-xn0p-2-GopMiTTiIHAON 3 TETPariApoiHA0N-4-0HY 32 JOMOMOTOI0 NPOCTHX IMEPETBOPECHB
(cxema 1). Ilpu nii oxcuxmopuny dhocdopy (V) ra IMDPA Ha cionyky 1 mpoxoants GopMiTIOBaHHS
o BinscMmatiepy-Xaaky 3 JEOKCHUXJIOPYBAaHHSAM (IIPOAYKT 2). ApoMaTH3allisi CIOCTEPITaEThCS Y MPH-
© Konoc HM., Mapuenxo K.I., 2022
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OyHKIioOHATI3AIlIS TTOXIAHUX TeTPATiAPOIHI0I-4-0HY

cytHocTi DDQ, Toxni sk 06podka Pd/C Bene no npoaykry aerigporaiorenyBanss 4. Peakiiro apoma-
TU3alii He BIAETHCS MPOBECTU NpH HarpiBanHi 3 DDQ, gxuio B monoxxeHHAX 6,7 OIUKITy IPUCYTHI aK-
THUBHI €JIEKTPOHOAKIENITOPHI Tpymu. Terparinpoinaon-4-oH S, oTpuMaHWil 3 JUMEIOHY, HE MOXKE
BCTYIIUTH Y B3aEMOJIi0 3 peareHToM BisibcMmeiiepa-Xaaka, CKOpillie 3a Bce, 4epe3 CTePUUHI HarpyKeH -
Hsl (HAsIBHICTH ceM-TUMETHILHUX TPYII).

Po3pobnena meronuka apomaru3artiii [14] terparigpoingon-4-oHy B 4-TiIpOKCHUTIOXiAHE 1HIOTY 7
yepe3 CTallif0o YTBOPEHHS €HONATY B mpucyTHocTi LDA, #ogyBaHHS Ta HacTymHOTO enimMiHyBaHHS HI
3a BiICyTHOCTI pO3UYMHHHUKA Ta B MPUCYTHOCTI ocHOBU — DBU (cxema 1).

o o cl cl
LDAI
| N\ » éf\> POCI, N cho DpDQ N cho
T THF, N, T DMFA 'i‘ T
R
6 R 1 R 2 R o3 (50%)
W | oBU o HCI | pdic
OH 1h, r.t
\\ POCI.
w LIy e o (Yo
Me N DMF N
N s k | a(57%)
R 7(74%) -4:R=Bn
1,6,7: R =Me

Cxema 1/ Scheme 1

[Tokazano [15], mo apomarm3allito MOXKHa TaKOXX IPOBECTH TiJ JI€I0 OIITOBOTO AHTIAPUAY Ta
KHCHIO B KHCIIOMY CepeloBUIli (CyabpokamMpOpHa KHCIOTa) 3 YTBOPEHHSAM 4-alleTOKCUTIOXiAHOTO 8.
MexaHi3M peakilii, Ha TyMKy aBTOpiB, epeadavyae YTBOPESHHS IIUKIOAIYKTY 3 MOJIEKYJIOK KUCHIO.

o]
QA Me)J\O Ar
CSA, Ac,0
fj:&””e Oz toluene ™ e
N 2.toluene N
|
Bn b, 8(6271%)
Ar = Ph, 4-R-CgHa
Cxema 2 / Scheme 2

Kun’atinHs moxigHuUX TeTpariipoinaon-4-ony 9 (omepikaHi TPUKOMIOHEHTHOIO KOHJIEHCAIIEIO
€HAMIHOHIB IUKJIOTeKCaH-1,3-i0Hy, MaJJOHOHITPIITY Ta apHITIIIOKCaJiB) B TU(EHITOBOMY eTepi 3 10-
nmaBanasM Pd/C nmpuBoanTs no nukimizarii 3 apomMarn3ami€eio — yrBopeHHs kap6azonis 10 [16]. Sxmo
cnonyky 9 mpokun’situtu B po3uuni HCL, To BinOyBaeThcs rifpomi3 amigHoi Ta HITPUIBHOL IPyIl A0
2eM-ITUKapOOHOBOT KUCIOTH 3 MOAAIBIINM JeKapOOKCHIIOBAaHHAM 1 YTBOPEHHSM TeTpariapoinnoin-4-
oH-3-outoBoi kucnoru 11. Ocranns B npucytHocti Pd/C Tpancopmyersest B iHgon 12 (cxema 2).
Apomaruzanis ectepy 13 npoxoanuts 6€3 0COOIUBOCTENH.

NH
a© o ’ onN¢© o
e O ey
N " HCI/HOAc Ri
1 reflux ‘\ R
N 1 reflux
A N o
Ar )

N
AT 10 (50-56%

Me

OMe o]
o° OCH)
Pd/C, PhOPh
O Ri | > Ry reflux O N O Ry
N 13 N
Ar A 14

4ydoud ‘0/pd

O
I

12

PN
- o

R1 =H, F, Cl, Me, OMe; Ar = Ph, 4-R-CgHa.

Cxema 3 / Scheme 3
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LikaBwii cHHTETHYHUI MeTo OyB po3poOIeHHid TPyno0 iHAINChKUX BUeHHX [17], AKuii 103BOJINB
cUHTe3yBaTH 4-aMiHOIHOOIM uepe3 apomaruzanito Cemiepa-Bonbda (Semmler-Wolf). Ilepmoro
cTamielo € onmepxkaHHsA okcumy 15 3 BignoimHoro N-3amimieHoro Tterpariapoingon-4-ony 1. Ilo-
JaJibiia 00poOKa OITOBUM aHTIIPHUIOM TIPY HarpiBaHHI B KCUJICHI Beae 10 yrBopeHHs 4-N,N'-nuarie-
TrniHgony 16 (cxema 4).

X
0 OH Me” NT Me
@ NH,0H, HCI, NaOAg 7 A0 Nal @
xylene
N N N
1 R R R
15 (82-92%) 16 (50-88%)
Cxema 4 / Scheme 4

Hykneodinbae npuegHanns GeHiIMEeTWICYIb(POHY 32 KapOOHIIBHOIO IPYNOI0 B MPHCYTHOCTI OY-
TWIITIIO Bene A0 GopMyBaHHs Tigpokcucynbhony 17 [18], skuit mix miero kynpym (II) xmopuny y
po30aBJieHi OLTOBIH KHCIOTH 3a3HA€ Aerimparalii 3 HACTYITHOK apOMaTH3alli€l0 1 YTBOPEHHSM 4-
cynbhoHIIOX1THOTO iHI0my 18. AHanoriyHe npueHanHs 1-MeToKcHiHI0ay 19 103BOJIMIIO OJlepKaTH
criupt 20 [19]. Ocranniit npu HarpiBarHi B cuctemi DDQ (2,3-auxiiopo-5,6-aumiano- 1,4-0eH30X1HOH)
: O6eH3011 TpaHCHOPMYEThCS B HecuMmeTpuaHuit 2',4'-0ic-inmgon 21, skwii 3a0e3nedye HOBHH KOPOTKHUI
CHHTETHYHUH IIISIX 70 iHAOIBHOTO MIrMEHTY CIIM30BOI IUTICHSBU — apuupianianiny A. Llg crmomyka
MPOIEMOHCTPYBaa YHIKaJbHY 1HIIOYI04y aKTHBHICTH IOJ0 MaHeJel KIITHHHUX JiHIH paKy JIIOJUHH,
iHTi0yBaHHA mpoTeinkiHa3zu C Ta THPO3WHKIHA3M.
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Cxema 5/ Scheme 5

1,4,5-Tpuzamimenuii iHgon 24 OyB CUHTE30BaHUH i3 crionyku 1 B eKinbKa cTamiid. XIopyBaHHSIM
3a ygacTio CuCl, B OITOBI¥ KHCIIOTI OJIep Kalld S-XJIOPOTOXimHe 22, sIke BBEIM B PEakIlito XopHepa-
Boacsopra-EmoHca 3 nmopansimoro apomarnsamnieto npu HarpiBanai B IM®PA B npHCyTHOCTI XJIOpUAY
niTiro abo B mpucyTHOCTI Karamizaropa — Pd/C [20].

®dyHKUioOHanisauia aToMa HiTporeHy

DyHKIiOHAI3AI[is aTOMY HITpPOreHy Julsl iHCTANALIT Sp -TiOpUIM30BaHUX 3aMiCHHKIB, MOXKIIMBA 3
HAasIBHOCTI aKTHBOBAHOTO JI0 HYKJICO(IIBHOTO apOMAaTHYHOTO 3aMillleHHs CyOCTpaTy ab0 BUKOPHUCTAH-
HSl METaNO-KaTAIITHYHUX Peakiil, HanpuKiaja, aMiHyBaHHA 10 byxBanbay-I'apTBiry (kpoc-criomydeH-
HSl aPOMAaTHYHUX TaJIOTCHIIB 3 HITPOr€HOBMICHUMHU HYKJIEO(iTaMd B MPHUCYTHOCTI KOMILIEKCIB I1a-
naxiro (0), mikemto (0) abo kynpymy (I) Ta ocHoB [21]) um peakmii Uena-Jlema (criomydenns 60poHO-
BHX KHCJIOT, iX ecTepiB abo x TpudiyopodopatiB 3 N- ta O- reTepoaTOMHIMH HyKJIeo(dilaMu B MpH-
CYTHOCTI alleTaTy KyInpyMy Ta HOPIBHSHO CIIa0KHX OCHOB - MIpUANHY, TpUETWIAMIHY) [ 22].

B 2012-omy pomi rpyma amMepuKaHCHKUX BUeHUX [23] cuHTe3yBana 0i0NOTEeKY IMMOXiTHUX TeT-
pariapoinnon-4-oHiB 26 (cxema 6), SKi BUBYAJHCS SK MOTEHIiIHI iHTi0ITOPU TEIIOBOTO MIOKY Oinka
Hsp90. Atomu d¢uiyopy B XiHa30JiHI 25 MpOSBISIOTh BUCOKY AKTHUBHICTH JO HYKIEO(UILHOTO



OyHKIioOHATI3AIlIS TTOXIAHUX TeTPATiAPOIHI0I-4-0HY

3aMIIICHHS, TOMY YTBOPEHHS ()YHKIIOHAII30BaHUX MOXITHUX 26 MPOXOIUTh HOCHUTH jierko. OKpiM TO-
0, HasiBHi aTOMH (IIyopy MOXYTb OYyTH HYyKJICO()iIbHO 3aMillleHi Ha 3ajuIIKy iHmuxX rpyn (-BuNH, -
BusS, -BuO) npu peaxitisix 3 BiAMOBITHUM aMiHOM, TiOJIOM 200 CITUPTOM.

b, v,

= F .
NaH, DMFt

o Ry=R;=H, Me, Ry=Ar 'N
Rzﬁym . 6(58-72%)
N
s o 27 " T F 2,
R| Rz=R 3=H l N

}—

S@ 28 (34%)

[longiitHe HykmeodinbHe 3amimeHHsS atoMmiB ¢(myopy NH-rpymamum B wmomekyni 2-(2,2-mu-
¢dTopoBiHiN)-1-OpoMobOeH30:y 27 CYNMPOBOKYETHCSI BHYTpilIHbOMONEKYIsipauM CH-apuiroBaHHsIM,
SIKE KaTaJlI3ye€ThCsl CIOJMYKAMHM TMANAJIi0 1 BEE JI0 MOXiTHOIO 130XIHOMIHY 28 3 HEBUCOKHUM BUXOJOM
[24]. Ls croiryka BHSIBHIIACS TIOTY>KHHM 1HTiOITOpoM HyKiIeoTuaHOi (ochomiecTepasu monuau. Bu-
XOJIU JUIA €JIEKTPOH030araueHoro MmipoIbHOTO (PparMeHTa € CyTTEBO BHIMMHM 1 BapilOIOTHCSA B MeXax
71-84 %.

B po6ori [25] nocnimkena peakuiss N-apuiaroBanHs TeTparipoinaony 1 o-Hoq00eH31I0BUM CIIH-
prom 29 B mpucytHocti kynpym(D)iioquny ta niaminoux JyiranaiB L, a6o L. [igpokcunbHa rpyna
npoaykry 30 Oyna HykieodibHO 3aMillieHa aroMoM xJiopy. Hactynna Pd-karanmizoBana mHukmizamis
mpuBeNa 10 KOHJeHcoBaHOi iHmono[1,2-a]inaonoHoBOi cTpykTypu 32 depe3 TaHJAEMHY aKTHUBAIlilO
Oensunranoreniay Ta miponsHoro CH 3B°s3Ky.

? | 5mol % Cul
20 mol% Ly or L
Y- oy Srehmotz | \ MsCl, EtsN_ Pd (A
kPO THCly | be
N 10°C, 24h, toluene N nzene
1 H 29
wNHMe 30 (?2%] 1 32 (90%)
MeHN  NHMe
NHMe

Ly L2

N

W

/

Cxema 6 / Scheme 6

Cxema 7 / Scheme 7

N-ANKUTFOBaHHS TETParipoiHA0i-4-0HIB 1 akKpHIIOHITPHIIOM MPOBOAMIIOCS SIK IJII HE3aMIIIEHOTO
MiPONBHOTO S/Ipa, TaK 1 A 2-3aMIIIeHX MOXiTHUX. B OCTaHHROMY BWITQJKy pEakKilisi MPOXOAUTH 3a
Y4YacTIO CHJIBHOI OCHOBH IPY HarpiBaHHi B ToiyeHi. HasBHICT kapOOKCHIATHOI TPYIH B LIBOMY I10JIO -
JKEHHI CYMPOBOIKYETHCS IMKII3AI0 3 YTBOPCHHSM [1,2]-KOHACHCOBAaHMX I SITUWICHHUX IUKIIB
(cnomyxka 35, cxema 8) [26,27].

0
R=H L}
0 triton B, | N on 40eR
dioxane, r.t. ~_/ _
|\ R+ ’ﬁ:\CN _ o R=H
N 33 R=CO,Et Q
H |~
NaH, toluene |\/—002Et — | B0
R=H, CO,Et reflux N N
I\/CN 54% CO,EL
35 (54%)

Cxema 8 / Scheme 8
Moaudikauia kap6oHiNILHOI rpynu Ta CMHTE3 aHeIbOBaHUX reTepouurKJIiB 3a i y4acTio



H. M. Komnoc, K. 1. Mapuenko

Mopudikarisi KapOOHUIBHOI TPYIU B TETPATiIpOiHI07-4-0HaX JI03BOJISE BBOJUTH (DYHKI[IOHANBHI
TPYIH B MOJIOKEHHS 4 Ta/a00 5 OIUKITY, IPOBOIUTH ITOAANBINI IUKITI3aIlii i apoMaTH3aIiF0 IIUKIIYHO -
ro ¢parmenTa. [loBigomisiocs mpo cuHTe3 4-ankincynbheHinianony 38 mpu mociigoBHOMY NEPETBO-
perHi keToHy 1 Ha TiokeTOH 36, HOT0 aNKUTIOBaHHI METHIIOBUM €CTEPOM OPOMOOIITOBOT KUCIIOTH 3 110~
JIAJIBIIO0 apoMaru3ailieto [28].

?Ozme COZMe
O
L Lawesson's
LJ’\ \> reagent A BrCH;COzMe e A
THF, rt. | N NaH, THF |"‘N> benzene x
1 | ~
H H 36 (98%) 87 38 (57%) H

Cxema 9 / Scheme 9

BpomyBanus N-3amilieHux TeTpariipoinnoi-4-onis 1 3a JOMOMOror0 HipuAWHIN TpuOpoMigy Ta
nojaneina peakuis 3 TioceuoBuHamu 40 (cunTte3 ['aHua) 1o3BoNsA€e cMHTE3yBaTH Tiazonu 41 [29]. Apo-
MaTH3aIlisl ITUKIOTEeKCaIieHOBOTO (parMeHTa moximanx 41 BUSBHIACSA TyKe €(PEKTUBHOIO B MPUCYT-
HOCTI (peHIITPUMETHIAMOHINA TpUOpoMiTy, Toai Sk npu Aii DDQ Buxoan crionyk 42 Oynu HU3BKUMHU.
Peaxuist Pedpopmarcekoro mis npoxykry 1 (R = SO,Ph) npoxoanTs npakTU4HO 3 KiNbKICHUM BHXO-
JI0M, a 4epe3 AesSKUN Yac MpH CTOSIHHI Ha MOBITPi ciupT 43 3a3Hae Aeriaparalii 3 yTBOPEHHSIM HEHa-
CHUYCHOTO ecTepy 44.

R
Rpop RPA

0 o .
Br !
dﬂ E)Ltlﬂu.\]\/uI% +H2N\l_r. ~R, 1NEts, THF %N PhMe:N*Brs
] N ~" N s 2NaOH, MeOH \C THF, reflux
R 39 40

: [y

BrCH; CO:EL, 41 (75-80%) R 42 (51-97%) R
Zn

HO ~CO-Et R = §0zPh; COPh

CO,Et | Ri=Rz=H, Me; Ry= Pr.
B N —
_ 7 H0 | NRz= HN  N—
~" TN ~—"N s
43(98%) R R 44(95%)

Cxema 10/ Scheme 10

BBenenns kapOOHITOBMICHUAX TPYI B TIOJIOKEHHS 5 TETParipoiHI0IIB Bee O yTBOPEeHH!O 1,4-1u-
KapOOHUIBHOTO (hparMeHTa y BUXIJHIN MOJICKYJIi Ta BIJKPUBAE MOXKIUBOCTI i cuHTE3y [4,5]-KOH-
JICHCOBAaHUX TETCPOLMKIIYHUX croiyk 3a peakuiero [laans-Kuopa [30]. Tak, HarpiBaHHs TeT-
parigpoinmory 45 3 pearearom JloycoHa B OeH3011i BeJle 10 YTBOPEHHS TIEHOMIPOIiB 46, a B3aeMOis 3
METHJIAMIHOM Ta n-3aMIIICHHMH aHUTIHAMH TO3BOJIMIIA CHHTE3YBaTH miposioingonu 47. IlikaBuMm €
¢axT apoMaTH3alii UiILOBUX MPOAYKTiB 0€3 BUKOPHUCTaHHS HOAATKOBHX peareHTiB. [loBimomusmocs
npo I_II/ITOTOKCI/ILIHi BJIACTHUBOCTI OTPMMAaHUX CIIOIYK BHACHIAOK iHTepKamsuii B Monekymu JHK [31].

Me

Me
o JNR
Lawesson's reagent R/NH
C6H6v DME, | N Me AcOH, N Me
reflux N\ reflux N
45 Ar

\ - 0,
46 (31-86%) Ar Ar 47 (27-70%)
Ar= Ph, p-R-CgHy
R1= Me,Ph, p-R-Ph

N o
é\/zf _ NoHg'H20 Cg
N T HoO N
N N (65%)

Cxema 11/ Scheme 11

T
T
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OyHKIioOHATI3AIlIS TTOXIAHUX TeTPATiAPOIHI0I-4-0HY

1,4-JIukapOOHINBHI CIIONYKH MOXYTh pearyBaTu 3 1,2-Hykieodinamu mo tumy [4+2]-nmkimizanmii 3
(OopMyBaHHSM LIECTUWICHHOTO LUKIY. Tak, 00poOka 4-okco-4,5,6,7-Terpariapoinno-3-kapookcami-
Iy 48 rigpasuHTiIpaToM Bexe 0 YTBOPEHHS TETPariApomipoionuHOINIH-3-0HIB 49 (cxema 11) 3
3a70BUTBHUM BUX0J0M [32]. Bkazana croiyka Ta ONU3KI 32 CTPYKTYpOIO NHPOIYKTH Oyinu Mpo-
TECTOBaHI Ha Pi3HUX JiHIAX MyXJIWHHHUX KIITHH, TPOTEe iHriOyroda aKTHBHICTh CIIOCTepiraiacs JnIie
JUTS KITITHH 3 Ty’Ke TIOBUTFHUM POCTOM TyXJHH [33].

[’ siTrranenHi reTeponukiii Oy TaKOK CHHTE30BaHi 3a y4dacTio 1,3-aukapOoHiTpHOTO (pparmMeHTa
B IOJOXCHHSX 4,5 TerpariapoinmoniB Ta 1,2-6iHykieodinbHUX peareHTiB (IMOXiIHI TigpasuHy,
rizpokcunamin). [lepeBaroro € mpoxomKeHHS TaKMX peaklili B M’SKHMX YMOBaX 3 BHCOKHMMH Ta 3a-
MOBUTFHUME BuXoAamu [29,34]. [lemo He3BHYHUM (haKTOM € OUIBINT BHCOKI BHXOIHM 1300KCa30JI0iH-
noJiB 53 mopiBHSAHO 3 mipa3onoiHgonamu 51, amke HykIeo(diabHICTh TIAPOKCUIIAMIHY € 3HAYHO HIXK-
4010. 3a3HAUYMMO, 1[0 CMHTE3 apoOMaTHYHUX MOXiAHUX S2 Ta 54, BiAMOBiIHO MOTpedye T0IATKOBOTO
BUKODUCTAHHS JETiIpYIOYHMX peareHTiB. I300kca3onoinmonu 54 BHSABWIM BHCOKY 1HriOyrouy
AKTUBHICTb i1 Vitro IPOTH PO3YUHHOI I'yaHIIaTHuKIa3u [34].

OH O
=NR> N—O
ReNHNH; \ NHZOH*HCI '/
EtOH EtOH N
0°C
N
1 (40-72%) R1 R, 22 (75-80%)
DDQ,
DDQ’ dioxane, rt.
dioxane, rt
N—0
N_"NRZ 4
[ A
AN Ry = SEM N
Ro= Me,Ph
N\ 2 h1 54 (75-87%)
52 (58-66%) Ry

SEM= Si(Me)3GHyCH0-CHy-
Cxema 12 / Scheme 12

Ximito TeTparigpoingoi-4-oHiB, (PyHKIIOHATI30BaHMX 3a KapOOHIIBHOIO TPYIOI0, HEMOKIHBO
ySBUTH 0€3 Pi3HOMAHITHHX NEperpyITyBaHb, sIKi 32 CBOEIO MpHUpoIoio € 1,2- abo 3,3-curMaTporTHIMHA
3cyBamu. Tak, okcumu THIy 56, ofepiKaHi i3 KOHACHCOBAHUX MOXIAHUAX 55, 3a3HAIOTH MeperpymyBaH-
Hs bexmana npu HarpiBaHHi mpoTsroM 3 roa B moiidochaTHIH KUCIIOTi, YTBOPIOIOUH HPH LBOMY
koH(popMariitHo xopctki Jakramu 57 [35]. Cnonyku Tumy 57 Oynu NpoTECTOBaHI Ha Pi3HUX JIHIAX
paKoBHX KIITHH, OJHAK iX aHTHUMpoJidepaTnBHA aKTHBHICTh BHUSBWIIACA HHM3BbKOIO. B poGoti [36]
MOKa3aHO, 10 HAasBHICTh TaJIOTEHAJKUILHOTO (QparMeHTa B TIIOJIOKEHHI S5 TeTparilpoiHIoiiB
(mponyktu 58) B X071 nmeperpymnyBaHHS MOXKe CYIPOBOIXKYBAaTHCS BHYTPILIHBOMOJIEKYJIIPHUM HYKJIE -
o iTBHNM 3aMillIeHHsM 3 (POPMYBAHHSAM TPUITUKITIYHUX JakTamiB 60.

0]
NH20OH*HCI,
N q MeCONa _
N EtOH, reflux

55

6(61-93%) 57 (25-65%)
R=H, F, Cl, Br, OMe, NO3
Cl 0 0
cl HN
| DMe  NH,OH'HCI e | PO, N
N\ MeOH, reflux N THF N\
Ar \ Ar

59 Ar 60 (47-87%)
Ar = Ph, pR-CgHs

Cxema 13 / Scheme 13

Bimomo, mo ¢eHirigpa3oHu KETOHIB MpW HATpiBaHHI B MPHUCYTHOCTI MiHEPaTbHUX KHUCIOT abo
kucioT JIproica 3a3HAl0Th TEPHUIMKIITHOTO MeperpyyBaHHs (BiJOMOTO SIK CHHTE3 iHA0MIB 1o dime-
pY), sike € 3,3-curmatponHuM 3cyBoM [37]. Harpianns cnonyku 1 (R=H) 3 rigpoxmnopunom denin-
riZpa3uHy B OLTOBIM KHCIOTI BeJe OO yTBOpeHHA mipoio[3,2-alkapbaszomy 62 3 Buxomom 21% [38].

11



H. M. Komnoc, K. 1. Mapuenko

[Ipomixumii iHTEpMEmiaT A 3 S-yuc-AIEHOBOIO CTPYKTYPOIO 3a3HABaB OKHCIEHHS KHUCHEM IOBITPS.
[lizBuIIEHHS] BUXOAY CHOCTEPIra€ThCs 3a HAIBHOCTI €JIEKTPOHOJOHOPHUX 3aMICHHKIB B apOMAaTH4HO -
My siapi B onoxkeHHi 1. IleperpymyBaHHs He BOanocs MPOBECTH 32 HASBHOCTI METHJIBHUX TPYII B 1O-
JIOKEHH1 6 TeTpariapoiHI0Iy, IO MOKHA TOSICHATH CTEPUYHIUMHU e)eKTaMH [UX TPYII.

H ,OH COzMe
N Q N N’O | ’
= | |
0 N, |_PhNHNH™HCI ) _NHOH A DMAD COaMe
A R AcOH, reflux ‘ ‘ 3
N 1 EtCOH, reflux ITJ DMSO N
& o ) 63
Oz lt“c
H
" MeC:C. K ~
= | N
st s
R
R = Me, SOzPh, Bn 64 (30-83%)
62 (21-55%) R = H, S02Ph, 3-Me-CgHs, 4-Me-CgHy

Cxema 14 / Scheme 14

3,3-CurmaTporHe neperpymmyBaHHs croctepiraerses i st O-ankeHoartis 63, siki Oynu ogeprkaHi B
peaxuii TeTparinpoinaony 1 3 ripoKCHUIaMiHOM Ta HACTYITHUM AJKLUTIOBaHHAM OKcUMy 61 mumetnio-
BUM ecTepoM anetwieHankapoonoBoi kuciaotu (DMAD). Buxoau nponykriB tumy 64 BapilolOThCS
BiJl HU3BKUX JI0 BUCOKUX B 3aJIS)KHOCTI BiJ] XapakTepy 3aMiCHHKa Oisisl aToMa HiTpOreHy. 3a3Ha4nMo,
0 HaBiTh TpuBalie HarpiBaHHA 1,4,5,6-Terparigponipono[2,3-elinmoniB 64 mpu 120-140°C He Bene
1o apomatm3arii 1,3-rekcagieHoBoro gpparmMenta Tpunmkiry [39].

ABtopu pobotu [40] mpoBenu peakuiro Dimrepa 3 METOIO CHHTE3Y 1HA0IO[3,2-c|XiHOMiH-6,7-110HIB
67 3a yuacTio muKkiorekcas-1,3-mioHy 65 Ta moximHuX 4-TiApa3sMHOXiHOJNIH-2-OHY 66 B yMOBax Mi-
KpOXBWJIBOBOI akTHBaIii. Yac peakiiii He mepeBHIyBaB 5 XB, @ BUXOIH CTIOIYK 67 ckiamn 83-88%.

o}

0 — H
R, NH—NH o Os_N R, o NH
+ = N e
. m T S >
65 66 N © NH-ENH N
67 (83-88%)
Ry = OMe, Cl

Cxema 15/ Scheme 15

Bapnakoc i CykpoB [41] moBigoMuIn mpo BUAIJICHHS TETPa3oidy 69 3 HEBUCOKMM BUXOJOM IIPH
00po011i TeTparizpoinmory 68 a3umHOI KHCIOTOI B XJopodopMi. B xoxi peakmii mpoXoauTs mepe-
rpymyBanHs HImiara (1,2-curMaTponHuii 3cyB A0 aTOMa HITPOTeHY) 3 YTBOPEHHSM MPOMIKHOTO Jia-
kramy. Mloro B3aeMojiisl 3 HaUIMIIKOM a3UIHOT KHCIOTH POXOAUTH K BHYTPIIIHLOMOJIEKYIApHE 1,3-
JUIOJISIPHE LUKIONPHENHAHHS a3uay 1o chopmoBaHoro B xoxai peakuii N=C 3B’sa3ky. Crpobu
3MIHCHUTH BHYTPIIIHBOMOJIEKYIJIsIpHE nieperpynyBanas Llmiara [42] mis Terparinpoingonis 70 3 anki-
JIA3UTHIM 3aJIMIIKOM B TIOJIO’KEHHI 5 MOJIEKYJIM HE MaJli YCIiXy, OAHAK BUXIJHI a3UAH BUSBUIIUCS T10-
TeHIitHIMH iHTi0iTOpaMK OCHOBHOI mpoTeasu Bipycy SARS-CoV-2.

N<
(0] o Ph z
Ph HN
HN3
—_—
B CHCl3
N
I 68
Me
0
N
8 ‘ Me ———¢—
Me N

Me \
70

Ar = Ph, p-R-CgHs

Cxema 16 / Scheme 16

JocuTh mikaBi pe3yiabTaTH OyJIM OTpUMaHi JBOMa HE3aJIeKHUMH JOCITITHHIBKHIMHU TPYIIaMH MU
BHUBUYEHHI peakiii N-to3mnmoxigHoro 1 3 amidaTHYHUMHU MEPBUHHUMH aMiHamu Ta 4-HiTpodeHina3n-

12



OyHKIioOHATI3AIlIS TTOXIAHUX TeTPATiAPOIHI0I-4-0HY

JIOM TIpH HarpiBaHHi B TosryeHi [43-46]. [Iponykramu B3aemonii BusiBuimcs [1,2,3]tpuazono[4,5-e]in-
noiu 71. Mexani3m "tpuasomnizanii”, 3a 1aHUMHU aBTOpiB [44,45], BKIIIOUa€ yTBOPEHHS IMiHOIIOXiIHO -
ro, HOro TayToMepHu3allito, CTamioo 1,3-aunonspHOro MUKIONPUEIHAHHS a3UIy, POKPUTTS JUTIIPO-
TPHUA30JILHOTO LUKy 3 €IIMiHyBaHHSM 7-HITPO(EHINAaHITIHY Ta HACTYNHY LUKmizamito (cxema 17).
Byno mokazano, mo 6e3 TO3MJIBHOTO 3aXUCTy (OPMYBaHHS TPHA30JILHOTO IUKIY HE BiOyBaeThCs
[46]. BukopucToBYIOYH BKa3aHy PEaKINiio 3 OJAIBITNMHA MOAU(DiKaIisIMu, OyIH CHHTE30BaHI OapBHU -
Kk 72 11X com 73 [47-49], sxi BUSABWIHCS ePeKTUBHUMH (BiryopodopaMu 3 BUCOKMMH KBAaHTOBUMU
BUXOJaMH B PO3UMHAX Ta TBEPAOMY CTaHi.

0 NHR1 N=N
NI/ ~y NHR4
[N _RiNHz 4-NO,CsHy-Ns B
l\‘l toluene, reflux toluene, reflux N
1 Ts ‘ Ts
—N~Ri R
N N—N—F1
,, N~R R (/;r
Me™N, ~ A 4-NOCeHaNH, | . NH
r | ~———= | N7 NNRq
I
N N
F B—
N FzB N '?FZ Ts \
71 (82-83%) N
72 R \
2 R1 = hexyl, (CH2),0Me Ts

Cxema 17 / Scheme 17

€HaMiHOKETOHU 74 MOXHa OJICpXKATH IIIIXOM HYKJICO(pIbHOTO 3aMillleHHs €HOJIBHOI IiAPOKCHIIb-
HOl Tpynu (opMminmoxingHoro 48 B peakiii 3 BTOpMHHUMU amiHamu B OeH30uti. CONyKHA BHSBIIIUCS
3pYYHHMH TPEKYypCOpaMU B CHHTE31 TPUIHUKIIIYHAX TETePOIUKIiB 76 Ta 78. Omnmcana aemo He3BUIHA
peaxitist [4+2]-TUKIONIpUETHAHAS BKa3aHOTO €HAMIHY Ta JUXJIOPOKETEHY 75, sSKuii OyJI0 OJep>KaHo in
Situ TIPA B3a€EMOJIIi AUXJIOPALETHIXIOPUAY Ta TpUeTHiIaMiny B Oenzoui [50]. AHaNOTiYHO MPOXOIUTH
B3a€MOZIS 1 3 METaHCYIb()OHIIXIOPUAOM (B IPUCYTHOCTI OCHOBH T'€HEPY€EThCs Cyb(eH 77) Ta mpoxo-
IINTh, 32 TAaHUMHU aBTOPiB, reTepopeakmisa Jimsca-Anpnepa. HaBeaeHi pe3yabTaTH BiTHOCHO CHHTE3Y
KOHJICHCOBAHUX TPHULUKIIB 76 Ta 78 moTpeOyoTh OAaTKOBHUX JOCIIIKEHD, /KE BIIOMO, 110 KETCHH
Ta 1HIII reTepoanyeH! BCTYNAalOTh BUKIIOYHO B peakuii [2+2]-unkiaonpuenHanns [51].

oH @
| N R2
N
I
48 R
CHCIL,COC! MeSO,CI
NHR;,
0 Et3N,benzene |benzene LEtg,N‘benzene
Cl 0
NR
o) = Osg®
N — %] B N R — ?
N_p2 L=C=0 N C=8=0
cl ) H RoN Ny 2
N 75 74 R 7 R
R N
51
76(54%) 78 (40-80%) R

R = Ph, Me: R?= H,Mse; RoN = MesN, EtsN, MePhN, C4HgN: CgHygN

Cxema 18 / Scheme 18

OnucaHo MUKII3AII f-aMiHOEHOHIB 74 3 METHJICHAKTUBHUMH CIIOTyKamu 79, 110 BMIIIYIOTh I1i-
aHorpymy. Peakuii, siki BeayTh O IMKITi3allil, BKIIOYAIOTh MPUETHAHHS 0 MiXa€o 10 akTHBOBAHOTO
C=C 3B’s13Ky, eNiMiHyBaHH]IM AMETHJIAMIHY 3 YTBOPEHHSIM NMpoMiKHUX imMiHOmipaniB 80. Lli cromyku
He OyJIM BUIJICHI, TaK SIK B XOJIi peakilii 3a3HaBaiy neperpymyBanss J{iMpoTa 3 GopMyBaHHSM TPHIIH -
KIIYHOT CTPYKTYpH 5,6-murinporniporno[2,3-A]xinoninonHis 81 [52].
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NH o
o R o R NH
m EtOH |
EtsN Me * RCH2CN reflux AN
M
N 7 EpNH N ° | Y—me

74 RT h N
R1 I
80 81 (30-80%) R!

R' = Ph, Me, Bn; R = SO,Ph, COPh, CN, CO5Et.
Cxema 19/ Scheme 19

Konpencoasi coJii mipojionipuiito 84 Oynu CMHTE30BaHI 3a paxyHOK jeriapartaiii 3-(heHaruimno-
XiTHOTO TeTpariapoinnon-4-ony 83 (oTpumanoro B peakiii eHamiHOHY 82 3 AMOEH30IIETHICHOM) B
cymimti 70% XJIOpHOT KHUCIOTH B ONTOBOMY aHTifpumi. [lipuiieBi comi € 3py4HUMH TIpeKypcopaMu B
CUHTE31 TIPOJOKOHICHCOBAHUX MIPUANHIB IMIITXOM PO3KPHUTTS IiPHITIEBOTO ITUKIY Ta HACTYITHOIO pe-

LUKITI3aLi€I0 B IPUCYTHOCTI amiaky Ta Horo moxiguux [53].
Ph

\\
I cioy
Ph?U%HCEO,, [ N—pn NHR
e
e A0, 1t N
NHPh e Me \

83 (33%) 84 (25%)
Cxema 20 / Scheme 20

Onnak cipoOu ofepkaTi KOHIECHCOBaHI CTPYKTYPH 3 MiPUAMHOBHM LIUKJIOM B PEAKIisIX 3 aMiakoM
Ta TiApa3vHOM HE MaJd YCIiXy, II0 BipOTiJHO MOB'S3aHO 3 KOHPOPMAIIHHOIO KOPCTKICTIO MOJIEKYJIN
84.

I'pyna itanificbKuX XiMiKiB y MeXax MporpamMy MOUIYKY HOBHX areHTiB AJisl poToxeMoreparii, po3-
poOwITa YOTHPHUCTAMIMHUN CHHTE3 PSILy TiomipaHo[2,3-e]inaon-2-oHiB [54], BUXOQ4H 3 TETpariapoiH-
non-4-ouis 1. XnopodopmintoBaHHs peareHToM BinbcMaliepa-Xaaka Oyio ogep)kaHO HECTaOlIbHUI
xnopoanpaerix 85. Ilpu momaBaHHI €THUNTIONY B NPUCYTHOCTI KapOOHATy Kajilo MpPOWILIIO Hy-
kneodinmpHe 3amimeHHs aroma xmopy (cmomyka 86). Peakmis XopHepa-Birrtira 3 moganbmimm
TiApomi3oM ectepy mpuBeia 10 GOpMyBaHHS MOXiTHOTO aKpUIOBOI KUCIOTH 87, sSiKe MUKITI3y€EThCS i
nieto noaiocGopHoi KUCIOTH, YTBOPIOIOUH LiJbOBI TiOMipaHOIHI0IN 88 3 HEBHCOKMMHU BUXOIaMH.

\ pock \ | ESHKCOp (E10EPOCH,CO,EL
‘ R DM ‘ DMF, rt |\ =2 tBuOKDMF

1 R‘

B

| \ -EtOH %@7

R' = Ph, Me, Bn, R?= Me, CO.Et; R® =H, Me

Cxema 21 / Scheme 21

88 (30-40%)

Mopaudikaunis 6iuHnx pparmeHTiB B MONeKynax TeTparigpoiHaon-4-oHiB

Hesxi peakmii mogudikarii 6i9HUX QparMeHTiB Bke OyJ0 PO3IIISIHYTO B MOMEPEIHHOMY PO3LIIL.
Bonu cynpoBopKyBaics CHHTE30M aHETbOBAHUX TPHLIMKIIIB 32 y4acTio KapOOHIIBHOI IPyNH iHAOJIO -
HoBOTO (hparmenTy. Tpancdopmalii, HaBeeH] B ILOMY PO3/iJii, HE 3a4iNar0Th KApOOHIIbHY TPYITY.

Cepis moximHuX 1HAO0I0H-N-aMiHOKHCIOT [55] Oyia cuHTe30BaHa 3a JOMOMOTOI0 TPUKOMIIOHEHT -
Hoi peaxkiiii [Taccepini 3 Buxomom 42-99%. Tak, HarpiBaHHS CyMIIlll T€Tpariapoinaoi-4-ony 89, anb-
JIETiiB Ta 130HITPUITY y BOJI MPOTATOM | TOA Bexe 10 yTBOpeHHS MpoaykTiB 90 (cxema 22). Lleit Bu-
cOoKOe(heKTUBHUH Ta €KOJIOTIYHO YHCTHH MeToj 3a0e3redye MIBHIKANA JOCTYI 10 0i0IiOTeKH MOoXia-
HUX 1H070H-N-aMiHOKHUCIIOT JJTsl IOJAJIBIIOT0 CKPHHIHTY X 010aKTHBHOCTI.
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R'CHO, R?NC
\) e TEHO.RNC S—me
N H20,35 C, 1h

N o)
e SO
NH
89 0 Ry

Cxema 22 / Scheme 22

90 (42-99%)

VY 2008-omy poui Ilipac [56] npogeMOHCTpYBaB MOXKJIMBICTh CHHTE3Y 3aMIILICHUX aMiJliB 3a IOJIO-
JKeHHsM 1 Tepariapoinmon-4-oHiB 90 BUXOISIHN 3 METHIIOBOTO €CTEPY TIIIUHY.

~0OH

o N 0
| HN 1. Me zAl, R?N o
W 1p2
f ‘\3 NH ,0H [ "\> 1.50C! 2, MeOH ( | \/ NHR 'R / |1\>
~ NL . r\||\ 2 PPA N 2 R¥% N .
_-OH OH 0~ k ¢
b Me 94 (55-82%) N- 2
93 R
o] 2 T ! T

0
Cxema 23 / Scheme 23

JlakTam 93 Oyno cHHTE30BaHO B pe3yJsbTaTi neperpymnyBanHs bekmana okcumy 92 Z-koHdbiryparii
3 ypaxyBaHHSM MOIEPEAHbOI TpaHchopMaIil KapOOKCHITBHOT IpyIH B ecTepHy. B mpucyTHOCTI TprMe -
TUJIANIOMIHII0 BTOPUHHHHN aMiH JIEIPOTOHYETHCS Ta pearye 3 KapOOKCHIATHOIO TPYTO0. AJKUTIOBaHHS
NH rpynu nakramy OpoOBOAMIM 3 BUKOPHCTaHHSAM PI3HOMAaHITHHX ajKinrajgoreHifiB. Takum duHOM,
cUHTE3yBaJH 0101i0TeKy amimiB 94, sika BKITt0Yae 52 CHOMYKH.

I'pynoro kuralicbkux BUeHUX [57] omucaHa JgepuBaTH3AIls 7-alleTOKCUTETPAriIpoiHa01-4-0HIB 95.
Bsaemognis enaminoHiB 81 Ta apunriiokcaniB 95 y oUTOBil KHCIOTI B yMOBaX MiKpOXBHIIBOBOI aKTH -
Ballii Bele M0 CHMHTE3y 7-aleTOKCUTIOXimHUX 96. IlpuenHaHHS ONTOBOI KWCIOTH IO Mpanc-Ti€HOBOT
CHUCTEMHU iHTepMeiaTa A TPOXOIUTh Ha cTadii popMyBaHHS HipOIHHOTO IHAKITY.

_~ OH
Me Ar
Me N
( R A
HOAC
-H0
o]
o o
OH o N
+ Ar\HAOH HOAc _ Me | S—ar WCOZR Me | Ar
Me MW, 120°C Me N+ N=NH ™ Me N
M NHR O ‘ Ph
5 95 o R o7 R
- HO~#
81 MeOC gg —COR
J- R'OH N-N
Ph
R= Ph, p-R-CeHa; Ar= Ph, p-R-CgHz; R' = Me, Et COR g
[+ ey 98 (77-59%)
COsR’
Cxema 24 / Scheme 24

Bzaemopis ectepiB aneTrieHANKapOOHOBOI KIUCIOTH Ta (PEHINTIAPa3HHY — 1€ TUIAX A0 CHHTE3y 1-
¢enin-3-R-mipa3on-5-oHiB 97. OcTaHHI TayTOMEPHU3YIOTHCS Ta BCTYIAIOTH B PEAKIiI0 HYKICOPITEHOTO
3aMillleHHs 7-alleTOKCUTPYIIM TeTpariapoinaoniB 96. TakuM 4WHOM, HaBeJleHI IEPETBOPEHHS BiAKpH-
BAIOTh MO>KJIMBOCTI JIsI CHHTE3Y CIOIYK 98 3 mipa30710HOBUM LUKJIOM Y 7-My IOJIOKEHHI MOJIEKYJIH.

Byna takoxx po3pobiieHa HOBaA IMiKaBa TPHKOMIIOHCHTHA JOMIHO-PEAKIisl CHHTE3y KOHIEHCOBAHUX
noxinHux ingony [58]. IIpocte 3mimyBanHsM N-eHamiHOHIB aMiHOKHCIOT 81 Ta apunriiokcanis 95 B
OIITOBIN KHCIOTI NpU MIKPOXBWJIBOBIA aKTWBAIlii BEJE JO CHHTE3Y TPUIUKIIYHUX OKCa3uHO[5,4,3-
hilinmon-1,7-gioniB 99, tomi sk N-apunenaminonn (R=Ar) B aHaNOTiYHUX eEKCIEPUMEHTAIBHUX
yMOBax yTBOPIOIOTH 1,2-miapunaurinpoingoionu 100 (cxema 25). ToOto B xomi peakuii €HoHIB 81
(R=CH(R")COOH) mnpoxomuTh BHYTPIlIHLOMOJIEKYJSPHA UUKII3allis 32 S-mMpanc-Ii€HOBOIO CH-
cTeMoro iHTepmeniata B.
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0 0
OH
OH
=
Mo Ar | _HoRc. Aoy A “"Em Ar
Me N MW an NHR O g MW e N
Ho% e R
R! 81
i B 100 (75-85%)
0 l R =Ph, p-R-CgHy
Me | N Ar
Me N 99 (65-80%)
BN ; R'=H,Me
07 07 R
Cxema 25 / Scheme 25

Bimomo, mo enexrpodiabHe 3aMilleHHS B MipOJEHOMY IMKII MPOXOTUTHh 32 O-TIOJOXKEHHAM. B
pobori [59] po3pobieno Rh (I1I)-karamizoBany noagitiny CH akrusanito a-CH 3B'sa3ky N-apuiazonis
Ha npukiaai N-QeHinrerparigpoingon-4-ony 1. Peakuis mpoxoIuTh Yepe3 CTairo ajJKiTIoBaHH Mipo-
JTBHOTO siApa MU(EHITaNeTHICHOM Ta IMOAAIBINO] IHUKITI3AIii 3a yJacTio o-moJiokeHHs! N-(eHITbHOTO
paaukany (cxema 26). Buxin ingomno [1,2-a]|xinomiH-8-01y 102 ckiaB 49%.

o]

5 mol% [Cp*RhCly]

| Ny 4 Ph—=——ph Cu(QAc) N Ph
N E toluene | N R
reflux Ph
1
102 (49%)
Cxema 26 / Scheme 26

[ipuminuHoBHi 1k (Pym) B N-monoxkeHHi iHmomiB 1 9acT0 BUKOPHUCTOBYIOTH ISl BKIFOYESHHS
nepexijHoro meraiy 3a 3B's3koM C,-H 3 metoro axrusariii. Banr [60] po3poOuB Oe3mnperieieHTHE o-
KaTtasizoBaHe 1,2-mureTepoapuiioBaHHs aneHiB KapOoHizamu Maprasiio (cxema 27). [puennanns
aneny 103 3a a-monoxxenusM iHgony 1 Bene no intepmeniata C. Bucoka HykineodinpHICTh 3B'M3Ky C-
Mn cnopusie 1,4-mirpamii mipuMmigmHOBOTO HHKIY (TIeperpymyBanHs Cwmaitica, sKe IPOXOIUTH
cTepeocnenu(ivyHo) 3 TOAATBLIO BHYTPILTHHOMOIEKYIIIPHOIO IMKITI3aLi€lo 32 YYacTIO €CTEPHOI Ipy -
¥ OIYHOTO JIAHIIIOTA.

| N\ Me 10mol% ; \

Pr
Nt :< Mn?r(CO)s | \__/ Ve ‘ A~ py
J\ 'Pr CO,Et dioxane N CO,E N L

O
NN 103 100°C h [Mn] Pym

| Pym 104 (67%) O
K/‘ 1 c

Cxema 27 / Scheme 27

TakuM YMHOM MOKHAa CHHTE3YBaTH HU3KY PI3HOMaHITHHX TPULUKIIYHHMX cronyk tumy 104, mo
MICTSITH IIHHAH €K30IUKIIYHNH ITOABIHHNN 3B’ A30K.

Psn dynkmionanizoBanux mnoxigHux 4,5,6,7-teTpariapoingon-4-ony, 3 ¢parMeHTOM f-muKap-
OOHIJTBHOI CTIOJIYKH B TIOJIOKEHHI 3, OYJI0 CHHTE30BaHO PEaKLi€l0 NUKIIYHOro €eHaMiHOHY 81, rigpatis
apwiriiokcaniB 95 ta anerunanerony 105.

o ~
Me H Mo j
0 = . (NHz ol ___NH
e
Me
81+95 +Me\ﬂ/\ﬂ,Meﬂ. Me [ Sar ETSH I Ar
0 o refx,3sh Mo N i Me N
R 10 min-6 h ® R
105 106

107,108 (45-83%)
R= CH,COOH; Ar = Ph, p-R-CgHg;

NHz NH,
= NHzNH2: NH2(CH2)2NH>;
(NHZ [2NHz; NHa(CHg)NHy; C[NHZ
Cxema 28 / Scheme 28

3nificneHa Moauikalis aneTUIaleTOHOBOrO (parMeHTa B TMOJOXKEHHI 3 TeTpariZpoiHAoIiB
nuiixoM  KoHpeHcarii 3 1,2- Ta 1,4-GinykneodwiamMmu  (TigpaswHTIgpar, eTWICHTIaMIH, oO-
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¢eninenaiamin). B pesynbrari Oynu cunTe3oBani mipasonmu 107 ta 1,5-miazeminu, 108, ski MOXYTh
OyTH LiKaBUMM AJIS CIIELIaIicCTiB, IO NPALIOI0Th B 00JacTi MeIu4YHOi XiMmii [9].

BucHoBOK

B po0oTi HaBemeHO KOPOTKHH OIS CTpareriii momo Moamdikamii 4,5,6,7-Terpariapoinmon-4-
OHIB. ApoMarn3amis ITMKIOTEKCEHOBOTO spa € TyKe BaXIWBOIO sl cwHTE3y 1,2,3- abo 1,2,7-
TpU3aMIIlEHUX 1HJOJNIB, TaK SK BIAMOBIJHI (QYHKIIOHAIBHI TpynM MOXHA BBECTH Ha CTajii
(dopMmyBaHHSI TeTparigpocTpykTypu. DyHKIiOHami3alis aToMa HITPOTE€HY € MEHII IOMyJIIPHUM
MeToIoM Mozaudikairii, ajpke B 0araTh0X BHITaIKaX JOMUIGHAM € BBESICHHS 3aMiCHUKA B TIOJIOKEHHS 1
Ha cTajii MUKTi3alii 3 BUKOPUCTAHHAM IUKIIYHUX €HaMmiHOHIB. Tpancdopmanii kapOOHITBEHOI TPyIIH,
SK NIPaBUIIO, € OaraToCTymiHYaTUMM IpOoLEcaMy, AKi BKIOYaTh BifoMi peakuii (Binbcmaiiepa-Xaaka,
l'anya, [llaans-Kuopa, @imepa), mneperpynyBanHs (bexmana, IImiara, Himporta), peakmii
UUKJIONPUEAHAHHS 1 BEOYTh JO CHUHTE3Y pI3HOMaHITHHX [4,5]-KOHIEHCOBaHUX iHAONIB. 3HadHa
KIJIBKICTD TaKUX CIOJYK BUSBHIIA TIOTCHIIHHY 010JI0TIYHY aKTUBHICTh. TOMY CITifi O4iKyBaTH, IO HOB1
NIUISXW CHHTE3Y [4,5]-KOHIEHCOBAaHUX IMOXITHUX TETPariuIpoiHIoNy OyAYTh AOCTiIKEeHI HAHOIMKINM
gacoM. Momudikaris OIYHHX JAHIIOTIB — 3PYYHHH NUIAX O 3MiH B CTPYKTYpi MOJICKYJIH, SIKi
JO3BOJIATH MiABHIIMTH OI0AOCTYIHICTH Ta ONTHUMalbHE 3B'S3yBaHHS 3 aKTUBHHUMHU LIEHTPaMHU
¢depmenTiB. OnHaK, HAa CHOTOIHIIIHIN JIEHb IIEW acMeKT XiMil TeTpariapoiHmoyi-4-0HiB 0OMEKEHUI
HE3HAYHOIO KUTBKICTIO My O IiKaIlii 1 3aTUIIae ITUPOKE ITOJIE TS MOJAIBITHAX TOCIIKEHb.
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Available and effective methods of tetrahydroindol-4-one derivatives transformation are described, which
include functionalization of the nitrogen atom, carbonyl group, side chains in positions 1,2,3,7 of the bicycle, as
well as aromatization of the cyclohexene fragment in the presence of dehydrogenating agents. Original
preparative approaches to the synthesis of [4,5]-fused indole derivatives (pyrroles, thiophenes, pyrazoles,
isoxazoles, thiazoles, 1,2,3-triazoles, pyridazinones), implemented by introducing functional groups in the a-
position to the carbonyl group with subsequent cyclocondensations (Hanch, Paal-Knorr, [4+2] and [3+2]-
cyclization reactions) are reviewed. Beckman and Schmidt rearrangements in the chemistry of
tetrahydroindolones are accompanied by a cycle expansion with the formation of lactams or their transformation
products. The Fischer reaction allows to obtain polyheterocycles with a new indole ring at the same time as the
Dimrot rearrangement allows to synthesize pyrroloquinolones. Among the ways of modifying side chains of
tetrahydroindolone, the three-component Passerini reaction is the most promising one, which provides quick
access to indolone-N-amino acid derivatives.
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Spectral properties of several selected nitro substituted isocarbostyrils (I, isoquinoline-2H-1-ones) were
discovered in our research group several decades ago. These relatively small molecules demonstrated unusual
spectral behavior: they were highly solvatochromic and 5-nitro-| appeared fluorescent in solvents of
intermediate-to-high polarity. UV-vis spectra of the title compounds were studied previously both experimentally
and theoretically, however, on the quite low level of quantum theory (1-electronic approximation). The aim of
the current communication is to reconsider them on DFT/TDDFT level with the account of the nm* states
localized on NO.-group spin-orbit coupling analyses and radiationless intersystem crossing (ISC) process,
which regulates the fluorescent properties of nitro-substituted aromatic compounds.

Keywords: isoquinoline-2H-1-one, isocarbostyril, nitro group, UV-vis absorption and fluorescence spectra,
radiationless decay, intersystem crossing, ESSA approach.

Introduction

Isoquinoline-2H-1-one derivatives, known also as isocarbostyrils [1-2], had been discovered in
20th century first of all as potentially biologically active compounds [3-4], because many of them have
their natural analogs, see for example [5-7].

However, our research group studied their spectral properties as well [8-9], such an optical
investigations in this series are quite rare [10]. Special attention was focused just on the nitro-
substituted isocarbostyrils [9]. By the general considerations, nitro group is not the best substituent to
introduce in the aromatic core aiming to obtain highly fluorescent products [11]. From the middle
20th, this substituent is widely recognized as intramolecular fluorescence quencher. Pioneer works of
Ernst Lippert formulated the principle, that observation of fluorescence of nitro-compounds below
500 nm is not possible [12-13]. The initial hypothesis of Lippert was about the population of the pre-
dissociative state of nitro group, which results in the fast radiationless decay of the excited state.
Nowadays explanation of the nitroaromatics photophysics include the fast radiationless deactivation of
their lower singlet excited state via the efficient intersystem crossing (ISC) process with participation
of the low-lying triplet nn* levels of the nitro group [14-19], situated near the above-mentioned
“Lippert’s margin, 500 nm”. Such behavior is in line with the well-known El-Sayed rule [20-22]
concerning the increased spin-orbit coupling of the excited states of different orbital type (nn* and
nn*) and multiplicity (singlet and triplet). However, there exist a lot of examples of highly fluorescent
nitro-compounds seemingly deviating with the general insights [23-25].

4- and 5-nitro-substituted isocarbostyrils (compounds II and IIT) demonstrated principally different
emissive behavior, first of them is non-fluorescent, while as the second is characterized by low-to-
intermediate quantum yields in polar aprotic solvents [9] with maximal value in acetone. Our initial
paper was theoretically grounded on the available for that period m-electronic quantum-chemical
calculations, which are unable to model very important for the examined case excited states of nm*
type. The main aim of this communication is to review the spectral behavior of the title nitro-
isocarbostyrils using more contemporary quantum chemical approaches.

Experimental part

The title 4- and 5-nitro-substituted isocarbostyrils were synthesized by the procedures described in
[3-4], 2-methyl derivatives were selected for the current investigation owing to their increased
solubility in non-polar solvents. Extended review in the field of synthesis of isoquinolones can be
found in [26].
© Chepeleva L. V., Doroshenko A. O., 2022
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Electronic absorption spectra of the title compounds in hexane were measured on Agilent Cary
3500 UV-Vis Multicell Spectrophotometer. Deconvolution of the experimental spectra onto individual
absorption bands were made by non-linear LSM method with approximation of a band shape by un-
symmetric log-normal function [27].

Quantum-chemical calculations with optimization of molecular geometry in DFT/TDDFT
approximation were conducted in b3lyp/cc-pvdz [28-29] scheme using Gaussian 09 program [30].
Elements of Bader’s AIM (atoms-in-molecule) theory were used to analyze molecular structure and
redistribution of electron density [31-32]. Energies of a weak H-bonds were estimated within
semiempirical Espinosa approach [33]. Electronic absorption spectra and the nature of the excited
states of different multiplicity were analyzed within ESSA approach [34-35] using NWChem software
[36]. Spin-orbital interaction was modeled using Orca 5.0.4 [37-38] software.

Results and discussion

The molecular structure of isocarbostyrils in the study was optimized in DFT scheme. Obviously,
we did not expect any deviations of planarity for unsubstituted compound I. Its methyl group in
position 2 takes the most energetically favorable conformation. Also, its rotation around N-C bond is
not expected to have significant effect on the electronic spectra.

Compounds II and III were analyzed from the viewpoint of their planarity as well. Calculations
result in practically coplanar NO,-group and isocarbostyril core of compound II. However, such
molecular geometry requires definite in-plane distortions of valence angles at introduced substituent
(Fig. 1): the angle C3-C4-Ny appeared decreased to 114°. Such a feature is regulated by
intramolecular non-covalent interactions between the nitro group oxygen atoms and neighboring
hydrogen atoms, which can be considered as non-conventional intramolecular hydrogen bonds.
Corresponding distances O-H are of the order of 2A (O~H-C3 2.23A, OH-C5 2.13A). The energies
of unconventional intramolecular H-bonds estimated by Espinosa expectedly were not so high:
~5.3 kcal/mol both. However, these seem quite enough to keep nitro group in the plane of
isocarbostyril core.
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Figure 1. Molecular geometry of 4- and 5-nitro substituted isocarbostyrils (b3lyp/cc-pvdz calculations). Bond
paths [39] and bonds critical points of (3,-1) type (AIM theory) are shown as well.

Compound III demonstrated definite non-planarity. Its nitro group rotates out of the isocarbostyril
core plane on ~16°. Such a relatively small value indicates the absence of violations in mr-conjugation
in this molecule. Distances between nitro group oxygens and neighboring hydrogen atoms are of the
order of 2A as in the case of 4-substituted isomer (OH-C5 2.14A, O-"H-C6 2.29A), this corresponds
to H-bonds energies of the same 5.0-5.2 kcal/mol. The latter is insignificantly lower in comparison
with compound II. In-plane distortions of valence angles, for example, C5-C6-N ~115° takes place
as well.

Thus, we have to conclude that there are no fundamental differences in molecular structure of
compounds II and III.

22



L. V. Chepeleva, A. O. Doroshenko

At the same time, optical characteristics of the studied nitro-substituted isocarbostyrils differ
principally. Compound III is a deeper-colored and fluorescent in low-to-intermediately polar aprotic
solvents.

Absorption-10-3, dm3/(mol-cm)
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Figure 2. Electronic absorption spectra of title nitro-isocarbostyrils in hexane (thick solid lines) deconvoluted
into individual absorption bands (dashed lines: long-wavelength band — long dashes, second absorption band —
short dashes, other absorption bands are not shown). Compound II — blue, compound III — red).

Electronic absorption spectra of title compounds in hexane are presented in Figure 2. Obviously,
only the most intensive bands of mn* type are observed experimentally, low-intensive bands of
forbidden nm* transitions are hidden below them. Thus, to let just approximate location of their
positions, one can use the results of quantum-chemical modeling.

The electronic transition forming the long-wavelength absorption band of both examined nitro-
compounds are of the charge-transfer origin. It was formed with the participation of highest bonding
molecular w-orbital of a core molecule (HOMO of isocarbostyril, I) and lowest vacant orbital of NO,-
group (LUMO) [9]. Thus, in our initial paper on this subject we characterized such electronic
transitions as “new” in respect to other ones in the spectrum of compound I. This assumption is
supported by the data of quantum-chemical modeling (both in m-electronic [9] and full-valent
approximations, current communication) and by the similarity of a shape of the second resolved band
in the spectra of nitro-compounds with the long-wavelength band in the spectrum of unsubstituted
molecule I (Figure 2).

Charge-transfer character of the So-S; electronic transition experimentally manifests itself in the
expressed solvatochromism of compounds II and III [9] and the results of ESSA [34-35] analyses
presented in Figure 3 and in Table 1. To simplify the description of the excited state electron density
redistribution, several intramolecular fragments were selected in the core molecules, namely: annealed
benzene ring, C;-C4 double bond, amide nitrogen with the attached methyl group, carbonyl group and
finally - nitro-substituent (compounds II-11I).

5
ANOE
, B

Figure 3. Excited state electron density redistribution at long-wavelength electronic transitions of nitro-
isocarbostyrils (ESSA approach, charge-transfer numbers [% of electron charge]).

The character of the electron density redistribution at S,-S; electronic excitation in the molecules of
two nitro-substituted isocarbostyrils is quite different and depends on the nitro group position. In the
case of position 4, when the electron withdrawing group is introduced into the heterocyclic moiety of
isocarbostyril core, the role of the main source of electron density plays the annealed benzene ring
with totally redistributed of up to 0.43 e charge. In the case of isomeric 5-nitro-isocarbostyril the
situation changes to near opposite — the electron density redistributes from the heterocyclic unit to
annealed benzene ring, in which the concrete NO,-group is not the main electron acceptor. Totally, at
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electronic excitation of compound III, electron density redistribution reaches up to 0.78 e. This allows
us to consider the more expressed effect of the introduced nitro group in position 5. And this statement
is qualitatively supported by the experimental absorption spectra — compound III has a longer—
wavelength position of the So-S; band compared to compound II, however, electronic transition with
higher charge-transfer character has lower intensity.

The next electronic transition of both nitro-substituted compounds has “isocarbostyril nature”, its
localization looks like that for unsubstituted molecule I.

Another feature of the calculated spectra are positions of n* bands. Such electronic transitions and
excited states formed in such a way are typical to functional groups with unshared electron pairs:
amide carbonyl and nitro groups in the title molecule. Energies of the carbonyl nm* states are quite
high owing to the influence of neighboring electronegative N atom. They can not influence the
formation of fluorescent characteristics, contrary to low-energetic nn* states of NO, moiety. That is
why, the latter are in focus of this investigation. Especially this is important to triplet states of nm*
type, they are characterized by increased spin-orbit interaction with higher lying singlet nn* states of
the molecules on study and can be a reason for high rates of intersystem crossing (ISC), the main
factor of radiationless decay in (hetero)aromatic organic molecules.

Table 1. Calculated several long-wavelength electronic transitions in UV/Vis absorption spectra of title
isocarbostyrils (TDDFT, b3lyp/cc-pvdz) and the results of their ESSA analyses.

Energy
Transition (WN/WL) Intensity Localization An SO(j
1 (D) cm
cm’'/nm
Compound I
So-Si, wa* 33330/300 0.049 m( 6.04 -
So-S,, wa* 35184/284 0.170 W( 5.34 -
_ %
So gz(‘)’“ 37580/266 0.0002 % 9.2 -
So-Ty, nm* 23730/421 forbidden m{ 1.12 0
So-To, nn* 26150/382 forbidden W( 4.72 0
_ *
S g:(;‘” 34730/288 forbidden % 8.03 16
Compound II
So-Si, am* | 29960/334 0.142 Iﬁ( 9.79 ;
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_ *
So Iiz(,)nﬂi 30810/325 0 Iﬁ 4.46 -
2
So-Ss, T 34630/289 0.031 2.74 -
_ *
S Ii%n” 35670/280 0 2.03 -
2
So-To, an* | 20950/477 forbidden 5.02 0.03
_ %
S Lzbn" 24190/413 forbidden 324 0.06
2
So-Ts, nmr* | 24760/404 forbidden 4.04 95
i %
S {;bnn 25440/393 forbidden I::ﬁ/ 1.47 0.06
2
Compound 111
So-S1, T 25110/398 0.097 13.04 -
_ %
So ?\]26“" 29880/335 0.003 3.74 .
2
_ *
So Siém 32590/307 0 426 -
_ sk
So ?\;b‘“‘ 34650/289 0.008 0.73 -
2
So-Ty, am* | 20020/500 forbidden 6.74 0.19
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K *
So LZ’OH"' 23140/432 forbidden 3.12 1.08
2
So-Ta | 24760/404 forbidden 3.64 1.65
K *
So {;"On”‘ 25440/393 forbidden 2,49 3.0
2

Intensity = oscillator strength of given electronic transition.

Ap — vector difference of the excited state and the ground state dipole moments of a molecule. High values for
nm* are owing to a diametrically opposite change in the excited state dipole moment spatial direction in respect
to that in the ground state. Normally polarity of nn* states are lower than that for nn* ones.

SOC - spin-orbit coupling between the fluorescent state S; and a given triplet state.

Table 1 contains data mainly for the lowest excited singlet (fluorescent) state S; and several singlet
and triplet nm* states, which are important for molecular photophysics.

For unsubstituted compound I, lowest excited singlet state is of an* origin, as the next singlet state
S,. They are localized on carbon and nitrogen atoms of isoquinolone core. S; is the nm* state of
carbonyl group, at its formation electron density redistributes from the lone pairs of its oxygen atom to
neighboring carbon atoms. Analogous triplet nt* state is Ts, it is characterized by significant spin-
orbit coupling with S, state, thus intersystem crossing (ISC) between them should be rather efficient.
However, by the energy T4(nm*) state lies ~1400 cm™ above the fluorescent state S, so ISC between
them can only be thermally activated. By this reason, compound I is fluorescent, however its quantum
yield does not exceed 0.1 at room temperature.

Introduction of nitro-group in positions 4 or 5 of isoquinolone core causes appearance of two
additional nz* states, localized on NO,-group. For each of them, electron density redistributes from
lone pairs of oxygen atoms to neighboring nitrogen and carbon atoms. Initially, there should be two
isoenergetic levels, however in reality they are energetically splitted to avoid degeneration.

Excited mn* states of compounds II and III have analogous localization with the core isoquinolone
molecule, probably, except S, states, which have significant contribution of (n-bonds of) nitro groups,
which enlarges the isoquinolone conjugated system. Generally, this results in the lowering of an
energy, and the discussed cases are not the exception. The effect of NO, group introduction is
~3000 cm™ for S; state of compound II and ~8000 ¢m™ for compound IIl in comparison with
unsubstituted isoquinolone. Probably, this is a consequence of higher charge-transfer character of So-
S electronic transition in molecule III.

In calculated absorption spectra of compound II nitro group nm* levels are S, and S¢ both lying
above the S; state. Triplet nt* states are significantly less splitted in energy (<1000 cm™). As it was
already reported in one of our previous papers [25], only one of the discussed T.+(NO,) demonstrates
high spin-orbit coupling with singlet mwn* states, resulting in higher ISC rates and finally —
fluorescence quenching. The same is typical to compound II, which demonstrates increased spin-orbit
interaction ($=9.5 cm™) of T; state with S;. The ISC in this case should be rather rapid, moreover,
triplet nmt* lies substantially below S; state. ISC rate can be roughly estimated by the Robinson-Frosch
equation, kisc~0.71-10'*%-exp(-0.25-Av**),[40] and is equal in this case to 3.1-10" s”'. Owing to
relatively slow fluorescence emission (estimated as k~2:/v¥/3, 8.5-10" s™), the resulting quantum
yield of II should be less than 1%. In reality, no fluorescence was detected for compound II at all. The
above estimations are conducted in vacuo, any solvatochromic lowering of S, state decreases its
energy gap with T,+(NO,) and correspondently strengthens ISC.

Compound III has analogous location of its nitro group nn* levels, while as spin-orbit coupling
between S; and both T,«(NO,) states is weaker (correspondently, 1 and 3 cm™ for low-lying and
higher-energetic triplet nn*, Table 1). Rough estimation of ISC rate (~6-10"" s™) results in this case in
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a very low quantum yield. Indeed, compound III is not fluorescent in non-polar media. However, high
solvatochromism rapidly decreases S, state energy, it downshifts lower than practically solvent-
insensitive triplet n* states, this increases fluorescence quantum yield of compound III [9] in solvents
of intermediate-to-high polarity (ethyl acetate, acetone, acetonitrile). Inversion of singlet and triplet
excited state of different orbital character usually leads to improvement of fluorescent characteristics.

The molecular geometry of structurally relaxed electronically excited molecule of compound III
estimated in TDDFT scheme does not change principally: the angle between nitro group and
isoquinolone core remains nearly the same. However, the energy of structurally relaxed fluorescent
state lowers dramatically — up to 20800 cm™ (Av~5000 cm™). Below the lowest excited singlet state
remains only one nn* state located on the nitro-group, thus ISC rate falls to ~5-10' s (Robinson-
Frosch) and the quantum yield of compound III even without accounting of additional solvatochromic
effects should increase on at least an order of magnitude.

Conclusions

4- and 5-nitro substituted isoquinolones were reconsidered theoretically basing on TDDFT
calculations aimed to locate the singlet and triplet NO»-groups nn* states and elucidate their spin-spin
coupling with the potentially fluorescent S, n* state of title compounds.

Difference in fluorescent properties of isomeric 4- and 5-derivatives were attributed to:
1) lower energy of S; state of compound IIl and its relative location in respect to T.=(NO,),
2) its more pronounced solvatoichromism owing to an expressed S, state charge-transfer character and
3) lesser spin-orbit coupling with nn* states of nitro groups.
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N.B. Yenenesa, A.O. [opoweHko. HOBUM AHAJNI3 ®NYOPECLIEHTHUX BJIACTVMBOCTEW 4- TA 5-
HITPOMOXIOHMX ISOKAPEOCTUPUITY.

XapkiBcbkuin HauioHanbHuUi yHiBepcuTeT imeHi B.H. Kapasina, ximiyHun dpakynbteT, MangaH Ceoboau, 4, Xapkis,
61022, YkpaiHa

CnekTtpanbHi xapaktepuctukm 4- i 5-HiTposamiwieHnx izokapboctupunis (I, i3oxiHoMiH-2H-1-0HiB) 6ynu
JOoCnigKeHi HaLLIOK HayKOBOK Fpynoko Aekinbka AecatuniTe Tomy. Lli BiGZHOCHO HeBenuki 3a po3Mipamu Mosekynu
NPOOEMOHCTPYBanM He3BWYalHy CreKTpanbHy MOBEAiHKY: BOHM Oynu BWCOKOCONbBATOXPOMHUMU, a S-HiTpo-|
OEeMOHCTpyBaB MOMITHY hriyOpecLeHLilo Y PO3YMHHMKaX cepefHbOol Ta BMCOKOI MOMSAPHOCTI. YrbTpadioneTosi
CMEKTPY MOrMMHAHHS 3arofloBHUX CNonyk 6ynu JOCNIAKEHi y TOW Yac eKCnepuMeHTarnbHO, a TakoX i TEOPeTUYHO,
arne Ha JOCUTb HU3bKOMY PiBHi KBAHTOBOI Teopii (TT-enekTpoHHe HabnwkeHHs ). MeToto gaHoi ny6nikauii € 6inbLu
rmnboknin aHania Ha piBHi DFT/TDDFT 3 ypaxyBaHHSIM NTT* CTaHiB, foKanizoBaHWX Ha HiTpoOrpyni, a Takox
OLIHOYHI pO3paxyHKU ChiH-OpOITanbHOro 3B’A3KYy HWXXHBbOTO CUHINETHOro CTaHy Ta TpunneTHux nTr* piBHiB NO»-
rpynu, a TakoX OLjiHKa LUBMAKOCTI 6e3BMNPOMIHIOBanbLHOMO npouecy iHTepkombiHaLiiHoi koHBepcii (ISC), akun y
3HaYHOMY CTYNeEHi perynoe nyopecLeHTHi BNacTUBOCTI HITPO-3aMilLleHUX apoOMaTUYHUX CHOMYK.

Knro4oei cnoea: i3oxiHoniH-2H-1-0H, i3okapbocmupun, Himpoepyrna, Criekmpu rMoefiuHaHHsa ma
gnyopecueHuii 8 Y® ma sudumomy Oiana3oHax, be3eurnpomiHrosanbHuUl po3snad, iHmepkombiHayiliHa KOHeepcis,
memod ESSA.
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COJIbBATOXPOMISl BAPBHMKA HI/IbCbKUA YEPBOHUIA.
TD-DFT PO3PAXYHKWU I EKCMEPUMEHTAJIbHI AAHI

I. B. XpucreHko®, B. B. IsaHoB"

Xapkiecbkul HayioHanbHUl yHisepcumem imeHi B. H. Kapasina, matidaH Ceobodu 4, Xapkis, 61022,
YkpaiHa
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B pob6oTi po3rnsHyTo Nnpobnemy TeOpeTUHHOro (KBaHTOBO-XiMIYHOr0O) ONUCY €NEKTPOHHUX CMEKTPIB NOrNuHaH-
Hs1 i, 30KpemMa, ConbBaToXpoMii, Bigomoro 6apBHuka Hinbcbkoro YepBoHoro. B ocobnunBocTi po3rngHyTo nuTaH-
Hs1 LOJO BMKOPWUCTaHHSA YacoBo3anexHoi Teopii dyHkuioHany ryctuHu TD-DFT. B po6oTi gocnigkeHo Husky
nonynsipHux cyHkuioHanis, sika Bknoyae B3LYP, CAM-B3LYP, M06-L, M06-2X, PBE, BMK ta wB97XD. Bu-
KopucToBYyBaBCA cTaHAapTHui 6asnc AO i3 nonspusauinHumm i andysHummn dyHkuismm — 6-31+G(d,p). Ons
onucy edpekTiB cepefosuLa, PO3rMNAHYTO TPW NOWMpeHi Modeni, WO OCHOBaHi Ha Nonspu3auiiHO-KOHTUHYa-
neHomy nigxopi. Cepen HMX MeToa 3apaHoro ctaHy (State Specific, SS), meToa niniHoro Biaryky (Linear Re-
sponse, LR) i Tak 3BaHa yHiBepcanbHa conbBatauiriHa mogens (Solvation Model Density, SMD). BctaHoBneHo,
Lo 3aranoM OCHOBHa Maca (yHKLiOHaniB 3gatHa sIKiCHO onvcaTy cnekTpanbHi BnacTuBocTi O6apBHuka. [ns
OOCMiIXXEHOI CUCTEMM HalKpalli pesynbTaTv onucy edekTiB conbBaTauii Oyno OOCArHyTo B paMKax MeToay
SMD B dyHkuioHanax M0O6-L ta B3LYP.

Knrouoei cnoea: Hinbcbkull 4yep8oHUl, meopisi ¢hyHKUIOHamy 2ycmuHU, ¢byHKUioHan 2ycmuHu, egbekmu
cepedosulya.

Bapsauku 6en3o[a]deHokcaznHoBOrO pagy (puc. 1, A) IpuBepTaOTh yBary AOCIIAHUKIB 3aBASAKH
CBOIM ONTHYHUM BJIACTHBOCTSAM Ta ixX minmodinbHIA mpuponi. KommakTHa apoMaTHYHAa CTPYKTypa
3abe3neuye MOTYXKHY (DITyopecIieHIlito Ta (oTocTadiabHICTh, M0 1 0OYMOBIIIOE iX MIUPOKHHA CIEKTP
BUKOPHCTaHHS B OiOXIMIYHHX Ta MEIUYHHUX HOCHipkeHHsX. [1-4] [TounHaroun 3 1896 poky, xomu
Richard Méhlau ta Karl Uhlmann, [5] moBizomMumy npo CHHTE3 OKCa3MHOBUX OapBHHUKIB, IMPOJIOBKYE-
ThCs poOOTa IO CTBOPECHHIO CHHTETUIHUX OapBHUKIB TAaHOTO pAxny. [2-3,6].

Cepen mpeACTaBHUKIB JTAHOTO KJacy CIIONYK, OAHMM 13 HaWOLIbII BaXKIUBUX y NPAKTUIHOMY
ceHci, € Hinbcpkuii yepBonuii (Nile Red, NR, puc. 1, B). Bin 3HaiiIlI0B BUKOpUCTaHHS B Pi3HUX Taiy-
351X HAYKU 1 TeXHIKH — npu PapOyBaHHI KIITHH Ta TKAaHUH IS Bidyaizamii Ta JOCIiIKEHHS KITITHH -
HUX TPOILIECIB; B MPaAKTHIII XIMIYHOTO aHANi3y, B Xap4oBiii mpoMucioBocti Touio [2,7-8]. Monekyina
NR, Ha BiAMiHY Bifl JSSIKMX iHIINX TMPEACTABHUKIB [LOTO PSAAY OAPBHUKIB, HE MA€ 3arajibHOTO 3apsay,
Y BOJIHOMY CEPEIOBHINy Ma€ HE3HAYHY PO3YMHHICTh Ta HE TIPOSBISIE IIyOpecleHIlii, aie iIHTEHCUBHO
(yopecriitoe i Ma€ BUCOKHI KBAaHTOBUH BHIXiJ] B apOTOHHUX cepenoBumiax. Xpomodop NR uaytmu-
BHH JI0 3MiHU MOJIAPHOCTI CEPEIOBUIIA Ta JIICICKTPUIHOT IPOHUKHOCTI.
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Puc. 1. Ctpykrypa Oen3zo[a]denoxca3snnoBux 6apBHUKIB (A - 6eH30[0](heHokca3nH, B — HITECHKUIT YepBOHNUIA)
Fig. 1. Structure of benzo[a]phenoxazine dyes (A - benzo[a]phenoxazine, B - Nile red)

3aneXHiCTh ONTUYHHMX BJIACTHBOCTEW OapBHUKA BiJ NMPHPOAM PO3YMHHHKA POOWUTH HOTO Tep-
CIEKTUBHUM 30HJOM JUIA aHaji3y pi3HuUX cepemoBuil. Ilpu mpoMmy cyTTeBa pi3HHUIS y B3aeMOAil
0apBHMKa 13 30BHIIIHIM CEPEIOBHUILEM DPi3HOI MPUPOIH, Bele IO INEBHUX, BUPAKCHHX, HPOSBIB CO-
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ConpBaroxpomis 6apBruka Hinbcbkuit uepBonnii. TD-DFT po3paxyHk# i ekcriepuMeHTaNbHi AaHi

neBatoxpomii NR, mo motpebye MOCTIKEHHS aneKBaTHOCTI PO3PaxXyHKOBUX KBaHTOBO-XIMIUHHUX
METO/IiB OITUCY CIIEKTPaJIbHUX BIACTHBOCTEH.

B npencrasneniii po6oti 0ys0 mpoBeAEeHO AOCTiIKEHH! oNTU4YHOro nornuHa€Hs NR B psagy pos-
YMHHUKIB Ta PO3PaXyHKH BiIIOBITHUX CIIEKTPAILHUX XapaKTepUCTHK OapBHHKA. OCHOBHA MeTa pobo-
TH TIOJIATaja B TIOPIBHSHHI pe3yJbTaTiB PO3PaXyHKY COJIBBATOXPOMHHUX 3CYBiB, OTPUMAHUX Pi3HUMH
METOJ]aMH Ha OCHOBI Teopii ¢yHKmioHana ryctunu (Density Functional Theory, DFT). Bymo pos-
rsHyTo psin ynkmionanie DFT — B3LYP, CAM-B3LYP, PBE, M06-2x, M06-L, BMK, Ta
wB97XD, sxi 3a3BHYaii BUKOPHCTOBYIOTh B CHEKTPAJIBHHUX JOCHIIKEHHAX. EJIEKTpOHHO-30yMXKEHI
CTaHHM PO3PaxOBYBAINCH B paMKaxX Tak 3BaHOI yacoBo-3ayexHoi Teopii DFT (Time Dependent DFT,
TD-DFT) [9, 10]. Ilepen TD-DFT po3paxyHkaMu poBOAMIIaCh MTOBHA onTuMizallis reomerpii NR B
3amaHoMy ¢yHKIioHam. s po3paxyHkiB Oymo obpano 6asuc 6-31+G(d,p), sKwii, 3riTHO HAITAM
MOTIEPEAHIMHU OIIIHKaM, MPOJEMOHCTPYBaB I00OpPY Y3TOIKEHICTh i3 €KCIIEPUMEHTAIbHUMH JAaHUMH 1
CTaOUIBHICTD PE3yJIbTAaTIB PO3PAaXyHKY BIJHOCHO IE€pexoay 0 Oinbll po3BuHEHOro Oasucy. Tak, mis
pospaxynky B3LYP/6-31+G(d,p)/SMD' (pO34MHHHK — €TaHOI) OTPHMAJIHU JOBKHMHY XBHII ITOTJIMHAH -
Hs A=530 uM, Toxi stk gt B3LYP/6-311++G(2d,2p)/SMD A=527 um.

Yci po3paxyHKu 0yJ0 MPOBENEHO 3a JOMOMOTOI0 MporpaMHOro Komruiekcy Gaussian 09 [11]. s
aBTOMAaTH3alil PO3PaxyHKIB CTBOPEHO Nporpamy Ha CKpUNTOBiM MoBI Python-3, sxa nosBoisie
OJTHOYACHO TIPOBECTH PO3PaxXyHKHU B MOBHOMY Ha0OP1 PO3YMHHUKIB 1 pyHKIIOHATIB.

Jns ypaxyBaHHS €(eKTiB cepeloBUIIa B pOOOTI BHKOPHUCTANU MOJSPU3ALIHHO-KOHTHHYAIBHY
Monenb (polarizable-continual model, PCM), B paMKax SIKOi pO3UMHHUK PO3TISAAETHCS K 130TPOITHE
CEpPEIOBHILE, 110 XaPAKTEPU3YETHCSI HAOOPOM MaKpoXapakTepUCTUK. [l po3paxyHKy CIEKTpaJbHUX
BJIACTHUBOCTEH, NpPU HASIBHOCTI CEPENOBMINA, BHUKOPUCTAaHO METOJ JiHiIdHOTO BiAryky (Linear
Response, LR) Ta meton 3aganoro crany (State Specific, SS) [12,13]. 3araapHor0 prcoio IUX MiAXOIIB
€ moyatkoBuii PCM-po3paxyHOK OCHOBHOTO cTaHy. [Ipm 1ibOMy B OCHOBHOMY CTaHi T€OMETpis €
ONITHMI30BaHOIO, 1, ¥ KYIIi 3 €JIEGKTPOHHUM PO3MOLIOM, piBHOBaXHa 13 cepenosuiieM. [Ipu pospaxy -
HKaX IIBUJKUX MPOLECIB €JIEKTPOHHUX 30YIKEHb BHECOK B CHEPIil0 30yIKCHHSI BU3HAYAETHCS «HEPI-
BHOB)XHUMM» e(heKTaMU, AKi OB’ sI3aHi i3 eNeKTPOHHOIO MOJISPHU3AIIIEI0.

B 3Buuaiiniit Teopii LR, mis onucy mBHIKKMX edeKTiB penakcaiii po3unHHHKA 33 paXyHOK 3MiHH
€JICKTPOHHOTO PO3MOJITYy PO3YMHEHOT PEYOBHMHU, BUKOPUCTOBYIOTH MiAXiJ, SKHM € 3araJlbHUM JJis
yciX MOXJIHMBHX cTaHiB. Llei miaxin HaOMmKeHO BKIIOYAa€ BHECOK B €HEPrifo 30YDKEHHS 32 paxyHOK
JUCTIEPCIITHIX eeKTiB «0apBHUK — pO3UMHHUKY». Big3Haunmo, 1mo icHye Takoxx kopuroBanuii LR minx-
xix (cLR) sikuit TouHIIIE ypaxoBye aucnepciiHi ckianosi [12]. cLR mporpamHo peani3oBaHO B Mi3Hi-
mmx Bepeisax Gaussian.

HarowmicTts, B MeTomi SS, sl KOKHOTO CTaHy, PO3PaXOBYETECS IHIWBIMyaIbHHHA MOTEHITIAN pe-
aKTUBHOTO TOJIS, AKHH ypaxoBye aucriepciini ckmanosi [13,14]. Takuii miaxix Beae 10 «30BHINTHBO-
ro» iTepamiiHOrO LMKIY, IO BKJIIOYA€E MOCIiAOBHICTH PO3PaxyHKIB «OCHOBHHMU CTaH — 30yIKEHHIH
CTaH» Ui TOTO 00 OTPUMATH €JIEKTPOHHHUH PO3MOILI y 3a1aHOMY 30y/DKEHOMY CTaHi, SIKUH, B CBOIO
qepry, € y3roJLKEHUM 13 MOJISIPU30BAHUM cepenoBuIieM. MeTon SS BuMarae 3HAUHUX KOMIT FOTEPHUX
pecypciB y nopiBHsiHHI 3 LR.

B po0oTi Takox BUKOPUCTOBYBAIM Cy4dacHy monyisipHy «Solvation Model Density» (SMD) PCM
Monenb [15,16]. Mogens SMD mo3uIlioHy€eThCS, K yHiBEepcajdbHa COJbBaTalliiHA MOJENh B SKIiM,
cepesl IHIMX 0COOJIMBOCTEH, BHKOPUCTOBYEThCS MMOBHA KapTa €JEKTPOHHOI T'YCTHHH PO3YMHEHOI pe-
YOBUHHM, a HE JIMIIC BU3HAYCHHS YaCTKOBUX aTOMHHUX 3apsafiB. Cepen mapamertpiB moneni SMD kpim
JIeNeKTPUYHUX CHPUHHATIMBOCTEH PO3UMHHHUK XapaKTEPHU3YETHCS TAKOXK MOBEPXHEBUM HATITOM Ta
nmapaMeTpaMy KHCIIOTHOCTI Ta OCHOBHOCTI. Mu BukopuctoByBasn SMD B BapianTi LR.

3arajoM, 6yJ10 PO3TISHYTO TPUALATH POZYMHHMKIB. [X HaGip, i3 BiAMOBIIHMME MaKpOXapakTepH -
CTUKaMHU (&, &» = n°), @ TAKOXK €HEPrii eaekTpoHHoro 30ymkenns NR E(T), Kkan/Moib OpeacTaBIeHO
B Tabu. 1. [lienexTpuyHi mapaMeTpy, SKi HaBeneHi B TaOuuIli, OyJI0 BUIYUYEHO 3 pe3yJbTaTiB po3paxy -
HKiB mporpamu Gaussian 09, exciepuMeHTanbHI AaHi moao eHepriii morinuHanHSs NR Oynm B3sTi 3
pobotu [17].

Pesynbrati po3paxyHkiB nornuHanHs, £(7T), B pi3HUX (hyHKI[IOHANIAX Ta METO/[aX ypaxyBaHHS ede-
KTiB PO3YMHHUKA, OyJIO 3iCTABJICHO 3 E€KCIECPUMEHTAILHUMY JaHUMHU. BilMOBIHI CTaTUCTHYHI JaHi
CKOHLIEHTpOBaHO B Tabi. 2. Cepen HUX mpencTaBieHo Koedimient merepminanii 3a Ilipconom (R?),

! [oscuenns wooo memody SMD ousuce nuicue.
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crangaptHe BimxwieHHs (SD) Ta koedimient acumerpii (Asymm). OcTaHHIO BEIHMUMHY OyJIO PO3-
paxoBaHO 3a (GOpMYIIO0:

Asymm = i(E(T)f"P —E(T)"")/ N (1)

ne E(T){™ ta E(T)" — excniepuMeHTaNnbHA Ta pO3paxoBaHA EHEPTis 30Y/KEHHS BiIOBIAHO 1A i-
TOTO pO3YMHHUKA (KKaj/Monb), N — 00'eM BUOIpKH po3unHHHKIB. OUeBHIHO, M0 OJIM3bKA IO HYJIS
BEJIMUMHA Asymm BKa3ye Ha 30aJlaHCOBAHICTh PO3PAaXyHKOBOI MOXHMOKH BIJIHOCHO MEPEOIIHKH Ta
HEJJOOLIHKH TEOPETUYHHX 3HAUCHb.

Tabmuus 1. Po3unHHMKH, X JAieNeKTPUYHI MaKpOXapaKTEPUCTUKU 1 €KCIEePHMEHTANIbHI JaHl 100 eHeprid
eNeKTPOHHUX 30ymkeHb NR y BIAMOBIIHUX PO3UMHHUKAX

Table 1. Solvents, their dielectric macrocharacteristics and experimental data on the energies of NR electronic
excitations in the corresponding solvents

Ne Po3unHHUK 3 n’ E(T), xxan/moib
1 n-Pentane 1.8371 1.842806 59.12
2 n-Hexane 1.89 1.375 59.02
3 Cyclohexane 2.02 1.426 58.64
4 Triethylamine 2.3832 1.962801 57.88
5 Benzonitrile 25.592 2.337535 52.44
6 Diethylether 4.24 1.829527 56.68
7 Dioxane 2.2099 2.023222 55.37
8 Tetrahydrofuran 7.4257 1.974025 54.19
9 Acetone 20.493 1.846337 54.00
10 Acetonitrile 35.688 1.806874 53.78
11 NN-Dimethylformamide 37.219 2.04633 52.83
12 Dimethylsulfoxide 46.826 2.007889 52.06
13 2-Methyl-2-propanol 12.47 1.925989 53.29
14 n-Butanol 17.332 1.95804 52.21
15 2-Propanol 19.264 1.897782 53.02
16 Ethanol 24.852 1.852593 52.14
17 Methanol 32.613 1.765709 52.02
18 Formamide 108.94 2.094388 50.51
19 Carbotetrachloride 2.228 2.131892 57.50

20 Nitromethane 36.562 1.909095 52.75

21 Chloroform 47113 2.090627 53.18

22 Dichloromethane 8.93 2.028346 53.42

23 Dichloroethane 10.125 2.087447 53.29

24 Mesitylene 2.265 2.2482 56.41

25 Fluorobenzene 5.42 2.156199 53.89

26 Pyridine 12.978 2.27859 52.79

27 Toluene 2.3741 2.238315 54.81

28 Benzene 2.2706 2.253301 54.42

29 Chlorobenzene 5.6968 2.322881 53.34

30 Nitrobenzene 34.809 2.421758 52.25

I3 oTpuMaHuX naHMX, IO HpeACTaBlieH] B Tabi. 2, MOKHAa Oa4HMTH IO 3arajioM, yci (pyHKIiIOHAIH,
JIEMOHCTPYIOTh OJU3bKI pe3ynbTaTH IJIA €Hepriid 30y/KEHb BIAMOBITHO 1O E€KCIIEPUMEHTATBHHIX
nanux. st IBOX «KOHKypyrouux» metonis LR Ta SS 3a xoedimientom nerepminamii (kpurepiii R?)
nepeBary B TOYHOCTiI Mae Meton LR, B To# wac Ak 3a ctangapTHUM BiaxuiieHHSM (SD) ToyHIIINM €
merox SS. 3a kputepiem R* SMD BusiBisieThest Kpamiim Hixk LR ta SS.
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Tabmus 2. [TapameTpu BiATIOBIAHOCTI pO3paxOBaHUX 1 eKCIIEpUMEHTAIbHUX eHeprii 30ymkeHHs NR B pi3HEX

PO3YNMHHHKAX

Table 2. Correspondence parameters of calculated and experimental NR excitation energies in various solvents

OyHKITIOHAT Meron R? SD Asymm

LR 0.8446 2.3 -1.8

B3LYP SS 0.8081 1.8 -1.4
SMD 0.8880 1.5 -0.9

LR 0.8417 9.5 -9.5

CAM-B3LYP SS 0.8141 8.0 -8.0
SMD 0.8579 8.5 -8.4

LR 0.8438 7.9 -7.8

BMK SS 0.8108 6.9 -6.9
SMD 0.8721 6.9 -6.8

LR 0.8415 9.6 -9.5

MO06-2x SS 0.8153 7.9 -7.9
SMD 0.8585 8.5 -8.4

LR 0.8347 1.7 -0.1

MO6-L SS 0.7779 1.4 0

SMD 0.8985 1.6 0.63

LR 0.8448 4.0 -3.7

PBE SS 0.8082 3.5 -3.3
SMD 0.8864 3.0 -2.7
LR 0.8418 10.2 -10.2

wB97XD SS 0.8133 8.8 -8.8
SMD 0.8547 9.2 -9.2

3a kputepiem R? Halikpamii pesynsTat B Metoai LR orpumano B ¢pynkuionanax B3LYP ta PBE, B
meroai SS — M06-2x, a B Mmetoai SMD — MO06-L. 3a kputepiem Asymm Kpaiii pe3yabTaTd OTpUMaHi B
metonax LR, SS ta SMD Bignosimso mis gpyukuionanis B3LYP, M06-2x ta M06-L. BiqHocHo Benu-
Ki Big'emHl 3HaueHHS Asymm mna ¢yskmioHamie CAM-B3LYP, BMK, MO06-2x ta wB97XD
BKa3yIOTbh, y CEpEIHLOMY, Ha MIEPEOLIIHKY €HEepTii 30y IKCHb.

3ayBaKMMO OJHAaK, IO pe3yJbTaTH mHomyisipHoro ¢yHkuionamy B3LYP noBomi Omusbki 10
dopmanbHO «kparoro» gpyHkuionary M06-L, xou aemo i ripuri gt SMD po3paxyHkiB.

3aNeKHOCT] «Teopisi — EKCIePUMEHT» B (PYHKIIIOHAII i3 HAMKpAIIUMK Pe3yIbTaTaMu JJIsl METOIY
SMD HaBeneno Ha puc. 2 ta B Ta0i. 3. TyT MoHa 6a4HTH, IO TEOPETUYHI, po3paxoBaHi B Teopii TD-
DFT pesynbratn E(T), 3HaXOOAThCSI B JAOOPOMY SIKICHOMY Y3TOKEHHI 13 eKCIIepHMEHTAITbHUMHU
MaHuMH. Buxomsum 3 puc. 2 MOXHA TakoX NMPUHAWMHI Bi3yallbHO TEPECBIAYUTHCH, IO B METOJI
MO06-L/SMD Touku po3ramioBani 6;11u3bK0 10 JiHii perpecii. 3nauna Bennuuna R*= 0.8985 Ta nocuth
mani 3HaueHHs SD =1.6 ta |4symm|=0.63 B wiii cepii po3paxyHKIB, XapaKTepHU3ye METOA SK
HaUTOYHILINH.

E(T )theor
E(T )thaor

33



I.B. Xpucrenko, B.B. IBanoB

56

55 —

E[Tjtheor

S
E(T)BXD
Puc. 2. fxicHa kapTHMHA BIiAMOBITHOCTI PO3PAaxOBaHUX i EKCIIEPUMEHTATBHHUX EHEprii 30y/HKEeHb B PI3HUX
MOJIENIAX ypaxyBaHHs po3dyuHHKKA (PyHKIioHan M06-L, 3miBa HanpaBo LR ta SS, aHmxue — SMD).
Fig. 2. Qualitative picture of the correspondence between calculated and experimental excitation energies in
various models for accounting of the solvent (functional M06-L, from left to right: LR and SS, below — SMD).

Tabmuus 3. PerpeciiiHi piBHSIHHS «T€Opisi — €KCIIEPUMEHT», 10 OMUCYIOTh eHeprii 30ykeHHs: NR B po3unHHU-
Kax JuIst «kparoro» ¢yskmionany M06-L

Table 3. «Theory-experiment» regression equations describing NR excitation energies in solvents for the "best"
functional M06-L

METOJI piBHSHHS R?
LR E(T)"* = 0.28E(T)*"+39.12 0.8347
SS E(T)" = 0.44E(T)*"+30.57 0.7779

SMD E(T)" = 0.39E(T)*"+32.73 0.8985

IleBHuil iHTEpEC CKIafae TaKOXK MOPIBHSAHHS SKOCTI OMHUCY COJNIbBATOXPOMIi METOJaMH KBaHTOBOL
XiMii i3 SBHUMH aHAJITHYHUMHU MOJEIAMHU. B Takux Monensx ypaxoBaHO MOJSIPU3ALII0 CepPEeAOBHUINA
PO3YMHEHOI0 PEUOBHMHOIO 1 BiAMOBIOHE PEaKTHBHE IOJE, IO i€ Ha PO3UYMHEHY PEUOBHHY 3 OOKY
po3unHHWKA. ICHye psig anbTepHaTUBHUX (OpMyJ, SKi ONKMCYIOTH COJIBBATOXPOMHI 3CYBH B
3aJIeKHOCTI BiJl (YHKIIT MOJSIPHOCTI po3unHHUKA (solvent polarity function, SPF), ska, B cBOIO 4epry,
€ (DYHKII€0 MaKpOCKONIYHMX Ji€NeKTPHYHUX MapaMeTpiB (&, &, = n’). Husky Takux (yHKmii y
KOHTeKCTI compBaToxpomii NR 0Oyno mocmimkeno B [18]. B mpencraBmeniit cratri Mu
BUKOpUCTOBYeMO popmyiry McRae [19] axy panime Oyno BUKOPUCTAHO ISl OMTUCY CONBBATOXPOMHHX
3cyBiB NR [20]:

n -1 g -1 n -1
E(T)s‘o/v = AO +4 B +B . T . (2)
2n” +1 E+2 n+2
3a pesynbTaraMu HallMX PO3PaxyHKIB mapameTrpiB perpecii Ay, A, B, 3riiHO monsipu3amiitHol
Mojeni (2), mist Janux Tabm. 1 MmaeMo:
A,=6348, 4=-3299, B=-6.83 3
R*=0.8590, SD=0.9 )

OTxe, OTpUMaHi JIaHi, 32 SIKICTIO aPOKCHMAIIiT eKCIIEPUMEHTATLHIX BEIHMYUH, HETTOTAHO Y3TOKY -
IOTBCS 13 pe3yJbTaTaMi KBaHTOBOXIMIYHOTO MojemtoBaHHS (Ta0xn. 3). Bimnosimue rpacdiune mpen-
CTaBJICHHS «TEOpisl — eKcrepuMeHT» (pHc. 3) st Mojeni (2) SKiCHO Y3TOJKY€EThCS 13 3aJIeKHOCTSIMH,
10 OyJIH TIPeJICTaBIICH] HA puC. 2.
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Puc. 3. 3anexHiCTh «Teopis — eKCIEPUMEHT IS OJIApH3aliiHoi Moxeni (2)
Fig. 3. Dependence «theory - experiment» for the polarization model (2)

BucHoBKM

He 3Baxkaroum Ha mupoknii HaOip KBaHTOBOXIMIYHMX METOIB, IO MOCTYIHI Ui CyYacHUX
TEOPETUYHUX JOCITIDKEHb MOJCKYJIIPHUX CHUCTEM 1 KOMIUICKCIB, aleKBaTHUH OIHC EJICKTPOHHOI OY-
JIOBU 1 CIIEKTPAIIbHUX BIACTUBOCTEH OapBHUKIB JOCI € CKIaAHOIO 3aaadero. OcoOIMBO 3HAYHOIO IS
npobiemMa IposSBISETHCS B Teopii QyHKIIOHATY TYCTHHH, SIKa € Maibke €IMHUM IiIXOIOM Ui PO3-
pPaxyHKiB CHEKTpPANIbHUX BIACTMBOCTEH BEIHMKHX CHPSKEHUX OapBHUKIB. 3HA4HA KIJIBKICTH (PYyHK-
I[IOHAJIIB, HEMOXKJIMBICTh IX 3arajibHOTO PaH)XyBaHHsS 3a TOYHICTIO OMMCY BIAMOBIAHMX OOMIHHO-
KOpeIALIHHNX e(EeKTIB, yCKIaIHIETHCS TAaKOK HEOOXiTHICTIO ypaxyBaHHs e(ekTiB cepeoBuma. OT-
)K€ aKTyalIbHOIO € 3a/1a4a MPOBEICHHS HA0OPy TECTOBUX JOCIIHKEHb BiIMTOBITHOCTI pO3PaxyHKOBHUX 1
eKCIIepIMEHTabHUX JaHux. [IpencraBieHi B poOoTi pesynbraté DFT-po3paxyHkiB OapBHUKA
HUIBCBKUIM YepBOHMM, U SIKOTO BIIOMHUH PAJ €KCIEPUMEHTAIBHHX IaHUX OO0 EJIEKTPOHHHX
CIEeKTpPiB TOTJIMHAHHS B PI3HUX PO3YMHHHUKAX, JO3BOJHIN JOCTIATH XapaKTepHI OCOOIMBOCTI
MOBEIIHKA Pi3HUX (DYHKIIIOHATIB i METOMIB ypaxyBaHHS e(eKTiB cepenoBuia. BcTaHoBIEHO 30KpeMa,
IO SIKICHO OJIM3BKI Pe3yNbTaTh MOXHA OTPUMATH B YCiX AOCHiKeHUX (QyHKIioHanax st Metoais LR
abo SS, ane HalKpallli pe3yabTaTH I TAKOTO Kiacy OapBHHUKIB MOXYTh OyTH IOCATHYTI B METOJaxX
MO06-L/SMD ta B3LYP/SMD. Ilpu 1mmpomy 3’SCyBaJIOCh, IO OUTBII TEOPETUYHO OOIPYHTOBAHHUH 1
CKIIQJHUH Y PO3paxyHKOBOMY CEHCI MeTOXI SS He Jae 3HAYHOTO MOKPAIIECHHS BiIMOBIIHOCTI O €KC-
NEPUMEHTATBHUX JTAaHHX.

Moaskn

Po6ora BukoHyBastach 3a piHaHCOBOI MiATpUMKH MiHICTEpPCTBA OCBITH 1 HAYKH YKpaiHU B paMKax
poekTy «Jln3aiiH Ta onmTuMizamis (QYHKIIIOHATEHUX HAHOJHMCIIEPCHUX CHUCTEM: JIIO(MIIBHI arperarw,
OlocymicHi 3omi, TiOpuaHi Martepiand, (QOTOENEKTPUYHI MepeTBOproBadi», Ne nepskpeectpaii
01220001485.
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DATA
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The problem of theoretical (quantum chemical) description of electronic absorption spectra and, in particular,
solvatochromism, for a well-known Nile Red dye has been investigated. In particular, we consider the use of the
time-dependent density functional theory TD-DFT. A number of popular functionals have been investigated, in-
cluding B3LYP, CAM-B3LYP, M06-L, M06-2X, PBE, BMK, and wB97XD. The standard AO basis set with polar-
ization and diffusion functions 6-31+G(d,p) was used. To describe the effects of the media, three common models
based on the polarization-continuum approach were considered. These models include the State Specific (SS)
method, the Linear Response (LR) method, and the so-called universal solvation model (Solvation Model Density,
SMD). It was found that, in general, the bulk of the functionals are able to qualitative description of the spectral
properties of the dye. For the studied system, the best results of the solvation effects descriptions were achieved
using the SMD method with the M06-L and B3LYP functionals.

Keywords: Nile Red, density functional theory, density functionals, environmental effects.
Received 05.10.2022 Accepted 29.11.2022

Kharkiv University Bulletin. Chemical Series. Issue 39 (62), 2022

37


https://doi.org/10.1063/1.4979196

BicHuk XapKiBCbKOTO HaLliOHAIBHOTO YHiBEpcUTETY, cepis "Ximis", Bur. 39 (62), 2022

https://doi.org/10.26565/2220-637X-2022-39-04 ISSN 2220-637X
YIK: 547.8+ 547.78 + 544.174

HOBITHI 2-TIA30/1-5-1/1-BEH3IMIJA30J1M: CUHTE3 TA BUSHAYEHHSA IX
NOTEHUIANY AK XEMOCEHCOPHUX PEATEHTIB HA IOHU NOJIIBAJIEHTHUX
METAJIB

A.0. Tapacenko?, A.10. Yymak®, 0.0. Konomoiiues®, B.M. Kotnsp®, A.O. [lopoLwieHko®

Xapkiecbkuli HayioHanbHUU yHisepcumem imeHi B. H. KapasiHa, matidaH Ceobodu 4, Xapkie, 61022,
YkpaiHa

a) dmitriy.tarasenkoo@gmail.com https.//orcid.org/0009-0004-3123-1976
b) andrii.chumak@karazin.ua https.//orcid.org/0000-0002-2415-8342
c) 0.0.kolomoitsev@karazin.ua https.//orcid.org/0000-0001-7780-9682
d) v.n.kotlyar@karazin.ua https.//orcid.org/0000-0003-0632-7453
e) andrey.o.doroshenko@karazin.ua https.//orcid.org/0000-0002-9643-9549

TiabeHgason Ta NOro aHarnory LWNPOKO BUKOPUCTOBYHOTECS Ta JOCTaTHLO A00Ope BMBYEHI 3 TOYKM 30pYy ix 6io-
NOriYHOT aKTUBHOCTI, B TOW Yac K iX NOTeHUian sk XeMOCEHCOPHMX CMOMYyK 3 ONTUYHOK AeTeKUiel Ta vyTnm-
BiCTIO [0 iOHIB MeTaniB 3anvaeTbcsa A0 KiHUA He po3KpuTMM. 3 iHLoro 60Ky, BBEAEHHS Tia30MbHOro LMKy B
retrepoapoMaTuyHy cuctemy GeHsiMigasony 3Ha4yHO PO3LUMPIOE HaNPSIMWU MPaKTUYHOIO 3aCTOCYBaHHSA GeH3iMi-
Aa30MbHUX NoxXigHWX. Tak, OQHOI 3 BaXIMBKX CTPYKTYPHUX 0coBnmBocTen BeHsimifason-Tia3onbHOI cMCTEMM €
HasIBHICTb XenaTHOI MOPOXHWUHWU, sika € MOTEHUiIMHUM LIeHTPOM KOMMMEKCOYTBEPEeHHS 3 ioHamMu meTanis, Lo
pa3oM i3 HAsSIBHICTIO B HMX SICKpaBOi (oriyopecLeHLil, BigKpvBae AOAATKOBI MOXIMBOCTI ANS iX 3aCTOCYBaHHSA 5K
TNIOMIHECLLEHTHUX 30HAIB Ta XeMOCEHCOopiB. BpaxoByoun cnopigHeHiCTb atoMy cynbdypy 40 NomniBaneHTHMX Ba-
XKKUX MeTaniB, CEHCOPW Ha OCHOBI LUX CMOMYK MOXYTb 3HaWTU 3aCTOCYBaHHA B MEAMYHO- Ta E€KONOriYyHo-opie-
HTOBaHOMY aHarsnisi CnonyK TOKCUYHUX MeTarsniB.

B uin nybnikauii M1 3ocepeXyemo yBary Ha CUHTES3i pi3HUX 2- Ta 4-3amileHunx 2-Tiason-5-in-6eHsimigasonis,
a TaKoX BMU3HAYEHHi X cnekTpanbHO-hNyopecUEeHTHUX BNacTMBOCTEN. TOMy MW BUXoaunu 3 2,4-guranoreH 5-
dopmin TiasoniB, MeToaM CUMHTE3y sSIkMX Oobpe BigoMi a ix moaudikauia 3a 2-m nonoxeHHsam Gyna onucaHa
Hamwu paHiwe. [na ogepxaHHA LinboBUX NpogykTie 6yB obpaHuii meTon BerigeHxareHa, sikuii nonsirae y peaxuii
o-beHinengiamiHy 3 apomatmyHMM abo anipaTtuyHUM anbAerigomMm B YMOBaX OKUCIEHHS, B SKOCTi sikoro 6yB Bu-
KOpUCTaHui aueTar Migi.

MoxnuBicTb KOOpAMHALii OTpMMaHWMKM Crofnykamu ioHiB MeTanie Oyna BCTaHOBMEHa 3a [OMOMOrow
€IeKTPOHHOI abcopbuinHOi Ta dnyopecueHTHOI crnekTpockonii. BuaBneHo, WO AaHi CNonyku CenekTUBHO
YTBOPIOIOTb KOMMIeKey 3 ioHamm Cd?* ta Mg?'. MNMpoeeaeHi HaMu AKICHI OCRIIKEHHS [03BONAITb NPUITK OO0 BU-
CHOBKyY, WO GeH3iMiga3on-Tia3onbHUi pparMeHT € NepcrnekTMBHUM CalTOM KoopAuHauii ioHiB MeTaniB, siKui
MOXHa BUKOPWUCTOBYBATU B A13aiiHi (DITyOpPEeCLIeHTHUX 30HAIB ANs BU3HAYeHHs ioHis Cd?" i Mg*".

Knrodoei cnoea: mia3on, 6eHsimida3on, 2emepoyuknizauis, crnekmpogomomempisi, ¢hriyopecyeHmHa
CreKmMpPOCKOrTisi, KOMIIEKCOYMBOPEHHS.

TiazomoBMicHI mMOXimHI O€H3IMima30y BXKe TMicHs NepIIoro JOCHIKEHHS iX OionorigHoi
akTUBHOCTI B 1961-My porii Oynu BigHECEHi 0 HOBOTO KJacy aHTHTEIbMIHTHUX 3aco0iB [1], yepes
JIeKiJbKa pOKiB TiabeHma3zoun (2-(Tia3omn-4-i1)0eH3iMinazon) OyB 3amareHTOBaHuUi [2], a 3rogoM Oyio
BUSIBJIGHO HOTO (DYHTILM/IHI BIACTUBOCTI, 3aBISKM [IbOMY BiH 1 10Ci 3HAXOAUTH IIUPOKE 3aCTOCYBAHHS
B MEAMIIMHI Ta CITbCHKOMY TOCIIOTapPCTBI.

JlocTaTHRO MIBUIKO Oy CHHTE30BaHI M OJIM3BKI 10 HBOTO 2-(Tia3oi-5-im)0en3imMinaszonn [3], a Ta-
KOX amian 2-amiHogeHincynbhininoen3iMiga3ony, mo Bigpasy NoKa3and Okl BUCOKY aKTUBHICTD Y
BUNAJIKy iX BUKOPUCTAHHS Ul JIKyBaHHS JOMAaIIHIX TBapuH [4]. 3romoMm asi ofep:kaHHSA CIIOIYK
IIBOTO Kjacy OyB po3poOJieHWH HOBHM METOJ, SKMM TOJISATaB Y B3a€MOJIil MOXIAHUX TIOCCUYOBHHH 3
2-XJIOpMETHWIIOCH3IMIIa30/laMi 3 TOJAJIBIIOW  IMKmizamieto. CTpyKTypHI JIOCHIDKEHHS  OyJiu
npoBezieHi B poboTi [5].

B ocraHHi pOKHM KiNbKICTh AOCIiAXKEHb B ILOMY HalpsIMy CYTTEBO 3pOCTa€, 30KpeMa BKE BHUSBIICHA
MPOTHUITYXJINHHA aKTUBHICTh 0araTthoX MOXiMHUX OeH3imimazomy [6-12], iX mpoTHBIpYCHI BIACTUBOCTI
[13-15]. ABTropamu [16] BUsIBIIEHO, 1[0 caMe OCH3IMIAAa30IM 3 FETEPOLMKIIYHUMHU 3aMiCHUKAMU B 2
MOJIOKEHH] IEMOHCTPYIOTh HalKpallly aHTUIIAPasUTAPHY aKTUBHICTh. J[1s moKpameHHs po3yMiHHs Iii
TIpernapariB 00TOBOPIOBAHOI cepii JOCTIHKYETHCSA iX MeTabO0IIi3M B OpraHi3Max CBiCHKHX TBapHuH [17].
OcranHi 010J10TIYHO-0pi€HTOBaHI pOOOTH MPOAEMOHCTPYBAJIM BUCOKY aKTUBHICTH MOXiJHHUX OCH31Mi-
© Tapacenko /J1.0., Uymak A.}O., Komomoiies O.0., Kotmsp B.M., [lopomenko A.O., 2022
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HogiTHi 2-Tia301-5-11-0€H31MiJa30J11: CHHTE3 Ta BU3HAYCHHS IX MOTEHINAIY ...

nazony 1monao ¢pepmenty PDE10A [18-19], 110 00yMOBHIIO BUCOKHH IHTEPEC IO HUX SIK 10 JIKIB e i
Bij 3axBoproBanb [[THC.

3 iHmoro OOKy, BBEIEHHS Tia30JILHOTO IUKIY B TE€TEpPOapOMaTHYHY CHCTEMY O€H3iMila3oiry
3HAYHO PO3IIUPIOE HATPSIMH IMPAKTHYHOTO 3aCTOCYBaHHS OEH31MiNa30JpHUX MOXIMHUX. Tak, OJHO0 3
BRXJIMBUX CTPYKTYPHUX OCOOJMBOCTEH OCH3IMia30/-Tia30JIbHOT CHCTEMH € HAsSBHICTh XEIaTHOI
MOPOKHUHM, SIKa € TIOTEHIIIHHUM [IEHTPOM KOMIUIEKCOYTBEPEHHS 3 i0HaMU METalliB, IO pa3oM i3
HasBHICTIO B HUX SICKPaBOi (IyOpeCIeHIlii, BiIKpUBa€e JOAATKOBI MOKJIMBOCTI JIJIS X 3aCTOCYBaHHS K
JIOMIHECIICHTHHX 30H[IB Ta XeMOCEHCOpiB. BpaxoByioun cropigHeHicTh aToMy cynbdypy A0 MOi-
BAJICHTHUX BAKKUX METAJIB, CCHCOPH Ha OCHOBI IIMX CHOJYK MOXYTb 3HAHTH 3aCTOCYBaHHS B MEJU -
YHO- Ta €KOJIOTIYHO-OPI€HTOBAaHOMY aHaITi31 CIIONYK TOKCHYHHUX MeTamiB (Puc 1).

Me

Pucynok 1. Cxema yTBOpeHHsI OiICHTAaTHOIO KOMIUIEKCY 2-(mimepuanH-1-im)-5-(6ensimigason-2-im)riazony 3
10HAMH TIOJTIBJICHTHUX METAJIIB.

Figure 1. Scheme of the formation of the bidentate complex of 2-(piperidin-1-yl)-5-(benzimidazol-2-yl)thiazole
with polyvalent metal ions.

0O6roeopeHHs pe3ynbTaTiB

OmuuM 3 3aBIaHb i€l podoTH Oy0 onepkaHHs cepii 2-(Tia3o0i-5-11)0eH31MIIa30IIiB 3 THAIKIIA -
MIHOTPyIIaMHM Ta aTOMaMH{ TaJOreHIB B 2 Ta 4 MOJOXKEHHIX Tia30jbHOro ¢parmenry. s mporo B
HAaYKOBIH JiTepaTypi 3amponoHOBaHO AeKinbka migxoniB. Hampukian, aBropamu [20] onpanboBaHuit
METOJ] Ofep KaHHS TMOXiTHUX aNbJEri/liB 3 MeTa-0iCynb(iTOM Ta iX MONANBITY B3aEMOIIEI0 3 o-(e-
HineHaiamiHoM B guMmetwidgopmamini mpu 100 °C. OpHak, yci OmHMCaHI ajbJIEriid HE MICTATh
AKTHUBHHX aTOMIB T'aJIOTEHIB, 32 YJYacTIO SIKMX BIpOTiJHE YTBOPEHHs MOOIYHUX MPOAYKTIiB. B Takomy
BUIAJIKy HEOOXiZHUM € OYMIICHHS 3a JOINOMOIOI0 IpenapaTUBHOI KOJOHKOBOI Xpomarorpadii, mo
MPU3BOIUTH 1O 30iMBIIEHHS Yacy BHIIJICHHS Ta CYTTEBOTO MiABHINEHHS Tpyznosarpar. llle nBa
METO/H, OnHcaHi B poboTi [21], moNsAraroTh y B3a€MOJIl OpraHidYHUX KUCIOT 3 o-(peHiIeHaiaMiHOM B
KHCJIOMY CEpEIOBHILI B KOPCTKUX YMOBaxX, OJHAK MPH LIOMY BOHU MOTPEOYIOTH JOAATKOBOI CTafil
OKHCJICHHS BUXITHOTO ajbaerixy. HaiOiapIn MOmuMpeHnM € METOJ, SKHX IOJIATaE y peakmii o-ge-
HiUTeHOlaMiHy 3 apoMaTHYHUM a0o amiaTHYHUM albIeriioM B yMOBaxX OKHCJICHHS, IO MOXe
MIPOBOJMTHCS 38 YUaCTIO KUCHIO MOBITPs a00, 0 € OiIbII 3pyYHUM, 33 JOIOMOIOI0 JOAaHOTO Heopra-
HIYHOTO OKMCHHKA, KM MOKe OyTH, HAIpHUKIal, aleTaT Mili, BIepllie BBeAeHUH BeinenxareHom
[22-24]. YTBOpeHa MigHa Ciab OCH3IMINA30Ty PO3KIANAETHCSA CIPKOBOJTHEM, SIKHM IICHS BiITIICHHS
YTBOPEHOTO CyJNb(Midy Mili JO3BOJSIE BUAUIATH BIIHOCHO YWCTHH WJILOBUU MpomykT. OnucaHuii
METOJ] IPUBOUTH 10 33J0BUTFHIX BUXOJIB MOXiAHUX OeH3iMiga30iy 3 ami(aTHayHUMHU, apOMaTHIHH -
MH Ta TE€TEPOIMKIIYHUMH YIpYHOBaHHSMHU B ToyiokeHHI 2. HemomaBHO Hamu B poOoti [25] meit
METOJI BXke OyB arpoOOBaHMH IS OJIepXKaHHS He3aMillIeHOTo 2-Tia301-5-11-0eH3iminazony.

NH, o g
+ / —
NH, R/<\ Z° i-PrOH N/ J\
R
1

2a-c,3a-bda Sa-c,6a-
Sa-c,

b,7a

X=H(2.5); CI(3,6); Br(4,7)

R: HN/ (a): HNG (b); HN (o)
\ i :

Cxema 1. OpmeprkaHHs MOXiTHIX 2-Tia3071-5-1I0€H3IMITa301Ty B3aeMOII€I0 o-peHineHniaMiny 3 S-popmirriazonaMu.
Scheme 1. Preparation of 2-thiazol-5-ylbenzimidazole derivatives by the interaction of o-phenylenediamine with
5-formylthiazoles.
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B monepennix pobotax [26-27] HamMu OyB BiIIpalbOBaHUN CHHTETHYHHWHA MiaXiJ A0 2-7iajKina-
MiHO-4-ranoreH-5-hopMinTia3zoniB i oAep>KaHHSA Ha X OCHOBI Tia30JUIAPWINPONCHOHIB Ta Tia30Ji-
NOYTeHOHIB. 3a MM METOIOM OyJIM CHHTEe30BaHI BUXiAHI S-popminriazonu 2a-c,3a-b,4a ta ix peakii-
€10 3 o-(eHNIeHJiaMiHOM OyJIM OTPUMaHI IIbOBI Tia30/1in0eH3iIMiga301Hu 2a-c,3a-b,4a (Cxema 1).

JocnimpkeHHS  KOMIUIEKCOYTBOpeHH  2-(Tinepuans- 1-im)-5-(6en3iMigazon-2-in)riazony  OyIno
MPOBEZICHO Ha SKICHOMY piBHI, HacamIepex 3 METOI0 BH3HAYEHHS CHEKTPadbHUX eQeKTiB Tpu
3B’A3yBaHHI 3 COJIIMH Ba)KKHX METAJIB, SKi BBOAWIHNCA y B3a€MOJIi0 3 po3unHaMu (piyopocdopopiB B
AIleTOHITPUIII.

VY cnonyui Sc BiACYTHIiH 3aMiCHHK B 4My MOJ0KEHHI, 0 301IbIIyE MOKIHUBICTH 00€PTY MOJIEKYIH
HABKOJIO 3B’S3Ky MK TETEpPOIMKJIAMH, TOMY BOHa Oyja oOpaHa I JEeMOHCTpallii 3IaTHICTH 0
KOMIUIEKCOYTBOPEHHSI  BIAMOBITHOIO XENaTHOIO TOPOXXHUHOIO. [IpUCYTHICTH MiMUPUINHOBOTO
(parMeHTy, 3a paxXyHOK PO3MIipy, iMiTy€ MOJIMEpHY MiAKIaJKY MOKIHMBOTO CEHCOpa AJsl HOro BH-
KOPUCTaHHs y BOAHUX PO3UHHAX.

Cepen MetaniB Oynu oOpaHi JiTil Ta MarHii, o0 MalOTh OMM3BbKHIA pajiyc alie pi3HUH 3aps] i0Ha,
IUIsl OLIIHKW BIUIMB 3apsily KaTioHy Ha KOMIUIEKCOYTBOpeHHs. bapiit Ta kagmiii Oynu BuOpaHi yepes ix
PO3Mip Ta CIOPIAHEHOCTI KaJMI0 10 CIPKH, 1[0 MOXKIIMBO BiAirpae poib IpH 3B’sI3yBaHHI 3 XEJIaTHOIO
MOPOXHUHOIO.

B criekTpax MmoriMHaHHS yTBOPEHHSI KOMIUIEKCIB crioyku Sc¢ i3 ionamu Cd** i Mg*" nposBiserses
y BUTJISIII OaTOXPOMHOTO 3CYBY TOBFOXBHIIBOBOI CMYTH, BEIWYHMHA SIKOTO MOXKE KOPENIOBATH i3 Mill-
HICTIO B3a€MO/Iii MeTa-JIiraf 1. Pa3oM i3 UM, CIEKTPH MOTJIMHAHHS HE JEMOHCTPYIOTh CYTTEBHX 3MiH
npu pogaBaHHi conedt Ba®’ ta Li', mo CBiguMTh Ha KOPHMCTH CENEKTHBHOCTI 3B’S3yBaHHs i10HIB
cepenHbOro po3mipy. Takox Oy TOCTiKeHi CIeKTpalibHi eheKTH MPOTOHYBaHHS LiIbOBOI CIIOMYKU
TpU(TOPOLUTOBOIO KUCIOTOIO, 1 BCTAHOBJICHO, 1110 KOOPAMHALS IIPOTOHA, HAa BiAMIHY BiJ MOJIiBAJICHT -
HUX KaTiOHIB METAIB, PU3BOIUTE JO TIIICOXPOMHOTO 3cyBY (Puc 2, Tada 1).
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Pucynok 2. CriekTpu noryimHaHHA 2-(minepuauH- 1-ir)-5-(6ensiminazon-2-im)Tia3oqy Ta 10ro KOMIUIEKCIB 3 BH-

OpaHMMU KaTiOHAMH METAJIB B allEeTOHUTPHIIL.
Figure 2. Absorption spectra of 2-(piperidin-1-yl)-5-(benzimidazol-2-yl)thiazole and its complexes with selected
metal cations in acetonitrile.

Tabaums 1. MakcUMyMH CIIEKTPIB MOTJMHAHHS Ta (PJIyOPECICHIIIT CIIOTYKH 5¢
Table 1. Maxima of absorption and fluorescence spectra of compound Se

Jlirann / xoMIuieKc [ormuuanus (HM) ®nyopecuentist (amM)  Crokcis 3cyB (cm™)
5¢ 342 397 4050
5¢ + Ba* 342 397 4050
5c¢ +Cd* 344 416 5030
Sc+Li" 342 397 4050
5c¢ + Mg2+ 344 419 5200
5¢ + TFA 332 414 5970
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CeneKTUBHICTh KOMITJIEKCOYTBOPEHHS BiIOOpaxaeThCs TaKOXK 1 y crekTpax (iayopecuenmii. [Ipu
YTBOPEHHI KOMIUIEKCIB crionyku S¢ 3 ionamu Cd** i Mg** criocTepiraeTbest IOBrOXBUIBOBHI 3CYB CMY-
ru punpoMineHHs (Puc. 3).
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Pucynok 3. Cnektp duryopectierii 2-(minepuans- 1-11)-5-(0eH3iMiga3051-2-11)Tia301y Ta H0ro KOMILICKCIB 3 BH -
OpaHMMH{ KaTiOHAMH METAJIiB B alleTOHUTPHIIL.
Figure 3. Fluorescence spectrum of 2-(piperidin-1-yl)-5-(benzimidazol-2-yl)thiazole and its complexes with
selected metal cations in acetonitrile.

XapakTepHUM SIKICHUM 1HIUKAaTOpOM 3B’A3yBaHHA KaTiOHIB MeTaJiB € Takoxk 1 CTOKCIB 3cyB Quryo-
peclieHIlii. 3a YMOB YTBOPEHHS CTIHKUX KOMILJICKCIB IIeH MOKa3HUK JEMOHCTPYE TOMITHE 301TbIIICHHS.

KarioH miTito € HaATO MaIKMM 3a PO3MIpOM, OO YTBOPHUTH JIBa KOOPAWHAIIIHHI 3B’ SI3KH 3 IIEHTPAMH
3B’A3yBaHHS, OCHOBAaHMMH Ha OEH31MiJa30JIbHOMY Ta Tia30JIbHOMY NHKJIaX, B TOW 4ac, SIK KaTioH
Oapito €, HaBOAaKW, HAATO BEJIHMKHM PO3MIp SKOTO HE BIiANOBiZAa€ reoMeTpii caiTy 3B’A3yBaHHS.
KaTionn marsiro Ta KaaMito, CKopilIe 3a BCe, € CIIBCTaBHUMH 3a pO3MipaMH 3 AOCIiAKYBaHOIO TOPO -
KHUHOIO MK aTOMaMH HITPOTeHY Ta CyJib(pypy AOCIIIHKYBAaHOTO JITaHIy, a TAaKOX € JOCTaTHBO
M’SIKUMH KHCJIOTaMU JIploica, TAKMM YHHOM, iX KOOPJMHAIS IPUBOIUTD JIO TIOMITHUX CHEKTPAILHUX
e(exTiB.

[IpoBeneni Hamu SIKICHI JTOCIIPKEHHS JO3BOJSIOTH TPHWTH 110 BUCHOBKY, IO OEH3iMiIa30i-
Tia30JbHUH (QparMeHT € TEepPCIeKTUBHUM CalTOM KOOpAMHAI] iOHIB METaliB, SIKHA MOXHA
BMKOPHMCTOBYBATH B IU3aiiHi (pJyOpPECIIEHTHUX 30HIB 17151 Bu3HaveHHs ionis Cd*" i Mg™".

ExcnepumeHTasibHa YaCTUMHa

VYci xiMivHi peareHTd Oynu orpuMani Bif kommadii Enamine Ltd i Bukopucrani 6e3 101aTKOBOTO
OYMIIIEHHS. 3aCTOCOBaHI B poOOTI pO3YMHHUKN OYHUIYBAIM CTAHIAPTHUMHU MeToAaMu. Bcei mponenypu
MIPOBOJMIIMCS Y BIIKPUTIii aTMocdepi 0e3 3ano0KHUX 3aX0iB, CIPIMOBAHUX HA OOMEXKECHHS BILUIUBY
BOJIONOCTI HaBKONMIIHBEOro cepenosumia. Crnexkrpu SIMP 'H samucysanum Ha cnektpomerpi Varian
MR-400 (400 MI'1) 3 TMC six BHyTpimniM crangaprom. Criekrpu IMP C 3anucyBanu Ha CIIEKTPO-
metpi Bruker Avance DRX 500 (126 MI'n) 3 TMC sk BHyTpimHiM cTangaptoM. PX-MC-cnektpu
3aMUCyBalld 32 JOMOMOIOID XPOMAaTOMAac-CIHEKTPOMETPHYHOI CHCTEMH, SKa CKIAJAEThCS 3 BH-
cokoe(eKkTHBHOTO piguHHOTO XpoMmaTorpada Agilent 1100 LC MSD SL instrument, ocHaIeHoro mac-
cenektuBHUM aetekTopoM Agilent LC/MSD SL ta xononkoro SUPELCO Ascentis Express C18
2.7 MM (4.6 Mmx15 cm). EnexkTpoHHI CHEKTpH NMOTJAMHAHHA OyJM BHMIpSIHI Ha CIEKTPO(GOTOMETpi
Hitachi U3210, cniektpu ¢ayopecueHnii - Ha cnekrpodyopumetpi Hitachi 850 mpu xonnentpanii
JoCIiKyBaHuX crnosyk 107-10° MoJb/J IpU TOBLIMHI MOTJIMHAKYOTO mapy 1 cM.

3a manmmu BEPX-MC, yci cuHTe30BaHi CIIOyKH MAalOTh YUCTOTY >95%.

3arajgbHa MeTOOMKA OJEpP:KaHHS WIILOBHX MOXiAHHUX OeH3iMmima3zoay. B kpyrionoHHy KOOy
00’emom 150 M1 omar0Th PO3YMH BiJIMOBIAHOTO S-(hOpMiNTia3oy KUIbKicTIO 5.5 Mmoib B 40 M i30-
npomijoBoro cnupty, 40 mi BogHoro pozunny anerary miai (II) 1.1 r (5.5 mmonb), Bcunaroth 0.6 T
(5.5 mmonb) o-deninenmiaminy (ODJA). Cymim HarpiBaroTh MPOTATOM 2 TOAMH TPH TeMIIEpaTypi
80 °C 3 mocTiHHMUM TiepeMilryBaHHSAM. BUMNapioloTh pO3UYMHHUKK TIPH 3HIDKEHOMY THCKY Ha poTa-
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uifHoMy BumnapoByBauy. CycneHayroTh TBepaui 3aimumok B 100 M i30mpomijioBOro CHHPTY Ta
MPOMYCKAIOTh CIPKOBOACHb Kpi3b CycleH3ito npoTsrom 20 XBHUJIMH, THEPIOJUYHO IEPEMIIIyOYH.
YTBopeHwuii yopauii ocan cynbdiny migi (I1) BiadineTpoByroTh. DiNbTpaT BUNAPOBYIOTH NIPU 3HUXKE-
HOMY THCKY Ha pOTallifHOMY BHIapoByBadi. KprcTanizyroTh 3 i30MpOMiIoBOTrO CIUPTY.

5-(1H-6en30|d]imigazon-2-in)-N,N-mumerniriazon-2-amin (5a). Buxin 1.07 r (80%), >xoBTHI
nopomok. 'H NMR (400 MHz, DMSO-dg), J, ppm: 12.70 (s, 1H, NH), 7.89 (s, 1H, CH-thiazole), 7.47
(m, 2H, CH-CH=CH-CH), 7.21 — 7.04 (m, 2H, CH-CH=CH-CH), 3.11 (s, 6H, CH;3). "C NMR
(126 MHz, DMSO-d¢): 171.85, 146.55, 140.77, 122.05 ,118.21, 116.92, 111.12, 39.78. m/z (I.a, %):
245 [M+H]" (100).

5-(1H-0en3o0[d]imMina3zon-2-ia)-2-(mipoainun-1-im)tiazon (5b). Buxim 1.11 t (75%), koBTHI
nopomok. 'H NMR (400 MHz, DMSO-ds), 4, ppm: 7.90 (s, 1H, CH-thiazole), 7.46 (m, 2H, CH-
CH=CH-CH), 7.12 (m, 2H, CH-CH=CH-CH), 3.41 (m, CH,-CH,-CH,-CH>), 1.96 (m, 4H, CH,-CH>-
CH,-CH,). "C NMR (126 MHz, DMSO-ds): 167.69, 146.14, 140.56, 121.66, 115.60, 114.13, 113.9,
49.35, 25.10. m/z (Lra, %): 271 [M+H]" (100).

5-(1H-6en30|[d]imigazon-2-in)-2-(minepuaun-1-in)riazon (5¢). Buxig 0.73 r (47%), xoBTuid
nopomok. 'H NMR (400 MHz, DMSO-dg), J, ppm: 12.80 (s, 1H, NH), 7.90 (s, 1H, CH-thiazole), 7.49
(m, 2H, CH-CH=CH-CH), 7.14 (m, 2H, CH-CH=CH-CH), 3.44 (m, 4H, CH,-CH,-CH,-CH,-CH.),
1.58 (m, 6H, CH,-CH,-CH,-CH>-CH,). "C NMR (126 MHz, DMSO-d¢): 171.43, 140.27, 122.18,
121.47,117.78, 116.02, 110.64, 25.45, 24.57, 23.41. m/z (I, %): 285 [M+H]" (100).

5-(1H-6en30[d]imiga3zoun-2-in)-4-xsmop-N,N-qumeruniariazon-2-amin (6a). Buxin 1.04 r (68%),
xoBTHil opomok. 'H NMR (400 MHz, DMSO-dg), J, ppm: 12.17 (s, 1H, NH), 7.54 (m, 2H, CH-
CH=CH-CH), 7.16 (m, 2H, CH-CH=CH-CH), 3.09 (s, 6H, CH3). "C NMR (126 MHz, DMSO-ds):
168.04, 143.57, 142.94, 134.89, 133.17, 122.38, 121.83, 117.97, 111.74, 108.59, 39.52. m/z (I, %):
279 [M+H]" (100); 281 (33).

5-(1H-0en3o[d]imMinazoun-2-ina)-4-xaop-2-(mipoaigun-1-im)Tiazon (6b). Buximx 0.92 r (55%),
oBTHit nopomok. 'H NMR (400 MHz, DMSO-dg), 6, ppm: 7.57 (m, 2H, CH-CH=CH-CH), 7.21 (m,
2H, CH-CH=CH-CH), 3.41 (m, 4H, CH,-CH>-CH,-CH>), 2.23 — 1.81 (m, 6H, CH,-CH,-CH,-CH.). °C
NMR (126 MHz, DMSO-d¢): 164.70, 143.16, 137.69, 134.55, 122.54, 114.59, 106.55, 49.18, 25.14.
m/z (L, %): 305 [M+H]" (100); 307 (33).

5-(1H-6en3o0[d]iminazou-2-inx)-4-6pomriazon (7a). Buxin 1.03 r (0.58%), »oBTHii mopomok. 'H
NMR (400 MHz, DMSO-d6), 8, ppm: 12.79 (s, 1H, NH), 9.32 (s, 1H, CH-thiazole), 7.77 — 7.63 (m,
2H, CH-CH=CH-CH), 7.32 (m, 2H, CH-CH=CH-CH). “C NMR (126 MHz, DMSO-d6): 157.40,
142.40,142.10, 125.42, 124.03, 122.90, 122.10. m/z (I, %): 280 [M+H]" (100); 282 (98).

Mopskn

ABtopu BucHOBIIOWOTH MoAsiky TOB «Cnaminy, KuiB, Ykpaina, 3a HaflaHHS peareHTiB, BAMIpIOBa-
HHS HEOOXIJHUX CIIEKTPIB Ta IHIII BUIU i ATPUMKH,
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Thiabendazole and its analogues are widely used and reasonably well studied in terms of their biological ac-
tivity, while their potential as chemosensory compounds with optical detection and sensitivity to metal ions re-
mains unexplored. On the other hand, the introduction of a thiazole ring into the heteroaromatic system of benz-
imidazole significantly expands the directions of practical application of benzimidazole derivatives. Thus, one of
the important structural features of the benzimidazole-thiazole system is the presence of a chelate cavity. It is a
potential center of complexation with metal ions, which, with their bright fluorescence, create additional opportuni-
ties for their use as luminescent probes and chemosensors. Considering the affinity of the sulfur atom for polyva-
lent heavy metals, sensors based on these compounds can be used in medically and environmentally oriented
analysis of toxic metal compounds.

In this publication, we focus on the synthesis of various 2- and 4-substituted 2-thiazol-5-yl-benzimidazoles, as
well as the determination of their spectral-fluorescence properties. Therefore, we started from 2,4-dihalogen 5-
formyl thiazoles, the methods of synthesis of which are well known. Their modification in 2nd position we have de-
scribed in previous works. To obtain the target products, the Weidenhagen method was chosen, which consists in
the reaction of o-phenylenediamine with an aromatic or aliphatic aldehyde under oxidation conditions. For creat-
ing such conditions copper acetate was used.

The possibility of coordination of metal ions by the obtained compounds was established using electronic
absorption and fluorescence spectroscopy. It was found that these compounds selectively form complexes with
Cd? and Mg?" ions. Our qualitative studies allow us to make conclusion that the benzimidazole-thiazole fragment
is a promising coordination site for metal ions, which can be used in the design of fluorescent probes for the
determination of Cd?* and Mg?* ions.

Keywords: thiazole, benzimidazole, heterocyclization, spectrophotometry, fluorescence spectroscopy, com-
plex formation.
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ETAYHI HOPMHU NYBJIKAIIII HAYKOBHUX PE3VYJBTATIB TA iX NOPYIIEHHA.
Penaxmiitna kojeris poOWTh Bce MOXJIHMBE ISl JOTPUMAHHA ETHYHHX HOPM, MPUAHATHX MIX-
HAPOJHUM HaYKOBHM TOBAPHCTBOM, 1 17151 3amo0iranHs Oy Ib-SIKHX nopyens ux Hopm. Taka MOJIITH-
Ka € BOXJIMBOIO YMOBOIO TUTITHOT y4acTi KYPHaIy B PO3BUTKY LITICHOT CHCTEMH 3HaHb B ramysi Ximii
Ta CyMDKHHUX Taiy3sx. JispHICTh peAakuiiHoi KoJerii 3HaYHO0 MIpOIO CIIMPA€ETHCS Ha peKOMeH,I[aLIll
Kowmitery 3 etmkn HaykoBumx myOumikariii (Committee of Publication Ethics), a Takoxx Ha miHHUI
JOCBiI MDKHapOTHHMX >KypHaliB Ta BUAABHUUTB. llomaHHs cTaTTi Ha pO3INIAL O3HAyae, IO BOHA
MICTUTh OTPHMaHI aBTOpaMH HOBI HETPWBIalbHI HAyKOBI pe3yJbTaTH, AKi paHime He Oyiu omyOri-
KoBaHi. KokHy CTaTTIO peleH3yI0Th MIOHaWMEHIIE 1Ba €KCIIEPTH, SIKi MalOTh YCi MOKJIMBOCTI BIJIBHO
BHCJIOBUTH MOTHBOBaHI KPUTHYHI 3ayBa)KEHHS IIOJI0 PIBHS Ta SICHOCTI MIPEJICTaBICHHS MaTepiay, Ho -
ro BIiAMOBIZHOCTI MpPOQiN0 XypHaly, HOBH3HHM Ta JOCTOBIPHOCTI pe3yibraTiB. Pexomenmamii pe-
IIEH3CHTIB € OCHOBOIO ISl MPUHAHATTS OCTATOYHOTO PIMICHHS MO0 IMyOiKaIlii cTaTTi. SIKIo cTaTTio
MPUAHSTO, BOHA PO3MILIYETHCS Y BIAKPUTOMY JOCTYIIi; aBTOPCHKi MpaBa 30epiraloTbes 3a aBTOPaMH.
3a HasgBHOCTI Oyb-sKUX KOH(DIIIKTIB iHTepeciB ((piHAHCOBUX, aKaJeMIYHUX, IEPCOHATBFHIX Ta 1HIINX),
YHacHUKH IPOLIECY PELEH3YBAHHA MaloTh CHOBICTHTH pPEAaKUiiHy Kouyerito mpo ne. Bei nmuranns,
IIOB’sI3aHI 3 MOXJIMBUM IDIariatoM abo daascudikariero pezyanaTlB peTenbHO 06I‘0BOpIOIOTLC$I
PEMAKIIHOIO KOJIETIEI0, PIBHO K CIIOPH OO aBTOPCTBA Ta IOLLIBHICTH PO3POOICHHS PE3yIbTaTiB
Ha HeBeNnuyKi crarti. JloBeneHi muiariat 4 Qanscudikariis pe3yiabTaTiB € mijgcTaBaMu ajsi 6e3yMOBHO -
ro BIAXHWJIEHHS CTATTI.

STATEMENT ON THE PUBLICATION ETHICS AND MALPRACTICE. The Editorial
Board has been doing its best to keep the ethical standards adopted by the world scientific community
and to prevent the publication malpractice of any kind. This policy is considered to be an imperative
condition for the fruitful contribution of the journal in the development of the modern network of
knowledge in chemistry and boundary fields. The activity of the Editorial Board in this respect is
based, in particular, on the recommendations of the Committee of Publication Ethics and valuable
practice of world-leading journals and publishers. The submission of a manuscript implies that it con-
tains new significant scientific results obtained by authors that where never published before. Each pa-
per is peer reviewed by at least two independent experts who are completely free to express their moti-
vated critical comments on the level of the research, its novelty, reliability, readability and relevance
to the journal scope. These comments are the background for the final decision about the paper. Once
the manuscript is accepted, it becomes the open-access paper, and the copyright remains with authors.
All participants of the review process are strongly asked to disclose conflicts of interest of any kind
(financial, academic, personal, etc.). Any indication of plagiarism or fraudulent research receives ex-
tremely serious attention from the side of the Editorial Board, as well as authorship disputes and
groundless subdivision of the results into several small papers. Confirmed plagiarism or fraudulent re-
search entail the categorical rejection of the manuscript.
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ITHO®OPMAULISA AJS1 ABTOPIB. XypHran my0iikye cTaTTi pociiChKOI0, aHTIIIHCHKOO Ta yKpai-
HChKOIO MoBamu. Jlo myOumikamii mpuiMaroOThCS: OTIsAAM (32 MOTOMKEHHSIM 3 PEIKOJIETIEr0); OpH-
riHaNmbHI cTaTTi, 00CcAT 6-10 XypHATFHUX CTOPIHOK; KOPOTKI MOBIIOMIIEHHS, 00CST 0 3 )KypHAITBHUX
cTopiHok. KpiMm 3BHUaiiHOTO CITUCKY JIiTEpaTypH, B CTATTi 0OOB'SI3KOBO TIOBUHEH OYyTH JPYTHiA CIHUCOK,
BCl TIOCWJIAHHS SKOTO JaHl JiaTUHMIICIO. [IpaBuia MiAroTOBKM IHOTO CIMCKY HAaBEICHI B PO3ILIi
«TpancniTeparis» Ha caiiti )xypHairy. OOuaBa CIIMCKK TIOBWHHI OyTH TOBHIiCTIO ineHTnyHi. [lpu pe-
[IEH3yBaHHI CTaTeil OMH 3 KPHUTEPIiB - HASBHICTh NMOCWJIAHb HA IyOJiKallii ocTaHHIX pokiB. CraTTs
000B'A3KOBO MOBMHHA MICTUTH PE3IOME POCIMCHKOI0, YKPaiHCHKOIO Ta aHTJHCHKOI0 MOBaMH. Y BCiX
TPbOX HEOOXiJHO BKa3aTH Ha3By CTATTi, MPi3BHUILA aBTOPIB i KIOYOBI cinoBa. OpieHTOBHHUI 00CsT pe-
3toMe - 1800 3HaKkiB (0e3 ypaxyBaHHs 3aroJIOBKY 1 KIIFOUOBHX CJIiB). Pemakiiis mpuitMae eeKTpOHHHMA
(MS Word) i aBa po3apykoBaHUX (IUIS XapKiB'sSH) TEKCTY PYKOIMCY. AJpecw BKa3aHi B PO3ZIimi
«KonTaktn» Ha caiiTi xypHany. CymnpoBigHWE JHCT A0 CTaTTi, BUIPABIEHOI BiAMOBIIHO OO0 3a-
YBa)KECHb PEIICH3E€HTa, TIOBUHEH MICTUTH BIINOBIiAI Ha BCi 3ayBakeHHS. [lomaeThcs eneKTpoHHUE i
OZIMH PO3IpYKOBaHUH (s XapKiB'sH) BapianT. Pykonwucu, sKi MpONIIITN pelieH3yBaHHs, TPUWHATI 10
myOstikariii i ohopMIICHI BIAMOBITHO 10 NMpaBWJi )i aBTOPIB, NpuiiMaroThest y dopmati doc (He docx)
enekrponHoro momTor (chembull@karazin.ua). Po3npykoBanuii Bapiant He moTpibeH. JloxmagHima
iH(hopMarris po3mimieHa Ha caifTi xxypHany http://chembull.univer.kharkov.ua.

INFORMATION FOR AUTHORS. Papers in Ukrainian, Russian and English are published.
These may be invited papers; review papers (require preliminary agreement with Editors); regular pa-
pers; brief communications. In preparing the manuscript it is mandatory to keep the statement on the
publication ethics and malpractice, which can be found on the web-site and in each issue. The article
should contain summaries in English, Russian, and Ukrainian. In all three it is necessary to indicate
the title of the article, the names of the authors and the keywords. The approximate volume of sum-
mary is 1800 characters (excluding the title and key words). The help in translation is provided by re-
quest for foreign authors.. Any style of references is acceptable, but all references within the paper
must be given in the same style. In addition, the second, transliterated, list of references is required if
at least one original reference is given in Cyrillic. See section "Transliteration" of the web-site for de -
tails. Please use papers of previous issues as samples when prepare the manuscript. The MS Word for-
mat is used. Standard fonts (Times New Roman, Arial, Symbol) are preferable. Figures and diagrams
are required in vector formats. Figure captions are given separately. All figures, tables and equations
are numbered. Please use MS Equation Editor or MathType to prepare mathematical equations and
ISIS Draw to prepare chemical formulas and equations. The decimal point (not coma) is accepted in
the journal. Please avoid any kind of formatting when prepare the manuscript. Manuscripts may be
submitted to the Editor-in-Chief via e-mai chembull@karazin.ua. For more detailed information see
the journal web-site http://chembull.univer.kharkov.ua.
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